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FOREWORD

Early humans must have developed, consciously or unconsciously, methods to recognize and avoid toxic plants
and poisonous animals, thus inadvertently establishing toxicology as among the earliest applied scientific
disciplines with a focus on the health and welfare of the human species. While toxicology’s additional emphasis
on the environment is more recent and related to population growth and industry, it is no less important.
Whatever the validity of this claim to origins in antiquity, toxicology’s rapid growth and diversification in
recent decades, particularly since the publication of the second edition of this Encyclopedia of Toxicology, is
undisputed.

Although the US Environmental Protection Agency and the National Institute for Environmental Health
Sciences had already initiated studies of new paradigms in risk assessment at the time, it was the 2007 publi-
cation of “Toxicity Testing in the 21st Century: a Vision and a Strategy” by the National Research Council which gave
rise to a huge interest and effort in molecular and cellular approaches to toxicology and their linkages to risk
assessment. Studying genome wide effects via microarray techniques and high throughput sequencing are but
two fairly recent outgrowths of this emphasis. Research into epigenetics is in its infancy as far as toxicology is
concerned but will doubtlessly grow rapidly in importance and application. An equivalent increase in attention
is being paid to nanotoxicology, and its practical consequences are now becoming evident. These are but a few
of the dramatic developments reflected in this new edition of the Encyclopedia of Toxicology, edited so ably by Phil
Wexler. We owe him a debt of gratitude for all of his efforts.

Despite many changes in the science of toxicology, what remains unchanged is the need for the toxicological
literature to serve many masters. The span from highly specialized researchers and academics in higher
education to those who use toxicology in its applied aspects such as clinical and forensic toxicology, agro-
medicine, risk assessment, consulting and media outreach, is both wide and deep. Clearly, the Encyclopedia of
Toxicology is a necessary resource for all of these professional groups. It functions as an important locus between
the short definitions of dictionaries and the highly detailed narratives of monographs devoted to a single aspect
of research. It is an essential work for all toxicologists interested not only in their own area of expertise but also
in toxicology as a broader interdisciplinary science and profession. I recommend it without reservation to
libraries, not only at institutions of higher learning but also at those of federal, state and private research
institutes, as well as to the chemical and related industries. Needless to say, it will be a valued and much used
addition to many personal bookshelves.

Ernest Hodgson
Distinguished Professor Emeritus

North Carolina Agromedicine Institute and Toxicology Program
Department of Applied Ecology
North Carolina State University
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PREFACE

It has been nearly a decade since the publication of this Encyclopedia’s second edition, and in that time
toxicology has continued to advance its scientific foundations. The “omics” revolution, along with advances in
systems biology, epigenetics, bioinformatics, and computational toxicology are driving toxicology from
a discipline dependent upon whole animal testing to one increasingly comfortable with in vitro and in silico
methodologies. This change is taking place both as a humane alternative and as a more practical and cost
effective way to deal with the vast number of chemicals for which toxicity data is nonexistent. Adverse outcome
pathways are being explored as a means to determine how a direct initiating event at the molecular level can
result in an adverse outcome in the biological organism. The 2007 National Research Council publication of
Toxicity Testing in the 21st Century: A Vision and a Strategy was a seminal event that outlined new technologies
in molecular biology and toxicology, and called for a “paradigm shift” to stimulate innovative approaches to
testing. The Committee (on Toxicity Testing and Assessment of Environmental Agents) responsible for the
report envisioned “a new toxicity-testing system that evaluates biologically significant perturbations in key
toxicity pathways by using new methods in computational biology and a comprehensive array of in vitro tests
based on human biology.” On July 11, 2013, the European Union’s cosmetic regulation, prohibiting animal
testing in the cosmetics industry, came into effect.

Nanotoxicology is another research area which, though certainly not brand new, has come to the fore. Given
the quantum size effects and large surface area to volume ratio, materials at this scale may have properties very
different from their larger scale counterparts. There remains considerable controversy about the toxic potential
of various nanoparticles and debate about how they should be regulated, particularly in products such as
cosmetics. Nanotoxicology will continue to be an active area of investigation in the foreseeable future.

Epigenetics, or the study of changes in gene expression over and above those resulting from alterations to
DNA proper, has made huge strides in the last several years. Thus, toxicants, behavior, stress and diet have all
been shown to play a role in regulating the epigenome. Epigenetic markers have, for example, been shown to
influence expression of genes associated with obesity. Epigenetic mechanisms are also being investigated as
a possible causative factor in asthma.

In clinical/medical toxicology, the human factor comes directly into play, as do veterinary concerns. This is
the branch of toxicology concerned with poisonings. Drugs usually containing a cathinone, marketed as “bath
salts,” started to be reported to US poison centers in large numbers in 2010. A wide range of effects were noted,
ranging from headaches and nausea to hallucinations and paranoia. In 2012, US President Obama signed a bill
to ban several types of synthetic drugs including bath salts. Whether this will actually curtail access and use
remains to be seen but, regardless, new designer drugs are always just around the corner. The research and
clinical communities are, happily, joining forces to probe what has come to be known as “translational toxi-
cology,” in which investigating mechanism of action will lead to a better understanding of treatment for people
intentionally or accidentally exposed to drugs and other chemicals, and biological agents.

Large scale accidents, regrettably, will continue to plague us. The explosion of the Deepwater Horizon drilling
rig in 2010 in the Gulf Coast resulted in the largest offshore oil spill in US history. The long-term effects on the
environment and human health, not only of the oil itself, but of the dispersants applied to clean up the oil are
still being investigated. After decades of factory pollution and neglect, Lake Tai in China was overtaken by a vast
algae bloom and major pollution with cyanobacteria in 2007. Despite a cleanup campaign the situation has
barely improved. Generating power from nuclear energy is another sensitive issue that divides even environ-
mental advocates, with some touting and others damning it. The 2011 nuclear accident in Fukushima, Japan,
triggered by a major earthquake and massive tsunami, caused over 150,000 residents to evacuate their homes
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for fear of nuclear contamination e its consequences are still being felt. Toxicologists are increasingly being
called upon to assess effects on humans, wild and domestic animals, and the environment, and to offer
solutions when such incidents arise. We will always have to contend with emergencies and disasters andmust be
prepared.

Climate change is another aspect of environmental toxicology which has seen its share of debate in the last
decade. Naysayers who deny its existence or reject the human factor, despite the science, may be lesser in
number and less vocal but are still being heard. Nonetheless, the Intergovernmental Panel on Climate Change
found, in its Fourth Assessment Report, in 2007, that “warming of the climate system is unequivocal”, and
“most of the observed increase in global average temperatures since the mid-20th century is very likely due to
the observed increase in anthropogenic greenhouse gas concentrations.” The Fifth Assessment Report should be
finalized in 2014. Meanwhile, the Doha Amendment to the Kyoto Protocol was adopted in 2012. Countries
which are Parties to the Protocol continue to commit to reducing their greenhouse gas emissions.

Energy production, be it via nuclear, coal, or gas, or even the supposedly more benign solar and wind can
result in consequences, expected and unexpected, which have to be dealt with. The continual search for new
energy sources and for devising means of extracting energy from existing sources has accelerated as the US and
other countries seek energy independence, and has resulted in environmental health dilemmas. Fracking, or
hydraulic fracturing, using sand and chemicals to create fractures in rock, has proven an economically viable
way to extract oil and gas from previously inaccessible locations. We still fall far short of consensus, though, on
fracking’s environmental risks. No doubt one of the next great debates on the energy front will be the potential
health and, particularly, environmental effects, including global warming, of commercial methane hydrate
extraction, once is becomes feasible in the near future.

Accidental and malicious tainting of food, and contamination of consumer products, are of ongoing
concern. In 2007, incidents of renal failure in dogs and cats were traced to contaminated pet food from China.
Recalls were widespread. The chemical culprit turned out to be melamine, which was added to the wheat
gluten to make the food appear higher in protein than it really was. Exported toys from China were found to
have high levels of lead in their paint in the same year. Mattel, for example, had to recall 800,000 Barbie
doll accessories. And, again in 2007, the head of China’s food and drug administration, Zheng Xiaoyu, who,
among other things took bribes from the manufacturers of substandard medicines, became the symbol of poor
quality control, and paid with his life, as he was executed by lethal injection.

Global security, which includes attentiveness to and curtailment of non-traditional weapons such as are
employed in chemical and biological warfare, is another issue which cannot be neglected in the 21st century.
Stockpiles of chemicals still exist in many countries. As recently as 2013, there have been allegations of chemical
weapons use in Syria. Looking toward the positive, in 2013, Somalia became the 189th State Party to the
Chemical Weapons Convention, overseen by the Organisation for the Prohibition of Chemical Weapons
(OPCW).

Beyond seeking to reduce and eliminate chemical weapons, managing chemicals on the global level remains
a challenge, but slow and steady progress continues to be made. In 2009, nine new chemicals were added to the
Stockholm Convention on Persistent Organic Pollutants. Synergies are developing among the Basel, Rotterdam,
and Stockholm Conventions, evidenced by a joint meeting of the conferences of the parties in 2013. The Geneva
Statement on the SoundManagement of Chemicals andWaste, an outcome of this meeting, reaffirmed the three
Conventions’ commitment to achieving the Millennium Development Goals by 2015 and the sound
management of chemicals and hazardous wastes by 2020. 2013 also saw the passage of another global, legally
binding treaty, The Minimata Convention on Mercury, which provides controls and reductions across a range of
products, processes, and industries where mercury is used, released, or emitted. The European Union’s regional
legislation, which entered into force in 2007, has worldwide implications for the control of chemicals.

Controversies, public concern (warranted and otherwise) and media shouting over whatever may be the new
“chemical of the day,” are still with us as, no doubt, they will always be. Whether we talk about phthalates,
bisphenol A, or halogenated flame retardants, the press will have a field day. Arsenic, mercury, and lead are sure
to fill cocktail party conversation when it goes slack. And the old standbys of tobacco, alcohol, and caffeine are
always great silence breakers.

Most of the above topics have been covered, to a greater or lesser extent, in this third edition of the
Encyclopedia of Toxicology. Since its first edition, the objective was to put toxicology in a larger societal and
cultural context. Thus, while the focus here has always been on the science, we have included, in keeping with its
encyclopedic nature, important organizations, laws, and history, narratives of accidents and intrigue, and more.
In addition, the broad scope of toxicology has been taken into account, and hazards related not only to
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chemicals, but also to biological agents and radiation, have been considered. The Encyclopedia represents an
amalgam of established principles and cutting edge investigations. With toxicology so much a moving target,
and the process of paper publication still a lengthy process, it is not possible to create a book which is absolutely
exhaustive or up-to-the-second in currency. Nonetheless, we hope it is comprehensive in a practical sense and as
timely as possible, and that the gaps are few and far between. The online version, on the other hand, will be the
best place to look, between editions, for late breaking developments. We hope you will find this third edition
useful.

Philip Wexler
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PREFACE TO THE SECOND EDITION

Time passes, but the need for toxicological understanding persists. As much as we might wish for the end of
poverty, ignorance, hunger, and exposure to hazardous chemicals, and as much as we work toward these goals,
the challenges are formidable, and the end is not in sight. Chemicals and finished products made from
chemicals continue to play an ever-present part in our lives. Although it is not evident that the benefits of
chemicals always outweigh their risks, there is little doubt that a wide spectrum of chemicals and drugs has
enhanced both the duration and quality of our lives. That said, certain of them, in certain situations, are clearly
harmful to certain people. Among the fruits of toxicologists’ labors is information on how best to eliminate,
reduce, or prevent such harm.

The discipline of toxicology has made considerable strides in the 7 years since the first edition of this
encyclopedia was published. The understanding of molecular toxicology continues to advance rapidly. Indeed,
it is often much easier to generate the data than to find the time to adequately evaluate it. Genomic, proteomic,
and other ‘omic’ technologies are helping us unravel the complex connection between exposure to environ-
mental chemicals and susceptibility to disease. The US National Center for Toxicogenomics, dedicated to
research on informatics and computational toxicology, was established in 2000. As a result of this and other
research, much more sophisticated approaches are now available for ascertaining chemical safety, and inves-
tigating structure–activity relationships. In addition, analytical instrumentation has becomemore highly refined
and sensitive, making it easier to detect and quantitate even smaller amounts of contaminants in biological
systems and the environment.

With greater consumer (especially Western) acceptance of complementary and alternative medicine, more
people than ever before are being exposed to a vast array of herbal and other plant-based medicinal products.
Although toxicologists have always recognized that ‘natural’ does not necessarily equate with ‘safe’, not much
has been done to assess the hazards of herbal supplements and their interactions with other chemicals. This is
beginning to change.

Chemical, biological, and nuclear warfare have always been subjects of interest, sometimes as practical
matters, and more often as academic ones. In the light of the events of September 11, 2001, there has been an
increased urgency in learning more about nonconventional warfare and its agents, how they operate, and how
to protect ourselves from their effects. Toxicology has found itself broadening its scope to deal with this
resurgent type of weaponry.

The scope of what constitutes hazards waste, an ever-present downside of the benefits we derive from the
manufacture, processing, and use of chemicals and their products, continues to expand as technology moves
forward. In the US two million tons of electronic products, including 50 million computers and 130 million
cellphones, are disposed of every year. According to the International Association of Electronic Recylers, this
number will more than triple by 2010. With such quantities in landfills and rivers, there are bound to be
consequences for our air and water. Potential toxicants include lead, cadmium, and beryllium.

Alternatives to animal studies no longer represent a toxicological sideline. While whole animal testing is
unlikely to disappear soon, if ever, other methods of determining hazard and safety are increasingly being
embraced by the toxicology community and becoming part of mainstream chemical evaluations. In vitro
approaches (e.g., using cell culture or skin irritation potential) and in silico approaches (i.e., using computer
programs to estimate toxic properties based on existing data for similar chemicals with or without supplemental
chemical and physical property data) are both generating increasing amounts of toxicity information.

The marketplace is seeing an increase in products utilizing nanotechnologies, and nanotechnology research
and development is on the upswing. The United States has had an official National Nanotechnology Initiative
lxxiii
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since 2001. A start has also been made by federal agencies and universities in assessing the environmental and
health effects of nanomaterials.

Greater insight into chemical exposures, both actual and anticipated, is helping to develop a more focused
picture of the risks these exposures present to humans and the environment. Growing cooperation between
toxicologists and exposure assessors is proving vital to strengthening the scientific basis of risk assessment, thus
giving risk assessors and managers more credible tools to address the control of chemical hazards.

At the global level, there have been important strides in the control and management of chemicals. The
10-year follow-up to the Rio Earth Summit, the World Summit on Sustainable Development, was held in 2002
in Johannesburg, South Africa. Among the targets it set was to use and produce chemicals by 2020 in ways that
do not lead to significant adverse effects on human health and the environment.

The Stockholm Convention to protect human health and the environment from persistent organic pollutants
(POPs) became binding on May 17, 2004. POPs tend to be toxic, persistent, accumulative, and capable of
traveling long distances in the environment. This Convention seeks to eliminate or restrict the production and
use of such chemicals. The Kyoto Protocol, designed to decrease greenhouse gas emissions, has now become an
international law, despite the resistance of several countries.

The United States hosts a vibrant and growing community of toxicology professionals who perform inno-
vative toxicological research, and scientists in other countries are making their presence felt equally. Global
information sharing and collaborations among these investigators are growing, facilitated by the increased
accessibility of the Internet and its enhanced technologies. Significant work is proceeding under the auspices of
multinational bodies such as Organisation for Economic Co-operation and Development, the European
Commission, and the International Program on Chemical Safety.

Efforts to harmonize and link data and information on toxic chemicals throughout the world have been
multiplying. The Globally Harmonized System (GHS) of classification and labeling of chemicals has been
adopted and is ready for implementation. This will provide a consistent and coherent approach to identifying
hazardous chemicals, as well as provide information on such hazards and protective measures to exposed
populations. Meanwhile in the European Union, a regulatory framework known as REACH (Registration,
Evaluation and Authorization of Chemicals) has been proposed for the registration of chemical substances
manufactured or imported in quantities greater than one ton per year.

Last, but not least, the role that poisons played in personal and political intrigues and vendettas, although it
may have peaked with Borgias, by no means ended there. A case in point was the 2004 presidential elections in
Ukraine. After a bitterly contested battle for the presidency of Ukraine, Viktor Yushchenko emerged victorious
and was inaugurated in January 2005, a happy day for democracy, but with a toxic twist. Yushchenko, according
to physicians, suffered severe facial disfigurement (chloracne) and other ailments by being poisoned with large
dose of dioxins, allegedly mixed in some soup he consumed. Fortunately he is recovering gradually. Although
the full story has not yet emerged, political motivations are suspected.

This second edition has grown from 749 entries submitted by 200 authors to 1057 entries contributed by 392
authors. Virtually all the entries from the first edition have been updated and in some cases entirely new versions
of these entries have been written. Among the 308 topics appearing for the first time in this edition are avian
ecotoxicology, benchmark dose, biocides, computational toxicology, cancer potency factors, metabonomics,
chemical accidents, Monte Carlo analysis, nonlethal chemical weapons, invertebrate ecotoxicology, drugs of
abuse, cancer chemotherapeutic agents, and consumer products. Many entries devoted to specific chemicals are
also brand new to this edition and the international scope of organizations included has been broadened.
Entries describing a number of well-known toxin-related incidents, e.g., Love Canal, Times Beach, Chernobyl,
and Three-Mile Island, have been added. In addition to the scientific-based entries, others focus on the societal
implications of toxicological knowledge. Among them are Toxicology in Culture, Environmental Crimes,
Notorious Poisoners and Poisoning Cases Chemical and Biological Warfare in Ancient Times, and a History of
the US Environmental Movement. Thus, this new edition has been expanded in length, breadth, and depth and
provides an extensive overview of the many facets of toxicology.

Philip Wexler
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There are many fine general and specialized monographs on toxicology, most of which are addressed to toxi-
cologists and students in the field and a few to laypeople. This encyclopedia of toxicology does not presume to
replace any of them but rather is intended to fulfill the toxicology information needs of new audiences by taking
a different organizational approach and assuming a middle ground in the level of presentation by borrowing
elements of both primer and treatise.

The encyclopedia is broad-ranging in scope, although it does not aspire to be exhaustive. The idea was to
look at basic, critical, and controversial elements in toxicology, which are those elements that are essential to
an understanding of the subject’s scientific underpinnings and societal ramifications. As such, the encyclo-
pedia had to cover not only key concepts, such as dose response, mechanism of action, testing procedures,
endpoint responses, and target sites, but also individual chemicals and classes of chemicals. Despite the strong
chemical emphasis of the book, we had to look at concepts such as radiation and noise, and beyond the
emphasis on the science of toxicology, we had to look at history, laws, regulation, education, organizations,
and databases. The encyclopedia also needed to consider environmental and ecological toxicology to some-
what counterbalance the acknowledged emphasis on laboratory animals and humans because, in the end, all
our connections run deep.

In terms of the chemicals, we the editors of this bookmade a personal selection based on our own knowledge
of those with relatively high toxicity, exposure, production, controversy, newsworthiness, or other interest. The
chemicals do not represent a merger of regulatory lists or databases of chemicals; they are what we consider to
be, for one reason or another, chemicals of concern to toxicology. The book was not intended as a large-scale
compendium of toxic chemicals, several of which already exist.

In the tradition of many standard encyclopedias, scientific and otherwise, the encyclopedia is organized
entirely alphabetically. Other than in a few useful but smaller scale dictionaries, this style of arrangement
has not been done before for toxicology. This organization, along with a detailed index and extensive cross-
references, should help the reader quickly arrive at the needed information.

Next, although this book should be of use to the practicing toxicologist, it is geared more to others who, in
the course of their work, study, or for general interest, need to know about toxicology. This would include the
scientific community in general, physicians, legal and regulatory professionals, and laypeople with some
scientific background. Toxicologists needing to brush up on or get a quick review of a subject other than their
own specialty would also benefit from it, but toxicologists seeking an in-depth treatment should instead consult
a specialized monograph or journal literature.

The encyclopedia is meant to give relatively succinct overviews of sometimes very complex subjects. Formal
references and footnotes were dispensed with because these seemed less relevant to the encyclopedia’s goals
than a simple list of recommended readings designed to lead the reader to more detailed information on
a particular subject entry. The entry on Information Resources leads readers to print and electronic sources of
information in toxicology.

First and foremost, thanks go to the Associate Editors and contributors, whose efforts are here in print. Yale
Altman and Linda Marshall, earlier Acquisitions Editors for the books, were of great assistance in getting the
project off the ground. Tari Paschall, the current Acquisitions Editor, and Monique Larson, Senior Production
Editor, both of Academic Press, have with great expertise and efficiency brought it to fruition. Organization and
formatting of the original entry manuscripts were handled with skill, patience, and poise by Mary Hall with the
help of Christen Bosh and Jennifer Brewster.
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My work on the Encyclopedia of Toxicology was undertaken as a private citizen, not as a government
employee. The views expressed are strictly my own. No official support or endorsement by the US
National Library of Medicine or any other agency of the US Federal Government was provided or should be
inferred.

Philip Wexler



EDITOR-IN-CHIEF
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Scholarly or Technical Achievement and the Distinguished Technical Communication Award of the
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Additionally, Mr. Wexler was the guiding force behind, and current federal liaison to, the World Library of Toxicology, Chemical Safety,
and Environmental Health (WLT), a free global Web portal that provides the scientific community and public with links to major
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HOW TO USE THE ENCYCLOPEDIA
The chemical substances covered in the Encyclopedia
represent a highly selective and personal list of those
which the editors felt were most noteworthy. Clearly,
with around 1000 chemical entries, there was no
attempt to approach the 70 million or so unique
organic and inorganic chemicals, or even the more
than 80,000 chemicals in commerce (the vast
majority of which, incidentally, are absolutely barren
of toxicity data).
A Note about the format of Entries
Except for chemical substances, the format of entries
tends to be free form narrative. Chemical substance
entries, on the other hand, follow a loose template
including headers such as molecular formula, uses,
environmental fate and behavior, toxicokinetics,
chronic toxicity, etc. Depending upon the type of
chemical, e.g. industrial, pharmaceutical, etc. not
every header is relevant. Primary consideration, thus,
has been given to organizing the entry in a way that
makes sense for the agent in question and the avail-
able information on it, rather than adhering tightly to
an arbitrary format.

The Encyclopedia of Toxicology is a comprehensive
and authoritative study encompassing 1160 articles
on various aspects of this subject, contained in four
volumes. Each article provides a focused description
of the given topic, intended to inform a broad range
of readers, ranging from students, to research
professionals, and interested others.

All articles in the encyclopedia are arranged
alphabetically as a series of entries.

1. Contents
Your first point of reference will likely be the
contents. The complete contents list appears at the
front of each volume providing volume and page
numbers of the entry. We also display the article title
in the running headers on each page so you are able
to identify your location and browse the work in this
manner.

You will find “dummy entries” where obvious
synonyms exist for entries or for where we have
grouped together similar topics. Dummy entries
appear in the contents and in the body of the ency-
clopedia. For example:
Acrylates see Acrylic Acid, Ethyl Acrylate; Methyl Acrylate

2. Cross-references
The majority of articles within the encyclopedia have
an extensive list of cross-references which appear at
the end of each article, for example:

DECANE
See also : Heptane; Hexane; Octane; Pentane; Petroleum
Distillates; Propane.

3. Index
The index provides the volume and page number for
where the material is located, and the index entries
differentiate between material that is a whole article;
is part of an article, part of a table, or in a figure.

4. Contributors
A full list of contributors appears at the beginning of
each volume.

5. Glossary and Appendix
The Encyclopedia of Toxicology contains an extensive list
of terms (glossary) used in toxicology, drawn from
works produced by the International Union of Pure
and Applied Chemistry. The appendix provides
information about a selection of online chemical
compendia.
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Introduction

Absorption is the process by which chemicals (nutrients,
essential elements, drugs, and toxicants) enter into the blood-
stream after crossing various membranes of the body. The main
sites of entry of chemicals are the gastrointestinal (GI) tract, the
lungs, and the skin. In drug therapy, other convenient, but less
commonly used, portals of entry are the intravenous, subcu-
taneous, and intramuscular routes. Rates of absorption may
vary from one route of administration to the other. In case of
intravenous injection, chemicals are directly introduced into
the bloodstream and they do not need to cross any membrane;
therefore, no absorption phase exists.

Absorption of a chemical from the site of exposure is
regulated by biological membranes lining tissues. Membranes
are composed of 7–9 nm thick phospholipid bilayers. The
hydrophilic ends of the phospholipids project into the aqueous
media on each side of the membrane, and the hydrophobic
fatty acid tails form a barrier to water in the inner space of the
membrane. Proteins are embedded throughout the lipid
bilayer for various functions. One of these is to act as active
transporters for certain chemicals across the membrane.
Proteins can also form small pores through the membrane,
serving as aqueous channels allowing passage of water across
them.

Before discussing absorption in more detail, it is important
to consider mechanisms by which chemicals cross membranes.
These mechanisms are of interest for absorption as well as for
distribution, metabolism, and excretion – processes of dispo-
sition of chemicals.

Chemicals can cross membranes by passive transport, active
transport, filtration, and/or endocytosis.
Passive Transport

Passive transport moves chemicals along a concentration
gradient by passive and/or facilitated diffusion moving mole-
cules from an area of high concentration to an area of low
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
concentration without any expenditure of cellular energy
(Figure 1).
Passive Diffusion

This is the mechanism by which lipophilic chemicals move
across the membrane by solubilizing within the lipids of the
membrane. The driving force for this process is the concentra-
tion gradient between the two sides of the membrane, allowing
chemicals to move from the side of higher concentration to the
side of lower concentration without the expenditure of cellular
energy. Passive diffusion continues until concentration
gradient of the chemical across membrane exists and is not
subject to competition.
Factors that Govern Passive Diffusion

1. The lipid solubility of a chemical: This is a characteristic
expressed in terms of the ability of a chemical to partition
between oil and water phases. The more a chemical
dissolves in oil, or its substitute octanol, the more lipid
soluble it is and more easily crosses membranes.

2. The degree of ionization (electrical charge) of a chemical: As
a rule, electrically neutral chemicals permeate more easily
through the lipid phase of a membrane due to their higher
degree of lipid solubility.

3. The molecular size of a chemical: Passive diffusion is normally
limited to chemicals with molecular weight �500 Da. A
small molecule will cross membranes more rapidly than
a larger one of equal lipophilicity.
Facilitated Diffusion

Facilitated diffusion is similar to passive diffusion with the
exception that carrier proteins embedded in the membrane
bilayer facilitate the transfer of chemicals across the
membrane. Similar to passive diffusion, movement of chem-
icals across membranes is from the side of high concentration
4-3.00361-4 1
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Figure 1 Depiction of simple and facilitated diffusion and active transport of chemicals into the cell through the phospholipid bilayer membrane.

2 Absorption
to the side of low concentration without the expenditure of
cellular energy. Facilitated diffusion is somewhat specific to
chemicals that are able to bind to a carrier protein. Absorption
of nutrients such as glucose and amino acids across the
epithelial membrane of the GI tract occurs by facilitated
diffusion. Since a finite number of carrier proteins are avail-
able for transport, the process is saturable at high concentra-
tions of chemicals and competition for transport may occur
between molecules of similar structure.
Active Transport

Active transport requires specialized carrier proteins and the
expenditure of cellular energy. Carrier proteins allow chem-
icals to cross the membrane against a concentration gradient
or when the phospholipid bilayer of the membrane is
impermeable to a chemical (Figure 1). The carrier proteins
are selective for certain structural features (e.g., ionization
state) of chemicals and therefore, saturable. Additionally,
chemicals with similar structural features may compete for
transport by a given carrier. Active transport is of limited
importance for absorption of chemicals; however, it plays an
important role in the elimination of chemicals by the liver
and the kidneys. A number of tissues (e.g., GI tract, liver,
lungs, kidneys, brain, and testes) contain special proteins
called efflux transporters (e.g., P-glycoprotein, organic anion
transporters, organic cation transporters, multidrug and toxic
compound extrusion protein, etc.), which actively remove
certain absorbed chemicals from the cells. Some efflux
transporters are chemical specific and others may accommo-
date multiple chemicals.
Filtration

Small water-soluble and small chargedmolecules may cross the
GI epithelial membrane through minute pores or water chan-
nels (<4 nm) in the membrane. Filtration is an important
function for urinary excretion; renal glomeruli possess rather
large pores (w70 nm) that allow passage of various solutes
(e.g., glucose, small cations and anions) contained in blood
into the urine and prevent the loss of larger molecules such as
proteins and blood cells.
Endocytosis

Endocytosis is a specialized form of transport by which very
large molecules and insoluble materials are engulfed by
invagination of the cell membrane, forming intracellular vesi-
cles. For example, absorption of certain dyes by mucosal cells
of the duodenum (pinocytosis) is through endocytosis. In the
lung, alveolar macrophages scavenge insoluble particles such as
asbestos fibers (phagocytosis). These macrophages then seek to
eliminate the phagocytized particles through either the muco-
ciliary mechanism or through lymphatic vessels that drain the
lungs.
Absorption by the GI Tract

The major role of the GI tract (consisting of mouth, pharynx,
esophagus, stomach, small intestine (duodenum, jejunum,
ileum), and large intestine) is to provide efficient absorption of
essential nutrients contained in ingested foods and liquids. It is
also an important route for the absorption of drugs and toxi-
cants. The barrier between the contents of the GI tract (espe-
cially in small intestine, where most of the absorption occurs)
and the blood vessels consists of epithelium essentially only
one cell thick and is easily crossed. The anatomy of the GI tract
is illustrated in Figure 2.

Absorption occurs mostly by passive diffusion of lipid-
soluble nonionized molecules. The degree of ionization is
directly dependent on the pH of the GI content influencing
absorption of chemicals, with most of the absorption
occurring at sites where the chemicals are present in non-
ionized form. At the low acidic pH of the stomach (1–3),
most weak organic acids such as acetylsalicylic acid (aspirin)
remain nonionized and diffuse passively across the gastric



Figure 2 The anatomy of the gastrointestinal tract. Image is a modification of Mariana Ruiz Villarreal, 2006 work, which has been released into the public
domain by the author.
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mucosa at a rate proportional to the concentration gradient
of the nonionized form. On the other hand, weak organic
bases will diffuse more easily through the mucosa of the
small intestine in which pH is higher (5–8). However, the
bulk of absorption does not necessarily occur at the site
where pH is optimal for nonionization of chemicals. The very
large surface area of the small intestine favors the diffusion of
substances even at pH that is not optimal for the degree of
nonionization.

The oral cavity, although, has thin epithelium and is rich in
blood vessels, favoring absorption; the residence time is usually
too brief for any substantial absorption. Absorption of chem-
icals from stomach is also limited due to its thick mucosal layer
and relatively short residence time. Most of the absorption,
therefore, occurs in the small intestine, which has a tremen-
dously large surface area due to the presence of villi and
microvilli, has more permeable membranes than those in the
stomach, and has long residence time.

A small number of chemicals may be absorbed by facilitated
diffusion (e.g., antimetabolic nucleotides), active transport
(e.g., lead and 5-fluorouracil), or pinocytosis (e.g., dyes and
bacterial endotoxins). Chemicals that reach the bloodstream by
absorption through the GI tract are transported directly to the
liver via the portal circulation, where they normally undergo
metabolic biotransformation, mostly to less active (toxic) and
in some cases to more active chemical forms, even before
gaining access to other tissues of the body; this phenomenon is
known as the first-pass effect.

Presence of food in the GI tract is one of the most important
factors that modify GI absorption of ingested chemicals. Pres-
ence of food in the stomach delays/reduces the absorption of
weak organic acids from the stomach. Presence of lipid-rich
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food delays emptying of the gastric content into the small
intestine, delaying the absorption of chemicals.

Chemical interactions in the GI tract between nutrients
and drugs may considerably reduce the absorption of some
drugs; for example, calcium ions from dairy products form
insoluble and nonabsorbable complexes with tetracycline
and therefore, the antibiotic works best when taken on an
empty stomach. On the other hand, certain drugs are irritants
to the GI tract (e.g., nonsteroidal anti-inflammatory drugs
and potassium chloride tablets) and must be ingested with
food.

Enterohepatic circulation provides an example of a special
case of intestinal absorption. Certain chemicals, like methyl-
mercury, after undergoing biotransformation in the liver, are
excreted into the intestine via the bile. They then are reabsorbed
in the intestine, sometimes after enzymatic modification by
intestinal bacteria. This process can markedly prolong the stay
of chemicals in the body. It can be interrupted by antibiotics
that destroy the intestinal bacterial flora.
Figure 3 The organization of the skin as a biologic barrier. Image is a modi
government.
Absorption through the Skin

Normal skin represents an effective, but not perfect, barrier
against the entry of chemicals. There are two major structural
components to the skin – the epidermis (0.05–0.1mm) and
the dermis (1–4mm) (Figure 3). The epidermis is formed of
several layers of cells, with the outermost layers,w10 mm thick,
consisting of dried dead cells forming the stratum corneum.
The stratum corneum is rich in a filament-shaped protein called
keratin, which represents the major structural component of
the barrier to passage of chemicals through the skin. Chemicals
may move through the various layers of the epidermis by
passive diffusion, more slowly through the stratum corneum,
but more rapidly through the inner layers of live epidermal
cells (stratum lucidum, stratum granulosum, stratum spino-
sum, and stratum basale).

The stratum corneum is much thicker in areas where
considerable pressure and repeated friction occur, like palms
and soles; absorption is therefore much slower in these areas.
fication of the original released into the public domain by the US
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On the other hand, absorption is much faster from the skin of
the scrotum and scalp, for example, due to thin stratum cor-
neum. In general, skin surfaces of the ventral side of the body
represent barriers that are easier to cross than those of the
dorsal side. Mechanical damage to the stratum corneum by cuts
or abrasions of the skin or chemical injury by local irritation
with acids or alkalis, for example, is likely to facilitate the entry
of chemicals through the skin. This may also be the case in
people suffering from certain skin diseases. Similarly, lipid-
soluble chemicals are relatively well absorbed through the skin.

The second and themiddle layer of the skin is dermis, which
consists of connective and fatty tissues and is tightly connected
to the epidermis through a basement membrane. The major
structural components of dermis are proteins called collagen
and elastin, which provide the skin with tensile strength and
elasticity. The dermis also contains small blood vessels (capil-
laries), nerve endings, sebaceous glands, sweat glands, and hair
follicles. Small pores in the epidermis allow passage for sweat
and oily substances (sebum); these along with hair shafts are
not important routes of entry for chemicals. Once a chemical
has crossed the epidermis by passive diffusion and gained
access to the dermis, diffusion into the bloodstream occurs
rapidly. Percutaneous absorption is facilitated by increased
peripheral dermal blood flow, which might occur when the
ambient temperature is elevated. The presence of elevated
sweating increases hydration of the skin and enhances the
Figure 4 The anatomy of the respiratory tract from trachea to alveolus. Imag
released into the public domain by the author.
permeability of the stratum corneum to chemicals, which is of
special interest to workers in occupational settings.
Absorption by the Lung

The physiologic role of the lung is to allow gas exchange,
extracting oxygen from the ambient air and eliminating carbon
dioxide as a catabolic waste. When performing this function,
the adult human lung is exposed each day to w10 000 L of air.
The lung becomes an important portal of entry as ambient air
contains many airborne chemicals.

Extraneous substances are presented to the lung as gases and
vapors, liquid, or solid particles. Following inhalation, they
may reach various regions of the respiratory tract, where some
fraction will undergo absorption into the bloodstream while
the remaining will be either deposited locally or eliminated by
exhalation before being absorbed.

In terms of its anatomy and function, the respiratory tract
can be divided into three regions: the nasopharyngeal, the
tracheobronchial, and the alveolar regions (Figure 4). The
major absorption takes place in the alveolar region, principally
due to its large surface area (80m2 in an adult human) and the
extreme thinness of the cellular barrier (<1 mm) between the
air side of the alveolar sac (lined with epithelial cells) and the
lumen of the lung capillaries (lined with endothelial cells).
e is a modification of Mariana Ruiz Villarreal, 2007 work, which has been
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When discussing absorption of chemicals through the
respiratory tract, it is practical to consider gases and vapors
separately from particles.
Gases and Vapors

Howmuch and at what location a gas or vapor will be absorbed
in the respiratory tract is determined primarily by the solubility
of the agent. The more water-soluble agents (e.g., sulfur dioxide
and ketonic solvents) may dissolve in the aqueous fluid lining
the cells of the more proximal region of the respiratory tree
before reaching the alveolar region. They may then absorb by
passive diffusion or pass through membrane pores. When
water-soluble gas or vapor is reactive, like formaldehyde, it may
form stable molecular complexes with cell components as
proximally as in the nasopharyngeal region. By virtue of these
mechanisms, the alveolar region of the lung is partially pro-
tected against potential injury by certain gases and vapors.

Lipid-soluble gases or vapors diffuse passively through the
thin alveolar–vascular cell barrier of the alveolar sac and then
dissolve into the blood according to their ability to partition
between alveolar air and circulating blood. Substances with high
air:blood partitioning are rapidly transported into the blood-
stream. For these substances, like styrene and xylene, the amount
absorbed is greatly enhanced by increasing the rate and the
depth of respiration, as is likely to happen during strenuous
physical work. On the other hand, substances with low air:blood
partitioning have limited capacity for absorption due to their
rapid saturation in blood. For these substances, like the solvents
cyclohexane and methyl chloroform, the amount absorbed may
be increased only by increasing the blood perfusion (replace-
ment of circulating blood) rate in the lung. This can be achieved
during work requiring heavy muscular activity.
Particles

Liquid (e.g., sulfuric acid and cutting fluids) and solid (e.g., silica
dusts, asbestosfibers, andmicroorganisms)particlesmaybecome
airborne and form respirable aerosols. Depending on their size
and diameter, inhaled particles are deposited in different regions
of the respiratory system. Once deposited, particles are dissolved
locally or moved to other regions of the respiratory tree.

The surface of the cells lining the tracheobronchial tree and
the surface of most of the cells lining the nasopharyngeal
region are covered with a layer of relatively thick mucus, and
cells in the alveolar region are lined with a thin film of fluid.
The aqueous environment provided by these surface liquids
favors at least partial dissolution and eventually absorption of
water-soluble particles, especially those present as liquid
droplets. Various defense mechanisms may help remove less
soluble particles from their site of deposition.

Particles larger than5 mmindiameter are usually depositedby
inertial impaction on the surface of the nasopharyngeal airways.
They may be removed by coughing, sneezing, or nose wiping.

Particles with diameters between 1 and 5 mm are deposited
in the tracheobronchial region as a result of either inertial
impaction at airway bifurcations or gravitational sedimenta-
tion onto other airway surfaces. Undissolved particles may then
be removed by the action of the mucociliary defense system
working as an escalator. Particles trapped in the mucus are
propelled toward the pharynx by the action of thin cilia located
on the surface membrane of specialized cells. Once in the
pharynx, the particles may be swallowed. The efficiency of the
escalator defense system may be greatly impaired by various
chemicals, like sulfur dioxide, ozone, and cigarette smoke. They
are known to paralyze the activity of the ciliated cells and
consequently the upward movement of the mucus.

Particles ranging between 0.1 and 1.0 mm in diameter reach
the alveolar region, where they finally hit cellular walls as
a result of their random movement within minute air sacs.
Removal of particles in this region of the lung is much less
efficient. Some of the particles may eventually reach the
tracheobronchial escalator system, either as engulfed material
within alveolar macrophages or as naked particles transported
by the slow movement of the fluid lining the alveoli. Other
possible mechanisms involve transport of the particles into the
lymphatic system, either within macrophages or by direct
diffusion through the intercellular space of the alveolar wall.

Particles smaller than 0.1 mm are not usually deposited in
the lung, entering and exiting the airways together with inhaled
and exhaled air.

Often, particulate matter acts as a carrier for gases, vapors,
and fumes adsorbed onto their surface (solid particles) or dis-
solved within them (liquid particles); this increases the residence
time of such pollutants in specific areas of the lung and imposes
an additional task on the pulmonary defense mechanisms.

The most striking example of this synergistic effect is the one
observed between sulfur dioxide, a respiratory tract irritant, and
suspended particles, both being typical components of urban
air pollution. This explains why current guideline values for
exposure to sulfur dioxide in the presence of particulate matter
are lower than those for exposure to sulfur dioxide alone.
Similar concerns can be expressed for combinations comprising
exhaust particles from diesel engines and certain carcinogens
like polycyclic aromatic hydrocarbons, as well as cigarette
smoke and certain other carcinogens like aromatic amines.

Chemicals absorbed by the lung reach the systemic circu-
lation directly and are therefore immediately available for
distribution to various tissues of the body.
See also: Biotransformation; Gastrointestinal System;
Distribution; Excretion; Pharmacokinetics; Respiratory Tract
Toxicology; Occupational Exposure Limits; Skin; Modifying
Factors of Toxicity; Toxicity Testing, Dermal; Toxicity Testing,
Inhalation.
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The Academy of Toxicological Sciences was established in 1981
for the purpose of recognizing and certifying toxicologists. As
a nonprofit organization, the mission of the Academy of Toxi-
cological Sciences is to establish a means by which practicing
toxicologists are certified based on education (PhD or equivalent
doctoral degree and postdoctoral training), professional experi-
ence (career advancement), demonstrated achievement (schol-
arly publications, editorial boards, and awarded grants), proven
ability (international honors and awards), and scientific expertise
(international scientific boards, committees, and workgroups).
The competence and experience of these professional practi-
tioners affect public welfare. Recognition and certification are
accomplished by a peer-review process, which is a time-honored
mechanism for scientists to evaluateone another basedon formal
training, proven ability, and experience. Demonstrated achieve-
ment, rather than the potential for achievement, is the key to the
Academy’s evaluation process. Thus, an individual certified as
a qualified fellow in toxicology by the Academy of Toxicological
Sciences is one who actively practices toxicology and who has
been evaluated by the peer-review process according to the Aca-
demy’s bylaws. As of 2012, there are approximately 250Academy
of Toxicological Sciences certified toxicologists.

Candidates for certification must have a broad knowledge
of toxicology and must demonstrate substantive involvement
in toxicological activities. To apply, an applicant shall submit an
application form and any necessary supporting documentation
to the ExecutiveDirector of the Academy. The Board ofDirectors
will meet at least three times a year to review both the
* Adapted from information supplied by the Academy of Toxicological
Sciences.
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applications and credentials of the candidates. The criteria for
certification in toxicology by the Academy includes education
and training, professional experience, and demonstration of
scientific recognition.

Successful candidates are certified as Fellows of the
Academy of Toxicological Sciences for a period of five years,
and may be recertified by submitting an application for review
by the Board of Directors.
Contact Details

Academy of Toxicological Sciences Headquarters, 1821
Michael Faraday Drive, Suite 300, Reston, VA 20190, USA.
Tel.: þ1 703 438 3103.
See also: American Board of Toxicology; American College of
Toxicology; The Hamner Institutes for Health Sciences;
EUROTOX; The International Society for the Study of
Xenobiotics; Society of Environmental Toxicology and
Chemistry; International Union of Toxicology; Society of
Toxicology.

Relevant Website

www.acadtoxsci.org – Academy of Toxicological Sciences.
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The acceptable daily intake (ADI) is commonly defined as the
amount of a chemical to which a person can be exposed, on
a daily basis over an extended period of time, usually without
suffering a deleterious effect. It represents a daily intake level of
a chemical in humans that is associated with minimal or no
risk of adverse effects. It is a numerical estimate of daily oral
exposure to the human population, including sensitive
subgroups such as children, that is not likely to cause harmful
effects during a lifetime. The ADI is expressed in milligrams of
the chemical, as it appears in the food, per kilogram of body
weight per day (mg kg�1 day�1). The US Environmental
Protection Agency (EPA) refers to such an exposure level as the
risk reference dose (RfD) in order to avoid any implication that
any exposure to a toxic material is ‘acceptable.’ RfDs are
generally used for health effects that are thought to have
a threshold or low dose limit for producing effects. The ADI
concept has often been used as a tool in reaching risk
management decisions such as establishing allowable levels of
contaminants in foodstuffs and water.

ADI is derived from an experimentally determined no
observed adverse effect level (NOAEL). An NOAEL is an
experimentally determined dose at which there is no statisti-
cally or biologically significant indication of the toxic effect of
concern. In an experiment with several NOAELs, the regulatory
focus is normally on the highest one, leading to the common
usage of the term NOAEL as the highest experimentally
determined dose without a statistically or biologically signifi-
cant adverse effect. In cases in which an NOAEL has not been
demonstrated experimentally, the term lowest observed
adverse effect level (LOAEL) is used.
ADI values are typically calculated from NOAEL values by dividing by uncertainty ðUFÞ and=or modifying factors ðMFsÞ :
ADI ðhuman doseÞ ¼ NOAEL ðexperimental doseÞ=UF� ðMFÞ
In principle, these safety factors (SFs) allow for intraspecies
and interspecies (animal to human) variations with default
values of 10. An additional uncertainty factor can be used to
account for experimental inadequacies, for example, to
extrapolate from short-exposure-duration studies to a situation
more relevant for chronic study or to account for inadequate
numbers of animals or other experimental limitations. Tradi-
tionally, an SF of 100 would be used for RfD calculations to
extrapolate from a well-conducted animal bioassay (10-fold
factor for animal to human) and to account for human
variability in response (10-fold factor human-to-human
variability).

Modifying factors can be used to adjust the UFs if data on
mechanisms, pharmacokinetics, and the relevance of the
animal response to human risk justify such modifications. For
example, if there is kinetic suggesting that rat and human
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metabolisms are very similar for a particular compound,
producing the same active target metabolite, then, rather than
using a 10-fold uncertainty factor to divide the NOAEL from
the animal toxicity study to obtain a human relevant RfD,
a factor of 3 for that uncertainty factor might be used. Of
particular interest is the new extra 10-fold Food Quality and
Protection Act factor, added to ensure protection of infants and
children.

For other chemicals, with databases that are less complete
(e.g., those for which only the results of subchronic studies are
available), an additional factor of 10 might be judged to be
more appropriate, leading to an SF of 1000. Based on well-
characterized responses in sensitive humans, an SF as small
as 1 might be selected for certain chemicals, as in the case of the
effect of fluoride on human teeth.

Some scientists interpret the absence of widespread effects
in the exposed human populations as evidence of the adequacy
of the SFs traditionally employed. The RfD approach represents
a generally accepted (Food and Drug Administration, National
Academy of Sciences, and EPA) method for setting lifetime
exposure limits for humans, and the use of 10-fold uncertainty
factors (UFs) has some experimental support.
Limitations of RfD

However, there are several limitations in the RfD approach, the
net result of which is that exposures resulting in the same RfD
do not imply the same level of risk for all chemicals. In addi-
tion, the RfD approach does not make use of dose–response
information. There are also difficulties in the implications of
specific UFs. The default value of 10 for the interspecies UF is
a reasonable assumption in some cases, but in other cases may
not be appropriate. Such data could be important in estimating
levels of concern for public safety. Guidelines have not been
developed to take into account the fact that some studies have
used larger (smaller) numbers of animals and, hence, are
generally more (less) reliable than other studies.

The ADI is generally viewed by risk assessors as a ‘soft’
estimate, whose bounds of uncertainty can span an order of
magnitude. While exposures somewhat higher than the ADI
(within reasonable limits) are associated with increased prob-
ability of adverse effects, that probability is not a certainty.
Similarly, while the ADI is seen as a level at which the proba-
bility of adverse effects is low, the absence of all risk to all
people cannot be assured at this level.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00213-X

http://dx.doi.org/10.1016/B978-0-12-386454-3.<?thyc=10?>00213<?show $132#?>-<?show $132#?>X<?thyc?>


Acceptable Daily Intake (ADI) 9
To reduce uncertainty in calculating RfDs and ADIs, there
has been a transition from the use of traditional 10-fold UFs to
the use of data-derived and chemical-specific adjustment
factors. Current WHO guidance suggests a 4.0- and 2.5-fold
factor for the toxicokinetic (TK) and toxicodynamic (TD)
interspecies components, respectively, and interindividual TK
and TD factors of 3.16.
See also: Benchmark Dose.
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l Name: Accutane
l Chemical Abstracts Service Registry Number: 4759-48-2
l Chemical/Pharmaceutical/Other Class: Retinoid, 9-cis

isomer of retinoic acid
l Synonyms: Isotretinoin, 13-cis-Retinoic acid, Accutane,

Roaccutane, Claravis, Amnesteem, Teriosal
l Molecular Formula: C20H28O2

l Chemical Structure:
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Background Information

The original patent for Accutane expired in 2002. Held by
Hoffmann-LaRoche until that time, it is perhaps now better
known by its common name, isotretinoin, although over 100
trade names for the compound now exist. Isotretinoin was
originally developed to treat cystic acne, and today this is still
its primary use despite several more modern applications of
the drug, including a treatment for pancreatic and brain
cancers.

Isotretinoin is the 9-cis isomer of retinoic acid, a close
relative of retinol, or vitamin A. First shown to be an effective
treatment for acne in 1982, its development stemmed from
advances in knowledge of the effects of vitamin A to reduce or
eliminate sebum production. Since that time, however, several
instances of deleterious effects became well known, most
notably birth defects arising from the use of isotretinoin.

Accutane was removed from distribution by Roche in 2009
after several lawsuits had been filed alleging damages due to
side effects, especially in young adult males due to inflamma-
tory bowel disease (IBD).
Uses

The primary use of Accutane (isotretinoin) was the treatment of
acne. Its use as an acne treatment is generally limited to severe
cases where lesions are at least 5 mm in diameter and appear
suppurative or hemorrhagic, or for inflammatory acne and acne
conglobata. Less severe acne may be treated with isotretinoin if
the patient has a history of dyspigmentation or scarring due to
acne. Isotretinoin is generally a last course of treatment in these
cases after all other routes have been explored.

Additional uses for Accutane (isotretinoin) include treat-
ments for keratinization such as lamellar ichthyosis, and
keratosis follicularis (Darier’s disease) in addition to palmo-
plantar keratoderma and pityriasis rubra pilaris. It is also an
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effective treatment for severe rosacea and gram-negative
folliculitis, and to treat hidradenitis suppurative.

Interestingly, isotretinoin has been shown to significantly
reduce inflammation associated with adjuvant arthritis in rats,
although this has not been verified to be the case in humans.
Environmental Fate and Behavior

Direct studies focused on the environmental fate of Accutane
(isotretinoin) are rare in the literature. The pure compound is
insoluble in water, and highly lipophilic. Powders do not
aerosolize readily, and volatilization is extremely low. Iso-
tretinoin released into the environment would not be expected
to have high mobility in water or soil, and will most likely
become deposited in organic materials. Bioaccumulation is
possible, but isotretinoin is readily oxidized to form other
retinoids or metabolites that are expected to be mitigated via
natural biological pathways.
Exposure and Exposure Monitoring

Exposure to Accutane (isotretinoin) occurs primarily from
ingestion. Reports of occupational exposure are few, and most
occurrences of toxicity from unwanted exposure are due to
accidental ingestion of Accutane (or other isotretinoin) tablets.
Clearance of the compound is rapid, however, and symptoms
are often brief. Symptomatic treatment is recommended, and
monitoring is generally qualitative.

Pregnant individuals should be extra cautious to avoid
contact with Accutane (isotretinoin), even acute exposure.
Toxicokinetics

Much like its mechanism of toxicity, toxicokinetic profiles for
Accutane (isotretinoin) are difficult to determine. Accounts in
the literature have focused primarily on the metabolism of the
compound.

Accutane (isotretinoin) is rapidly absorbed from the
gastrointestinal tract owing to its lipophilicity. When taken
with food, this absorption is accelerated. Peak plasma
concentrations following an oral dose of isotretinoin occur in
the first 30min; elimination half-life estimates have ranged
from 17 to 50 h. Traces of the compound are largely unde-
tectable in most tissues after 24 h, although metabolites may
persist in the liver, ureter, ovary, and adrenal and lachrymal
glands for at least 7 days.

Accutane (isotretinoin) is distributed systemically almost
immediately upon consumption, and is readily isomerized
into the all-trans isomer of the compound. Retinoids like
Accutane have been shown to regulate gene expression in
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00808-3
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a number of systems, and have some influence on the
production of steroids. The pharmacological effects of the drug
are nonselective once in circulation, and most arise from
repeated use of the drug rather than from a single application.
Mechanism of Toxicity

In primates (including humans), isotretinoin (Accutane) is
metabolized to a more active form, 13-cis-4-oxo-retinoic acid,
which is able to move through the placental membrane. On
its own, however, Accutane (isotretinoin) is not particularly
motile across the placental barrier, and perhaps most inter-
estingly tends not to bind to cellular retinoid-binding proteins
or nuclear receptors. The rapid isomerization to the all-trans
isomer, the oxidation of Accutane (isotretinoin) to 13-cis-4-
oxo-retinoic acid, and the relatively high circulation times of
these compounds may be important in explaining the tera-
togenic toxicity of Accutane (isotretinoin).

Some studies have more fully explored the metabolic
products of isotretinoin. For example, isotretinoin can be
metabolized in the liver by the cytochrome P450 microsomal
enzyme system – more specifically the CYP2C8, CYP2C,
CYP3A4, and CYP2B6 isoenzymes. The metabolites produced
are numerous, including retinoic acid (tretinoin), 4-oxo-iso-
tretinoin, and 4-oxo-retinoic acid (4-oxo-tretinoin). This rela-
tively large array of retinoid metabolites may produce a variety
of effects, most notably due to their higher potency as retinoids
compared to the parent compound (isotretinoin).

It is possible that these additional metabolites are capable
of binding to a variety of retinoid receptors in order to alter
gene expression and further transcription or transrepression in
protein synthesis, whichmay be responsible for the toxic effects
of isotretinoin.
Acute and Short-Term Toxicity (or Exposure)

Animals

Although exposure to Accutane (isotretinoin) in animals has
focused primarily on chronic exposure to elucidate the
mechanisms of some of the more pronounced toxic effects of
the drug, several studies have examined acute effects as well.
These studies focus primarily on the teratogenic effects of
Accutane, and most have shown positive, if dose-dependent,
relationships with regard to the birth defects associated with
exposure.

Lethal dose parameters in several species are available. For
rats, mice, and rabbits, oral LD50 values of 4, 4, and 2 g kg�1,
respectively, have been determined. In Swiss mice, an intra-
peritoneal injection LD50 of 140mg kg�1 day�1 has been
determined, as well as a gavage dose of 26 g kg�1 day�1 for 21
days.
Human

In humans, acute effects of Accutane (isotretinoin) have varied
greatly. Among the most severe are depression, psychosis, and
in rare cases suicidal thoughts and/or attempts. Aggression or
violent behavior has also been reported, as well as feelings of
sadness, irritability, trouble concentrating, loss of appetite, and
unusual tiredness.

It is unclear how this emotional instability arises. These
effects appear to be strongly correlated to use of Accutane, since
the effects subsided following discontinuing use of the drug,
but reappeared when use was reinstated. Some cases of these
acute effects were seen to persist after terminating therapy with
Accutane (isotretinoin).

Physical symptoms can also occur. For example, pseudo-
tumor cerebri (benign intracranial hypertension) has been
observed following treatment with isotretinoin, which may be
further complicated with concomitant use of tetracyclines.
Early signs can include headache, nausea, vomiting, visual
disturbances, and papilledema.

By far the most common acute (as well as chronic) effect of
isotretinoin is inflammation of the lips (cheilitis), which occurs
in more than 90% of patients using the drug to treat acne.
Isotretinoin has also been associated with increases in eryth-
rocyte sedimentation rates, with nearly 40% of patients expe-
riencing this effect. Decreased hemoglobin concentrations
decreased hematocrit, decreases in leukocyte and erythrocyte
counts, and increased platelet counts have also been observed.

Gastrointestinal effects following the use of isotretinoin
(Accutane) have also been reported, including anorexia,
increased appetite, and thirst. Inflammatory bowel syndrome
has also been associated with the use of Accutane in patients
with no prior history of intestinal disorder. Mild gastrointes-
tinal bleeding and weight loss may also occur, though more
rarely.

Problems with the eyes, especially vision, may occur with
the use of isotretinoin. Conjunctivitis (including blephar-
oconjunctivitis) and irritation are commonly reported
problems associated with its use, while corneal opacity –

particularly in patients receiving isotretinoin to treat nodular
acne – has also been reported, mostly in patients receiving high
doses of the drug. Cataracts and lasting impairments to vision
have also been reported.
Chronic Toxicity (or Exposure)

Animal

In animals, chronic toxicity due to isotretinoin has been varied.
For example, bone fracture has been observed in mice following
21 consecutive days of oral or intraperitoneal exposure to the
drug. Both routes of delivery produced the same effects.
Decreases in red blood cell counts were also observed in the
study. Further studies have explored the effects of isotretinoin on
rats given from one to five times the recommended clinical dose
(after normalizing for total body surface area), and found
increases in incidences of focal calcification, fibrosis, and
inflammation of the myocardium; calcification of pulmonary,
coronary, and mesenteric arteries; and metastatic calcification of
the gastric mucosa.
Human

In humans, the effects of chronic exposure to isotretinoin
(Accutane) are largely extensions of the acute effects of the
drug. For example, intracranial hypertension has been reported
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in patients undergoing therapy with Accutane, as have
musculoskeletal effects such as bone or joint pain, muscle
aches, arthralgia, and loss of bone density. Osteoporosis,
osteopenia, and delayed bone healing have also been reported.
Interestingly, nearly 30% of pediatric patients treated with
isotretinoin developed back pain ranging from severe to mild,
as well as arthralgias. Rarely, chest pain has been observed.

Also associated with the use of isotretinoin has been the
appearance of IBD, particularly in those patients with no prior
history of gastrointestinal disorders. In some cases, the symp-
toms of IBD persist after treatment with isotretinoin has been
discontinued.
Immunotoxicity

Reports of immunotoxicity associated with the use of Accutane
(isotretinoin) have primarily concerned hypersensitivity to
other materials. Anaphylactic and other allergic reactions have
been reported, including severe allergic vasculitis and cuta-
neous allergic reactions; extracutaneous involvement and
purpura (red patches or bruises) have been observed as well.
Reproductive Toxicity

Accutane (isotretinoin) is a known teratogen and is contra-
indicated in cases of pregnancy. Fetal abnormalities have been
reported in humans and animals. These effects have included
central nervous system abnormalities such as hydrocephalus,
microcephaly, and cranial nerve deficit. Eye abnormalities such
as microphthalmia have been reported, as have heart defects.
Parathyroid deficiency and thymus gland abnormalities are
also possible effects of exposure to isotretinoin during
pregnancy.

Skeletal and tissue abnormalities are commonly associated
with the use of Accutane (isotretinoin). These include syndac-
tyly, multiple synostoses, meningomyelocele, malformations
of the skull and cervical vertebra, absence of terminal
phalanges, and malformations of extremities including the
forearm, hip, and ankle. Cleft or high palate, facial dysmorphia,
low-set ears, small/absent external auditory canals, and
micropinna are other possibilities.
Genotoxicity

Reports of genotoxicity concerning Accutane (isotretinoin) in
the literature are few, although some have found evidence of
extensive chromosomal modifications (specifically of the skin).
It is also possible that Accutane (isotretinoin) may lead to DNA
methylation, although there is currently insufficient evidence
for this.
Carcinogenicity

Studies have explored the effects of isotretinoin on rats, and
found increases in incidences of focal calcification, fibrosis,
and inflammation of the myocardium; calcification of
pulmonary, coronary, and mesenteric arteries; and metastatic
calcification of the gastric mucosa. Few other carcinogenic
effects of Accutane (isotretinoin) could be found in the
current literature.
Clinical Management

Effects due to the use of Accutane (isotretinoin) should be
treated symptomatically. Nausea and vomiting should
be treated with metoclopramide. Activated charcoal may be
administered; induce vomiting if charcoal is unavailable.
Ecotoxicology

Ecotoxicological information for Accutane (isotretinoin) is
relatively rare. This is perhaps due to the ubiquity of retinoids,
including isotretinoin, in many biological systems.

One study investigated the effects of isotretinoin and other
retinoids on frogs exposed to lake water contaminated with the
compounds. Treating the frog embryos at specific develop-
mental stages produced limb abnormalities similar to those
suddenly observed in several suspected retinoid contamination
sites in the wild.

A 48 h EC50 0.1–0.3mg l�1 for Daphnia magna has been
reported.
Exposure Standards and Guidelines

The Approved Drug Products with Therapeutic Equivalence
Evaluations List identifies currently marketed prescription
drug products, including isotretinoin, approved on the basis
of safety and effectiveness by US Food and Drug Adminis-
tration under sections 505 of the Federal Food, Drug, and
Cosmetic Act.

No further exposure guidelines have been established for
Accutane (isotretinoin).
See also: Vitamin A; Vitamin C (Ascorbic Acid); Vitamin D;
Vitamin E.
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l Name: Angiotensin converting enzyme (ACE) inhibitors
l Synonyms: Benazepril, Lotensin� (CAS 86541-75-5);

Captopril, Capoten� (CAS 62571-86-2); Enalapril, Vasotec�

(CAS 75847-73-3); Enalaprilat, Vasotec IV� (CAS 84680-
54-6); Fosinopril, Monopril� (CAS 888 89-14-9); Lisinopril,
Prinivil�, Zestril� (CAS 76547-98-3); Quinapril, Accupril�

(CAS 85441-61-8); Ramipril, Altace� (CAS 87333-19-5)
l Pharmaceutical Class: Angiotensin converting enzyme

(ACE) inhibitors
l Molecular Formula: Benazepril C24H28N2O5; Captopril

C9H15NO3S; Enalapril C20H28N205; Enalaprilat
C18H24N2O5$2H2O; Fosinopril C30H46NO7P; Lisinopril
C21H31N3O5$2H2O; Quinapril C25H30N2O5; Ramipril
C23H32N2O5

l Chemical Structures: Lisinopril as example 1 and Captopril
(the first synthetic ACE inhibitor) as example 2
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Background (Significance/History)

ACE was discovered in plasma in the 1950s, followed by
discovery of bradykinin potentiating factor in the venom of
Bothrops jararaca, a South American pit viper, in 1965. The first
orally active ACE inhibitor, captopril, was developed in 1975
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and approved for use by the US Food and Drug Administra-
tion in 1981. Captopril was a thiol-containing compound.
Enalapril followed captopril and was a compound that lacked
the thiol group and potentially side effects associated with
this sulfur moiety. There are essentially three groups of ACE
inhibitors: (1) those that contain the thiol moiety include
captopril, zofenopril, and omapatrilat; (2) those that contain
a dicarboxyl group including enalapril, perindopril, lisinopril,
ramipril, trandolapril, quinapril, benazepril, and cilazapril;
and (3) the phosphorous-containing ACE inhibitors such as
fosinopril.
Uses

ACE inhibitors are used in the management of hypertension
and congestive heart failure.
Environmental Fate and Behavior Routes

Ingestion is the most common route for both accidental and
intentional exposures. Enalaprilat is available for parenteral
administration and toxicity could occur via this route as well.
Physicochemical Properties

1. Captopril as example
Molecular weight: 217.29
Melting point: 104–108 �C
Solubility: Soluble in water at 0.1 g ml�1, which results in
a slightly hazy or colorless solution
Stability: Stable, although incompatible with strong
oxidizing agents
Refractive index: �127.5� (C 1.7, EtOH)
pKa: 9.8

Most of the ACE inhibitors contain both proton acceptor
and proton donor groups, which may be ionized or proton-
ated, respectively. The dicarboxyl-containing ACE inhibitors
behave as strong acids at physiologic (7.4) pH. The thiol-
containing captopril is a weak acid with a calculated pKa of
9.55 (experimental 9.8). ACE inhibitors and their metabolites
exhibit low lipophilicity.
Calculated Partition Coefficients and Solubility of Certain
ACE Inhibitors

Captopril: log P 1.02 and solubility (S g�1 dm�3) 4.62
Enalapril: log P 0.09 and solubility (S g�1 dm�3) 0.21
Enalaprilat: log P �0.03 and solubility (S g�1 dm�3) 0.88
Lisinopril: log P �1.20 and solubility (S g�1 dm�3) 0.22
Fosinopril: log P 4.75 and solubility (S g�1 dm�3) 1.02
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00686-2
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Environmental Fate

No information is currently available on breakdown in soil,
groundwater, or surface water. ACE inhibitors are excreted
in breast milk in trace amounts. Captopril is distributed
into milk in concentrations about 1% of those in maternal
blood.
Toxicokinetics

The extent of oral absorption varies from 25% (lisinopril) to
75% (captopril). The rate of absorption also varies from 0.5 h
(captopril and enalapril) to 7 h (lisinopril). Reported volumes
of distribution range from 0.7 l kg�1 (captopril) to 1.8 l kg�1

(lisinopril). All of the ACE inhibitors, except for captopril and
lisinopril, are metabolized in the liver to active metabolites.
Excretion is via both the urine and the feces. The half-life ranges
from 1.3 h (enalapril) to 17 h (ramipril).
Mechanism of Toxicity

The ACE inhibitors affect the rennin-angiotensin system. This
system has effects on blood pressure as well as fluids and
electrolyte balance. Renin modulates the formation of
angiotensin I from angiotensinogen. Angiotensin I is then
converted via ACE to angiotensin II, primarily in the pulmo-
nary circulation. Angiotensin II is a potent vasoconstrictor
that also causes increased aldosterone secretion. Aldosterone
is responsible for sodium and water retention. The ACE
inhibitors interfere with the conversion of angiotensin I to
angiotensin II and, therefore, cause vasodilation as well as
sodium and water loss. Angiotensin II is also thought to be
inhibited by endogenous beta-endorphin. In vitro studies have
demonstrated that captopril can inhibit enkephalinase, the
enzyme that degrades endorphins. Interference with endor-
phin metabolism should result in prolonged effects from
these opiate-like neurotransmitters. Also, the opiate antago-
nist naloxone is thought to interfere with beta-endorphins
inhibition of angiotensin II. An interaction between angio-
tensin and bradykinin may also exist. ACE is identical to
kinase II, which is responsible for inactivation of bradykinins.
Accumulation of bradykinins may cause a decrease in blood
pressure by a direct vasodilatory mechanism or through
stimulation of prostaglandin release or synthesis. Accumula-
tion of bradykinins may be responsible for the dry cough and
angioedema associated with ACE inhibitors.
Acute Toxicity

Human Toxicity

The clinical effects observed following ACE inhibitor poisoning
or overdose are a direct extension of their therapeutic effects
and would be expected to manifest in 1–2 h postingestion.
Maximum hypotensive effect after overdose was noted at 4 h
postingestion. Ingestions involving small amounts of ACE
inhibitors may result in limited or no toxic effects. Ingestion of
more than 20 times the recommended daily dose has resulted
in moderate hypotension without sequelae. Clinical effects that
may occur include hypotension, usually without a reflex
tachycardia and changes in the level of consciousness that are
directly related to vascular changes. Only a few cases of
profound hypotension have been reported. In each of these
cases, blood pressure returned to normal within 24 h of
ingestion. There has been a single case of death attributed to an
ACE inhibitor alone. A 75-year-old male committed suicide by
taking an overdose of ninety 12.5-mg captopril tabs. Post-
mortem concentrations of captopril were 60.4 mg l�1 in this
case. Other reported deaths have included coingestants of
calcium channel blockers (diltiazem and amlodipine), and
toxicity from the calcium channel blocker was believed to be
the primary cause of death.
Animal Toxicity

There are limited data, but accidental ingestion of a small
amount of ACE inhibitors by companion animals would not
expected to be a problem.
Chronic Toxicity

Human

Adverse effects observed at therapeutic doses include cough,
dermal reactions, blood dyscrasias, bronchospasm, and hypo-
geusia. Life-threatening angioedema has been reported, but
does not appear to be an IgG-related immune response.
Reversible renal failure has been reported with chronic therapy.
Clinical effects that may occur include hypotension without
a reflex tachycardia, changes in the level of consciousness that
are directly related to vascular changes, and hyperkalemia.
Hyperkalemia can occur as a response to sodium loss or as
a complication of renal failure. Delayed hypotension, at 19 and
25 h, has been observed following ingestion of captopril.
Chronic use of a nonsteroidal anti-inflammatory drug with an
ACE inhibitor may result in loss of ACE inhibition and reduced
efficacy of the antihypertensive effects. There is also increased
risk of affecting renal function with this combination.
Reproductive Toxicity

ACE inhibitors are not recommended in pregnancy. Use in the
first trimester does not appear to present a significant risk to the
fetus, but after this time they have been associated with tera-
togenicity and severe toxicity. Use of ACE inhibitors has been
associated with a decrease in placental blood flow and oxygen
delivery to the fetus.

Use of drugs that act on the renin-angiotensin system during
the second and third trimesters of pregnancy will decrease renal
function and potentially lead to oligohydramnios. This can be
associated with fetal lung hypoplasia and skeletal deforma-
tions. Use in the first trimester has not been shown to cause
fetal abnormalities with increased frequency from other
medications with antihypertensive effect.

ACE inhibitors are listed as having potential for toxicity
under inclusion of the California Prop 65 Developmental
Toxin list. No specific toxicity is documented, however.
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Genotoxicity/Mutagenicity

Lisinopril, captopril, quinapril, and benazepril have been
studied for mutagenicity using a variety of methods and none
have documented evidence of mutagenicity.
Carcinogenicity

Not listed as having carcinogenicity under US Environmental
Protection Agency carcinogens, California Prop 65 known
carcinogens, International Agency for Research on Cancer
carcinogens, US National Toxicology Program carcinogens, or
Toxics Release Inventory carcinogen.
Clinical Management

Supportive care, including airway management as well as
cardiac and blood pressure monitoring, should be provided to
unstable patients. Ingestion of small amounts of an ACE
inhibitor in children can be managed with observation at
home. Following ingestion of a toxic amount of these agents
or recent ingestions involving toxic coingestants, activated
charcoal can be used to decontaminate the stomach. Hypo-
tension following ACE inhibitor ingestion has been managed
with fluids alone or in combination with vasopressors such as
dopamine or norepinephrine. The need for vasopressors after
overdose has been infrequent. If profound hypotension
resistant to dopamine were to occur, other vasopressors, such
as epinephrine and norepinephrine, can be used. Laboratory
analysis should be used to monitor electrolytes, especially
sodium and potassium. ACE inhibitor serum concentrations
are not readily available and have little, if any, clinical utility.
Because ACE inhibitors may potentiate the effects of the
opiate-like beta-endorphins, some authors have suggested the
use of naloxone to reverse their toxicities. Successes and fail-
ures with naloxone have been described in case reports.
Because naloxone has limited adverse effects, its use could be
considered in the management of serious ACE inhibitor
toxicity. One case report describes the use of the experimental
exogenous angiotensin II to counter severe ACE inhibitor
toxicity. The pharmacokinetic characteristics of the ACE
inhibitors, limited protein binding, and small volume of
distribution make them amenable to hemodialysis. Because
major morbidity is rare with these agents, the need for dialysis
is questionable.

Angioedema with potential for airway obstruction may not
respond to epinephrine and antihistamines. Rapid intubation
to protect the airway may be necessary in patients with
angioedema.
See also: Beta-Blockers; Calcium Channel Blockers;
Cardiovascular System; Gastrointestinal System.
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l Name: Acenaphthene
l Chemical Abstracts Service Registry Number: CAS 83-32-9
l Synonyms: 1,2-Dihydroacenaphthylene; 1,8-Dihydroacena-

phthalene; 1,8-Ethylenenaphthalene; Acenaphthylene; Naph-
thyleneethylene; Periethylenenaphthalene; Ethylenenaph-
thylene

l Chemical/Pharmaceutical/Other Class: Arene belonging to
the class of polycyclic aromatic hydrocarbons (PAH)

l Molecular Formula: C12H10

l Chemical Structure:
Uses

Acenaphthene is a chemical intermediate used to produce
naphthalimide dyes, which are used as fluorescent whitening
agents, and used in manufacturing plastics, resins, insecticides,
and fungicides.
Background Information

Acenaphthene is a component of crude oil and a product of
incomplete combustion of wood, diesel fuel, and garbage,
which may be produced and released to the environment
during natural fires. Emissions from cigarette smoke, petro-
leum refining, coal tar distillation, coal combustion, and diesel
fueled engines are the major contributors of acenaphthene
to the environment. Acenaphthene is used as a chemical
intermediate and may be released to the environment via
manufacturing effluents and the disposal of manufacturing
waste by-products. Because of the widespread use of ace-
naphthene in a variety of products, acenaphthene may also be
released to the environment through landfills, municipal
wastewater treatment facilities, and waste incinerators. Ace-
naphthene should biodegrade rapidly in the environment.
The reported biodegradation half-lives for acenaphthene in
aerobic soil and surface waters range from 10 to 60 and from
1 to 25 days, respectively. However, acenaphthene may persist
under anaerobic conditions or at high concentration due to
toxicity to microorganisms. Acenaphthene is not expected to
hydrolyze or bioconcentrate in the environment; yet, it should
undergo direct photolysis in sunlight environmental media.
Acenaphthene is expected to exist entirely in the vapor phase
in ambient air.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Environment Fate and Behavior

Routes and Pathways

A Henry’s law constant of 1.55� 10�4 atmm3mol�1 at 251�C
suggests volatilization of acenaphthene from environmental
waters may be important. Solubility in water is 100mg l�1,
while solubility in organic solvents such as toluene and ethanol
is substantially greater.
Partition Behavior in Water, Sediment, and Soil

A calculated Koc range of 2065–3230 indicates acenaphthene
will be slightly mobile in soil. In aquatic systems, acenaph-
thene can partition from the water column to organic matter
contained in sediments and suspended solids.
Environmental Persistency

The reported biodegradation half-lives for acenaphthene in
aerobic soil and surface waters range from 10 to 60 and from 1
to 25 days, respectively. However, acenaphthene may persist
under anaerobic conditions or at high concentrations due to
toxicity to microorganisms.
Bioaccumulation

Acenaphthene is not expected to hydrolyze or bioconcentrate
in the environment; yet, it should undergo direct photolysis in
sunlit environmental media. The volatilization half-lives from
a model river and a model pond, the latter considers the effect
of adsorption, have been estimated to be 11 h and 39 days,
respectively. The fungus Cunninghamella elegans metabolized
within 72 h of incubation 64% of acenaphthene present. Ace-
naphthene is expected to exist entirely in the vapor phase in
ambient air. In the atmosphere, the photochemical reactions
with hydroxyl radicals, nitrate radical and ozone are likely to be
important fate processes.
Exposure and Exposure Monitoring

Routes and Pathways

Skin contact is the most common accidental exposure pathway.
Acenaphthene may irritate or burn skin. Exposure can also be
through ingestion or inhalation. Its vapor can be poisonous if
inhaled. Laboratory animals have developed tumors when
exposed to acenaphthene in their food.
Human Exposure

The most probable human exposure would be occupational
exposure, which may occur through dermal contact or inhala-
tion at places where acenaphthene is produced or used.
4-3.00214-1 17
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Environmental Exposure

Atmospheric workplace exposures have been documented.
Nonoccupational exposures would most likely occur via ciga-
rette smoke, urban atmospheres, contaminated drinking water
supplies, and recreational contaminated waterways.
Toxicokinetics

The half-life of acenaphthene in the bluegill fish is less than 1
day. A Beijerinckia species and a mutant strain, Beijerinckia
species strain B8/36, were shown to oxidize acenaphthene.
Both organisms oxidize acenaphthene to the same spectrum
of metabolites, which included 1-acenaphthenol, 1-acenaph-
theneone, 1,2-acenaphthenediol, acenaphthenequinone,
and a compound that was tentatively identified as 1,2-
dihydroxyacenaphthylene.
Mechanism of Toxicity

5-Nitroacenaphthene causes toxicity by the reduction of the
nitro function to the corresponding hydroxylamine. These
arylhydroxylamines may be either direct-acting mutagens or
may become so following nonenzymic conversion to aryl
nitronium ions or they may be esterified to the corresponding
electrophilic hydroxamic acid esters. Acenaphthene can bind to
hemoglobin to cause methemoglobinemia.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acenaphthene can cause hepatotoxicity in rats and mice. Little
information is available regarding acute exposure to acenaph-
thene. It is biotransformed in the liver. On the basis of a mouse
oral subchronic study in which hepatotoxicity was seen as the
major effect, the no-observed-adverse-effect level and the
lowest-observed-adverse-effect level were 175 and 350mg kg�1

day�1, respectively.
Human

Acenaphthene can be irritating to eyes, skin, and mucous
membrane. Acenaphthene may be poisonous if inhaled or
absorbed through skin. The vapor may cause dizziness or
suffocation. Acenaphthene may cause vomiting if swallowed in
large quantity. It can cause methemoglobinemia. There is
evidence that acenaphthene is photomutagenic, therefore skin
exposure to acenaphthene at the same time as exposure to
sunlight is ill-advised.
Chronic Toxicity (or Exposure)

Animal

Rats exposed to acenaphthene at a level of 1271.5mgm�3 for
4 h a day, 6 days per week for 5 months showed toxic effects on
the blood, lung, and glandular constituents. The bronchial
epithelium showed hyperplasia and metaplasia, which may
have been symptoms of the pneumonia that killed a large
number of rats during the study. No signs of malignancy
appeared during the 8-month postexposure observation
period.
Human

Chronic human exposure data are not available. Currently,
acenaphthene is under review by US Environmental Protection
Agency for evidence of human carcinogenic potential. This
does not imply that this agent is necessarily a carcinogen.
Experimental evidence up to this point is not conclusive. The
nitroderivative of acenaphthene (5-nitroacenaphthene) is
a possible carcinogen to humans.
Genotoxicity

Experiments on several strains of bacteria, including Salmonella
Typhimurium and Micrococcus pyogenes var, aerius strain FDA209
showed no evidence of mutagenicity.
Carcinogenicity

No evidence of carcinogenicity is available. Some studies
have been conducted on a mixture of polyaromatic hydro-
carbons that include acenaphthene as one of several
components. Individual data on acenaphthene is not
available.
Clinical Management

The victim should be moved to fresh air and emergency
medical care should be provided. If the victim is not breathing,
artificial respiration should be provided; if breathing is diffi-
cult, oxygen should be administered. In case of contact with the
eyes, the eyes should be flushed immediately with running
water for at least 15min. Affected skin should be washed with
soap and water. Contaminated clothing and shoes should be
removed and isolated at the site. If methemoglobinemia occurs
and is severe, treatment with methylene blue and oxygen is
recommended.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Treatment of cherry-mazzard hybrid seeds with acenaphthene
powder for 10 h inhibited the seed germination and seedling
growth. Treatment of Allium cepa root meristem cells with
acenaphthene vapor for 12–96 h caused anomalies leading to
random development of cells.
Marine Organisms Toxicity

Acute toxicity value for bluegill fish was 1700 mg l�1 in fresh-
water and the toxicity to sheepshead minnow was 2230 mg l�1

in saltwater. Toxicity to algae occurs at levels as low as
500 mg l�1.



Acenaphthene 19
Terrestrial Organisms Toxicity

The oral LD50 for rats is reported as 10mg kg�1 and for mice
the LD50 is 2.1mg kg�1.
Exposure Standards and Guidelines

CERCLA reportable quantities: Persons in charge of vessels or
facilities are required to notify the National Response Center
(NRC) immediately, when there is a release of this designated
hazardous substance, in an amount equal to or greater than its
reportable quantity of 100 lb or 45.4 kg. State drinking water
guidelines: Minnesota 400mg l�1 and Florida 20mg l�1.
See also: Polycyclic Aromatic Hydrocarbons (PAHs);
Naphthalene.
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Background

Acephate was first registered in the United States in 1973 as an
insecticide on ornamentals. The first food uses (agricultural
crops) for acephate were registered in 1974. Acephate is sold as
a soluble powder or emulsifiable concentrates or pressurized
aerosol; the trade names for products containing acephate
include Orthene, Asataf, Pillarthene, Kitron, Aimthane, Ortran,
Ortho 12420, and Ortril.
Uses

Acephate is registered for use on a variety of food crops and citrus
trees. It is also used commonly in food handling establishments,
in horticulture on ornamental plants (cut flowers), and onhome
lawns and commercial buildings and as seed treatment on
cotton and peanuts (seed for planting), on nonbearing crops
such as citrus, and on tobacco. It is effective against a wide range
of biting and sucking insects, especially aphids.
Environmental Fate

Acephate dissipates rapidly in soil (half-lives of<3 and 6 days).
Methamidophos and CO2 are reported to be the major
metabolites in the soil. Acephate is readily degraded in soil by
microorganisms and in water it undergoes rapid hydrolysis.
Exposure and Exposure Monitoring

Common routes of acephate exposure include ingestion and
inhalation.

Acephate and its metabolite are not persistent under aerobic
conditions and are not expected to leach to groundwater. Its
rapid degradation makes it nonthreatening to groundwater or
surface water.
Toxicokinetics

Acephate is converted to another organophosphate compound,
methamidophos, in the body. Studies with 14C-acephate in
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mammals have shown 75% of the parent compound elimi-
nated in the urine. Other major metabolites include O,S-
dimethyl phosphorothioate (DMPT, 5%) and S-methyl acetyl
phosphoramidothioate (5%).
Mechanism of Toxicity

Acephate exerts its toxicity by inhibiting the enzyme acetyl-
cholinesterase in the synapse and neuromuscular junctions,
which leads to accumulation of the neurotransmitter acetyl-
choline and overstimulation of postsynaptic receptors.
Acute and Short-Term Toxicity

Animal

Acephate is moderately toxic to mammals with an acute oral
LD50 of 850–950mg kg�1 in rats, whereas its metabolite
methamidophos is highly toxic to mammals. The common
symptoms of acephate poisoning include salivation, nasal
discharge, vomiting, diarrhea, nausea, blurred vision, difficulty
in breathing, headache, and muscle weakness. Convulsions,
coma, and death may occur in cases of severe acute poisoning.
Human

Acephate exposure can result in cholinesterase inhibition,
which causes over excitation of the central and peripheral
nervous system. Acephate is nonirritating to skin and slightly
irritating to the eyes but is not reported to be a skin sensitizer.
Chronic Toxicity

Animal

Chronic studies in rats and dogs have shown cholinesterase
inhibition. Following exposure to acephate in diet (up to
300mg kg�1), no effects on body weight gain or histopatho-
logical changes were observed in rats. Additional chronic die-
tary exposure studies in rats at concentrations of 0, 2, 5, 10, and
150 ppm for 13 weeks have indicated cholinesterase inhibition
in the brain and red blood cells at all doses.
Human

Individuals exposed to acephate for up to 15months in pilot
plant and formulation processes did not show any adverse
effects.
Immunotoxicity

Dermal studies in guinea pigs did not show any skin
sensitization reaction. Acute acephate exposure in control or
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00090-7
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IL-1-challenged rats indicated suppressed blood CD4, CD8, B
cells and monocytes, and increased blood neutrophil counts.
Subacute acephate exposure at low concentrations has been
reported to affect immune responses in avian species.
Reproductive Toxicity

A two-generation reproductive toxicity study in rats indicated
various reproductive effects including fetal losses, decreased
litter weights at 50 ppm (2.5mg kg�1 day�1) dose level.
Genotoxicity

While in vivo studies in mice indicated no mutagenic potential,
in vitro bacterial and mammalian tests have shown that ace-
phate is weakly mutagenic/genotoxic.
Carcinogenicity

While no human carcinogenicity data are available, acephate is
classified as a possible human carcinogen (category C) based
on increased incidence of hepatocellular carcinomas and
adenomas in female mice.
Clinical Management

In case of dermal exposure, the contaminated area should be
washed with plenty of water or showered using soap and
shampoo. Eyes should be flushed with water repeatedly for
several minutes. Contaminated clothing should be removed
and the airway cleared. In case of ingestion, vomiting should
be induced. Atropine treatment should be initiated immedi-
ately to counteract muscarinic effects. Atropine (adults and
children >12 years: 2–4mg; children <12 years: 0.05–0.1mg)
treatment should be repeated every 15min until oral and
bronchial secretions are controlled and atropinization is
achieved. The duration and dosage of atropine treatment
should be slowly reduced as the condition of the patient
improves. Pralidoxime should be administered slowly at the
recommended dosage (adults and children >12 years: 1–2 g;
children <12 years: 20–50mg by IV infusion in 100ml saline
at approximately 0.2 gmin). This dosage can be repeated at
every 1–2 h intervals initially and at 10–12 h intervals later
depending on the condition of the patient. Periodic medical
examination and care is required depending on the degree of
exposure.
Ecotoxicology

Acephate is considered relatively nontoxic to fish. In field
studies, aerial spraying of acephate did not result in significant
brain AChE inhibition in trout and salmon in streams near the
target area, but a significant AChE inhibition was reported in
suckers.

Acephate is considered moderately toxic to upland game
birds. The LD50 for acephate in mallard ducks is 350mg kg�1;
140mg kg�1 in pheasants; >5000 ppm for the mallard and
1280 ppm for the bobwhite quail.

Acephate is considered toxic to bees with an LC50 of 1.2 mg
per bee. In studies of insecticides commonly used in cotton,
acephate was shown to be very toxic to adultMicroplitis croceipes
parasitoids, and caused 100% mortality at the lowest recom-
mended field rates.
Exposure Standards and Guidelines

Acceptable daily intake (ADI)¼ 0–0.01mg kg�1 body weight.
Reference dose (RfD)¼ 0.004mg kg�1 day�1.
See also: Acetylcholine; Cholinesterase Inhibition;
Methamidophos; Neurotoxicity; Organophosphorus
Compounds; Pesticides.

Further Reading

Singh, A.K., Jiang, Y., 2002. Immunotoxicity of acute acephate exposure in control or
IL-1-challenged rats: correlation between the immune cell composition and
corticosteroid concentration in blood. J. Appl. Toxicol. 22, 279.

Tripathia, S.M., Thakera, A.M., Joshib, C.G., Sankhalaa, L.N., 2012. Acephate
immunotoxicity in white leghorn cockerel chicks upon experimental exposure.
Environ. Toxicol. Pharmacol. 34, 192.
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http://www.cdpr.ca.gov/docs/risk/toxsums/pdfs/1685.pdf – California Environmental
Protection Agency.

http://extoxnet.orst.edu/pips/acephate.htm – EXTOXNET (Extension Toxicology
Network), Oregon State University.

http://www.inchem.org/documents/jmpr/jmpmono/v076pr02.htm – International Pro-
gramme on Chemical Safety.

ftp://ftp.fao.org/docrep/fao/006/y5221E/y5221E00.pdf – Pesticide residues in
food (2003).

http://www.epa.gov/opp00001/reregistration/REDs/acephate_red.pdf – US Environ-
mental Protection Agency.

http://www.epa.gov/oppsrrd1/reregistration/acephate/ – US Environmental Protection
Agency.
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l Name: Acetaldehyde
l Chemical Abstracts Service Registry Number: 75-07-0
l Synonyms: Acetic aldehyde, Acetic ethanol, Acetylaldehyde;

Ethylaldehyde, Ethanal
l Chemical/Pharmaceutical/Other Class: Aldehydes
l Molecular Formula: C2H4O
l Chemical Structure:

Uses

Acetaldehyde is used in the manufacturing of various chemicals
such as acetic acid, pyridine, peracetic acid, pentaerythritol,
1,3-butylene glycol, vinyl acetate resins, synthetic pyridine
derivatives, perfumes, flavors, and chloral. Synthetic pyridine
derivatives, in particular, account for 40% of acetaldehyde
demand. It is also used in the silvering of mirrors, leather
tanning, and in fuel compositions, preservatives, paper pro-
cessing, glues, cosmetics, dyes, plastics, rubber, and as
a flavoring agent. Natural sources of acetaldehyde include
metabolic intermediate in higher plants, alcohol fermentation,
natural combustion, oxidation of hydrocarbons commonly
found in the atmosphere, and sugar decomposition in the
body. Acetaldehyde is also found in small amounts in alcoholic
beverages, plant juices, roasted coffee, and tobacco smoke.
Anthropogenic sources include vehicle exhaust, fuel oil, coal,
and organic chemical manufacturing.
Environmental Fate and Behavior

Industrial exposures to acetaldehyde are most likely to occur by
inhalation with potential for skin and eye contact. Accidental
ingestion is also possible. The main source of exposure to
acetaldehyde in humans is alcohol consumption and to a lesser
extent from air, vehicle exhaust, and from various industrial
wastes. Degradation of hydrocarbons, sewage, and solid bio-
logical wastes produces acetaldehyde, as well as the open
burning and incineration of gas, fuel oil, and coal.
Toxicokinetics

Following inhalation exposure, acetaldehyde is deposited
in the nasal cavity and upper respiratory tract, and
22 Encyclopedia of T
eventually some traces can be absorbed into the blood and
be distributed throughout the body. The uptake of acetal-
dehyde in the nasal cavity is influenced by its solubility
and inspiratory flow rate. Perhaps acetaldehyde uptake in
the nasal tissue is dependent on its reaction with tissue
substrates that become depleted at high exposure concen-
trations. Acetaldehyde vapor can be metabolized in the
nasal cavity by the mixed-function oxidase and carboxyl
esterase systems. The first metabolite of ethanol metabo-
lism is acetaldehyde. Metabolism takes place in the liver to
a number of metabolites and some unchanged acetalde-
hyde gets excreted in the urine and primarily via exhaled
breath.
Mechanism of Toxicity

Acetaldehyde is soluble in the mucous membranes of the
upper respiratory tract causing irritation of the mucous
membranes’ sensory nerve endings. It has a general narcotic
action and there is also depression of the mucociliary
defense system. The direct action of acetaldehyde in the
skin and eyes is the result of irritation to these tissues.
Large doses may cause death from respiratory paralysis.
Acetaldehyde forms stable and unstable adducts with
proteins impairing protein function, histone–DNA binding,
and inhibition of polymerization of tubulin. Acetaldehyde
can react with various macromolecules in the body leading
to marked alterations in the biological function of these
molecules.

There have been several reports linking metabolism of
ethanol to acetaldehyde with the additive potential associ-
ated with alcohol consumption. Although these reports are
still somewhat controversial, it is possible that acetaldehyde,
as a metabolite of ethanol or as a constituent of other
products (such as tobacco smoke), may play a contributory
role in addictions to these substances. Acetaldehyde expo-
sure produces self-administrative behaviors in animal
models.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute exposure in several species resulted in irritation of
respiratory tract, skin, and hypotension. The oral LD50 for
acetaldehyde in rats has been reported to be 1930 mg kg�1

and the 4 h LC50 is approximately 13 300 ppm. Acetaldehyde
is a severe eye irritant to rabbits at 40 mg and mildly irritating
to rabbit skin at 500 mg. Rats exposed to acetaldehyde
concentrations ranging from 400 to 5000 ppm via inhalation
route (4 week at 6 h day�1, 5 days week�1) exhibited slight
degeneration of the olfactory epithelium at �400 ppm and
growth retardation and polyuria at 1000 and 2200 ppm.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00994-5
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Human

Acetaldehyde is a metabolic intermediate in humans. It has
been identified in food, beverages, and cigarette smoke. Acet-
aldehyde is metabolized primarily in the liver to a lesser extent
in renal tubules by acetaldehyde dehydrogenase. Ethanol-
induced liver damage, facial flushing, and developmental
effects have been attributed to acetaldehyde. Inhalation expo-
sures to acetaldehyde can result in irritation of eyes and upper
respiratory tract. The potent irritant effect of acetaldehyde
inhalation (coughing, and burning in the eyes, nose, and
throat) typically prevents exposures sufficient to result in
depression of the central nervous system. Inhalation at
concentrations ranging from 100 to 200 ppm can cause irrita-
tion to the mucous membranes. Skin and eye contact with
liquid acetaldehyde can produce a burning sensation, lacri-
mation, and blurred vision.
Chronic Toxicity (or Exposure)

Animal

A 52 week chronic inhalation study in hamsters exposed to
1500 ppm acetaldehyde produced growth retardation, slight
anemia, increased enzyme and protein content in the urine, and
increased kidney weight. There were distinct histopathological
changes in the nasal mucosa and trachea, including hyperplasia,
squamous cell metaplasia, and inflammation. Inhalation
exposure to acetaldehyde has produced nasal tumors in rats and
laryngeal tumors in hamsters. Male and female rats were
exposed to acetaldehyde 6 h day�1, 5 days week�1 for
28 months at concentrations of 0, 750, 1500, or 3000 ppm.
Inhalation exposure to acetaldehyde resulted in dose-related
incidence of nasal adenocarcinomas and squamous cell carci-
nomas of the respiratory epithelium in rats and nasal and
laryngeal carcinomas in hamsters. Acetaldehyde is teratogenic in
rats andmice. Fetuses from dams injected intraperitoneally with
acetaldehyde concentrations ranging from 50 to 100 mg kg�1

on day 10, 11, or 12 of gestation produced a significant increase
in fetal resorptions, growth retardation, and an increase in
malformations, including digital anomalies, cranial and facial
malformations, and delayed skeletogenesis. It was concluded
that acetaldehyde interfered with placental function via the
maternal–placental nutrient exchange, resulting in retarded
growth. Overall, there is sufficient evidence in experimental
animals for the carcinogenicity and teratogenicity of acetalde-
hyde. Based on increased incidence of nasal tumors in male and
female rats and laryngeal tumors in male and female hamsters
after inhalation exposure, IARC classified acetaldehyde as
a Group 2B carcinogen (Probable Human Carcinogen).
Human

Acetaldehyde, produced from the metabolism of ethanol, may
also be responsible for localized cancers, brain damage in prenatal
infants, and growth suppression (in chicken embryos). Acetalde-
hyde, as a direct result of ethanol metabolism in the body, has
been implicated in alcoholic cardiomyopathy and cancer of the
digestive tract. Acetaldehyde DNA adducts have been observed in
the lymphocytes of human alcohol abusers. Esophageal tumors
have been reportedly associated with genetic polymorphisms
that result in high acetaldehyde levels after ethanol consumption,
but there is inadequate evidence to associate carcinogenicity in
humans with acetaldehyde exposure. The levels of acetaldehyde
in blood are directly correlated with ethanol consumption.
Genotoxicity

Acetaldehyde has been shown to induce mutagenic changes in
many assays. In mammalian in vitro assays, acetaldehyde
produced sister chromatid exchanges and chromosomal breaks
and aberrations in human lymphocytes and in cultured
Chinese hamster ovary cells in a dose-related manner. Acetal-
dehyde at concentrations as low as 3–10 mM inhibited DNA
methyltransferase activity in vitro. Acetaldehyde caused muta-
tions in Escherichia coli systems and Drosophila melanogaster.
A suppressive effect on rat testicular steroidogenesis was re-
ported at concentration as low as 50 mM (2.2 mg ml�1). Incu-
bation of acetaldehyde (100 mg%) with isolated hepatocytes
for 60 min significantly increased lipid peroxide formation.
Clinical Management

The primary risk for exposures of medical importance is via
inhalation. Exposures by inhalation should be monitored
for respiratory tract irritation, bronchitis, or pneumonitis.
Humidified supplemental 100% oxygen should be administered.
Gastric lavage may be indicated soon after ingestion of acetal-
dehyde followed by administration of activated charcoal slurry
mixed with a saline cathartic or sorbitol. Exposed eyes should
be irrigated with copious amounts of tepid water for at least
15 min. If eye irritation, pain, swelling, lacrimation, or photo-
phobia persists, the patient should be seen in a health care facility.
Exposure Standards and Guidelines

A short-term exposure limit ceiling of 25 ppm for acetaldehyde
was recommended to prevent excessive eye irritation, lacrima-
tion, and potential injury to the respiratory tract. The FAO/
WHO acceptable daily intake is 0.0–2.5 mg kg�1 body weight.
The level of use as a food additive (flavorings) is 1–300 ppm.
Further Reading
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carboxamide
l Molecular Formula: C2–H5–N–O
l Structure:
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Uses

As a dipolar solvent, acetamide finds many uses as a solvent for
both inorganic and organic compounds. The solvency has led
to widespread uses in industry including applications in
cryoscopy, soldering, and the textile industry. The neutral and
amphoteric characteristics allow its use as an antacid in the
lacquer, explosives, and cosmetics industries. Its hygroscopic
properties make it useful as a plasticizer in coatings, fixtures,
cloth, and leather, and as a humectant for paper. It is also a raw
material in organic synthesis of methylamine and thio-
acetamide and as an intermediate in preparation of medicines,
insecticides, and plastics.
Environmental Behavior, Fate, Routes, and Pathways

Acetamide will exist as a vapor in the ambient atmosphere.
Atmospheric degradation occurs by reaction with photo-
chemically produced hydroxyl radicals. The half-life for this
reaction in air is estimated to be 7.6 days. If released to soil,
acetamide is expected to have very high mobility and is not
expected to adsorb to suspended solids and sediment. Experi-
ments suggest that this chemical may break down in the
environment through biodegradation and not through hydro-
lysis. Volatilization from water surfaces is not expected to be an
important fate process based on this compound’s estimated
Henry’s law constant.
Exposure and Exposure Monitoring

Acetamidemay be inhaled, swallowed, or absorbed through the
skin. In its usual application, inhalation is the most common
route of exposure, although dermal contact is always possible.
Toxicokinetics

Oral administration of acetamide in the rat is followed by
absorption and 62% is excreted into the urine unchanged in
24 h. Likewise, a large proportion of an oral dose is excreted
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in the urine unchanged by the dog and the cat. In sheep,
absorption of an oral dose is followed by metabolism to CO2

within 7–12 h. Sequential demethylation of methyl-
acetamide results in acetamide production by rat liver but it
is not clear whether this occurs in man. Acetamide is
a metabolite of the antiprotozoal drugs metronidazole and
ornidazole.
Mechanism of Toxicity

The mechanism of toxicity of acetamide is not known; the
response profile is quite different from the better studied
dimethyl derivative. Acetamide appears to be in a class of
chemicals which, although producing liver cancer in rodents, is
less sensitive to inactive in genetic tests looking at formation of
micronuclei. The carcinogenic response in rodents appears
related to the formation of hydroxylamine from the primary
metabolite acetohydroxamic acid.
Acute and Short-Term Toxicity

The oral lethal dose 50 percent (LD50) in rodents ranges from 1
to 7 g kg�1 and intravenous LD50 in mice and rats is 10 g kg�1.
No acute lethality information is available following either
dermal or inhalation exposures.

The chemical is considered to be mildly irritating to the skin
and eyes. Mild to no irritation to skin or mucous membranes
seen in exposed individuals suggests that hydrolysis to lower
molecular weight acids, which could cause damage, is not
occurring. No other reports could be found in the literature
concerning acute toxicity of acetamide in humans.
Chronic Toxicity

The liver appears to be the target of acetamide toxicity although
the animal experiments have been limited in the range of
endpoints studied. No reports could be found in the literature
concerning the potential human health effects of chronic
acetamide exposure.
Immunotoxicity

No studies could be found which examine the potential effects
of acetamide on the immune system.
Reproductive and Developmental Toxicity

Acetamide is not a developmental toxicant. Although func-
tional reproduction studies have not been completed, no
evidence of altered spermatogenesis, hormone changes, or
damage to accessory organs was seen in repeat dose studies in
rodents.
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Genotoxicity

Acetamide was generally inactive in genetic tests in vitro
including those using Saccharomyces, Salmonella, and Aspergillus
nidulans. In a micronucleus test using hamster embryos in vitro,
the chemical gave weakly positive genotoxic results but these
were not confirmed by in vivo testing in mouse bone marrow
cells. Microtubule assembly involving chromosome segrega-
tion can be affected by nonspecific solvent effects from lipo-
philic agents such as acetamide.
Carcinogenicity

Liver cancers were produced in rats following oral administra-
tion of relatively large amounts of acetamide.
Clinical Management

Exposed persons should be removed to fresh air, and medical
attention sought as needed for any breathing difficulty. If
swallowed, several glasses of water should be given to dilute the
chemical; medical attention is needed if large amounts are
ingested. For skin contact, the exposed area should be washed
with soap and water; medical attention should be sought if
irritation develops. For eye contact, water should be used to
flush for at least 15 min while lifting the lower and upper
eyelids occasionally; immediate medical attention should be
sought.
Ecotoxicology

Because of the low bioconcentration potential, no serious
effects in the aquatic environment are expected. Acetamide
moves through the environment with water and is easily
biodegraded as shown in a screening test with sewage
inoculum.
Exposure Standards and Guidelines

US Environmental Protection Agency: Listed as a hazardous air
pollutant under the Clean Air Act of 1990.

Occupational Safety and Health Administration: No
permissible exposure limit (as of October 2003).

US Environmental Protection Agency: Carcinogenic Classi-
fication in Group C (possible human carcinogen).

International Agency for Research on Cancer: Classified as
a 2B carcinogen (probable human carcinogen with sufficient
evidence in laboratory animals).

See also: Clean Air Act (CAA), US; Methylamine; Metronidazole;
Thioacetamide.
Further Reading

Kennedy Jr., G.L., 1986. Biological effects of acetamide, formamide, and their
monomethyl and dimethyl derivatives. Crit. Rev. Toxicol. 17, 129–182.

Kennedy Jr., G.L., 2001. Biological effects of acetamide, formamide, and their
monomethyl and dimethyl derivatives: An update. Crit. Rev. Toxicol. 31,
139–222.
Relevant Website

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Acetamide.

http://toxnet.nlm.nih.gov


Acetaminophen
K Shankar, University of Arkansas for Medical Sciences, Little Rock, AR, USA
HM Mehendale, University of Louisiana at Monroe, Monroe, LA, USA

� 2014 Elsevier Inc. All rights reserved.
l Name: Acetaminophen
l Chemical Abstracts Service Registry Number: 103-90-2
l Synonyms: APAP, 40-Hydroxyacetanilide, P-hydroxy-

acetanilide, Acetamide N-(4-hydroxyphenyl), N-acetyl-p-
aminophenol,N-acetyl-p-aminophenol, P-acetamidophenol;
4-Acetamidophenol, 4-Acetaminophenol, Paracetamol,
Tylenol

l Pharmaceutical Class: Acetaminophen is a synthetic non-
opioid congener of acetanilide in the paraaminophenol
class

l Molecular Formula: C8H9NO2

l Chemical Structure:
NH

CH3

HO

O

Uses

Acetaminophen is a nonnarcotic analgesic and antipyretic drug.
It is used to relieve pain of moderate intensity, such as usually
occurs in headache and in many muscle, joint, and peripheral
nerve disorders. Headaches are one of the most common
indications for the use of acetaminophen. Acetaminophen is
used to treat acute tension headaches and mild to moderate
migraine, especially in combination with caffeine and aspirin.
Acetaminophen is indicated in chronic pain associated with
rheumatoid arthritis, back or hip pain, osteoarthritis, dental
pain, or acute pain due to soft-tissue injury. Acetaminophen is
a suitable substitute for aspirin for its analgesic or antipyretic
uses in cases where aspirin is contraindicated (gastric bleeding)
or when the prolongation of bleeding time caused by aspirin
would be a disadvantage. Acetaminophen has been used in
studies of pain relief following obstetric and gynecological
procedures, including Caesarean section, hysterectomy, tubal
ligation, primary dysmenorrhea, and termination of preg-
nancy. Acetaminophen is also used to manage chronic pain of
cancer, postpartum pain, and postoperative pain after minor
surgery. In a double-blind crossover study, the analgesic oral
butorphanol, and acetaminophen in combination, showed
additive analgesic effects against moderate to severe pain due to
metastatic carcinoma over that of the individual drug. Acet-
aminophen is also widely used as an antipyretic drug to reduce
fever.
Background Information

Acetaminophen can be found as the active ingredient in
more than 100 over-the-counter products and a number of
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prescription drugs, alone or in combination with other drugs.
The pharmacology and toxicology of this drug have been
extensively studied and reviewed. The first clinical use of acet-
aminophen dates back to 1893 by von Mering (and subse-
quently by Hinsberg and Treupel, 1894) as an effective
antipyretic with comparable pharmacological effects to antipy-
rine and phenacetin. However, after a hiatus of almost half
a century, acetaminophen was rediscovered as the major
metabolite of phenacetin and acetanilide in man and was mar-
keted in the United States as a combination with aspirin and
caffeine in 1950. In the 1960s and 1970s, concerns about
gastrointestinal adverse effects of aspirin and methemoglobi-
nemia of acetanilide only led to increased popularity of
acetaminophen as a generally safe antipyretic analgesic. Hepa-
totoxicity of acetaminophen began to be reported in the late
1960s and has been a topic of intense scientific evaluation to this
day. The impact of acetaminophen-induced liver toxicity, acci-
dental or otherwise, will be taken up in later sections.
Routes of Exposure

Acetaminophen is available in several dosage forms, including
tablets, capsules, syrups, elixirs, and suppositories. Oral inges-
tion is the most common route for both accidental and
intentional exposure to acetaminophen.
Toxicokinetics

Absorption of acetaminophen occurs in the gastrointestinal
tract primarily by passive nonionic diffusion and is highly
dependent on several factors, including dose, presence of food
and other chemicals, mucosal blood flow, age, body weight,
time of day, and coexisting disease condition. At pharmaco-
logical doses, acetaminophen is absorbed rapidly, with about
75–95% of the therapeutic oral dose being recovered in the
urine by 12–24 h as unchanged acetaminophen or metabolite.
A large number of studies have evaluated the pharmacokinetic
parameters of acetaminophen in man after oral or intravenous
dosing. Most studies consistently report volume of distribution
to be between 0.8 and 1 l kg�1. Total clearance and plasma
half-life with therapeutic doses in healthy subjects were usu-
ally 3–5mlmin kg�1 and 1–3 h, respectively. After supra-
pharmacological or toxic doses, absorption may be delayed
after producing peak blood concentrations at approximately
4 h postingestion. In humans, the majority of acetaminophen
is metabolized in the liver to glucuronide and sulfate conju-
gates that are eliminated in the urine. Estimates in humans
from urinary metabolites report 50–60% as glucuronide
conjugate, 25–35% as sulfate conjugate, and between 2 and 5%
of cysteine and mercapturate conjugates each. In young chil-
dren, the sulfate conjugate predominates. The water-soluble
glucuronide and sulfate conjugates are eliminated via the
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00215-3
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kidneys. Approximately 2–5% is eliminated in the urine as
unchanged acetaminophen. The half-life of therapeutic dose is
1–3 h. In overdose patients, this may be increased to more than
4 h and may even exceed 12 h in patients with severe acet-
aminophen-induced liver toxicity.
Mechanism of Toxicity

Although amajor part of the ingested dose of acetaminophen is
detoxified, a very small proportion is metabolized via the
cytochrome P450-mixed function oxidase pathway to a highly
reactive n-acetyl-p-benzoquinoneimine (NAPQI). The toxic
intermediate NAPQI is normally detoxified by endogenous
glutathione to cysteine and mercapturic acid conjugates and
excreted in the urine. Recent studies have shown that hepatic
P450s, CYP2E1, and to a lesser extent CYP1A2 are responsible
for conversion of acetaminophen to NAPQI. In acetaminophen
overdose, the amount of NAPQI increases and depletes
endogenous glutathione stores. Time course studies have
shown that covalent binding of reactive NAPQI and subse-
quent toxicity occur only after cellular glutathione stores are
reduced by 70% ormore of normal. Mitochondrial dysfunction
and damage can be seen as early as 15min after a toxic dose in
mice, suggesting that this may be a critical to cellular necrosis.
The NAPQI is then thought to covalently bind to critical
cellular macromolecules in hepatocytes and cause cell death.
Recent proteomic studies have identified at least 20 known
proteins that are covalently modified by the reactive acet-
aminophen metabolite. The resulting acetaminophen-cysteine
(APAP-CYS) protein adducts can be quantified via a high-
pressure liquid chromatography coupled with electrochemical
detection (HPLC-EC). Hepatic necrosis and inflammation
develop as a consequence of hepatocellular death, which
results in development of clinical and laboratory findings
consistent with liver failure. A similar mechanism is postulated
for the renal damage that occurs in some patients following
acetaminophen toxicity.

In the past two decades, several studies have indicated that
acetaminophen is a powerful inducer of programmed cell
death or apoptosis in addition to necrosis. Acetaminophen-
induced apoptosis involves a complex interplay of cell
signaling pathways involving the organelles mitochondria,
nucleus, and cytoplasm. Key players that propel toxic events
leading to various forms of cell deaths are oxidative stress
(mediated by BRIs and ROS), intracellular perturbation of
Ca2þ, and a complex interplay of proteolytic caspases.
Acute Toxicity

Animal

A large body of evidence is available examining the acute
toxicity of acetaminophen in animal models. Mice and rats
have been widely used to study the toxic effects of acetamin-
ophen. Since the rat is relatively resistant, the mouse has been
the most widely used species to study the mechanisms of
acetaminophen toxicity and to examine chemicals that poten-
tiate or protect from the toxicity. Hepatotoxicity and nephro-
toxicity are the two main effects associated with acute overdose
of acetaminophen. Of these, death in most species is due to
acute hepatic failure. LD50 values range from 350mg kg�1 to
4500mg kg�1 depending on the species and the route of
acetaminophen administration, mice (LD50 350–600mg kg�1)
being more far more sensitive than rats, guinea pigs, and
rabbits (LD50> 3 g kg�1). Death occurs by 12 h after acet-
aminophen exposure. In mice after a toxic dose, general find-
ings in addition to the severe hepatic necrosis include necrotic
changes in the kidney, bronchiolar epithelium, testes, lym-
phoid follicles of the spleen, and small intestine. Cats are
particularly susceptible to acetaminophen intoxication because
of their impaired glucuronic acid conjugation mechanism and
saturation of their sulfate conjugation pathway. The clinical
signs associated with experimental acetaminophen adminis-
tration to cats included cyanosis followed by anemia, hemo-
globinuria, icterus, and facial edema. Laboratory findings in
acetaminophen-poisoned cats include methemoglobinemia
and an elevated serum alanine aminotransferase activity.
Human

Hepatotoxicity is the primary toxic insult from acute acet-
aminophen overdose. Acetaminophen overdose accounts for
more than 56 000 emergency room visits and is implicated in
nearly 50% of all acute liver failure in the United States (U.S.
Acute Liver Failure Study Group). Exposure to toxic doses of
acetaminophen may be due to intentional (suicidal) or unin-
tentional (accidental). Recent data from Parkland Hospital
suggest that greater percentages of unintentional overdose
victims suffer from fatal consequences compared to persons
attempting suicide (with acetaminophen) primarily due to
their characteristic late presentation. Data from the U.S. ALF
Study Group show that unintentional overdoses (which are
more frequent in liver failure cases) were also larger (median
dose of 34 g) compared to suicidal doses, being consumed over
several preceding days. There is no clear agreement on
a maximum tolerated dose of acetaminophen. Most people
tolerate 4–8 g day�1 of acetaminophen without any hepato-
toxic incidence. However, the risk of severe liver injury may be
quite high above the 4 g day�1 dose, especially in a group of
individuals due to indeterminate idiosyncratic reasons.

The typical clinical manifestations are secondary to hepatic
damage. Plasma concentrations should be obtained to deter-
mine the probability of acetaminophen-induced hepatotox-
icity. The Rumack-Matthews nomogram is used to assess the
risk of hepatotoxicity. Levels in excess of 200 mgml�1 of acet-
aminophen at 4 h postingestion are associated with a high
probability of development of hepatotoxicity. A second treat-
ment line 25% lower than the original 200 line was added at
the request of the FDA in 1976. While not yet clinically avail-
able, newer methods of detecting APAP-toxicity include
detection of APAP-cysteine adducts via HPLC-EC and via
metabolomic analysis of urine samples (early-intervention
pharmacometabolomics). The clinical presentation follows
four distinct phases. Gastrointestinal irritation, nausea, and
vomiting are present in the first 24 h postingestion. The second
stage (24–48 h postingestion) is characterized by the resolu-
tion of the initial symptoms, accompanied by elevations
of hepatic transaminases. Cases that progress to stage three
develop hypoglycemia, coagulopathies, jaundice, and symptoms
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consistent with hepatic failure. Surviving patients go through
a fourth stage of recovery. As toxicity develops, half-life
becomes prolonged and transaminases rise and fall. In
instances where reliable history of time of ingestion is not
available, calculations of body burden may be useful in
deciding treatment.
Chronic Toxicity

Animal

In a 2-year feed study, there was no evidence of carcinogenic
activity of acetaminophen in male F344/N rats that received
600, 3000, or 6000 ppm acetaminophen for 104 weeks. There
was equivocal evidence of carcinogenic activity in female F344/
N rats based on increased incidences of mononuclear cell
leukemia. Overall, there is inadequate evidence in experimental
animals for the carcinogenicity of acetaminophen and is not
classifiable as to its carcinogenicity. Acetaminophen was non-
mutagenic in the Salmonella/mammalian microsome assay at
concentrations ranging from 0.1 to 50mg per plate. In a study
to examine the effect of acetaminophen on reproduction and
fertility, no changes in the number of pups/litter, viability, or
adjusted pup weight were found. Acetaminophen in the diet of
Swiss mice reduced weight gain during nursing. Fertility
endpoints (ability to bear normal numbers of normal-weight
young) were generally not affected.
Human

There is inadequate evidence in humans for the carcinogenicity
of acetaminophen and it is not classifiable as to its carcinoge-
nicity. The chronic ingestion of excessive amounts of acet-
aminophen may produce similar toxicity as a large acute dose
but in a more insidious fashion. Age, chronic alcohol abuse,
and preexisting disease may be contributing factors. The
American Academy of Pediatrics considers use of acetamino-
phen safe during breast-feeding, and acetaminophen is classi-
fied as a category B chemical by the FDA (studies in laboratory
animals have not demonstrated a fetal risk, but there are no
controlled studies in pregnant women). Acetaminophen
should be given with care to patients with impaired kidney or
liver function. Acetaminophen should be given with care to
patients taking other drugs that affect the liver.
In Vitro Toxicity

Acetaminophen causes cytotoxicity in several cell types;
however, the most widely studied cytotoxicity of acetamino-
phen is in primary hepatocytes or hepatocyte cell lines.
Cytotoxicity in Hepatic Cells

Primary hepatocytes from rats, mice, hamsters, rabbits, dogs,
pigs, monkeys, and humans have been shown to be susceptible
to acetaminophen in vitro. The cytotoxicity of acetaminophen
varies considerably depending on species, presumably due to
differences in bioactivation and glutathione status. The most
obvious morphological effect of acetaminophen in isolated
primary hepatocytes is blebbing of the cell membrane.
However, electron microscopy has shown that toxicity is
associated with progressive loss of microvilli, mitochondrial
abnormalities, and appearance of myeloid bodies. Exposure of
primary mouse hepatocytes to concentrations of acetamino-
phen above 1mM led to significant lactate dehydrogenase
leakage in as soon as 3 h. Cytotoxicity of acetaminophen has
also been examined using standard liver cell lines, including,
PC12 cells, HepG2 cells, and H4IIEC3G� cells, among other
cell lines. Immortalized hepatocyte cultures, in many cases,
lose their ability to bioactivate acetaminophen and hence are
resistant to toxicity. Transient or consistent overexpression of
drug-metabolizing enzymes (CYP4502E1 and/or CYP4501A2)
leads to increased cytotoxicity of acetaminophen. Acetamino-
phen is also cytotoxic in cultures of rat liver sinusoidal endo-
thelial cells, Kupffer cells, and mouse fibroblasts.
Cytotoxicity in Other Cells

The cytotoxicity of acetaminophen has been demonstrated in
cultures of HeLa cells, L929 and 3T3 murine fibroblasts, chick
embryo neurons, rat embryonic and skeletal muscle, peripheral
blood lymphocytes, and lung and dermal cells. In addition,
cytotoxicity of acetaminophen has been evaluated in the BF-2
fish cell line (see Ecotoxicology).
Clinical Management

Activated charcoal or other gastrointestinal decontamination
procedures can be utilized as deemed necessary. Induction of
emesis is not recommended as prolonged emesis may interfere
with N-acetylcysteine (NAC) therapy. The Rumack-Matthew
nomogram is utilized to identify proper course of treatment.
Blood acetaminophen concentrations of 200mg l�1 (or higher)
at 4 h postingestion indicate severe risk of hepatic failure and
are treated with a standard NAC treatment regimen. NAC is
a glutathione substitute and prevents hepatic damage by
quenching the reactive NAPQI. An oral loading dose of
140mg kg�1 (as a 5% solution in soft drink or juice) is followed
by 70mg kg�1 given orally as a 5% solution in soft drink or juice
every 4 h for an additional 17 doses. An alternative intravenous
dosing protocol (20 h regimen) for NAC (Acetadote

�
; Cumber-

land Pharmaceuticals) can also be used in patients where oral
NAC administration is not possible. A loading dose of
150mg kg�1 NAC (in 200ml of 5% dextrose in water) is
administered over 15min, followed by 50mg kg�1 NAC in
500ml of 5% dextrose over the next 4 h. A final dose of
100mg kg�1 NAC is administered in 1000ml of 5% dextrose
over a 16 h period. A longer 72 h treatment regimen with
intravenous NAC is recommended in the United States. An
injectable form and an extended-release form of NAC are
available (Acetadote) for treating patients who developed
acetaminophen-induced liver injury. Basic and advanced life-
support measures should be utilized as required by the condi-
tion of the patient. Studies have also suggested that an increase
in alphafetoprotein, a surrogate for hepatic regeneration
following injury, is strongly associated with a favorable outcome
in patients with acetaminophen-induced liver injury and hence
may be used as a supplement to existing prognostic criteria.
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Environmental Fate

Acetaminophen was found to be inherently biodegradable and
has no bioaccumulation potential. No other information about
the environmental fate of acetaminophen is currently available.
Ecotoxicology

The acute toxicity of acetaminophen has been examined in
several aquatic species. The LC50 value in brine shrimp (Artemia
salina) examining mortality was reported to be 3820 mmol l�1.
The EC50 for immobility over a 24 h experiment using water
flea (Daphnia magna) was 367 mmol l�1. Acetaminophen is
classified as not toxic or only slightly to moderately toxic in all
fish (fathead minnow, Pimephales promelas) and zooplankton
species tested. The crustacean fairy shrimp (Streptocephalus
proboscideus) appears to be highly sensitive to acetaminophen
(average LC50 of 196 mg l

�1).
Other Hazards

Acetaminophen is stable under ordinary conditions of use and
storage. In the presence of heat and water, acetaminophen will
hydrolyze into acetic acid and p-aminophenol. Incineration
can produce carbon monoxide, carbon dioxide, and nitrogen
oxides.

Flammability: As with most organic solids, fire is possible at
elevated temperatures or by contact with an ignition source.

Explosivity: Fine dust dispersed in air in sufficient concen-
trations, and in the presence of an ignition source, is a potential
dust explosion hazard. The minimum concentration for
explosion is 0.25 oz. per cubic feet. The recommended fire-
extinguishing media are water spray, dry chemical, alcohol
foam, or carbon dioxide. Acetaminophen is capable of gener-
ating a static electrical charge. Processes involving dumping of
acetaminophen into flammable liquid, inert atmosphere in the
vessels or temperatures of flammable liquid should be main-
tained below its flashpoint.
Exposure Limits

Therapeutic exposure: The total daily dose of acetaminophen
should not exceed 4 g. Dosages of acetaminophen over
4–8 g day�1 over long periods of time may be associated
with higher risk of liver toxicity. Acetaminophen should not
be administered for more than 10 days or to young children
except upon advice of physician.

Occupational exposure:Mallinckrodt recommends an airborne
exposure limit of 5mgm�3.
Miscellaneous

A special mention of the interaction of acetaminophen and
alcohol consumption is warranted. Large numbers of reports
in the scientific literature and public media suggest that
a potentially high risk of liver toxicity due to acetaminophen
exists when consumed following alcohol intake. In a recent
review, however, Dr Barry Rumack suggests that only chronic
heavy drinkers may be at greater risk following an overdose
of acetaminophen and that no potentiation of toxicity occurs
at therapeutic doses. However, acetaminophen use during
acute or chronic alcohol exposure remains a controversial
topic.
See also: Mechanisms of Toxicity; Oxidative Stress.
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l Name of Chemical: Acetamiprid
l CAS RN: 135410-20-7
l Synonyms: Mospilan, Assail, Tristar
l Chemical/Pharmaceutical/Other Class: Neonicotinoid

(Pyridylmethylamine) Insecticide
l Molecular Formula: C10H11ClN4

l Chemical Structure: Name: (E)-N-[(6-chloro-3-pyridyl)
methyl]-N’-cyano-N-methyl-acetamidine
Background

Acetamiprid belongs to the neonicotinoid class of insecticides
that were developed in the late 1980s. The precise structure of
acetamiprid is that of a chloronicotinyl compound and it has
been shown to be a potent agonist at the postsynaptic nicotinic
acetylcholine receptors in insects. Numerous studies have
shown that acetamiprid exhibits a higher affinity for insect
nicotinic receptors compared to its affinity at vertebrate recep-
tors. The primary use for acetamiprid is to control sucking
insects such as aphids, which have been known to attack and
damage leafy plants. Acetamiprid is available as a ready-to-use
(RTU) formulation in addition to wettable powders (WP) and
water-dispersible granules. Formulations for dispersal include
99.5% technical, 70% wettable powder end use, 70% water-
soluble packet end use, and 0.006% ready-to-use end use
product. Acetamiprid can be applied by ground and/or aerial
means with sprayers. The application rate should not exceed
0.55 pounds of active ingredient per acre per season. This
concentration will be sufficient to control insect populations.
Although acetamiprid has shown to have higher affinity for
nicotinic receptors in insects compared to mammals, there
have been some reports of imidacloprid (another neon-
icotinoid) undergoing biotransformation in rodents resulting
in a compound that has higher affinity for the nicotinic
receptor compared to (�)-nicotine. This could potentially lead
to toxicity in mammals. There have been no reports of chronic
toxicity or of bioactivation of acetamiprid so far in mammals.
There has been at least one report where individuals attempted
suicide by ingesting a commercial mixture of acetamiprid.
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There have been no studies which have examined sympto-
mology in humans following acetamiprid exposure, but based
on the recorded symptoms in suicide-attempt patients and in
other vertebrate species, it appears that primary symptoms
include spasms, respiratory distress, and possibly convulsions.
A receptor report has shown that acetamiprid can undergo
transepithelial absorption across intestinal cells, possibly
resulting in toxicity if acetamiprid accumulates within the
body. In general, acetamiprid is a relatively safe insecticide with
few reported side effects in vertebrates. The persistence of
acetamiprid in the environment is low, with quick degradation
by soil microbes, or degradation by exposure to ultraviolet
(UV) light in soil or in ground water.
Uses

Acetamiprid is used as an insecticide to control sucking-type
insects on leafy vegetables and fruits. In many instances, these
insects may be resistant to the effects of organophosphorus and
other conventional insecticides.
Environmental Fate and Behavior

The primary route of exposure is via diet (food and water).
Occupational exposure for individuals who work with this
insecticide can occur via dermal contact or inhalation. Acet-
amiprid exhibits a very short half-life in soil. It is rapidly
degraded by aerobic metabolism. Acetamiprid is stable to
hydrolysis at environmental temperatures and it photodegrades
slowly in water. It is transformed moderately rapidly in aerobic
aquatic environments, but only slowly in anaerobic aquatic
systems. There appears to be minimal effects on drinking water
and due to the rapid breakdown, has not demonstrated the
ability to bioaccumulate in wildlife. Due to the rapid break-
down of acetamiprid, it is not expected to be persistent in the
environment. Metabolites of acetamiprid will pose a greater risk
to the environment, but additional work is needed to determine
the fate and toxicity of acetamiprid metabolites.
Exposure and Exposure Monitoring

There are three major routes of acetamiprid exposure: dietary,
drinking water, and occupational. By comparing values for
drinking water level of comparison vs. drinking water esti-
mated concentration, a potential toxin can be identified in
susceptible populations. The Environmental Protection Agency
(EPA) has chosen children 1–6 years of age as a primary risk
group. Comparing the values for DWLOC and DWEC for acute,
short/intermediate, and chronic dietary exposure, the DWLOC/
DWEC values are 600/17 ppb, 400/4 ppb, and 80/4 ppb,
respectively. Since the DWLOC values are all significantly
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00091-9
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higher than the DWEC values, toxicity is not expected to occur.
Occupational exposure can occur with individuals who
manufacture or handle acetamiprid. A margin of exposure of
less than 100 would be considered an occupational risk hazard,
and for acetamiprid, the values are greater than 100 except for
long-term postapplication exposure which is 90. The value will
return to 100 one day following application. Detection of
acetamiprid residues on food products, as well as from bio-
logical samples, has been accomplished by high-performance
liquid chromatography and gas chromatography with mass
spectrometry. Recently, immunoassays and the use of liquid
chromatography with tandem mass spectrometry have been
reported.
Toxicokinetics

Acetamiprid is rapidly and extensively metabolized. Metabo-
lites in urine account for 79–86% of the administered dose.
Only 3–7% of acetamiprid is collected unchanged in the urine
and feces. Demethylation by Phase I biotransformation is the
major pathway, with 6-chloronicotinic acid being the major
metabolite. Compounds can then undergo Phase II trans-
formation with glycine conjugation representing the major
pathway.
Mechanism of Toxicity

The primary mechanism of acetamiprid toxicity against insects
is due to its action at nicotinic cholinergic receptors. The
unique nature of the neonicotinoids as insecticides is that the
negatively charged cyano (or nitro) group will specifically
interact with a cationic binding region that is unique to insects.
This action will convey selectivity of action against insects and
leave mammalian nicotinic receptors relatively unaffected.
Acute and Short-Term Toxicity

There is little evidence for acetamiprid toxicity in vertebrates.
The EPA classifies acetamiprid as both a class II and class III
agent. Acetamiprid rating of II was in acute oral studies with
rats, II in acute dermal and inhalation studies with rats, and
category IV in primary eye and skin irritation studies with
rabbits. There is some evidence for contact exposure, dermal
irritation, and stomach poisoning following oral ingestion.

Animal
Acute studies in laboratory animals, mainly rats, have
demonstrated relatively low toxicity potential for acetamiprid.
Oral ingestion appears to elicit the most severe toxicological
responses. At dosages in excess of 140 mg kg�1, acetamiprid
elicited neurotoxic signs, with animals exhibiting disorders of
movement and posture. Surviving animals were free of signs on
the following day. The LD50 in rats has been reported to be
450 mg kg�1 for acetamiprid. Although requiring a large dose
for lethality, acetamiprid is still one of the most toxic of the
neonicotinoids. The LD50 for other compounds such as
clothianidin, imidacloprid, and thiamethoxam are 10-fold
higher in the rat. Acetamiprid was only slightly toxic following
inhalation (LC50> 1.15 mg l�1) and weakly toxic following
dermal administration (LD50> 2000 mg kg�1 in rabbit). There
was minimal or no irritation of eyes or skin. Some metabolites
of acetamiprid exhibited greater toxicity than the parent
compound. In other species such as birds and fish, acetamiprid
is relatively nontoxic with acute LD50 values in birds in excess
of 2000 mg kg�1 and in excess of 100 ppm in fish. Acetamiprid
has been reported by multiple investigators to be moderately
toxic in bee populations in that if acetamiprid is applied
directly over bees.

Human
No evidence is available for assessing human outcomes
following acute exposure to acetamiprid. Signs associated with
acute exposure and limits of exposure have been established
using data from animal studies. The symptoms associated with
rodent toxicity may be applicable to human symptoms and
these include lethargy, respiratory distress, reduced movement,
and loss of balance with staggering followed by spasms. There
have been some reports of acute acetamiprid toxicity in
humans following suicide attempts and the symptoms
presented by these individuals were similar to what has been
reported in other vertebrate toxicity studies. The ingested
acetamiprid solutions were 2–18% solutions, but contained
many other components that may have contributed to the
symptoms observed. Due to the selectivity of acetamiprid for
insect nicotinic cholinergic receptors, little human toxicity is
expected following normal use.
Chronic Toxicity

Examination of chronic exposure to acetamiprid has utilized
animals and little data on chronic human exposure are avail-
able. The selectivity of acetamiprid for insect nicotinic receptors
would suggest minimal toxicity following chronic exposure.

Animal
Chronic dietary administration of acetamiprid resulted in
reduced body and organ weight. Higher doses resulted in
neurological dysfunction.

Human
No evidence is available for assessing human outcomes
following chronic exposure to acetamiprid. Symptoms associ-
ated with chronic exposure and limits of exposure have been
established using data from animal studies. Due to the selec-
tivity of acetamiprid for insect nicotinic cholinergic receptors,
little human toxicity is expected however.
Immunotoxicity

There have been no reports of immunotoxicity of acetamiprid
in humans/vertebrates or other species.
Reproductive Toxicity

There have been no reports of reproductive toxicity of acet-
amiprid in humans/vertebrates or other species.
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Genotoxicity

There have been no reports of genotoxicity of acetamiprid in
humans/vertebrates or other species. There has been a report
(2007) that indicated that acetamiprid did induce sister
chromatid exchange and chromosomal aberrations in human
blood lymphocytes (Kocaman and Topaktas, 2007).
Carcinogenicity

There was evidence for teratogenic potential in animal studies.
There were no positive results in genotoxicity studies using
bacterial or mammalian cell assays.
Clinical Management

There are no guidelines for acetamiprid toxicity outside of
symptomatic control. Clinical management consists of
managing any physical symptoms that are presented after
removing the individual from the source of acetamiprid
contamination: remove any contaminated clothing and rinse
skin or eyes thoroughly with water for 15–20 min. If acet-
amiprid is inhaled, move the individual to fresh air and
monitor breathing, and aid if necessary.
Ecotoxicity

Due to the rapid breakdown of acetamiprid, there is minimal
risk to fish or wildlife. Proper labeling could alleviate any
additional risk. Specificity for insects significantly reduces any
additional toxicity to nontarget organisms. Acetamiprid is only
moderately toxic to bees and would pose little threat to
endangered species and to nontargeted plants. Acetamiprid
does not pose a significant concern for persistence in soil and
ground water. Under controlled laboratory conditions, acet-
amiprid had moderate persistence in soil. But the presence of
various microorganisms will reduce the persistence of
acetamiprid. A recent report indicated that nearly 95%
of acetamiprid is degraded within 15 days of application under
normal conditions. Not only has it been reported that soil
bacteria can degrade acetamiprid but also the effect of sunlight
(UV light) has been shown to degrade acetamiprid. Photolysis
of acetamiprid also occurs in solution and contributes to the
reduced half-life of acetamiprid in water. Due to rapid degra-
dation and the relatively low potency in vertebrate species,
acetamiprid is a relatively safe insecticide.
Exposure Standards and Guidelines

The EPA has established guidelines for toxicological dose and
end points for acetamiprid. Using the No Observable Adverse
Effect Limit (NOAEL) and uncertainty factor, the reference dose
(RfD) can be calculated.

l For acute dietary ingestion for infants and children, NOAEL
¼ 10 mg kg�1; RfD ¼ 0.10 mg kg�1 day�1.

l Chronic dietary exposure for all populations, NOAEL ¼
7.1 mg kg�1; RfD ¼ 0.07 mg kg�1 day�1.
l Short- and intermediate-term incidental exposure to infants
and children, NOAEL ¼ 15 mg kg�1 day�1 and for adults
NOAEL ¼ 17.9 mg kg�1 day�1.

l Long-term dermal exposure, NOAEL ¼ 7.1 mg kg�1 day�1

with dermal absorption of 30%.
l Short- and intermediate-term inhalation exposure,

NOAEL ¼ 17.9 mg kg�1 day�1 and for long-term inhalation
exposure, NOAEL ¼ 7.1 mg kg�1 day�1.

See also: Carbamate Pesticides; Imidacloprid; Neonicotinoids;
Pyrethrins/Pyrethroids.
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l Name: Acetic acid
l Chemical Abstracts Service Registry Number: 64-19-7
l Synonyms: Glacial acetic acid, Ethylic acid, Pyroligneous

acid, Vinegar acid, Methanecarboxylic acid
l Molecular Formula: C2H4O2

l Structure:

O

H3C OH

Background (Significance/History)

Acetic acid is present throughout nature as a normal metabolite
of both plants and animals. Acetic acid may also be released to
the environment in a variety of waste effuents, in emissions
from combustion processes, and in exhaust from gasoline and
diesel engines. Acetic acid is produced by the decomposition of
solid biological wastes and is readily metabolized by living
organisms. Using bacteria (Acetobacter species), large quantities
of vinegar are manufactured by fermenting alcohol employing
the following reaction:

C2H5OHDO2 /CH3COOHDH2O

Uses

Large quantities of acetic acid are used to make products such
as photographic chemicals, pesticides, pharmaceuticals, food
preservatives, rubber, and plastics. Acetic acid is also present as
the main component of vinegar, albeit at very low concentra-
tions that are harmless to humans. Acetic acid is used in the
manufacture of various acetates, acetyl compounds, cellulose
acetate, acetate rayon, plastics, and rubber. It is also used in
tanning, as laundry sour, in printing calico, and in dyeing silk.
It is a solvent for gums, resins, volatile oils, and many other
substances. Acetic acid is widely used in commercial organic
synthesis.

Environmental Fate and Behavior

Acetic acid is present throughout nature as a normal metabolite
of both plants and animals. Acetic acid may also be released to
the environment in a variety of waste effuents, in emissions
from combustion processes, and in exhaust from gasoline and
diesel engines. If released to air, a vapor pressure of 15.7 mmHg
at 25 �C indicates acetic acid should exist solely as a vapor in
the ambient atmosphere. Vapor-phase acetic acid will be
degraded in the atmosphere by reaction with photochemically
produced hydroxyl radicals; the half-life for this reaction in air
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
is estimated to be 22 days. Physical removal of vapor-phase
acetic acid from the atmosphere occurs via wet deposition
processes based on the miscibility of this compound in water.
In acetate form, acetic acid has also been detected in atmo-
spheric particulate material. If released to soil, acetic acid is
expected to have very high to moderate mobility based upon
measured Koc values, using near-shore marine sediments,
ranging from 6.5 to 228. No detectable sorption was measured
for acetic acid using two different soil samples and one lake
sediment. Volatilization from moist soil surfaces is not expec-
ted to be an important fate process based upon a measured
Henry’s law constant of 1� 10�9 atmm3mol�1. Volatilization
from dry soil surfaces may occur based upon the vapor pressure
of this compound. Biodegradation in both soil and water is
expected to be rapid; a large number of biological screening
studies has determined that acetic acid biodegrades readily
under both aerobic and anaerobic conditions. Volatilization
from water surfaces is not expected to be an important fate
process based on its measured Henry’s law constant. An esti-
mated bacterial colony foraging (BCF) of <1 suggests that the
potential for bioconcentration in aquatic organisms is low.
Exposure and Exposure Monitoring

Since acetic acid exists ubiquitously in the environment, the
general public is continuously exposed to the compound.
Primary routes of exposure to acetic acid are through oral
consumption of foods and inhalation of air. Occupational
exposure occurs through inhalation and dermal contact.
Toxicokinetics

Acetic acid is absorbed from the gastrointestinal (GI) tract and
through the lung. Acetic acid is readily metabolized by most
tissues and may give rise to the production of ketone bodies as
intermediates. In vitro experiments have demonstrated that
acetate is incorporated into phospholipids, neutral lipids,
sterols, and saturated and unsaturated fatty acids in a variety of
human and animal tissue preparations. In catabolism or
anabolic synthesis, acetate ion (the anion of acetic acid) is
a normally occurring metabolite, for example, in the formation
of glycogen, cholesterol synthesis, fatty acid degradation, and
acetylation of amines. It is estimated that the plasma level of
the acetate ion in humans is about 50–60 mmol l�1 (3.0–
3.6mg l�1) and 116 mmol l�1 (7mg l�1) in cerebrospinal
fluid. An estimated daily turnover of the acetate ion in humans
is about 45 g day�1.
Mechanism of Toxicity

Acetic acid causes toxicity by coagulative necrosis; that is, the
acid denatures all tissue proteins to form an acid proteinate. As
4-3.00216-5 33
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a result, both structural and enzymatic proteins are denatured
and cell lysis is blocked. Therefore, cell morphology is not
greatly interrupted. In addition, an ester is formed which delays
further corrosive damage and helps reduce systemic absorp-
tion. Thus, damage, especially with small quantities of acid, is
frequently limited to local sites of injury to the skin or the GI
tract rather than the systemic response.
Acute and Short-Term Toxicity

Animal

Acetic acid is corrosive to skin and gastric mucosa. Repetitive
exposure to acetic acid may cause erosion of dental enamel,
bronchitis, and eye irritation. Bronchopneumonia and
pulmonary edema may develop following acute overexposure.
LC50 in guinea pig and mouse by inhalation is 5000 ppm h�1,
LD50 in rat by oral route is 3.53 g kg�1, LD50 in mouse is
525mg kg�1, LD50 rabbit oral 1200mg kg�1. Large oral doses
are known to cause narcotic central nervous system depression
and death in rats and mice.
Human

Acetic acid is corrosive to skin and gastric mucosa. Liquid or
spray mist may produce tissue damage, particularly on
mucous membranes of eyes, mouth, and respiratory tract.
Spray mist inhalation may produce severe irritation of respi-
ratory tract, coughing, choking, or shortness of breath. It is
also known to cause inflammation of the eye and skin.
Repetitive exposure to acetic acid may cause erosion of dental
enamel, bronchitis, and eye irritation. Bronchopneumonia
and pulmonary edema may develop following acute
overexposure.
Chronic Toxicity

Animal

In rats, prolonged administration of acetic acid produces
hyperplasia in the esophagus and forestomach.
Human

Chronic exposure may result in pharyngitis and catarrhal
bronchitis. Ingestion, though not likely to occur in industry,
may result in penetration of the esophagus, bloody vomiting,
diarrhea, shock, hemolysis, and hemoglobinuria followed by
anuria. Pulmonary edema, bronchopneumonia, or chemical
pneumonitis may be caused by repeated inhalation. Other
toxic effects like dermatitis, erosion of teeth, conjunctivitis, and
cumulative systemic injury may also be caused due to pro-
longed or repeated exposure.
Immunotoxicity

Dibromoacetic acid (DBA) is commonly found in the drinking
water as a result of chlorination/ozonation process. Exposure
of DBA in mice resulted in no immunotoxic effects at
concentrations much larger than those considered acceptable
in human drinking water with exception to changes in thymus
weight.
Clinical Management

Exposure should be terminated as soon as possible by removal
of the patient to fresh air. The skin, eyes, and mouth should be
washed with copious water. A 15–20min wash may be
necessary to neutralize and remove all residual traces of the
contaminant. Contaminated clothing and jewelry should be
removed and isolated. Contact lenses should be removed from
the eyes to avoid prolonged contact of the acid with the area. A
mild soap solution may be used for washing the skin and as an
aid to neutralize the acid but should not be placed into the eye.
No cream, ointment, or dressing should be applied to the
affected area. Emesis should be avoided in case of ingestion. If
a large quantity has been swallowed, gastric lavage should be
considered. Dilution with water may be the solution if small
quantity of acetic acid is swallowed. Under no circumstances
should carbonated beverages ever be used because of large
quantities of carbon dioxide gas released that distend the
stomach.
Ecotoxicology

Acetic acid is harmful to aquatic life. High concentrations will
produce pH levels that are toxic to oxidizing bacteria, thereby
inhibiting oxygen demand.
Exposure Standards and Guidelines

Permissible exposure limit – 8-h time-weighted average (TWA):
10 ppm (25mgm�3).

Threshold limit values – 8-h TWA: 10 ppm. Fifteen-minute
short-term exposure limits (STEL): 15 ppm.

National Institute for Occupational Safety and Health
recommendations – recommended exposure limit: 10-h TWA:
10 ppm (25mgm�3).

Recommended exposure limit: 15-min STEL: 15 ppm
(37mgm�3).

Immediately dangerous to life or health: 50 ppm.
Food and Drug Administration Requirements: Acetic acid

used as a general purpose food additive in animal drugs, feeds,
and related products is generally recognized as safe when used
in accordance with good manufacturing or feeding practice.

See also: Vinyl Acetate; 2,4-D (2,4-Dichlorophenoxy Acetic
Acid); Chloroacetic Acid.

Further Reading

Deshpande, S.S., 2002. Handbook of Food Toxicology. Marcel Dekker, Inc., 88.4:
pp. 262–263.

Schonwald, S., 2004. Medical Toxicology, vol. 147. Lippincott Williams and Wilkins,
pp. 918–919.
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Relevant Website

http://www.cdc.gov/niosh/idlh/64197.html – Centers for Disease Control and
Prevention: NIOSH Publications and Products - Acetic Acid.
http://www.osha.gov – Occupational Safety and Health Administration.
http://www.sci.seastarchemicals.com – Seastar Chemicals Inc.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Propargite.
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l Chemical Name: Acetone
l Chemical Abstracts Service Registry Number: CAS 67-64-1
l Synonyms: Dimethyl ketone; 2-Propanone; Dimethylketal;

Dimethylformaldehyde
l Molecular Formula: (CH3)2CO
l Chemical Structure:

O

H3C CH3

Background

The appearance of acetone in scientific thinking may be traced
back to 1798, when John Rollo, an English physician, described
a material in human breath of an odor of decaying apples. Later
this material was identified as acetone, and it was regarded as
a characteristic feature of diabetic coma. By the turn of nine-
teenth and twentieth centuries, it became widely held that
acetone was poorly, if at all, metabolized. This picture started to
change from the end of 1940s since experimental data became
available showing the incorporation of 14C-carbons of labeled
acetone into cholesterol, fatty acids, urea, and glycogen. And
the oxidation of acetone to carbon dioxide exhaled in respira-
tory air was also recognized. The possibility of in vivo formation
of glucose from acetone in experimental animals was also re-
ported. In 1980, the participation of cytochrome P450 type
enzymes in acetone breakdown was discovered. In 1984, the
pathways of acetone metabolism in rats were described.

Acetone occurs naturally in plants, trees, volcanic gases, and
forest fires, and it is found in vehicle exhaust, tobacco smoke,
and landfill sites also. In the metabolic machinery of bacteria
and animals, acetone is also present. Industrial processes
contribute tonnages of acetone to the environment more than
natural processes.

As seen, a long-lasting standard dogma was that acetone was
an end product of metabolism in animals and humans.
Nonetheless, the pathways described in this article demonstrate
the potential for animals and humans to metabolize acetone.

Uses

Acetone has a characteristic odor of decaying apple and
a sweetish taste. It is obtained by fermentation (retains a lesser
proportion of the acetone market) or chemical synthesis (either
as a main product or as a by-product) mainly via the cumene
process to produce phenol. The uses of acetone in industry are
many and based on its miscibility with water, alcohol, chloro-
form, ether, and most of the oils. Hence, its largest use is as
a solvent in paint, varnishes, lacquers, plastics, and fibers, and
a great variety of miscellaneous solvent uses (fats, oils). It is also
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used to make plastic, fibers, drugs, and other chemicals. In the
laboratory, it is used to extract various substances from animal
and plant tissues, and as a dehydrating agent. In housekeeping,
it is found as a component of detergents and cosmetic products.

Environmental Fate and Behavior

Acetone evaporates rapidly, even from water and soil. Once
entered the atmosphere, it is degraded by photolysis, a reaction
in which free radicals are involved or removed by wet deposits.
It is a significant groundwater contaminant because of its
miscibility in water.

Exposure and Exposure Monitoring

Exposure to acetone results mostly from breathing air, drinking
water, or coming in contact with products or soil that contains
acetone. Significant numbers of workers are potentially
exposed to acetone. The general population may be exposed
through the use of products such as paints, adhesives,
cosmetics, and rubber cement.

There are two main sources of acetone production in
animals: the decarboxylation of acetoacetate and the dehy-
drogenation of isopropanol.

Acetoacetate arises from either lipolysis or amino acid
breakdown and its decarboxylation may happen in either an
enzyme-catalyzed way or non-enzymatically. The existence of an
enzymatic activity has been documented in different rat tissues,
and the enzyme, mainly from plasma, has been characterized
over the years as to its low substrate affinity and optimal activity
at pH 4.5, the loss of activity in the presence of iodoacetate, urea,
and HgCl2. Acetone has been found as a competitive inhibitor
for the activity. Nevertheless, despite the enhancement of
decarboxylation by this ‘enzyme,’ doubts emerge in regard to
its existence as the protein responsible for the enzymatic activity
had never been purified to homogeneity. And neither
sequencing of the enzyme nor the identification of its coding
gene have been done yet, raising the question of what kind of
protein this activity in animals can be attributed to. In bacteria,
the enzyme, designated acetoacetate decarboxylase (acetoacetate
carboxy lyase) and first identified in Clostridium acetobutylicum,
has been, however, demonstrated in several strains. And also, an
enzyme catalyzing the reverse reaction through carbon dioxide
fixation has been identified in prokaryotes and named acetone
carboxylase. To present knowledge, this enzyme is lacking in
animals. The non-enzymatic decarboxylation to acetone of ace-
toacetate being enhanced by amines was noted as early as 1929.

The reduction of acetone to isopropanol is dominantly
catalyzed by alcohol dehydrogenasedtype enzymes, and the
catalase plays only a subordinate role. The conversion of
acetone into isopropanol is a simple oxido-reduction using
NADH þ Hþ/NADþ as cofactor, and this reaction prefers
acetone formation to the reverse reaction.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00995-7
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Two main streams of reactions are known for the degrada-
tion of acetone, and the first step in both pathways is the
conversion of acetone into acetol by a cytochrome P450
isozyme, designated CYPIIE1 (cytochrome P450 IIE1). This
isoenzyme is inducible by the treatment of animals with
acetone (believed to be the physiological inducer) and a diverse
range of exogenous compounds, as well as by fasting and
chemically induced diabetes mellitus. These isozymes are
expressed in a wide variety of tissues, among others; in the liver
they show a centrilobular distribution.

During acetone degradation, both three-carbon (C3) and
two-carbon (C2) fragments are produced (Figure 1). Indeed,
two C3 pathways have been identified as having pyruvate as
a common end product. It is believed that the degradation via
methylglyoxal is entirely intrahepatic, while via propanediol
extrahepatic step(s) is (are) also suggested to be involved. The
only C2 pathway diverts intermediates of the propanediol route
at the level of L-1,2-propanediol. At higher plasma acetone
levels (above 4 mM), the C2 pathway seems to be preferred.

Race differences in acetone metabolism are suggested on the
basis of expired air analysis studies.
Toxicokinetics

Acetone entering the blood is carried to all organs in the body.
It freely crosses the blood–brain barrier and placenta, and
therefore its concentrations in blood and cerebrospinal fluid,
and in the body of mother and fetus, are similar in rats. Studies
with intravenously administered trace amounts of [11C]-
acetone to baboons showed a rapid uptake into and a relatively
slow clearance from the brain. Patients on ketogenic diet have
been reported to exhibit elevated levels of acetone in their
plasma and brains.
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Figure 1 Pathways for acetone metabolism.
The elimination half-life for acetone in humans is about
24 h (17–27 h).

The higher the concentration of plasma acetone, the higher
the rate of elimination by breath, and the linear relationship
between plasma acetone and breath acetone is seen both in
starvation and in diabetes up to 4 and 10mM, respectively. This
makes breath acetone a sensitive indicator in controlling dia-
betes and ketogenic diet. About 7% of endogenous acetone is,
however, eliminated in urine, and glucose production starting
from acetone may represent about 11% in 21-day starved men.
Glucose production from acetone is governed by the liver.
Mechanism of Toxicity

Acetone acts mainly as an irritant affecting the eyes, nose,
throat, and respiratory tract. When inhaled or ingested, it is
narcotic. It is strongly suggested that acetone leads to narcosis
through the potentiation of hyperpolarization of g-amino-
butyric acid receptors, a mechanism that resembles the mode of
action of sedatives and ethanol.
Acute and Short-Term Toxicity

Animals

The single oral LD50 value for rats is 10.7 ml kg�1, the single
skin penetration LD50 value for rabbits is >20 ml kg�1, and
30 min is the interval the rats survive when exposed to
concentrated vapor inhalation. No irritation is seen in the case
of uncovered application of 0.01 ml undiluted sample of
acetone on the clipped skin of rabbits, but 0.005 ml of undi-
luted acetone results in severe burn on rabbit cornea.

When inhaled (12 600–50 600 ppm, 1 ppm equals to
0.0001%) it is narcotic to rodents. The narcotic effect of acetone
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is delayed and of considerably longer duration compared to
toluene or ethanol. It is fairly distributed in the organs. After
inhaling 5% (50 000 ppm) of acetone by guinea-pigs for 5–8 h,
congestion of spleen, kidneys, and lungs was observed, and
even pulmonary edema occurred.

Application of 1% v/v acetone in drinking water to male
mice for a week did not have any influence on body weight,
liver weight, blood glucose concentration, and serum gluta-
mate oxaloacetate transaminase activity, but it did decrease
hepatic-reduced glutathione levels, and increase CYPIIE1
isozyme activities. Microscopic examinations did not reveal any
morphological change in the liver.

The action of externally added acetone on blood glucose
concentrations of animals is contradictory. Some investigations
reported a rise of blood glucose level after acetone addition,
while others failed to corroborate this finding.
Human

Exposure to acetone vapor at a concentration of 1000 ppm for
4 or 8 h does not lead to considerable appearance of tension,
tiredness, or any other complaints, but some mild decrements
on behavioral performance tests are seen even at 250 ppm
acetone concentration. Breathing moderate levels of acetone
for short periods of time can, however, cause headache, light-
headedness, confusion, and an elevation in pulse rate. Occu-
pational exposure to acetone results in its detection in urine
samples of exposed workers, and there is a linear correlation
between exposure and urinary excretion.

Injection of acetone intravenously to humans provoked
a drop of blood pressure and drowsiness.

Symptoms following acute acetone ingestion include
nausea, vomiting that may progress to hematemesis and gastric
hemorrhage, sedation, respiratory depression, ataxia, and
paresthesia. Depression resembles alcoholic stupor. Coughing
and bronchial irritation may be the only clues to ingestion of
quantities that are too small to produce sedation. Swallowing
very high levels of acetone can result in unconsciousness and
damage to the skin in the mouth. Unconsciousness and even
coma accompany high levels of exposure, usually in the case of
suicidal or accidental ingestions. Among laboratory data, high
levels of acetone are accompanied with a transient elevation of
blood glucose and lactate levels, and increased osmolarity and
leukocytosis may be seen without any rise of serum levels of
hepatic enzymes. Urine test for acetone is strongly positive.
Organ damage including liver injury is not evident, suggesting
that acetone itself does not exert an immediate toxicity to
organs in these suicidal cases, if survived. Since the function of
central nervous system is immediately affected by acetone
exposure, it is likely that this is the life-threatening factor in
acute intoxication and not the metabolic effects of acetone.
Chronic Toxicity

Animals

The application of acetone to rodents (rats and mice, male and
female) for 13 weeks resulted in depressed body weight gain (at
50 000 and 100 000 ppm), bone marrow hypoplasia (at
100 000 ppm). Nephropathy at 20 000 and 50 000 ppm as well
as hypogonadism at 50 000 ppm developed only in male rats.
Acetone treatment during 13 weeks was associated with relative
increases in kidney and liver weights above 20 000 ppm. In the
case of repeated, daily 4 h inhalation of acetone vapor at
concentrations of 12 000 and 16 000 ppm for 10 days to female
rats led to a specific alteration of avoidance behavior. In addi-
tion, even after a single dose of acetone at the above concen-
trations, ataxia was produced and a tolerance rapidly developed.

Although acetone inhalation causes bronchial and
corneal irritations, indeed the majority of its actions are
depressive symptoms, including stupor, dyspnea, fall of body
temperature and heart rate, and poor pulse. Its effects are
proportional to acetone concentration in the vapor. A decrease
of hepatic-reduced glutathione levels and an increased capacity
of CYPIIE1 isozymes were noted only when animals were on
1% v/v acetone in drinking water for a week.

No studies are available that would have been undertaken
for longer than a 2 week period of time on the toxicity and
carcinogenicity of acetone to laboratory animals.

No susceptibility of different age groups of laboratory rats to
acetone can be stated.
Human

The relevance to humans of the just-described effects observed in
animal studies is questionable, and therefore it is yet unknown if
humans would experience such toxicological effects or not.
Noteworthy is that under occupational environment exposure to
acetone, which frequently happens for longer than a few weeks,
these findings show exposed workers do not exhibit more
serious long-lasting complaints and only drowsiness, eye and
throat irritations, dizziness, headache, or problems with
performance are noted. If experienced, the symptoms are tran-
sient. However, prolonged or repeated skin contact with acetone
may produce severe dermatitis. All in all, acetone is currently not
regarded as a genotoxic or mutagenic chemical in humans, and
has not been classified as a carcinogen agent either. There is also
not any concern for its chronic neurotoxicity.

From a methodological point of view, important short-
comings limiting the use of data for assessing health effects of
acetone in humans are that chronic studies were usually
undertaken in an occupational environment where the coin-
cidental exposure to other chemicals could not be fully
excluded and the proper control groups were sometimes lack-
ing. More important is, however, the note that acetone poten-
tiates the toxicity of consumed ethanol, several medicines, and
chemicals, thus enhancing the ignition of the formation of such
hazardous materials like methylglyoxal or free radicals.

To sum, only limited information is available, which does
not demonstrate conclusive effects either in humans or in
experimental animals arising from chronic exposure to acetone.
This particularly applies to reproductive toxicity.
Genotoxicity

Acetone of reagent grade was evaluated by the standard plate
incorporation method in the Ames Salmonella reverse mutation
assay with strains TA98, TA100, TA1535, TA1537, and TA1538.
Results were negative in these strains. Negative in vitro results
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were also gained in sister chromatid exchange assay, SHE cell
transformation assay, and DNA repair-deficient bacterial tests.
Clinical Management

If inhaled intentionally with the purpose of recreational
intoxication (usually in combination with other solvents as
ingredient of commercial products) or accidentally and if
breathing is difficult, the person is moved to fresh air and
administered oxygen. For skin contact, the contaminated area is
washed with water. For eye contact, water is used for flushing.
In case of ingestion, mainly with suicidal intent, intubation,
breath assistance, gastric lavages, and hemofiltration may be
performed in parallel with forced diuresis.

Acetone provides an antiseizure effect in animal models for
epilepsy when administered in millimolar concentrations. No
toxicity was noted in these cases. It is suggested that acetone is
a factor contributing to the beneficial effects of high-fat, low-
carbohydrate ketogenic diets used in clinical practice, particu-
larly to control intractable epilepsies in children.

In experimental animals, no gender differences have been
recognized, but it is unknown whether this rule applies to
humans too. Nonetheless, sensitive populations have to be
considered, especially those suffering diseases in which elevated
acetone levels in the plasma may occur (i.e., starvation, diabetes
mellitus, alcoholism, inherited disorders of metabolism, etc.).
Ecotoxicology

The LD50 of acetone for fish is 8.3 g l�1 of water over 96 h. It
may also be biodegraded when released into the soil, since it is
consumed by microorganisms, but its bioaccumulation and
toxicity to aquatic life are not expected.
Other Hazards

Acetone is a volatile, highly flammable liquid, and its vapor
may cause flash fire resulting in burns. It has to be kept away
from plastic medical products since it violently reacts with
those. It potentiates the toxicity of other volatile organic
solvents and methylglyoxal, and amplifies the narcotic effects
of volatile organic solvents.
Exposure Standards and Guideline

The US National Research Council’s Committee on Toxicology
recommends 1000 and 200 ppm 24 h emergency exposure
limit and 90 day continuous exposure limit for acetone,
respectively. The US Department of Labor, Occupational Safety
and Health Administration recommends the exposure limit of
1000 ppm for acetone (time-weighted average). The references
may differ in various countries.
See also: Acetic Acid; Alcoholic Beverages and Health Effects;
Biotransformation; Cumene; Dietary Restriction; Ethanol;
Excretion; Formic Acid; Isopropanol; Psychological indices in
toxicology; Sedatives.
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l Chemical Abstracts Service Registry Number: 75-05-8
l Synonyms: Cyanomethane, Ethane nitrile, Ethanenitrile,

Ethyl nitrile, Methanecarbonitrile, Methyl cyanide
l Molecular Formula: C2H3N
l Chemical Structure:

Background

Acetonitrile is a liquid with an etherlike odor. It is a highly
polar, volatile solvent used in many different industrial appli-
cations. It is widely used in the pharmaceutical, photographic,
chemical, and analytical industries. It is useful as an industrial
solvent for the separation of olefins, polymers, spinning fibers,
and plastics. Other uses include the extraction and refining of
copper and by-product ammonium sulfate; used for dyeing
textiles and in coating compositions; used as a stabilizer for
chlorinated solvents; manufacture of perfumes and cosmetics;
and as a general reagent in a wide variety of chemical processes.
Uses

Acetonitrile is used in the chemical industry as an intermediary
in the synthesis of several chemicals and products such as
acetophene, thiamine, acetamidine, alpha-naphthaleneacetic
acid, nitrogen-containing compounds, acrylic fibers, nitrile
rubber, pesticides, pharmaceuticals, perfumes, and lithium
batteries. It is also used as a polar solvent for both organic and
inorganic compounds and in nonaqueous titrations.
Environmental Fate and Behavior

If released to ambient air, acetonitrile will remain in the vapor
phase where it will be degraded through reaction with photo-
chemically producedhydroxyl radicals. The half-life of acetonitrile
in ambient air has been estimated to be about 620days. If released
to soil, acetonitrile is expected to volatilize rapidly. Biodegradation
in soil is not expected to be a major degradation pathway. If
released to water, acetonitrile is not likely to adsorb to soil and
sediment particles. Acetonitrile is expected to be removed from
water bodies through volatilization, as the chemical hydrolysis
and bioaccumulation potential for this chemical are low.
Exposure and Exposure Monitoring

Exposure to acetonitrile can occur through the oral, dermal,
and inhalation routes. Symptoms of poisoning have been
observed in persons exposed through these three routes.
40 Encyclopedia of T
Employees exposed to acetonitrile at potentially hazardous
levels should be enrolled in a medical monitoring program.
Initially, the employee should undergo a medical examination
to establish his/her baseline health conditions. The initial
evaluation should include a complete history and physical
examination. Persons with history of fainting or convulsive
disorders may be at special risk. Examination of the skin
(particularly hands and face), eyes, liver, and kidneys should
be included. Following initial examination, the employee
should be scheduled to undergo annual medical examinations
and the above-mentioned tests and examinations should be
included.

Blood cyanide concentrations exceeding 0.1 mg l�1 of
plasma or urine thiocyanate exceeding 20 mg l�1 in workers
exposed to acetonitrile are indicative of excessive exposure.
Toxicokinetics

Acetonitrile can be acutely lethal when absorbed in high doses.
Acetonitrile is metabolized to a hydroxyl metabolite by cyto-
chrome P450 in the liver. Subsequent metabolism through
catalase enzymes produces hydrogen cyanide. Once metabo-
lized, the mechanism of action is the same as expected for
cyanide poisoning. Onset of cyanide poisoning may be delayed
by 3–8 h or more, as metabolism is required to produce the
cyanide metabolite. Toxicity may be prolonged for up to 3 days
in some cases.
Mechanism of Toxicity

Acetonitrile is slowly metabolized by cytochrome P450 in the
liver to produce hydrogen cyanide. Toxicity is produced by the
combined effect of circulating acetonitrile and cyanide.
Cyanide exerts its toxicological effects by disrupting oxygen
utilization at the cellular level. The disruption results in
decreased oxygen utilization by body tissues and lactic
acidosis.
Acute and Short-Term Toxicity

Animal susceptibility to acetonitrile varies by animal species
and route of administration. Overall, animal susceptibility is
mediated by the animal’s ability to absorb and metabolize
acetonitrile into its toxic metabolite, hydrogen cyanide.

Atmospheres containing up to 32 000 ppm acetonitrile are
lethal to dogs. In rats, the oral LD50 value has been measured
to range from 200 mg kg�1 (in young rats) to 3800 mg kg�1

(age unspecified), whereas the inhalation LC50 value has been
determined to be 7500 ppm following an 8-h exposure. The
acute dermal lethal dose has been investigated in rabbits. The
LD50 value for the dermal route of exposure has been
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00465-6
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determined to be 980 mg kg�1. Subchronic exposures to low
concentrations of acetonitrile in the air (665 ppm or less)
produced pulmonary inflammation and minor changes in
body weights, hematocrit, hemoglobin, and liver and kidney
function.

Toxicological effects of acetonitrile are usually delayed, as
the chemical has to be metabolized to hydrogen cyanide.
However, exposure to high doses may result in rapidly devel-
oping loss of consciousness and respiratory failure.

Signs and symptoms of exposure will be determined by the
dose of acetonitrile. Onset of symptoms can be expected to be
delayed from 2 to 12 h as acetonitrile is slowly metabolized to
its toxic metabolite, cyanide. Exposure to low doses will
produce nausea, salivation, vomiting, headache, and lethargy.
Exposure to higher doses may produce cyanide intoxication
characterized by extreme weakness, lethargy, respiratory
depression, metabolic acidosis, tachycardia, shock, coma,
seizures, and possibly death.
Chronic Toxicity

The toxicological effects of acetonitrile have been attributed to
the direct effects of the intact molecule combined with the
effects of metabolically generated cyanide ions.

Rats exposed to acetonitrile in air at concentrations
ranging from 166 to 665 ppm for 7 h per day for up to 90 days
showed no observable effects at dose below 330 ppm. At the
maximum dose tested (665 ppm), pulmonary inflammation
as well as minor kidney and liver changes were noted in some
animals.

Dogs and monkeys exposed to acetonitrile in air for 91
days showed minor variations in body weight, hematocrit,
and hemoglobin. The animals were dosed acetonitrile at
concentrations averaging 350 ppm for 7 h per day, 3 days per
week. Autopsy of the animals revealed some cerebral hemor-
rhaging as well as pigment-bearing macrophages in some
animals.

No reports were found on the chronic toxicological effects
of acetonitrile in humans.
Reproductive Toxicity

As in the case of the acute and chronic toxicological effects, the
maternal production of cyanide may contribute to the repro-
ductive and developmental toxicities of acetonitrile. Repro-
ductive studies in laboratory animals show fetotoxicity at high
acetonitrile doses. However, no teratogenic effects were
observed at any dosage level.
Genotoxicity

In vitro studies using rat liver microsomes have demonstrated
that the conversion of acetonitrile to cyanide is mediated by
cytochrome P450 (P450IIE1).

Acetonitrile was tested for mutagenicity in the Salmonella/
microsome preincubation assay. The tests were conducted
using up to five Salmonella strains and in the presence and
absence of rat or hamster liver S-9. All tests were negative for
mutagenicity including those run at the maximum dose tested
(10 mg plate�1).
Carcinogenicity

Male and female rats were exposed to acetonitrile by inhala-
tion at doses ranging from 0 up to 400 ppm for 6 h per day,
5 days per week for 2 years. Results of the study were incon-
clusive regarding the carcinogenic activity of acetonitrile as
there was only a marginal increased incidence of hepatocel-
lular adenomas and carcinomas in male rats. Furthermore,
there was no evidence of carcinogenic activity in the female
rats even at exposures as high as 400 ppm. In a similar study
using male and female mice exposed to acetonitrile at doses
ranging from 0 up to 200 ppm by inhalation for 6 h per day,
5 days per week for 2 years, no carcinogenic activity was noted
in the animals and doses tested. In addition, no epidemio-
logical studies were found that link cancer incidence to
acetonitrile exposure.
Clinical Management

The major goal of treatment is to maintain respiration, blood
circulation, and vital signs and to prevent further absorption
of acetonitrile into the systemic circulation. If ingested,
absorption can be prevented or minimized by instituting
gastric lavage or by giving activated charcoal and a cathartic.
Gastric lavage is effective only if performed soon after
ingestion.

Treatment of acetonitrile poisoning is similar to that of
cyanide poisoning (see Cyanide). This includes immediate
therapy with 100% oxygen and assisted ventilation, if neces-
sary. Seizures can be controlled by giving diazepam, pheno-
barbital, or phenytoin intravenously at appropriate doses.
Therapy should also include correction of the metabolic
acidosis and to combat cyanide poisoning. Cyanide poisoning
is treated by the intravenous administration of sodium nitrite
and sodium thiosulfate. Care should be taken to maintain
treatment for as long as acetonitrile is being metabolized to
cyanide.
Other Hazards

Acetonitrile is highly flammable and will ignite in the presence
of flames, sparks, or sufficient heat. Acetonitrile vapors may
combine with air to form explosive mixtures. Poisonous gases
including hydrogen cyanide and nitrogen oxides are produced
in fire.
Ecotoxicology

Toxicity thresholds for protozoa, bacteria, and green algae have
been measured to range from 520 mg l�1 for Microcystis aeru-
ginosa (algae) to 7300 mg l�1 for Scenedesmus quadricauda
(green algae).
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The LC50 value for acetonitrile in fathead minnow (Pime-
phales promelas) has been measured to be about 1640 mg l�1

per 96 h in a flow-through bioassay.
The EuropeanUnion Risk Assessment Report (EURAR, 2002)

on acetonitrile summarizes the results of various fish toxicity
assays and reports that the 24- to 48-h LC50 values were generally
higher than 1 g l�1 forOryzias latipes. The EURAR also states that
the lowest reported48-hLC50valueswere730and880 mg l�1on
Cyprinus carpio and Ctenopharyngodon idellus, respectively.
Exposure Standards and Guidelines

OSHA Permissible Exposure Limit¼ 40 ppm (70 mgm�3)
American Conference of Governmental Industrial Hygienists
(ACGIH) 8-h Time-Weighted Average¼ 20 ppm
ACGIH Short-Term Exposure Limit¼ 60 ppm
National Institute of Occupational Safety and Health Imme-
diately Dangerous to Life or Health¼ 500 ppm

The United States Environmental Protection Agency Inte-
grated Risk Information System has published a reference
concentration for acetonitrile of 0.06 mgm�3.

Florida State Drinking Water Standard¼ 42 mg l�1.

See also: Cyanide.
Further Reading

Ellenhorn, M.J., Barceloux, D.G. (Eds.), 1988. Medical Toxicology, Diagnosis and
Treatment of Human Poisoning. Elsevier Science Publishing Company, Inc., New
York, NY.

European Union Risk Assessment Report. Acetonitrile. CAS No: 75-05-8. EINECS No:
200-835-2, European Commission, Joint Research Centre, EUR.

Hazardous Substances Database (HSDB) (2011) National Library of Medicine (NLM),
Specialized Information Service. Online Database. http://toxnet.nlm.nih.gov/cgi-bin/
sis/search

Relevant Websites

http://www.epa.gov/ttn/atw/hlthef/acetonit.html. U.S. Environmental Protection Agen-
cy's Technology Transfer Network Air Toxics Web Site.

European Chemicals Agency (ECHA). Registered substances: http://apps.echa.europa.
eu/registered/registered-sub.aspx

http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://www.epa.gov/ttn/atw/hlthef/acetonit.html
http://apps.echa.europa.eu/registered/registered-sub.aspx
http://apps.echa.europa.eu/registered/registered-sub.aspx


Acetophenone
NV Soucy, 3M Center, St Paul, MN, USA

� 2014 Elsevier Inc. All rights reserved.
l Chemical Profile
l Name: Acetophenone
l Chemical Abstracts Service Registry Number: 98-86-2
l Synonyms: Acetylbenzene, Phenyl methyl ketone,

1-Phenylethanone, Benzoyl methide, Hypnone
l Molecular Formula: C8H8O

l Chemical Structure:
Background

Acetophenone is an aromatic ketone found naturally in fruits,
berries, nuts, and meat. Charles Friedel is credited with the first
synthetic preparation of acetophenone by the distillation of
a mixture of calcium benzoate and calcium acetate in 1857.
Acetophenone was described in medical literature as a therapy
for the treatment of insomnia under the name of hypnone as
early as 1886. In pure form, acetophenone is a colorless,
flammable liquid with a sweet odor that has been described as
similar to orange blossom or jasmine.
Uses

Acetophenone is used to impart the fragrance of orange blos-
soms in perfumes, soaps, detergents, and lotions. Concentra-
tions of acetophenone in these products can range as high as
2000 ppm in perfumes and as low as 20–50 ppm in detergents
and lotions. Additionally, acetophenone is approved by the
U.S. Food and Drug Application as a direct food additive,
where its use is primarily as a flavoring agent. The Flavor and
Extract Manufacturers Association concluded that acetophe-
none is generally recognized as safe (GRAS) in 1978 and this
status was recently reaffirmed. Acetophenone is used in chew-
ing gum and is added to some tobacco products.

Industrial uses of acetophenone include use as a specialty
solvent for plastics and resins, as a catalyst for polymerization
of olefins, and as a photosensitizer in organic synthesis.
Historically, acetophenone was used as an anesthetic agent, to
induce analgesia and also as a hypnotic agent. On the basis of
early descriptions of its use, it appears to have been most
successful as a therapy for insomnia. Large doses were required
to induce sleep and its use as an anesthetic was most successful
when used in conjunction with chloroform. The earliest reports
of acetophenone in the medical literature date back to 1886
and the primary adverse reaction reported was severe local
irritation when injected in patients subcutaneously.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

The production and use of acetophenone as a specialty solvent
and fragrance and flavor additive may result in environmental
releases to the air, water, and soil. Acetophenone is slightly
soluble in water and freely soluble in alcohol, chloroform, fatty
oils, and glycerol. The vapor pressure at 25 �C is 0.4 mmHg,
the Henry’s law constant is estimated to be 1.04� 10�5

atmm3mol�1, and the octanol/water partition coefficient
(log Kow) is 1.58.

If released to the soil, acetophenone is expected to have high
mobility, with volatilization from moist soils. If released to the
water, volatilization is anticipated from the surface and aceto-
phenone is not anticipated to adsorb to sediment. The poten-
tial for bioconcentration in aquatic organisms is predicted to
be low. If released to the atmosphere, the half-life is anticipated
to be 6 days, with degradation occurring by reaction with
photochemically produced hydroxyl radicals.
Exposure and Exposure Monitoring

Ingestion of very low levels of acetophenone is anticipated for the
general population through the consumption of natural food
products, including fruits, berries, nuts, and meats. Additional
ingestion may result from the consumption of processed food
products. Dermal exposures may result from the use of soaps,
detergents, perfumes, and other cosmetic products. Inhalation
and dermal exposures are possible in industrial settings and
measurement of hippouric acid in the urine may provide an
indication of exposure to acetophenone. The low vapor pressure
and goodwarning properties of acetophenone should reduce the
likelihood of overexposure in industrial settings.
Toxicokinetics

Aromatic ketones are rapidly absorbed from the gastrointes-
tinal tract and are primarily metabolized in the liver with
urinary excretion. Percutaneous absorption is also a relevant
route of exposure. As a simple aromatic ketone, acetophenone
administered orally undergoes essentially complete first pass
hepatic metabolism and is excreted within 24 h of dosing.
Acetophenone is reduced to alpha-methylbenzyl alcohol,
which is excreted in the urine as a conjugate of glucuronic acid
and this is the major metabolic pathway in animals. Inter-
conversion of aromatic ketones and their corresponding alco-
hols in vivo is common and is observed with acetophenone; the
primary metabolite, alpha-methylbenzyl alcohol, is also used
as a fragrance and flavoring additive and is oxidized to aceto-
phenone in vivo. Alpha-oxidation of acetophenone is an addi-
tional metabolic pathway; benzoic acid is an intermediary
metabolite in this pathway with further metabolism to hip-
puric acid which is ultimately excreted in the urine where it can
4-3.01157-X 43
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be used as a biomarker of acetophenone exposure. Acetophe-
none has been reported to be excreted in human milk.
Mechanism of Toxicity

It is unclear what mechanism is responsible for the central
nervous system depression observed following high doses of
acetophenone. In vitro evaluations have demonstrated that
acetophenone suppresses voltage-gated ion channels in olfac-
tory receptor cells and retinal neurons; however, it is unclear if
this is related to any of the observed toxicity in animal studies.
Acute Toxicity

The acute oral toxicity of aromatic ketones in general is reported
to be low. The oral LD50 for acetophenone in the rat ranges from
900 to 3200 mg kg�1 indicating a low to moderate potential for
acute oral toxicity and signs of toxicity include central nervous
system depression. Inhalation acute toxicity studies in animals
have produced mixed results. Rats exposed to a saturated atmo-
sphere of acetophenone (w430 ppm) for 8 h did not experience
mortality. A 4-h LC50 in mice is reported to be w244 ppm.
Acetophenone has a low vapor pressure; therefore, under normal
conditions, it is not likely to present as an inhalation hazard. An
acute dermal LD50 of >20 ml kg�1 was reported in guinea pigs
indicating a low potential for dermal toxicity. However, dermal
absorption is a relevant route of exposure.

Acetophenone is reported to be slightly irritating in rabbit
dermal irritation studies following 24-h exposure under occlu-
sive conditions. Irritation was completely reversed after 48 h. In
a human patch test conducted in 25 volunteers, 2% acetophe-
none did not result in skin irritation. In an early study, aceto-
phenone was reported to produce corneal necrosis following
instillation of 0.005 ml of a 15% solution of acetophenone;
however, in more recent experiments with study designs similar
to OECD Test Guideline 405, acetophenone was found to be
nonirritating in the rabbit eye. Dermal sensitization has not
been reported in humans and acetophenone was not found to
have sensitizing potential when evaluated in a guinea pig
maximization test or a modified Draize sensitization test.

Respiratory depression was observed in one study in mice,
with an airborne concentration of 102 ppm resulting in a 50%
reduction in the respiratory rate (RD50) in the exposed animals.
Subsequent evaluations in mice of concentrations up to three
times this value for 14 days did not result in pathological
changes to the nasal passages, trachea, or lungs of the exposed
animals. The odor threshold for acetophenone is reported to be
between 0.004 and 4.1 ppm, indicating this compound has
good warning properties.

Subcutaneous and intravenous administration of aceto-
phenone results in central nervous system depression in
multiple animal species. Sleep, analgesia, and anesthesia were
the desired effects following administration of acetophenone
(hypnone) in humans in the late nineteenth and early
twentieth centuries and these effects have been confirmed
following intravenous administration in dogs in more
modern experiments. Additional effects in dogs included
decreased respiration, cardiac modification, low blood pres-
sure, and weak pulse.
Subchronic Toxicity

As with acute toxicity, the primary adverse effects observed
following subchronic exposure to acetophenone are neuro-
logical in nature. In a combined repeat dose toxicity study
and reproductive/developmental screening study, male and
female Sprague–Dawley rats were administered 0, 75, 225, or
750 mg kg�1 bw day�1 of acetophenone by oral gavage for
28 days. Body weight and food consumption were both
reduced for males and females in the high dose group;
however, hematology and clinical chemistry values were
similar between test and control groups. No mortality was
observed. At the 750 mg kg�1 dose level, male rats had
reduced motor activity and reduced forelimb grip strength;
these animals also exhibited pre- and post-dose salivation.
Male rats from the 225 mg kg�1 bw dose group also exhibited
pre- and post-dose salivation. The no observed adverse effect
level concentration (NOAEL) for neurological effects was
225 mg kg�1 bw day�1. The study authors report a systemic
NOAEL of 75 mg kg�1 bw day�1; however, it is unclear on
what basis this NOAEL was determined.

Male and female Osborne–Mendel rats were fed a diet
containing 0, 1000, 2500, or 10 000 ppm acetophenone per
kg feed for 17 weeks. Dietary concentrations were calculated
to be 0, 100, 250, or 1000 mg kg�1 bw day�1 on the basis of
food intake. No effects on body weight, food consumption,
or mortality were reported for any of the test groups, and no
effects were observed following gross necropsy or micro-
scopic evaluation of liver, kidney, spleen, heart, or testes.
There was a loss of acetophenone from the feed formulation
in this study. On the basis of data provided by the investi-
gators, the U.S. Environmental Protection Agency (EPA)
estimated that the NOAEL (10 000 ppm) corresponded to
a daily dose of 423 mg kg�1 day�1 on the basis of a 15.5%
acetophenone loss and estimates of food consumption in
rats and an oral reference dose (RfD) was calculated on the
basis of these data.
Reproductive Toxicity

Evidence for reproductive and developmental toxicity of ace-
tophenone is limited. In a combined repeat dose toxicity study
and reproductive/developmental screening study, male and
female Sprague–Dawley rats were administered 0, 75, 225, or
750 mg kg�1 bw day�1 of acetophenone by oral gavage for
28 days prior to mating. For the reproductive/developmental
toxicity portion of the study, doses were continued in pregnant
females for a minimum of 14 days through lactation day 3. The
number of stillborn pups was significantly increased in the
750 mg kg�1 dose group, including one stillborn pup with cleft
palate. Scabbing, desquamation, and dermal hypoplasia were
observed in the pups from this group that were found dead.
Scabbing and desquamation were observed at scheduled
necropsy in pups from the 225 and 750 mg kg�1 dose groups.
Live birth and lactation day 4 viability indices were significantly
reduced at the 750 mg kg�1 dose. On the basis of these effects,
the NOAEL for developmental effects was determined by the
study authors to be 75 mg kg�1 and the NOAEL for reproduc-
tive toxicity was determined to be 750 mg kg�1 day�1.
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Acetophenone was also administered at 480 mg kg�1 bw to the
skin of pregnant rats on gestation days 10–15, which includes
a portion of the period of organogenesis in the rat. This
exposure did not result in any adverse fetal effects.
Genotoxicity

The weight of evidence suggests that acetophenone, like most
aromatic ketones, is not genotoxic. Negative results have
consistently been obtained in multiple strains of bacteria, with
and without metabolic activation, in the Ames assay. Chro-
mosomal aberrations were observed in Chinese hamster ovary
cells with metabolic activation, but these effects were not
observed when metabolic activation was not present.
Carcinogenicity

No epidemiological studies evaluating the carcinogenic potential
of acetophenone exist. In addition, acetophenone has not been
evaluated for carcinogenicity in animal studies. The US EPA has
classified acetophenone as GroupD, not classifiable as to human
carcinogenicity.
Clinical Management

Central nervous system depression is the primary effect
following large acute doses; therefore, removal to fresh air and
respiratory support are suggested; however, human exposures
requiring clinical management are not anticipated for
acetophenone.
Ecotoxicology

Acute toxicity has been evaluated in the fathead minnow in
both static and flow-through assays. The 1- and 24-h LC50 are
reported to be >200 mg l�1; the 48-h LC50 103 mg l�1, the
72-h LC50 158 mg l�1, and the 96-h LC50 are reported to range
from 155 to 162 mg l�1.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists Threshold Limit Value – Time-Weighted Average is
10 ppm (50 mgm�3).

An oral RfD of 0.4 mg kg�1 day�1 has been established by
the US EPA.

Miscellaneous: Not applicable.

See also: Food Additives; Generally Recognized as Safe (GRAS).
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l Name: Acetylaminofluorene
l Chemical Abstracts Service Registry Number: 53-96-3
l Synonyms: N-fluorene-2-yl-acetamide, N-2-

fluorenylacetamide, N-fluoren-2-yl-acetamide,
2-Acetylaminofluorene, 2-Acetylaminofluorene, N-9H-flu-
oren-2-yl-acetamide

l Chemical/Pharmaceutical/Other Class: Aromatic amine
l Molecular Formula: C15N13NO
l Molecular Weight: 223.29
l Chemical Structure:
Background Information

2-Acetylaminofluorene (2-AAF) was originally synthesized to
be used as a pesticide but due to its profound carcinogenicity it
is now purely used in research laboratories for research
purposes only. The occupations at greatest risk to acetylami-
nofluorene exposure are organic chemists, chemical stockroom
workers, and biomedical researchers. 2-AAF is a tan-colored
compound insoluble in water (melting point. 194 �C). It is
soluble in glycols, alcohols, ether, and acetic acid. 2-AAF is no
longer produced in commercial quantities anywhere in the
world. In 2009, 2-AAF was distributed in small quantities by 17
specialty chemical companies, including 11 in the United
States. As per the US Environmental Protection Agency (EPA),
environmental release of 2-AAF rose from w10 000 to
w81 000 lb from 1998 to 2001, and then was contained below
1000 lb in 2003. Although neither the National Institute of
Occupational Safety and Health (NIOSH) nor the Occupa-
tional Safety and Health Administration (OSHA) has estimated
the number of US workers exposed to acetylaminofluorene,
perhaps fewer than 1000 workers in 200 laboratories may have
come in contact with this compound.

In order to debate ‘threshold level,’ dose–response rela-
tionships, and carcinogenic potential of 2-AAF, a few studies
employed very large numbers of female BALB/c StCrlfC3Hf/
Nctr mice, and exposed them to low doses of 2-AAF for up to
33 months. Study findings showed two different types of dose–
response relationships for urinary bladder neoplasms and liver
neoplasms; bladder neoplasms exhibited a minimum effect
level (or a nonlinear response) for specific conditions. In
contrast, the late-appearing liver neoplasms displayed a nearly
linear response that extrapolated directly to zero dose. Time of
46 Encyclopedia of T
exposure (18, 24, and 33 months) was shown to be an
important factor for incremental positive response. Induction
of bladder neoplasms was shown to occur early in the study,
but was dependent on the continuous presence of 2-AAF,
whereas the liver neoplasms appeared very late in the study but
were shown to be induced at a very early point in the exposures
and did not require the continuous presence of the carcinogen
in order to develop. Results of this type of studies were
consistent with ‘no threshold concept.’ Overall, most studies
advocate the importance of the time factor in safety evaluation
or risk assessment in carcinogenesis because carcinogen dose,
length of exposure, and gender all may play roles in cancer/
tumor development.
Uses

Acetylaminofluorene is found as a contaminant in coal gasifi-
cation processes. It was intended to be used as a pesticide but
was never marketed due to its carcinogenicity. It has no known
use.
Environmental Fate

According to the US EPA’s Toxics Release Inventory, environ-
mental releases of 2-AAF considerably increased from 1998 to
2001, declined to as low as 255 lb in 2003, and have remained
below 1000 lb since 2003. However, most of the releases were
to hazardous-waste landfills. In 2007, one facility released
about 500 lb of 2-AAF to a hazardous-waste landfill and about
250 lb to air. Release of 2-AAF to the environment from arti-
ficial sources is probably not significant since less than 20 lb
year of this compound are consumed in the United States.
If released to soil, 2-AAF is expected to have low mobility.
Chemical hydrolysis, oxidation, and volatilization are not
expected to be significant. If released to water, 2-AAF may
undergo direct photolysis and is expected to strongly adsorb to
suspended solids and sediments. Chemical hydrolysis, oxida-
tion, volatilization, and bioaccumulation are not expected to
be significant. If released to the atmosphere, 2-AAF may
undergo vapor phase adsorption to airborne particulate matter,
it may react with photochemically generated hydroxyl radicals
(estimated vapor phase half-life1/4 5.92 h) or it may undergo
direct photolysis.
Exposure and Exposure Monitoring

Dermal contact is the potential route of exposure in humans
apart from inhalation and ingestion. Acetylaminofluorene
emits toxic fumes of nitrous oxides when heated to decompose
and can be toxic when inhaled.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00217-7
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Toxicokinetics

Acetylaminofluorene is biotransformed in the liver. 2-AAF can
stimulate cytochrome P450 1A1 isozyme (CYP1A1) activity,
inducing both CYP1A1 and CYP1A2 proteins, whereas
4-acetylaminofluorene modestly increases CYP1A2 but does
not influence CYP1A1.
Mechanism of Toxicity

4-Acetylaminofluorene is not carcinogenic; 2-AAF is carcino-
genic. 2-AAF can be metabolized to form N-hydrox-
yacetylaminofluorene and 2-aminofluorene, which may
covalently bind to the DNA and macromolecules. Ring and
N-hydroxylation of 2-AAF leads to the formation of water-
soluble conjugates like sulfates and glucuronides. The major
fraction of urinary metabolites, around 60–80%, consists of
sulfate conjugates, and 10–15% of metabolites in urine consist
of glucuronides. 2-AAF has been frequently used to demon-
strate stages of multistage carcinogenesis following initiation,
driven primarily by carcinogen-induced epigenetic alterations
(cytosine DNA methylation, histone methylation, and micro-
RNA expression).
Acute and Short-Term Toxicity

Animal

A single dose of acetylaminofluorene at 0.1 mg kg�1 when
injected into mice (DD strain) on gestation days 8–15
produced mainly skeletal defects, cleft lips, cleft palates, and
cerebral hernias. The LD50 of 4-acetylaminofluorene in mice is
364 mg kg�1 by the intraperitoneal route. A single subcuta-
neous injection of 2-AAF caused liver tumors (hepatocellular
tumors) in newborn male mice (Table 1).
Human

2-AAF is thought to be carcinogenic to humans. However, no
epidemiological study has ever acknowledged evaluating the
relationship between human cancer and exposure specifically
to 2-AAF.
Table 1 Some toxic effects of 2-acetylaminofluorene

Organism Test type Route

Reported dose

(normalized dose) Effect

Mouse LD50 Intraperitoneal 470 mg kg�1

(470 mg kg�1)
Mouse LD50 Oral 810 mg kg�1

(810 mg kg�1)
Peripheral ne

paralysis w
Behavioral: a

change in
Kidney, urete

in urine co
Rat LDLo Intraperitoneal >200 mg kg�1

(200 mg kg�1)

Source: http://chem.sis.nlm.nih.gov/chemidplus/jsp/common/Toxicity.jsp – NLM-ChemID
Chronic and Long-Term Toxicity

Animal

Different species respond differently to chronic administra-
tion of 2-fluoroacetylamine. In female mice, dietary admin-
istration of 2-AAF caused mammary gland and urinary
bladder cancer. In rats, dietary administration of 2-AAF caused
liver cancer in both sexes, adenocarcinoma in females and
mesothelioma in males. Liver tumors were also observed
following dietary administration of 2-AAF to male dogs. In
hamsters of both sexes, intratracheal instillation of 2-AAF
caused urinary bladder cancer. Intraperitoneal injection of 2-
AAF in newborn hamsters until weaning followed by dietary
administration, caused urinary bladder and liver cancer, and
benign stomach tumors. Fisher 344 rats were fed 0.06% ace-
tylaminofluorene in diet for 4 weeks and then a control diet
for 1 week. This schedule was carried out for three cycles
(12 weeks). A smaller group was also treated for only one
cycle. Rats treated for three cycles showed high incidence of
liver, testis, and Zymbal gland tumors. No tumors observed in
rats treated for one cycle. When fed to male rats (0.05% of
diet) for 3 or 4 weeks, 4-acetylaminofluorene caused prolif-
eration of agranular endoplasmic reticulum and glycogen
depletion in hepatocytes. The same treatment when
continued for 10 months produced conspicuous morpho-
logical alterations in pancreatic granular endoplasmic retic-
ulum together with mitochondrial damage and focal
cytoplasmic degradation. No carcinomas were found in any
rats administered with 0.000 5% 2-AAF in the diet, for
a period of 40 weeks.
Human

Human exposure data are not available. 2-AAF is thought to be
‘reasonably anticipated to be a human carcinogen.’
In Vitro Toxicity Data

The mutagenicity of N-2-fluorenylacetamide (NFA) was eval-
uated in Salmonella tester strains TA98, TA100, TA1535,
TA1537, and TA1538 (Ames test), both in the presence and
absence of added metabolic activation by Aroclor-induced rat
Source

1989. Mutation Research 223, 361.

rve and sensation: spastic
ith or without sensory change
ltered sleep time (including
righting reflex)
r, and bladder: other changes
mposition

1973. Proceedings of the Society for
Experimental Biology and Medicine
143, 1117.

1985. Archives of Toxicology 56, 151.

Plus Advanced.
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liver S9 fraction. Based on the results of preliminary bacterial
toxicity determinations, NFA, diluted with dimethyl sulfoxide
(DMSO), was tested for mutagenicity at concentrations up to
1 mg per plate using the plate incorporation assay. NFA caused
a positive response in strains TA1535, TA100, and TA98
following metabolic activation.
Genotoxicity

2-AAF is undoubtedly a genotoxic carcinogen. 2-AAF, in addi-
tion to exerting its genotoxic effects, often causes a variety of
nongenotoxic alterations in vivo and in vitro.
Carcinogenicity

Administration of 2-AAF caused tumors at several different
tissue sites in mice and rats. Dietary administration of 2-AAF
caused cancer of the liver (hepatocellular carcinoma) and
urinary bladder (transitional-cell carcinoma) in female mice
and in rats of both sexes. 2-AAF is carcinogenic to experimental
animals, but it is ‘reasonably anticipated to be a human
carcinogen.’
Clinical Management

In case of contact with material, the eyes should be flushed
immediately with running water for at least 15 min, and
affected skin should be washed with soap and water. If inhaled,
the victim should be moved to fresh air and emergency medical
care should be provided. In case of difficulty in breathing,
artificial respiration should be provided. Contaminated
clothing and shoes should be removed and isolated from
the site.
Exposure Standards and Guidelines

As per OSHA, workers’ exposure to 2-AAF can be confined by
use of engineering controls, work practices, and personal
protective equipment, including respirators. NIOSH considers
2-AAF to be a potential occupational carcinogen. NIOSH
usually recommends that occupational exposures to carcino-
gens be limited to the lowest feasible concentration.
Other Hazards

Acetylaminofluorene can be easily ignited by heat, sparks, or
flames. Vapors may form explosive mixtures with air. Vapors
may travel to the source of ignition and flash back. Most vapors
are heavier than air. They can spread along ground and collect
in low or confined areas (sewers, basements, tanks). Vapor
explosion hazard exists indoors, outdoors, or in sewers.
See also: Carcinogenesis; Cytochrome P450.
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l Name: Acetylcholine
l Chemical Abstracts Service Registry Number: 51-84-3
l Synonyms: Acecoline; Choline acetate; Arterocholine;

2-(Acetoxy)-N,N,N-trimethylethanaminium; Ethanaminium;
2-(Acetyloxy)-N,N,N-trimethyl

l Chemical Structure:

H3C
CH3

+

O

H3C
CH3

N
O

l Molecular Weight¼ 146.20744
Background Information

Acetylcholine is the endogenous neurotransmitter at cholin-
ergic synapses and neuromuscular junctions in the central and
peripheral nervous systems. Acetylcholine is involved in
control of behavioral state, posture, cognition and memory,
and the autonomous parasympathetic (and preganglionic
sympathetic) nervous system. The actions of acetylcholine are
mediated through nicotinic and muscarinic cholinergic recep-
tors, which transduce signals via ion channel coupled and
G-protein coupled receptor pathways, respectively.
Uses

Acetylcholine is an endogenous neurotransmitter. It was the first
neurotransmitter to be discovered. There are commercially
available drugs that either block or mimic actions of acetyl-
choline. Commercial drugs used as cholinergic agonists mimic
the action of acetylcholine (e.g. bethanechol, carbachol, and
pilocarpine). Cholinesterase inhibitors cause accumulation of
acetylcholine and stimulation of the central nervous system,
glands, andmuscles. Somenerve agents such as the gas Sarin and
organophosphate pesticides are examples. Clinically, acetyl-
cholinesterase inhibitors are employed to treat myasthenia
gravis and Alzheimer’s disease. Acetylcholine receptor antago-
nists are antimuscarinic agents (atropine, scopolamine),
ganglionic blockers (hexamethonium, mecamylamine), and
neuromuscular blockers (tubocurarine, pancuronium, succinyl-
choline).
Exposure Routes and Pathways

Acetylcholine is present in the body as a neurotransmitter.
Acetylcholinesterase is the enzyme responsible for breakdown
of acetylcholine in the synapse. Any drug classified as
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
cholinergic agonist (which mimics the action of acetylcholine)
or anticholinesterase agent (e.g., organophosphorus pesticides,
which block the action of acetylcholinesterase and hence stop
the breakdown of acetylcholine in the synapse) can increase
the level of acetylcholine in the body. Organophosphate
poisoning, which is one of the most common cause of
poisoning worldwide, causes large amounts of acetylcholine to
accumulate in various nerves and receptors. This accumulation
leads to muscle weakness, cramps, tachycardia, anxiety, head-
ache, respiratory depression, and death. The most common
exposure pathways for the cholinergic agonists are ingestion or
eye contact. Acetylcholine chloride is available as an intraocular
solution, methacholine chloride is available as a powder,
bethanechol chloride is available as tablets, and carbachol is
available as an ophthalmic solution. Common exposure
pathways to anticholinesterase agents are ingestion, dermal or
ocular contact, or inhalation.
Toxicokinetics

Acetylcholine is broken down by the acetylcholinesterase
enzyme to choline and acetate. The time required for hydrolysis
of acetylcholine is less than a millisecond. If the enzyme is
depleted or inhibited, then excessive acetylcholine accu-
mulation in the body can cause toxicity. Symptoms are sali-
vation, lacrimation, urination, diarrhea, muscle tremor, and
fasciculation.
Mechanism of Toxicity

Cholinergic agents can increase the acetylcholine level at the
synaptic junction and cause rapid firing of the postsynaptic
membrane. Antiacetylcholinesterase agents block the acetyl-
cholinesterase enzyme and thus increase the acetylcholine level
in the synapse causing rapid firing of the postsynaptic
membrane.
Acute and Short-Term Toxicity (or Exposure)

Animal

The clinical signs of excess acetylcholine at nerve endings
mimic hyperactivity of the parasympathetic nervous system.
Signs relative to the alimentary tract include excess salivation,
abdominal pain, vomiting, intestinal hypermotility, and diar-
rhea. The muscarinic effects of acetylcholine cause broncho-
constriction and an increase in bronchial secretions. The
nicotinic effects of acetylcholine consist of involuntary irreg-
ular, violent muscle contractions and weakness of voluntary
muscles. Death occurs as a result of respiratory failure. Toxi-
cology data for acetylcholine chloride: oral LD50 in rat, acute is
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2500mg kg�1, intravenous LD50 in mouse is 170mg kg�1, and
LD50 in guinea pig is 7.7mg kg�1.
Human

Acetylcholine agents are contraindicated in persons with
asthma, hyperthyroidism, coronary insufficiency, and peptic
ulcer. The bronchoconstrictor effect can precipitate asthma,
hyperthyroid patients can develop atrial fibrillation, hypoten-
sion induced by these agents can reduce coronary blood flow,
and gastric acid secretion caused by these agents can aggravate
the symptoms of peptic ulcer. Excessive acetylcholine can also
cause flushing, sweating, bradycardia, hypotension, abdominal
cramps, belching, diarrhea, sensation of tightness in the urinary
bladder, involuntary defecation and urination, penile erection,
difficulty in visual accommodation, headache, salivation, and
lacrimation. It can also cause paralysis of the respiratory
muscles. Central nervous system effects include ataxia, confu-
sion, slurred speech, loss of reflexes, Cheyne–Stokes respira-
tion, and finally coma. The time of death after a single acute
exposure ranges from 5min to 24 h depending on the route,
dose, and agent of exposure (among other factors).
Chronic Toxicity (or Exposure)

Animal

Animals can lose weight because of the inability to feed and
drink because of muscular weakness. Clinical signs in birds
include goosestepping, ataxia, wing spasms, wing droop,
dyspnea (difficulty in breathing), tenesmus (spasm of anal
sphincter), diarrhea, salivation, lacrimation, ptosis (drooping)
of the eyelids, and wing-beat convulsions. Susceptibility to
organophosphate toxicity varies greatly among individuals of
any species and can be increased by frequent repeated mild
exposure, which results in greater susceptibility due to
exhaustion of the body’s store of cholinesterase. No definite
postmortem changes are seen and when present are usually
secondary to the symptoms; these changes include pulmonary
edema, asphyxia, gastroenteritis, and rarely kidney and liver
degeneration.
Human

Chronic toxicity can cause polyneuritis, which starts with
mild sensory disturbances, ataxia, weakness, and ready
fatigability of legs, accompanied by fasciculation, muscle
twitching, and tenderness to palpitation. In severe cases, the
weakness may progress eventually to complete flaccid
paralysis that, over the course of weeks or months, is often
succeeded by a spastic paralysis with a concomitant exag-
geration of reflexes. During these phases, muscles show
marked wasting.
Clinical Management

Exposure should be terminated as soon as possible either by
removing the patient or by fitting the patient with a gas mask
if the atmosphere remains contaminated. Contaminated
clothing should be removed immediately; the skin and
mouth should be washed with copious amounts of water.
Gastric lavage should be conducted if necessary. Artificial
respiration should be administered if required, and admin-
istration of oxygen may be necessary. If the convulsion
persists, diazepam (5–10mg intravenously) or sodium
thiopental (2.5% intravenously) should be administered,
and the patient should be treated for shock. Atropine should
be administered in sufficiently large doses, but atropine has
no effect on peripheral neuromuscular activation and
subsequent paralysis. Pralidoxime (1 or 2 g infused intrave-
nously) should be administered for all peripheral effects.
Pralidoxime is an oxime that binds to organophosphate-
inactivated acetylcholinesterase to regenerate the enzyme. It
is used as an antidote for poisoning by organophosphates or
acetylcholinesterase inhibitors (nerve agents), in combina-
tion with atropine and diazepam.

See also: Cholinesterase Inhibition; Common Mechanism of
Toxicity in Pesticides; Organophosphorus Compounds.

Further Reading
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poisoning. Toxicol. Appl. Pharmacol. 258 (3), 309–314.

Brown, M., 2009. Military chemical warfare agent human subjects testing: part
2–long-term health effects among participants of U.S. military chemical warfare
agent testing. Mil. Med. 174 (10), 1049–1054.

Brown, J.H., Taylor, P., 1996. Muscarinic receptor agonists and antagonists. In:
Hardman, J.G., Limbird, L.E. (Eds.), Goodman and Gillman’s Pharmacological Basis
of Therapeutics, twelfth ed. McGraw-Hill, New York, pp. 169–276.
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l Name: Acetylene
l Chemical Abstracts Service Registry Number: CAS 74-86-2
l Synonyms: Acetylene, Ethyne, Welding gas, Ethine
l Chemical Class: Aliphatic hydrocarbon CnH2n�2

l Molecular Formula: C2H2

l Chemical Structure:

HC CH

Background and Significant History

Acetylene was discovered in 1836 and named by Berthelot in
1860, who studied the properties of this gas. It was used for the
first time for lighting in 1892 after the work by Moissan. The
oxyacetylene blow pipe was invented in 1901 by Charles,
leading to the extensive industrial use of oxyacetylene flame in
steel welding, scarfing, surface cementation, oxygen cutting,
and hard surfacing.
Uses of Acetylene

About 80% of acetylene production is used as a closed-system
manufacturing intermediate for the production of other
chemicals. The other chemicals synthesized from acetylene
include vinyl chloride monomer, N-vinylcarbazole, 1,4-
butanediol, vinyl ethers,N-vinyl-2-pyrrolidone, vinyl fluoride,
N-vinylcaprolactam, and vinyl esters. The other use of acety-
lene as oxyacetylene torches for metal cutting and welding is
about 20%.
Environmental Fate and Behavior

Acetylene is released to the environment through various
industrial waste streams of industries. Because of the vapor
pressure of acetylene (4.04� 104 mmHg at 25 �C), it exists
in the environment exclusively in the form of gas. The
gaseous phase of acetylene is degraded in the environment
with photochemically induced hydroxyl radicals; the half-
life for this photochemical degradation is approximately
20 days. The estimated Koc of acetylene is 38, and based
upon this Koc value, acetylene is expected to possess high
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
mobility if released to soil. Based on the Henry’s law
constant of 0.022 atm-m3mol�1, derived from vapor pres-
sure 4.04� 104 mmHg and water solubility 1200mg l�1,
volatilization from moist soil is the major fate process for
acetylene. In soil, biodegradation is not expected to be an
important fate process for acetylene, as suggested by 0%
biochemical oxygen demand (BOD) in 28 days. Acetylene is
not anticipated to be adsorbed by suspended solids and
sediments if released to water because of its Koc value.
Removal of acetylene from water is expected to be through
the volatilization process. The estimated bioconcentration
factor (BCF) of 3 for acetylene suggests that the potential
for bioaccumulation of acetylene in aquatic organism
is low.
Exposure and Exposure Monitoring

Routes and Pathways

Minimal consumer exposure is expected when acetylene is used
as a closed-system industrial chemical. However, during
welding and scarfing, the major route of exposure is through
inhalation of oxyacetylene.

Human Exposure

Human exposure is most likely to occur in workplaces where
acetylene is used, and from the atmosphere when released from
the other sources. The potential source of exposure for humans
is oxyacetylene during welding.
Toxicokinetics

After inhalation, acetylene is rapidly absorbed and eliminated
from the body in unchanged form. At normal hematocrit and
body temperature, the blood–gas partition coefficient of acet-
ylene is 0.833, which indicates that acetylene has a greater
tendency to be eliminated from blood.
Mechanism of Toxicity

Acetylene inactivates the cytochrome p450 enzyme by alky-
lating the prosthetic heme. Exposure to acetylene causes
asphyxiation and depletes atmospheric oxygen.
4-3.00362-6 51

http://dx.doi.org/10.1016/B978-0-12-386454-3.00362-6


52 Acetylene
Acute and Short-Term Toxicity

Animal

l Exposing rats to a concentrationof 78%of acetylene (780 000
ppm) for 15min and inhalation of 90% of acetylene for 2 h
caused anesthesia and respiratory failure, respectively.

l Loss of heme and a marked accumulation of porphyrins
were observed after exposing the male Wistar rats to 5%
acetylene for 18 h.

l Decreased carbon dioxide tension was seen after exposing
the rabbits to an acetylene/oxygen mixture containing up to
700 000 ppm of acetylene.
Human

Acetylene at concentrations below a lower explosive limit of
2.5% (25 000 ppm) is not toxic to humans. Varying degrees of
temporary and reversible central nervous system depression
have been seen after exposure to oxygen containing 10%
acetylene. Unconsciousness has been observed in humans after
inhaling 33 or 35% acetylene within 7 and 5min, respectively,
and exposure to 80% acetylene has caused complete anes-
thesia, forced respiration, and hypertension.
Chronic Toxicity

Animals

Significant plasma elevation of aspartate and alanine trans-
aminases has been observed inwhite rabbits after inhaling crude
acetylene at concentration of 58 000 ppm for 10min at 12-h
intervals for a period of 3 weeks. In addition, the catalase activity
was depressed in the heart, kidney, and liver tissues. A rise in
superoxide dismutase was also observed in the heart tissues.
Human

It is suggested that crude acetylene may have deleterious effects
on the blood constituents and vital organs of human in chronic
exposures.
Genotoxicity

Sufficient evidence provided by Ames test employing three
strains of Salmonella typhimurium (TA97, TA98, and TA100)
show that acetylene is not genotoxic.
Clinical Management

Ocular Exposure

Remove the patient from the exposure area; irrigate the affected
eyes thoroughly with water or 0.9% saline.
Inhalation

After inhaling acetylene gas, the patient needs to be removed
from exposure area quickly.
The patient needs to be provided adequate ventilation and
oxygen if required. Monitor and manage the patient according
to the signs and symptoms.
Ecotoxicology

Aquatic Ecotoxicity

Due to its gaseous nature, acetylene rapidly evaporates from
aquatic system to air, and limited data are available about the
toxic effects of acetylene on fish.
Other Hazards

Acetylene is a reactive gas and poses a high risk for fire and
explosion. Acetylene reacts with active metals such as copper,
silver, and mercury to form explosive acetylide compounds.
Impurities such as phosphine may be present in acetylene
obtained from calcium carbide, which can have deleterious
effects on human health.
Exposure Standards and Guidelines

Exposure limits recommended by National Institute of Occu-
pational Safety and Health for acetylene is 2500 ppm as
a ceiling.
Miscellaneous

Melting point: �8.07�C.
Boiling point: �8.47�C.
Log p (octanol–water): 0.37.
Vapor pressure: 5240mmHg.
Henry’s law constant: 0.022 atm-m3mol�1.
Water solubility: 1200mg l�1.
See also: National Institute for Occupational Safety and Health;
Pollution, Air in Encyclopedia of Toxicology; Aquatic
Ecotoxicology.
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Relevant Websites

http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1246260034508 – Health
Protection Agency.
http://www.inchem.org– International Programme onChemical Safety: INCHEM: Acetylene.
http://toxnet.nlm.nih.gov– Toxnet (Toxicology Data Network): search under Toxline for Urea.
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus

Advanced: Search for: Acetylene.
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l Name: Acetylsalicylic acid
l Chemical Abstracts Service Registry Number: CAS 50-78-2
l Synonyms: Aspirin, ASA, 2-(Acetyloxy)benzoic acid,

2-Carboxyphenyl acetate
l Molecular Formula: C9H8O4

l Chemical Structure:
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Background

The use of aspirin to treat fever dates back to antiquity with the
use of willow bark and leaves. Ever since the active component
of willow bark was isolated and marketed in 1899, it has
remained one of the most popular medications for the treat-
ment of fever, pain, and inflammation. Aspirin is consistently
listed among the agents most often involved in human expo-
sures, and is considered the causative agent in scores of deaths
each year.
Uses

Aspirin is used as an analgesic, antipyretic, and anti-
inflammatory agent.
Environmental Fate and Behavior

As in humans, the environmental fate of acetylsalicylic acid is
pH dependent. Above pH 5.5, acetylsalicylic acid will be the
predominant form seen. Anions generally do not volatilize or
undergo adsorption to the extent of their neutral counterparts.
Although information is limited, aspirin is considered readily
biodegradable and is ultimately mineralized to carbon dioxide
and water.
Exposure and Exposure Monitoring

Routes and Pathways

Ingestion is the most common route of both accidental and
intentional exposures, though rectal exposures have been
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reported. Toxicity from dermal exposure has not been reported.
Intravenous aspirin is available in some countries, though
toxicity resulting from this route has not been reported.
Human Exposure

Human exposures to aspirin in the United States are monitored
through the National Poison Data System, which draws its
information from the poison center system. In 2010, there were
nearly 30 000 single-substance exposures to aspirin-containing
products reported to US poison centers, and aspirin was
involved in 62 fatalities.
Toxicokinetics

Aspirin is rapidly hydrolyzed into salicylate, an active metab-
olite, in both the gastrointestinal tract and the bloodstream.
Both aspirin and salicylate are readily absorbed by passive
diffusion across the gastric membrane, with absorption influ-
enced by gastric pH. After a therapeutic dose, peak serum
concentrations are typically achieved within 1 h, or within
4–6 h for enteric-coated preparations. Aspirin has a volume of
distribution of approximately 0.2 l kg�1 and is 90% protein
bound. The serum half-life of acetylsalicylic acid is only
15 min, while the half-life of salicylate is approximately 6 h. In
overdose, peak serum concentration may be delayed due to
pylorospasm, concretions or bezoars, gastric outlet obstruction,
or coingestants that slow gastric motility. Peak serum concen-
trations occurring beyond 24 h postingestion have been
reported. The volume of distribution increases to greater than
0.3 l kg�1, and protein binding decreases to less than 75% in
overdose, while the kinetics change from first-order elimina-
tion to zero-order, with half-lives of 20 h or more. Aspirin
metabolites are renally eliminated with 10% as salicylic acid,
75% salicyluric acid, 10% phenolic glucuronide, and 5% acyl
glucuronide.
Mechanism of Toxicity

The toxicity of aspirin is multifactorial. Gastrointestinal
symptoms such as nausea, vomiting, and abdominal pain
occur as a result of both local gastric irritation and stimulation
of the medullary chemoreceptor trigger zone. Salicylates
directly stimulate the respiratory drive in the brain stem,
leading to hyperventilation and respiratory alkalosis. Anion
gap metabolic acidosis occurs from a buildup of organic acids
as well as the uncoupling of oxidative phosphorylation, which
results in an imbalance in ATP consumption and production,
resulting in a net buildup of hydrogen ions. Therefore, aspirin
often causes a mixed acid–base status. Furthermore, the
uncoupling of oxidative phosphorylation results in failure to
produce ATP despite increased oxygen utilization, which leads
to heat production and hyperthermia. Aspirin interferes with
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00687-4
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glucose metabolism and gluconeogenesis, and can cause
profound decreases in cerebrospinal fluid glucose concentra-
tions despite normal blood glucose concentrations.
Acute and Short-Term Toxicity

Animal

Animals manifest toxicity to aspirin with similar signs and
symptoms to those seen in humans. These may include
vomiting and gastric hemorrhage, hyperpnea, respiratory
alkalosis, metabolic acidosis, hyperthermia, and seizures.
Methemoglobinemia has also been seen in animals following
salicylate toxicity.
Human

Acute ingestions of greater than150 mg kg�1 may result in toxic
effects. Early manifestations of toxicity include nausea, vomit-
ing, and tinnitus, followed by hyperventilation with respiratory
alkalosis and concomitant metabolic acidosis. Overall serum
pH typically demonstrates alkalosis early in the course of
toxicity in adult patients, which may convert to predominant
acidosis as the patient’s condition deteriorates. Early hyper-
glycemia may be followed by hypoglycemia or neuro-
glycopenia. More ominous signs and symptoms associated
with severe toxicity include hyperthermia, altered mental
status, coma, seizures, cerebral edema, and death. Other
symptoms that may be observed include acute lung injury and
pulmonary edema, acute renal failure, acute liver injury, and
coagulopathies. Signs and symptoms of aspirin toxicity may
begin to occur at serum concentrations greater than 30mg dl�1.
Chronic Toxicity

Animal

Daily doses of acetylsalicylic acid in cats produced toxic
hepatitis, vomiting, weight loss, and poor appetite in the low-
dose group (33–63mg kg�1 day�1) and anemia, gastric lesions,
and death in the high-dose group (81–130 mg kg�1 day�1).
High doses of aspirin given to mice on day 6 of gestation
produced large incidence of lethal deformities.
Human

Chronic salicylism presents similarly to acute toxicity, although
more severe symptoms may be present at lower serum
concentrations. Chronic salicylism patients will have more
profound clinical effects at lower serum salicylate levels
compared to patients with acute overdoses. Chronic salicylism
is often associated with a delay in diagnosis and higher
morbidity and mortality.
Reproductive Toxicity

Aspirin readily crosses the placenta, and if given near term,
higher concentrations may be found in the neonate than the
mother. Low-dose aspirin given chronically to pregnant
patients may be beneficial in certain circumstances (pregnan-
cies complicated by gestational hypertension or systemic lupus
erythematosus) and has not been demonstrated to be harmful
to the fetus or neonate. However, full-dose aspirin given in the
third trimester has been associated with prolonged gestation
and labor, premature closure of the ductus arteriosis, and
bleeding complications in the neonate. Aspirin used around
the time of conception has been associated with an increased
risk of spontaneous abortion, and animal models indicate that
aspirin may inhibit conception by blocking blastocyst
implantation. Currently, there is no enough information to
determine if aspirin is a human teratogen. Maternal aspirin
overdose in pregnancy poses a serious threat to the fetus.
Carcinogenicity

The Carcinogenic Potency Project at the University of
California, Berkeley has had no positive (carcinogenic) exper-
iments with acetylsalicylic acid. Aspirin is not a known human
carcinogen.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Gastrointestinal decontamination with activated
charcoal should be considered for appropriate patients. Patients
with altered mental status or recurrent vomiting should not be
given activated charcoal unless the airway is protected. Delayed
absorption of aspirin is common in overdose, and therefore
activated charcoal may be administered late, up to 8 h post-
ingestion, and multiple doses may be beneficial. Correction of
fluid and electrolyte disturbances is important. Intravenous
sodium bicarbonate should be administered to patients mani-
festing signs and symptoms of salicylate toxicity with a goal of
alkalinizing the urine to a pH of 7.5–8. This increases the
urinary excretion of salicylate through ion trapping. Hemodi-
alysis should be considered for patients manifesting severe
toxicity such as hyperthermia, mental status changes, intrac-
table acidosis, pulmonary edema, or renal failure, and for
patients with serum salicylate levels greater than 100mg dl�1 in
acute overdose or greater than 60 mg dl�1 in chronic overdose.
See also: Charcoal; Salicylates; Pharmacokinetics.
Further Reading

Chyka, P.A., Erdman, A.R., Christianson, G., et al., 2007. Salicylate poisoning: an
evidence-based consensus guideline for out-of-hospital management. Clin. Toxicol.
45, 95–131.

Done, A.K., 1960. Salicylate intoxication: significance of measurements of salicylates
in blood in cases of acute ingestion. Pediatrics 26, 800–807.

O’Malley, G.F., 2007. Emergency department management of the salicylate-poisoned
patient. Emerg. Med. Clin. North Am. 25, 333–346.
Relevant Website

http://health.shorehealth.org/ency/article/002542.htm – Aspirin overdose – Overview.
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Use

Depending on the type, acids have a wide range of uses.
Common examples include acetic acid (in vinegar), sulfuric
acid (used in car batteries), and tartaric acid (used in baking).
Acids can be liquids (sulfuric acid), solids (anhydrous H2SO4,
citric acid), or gases (anhydrous HCl, HBr). Strong acids and
some concentrated weak acids are corrosive, but there are
exceptions, such as carbonic and boric acid, which can be in
powder form.

In humans and other mammals, hydrochloric acid is found
in the gastric acid (pH usually 1.5–3.5) secreted within the
stomach to help hydrolyze proteins and polysaccharides, as
well as converting the inactive proenzyme pepsinogen into the
enzyme pepsin.

The acidulants malic acid, fumaric acid, and citric acid occur
naturally in all living organisms. They all play an integral part
in the respiratory processes in living cells. These compounds
are formed during cellular metabolism of all living biosystems.
The acids provide the cell with energy and the carbon skeletons
for the formation of amino acids. The following acids are
present in human body and play crucial roles in metabolism:
fatty acids, amino acids, nucleic acids, ascorbic acid, and pan-
tothenic acid, also called pantothenate or vitamin B5. The
examples of different acids and their most important toxico-
logical properties are presented in Table 1.
Exposure Routes and Pathways

Exposure assessment is a major component of risk assessment.
Dermal contact, inhalation, and ingestion are the most common
exposure pathways.
Toxicokinetics

Acids can be divided into two groups: organic and inorganic
(mineral). Toxicokinetics depends on the type of acid.
Mechanism of Toxicity

The mechanism of toxicity by different acids differs greatly:
some are corrosive, other are poisonous, and someare explosive.

Corrosives cause tissue injury by a chemical reaction. Acids
cause coagulative necrosis. The acid denatures all tissue protein
to form acid proteinates. As a result, both structural and
enzymatic proteins are denatured. The vast majority of caustic
chemicals are acidic substances that damage tissues by
donating a proton in an aqueous solution. The pH of acids is
a measure of how easily the chemical donates a proton. This
relates to the strength of the acidic substance, and provides
some, but not precise correlation with the likelihood of injury.
Substances with a pH less than 2 are considered to be strong
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acids. The severity of tissue injury from acidic substances is
determined by the duration of contact: the amount and state
(liquid, solid) of the substance involved and the physical
properties of the substance, such as pH, concentration, and
ability to penetrate tissues. The last reflects the amount of tissue
required to neutralize a given amount of the involved
substance and is particularly useful for measuring the degree of
damage that can be caused by caustics such as phenol, which is
a weak acid (nearly neutral pH).

Other acids are dangerous because of toxic rather than
acidic qualities. Hydrocyanic acid is a poisonous gas that is
difficult to detect. Sulfuric acid is a dangerous dehydrating
agent; it can be very dangerous upon contact with eyes, skin,
mouth, or other acids. Hydrogen sulfide is highly toxic and
forms a complex bond with iron in the mitochondrial cyto-
chrome enzymes, thus preventing cellular respiration. Hydro-
chloric acid readily releases toxic fumes and can corrode many
metals. Picric acid is extremely explosive. Strong acids produce
superficial injuries to the esophagus and deep injuries to
various parts of the stomach. The mechanism of toxicity
depends on the specific type of acid.

Hydrofluoric acid is an interesting case; it is a weak acid (it
does not ionize) and as a result can be absorbed by the skin
very quickly. Hydrofluoric acid injuries have a potential for
both systemic as well as severe local tissue destruction. Once
absorbed, it damages tissue, causing severe pain, chemical
imbalances, and almost certain death if more than 50ml are in
contact with skin. It interferes with nerve function, meaning
that burns may not initially be painful. Accidental exposures
can go unnoticed, delaying treatment and increasing the extent
and seriousness of the injury (See Hydrofluoric Acid).

Among the common laboratory acids, the most dangerous
to work with is usually concentrated nitric acid because it reacts
strongly with many chemicals, releasing poisonous gases
(NOx). Its fumes can cause explosions, and instantly oxidize
flesh, causing severe burns.
Toxicity

Short-term and chronic toxicity (or exposure) both for animal
and human cause corrosion of skin and mucosal surface.
Repetitive ingestion of acids may induce mucosala forestomach
hyperplasia.
Clinical Management

In cases of exposure, therapy should be accurate and imme-
diate. Exposure should be terminated as soon as possible by
transfer of the patient to fresh air. A mild soap solution may be
used for washing the skin as an aid to neutralize the acid. In the
case of ingestion, water and/or milk should be provided
(dilution, neutralization). Stimulation to cause vomiting is
not advised as this may cause further oral, esophageal, or
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00219-0
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Table 1 Examples of acids and their toxicological properties

Name/Formula Uses

Ecotoxicity fish and

invertebrate Mammalian and avian toxicity

Teratogenicity and

reproductive effects

Metabolism and

toxicokinetics Legislation

Sulfuric acid
H2SO4

l Manufacture of:
B fertilizers
B paper
B glue
B dyes
B detergents

l Petroleum purification
l Metal pickling

l LC50 (48 h) flounder:
100–330 mg l�1

l LC50 (48 h) brown
shrimp 60–70 mg l�1

l LD50 oral rat 2.14 g kg�1

l LC50 (2 h) inhalation
mouse 320 mg m�3

l LC50 (2 h) inhalation rat
510 mg m�3

l No effects were
observed (dose
�20 mgm�3)
for mice

l Not confirmed possi-
bility of a carcinogenetic
effects in human

l Sulfuric acid is unlikely
to accumulate in the
body – excreted in the
urine

l EC Directive on Drinking
Water Quality 80/778/
EEC

l SO4
2� maximum

admissible concentra-
tion 250 mg l�1

l Recommended level
25 mg l�1

Phosphoric acid
H3PO4

l Manufacture of:
B fertilizers
B phosphate salts
B polyphosphate
B detergents
B catalyst in ethylene

l Hydrogen peroxide
purification

l Flavor acidulant
l Synergistic antioxidant

and sequestrant in food
l Pharmaceutic acid
l Dental cements

l LC50 (96 h) ‘aquatic life’
100–1000 mg l�1

l LC50 oral rat
1530 mg kg�1

l LC50 inhalation mouse
25.5 mg m�3

l LC50 dermal rabbit
2740 mg kg�1

l No adverse reproductive
effects are seen in rats

l After oral absorption
eliminated in urine

l Maximum tolerable
daily intake (human) is
70 mg kg�1

Acetic acid
CH3CO2H

l Manufacture of:
B plastics
B rubber
B tanning
B printing
B dyeing silks

l Acidulant and preserva-
tive in foods and
solvents for gums,
resins, volatile oils

l LC50 (96 h) bluegill
sunfish 75 mg l�1

l LC50 (96 h) fathead
minnow 88 mg l�1

l LC50 (24 h) goldfish
423 mg l�1

l EC50 (24–48 h) Daphnia
magna, brine shrimp
47–32 mg l�1

l LD50 oral rat
3310 mg kg�1

l LC50 (1 h) inhalation
guinea pigs 5000 mg l�1

l LD50 dermal rabbit
1060 mg kg�1

l Not documented l Acetic acid shows
potential for biological
accumulation or food
chain contamination

l ACGIH
B TLV: 25 mg m�3

B TWA: 15 mgm�3

B STEL: 37 mg m�3

l NIOSH
B REL: 10 mgm�3

B TWA: 25 mgm�3,
15 ppm

B STEL: 37 mg m�3

Benzoic acid
C7H6O2

l Foodstuff preservative in
fast foods and fruit
juices

l Manufactures of
dyestuffs

l Antifungal agent

l LC50 (96 h) mosquito
fish 180 mg l�1

l Cell multiplication
inhibition test
B Pseudomonas spu-

tida 480 mg l�1

B Microcystis aerugi-

nosa 55 mg l�1

B Scenedesmus quad-

ricauda 1630 mg l�1

B Entosiphon sulcatum

218 mg l�1

B Uronema parducci

31 mg l�1

l LD50 oral rat
1700 mg kg�1

l LDLo subcutaneous
rabbit 2000 mg kg�1

l LDLo oral human
500 mg kg�1

l Not documented l Bioconcentration factor
in golden ide and Chlor-

ella fusca <10
l Human V clearance time

9–15 h
l Administered orally, is

absorbed from the
gastrointestinal tract,
conjugated with glycine
in the liver to form hip-
puric (or as benzoylglu-
curonic acid when taken
in high doses) acid,
which is rapidly excreted
in the urine within 12 h
(up to 97% within the
first 4 h)

l Commission Regulation
(EC) No 877/2003 of 21
May 2003 provisionally
authorizing the use of
the acidity regulator
‘Benzoic acid’ in feeding
stuffs

A
cids
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pulmonary damage. Clinical treatment in the case of exposure
is related with the kind of contact and the type of acid (See
Hydrofluoric Acid, Phosphoric Acid, Hydrochloric Acid). In the
case of sulfuric acid, dilution is inappropriate because of
extraordinary thermal effects (See Sulfuric Acid). In the case of
eye injury, contact lenses should be removed after brief irriga-
tion and then thorough wash should be applied, with 1%
calcium gluconate eye drops every 3 h. Immediate ophthal-
mologic consultation is mandatory.
Ecotoxicology

Ecotoxicological aspects depend on the type of acid. Some
acids are introduced into the environment in the form of
pesticides and fertilizers. When used in inappropriate ways,
they can cause acidification of soil and eutrophication of
groundwater.

Another way to introduce acid to the environment is by
gaseous oxide acidity: SO2 from sulfuric acid, NO2 from nitric
acid, and HCl from hydrochloric acid. This is the mechanism of
acid rain formation in the atmosphere.
Other Hazards

Other hazards vary depending on the type of acid.
Exposure Standard and Guidelines

Exposure standards and guidelines vary depending on the type
of acid (See Okadaic Acid, Sulfuric Acid, Nitric acid).

See also: Valproic Acid; Methyl Parathion; Hydrobromic Acid;
Hydroiodic Acid; Perfluorooctanoic Acid; Tannic Acid; Butyric
Acid; trans-Fatty Acids; 5-Nitro-2-Furoic Acid; Phosphoric Acid;
Hydrofluoric Acid; Perchloric Acid; Periodic Acid; Picric Acid;
Propionic Acid; Peracetic Acid; Acetic Acid; Acrylic Acid;
Sulfuric Acid; 2,4-D (2,4-Dichlorophenoxy Acetic Acid);
EDTA (Ethylenediaminetetraacetic Acid); Formic Acid; Okadaic
Acid; Acetylsalicylic Acid; Boric Acid; Folic Acid; Hydrochloric
Acid; Dicarboxylic Acid; Mushrooms, Ibotenic Acid;
Chloroacetic Acid.

Further Reading
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Gangolli, S., 2005. Dictionary of Substances and Their Effects, third ed. Royal Society
of Chemistry, Cambridge.

Harchelroad Jr., F.P., Rottinghaus, D.M., 2004. Chemical burns. In: Tintinalli, J.E.,
Kelen, G.D., Stapczynski, J.S., Ma, O.J., Cline, D.M. (Eds.), Emergency Medicine:
A Comprehensive Study Guide, sixth ed. McGraw-Hill, New York.

Lewis Sr., R.J., 2007. Hawley’s Condensed Chemical Dictionary, fifteenth ed. John
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Pohanish, R.P., 2008. Sittig’s Handbook of Toxic and Hazardous Chemicals and
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New York.
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http://www.pesticideinfo.org/Search_Chemicals.jsp – PAN Pesticides Database -
Chemicals: Search for Acids.

http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/1194947358719 – Health
Protection Agency.

http://www.inchem.org/documents/sids/sids/7664939.pdf – OECD Sigs: Sulfuric Acid.
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l Name: Acifluorfen, Sodium salt
l Chemical Abstracts Service Registry Number: 62476-59-9

(Sodium acifluorfen) 50594-66-6 (Acifluorfen)
l Synonyms: Acifluorfene, Blazer

�
, Tackle

�
, Carbofuorfen,

2-Nitro-5-(2-chloro-4-(trifluoromethyl)phenoxy)benzoic
acid, 5-(2-Chloro-alpha,alpha,alpha-trifluoro-p-tolyloxy)-
2-nitrobenzoic acid (IUPAC)

l Molecular Formula: C14H7ClF3NO5

l Chemical Structure:
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Background

Sodium acifluorfen was first registered in the United States in
1980 as the herbicide Blazer

�
, by the Rohm and Haas

Company. In 1987, the BASF Corporation purchased the
registration and supporting data. In 2003, the US Environ-
mental Protection Agency (EPA) conducted an assessment to
determine if pesticide products containing the active ingre-
dient sodium acifluorfen were eligible for pesticide reregis-
tration. Results of the US EPA assessment were explained in
the Reregistration Eligibility Decision (RED) of sodium aci-
fluorfen. The RED document determined pesticides with the
active ingredient of sodium acifluorfen were eligible for rere-
gistration provided certain stipulations listed in the RED
document were met, which included additional label
requirements to limit the potential for drift. Under the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) Section 3,
all new pesticides used in the United States must be registered
by the Administrator of the US EPA. There are 12 registrations
for sodium acifluorfen.
Uses

Sodium acifluorfen is a member of a diphenyl ether group of
light-dependent peroxidizing herbicides. Sodium acifluorfen
is also a member of the nitrophenyl ether class of herbicides.
This class of herbicides can cause rapid disruption of cell
membranes in plants. Acifluorfen penetrates into
the cytoplasm and causes the formation of peroxides and
free electrons (requires light), ultimately destroying the
cell membrane. Destruction of the cell membrane pre-
vents translocation to other regions of the plant. In the
environment, sodium acifluorfen degrades to acifluorfen
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(or acifluorfen acid). Additionally, acifluorfen acid is
a degradation product of lactofen, another herbicide used on
agricultural crops and in forestry. Sodium acifluorfen can be
used alone or formulated with similar herbicides. Various
formulation types include liquid, ready-to-use, and soluble
concentrates. Agricultural crop applications are conducted by
aircraft and by broadcast and band treatment using ground
equipment. A trigger spray bottle for spot treatment is used by
both agricultural and residential applicators. Sodium aci-
fluorfen is primarily used on agricultural crops as a nonse-
lective herbicide for pre- and postemergent control of annual
broadleaf weeds and grasses. From 2001 to 2007, the annual
US agricultural consumption of sodium acifluorfen was esti-
mated at 300 000 pounds. An estimated 200 000 pounds of
the agricultural consumption was applied to soybean crops.
Sodium acifluorfen is also used on the agricultural crops
peanuts, rice, peas, and strawberries. Sodium acifluorfen is
registered for residential use; however, it is limited to spot
treatment with ready-to-use formulations. Residen-
tial application of sodium acifluorfen is minor compared to
agricultural, since it is a nonselective herbicide that kills both
weeds and grasses.
Environmental Fate and Behavior

Sodium acifluorfen is directly released into the environment as
a pre/postemergent herbicide. In the environment, sodium
acifluorfen dissociates to acifluorfen. Sodium acifluorfen has
an estimated Henry’s law constant of 6.03� 10�11 atm-
m3mol�1 derived from a vapor pressure of 1.33 � 10�5 mm
Hg. Sodium acifluorfen has a water solubility of 62.07 g
100ml�1 (at 20 �C) and an octanol/water partition coefficient
of 1.55. Additionally, sodium acifluorfen has a pKa of 3.86,
indicating it will exist in the anion form at pH values
from 5 to 9. Acifluorfen has an estimated vapor pressure of
1.5 � 10�8 mm Hg, Koc values from 44 to 684, and an esti-
mated pKa of 2.07.

The pKa of sodium acifluorfen indicates the compound
will exist in an anion form in the environment. Compared
to their neutral counterparts, anion forms do not strongly
adsorb to soils containing organic carbon and clay. Anions
do not volatilize, therefore it is highly unlikely that aci-
fluorfen will volatilize from dry or moist soil conditions.
Additionally, volatilization of sodium acifluorfen from water
surfaces is also highly unlikely. The estimated vapor pressure
of acifluorfen indicates that it will exist in both the vapor
and particulate phases in the ambient air. Based on the Koc

value range of 44–684, acifluorfen has a very high to low
mobility in soil. Adsorption and desorption are strongly
correlated to site-specific soil parameters such as pH and
mineral content.

In the environment, sodium acifluorfen dissociates to
acifluorfen and sodium. Additionally, acifluorfen acid is a
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degradation product of lactofen, another herbicide used on
agricultural crops and in forestry. In aerobic soil conditions,
acifluorfen has a half-life ranging from 108 to 200 days, and in
aerobic aquatic conditions the estimated half-life is 117 days.
In anaerobic conditions, acifluorfen has an estimated half-life
of 2.75 days. Persistence of the active ingredient in soil will vary
based on conditions (i.e., soil pH, soil organic carbon content,
and soil iron content). Acifluorfen will undergo photodecom-
position in water with a half-life ranging from 21.7 to 352 h
depending on water condition (i.e., sediment free, pH, water
depth, etc.).

Sodium acifluorfen is expected to be transported by appli-
cation drift and leaching. A potential method of transport for
sodium acifluorfen into surface water is by runoff and erosion
from treated soil.

Based on the low octanol/water partition coefficient, neither
sodium acifluorfen (Kow¼ 3.70) nor acifluorfen (Kow¼ 1.55)
is expected to bioaccumulate in aquatic organisms.
Exposure and Exposure Monitoring

As mentioned in the section Environmental Fate and Behavior,
sodium acifluorfen is a nonselective herbicide and is directly
released into the environment. The production process of
sodium acifluorfen can result in a release to the environment
through various waste streams. If acifluorfen reaches ground-
water, the compound will persist because of its stability to
abiotic hydrolysis. An alternative route to surface water for
acifluorfen may come from discharge of acifluorfen-contami-
nated groundwater into surface water. There is a potential for
acifluorfen to persist in surface water if photodegradation does
not occur. Its ability to persist in surface waters indicates that
runoff is a potential transport mechanism to aquatic and
terrestrial organisms.

Occupational exposure to sodium acifluorfen can occur by
inhalation and dermal contact at workplaces that produce the
compound or during the application process. The label of
sodium acifluorfen requires personal protective equipment in
the form of a long sleeved shirt, long pants, and chemical
resistant gloves. A respirator is not necessary. An occupational
handler exposure study indicated there was no risk of concern
for occupational handlers.

The general public’s exposure can occur through dermal
contact with products that contain the active ingredient. Resi-
dential use of sodium acifluorfen is as a spot treatment herbi-
cide. Residential applicators are likely to be exposed when
using sodium acifluorfen as a spot treatment to driveways,
sidewalks, and patios. Health risk is considered to be little or
none for residential postapplication exposure because appli-
cation practices are limited.

Sodium acifluorfen and lactofen are both registered herbi-
cides directly introduced into the environment that degrade to
acifluorfen. Monitoring data are available in soil, surface water,
and ground water for acifluorfen. Residues of sodium aci-
fluorfen have been detected in 56 of 283 soil samples (up to
0.6m depth). Residues were detected in samples up to
10months postapplication. These results indicate that there is
a potential for residues to reach groundwater via typical envi-
ronmental transport. In 1992, acifluorfen residues were
reported in the Pesticide in GroundWater Data Base (PGWDB),
a summary of groundwater monitoring studies. The PGWDB
reported 4 of 1185 sampled wells had concentrations of aci-
fluorfen ranging from 0.003 to 0.025 mg l�1.

The US Geological Survey (USGS) National Water Quality
Assessment program conducted a water quality study through-
out the United States from 1993 to 2007. Results showed
quantifiable residues (estimated and measured) in 173 of
13 524 samples collected. In groundwater, 10 samples dis-
played residue levels with a maximum measured residue of
0.33 mg l�1. The remaining 163 samples were collected from
surface waters with a maximum estimated residue of 2.2 mg l�1

and maximummeasured residue of 1.1 mg l�1. Both the surface
and groundwater maximum residue results (measured and
estimated) were collected from agricultural lands.
Toxicokinetics

Minimal published information can be found about tox-
icokinetic properties of acifluorfen. Because liver and kidney
are known target organs based on animal studies, clearly aci-
fluorfen distributes to those organs. Being just slightly more
lipid soluble than water soluble (octanol/water partition
coefficient at pH 7 is 1.55), some absorption into the body
across lipid membranes can occur following exposure through
skin, lungs, or GI tract. Although no detailed information was
found about the rate of metabolism or excretion or identities of
metabolites, the Kow predicts a fairly short biological half-life in
the body and excretion in urine. This would be consistent with
the fact that acifluorfen does not bioaccumulate, and also with
its relatively low oral, dermal, and inhalation toxicity.
Mechanism of Toxicity

Acifluorfen inhibits the enzyme protoporphyrinogen oxidase,
which catalyzes the dehydrogenation of protoporphyrinogen
IX to protoporphyrin IX. In the presence of light, accumulated
protoporphyrin can generate highly reactive oxygen species and
induce membrane lipid peroxidation. The peroxidation of the
lipid can result in a chain reaction and cause fragmentation and
destruction of the lipid. The consequence of lipid peroxidation
for a cell is loss of the membrane function. The primary target
organs for sodium acifluorfen are the liver and kidneys.
However, there are limited data that suggest cells can synthesize
cytochrome P450 for detoxification of sodium acifluorfen.
Further study is needed to confirm this.
Acute and Short-Term Toxicity

Sodium acifluorfen has displayed low acute oral, dermal, and
inhalation toxicity. Sodium acifluorfen can cause irreversible
eye damage. It is not a skin sensitizer, but prolonged or
frequent exposure to the skin can cause an allergic reaction.
Acute exposure in rabbits indicates sodium acifluorfen is
a severe eye irritant and a moderate skin irritant. The US EPA
Toxicity Category system, ranging from I (most toxic) to IV
(least toxic), classifies sodium acifluorfen for acute eye
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irritation as a Category I. Based on the US EPA scale, acute skin
irritation is a Category II, acute oral and dermal toxicity is
a Category III, and acute inhalation toxicity is a Category IV.
Chronic Toxicity

Sodium acifluorfen is a member of the diphenyl ether chemical
family. The most common toxicity endpoint with this class of
chemicals is liver effects. In subchronic and chronic studies for
sodium acifluorfen, the primary target organs were the liver and
kidney in mice, rats, and dogs. Subchronic feeding studies in
rats and mice displayed a decrease in animal body weight and
signs of liver toxicity, which included an increase in liver weight
and an increased incidence of cellular hypertrophy. Chronic
feeding studies in mice, rats, and dogs displayed reversible liver
toxicity, which included acidophilic cells in the liver and an
increased liver weight. Chronic feeding studies in mice, rats,
and dogs also displayed kidney toxicity, including nephritis/
pyelonephritis and increased kidney weight.
Immunotoxicity

Data are limited concerning immunotoxicity. Prolonged or
frequent repeated skin exposure to sodium acifluorfen in some
individuals can cause an allergic reaction. This endpoint indi-
cates a potential immune system response but further study is
needed to define a clear dose–response.
Reproductive Toxicity

Rats exposed to sodium acifluorfen have displayed a decrease
in fetal body weight and an increase in anatomical variations.
A two-generation reproduction study in rats reported an
increase in pup mortality and kidney lesions; however, there
were no changes in reproductive parameters. Rats exposed
to sodium acifluorfen displayed minimal maternal toxicity,
including excess salivation, chromorhinorrhea, piloerection,
and urine-stained abdominal fur.
Genotoxicity

Acifluorfen has displayed negative results in genotoxicity
studies. Sodium acifluorfen has displayed some weak muta-
genic results in an Ames assay with metabolic activation and
tumors in rodent studies but not enough evidence to confirm
genotoxicity. Studies testing various purity forms of acifluorfen
have indicated there is no evidence of induced mutations with
or without metabolic activation. Testing has been conducted
with purity concentrations of the active ingredient up to 42.8%.
Carcinogenicity

The International Agency for Research on Cancer (IARC)
has not classified this herbicide. However, the US EPA Office of
Pesticide Programs (OPP) previously classified sodium
acifluorfen as a B2 chemical carcinogen (probable human
carcinogen). Based on additional studies and reviews, the OPP
changed the classification of sodium acifluorfen as “likely to be
carcinogenic to humans at high enough doses to cause
biochemical and histopathological changes in livers of rodents
but unlikely to be carcinogenic at doses below those causing
these changes.” A study in 60 male and 60 female B6C3F1 mice
at doses of 0, 626, 1250, and 2500 ppm for 18 months resulted
in decreased body weights in both sexes and an increase in liver
tumors in the male mice. At the highest dose level tested
(2500 ppm), the liver tumors in the male mice significantly
increased above the controls tested and a significant reduction
in body weight was recorded. In the female mice, only weight
reduction was observed in the highest dose level tested
(2500 ppm). Residential uses of sodium acifluorfen are limited
to spot treatments only, so therefore carcinogenic effects are not
expected to result from residential uses. Chronic occupational
exposures are not expected. Typically, sodium acifluorfen is
only applied one or two times a year, and therefore, cancer
effects in applicators are not expected during the application
process.
Clinical Management

Limited data are available on human exposure. However,
fatalities have been observed following ingestion of 80mg kg�1,
and health effects are noticeable at 50mg kg�1. As stated in the
section Exposure and Exposure Monitoring section, the primary
route of human exposure is by dermal contact or inhalation. If
skin contact occurs, remove contaminated clothing, wash the
area thoroughly, and repeat washing if necessary. If inhalation
exposure occurs, immediately move the individual to fresh air,
administer oxygen, and assist ventilation as required. It is highly
unlikely to experience toxicity from residual exposure on treated
crop products. In the event that an individual has consumed
contaminated products over the amount of 40mg kg�1,
perform gastric decontamination by administering activated
charcoal slurry.
Ecotoxicology

Sodium acifluorfen is classified as slightly toxic, on an acute
basis, to freshwater fish and invertebrates. In an acute study
using technical grade sodium acifluorfen, rainbow trout
(Oncorhynchus mykiss) had an LC50 of 17mg l�1. A chronic
study determined the NOAEC to be less than 3.4mg l�1using
fathead minnow (Pimephales promelas). The most sensitive
acute study using technical grade sodium acifluorfen for
freshwater invertebrates was the water flea (Daphnia magna),
with an LC50 of 28.1 mg l�1. There are no available data for
chronic freshwater invertebrates.

In terms of acute toxicity, sodium acifluorfen is classified as
slightly toxic to saltwater fish. In an acute study using technical
grade sodium acifluorfen, sheepshead minnow (Cyprinodon
variegatus) had an LC50 of 39mg l�1. There are no available
data for chronic estuarine/marine fish studies. In acute estua-
rine/marine invertebrates, sodium acifluorfen is moderately
toxic. The most sensitive acute study using technical grade
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sodium acifluorfen on estuarine/marine invertebrates was the
mysid shrimp (Americamysis bahia), with an LC50 of 3.8mg l�1.
There are no available data for chronic estuarine/marine
invertebrates.

Sodium acifluorfen is practically nontoxic to plants with
no vascular tissue or vascular system. In a Tier I level study, the
concentration of sodium acifluorfen that is equivalent to the
maximum label rate (355 mg l�1) caused no growth reduction
in algae after 5 days of exposure. In a Tier II level study, the
most sensitive nonvascular aquatic plant is Selenastrum capri-
cornutum, with an NOAEC greater than 265 ppm. In a Tier II
level study, the most sensitive aquatic vascular plant is
duckweed, with an EC50 of 378 ppb. There is a potential risk
to offsite nontarget plants; however, the magnitude is
uncertain.

Acute oral toxicity tests indicate that sodium acifluorfen is
moderately toxic to birds (quail LD50¼ 325mg kg�1) and
slightly toxic to mammals (rats LD50¼ 1540mg kg�1). In
subacute and chronic studies, sodium acifluorfen is practically
nontoxic to birds (quail and mallard LC50> 10 000 ppm).
Other Hazards

Sodium acifluorfen is a strong oxidizer and steps should be
taken to avoid contact with all sources of ignition.
Exposure Standards and Guidelines

There are established US tolerances for residues of sodium
acifluorfen on peanuts (0.1 ppm), rice – grain (0.1 ppm), rice –
straw (0.2 ppm), soybean – seed (0.1 ppm), and strawberries
(0.05 ppm). These tolerances are listed in 40 CFR x180.208.
There is no Codex maximum residue limit (MRL) for aci-
fluorfen. However, there is one established MRL in Canada, set
at 0.02 ppm, for the use of acifluorfen postemergence on
soybeans as a control for weeds. Additionally, Brazil has one
established MRL on soybeans (dry) at 0.02 ppm.

No Total Maximum Daily Loads have been developed for
sodium acifluorfen. Additionally, there is no maximum
contaminant level for acifluorfen. The Health Advisories for
a 10-kg child is 2 mg l�1 (1-day and 10-day), with a Refer-
ence Dose of 0.01 mg kg�1 day�1 and a Drinking Water
Equivalent Level of 0.4 mg l�1.

See also: Pesticides; Environmental Risk Assessment,
Pesticides and Biocides.

Further Reading

Registration Review – Preliminary Problem Formulation for the Environmental Fate
and Ecological Risk, Drinking Water, and Endangered Species Assessments for
Sodium Acifluorfen, Docket Number: EPA-HQ-OPP-2010-0931-003, March
24, 2010.

Sodium Acifluorfen, Hazardous Substance Data Bank: http://toxnet.nlm.nih.gov
(accessed 7.04.12).

Sodium Acifluorfen: Human Health Assessments Scoping Document in Support of
Registration Review, Docket Number: EPA-HQ-OPP-2010-0135-0004, March
23, 2010.

U.S. EPA RED Facts, Sodium Acifluorfen, Docket Number: EPA-738-F-04–001,
September 2003.

U.S. EPA Reregistration Eligibility Decision for Sodium Acifluorfen: Case No. 2605
Docket Number: EPA-HQ-OPP-2005-0459, March 2003.
Relevant Website

http://www.epa.gov – U.S. Environmental Protection Agency.

http://toxnet.nlm.nih.gov
http://www.epa.gov


Acrolein
D Pamies and E Vilanova, Universidad Miguel Hernández de Elche, Elche, Spain

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by James M. Garrison, volume 1, pp 40–42, � 2005, Elsevier Inc.
l Name: Acrolein
l Chemical Abstracts Service Registry Number: 107-02-8
l Common Synonyms: 2-Propenal, Acquinite, Acraldehyde,

Acraldehydeacroleina
l Molecular Formula: C3H4O
l Chemical Structure:

H2C H

O

Background
The first time that acrolein was produced as a commercial
product was in the 1930s through the vapor-phase condensa-
tion of acetaldehyde and formaldehyde. Another method was
developed in the 1940s, which involved the vapor-phase
oxidation of propylene. In the 1960s, some advances were
found in propylene oxidation process by the introduction of
bismuth molybdate-based catalysis, and that became the
primary method used for the commercial production of acro-
lein. Some bioproducts formed for this reaction are acrylic acid,
carbon oxides, acetaldehyde, acetic acid, formaldehyde, and
polyacrolein. In World War I, it was used as a chemical weapon
(pulmonary irritant and lachrymatory agent). Commercial
acrolein contains 95.5% or more of the compound, the main
impurities being water (<3.0% by weight) and other carbonyl
compounds (<1.5% by weight), mainly propanol and acetone.
Hydroquinone is added as an inhibitor of polymerization
(0.1–0.25% by weight). This product has been classified for its
hazard according to the Global Harmonized System (GHS) as
described in Table 1.
Uses

The main use of acrolein is as an intermediate in the manu-
facture and synthesis of many organic chemicals like glycerol,
Table 1 Classification of acrolein on the basis of the Global Harm

Hazard class and category code(s) Hazard statement code(s)

Flam. liq. 2 H225 highly flammable l
Acute tox. 2a H330 fatal if inhaled
Acute tox. 3a H311 toxic in contact wi
Acute tox. 3a H301 toxic if swallowed
Skin corr. 1B H314 causes severe skin
Aquatic acute 1 H400 very toxic to aquat

aSource: From the Annex 6 Table 3.1 in “Regulation (EC) No 1272/2008 of th
sification, labelling and packaging of substances and mixtures, amending and re
(EC) No 1907/2006 (Text with EEA relevance)”, Official Journal of the Europea

Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
polyurethane, polyester resins, methionine, acrylic acid and its
esters, and pharmaceuticals. The main additional uses are as
a biocide in the control of algae, weeds, and mollusks in
recirculating water systems, as a slimicide in the paper industry,
and as a biocide in oil wells and liquid petrochemical fuels; it is
also used in the cross-linking of protein collagen in leather
tanning, as a tissue fixative in histological samples, in the
manufacture of colloidal forms of metals, in the production of
perfumes, and as a warning agent in methyl chloride
refrigerant.
Environmental Fate and Behavior

Exposure Routes and Pathways

Themain acrolein route of exposure is through smoke. Acrolein
is produced as a by-product of combustion of organic
compounds, being present in a large spectrum of different
smoke produced by, for example, cigarettes, petrochemical
fuels (like gasoline or oil), synthetic polymers, paraffin wax,
trees, plants, food, animals, vegetables fats, and building fires.
Additional exposure can be linked to traffic accidents or to
water treated with biocides that contain acrolein. Improperly
handled hazardous waste sites can release acrolein into the
nearby environment (air, water, or soil).
Physicochemical Properties

Acrolein is a clear, colorless, or yellow liquid. It is highly
flammable at ordinary temperature and very volatile and
quickly combusted in air. Its odor is shooting, choking, and
strong and can be detected by humans at concentrations in air
around 0.25 ppm. It is soluble in water and in organic solvents.
It is a very reactive compound in the absence of an inhibitor
a highly exothermic polymerization at room temperature
(catalyzed by light and air) may occur.

Table 2 shows general relevant physical–chemical proper-
ties of acrolein.
ony System (GSH)a

Pictogram, signal word code(s)

iquid and vapor GHS02
GHS06

th skin GHS05
GHS09

burns and eye damage Dgr
ic life

e European Parliament and of the Council of 16 December 2008 on clas-
pealing Directives 67/548/EEC and 1999/45/EC, and amending Regulation
n Union, L 353/, 31.12.2008. Available in Internet (15 November 2013).
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Table 2 General physical properties

Physical property Value

Melting point �87.7 (�C)
Boiling point 52.6 (�C)
Log P (octanol–water) �0.01
Water solubility 2.12E þ 05 mg l�1 (at 25 �C)
Vapor pressure 274 mm Hg (at 25 �C)
Henry’s law constant 1.22E � 04 atm-m3 mole�1 (at 25 �C)
Atmospheric OH rate constant 1.99E � 11 cm3 molecule-s�1 (at 25 �C)

Source: ChemIDplus Advanced data base available in ChemIDplus Advanced data base available in http://chem.sis.nlm.nih.gov/
chemidplus/rn/107-02-8 (accessed 15 November 2013). The information is offered by National Library of Medicine (NLM) /NIH
(National Institutes of Health). This data base is also available through TOXNET (Toxicology data Network) also offered by NLM:
http://toxnet.nlm.nih.gov/cgi-bin/sis/search.

Table 3 Half-life of acrolein in the different environment compartments

Medium Reactive Half-life

Atmosphere Hydroxyl radical 0.81 days (5 � 105 cm�3)
Ozone 41 days (1 � 1011 cm�3)
Nitrate radicals 28 days (at 2.4 � 108 cm�3)
Nitrogen oxides 3.5 days

Air 10 h
Water 30–100 h

3-Hydroxypropan-1-al in nonsterile irrigation water
pH Half-life
6–8 1.7–2.3 days
5 3.5 days
7 1.5 days
10 4 h
Singlet oxygen 8 years
Alkyl peroxyl radicals 23 years
Hexane solvent UV light > 290 nm

Surface water (river and lakes) 7.6 h–4.6 days
Groundwater Aerobic and anaerobic degradation 11–56 days
Irrigation canals (herbicide) 7.3–10.2 h
Dry soil 7.5–10.2 h

Source: HSDB (Hazardous Substances Data Bank). The data base is offered by NLM/NIH available in http://toxnet.nlm.nih.gov/.
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Partition Behavior in Water, Sediment, and Soil

Modeling studies have been used to characterize the pathways
of acrolein and its environment behavior. A steady state,
nonequilibrium model (Level III fugacity model) according to
Mackay (1991) and Mackay and Paterson (1991) indicates that
acrolein has a different behavior depending on the compart-
ment in which it is released. If it is continuously discharged into
a specific compartment, most of it can be expected to remain in
that compartment.
Environmental Persistence (Degradation/Speciation)

In water-sediment systems, acrolein is degraded by hydrolysis,
self-oxidation, and biodegradation. Due to the high volatility
and reactivity with soil materials, its accumulation in the envi-
ronment is not expected. In addition, biotic and abiotic degra-
dation would eliminate this compound rapidly from the soil.
The presence in water is mostly related to the use of acrolein as
biocide. Acrolein is removed from surface water primarily by
reversible hydration, biodegradation by acclimatized microor-
ganisms, and volatilization. In groundwater, acrolein is
removed by anaerobic biodegradation and hydrolysis. There-
fore, low persistence in water is expected. In the atmosphere,
acrolein has a short estimated half-life, and consequently the
potential for atmospheric long-range transport is low.
Bioaccumulation and Biomagnification

As expected from its low Kow and high water solubility, acrolein
has a low potential for bioaccumulation.
Exposure and Exposure Monitoring

Routes and Pathways

Significant exposures to acrolein are most likely to occur by
inhalation, with potential for skin and eye contact, in general
through exposure to smoke produced by organic compound
combustion. The predominant route of environmental exposure
would be inhalation of smoke or automotive exhaust. Some
alcoholic drinks such as wine contain a low concentration of
acrolein produced by heating of foodstuffs. Ingestion or contact

http://chem.sis.nlm.nih.gov/chemidplus/rn/107-02-8
http://chem.sis.nlm.nih.gov/chemidplus/rn/107-02-8
http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://toxnet.nlm.nih.gov/
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exposure is possible only in accidents or workers who use
acrolein as a biocide. However, it can appear in the environment
through different waste streams produced, such as aquatic
herbicide, warning agent in gases, or fumigant for ground.

Human Exposure

Acrolein can be present in air due to combustion processes
(cigarettes, fuels, and other organic combustion). Exposure can
be particularly high at smoking places and urban areas with
higher automobile traffic. Presence in rural sites is unlikely, and
generally the concentration does not exceed 0.1 mg m�3.
Humans can be exposed by contact with water treated with
slimicides or herbicides. High exposure may be produced by
transport accidents of acrolein for commercial uses. Some
foods like fried food and roasted coffee can produce small
amounts of this product. Acrolein is also found naturally in the
body in very small amounts due to the natural formation of
the compound by normal lipid oxidation and metabolism of
a-hydroxyamino acids.
Environmental Exposure

Levels in outdoor air are usually low (0.2 ppb in urban air and
0.12 ppb in rural air). Even though, one to two orders of
magnitude higher levels have been found in several cities and
near industrial sources. Acrolein levels in rainwater are also very
low. The indoor levels of acrolein in residential houses range
from<0.02 to 12 ppb, and are related to tobacco consumption.
The acrolein emission generated by a cigarette ranges between
0.06 and 0.22 mg. Presence of acrolein in food is limited.
Toxicokinetics

Acrolein is extensively adsorbed by the inhalation and oral
routes. Limited information is available regarding dermal
absorption of acrolein. Inhalation is the most frequent route of
exposure. Most of the absorption is retained in respiratory
tissue, but sometimes part can be absorbed into the blood and
distributed throughout the body. Glutathione conjugation is
the dominant detoxification pathway. Liver is responsible to
transform this metabolism in glyceraldehyde and a number of
metabolites (glutathione, cysteine, and N-acetylcysteine) that
can be excreted in the urine as well as some unchanged acro-
lein. The majority of free acrolein is excreted by respiratory
system in the exhaled breath.
Table 4 Inhalation acute toxicology

Species LC50 (mg m�3)

F-344 rats (male) 6.0 ppm (13.7 m
Wistar rats (male) 4.6 ppm (10.5 m
Wistar rats (male) 9.2 ppm (21.7 m
Swiss Webster mice (male) 1.7 ppm (3.9 m
Ssc:CF-1 mice (male) 2.9 ppm (6.6 m
B6C3F1 mice (male) 1.41 ppm (3.2 m
Swiss Webster mice (male) 1.03 ppm (2.4 m

Source: HSDB (Hazardous Substances Data Bank). The data b
nih.gov/.
Mechanism of Toxicity

Acrolein reacts directly with protein and nonprotein sulfhy-
dryl groups and with primary and secondary amines. Mer-
capturic acids, acrylic acid, or glyceraldehyde can also be
produced. The last three metabolites have been detected only
in in vitro experiments. Acrolein affects primarily the respi-
ratory tract, producing irritation in the mucous membranes
of the sensory nerve endings. Also, a depression of the
mucociliary defense system may appear, depending on the
dose. Inhalation may cause hypertension and tachycardia.
Concentrated solutions, above 10%, can produce eye irrita-
tion, lacrimation, and sometimes ulceration or necrosis.
Neurotoxicological effects can also be produced and should
be taken in account. Some studies have shown that acrolein
can be a possible mediator of oxidative damage in cells and
tissues in a wide variety of disease states. The mechanism is
not understood.
Acute and Short-Term Toxicity

Animals

Dermal Effects
Like in humans, the eye seems to be themost sensitive target for
dermal exposure (0.3 ppm in air). Dogs and monkeys show
lacrimation and blinking eyes during intermediate exposure to
3.7 mg kg�1 while guinea pigs and rodents did not. The levels
of acrolein for structural damages in eyes are not known.

Respiratory Effects
Different effects have been reported in animals after exposure
to 0.25 ppm acrolein, including reduction in respiratory rate,
histological changes in nasal epithelium, reduction in bacte-
ricidal activity, high fever, dyspnea, coughing, foamy expec-
toration, cyanosis, tracheal and alveolar epithelial
destruction, pulmonary edema, lung hemorrhage, basal cell
metaplasia, and possible death. After vapor acrolein exposure,
changes in body and organ weights, hematology, and serum
biochemistry have been observed in animals. There is limited
evidence that acrolein can depress pulmonary host defenses in
mice and rats. Acute inhalation toxicity studies are summa-
rized in Table 4.

Oral Effects
Clinical signs in different animals after oral intake are similar
and dose related across species. Effects include gastrointestinal
Source

g m�3) Babiuk et al. (1985)
g m�3) Bergers et al. (1996)
g m�3) Cassee et al. (1996b)
g m�3) Kane and Alarie (1977)
g m�3) Nielsen et al. (1984)
g m�3) Steinhagen and Barrow (1984)
g m�3) Davis et al. (1967)

ase is offered by NLM/NIH available in http://toxnet.nlm.

http://toxnet.nlm.nih.gov/id=
http://toxnet.nlm.nih.gov/id=
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discomfort, vomiting, and stomach ulceration or hemorrhage
and edema of the stomach mucosa. The stomach epithelium
appears to be the most sensitive target after oral exposure
(0.75 mg kg�1). The irritation of the stomach can increase at
higher doses (2 mg kg�1 and higher). Data are not available to
determine if an adaptive effect for chronic oral exposures would
be observed at higher dose levels. As in respiratory intake,
ingestion of large amounts of acrolein during pregnancy caused
similar effects. Nevertheless, there is no evidence of an effect on
development of offspring without producing great injury
(normally death) in the mother.
Human

Dermal and Ocular Effects
Acrolein causes ocular irritation after contact in the vapor or
liquid state. At concentrations of 0.81 ppm in vapors, this
compound can cause irritation and produce lacrimation in 20 s
and at 1.22 ppm in 5 s. Studies in humans in different vapor-
exposure scenarios have shown eye irritation in concentra-
tions of 0.09 ppm. Concentrations of acrolein between 0.5 and
5 ppm caused lacrimation and various degrees of eye irritation
in exposure periods of 10 min or less.

Exposure to the skin may produce irritation with
erythema, edema, and necrosis, and sensitization can occur
from prolonged or repeated contact with acrolein. Volun-
teers receiving topical applications of a 10% solution of
acrolein in ethanol exhibited irritation, papillary edema,
polymorphonuclear infiltrates, and epidermal necrosis 48 h
after exposure.
Respiratory Effects
Nasal irritation in humans has been observed at levels
similar to those seen in animals. Observed effects after
exposures as low as 0.25 ppm within 5 min include nasal
irritation, discomfort, and reduction in respiratory rate in
humans. Human respiratory tracts suffer irritation in the
mucous membranes at concentrations higher than 0.3 ppm.
Nasal tissue is the most sensitive target, but higher concen-
trations (2–5 ppm) can extend the effect through the respi-
ratory tract, reaching the alveolar spaces. A reduction in
breathing rate was reported by volunteers acutely exposed to
levels of 0.3 ppm.
Oral Effects
Human data for oral exposures are not available.
Table 5 Inhalation chronic toxicology

Animal Exposure Route Time

Sprague–Dawley rats 8 ppm Inhalation 1 h day�1 for 18 months
Syrian golden

hamsters
0 or 4.0 ppm Inhalation 7 h days�1, 5 days week�1,

followed by a 29-week re

Source: Table based in HSBD acrolein monographic information.
Chronic Toxicity

Animals

There is limited evidence of chronic effects of acrolein in
animals. Only two studies have been done. A summary of
inhalation acute toxicity effects is shown in Table 5.

Human

There is no clear evidence of chronic exposure effects in
humans.
Immunotoxicity

Studies in rats and mice with inhalation exposure have shown
adverse effects of acrolein in the immune system (including
host resistance, pulmonary bacterial clearance, antibody
responsiveness, lymphocyte blastogenesis, and respiratory
damage).
Reproductive Toxicity

Studies in vivo in rats, mice, and rabbits have shown no clear
evidence that acrolein can produce effects on the develop-
mental/reproductive toxicity. There are not conclusive
evidences of feto/ebriotoxic and teratogen effects. Problems in
development have been reported, such as skeletal malforma-
tion and reduced weight of offspring, but always related with
exposure levels resulting in maternal mortality.
Genotoxicity

There is some evidence that acrolein is able to transcription-
ally activate genes responsible for phase II enzymes producing
resistance against cell death. This capacity of acrolein can be
involved in carcinogenesis in lungs caused by cigarette smoke
In the absence of cytotoxicity, acrolein induces gene muta-
tions in bacteria and mammalian cells in culture. The obser-
vations of positive mutagenic results in bacterial systems
occurred at high concentrations near the lethal dose. Struc-
tural chromosomal aberrations have appeared as well in
Chinese hamster ovary cells. Acrolein can form adducts with
DNA and induce sister chromatid exchange, DNA cross-
linking, and mutations under certain conditions. Other in
vitro evidence has shown how acrolein interferes with
DNA repair mechanism somehow. Studies in animals with
Effect

Alveoli emphysema
for 52 weeks
covery period

Reductions in body weight, increase in relative lung
weights and a reduction in relative liver weights in
females, as well as slight to moderate histopathological
effects in the anterior portion of the nasal passages
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exposure to acrolein via drinking water have shown only
a single case of a significant tumor. Despite the uncertainties,
it may be possible that acrolein could have a weak mutage-
nicity potential.
Carcinogenicity

There are no adequate human studies on the carcinogenic
potential of acrolein. It has been suggested that acrolein is
a major etiologic agent for tobacco smoking-related lung
cancer. Despite the evidence of the DNA damage produced by
acrolein exposure, genotoxicity in mammalian cells has been
not proved. There is limited evidence of acrolein carcinoge-
nicity in animal studies, but glyceraldehyde, a potential
metabolite of acrolein, is considered to be carcinogenic.
Clinical Management

After inhalation exposure, the respiratory tract should be
monitored. Irritation, bronchitis, or pneumonitis can be the
first symptoms. Humidified supplemental 100% oxygen
should be administered. In case of bronchospasm, treat
patients with an aerosolized bronchodilator. Do not induce
vomit and keep airway open. For eye contamination, irrigate
each eye continuously with 0.9% saline water or tepid water
for at least 15 min. If eye irritation, pain, swelling, lacrima-
tion, or photophobia persists after washing with water, the
Table 6 Acute toxicity of acrolein to aquatic organisms

Species Scientific name

Bluegill sunfish Lepomis macrochirus

Rainbow trout Oncorhynchus mykiss

Water flea Daphnia magna

Sheepshead minnow Cyprinodon variegatus

Longnose killifish Fundulus similis

Eastern oyster Crassostrea virginica

Eastern oyster Crassostrea virginica

Brown shrimp Penaeus aztecus

Mysid shrimp Americamysis bahia

Snail Australorbis glabratus

Snail Aplexa hypnorum

Snail Tanytarsus dissimilis

Mussels Mytilus edulis

Carp and threadfin shad

Source: Table based in HSBD acrolein monographic information.

Table 7 Acute toxicity of acrolein in terrestrial organisms

Species Scientific name Concentration Expos

Chicken Gallus sp. 113–454 mg m�3 >27
Mallards Anas platyrhynchos 9.1 mg kg�1

Fruitfly Drosophila melanogaster 4606 mg l�1 4 h
Crop plants 7 Species 233–4700 mg m�3 Differ

Source: Table based in HSBD acrolein monographic information.
patient should be seen in a health care facility. In some cases,
after acrolein ingestion, gastric lavage may be indicated soon
after ingestion. If the patient is asymptomatic, administer
activated charcoal slurry mixed with saline cathartic or
sorbitol 1 g kg�1. If is not possible to apply any of these
treatments, administer 5 ml kg�1 up to 200 ml of water if the
patient can swallow, or milk, but no more than 100 ml for
children and 220 ml for adults. For dermal contamination,
remove contaminated clothes and wash exposed areas with
soap and water. Treat dermal irritation and burns with stan-
dard topical therapy.
Ecotoxicology

Aquatic Organism Toxicity

Acrolein is highly toxic to aquatic organisms. There are some
studies of the toxicity effect in aquatic environment due to the
use of acrolein as herbicide in irrigation canals (Table 6). Most
algae and weeds have shown high sensitivity to acrolein.
Terrestrial Organisms Toxicity

Most terrestrial crop plants can tolerate irrigation water con-
taining 25 mg acrolein per liter without damage. There are not
many data on toxicity relevant to terrestrial wildlife. Data
indicate that terrestrial organisms are less sensitive than aquatic
organisms to single exposures to acrolein (Table 7).
% a.i. 96 h LC50 (ppb) EPA toxicity category

96.4 22 Very highly toxic
96.4 <31 Very highly toxic
96.4 <31 Very highly toxic
85.2 430 Highly toxic
100 55 Very highly toxic
100 55 Very highly toxic
94.7 106 Highly toxic
100 100 Highly toxic
94.7 500 Highly toxic
98 10 Very highly toxic
50 151 Highly toxic
50 151 Highly toxic
100 600 (29 h)

>5 Very highly toxic

ure Effects

days Tracheal damage
Intoxication, ataxia, regurgitation, imbalance, and
withdrawal

LC50
ent times Smog-like leaf damage
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Other Hazards

Acrolein is a highly reactive compound and can be polymerized
into dimethylaniline in a violent reaction (possible explosively
properties) in the presence of strong acids or bases. Care should
be taken to prevent mixing with amines, sulfur dioxide, metal
salts, and oxidants. Acrolein is sensitive to heat, light, and air.
Exposure Standards and Guidelines

The National Institute for Occupational Safety and Health
(NIOSH) recommended exposure limit for an 8- or 10-h time-
weighted average (TWA) exposure and/or ceiling. TWA:
0.1 ppm (0.25 mg m�3).

NIOSH short-term exposure limit (STEL): recommended
exposure limit for a 15-min period. STEL: 0.3 ppm (0.8mgm�3).

The Occupational Safety and Health Administration’s
permissible exposure limit expressed as a TWA; the concen-
tration of a substance to which most workers can be exposed
without adverse effect averaged over a normal 8-h workday or
a 40-h workweek. TWA: 0.1 ppm (0.25 mg m�3)

Miscellaneous

Acrolein is a yellowish liquid with an unpleasant piercing and
acrid odor that most people may begin to smell at air
concentrations around 0.25 ppm.
See also: Acrylic Acid; Formaldehyde; The Globally Harmonized
System for Classification and Labeling of the GHS; Glycerol;
Nonlethal Weapons; Clean Water Act (CWA), US; Acetaldehyde.
Further Reading
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September 2011. Toxicology and risk assessment of acrolein in food. Mol. Nutr.
Food Res. 55 (9), 1277–1290. http://dx.doi.org/10.1002/mnfr.201100481.

Acrolein. Concise International Chemical Assessment Document 43. World Health
Organization. http://www.who.int/ipcs/publications.

Acrolein Data. Chemical Carcinogenesis Research Information System (CCRIS). CCRIS
Record Number: 3278.

Bein, K., Leikauf, G.D., 2S. Acrolein – a pul/monary hazard. Mol. Nutr. Food Res. 55
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Relevant Website

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
Toxicological Profile for Acrolein.
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l Name: Acrylamide
l Chemical Abstracts Service Registry Number: 79-06-1
l Synonyms: Acrylic acid amide, Ethylenecarboxamide, 2-

Propenamide, Propenoic acid amide, Vinyl amide
l Molecular Formula: C3H5NO
l Chemical Structure:
Background

Acrylamide is an odorless, white crystalline solid that initially
was produced for commercial purposes by reaction of acrylo-
nitrile with hydrated sulfuric acid.

Acrylamide exists in two forms: a monomer and a poly-
mer. Monomer acrylamide readily participates in radical-
initiated polymerization reactions, whose products form the
basis of most of its industrial applications. The single unit
form of acrylamide is toxic to the nervous system, a carcin-
ogen in laboratory animals and a suspected carcinogen in
humans. The multiple unit or polymeric form is not known to
be toxic.

In 2002, researchers at the University of Stockholm
reported that high levels of acrylamide are formed during the
fried or baked high-carbohydrate foods such as potato chips
and French fries that are prepared at high temperatures.
Because these foods are widely consumed in significant
amounts, much interest and concern was generated from the
report. Acrylamide has been found in certain foods that have
been cooked or processed at high temperatures, above
120 �C.

Acrylamide is formed as a by-product of the Maillard reac-
tion. The Maillard reaction is best known as a reaction that
produces pleasant flavor, taste, and golden color in fried and
baked foods; the reaction occurs between amines and carbonyl
compounds, particularly reducing sugars and the amino acid
asparagine. In the first step of the reaction, asparagine reacts
with a reducing sugar, forming a Schiff’s base. From this
compound, acrylamide is formed following a complex reaction
pathway that includes decarboxylation and a multistage elim-
ination reaction. Acrylamide formation in bakery products,
investigated in a model system, showed that free asparagine
was a limiting factor. Treatment of flours with asparaginase
practically prevented acrylamide formation. Coffee drinking
and smoking are other major sources apart from the human
diet.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Acrylamide is mainly used in the production of polymers and
copolymers for various purposes. The monomeric form of
acrylamide is primarily used as a chemical intermediate in the
production of polyacrylamides, in the synthesis of dyes, in
copolymers for contact lenses, and in the construction of dam
foundations, tunnels, and sewers. It is also used in research
laboratories for gel preparation. The acrylamide gel is used for
electrophoresis, a technique for molecular biology and genetic
engineering.

Acrylamide polymers are used as additives for water treat-
ment, flocculants, paper making aids, thickeners, soil condi-
tioning agents, sewage and waste treatment, textiles
(permanent-press fabrics), production of organic chemicals,
and crude oil processing.
Environmental Behavior, Fate

All acrylamide in the environment is synthetic, the main source
being the release of the monomer residues from poly-
acrylamide used in water treatment or in industry. Products
and compounds containing polyacrylamide can serve as sour-
ces of exposure to residues of acrylamide.

If released to air, the vapor pressure of 0.007mmHg at 25 �C
indicates that acrylamide will exist solely as a vapor in the
ambient atmosphere. Vapor-phase acrylamide will be degraded
in the atmosphere by reaction with photochemically produced
hydroxyl radicals, and the half-life for this reaction in air is
estimated to be 1.4 days. The half-life for the reaction of vapor-
phase acrylamide with ozone is estimated to be 6.5 days.
Acrylamide is not expected to be susceptible to direct photolysis
in sunlight because it does not absorb light with wavelengths
>290 nm.

If released to soil, acrylamide is expected to have very high
mobility based upon an estimated Koc of 10. Studies suggested
that acrylamide is hydrolyzed in soil under aerobic conditions
to produce ammonium ion, which is then oxidized to nitrite
ion and nitrate ion. Volatilization of acrylamide from dry or
moist soil surfaces is not expected to be an important fate
process.

If released to water, acrylamide is not expected to adsorb to
suspended solids or sediment, based on the Koc. The hydrolysis
half-life of acrylamide has been reported as >38 years. The
potential for bioconcentration in aquatic organisms is low, and
microbial degradation of acrylamide can occur under light or
dark, aerobic or anaerobic conditions.
Exposure and Exposure Monitoring

Until the early 2000s, the primary concern about human
exposure to acrylamide was in the occupational setting, and
4-3.00363-8 69
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guidelines had been established for occupational exposure
and levels in drinking water and in foodstuff packaging
polymers. The report that acrylamide is formed during high
temperature cooking of common human foods has generated
interest in the possible carcinogenicity of dietary exposure to
acrylamide.

The FDA has estimated overall daily intake levels of acryl-
amide from exposures in the US diet to be about
0.4 mg kg�1 day�1 in 2003 and 2004. Estimated daily intake in
populations around the world are reasonably similar to the
FDA’s estimate, with the variability assumed to result from
cultural differences in food preferences, processing methods,
and consumption levels. Alternate methods for estimating
exposure to the general population are based on internal levels
of biomarkers of exposure, including levels of hemoglobin
(Hb) adducts or urinary metabolites.

The World Health Organization estimates a daily intake of
dietary acrylamide in the range of 0.3–2.0 mg kg�1 per body
weight for the general population. For high-percentile consumers
(90th to 97.5th), daily intakes of dietary acrylamide vary in the
range of 0.6–3.5 mg kg�1 per body weight, and as high as
5.1 mg kg�1 per body weight for the 99th percentile consumers.

The daily intakes of dietary acrylamide in children are esti-
mated to be 2–3 times those of adults based on average body
weight ratios. The daily intakes of dietary acrylamide for the
general population and high consumers (including children)
are estimated to be on average 1 and 4 mg kg�1 per body weight,
respectively. The main sources of dietary acrylamide are potato
chips (16–30%), potato crisps (6–46%), coffee (13–39%),
pastry and sweet biscuits (10–20%), and bread and rolls/toast
(10–30%). Other food products can account for 10% of the
total intake of dietary acrylamide.

In addition, tobacco smoke is a substantial nonfood source
of human inhalation exposure to acrylamide for people
without occupational exposure. Acrylamide content in main-
stream cigarette smoke has been estimated at 1.1–2.34 mg per
cigarette.
Toxicokinetics

Studies in animal indicate that acrylamide is readily absorbed
by ingestion, by inhalation, and through the skin. No human
data on the distribution of acrylamide were identified. Results
from several animal studies indicate that, following absorp-
tion, radioactivity from radiolabeled acrylamide is distributed
among tissues, with no specific accumulation in any tissues
other than red blood cells.

About 40% of acrylamide is metabolized by CYP2E1 to the
reactive epoxide glycidamide in rats (60% conversion in mice).
Glycidamide can be metabolized by epoxide hydrolase or can
undergo conjugation with glutathione (GSH). The major
pathway of metabolism for acrylamide is its conjugation with
reduced GSH by glutathione s-transferase. Elimination occurs
mainly in the urine as mercapturic acid conjugates. More than
90% of absorbed acrylamide is excreted in the urine as
metabolites. Less than 2% is excreted as unchanged acrylamide.
Smaller amounts are excreted in the bile and feces. Approxi-
mately 60% of an administered dose appears in the urine
within 24 h.
Acrylamide forms different protein adducts, the most
important of which are Hb adducts extensively formed at –SH
groups and on the amino groups of the N-terminal valines in
erythrocytes. The measurement of Hb adducts can give an
integrated estimate of the exposure in the previous 3–4months,
because the life span of erythrocytes is about 4 months.
Mechanisms of Action

Acrylamide, the parent compound, is an a,b-unsaturated
amide, soft electrophilic toxicant, reacting on thiol groups of
proteins (cysteine, homocysteine) and GSH as well as protein-
bound –SH groups (kinesin, dynein), whereas the metabolite
glycidamide is a harder electrophilic compound, reacting with
nucleophilic centers of adenine and guanine in the DNA. It has
been shown that acrylamide inhibits the action of brain
glutathione s-transferase and reduces the levels of brain GSH. It
has also been suggested that acrylamide neurotoxicity is caused
by its effects on heavy- and medium-weight neurofilaments,
the change it causes on neurotransmitter receptor expression,
and through inhibition of neurotransmission. Electrophilic
neurotoxins, including acrylamide, can cause protein structure
and function changes by oxidation and this can lead to
pathway failure and finally nerve cell damage. Therefore, such
chemicals at low doses and long-term exposure might be
a cause of neurodegenerative diseases such as Alzheimer’s
disease.
Acute and Short-Term Toxicity

Animal

Determination of the LD50 values of acrylamide on laboratory
animals indicated that oral LD50 value in rat ranging from124 to
565mg kg�1, a dermal LD50 value of 400mg kg�1 in rat, an
intraperitoneal LD50 value of 90mg kg�1 in rat, an oral LD50

value of 107mg kg�1 inmouse, an intraperitoneal LD50 value of
170mg kg�1 in mouse, and an oral LD50 value of 150mg kg�1

and a dermal LD50 value of 1680 ul kg�1 in rabbit. Acute
exposure in 12 h after administration of 50–200mg kg�1,
poisoned animals displayed impaired hind limb functioning,
convulsions, and diffused damage to different sections of the
nervous system.
Human

Toxic effects depend on the duration, total dose, and rate of
exposure. The effects of acute high-dose exposure can be
delayed in onset for several hours. Neurological effects include
hallucinations, confusion, tremors, myoclonus, opisthotonos,
seizures, memory loss, euphoria, peripheral neuropathy,
autonomic nervous system effects, and ataxia. Peripheral
neuropathy may appear several weeks following significant
acute exposure or following significant chronic exposures.

In severe poisonings, hypotension, peripheral cyanosis, and
metabolic acidosis may occur.

Anorexia and gastrointestinal disturbances can be seen in
patients with subacute exposure. Pancreatitis, renal toxicity,
and oliguria following ingestion have been reported.
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Dermal contact is a common route of exposure and may
result in skin irritation with numbness, tingling, blistering, and
peeling with direct contact of high concentrations. Visual
impairment and eye irritation also occur with significant
exposure. Inhalation can produce a cough and sore throat.
Chronic Toxicity

Animal

Evidence of neurological effects has been observed following
single oral doses of 126mg kg�1 in rats and rabbits and
100mg kg�1 in dogs. Using chronic dosing schedules, it has
been observed that cumulative oral doses of 500–600mg kg�1

using daily doses of 25–50mg kg�1 per day are required to
produce ataxia in rats, dogs, and baboons. Smaller daily doses
do not produce a clinical effect until a larger, cumulative dose is
attained. It has been found that the administration of
acrylamide at daily doses of 6–9mg kg�1 does not produce
evidence of neurotoxicity in rats until a cumulative dose of
1200–1800mg kg�1 is attained, and doses of up to 3mg kg�1

per day for 90 days administered rats do not result in adverse
effects. It was reported that rhesus monkeys fed up to 2mg kg�1

per day did not show any adverse clinical effects at 325 days. In
the other study, subchronic or prechronic exposure groups of
male and female Fischer 344 (F344) rats administered
20mg kg�1 day�1 acrylamide in drinking water for 90 days
showed dragged rear limbs, decrease in body weight, serum
cholinesterase activity, packed cell volume, red blood cells, and
hemoglobin values. Slight spinal cord degeneration, atrophy of
skeletal muscle, testicular atrophy, and distended urinary
bladder were observed.
Human

Long-term acrylamide exposure effects are predominantly
sensorimotor and proprioceptive neuropathy with loss of deep
tendon reflexes, muscle weakness and wasting, distal extremity
numbness, and paresthesias. Excessive sweating and an exfoli-
ative rash are also common with chronic exposure. Also, slight
liver function abnormalities have been reported.
Reproductive and Developmental Toxicity

Studies revealed that acrylamide and glycidamide crossed the
placenta from maternal to fetal circulation, suggesting fetal
exposure if the mother is exposed.

Reproductive toxicity of acrylamide has been observed in
male rats; the doses of acrylamide to induce reproductive
toxicity were a multiple of those doses to induce neurotoxicity
in rodents. The NOAEL for neurotoxicity was 10-fold lower
than that for reproductive effects. For morphological changes
in nerves of rats, an NOAEL of 0.2 mg kg�1 body weight was
reported, whereas the NOAEL for reproductive toxicity was
indicated with 2mg kg�1 body weight.

In reproductive studies, male rodents showed reduced
fertility, dominant lethal effects, and adverse effects on sperm
count and morphology at oral doses of acrylamide 47mg kg�1

body weight per day.
Results of repeated dermal exposure studies indicated that
25mg kg�1 day�1 or more acrylamide for 5 days on male mice
resulted in dominant lethal effects in the progeny, and the
reduced number of pregnant females is suggestive of reduced
male fertility.

Oral administration of acrylamide, between 7 and 16
days of gestation in rats, decreased the binding of dopamine
receptors in the striatal membranes in 2-week-old pups,
a fact that may be explained by postnatal exposure through
lactation as well as prenatal effects. Degeneration of semi-
niferous tubules and chromosome aberrations in spermato-
cytes has been seen in acrylamide-treated male mice.
Depressed plasma levels of testosterone and prolactin have
also been observed. A statistically significant increase in the
incidence of mesothelioma of the scrotal cavity was observed
in rats after long-term (2-year) administration of acrylamide
in drinking water.

There seems to be a relationship between the neurotoxicity
and reproductive toxicity of acrylamide. One theory is that
neurotoxicity influences mating behavior. Another theory is
that both types of toxicity are mediated through effects on the
kinesin motor proteins. These kinesin proteins are found in the
flagella of sperm as well as the nervous system and other
tissues. Interference with these proteins could reduce sperm
motility and fertilization events.

Other mechanisms of acrylamide effects on reproduction in
rodents could be from the alkylation of sulfhydryl groups on
unique proteins such as protamine in the sperm head and tail.
This could affect sperm penetration and induce the preim-
plantation losses seen in some dominant lethal studies.

Developmental effects associated with oral exposure to
acrylamide are restricted to body weight decreases in rats and
mice and neurobehavioral changes in the offspring of female
Sprague-Dawley rats exposed on gestational day 6–10 to
15mg kg�1 day�1, but not to 10mg kg�1 day�1 and in
adolescent F344 rats exposed during gestation and lactation
and extending through 12 weeks of age at an average dose of
6mg kg�1 day�1, but not at 1.3 mg kg�1 day�1. No exposure-
related fetal malformations or variations (gross, visceral, or
skeletal) were found in Sprague-Dawley rats exposed to doses
up to 15mg kg�1 day�1 on gestational day 6–20 or in CD-1
mice exposed to doses up to 45mg kg�1 day�1 on gestational
day 6–17. These doses decreased the maternal weight gain. No
signs of hind limb foot splay or other gross signs of peripheral
or central neuropathy were noted.

Reproductive toxicity has not yet been observed in humans
based on the reported doses.
Immunotoxicity

Studies have demonstrated that acrylamide-induced immuno-
toxicity produces a significant decrease in the weight of spleen,
thymus, and mesenteric lymph nodes in rats. The investigators
have also recorded a decrease in cellularity of spleen, thymus,
bone marrow, and circulating blood lymphocyte population.
Orally administrated acrylamide toxicity appears to decrease
ANAE (þ) peripheral blood lymphocyte counts and cause
histopathological lesions in a dose-dependent manner in ileal
Peyer’s patches.
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ANAE-positive peripheral blood lymphocyte counts signif-
icantly decreased, and this decrease can be explained by the
effect of acrylamide on the mitotic division of bone marrow
cells.
Genotoxicity

The genotoxic, mutagenic, and carcinogenic potentials of
acrylamide have been studied extensively. Acrylamide itself
reacts rapidly with thiol (–SH) and amino groups; this explains
why its primary targets are proteins. Acrylamide has been
shown to bind DNA by a Michael-type process in vitro with low
activity. Nevertheless, there is sufficient evidence in the litera-
ture that both acrylamide and its metabolite glycidamide are
mutagenic and clastogenic in mammalian cells. Data suggest
that mice are more vulnerable to acrylamide tumorigenicity.
Themetabolic activation of acrylamide is more efficient and the
detoxification process is poorer in mice than rats, since mice
have higher levels of glycidamide and lower levels of
GSH–glycidamide conjugates. Mouse and human cell lines
treated with acrylamide or glycidamide showed increased
mutation rates, particularly A to G and G to C transitions and G
to T transversions. Acrylamide causes induction of the
following genotoxic effects:

(1) Gene mutations and chromosomal aberrations in germ
cells of mice in vivo

(2) Chromosomal aberrations in germ cells of rats in vivo
(3) Chromosomal aberrations in somatic cells of rodents

in vivo
(4) Gene mutations and chromosomal aberrations in cultured

cells in vitro
(5) Cell transformation in mouse cell lines
(6) Somatic mutation in the spot test in vivo
(7) Heritable translocation and specific locus mutations in

mice and dominant lethal mutations in both mice and rats
(8) Unscheduled DNA synthesis in rat spermatocytes in vivo;

but not in rat hepatocytes. However, glycidamide induces
unscheduled DNA synthesis in rat hepatocytes
Carcinogenicity

Acrylamide is classified by the International Agency for
Research on Cancer as a probable human carcinogen (Group
2A) based on both animal cancer data and in vitro and in vivo
genotoxicity studies. In two 2-year carcinogenicity studies in
F344 rats, acrylamide induced neoplasms at multiple organ
sites, including thyroid follicular cell tumors (males and
females), peritesticular mesotheliomas (males), and mammary
tumors (females). In addition, tumors of the brain, oral cavity,
uterus, and clitoral gland in female F344 rats were reported in
the earlier study in which metabolite covalently binds to DNA,
inducing mutations and cell transformation, which eventually
leads to the tumors observed in multiple organs.

Studies of human exposure to acrylamide have generally
found no association between exposure and cancer risk. Nine
studies have examined the association between dietary acryl-
amide intake and risk of cancers at various sites: colorectal,
kidney, bladder, breast, oral, esophageal, larynx, ovarian,
endometrial, and prostate.

The only report of a significant association between higher
acrylamide intake and cancer risk was for ovarian and endo-
metrial cancer in a cohort of Dutch women.

The absence of positive results in these observational
studies, however, cannot be interpreted as proof of no carci-
nogenicity of acrylamide to humans. Obviously, the con-
ducted studies have potential limitations, including
inadequate statistical power due to the small size of study
populations and the narrow range of exposure between cases
and controls.
Clinical Management

Range of Toxicity

Single or cumulative doses of as little as 50–100mg kg�1 can
cause neurologic deficits. Doses of greater than 300mg kg�1

can cause severe CNS and cardiovascular effects acutely.
Antidote and Emergency Treatment

Basic Treatment
Establish a patent airway. Suction if necessary. Watch for signs
of respiratory insufficiency and assist ventilations if needed.

Administer oxygen by nonrebreather mask at 10 to
15 l min�1. Monitor for pulmonary edema and treat if neces-
sary. Monitor for shock and treat if necessary. Anticipate
seizures and treat if necessary.

Do not use emetics. For ingestion, rinse mouth and
administer 5ml kg�1 up to 200ml of water for dilution if the
patient can swallow, has a strong gag reflex, and does not
drool. Cover skin burns with dry sterile dressings after
decontamination.

Advanced Treatment
Consider orotracheal or nasotracheal intubation for airway
control in the patient who is unconscious, has severe pulmo-
nary edema, or is in respiratory arrest. Positive pressure venti-
lation techniques with a bag valve mask device might be
beneficial. Monitor cardiac rhythm and treat arrhythmias as
necessary.

Use lactated Ringer’s if signs of hypovolemia are present.
Watch for signs of fluid overload. Consider drug therapy for
pulmonary edema. For hypotension with signs of hypo-
volemia, administer fluid cautiously. Watch for signs of fluid.
Treat seizures with diazepam.
Treatment Overview

Oral Exposure

Ipecac-induced emesis is not recommended because of the
potential for CNS depression and seizures. Administer charcoal
as slurry (240ml water/30 g charcoal). Usual doses are
25–100 g in adults/adolescents, 25–50 g in children (1–12
years), and 1 g kg�1 in infants less than 1 year old. Gastric
lavage should be considered after ingestion of a potentially life-
threatening amount of poison if it can be performed soon after
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ingestion (generally within 1 h). Protect the airway by placing
the head down in a left lateral decubitus position or by
endotracheal intubation. Control any seizures first.

Contraindications: Loss of airway protective reflexes or
decreased level of consciousness in unintubated patients;
following ingestion of corrosives; hydrocarbons (high aspira-
tion potential); patients at risk of hemorrhage or gastrointes-
tinal perforation; and trivial or nontoxic ingestion. Pyridoxine
use in humans has been reported in a case of acrylamide
ingestion, but with unproven effect. In cases of high-dose
exposure or in symptomatic patients, pyridoxine use should be
strongly considered.

Seizures: Administer a benzodiazepine IV; diazepam (adult:
5–10mg repeats every 10–15min as needed; child:
0.2–0.5mg kg�1, repeat every 5min as needed) or lorazepam
(adult: 2–4mg; child: 0.05–0.1mg kg�1).

Hypotension: Infuse 10–20ml kg�1 isotonic fluid. If hypo-
tension persists, administer dopamine (5–20mcg kg�1 min�1)
or norepinephrine (adult: begin infusion at 0.5 to 1mcgmin�1;
child: begin infusion at 0.1mcg kg�1 min�1); titrate to desired
response.
Inhalation Exposure

Move patient to fresh air. Monitor for respiratory distress. If
cough or difficulty breathing develops, evaluate for respira-
tory tract irritation, bronchitis, or pneumonitis. Administer
oxygen and assist ventilation as required. Treat broncho-
spasm with inhaled b2 agonist and oral or parenteral
corticosteroids.
Eye Exposure

Decontamination: Irrigate exposed eyes with copious amounts
of room temperature water for at least 15min. If irritation,
pain, swelling, lacrimation, or photophobia persists, the
patient should be seen in a health care facility.
Dermal Exposure

Remove contaminated clothing and wash exposed area thor-
oughly with soap and water. A physician may need to examine
the area if irritation or pain persists. Exfoliative rashes can be
treated symptomatically.
Ecotoxicology

Acrylamide is moderately toxic to aquatic organisms. In a series
of studies, acrylamide exhibited a 96-h LC50 value in four
freshwater fish of 100–180mg l�1, a 48-h LC50 (immobiliza-
tion) value of 98mg l�1 in an aquatic invertebrate (Daphnia
magna), and a 72-h EC50 (growth inhibition) value of
33.8 mg l�1 in freshwater algae (Selenastrum capricornutum).
The examination of environmental risk indicates that the risk
level for aquatic organisms and wastewater treatment plant
microorganisms is less than 1 and therefore negligible.
Therefore, the expected low levels of acrylamide released are
not expected to result in adverse effects on aquatic organisms.
Exposure Standards and Guidelines

In order to protect workers from adverse health effects due to
acrylamide exposure, the American Conference of Govern-
mental Industrial Hygienists (ACGIH) set its threshold limit
value, time-weighted average (TLV-TWA) at 30 mgm�3 in
workplaces.

The US Occupational Safety and Health Administration
(OSHA) has set the permissible exposure limit at 300 mgm�3.

Comparing the average daily intake of 1 mg kg�1 per body
weight of dietary acrylamide by the general population and
a dose of 0.30mg kg�1 body weight per day for induction of
mammary tumors in rats, according to 2011 Evaluations of the
Joint FAO/WHO Expert Committee on Food Additives
(JECFA), for the general population and consumers with high
exposure, the margin of exposure values are 200 and 50,
respectively.

Nevertheless, the significant presence of a known rodent
carcinogen in commonly consumed human foods is a legiti-
mate health concern. It is recommended that appropriate
efforts be continued to minimize human exposure to acryl-
amide, especially by reducing acrylamide concentrations in
frequently consumed food products. For example, efficient
reduction in acrylamide formation has been achieved by using
the enzyme asparaginase to selectively remove asparagine prior
to heating of cereal and potato products. However, this
approach is only applicable to certain foods prepared from
liquidized or slurried materials.
See also: Endocrine System; Neurotoxicity; Pollution, Water;
Polymers.
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Relevant Websites
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Background

Acrylic acid, also known as prop-2-enoic acid, is an organic
molecule with the formula C3H4O2, and is the simplest of the
unsaturated carboxylic acids. At room temperature, acrylic acid
is a colorless liquid with a tart or acrid smell. Industrially,
acrylic acid is produced from the oxidation of propene with
molecular oxygen. Acrylic acid is highly susceptible to Michael-
type reactions, and most of the uses of this chemical involve
polymerization reactions. Acrylic acid is used to produce large
quantities of acrylic esters.
Uses

Acrylic acid is used as a building block in the production of
many types of homopolymeric and copolymeric materials,
including various plastics, coatings, adhesives, elastomers,
paints, and polishes. Additionally, acrylic acid is used in the
production of hygienic medical products, detergents, and
wastewater treatment chemicals.
Environmental Fate, Behavior, Routes, and Pathways

Acrylic acid’s large-scale use and production results in its release
into the environment. The most likely route of exposure is
inhalation because acrylic acid has a low vapor pressure. The
miscibility of acrylic acid in water combined with its low vapor
pressure prevent it from accumulating in the soil. Acrylic acid
that is emitted into the atmosphere is degraded photochemi-
cally by reaction with hydroxyl radicals. There is no potential
for long-range atmospheric transport of acrylic acid because it
has an atmospheric lifetime of 1month.

Acrylic acid rapidly oxidizes when added to water, so the
potential to deplete oxygen exists if a large quantity of acrylic
4 Encyclopedia of T
acid were released. It has been shown to be oxidized by both
aerobic and anaerobic pathways.
Exposure and Exposure Monitoring

Human exposure to acrylic acid is mainly to its vapors, and
exposure is primarily confined to production processes as
acrylic acid is used in the manufacturing of numerous acrylates.
Levels of acrylic acid are monitored in samples by quantifica-
tion using HPLC.
Toxicokinetics

The excretion half-life of acrylic acid has been found to be
40min. Both in vitro and in vivo studies of acrylic acid meta-
bolism have shown that it is extensively metabolized to
3-hydroxyproionic acid, carbon dioxide, and mercapturic acid,
all of which are eliminated in expired air and urine. Because of
its rapid metabolism, acrylic acid has no potential for
bioaccumulation.
Mechanism of Toxicity

Acrylic acid is corrosive, and its toxicity occurs at the site of
contact.
Acute and Short-Term Toxicity

Animal

Although a wide range of LD50 values has been reported for
acrylic acid, it is generally believed to possess low to moderate
acute toxicity in the oral route, and moderate acute toxicity in
the inhalation and dermal routes. Many of the symptoms of
acute toxicity parallel those found in humans.
Human

Acrylic acid is corrosive and irritating to the skin. Exposure to
vapor can cause moderate to severe skin and eye irritation.
Acrylic acid can also cause forestomach edema. Acute exposure
is corrosive to the eyes, nose, throat, and mucous membranes
of the upper respiratory and gastrointestinal tracts. Inhalation
of vapors produces a burning sensation, cough, nasal discharge,
sore throat, labored breathing, headache, nausea, vomiting,
confusion, dizziness, and unconsciousness.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00220-7
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Chronic Toxicity

Animal

Animals exposed to acrylic acid via chronic inhalation devel-
oped lethargy, weight loss, kidney abnormalities, and inflam-
mation of the upper respiratory tract. Drinking water studies in
rats showed a NOAEL of 140mg kg�1 bw per day in decreased
weight gain in a 12-month study and a NOAEL of 240mg kg�1

bw per day for histopathological changes in the stomach.
Inhalation studies demonstrated a LOAEL of 5 ppm in mice
exposed to acrylic acid during 90 days, based on nasal lesions.
Analogous studies in rats showed a LOAEL of 75 ppm.

Human

No reports of acrylic acid poisoning of the general public were
found.
Reproductive Toxicity

Rats injected with acrylic acid showed signs of teratogenic
effects and embryotoxicity.
Genotoxicity

Both positive and negative results have been found in in vitro
genotoxicity tests. An in vivo bone marrow chromosome aber-
ration assay was negative.
Carcinogenicity

The data available do not suggest that acrylic acid is carcino-
genic; however, the existing data may be inadequate to
conclude that it is not carcinogenic.
Clinical Management

Exposure should be terminated as soon as possible by
moving the victim to fresh air. The skin, eyes, and mouth
should be washed with copious amounts of water.
Contaminated clothing should be removed and isolated. The
victim should be kept calm and normal body temperature
should be maintained. Artificial respiration should be
provided if breathing has stopped. Treatment is usually
symptomatic.
Ecotoxicology

Acrylic acid is not thought to pose a threat to ecosystems because
of its rapid oxidation to benign chemical species. Bio-
accumulation of acrylic acid is low due to its low partition
coefficient and rapid oxidation. No evidence of bio-
magnification of acrylic acid in the food chain was found.

Algae have been found to be the most sensitive to
acrylic acid of the aquatic organisms studied, with a no-
observed-effect-concentration of 0.008mg l�1. No studies
were found regarding the toxicity of acrylic acid to terres-
trial organisms.
Exposure Standards and Guidelines

OSHA has currently set exposure limits for acrylic acid of
10 ppm for an 8-h TWA. However, these are not currently
enforced by the agency. The National Institute for Occupa-
tional Safety and Health has recommended an exposure limit
of 2 ppm for a 10-h TWA.

See also: Acrolein; Acrylamide; Acrylonitrile.
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l Chemical Structure:
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Background

Acrylonitrile is used in the manufacture of acrylic fibers, plastic
surface coatings, adhesives, and synthetic rubbers. It was
formerly used as a pesticide fumigant for stored grains. It is
a chemical intermediate in the synthesis of antioxidants,
pharmaceutical dyes, surface-active agents, and in reactions
requiring the cyanoethyl group.
Environmental Fate and Behavior

Acrylonitrile is both readily volatile in air and highly soluble in
water. These characteristics determine the behavior of acrylo-
nitrile in the environment. The principal pathway leading to
the degradation of acrylonitrile in air is photooxidation,
mainly by reaction with hydroxyl radicals (OH). Acrylonitrile
may also be oxidized by other atmospheric components such
as ozone and oxygen. Very little is known about the nonbio-
logically mediated transformation of acrylonitrile in water. It is
oxidized by strong oxidants such as chlorine used to disinfect
water. Acrylonitrile is readily degraded by aerobic microor-
ganisms in water.
Exposure and Exposure Monitoring

Occupational exposure to acrylonitrile may occur through
inhalation and dermal contact, while the general population
may be exposed to acrylonitrile via inhalation of ambient air
and dermal contact with products containing acrylonitrile.
Measurement of urinary acrylonitrile or the hemoglobin
adduct N-(2-cyanoethyl)valine are sensitive markers of acry-
lonitrile exposure.
Toxicokinetics

Acrylonitrile is absorbed by way of inhalation, ingestion, and
percutaneously. Rats treated with [14C] acrylonitrile via oral or
intravenous route produced radioactivity in the blood, liver,
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kidneys, lungs, adrenal cortex, and stomach mucosa. Signifi-
cant amounts are retained in the plasma. Acrylonitrile is
metabolized to a lesser extent in humans than in rodents.
Acrylonitrile metabolism in humans follows first-order kinetics
and acrylonitrile has a half-life of w8 h. The elimination of
acrylonitrile from the plasma of rats is biphasic, with a half-life
of 3.5–5.8 and 50–77 h in the a and b phases, respectively.
There are four major pathways of metabolism for acrylonitrile:
formation of glucuronides, direct reaction with glutathione to
form cyanoethyl mercapturic acid, direct reaction with the thiol
groups of proteins, and epoxidation to 2-cyanoethylene oxide.
N-Acetyl-S-(2-cyanoethyl)-L-cysteine is a major urinary meta-
bolite in human volunteers exposed to 5–10mg.
Mechanism of Toxicity

Acrylonitrile owes some of its toxicity to cyanide generation,
which inhibits cellular respiration. Preinduction of microsomal
mixed function oxidase (MFO) with Aroclor 1254 greatly
enhanced the toxicity of acrylonitrile and caused a threefold
increase in cyanide levels in rats. Therefore, metabolic activation
appears to be necessary in the toxicity of acrylonitrile. The direct
reaction of acrylonitrile with the SH groups of proteins and its
epoxide metabolite are also expected to be responsible for its
effects.Acrylonitrilehas alsobeenassociatedwithoxidative stress.
Acute and Short-Term Toxicity

Animal

Acute animal tests in rats, mice, rabbits, and guinea pigs have
demonstrated acrylonitrile to have high acute toxicity from
inhalation and high to extreme acute toxicity from oral or
dermal exposure. Target organs of toxicity include brain, liver,
lung, kidney, and gastrointestinal tract.
Human

Workers exposed via inhalation to high levels of acrylonitrile
for less than an hour experienced mucous membrane irritation,
headaches, nausea, feelings of apprehension, and nervous
irritability. Low-grade anemia, leukocytosis, kidney irritation,
and mild jaundice were also observed in the workers, with
these effects subsiding with the ending of exposure. Symptoms
associated with acrylonitrile poisoning include limb weakness,
labored and irregular breathing, dizziness and impaired judg-
ment, cyanosis, nausea, collapse, and convulsions. A child died
after being exposed to acrylonitrile by inhalation, suffering
from respiratory malfunction, lip cyanosis, and tachycardia
before death. Several adults exposed to the same concentration
of acrylonitrile exhibited eye irritation, but no toxic effects.
Acute dermal exposure may cause severe burns to the skin in
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00221-9
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humans. Deaths have occurred when this compound was used
as a room fumigant and pediculicide. Autopsy results suggested
cyanide poisoning.
Chronic Toxicity

Animal

In rats chronically exposed by inhalation, degenerative and
inflammatory changes in the respiratory epithelium of the nasal
turbinates and effects on brain cells have been observed. The
reference concentration (RfC) for acrylonitrile is 0.002mgm�3

based on degeneration and inflammation of nasal respiratory
epithelium in rats. The Environmental Protection Agency (EPA)
has calculated a provisional reference dose (RfD) of 0.001 mg
per kg of body weight per day for acrylonitrile based on
decreased sperm counts in mice.
Human

Headaches, fatigue, nausea, and weakness have been frequently
reported in chronically (long-term) exposed workers. Acrylo-
nitrile is a skin sensitizer and repeated dermal exposure to low
concentrations may result in allergic dermatitis.
Immunotoxicity

The effects of acrylonitrile on the immune system have not
been extensively studied.
Reproductive Toxicity

Fetal malformations (including short tail, missing vertebrae,
short trunk, omphalocele, and hemivertebra) have been
reported in rats exposed to acrylonitrile by inhalation. In mice
orally exposed to acrylonitrile, degenerative changes in testic-
ular tubules and decreased sperm count were observed. No
information is available on the reproductive or developmental
effects of acrylonitrile in humans.
Genotoxicity

Acrylonitrile is genotoxic in in vitro bacterial and mammalian
models, although metabolic activation was required. Most
in vivo cytogenetic studies on intact experimental animals
yielded negative results.
Carcinogenicity

Based on experimental animal data, EPA has classified acrylo-
nitrile as a Group B1, probable human carcinogen (cancer-
causing agent), while the National Toxicology Program (NTP)
has classified acrylonitrile as reasonably anticipated to be a human
carcinogen. In several studies, an increased incidence of tumors
has been observed in rodents exposed by inhalation, drinking
water, and gavage. In rats, astrocytomas in the brain and spinal
cord and tumors of the Zymbal gland (in the ear canal) have
been most frequently reported, as well as tumors of the
stomach, tongue, small intestine in both sexes, and mammary
gland and blood vessels in females. In mice, tumors were
observed in the forestomach and Harderian gland in both sexes
and in the ovary and lung in females. In humans, there is
insufficient evidence to determine the relationship between
acrylonitrile exposure and cancer. A statistically significant
increase in the incidence of lung cancer has been reported in
several studies of chronically exposed workers. However, data
from the US textile worker cohort followed for five decades
found no association between acrylonitrile exposure and
cancer in any tissue.
Clinical Management

In oral exposure, gastric lavage may be performed soon after
ingestion or in patients who are comatose or at risk of
convulsing. The volume of lavage return should approximate
the volume given. Charcoal slurry, aqueous or mixed with
saline cathartic or sorbitol, may be administered. The usual
charcoal dose is 30–100 g in adults and 15–30 g in children
(1 or 2 g kg�1 in infants). In case of inhalation exposure, the
patient must be moved to fresh air for respiratory distress. If
cough or difficulty in breathing develops, evaluation for
respiratory tract irritation, bronchitis, or pneumonitis must be
performed. For eye exposure, eyes must be washed with
copious amounts of tepid water for at least 15min. If irritation,
pain, lacrimation, or photophobia persists, the patient should
be removed to a health care facility. For dermal exposure, the
exposed area must be washed thoroughly with soap and water.
Ecotoxicology

Acrylonitrile has moderate toxicity to aquatic life. By itself it is
not likely to cause environmental harm at levels normally
found in the environment. Acrylonitrile can contribute to the
formation of photochemical smog when it reacts with other
volatile substances in air.
Other Hazards

Acrylonitrile is a reactive chemical that polymerizes spontane-
ously,whenheated, or in the presence of a strong alkali unless it is
inhibited, usually with ethylhydroquinone. It can explode when
exposed toflame. It attacks copper. It is incompatible and reactive
with strong oxidizers, acids and alkalis; bromine; and amines.
Exposure Standards and Guidelines

l Immediately dangerous to life or health Ca (85 ppm)
l Threshold limit value time-weighted average (TLV TWA):

2 ppm confirmed animal carcinogen (skin)
l Emergency Response Planning Guideline (ERPG)-1: 25 ppm
l ERPG-2: 35 ppm
l ERPG-3: 75 ppm
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l National Institute for Occupational Safety and Health rec-
ommended exposure limit Ca TWA 1 ppmC 10 ppm
(15min) (skin)
See also: Carcinogenesis; Cyanide; Respiratory Tract
Toxicology; Occupational Toxicology.
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Introduction

Chemical releases can be sudden and unexpected and,
depending on the proximity of population centers, have drastic
and even lethal effects. Accidental releases can be the result of
natural disasters such as floods or earthquakes. They may
involve process failures at industrial facilities, such as valve or
line ruptures or failures in chemical containment. Chemicals
can also be released through fires and explosions or illegal or
uncontrolled dumping. Following the terrorist attacks of 11
September 2001, national security and emergency response
experts have also focused on deliberate actions that may result
in the release of highly toxic chemicals in areas where people
gather, along transportation routes, or into water or food
supplies.
Why Focus on Acute Effects?

Planning for and responding to environmental releases of
hazardous materials requires a unique set of values designed
specifically for either a single acute or short-term exposure.
Acute health exposure guidelines differ from those designed to
protect from cancer or other chronic effects resulting from long-
term chemical exposures.

With unexpected chemical releases, the toxic effects are
dependent on three broad factors. First, for toxicity to occur
there must be an exposure. If protection measures are such that
the population was moved or successfully sheltered-in-place or
if the release was remote, the expectation is that very few
individuals would be exposed. However, if a population center
is located downwind or downstream from the release, a higher
number of exposed persons would be expected. Second, effects
are dependent on the type of chemical or mixture, the
concentration, and the duration of the exposure. Third, with
single exposures of relatively high concentrations, the effects
are often immediate. Acute effects may occur at the site of
contact with the chemical, such as the respiratory tract, eyes, or
skin. The effects may also be systemic, affecting a specific
organ system such as the cardiovascular or central nervous
system.

Besides concern for immediate effects, some chemicals
may cause delayed effects. These effects do not have to be
observed immediately to be associated with an acute expo-
sure. For example, pulmonary edema caused by inhalation of
aluminum phosphide (CASRN: 20859-73-8) may not
develop until two or three days after exposure. Delayed
effects may also occur following dermal exposure to hydro-
fluoric acid (CASRN: 7664-39-3) or dimethyl mercury
(CASRN: 593-74-8), whose painful and even lethal effects
will not be completely evident for days or months after the
exposure. Some toxic effects may not completely resolve,
leading to long-term or chronic symptomology from a single
exposure.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Regulations vs Guidelines

Regulations are considered law. Although differing from
country to county and state to state, laws consist of constitu-
tions, legislation, statutes, and codes covering various subject
areas. Regulations are generally the official compilation and
publication of the adopted rules and can be enforced.

Alternatively, guidelines are statements that determine or
suggest a course of action. Guidelines aim to streamline
particular processes according to given protocols and are often
based on best practice. In government, guidelines are generally
used to provide an additional level of safety or protection
above that which has the force of law in regulation. By defi-
nition, however, following a guideline is never mandatory and
is not enforced.

With the exception of occupational standards enforced by
Occupational Safety and Health Administration (OSHA), all
the other standards described in this article are guidelines.
Acute Health Exposure Guidelines

Most acute health exposure guidelines are designed to protect
individuals from increasingly severe adverse effects as a result
of a single or short-term exposure. These levels are considered
‘guidance’ in that there is no federal statute to require protec-
tion from these concentrations the way that there are laws for
occupational exposure limits. Even so, these values are helpful
for community emergency planning, off-site consequence
analysis, and knowing what concentration to remediate the
impacted area following a hazardous material spill.

Acute exposure guidelines are generally based on a review of
available toxicology and epidemiology studies and use a risk
assessment methodology that selects a critical endpoint asso-
ciated with a specific exposure or dose of the chemical. Safety
factors may be applied to result in a more conservative value to
account for such things as extrapolation of results from animals
to humans or intraspecies sensitivity. Exposure durations are
generally 8 h or less, with most guidance levels based on an
exposure for 1 h. The shortest exposure is 10 min and the
longest can extend to 24 h or longer.

Values are generally presented as a matrix of chemical
concentrations associated with specific levels of expected injury
over a range of defined exposure durations.
Acute Reference Exposure Levels

The Office of Environmental Health Hazard Assessment
(OEHHA) within the California Environmental Protection
Agency has developed a series of 1-h acute exposure guidelines
to address routine release from industrial facilities as well as
process upsets or leaks. These acute reference exposure levels, or
RELs, provide clear assistance to local officials regarding acute
effects of industrial airborne emissions.
4-3.00802-2 79
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Not to be confused with recommended exposure limits
developed by the National Institute for Occupational Safety
and Health (NIOSH) and also initialized as REL, the OEHHA
acute RELs are defined as airborne concentrations of a chemical
at which no adverse noncancerous health effects are anticipated
including in sensitive subgroups (e.g., infants and children).
Acute RELs are designed to protect against exposures lasting no
more than 1 h and repeating no more than once every 2 weeks.

OEHHAused themost sensitive relevanthealtheffect reported
in the medical or toxicological literature. Data from short-term
exposures were used if available. When animal results were
based on a different exposure length than the preferred 1-h
interval, OEHHA used a modified Haber’s law (a mathematical
statement relating the concentration of a poisonous gas and how
longa gasmustbebreathed toproducedeathorother toxic effect)
to adjust to the desired exposure duration.

At this writing, acute RELs have been established for over 95
chemicals. A link to OEHHA’s REL database is available at the
end of the article.
Acute Exposure Guideline Levels

Acute exposure guideline levels (AEGLs) are threshold exposure
limits intended to protect the general public including
susceptible or sensitive individuals. The values represent
airborne concentrations of a chemical substance at or above
which individuals may experience an increasing degree or
severity of toxic effects, including:

l Notable discomfort (AEGL-1)
l Irreversible or serious long-lasting effects or an impaired

ability to escape (AEGL-2)
l Life-threatening effects or death (AEGL-3).

Chemical-specific concentrations are associated with each
of five exposure durations (10 and 30 min, 1, 4 and 8 h), and
are presented as a matrix of increasing concentration,
increasing exposure, and increasing severity of effect.

The development of AEGLs started in 1986 when the US
Environmental Protection Agency (EPA) identified approxi-
mately 400 extremely hazardous substances based on acute
lethality data from rodent studies. This was done in hopes of
developing exposure guidelines under the Superfund Amend-
ments and Reauthorization Act of 1986. EPA later requested
that the National Research Council (NRC) develop guidelines
for establishing AEGLs. The resulting Guidelines for Devel-
oping Community Emergency Exposure Levels for Hazardous
Substances were published in 1993.

Using the 1993 NRC guidelines report, the National Advi-
sory Committee on AEGLs for Hazardous Substances was
convened and included representatives from EPA, Department
of Defense, Department of Energy (DOE), Department of
Transportation, several state governments, academia, and the
chemical industry. From 1996 to October 2011, AEGL values
were established for over 300 priority chemicals.

The process for developing AEGLs included a comprehen-
sive search of published scientific literature and unpublished
industry and proprietary data and determining the concentra-
tions and exposure durations associated with relevant health
effects. From this, a technical support document containing
draft AEGL values was developed and sent for review to the
AEGL Committee. Following review, a public comment period,
and revisions based on scientific merit, the AEGL values would
progress from draft, to proposed, to interim, and to final. Final
AEGL values may be used on a permanent basis by all federal,
state, and local agencies and private organizations.

Since November 2011, a new process has been adopted to
finalize the remaining five chemicals on the AEGL priority list.
This change is largely due to budgetary constraints, which
redirects the remaining work to be done through a subcom-
mittee of the National Academy of Sciences (NAS). Currently,
the AEGL program receives technical support from a contractor
that is responsible for developing the technical support docu-
ments, revising the documents based on federal stakeholder
and NAS comment, and posting the final AEGL values.

The AEGL setting process includes transparency of the risk
assessment methodology, public participation, and peer-
review. The result is federally endorsed guidance criteria for
assessing and managing single-exposure emergency events. A
link to the searchable AEGL database of over 300 chemicals is
available at the end of the article.
Emergency Response Planning Guidelines

Emergency Response Planning Guidelines (ERPGs) are acute
exposure guidance values developed by the American Indus-
trial Hygiene Association (AIHA). ERPGs represent maximum
chemical concentrations for the general public below which
adverse effects are not expected following an exposure for 1 h.
Three levels are set for each chemical based on the severity of
effect (ERPG-1 for the mildest reversible effects and ERPG-2
and -3 for increasingly severe and irreversible outcomes).

AIHA’s ERPG committee gathers information on the
chemical properties, experimental animal data, and any avail-
able human data. Data are collected from open literature as
well as from proprietary and industry sources available only to
members. The selection of values is based on review of relevant
toxicity data using a risk assessment rationale available in the
AIHA ERPG documentation.

The ERPG values have been criticized by some federal and
state agency risk assessors as not maintaining transparency in
the development of the values and not adhering to a consistent
process of derivation. However, many emergency response
organizations routinely use these guidelines.

ERPGs have been defined for approximately 145 chemicals
at this writing. A link to the current list of AIHA ERPGs is
available at the end of the article.
Protective Action Criteria/Temporary Emergency Exposure
Limits

The Protective Action Criteria/Temporary Emergency Exposure
Limits (PAC/TEELs) are developed by the DOE Subcommittee
on Consequence and Protective Actions. DOE requires the use
of AEGLs and ERPGs (in order of preference) as emergency
exposure limits. Because thousands more chemicals are used
and stored across the DOE complex than there are available
AEGL or ERPG values, DOE commissioned the development of
TEELs so that DOE facilities can conduct required emergency
planning for all inventoried chemicals. The combined AEGLs,
ERPGs, and TEELs are referred to as PACs.
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TEELs are calculated using a mathematical formula to
associate chemical concentrations with increasing adverse
effects over specified exposure durations. In contrast to the
acute exposure guidance levels mentioned earlier, TEEL devel-
opment uses any available published exposure guidance
including occupational exposure limits. This process is gener-
ally less rigorous than that used to develop AEGLs or ERPGs.
TEELs describe the range of effects following exposure to
specific chemical concentrations as such:

l TEEL-1 is an airborne concentration above which it is pre-
dicted that the general population, including susceptible
individuals, could experience transient and reversible
discomfort or irritation or certain asymptomatic, non-
sensory effects.

l TEEL-2 is an airborne concentration above which it is pre-
dicted that the general population, including susceptible
individuals, could experience irreversible or other serious,
long-lasting, adverse health effects or an impaired ability to
escape.

l TEEL-3 is an airborne concentration above which it is pre-
dicted that the general population, including susceptible
individuals, could experience life-threatening adverse
health effects or death.

TEEL values are subject to change and will be replaced by
AEGLs or ERPGs when new values are published. Many TEELs
are also updated annually when revised occupational expo-
sure limits are published. PAC/TEELs are currently used across
the DOE complex for preplanning, preparedness, and emer-
gency response efforts. Other state, local, and federal agencies
also use PAC/TEELs since they provide guidance for
thousands of more chemicals than are available from other
sources.

A link to the searchable PAC/TEEL database is available in
references provided at the end of this article.
Acute Minimal Risk Levels

These values are derived by the Agency for Toxic Substances
and Disease Registry and are based on threshold effects
derived from animal data or human data when available. The
list of compounds for which acute Minimal Risk Levels
(MRLs) have been developed is very similar to the priority
chemical list for Superfund sites that EPA used when
developing the AEGLs. MRLs are available for both inhalation
and oral exposure and are based on the most sensitive non-
cancer effect, including reproductive and developmental
endpoints.

The acute MRLs are derived for exposure durations of
1–14 days and are consistent with the EPA reference dose risk
assessment methodology. Guidance for developing the acute
inhalation MRLs requires that exposures lasting less than 24 h
be adjusted to reflect an exposure for 1 day. Although originally
developed with the idea of protecting the public from inad-
vertent releases during Superfund site remediation, the acute
MRLs are valuable in any release scenario as guidance values to
consider for public exposures ranging from less than an hour to
a few hours.

Acute MRLs are available through a link provided at the end
of this article.
Provisional Advisory Levels

The Provisional Advisory Levels (PALs) developed by EPA are
specifically designed to help inform site-specific decisions
following a chemical release, such as to what level the chemical
should be cleaned up, when to allow reentry, and when to start
reusing a drinking water source. PALs are being developed for
both drinking water and inhalation exposures. When
completed, the process should result in short-term and sub-
chronic guidance values for 100 high-priority hazardous
chemicals and chemical warfare agents.

PALs are a tiered set of threshold inhalation and oral
exposure levels for the general public. Three exposure levels are
distinguished by severity of toxic effects over a 24-h, 30-day,
90-day, or 2-year exposure durations. The EPA PAL scientific
workgroup has devised a risk assessment protocol similar to the
AEGL process that considers three health effect levels for
defined exposure durations:

l PAL 1 (mild, transient, reversible effect);
l PAL 2 (serious, possibly irreversible effect); and
l PAL 3 (severe effect or lethality).

The development process consists of the following
summarized steps: (1) conducting a comprehensive literature
search of published and unpublished toxicity data and assess-
ing the toxicokinetic and toxicodynamic data as well as envi-
ronmental fate and persistence; (2) identifying the critical effect
from key studies; (3) calculating air and water concentrations
that correspond to adult and child target effect levels; and (4)
identifying key uncertainties associated with toxicity informa-
tion in order to apply appropriate uncertainty factors.

PALs are evaluated by both the EPA PAL scientific workgroup
and an external multidisciplinary panel to ensure scientific
credibility and wide acceptance. PALs have been developed for
over 35 chemicals at this writing. The values are only available
by special request. Additional information can be found at
http://www.epa.gov/nhsrc/news/news121208.html.
Short-Term Public Emergency Guidance Levels

Short-term public emergency guidance levels (SPEGLs) were
developed by the NRC and published in 1986 as one of the first
attempts to create public action levels for emergency use.
SPEGLs were derived from occupational emergency exposure
levels developed by the NRC for military personnel and
represent concentrations at or below which no serious
impairment is expected including in sensitive groups. Addi-
tional safety factors were added to the military levels to protect
children and the elderly (SF ¼ 2x) and fetuses and newborns
(SF ¼ 10x). Since 1986, there have been tremendous strides in
the risk assessment methodologies for developing acute expo-
sures guidelines. As such, SPEGLs are no longer widely used
among emergency response agencies for public health protec-
tive actions.
Other Values of Interest

Several values that are commonly used to protect workers have
been used as a basis of decision making for public health

http://www.epa.gov/nhsrc/news/news121208.html
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exposures, especially when no other value was readily avail-
able. The values are generally designed to protect against
repeated exposures over a typical work shift and throughout
a working lifetime. Therefore, these values may be more
conservative than necessary to protect the general public from
one-time exposure and caution is urged when using occupa-
tional values to make risk-based decisions to protect the
general public. Occupational values of interest include:

l Permissible exposure limits – legal limit values promul-
gated by OSHA.

l Recommended exposure limits (RELs) – recommended
workplace exposure guidelines developed by NIOSH.

l Short-term exposure limits – recommended 15-min expo-
sure limits developed by NIOSH.

l Emergency exposure guidance levels – exposure guidance
levels developed by the NRC specifically for military
personnel.

l Threshold limit value and time-weighted average (TWA) –
developed by American Conference of Governmental
Industrial Hygienists (ACGIH) for TWA exposures during
a normal 8-h workday (40-h workweek). Short-term and
ceiling limit values are also available from ACGIH.

An important set of values to note is the immediately
dangerous to life or health (IDLH) concentrations developed
by NIOSH. IDLH values are the maximum concentration of
a chemical to which a worker without personal protective
equipment could be exposed for 30 min or less without
escape-impairing symptoms or irreversible health effects.
IDLH values are based on the lowest exposure causing death
or irreversible health effects in any species. Whenever possible,
IDLH values are based on human health effects from short-
duration studies. When only lethal dose data from animal
studies are available, IDLH values are estimated on the basis
of an equivalent exposure to a 70-kg worker breathing at
a rate of 50 l per minute for 30 min (equivalent to a dose of
1.5 m3 of air).

IDLH values remain valuable in the selection of respirators
and protection of emergency response entry teams. They were
never intended for protecting the general public. However, the
widespread use of IDLH values in emergency response requires
knowledge of the values and their appropriate application. In
2010, NIOSH proposed updating the IDLH risk assessment
methodology to be more consistent with the AEGL process. In
this way, NIOSH hopes to ensure a more transparent process
and valid scientific rationale for value setting.

A link to over 380 IDLH concentrations is available at the
end of the article.
International Acute Exposure Guidelines

Because of the scope of research and resources invested by US
federal and state governmental agencies in establishing guide-
lines for acute exposures, many countries have adopted these
values or refer directly to them in their recommendations.
However, several countries have developed specific acute
exposure guidelines that may be more specific to industries in
those countries or population sensitivities. Some examples are
explained below.
Canada-Wide Standards

Canada-wide Standards (CWSs) are developed under the
authority of the Canada Environmental Standards Sub-
Agreement of the Canada Accord on Environmental Harmoni-
zation. The Standards Sub-Agreement is a framework for
federal, provincial, and territorial environment ministers to
work together to address key environmental protection and
health risk-reduction issues that require common environ-
mental standards across the country. Governments jointly agree
on priorities, develop standards, and prepare complementary
work plans to achieve those standards based on the unique
responsibilities and legislation of each government. Short-term
1-h and 8-h CWSs are available for benzene, dioxins, furans,
mercury, particulate matter, and petroleum hydrocarbons. For
example, 1-h and 8-h CWSs for formaldehyde are 123 mgm�3 or
100 ppb and 50 mg m�3 or 40 ppb, respectively.
European Chemicals Agency

The new Classification, Labeling and Packaging (CLP) Regula-
tion entered into force in January 2009 in the European Union
and provide a method of classifying and labeling chemicals
basedon theUnitedNations’GloballyHarmonizedSystem. Part
of the CLP Regulation is to ensure that the hazards posed by
chemicals are clearly communicated to workers and consumers
in the European Union through classification and labeling of
chemicals. Under the new standards, industrymust establish the
potential risks to human health or the environment and classify
chemicals in line with the identified hazards prior to placing the
chemicals on the market. The hazards are communicated
throughstandard statements andpictogramson labels and safety
data sheets. For example, if a substance is characterized as ‘acute
toxicity category 1 (oral),’ the labeling will include the hazard
statement ‘fatal if swallowed’ and the word ‘Danger’ with
apictogramof skull andcrossbones. TheCLP regulationdoesnot
require independent assessment of acute toxicity if reasonable
assessments are available from other governmental institutions.
Public Health England

The Centre for Radiation, Chemical and Environmental
Hazards within Public Health England has produced a series of
compendia of chemical hazards that provide information to
those who may be involved in advising and responding to
chemical incidents. For example, the compendium for chlorine
provides transportation codes, health effects, and steps for
decontamination, plus a summary of acute toxic effects asso-
ciated with exposures of 1–2900 ppm. The acute effects
summary is based on information from Public Health Eng-
land’s National Poisons Information Service. However, the
threshold toxicity values provided in the compendium for
acute exposures are the aforementioned AEGLs and ERPGs.
Applying the Emergency Exposure Levels to Protect
Public Health

It is important to have access to reliable information to quickly
protect the public during imminent or threatened chemical
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releases. There are a myriad of guidelines to use. As such, many
response organizations use a hierarchy of available acute
exposure guideline. Many federal and state agencies use
a hierarchy of exposure guidelines, usually with AEGLs and
ERPGs as the first choice depending on their availability for the
chemical of concern. In most cases, multiple factors should be
considered prior to deciding which guidance level to use,
including:

l Potential duration of exposure,
l Extend and spread of spill/release/plume,
l Toxicity of the chemical,
l Chemical and physical characteristics of the chemical,
l Ability to control the release and other site factors,
l Potential for other hazardous conditions (explosions, fire),
l Feasibility of sheltering-in-place,
l Potential evacuation,
l Risk perception and risk communication issues, and
l Special populations at risk.

Acute health exposure guidelines provide a powerful
framework for public health or emergency risk management
decision making. The use of any one of these guidelines
requires professional judgment and situational awareness of
the specific chemical release scenario.
See also: Toxicity, Acute; Emergency Response and
Preparedness; Occupational Exposure Limits; Clean Air Act
(CAA), US; CERCLA; Revised as the Superfund Amendments
Reauthorization Act (SARA); Chemical Warfare; The
International Conference on Harmonisation.
Further Reading

Adeshina, F., Sonich-Mullin, C., Ross, R.H., Wood, C.S., Dec 2009. Health-based
provisional advisory levels (PALs) for homeland security. Inhal. Toxicol. 21 (Suppl.
3), 12–16.

Agency for Toxic Substances and Disease Registry (ATSDR), 1991. Guidance for the
Preparation of a Toxicological Profile.

Craig, D.K., et al., 1995. Alternative guideline limits for chemicals without environ-
mental response planning guidelines. AIHA J. 56, 919–925.
National Research Council, 1986. Criteria and Method for Preparing Emergency
Exposure Guidance Level (EEGL), Short-term Public Emergency Guidance Level
(SPEGL), and Continuous Exposure Guidance Level (CEGL) Documents. Prepared by
the Committee on Toxicology. National Academy Press, Washington, DC.

National Research Council, 2001. Standing Operating Procedures for Developing Acute
Exposure Guideline Levels for Hazardous Chemicals. Subcommittee on Acute
Exposure Guideline Levels, National Research Council, National Academy Press,
Washington, DC.

Office of Environmental Health Hazard Assessment, June 2008. Air Toxics Hot Spots
Risk Assessment Guidelines: Technical Support Document for the Derivation of
Noncancer Reference Exposure Levels. Environmental Protection Agency, Office of
Environmental Health Hazard Assessment (OEHHA), California.

US Environmental Protection Agency, 1988. Chemicals in Your Community: A Guide to
the Emergency Planning and Community Right to Know Act. Available at: The
National Service Center for Environmental Publications (NSCEP) http://www.epa.
gov/nscep/index.html.
Relevant Websites

http://www.phmsa.dot.gov/hazmat/library/erg – 2012 Emergency Response Guide-
book (ERG) from the US Department of Transportation Pipeline and Hazardous
Materials Safety Administration (PHMSA).

http://www.epa.gov/oppt/aegl – Acute Exposure Guideline Levels (AEGL) database.
http://www.atsdr.cdc.gov/toxpro2.html – Acute Minimal Risk Levels (acute MRLs)

developed by the Agency for Toxic Substances and Disease Registry (ATSDR).
http://www.oehha.ca.gov/air/allrels.html – Acute Reference Exposure Limits (acute

RELs) Database from the California Environmental Protection Agency’s Office of
Environmental Health Hazard Assessment.

http://www.cameochemicals.noaa.gov/ – CAMEO (Computer-Aided Management of
Emergency Operations) Chemicals database from the US Coast Guard, US EPA,
and NOAA.

http://www.aiha.org/get-involved/AIHAGuidelineFoundation/EmergencyResponsePlanning
Guidelines/Pages/default.aspx – AIHA: Emergency Response Plannign Guidelinest™.

http://www.cdc.gov/niosh/idlh/intridl4.html – Immediately Dangerous to Life or Health
(IDLH) values.

http://www.inchem.org – INCHEM, International Programme on Chemical Safety (IPCS)
offers access to thousands of searchable full-text documents on chemical risks
Poisons Information Monographs, treatment guides, Environmental Health Criteria
Monographs, and WHO/FAO Pesticide Data Sheets.

http://www.cdc.gov/niosh/npg – NIOSH Pocket Guide to Chemical Hazards.
http://www.atlintl.com/DOE/teels/teel/search.html – Protective Action Criteria/Tempo-

rary Emergency Exposure Limits (PAC/TEELs) database.
http://www.epa.gov/nhsrc/news/news121208.html – Provisional Advisory Limit for

Hazardous Agents.
http://toxnet.nlm.nih.gov – TOXNET integrated database of hazardous chemicals, toxic

releases and environmental health data from the National Library of Medicine.
http://webwiser.nlm.nih.gov – Wireless Information System for Emergency Responders

(WebWISER) from the National Library of Medicine.
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l Name: Adiponitrile
l Chemical Abstracts Service Registry Number: 111-69-3
l Synonyms: Hexanedinitrile; Adipic acid dinitrile; Adipic acid

nitrile; Adipodinitrile; Adipyldinitrile; 1,4-Dicyanobutane;
Hexanedioic acid dinitrile; Tetramethylene cyanide

l Molecular Formula: C6H8N2

l Chemical Structure:
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Background

Adiponitrile is an odorless, colorless liquid that decomposes
on heating to react violently with strong oxidants. Upon
burning, the highly toxic hydrogen cyanide is produced.
Uses

The major use of adiponitrile is as an intermediate in the
production of nylon. Lesser uses include that in organic
synthesis and in the preparation of adipoguanamine, which is
used as an extractant for aromatic hydrocarbons.
Environmental Fate and Behavior

Adiponitrile will exist solely as a vapor in the ambient atmo-
sphere. The chemical can be degraded in air by photochemi-
cally produced hydroxyl radicals with a half-life of 23 days.
Adiponitrile is expected to have very high mobility in soil, with
volatilization from soil or water surfaces not expected to be an
important fate process. The chemical is expected to biodegrade
in aquatic and soil systems. The potential for bioconcentration
in aquatic organisms is low.
Exposure Routes and Exposure Monitoring

In occupational setting, adiponitrile exposure may occur
through both inhalation and dermal contact. In the environ-
ment, the volatility of adiponitrile is such that it will exist
4 Encyclopedia of T
almost exclusively in the vapor state. Ingestion is generally not
an important route of exposure.
Toxicokinetics

Following subcutaneous injection to guinea pigs, 79% of the
dose was eliminated in the urine as thiocyanate. Dermal
application to the guinea pig resulted in the excretion of thio-
cyanate, with absorption increased by both removal of hair and
mild abrasion of the skin. Of the cyanide antidotes, thiosulfate
was the most effective. Following absorption, the ratio between
the administered adiponitrile and cyanide showed the greater
part of the dose existed as cyanide.
Mechanism of Toxicity

The mechanism of adiponitrile’s toxicity relates to its ability to
release cyanide both in vitro and in vivo. Cyanide then forms
a stable complex with ferric iron in the cytochrome oxidase
enzyme. Since this enzyme occupies a central role in the utili-
zation of oxygen in practically all cells, inhibition produces an
inhibition of cellular respiration.
Acute and Short-Term Toxicity

Animal

Adiponitrile is highly toxic acutely, with oral LD50 values
ranging from 22 mg kg�1 in the rabbit to 172 mg kg�1 in the
mouse. The acute dermal toxicity is quite low, being greater
than 2000 mg kg�1 in the rabbit and when injected subcuta-
neously to the guinea pig an LD50 of 50 mg kg�1 was obtained.
The LD50 in the mouse following intraperitoneal injection was
40 mg kg�1. In male rats, the inhalation LC50 for single 4 h
periods was 1.71mg l�1. The material is neither a strong irritant
nor a sensitizer in the guinea pig.

Human

In a case history where an individual reported drinking a few
milliliters of adiponitrile, the subject felt tightness in the chest,
headache, vertigo, and weakness, with difficulty standing. He
became cyanotic, respirations were rapid, and he had low
blood pressure and tachycardia. The papillary response was
barely active and he displayed mental confusion and
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00222-0
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tonic-clonic contractures of limbic and facial muscles. In other
situations, exposure to skin resulted in irritation and inflam-
mation, with a case reporting massive destruction of the skin of
an exposed foot. Vapors are very irritating to the eyes and upper
respiratory tract tissues at higher concentrations. The chemical
can be fatal when large amounts are absorbed through the skin,
swallowed, or inhaled.
Chronic Toxicity

Animal

Repeated inhalation doses of 0.3 mg l�1 in rats showed
hematologic and kidney changes along with a depressed rate of
body weight gain. Slight kidney damage was seen at 0.1 mg l�1

and no effects were seen at 0.1 mg l�1. In a 2 year feeding study
in rats, degeneration of the adrenal glands in females, but not
in males, was the only adverse effect reported. Repeated dermal
applications produced histopathologic changes in the liver,
kidney, and spleen of guinea pigs.

No effects on reproduction or fertility were seen in rats
exposed by inhalation to up to 0.1 mg l�1 for 13 weeks.
Reduced body weight gain, mortality, and anemia were seen at
that concentration. The hematologic changes were reversible.
No evidence of fetal abnormalities was seen in rats given oral
doses of adiponitrile during gestation although both reduced
maternal and fetal weights were seen at the higher doses.

No increase in tumor incidence was reported in a 2 year
drinking water study in rats exposed to 50 ppm or in a 3 year
feeding study in dogs exposed to 500 ppm.

Human

The effects of longer-term exposure have not been reported. In
the workplace, threshold concentrations of up to 2 ppm are
considered to be appropriate for those exposed to adiponitrile
and such conditions would not be expected to produce any
adverse effects, including point of contact irritation. Repeated
exposures to higher concentrations would be expected to
produce irritation to the eyes, nose, and throat and could
potentially aggravate existing respiratory disease. The work-
place control limit includes a skin notation that indicates the
potential for a significant contribution to the overall exposure
by the cutaneous route.
Reproductive Toxicity

No effects on reproduction or fertility were seen in rats exposed
by inhalation to up to 0.1 mg l�1 for 13 weeks. Reduced body
weight gain, mortality, and anemia were seen at that concen-
tration. The hematologic changes were reversible. No evidence
of fetal abnormalities was seen in rats given oral doses of adi-
ponitrile during gestation although both reduced maternal and
fetal weights were seen at the higher doses.
Genotoxicity

Adiponitrile was not mutagenic to four strains of Salmonella
both in the presence and in the absence of a metabolic acti-
vation system.
Carcinogenicity

No increase in tumor incidence was reported in a 2 year
drinking water study in rats exposed to 50 ppm or in a 3 year
feeding study in dogs exposed to 500 ppm.
In Vitro Toxicity

Adiponitrile was not mutagenic to four strains of Salmonella
both in the presence and in the absence of a metabolic acti-
vation system.
Clinical Management

In poisoning with most nitrile compounds, the onset of
symptoms is generally delayed for up to several hours, thus
making a prolonged period of observation in a controlled
setting necessary. The initial response may be flushing, tachy-
cardia, tachypnea, headache, and dizziness, which may prog-
ress to agitation, stupor, coma, apnea, generalized convulsions,
pulmonary edema, bradycardia, hypotension, and death.
Severe hypoxic sighs in the absence of cyanosis suggest cyanide
poisoning, as cyanosis is generally a late finding and does not
occur until the stage of circulatory collapse and apnea.

Oral exposures should consider gastric lavage if symptoms
are not present. Do not use emetics and rinse mouth and
administer up to 200 ml water for dilution if the patient can
swallow, has a strong gag reflex, and does not drool. If symptoms
are present, proceed directly to major emergency measures,
including use of cyanide antidote kit and other life support
systems. Following inhalation exposure, move the patient to
fresh air and monitor for respiratory distress. Administer oxygen
and assist ventilation as required. All patients should be carefully
observed for signs of systemic cyanide poisoning and treat with
antidote kit in symptomatic individuals. With dermal contact,
remove contaminated clothing and wash the exposed area
thoroughly with soap and water. Again, if signs of cyanide
poisoning become apparent, treat with antidote. Treat dermal
irritation or burns with standard topical therapy.
Ecotoxicity

Lethality in minnows, guppies, and sunfish is seen at concen-
trations ranging from 775 to 1250 ppm following exposures
from 24 to 96 h, indicating relatively low acute toxicity to
aquatic species.
Other Hazards

Although among the least toxic of the nitrites, adiponitrile can
release cyanide both in vitro and in vivo; thus it is important to
be aware of signs of cyanide poisoning.
Miscellaneous

Adiponitrile should be stored in tightly closed containers in
a cool, well-ventilated area. Adiponitrile must be stored to
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avoid contact with oxidizing agents such as perchlorates,
peroxides, permanganates, and fluorine, since violent reactions
can occur. Adiponitrile is not compatible with strong acids or
reducing agents.
Exposure Standards and Guidelines

Occupational exposure standards and guidelines for adiponi-
trile include the following:

United States: American Conference of Governmental
Industrial Hygienists threshold limit value of 2 ppm
(8.8 mg m�3) based on respiratory tract irritation and includes
a skin notation. The US National Institute for Occupational
Safety and Health recommended exposure limit is 4 ppm
(18 mg m�3) as a 10 h time-weighted average.
See also: Cyanide; Nitriles; Volatile Organic Compounds.

Further Reading

Smith, L.W., Kennedy Jr, G.L., 1982. Inhalation toxicity of adiponitrile in rats. Toxicol.
Appl. Pharmacol. 65, 257–263.
Relevant Websites

http://nj.gov/health/eoh/rtkweb/documents/fs/0027.pdf – Jersey Hazardous
Substances Fact Sheet.

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/wmXaoxz:1 – NLM-HSDB
database.

http://www.epa.gov/iris/subst/0515.htm – US Environmental Protection Agency.
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Background

Research carried out over the last two decades examining the
role of transporters on exposure of xenobiotics has revealed the
importance of transporter activity and substrate affinity to
transporters and metabolizing enzymes for the regulation of
substrate disposition in man. Modulation of transporter activity
via genetic or epigenetic regulation may provide potential
explanation for some of the observed interindividual variability
relating to the toxicological effect of xenobiotics, including
pesticides, toxins, and medicinal or recreational drugs.

At present, xenobiotics are mainly labeled as being toxic on
the basis of outcomes from high dose exposure in animal
testing, which does not necessarily translate to adverse toxico-
logical outcomes in man at lower dose levels. Due to a large
number of chemicals being subject to sparse toxicological
testing in the past and the shift to an earlier testing of drug
properties relating to pharmacokinetics (PKs) and toxicity, the
use of high-throughput screening has increased in order to cope
with increased requirements, where the pharmaceutical
industry brings valuable knowledge due to more experience in
the area. Automated in vitro assays and in silico computational
methods such as quantitative structure–activity relationship
and physiologically based pharmacokinetic (PBPK) modeling
play important roles in this process and further bring valuable
insight into the assessment of dose-dependent toxicity through
in vitro–in vivo extrapolation (IVIVE), potentially saving time,
cost, and minimizing animal research.

Statins lend themselves well in exemplifying the importance
of hepatic transporters on the interindividual variability and
dose dependency in relation to toxicological effects of xenobi-
otics. Being one of the most commonly prescribed drug classes
in the world, statins are generally considered well tolerated
although they can cause muscle toxicity, myopathy, as an
adverse effect where incidents have been observed to increase
with the increase in dose. The severity of myopathy ranges from
mild myalgia (muscle ache or weakness without creatine kinase
(CK) elevation), myositis (muscle symptoms with increased CK
levels) to rhabdomyolysis (muscle symptoms with marked CK
elevation), a rare but potentially fatal toxicological effect.

Although the PK characteristics of statins vary in large,
where, for example, atorvastatin, lovastatin, and simvastatin
are mainly metabolized by CYP3A4, whereas pravastatin and
rosuvastatin are mainly excreted unchanged, they are all
substrates to the organic anion transporter polypeptide
(OATP) 1B1, responsible for the active uptake of drug into the
liver. The variability in hepatic transporter uptake activity
caused by genetic polymorphism is of importance in eluci-
dating the varied extent of toxicological response observed in
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
different populations treated with statins. It has been proposed
that a reduction in OATP1B1 transporter activity as a conse-
quence of polymorphism may lead to a reduced hepatic
uptake resulting in a reduced drug clearance and an increase in
muscle concentrations of some statins potentially leading to
the toxicological effect. This is however further complicated by
the fact that a number of other transporters exhibit similar
functionality to OATP1B1 in the liver whereas several uptake
and efflux transporters exist in the muscle tissue.

In this article, the impact of hepatic transporters on systemic
andorgan exposure and the toxicological impact governedby the
PK properties through absorption, distribution, metabolism,
excretion, and toxicology (ADMET) processes were described.
Further how these PK and toxicokinetic (TK) properties can be
investigated through in vitromethodology and extrapolated to in
vivo systems will be explained, allowing PBPK modeling and
simulation of the TK impact of altered hepatic active uptake.
Systemic Exposure and Toxicity: ‘ADMET’

The exposure of an individual to a certain xenobiotic or drug
can be described by the area under the concentration time curve
(AUC). The AUC after an orally administered dose (D) is
dependent on the proportion of the dose that is absorbed and
available in systemic circulation after passage from the gut
through the liver (the bioavailability of the drug – F), the
clearance (CL), and the dose of the drug, eqn [1]).

AUC ¼ F � D
CL

[1]

The total CL is defined as the volume of blood which is
completely cleared of the xenobiotic per unit time and
encompasses clearance by the liver, kidneys, and biliary
excretion. In the absence of variation in toxicological effect or
pharmacological response (e.g., genetic differences in recep-
tors, underlying effect of disease itself, effects of concomitant
drugs), maximum exposure, as measured by maximum
concentration of a xenobiotic in blood circulation (Cmax), and
total exposure, as measured by AUC, are often closely linked to
the pharmacological as well as concentration-related toxicity
or adverse effects. Thus, early determination of the PK char-
acteristics of a drug as in the process of drug development and
defining the influence of individual covariates are desirable. A
brief description of ADME processes that determine the overall
PKs is provided below. This will enable recognition of the
separation of elements which are related to human biology
and physiology (i.e., system parameters) from those of the
drug that, in combination, lead to observed ADMET behavior.
4-3.01058-7 87
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Absorption

Bioavailability (F) is a term often used to describe the absorp-
tion of a drug. It is defined as the proportion of an oral dose of
a drug which reaches the systemic circulation. It is dependent
on a number of factors which are described in eqn [2]:

F ¼ fa � FG � FH [2]

where fa is the fraction of the dose entering the gut wall, FG is
the fraction of drug which escapes metabolism in the gut wall
and enters the portal vein, and FH is the fraction of the drug that
enters the liver and escapes metabolism, entering systemic
circulation. Transporters can potentially affect the absorption
of drug from the gastrointestinal tract.
Distribution

Distribution refers to the reversible transfer of drug from one
location within the body to another. Distribution of drugs to
and from blood and other tissues occurs at various rates and to
various extents. Several factors are responsible for the distri-
bution pattern of a drug within the body over time. Some of
these are related to the nature of the drug (such as the ability of
the drug to cross membranes, plasma protein binding, parti-
tioning into the red blood cells, tissues, and fat) and some
others relate to characteristics of the individual (such as the
perfusion rate of different tissues by blood, concentration of
plasma proteins, hematocrit, body composition). Since the
exposure of a given xenobiotic will depend on the amount
reaching the site of action and the rate at which it is removed,
the above factors are important determinants of dosage
regimens.
Metabolism

For the majority of new (and mostly lipophilic) drug
compounds, metabolism is a major route of elimination from
the body. During preclinical drug development, the quantita-
tive prediction of in vivometabolic clearance from in vitro data is
arguably one of the most important objectives of in vitro
metabolism studies.
Excretion

All drugs are ultimately removed from the body, either in the
form of their metabolites or in their unchanged form, by
excretory organs, mainly the kidneys, and excreted in the urine
(although in some instances, excretion may be via the biliary
route). Compromised renal function may affect the PKs of the
drugs if urinary excretion is a substantial part of the overall
elimination.
Organ Exposure and Transporters

Organ- or tissue-specific exposure following an administered
drug can be described using the AUC in the studied organ or
tissue (AUCorgan). Depending on the nature of the organ, being
either eliminatory (i.e., liver or kidney) or noneliminatory (i.e.,
muscle, adipose, or bone), the exposure of the drug to the
tissue will be governed by different processes. The net clearance
in (CLin) and out (CLout) of a noneliminatory organ is
conventionally governed by the substrates’ affinity to the
specific tissues or organs, or tissue-to-plasma water partition
coefficient, and can be considered a passive process as such,
thus influencing the overall distribution of the compound in
the body (eqn [3]).

AUCOrgan ¼ AUCSystem � CLin
CLout

[3]

Due to the practical difficulty in measuring the concentra-
tion of xenobiotics in tissue, particularly in humans,
mechanism-based approaches to estimate the affinity of
various compounds to each tissue have been developed by
Poulin and Theil and frequently implemented on physiologi-
cally based models. Improved equations by Rodgers and
Rowland have allowed for better predictability of ionized
molecules based on the assumption of all molecules being
dissolved in the intra- and extracellular tissue water and parti-
tion into neutral lipids and phospholipids in the tissue cells.

Considering an eliminatory organ CLout can additionally be
a component of the systemic elimination of the compound in
question from the body. There are numerous drug transporters
on the membranes of various tissues. These transporters can
influence drug distribution into the tissues particularly for
compounds exhibiting permeability limitations to specific
tissues where the permeability will act as the rate-limiting step
in the distribution to the organ; these compounds will there-
fore be more dependent on active transport uptake or efflux
acting on CLin and CLout, respectively. This will impact the
AUCorgan but also has the potential of influencing the systemic
AUC and subsequently the exposure in other organs. This can
be of particular significance in eliminatory organs as trans-
porters can act to increase systemic exposure through trans-
porting altering CLin or CLout of the organ and further affect the
amount of the compound in question available for metabo-
lizing enzymes or systemic elimination through the elimi-
natory organ.
Various Families of Transporters

Transporters are integral proteins which are expressed in the
cell membranes. They mediate translocation of endogenous
substances and exogenous chemicals in and out of cells using
active and passive mechanisms. Transporters are specific in
their action, where for example they may facilitate the uptake
or excretion of substrates in the intestine or liver. Generally,
they can be classified as either influx (uptake into the cell) or
efflux (transport out of the cell) transporters.

The disposition of xenobiotics and endogenous substances
(e.g., bile acid and cholesterol) is most often associated with
two superfamilies of transporters: the solute carrier (SLC) and
ATP-binding cassette (ABC) families. They use secondary and
tertiary active transport to move chemicals across biological
membranes. The OATPs (SLCO), OATs (SLC22A), and organic
cation transporters (OCTs, SLC22A) are among the SLC
subfamilies. OATPs are found in various tissues, including the
liver, intestine, kidney, and brain. They are responsible for the
transport of a wide range of endogenous substrates including
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bile acids, thyroid hormones, steroid conjugates, anionic oli-
gopeptides, eicosanoids, various drugs, and xenobiotic
compounds across membranes. Six human OATP families
containing eleven human OATP subfamilies have been iden-
tified. Among them, OATP1B1 and OATP1B3 are distributed in
the liver tissue while OATP1A2 and OATP2B1 are distributed in
both liver and intestinal tissues. They participate in the active
uptake of compounds from the portal vein into the liver.

Members of the ABC family are exclusively considered to be
efflux transporters, removing substrate from the cell using
primary active transport. They are of importance as they can
limit the entry of drugs or facilitate drug removal from the cell
in various tissues. The main efflux transporters currently iden-
tified include multidrug resistance transporter 1 (MDR1), the
canalicular bile salt export pump (BSEP), the multidrug resis-
tance-associated protein (MRP) family, and breast cancer
resistance protein (BCRP). MDR1, also refered to as perme-
ability-limiting glycoprotein (P-gp) is encoded by the gene. It is
an important efflux transporter involved in oral drug absorp-
tion, distribution to tissues, and biliary or urinary excretion of
many drugs. P-gp was the first drug transporter described, and
is known, together with MRPs and some monocarboxylate
transporters (MCTs), for giving an MDR characteristic to cancer
cells (Figures 1 and 2).
Transporter Polymorphism and Impact on ‘ADMET’

PKs can be a major source of variability in dose and response
relationship. It manifests itself in interindividual differences in
the plasma concentration–time profile of a drug. Factors that
lead to variability in the ADME parameters are therefore of
importance in understanding overall variability in PKs and TKs.
Variability in Absorption

As described previously, absorption is affected by three
parameters, fa, FG, and FH. Each of these parameters is sensitive
Figure 1 Organ distribution of identified transporters and their functionality
Huang, S.M., 2006. Scientific perspectives on drug transporters and their role
to differences in physiological characteristics between individ-
uals. An important factor affecting fa is variation in gastroin-
testinal motility, in particular for drugs with low permeability.
FG is sensitive to the genetics of individual in relation to drug-
metabolizing enzymes, diet, and active secretion of the drug
back into the gut by the multidrug efflux pumps like P-gp,
BCRP or MRP2 that are susceptible to interindividual fluctua-
tions in both abundance and activity. Variability in the first-
pass metabolism of the drug by the liver (FH) is a result of
genetic differences in drug metabolism and differences in the
physiology of the individual affecting liver blood flow and the
size of the liver.

Hepatic transporters mediate transport of substrates in and
out of liver, where genetic variation in transporter activity may
affect the translocation of substrates. OATP1B1 is involved in
the hepatocellular uptake of a variety of endogenous and
foreign chemicals. A diverse set of molecules are substrate to
OATP1B1, including statins.

OATP1B1 is encoded by the gene SLCO1B1. Its protein
consists of 670 amino acids with 12 putative membrane-
spanning domains, and a large fifth extracellular loop. The
OATP1B1 gene is located in chromosome 12 (gene locus
12p12). Numerous sequence variations, such as single nucle-
otide polymorphisms, have been identified in the SLCO gene.
These polymorphisms may have significant consequences on
PKs, for example, by reducing transporter uptake activity giving
rise to interindividual variability in PKs of substrate
compounds. OATP1B1 represents the most studied OATP
to date.

Studies have shown that the SLCO1B1 c.521T>C variant
(*5 or *15 haplotype) may be associated with impaired hepatic
uptake and potentially increase the plasma concentration of
OATP1B1 substrates, whereas the SLCO1B1*1B haplotype may
be associated with an enhanced hepatic uptake and reduced
plasma concentrations of some OATP1B1 substrates in
Caucasians. Note that genetic differences are found among
different racial and ethnic backgrounds. The low-activity
haplotypes *5 and *15 have a combined allele frequency of
in man. Adapted from Zhang, L., Strong, J.M., Qui, W., Lesko, L.J., and
in drug interactions. Mol. Pharm. 3, 62-69.



Figure 2 Efflux and uptake transporters located on the sinusoidal (NTCP, OAT2, OAT7, OATP1B1, OATP1B3, OATP2B1 and OCT1) and canalicular
membranes (ABCG5/8, BCRP, BSEP, MDR1, MDR3, MRP2 and MATE1) in liver. Direction is indicated by arrows. ABCG5/8 transport cholesterol in and out
within the bilayer, whereas MDR3 transport is from the inner to the outer bilayer.
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approximately 15-20% in Europeans, 10-15% in Asians, and
2% in sub-Saharan Africans, whereas, the enhanced uptake
haplotype *1B has an allele frequency of approximately 26% in
Europeans, 39% in South/Central Asians, 63% in East Asians,
and as high as 77% in sub-Saharan Africans. As transporters can
influence the deposition of drugs and genetic variation in
transporters do exist among populations, these give rise to
intervariation in response of the same drug.
In Vitro Assessment of Transporter Activity

Tissue volumes and tissue blood flows are essential
components of a PBPK model. Correlations between tissue
volumes and tissue blood flows should be considered when
modeling interindividual variability in drug distribution
using PBPK models. There are drug-related characteristics
(such as ability to cross membranes, bind to plasma
proteins, partition into red blood cells, tissues, or fat, and its
specific affinity to influx or efflux transporter proteins) which
can influence the dynamics of distribution to various tissues
and concentration–time profile of drugs. Many of these can
be measured in vitro and used for IVIVE purposes. Current
IVIVE approaches for assessing the distribution of the drugs
to various tissues involve estimation of tissue-to-plasma
partition coefficient (Kp:t) based on affinity to lipids and
binding to common proteins present in the tissue interstitial
space combined with in vitro measurements of blood and
plasma protein binding.

Separation of the passive permeability and transporter-
mediated flux is an essential element of in vitro cell-based
studies as these can be used to predict the behavior of the drug
in vivo (using IVIVE). The active transport kinetics is often
described by Michaelis–Menten kinetics (Km, Vmax, or CLint, T).
The effects of unbound fraction at the binding site cannot be
directly measured in most cases; however, delineation via
application of models is becoming more popular. These
systems together with appropriate modeling are now routinely
used to elucidate passive and active transporter processes
acting to influence drug permeability. Caco-2 cells grown to
confluent monolayers in bicameral filter systems endoge-
nously express the majority of the relevant transporters also
expressed in the human intestine in vivo. Alternatively, cell line
includes Madine Darby Canine Kidney (MDCK II) and Lilly
Laboratories Cells – Porcine Kidney Nr. 1 (LLC-PK1), selected
due to their low endogenous transporter expression of mdr1,
bcrp, and mrp2. Inhibition of active processes can be an issue
knowing the lack of specificity of transporter inhibitors for
certain isoforms.

Recently, research has focused on using mathematical
models to describe drug concentration time courses at trans-
porter binding sites in order to accurately determine the
intrinsic kinetics of active processes. Using a global kinetic
approach to simulate the time course of drug concentrations
in multiple compartments of the experimental system has
been reported in the literature. The models in the last few
years have become increasingly more mechanistic (and hence
more complex) involving up to five compartments within in
vitro system to describe the characteristics assumed to be
important to the mechanics of drug transport within a two-
chamber filter system like the Snap- or Transwell systems. A
modeling approach for assessing in vitro data can help with
recognizing processes that have not been identified to facili-
tate further work on these as yet unidentified mechanisms
acting on the drug. They can help to identify the outliers and
supply further guidance toward issues which require extra
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attention. Examples are provided below to show practical
applications.
‘PBPK’ Modeling of Hepatic Transport

PKs deals with quantitative assessment of the fate of drugs in
the body. Mathematical models are necessary to describe and
predict concentration–time profiles from data obtained by
measuring the drug level in biological fluids such as blood,
plasma, and urine. The models can range from simple
compartmental analysis to sophisticated PBPK incorporating
population-based interindividual variability in physiological
parameters.

In PBPK modeling describing liver uptake, the diffusion
of the compound into the liver will be limited by the blood
flow into the organ as the compound is assumed to not
exhibit any permeability limitations into the tissue, and this
is referred to as a perfusion-limited organ model. If
a compound displays a permeability limitation into the
organ, blood flow will no longer be rate-limiting step and the
concentration in the organ will rather be dependent on its
ability to permeate the tissue, and as described earlier this
can be a net effect of diffusion into the tissue, active trans-
porter uptake or efflux.

In order to describe and model the latter scenario,
a permeability-limited liver model is required. The perme-
ability-limited liver model divides the liver into three
compartments: extracellular water (EW), intracellular water
(IW) and capillary blood, where the distribution between the
compartments is dynamic as described in Figure 3. Sinusoidal
transporters will alter the rate at which the drug is transferred
between EW and IW, ktEW-in and ktIW-out.

Transporter kinetics are generally described as an intrinsic
clearance equal to the maximal rate (Vmax) divided by the
Michaelis constant (Km) under linear conditions. Km is the
Figure 3 The permeability limited liver model. See text for detailed descript
substrate concentration at which the rate reaches half of its
maximum value (Vmax).

Transport-mediated uptake or efflux is generally described
as an intrinsic clearance (CLint) equal to the maximal rate
(Vmax) divided by the Michaelis constant (Km) under linear
conditions using Michaelis–Menten type equations
(Vmax ¼maximum flux; Km ¼ substrate concentration giving
half Vmax). A reduction in Vmax corresponds to a reduced
capacity of active transport.

The CLint is a concentration- and time-dependent variable
(eqn [4]), where CLint is in ml min�1, Vmax is in per million
hepatocytes (pmol) min�1, and Km in mM, respectively:

CLint ¼ Vmax

Km þ Cu
[4]

where Cu is the unbound concentration at the transporter
site. Hence for uptake transporters, it is the unbound concen-
tration in the EW and for efflux transporters it is the unbound
concentration in the IW. Usually measuring the unbound
concentrations is a challenging task, hence in silicomethods are
developed to estimate these values. In order to predict tissue
distribution, recently mechanistic equations have been devel-
oped that incorporate compound lipophilicity, binding of
compound to plasma and tissue macromolecules, and levels of
phospholipids and neutral lipids in plasma and tissues. These
models have been further developed accounting for protein
binding in the EW and incorporating acidic phospholipids
binding for strong bases (pKa > 7.0).

These equations are developed assuming steady-state
condition and instantaneous equilibrium. However, attempts
are made to adapt these equations to nonequilibrium condi-
tions and develop models describing transporters functionality
in different organs such as liver, brain, and heart. Using
a similar approach and without assuming the equilibrium
condition, permeability-limited models and equations are
developed and implemented within the Simcyp Simulator
ion.
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(since V10). These models are used to estimate the drug
unbound fractions in intercellular and EW and predict trans-
porters functionality in different organs including liver, brain,
and kidney assuming:

l The tissue is divided into three compartments, namely
vascular space and EW and IW spaces.

l The vascular and extracellular compartments are in instan-
taneous equilibrium though the total concentration in these
can be different.

l Only unionized and unbound species can permeate (either
passively or actively) through the plasma membrane.

l The movement of the unbound unionized species from the
capillary bed (vascular space) to the EW is not a rate-
limiting process and the perfusion-limited transition only
happens between the EW and IW spaces.

l Passive permeability at the canalicular side of the liver plays
a negligible role in biliary secretion.

l Since there are no reports suggesting the presence of drug
uptake transporters at the canalicular membrane these are
not considered.

The developed models have been used successfully to
predict the PK profiles and transporter-mediated interaction of
repaglinide, cyclosporine A, clarithromycin, and trimethoprim.
These models are also used to simulate the cases described in
the following section.

Modeling the transporter activity as a consequence of
genetic polymorphism can therefore be done through altering
Figure 4 Scatter plot of apparent Km (mM) values of endogenous and exog
substrates.

Figure 5 Scatter plot of Vmax (pmol min�1 mg protein�1) values of endogen
differentiate substrates.
the maximum flux of the transporter and simulating the impact
on organ and tissue concentrations as a result of these.
Simulating the Effect of OATP1B1 Polymorphism on the
Exposure of Statins

In the following case, how the impact of genetic polymorphism
of SLCO1B1 and OATP1B1 activity and subsequently the TKs of
statins can be investigated through a PBPK simulation approach
and further give important theoretical insights into the PK
parameters governing the systemic and organ exposure of
hepatic transporter substrates through sensitivity analysis of
OATP1B1 affinity and transport rate is described.

Utilizing a full PBPK distribution model, based on Rodgers
and Rowland, coupled with a permeability-limited liver model
allowing the implementation of transporter liver uptake,
incorporated into the population-based PBPK simulator Sim-
cyp v11 (Simcyp Ltd, Sheffield), concentration time profiles in
liver plasma and muscle tissue of atorvastatin, pravastatin, and
simvastatin immediate release were simulated at a low,
medium, and high therapeutic doses.

A range of affinities and rate of transport values ofOATP1B1
substrates were collated from the literature. Figures 4 and 5
display the distribution of Km and Vmax, respectively,
for reported substrates. The ranges of Vmax and Km values
served as a basis for designing the sensitivity analysis simula-
tion study, providing naturally occurring ranges. The genotypic
enous OATP1B1 substrates where symbol and color coding differentiate

ous and exogenous OATP1B1 substrates where symbol and color coding



Figure 6 Simulated atorvastatin acid immediate release 40 mg concentration (ng ml�1) time profiles in liver (unbound intracellular concentration),
plasma, and muscle tissue at a Km of 0.4 mM and a Vmax of 400 pmol min�1 million cells�1.
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polymorphism was implemented through altering Vmax

assigning it a value of one-third of the original value or three
times larger to emulate the impact of genetic polymorphism.

Keeping Km constant and reducing the transporter activity
(Vmax) led to a reduction in the amount of substrate drugs
being transported into the hepatocytes. Increased transporter
activity led to an increase in drug concentration in the liver,
whereas a less active transporter resulted in a higher proportion
of drug circulating in plasma. Thus, when a higher amount of
drug was taken up into the liver, less would remain in circu-
lation; subsequently, less would be distributed to the muscle
tissue. At a high Km, the substrate affinity to the transporter is
high. The available OATP1B1 transporters will be highly
occupied by the substrate drug potentially causing saturation.
In this scenario, the rate of transport will only have a minor
impact on the overall transport.
Atorvastatin Acid

Atorvastatin acid is mainly metabolized in liver by CYP3A4
displays a relatively low passive diffusion clearance (PSdif) into
the hepatocytes of 0.017 mlmin�1 per million cells (CLpd).
Due to the low PSdif, the plasma concentration was highly
governed by the OATP1B1 transporter activity.

Drug concentration in muscle was highly affected by altering
the transporter activity. At a Km of 0.4 mMand aVmax of 400 pmol
min�1 per million hepatocytes cells�1, there was an eightfold
difference in the muscle concentration when altering the trans-
porter activity related to theOATP1B1 polymorphism (Figure 6).
The difference in liver concentration of drug caused by altered
transporter activity was less significant when compared with
muscle tissue concentration. As atorvastatin acid is metabolized
by CYP3A4, an increase in active hepatic drug uptake will be
counteracted in the liver by an increase in metabolic clearance,
maintaining similar exposure in the liver (Figure 6).

Pravastatin

Pravastatin displays a PSdif of 0.397 mlmin�1 per million
cells. The simulated exposure of pravastatin in muscle and
liver was higher as compared to plasma. Simulations utilizing
parameters reported in literature showed that genotype vari-
ation had a reduced impact on the exposure in plasma, liver,
and muscle as compared to atorvastatin acid. These findings
were similar to the results presented by Kusuhara and
Sugiyama, simulating an increase in plasma concentration
with a reduced transporter activity whereas drug concentration
in plasma was increased and the changes in liver were less
significant (Figure 7).
Simvastatin

Simvastatin displays a high passive diffusion rate of approxi-
mately 74 mlmin�1 per million hepatocytes cells and the
distribution of simvastatin to the liver can therefore be
considered perfusion limited. For this reason, the exposure of
simvastatin was not affected by altered OATP1B1 transporter
activity. Although being highly distributed to the muscle,
muscular toxicity is more likely to occur (Figure 8).
Conclusion

Using the transporter OATP1B1 and statins as examples, it has
been shown how genotypic transporter polymorphism can
alter the drug concentration in plasma, liver and muscle to
varying extents depending on the PK properties of the
substrate. Therefore, there is no simple algorithm for esti-
mating the effect of transporter polymorphism on tox-
icokinetics, thus forming/providing a compelling argument for
the use of PBPK modelling to assess toxicity as a result of
transporter polymorphism and simulation in toxicokinetics of
polymorphic transporter activity. In conclusion, it was
demonstrated that membrane transporter polymorphism can
contribute to variability in toxicological effects.

In vitro assays and IVIVE coupled with PBPK modeling and
simulation can provide high-throughput, cost-efficient
methods for predicting toxicokinetics of xenobiotics in man
and have the potential of replacing many animal toxicity
studies. In silicomethods may further be in a better position in
predicting active transport effects on the disposition of xeno-
biotics and their toxicity as compared to current animal
models due to observed interspecies variability in abundance
and activity of transporters, where accurately predicting the
local tissue concentrations may be key to understanding
transporter driven toxicity.



Figure 8 Simulated simvastatin immediate release 40 mg concentration (ng ml�1) time profiles in liver (unbound intracellular concentration), plasma,
and muscle tissue at a Km of 0.4 mM and a Vmax of 400 pmol min�1 million cells�1.

Figure 7 Simulated pravastatin immediate release 20 mg concentration (ng ml�1) time profiles in liver (unbound intracellular concentration), plasma,
and muscle tissue at a of Km 0.4 mM and a Vmax of 400 pmol min�1 million cells�1.
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Introduction

Several decades’ worth of experience in characterizing chemical
toxicity has led to the realization that a new approach is war-
ranted. Such factors as the large number of relatively unchar-
acterized chemicals that are already in the environment, the
need to generate information for extensive regulatory programs
such as the European Union’s Registration, Evaluation,
Authorization and Restriction of Chemical substances
(REACH) program, the high cost and slow pace of animal
experimentation, and the need to improve the certainty of
safety decisions have made it necessary to rethink the tradi-
tional approach to hazard and risk assessment, which has
generally relied on an extensive array of empirical animal test
data. At the same time, advances in biological understanding as
well as experimental technologies (e.g., ‘omics’ tools, stem cell
culturing, reconstructed tissues) have allowed the contempla-
tion of dramatically different approaches to understanding
disease and toxicology than those traditionally practiced. One
such approach couples existing knowledge of normal biology
with new chemical and biological information about the
consequences of disturbing that biology, leading to a struc-
tured, transparent, and hypothesis-based approach to predict-
ing adverse outcomes resulting from those perturbations. This
general approach has been variously termed mode-of-action
(MoA), toxicity pathway, and adverse outcome pathway
(AOP) approaches.

The idea of incorporating mechanistic biochemical infor-
mation into toxicological assessment is not new; it began with
dose–response modeling efforts and MoA frameworks, such as
those developed by the International Program on Chemical
Safety (IPCS) to determine the human relevance of modes of
action of pesticides and industrial chemicals leading to carci-
nogenicity (and later non-carcinogenic toxicity), and the
Figure 1 An adverse outcome pathway is a biological map from the molecu
that describes both mechanism- and mode-of-action.
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creation of MoA pathways commonly used in drug develop-
ment and applied to human disease. The notion of toxicity
pathways as articulated by the National Research Council in
2007 in its report, “Toxicity Testing for the 21st Century: a vision
and a Strategy”, takes this concept a bit further by envisioning
a system-wide network of pathways that leads to a predictive,
hypothesis-driven assessment paradigm for toxicity in general.
The goals of this new approach are to improve efficiency and
decrease uncertainty in risk and hazard evaluations. Recently,
this concept has been further formalized for toxicological
assessment for both human health and ecological endpoints as
the AOP and has been taken up by the Test Guidelines Program
at the Organization for Economic Cooperation and Develop-
ment (OECD) as an organizing principle for all test guidelines.

The AOP approach is based on the concept that toxicity
results from the chemical exposure and molecular interaction
with a biomolecule (e.g., a protein, receptor) – the molecular
initiating event (MIE) – followed by a sequential progression of
intermediate events through to the eventual toxicological effect
or ‘adverse outcome’ (AO), which is at the individual level for
most human health endpoints or at the population level for
environmental endpoints (Figure 1). The AOP framework
codifies this process and allows for the integration of all types
of information at different levels of biological organization,
from molecular to population level, to provide a rational,
biologically based argument (or series of hypotheses) to predict
the outcome of an initiating event.

The usefulness of the AOP concept in building a predictive
toxicological framework manifests in several ways. In the near
term, AOPs can inform chemical grouping or categories and
structure–activity relationships, they can aid in increasing
certainty of interpretation of both existing and new informa-
tion, and they can be used to structure integrated testing
strategies that maximize useful information gained from
lar initiating event (MIE) through the resulting adverse outcome (AO)
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minimal testing. In the longer term, AOPs can be used
to identify key events for which nonanimal tests can be
developed, thereby facilitating transparent, mechanism-based,
predictive toxicological assessments with low uncertainty and
high human relevance, ultimately without the involvement of
animal testing.
Development of an Adverse Outcome Pathway: Where
to Begin?

According to the OECD Guidance, an AOP consists of three
main elements: one molecular initiating event, one adverse
outcome, and any number of intermediate events. While in
reality biological processes are actually an interrelated network
of multiple processes and an MIE can be associated with
a number of AOs (similarly an adverse effect can result from
a number of different MIEs), to streamline the development
and use of AOPs, OECD has defined an AOP as being a linear
pathway from one MIE to one AO. Description of an AOP can
begin from any location along the pathway: where you start
will depend on the initiator’s perspective or expertise. For
example, a chemist will likely begin with the MIE and focus on
the early part of the pathway, with the likely goal of improving
chemical categorization; a bioinformaticist would likely begin
in the middle, with a series of gene or protein expression
associations or ‘fingerprints,’ and link outward to either the
associated MIE or AO; and a pathologist would begin with an
AO and work ‘upstream’ to link to the causes.

Regardless of how or where the pathway description is
initiated, there are a series of questions that should be
answered during the pathway characterization, including: How
dependable is the information that was used to deduce each
step? How well supported are each of the associations between
events along the pathway? How complete is the pathway? How
many other MIEs or AOs are alternative possibilities
surrounding this particular pathway? A full description of an
MIE should also include cellular/tissue location – as immedi-
ately elicited intermediate events may be similar in two
different AOPs but differ in cell type or tissue location (e.g.,
metabolic transformation of a chemical to an electrophilic
species may elicit an MIE for both skin sensitization and liver
fibrosis – only in keratinocytes for the former and hepatocytes
for the latter). The OECD guidance provides a template and
describes the process for evaluating weight-of-evidence for each
step in development of an AOP. Similar to the IPCS MoA
frameworks, the OECD Guidance suggests evaluating the
strength of qualitative and quantitative understanding of each
step in the pathway using the using the Bradford-Hill criteria,
which assess the strength of association, consistency of the
evidence, specificity of the relationship, consistency of
temporal relationships and dose–response relationships, bio-
logical plausibility, coherence of the evidence, and consider-
ation of alternative explanations.

The European Commission Joint Research Council SEURAT
(Safety Evaluation Ultimately Replacing Animal Testing)
project has initiated a project to develop two liver toxicity AOPs
following the OECD guidance, one for protein alkylation-
induced fibrosis and another for liver X receptor activation-
induced steatosis.
Two Case Examples of AOPs in Development and Use

Skin Sensitization

Skin sensitization is a relatively simple biological process, yet
it involves several cell types and tissues and is a good
demonstration of AOP development and use in constructing
an integrated testing strategy (Figure 2). Sensitization occurs
in two phases: the first, the induction phase, is a result of
initial contact with an allergen and primes the system; the
second, the elicitation phase, is in response to a subsequent
exposure and results in an allergic response. As with the local
lymph node assay, the sensitization AOP focuses on the
induction phase.

The induction phase involves initial contact and penetration
of the outer dermis of the skin by a potential sensitizer.
Metabolism in the skin can either activate or deactivate the
chemical (or have no effect); chemicals that are electrophilic
after penetrating the skin are more potent sensitizers than non-
electrophiles. The electrophile then interacts irreversibly with
nucleophilic sites in proteins (e.g., cysteine and lysine residues)
to form a hapten–protein complex in the epidermis – this is the
sensitization MIE. In both dendritic cells (antigen-processing
cells in the skin) and keratinocytes (the predominant epidermal
skin cells), the presence of a hapten–protein complex elicits the
production of cytokines that in turn stimulate dendritic cells
to migrate to regional lymph nodes and activate T cells there.
In the lymph node, hapten–protein fragments are presented in
complex with major histocompatibility complex (MHC)
molecules by dendritic cells to immature T cells, causing the
maturation ofmemory T cells and the acquisition of sensitivity –
this is the key physiologic response of the initiation phase.

The sensitization AOP can be used to design (or organize)
an integrated assessment strategy that includes non-test (e.g.,
quantitative structure activity relationships (QSARs)), in in vitro
and in vivo test results. Such assessment strategies are being
developed by a number of research groups.
Estrogen Receptor–Mediated Reproductive Toxicity

Chemicals that bind the estrogen receptor (ER) can either
mimic or block estrogenic activity (act as agonists, or antago-
nists, respectively) by changing expression levels of ER-
responsive genes. Subsequent changes in ER-responsive protein
levels result in changes at the tissue level (e.g., reproductive
organs) and eventually can affect reproductive behavior and
capacity (Figure 3). In this AOP description (based on
measurements in rainbow trout with elements that are gener-
alizable to all vertebrates), the MIE is chemical binding to the
estrogen receptor, the first key event is change in gene expres-
sion and protein production (measured via ER-responsive
reporters in vitro or endogenous genes ex vivo), a subsequent
key event is histopathological changes (e.g., reduced testicular
growth, appearance of ova in testes of fish) followed by
observation of altered reproductive behavior and sex reversal at
the individual level, and finally skewed sex ratios and decreased
numbers at the population level.

This AOP provides a biological hypothesis framework for an
integrated testing strategy that involves QSAR prediction and
measurement of ER binding, measurement of ER transcrip-
tional activity in cells and excised (liver) tissue, histology of



Figure 3 Outline of AOP for estrogen receptor–mediated reproductive toxicity. After: Organization for Economic Cooperation and Development
(OECD), 2011. Report of the Workshop on UsingMechanistic Information on Forming Chemical Categories ENV/JM/MONO(2011)8. May 18, 2011. 176 pp.

Figure 2 AOP for skin sensitization. Delineated below the diagram are the pathway subtypes: Toxicity pathway as defined by the 2007 National Research
Council report, mode-of-action pathway as discussed in the World Health Organization/IPCS guidance, and adverse outcome pathway as defined by
Ankley et al., 2010. The types of tests that can currently be used to assess different steps in the pathway are indicated by colored circles. After: Orga-
nization for Economic Cooperation and Development (OECD), 2012. The Adverse Outcome Pathway for Skin Sensitization Initiated by Covalent Binding to
Proteins, Part 1: Scientific Evidence. Series on Testing and Assessment, No.168.
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sexual organs, and measurement of sexual behavior and
fecundity.
Using AOPs: How Certain Do You Need to Be?

AOPs have a number of potential uses, including – in the near
term – informing chemical categories and structure activity
relationships, increasing certainty of interpretation of both
existing and new information, and designing integrated testing
strategies. The AOPs currently under development differ in
detail and complexity and are yet incomplete; nevertheless,
they all have utility to improve the hazard and risk assessment
process. The level of certainty and completion necessary
depends on the intended use of the AOP (Figure 4). For
example, to use an AOP for building QSARs of MIEs, there
must be some solid evidence that the MIE is linked to the AO of
interest, but the main focus of certainty would be the chemical
and molecular characterization of the MIE itself. To use an AOP
for hazard identification or prioritization of chemicals for
further testing, strong evidence of the MIE–AO linkage is
required, along with substantiation of one or more interme-
diate events.

Once a number of pathways have been described in suffi-
cient detail, it will also be possible to use them to identifying
key events for which tests can be developed; the tests would
necessarily address a number of critical steps, thereby ensuring
that all possible outcomes are adequately covered. As quanti-
tative information is added to relationships between interme-
diate events, early events in an AOP can be used directly for risk
assessment, without the need to assess the later steps pathway.
At this stage, chemical assessment will be streamlined and
toxicology transformed from a purely empirical to a predictive
science.



Figure 4 Different uses require different information and levels of certainty. Blue ovals indicate areas of focus; white ovals indicate quantitative
relationships.
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The Future of AOP Development and Use

A concerted and coordinated effort is required to develop
consistent approaches to the development and use of AOPs,
along with the necessary databases to support this develop-
ment. In order to evaluate the relevance, reliability, and
robustness of an AOP, it is especially critical to evaluate the
empirical and logical premises for the AOP in a transparent
way. Toward these goals, the OECD has recently agreed to
integrate the AOP approach into the test guidelines program
and is currently developing guidance for the development and
use of AOPs. This initial guidance to ensure that each AOP is
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assessed with respect to (1) the qualitative understanding of the
AOP, including the concordance of dose–response and
temporal relationships among key events; (2) the quality and
strength of experimental evidence supporting the AOP,
including biological plausibility, coherence, and consistency of
the evidence; and finally (3) the quantitative understanding of
linkages within the AOP. It is important also to consider the
uncertainties, inconsistencies and data gaps in the supporting
evidence. The goals of OECD’s guidance are to provide
consistency in structure and facilitate harmonized use of AOPs.

It is also critical to create a unified knowledge base for AOPs
and their supporting evidence, integrating information from all
scientific sectors, including toxicology, drug development,
disease, medicine, and research. Currently, the Joint Research
Council, World Health Organization, and the US Environ-
mental Protection Agency are collaborating to create a series of
three databases: an MoA knowledge base to house textual
pathway descriptions, a database to house graphical represen-
tations, and a database to house in vitro results that inform
intermediate effects which would serve as building blocks for
pathway development.

A publically accessible, harmonized knowledge base that
describes AOPs based on integrated toxicological and disease
pathway information will allow greatly improved assessment
strategy design. Assessment strategies based on transparent,
hypothesis-driven evaluation of key steps along an AOP will
provide improved predictively (for both human and environ-
mental health) and with greater confidence than current
approaches based largely on empirical data from a standard
array of animal tests.

See also: High Throughput Screening; In Vitro–In Vivo
Extrapolation; The Hamner Institutes for Health Sciences;
Mechanisms of Toxicity; Biomarkers, Human Health; Mode of
Action; Organization for Economic Cooperation and
Development; Toxicity Testing, ‘Read Across Analysis’; Toxicity
Testing in the 21st Century: Approaches to Implementation;
Toxicity Testing, Alternatives; QSAR; Environmental
Biomarkers; Systems Biology Application in Toxicology; Virtual
Models (vM); Evidence-Based Toxicology.

Further Reading

Ankley, G.T., Bennett, R.S., Erickson, R.J., et al., 2010. Adverse outcome pathways:
a conceptual framework to support ecotoxicology research and risk assessment.
Environ. Toxicol. Chem. 29 (3), 730–741.

Boobis, A.R., Doe, J.E., Heinrich-Hirsch, B., et al., 2008. IPCS framework for analyzing
the relevance of a noncancer mode of action for humans. Crit. Rev. Toxicol. 38 (2),
87–96.
Bradbury, S.P., Feijtel, T.C., Van Leeuwen, C.J., 2004. Meeting the scientific needs of
ecological risk assessment in a regulatory context. Environ. Sci. Technol. 38,
463A–470A.

Landesman, B., Goumenou, M., Munn, S., et al., 2012. Description of Prototype
Modes-of-Action Related to Repeated Dose Toxicity. European Commission, Joint
Research Council, Institute for Health and Consumer Protection, Ispra, Italy.

National Research Council, 2007. Toxicity Testing in the 21st Century: A Vision and
a Strategy. National Academy of Sciences, Washington, DC.

Organization for Economic Cooperation and Development (OECD), 2011. Report of the
Workshop on Using Mechanistic Information on Forming Chemical Categories ENV/
JM/MONO(2011)8. May 18, 2011. 176 pp.

Organization of Economic Cooperation and Development (OECD), 2012. The Adverse
Outcome Pathway for Skin Sensitization Initiated by Covalent Binding to Proteins,
Part 1: Scientific Evidence. Series on Testing and Assessment, No.168.

Organization for Economic Cooperation and Development (OECD), 2013. Guidance
Document on Developing and Assessing Adverse Outcome Pathways. Series on
Testing and Assessment No. 184.

Schultz, T.W., Diderich, B., Enoch, S., 2011. The OECD Adverse Outcome Pathway
Approach. AXLR8–2 Workshop and Progress Report: Alternative Testing Strate-
gies. DG Research and Innovation and AXLR8 Administration, Free University of
Berlin, Berlin.

US Environmental Protection Agency, 2006. Presentation to the 39th Joint Meeting of
the Chemicals Committee and the Working Party on Chemicals: Experiences Using
Integrated Approaches to Fulfil Information Requirements for Testing and
Assessment. http://www.oecd.org/env/chemicalsafetyandbiosafety/36286164.pdf
(accessed 30.08.12.).
Relevant Websites

http://alttox.org – AltTox, A Comprehensive Resource for Technical and Policy Infor-
mation on the Development and Use of Alternative Methods.

http://www.seurat-1.eu – European Commission Joint Research Council’s SEURAT
project.

http://www.thehamner.org/institutes-centers/institute-for-chemical-safety-sciences/
toxicity-testing-in-the-21st-century – Hamner Institutes, Institute for Chemical
Safety Sciences Toxicity Testing for the 21st Century project.

www.HumanToxicologyProject.org – Human Toxicology Project Consortium.
http://caat.jhsph.edu – Johns Hopkins School for Public Health Center for Alternatives

to Animal Testing.
http://search.oecd.org/officialdocuments/displaydocumentpdf/?cote¼env/jm/

mono(2013)6&doclanguage¼en – OECD Guidance on Document on Developing
and Assessing Adverse Outcome Pathways.

http://epa.gov/ncct/Tox21 – US EPA Tox21 program.
http://www.epa.gov/ncct/toxcast – US EPA ToxCast program.

http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.01244-6/ref0050
http://www.oecd.org/env/chemicalsafetyandbiosafety/36286164.pdf
http://alttox.org
http://www.seurat-1.eu
http://www.thehamner.org/institutes-centers/institute-for-chemical-safety-sciences/toxicity-testing-in-the-21st-century%20
http://www.thehamner.org/institutes-centers/institute-for-chemical-safety-sciences/toxicity-testing-in-the-21st-century%20
http://www.humantoxicologyproject.org/
http://caat.jhsph.edu/
http://search.oecd.org/officialdocuments/displaydocumentpdf/?cote%3Denv/jm/mono(2013)6%26doclanguage%3Den
http://search.oecd.org/officialdocuments/displaydocumentpdf/?cote%3Denv/jm/mono(2013)6%26doclanguage%3Den
http://search.oecd.org/officialdocuments/displaydocumentpdf/?cote%3Denv/jm/mono(2013)6%26doclanguage%3Den
http://search.oecd.org/officialdocuments/displaydocumentpdf/?cote%3Denv/jm/mono(2013)6%26doclanguage%3Den
http://epa.gov/ncct/Tox21
http://www.epa.gov/ncct/toxcast


Aerosols
WE Achanzar and RS Mangipudy, Bristol-Myers Squibb Co., Drug Safety Evaluation, New Brunswick, NJ, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Raja S. Mangipudy, volume 1, p 51, � 2005, Elsevier Inc.
l Chemical Abstracts Service Registry Number: N/A
l Synonyms: N/A
l Chemical/Pharmaceutical/Other Class: Aerosols are systems

ranging from those of colloidal nature to systems consisting
of ‘therapeutic packages.’ Aerosols are classified as follows:
B Liquified-gas systems

l Two-phase: space-spray; surface-coating; dispersion
or suspension

l Three-phase: two-layer; foam; stabilized; quick-
breaking

B Compressed-gas systems
l Solid-stream dispensing
l Foam dispensing
l Spray dispensing

B Separation of propellant from concentrate systems
l Piston type
l Flexible type
l Atomizer type
l Mechanical systems
l Latex diaphragm

l Chemical Structure: N/A
Background

An aerosol is an assembly of particles suspended in the air for
a period of time sufficient to allow inhalation or measurement.
A large number of agents such as therapeutic compounds,
personal hygiene products, pesticides, cleaning agents, lubri-
cants, adhesives, and chemical and biological weapons are
intentionally formulated as aerosols to which human exposure
can occur either intentionally or accidentally. In addition,
many chemicals can be unintentionally dispersed as aerosols
under certain conditions such as industrial accidents.
Environmental Fate and Behavior

The environmental fate will be dependent on the specific
components of an aerosol.
Exposure and Exposure Monitoring

Human exposure to aerosols primarily occurs via contact with
the skin, eyes, or respiratory tract. General exposure monitoring
for aerosols entails air sampling to determine the concentration
of aerosol components. Depending on the specific compounds
involved, biologic monitoring in blood or urine to assess
human or animal exposure can be performed.

Numerous common medications with toxic potential are
routinely delivered as aerosols. A few of them are listed below:
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1. Short-acting bronchodilators (albuterol, pirbuterol,
ipratropium)

2. Long-acting bronchodilators (salmeterol, formoterol,
tiotropium)

3. Corticosteroids (beclomethasone, triamcinolone, flutica-
sone, mometasone)

4. Miscellaneous other compounds (cromolyn, acetylcysteine,
tobramycin)
Toxicokinetics

Aerosol components can be absorbed primarily via the inha-
lation or dermal routes, although ingestion can occur if the
aerosol contaminates foods or drinks. Inhalation exposure can
be affected by factors such as respiratory tract geometry and
aerosol properties. Dermal exposure will be affected by skin
permeability of the substances. The specific toxicokinetic
properties (absorption, excretion, metabolism, half-life) will be
dependent on the nature of the aerosol components.
Mechanism of Toxicity

The specific mechanism of toxicity will depend on the nature of
the aerosol and the route of exposure. Examples include lung
surfactant destruction following inhalation of nonstick cooking
spray and bronchoconstriction following trichlorofluoro-
methane exposure. In some cases, pulmonary toxicity may not
result from a specific chemical mechanism but rather from
physical perturbation of the lung and a subsequent immuno-
logic response. Dermal toxicity often results from physical
damage to the skin or eyes due to the corrosive nature of the
aerosol or by eliciting an immune response due to irritation.
Acute and Short-Term Toxicity

Animal

Acute toxicity of a large number of aerosolized compounds has
been demonstrated in animals. Effects observed with various
compounds include respiratory distress, adverse clinical
symptoms, and death. The specific effects are dependent on the
aerosol components evaluated.
Human

The following pertains to the general evaluation and treatment
of individuals exposed to potentially toxic chemicals via
aerosols.

l Exposed individuals should have a careful, thorough
medical history and physical examination performed,
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00223-2
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looking for any abnormalities. Exposure to chemicals with
a strong odor often results in such nonspecific symptoms as
headache, dizziness, weakness, and nausea.

l Many chemicals cause irritation of the eyes, skin, and
respiratory tract. In severe cases respiratory tract irritation
can progress to acute respiratory distress syndrome/acute
lung injury, the onset of which can be delayed for up to
24–72 h in some cases.

l Irritation or burns of the esophagus or gastrointestinal tract
are also possible if caustic or irritant chemicals are ingested.

The specific components of an aerosol will determine the
toxic effects.
Chronic Toxicity

Animal

The chronic effects of aerosol exposure in animals vary greatly
depending on the specific aerosol being evaluated. Toxicities
observed with various aerosolized compounds include clinical
effects, respiratory perturbations, and tumor development.
Human

Chronic effects of aerosol exposure will be determined by the
specific components of the aerosol. As an example, there is
a well-established relationship between exposure to aerosols
and chronic lung diseases such as emphysema, asthma, and
lung cancer.
Immunotoxicity

A number of chemical agents produce an allergic hypersensi-
tivity dermatitis or asthma with bronchospasm and wheezing
with chronic exposure. The potential for immunotoxicity will
depend on the specific aerosol components.
Reproductive Toxicity

The potential for reproductive toxicity will depend on the
specific aerosol components.
Genotoxicity

A number of chemicals that humans can be exposed to via
aerosols are genotoxic, such as components of fly ash and
cigarette smoke. The potential for genotoxicity will depend on
the specific aerosol components.
Carcinogenicity

A number of chemicals that humans can be exposed to via
aerosols are carcinogenic, such as components of fly ash and
cigarette smoke. The potential for carcinogenicity will depend
on the specific aerosol components.
Clinical Management

1. Supportive care must be instituted for patients accidentally
exposed to aerosol contents via topical, inhalation, or oral
routes. A number of chemicals produce abnormalities of the
hematopoietic system, liver, and kidneys. Monitoring
complete blood count, urinalysis, and liver and kidney func-
tion tests is suggested for patients with significant exposure.

2. If respiratory tract irritation or respiratory depression is
evident, monitor arterial blood gases, chest X-ray, and
pulmonary function tests.

3. Additional measures may need to be taken to address the
toxic effects of specific aerosol components.
Ecotoxicology

A number of aerosolized compounds and components such as
pesticides and chlorofluorocarbon propellants are known to be
harmful to ecologic systems. The potential for ecologic toxicity
will depend on the specific aerosol components.
Other Hazards

Aside from potential toxic effects, many aerosols are flammable
and/or explosive. Aerosols for consumer use also have inhalant
abuse potential (known as ‘sniffing’ or ‘huffing’).
Exposure Standards and Guidelines

Exposure standards vary based on the specific aerosol
components.

See also: Coal Tar; Occupational Toxicology; Anthrax;
Occupational Safety and Health Administration; Respiratory
Tract Toxicology; Pollution, Air in Encyclopedia of Toxicology;
Recommended Exposure Limits; Carcinogenesis; Sulfur
Mustard; Nonlethal Weapons; Skin; V-Series Nerve Agents:
Other than VX; VX; Chemical Warfare; Asbestos; Pesticides.
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The phosphorothioate insecticides are a subclass of the
organophosphorus insecticides that have been and continue to
be used worldwide. Organophosphorus insecticides exert their
primary acute toxicity by inhibition of the important enzyme
acetylcholinesterase. Interestingly, the phosphorothioates have
little capacity to inhibit acetylcholinesterase, but are converted
primarily by the liver to potent acetylcholinesterase inhibitors
called oxygen analogs or oxons, such as paraoxon (CAS#311-
45-5) (Figure 1), which are responsible for the cholinergic
crisis observed following exposure to phosphorothioate
insecticides. Once the oxons have been produced from the
parent insecticides, one of the ways in which these highly toxic
compounds can be detoxified is through metabolism by
enzymes termed A-esterase(s) (Figure 1). The term A-esterase
originated from researchers over 50 years ago, and was used to
refer to enzymes in serum that metabolized carboxylic esters
but were insensitive to inhibition by oxons (in contrast to
B-esterases are inhibited by oxons). Later this enzymewas shown
to detoxify paraoxon in several different species (Figure 1),
Figure 1 The production of paraoxon (CAS#311-45-5) from parathion (CAS
(A-esterase). It should be noted that parathion is no longer used as an insect
paraoxonase (methyl parathion (CAS#298-00-0), chlorpyrifos (CAS#2921-88-
undergo reactions similar to that depicted in this figure.
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leading to the use of the term A-esterase to refer to enzymes
that hydrolyze oxons of phosphorothioate insecticides. Oxons
reported to be broken down by A-esterases include paraoxon,
methyl paraoxon (CAS#950-35-6), chlorpyrifos oxon
(CAS#5598-15-2), methyl chlorpyrifos oxon (CAS#950-35-6),
pirimophos methyl oxon (CAS#64709-45-1), and diazoxon
(CAS#962-58-3), as well as the organophosphate insecticide
dichlorvos (CAS#62-73-7) and the nerve gases sarin (CAS#107-
44-8) and soman (CAS#96-64-0). Additionally, the former
drug diisopropylflurophosphate (CAS#55-91-4) has been
reported to be broken down by A-esterase.

Since the original discovery of A-esterases, many different
names have been used for this family of enzymes, including
paraoxonase, aryl-ester hydrolase, arylesterase, organophos-
phate hydrolase, organophosphorus compound hydrolase, and
organophosphorus acid anhydrolase. Currently, the most
common name for these enzymes is ‘paraoxonases,’ which has
largely replaced the term ‘A-esterases.’ The name paraoxonase
originally described the calcium-dependent hydrolysis of
#56-38-2), followed by the detoxification of paraoxon by paraoxonase
icide. The four insecticides that produce oxons that are broken down by
2), pirimiphos methyl (CAS#29232-93-7), and diazinon (CAS#333-41-5))
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paraoxon (Figure 1) by these enzymes, and paraoxon has been
probably the most commonly used substrate to assess activity.
More recently, researchers have reported that paraoxon is not
a very good substrate, while a variety of lactones are robustly
metabolized, prompting the suggestion that paraoxonases
should be viewed as lactonases.

In humans, there are three paraoxonases, termed PON1,
PON2, and PON3 (all of which have lactonase activity). PON1
has been studied the most, and it is the form that breaks down
oxons. While PON1 is synthesized primarily by the liver and is
released into the blood where it is associated with high-density
lipoproteins, PON1 is widely distributed in many tissues, as
evidenced by immunohistochemical studies. Conversely,
PON1 mRNA appears to be found only in liver, kidney, and
colon, thereby warranting the suggestion that PON1 is deliv-
ered to various tissues by high-density lipoproteins.

PON1 activity in human plasma and serum changes as
a function of age. Interestingly, studies have shown that
preterm babies have lower PON1 activity than term babies,
while infants have considerable less activity than adults. In
young children, activity seems to increase steadily until at
least 7 years of age. Activity of PON1 is generally unchanged
over time in adults, except in the elderly where it decreases
over time.

PON1 is known to display a single nucleotide poly-
morphism at position 192, where the presence of a glutamine
residue gives rise to a low-activity form toward paraoxon, while
the presence of an arginine residue at the same location gives
rise to a high-activity form toward paraoxon. Thus, activity of
PON1 in an individual is a function of how much enzyme is
present, as well as the particular form of the enzyme present.
Measurement of PON1-mediated metabolism of paraoxon by
serum samples from several hundred subjects reveals a multi-
model distribution of activity, reflecting the genetic poly-
morphism. However, the significance of this polymorphism
with regard to other PON1 substrates is unclear, since metab-
olism of some other substrates, such as chlorpyrifos oxon,
displays an unimodal distribution of activity when evaluated in
human serum samples from a population of subjects.

Results of studies directed toward understanding the role of
PON1 in mediating the toxicity of phosphorothioate
insecticides have been mixed. Some researchers have suggested
that PON1 activity can influence an individual’s susceptibility
to phosphorothioate toxicity. Conversely, since the metabolic
activity of PON1 toward oxons tends to be low, some
researchers have suggested that other detoxifying pathways are
more significant at low insecticide exposures, and that PON1 is
likely only significant at very high exposures. Moreover, of the
approximately 40 organophosphorus insecticides registered
with the Environmental Protection Agency, only four produce
oxons that have been reported to be substrates for PON1
(chlorpyrifos (CAS#2921-88-2), methyl parathion (CAS#298-
00-0), pirimipos methyl (CAS#29232-93-7), and diazinon
(CAS#333-41-5)), while one insecticide (dichlorvos) has been
reported to be broken down directly by PON1.

In recent years, much effort has been devoted to the
discovery of a physiological role for the paraoxonases. A phys-
iological substrate(s) has not yet been identified with certainty,
but suggestions include oxidized metabolites of poly-
unsaturated fatty acids that are similar in structure to lactones,
homocysteine thiolactone, and quorum-sensing signaling
molecules of Pseudomonas aeruginosa. All three forms (PON1,
PON2, and PON3) seem to have some role in the prevention of
oxidative stress and inflammation, and have been implicated in
the modulation of a wide variety of diseases, including
atherosclerosis, diabetes, Parkinson’s disease, and inflamma-
tory bowel disease. Much more research is required before the
implications for human health of PON1, PON2, and PON3
can be fully understood.

See also: Biotransformation; Chlorpyrifos; Diazinon; Methyl
Parathion; Pirimiphos Methyl; Dichlorvos; Organophosphate
Poisoning; Parathion; Pesticides; Sarin (GB); Soman.
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family: physiologic roles, actions, and regulation. Atherosclerosis 214, 20–36.
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l Synonyms: Aflatoxins B1; B2; B3; B4; G1; G2; M1; M2
l Chemical/Pharmaceutical/Other Class: Mycotoxins
l Chemical Structure (Aflatoxin B1):
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Background

Aflatoxins are naturally occurring bisfuranocoumarin com-
pounds produced from the molds Aspergillus flavus and Asper-
gillus parasiticus. The aflatoxins are highly fluorescent. The B refers
to blue and the G signifies green fluorescence. M aflatoxins are
fungal metabolites present in milk. Aflatoxin B1 is the most
common and potent of the aflatoxins. Crops that are affected by
aflatoxin contamination include cereals (maize, sorghum, rice,
wheat), oilseeds (peanut, sunflower, soybean, cotton), spices
(chili peppers, black pepper, coriander, turmeric, ginger), and
tree nuts (almond, coconuts, brazil nuts, walnuts, pistachio).
Aflatoxin can also be found in the milk, eggs, and meat from
animals fed contaminated feed.
Environmental Fate and Behavior

Aflatoxin will exist solely in the particulate phase if released
into the ambient atmosphere based on estimated vapor pres-
sure values (1.6� 10�10 to 7.7� 10�11 mmHg) at 25 �C.
Particulate-phase aflatoxins would be expected to be removed
from the atmosphere by wet and dry deposition. Direct
photolysis is also possible since aflatoxins absorb light in the
environmental UV spectrum. If released to soil, the aflatoxins
are expected to have high to slight mobility based upon Koc

values of 3974, 263, and 116. Aflatoxins are not expected to
volatilize from dry soil surfaces based upon their vapor pres-
sures. If released into water, the aflatoxins may adsorb to sus-
pended solids and sediment based upon the available Koc

values. Estimated BCF values of 2–3 suggest the potential for
bioconcentration in aquatic organisms is low. Aflatoxin may
also be degraded by photolysis at soil and water surfaces.
Exposure and Exposure Monitoring

Ingestion and dermal contact are possible routes of exposure.
Occupational exposure can occur through the handling and
4 Encyclopedia of T
processing of aflatoxin-contaminated crops with low-level
respiratory exposures to aflatoxin-contaminated dust particles
possible. Dust levels of aflatoxin collected at different animal
feed production sites ranged from not detectable to 8 mg kg�1

dust. Population exposures that have been estimated based on
the analysis of aflatoxins in food were calculated for several
different countries and ranged up to 2027 ng aflatoxin B1
consumed kg of body weight per day (Southern Guangxi in
China sampling 1978–84; source, market samples).
Toxicokinetics

Aflatoxins are well absorbed orally. Exposure to human skin
results in slow absorption. Aflatoxins are rapidly cleared from
blood. Sixty-five percent of an initial dose of aflatoxin B1 is
removed from the blood within 90min and excreted
primarily in the bile. The plasma half-life of aflatoxin is short,
and it is excreted slowly as multiple moieties as a result of
extensive metabolism. When estimated in human liver
homogenates, the parent compound had an estimated half-
life of 13 min. In vitro liver metabolism studies have shown
five different types of metabolic pathways for aflatoxin B1:
reduction, hydroxylation, hydration, O-demethylation, and
epoxidation. All of these products contain hydroxide groups
that allow them to be conjugated with glucuronic acid and
sulfate.
Mechanism of Toxicity

Aflatoxin B1 is metabolized to a reactive epoxide (aflatoxin
8,9-epoxide) primarily by the P450 monooxygenase
system. In humans, the epoxidation reaction is catalyzed by
CYP1A2 and CYP3A4. Once formed, the epoxide can react
further to form DNA adducts (aflatoxin-N7-guanine) and
induce mutations and cancer. Alternatively, the epoxide can
be detoxified by conjugation with glutathione through the
actions of certain glutathione S-tranferases. Rats are more
susceptible than mice to aflatoxin hepatocarcinogenesis
even though both species form the reactive 8,9-epoxide at
similar rates. Differences in species susceptibility are
hypothesized to relate to increased rates of glutathione
conjugation to the aflatoxin 8,9-epoxide in mice compared
to rats.
Acute and Short-Term Toxicity

Animal

The oral LD50 in monkeys for aflatoxin is 1750 mg kg�1 and the
LD50 in monkeys following intramuscular injection is
2020mg kg�1.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00224-4
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Human

Acute exposures to aflatoxins resulting in toxicity have been
reported in several counties across the globe. In Uganda, fatal
hepatic necrosis was reported in a 15-year-old boy who had
eaten food contaminated with high concentrations of aflatoxin.
In Western India, more than 200 villages experienced an
outbreak of a disease affecting humans that was characterized
by jaundice, rapidly developing ascites, portal hypertension,
and a high mortality rate, with death usually resulting from
massive gastrointestinal tract bleeding. The disease was asso-
ciated with the consumption of badly molded corn containing
between 6.25 and 15.6 ppm aflatoxin (average daily intake per
victim of 2–6mg of aflatoxin).
Chronic Toxicity

Animal

Edema and necrosis of hepatic and renal tissues are character-
istic of chronic aflatoxin toxicity in experimental animals.
Hemorrhagic enteritis and neurological symptoms have also
been observed in animals administered aflatoxin. In carcino-
genicity studies, aflatoxin produces liver tumors in mice, rats,
fish, ducks, marmosets, tree shrews, and monkeys after
administration by several routes. In rats, cancers of the colon
and kidney were also noted.
Human

Aflatoxin poisoning is difficult to diagnose early in humans.
The first clinical symptoms are anorexia and weight loss. Afla-
toxins are associated with hepatocellular damage and necrosis,
cholestasis, hepatomas, acute hepatitis, periportal fibrosis,
hemorrhage, jaundice, fatty liver changes, cirrhosis in
malnourished children, and Kwashiorkor. There is evidence of
transplacental transport of aflatoxin by the fetoplacental unit.
Aflatoxins are proven human carcinogens.
Immunotoxicity

Many animal studies have shown that aflatoxins are immu-
nomodulatory and more specifically that aflatoxin B1
suppresses immune function by affecting T-cell-dependent
immunity in several animal species including cattle, poultry,
pigs, mouse, rat, and rabbits.
Reproductive Toxicity

The in vitro exposure of rat embryos to aflatoxin B1
induced neural tube defects. Aflatoxins have also been
shown to be teratogenic in hamsters and mice, causing
neural tube closure defects, microcephaly, umbilical hernia,
and cleft palate. Although negative teratogenicity studies
exist for rats, mice, and commercial livestock, the negative
studies involve long-term feeding exposures, while the
positive studies involve acute exposure, suggesting that
high doses and maternal toxicity may play a role in adverse
effects on the offspring. Aflatoxin may be a transplacental
carcinogen in the rat. Analysis of aflatoxins in maternal and
cord blood samples has also demonstrated the trans-
placental transport of aflatoxins in humans. Although sus-
pected of playing a role in the early onset of liver cancer in
some populations, prenatal exposure has not been
demonstrated to be a significant route of exposure to the
aflatoxins. Aflatoxins and active carcinogenic metabolites
are excreted in breast milk. An estimate of the percentage
of the oral dose excreted in milk ranged from 0.09% to
0.43%. A small number of studies have reported that male
rats fed aflatoxins developed testicular degeneration and
impaired spermatogenesis, although no clear association
with aflatoxins and clinical infertility was uncovered in
these studies.
Genotoxicity

Aflatoxins are mutagenic in the Ames assay in the presence of
metabolic activation (hepatic S9).
Carcinogenicity

Aflatoxins are classified as human carcinogens. There is suffi-
cient evidence in humans for the carcinogenicity of aflatoxin B1
and aflatoxin mixtures. There is also sufficient evidence in
animals for the carcinogenicity of aflatoxin mixtures and for
aflatoxins B1, G1, and M1.
Clinical Management

Acute aflatoxin toxicity should be treated with decontamina-
tion procedures and good supportive care. With chronic
ingestion, the primary treatment remains supportive in nature.
Elevation of serum alkaline phosphatase is a good indicator of
aflatoxin toxicity.
Ecotoxicology

Aflatoxins are highly toxic to many species of animals,
including fish and birds.
Other Hazards

Epidemiological and experimental data suggest a synergistic
effect of aflatoxin and hepatitis B virus on hepatocellular
carcinoma formation.
Exposure Standards and Guidelines

FDA’s action levels for aflatoxins in human and animal foods
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Total aflatoxin action
Product or animal
 level (mg kg�1)
Human food
 20
Milk
 0.5
Beef cattle
 300
Swine greater than 100 lb
 200
Breeding beef cattle, swine, or
mature poultry
100
Immature animals
 20
Dairy animals
 20
See also: Carcinogenesis; Food Safety and Toxicology;
Mycotoxins.
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Background

Alachlor is a preemergence herbicide registered by Monsanto in
1969. Alachlor was banned as an herbicide in the European
Union in 2006.
Uses

Alachlor is one of the most widely used herbicides in the
United States and is used as an herbicide for grasses, broadleaf
seeds, corn, sorghum, soybeans, peanuts, cotton, vegetables,
and forage crops.
Environmental Fate and Behavior

Alachlor has a low persistence in soil, with a half-life ofz8 days.
The main means of degradation is by soil microbes. It has
moderate mobility in sandy and silty soils, and thus can migrate
to groundwater. The largest groundwater-testing program for
a pesticide, the National Alachlor Well Water Survey, was con-
ducted throughout the last half of the 1980s. More than sixmil-
lion private and domestic wells were tested for the presence of
alachlor. Less than 1% of all of the wells had detectable levels of
alachlor. In the wells in which the compound was detected,
concentrations ranged from 0.1 to 1.0mg l�1, with the majority
having concentrations z0.2mg l�1. Alachlor is relatively stable
to hydrolysis and photolysis inwater, and degradation inwater is
not considered as an important environmental fate process. Ala-
chlor appears to be persistent under aquifer biological and
geochemical conditions. This means that alachlor can appear in
groundwater years after use and can migrate with groundwater
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
away from use areas. Alachlor contamination has resulted in loss
of untreated groundwater as a source of drinkingwater in Florida
and other states. The bioaccumulation factor in the channel
catfish is 5.8 times the ambient water concentration, indicating
that alachlor is not expected to accumulate appreciably in aquatic
organisms.
Exposure and Exposure Monitoring

Occupational exposure would be expected to occur through
inhalation or dermal contact, although exposure via oral/
parenteral route and ocular contact are also possible. Moni-
toring data indicate that the general population may be
exposed to alachlor via inhalation of ambient air and ingestion
of food and drinking water contaminated with alachlor.
Toxicokinetics

Alachlor is well absorbed orally. Studies in monkeys have
shown dermal penetration of alachlor to be relatively low.
Dermal absorption may be linear over time for the duration
of exposure. Excretion via kidneys is the major route of elimi-
nation in monkeys, but both biliary and urinary excretion
occurs at approximately equal extent in rats.
Mechanism of Toxicity

This agent is corrosive and causes skin and eye irritation.
Allergic reactions can occur in some individuals with repeated
or prolonged skin exposures. In mammals, alachlor appears to
form conjugates with glucuronic acid, sulfate, and glutathione
(mercapturic acid). It has been postulated that metabolism of
alachlor to form the putative carcinogenic metabolite (dieth-
ylquinoneimine) is responsible for the production of nasal
tumors in rats. Differences in metabolic capacities result in
much high levels of diethylquinoneimine in the nasal mucosa
of rats compared with other species.
Acute and Short-Term Toxicity

Animal

Alachlor is a slightly toxic herbicide. The LD50 of alachlor in rats
is between 790 and 1350mg kg�1. In the mouse, the LD50 is
4-3.00225-6 107
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462mg kg�1. The dermal LD50 in rats is 13 300mg kg�1, but
some of the formulated materials can be more toxic, with
dermal LD50 values ranging from 7800 to 16 000mg kg�1.
The dermal LD50 in rabbits is 3500mg kg�1. Skin irritation for
alachlor is classified as slight to moderate. The inhalation
LC50 in rats is reportedly greater than 5.1 mg l�1 for 4 h of
exposure.
Human

Prolonged convulsions were reported following acute oral
exposure of a 57-year-old man to alachlor.
Chronic Toxicity

Animal

In a 27-week study, beagle dogs were administered
5�100mg kg�1 day�1 for 27 weeks. The100mg kg�1 day�1 dose
was reduced to 75mg kg�1 day�1 after 3 weeks due to the signs of
severe toxicity. In a 6-month dog study, dogs were administered
alachlor at 5�75mg kg�1 day�1. Dogs showed liver toxicity at all
doses �5mg kg�1 day�1 and indications of anemia were also
noted in dogs given doses of �25mg kg�1 day�1. Mean liver
weights of male dogs given 5mg kg�1 day�1 alachlor increased
18% above the control value. In 2-year rat studies, alachlor
was administered to Long-Evans rats at doses of 14, 42, and
126mg kg�1 day�1. Hepatotoxicity was noted at all dose levels.
Doses of 42 and 126mg kg�1 day�1 produced irreversible ocular
lesions characterized as progressive uveal degeneration syn-
drome.Ocular lesions have not been observed in other species or
in other strains of rats and were considered unique to the Long-
Evans rat.
Human

No specific information on the chronic toxicity of alachlor
in humans is available. Epidemiology studies in workers
manufacturing alachlor indicate no increased mortality rates
from cancer or other causes with up to 25 years of follow-up.
Immunotoxicity

Alachlor had no effects on immune function as determined
from in vitro studies conducted with alachlor incubated with
human mononuclear cells isolated from peripheral blood.
Alachlor had minimal immunological effects on male rats
when it was administered by intraperitoneal injection at doses
�3.75mg kg�1 day�1 for 2 weeks.
Reproductive Toxicity

High oral doses (150 or 400mg kg�1 day�1) fed to rats
during gestation resulted in maternal and fetal toxicity, but
there was no indication that reproduction was affected.
Alachlor does not appear to cause reproductive effects.
Doses of up to 150mg kg�1 day�1 fed to rabbits on days 7
through 19 of pregnancy did not result in any birth defects.
Similar studies in rats at doses up to 400mg kg�1 day�1 did
not result in birth defects, but toxic effects in the
mothers and offspring were seen at the highest dose. These
data indicate that alachlor is not likely to cause birth
defects.
Genotoxicity

Alachlor does not appear to be mutagenic. Mutagenicity
assays with a variety of microbial strains at numerous
concentrations of alachlor were for the most part negative. In
an in vivo cytogenetics assay, alachlor was not clastogenic to
rat bone marrow cells when administered orally at doses up to
1000mg kg�1. Alachlor was negative in rat (600mg kg�1) and
mouse (1000mg kg�1) micronucleus assays. The weight of
evidence indicates that alachlor is negative for genotoxicity in
mammals.
Carcinogenicity

Rats given high doses of alachlor developed stomach, thyroid,
and nasal turbinate tumors. An 18-month mouse study with
doses from 26 to 260mg kg�1 day�1 had increased benign lung
(bronchoalveolar) tumors at the highest dose of alachlor for
females but not males. Alachlor is classified by the Environ-
mental Protection Agency (EPA) as unlikely to be carcinogenic
to humans at low doses, but likely to be carcinogenic to
humans at high doses. Alachlor is a confirmed animal carcin-
ogen with unknown relevance to humans.
Clinical Management

Treatment is symptomatic and supportive. There are no specific
antidotes. Ingestion of alachlor is likely to be followed by
vomiting and diarrhea due to its irritant properties. In cases of
oral exposure, measures to decrease absorption may be useful.
Emesis may be induced after careful consideration. For dermal
exposure, decontamination by washing the exposed area
thoroughly with soap and water is recommended. In cases of
inhalation exposure, the victim must be moved to fresh air and
monitored for respiratory distress. In cases of eye exposure, the
eyes should be irrigated with copious amounts of tepid water
for at least 15min. If irritation, pain, swelling, lacrimation, or
photophobia persists, the person should be seen in a health
care facility.
Ecotoxicology

l Slightly toxic to mammals, based on a rat study (LD50 of
930mg kg�1).

l Alachlor is slightly to practically nontoxic to wildfowl.
Alachlor has a 5-day dietary LC50>5000 ppm in young
mallard ducks and bobwhite quail.

l Slightly toxic to honey bees (LD50> 36 mg per bee).
l Slightly to moderately toxic on an acute basis to freshwater

aquatic animals (LC50/EC50 1–33 ppm).
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l Highly to moderately toxic to freshwater aquatic animals on
a chronic basis (NOEC�0.1 ppm, LOEC�0.2 ppm).

l Moderately toxic to saltwater fish (LC50 3.9 ppm), moder-
ately toxic to saltwater mycid (LC50 2.4 ppm), and moder-
ately toxic to shellfish (EC50 1.6 ppm).

l Highly toxic to aquatic plants (basedona single species tested:
NOEL¼ 0.35 ppb, LOEL¼ 0.69 ppb, EC50¼ 1.64 ppb).
Exposure Standards and Guidelines

l Acceptable daily intake is 0.0025mg kg�1 day�1

l 8-h time weighted average is 1 mgm�3

l Maximum contaminant level is 0.002mg l�1

l Reference dose is 0.01mg kg�1 day�1
Miscellaneous

The Material Safety Data Sheet should always be referred to for
detailed information on handling and disposal.

See also: Common Mechanism of Toxicity in Pesticides;
Pesticides.
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l Name: Alar
l Chemical Abstracts Service Registry Number: 1596-84-5
l Synonyms: Aminozide; Daminozide; DMSA; B-995; Kylar;

Aminocide
l Molecular Formula: C6H12N2O3

l Chemical Structure:
Background and Uses

Alar is a systemic growth regulator approved in the United
States for use on ornamental plants such as chrysanthemums,
poinsettias, and bedding plants located in enclosed structures
such as greenhouses. Alar reduces internode elongation;
induces heat, drought, and frost resistance; and produces
darker foliage and stronger stems as well as earlier and
multiple flowers and fruits. A spray is often applied at the rate
of 1500–10 000 ppm. It is a systemic agent (i.e., taken up by
the fruit) and cannot be removed by washing or peeling. In
1984, the US Environmental Protection Agency (EPA) initi-
ated a special review of products containing alar based on
concerns that alar and its degradant, Unsymmetrical
dimethylhydrazine (UDMH), caused tumors. In 1989, the
Natural Resources Defense Council released a report entitled
“Intolerable Risk: Pesticides in Our Children’s Food,” which
suggested that alar was a ‘potent carcinogen’ and a threat
to children’s health due to their proportionally higher
consumption of apples and apple products relative to adults.
The associated media attention produced the so-called apple
scare when products were pulled from shelves. As a result of
the negative attention, the sole registrant, Uniroyal Chemical
Company, voluntarily canceled all food use registrations for
alar in 1989. EPA determined that the remaining nonfood
uses of alar did not pose an unreasonable risk to humans.
Environmental Fate and Behavior

Alar does not degrade following contact with water but
degrades rapidly in soil resulting in volatile compounds
(including formaldehyde) and bound residues; therefore
mobility is not considered a concern. In greenhouse studies,
alar persistence ranged from 3 to 4 days in different soils. Since
110 Encyclopedia of T
alar is registered for greenhouse use only, agricultural runoff
into groundwater is not expected to be a concern.
Exposure

Exposure should be limited to dermal and inhalation based on
approved usage.
Toxicokinetics

A breakdown product of alar is an asymmetrical 1,1-dimeth-
ylhydrazine that is excreted renally.
Acute and Short-Term Toxicity

Alar is of very low acute and subacute toxicity based on oral or
inhalation routes of exposure. There is a slightly greater degree
of acute toxicity with dermal exposure. EPA considers that alar
will not pose unreasonable risks or adverse effects to humans
or the environment.

The primary toxic effect seen in animals includes ptosis,
central nervous system (CNS) depression, gastrointestinal
irritation, and possibly liver function abnormalities.
Reproductive Toxicity

Alar has been shown to produce some maternal toxicity at high
doses but did not produce developmental or reproductive
toxicity.
Genotoxicity

Neither alar nor UDMH has been shown to be mutagenic.
Carcinogenicity

Concerns about carcinogenicity with UDMH and therefore alar
led to the withdrawal of alar for food use in 1989 and the
revoking of food tolerances (maximum residue limits) by the
EPA in 1990. Two-year bioassays suggested that alar was
carcinogenic in female rats (adenocarcinomas of the endome-
trium of the uterus) and that it increased vascular tumors in the
livers of male mice. UDMH caused a slight increase in liver
tumors in rats and liver vascular tumors in mice. Since the
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00226-8
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presence of UDMH is dependent on alar, and it is classified by
the EPA as a ‘possible human carcinogen.’
Clinical Management

No human cases have been reported, so treatment recom-
mendations are speculative. Dermal contamination probably
requires no treatment other than decontamination. Dietary
exposure is not anticipated since alar is no longer approved for
food use; however, if ingested, treatment by emesis, gastric
lavage, or activated charcoal may be indicated. Patients should
be monitored for CNS depression, ptosis (eyelid drooping),
and liver function abnormalities if significant amounts (>8 g)
have been consumed.
Ecotoxicology

Alar is considered to have very low acute toxicity to mammals,
birds, and freshwater fish. It is slightly toxic to aquatic
invertebrates.
Exposure Standards and Guidelines

Worker protection standards should be followed including
appropriate personal protective equipment and restricted entry
intervals.
See also: Pesticides.
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l Name: Albuterol
l Chemical Abstracts Service Registry Number: 18559-94-9
l Synonyms: Salbutamol, Ventolin, Proventil, Apo-Salvent,

Novo-Salmol, Albuterol sulfate; Volmax
l Molecular Formula: C13H21NO3

l Structure:

Background

Albuterol is a short-acting b2-adrenergic agonist that is
primarily used as a bronchodilator for the treatment of asthma
or other pulmonary diseases. It is prepared as a racemic mixture
of R(�) and S(þ) stereoisomers. The stereospecific preparation
of R(�) isomer of albuterol is referred to as levalbuterol.
Albuterol may be used for the treatment of hyperkalemia and is
found in metered dose inhalers, unit doses for nebulizers, and
as an oral syrup and tablets.

Albuterol is a selective b2-adrenergic agonist that primarily
causes smooth muscle relaxation. With therapeutic use, adverse
effects with albuterol therapy include tachycardia, tremor,
hyperactivity, nausea, and vomiting.

Toxicity may result from overstimulation of b-adrenergic
activity. In addition, b-adrenergic selectivity is lost, so b-1
effects can be seen. With mild-to-moderate toxicity poisoning/
exposure, tachycardia, hypertension, tachypnea, tremor, agita-
tion, nausea, vomiting, hypokalemia, and hyperglycemia may
occur. Severe effects include hypotension, dysrhythmias,
seizures, and acidosis and are likely to occur only after
ingestion.
Uses

Albuterol is used as a bronchodilator in the treatment of asthma
or other pulmonary diseases.Off-label uses include treatment of
hyperkalemia and in the prevention of premature labor.

The oral adult dose is 2–4 mg three to four times a day. Oral
doses for children are 0.1–0.2 mg kg�1. The inhalational dose
is typically 0.1–0.15 mg kg�1 per dose or 0.5 mg kg�1 h�1 for
continuous administration.

b-Adrenergic receptors mediate the effects of the sympa-
thetic nervous system throughout the body. b2 Receptors are
found on vascular, bronchial, gastrointestinal, and uterine
smooth muscle as well as skeletal muscle, hepatocytes, and also
the myocardium. Albuterol stimulates adenyl cyclase which
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catalyzes cyclic adenosine monophosphate (AMP) from
adenosine triphosphate (ATP). This mediates bronchodilation
and smooth muscle relaxation through activation of protein
kinases, leading to phosphorylation of proteins, which in turn
increases bound intracellular calcium. The reduced availability
of intracellular ionized calcium inhibits actin–myosin linkage,
leading to the relaxation of smooth muscle. b2-Adrenergic
receptors in the lung also inhibit secretions and decrease
histamine release. Stimulation of b2-adrenergic receptors
found on the uterine smooth muscle inhibits the onset of
labor.

There are no well-controlled studies showing evidence that
oral albuterol will stop preterm labor or prevent labor at term
and albuterol has not been approved for the management of
preterm labor. Serious adverse reactions, including pulmonary
edema, have been reported following administration of albu-
terol to women in labor.
Environmental Fate and Behavior

Albuterol’s production and use as a bronchodilator may result
in its release to the environment through various waste streams.
Routes and Pathways and Relevant Physicochemical Properties

Melting point: 151 �C (Lunts) and 157–158 �C (Collins),
Octanol/water partition coefficient: log Kow¼ 0.64

(estimated),
Water solubility: 1.43� 104 mg l�1,
Henry’s law constant¼ 6.4� 10�16 atm-m3mol�1 at 25 �C,
Soil sediment sorption (log Koc): �1.6 to �1.15, measured.
Partition Behavior in Water, Sediment, and Soil

Solubility
This material contains an active ingredient that for environ-
mental fate predictions has solubility in water.

Volatility
This material contains an active ingredient that will not readily
enter into the air from hard surfaces or from a container of the
pure substance. This material contains an active ingredient that
will not readily enter into air from water.

Adsorption
This material contains an active ingredient that is not likely
to adsorb to soil or sediment if released directly to the
environment.

Partitioning
This material contains an active pharmaceutical ingredient with
octanol/water partition coefficient data that suggest that for
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00809-5
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environmental fate predictions, the active pharmaceutical
ingredient will not have the tendency to distribute into fats.
Atmospheric Fate

According to a model of gas/particle partitioning of semi-
volatile organic compounds in the atmosphere, albuterol,
which has an estimated vapor pressure of 8.9� 10�9 mmHg at
25 �C, is expected to exist solely in the particulate phase in the
ambient atmosphere. Particulate-phase albuterol may be
removed from the air by wet and dry deposition.
Terrestrial Fate

Based on a classification scheme, an estimated Koc value of
23 indicates that albuterol is expected to have very high
mobility in soil. The pKa1 and pKa2 of albuterol are 9.2 and
10.7, respectively, indicating that this compound will
partially exist protonated in the environment and cations
generally adsorb more strongly to suspended solids and
sediment than their neutral counterparts. Volatilization of
albuterol from moist soil surfaces is not expected to be an
important fate process.
Aquatic Fate

Albuterol is not expected to adsorb to suspended solids and
sediment. Volatilization fromwater surfaces is not expected. An
estimated bioconcentration factor of 3 suggests that the
potential for bioconcentration in aquatic organisms is low.
Environmental Persistency (Degradation/Speciation)

Hydrolysis

This material contains an active pharmaceutical ingredient that
has been shown to be chemically stable in water. Hydrolysis is
unlikely to be a significant depletion mechanism.

Half-life, neutral: >1 years, measured.
Photolysis

This material contains an active pharmaceutical ingredient that
is unlikely to undergo photodegradation.

Ultraviolet/visible spectrum: 225 nm.
Biodegradation

This material contains an active ingredient that is not readily
biodegradable (as defined by 1993 Organisation for Economic
Cooperation and Development Testing Guidelines).

Aerobic–ready percent degradation: 1%, 28 days, modified
Sturm test.

Aerobic–soil percent degradation: 1.3–38.7%, 64 days.
Long-Range Transport

Not known to be transported long-range.
Exposure and Exposure Monitoring

Routes and Pathways

Oral, inhaled, and dermal.
Human Exposure

Occupational exposure to albuterol may occur through dermal
contact with this compound at workplaces where albuterol is
produced or used. National Institute for Occupational Safety
and Health (National Occupational Exposure Survey, 1981–83)
has statistically estimated that 744 workers (603 of these are
female) are potentially exposed to albuterol in the United States.
Environmental Exposure

Monitoring data indicate that the general population may be
exposed to albuterol via ingestion of drinking water and through
the use of pharmaceutical products containing albuterol.
Toxicokinetics

Nebulized albuterol has been found more effective than
systemic administration. Oral albuterol is readily absorbed
from the gut. Sulfate conjugation is the primary metabolic
pathway; it is transformed in the liver. There appears to be no
direct biotransformation of albuterol in the lungs. Most of an
inhaled dose is deposited on the pharynx after inhalation and
then swallowed. Albuterol, as both the sulfate and sulfate
conjugates (metabolite and unchanged drug), is eliminated via
the kidneys. Albuterol follows first-order kinetics. The half-life
is 3–5 h with oral dosing, 2–7 h with inhalation, and 5.5–6.9 h
with intravenous dosing. Maximum brochodilation occurs
within 0.5–2 h, for oral forms in 2–3 h, and sustained-release
forms in 6 h.

Absorption may be delayed in large overdoses, especially
with sustained-release formulations.
Mechanism of Toxicity

Tachycardia occurs as a reflex to the drop in mean arterial
pressure (MAP) or as a result of b-1 stimulus. b-Adrenergic
receptors in the locus coeruleus also regulate norepinephrine-
induced inhibitory effects, resulting in agitation, restlessness,
and hand tremor. Stimulation of nonpulmonary b2 receptors
may lead to an increase in heart rate, QTc interval prolongation,
nonspecific T-wave changes, skeletal muscle tremor, and slight
increases in blood glucose and nonesterified fatty acids. Hypo-
kalemia is more pronounced in patients receiving intravenous
albuterol. Hypotension is also known to occur mostly in over-
dose. The buildup of cyclic AMP in the liver stimulates glyco-
genolysis and an increase in serum glucose.

In skeletal muscle, this process results in increased lactate
production. Direct stimulus of sodium/potassium ATPase in
skeletal muscle produces a shift of potassium from the extra-
cellular space to the intracellular space. Relaxation of smooth
muscle produces a dilation of the vasculature supplying skel-
etal muscle, which results in a drop in diastolic and MAP.
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Myocardial ischemia and infarction have been associated with
excessive tachycardia in elderly patients. The skin may be warm
and pink with evidence of diaphoresis.
Acute and Short-Term Toxicity (Animal/Human)

Signs and symptoms of overdose include exaggeration of
common adverse reactions, particularly angina, hypertension,
hypokalemia, and seizures. Cardiac arrest may occur.
Animal

Albuterol appears to be relatively benign in animals, similar to
human. Agitation, vomiting, and lethargy may be seen. In rats,
the oral LD50 was more than 2000 mg kg�1, and inhalation
LC50 could not be determined.
Rodent LD50, intraperitoneal
 167–295 mg kg�1
Rodent LD50, intravenous
 48.7–57.1 mg kg�1
Rodent LD50, oral
 660–2707 mg kg�1
Rodent LD50, subcutaneous
 737–2500 mg kg�1
Human

A review of albuterol overdoses revealed that up to 20 times,
the oral daily dose produced no deaths. The effects of albu-
terol overdose are usually mild and benign, although they can
be prolonged. Cardiovascular effects are usually limited to
a sinus tachycardia and widened pulse pressure. Although
there may be a drop in diastolic pressure, the systolic pressure
is maintained by increased cardiac output from the trachy-
cardia. Transient hypokalemia can result, caused by a shift of
extracellular potassium to the intracellular space with total
body stores of potassium generally remaining normal. A
transient metabolic acidosis can be seen due to increased
lactate production. Restlessness, agitation, tremors apprehen-
sion, dizziness, nausea, vomiting, and dilated pupils are
common in albuterol overdose.

Diabetes mellitus has been reported in less than 3% of
patients receiving albuterol sulfate inhalation aerosol in clin-
ical trials.
Child
 TDLo
 Oral
 0.6–1.85 mg kg�1
Human
 TDLo
 Intravenous
 0.006 mg kg�1
Man
 TCLo
 Inhalation
 0.036 mg kg�1 per 6 h
Human
 TDLo
 Oral
 1.6–5.714 mg kg�1
Chronic Toxicity (Animal/Human)

Human

Continued dependence of salbutamol tablets taken in high doses
(30–40 tablets daily and 48–64 mg day�1) has led to symptoms
of toxic psychosis in one elderly woman and paranoid psychosis
in a 52-year-old man. For up to 90 years, 100-mg inhalations of
salbutamol daily has been used by asthmatics, who increased
doses because they ‘needed it’ and wanted to ‘feel good.’ Long-
term tolerance develops to bronchodilator action, tremor,
tachycardia, prolongation of QTc interval, hyperglycemia, hypo-
kalemia, and the vasodilator response.
Reproductive Toxicity

Animal

A study in Stride Dutch rabbits at oral doses of 50 mg kg�1

(approximately 25 times the maximum recommended daily
oral dose for adults on a milligram per square meter basis)
found cranioschisis in 7 of 19 (37%) fetuses.
Human

During worldwide marketing experience, various congenital
anomalies, including cleft palate and limb defects, have been
reported in the offspring of patients being treated with albuterol.
Some of the mothers were taking multiple medications during
their pregnancies. No consistent pattern of defects can be dis-
cerned, and a relationship between albuterol use and congenital
anomalies has not been established. Albuterol and albuterol
sulfate/ipratropium bromide are classified as Food and Drug
Administration Pregnancy Category C by the manufacturer.
Genotoxicity

No evidence of mutagenicity.
Carcinogenicity

Chronic exposure or carcinogenicity studies on Sprague–
Dawley rats for 2 years at dietary doses of 2, 10, and 50 mg kg�1

of body weight (corresponding to 1/2, 3, and 15 times,
respectively, the maximum recommended daily oral dose for
adults on a milligram per square meter of body surface area
basis of 2/5, 2, and 10 times, respectively, the maximum rec-
ommended daily oral dose for children on a milligram per
square meter basis) found significant dose-related increases in
the incidence of benign leiomyomas for the mesovarium.
Clinical Management

The threshold dose for the development of three or more signs
of toxicity is 1 mg kg�1 or 3–10 times the recommended daily
dose. Toxicity is short lived and does not require specific
therapy or hospital admission in most cases.

Children have survived overdoses as large as 100 mg and
adults have survived doses up to 240 mg without serious
complications. Activated charcoal effectively adsorbs albu-
terol. The hypokalemia produced reflects a transient shift in
potassium location rather than a true deficit of potassium;
external replacement therapy is rarely necessary, but can be
added to intravenous fluids to support the heart if electro-
cardiographic changes are noted. A conservative approach to
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tachycardia is recommended since arrhythmias beyond an
increase in rate have not occurred with overdose. Support of
blood pressure and control of tachycardia are major thera-
peutic interventions.

The presence of other dysrhythmias or hypotension indi-
cates a more severe poisoning.

If hypotension is present, intravenous fluid should be used
initially. If the hypotension does not respond, a b-adrenergic
blocking agent can be used. First-line choices include esmolol
or propranolol since the hypotension is oftenprimarily due to the
tachycardia. Alternatively, a vasopressor with pure alpha activity
such as phenylephrine can be used. Tachycardia can also be
treated if necessarywithabetablocker, but this is rarelywarranted.
Premature ventricular contractions rarely require treatment.

Methylxanthine and other sympathomimetic overdoses can
present in a similar manner.

Symptoms may occur after inhalation, but seem to be less
common and less serious than when significant amounts have
been ingested. Some decontamination may be accomplished
by mouth rinsing for materials left on the oral surfaces after use
of an inhaler. Material absorbed via inhalation should be
treated as with an oral exposure.

If ocular exposure occurs, irrigate exposed eyes with copious
amounts of room temperature water for at least 15 min. If
irritation, pain, swelling, lacrimation, or photophobia persist,
the patient should be seen in a health care facility.

For dermal exposure, remove contaminated clothing and
wash exposed area thoroughly with soap and water. A physi-
cian may need to examine the area if irritation or pain persists.
Ecotoxicology

Aquatic
Activated sludge respiration.
This material contains an active ingredient that is not toxic

to activated sludge microorganisms.
IC50: >830 mg l�1, 3 h.
Daphnid
This material contains an active pharmaceutical ingredient

that is not toxic to daphnids.
EC50: 243 mg l�1, 48 h, Daphnia magna, static test.
No observed effect concentration: 83.2 mg l�1, 48 h,

Daphnia magna, static test.

Other Hazards

Interactions

Following single-dose intravenous or oral administration of
albuterol to healthy individuals who had received digoxin for
10 days, a 16–22%decrease in serumdigoxin concentrationwas
observed. Epinephrine and other orally inhaled sympathomi-
metic amines may increase sympathomimetic effects and risk of
toxicity.MAO inhibitors and tricyclic antidepressantsmay cause
serious cardiovascular effects and risk of toxicity. Propranolol
and other beta blockers may antagonize effects of albuterol.

Exposure Standards and Guidelines

None set by regulatory authorities.

See also: Kidney.

Further Reading

Libretto, S.E., 1994. A review of the toxicology of salbutamol (albuterol). Arch. Toxicol.
68 (4), 213–216.

Spangler, D.L., 1989. Review of side effects associated with beta antagonists. Ann.
Allergy 62, 59–62.
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Alchemy is a science with two faces. One looks outward to the
world of matter and seeks either to manipulate aspects of it in
such a way as to effect fundamental alterations in its compo-
sition, the best-known example of this being the attempt,
allegedly successful in several instances, to change lead into
gold, or to manufacture an elixir or pill which will preserve or
provide good health and prolong a person’s life. The other face
looks inward and treats the physical processes of the laboratory
either as metaphors for spiritual change in the alchemist him or
herself or as vehicles with whose help that spiritual change can
be made to happen. The origin of alchemy is somewhat
obscure. There is a Chinese tradition, whose practice goes back
many centuries, an Indian tradition not quite as long but
equally distinguished, and a third from Hellenistic Egypt
whose Greek word khémeia (‘a pouring together’), via its Arabic
version, supposedly forms the basis of our word ‘alchemy’ and
suggests a derivation from the process of smelting and refining
metal ore. Alchemy is sometimes regarded as a proto-chemistry
on the grounds that its experiments uncovered white arsenic,
silver nitrate, alcohol, ammonium carbonate, potassium
sulfate, bismuth, hydrochloric acid, zinc sulfate, ferric chloride,
and a host of other substances. It is also often dismissed as
though it were chemistry which had taken a wrong turning, but
in fact, as its history shows, it was a good deal more complex
than that.

Chinese alchemy was encouraged by imperial authority to
manufacture gold since gold, which neither rusts nor tarnishes,
was clearly not only symbolical of health and long life but also
might well, when worn, pass on those desirable properties to
the wearer. Metallurgical theory in China, as in the west, said
that metals and minerals grow in the earth, slowly over
centuries turning from one substance into another, eventually
ending as gold. Hence, what the alchemist was trying to do, in
theory, was to hasten that natural process and achieve in very
short span what ‘nature’ took time to do. Alongside this, the
Chinese alchemist experimented with both inorganic and
organic substances to produce elixirs guaranteeing not only
long life but also immortality, and one finds some of the great
Chinese alchemists – Wei Po-Yang in the second century AD,
for example, and Ge Hong and Ko Hung from the third and
fourth – writing about their practical craft in combination with
appeals to philosophy, astrology, magic, and pharmacology as
they sought to elevate alchemy from being merely technical
experiments in a laboratory into a more potent, life-changing,
life-enhancing total experience. These early days of enthusiasm
lasted, on and off, until the fourteenth century, assisted by
intermittent imperial patronage, but thereafter interest waned
under the increasing weight of public disparagement and, to
some extent, Western intellectual influences and so, while
alchemy continued to be practiced in China even as late as the
twentieth century, public and official support was largely gone.

From China, alchemy seems to have spread to Japan, Tibet,
and Burma and it may be that frequent trading contact between
China and India opened the way for exchange of ideas on the
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subject. India certainly had an alchemical tradition of her own,
because Indian alchemical works were often translated into
Chinese, one of which at least can be dated to the early fifth
century AD, and although the high period of Indian alchemy
comes much later, in the tenth century, it is clear from their
treatises that Indian alchemists were pursuing the same broad
aims as their Chinese counterparts: transmutation of less-
developed metals into gold and transformation of human
bodies into a form which would prolong good health and
attain immortality. One of the principal conduits of ideas
between China and India, however, was ‘Tantrism,’ an
amalgam of philosophical and religious ideas which suggested
that the world of matter was real, not illusory, and that there
was, therefore, no barrier between the spiritual and material
worlds which could not be broken down by ritual practices
designed to channel divine energy into a transformation of the
material world. From the fourth or fifth century, then, this
Tantrism, which seemed to meld with the philosophical
requirements of alchemy, gave Indian a particular coloring and
perhaps encouraged the development of elixirs at the expense
of transmutation of metals. Tantrism, however, either brought
or animated ideas and practices based on hatha yoga on the
one hand andmagic on the other, and so the Indian alchemist’s
laboratory might well be a space in which pharmacology met
religious worship, distillation shook hands with sexual meta-
phors, and potentially poisonous substances conjoined with
spiritual transcendence. But, as in China, enthusiasm for
alchemy, whether gold making or elixir producing, waned
somewhat after its early energetic period and although, again as
in China, alchemy continues to be practiced in India nowadays,
after the thirteenth or fourteenth century, interest and experi-
ment were never quite as intense as they had been.

The history of alchemy further west, however, is rather
different. There, Egypt was regarded as the cradle of the science,
although attempts to derive ‘alchemy’ from Arabic al- (‘the’)
and Greek khem (‘black land,’ i.e., Egypt) are somewhat
dubious. Apart from one source (Pliny the Elder, first century
AD) telling us that the Emperor Caligula extracted gold from
orpiment, and a highly uncertain tradition that the Emperor
Diocletian burned Egyptian alchemists’ books in 290, evidence
for the practice of alchemy in Egypt is actually rather thin, and it
is not until about the second or third century AD that one finds
both alchemical texts and references to earlier alchemical
practitioners. Pseudo-Demokritos, possibly following Bolos of
Mendes from the second century BC, provided practical recipes
and mystical observations in his Physika et Mystika, as did
‘Maria the Prophetess,’ a shadowy figure often referred to by
later authors as the inventor of certain pieces of alchemical
apparatus. Two papyri collections from the third and fourth
centuries AD (Stockholm and Leiden X) contain a mixture of
recipes for coloring gemstones, manufacturing dyes, and
making alloys which look like gold and silver. Then in the early
fourth century came the much-quoted Zosimos, an Egyptian
alchemist and mystic, who offered a pseudo-origin for alchemy
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01226-4
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in the teaching of angels, and whose references to and
descriptions of practical alchemy were made to serve as alle-
gories of a spiritual rather than a laboratorical transformation.

In spite of this, however, it was the practical side of alchemy
which received detailed attention in Egypt, as in the later
Byzantine Empire and Arabic revival and development of the
science, and a tenth-century Byzantine encyclopedist’s defini-
tion of alchemy as ‘the fabrication of silver and gold’ underlines
the point. Alchemy seems to have come to the Arabs partly at
least via Persia (Iran) where Christian communities had
preserved both writings and knowledge of the science, and
between the eighth and eleventh centuries it enjoyed a golden
period, largely under the influence of three great names: J�abir
ibn Hayyan (Geber), Ab�u Bakr Muhammad ibn Zakariya al-
R�az�ı (Rhazes), and Ab�u ‘Ali�al-Husain ibn S�ın�a (Avicenna). The
first two of these were practitioners, the third was not, although
his negative attitude to alchemy stimulated others to come to
its defense, and while Arabic-language alchemical texts
depended first on their earlier Greek counterparts, they quickly
took over original research. J�abir proposed that metals happen
as a result of a combination of ‘mercury’ and ‘sulfur’ in certain
proportions and under specific celestial influences and that one
of the principal aims of the alchemist is to discover the essential
characteristics of each metal and bring these into a new
balance, thereby altering the composition of the metal in
question. Numerological computation was an essential skill in
discovering these various balances, and so the alchemist had to
be at least a competent mathematician, too. Al-R�az�ı, for his
part, was particularly interested in pharmacological therapy,
and this led him to concentrate on the manufacture of drugs
and elixirs, alchemical and non-alchemical, in his laboratory.

Each of these three had treatises attributed to him, so it is
sometimes difficult to gauge exactly what opinions he actually
had and which were fathered upon him. But it is via the corpus
of works bearing their names that alchemy can be said to have
passed to theWest which then translated them into Latin. These
translations began to appear in Spain during the twelfth
century, but it was the thirteenth and fourteenth which saw
Western fascination with alchemy really burgeon, encouraged
by rulers’ perpetual need for more money, and one finds that
major scholars of the period – Albertus Magnus, St Thomas
Aquinas, Roger Bacon, Arnald of Villanova, Ramon Lull – not
only expressed interest in alchemy but also had alchemical
works foisted upon them, too. Others, such as ‘Ortulanus,’
author of True Alchemical Practice (1386) and the Catalan
Franciscan, John of Rupescissa (died 1362), provided practical
observations on laboratory processes, although these were
often couched in allegorical and metaphorical terms or, as in
John’s case, mixed with instructions on how to achieve trans-
mutation of metals rendered less obscure because the coming
birth of Antichrist and the subsequent arrival of the apocalypse
demanded an honesty hitherto veiled in a language of secrets.
Once the printing press arrived, knowledge of alchemy spread
even more quickly and a readership – interested amateurs and
eager professionals – for works of both practice and theory
grew in proportion.

Geoffrey Chaucer, author of the Canterbury Tales (late
1380s), poked astringent fun at some of the pretensions and
obscurities of many alchemical writers, pretensions which lent
themselves to parody and satire. His alchemist was poor, dirty,
slovenly, and stank of sulfur. Hewas always borrowingmoney –
hence in part people’s suspicions that alchemists merely took
one’s cash and fobbed one off with metallurgical tricks and
nonsense – because alchemy was an expensive occupation.
Breakages were frequent and the special equipmentwas not easy
to replace. A fifteenth-century book attributed to J�abir describes
various kinds of furnace, for example, which were to be used at
different stages of the alchemical process: one for calcinations,
another for sublimation, a third for ‘descension’ (separation of
the desired liquefiedmaterial from extraneous matter), a fourth
for smelting, a fifth for ‘solution’ (conversion of dry matter into
liquid), and a sixth, knownas the athenor, for ‘fixation’ (a process
to make sure that any desired alteration in the alchemist’s
material would be stable). Then there were stills, condensers,
crucibles, retorts, ‘alembics’ (a form of still), and evaporating
dishes, all of which could bemade of pottery or glass, andmany
of which had very particular shapes and therefore needed to be
made or blown to order. The crowded clutter of an alchemist’s
laboratory can be seen in sixteenth-century woodcuts and
seventeenth-century paintings, and the remains of a sixteenth-
century alchemical laboratory have been unearthed in Austria,
showing that the woodcuts and paintings were accurate in every
detail. Over 300 clay crucibles, especiallymade to resist heat and
chemical assault, and shallow ceramic plates called ‘scorifiers’
havebeen rescued, restored, and analyzed.What neither pictures
nor archaeological relics can do, of course, is convey the stench,
the heat, and the noise of these placeswhichwere kept going day
and night for days and weeks at a time.

Satire and evidence of widespread distrust of alchemists,
however, should not mislead one into thinking that alchemy
was necessarily spurned or distrusted by everyone. Pope John
XXII may have issued a decree against it, but Pope Leo X
tolerated it, and monarchs and nobles were keen to support it
in the hope of benefiting from the gold and silver they hoped it
would produce; indeed, over the centuries there were sufficient
apparently successful demonstrations of its abilities to ensure
that alchemy would continue to enjoy a large measure of such
support. English rulers issued licenses to individual practi-
tioners and encouraged their researches, and the sixteenth and
early seventeenth centuries saw at least one King of Denmark,
two Electors, one King of Spain, one Queen of Sweden, and two
Holy Roman Emperors witnessing public transmutations of
base metal into gold before large and potentially skeptical
audiences. The curious affair of so-called Rosicrucian
pamphlets between 1604 and 1616, which suggested that
a secret alchemical brotherhood was poised to reform Europe
and introduce a period of peace and prosperity, was also taken
seriously and made the science even more alluring. Failure,
however, or discovery in the perpetration of fraud resulted in
swift punishment. One such alchemist in Germany was
tortured with red-hot pincers, then drawn and quartered, and
his remains were hung from a public gibbet. Another was
hanged on a gold-plated gallows, evidence of his ruler’s
sardonic sense of humor.

The Philosopher’s Stone, as the final transformative
substance was usually called, and whose reaction with baser
metals caused the desired transmutation, was commonly
described as a reddish powder. Producing it involved a lengthy
process working with apparently toxic materials and a
prima materia whose exact identification alchemists kept to
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themselves or concealed under a variety of extraordinary
names. One says ‘apparently toxic’ because the alchemists’
habit of using imagery and metaphorical language and of
changing the terms they applied to their working substances
means that we now find it difficult to be sure that, for example,
when they spoke of ‘vitriol,’ they meant what we mean by it
now. Martin Ruland’s Lexicon of Alchemy (1612) provides
several entries for it, some modified by reference to color. Thus,
‘metallic vitriols are the salts of metals’; ‘red vitriol is the perfect
sulfur of the philosophers at the red stage’; ‘white vitriol is
white galitzen stone’; ‘Roman vitriol is green atrament’; and for
‘atrament,’ he gives 32 separate definitions including ink (made
from soot) and various forms of iron and copper sulfate. To
add to the confusion, modern commentators regard ‘oil of
vitriol’ as referring to sulfuric acid, which would make working
with it highly dangerous.

Mercury, one of the three substances most commonly
referred to by alchemists along with sulfur and salt, was
certainly known as the material recognized by that name
nowadays. It was used as a life-prolonging elixir, an ingredient
in cosmetics, and was employed by at least some alchemists
who sought to ‘purify’ it by cleansing it with distilled sal
ammoniac or copperas or vinegar. On the other hand, devel-
oping alchemical theory proposed that just as humans are
composed of spirit, soul, and body, so metals consist of
mercury, sulfur, and salt. “Mercury is the spirit, sulphur is the
soul, and salt is the body,” wrote the Swiss physician and
alchemist Paracelsus in 1537. So when alchemical texts
mention mercury, do they mean the chemical element or the
metallic principle? “You must always be careful to distinguish
what is generally and particularly stated concerning mercury,”
warned Ruland, “as to whether it be about ordinary mercury or
about our [i.e. alchemical] mercury. Do not make a mistake,
otherwise the information will be useless.” Likewise, sulfur
presents two general possibilities. Ruland again: “Ordinary
sulphur, by whatever name we call it, remains an enemy of all
metals. It consumes, blackens, and destroys. But philosophical
[i.e. alchemical] sulphur is life-giving, matures and blackens, but
does not destroy.” Hence it follows that ‘salt’ had more than
one meaning and, indeed, was applied as a general term to
various substances including borax (sal albus), sal ammoniac,
niter, saltpeter, alum, mercury, urine, calcinated tartar, and
common rock salt. Trying to identify the components of
alchemical experiments at any given time is thus fraught with
difficulty, and it is quite possible that some commentators have
been overconfident in their assertions that X alchemical
substance is what we know as Y.

Paracelsus (1493–1541) illustrates this well. He recognized
a wide variety of substances under a single alchemical principle:
for example, his ‘salt’ seems to have included potassium nitrate,
the vitriols of copper, iron, and magnesium, and the salts
generated by mercury, arsenic, antimony, and lead. To him,
alchemy was most important as an adjunct of medicine, and he
was convinced that the human body acted as a kind of
alchemical laboratory, separating pure substances from
impure. “Everything,” he wrote in his Volumen Medicinae Par-
amirum (c.1520), “is perfect in itself, but both a poison and
a benefit to something else,” and elsewhere, “Arsenic is the
most poisonous of substances and a drachm of it will kill
a horse. But fire it with salt of nitre and it is no longer a poison.”
Hence if a toxic substance is introduced into the body, (while
taking nourishment, for instance), its effects can be combated
by the administration of another poison whose therapeutic
action purifies the affected organ or organs and therefore cures
the illness or at least offers some kind of palliation. In order for
the curative or palliative poison to work beneficially, of course,
its dosage should be very small. This was crucial. “Only the
dose allows something to avoid being poisonous,” he wrote,
and clearly this must have been true of his use of arcanum vitrioli
(‘the secret thing enclosed in vitriol’) mixed in wine to treat
epilepsy, His ‘oil of vitriol,’ on the other hand, which he
employed for skin complaints of various kinds, seems to have
been corrosive and therefore very painful. Once again,
however, it may be difficult to elicit from his descriptions
exactly what it was he would use in his recipes. “There are many
kinds of vitriol,” he says, noting that “[it] offers a complete cure
of jaundice, sands and stones, fevers, worms and falling-sick-
ness . [as well as] for surgical diseases such as hereditary
scabies, leprosy, ringworm, etc. .. These are vigorously
attacked by vitriol, which cures them from the root” (Diseases
Which Deprive People of Their Reason, written c.1528). Not
surprisingly, therefore, Paracelsus appears to have had a repu-
tation among his contemporaries for poisoning his patients,
and has been given another by moderns, ‘the Father of
Toxicology.’

Alchemists, then, dealt with substances which were often
highly toxic but, like Paracelsus, were concerned more with the
ultimate uses to which their derivatives could be put rather
than the poisonous properties those substances contained. So
in view of the dubious nature of many of those substances, it is
not surprising to find that alchemists were convinced they had
to reduce their basic ingredients by fire, liquefy them, and distil
them over and over again, many hundreds of times. This
rendered them ‘safe.’ Then practitioners carefully watched for
distinctive changes, usually signified in rapid changes of color
known as the ‘Peacock’s Tail’ before the material finally settled
into the desired red. These procedures fell into three principal
stages: (1) the black stage during which the basic material was
broken down (‘died’) and reconstituted as something different;
(2) the multiple color stage; and (3) the red stage out of which
the Stone emerged, and it was during the course of these
procedures that medicinal elixirs and tinctures were usually
obtained. ‘Rectified aqueous alcohol,’ for example, was to be
dripped slowly over the residue left after producing the Stone,
and this would result in a golden-reddish clear liquid which,
taken in wine, was said to cure any ailment. Metaphorical
language – that of death, marriage, birth, and regeneration –

was used to describe these various stages, as was that of
sacramental theology, and so alchemical writings frequently
offer a combination of chemistry and Christian mysticism. It is
this which seems to account for the deep interest and unwea-
ried experimental efforts of such people as Andreas Libavius,
George Starkey (‘Eugenius Philalethes’), Robert Boyle, and
Isaac Newton, and even Emmanuel Swedenborg who was
hostile to alchemy pursued his chemical experiments in the
light of his deeply particular and personal religious convic-
tions. Newton, on the other hand, was deeply devoted to
alchemy and doggedly pursued it for mainly religious reasons,
on the grounds that if alchemy could show that there was some
kind of universal spirit responsible for both creation and the
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workings of creation, it would provide important evidence for
God’s active presence in the universe.

But the eighteenth century did alchemy few favors. Char-
latans continued to flourish, as did secret and not so secret
societies offering pseudo-mystical experiences to their
members. Worried that these might tarnish the respectability of
the growing number of scientific bodies both within and out-
with academic circles, experimenters began to withdraw from
the wider rough and tumble and concentrate on more limited,
more specialized, less controversial fields of inquiry. Even so,
alchemy was still being practiced at Harvard in the early years
of the century, although by the middle of the nineteenth
chemists had carefully and successfully distinguished them-
selves from alchemists, and interested observers such as Ethan
Hitchcock, an adviser to Abraham Lincoln, preferred to regard
alchemy as a spiritual discipline rather than a laboratory
activity. Many in the nineteenth and the twentieth centuries
agreed with him, and yet that did not stop dedicated individ-
uals from persisting with practical alchemical work. Theodore
Tiffereau, for example, conducted experiments between 1854
and 1855 to transmute Mexican silver into gold using, among
other materials, nitric acid, hyponitrous acid, nitrogen
peroxide, and concentrated sulfuric acid, with trace amounts of
gold to act as reagents. He was followed in the 1890s by Ste-
phen Emmens who attempted much the same kind of process
and persuaded the United States Mint to buy a large quantity of
the gold thus produced.

Between 1908 and 1920 when he published the results of
his work, François Jollivet-Castelot also transmuted silver into
gold by using orpiment, antimony sulfide, tellurium, nitric
acid, and a little pure silica, along with gold reagents, these
experiments being replicated by others, apparently with some
degree of success. But while the early twentieth century saw
continued efforts to produce alchemical gold, the attention of
alchemists was beginning to turn toward spagyric medicine
and the manufacture of health-giving elixirs. Husband and
wife Richard and Isabella Ingalese, for example, while claim-
ing to have made the Philosopher’s Stone between 1917 and
1920, made the more astonishing report that in 1917
they had succeeded in producing the white stone of the
philosophers – an alchemical product preliminary to the final
red Stone – and had used this to resuscitate a dead woman
who then lived for a further 7 years. In England, Archibald
Cockren worked on various transmuting tinctures during the
1930s, producing among others one which he called ‘philo-
sophic gold,’ until at last he was successful in manufacturing
the red Stone itself. Armand Barbault in France during the
1960s and 1970s worked with dew, earth, and plants as his
basic materials, adding powdered gold at one stage in the
process with a view to producing a series of transformative
elixirs, and likewise Albert Riedel (better known as ‘Frater
Albertus’), basing his alchemy on Paracelsus’s proposition
that matter consists of three principles – spirit/mercury,
sulfur/soul, and body/salt – worked mainly with plants to
produce therapeutic elixirs.

The twentieth century also saw a growing interest in
promoting alchemy as a system of spiritual exploration and
regeneration, sometimes, however, working alongside labora-
tory experiments. This, for Frater Albertus, was one crucial
difference between alchemy and chemistry. Another was that
‘any poison can be removed alchemically from any herb or
metal and its healing and curing properties set free.’ These
principles, too, were important for Jean Dubuis, nuclear
physicist and alchemist, who founded Les Philosophes de Nature
in 1979, and for various online alchemical organizations such
as the Paracelsus College and the Spagyricus Institute. But has
alchemy ever genuinely succeeded in the transmutation of
baser metal into gold? By way of answer, history points to three
medallions in the Kunsthistorisches Museum in Vienna, one
silver and two gold, which claim to be the results of trans-
mutations successfully performed before witnesses in 1675,
1677, and 1716, and another example in the British Museum in
London, dated 1814.

See also: Chemical Interactions; The History of Toxicology;
Antimony; Bismuth; Copper; Gold; Lead; Mercury; Metals;
Silver; Sulfuric Acid.
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Human consumption of alcoholic beverages dates back to the
earliest periods of recorded history. Beer was a widely popular
beverage in ancient Egypt in the 2nd millennium BC, as was
wine in the Greek and Roman civilizations. Distillation of
alcohol, originally developed by the Arabs, was quickly adap-
ted among all regions of the world, including Europe, Asia, and
the Far East, as early as the thirteenth and fourteenth centuries.
A variety of alcoholic beverages are legally consumed in most
countries, and more than 100 countries have implemented
laws regulating their production, sale, and consumption;
however, most countries have set the minimum age at which
a person may legally buy or drink alcohol containing products.
This minimum allowable drinking age varies in countries,
averaging to 18 years in most areas. Today, approximately 60%
of the adult US population consumes alcohol, having had at
least 12 drinks in the past year. Although most people who
drink do it safely, approximately 18.2million Americans or
7.6% of the population meet the diagnostic criteria for alcohol
use disorder. Alcohol abuse may be the number one health
issue in the United States with annual cost estimates of more
than US $185 billion a year (NIAAA estimate of 1998). More
than one-half of American adults have a close family member
who has or has had alcoholism. Almost 2.7million violent
crimes (or one in every three violent crimes) and 16 000 traffic
accidents can be directly linked to alcohol. Alcohol consump-
tion has consequences for the health and well-being of those
who drink and, by extension, the lives of those around them.
Because alcoholism affects many aspects of our society, clearly
alcoholism has enormous social implications including burden
on social and health services. Epidemiological studies with
twins, families, and adoptive families clearly indicate an
important role for an individual’s genetics in determining the
likelihood for developing alcoholism. The Centers for Disease
Control and Prevention (CDC) has developed an online
resource called the Alcohol-related Disease Impact software to
estimate the impact of alcohol-related deaths and years of
potential life lost.

In the United States, a ‘drink’ is considered to be 0.5 oun-
ces (oz) or 15 g of alcohol, which is equivalent to 12 oz of beer,
8 oz of malt liquor, 5 oz of wine, or 1.5 oz of 80 proof distilled
spirits (gin, rum, vodka, and whiskey). According to the Dietary
Guidelines for Americans, jointly issued by the US Department
of Agriculture and the US Department of Health and Human
Services, moderate drinking is no more than two standard
drinks per day for men and no more than one per day for
women. Moderate drinking may be defined as drinking that
does not generally cause problems, either for the drinker or for
society. The term is often confused with ‘social drinking,’which
refers to drinking patterns that are accepted by the society in
which they occur. However, social drinking is not necessarily
free of problems. The National Institute on Alcohol Abuse and
Alcoholism further recommends that people aged 65 and older
limit their consumption of alcohol to one drink per day.
Alcoholism, also known as ‘alcohol dependence,’ is a disease
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that includes four symptoms: (1) Craving: A strong need, or
compulsion, to drink. (2) Loss of control: The inability to limit
one’s drinking on any given occasion. (3) Physical depen-
dence: Withdrawal symptoms, such as nausea, sweating,
shakiness, and anxiety, that occur when alcohol use is stopped
after a period of heavy drinking. (4) Tolerance: The need to
drink greater amounts of alcohol in order to ‘get high.’
Health Effects of Alcohol Abuse

Effects of Alcohol on the Liver

Alcohol abuse significantly contributes to liver-related
morbidity and mortality worldwide. Long-term alcohol use is
the leading cause of illness and death from liver disease. There
are three phases of alcohol-induced liver damage: alcoholic
fatty liver, which is usually reversible with abstinence; alcoholic
hepatitis or inflammation; and alcoholic cirrhosis or scarring of
the liver. Patients with both alcoholic cirrhosis and hepatitis
have a death rate of more than 60% over a 4-year period. The
prognosis is bleaker than the outlook for many types of cancers.
As many as 900 000 people in the United States suffer from
cirrhosis and some 26 000 of these die each year. The risk for
liver disease is related to how much a person drinks: the risk is
low at levels of alcohol consumption but steeply increases with
higher levels of consumption. Because effects of alcohol are
dose-related and because of the steepness at which the adverse
effects are observed, moderation is emphasized in social or
occasional drinking. Gender also plays a role in the develop-
ment of alcohol-induced liver damage. Some evidence indi-
cates that women are more susceptible to the cumulative effects
of alcohol on the liver.
Alcohol Consumption and Obesity

Obesity has reached epidemic proportions in many Western
countries and its incidence continues to grow the world over.
The etiology of obesity is complex and both diet and genetics
play important roles. Since a gram of alcohol provides 7.1 kcal
of energy and comes just after fat as a potential source of
energy, it is possible that calories from alcohol contribute to
body-weight gain. Furthermore, alcohol cannot be stored and
hence is oxidized right after consumption, sparing fat and
carbohydrates. In consumers, alcohol calories can vary from
0 to 25% of total daily calories and are frequently added over
calories from food and other beverages. Currently it is unclear,
however, whether alcohol consumption is a risk factor for
weight gain because studies performed to date show positive,
negative, and no association. Overall the evidence that alcohol
may increase weight gain is evident only in studies with high
levels of drinking. Moreover, light to moderate drinking espe-
cially of red wine may protect from weight gain.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00227-X
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Cancer and Alcohol Abuse

Alcohol has been linked to a number of cancers, including
cancers of the head and neck, digestive tract, and breast.
Alcohol is clearly established as a cause of cancer of various
tissues in the airway and digestive tract, including the mouth,
pharynx, larynx, and esophagus. There is convincing evidence
that alcohol consumption increases the risk of breast cancer.
Research suggests that the risk of cancers is associated with
both the concentration of alcohol and the number of drinks
consumed. Alcohol acts synergistically with tobacco to
dramatically increase the risk of cancers above that of alcohol
or tobacco alone. An increased risk of stomach cancer among
alcohol drinkers has been identified in several but not the
majority of studies. The link between alcohol use and chronic
gastritis is clear, although the progression from chronic
gastritis to neoplasia is less well understood and involves
factors in addition to alcohol. Only weak positive association
between alcohol use and cancers of the colon, rectum, and
breast exists.
Cardiovascular Health and Alcohol Use

Cardiovascular diseases account for more deaths among
Americans than any other group of diseases. Of all causes of
death, coronary heart disease (CHD) is the leading cause of
death among Americans. Several large prospective studies
throughout the world suggest a reduced risk of CHD with
alcohol use over a wide range of consumption levels. However,
in these studies the apparent protective effects of alcohol
against CHD were realized at low to moderate levels of alcohol
(ranging from one to two drinks per week to one to two drinks
per day). However, the risk increased at drinking levels above
five drinks a day for men and two drinks a day for women. Both
the type of alcoholic beverage consumed and the pattern of
drinking (small amounts every day versus large amounts on
only one or two days a week) influence protection against
CHD. Long-term alcohol consumption is known to induce
megamitochondria formation in heart tissue, thus compro-
mising optimal functioning of cardiac myocytes. The relation-
ship between alcohol consumption and stroke risk suggests
that heavy drinking increases the risk of stroke, especially in
women. However, evidence suggesting that moderate level of
alcohol consumption protects from stroke is at best equivocal.
In addition, it appears that a high level of alcohol consumption
increases blood pressure, a critical risk factor for stroke.
Hypertension could be another consequence.
Alcohol and the Skeleton

An association between alcohol intake and accidental injury is
well established. The risk of falling is tripled in those having
a blood alcohol concentration (BAC) of 0.1–0.15% and 60
times higher in those with a BAC of 0.16% or higher, compared
with those whose BAC is 0.1% or lower. Beyond the risks of
falling, however, emerging evidence suggests alcoholics may
also suffer from a generalized skeletal fragility, leading to
alcohol-induced osteopenia. Although the degree to which
alcohol contributes to the osteopenia in the general population
is not clear, but data from experimental animal studies suggest
that alcohol can disrupt the tightly coupled processes of bone
formation and resorption.
Fetal Alcohol Syndrome

Fetal alcohol syndrome (FAS) is a set of birth defects caused by
maternal consumption of alcohol during pregnancy. FAS is
considered the most common preventable cause of mental
retardation. The annual cost of FAS according to the 10th
Special Report to the US Congress on Alcohol and Health
estimated the annual cost of FAS in 1998 to be $2.8 billion.
Miscellaneous Impacts of Alcohol Consumption

Alcohol is converted by alcohol dehydrogenase (ADH) to
acetaldehyde, which is converted by aldehyde dehydrogenase
to acetic acid, then to CO2 and water in the Krebs cycle. The rate
of metabolism is zero order – i.e., it is not concentration
dependent (about 7 g h�1) at BACs> 0.02 g l�1. Cytochrome
P450 ethanol oxidation by CYP2E1, CYP3A4, and CYP2E1 is
inducible and greater in chronic heavy drinkers, accounting for
an increased rate of metabolism at high BACs. Ethanol
metabolism produces reduced NAD (NADH), and in turn
NADH reduces ability of liver to produce UDP-glucuronic acid,
necessary for glucuronidation of morphine and other drugs.
Individuals on morphine-containing medications are faced
with such situations. In contrast, acute ethanol can inhibit
CYP3A4, thus increasing morphine effects. Chronic ethanol
induces CYP3A4, increasing morphine metabolism and thus
reducing its effects. Likewise, chronic ethanol induces a number
of cytochrome P450 isozymes (2E1, 3A4, and 1A2), and
CYP3A4 and CYP1A2 can contribute to an increased rate of
methadone metabolism in alcoholics, leading to reduced
methadone efficacy. Alcoholics can also develop severe liver
disease leading to an alteration in methadone disposition
(Kreek, 1988). A majority of the literature supports the notion
that alcohol-containing beverages can considerably influence
metabolism of drugs and chemicals in the body (Ray and
Mehendale, 1990).

It is important to recognize that a number of alcoholic
beverages may naturally contain small amounts of n-butanol,
a four-carbon alcohol, due to fermentation. Detectable
amounts are found in beer, grape brandies, wine, whisky, and
a variety of food products. It is also formed during deep frying
of corn oil, cottonseed oil, trilinolein, and triolein, and is often
used as an ingredient in processed and artificial flavorings.
Improperly processed country liquors are the main source of
contamination.

See also: Ethanol; Fetal Alcohol Spectrum Disorders; Immune
System; Liver.
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l IUPACName: [(E)-(2-methyl-2-methylsulfanylpropylidene) Environmental Fate and Behavior

amino] N-methyl carbamate

l Synonyms: Aldicarbe; Temik�; ENT 27093; UC21149;
RCRA waste number P070; AI3-27093; OMS 771; NCI
C08640; SHA 098301

l Chemical Structure:
cyclopedia of
Background

Aldicarb was introduced in 1970, and within a decade its use
was restricted due to high levels of water contamination and
food residues. In 1981, aldicarb was classified as a restricted use
pesticide (used only by certified applicators), and in 1984 was
placed under US EPA Special Review. Aldicarb is one of the
most potent N-methyl carbamate insecticides, and has under-
gone extensive field, laboratory, and human studies.
Uses

Aldicarb is a systemic insecticide and nematicide used on
a variety of agricultural crops, including cotton, potatoes, and
citrus. It is commercially sold only as a granular formulation
(primarily containing 15% active ingredient), which is to be
incorporated into the soil to provide maximum efficacy and to
minimize hazard to birds and other wildlife. Dietary risk and
ground water contamination have been the primary concerns
for the use of aldicarb. Following recent assessments based on
additional toxicity data, the US EPA determined that residues
found in citrus and potatoes may pose unacceptable dietary
risks to infants and children. Subsequently, discussions with the
current registrant resulted in additional risk mitigationmeasures
and lowered application rates for remaining uses, leading to
a voluntary phase-out of all uses in the United States by 2018.
Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Aldicarb rapidly degrades to the sulfoxide and sulfone forms,
which are moderately persistent. These chemicals are highly
soluble in water and mobile in soil. They have been detected
at high levels in ground water and have contaminated wells
and drinking water supplies. Breakdown and persistence in
soil and water depends on bacteria, sunlight, moisture, and
a number of other factors, leading to wide variations in
estimates of environmental exposures. Being a systemic
insecticide, residues have also been detected in food
products.
Exposure and Exposure Monitoring

Environmental measures of aldicarb exposure should include
parent, sulfoxide, and sulfone; indeed, maximum residue levels
are expressed as the sum of these. Water contamination is
monitored through the US National Primary Drinking Water
Regulations.
Toxicokinetics

Toxicokinetic parameters are similar across species. Aldicarb
is rapidly and well-absorbed through the oral, dermal, and
inhalation routes of exposure. Upon uptake, it is quickly
metabolized and excreted. Oxidation reactions rapidly
convert aldicarb to aldicarb sulfoxide, which is as toxic as
the parent, with slower and lesser formation of the less-toxic
sulfone. Hydrolysis pathways yield inactive oximes and
nitriles. Limited studies suggest that aldicarb is detoxified to
some extent by carboxylesterases. Animal studies have
indicated aldicarb and its metabolites are widely distributed
to tissues, including fetal tissue. Tissue accumulation has not
been reported. The major route of excretion is urinary, with
at least 80% of the dose eliminated within 24 h. A minor
route of biliary elimination undergoes enterohepatic
recirculation, and small amounts are excreted in feces
and milk.
4-3.00093-2 123

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00093-2


124 Aldicarb
Mechanisms of Toxicity

Aldicarb (and its sulfoxide metabolite) binds and inhibits
acetylcholinesterase, the enzyme responsible for metabolizing
the neurotransmitter acetylcholine at cholinergic nerve
terminals. The resultant accumulation of synaptic acetylcho-
line causes overstimulation of the cholinergic pathways and
produces central and peripheral toxicities. This action leads to
signs of cholinergic crisis, including sweating, nausea, dizzi-
ness, miosis, blurred vision, abdominal pain, vomiting, and
diarrhea, progressing to tremors, convulsions, and death. The
acetylcholinesterase inhibition is readily reversible with rapid
reactivation occurring through spontaneous decarbamylation,
and recovery of function is evident within minutes to hours.
Recent in vitro and in vivo studies have suggested that aldicarb
could damage tissue via oxidative stress, which may play an
additional role in its toxicity.
Acute and Short Term Toxicity

Animal

Signs of acute exposure in animals are due to acetylcholines-
terase inhibition and mirror effects of other N-methyl carba-
mates. Aldicarb is very potent, with lethality associated
with cholinesterase inhibition occurring at doses less than
1 mg kg�1 in most species. There is evidence from comparative
studies in rats that the young may be more sensitive than adults
to these acute effects. Aldicarb is not a skin irritant and does not
cause dermal sensitization.

The signs of acute exposure to aldicarb in animals are
consistent with dose-dependent cholinergic stimulation. High-
dose exposures produce frank toxicity and cholinergic signs,
whereas lower exposures result in more subtle physiological
(e.g., heart rate), neuromuscular (e.g., motor function), and
behavioral (e.g., cognition) changes. In laboratory studies,
these changes may be detected with a variety of behavioral
assessments.
Human

Humans exposed to aldicarb show the same toxic signs and
symptoms as seen with experimental animals, with rapid onset
and recovery. Mild cases of exposure, sufficient to produce
sweating, headache, and nausea, may be confused with the flu.
The ingestion of contaminated foods and accidental exposures
to workers have resulted in a number of human poisoning
incidents, some quite severe. Several outbreaks of food
poisoning, involving up to hundreds of affected individuals,
have implicated improperly treated crops, e.g., cucumbers,
watermelons, and bananas.
Chronic Toxicity

Animal

With repeated exposures, acetylcholinesterase inhibition
remains the predominant form of toxicity, and there is little
evidence of progressive or chronic effects. Aldicarb does not
inhibit neurotoxic esterase (NTE) and does not produce
delayed neuropathy. When administered in water or diet,
higher doses may be tolerated compared to acute (bolus)
administration.
Human

Data on chronic toxicity are not available. The few epidemio-
logical studies in the literature do not show causal relationships
between aldicarb exposure and long-term adverse outcomes.
Immunotoxicity

Several immunotoxicity studies report contradictory results
using a measure of antibody production (humoral
immunity), and other studies suggest alterations in
macrophage function. Thus, immunological findings are
inconclusive.
Reproductive Toxicity

Several developmental studies, including multigenerational, in
laboratory animals showed no evidence of embryotoxicity,
fetotoxicity, or teratogenicity at doses that are not overtly
maternally toxic.
Genotoxicity

Although a fewmutagenicity assays were positive with aldicarb,
the weight of evidence from a range of in vitro and in vivo studies
support conclusions that aldicarb is not a mutagen.
Carcinogenicity

Studies show that aldicarb is not carcinogenic.
Clinical Management

Persons providing medical assistance should avoid contact
with contaminated clothing, which should be removed and
discarded. Exposed dermal areas should be cleaned thoroughly
with soap and water, and eyes should be flushed with generous
amounts of clean water for at least 15 min. If the patient is not
in a life-threatening condition, and is treated soon after expo-
sure, activated charcoal may be used to reduce absorption from
the gastrointestinal tract. Gastric lavage should be considered if
more toxic quantities have been ingested, if possible within 1 h
of exposure.

Emergency management should not be delayed. Support
for the airway, breathing, and circulation of the patient is
most important. Patients may have excessive secretions,
bronchorrhea, bronchospasm, and weakness of respiratory
muscles; intubation and mechanical ventilation may be
necessary. Muscarinic effects (e.g., salivation, lacrimation)
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may be reduced by administration of atropine, with repeated
high doses until pulmonary secretions dissipate. Benzodiaz-
epines may be used to control seizure. The use of pralidoxime
is controversial, but may be useful if poisoning includes
organophosphorus compounds. Some clinical reports suggest
it is contraindicated for carbamate-only poisoning, whereas
others have reported that it is effective in reducing morbidity
and mortality in severe poisonings. Furosemide may be useful
for pulmonary edema that continues after atropinization.

Plasma or RBC cholinesterase measurements may be used
to indicate the type of agent involved, but due to the rapid
reversibility of the inhibition produced by carbamates, such
laboratory assays may not be accurate and in fact could be
misleading. Metabolite analysis of a urine sample may allow
confirmation of the pesticide.
Ecotoxicity

Aldicarb is extremely toxic to birds, and moderately toxic to
fish, bees, and wildlife. Exposures of nontarget species occur
from contaminated water or consumption of applied granules.
Bioaccumulation in the environmental and bioconcentration
in tissues are low.
Exposure Standards and Guidelines

The US EPA acute reference dose for aldicarb is 0.001 mg kg�1,
based on RBC cholinesterase inhibition studies in humans.
With incorporation of an additional factor to assure safety to
infants and children, the US EPA population adjusted dose
becomes 0.00027 mg kg�1. The Joint FAO/WHO Meeting on
Pesticide Residues established an acceptable daily intake value
of 0.003 mg kg�1, but this has not been reevaluated in 10 years.
The proposed US EPA maximum contaminant level (MCL) for
aldicarb and its sulfoxide in drinking water is 0.003 mg l�1, and
for aldicarb sulfone is 0.004 mg l�1; for each chemical the MCL
goal is 0.001 mg l�1.

See also: Carbamate Pesticides; Cholinesterase Inhibition;
Common Mechanism of Toxicity in Pesticides; Neurotoxicity.
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Relevant Websites

http://www.epa.gov/oppsrrd1/REDs/factsheets/aldicarb_fs.html – background and
recent regulatory actions in US.

http://www.inchem.org/documents/jmpr/jmpmono/v92pr03.htm – information from
the International Programme on Chemical Safety.

http://www.epa.gov/pesticides/safety/healthcare/handbook/Chap05.pdf – recognition
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Background

l Chemical Abstracts Service Registry Number: CAS 309-00-2
l RTECS: IO2000000
l Chemical Name: 1,2,3,4,10,10-Hexachloro-1,4,4a,5,8,8a-

hexahydro-1,4-endo,exo-5,8-dimethanonaphthalene, abbre-
viated HHDN

l Molecular Formula: C12H8Cl6
l Relative Molecular Mass: 364.91
l Chemical Structure:
H
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Cl

Cl

Cl
ClH
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l Trade Names: Aldocit, Aldrex, Aldrosol, Compound 118,
Drinox, ENT 15,949, Hexachlorohexahydro-endo, exo-
dimethanonaphthalene, HHDN, Kortofin, Octalene, OMS
194, Seedrin
Uses

Aldrin (CAS 309-00-2) is a synthetic organochlorine pesticide,
and was used as a broad-spectrum soil insecticide for protec-
tion of food crops, and as seed dressing for the control of pests
such as ants and termites. In 1972, the US Environmental
Protection Agency (USEPA) canceled all but three specific uses:
subsurface termite control, dipping of nonfood plant roots and
tops, and completely contained moth-proofing in the
manufacturing processes. In 1987, all uses were voluntarily
canceled by the manufacturer. Aldrin has not been produced
domestically since 1974, or imported after 1985.
Environmental Fate and Behavior

Relevant Physicochemical Properties

Aldrin is a crystalline solid with a melting point of
104–105.5 �C. It has a vapor pressure of 1.2� 10�4 mm Hg at
25 �C, a log organic carbon partition coefficient of 7.67, and is
26 Encyclopedia of T
practically insoluble in water (0.027mg l�1 at 27 �C, also
reported as 0.2mg l�1 at 25 �C). Aldrin has a log octanol–water
partition coefficient of 6.50 and a density of 1.6–1.7 g cc�1,
at 20 �C.
Partition Behavior in Water, Sediment, and Soil

Consistent with its intended use on insects in soil, aldrin is not
very water soluble. It binds to sediment, but rarely leaches into
deeper soil layers and groundwater. Aldrin is volatile and
readily degrades to dieldrin in the environment. When aldrin is
applied to silty loam soil, the amount detectable in 1.7 years
will have declined by 25% of the amount applied. Aldrin is
estimated to have a half-life in soil of 1.5–5.2 years, depending
on the composition of the soil.
Environmental Persistence

Persistence is defined in terms of the half-life of a substance
in the soil. For aldrin, this has been determined to be 2–15
years. Aldrin is largely converted via biological or abiotic
mechanisms to dieldrin, which is significantly more persis-
tent. Both aldrin and dieldrin are absorbed into the food
chain. Residues may remain in the soil for a long period, if
contaminated plant and animal materials are added to the
topsoil. Aldrin and dieldrin are retained in the fatty materials
of sewage sludge, and in fish emulsions used as fertilizers.
Topical soil application of these materials makes these
compounds available to grazing animals, which ingest some
soil when they crop grass. Aldrin may be volatilized from
sediment, and redistributed by air currents, contaminating
distant areas. Nationally, levels of aldrin have declined since
agricultural uses were discontinued.
Long-Range Transport

The atmospheric photooxidation half-life of aldrin is estimated
to be between 55min and 9.1 h. Aldrin may be volatilized from
sediment and redistributed by air currents, contaminating
distant areas. Aldrin has been detected in organisms in the
Arctic waters and in sediments in the Great Lakes basin, sug-
gesting long-range transport from southern agricultural
regions.
Bioaccumulation and Biomagnifications

Aldrin is reported by Environment Canada to have a Bio-
concentration Factors of 350–44 600. However, aldrin is
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00094-4
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rapidly converted to dieldrin, which is significantly more
persistent. Dieldrin readily bioaccumulates in terrestrial and
aquatic organisms. Biomagnification factors ranging from 2.2
(in rainbow trout) to 16 (in herring gulls) have been reported
for dieldrin. Bioconcentration factors for dieldrin in various
aquatic organisms range from 400 to 68 000, indicating that
dieldrin shows moderate to significant bioaccumulation in
various aquatic species.
Exposure and Exposure Monitoring

Routes and Pathways

As aldrin has not been used in the United States since 1987,
new releases should not occur, and only rarely might be
observed at hazardous waste treatment facilities. Potential
exposures via drinking water and diet are likely higher than
exposures from air or soil. The primary route of exposure to
aldrin by the general public is dietary intake. Since aldrin is no
longer used throughout most, if not all, of the world, inhala-
tion exposure during application is not a significant source of
exposure for the general public. Drinking water exposure is also
not a significant source of exposure for the general public.
Human Exposure

General population exposure to aldrin may occur through the
diet, but detection of aldrin residue in foods has decreased over
time. Inhalation exposure may occur among people living in
residences where aldrin was applied historically as a pesticide.
Aldrin is absorbed following ingestion, inhalation, and dermal
application. After absorption, aldrin is metabolized to dieldrin
so rapidly that aldrin is rarely detected.

In the Centers for Disease Control and Prevention’s Fourth
National Report on Human Exposure to Environmental
Chemicals, aldrin was not detected in blood samples for years
2001–02 (limit of detection 5.94 ng g�1) for the 2278 indi-
viduals sampled. For 2003–04, aldrin was not detected (limit
of detection 7.8 ng g�1) for the 1946 individuals tested.
Environmental Exposure

Aldrin binds strongly to soil particles and is very resistant to
leaching into groundwater. Volatilization is an important
mechanism of loss from the soil. Due to its persistent nature
and hydrophobicity, aldrin is known to bioconcentrate, but
mainly as its conversion product, dieldrin. Aldrin is readily
metabolized to dieldrin in both animals and plants, and
therefore aldrin residues are rarely present in animals, and then
only in very small amounts.
Toxicokinetics

Because of its relatively rapid metabolic conversion to dieldrin,
aldrin is infrequently observed in human tissue, and there is
little information on its distribution. The initial and principal
biotransformation of aldrin following oral exposure is the
relatively rapid, mixed function oxidase-mediated epoxidation
to dieldrin.
In some extrahepatic tissues (e.g., lung) that contain rela-
tively little cytochrome P-450 activity, in vitro studies suggest
that aldrin may be epoxidized to dieldrin via an alternate,
prostaglandin endoperoxide synthase pathway, one which is
dependent on arachidonic acid rather than on nicotine adenine
dinucleotide phosphate (NADPH).

Although data from humans are extremely sparse, one
excretion study conducted on workers occupationally exposed
to aldrin identified 9-hydroxy dieldrin, as a fecal metabolite.
Animal studies have collectively demonstrated the following
metabolites of dieldrin to be among the most significant:
pentachloroketone, 6,7-trans-dihydroxydihydroaldrin and its
glucuronide conjugate, 9-hydroxy dieldrin and its glucuronide
conjugate, and aldrin dicarboxylic acid. The appearance and
proportions of these metabolites can vary by species, strain,
and sex, as can the overall rates of aldrin biotransformation.
Mechanism of Toxicity

Human health effects from aldrin at low environmental doses,
or at biomonitored levels from low environmental exposures,
are unknown. At high doses, aldrin blocks inhibitory neuro-
transmitters in the central nervous system (CNS). This action
can cause hyperexcitation, leading to symptoms such as muscle
twitching and seizures. Both in vitro experiments using rat brain
membranes and intravenous or intraperitoneal administration
of aldrin to rats have shown that aldrin can inhibit the activity of
gamma aminobutyric acid (GABA) receptors by blocking influx
of chloride through the GABAA receptor–ionophore complex.
Acute and Short-Term Toxicity

The toxicity of aldrin is essentially identical to dieldrin and
similar to other cyclodiene insecticides. The doses at which
aldrin is acutely lethal in experimental animals are quite similar
to lethal dieldrin doses. Oral LD50 values for single doses of
aldrin in rats ranged from 39 to 64mg kg�1. The CNS is the
primary target with convulsions being the primary symptom.
Patients may also experience headache, irritability, dizziness,
nausea, vomiting, hyperexcitability, and coma. Onset of
symptoms may occur within minutes to hours of ingestion.
Chronic Toxicity

When humans have been exposed for longer periods to lower
doses of these compounds, neurotoxic symptoms have included
headache, dizziness, general malaise, nausea, vomiting, and
muscle twitching or myoclonic jerking. The available literature
does not include other significant adverse health effects in
humans resulting from longer-termor chronic exposure to aldrin.
Immunotoxicity

Very little, if any, data exist regarding aldrin immunotoxicity in
humans or in animals. More data, though still limited, has
been collected on the immunotoxicity of dieldrin.
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Reproductive Toxicity

Reproductive effects of aldrin in humans have not been
examined, though one study reported aldrin levels in blood
and placental tissues of women who had premature labor or
spontaneous abortions were significantly higher than in
women with normal deliveries. However, this study had
severe limitations and should be interpreted with caution.
Decreased fertility was observed in some animal studies at
doses as low as 0.63mg aldrin per kg per day administered
orally. Reproductive effects observed in other studies included
decreased sperm count, degeneration of germ cells, decreased
weights of seminal vesicles and prostate and coagulating
glands, decreased seminiferous tubule diameter, decreased
plasma and testicular testosterone, decreased prostatic fruc-
tose content and acid phosphatase activity, and decreased
plasma luteinizing hormone and follicular stimulating
hormone.

Developmental effects of aldrin have not been studied in
humans, though effects (external malformations, skeletal
anomalies, cleft palate, webbed foot, and open eye) in mice
and hamsters occurred after exposure to >25mg kg�1.
However, some developmental studies have failed to find
these effects. Decreased postnatal survival has also been
observed in offspring in a three-generation study in rats at
doses as low as 0.125mg aldrin per kg per day. Maternal
mortality was not seen in this study at this level. A similar
decrease in postnatal survival has also been seen in mice and
dogs.
Genotoxicity

Aldrin is not mutagenic in the Ames Assay, nor does it induce
plasmid DNA breakage in Escherichia coli (although it was
tested only in the absence of S9 metabolic activation). Gene
conversion in Saccharomyces cerevisiae was not noted in the
presence or absence of exogenous metabolic activation,
though it has been reported to induce reverse mutation in
this organism. The mouse dominant lethal assay, in vivo
induction of mice micronuclei, and Drosophila melanogaster
sex-linked recessive lethal mutation results were either not
significant or negative. In vivo clastogenic responses seen in
mouse bone marrow cells occurred at levels that were also
cytotoxic.
Carcinogenicity

The International Agency for Research on Cancer (IARC) cate-
gorizes aldrin as a Group 3 chemical – unclassifiable as to
human carcinogenic potential. The USEPA classifies aldrin as
a probable human carcinogen (B2), because of its carcinoge-
nicity in mice. However, the human relevance of the murine
data is questionable. The available data indicate that dieldrin
does not act directly on DNA, but induces a carcinogenic
response through nongenotoxic mechanisms.

Cancer bioassays in several strains of mice and rats have
shown an increase in the incidence of hepatocellular hyper-
plasia, hepatocellular carcinomas, and/or hepatomas with
chronic exposure. A number of cancer bioassays in rats have
produced mostly negative results, though some of these studies
had severe limitations. Dieldrin appears to act as a liver tumor
promoter in mice, increasing DNA synthesis and causing
oxidative damage.
Clinical Management

Medical treatment in the case of exposure is symptomatic and
supportive. Convulsions and hypoxia are the symptoms most
likely to be observed. If aldrin is ingested, careful gastric lavage is
recommended, being careful to avoid aspiration into the lungs.
If not in a hospital setting, vomiting should be immediately
induced, followed by administration of activated charcoal and
magnesium or sodium sulfate. Milk is contraindicated.
Ecotoxicology

Freshwater–Sediment Organism Toxicity

Aldrin exhibits a wide range of toxicity in freshwater aquatic
organisms, with invertebrates being the most sensitive group.
Values for 96-h LC50s range from 1 to 200 mg l�1 for aquatic
insects and from 2.2 to 53 mg l�1 for fish. Generally, LC50

values for aldrin are very similar to those for dieldrin where
the same species were tested. Aldrin and dieldrin are often
considered together since aldrin is rapidly converted in
tissues and in environmental media to dieldrin. Most long-
term and bioaccumulation studies have been conducted with
dieldrin.
Marine Organism Toxicity

Saltwater fish species are acutely sensitive to aldrin, with 48-h
or 96-h LC50 values ranging from 2 to 7 mg l�1 for six species.
Generally, LC50 values for aldrin are very similar to those for
dieldrin where the same species were tested. Estuarine inver-
tebrates are acutely sensitive to aldrin, with LC50 or EC50

values ranging from 0.4 to 33 mg l�1. Aldrin and dieldrin are
often considered together, since aldrin is rapidly converted in
tissues, and in environmental media to dieldrin. Most long-
term and bioaccumulation studies have been conducted with
dieldrin.
Terrestrial Organism Toxicity

Aldrin LC50s of 2.6 ppm (24 h) and 2.4 ppm (48 h) were
reported in Rana hexadactyla from waterborne exposures. LC50

values in avian species range from 6.6 ppm (female Bobwhite
Quail) to 520 ppm (female Mallard duck). Aldrin and dieldrin
are often considered together, since aldrin is rapidly converted
in tissues, and in environmental media to dieldrin. Most long-
term and bioaccumulation studies have been conducted
with dieldrin.
Other Hazards

Aldrin is not explosive and does not have a flash point.
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Exposure Standards and Guidelines

The USEPA developed an oral reference dose of
0.00003mg kg�1 day�1 for aldrin, which was last revised in
1988. The USEPA also developed an oral slope factor of
17mg kg�1 day�1 and a drinking water unit risk factor of
0.00049 mg l�1 day�1,whichwas last revised in1993. TheUSEPA
has not developed a drinking water Maximum Contaminant
Level and Maximum Contaminant Level Goal for aldrin.
However, USEPA has a 10-day drinking water health advisory
level of 0.3 mg l�1 and a lifetime drinking water health advisory
level of 0.002 mg l�1 for aldrin. The Agency for Toxic Substances
and Disease Registry (ATSDR) developed an acute oral minimal
risk level (MRL) of 0.002mg kg�1 day�1 and a chronic oral MRL
of 0.00003mg kg�1 day�1 for aldrin in 2002. The American
Conference of Governmental Industrial Hygienists (ACGIH) has
a threshold limit value as an 8 h time-weighted average of
0.25mgm�3 in 1996 and gave it a ‘skin’ notation, meaning
dieldrin can be absorbed in toxicologically relevant amounts
through the skin. ACGIH gave aldrin an A3 carcinogenicity
classification, which confirmed Aldrin as an animal carcinogen
with unknown relevance to humans. The Occupational Safety
and Health Administration also has 8 h time-weighted permis-
sible exposure limit of 0.25mgm�3 and a ‘skin’ notation, last
reviewed in 2002. TheNational Institute for Occupational Safety
and Health has a recommended exposure limit of 0.25mgm�3

as a 10 h time-weighted average and a ‘skin’ notation and an
Immediately Dangerous to Life or Health level of 25mgm�3,
both of which were last reviewed in 2010.
Miscellaneous

Aldrin is corrosive to metals, owing to the slow formation of
hydrogen chloride during storage. It is also noncombustible as
the substance itself does not burn, but may decompose upon
heating to produce corrosive and/or toxic fumes.

Aldrin and dieldrin are cyclodienes, and are made by
a chemical process known as the Diels–Alder reaction, hence
their names.
See also: Neurotoxicity; Organochlorine Insecticides; Resis-
tance to Toxicants.
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Toxins discussed in this article are produced by microscopic,
aquatic organisms commonly known as harmful algae,
including unicellular, coenobial, and colonial species of
Bacteria (Cyanobacteria) and Eukarya. Algae are generally
autotrophic and rely on photosynthesis for their energy, but
many species can also obtain energy heterotrophically from
external dissolved and particulate organic sources via osmo-
trophy (direct absorption and uptake of organic molecules
from the surrounding water), phagotrophy (ingestion of prey
or other food particles), dasmotrophy (cell membranes of
prey are perforated by extracellular toxins, inducing osmosis
and leakage of organic compounds available for uptake or
incorporation), and a variety of other heterotrophic strategies.
Algae that are capable of both auto- and heterotrophy are
known as mixotrophs. Included in algae are organisms also
commonly referred to as phytoplankton, dinoflagellates, red
and brown tides, diatoms, cyanobacteria, blue-green algae,
and golden algae, of which some produce very potent toxins.
This article focuses on the following algal toxins that are fairly
well characterized in terms of adverse effects known to occur
in humans and laboratory animals: azaspiracids, brevetoxins,
ciguatoxins, maitotoxins, domoic acid (DA), okadaic (or
okadeic) acid, saxitoxins, aplysiatoxins, anatoxins, micro-
cystins, nodularins, and cylindrospermopsins. Azaspiracids,
brevetoxins, ciguatoxins, maitotoxins, and okadaic acid are all
classified chemically as polyether toxins. Domoic acid is
a cyclic amino acid and saxitoxin is a purine alkaloid. A
secondary focus is provided at the end of this article in which
other less-studied, primarily ichthyotoxic, algal and cyano-
bacterial toxins with suspected human health concerns are
mentioned briefly.

Commonly used synonyms for these sources and types of
toxicity include azaspiracid shellfish poisoning (AZP) caused
by at least 12 azaspiracid analogs; neurotoxic shellfish
poisoning (NSP) caused by at least 10 known brevetoxins;
ciguatera fish poisoning (CFP or Ciguatera) caused by more
than 20 ciguatoxin congeners, gambiertoxins, and maitotox-
ins; amnesic shellfish poisoning (ASP) caused by one or more
of three DA derivatives; paralytic shellfish poisoning (PSP)
caused by at least 24 derivatives of saxitoxins; diarrhetic
shellfish poisoning (DSP) caused by okadaic acid and dino-
physistoxins; plus many other less-characterized toxins too
numerous for detail in this brief overview (e.g., cyclic imines,
golden algal toxins, karlotoxins, Pfiesteria toxins, pectenotox-
ins, and yessotoxins); and finally, red tides; harmful algal
blooms (HAB), dinoflagellate blooms, cyanotoxins, and
phycotoxins.
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A major route of human exposure to algal toxins is through the
consumption of contaminated seafood products. The
consumption of contaminated clams, mussels, scallops,
oysters, and other shellfish causes shellfish-associated diseases
(ASP, AZP, DSP, NSP, and PSP). Consuming contaminated
large reef fish, like barracuda and grouper, causes ciguatera.
Consumption of puffer fish with saxitoxin through shellfish
feeding has resulted in cases of PSP.

Inhalation exposure of airborne toxins is also known to
occur. For example, Karenia brevis which produces brevetoxin is
relatively fragile and easily broken apart, particularly in wave
action along beaches, thus releasing the toxin. During an active
near-shore bloom (a.k.a., red tide), the water and aerosols of
salt spray can contain toxins and cellular fragments, both in the
droplets and attached to salt particles. These airborne particu-
lates can cause respiratory irritation in humans on or near
beach areas and can be carried inland under certain wind and
other environmental conditions. The use of particle filter masks
or retreat from the beach to indoors may provide protection
from such airborne toxins. Similar airborne exposure in
scientific laboratories that study toxigenic algae has been
implicated in human toxicity.

Ciguatera, caused by ingested ciguatoxins and maitotoxins,
can reportedly be sexually transmitted. There are also reports of
acute health effects of ciguatera toxin in the fetus and newborn
child exposed through placental and breast milk transmission
from the mother. Domoic acid (ASP) has been shown to enter
the placenta, accumulate in the amniotic fluid, enter the brain
tissue of prenates, and can be transferred to milk in mammals.

Humans can also be exposed to cyanobacteria and their
toxins through direct skin contact or by drinking contaminated
water. Other possible routes of exposure include inhalation of
contaminated aerosols, consumption of contaminated food,
and even through dialysis. Therefore, occupational exposures
for fisherman, watermen, and scientists, as well as recreational
exposures for the general public, are all possible.
Toxicokinetics

The fate and metabolism of algal toxins is unclear and under-
studied; however, it is known that the absorption of both
lipophilic and hydrophilic algal toxins occurs rapidly from the
gastrointestinal and respiratory tracts. For example, to evaluate
brevetoxin toxicokinetics from acute inhalation exposure up to
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00983-0
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7 days, 12-week-old male F344/Crl BR rats were exposed to
a single dose of 6.6 mg kg�1 of the brevetoxin PbTx-3 through
intratracheal instillation. More than 80% of the PbTx-3 was
rapidly cleared from the lung and distributed by the blood
throughout the body, particularly the skeletal muscle, intes-
tines, and liver with low but constant amounts present in
blood, brain, and fat. Approximately 20% of the toxin was
retained in the lung, liver, and kidneys for up to 7 days.

Domoic acid can be absorbed orally at 5–10% of the
administered dose. Domoic acid is distributed to the blood, but
penetration of the blood–brain barrier is poor. Domoic acid is
excreted unchanged in the urine with no evidence of metabo-
lization. Impaired renal function can result in increased blood
serum concentrations, residence time, and risk. Elimination half-
life ranges from 20 min in rodents to 114 min in monkeys.

Postmortem examinations of patients that have died from
PSP via saxitoxin found toxins in blood, urine, bile, cerebrospinal
fluid, liver, lung, kidney, stomach, spleen, heart, brain, adrenal
glands, pancreas, and thyroid glandswith evidence of conversion
of saxitoxin to neosaxitoxin and of gonyautoxin 2–3 to gonyau-
toxin 1–4. There is some evidence for human metabolism of
saxitoxin through glucuronidation, a detoxification pathway in
humans for metabolically converting xenobiotics to water-
soluble metabolites, with excretion occurring in urine and feces.

Absorption of many of the cyanobacterial toxins occurs
rapidly from the gastrointestinal tract. Microcystins are selec-
tively transported from the gut and blood into the liver, where
they can become concentrated. Microcystins in the liver can
persist for up to 6 days; others found in the kidney can remain
detectable for up to 24 h.
Azaspiracid
Acute and Chronic Toxicity and Mechanisms
of Action: Algal Toxins

In general terms, people suffering from signs and symptoms of
illnesses associated with eating seafood (invertebrates and
fish) contaminated with algal toxins typically present the acute
onset of gastrointestinal symptoms within minutes to 24 h.
Victims may also exhibit a wide range of signs and symptoms
involving many organ systems, including respiratory (diffi-
culty breathing), peripheral nervous system (numbness and
tingling), central nervous system (hallucinations and memory
loss), and cardiovascular system (fluctuating blood pressure
and cardiac arrhythmia). These signs and symptoms,
depending on the particular disease, may last from hours to
months. There are no records of human illnesses from
consumption of invertebrates or fish contaminated with
freshwater algal or bacterial toxins, although there is evidence
of bioaccumulation of bacterial toxins in fish.

In addition to consumption of contaminated seafood,
humans can be exposed to both marine and freshwater algal
and bacterial toxins through airborne aerosols and with direct
contact with water containing toxins and toxin-producing algae
and bacteria, including drinking contaminated water.

Chronic algal toxin exposure remains mostly unstudied,
although some limited information about specific toxins is
included in the descriptions that follow. On the other hand,
exactly how some of these toxins affect cells and tissues
(mechanism of action) have received considerable attention
from researchers.
Azaspiracids

Azaspiracid 1 (AZA1, Chemical Abstracts Service (CAS) Registry
Number 214899-21-5, C47H71NO12) and its 11 analogues,
AZA2–AZA12, are polyether, lipophilic toxins produced by the
dinoflagellate Azadinium spinosum. AZA1–AZA3 tend to be the
dominant compounds found in shellfish, followedbyAZA4and
AZA5. AZA6–AZA11 are typically minor components and
believed to be bioconversion products of the main AZA
analogues. Chromatographic studies suggest as many as 32
different analogues, but these are yet to be properly character-
ized. AZA, first detected in 1995 when consumers of blue
mussels (Mytilus edulis) imported to the Netherlands from
Ireland became ill, accumulates in various bivalve shellfish
species, including clams, cockles, scallops, and oysters, and also
in crabs. Cases of AZP have since been reported from numerous
European countries, including Norway, Sweden, Ireland,
England, France, Spain, and Portugal, and Morocco and eastern
Canada.
In general, AZA poisoning is rare. Symptom manifestation
of acute AZP occurs within hours of ingestion of contaminated
shellfish and includes nausea, vomiting, severe diarrhea, and
stomach cramps, which are similar to the symptoms associated
with DSP. Illness may persist for several days, and full recovery
was established for the 1997 Arranmore Island incident. No
long-term effects or illnesses have been reported.

Intraperitoneal (IP) minimum lethal dose of partially
purified AZA in mice was 150 mg kg�1 and of purified AZA1,
AZA2, and AZA3, the minimum lethal doses were 200, 110,
and 140 mg kg�1, respectively. The oral minimum lethal dose of
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AZA varies between 250 and 450 mg kg�1, depending on mouse
age. Toxicological studies conducted using mice revealed that
AZA targets the liver, lung, pancreas, thymus, spleen (T and B
lymphocytes) and digestive tract. AZA1 has been shown to be
cytotoxic to a range of cell types, particularly neurons, and
a potent teratogen to finfish. AZA4 inhibits plasma membrane
Ca2þ channels. Chronic effects observed in mice after oral
administration of AZA were interstitial pneumonia, shortened
villi in the stomach and small intestine, fatty changes in the
liver, and necrosis of lymphocytes in the thymus and spleen.
Brevetoxins

Brevetoxin A (PbTx-1, CAS 98225-48-0, C49H70O13) and its
analogues, PbTx-2, PbTx-3, PbTx-4, PbTx-5, PbTx-6, PbTx-7,
PbTx-8, and PbTx-9, are cyclic polyether, lipophilic toxins
produced by K. brevis, formerly known as Gymnodinium breve,
and Ptychodiscus brevis. PbTx-1 and PbTx-1 are believed to be the
parent algal toxins from which PbTx-3 through PbTx-9 are
derived. PbTx-2 is the most common form, while PbTx-1 is the
most potent of the brevetoxins. Brevetoxins are known to
accumulate in various shellfish species, such as oysters, clams,
and mussels. They are not toxic to shellfish but are toxic to fish,
marine mammals, birds, and humans, in which consumption
of brevetoxin-contaminated shellfish causes NSP. Most cases of
NSP have occurred in the coastal waters of New Zealand and in
the Gulf of Mexico during ‘red tide’ events, but NSP intoxica-
tion has been identified worldwide.
Brevetoxin A
Brevetoxins are neurotoxins which activate voltage-sensitive
sodium channels causing sodium influx and nerve membrane
depolarization. Brevetoxins cause biphasic cardiovascular
response with hypotension and bradycardia followed by
hypertension and tachycardia. The respiratory arrest induced by
a lethal dose results mainly from depression of the central
respiratory center. Although evidence suggests that brevetoxins
affect mammalian cortical synaptosomes and neuromuscular
preparations, the majority of toxic effects associated with bre-
vetoxins predominantly appear to result from the substantial
and persistent depolarization of nerve membranes. In the lung,
brevetoxin appears to be a potent respiratory toxin involving
both cholinergic and histamine-related mechanisms.

The two forms of brevetoxin-associated clinical effects first
characterized in Florida are (1) an acute gastroenteritis with
neurologic symptoms following ingestion of contaminated
shellfish (a.k.a., NSP) and (2) an apparently reversible upper
respiratory syndrome (conjunctival irritation, copious catarrhal
exudates, rhinorrhea, nonproductive cough, and bronchocon-
striction) following inhalation of contaminated aerosols.
Recovery is reportedly complete in a few days, although
persons with chronic pulmonary disease such as asthma may
experience more severe and prolonged respiratory effects. In
addition, skin and eye irritation by environmental exposures
among people living or visiting Florida during K. brevis bloom
has been reported. NSP and the respiratory irritation associated
with aerosolized brevetoxins have both been reported along
the Gulf of Mexico as well as far north as North Carolina;
similar brevetoxin-associated syndromes have been reported in
New Zealand.

After oral ingestion, brevetoxin poisoning (or NSP) is
characterized by a combination of gastrointestinal and
neurologic signs and symptoms. The incubation period ranges
from 15 min to 18 h. Gastrointestinal symptoms include
abdominal pain, vomiting, and diarrhea. Neurological
symptoms include paresthesias, reversal of hot and cold
temperature sensation, vertigo, and ataxia. Inhalational
exposure to brevetoxin results in cough, dyspnea, and bron-
chospasm. Persons exposed to aerosolized brevetoxins may
suffer shortness of breath, sneezing, and other allergy and
asthma-like symptoms. Those with preexisting airway disease
appear most likely to be affected. During swimming, direct
contact with the toxic blooms may take place and eye and
nasal membrane irritation can occur. No fatalities have been
reported but there are a number of cases, which led to
hospitalization.

Fish, birds, and mammals are all susceptible to breve-
toxins. In Japanese medaka fish (Oryzias latipes), brevetoxins
induce embryonic toxicity and developmental abnormalities.
The fish are killed apparently through lack of muscle coor-
dination and paralysis, convulsions, and death by respiratory
failure. In the mosquito fish (Gambusia affinis) bioassay, the
lethal dose (LD50) is reported at 0.011 mg l�1. Exposed birds
die acutely with neurologic and hematologic effects. Breve-
toxins were implicated in the deaths of manatees in Florida
during a widespread bloom of G. breve. At necropsy, the
animals did not appear to be unhealthy, and they had
recently fed. High levels of brevetoxin were found by
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histochemical stain in cells throughout the body, particularly
macrophages.

The mouse LD50 of brevetoxins ranges 170–400 mg kg�1

body weight (bw) IP, 94 mg kg�1 bw intravenously, and 520–
6600 mg kg�1 bw orally.
Ciguatoxins

Ciguatoxin 1 (CTX-1, CAS 11050-21-8, C60H86O19) and its
analogues (more than 20 identified to date) are lipid-soluble
Ciguatoxin-1
polyether compounds produced by members of the dinofla-
gellate genus Gambierdiscus, not only including Gambierdiscus
toxicus but also many other ‘cryptic’ Gambierdiscus species.
Unlike open-water red tides, Gambierdiscus spp. tend to be
benthic or epiphytic, often associated with the quiet waters of
mangrove systems, leeward sides of coral reefs, and even man-
made structures including petroleum platforms and artificial
reefs that serve as benthic habitat within the euphotic (lighted)
zone and fish aggregation areas. The most commonly reported
marine toxin disease in the world is CFP or ciguatera. CFP
outbreaks typically occur in a circumglobal belt extending
approximately from latitude 35 N to 34 S, which includes
Hawaii, the South Pacific including Australia, the Caribbean,
and the Indo-Pacific, although the transport of contaminated
fish and tourism have led to cases of CFP in both North
America and Northern Europe. Ciguatoxins accumulate in
benthic-feeding organisms and pass up the food chain, bio-
concentrating in top-predator (apex, piscivorous) reef fishes,
especially in fatty tissues, liver, viscera, and eggs. Ciguatoxins
are relatively heat stable, remaining toxic after cooking and
following exposure to mild acids and bases. Ciguatoxins arise
from biotransformation in the fish of precursor gambiertoxins
and less polar ciguatoxin. The primary Pacific ciguatoxin is
Pacific ciguatoxin 1 (P-CTX-1) and the primary Caribbean form
is C-CTX-1.
Ciguatera presents primarily as an acute neurologic disease
manifested by multiple gastrointestinal (diarrhea, abdominal
cramps, and vomiting) and cardiovascular (arrhythmias and
heart block) signs and symptoms within a few hours of
contaminated fish ingestion, followed by neurologic manifes-
tations (paresthesias, pain in the teeth, pain on urination,
blurred vision, and temperature reversal) within hours to days.
Neurologic symptoms may precede the gastrointestinal symp-
toms in Pacific CFP. Acute fatality usually due to respiratory
failure, circulatory collapse, or arrhythmias is reported.
Lethality is usually seen with ingestion of the most toxic parts
of fish (liver, viscera, roe). The minimal lethal dose for a person
weighing 165 lbs is less than 1 mg kg�1. Those surviving
ciguatera intoxication, especially in the Caribbean, suffer for
weeks to months with debilitating neurologic symptoms,
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including profound weakness, temperature sensation changes,
pain, and numbness in the extremities. Affected mothers have
been reported to transmit ciguatoxins through breast milk, and
some evidence suggests that the disease may also be trans-
mitted through semen.

Chronic ciguatera can present as a psychiatric disorder of
general malaise, depression, headaches, muscular aches, and
peculiar feelings in extremities for several weeks to months.
This may be due to prolonged debilitating paresthesias ranging
from extreme fatigue to pain in the joints and changes in
temperature sensation that can last from weeks to months and
possibly to years. It is reported anecdotally that those with
chronic symptoms seem to have recurrences of their symptoms
with the ingestion of fish (regardless of type), ethanol, caffeine,
and nuts up to 3–6 months from initial ingestion of ciguatera.
Ciguatoxins are reported to induce developmental toxicity in
Japanese medaka fish (O. latipes).

Lipid-soluble ciguatoxins and brevetoxins have immuno-
logic cross-reactivity and thus have similar epitopic sites and
mechanisms of action, as described in the previous section.
Ciguatoxins activate voltage-sensitive sodium ion channels in
nerve and muscle tissues, leading to cell membrane instability.
P-CTX-1 is the most polar and toxic form of ciguatoxins,
causing CFP in humans ingesting fish with levels at or above
0.1 mg kg�1

fish flesh. The LD50 in mice for ciguatoxin P-CTX-1,
P-CTX-2, and P-CTX-3 is 0.25, 2.3, and 0.9 mg kg�1 bw when
injected IP. The minimal lethal dose for a person weighing
165 lbs is less than 1 mg kg�1. C-CTX-1 is less polar and 10
times less toxic than P-CTX-1.
Domoic acid
Maitotoxins

Maitotoxin (MTX-1, CAS 59392-53-9, C164H256O68S2Na2) and
its analogues (MTX-2 and MTX-3) are water-soluble polyether
compounds produced by the dinoflagellate G. toxicus. Maito-
toxin precursors are also produced by Prorocentrum spp.,
Ostereopsis spp., Coolia monotis, Thecadinium spp., and Amphi-
dinium carterae. Maitotoxins, named from the ciguateric fish
Ctenochaetus striatus called ‘Maito’ in Tahiti from which mai-
totoxin was first isolated, are biotransformed to ciguatoxins by
herbivorous fishes and invertebrates that graze on G. toxicus.
Maitoto
Like ciguatoxins, maitotoxins bioaccumulate as they move up
the food chain into higher trophic levels.

Maitotoxin is yet another toxin which is believed to cause
ciguatera but with different symptoms than those caused by
ciguatoxins. In smooth muscle and skeletal muscle exposed in
vitro, maitotoxins cause calcium ion-dependent contraction.
Maitotoxins increase the calcium ion influx through excitable
membranes, causing cell depolarization, hormone and neuro-
transmitter secretion, and breakdown of phosphoinositides
(important in regulating the function of integral cell membrane
proteins). The calcium-dependent action of maitotoxins occurs
in the absence of sodium ions and in the presence of tetrodo-
toxin, precluding the participation of sodium channels.

MTX is considered one of the most potent toxins (by
weight) known with a mouse LD50 of 0.13 mg kg�1 IP.
Domoic Acid

Domoic acid (DA, CAS 14277-97-5, C15H21NO6), identified as
the causative agent of ASP, is primarily produced by diatoms of
the genus Pseudo-nitzschia but is also produced by members
within the diatom genera Amphora and Nitzschia and some
members within the red algae genera Alsidium, Amansia,
Chondria, Digenea, and Vidalia. It was first isolated from the red
alga Chondria armata, commonly known as ‘Domoi’, in 1959
and was used as an effective anthelmintic. Domoic acid consists
of a proline ring, three carboxyl groups, and an imino group
that can appear in five charged states depending on pH. It is
xin
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a water-soluble amino acid (nonprotein) and is structurally
similar to kainic acid, glutamic acid, and aspartic acid.

The toxin accumulates in the hepatopancreas of mussels,
scallops, and other filter-feeding shellfish. Heat-stable neuro-
toxic DA is similar in structure to the excitatory dicarboxylic
amino acid, kainic acid, and has an antagonistic effect at the
glutamate receptor. Domoic acid interacts with glutamate
receptors on nerve cell terminals, causing excitotoxicity that can
lead to neuronal cell damage or death from an excessive influx
of Ca2þ. This is caused by coactivation of the α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-
methyl-D-aspartate (NMDA), and especially kainate receptors
for which DA has a high affinity. For the kainate receptors, the
efficacy with which DA binds is thought to be the result of
a nondesensitization of the channel.

In 1998, DA toxicity was reported in California sea lions.
Predominantly neurological signs were observed, which
included severe seizures that resulted in opisthotonus (spasm
in which the head, neck, and back are arched backward), then
death. Domoic acid has also been implicated in the deaths of
marine mammals and birds in the Pacific Northwest of the US
coast.
Okadaic acid
DA exposure studies have been conducted on monkeys,
mice, rats, birds, and fish including IP injections, direct brain
injections, and intravenous, intraarterial, intrauterine, and
oral dosing. Symptoms include vomiting, seizures, and
memory loss in humans, vomiting in monkeys, scratching
and seizures in mice, tremors in birds, and spiral swimming
in fish.

Human toxicity results primarily from consuming
contaminated shellfish and one of the most prominent
features of human toxicity is memory loss, hence the name
‘amnesic shellfish poisoning.’ ASP was first described from an
outbreak in Canada in 1987 during which 143 people became
affected and 4 died from eating contaminated shellfish culti-
vated from Prince Edward Island. Since that time, DA
contamination of shellfish stocks and the associated ASP has
become a global problem coming to the attention of
numerous monitoring programs and food safety regulatory
agencies (including the World Health Organization) in
affected coastal regions of Europe, Australia, and New Zea-
land, the east coast of Asia and Japan, and the west coast of
North America.

The acute symptoms of ASP caused by DA include vomiting,
abdominal cramps, diarrhea, severe headache, and loss of
short-term memory. In some cases, confusion, memory loss,
disorientation, and even coma are reported. In addition,
seizures and myoclonus are observed acutely. Permanent
neurologic sequelae, especially cognitive dysfunction, were
reportedly most likely in persons who developed neurologic
illness within 48 h, males, in older patients (>60 years) and in
younger persons with preexisting illnesses such as diabetes,
chronic renal disease, and hypertension with a history of
transient ischemic attacks.

The mouse LD50 of DA is 3.6 mg kg�1 when injected IP.
Okadaic Acid

Okadaic acid (okadeic acid, ocadaic acid, OA, CAS 78111-17-
18, C44H68O13) and its analogues dinophysistoxin-1 (DTX-1,
CAS 81720-10-7, C45H70O13) and dinophysistoxin-2 (DTX-2,
CAS 139933-46-3 C44H68O13) are lipophilic, polyether toxins
produced by various dinoflagellates in the genera Prorocentrum
(e.g., P. lima, P. arenarium, P. hoffmannianum, P. maculosum, P.
faustiae, P. levis, and P. belizeanum) and Dinophysis (e.g., D.
acuta, D. acuminata, D. caudata, D. fortii, D. miles, D. norvegica,
D. rapa, and D. sacculus).
Toxins within the OA group are responsible for provoking
DSP in humans after the consumption of shellfish that have
accumulated these toxins in their digestive gland. OA was orig-
inally isolated from marine sponges of the genus Halichondria
andDTX-1 and -2 were first isolated frommussels. OA andDTXs
are polyketide compounds containing furane- and pyrane-type
ether rings and an alpha-hydroxycarboxyl function differing only
in the number or position of the methyl groups. Many deriva-
tives of these parent toxins have been described after being
found in shellfish and algae, including OA esters, okadaates, OA-
diol-esters (e.g., acylated derivatives with fatty acids in the DTX-3
group, primarily with hexadecanoic acid, diol-esters formed in
the unsaturated diols, and esterfication of the diol-esters with
sulfated chains with or without and amide function in the DTX-4
and DTX-5a-c groups) and other compounds that comprise
changes to the OA backbone (e.g., norokadanone, 19-epi-OA,
and belizeanic acid). Prorocentrin is another compound that
shows similarity with OA that is produced by P. lima. Of
particular interest is the fact that significant portions of the toxins
found in bivalves are the acylated derivatives. These derivatives
may be a product of animal metabolism not produced directly
by the algae and they show increased liposolubility when
compared to their parent toxins.
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DSP was first identified in 1978 after a series of food
poisonings resulting from eating contaminated mussels and
scallops in the Tohoku district of Japan affected 164 individ-
uals. DSP outbreaks have been predominantly reported in
Japan, Europe, and Australia, but cultures of P. lima isolated
from the gulf of California and Mexico are capable of
producing toxin. Thus the problem is generally considered to
be a worldwide phenomenon. Toxins within the OA group can
withstand mildly acidic to strongly basic pH but degrade
rapidly in strong mineral acids. However, without acid, OA
group compounds are largely stable to heat and are not
degraded with normal cooking procedures and contaminated
foods may serve to buffer against degradation of the toxins by
the gastric juices. Compounds within the OA group produce
toxic effects on hydrolysis within the human digestive tract.
They are inhibitors of the serine/threonine protein phospha-
tases 1 (PP1) and 2A (PP2A), enzymes responsible for
dephosphorylation of proteins, which are essential to meta-
bolic processes in eukaryotic cells. Symptoms of DSP poisoning
are nausea, diarrhea, vomiting, and abdominal pain starting
within 3–12 h of initial consumption. Although originally the
cause of the symptoms of diarrhea were thought to be caused
by sodium secretion of intestinal cells, an increase in the par-
acellular permeability of intestinal cells by the toxins is now
thought to be the likely cause of diarrhea. The Report of the
Joint Food and Agriculture Organization of the United Nations,
Intergovernmental Oceanographic Commission of United
Nations Educational, Scientific, and Cultural Organization
(UNESCO), and World Health Organization ad hoc Expert
Consultation on Biotoxins in Bivalve Molluscs established
a lowest observed adverse effect level (LOAEL) of 1 mg OA kg�1

bw. They established a provisional acute reference dose of
0.33 mg OA kg�1 bw. Most individuals recover within 3 days,
and there have been no reported long-term effects or deaths
reported due to acute DSP poisoning. However, these toxins
have been shown to be tumor promoters and ancillary evidence
has associated these toxins with digestive cancer. Additionally,
there is evidence for cytotoxicity and potentially genotoxicity
including formation of unspecific DNA adducts.

The LD50 for mouse injected IP for OA is 0.2–0.225 mg kg�1

bw, for DTX-1 is 0.16 mg kg�1 bw, for DTX-2 is 0.35 mg kg�1

bw, and for DTX-3 is 0.2–0.5 mg kg�1 bw. However, IP doses
have been shown to have little effect on the digestive tract,
primarily affecting the liver. Lethal oral doses have been
reported for mouse from 2 to 10 times higher than the IP dose.
Saxitoxins

Saxitoxins (STXs, PSTs, CAS 35523-89-8, C10H17N7O4) are
group of neurotoxic purine alkaloids that are responsible for
causing PSP in humans after consumption of contaminated
shellfish or other seafood, particularly lobster and puffer fish
(not to be confused with poisonings caused by tetrodotoxin).
STXs responsible for most reports of PSP are primarily
produced by dinoflagellates of the genera Alexandrium (A.
fundyense, A. catenella, A. tamarense, A. hiranoi, A. monilatum, A.
minutum, A. lusitanicum, A. tamiyavanichii, A. taylori, and A.
peruvianum), Gymnodinium (G. catenatum), and Pyrodinium (P.
bahamense) but can also be produced by some species of cya-
nobacteria (see below) in the genera Anabaena (A. circinalis and
A. lemmermannii), Aphanizomenon (A. gracile and A. issat-
schenkoi), Cylindrospermopsis (C. raciborskii), Lyngbya (L. wollei),
Planktothrix, and Rivularia. There are suggestions that saxitoxins
may actually have a bacterial origin, but the evidence is
inconclusive at this point.
Substitutions with different hydroxyl, carbamyl, and sulfate
functional groups at four sites along the backbone structure
have resulted in the identification of at least 24 saxitoxin-like
compounds that can vary by more than three orders of
magnitude in toxicity. The most toxic of these are the carba-
mate toxins (saxitoxin (STX), neosaxitoxin (NEO), and
gonyautoxins 1–4 (GTX)) followed by the decarbamoyl toxins
(dcSTX, dcNEO, dcGTX 1–4, not common) and the N-sulfo-
carbamoyl toxins (B1 [GTX5], B2 [GTX6], and C1–C4),
respectively. A fourth group of toxins, the hydroxybenzoate
toxins, are produced by G. catenatum (GC 1–3), but more
research needs to be conducted to determine the extent of their
toxicity. Saxitoxin is the most well-studied member of this
group.

The first PSP event on record occurred in 1927 in San
Francisco, USA, coinciding with a bloom of the A. catenella,
affecting 102 people and causing 6 deaths. However, saxitoxin
was first isolated from butter clams, Saxidomus giganteus. The
problem is now known to be a worldwide, having been
reported in 27 locations by 1990. STXs are heat and acid stable,
thus cooking the seafood does not denature the toxins. Saxi-
toxin acts by specifically and selectively binding to voltage-
gated sodium channels on excitable cells functionally blocking
sodium conductance and preventing impulse generation in
peripheral nerves and skeletal muscles. STX exposure studies
have been conducted on cats, chickens, dogs, guinea pigs,
monkeys, mice, rats, birds, and rabbits including IP injections,
intravenous injections, inhalation, and oral dosing. Saxitoxin
can also block action potentials directly in skeletal muscles.
Symptoms of poisoning generally occur within 30 min of
consuming contaminated seafood including tingling sensa-
tions of the lips, mouth, and tongue, numbness of extremities,
paresthesias, weakness, ataxia, floating/dissociative feelings,
nausea, shortness of breath, dizziness, vomiting, headache,
dysphagia, dysarthria, diastolic and systolic hypertension, and
death. Death is caused by asphyxiation. Onset of symptoms has
been reported as starting within a few minutes of seafood
consumption, and death has been reported within 3–4 h of
consumption. Medical treatment consists of providing
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respiratory support and fluid therapy. Humans typically start to
recover within 12–24 h with no long-lasting effects; however,
little if anything is known about the chronic effects of these
toxins. Currently, STX is strictly regulated by the Organization
for the Prohibition of Chemical Weapons listed as a schedule 1
chemical intoxicant.

The Report of the Joint Food and Agriculture Organization
of the United Nations, Intergovernmental Oceanographic
Commission of UNESCO, and World Health Organization ad
hoc Expert Consultation on Biotoxins in Bivalve Molluscs
established an LOAEL of 2 mg STX kg�1 bw and a provisional
acute reference dose of 0.7 mg STX kg�1 bw. Generally, the
action limit for STX for most seafood and shellfish is 0.8 mg
STX equivalents per kilogram of tissue that has been accepted
by many regulatory agencies worldwide. This standard has
been in place for approximately 50–60 years. Recently, the
European Food Safety Authority suggested a level of 75 mg STX
equivalents per kilogram of tissue. The mouse bioassay is the
primary determinant of PSP toxins in shellfish for most regu-
latory agencies. The LD50 for mice injected peritoneally for STX
is 0.008 mg kg�1 bw, injected intravenously is 8.5 mg kg�1 bw,
and administered orally is 263 mg kg�1 bw.
Acute and Chronic Toxicity and Mechanisms
of Action: Cyanobacterial Toxins

There are at least 13 different genera of cyanobacteria that have
been shown to produce toxins, often several different toxins per
species. The main toxin-producing genera include Anabaena,
Aphanizomenon, Cylindrospermopsis, Gloeotrichia, Hapalosiphon,
Lyngbya, Microcystis, Nodularia, Nostoc, Oscillatoria, Schizothrix,
Spirulina, and Synechocystis. Toxic blooms of cyanobacteria with
associated animal poisonings have been reported in all conti-
nents except Antarctica. There have been frequent reports of
thirsty domestic animals and wildlife consuming fresh water
contaminated with toxic cyanobacterial algal blooms and
dying within minutes to days from acute neurotoxicity and/or
Aplysiatoxin
hepatotoxicity. Mammals and birds appear to be more
susceptible to cyanobacterial algal toxins than aquatic inver-
tebrates and fish, with some species variability. Prolonged
morbidity and mortality have been reported in animals
exposed to cyanobacterial algae in the wild.

There are individual case reports of persons exposed
through swimming to cyanobacterial algal blooms with skin
irritation and allergic reactions (both dermatologic and respi-
ratory) with continued positive reaction on skin testing. In
particular, urticaria (hives), blistering, and even deep desqua-
mation of skin in sensitive areas like the lips and under
swimsuits have been reported, especially with Lyngbya majus-
cula in tropical areas. Consumption of or swimming in cya-
nobacterial toxin-contaminated waters has also yielded
increased case reports of gastrointestinal symptoms, especially
diarrhea. One severe outbreak in Brazil was associated with
lethality from hepatotoxicity in dialysis patients exposed to
water contaminated with microcystins; another outbreak in
Australia was also associated with lethality from hepatorenal
syndrome in children and adults exposed to contaminated
drinking water. In addition to gastrointestinal and dermato-
logic symptoms, eye irritation, asthma, and ‘hay fever symp-
toms’ have been reported repeatedly with exposure to
contaminated recreational water exposure in the United States,
Canada, the United Kingdom, and Australia. The chronic effects
of exposure to small quantities of cyanobacterial algal toxins
are still under study. In the mid-1980s, studies were done in
China, where people were drinking untreated water contami-
nated with cyanobacterial algal toxins. It was found that
drinking contaminated pond and ditch water was associated
with high rates of liver cancer. When the quality of drinking
water sources was improved in these areas, the rate of liver
cancer decreased. The incidence of liver cancer attributable to
cyanobacterial algal toxins in the United States is unknown.
Aplysiatoxins

Aplysiatoxins (CAS 52659-57-1, C32H47BrO10) and debro-
moaplysiatoxins are alkyl phenols produced by Lyngbya gracilis,
L. majuscula, Calothrix crustacean, Nostoc muscorum, Schizothrix
calcicola, and S. muscurom.
Aplysiatoxins can cause severe skin dermatitis and are
potent tumor promoters and protein kinase C activators.
Aplysiatoxins and debromoaplysiatoxins from blue-green
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algae attached to seaweed (Gracilaria coronopifolia) are sus-
pected of causing gastrointestinal symptoms, including diar-
rhea, nausea, and vomiting in a poisoning case in Hawaii in
1994. Mouse studies have shown small intestinal bleeding
and large intestinal edema following toxic injections of
aplysiatoxin.

The mouse LC50 of aplysiatoxin is 118 mg kg�1, IP.
Anatoxins

Anatoxins, are alkaloid neurotoxins, represented here by ana-
toxin-A (CAS 64285-06-9, C10H15NO) and anatoxin-A (S)
(CAS 103170-78-1, C7H17N4O4P), produced by species of the
genera Anabaena, Planktothrix, Cylindrospermum, Aphanizome-
non, and Phormidium.
Anatoxin-A and Anatoxin-A (S)

Microcystin-LR
To date, only cattle, dog, and bird poisonings have been
documented. Anatoxin-A acts like the neurotransmitter acetyl-
choline, except that it cannot be degraded by acetylcholines-
terase. Anatoxin-A (S) is a natural organophosphate that binds
to acetylcholinesterase enzymes, resulting in uncontrolled
muscle hyperstimulation. Hypersalivation, lacrimation, and
urinary incontinence, signs of parasympathetic stimulation,
characterize anatoxin-A (S) poisoning.

Anatoxin-A and Anatoxin-A (S) have mouse LC50 of 250
and 40 mg kg�1, IP.
Saxitoxins

Saxitoxin and neosaxitoxin are both neurotoxins that may
also be classified as cyanobacterial toxins. See above for
details.
Microcystins

Microcystins, of which there are at least 80 variants, are based
on a cyclic heptapeptide structure. Toxic variants contain the
unique hydrophobic amino acid, 3-amino-9-methoxy-10-
phenyl-2,6,8-trimethyl-deca-4(E),6(E)-dienoic acid (ADDA),
and are represented by the prototype compound microcystin-
LR or cyanoginosin LR; CAS 101043-37-2, C49H74N10O12.
Microcystins are produced by a wide variety of planktonic
cyanobacteria, including Microcystis aeruginosa, M. virdis, M.
ichthyoblabe, M. botrys, Planktothrix agardhii, P. rubescens, P.
mougeotii, Anabaena flos-aquae, A. cirinalis, A. lemmermannii,
Nostoc spp., and Snowella lacustris, as well as the benthic cya-
nobacteria Hapalosiphon hibernicus and Oscillatoria limosa.
Experimentally, acute high-dose administration of micro-
cystin can lead to death from hepatoencephalopathy within
hours. Chronic administration of sublethal amounts of Micro-
cystis (a cyanobacterial algae which produces microcystin)
extracts in drinking water to mice resulted in increased
mortality with chronic active liver disease, even at fairly low
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doses and in relatively short time periods in the laboratory.
Studies in mice have also shown that some cyanobacterial algal
toxins cause precancerous damage to both the liver and the
bowel. In the laboratory experimental animals, teratogenic
activity has been demonstrated with oral administration of
Microcystis extracts; w10% of otherwise normal neonatal mice
had small brains with extensive hippocampal neuronal
damage.

Poisoning by microcystins can lead to visual disturbances,
nausea, and vomiting. Acute exposure can lead to liver failure
and death within hours to days. Microcystins inhibit protein
phosphatases, particularly PP1 and PP2A, resulting in hyper-
phosphorylation of many cellular proteins, including the
hepatocellular cytoskeleton, causing loss of cell-to-cell contact
and intrahepatic hemorrhaging. Other effects include altered
mitochondrial membrane permeability, generation of reactive
oxygen species, and initiation of programmed cell death
(apoptosis). Microcystins are also believed to cause damage to
cell DNA by the activation of endonucleases and have been
linked to human liver and colon cancer. Microcystin-LR has an
LC50 of 60 mg kg�1 IP in mice.
Nodularins

Nodularin (CAS 118399-22-7, C41H60N8O10), a cyclic penta-
peptide toxin similar to microcystin, was first isolated from
Nodularia spumigena. Because this species tends to inhabit
brackish waters, humans generally are at low risk to exposure
through drinking waters.
Nodularin
ADDA is present in nodularins, as in microcystins, but other
amino acids are different. For example, dehydroalanine is
replaced by N-methyl-dehydrobutyrine. The presence of ADDA
results in similar phosphatase inhibition and the many
subsequent effects as seen in microcystins. The smaller size of
nodularins prevents the molecule from binding covalently to
active sites (as seen in microcystins), allowing nodularins to
affect other sites in cells, and possibly explaining observed
carcinogenic effects. Nodularin has a mouse LC50 of
60 mg kg�1, IP.
Cylindrospermopsin

Cylindrospermopsin (CAS 143545-90-8, C15H21N5O7S),
a cyclic guanidine alkaloid, with at least three variants, is
produced by Cylindrospermopsis raciborskii, Aphanizomenon ova-
lisporum, Anabaena bergii, Umezakia natans, Raphidiopsis curvata,
and other unidentified species.
Cylindrospermopsins are included in the cyanobacterial
hepatoxin group which blocks protein synthesis. Acute expo-
sure to cylindrospermopsin results in lipid accumulation in the
liver followed by hepatocellular necrosis. Other organs are also
affected with widespread necrosis of the tissues of the kidneys,
bladder, ureter, and spleen. Cylindrospermopsin has a delayed
toxicity, with an LC50 of 2100 mg kg�1 IP in mice at 24 h, but
200 mg kg�1 after 5 days.
Other Cyanobacterial Toxins

A large variety of other toxins are produced by cyanobacteria
but are not as well documented. These include lyngbyatoxin
(dermatotoxic), endotoxins, and other substances as yet
undescribed, including additional tumor promoters.
Acute and Chronic Toxicity and Mechanisms
of Action: Other Toxins

Numerous other algal toxins have been described. Many are
believed to play important roles in prey capture and predator
avoidance. These compounds tend to be ichthyotoxic, but their
toxicity to humans is less certain than the toxins describedabove.
Cyclic Imines

Cyclic imines, including gymnodimine (GYM), spirolides (SPX),
pinnatoxins (PnTx), prorocentrolide, and spirocentrimine, are
fast-acting toxins. The presence of this group of compounds in
shellfish was discovered because of their very high acute toxicity
in mice upon IP injections of lipophilic extracts. All the cyclic
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imines for which data are available are toxic to mice after IP
administration. Mouse LC50 values for GYMs range 6.5–
100 mg kg�1, for SPX, 6.5–8 mg kg�1, and for PnTx, 16–
45 mg kg�1. There is no evidence that any of the cyclic imines
have been responsible for toxic effects in humans.
Dinophysistoxin

See OA.
Golden Algal Toxins

Blooms of algal genera within the Prymnesiophyceae, notably
species of Prymnesium, Chrysochromulina, and Phaeocystis, and
the Raphidophyceae, primarily species of Chattonella, Hetero-
sigma, and Fibrocapsa, are well known for massive fish kills that
have led to great economic losses, but no cases of human
toxicity have been reported. Four species of Prymnesium are
reported to be toxic to vertebrates or invertebrates and toxicity
in two other species is suspected. Several hemolytic
compounds termed ‘prymnesins’ have been described in
P. parvum, but have yet to be fully characterized. These include
several galactolipids and two polyoxy-polyene-polyethers
(prymnesin-1 and -2). Mouse LC99 values for prymnesins-1
and prymnesins-2 were 50 and 80 mg kg�1; LC50 values for the
fish Tanichthys albonubes were 8 and 9 nM.

A different assemblage of ichthyotoxic polyunsaturated
fatty acids and their conjugated galactoglycerolipid progeni-
tors, consisting primarily of stearidonic acid (LC50 ¼ 21.9 mM,
10- to 14-day-old fry of the fish Pimephales promelas), and
including docosahexanoeic acid (LC50 ¼ 4.7 mM), arach-
inodonic acid (LC50 ¼ 9.2 mM), pinolenic acid (LC50 ¼
18.2 mM), and eicosapentaenoic acid (LC50 ¼ 23.6 mM), was
identified in laboratory cultures of P. parvum. Some of these
toxins were present in bloom and fish kill sites, but below toxic
concentrations. Instead a different, yet-characterized, ichthyo-
toxic fatty acid was detected. Cytotoxicity to a human (MDA-
MB-435) cancer cell line was observed for one of the fatty acids
isolated from P. parvum in cultures (GAT 512A, IC50 ¼
24.2 mM).

Chrysochromulina polylepis produces two compounds, one
hemolytic and one ichthyotoxic. The hemolytic compound was
characterized as a galactolipid, 1-acyl-3-digalacto-glycerol.
Small amounts of a polyunsaturated fatty acid, octadeca-
pentaenoic acid, were also detected.
Karlotoxins

Karlotoxins are water-soluble hemolytic, cytotoxic, and ich-
thyotoxic compounds produced by the dinoflagellate Karlodi-
nium veneficum.
Pfiesteria Toxins

The dinoflagellate Pfiesteria spp. is believed to produce and
release into the environment potent extracellular toxins, or
exotoxins, referred to generally as Pfiesteria toxins (PfTx) that
have been linked to mass fish mortalities and human disease in
mid-Atlantic estuaries. Learning impairments have been seen as
long as 10 weeks after a single acute exposure to Pfiesteria in
Sprague–Dawley rats. A hydrophilic toxin (PfTx) isolated from
P. piscicida cultures when applied locally to the ventral hippo-
campus on repeated acquisition of rats in the radial-arm maze
impaired choice accuracy and early learning which was persis-
tent across 6 weeks of testing after a single administration of the
toxin.

Adverse health effects, including cognitive disturbance, were
found in humans following accidental exposure to P. piscicida
in laboratory facilities. Cognitive deficits have also been
described in people believed to be exposed to Pfiesteria through
sea spray in coastal Maryland during a Pfiesteria bloom. These
adverse health effects have been termed Possible Estuary-
Associated Syndrome by the Centers for Disease Control and
Prevention, symptoms of which include cognitive and visual
contrast sensitivity deficits, pulmonary impairment, gastroin-
testinal disruptions, and immunologic dysfunction.
Pectenotoxins

Pectenotoxins (PTXs) are a group of polyether macrolides
produced by the dinoflagellates of the genus Dinophysis (D.
fortii, D. acuminata, D. acuta, D. caudate, D. rotunda, D. norveg-
ica). PTXs have also been detected in Protoperidinium divergens,
P. depressum, and P. crassipes. PTXs are suspected to be DSP
toxins because they are detected with the same extraction
methods and bioassays used for OA and were first isolated
from the scallop, Patinopecten yessoensis. There is no evidence of
adverse acute or chronic health effects of pectenotoxins in
humans. IP injection of PTXs in mice leads to liver necrosis. The
mouse LC50 values (IP) for PTXs range between 250 and
770 mg kg�1 for PTX1, 2, 3, 4, 6, and 11 and greater than
5000 mg kg�1 for PTX7, 8, 9, and 2-SA. Toxicity in other PTX
analogues has not been demonstrated.
Yessotoxins

Yessotoxins (YTXs) are disulfated polycyclic polyethers that
resemble brevetoxins, produced by the dinoflagellate Lingulodi-
nium polyedrum. Like PTX, YTX was first isolated from the
digestive glands of the scallop P. yessoensis and are suspected to
beDSP toxins because they are detected with the same extraction
methods and bioassays used for OA. There have been no reports
of ill effects in humans attributable to YTX. IP injection of YTXs
in mice leads to cardiac muscle damage. Mouse LC50 values (IP)
range between 80 and 750 mg kg�1 for YTX and its analogues.
Clinical Management

Very little clinical research has been conducted to determine
effective treatments. Medical care is primarily supportive.

Medical treatment of CFP has been to a large extent symp-
tomatic; a variety of agents, including vitamins, antihistamines,
anticholinesterases, steroids, and tricyclic antidepressants, have
been tried with limited results. If given within 3 days of
exposure, intravenously, mannitol (1 mg kg�1 given rapidly
over 1 h) has been demonstrated in a single-blinded control
trial to resolve acute symptoms and prevent chronic symptoms,
although repeated administrations may be necessary if symp-
toms return; a more recent clinical trial did not find an effect;



Table 1 US FDA action levels in seafood for natural toxins associated
with shellfish and fish poisoning

Poisoning US FDA action level

PSP 0.8 ppm (80 mg per 100 g) saxitoxin equivalents
NSP 0.8 ppm (20 mouse units per 100 g) brevetoxin-2

equivalents
DSP 0.16 ppm total OA equivalents (i.e., combined free OA,

dinophysistoxins, acyl-esters of OA, and
dinophysistoxins)

ASP 20 ppm domoic acid, except in the viscera of Dungeness
crab, where the action level is 30 ppm

CFP 0.01 ppb P-CTX-1 equivalents for Pacific ciguatoxin and
0.1 ppb C-CTX-1 equivalent for Caribbean ciguatoxin

AZP 0.16 ppm azaspiracid equivalents

Source: US FDA. (April 2011). Fish and Fishery Products Hazards and Controls
Guidance, fourth ed. Department of Health and Human Services, Public Health
Service Food and Drug Administration, Center for Food Safety and Applied Nutrition,
Office of Food Safety.
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however, this trial included subjects treated long after the initial
3-day window. Gut emptying and decontamination with
charcoal have been recommended, although often the severe
ongoing vomiting and diarrhea prevent this. Atropine is indi-
cated for bradycardia and dopamine or calcium gluconate for
shock. It is recommended that opiates and barbiturates be
avoided since they may cause hypotension, and opiates may
interact with maitotoxins. Amitriptyline (25–75 mg b.i.d.) and
similar medications do seem to have some success in relieving
the symptoms of chronic ciguatera such as fatigue and pares-
thesias. It is possible that nifedipine may be appropriate as
a calcium channel blocker to counteract the effects of maito-
toxins. Anecdotal food avoidance as mentioned above is also
recommended. In addition, there is no immunity to these
illnesses, and recurrences of actual ciguatera in the same indi-
vidual appear to be worse than the initial illnesses. A rapid,
accurate diagnosis and treatment of CFP within the first 72 h
after exposure may be critical in preventing some of the
neurologic symptoms that might otherwise become chronic
and debilitating. The treatment of DSP caused by OA is
symptomatic and supportive. In general, hospitalization is not
necessary; fluid and electrolytes can usually be replaced orally.

Supportive measures are the basis of treatment for PSP that
is caused by saxitoxins, especially ventilatory support in severe
cases. In animals, artificial respiration is the most effective
treatment. Up to 75% of severely affected persons die within
12 h without supportive treatment. When the ingestion of
contaminated food is recent, gut decontamination by the
gastric lavage and administration of activated charcoal or dilute
bicarbonate solution is recommended. Care must be taken
concerning aspiration with the neurologically compromised
patient. In general, the only treatment available for exposure to
cyanobacterial algal toxins is supportive medical treatment
after complete removal from exposure. If the exposure was oral,
administration of activated carbon to decrease gut absorption
may be efficacious if given within hours of exposure. Based on
past outbreaks, monitoring of volume, electrolytes, liver, and
kidney function should all be considered in the case of acute
gastroenteritis associated with some of the cyanobacterial algal
toxins.
Exposure Standards and Guidelines

Global seafood safety standards have not been established. In
the United States, US Food and Drug Administration (FDA)
enacted the Hazard Analysis and Critical Control Points
(HACCP) program of 1997. The FDA has established action
levels in suspected seafood for the toxins causing some of the
shellfish poisonings (see Table 1). When an action level is
reached, the HACCP plan must be followed to prevent unsafe
products from reaching the consumer.

See also: Ciguatoxin; Okadaic Acid; Saxitoxin.
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Background

Alkalies are amongst the oldest forms of chemical reagents that
are being used in countless number of experimental and ther-
apeutic settings. Their application varies from preparation of
surgical equipment to manufacturing of disinfectants. Alkalies
are usually an inorganic class of chemicals. Physiologically,
alkalies also play a crucial role in maintaining proper pH in
body compartments (e.g., kidney-urine); however, such
mechanisms are usually controlled and regulated within the
body. A number of compounds with alkaline properties have
tremendous therapeutic value (Table 1).

With reference to alkalies, a syndrome called milk-alkali
syndrome develops from drinking too much milk (which is
high in calcium) and taking certain antacids, especially calcium
carbonate or sodium bicarbonate (baking soda), over a long
period of time. Calcium deposits in the kidneys and in other
tissues can occur in milk-alkali syndrome, and high levels of
vitamin D can worsen this condition. Although extremely rare
today, milk-alkali syndrome often used to be a side effect of
peptic ulcer disease treatment with antacids containing
calcium. Sophisticated medications that do not contain
calcium are used today for treating ulcers. Individuals on
calcium carbonate in an attempt to prevent osteoporosis
sometimes face this condition (even in those taking as little as
2 g of calcium per day). The best way to reduce calcium over-
load is to eliminate milk and other forms of calcium such as in
antacids. Damage may be permanent in kidney failure patients.
Table 1 Useful therapeutic properties of so

Name of compound Disease treatm

Alkalies Hypercalcemia
Alkalies Renal insuffici
Aluminum hydroxide Status epilepti
Aluminum hydroxide Acute kidney i
Aluminum hydroxide Seizures
Lithium carbonate Seizures
Magnesium hydroxide
Nickel hydroxide Reperfusion in
Potassium hydroxide Dermatitis, irri

Source: http://ctdbase.org – Comparative Toxicogenom
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Alkalies are widely used compounds. They are used in antacid
preparation to treat gastric as well as systemic acidosis.
Depending on specific alkali, they are also used in bleaches,
cleaning agents, detergents, unslaked lime, etc.
Environmental Fate

In cases of a solid alkali spill on soil, groundwater pollution
occurs. Precipitation will dissolve some of the solid and create
an aqueous solution of that alkali, which then would be able
to infiltrate the soil. However, prediction of the concentration
and properties of the solution produced would be difficult.
Exposure Routes and Pathways

Usual exposure routes include dermal exposure, oral ingestion
(usually accidental), and nasal inhalation.
Toxicokinetics

Toxicokinetics varies depending on the type of alkali. These are
in general small molecular weight molecules and undergo
weak dissociation in gastric acid pH. In general, they are readily
converted into salt depending on the microenvironment.
Mechanism of Toxicity

Alkalies usually act by altering pH of the extracellular fluid.
They exhibit their toxic effects by liquefaction necrosis,
meaning that they damage the cell membrane, and thus cell
integrity is ruptured. This causes cell lysis. (This is why they are
used in lysis buffer preparations for various biochemical
me well-known alkaline compounds
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, leishmaniasis
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jury; wounds and injuries; Crohn’s disease
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ics database; Mount Desert Island Biological Lab.
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assays.) Intracellular alkalinization is more serious; such
conditions alter intracellular redox balance and alter metabolic
pathways, ultimately breaking down cellular homeostasis.
Acute and Short-Term Toxicity

Animals

The toxicity of alkalies in animals is the same as that of
humans.
Human

Alkalies can cause skin irritation and skin burns. Also, they
cause damage to mucosal membrane and eyes almost imme-
diately on contact. However, the absence of burns, irritation,
erythema, or other such signs in the oral or circumoral area
does not necessarily indicate that esophageal injury does not
exist. Inhalation of the fumes may cause pulmonary edema or
pneumonitis.
Chronic Toxicity

Animals

Toxic manifestations of alkalies in animals are the same as that
of humans.
Human

Chronic exposure to any alkali is generally not beneficial and
causes severe toxicity. Burns that appear to be mild at the time
of injury can sometimes go on to cause opacification, vascu-
larization, ulceration, or perforation. Direct exposure is always
injurious, and prolonged alkalinization of any biological
material can induce irreversible changes.
Carcinogenicity

There is no evidence of as alkali-mediated tumorogenetic
effects.
Clinical Management

Exposure should be terminated as soon as possible by removing
the victim to fresh air. The skin, eyes, and mouth should be
washed with copious amounts of water. A 20–30 min wash
may be necessary to neutralize and remove all residual traces of
the contamination. Contaminated clothing and jewelry should
be removed and isolated. Treatment may require instillation
of a local anesthetic to treat the blepharospasm (spasmodic
winking from involuntary contraction of the orbicular muscle
of the eyelids). Oral ingestion requires immediate dilution
therapy with water or milk. Antidotes such as vinegar or lemon
juice are absolutely contraindicated. Emesis should be avoided
in case of ingestion.
Ecotoxicology

These chemicals are easily degradable in environment and form
salts readily. They are not known to have any profound eco-
toxic impact except in exceptional circumstances such as acci-
dental spills.
Exposure Standards and Guidelines

The guidelines given here are for sodium hydroxide (common
alkali).

US Occupational Safety and Health Administration stan-
dards: permissible exposure limit: 8 h time-weighted average
is 2 mg m�3.

Threshold limit values: ceiling limit is 2 mg m�3.
US National Institute for Occupational Safety and Health

recommendations: recommended exposure limit is 2 mg m�3.

See also: Potassium; Sodium.
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l Name: Alkyl Halides
l Chemical Abstracts Service Registry Number: None as

a group
l Synonyms: Methyl bromide, Methyl chloride, Methyl iodide,

Dichloromethane, Tetrachloroethane, Carbon tetrachloride,
Trichloroethene, Trichloroethylene, A number of fluorinated
hydrocarbons (e.g., Freons), Halogenated hydrocarbons,
Haloalkanes

l Molecular Formula: R(X)n, where R is a hydrocarbon alkyl
group and X is a halogen. One or more halogens may be
present in one compound
Uses

Many halogenated hydrocarbons have important commercial
applications. Alkyl halides are important intermediates in
synthesis, as solvents in the laboratory and industry, and as dry
cleaning fluids. They also find use as anesthetics and refriger-
ants. For example, trichloroethene is a common dry cleaning
solvent. The fluorinated hydrocarbons (Freons) are used as
refrigerants, industrial solvents, fire extinguishers, local anes-
thetics, and glass chillers, but mainly as propellants in aerosol
products. Methyl bromide, methyl chloride, and methyl iodide
are used as refrigerants in chemical synthesis and as fumigants.
Methyl bromide is used with carbon tetrachloride in fire
extinguishers. Methyl chloroform is used as a solvent for
cleaning and degreasing, and in paint removers. Dichloro-
methane is used in paint removers and as an industrial solvent.
Tetrachloroethane is used as a solvent in industry and occurs as
a contaminant in other chlorinated hydrocarbons. It is occa-
sionally present in household cleaners. Carbon tetrachloride is
used as a solvent and intermediate in many industrial
processes.
Exposure Routes and Pathways

Inhalation, dermal, and ocular contact are common routes of
exposure.
Toxicokinetics

Fluorocarbon compounds are lipid soluble and, thus, generally
well absorbed through the lung. Absorption after ingestion is
much lower than after inhalation. Most of the fluorinated
hydrocarbons are immediately absorbed via inhalation.

There is a significant accumulation of fluorocarbons in the
brain, liver, and lungs compared to blood levels, signifying
a tissue distribution of fluorocarbons similar to that of chlo-
roform. Fluorocarbons are concentrated in body fat where they
are slowly released into blood at a concentration that should
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not cause any risk of cardiac sensitization. Fluorocarbons are
excreted primarily by the lungs.
Acute and Short-Term Toxicity (or Exposure)

Animal

Deliberate ocular exposure in rabbits to liquid Freon 12
produced effects related to the duration of exposure. Severe
corneal damage with opacity occurred following exposure for
30 s. In dogs, inhalation of fluorinated hydrocarbon vapors
causes bradycardia followed by deterioration to ventricular
fibrillation in some animals.
Human

Freons are very toxic when inhaled in high concentrations or
for extended periods. Inhalation of fluorinated hydrocarbons
such as those caused by leaking air conditioners or refrigerators
usually results in transient eye, nose, and throat irritation.
Palpitations and lightheadedness are also seen. Headache was
a common complaint, reported in 71% of 31 workers exposed
to bromotrifluoromethane in one incident. Inhalation of
halides at sufficient concentrations associated with deliberate
abuse, or spills or industrial use occurring in poorly ventilated
areas, has been associated with ventricular arrhythmias,
pulmonary edema, and sudden death. Fluorinated hydrocar-
bons are believed to cause arrhythmias by sensitizing the
myocardium to endogenous catecholamines. Freon solvents
are used as degreasers. Dermal contact with fluorinated
hydrocarbons may result in defatting, irritation, contact
dermatitis, or skin injury. Severe frostbite was reported as a rare
effect of severe Freon exposure. Mucosal necrosis and perfora-
tion of the stomach developed in one patient after ingesting
a small amount of trichlorofluoromethane. Fluorocarbons
containing bromine are more toxic than the corresponding
chlorine compounds. There is a significant interpatient varia-
tion following exposure to fluorocarbons and it is difficult to
predict symptoms following exposure. Compounds like
dibromochloropropane, in which occupational exposure has
affected male fertility, have now been removed from the
market. Following acute exposure to methyl bromide, chloride,
or iodide, nausea and vomiting, blurred vision, vertigo, weak-
ness or paralysis, oliguria or anuria, drowsiness, confusion,
hyperactivity, coma, convulsions, and pulmonary edema are
noted. Pulmonary edema and bronchial pneumonia are most
often the cause of death. Skin contact causes irritation and
vesiculation.

Methyl chloroform and dichloromethane are central
nervous system (CNS) depressants. Methyl chloroform sensi-
tizes the myocardium to catecholamine-induced arrhythmias.
Following exposure to tetrachloroethane, irritation of the eyes
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00229-3
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and nose, followed by headache and nausea, is observed.
Cyanosis and CNS depression progressing to coma may appear
after 1–4 h.
Chronic Toxicity (or Exposure)

Animal

Some of the chlorinated hydrocarbon solvents such as methy-
lene chloride and chloroform have caused cancer in several
species of experimental animals and are suspect human
carcinogens.
Human

A syndrome of impaired psychomotor speed, impaired
memory, and impaired learning has been described in workers
with chronic occupational exposure to fluorinated hydrocar-
bons. Skin irritation and defatting dermatitis upon prolonged
or repeated contact with the skin to trichloromonofluoro-
methane have been reported. An excess of CNS symptoms was
seen in a group of workers chronically exposed to tri-
chloromonofluoromethane. Repeated exposure to methyl
bromide, methyl chloride, and methyl iodide will cause blur-
ring of vision, numbness of the extremities, confusion, hallu-
cinations, somnolence, fainting attacks, and bronchospasm.
Chronic toxicity has not been reported with dichloromethane.
Headache, tremor, dizziness, peripheral paresthesia, and
anesthesia have been reported after chronic inhalation or skin
exposure to tetrachloroethane. The US National Institute of
Occupational Safety and Health recommends that methyl
chloride, methyl bromide, and methyl iodide be considered as
potential occupational carcinogens and that methyl chloride be
considered a potential occupational teratogen.
Clinical Management

This management is intended for use in the absence of
a specific treatment protocol for a product or a chemical.
Symptomatic and supportive care is the primary therapy. The
general approach to a poisoned patient is to first assess the vital
signs of the patient followed by assessing the route of admin-
istration for potential toxicity. Measures to prevent further
absorption of the compound may be useful. Victims of inha-
lation exposure should be moved from the toxic environment
and administered 100% humidified supplemental oxygen with
assisted ventilation as required. Exposed individuals should
have a careful and thorough medical examination performed
to look for abnormalities. Patients with fluorohydrocarbon
poisoning should not be given epinephrine or similar drugs
because of the tendency of fluorohydrocarbon to induce
cardiac arrhythmia, including ventricular fibrillation. Moni-
toring including complete blood count, urine analysis, and
liver and kidney function tests is suggested for patients with
significant exposure. Activated charcoal or gastric lavage may be
indicated to prevent further absorption. Exposed eyes should
be irrigated with copious amounts of tepid water for at least
15min. If irritation, pain, swelling, lacrimation, or photo-
phobia persists after 15min of irrigation, an ophthalmologic
examination should be performed.
Environmental Fate

Highly chlorinated/fluorinated compounds are not expected to
biodegrade rapidly.
Miscellaneous

Alkyl halides are practically insoluble in water. They are
miscible in all proportions with liquid hydrocarbons and are,
in general, good solvents for many organic substances. Most of
the common organic halides are liquids. Like alkanes, halogen
compounds are insoluble in and inert to cold concentrated
sulfuric acid. In a series of alkyl halides, the boiling point rises
with an increase in molecular weight due to the presence of
either a heavier halogen atom or a larger alkyl group. Bromides
boil at temperatures distinctly higher than the corresponding
chlorides, and iodides are higher boiling than the bromides.
Increase in the halogen content decreases their flammability. In
contact with an open flame or very hot surface, fluorocarbons
may decompose into highly irritant and toxic gases such as
chlorine, hydrogen fluoride, or chloride, and even phosgene.
Alkyl halides can be prepared by addition of the halogen or
hydrogen halides to alkenes as well as by substitution of
a halogen for hydrogen in an alkane. The most important
method of preparing alkyl halides is by reaction between an
alcohol and a hydrogen halide.
See also: Carbon Tetrachloride; Catecholamines; Chloroform;
Freons; Methyl Bromide.
Further Reading

Kharasch, E.D., 2008. Adverse drug reactions with halogenated anesthetics. Clin.
Pharmacol. Ther. 84, 158–162.
Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine.

http://www2.chemistry.msu.edu/faculty/reusch/virttxtjml/alhalrx1.htm – Occurrence of
Alkyl Halides..
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l Name: Allyl alcohol
l Chemical Abstracts Service Registry Number: 107-18-6
l Synonyms: 1-Propen-3-ol, 2-Propenol, 2-Propen-1-ol, Vinyl

carbinol
l Molecular Formula: C3H6O
l Chemical Structure:

Background

Allyl alcohol (CAS # 107-18-6) is a colorless liquid with
a pungent, mustard-like odor, soluble in water, and with
a chemical structure of CH2]CHCH2OH. It is synthesized by
the hydrolysis of allyl chloride or isomerization of propylene
oxide. It is used as a raw material in manufacturing of various
polymers, pharmaceuticals, pesticides, and other allyl
compounds.
Uses

Industrial solvent, herbicide, and fungicide.
Environmental Fate and Behavior

Allyl alcohol is a colorless water soluble liquid. The melting
point, boiling point, vapor pressure, and the octanol–water
partition coefficient (logKow) are �129 �C, 97 �C, 26.1mmHg
at 25 �C, and 0.17, respectively. The Henry’s law constant is
4.99� 10�6 atm-m3mol–1. Allyl alcohol’s production, its use as
an industrial solvent and as a raw material/intermediate in the
preparation of pharmaceuticals, polymers, organic chemicals, in
the manufacture of glycerol and acrolein, and in the production
of insecticides and herbicides, may result in its release to the
environment. The vapor pressure of allyl alcohol, 26.1 mmHg
at 25 �C, indicates that if released in the air, it will exist mainly
as a vapor in the ambient atmosphere. If released to soil, allyl
alcohol is expected to have very high mobility based upon an
estimated Koc of 1.3 and will be distributed mainly in the water
and soil. If released into water, allyl alcohol will stay in the
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water and is not expected to adsorb to suspended solids and
sediments. Allyl alcohol is stable in water since it lacks func-
tional groups that hydrolyze under environmental conditions
and hence hydrolysis is not expected to be an important
environmental fate process. In an aerobic biodegradation
study, allyl alcohol was found to readily degradable (82–86%)
in 14 days. The estimated bioconcentration factor of 3.2 based
on the low log Kow indicates that the potential to bio-
accumulate in aquatic organisms is expected to be low.
Exposure and Exposure Monitoring

Occupational exposure to allyl alcohol may occur through
inhalation and dermal contact where allyl alcohol is produced
or used. Monitoring data indicate that the general population
may be exposed to allyl alcohol via inhalation of ambient air or
ingestion of food.
Toxicokinetics

Allyl alcohol is metabolized via two alternative oxidative
pathways leading to the formation of acrolein or the epoxide
glycidol. The epoxide may then be converted to glycerol by
epoxide hydrolase. The conversion of allyl alcohol to acrolein is
mediated by alcohol dehydrogenase (ADH) and then may be
further oxidized to acrylic acid by Nicotinamide adenine
dinucleotide- or Nicotinamide adenine dinucleotide phos-
phate-dependent enzymes in the liver cytosol or microsomes or
to glycidaldehyde by a microsomal enzyme with subsequent
conversion to glyceraldehyde by epoxide hydrolase. Alterna-
tively, acrolein may react directly both enzymatic and nonen-
zymatic reactions to form stable adducts with glutathione
(GSH) or other low molecular weight thiol compounds prior
to excretion in the urine as mercapturate. Both glycidol and
glycidaldehyde are substrates for lung and liver cytosolic
GSH-S-transferases.
Mechanism of Toxicity

Allyl alcohol is inactive per se and its toxic effect is mediated by
its ADH oxidation to form acrolein, which is responsible for the
hepatotoxic action. The toxicity of the alcohol (or its metabo-
lite acrolein) is dependent on the concentration of GSH. After
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00230-X
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severe depletion of GSH, the reactive metabolite of allyl
alcohol can bind to essential sulfhydryl groups in the cellular
macromolecules, leading to structural and functional changes
that may lead to cell death. In this case, the appearance of lipid
peroxidation could be merely the consequence of cell death. In
the liver, Kupffer cell activation has been implicated in playing
a prominent role during progression of toxicity.
Acute and Short-Term Toxicity

The oral LD50 values reported in rat and mice are 64, 70,
and 99–105mg kg�1 and 85 and 96mg kg�1, respectively.
The dermal LD50 (rabbit) is 89 mg kg�1. The inhalation of
LC50 in rat and mouse are 76 ppm per 8 h and 500mgm�3

per 2 h, respectively. The LD50 values reported in rats and
mice following intraperitoneal administration are 37 and
60mg kg�1, respectively. Studies have shown that allyl
alcohol is slightly irritating to skin and irritating to the eyes
in rabbits. Allyl alcohol is not a skin sensitizer in guinea
pigs. Acute exposure to allyl alcohol causes liver and kidney
damage in animals. Allyl alcohol is classified as a periportal
hepatotoxicant since it selectively damages the periportal
region of the liver. Studies have shown that in adult rats,
allyl alcohol produces a moderate to marked periportal
necrosis with attendant inflammation and hemorrhage, and
also decreases hepatic cytochrome P450, benzphetamine N-
demethylation, and ethoxyresorufin O-deethylation activities
by about 30%. In immature rats, it lowered both cytochrome
P450 activity (30%) and ethoxyresorufin O-deethylation
(75%). Benzphetamine N-demethylation was not significantly
affected in immature rats. Intraperitoneal administration of
1.5mmol kg–1 allyl alcohol to starved Swiss albino mice
causes the development of hemolysis in nearly 50% of
the animals. Other toxic effects include renal necrosis, pul-
monary edema, and central nervous system effects at higher
dose levels.

The most important adverse effects of occupational expo-
sures to allyl alcohol are upper respiratory tract irritation and
burning of the eyes. The substance may cause effects on the
muscles, resulting in local spasms and aching. The appearance
of these effects may be delayed after exposure.
Chronic Toxicity

Chronic exposure to allyl alcohol can cause liver and kidney
damage.
Reproductive Toxicity

A reproductive/developmental toxicity study was conducted
using both sexes of Sprague–Dawley rats. The rats were dosed
2, 8, or 40 mg per kg bodyweight per day via oral gavage. The
male rats were dosed from 14 days before mating for a total
of 42 days and the female rats were dosed 14 days before
mating and throughout mating and a pregnancy period to
day 3 of lactation. Clinical findings reported in parental
animals at 40 mg per kg bodyweight per day were salivation,
lacrimation, irregular breathing, decrease in locomotor
activity in both sexes, and loose stools in males. Histopath-
ological examination at 40 mg per kg bodyweight per day
revealed atrophy of the thymus and hyperplasia of luteal cells
in the ovary in females. In the livers, necrosis, fibrosis, and
proliferation of bile ducts, hypertrophy, brown pigmentation
in perilobular hepatocytes, and diffuse clear cell changes
were observed in male and female rats at 40 mg per kg
bodyweight per day. Reproductive effects such as extension
of estrous cycle length and increases in estrous cycle were
reported in females at 40 mg per kg per bodyweight per day.
In offspring, a decrease in viability index on day 4 and total
litter loss (from one dam) was reported at 40 mg per kg
bodyweight per day. The lowest observed adverse effect level
was reported as 40 mg per kg bodyweight per day based on
parental and reproductive/developmental toxicity and a no
observed adverse effect level is reported as 8 mg per kg
bodyweight per day.
Genotoxicity

Several in vivo and in vitro genotoxicity studies have been
conducted. Three out of seven in vitro genotoxicity assays
including bacterial and mammalian cells gave positive results
for these assays. Three in vivo genotoxicity assays, in vivo tests
for chromosomal mutations (rat bone marrow and mouse
erythrocyte micronuclei tests), and in vivo dominant lethal
tests, produced negative results. Thus, based on the in vitro
assays and in vivo tests, there is equivocal evidence that allyl
alcohol is genotoxic.
Carcinogenicity

Allyl alcohol is classified as A4 (not classifiable as human
carcinogen) by the American Conference of Governmental
Industrial Hygienists.
Clinical Management

Exposure should be terminated as soon as possible by
removal of the patient to fresh air. Skin, eyes, and mouth
should be washed with copious amounts of water. Contam-
inated clothing should be removed. A mild soap solution
may be used for washing the skin, but should not be used in
the eye. Dilution with water may be effective if small
amounts are swallowed until additional medical attention is
available.
Ecotoxicology

The toxicity of allyl alcohol has been investigated in aquatic
animals and plants. Several studies have shown that allyl
alcohol causes acute toxicity in fish (medaka and fathead
minnow), daphnia magna, polychaete, and green algae, and
chronic toxicity in daphnia magna. Based on these studies, allyl
alcohol is toxic to aquatic organisms and plants.
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Exposure Standards and Guidelines

The Occupational Safety and Health Administration general
industry permissible exposure limit: 2 ppm, 5mgm�3 8-h
time-weighted average (TWA) (skin).

The National Institute for Occupational Safety and Health
recommended exposure limit: 2 ppm 10-h TWA, 4 ppm
15-min short-term exposure limit (skin).

American Conference of Governmental Industrial Hygien-
ists threshold limit value is 8-h TWA: 0.5 ppm, skin.

See also: Liver.

Further Reading

Atzori, L., Dore, M., Congiu, L., 1989. Aspects of allyl alcohol toxicity. Drug Metabol.
Drug Interact. 7, 295–319.

Auerbach, S.S., Mahler, J., Travlos, G.S., Irwin, R.D., 2008. A comparative 90-day
toxicity study of allyl acetate, allyl alcohol and acrolein. Toxicology 253
(1–3), 79–88.
Irwin, R.D., Jul 2006. NTP technical report on the comparative toxicity studies of allyl
acetate (CAS No. 591-87-7), allyl alcohol (CAS No. 107-18-6) and acrolein
(CAS No. 107-02-8) administered by gavage to F344/N rats and B6C3F1 mice.
Toxic. Rep. Ser. 48, 1–73. A1–H10.

Li, A.A., Fowles, J., Banton, M.I., Picut, C., Kirkpatrick, D.T., 2012. Acute inhalation
study of allyl alcohol for derivation of acute exposure guideline levels. Inhal. Toxicol.
24 (4), 213–226.

Tukov, F.F., Maddox, J.F., Amacher, D.E., Bobrowski, W.F., Roth, R.A., Ganey, P.E.,
2006. Modeling inflammation-drug interactions in vitro: a rat Kupffer cell-hepa-
tocyte coculture system. Toxicol. In Vitro 20 (8), 1488–1499.
Relevant Websites

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+107-
18-6 – Hazardous Substances Data Bank for Allyl Alcohol.

http://chem.sis.nlm.nih.gov/chemidplus/ProxyServlet?objectHandle¼Search&actionHandle¼
getAll3DMViewFiles&nextPage¼jsp%2Fcommon%2FChemFull.jsp%3FcalledFrom%3D&
chemid¼0000107186&formatType¼_3D – Organisation for Economic Co-operation and
Development- Screening Information Datasheet for Allyl Alcohol (2-PROPEN-1-OL CAS N:
107-18-6) ChemIDplus advanced for allyl alcohol.

http://www.epa.gov/chemrtk/hpvis/rbp/Allyl%20Alcohol_Web_SuppDocs_August%
202008.pdf – United States Environmental Protection Agency Supporting Docu-
ment for Risk Based Prioritization.

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r%3Fdbs%2Bhsdb%3A%40term%2B%40rn%2B%40rel%2B107-18-6
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r%3Fdbs%2Bhsdb%3A%40term%2B%40rn%2B%40rel%2B107-18-6
http://chem.sis.nlm.nih.gov/chemidplus/ProxyServlet%3FobjectHandle%3DSearch%26actionHandle%3DgetAll3DMViewFiles%26nextPage%3Djsp%2Fcommon%2FChemFull.jsp%3FcalledFrom%3D%26chemid%3D0000107186%26formatType%3D_3D
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http://chem.sis.nlm.nih.gov/chemidplus/ProxyServlet%3FobjectHandle%3DSearch%26actionHandle%3DgetAll3DMViewFiles%26nextPage%3Djsp%2Fcommon%2FChemFull.jsp%3FcalledFrom%3D%26chemid%3D0000107186%26formatType%3D_3D
http://chem.sis.nlm.nih.gov/chemidplus/ProxyServlet%3FobjectHandle%3DSearch%26actionHandle%3DgetAll3DMViewFiles%26nextPage%3Djsp%2Fcommon%2FChemFull.jsp%3FcalledFrom%3D%26chemid%3D0000107186%26formatType%3D_3D
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Chemical Profile

l Name: Allylamine
l Chemical Abstracts Service Registry Number: 107-11-9
l Synonyms: 2-Propen-1-amine, 2-Propenylamine, 3-Amino-

1-propene, 3-Aminopropene, Monoallylamine
l Molecular Formula: C3H7N
l Chemical Structure:
Background

Allylamine is a primary unsaturated alkylamine and in this
review refers to monoallylamine. Allylamine can also be used
generically to describe the secondary (diallyl-) and tertiary
(triallyl-) amine derivatives of monoallylamine, as well as
other more complex alkylamines. Allylamine is a colorless,
flammable liquid and is volatile and reactive with oxidizing
materials. Allylamine has a strong ammonia odor, is acutely
toxic by all routes of exposure, and produces cardiotoxicity in
a manner that has been well characterized by in vivo and in vitro
methods. In addition to its use as an industrial chemical,
allylamine is utilized as a model compound for basic research
investigations into mechanisms of cardiovascular disease based
on the nature of the cardiac and vascular lesions observed
following allylamine exposure.
Uses

Allylamine is used as an industrial solvent and in organic
synthesis, including rubber vulcanization, synthesis of ion-
exchange resins, and as an intermediate in pharmaceutical
synthesis. Derivatives of allylamine are utilized as both veteri-
nary and human pharmaceuticals, including the antifungal
agent terbinafine. Allylamine has been used since the 1940s as
a research tool for investigations of cardiovascular disease, with
the earliest studies using allylamine to induce initial vascular
injury in animal models of atherogenesis. Additionally, allyl-
amine has been used to model myocardial infarction and
vascular injury in animal models of human cardiovascular
disease.
Environmental Fate and Behavior

The production and use of allylamine as an industrial solvent
may result in environmental releases to the air, water, and soil.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Allylamine is freely soluble in water, alcohol, chloroform,
and most solvents. The vapor pressure at 20 �C is 198mmHg,
the Henry’s law constant is estimated to be 9.95� 10�6 atm
m3mol�1, and the octanol/water partition coefficient (log Kow)
is estimated to be 0.21.

If released to the soil, allylamine is expected to have very
high mobility, with volatilization from dry soils. If released
to the water, volatilization is anticipated from the surface
and allylamine is not anticipated to adsorb to sediment.
The potential for bioconcentration in aquatic organisms
is predicted to be low. If released to the atmosphere the half-life
is anticipated to be 6.9 h, with degradation occurring by reac-
tion with photochemically produced hydroxyl radicals.
Exposure and Exposure Monitoring

Occupational exposures to allylamine are possible via inhala-
tion, dermal, and ingestion. Environmental releases from
industrial sources could also result in human exposures. Allyl-
amine has been associated with tobacco; it is unclear if it is
a natural component of tobacco, a pyrolysis product in tobacco
smoke or an additive in the production of tobacco products.
Toxicokinetics

Allylamine is rapidly absorbed across the gastrointestinal tract
when ingested; it primarily distributes to the aorta and coro-
nary arteries with lesser distribution to the liver and kidney and
is excreted in the urine, with up to 60% of a single oral dose
excreted within 24 h. Allylamine is metabolized to acrolein and
hydrogen peroxide by a semicarbazide-sensitive amine oxidase
(SSAO) that catalyzes essentially the same reaction catalyzed by
monoamine oxidase and is highly active in vascular tissue.
Acrolein is further metabolized to 3-hydroxypropylmercapturic
acid through glutathione conjugation, and this is the primary
urinary metabolite.
Mechanism of Toxicity

Allylamine exposure results in myocardial damage and intimal
proliferation of vascular smooth muscle cells in multiple
animal species. The mechanism for these distinctive cardiovas-
cular lesions is believed to be related to its bioactivation to
acrolein and possibly hydrogen peroxide. Several lines of
evidence support this hypothesis; SSAO is highly active in
vascular tissue where allylamine predominantly distributes,
incubation of homogenates of vascular tissue with allylamine
results in the generation of acrolein and hydrogen peroxide,
4-3.01160-X 149
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and pretreatment with a semicarbazide inhibitor of SSAO
reduces or eliminates the hypercontraction and vasospasm
associated with allylamine exposure in vitro. Researchers have
taken advantage of the distinctive lesions that result from
various exposures to allylamine and have used it as chemical
tool to induce animal models of cardiovascular dysfunction
that resemble human disease.
Acute and Short-Term Toxicity

Animal

Allylamine is acutely toxic in multiple animal species regardless
of the route of administration. The oral LD50 in the rat
is reported to be 106 mg kg�1, the 4-h inhalation LC50 in the rat
is reported to be 286 ppm, and the dermal LD50 in rabbits is
reported to be 35 mg kg�1. Unlike other aliphatic amines,
where acute toxicity increases with the addition of side chains,
the acute toxicity of allylamine decreases as side chains are
added, with a 10-fold decrease in acute oral toxicity for tri-
allylamine. Signs of toxicity following these acute exposures
include eye, skin, and respiratory irritation, pulmonary edema,
and myocardial lesions. Allylamine is a severe eye and skin
irritant, with some studies indicating the potential for corrosive
effects. There are no data to suggest that allylamine is a dermal
sensitizing agent.

Respiratory depression was observed in mice, with an
airborne concentration of 9 ppm resulting in a 50% reduc-
tion in the respiratory rate (RD50) in the exposed animals.
Subsequent evaluations in mice of concentrations up to
27 ppm for 14 days did not result in pathological changes
to the nasal passages, trachea, or lungs of the exposed
animals.
Human

The odor threshold for allylamine is reported to be 2.5 ppm in
human volunteers, with dose-related increases in the incidence
of eye irritation, nose irritation, and pulmonary discomfort.
Central nervous system effects included headache and nausea
and were observed at all dose levels with no apparent dose-
related effect. At 14 ppm, the irritant effects to the eyes, nose,
and respiratory system became intolerable to the test subjects.
Case reports indicate that chest pain and respiratory irritation
have been reported following occupational accidents and
exposures.
Chronic Toxicity

Animal

When administered by parenteral routes of exposure, the
pathological lesions induced by allylamine primarily are
associated with the heart, aorta, and coronary arteries.
However, when administered intravenously, allylamine has
also been associated with hepatic cellular vacuolization,
thickening of the pulmonary artery, and vascular sclerosis of
the kidney. These extracardiac lesions all seem to have
a vascular component which is further data to support
a common mechanism of toxicity.
Human

At least one study has investigated cardiovascular effects in
workers exposed to allylamine; however, no associations were
observed.
Reproductive Toxicity

No data are available for this end point. The National Toxi-
cology Program testing status for allylamine indicates that
a conventional teratology study has been completed in rats;
however, the results are not discussed and test data and report
are not yet available.
Genotoxicity

Genotoxicity studies have been conducted in multiple bacterial
strains with and without metabolic activation and all of the
results have been negative.
Carcinogenicity

No epidemiological studies evaluating the carcinogenic
potential of allylamine exist. In addition, allylamine has not
been evaluated for carcinogenicity in animal studies. Acrolein,
the active metabolite, has been evaluated for carcinogenicity by
the Environmental Protection Agency but the data were judged
to be inadequate for classification.
Clinical Management

On the basis of animal data, allylamine is anticipated to be
acutely toxic by all routes of exposure. Occupational accidents
are the most likely source of life-threatening exposures.
Removal from exposure and supportive clinical care are
recommended in the case of overexposure.
Exposure Standards and Guidelines

Occupational exposure guidelines are not established for
allylamine. The National Research Council has established
acute exposure guideline levels (AEGLs) for the general public
which are applicable to emergency exposures ranging from
10 min to 8 h. The AEGL-1, the threshold for irritation and
other sensory effects which would be transient and reversible
upon cessation of exposure, is set at 0.42 ppm for exposures
ranging from 10 min to 8 h. The AEGL-2, the threshold above
which the general population could experience irreversible
effects, including impairment of the ability to escape, is set
at 3.3 ppm for 10 min to as low as 1.2 ppm for 8 h. The AEGL-3,
the threshold above which the general population could expe-
rience life-threatening health effects and death, is set at
150 ppm for 10 min to as low as 2.3 ppm for 8 h.

See also: Acrolein; Allyl Alcohol; Cardiovascular System.
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l Name: Allyl formate
l Chemical Abstracts Service Registry Number: 1838-59-1
l Synonyms: Allyl alcohol, Formate, Formic acid, Allyl ester,

2-Propenyl ester
l Molecular Formula: C4H6O2

l Chemical Structure:

H2C
O O

Background

Allyl formate (CAS # 1838-59-1) is a clear, colorless liquid. It is
slightly soluble in water. It is reported to cause liver and kidney
injury in animals. The most common effect in humans
following occupational exposure to allyl formate exposure is
upper respiratory tract irritation.
Uses

It is used as a solvent in spray lacquers, enamels, varnishes, and
latex paints and as an ingredient in paint thinners and strippers,
varnish removers, and herbicides. It is also used in liquid soaps,
cosmetics, industrial and household cleaners, and dry-cleaning
compounds.
Exposure and Exposure Monitoring

The substance can be absorbed into the body by inhalation and
dermal contact, and by ingestion.
Toxicokinetics

Allyl formate is rapidly cleaved in vivo by nonspecific esterases
to allyl alcohol. Allyl alcohol is metabolized via two alternative
oxidative pathways leading to the formation of acrolein or the
epoxide, glycidol. The epoxide may then be converted to
glycerol by epoxide hydrolase. The conversion of allyl alcohol
to acrolein is mediated by alcohol dehydrogenase, which may
then be further oxidized to acrylic acid by nicotinamide
adenine dinucleotide- or nicotinamide adenine dinucleotide
phosphate-dependent enzymes in the liver cytosol or micro-
somes or to glycidaldehyde by a microsomal enzyme with
subsequent conversion to glyceraldehyde by epoxide hydro-
lase. Alternatively, acrolein may react directly both enzymati-
cally and nonenzymatically to form stable adducts with
glutathione (GSH) or other low molecular weight thiol
compounds prior to excretion in the urine as mercapturate.
152 Encyclopedia of T
Mechanism of Toxicity

Allyl formate is cleaved by nonspecific esterases to allyl alcohol,
which is then oxidized by alcohol dehydrogenases to the
reactive acrolein, which is responsible for the hepatotoxic
action. The toxicity of allyl alcohol via its metabolite acrolein is
dependent on the concentration of GSH. After depletion of
GSH, the reactive metabolite of allyl alcohol can bind to
essential sulfhydryl groups in the cellular macromolecules,
leading to structural and functional modifications, which can
be responsible for hepatic injury. Appearance of lipid perox-
idation signals events that follow toxication mechanisms
initiated by acrolein, and subsequent and continued lipid
peroxidation could be merely the consequence of the cell
death.
Acute and Short-Term Toxicity
Animal

The LD50 reported following oral administration in rats and
mice is 125 and 96mg kg�1, respectively. The LC50 reported
following inhalation exposure in rats and mice is 980 and
610mgm�3, respectively. Acute exposure to allyl formate
causes liver and kidney damage. Allyl formate is classified as
a periportal hepatotoxicant since its metabolite, acrolein,
selectively damages the periportal region of the liver in
rodents.
Human

The most important adverse effect of occupational exposures to
allyl formate is upper respiratory tract irritation.
Chronic Toxicity

Animal

Chronic exposure to allyl formate can cause liver and kidney
damage.
Human

Long-term exposure may lead to liver or kidney damage.
Clinical Management

Exposure should be terminated as soon as possible by
removal of the patient to fresh air. Skin, eyes, and mouth
should be washed with copious amounts of water. Contam-
inated clothing should be removed. A mild soap solution may
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00231-1
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be used for washing the skin, but should not be placed in the
eye. Dilution with water may be effective if small amounts
are swallowed before medical attention is sought.
Ecotoxicology

The substance is reported to be very toxic to aquatic organisms.

See also: Acrolein; Allyl Alcohol.
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l Name: Alpha blockers
l Chemical Abstracts Service Registry Numbers: 19216-56-9,

63590-64-7, 74191-85-8, 106133-20-4
l Synonyms: Cardura, Carduran, Hytrin, Minipress, Flomax
l Chemical/Pharmaceutical/Other Class: Selective alpha-1

adrenergic antagonists
l Molecular Formulae: C19H21N5O4, C19H25N5O4,

C23H25N5O5, C20H28N2O5S
l Chemical Structures:
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Uses

Alpha receptor antagonists can be selective or nonselective for
alpha-1 and 2 receptors in peripheral smooth muscle. Selective
alpha-1 antagonists such as prazosin, terazosin, and doxazosin
will be the focus of this article and are used for several different
modalities including treatment for urinary dysfunction
secondary to benign prostatic hyperplasia (BPH) and primary
hypertension. Prazosin has also been studied in the treatment
of alcohol dependence. A large trial, ‘Clinical Trial of the
Adrenergic Alpha-1 Antagonist Prazosin for Alcohol Depen-
dence,’ will be completed in 2013. Tamsulosin and alfuzosin
are used primarily for the treatment of BPH.
Background

Prazosin, terazosin, and doxazosin are alpha antagonists used
for the control of blood pressure and for constriction of the
prostate in the treatment of prostatic hypertrophy. Prazosin is
also used as a sympatholytic and is under study for use in
certain disease states including for the treatment of alcohol
dependence, posttraumatic stress disorder, and severe night-
mares and sleep disturbances.
Exposure Routes and Pathways

Ingestion and injection are more common routes of accidental
and intentional toxicity.
Toxicokinetics

Prazosin has a bioavailability of around 60% hepatic metab-
olism, 97% protein binding, volume of distribution of
0.5 l kg�1, and a half-life of around 2–3 h. Terazosin is
approximately 90% protein bound, extensively metabolized by
the liver and achieves peak concentration around 1 h after oral
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00714-4
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ingestion. The volume of distribution for prazosin is 25–30 l,
and it has a half-life of 9–12 h. Doxazosin has a bioavailability
of 65%, with 98% protein binding, and it achieves a peak
concentration 2–3 h after immediate-release forms are taken
orally. There is an extensive hepatic metabolism, and it has
a half-life of approximately 22 h. Tamsulosin has more than
90% bioavailability, achieves peak concentrations in 4–8 h,
undergoes extensive hepatic metabolism, 76% renal excretion,
and has a half-life of 9–13 h.
Mechanism of Toxicity

The alpha antagonists produce arterial smooth muscle relaxa-
tion, vasodilation, and a reduction of the blood pressure.
Excessive vasodilation causes hypotension and can lead to
reflex tachycardia and sometimes somnolence when affecting
the central nervous system (CNS).
Acute and Short-Term Toxicity (or Exposure)

Human

Alpha-1 blockers can produce significant symptoms of postural
hypotension, including light-headedness, syncope, or palpita-
tions, particularly after the first dose or if the dosing is rapidly
increased. Hypotension and CNS depression ranging from
lethargy to coma have been reported in overdose. Tachycardia
is most often seen, but cases of bradycardia have been reported
and are thought to be associated with a sympatholytic effect
seen with the alpha antagonists in some patients. Priapism can
occur as a side effect.
Reproductive Toxicity

Doxazosin, prazosin, and terazosin are classified as Food and
Drug Administration pregnancy category C.
Clinical Management

Patients who are awake after a significant ingestion can be
treated with activated charcoal. Basic and advanced life-support
measures should be implemented. Airway management is not
generally required but patients should be monitored for
decrease in mental status. For hypotension, patients should
receive intravenous fluid boluses. A vasopressor with alpha-1
agonism properties like norepinephrine or phenylephrine
may counteract the alpha-1 antagonism, leading to vasocon-
striction and increase in blood pressure.

See also: Mechanisms of Toxicity; Pharmacokinetics;
Isopropanol; Poisoning Emergencies in Humans;
Cardiovascular System.
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l Name: Aluminosilicate fiber
l Chemical Abstracts Service Registry Number: 142844-00-6
l Synonyms: Refractory ceramic fiber (RCF), aluminosilicate

wool (ASW).
l Molecular Formula: No specific ChemID formula: This fiber

is produced by melting a mixture of alumina (Al2O3) and
silica (SiO2) in approximately equal proportions. Other
inorganic oxides, such as ZrO2, Cr2O3, B2O3, and TiO2, are
sometimes added to alter the properties (e.g., the maximum
end-use temperature) of the resulting product. International
Agency for Research on Cancer (IARC) and NIOSH provide
illustrative composition ranges for aluminosilicate fibers.
Compositions vary by manufacturer and intended end use;
detailed data can be found in manufacturer’s technical and
safety data sheets. Standard fibers range in reported
composition (percentage by weight) from 40 to 55%
alumina and 45 to 65% silica (exclusive of minor ingredi-
ents). Higher-temperature (sometimes termed zirconia
aluminosilicate) fiber compositions range in composition
from 28 to 40% alumina, 43 to 56% silica, and 14 to 18%
zirconia.

l Structure: No specific ChemID structure: Amorphous fibers
of variable dimensions.
Background

Aluminosilicate fibers (commonly called refractory ceramic
fibers (RCFs) in the United States) are amorphous fibers
belonging to a class of materials termed synthetic vitreous
fibers (SVFs), also termed man-made mineral fibers or man-
made vitreous fibers. This class of materials also includes glass
wool, rock (stone) wool, slag wool, mineral wool, and special-
purpose glass fibers. Fibers can be classified in various ways,
such as natural versus synthetic, organic versus inorganic, and
crystalline versus amorphous. Several fiber taxonomies have
been proposed; Figure 1 shows the taxonomy of SVFs.

Aluminosilicate wools (ASWs) were first invented in the
early 1940s and commercialized in the 1950s in the United
States and somewhat later in other countries. Substantial
energy price increases beginning in the 1970s increased the
economic benefits of energy conservation and the market for
these fibers.

ASWs are SVFs produced by melting (atw 1925 �C)
alumina, silica, and other inorganic oxides, and then blowing
or spinning these melts into fibers. These fibers can also be
produced by melting blends of calcined kaolin, alumina, and
silica. The bulk fibers produced by this process can be used
directly for some applications, but are more commonly con-
verted into other physical forms, including blanket, modules
(folded blanket capable of being installed rapidly in industrial
furnaces), paper, felt, board, vacuum formed parts, textiles, and
putties or pastes. Conversion to various physical forms takes
156 Encyclopedia of T
place at locations where aluminosilicate fibers are produced,
facilities operated by converters (producers of intermediate
goods) or end users. Primary manufacturing facilities for
aluminosilicate fibers are located in North and South America,
Europe, and Asia. Conversion facilities and end users are
distributed throughout the industrialized world.
Uses

ASWs have several desirable properties for use as high-
temperature insulating materials, including low thermal
conductivity, low heat storage (low volumetric heat capacity),
thermal shock resistance, lightweight, good corrosion resis-
tance, and ease of installation. Depending upon the fiber
composition, the maximum end-use temperature for ASWs can
be as high as 1430 �C (2600 �F). Because of this capability,
these fibers are also included in the class of high-temperature
insulating wools (HTIWs). Benefits of the use of ASW insu-
lation include reduced energy costs and reduced greenhouse
gas emissions. The energy savings can be substantial when
compared to conventional high-temperature insulation such as
insulating firebrick.

Applications and markets for ASWs are principally indus-
trial and vary by product form and country including furnace
linings and components in the cement, ceramic, chemical,
fertilizer, forging, foundry, glass, heat treating, nonferrous
metals, petrochemical, power generation (cogeneration), and
steel industries. ASWs are used for passive fire protection
applications where thin, lightweight materials are needed to
prevent flame penetration. ASWs are also used to a minor
degree in emission control applications such as heat shield
insulation, catalytic converter support mat, and filtration media
for air bag inflators. Though sometimes referred to in the
literature as a substitute for asbestos, aluminosilicate fibers are
not typically used in asbestos applications. Aluminosilicate
fibers are priced substantially higher than various types of
asbestos and have maximum end-use temperatures substan-
tially greater than those for asbestos (which vary depending
upon the product but are typically �850 �C).
Environmental Fate and Behavior

Aluminosilicate fibers are white fibrous solids, soluble to
a degree in human lung fluid (see below). The usual physico-
chemical parameters relevant to fate and transport (e.g., solu-
bility, vapor pressure, octanol–water partition coefficient, and
Henry’s law constant) are not applicable or relevant; vapor
pressure, octanol–water partition coefficient, and Henry’s law
constant are exceedingly low and not measurable. Fibers are
capable of being transported in the air and are removed by
gravitational settling. The Member State Support Document
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01161-1
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Figure 1 Taxonomy of synthetic vitreous fibers (SVFs). Reproduced from International Agency for Research on Cancer (IARC)., 2002. IARC Mono-
graphs on the Evaluation of Carcinogenic Risks to Humans, vol. 81, Man-made Vitreous Fibres, IARC, Lyon, France.
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submitted to the European Chemicals Agency in favor of listing
aluminosilicate fibers as a substance of very high concern
(SVHC) notes that environmental fate and hazard data were
not relevant.
Exposure and Exposure Monitoring

Possible pathways for human exposure include ingestion,
inhalation, and dermal contact. There are only limited data on
ASW concentrations in the environment, typically in the
vicinity (fence line) of manufacturing facilities and at one
landfill. Arithmetic mean fence line boundary concentrations
range from beneath the detection limit to .02 fibers per milli-
liter (f ml�1). The greatest exposure to aluminosilicate (and
other) SVFs occurs from inhalation by workers who manufac-
ture, convert, use, or remove these fibers. It is estimated that
approximately 30 000 workers in the United States are occu-
pationally exposed to ASWs and a similar number in Europe.
As of this writing, no estimates are available for the size of the
exposed population in Asia.

The ASW industry has developed a comprehensive (now
nearly worldwide) product stewardship program (PSP) to
identify and manage risks associated with production or use of
these fibers. In the United States, this voluntary program is
overseen by the Occupational Safety and Health Administra-
tion. Two components of the PSP are directed tomeasuring and
controlling occupational exposures to aluminosilicate and
related HTIWs. These efforts are well documented. As part of the
PSP, industrial hygienists from ASW producers monitor expo-
sures (including 8-h time-weighted average (TWA) respirable
fiber concentrations) at plants operated by producers and also at
customer facilities. Data collected by this program include
TWA fiber concentrations, jobs (partitioned into eight func-
tional job categories (FJCs)), tasks within jobs, exposure
controls, and use of personal protective equipment (PPE). Key
results of the exposure monitoring program include the
following: (1) exposures vary by FJC and task within FJC;
exposures are the highest for removal of after-service insulation,
(2) for comparable jobs exposures are slightly lower at plants
operated by producers, but the gap has narrowed over the years,
and (3) weighted (by number of workers in each FJC) fiber
concentrations have decreased over the years and now average
between .2 and .3 f ml�1, absent any correction for protection
associated with the use of PPE. However, there is substantial
variability in TWA fiber concentrations – even within a specific
FJC and plant the coefficient of variation s/m is typically >1.0.

Figure 2 shows weighted arithmetic mean time trends in
TWA fiber concentrations in the United States.
Toxicokinetics

The deposition and clearance of ASW and other fibers have
been extensively studied, which has resulted in the develop-
ment of a generally accepted paradigm of fiber toxicology often
described as ‘the 3 Ds’ for dose, dimension, and durability. The
inhaled dose depends upon the concentration of respirable
fibers (fibers capable of reaching the alveolar region, typically
those with diameters less than approximately 3.0 mm for
humans) and the exposure duration. Fiber dimensions are
important in several respects: (1) fiber dimensions (chiefly
diameter) determine whether a fiber is respirable, (2) fiber
dimensions determine the fraction of fibers deposited in the
alveolar region via diffusion, sedimentation, and impaction,
(3) fiber dimensions (diameter and length) affect the rate of



1990 1995 2000 2005 2010

Year

0

.5

1

1.5
Weighted Arithmetic Mean (f ml

−1
)

Customers

Manufacturers

Figure 2 Time trends in weighted average TWA fiber concentrations at
manufacturer and customer facilities.

158 Aluminosilicate Fibers
clearance of fibers from the lung, and (4) fiber length affects the
apparent toxicity of the fiber (other things being equal).
Finally, the toxicokinetics of a fiber depends upon its rate of
clearance from the lung. Clearance from the alveolar region
takes place by three mechanisms including (1) removal of short
(say <20 mmor approximately the diameter of an alveolar
macrophage (AM) in humans) fibers by phagocytosis of AMs,
(2) dissolution of both short and long fibers in lung fluids, and
(3) breakage of long fibers, which in the case of aluminosilicate
and other SVFs is chiefly transverse breakage, creating shorter
fibers capable of being removed by AMs. The temporal pattern
of lung burden of long fibers (e.g., those>20 mm long although
this threshold is not a ‘bright line’) is believed to be a key
determinant of the biological effects of exposure to SVFs.
Clearance rates of fibers are estimated in vitro by measured
dissolution rates (and derivatively a dissolution rate constant
Kdis) in simulated lung fluid or in vivo from short-term animal
inhalation studies. Data on fiber clearance from laboratory
animals after cessation of exposure often indicate that a ‘two-
pool’ model fits best. The weighted halftime for clearance of
long fibers (WT0.5) – a key measure of biopersistence – is found
to correlate well with the results of animal cancer bioassays.
Fibers with greater biopersistence are more likely to result in
tumors in animal bioassay studies.

One study presents a mathematical model to calculate the
deposition fractions of ASWs (using fiber dimensions similar to
those measured in occupational exposure studies) in humans as
approximately .08 and .16, respectively, for nose and mouth
breathing. Dissolution rates (typically measured in nanograms
per square centimeter per hour) from in vitro studies have been
measured for many SVFs, including aluminosilicate fibers, and
correlate well with weighted halftimes derived from in vivo
studies. The biopersistence of aluminosilicate fibers, asmeasured
by the weighted halftime of fibers>20 mm long from inhalation
studies, is approximately 53 days, which shows that ASW ismore
biopersistent thanmany SVFs, but comparable to those for other
SVFs including one type of rock wool, E-glass, and 475 glass. The
biopersistence of aluminosilicate fibers is substantially lower
than that for crocidolite asbestos (w800 days), which suggests
that the toxic effects of aluminosilicate fibers are likely to be
markedly less than those for this form of asbestos.
Mechanism of Toxicity

Numerous in vitro and in vivo studies have been conducted on
both natural and synthetic fibers to try to understand and
measure cytotoxicity, mutagenicity, and genotoxicity. Many of
these studies have proven inconclusive, so mechanism(s) of
action are still unclear. Other studies have indicated that
aluminosilicate fibers are less active biologically than various
forms of asbestos.
Acute and Short-term Toxicity (Animal/Human)

Aluminosilicate fibers have a recognized potential to cause
mild mechanical irritation to the respiratory tract (nose, throat,
and lungs), eyes, and skin of exposed individuals, a property
typically listed on safety data sheets.
Chronic Toxicity (Animal/Human)

Aluminosilicate fibers have been evaluated in several chronic
animal studies with various routes of exposure (inhalation,
intratracheal instillation, intrapleural injection, and intraperi-
toneal injection). Of greatest potential relevance are the results
of chronic inhalation studies, which indicated that rats and
hamsters exposed to aluminosilicate fibers developed fibrosis
and tumors. Interpretation of the results is made more difficult
by the fact that the experiments employed an aluminosilicate
fiber with a high and nonrepresentative content of particulate
material, believed to be an artifact of the test sample prepara-
tion method, resulting in lung overload. Acknowledging this
complication, IARC nonetheless concluded that there was
sufficient evidence for carcinogenicity of aluminosilicate fibers
in experimental animals, resulting in a cancer classification of
Group 2B. Other regulatory or advisory agencies have reached
similar conclusions. As noted above, ASW has been classified as
an SVHC in Europe.

The aluminosilicate fiber industry has sponsored several
epidemiological studies on workers exposed to these fibers. The
studies evaluated/measured symptoms, X-rays, pulmonary
function, and mortality. Collectively, these studies indicated
that exposed workers (1) exhibited symptoms (e.g., dyspnea)
similar to those reported in other dust-exposed populations,
(2) developed statistically significant, but not clinically signif-
icant, deficits in certain measures of pulmonary function in
a cross-sectional study, but no excessive decline in a later
longitudinal study, and (3) a dose-related increase in pleural
plaques, but no interstitial fibrosis. The mortality study indi-
cated that there was no incremental lung cancer and no cases of
mesothelioma. (The mortality study indicated that there was
a statistically significant association with cancers of the urinary
organs, an unexpected finding, which may be due to chance.)
The mortality study is ongoing.
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Immunotoxicity

There are limited reports indicating that aluminosilicate
fibers are immunotoxic. Additionally, depending upon the
end-use temperature and duration, the hot face of alumi-
nosilicate fiber insulation that has reached the end of its
service life may form crystalline quartz, cristobalite, or tri-
dymite. Respirable crystalline silica (RCS) is known to be
immunotoxic.
Reproductive and Developmental Toxicity

Reproductive toxicity screening was conducted as part of
Regulation, Evaluation, Authorisation and Restriction of
Chemicals (REACH) submittal for these fibers. Results were
negative: at what was regarded as the maximum usable dose
there were no adverse reproductive effects seen with RCF
administered by gavage. Exposure to reproductive organs is
extremely unlikely.
Genotoxicity

For the purposes of compiling a complete REACH registration
dossier for RCF/ASW, Covance (an independent quality-
assured toxicology testing facility) conducted studies to deter-
mine the genotoxic potential of ASW. The studies concluded
that in standard regulatory mutagenicity tests using five
different histidine-requiring strains of Salmonella typhimurium
(TA98, TA100, TA1535, TA1537, and TA102), ASW at
concentrations up to 5000 mg per plate did not induce gene
mutations. And, in a standard regulatory in vitro cytogenicity
assay using duplicate cultures of Chinese hamster ovary cells,
ASW up to and including a maximum practicable concentra-
tion of 1000 mgml�1 did not induce micronuclei in either pulse
or continuous exposure regimes. Study authors concluded that
ASW has no mutagenic activity in standard test systems for this
endpoint. (Note: In the absence of positive in vitromutagenicity
results, in vivo genotoxicity testing is not normally required and
was not conducted.)

The genotoxicity of aluminosilicate fibers has been evalu-
ated by two agencies (Health Council of the Netherlands and
SCOEL) that identified and reviewed the available literature.
These agencies concluded that results of the applicable studies
and the information that inflammation is the underlying
mechanism of fiber carcinogenicity strongly indicate that the
genotoxic effects observed in some (but not other) studies of
aluminosilicate were secondary. One consequence of this
conclusion is the possibility of a dose threshold for observed
carcinogenic effects (see below).
Carcinogenicity

Exposure to aluminosilicate fibers has been shown to cause
interstitial fibrosis, lung cancer, and mesothelioma in labora-
tory animals (hamsters and rats) exposed by various routes,
including nose-only inhalation. As noted above, the ongoing
epidemiology studies of occupationally exposed cohorts have
not resulted in any interstitial fibrosis, incremental lung cancer,
or mesothelioma.

Aluminosilicate fibers have been classified variously as
(1) possibly carcinogenic to humans (Group 2B) by IARC,
(2) reasonably anticipated to be a human carcinogen by the
National Toxicology Program, (3) according to Regulation
(EC) No 1272/2008 under the CLP Regulation (classification,
labeling, and packaging of substances and mixtures) ASW has
been classified as a 1B carcinogen (‘presumed to have carci-
nogenic potential for humans, classification is largely based on
animal evidence’), and (4) classification according to directive
67/548/EEC aluminosilicate fibers have been classified as
a Category 2 carcinogen (‘substances which should be regarded
as if they are carcinogenic to man’).
Ecotoxicity

The ecotoxicity of aluminosilicate fibers has not been studied.
However, these fibers are inorganic, inert, stable, and not
soluble in water (solubility <1mg l�1) and as such are unlikely
to have a detrimental effect on the environment.
Other Hazards

As noted above, ASWs are made using silica as an ingredient.
However, crystalline silica is not present in any ASW product as
sold or installed. When amorphous ASWs are used in high-
temperature applications, depending upon the end-use
temperature and duration, ASW can devitrify and form crystal-
line quartz, cristobalite, and tridymite, some of which may be
respirable. Thus, the possible hazard is associated only with
handling after-service insulation. Exposure to RCS has been
linked to adverse respiratory effects, including silicosis and lung
cancer. RCS is classified as a known human carcinogen by IARC.

Typically, formation of RCS from ASW is limited to the
surface of the hot face of the after-service insulation. The ASW
industry monitors RCS exposures for removal of after-service
insulation as part of its stewardship program. In most cases,
exposure monitoring indicates that RCS concentrations are
beneath the analytical limits of detection. Statistical analyses
suggest that average levels of RCS are beneath occupational
exposure limits (OELs) in force in the United States as of
December 2012.
Exposure Standards and Guidelines

Numerous countries and organizations have recommended or
mandated OELs for ASW. Table 1 provides a sample of appli-
cable values as of December 2012.

The industry’s recommended exposure limit (where more
stringent OELs are not in force) for ASW is .5 f ml�1 based on
feasibility and prudence, not demonstrated risk. The National
Institute for Occupational Safety and Health has reviewed
several risk analyses on occupational exposure to ASW and
reported that incremental working lifetime risk estimates range
from .073 to 1.2/1000 at an OEL of 0.5 f ml�1. Calculated risks
depend upon the models and assumptions.



Table 1 Specific OELs for aluminosilicate fiber

Country Occupational exposure limit (OEL) (f ml�1)

Austria .5
Belgium .5
Canada .2–1a

Czech Republic 1
Denmark 1
Finland .2
France .1
Italy .2
The Netherlands .5
Norway .1
Poland 1
Slovakia 2
Spain .5
Sweden .2
Switzerland .25
UK 1
USA .5
Japan 1
SCOELb .3

aOELs vary by territory for Canada.
bScientific Committee on Occupational Exposure Limits.
Sources: Diverse, including the ECFIA website (www.ecfia.eu/has_elv.htm).
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See also: Occupational Toxicology; Aerosols; Respiratory Tract
Toxicology; Pollution, Air in Encyclopedia of Toxicology;
Toxicity Testing, Inhalation; Silica, Crystalline
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l Chemical Abstracts Service Registry Number: 7429-90-5
l Synonyms: Aluminum, Molten, Metana, Aluminum

powder, Pyrophoric
l Molecular Formula: Al
l Valence States: þ1, þ2, þ3
Background

Although aluminum was one of the last metals to be commer-
cialized, it has been recognized for centuries. Aluminum was
first recognized by the Romans as an astringent substance, and
they called it ‘alum.’ By the middle ages it was manufactured as
‘alum stone,’ a subsulfate of alumina and potash. In 1825, Hans
C. Øersted was able to isolate a few drops of the raw material,
and by 1886 it had patents from both CharlesMartin Hall of the
United States and Paul-Louis-Toussaint Heroult of France.
Aluminum was commercialized in industry by the end of the
nineteenth century.
Uses

Aluminum can be used in several different ways, either alone or
compounded, and in a variety of forms, including powder.
Aluminum is frequently used in food packaging, and also in
utensils and electrical conductors. Aluminum compounds are
widely used in industry, in the form of alums in water treat-
ment and alumina in abrasives and furnace linings. However,
aluminum is used alone very rarely since it is such a soft metal.
It is often combined with other metals to create a stronger,
more durable metal. These combinations are called aluminum
alloys. Aluminum alloys are used extensively in aircraft.
Aluminum and aluminum salts can also be found in many
consumer products such as antiperspirants, food additives,
antacids, astringents, and buffered aspirins. Powdered
aluminum is used to make explosives and fireworks.

There has been concern about the exposures resulting from
leaching of aluminum from cookware and beverage cans;
however, aluminum beverage cans are usually coated with
a polymer to minimize such leaching. Leaching from
aluminum cookware becomes potentially significant only
when cooking highly basic or acidic foods, for example, in one
study, tomato sauce cooked in aluminum pans was found to
accumulate 3–6 mg aluminum per 100 g serving.

Aluminum is absorbed from the soil by many plants that
humans consume. The amount that a person would inhale
depends on where they reside, and aluminum levels are much
higher in industrial andurban areas. Another route of exposure is
through skin contact with soil, water, andwith aluminummetal.

Aluminum is a good conductor of both heat and electricity.
These properties make it suitable for industrial purposes.
Aluminum is used in alloys with copper, zinc, manganese, and
magnesium.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

l Routes and pathways relevant physicochemical properties
Melting point¼ 660 �C.
Boiling point¼ 2450 �C.
Specific gravity¼ 2.708 g cm�1.
Solubility: insoluble in H2O, HNO3. Soluble in HCl,
H2SO4.

l Partition behavior in water, sediment, and soil
The contribution of aluminum from drinking water is about
100 mg day�1.
Air aluminum concentrations vary between 20 and
500 ng m�3 in rural settings and 1000 and 6000 ng m�3

in urban areas. Humans exposed to ambient aluminum
concentrations of 2000 ng m�3 and particle size <5 mm
and who have a normal ventilator volume of 20 m3 day�1

would inhale 40 mg aluminum day�1.
l Environmental persistence

Aluminum cannot be degraded in the environment in its
elemental state, but can undergo various precipitation or
ligand exchange reactions. The solubility of aluminum in the
environment depends on the ligands present and the pH.

l Long-range transport
The major feature cycle of aluminum include leaching of
aluminum from geochemical formations and soil particu-
lates to aqueous environments, adsorption onto soil or
sediment particulates, and wet and dry deposition from the
air to land and surface water.

l Bioaccumulation and biomagnification
Aluminum does not bioaccumulate to a significant extent.
Thus, certain plants can accumulate high concentrations of
aluminum. Plant matter like tea leaves may contain
>5000mg kg�1 of aluminum. Lycopodium, some fern
species, and members of genera Symplocos or Orites may
contain high levels of aluminum. It does not appear to
accumulate to any significant degree in cow’s milk or beef
tissue, and it is therefore not expected to undergo
biomagnification in terrestrial food chains.
Exposure and Exposure Monitoring

Aluminum is the most abundant metal, and the third most
abundant element in the Earth’s crust. Human exposure to this
metal is common and unavoidable. However, intake is relatively
low because aluminum is highly insoluble in many of its
naturally occurring forms. Humans are always exposed to some
form of aluminum by eating food, drinking water, ingesting
aluminum-containing medicinal products, or just breathing air.
The average human intake is estimated to be 30–50mg day�1.
This intake comes primarily from foods, drinking water, and
pharmaceuticals. Food additives can contain aluminum; due to
certain additives, processed cheese and cornbread are two major
contributors to high aluminum exposures in the American diet.
Some common over-the-counter medications such as antacids
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and buffered aspirin contain aluminum, and can increase intake
significantly.
Toxicokinetics

Less than 1% of that taken into the body orally is absorbed from
the gastrointestinal tract. Aluminum can increase the absorption
of other chemicals such as fluoride, calcium, iron, and phos-
phates. Most of the aluminum absorbed into the body will
eventually end up in the bones or lungs. Aluminum that is not
absorbed by the bones or lungs is excreted by the kidneys.
Mechanism of Toxicity

Aluminum binds diatomic phosphates and possibly depletes
phosphate, which can lead to osteomalacia. High aluminum
serum values and high aluminum concentration in the bone
interfere with the function of vitamin D. The incorporation of
aluminum in the bone may interfere with deposition of
calcium; the subsequent increase of calcium in the blood may
inhibit release of parathyroid hormones by the parathyroid
gland. The mechanism by which aluminum concentrates in the
brain is not known; itmay interfere with the blood brain barrier.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acutely, aluminum itself has minimal systemic toxicity. Over-
all, animals become weaker and less active due to exposure.
Human

Aluminum has not been shown to alter the immune system in
humans exposed by the oral or inhalation routes. Skin sensi-
tization may occur.
Chronic Toxicity (or Exposure)

Animal

Cats and rabbits are aluminum sensitive, and have showed
neurotoxic effects from aluminum. There is no evidence that
aluminum exposure will affect reproduction. Toxicity of
aluminum in animals differs from humans because animals are
much more sensitive to high exposures. Monkeys on a low
calcium, high aluminum diet showed neurological disease
similar to those of amyotrophic lateral sclerosis and Parkin-
sonism. Rats and hamsters showed signs of lung damage after
breathing large amounts of aluminum dust. Death often
occurred after the inhalation of air highly concentrated with the
chemical.
Human

Fibrosis of the lung may occur through inhalation of
aluminum dust particles. Aluminum has been associated with
encephalopathy, bone disease, and anemia related to dialysis.
It has also been thought that aluminum may be a cofactor in
the etiopathogenesis of some neurodegenerative diseases,
including Alzheimer’s disease. Direct evidence, however,
cannot link the two together. Aluminum toxicity has been well
recognized in patients with renal failure. Also, an increased
concentration of aluminum in infant formulas and in solutions
for home parenteral nutrition has been associated with
neurological consequences and metabolic bone loss.
Immunotoxicity

There are insufficient data on the immunotoxicity effects of
aluminum.
Reproductive Toxicity

When AlCl3 was orally administered in various species such as
rat, guinea pigs, and rabbits, maximum doses of 27mg Al kg�1

for 20–30 days resulted in ‘slight’ gonadal toxicity. Oral doses
of 100–200mg Al kg�1 given for 6months resulted in
decreased numbers and motility of spermatozoa and prolifer-
ation of testicular interstitial cells at highest doses. The highest
doses (100 and 200mg Al kg�1 for> 4 weeks) via intraperito-
neal injection of soluble aluminum nitrate nonahydrate in
male rats before mating decreased pregnancy rates and weight
loss in males. A dose of 200mg kg�1 significantly decreased
epididymal spermatocytes and testicular spermatid, and
decreased organ weight as well. Considering the use, the forms
of aluminum, and the amount encountered in daily life, the
capacity should appear to be considerable in the safe margins
between unacceptable reproductive events and daily conditions
of usage or ingested aluminum.
Genotoxicity

Several studies indicate that various species of aluminum
compounds or complexes are capable of interaction with DNA
contained in chromosomes, which might lead to abnormalities
in their configuration and replication. In vitro experiments
indicate that aluminum-induced DNA binding and cross-
linking resulted in clastogenic effects, led to configuration
changes, and altered sister chromatid exchange, ineffective or
reduced DNA replication, and circular dichroism of DNA. It is
also suggested that accumulation of aluminum in cell nuclei
potentially alters protein–DNA interactions and calmodulin
biosynthesis. Theoretically, the altered configuration of
calmodulin can affect calcium modulation of the second
messenger system that is activated by neurotransmitters. Other
in vitro effects suggest aluminum-induced chromatid alteration.
The alternation and generalization of transformed cells to
normal, untreated cells are unknown.
Carcinogenicity

Aluminum is not classifiable as a human carcinogen; the
American Conference of Governmental Industrial Hygienists
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(ACGIH) classifies it as group A4. Most animal studies have
failed to demonstrate carcinogenicity attributable to aluminum
powder or several aluminum compounds. In 1987, the Inter-
national Agency for Research on Cancer (IARC) concluded that
there is sufficient evidence that certain exposures occurring
during aluminum production cause cancer of the lung and
bladder.
Clinical Management

Aluminum overload has very few treatment options. Besides
symptomatic treatment, deferoxamine is used as a chelating
agent.
Ecotoxicology

Aluminum occurs naturally in soil, water, and air. It is redis-
tributed or moved by natural and human activities. High levels
in the environment can be caused by the mining and process-
ing of its ores and by the production of aluminum metal,
alloys, and compounds. Small amounts of aluminum are
released into the environment from coal-fired power plants and
incinerators. Virtually all food, water, and air contain some
aluminum, which nature is well adapted to handle.
Exposure Standards and Guidelines

The ACGIH and the Occupational Safety and Health Admin-
istration (OSHA) in the United States have the following
airborne exposure limit:

l ACGIH threshold limit value: Aluminum oxide: 10mgm�3

(time-weighted average (TWA)) inhalable (total) particulate
matter containing no asbestos and <1% crystalline silica,
A4. Soluble salts as Al: 2mg m�3 (TWA).

l OSHA permissible exposure limit: Alpha alumina
(aluminum oxide): 15 mg m�3 total dust, 5 mg m�3

respirable fraction. Aluminum as metal: 15mg m�3

total dust, 5 mg m�3 respirable fraction.
See also: Metals.
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l Name: Aluminum phosphide
l Chemical Abstracts Service Registry Number: 20859-73-8
l Synonyms (Various Brand Names): Celphos, Alphos,

Quickphos, Phosfume, Phostoxin, Talunex, Degesch, Syn-
fume, Chemfume, Phostek, Delicia

l Molecular Formula: AlP
l Chemical Structure:
Uses

The primary use for AlP is as a fumigant to control insects and
rodents in both food and nonfood crops in indoor environ-
ments. It is also used in the control of rodents outdoors via
application to their burrows or in grain storage areas. Due to the
extremely commonuseof this compound for protecting rice, it is
also called rice tablet in some countries. AlP is formulated in
solid form and is available for use as a tablet, pellet, or dust. It is
marketed as dark gray 3-g tablets consisting of AlP (56%) and
carbamate (44%), under brand names such as Celphos, Alphos,
Quickphos, Phosfume, Phostoxin, Talunex, Degesch, Synfume,
Chemfume, Phostek, andDelicia in porous hags or blister packs.
Exposure Routes and Pathways

AlP is usually formulated as dark gray or dark yellow crystals
that have an odor similar to decaying fish or garlic. Most lethal
exposures to AlP occur via the oral route with suicidal intent.
Because it is a solid material, dermal absorption of AlP is
unlikely. AlP is highly reactive with water, such that any contact
with moisture results in decomposition to phosphine gas.
Phosphine gas is colorless, flammable, and explosive at room
temperature. Therefore, the primary exposure route is via
inhalation and absorption by the lungs. Exposure is also
possible through ingestion of commodities, such as grains and
nutmeats, treated with AlP; these foods may contain residues of
phosphine gas. Residues of phosphine gas in treated
commodities are expected to be <0.004 ppm (limit of detec-
tion in several studies) following aeration.
Toxicokinetics

Phosphine gas is rapidly absorbed through the lungs following
inhalation. Following ingestion of AlP, phosphine is released
as soon as AlP or other phosphide salts come into contact with
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hydrochloric acid in the stomach. Phosphine is quickly
absorbed and readily transferred to the bloodstream. Many
large organs are affected following exposure, suggesting that
phosphine is effectively distributed throughout the body.
In vitro studies suggest that phosphides are absorbed as
microscopic particles of unhydrolyzed salt that permanently
interact with free hemoglobin and hemoglobin in intact
erythrocytes (rat and human) to produce a hemichrome
(a methemoglobin derivative resulting from distorted protein
conformation). In addition, Heinz bodies (denatured hemo-
globin aggregates) are formed when phosphide concentration
in vitro exceeds 1.25 mg ml�1. Reports of in vivo phosphide
poisoning showed intravascular complications such as hemo-
lysis and methemoglobinemia, which support the involvement
of erythrocytes in the biotransformation of phosphine in
humans. Phosphine is excreted in the urine as hypophosphite
and is also exhaled in the unchanged form. There is evidence
that unexpired phosphine may be metabolized to phosphates,
hypophosphite, and phosphite.
Mechanism of Toxicity

Phosphine is known to bind to and inhibit cytochrome oxidase
and changes the valence of the hem component of hemo-
globin. Oxidative stress is one of the main mechanisms of
action of AlP toxicity, which boosts extramitochondrial release
of free oxygen radicals resulting in lipid peroxidation and
protein denaturation of the cell membrane in various organs.
Furthermore, AlP reduces glutathione, which is one of the main
antioxidant defenses. AlP causes toxic stress, accompanied by
changes in glucose metabolism. It also disrupts protein
synthesis and enzymatic activity, particularly in the lung and
heart cell mitochondria, which leads to blockage of the mito-
chondrial electron transport chain. Phosphine may cause
denaturing of various enzymes; it is involved in cellular respi-
ration and metabolism, and may be responsible for denatur-
ation of the oxyhemoglobin molecule.
Acute and Short-Term Toxicity

Animal

Acute exposure to elevated levels of phosphine gas by animals
(horses and rats) can result in lethargy, shallow breathing,
immobility, agitation, ataxia, convulsions, seizures, profuse
sweating, tachycardia, tachypnea, pyrexia, ataxia, widespread
muscle tremors, hepatic encephalopathy, and death. Clinically
relevant laboratory findings include hypoglycemia, high
plasma concentrations of lactate and ammonia, and increased
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00467-X
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activity of gamma-glutamyl transpeptidase, aspartate amino-
transferase, and alkaline phosphatase. The lethal concentration
50% (LC50) after inhalation for 4-h inhalation for phosphine
gas in rats has been found to be 15mgm�3 (11 ppm),
although a more recent study showed no mortality in male and
female rats exposed to a single 6-h exposure to 15mgm�3

suggesting that the 4-h inhalation LC50 for rodents may exceed
15 mg m�3.
Human

Acute oral exposure in humans has resulted in severe metabolic
acidosis, pulmonary edema, various cardiovascular abnormal-
ities such as dysrhythmia, transient atrial fibrillation, ST-T wave
changes and conduction defects, left ventricular heart failure,
sinus tachycardia, severe and refractory hypotension, and
refractory cardiogenic shock. These may result in cerebral
anoxia, which usually presents as drowsiness, delirium, and
coma following inadvertent or voluntary ingestion. These
effects are likely caused by the formation and subsequent
toxicity of phosphine gas liberated in the stomach following
contact with water. Other adverse effects that have been noted
in humans following accidental or suicide-related intake of
aluminum phosphide include gastrointestinal effects such as
abdominal pain and vomiting, severe thirst, hepatic effects
such as hyperemia and hepatic dysfunction, renal effects such
as profound proteinuria, anuria, and renal failure, and neuro-
logical effects such as restlessness and loss of consciousness.
Also some electrolyte and metabolic abnormalities may occur,
such as changes in blood levels of sodium, potassium, and
glucose as well as severe acidosis. Hepatitis, pancreatitis, acute
adrenocortical insufficiency, acute tubular necrosis, and
disseminated intravascular coagulation are less common find-
ings. The mortality rate in adults who have ingested 500 mg of
AlP or more is between 30% and 100%. The higher the blood
phosphine level, the higher the mortality. Patients with blood
phosphine levels equal to or less than 1.067 � 0.16 mg
survived, and this dose seems to be the lethal threshold of
phosphine toxicity. Poor prognosis is indicated by hypergly-
cemia, high simplified acute physiology score (SAPS II),
hypotension, acidosis, leukocytosis, hyperuricemia, electro-
cardiographic (ECG) abnormalities, high acute physiology and
chronic health evaluation score (APACHE II), low Glasgow
coma scale score, acute renal failure, low prothrombin rate,
hyperleukocytosis, methemoglobinemia, use of vasoactive
drugs, lack of vomiting after ingestion, and use of mechanical
ventilation.
Chronic Toxicity

Animal

In chronic studies with rats, exposure to AlP-fumigated chow
(4.5 mg m�3 phosphine) resulted in a decrease in food intake,
body weight, hemoglobin level, red blood cells, hematocrit,
and an increases in platelet counts. Following a 4-week
recovery period, symptoms were absent in many of the exposed
rats, suggesting apparent reversibility. Neither AlP nor phos-
phine gas exhibits carcinogenic, reproductive, or develop-
mental effects in animals.
Human

There is evidence that long-term phosphine exposure by indi-
viduals involved in the application of pesticides resulted in
chromosome damage. Chronic exposure to very low levels of
phosphine may result in altered motor, visual, and speech
skills. Neither AlP nor phosphine gas exhibits carcinogenicity
in humans, or results in reproductive or developmental effects.
Although definitive evidence is lacking, it is assumed that
phosphine is an inhibitor of oxidative phosphorylation in vivo.
In Vitro Toxicity Data

Phosphine has been reported as negative for induction of
reverse gene mutations up to cytotoxic doses in the Ames assay
(Salmonella typhimurium). Increased chromosomal aberrations
were reported in Chinese hamster ovary (CHO) cells exposed
to doses of about 2500 or 5000 ppm of phosphine without
activation with the S9 fraction. Chromosomal aberrations in
CHOs were also reported in cells tested with S9 activation at
2500 ppm, but not at 5000 ppm.
Clinical Management

An antidote proper for phosphine poisoning is still unavailable.
If the victim has ingested AlP, emesis should not be induced.
Phosphine gas will be produced in the stomach when AlP
contacts the resident gastric fluids. A slurry of activated charcoal
may be administered at 1 g kg�1 body weight although no study
has proved its efficacy in humans. Any victim who has ingested
AlP should be immediately transported to a medical facility for
treatment and monitoring. Gastric lavage with potassium
permanganate, activated charcoal þ sorbitol solution, and
coconut oil can be performed as the first emergency step.
Potassium permanganate (1:10 000 solution) oxidizes phos-
phine gas in the stomach to phosphate, and reduces the amount
of lethal phosphine gas. Cardiac monitoring should include
blood pressure and ECG to prevent dysrhythmia and maintain
tissue perfusion and oxygenation. Another necessary step in the
management of AlP poisoning is early treatment of shock with
fluid and vasoactive agents (norepinephrine or phenylephrine,
dopamine, and dobutamine) to control central venous pressure
(CVP) or pulmonary artery wedge pressure (PAWP).

Anti-arrhythmic agents, direct current (DC) cardioversion,
and a temporary pacemaker should be used to control
dysrhythmia. Some reports suggest the efficacy of trimetazidine
and digoxin in the management of AlP cardiotoxicity. Trime-
tazidine has recently proven to be effective in stopping
ventricular ectopic beats and preserving oxidative metabolism.
In addition, digoxin can be used to stabilize left ventricular
heart failure. For metabolic acidosis, intravenous sodium
bicarbonate should be considered, whereas severe acidosis,
volume overload, or renal failure may require hemodialysis.
However, hemodialysis is probably not very effective in
removing phosphine. Rescuers need to be aware of any solid
phosphide contamination on the victim’s clothing, skin, or
hair, which will produce phosphine following contact with
water, as well as any vomitus which could give off phosphine
gas. Preventive measures might help control the risk of
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poisoning in humans, such as limited access to phosphide
compounds, regulations to ban its use as a pesticide, and
keeping health professionals abreast of the latest knowledge
about early management of phosphide poisoning.
Agency guidelines (ppm) Averaging time

US EPA RfC (0.000 2) 24 h a day for a lifetime
OSHA PEL (0.3) 8 h a day over working lifetime
ACGIH TLV–TWA (0.3) 8 h a day over working lifetime
ACGIH ERPG-2 (0.5) 1 h
NIOSH IDLH (50) NA

US EPA, United States Environmental Protection Agency; OSHA, Occupational
Safety and Health Administration; NIOSH, National Institute for Occupational Safety
and Health; ACGIH, American Conference of Governmental Industrial Hygienists;
RfC, reference concentration; PEL, permissible exposure limit; TLV, threshold limit
value; TWA, time-weighed average; ERPG-2, Emergency Response Planning
Guideline; IDLH, immediately dangerous to life or health; NA, not applicable.
Environmental Fate

Once exposed to water or in the presence of high ambient
humidity, AlP generates phosphine gas. Therefore, atmospheric
dissipation is expected to be the primary fate process for
phosphine. In addition to phosphine being generated from the
reaction of AlP with water, the other reaction product is
aluminum hydroxide, a common constituent of clay. If the
liberated phosphine (PH3) burns, it will produce phosphorus
pentoxide (P2O5), which forms orthophosphoric acid (H3PO4)
when exposed to water.
Ecotoxicology

Very limited ecotoxicological data are available on the effects of
phosphine; very few data were found for the effects of AlP on
wildlife.One study reported that turkeys and chickens exposed to
phosphine gas at concentrations of 211 and 224 mg m�3 for 74
and 59 min, respectively, exhibited dyspnea, organ swelling,
convulsions, and death. These types of effects are unlikely in the
unconfined atmospheric conditions to which most birds and
wildlife are exposed in nature. However, if misapplied or
disposed of incorrectly, phosphine gas liberated from the
decomposition of AlP could represent a significant hazard to
nontarget wildlife exposed to the gas in burrows or other
confined spaces. Under most circumstances, exposure to aquatic
organisms would be unlikely due to the limited use of AlP in
terrestrial environments. Two studies of aquatic toxicity are
available in the literature. Both studies were acute tests on fish
(snakehead catfish and rainbow trout). The reported lethal
concentration (LCW) values were 0.10 and 0.004mg l�1 for the
snakehead catfish and rainbow trout, respectively. These results
indicate that phosphine is highly toxic to these fish species.
Although there are very few data for other bird or fish species, it is
possible that other members of these taxa may be similarly
sensitive to the effects of phosphine due to an anticipated similar
mode of action.

No chronic ecotoxicity data exist for AlP or phosphine in the
available literature.

Other Hazards

Any individual previously exposed to AlP should check with
their doctor before taking vitamins that contain phosphorus
supplements.
Exposure Standards and Guidelines

Several agencies have established exposure standards or
guidelines for AlP as phosphine (summarized in Table 1).
Generally, a standard or guideline represents the concentration
that if met will prevent an adverse effect from occurring at low
exposure doses, and will therefore necessarily prevent the
occurrence of the more serious effects that are known to occur
at higher doses. The chronic reference concentration (RfC)
of 0.0002 ppm (0.0003mgm�3) for phosphine was set to
prevent decreases in body weight in the general population
over a lifetime of exposure. The American Conference of
Governmental Industrial Hygienists threshold limit value of
0.3 ppm was set to prevent irritation and adverse effects to the
central nervous system and gastrointestinal tract in workers
exposed for 8 h day�1 throughout their working life.

See also: Phosphine; Phosphorus.
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l CAS RN: CAS 67485-29-4
l Synonyms: Tetrahydro-5,5-dimethyl-2(1H)-pyrimidinone

[3-[4-(trifluoromethyl)phenyl]-1-[2-[4-(trifluoromethyl)
phenyl]ethenyl]-2-propenylidene]hydrazone; AC 217,300;
Andropro; Combat; Hydramethylnon

l Molecular Formula: C25H24F6N4 (494.5 gmol�1)
l Chemical Structure:
Background

Amidinohydrazones were synthesized as experimental
insecticides by American Cyanamid Co. in the late 1970s,
and Amdro was selected for commercial development.
Amdro is typically formulated as tan to yellow granules
having an odor of vegetable oil. Amdro is a slowly acting
stomach poison. It is selective for insects with chewing or
sponging mouthparts, and has low activity when applied
topically or as a surface contact insecticide. Insects exposed
via ingestion show no signs of intoxication for the first 24 h,
but subsequently stop feeding and become lethargic. Insects
become moribund after 3–4 days of exposure, but death can
be further delayed for several more days. Injected doses,
however, are toxic to both sensitive and insensitive insect
species, indicating that pharmacokinetic differences are
responsible for selectivity. The unusual penetration/disposi-
tion of Amdro is therefore a critical determinant in its bio-
logical activity and has limited its commercial uses as an
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
insecticide. However, the slow action of Amdro is essential to
its effectiveness against ants and cockroaches. For ants, an
effective chemical needs to be distributed throughout the
colony by foraging workers prior to overt toxicity. In cock-
roaches, significant mortality of first instar nymphs resulted
from ingesting the feces of exposed adults, where the slow
action of Amdro allows the adults to return to harborages
before they die. The nymphal ingestion of Amdro via
coprophagy is a unique property of the chemical that
enhances its ability to reduce cockroach populations.
Uses

Amdro is used as an insecticide, and is typically formulated as
a bait. A granule bait formulation is applied to lawns to control
fire ants. It usually works in 7–14 days when applied as
a mound treatment, and 2–3 weeks when broadcast. A 0.1%
Amdro bait is typically applied at 1–2 pounds acre�1 when
used on larger fields. If applied to pastureland, a 7-day waiting
period should be observed before cutting or baling hay.
Outdoor plastic ant stakes or indoor plastic bait stations are
also used with Amdro as general ant killers. For cockroach
control in homes, warehouses, restaurants, etc., Amdro is
applied within a plastic bait station or with a gel applicator
syringe. The bait is dispensed in areas where cockroaches
congregate, such as kitchens, under appliances, etc. The use of
plastic bait stations reduces chemical exposure of children
and pets.
Environmental Behavior, Fate, Routes, and Pathways

Amdro has the following physico-chemical properties. Its
water solubility is 6 ppb, but it is freely soluble in acetone
and somewhat soluble in ethanol and methanol. It has a POW

value of 204 at pH 7 and 20 �C. Amdro binds to soil organic
matter and photolysis on the soil surface is biphasic, with
half-lives of 4 days and about 30 days. It has half-lives for
aerobic soil metabolism of 385 days, and for anaerobic
aquatic metabolism of 445–552 days. Thus, Amdro on soil
surfaces appears to be nonpersistent and immobile, while
subsurface residues are more persistent, but still immobile,
so its expected environmental transport is limited. Amdro
has little potential to leach into groundwater, due to its low
water solubility, propensity to bind to soil organic matter,
4-3.00095-6 167
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and the fact that it photodegrades in water with a half-life of
under 1 h.

Amdro displays a tendency to accumulate in fish tissues,
with reported bioconcentration factors of 1300� in whole fish,
780� in fillet, and 1900� in viscera. Tissue clearance of Amdro
residues was slow, with 48–63% eliminated after a 14-day
period, but considering its current limited outdoor use, low
aqueous solubility, photodegradation in water, and high soil
sorption affinity, the compound is expected to display little
bioaccumulation in the environment.
Exposure and Exposure Monitoring

Ingestion is the primary route of exposure for deployed uses,
while occupational exposure may occur via inhalation and
dermal routes. Dermal absorption in rats was about 1% of the
applied dose in 10 h. Nontarget exposures to humans and pets
via Amdro baits are low. Exposures via food and drinking water
contamination are negligible.
Toxicokinetics

Consistent with studies in cockroaches, Amdro is not well
absorbed via the oral route in rats and is also poorly
metabolized. Rats eliminated over 90% of the dose in the
feces, and over 70–85% as parent compound, within 36 h.
Urinary metabolites were 1–4% of the total administered
compound, composed primarily of a cinnamic acid and
a substituted p-toluic acid as the two main polar metabolites.
Unmetabolized parent compound was also the most abun-
dant chemical species found in sampled tissues, including
the liver.
Mechanism of Action

Amdro’s slow action would suggest a nonneuronal site of
action. It inhibits mitochondrial respiration at micromolar
concentrations in intact Chinese hamster ovary cells, as well as
isolated mitochondrial preparations, in vitro. Sequential isola-
tion of coupling sites with specific substrates showed that it was
the most potent and effective inhibitor when succinate was
used as the electron donor. Thus, coupling site III (cytochrome
b to c1 complex) is the primary target site. A number of envi-
ronmental and metabolic degradation products were also
examined and shown to be inactive, confirming that Amdro
itself is the toxophore.
Acute and Short-Term Toxicity

Amdro belongs to EPA toxicity class III. The oral lethal dose 50
percent (LD50) in male and female rats was 817–1502 mg kg�1

(1146 mg kg�1 combined). Signs of intoxication were ataxia,
diuresis, anorexia, nasal bleeding, bloody tears, and salivation.
The acute dermal LD50 in rabbits was >2000 mg kg�1. The
acute (4 h) inhalation lethal concentration 50 percent (LC50) in
rats was 2.9 mg l�1, with overall similar clinical signs, but also
with rales, labored breathing, and yellow material on the fur.
Amdro is not a dermal irritant or a skin sensitizer, but is a mild
eye irritant.
Chronic Toxicity

A 6-month feeding study in dogs reported increased incidence
of soft stools, mucoid stools, and diarrhea at the highest level
of exposure (3.0 mg kg�1 day�1), when given for 26 weeks.
However, food consumption and weight gain were normal,
and although there was increased liver size, histopathological
examination found no abnormalities. Dietary exposures of up
to 200 ppm in rats found a reduction in body weight and
food consumption with no effect on survival, even at the
highest dosage. Dose-dependent amyloidosis of the kidney
occurred in females at 50 and 100 ppm. Amdro is not a neu-
rodevelopmental toxicant and is not teratogenic in either rats
or rabbits. Little is known regarding chronic effects of Amdro in
humans.
Reproductive and Developmental Toxicity

No reports of reproductive effects in humans have appeared.
Overall, negative effects of Amdro on development of offspring
in animal studies only occurred at doses producing maternal
toxicity. Effects on males were more potent. In rat feeding
studies, the reproductive toxicity, no observable adverse effect
level (NOAEL) was 25 ppm (1.66 mg�1 kg�1 day�1 for males),
based on the histological findings in the testes, which included
degeneration of the germinal epithelium and aspermia, as well
as increased cellular debris in the epididymides. At 75 ppm
(5.05 mg�1 kg�1 day�1 in males), male reproductive perfor-
mance was reduced, as evidenced by lower pregnancy rates and
smaller litters. The NOAEL for offspring toxicity was taken as
75 ppm, the highest dose tested.
Genotoxicity

Amdro was negative in Salmonella typhimurium/Escherichia coli
reverse gene mutation assays, Schizosaccharomyces pombe
P1 forward gene mutation assay, Chinese hamster ovary chro-
mosome aberration, and Saccharomyces cerevisiae D4 mitotic
gene conversion assay.
Carcinogenicity

Based on an increase in lung adenomas and lung adenomas/
carcinomas in femalemice from25 to 100 ppmexposures in the
diet, Amdro has been classified as a Group C possible human
carcinogen by the US Environmental Protection Agency.
Clinical Management

When dermally exposed to Amdro, remove contaminated
clothing and wash the exposed area with soap and water.
Any persistent irritation of the skin should be examined by
a physician. For eye exposures, irrigate exposed eyes with plenty
of water (room temperature) for at least 15 min. If there is
persistent irritation, pain, swelling, lacrimation, or photo-
phobia, seek medical attention. In case of oral exposure to
Amdro, drink 1–2 glasses of water and induce vomiting, and/or
administer activated charcoal as a slurry (240 ml water/30 g



Amdro 169
charcoal). If seizures are present, seek medical attention, where
standard doses of benzodiazepines, such as diazepam or lor-
azepam, are administered, as needed, for suppression of
symptoms. If seizures recur, phenobarbital or propofol may
be used. Patients should be monitored for hypoten-
sion, dysrhythmias, respiratory depression, and the need for
endotracheal intubation, as well as hypoglycemia, electrolyte
disturbances, and hypoxia.
Ecotoxicology

Amdro is practically nontoxic to birds, with oral LD50 values in
mallard duck and bobwhite quail of 2510 and 1825 mg kg�1,
respectively. Amdro is moderately to highly toxic to fish. The
LC50 (4 days) values for Amdro in fathead minnow (Pimephales
promelas), rainbow trout (Onchorhyncus mykiss), and channel
catfish (Ictalurus punctatus) are ca. 75, 160, and 100 ppb,
respectively. For the water flea (Daphnia magna) and third instar
larval midge (Chironomus plumosus) the LC50 (2 days) values are
1140 and 140 ppb, respectively. A more recently reported value
for D. magna LC50 is 130 ppb, more in line with the Chironomus
result. Amdro is of low toxicity to honey bees in a standard
acute contact assay, consistent with its known action as
a stomach poison. Its toxicity to aquatic algae (4-day LC50) is
5 ppb to Chlorella spp. and 18 ppb to Dunaliella tertiolecta. The
LC50 to the marine haptophyte (Isochrysis galbana) occurs at
2.9 and 0.24 ppb in the marine diatom Skeletonema costatum
(4-day values in each case).
Exposure Standards and Guidelines

Although chronic human exposures were judged to be
unlikely, a NOAEL of 1 mg kg�1 day�1 was established. This
NOAEL was used to derive a reference dose for Amdro, which
is 0.01 mg kg�1 day�1, where lifetime exposures at this level
are not expected to cause a risk to human health. A factor in
this calculation is that dietary residues for Amdro are negli-
gible, and accordingly, no residues were found in goat milk or
tissues after 8 days in the diet at 0.2 mg kg�1, or in cow milk or
tissues at 0.05 mg kg�1 for 21 consecutive days. Although
agricultural uses for Amdro are limited to ant control, residue
tolerances have been set for forage grasses, hay, and pineapple
at 0.05 ppm, meaning that Amdro residues up to this level
are still considered acceptable for animal and human
consumption.

See also: Pesticides.
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Overview

The American Academy of Clinical Toxicology (AACT) was
established in 1968 by a group of physicians and scientists
with the goal of advancing the diagnosis and treatment of
poisonings. In 1974, the AACT established the American Board
of Medical Toxicology to certify physicians in the specialty of
clinical toxicology, which was recognized as a subspecialty
in 1992 by the American Board of Medical Specialties. In
1985, a second certifying board, the American Board of Applied
Toxicology (ABAT) was established for nonphysician peer
recognition.

Today, the AACT is an international organization whose
membership comprises clinical and research toxicologists,
physicians, veterinarians, nurses, pharmacists, analytical chem-
ists, industrial hygienists, poison information center specialists,
and allied professionals.
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Mission Statement

The AACT is a multidisciplinary professional organization uniting
scientists and clinicians in the advancement of research, education,
prevention, and treatment of diseases caused by chemicals, drugs,
and toxins.

The founders of the AACT established the Academy to:

l Promote the study of health effects of poisons on humans and
animals.

l Unite into one group scientists and clinicians whose research,
clinical, and academic experience focus on clinical toxicology.

l Foster a better understanding of the principles and practice
of clinical toxicology.

l Encourage development of new therapies and treatment in
clinical toxicology.

l Facilitate information exchange among individual members
and organizations interested in clinical toxicology.

l Define the position of clinical toxicologists on toxicology-related
issues.
American Board of Applied Toxicology

The ABAT was established by the AACT to provide special
recognition to professionals (other than practicing physicians)
who demonstrate exceptional knowledge, experience, and
competence in applied clinical toxicology. An examination is
administered periodically and is open to AACT members who
meet the qualifications. Candidates who pass the examination
are awarded the status of Diplomate of the American Board of
Applied Toxicology.
Resources/Publications

As a result of an earlier collaboration regarding gastrointes-
tinal decontamination, the Academy now collaborates with
Encyclopedia of T
the European Association of Poisons Centres and Clinical
Toxicologists (EAPCCT) to develop position statements on
various clinical toxicology-related topics, such as snake
envenomation and ipecac syrup. These position statements
were systematically developed (and are routinely updated) as
clinical guidelines intended for the in-hospital treatment of
the poisoned patient. As the need arises, an ad hoc committee
is appointed to develop an Academy position paper. These
position statements/papers are published in Clinical Toxi-
cology. Clinical Toxicology is the official journal of the AACT,
the EAPCCT, and the American Association of Poison Control
Centers.

The Academy also regularly publishes a newsletter, AACTion
Newsletter, which can be accessed on the Academy website.
Special Interest Groups

Special interest sections of the AACT provide individuals with
the opportunity to interact with professionals who have
similar interests and to participate in specific educational and
research forums. The AACT maintains six Specialty Sections:
Acute & Intensive Care Toxicology, Pediatric Toxicology,
Occupational & Environmental Toxicology, Medical Legal,
Envenomations, and Herbs & Dietary Supplements. A full
description of each interest group can be found on the AACT
website.
Annual Scientific Meetings

The AACT coordinates the North American Congress of Clinical
Toxicology, a forum for presentations on clinical and applied
research. Special symposia and technical training courses also
are conducted.
Research Awards

AACT Research Award Grant – The goal of this grant program is
to provide competitive funding for clinical research that
encourages the development of new therapies and treatment
and adds to the understanding of the principles and practice of
clinical toxicology.

Lampe–Kunkel Memorial Award for Research on Natural
Products of Toxicology – The goal of this grant program is to
provide competitive funding for original research to investigate
some aspect of toxicity due to naturally occurring phenomenon
(i.e., plants, mushrooms, algae, insects, snakes).

AACT Junior Investigator Research Grant Program – This
is a research grant program that supports clinical toxicology
research and the development of new investigators’ research
skills, with an emphasis on the mentoring of new researchers.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00688-6
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Contact AACT

National Office, 6728 Old McLean Village Drive, McLean,
VA 22101, 703-556-9222 (voice); 703-556-8729 (fax). E-mail:
admin@clintox.org, URL: http://www.clintox.org/index.cfm.
See also: American Board of Toxicology; American College of
Toxicology; Society of Toxicology; American Association of
Poison Control Centers; American College of Medical
Toxicology; Poisoning Emergencies in Humans; Drug and
Poison Information Centers; The European Association of
Poisons Centres and Clinical Toxicologists (EAPCCT).
Relevant Websites

http://www.clintox.org/index.cfm – AACT.
http://www.clintox.org/ABAT_Main.cfm – ABAT.
http://www.aapcc.org/ – American Association of Poison Control Centers.
http://www.calpoison.org/ – California Poison Control System.

mailto:admin@clintox.org
http://www.clintox.org/index.cfm
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Overview

The American Association of Poison Control Centers (AAPCC)
represents and supports the network of 57 poison centers in the
United States in the interests of poison prevention and in
the treatment of poison exposures. The AAPC maintains the
National Poison Data System, the largest poison informa-
tion and surveillance database in the United States, which
collects and monitors adverse incidents across the nation every
19min and alerts federal, state, and local agencies of noteworthy
events. The AAPCC conducts national outreach and education in
partnership with the individual poison centers. The AAPCC sets
accreditation standards for poison center operations and certifies
poison specialists who respond to inquiries from the public,
health-care providers, and emergency response personnel. In
2010, the 57 poison centers across the United States received
approximately 4million calls; 2.4million of these calls were
related to exposures and the rest were requests for information.
The AAPCC has established the following national toll-free
number for poisoning emergencies: 800-222-1222. (For
a complete listing of poison centers, refer to www.aapcc.org.)
Mission

The AAPCC advances poison centers in their public health
mission through information, advocacy, education, and
research. Poison centers reduce the morbidity and mortality
from unintentional poisonings by responding to calls for
assistance related to foodborne toxins, medications, animal
and environmental toxic events, and hazards.
Membership Criteria

Membership categories of the AAPCC include US Poison
Center Member, Poison Prevention Education Center, Asso-
ciate Institutional Member, Canadian Associate Institutional
Member, Animal Poison Center, Industry Product Surveillance
Service of Industry Poison Center, Individual Member,
Honorary Member, and Sustaining Member.
Key Activities

The activities of the AAPCC include the following:
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l Accreditation of regional poison centers and certification of
poison center personnel.

l Interaction with private and governmental agencies whose
activities influence poisoning and poison centers.

l Development of public and professional education
programs and materials.

l Collection and analysis of national poisoning data.
l Promotion and support of legislation to improve poison

prevention practices and programs.
l Participation on and partnerships with national coalitions

and committees to advance public safety and poison
prevention.
Publications

The AAPCC publishes the following:

l Annual Report of the American Association of Poison
Control Centers’ National Poison Data System published
every December in Clinical Toxicology and available on the
Association’s website.

l The Association’s newsletter, The Poison Line, published six
times a year.

l An online discussion forum called ‘Patient Management
Guidelines for Poisonings.’

l Clinical Toxicology is the official journal of the American
Association of Poison Control Centers (and the American
Academy of Clinical Toxicology and the European Associ-
ation of Poisons Centres and Clinical Toxicologists).
Meetings

Each year, the Association holds a national conference of
poison center leaders that addresses scientific issues related to
poisoning and poison prevention. AAPCC also conducts
business meetings and holds committee meetings at this
conference.
Awards and Grants

The AAPCC offers research awards to educators and specialists
in poison information. Awards for best original scientific poster
and best original scientific platform are presented annually at
the North American Congress of Clinical Toxicology.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00689-8
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The American Board of Toxicology, Inc. (ABT) certifies indi-
viduals in general toxicology through a process that evaluates
expert knowledge as demonstrated by education, experience,
and passage of a comprehensive written examination. Certified
individuals are initially recognized by being designated as
Diplomates of the ABT for a period of 5 years.

ABT objectives are to encourage the study of the science of
toxicology and to stimulate its advancement by promulgation
of standards for professional practice. It is ABT’s policy that
Diplomates demonstrate a continual commitment to excel-
lence in the science of toxicology. Successful achievement of
these goals as outlined by the Board will result in an individual
maintaining recognition as a Diplomate by the ABT.

The ABT has identified three performance criteria by which
a Diplomate will be evaluated pursuant to recertification. These
criteria are (1) Active Practice of Toxicology, (2) Continuing
Education, and (3) Maintaining Expert Knowledge in General
Toxicology. Each Diplomate, at the beginning of the fourth year
of their current certification, will be required to apply for
recertification. ABT will review activities in each of the three
performance areas and notify the Diplomate of acceptable
progress or deficiencies that need to be addressed. If, in the
opinion of the Board, a Diplomate is not compliant with each
of the three criteria at the end of the fifth certification year, that
Diplomate may be required to successfully pass the formal
certification examination. Diplomates who are compliant with
each of the three performance criteria will be certified for an
additional 5 years.

Active Practice of Toxicology: Active practice is defined as
performing, directing, or managing toxicology activities such as
research, testing, teaching, clinical practice, or regulation.

Continuing Education: A successful program of continuing
education may encompass myriad diverse activities. The study
of published texts, periodicals, or scientific journals germane to
toxicology is a means by which Diplomates routinely maintain
or expand their knowledge of toxicology. Other evidence
of a commitment to continued education is attendance at
specific programs where toxicology themes are presented in
a comprehensive or in-depth manner. Such programs are
often held during general or annual meetings of the Society
of Toxicology, American College of Toxicology, Federation of
American Societies for Experimental Biology, Environmental
Mutagen Society, Teratology Society, American Association for
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Cancer Research, or Chapter Meetings of the Society of Toxi-
cology. Attendance Forum or Target Organ Conferences also
provide opportunities to maintain or expand a Diplomate’s
knowledge of toxicology.

Maintaining Expert Knowledge of General Toxicology: It is
held that an objective mechanism is required for the Diplomate
and ABT to gauge the success of their efforts to maintain expert
knowledge in general toxicology. A recertification examination
prepared by the ABT is to serve in this evaluation process during
the first two recertification cycles. Diplomates will have the
opportunity to privately complete the recertification examina-
tion during the fourth year of their certification period using
their own reference material as needed. The completed exam-
ination will be graded by ABT. The Diplomate must answer
80% of the questions on each of the three parts correctly in
order to pass. Subsequent recertification cycles will require the
submission of examination questions for the test bank.

Summary of Recertification Process: Each Diplomate
maintains a personal file of activities germane to the Active
Practice and Continuing Education criteria for certification, that
is, name of meeting attended, number of hours, title, topics,
faculty, etc. Each Diplomate is required to be recertified every
5 years in order to maintain the Diplomate status.
Contact Details

American Board of Toxicology, P.O. Box 30054, Raleigh, NC
27622, USA. Tel.: þ1 919 841 5022. URL: http://www.abtox.
org/HomePage.aspx.
See also: American Board of Toxicology; American College of
Toxicology; The Hamner Institutes for Health Sciences;
EUROTOX; The International Society for the Study of
Xenobiotics; Society of Environmental Toxicology and
Chemistry; International Union of Toxicology; Society of
Toxicology.

Relevant Website

http://www.abtox.org – American Board of Toxicology - home page.
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Overview

The American College of Medical Toxicology (ACMT) is
a 501(c)6 nonprofit organization that was established in 1993
as the primary organization to serve physicians who are
medical toxicologists. As of 2013, ACMT is the largest organi-
zations of Board-certified medical toxicologists in the world.
The organization’s goal is to support quality medical care for
persons exposed to potentially harmful pharmaceuticals and
chemicals and to support training of the physicians who
provide this care.
Mission Statement

The mission of ACMT is to “advance quality care of poisoned
patients and public health through physicians who specialize
in consultative, emergency, environmental, forensic, and
occupational toxicology.”
Governance

ACMT is governed by a 13-member Board of Directors. The
ACMT national headquarters is located in Phoenix, Arizona,
and is supported by a five-member staff.
Membership

Full membership in ACMT is restricted to those physicians who
are Board-certified in medical toxicology. Membership is also
available to fellows-in-training, residents andmedical students,
international members, and affiliate members. As of 2013,
ACMT had grown to more than 650 members.
Resources/Publications

The Journal of Medical Toxicology (JMT) is the official journal of
ACMT and is published quarterly by Springer. This interna-
tional, peer-reviewed journal is dedicated to advancing the
science and practice of medical toxicology. JMT is indexed by
the library of medicine and is available online through many
libraries around the world.

ACMT Newsletter is a bimonthly newsletter for ACMT
members appearing six times a year. The newsletter features
member news, current news and popular culture in toxicology,
president’s report, current information on billing and reim-
bursement in toxicology, and information about conferences
and events in toxicology.
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Committees/Sections

Operationally, ACMT is organized into committees and
sections. ACMT committees include people whose primary
focus is on education, practice, guideline development,
research, media, fellowship program support, membership,
nominations, and awards. ACMT also supports sections on
addiction medicine, government, industry, legal and consul-
tative, medication management, military, and a recent graduate
section.
Scientific Meetings

ACMT hosts its Annual Scientific Meeting each spring. High-
lights of this meeting include original research presentations,
a fellow research forum, an open mike forum, cutting edge
plenary lectures, and practice and career development sessions.
Abstracts presented at the Annual Scientific Meeting are pub-
lished in JMT. ACMT also organizes periodic courses on
forensic toxicology, chemical terrorism, and emerging drug
epidemics, and is a contributing society to the North American
Congress of Clinical Toxicology each fall.
The Toxicology Investigators Consortium Case
Registry

Established in 2010, ACMT developed and hosts the Toxi-
cology Investigators Consortium (ToxIC) Case Registry. This
registry is the largest database of toxicology patients treated
by medical toxicologists in the world. More than 35 sites
from the United States and other parts of the world
contribute cases to this registry. As of September 2013,
almost 24 000 cases have been entered into this registry.
JMT publishes the annual reports from the ToxIC Case
Registry.
Awards

ACMT in conjunction with the Medical Toxicology Founda-
tion supports awards in research innovation, education
innovation, and young physician development in medical
toxicology.

See also: American Board of Toxicology; American College of
Toxicology; American Academy of Clinical Toxicology;
Poisoning Emergencies in Humans; Drug and Poison
Information Centers; The European Association of Poisons
Centres and Clinical Toxicologists (EAPCCT).
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Further Reading

Wax, P.M., Kleinschmidt, K.C., Brent, J., ACMT ToxIC Case Registry Investigators, Dec
2011. The toxicology investigators consortium (ToxIC) registry. J. Med. Toxicol. 7
(4), 259–265.

Wiegand, T.J., Wax, P.M., Schwartz, T., Finkelstein, Y., Gorodetsky, R., Brent, J.,
Toxicology Investigators Consortium Case Registry Investigators, Dec 2012. The
toxicology investigators consortium case registry – the 2011 experience. J. Med.
Toxicol. 8 (4), 360–377.
Relevant Website

http://www.acmt.net/ – American College of Medical Toxicology (ACMT) website.
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Overview

The American College of Toxicology (ACT) is a worldwide
professional organization comprising toxicologists and those
in toxicology-related fields. It was founded in 1977 and
incorporated in 1979 (in Illinois). The office is located in
Bethesda, Maryland. The ACT is incorporated as a not for profit
organization. Members must adhere to the ACT Bylaws and the
Code of Ethics. The ACT has its own professional journal:
The International Journal of Toxicology, published by Sage
Publications.
Mission

The mission of the ACT is to educate, lead, and serve profes-
sionals in toxicology and related disciplines by promoting the
exchange of information and perspectives on applied toxi-
cology and safety assessment.
Strategic Objectives

The strategic objectives of ACT are

l Focus on interdisciplinary exchange of scientific informa-
tion, especially because scientific information is used in
regulations;

l Sponsor scientific and educational programs in toxicology;
l Present the ideals and opinions of its membership;
l Disseminate information of the results of toxicological

research, standards, and practices through the College
journal and newsletter;

l Serve in other capacities in which the College can function
more efficiently as a group than as individuals.
Leadership and Membership

The ACT’s Executive Council is composed of the President,
President-Elect, Vice President, Past President, Secretary, and
Treasurer. In addition, there are nine Council members. The
Executive Director manages the overall operation of the
organization.

Officials and Committee members are voted into their
respective offices by other Full members. The Presidential track
is filled by succession of 1-year term. Members vote on a Vice
President, who after the term moves into the President-Elect
position, which, in turn, leads to the President, followed by the
Past-President. The Secretary and the Treasurer each serve
a 2-year term. The councilors serve a 3-year term.

The ACT has seven types of membership: Full, Associate,
Distinguished Fellow, Student, Emeritus, Honorary, and
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Corporate. The three major types of individual memberships
are as follows.
Full

Any person who is qualified, by virtue of training and experi-
ence, and is actively involved in toxicology through adminis-
tration, teaching, research, or safety assessment, and who is
functioning as a scientist or professional in toxicology is
eligible for Full membership. Full members must have 5 years
of experience directly related to toxicology and fulfill one or
more of the following requirements: formal advanced training
in toxicology or related field, at least one peer-reviewed
publication on a topic relevant to toxicology, or board certifi-
cation in a subject relevant to toxicology. Full membership must
be sponsored by two Full members of the College. One of the
sponsors for the Full member can be associated with the same
institution/organization of the candidate. The second sponsor
must be from outside the candidate’s organization. The
membership application to support candidacy as a Full
member must be completed in its entirety.
Associate

Any person who is qualified, by virtue of training and experi-
ence, and is actively involved in toxicology through adminis-
tration, teaching, research, or safety assessment functioning as
a scientist or professional and who has, at a minimum, an
earned baccalaureate degree from a recognized college or
university, or who has training and experience in toxicology,
shall be eligible for election as an Associate member. Associate
members must have 2 years of experience directly related to
toxicology. Time spent pursuing an advanced degree in toxi-
cology will count toward total experience. Associate member-
ship must be sponsored by one Full member of the College
who can represent the same institution/organization as the
candidate. The membership application to support candidacy
as an Associate member must be completed in its entirety.
Associate members can upgrade their membership status to
Full membership upon completing a membership application
for Full status and submitting it through the Executive Director
for approval by the Membership Committee. Associate mem-
bers are eligible to serve on committees.
Student

Any student engaged in studies leading to a degree in the field
of toxicology or a field impinging upon toxicology shall be
eligible for Student membership upon recommendation of
their academic advisor. Student members shall pay no
membership fees or other assessments (excluding the annual
meeting registration fee) but cannot vote or hold elective office.
Student members shall not receive the College’s Journal, unless
purchased annually.
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Annual Meeting

Annual meetings locations usually alternate between the eastern
and the western parts of the United States, to decrease the
amount of time regulators need to travel at least every other
year. Symposia are diverse and tailored to the needs of the
toxicologic community, although most symposia are focused
on the practical and regulatory aspects of toxicology, as
opposed to pure research.

The ACT makes numerous awards at the annual meeting,
usually held in November. These include

ACT Distinguished Scientist Award – An individual (not
necessarily a member of ACT) who has made outstanding
contributions to toxicology and its relationship to the regula-
tion of chemicals, and the improvement of public health. The
DSA winner becomes the Luncheon Speaker at the November
2012 annual meeting in Orland, Florida.

ACT Service Award – Recognizes an individual for their long-
term dedication to the ACT including but not limited to service
to the College (e.g., councilor, officer, and committee member),
frequent participation and contribution to the annual meeting
(speaker, chairperson, and organizing committee), and long-
standing support of the College’s activities. The recipient of the
ACT Service Award must be a member of ACT.

ACT Young Professional Award – Recognizes an ACT
member in good standing with no more than 10 years of full-
time employment experience since completing their highest
degree (time spent in postdoctoral training is not considered
toward the 10 years of experience). Nominee must have
demonstrated outstanding service to the College, including
serving as an officer, councilor, committee member, and/or
frequent participation and contribution at the annual meeting
or any other College activity (i.e., speaker, chairperson, orga-
nizing committee, etc.).

ACT President’s Award for Best Paper Published in the
International Journal of Toxicology – Each year, the International
Journal of Toxicology recognizes the authors of the best paper
published in the journal. The award consists of a check for
$1000 and a citation certificate. The award is announced and
presented at the Annual Conference of the ACT during the
Monday Luncheon Award Ceremonies.

Marshall Steinberg Memorial Award – This prize is given at
the discretion of the International Pharmaceutical Excipients
Council of the Americas (IPEC) Foundation Board of Directors
to reward those individuals who have made outstanding
contributions in the area of safety and toxicology for excipients.
This prize recognizes achievements in the field of pharmaceu-
tical excipients that includes but is not limited to (1) research
that contributes to the safety of excipients; (2) investigations
that establish test methods and standards that enhance the
safety of excipients; (3) studies that support the development
of new excipients or novel uses for existing excipients that
provide or ensure greater safety in their use in pharmaceuticals;
and (4) toxicology research that improves the overall safety of
excipients or finished pharmaceuticals.

Furst Award – This award, through a generous contribution
from the late Dr Arthur Furst, is given to the Best Student Paper
presented at the annual meeting. It consists of a Travel Award
and plaque.

Student Travel Awards are also awarded to deserving
students to assist in travel to the annual meeting.

The ACT also presents webinars and courses throughout the
year. Two of the courses, Toxicology for Industrial and Regu-
latory Scientists and Pathology for Non-Pathologists, are highly
successful courses.

Toxicology for Industrial and Regulatory Scientists is taught
by distinguished experts, and is designed to provide a basic
training in toxicology. Participants obtain an overall under-
standing of the principles of nonclinical safety evaluation with
emphasis on the practical application of these principles and
interpretation of nonclinical safety data.

Pathology for Non-Pathologists is also cosponsored by The
Society of Toxicologic Pathology. Topics change yearly and
primarily focus on at least one organ system.
See also: Food Safety and Toxicology; The International
Conference on Harmonisation; Micronucleus Assay; Mouse
Lymphoma Assay; Safety Pharmacology; Toxicity, Acute;
Toxicity Testing, Carcinogenesis; Toxicity, Subchronic and
Chronic; Toxicity Testing, Developmental; Toxicity Testing,
Mutagenicity; Toxicity Testing, Reproductive; Toxicity Testing,
Sensitization; Toxicity Testing, Validation.

Relevant Websites

www.actox.org – American College of Toxicology.
http://www.actox.org/Journal/IntlJournalofToxicology/tabid/5180/Default.aspx –

International Journal of Toxicology.

http://www.actox.org
http://www.actox.org/Journal/IntlJournalofToxicology/tabid/5180/Default.aspx
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History

The independent National Conference of Governmental
Industrial Hygienists (NCGIH) convened on 27 June 1938, in
Washington, DC. Representatives to the conference included
76 members, representing 24 states, three cities, one university,
the US Public Health Service, the US Bureau of Mines, and the
Tennessee Valley Authority. This meeting was the culmination
of concerted efforts by John J. Bloomfield and Royd S. Sayers.

NCGIH originally limited its full membership to two
representatives from each governmental industrial hygiene
agency. In 1946, the organization changed its name to the
American Conference of Governmental Industrial Hygienists
(ACGIH�) and offered full membership to all industrial
hygiene personnel within the agencies as well as to govern-
mental industrial hygiene professionals in other countries.

At its firstmeeting, NCGIH created nine standing committees.
The committees were charged to address the important industrial
hygiene issuesof thepre-warera: appraisalmethods; relationships
with industry, labor, the medical profession, and other agencies;
technical standards; education; uniform reporting of occupa-
tional diseases and other illnesses amongworkers; administrative
development of state activities; industrial health code; legislation;
and personnel. Over the next five decades, some of these
committees evolved and expanded, assuming different titles;
some became the purview of other organizations or agencies; and
some achieved their goals and ended their active roles.

Undoubtedly the best known of ACGIH�
’s activities, the

Threshold Limit Values for Chemical Substances (TLV�-CS)
Committee was established in 1941. This group was charged
with investigating, recommending, and annually reviewing
exposure limits for chemical substances. It became a standing
committee in 1944. Two years later, the organization adopted
its first list of 148 exposure limits, then referred to as Maximum
Allowable Concentrations. The term Threshold Limit Values
(TLVs�) was introduced in 1956. The first Documentation of the
Threshold Limit Values was published in 1962 and is now in its
seventh edition. Today’s list of TLVs� includes 642 chemical
substances and physical agents, as well as 47 biological expo-
sure indices (BEIs�) for selected chemicals.

In 1961, ACGIH� began co-sponsoring an annual confer-
ence, the American Industrial Hygiene Conference and Expo-
sition (AIHce), with the American Industrial Hygiene
Association (AIHA).
ACGIH� Today

What began as a limited membership base has grown to the all-
encompassing categories of today. Membership is open to all
practitioners in industrial hygiene, occupational health, envi-
ronmental health, and safety domestically and abroad. In
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September 2000, ACGIH� bylaws were amended, allowing
members who are not government or academic employees
greater voting rights as well as the opportunity to serve on the
ACGIH� Board. During this time, ACGIH� has grown and
expanded without losing sight of its original goal, “to encourage
the interchange of experience among industrial hygiene workers
and to collect and make accessible such information and data as
might be of aid to them in the proper fulfillment of their duties.”

Today, nine ACGIH� committees focus their energies on
a range of topics: agricultural safety and health, air sampling
instruments, bioaerosols, biological exposure indices, indus-
trial ventilation, international, small business, threshold limit
values for chemical substances (TLV�-CS), and threshold limit
values for physical agents (TLV�-PA).

The tradition of reliable working committees has served
ACGIH� exceptionally well. Through the efforts of its
committees, ACGIH� has been able to provide critical infor-
mation and has recommended practices to industrial hygienists
worldwide. This history of sharing knowledge, based on careful
study and independent judgment, has garnered international
respect and accolades for ACGIH�.
Mission

Since its founding in 1938, ACGIH� has gone through many
changes. Its membership has grown and diversified; its interests
and projects have multiplied; names and faces in the organi-
zation have changed. Despite these changes, ACGIH� has not
lost sight of its original objectives, which are reflected in today’s
organizational mission: ACGIH� is a member-based organization
that advances occupational and environmental health.
Membership Criteria

There are w3000 members worldwide. The main membership
categories are regular and associate. Regular members are
occupational hygiene, occupational health, environmental
health, or safety professionals whose primary employment is
with a government agency or an educational institution.
Associate members are people who are engaged in the occu-
pational hygiene, environmental health, occupational health
or safety professions, but are not eligible for regular member-
ship. Other membership categories include student, retired,
honorary, and organizational.
Key Activities, Publications, Databases, and Services

ACGIH� supports its mission by developing scientific guide-
lines for the use of occupational and environmental health and
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safety professionals and developing and sponsoring numerous
educational activities that facilitate the exchange of ideas,
information, and techniques. These courses, symposia, webi-
nars, and workshops are all vehicles for achieving the ultimate
goal of worker health and safety.

The best known of the ACGIH’s committee activities is the
Threshold Limit Values for Chemical Substances and Physical Agents
and Biological Exposure Indices book (better known as the TLVs�

and BEIs�). These occupational exposure criteria are widely
used around the world as the basis for occupational health
protection. Today’s list of TLVs� includes 658 chemical
substances and 17 physical agents, as well as 47 biological
exposure indices (BEIs�) for selected chemicals.

Two other ACGIH� committees have created publications
that are recognized as the preeminent professional references in
their respective fields: Industrial Ventilation: A Manual of Rec-
ommended Practice, first published in 1951, and Air Sampling
Instruments for Evaluation of Atmospheric Contaminants, which
debuted in 1960. The Ventilation Manual, now known as
Industrial Ventilation: A Manual of Recommended Practice for
Design (the Design Manual), is now in its 27th edition and has
a companion, Industrial Ventilation: A Manual of Recommended
Practice for Operation and Maintenance (the O&M Manual). The
ASI Manual is in its 9th edition. Twenty-two monographs that
will be included in a future ACGIH� Signature Publication,
entitled Air Sampling Technologies: Principles and Applications, are
available as downloadable documents. These represent the
latest air sampling principles and practices.

The other ACGIH� committees have also published valu-
able professional reference texts. Some of these include: Bio-
aerosols: Assessment and Control (1999); A Guide for Control of
Laser Hazards, 4th Edition (1990); and Particle Size-Selective
Sampling for Particulate Air Contaminants (1999).

ACGIH� offers approximately 400 publication titles,
including their well-known Signature Publications. Topics
include industrial hygiene, environmental health, safety and
health science, medical/toxicology, hazardous materials/waste,
workplace controls, indoor air quality, physical agents, ergo-
nomics, distance learning, computer resources, downloadable
TLV� and BEI� Documentation and other downloadable prod-
ucts, and professional development. All of ACGIH�

’s publica-
tions can be ordered online at www.acgih.org/store.

In addition to its publications, ACGIH� has supported
numerous educational activities that facilitate the exchange of
ideas, information, and techniques. These courses, symposia,
webinars, and workshops are all vehicles for achieving the
ultimate goal of worker health and safety.

ACGIH� also supports its mission through the sponsorship
of conferences and seminars. Today, the American Industrial
Hygiene Conference and Exposition (AIHce) is one of the
world’s premier conferences for occupational and environ-
mental safety and health professionals. It attracts an interna-
tional attendance of almost 8000 each year. ACGIH�

committees and individual members contribute their expertise
in professional development courses, technical sessions, and
poster sessions.

ACGIH�
’s dedication to information dissemination is also

evident through its commitment to the Journal of Occupational
and Environmental Hygiene, which it publishes jointly with the
American Industrial Hygiene Association (AIHA).

In 1998, ACGIH� formed the Foundation for Occupational
Health & Safety (FOHS). FOHS was established to complement
the work of the American Industrial Hygiene Foundation
(AIHF). The FOHS mission includes:

l Sponsoring research, education, and the publication of
scientific information.

l Providing a vehicle for financial support of the improve-
ment and enhancement of occupational and environmental
health and safety and the general public health.

l Disseminating the results of valuable research findings and
assuring a heightened quality of continuing education in
occupational safety and health.

More information about FOHS can be found at www.fohs.org.
Related Organizations

l American Industrial Hygiene Association (AIHA)
l International Occupational Hygiene Association (IOHA)
l (US) National Institute for Occupational Safety and Health

(NIOSH)
l (US) Occupational Safety and Health Administration

(OSHA).

See also: National Institute for Occupational Safety and Health;
Occupational Safety and Health Administration; American
Industrial Hygiene Association; Industrial Hygiene.

http://www.acgih.org/store
http://www.fohs.org
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About American Industrial Hygiene Association

The American Industrial Hygiene Association (AIHA�) is one
of the largest international associations serving the needs of
occupational and environmental health and safety profes-
sionals practicing industrial hygiene in industry, government,
labor, academic institutions, and independent organizations.
AIHA was founded in 1939.
What We Do

AIHA is devoted to achieving and maintaining the highest
professional standards for our members. Working with the
American Board of Industrial Hygiene, we promote certifica-
tion of industrial hygienists. Our education programs are
second to none, and offer opportunities to occupational and
environmental health and safety professionals to maintain
credentials in their respective fields. AIHA operates several
highly recognized laboratory accreditation programs, based on
the highest international standards, ensuring the quality of the
data used in making critical worker protection decisions.
Mission

Creating knowledge to protect worker’s health.
Vision 2020

Elimination of workplace illnesses.
Core Values

We prevent illnesses and injuries: AIHA members strive to prevent
occupational illness and injury as a fundamental principle of
the industrial hygiene and related occupational and environ-
mental health and safety professions.

We advocate and develop science-based policy and practice: AIHA
members advocate for the profession and develop sound
science-based public policy and practice through collaboration
across scientific and technical communities to ensure that safe
and healthy environments are provided for all workers and
communities.

We respect workers and communities: AIHA members respect
the rights of workers and communities to have healthy and safe
environments.

We support employers and employees: AIHA members recog-
nize and support that operational excellence is complementary
to both business and industrial hygiene and related occupa-
tional and environmental health and safety goals and
priorities.
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We respect our members: AIHA’s Board of Directors, volun-
teers, members, and staff conduct the business of the Associa-
tion with respect for diversity of opinion, transparent, and
open communication, and with due consideration of each
member’s limited volunteer time.
Industrial Hygienists

The goal of the industrial hygienist is to keep workers, their
families, and the community healthy and safe. They play
a vital part in ensuring that international, federal, state,
and local laws and regulations are followed in the work
environment.

Typical roles of the industrial hygienist include the
following:

l Investigating and examining the workplace for hazards and
potential dangers.

l Making recommendations on improving the safety of
workers and the surrounding community.

l Conducting scientific research to provide data on possible
harmful conditions in the workplace.

l Developing techniques to anticipate and control poten-
tially dangerous situations in the workplace and the
community.

l Training and educating the community about job-related
risks.

l Advising government officials and participating in the
development of regulations to ensure the health and safety
of workers and their families.

l Ensuring that workers are properly following health and
safety procedures.
Journal

The Journal of Occupational and Environmental Hygiene (JOEH) is
published to enhance the knowledge and practice of occupa-
tional and environmental hygiene and safety. Available
primarily online, JOEH is a joint, peer-reviewed publication of
AIHA� and American Conference of Governmental Industrial
Hygienists (ACGIH�).
Conference

The American Industrial Hygiene Conference and Expo
(AIHce) is the ‘must attend’ event for thousands of industrial
hygiene and occupational and environmental health and safety
professionals each spring. AIHce is the source for professional
development and networking for over 75 years. Engaging
general sessions, innovative technical sessions, comprehensive
professional development courses, and a bustling Expo Hall
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00585-6
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provide the opportunity to refresh skills and earn certification
maintenance points.
Related Organizations

l ACGIH
l International Occupational Hygiene Association
l National Institute for Occupational Safety and Health

(US)
l Occupational Safety and Health Administration (US)
Contact Details

American Industrial Hygiene Association (AIHA)
3141 Fairview Park Drive, Suite 777
Falls Church, VA 22042, USA
Tel.: þ1 703 849 8888
URL: http//www.aiha.org

See also: National Institute for Occupational Safety and Health;
Occupational Safety and Health Administration; Occupational
Safety and Health Act, US; ACGIH� (American Conference of
Governmental Industrial Hygienists).
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Kromhout, H., 2002. An international perspective on occupational health and
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Kyle, A.D., 2011. Environmental health tracking. Encyclopedia of Environ. Health,
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303–313.
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Background

Americium is a transuranic radioactive chemical element
located in the periodic table below the lanthanide element
europium, and thus by analogy named after another continent,
America. Americium was discovered in 1944 by the group of
Glenn T. Seaborg. They produced americium by bombarding
plutonium 239 with high energy neutrons. This formed 240Pu,
which was itself bombarded with neutrons and changed into
241Pu, which then decayed into 241Am through beta decay. This
work was carried out at the University of Chicago’s Metallur-
gical Laboratory, now known as Argonne National Laboratory.
The discovery of americium was announced only in 1945
because during the Manhattan project all discoveries were
classified.

At present altogether 18 isotopes of americium are known;
however, only three of themwith a sufficiently long half-life are
significant from the point of view of their radiotoxicity. Table 1
shows the half-lives and energies and how these three long-
lived americium radioisotopes are formed.

Americium (Am) is the seventh member of the actinoid
series, with electron configurations in its ground and ionized
states analogous to those of its lanthanide homolog, europium
(Eu). The solution chemistries of these two elements, however,
show substantial differences, with the major ones being the
difficulties in preparing Am(II) and the absence of Eu(IV),
Eu(V), and Eu(VI).

Metallic americium is silvery-white. It slowly tarnishes in
dry air and dissolves in acids, but it is resistant to alkalis.
Americium dioxide, the most used form in production of
americium sources, is a black crystalline compound, insoluble
in water, soluble in acids.

Commercial nuclear power reactors produce kilogram
quantities of both 241Am and 243Am with an isotopic compo-
sition dependent on reactor burn-up. Because of the complex
composition of fission products in burnt-up fuel, 241Am is
produced from old plutonium, from which the 241Am in-
Table 1 Physical properties of long-lived americium isotopes

Radioisotope Half-life (y) Decay mode Energy/Intensity

241Am 432.2 a 5486 keV/0.845
a 5443 keV/0.130
g 59.5 keV/0.359
SF 4.10E-12

242mAm 141 a 5142 keV/0.000
a 5207 keV/0.004
IT 0.9954

243Am 7370 a 5275 keV/0.874
a 5233 keV/0.11
g 74.66 keV/0.68
SF 3.70E-09

SF – spontaneous fission.
IT – internal transition.
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grown from 241Pu is separated by means of solvent extraction
and ion exchange.

Americium can be detected by gamma spectrometry
through its gamma energy line 59.5 keV. The most common
and sensitive measuring technique is alpha spectrometry with
silicon detectors or pulse ionization chamber.
Uses

Only 241Am and 243Am have practical use. In some of ameri-
cium isotopes, spontaneous fission occurs and some of them
have large cross section for absorption of thermal neutrons
resulting thus in a small critical mass for a sustained nuclear
reaction. This is favorable for portable nuclear weapons and
also for a small nuclear reactor. However, scarcity and high
price hinder wider application of americium as a nuclear fuel.
Americium-243 is used as a tracer in radiochemical applica-
tions and analysis. Americium-241 has wider use as a source in
ionization chambers in smoke detectors, discharge arresters,
and industrial gauges. It is also used as a source of alpha
particles for production of neutrons in AmBe neutron sources.
Americium-241 is also used as standard source for gamma and
alpha spectrometry and for X-ray fluorescent spectroscopy
when its gamma energy line 59.5 keV excites K X-rays of the
lighter elements.
Environmental Behavior, Sources, Routes
and Pathways

Environmental Presence

Americium-241 is the most important radioisotope of amer-
icium from the point of view of the occurrence in environ-
ment. The other long-lived isotope 243Am is produced in
nuclear reactors in smaller activity compared to 241Am. The
activity of 242mAm (half-life 160 years) that originated in
Specific activity (Bq/g) Production

1.27Eþ11 241Pu b�decay

27 3.88Eþ11 241Am(n.g)

7.38Eþ09 238U multiple neutron capture

239Pu multiple neutron capture
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nuclear weapons tests was nearly six orders of magnitude
lower in comparison with 241Pu activity from which 241Am in-
grows. Americium-241 is produced in nuclear power plants
during activation of 239Pu and 240Pu by neutrons, which is
followed by beta decay of 241Pu (T1/2¼ 14.35 years). This
means that also in burned-up fuel 241Am is produced by decay
of 241Pu a long time after the fuel is removed from a nuclear
reactor. Maximum of in-grown activity of 241Am from 241Pu
arises after 70 years. Americium-243 is produced from short-
lived 243Pu arising from bombardment of 239Pu and 238U by
neutrons, so it is not produced after shutdown of a nuclear
reactor.

Americium-241 is detectable in very small activities over
the whole Northern Hemisphere as the result of nuclear
weapons tests in the atmosphere in the 1950s and beginning
of the 1960s. Very sensitive methods, including radiochemical
separation from large samples, are necessary for detection
of 241Am in soil, which may be present in concentrations of
20–40 Bq m�2. Airborne releases and effluents to the
hydrosphere from nuclear power plants also contain very
small activities of transuranic elements, including americium-
241, but even very sensitive detection methods can detect it
directly in releases only (at tenths of kBq to a few kBq per
year), not in the environment. Existing americium contami-
nation is concentrated in the areas used for the atmospheric
nuclear weapons tests conducted between 1945 and 1980, as
well as at the sites of nuclear incidents, such as the Chernobyl
disaster in 1986. For example, the analysis of the debris at the
testing site of the first US hydrogen bomb in Enewetak Atoll
revealed high concentrations of various actinoids including
americium. The glassy residue left on the desert floor where
atomic bombs were tested in Alamogordo, New Mexico,
Kazakhstan, and the Maralinga desert in Australia contain
traces of 241Am. Elevated levels of americium were also
detected at the crash site of a US B-52 bomber, which carried
four hydrogen bombs, in 1968 in Thule, Greenland and at the
location of a similar incident in Palomares, Spain. Other
potential sources of 241Am are two sunken nuclear subma-
rines in the Barents Sea: ‘Komsomolets’ with a reactor and
two nuclear torpedoes and ‘Kursk’ with a reactor and prob-
ably with nuclear weapons as well. Also 17 reactors dumped
in the Kara Sea are potential sources of transuranic elements,
including 241Am. Places in which nuclear weapon industries
were located both in the United States and in Russia have
increased content of 241Am in soil and, therefore, also in
airborne aerosols from resuspension. Examples of such loca-
tions are Hanford and Rocky Flats in the United States, and
Chelyabinsk and Kyshtym in Russia.

During monitoring of the environment around Chernobyl
after the 1986 nuclear reactor failure, the most attention was
paid to 239Pu. As the total activity of 239Pu and 241Pu released
from the Chernobyl power plant are known, and the fate of
both plutonium isotopes in the environment is the same, it can
be assumed that the ratio of their respective activities at the
time of deposition was the same as in total release. In-growth of
241Am from 241Pu can be calculated from the activity of 241Pu.
In the 30-km diameter zone around Chernobyl for which an
estimated deposition of 239,240Pu was higher than 3.7 kBqm�2,
the in-growth of 241Am 30 years after the accident is about
40 kBq m�2.
Partition Behavior in Water, Sediment, and Soil

Americium’s behavior in the environment cannot be isolated
from that of plutonium as a precursor of 241Am. Behavior of
Am and Pu in marine environments has been thoroughly
studied in the Irish Sea, where low-level radioactive wastes
from the Sellafield site, once a plutonium production plant and
now a nuclear reprocessing station, have been discharged since
the early 1950s. 241Am discharges peaked there in the early
1970s. Those studies show that americium sorbs on particu-
lates and adsorbs to sediments, thus being quickly removed
from water column.

In sorption and desorption in an environmental system,
presence of organic matter in water and sediment plays an
important role complexing americium and enhancing its trans-
portability. Bicarbonate and/or carbonate complexes are domi-
nant in sea water or underground water with low organic carbon
content, whereas in fresh waters of low calcium concentration
complexation reactions with humic and fulvic material are
dominant. Investigation of plutonium and americium subsur-
face transport in the vicinity of locations contaminated with
radioactive waste showed that traces of the actinoides were
detected in groundwater 3.4 km from the point of discharge
at Los Alamos National Laboratory, United States or 4 km from
the Mayak Production Association, Russia. Here, the mechanism
of transport is explained not only by natural conditions, but also
by man-induced presence of organic substances in the wastes.
The role of colloid formation and complexation in transport of
americium in water has still been a subject of investigation and
discussion.

Fate of americium in soil is closely related to its behavior in
water. In soil, americium forms strong complexes with soil
organic matter. In soils poor in organic matter americium
resides in upper layers. On the other hand, if soluble complexes
with organic matter are formed, mobility of americium and its
bioavailability are enhanced. As 241Pu is a precursor of 241Am,
plutonium retention in soil must also be taken into consider-
ation. In most soils, americium is more mobile (less adsorbed
to soil) than plutonium. Bioavailability is characterized by
concentration ratios (CR) defined as Bq kg�1 in organisms per
Bq kg�1 in soil or Bq kg�1 in organisms per Bq l�1 in water.
Concentration ratios for root uptake of americium from soil are
in the order of 10�6

–10�2. Roots and leaves accumulate
considerably more americium than fruit and grain. The uptake
is higher from acidic and organic rich soils.

Accumulation of Am from water into fish flesh is low – CR
in the order 10�3

–10�1, depending on organic matter content
in water, though Am is concentrated in seaweed (CR w1.102)
and in shellfish, particularly in shells.
Environmental Persistence (Degradation, Speciation)
and Long-Range Transport

Activity of 241Am in the environment is decreasing with its
physical half-life only. When in-growth from 241Pu takes place,
its activity is increasing up to 50 years and afterward decreasing
with 241Am half-life. Long-range transport of 241Am in the air
depends on its origin and size of aerosol. Aerosol size is char-
acterized by its Activity Median Aerodynamic Diameter
(AMAD). Long-range transport of aerosol particles is described
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by many models of atmospheric dispersion which use particles
of defined size – usually AMAD 1 mm is used. The dependence
of long-range transport on size of particles was seen very well in
the Chernobyl accident: Particles connected with dispersed fuel
which had bigger AMAD (239Pu, 241Pu, 90Sr) were deposited
near the place of origin, whereas small particles with AMAD
1 mm and less were transported over very long distances. 241Am
was also deposited in the vicinity of the Chernobyl power
plant, and its activity is increasing by decay of 241Pu.
Human Exposure and Exposure Monitoring

Knowledge of human exposure with 241Am is derived from
descriptions of real cases of occupational internal contamina-
tion, which occurred at many places. The most serious case
occurred during separation of 241Am from irradiated fuel in
1976, when a worker was exposed to few hundreds GBq
through the skin and inhalation. Another thoroughly studied
case was inhalation with a lower intake probably from the year
1965. Both these workers from the United States, were fol-
lowed during their life by in vivo measurement and excreta
bioassay, and donated their bodies to the US Transuranium
and Uranium Registry. Radiochemical analysis of different
organs and tissues of these two donors and many other
volunteers who were internally contaminated during their life
contributed to the knowledge of behavior of americium in
human body. In vivo studies and excretion bioassay of many
internally contaminated workers followed for longer time also
make a significant contribution to the knowledge of kinetics of
americium in the human body long time after the intake.
Monitoring of Human Exposure

Intake of americium-241 by humans can be detected directly by
in vivo measurements of the body by whole body counters
equipped with detectors sensitive to low energy gamma radi-
ation. Suitable devices are semiconductor high purity germa-
nium detectors with special thin windows or scintillation
phoswich (sandwich from NaI(Tl) and CsI(Tl)) detectors.
Usually, special configuration is used for detection of 241Am in
individual organ or tissues, for example, lungs, liver, or skel-
eton through measurements of skull or knee. Doses to tissues
and organs are then derived with the use of biokinetic models,
enabling estimation of intake of 241Am and afterward, through
tabulated values for doses per unit intake in sievert per bec-
querels. Detection of internal contamination by direct in vivo
measurement is much less sensitive than bioassay of excreta.
Urine and feces are commonly analyzed, but blood and tissues
are also assayed, though more rarely. Post mortem analyses can
be performed on bones and inner organs.
Toxicokinetics

Behavior of americium in human body depends on the path of
intake which could be by inhalation, ingestion or directly to the
blood stream by injection, or by a wound. When Am is inhaled
as aerosol, its behavior in the respiratory tract depends on the
size of aerosol and inhaled compound. As a rule, aerosol with
AMAD larger than 10 mm is eliminated by extrathoracic path-
ways and goes to the alimentary tract. Entry and deposition in
the individual parts of respiratory tract are governed only by the
size distribution of the aerosol particles. Absorption into blood
depends on the physicochemical form of the radionuclide
deposited in the respiratory system. Most Am compounds are
described as the class M of solubility in lungs – it means that
10% of materials from lungs is absorbed to blood with half-life
of 10 min and 90% with half-life of 140 days. About 70% of
the deposit in the alveolar–interstitial region reaches body
fluids. Americium is deposited from blood mainly in liver and
bones, a part is excreted through feces and urine. Fecal excre-
tion is important in a relatively short time after the entry of
americium into the respiratory system when americium is still
in lungs; later on, urinary excretion is about three times as high
as the fecal one.

After an ingestion intake, nearly 90% is excreted via feces
during the first 3 days because the absorption to blood from
small intestines is very low. Only after about 50 days urinary
excretion prevails. When the entry of americium to the
organism occurs through a wound or by injection, about 30%
goes to the skeleton and less than 10% is excreted. Americium
belongs to so-called bone-seeking elements and among them,
to bone surface seekers. It was found that after the entry to the
organism, Am is deposited mainly on the bone surfaces;
however, later on is covered by new bone. According to
experiments with Beagle dogs the distribution among different
bones varies with injection levels, some of which were high
enough to induce radiation effects. Excretion of americium
from humans is very slow, with the exception of an early phase.
Content of americium in a skeleton over time increases up to
about 3–5 years after intake. Three years after an injection,
about 50% of injected activity is in the skeleton. After inhala-
tion, about 4% of inhaled activity is in the skeleton. Afterward,
activity in the skeleton and also excreted activity decreases, with
the half-life of about 70 years.
Mechanism of Toxicity

The mechanism of action of radioactive elements is usually
described by their radiotoxicity rather than their chemical
toxicity. Exposure of internal human tissues to americium-
241 occurs only after 241Am enters human body, as the range
of effects of alpha radiation in tissue is only about a few tens
of micrometers. In such cases, cells could be damaged by
absorption of energy of alpha particles. When the dose is
great enough, cells are damaged to such extent that they
cannot repair themselves. When too great a cell population is
affected, then adverse effects occur in that tissue. 241Am stays
in human and other mammalian organisms for a very long
time, so occurrence of stochastic (late) effects is much more
probable.
Acute and Short-Term Toxicity (Animal/Human)

Acute effects of intake of americium were studied in Beagle
dogs; however, most attention was devoted in these
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experiments to their morbidity and life span. When higher
activities of 241Amwere injected to Beagle dogs, sharp decreases
in retention in liver occurred after 100 days after the injection
and deposition in skeleton increased. It is assumed that this
phenomenon is due to radiation damage of liver that then
releases americium to accumulate in other parts of the body.
Some studies were also conducted on smaller laboratory
animals (mice and rats), but it was felt that it is very difficult to
extend such data to humans.

In a case of human contamination that followed an explo-
sion of about 100GBq 241Am, immediate treatment reduced
contamination to approximately 200MBq, and, after one day, to
about 40MBq. Persistent adverse effects in blood – specifically
clinical lymphopenia and thrombocytopenia – were observed.
Survival of the individual was probably due to intense and long-
term chelation therapy with diethylenetriaminepentaacetic acid
(DTPA) and through medical care. In dogs exposed to about
60Bqkg�1, leukopenia and elevated hematopoietic activity were
reported.
Chronic Toxicity (Animal/Human)

When chronic exposure to low doses of ionizing radiation
occurs, late (stochastic) effects occur. Bone surfaces, red bone
marrow, lymph nodes, and liver obtain the largest doses from
americium intakes. When chronic inhalation exposure takes
place, doses to parts of the respiratory tract also contribute
significantly to committed effective dose.
Carcinogenicity

Beagle dogs were internally contaminated either by injection or
by inhalation and their health status was followed over their
life span. Health effects of transuranic elements, including
americium, were compared with the health effects caused by
intakes of 226Ra and 224Ra for extrapolation purposes; that is,
for these two radionuclides some relevant data on occurrence
of malignancies in humans already existed. Osteosarcomas and
other malignancies were found in the exposed animals. In
people with internal contamination with 241Am of different
activity levels, no malignancy was found that could be con-
nected to exposure; however, the number of human exposures
is very small.
Clinical Management

Decrease of body burden of americium (241Am) in people with
internal contamination is possible with the intravenous
administration of chelating agents. Commonly used calcium
and/or zinc salts of DTPA are especially useful when the entry
of americium into the body is through a wound. When inha-
lation intake is concerned, significant decrease of americium in
liver is possible provided that repeated intravenous injection or
infusion with DTPA takes place. The content of americium in
skeleton or in lungs is affected only marginally. DTPA increases
excretion through urine about 50 times, but only for a short
time (about one day); therefore, protracted application has to
be used. Decrease in occurrence of osteosarcoma was observed
in Beagle dogs treated with DTPA in comparison with controls
injected with 241Am only; however, no significant decrease in
bone retention was observed.
Exposure Standards and Guidelines

Limits of exposure of workers from intake of 241Am are the
same as for all other radionuclides. For workers, they are
20mSv per year averaged over 5 consecutive years or 50mSv in
any single year provided that the dose over five consecutive
years does not exceed 100 mSv. For the general population, the
limit is 1mSv in a year or, in special circumstances, an effective
dose of up to 5 mSv in a single year provided that the average
dose over 5 consecutive years does not exceed 1mSv per year.
The limits for internal contamination are valid for committed
effective dose; that is, 50 years integral effective dose rate for
workers and 70 years integral for the general population.
Annual intake of 241Am can be calculated from tabulated dose
coefficients which give dose per unit intake in sieverts per
becquerel (Sv/Bq). For ingestion intake, the limit is about
2� 10�7 (Sv/Bq) and for inhalation about 2� 10�5 (Sv/Bq);
it means that for exposure 1mSv per year, ingestion intake
could not exceed 5000 Bq per year or inhalation intake 50 Bq
per year.
Ecotoxicology

Experiments with transfer of americium from fresh and marine
water to fish were performed with the aim to investigate
impacts on the human food chain. Effects of americium on the
environment are not known, because in the polluted areas
americium always occurs together with other radionuclides.
Generally, adverse effects of artificial radionuclides present in
the environment on biota were not observed.
Funding
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Nonionizing.
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The Ames bacterial reverse mutation test uses strains of
Salmonella typhimurium and Escherichia coli that require amino
acids (histidine or tryptophan, respectively) to detect point
mutations and frameshift mutations. The reverse mutation
allows the S. typhimurium or E. coli strains to restore the func-
tional capability of the bacteria to synthesize the specific amino
acid on their own, independent of amino acid content in the
medium. The test is the most commonly used reverse mutation
test. The Ames test was developed by and named for Bruce
Ames of the University of California at Berkeley.

Point mutations are base-pair substitutions; that is, a base
change in DNA of at least one DNA base pair. In a reverse
mutation test, this change may occur at the site of the original
mutation or at a second site in the bacterial genome. Frameshift
mutations are the addition or deletion of one or more base pairs
in the DNA, thereby changing the reading frame in the RNA.

Mutations in oncogenes and tumor suppressor genes of
somatic cells can be involved in tumor formation. The Ames
test is rapid, sensitive, inexpensive, and relatively easy for
a microbiology laboratory to perform. This test can be used on
a wide variety of materials, including volatile compounds.

Many compounds that are positive in the Ames test are
mammalian carcinogens and a huge database exists; however,
there is not an exact correlation between the Ames test and
carcinogenicity. Even with the addition of a metabolic activa-
tion system, this prokaryotic system cannot precisely replicate
a mammalian cell in vivo. Correlation may be dependent on
chemical class. Care should be taken to avoid conditions that
would lead to results not reflecting authentic mutagenicity. As in
mammalian in vitro systems, positive results that do not reflect
authentic mutagenicity may arise from a variety of possible
changes, including pH, osmolality (very high concentrations of
test article), or high levels of cytotoxicity (Scott, et al., 1991).

The Ames test is recommended by International Conference
on Harmonisation (ICH) and International Organization for
Standardization (ISO) guidelines as part of standard genetic
toxicology batteries. The other assays include the mouse lym-
phoma and in vivo micronucleus tests. This bacterial reverse
mutation test may not be appropriate for the evaluation of
certain classes of chemicals, for example, highly bactericidal
compounds (e.g., certain antibiotics), any of which may
interfere with cell division or replication, and possibly some
peptides. In such cases, mammalian mutation tests may be
more appropriate.

The most commonly used tester strains are S. typhimurium
TA1535, TA1537, TA98, and TA100 and E. coli WP2 uvrA. Other
strains may be used as long as there are historical data that
support the findings. The S. typhimurium strains have a muta-
tion on their histidine operon as follows:

TA1535 (hisG46)
TA1537 (hisC3076)
TA98 (hisD3052)
TA100 (hisG46)
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The histidine mutation prevents the S. typhimurium strains
from synthesizing histidine, and, therefore, prevents the
growth of the cell. All the S. typhimurium strains have addi-
tional mutations of the rfa and uvrB genes. The rfa gene has
a loss of one of the enzymes responsible for the synthesis of
part of the lipopolysaccharide layer of the cell wall, which
increases the cell’s permeability to certain chemical classes. The
uvrB gene contains a deletion that causes a deficit in the DNA
excision-repair system, which causes increased sensitivity to
certain chemicals. Strains TA98 and TA100 also have an R-
factor, in this case the pKM101 plasmid, which further causes
increased sensitivity to certain chemicals. TA1537 and TA98
are reverted back to their original histidine-independent state
by frameshift mutations. TA1535 is reverted back by base-pair
mutations and TA100 is reverted back by both frameshift and
base-pair mutations.

The tryptophan mutation prevents the E. coli WP2 uvrA
strain from synthesizing tryptophan. A revertant can occur by
a base change.

Cultures of established cell lines or cell strains should be
used. These should be karyotyped.

Tests conducted in vitro generally require the use of an
exogenous source of metabolic activation. S9 is the most
commonly used exogenous source of metabolic activation. S9
is a rat liver homogenate prepared from the livers of rodents
treated with enzyme-inducing agents such as Aroclor 1254.
This metabolic activation system simulates the metabolic
characteristics of a mammal under in vivo conditions. There-
fore, a typical assay should determine the mutagenic potential
of a chemical in the absence and presence of a metabolic
activation system (S9). For both metabolic situations, a nega-
tive (solvent) and the appropriate positive control should be
tested concurrently.

The Ames test consists of a preliminary phase to find the
dose range and the final mutagenicity phase. For the prelimi-
nary phase, more details of the procedure are described below,
but each strain, with and without S9, is plated onto a single
plate with 9–10 concentrations. The maximum dose level rec-
ommended is 5000 mg per plate (or 5 ml per plate for a liquid
test substance) when not limited by solubility or cytotoxicity.
The vehicle used may include sterile water, dimethylsulfoxide
(DMSO), or ethanol. Cytotoxicity is usually determined after
24–48 h of incubation.

For the main mutagenicity assay, suspensions of bacterial
cells are exposed to approximately five concentrations of the
test material in the presence and in the absence of an exoge-
nous metabolic activation system. If no toxicity was observed
in the preliminary study to find the dose range, concentrations
of up to 50 ml or 5000 mg per plate should be used. Triplicate
plates per concentration per strain with and without metabolic
activation are standard. Negative and positive controls are used
as appropriate.

The two most popular methods are the plate incorporation
method and the preincubation method. In the plate
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incorporation method, these suspensions are mixed with an
overlay (top) agar and plated immediately onto minimal
medium (bottom agar). In the preincubation method, the
suspension mixture is incubated and then mixed with a top
agar before plating onto minimal medium. For both tech-
niques, after 2 or 3 days of incubation, normal-sized, revertant
colonies are counted and compared with the number of
spontaneous revertant colonies on solvent control plates.
Independent repeats are recommended by the ICH guidelines.
Certain modifications of the methods need to be incorporated
for specific types of test articles. The ICH guidance S2(r1)
recommends, based on experience with testing pharmaceuti-
cals, that a single Ames test is considered sufficient when it is
clearly negative or positive, and carried out with a fully
adequate protocol including all strains with and without
metabolic activation, a suitable dose range that fulfills criteria
for top dose selection, and appropriate positive and negative
controls.

Negative (solvent) and positive controls must be utilized for
a valid study. A historical database must be maintained for
these results. The positive control concentration must be
documented, as different solvents and concentrations are
required for different strains and metabolic activation condi-
tions. Examples of positive control substances include:

Absence of exogenous metabolic activation
Sodium azide [CAS no. 26628-22-8] for TAl535 and TAl00
2-Nitrofluorene [CAS no. 607-57-8] TA98, TA1538
9-Aminoacridine [CAS no. 134-50-9] TAl537, TA97 and TA97a
4-Nitroquinoline [CAS no. 56-57-5] WP2 uvrA

Presence of exogenous metabolic activation

2-Anthramine for all strains

To ensure that the results of an assay are valid, specific criteria
have been determined. Both positive and negative (solvent)
control values should reasonably be within the normal
historical data for the laboratory. Tester strains must be iden-
tified and have a characteristic number of spontaneous rever-
tants per plate for the vehicle controls. A minimum of three
nontoxic concentrations must be evaluated.

Once the data are available for analyses, evaluation of the
results follows. There are several criteria for determining
a positive result, such as a concentration-related increase over
the range tested and/or a reproducible increase at one or more
concentrations in the number of revertant colonies per plate in
at least one strain with or without a metabolic activation
system. The concentration-related increase would be three
times the mean vehicle control value for strains TA1535,
TA1537, and TA1538 and two times the mean vehicle control
value for TA98, TA100, and WP2 uvrA. The biological relevance
of the results should be considered first.
A negative test is when the results do not meet the above
criteria and the test material is thereby considered to be not
mutagenic.

The Ames test is a sensitive predictor of mutagenicity in
mammals, but it should not be used in a vacuum. The Ames
test should be used in a battery of in vitro and in vivo tests for
predicting the genetic toxicity potential of test materials. The
ICH developed a revised guidance, S2(R1), to assist in the
preparation of a genetic toxicology battery and the conduct of
studies. This guidance merges the old ICH S2A and S2B. The
purpose of the revision was to optimize the standard genetic
toxicology battery for prediction of potential human risks, and
to provide guidance on interpretation of results.

The US Food and Drug Administration (FDA) has posted
a template for the In Vitro Bacterial Reverse Mutation
(Ames) Test (FDA, 2004).

See also: The International Conference on Harmonisation;
Micronucleus Assay; Mouse Lymphoma Assay; Toxicity
Testing, Mutagenicity.
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l Chemical Abstracts Service Registry Number: 92-67-1
l Synonyms: 4-ADP, 4-Biphenylamine, p-Phenylaniline,

p-Xenylamine, Xenylamine
l Chemical Formula: C12H11N
l Chemical Structure:

H2N

Background

4-Aminobiphenyl was formerly used as a rubber antioxidant
and in the manufacture of azo dyes. Due to its carcinogenicity
4-aminobiphenyl is no longer produced commercially. It is
found in tobacco smoke.
Uses

4-Aminobiphenyl is not produced commercially. However, it is
used in research as a cancer-causing agent.
Environmental Fate and Behavior

4-Aminobiphenyl may have been released into the environment
during its production and use as a rubber antioxidant and dye
intermediate; however, sources suggest that it was no longer in
significant production by the early 1970s. 4-Aminobiphenyl is
easily oxidizable and probably undergoes photolysis but there
is little actual data on these processes. If released on land it is
expected to adsorb moderately to soil, probably binding to
humic materials, and undergo redox reactions. If released to
surface water, it is expected to adsorb to sediment, and probably
undergo photolysis and oxidation. It may be degraded by
oxidation by alkoxy radicals, which are photochemically
produced in eutrophic waters, with an estimated half-life of
14 days. 4-Aminobiphenyl is biodegradable and biodegradation
may well occur in both soil and water but there are no rates
available for soil or surface waters. It has a low potential for
bioconcentration. In the atmosphere, degradation should occur
due to direct photolysis, oxidation by ambient oxygen, and
photochemically produced hydroxyl radicals (estimated half-life
6–7 h in the vapor phase).
Exposure and Exposure Monitoring

Because 4-aminobiphenyl is found in tobacco smoke, one of
the major routes of exposure for the general population is the
passive and active inhalation of tobacco smoke. Laboratory
personnel working with 4-aminobiphenyl without adequate
icology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
personal protection may also be exposed occupationally by the
dermal and inhalation routes.

Toxicokinetics

4-Aminobiphenyl is converted to its active metabolite,
N-hydroxy-4-aminobiphenyl, in the liver and the bladder. In the
liver, 4-aminobiphenyl is subjected to N-hydroxylation and
N-glucuronidation to produceN-glucuronide-4-aminobiphenyl.
This metabolite accumulates in the urine of the bladder where,
under acidic pH conditions, it is hydrolyzed to its active
metabolite. 4-Aminobiphenyl can also be activated directly in
the bladdermucosa. The activemetabolite is believed to produce
cancer through its reaction with cellular DNA. In animal studies,
the observed incidence of 4-aminobiphenyl adducts with
bladder epithelium DNA correlated well with the observed
bladder tumor incidence.
Mechanism of Toxicity

4-Aminobiphenyl is one of a number of chemicals that
cause methemoglobinemia, or conversion of hemoglobin to
methemoglobin, which reduces the ability of the blood to
carry oxygen to the tissues. In addition, the active metabo-
lite (see above) is believed to produce cancer through its
reaction with cellular DNA. In animal studies, the observed
incidence of 4-aminobiphenyl adducts with bladder
epithelium DNA correlated well with the observed bladder
tumor incidence.
Acute and Short-Term Toxicity

Acute overexposure is known to produce methemoglobinemia
and urinary tract damage. Signs and symptoms of overexposure
include headache, lethargy, cyanosis, hematuria (bloody
urine), a bluish tint of the skin and mucus membranes as well
as a burning sensation in the urinary tract. The oral LD50 has
been reported to be 500 mg kg�1 in rats and 25 mg kg�1

in dogs.
Chronic Toxicity

The target organ of toxicity is the bladder. Chronic over-
exposure is known to produce bladder damage and cancer.
Signs and symptoms of bladder damage may include painful
urination and the presence of blood and pus in the urine.

There is sufficient epidemiological and animal toxicological
data to classify 4-aminobiphenyl as a carcinogen. In humans,
occupational exposure has been shown to produce bladder
tumors. In animals, chronic administration has produced
tumors in the bladder, mammary gland, gastrointestinal tract,
and liver of exposed animals.
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Reproductive Toxicity

There is no published information on the reproductive toxicity
of 4-aminobiphenyl. However, it has been shown to cross the
placenta in humans and has been detected in fetal blood. Thus,
4-aminobiphenyl has the potential to cause methemoglobi-
nemia in both the mother and the fetus. Acute and/or chronic
methemoglobinemia may compromise the health and survival
of the fetus.
Genotoxicity

4-Aminobiphenyl can form chemical addition products
(adducts) with DNA and hemoglobin. Formed adducts can lead
to cancer development. For example, levels of 4-aminobiphenyl–
hemoglobin adducts found in tobacco smokers are reported to
be proportional to bladder cancer risk. Reports also show
4-aminobiphenyl can induce unscheduled DNA synthesis and
mutations in cultured mammalian cells and microorganisms.
4-Aminobiphenyl is also reported to promote chromosome
aberrations and sister chromatid exchanges in laboratory mice.
Carcinogenicity

Epidemiological studies have found 4-aminobiphenyl to be
a human carcinogen. The incidence of bladder tumors in
workers occupationally exposed to 4-aminobiphenyl was
reported to range from 11% to 17% of the exposed population.
Because epidemiological studies provide sufficient evidence of
the direct relationship between 4-aminobiphenyl exposures
and cancer incidence, the International Agency for Research
on Cancer has classified 4-aminobiphenyl as a Group 1
carcinogen.

Oral administration of 4-aminobiphenyl to dogs, mice, and
rabbits has been shown toproduce bladder and liver cancer.Oral
administration has also produced mammary tumors in rats.
Clinical Management

4-Aminobiphenyl is not produced commercially and is not
a major ingredient in consumer products. Therefore, it is highly
unlikely a person would accidentally ingest or be exposed to
sufficiently high doses to prompt a medical emergency. Treat-
ment options consist of patient decontamination; collection of
blood and urine chemistry; treatment of methemoglobinemia
(if present); and life support, as needed. Because the clinical
management for overexposure varies depending on the dose
absorbed, route of administration, the patient’s age and health
status, time elapsed since exposure, etc., medical practitioners
treating a patient suspected of 4-aminobiphenyl overexposure
should consult clinical specialists or other published literature
for treatment options.
Ecotoxicology

Currently, no significant risks to the ecosystem should be
expected with this compound. It has not been in production
for several decades and, as discussed in more detail in the
section on environmental fate, 4-aminobiphenyl biodegrades
if released into the environment.
Other Hazards

Flammability is low to moderate when exposed to heat, flames
(sparks), or powerful oxidizers. 4-Aminobiphenyl autoignites at
temperatures of 450 �C.When stronglyheated, 4-aminobiphenyl
emits toxic fumes.
Exposure Standards and Guidelines

The National Institute for Occupational Safety and Health
(NIOSH) considers 4-aminobiphenyl to be a potential occu-
pational carcinogen.

The American Conference of Governmental Industrial
Hygienists (ACGIH) has classified 4-aminobiphenyl as
a confirmed human carcinogen.

Special precautions must be taken when working with
4-aminobiphenyl. Personnel handling 4-aminobiphenyl must
obey and follow industrial hygiene and health protection
requirements for handling potentially carcinogenic substances.
At a minimum, 4-aminobiphenyl exposures should be limited
to the lowest feasible concentration through the use of engi-
neering controls, work practices, and personal protective
equipment, including impervious and disposable gowns and
gloves as well as eye and respiratory protection. In addition,
working area and working instruments must be especially
designed for handling potentially harmful substances.

See also: Carcinogenesis; Carcinogen–DNA Adduct Formation
and DNA Repair; Toxicity Testing, Carcinogenesis.
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l Representative Compounds: Amikacin; Gentamicin; Kana-
mycin; Neomycin; Netilmicin; Paromomycin; Strepto-
mycin; Tobramycin

l Chemical Abstracts Service Registry Number: 57-92-1
(streptomycin)

l Synonyms: (For streptomycin – Agrept, Agrimycin, Gerox,
NSC-14083, Streptcen)

l Molecular Formula: C21H39N7O12

l Structure: Aminoglycoside antimicrobials have many
dissimilar structures; therefore, it is impossible to represent
the entire class with a single structure. The structure shown
here is streptomycin, the first aminoglycoside antimicrobial:

Background (Significance/History)

Aminoglycosides are hydrophilic sugars that possess amino
and hydroxyl functionalities. They are polycationic species at
physiological pH, meaning they bind to negatively charged
molecules such as DNA and RNA. Since their introduction into
clinical use and despite the advent of newer agents (carbape-
nems, monobactams, fluoroquinolones), aminoglycoside
antibiotics continue to play an important role in the treatment
of severe infections, particularly those due to aerobic, Gram-
negative bacilli. Several factors account for their durability and
continued clinical usefulness: therapeutic efficacy, synergy with
b-lactam antibiotics, low rates of development of true antibi-
otic resistance, and low drug cost. Their main drawback has
been the occurrence of (reversible) nephrotoxicity and
ototoxicity in a significant number of patients (5–25%).

The first aminoglycoside, streptomycin was isolated from
Streptomyces griseus in 1943; neomycin was isolated from Strepto-
myces fradiae. This antibiotic was very effective against tubercu-
losis. However, one of the main drawbacks to streptomycin is its
toxicity, especially to cells in the inner and middle ear and the
kidney. Furthermore, some strains of tuberculosis are resistant to
treatmentwith streptomycin. Therefore,medical researchers have
put considerable effort into identifying other antibiotics with
streptomycin’s efficacy, but without its toxicity. Gentamicin, iso-
lated from Micromonospora in 1963, was a breakthrough in the
treatment of Gram-negative bacillary infections, including those
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caused by Pseudomonas aeruginosa. Other aminoglycosides were
subsequently developed, including amikacin (Amikin), netilmi-
cin (Netromycin), and tobramycin (Nebcin), which are all
currently available for systemic use in the United States.
Uses

Aminoglycosides are a group of potent antibiotics primarily
used to treat certain infections caused by aerobic, Gram-negative
bacteria. They are used in the treatment of severe infections of
the abdomen, urinary tract, skin and soft tissue, bone, cervix,
blood, eye ear, lungs, and heart. In general, gentamicin, tobra-
mycin, and amikacin are used in similar circumstances, often
interchangeably. Of these, gentamicin is the aminoglycoside
used most often because of its low cost and reliable activity
against Gram-negative aerobes. Tobramycin may be the ami-
noglycoside of choice for use against P. aeruginosa because of its
greater in vitro activity. Amikacin is used against bacteria that are
resistant to other aminoglycosides, since its chemical structure
makes it less susceptible to inactivating enzymes. Aminoglyco-
sides are also effective against mycobacterial species.

In certain cases, such as with infective endocarditis, amino-
glycosides are used synergistically with b-lactam antibiotics to
enhance the bactericidal action of the agents against Gram-
positive bacteria. In addition, someof the aminoglycosides have
beenwidely used for preparation of the bowel for surgery and as
an adjunct to the therapy of advanced stages of hepatic
encephalopathy. A more recent utilization of these agents has
been aerosolization via nebulizer for direct delivery to lung
tissue. This has been shown tobe an effectivemeans of antibiotic
delivery for patients with cystic fibrosis and those with other
difficult to treat Gram-negative bacteria in their lungs.

Aminoglycosides are ineffective against anaerobic bacteria
(bacteria that cannot grow in the presence of oxygen), viruses,
or fungi. Only one aminoglycoside, paromomycin, is used
against parasitic infection.
Environmental Fate and Behavior

Aminoglycosides are water-soluble compounds that are natu-
rally occurring products of bacteria found in the soil. They are
highly polar compounds and under acidic conditions may
become positively charged by protonation. This positive charge
may lead to adsorption to clay and soil materials, which under
normal parameters are negatively charged. They are readily
degraded in the environment and relatively minor persistence
and accumulation.
Exposure and Exposure Monitoring

Exposure to aminoglycosides is primarily encountered via the
intravenous or inhaled route for the treatment of infection.
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Unlike many other antibiotics, monitoring of drug concentra-
tion in the serum is critical for these agents both to improve
efficacy and minimize toxicity. Environmental exposure occurs
in very low concentrations as a natural product of bacterial
species primarily found in the soil.
Toxicokinetics

Aminoglycosides are poorly absorbed from the gastrointestinal
or respiratory tract. The extent of absorption varies with
a specific agent, ranging from as low as 0.2% to as high as 9%.
Protein binding of aminoglycoside is from as low as 0–3% to as
high as 11% depending on the agents. The volume of distri-
bution for aminoglycosides ranges from 0.16 to 0.34 l kg�1.
Greater than 90% of aminoglycosides are excreted unchanged
through the kidney. After parenteral administration, amino-
glycosides are primarily distributed within the extracellular
fluid. Thus, the presence of disease states or iatrogenic situa-
tions that alter fluid balance may necessitate dosage modifi-
cations. When used parenterally, adequate drug concentrations
are typically found in bone, synovial fluid, and peritoneal fluid.
Penetration of biological membranes is poor because of the
drug’s polar structure. Intracellular concentrations are also
usually low, with the exception of the proximal renal tubule.
Endotracheal administration results in higher bronchial levels
compared with systemic administration, but differences in
clinical outcome have not been consistent.

Following parenteral administration of an aminoglycoside,
subtherapeutic concentrations are usually found in the cere-
brospinal fluid, vitreous fluid, prostate, and brain. Amino-
glycosides are rapidly excreted by glomerular filtration,
resulting in a plasma half-life of therapeutic doses ranging from
1.5 to 3.2 h in a patient with ‘normal’ renal function and
30–60 h in patients with impaired kidney function. The half-life
of aminoglycosides in the renal cortex is w100 h, so repetitive
dosing may result in renal accumulation and toxicity.
Mechanism of Toxicity

The mechanism of toxicity for aminoglycosides has not been
fully explained and is therefore unclear. It is known that the
drug attaches to a bacterial cell wall and is drawn into the cell
via channels made up of a protein, porin. Once inside the cell,
aminoglycoside attaches to the 30S bacterial ribosomes.
Ribosomes are the intracellular structures responsible for
manufacturing proteins. This attachment either inhibits protein
biosynthesis or causes the cell to produce abnormal, ineffective
proteins. The bacterial cell cannot survive with this impedi-
ment. This explanation, however, does not account for the
potent bactericidal properties of these agents, since other
antibiotics that inhibit the synthesis of proteins (such as
tetracycline) are not bactericidal. Recent experimental studies
show that the initial site of action is the outer bacterial
membrane. The cationic antibiotic molecules create fissures in
the outer cell membrane, resulting in leakage of intracellular
contents and enhanced antibiotic uptake. This rapid action at
the outer membrane probably accounts for most of the bacte-
ricidal activity.
Energy is needed for aminoglycoside uptake into the
bacterial cell. Anaerobes have less energy available for this
uptake, so aminoglycosides are less active against anaerobic
bacteria (bacteria that cannot grow in the presence of oxygen),
viruses, and fungi. And only one aminoglycoside, paromo-
mycin, is used against parasitic infection. Like all other anti-
biotics, aminoglycosides are not effective against influenza, the
common cold, or other viral infections.
Acute and Short-Term Toxicity
(To Include Irritation and Corrosivity)

Animal

Several investigators have assessed the toxic effects of high
doses of aminoglycosides in animals. Studies with dogs,
rabbits, rats, and guinea pigs treated with doses ranging from
7.5 to 120mg kg�2 day�1 in single or divided doses for
10–29 days suggest that less frequent aminoglycoside admin-
istration is associated with less nephrotoxicity as assessed by
serum creatinine levels, the glomerular filtration rate, and
histopathology. A single study in rats assessing ototoxicity
based on cochlear histology reported a lack of toxicity regard-
less of administration frequency.
Human

Because the body does not metabolize aminoglycosides, ami-
noglycoside activity is unchanged by induction or inhibition of
metabolic enzymes, such as those in the cytochrome p450
system.Certainmedicationsmay increase the riskof renal toxicity
with aminoglycoside use (e.g., diuretics, radiographic contrast
exposure, ACE inhibitors, nonsteroidal anti-inflammatory
drugs, other nephrotoxic medications, concomitant use of
amphotericin and cisplatin).

All aminoglycosides have a downside: They can cause
ototoxicity. In the case of systemic gentamicin, ototoxicity
appears to be primarily related to the duration of treatment, the
course exceeds 10�14 days. It is also important to realize that
gentamicin-induced ototoxicity tends to be primarily vestib-
ular, although cochleotoxicity is seen as well. Overdoses may
result in renal damage or ototoxicity (deafness and vertigo),
and rarely neuromuscular blockade and hypersensitivity reac-
tions depending on the dose and duration. Nephrotoxicity
receives the most attention, perhaps because of easier docu-
mentation of reduced renal function, but it is usually reversible.
Nephrotoxicity results from renal cortical accumulation
resulting in tubular cell degeneration and sloughing. Exami-
nation of urine sediment may reveal a dark-brown, fine, or
granulated casts consistent with acute tubular necrosis but not
specific for aminoglycoside renal toxicity. Although serum
creatinine levels are frequently monitored during amino-
glycoside use, an elevation in serum creatinine is more likely to
reflect glomerular damage rather than tubular damage. In most
clinical trials of aminoglycosides, however, nephrotoxicity has
been defined by an elevation of serum creatinine. Periodic
monitoring of serum creatinine concentrations may alert the
clinician to renal toxicity. Retinopathy, visual loss, and
conjunctival necrosis have also been associated with this class
of antibacterial agent. Irreversible damage of the auditory and
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vestibular functions of the eighth cranial nerve can occur, but
this is thought to be related to dose and duration of treatment.
Chronic Toxicity

Human

Chronic topical application of 1% neomycin to a large wound
precipitated severe hearing loss in an adult within 3 weeks of
the application. Serious toxicity is a major limitation to the
usefulness of the aminoglycosides, and all drugs in this class
share the same spectrum of toxicity.
Immunotoxicity

Hypersensitivity reactions have been noted in patients receiving
therapy with aminoglycoside antibiotics by a variety of routes
(inhaled, intravenous, oral). These reactions have included rash,
urticaria, stomatitis, pruritus, generalized burning, fever, eosino-
philia, lacrimation, itching and edema of the eyelid, conjunctival
erythema anaphylaxis, exfoliative dermatitis, toxic epidermal
necrosis, erythemamultiforme, andStevens�Johnson syndrome.
Cross-allergenicity has been reported with these agents. In addi-
tion, a common additive to intravenous formulations of ami-
noglycosides, sodium metabisulfite, can cause an allergic-type
response. Thoughnot exclusively limited to personswith asthma,
they are particularly susceptible to this allergy. If allergic, these
patientsmay experience coughing/wheezing, shortness of breath,
bronchoconstriction, rapid swelling of the skin, flushing, tingling
sensations, and even shock.

Granulocytopenia has been noted in some patients
following the administration of aminoglycosides; however,
a causal relationship has not been fully established.
Reproductive Toxicity

Aminoglycosides readily cross the placental barrier, leading to
detectable serum levels in a developing fetus. In several case
reports, the agent streptomycin has been implicated in total
and irreversible bilateral deafness in children born to mothers
who received the agent during pregnancy. While other ami-
noglycosides have not been reported as having these effects, as
a class the agents are FDA pregnancy category D, meaning there
is evidence for human fetal risk, but potential benefits may
warrant the use during pregnancy despite the risks.
Genotoxicity

The mutagenicity of aminoglycoside antibiotics has been evalu-
ated in both Salmonella typhimurium and Saccharomyces cerevisiae.
None of the aminoglycosides demonstrated mitotic crossing-
over, point mutations, or mitotic gene conversion. Additionally,
tests to induce forwardpointmutations inChinesehamster ovary
cells at concentrations ranging from128 to 5000 mgml�1 did not
report any mutagenic activity. All studies performed to assess the
genotoxicity of the aminoglycoside, streptomycin, against
human lymphocytes have determined there is either no evidence
of the toxicity or the results were inconclusive.
Carcinogenicity

None of the aminoglycosides are listed by International Agency
for Research on Cancer, National Toxicology Program, or
Occupational Safety and Health Administration as known
carcinogens.
Clinical Management

Management of toxic doses or anoverdose of an aminoglycoside
should begin with prompt assessment respiratory and cardio-
vascular function and support when necessary. This may be
critical if the patient experiences neuromuscular blockade
leading to respiratory paralysis. For patients who have received
an intravenous injection of these agents, managing renal func-
tion is also important. Proper hydration with a urine output of
3�5ml kg�1 h�1 should help to reduce the potential for neph-
rotoxicity in patients with normal hydration status and kidney
function. Routine analysis of fluid balance, serum creatine, and
serum trough values should be performed. In patients with
serum trough levels that are prolonged, hemodialysis may be
considered. If patients experience ototoxicity, discontinuation
of the aminoglycoside is the only way to reduce the potential for
irreversible damage. Risks and benefits must be weighed care-
fully with this approach. Systemic toxicity with inhaled ami-
noglycosides is rare; however, large doses, when inhaled, may
cause severe bronchospasm inpatients. These patients shouldbe
managed with inhaled b-2 adrenergic agonists, such as albu-
terol, and other respiratory supportive care.
Ecotoxicity

As products that are or were originally derived from bacteria
found commonly in the soil, their potential for ecotoxicity
exists only if major releases of large quantities occurred. Little
to no data exist describing this type of toxicity for amino-
glycoside antibiotics.
See also: Ciprofloxacin; Kidney; Chloramphenicol;
Erythromycin; Metronidazole; The Penicillins; Rifampin;
Cephalosporins.

Further Reading
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Gilbert, D.N., Leggett, J.E., 2010. Aminoglycosides. In: Mandell, G.L., Bennett, J.E.,
Dolin, R. (Eds.), Mandell, Douglas and Bennett’s Principles and Practices of
Infectious Diseases. Churchill Livingston Elsevier, Philadelphia, pp. 359–384.
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l Name: Aminopyridine, 4- (4-AP)
l Chemical Abstracts Service Registry Number: CAS 504-24-5
l Synonyms: Avitrol; 4-AP; 4-Pyridinamine; 4-Pyridamine;

Pyridine-4-amine; Fampridine�
l Chemical/Pharmaceutical/Other Class: Avicides; Amino-

pyridine pesticides; Kþ channel blocker; Apoptosis inducer
l Molecular Formula: C5H6N2
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Background

In the 1960s, avicides were developed to kill or repel the birds
that destroy crops and grain, ruin the look of beautiful buildings
and monuments, and are hazardous to airplane flights. 4-
Aminopyridine (4-AP)was developed by the Phillips Petroleum
Company and marketed in 1963 as an avicide under the name
Avitrol. Avitrol has also been used as a bird repellent. Currently,
it is a product of the Avitrol Corporation (Tulsa, Oklahoma,
USA). Avitrol is themost popular avicide that is registered at the
US Environmental Protection Agency for the control of certain
pest birds that feed on cattle feedlots, field corn, wheat,
sorghum, sunflowers, peanuts, pecans, grain, feed processing
plants, etc. In recent years, the use of Avitrol has been banned in
many cities of the United States, including New York, San
Francisco, and Boulder, because of its toxicity to nontarget
species. Many incidents of Avitrol poisonings have been repor-
ted in birds, and domestic, wild, and zoo animals. Secondary
poisoning is very common in nontarget birds and dogs. Avitrol
has been involved in many suicidal cases. Currently, 4-AP is
a compound of significant interest, because it is therapeutically
indicated in neurological diseases such as multiple sclerosis. As
an experimental compound, 4-AP is used as a Kþ channel
blocker, Ca2þ activator, and apoptosis inducer (Figure 1).
Uses

4-AP is commonly marketed as Avitrol to control the over-
population of certain birds, including pigeons, red-winged
Figure 1 Chemical structure of 4-AP.
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blackbirds, blackbirds, cowbirds, grackles, sparrows, starlings,
gulls, and crows. However, its use for controlling birds has been
criticized by the Humane Society of the United States. 4-AP has
received much attention because of its application as a phar-
macological drug in neurological diseases, and as an experi-
mental Kþ channel blocker, Ca2þ channel activator, and
apoptosis inducer.
Environmental Fate and Behavior

4-AP is adsorbed to soil particles and is moderately persistent
in the environment. It has been reported to be slowly metab-
olized by soil microorganisms. The rate of disappearance varies
with the organic content of soils, and the disappearance half-
time has been reported to range from 3 to 32months. Move-
ment from upper soil layers is thought to be minimal due to
strong soil adsorption, and the compound is not expected to
represent a significant threat to groundwater.
Exposure Routes and Pathways

As an avicide, 4-AP is mixed into grain and set out as bait. It
elicits toxicity to all grain-consuming birds. Oral exposure can
occur with the misuse of impregnated grain. Any grain-
consuming organisms, including livestock, are at risk of acci-
dental ingestion. Human exposure is also possible in industrial
and manufacturing settings and in circumstances where indi-
viduals (e.g., applicators) may be exposed during avicide use.
Upon contact, 4-AP is also absorbed through the skin. In
clinical settings, patients are deliberately exposed to 4-AP for its
therapeutic effects. Because chronic dietary intake of 4-AP is
expected to be negligible, prolonged human exposure is
unlikely.
Toxicokinetics

4-AP, like other aminopyridines, is rapidly absorbed from the
gastrointestinal tract into circulation. 4-AP can also be absor-
bed following dermal exposure. The compound is readily
metabolized in the liver, and approximately 90% of the
administered dose (oral or intravenous) is excreted unchanged
in the urine. 4-AP is not known to accumulate in the body.
Mechanism of Toxicity

4-AP produces toxicity through multiple mechanisms. At toxic
doses, 4-AP blocks voltage-sensitive Kþ ion channels and
increases acetylcholine levels at the synapses and neuromus-
cular junctions. This results in hyperactivity, convulsions, and
seizures. 4-AP also causes excess methemoglobin formation,
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00096-8
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and methemoglobin is unable to carry oxygen to the tissues,
thereby causing respiratory distress. Death occurs due to cardiac
and respiratory arrest. Because 4-AP blocks voltage-sensitive Kþ

channels in neurons, it has the capacity to enhance action
potential conduction in demyelinated tissue with therapeuti-
cally beneficial results. For example, a compound,
Fampridine�/Fampyra�, is indicated as a therapeutic agent in
the treatment of multiple sclerosis. 4-AP is also being investi-
gated for its ability to improve neuronal signaling in patients
with partial spinal cord injuries.
Acute Toxicity

4-AP is toxic to man, animals, birds, fish, and wildlife.
Animals

The oral LD50 in rats is w20mg kg�1. The LD50 for dermal
exposure in rabbits is 326mg kg�1. The commercially avail-
able, technical grade 4-AP contained in the avicide product,
Avitrol, has a reported oral LD50 of 28.7 mg kg�1 in rats and
3mg kg�1 in dogs. 4-AP is also an eye irritant.

In mammals, 4-AP produces symptoms similar to those of
epileptic seizures. Doses near the LD50 exert a usual sequence of
symptoms, including hyperexcitability, salivation, tremors,
muscle incoordination, and convulsions. Death results from
cardiac and respiratory failure. Most of these symptoms are
associated with hypercholinergic activity. In general, onset of
signs occurs within 10–15min and death occurs within 15min
to 4 h.
Humans

Reported toxicities are of an acute nature. Signs and symptoms
in humans include paresthesia, sweating, dizziness, nausea,
ataxia, tremors, dyspnea, tachycardia, weakness, diaphoresis,
altered mental status, hypertension, thirst, tonic–clonic
convulsions, and seizures. Avitrol produces toxic effects
similar to those described for 4-AP. Avitrol also causes meta-
bolic acidosis, leukocytosis, and elevation of serum enzymes
(glutamic oxaloacetic transaminase, lactate dehydrogenase,
and alkaline phosphatase). Death occurs due to cardiac and
respiratory failure. Because 4-AP is a nervous system stimu-
lant, it has been suggested that individuals with a history of
convulsive disorders may be at increased risk. Convulsions are
reported to be responsive to benzodiazepines. 4-AP has been
reported to cause severe poisoning in adult humans at doses
less than 60mg. The dosages used for therapeutic purposes in
human trials are 20–30mg day�1 in divided doses over
extended periods. In one reported study, six patients were
given 24mg intravenously without experiencing serious side
effects.
Chronic Toxicity

Animals

Long-term exposure may affect liver and nervous system
functions. Long-term dietary exposures increase brain weights.
Humans

There are several cases of acute toxicity of 4-AP due to accidental
or intentional exposure. There are, however, no data available to
report long-term effects of low-dose exposure to 4-AP.
Reproductive Toxicity

No adverse reproductive outcomes were noted in a study in
quail, but otherwise there are no data available.
Genotoxicity

4-AP was negative in several mutagenicity assays.
Clinical Management

Pancuronium is a pharmacologic antidote and is recommended
in severely poisoned human patients. Propranolol appears to
block someof the cardiac toxicity of 4-AP. Seizures canbe treated
with diazepam. In severe cases, phenobarbital or phenytoin can
be given if there is no response to diazepam. General symp-
tomatic and supportive treatment is rewarding. Bicarbonate
should be added to the fluid therapy to treat acidosis.
Ecotoxicology

Birds

Avitrol produces toxicity in birds in a dose-dependent manner;
that is, birds exposed to a low dose exhibit utter distress calls,
whereas with higher doses, they become incapacitated and die.
Birds exposed to Avitrol usually show an onset of signs within
5–15min and signs of severe intoxication for a period of
30–60min. Intoxicated birds rarely recover, andwhen they do it
is observedwithin 15 h. The oral acute LD50 values (expressed as
milligram per kilogram body weight) for Avitrol are reported to
be 10–12 for chickens, 8 for gulls, 3 for crows, 5.6 for pheasants,
15 for bobwhite quail, 8 for mourning doves, 3.8–4 for
sparrows, 5–6 for starlings, 4–7 for pigeons, 9 for blackbirds,
and 3.2 for boat-tailed grackle. LC50 values of 4-AP for Coturnix
quails, mourning doves, and mallard ducks are 447, 316, and
722 ppm, respectively.
Fish

4-AP is moderately toxic to fish. The LC50 in bluegill is reported
to be 3.2–3.4mg l�1.
Exposure Standards and Guidelines

No observed effect level of 4-AP is reported to be 200 ppm in
dogs and 3 ppm in rats. Acceptable daily intake is reported to
be 0.0015mg kg�1 day�1.
See also: Pesticides.
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l Name: Amiodarone
l Chemical Abstracts Service Registry Numbers: 1951-25-3;

19774-82-4 (hydrochloride)
l Synonyms: Amiodarone hydrochloride; Cordarone�;

Nexterone�; (2-(4-[2-Butyl-1-benzofuran-3-yl)carbonyl]-
2,6-diiodopheoxy)ethyl)diethylamine

l Chemical/Pharmaceutical/Other Class: Class III antiar-
rhythmic agent, an iodinated benzofuran derivative
antiarrhythmic

l Molecular Formula: C25H29I2NO3
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Background

Amiodarone was synthesized by chemists working with
the plant extract of Khella (Ammi visnaga), which is a common
plant in North Africa. Scientists had noted that extracts of this
plant called khellin were effective in attenuating angina in
individuals taking it for other reasons and attempted to extract
an active component from the plant. Amiodarone was ulti-
mately synthesized in 1961 by Belgian chemists working on
preparations derived from khellin. Amiodarone gained wide-
spread use in Europe by 1980 and was approved in the United
States by the Food and Drug Administration in 1985 for the
treatment of arrhythmias.
Uses

Amiodarone has a major place in the management of
both acute and chronic ventricular and supraventricular
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
arrhythmias. It is one of the most commonly used and
prescribed antiarrhythmic drugs. Amiodarone is indicated in
life-threatening, recurrent, ventricular tachycardia or fibrilla-
tion when other interventions, such as epinephrine, have
failed. It is also used in the management of supraventricular
tachyarrhythmias, including atrial fibrillation, atrial flutter, and
paroxysmal reentrant supraventricular tachycardia. Amiodar-
one serves a prominent place in advanced cardiac life support
algorithms for numerous unstable rhythms. For unstable
rhythms, amiodarone is used in the parenteral (intravenous)
form. Oral amiodarone is used for chronic therapy once
a patient is stabilized.
Environmental Fate and Behavior

Exposure Routes and Pathways

Accidental and intentional overdoses of amiodarone are not
prevalent, and only a few cases are reported in the literature. If
overdose does occur, however, ingestion is the most common
route of exposure. Amiodarone is available in oral form as well
as for parenteral administration, and toxicity can occur by
either route.
Physicochemical Properties

Appearance of amiodarone is as a crystalline powder or in
solution; it is a clear to pale-yellow micellar solution. Its pH is
3–4 for a 5% aqueous solution.

Its molar mass is 645.311 6 g.
Human Exposure

Amiodarone and its metabolites are distributed into milk in
concentrations much higher than maternal plasma concentra-
tions. Data indicate that amiodarone and the major metabolite
N-desethylamiodarone milk-to-plasma ratios range from 2.3 to
9.1 and from 0.8 to 3.8, respectively.
Toxicokinetics

Following oral administration, amiodarone is slowly and var-
iably absorbed from the gastrointestinal tract. The oral
bioavailability varies greatly, with a range of 22–86% (average
of 50%). The reason for the variable bioavailability is not
known but postulated to be due to metabolism of drug in the
gut lumen, first-pass metabolism in the liver, and poor disso-
lution characteristics of the drug. If amiodarone is ingested
with foods, in particular those high in fat content, the rate and
extent of absorption are increased.

The peak plasma concentration of amiodarone occurs
within 3–7 h (range: 2–12 h) after oral administration. The
4-3.00691-6 197
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onset of action, however, is delayed for 2–3 days and up to
1–3 weeks post drug initiation. Although not clearly estab-
lished, the maximal antiarrhythmic effect occurs within
1–5 months after initiation of oral therapy. The antiarrhythmic
effect generally persists for 10–150 days after withdrawal of
therapy.

Amiodarone is extensively metabolized to an active
metabolite, N-desethylamiodarone. The apparent volume of
distribution is 65.8l kg�1 (range: 18.3–147.7 l kg�1). After
chronic administration, amiodarone and its metabolite are
extensively distributed to adipose tissue and many other
organs, including the liver, lung, spleen, and skeletal muscle.
Amiodarone is extensively bound to plasma proteins, mainly
albumin. The drug and its metabolite cross the placenta and are
distributed into breast milk.

The metabolism of amiodarone is not fully elucidated but
appears to be at least biphasic. After a single i.v. dose of
amiodarone, the terminal elimination half-life is on average,
25 days (range: 9–47 days). The elimination half-life of
N-desethylamiodarone is equal to or longer than the parent
drug. The half-life appears to be much more prolonged
following multiple doses rather single doses. After chronic
oral administration, the drug appears to be eliminated in
a biphasic manner with an initial elimination half-life of
about 2.5–10 days, which is followed by a terminal elimina-
tion half-life averaging 53 days (range: 26–107 days).

The exact metabolism of amiodarone has not been fully
described, but the drug appears to be extensively metabolized
in the liver by N-deethylation to N-desethylamiodarone. The
excretion of amiodarone and its metabolite is not fully
described, though it appears that it is nearly completely
excreted in the feces as unchanged drug and N-desethylamio-
darone presumably via biliary elimination.

Amiodarone and its major metabolite are not amenable to
hemodialysis for drug removal.
Mechanism of Action

Amiodarone displays electrophysiologic characteristics of all
four classes within the Vaughan-Williams classification scheme.
It is a sodium channel blocker with relatively fast on–off
kinetics; it has nonselective beta-adrenergic antagonist activity,
blocks potassium channels, and has a small degree of calcium
channel antagonist activity. Its most prominent activity is
potassium channel blockade and, therefore, is classified as
a Class III antiarrhythmic agent. It delays repolarization via
prolongation of the action potential duration and effective
refractory period; decreases AV conduction; depresses sinus
node and junctional automaticity; acts as a noncompetitive
alpha- and beta-receptor inhibitor; and slows automaticity of
Purkinje fibers. Despite its popularity and frequency of use,
amiodarone is a complex drug and displays unusual pharma-
cologic effects and pharmacokinetics. Even more peculiar is the
multisystem organ adverse events attributed to amiodarone.
The exact mechanisms of these adverse events remain unclear.
Fatal complications of amiodarone include acute respiratory
distress syndrome (ARDS), pulmonary fibrosis, cirrhosis, and
bradycardia leading to cardiac arrest. Amiodarone pulmonary
toxicity is probably related to a combination of different
mechanisms, including a cytotoxic effect on pneumocytes; an
immune mediated mechanism in genetically predisposed
patients; and possibly an effect on the angiotensin enzyme
system. This results in a disruption of lysosomal membranes by
amiodarone and a release of toxic oxygen radicals leading to
apoptosis of lung epithelial cells.
Acute and Short-Term Toxicity

Animal

The oral LD50 dose of amiodarone hydrochloride is
>3000 mg kg�1 in rats and dogs. The intravenous LD50 dose of
amiodarone hydrochloride is 170 mg kg�1 in rats and
5000 mg kg�1 in dogs.

Human

There is no published/established oral toxic dose of amiodar-
one. The determination of toxicity is based on observation and
clinical effects. Symptoms include nausea; vomiting; brady-
cardia; hypotension; heart block; QT prolongation with torsade
de Pointes being a rare effect; and tremor and ataxia.
Chronic Toxicity (or Exposure)

Animal

Chronic studies in rats demonstrate an increase in carcinoge-
nicity risk for thyroid tumors. The effects are dose related and
have been described at doses as low as 5 mg kg�1. Daily doses
of 90 mg kg�1 in pregnant rats showed reduced fertility. Daily
doses in rabbits of 25 mg kg�1 showed no change in fertility or
effects on the fetus. However, higher daily doses of 75 mg kg�1

resulted in an increased rate of spontaneous abortion in these
rabbits.
Human

Acute administration of amiodarone is generally well-tolerated
by patients; however, chronic administration can result in
severe and devastating adverse effects. The exact mechanisms of
these adverse effects remain postulated and not clearly eluci-
dated. Severe bradycardia has been reported to occur. Hypo-
and hyperthyroid have been reported with an unclear
mechanism of toxicity.

Pulmonary toxicity has been reported to occur in up to 5%
of treated patients. The development of lung toxicity appears to
be associated with older age, duration of treatment, cumulative
dose, high levels of the metabolite, history of cardiothoracic
surgery, use of iodinated contract media, and probably preex-
isting lung disease. The devastating pulmonary toxicity may
develop as early as the first few days of treatment to several
years later. The onset of this toxicity can be either insidious or
rapidly progressive. Pulmonary fibrosis has resulted in death.

Other side effects include elevated liver function tests;
uncommonly fulminant hepatitis; fatigue; tremor; dizziness;
ataxia; corneal micro deposits (which usually do not affect
vision); optic neuropathy/neuritis, which can lead to blindness;
blue-gray skin discoloration, especially in areas exposed to the
sun; and skin necrosis, which rarely has occurred.
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Immunotoxicity

Reproductive Toxicity

Amiodarone hydrochloride had reproductive effects in rats
when given at a dosage of 90 mg kg�1 day�1 to male and
female rats at 9 weeks prior to mating. In rabbits, at doses of 5,
10, and 25 mg kg�1 day�1 maternal deaths occurred in all
groups. Embryotoxicity occurred at doses of 10 mg kg�1 and
above. No teratogenicity occurred at any doses. In rats, amio-
darone has been found to be teratogenic at doses of
100 mg kg�1 day�1 given intravenously.

Amiodarone is pregnancy category D. Amiodarone and its
major metabolite desethylamiodarone are distributed into
maternal plasma, cord plasma, infant plasma, placental tissue,
and breast milk. There have been case reports of neonatal
hypothyroidism in infants whose mothers were taking amio-
darone during pregnancy.
Genotoxicity

Amiodarone HCl has not been shown to be mutagenic in
Ames, micronucleus, and lysogenic induction tests.
Carcinogenicity

Thyroid tumors have occurred after oral administration in rats,
including follicular adenoma and carcinoma. The incidence of
thyroid tumors in rats was higher than the incidence in controls
with doses as low as 5 mg kg�1 day�1.
Clinical Management

In patients with intentional overdose of amiodarone, treatment
is mainly supportive. Amiodarone is adsorbed to activated
charcoal and it should be considered in patients with large,
intentional ingestions. There is little experience in managing
patients with intentional overdoses of amiodarone because this
is not commonly reported. In such cases, treatment is largely
based on symptoms. Vasopressors should be considered for
blood pressure support. Atropine should be considered if
symptomatic bradycardia occurs. Hemodialysis to remove
amiodarone has little benefit.

Patients with toxicity secondary to therapeutic, chronic use
of amiodarone should be managed supportively as well.
Patients on chronic amiodarone therapy should be routinely
followed and have continued monitoring, including liver
function tests, thyroid function tests, eye exams, chest radio-
graphs, and pulmonary function tests. In patients demon-
strating adverse effects, a risk versus benefit assessment should
be performed to determine whether amiodarone therapy
should be continued. In patients that develop pulmonary
toxicity, discontinuation of therapy should be strongly
considered. In patients with severe pulmonary toxicity and
ARDS, discontinuation of therapy is necessary and consider-
ation of corticosteroids should be employed.
Exposure Standards and Guidelines

The exposure limits for amiodarone hydrochloride include an
8 h time-weighted average of 70 mg m–3 (Hospira EEL).
See also: Iodine.
Further Reading

Bogazzi, F., Tomisti, L., Bartalena, L., Aghini-Lombardi, F., Martino, E., 2012.
Amiodarone and the thyroid: a 2012 update. J. Endocrinol. Invest. 35 (3),
340–348.
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tachycardia caused by amiodarone-induced thyrotoxicosis: a case report of elec-
trical storm. Am. J. Emerg. Med. 30 (9), 2092.e5–2092.e7.
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macists. Consult. Pharm. 27 (10), 682–688.

Papiris, S.A., Triantafillidou, C., Kolilekas, L., Markoulaki, D., Manali, E.D., 2010.
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http://emedicine.medscape.com/article/129033-overview – Thyroid Dysfunction

Induced by Amiodarone Therapy an eMedicine (Medscape) Reference Article.
http://www.uptodate.com/contents/amiodarone-pulmonary-toxicity – UpToDate Article

on Amiodarone Pulmonary Toxicity.

http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00691-6/ref0030
http://www.aafp.org/afp/2003/1201/p2189.html
http://heartdisease.about.com/od/drugsforheartdisease/a/amiodarone_lung.htm
http://heartdisease.about.com/library/weekly/mcurrent.htm
http://emedicine.medscape.com/article/129033-overview
http://www.uptodate.com/contents/amiodarone-pulmonary-toxicity


Amitraz
VC Moser, Toxicity Assessment Division, NHEERL/ORD, US Environmental Protection Agency, Research Triangle Park, NC, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Jamaluddin Shaikh, volume 2, pp 99–100, � 2005, Elsevier Inc.
The views expressed in this paper are those of the author and do not necessarily reflect the views or policies of the US Environmental
Protection Agency.
l IUPAC Name: N,N0-[(methylimino)dimethylidyne]di-2,4-
xylidine

l Synonyms: BTS 27419, BAAM�, Taktic�, Mitac�, Pre-
ventic�, Ovasyn�

l Molecular Formula: C19H23N3

l Chemical Structure:
Background

Amitraz has been used as an insecticide and acaricide
on crops, livestock, and pets since the mid-1970s. While
there are a number of synthesized formamidine chemicals,
only a few are marketed as pesticides. These chemicals
stimulate the light organ of the firefly, causing it to glow,
confirming their actions as octopamine receptor agonists in
insects.
Uses

Amitraz is a contact insecticide and acaricide used to control
psylla, whiteflies, and mites on cotton and pear crops; and
mites, lice, and ticks on livestock, wildlife, and pets. It is
applied via spray-dip machines, low-pressure ground sprayers,
dip or hand spray, or in impregnated dog collars. The registrant
has canceled the use of amitraz on cotton and pear in the
United States.
Environmental Fate and Behavior

Amitraz is rapidly degraded (aerobic soil t1/2 of about 1 day) to
several transformation products, and contamination of ground
or surface waters is not a concern. On the other hand, the
degradates are moderately persistent in aquatic and terrestrial
environments, and are relatively immobile in soil.
Exposure and Exposure Monitoring

Humans may be exposed to amitraz residues in foods or
occupationally; however, the highest potential for residential
exposures involves its use as a tick dip and in pet collars
resulting in dermal or incidental oral ingestion.
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Toxicokinetics

Amitraz is rapidly and well-absorbed via oral exposure. After
a single dose, onset of effects is rapid (within hours of
dosing). A major metabolite, N0-(2,4-dimethylphenyl)-N-
methylformamidine (BTS-27271), has been shown to have the
same biological activity of amitraz in mammalian systems.
Several subsequent metabolites include hydrolysis and conju-
gated products that are excreted primarily in urine, and to lesser
extent in feces. Metabolism is similar across species, including
humans.

Kinetic studies of single, low doses indicate that amitraz is
eliminated within hours after a single dose, but behavioral
and pharmacological studies suggest dose dependency.
Following a low dose (5 mg kg�1), greater than half of a dose
is gone within 24 h, whereas higher doses (50–75 mg kg�1)
require several days. Similarly, behavioral studies show that
effects of lower doses are reversible within hours to days,
whereas higher doses produced effects that were still evident
after 8 days.
Mechanisms of Toxicity

Formamidines produce behavioral changes in target pests,
including altered feeding and mating behaviors, representing
a novel mode of pesticidal and pestistatic actions. Similarity
between the target insect octopamine receptors andmammalian
a2-adrenoreceptors gives support for the mechanism of
toxicity produced by amitraz, which is mediated through
the noradrenergic nervous system. Specifically, amitraz-
induced bradycardia, mydriasis, sedation, intestinal stasis,
hyperglycemia, and even lethality were blocked using
pharmacological antagonists of the a2-adrenoreceptors (e.g.,
yohimbine, piperoxan, atipamezole), but not by blockers of
the a1-adrenoreceptors, or of other neurotransmitter recep-
tors. This relative selectivity has been confirmed both in vivo
and in vitro using receptor binding assays. Monoamine
oxidase inhibition, a known action of other formamidine
chemicals, was only measured at highly toxic doses of
amitraz. In addition to these neurological actions, amitraz
and other formamidines are anti-inflammatory and antipy-
retic by means of blocking prostaglandin E2 synthesis.
Acute and Short-Term Toxicity

Animal

Amitraz is moderately toxic by dermal exposure and slightly
toxic by oral exposure or inhalation. It is nonirritating and does
not cause skin sensitization. Dogs and baboons are the most
sensitive with oral LD50 values around 100–250 mg kg�1,
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00097-X
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rats are somewhat less sensitive with LD50 values around
500–800 mg kg�1, and mice are least sensitive with LD50

values >1600 mg kg�1.
Acute neurotoxic signs include hypothermia, periods

of excitability and aggression, ataxia, and decreased spon-
taneous activity. High doses produce tremors, convulsions,
and signs of hypothalamic depression. Other pharmaco-
logical actions include slowed gastrointestinal transit, which
can exacerbate colic in horses. In addition to laboratory
animal studies, there are a number of reports on adverse
effects following amitraz use in dogs and horses, which
appear to be very sensitive.
Human

Studies in human volunteers reported nervous system effects,
including excitation followed by sedation, disorientation,
hypothermia, and decreased heart rate and blood pressure:
these signs mirror those observed in laboratory animal studies.
Humans appear to be the most sensitive species.
Chronic Toxicity

Animal

Neurotoxic effects (central nervous system (CNS) depression,
hyperexcitable and aggressive behaviors, and hypothermia)
were evident in subchronic and chronic studies in rodents and
nonrodents; indeed, these signs are similar across species, sexes,
and routes of administration. The effects at low doses do not
appear to accumulate with repeated exposure, but repeated
higher doses intensify the hyperreactivity syndrome. Higher
doses in several species also produce decreased weight gain,
hyperglycemia, and liver and kidney toxicity. Dosing for just
a few days induced hepatic microsomal enzyme levels and
activities. Altered hormone levels (e.g., 17b-estradiol, testos-
terone) may result from altered metabolism; decreased
hormone release and weak antiestrogenic activity have also
been reported in vitro.
Human

Little is known regarding the chronic effects of amitraz in
humans.
Immunotoxicity

Dosing for 1 month increased adrenal weight, decreased
splenic plaque-forming cells, and attenuated delayed-type
hypersensitization reaction in rats.
Reproductive Toxicity

In rat and rabbit developmental studies, embryotoxicity
(increased fetal death, decreased size), and teratogenicity (fetal
visceral and skeletal abnormalities) were observed at doses
lower than or equal to those producing maternal toxicity
(clinical signs, decreased weight gain). A rat multigenerational
study showed reduced litter size and pup survival in all three
generations. Special reproductive studies indicated prolonged
estrus cycling in rats but not in mice, although changes in
hormone levels and relative lengths of proestrus to diestrus
were noted in the latter species. Decreased male fertility,
increased resorptions, and changes in reproductive organ
weights were indicative of adverse effects on fertility and
reproductive systems in mice.

Prenatal exposure of rats resulted in altered ages of physical
developmental landmarks (vaginal opening, fur development,
incisor eruption, righting reflex) and changes in open-field
behavior in the offspring for up to 1 month of age. Pre- and
postnatal exposures also resulted in long-term changes in
noradrenergic, serotonin, and dopamine neurochemistry.
Genotoxicity

The results of several studies indicate that amitraz is not
mutagenic and does not cause DNA damage.
Carcinogenicity

Mouse studies have reported lymphoreticular, lung, or liver
tumors at the highest dose tested, which produced considerable
toxicity, in females only. No findings of carcinogenicity have
been reported in rats. The data are generally noncompelling,
and the US Environmental Protection Agency (US EPA) has
classified it as ‘suggestive evidence of carcinogenicity.’
Clinical Management

With dermal exposure, areas exposed to amitraz should be
washed with soap and water. Eyes should be washed with
copious amounts of clean water. Symptoms include skin rashes,
eye and oral irritation, coughing, nausea, headache, sore throat,
and sweating. These minor effects are rapidly reversible. Acci-
dental ingestion of sufficient amounts leads to depressed
respiration, hypotension, bradycardia, miosis, gastric stasis,
hyperglycemia, and coma. These signs and symptoms are
somewhat similar to cholinesterase inhibitor poisoning and
have sometimes been misdiagnosed as such. Gastric lavage or
activated charcoal is indicated immediately. Symptomatic
treatments and supportive care (intubation and assisted venti-
lation) are usually effective. Although a2-antagonists (e.g.,
yohimbine) have been shown to block amitraz effects in animal
studies, this treatment has not been explored in clinical cases.
Ecotoxicity

The parent amitraz is only slightly toxic to several avian species
(8-day LD50 values>1000 ppm in diet), but causes reproductive
toxicity (eggshell cracking, decreased viability of embryos and
chicks). On the other hand, amitraz is highly toxic to fish (96-h
LC50 values 1–10 ppm) and aquatic invertebrates. The degradates
of amitraz, which are more environmentally stable, tend to have
the reverse toxicity pattern.Amitraz ispractically nontoxic tobees.
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Exposure Standards and Guidelines

The US EPA dietary reference dose (RfD) for amitraz is
0.0125 mg kg�1 day�1, based on an acute no-effect level
(NOEL) of 0.125 mg kg�1 in a human neurotoxicity study;
with the inclusion of an additional factor to assure safety to
infants and children, the US EPA population adjusted dose
becomes 0.00125 mg kg�1 day�1. Due to the reversibility of
acute doses, the US EPA determined that this endpoint is
appropriate for exposures of all durations. The Joint FAO/
WHO Meeting on Pesticide Residues established an acute
RfD value of 0.01 mg kg�1, based on the same human study,
as well as an acceptable daily intake (ADI) value of
0.01 mg kg�1 day�1, based on the NOEL of 1.3 mg kg�1 day�1

for developmental effects in rats.

See also: Behavioral Toxicology; Developmental Toxicology;
Neurotoxicity; Pesticides.
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l Name: Amitrole
l Chemical Abstracts Service Registry Number*: 61-82-5
l Synonyms*: 1H-1,2,4-Triazol-3-amine; 1H-1,2,4-Triazol-

3-ylamine; 2-Amino-1,3,4-triazole; 2-Aminotriazole; 3-AT
l Molecular Formula*: C2H4N4

l Chemical Structure*:
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*All from ChemIDplus.
Background

Amitrole is not a naturally occurring chemical. It is a white to
yellowish crystalline powder first synthesized in 1898 by
allowing aminoguanidine to react with formic acid. It was
manufactured for commercial use in the United States in the
late 1940s. Amitrole was introduced as an herbicide in the
United States in 1948 and was restricted to postharvest
applications in food crops. However, misuse of amitrole and
detection of residues were reported in cranberry crops in the
late1950s. This incident is also known as the Cranberry Crisis
of 1959. These incidents led to enforcement of the Delaney
Clause law, which prohibited the addition of any potentially
carcinogenic chemicals to food. In 1996, new regulations
implemented in the Food Quality Protection Act changed
how pesticides in foods were regulated; however, meanwhile,
the US Environmental Protection Agency canceled the regis-
tration of amitrole use on food crops and restricted use to
nonfood crops.
Uses

Amitrole is a triazole compound used as nonselective herbi-
cide. It has broad spectrum of activity and is primarily used on
outdoor areas, specifically nonagricultural areas, on orchids
and roadsides to control annual grasses, deep-rooting weeds
(annual and perennial broad leaf), grasses, aquatic weeds in
drainages and marsh land, and poison ivy. It is combined with
other herbicides and applied as a total herbicide in postharvest
applications and before annual sowing of certain crops. In
addition, amitrole is used on soils of non-crop land and
interrow weed control in vineyards, excluding animal grazing
land and water sources. Amitrole is also reported to be used as
a reagent in photography and a plant growth regulator.
Commercial amitrole is available in various forms. Water-
soluble granules containing 86% amitrole are most commonly
used throughout the world.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Amitrole is a nonvolatile, crystalline powder, readily soluble
in water (280 g l�1 at 25 �C), and is also soluble in polar
solvents such as ethanol, methanol, and chloroform. Amitrole
is stable in water. Amitrole levels have been estimated in
various environmental compartments. However, water and
soil are the only compartments that contribute to the envi-
ronmental fate of amitrole. Amitrole does not enter into the
atmosphere because of its low vapor pressure. Excessive
application of amitrole above the recommended level on soil
leads to contamination of soil and leaching, depending on the
soil type. The leached-out amitrole contaminates the surface
as well as groundwater. Leaching behavior is affected by the
presence of dissolved organic matter despite the high water
solubility.

Amitrole is persistent in pond water and moist soil. Most of
the amitrole present in soil is readily degraded by microbes
(mineralization) under aerobic conditions, which is the major
degradation pathway. Other routes such as abiotic mechanisms
contribute less to the degradation process. Laboratory studies
indicated that amitrole is moderately persistent with an aerobic
half-life of 26 days in soil and 57 days in water. However,
amitrole is more persistent in water under anaerobic conditions
with more than a 1 year half-life. Studies also demonstrated
that photodegradation of amitrole is slow in soil but stable in
water. There will be no bioaccumulation or biomagnification
of amitrole expected because of high water solubility, a very
low log Kow, and nonpersistence in animals.
Exposure and Exposure Monitoring

When used according to recommended guidelines, amitrole is
not released into the environment from manufacturing units.
Processing mechanisms such as dry crushing and bagging in
manufacturing plants release appreciable quantities of amitrole
into the surroundings, with the concentrations as high as
100 mg m�3 causing risk of potential exposure to workers by
inhalation exposure. In addition, inhalation exposure is likely
to occur in living areas due to herbicide spraying in the vicinity.
There is no known dietary exposure reported due to the
restricted use on nonfood crops.

The potential exposure to amitrole is minimal in humans
because of restricted use on nonfood crops. However, workers
especially in manufacturing units (mixers and loaders) and
workers applying the herbicide in the agricultural fields have
been exposed to amitrole. The potential routes of occupational
exposure to amitrole occur through inhalation, accidental
ingestion, and dermal and eye contact. Human exposure data
were limited; only a few occupational exposure surveys from
the United States, Sweden, and Finland reported that workers
were exposed to amitrole during handling processes. Thyroid
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Table 1 LD50/LC50 values of amitrole and its relative toxicity in
laboratory animals
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function tests are employed routinely to monitor the workers
for exposure to amitrole.
Species Dose LD50/LC50 Relative toxicity

Rat LD50 oral: >4000–25 000 mg kg�1 Slightly toxic
Rat 4 h Inhalation LC50 oral: >439 mg m�3 Slightly toxic
Rat LD50 dermal: 2500 mg kg�1 Slightly toxic
Mice LD50 oral: 11 000–14 700 mg kg�1 Slightly toxic
Rabbit LD50 dermal: >10 000 mg kg�1 Slightly toxic
Toxicokinetics

In general, amitrole is rapidly and almost completely absor-
bed from gastrointestinal tracts and lungs, and excreted in
urine without any change within 24 h. Metabolic trans-
formation in mammals is minimal. One study reported the
ingestion of amitrole (20 mg kg�1) by a woman followed by
complete excretion of unchanged compound in urine
(1 g l�1). Amitrole level in blood was elevated (13 mg l�1)
12 h after ingestion of a herbicide containing a mixture of
amitrole and ammonium thiocyanate, and finally resulted in
death of the victim.

Amitrole is readily absorbed from the gastrointestinal tract
immediately after ingestion in mice, rats, and dogs. Amitrole
was absorbed by the dermal route as high as 30%. All
absorbed compounds were accumulated in liver of mice and
rats. Distribution studies in mice demonstrated that admin-
istered amitrole (given by gavage and intravenous route) is
distributed in bone marrow, spleen, thymus, and liver.
Amitrole is metabolized in the liver, and 50% is metabolized
within 3 h in a dose-dependent manner. In rodents, the
unchanged form of amitrole is eliminated in urine, and blood
levels are drastically reduced within 24 h. Metabolic studies in
rats detected three metabolites in urine. Concentrations of
eliminated metabolites were higher after 24 h post-dosing
with low levels of amitrole.
Mechanism of Toxicity

The thyroid gland is the main target organ in rats, mice, and
dogs. Amitrole inhibits thyroid peroxidase enzyme, which is
involved in thyroxine hormone (T4) synthesis. In vitro studies
demonstrated that thyroid peroxidase and prostaglandin-
H-synthase produced the reactive metabolites from amitrole,
which irreversibly bind with and inactivate thyroid peroxi-
dases. As a result, T4 formation is reduced in blood. Reduced
level of T4 acts on the pituitary gland via negative feedback
mechanism and increases thyrotropin (TSH) secretion from the
pituitary gland. TSH stimulates the thyroid gland, and absence
of negative feedback inhibition of TSH by T4 contributes to the
thyroid gland growth. This mechanism is responsible for
thyroid tumors, specifically follicular cell adenoma and carci-
noma, in rats exposed to amitrole.
Acute and Short-Term Toxicity

Amitrole is classified as slightly toxic based on laboratory
animal studies. Amitrole caused a mixed response from
symptoms of no poisoning to death after ingestion by humans,
depending on the dose and chemical present in the herbicide
mixture. However, dry, nonproductive cough and development
of diffuse, severe alveolar damage in lungs (following exposure
to 19% amitrole), and inhibition of iodide uptake in thyroid
gland (following exposure to 10–100 mg) were reported after
acute short-term exposure. Associated symptoms of acute
toxicity in humans include skin rash, vomiting, diarrhea, and
nosebleeds. Amitrole is a nonirritant if exposure is less than 8 h
and slightly irritating after 24 h exposure among volunteers.
Some workers have developed mild dermatitis.

The LD50/LC50 values of amitrole and relative toxicities for
laboratory animals are listed in Table 1.

Signs of acute toxicity induced by high doses of amitrole
were depression, dyspnea, diarrhea, ataxia, convulsions, coma,
and death. Amitrole poisoning in most of the species caused
symptoms of diarrhea, edema of lung, and hemorrhages of
various organs. Studies of amitrole in rabbits led to the desig-
nation of slightly toxic and practically nontoxic for eye irrita-
tion and dermal toxicity, respectively. Dermal application of
amitrole in rabbits and rats produced mild erythema. Eye irri-
tation was reported in rabbit (conjunctival sac route) but not in
rats (inhalation exposure).
Chronic Toxicity

Long-term exposure studies indicated that amitrole is
nonhazardous to workers who have adequate protection in
the workplace. Chronic exposure to amitrole induced goiter
and tumors of thyroid, pituitary, and liver in humans. There
have been no reported signs of amitrole toxicity in humans,
but symptoms reported in laboratory animal studies include
dyspnea,muscle spasm, ataxia, anorexia, salivation, skindryness,
and reduction in thyroid functions.

Dogs fed with high concentrations (13 and 32 mg kg�1

body weight per day) for more than a year developed hyper-
trophy of pituitary gland, enlarged thyroid gland, follicular
hyperplasia, reduced T3 and T4 levels, and mild anemia.
Continuous feeding of 100 mg kg�1 amitrole produced goiter
in both sexes of rats (within 3 months) and in mice
(18 months) but not in golden hamsters. In general, amitrole
did not induce toxicity in hamsters and rabbits. These results
demonstrated the difference in sensitivity to amitrole. In
addition, tumors developed in rats and mice, which are dis-
cussed below.
Immunotoxicity

A single case report described allergic contact dermatitis in
a human after exposure to amitrole for 6 months and positive
patch test. Dermal application of amitrole in guinea pigs
produced a sensitizing effect.



Table 2 LD50/LC50 values of amitrole and its relative toxicity in other
species

Species Dose LD50/LC50 Relative toxicity

Mallard duck LD50 2000 mg kg�1 Slightly toxic
Quail LD50 >2150 mg kg�1 Practically nontoxic
Honeybee LD50 >10 mg bee Practically nontoxic
Trout (96 h) LC50 Oral: >1000 mg l�1 Practically nontoxic
Soil microflora At 10x normal application rate No adverse effect

Amitrole 205
Reproductive Toxicity

Amitrole is classified as Pregnancy Category C chemical.
Reproductive and developmental effects of amitrole in humans
are not available. Low levels of dietary amitrole (1.25 mg or
5 mg kg�1 day�1) given to rats did not induce adverse effects
in reproduction. Feeding of high doses of amitrole (36 or
75 mg kg�1 day�1) to rats caused delayed growth and hyper-
plasia of thyroid gland in parents as well as pups; atrophy of
spleen and thymus in pups; and increased mortality of pups
after weaning without affecting fertility of parents. Teratogenic
effect also was reported in pups of rats exposed to high doses of
amitrole during pregnancy.
Genotoxicity

Human data on genotoxic effects are lacking. Most of the
in vitro genotoxicity studies of amitrole were negative. Amitrole
does not cause chromosomal aberrations in Chinese hamster
lung cells or human lymphocytes. Induction of sister chro-
matid exchange in Chinese hamster cells was observed without
a dose–response relationship. Similarly, there are no positive
test reports for genotoxic effects of amitrole from in vivo studies.
Carcinogenicity

One cohort study reported that Swedish railroad workers who
were exposed to amitrole and other herbicide for 45 days
developed cancer later in their life. However, workers exposed
to amitrole alone did not get cancer, which led to the conclu-
sion that amitrole did not induce cancer in that other study
involving humans with concurrent exposure to other agents.
Several studies demonstrated the carcinogenic potential of
amitrole in rodents and classified it as a probable human
carcinogen, Group B2. As discussed in mechanisms of toxicity
section, amitrole inhibits thyroxine synthesis by non-genotoxic
mechanism and stimulates TSH secretion continuously to
cause hyperplasia of follicular epithelial and induce follicular
cell adenoma and follicular cell carcinoma in rats. These
tumors were reported in chronic exposure to amitrole
(>2.5 mg kg�1 day�1) by inhalation and dermal routes.
Amitrole also induced liver tumors and pituitary tumors in
mice, and pituitary tumors in rats, by non-genotoxic
mechanisms.
Clinical Management

General emergency managements for dermal, inhalation, and
oral exposure are recommended by the US National Institute
for Occupational Safety and Health (NIOSH).
Ecotoxicology

Amitrole present in water sources can be toxic to birds, fishes,
and other aquatic species. LD50 values of amitrole for some
nonmammalian species are listed in Table 2.
Exposure Standards and Guidelines

Several countries have established occupational exposure
limits, time weighted average (TWA) 0.2 mg m�3, and other
guidelines for amitrole. The following agencies in the USA set
exposure limits for amitrole in occupational settings.

1. Occupational Safety and Health Administration (OSHA)
permissible exposure limit 8 h TWA: 0.2 mg m�3

2. NIOSH recommended exposure limit 8 h TWA: 0.2 mg m�3

3. American Conference of Governmental and Industrial
Hygienists (ACGIH) assigned threshold limit value:
0.2 mg m�3 as a TWA for a normal 8 h workday and a 40 h
work week

OSHA and NIOSH limits are based on the risk of cancer
associated with exposure to amitrole, and the ACGIH limits are
based on the risk of systemic and reproductive effects associ-
ated with exposure to amitrole.
See also: Atrazine; Common Mechanism of Toxicity in
Pesticides; Triazines.
Further Reading

IARC, 2001. Amitrole. In: Some Thyrotropic Agents. IARC Monographs on the Eval-
uation of Carcinogenic Risk of Chemicals to Humans, vol. 79. International Agency
for Research on Cancer, Lyon, France, pp. 381–410.
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l Chemical Abstracts Service Registry Number: 7664-41-7
l Synonyms: Anhydrous ammonia; Liquid ammonia; Spirit

of hartshorn
l Molecular Formula: N–H3

l Chemical Structure: NH3
Background

Ammonia is a naturally occurring compound which is a key
component of the global nitrogen cycle and all living organ-
isms. It is generated in nature primarily by the decay of plant
and animal matter and is used as an essential nutrient by all
mammals to synthesize nucleic acids and proteins and to
maintain acid–base balance. Nitrogen fixation by current
industrial processes approximates that produced naturally by
biological processes and lightening strikes.
Uses

Commercial production of ammonia is primarily via a modi-
fied Haber–Bosch process in which atmospheric nitrogen is
combined with hydrogen obtained from natural gas under high
temperature and pressure conditions, a process termed nitrogen
fixation. About 80% of the commercially produced ammonia is
used in fertilizers with the remainder used in a variety of
applications such as plastics, synthetic fibers and resins, phar-
maceuticals, explosives, refrigeration, and household cleaners.
Environmental Fate and Behavior

With a vapor pressure of 8611 hPa at 20 �C, ammonia is a gas
under normal environmental conditions. In the atmosphere,
ammonia is estimated to have a half-life of several days. The
primary fate process is the reaction of ammonia with acid air
pollutants and removal of the resulting ammonium ðNH4þÞ
compounds by dry or wet deposition. Rain washout and
reaction with photochemically produced hydroxyl radicals also
contribute to the atmospheric fate of vapor–phase ammonia.
In water, ammonia acting as a weak base (pKa¼ 9.25) will exist
in equilibrium with the ammonium ion. Ammonia will vola-
tilize to the atmosphere due to its high vapor pressure in water
(2878 hPa at 25 �C) while the ammonium ion will be removed
via uptake by aquatic plants, adsorption to sediments, and
microbial transformation to nitrites ðNO2�Þ and nitrates
ðNO3�Þ. In soil, the same general processes will occur. As
06 Encyclopedia of T
a result, ammonia does not readily leach through soil.
However, nitrate can leach through soil due to its high water
solubility and if present at a high enough concentration may
cause methemoglobinemia in infants. Due to the multiple
physical and biological transformation processes that exist in
nature, ammonia is not expected to accumulate in the envi-
ronment or living organisms.
Exposure and Exposure Monitoring

Ammonia is a gas under normal environmental conditions;
thus, human exposures typically occur via inhalation. Dermal
and oral exposures are also possible as ammonia has high
water solubility. Background concentrations of ammonia in air
(1 ppb), water (30 ppb), and soil (3 ppm) are low but can
increase by orders of magnitude in areas of fertilizer production
and application, sewage treatment, and livestock confinement.
Toxicokinetics

Unionized ammonia freely diffuses through tissue cells and
forms ammonium hydroxide (NH4OH) upon contact with
tissue water; in the blood, ammonium ion (99%) and
ammonia (1%) exist in a dynamic equilibrium as predicted by
pH partitioning for a weak base (pKa¼ 9.25). During short-
term (�2 min) human exposures to �500 ppm ammonia,
most (�83%) of the inspired ammonia is retained within the
upper airways. This absorption process may be adaptive or
saturable because most of the ammonia inspired during longer
exposures (10–27 min) is exhaled with only 4–30% being
retained within the upper airways and available for systemic
absorption. This scrubbing of the inspired air by the upper
respiratory tract protects the deeper lung from damage by
ammonia. Ammonia or ammonium ion is well-absorbed by
the gastrointestinal tract, and almost 100% of the ammonia
produced endogenously in the human digestive tract
(60 mg kg�1 day�1) is absorbed and metabolized in the liver to
urea and glutamine. The brain can also convert ammonia to
glutamine. Due to first-pass metabolism in the liver, little
ammonia from the gut reaches the systemic circulation, and
toxicologically significant amounts of ammonia in blood
(>1 mg ml�1) probably occur only in severe disease states
where the metabolism of ammonia by the liver and the
excretion of metabolites by the kidney are compromised. It is
unlikely that a significant amount of the ammonia contacting
the skin is absorbed. Ammonia that reaches the circulation is
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00468-1
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distributed throughout the body where it can be used in
protein synthesis or as a buffer. Most of the absorbed ammonia
is excreted in the urine as urea, with minimal amounts excreted
in the feces or expired air.
Mechanism of Toxicity

The primary immediate effect of ammonia exposure is burns to
the skin, eyes, and respiratory tract. Ammonia dissolves in tissue
water and forms ammonium hydroxide that breaks down
cellular proteins, saponifies cellmembrane lipids resulting in cell
disruption and death, and initiates an inflammatory response
that further damages surrounding tissues. Under pathological
conditions (e.g., cirrhosis) that impair the metabolic capability
of the liver, ammonia can enter the brain, overwhelm the limited
capacity of astrocytes to metabolize ammonia, and result in
a potentially fatal disorder called hepatic encephalopathy.
Acute and Short-Term Toxicity

Animal

The 1 h inhalation lethal concentration 50percent (LC50) values in
mice and rats receiving whole-body exposures were w4200 and
14000 ppm, respectively. The rat oral lethal dose50percent (LD50)
of aqueous ammonia is 350 mg kg�1, while that to ammonium
salts is�2000 mg kg�1. A 20% solution of aqueous ammonia was
corrosive to rabbit skin, while a 10% solution was not.

Human

Ammonia has an odor threshold ranging from 1 to 5 ppm.
Acute changes in respiratory function are not seen in workers
exposed to 9 ppm ammonia for 8 h. Exposures between 20 and
25 ppm can cause complaints and discomfort in some workers
unaccustomed to ammonia exposure but have little effect on
pulmonary function or odor sensitivity. Concentrations of
100 ppm caused definite irritation of the respiratory tract and
eyes, and exposures at 250 ppm ammonia are bearable for 30–
60 min. Severe irritation of the respiratory tract, skin, and eyes
has been observed following ammonia exposures ranging from
400 to 700 ppm. Exposure to 2500–4500 ppm ammonia can
be fatal within 30 min. Immediate fatalities appear to be the
result of airway obstruction, particularly laryngeal edema, and
glottic spasm, while infections and other secondary complica-
tions appear to be the cause of fatality among those who
survive for several days to weeks.
Chronic Toxicity

Animal

Ammonia is considered as an irritant gas that generally causes
severe local effects in the absence of systemic toxicity. While
there are no guideline studies on ammonia, some information
can be obtained from non-guideline studies on surrogate
ammonium salts since once absorbed the ammonium ion and
ammonia exist in equilibrium. When male and female rats
were exposed to ammonium sulfate in the diet
(�1975 mg kg�1 day�1) for 13 weeks, neither body weight,
food consumption, or hematological and clinical parameters
were affected. Although kidney and liver weight changes were
noted, these effects occurred only at the highest dose and in the
absence of histopathological changes. Diarrhea was seen in
males at the highest dose while females were unaffected. The
no observable adverse effect levels (NOAELs) were
866 mg kg�1 day�1 (m) and 1975 mg kg�1 day�1 (f). In
a combined repeated-dose/reproduction/developmental study
similar to an Organization for Economic Cooperation and
Development (OECD) 422 protocol, rats were exposed by
gavage to ammonium phosphate at doses up to
1500 mg kg�1 day�1. At the two highest doses, alkaline phos-
phatase was increased and total blood protein was decreased
resulting in a NOAEL of 250 mg kg�1 day�1.

Human

No health effects were observed in volunteers exposed to
ammonia (25–100 ppm) for 6 h day�1 over a period of
6 weeks; after 2–3 weeks of exposure, volunteers were inured to
the eye, nose, and throat irritation noted at these concentra-
tions. There were no differences in pulmonary function or
respiratory and cutaneous symptoms between soda ash
workers exposed for an average of 12 years to a mean time-
weighted average (TWA) of 9.2 ppm ammonia and those
exposed to a mean of 0.3 ppm ammonia. The NOAEL obtained
in this worker population was used by the US Environmental
Protection Agency under its Integrated Risk Information System
program to establish a reference concentration of 0.07 ppm for
the general population chronically exposed to ammonia.
Immunotoxicity

While studies in animals have shown that exposures to
ammonia (25–100 ppm) can decrease resistance to bacterial
infection, there is no evidence that the secondary infections
accompanying the dermal and respiratory lesions seen after
human exposures to ammonia are due to an effect on immune
function.
Reproductive Toxicity

There are no data on the effect of ammonia in animals or
humans. However, data on related ammonium compounds in
animals suggest that ammonia does not affect either repro-
duction or development. For example, histological lesions were
not seen in the reproductive organs of rats exposed to ammo-
nium sulfate (�1975 mg kg�1 day�1) via the diet for 13 weeks.
Similarly, reproductive and developmental parameters in
a screening study similar to an OECD 422 protocol were not
affected when male and female rats were exposed to dia-
mmonium phosphate (�1500 mg kg�1 day�1) via gavage.
Genotoxicity

Data from in vitro and in vivo mutagenicity and clastogenicity
tests of ammonia, aqueous ammonia (NH4OH), and
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ammonium salts following guideline protocols are negative.
Positive and negative results have been reported in nonguideline
studies, the former sometimes occurring only at cytotoxic doses.
Carcinogenicity

There are no data in animals or humans on the carcinogenic
potential of ammonia following either inhalation or dermal
exposures. In a 2-year drinking water study in mice given
193 mg ammonia kg�1 day�1 as NH4OH, carcinogenic effects
were not observed in mice and the spontaneous development
of breast cancer commonly seen in C4H mice was not affected.
In a study of the role of ammonia generated by Helicobacter
pylori on the development of gastric lesions, 0.01% ammonia in
drinking water (w42 mg ammonia kg�1 day�1) increased the
incidence and severity of gastric tumors induced in rats that had
been pretreated with N-methyl-N0-nitro-N-nitrosoguanidine,
a known stomach carcinogen in experimental animals. This
dose is more than 100-fold greater than the daily dose of
ammonia ingested by humans in food and water. There are no
data in humans on the carcinogenic effects of ammonia or
ammonium compounds following oral exposure.
Clinical Management

Exposures by inhalation should be monitored for respiratory
tract irritation, upper airway obstruction, bronchitis, or pneu-
monitis. Humidified supplemental 100% oxygen should be
administered to help soothe bronchial irritation. Oxygen, in
combination with intubation and mechanical ventilation, may
be required in severe cases. Exposed eyes and skin should be
irrigated immediately with copious amounts of water; eyes
should be washed for at least 30 min or until the eye reached
neutral pH as tested in the conjunctival sac. If eye irritation,
pain, swelling, lacrimation, or photophobia persist, the patient
should be seen in a health care facility.
Ecotoxicology

The toxicity of ammonia is commonly evaluated using
ammonium salts that dissociate in water to ammonia and
ammonium cation. Unionized ammonia is considered the
more toxic of the two moieties. As predicted by pH partition-
ing, the toxicity of ammonium salts increases with increasing
pH due to the higher fraction of unionized ammonia. Union-
ized ammonia levels are lower at high ionic strengths which
can impact the toxicity of ammonia in estuarine and marine
environments. The toxicity of unionized ammonia also
increases with decreasing temperature. The 96-h LC50 values for
ammonium compounds in a variety of fish species range
between 6.9 and 175 mg total ammonia per liter depending on
pH and temperature; the unionized ammonia levels under
these conditions typically range between 0.16 and 3.4 mg l�1.
The 48-h effective concentration 50% (EC50) values for
a variety of aquatic invertebrates exhibit similar ranges. While
data on the toxicity of ammonia to aquatic plants are limited,
available data indicate they are more tolerant to ammonia than
fish or invertebrates.
Other Hazards

Ammonia has lower and upper explosive limits of 15 and 28%
by volume in air, respectively.
Exposure Standards and Guidelines

International occupational exposure limits (OELs) generally
range between 20 and 25 ppm as an 8-h TWA. The American
Conference of Governmental Industrial Hygienists has estab-
lished an 8-h TWA OEL for ammonia of 25 ppm with a 15-min
excursion limit of 35 ppm. National Institute of Occupational
Safety and Health recommends a 10-h TWA OEL of 25 ppm
with a 15-min excursion limit of 35 ppm and indicates that
300 ppm ammonia is immediately dangerous to life or health.
OSHA has a permissible exposure limit of 50 ppm for an
8-h TWA.

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); Ames Test; Chromosome Aberrations;
Developmental Toxicology; Dose–Response Relationship;
Aquatic Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Environmental Exposure Assessment; Environmental
Protection Agency, US; Gastrointestinal System; Genetic
Toxicology; LD50/LC50 (Lethal Dosage 50/Lethal Concentration
50); Mechanisms of Toxicity; Mode of Action; National Institute
for Occupational Safety and Health; Occupational Exposure
Limits; Occupational Safety and Health Administration;
Organization for Economic Cooperation and Development;
Oral/Dermal Reference Dose (RfD)/Inhalation Reference
Concentration (RfC); Respiratory Tract Toxicology; Risk
Assessment, Human Health; Toxicity Testing, Aquatic; Toxicity
Testing, Carcinogenesis; Toxicity Testing, Developmental;
Toxicity Testing, Mutagenicity; Toxicity Testing, Reproductive;
Toxicity, Acute; Toxicity, Subchronic and Chronic;
Pharmacokinetics.
Further Reading

ATSDR, 2004. Toxicological Profile for Ammonia. Available at http://www.atsdr.cdc.
gov/toxprofiles/tp126.pdf

US EPA, 2009. Draft 2009 Update, Aquatic Life Ambient Water Quality Criteria for
Ammonia – Freshwater. EPA-822-D-09-001.

WHO, 1986. Environmental Health Criteria No. 54: Ammonia. Available at http://www.
inchem.org/documents/ehc/ehc/ehc54.htm
Relevant Websites

Agency for Toxic Substances and Disease Registry. http://www.atsdr.cdc.gov –
European Chemicals Agency. Registered substances: Ammonia,Anhydrous
http://apps.echa.europa.eu/registered/registered-sub.aspx - Information on
National Institute for Occupational Safety and Health (NIOSH) http://www.cdc.gov/

niosh/topics/ammonia/
Organization for Economic Cooperation and Development OECD) Existing Chemicals

Database. SIDS Initial Assessment Report on Ammmonia http://webnet.oecd.org/
Hpv/UI/SIDS_Details.aspx? –

http://www.atsdr.cdc.gov/toxprofiles/tp126.pdf
http://www.atsdr.cdc.gov/toxprofiles/tp126.pdf
http://www.inchem.org/documents/ehc/ehc/ehc54.htm
http://www.inchem.org/documents/ehc/ehc/ehc54.htm
http://www.atsdr.cdc.gov
http://apps.echa.europa.eu/registered/registered-sub.aspx
http://www.cdc.gov/niosh/topics/ammonia/
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l Name: Ammonium nitrate
l Chemical Abstracts Service Registry Number*: 6484-52-2;

893438-76-1; 95255-40-6
l Synonyms*: Ammonium nitrate; Ammonium nitricum;

Ammonium saltpeter; Ammonium(I) nitrate (1:1); Caswell
No. 045; EINECS 229-347-8; EPA Pesticide Chemical Code
076101; German saltpeter; HSDB 475; Herco prills; Merco
prills; Nitram; Nitrate d’ammonium; Nitrate d’ammonium
(French); Nitrate of ammonia; Nitrato amonico; Nitrato
amonico (Spanish); Nitric acid, ammonium salt; Norway
saltpeter; UNII-T8YA51M7Y6; Varioform I

l Molecular Formula: H4N2O3

l Chemical Structure:

NH4
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Introduction

Ammonium nitrate is found as colorless or white to gray
crystals or odorless beads with a molecular weight of 80.06 and
a specific gravity of 1.725 g cm�1. It has a melting point of
169.51 �C and boils at 2101 �Cwith evolution of nitrous oxide.
Heating may cause violent combustion or explosion. The
substance decomposes on heating or producing toxic fumes
(nitrogen oxides). The substance is a strong oxidant and reacts
with combustible and reducing materials. It forms chloramines
on chlorination and is incompatible with acetic acid; acetic
anhydride, hexamethylene tetramine acetate, and nitric acid
mixture; ammonia; aluminum, calcium nitrate, and form-
amide mixture; metals; alkali metals; and combustible agents.
Texas City Disaster

One of the worst industrial disasters in the US history occurred
on 16 April 1947, when a ship, named SS Grandcamp, exploded
at the docks in Texas City near Galveston. A French-owned
vessel, carrying explosive ammonium nitrate produced during
wartime for explosives and later recycled as fertilizer, detonated
2300 tons of H4N2O3, caught on fire, and eventually exploded
when attempts were made to extinguish the fire. During this
tragedy, not only the entire dock area but also the nearby
Monsanto Chemical Company, other smaller companies, grain
warehouses, and numerous oil and chemical storage tanks all
got destroyed. Smaller explosions and fires were ignited by
flying debris along the industrial area and throughout the city.
The concussion of the explosion was felt as far away as Port
Arthur, and thousands of residences and buildings throughout
Texas City were destroyed. Burning wreckage ignited everything
within miles, including dozens of oil storage tanks and
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
chemical tanks. The nearby city of Galveston was covered with
an oily fog that left deposits over every exposed outdoor
surface.

During this ongoing tragedy, another nearby docked ship
called SS High Flyer, carrying ammonium nitrate, was also
ignited by the first explosion and exploded about 16 h later.
The entire disaster took approximately 576 lives, 398 of whom
were identified and 178 listed as missing. Almost all persons in
the dock area – firemen, ships’ crews, and spectators – were
killed, and most of the bodies were never recovered; 63 bodies
were buried unidentified. The number of injured ranged in the
thousands, and loss of property totaled about $67 million
(over $1 billion today). Litigation over the Texas City disaster
was finally settled in 1962, when the US Supreme Court refused
to review an appeals court ruling that the Republic of France,
owner of the Grandcamp, could not be held accountable for
any claims resulting from the explosion. The disaster brought
changes in chemical manufacturing and new regulations for the
bagging, handling, and shipping of chemicals. A positive result
of the Texas City disaster was widespread disaster response
planning to help organize plant, local, and regional emergency
response teams.
Uses

Ammonium nitrate is used commonly in fertilizers; in pyro-
techniques, herbicides, and insecticides; and in the manufac-
ture of nitrous oxide. It is used as an absorbent for nitrogen
oxides, an ingredient of freezing mixtures, an oxidizer in rocket
propellants, and a nutrient for yeast and antibiotics. It is also
used in explosives (especially as an oil mixture) for blasting
rocks and inmining. Nitrates and nitrites are used to cure meats
and to develop the characteristic flavor and pink color, to
prevent rancidity, and to prevent growth of Clostridium botu-
linum spores in or on meats.
Mechanisms of Action

Nitrate and nitrites can combine with secondary amines to
form dimethylnitrosamines, which are acutely toxic and cause
centrilobular necrosis, fibrous occlusion of central veins, and
pleural and peritoneal hemorrhages in animals. In the body
nitrates are converted to nitrites, which can oxidize hemo-
globin to methemoglobin and lead to cyanosis.

Ammonia and alkali metal are formed when ammonium
nitrate reacts with metal hydroxides, releasing:

iÞNH4NO3 DNaOH/NH3 DH2ODNaNO3

iiÞNH4NO3 DKOH/NH3 DH2ODKNO3
Hydrochloric acid can react with ammonium nitrate to
give rise to ammonium chloride and nitric acid: NH4NO3þ
HCl/NH4ClþHNO3
4-3.00235-9 209
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No residue is found when ammonium nitrate is heated:

NH4NO3 D/N2OD2H2O

Ammonium nitrate is also formed in the atmosphere from
emissions of NO, SO2, and NH3 and is a secondary component
of particulate matter.
Acute and Short-Term Toxicity

Animal

LD50 Rat oral: 2085mg kg�1

LD50 Rat dermal:>5000mg kg�1

LD50 Rat inhalation: >88.8mg l�1

Methemoglobinemia, which can lead to anoxia and death
in extreme cases, is the primary acute toxic effect of oral
exposure to inorganic nitrates in all the animals tested. Rumi-
nant animals are the most susceptible species. Toxicity depends
on a number of factors, including the conversion of nitrates to
nitrites; the ability of the various animals to enzymatically
reduce methemoglobin; the amount of vitamins A, C, D, and E
in the diet; and the nutritional state of the animal. Acute nitrate
toxicity in cattle has been reported following the ingestion of
water containing �500 ppm nitrate or feed containing
�5000 ppm nitrates. Nitrate is rapidly converted to nitrite in
the rumen and is immediately absorbed in large amounts into
the bloodstream. Animals can die within a few hours of initial
ingestion of a high nitrate feed. If cattle are fed once a day,
maximum met-hemoglobin level occurs w8 h after feeding.
When cattle are fed twice daily, maximum levels occur 4–5 h
after feeding. With once-a-day feeding, a larger quantity of feed
is consumed at once and a greater amount of nitrate is released
from the feed in a short period of time. Therefore, the once-a-
day feeding program results in higher total methemoglobin
levels than twice-a-day feeding.

Signs of acute poisoning in cattle are increased heart rate,
muscle tremors, vomiting, weakness, blue-gray mucous
membranes, excess saliva and tear production, depression,
labored or violent breathing, staggering gait, frequent urina-
tion, low body temperature, disorientation, and an inability to
get up. Animals are often found in a lying position after a short
struggle. In most cases of acute poisoning, animals are found
dead before any signs of toxicity are observed.
Human

Ammonium nitrate is irritating to the eyes, nose, throat, and
mucous membranes. Inhalation of this compound can cause
severe lung congestion, coughing, difficulty in breathing, and
increased acid urine. Exposure to large amounts can cause
systemic acidosis and abnormal hemoglobin. It is considered
to have low toxicity since it causes reversible tissue changes that
disappear when exposure stops.

In the body, nitrates are converted to nitrites, which can
oxidize hemoglobin to methemoglobin and lead to cyanosis.
Nitrates also cause unconsciousness, dizziness, fatigue, shortness
of breath, nausea, and vomiting. The skin is warm and sweaty
and later becomes cold due to vasodilation. It causes coronary
blood vessel contraction, bradycardia, atrial fibrillation, cardiac
ischemia, headache, convulsions, and diarrhea. Nitrate
transferred through breast milk causes methemoglobinemia in
infant. Infants are more predisposed to nitrate-related toxicity
than adults due to decreased ability to secrete gastric acid, higher
levels of fetal hemoglobin, and diminished enzymatic capability
to reduce methemoglobin to hemoglobin.

No data are available on the teratogenicity or mutagenicity
of ammonium nitrate.
Chronic Toxicity (or Exposure)

Animal

Chronic nitrate toxicity is a form of nitrate poisoning where the
clinical signs of the disease are not observed. It is more
common to see a reduction in weight gain, lower milk
production, depressed appetite, and a greater susceptibility to
infections. These production-related problems or losses are
not often recognized and will occur when nitrate levels are at
0.5–1.0% of the daily feed consumption. Chronic nitrate
poisoning can cause abortions within the first 100 days of
pregnancy because nitrates interfere with the implantation of
the egg in the uterus. When implantation fail, the fetus dies and
is resorbed. During the first trimester of pregnancy, no obvious
signs of an abortion are seen. Reproductive problems may also
occur due to a nitrate- or nitrite-induced hormone imbalance,
but most are usually not recognized as feed related.

Calves affected by nitrate poisoning during the last three
months of gestation are usually born one to four weeks
premature, and most appear normal but die within 18–24 h of
birth. Surviving newborn calves that are affected by nitrate
poisoning may have convulsions and seizures.
Human

Chronic ingestion of 5mg kg�1 day�1 is considered unaccept-
able. Common findings associated with nitrate poisoning
include unconsciousness, dizziness and fatigue, shortness of
breath, nausea, vomiting, coma, cyanosis, dyspnea, and pallor.
Clinical Management

Absorption should be prevented by dilution with 4–8 ounces
of milk or water or by gastric lavage in patients who are
comatose or at a risk of convulsing. Charcoal or saline cathartic
may also be given. Emesis may be induced if initiated within
30min of ingestion. Methylene blue is used to treat methe-
moglobinemia. Diazepam is administered (maximum rate
5mgmin�1) to control seizures. Recurrent seizures are
controlled by phenytoin or phenobarbital. An EKG should be
monitored while administering phenytoin. Dopamine or
norepinephrine is administered to control hypotension.

In cases of mild nitrate toxicity (blood methemoglobin
levels <20%), asymptomatic patients do not require treatment
other than avoiding ingestion or inhalation of substances that
cause methemoglobinemia. In symptomatic patients with
moderate or severe toxicity and hypoxia or dyspnea, 100%
oxygen should be administered immediately to saturate fully all
remaining normal hemoglobin. Specific therapy for methemo-
globinemia consists of intravenous administration of methylene
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blue at a dose of 1–2mg kg�1 body weight (0.1–0.2ml kg�1

body weight of a 1% solution in saline) over a 5- to 10-min
period. Within 15min of methylene blue administration,
cyanosis will usually begin obviously to improve. If no response
to the initial injection occurs within 15min in seriously ill
patients, orwithin 30–60min inmoderately ill patients, a second
methylene blue dose of 0.1ml kg�1 body weight can be given.
Caution is advised because methylene blue can slightly worsen
methemoglobinemia when given in excessive amounts. In
general, the total dose administered during the first 2–3 h should
not be >0.5–0.7ml kg�1 of body weight. Methylene blue
should not be administered to a patient with known glucose-
6-phosphate dehydrogenase (G-6-PD) deficiency because severe
hemolytic anemia can develop. For severe, life-threatening
methemoglobinemia, especially when the patient responds
poorly tomethyleneblue therapyorwhen thepatient hasG-6-PD
deficiency, treatment options include exchange transfusion and
hyperbaric oxygen therapy. During treatment in the hyperbaric
chamber, sufficient oxygen can be dissolved directly in the
blood to support life; reversible binding to hemoglobin is not
required. Blood transfusion might be required if massive hemo-
lysis develops. In persons with severe hemolysis, maintaining
a brisk urine flow and alkalinizing the urine by administration of
sodium bicarbonate might help protect against renal injury
from erythrocyte breakdown products. Patients with severe
poisoning who are experiencing seizures or cardiac arrhythmias
might require anticonvulsant or antiarrhythmic therapy.
Ecotoxicology

Invertebrate EC50: Daphnia magna, 48 h period – 555mg l�1;
Algae EC50: Scenedesmus quadricauda, 72 h period –

83mg l�1; fish (LC50): Chinacook salmon, rainbow trout,
bluegill, 96 h period – 420–1360mgNO3 l

�1.
Ammonia is a toxic hazard to fish and maybe harmful to

animals on direct ingestion. Ammonium nitrate is nonpersis-
tent and noncumulative when applied using normal agriculture
practices. Ammonium nitrate is very soluble in water. Upon
decomposition, ammonium nitrate will release ammonium
and nitrate ions. The NO3

� ion is mobile. The NH4
þ ion is

adsorbed by soil. It is not listed as a marine pollutant.
Exposure Standards and Guidelines

The nitrate limit in drinking water was established as a safeguard
against infantile acquired methemoglobinemia. The US Envi-
ronmental Protection Agency’s maximum contaminant level
(MCL) for nitrates is 10 ppm. The MCL for nitrites is 1 ppm.
See also: Nitrous Oxide.
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Relevant Websites

http://www.1.agric.gov.ab.ca – Alberta Agriculture and Rural Development.
http://www.dhs.gov/ammonium-nitrate-security-program – US Dept. of Homeland

Security - Ammonium Nitrate Security Program.
http://www.neochim.bg/files/SDS_NPK_en.pdf – Neochim Plc - Safety Data Sheet

NPK AN based, compound fertilizer.
http://www.toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search for

Ammonium Nitrate.
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l Name: Amphetamines
l Chemical Abstracts Service Registry Number: 300-62-9
l Synonyms: Phenethylamine; racemic b-phenylisopropyl-

amine (Figure 1). Phenethylamines are a large group of
structurally similar agents that includes the amphetamines,
hallucinogenic tryptamines, and the cathinones. Amphet-
amines and cathinones have similar activities, but are
technically subsets of phenethylamines. Slang terms for this
group of stimulants include uppers, meth, speed, ice, dexies,
and crank.

l Chemical/Pharmaceutical/Other Class: Central nervous
system stimulant

l Molecular Formula: C9H13N
l Chemical Structure:
igure 1 Structures of methamphetamine and selected other psychostimula
aggerty, D.A. 2012. Methamphetamine: history, pathophysiology, adverse h
anufacture of methamphetamine. Disease-a-Month 58 (2), 33–92.

12 Encyclopedia of T
History

The first amphetamine was originally developed in 1887 by
Edeleano, a Romanian chemist working in Germany. It became
available in the formof an inhaler for use as a nasal decongestant
under the nameBenzedrine in the 1930s. It wasmarketed for the
treatment of narcolepsy and appetite suppression and was also
used off-label for schizophrenia, morphine addiction, alco-
holism, and behavioral issues in children. In the 1940s, meth-
amphetamine and amphetamine were used by soldiers during
World War II to fight combat fatigue and amphetamine is
currently permitted for use to promote wakefulness in battle.
Amphetamines were readily available over the counter and
by prescription until the dangers of use, abuse, and addiction
such as palpitations, convulsions, and psychosis were recog-
nized. The drug was classified as a schedule II substance under
the federal Controlled Substances Act in 1970. Amphetamines
nts. Source: Vearrier, D., Greenberg, M.I., Ney Miller, S., Okaneku, J.T.,
ealth effects, current trends, and hazards associated with the clandestine

oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00692-8
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Amphetamines 213
remained a popular drug of abuse leading to illegal production
and criminal activity. Motorcycle gangs would conceal meth-
amphetamine in the crankcases of their bikes, leading to the
popular slang term ‘crank.’ Methamphetamine abuse resurged
in the 1980s and 1990s along with ‘designer drugs’ such as
methylenedioxymethamphetamine (MDMA). These drugswere
popularized in clubs and ‘rave’ parties, prompting the Meth-
amphetamine Control Act of 1996. In 2005 a federal law was
enacted to regulate the sale of the precursors of methamphet-
amine (pseudoephedrine, ephedrine). The law limits the
purchaser to a maximum of 3.6 g of pseudoephedrine per day
and requires identification and the signature of the purchaser at
the pharmacy counter. Newer designer drugs known as ‘bath
salts’ comprised of amphetamine-like chemicals, cathinone
derivatives (e.g., methylenedioxypyrovalerone and mephe-
drone) are emerging drugs of abuse prompting lawmakers
to create and amend regulations prohibiting the manufacture
and sale of these amphetamine-like compounds.
Uses

Amphetamines are advocated for use in a wide variety of
conditions but are medically approved for the treatment of
attention-deficit hyperactivity disorder, narcolepsy, and weight
loss. Amphetamines are also popular drugs of abuse available
in several forms for different routes of abuse.
Environmental Fate and Behavior

Physicochemical Properties

Amphetamine is a clear to colorless liquid in freebase or white
crystalline substance as a salt. As a liquid it slowly volatilizes
and has a characteristic amine odor. Amphetamine base is
slightly soluble in water, soluble in alcohol and ether. The
melting point of amphetamine is 300 �C with some decom-
position occurring.
Exposure Routes and Pathways

Amphetamines are most commonly administered orally when
prescribed. Certain amphetamines of abuse (i.e., metham-
phetamine) are injected, smoked, or snorted (insufflations) as
well. Exposure to methamphetamine can occur through envi-
ronmental contamination as well and children and other
individuals on-site at a methamphetamine production center
(including a ‘mom-and-pop’ lab in a house) can be exposed
through the environment at a clandestine lab. In fact 15%
of children simply around individuals who use methamphet-
amine will test positive for the drug and nearly 100% of
children in a clandestine lab environment will have metham-
phetamine detectable in their system.

Therapeutic dosing for amphetamine ranges from 5 to 60mg
per day in adults and 5–40 mg per day in children of 6 years of
age and older. Peak plasma concentrations are dependent on the
route of exposure. Absorption from the gastrointestinal tract is
rapid producing peak concentrations in approximately 2–3 h vs
30 min when used intravenously or intramuscularly. Delayed
release preparations will take longer time to reach peak
concentrations. Absorption into the lungs via smoking reaches
the brain within 7 s. More than 50% of a dose undergoes hepatic
metabolism, and about 30% is excreted unchanged in urine. The
amount of nonmetabolized drug recovered in urine is greater
with acidic urine. The half-life ranges from 8 to 30 h.
Toxicokinetics

Amphetamines are generally well absorbed from the gastroin-
testinal tract in therapeutic doses. Several commercially avail-
able amphetamines are formulated as sustained or delayed
release products. Peak steadystate serum levels are expected
within 30 min after intravenous injection and within 2–3 h
after ingestion of immediate release products. In overdose and
with exposure to sustained release products, delays in absorp-
tion are expected. Amphetamines have a volume of distribution
of approximately 3–5 l kg�1 with low protein binding. These
agents are extensively metabolized through hepatic and renal
pathways via cytochrome P450 enzymes. Cytochrome CYP2D6
may be responsible for some amphetamine-related drug
toxicity. Substrate competition or inhibition at this metabolic
site may increase the half-life of amphetamines. Many metab-
olites have amphetamine activity. Elimination can vary greatly.
Some amphetamines have primary renal elimination with the
rate of elimination depending upon the urine pH (e.g.,
amphetamine). With others, less than 1% of the parent
compound is renally excreted (e.g., methylphenidate). Half-
lives vary as well with intravenous methylphenidate at 1–2 h
and chlorphentermine at 5 days.
Mechanism of Toxicity

Amphetamines are indirect acting sympathomimetics, producing
their effects by inhibiting the transporters of dopamine, norepi-
nephrine, and serotonin at the presynaptic nerve terminal
(Figure 2). This increases the release of norepinephrine, dopa-
mine, and serotonin and increased norepinephrine levels at
central synapses, which further stimulates alpha and beta recep-
tors. Some amphetamines also inhibit monoamine oxidase,
preventing the breakdownof catecholamines. Thesemechanisms
combine to produce the sympathomimetic and central nervous
system (CNS) effects seen with amphetamine abuse.
Acute and Short-Term Toxicity (or Exposure)

Animal

Amphetamine toxicity in animals manifests itself in a similar
way as humans. Expected signs and symptoms include hyper-
tension, tachycardia, seizures, coma, and hyperthermia. Rhab-
domyolysis may also result and leads to renal failure if not
treated aggressively.
Human

Toxicity in humans will follow the expected sympathomimetic
toxidrome. CNS effects include hypervigilance, agitation,



Figure 2 Mechanism of action of methamphetamine on dopamine neurotransmission. MA, methamphetamine; DA, dopamine; DAT, dopamine
transporter; VMAT, vesicular monoamine transporter-2. Source: Vearrier, D., Greenberg, M.I., Ney Miller, S., Okaneku, J.T., Haggerty, D.A. 2012.
Methamphetamine: history, pathophysiology, adverse health effects, current trends, and hazards associated with the clandestine manufacture of
methamphetamine. Disease-a-Month 58 (2), 33–92.
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restlessness, decreased appetite, irritability, stereotyped repeti-
tive behavior, and insomnia with low doses. Patients may
develop psychosis due to dopaminergic effects. With larger
exposures, confusion, panic reactions, aggressive behavior,
hallucinations, seizures, delirium, coma, and death can occur.
Intracranial bleeding can result from untreated hypertension.
Trauma is common secondary to behavior changes and
impaired judgment. Frequent use results in fatigue, paranoia,
and depression. Cardiovascular effects include tachycardia,
hypertension, chest pain, myocardial ischemia or infarction,
dysrhythmias, cardiovascular collapse, and death. Other effects
include rhabdomyolysis, increased respiratory rate, flushing,
diaphoresis, and dilated pupils. Hyperthermia may lead
to multisystem organ failure. Serotonin syndrome is also
possible in overdose of certain amphetamines alone or in
combinationwith other serotonergic agents. Symptoms include
altered mental status, hyperthermia, rigidity, and autonomic
instability.
Chronic Toxicity (or Exposure)

Animal

Animal models describe changes in behavior with toxicity and
withdrawal. Chronic dosing of animals leads to stereotypic,
compulsive behaviors of searching and examining in higher
animals, sniffing and biting movements in lower animals. There
has been no increased carcinogenic activity in rats and mice fed
varying doses of amphetamine over studies as long as 2 years.
Human

Chronic use may result in paranoia, psychosis, bruxism,
compulsive behavior, and cardiomyopathy. Acute withdrawal
may lead to headache, anxiety, and depression.
In Vitro Toxicity Data

Several amphetamines have been shown to have monaminergic
neurotoxic properties. Recent studies of PC12 dopaminergic cells
have shown increased activity of capsase-3 and mitochondrial
cytochrome c release. These findings suggest that amphetamines
(particularly substituted amphetamines) may induce apoptosis,
possibly via a mitochondrial pathway.
Reproductive Toxicity

Amphetamines do not appear to cause congenital abnormalities
when taken during pregnancy; however, intrauterine growth
retardation, premature delivery, and maternal and fetal
morbidity is significantly increasedwhenabuseof amphetamines
occurs during pregnancy. A mild withdrawal syndrome has also
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been reported after delivery with amphetamine use during
pregnancy. Most studies of long-term follow-up of children
exposed to amphetamines during pregnancy have found no
significant chronic behavioral changes. Adverse effects in utero to
the vasoconstrictive effects of amphetamines have been reported
including cerebral injury. Poor outcomes occurring during
amphetamine exposure during pregnancy may also be due to
factors other than the drug itself including multiple drug use,
poor maternal health, socioeconomic factors, and other lifestyle
variables.
Genotoxicity

Amphetamines are not thought to be mutagenic.
Carcinogenicity

Amphetamines are not carcinogenic in humans. Some amphet-
amines have been shown to have beneficial effects in the treat-
ment of certain cancers, in particular hematologic malignancies.
Clinical Management

After assessment of airway, breathing, and circulation with
necessary supportive care, decontamination of the gastroin-
testinal tract should be undertaken for substantial recent
ingestions. If patients present within an hour of ingestion or
have taken a modified release product, consider activated
charcoal; a 10:1 ratio of activated charcoal per gram of
ingested substance may be administered to patients who are
awake and alert and can protect their airway. Gastric lavage
may be recommended in potentially life-threatening inges-
tions that present within 60 min of ingestion. Determination
of specific toxic doses is difficult in chronic users of
amphetamines due to the development of tolerance. Oxygen
and benzodiazepines should be administered as needed for
agitation, shortness of breath, or chest pain. Increased blood
pressure can be managed with benzodiazepines. Although
vasodilators such as nitroprusside have been recommended,
reflex tachycardia is a common result. Beta blockers are not
recommended for use in overdose due to possible unopposed
alpha adrenergic effects, which may lead to exacerbation of
symptoms, i.e., worsening hypertension. Benzodiazepines
may be necessary for agitated or combative patients. Benzo-
diazepines, cooling, and rehydration are standard treatments
for patients with increased temperature and rhabdomyolysis.
Hyperthermia is a poor prognostic sign and should be
aggressively treated.
Clinical Management and Suggested Diagnostic Tests

Electrolytes, urinalysis, complete blood count, urine toxicology
screen, creatine kinase, and cardiac enzymes are helpful labo-
ratory tests for evaluation. In patients with severe toxicity
monitor arterial blood gas (ABG), liver function tests, coagula-
tion studies and disseminated intravascular coagulation panel.
Exposure Standards and Guidelines

Amphetamine is a Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA) hazardous
substance and subjects to the release reporting requirement of
CERCLA section 103, 40 CFR parts 302 and 355. It is an
extremely hazardous substance and subjects to reporting
requirements when stored in amounts of 1000 lbs or greater
(the threshold planning quantity).
Miscellaneous

Drug Screening

Qualitative tests such as immunoassays may have false posi-
tive results for products containing ephedrine and pseudoe-
phedrine. Other substances, such as labetalol and ranitidine,
may cross-react with antiamphetamine antibodies, giving
a false positive test result as well. Selegiline, a selective
monoamine oxidase inhibitor type B, is partially metabolized
to amphetamine and thus will give a positive result by most
analytical methods. Additionally some newer designer drugs
such as MDMA may not react with antiamphetamine anti-
bodies and will result in a negative test. Limitations such as
these may make clinical interpretations more difficult and
imprecise. A confirmatory test, such as gas chromatography–
mass spectrometry, offers greater specificity and sensitivity
and may be the best choice in avoiding false positives and false
negatives.
See also: Drugs of Abuse; Benzodiazepines;
Methylenedioxymethamphetamine; Poisoning Emergencies in
Humans.
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Relevant Websites

http://emedicine.medscape.com/article/812518-overview – Amphetamine toxicity –

Medscape reference an online resource on diagnosis, mechanism of toxicity,
clinical management and treatment of amphetamine toxicity.

http://health.utah.gov/meth/index.html – Utah Department of Health -
Methamphetamine.

http://www.drugabuse.gov/sites/default/files/drugfacts_bath_salts_final_0_1.pdf –

National Institute on Drug Abuse (NIDA) information on bath salts (cathinones).
http://www.aiha.org/aihce06/handouts/po118vandyke.pdf – National Jewish Medical
Center power point resource on methamphetamine particle size and persistence
after methamphetamine cook.

http://www.dtsc.ca.gov/SiteCleanup/ERP/upload/OEHHA_Memo-Nov2007.pdf – Office
of Environmental Health Hazard Assessment for children’s exposure to metham-
phetamine surface residue in use and clandestine laboratory environment.

www.erowid.org/ – Online resource for intoxicating plants and drugs – information and
resources including journal articles, timelines, media, prohibition sites, harm
reduction, subjective user reports and chemical information.

http://emedicine.medscape.com/article/812518-overview
http://health.utah.gov/meth/index.html
http://www.drugabuse.gov/sites/default/files/drugfacts_bath_salts_final_0_1.pdf
http://www.aiha.org/aihce06/handouts/po118vandyke.pdf
http://www.dtsc.ca.gov/SiteCleanup/ERP/upload/OEHHA_Memo-Nov2007.pdf
http://www.erowid.org/
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l Name: Amyl Nitrite
l Chemical Abstracts Service Registry Number: 110-46-3
l Synonyms: 3-methylbutyl nitrite; 3-methylbutyl ester; Iso-

pentyl alcohol nitrite; Aspiral; Nitramyl; Isoamyl nitrite;
3-methyl-1-nitrosoxybutane; Nitrous acid, Poppers (collo-
quial, street slang)

l Molecular Formula: C5H11NO2

l Chemical Structure:

O O
N

Background/Uses

Amyl nitrite had been used clinically as early as 1867, when the
Scottish physician Sir Thomas Brunton used it as a vasodilator
as treatment for angina pectoris in his patients. In the late
1880s, a protective effect on cyanide toxicity in canines was
noted when amyl nitrite was inhaled postexposure. Amyl
nitrite has been used clinically in a multicomponent cyanide
antidote kit and is also a recreational drug of abuse (‘poppers’).
Environmental Fate and Behavior

Routes

A volatile liquid, amyl nitrite is slightly soluble in water and is
commonly supplied in ampoules that are broken and admin-
istered by inhalation. Inhalation is likely the most common
route of exposure, though reports of ingestion of the liquid
itself have been seen. Amyl nitrite may also be absorbed
through the skin when skin comes in contact with the liquid.
Stability

Amyl nitrite is an unstable compound. It is air and light
sensitive and flammable. Amyl nitrite forms explosive mixtures
with air or oxygen, and it is incompatible with oxidizing agents
and reducing agents.
Physicochemical Properties

Clear to yellowish liquid with a fruity odor.
Molar mass 117.15 g mol�1.
Density 0.872 g cm�3 liquid (25 �C).
Boiling point 99 �C, 372 K, 210 �F.
Solubility is slightly soluble to insoluble in water.
Flash point of 50 �F (10 �C).
Refractive index 1.3871.
Partition coefficient (log P (octanol/water)), 2.8.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Amyl nitrite is highly flammable and reactive. It is an
explosion and fire hazard.
Disposition in Body

Amyl nitrite is absorbed rapidly frommucous membranes after
inhalation but rapidly inactivated by hydrolysis. Amyl nitrite is
inactivated after ingestion owing to hydrolysis in the gastro-
intestinal tract.
Toxicokinetics

Amyl nitrite is rapidly absorbed from the lungs, and hydro-
lyzed to nitrite ion and its corresponding alcohol. Approxi-
mately two-thirds of the ion is metabolized by the body, while
the remaining one-third is excreted unchanged in the urine.
When amyl nitrite is ingested, it undergoes hydrolysis in the
stomach.
Mechanism of Toxicity

The primary mechanism of toxicity develops from the
powerful oxidative effects of nitrites on hemoglobin. Methe-
moglobinemia, which develops when the iron atom in
hemoglobin loses one electron to an oxidant, causing a change
from the ferrous (2þ) state to the ferric (3þ) state, may cause
cellular hypoxia. When methemoglobin levels exceed
10–15%, cyanosis may be evident. Nitrites also cause vasodi-
lation by direct action on smooth muscle. Physical effects
include decreases in blood pressure, headache, flushing of the
face, increased heart rate, dizziness, and relaxation of invol-
untary muscles, especially of the blood vessels and the anal
sphincter.

Amyl nitrite may be irritating to the lungs and throat when
breathed in. With exposure to the skin, amyl nitrite has irritant
properties. It can also be readily absorbed, causing systemic
effects with skin contact.
Acute and Short-Term Exposure

Human

Breathing amyl nitrite can cause irritation of the lungs and
throat, with coughing and shortness of breath developing.
Exposure occurs either through breathing in or through contact
with the skin. Nausea, vomiting, central nervous system (CNS)
depression, and dizziness can occur shortly after exposure.
Amyl nitrite may cause symptoms consistent with methemo-
globinemia and vasodilation. Previously healthy patients who
develop symptoms of methemoglobinemia may present
initially with cyanosis, progressing to dizziness, fatigue, nausea,
4-3.00693-X 217
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vomiting, and headache. As the methemoglobin level rises,
symptoms of dyspnea, severe lethargy, and confusion may
develop, culminating in possible coma, seizures, and death as
the levels approach or exceed 70%. A hallmark sign of
methemoglobinemia is the characteristic chocolate brown
color of the blood apparent in a blood sample. Hemolysis and
hemolytic anemia may be noted in patients with G6PD defi-
ciency. Vasodilation may cause throbbing headache and
hypotension.

Amyl nitrite may increase cerebral and intraocular pressure
with acute exposure. It is contraindicated in patients with
cerebral hemorrhage and glaucoma.
Animal

Symptoms are usually consistent with methemoglobinemia,
including tachypnea, weakness, and cyanotic or chocolate
brown mucous membranes in equine or porcine species.
Increases in intraocular pressure have been reported in some
animals.
Chronic Toxicity

Human

Chronic exposure to amyl nitrite can cause tolerance and
reduced effect to the vasodilating properties of this chemical.
Decrements in vision in chronic ‘poppers’ users have been re-
ported with disruption in the outer segments of the fovea re-
ported as the mechanism in these patients. Vision returns with
cessation of recreational nitrite use.
Animal

Chronic exposure in equine populations is suggested to cause
infertility, abortion, stunted growth, and immunosuppression
in animals. Studies in mice have shown that amyl nitrite
reacts with amines to form nitrosamines, which are highly
carcinogenic.
Immunotoxicity

In vitro tests show volatile nitrites, including isobutyl and amyl
nitrite, to have significant immunosuppressive effects to
human lymphocytes.
Reproductive Toxicity

Nitrites are excreted in breast milk, andmay cause symptoms of
methemoglobinemia in infants. Infants may be at greater risk
for nitrite toxicity due in part to the lack of complete devel-
opment of the NADH methemoglobin reductase enzyme
system until the age of approximately 6 months.

Use of amyl nitrite in pregnancy can cause significant harm
to the fetus because maternal blood flow is significantly
reduced through reductions in systemic vascular resistance,
which results in less blood flow through the placenta. Amyl
nitrite is pregnancy category C.
Carcinogenicity

While not known to be carcinogenic in humans, the metabo-
lized byproducts of many nitrites when metabolized further
into N-nitroso compounds have been found to be highly
carcinogenic in some animal species.
Clinical Management

The most common route of exposure will be via inhalation.
Since the onset of effects is within 30 s when inhaled and lasts
3–5 min, effects due to vasodilation and decreases in systemic
vascular resistance should be transient and self-limited. In
patients with orthostatic hypotension, their head should be of
low posture and movement of their extremities and raising of
their extremities will hasten recovery. If amyl nitrite is ingested,
nausea and vomiting may occur and should be treated with
antiemetic agents as needed. Patients with CNS depression
should be evaluated for head injury from falling and supported
as needed with attention to the airway and breathing. Vomiting
after amyl nitrite ingestion may lead to aspiration. A chest X-ray
is indicated in these patients. Patients with concern for methe-
moglobinemia will need further care and monitoring. Arterial
blood gas, complete blood count, and methemoglobin levels
should be determined in all symptomatic patients along with
close monitoring of vital signs and electrocardiogram. Treat-
ment with methylene blue may be considered in patients with
severe methemoglobinemia, though its use in patients with
known G6PD deficiency is controversial. If seizures develop,
initial control should be with a benzodiazepine with addition
of phenobarbital if necessary for recurrent or refractory symp-
toms. Hypotension may be treated initially with intravenous
fluid boluses. This effect is usually short-lived and dissipates
rather quickly as the half-life of amyl nitrite is only minutes.
Exposure Standards and Guidelines

The US Environmental Protection Agency considers
a maximum contaminant level goal of nitrites in drinking water
to be less than 1 mg l�1. World Health Organization guidelines
for nitrites recommend levels less than 3 mg l–1 short term and,
provisionally, levels less than 0.2 mg l–1 long term.

No occupational exposure limits have been set for amyl
nitrite.
Miscellaneous

Amyl nitrite is typically supplied in 0.3 g in 0.3 ml capsules
or ampoules. The liquid is covered by a special mesh that
allows for crushing between the fingers and subsequent
inhalation by patients with angina pectoris. Amyl nitrite is
highly flammable as a liquid and should be kept away from
flames.
See also: Butyl Nitrite; Cyanide; Poisoning Emergencies in
Humans.
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Introduction

Anabolic steroids, also known as anabolic androgenic steroids
(AAS) or performance enhancing drugs, are the endogenously
or exogenously synthesized derivatives of the male sex
hormones (androgens), particularly testosterone, that enhance
the anabolic effects of androgens and decrease or eliminate the
androgenic effects. Some of the examples of exogenous
anabolic steroids are nandrolone, oxandrolone, and trenbo-
lone and endogenous anabolic steroids are testosterone,
androstenediol, androstenedione, and dehydroepiandroster-
one. These agents show both beneficial and harmful effects,
depending on the exposure levels.

Many organs and systems of the body, including the
reproductive system, muscle, bone, hair follicles in the skin,
liver, kidneys, the hematopoietic system, and the central
nervous system, are affected by the action of androgens. The
actions of anabolic steroids can be classified under two cate-
gories, namely, androgenic and anabolic. The androgenic
effects of these steroids can be generally considered as those
associated with masculinization such as growth of the testes,
external genitalia and male accessory reproductive glands
(prostate, seminal vesicles, and bulbourethral), deepening of
the voice due to enlargement of the larynx, hair growth (in the
pubic, limb, chest, and facial region), an increase in sebaceous
glands activity that may result in acne, and neuropsychiatric or
behavioral effects such as increased aggressiveness. The
anabolic effects are associated with protein building in skeletal
muscle and bone, which may increase physical strength and
body mass. In males, androgens are necessary for sustaining
reproductive function, development and maintenance of
skeletal muscle and bone, and cognitive function.

Testosterone has been modified structurally with an
intention to afford synthetic anabolic steroids that enhance
the anabolic effects of androgens and decrease or eliminate
the androgenic effects. Anabolic steroids were first developed
in the late 1930s in an effort to treat hypogonadism and
chronic wasting. During World War II, they were given to
German soldiers to enhance their aggressiveness. Their use
rapidly spread and after World War II athletes were openly
using anabolic steroids for performance enhancement.
Tightly controlled scientific studies have shown that testos-
terone and its derivative, nandrolone decanoate, and enan-
thate increase athletic performance by building muscle mass
and strength.
Mechanisms of Action

Anabolic steroids are reported to exert their actions by genomic
and nongenomic mechanisms.
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1. Anabolic steroids bind to androgen receptors intracellularly
to form the steroid–receptor complex, and this complex
translocates to the nucleus. In the nucleus, the complex
interacts with the steroid response elements, resulting in
gene activation, and transcription, resulting in mRNA
synthesis, and consequently translation, resulting in protein
synthesis. The resultant proteins cause alteration in cell
function, growth, or differentiation.

2. Modulation of androgen receptor activation is due to intra-
cellular metabolism of anabolic steroids. Certain anabolic
steroids, particularly derivatives of testosterone, are
designed to improve their protein anabolic effects and
reduce the androgenic effects. For example, nandrolone is
reported to be converted by 5a-reductase enzyme to
a metabolite that binds with weaker affinity to the androgen
receptor in androgenic tissues and thus reducing androgen
receptor–mediated response of nandrolone in androgenic
tissues. In the skeletalmuscle, since the 5a-reductase enzyme
activity is negligible, the parent compound, nandrolone,
binds with stronger affinity to the androgen receptor, thus
mediating the anabolic effects.

3. An anticatabolic effect mediated by interference with
glucocorticoid receptor expression.

4. Affecting the genome-dependent and genome-independent
pathways in brain such as modulation of the gamma-amino
butyric acid (GABA) receptor function in the central nervous
system resulting in behavioral effects.
Clinical Applications

Many anabolic steroids are used as therapeutic agents. In
general, anabolic steroids have been indicated for treating renal
failure, bone marrow failure, anemia, delayed puberty, and
children with reduced growth. Testosterone preparations are
used in male hypogonadism, in hormone replacement therapy,
and as male contraception. Males with decreased circulating
testosterone associated with chronic diseases or conditions, for
example, those with severe burn injuries or acquired immu-
nodeficiency syndrome (AIDS)-associated wasting, may benefit
from the use of anabolic steroids. The anabolic steroid nan-
drolone decanoate is reported to be effective in treating sarco-
penia in patients receiving dialysis. Oxandrolone is indicated to
stimulate muscle protein anabolism in older women.
Human Toxicity and Adverse Effects

There are several reversible and irreversible adverse/side effects
associated with the use of anabolic steroids. Nonmedical use of
anabolic steroids such as increasing physical strength and
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00236-0
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improving body composition has been associated with several
adverse effects. These adverse effects are function of steroids
used, the dose, duration of use, and route of administration.
Some of the minor side effects associated with anabolic
steroids use include headache, gastrointestinal irritation,
stomach pain, and oily skin.

In men, anabolic steroids have been reported to reduce
sperm production, cause testicular atrophy (shrinking of tes-
ticles), impotence, temporary infertility, and irreversible
gynecomastia. Other effects include increased frequency and
duration of erection, premature sexual development, develop-
ment of breast, and difficulty or pain while urinating. In
women, anabolic steroids use is reported to cause changes in or
cessation of menstrual cycle, increase in body hair, clitoral
enlargement, decrease in breast size and body fat, deepening of
voice, and decrease in scalp hair (baldness).

The cardiovascular effects of anabolic steroids are dose
dependent. Long-term use of anabolic steroids has been
reported to cause hypertension, stroke, heart attack, cardiac
arrhythmias, and sudden death due to cardiac failure. Anabolic
steroid use had also been reported to cause premature and
permanent termination of growth among adolescents. Long-
term use of anabolic steroids has also been associated with liver
injury, hepatitis, development of fatal cysts, hepatocellular
carcinoma, and hepatic angiosarcoma. Anabolic steroids cause
growth of sebaceous glands and increased secretion of natural
oil sebum resulting in oily skin and acne.

Anabolic steroid use is also associated with psychiatric and
behavioral effects. They are reported to increase aggressiveness,
particularly when high doses are taken. Other effects reported
are depression, mood swings, fatigue, restlessness, loss of
appetite, and mania.

Lastly, use of anabolic steroids has been indicated to
develop dependency due to feeling of well-being associated
with its use. Also, abusers taking a dose of anabolic steroids are
also at risk to develop dependency due to withdrawal symp-
toms such as depression and fatigue when they stop taking
anabolic steroids.
Control of Anabolic Steroids

Anabolic steroids are controlled substances in several coun-
tries, including Australia, Argentina, Brazil, Canada, the
United Kingdom, and the United States. The US congress
passed the Anabolic Steroid Enforcement Act in 1990, which
declared anabolic steroids a controlled substance (Schedule
III, Controlled Substance Act). In 2003, the Controlled
Substance Act was amended to include prohormones (steroid
precursors) since they may potentially act as steroid
hormones. The Anabolic Steroid Control Act of 2004 was
introduced, which took effect in January 2005, and it reclas-
sified prohormones as controlled substances by amending
sections of the Controlled Substance Act and the Anabolic
Steroid Enforcement Act of 1990.

The International Olympic Committee (IOC) Medical
Commission introduced anabolic steroids as a banned class in
1974 in order to control doping in human sport. In 1999,
various governments, intergovernmental organizations, and
other public and private bodies fighting against doping in
human sport in concert with IOC started the World Anti-
Doping Agency (WADA). All the rules and detailed technical
documents concerning anabolic steroids (and other drugs) are
constantly evolving under WADA and up-to-date information
can be found at the WADA web site (http://www.wada-ama.
org/en/).
Clinical Management

Current knowledge is based largely on the case studies and
reports from physicians who have worked with patients
undergoing steroid withdrawal. These reports indicate that
supportive therapy is sufficient in some cases. Patients are
educated about what they may experience during withdrawal
and are evaluated for suicidal thoughts. If symptoms are
severe or prolonged, medications, or hospitalization may be
needed. Some medications restore the disrupted hormonal
system due to steroid abuse. Other medications target specific
withdrawal symptoms such as antidepressants to treat
depression and analgesics for headaches and muscle and joint
pains. Some patients exhibiting psychiatric and behavioral
effects require assistance beyond simple treatment of with-
drawal symptoms and are treated with behavioral/psychiatric
therapies.

See also: Androgens; Behavioral Toxicology; Dietary
Supplements.
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Analytical toxicology is the use of qualitative and quantitative
chemical, immunological, and physical techniques in sample
preparation, separation, assay calibration, detection and iden-
tification, and quantification for toxicological research and
testing. Examples of the objectives of such analysis include:

l Determining the levels of exposure to potential toxicants via
air, water, or food.

l Verifying exposure levels to doses for animals in experi-
mental studies.

l Determining levels of xenobiotics and their metabolites in
animal studies.

l Screening blood and urine for the presence of illicit drugs or
their metabolites.

l Measuring levels of endogenous compounds and molecules
to evaluate organ function and damage (clinical chemistry).

l Identifying metabolites and macromolecular adjuncts to
identify mechanisms of action.

l Evaluating and quantitating the formation and distribution
of antibodies.

The diagnosis and treatment of health problems induced by
chemical substances and the closely allied field of therapeutic
drug monitoring rely on analytical toxicology, and advances in
the field have added both power and problems to toxicology,
dual gifts of increases in sensitivity and specificity. Although the
analytes are present in matrices similar to those seen in forensic
toxicology, the results must be reported rapidly to be of use to
clinicians in treating patients. This requirement of a rapid
turnaround time limits the number of chemicals that can be
measured because methods, equipment, and personnel must
all be available for an instant response to toxicological emer-
gencies. Investigations for an ‘unknown’ drug or poison are
usually carried out on specimens of urine (30ml for qualitative
tests) and blood (10ml for quantitative tests). No preservatives
should be added to urine specimens and blood samples should
be heparinized.

Occupational and regulatory toxicology requires strict
analytic procedures for implementation or monitoring. In
occupational toxicology, the analytical methods used to
monitor threshold limit values and other means of estimating
the exposure of workers to toxic hazards may utilize simple,
nonspecific, but economical screening devices. However, to
determine the actual exposure of a worker, it is necessary to
analyze blood, urine, breath, or another specimen by
employing methods similar to those used in clinical or forensic
toxicology. For regulatory purposes, a variety of matrices
(e.g., food, water, and air) must be examined for extremely
small quantities of analytes. Frequently, this requires the use of
sophisticated methodology with extreme sensitivity. Both of
these applications of analytical toxicology impinge on forensic
toxicology because an injury or occupational disease in
a worker can result in a legal proceeding.

Other applications of analytical toxicology occur frequently
during the course of experimental studies. Confirmation of the
concentration of dosing solutions and monitoring of their
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
stability often can be accomplished with the use of simple
analytical techniques. The bioavailability of a dose may vary
with the route of administration and the vehicle used. Blood
concentrations can bemonitored as ameans of establishing this
important parameter. In addition, an important feature in the
study of any toxic substance is the characterization of its
metabolites as well as the distribution of the parent drug,
together with its metabolites, to various tissues. This requires
sensitive, specific, and valid analytical procedures. Similar
analytical studies can be conducted within a temporal frame-
work to gain an understanding of the dynamics of the absorp-
tion, distribution,metabolism, and excretion of toxic chemicals.
Analysis of Common Toxic Substances

Analytical toxicology is intimately involved in many aspects of
experimental and applied toxicology. Because toxic substances
include all chemical types and their measurement may require
the examination of biological or nonbiological matrices, the
scope of analytical toxicology is broad. Nevertheless, a system-
atic approach and a reliance on the practical experience of
generations of forensic toxicologists can be used in conjunction
with the sophisticated tools of analytical chemistry to provide
the data needed to understand the hazards of toxic substances
more completely. As Paracelsus states: ‘‘All substances are
poisons: There is none which is not a poison.’’ Analytical
toxicology potentially encompasses all chemical substances.
Forensic toxicologists learned long ago that when the nature of
a suspected poison is unknown, a systematic, standardized
approach must be used to identify the presence of most
common toxic substances. An approach that has stood the test
of time was first suggested by Chapuis in 1873 in Elements de
Toxicologie. It is based on the origin or nature of the toxic agent.
Such a categorization can be characterized as follows:

1. gases,
2. volatile substances,
3. corrosives,
4. metals,
5. anions and nonmetals,
6. nonvolatile organic substances, and
7. miscellaneous.

In addition to considering the descriptive classification of
the substance, one must determine the method for separating
a toxic agent from the matrix in which it is collected and
embedded. The matrix is generally a biological specimen such
as a body fluid or a solid tissue. The agent of interest may exist
in the matrix in a simple solution or may be bound to protein
and other cellular constituents. The challenge here is to separate
the toxic agent in sufficient purity and quantity to permit it to
be characterized and quantified. At times, the parent
compound is no longer present in large enough amounts to be
separated. In such cases, known metabolites may indirectly
provide measure of the parent substance. With other
4-3.00812-5 223
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substances, interaction of the poison with tissue components
may require the isolation or characterization of a protein
adduct. Methods for separation have long provided a great
challenge to analytical toxicologists. Only recently have
methods become available which permit direct measurement
of some analytes without prior separation from the matrix.

The following sections provide a closer look at analytical
toxicological issues related to substance class.
Gases

Gases are most simply measured by means of gas chromatog-
raphy. Some gases are extremely labile, and the specimen must
be collected and preserved at temperatures as low as that of
liquid nitrogen. Generally, the gas is carefully liberated by
incubating the specimen at a predetermined temperature in
a closed container. The gas, freed from the matrix, collects over
the specimen’s ‘headspace,’ where it can be sampled and
injected into the gas chromatograph. Other gases, such as
carbon monoxide, interact with protein, or the adduct can be
measured independently, as in the case of carboxyhemoglobin.
Volatile Substances

Volatile substances are generally liquids of a variety of chemical
types. Gas–liquid chromatography is the simplest approach for
simultaneous separation and quantitation in many cases. The
simple alcohols canbemeasuredby injecting a dilutedbodyfluid
directly onto the columnof the chromatograph. Amore common
approach is to use the headspace technique, as is done for gases,
after incubating the specimen at an elevated temperature.
Corrosives

Corrosives include mineral acids and bases. Many corrosives
consist of ions that are normal tissue constituents. Clinical
chemical techniques canbeapplied todetect these ionswhen they
are in great excess over normal concentrations. Because these ions
are normal constituents, the corrosive effects at the site of contact
of the chemical, together with other changes in blood chemistry
values, can confirm the ingestion of a corrosive substance.
Metals

Metals are encountered frequently as occupational and envi-
ronmental hazards. Elegant analytical methods are available
for most metals even when they are present at extremely low
concentrations. Classical separation procedures involve
destruction of the organic matrix by chemical or thermal
oxidation. This leaves the metal to be identified and quantified
in the inorganic residue. Unfortunately, this prevents a deter-
mination of the metal in the oxidation state or in combination
with other elements, as it existed when the metal compound
was absorbed. For example, the toxic effects of metallic
mercury, mercurous ion, mercuric ion, and dimethyl mercury
are all different. Analytical methods must be selected which
determine the relative amount of each form present to yield
optimal analytical results.
Toxic Anions and Nonmetals

Toxic anions and nonmetals are a difficult group for analysis.
Some anions can be trapped in combination with a stable
cation, after which the organic matrix can be destroyed, as with
metals. Others can be separated from the bulk of the matrix by
dialysis, after they are detected by colorimetric or chromato-
pathic procedures. Still others are detected and measured by
ion-specific electrodes. There are no standard approaches for
this group, and other than phosphorus, they are rarely
encountered in an uncombined form.
Nonvolatile Organic Substances

Nonvolatile organic substances constitute the largest group of
substances that must be considered by analytical toxicologists.
This group includes drugs, both prescribed and illegal, pesti-
cides, natural products, pollutants, and industrial compounds.
These substances are solids of liquids with high boiling points.
Thus, separation procedures generally rely on differential
extractions, either liquid–liquid or solid–solid in nature. These
extractions often are not efficient, and recovery of the toxic
substance from the sample matrix may be poor. When the
nature of the toxic substance is known, immunoassay proce-
dures are useful because they allow a toxicologist to avoid using
separation procedures. Such compounds can be classified as
organic strong acids, organic weak acids, organic bases, organic
neutral compounds, or organic amphoteric compounds.
Analytical Chemistry in Environmental Toxicology

There are many cases in which toxic agents are either present in
an environment (or the life forms in an environment) or that
they may be. This may pose special problems to an analytical
chemist:

1. Accurately measuring exposure levels above ambient back-
ground levels.

2. Detection and accurate measurement of moieties in
complex and natural matrices (i.e., seawater, soils, aquatic,
and terrestrial organisms).

3. Identification and quantification of complex mixtures of
chemical moieties at low levels.
Miscellaneous

Finally, a miscellaneous category must be included to cover the
large number of toxic agents that cannot be detected by the
routine application of the methods described previously.
Venoms and other toxic mixtures of proteins or uncharac-
terized constituents fall into this class. Frequently, if antibodies
can be grown against the active constituent, immunoassay may
be the most practical means of detecting and measuring these
highly potent and difficult to isolate substances.
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Unfortunately, unless highly specific monoclonal anti-
bodies are used, the analytical procedure may not be acceptable
for forensic purposes. Frequently, specific analytical procedures
must be developed for each analyte of this type. At times,
biological endpoints are utilized to semiquantify the concen-
tration of the isolated product.
Analytical Techniques

Due to increased levels of sensitivity of analytical techniques
and a range of legal requirements (including Good Laboratory
Practices and issues in potential litigation), particular care must
be taken in collecting and handling samples to both avoid
contamination andmaintain a chain of custody of samples and
sample records. There are a vast variety of techniques now
employed in analysis:

l Chromatography
l Thin layer, gas, high-performance liquid chromatography
l Mass spectrometry
l Photometry/spectroscopy
l Spectrometry (ultraviolet, infrared, and visible light)
l Flame photometry, atomic absorption, nuclear magnetic

resonance spectroscopy, electron spin resonance spectro-
photometry, Raman spectroscopy

l Immunoassays
l Radioimmunoassay, enzyme immunoassay, fluorescent

immunoassay
l Isotopic labeling
l Positron emission tomography
l Magnetic resonance imaging

Newer and more complex material analysis techniques are:

l Accelerator mass spectrophotometry
l Atomic absorption spectroscopy
l Auger electron spectroscopy
l Controlled potential coulometry
l Crystallographic texture measurement
l Electrogravimetry
l Electrometric titration
l Electron probe X-ray microanalysis
l Elemental and functional group analysis
l Extended X-ray absorption fine structure
l Ferromagnetic resonance
l Field ion microscopy
l High temperature combustion
l Image analysis
l Inert gas fusion
l Inductively coupled plasma
l Ion chromatography
l Low energy electron diffraction
l Low energy ion scattering spectroscopy
l Mass spectrometry
l Molecular fluorescence spectrometry
l Mossbauer spectroscopy
l Neutron activation analysis
l Neutron diffraction
l Optical emission spectroscopy
l Optical metallography membrane electrodes
l Particle induced X-ray emission potentiometric
l Radial distribution function analysis
l Radio analysis
l Rutherford backscattering spectroscopy
l Scanning electron microscopy
l Secondary ion mass spectroscopy
l Single crystal X-ray diffraction
l Small angle X-ray and neutron scattering
l Spark source mass spectrometry
l Transmission electron microscopy
l Voltammetry
l Wet analytical chemistry
l X-ray diffraction residual stress techniques
l X-ray photoelectron spectroscopy
l X-ray powder diffraction
l X-ray spectrometry
l X-ray topography
See also: International Society of Exposure Science; Microarray
Analysis.
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Historical Use of Natural Toxins

In antiquity, natural toxins were exploited to make poison
weapons for waging the earliest forms of biological and
chemical warfares. A wide range of substances, from toxic
plants and venomous insects and reptiles to infectious agents
and noxious chemicals, were weaponized in ancient Europe,
the Mediterranean, North Africa, the Middle East, Central Asia,
India, China, and in the Americas. Evidence for the concept and
practice of toxic warfare can be traced back thousands of years.
For example, cuneiform tablets from about 1200 BC record
that the Hittites of Asia Minor deliberately drove plague victims
into enemy territory.

Such practices did not require a scientific understanding
of toxicology, epidemiology, and chemistry, or depend on
advanced technology, but were based on centuries of obser-
vation and experimentation with easily available toxic mate-
rials. Strategies based on insidiously attacking an opponent’s
biological vulnerabilities with poisonous agents could be
advantageous while the facing troops were superior in number,
courage, skill, or technology. Yet the use of toxic weapons also
entailed practical and ethical dilemmas in antiquity.

The first poison projectiles were probably devised for
hunting and then turned toward war. The bow and arrow was
a highly effective delivery system for toxins at an early date,
since a mere scratch from a treated point could be fatal.
Toxic Weapons in Mythology

The concept of poisoned projectiles is embedded in the
ancient Greek language, since the word for ‘poison’, toxicon,
is derived from toxon, the word for ‘arrow’. Greek mythology
offers further evidence of the antiquity of the concept. The
great hero of myth, Hercules, for example, invented biological
weaponry when he dipped his arrows in the venom of the
Hydramonster, a many-headed serpent. Homer’s Iliad, an oral
epic first written down in the eighth century BC, contains
indirect allusions to the use of toxic projectiles in the
legendary Trojan War. Homer’s descriptions of black (rather
than red) blood oozing from wounds, battlefield doctors
sucking out poisons, and never-healing wounds are all
hallmarks of snake venom poisoning. In the Odyssey, Homer
describes the Greek hero Odysseus smearing lethal plant
juices on arrows intended for enemies. According to myth,
Odysseus himself died from a wound inflicted by a spear
tipped with the toxic spine of a marbled stingray, a common
species in the Mediterranean.

The epic poem recounting the legendary history of Rome, the
Aeneid by Virgil, also refers to poisoned spears wielded by the
early Romans, and poisoned weapons appear in the mytholog-
ical epic of India, the Rigveda. Myth and legend likely reflect the
early invention of biological arms in various cultures and they
also offered models for the actual practice of biological warfare.
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Plant Poisons in Biological Warfare

About 24 toxic Eurasian plant species, often employed as
medicines in tiny dosages, were collected to make arrow
poisons or other biological weapons used in historical battles.
One of the most popular plant drugs was hellebore, identified
by the ancients as black hellebore (probably the Christmas rose
of the buttercup Ranunculaceae family, Helleborus niger) and
white hellebore (the lily family, Liliaceae). The unrelated plants
are each laden with powerful chemicals that cause severe
vomiting and diarrhea, muscle cramps, delirium, convulsions,
asphyxia, and heart attack. Hellebore was one of the arrow
drugs used by the Gauls, among other groups, and it was also
used to poison wells.

Another favorite biowar toxin was aconite or monkshood
(also called wolfsbane). Aconitum (buttercup family) contains
the alkaloid aconitine, a violent poison, which in high doses
causes vomiting and paralyzes the nervous system, resulting in
death. Aconite was employed by the archers of ancient Greece
and India, and its use in warfare continued into modernity.
For example, during the war between the Spanish and the
Moors in 1483, Arab archers wrapped aconite-soaked cotton
around their arrowheads. Nepalese Gurkhas poisoned wells
with aconite in the nineteenth century, and during World War
II, Nazi scientists created aconitine-treated bullets.

Henbane (Hyoscyamus niger), a sticky, bad-smelling weed
containing the powerful narcotics hyoscyamine and scopol-
amine, was also collected as arrow poison in antiquity.
Henbane causes violent seizures, psychosis, and death.
Other plant juices used on projectiles included hemlock
(Conium maculatum), yew (Taxus baccata), rhododendron, and
several species of deadly nightshade or belladonna, which
causes vertigo, extreme agitation, coma, and death. The fact that
the Latin word for deadly nightshade was dorycnion, ‘spear
drug’, suggests that it was smeared on weapons at a very early
date, as noted by Pliny the Elder, a natural historian of the first
century AD.
Snake Venom in Biological Warfare

Snake venom was another well-known arrow poison. Since
snake venom is digestible, it could be safely used for hunting
because the venom did not make game harmful to eat, but the
venom in the bloodstream of an enemy brought a painful
death or a never-healing wound. Numerous poisonous snakes
exist around the Mediterranean and in Africa and Asia.

According to the Greek and Roman writers, archers who
steeped their arrows in serpents’ venom included the Gauls, the
Dacians and Dalmatians (of the Balkans), the Sarmatians of
Persia (now Iran), the Getae of Thrace, Slavs, Armenians,
Parthians between the Indus and Euphrates, Indians, North
Africans, and the Scythian nomads of the Central Asian steppes.
According to the ancient Greek geographer Strabo, the arrow
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00996-9
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poison concocted by the Soanes of the Caucasus was so
noxious that its mere odor was injurious. Strabo also reported
that people of what is now Kenya dipped their arrows ‘in the
gall of serpents’, while the Roman historian Silius Italicus
described the snake venom arrows used by the archers of Libya,
Morocco, Egypt, and Sudan. Ancient Chinese sources show that
arrow poisons were also in use in China at early dates. In the
Americas, Native Americans used snake, frog, and plant
poisons on projectiles for hunting and warfare.

Complex recipes for envenomed arrows are recorded in
Greek and Latin texts. One of the most dreaded arrow drugs
was concocted by the Scythians, who combined snake venom
and bacteriological agents from rotting dung, human blood,
and putrefying viper carcasses bloated with feces. Even in the
case of a superficial arrow wound, the toxins would begin
taking effect within an hour. Envenomation accompanied by
shock, necrosis, and suppuration of the wound would be
followed by gangrene and tetanus and an agonizing death.

Several snake species contributed the venom used by the
Scythians, including the steppe viper Vipera ursinii renardi, the
Caucasus viper Vipera kaznakovi, the European adder Vipera
berus, and the long-nosed or sand viper Vipera ammodytes
transcaucasiana. In ancient India, one of the most feared
poisons was derived from the rotting flesh and venom of the
white-headed Purple Snake, described by the natural historian
Aelian (third century AD). His detailed description suggests
that the Purple Snake was the rare, white-headed viper
discovered by modern herpetologists in the late 1880s, Aze-
miops feae.

Different snake venoms tipped the arrows encountered by
the army of Alexander the Great in his conquest of India in
327–325 BC. According to the historians Quintus Curtius,
Diodorus of Sicily, and others, the defenders of Harmatelia
(Mansura, Pakistan) had smeared their arrows and swords with
an unknown snake poison. Most modern historians assume
cobra poison, but the ancient historians’ detailed description of
the gruesome deaths suffered by Alexander’s men points to the
deadly Russell’s viper. Even the slightly wounded went imme-
diately numb and experienced stabbing pain and wracking
convulsions. Their skin became cold and livid and they vomi-
ted bile. Black froth exuded from the wounds and then purple-
green gangrene spread rapidly, followed by death. Death from
cobra venom is relatively painless, from respiratory paralysis,
but the Russell’s viper causes numbness, vomiting, severe pain,
black blood, gangrene, and death – as described by Alexander’s
historians.
Poisoning Water and Food

Tainting water and food was another ancient biological tactic.
A legendary Greek account set in about 1000 BC tells how
King Cnopus conquered Erythrae (in what is now Turkey) by
drugging a bull and tricking the enemy into eating the poisoned
meat. The earliest historically documented case of poisoning
drinking water occurred in Greece in about 590 BC, during the
First Sacred War. Athens and allied city-states made war on
the strongly fortified city of Kirrha, which controlled the road to
Delphi, the site of the famous Oracle of Apollo. According
to several ancient Greek historians, Kirrha had offended the God
and was therefore to be totally destroyed. During the siege, the
league of allies gathered a great quantity of hellebore and placed
it in the water pipes supplying Kirrha. The soldiers guarding
Kirrha’s walls – and the entire population – fell violently ill and
the allies easily overran the city and wiped out combatants
and civilians alike. After the war, Athens and her allies had
second thoughts and agreed among themselves not to interfere
with water supplies should they ever find themselves at war with
each other.

Roman commanders also poisoned wells. Manius Aquillius,
for example, ended a long-drawn-out war to quell insurrections
in the Roman province of Asia Minor in 129 BC, by pouring
poison into the springs supplying the rebelling cities. According
to the Roman historian Florus, however, his victory was
dishonorable because of the resort to underhanded biological
tactics.

The Carthaginian generals Himilco and Maharbal overcame
enemies in North Africa by tainting wine with mandrake,
a heavily narcotic root of the deadly nightshade. In North
America, Native Americans poisoned enemy’s drinking water
with rotting animal skins. In ancient India, numerous recipes
for poisoning enemy food and water are given in the
Arthashastra, a warfare manual dating to the fourth century BC,
written by Kautilya, the advisor of King Chandragupta.

In 65 BC, naturally occurring toxic honey was used against
the army of the Roman general Pompey during the war
against King Mithradates VI of Pontus. In the Black Sea region,
Mithradates’ allies set out tempting honeycombs along the
Romans’ route and hid. The honey was made by wild bees that
gathered nectar from rhododendron blossoms, which contain
devastating neurotoxins. As the legionnaires succumbed to
the sweet treat, collapsing with vertigo, vomiting, and diar-
rhea, the enemy ambushed and slaughtered about 1,000 of
Pompey’s men.
Stinging Insects and Biting Snakes
in Biological Warfare

Stinging insects such as wasps, deadly vipers, and scorpions
could also be drafted for war. Perhaps, as early as Neolithic
times, hives filled with furious bees were thrown at enemies,
who were driven into chaos by the painful stings; and later,
catapults were used to hurl beehives. The ancient Maya of
Central Mexico created ingenious booby traps to repel besiegers
on their fortress walls, consisting of dummy warriors whose
gourd heads were filled with hornets.

In the second century BC, the Carthaginian general
Hannibal devised a plan of filling clay pots with live vipers
during a naval battle against Pergamum, in which he was
outnumbered. The enemy sailors were panicked and easily
defeated when the catapulted pots smashed on their ships’
decks, releasing masses of snakes.

At the fortified city of Hatra (Iraq), in AD 198–199,
besieging Roman legions led by Emperor Septimius Severus
were forced to retreat after the Hatreni defended their walls
with insect bombs. They had packed terracotta pots with
scorpions (arthropods), assassin bugs, and other poisonous
insects from the surrounding desert. The historian Herodian
wrote that as the insects rained down on the Romans
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scaling the walls, they ‘‘fell into the men’s eyes and exposed
parts of their bodies, digging in, biting, and stinging the
soldiers, causing severe injuries.” The terror effect would be
impressive, no matter how many men were actually stung.
Scorpion stings inject a complex combination of toxins,
causing intense pain, thirst, great agitation, muscle spasms,
convulsions, slow pulse, irregular breathing, and torturous
death. Assassin bugs, predatory, bloodsucking insects with
sharp beaks, inflict an extremely painful bite and inject a lethal
nerve poison that liquefies tissues. It is possible that Paederus
beetles were also collected by the Hatreni. Pederin, the virulent
poison secreted by predatory Staphylinidae (rove) beetles was
well-known in ancient India and China. One of the most
powerful animal toxins in the world, pederin is a blistering
agent on the skin and eyes, and in the bloodstream its toxicity is
more potent than cobra venom.
Contagions as Biological Warfare Agents

Many historians have considered the Mongols’ ploy of cata-
pulting of bubonic plague victims over the walls at Kaffa on the
Black Sea in 1346 to mark the beginning of biological warfare.
But an empirical understanding of contagion developed much
earlier in history. In Mesopotamia in 1770 BC, for example,
cuneiform tablets warned that disease could be spread by
fomites, infectious pathogens on clothing, bedding, and other
items. Legends about King Solomon suggested that he hid
plague in sealed jars in the Temple of Jerusalem to infect
Babylonian and Roman invaders. During the Peloponnesian
War (fourth century BC), the Athenians suspected that the
Spartans had spread plague (apparently smallpox) by
poisoning their wells. In ancient India, Kautilya’s Arthashastra
suggested ways of infecting enemies with illnesses such as
fevers, wasting lung disease, and rabies.

In Roman times, historians such as Seneca and Dio Cassius
deplored ‘‘man-made pestilence,” the malicious transmission
of plagues by saboteurs who pricked victims with infected
needles during the reigns of Domitian and Commodus in the
first and second centuries AD. The Great Plague of AD 165–
180, probably smallpox, was spread from Babylon (modern
Iraq) to Syria, Italy, and Germany by Roman soldiers returning
from the war to control Mesopotamia. According to historians
of the era, the epidemic began when some Roman soldiers
looted a treasure chest in an enemy temple in Babylonia. The
implication of the historical accounts, that the chest was booby
trapped with plague-laden items, is plausible. The local pop-
ulation would have had some immunity to the epidemic, while
the invading Roman army would have been vulnerable. At the
very least, the reports demonstrate that the notion of deliber-
ately spreading epidemics among the enemy was widely
contemplated by that time.
Toxic Aerosols and Incendiaries as Chemical Weapons

Asphyxiating clouds of smoke, dust, and gases were effective
chemical weapons in antiquity. One of the earliest documented
examples of toxic aerosols occurred during the Peloponnesian
War in 429 BC, when Sparta besieged the city of Plataea.
As reported by the historian Thucydides, the Spartans created
a massive fire next to Plataea’s city walls, and fueled the
conflagration with liberal quantities of resinous pine tree sap
and sulfur. The combination of pitch and sulfur created clouds
of toxic sulfur dioxide gas, fumes that can be fatal when inhaled
in large amounts. A few years later, in 424 BC, the Spartans’
allies the Boiotians invented a ‘flamethrowing’ machine to
propel noxious smoke from charcoal, resin, and sulfur used
against the walled city of Delium.

Archaeologists have discovered physical evidence to show
that in AD 256, the Sassanians attacking Roman-held Dura-
Europos (on the modern border of Iraq and Syria) created
a similar incendiary mixture that resulted in a deadly gas
enveloping a siege tunnel, killing 19 Romans and 1 Sassanian.

The Greek strategist Aeneas the Tactician, writing in 360 BC,
suggested the use of incendiaries made with pitch, hemp, and
sulfur. Roman historians tell how burning chicken feathers
created irritating, choking fumes propelled by bellows into
siege tunnels.

In 80 BC, the Roman general Sertorius deployed choking
clouds of dust to defeat the Characitani of Spain, who had
taken refuge in inaccessible caves. The fine white soil in the area
consisted of limestone and gypsum. Sertorius ordered his
soldiers to pile great heaps of the powder in front of the caves.
When the wind was right, the Romans stirred up the dust and
raised great clouds of caustic lime powder, a severe irritant to
the eyes and lungs. The Characitani surrendered.

A similar dust was used in China to quell an armed peasant
revolt in AD 178, when ‘lime chariots’ equipped with bellows
blew limestone powder into the crowds. The powdered lime
interacts with the moist membranes of the eyes, nose, and
throat with corrosive, burning effect, blinding and suffocating
the victims.

In the Middle East, where petroleum is abundant, naphtha
(the volatile and toxic light fraction of oil) was ignited and
poured on attackers. The ancient Indians and Chinese added
‘fire chemicals’ to their incendiaries, explosive saltpeter or
nitrite salts, a key ingredient of gunpowder, and they also
mixed a great variety of plant, animal, and mineral poisons,
such as arsenic and lead, in smoke and fire bombs. In the
New World and in India, the seeds of toxic plants and hot
peppers were burned to rout attackers.
Practical and Ethical Issues

The toxicity of plants, venoms, and other poisons used in
armaments posed perils to those who wielded them, and the
mythology and the history of poison weapons is rife with
examples of accidental self-injury and unintended collateral
damage. The use of windborne toxins also involved ‘blowback’
problems, as acknowledged by Kautilya in his Arthashastra. He
advised that protective salves and other remedies be applied
before deploying poisonous smokes. Toxic weapons are noto-
riously difficult to control and often resulted in the destruction
of noncombatants as well as soldiers, especially in siege
situations.

The use of poisons in warfare led to a search for antidotes.
Ancient sources list hundreds of substances that are believed to
counteract specific weaponized poisons, from rust filings to
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poultices made from medicinal plants. It was also believed
that one could become invulnerable to toxins by ingesting
minute amounts of various poisons over time. Mithradates
VI of Pontus (d. 63 BC) was an early experimenter in creating
a ‘universal antidote’, later known as mithridatium and
ingested by Roman emperors such as Nero and Marcus
Aurelius, and later by European royalty, to gain immunity to
poisoning.

The use of toxic weapons was surrounded by ambivalence
in antiquity, though there were few rules of war governing their
use. Weapons that delivered hidden poisons to make an enemy
defenseless or experience excessive suffering aroused moral
criticism in many cultures, even as their use was rationalized in
numerous recorded instances. Ancient Greeks considered
poisoned projectiles a cowardly weapon, for example, yet their
mythic heroes, Hercules and Odysseus, resorted to such arms,
and well poisoning and toxic aerosols were used in historical
Greek conflicts. Poisoned arrows and tainting water and food
supplies were deplored by many Romans, yet their generals
occasionally turned to such strategies. The Hindu Laws of Manu
(dating to 500 BC) recommended spoiling the enemy’s food
and water but forbade the use of poisoned arrows. In the same
era, Kautilya’s Arthashastra extolled the advantages of poisoning
projectiles, food, and water and asphyxiating foes with chem-
ical and disease-laden clouds of smoke. Notably, Kautilya
stressed the deterrent effect of publicizing the horrid ingredi-
ents of one’s toxic arsenal, a strategy also embraced by the
Scythians and others in broadcasting their recipes for poison
arrows. Sun Tzu’s Art of War (500 BC) praised deceptive terror
strategies based on fire and Chinese treatises give myriad
recipes for toxic aerosols and incendiaries. On the other hand,
humanitarian codes of war in China (450–200 BC) forbade
ruses of war and harming noncombatants.

Self-defense was often a rationale for the use of toxic
weapons. Besieged cities and desperate populations overcome
by overwhelming invaders turned to biological weapons as
a last resort. Some commanders used poisons in frustration to
break stalemates or long sieges. Other situations, such as holy
wars, quelling rebellions, and fighting people considered
‘barbarians’, encouraged the indiscriminate use of bioweapons
against entire population. The threat of horrifying toxic
weapons could discourage would-be attackers or bring quick
capitulation. Some commanders had no compunctions about
using any weapons at hand, and in some cultures poison
arrows were the customary weapons in both hunting and
warfare.

The scope of human ingenuity in weaponizing natural
forces in antiquity is impressive, and many of the ancient
examples anticipated, in substance or principle, almost every
basic form of biological and chemical weapon known today,
from spreading plague to poisoning water. For example,
asphyxiating smokes were precursors of mustard and other
toxic gases first used in World War I. Red hot sand catapulted
onto Alexander the Great’s men in the fourth century BC is
analogous to modern thermite bombs of World War II. The
burning, adhering effects of ancient petroleum incendiaries
were reproduced in the modern invention of napalm so
notorious during the Vietnam War. Even the advanced stench
and noise weapons, the so-called calmatives in mists or water
supplies, and top secret insect and animal-based weapons
developed by modern military scientists all have antecedents in
the ancient world.

Nor are the dangers of self-injury and disposing of poison
weapons anything new. The ancient myth of the Hydra with its
ever-proliferating heads is a fitting symbol of the dilemmas off
creating toxic arms. Faced with the problem of disposing of the
immortal central head of the Hydra, Hercules buried it deep in
the ground and placed a huge boulder as a marker over the
spot. A similar geological solution is used today to dispose off
toxic and nuclear weapons material, with burial deep under-
ground in the deserts of New Mexico and Nevada, necessitating
warnings to future generations about the perils of biochemical
agents. A model for avoiding the proliferation of toxic
weaponry is also found in Greek myth. The archer who
inherited Hercules’ Hydra-venom arrows had experienced
grievous injury from the arrows himself, before he deployed
them against the Trojans. After the Trojan War, he dedicated
the poisonous arrows to a temple of Apollo, the god of healing,
rather than passing them on to the next generation of warriors.

See also: Animals, Poisonous and Venomous; Chemical
Warfare Delivery Systems; Chemical Warfare During WW1;
Plants, Poisonous; Toxicology in the Arts, Culture, and
Imagination.
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l Name: Androgens
l Chemical Abstracts Service Registry Number: D00072800
l Synonym: Male sex hormones
l Chemical Structure: Testosterone (middle) is a potent

androgen; most androgens (middle) and estrogens are
produced from biotransformation of cholesterol (left)
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Background

A subset of androgens, adrenal androgens, includes any of
the 19-carbon steroids synthesized by the adrenal cortex,
the outer portion of the adrenal gland (zonula reticularis –

innermost region of the adrenal cortex), that function as
weak steroids or steroid precursors, including dehydroepian-
drosterone (DHEA), dehydroepiandrosterone sulfate (DHEA-S),
and androstenedione.

Besides testosterone, other androgens include the
following:

Dehydroepiandrosterone (DHEA): a steroid hormone
produced in the adrenal cortex from cholesterol. It is the
primary precursor of natural estrogens. DHEA is also called
dehydroisoandrosterone or dehydroandrosterone.
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Androstenedione (Andro): an androgenic steroid pro-
duced by the testes, adrenal cortex, and ovaries. While
androstenediones are converted metabolically to testosterone
and other androgens, they are also the parent structure of
estrone.

Androstenediol: the steroid metabolite that is thought to
act as the main regulator of gonadotropin secretion.

Androsterone: a chemical by-product created during the
breakdown of androgens, or derived from progesterone, that
also exerts minor masculinizing effects, but with one-seventh
the intensity of testosterone. It is found in approximately equal
amounts in the plasma and urine of both males and females.

Dihydrotestosterone (DHT): a metabolite of testosterone,
and a more potent androgen than testosterone in that it binds
more strongly to androgen receptors. It is produced in the
adrenal cortex.

Uses

Androgens/systemic testosterone are primarily indicated in
males as replacement therapy when congenital or acquired
endogenous androgen absence or deficiency is associated with
primary or secondary hypogonadism. Primary hypogonadism
includes conditions such as testicular failure due to cryptorchi-
dism, bilateral torsion, orchitis, or vanishing testis syndrome;
orchidectomy; Klinefelter’s syndrome; chemotherapy; or toxic
damage from alcohol or heavy metals. Hypogonadotropic
hypogonadism (secondary hypogonadism) conditions include
idiopathic gonadotropin or luteinizing-hormone-releasing
hormone deficiency or pituitary-hypothalamic injury as a result
of tumors, trauma, or radiation and are themost common forms
of hypogonadism seen in older adults.
Acute and Short-Term Toxicity

Animal

Six adult male baboons received weekly intramuscular injec-
tions of 200mg testosterone enanthate (equivalent to
8mg kg�1 body weight) for up to 28 weeks, while two control
animals received weekly injections of the vehicle only. Quan-
titative increases in the weight and volume of both prostatic
lobes were seen after 15 weeks of treatment, and by week 28
there was an increase in stromal tissue with papillary ingrowth
or invagination of glandular epithelium in the caudal lobe of
the prostate. The serum concentrations of testosterone and
dihydrotestosterone were significantly elevated, from 10 and
2–3 ngml�1 to 30–40 and 5–6 ngml�1, respectively. The
androstenedione concentrations were increased by three to
four times and that of estradiol from 20 to 80–90 pgml�1.
From this study, it was concluded that these steroids play
a direct role in inducing early benign prostate hypertrophy in
baboons and that their observations were similar to those in
human benign prostate hypertrophy.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00237-2

http://dx.doi.org/10.1016/B978-0-12-386454-3.00237-2


Androgens 231
Human

Androgens may have a virilizing effect in women. The unde-
sirable manifestations include acne, growth of facial hair, and
coarsening of the voice. Profound virilization and serious
disturbances in the growth and osseous development can occur
when androgens are given to children. The capacity of andro-
gens to enhance epiphyseal closure in children may persist for
several months after discontinuation of the drug. All androgens
should be used with great care in children. Androgens should
not be used during pregnancy since they cross the placenta and
cause masculinization of the female fetus. Feminizing effects,
particularly gynecomastia, can occur in men who receive
androgens. The feminizing effects are particularly severe in
children and men with liver disease.

Water retention due to sodium chloride (salt) is a common
manifestation that leads to weight gain. Edema is also found in
patients with cardiac heart failure, renal insufficiency, liver
cirrhosis, and hypoproteinemia. When large doses are used to
treat neoplastic diseases, compounds with 17-alkyl substitu-
tions can cause cholestatic hepatitis; at high doses, jaundice is
the most common clinical feature with accumulation of bile in
the bile capillaries. Jaundice usually develops after 2–5 months
of therapy. It can be detected by increases in plasma aspartate
aminotransferase and alkaline phosphatase.

Obstructive sleep apnea (OSA) causes a mild lowering of
blood testosterone concentrations that is rectified by effective
continuous positive airway pressure (CPAP) treatment.
Although testosterone treatment has precipitated OSA and has
potential adverse effects on sleep in older men, the prevalence
of OSA precipitated by testosterone treatment remains unclear.
It appears to be a rare idiosyncratic reaction among younger
hypogonadal men but the risk may be higher among older men
as the background prevalence of OSA rises steeply with age.
Hence, screening for OSA by asking about daytime sleepiness
and partner reports of loud and irregular snoring, especially
among overweight men with large collar size, is wise for older
men starting testosterone treatment although not routinely
required for young men with classical hypogonadism.
Chronic Toxicity (or Exposure)

Animal

The effects of subcutaneously injected or implanted testos-
terone and its esters have been reviewed extensively. The
working group convened by the International Agency for
Research on Cancer concluded that “there is sufficient evidence
for the carcinogenicity of testosterone in experimental animals.
In the absence of adequate data in humans, it is reasonable, for
practical purposes, to regard testosterone as if it presented
a carcinogenic risk to humans.” The relevance of animal
models to human prostate disorders has been reviewed.
Besides humans, dogs are the only animals that develop
prostatic cancer and benign prostatic hyperplasia at a high
frequency. In this model, long-term treatment with androgens
and estrogens is required to produce hyperplasia, although
such synergism is not observed in other species. ACI rats
spontaneously develop histologically evident prostatic cancer,
which does not progress to clinically relevant disease when
pharmacologically relevant amounts of exogenous androgen
are administered. Prostate cancer has been induced only in the
Noble and Lobund–Wistar strains of rat.

The role of hormones, including androgens, in the devel-
opment of mammary neoplasia in rodents and their relevance
to human risk assessment has been reviewed. Endogenous
androgens are necessary for mammary development in rodents,
and it was noted that rodent models mimic some but not all
the complex external and endogenous factors involved in
initiation, promotion, and progression of carcinogenesis.
Tumor type and incidence are influenced by the age, repro-
ductive history, and the endocrine milieu of the host at the time
of exposure. The spontaneous incidence of tumors differs in
different strains of rats and mice. In rats, most spontaneous
neoplasias, with the exception of leukemia, occur in endocrine
organs or organs under endocrine control. Russo and Russo
concluded that mechanism-based toxicology is not yet suffi-
cient for human risk assessment and the approach should be
coupled to and validated by conventional long-term bioassays.

Fischer 344 rats were given 3,20-dimethyl-4aminobiphenyl
(a prostate carcinogen) at 50mg kg�1 body weight 10 times at
2 week intervals, and then, from week 20, testosterone propi-
onate and/or diethylstilbestrol by subcutaneous silastic
implant for 40 weeks, as seven cycles of 30-day treatment and
10-day withdrawal. Intermittent administration of testosterone
resulted in suppression of the development of ventral prostate
adenocarcinomas and slight (nonsignificant) increases in the
incidences of invasive carcinomas of the lateral prostate and
seminal vesicles. Diethylstilbestrol completely suppressed
tumorigenesis, and the combination with testosterone propi-
onate inhibited prostate tumor development.

Hydroxyprogesterone caproate was given intramuscularly
every other week at an average dose of 13mg to 19 female
rabbits, and testosterone ethanate was given intramuscularly
every other week at an average dose of 15mg to 21 animals;
both treatments were given for up to 763 days. Rabbits treated
with progesterone developed numerous endometrial cysts,
sometimes associated with atypical hyperplasia; active
mammary secretion was also seen. Treatment with testosterone
induced two adenomatous polyps of the endometrium in one
animal, but no other noteworthy endometrial changes were
found, and one control animal developed similar polyps.
Neither significantly altered other tissues such as the ovary,
adrenal, thyroid, or pituitary gland. No precancerous endo-
metrial changes or cancers were found.

Human

With prolonged treatment, as in long-term use of androgens in
mammary carcinoma, male pattern baldness, excessive body
hair, prominent musculature, and hypertrophy of the clitoris
may develop and may be irreversible. Patients receiving
the 17a-alkyl substituted androgens may develop hepatic
adenocarcinoma; the complications may be more common in
people with Fanconi’s anemia.
Chronic Poisoning

Ingestion: Hepatic damage, manifest as derangement of
biochemical tests of liver function and sometimes severe
enough to cause jaundice; virilization in women; prostatic
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hypertrophy, impotence and azoospermia in men; acne,
abnormal lipids, premature cardiovascular disease (including
stroke and myocardial infarction), abnormal glucose tolerance,
and muscular hypertrophy in both sexes; psychiatric distur-
bances can occur during or after prolonged treatment.

Parenteral exposure: Virilization in women; prostatic
hypertrophy, impotence, and azoospermia in men; acne,
abnormal lipids, premature cardiovascular disease (including
stroke and myocardial infarction), abnormal glucose tolerance,
and muscular hypertrophy in both sexes. Psychiatric distur-
bances can occur during or after prolonged treatment. Hepatic
damage is not expected from parenteral preparations.

Course, prognosis, cause of death: Patients with symptoms
of acute poisoning are expected to recover rapidly. Patients who
persistently abuse high doses of anabolic steroids are at risk of
death from premature heart disease or cancer, especially pros-
tatic cancer. Nonfatal but long-lasting effects include voice
changes in women and fusion of the epiphyses in children.
Other effects are reversible over weeks or months.
Genotoxicity

Testosterone and its esters are not mutagenic in bacteria. This
also holds for methylnortestosterone (MENT) (Organon,
unpublished data). The anabolics trenbolone, fluoxymester-
one, and oxymetholone were found negative in bacterial and
mammalian cell systems with equivocal results at highly toxic
concentrations for trenbolone in the mouse lymphoma
L5178Y TK system.

Carcinogenicity

See Chronic Toxicity (Animal) section above.
Toxicokinetics

Injected as oil, androgens are so quickly absorbed, metabo-
lized, and excreted that the effect is very small. Esters of
testosterone are more slowly absorbed and are more effective.
The majority of the androgens is inactivated primarily in the
liver and involves oxidation of the hydroxy groups and
reduction of the steroid ring. Alkylation at the 17-position
retards hepatic metabolism and hence is effective orally.

About 90% of the androgens are excreted in the urine; 6%
appear in the feces after undergoing enterohepatic circulation.
Small amounts are also excreted as soluble glucuronide and
sulfate conjugates.Many of the synthetic androgens have a longer
half-life.Unalteredcompoundsare excreted in theurine and feces.
Clinical Management

Edema due to salt retention is generally treated with diuretics
targeted at increased sodium excretion.
Environmental Fate

Hormones excreted in animal waste have been measured in
surface and groundwater associated with manure that is
applied to the land surface. Limited studies have been done on
the fate and transport of androgenic hormones in soils. There
were weak correlations of sorption with soil particle size,
organic matter, and specific surface area. Testosterone was the
dominant compound present in the soil column effluents;
although it was found that testosterone degraded more readily
than 17b-estradiol, it appeared to have a greater potential to
migrate in the soil because it was not strongly absorbed.
Ecotoxicology

The Endocrine disruption in themarine environment (EDMAR)
program investigated evidence of changes associated with
endocrine disruption inmarine life and, if so, the possible causes
and potential impacts. It followed on from work that demon-
strated that flounder in some UK estuaries had changes consis-
tent with endocrine disruption. Male flounder from some
industrialized estuaries showed strong vitellogenin induction.
Caught sand gobies exhibited no vitellogenin induction or
intersex, but feminization of secondary sexual characteristicswas
observed in male gobies in some estuaries. Viviparous blennies
in some estuaries showed induction of vitellogenin, and inci-
dence of intersex. Toxicity identification and evaluation (TIE)
procedures deployed on the Tyne and Tees estuaries identified
three natural (steroidal) and two industrial (surfactant and
phthalate) estrogenic compounds as possible causes of the
observed effects. A study utilizing fathead minnows was con-
ducted to study the differences in the reproductive biology
between groups of minnows from a stream directly below the
effluent outfall from a feedlot, from a stream that receives runoff
from an agricultural field with disbursed cattle, and from
uncontaminated areas upstream from the two previous sample
areas. The size, sex hormone levels, and gonads of the sampled
fishwere tested for the effects of trenbolone-b, an active synthetic
anabolic steroid. The female fish near the contaminated areas
were found to have higher levels of androgens in their systems
and smaller distances between internal organs than those from
upstream. Similarly, male minnows had smaller testicles and
closer internal organs than those from uncontaminated waters.
No pathology was apparent in the ovaries or testicles of the fish
collected in the contaminated water.
Other Hazards

For men and women, the use of male steroids (androgens) –
either the hormone testosterone or the synthetic anabolic
steroids – may also increase the risk of coronary artery disease.
These drugs lower high-density lipoprotein (HDL) (the good)
cholesterol levels, increase low-density lipoprotein (LDL) (the
bad) cholesterol levels, and cause high blood pressure. All of
these effects may contribute to having a heart attack at an early
age or to having a stroke. What effects the use of anabolic
steroids early in life has later in life are unclear. Althoughmind-
altering drugs typically are those that have potential for abuse,
several other drugs that do not alter the mind (or do so only
occasionally) are often taken without medical need, even when
doing so endangers the quality of life or health and safety of the
user. Using a drug this way is considered drug abuse. People
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who stop abusing any of these drugs do not experience with-
drawal symptoms, but they may experience medical problems
when the drug is discontinued abruptly (problems that are
usually preventable if discontinuation is supervised by
a doctor). Anabolic steroids are very similar to the hormone
testosterone. They have many physical effects on the body,
including muscle growth and increased strength as well as
increased energy level. Thus, anabolic steroids are often abused
to gain a competitive edge in sports. Users are often athletes,
typically football players, wrestlers, or weight lifters, and
almost all users are male. Very high doses of anabolic steroids
may cause erratic mood swings, irrational behavior, and
increased aggressiveness (often called steroid rage). Anabolic
steroids can damage the liver and cause jaundice. Regular use of
any amount also tends to increase body hair. Acne commonly
gets worse with anabolic steroid use and is one of the few side
effects for which an adolescent may visit a doctor. Laboratory
tests can measure anabolic steroid breakdown products in the
urine. Up to 6% of boys in high school, including nonathletes,
have used anabolic steroids at least once. A particular problem
with anabolic steroid use in adolescents is early closure of the
growth plates at the ends of bones, resulting in permanent
short stature. Other side effects are common to both adoles-
cents and adults.
See also: Endocrine System; Reproductive System, Female;
Radon; Toxicity Testing, Reproductive.
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An anesthetic is a chemical that produces a state of anesthesia.
The term ‘anesthesia’ is Greek in origin, meaning ‘without
sensation.’ It is a medical technique generally used to induce
a loss of sensation to stimuli on patients who undergo surgery
or other medical procedures to avoid pain or distress they may
otherwise experience. Anesthetics can be generally categorized
into two classes based on their functions: general anesthetics
and local anesthetics.
General Anesthetics

General anesthetics are used to induce general anesthesia,
which is a balanced state of unconsciousness, accompanied by
the absence of pain sensation and paralysis of skeletal muscle
over the entire body. General anesthetics are either gases or
volatile liquids that evaporate as they are inhaled through
a mask along with oxygen, or anesthetic agents that are
administered intravenously. Table 1 lists commonly used
general anesthetics.

The precise mechanism of general anesthesia is not yet fully
understood. Most of the currently used general anesthetics may
act by enhancing the activity of the inhibitory neurotransmitter
g-aminobutyric acid (GABA) in the central nervous system
(CNS), or by antagonizing the effect of the excitatory neuro-
transmitter, N-methyl-D-aspartate (NMDA), on NMDA
receptors. Narcotic anesthetics are an important adjunct for
general anesthesia. Their analgesic functions are mediated
by opioid receptors in the CNS, spinal cord, and periphery.
There are three principal classes of opioid receptors: mu, delta,
and kappa. Narcotics may be administered intravenously,
intrathecally, or into epidural space. There are four categories of
ble 1 Commonly used general anesthetics

neric name CAS Registry number

sflurane 57041-67-5
flurane 13838-16-9
omidate 33125-97-2
lothane 151-67-7
flurane 26675-46-7
tamine hydrochloride 1867-66-9
ethohexital sodium 22151-68-4
idazolam hydrochloride 59467-96-8
trous oxide 10024-97-2
opofol 2078-54-8
voflurane 28523-86-6
iopental sodium 71-73-8743

4 Encyclopedia of T
narcotics: natural alkaloids of opium, synthetic derivatives of
morphine, synthetic agents resembling the morphine structure,
and narcotic antagonists used as antidotes in cases of narcotic
overdose. Fentanyl (also known as fentanil) is a commonly
used synthetic narcotic due to its better lipid solubility, more
rapid onset of action, more potent anesthetic effect, absence of
histamine release, and independence of renal function for drug
clearance. Sufentanil and alfentanil are two examples of newer
synthetic narcotics.
Inhalation Anesthetics

Inhalation anesthetics are compounds that enter the body
through the lungs and are carried by the blood to tissues. An
ideal inhalation anesthetic should have ample potency, low
solubility in blood and tissues, resistance to physical and
metabolic degradation, and a protective effect and lack of
injury to vital tissues. The potency of an inhalation anesthetic
is determined by the minimum alveolar concentration (MAC),
which is the concentration of an inhaled vapor in the lung, at
steady state, at which 50% of subjects do not react to a stan-
dard surgical stimulus at 1 atm. A potent volatile anesthetic
has a lower MAC value. Some inhalation anesthetics have
been reported to cause seizure and agitation and to irritate the
airways. Sevoflurane has an intermediate solubility in blood
and tissues and does not cause respiratory irritation, circula-
tory stimulation, or hepatotoxicity. Therefore, sevoflurane is
currently the most popular anesthetic agent in North America
for anesthesia induction by inhalation. The depth of anes-
thesia induced by inhalation anesthetics can be adjusted
rapidly by altering the anesthetic-to-oxygen ratio inhaled by
the patient.
Chemical formula Dosage forms/routes

C3H2F6O Volatile liquid/inhalation
C3H2ClF5O Volatile liquid/inhalation
C14H16N2O2 Injectable/injection
C2HBrClF3 Volatile liquid/inhalation
C3H2ClF5O Volatile liquid/inhalation
C13H17Cl2NO Injectable/injection
C14H17N2NaO3 Injectable/injection
C18H14Cl2FN3 Injectable/injection; syrup/oral
N2O Gas/inhalation
C12H18O Injectable/injection
C4H3F7O Volatile liquid/inhalation
C11H17N2NaO2S Injectable/injection
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Intravenous Anesthetics

Similar to inhalation anesthetics, an ideal intravenous anes-
thetic agent should have a rapid onset of action; be quickly
cleared from the circulation and CNS to facilitate the adjust-
ment of depth of anesthesia; protect vital tissues; and not affect
the circulatory system or have other adverse effects. Among
these agents, propofol is commonly used for the intravenous
induction of general anesthesia. Propofol has a rapid onset of
action because it is lipid-soluble and distributes quickly into
the CNS and other tissues. It has a greater degree of safety than
other intravenous general anesthetics due to its faster clearance.
Propofol acts to potentiate the inhibitory effects of GABA
receptors in the CNS.

Ketamine is labeled a dissociative anesthetic because the
anesthetized patient feels consciously detached from the envi-
ronment before losing consciousness. The dissociative state is
indicated by sedation, amnesia, immobility, and marked
analgesia. In adult patients, ketamine produces postoperative
effects (such as sensory illusions and vivid dreams); therefore, it
is not routinely administered to adults. However, it is useful for
anesthetizing children, patients in shock, and trauma casualties
in war zones where anesthesia equipment may be difficult to
obtain. Ketamine acts as a noncompetitive antagonist of
NMDA receptors.

Intravenous anesthesia is suggested for the induction of
anesthesia but not for the maintenance of anesthesia. Admin-
istration of multiple doses by intravenous injection or
a continuous intravenous infusion could result in drug accu-
mulation and delays in recovery from anesthesia.
Uses and Exposure Routes and Pathways

In modern medicine it is very common to use both inhalation
and intravenous general anesthetics to achieve balanced anes-
thesia. The combination of both classes of anesthetics maxi-
mizes the benefits of each drug and minimizes the dose of both
drugs, thus reducing side effects from the anesthesia. Moreover,
the patients can better tolerate a combination of anesthetics
compared with an individual anesthetic.
Toxicokinetics

Inhalation anesthetics undergo very little metabolism. They
are largely eliminated in the exhaled air by the lungs. Only
a small portion of inhalation anesthetics is metabolized in
the body. The inhalation anesthetic nitrous oxide is not
metabolized in the body. Sevoflurane is an inhalation anes-
thetic commonly used in clinics, and metabolism studies
suggest that approximately 5% of the sevoflurane dose may
be metabolized. Cytochrome P450 2E1 is the principal iso-
form identified for sevoflurane metabolism. Intravenously
injected propofol has a high rate of total body clearance; it is
rapidly and extensively metabolized in the liver and at
extrahepatic sites. Propofol metabolites are inactive glucuro-
nide and sulfate derivatives. Intravenously administered ket-
amine is metabolized in the liver by the microsomal enzyme
system involving hydroxylation and demethylation. The
principal metabolite of ketamine is norketamine, which lacks
a methyl group compared with ketamine. The concentration
of norketamine is about one-third that of ketamine. The
cyclohexanone ring of ketamine also undergoes oxidative
metabolism to form the second metabolite, dehydronorket-
amine. The high lipid solubility of ketamine results in a rapid
onset of action.

Intravenous fentanyl is extensively used in anesthesia and
analgesia. It is metabolized by cytochrome P450 CYP3A4 to
norfentanyl, hydroxypropionyl fentanyl, andhydroxypropionyl
norfentanyl. None of the metabolites are active. About 75% of
administered fentanyl is excreted as metabolites in the urine,
and 9% is excreted in the stool.
Acute and Short-Term Toxicity of General Anesthetics

Inhalation anesthetics can be toxic to the liver, kidney, or blood
cells. The inhalation anesthetic with the most incidence of liver
injury is halothane, followed by isoflurane, then desflurane.
Respiratory depression occurs with all inhalation anesthetics.
Malignant hyperthermia is a rare condition caused by an
allergic response to a general anesthetic. The signs of malignant
hyperthermia include rapid irregular heartbeat; breathing
problems; high fever; and muscle tightness or spasms. These
reactions can occur following the administration of general
anesthetics, especially halothane. Reduced blood pressure
generally can be observed when halothane is administered;
however, other inhalation anesthetics can have the same
effects, although to a lesser extent.

Preclinical data since 2002 indicate that general anes-
thetics can have acute and sometimes long-lasting effects on
the developing CNS by increasing neuron apoptosis. Rodent
and nonhuman primate models have demonstrated that the
neurotoxic effects of anesthetics on developing brains are
related to the route of administration and are dose-depen-
dent, exposure duration-dependent, and developmental
stage-dependent; the brain growth spurt period is the most
vulnerable time. These factors are important because they
can help identify thresholds of exposure for producing
neurotoxicity in the developing nervous system. These find-
ings have called into question the safety of general anes-
thetics in the pediatric population. However, existing human
data are insufficient to support or refute the possibility that
neurotoxic effects observed in animals could occur in
children.
Chronic Toxicity (Animal/Human)

A recent study reported that prolonged anesthetic (ketamine)
exposure during the brain growth spurt period caused long-
lasting cognitive deficits in rhesus monkeys, providing evidence
of chronic neurotoxic effects of general anesthetics. Elderly
patients are another group who are at higher risk of cognitive
deficits after surgery and anesthesia. The International Study of
Postoperative Cognitive Dysfunction has established the exis-
tence of postoperative cognitive dysfunction (POCD) in the
elderly.
Mechanism of Toxicity

The mechanisms by which general anesthetics cause acute
and prolonged neurotoxic effects are not clear. One of the
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hypotheses for the developing brain, regarding the acute
neurotoxic effects of anesthetics by antagonizing NMDA
receptors, suggests that continually blocking NMDA receptors
with NMDA receptor antagonists, such as ketamine, may
induce a compensatory upregulation of NMDA receptors on
the neurons. The upregulation of NMDA receptors allows for
the accumulation of toxic levels of intracellular free calcium.
Consequently, neurons are more vulnerable to the excitotoxic
effects of endogenous glutamate after NMDA receptor antago-
nist withdrawal.

The underlying mechanisms for POCD in the elderly remain
unknown. In vitro studies demonstrated that some inhalation
anesthetics (i.e., isoflurane, isoflurane plus nitrous oxide, sevo-
flurane, etc.) induced apoptosis and increased amyloid-beta
(Ab) formation (Ab is a protein fragment of an amyloid
precursor protein; a healthy brain is able to break down and
eliminate it, but in Alzheimer’s disease, the fragments accumu-
late to form hard, insoluble plaques), providing a potential link
between anesthesia administration and Alzheimer’s disease.
Carcinogenesis, Mutagenesis, and Impairment of Fertility

In general, inhalation anesthetics are freely transferred to fetal
tissues. Animal studies on enflurane did not reveal evidence of
carcinogenic or mutagenic effects. Reproduction studies con-
ducted in rats and rabbits at doses up to four times the human
dose of enflurane did not reveal evidence of impaired fertility
or fetal harm. Isoflurane, enflurane, and sevoflurane do not
show teratogenic potential.

Chronic occupational exposure to anesthetic gases in
operating rooms during pregnancy has raised concern that such
exposure may cause birth defects and spontaneous abortions,
but there has been no direct evidence of a correlation between
occupational exposure and congenital abnormalities. At
present, with good scavenging and low-level exposure to waste,
anesthetic gases do not appear to be a risk during occupational
exposure.
Clinical Management

Although evidence from preclinical studies indicates the
neurotoxic effects of general anesthesia on developing animal
brains, there is no direct evidence that anesthetics are unsafe for
children. Parents of children requiring surgery should consult
anesthesiologists or other qualified physicians for advice about
an individual child’s situation. During general anesthesia,
respiratory and cardiovascular functions should always be
monitored. Necessary actions should be taken immediately to
resolve any depressant effects.
Local Anesthetic Agents

Local anesthetic agents can cause reversible local anesthesia by
inducing the absence of pain sensation without affecting
consciousness. All local anesthetics consist of three compo-
nents: an aromatic portion, an intermediate chain, and an
amine group. The intermediate chain, which connects the
aromatic and amine portions, is composed of either an ester or
an amide linkage. Thus, the local anesthetics are further
classified into two categories: esters and amides. Anesthetics
such as benzocaine, chloroprocaine, cocaine, cyclomethycaine,
dimethocaine/larocaine, piperocaine, propoxycaine, procaine/
novocaine, proparacaine, and tetracaine are esters. Examples of
amides include articaine, bupivacaine, cinchocaine/dibucaine,
etidocaine, levobupivacaine, lidocaine/lignocaine, mepiva-
caine, prilocaine, ropivacaine, and trimecaine. Both classes of
local anesthetics act mainly by preventing sodium influx
through voltage-gated sodium channels in the neuronal cell
membrane into the cytoplasm, thus preventing the local
membrane from depolarization. Therefore, an action potential
cannot be generated and spread; the signal conduction is
inhibited, thereby effecting local anesthesia. In general, all
nerve fibers are sensitive to local anesthetics. However, nerve
fibers that have a smaller diameter are more readily blocked
than those with larger diameter. For instance, the pain sensa-
tion, transmitted by small and unmyelinated nerves, can be
blocked more rapidly than other sensations. In addition, local
anesthetics have a greater binding affinity to sodium channels,
which are in an activated state. An active neuron is more
sensitive to local anesthetics. This is referred to as state-
dependent blockade.

Lipid solubility of anesthetics is the most important factor
in determining the intrinsic anesthetic potency, which is
influenced by the aromatic portion of the molecule. The
duration of anesthesia is determined by the extent of local
anesthetics binding to proteins, which are immersed in lipids
of the membrane. The greater the binding affinity to nerve
proteins the longer the anesthetic activity will persist.
Uses and Exposure Routes and Pathways

Local anesthetic agents are administered to the areas around the
nerves to be blocked (skin, subcutaneous tissues, intrathecal,
and epidural spaces). Their activities vary considerably. Topical
anesthesia is the administration of local anesthetics to the skin
or other body surface. Most anesthetics are barely absorbed
through intact skin, and the effectiveness of anesthesia is
affected. Eutectic mixtures, such as 2.5% lidocaine and 2.5%
prilocaine (EMLA), improve the effectiveness of the anesthetic
on intact skin by lowering the melting temperature of the
mixture compared with that of each individual anesthetic.

Infiltration anesthesia is the injection of local anesthetics
into the tissue to be anesthetized. Amide anesthetics with
a moderate duration of action are commonly used (i.e.,
lignocaine, prilocaine, and mepivacaine) to cause infiltration
anesthesia for minor surgical procedures.

Epidural anesthesia is the administration of local anesthetics
to the epidural space between the dura mater and the perios-
teum lining the vertebral canal. The conduction is blocked at the
intradural spinal roots and the absence of pain sensation can be
achieved. Spinal anesthesia is the application of local anesthetics
into the cerebrospinal fluid at the site of the lumbar spine.

Intravenous local anesthesia is the injecting of local anes-
thetics into a vein of a limb (a leg, foot, or lower arm, hand)
that has been exsanguinated and blocked by a tourniquet. The
anesthesia is limited to the area that is excluded from blood
circulation. One restriction that should be kept in mind is that
bupivacaine and etidocaine should never be used for intra-
venous local anesthesia due to the risk of cardiotoxicity.
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Toxicokinetics

All local anesthetics are weakly alkaline. They exist in both
nonionized and ionized forms. The term pKa of a weak base is
defined as the pH at which both forms exist in equal amounts.
At physiological pH (7.4), local anesthetics are more ionized
than nonionized (as their pKa values are >7.4). However, the
proportions vary among the anesthetics. Nonionized anes-
thetics can pass through the lipid cell membrane more rapidly
than ionized ones. Therefore, an anesthetic agent that has
a higher proportion of nonionized form will reach the target
site more quickly and will have a faster onset of blocking.

Ester and amide anesthetics are metabolized through
different routes. The metabolism of esters (except cocaine) is
through hydrolysis in plasma by the enzyme pseudocholines-
terase and they have a short half-life. Cocaine is hydrolyzed in
the liver. Ester metabolite excretion is through the kidney. The
amides undergo enzymatic degradation bymicrosomal enzymes
located in the liver. This is a slower process, hence the half-life of
amides is longer and they can accumulate if given repeatedly.
Acute and Short-Term Toxicity of Local Anesthetics

Allergic reactions to local anesthetics are rare. Esters produce
the most anesthetic-induced allergic reactions due to their
metabolite, para-aminobenzoic acid (PABA), a well-known
allergen. Hypersensitivity to amide local anesthetics is seldom
observed. Since there is no cross-allergy between esters and
amides, amides can be used as alternatives in patients who
show hypersensitivity to esters. Therefore, amides are now
more commonly used than esters.

Local anesthetics may be toxic if sufficient amounts are
absorbed into the systemic circulation or administered
improperly. The toxicity can be at local and systemic levels. The
local adverse effects of anesthetics may include prolonged
anesthesia and paresthesias, which may become irreversible.

Systemic toxicological effects of local anesthetics involve the
central nervous, cardiovascular, and immune systems. In general,
the CNS is more sensitive to local anesthetics than the cardio-
vascular and immune systems. Therefore, symptoms and signs of
CNS disturbances usually occur earlier, showing excitatory effects
in the brain before the depressant effects. Myocardial depression
and bradycardia indicate the effects of local anesthetics on the
cardiovascular system. On very rare occasions (<1%), immu-
noglobulin E (IgE)–mediated allergic reactions can occur.

CNS toxicity is usually related to the intrinsic potency of the
anesthetics. Procaine is least potent and least toxic following
a rapid intravenous injection. Bupivacaine, tetracaine, and eti-
docaine are the most potent compounds in terms of intrinsic
anesthetic and CNS convulsive activity. Lidocaine, mepiva-
caine, and prilocaine are intermediate in anesthetic potency
and convulsive activity.
Chronic Toxicity (Animal/Human)

Local anesthetics can easily cross the placenta by passive
diffusion. There is now general agreement that properly
conducted epidural anesthesia does not cause neurobehavioral
changes in the newborn.

Carcinogenesis

Long-term studies in animals to evaluate carcinogenic potential
have not been conducted on most local anesthetics. A minor
metabolite of lidocaine, 2,6-xylidine, has been found to be
carcinogenic in rats.

Mutagenesis and Impairment of Fertility

Mutagenic potential or the effects on fertility of most local
anesthetics has not been reported, although animal experiments
have reported decreased pup survival in rats and an embryocidal
effect in rabbits when bupivacaine hydrochloride was admin-
istered to these species in doses comparable to 9 and 5 times,
respectively, the maximum recommended daily human dose.
However, there are no adequate and well-controlled studies in
pregnant women of the effects of the same agent on the devel-
oping fetus.

Clinical Management

Administration of local anesthetic agents should be stopped if
a patient shows any signs or symptoms of toxicity during
anesthesia. An intravenous lipid emulsion treatment, called
lipid rescue, has been shown to be effective in treating car-
diotoxicity based on animal evidence and human case reports.
The use of lipid rescue has been encouraged in the United
Kingdom and officially promoted as a treatment by the Asso-
ciation of Anesthetists of Great Britain and Ireland.
Disclaimer

This document has been reviewed in accordance with U.S. Food
and Drug Administration (FDA) policy and approved for
publication. Approval does not signify that the contents
necessarily reflect the position or opinions of the FDA. The
findings and conclusions in this report are those of the authors
and do not necessarily represent the views of the FDA.

See also: Neurotoxicity; Benzodiazepines; Cocaine; Opium and
the Constituent Opiates; Lidocaine; Nitrous Oxide.
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Aneuploidy is a condition �õin which the chromosome
number of a cell or individual differs from a multiple of the
haploid complement for that species. In common terms, an
aneuploid cell has one or more chromosomes in addition to
or less than what is normal for that cell type; for example,
a human somatic cell with 45 or 47 chromosomes rather
than 46, the normal diploid number. Similarly, an aneuploid
human germ cell possesses �22 or �24 chromosomes rather
than the haploid chromosome number of 23. In cytoge-
netics, aneuploidy is considered one type of numerical
chromosome aberration. The other type of aberration is
polyploidy, where the chromosome number of a cell is
increased by a multiple of the haploid complement for the
species (e.g., a human cell with 69 or 92 chromosomes
rather than the diploid 46 would be considered polyploid).
Aneuploid cells may be further described as hyperploid
(having additional chromosomes), hypoploid (possessing
fewer chromosomes), or as having trisomy (possessing three
copies of one chromosome), or monosomy (with a single
copy of a chromosome). In some cases, researchers have
expanded the definition of aneuploidy to include partial or
segmental aneuploidies, conditions resulting from structural
rearrangements in which portions of chromosomes have
been added to or lost from a cell. In this article, aneuploidy
is used based on its original and more widely accepted
definition, which involves the loss or gain of entire
chromosomes.

Aneuploidy occurring in germ cells and early embryos is
a major cause of morbidity and mortality in humans. It is
associated with infertility, pregnancy loss, congenital malfor-
mations and mental retardation. Congenital aneuploidy
involving autosomal chromosomes affects approximately
0.15% of all live births, and aneuploidy involving the sex
chromosomes affects another 0.175%. In addition, the
frequency of chromosomal abnormalities is much higher
among pregnancies that terminate at birth (w5%) or during
gestation (w50% in fetuses dying between weeks eight and
eleven of gestation). In most cases, these abnormalities are
believed to have contributed to the embryonic and fetal deaths.
Overall, chromosome abnormalities are estimated to be
responsible for w30% of lost pregnancies, with aneuploidy
accounting for roughly 75% of the total. As a consequence, it
has been estimated that approximately 13 000 aneuploid
babies are born each year in the United States and that another
150 000 to 200 000 chromosomally abnormal embryos are
spontaneously aborted. Among the surviving offspring, the
most common type of congenital aneuploidy is Down
syndrome, which results from trisomy of chromosome 21 and
occurs in approximately 1 in 800 newborns (0.13%). Similarly,
Klinefelter syndrome (XXY), YY males (XYY), triple X females
(XXX), and Turner syndrome (XO) are congenital aneuploidies
of the sex chromosomes that individually affect approximately
0.05–0.005% of live births. Because most of these individuals
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are infertile and exhibit developmental abnormalities, aneu-
ploidy is responsible for a significant portion of the recognized
cases of infertility, congenital malformations, and mental
retardation. Indeed, aneuploidy has been reported to be the
leading genetic cause of mental retardation in the United
States.

Nonrandom patterns of numerical aberrations are
frequently observed in cancer cells, implicating aneuploidy
in carcinogenesis. Associations between aneuploidy and
neoplastic development have also been observed in patients
with congenital and familial predispositions for cancer, as well
as in patients with cancers resulting from chemical exposures.
Similar results have been observed in animals and cellular
systems in which the nonrandom gain or loss of specific
chromosomes has been associated with tumorigenesis or
neoplastic transformation. These patterns have been seen in
tumors occurring spontaneously as well as those induced by
chemical, radiation, or viral agents.

Although chromosomal changes appear to be a secondary
effect related to cell proliferation or genomic instability in
some tumors, a growing body of molecular and cytogenetic
evidence indicates that the induction of aneuploidy plays an
important role in neoplastic transformation. This has perhaps
been best characterized in the case of retinoblastoma (RB)
where it has been shown that the loss of the allele containing
the functional Rb tumor suppressor gene frequently occurred
through a mechanism involving nondisjunction of chromo-
some 13. Similarly, alterations in gene dosage resulting from
aneuploidy are believed to contribute to the development of
many other cancers. However, recent studies involving both
humans and animals have indicated that the relationship
between aneuploidy and cancer is complex. Although changes
in chromosome number have been clearly associated with
increased incidences of some cancers, aneuploidy has also
been shown to reduce the incidence of cancer in other tissues.
For example, individuals with Down syndrome have an
increased risk of myeloid and lymphoid leukemia early in life
but exhibit decreased risks of solid tumors as they age. Similar
combinations of carcinogenic and anticarcinogenic effects
have also been seen in animal studies.

Mechanistically there are many ways by which aneuploidy
can occur. Almost any process that interferes with mitosis or
meiosis during cell division can affect chromosome segrega-
tion and result in aneuploidy. In germ cells, aneuploidy
appears to originate in part from aberrant meiotic recombi-
nation, premature separation of sister chromatids, and
possibly altered DNA methylation. During carcinogenesis,
aneuploidy has been reported to result from mechanisms
including spontaneous errors of mitosis, chemical interference
with the mitotic spindle, viral integration resulting in chro-
mosomal instability, as well as mutations affecting the kinet-
ochore, the centrosome, or other cellular structures and
organelles.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00004-X
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The ability of chemicals to interfere with proper chromo-
some segregation has been an area of considerable concern
within genetic toxicology. Many chemical and physical agents
including those used as pesticides, pharmaceuticals, consumer
products, and industrial chemicals have been shown to induce
aneuploidy in vitro and/or in vivo. Indeed, drugs such as
vincristine sulfate and griseofulvin are used specifically because
of their ability to induce aneuploidy, which gives them cyto-
static or cytotoxic properties. Despite the common use of
aneugenic chemicals, the extent to which aneuploidy induced
by these agents contributes to cancer and reproductive
dysfunction in the general population remains uncertain.
However, due to the established involvement of aneuploidy in
carcinogenesis and in adverse reproductive outcomes, there
continues to be concern about the safety of aneuploidy-
inducing agents.

Many different assays have been developed to detect
aneuploidy, all of which have significant limitations. The
conventional approach has been to count the number of
chromosomes in metaphase preparations of dividing cells.
Unfortunately, this restricts the detection to actively dividing
cells, which may not be present in the tissue of interest. In
addition, this technique is laborious and prone to technical
artifacts, such as chromosome loss during metaphase prepa-
ration. The micronucleus assay, particularly as modified with
antibodies or probes to detect centromere-containing micro-
nuclei, has emerged as a simple way to detect aneugenic agents.
Although valuable, this assay is only able to detect chromo-
some loss and breakage, and may not detect agents that
specifically induce nondisjunction or chromosome gain. Other
techniques involving fluorescence in situ hybridization with
DNA probes allow chromosome gains to be detected in many
tissues but are relatively insensitive unless multiple probes and
other modifications are used. As a result, efforts to develop
assays or combinations of assays that will allow the efficient
detection of aneugenic agents are continuing.
See also: Ames Test; Analytical Toxicology; Carcinogen–DNA
Adduct Formation and DNA Repair; Chromosome Aberrations;
Dominant Lethal Assay; Host-Mediated Assay; Molecular

Toxicology: Recombinant DNA Technology; Mouse Lymphoma
Assay; Sister Chromatid Exchanges; Toxicity Testing,
Mutagenicity.
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l Chemical Abstracts Service Registry Number: 62-53-3
l Synonyms: Phenylamine; Aminobenzene; Blue oil
l Molecular Formula: C6H7N
l Chemical Structure:

NH2
Background

First produced in 1826 by Otto Unverdorben through
destructive distillation of indigo, the first industrial use
was as a purple dye, Mauveine, formulated by William
Henry Perkin accidentally in an attempt to isolate quinone.
The name aniline was given in deference to the indigo-
yielding plant, Indigofera suffruticosa, commonly named
anil.
Uses

Intermediate in dyestuff production and in the manufacture of
pharmaceuticals, photographic developers, shoe polish, resins,
varnish, perfumes, and organic chemicals.
Environmental Fate and Behavior

Although largely a synthetic chemical, aniline is produced from
the burning of vegetation; therefore fires and especially wild-
fires must be considered a minor source.

Aniline degrades in the atmosphere primarily by reaction
with photochemical-produced hydroxyl radicals, with a half-
life of 1–2 h. The reaction products include potentially harmful
substances such as nitrosamines, nitrobenzene, formic acid,
nitrophenols, phenol, nitrosobenzene, and benzidine. At
ground level, VOCs react with other air pollutants and
contribute to the formation of potentially harmful concentra-
tions of ozone in the lower atmosphere.

Aniline’s short half-life in air means that the likelihood of
long-range transport is low.

A bioconcentration factor (BCF) for aniline has been
calculated at 91, indicating that the compound has the
potential to moderately accumulate and magnify in the
ecosystem.
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Exposure and Exposure Monitoring

Exposure to the eyes or skin likely lead to irritation at the site,
and dermal absorption of aniline is high, contributing to
systemic toxicity. Aniline is also well absorbed by the inhala-
tion and ingestion routes, either of which can rapidly lead to
severe systemic toxicity.

Results of exposure include methemoglobinemia, destruc-
tion of red blood cells, as well as various cardiopulmonary
effects, such as ischemia and arrhythmias. The overall toxic
effects are largely a result of this methemoglobinemia, affecting
cardiopulmonary and CNS systems.

Environmental exposure is limited owing to the short half-
life of aniline. Aniline’s density is greater than that of ambient
air, so it can accumulate in low-lying areas, which can increase
exposure. In the event that aniline enters water it survives
significantly longer.
Toxicokinetics

Aniline is rapidly absorbed by the skin, lungs, and gastroin-
testinal tract of experimental animals. After intravenous injec-
tion of radiolabeled aniline to rats, radioactivity is distributed
throughout the body. Highest concentrations were found
in the blood, liver, kidney, urinary bladder, and gastrointes-
tinal tract. The major urinary metabolites in various animal
species tested are o-, p-amino-phenol, and their conjugates.
p-Aminophenyl- and p-acetylaminophenylmercapturic acids
are also excreted in rats and rabbits.N-Hydroxylation of aniline
by liver microsomes from several species has been observed
in vitro. The formation of phenylhydroxylamine from aniline
appears to be the reactive metabolite responsible for its toxic
activity.
Mechanism of Toxicity

The formation of phenylhydroxylamine from aniline appears
to be the reactive metabolite responsible for its toxic activity.
Acute and Short-Term Toxicity (or Exposure)

Animal

Moderate skin and severe eye irritant in rabbits; reproductive
toxin in mice. Rat LCLo 250 ppm h�1; dermal LD50
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00813-7

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00813-7


Aniline 241
1400mg kg�1; mouse oral LD50 464mg kg�1. Aniline is
a mutagen and clastogen, being positive in the in vivo mouse
micronucleus and sister chromatid exchange assays. DNA
strand breakage was induced in the livers and kidneys of rats
exposed in vivo.
Human

Human acute LDLo is 350 mg kg�1. Systemic exposure leads to
methemoglobin formation, and metabolic formation of
aniline from a number of drugs leads to methemoglobinemia
associated with their use. Normal systemic levels should be
<1 mg l�1.

Toxic oil syndrome (TOS) is a multisystemic disease that
occurred in epidemic proportions in Spain in 1981 caused by
the ingestion of rapeseed oil denatured with aniline. It was one
of the largest intoxication epidemics ever recorded. This oil had
been illegally sold as olive oil, and many aniline-derived oil
components have been identified in the oil. The pathological
findings in TOS showed primary endothelial injury, with cell
proliferation and perivascular inflammatory infiltrates, and an
immunological mechanism has been directly implicated in this
illness.
Chronic Toxicity (or Exposure)

Animal

Aniline can cause methemoglobin formation, and liver and
endocrine effects. It causes kidney, urethra, bladder, and
hematological neoplasia. For example, aniline administered to
rats for 5, 10, or 20 days resulted in splenic congestion,
increased hematopoiesis and hemosiderosis, and bone marrow
hyperplasia, and the dietary intake of aniline hydrochloride by
rats for 104 weeks at levels of 10, 30, or 100mg kg�1 diet is
associated with an increased incidence of primary splenic
sarcomas. Several species of animals exposed to 5 ppm of
aniline vapor daily for 6 months resulted in no effects other
than a slight increase in methemoglobin in the blood of rats.
Repeated subcutaneous injections of 1.25 mg aniline in lard
produced no tumors in mice that survived 2 years, and no
tumors were observed after 15 months in mice given eight
subcutaneous injections of aniline (5 mg in olive oil), or after
12 months in mice given 13 subcutaneous injections of aniline
hydrochloride.
Human

The World Health Organization, International Agency for
Research on Cancer, has evaluated the data for aniline and has
placed aniline in its group 3 ‘classification of carcinogenicity,’
that is, aniline is not classifiable as to its carcinogenicity to
humans.
Immunotoxicity

There are insufficient data on the immunotoxicity of aniline.
Reproductive Toxicity

Aniline is positive in the in vitro sister chromatid exchange and
mouse lymphoma assays. Further, results for cytogenetic effects
in Chinese hamster ovary cells were positive for both chro-
mosome aberrations and sister chromatid exchanges. Aniline
can also cross the placental barrier, inducing methemoglobi-
nemia in the fetus as well as mother, which is less easily
reversed in the fetus. Aniline is not currently included on lists of
harmful teratogens, although additional data are necessary for
conclusive results.
Genotoxicity

Although aniline per se is not mutagenic in the Ames Salmonella
typhimurium assay system, the urine of rats that received aniline
orally was mutagenic for S. typhimurium when the assay was
performed in the presence of liver microsomes from PCB-
induced rats.
Carcinogenicity

The IARC has rated aniline as group 3, or not classifiable as to
its carcinogenicity in humans. EPA groups classified aniline as
B2, a probable human carcinogen, and the ACGIH has classi-
fied it A3, a confirmed animal carcinogen that has unknown
relevance in humans.
Clinical Management

Immediate removal from exposure is necessary, followed by
cardiopulmonary support as well as oxygen. There is no risk
of secondary contamination to rescuers. Methemoglobin
levels should be managed and/or reduced with suitable
agents such as methylene blue. In cases of ingestion, do not
induce emesis; activated charcoal can be administered at
1 g kg�1.
Ecotoxicology

Aniline is very toxic to aquatic organisms; for example, there
was an inhibiting effect of 20–40 ppm aniline on the
pigmentation of Xenopus laevis embryos, and a concentration as
low as 1 ppm on the body size of young toads. Investigation of
the death of pine trees in the United States found air pollution
from aniline as the most likely causal agent for needle necrosis
and abscission.
Other Hazards
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists has established an 8-h time-weighted average of
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2 ppm. The US Occupational Safety and Health Administration
permissible exposure limit is 5 ppm.
Miscellaneous

Aniline has a characteristic fishy odor that is perceptible at
1 ppm, below the exposure standards.

See also: Carcinogen–Dna Adduct Formation and Dna Repair;
Genetic Toxicology.
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The use of animals in experimental medicine, pharmacological
study, and toxicological assessment is a well-established and
essential practice. Whether serving as a source of isolated cells
or tissues, a disease model, or as a prediction for drug or other
xenobiotic action in humans, experiments in animals have
provided the necessary building blocks that permitted the
explosive growth of medical and biological knowledge in the
latter half of the twentieth century. Animal experiments also
have served rather successfully as identifiers of potential
hazards to and toxicity in humans for synthetic chemicals with
many intended uses.

Animals have been used as models for centuries to predict
what chemicals and environmental factors would do to
humans. The earliest uses of experimental animals are lost in
prehistory, and much of what is recorded in early history about
toxicology testing indicates that humans were the test subjects.
The earliest clear description of the use of animals in the
scientific study of the effects of environmental agents appears
to be by Priestley (1792) in his study of gases. The first
systematic use of animals for the screening of a wide variety of
agents was published by Orfila (1814) and was described by
Dubois and Geiling (1959) in their historical review. This work
consisted of dosing test animals with known quantities of
agents (poisons or drugs) and included the careful recording of
the resulting clinical signs and gross necropsy observations. The
use of animals as predictors of potential ill effects has grown
since that time.
Current Animal Studies

The current regulatory required use of animal models in
toxicity or safety testing began by using them as a form of
instrument to detect undesired contaminants. For example,
canaries were used by miners to detect the presence of carbon
monoxide – a case in which an animal model is more sensitive
than humans. By 1907, the US Food and Drug Administration
started to protect the public by the use of a voluntary testing
program for new coal tar colors in foods. This was replaced by
a mandatory program of testing in 1938, and such animal
testing programs mandated by regulations have continued to
expand until recently.

The knowledge gained by experimentation on animals has
undoubtedly increased the quality of our lives, an observation
that most reasonable people would find difficult to dispute,
and has also benefited animals. As is the case with many tools,
animals have sometimes been used inappropriately, and
modifications in use have evolved slowly. These unfortunate
instances have helped fuel an increasingly vituperative animal
rights movement. This movement has encouraged a measure of
critical self-appraisal on the part of scientists concerning the
issues of the care and usage of animals. The Society of Toxi-
cology, for example, has established an Animals in Research
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Committee, and has published guidelines for the use of
animals in research and testing. In general, the purpose of this
committee is to foster thinking on the four Rs of animal-based
research: reduction, refinement, research into replacements,
and responsibility (protecting humans from avoidable harm).

The media commonly carry reports that present that most (if
not all) animal testing and research is not predictive of what will
happen in humans and, therefore, such testing is unwarranted.
Many of the animal rights groups also present this argument at
every opportunity and reinforce it with examples that entail
seemingly great suffering in animals but that add nothing to the
health, safety, and welfare of society. This is held to be especially
the case for safety testing and research in toxicology. Animal
rights activists try to ‘prove’ this point by presenting examples of
failure; for example, thalidomide may be presented as an
example without pointing out that, in the case of thalidomide,
there was lack of adequate testing (or of interpretation of
existing test results) before marketing. In light of the essential
nature of animal research and testing in toxicology, this is
equivalent to seeking to functionally disarm us as scientists. Our
primary responsibility (the fourth R) is to provide the infor-
mation to protect people and the environment, and without
animal models we cannot discharge this responsibility.

When confronted with this argument, all too many toxi-
cologists cannot respond with examples to the contrary.
Indeed, many may not even fully understand the argument at
all. Also, very few are familiar enough with some of the history
of toxicity testing to be able to counter with examples in which
it has not only accurately predicted a potential hazard to
humans, but also has directly benefited both humans and
animals. There are, however, many such examples. Demon-
strating the actual benefit of toxicology testing and research
with examples that directly relate to the everyday lives of most
people and not esoteric, basic research findings (which are the
most exciting and interesting products to most scientists) is not
an easy task. Examples that can be seen to affect neighbors,
relatives, and selves on a daily basis would be the most effec-
tive. The problem is that toxicology is, in a sense, a negative
science. The things we find and discover are usually adverse.
Also, if the applied end of our science works correctly, then the
results are things that do not happen (and therefore are not
seen).

If we correctly identify toxic agents (using animals and
other predictive model systems) in advance of a product or
agent being introduced into the marketplace or environment,
then generally it will not be introduced (or will be removed)
and society will not see death, rashes, renal and hepatic
diseases, cancer, or birth defects, for example. Also, because
these things already occur at some level in the population, it
seems that seeing less of them would be hard to firmly tie to
the results of toxicity testing that rely on animals. In addition,
the fact that animals are predictive models for humans is
controversial.
4-3.00814-9 243
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Origins of Predictive Animal Testing

The actual record of evidence for the predictive value of animal
studies and how they have benefited humans and domestic
animals are reviewed in the following. However, the negative
image needs to be rebutted. First, it must be remembered that
predictive animal testing in toxicology, as we now know it,
arose largely out of three historical events.
The “Lash Lure” Case

Early in the 1930s, an untested eyelash dye containing
i-pheylenediamine (Lash Lure) was brought onto the market in
the United States. This product (as well as a number of similar
products) rapidly demonstrated that it could sensitize the
external ocular structures, leading to corneal ulceration with
multiple cases of loss of vision and at least one fatality.
The Elixir of Sulfanilamide Case

In 1937, an elixir of sulfanilamide dissolved in ethylene glycol
was introduced into the marketplace. One hundred and seven
people died as a result of ethylene glycol toxicity. The public
response to these two tragedies helped prompt the US Congress
to pass the Federal Food, Drug, and Cosmetic Act of 1938
(FD&C Act). This law mandated the premarket testing of drugs
for safety in experimental animals. It is a fact that since the
imposition of animal testing, as a result of these two cases, no
similar occurrence has happened, even though society uses
many more consumer products and pharmaceuticals today
than during the 1930s.
Thalidomide

The use of thalidomide, a sedative-hypnotic agent, led to some
10 000 deformed children being born in Europe. This in turn
led directly to the 1962 revision of the FD&C Act, requiring
more stringent testing. Current testing procedures (or even
Table 1 Animal models that predicted adverse effects of xenobiotics in h

Agent Effect

Thalidomide Phocomelia
Accutane Developmental toxicity of CNS (neural tub
AZT Bone marrow depression
Valproic acid Cleft palate
Cyclosporine Nephropathy, reversible immune respons

(essential aid to organ transplantation)
Benoxaprofen (Oraflex) Hepatotoxicity

Photosensitivity
Zomepirac (Zomax) Anaphylactic shock
MPTP Parkinsonism
Cyclophosphamide Hemorrhagic cystitis
Mercury Encephalopathy
Diethylene glycol Nephropathy
Razoxin Myelomonocytic leukemia
those at the time in the United States, where the drug was never
approved for human use) would have identified the hazard and
prevented this tragedy. In fact, tragedies like this have not
occurred in Europe or the United States except when the results
of animal tests have been ignored. Table 1 presents an overview
of cases in which animal data predicted adverse effects in
humans.

Birth defects, for example, have occurred with isotretinoin
(Accutane) where developmental toxicity had been clearly
established in animals and presented on labeling, but the drug
has continued to be used by potentially pregnant women.
Choosing an Animal Model

Choosing the appropriate animal model for a given problem is
sometimes guesswork and often a matter of convenience. One
often uses a species with which one is most familiar and for
which there is extensive prior experience, with little consider-
ation as to whether the chosen species is actually the most
appropriate for the problem at hand. For example, the rat is
probably a poor model for studying the chronic toxicity of any
new nonsteroidal anti-inflammatory drug (NSAID) because the
acute gastrointestinal toxicity will probably mask any other
toxic effects. The guinea pig is less sensitive to most NSAIDs
than the rat and closer in sensitivity to humans and thus would
be a more appropriate species for investigating the chronic
(non-gastrointestinal) toxicity of an NSAID. This practice of not
rationally choosing an appropriate species for an experiment
undoubtedly results in questionable science. This alone should
be considered a waste of animals and resources. It results also
in additional, and sometimes duplicative, experiments. It is
common, for example, to default to using primates for evalu-
ating proteins when they are often not a good model.

Research into replacements for test animals, such as cellular
cultures, organs harvested from slaughterhouses, in silico
(computer) modeling, and physical/chemical systems, has
been extensive. Although each of these has their utility and they
have reduced animal usage in both certain geographic regions
(such as the EU) and product areas (cosmetics and consumer
products being notable examples), regrettably, changes in
umans

Animal species In human

Rat No/yes
e defects) Rat, rabbit, dog, primate Yes

Rat, dog, monkey Yes
Rat, mouse, rabbit Yes

e suppression Rat, monkey Yes

No Yes
Guinea pig Yes
No Yes
Monkey Yes
Rat, dog Yes
Rat, monkey Yes
Rat, dog Yes
Mouse Yes
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testing requirements in other areas (such as medical devices)
have simultaneously caused an increase in animal usage.

Alternatives will not fully replace animals for the foresee-
able future. Some degree of animal use will continue, while the
future is bright for ongoing progress with the three Rs, based on
new technology and science, for example, building on the quite
recent development of transgenic and knockout models for
research on various diseases to go along with xenograft and
other types of animal models. New models such as tele-
meterized larger animal species have also now achieved broad
use, and hold the promise of both providing more meaningful
data for human identifying and evaluating human risks and of
serving to reduce the number of animals required and used. At
the same time, most transgenic animal usage has been addi-
tional to existing programs, actually serving to increase animal
usage owing to these models largely being seen as a means to
answer new questions. However, society’s increasing aversion
to risks is a powerful driver in the other direction.

See also: Analytical Toxicology; In Vitro Tests; In Vivo Tests;
Society of Toxicology; Thalidomide; Toxicity Testing,
Alternatives; Toxicity Testing, Aquatic; Toxicity Testing,
Behavioral; Toxicity Testing, Carcinogenesis; Toxicity Testing,
Dermal; Toxicity Testing, Developmental; Toxicity Testing,
Inhalation; Nonmammalian Models in Toxicology Screening.
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Background

Phylum Arthropoda is the largest phylum in the animal
kingdom. Many of the species are nontoxic. However, class
Arachnida contains spiders. Spiders have venom, but the black
widow, brown recluse, and hobo spiders are responsible for
a more significant number of toxicity events in humans.
Black Widow Spider: Lactrodectus mactans
(see Figure 1)

Introduction

Black widow spiders can be found in dark spaces of trash,
closets, woodpiles, and other areas in and around the home.
The female spider is dangerous to humans and larger than the
male. The spider is noted for a black color that is shiny, with
a rounded abdomen and a red hourglass mark on the ventral
surface (Figure 1).
Toxicity

The black widow spider produces neurotoxic venom, due in part
to the alpha latrotoxin in the protein. Exposure is usually
Figure 1 Black widow spider. http://www.calpoison.org/public/
spiders.html#1.
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through a painful bite, although the bite may occasionally go
unnoticed until symptoms develop. Themechanism of action of
black widow spider venom involves binding of the gangliosides
and glycoproteins of the motor end plate in the neuromuscular
junction, which affects the opening of sodium channels and the
release of acetylcholine (Ach) and norepinephrine. This results
in excessive stimulation and allows for penetration and circu-
lation of the venom into the lymphatic system.

A black widow spider bite may appear as a pale target area,
surrounded by redness. Extreme muscle cramping and pain may
develop in the back, abdomen, shoulders, and thighs, within
minutes to hours of the bite. Weakness, headache, anxiety, rest-
lessness, nausea, and vomiting may also occur. Other potential
symptoms include itching, difficulty breathing, and increased
blood pressure. ‘Facies lactrodectismica’ is characterized by
unique facial sweating and grimacing. Death has occurred, but is
rare. Sensitive populations, such as the very young and the
elderly, are at the greatest risk for toxicity, in addition to those
with blood pressure problems and chronic illnesses. Depending
on the severity, symptoms may last for several days.
Treatment

Initial treatment should consist of washing the bite area care-
fully. Having the telephone number of a regional poison
control center by the phone is helpful in order to obtain
accurate poison information and to decrease anxiety in an
emergency. Medical attention should be sought, especially in
members of high-risk groups. Black widow spider antivenin is
available, however, is not always necessary. Effective results
have been achieved using Lactrodectus antivenin; however, in
rare cases, anaphylaxis and serum sickness have been reported.
Symptomatic and supportive treatment, with observation in
a health care facility, may be more appropriate, and can be
determined by a health care provider. Hypertension and pain
control may require medication. Monitoring the site of the bite
for proper healing and follow-up is important, as in tetanus
prophylaxis, when indicated. Patients should be educated
about possible preventive measures to be taken in order to
avoid black widow spider habitats, when possible.

Another example of a spider causing lactrodectism is the
redback spider (Latrodectus hasseltii), which is the leading spider
envenomation requiring antivenom in Australia. The spider is
usually 10 mm in length and has a prominent, globular
abdomen bearing either a red, orange, or brown stripe. The
male redback spider rarely causes envenomation.
Brown Recluse Spiders: Loxosceles reclusa
(see Figure 2)

Introduction

The violin or fiddleback spider is a small (1/2 inch long),
brown spider with a violin-shaped mark on the dorsum surface
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00984-2
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of the cephalothorax. It has six (not eight) eyes, and the tail
segment has no markings. Any markings on the tail end of
a spider, eliminate the potential that it is L. reclusa. Sometimes
spider bites are erroneously attributed to the brown recluse
spider, but there are a number of insects and spider bites, which
can cause tissue wounds. Exposure is through a bite with
potential envenomation, which may go unnoticed, so some-
times the spider is unseen. This can lead to confusion about the
source of toxicity and symptoms. The brown recluse spider may
be found in quiet, dark places, such as woodpiles and base-
ments, where it can go undisturbed (Figure 2).
Toxicity

Loxosceles venom contains hyaluronidase, alkaline phospha-
tase, 5-ribonucleotide phosphohydrolase, and sphingomyeli-
nase D. Sphingomyelinase D is a component of the cytotoxic
venom, with a molecular weight of 32 000 Da. Sphingomye-
linase causes release of choline and N-acylsphingosine phos-
phate from the red blood cell membrane, which stimulates
platelet aggregation and dermonecrosis.

Initially, a local lesion may appear, with swelling at the site
of the bite. The bite can take on a ‘bull’s-eye’ appearance, with
a central blister that breaks open, and can leave a skin ulcer,
which develops a scab. Ulceration with delayed healing may
occur. The ulcer can worsen with pain and expanding tissue
damage. Initially, a red itchy rash presents within 24–48 h after
the spider bite. Symptoms can progress systemically to include
nausea, vomiting, fever, muscle aches, and potentially, hemo-
lytic anemia, and disseminated intravascular coagulation
(DIC).
Treatment

Most of these spider bites do not result in serious toxicity.
Initial treatment consists of washing the affected bite area.
Having the telephone number of a regional poison control
Figure 2 Brown recluse spider. http://www.calpoison.org/public/
spiders.html#1.
center by the phone is helpful in order to obtain accurate
poison information and to decrease anxiety in an emergency. If
symptoms of infection develop, or the area develops an ulcer
that does not heal, a medical consultation should be sought.
There is no antivenin for L. reclusa, and treatment is symp-
tomatic and supportive, particularly for signs of infection. If
a wound becomes deep and infected, antibiotics and surgical
options may be considered, in addition to medical manage-
ment of complications. There is no proven preventive measure
to avoid dermonecrosis, thus observation of affected areas is
indicated. Surgery for abscess formation, or corrective measures
for tissue damage may be indicated. Victims of envenomation
who are susceptible to infection or have conditions, which
impair healing are at risk and should be monitored carefully.
Prevention is difficult, but shaking out items carefully and
avoiding areas where Loxosceles reside, if possible, may be
helpful to minimize envenomation potential.
Hobo Spiders

Introduction

There is a group of spiders, whose bites look similar to a brown
recluse spider bite. Some of the spiders in this group include
the running spider, jumping spider, wolf spider, tarantula, sac
spider, orb weaver spider, and the northwestern brown spider,
also known as the hobo spider.

Tegenaria agrestis (hobo spiders) are found in Europe and
the Pacific Northwestern United States. Tegenaria agrestis
spiders are brown with gray markings and approximately
10 mm in length. Hobo spiders are found in woodpiles,
basements, and moist areas.
Toxicity

Envenomation from a painless bite by T. agrestis may result in
necrosis, similar to L. reclusa. Unlike the previous spiders dis-
cussed, male hobo spiders are more venomous than females.
The hobo spider often causes a bite that leaves an open, slow-
healing wound. Local symptoms of blistering may occur after
envenomation. Scarring and healing may range from 1 month
to 3 years, in more severe cases.
Treatment

Treatment is symptomatic and supportive for wound care
(similar to Loxosceles) and hematological complications.
Recommendations for treatment include keeping the affected
area clean and observing for signs of infection. Consultation
with a health care provider is recommended if the bite becomes
infected, systemic symptoms worsen, or if the symptoms do
not resolve.
Funnel Web Spiders

Introduction

Funnel web spiders (encompassed within the genera Atrax
and Hadronyche) are found in southeastern Australia, but

http://www.calpoison.org/public/spiders.html
http://www.calpoison.org/public/spiders.html


Table 1 Selected venomous scorpions and areas inhabited

Area Selected species

North Africa Androctonus australis, Leiurus quinquestriatus and
Androctonus, Mauretanicu, Androctonus aeneas,
B. occitanus and Hottentota (¼Buthotus)
franzwerneri

Subsaharan Africa Parabuthus granulates, A. australis, A. aeneas,
Buthus occitanus and H. franzwerneri

Near and Middle Androctonus and Leiurus genera

248 Animals, Poisonous and Venomous
may be found in other parts of the world, if kept as exotic
pets. They are part of a group of spiders known as ‘mygalo-
morphs,’ which have fangs that penetrate in a downward
fashion. Bites may be deadly, particularly in the male spider
of this group. Funnel web spiders may live on the ground, in
the trees, rocks, or piles of leaves. They may also wander into
areas around swimming pools, so precaution should be
taken in these areas, to avoid envenomation. Gardening was
found to be an activity highly associated with these types of
spider bites.
East
India Hottentota (¼Mesobuthus) tumulus
Arizona (USA) Centruroides sculpturatus (¼Centruroides exilicauda)

Mexico Centruroides limpidus, C. sufussus, and C. limpidus

tecomanus
Toxicity

Funnel spider venom is harmful in humans and other primates,
but not necessarily all mammals. The venom is a complex
mixture; however, the neurotoxic components that contribute
to symptoms are known as the Ç-atracotoxins. These may slow
sodium current inactivation, with resultant firing of action
potentials. The excessive release and eventual depletion of
sympathetic neurotransmitters lead to a biphasic symptomatic
response, which may range from mild to severe toxicity. The
first phase is characterized by local effects, including a painful
bite site, with swelling, redness, and fang marks. General
symptoms during this first phase can also include perioral
numbness, severe facial and tongue spasms, piloerection,
nausea, vomiting, abdominal cramps, salivation, lacrimation,
and profuse sweating. Difficulty in breathing may be experi-
enced, along with high blood pressure, an irregular heartbeat,
and mental confusion. In the second phase, which may occur
several hours after cessation of secretions, victims of enveno-
mation can experience extremely low blood pressure, decreased
respirations, noncardiogenic pulmonary edema, and cardiac
arrest.
Treatment

Envenomations may result in mild, moderate, or severe
symptoms. Medical attention should be sought, in the event
of an identified funnel web spider bite. Antivenin may be
required in cases of severe envenomation. If needed, this will
be administered in a health care setting by a health care
provider, with careful patient monitoring. There have been no
reports of human fatalities since the use of antivenin, in the
1980s.
Scorpions

Introduction

Globally, approximately 1500 species of scorpions are identi-
fied, though not all are considered dangerous to humans.
Scorpionism is a public health problem in certain areas of the
world. These include Africa (South, north-Saharan, and Sahe-
lian sections), Near and Middle East, South India, Mexico and
South Latin America, east of the Andes, which involves an
estimated 2 billion people at risk. Poisonous scorpions can also
exist in the United States, including the Centruroides sculpturatus
(exilicauda) and Centruroides gertschii variety (see Table 1).
Scorpion stings frequently occur during hot, summer months
in various regions.
Toxicity

All scorpions have venomous apparatus in common that
consist of a vesicle with a pair of joined glands, included in
the bulbous segment of the telson. This is situated in the
postabdomen, just anterior to a stinger. The venom vesicle
is surrounded by a layer of striated muscle, which regulates
ejection; and thus, there is a potential for ‘dry’ stings
without venom. Stings may result accidently, from stepping
on the stinger, or through aggressive grabbing of the prey
with the scorpion’s anterior pincers, and then stabbing the
victim.

The venom may contain hyaluronidase, phospholipase,
acetylcholinesterase, and other digestive enzymes and neuro-
toxins, which affect sodium channels and prolong action
potentials. Swift reaction of catecholamine release has been
attributed to the dramatic cholinergic symptoms. There are also
species of scorpions that may cause disruption to bleeding.
Envenomations by Tityus, Buthus, Androctonus, and Leiurus
species have been reported to cause pulmonary edema,
cardiovascular collapse, DIC, renal failure, and fatalities. Chil-
dren under 6 years of age are particularly vulnerable to systemic
symptoms.
Treatment

Variable amounts of venom may be ejected from the telson,
so dose from injection is uncertain and treatment must be
based on evaluation of patient symptoms. In the Centrur-
oides species, stings produce severe pain, when the area is
‘tapped.’ There is a potential for a range of symptoms, as
noted above, and is dependent on species of scorpion, age
and health of victim. Local wound care is commonly
required, but the potential symptoms of restlessness,
impaired vision, neurotoxic, cardiovascular, and respiratory
symptoms mandate that treatment be supportive and
appropriate to the level of severity. In certain species,
administration of antivenin is appropriate, when available,
and is a decision made by the health care provider. Pain
management is also important to alleviate suffering in the
victim. Prevention strategies include shaking out shoes,
sleeping bags, and tents, and careful attention when in an
area of scorpions, particularly at night.
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Hymenoptera

Introduction

The order Hymenoptera includes families of venomous insects,
known as honeybees, bumblebees, wasps, hornets, yellow
jackets, and ants. Female insects have the venom located in
their posterior abdomen. Bites and stings from this group may
cause allergic reactions, and sometimes rapid death from
anaphylactic reactions.
Toxicity

Hymenoptera venom contains combinations of various
enzymes, with different methods of stinging the victim (see
Table 2). Some insects deposit the stinger in the victim, causing
insect death, while others are capable of stinging the victim
multiple times. Ants have the potential to inject venom
through a stinger, or somemay spray venom from the posterior
abdomen after biting the victim.
Treatment

Dose of venom varies, as each sting may empty the
contents of the venom gland or deliver a fraction of the
contents. In addition, some insects may inflict multiple
stings, while others die with one. Response to venom is
also variable, as noted; hypersensitivity in some individuals
may occur, and result in fatalities. Further, a fire ant nest
may contain thousands of insects, which deliver a sting
rapidly, if disturbed. This increases the dose of venom.
Thus, treatment should be based on the victim’s symptoms,
as it is difficult to estimate dose and exposure. Victims of
bites and stings generally present with complaints of pain,
with swelling and redness surrounding the site. Multiple
stings may produce vomiting, diarrhea, decreased blood
pressure, muscle breakdown, and death. Swelling of the
upper airway is a hazard, but rarely occurs with one sting,
in individuals without hypersensitivity. Allergic reactions
are generally rapid, and the victim should be monitored
closely in a health care facility and treated for anaphylaxis,
if needed. Occasionally, delayed sensitivity may occur,
including fever, arthralgias, and potentially severe illness, so
further monitoring by a health care provider may be
needed. Keeping the area clean and free of pain and
infection are important in milder cases. There is no avail-
able antivenin, so treatment is symptomatic and supportive.
Individuals with known sensitivity may carry an emergency
kit containing epinephrine, under the advice of a health
care provider.
Table 2 Order hymenoptera stings

Family Type of insect St

Apidae Honeybee Re
Bombidae Bumblebees Re
Vespidae Wasps, hornets, yellow jackets Re
Formicidae Ants St
Snakes

Introduction

There are approximately 3000 types of snakes that exist around
the world, with an estimated 600 types that are venomous.
Reports from databases of the World Health Organization
estimate a range of 20 000–94 000 deaths occurring, annually,
from snakebites. Snakes exist on every continent, with the
exception of Antarctica.
Toxicity

Snakes are classified in the phylum Chordata, subphylum
Vertebrata, class Reptilia, order Squamata, suborder Serpentes.
There are 14 families, but Colubridae, Elapidae, Hydrophidae,
Viperidae, Crotalinae, and Viperinae are the families and
subfamilies of poisonous snakes (see Figure 3).

The dose and exposure to venom vary due to the complexity
of multiple components, the amount injected, and the type of
snakebite. Approximately 20% of snakebites do not involve
injection of venom. These are known as ‘dry’ bites. With
envenomations in humans, effects vary from cytotoxic,
neurotoxic, and hemotoxic events, which are dependent on
species, seasonal, and geographic factors. Potential symptoms
include tissue destruction, paralysis, and extensive bleeding.
Victims are often young, and face the potential of lifelong
disability, even when the snakebite does not result in fatality.
Treatment

An important aspect of treatment for all snake envenomations
is access to health care facilities, with available providers,
medical care, and antivenin (as needed). Symptomatic and
supportive care can be lifesaving, and must be in consultation
with a health care provider, especially familiar with snakebites.
Calm, but rapid removal of the victim to a health care facility is
an essential component of treatment. Some select specifics are
provided below.

Crotalinae: Envenomations leave fang marks similar to
puncture wounds, with a potential for progressive edema and
ecchymosis. Initially, stinging and burning pain may occur.
Victims are generally observed for 8–12 h, however, to ascertain
the extent of injury and toxicity. Swelling of the affected area is
particularly important to observe for and may be followed by
nausea, vomiting, hypotension, and cardiovascular collapse, in
extreme cases. Health care providers observe for generalized
fasciculations, muscle weakness, and blood clotting disorders,
coupled with deteriorating medical conditions in the victim, in
order to determine the appropriate use of antivenin.
inger Death of insect (yes or no)

mains in the victim Yes
mains intact No, multiple stings possible
mains intact No, multiple stings possible
inger injection or spray No



Phylum Chordata 
Subphylum Vertebrata 

Class Reptilia 
Order Squamata 

Suborder Seprentes 
Family

Colubridae    Elapidae           Hydrophidae                     Viperidae 
Subfamily

Crotalinae  Viperinae 
        “pit vipers”           No facial pits 

Figure 3 Classification of selected poisonous snakes.
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Elapidae: These snakes have small mouths and fixed fangs
in the rear of the mouth, which require chewing on the victim,
in order to envenomate. Symptoms can occur in a few hours, or
may be delayed. These include minimal initial swelling and
tingling, which may progress to nausea, vomiting, weakness,
and mental confusion. Neurological symptoms can predomi-
nate, and respiratory arrest may occur, for which rapid respi-
ratory support is an important treatment. Antivenin may be
utilized by a health care provider if bleeding disorders or
neurotoxicity occurs.

Treatment of snakebites does not include the use of a tour-
niquet, or making cuts over the site of the bite. Accidental
envenomation may occur even when the snake is dead, and can
happen when attempting to identify the type of snake involved,
so caution should be exercised. In addition, careful attention to
surroundings in the outdoors and observing for signs of
warning in areas where snakes are present are important
prevention measures.
Venomous Lizards

Introduction

The Gila monster (Heloderma suspectum), order Squamata, is
found in desert areas such as the southwestern United States
and Mexico. It is large, orange and black in color, with a length
of up to 2 feet, and weight of approximately 5 pounds. They are
large, timid, creatures, spending most of their time in under-
ground burrows.
Toxicity

Though bites are rare, Gila monsters are known for their
tenacity when they bite. In the event of a bite, they may need to
be forcibly disengaged from victims. Unlike snakes, Gilas do
not inject venom with fangs, but rather fasten onto victims,
releasing neurotoxins through grooves in their teeth. Venom
contains enzymes, hyaluronidase, phospholipase A, and sero-
tonin, with a mixture of additional components.
Treatment

Envenomation does not always occur with bites. Symptoms
following envenomation include pain, swelling, and possible
anaphylactic reactions. Venom is a mild neurotoxin, so symp-
tomatic and supportive care for the victim is indicated for
treatment, under the supervision of a health care provider,
when necessary.
Poison Dart Frogs

Introduction

Poison dart frogs, family Dendrobatidae, inhabit rainforests
and other warm, moist climates. Only poisonous frogs from
the genus Phyllobates, especially the species Phyllobates terribilis,
Phyllobates bicolor, and Phyllobates aurotaenia, secrete batracho-
toxin, the toxin used to poison the tips of darts for hunting by
South American tribes, such as the Naonama, Choco, and Cuna
groups from Columbia. The toxin is taken up through the diet
of the frog and is secreted onto the skin.
Toxicity

Batrachotoxin, found in the skin glands of the Phyllobates frogs,
is a steroidal alkaloid, which protects the frogs by producing
toxic effects in the mouths of predators. The toxin acts by
preventing voltage-gated sodium channels from closing in
nerves. It is very potent and specific with doses of less than
0.1 mg eliciting convulsions, muscle contractions, salivation,
and death. Other symptoms include respiratory paralysis and
muscular paralysis.
Treatment

While there are currently no effective treatments or antidotes
for batrachotoxin poisoning, certain anesthetics and antago-
nists can be used to reverse membrane depolarization. Tetro-
dotoxin can also be used to treat batrachotoxin poisoning
through antagonistic effects on sodium flux.
Platypus

Introduction

The platypus is a monotreme mammal found in Australia and
Tasmania, and is one of the very few venomous mammals. The
platypus has webbed feet, a large duck-billed snout, and
a beaverlike tail. Platypuses do not have teeth, but the males are
venomous, with stingers on their rear feet.
Toxicity

The ankle spurs of male platypuses produce a venom
comprised of defensin-like proteins, nerve growth factor, and
natriuretic peptides. Three of these proteins are unique to the
platypus. Although the defensin-like proteins are not lethal to
humans, victims experience such excruciating pain that they
may become incapacitated. The pain is associated with mast
cell degeneration. The toxin is a C-type natriuretic peptide, and
has been associated with calcium-dependent nociceptor action.
The envenomation is also associated with an extended
hyperalgesia.
Treatment

Treatment is symptomatic and requires medical attention for
pain relief; functional impairment of the affected envenoma-
tion area can also persist and requires medical monitoring. No
antivenom is available.
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Pitohuis

Introduction

The pitohuis, genus Pitohui, family Pachycephalidae, are
brightly colored, poisonous birds of New Guinea and the
only birds known to be poisonous to humans, as established
by the scientist Jack Dumbacher in 1989. The most toxic
species includes the Hooded and Variable Pitohui. Similar to
the toxin of the poison dart frog, the toxin is found on the
skin, and also on the feathers of some birds. It is postulated
that the toxin in the Pitohui serves as a defense against
parasites and predators. Although poisonous to humans, the
birds are still consumed on New Guinea using a specific
method of cooking and skinning. Just like the poison dart
frogs, the pitohuis get the toxins from their diet, namely the
beetle Choresine.
Toxicity

Batrachotoxin is a potent steroid alkaloid associated with both
the poison dart frog and the Pitohui bird. The mechanism of
toxicity is through modulation of voltage-gated sodium chan-
nels, and subsequent depolarization of nerves and muscles. In
toxic exposures, symptoms may include arrhythmias and
eventual cardiac failure.

Pumiliotoxins are also found in the poisonous dart frog, but
are less toxic than batrachotoxins. They also involve calcium
and sodium dependent mechanisms (which are not yet fully
elucidated). Difficulties with locomotion after exposure
contribute to myotoxicity, and may include partial paralysis
and/or clonic movements.
Treatment

There is no specific antidote for exposure to these toxins.
Treatment for human exposures would be symptomatic and
supportive, requiring urgent medical attention in the event of
cardiotoxicity.
Slow Loris

Introduction

The slow loris, family Lorisidae, genus Nycticebus, is
a nocturnal arboreal primate found in Vietnam, Indonesia,
and the rainforests of Malaysia. They are considered to be an
endangered species as of 2012 and are listed on the IUCN Red
List. Their diet consists of insects, bird eggs, small vertebrates,
and fruit.
Toxicity

The slow loris is the only venomous primate. Slow lorises have
a toxic bite due to a toxin that is produced by the licking a gland
on their inner elbow, the brachial organ. Saliva from the slow
loris is required to activate the secretion from the arm gland.
However, very little else is known about the chemical nature of
the toxin. The slow loris bite is reported to be painful in
humans with symptoms including burning of the tongue and
throat, hypotension, muscle convulsions, heart and respiratory
problems, unconsciousness, and even death through anaphy-
laxis shock.
Treatment

Vaccination against tetanus and antibiotics is often given to
bite victims. Treatment is symptomatic for bites and
anaphylaxis.
See also: Snakes; Plants, Poisonous (Humans); Poisonous
(animals); Marine Venoms and Toxins; Spiders; Scorpions.
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Introduction

Venomous animals occur in most animal phyla, including
Cnidaria (sea anemones, jellyfishes, corals), Mollusca (marine
snails, cephalopods), Annelida (leeches), Arthropoda (arach-
nids, insects, centipedes), Echinodermata (sea urchins, star-
fishes), and Chordata (fishes, reptiles, mammals). They are
distributed throughout the Earth, inhabit a wide range of
ecosystems, and have an evolutionary history dating back
hundreds of millions of years. This broad evolutionary and
environmental space has resulted in an extraordinarily diverse
and powerful arsenal of molecules, yet all aiming toward one
common goal: disablement of key physiological processes
within seconds (Figure 1).
Venom Definition

‘Venom’ is defined as an animal secretion (by a specialized
apparatus that is functionally and morphologically a separate
unit within the body) used in feeding and/or defense, evolved
to be delivered via physical trauma (by the parenteral route;
e.g., by fang, harpoon, chelicerae) to an other animal causing
a toxic (regardless of how weak or strong in magnitude but
biologically beneficial for the producing organism) effect.
igure 1 The manufacturer of a life-saving drug in the Arabian desert. The G
iper (Echis carinatus) venom served as a template for tirofiban (AGGRASTAT
Photo: Dr Zoltan Takacs).

52 Encyclopedia of T
(For simplicity, ‘toxin’ in this article refers to any venom
component.)
Biology

Animal venoms evolved to harm, immobilize, or kill a wide
spectrum of prey, predator, or adversary (e.g., intraspecific
competition) species. In these target organisms, toxins aim at
physiologically key and vulnerable body functions: neuro-
muscular signaling, vascular hemostasis, and the cardiovas-
cular system, among others. Interfering with these functions
allows for quick and powerful pharmacological intervention in
a phylogenetically broad range of taxa.

Venom is a complex mixture of proteins, peptides, and low-
molecular weight organic and inorganic components, all acting
synergistically. The peptidic components are enzymatic or
nonenzymatic and are typically responsible for most, although
not all, of the main pharmacological characteristics of crude
venom. Venom from a single species is a mixture of about
50–200 different components (near-extreme examples: 7–8
gene products in Tiger rattlesnake (Crotalus tigris), up to 600
peptide masses in Sydney funnel-web spider (Atrax robustus)),
and composition varies among and within species. Toxin
molecules can be monomeric or homo/heteromultimeric
PIIb/IIIa receptor antagonist toxin echistatin isolated from the Saw-scaled
®) to treat unstable angina and non-Q-wave myocardial infarction

oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01241-0

http://dx.doi.org/10.1016/B978-0-12-386454-3.01241-0
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complexes held together by covalent or noncovalent
interactions.
History of Venoms in Medicine

Long before the current era of medicine, the life ofMithridates VI
of Pontus (in 67 BC) is believed to be saved by Scythian sha-
mans in present-day Turkey using viper (Viperidae) venom. The
Ayurvedic texts of Susruta Samhita and Charaka Samhita (dates
uncertain: first and second centuries AD) mention animal
venoms in the context of medical use. Leech and bee venoms as
therapeutic agents dates back thousands of years to a number of
ancient cultures from the Far East to the Mediterranean region.

Modern experimental medicine credits two Italians as early
pioneers of toxinology: Francesco Redi (1626–97) to show that
it is not the snake’s spirit that kills but its venom, and Felix
Fontana (1730–1805) to show that viper venom affects blood.
Around 1905, hirudin extract from the European medicinal
leech (Hirudo medicinalis) was used as the first parenteral anti-
coagulant. Trials in 1934 with locally applied Russell’s viper
(Daboia russelii) venom diluted at 1:10 000 showed “success to
stop haemorrhage following dental extraction.” In 1938, Rus-
sell’s viper venom was offered as a coagulant under the name
Rusven. In 1936, “hämokoagulase” was purified from the
Brazilian pit viper Jararaca (Bothrops jararaca), and this venom
fraction is still in use today for hemorrhage.

In 1963, prolonged clotting defects were reported after
Malayan pit viper (Calloselasma rhodostoma) bites, an observa-
tion that led to the isolation of a toxin called ancrod, and by
1968, turning it into a defibrinogenating therapeutic. Another
milestone occurred in 1981 with the US Food and Drug
Administration (FDA) approval of the antihypertensive agent
captopril, derived from the Jararaca (B. jararaca) venom.
This was the first example of reduction of a toxin to a small-
molecule mimic, and also the pharmaceutical company
Squibb’s first billion-dollar drug. Venoms have also been
instrumental for discoveries in many fields of basic science, for
example, nucleic acid, ion channel, and nerve growth factor
research, to name only a few.
Toxins as Drug Templates

Evolutionary Aspect

Despite the vast number of toxins in nature’s venoms, peptidic
toxins fall into a handful of protein scaffolds encoded by gene
superfamilies. The length of the peptide, the number and
relative position of disulfide bonds, the signal peptide, and
other sequence determinants are highly conserved and signa-
tory for a scaffold. Consequently, within a scaffold, the
primary, secondary, and tertiary structures are extensively
conserved, yet discrete amino acid substitutions along the
peptide backbone are present and confer novel biological
function.

Toxin genes typically evolve from genes of other body
proteins with nontoxic physiological functions expressed in
tissues other than the venom gland. For example, three-finger
toxin scaffold widespread in elapid snakes (Elapidae: cobras,
mambas, sea snakes, etc.) is homologous to the Ly-6
superfamily of proteins, present from Cnidaria to Chordata.
Lynx1 peptide, a member of the Ly-6 superfamily, is an
endogenous physiological neuromodulator in the mammalian
central nervous system, with no toxic function. Subtle amino
acid changes on this scaffold theme, however, generated an
amazingly different and wide range of molecules (now called
toxins) with unique biological activities targeting the muscle-
type or neuronal nicotinic acetylcholine receptors (nAChRs),
muscarinic acetylcholine (ACh) receptors, voltage-gated Ca2þ

(Cav)-1 channels, acid-sensing ion channel, acetylcholines-
terase, platelet integrin GPIIb/IIIa, coagulation factor VIIa, and
others.

The actual process of toxin evolution occurs by gene
duplication, gene conversion, alternative splicing, and various
forms of gene domain multiplication, or loss. The new gene is
typically subject to rapid diversification by accelerated evolu-
tion and positive selection. Amino acid substitution rate
correlates with surface accessibility of residue that is a driver for
novel specificity, and toxin genes rank among the most rapidly
evolving protein-coding genes in Metazoa. The process is
mostly attributed to the predator–prey arms race, and the same
protein scaffolds are often convergently recruited into the
venom arsenal by different animal taxa. There is also evidence
that toxin genes could potentially revert back to nontoxic
physiological function.

The end result is an astonishing array of unique toxins –

each with a distinct, however subtle or pronounced, pharma-
cological property – based on a handful of evolution-tested,
robust molecular scaffolds.
Chemistry

In medical applications, peptidic toxins could be used either in
their native (natural or synthetic) form or as a modified
molecule (peptidomimetic – a molecule that mimics the
desired action of the native peptide). In the native form, they
bear high potency, and the conformationally restrained struc-
ture may minimize binding to nontargets, resulting in high
selectivity. As venoms are meant to be injected into foreign
tissues, intrinsic sequence properties and posttranslational
modifications (disulfide bonds, inhibitory cysteine knot, C-
terminal amidation, etc.) often confer an inherent stability to
toxins against degradation by proteases. Toxins are also
soluble, a benefit in peptide therapeutics. Low accumulation in
tissues and low toxicity are further advantages of peptidic
drugs.

Undesirable aspects of using peptidic drugs are the need for
parenteral administration (low oral bioavailability), suscepti-
bility to proteolysis, short half-life, immunogenicity including
triggering allergic reactions, and synthetic production issues
(e.g., quantity, posttranslational modification). Toxin size and
charge may also be limiting factors. At present, protein thera-
peutics are typically restricted to cell surface and extracellular
targets. Furthermore, employing toxins directly purified from
crude venom poses a challenge for quality control. To some
degree, venom composition, including toxin sequence, varies
(e.g., due to geographical origin of the specimen), and venom
extraction, toxin purification/purity are also variables that must
be controlled.
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Reducing native toxins to peptide or nonpeptide (small
molecule) peptidomimetic could offer more desirable phar-
macokinetic properties such as increased bioavailability, enable
membrane transport, and counter enzymatic degradation.
However, designing peptidomimetics has many challenges. In
successful therapeutic examples when toxins have been reduced
to peptidomimetics, the structural elements responsible for
activity (pharmacophore) were located in a continuous segment
along the peptide backbone. Yet, in other toxins, the pharma-
cophore domain is contiguous in space rather than along the
peptide backbone thus making it more problematic to develop
mimics. The approach to develop captopril from the native
toxin was one of the early examples of successfully reducing
peptides to small molecules based on structure–activity rela-
tionship. Biomedical utilization of the nonpeptidic compo-
nents of animal venoms remains less explored.
Pharmacology

The major advantage of toxins is that evolution perfected them
to act on many of the same target molecules whose control is
needed for therapeutic medical intervention. Often different
scaffolds, from different taxa, are aimed at the same target
molecule but with somewhat different binding sites. Toxin
sequence diversity enables subtle distinction among target
subtypes or the interaction with entirely different classes of
targets, and thus induces an extremely wide variety of biolog-
ical activities.

Enzymes, cell surface receptors of various types, including
ion channels, control a wide range of key physiological
processes and thus are among the major target classes for drugs.
Hydrolases, G-protein-coupled receptors (GPCRs), and Ca2þ

channels, are examples of the most prominent drug targets.
For the very same reason – controlling key physiological
processes – the enzymes/enzymatic pathways and cell surface
receptors are also the principal target for animal toxins. Toxin
targets with medical relevance include, but are not limited
to, ligand-gated nAChRs, N-methyl-D-aspartate receptors,
5-hydroxytryptamine3 receptors, and CaV, voltage-gated Naþ

(NaV), and voltage-gated Kþ (KV) channels, an array of GPCRs
(e.g., a-adrenergic, muscarinic ACh, neurotensin, endothelin,
and vasopressin receptors), and the norepinephrine trans-
porter. A myriad of other regulator molecules of blood coag-
ulation, platelet aggregation, and cardiovascular system are
also major toxin targets, such as prothrombin, fibrinogen,
integrin, angiotensin-converting enzyme (ACE), complement
component C3, to name but a few. Nucleotides and lipids are
also targeted by toxins.

Typically, a particular toxin scaffold interacts with
a restricted number of target types and/or subtypes, such as
a subset of KV channels. This target-biased nature of toxin
scaffolds makes them an ideal starting pool to select drug leads,
templates on which further optimization can be performed.
The structure of toxin targets is also evolutionarily conserved
across species. This means toxins that work in a nonhuman
species will likely, but not always, have a similar effect on
molecules in humans.

Toxins often tend to have pharmacological properties that
are required or beneficial for a lead compound: high affinity,
potency, specificity (distinction among receptor types) and
selectivity (distinction among receptor subtypes), therapeutic
efficacy, and suitable mechanism of action. Other times, one or
more of these factors are clearly not met, and further screening
or optimization is needed. Safety, pharmacokinetics, and
delivery also have to be addressed.
Current Medical Application of Animal Venom Toxins

Diagnostics

Toxins are used in approximately 15 diagnostic assays in clin-
ical hemostasis laboratories and as a test for myasthenia gravis.
All toxins are originated from snake venoms (Table 1).

The vertebrate hemostatic system, a delicate interaction
among thrombocytes (known also as platelets in mammalian
vertebrates), endothelial cells, subendothelial structures, and
plasma proteins is easily vulnerable to disruptive biochemical
or biophysical factors. This very system is a major and multi-
point target for toxins that can lead to lethal thromboembolic
events or hemorrhage (Figure 2). The mechanism of action of
toxins is often extremely similar to the corresponding physi-
ological clotting factor, and they can activate or inactivate
numerous phases of blood coagulation. Importantly,
however, because of acting independently from cofactors, or
by being resistant to inhibitors, or to proteolytic degradation,
the target organism’s own control mechanisms are ineffective
against the action of toxins. As a result, toxins with defined
mechanisms of action, restricted substrate specificity, and
unaffected by the inhibitory pathways are valuable sources of
diagnostic tools.

Current diagnostics are mostly enzymatic toxins; nonen-
zymatic examples are BOTROCETIN� or a-bungarotoxin. They
are typically purified directly from the crude venom, thus
subject to taxonomic, geographic variability, and possibly
misidentification. For example, geographical variability in
Russell’s viper venom (D. russelii) has been attributed to
variability in the test results. Additionally, presence of toxin
isoforms in a single venom could complicate test
reproducibility.

While some tests have limited use, venoms are used, for
example, to identify factor V Leiden mutation, one of the most
common hereditary procoagulant states. Dilute Russell’s viper
venom time is widely used to detect lupus anticoagulants,
a major risk factor for arterial and venous thrombosis,
accounting forw15% of patients with thromboembolic events.
The availability of direct diagnosis (e.g., by sequencing) is
expected to overtake the utilization of some toxin-based tests.
Therapeutics

Toxins are used in approximately 15 different medications
(Table 2). Drugs from toxins include potentially life-saving
(e.g., eptifibatide, captopril, enalapril), first-in-class (e.g., ACE
inhibitors, incretin peptide mimetics), and some of the top-
selling medications in the history of medicine (e.g., captopril/
ACE inhibitors). Toxins as drugs are either used as a natural
toxin purified directly from crude venom (e.g., batroxobin),
synthetic version of the natural toxin (e.g., exenatide, zicono-
tide), or as a peptide (e.g., eptifibatide) or nonpeptide (e.g.,



Table 1 Clinical diagnostics derived from animal venom toxins

Test/Reagent name Species origin Mechanism of action Test for

anti-Cav2 antibodies assay Geography cone snail (Conus
geographus) or Magician’s cone
snail (Conus magus)

radioiodinated (Cg) u-conotoxin GVIA or
(Cm) u-conotoxin MVIIC binding to
Cav2.2, 2.1 respectively

Lambert-Eaton myasthenic syndrome

Anti-nAChR antibodies
assay

Many-banded krait (Bungarus
multicinctus) or ‘Cobras’
(Naja spp.)

Radioiodinated (Bm) a-bungarotoxin or
(N ) cobratoxin binding to nAChR

Myasthenia gravis

Anti-nAChR antibodies
assay

Monocellate cobra (Naja kaouthia) Eu3þ-a-cobratoxin binding to nAChR Myasthenia gravis

BOTROCETIN® Neuwied’s lancehead (Bothrops
neuwiedi) or Jararaca (Bothrops
jararaca)

Induces von Willebrand factor (vWF)
dependent platelet aggregation

von Willebrand factor (vWF) level

Factor V activator (RVV-V) Russell’s viper (Daboia russelii) Activates factor V Factor V determination
PEFAKIT® PiCT® Russell’s viper (Daboia russelii) Activates factor V Anticoagulant activity based on factor

Xa and/or factor IIa inhibition
PEFAKIT® APC-R Factor V

Leiden
Russell’s viper (Daboia russelii); and

Tiger snake (Notechis scutatus)
(Dr ) activates factor V; and (Ns)

activates prothrombin
Factor V Leiden mutation (FV:Q506)

PROTAC® Copperhead (Agkistrodon contortrix) Activates protein C Protein C and protein S levels
PROC® GLOBAL Copperhead (Agkistrodon contortrix) Activates protein C Protein C and protein S pathway

abnormalities
CRYOCHECK™ CLOT C™ Copperhead (Agkistrodon contortrix);

and Russell’s viper (Daboia
russelii)

(Ac) activates protein C; and (Dr )
activates factor X

Protein C activity

CRYOCHECK™ CLOT S™ Copperhead (Agkistrodon contortrix);
and Russell’s viper (Daboia
russelii)

(Ac) activates protein C; and (Dr )
activates factor X

Protein S activity

REPTILASE® Time Common lancehead (Bothrops atrox)
or Brazilian lancehead (Bothrops
moojeni)

Cleaves Aa-chain of fibrinogen Fibrinogen level and function; heparin
contamination

Textarin time Eastern brown snake (Pseudonaja
textilis)

PL dependent prothrombin activator Activated protein C resistance; lupus
anticoagulants

Textarin/ecarin ratio Eastern brown snake (Pseudonaja
textilis); and Saw-scaled viper
(Echis carinatus)

(Pt ) PL dependent prothrombin
activator; and (Ec) activates
prothrombin to meizothrombin in
the absence of PL

Confirmation of lupus anticoagulants

Ecarin clotting time Saw-scaled viper (Echis carinatus) Activates prothrombin to meizothrombin
in the absence of PL

Direct thrombin inhibitors; prothrombin
quantification; lupus anticoagulants

Factor X activator (RVV-X) Russell’s viper (Daboia russelii) Activates factor X Lupus anticoagulants; distinguishing
between factor VII and factor X
deficiency

SPECTROZYME® FXa Russell’s viper (Daboia russelii) Activates factor X Factor X activity
STACLOT® APC-R Western rattlesnake (Crotalus

oreganus)
Activates factor X Activated protein C resistance

Stypven time (Russell’s
viper venom time)

Russell’s viper (Daboia russelii) Activates factor X Factor VII or X deficiency

Dilute Russell’s viper
venom time (dRVVT)

Russell’s viper (Daboia russelii) Activates factor X Lupus anticoagulants

Dilute Russell’s viper
venom confirm
DVVCONFIRM®

Russell’s viper (Daboia russelii) Activates factor X;
extra PL corrects dRVVT

Confirmation of lupus anticoagulants

Taipan snake venom time Taipan (Oxyuranus scutellatus) Prothrombin activator, stimulated by PL Lupus anticoagulants

Note: Order is based on the molecular weight of the principal (or first) toxin molecule responsible for activity. The extent of utilization, test name, and classification varies. Per
classification, some tests may overlap. Test variations exist (e.g., Taipan snake venom time/ecarin time). Only one brand name (in parentheses) is provided as an example. PL,
phospholipid.
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tirofiban, captopril) peptidomimetic of the natural toxin. In
‘hemocoagulases,’ a crude venom fraction containing two
natural toxins is utilized.

Currently drugs are derived from the venoms of various
species of vipers (Viperidae), the European medicinal leech
(H. medicinalis), Gila monster (Heloderma suspectum), and the
marine snail Magician’s cone (Conus magus). Representative
indications include unstable angina, type 2 diabetes mellitus,
hypertension, congestive cardiac failure, prevention of
hemorrhage during surgery, and chronic pain. As an example of
the impact venom-based agents have had onmedicine, two out
of the three available agents in the platelet glycoprotein



Figure 2 Viper venom targets blood coagulation. 20 min whole blood clotting test. Left: Healthy control. Right: Adult patient in Nepal, bitten by
a suspected Mountain pit viper (Ovophis monticola) and displays signs of consumption coagulopathy (Photo: Dr Zoltan Takacs).

256 Animal Venoms in Medicine
inhibitor class of drugs are snake venom derived (Figure 3).
These agents constitute cornerstone therapy for the most lethal
types of heart attacks (e.g., ST segment elevation). Only
captopril and other ACE inhibitors are taken orally, the rest
have to be administered parenterally, and/or, in limited cases,
topically. BYDUREON� is formulated in biodegradable poly-
meric microspheres that encapsulate exenatide and provide
extended release.

Globally, tens of millions of patients are treated with drugs
derived from toxins, with many lives saved. The annual global
sales figures (in 2013) range between US$w27 million for
PRIALT� and US$w698 million for BYETTA�/BYDUREON�,
while ACE inhibitors as a class was the fourth most widely
prescribed medicine in the United States (2009).

Other Biomedical Applications

Animal venoms have a number of other biomedical appli-
cations outside the scope of this text. There is one cosmetic
derived from a neurotoxin of the Wagler’s pit viper (Tropi-
dolaemus wagleri) acting on the nAChR. It is marketed to
smoothen wrinkle lines when rubbed on the facial skin.
Venoms are also the starting materials to manufacture
antivenom for the clinical management of animal venom
poisoning, responsible for w20 000–100 000 fatalities
a year, globally. Toxins are also used for preparative appli-
cations, for example, to produce defibrinogenated plasma or
meizothrombin, and for attempts to develop pesticides. In
various basic science disciplines, toxins are essential research
tools, which, in turn, also fuels the development of toxin-
derived medications.
Toxin-Derived Drugs in Advanced Stages
of Development

A number of toxins and toxin-derived compounds are in various
stages of development ranging from the experimental phase to
clinical trials. Examples in clinical trials in 2014 include Eastern
green mamba (Dendroaspis angusticeps) cenderitide (CD-NP) for
congestive cardiac failure, Sun anemone (Stichodactyla helianthus)
ShK-186 for various autoimmune diseases, and Common
vampire bat (Desmodus rotundus) desmoteplase to treat acute
ischemic stroke. CD-NP elegantly builds on the evolutionary
relationship of nontoxin and toxin body proteins. It is a chimeric
human-mamba peptide that exhibits more desirable pharma-
cology than either of the templates, the humanC-type natriuretic
peptide or Dendroaspis natriuretic peptide. ShK-186 is a result of
a decade-long work that generated hundreds of analogs of the Kþ

channel-blocking toxin ShK to improve target selectivity and
stability. Desmoteplase is a recombinant form of Desmodus
salivary plasminogen activator a1 with high fibrin specificity
isolated from the bat saliva.

Efforts in the clinical phase are also under way in China
to develop alternatives to the natural toxin ingredients of
batroxobin and hemocoagulase, currently purified from
snakes living in South America. Strategies include recombi-
nant toxin production and competing products that are
based on toxins isolated from the venom of the Chinese
moccasin (Deinagkistrodon acutus) and other species native to
the Far East.
Medical Potential of Animal Venoms

A combination of key parameters make animal toxins an
unparalleled arsenal for biomedical applications: immense
diversity, inherent biological properties, advances in tech-
nology to isolate, screen, engineer, and formulate/deliver
peptides and derived peptidomimetic compounds.

The global diversity of venomous animals ranges about
100 000–170 000 species. Collectively, it is estimated that there
are more than 20 million unique animal toxins existing in
nature. Approximately, the number of crude venoms screened
for various biological activities is in the many hundreds, toxins
known to science is in the scale of 10 000, while it is likely no
more than 1000 toxins have been studied in detail. This effort
resulted in about 15medications. The sheer magnitude of these



Table 2 Drugs derived from animal venom toxins

Drug name Species origin Mechanism of action Indication

Captopril (CAPOTEN®) Jararaca (Bothrops jararaca) Angiotensin-converting enzyme inhibitor Hypertension, cardiac failure
Enalaprila (VASOTEC®) Jararaca (Bothrops jararaca) Angiotensin-converting enzyme inhibitor Hypertension, cardiac failure
Exenatide (BYETTA®) Gila monster (Heloderma suspectum) Glucagon-like peptide-1 receptor agonist Type 2 diabetes mellitus
Exenatide (BYDUREON®) Gila monster (Heloderma suspectum) Glucagon-like peptide-1 receptor agonist (extended

release)
Type 2 diabetes mellitus

Ziconotide (PRIALT®) Magician’s cone snail (Conus magus) Cav2.2 channel antagonist Management of severe chronic pain
Bivalirudin (ANGIOMAX®) European medicinal leech (Hirudo medicinalis) Reversible direct thrombin inhibitor Anticoagulant in percutaneous coronary intervention
Lepirudin (REFLUDAN®) European medicinal leech (Hirudo medicinalis) Binds irreversibly to thrombin Anticoagulation in heparin-associated thrombocytopenia;

related thromboembolic disease
Desirudin (IPRIVASK®) European medicinal leech (Hirudo medicinalis) Selective and near-irreversible inhibitor of thrombin Prevention of venous thrombotic events
Tirofiban (AGGRASTAT®) Saw-scaled viper (Echis carinatus) Antagonist of fibrinogen binding to GPIIb/IIIa receptor Acute coronary syndrome
Eptifibatide (INTEGRILIN®) Pigmy rattlesnake (Sistrurus miliarius) Prevents binding of fibrinogen, von Willebrand factor, and

other adhesive ligands to GPIIb/IIIa receptor
Acute coronary syndrome; percutaneous coronary
intervention

Batroxobin (DEFIBRASE®) Common lancehead (Bothrops atrox) or Brazilian lancehead
(Bothrops moojeni)

Cleaves Aa-chain of fibrinogen Acute cerebral infarction; unspecific angina pectoris;
sudden deafness

Platelet gel (PLATELTEX-ACT®) Common lancehead (Bothrops atrox) Cleaves Aa-chain of fibrinogen Gelification of blood for topical applications in surgery
Fibrin sealant (VIVOSTAT®) Brazilian lancehead (Bothrops moojeni ) Cleaves Aa-chain of fibrinogen Autologous fibrin sealant in surgery
Thrombin-like enzyme Chinese moccasin (Deinagkistrodon acutus) or Siberian pit

viper (Gloydius halys) or Ussuri mamushi (Gloydius
ussuriensis)

Fibrinogenase ‘Antithrombotics’; ‘defibrinating agent for the treatment
and prevention of thromboembolic diseases’

Hemocoagulase (REPTILASE®) Common lancehead (Bothrops atrox ) or Jararaca (Bothrops
jararaca) or Brazilian lancehead (Bothrops moojeni )

Cleaves Aa-chain of fibrinogen; factor X and/or
prothrombin activation

Prophylaxis and treatment of hemorrhage in surgery

Medicinal leech therapy Medicinal leech (Hirudo verbana)
or other Hirudinida species

Inhibit platelet aggregation and the coagulation cascade Skin grafts and reattachment surgery

Note: Order is based on the complexity (disulfide bonds, sequence length) of the lead toxin molecule or venom fraction, less complex first. The extent of utilization, drug name, and drug classification varies. Per classification, drugs may overlap.
In some cases, species origin is uncertain, and available references are limited. Drug misnaming is known to occur in the industry. Only one brand name (in parentheses) is provided as an example. List does not include terminated and/or data-
deficient agents, such as ancrod (ARVIN®), ximelagatran (EXANTA®), and ‘hemocoagulase’ Daboia russelii and Gloydius ussuriensis.
aEnalapril and other ACE inhibitors are regarded as later-generation derivatives of captopril.
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Figure 3 Viper venom–based eptifibatide in a heart attack patient. Left: The presence of occlusive thrombus (blood clot, circled) within a coronary artery
and resulting diminishment or cessation of blood flow, is the hallmark finding on angiography in patients afflicted with a heart attack. After direct
(intracoronary) and systemic (intravenous) administration of eptifibatide to promote disaggregation of accumulated blood platelets, the occluded
segment of clot is first mechanically disrupted using a balloon catheter and then, definitively addressed via placement of a coronary stent (miniature
metal scaffold). Right: The final result (previously occluded segment circled) reveals patency of the right coronary artery with restoration of flow into
the branch vessels, facilitated by eptifibatide (Angiogram: Dr Sandeep Nathan).
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numbers reflects the untapped potential in nature’s venoms for
medicine.

Pharmaceutical target identification and validation, and
establishing novel and robust chemical starting points are
among the biggest challenges in drug discovery. Given their
evolutionary origin/diversity and pharmacology, animal
toxins possess vast potential to address these and related
challenges. As examples of potential impact, five of the seven
pharmacological sites on the NaV channels are defined by
animal toxins, and 10% of the first 30 toxins isolated
from marine snail venoms have reached at least phase I
clinical trials.

With advances in genomics, proteomics, and bio-
informatics, along with the diverse array of high-throughput
screening methods, we are reaching the stage where the large-
scale screening of toxins is a reality and the limiting factor is
less of a technological challenge but more of actually accessing
samples from nature. A major facilitating factor is the
requirement for less venom/tissue samples for proteomic and
genomic characterization.

Advances in production of target-focused toxin libraries,
engineering protein scaffolds, reducing the native toxins to
peptidomimetics, formulating/delivering peptidic toxins by
nanotechnology or by other means are all opening up new
avenues. For example, melittin, a toxin from the European
honeybee (Apis mellifera), forms pores on lipid membranes,
although somewhat indiscriminately. Nanoparticles carrying
melittin and polyethylene glycol (PEG; as molecular spacers)
on their surface attenuate HIV-1 infectivity. Cells, much bigger
in size than HIV-1, are not affected, due to steric restriction to
melittin by PEG.
Since toxins affect an extremely diverse set of targets
and organs, their potential extend to many different types
of conditions, for instance, cardiovascular diseases, cancer,
diabetes, autoimmune and nervous system disorders. Rele-
vant global market forecasts, for example, for glucagon-like
peptide-1 agonists for diabetes is US$6 billion (by 2015)
and for overall autoimmune disease therapeutics is
$59 billion (by 2018). Time span between lead toxin identi-
fication and FDA approval varies between 7 years (eptifiba-
tide) and 25 years (ziconotide).

Lastly, extracting biological samples necessitate an ethical
and legal responsibility. Proper scientific sampling of
venoms should not have a detrimental effect on species and
habitats. Yet, the results obtained from it should, ideally, be
shared with communities, conservation efforts at the site of
origin, and possibly beyond. A drug from venom could be
seen as an ultimate gift by nature, and should be posi-
tioned, locally and globally, for efforts to conserve biolog-
ical diversity.
See also: Angiotensin Converting Enzyme (ACE) Inhibitors;
Botulinum Toxin; Cardiovascular System; Centipedes;
Ciguatoxin; Cosmetics and Personal Care Products; Dose–
Response Relationship; Drug and Poison Information Centers;
Marine Venoms and Toxins; Neurotoxicity; Saxitoxin;
Scorpions; Shellfish Poisoning, Paralytic; Snakes; Spiders;
Tetrodotoxin; ‘Toxic’ and ‘Nontoxic’: Confirming Critical
Terminology Concepts and Context for Clear Communication;
Toxicology.
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Antagonism see Chemical Interactions
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l Name: Anthracene
l Chemical Abstracts Service Registry Number: 120-12-7
l Synonyms: AI3-00155, Anthracene, Anthracen, Anthracen

(German), Anthracin, Bis-alkylamino anthracene, CCRIS
767, EINECS 204-371-1, Green oil, HSDB 702, NSC 7958,
Paranaphthalene, Tetra Olive N2G, UNII-EH46A1TLD7

l Molecular Formula: C14H10

l Chemical Structure:

Background

Anthracene is one of a group of chemicals called polycyclic
aromatic hydrocarbons (PAHs). PAHs are often found
together in groups of two or more. They can exist in more than
100 different combinations, but the most common are treated
as a group of 15. PAHs are found naturally in the environment
but they can also be made synthetically. Anthracene can vary
in appearance from a colorless to pale yellow crystal-like
solid. PAHs are created when products like coal, oil, gas, and
garbage are burned but the burning process is not complete.
Very little information is available on the individual chem-
icals within the PAH group; the majority of the information is
for the entire PAH group. Anthracene is a solid white to yellow
crystal, has a weak aromatic odor, and sinks in water. Its
characteristics are boiling point, 3421 �C; melting point,
2181 �C; molecular weight, 178.22; density/specific gravity,
1.25 at 27 and 41�C; octanol–water coefficient, 4.45. It is
soluble in absolute alcohol and organic solvents. Maximum
absorption occurs at 218 nm.
Uses

Most of the PAHs are used to conduct research. Like most
PAHs, anthracene is used to make dyes, plastics, and pesticides.
It has been used to make smoke screens and scintillation
counter crystals. (A scintillation counter is used to detect or
count the number of sparks or flashes that occur over a period
of time.)
60 Encyclopedia of T
Mechanisms of Action

Acute and Short-Term Toxicity

Animal

LD50 Mouse oral: >17 g kg�1

LD50 Mouse ip: 430mg kg�1

LD50 Rat oral: >160 000mg kg�1

LD50 Rat dermal: >1320mg kg�1
Human
Anthracene is photosensitizing. It can cause acute dermatitis
with symptoms of burning, itching, and edema, which are
more pronounced in the exposed bare skin regions. Other
symptoms are lacrimation, photophobia, edema of the eyelids,
and conjunctival hyperemia. The acute symptoms disappear
within several days after cessation of contact. Systemic effects of
industrial anthracene manifest themselves by headache,
nausea, loss of appetite, slow reactions, and adynamia.
Chronic Toxicity (or Exposure)

Animal
Anthracene showed no mutagenic activity in Salmonella typhi-
murium TA100 and TA98 with and without addition of rat liver
microsomes (S9) and no carcinogenic activity in Swiss albino
mice. A significant increase in the formation of nonneoplastic
melanotic tumors was observed among first- and second-
generation progeny of Drosophila melanogaster that had been
exposed chronically as larvae to low concentrations of
anthracene.
Human
Chronic exposure to anthracene may lead to inflammation of
the gastrointestinal tract, patchy areas of increased yellow-
brown pigment changes, loss of skin pigment, thinning or
patchy thickening of skin, skin warts, skin cancer, and pimples.
Repeated breathing of fumes, especially from heated anthra-
cene, may cause a chronic bronchitis with cough and phlegm.
Repeated exposure of male scrotum can cause skin thinning
and increased skin pigmentation. Oral reference dose (RfD)¼
1000mg kg�1 day�1 (UF¼ 3000).
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00238-4
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Clinical Management

No specific treatments have been prescribed. The patient
should be moved to fresh air in case of respiratory distress.
Ecotoxicology

The substance is very toxic to aquatic organisms. The substance
may cause long-term effects in the aquatic environment.
Exposure Standards and Guidelines

No occupational exposure limits have been established for
anthracene. However, safe work practices should always be
followed.
See also: Coke Oven Emissions; Polycyclic Aromatic
Hydrocarbons (PAHs).
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Bos, R.P., Theuws, J.L.G., Jongeneelen, F.J., Henderson, P.T., 1988. Mutagenicity of
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the conventional Salmonella mutagenicity assay. Mutat. Res. 204, 203–206.
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Epidemiology

Anthrax is a zoonotic disease with worldwide distribution.
Anthrax is caused by Bacillus anthracis, a Gram-positive, spore-
forming, rod-shaped bacterium that primarily infects herbi-
vores such as cattle and deer. The earliest known description of
anthrax is found in the Book of Genesis, in which the fifth
plague is said to have killed Egyptian cattle. Further, there are
numerous descriptions of anthrax in animals and humans in
Hindu, Greek, and Roman literature. Between 20 000 and
100 000 cases of anthrax have been estimated to occur world-
wide. Human anthrax is most common in enzootic areas in
developing countries, among people who work with livestock,
eat undercooked meat from infected animals, or work in
establishments where wool, goatskins, and pelts are stored and
processed. West Africa is the most affected part in the world.
Anthrax is also a significant problem in other parts of Africa,
Central America, Spain, Greece, Turkey, and the Middle East. In
economically advanced countries, where animal anthrax is
controlled, incidence in humans is rare. Further infections have
been dramatically reduced by the vaccination of high-risk
individuals and improvements in industrial hygiene. Incidence
in the United States declined to less than one case per year until
the recent biological terrorism attacks in the fall of 2001.
Microbiology

Bacillus anthracis is nonmotile, catalase-positive, nonhemolytic
on blood agar and frequently occurs in long chains. Virulent
forms are surrounded by a capsule. Sporulation occurs in soil
and on culture media but not in living tissue. Spores are highly
resistant to ultraviolet light, extreme high temperatures, high
pH, drying, high salinity, and routine methods of disinfection.
Molecular Mechanism of Toxicity

Anthrax toxin is composed of three proteins: protective antigen
(PA; 83 kDa), lethal factor (LF; 90 kDa), and edema factor (EF;
kDa). Individually, none of the three proteins are toxic but they
interact synergistically with at least one of the others. PA and LF
(called lethal toxin, LeTx) can cause lethal shock in experi-
mental animals, and a mixture of PA and EF (edema toxin,
EdTx) induces edema at the site of injection. Since two discrete
units of the toxin are required for its action, the term binary
toxin has been used to label this and other bacterial toxins.
Anthrax is unique from other binary toxins in that the binary
moieties (EF and LF) interact only after being secreted from the
bacteria. Further, EF and LF enter the cell via a single PA
protein. Assembly of the three toxin proteins is initiated when
PA binds to a proteinaceous cellular receptor and is activated by
a member of the furin family of cellular proteases. The exact
mechanisms of internalization of the toxin moieties are
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subjects of scientific inquiry. Inside the cellular cytoplasm, EF
(a calcium and calmodulin-dependent adenylate cyclase) cau-
ses a dramatic increase in intracellular cAMP concentrations,
and LF acts proteolytically to cleave certain MAPK kinases.
Clinical Forms of Anthrax

Anthrax mainly occurs in three forms: cutaneous, inhalation,
and gastrointestinal. Exposure to B. anthracismost likely in an
occupational setting is the cause of cutaneous anthrax. The
incubation period varies from 1 to 12 days. In most cases the
disease remains localized to the skin lesion. Major diagnostic
characteristic is the development of edema around the lesion.
The fatality rate is 20% without and less than 1% with anti-
biotic treatment. Inhalation anthrax is the most lethal form of
anthrax resulting from inhalation of pathogenic endospores.
The U.S. Department of Defense estimates that the lethal dose
in humans is approximately 8000–10 000 spores. The illness
is biphasic after exposure to large numbers of spores. The first
phase is characterized by a ‘flu-like’ illness with nonproduc-
tive cough. After several days of apparent improvement there
is a sudden onset of rapidly progressive respiratory failure,
acute dyspnea, circulatory collapse, and pleural effusion. The
mortality rate is very high, despite supportive care and anti-
biotics, generally within 24 h of the onset of the second stage
due to toxemia and suffocation. Gastrointestinal anthrax,
although rare, occurs after an incubation period of 1–7 days
following ingestions of B. anthracis via contaminated food or
drink. Mortality rates are estimated to be between 25 and 60%
unless treatment is begun early enough. Severe abdominal
pain, fever, nausea, vomiting, and bloody diarrhea are man-
ifested during the disease. Death occurs due to toxemia and
shock.
Clinical Treatment

Prompt clinical diagnosis and treatment with effective anti-
microbial drugs are necessary for successful treatment of
anthrax. Several historical strains produce an inducible
b-lactamase and are resistant to penicillin. Ciprofloxacin
(400mg intravenously twice daily) and possibly other quino-
lones or doxycycline (200mg intravenously twice daily)
should be used as initial therapy. The duration of treatment for
inhalation anthrax should be 60 days. Corticosteroid therapy
should be considered for patients with inhalation anthrax
associated withmeningitis or severe edema. Supportive therapy
should be initiated to prevent shock, fluid and electrolyte
imbalance, and loss of airway patency. The U.S. Centers for
Disease Control and Prevention has approved Ciprofloxacin,
doxycycline, and penicillin G procaine for treatment of all age
groups. Levofloxacin is FDA approved for treatment of inha-
lational anthrax (postexposure) in adults 18 years or older.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00239-6
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Treatment with oral Ciprofloxacin or doxycycline for 7–10 days
is recommended for localized or uncomplicated cases of
naturally acquired cutaneous anthrax, such as that associated
with exposure to animals with anthrax or to products such as
hides from animals with anthrax. Immunotherapy is not very
common.
Potential for Use as a Biological Weapon

Anthrax is classified as a Category A biological weapon (most
dangerous) along with smallpox, plague, Clostridium botulinum
toxins, filoviruses, etc. Bacillus anthracis has several biological,
technical, and virulence characteristics that make it an attractive
weapon for bioterrorism. These include easy procurement from
a variety of sources and relative ease to grow, process, and store.
The World Health Organization estimates that 50 kg of
weapon-grade anthrax spores released by an aircraft over an
urban population of 5million would result in 250 000 cases of
mainly inhalation anthrax.

See also: Bio Warfare and Terrorism: Toxins and Other Mid-
Spectrum Agents; Botulinum Toxin; Chemical Warfare;
Chemical Warfare Delivery Systems; Immune System.
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l Name: Anticholinergics
l Synonyms: Parasympatholytics; Cholinergic blockers;

Sympatholytics; Antispasmodics
Background (Significance/History)

Acetylcholine is a neurotransmitter synthesized in neurons
and secreted in response to neuronal stimuli; upon release
into the synaptic cleft, it activates acetylcholine receptors and
is rapidly degraded by acetylcholinesterase enzymes. Acetyl-
choline is capable of activating two major classes of receptors,
muscarinic acetylcholine receptors (MAChRs) and nicotinic
acetylcholine receptors (NAChRs), named for their differen-
tial selectivity for the xenobiotic compounds muscarine and
nicotine, respectively.

Whereas MAChRs are primarily located in the autonomic
ganglia, organs innervated by the parasympathetic division
of the autonomic nervous system, and the central nervous
system (CNS), NAChRs are located at neuromuscular junc-
tions and autonomic ganglia. Although they respond to the
same neurotransmitter, MAChRs are G protein-linked re-
ceptors and NAChRs are ion channel receptors, providing
a structural basis for their differential sensitivities to nicotine
and muscarine.

Anticholinergics antagonize the activities of acetylcholine and
vary in their selectivity for acetylcholine receptors (AChRs),
mechanism of action, distribution, and blood–brain barrier
penetration. A wide variety of anticholinergic compounds exists
with specific sites of action. Examples of common anticholinergic
compounds are as follows: (seeTable 1; antimuscarinic: atropine,
benztropine, biperiden, ipratropium,oxitropium, glycopyrrolate,
oxybutynin, chlorphenamine, diphenhydramine, dimenhydri-
nate, orphenadrine, etc.; antinicotinic agents: bupropion, tubo-
curarine, dextromethorphan, mecamylamine, doxacurium, etc.).
In addition to physostigmine, nicotine also counteracts anticho-
linergics by activating NAChRs. Anticholinergics drugs are
extensively used in a variety of conditions (gastrointestinal
disorders, dizziness, sinus bradycardia, insomnia, genitourinary
disorders, pulmonary disorders, etc.). Treating asthma, chronic
obstructive pulmonary disease (COPD), and pupil diation are
few of the commonest. Intentional overdose, inadvertent inges-
tion, medical noncompliance, or geriatric polypharmacy are the
prime causes of anticholinergic syndrome.
Uses

Atropine, the prototypical MAChR inhibitor (anticholinergic),
is an alkaloid derived from nightshade that acts as a competi-
tive antagonist of MAChRs. Atropine blocks the MAChR
receptor M2 in the heart, which is normally stimulated by the
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vagus nerve of the parasympathetic nervous system, resulting
in an increased heart rate, useful for the treatment of brady-
cardia. Atropine reverses symptoms of nerve agent exposure,
known as SLUDGE syndrome (salivation, lacrimation, urina-
tion, defecation, gastrointestinal motility, and emesis). Atro-
pine does not cross the blood–brain barrier. Scopolamine,
identical in structure with the exception of an additional
oxygen atom, acts like atropine, but also depresses the CNS.
Together with opioids, scopolamine can induce ‘twilight
sleep.’

Three major subtypes of MAChR exist. M1 receptors are
found in the CNS and autonomic ganglia. M1 anticholinergics
are used to treat gastric secretion abnormalities and airway
restriction. M2 receptors occur in the atria and are important
for tachycardia. M3 receptors are located on smooth muscle
cells of the airway and are important for airway contraction.
These receptors differ in sensitivity to various antimuscarinic
compounds.

Many other anticholinergic drugs are used to treat a variety
of symptoms, depending on their selectivity for MAChRs or
NAChRs, and on their distribution-dependent localization to
various target organs (Table 1). Most drugs target the musca-
rinic receptors. Uses include as antihistamines (hydroxyzine
and diphenhydramine, also known as benadryl), pupil dila-
tion for eye exams (tropicamide and cyclopentolate), chronic
obstructive pulmonary disease (ipratropium and tiotropium),
gastric acid secretion inhibition (pirenzepine), irritable bowel
syndrome (dicyclomine and mebeverine), motion sickness
(dimenhydrinate), Parkinsonian symptoms (trihexyphenidyl,
benzatropine, and procyclidine), and urinary bladder spasms
and urge incompetence (flavoxate, oxybutynin, tolterodine,
solifenacin, and darifenacin).

Very few drugs target NAChRs. One example is curare,
a paralytic used as a muscle relaxant for surgery. At higher
doses, it can inhibit breathing and can cause a temporary
paralytic ‘locked-in’ syndrome.

Anticholinesterase chemicals including the pesticide para-
thion and nerve agent soman inhibit acetylcholinesterase, an
enzyme required for removal of acetylcholine from synaptic
junctions. Anticholinergics such as atropine are used to treat
anticholinesterase exposure by increasing activity of the AChRs.
Oxime drugs such as pralidoxime counteract nerve agents by
reactivating cholinesterases; they only function against nerve
agents. However, oximes only work against organophosphate
inhibitors of acetylcholinesterase.
Environmental Fate and Behavior

Atropine and scopolamine, both natural products, have no
significant environmental impact. Other anticholinergics are
not recognized environmental pollutants.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00240-2
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Table 1 Common anticholinergic drugs

Drug Disease/target Receptor a

Atropine Nerve agent exposure NS – not specific
Scopolamine CNS NS – not specific
Dicyclomine Intestinal spasms NS – not specific
Mebeverine Intestinal spasms N.D.
Propantheline Intestinal spasms N.D.
Glycopyrrolate Intestinal spasms N.D.
Hydroxyzine Antihistamine N.D.
Diphenhydramine Antihistamine M2
Tropicamide Mydriasis N.D.
Cyclopentolate Mydriasis N.D.
Ipratropium COPD/asthma NS – not specific
Tiotropium COPD M3
Pirenzepine Gastric acid secretion M1
Telenzepine Gastric acid secretion M1
Flavoxate Urinary symptoms N.D.
Oxybutynin Urinary symptoms M1, M3
Tolterodine Urinary symptoms NS – not specific
Trospium Urinary symptoms NS – not specific
Darifenacin Urinary symptoms M3
Solifenacin Urinary symptoms M3
Oxybutynin Urinary symptoms M2, M3
Darifenacin Urinary symptoms M3
Trihexyphenidyl/

Benzhexol
Parkinsons M1

Benzatropine Parkinsons N.D.
Procyclidine Parkinsons N.D.
Gallamine Muscle relaxant M2
Methoctramine M2
AFDX-116 M2
Imipramine Urinary symptoms M3
Pilocarpine M2
Pralidoxime Cholinesterase regenerator N/A
Diacetylmonoxime Cholinesterase regenerator N/A

aNote that specificity for receptor is also affected by ADME.
M1, nerves; M2, heart, nerves, smooth muscle; M3, glands, smooth muscle,
endothelium; N.D., not determined.
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Toxicokinetics

Atropine is a tertiary anticholinergic, which refers to the
nitrogen within the molecule. Tertiary anticholinergics are
capable of distributing throughout the CNS, whereas quater-
nary anticholinergics primarily target peripheral tissues. Over-
all anticholinergics have a diverse distribution profile due to
the diversity of chemical structures making up this class of drug.

Elimination of anticholinergics is also widely variable.
Atropine has a half-life of 2 h, with most excreted unchanged in
the urine.
Mechanism of Toxicity

Most anticholinergics are competitive inhibitors of acetylcho-
line for binding to the AChR. Atropine and other tertiary
amines can cross the CNS and the placenta (found in breast
milk in small quantities). It is oxidized primarily in the liver,
and apparently metabolized in the liver to tropic acid, tropine,
and possibly esters of tropic acid and glucuronide conjugate.
Antimuscarinics, in contrast, are mainly eliminated in urine as
unchanged drug and its metabolites. Following oral adminis-
tration, substantial amounts of antimuscarinics may be
eliminated in feces as unabsorbed drug.
Acute and Short-Term Toxicity

Target organ systems of anticholinergics include the CNS, eye,
cardiovascular system, respiratory system, gastrointestinal tract,
genitourinary tract, and sweat glands. These target organs differ
widely depending on the agent’s biodistribution and selectivity
for MAChRs. Atropine overexposure is particularly dangerous
to children who are susceptible to hyperthermia.

Overexposure to anticholinergics can result in elevated
body temperature, elevated heart rate, dry mouth, difficulty in
urination, constipation, drowsiness, dizziness, and increased
pupil size, in the absence of bowel sounds and diaphoresis.
A common pneumonic device used is, ‘Blind as a bat, mad as
a hatter, red as a beet, hot as Hades, dry as a bone, the bowel
and bladder lose their tone, and the heart runs alone.’
Chronic Toxicity

Chronic exposure to anticholinergics was shown to adversely
affect the progression of Alzheimer disease, and is contra-
indicated in elderly patients due to the risk for dementia.
Chronic exposure of rabbits to intramuscular atropine at 10%
of the LD50 for 100 days resulted in toxicity in half of the
animals exposed. A number of toxicological symptoms were
noted including weight loss, edema of organs, hepatitis, and
pulmonary thrombosis. Death was caused by convulsions and
respiratory failure, and failure to maintain food intake.
Genotoxicity

Atropine and diphenhydramine are not noted genotoxicants.
Atropine was not a mutagen in an Escherichia coli assay.
Carcinogenicity

Atropine promoted carcinogenesis in rat stomach byN-methyl-
N0-nitro-N-nitrosoguanidine.
Clinical Management

Anticholinergics typically act as partial agonists for acetylcho-
line receptors. Physostigmine, a reversible inhibitor of acetyl-
cholinesterase, can be given (0.5–1 mg) intravenously to block
degradation of acetylcholine, which in turn activates NAChR
and MAChR by competing for binding to the receptors with the
anticholinergic compounds. Due to a very narrow therapeutic
index, the drug must be administered carefully to prevent
overactivation of AChRs, which would result in symptoms
consistent with nerve agent exposure. It must also be delivered
frequently due to the short half-life of the compound. Some
recommend that instead of using physostigmine, overdose of
atropine be treated symptomatically, due to the difficulty in the
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administration of physostigmine and the toxicity associated
with inappropriate administration.

While benzodiazepines were previously used to treat
agitation induced by anticholinergic overdose, this treatment is
becoming less popular, and it has not been shown to be
effective in treatment of anticholinergic-induced delirium.
Physostigmine has been shown to also help both agitation and
delirium, working within 15–20 min of treatment. Since
anticholinergic drugs are prescribed for a wide range of
medical conditions, such as acid reflux, Parkinson’s disease,
high blood pressure, and urinary incontinence, care must be
taken while administering these drugs because they may
impair cognition.

Physostigmine salicylate is the best antidote for anticho-
linergic toxicity. Most patients are safely treated without it, but
it is recommended when tachydysrhythmia (abnormal heart
rhythm with a rate greater than 100 bpm) with subsequent
hemodynamic compromise, intractable seizure, severe agita-
tion or psychosis, or some combination thereof is present.
Physostigmine is contraindicated in patients with cardiac
conduction disturbances on electrocardiogram.
Ecotoxicology

Atropine sulfate is not toxic in three different freshwater
invertebrates, with EC50 and LC50 above 300 mg l�1.
See also: Cholinesterase Inhibition; Gastrointestinal System;
Neurotoxicity; G-Series Nerve Agents; Nerve Agents; V-Series
Nerve Agents: Other than VX.
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Background

Poisoning in adults accounts for almost 13.8% of all admis-
sions to the ICU. In addition, two-thirds of the reported
poisoning exposures occur in the pediatric age group
(<20 years).

Antidotes are compounds that alter the action of a poison in
the body to prevent, reverse, or mitigate the toxic effects.
Examples of mechanisms by which antidotes work include
competition at a receptor site, alteration of a metabolic process,
engaging a counter-regulatory physiologic process, or
hastening the excretion or detoxification of a toxin. Although
antidotes are generally beneficial in intoxicated patients, some
of them are themselves toxic and should be used only when
indicated.
N-Acetylcysteine

Available forms:

Oral solutions: 10% (100 mg ml�1; 4, 10, 30 ml); 20%
(200 mg ml�1; 4, 10, 30 ml).

Injection solution: 20% (200 mg ml�1; 30 ml).

Indications:

Poisoning with:

1. Acetaminophen
1.1. Patients with a history of a single acute overdose of

more than 140 mg kg�1 of acetaminophen or a serum
level on or above the treatment line on the Rumack-
Matthew nomogram (e.g., over 150 mg dl�1 at 4 h
postingestion).

1.2. The acetaminophen level must be drawn between 4
and 24 h postingestion.

2. Amanita phalloides mushroom.
3. Chlorinated hydrocarbon.
4. Monochloroacetic acid.
5. Cyclophosphamide.
6. Doxorubicin.
Dosage:
1. Oral dosage:

1.1. The loading dose is 140 mg kg�1 orally for both adults
and children.

1.2. Maintenance dose is 70 mg kg�1 orally, every 4 h for
17 doses in both adults and children.

1.3. NAC solutions of 10 or 20% can be diluted in water or
soft drinks such as fruit juice or soda to a 5% solution.

1.4. If the patient vomits within 1 h of any dose, the dose
should be repeated.

1.5. No increase in oral NAC dose is required when it is
coadministered with activated charcoal.
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2. Intravenous (IV) dosage:
2.1. Loading dose of 150 mg kg�1 diluted in 200 ml

DW5% infused over 60 min, followed by 50 mg kg�1

in 500 ml D5W infused over 4 h and 100 mg kg�1 in
1000 ml D5W infused over 16 h.
Atropine Sulfate

Available forms:

Injection solutions as sulfate: 0.05 mg ml�1 (5 ml);
0.1 mg ml�1 (5, 10 ml); 0.4 mg per 0.5 ml (0.5 ml);
0.4 mg ml�1 (0.5, 1, 20 ml); and 1 mg ml�1 (1 ml).

AtroPen (Prefilled autoinjector for intramuscular (IM) injec-
tion): 0.5 mg per 0.7 ml (0.7 ml-blue label); 1 mg per 0.7 ml
(0.7 ml-dark red label); 2 mg per 0.7 ml (0.7 ml-green label).

Indications:

1. Intoxication with organophosphorus or carbamate cholin-
esterase inhibitors, including pesticides (e.g., parathion,
carbaryl), nerve agents (e.g., sarin), or medicinals (e.g.,
physostigmine).

2. Cholinomimetic agents, such as pilocarpine.
3. Intoxication with mushrooms containing muscarine (Ino-

cybe or Clitocybe).

Dosage:

1. Loading dose:
1.1. Adults: 1–5 mg IV with a doubling dose every 3–5 min

to achieve and maintain full atropinization. Organo-
phosphorus pesticides usually require more than
a single dose of atropine.

1.2. Children: 0.02–0.05 mg kg�1 IV with a doubling dose
for every 3–5 min to achieve and maintain full
atropinization.

2. Maintenance dose:
2.1. Adults: IV infusion of 10–20% of the loading dose per

hour.
2.2. Children: Infusion rates of 0.02–0.08 mg kg�1 h�1.
2.3. The atropine can be diluted in 0.9% sodium chloride.

Considerations:
1. Full atropinization is indicated by complete clearing of rales

and drying of pulmonary secretions. Tachycardia is not
a contraindication to continued dosing to meet pulmonary
endpoints.

2. Adequate oxygenation is very important in hypoxic patients
who may be at risk of ventricular fibrillation if atropine is
given.

3. Careful suctioning of oral and tracheal secretions may be
necessary until atropinization is achieved.

4. Gradual withdrawal of atropine is done by lengthening
intervals between doses while checking lung bases for rales
and observing patient for return of cholinergic signs.
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Activated Charcoal

Available forms:

Oral suspensions: 12.5 g per 60 ml; 15 g per 72 ml; 25 g per
120 ml; 50 g per 240 ml.

Indications:

Nearly all chemicals are adsorbed to activated charcoal.
Activated charcoal is generally administered to most poisoned
patients to reduce the amount absorbed into the systemic
circulation. Contraindications include concerns for airway
protection (e.g., coma) or integrity of the gastrointestinal tract
(e.g., caustics).

Dosage:

1. Adults: 1 g kg�1 body weight, up to 100 g.
2. Children: 0.5–1 g kg�1.

Considerations:
Heavy metals, iron, lithium, potassium, alcohols, and

fluoride are not adsorbed to activated charcoal limiting its
effectiveness.

Calcium Gluconate or Chloride

Available forms:

Injection solution: 10% (100 mg ml�1) (10, 50, 100, and
200 ml).

Tablets: 500, 650, and 975 mg.
Powder: 347 mg per tablespoon.

Indications:

1. Calcium channel blockers intoxication.
2. Hyperkalemia.
3. Beta blockers intoxication.
4. Hydrofluoric acid (HF) and fluoride intoxication.
5. Hypermagnesemia.
6. Black widow spider envenomation.

Dosage:
1. Adults: 3 g (30 ml of 10% calcium gluconate), or 1 g (10 ml

of 10% calcium chloride) over 5–10 min.
1.1. Repeat the dose every several minutes as necessary.
1.2. In the case of cardiac arrest, the dose should be infused

over 10–20 s.
2. Children: 60 mg kg�1 (0.6 ml kg�1 of 10% calcium gluco-

nate) or 20 mg kg�1 (0.2 ml kg�1 of 10% calcium chloride)
over 5–10 min.
2.1. Repeat the dose every several minutes as necessary.
2.2. In the case of cardiac arrest, the dose should be infused

over 10–20 s.
3. In the case of mild to moderate dermal toxicity due to HF/

fluoride exposure, the salts of calcium are used.
3.1. Topical calcium gluconate gel for dermal exposure of

HF <20%.
3.1.1. Apply 2.5% gel (can be made with surgical

lubricant and aqueous calcium salt) to the
exposed area for 15 min.

3.1.2. Consider the use of subcutaneous injection of
calcium gluconate (10%), if there is a failure to
respond to calcium gluconate gel.
3.2. Subcutaneous calcium gluconate (10%) for dermal
exposure of HF >20%.
3.2.1. Infiltrate each square centimeter of the exposed

area with 0.5 ml of 10% calcium gluconate.
4. In the case of significant burn due to HF/fluoride exposure,

calciumsaltsmaybeadministered intravenously (for systemic
toxicity) or intraarterially (for hand burns predominantly).
4.1. Ten milliliters of 10% calcium gluconate plus heparin

5000 units in a total volume of 40 ml is administered
intravenously.

4.2. Ten milliliters of 10% calcium gluconate in 50 ml of
0.9% sodium chloride solution is intraarterially
infused over 4 h.
Levocarnitine

Available forms:

Capsule: 250 mg.
Tablets: 330, 500 mg.
Oral solution: 100 mg ml�1 (118 ml).
Injection solution: 200 mg ml�1 (5, 12.5 ml).

Indications:

1. Valproic acid/sodiumvalporate-inducedhyperammonemia.
2. Valproic acid/sodium valporate-induced elevated aspartate

and alanine transaminases.
3. Acute metabolic disorders resulting from L-carnitine

deficiency.

Dosage:
1. Clinically well patients: 100 mg kg�1 day�1per os

1.1. The maximum dose is up to 3 g day�1.
1.2. The daily dose is given in every 6 h intervals.

2. Clinically ill patients: Loading dose of 100 mg kg�1 up to 6 g
intravenously infused over 30 min followed by 15 mg kg�1

every 4 h through IV infusion over 10–30 min.
3. In acute metabolic disorders resulting from L-carnitine defi-

ciency, the loading dose of 50–500 mg kg�1 IV is adminis-
tered followed by the daily dose divided into every 4 h doses.
3.1. Maximum daily dose is up to 6 g in addition to the

loading dose.

Considerations:
1. For patients with end-stage renal disease, 10–20 mg kg�1 by

slow IV bolus over 2–3 min after completion of dialysis is
indicated.

2. In acute overdose of valproic acid/sodium valporate
without hepatic enzyme abnormalities or symptomatic
hyperammonemia, prophylactic administration of L-carni-
tine is not generally performed but can be considered.
2.1. One hundred milligrams per kilogram per day up to

3 g, given in divided doses every 6 h, are administered
intravenously.

Cyanide Antidote Kit

Contents:

Amyl nitrite: 0.3 ml ampule.
Sodium nitrite: 3% ampule (300 mg per 10 ml).
Sodium thiosulfate: 25% vial (12.5 g per 50 ml).
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Indications:

Suspected cyanide poisoning.

Dosage:
1. Break ampule of amyl nitrite and allow patient to inhale for

15 s; then, take away for 15 s and repeat this.
1.1. Use a fresh ampule every 3 min.

2. Injection of sodium nitrite 3%, 300 mg IV infusion over
5 min (children: 0.2 ml kg�1 of a 3% concentration up to
300 mg).

3. Sodium thiosulfate: 12.5 g (50 ml of a 25% concentration)
infused IV over 10–30 min or as a bolus (children:
0.5 g kg�1, max 12.5 g)

Considerations:
1. Avoid sodium nitrite when carboxyhemoglobin is expected

to be elevated (as in fire victim). Administration of thio-
sulfate alone, in stated doses, is appropriate in this
situation.

2. Monitor methemoglobin concentrations in patients
receiving nitrites.

3. Hydroxocobalamin preferred, if available.
Deferoxamine

Available forms:

Powder for injection: 2 g and 500 mg.

Indications:

Acute and chronic iron toxicity (due to transfusion-
dependant anemias).

Dosage:
1. Intermittent: 1 g IM followed by 500 mg at 4 and 8 h post-

ingestion and then 4–12 h as necessary (maximum:
6 g day�1).

2. Infusion: Initiate at 5 mg kg�1 h�1, titrate to
15 ml g�1 kg�1 h�1 IV (max 8 g day�1) mild to moderate:
administer for 6–12 h and reassess; Severe toxicity: admin-
ister 24 h and reassess.
Digoxin-Specific Antibody Fragments

Available forms:

IV powder for solution; 38 mg.

Indications:

Digoxin and all digitalis-like glycoside poisoning
(unproven for most other than digoxin).

Dosage:
1. Acute ingestion: 10–20 vials.
2. Chronic ingestion in adults: 3–6 vials.
3. Chronic ingestion in children: 1–2 vials.
Dimercaprol (British Anti-Lewisite, BAL)

Available forms:

IM oil; 10%
Indications:

Arsenic, gold, lead, and mercury poisoning.

Dosage:

Four milligrams per kilogram every 4 h, deep IM, up to
3 g day�1.

Considerations:
1. Formulated in peanut oil; painful IM injection and caution

with allergy.
2. Not used for organic mercury poisoning.
3. Being replaced by succimer for most indications given the

latter’s oral route; except lead encephalopathy.
4. Start 4 h before CaNa2 EDTA.
Edetate Calcium Disodium (Calcium Disodium EDTA,
CaNa2 EDTA)

Available form:

Injection solution: 200 mg ml�1.

Indications:

Lead encephalopathy or other significant clinical effects.

Dosage:

Twenty-five to seventy-five milligrams per kilogram per day
IV infusion over 8–12 h for 5 days (up to 2–3 g day�1).

Considerations:
1. Dimercaprol (BAL) should be administered 4 h prior

to starting this dose for lead neurotoxicity/
encephalopathy.

2. Caution with preparations: Disodium EDTA (Na2 EDTA can
cause fatal hypocalcemia).

3. Adequate hydration is important prior to therapy.
Ethanol

Available forms:

Oral solution: 20%.
IV Infusion: 10%.

Indication:

Methanol or ethylene glycol poisoning.

Dosage:
1. Loading dose:

1.1. Oral: 0.8 g kg�1 ethanol 20%.
1.2. IV: 0.8 g kg�1 ethanol 10% over 1 h.

2. Maintenance:
2.1. Oral 20%: 80 mg kg�1 h�1 if ethanol naive (not

ethanol tolerant).
2.2. IV 10%: 80 mg kg�1 if ethanol naive (not ethanol

tolerant).

Considerations:
1. Monitor serum ethanol concentrations and maintain at

approximately 100 mg dl�1.
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2. Patients with tolerance to ethanol (e.g., alcoholics) require
higher maintenance infusions, generally about double that
of naive patients.

3. Ethanol infusions may cause irritation to the vein. Pro-
longed oral use irritates the gastric mucosa.

4. Fomepizole is preferred, if available.
Flumazenil

Available form:

IV solution: 0.1 mg ml�1.

Indication:

Reversal of benzodiazepine-induced sedation.

Dosage:
1. Adults: Initial dose of 0.2 mg IV over 30 s. If there is no

response, an additional 0.3 mg is administered. Repeated
dosing with 0.5 mg can be used, administered every 1–
2 min, up to a total dose of 3 mg.

2. Pediatric dose of 0.01 mg kg�1 (0.1 ml kg�1) IV with
a maximum dose of 1 mg.

Considerations:
1. It should not be administered in patients with seizure

producing agents (e.g., tricyclic antidepressants) or those
likely to be dependent on benzodiazepines (i.e., may
precipitate withdrawal).

2. It is of limited benefit in patients with benzodiazepine
overdose.
Folinic Acid (Leucovorin)

Available form:

Tablets: 5, 10, 15, and 25 mg.
Powder for injection: 50, 100, 200, 350 mg.
Solution for injection: 10 mg ml�1.

Indications:

Methotrexate, methanol, and folic acid antagonist toxicity.

Dosage:
1. For methanol poisoning: 1–2 mg kg�1 IV every 4–6 h until

methanol is eliminated and acidosis resolves.
2. If methotrexate dose is unknown, 100 mg m�2 every 4–6 h

until the serummethotrexate level is less than 10�8 mol l�1.

Considerations:

‘Leucovorin rescue’ for methotrexate chemotherapy follows
specific guidelines based on the dose of methotrexate.
Fomepizole

Available form:

IV solution: 1 g ml�1.

Indication:

Methanol or ethylene glycol poisoning.
Dosage:

A loadingdoseof15mgkg�1 IV followedby10mgkg�1 every
12 h for four doses and 15 mg kg�1 every 12 h until ethylene
glycol or methanol concentrations are below 20 mg dl�1.
Glucagon

Available form:

Injection powder for solution: 1 mg.

Indication:

Calcium channel blocker and beta-blocker toxicity.

Dosage:
1. Loading dose: 50 mg kg�1 (3–5 mg) infused in 1–2 min,

titrate up to 10 mg.
2. Continuous infusion: 2–5 mg h�1 up to10 mg h�1.

Considerations:

Vomiting common, a concern in patients with unprotected
airways.
Hydroxocobalamin

Available forms:

IM solution: 1000 mg ml�1.
IV powder for solution: 5 g.

Indication:

Suspected cyanide poisoning.

Dosage:

1. Adults: 5 g (2 � 2.5 g vials) over 15 min (approximately
15 ml min�1).

Repeated additional 5 g IV doses over 15 min to 2 h may be
administered up to a total dose of 10 g.

2. Children: 70 mg kg�1 up to 5 g.

Considerations:
1. Sodium thiosulfate 12.5 g is generally administered subse-

quently, or concomitantly through a different intravenous
line.

2. Red discoloration of skin and body fluids occur.
3. Interference with certain laboratory tests, such as cooxim-

etry for carbon monoxide, is expected.

Insulin

Available forms:

Regular insulin; injection solution: Many strengths.

Indications:

Calcium channel blocker and beta-blocker toxicity.

Dosage:

1. Bolus: Regular insulin 1 U kg�1 IV with 0.5 g kg�1 glucose.
2. Maintanance: Regular insulin 0.5 U kg�1 h�1 (up to

2.5 U kg�1 h ) with 0.5 g kg�1 h�1 dextrose infusion.
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Considerations:
1. Hypoglycemia should be expected and carefully monitored.
2. Onset of cardiovascular effect is approximately 30 min
Intravenous Lipid Emulsion

Available form:

Twenty percent (100, 250, 500, 1000 ml).

Indications:

Calcium channel blocker, tricyclic antidepressant, and local
anesthetics toxicity (and others).

Dosage:

1. Loading dose: 1.5 ml kg�1 IV over 2–3 min, repeat bolus dose
every 3–5 min up to 3 ml kg�1.

2. Maintenance dose: 0.25–0.5 ml kg�1 min for 30–60 min.

Considerations:

Current understanding is that lipid provides a sink to draw
lipophilic toxins from their target tissues.

Usually reserved for rescue therapy in critically ill patients
not responding to appropriate medical therapy.
D-Penicillamine

Available form:

Oral capsule: 250 mg.

Indications:

Lead, mercury, copper, and arsenic toxicity.

Dosage:

Fifteen to forty milligrams per kilogram orally in four
divided doses (up to max 500 mg) 4 times a day for 5 days.
Considerations:

1. Currently of limited use.
2. Caution in patients with penicillin allergy.
Methylene Blue

Available form:

IV solution: 1% (10 mg ml�1).

Indication:

Methemoglobinemia.

Dosage:

One to twomilligrams per kilogram (0.1–0.2 ml kg�1 of 1%
solution) IV very slowly over several minutes. Maximum dose
should not exceed 7 mg kg�1 (0.7 ml kg�1).
Naloxone

Available forms:

Injection solution: 0.4 and 1 mg ml�1.
Indication:

Confirmed or suspected overdose with opioids.

Dosage:
1. Apnea: 2 mg IV stat.
2. Respiratory depression; non-opioid-dependent patients: 0.5–2 mg

IV, subcutaneous (SQ), IM, IN (intranasally).

Opioid-dependent patients: 0.05–0.1mg IV, SQ, IM, IN, with
slow upward titration while ventilating and oxygenating patient.

Repeat dosing every 2–3 min if the initial response is
inadequate. If there is no response after 10 mg, reconsider the
diagnosis of opioid toxicity.

Considerations:

Excessive dose may precipitate opioid withdrawal, which
may be severe and life threatening.
Octreotide

Available forms:

Injection solution: 50, 100, 200, 500, and 1000 mg ml�1.

Indication:

Sulfonylurea-induced hypoglycemia.

Dosage:
1. Adults: 50 mg every 6 h SQ.
2. Children: 1.25 mg kg�1 every 6 h SQ (up to 50 mg).

Considerations:

Not for insulin-induced hypoglycemia.
Oxygen

Available form:

O2 100%

Indications:
1. Carbon monoxide toxicity.
2. Pulmonary irritant toxins.

Dosage:
1. Depending on response of patient, 100% oxygen for 1 h and

then decrease gradually.
2. For carbon monoxide, administration may be needed for

prolonged period, up to 72 h, if hyperbaric oxygen therapy
not performed.
Physostigmine

Available forms:

Injection: 1 mg ml�1 in 2 ml ampules and 1 ml prefilled
syringes.

Indications:

Toxicities associated with anticholinergic syndrome.

Dosage:

1. Adults: 1–2 mg over 2–3 min
2. Children: 0.02 mg kg�1 IV over at least 5 min
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Considerations:
1. Administration too rapidly may cause cholinergic crisis or

seizures.
2. Dose can be repeated after 5 min for inadequate response

and the absence of cholinergic signs.
Pralidoxime Chloride

Available forms:

Powder for injection: 1 g per 20 ml vials.
Auto-injectors: 600 mg ml�1.

Indications:

1. Organophosphate insecticide poisoning.
2. Anticholinesterase overdosage (neostigmine,

pyridostigmine).

Dosage:
1. Initial dose: 30 mg kg�1 IV bolus over 30 min (up to 2 g).
2. Maintanance dose: 8 mg kg�1 h�1 IV infusion.
Protamine Sulfate

Available form:

Injection: 10 mg ml�1.

Indication:

Heparin overdose.

Dosage:

Onemilligram of protamine will neutralize 100 U (1mg) of
heparin.
Prussian Blue

Available form:

Capsules: 500 mg.

Indication:

Thallium or cesium contamination.

Dosage:

Total daily dose of 9 g in three 3 g divided doses.
Pyridoxine (Vitamin B6)

Available forms:

Tablet: 20, 25, 50, 100, 250, and 500 mg.
Injection: 100 mg ml�1 in 10 and 30 ml vials.

Indications:
1. Isoniazid overdose related toxicity, particularly seizure or

coma; and
2. ethylene glycol poisoning.
Dosage:
One gram for each gram of isoniazid ingested up to
70mg kg�1 (max 5 g) IV infusion at 0.5 gmin�1 until seizure
stops, with remainder intravenously infused over 4–6 h.
Sodium Bicarbonate

Available forms:

Tablet: 325 (3.9 meq), 500 (6meq), 520 (6.2 meq), and 650
(7.7 meq) mg.

Solution for injection:

4.2% (0.5 meq/ml) in 2.5-, 5-, and 10 ml syringes.
5% (0.6 meq ml�1) in 500 ml containers.
7.5% (0.9 meq ml�1) in 50 ml vials.
8.4% (1 meq ml�1) in 10- and 50 ml vials.

Oral powder: 20.9 (na/0.5 tsp) in 120-, 240-, 480-, and
2400 g container.

Indications:
1. Tricyclic antidepressant, type I antidysrhythmic, and quini-

dine toxicity (to provide a sodium ion bolus and alkalinize
the blood).

2. Aspirin or methanol poisoning (to alkalinize the blood and
urine).

Tricyclic antidepressant, type I antidysrhythmic, and quin-
idine toxicity (to provide a sodium ion bolus and alkalinize
the blood).

Aspirinor methanol poisoning (to alkalinize the blood and
urine).

Dosage:
1. Initial dose: 1–2 meq kg�1 IV bolus
2. Maintenance dose: 150 meq diluted in 850 ml D5W, 1–3

ml kg�1 h�1 IV infusion and titrate to serum pH up
to 7.55.
Succimer (Dimercaptosuccinic Acid, DMSA)

Available forms:

Capsules: 100 mg.

Indications:

Lead, arsenic, and mercury poisoning.

Dosage:

Adults: 10 mg kg�1 PO Q8H for 5 days followed by
10 mg kg�1 twice a day for 14 days. Can be repeated after
2-week drug holiday.

Considerations:
1. Best studied for lead, and lead dosing used for other metals.
2. Endpoint of therapy not well established but blood metal

concentrations in or near the normal range and improve-
ment in clinical toxicity are accepted.
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Thiamine

Available forms:

Tablet: 5, 10, 25, 50, 100, 250, and 500 mg.
Elixir: 250 mg 5 ml�1.

Injection: 100 mg ml�1 in 1 ml ampules and prefilled
syringes and 1-, 2-, 10-, and 30 ml vials.

Indication:

Ethylene glycol poisoning.

Dosage:

One hundred milligram IM or IV. (Oral route should be
avoided because of its unpredictable absorption).
Vitamin K1 (Phytonadione)

Available forms:

Tablet: 5 mg.
Injection: 2, 10 mg ml�1.

Indications:

Warfarin and rodenticide anticoagulants.

Dosage:
1. Twenty-five to fifty milligrams orally 3–4 times a day for

1–2 days
2. In life-threatening bleeding: 10 mg 2–4 times a day

Considerations:

For life-threatening bleeding, vitamin K is generally insuf-
ficient and other interventions such as plasma or clotting
factors are required.
Antivenom

Antivenom, an antitoxin that counteracts specific venom, is
a necessary treatment for most venomous poisonings. For
example, snake antivenom immunoglobulins are the only
specific treatment for snakebites. Most antivenoms can reverse
or prevent morbidity and reduce mortality from venom.
Antivenoms are antibodies produced by another animal in
response to a venomous insult. The antibodies are typically
harvested from the blood of the animal and purified as anti-
venom for treatment.
See also: Environmental Risk Assessment, Secondary
Poisoning; Poisoning Emergencies in Humans; Notorious
Poisoners and Poisoning Cases; Plants, Poisonous (Humans);
Plants, Poisonous (Animals); American Association of Poison
Control Centers.
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l Name: Antimony
l Chemical Abstracts Service Registry Number: 7440-36-0
l Synonym: Stibium
l Chemical/Pharmaceutical/Other Class: Metals
l Molecular Formula: Sb
l Valence States: 0, �3, þ3, þ5
Background Information

Antimony (Sb) has been known since antiquity, and its early
use as a cosmetic continues even today. Often mixed with lead
or other heavy metals, this mascara-type cosmetic is known as
kohl. Believed to possess powers to shield the eye from the sun
and disease, it served purposes in both cosmetics and mysti-
cism. Antimony has been found in many artifacts in the Middle
East, and seems to have been used in the creation of small
personal ornamentation or vessels.
Uses

Antimony is used in white metal, which is any of a group of
alloys having relatively low melting points. White metal usually
contains tin, lead, or antimony as the chief component (e.g., the
alloys Britannia and Babbitt). Antimony is used as a hardening
alloy for lead, especially in storage batteries and cables, bearing
metal, type metal, solder, collapsible tubes and foil, sheet and
pipe, semiconductor technology, and pyrotechnics. It is also
used in thermoelectric piles and for blackening iron or coatings.
Antimony-containing compounds are used in materials for
refrigerators, air conditioners, aerosol sprays, paints, and
flameproofing agents. Approximately half of the antimony used
in the United States is recovered from lead-based battery scrap.
Antimony is also used medicinally, e.g., antimony potassium
tartrate (APT) as an emetic and the more soluble pentavalent
antimony compounds such as sodium stibogluconate and
stibosamine as antiparasitic agents to different leishmaniasis
vectors. The pentavalent forms are more physiologically tole-
rated than the trivalent forms.
Environmental Fate and Behavior

Antimony is found naturally in the Earth’s crust and can be
released into the environment as windblown dust or sea spray
or from volcanic eruptions or forest fires. However, the emis-
sion of antimony into the environment is overwhelmingly the
result of human activity, with the emission of antimony
trioxide, tetroxide, and pentoxide forms being the most
significant. Antimony trioxide is emitted as a result of coal
burning, or with fly ash when antimony-containing ores are
smelted. Humans are exposed to low amounts of antimony
from the air, drinking water, and food contaminated with
soil. Antimony concentration in the atmosphere is thought to
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be 1.4–55 ngm�3. The more water soluble forms of antimony
are very mobile in aqueous media while the less soluble forms
of antimony are found attached to particles of soil, clay, and
sediment in rivers and lakes. The concentration of antimony in
the Pacific Ocean was found to be 0.2 mg l�1 and in the Rhine
river at 0.1 mg l�1. The trivalent state of antimony is the form
most often released by anthropogenic activities. In terms of soil
concentrations, it was reported by a US Geological Survey to be
less than 1–8 ppm in soil, with an average of 0.48 ppm. Studies
have estimated an exposure of less than 5 mg day�1 on average
from food and water and appears to be significantly higher
than exposure by inhalation. Antimony does not bio-
accumulate in food sources. The food contamination from soil
is thought to be in the low mg kg�1 wet weight range. Drinking
water contamination of antimony is thought to be from the
metal plumbing and fittings, in which case it is thought to be
the less toxic antimony(V) form. The US Environmental
Protection Agency standard for antimony in the drinking water
is 6 mg l�1. Occupational exposures to antimony as well as
therapeutic administration are more likely to be higher and
thus may produce toxic effects.
Exposure and Exposure Monitoring

The emission of antimony into the human environment is
overwhelmingly the result of human activity, with the emission
of antimony trioxide being the most significant source.
Antimony trioxide is emitted as a result of coal burning, or with
fly ash when antimony-containing ores are smelted. In addition,
medicines containing antimony are administered orally.
Antimony is present in food and drinking water, mostly in the
low mg kg�1 wet weight range or less, including vegetables
grown on Sb-contaminated soils. Daily oral uptake of Sb ranges
from 10 to 70 mg day�1 and appears to be significantly higher
than exposure by inhalation. Absorption is poor via the gastro-
intestinal (GI) route, though onset of symptoms is rapid if
sufficient exposure is reached and can result in death. Antimony
poisoning symptoms are quite similar to those of arsenic,
including vomiting, diarrhea, colic, and metallic taste, but it is
far less toxic. Due to the poor absorption of antimony by the GI
tract, exposure to antimony is primarily of concern via the
inhalation route, particularly in workplaces in which antimony
is used. Air concentrations of up to 10mg m�3 have been
recorded in workplaces where antimony is used, particularly
smelting works and abrasives production. Worldwide, airborne
antimony concentrations are approximately 0.001 mg m�3.
Toxicokinetics

Normally, antimony is absorbed slowly when ingested or
administered orally. Absorption of all valent states of antimony
in the GI tract is low with 5–20% absorption seen in animal
studies. Four people with involuntary intoxication of APT
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00815-0
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showed an absorption rate of 5%. Antimony is more readily
absorbed through the respiratory tract. Antimony can concen-
trate in lung tissue, the thyroid gland, the adrenal glands, the
kidneys, and the liver. The trivalent compounds of antimony
concentrate in the red blood cells and liver, and the pentavalent
compounds concentrate in the blood plasma. Both forms are
excreted in feces and urine, but generally, more trivalent
compounds are excreted in urine and more pentavalent
compounds in feces. Presumably by reacting with the sulfhy-
dryl groups, antimony can inhibit oxidative and phosphory-
lating enzymes like monoamine oxidase, succinoxidase,
pyruvate brain oxidase, and phosphofructokinase. Inhibition
of these enzymes can alter activities such as glucose metabo-
lism and nerve transmission. Ten percent of the trivalent form
is excreted by the kidney in 24 h; 50–60% of the pentavalent
form is found in the urine within 24 h.
Mechanism of Toxicity

The toxicity of Sb is a function of the water solubility and the
oxidation state of the Sb species under consideration. Anti-
mony(III) is generallymore toxic than antimony(V) and inorganic
forms are thought to be more toxic than organic forms. Stibane
gas (SbH3) when inhaled is the most toxic. Antimony toxicity
often parallels that of arsenic, although antimony salts are less
readily absorbed than arsenic. It is presumed that antimony, like
arsenic, complexes with sulfhydryl groups of essential enzymes
andother proteins. By analogy, antimony canuncouple oxidative
phosphorylation, which would inhibit the production of energy
necessary for cellular functions. Antimony’s trivalent compounds
are more toxic than its pentavalent compounds.
Acute and Short-Term Toxicity (or Exposure)

Animal

Minimal intraperitoneal lethal dose for rats injected with anti-
mony metal was shown to be 10mg 100 g�1 weight. Animals
showed dyspnea, weight loss, hair loss, and myocardial insuf-
ficiency. Post mortems showed cardiac lesions with liver and
spleen damage. Death was attributed to myocardial edema. The
LD50 for APT in rabbit and rats is about 115mg kg�1 and about
600mg kg�1 inmice. A study where 400mg kg�1 APTwas given
to mice and rats for 14 days showed stomach and liver lesions.
Human

Accidental poisonings can result in acute toxicity, which
produces vomiting and diarrhea similar to arsenic poisoning.
Most information regarding antimony toxicity has been
obtained from industrial exposures. Occupational exposures
usually occur through inhalation of dusts containing antimony
compounds. Six workers exposed to antimony trisulfide (used
as a pigment and in match production) at concentrations
greater than 3.0mg m�3 in a factory that produces grinding
wheels experienced heart complications and died, and the rest
of the population working in the environment showed limited
cardiovascular changes. Inhalation of antimony hydride
(stibine gas) can lead to hemolytic anemia, renal failure, and
hematuria. Stibine gas is produced when antimony alloys
are treated with acids. Minimal oral lethal doses of APT in
children are thought to be 300mg and adults 1200mg.
Chronic Toxicity (or Exposure)

Animal

Rats exposed to a dose level of 4.2mg m�3 airborne antimony
trioxide dust for 1 year were reported to develop lung tumors;
at a dose level of 1.6mg m�3, lung tumors were not found.
Guinea pigs exposed to airborne antimony trioxide developed
interstitial pneumonia. Oral feeding of antimony to rats does
not induce an excess of tumors or teratogenesis.

Human

Inhalation of antimony compounds produces different effects at
different concentrations. Chronic inhalation of low concen-
trations causes rhinitis and irritation of the trachea. At high
concentrations, acute pulmonary edema occurs, and bronchitis
may occur (the bronchitis may lead to emphysema). Inhaled
antimony concentrates in lung tissue; as a result, pneumoconiosis
with obstructive lung disease has been recorded. The available
data on antimony as a human carcinogen are inconclusive.
In addition, a temporary skin rash, called ‘antimony spots,’ can
occur in persons chronically exposed to antimony in the
workplace. Reoccurring oral exposure to therapeutic doses
of antimony(III) was associated with optic nerve destruction,
uveitis, and retinal bleeding. The symptoms of exposure included
headache, coughing, anorexia, troubled sleep, and vertigo.
Immunotoxicity

Transient immunologic reactions, including tachyphylaxis
and anaphylactoid reactions, may occur. Increased poly-
morphonuclear neutrophils and cytokines have been measured
in persons exposed to zinc oxide fumes. Very little information
is available on the immunotoxicity of antimony.
Reproductive Toxicity

A few studies suggest that antimony can cause reproductive
toxicity. A study in rats given antimony trioxide at 209mg m�3

for 63 days inhibited the ability of two-thirds of the rats to
conceive. Rabbits given metallic antimony of 5–55mg every
other day for 30, 60, or 90 days showed an increase in abortions.
Women working at an antimony metallurgic plant where they
were exposed to antimony trioxide, antimony pentasulfide,
and metallic antimony showed higher rates of spontaneous
abortions and menstruation difficulties.
Genotoxicity

The compounds SbCl3 and SbCl5 were reported to be genotoxic
in the rec-assay with Bacillus subtilis. Sb(III)acetate enhanced the
simian-adenovirus-7-mediated transformation of SHE-cells,
and enhanced rates of chromosomal breaks in human
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leukocytes after treatment with APT. However, another study
showed that SbCl3 did not induce DNA/protein-crosslinks in
V79-cells and peripheral human lymphocytes. In a study done
on workers exposed to antimony trioxide, increased oxidative
damage to DNA was seen in the workers compared to controls,
though there was not an increase in sister chromatid exchange
or micronuclei. Overall, due to the lack of human studies,
antimony genotoxicity in humans is inconclusive.
Carcinogenicity

The International Agency for Research on Cancer categorizes
antimony as a possible carcinogen (group 2B). While
current data on carcinogenicity of antimony in humans have
been inconclusive, rat studies done with antimony trioxide
and antimony trisulfide have shown lung tumor formation.
An increase in the incidence of lung cancer has been
reported in workers exposed to APT dust, but not other
cancers.
Clinical Management

The oil-soluble BAL (British anti-Lewisite; 2,3-dimercaptopro-
panol) administered intramuscularly appears to be the anti-
dote of choice for antimony poisoning. The antidotal action of
BAL depends on its ability to prevent or break the union
between antimony and vital enzymes.
Ecotoxicology

Soil toxicity studies show EC20 values for the following
invertebrates: Enchytraeus crypticus (enchytraeid), 194mg kg�1

dry weight (dw); Folsomia candida (springtail), 81 mg kg�1 dw;
and Eisenia fetida (earthworm), 30 mg kg�1 dw. These values
are well above the background concentrations for antimony
in US soils.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial Hygie-
nists (ACGIH) and the Occupational Safety and Health
Administration (OSHA) in the United States have the following
airborne exposure limits:

OSHA Standard: Permissible exposure limit – 8 h time-
weighted average (TWA)¼ 0.5 mg m�3.

ACGIH threshold limit value: 8 h TWA¼ 0.5mg m�3

(antimony and compounds, as Sb). ACGIH classifies antimony
as a suspected human carcinogen.

In the United States, antimony is listed as a Clean Air Act
hazardous air pollutant generally known or suspected to cause
serious health problems. Antimony and its compounds are
listed as Clean Water Act toxic pollutants, subject to effluent
limitations. The Federal Drinking Water Standards is 6 mg l�1.
See also: Antimony Trioxide; Metals.
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Relevant Websites
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Toxicological Profile for Antimony.
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Background Information

Antimony trioxide (ATO) is a white, odorless, crystalline
powder. This amphoteric oxide is not readily soluble in water,
but will dissolve in sodium hydroxide solution or in mineral
acids. In nature, it is found as the orthorhombic mineral val-
entinite and the octahedral mineral senarmontite. ATO is an
industrial chemical produced worldwide with a 2005 produc-
tion estimate of 120 000 tons per year. Several processes are
used to produce ATO, with the most common being the
smelting of stibnite ore at very high temperatures to produce
a crude antimony trioxide, which is then further purified by
sublimation to separate out other components like arsenic
trioxide, a common contaminant in antimony ores.
Uses

Commercially, themost commonuse for antimony trioxide is to
provide flame-retardant properties to textiles, paper, rubber,
adhesives, and plastics. Added to ceramics and glass, ATO adds
opacity, hardness, and resistance to acids. It is also used as
a turbidifier in white enamel, pigments, and munitions and as
a catalyst in the production of polyethylene terephthalate (PET
plastic).
Environmental Fate and Behavior

Antimony trioxide is a form of antimony that is released into
the atmosphere primarily from human activities in high-
temperature industrial processes such as coal burning or with
fly ash when antimony-containing ores are smelted. Antimony
trioxide is the most significant form of antimony present in the
atmosphere. The combustion of products coated with ATO for
its flame-retardant properties and fossil fuel combustion will
also release ATO into the atmosphere. Antimony compounds
suspend to air particles and, with a half-life of 30–40 days in
the air, are capable of traveling long distances through the
atmosphere. Current estimates of atmospheric antimony are
around 0.001 mg m–3. ATO is a form of antimony that is rela-
tively insoluble in water. The presence of ATO in bodies of
water is due to its absorption onto clays, dirt, and other
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
sediment, especially in areas where sediments accumulate, such
where a contaminated river flows into a reservoir, lake, or river
bend. Soil persistence of ATO is expected to be higher near
production facilities or waste disposal sites.
Exposure and Exposure Monitoring

The most significant source of human exposure occurs occu-
pationally to workers exposed to dust and fumes such as in
ATO smelting plants, or in plants making or using antimony
trioxide in other ways. Occupational exposure to ATO occurs
mainly through inhalation, though mucociliary action may
cause gastrointestinal effects. Lung, eye, and dermal irritations
have been reported. Occupational exposure can be monitored
by urine testing.
Toxicokinetics

Animals fed ATO showed antimony in the thyroid, lungs,
adrenal glands, blood, heart, hair, spleen, kidneys, and liver.
Clearance from these tissues over time showed tissue-specific
differences, with slower clearance from blood, lungs, liver, and
spleen. In another study, ATO persisted the longest in the
thyroid. The low solubility of antimony trioxide causes anti-
mony trioxide particles to persist longer in lung tissue when
inhaled than other soluble forms of antimony. That ATO can
be absorbed through the lungs into the body is based on
evidence of finding elevated antimony concentrations in the
urine and blood of antimony smelting workers. Women
working in antimony smelting plants have shown elevated
antimony in placenta, cord blood, urine, and breast milk.
Evidence also shows a relatively long half-life of antimony
trioxide in the lungs of exposed workers. ATO has been
detected in the lungs of these workers long after exposure has
been terminated. Animal studies have shown that antimony
retention in the lungs depends on the size of the particle (with
larger particles being cleared more rapidly) as well as the
solubility of the antimony compound. While persistence of
antimony in lung tissue has been demonstrated in humans,
antimony trioxide is thought to be cleared from other affected
organs such as liver and kidney more rapidly. Trivalent anti-
mony readily leaves the plasma but remains in the circulation
bound to erythrocytes and is excreted in the bile after conju-
gation with glutathione.
Mechanism of Toxicity

Antimony (Sb) toxicity often parallels that of arsenic, although
antimony salts are less readily absorbed than arsenic. It is
presumed that antimony, like arsenic, complexes with sulfhy-
dryl groups of essential enzymes and other proteins. By
analogy, antimony can uncouple oxidative phosphorylation,
4-3.00816-2 277
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which would inhibit the production of energy necessary for
cellular functions. Mechanisms of toxicity of the ATO form of
antimony are not as readily apparent.
Acute and Short-Term Toxicity (or Exposure)

Animal

Antimony trioxide has an oral LD50 in rats of>20 000mg kg�1.
The relatively low toxicity of this compound is due to its
extremely low solubility in water. Mouse intraperitoneal
LD50¼ 172mg kg�1. Studies where cats and dogs were exposed
orally to ATO at 100mg kg�1 showed no toxic effects; however,
animal studies doneon acute exposure to ATOby inhalationdid
show toxicity. For instance, studies on guinea pigs exposed to
45mg kg�1 ATO by inhalation for 33–106 h exhibited intersti-
tial pneumonitis and fatty degenerationof the liver. Inconsistent
hematological effects of ATO inhalation on animals were also
reported. Antimony trioxide is a mild eye irritant in rabbits.
Human

In humans, the primary sites affected by antimony trioxide
acute toxicity are pulmonary and gastrointestinal. Other sites
affected are heart, liver, kidney, and mucous membrane. Anti-
mony spots have been reported, which is a rash consisting of
pustules and papules near sweat and sebaceous glands on skin.
Symptoms related to human exposure to antimony trioxide in
the workplace are mainly irritation of mucous membranes in
eyes, mouth, nose, throat, and upper respiratory tract. It has
been reported that smelter workers exposed to antimony
trioxide frequently experienced symptoms of rhinitis, pharyn-
gitis, laryngitis, gastroenteritis, pneumonitis, and bronchitis.
Other common symptoms listed were weight loss, nausea,
diarrhea, vomiting, and abdominal cramps. A particular inci-
dent was reported where numerous people became ill after
drinking lemonade that had been left in a white enamel tub
overnight. The illness was thought to have been caused by the
antimony trioxide that had leached into the acidic lemonade
from the tub. The tub contained 2.88% of antimony trioxide
while the resulting lemonade had 0.013% antimony. Acute
symptoms included nausea, vomiting, burning stomach pain,
and colic. Most recovered within 3 h.
Chronic Toxicity (or Exposure)

Animal

Given the prevalence of human occupational exposure to ATO,
numerous animal studies have been done to assess chronic ATO
inhalation exposure. Animals chronically exposed to antimony
trioxide showed myocardial damage and fatty degeneration of
the liver as well as incidences of anemia, decreased white cell
count, and polymorphonuclear leukocyte reduction. Chronic
exposure leads to reproductive and developmental effects.
Human

Antimony pneumoconiosis (or antimoniosis) is a frequent
outcome in workers chronically exposed to antimony trioxide
through inhalation. This often symptomless condition is char-
acterized by diffuse punctate spots of less than 1mm seen on
lung X-rays. A study done on workers in antimony smelting
plants who were exposed to ATO dust at antimony concentra-
tions of 0.08–138mgm�3 for 1–15 years showed no significant
problems with pulmonary function. Pneumoconiosis was
present in 3/13 of theworkers, with five additional workers with
suspected pneumoconiosis. Other studies done on people with
chronic occupational exposure to ATO showed that the number
of spots shownonX-rays correlatedwith the amount of time the
person was exposed and the concentration of ATO retained in
the lungs. They found these lung changes could occur only after
a few years of exposure to ATO. In another study, 51 workers
who worked at a smelting plant for 9–31 years and were
exposed to dust particles containing up to 88% antimony
trioxide and 8% antimony pentoxide showed pneumoconiotic
changes after 10 years of employment there. Themost common
symptom among workers was chronic coughing and frequent
symptoms included conjunctivitis, upper airway inflammation,
chronic bronchitis, chronic emphysema, and pleural adhesions.
No malignant lesions were found in this study.
Reproductive Toxicity

It was reported that women working in an antimony smelting
plant had higher incidences of spontaneous abortions, higher
rates of late stage abortions, higher rates of premature births,
and more gynecologic problems than a control group of
women. Fumes that the women were exposed to were thought
to contain mostly antimony trioxide with antimony penta-
sulfide and metallic dust. Other reproductive effects included
lower birth weights of the offspring and at 3months and 1 year.
Increases in antimony content of blood, urine, breast milk, and
placenta relative to control, unexposed group were noted.
Genotoxicity

The in vivo genotoxicity of antimony trioxide was studied using
single- and repeat-dose mouse bonemarrowmicronucleus tests,
and the rat liver unscheduled DNA synthesis assay. All three
studies were negative. In contrast, chromosomal damage by
antimony trioxidewas reported inmousebonemarrowcells after
repeat dosing but not after single dosing. Positive results were
observed with antimony trioxide in the in vitro cytogenetic assay
with human lymphocytes and the sister chromatid exchange
assay with V79-cells, but not in the L5178Ymutation assay. Thus
ATOmay be considered clastogenic with in vitro studies.
Carcinogenicity

Antimony trioxide has been classified by the American
Conference of Governmental Industrial Hygienists (ACGIH) as
group A2, a suspected human carcinogen and by the Interna-
tional Agency for Research on Cancer into group B2 (potential
carcinogen). In a rat study, doses of antimony trioxide as high
as 4.5mgm�3 delivered by inhalation for 12months did
not produce cancer. However, other studies did show
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increased lung tumors in rats exposed to 4.2mgm�3 antimony
trioxide 6 h day�1, 5 days week�1 for 1 year. The inconsis-
tencies in the animal studies as well as a lack strong evidence in
humans are the reasons behind these classifications. Studies
done by Health Canada suggest that ATO could be a ‘threshold
carcinogen.’ It may not cause lung tumors due to DNA effects,
but due to impaired lung clearance, particle overload, and
subsequent inflammatory response leading to fibrosis and
tumor formation.
Clinical Management

The oil-soluble BAL (British anti-Lewisite; 2,3-dimercaptopro-
panol) administered intramuscularly appears to be the anti-
dote of choice for antimony poisoning. The antidotal action of
BAL depends on its ability to prevent or break the union
between antimony and vital enzymes.
Ecotoxicology

ATO does exhibit some potential to persist in the environment,
especially in soils and aquatic sediments. The levels of ATO are
not thought to be high enough to be considered hazardous to
aquatic or terrestrial organisms. The potential for bio-
accumulation is low.

LD50 for Lepomis macrochirus (bluegill sunfish) is
>530mg l�1 96 h–1 and the LD50 for Pimephales promelas
(fathead minnow) is >833mg l�1 96 h�1.
Exposure Standards and Guidelines

USOccupational Safety andHealth Administration standard for
antimony: 0.5mgm�3 8 h exposure limit for 40 h workweek.
ACGIH threshold limit value: 8 h time-weighted average:
0.5mgm�3 (antimony and compounds, as Sb).

In the United States, antimony is listed as a Clean Air Act
hazardous air pollutant generally known or suspected to
cause serious health problems. Antimony and its compounds
are listed as Clean Water Act toxic pollutants, subject to
effluent limitations. The Federal Drinking Water Standard
is 6 mg l�1.

See also: Antimony; Metals.
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Relevant Websites
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Compounds CASRN
Diazepam
 439-14-5

CI N
Chlordiazepoxide
 58-25-3
Flurazepam
 17617-23-1

Clonazepam
 1622-61-3

Midazolam
 59467-70-8

Alprazolam
 28981-97-7
Chlordiazepoxide (CASRN : 58-25-3)
l Synonyms: Representative listed below
CI

NH

O

N

N

H3C

H3C

H3C
H

Flurazepam (CASRN : 17617-23-1)
Diazepam: Anxicalm®; Valium®; Trazepam®; 1-Methyl-5-phenyl-
7-chloro-1,3-dihydro-2H-1,4-benzodiazepin-2-one; 7-Chloro-
1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one

Chlordiazepoxide: Librium®; Angirex®; Elenium®; 3H-
1,4-Benzodiazepin-2-amine, 7-chloro-N-methyl-5-phenyl, 4-oxide;
7-Chlor-2-methylamino-5-phenyl-3H-1,4-benzodiazepin-4-oxide

Flurazepam: Flurazepam®; Dalmane-R®; Dalmadorm®; 7-Chloro-1-
(2-(diethylamino)ethyl)-5-(2-fluorophenyl)-1,3-dihydro-2H-
1,4-benzodiazepin-2-one; 7-Chloro-1-(2-(diethylamino)ethyl)-5-
(2-fluorophenyl)-1H-1,4-benzodiazepin-2(3H)-one

Clonazepam: Klonopin®; Clonex®; Solfidin®; 1,3-Dihydro-7-nitro-5-
(2-chlorophenyl)-2H-1,4-benzodiazepin-2-one; 2H-
1,4-Bbenzodiazepin-2-one, 5-(2-chlorophenyl)-1,3-dihydro-
7-nitro-

Midazolam: Versed®; Midazolamum®; Dormicum®; 8-Chloro-6-(o-
fluorophenyl)-1-methyl-4H-imidazo(1,5-a)(1,4)benzodiazepine;
8-Chlor-6-(2-fluorphenyl)-1-methyl-4H-imidazo(1,5-a)(1,4)
benzodiazepine

Alprazolam: Xanax®; Alpronax®; V; 8-Chloro-1-methyl-6-phenyl-4H-
s-triazolo(4,3-a)(1,4)benzodiazepine; 4H-(1,2,4)
Triazolo(4,3-alpha)(1,4)benzodiazepine, 8-chloro-1-methyl-
6-phenyl-
N

O

l Molecular Formula:
NCI
F
Diazepam: C –H –Cl–N –O (molecular weight 284.75)
16 13 2
Chlordiazepoxide: C16–H14–Cl–N3–O
 (molecular weight 299.76)

Flurazepam: C21–H23–Cl–F–N3–O
 (molecular weight 387.88)

Clonazepam: C15–H10–Cl–N3–O3
 (molecular weight 315.71)

Midazolam: C18–H13–Cl–F–N3
 (molecular weight 325.77)

Alprazolam: C17–H13–Cl–N4
 (molecular weight 308.77)
Encyclopedia of T
l Chemical Structure:
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00241-4
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Background

Benzodiazepines (BZD) are a very large family of central
nervous system (CNS) medications. This group consists of
diazepam, chlordiazepoxide, flurazepam, clonazepam, mid-
azolam, and alprazolam. Some of the brand names in this
category, Valium�, Dalmane�, Librium�, Klonopin�, Xanax�,
and Versed�, have been around for a long time. All BZDs are
classified as schedule IV controlled substances, capable of
causing dependence, tolerance, and abuse. Chronic exposure-
associated toxic effects are secondary to the presence of the
drug and metabolites and include depressed mental status,
ataxia, vertigo, dizziness, fatigue, impaired motor coordina-
tion, confusion, disorientation, and anterograde amnesia.
Paradoxical effects of psychomotor excitation, delirium, and
aggressiveness also occur. These chronic effects are more
common in the elderly, children, and patients with renal or
hepatic disease.

Diazepam (Valium�), a BZD derivative, is a frontrunner in
this family; it is very well known for its psycholeptic and
anxiolytic actions. It is a crystalline solid, very slightly soluble in
water, soluble in alcohol, and freely soluble in chloroform. It is
primarily used in treatment of anxiety disorders, seizures, and
status epilepticus. Liver cytochrome P450 enzymes metabolize
diazepam and very little unchanged drug is eliminated in the
urine. Hepatic n-demethylation results in the formation of the
active metabolite desmethyldiazepam (or nordiazepam). This
metabolite is hydroxylated to form oxazepam, which is conju-
gated to oxazepam glucuronide (minor metabolite is temaze-
pam). The main active substances found in blood are diazepam
and desmethyldiazepam. Urinary excretion of diazepam is
primarily in the form of sulfate and glucuronide conjugates,
and accounts for the majority of the ingested dose. Diazepam is
excreted in the breast milk in significant amounts and in sweat
in nanogram quantities. Valium is contraindicated in patients
with a known hypersensitivity to diazepam, pediatric patients,
and patients with myasthenia gravis, severe respiratory insuffi-
ciency, severe hepatic insufficiency, pregnancy, and sleep apnea
syndrome. Diazepam is not classifiable as to its carcinogenicity
in humans (Group 3). The most commonly encountered
adverse events are ataxia, euphoria (3%, rectal gel), incoordi-
nation (3%, rectal gel), somnolence, rash (3%, rectal gel), and
diarrhea (4%, rectal gel).

Chlordiazepoxide (Librium�) is metabolized extensively in
the liver and has a very long half-life. Besides its use as an
anxiolytic, it is also used in alcohol withdrawal syndromes. The
liver injury from BZD is probably due to a rarely produced
intermediate metabolite. As with other BZD, chlordiazepoxide
therapy is not associated with serum aminotransferase or
alkaline phosphatase elevations, and clinically apparent liver
injury from this BZD has been reported but is very rare. The
typical anxiolytic activity of the BZDs is mediated by their
ability to enhance gamma-aminobutyric acid (GABA)-medi-
ated inhibition of synaptic transmission through binding to the
GABAA receptor. Use of chlordiazepoxide in the United States
began in 1960s, and it enjoyed popularity for many years. It
is not a commonly prescribed BZD anymore, having been
replaced by other BZDs with more favorable pharmacokinetics,
half-life, and tolerance. The most common side effects of
chlordiazepoxide are dose related and include drowsiness,
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lethargy, ataxia, dysarthria, and dizziness. Tolerance develops
to most of these side effects and to the anxiolytic effects as well.
A few deaths have been reported at doses greater than 700 mg
with chlordiazepoxide.

Flurazepam (Dalmane�), also available in hydrochloride
form, is available in multiple generic forms and formerly under
the brand name of Dalmane�. Use of flurazepam in the United
States began in 1970 for the short-term management of
insomnia. Like chlordiazepoxide, flurazepam was an exten-
sively prescribed medication for sleep but no longer has the
same popularity. It is an orally administered BZD for treating
insomnia. Flurazepam exposure has not been reported to be
associated with serum aminotransferase or alkaline phospha-
tase elevations; clinically apparent liver injury from Flur-
azepam has been reported but is very rare. Flurazepam is
metabolized extensively in the liver to its active metabolite,
which is then excreted in the urine. The sedating and soporific
activity of this compound follows the BZD rules as described
previously. Flurazepam, is contraindicated during pregnancy
(US Food and Drug Administration (FDA) category X). Safety
and efficacy of flurazepam in children younger than 15 years of
age have not been established. The residual effects of a single
dose are more prominent after diazepam, lorazepam, and
nitrazepam than after flurazepam and triazolam. During
repeated administration, the effects of flurazepam may persist
for over 10 h.

Clonazepam (Klonopin�) was approved as an antiepileptic
agent in the United States in 1997; more than 20 million
prescriptions are filled annually. Clonazepam is currently
indicated for management of absence seizures and myoclonic
seizures in children as well as generalized seizure disorders in
both adults and children. Clonazepam is effective in status
epilepticus, but diazepam and lorazepam are preferable
because of their longer half-lives. Clonazepam is also used for
restless leg syndrome, dysarthria, tic disorders, panic disorder,
and acute mania. Side effects of clonazepam are dose related
and include drowsiness, lethargy, ataxia, dysarthria, and dizzi-
ness. Tolerance develops to these side effects, but tolerance may
also develop to the antiseizure effects. Clonazepam as with
other BZD is rarely associated with serum alanine transaminase
(ALT) elevations, and clinically apparent liver injury from clo-
nazepam is extremely rare formation. Overdose of clonazepam
may produce many adverse effects, such as, somnolence
(w37% of patients), confusion, ataxia, diminished reflexes, or
coma. FDA pregnancy risk factor analysis has categorized Klo-
nopin as category D. Klonopin metabolites are excreted by the
kidneys; to avoid their excess accumulation, caution should be
exercised in the administration of the drug to patients with
impaired renal function.

Midazolam (Versed�) acts at the level of the limbic,
thalamic, and hypothalamic regions of the CNS through
potentiation of GABA (inhibitory neurotransmitter), primarily
by decreasing neural cell activity in all regions of CNS. Anxiety
is decreased by inhibiting cortical and limbic arousal. Mid-
azolam promotes relaxation through inhibition of spinal
motor reflex pathway, and also depresses muscle and motor
nerve function directly. It also acts as an anticonvulsant and
augments presynaptic inhibitions of neurons, limiting the
spread of electrical activity. Midazolam has twice the affinity for
benzodiazepine receptors than does diazepam and has more
potent amnesic effects. It is short acting and roughly three to
four times more potent than diazepam. It may cause fetal
toxicity when administered to pregnant women, but potential
benefits from use of the drug may be acceptable in certain
conditions despite the possible risks to the fetus. Midazolam
crosses the placenta and is distributed into amniotic fluid in
animals and humans (FDA pregnancy category D). Midazolam
has been detected in maternal venous serum, umbilical venous
serum, umbilical arterial serum, and amniotic fluid in humans.
However, it is not known whether midazolam is distributed
into milk. It is primarily metabolized in the liver and gut by
human cytochrome P450 IIIA4 (CYP3A4) to its pharmacologic
active metabolite, a-hydroxymidazolam, followed by glucur-
onidation of the a-hydroxyl metabolite that is present in
unconjugated and conjugated forms in human plasma. The a-
hydroxymidazolam glucuronide is then excreted in urine. No
significant amount of parent drug or metabolites is extractable
from urine before beta-glucuronidase and sulfatase deconju-
gation, indicating that the urinary metabolites are excreted
mainly as conjugates. Midazolam is also metabolized to two
other minor metabolites: 4-hydroxy metabolite (about 3% of
the dose) and 1,4-dihydroxy metabolite (about 1% of the
dose) are excreted in small amounts in the urine as conjugates.
Decreased respiratory rate (23%) and apnea (15%) are the two
prime adverse effects.

Alprazolam (Xanax�) is an orally available benzodiazepine
used predominantly for therapy of anxiety and panic disorders.
Alprazolam came into use in the United States in 1981,
and more than 40 million prescriptions are filled every year.
Extended-release forms are available for this drug. The most
common side effects of alprazolam are dose related and include
drowsiness, lethargy, ataxia, dysarthria, and dizziness. Tolerance
develops to these side effects, but tolerance may also develop to
the anxiolytic effects. Alprazolam like other BZD is rarely asso-
ciated with serum ALT elevations, and clinically apparent liver
injury from alprazolam is extremely rare. Liver injury is usually
mild to moderate in severity and self-limited. Alprazolam is
metabolized in rat and human liver by P4503A1 and P4503A4,
respectively, to 4-hydroxy alprazolam (4-OHALP, pharmaco-
logically less active) and alpha-hydroxy alprazolam (alpha-
OHALP, pharmacologically more active), and relative amounts
of alpha-OHALP formed in the brain have been found to be
higher than in liver.

BZD overdose in adults frequently involves coingestion of
other CNS depressants, which act synergistically to increase
toxicity. The elderly and very young children are more
susceptible to the CNS depressant action. Intravenous admin-
istration of even therapeutic doses of BZDs may produce apnea
and hypotension. Dependence may develop with regular use of
BZDs, even in therapeutic doses for short periods, whereas
physical and psychological dependence when administered at
high doses for prolonged periods of time. If BZD are dis-
continued abruptly after regular use, then withdrawal symp-
toms may develop.

The clinical manifestations of the withdrawal syndrome
are similar to those associated with withdrawal of other
sedative hypnotic and CNS depressant drugs. The long half-
life and presence of active metabolites result in delayed
onset of symptoms. The symptoms include anxiety, insomnia,
irritability, confusion, anorexia, nausea and vomiting,
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tremors, hypotension, hyperthermia, and muscular spasm.
Severe withdrawal symptoms include seizures and death. The
treatment to prevent withdrawal andminimize any symptoms
is to slowly reduce the dose of diazepam over 2–4 weeks.
Uses

Anxiolytics are extensively used medications, primarily for
preoperative relief of anxiety, for conscious sedation, as
hypnotics in the treatment of insomnia, for short-term relief of
symptoms of anxiety, or for the management of anxiety
disorders. BZDs are also used for the management of agitation
associated with alcohol withdrawal, for their anticonvulsant
properties, and as skeletal muscle relaxants. BZDs are preferred
over barbiturates since these are less likely to produce tolerance
and physical dependence and are remarkably safe in large
suicidal doses.
Environmental Fate and Behavior

Most BZDs have identical environmental fate and behavior.
They are classified as schedule IV substances. Diazepam has
been discussed here. Diazepam’s release to the environment is
via its production and use as a tranquilizer. BZDs such as
diazepam may also be of natural origin, with research
showing their presence in mammalian brain tissue and in
various plant products. If released to air, an estimated vapor
pressure of 2.8 � 10�8 mmHg at 25 �C indicates diazepam
will exist in both the vapor and particulate phases in the
atmosphere. Atmospheric reaction generated by photochem-
ically produced hydroxyl radicals typically degrades vapor-
phase diazepam; the half-life for this reaction in air is
estimated to be 40 h. Particulate-phase diazepam will be
removed from the atmosphere by wet or dry deposition.
Diazepam does not contain chromophores that absorb at
wavelengths >290 nm, and therefore is not expected to be
susceptible to direct photolysis by sunlight. If released to soil,
diazepam is expected to have very moderate to low mobility
based on Koc values ranging from 192 to 630. Volatilization
from dry and moist soil surfaces is not expected to be an
important fate process. C14-labeled diazepam exhibited
a biodegradation half-life of greater than 365 days when
incubated using a water/sediment sample, suggesting that
biodegradation is not an important environmental fate
process. Volatilization from water surfaces is not expected to
be an important fate process based on this compound’s esti-
mated Henry’s Law constant. This group has moderate
potential for bioconcentration in aquatic organisms. Hydro-
lysis is not expected to be an important environmental fate
process since this compound lacks functional groups that
hydrolyze under environmental conditions. Occupational
exposure to diazepam may occur through inhalation and
dermal contact with this compound at workplaces where
diazepam is produced or used. Monitoring data indicate that
the general population may be exposed to diazepam via
dermal contact with contaminated water. Exposure to diaz-
epam among the general population may be also among
those administered the drug.
Toxicokinetics

As examples, diazepam and lorazepam are well absorbed
from the gut. Lorazepam taken orally reaches peak concen-
trations in approximately 2 h and has a 90% bioavailability.
Some of these agents are also absorbed quickly via intra-
muscular routes. Diazepam given intramuscularly reaches peak
concentrations within approximately 2 h. Plasma concentration
of the BZDs and their metabolites exhibits considerable inter-
patient variation. Onset and duration of action vary depending
on the BZD and the route of administration. BZDs are widely
distributed in body tissues and cross the blood–brain barrier.
Generally, BZDs and their metabolites cross the placenta. The
concentration of diazepam in fetal circulation has been reported
to be equal to or greater than the maternal plasma concentra-
tion. The drugs and their metabolites are distributed into milk.
BZDs and their metabolites are highly bound to plasma
proteins. Lorazepam possesses a protein binding capacity of 85–
91%, while diazepam is bound to proteins at 95–98%. Lor-
azepam is metabolized via the hepatic system via conjugation
and undergoes extensive and rapid metabolism, subject to
enterohepatic recirculation. Lorazepam’s major metabolite is
lorazepam glucuronide as 3-O-phenolic glucuronide. Diazepam
is metabolized via the hepatic system through P450 enzymes,
CYP2C19 and CYP3A4, undergoing extensive oxidation and
demethylation, as well as 3-hydroxylation and glucuronidation.
Metabolites of diazepam include 3-hydroxydiazepam (temaze-
pam) and 3-hydroxy-N-diazepam (oxazepam). A variety of
other BZD agents, including chlordiazepoxide, clorazepate,
flurazepam, quazepam, clonazepam, midazolam, alprazolam,
and triazolam, undergo a variety of metabolic processes and
form metabolites.

For example, about 70% of flurazepam is converted to
metabolites during its first pass through the intestine and liver.
There are at least six nonconjugated metabolites of the drug, of
which five are more potent in various activities than is flur-
azepam. The active metabolites in flurazepam are desalkyl-
flurazepam and N-1-hydroxyethylflurazepam; the active
substances in the blood include hydroxyethylflurazepam
(flurazepam aldehyde) and desalkylflurazepam. Clinically, the
desamino (group at position 1 converted to HOC2H4–) and
desalkyl (group at position 1 removed) metabolites are of
major significance. Not only are they an order of magnitude
more potent than is flurazepam in animal tests, but also they
reach higher concentration in plasma than does flurazepam.

Clonazepam, on the other hand, is rapidly and completely
absorbed after oral administration. Absolute bioavailability of
clonazepam is w90%. Plasma concentrations of clonazepam
peak within 1–4 h after oral administration. Clonazepam is
approximately 85% bound to plasma proteins. Clonazepam is
highly metabolized, with less than 2% unchanged. Clonaze-
pam is excreted in the urine. Biotransformation occurs mainly
by reduction of the 7-nitro group to the 4-amino derivative.
This derivative can be acetylated, hydroxylated, and glucur-
onidated. Cytochrome P450 isozyme CYP3A is thought to be
involved in clonazepam oxidation and reduction. The elimi-
nation half-life of clonazepam is typically 30–40 h. Clonaze-
pam kinetics are dose independent throughout the dosing
range. There is no evidence that clonazepam induces its own
metabolism or that of other drugs in humans.
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Mechanism of Toxicity

The advantage of using BZDs is that they have a larger thera-
peutic index. The exact sites and mode of action of the BZDs
have not been elucidated. Pharmacologically, these agents act
on the BZD binding site on the chloride channels of GABA, an
inhibitory neurotransmitter receptor in the CNS. Action on this
receptor increases the frequency of the chloride channel
opening, which hyperpolarizes the cells and prevents nerve
firing and stimulation. CNS depression results from this effect
via depression of the reticular activating system and spinal cord
reflexes. Allosteric interaction of central BZD receptors with
GABAA receptors and subsequent opening of chloride channels
are involved in eliciting the CNS effects of the drugs. These
drugs appear to act at the limbic, thalamic, and hypothalamic
levels of the CNS. In usual therapeutic doses, BZDs appear to
have very little effect on the autonomic nervous system, respi-
ration, or cardiovascular system. In mild to moderate toxicity,
CNS depression may occur, as well as respiratory depression,
especially when coingested with other sedative/hypnotic
agents. Symptoms of severe toxicity include respiratory
depression or arrest, coma, hypotension, and hypothermia,
especially with coingestion of other CNS-depressing agents.
These do not produce extrapyramidal side effects or interfere
with the autonomic nervous system function.
Acute and Short-Term Toxicity (or Exposure)

Animal

The toxic effects of diazepam, chlordiazepoxide, and nitraze-
pam on the spermatozoa of mice disclosed different types of
abnormalities involving both shape and size of the sperm head.
The incidences of abnormal sperm heads were significantly
high after diazepam treatment. All three drugs produced
maximum effects at week 6.

LD50 values for some of the well-known BZDs are as
follows:
Diazepam

LD50 rat oral 352–710 mg kg�1

LD50 mouse oral 48–278 mg kg�1

LD50 mouse s.c. 300 mg kg�1

LD50 mouse i.p. 47–220 mg kg�1

LD50 rat i.p. 46 500 mg kg�1

LD50 rat s.c. 6350 mg kg�1

LD50 mouse skin 800 mg kg�1

LD50 mouse i.v. 25 mg kg�1

LD50 mouse parenteral 150 mg kg�1

LD50 rabbit i.v. 9 mg kg�1
Chlordiazepoxide
LD50 rat oral 548 mg kg�1

LD50 rat i.p. 143 mg kg�1

LD50 rat i.v. 165 mg kg�1

LD50 mouse oral 260 mg kg�1

LD50 mouse i.p. 207 mg kg�1

LD50 mouse s.c. 392 mg kg�1

LD50 mouse i.v. 95 mg kg�1
Flurazepam

LD50 mouse i.p. 290 mg kg�1

LD50 mouse oral 870 mg kg�1

LD50 mouse i.v. 84 mg kg�1
Clonazepam

LD50 mouse i.p. 13 300 mg kg�1

LD50 rat i.p. 14 200 mg kg�1

LD50 mouse oral 2 g kg�1

LD50 rat oral >15 g kg�1
Midazolam

LD50 mouse i.m. 50 mg kg�1

LD50 mouse i.v. 50 mg kg�1

LD50 rat oral 215 mg kg�1

LD50 rat i.v. 75 mg kg�1

LD50 rat i.m. 50 mg kg�1
Alprazolam

LD50 mouse oral 1020 mg kg�1

LD50 rat oral >2000 mg kg�1

LD50 mouse i.p. 540 mg kg�1

LD50 rat i.p. 610 mg kg�1
i.p.: intraperitoneally; i.v.: intravenous; i.m.: intramuscular;
s.c.: subcutaneous.
Human

BZDs primarily target the CNS, causing respiratory depression
and consciousness. The BZDs have a low order of toxicity
unless ingested with other CNS depressants. Deep coma is rare.
The BZDs have been known to cause dose-dependent adverse
CNS effects. BZD overdosage may result in sedation, somno-
lence, impaired coordination, slurred speech, confusion, coma,
and diminished reflexes. Diplopia, dysarthria, ataxia, and
intellectual impairment are not uncommon. Hypotension,
seizures, respiratory depression, and apnea may also occur.
Although cardiac arrest has been reported, death from overdose
of BZDs in the absence of concurrent ingestion of alcohol and
other CNS depressants is rare. Outcomes are usually favorable
when used alone. Deep coma and other manifestations of
severe CNS depression are rare.

Anxiolytic and possibly paradoxical CNS stimulatory
effects of BZDs are postulated to result from release of previ-
ously suppressed responses (disinhibition). After usual doses
of BZD for several days, the drugs cause a moderate decrease in
rapid eye movement (REM) sleep. REM rebound does not
occur when the drugs are withdrawn. Stages 3 and 4 sleep is
markedly reduced by usual doses of the drugs; the clinical
importance of these sleep stage alterations has not been
established.

The onset of impairment of consciousness is relatively
rapid in BZD poisoning. Onset is more rapid following
larger doses and with agents of shorter duration of action.
The most common and initial symptom is somnolence. This
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may progress to coma Grade I or Grade II following very
large ingestions.

Classification of coma has been describes as follows:
Coma Grade I: Depressed level of consciousness, response to painful
stimuli, deep tendon reflexes and vital signs intact

Coma Grade II: Depressed level of consciousness, no response to painful
stimuli, deep tendon reflexes and vital signs intact

Coma Grade III: Depressed level of consciousness, no response to painful
stimuli, deep tendon reflexes absent. Vital signs intact

Coma Grade IV: Coma grade III plus respiratory and circulatory collapse

Source: IPCS-InChem.

Severe anaphylactic reactions following intravenous
administration of diazepam have been reported. Intravenous
formulations of lorazepam and diazepam may contain
propylene glycol, which may contribute to these types of
reactions. Effects are merely extensions of pharmacological
effects. Nausea, vomiting, dizziness, drowsiness, miosis, and
gastric distention may be seen. A few deaths have been reported
at doses greater than 700 mg with chlordiazepoxide.

There is a broad spectrum of signs and symptoms associated
with acute benzodiazepine toxicity. Lethargy, ataxia, nystagmus,
diplopia, amnesia, slurred speech, confusion, hypotonia,
hypotension, hypothermia, coma, respiratory depression, and
death have been reported. Rarely, paradoxical excitation may
occur at lower does. Toxic doses for each agent have not been
clearly established. When large doses of lorazepam have been
infused chronically, there are multiple reports of the develop-
ment of a syndrome consisting of a hyperosmolar state with
metabolic acidosis and cardiovascular compromise. This
syndrome has been attributed to propylene glycol, the diluent
in lorazepam.
Chronic Toxicity (or Exposure)

Animal

A number of repeated-dose studies have been carried out. In
general, toxic effects have not been remarkable. In a 3-month
study in rats and a 6-month study in dogs, some increase in
liver size was seen, together with an increase in blood choles-
terol; in the dogs an elevation of plasma alanine aminotrans-
ferase activity was observed. There was no increase in tumor
frequency after feeding diazepam to rats and mice for 104 and
80 weeks, respectively.
Human

Tolerance and psychological and physical dependence may
occur following prolonged use of BZDs. Such effects may occur
following short-term use of BZDs, particularly at high doses.
Drowsiness, ataxia, slurred speech, and vertigo may be seen on
dependence. Withdrawal symptoms, including anxiety, agita-
tion, tension, dysphoria, anorexia, insomnia, sweating, blurred
vision, irritability, tremors, and hallucinations, may be seen.
Milder withdrawal symptoms such as insomnia have also been
reported. Since some BZDs and their metabolites have long
elimination half-lives, withdrawal symptoms may not occur
until several days after the drug has been discontinued. With all
BZD agents, patients should be warned that development of
withdrawal symptoms may occur if using these agents on
a chronic basis. Patients may require a carefully designed
tapering regimen if they are to abandon BZD after chronic use.

Chronic use of flurazepam is often followed by tolerance
and decrease in effectiveness. The most common side effects of
flurazepam are dose related and include daytime drowsiness,
lethargy, and dizziness. Flurazepam and other BZDs are clas-
sified as schedule IV controlled substances, capable of causing
dependence, tolerance, and abuse. Only a few case reports of
acute liver injury from flurazepam have been published and
mostly before 1980. The latency to onset of acute liver injury
has varied from 2 to 6 months and the pattern of liver enzyme
elevations was cholestatic.

Among all BZDs, alprazolam is the most frequently
prescribed medication in several continents. It has also been
hypothesized that alprazolam is relatively more toxic than
other BZDs. The paradoxical effects associated with alprazolam
are aggression, rage, twitches, tremor, mania and agitation, and
hyperactivity. The other effects include slurred speech, suicidal
ideation, disinhibition, change in libido, skin rash, anterograde
amnesia, concentration problems, and urinary retention.
Clinical Management

Basic and advanced life-support measures should be imple-
mented as necessary. Gastrointestinal decontamination proce-
dures should be used as appropriate, based on the patient’s
level of consciousness and history of ingestion. Activated
charcoal can be used to adsorb the benzodiazepines however
significant CNS depression or coma are contraindications for
the administration of charcoal in a simple benzodiazepine
overdose due to the risk of aspiration. The patient’s level of
consciousness and vital signs should be monitored closely.
Obtunded patients with reduced gag reflex should be intubated
to prevent pulmonary aspiration. Respiratory support,
including oxygen and ventilation, should be provided as
needed. If hypotension occurs, it should be treated with stan-
dard measures including intravenous fluids, Trendelenburg
positioning, and dopamine by intravenous infusion. Forced
diuresis, hemoperfusion, and hemodialysis are of no value in
benzodiazepine toxicity. If withdrawal signs and symptoms
develop, treatment should focus on either benzodiazepine or
phenobarbital therapy with a gradual dose reduction.

Flumazenil (Romazicon) is a benzodiazepine antagonist,
which can reverse the CNS depressant effects of these agents. It
should be used with caution in acute intentional benzodiaz-
epine overdoses. Because acute benzodiazepine overdoses
generally result in only mild toxicity, it has limited clinical
utility in this setting. Flumazenil’s use in the acute benzo-
diazepine intoxicated patient may lead to an unnecessarily
long observation period after fumazenil’s infusion. This
observation is necessary to be certain that reoccurrence of
benzodiazepine toxic effects do not occur after flumazenil is
metabolized. Flumazenil must be used with caution in mixed
drug overdoses as seizures can develop, particularly if tricyclic
antidepressants have been coingested. Also, it can induce
potentially serious benzodiazepine withdrawal in dependent
patients.
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Reproductive Toxicity

BZDs should be avoided during the first trimester and at
delivery. Malformation and CNS dysfunction have been
described in infants born of mothers using BZDs during preg-
nancy. Both animal data and human epidemiological studies
suggest that BZDs are teratogens.
Mutagenicity

Diazepam has been reported to have mutagenic activity in
the Salmonella typhimurium tester train TA100 in the Ames
test, and to be genotoxic in a mouse bone marrow micro-
nucleus test. Little or no effect was seen in an assay for
chromosomal aberrations, performed in Chinese hamster
cells in vitro.
Carcinogenicity

There is no evidence of carcinogenicity in humans. In vitro
studies suggest that alprazolam, bromazepam, and lorazepam,
at concentrations equivalent to oral doses, exhibit statistically
significant genotoxicity in human lymphocyte cultures.
Exposure and Exposure Monitoring

Miscellaneous

This class of compounds includes the BZDs like diazepam
(Valium) and oxazepam (Serax), chlordiazepoxide (Librium),
flurazepam (Dalmane), clonazepam (Klonopin), midazolam
(Versed), alprazolam (Xanax), and triazolam (Halcion).
See also: Barbiturates; Neurotoxicity.
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Definition

Apoptosis (Ap oh’ tosis or A ‘pop tosis: Greek ‘apo,’ meaning
leaf; ‘ptosis,’ meaning falling off), a form of cell death, is
a genetically regulated self-orchestrated naturally occurring cell
death process that is active during the course of development
and induced during pathological conditions for the overall
benefit of the organism. In contrast, necrosis (necroh’ sis),
another form of cell death, typically affects groups of contiguous
cells, and an inflammatory reaction usually develops in the
adjacent viable tissue in response to the released cellular debris.
Introduction

Cell death is a necessary event in the life of a multicellular
organism. There are two major forms of cell death, designated
apoptosis and necrosis, with the former being the most
common cell death pathway. Since apoptosis is a result of
tightly regulated, genetically controlled, self-orchestrated
processes, it is often referred to as programmed cell death
(PCD). In contrast, necrosis is termed unprogrammed cell
death since it occurs accidentally in an unplanned manner. It
has recently been suggested that a third type of cell death,
termed apocrosis or aponecrosis, exists. Cells dying by this
mechanism display signs of both apoptosis and necrosis. This
is thought to arise from the incomplete execution of
biochemical cascades associated with apoptosis.

PCD was first described by C. Vogt in the middle of the
nineteenth century through observations on the morphology of
dying cells duringmetamorphosis in amphibians. By 1885, there
were numerous publications accounting similar morphological
changes in the tissues of metamorphosing insects. Studies per-
formed in the 1960s by Australian pathologist John Kerr on
ischemic liver injury reported the existence of two types of cell
death: what was then known as classical necrosis, and another
form, where scattered cells were converted into small round
masses of cytoplasm, often containing specks of condensed
nuclear chromatin. Kerr subsequently coined this newly discov-
ered type of cell death apoptosis. Since then, an enormous
amount of research has been performed investigating the cellular
and molecular mechanisms involved in apoptosis.

Apoptosis exists in a delicate and tightly controlled balance
with mitosis. Research done in the field of PCD in the past few
decades has produced a wealth of information regarding the
precise, highly controlled cellular and molecular events that
occur during apoptosis. The following sections aim to highlight
these processes and to share recent developments in the field.
What Is Cell Death?

Generally, cell death or loss of cell viability can be regarded
as an irreversible failure of vital cellular functions coupled
with irreparable structural damage. Therefore, cell death is
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
considered a near equilibrium terminal end stage, and can be
induced by a variety of physiological or nonphysiological
conditions, such as ischemia, hypoxia, exposure to certain
drugs and chemicals, immune reactions, infectious agents, high
temperature, radiation, and various disease states. Cellular
exposure to these conditions, either in vivo or in vitro, could be
either apoptogenic (apoptosisinducing) or necrogenic
(necrosis inducing). The biological and medical implications
of cell death are becoming increasingly evident as more infor-
mation is learned concerning these processes.
Morphology of Apoptosis

The assignmentof apoptosis as themechanisminvolved ina cell’s
death can be greatly facilitated by observing morphological
changes. These can be observed by light and electronmicroscopy.
A readily apparentmorphological change is a decrease in cell size;
the cytoplasmbecomesdenser and theorganelles aremore tightly
packed. Pyknosis, a classis signof apoptosis, also occurs, resulting
from condensation of chromatin. Histological staining usually
shows single cells or small clusters or cells. Subcellular changes
can be observed with electron microscopy.

A hallmark feature of apoptosis is plasma membrane
blebbing. This is followed by separation of cell fragments into
apoptotic bodies in a process called budding. The integrity of
the organelles is maintained at this point and an intact plasma
membrane encloses these apoptotic bodies. These are phago-
cytosed by macrophages, parenchymal cells, and neoplastic
cells and subsequently degraded in phagolysosomes. Apoptosis
usually does not yield to inflammation because apoptotic cells
or apoptotic bodies do not release cellular contents, are quickly
phagocytosed, and the engulfing cells do not produce inflam-
matory factors mediators in response to phagocytosis.

Apoptosis versus Necrosis

Apoptosis and necrosis occur via distinct mechanisms and give
different morphologies. However, it is not always easy to
distinguish between the two based on simple histological
observations. Necrosis is typically referred to as accidental cell
death and is an uncontrolled, passive process. Usually large
fields of cells are affected. In contrast, apoptosis is a tightly
regulated, energy-dependent process that usually affects indi-
vidual or clusters of cells.

Morphologically, necrosis is associated with cell swelling,
formation of cytosolic vacuoles, distended endoplasmic
reticulum, swollen or ruptured mitochondria, cytoplasmic
blebs, ruptured lysosomes, and eventual cell membrane
disruption. This results in the release of cytoplasmic contents
into the surrounding area, triggering inflammatory responses.

Despite these two paths of cell death having distinct mech-
anisms and morphologies, it is possible for a cell to undergo
both processes at once, in a hybrid cell death process. This is
referred to as the ‘apoptosis–necrosis continuum.’ Two features
influencing the position of this continuum are the availability of
4-3.00242-6 287
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caspases and intracellular ATP. The path by which a cell dies is
controlled in part by the nature of the death signal, type of tissue,
and the physiological environment (Table 1).
Biochemical Features of Apoptosis

Apoptotic cells display characteristic biochemical changes.
Protein cleavage, protein cross-linking, breakdown of DNA,
and phagocytic recognition are readily observed. Caspases,
which are ubiquitously expressed as inactive proenzymes, are
activated. This activation begins a protease cascade, where one
caspases activates another, and serves to amplify the apoptotic
signaling pathway, leading to rapid cell death.

Since their discovery several years ago, 10 major types of
caspases have been reported. These are broadly grouped into
initiators (caspases-2, -8, -9, -10), effectors or executioners
(caspases-3, -6, -7), and inflammatory caspases (caspases-1, -4,
-5). Additionally, several more caspases have been identified,
including caspase-11 (involved in cytokine maturation during
septic shock), caspase-12 (related to apoptosis caused by b-
amyloid), caspase-13 (a bovine gene), and caspase-14 (thought
to be important to embryonic development). Caspases have
proteolytic activity and can cleave proteins at aspartic acid
Table 1 Sequence of cellular events associated with apoptosis contrasted

Characteristic Apoptosis

Distribution Affects individual cells scattere
the tissue

Adhesion between cells and to basement
membrane

Lost early

Cellular morphology Chromatin condensation (karyo
by margination as large cres
periphery of the nuclear mem
fragmentation in large mass
See Figure 2b

Loss of cell volume (cytoplasm

Damage to organelles, e.g., mitochondrion Late (organelles mostly retain i
occasionally organellar swel
formation on cell surface ap
(organelles found in blebs)

DNA breakdown pattern Internucleosomal cleavage (lad
agarose gel)

Release of lysosomal enzymes Absent

Duration of biochemical and
morphological changes

Minutes to hours

Ultimate outcome Forms apoptotic bodies, occas
intact organelles

Cell removal Usually phagocytosis by all typ
nonresident cells

Inflammation Absent

Energy requirement and overall regulation Strictly energy dependent, very
signaling dependent, can eas
can be inhibited with difficul

Genomic control Strictly dependent

Scar formation Absent

Cellular osmotic regulation Intact
residues; the specificities of caspases are due to recognition of
nearby amino acids. Activation of caspases appears to send the
cell on an irreversible path toward cell death.

An additional biochemical feature of apoptosis is the
expression of specific cell surface markers that aid in the
phagocytic recognition of apoptotic bodies by adjacent cells.
One such marker is phosphatidylserine, normally facing
inward in the cell’s plasma membrane. During apoptosis,
phosphatidylserine is oriented to the outside of the cell, where
it is a well-known recognition ligand for phagocytes. Proteins
also serve as recognition markers, including annexin I and
calreticulin.
Apoptotic Mechanisms

Apoptosis is a tightly controlled, energy-driven process
involving a carefully orchestrated series of molecular events.
The cell death process can be divided into two stages: induction
and execution. The induction phase relies on death-inducing
signals to stimulate proapoptotic signal transduction cascades.
Induction of apoptosis has been shown to proceed by two
main apoptotic pathways: the intrinsic, or mitochondrial
pathway, and the extrinsic, or death receptor pathway. Recent
with those associated with necrosis

Necrosis

d throughout Affects massive and contiguous cells

Lost but late

rrhexis) followed
cents to the
brane;

es (convolution).

Irregular clumping of chromatin, pyknosis or
karyolysis, nucleolysis occasionally precedes
collapse of nuclear membrane; cells
occasionally maintain their boundaries with
some or no organelles. See Figure 2c

ic compaction) Very early swelling of cell, ballooning occurs
frequently

ntegrity),
ling and bleb
pear very late

Very early swelling of organelles; cells disintegrate
and lyse, appear chaotic, form blebs early
(organelles are not found in blebs)

der-like pattern on Random or irregular damage (appears as a smear
on gel)

Present

Hours to days

ionally containing Swelling, disintegration, dissolution

es of resident and Usually cells are not removed

Present

tightly regulated,
ily be delayed but
ty

Energy and signaling independent, occasionally
energy dependent, can be blocked prior to
irreversible changes (e.g., plasma membrane
leakage)

Usually independent

Present

Lost leading to cell swelling
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evidence suggests that these two are linked. It has been shown
that T-cells can initiate apoptosis through either granzyme A or
B. The events triggering apoptosis via the intrinsic, extrinsic,
and granzyme B pathways are different; however, the execution
of apoptosis uses the same biochemical machinery, the cas-
pases. Apoptosis induced by granzyme A utilizes a parallel,
caspase-independent pathway. Figure 1 outlines the major
events occurring during these apoptotic pathways.

Extrinsic Pathway
Apoptosis induced by these pathways is initiated by the activa-
tion of transmembrane receptors, known as death receptors, by
death ligands. This growing group of death receptors (and death
ligands) belongs to the tumor necrosis factor (TNF) receptor
superfamily and is characterized by the presence of extracellular
cysteine–rich domains. The death receptors have an intracellular
death domain which couples receptors to the apoptosis-
inducing machinery. Notable death ligands/receptors include
Figure 1 Schematic diagram showing possible apoptotic pathways. Inducti
granzyme pathways. Each pathway requires different stimuli and caspases to
activation of caspase-3, beginning the execution phase of apoptosis. Activation
and nuclear and cytoskeletal proteins. This gives rise to the classic cytomorpho
condensation, formation of cytoplasmic blebs, and apoptotic bodies. Phagocy
FasL/FasR, TNF-a/TNFR1, Apo3L/DR3, Apo2L/DR4, Apo2L,
DR5, lymphocyte-associated receptor of death, TNF-related
apoptosis-inducing ligand (TRAIL-R1), and TRAIL-R2. Activa-
tion of death receptors is controlled in many cases by the
inducible de novo expression of the respective death ligands such
as CD95L, TNF, or TRAIL. Besides death domains, there are also
death effector domains involved downstream of the process.

A classic example of the sequence of events in an extrinsic
pathway can be described by TNF-a and its receptor, TNFR1.
Upon binding of TNF-a to trimeric TNFR1, there is a recruit-
ment of cytosolic adapter proteins, including TNF receptor-1-
associated death domain protein (TRADD), Fas-associated
protein with death domain (FADD), and receptor interacting
protein (RIP). TRADD binds to the death domain of TNFR1.
After binding, FADD interacts with procaspase-8, inducing
autocatalytic activation to form the death-inducing signaling
complex containing active caspase-8. Subsequent activation of
caspase-3 triggers the execution phase of apoptosis.
on of apoptosis can be achieved via the extrinsic, intrinsic, and perforin/
initiate apoptosis. However, these initiation pathways all end with the
of endonucleases and proteases result in the degradation of nuclear DNA
logical changes seen in apoptotic cells, including cell shrinkage, chromatin
tosis of the apoptotic bodies is the final step.
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Perforin/Granzyme Pathway
A major pathway used to clear virus-infected or transformed
cells is the perforin/granzyme pathway. In this pathway,
sensitized cytotoxic T-lymphocytes (CTLs) and natural killer
cells secrete perforin, a protein that induces the formation of
pores in the plasma membrane of target cells. These pores
allow cytoplasmic granules containing the serine proteases
granzyme A and B (originating from the CTL) to enter the target
cell.

Granzyme B cleaves various proteins at an aspartate
residue and activates procaspase-10 and cleaves factors such
as inhibitor of caspase-activated DNAse (ICAD). Granzyme B
can directly activate caspase-3. It has also been shown that
granzyme B can use the mitochondrial pathway to amplify the
cell death signal, through cleavage of Bid and release of
cytochrome c.

Granzyme A plays a role in CTL-induced apoptosis through
the activation of a caspase-independent pathway. Granzyme A
causes DNA nicking by activating DNAse NM23-HI (a tumor
suppressor), and causing apoptotic DNA degradation. DNAse
NM23-HI plays a vital role in the prevention of cancer by
inducing tumor cell apoptosis.

Intrinsic Pathway
There are a variety of nonreceptor-mediated stimuli that can
trigger the intrinsic apoptotic pathway. These stimuli produce
intracellular signals that originate from the mitochondria and
act directly on cellular targets, and can act in either a positive
or a negative manner. Negative signals could be hormone or
growth factor deprivation, redox imbalance, radiation
(ultraviolet light, x-rays), chemotherapeutic drugs, toxins,
hypoxia, viral infection, and oxidative stress. These factors
cause a loss of apoptotic suppression and an induction of
apoptosis.

These stimuli cause changes in the inner membrane of
mitochondria. The mitochondrial permeability transition pore
opens, and this results in a loss of mitochondrial trans-
membrane potential, and leakage of proapoptotic proteins.
One group of such proteins, including cytochrome c, Smac/
DIABLO, and the serine protease HtrA/Omi, activate the cas-
pase-dependent mitochondrial pathway. A second group of
proteins, which include apoptosis-inducing factor (AIF),
endonuclease G, and, caspase-activated DNAse (CAD), are
released later during apoptosis, when the cell has committed to
die. AIF and endonuclease G behave in a caspase-independent
fashion and, upon release from the mitochondria, travel to the
nucleus and cleave chromatin and initiate chromatin conden-
sation (stage I). CAD also travels to the nucleus, where is it
cleaved by caspase-3 and initiates oligonucleosomal DNA
fragmentation and advanced chromatin condensation (stage II
condensation).

Execution Pathway
The intrinsic and extrinsic pathways are distinct in terms of how
they induce apoptosis, but they both end at the execution
phase. This phase of apoptosis is initiated by the activation of
the execution caspases. These caspases (caspases-3, -6, -7)
activate cytoplasmic endonucleases, which degrade nuclear
material, and proteases that break down nuclear and cyto-
skeletal proteins. The stereotypical, morphological, and
biochemical changes observed during apoptosis are caused by
degradation of substrates such as cytokeratins, PARP, the
nuclear protein NuMA, the plasma membrane cytoskeletal
protein alpha fodrin, and others.

Considered the most important executioner caspase, cas-
pase-3 can be activated by any of the initiator caspases, such as
caspase-8, -9, and -10. The inhibitor of endonuclease CAD,
ICAD, is cleaved by caspase-3. Active CAD then degrades
chromosomal DNA in the nucleus and induces chromatin
condensation. Caspase-3 also plays a role in the reorganization
and breakdown of the cell into apoptotic bodies.

The last stage in apoptosis is phagocytosis. This stage is
initiated by changes in membrane symmetry and external-
ization of recognition molecules, including phosphati-
dylserine. The emergence of phosphatidylserine on the
outside of the cell facilitates noninflammatory phagocytotic
recognition, which is efficient and results in no release of
cellular material.
Regulation of Apoptosis

These apoptotic mitochondrial events are controlled by
a family of proteins known as Bcl-2. In both pathological as
well as physiological conditions, Bcl-2 family gene products
have emerged as a critical regulator of apoptosis. For instance,
expression of the Bcl-2 protein has been shown to directly
prevent apoptosis by enhancing cellular antioxidant capacity,
possibly through scavenging reactive oxygen radicals, or indi-
rectly by counteracting oxidative stress. The other potential
mechanisms of this gene include a role in regulation of intra-
cellular calcium, nuclear transport, and control of signal
transduction pathways. Other members of the Bcl-2 family
include Bcl-X (Bcl-XL and Bcl-XS), Mcl-1, Bax, A1, Bag, Bak,
Bad, Bcl-w, and Ced-9.

Recently, the protein p53, referred to by many as the
‘guardian of the genome’ has received considerable attention
for its role in apoptosis. This is a tumor-suppressor protein that
helps organisms cope with DNA damage by either stalling cell
division or inducing cell death. The p53 tumor suppressor
limits cellular proliferation by inducing cell cycle arrest and
apoptosis in response to cellular stresses such as DNA damage,
hypoxia, and oncogene activation. Many apoptosis-related
genes that are transcriptionally regulated by p53 have been
identified. These are candidates for implementing p53 effector
functions. In response to oncogene activation, p53 mediates
apoptosis through a linear pathway involving Bax trans-
activation, Bax translocation from the cytosol to membranes,
cytochrome c release from mitochondria, and caspase-9 acti-
vation, followed by the activation of caspases-3, -6, and -7.
p53-mediated apoptosis can be blocked at multiple death
checkpoints, by inhibiting p53 activity directly, by Bcl-2 family
members regulating mitochondrial function, by blocking cas-
pase-9 activation, and by caspase inhibitors. Understanding the
mechanisms by which p53 induces apoptosis, and the reasons
why cell death is bypassed in transformed cells, is of funda-
mental importance in cancer research, and has great implica-
tions in the design of anticancer therapeutics. Table 2
highlights important pro- and antiapoptotic genes, and
Figure 2 depicts a schematic representation of apoptotic regu-
latory pathways.



Table 2 Summary of proapoptotic and antiapoptotic genes

Proapoptotic genes Antiapoptotic genes

Extrinsic pathways Intrinsic pathways Extrinsic pathways Intrinsic pathways

Death receptors Other factors Bcl-2 family Other factors Death receptors Other factors Bcl-2 family Other factors

FAS/CD95
TNFR1
TNFR2
Apo3/DR3
TRAILR1/DR4
TRAILR2/DR5
DR6

TRADD
TRAF2
DAXX
FADD
Caspase-8
Caspase-3
Caspase-6
Caspase-7

BAX
BAK
BCL-XS
BIK/NBK
BIM/BOD
BAD
BID
BLK
BOK/MTD
EGL-1
HRK
NOXA
PUMA

Cytochrome c
Smac/Diablo
AIF
Apaf-1
Endo G
Caspase-9
Caspase-3
Caspase-6
Caspase-7

TRAILR3/DcR1
TRAILR4/DcR2
DcR3

FLIP
FAIM
c-IAP1
c-IAP2
XIAP
NAIP
Survivin
Livin
ILP2
BRUCE

BCL-2
BCL-XL
BCL-W
BAG
MCL-1
A1/BFL-1
BOO/DIVA
NR-13
CED-9

c-IAP1
c-IAP2
XIAP
NAIP
Survivin
Livin
ILP2
BRUCE

A
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Figure 3 Light photomicrographs (PAS-stained; X1000) of liver sections showing architecture of a normal hepatocyte with a normal nucleus (Panel a:
see arrow), apoptotic hepatocyte with an apoptotic nucleus (Panel b: see arrow; in the vicinity of normal, damaged, and glycogen depleted hepatocytes),
and necrotic hepatocytes with necrotic changes (see Panel c: a liver cell with a nucleus with disintegrated cytoplasm and another liver cell without
a nucleus with disintegrated cytoplasm; arrows indicate both necrotic cells). Liver injury and apoptosis were induced by a single hepatotoxic dose of
acetaminophen (500 mg kg�1, intraperitoneal). Source: Ray and Jena, Arch. Toxicol. 73: 594–606, 2000; Ray, Proc. Soc. Free Rad. Res., 2004.

Figure 2 Overview of cellular pathways of apoptosis and survival. Apoptosis is triggered either by the binding of death receptors to their ligands
(extrinsic pathways) or by a variety of stresses including radiation and drugs (intrinsic pathways). Apoptosis is inhibited by three types of antiapoptotic
proteins (FLIPs, IAPs, and antiapoptotic Bcl-2 family members) and survival signals which are activated by growth factors and cytokines. The functions of
proteins in color: transcription factors (blue), caspases (purple), proapoptotic Bcl-2 family members (orange), antiapoptotic Bcl-2 family members
(brown), survival-related proteins (olive green), other apoptosis-related protein (rose), and other antiapoptosis-related factors (green). The meanings of
symbols are arrow (/), direct activation; consecutive arrows (//), multistep activation; zigzag arrow ( ), transcription activation; dashed arrow (......>),
translocation; and T-shaped line (t), direct inhibition. FLIP, FLICE (Caspase-8) inhibitory protein, and IAP, inhibitor of apoptosis.
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Histological Stages of Apoptosis

Tissues undergoing apoptosis proceed through four steps.

Step I: Cellular Shrinkage
The earliest changes observed include the loss of cell junctions
and other specialized plasma membrane structures such as
microvilli. In intact organs or tissues, a withdrawal mode from
the surrounding sets in. Typically, the cytoplasm begins to
shrink following the cleavage of lamins and actin filaments,
and in some instances cytoplasm becomes hypertrophied.
Step II: Nuclear or Chromatin Condensation
This is the most noticeable distinguishing feature of apoptosis,
which shows stereotypical changes. This stage goes through
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very complex biochemical andmolecular changes. At this stage,
chromatin condenses, fragments in an orderly fashion into one
or more large (or small) masses, and migrates toward the
periphery of the nuclear membrane (in many cases the nuclei
of apoptotic cells take on a ‘horse-shoe’ like appearance). As the
process continues, the nucleus breaks into several fragments.
Under an electron microscope, these fragments appear very
dense and dark in the near total absence or loss of volume
regulation of other organelles, such as the mitochondria. The
contraction of cytoplasmic volume is apparently associated
with loss of intracellular fluid and ions. Photomicrographs of
normal (Panel a), apoptotic (Panel b), and necrotic (Panel c)
liver cells are presented in Figure 3.

Step III: Cellular Fragmentation and Formation
of Apoptotic Bodies
Cells committed to apoptosis continue to shrink, packaging
themselves into a form that allows for easy engulfment by all
types of cells. The cell transiently adopts a deeply convoluted
outline and shows extensive surface blebbing. In order to
promote their phagocytosis by macrophages, apoptotic cells
often elicit biochemical changes on the plasma membrane
surface that appeal the macrophage response. One such change
is the translocation of phosphatidylserine from the inner leaflet
of the cell to the outer surface. Lysophosphatidylcholine
generated as a result of caspase-3-mediated activation of the
Ca2þ-independent phospholipase-A2 renders cells vulnerable
to phagocytosis. Membrane changes can often be observed
morphologically through the appearance of membrane blebs
or blisters which often appear toward the end of the apoptotic
process. Subsequently, the cell breaks up into several
membrane bound smooth-surfaced ‘apoptotic bodies’ that
contain a variety of tightly compacted organelles and some
nuclear fragments. Under the microscope, appearance of
apoptotic bodies is a common feature used by trained
pathologists to identify apoptosis in any tissue.

Step IV: Phagocytosis of Apoptotic Cells or Bodies
Apoptotic bodies show a great diversity in size, and shape, and
there is no limit to the number of apoptotic bodies formed
from one cell. Apoptotic bodies are typically phagocytosed by
‘professional phagocytes’ (macrophages) or neighboring cells
serving as ‘semiprofessional’ phagocytes (glomerular mesangial
cells, Kupffer cells, or liver cells). These phagocytic cells are
responsible for removing apoptotic cells from tissues in a clean
and tidy fashion that avoids many of the problems associated
with necrotic cell death. Although professionally trained
engulfing cells are typically members of the reticuloendothelial
system (mononuclear phagocytes, such as macrophages,
phagocytes etc.), any other normal or abnormal cell capable of
phagocytosis may participate in cell clearance process. The
endocytosed apoptotic debris is rapidly degraded by a series of
enzymes within lysosomes, and the adjacent cells move around
or, if necessary, proliferate to replace the gap created by the just
deleted apoptotic cell.
Physiological Role of Apoptosis

Cell death by apoptosis has been reported in many organisms,
including plants, nematodes, insects, fish, birds, amphibians,
and mammals. Apoptosis plays critical role in development.
For example, many transitory organs and tissues are removed
by apoptosis, including phylogenetic vestiges in higher verte-
brates, tails and gills of insects, and the tail fin of tadpoles.
Additional biological architectures are shaped by apoptosis and
include limbs, the central nervous system, and many internal
organs.

The execution of apoptosis is of critical importance in the
survival of many organisms, and most cells appear to be
capable of undergoing PCD. Apoptosis occurs in most tissues
in an organism and on a regular basis. For instance, a cell
whose DNA is damaged by ultraviolet radiation from sunlight
is either repaired or jettisoned via apoptosis-assisted peeling.
Apoptosis is the mechanism by which natural killer cells
nonspecifically kill virally infected cells, stimulating the infec-
ted cell to undergo PCD. Additionally, without selective
destruction of self-recognizing T-cells, animals would lack
cellular immunity. These beneficial aspects of apoptosis are
responsible for removing an estimated 50–70 billion cells daily
from the average human adult. Indeed, the requirement of
death to support life is a vital, if not paradoxical, biological
theme.
Pathological Role of Apoptosis

Aberrations in normal apoptotic functioning can be detri-
mental to organisms and have been implicated in a number of
diseases. Cancer, for example, is a result of too little apoptosis.
Cancer cells typically have mutations in key genes that allow
them to ignore normal cellular signals that control growth. The
result is uncontrolled proliferation and the formation of
tumors.

There are diseases that are the result of too much
apoptosis. In neurodegenerative disorders, such as Alz-
heimer’s disease and Parkinson’s disease, apoptosis is thought
to be responsible for much of the cell death and loss of
neurons. Apoptosis also plays a role in many autoimmune
diseases. For example, in rheumatoid arthritis, proliferation of
synovial cells is thought to result from resistance to apoptotic
stimuli.

As apoptosis plays a large role in the development and
progression of numerous diseases, exploiting this cell death
process has large therapeutic potential. Selectively inducing
cancer cells to undergo apoptosis would provide a treatment
for cancer. Modulating apoptosis in various parts of the body,
such as the joints, muscles, and central nervous system, would
be beneficial to the treatment of autoimmune, inflammatory,
neurodegenerative disorders, and viral infections.
Toxicology and Apoptosis

The interaction of toxicants and apoptosis is complex and the
mechanisms of interaction are likely to differ among different
toxicants. The apoptosis-inducing potential of a variety of
drugs, chemicals, and carcinogens has been intensively inves-
tigated from a mechanistic standpoint. Decades of research
have focused on the ability of carcinogens to induce cell
transformation; however, although it is not entirely true, many
investigators share the notion that carcinogens antagonize (or
alter) or mutate the apoptotic pathway and improve the



Table 3 Examples of apoptosis inducers

Drugs/chemicals Physical insults Microbes Cytokines Withdrawal from trophic factors

Acetaminophen, ethanol,
chloroform, CCl4, furosemide,
dimethylnitrosamine,
doxorubicin, chemotherapeutic
agents, glucocorticoids,
glutamate, calcium, azide,
hydrogen peroxide, propanollol,
TCDD, okadaic acid, lead nitrate,
vincristin, vinblastin, TPA, PMA,
BAP, PAHs, quinones, free
radicals (superoxide, hydroxyl)

Neutrons,
X-rays, b-rays,
g-rays,
ultraviolet-
radiation, heat
shock

HIV-1, Sindbis Baculo virus,
Influenza virus-A,
Human Papilloma virus,
Reo virus, Epstein–Barr virus,
Escherichia spp., Yersinia spp.,
Salmonella spp.,
Propionibacterium spp.,
Fungal toxins (ochratoxin A and
fumonisins)

TNF-a,
TGF-b,
Several interleukins

Glucose, growth factors (interleukin-2,
interleukin-3, interleukin-10,
interleukin-13, granulocyte-
macrophage colony stimulating
factor, granulocyte stimulating
factor, fibroblast growth factor,
transforming growth factor b1,
neurotrophic factor), hormones
(estrogen, androgen, progesterone,
ACTH)
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chances of cell survival. On the contrary, many carcinogens are
powerful inducers of apoptosis. These issues have been
addressed at great length during the recent years. A short list of
classic apoptogens is listed in Table 3. Treatment of cells with
certain pharmacologic agents may not result in either classic
apoptosis or classic necrosis. The formation of micronuclei,
aberrant mitoses, a mitotic arrest, and other cellular perturba-
tions can result in cell death that may be nonapoptotic/non-
necrotic in nature.
Assays for Apoptosis

Apoptosis proceeds as a result of a tightly controlled signaling
cascade that is regulated at numerous points. As such, it is
possible to assay the activities of the proteins involved. Since
many features of apoptosis and necrosis overlap, it is often
crucial to utilize more than one assay to confirm that apoptosis
is the cell death mechanism. Typically, assays are chosen that
evaluate an early and a late apoptotic event. These experiments
evaluate cytomorphological alterations, measure DNA frag-
mentation, detect caspases, cleaved substrates, regulators,
inhibitors, membrane alterations, and employ mitochondrial
assays.

Common experimental techniques used in the detection
of apoptosis include flow cytometry, fluorescence micros-
copy, DNA fragmentation assay, agarose gel electrophoresis,
bright field and electron microscopy, TUNNEL assay (Tdt–
Utp Nick End Labeling), western blot analysis, and DNA
microarray.
Summary

Apoptosis is a process of cell death that follows a series of
carefully controlled, energy-driven events. Apoptotic cells are
recognized by distinct biochemical and morphological
features that separate them from necrotic cells. Caspases are
thought to be instrumental to induction and execution of
apoptosis. A large amount of information is known regarding
the key biochemical, molecular, and genetic processes that
operate during apoptosis; however, there is much to learn
about the regulation and interactions of the many compo-
nents involved. An understanding of the molecular mecha-
nisms of apoptosis is crucial because this process of PCD plays
a vital role in physiology, pathophysiology, organ toxicity,
and cancer. This is the only known cell death process that can
be turned on or off and/or delayed by maneuvering specific
genes. Several clinical trials are in progress to control cancer
via regulation of apoptosis.

See also: Cell Cycle.
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l Name: Aramite
l Chemical Abstracts Service Registry Number: 140-57-8
l Synonyms: Aracide; (RS)-2-(4-tert-butylphenoxy)-1-

methylethyl 2-chloroethyl sulfite; 2-Chloroethyl
2-[4-(1,1-dimethylethyl)phenoxy]-1-methylethyl sulfite;
2-(p-Butyl phenoxy)-1-methylethyl-2-chloroethylsulfite;
Sulfurous acid, 2-(p-t-butylphenoxy)-1-methylethyl-
2-chloroethyl ester; Orthomite

l Molecular Formula: C15H23ClO4S
l Chemical Structure:
Background

Aramite is a synthetic chlorinated hydrocarbon with molecular
weight of 334.87 and density of 1.143 at 20 �C. It is a clear,
light-colored oil with melting point of 37.3 �C and boiling
point of 175 �C at 0.1 mm Hg. The technical grade aramite is
a dark amber liquid. Aramite is soluble at 0.000 1% (practically
insoluble) in water but is miscible in many organic solvents. It
was sold as mixture in organic solvents at different strengths for
further dilution and use. Aramite was used as a pesticide
(acaricide) to control mites in plants and animals. Aramite was
initially introduced to market around 1950. It was mostly used
between 1950 and 1954 in greenhouses in the United States. Its
manufacture and use were voluntarily discontinued due to its
carcinogenic potential according to a US Environmental
Protection Agency (EPA) notice dated 12 April 1977. However,
there are reports of bans of aramite use in a few European
countries, in 1987 (Lithuania), 1996 (Poland), and 1999
(Estonia). There is no information on the production, import,
registration, marketing, stockpiling, and use of aramite in
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Russia. Occupational exposure through dermal contact and
inhalation was possible during its use.
Uses

Aramite was formerly used in control of mites (miticide) in
citrus fruits, vegetables, and animals. Active mite stage was
most sensitive to aramite toxicity. The death inmites was due to
paralysis and disorganized movements of appendages, leading
to detachment from the plant. Insects and mites other than
Tetracychidae are not as sensitive to aramite. Mites exposed in
the field to up to 21 applications were not found to develop
resistance in mites, unlike other organochlorines where insects
develop resistance rapidly. Aramite is rendered inactive when
mixed with lime and other alkaline materials. Aramite was used
in combination of other pesticides to control a wide range of
mite species.
Environmental Fate and Behavior

Aramite can be released directly into the environment through
its use as an acaricide (miticide); however, this use has been
discontinued. If released to soil, aramite is expected to have no
mobility. Volatilization frommoist soil surfaces is not expected
to be an important fate process based on an estimated Henry’s
Law constant of 1.9 � 10�7 atm m3 mol�1. Biodegradation
data for aramite are not available, and if released into water,
aramite is expected to adsorb to suspended solids and sedi-
ments based upon the estimated Koc of 2.0 � 10þ4. Volatili-
zation from water surfaces is not expected to be an important
fate process based on this compound’s estimated Henry’s Law
constant. Aramite’s potential for bioconcentration in aquatic
organisms is very high. Functional groups of aramite are
susceptible to hydrolysis; however, insufficient data are avail-
able to predict the relative importance or occurrence of chem-
ical or biological degradation processes in water or soil.
Aramite is hydrolyzed by alkalies and may contribute to
degradation in soil or water. If released into air, aramite is ex-
pected to be physically removed by wet and dry deposition
processes.
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Exposure and Exposure Monitoring

Although exposure through oral consumption of contaminated
vegetables and fruits is possible, it should no longer be
occurring since the use of aramite has been discontinued
voluntarily on the basis of carcinogenicity according to the US
EPA. Occupational exposure through dermal contact and
inhalation of aerosols and dusts is possible during application.
Toxicokinetics

The information on the extent and rate of absorption of ara-
mite is not available. However, indirect evidence from toxicity
studies suggests that aramite is absorbed in the stomach in
rodents and dogs. Limited pharmacokinetic from a single study
in rat indicates that aramite is metabolized to at least two
compounds and eliminated in urine. One of them was iden-
tified as 1-(p-tert-butylphenoxy) 2-propanol. The above
suggests that one of the sulfite ester bonds in aramite is
hydrolyzed during metabolism. No further information on
distribution and excretion of aramite is available.
Mechanism of Toxicity

Aramite causes mutation in glutathione-S-transferases (GST)
gene GSTM1 that encodes enzyme involved in its detoxifica-
tion. The mutation can impact the activity of enzyme and lead
to toxicity. Aramite causes increase in enzymes in rat plasma
indicative of liver and intestinal damages, including glutamic
oxaloacetic transaminase (GOT), glutamic pyruvic trans-
aminase (GPT), acid phosphatase (ACP), and alkaline phos-
phatase (ALP) activities.
Acute and Short-Term Toxicity

Animal

A large oral dose causes central nervous system depression
of long duration in laboratory mammals. The principal
autopsy finding was hemorrhagic syndrome particularly
involving the lungs. Undiluted aramite and its concentrated
solution are irritating to the skin and conjunctiva of
experimental animals. Aramite has been found to give
electroretinographic indications of intoxication of retinal
photoreceptors when injected into mice and when applied
to the eyeball. The oral LD50 is 3.9 g kg�1 in rats and guinea
pigs, and 2 g kg�1 for mouse.
Human

Acute exposure to aramite in an undiluted formmay cause skin
and eye irritations.
Chronic Toxicity

Animal

Aramite causes increase in enzymes in rat plasma indicative of
liver and intestinal damages, including GOT, GPT, ACP, and
ALP activities. It causes mutation in GST gene GSTM1 that
encodes enzyme involved in its detoxification. Carcinogenic
potential in rats was evaluated at doses 100, 200, 400, 500,
1580, and 5000 ppm (mg kg�1 diet) in diet for 2 years in two or
more studies. At 5000 ppm, all rats died by 96 weeks of treat-
ment. In mice, carcinogenicity was evaluated at 100, 200, and
400 ppm in diet. Increased incidence of liver tumors and/or
neoplastic nodules in three strains of male and female rats and
in one strain of a male mouse and extrahepatic biliary system
tumors (e.g., bile duct adenomas) were noted in dogs following
chronic oral exposure. In mice, hepatomas were reported.
Aramite was not found to be carcinogenic upon dermal
application in mice at up to 10 mg aramite in acetone. The
mean survival time of low dose versus control mice was 452
versus 386 days.

Carcinogenicity of aramite was also evaluated in a 3.5 year
study in dogs. The animals in this study were dosed aramite in
diet at 0, 500, or 828–1420 ppm. Neoplastic nodules in liver,
cancer of biliary system, and adenosarcomas of gall bladder
and extrahepatic ducts were reported.
Human

This compound is classified as a probable human carcinogen
(classification B2) based on increased tumors in animals and
insufficient human data. No data are available on the number
of workers who were actually or potentially exposed to ara-
mite during its manufacture and formulation. The lowest
published lethal dose/concentration in humans is
429 mg kg�1.
Reproductive Toxicity

Chronic exposure to aramite at 1580–5000 ppm in diet in rats
decreased F0 pups body weights at weaning. The survival during
lactation of F0 and F1 pups was decreased in rats fed with
5000 ppm and in F2 rats fed with 500, 1580, and 5000 ppm.
The F0 rats fed with aramite at 5000 ppm failed to develop
pregnancies, without affecting the indices of fertility and
reproduction in all three F0, F1, and F2 generations.
Genotoxicity and Carcinogenicity

Aramite was negative in a dominant lethal effect assay for
genotoxicity following a single intraperitoneal dose of
200–500 mg kg�1 in mice. Aramite is classified as a Group B2
carcinogen (probable human carcinogen) by US EPA based on
data from animal bioassays. This classification is based on the
increased incidence of liver tumors and/or neoplastic nodules
in strains of rats and mice, and tumors of extrahepatic biliary
system in dogs. No carcinogenic data for aramite are available
for humans.
Clinical Management

Common practices used in the event of poisoning include,
for example, skin decontamination for dermal exposure
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with soap and water, irrigation of eyes with copious amount
of saline in ocular exposure, and moving the subject to fresh
air in the event of exposure via inhalation. In the event of
oral poisoning, if detected soon after ingestion, attempts
could be made to induce vomiting to expel the stomach
content and the aramite, followed by medical attention. If
significant time has passed, then immediate medical atten-
tion should be sought. Chemical analysis of an appropriate
sample will help confirm the aramite poisoning. Gas chro-
matography and mass spectrophotometry methods are used
for analysis.
Exposure Standards and Guidelines

Aramite was voluntarily canceled on the basis of carcinoge-
nicity in a notice dated 12 April 1977, thereby revoking any
tolerance established for aramite or its residues. Reference dose
for aramite for chronic oral exposure is 0.05 mg kg�1 day�1 and
a reportable quantity for chronic (noncancer) toxicity was set at
1000 ppm.
Ecotoxicology

Aramite inhibits the germination and growth of petunia pollen
tubes of terrestrial flora at 1000 ppm.

Aramite concentrations of 0.9 ppm in mites can cause acute
toxicity in birds. However, young birds such as bobwhites,
Colinus virginianus, Japanese quails, Coturnix c. japonica, and
ring-necked pheasant can consume dietary levels of 5000 ppm
for 5 days without mortality.

The 96 h LC50 of aramite generally ranged from 43
to 387 mg l�1 in fish species such as Daphnia magna,
Gammarus fasciatus, rainbow trout, and bluegill. Shorter 26 h
LD50 for water flea is 0.069 mg l�1. The 48 h EC50 forD. magna,
Caldoceran, and Serrasalmus serrulatus is 0.16–0.18 mg l�1. The
96 h LC50 for scud, Gammarus lacustris, is 0.06 mg l�1.
Miscellaneous

Aramite is a clear, light-colored liquid with a melting point
of �31.7 �C and a boiling point of 175 �C at 0.1 mm Hg.
It is noncorrosive and has a specific gravity of 1.145 at
20 �C. It is practically insoluble in water and is miscible
with many organic solvents. When heated to decomposi-
tion, it emits highly toxic fumes of chlorides and oxides of
sulfur.
See also: Pesticides.
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Chemical Profile

l Name: Aristolochic Acids
l Unless otherwise specified, the term aristolochic acids refer

to a mixture of aristolochic acid I and its demethoxylated
derivative, aristolochic acid II.

l Aristolochic Acid I
l Chemical Abstract Service Registry Number: 313-67-7
l Chemical Abstract Service Name: 8-Methoxy-6-nitrophenan-

thro[3,4-d]-1,3-dioxole-5-carboxylic acid
l Synonyms: 3,4-Methylenedioxy-8-methoxy-10-nitro-1-

phenanthrenecarboxylic acid; 8-Methoxy-3,4-methylene-
dioxy-10-nitrophenanthrene-1-carboxylic acid; Aristinic
acid; Aristolochic acid A; Aristolochine

l Molecular Formula: C17H11NO7

l Structure:
l Aristolochic Acid II
l Chemical Abstract Service Registry Number: 475-80-9
l Chemical Abstract Service Name: 6-Nitrophenanthro[3,4-

d]-1,3-dioxole-5-carboxylic acid
l Synonyms: Aristolochic acid B; 3,4-Methylenedioxy-10-

nitrophenanthrene-1-carboxylic acid
l Molecular Formula: C16H9NO6

l Structure:
Background

Aristolochic acids (AAs) are a group of nitrophenanthrene
carboxylic acids which occur in a variety of plants of the genus
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Aristolochia and Asarum. Although a variety of AAs exist
(including AA I, Ia, II, III, IIIa, IV, IVa), the main representative
members of this group of phytochemicals are AA I and AA II, as
they have been the compounds which have been studied the
most, and are found in the highest concentrations in the plants
where AAs occur.

The toxic nature of these compounds was raised to inter-
national attention after cases of toxicity in humans occurred
in Belgium in the early 1990s. Severe renal damage was noted
in over 100 persons in that country, who used a Chinese
medicine for weight loss. The product in question was meant
to contain the plant Stephania tetrandra (family Menisperma-
ceae), but instead contained Aristolochia fang ji (family
Aristolochiaceae).

Human cases of renal toxicity similar to those in Belgium,
and associated with the use of herbal medicines containing
AAs, have been noted elsewhere in Europe, and also in Asia and
North America. The toxicity caused by the AAs was originally
termed Chinese herb nephropathy (CHN). As a result of the
severe toxicity caused by AAs, many countries have either
banned the use of plants containing these chemicals or severely
restricted their use (e.g., only allowed in extremely dilute
homeopathic products). The term CHN has now been replaced
with the more general term ‘aristolochic acid nephropathy’
(AAN).

Interest in AAs has also arisen due to the fact that they have
been implicated in Balkan endemic nephropathy (BEN),
speculated to be due to the contamination of flour made from
wheat contaminated with the seeds of Aristolochia clematis.
Uses

AAs have no industrial use. They are constituents of certain
plants that have been used medicinally since ancient times. The
use of plants of Aristolochia and Asarum species in traditional
medicine is varied and ranges from use in childbirth, fever,
snakebites and scorpion stings, infection, inflammation, and
diarrhea. AAs themselves have also been reported to have
antiviral and antibacterial effects, and also antitumor effects.
Human trials were conducted in the 1960s for their potential
antitumor effects, but these studies were halted when renal
toxicity was observed. Other modern uses of the plant extracts
were discontinued once it became clear that the AAs were
mutagenic and carcinogenic. Purified AAs are also used for
research or reference standard purposes.
Environmental Fate and Behavior

AAs are not volatile and have melting points ranging from 281
to 286 �C. They are slightly soluble in water and soluble in
acetic acid, acetone, aniline, alkalis, chloroform, diethyl ether,
and ethanol, but insoluble in benzene and carbon disulfide.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01164-7
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AAs are present in many plant species growing in the natural
environment throughout the world. The compounds are
bound up in the plant tissue, so are not considered to be
problematic from the environmental point of view.

On the other hand, commercially available free AAs are
considered environmentally stable in nature and, therefore, they
may persist in the environment (water/soil) if inadvertently
released in sewers or waterways. However, the magnitude of use
of free AAs is very limited, and would not be of environmental
concern.
Exposure and Exposure Monitoring

Plants containing AAs are mainly used as herbal medicines. AAs
may also be found as a contaminant in other herbal products.
Exposure to AAs could occur either by the intentional use of
AA-containing plants or by the use of medicines in which some
ingredients have been substituted by plants containing AAs, or
where such plants have been mistakenly added.

The possibility for exposure to AAs in food also exists. It has
been suggested that contamination of wheat flour by Aristo-
lochia species growing as weeds adjacent to wheat fields might
be responsible for BEN. Indeed, seeds of A. clematitis have been
found commingled with wheat grain during harvest in regions
where BEN is endemic. Because Aristolochia species are widely
distributed and wheat can be traded internationally, there is the
theoretical potential for exposure outside of the region of
harvest; however, no literature exists on this subject. Further-
more, there is no evidence published in the scientific literature
to show that bioaccumulation or biomagnification of AAs
within a food chain is of any significance.

Although occupational exposure to AAs has not been
documented in the published scientific literature, herbalists
or gardeners may be potentially exposed to AAs while using
AA-containing plants. Oral exposure from these sources would
be negligible; however, dermatitis has been observed from
direct contact with the leaves of some AA-containing plants.

Regulatory agencies have not established allowable levels
of AAs in food or therapeutic products as these constituents are
widely prohibited for human use by international regulators.
For instance, the European Agency for the Evaluation of
Medicinal Products warned European Union Member States to
“take steps to ensure that the public is protected from exposure
to AAs arising from the deliberate use of Aristolochia species
or as a result of confusion with other botanical ingredients.”
Exposure has been reduced in many (but not all) countries due
to strict regulation of AA-containing herbs used in traditional
medicine. Such products continue to be used, however, and are
available for purchase over the Internet.
Toxicokinetics

Nodatawere foundon theabsorptionofAAs followingdermal or
inhalation exposure. This isnot surprising, since themain routeof
exposure in humans is by the oral route (i.e., the consumption of
herbal medicines). After oral administration, AAs appear to be
widely distributed, as evidenced by the finding of AA–DNA
adducts in the kidney, ureter, bladder, liver, stomach, small
intestine, brain, and lung of patients exposed to these substances.
Similarly, in rodent models, DNA adducts have been found in
the kidney, bladder, liver, brain, and lung. Adducts were also
noted in the forestomach of rodents administered AAs.

Phase I metabolism produces a number of metabolites of
AAs in experimental animals. Among the animals studied (rats,
mice, guinea pigs, rabbits, and dogs), the dog (beagle) is the
closest to the human, in terms of phase I metabolism. Although
definitive studies have not been conducted in humans, so far
only aristolactam I and II have been detected. The lactams are
produced by nitroreduction from AA I and II, respectively, and
their formation is catalyzed by both cytosolic and microsomal
enzymes. In experimental animals, O-demethylation and
denitration also occur. Despite interspecies differences in phase
I metabolites, all species produce aristolactams I and II, and
these are the compounds responsible for the carcinogenicity of
the AAs. Phase I metabolites of AAI in rats are excreted within
approximately 24 h. Metabolites of AAII remain present in
urine after 72 h. The aristolactams are excreted in both urine
and feces. Phase II metabolites in animals are primarily the
glucuronides of AAIa and aristolactam I.
Mechanism of Toxicity

The aristolactam metabolites of AAI and AAII are further meta-
bolized to cyclic N-acylnitrenium ions, which represent the
ultimate carcinogens (see Carcinogenicity, below). These ulti-
mate carcinogens are able to bind to DNA bases (specifically
purine nucleotides). The principle DNA adduct in humans is
7-(deoxyadenosin-N6-yl)aristolactam I (dA–AAI), but adducts
associated with deoxyguanosine also occur. Although AA–DNA
adducts can be found in various organs, the main toxicity in
exposed individuals is noted in the urinary tract in both experi-
mental animals and humans. These adducts are associated
with the urothelial carcinogenicity of the AAs, but there is also
speculation that they are responsible for the renal fibrosis that is
seen in AAN.

Postulatedmechanisms for the noncarcinogenic renal toxicity
include reduced capacity to repair renal tubular cell damage and
loss of blood vessels around the renal tubules (resulting in
hypoxia and tubular epithelial damage). Some evidence also
points to a transformation of renal tubular epithelial cells to
myofibroblasts. Evidence suggests that such effectsmaybe similar
in both experimental animals and humans exposed to AAs. AAs
have been linked to increased intercellular calciumwith possible
initiation of apoptosis. Mitochondrial perturbation may also
occur in renal tubular epithelial cells.

Further information on the genotoxicity and carcinogenicity
of the AAs is provided below.
Acute and Short-Term Toxicity

Direct contact with the leaves of Asarum canadense (Canadian
snakeroot or wild ginger) has been reported to cause dermatitis
in humans. It is unclear whether this effect is due to the
presence of AAs or other constituents.

Oral LD50 values for AAs in rats were found to be 203 and
184 mg kg�1 bw in males and females, respectively. By the
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intravenous route, the corresponding values were 83 and
74 mg kg�1 bw in males and females, respectively. Studies in
mice have shown lower LD50 values, suggesting some variation
in acute toxicity between rodent species.

Short-term toxicity in animals is noted in a variety of organs.
Oral administration of AAs has been shown to produce
hyperkeratosis and hyperplasia of the epithelium in the for-
estomach of rodents. Gastric mucosal fibrosis was noted in
rabbits. Changes in the forestomach of rats can be seen within
24 h of exposure, leading to papillomas in the epithelium after
14 days of exposure.

Hepatotoxicity is not a major effect produced by AAs. In oral
exposure, AAs are not themselves necrogenic; however, hepa-
tocellular necrosis occurs after intravenous administration to
experimental animals. AAs are also able to act as initiating
agents in rat liver.

The main toxicity seen in animals and humans is renal
toxicity. The carcinogenic aspect of this organ-specific toxicity is
discussed below. In animals, a single or short-term adminis-
tration of a mixture of AAI and AAII has been shown to cause
renal tubular necrosis, independent of the route of adminis-
tration. Oral, short-term, repeated exposure produces a dose-
dependent renal toxicity in animals, with doses ranging from
2.5 mg kg�1 bw (9 days) to 50 mg kg�1 bw (3 days). Most
effects are seen in the range of 20–30 mg kg�1 bw. Renal fibrosis
has also been observed in some (but not all) studies. Some
animal studies have shown long-term reversibility of renal
toxicity upon cessation of treatment. There is some evidence in
animals that the renal toxicity is due to AAI, but not AAII.

In humans, acute renal failure has resulted from excessive
use of some AA-containing herbal remedies, and renal toxicity
was noted after short-term administration in early clinical trials
of purified AAs as antitumor agents. It is interesting to note that
oral doses of AAs causing renal effects in humans (about
1 mg kg�1 bw) are lower than that which cause similar effects
in animals.
Chronic Toxicity

Long-term toxicity studies have been conducted in a variety of
animal species, using mixtures of AAI and AAII, AAI only, or
extracts of AA-containing plants. The main findings have been
tumor induction in a variety of organs. Tumors have been
consistently induced by AA exposure in the forestomach, renal
cortex, renal pelvis, and urinary bladder of rats. In the one-rat
study which used a simulated weight-loss regimen (mimicking
the human exposure to AAs from the Belgian slimming product
noted above), only forestomach tumors were observed. The
comparisonbetween studies ismadedifficult due to the variety of
test materials and routes of administration, and the sample sizes.
A single study in rodents (intraperitoneal route, up to 21 months
of exposure) demonstrated renal and gastric fibrosis.

In humans, long-term intake of AAs (e.g., from herbal
remedies) results in a characteristic syndrome of toxicity (AAN)
characterized by a rapid progressing nephropathy involving
extensive cortical interstitial fibrosis with marked loss of renal
tubules. Glomerular sclerosis is also a part of the pathological
picture of the condition. The severity of the condition has
resulted in patients undergoing hemodialysis and renal
transplantation. While the disease can progresses rapidly, end-
stage renal failure has been shown to occur months to years
after cessation of exposure to AA-containing herbal remedies.

See below for a discussion on the renal carcinogenesis
associated with the AAs.
Immunotoxicity

The amount of research into the effects of AAs on the immune
system is limited. AA (specific type unknown) has been
described as being able to stimulate immune reactions by
acting as a phagocytosis stimulating agent. Treatment of rats
with AA has been shown to significantly upregulate gene
expression in the kidney, related to immune response. Such
effects did not occur in the liver, which may contribute to the
organ-specific nature of the toxicity of the AAs. No research has
been conducted to systematically study specific immune effects
related to AA exposure in animals.
Reproductive Toxicity

Only a limited amount of information exists on the potential
reproductive effects of AAs. Some studies in rats (acute expo-
sure of a single high dose (200 mg kg�1 bw) of a mixture of AAI
and AAII) have shown a severe reduction in spermatogenesis,
regressive changes in the germinal epithelium, and degenera-
tion products in epididymal tubules. Dose-related testicular
degeneration has also been noted after 4 weeks of exposure to
5 or 25 mg kg�1 bw AA in rats.
Genotoxicity

Both AAI and AAII are direct acting mutagens in Salmonella tester
strains TA100 and TA1537, but weakly mutagenic in strains
lacking nitroreductase activity. This observation matches with
the fact that the major metabolic route for the production of
aristolactams is nitroreduction. Only the nitro group of the AAs
is important for their mutagenicity in Salmonella.

The AAs are genotoxic mutagens. The aristolactam meta-
bolites of the AAs are metabolized to a cyclic N-acylnitrenium
ion that is able to form adducts with the purine nucleotides of
DNA. The major, and most stable of these adduct is dA–AAI.
AA–DNA adducts are found in many tissues of both animals
and humans exposed to AAs. The adduct dA–AAI is extremely
persistent, being present in human tissue at least 10 years after
exposure to AAs.

In rodents, the major DNA mutation is an A:T to T:A
transversion in one codon in the H-ras gene, a mutation that is
seen in all forestomach tumors in that species. In humans,
a similar transversion occurs in the TP53 tumor suppressor
gene in urothelial tissue.
Carcinogenicity

There is clear and unequivocal evidence that AAs are carcino-
genic to animals and humans. The International Agency for
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Research on Cancer has classified plant species of the genus
Aristolochia as being carcinogenic to humans (Group 1), and
naturally occurring mixtures of AAs to be probably carcino-
genic to humans (Group 2A). Urothelial tumors of the renal
pelvis, ureters, and urinary bladder are the most prominent
tumor type in persons exposed the AAs. Based on the Belgian
cohort of AA-exposed individuals, about 50% of those persons
affected by AAN developed urothelial tumors in the upper
urinary tract, within 6 years of exposure. The carcinogenicity
appears to be dose related; patients consuming 200 g of
AA-containing herbs had an increased risk of developing
cancer. Even so, the risk of cancer was increased in patients who
were exposed to AAs, but who lacked the characteristics of AAN.
Upper urinary tract cancers appear to be increasing in certain
regions of the world such as Taiwan, over the past two decades.
This increase has been suspected to be due to an increase in the
use of Aristolochia species to replace herbs in the traditional
Chinese medicine plant groups of Fang chi and Mu tong. These
substitutions were banned in China in 2003, and many
countries have banned the use of Aristolochia species in herbal
medicines except, in some cases, in highly dilute homeopathic
medicines, where no starting material would remain.
Clinical Management

The cessation of exposure to AA-containing products is unlikely
to result in a reversal of the toxic effects, as renal toxicity
and cancer have occurred in individuals who stopped using
AA-containing products months to years before a diagnosis.
Severe toxicity may result in hemodialysis or even renal trans-
plantation. As some patients developed urothelial cancer in the
absence of classic AAN symptoms, some authors have recom-
mend the removal of the kidneys and ureters of all patients
with AAN, even in the absence of urothelial tumors.
Ecotoxicology

Information is lacking on the ecotoxicology of the AAs. As these
compounds occur naturally in the environment, they are not
considered an environmental concern.
Exposure Standards and Guidelines

Exposure controls for AA have been set by a variety of
authorities. These authorities have set time-weighted average
values of between 5 and 15 mgm�3 for AAI as inert or nuisance
dust (total dust or respirable fractions).

As noted above, international regulatory authorities have
set limits to the types of allowable products that can contain
AAs or have banned them altogether.

See also: Carcinogenesis; Dietary Supplements; Kidney; Natural
Products; Plants, Poisonous (Humans).
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l Name: Adamsite (DM)
l Chemical Abstracts Service Registry Number: 578-94-9
l Synonyms: Diphenylaminearsine; Diphenyl-amino-

chlorarsine; 10-Chloro-5,10-dihydrophenarsazine; White
Cross Gas; Phenarsazine chloride (see Table 5)

l Molecular Formula: C12H9AsClN
l Chemical Structure:

N
H

As
Cl

Background (Significance/History)

Adamsite (DM) was first synthesized in 1915 by a German
chemist Heinrich Wieland, and again in 1918 by a US chemist
Robert Adams who named it adamsite. DM is a yellow-green,
odorless crystalline solid at room temperature with low vola-
tility. It is insoluble in water and relatively insoluble in organic
solvents.
Uses

DM has been used as a vomiting agent and as a riot-control
agent. It is considered insufficiently toxic for use in war, but too
potent for control of civilian disturbances. Thus, it was banned
in 1930 for use against civilians. Adverse health effects due to
exposure are generally self-limiting, resolving within 30 min,
and do not require specific therapy. Prolonged exposure or
exposure to high concentrations may result in more severe
adverse health effects, serious illness, or death. DM has found
extensive use as a pesticide for treatment of wood against
insects.
Environmental Fate and Behavior

DM has an estimated Koc value of 5750 which indicates a lack
of mobility once it is released into sediment. Also, its volatility
from moist soil and water is not expected to be significant. Its
environmental fate is based upon its estimated Henry’s law
constant of 3.3 � 10�8 atm-m3 mol�1. DM was reported to
y Deceased.
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hydrolyze slowly under alkaline conditions to bis(diphenyla-
minoarsine)oxide in moist alkaline soils. DM is not expected to
volatilize from dry soil surfaces based upon its vapor pressure
of 2 � 10�13 mmHg at 20 �C. With such low vapor pressure,
once released into air it will exist as particulates at ambient
pressure and could be removed from air through wet and dry
deposition. DM release into water will be expected to adsorb to
suspended solids and sediment based upon its estimated Koc.
DM’s effect on aquatic life could be extrapolated from its esti-
mated bioconcentration factor (BCF) value of 263, which
indicates high potential for accumulation in aquatic organisms.
There are no available data for arsenical vomiting agents on
their biodegradation. The hydrolysis of solid DM is generally
considered negligible due to the formation of an oxide coating.
However, in the aerosol state it hydrolyzes more rapidly. DM
lacks chromospheres capable of light absorption beyond
290 nm, which makes it less susceptible to undergo photolysis
when exposed to sunlight.
Exposure and Exposure Monitoring

Arsenical vomiting agents typically are disseminated as aero-
sols. Normally DM is a solid, but upon heating it vaporizes
and then condenses to form an aerosol. It is toxic through
inhalation, ingestion, and skin contact. It irritates the eyes and
respiratory tract, but not necessarily the skin. The primary
route of absorption is through the respiratory system. The
effects of the vomiting agents by any route of exposure are
slower in onset but have prolonged systemic effects. As a
result of this delay, less early warning signs are present and as
such exposure to large amount of vomiting agents is possible.
Systemic signs and symptoms subsequently follow the initial
irritation and could consist of headache, nausea, vomiting,
diarrhea, abdominal cramps, and mental status changes.
These signs and symptoms often last for several hours after
exposure.

Since arsenical vomiting agents are banned from use,
human exposure to them is rare and no literature report was
found past the 1960s addressing human exposure. However,
potential human exposure to arsenical vomiting agents could
be possible due to laboratory accidents, terrorist attacks, or
military conflicts. Moreover, there are few reported studies
dating back to 1922–58 in which human subjects were exposed
to dosages ranging from 4.6 to 144 mg min m�3. The majority
of exposures occurred by inhalation and typically led to
symptoms of ocular, nasal, and respiratory tract irritation.
Nonspecific gastrointestinal symptoms (e.g., vomiting or diar-
rhea) were also observed. In those studies dating from 1922 to
1958, a few human subjects were exposed to DM agents at
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00587-X
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different concentrations not exceeding the maximum safe dose
of 100 mg min m�3. The human subjects were then examined
before, immediately after, and 2–4 days after exposure. It was
determined that the concentration necessary to produce
irritation in 50% of the subjects (ECt50) at 2 min
was 38 mg min m�3 for DM. The 3 min ECt50 value was
19 mg min m�3 for DM. The Ct value for DM agent that is
necessary to cause nausea and vomiting was estimated at
370 mg min m�3. The accidental DM agent exposure of
22 sleeping men in barracks had been cited. The estimated re-
ported concentration was 1130–2260 mg min m�3, for expo-
sure duration of 5 min (by a first source) or 30 min (by
a second source). For a 5-min exposure, the dosage was esti-
mated to be 5650–11 300 mg min m�3 and for a 30-min
exposure, it was 33 900–67 800 mg min m�3. This event
resulted in one death from the DM inhalation. The postmortem
findings were severe airway and lung damage, similar to those
observed with death from chloroacetophenone (CN) exposure.
Another source reported severe pulmonary injury and death
after accidental exposure to high concentrations of DM in
confined spaces, but no details were given.
Toxicokinetics

By any route of administration, the effects are slower in onset
but with prolonged systemic effects than that of typical riot-
control agents such as o-chloro-benzylmalononitrile (CS).
Vomiting agents are irritants upon initial exposure. The slow
onset for DM allows for the absorption of much more DM
before a warning is perceived. The estimated threshold
concentrations for irritation of the throat, lower respiratory
tract, and initiation of the cough reflex are 0.38, 0.50, and
0.75 mg m�3, respectively.
Table 1 DM toxicity values

Species LCt50 (mg min m�3) Intravenous LD50 (mg kg�1)

Mouse 22 400 17.9
Rats 3700 14.1
Guinea pig 7900 2.4

Theoretical dose calculated from respiratory volume, LCt50, and estimated percent
retention.

Table 2 Derived AEGL values for DM6

Time

AEGL 1

(discomfort)

AEGL 2

(impaired escape)

AEGL 3

(life threatening/death)

10 min 0.20 mg m�3 9.7 mg m�3 21 mg m�3

30 min 0.041 mg m�3 6.8 mg m�3 17 mg m�3

60 min 0.016 mg m�3 2.6 mg m�3 6.4 mg m�3

4 h 0.0022 mg m�3 0.36 mg m�3 0.91 mg m�3

8 h 0.00083 mg m�3 0.14 mg m�3 0.34 mg m�3
Mechanism of Toxicity

DM’s primary action is on the upper respiratory tract,
causing irritation of the nasal mucosa and nasal sinuses,
burning in the throat, tightness and pain in the chest, and
uncontrollable coughing and sneezing. It also causes eye
irritation and burning, with tearing, blepharospasm, and
injected conjunctiva.

DM is more toxic than other riot-control agents; the LCt50
for humans has been estimated to be 11 000 mg min m�3. The
amount that is intolerable for humans has been estimated by
some to be 22 mg min m�3 and by others to be
150 mg min m�3. The threshold for irritation in humans is
about 1 mg m�3, but some people have tolerated exposures of
100–150 mg min m�3.

This class of compounds is unique among the riot-control
agents because the effects do not appear immediately on
exposure or seconds afterward, but rather several minutes later.
The other characteristic of these compounds is that there may
be more prolonged systemic effects, including headache,
mental depression, chills, nausea, abdominal cramps, vomit-
ing, and diarrhea, which last for several hours after exposure.
The LCt50 necessary to cause nausea and vomiting has not been
established, but is estimated to be about 370 mg min m�3.
DM is considered less effective as a riot-control or incapa-
citating agent than CS and CN, and it has been conjectured that
there are greater differences in susceptibility among people to
DM than to the other agents. DM, like CS, is considered to be
a cholinesterase inhibitor, which may be responsible for its
lacrimatory effect. DM also has a direct effect on gastric activity,
but the evidence suggests that the lethal effect is respiratory
related.
Acute and Short-Term Toxicity

Various animal species including monkeys have been exposed
to DM. Following acute exposures, the animals exhibited
ocular and nasal irritation, hyperactivity, salvation, labored
breathing, ataxia, and convulsions.

Histopathology did not reveal any abnormalities at expo-
sure dosages of below 500 mg min m�3. At higher dosages,
animals that died or were killed demonstrated hyperemia of
the trachea, pulmonary congestion and edema, and pneu-
monia. These effects were consistent with exposure to
pulmonary irritants. DM toxicity for various animals and its
acute exposure guideline levels (AEGL) values are given in
Tables 1 and 2.

Monkeys have been exposed to varying concentrations and
durations and were examined after 3–30 h after exposure. At Ct
dosage of 2565 mg min m�3 no death was observed with any
monkey during the exposure examination period. The signs
and symptoms at this dosage included edema of trachea,
bronchial mucosa, and superficial tracheitis.

In monkeys a Ct of 8540mgminm�3 resulted in ocular and
nasal conjunctival congestion, facial erythema, and decreased
responses, all of which were resolved within 24 h. Exposure to
the high dosage of 28 765 mg min m�3 resulted in hyperac-
tivity, copious nasal discharge, conjunctival congestion,
marked respiratory distress, as well as gasping and gagging in
all the exposed monkeys. Eight of these exposed monkeys died
within 24 h of exposure. Necropsy of these animals revealed



Table 4 Comparative derived AEGL levels for arsenical vomiting
agents

AEGL-1 (nondisabling)

DM

(mg m�3)

ED

(mg m�3)

MD

(mg m�3)

PD

(mg m�3)

DA

(mg m�3)

10 min 0.2 NR NR NR NR

Table 3 Ecotoxicological data of arsenic warfare agents

Parameters Data References

Molecular weight 277.57 g mol�1

Ecotoxicology

Fish Not soluble SRC, 2002
PNEC 1 � 10�2 mg l�1 Voie et al., 2001

Accumulation

BCFestimated 262 SRC, 2002
Absorption/distribution

Solubility in water Not soluble Blanch et al.,
2001

Density 1.65 g cm�3 SRC, 2002
H 3.26 � 10�8 atm-m3 mol�1

Koc 5.75 � 10�3

Log Kow 4.05

PNEC, predicted no-effect concentration.
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congestion and extremely edematous lungs. Microscopic
examination revealed ulceration of the tracheobronchial tree
and pulmonary edema.

Studies were also conducted in which monkeys were
exposed to low target concentrations of 100 and 300 mg m�3

DM for 2–60 min and 2–40 min, respectively. The signs of
toxicity increased as the duration increased, characteristic
of exposure to irritants. At the maximum dosage of
13 200 mg min m�3, the animals exhibited nausea and vom-
iting, oral and nasal discharge, and conjunctival congestion.
Only blinking was noted below 1296 mg min m�3.

The effects of DM on the gastrointestinal tract were sug-
gested as a possible cause of death. Dogs were dosed both
intravenously and orally with lethal doses of DM, while central
venous pressure, right ventricular pressure, cortical electric
activity, alveolar CO2, respiratory rate, heart rate electrocar-
diogram, and gastric activity were monitored. DM caused
a marked elevation of both amplitude and rate of gastric
activity for 15–20 min, and then returned to normal.
Pretreatment with trimethobenzamide, an effective antiemetic
for peripheral and centrally acting emetics, did not prevent DM
gastric activity. However, pretreatment with chlorpromazine
was effective. The authors concluded that DM affects the
stomach directly, and that the primary cause of death following
exposure to DM is its effects on the lungs.

The effects of DM on the eyes and skin of rabbits were also
studied. DM was suspended in corn oil and instilled into the
eyes of rabbits in doses of 0.1, 0.2, 0.5, 1.0, and 5.0 mg. No
effect was observed at 0.1 mg, but mild conjunctivitis was
observed at 0.2 mg. At 0.5 mg, mild blepharitis was also seen.
Corneal opacity persisted over the 14-day observation period
in rabbit eyes that were dosed with 1.0 and 5.0 mg. Corn oil
suspensions of DM (100 mg ml�1) were placed on the clipped
backs of rabbits at doses of 1, 10, 50, 75, and 100 mg. Necrosis
of the skin was observed at 10 mg and higher. The skin sensi-
tization potential of DM in guinea pigs was negative.
30 min 0.041 NR NR NR NR
1 h 0.016 NR NR NR NR
4 h 0.0022 NR NR NR NR
8 h 0.00083 NR NR NR NR

AEGL-2 (disabling)

DM
(mg m�3)

ED
(mg m�3)

MD
(mg m�3)

PD
(mg m�3)

DA
(mg m�3)
Immunotoxicity

There is no direct study reported in literature that addresses DM
immunotoxicity; however, several studies reported showed that
arsenic-containing compounds decreased significantly the
hemoglobin level, total erythrocyte count, and total leukocyte
count in animals.
10 min 9.7 0.17 0.63 0.37 1.1
30 min 6.8 0.057 0.14 0.12 0.79
1 h 2.6 0.029 0.053 0.061 0.39
4 h 0.36 NR 0.015 NR 0.098
8 h 0.14 NR 0.0063 NR 0.049

AEGL-3 (lethality)

DM
(mg m�3)

ED
(mg m�3)

MD
(mg m�3)

PD
(mg m�3)

DA
(mg m�3)
Reproductive Toxicity

No direct study of DM is available on its effect on the repro-
ductive system. However, study with arsenic compound such as
arsine gas, AsH3, showed no adverse impact on the develop-
mental reproductive system of mice.
10 min 21 0.52 1.9 1.1 3.4
30 min 17 0.17 0.42 0.37 2.4
1 h 6.4 0.086 0.16 0.18 1.2
4 h 0.91 NR 0.044 NR 0.3
8 h 0.34 NR 0.019 NR 0.15

NR, not reported.
Carcinogenicity

No available data showing the classification of DM in terms
of its carcinogenicity have been reported. However, other
arsenic-containing compounds such as arsine, AsH3, are
classified by the International Agency for Research on Cancer as
category-1, which is a carcinogenic classification to human in
terms of individual compound or in a mixture.
Clinical Management

Exposure to DM often occurs through inhalation and typically
leads to symptoms of ocular, nasal, and respiratory tract



Table 5 Nomenclature and molecular structure of arsenical vomiting agents

Common name Military designator Chemical name/synonyms CAS Structure

Adamsite DM Diphenylaminechlorarsine
Diphenylaminochloroarsine
Diphenylaminechlororarsin
Diphenylaminearsine
10-Chloro-5, 10-dihydrochlorphenarsazine
Phenarsazine chloride
5-Aza-10-arsenaanthracene chloride

578-94-9
N
H

As
Cl

Diphenylchloroarsine DA Diphenylchloroarsine
Diphenylarsinous chloride
Clark I
Blue Cross

712-48-1

Diphenylcyanoarsine DC Diphenylarsinouscyanide
Clark II

23525-22-6 N

C

As

Ethyldichloroarsine ED Ethyldichloroarsine 598-94-9 Cl

Cl
As

Phenyldichloroarsine PD Phenyldichloroarsine
Dichlorophenylarsine
Phenyl-arsenous dichloride

696-28-6 ClCl
As

Methyldichloroarsine MD Methyldichloroarsine
Methyl-arsonous dichloride
Dichloromethylarsine
Dichloridemethylarsine
Methyldichlorarsine

593-89-5

Cl Cl
As
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irritation. Also, gastrointestinal symptoms such as vomiting are
often observed with DM exposure. DM poisoning has a rapid
onset but signs and symptoms could take several minutes to
develop and could potentially last for hours. Rapid manifes-
tation of cough, nose and throat irritation, vomiting, or dysp-
nea is a strong indication of DM poisoning. There is no
diagnostic laboratory protocol to determine exposure to DM.
For further discussion refer to Centers for Disease Control
Emergency Preparedness and Response for DM.
Ecotoxicology

An estimated Koc value (distribution coefficient between
water and organic carbon) of 5.75 � 103 indicates that DM
will adsorb to sediments. DM is practically insoluble in
water. The agent hydrolyzes very slowly in water, where the
products are hydrochloric acid and bis(diphenylami-
noarsine)oxide. The decomposition product, bis(diphenyla-
minoarsine)oxide has similar toxicity as DM. The relevant
ecotoxicological reports in the literature address the Euro-
pean dumpsites after World War II. Large quantities of
chemical warfare agents of which one-third included arsen-
ical compounds were dumped in European waters after
World War II in an area within the Lithuanian economic
zone. A study conducted by the Lithuanian Center of Marine
Research showed that DM and other arsenical compounds
are preserved in the seabed. The same study suggested that
DM would spread very slowly from the chemical munitions
source and only contaminated local sediments. Such



Table 6 Chemical, physical, environmental, and biological properties of CS, CN, and DM

Properties o-Chlorobenzylidene malononitrile (CS) 1-Chloroacetophenone (CN) Diphenylaminearsine (DM)

Chemical and physical
Boiling point 310 �C 248 �C 410 �C with decomposition
Vapor pressure 0.00034 mmHg at 20 �C 0.0041 mmHg at approximately 20 �C 4.5 � 10�11 mmHg at 25 �C
Density
Vapor – 5.3a –

Liquid – 1.187 g ml�1 at approximately 58 �C –

Solid Bulk: 0.24–0.26 g cm�3

Crystal: 1.04 g cm�3
1.318 g cm�3 at approximately 20 �C Bulk: <1 g cm�3

Crystal: 1.65 g cm�3 at 20 �C
Volatility 0.71 mg m�3 at 25 �C 34.3 mg m�3 at approximately 20 �C Not of practical significance
Appearance/odor White crystalline powder

with pungent odor (pepper)
Fragrant (like apple blossoms) Yellow-green, odorless, crystalline

substance
Solubility
In water Insoluble Insoluble 0.0064 g/100 g at room temperature
In other solvents Organic solvents; complete Organic Best: acetone, 13.03 g/100 g at 15 �C

Environmental and biological
Detection No detector No detector No detector
Persistency
In soil Varies Short Persistent
On materiel Varies Short Persistent

Skin decontamination Soap and water Soap and water Soap and water
Biologically effective
amount
Aerosol (mg min m�3) LCt50: 60 000

ICT50: 3–5
LCt50: 7000–14 000
ICT50: 20–40

LCt50: 11 000–35 000
ICT50: 22–150; nausea, vomiting:
approximately 370

LCt50, the concentration.
aCompared with the density of air.
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observations could be used as indicators of leakage of
chemical warfare agents from dumped containers. The
concentrations for total arsenic in sediments have been re-
ported from 9 to 480 mg kg�1. The highest concentration
was found in the samples from the dumpsite in Skagerrak
(Netherlands), in which high concentrations of Clark I, tri-
phenylarsine, and bis(diphenylarsine)oxide were found in
the same samples. Also, at the Skagerrak dumpsite, the
arsenic concentration level of 18–210 mg kg�1 could be
found several centimeters below the bottom–water interface.
Deeper sediment horizons (10–11 cm) at the Gotland
(Liepaja-Latvia) dumpsite had elevated arsenic contents with
concentrations up to 100 mg kg�1. Arsenical compound
pollution was not observed in the upper layers of sediments
and in the bottom water at this site at the Gotland dump-
site. The aquatic life in the dumpsite area did not show
drastic changes in the presence of arsenical compounds and
data collected were not conclusive to provide definitive
correlation between aquatic environment and contamina-
tion by arsenical compounds including DM, see Table 3.
Other Hazards

Due to the fact that some arsenical vomiting agents have
uses in industries for various purposes, there is a concern
about their impact on environment and natural resources.
Their disposal should follow at all local, state, and federal
rules and regulations. This disposal is similar to ‘destruction
of chemical weapons,’ which includes conversion of
chemicals in an essentially irreversible way to a form
unsuitable and less toxic chemical by-products. For those
nonchemical warfare processes that use certain arsenical
agents, it is highly recommended to utilize alternative
chemical products with less inherent propensity for occu-
pational exposure or environmental contamination. Ulti-
mate disposal of the chemical must consider the material’s
impact on air quality; potential migration in soil or water;
toxicological impacts on human, animal, aquatic, and plant
life; and should conform to all environmental and public
health rules and regulations.
Exposure Standards and Guidelines

Table 4 represents the derived AEGL data collected from animal
exposure experiments.
Miscellaneous

Species Variability for AEGL Values

Although these derived AEGL values are based on results
from limited animal species exposed to arsenical vomiting
agents, the available data do not indicate variability in the
toxicodynamics of those agents across species. However, the
reported data from which those AEGL values are derived
indicate species variability but it is ambiguous to what
degree the variability can be attributed to varying experi-
mental parameters, protocols, and techniques (Tables 5
and 6).
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See also: Arsenic; Riot Control Agents; Chemical Warfare.
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l Name: Arsenic
l Chemical Abstracts Service Registry Number: 7440-38-2
l Synonyms: Arsen; Arsenic black; Gray arsenic; Arsenicals
l Molecular Formula: As
l Valence States: 0, 3þ, 5þ

l Chemical Structure: N/A
Background

The word arsenic has several derivations including from the
Syriac word (al) zarniqa ( ), the Persian word
zarnikh, ( خينرز ), and the Greek word arsenikon (Arsεnikón).
It is also related to the similar Greek word arsenikos
(Arsεnikó2), meaning ‘masculine’ or ‘potent.’ The word was
subsequently adopted into Latin as arsenicum and ultimately
into French and English as arsenic. Arsenic compounds have
been known since the days of Ancient Greece and Rome when
arsenic sulfide or orpiment (As2S3) was used by physicians to
heal and by murderers to poison. Arsenic compounds were
mined by the early Chinese, Greek, and Egyptian civilizations
who found it could be produced from its ores easily that made
it one of the first recognized as an element by early alchemists.
Alchemy existed from about 500 BC to about the end of the
sixteenth century. Alchemists were on a quest to turn various
metals into precious metals such as gold and searching for ways
to have eternal life. While most of alchemy was shrouded in
mysticism and magic, a number of early techniques were later
found to be useful in modern chemistry. The discovery of
arsenic is credited to alchemist Albert the Great (Albertus
Magnus 1193–1280), a German Dominican friar who achieved
fame for his advocacy in the peaceful coexistence of science and
religion. He heated As2S3 with soap and formed elemental
arsenic. The first directions for the preparation of the metalloid
arsenic, however, are found in the writings of Paracelsus
(1493–1541), the father of modern toxicology.
Uses

Dioscorides, a Greek physician, described arsenic as a poison in
the first century. Its ideal properties for sinister uses included its
lack of color, odor, or taste when mixed in food or drink and its
easy access that made it readily available to all classes of society.
The primary current use of arsenic is for strengthening alloys of
copper and lead for car batteries. Arsenic is found in semi-
conductor electronic devices and in the production of chem-
icals such as chromated copper arsenate, monosodium methyl
arsenate (MSMA), and disodiummethyl arsenate (DSMA) used
for treating wood products, herbicides, and insecticides.
4-Hydroxy-3-nitrobenzenearsonic acid is added to animal food
as a method of disease prevention and growth stimulation.
Arsenic compounds have been used as medicines, including
arsphenamine and neosalvasan that were indicated for syphilis
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and typanosomiasis but have been superseded by modern
antibiotics. Arsenic trioxide has been used in a variety of ways
over the past 500 years, but recently in the treatment of acute
promyelocytic leukemia. Potassium arsenite was used in
Fowler’s solution for the treatment of psoriasis, malaria,
chorea, and syphilis until the 1950s. Lewisite is an organo-
arsenic compound once manufactured in the United States and
Japan as a chemical weapon that caused severe blistering and
lung irritation.
Environmental Behavior, Fate, Routes, and Pathways

Arsenic is an odorless, tasteless semimetallic compound, whose
symbol is As; the atomic number is 33; and the density is
5.7 g cm3 at 14 �C. Arsenic appears in three allotropic forms:
yellow, black, and gray; the stable form is a silver-gray, brittle
crystalline solid. Atmospheric arsenic is a mixture of the trivalent
and pentavalent forms and comes from various sources: volca-
noes and microorganisms release volatile methylarsines, and
anthropogenic sources including nonferrous metal mining and
smelting, pesticide application, coal combustion, wood
combustion, and human waste incineration. Arsenic cannot be
destroyed in the environment so it remains persistent. It can
change form or become attached to or separated from particles.
Arsenic in water can undergo a number of transformations,
including oxidation–reduction reactions, ligand exchange,
precipitation, and biotransformation with many factors influ-
encing the effectiveness of the processes including pH, tempera-
ture, salinity, season, distribution, and composition of the biota,
and the nature and concentration of natural organic matter.

Soluble forms move with the water and may be carried to
long distances. Thus, arsenic can get into lakes, rivers, or
underground water by dissolving in rain or snow or through
the discharge of industrial wastes. Arsenic may be adsorbed
from water onto sediments or soils. However, because many
arsenic compounds tend to partition to soil or sediment, they
tend to concentrate in upper soil layers indefinitely.

Bioconcentration of arsenic occurs in algae and lower
invertebrates. Both bottom-feeding and predatory fish can
accumulate contaminants found in water. The major bio-
accumulation transfer is between water and algae, at the base of
the food chain that has a strong impact on the concentration in
fish. Bottom-feeders are readily exposed to the greater quanti-
ties of arsenic, which accumulate in sediments. No differences
were found for arsenic existing between bottom-feeders and
predators in tissue levels of metals and other contaminants.
Therefore, biomagnification in aquatic food chains does not
appear to be significant.
Exposure and Exposure Monitoring

Arsenic naturally occurs in soil and will be present in the
atmosphere as airborne dust. Arsenic released from
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00817-4
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combustion processes will occur as highly soluble oxides.
Gaseous alkyl arsenic compounds are released from soil that
has been treated with inorganic arsenic compounds as a result
of biogenic processes. Arsenic occurs in seawater and vegetation
and is released into the atmosphere in sea salt spray and forest
fires. Atmospheric levels of arsenic in remote locations range
from 1 to 3 mg m�3 while concentrations in urban areas may
range from 20 to 100 ng m�3 with higher concentrations
(>1000 ng m�3) in the vicinity of industrial sources. Arsenic
released to air exists mainly in the form of particulate matter.

Arsenic is widely distributed in the Earth’s crust, which
contains about 3.4 ppm arsenic. It is found in nature in
minerals such as realgar (As4S4), orpiment (As2S3), and
arsenolite (As2O3), and rarely in its elemental form. There are
over 150 arsenic-bearing minerals. Elemental arsenic is not
soluble in water. Arsenic complexes with iron, aluminum, and
magnesium oxides are found in soil surfaces. Natural levels of
arsenic in soil range from 1 to 40 mg kg�1 although higher
levels may occur in mining areas, at waste sites, near high
geological deposits of arsenic-rich minerals or from pesticide
application.

In aquatic systems, inorganic arsenic occurs in trivalent and
pentavalent forms. Concentrations of arsenic in open ocean
seawater are typically 1–2 mg l�1. Arsenic is widely distributed
in surface freshwaters, and concentrations in rivers and lakes
are generally �10 mg l�1, although individual samples may
range up to 5 mg l�1 near anthropogenic sources. Arsenic levels
in groundwater average about 1–2 mg l�1 except in areas with
sulfide mineral deposits where arsenic levels range up to
3 mg l�1. Arsenic has also been detected in rainwater at average
concentrations of 0.2–0.5 mg l�1.

Arsenic is found in many foods at concentrations ranging
from 20 to 140 mg kg�1. Total arsenic concentrations may be
higher in certain seafoods. However, about 85–>90% of the
arsenic in the edible parts of marine fish and shellfish is organic
arsenic (e.g., arsenobetaine, arsenochloline, dimethylarsinic
acid – commonly called ‘fish arsenic’) which is relatively
nontoxic to humans.

Mean dietary intakes of total arsenic of 50.6 mg day�1 (range
of 1.01–1081 mg day�1) and 58.5 mg day�1 (range of 0.21–
1276 mg day�1) are reported in females and males, while the
dietary intake of inorganic arsenic has been estimated to range
from 1 to 20 mg day�1. The predominant dietary source of
arsenic is seafood.

An example of widespread environmental exposure to toxic
levels of arsenic would be drinking water wells in Bangladesh
during the 1980s and 1990s. Intentional spousal poisoning is
infrequently not detected in time for successful medical
intervention.
Toxicokinetics

Kinetics and metabolism of arsenicals in animals and humans
are complex as a result of differences in physicochemical
properties and bioavailability of the various forms of arsenic.
Arsenic metabolism is also characterized by large qualitative
and quantitative interspecies differences. Both arsenate and
arsenite are generally well absorbed by both the oral and
inhalation routes, while organic arsenic in soil is absorbed to
a lesser extent than solutions of arsenic salts. The rate of
absorption of insoluble arsenic is much lower than that of
more soluble forms. Once absorbed, arsenites are oxidized to
arsenates and methylated ultimately producing dimethylated
arsenic metabolites. The rate and relative proportion of meth-
ylation production varies among species. Most arsenic is
excreted in the urine as a mixture of monomethylarsonic acid
(MMA) and dimethylarsinic acid (DMA). Smaller amounts are
excreted in feces.
Mechanism of Toxicity

Trivalent arsenic exerts its toxic effects mainly by disrupting
ATP production by inhibiting lipoic acid, which is a cofactor for
pyruvate as well by replacing phosphate which uncouples
oxidation phosphorylation. This inhibits the electron transport
chain in the mitochondria and the ultimate synthesis of ATP.
Hydrogen peroxide production is also increased, which, it is
speculated, has potential to form reactive oxygen species and
oxidative stress. These metabolic interferences lead to death
from multisystem cell death and organ failure. The activity of
enzymes is due to the functional groups on amino acids such as
the sulfhydryl group on cysteine or coenzymes such as lipoic
acid, which has vicinal thiol groups. Trivalent inorganic
arsenicals readily react with sulfhydryl groups such as cysteine
creating a strong complex between arsenic and vicinal sulfhy-
dryl reagents. These actions inhibit not only the formation of
Acetyl-CoA but also the enzymes succinic dehydrogenase and
pyruvate. Arsenite inhibits the binding of steroids to the
glucocorticoid receptor, but not other steroid receptors. The
probable mechanism of toxicity of pentavalent inorganic
arsenate is its reduction to a trivalent form, arsenite, which is
more toxic than the arsenate. Thus, a variety of mechanisms
lead arsenic to impair cell respiration and subsequently
diminish ATP formation.
Acute and Short-Term Toxicity

Acute data are mixed showing a variety of target organs. Inor-
ganic arsenic is acutely toxic and ingestion of large doses leads
to gastrointestinal symptoms, disturbances of cardiovascular,
respiratory and central nervous system functions, multiorgan
failure, and eventually death. In survivors, bone marrow
depression, hemolysis, hepatomegaly, melanosis, poly-
neuropathy, and encephalopathy may be observed. Nausea,
vomiting, and diarrhea are very common symptoms in humans
following oral exposure to inorganic arsenicals, both after acute
high-dose exposure and after repeated exposure to lower doses;
these effects are likely due to a direct irritation of the gastro-
intestinal mucosa. Acute, high-dose exposure can lead to
encephalopathy, with clinical signs such as confusion and
hallucinations.
Chronic Toxicity

Chronic exposure of humans to inorganic arsenic in the
drinking water is causally related to increased risks of cancer in
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the skin, lungs, bladder, and kidneys, as well as other skin
changes such as hyperkeratosis and pigmentation changes. Six-
month dietary dog studies showed a dose-dependent decrease
in feed consumption and body weights and increased levels of
aspartate aminotransferase suggesting heptatoxicity at 4 and
8 mg kg�1 day�1 of arsenite; however, no confirmatory histo-
pathology was noted. Histological alterations in kidney and
liver were observed in rats exposed to 50 mg sodium arsenate
per ml for 320 days in drinking water. There is evidence that
chronic arsenic exposure to humans can cause hypertension
and cardiovascular disease, diabetes, cerebrovascular disease,
and long-term neurological effects.
Immunotoxicity

No direct studies were located regarding immunological and
lymphoreticular effects in humans or animals after oral expo-
sure to organic arsenicals; however, there was no evidence of
immunosuppression detected in mice chronically exposed to
arsenate. Occupational data suggest that workers may be
sensitized to arsenic, however, the data are not confirmed.
Dermal studies in guinea pigs did not yield evidence of
a sensitization reaction to inorganic arsenic.
Reproductive Toxicity

Animal data suggest that arsenic may cause changes to the
reproductive organs of both sexes, including decreased organ
weight and increased inflammation of reproductive tissues.
Animal studies of oral inorganic arsenic exposure have re-
ported developmental effects, but only at maternally toxic
concentrations. The most sensitive species was the rabbit,
which had increased resorptions and decreased viable
fetuses/litter at 1.5 mg As kg�1 day�1 and a developmental
no observable adverse effect level (NOAEL) of 0.4 mg As
kg�1 day�1.

Exposure to arsenic in drinking water has been associated
with adverse reproductive outcomes showing increases in
spontaneous abortions in women drinking water at 0.008 mg
As kg�1 day�1 for 5–10 years and water at 0.006 mg As kg�1

day�1. Chronic exposure of women to arsenic in the
drinking water has been associated with infants with low
birth weights. Similar associations have been made between
late fetal mortality, neonatal mortality, and postneonatal
mortality and exposure to �0.86 mg l�1 of arsenic in drinking
water.
Genotoxicity

An increased incidence of chromosomal abnormalities was
detected in rats orally administered with 4 mg kg�1 day�1 of
sodium arsenate for 2–3 weeks, but no consistent increase in
chromosomal aberrations was detected in bone marrow cells or
spermatogonia frommice orally administered with 50 mg kg�1

day�1 of sodium arsenite for �8 weeks.
Studies in human fibroblasts, lymphocytes and leuko-

cytes, mouse lymphoma cells, Chinese hamster ovary cells,
and Syrian hamster embryo cells demonstrate that in vitro
arsenic exposure can induce chromosomal aberrations and
sister chromatid exchange. In vitro studies in humans,
mouse, and hamster cells have been positive for DNA
damage.

Several tests indicate that DMA and roxarsone may cause
chromosome aberrations, mutations, and DNA strand
breaks; in vitro studies with MMA did not find significant
increase in the occurrence of chromosome aberrations,
bacterial mutations, or unscheduled DNA synthesis. An
increased number of DNA strand breaks were detected in
lung and other tissues of mice and rats orally administered
with 1500 mg kg�1 DMA.
Carcinogenicity

Mice exposed to arsenic in drinking water containing 500 mg
pentavalent arsenic l�1 for 2 years showed increased incidence
in tumors of the lung, liver, gastrointestinal tract, and skin. Rats
exposed to high levels of DMA show increased incidence of
urinary bladder cancer. Arsenic exposure via drinking water is
causally related to cancer in the lungs, kidney, bladder, and skin
in humans. Drinking water arsenic concentrations of 50 mg l�1

have been associated with increased risks of cancers of the
bladder and lung.

Arsenic is a known human carcinogen by both the inhala-
tion and oral exposure routes. Cumulative exposure to
0.75 mg m�3 year has been associated with an increased risk of
cancer of the lung. Miners exposed to arsenic trioxide have been
reported to have higher risk of lung cancer. Increased incidence
of lung cancer has also been observed among chemical plant
workers who are primarily exposed to arsenate. In humans
exposed chronically by the oral route, skin tumors are the most
common type of cancer. In addition to skin cancer, there are
reports that indicate ingestion of arsenic also increases the risk
of bladder and lung tumors and to a lesser extent, liver, kidney,
and prostate tumors.
Clinical Management

Arsenite inhibits the binding of steroids to the glucocorti-
coid receptor, but not other steroid receptors, therefore,
binding of arsenite to protein at nonessential enzyme sites
is thought to be a detoxication mechanism. Acute arsenic
intoxication can be treated with chelating agents such
as dimercaprol (British anti-Lewisite or BAL), and
D-penicillamine. Although body burden is not reduced,
chelators bind free arsenic and serve to reduce the biologi-
cally active arsenic. Chelation therapy is most effective when
instituted within a few hours after exposure. Vomiting
should also be induced with Ipecac in the alert patient.
Activated charcoal and gastric lavage are useful followed by
electrolyte replacement if indicated.

Treatment of chronic arsenic poisoning is accomplished
using BAL prescribed in dosages of 5 mg kg�1 up to 300 mg
every 4 h for the first day; followed by the same dosage every
6 h for the second day; the following 8 days the dose is
administered every 8 h.



Regulating

body Standard Classification

International
IARC Carcinogenicity Group 1
WHO Air quality 1.5 � 10�3 unit risk

Drinking water 0.01 mg l
German –

MAK
Carcinogenicity Class 1

United States
ACGIH TLV 0.01 mg m�3

Carcinogenicity TLV-A1
NIOSH REL 0.002 mg m�3

IDLH 5 mg m�3

Carcinogenicity Ca
OSHA PEL organic As 0.5 mg m�3

PEL inorganic As 10 mg m�3

PEL organic As –
industry þ shipyards

0.5 mg m�3

Carcinogenicity Ca
EPA Drinking water equivalent

level (DWEL)
0.01 mg l�1

Drinking water unit risk 5 � 10�5 mg l�1

Water – maximum
contaminant level

0.01 mg l�1

Residue tolerance – DMA 2.8 ppm
Residue tolerance – MMA 0.35–0.9 ppm
Carcinogenicity Group A
Inhalation unit risk 4.3 � 10�3 mg m�3
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Ecotoxicology

Arsenic is moderately to highly toxic in studies conducted on
amphibians, fish, and invertebrates and terrestrial biota.
Arsenic compounds cause acute and chronic effects that
include lethality, inhibition of growth, photosynthesis and
reproduction, and behavioral effects. Inorganic arsenicals are
more toxic than organic arsenicals and arsenite is more toxic
than arsenate. The mode of toxicity and mechanism of uptake
of arsenate by organisms differ considerably explaining the
interspecies differences in organism responses. The 96 h LC50s
for freshwater fish for trivalent arsenic range from 10.8
to 91 mg l�1 and from 4.8 to >360 mg l�1 for pentavalent
arsenic. Biomagnification in aquatic food chains has not been
observed. Terrestrial plants may accumulate arsenic by root
uptake from the soil or by adsorption of airborne arsenic
deposited on the leaves.

Bioconcentration of arsenic compounds in freshwater
organisms is lower than for marine organisms. Marine organ-
isms normally contain arsenic residues ranging from <1 to
>100 mg kg�1, predominantly as organic arsenic chemicals
such as arsenosugars (macroalgae) and arsenobetaine (inver-
tebrates and fish). Bioaccumulation of organic arsenic
compounds, after their biogenesis from inorganic forms, occurs
in aquatic organisms. Some species accumulate substantial
levels, with mean concentrations of�3000mg kg�1 at arsenical
mine sites. In marine fish, 96 h LC50s range from 12.7 to
28.5 mg trivalent arsenic l�1 and from 21.4 to 157 mg penta-
valent arsenic l�1. Acute toxicity for the organic arsenical MMA
ranges from 1.9 to 1412 mg organoarsenic l�1.
RfC No data
RfD 3 � 10�4 mg kg�1 day�1

FDA Bottled drinking water 0.01 mg l�1

NTP Carcinogenicity Known human carcinogen
(K)

USDA Prohibited in organic crop
production

Arsenic
Exposure Standards and Guidelines

Minimal Risk Levels (MRLs)

Inhalation

l No acute-, intermediate-, or chronic-duration inhalation
MRLs were derived for inorganic arsenic or organoarsenic
compounds.

Oral

l An MRL of 0.005 mg As kg�1 day�1 has been derived for
acute-duration oral exposure (�14 days) to inorganic
arsenic.

l No intermediate-duration oral MRL was derived for inor-
ganic arsenic.

l An MRL of 0.000 3 mg As kg�1 day�1 has been derived for
chronic-duration oral exposure (�1 year) to inorganic
arsenic.

l No acute-duration oral MRL was derived for MMA.
l An MRL of 0.1 mg MMA kg�1 day�1 has been derived for

intermediate-duration oral exposure (15–364 days) to
MMA.

l An MRL of 0.01 mg MMA kg�1 day�1 has been derived for
chronic-duration oral exposure (�1 year) to MMA.

l No acute- or intermediate-duration oral MRLs were derived
for DMA.

l An MRL of 0.02 mg DMA kg�1 day�1 has been derived for
chronic-duration oral exposure (�1 year) to DMA.
Arsenic Regulations
Arsenic Compounds

Arsenic metal per se is rarely encountered in nature or in other
than in the metals or electronic components industries. Rather,
most human and environmental exposure is to a range of
inorganic and organic arsenic compounds.

Inorganic arsenic compounds are generally more toxic than
organic ones, but less prone to bioaccumulation. They are
known to cross the placental barrier, though increased meth-
ylation decreases toxicity in pregnant women. Chronic expo-
sure to inorganic moieties also greatly increases risk for
cardiovascular disease and mortality.

The most important inorganic compounds are arsenic
trioxide (which occurs in minerals and elsewhere in nature),
and arsine gas (AsH3), which occurs primarily in nonferrous
metal refineries, but is also used for doping semiconductor
chips. Both of these are trivalent valence compounds. Arsine
is a colorless, inflammable gas with a garlic odor. It is
a powerful hemolytic poison that is readily absorbed upon
inhalation.
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Arsenic trioxide is readily absorbed from the stomach, and
is a common cause of environmental exposure. It is frequently
used in the treatment of lumber and can thereby cause wide-
spread exposure. It is also used as a precursor for most organic
and inorganic arsenic compounds created for other uses.

Common organic arsenic compounds are arsanilic acid,
methylarsonic acid, and arsenobetaine (which is commonly
found as it accumulates in seafood).

Testing for arsenic levels in humans involves sampling from
hair, nails, and urine. To determine whether there has been
inorganic exposure, urine must be tested for mono-
methylarsonic acid (MMA), and dimethylarsinic acid (DMA).
See also: Arsenical Vomiting Agents; Arsine; Metals;
Neurotoxicity; Notorious Poisoners and Poisoning Cases;
Pollution, Soil; Pollution, Water.
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l Chemical Abstracts Service Registry Number: 7784-42-1
l Synonyms: Agent SA, Arsenic hydride, Arsenic trihydride,

Arseniuretted hydrogen, Arsenous hydride, Arsenowodor
[Polish], Arsenwasserstoff [German]

l Chemical Formula: AsH3

l Chemical Structure:

H As

H

H

l Conversion Factors: 1 ppm¼ 3.24mgm�3; 1mgm�3¼
0.31 ppm
Background (Significance/History)

Arsine is a highly toxic but nonirritating gas. Its garlic odor
occurs only at concentrations that are hazardous to health and
life (0.5 ppm; 1.6mgm�3) and above. Arsine was first obtained
in 1775. The first case of arsine poisoning was reported in 1815,
when Scheele, a German chemist exposed to a low concentra-
tion of arsine in his laboratory, died 9 days later. During World
War II, arsine was investigated as a warfare agent but was never
used on the battlefield. The current occupational exposure
limit for arsine in most European countries is 0.05 ppm
(0.2mgm�3). In 2003, American Conference of Governmental
Industrial Hygienists (ACGIH) placed threshold limit values
(TLVs) of arsine under revision, because the Occupational
Safety and Health Administration in the United States (OSHA),
the National Toxicological Program (NTP), and the Interna-
tional Agency for Research on Cancer (IARC) classified its
metabolites (arsenic and arsenic compounds) as human
carcinogens and proposed a new threshold limit value-time
weighted average (TLV-TWA) of 0.003 ppm and designated it as
an A1-confirmed human carcinogen. In 2004, ACGIH placed
arsine on the “notice of intended changes” list, with a proposed
value of 0.005 ppm (0.016mgm�3). This value as well as an A4
designation “not classifiable as a human carcinogen”, was
accepted in 2007 and is still valid.
Uses

Arsine is mainly used in the semiconductor industry to
manufacture microchips. It is applied for epitaxial growth of
gallium arsenide and as a dopant to ultrapure crystals to
increase electrical conductivity for silicon-based electronic
devices. This compound is also used for the production of light-
emitting diodes and glass dyes.

The use of arsine is increasing continuously throughout the
world.
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Environmental Fate and Behavior

Arsine is relatively stable in air and may travel in the atmo-
sphere from a point of emission to remote areas, especially at
night before it is converted into nonvolatile oxidized
compounds, which may be further removed by particulate
matter or deposited back to the soil. Since arsine is decom-
posed by the action of ultraviolet rays, its stability is reduced
during the day. Arsine is moderately soluble in water (20ml per
100ml at 20 �C). After entering the water, arsine is likely to be
oxidized to other arsenic compounds, of which only a small
percentage remain in the water; the rest are deployed along the
zone of sediment, where they can undergo biomethylation by
microorganisms.
Exposure and Exposure Monitoring

Human Exposure

The major route of human exposure to arsine is inhalation.
This gas is heavier than air, so dangerous concentrations can be
reached very quickly in enclosed, poorly ventilated, or low-
lying areas. Most cases of exposure to arsine occur during the
use of acids and crude metals, one or both of which contain
arsenic as an impurity. Exposure to arsine occurs mainly in an
occupational setting where the gas is accidentally formed
during industrial processes involving mining, smelting,
refining, soldering, galvanizing, and to a lesser extent during
use of the gas itself. Arsine poisoning has been also reported
during the use of herbicides containing arsenic compounds,
and also in home circumstances where arsine is created by
fungal action in paints, wallpaper, and mattresses that con-
tained arsenic compounds. Arsine intoxication is often unex-
pected, since even very small amounts of arsenic can produce
dangerous quantities of arsine. The preferred biomarker of
exposure to arsine is urine. It was estimated that total arsenic
concentrations in urine in excess of 50 mg l�1 (0.67 mmol l�1)
corresponded with arsine concentrations in the air above
15.6 mgm�3. Other biomarkers, which however are nonspecific
for arsine, include arsenic concentration in blood, hair, and
nails.

Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

Data on the occurrence of arsine per se in any of the environ-
mental compartments is not available.
Toxicokinetics

Following inhalation, arsine is absorbed through the lungs.
Since the gas is lipid soluble, it easily crosses the alveolar and
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capillary membranes of the lungs. Due to water solubility
(20ml per 100ml at 20 �C) arsine pulmonary retention time is
short compared with insoluble arsenic compounds. Arsine
easily passes into the blood circulation where its concentration
increases rapidly. Distribution to the liver, kidneys, spleen, and
other organs is much slower. After absorption, arsine is
oxidized to trivalent arsenic and pentavalent arsenic. Trivalent
arsenic is subsequently methylated to monomethylarsonate
and dimethylarsinate. Arsine as water-soluble gas is rapidly
excreted in the form of metabolites via urine. The highest
urinary excretion occurs within the first 24 h (about 60% of
absorbed arsenic) following an acute exposure to arsine. Half-
life of arsine in humans is 2–4 days.
Mechanism of Toxicity

Arsine acts predominantly as a hemolytic agent. Hemolysis
appears to be dependent on membrane disruption as a result
of arsine reactions with sulfhydryl groups and from forma-
tion of hydrogen peroxide and adducts with oxyhemoglobin.
Failure of the kidneys and other organs is probably not only
due to the effects of red blood cell debris slugging within the
microcirculation but also to a direct toxic effect on the
organs.
Acute and Short-Term Toxicity

Animal
The acute lethal effect of arsine is dose- and time-dependent.
The longer the exposure time, the lower the lethal concentra-
tion 50% (LC50) values. The rat LC50 values for exposure for
0.5, 1 and h are 777.6mgm�3 (240 ppm), 576.72mgm�3

(178 ppm), and 145.6mgm�3 (45 ppm), respectively. Among
test animals, mice appear to be the most sensitive to arsine. The
10min LC50 values for rats, rabbits, and mice are 390mg m�3

(120 ppm), 650mg m�3 (200 ppm), 250mg m�3 (77 ppm),
respectively. Arsine toxicity involves mainly erythrocytes and
the hematopoietic system. The main effect of acute toxicity is
hemolysis, which was found in in vivo and in vitro studies.
Results of blood tests of female mice conducted 24h after
exposure for 1 h in the range of concentrations:
16.2–84.2mgm�3 (5–26ppm) revealed a linear decrease in
hematocrit with increasing gas concentration, a decrease in the
number of erythrocytes, significant increases in circulating
reticulocytes, changes in osmotic fragility, and an increase in
leukocyte levels. An increase in relative spleen weights was
found in mice exposed to 1.6, 8.1, and 16mgm�3 (0.5, 2.5,
5 ppm) for 6 h.

Human
Arsine is a nonirritating gas. In acute exposure, it acts as a strong
hemolytic agent, which can lead to death due to damage to the
kidneys and other organs. The lethal effect of arsine is depen-
dent on the level and duration of exposure. Exposure to 9.72–
32.4mgm�3 (3–10ppm) may induce symptoms within a few
hours; a concentration of 32.4–194.4mgm�3 (10–60ppm)
may exert a hazardous effect within 30–60min and a concen-
tration of 810mgm�3 (250 ppm) is immediately fatal. Since
the odor of arsine is detectable only at a concentration of
1.6mgm�3 (0.5 ppm) and above, and arsine is not irritating,
the affected person may not feel discomfort during exposure.
The latency period ranges from 0.5 to several hours after
exposure. The longer and higher the level of the exposure, the
shorter the latency period. First symptoms include headache,
weakness, chills, fever, difficulty breathing, tachycardia, chest
pain, abdominal pain, muscle pain, pale skin, nausea, and
diarrhea. During breathing, the smell of garlic can occur.
Within a few hours after exposure, discoloration of urine up to
a port wine hue and unusual slate-bronze skin color may be
observed. Hematuria is usually found 4–6 h after exposure,
followed by oliguria and anuria, and less frequently, protein-
uria. Jaundice is usually seen within 24–48h after exposure. In
addition, enlargement and tenderness of the liver and spleen,
and costovertebral angle tenderness may occur. Vertical white
lines on the nails (Mees’ lines) can be observed 2–3 weeks after
exposure. The most commonly described clinical symptom of
arsine poisoning is hemolytic anemia with intensity depending
on the concentration and time of exposure. Blood testing
shows increased white blood cell count and free hemoglobin,
and variation in the size and shape of red blood cells, Heinz
bodies, and ghost cells, which demonstrates the ongoing
damage to erythrocytes. Within a few days after exposure, signs
of central nervous system disorders may develop, such as
anxiety, memory impairment, confusion, and, within 1–2
weeks, signs of peripheral nerve damage. Dermal contact with
liquefied compressed gas may result in frostbite injury. There
are no data available on the toxic effects of arsine on the skin
and eyes.
Chronic Toxicity

Animal
The effects of chronic arsine toxicity in animals are similar to
those observed in acute toxicity and relate to erythrocytes
and the hematopoietic system, including splenomegaly and
hemolytic anemia, indicated by decreases in erythrocyte count,
hematocrit, and hemoglobin concentration as well as increase
in the leukocyte level, and the appearance of Heinz bodies in
erythrocytes.

Other effects include alterations in immune system func-
tion that have been noted in animals exposed for prolonged
periods of time. Although the reproductive and develop-
mental toxicity has not been completely studied, studies on
rats exposed to 8.1mgm�3 (2.5 ppm) arsine for 6 h per day
on gestation days 6–15 exhibited increased fetal body weight.

Human
Chronic exposure to very small concentrations of arsine may
cause cumulative hemolytic damage leading to anemia. The
degree of anemia is proportional to the duration of arsine
exposure. Repeated exposure to arsine may also damage the
kidney, liver, heart, and nervous system. The symptoms of
chronic poisoning are similar to those observed in acute
poisoning, except that the latency period from exposure to first
symptoms is longer. The symptoms include intense focal
headache, nausea, low-grade fever, paresthesia, anemia, hepatic
and renal impairment, and characteristic fingernail changes
(Mees’ lines). A decrease in hemoglobin concentration and the
presence of basophilic granulocytes in red blood cells are
observed.
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Reproductive Toxicity
Limited data are available on the reproductive and devel-
opmental effects of arsine in humans. A few occupational
studies showed an increase in the rate of miscarriage among
women who work in the semiconductor industry, in which
arsine is used to produce microchips. However, due to
exposure to multiple chemicals, it is not possible to assess
clearly the role of arsine in the observed increase in rate of
miscarriage.

Genotoxicity
Although there are no data available on the genotoxicity of
arsine per se, data concerning other inorganic arsenic
compounds indicate its genotoxicity.

Carcinogenicity
There are no human and animal data to assess the carci-
nogenicity of arsine per se. However, arsine decomposes in
the body into compounds some of which are recognized by
the International Agency for Research on Cancer as known
human carcinogens (IARC Group 1); therefore, presently,
an increase in the risk of cancer due to prolonged exposure
to arsine cannot be excluded. ACGIH is of the opinion that
arsine is unlikely to cause lung cancer due to its short
pulmonary retention time compared with insoluble arsenic
compounds but may present a systemic risk to other
organs.

Clinical Management
In acute exposure, immediate medical assistance may be crit-
ical. The victim should be moved immediately to fresh air and
away from the source of exposure. All persons suspected to be
exposed to arsine should be transported to medical facilities for
evaluation. Persons who experience the garlic odor should be
transported first. Acute arsine exposure by humans is usually
fatal without appropriate therapy. There is no antidote for
arsine, but the effects can be treated.

No specific test is available for arsine exposure; however,
arsine exposure may lead to detection of increased arsenic
levels in urine (>50 mg l�1 for a spot test or >50 mg for a 24-
h urine test) and signs of hemolysis (e.g., hemoglobinuria,
anemia, and decreased haptoglobin) may indicate arsine
poisoning. Initial therapy should be directed to supporting
respiratory, vascular, and renal function. In the case of
respiratory distress, the victim should receive oxygen. The
use of diuretics to maintain urinary flow is an important
consideration and should be performed under medical
control. If hemolysis develops, urinary alkalization should
be initiated. Hemodialysis should be considered if renal
failure is severe. According to the NIOSH guidelines, treat-
ment for severe acute arsine poisoning should include
immediate blood exchange transfusion to replace hemo-
lyzed red blood cells and remove arsine and hemoglobin–
arsine complexes. Other blood purification methods include
plasma exchange, which effectively removes toxins, frag-
ments of red blood cells, and metabolites of arsine that
accumulate in the blood and can cause serious damage to
the kidneys and other organs. It is recommended to provide
red blood cell exchange as soon as possible and, in addi-
tion, plasma exchange. Although BAL (British anti-Lewisite,
dimercaprol) and other chelating agents are acceptable for
arsenic poisoning, they are not effective antidotes for arsine
poisoning and are not recommended. Administration of
dimercaprol has no effect on arsine hemolysis, but it lowers
blood arsenic levels resulting from arsine exposure. The use
of chelators must be carefully evaluated due to their
potential side effects. In case of contact with liquefied
compressed gas, frosted skin should be gently washed with
water; clothing should be gently removed from the affected
area.

Other Hazards
Arsine and arsine gas/air mixtures are flammable and
explosive and may be ignited by heat, sparks, or flames. The
explosive limits (% by volume in air) are 4.5% (lower
limit) and 78% (upper limit). The gas may travel along the
ground and migrate to distant ignition sources and flash
back. Arsine as a result of flow and agitation can cause
generation of electrostatic charges. Arsine is stable at room
temperature and begins to decompose to arsenic and
hydrogen at about 230 �C with complete decomposition at
about 300 �C. Arsine gives off arsenic oxides (posing a risk
to health) in a fire that can accumulate or move with the
wind in the form of dust. Arsine is a strong reducing agent
and reacts vigorously with oxidizers such as potassium
permanganate, sodium hypochlorite, oxygen, ozone, chlo-
rine, fluorine, and nitric oxide. Arsine is not known to
polymerize.
Exposure Standards and Guidelines

In many European countries (e.g., Austria, Belgium, France,
Spain, Switzerland, United Kingdom) as well as in USA-
OSHA, the TWA for an 8-h exposure has been established at
the level of 0.05 ppm (0.2mgm�3), taking into account
mainly hemolytic properties of arsine (Table 1). In 2003,
ACGIH placed the TLVs of arsine under revision, because
OSHA, NTP, and IARC classified its metabolites (arsenic and
arsenic compounds) as human carcinogens. Since 2007,
ACGIH accepted 0.005 ppm (0.016mgm�3) as the TLV-
TWA (based mainly on the relationship between arsine
inhalation in humans and the urinary arsenic concentra-
tions). In support of these values, ACGIH indicated that
compliance with this value should reduce the risk of
hemolysis and hemolysis-related effects on spleen, liver, and
kidney function. Due to lack of sufficient data, the
substance was designated as A4-not classifiable as a human
carcinogen. In Germany, due to an inadequate database,
especially the lack of data on genotoxicity and carcinoge-
nicity, the compound is listed in Section IIb of the list of
MAK and BAT values that refer to substances for which no
MAK value can be established at present. NIOSH has clas-
sified arsine as a potential occupational carcinogen.
Miscellaneous

Since the arsine odor threshold is about 10-fold higher than the
TLV, it cannot be regarded as an adequate indicator of the



Table 1 Workplace hygiene standards for arsine

Agency/Country TLV-TWA STEL Other

ACGIH 0.005 ppm (0.016 mg m�3) n.e.
NIOSH n.e. n.e. IDLH: 3 ppm
NIOSH n.e. n.e. Ceiling: 0.002 mg m�3

(15 min sampling period)
OSHA 0.05 ppm (0.2 mg m�3) n.e. PEL - TWA
European Union n.e. n.e.

Austria 0.05 ppm (0.2 mg m�3) 0.25 ppm (1 mg m�3)
Belgium 0.05 ppm (0.16 mg m�3) n.e.
Denmark 0.01 ppm (0.03 mg m�3) 0.02 ppm (0.06 mg m�3)
France 0.05 ppm (0.2 mg m�3) 0.2 ppm (0.8 mg m�3)
Germany (AGS) 0.005 ppm (0.016 mg m�3) 0.04 ppm (0.128 mg m�3)
Germany (DFG) substance for which no MAK values can be established at present

Hungary 0.2 mg m�3 0.8 mg m�3

Poland 0.02 mg m�3 n.e.
Spain 0.05 ppm (0.16 mg m�3) n.e.
Sweden 0.02 ppm (0.05 mg m�3) n.e.
Switzerland 0.05 ppm (0.16 mg m�3) n.e.
United Kingdom 0.05 ppm (0.16 mg m�3) n.e.

Abbreviations: ACGIH, American Conference of Governmental Industrial Hygienists; AGS, Ausschuss für Gefahrstoffe (Committee on Hazardous Substances); DFG, Deutsche
Forschungsgemeinschaft (German Research Foundation); IARC, International Agency for Research on Cancer; IDLH, immediately dangerous to life or health; MAK, maximum
concentration in workplace; NIOSH, US National Institute of Occupational Safety and Health; NTP, US National Toxicology Program; OSHA, US Occupational Safety and Health
Administration; PEL, permissible exposure limit; STEL, short-term exposure; TLV-TWA, threshold limit value–time-weighted average; n.e. - not established.

316 Arsine
presence of arsine in the air. Arsine is generally shipped in
cylinders as a liquefied compressed gas.

See also: Kidney; Blood; Arsenic.
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Introduction/background

Arts and crafts work clearly has been a part of human history
since before the walls of caves were painted and before stone,
wood, and pottery items were handcrafted. This tradition only
faltered during the industrial revolution whenmass production
methods eliminated the need for hand-made household
furnishings and when photography made it unnecessary for
artists to depict real people and places.

Then a late nineteenth century English poet and artist,
William Morris, articulated a philosophy stressing the impor-
tance of the dignity and humanity of the work of craftsmen.
Widely considered the founder of the Arts and Crafts Move-
ment, his philosophy affected nearly every aspect of household
design from architecture to pottery and continues to do so.
Today, public and private educational institutions, at nearly all
levels, are likely to teach painting, drawing, printmaking,
photography (chemical and/or digital), ceramics, and wood
working. Schools with strong art programs may have sculpture
programs that offer welding, casting bronze and iron, plastic
resin work, and stone carving. College craft classes may include
jewelry, textile dying and weaving, glass blowing, stained glass,
book binding, lead type setting, and more. Graduates from
these schools often set up small cottage industries or home
studios. A few will become major figures in the art world with
scores of employees doing the actual production of their
sculptures, glass, prints, or other art works.

In addition,manyethnic groups inunderdeveloped countries
and indigenous people in industrial countries engage heavily in
art and craft production both to raise their economic status and
to keep their traditions alive. Ethnic and folk art are widely rep-
resented at the highest levels of gallery and auction art sales.

But whether in a developing country or in a prestigious
university graduate art program, traditional arts and crafts still
involve materials, equipment, and processes that were used
hundreds or even thousands of years ago. Some of these
processes involve highly toxic substances. For example, all
countries exempt art and craft paints from the consumer
regulations that restrict the lead content of household paints. It
is recognized worldwide that lead and many other toxic metal-
containing pigments are required if painted art objects are to
remain unfaded over decades or centuries.

A new source of art materials is also being exploited
worldwide in arts and crafts. Sometimes lauded as recycling,
artists use trash, found objects, and junk yard refuse. For
example, galleries exhibit baskets woven from discarded
brightly colored, lead-filled, vinyl-coated telephone cable
wires. Other examples include jewelry cast from the lead and
cadmium solder alloys melted out of old computer parts and
sculptures cut from aluminum cans.

Both modern and ancient industrial process are used by
artists and craftspeople from universities to cottage industries.
They use machines to shape wood, plastics, and stone, they
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weld and braze, they cast bronze and iron in small foundries,
they blacksmith, blow glass, cast plastic resins, and more.
(Some new industrial art processes involve relatively hazard-
free computer art and digital photography methods. These are
not covered in this article.)

The challenge for the toxicologist is to understand that the
catalog of art and craft materials is essentially endless. Detailed
lists of materials and equipment used should be solicited from
patients who are artists or craftspeople. And every nonartist
patient should be asked about their hobbies and the art or craft
activities of other household members.
Toxicity of Art Materials

Inorganic Pigments and Colorants

About half of the pigments in all adult art materials are
inorganic, meaning they are metal compounds or minerals.
These commonly contain lead, cadmium, chromium, cobalt,
mercury, manganese, antimony, titanium, copper, and zinc.
This includes the pigments in oils, acyclics, watercolors, print-
making inks, and even colored pencils.

Ceramic glazes andmetal enamel colorants are based on the
same metals except that these colorants may also contain
a wider variety of metals including nickel, selenium, vanadium
(yellow), and rare earth metals (e.g., lanthium, tantalum).
Stained glass is colored with the same metals but also may
include significant percentages of arsenic (in some opaque
whites) and small amounts of uranium (dichroic or carnival
glass). Fluxes, which are substances that are used to affect the
temperature at which ceramic glazes, metal enamels, and glass
fuse or melt, commonly contain lead, barium, lithium, boron,
sodium, and potassium.
Organic Pigments and Dyes

There are roughly 2000 commercially available organic
pigments and dyes, any of which may be used in art materials
and craft textile dyes. Only a relative handful of these organic
colorants have ever been studied for toxicity. Many should be
assumed to be carcinogens based on their structure. Included
are those based on aniline (Chemical Abstracts Service Registry
Number (CAS) 62-53-3), benzidine (CAS 92-87-5), 3,30-
dichlorobenzidine (CAS 91-94-1), o-toluidine (CAS 95-53-4),
and anthraquinone (CAS 84-65-1). Some artists derive their
dyes and pigments from natural sources. The toxicity of
a colorant is not related to its origins and many toxic colorants
(e.g., anthraquinones) are found in nature.
Exposure to Pigments and Dyes

The mere presence of toxic pigments, dyes, metal compounds,
or minerals in an art material is not significant unless exposure
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to them occurs. This is most likely when powdered materials
are used, drawings are made with dusty chalk-like pastels, dry
paint is sanded or burned, or paints and dyes are air-brushed or
sprayed. Exposure to ceramic glaze chemicals during use is
almost inevitable because the glazes dry to a powder when
applied and dust usually is found throughout glazing areas.
Exposure to glass pigments can occur when pieces are shaped
by grinding dry (a dust) or wet (creates an airborne mist). Both
glass and ceramic glaze metals can become airborne as invisible
fumes when heated in kilns or furnaces and can subsequently
settle on surfaces in the studio.

However, even without obvious exposure scenarios, the use
of toxic art materials in homes or living spaces can be assumed
to provide significant exposure over time.
Solvents and Exposure

Exposure to solvents by inhalation is unavoidable during use
since they evaporate into the air. Some also absorb through the
skin. Many different solvents are used in arts and crafts.
Traditional art painting, for example, commonly involves
various petroleum distillates or turpentine (CAS 8006-64-2).
The toxicity of these materials can vary widely from highly
refined aliphatic petroleum distillates with an American
Conference of Governmental Industrial Hygienists (ACGIH)
threshold limit value (TLV)-time-weighted average (TWA) in
the range of 300 ppm to more toxic and sensitizing solvents
such as turpentine with a TLV-TWA of 20 ppm.

Hundreds of other solvents are used as diluents, carriers,
degreasers, and cleaners. The most common types are ketones,
aromatic hydrocarbons, alcohols, amines, and glycol ethers. In
addition, some exotic solvents are used such as pine oil (alpha-
pinene, CAS 80-56-8) and citrus oil (D-limonene, CAS 5989-
27-5, DFG MAK 20 ppm). Toxicologists should note that these
natural solvents may have lower TLVs thanmost synthetic ones.
Oils and Waxes

Many art processes involve oils and waxes such as in oil-based
paints, wax resists in ceramics and batik textile dyeing, lost wax
casting, and encaustic painting in which wax is the vehicle or
binder in which the pigments are suspended. These oils and
waxes release toxic decomposition products when heated or
burned including aldehydes such as acrolein (CAS 107-02-8),
formaldehyde (CAS 50-00-0), and a host of hydrocarbons.
Plastic Resins

Common two-component plastic products used primarily in
sculpture or crafts include (1) polyester resins that contain
styrene (CAS 100-42-5, TLV-TWA 20 ppm) and are cured with
organic peroxides; (2) acrylates; (3) epoxy resins often cured
with complex amines and diluted with diglycidyl ethers; and
(4) two-component urethane products cured with diisocya-
nates (TLV-TWA 0.005 ppm). These monomers, curing agents,
and diluents are often highly toxic. Sensitization reactions such
as allergic dermatitis and asthma are well known to be asso-
ciated with amine curing agents and isocyanates.

Preformed plastic sheets and foam are also machined and
hot-wire cut into shapes. The burning plastics release hundreds
of chemicals including the monomers and additives such as
phthalates and chlorinated and brominated fire retardants. The
very popular vinyl polymer hand-molded clays use to make
jewelry and small objects contain between 3 and 25% free
phthalates. The users are exposed to phthalates by skin contact
during forming and by inhalation when they are driven off into
the air when they are heated in kitchen ovens as the product
literature directs. (Hidden Hazards: Health Impacts of Toxins
in Polymer Clays, commissioned by the Vermont Public
Interest Research Group. It can be obtained by visiting the Web
site http://www.vpirg.org or writing to VPIRG, 141 Main Street,
Suite 6, Montpelier, VT 05602, USA.)
Metals

Common metal products used include lead solders for crafts
and stained glass, cadmium-fluxed silver and gold solders,
nickel–silver casting alloys, beryllium/copper alloys still found
in some sculpture and jewelry alloys, and a host of complex
alloys used in bronze, brass, white metals, and more. Artists
machining or welding junk metals may inadvertently be
exposed to toxic alloys and solders never intended for art or
craft processes.
Minerals

Ceramics, stone and lapidary carving, and glass work involve
exposure to minerals. Silica is present in most minerals and
clays. Asbestos can contaminate some industrial talcs used in
ceramics, steatites, and soap stones used in sculpture, one form
of jade (nephrite), serpentine, and some vermiculites. Lead is
a common contaminant in sculpture stones such as dolomite.
Uranium and other radioactive metals are present in some
granites. Toxicologists whose patients are exposed to stone
dusts need to identify the source since their composition varies
significantly from quarry to quarry.
Photochemicals

Traditional black and white photography is still done in many
art schools. It involves the use of developers such as hydro-
quinone, acetic acid to stop the reaction, and chemical washes
to clean and harden the print. Most of the liquid chemical
baths also contain sulfite preservatives. The resulting airborne
darkroom chemicals commonly include sulfur dioxide from
the preservatives, acetic acid, and formaldehyde from some
hardeners. Some types of photo resists and film cleaners also
contain solvents.

Toning is also done in which silver is replaced with other
metals. Some toners give off hydrogen sulfide and involve
chemicals such as selenium, chromium, palladium, and
uranium.

Historic photo processes are also taught in many schools.
These may use dichromates, ferri-and ferrocyanides, silver
nitrate (CAS 7761-88-8), mercury compounds, and more.
Other Processes and Materials

Art and craft processes also include woodworking, leather
working, welding and foundry work, and anodizing and

http://www.vpirg.org
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cyanide plating (see sections on wood dust, various metals,
cyanide plating chemicals). Toxicologists should consider that
the exposures can be exacerbated by the close quarters and poor
ventilation often found in the artist’s studio, cottage industry,
or school art department.

Ceramic kilns, glass and foundry furnaces, welding torches,
forges, and other high-heat processes can expose workers
to combustion gases and decomposition byproducts, metal
fumes, infrared radiation, and heat.
Legislation

In the 1980s, consumer labels in most countries only required
warnings on products capable of causing acute effects as
determined by lethal dose 50% (LD50) and lethal concentra-
tion 50% (LC50) animal tests. For example, these tests were
required under the United States Federal Hazardous Substances
Act and the Canadian Federal Hazardous Products Act. Since
these acute animal tests do not detect chronic effects, products
with significant chronic hazards commonly were not labeled
with warnings. Even products containing powdered asbestos
could be sold without warnings. For example, asbestos-
containing products such as instant paper maches and clays,
even for children, were routinely labeled as nontoxic in the
United States.

The gross inadequacy of the laws in the United States
resulted in the passing of the Labeling of Hazardous Art
Materials Act (LHAMA) in 1988. LHAMA requires warning
labels on products containing known chronically hazardous
substances. This law applies to “any raw or processed mate-
rial, or manufactured product, marketed or represented by
the producer or repackager as intended for and suitable for
users .” These users are defined as “artists or crafts people of
any age who create, or recreate in a limited number, largely
by hand, works which may or may not have a practical use,
but in which esthetic considerations are paramount” [16
Code of Federal Regulations 1500.14(b)(8)(i)(B)(1) and
(2)]. This broad definition means the law is applied to
paints, inks, marking pens, pencils, ceramic clays and glazes,
metals and solders intended for jewelry making, face paints
for children, and much more.

The LHAMA requires a toxicologist to assess the potential
hazards of a list of ingredients provided by the manufacturer
and to determine which specific label warnings, if any, are
needed to provide sufficient information for consumers to use
the product safely. The rules for this process were developed in
a standard of the American Society for Testing and materials
(ASTM D 4236) which was incorporated into the law.
However, the manufacturer pays the toxicologist for certifica-
tion that the product is properly labeled which creates a conflict
of interest. As a result, LHAMA has serious deficiencies:

1. Substances requiring labeling must be known to possess
chronic hazards. Yet most organic pigments and dyes used
in art materials have never been tested for chronic hazards.
In this case, the toxicologist can label these untested prod-
ucts as nontoxic by default, even if the product contains
ingredients that are in chemical classes suspected to cause
cancer.
2. A powerful impetus to label products as nontoxic exists due
to a common public school practice of requiring nontoxic
labels as a condition of purchase. A toxicologist who
chooses not to allow the nontoxic label on potentially
hazardous art material will exclude their client’s products
from the lucrative school market.

3. Some tests used by certifying toxicologists to determine
toxicity are faulty. For example, a test in which materials are
placed in acid is sometimes used to determine if the toxic
substances in the product will be released in the digestive
tract (ASTM D 5517). This test does not consider that, in
addition to acid and water, digestive tracts use bases,
enzymes, cellular activities, heat, and movement to dissolve
materials. Only after there were poisonings and a death
from accidental ingestion of lead ceramic glazes labeled as
nontoxic were these tests abandoned by certifying toxicol-
ogists. Acid tests are still used to evaluate some other types
of art products.

4. Faulty methods are used by some toxicologists to estimate
exposures during art making. They often do not consider the
artist’s intimate contact with their materials, crowded
classrooms, tiny home studios, poor ventilation, lack of
sinks, and other conditions common to home studios and
schools.

5. The hazards of materials used in ways other than the label
directs are not considered. Artists and teachers traditionally
use materials creatively. For example, melting crayons for
candle making or batik fabric resists causes these nontoxic
products to release highly toxic gases and fumes from
decomposition of the wax and from some of the pigments.

6. Consumers and even consulting toxicologists (unless they
sign a confidentiality agreement) cannot easily find out
what chemicals are in US art materials. Instead, they are told
that a toxicologist has evaluated the product and deter-
mined that exposure will not be significant if the product is
used as directed. The material safety data sheets also usually
are not helpful. While they are supposed to list toxic
materials in amounts over 1.0% or carcinogens in amounts
over 0.1% by weight, they usually refer instead to the toxi-
cologist’s certification.

It is clear that in the United States, consumers and consul-
ting toxicologists would be better served by proper material
safety data sheets than laws such as LHAMA. And if the United
Nations’ Globally Harmonized Safety Data Sheet format is
adopted worldwide, the disclosure of potentially toxic
substances in art materials should be greatly improved.
Theatrical and Entertainment Materials

Many art and craft materials are also used by theater and
entertainment workers. Scenic artists paint sets, dye huge back
drops, sculpt, and cast plastics. Set construction is done with
carpentry and welding. Designers of costumes and sets may use
water colors, markers, or oils to depict their concepts. Costume
makers and wardrobe attendants work with textiles, fabric dyes
and paints, detergents, and flame retardants. Prop makers work
with thrift shop and junk materials, and all manner of paints,
plastics, wood, textiles, and adhesives. One major difference is
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that sets and props are not designed to last hundreds of years.
This means they can be painted with ordinary consumer paints
or theatrical paints that are based on common polymer latex
paints, rather than toxic archival art materials.

However, there are some exposure to materials that are
completely unique to theater and entertainment workers. Two
of these are make up and atmospheric special effects.
Makeup

A number of studies show that beauticians and cosmetologists
suffer a higher incidence of health problems (see Cosmetics
and Personal Care Products). No similar studies have been
made of diseases of theatrical makeup artists, but it is clear that
they are exposed to some of the same chemicals. In addition,
they are exposed to the solvents, minerals, dyes and pigments,
and preservatives.

Inhalation of makeup ingredients
Face powders, makeup, and rouges are likely to contain
minerals such as talc, kaolin (and other clays), chalk (CAS
1317-65-3), zinc oxide (CAS 1314-13-2), titanium dioxide
(CAS 13463-67-7), mica, and bismuth oxychloride (CAS 7787-
59-9). These minerals are usually harmless by skin contact or
ingestion. However, air-brushing of cosmetics is commonly
done in theater and the inhalation route cannot be discounted
by toxicologists.

Airbrush applicators cannot control the fine airbrushmist to
specific areas of the face or insure that none of the mist is
inhaled by the client and the makeup artist. Dressing rooms in
which large numbers of performers or chorus members are
being made up can be seen to have a foggy atmosphere from
airbrush overspray.

There are standards for exposure by inhalation in most
countries limiting worker exposure to talc, kaolin, and titanium
dioxide. These minerals are likely to be present in nanoparticle
size in cosmetics, which is generally recognized as a more toxic
form. For example, the National Institute for Occupational
Safety and Health (NIOSH) has set two different recommended
exposure limits (RELs) for titanium dioxide: 2.4 mgm�3 for
respirable particles and 0.3 mgm�3 for nanoparticles. There
may be additional hazards from inhaled pigments, dyes, and
preservatives in make up that might be considered.

Special effect makeup
Putty, wax, beeswax, and morticians’ wax can all be used to
build up a part of the face for theatrical purposes. Collodion
(CAS 9004-70-0) can be used to fake age or scars. Natural
rubber latex can be made to function in many of these ways,
and it also acts as a glue or adhesive, as does spirit gum. Spirit is
a term applied to alcohol solvents (usually ethyl alcohol) and
gum canmean any exudate of a number of plants or trees. Spirit
gums today are usually a mixture of natural and synthetic
resins.

As the need for extremely complex special effects makeup
including whole head masks and prostheses increases, two-
component urethane and other resins may be used by make up
artists. These are often used in shops and studios that are not
sufficiently ventilated to preclude exposure to themonomers and
curing agents. Many people are allergic to some components
of these products. Others may have reactions to removal of the
spirit gums or masks when they are pulled off the skin or by the
solvents used to clean the skin afterward.
Atmospheric Special Effects

Atmospheric fog, smoke, and haze (an effect that is only seen
when strong lights beam through them) are unique theatrical
hazards. No other industry deliberately pollutes the air of its
workers or the air breathed by its customers (the audience).
And some of the workers are dancers and singers who are
actually highly trained athletes whose inhalation risks are
increased by their activities. Performers may also be children or
the elderly. Audience members can also include people with
disabilities and respiratory illnesses.

Most of the chemical mist aerosols used for these effects are
in the range of 10 to 1 mm in diameter and highly respirable.
There are three primary types used today: the glycols (including
glycerin), mineral oils, and cryogenic gases.

Glycols
These are also called dihydric alcohols except for glycerin,
which is a trihydric alcohol. Chemicals used in these effects
may include

l ethylene glycol (CAS 107-21-1, used primarily in the past)
l diethylene glycol (CAS 111-46-6)
l butylene glycols (1,2-, 1,3-, and 1,4-butanediol, CAS 584-

03-2, 107-88-0, 110-63-4)
l triethylene glycol (CAS 112-27-6)
l polyethylene glycol (E 200, made by Dow Chemical, used

in the past)
l polypropylene glycols (not commonly used)
l mono-propylene glycol (propylene glycol; 1,2-propandiol,

CAS 57-55-6)
l dipropylene glycols (CAS 25265-71-8, 110-98-5, 108-61-2)
l glycerin (glycerol; 1,2,3-propanediol, CAS 56-81-5)

All these glycols and glycerine are hygroscopic and can dry
and irritate the skin and cause pain and redness in the eyes. It is
presumed this quality is also the reason there is a high inci-
dence of acute laryngitis and tracheitis among performers in
a study of Actor’s Equity performers. Asthma may also be
related to exposure. Two case reports of occupational asthma
either caused by or exacerbated by glycol theatrical fog in an
opera singer and a stage hand were also reported in 1996 by the
New Jersey Department of Health. Another study found
reduced levels of lung function (both forced expiratory volume
in 1 s (FEV1) and forced vital capacity (FVC)) associated with
working within 10 feet of the fog machine, and both acute and
chronic upper airway irritation associated with increased
exposure to both glycol and oil mist effects. (The 99-page
report to Safety and Health in Arts, Production, and Enter-
tainment (SHAPE, now renamed ActSafe) by the University of
British Columbia School of Occupational and Environmental
Hygiene provides data on the size of the aerosols, the
concentrations workers in different jobs experienced, and
health effects. The health effects included reduced levels of lung
function (both FEV1 and FVC) associated with working within
3 m of the fog machine, and both acute and chronic upper
airway irritation associated with increased exposure to both the
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glycol and oil mist fogs. Some effects were observed at
concentrations below the ACGIH TLV for oil mist or the stan-
dard set for glycols by the American National Standard Institute
(ANSI) standards.)

Glycerine mist has an ACGIH TLV-TWA of 10 mgm�3 to
protect workers from physical irritation of the upper respiratory
tract. Propylene glycol has a Workplace Environmental Expo-
sure Limit TWA of 10 mgm�3 set by the American Industrial
Hygiene Association. There is not enough data on most of the
other glycols to set limits.

Petroleum distillates and oils
Many types of oils and petroleum-derived chemicals have been
used over the years. Most of the flammable neurotoxic distil-
lates are no longer used. They have been replaced by higher
molecular weight oils such as the following:

l Mineral oils of various grades such as white mineral oil,
cosmetic, medicinal, and food grades (e.g., baby oil). In the
past, industrial grades (e.g., cutting oils) were used.

l Kerosene and various grades of fuel oil (e.g., no. 2 fuel oil
used in the 1980s).

l Vegetable oils (are used but are not common).

Some grades of fuel and cutting oils can contain significant
amounts of toxic impurities. Even very refined, nontoxic
mineral oils (baby oil) can cause effects by inhalation. While
refined mineral oil can be safely ingested (used as a laxative)
and is soothing to the skin, inhalation of large amounts can
cause life-threatening chemical pneumonia. The ACGIH TLV-
TWA for respirable highly refined oil mists is 5 mgm�3.

Vegetable oils can cause allergies in some people and they
can cause the same irritant effects as petroleum oils.

Cryogenic gases and water
The two most common cryogenic fogs use carbon dioxide (dry
ice) and liquid nitrogen. In some cases, other inert gases such as
argon are used. They all rely on the extreme coldness of either
the ice or gases when first released from compressed gas
cylinders to create fog by condensing water vapor from the air.
Wherever this water-mist fog is found, high levels of the cryo-
genic gas are present. Inadequate stage and orchestra pit
ventilation used with these effects has caused adverse effects on
the breath control of musicians and singers.

Liquid air fog, a combination of liquid nitrogen and liquid
oxygen, is being used in some new applications. This product
will eliminate the oxygen deprivation problem. However, there
is a risk that the nitrogen, which boils at a lower temperature
than oxygen, will boil off first leaving the oxygen. High levels of
oxygen released from such a machine can create a fire hazard.

Water mists are also used, especially for outdoor venues.
The water must not be left standing before use or inhalation of
disease-causing microorganisms can occur. Fresh potable water
that is high in minerals may also produce an irritating dust as
the mist dries in the air.

Real smoke
Even in countries where it is banned, smoking is usually
permitted on stage. Some performers smoke herbal cigarettes
instead. From a scientific standpoint, all types of cigarettes are
health hazards. It is the chemicals released from burning leaves
that cause cancer, not nicotine. All burning hydrocarbons
release cancer-causing and toxic substances. Substances used to
create smoke on stage or on movie locations outdoors include

l frankincense (olibanum gum, bee smokers)
l rosin
l charcoal
l paper
l naphthalene (CAS 91-20-3) and anthracene (CAS 120-12-7)

used outdoors for black smoke
l rubber tires (used outdoors)
l lead azide (CAS 13424-46-9) for fake car explosions with

a black smoke
Inorganic chloride fumes
Most of these chloride products were developed originally to
study airflow patterns in ventilation systems. They were never
intended for theatrical purposes. Nevertheless, these products
are still being used by some special effects people. The products
may include

l ammonium chloride (CAS 12125-02-9)
l titanium tetrachloride (CAS 7550-45-0) outdoor use, highly

irritating
l zinc chloride (CAS 7646-85-7)
l calcium chloride (CAS 10043-52-4), tin chloride (CAS

7789-67-5), and other chlorides
Dusts and powders
These are often used to simulate conditions such as after an
earthquake, explosion, or dust storm. Currently, the following
types of dusts are used in theatrical and film productions.
Mineral dusts such as fuller’s earth, vermiculite, and talc are
used. Some of these products contain respirable silica, which
can cause lung damage, asbestos (tremolite), or other fibrous
minerals (attapulgite in some fuller’s earth) that are associated
with asbestos-like diseases. In 1998, a New York union camera
operator was overexposed repeatedly for 2 days on a film
location to fuller’s earth and developed a partially disabling
fibrotic lung condition for which workers compensation was
obtained.

Organic dusts such as wood dust, wheat and other grain
flours, and starch have also been used. The organic dusts are
likely to cause irritation and allergies. Wood dust should never
be used since it is sensitizing, toxic, and most wood dusts have
a TLV-TWA of 1 mgm�3. Baker’s asthma is a well-known
occupational disease that affects people exposed to flour.

Pyrotechnic smoke
Theatrical pyrotechnics are potentially capable of creating ear-
damaging sound, eye-damaging light, and airborne toxic
chemicals in their smoke. Hundreds of chemicals can be used
in indoor and outdoor pyrotechnics. Each chemical has one or
more function in the chemical reactions that occur on
combustion. Most common pyrotechnic mixtures consist of an
oxidizer, a fuel, a source of carbon, and various additives such
as chlorine donors to enhance color and other chemicals to
modify appearance or sound.

Compounds such as oxides and chlorides of almost any
metal in the periodic table can be present in pyrotechnic
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emissions. Indoor pyrotechnics should not use the most toxic
metals such as arsenic, mercury, and lead, but outdoor effects
commonly contain these and other toxic metals.

The metals most often found in dust left from pyrotech-
nics include compounds of potassium, titanium, sulfur,
calcium, iron, and aluminum. These are alkaline in nature
and irritate the respiratory system. Silicon oxides are often
present as well.

In addition to metal compounds, gases such as sulfur
oxides, nitrogen oxides, chlorine, and hydrochloric acid, and
many other irritating gases can be present. Carbon monoxide
and carbon dioxide are also present.
Legislation and Standards

Almost every country has occupational regulations that apply
to worker exposure of one or more of these chemicals.
However, enforcement is rarely seen in this industry.
However, some theatrical unions ban or restrict the use of
certain effects.

Standards have been set for exposure to the glycol and oil
mist fogs by the Entertainment Services Technology Association
(ESTA). (ESTA has merged with the PLASA, formerly known as
the Professional Lighting And Sound Association, and their
joint standards can be found at http://www.plasa.org/
standards/.) These standards have now been granted approval
by the ANSI and assigned the following numbers:

l ANSI E1.23 – 2006: Design and Execution of Theatrical Fog
Effects [includes recommendations for use of glycols, glyc-
erin, mineral oils, nitrogen, oxygen and carbon dioxide fog];

l ANSI E1.5 – 2003: Entertainment Technology - Theatrical
Fog Made With Aqueous Solutions of Di- And Trihydric
Alcohols;

l ANSI E1.29-2009: Product Safety Standard for Theatrical Fog
Generators [that use water, glycol, glycerin, or mineral oil].

The standards require monitoring or other precautions to
insure that glycol TWAs are below 10 mgm�3 and oil TWAs are
below 5 mgm�3. ESTA is currently working on a standard for
dust effects. It is unlikely that these standards are being fol-
lowed in most productions.

The National Fire Protection Association (NFPA) has
applicable standards for pyrotechnics and flame effects:

l NFPA 1126: Standard for the Use of Pyrotechnics Before
a Proximate Audience;

l NFPA 160: Standard for the Use of Flame Effects Before
a Proximate Audience.

These standards only address safety hazards. For example,
the only mention of smoke in NFPA 1126 is that it should not
be do dense that it obscures exit signs.
Other Theatrical Hazards

New technology applied to theatrical production has intro-
duced lasers, holographs, black lights, strobe lights, ear-
damaging sound levels and more. Some of these have adverse
effects on performers.

See also: Acrolein; Asbestos; Benzidine; Cadmium; Cosmetics
and Personal Care Products; Glycol Ethers; Limonene; Metals;
Phthalates; Talc; Toluidines; Turpentine; Wood Dusts.
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Name, formula, and Chemical Abstracts Service Registry
Number: Asbestos (1332-21-4); Serpentine group: Chrysotile
(White Asbestos), Mg3(Si2O5)(OH)4 (12001-29-5);
Amphibole group: Amosite (Grunerite or Brown Asbestos),
(MgFe2+)7Si8O22(OH)2 (12172-73-5); Crocidolite (Blue
Asbestos), Na2Fe

3+(MgFe2+)3(Si8O22)(OH)2 (12001-28-4);
Tremolite, Ca2Mg5Si8O22(OH)2 (14567-73-8); Actinolite,
Ca2(MgFe2+)5Si8O22(OH)2 (77536-66-4); Anthophyllite,
Mg7(Si8O22)(OH)2 (17068-78-9)
Background

Asbestos refers to a heterogeneous variety of fibrous hydrated
silicate minerals subdivided into two groups differing in
mineralogic properties and chemical composition: amphiboles
and serpentines. The amphibole family (straight fibers) consists
of crocidolite (blue asbestos), amosite, anthophyllite, and
tremolite (brown asbestos). Crysotile (curved and flexible fibers,
white asbestos) is the only serpentine and accounts for over 90%
of all commercial asbestos. Mining of asbestos began toward the
end of the nineteenth century in Canada, Australia, South Africa,
and the United States and peaked in the 1970s of the following
century when the greatest consumption occurred in the United
States, United Kingdom, France, Australia, and other industri-
alized countries. Asbestos has been extensively manufactured
because of its high tensile strength, flexibility, resistance to
chemical and thermal degradation, and high electrical resistance,
thus leading to a variety of occupational exposures. These
included miners and millers and workers engaged in the
production of materials made from asbestos, in construction
and insulation industries, in shipyards, and others. Nonoccu-
pational exposures also occurred including environmental and
domestic ones. Exposures to asbestos fibers cause fibrotic and
malignant diseases of the lung and pleura, including asbestosis,
pleural plaques, and both lung and pleural cancers. Lung and
pleural fibrosis were first associated with asbestos exposure
during the 1930s, lung cancer after World War II, and pleural
cancer in the 1960s.

Mining and consumption declined during the last decades of
the twentieth century because of the awareness of the dangers of
asbestos exposures. At first, there were stringent controls that led
to the eventual banning of asbestos in most industrialized
countries, although exposures may still occur occasionally, due
to the large amount of insulation and constructionmaterials left
over fromprevious times. The disease of asbestosis is found very
rarely nowadays in these countries, whereas asbestos-related
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
malignancies are still encountered, due to the long latency from
exposure to the onset of disease.

However, asbestos is still being mined in several countries
such as Canada, Russia, and China, used locally, and also
exported to countries in Asia, Africa, and the former Eastern
bloc, where there is little or no regulation. Estimates of the
World Health Organization indicate that 125 million people
worldwide are currently exposed to asbestos.
Uses

Asbestos minerals have been used in over 3000 commercial
applications. Asbestos may be present in insulation materials
in factories, buildings such as schools and homes, ships,
cement and sheeting, paint, brake linings and friction pads,
railroad machinery, roofing materials, water pipes, and
various appliances. In the past, asbestos was woven to
manufacture fireproofing materials and even used in cigarette
filters.
Environmental Behavior, Fate, Routes, and Pathways

Asbestos fibers are chemically inert and do not undergo
significant degradation in the environment. Small diameter
fibers can remain suspended in the air and water for a long time
and can be transported by wind and water. Asbestos fibers are
not able to move through the soil and are generally not broken
down into other compounds in the environment.
Exposure and Exposure Monitoring

Inhalation is the principal route of exposure to asbestos. Other
routes may include ingestion through food and drink or by
swallowing inhaled asbestos cleared from the lungs. The
sampling of asbestos fibers which are longer than 5 mm can be
monitored in the air of the personal breathing zone. The
sampling procedure consists in drawing volume of air
(between 25 and 2400 l) through a cassette containing a mixed
cellulose ester membrane filter. A phase-contrast microscope is
used to recognize asbestos fibers and a transmission electron
microscope (TEM) is used to distinguish from nonasbestos
fibers. Scanning transmission electron microscope is less
accurate than TEM for fiber detection. TEM is also used to count
the fibers in lung tissue, bronchoalveolar lavage (BAL), and
sputum.
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Toxicokinetics

The most common route of entry into the body is by inha-
lation. The larger and curly shaped fibers are removed by the
cilia of tracheobronchial tree, whereas fibers less than 10 mm
in length can enter the distal respiratory airways. Here,
smaller fibers may be engulfed by alveolar macrophages and
transported to lymph nodes. Most fibers remain as they are or
as asbestos bodies (ratio 5000–10 000:1), the latter resulting
from the coating of fibers with hemosiderin and proteina-
ceous material. Amphibole fibers have a relatively small
cross-sectional diameter with a needle-like shape and tend to
be readily transported to the periphery of the lung. These
characteristics are thought to account for the higher patho-
genicity of amphiboles, as compared with that of chrysotile.
In addition, the different toxicities of fibers also correlate with
their persistence and clearance from the lung. The estimated
half-life of crocidolite and amosite fibers in the lung is in the
range of several years and that of chrysotile in the range of
months.

Fibers are usually found at a higher concentration in the
pleura than in the lung parenchyma, although they are not
distributed homogeneously. There are also high concentrations
of fibers in the anthracotic areas of the parietal pleura.

Fibers may also reach the peritoneum by direct trans-
location across the gut wall after ingestion or swallowing of the
inhaled asbestos cleared from the lungs.
Mechanisms of Action

Certain physical and physicochemical properties of fibers,
including shape, surface, structure, and chemical composition,
relate to asbestos toxicities. Chemical differences such as the
nature of cations present in the particles lead to differences in
the overall shape and persistence of asbestos fibers in the lung.

It is not yet clear as to whether asbestos fibers have a direct
carcinogenic effect on lung and pleural cells or if they cause
cancer indirectly. Asbestos fibers cause inflammation and
generate reactive oxygen and nitrogen species leading to
fibrosis and DNA damage. Asbestos fibers cause mutations on
certain chromosomes and aneuploidia, besides epigenetic
effects such as changes in miRNA expression and DNA
hypermethylation.
Acute and Short-Term Toxicity

Animal

Animals exposed to asbestos developed pleural mesothelioma.
In rats exposed to high concentrations of asbestos for a short
period (from 7 h up to 1 day, inhalation) or long period (up to
2 years) of time, similar mesothelioma incidence and latencies
were observed. Rats with inhalation exposure to chrysotile for
90 days did not develop lung fibrosis at low asbestos concen-
trations, but slight lung fibrosis occurred at higher doses. Five-
day inhalation studies conducted with tremolite and amosite
describe the incidence of lung fibrosis in rats. Single dose
intrapleural injection of asbestos in rats is able to produce
mesotheliomas.
Human

Very short exposures to asbestos (a few months) may correlate
with an increased risk in developing pleural plaques and
mesothelioma decades later. Only in exceptional circumstances
and after very high exposures, has there been a report of both
asbestosis and lung cancer.
Chronic Toxicity

Animal

Lung fibrosis in many animal species (pigs, rats, hamsters,
monkey) has been observed after chronic inhalation of both
chrysotile and amphiboles. The incidence and the severity of
the fibrosis are dose related. The disease is progressive after
cessation of exposure. In rat studies, chrysotile asbestos and
longer fibers (>5 mm) were more fibrogenic than shorter ones.
Human

Chronic exposures to asbestos fibers cause nonmalignant and
malignant diseases of the lung and pleura. Asbestosis is a fibrosis
of the lung interstitium that may occur after intense and pro-
longed exposures to all types of asbestos fibers. The most
common respiratory symptom associated with asbestosis is
insidious onset dyspnea, typically beginning on exertion. Cough,
phlegm, and symptoms of chronic bronchitis are frequent by the
time the disease progresses and symptoms are associated with an
accelerated decline of ventilatory function. After cessation of
exposure the disease may remain static or progress.

Pleural abnormalities associated with asbestos include
acute pleural effusion, diffuse and circumscribed pleural
thickening (pleural plaques), and rounded atelectasis. Exuda-
tive or hemorrhagic acute pleural effusions are rare and they
could be asymptomatic or associated with fever and pleuritic
pain. Pleuritis might result in diffuse pleural thickening and
rounded atelectasis. Pleural plaques are indicators of past
exposure to asbestos representing a result of localized inflam-
mation. They are usually bilateral, localized at diaphragmatic
pleura, and calcified, appearing with latency of more than 10
years and without relationship with the intensity and duration
of exposure. Pleural plaques are asymptomatic and do not
evolve into malignancy.

The clinical evaluation of nonmalignant asbestos-related
diseases includes history of exposure, physical examination,
chest imaging studies, and pulmonary function tests.

Plain chest X-ray could detect advanced asbestosis and
pleural thickening. However, conventional computed tomog-
raphy (CT) and high resolution CT scan are superior to chest
films in identifying parenchymal lesions and pleural plaques.
Honeycombing and the thickening of septa and interlobular
fissures are characteristics of asbestosis and in order to grade
both pneumoconiosis severity and pleural changes, films are
classified by the International Labour Organization.

Lung function abnormalities in asbestosis are restrictive
(reduction of all lung volumes), although signs of airway
obstruction are often observed, possibly due to concurrent
exposures to smoking and irritants or to asbestos itself.
Restrictive abnormalities can also be detected in cases of diffuse
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pleural thickening, whereas pleural plaques are usually not
associated with changes in lung function. Detection of asbestos
bodies and fibers in BAL and biopsies indicates exposure and
may confirm the diagnosis of asbestosis.
Genotoxicity

In Vitro

Asbestos produces genetic damage and morphologic trans-
formation of hamster cells. Asbestos fibers cause chromosomal
aberrations, i.e., aneuploidy (usually polyploidy), fragmenta-
tion, breaks, rearrangements, gaps, dicentrics, inversions, and
rings. Cell treated with asbestos suspension showed reduced
p53 protein expression. Asbestos is not mutagenic in Escher-
ichia coli and Salmonella typhimurium assays.
In Vivo

In rats treated with crocidolite intraperitoneally, DNA deletions
have been observed in peritoneal tumors. In inhalation and
intratracheal instillation studies, an increased mutation
frequency was described in lung cells.

Studies on asbestos-exposed workers showed that the
number of chromosomal aberrations and the rate of sister
chromatid exchanges were significantly elevated.
Carcinogenicity

Lung tumor and pleural mesothelioma have been described
only in rats. Inhalation studies described a linear relationship
between exposure to asbestos and lung cancer incidence.
Mesothelioma was also induced in rats after injection or
implantation of asbestos into the pleural or peritoneal
cavities.

Chronic exposure to asbestos is among the known cau-
ses of lung cancer. Cumulative exposures that have been
shown to double the risk correspond to 25 fibers
�ml�1 years, i.e. concentration of fibers in the air multi-
plied for the years of exposure. This exposure is similar to
that correlating with the development of asbestosis.
However, it is still debated as to whether the presence of
asbestosis is a requirement or not for lung cancer devel-
opment. Epidemiological studies show that high exposures
to asbestos and tobacco smoking have multiplicative effects.
Latency period for lung cancer is 20–30 years. Presenting
symptoms may include chronic cough, hemoptysis, chest
pain, dyspnea, and weight loss. Diagnostic procedures
include detailed occupational history, chest imaging, bron-
choscopy with BAL, and histopathology. Both BAL and
surgical samples may be useful for the attribution of a lung
tumor to asbestos exposure when high concentrations of
both asbestos bodies and fibers are found, although
reported counts are quite variable. Asbestos fibers have
been associated with any type of cancer histotype. Prognosis
after surgery and/or chemotherapy does not differ from that
of the respective histotype of lung cancer.

Mesothelioma is a malignant disease arising from pleura
(60–65%), peritoneum (25%), and other mesothelial
membranes. The relationship of asbestos exposure with the
development of malignant mesothelioma has been well estab-
lished, and the disease occurs even after minor degrees of
exposure. However, in about 20% of the patients no history of
definite exposure to asbestos can be identified. Uncommon
causes of mesothelioma include irradiation and perhaps the
SV40 virus. The risk of the diseasemay depend on several factors
including the type of fibers, duration and intensity of exposure,
timing of exposure in a person’s life, and time since first expo-
sure. This latency period is 35–40 years or more. Unlike the
instance of lung cancer, smoking does not increase the risk of
mesothelioma in asbestos-exposed individuals. The most
frequent presenting symptoms ofmesothelioma are nonspecific
and related to the local effects of the tumor. Common presen-
tation of pleural mesothelioma includes effusion, dyspnea, and
chest pain and that of peritoneal mesothelioma includes
abdominal distension with ascites. Diagnostic procedures rely
on a comprehensive occupational and environmental history,
imaging, pleuroscopy, laparoscopy, histopathology, and
biomarkers such as blood osteopontin and mesothelin family
proteins. Differential diagnosis with epithelial and sarcomatous
tumors requires panels of specific immunostaining. Prognosis is
poor and death occurs often within a few months of diagnosis,
irrespectively from surgical and/or chemotherapy treatment.

Several other malignancies have been recently associated in
epidemiological studies with chronic asbestos exposures
including laryngeal and ovarian cancers.
Clinical Management

There is no specific treatment for asbestosis and other fibrotic
manifestations of asbestos toxicity although symptomatic
treatment with steroids and antibiotics may be necessary in
advanced cases of asbestosis.. Surgical and chemotherapeutic
treatments of asbestos-related malignancies do not differ from
the current ones for these tumors.
Exposure Standards and Guidelines

Asbestos is considered a human carcinogen by regulatory
agencies worldwide. Existing exposure levels in Western
countries are as follows: Occupational Safety & Health
Administration: 0.1 fiber cm�3; 8 h time-weighted average
(TWA) for respirable fibers with a length-to-diameter ratio of at
least 3 to 1, as determined using phase-contrast illumination: 1
fiber cm�3 excursion level (30 min). National Institute for
Occupational Safety and Health: 0.1 fiber cm�3 10 h TWA.
American Conference of Industrial Hygienists: 0.1 fiber cm�3

8 h TWA. European Union: 0.1 fiber cm�3 as a TWA.
Specific regulations exist to control the release of asbestos

from building demolition/renovation and to manage waste
containing asbestos.

See also: Chromosome Aberrations; Occupational Toxicology;
Occupational Safety and Health Administration; Carcinogenesis;
International Agency for Research on Cancer; Respiratory
Tract Toxicology; Erionites; Occupational Exposure Limits.
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Historical Development of the Association

The Asia Pacific Association of Medical Toxicology (APAMT) is
an international association that was established by a group of
medical toxicologists at the Joint International Programme on
Chemical Safety (IPCS)/World Health Organization (WHO)/
World Federation of Associations of Poison Control and
Clinical Toxicology Centres Workshop on Prevention
and Management of Poisoning by Toxic Substances, held in
Kuala Lumpur, Malaysia, 29 November–2 December 1989.
Representatives from 27 countries participated at this meeting.
Professor Ralph Edwards, the then director of the New Zealand
National Poison Information Centre, was elected as the
founding president of the association. Other APAMT officers
included Dr Julian White (Australia), Dr Madhi Balali-Mood
(Iran), Dr Ossy Kasilo (Zimbabwe), and Professor Ravindra
Fernando (Sri Lanka) as vice presidents; Professor Tariq Abdul
Razak (Malaysia) as secretary general; Dr Wayne Temple
(New Zealand) as treasurer; Dr Don Ferry (New Zealand) as
coordinating secretary.

The secretariat of the association initially resided in New
Zealand with Dr Ferry until the appointment of Dr Kenneth
Hartigan-Go (Philippines) as coordinating secretary in
November 1991 at an association meeting held during the
IPCS working group on Natural Toxins in Singapore. The
secretariat remained in the Philippines until 2006, then trans-
ferred to Sri Lanka where Professor Andrew Dawson (president
2006–08) was based with the South Asian Clinical Toxicology
Research Collaboration.

In late 2011, the secretariat of APAMT moved to Penang,
Malaysia, at the National Poison Centre, Universiti Sains
Malaysia.

Initially, members kept in contact through a newsletter,
prepared by the coordinating secretariat at the Philippine
National Poisons Centre in Manila. Originally, foreseen to be
a quarterly newsletter, the first two (volume 1, nos. 1 and 2)
were issued in mid-1992; then two issues (volume 2, nos. 1
and 2) appeared in the first half of 1993. There was then
a gap until the last quarter of 1994 when a single issue
(volume 3, no. 1) appeared. Another single issue with the
same number appeared in August 1996 containing the
constitution.

A constitution for the association was drafted at the INTOX-
4 meeting in Adelaide and was circulated during 1992 and
examined at an APAMT symposium on Experience of Poison
Control Centres in the Asia-Pacific Region, held that year in
September in Quebec, Canada, during the 5th annual meeting
of the INTOX Project. The approved constitution was pub-
lished in Volume 3 of the newsletter in 1996. It was subse-
quently revised after 2004.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
The APAMT logo is shown below.

Past and Current Structure

APAMT Past Presidents

Professor Ralph Edwards (first president) 1989–1991
Professor Ravindra Fernando (Sri Lanka) 1991–1994
Professor Madhi Balali-Mood (Iran) 1994–2001
Dr Jou-Fang Deng (Taiwan) 2001–2006
Professor Andrew Dawson (Australia) 2006–2008
Dr Winai Wananukul (Thailand) 2008–2010
APAMT Board Members 2012

Dr Chen-Chang Yang, President (Taiwan)
Dr Andrew Dawson (Australia)
Dr Winai Wananukul (Thailand)
Dr Jou-Fang Deng (Taiwan)
Dr Wayne Temple (New Zealand)
Dr Reza Afshari (Iran)
Dr Michael Eddelston (Scotland)
Dr I. Gawarammana (Sri Lanka)
Dr Surjit Singh (India)
Dr Hossein Hassanian (Iran)
APAMT Objectives

The general objective of the association is the promotion of all
aspects of chemical safety, poison control, and treatment,
within the Asia Pacific region. In pursuance of this general goal,
the association proposed to establish and maintain coopera-
tion with governmental organizations, professional bodies,
and other groups or individuals concerned with toxicological
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problems, in order to facilitate action designed to reduce or
eliminate risks and optimize treatment or management of
poisoning; to assemble studies, observations, and data essen-
tial to the understanding of poisoning; to promote and conduct
scientific research and investigations for the study of poisoning;
to supply information and advice in this field through infor-
mation centers in the Asia Pacific region; to foster professional
education in the field of toxicology; and to collaborate with
international institutions and particularly the WHO.
APAMT Activities and Achievements

At the early stages of the association, membership was open
to professionals working in poison centers and related
activities in countries of the Asia Pacific region and in
countries outside the region where no association of toxi-
cologists recognized by the then World Federation of Asso-
ciations of Poison Control and Clinical Toxicology Centres
(WFAPCCT) existed (the agreement among the international
and national bodies constituting the WFAPCCT subsequently
fell into abeyance). Initially, memberships from 16 countries
were represented.

The association has been very active in the promotion of
poison control and treatment by participating in the INTOX
Project of the IPCS/WHO/United Nations Environment Pro-
gramme (UNEP)/International Labour Organisation (ILO).
The efforts of Dr John Haines, formerly with the IPCS, in
facilitating INTOX workshops brought together many
members of APAMT at these occasions and allowed for meet-
ings of the association to be held prior to the more formalized
general assemblies that were subsequently held during the
APAMT congresses. APAMT formally recognized Dr Haines for
this work by making him the first honorary fellow during the
association’s ninth congress in Hanoi in 2010.

The association has also supported national and interna-
tional seminars and workshops on poison control such as the
International Seminar and Workshop on Prevention and
Management of Poisoning by Toxic Substances which was held
on 16 September 1996 in Jakarta, Indonesia.

APAMT is currently participating in the South Asian Clinical
Toxicology Research Collaboration (SACTRC). The general
objective of the collaboration is to promote clinical research,
particular in toxicology and toxinology, within the South Asian
region (Sri Lanka, India, Pakistan, Maldives, Bangladesh, and
Nepal). These objectives include increasing research capacity
throughpostgraduate training and the establishment of Sri Lanka
as an international centre of clinical research excellence. SACTRC
was formally established in 2004 following a Wellcome Trust
grant awarded to Dr Michael Eddleston, a current APAMT board
member. Many of the collaborators were actively involved in
research on poisoning and envenoming in South Asia over the
preceding decade. Several APAMT boardmembers of APAMT are
actively involved in SACTRC research and have presented their
findings at APAMT congresses.

Two meetings of experts on poisoning and chemical safety,
significant in promoting poison control in the region, were
held in Colombo, Sri Lanka, July 1997 and Kathmandu, Nepal,
May 1999, respectively of the South Asian Association for
Regional Cooperation (SAARC), an organization of South
Asian nations, founded in December 1985 and dedicated to
economic, technological, social, and cultural development.
It was through the influence of the APAMT’s second president,
Ravindra Fernando, that the issues of poisoning in the region
were brought to the SAARC political forum; senior government
officials were made more aware of the issues and could better
respond to initiatives in their own countries.
Congresses

APAMT made an active contribution to the fifth World
Conference of the WFAPCCT, which was held during
November 1994 in Taipei, Taiwan.

The first APAMT scientific congress was held together with
the fifth Iranian Congress of Toxicology and Poisonings in
Teheran, Iran, from 27–30 September 1997. Although this
congress was actually the first standalone congress held by the
APAMT, there was some confusion that the Taiwanese meeting
had also been an APAMT congress. The resultant misunder-
standing led to the next congress being billed as the third
congress when it was actually the second.

The third congress of the APAMT was held during 11–15
November 2001 in Penang, Malaysia.

The fourth congress of the APAMT took place during 24–26
November 2004 in Manila, Philippines.

The fifth APAMT congress was held during 6–8 August 2006
in Colombo, Sri Lanka.

The sixth APAMT congress took place during 12–14
December 2007 in Bangkok, Thailand.

The seventh APAMT congress was held during 7–10
December 2008 in Chandigarh, India.

The eighth APAMT congress was held during 20–22 October
2009 in Beijing, China.

The ninth APAMT congress took place during 17–19
November 2010 in Hanoi, Vietnam.

The tenth congress of the APAMT was held during 11–14
November 2011 in Penang, Malaysia,

The eleventh APAMT congress is scheduled to take place
from 29 November to 1 December 2012, at the Hong Kong
Academy of Medicine, Hong Kong.
Cooperative Activities

There has been regular involvement of members of the asso-
ciation representing the medical toxicology professional
community in international fora and activities: Intergovern-
mental Forum on Chemical Safety (IFCS), International
Conference on Chemicals Management (ICCM), Strategic
Approach to International Chemicals Management (SAICM)
regional and intersessional activities, and intergovernmental
negotiations on new initiatives (e.g., mercury).

Association members have also contributed to strength-
ening the capacity for poison control, including training in the
region. Dr Wayne Temple is working in conjunction with the
WHO on a SAICM Quick Start Fund project to establish
desktop poison information centers in the Pacific Islands.

A SACTRC-initiated proposal for a distance learning Masters
program in clinical toxicology was agreed to in December 2007
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and course delivery began in June 2008 at the Sri Lankan Post
Graduate Institute of Medicine (PGIM). APAMT members have
contributed significantly to this program. Members have also
contributed to e-learning activities including Wikitox.

Future directions of the association will include greater
involvement in international and interprofessional issues:
strengthening capacity for health and environmental surveil-
lance to toxic exposures under conditions of the region; timely
publication of critically reviewed data; encouraging young
professionals to participate in national and international
meetings to present their work and learn from others; and
taking a proactive role as an interlocutor at international level
to stakeholder debate of policy issues relating to sound
management of chemicals and waste.

See also: World Health Organization/International Programme
on Chemical Safety (WHO/IPCS).
Further Reading

Dawson, A.H., Buckley, N.A., 2011 Feb. Toxicologists in public health – following the
path of Louis Roche (based on the Louis Roche lecture “An accidental toxicologist in
public health”, Bordeaux, 2010). Clinical Toxicology (Philadelphia) 49 (2), 94–101.
Relevant Websites

http://www.asiatox.org – Asia Pacific Association of Medical Toxicology (APAMT).
http://www.prn.usm.my/apamten – 10th Scientific Congress of the Asia Pacific

Association of Medical Toxicology (APAMT).
www.sactrc.org/ – South Asian Clinical Toxicology Research Collaboration.
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l Name: Aspartame
l Chemical Abstracts Service Registry Number: 22839-47-0
l Synonyms: L-a-aspartyl-L-phenylalanine 1-methyl ester,

NutraSweet
l Chemical/Pharmaceutical/Other Class: Dipeptide methyl

ester
l Molecular Formula: C14H18N2O5

l Structure:
Background Information

Based on the lack of toxicity in animal studies, a no-observed
effect level of at least 4000 mg kg�1 body weight per day was
established by the Joint FAO/WHO Expert Committee on Food
Additives (JECFA), the European Food Safety Authority (EFS,
formerly the Scientific Committee on Food (SCF)), and the
Health Protection Branch of Health and Welfare Canada. As
a result, an acceptable daily intake (ADI) of 40 mg kg�1 body
weight was set by these agencies. The Food and Drug Admin-
istration set the ADI at 50 mg kg�1 body weight based on both
animal and human studies (Butchko et al., 2002; JECFA, 1980;
SCF, 2002; Tschanz et al., 1996). Aspartame is a high-intensity
sweetener approved for use in over 90 countries and in more
than 6000 products (Magnuson et al., 2007). Aspartame is
nontoxic at dosages up to 4000 mg kg�1 day�1 and is not
carcinogenic (Magnuson et al., 2007).
Uses

High-intensity sweetener, flavor enhancer.
Exposure Pathways

Oral.
Toxicokinetics

Aspartame is hydrolyzed entirely in the gastrointestinal tract to
its constituent amino acids, aspartate and phenylalanine, and
methanol. These are then absorbed by the body and utilized via
330 Encyclopedia of T
the same metabolic pathways as when these same constituents
are derived from common foods; they are found in common
foods in much larger quantities than from aspartame in foods
or beverages.
Mechanisms of Toxicity

Aspartame is nontoxic. However, individuals with the rare,
genetic disease, phenylketonuria (PKU), cannot properly
metabolize phenylalanine. Such individuals are detected by
testing at birth and placed on special low-phenylalanine diets
to control their blood phenylalanine concentrations. Thus,
PKU individuals need to be aware that aspartame is a source of
phenylalanine.
Animal Toxicity

Aspartame is nontoxic, carcinogenic, mutagenic, or teratogenic
and has no effect on reproduction. Carcinogenicity studies with
aspartame have failed to reveal any dose–response between
aspartame and tumors (Butchko et al., 2002; FDA, 2007; NCI,
2009 SCF, 2002; Stegink and Filer, 1984; Tschanz et al., 1996).
Human Toxicity: Acute

Aspartame is nontoxic when administered as an acute dose in
humans. Humans were administered aspartame at dosages up
to 200 mg kg�1 body weight as a single bolus dose. Blood
concentrations of aspartic acid, phenylalanine, and methanol
were well below any levels considered potentially harmful. The
toxic effects of methanol in humans are due to accumulation of
its metabolite, formate. Blood formate concentrations did not
increase after this abusive bolus dose of aspartame (equal to
the amount in about 28 liters of beverage with aspartame
consumed at once or about 65–70 times the amount of
aspartame people consume daily at the 90th percentile).
Urinary excretion of formate increased significantly in samples
collected 0–4 and 4–8 h after aspartame ingestion. Therefore,
the rate of formate formation did not exceed the rate of formate
excretion, even after this very large bolus dose (Butchko et al.,
2002; Stegink and Filer, 1984; Tschanz et al., 1996).
Human Toxicity: Chronic

Aspartame was tested in studies of up to 27 weeks duration in
healthy adults, children, and adolescents, obese subjects,
individuals with diabetes, and individuals heterozygous for
PKU. The results of these studies show that there was no
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00818-6

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00818-6


Aspartame 331
accumulation of plasma aspartate, phenylalanine, or methanol
in humans following long-term exposure (Butchko et al., 2002;
Stegink and Filer, 1984; Tschanz et al., 1996).

In a 6-month study in healthy adults, subjects were given
75 mg kg�1 body weight per day of aspartame or placebo
(provided as three divided doses daily). This daily dose
provided approximately the same amount of aspartame as
10 liters of a soft drink sweetened with 100% aspartame. There
was no accumulation of blood or plasma aspartate, phenylal-
anine, methanol, or formate over the course of the study. In
addition, urinary formate excretion did not increase, indicating
no significant increase of formate formation. There were no
adverse experiences and no effects on physical examinations,
including vital signs, EKGs, ophthalmologic examinations, or
biochemical parameters after aspartame compared to placebo.

See also: Food Additives; Food and Drug Administration, US;
Food, Drug, and Cosmetic Act, US; Food Safety and Toxicology;
Joint FAO/WHO Expert Meetings (JECFA and JMPR).
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l Name: Astemizole
l Chemical Abstracts Service Registry Number*: 68844-77-9
l Synonyms*: Alermizol; Astesen; Esmacen; Laridal; Hismanal;

1-[(4-Fluorophenyl)methyl]-N-[1-[2-(4-methoxyphenyl)
ethyl]-4-piperidinyl]-1H-benzimidazol-2-amine; Paralergin;
Retolen; Waruzol

l Molecular Formula*: (C28H31FN4O)
l Chemical Structure*:
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*All from ChemIDplus.
Background

Astemizole as a non-sedating selective histamine H1-antagonist
(IC50 ¼ 4 nM) has been widely utilized to relieve seasonal or
all-year allergic rhinitis, chronic urticaria, conjunctivitis, and
other allergic symptoms.

Janssen Pharmaceutica discovered astemizole in 1977,
and it was marketed under the brand name Hismanal and
approved by the US Food and Drug Administration in 1988.
It was first sold in North American markets in the mid-1980s
(‘Astemizole Hismanal’) by Janssen Pharmaceutica (now
Johnson and Johnson) and voluntarily withdrawn by this
company from global markets in 1999. Astemizole can
inhibit nose and bronchial reaction in people exposed to
histamine and allergens. Several studies revealed that aste-
mizole has an antimalaria activity and selectivity for 5-HT,
dopamine, and muscarinic acetylcholine receptors. Some
clinical studies showed that astemizole did not cause
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drowsiness or sedation in patients. Unlike the most first-
generation antihistamines, astemizole as a second-
generation antihistamine cannot penetrate into the central
nervous system and therefore causes fewer adverse side
effects. Binding of astemizole to the H1-receptor in place of
histamine results in fewer allergic symptoms. More detailed
studies have shown that astemizole can reduce the release of
mediators in allergic reactions like prostaglandins, leukotri-
enes, and histamine from mast cells.

A study on the effect of astemizole on the Ca2þ fluxes in rat
basophilic leukemia (RBL-2H3) cells revealed that it can
increase the intracellular calcium concentration through
releasing intracellular Ca2þ stores and also inhibit the Ca2þ

influx via store-operated Ca2þ channels. Astemizole can inhibit
human ether-a-go-go-related gene (hERG) potassium ion
channel currents in the mid to high nanomolar range. Inhibi-
tion was selective for hERG compared to a number of other
cloned Kþ channels.

Moreover, astemizole can suppress the expression of cyclins
after 6–8 h costimulation with IGF-1. After treatment with
astemizole, QT prolongation and increase in the Naþ–Kþ

interval of the electrocardiogram-like waves can be observed.
Several studies show proarrhythmic effects of desmethylaste-
mizole as a dominant compound in serum, which is the
principal cause of long QT syndrome and Torsades de Pointes.
These fatal side effects led to its withdrawal from the markets.

However, recent studies show that using astemizole along
with radiotherapy could be beneficial to destroy prostate cancer
cells through an autophagic-facilitated mechanism. It can be
introduced as a novel intervention for the treatment of prostate
cancer.

Astemizole is currently used in 30 countries where malaria
is endemic, including Vietnam, Thailand, and Cambodia.
It was found that astemizole is a potent anti-malarial agent
against both chloroquine-sensitive and chloroquine-resistant
parasites in vitro and in vivo. Several studies have been
focused on the synthesis of astemizole analogs to improve
antimalarial activity and reduce hERG-related and other side
effects of the parent drug.
Uses

Astemizole is prescribed usually for the therapy of allergic
reactions, including rhinitis, asthma, conjunctivitis, and
chronic idiopathic urticaria. It is used as a histamine-1 (H-1)
receptor antagonist in medical condition. Astemizole and
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00694-1
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desmethylastemizole (its metabolites) are known as a potent
hERG potassium ion channels. Astemizole was developed as
a radioligand for the hERG Kþ channel-binding assay and PET
imaging of T-pathology. Recent studies revealed that astemi-
zole could be used clinically as a radiotracer for neuroimaging
in Alzheimer’s disease diagnosis, due to its aggregated tau
protein binding ability.

In addition, it is a new promising anticancer drug owing to
its ability to inhibit potassium channel, which is involved in
cancer cell growth. Histamine can either promote or inhibit
cell proliferation depending on the cell type; thereby the role
of histamine in the cell proliferation is disputable. Astemizole
is a new antimalarial agent showing activity against both
chloroquine-sensitive and multidrug-resistant parasites. It also
has been found to have anti-prion activity.
Environmental Behavior, Fate, Routes, and Pathways

Astemizole is soluble in ethanol and DMSO (25 mg ml�1),
chloroform, methanol, and water (partly soluble). It is very
toxic to organisms in the aquatic environment due to its long-
term adverse effects. It is not recommended to concomitant
usage of astemizole-like compounds such as fluconazole,
metronidazole, miconazole, and ketoconazole.
Exposure and Exposure Monitoring

Human are typically exposed to astemizole by ingestion. In
a cohort study, 114 women exposed to astemizole were matched
with 114 women exposed to known nonteratogens such as acet-
aminophen and dental radiographs. Two major malformations
were found in both groups. Daily administration of 10 mg kg�1

astemizole to female Wistar rats during the pregnancy caused
pinna detachment delay, reduced fertility, and the startle reflex.
Toxicokinetics

After oral administration, astemizole is absorbed quickly,
although its onset of action is late. Administration of aste-
mizole with meals can reduce the rate, but not the overall
extent of enteric absorption. Astemizole can bind to plasma
protein about 97%; therefore, its duration of action is long.
It distributes extensively within the body fluids and secretes
in the milk. It does not cross the blood–brain barrier in
a significant extent.

Astemizole has a cardiotoxic effect, producing a dangerous
arrhythmia known as TdP. Astemizole undergoes extensive
first-pass hepatic metabolism via cytochrome P450 (CYP450)
enzymes (primarily 3A4). Therefore, drugs interacting with
CYP3A4 can affect astemizole systemic exposure and toxic
potential. Its metabolism gives three primary and active
metabolites: desmethylastemizole, norastemizole, and
6-hydroxydesmethylastemizole. A study on the excretion and
biotransformation of astemizole shows that its metabolites are
slowly excreted in the urine and feces. Desmethylastemizole
with a long elimination time (9–13 days) is the dominant
metabolite of astemizole, which is generated by oxidative
O-demethylation of the parent drug. It can potently block the
repolarization of Kþ current (IKr). Norastemizole is a second
metabolite of astemizole, which is generated by oxidative
N-dealkylation of the parent drug. Astemizole and its metab-
olites are reported to be H1-receptor antagonists. Nor-
astemizole has low concentrations in the serum and exhibits
more potent blockade on the H1-receptor than desmethylas-
temizole and astemizole. Astemizole and its metabolites can
block the hERG channels.

Asymptomatic liver enzyme elevations, edema, epistaxis,
myalgia, bronchospasm, depression, palpitation, photosen-
sitivity, pruritus, paresthesia, angioedema, and rashes may
occur in treating patients with astemizole. Some other side
effects associated with astemizole are stomach upset (nausea,
diarrhea, or constipation), allergic reaction, faintness,
increased heart rate, uncommonly irregular heart rhythms,
lung swelling, incoordination, and disordered sleep and
dreaming. Astemizole can also cause adverse cardiac effects at
high doses, probably due to an action on H3-receptors.
Mechanisms of Action

Cardiotoxicity (Torsades de Pointes arrhythmia) is themain and
serious toxicity related with astemizole administration. The
exact mechanism of the cardiotoxicity is not exactly clear,
though it is believed to be similar to terfenadine. Astemizole
and its primary metabolite desmethylastemizole may be able to
inhibit cardiac delayed potassium rectifier (Ikr) channels like-
wise terfenadine does. The Ikr channel is the potassium channel
involved in repolarization of cardiac cells and therefore its
blockade can decrease the outflow of cellular potassium,
resulting in dysrhythmia and most notably Torsades de Pointes.

Furthermore, norastemizole and 6-hydroxyastemizole can
also inhibit Ikr channels at much lower amounts than the
parent drug. Overdose of astemizole in patients with hepatic
and renal dysfunction leads to accumulation of astemizole and
its metabolites. In this condition, the patients are disposed to
astemizole-induced cardiotoxicity.
Acute and Short-Term Toxicity

Human

Unlike first-generation antihistamines, astemizole is a ‘non-
sedating’ agent and does not comprise the anticholinergic
properties. Patients with astemizole overdose are usually fully
awake or only slightly sedated. Following astemizole ingestion,
serious cardiac effects, including prolongation of the QT
interval, arrhythmias, arrest, hypotension, palpitations,
syncope, dizziness, and death, could be observed in the patients.
These cardiotoxic effects are usually associated with doses
higher than recommended and/or increased plasma concen-
trations of the drug and its active metabolites. Although at the
recommended dose and two or three times the recommended
dose, cardiotoxic effects may occur rarely. Administration of the
drug along with the inhibitors of the CYP3A4, including the
azole antifungals, macrolide antibiotics, selective serotonin
reuptake inhibitors (SSRIs) and antiretroviral drugs, consider-
ably increases the risk of astemizole-induced cardiotoxicity.
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Chronic Toxicity

There was limited evidence that indicates repeated or long-term
occupational exposure can have an effect on organs or
biochemical systems. There has been some concern about
carcinogenic and mutagenic effect of astemizole; however,
there are not enough data to make an assessment. There is also
poor evidence about sensitization reaction by skin contact.
Hypersensitivity reactions including bronchospasm, hives
(urticaria), deep dermal wheals (angioneurotic edema),
running nose (rhinitis), and blurred vision would be observ-
able after exposure to small quantities of the drug. Anaphylactic
shock and skin rash (non-thrombocytopenic purpura) would
also be expected.

Cross-sensitivity with other chemical agents that have
caused prior sensitization could be observed. Astemizole did
not show carcinogenic effect using oral doses less than
80 mg kg�1 day�1 for 24 and 18 months in rats and mice,
respectively.

Micronucleus, dominant lethal, sister chromatid exchange,
and Ames tests have shown no mutagenicity. Teratogenic
effects were not detectable in rats at oral doses up to 130
times the recommended dose. Fertility was not affected in rats
at oral doses of up to 40 times the recommended human
dose.
Animal

At lower doses (50 times the recommended human dose), no
toxicity was observed in the mothers or pups; conversely, toxic
effects were noticeable on the unborn rat pups at higher doses
of 100 times the recommended human dose, as well as in the
mothers.
Immunotoxicity

Growing evidences have focused on the role of astemizole and
histamine receptors (HRs) antagonists in immune modulation.
However, the roles of HRs agonists are still unclear.
Genotoxicity

Astemizole did not show genotoxic and carcinogenic effects in
most of various cytogenetic test systems.
Carcinogenicity

Based on carcinogenicity investigations on Swiss mice and
Wistar rats exposed to astemizole, this compound is not
capable of promoting tumor growth and it is not tumorigenic.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Using activated charcoal may be beneficial following
oral ingestion. Since the drug is rapidly absorbed from the
intestine, the efficacy of activated charcoal and/or gastric lavage
will depend on the time these therapies are used after the
ingestion. Further, the effectiveness of multidose activated
charcoal would appear limited considering the drug’s extensive
Vd (w250 l kg�1) and high protein binding (97%). Close EKG
monitoring should be instituted immediately and continued
for a minimum of 24 h.
Exposure Standards and Guidelines

Astemizole can considerably improve calcitriol’s growth-
inhibitory effects (3–11 fold, p < .01). Mean IC20 values were
1.82 � 2.41 nM and 1.62 � 0.75 mM for calcitriol (in estrogen
receptor negative cells) and astemizole, respectively.
See also: Chloroquine/Hydroxychloroquine;
Methylenedioxymethamphetamine.
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Atrazine (1912-24-9) is a commonly used herbicide to control
pre- and postemergence grasses and broadleafed weeds.

l Molecular Formula: C8H14ClN5

l Chemical Structure:
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Uses

For decades, atrazine has been one of the most heavily used
agricultural herbicides in the United States and is used exten-
sively worldwide to control pre- and postemergence grasses
and broadleafed weeds. The annual usage of atrazine in US
agriculture has been ranked number two among conventional
pesticides (behind glyphosate) based on active ingredients
used (70–80millions of pounds annually) over approximately
the last decade. Atrazine is primarily used on various field crops
such as corn (approximately 75% of the field corn acreage
grown in the United States), sorghum, sugarcane, etc. It is also
used in industrial applications.
Environmental Fate and Behavior

Atrazine is highly persistent in the environment due to its
resistance to abiotic hydrolysis (stable at pHs 5, 7, and 9) and
to direct aqueous photolysis (stable under sunlight at pH 7).
Moreover, the compound has a limited volatilization potential
and is only moderately susceptible to aerobic biodegradation,
which is the main route of dissipation of atrazine. A colder
climate makes atrazine even more persistent in the environ-
ment. Atrazine does not get adsorbed to soil particles strongly
and therefore has a relatively high potential to contaminate
ground and surface waters despite its moderate solubility in
water.
Exposure and Exposure Monitoring

The ocular and dermal routes are the primary exposure path-
ways. Ingestion and inhalation are other possible routes of
exposure.
Toxicokinetics

Atrazine has the potential to be absorbed through the gastro-
intestinal tract, through the intact skin, and by inhalation.
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The percentage absorbed through dermal application is
increased with time and decreased with dose. However, the
majority (65–95%) of atrazine applied on the skin was recov-
ered in the water used for washing or was found associated with
the skin at the site of exposure. Once absorbed, it follows first-
order distribution kinetics and undergoes N-dealkylation and
dechlorination of the triazine ring. The highest level of atrazine
is noted in the red blood cell followed by lungs, liver,
spleen, and kidneys. The half-life of atrazine in the tissues
is <31–39 h. Urinary excretion is the major route of elimina-
tion in mammals. A small amount is also excreted in the
feces. The major metabolite in both urine and feces is
diaminochlorotriazine.
Mechanism of Toxicity

The triazine herbicides are selective inhibitors of the Hill
reaction in plant photosynthesis. In mammals, atrazine
disrupts luteinizing hormone (LH) and prolactin secretion
through direct action on the hypothalamus–pituitary axis.

In vitro, atrazine was found to strongly potentiate arsenic
trioxide-induced cytotoxicity and transcriptional activation of
stress genes in transformed human hepatocytes, while atrazine
itself did not show any significant effects.
Acute and Short-Term Toxicity (or Exposure)

Animal

Atrazine has low acute toxicity in mammals and falls into
toxicity category III or IV. The oral LD50 in rats is>2 g kg�1. The
dermal LD50 and inhalation LC50 (1 h) values in rats are
>3 g kg�1 and 700mgm3, respectively. The oral LD50 values in
mice and rabbits are 1.8–4.0 g kg�1 and 750mg kg�1, respec-
tively. Atrazine was negative in primary skin irritation and
dermal sensitization tests. Rats exposed to high dosages of
atrazine showed changes in arousal and motor function,
dyspnea, hypothermia, and spasms. With lethal oral dosages,
death occurred rapidly (within 12–24 h). A 90-day subchronic
oral study in rats and 21-day dermal study in rabbits provided
no observed adverse effect levels (NOAELs) of 3.3 and
100mg kg�1 day�1, respectively.
Human

There have been relatively few recorded cases of human
poisonings among occupationally exposed workers in the
United States. One death was reported following extensive
dermal exposure. Dermal exposure to atrazine can cause skin
rash, erythema, blisters, and edema. Ocular irritation, chest
pains, and a feeling of tightness in the chest, nausea, and
dizziness have also been reported after ocular, oral, or inhala-
tion exposures.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00098-1
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Chronic Toxicity (or Exposure)

Animal

About 40% of rats died, with signs of respiratory distress and
paralysis of the limbs following oral administration of
20mg kg�1 day�1 atrazine for 6months. Structural and
chemical changes were noticed in various organs including
heart, liver, ovaries, etc. Dogs treated with 3.65mg kg�1 day�1

atrazine in the diet for 52 weeks showed various treatment-
related cardiac changes including EKG alterations, moderate to
severe atrial dilation, and enlarged hearts. Histopathology
revealed cardiac myolysis and focal atrophy. The NOAEL for
atrazine in dogs of both sexes was established at about
5mg kg�1 day�1.
Human

The carcinogenic effect of high doses of atrazine noted in
female Sprague–Dawley rats is a strain-, sex-, and tissue-specific
response that appears to have low biological relevance in
humans due to the differences in the endocrine control of
reproductive senescence. While considerable debate still exists
on the carcinogenic potential of atrazine, the potential impact
of chronic exposure on human health appears more likely on
reproduction and development via effects on endocrine
signaling and not carcinogenicity.
Immunotoxicity

Atrazine has been reported to cause changes in immunological
parameters in adult female B6C3F1 mice. Acute atrazine
(100–300mg kg�1, ip) exposure decreased the percentage of
CD4þ and CD8þ T cells in the thymus and the nucleated cells
in the spleen. Splenic NK cell activity and the IgG1/IgG2a
responses to KLH were all decreased by atrazine in a dose-
dependent manner. Both acute and chronic (28 days) exposure
to atrazine caused changes in white blood cell count and
lymphocyte phenotypes in the blood and spleen. NK cell
activity was decreased to a greater extent with chronic exposure.
Prenatal/lactational exposure has been shown to cause changes
in immune function in adult offsprings in a gender- and age-
specific manner.
Reproductive Toxicity

Prenatal developmental toxicity study in female Sprague–
Dawley rats exposed to atrazine during gestation day 6
through day 15 demonstrated maternal and developmental
NOAELs of 25mg kg�1 day�1. Using both Long–Evans and
Sprague–Dawley female rats, atrazine was found to disrupt the
hypothalamic control of pituitary-ovarian function as indi-
cated by alteration in LH and prolactin serum levels. Females
treated with atrazine (75, 150, and 300mg kg�1 day�1 for
21 days by gavage) showed irregular cycles and repetitive
pseudopregnancies. Maternal exposure to atrazine during
lactation may result in prostatitis in adult male offspring due to
atrazine’s suppressive effect on suckling induced prolactin
release.
Genotoxicity

Based on evidence derived from a large array of assays such
as bacterial reverse mutation test, mammalian bone marrow
chromosome aberration test, dominant lethal assay, and
UDS assay, atrazine was concluded to lack mutagenic
potential.
Carcinogenicity

When CD-1 mice of both sexes were treated with atrazine in
the diet at dose levels of 10–3000 ppm daily for 91 weeks, no
treatment-related increase in tumor incidence was noted
when compared with controls. Neither male or female
Fischer 344 rats nor male Sprague–Dawley rats given atrazine
at a maximum tolerated dose in the diet for 24months
exhibited any increase in the incidence of tumors of any
type. However, mammary tumors were observed in female
Sprague–Dawley rats after 24months of dietary administra-
tion of high levels of atrazine. The mechanism of tumori-
genesis in female Sprague–Dawley rats appears to be
mediated via suppression of the LH ‘surge,’ leading to
persistent elevation of estrogen and prolactin. The differences
in response to the carcinogenic effect of high levels of atra-
zine observed in mice versus rats and male (and of primary
importance, humans) versus female Sprague–Dawley rats
appears due to differences in endocrine control mechanisms
affecting reproductive senescence and the development of the
mammary tumors during aging.
Clinical Management

Treatment is symptomatic.
Ecotoxicology

Atrazine, with acute oral LD50 values of 4900mg kg�1, is
practically nontoxic to birds. The compound is slightly toxic
to aquatic animals. Rainbow trout and midge, the most
sensitive freshwater species tested, have 96 and 48 h LC50

values of 5.3 and 0.72mg l�1, respectively. The most sensitive
marine animals tested were the spot fish (Leiostomus xanthu-
rus) with a 96 h LC50 value of 8.5mg l�1 and the copepod
(Acartia tonsa) with a 96 h LC50 value of 88mg l�1. Atrazine
has low acute toxicity potential in bees (oral LD50>100 mg
per bee).
Exposure Standards and Guidelines

The US EPA and the JMP acute reference dose (RfD) is
0.1mg kg�1 day�1, and chronic RfD is 0.018mg kg�1 day�1.
The ACGIH TLV–TWA for atrazine is 5mgm�3.

See also: Pesticides; Pollution, Water.
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l Name: Atropine
l Chemical Abstracts Service Registry Number: 51-55-8
l Synonyms: AtroPen; Atropine sulfate; Benzeneacetic acid,

alpha-(hydroxymethyl)-8-methyl-8-azabicyclo(3,2,1)oct-
3-yl ester, endo-(þ-)-; DL-Hyoscyamine; Tropine tropate

l Chemical/Pharmaceutical/Other Class: Antimuscarinic
agent; Anticholinergic agent

l Molecular Formula: C17H23NO3

l Chemical Structure:
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Background

Atropine is the racemic mixture of L- and D-hyoscyamine and
possesses 50% of the antimuscarinic potency of L-hyoscyamine.
Atropine is derived from the components of the belladonna
plant and is also present in other plants from the Solanaceae
family. Women in ancient times often dripped the plant’s juices
into their eyes, causing mydriasis and thereby enhancing their
beauty. In Italian, belladonna translates to ‘beautiful lady.’ In
the United States, the atropine autoinjector has been in use
since 1973 for the treatment of exposures to chemical warfare
nerve agents and insecticides.
Uses

Atropine is used in the management of sinus bradycardia with
hemodynamic instability and in the treatment of peptic ulcer
disease, irritable bowel syndrome, urinary incontinence, and
organophosphate and carbamate poisoning. It is also present
in ophthalmic preparations to induce mydriasis and cyclo-
pegia. Atropine is often administered preoperatively to
decrease secretions.
Environmental Fate and Behavior

Free atropine is only slightly soluble in cold water. It melts at
115 �C but decomposes upon boiling.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental monitoring of atropine is not routinely
performed by regulatory bodies. Hazardous short-term degra-
dation products are not likely to occur. Accidental environ-
mental exposure may occur through unintentional ingestion of
toxic plants of the Solanaceae family, such as the deadly
nightshade.
Exposure and Exposure Monitoring

Ingestion is the most frequent route of exposure. Exposure can
also occur following instillation of eye solutions and via
subcutaneous, intramuscular, intravenous, and inhalation
routes. Accidental overdosage may occur when atropine is
administered for the treatment of organophosphate or carba-
mate insecticide poisoning.

Monitoring of atropine levels in blood or bodily fluids is
not employed in standard exposure management. Environ-
mental monitoring of atropine is not a common practice.
Toxicokinetics

In therapeutic doses, atropine is well absorbed. In toxic doses,
absorption may be prolonged secondary to decreased gastric
motility. Atropine is 18% bound to plasma protein and its
volume of distribution ranges from 2 to 4 l kg�1. Atropine is
metabolized in the liver to tropic acid, tropine, esters of tropic
acid, and glucuronide conjugates. Elimination follows first-
order kinetics. Approximately 30–60% is excreted unchanged
in the urine. Drug clearance is dependent on glomerular
filtration. The elimination half-life is 2–3 h in adults but may
be longer in children.
Mechanism of Toxicity

Atropine competitively antagonizes acetylcholine at the neu-
roreceptor site. Atropine prevents acetylcholine from exhibiting
its usual action but does not decrease acetylcholine production.
Cardiac muscle, smooth muscle, and the central nervous
system are most affected by the antagonism of acetylcholine.
Acute and Short-Term Toxicity

Animal

Animals are at risk for anticholinergic poisoning from atropine.
Toxicity is similar to that in humans. Gastrointestinal decon-
tamination and supportive care should be employed.

There is interspecies variability and variability based on the
route of exposure to atropine. The rat LD50 oral is 500 mg kg�1;
the LD50 intraperitoneal is 280 mg kg�1; and the LD50 IV is
73 mg kg�1.
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Human

Overdosage of atropine results in signs and symptoms consis-
tent with the anticholinergic toxidrome. Signs and symptoms
have been reported following the ingestion of as few as four to
five drops of 4% ocular atropine solution. Patients exhibit
warm, flushed, and dry skin as a result of peripheral vasodila-
tation. Mydriasis occurs due to antagonism of acetylcholine in
the muscles of the iris. Urinary retention, thirst, delirium,
hallucinations, and decreased bowel sounds may occur.
Tachycardia with ensuing hypertension can appear secondary
to vagal blockade. The anticholinergic toxidrome may be
delayed and can occur in cycles. Severe intoxications may
progress to seizures, coma, and arrhythmias.
Chronic Toxicity

Animal

A juvenile pygmy sperm whale (Kogia breviceps) was treated
with several doses of atropine to relieve symptoms of pyloric
stenosis. The animal developed signs and symptoms of anti-
cholinergic toxicity including hyperexcitability, ascending
weakness, vomiting, and aspiration of seawater. Symptoms
resolved after administration of physostigmine.

Human

Chronic ingestion of greater than therapeutic amounts of
atropine may produce symptoms of the anticholinergic
toxidrome.
Immunotoxicity

Atropine is not known to cause specific immunotoxic effects. As
with exposure to any agent, humans may be at risk for hyper-
sensitivity reactions to atropine.
Reproductive and Developmental Toxicity

Atropine Carries FDA Pregnancy Category C Rating

Atropine may be used during pregnancy as a preoperative,
preanesthetic agent to reduce salivation and bronchial secre-
tions. Atropine rapidly crosses the human placenta. In one
study of 44 healthy pregnant women, a maximum umbilical to
maternal vein ratio of 1.27 was observed 6 min after admin-
istration of 0.01 mg kg�1 intravenously. The corresponding
umbilical and maternal vein atropine levels were 22 and
17 nmol l�1 respectively. Intramuscular injection produced
lower concentrations.

Another study administered labeled atropine intravenously
prior to delivery to quantify placental transfer and fetal distri-
bution of the drug. The concentrations in the umbilical vein 1
and 5 min after injection were 12 and 93%, respectively, of the
corresponding maternal value. Concentrations in the umbilical
artery were approximately 50% of those in the umbilical vein
during the same period.

Studies have shown that administration of atropine to
a pregnant woman during the last trimester canmask the effects
of vagal stimulation on the fetal heart, producing tachycardia
within 5–30 min after injection. Limited data have shown that
atropine can suppress fetal breathing, although fetal hypoxia
has not been observed. Atropine could reduce lower esopha-
geal sphincter pressure enough to predispose the newborn to
aspiration. Uterine contractility does not appear to be signifi-
cantly affected by atropine, perhaps due to a decrease in the
sensitivity of muscarinic receptors on myometrial tissue during
pregnancy.

Multiple prospective cohort studies have monitored tens of
thousands of mother–child pairs in which the mother was
exposed to atropine during pregnancy. Overall, these data do
not support an association between the use of atropine and
congenital defects.

Anticholinergic agents can inhibit lactation in animals, via
inhibition of growth hormone and oxytocin secretion. These
agents can also reduce serum prolactin in nonnursing women,
but decreased prolactin levels in an established nursing mother
should not affect her ability to breast-feed. In theory, long-term
use of atropine may reduce milk production or milk letdown,
but a single systemic or ophthalmic dose should not interfere
with breast-feeding.
Genotoxicity

Studies of the mutageniticity of atropine in Escherichia coli have
demonstrated no effects on cell DNA. Atropine is not expected
to cause chromosome abnormalities at clinically relevant
doses.
Carcinogenicity

No large-scale or long-term studies have been performed
examining the carcinogenicity of atropine. In one isolated rat
study, 25 mg kg�1 administered twice daily for 5 days to virgin
female rats demonstrated no carcinogenic effect.
Clinical Management

Basic and advanced life support measures should be utilized as
necessary for atropine exposure. Gastric decontamination
procedures should be employed based on the patient’s history
and current symptomatology. Activated charcoal can be given
to adsorb atropine. The mainstay of treatment is supportive
care. Physostigmine, a cholinesterase inhibitor, can be given to
patients to reverse signs and symptoms of the anticholinergic
toxidrome. However, the administration of physostigmine may
be contraindicated in the patient who has also been exposed to
a tricyclic antidepressant, or another agent known to cause QRS
interval widening on the EKG. Extracorporeal elimination
measures are ineffective in atropine overdose for toxin removal.
Ecotoxicology

Significant intra- and interspecies variations exist among
animals surrounding the toxicity of atropine and other
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belladonna alkaloids. Rabbits, guinea pigs, and birds are
resistant to their effects due to internal detoxifying mecha-
nisms. Horses, cattle, and goats are also reportedly resistant to
ingested but not injected belladonna. Pigs are susceptible to
effects from ingested belladonna compounds.

Signs of acute intoxication are similar in all mammalian
species.
Exposure Standards and Guidelines

Published guidelines or occupational standards for atropine
exposure are not commonly employed. Exposures are
managed with first aid measures and symptomatic and
supportive care.
See also: Anticholinergics; Carbamate Pesticides; G-Series
Nerve Agents; Organophosphorus Compounds; Poisoning
Emergencies in Humans.
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Background

The avermectins are a group of related, 16-member, naturally
occurring or semisynthetic macrocyclic lactone endectocides.
They are produced from the fermentation products of the soil-
dwelling actinomycete, Streptomyces avermitilis, and effectively
control a wide variety of both endo- and ectoparasites. The
avermectins are used extensively around the world in veterinary
and human medicine to control parasitic infections and in
agriculture/horticulture to control insects on many crops and
ornamentals.

The avermectins exert their therapeutic effects through
binding to glutamate-gated chloride channels, causing
42 Encyclopedia of T
a flaccid paralysis and death of the parasite. The avermectins
were initially believed to work by increasing the release of
GABA in the parasite. However, the main mechanism of
actions for the avermectins is now believed to be selective
high-affinity binding to glutamate-gated chloride channels
in neural and muscle and cells. There is also evidence
that the avermectins interact with GABA receptors but the
higher concentrations required for this interaction are
higher than those required for the glutamate-mediated
effects.

l Name: Avermectin
l Chemical Structure:
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00099-3
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Uses

Veterinary Medicine

Avermectins areusedextensively inveterinarymedicine tocontrol
anumberofparasiticorganisms inboth livestockandcompanion
animals. They are approved for use in domestic and wild rumi-
nants, horses, swine, dogs, and cats. The avermectins effectively
control gastrointestinal nematodes, ticks, mites, lice, cattle grubs,
and lungworms. Ivermectin, themost widely used and studied of
the avermectins, has awide therapeutic indexwith recommended
dosage of 0.2mgkg�1 in cattle and horses, 0.006mgkg�1 in dogs
for the prevention of heartworm infection, and 0.2–0.4 mg kg�1

to treat intestinal parasites. Several veterinary formulations are
available and include abamectin (avermectin b1), ivermectin
(22,23-dihydro-avermectin b1), eprinomectin (40-epi-acetyla-
mino-400-deoxyavermectin b1), doramectin [25-cyclohexyl-
5-o-demethyl-25-de(1-methylpropyl) avermectin a1a], and
selamectin [25-cyclohexyl-25-de (1-methylpropyl)-5-deoxy-
22,23-dihydro-5-(hydroxyimino)-avermectin B1a].
Human Medicine

Ivermectin is used to treat onchocerciasis, lymphatic filariasis,
strongyloidiasis, and cutaneous larval migrans and is an
effective treatment for scabies in humans.
Environmental Fate and Behavior

Ivermectin is themostwidely studied of the avermectins, and this
section refers to ivermectin unless otherwise stated. Ivermectin is
neutral at all pH values, has an estimated melting point of
349.8 �C, a vapor pressure of<1.5� 10�9, and a water solubility
of approximately 4 mg l�1. Due to its very low water solubility,
ivermectin and the other avermectins have little mobility and are
unlikely to leach into groundwater.Degradation occurs primarily
through photolysis both within the soil and in water; microbial
breakdown also contributes to the loss of avermectins from the
soil. The half-life is approximately 1 week when it is applied to
the soil surface and is approximately 2weeks to 2months if dark,
aerobic conditions are present. Some recent literature reports
regarding the environmental risk assessment of ivermectin indi-
cate a possible need for additional risk assessment evaluations of
ivermectin. For additional information on this topic, the reader is
directed to the further reading section.
Exposure and Exposure Monitoring

Accidental exposure can occur via the respiratory, dermal, and
oral routes or by an injection stab.
Toxicokinetics

The toxicokinetics of ivermectin depend on the route of
administration, product formulation, and the species. Following
oral administration in humans, ivermectin is highly protein
bound, has a large volume of distribution, and has a plasma
half-life of 16 h. It is metabolized by hepatic CYP3A4 tomultiple
metabolites. In cattle, the half-life of a single intravenous dose is
2.8 days and increases to 8 days following subcutaneous injec-
tion. In simple-stomached animals, the oral bioavailability is
95% but drops to 25–33% in ruminant animals. Ivermectin is
excreted in the milk, and residues may remain in the liver for up
to 14 days; therefore, label withdrawal times should be closely
followed.
Mechanism of Toxicity

The avermectins exert their therapeutic effects through high-
affinity binding to glutamate-gated chloride channels; this
binding causes an irreversible increase in chloride conductance,
hyperpolarization, and flaccid paralysis of the parasite. These
effects do not appear to occur in mammals, giving the aver-
mectins a large margin of safety. However, at higher doses, the
avermectins also interact with other chloride channels, including
GABA and glycine-dependent channels. These interactions do
occur in mammals and are believed to be responsible for the
neurotoxicity seen in mammals.
Acute and Short-Term Toxicity

In animals, signs of neurotoxicity may develop in the case of
extreme overdose or at lower doses in ivermectin-sensitive
breeds of dogs. Clinical signs of toxicity include mydriasis,
depression, ataxia, and tremor and in severe cases coma and
death. Certain breeds of dogs (collies and others) have an
increased sensitivity to these drugs. This increased sensitivity is
likely due to the absence or partial absence of a P-glycoprotein
in the blood–brain barrier that is responsible for drug transport
from the brain back into the blood. A 4 base-pair deletion in the
MDR1 gene has been shown to be responsible for this deficiency
in several breeds of collie dogs and some Australian shepherds.

In humans, toxicity is usually related to a hypersensitivity
reaction (Mazzotti reaction) caused by dying microfilaria. Clin-
ical signs include fever, pruritus, arthralgia, myalgia, postural
hypotension, edema, lymphadenopathy, headache, sore throat,
and stomach upset. Other clinical signs that may also be seen
include rash, dizziness, seizure, dyspnea, ataxia, and urticaria.
Chronic Toxicity

In animals, repeated low-dose exposure to avermectins appears
to cause greater toxicity compared to a single high dose. Dogs
dosed orally with 0.5 and 1 mg kg�1 day�1 for year showed
signs of weight loss, lethargy, recumbency, tremor, and
mydriasis. Effects on weight (increased gain or loss) and tremor
were also seen following chronic exposure to abamectin in rats
and mice.

Little is known about the chronic toxicity of the avermectins
in humans.
Reproductive Toxicity

Ivermectin has been used safely in breeding cattle, but abamectin
caused reproductive effects in rats given 0.40 mg kg�1 day�1.
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This suggests that there is a potential for reproductive effects at
high enough doses, and the World Health Organization
recommends against the use of ivermectin for mass adminis-
tration in pregnant women and during the first week of lactation.
Genotoxicity

Ivermectin was negative in Ames mutagenesis assays.
Carcinogenicity

Rats and mice fed the maximum tolerated dose of abamectin
for 24 months did not have increased tumor incidence, and
abamectin is not considered carcinogenic in rats or mice.
Clinical Management

Treatment of intoxication with one of the avermectins should
focus on decontamination and supportive care. Following
recent oral ingestion emesis, activated charcoal, and a saline
cathartic are beneficial at limiting absorption. In severe cases of
intoxication in animals, the use of physostigmine has been
report to be beneficial in the supportive care of these animals.
In humans suffering from a Mazzotti-like reaction due to
microfilaria die-off, the use of analgesics and antihistamines is
beneficial. In severe cases, glucocorticoids may be required.
Ecotoxicology

The avermectins are relatively nontoxic to birds but are highly
toxic to fish, aquatic invertebrates, and honeybees. The LD50

and the dietary LC50 in bobwhite quail is 2 g kg�1 and
3102 ppm, respectively. Mallard ducks fed up to 12 ppm
abamectin in their diets for 18 weeks showed no evidence of
adverse effects on reproduction. In rainbow trout, bluegill
sunfish, sheepshead minnow, catfish, and carp, the 96 h LC50

was 3.2, 9.6, 15, 24, and 42 ppb, respectively. In pink shrimp,
eastern oysters, and blue crab, the 96 h LC50 for abamectin is
0.0016, 430, and 153 mg l�1, respectively. The 48 h LC50 in
Daphnia was 0.34 ppb. In a 28 day bioaccumulation study,
abamectin did not bioaccumulate in bluegill sunfish. In bees,
the 24 h contact LC50 for abamectin is 2 ng per bee, and it has
an oral LD50 of 9 ng per bee.
Exposure Standards and Guidelines

In the United States, the acceptable daily intake (ADI) and
reference dose (RfD) are 0.0001 and 0.0004 mg kg�1 day�1,
respectively. In the EU, the ADI and RfD are 0.0025 and
0.005 mg kg�1 day�1, respectively.
See also: Selamectin; Pesticides.
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l Name: Azamethiphos
l Synonyms: S-(6-Chlorooxazolo (4,5-b)pyridine-2(3H)-on-

3-ylmethly) O,O-dimethyl phosphorothiolate; Ciba–Geigy
18809; Snip; Alfacron 10; Salmosan�

l Chemical Class: Synthetic organophosphorus insecticide in
the phosphorothiolate class

l Molecular Formula: C9H10ClN2O5PS
l Form: Colorless crystals (pure) or beige to gray powder

(technical grade)
l Melting Point: 89 �C
l Solubility: 1.2 g l�1 in water
l Chemical Structure:
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Background

Azamethiphos is an organophosphate pesticide used for treat-
ing external lice and for insect control. It is not available for use
in the United States but is used elsewhere in the world.
Uses

Azamethiphos is used as a pesticidal spray or wettable powder
for control of flies and cockroaches primarily in Europe, as it
is not available for use in the United States. It has been
proposed for use in commercial aquaculture to control
external parasites of salmon. In addition, locally procured
granular azamethiphos was used as fly bait by US troops in
the first Gulf War.
Environmental Fate and Behavior

Azamethiphos has a low risk of bioconcentration with a bio-
concentration factor of 1.56 and has a low bioaccumulation
potential. It has been reported to be moderately degraded in
water, with seawater providing a more rapid degradation. The
degradation half-life of azamethiphos in soil has been calcu-
lated to be approximately 6 h.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Dermal, oral, and inhalation routes are all primary exposure
pathways.
Toxicokinetics

Azamethiphos is well absorbed following oral administration
to rats but much less effectively by the dermal route. Unlike
many other organophosphorus insecticides, azamethiphos
does not undergo bioactivation through the P450 mono-
oxygenase pathway, as it is already in its active oxon form.
Following oral administration, azamethiphos is rapidly
excreted, primarily in the urine, with the major metabolite
being 2-amino-3-hydroxy-5-chloropyridine, which is then
conjugated to glucuronic or sulfuric acid for excretion. Hepatic
and serum carboxylesterases have also been suggested to
detoxify azamethiphos (see Carboxylesterases).
Mechanism of Toxicity

Similar to other organophosphorus insecticides, azamethiphos
exerts toxicity through the inhibition of acetylcholinesterase
(see Organophosphates and Cholinesterase Inhibition).
Human Toxicity (Acute)

No human toxicity data are available for azamethiphos. For
experimental animals, toxicity is low for a single oral dose.
Prolonged skin exposure may cause skin irritation. Ocular
contact may cause eye irritation and pain.
Animal Toxicity (Acute)

The acute oral toxicity of azamethiphos is low to moderate,
with rat oral LD50 values of 1040–1180mg kg�1. Azamethi-
phos is much less toxic when applied dermally, with an LD50

value greater than 2150mg kg�1. Azamethiphos is much more
toxic to birds, with an acute oral LD50 of 30–91mg kg�1 in
quail. Skin sensitization was observed in guinea pigs admin-
istered azamethiphos.
Human Toxicity (Chronic)

Azamethiphos does not appear to be capable of producing
organophosphate-induced delayed neuropathy. Cholinesterase
inhibition may persist for a period of days to weeks. Therefore,
repeated exposure to azamethiphos over a period of time may
result in the onset of acute toxicity.
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Animal Toxicity (Chronic)

The no observed adverse effect level established in
a 52-week study with beagles-fed azamethiphos was 2.72
and 2.86 mg kg�1 day�1 in males and females, respectively.
Azamethiphos was negative in causing delayed neuropathy
in hens given two doses at the LD50 level 21 days apart.
Immunotoxicity

Azamethiphos (0.1mg l�1) was found to decrease the phago-
cytic index in the blue mussel following short-term exposure.
There are no data available for mammalian immunotoxicity.
Reproductive Toxicity

Azamethiphos has not been found to be teratogenic or result in
reproductive toxicity in rodent studies.
Genotoxicity

Azamethiphos has been reported to be mutagenic in several
in vitro assays. However, it was negative in follow-up in vivo
mutagenicity assays.
Carcinogenicity

Azamethiphos does not appear to be carcinogenic in animals
or humans.
Clinical Management

For dermal contact, wash hands and exposed skin immediately.
For ocular exposure, eyes should be flushed with clean water
for a period of 15–20min. If irritation develops and persists
from either dermal or ocular exposure, the victim should seek
medical attention.

In the case of inhalation exposure, the victim should be
moved to fresh air and seek medical attention immediately.
Artificial ventilation is indicated in the case of diminished
respiratory function.

If exposure is through ingestion, victim should seek medical
help immediately. Emesis should not be induced. Initial
management involves establishment of adequate ventilation
and maintenance of adequate respiratory function. Activated
charcoal therapy may be used to retard absorption from the
gastrointestinal tract. Atropine sulfate alone, or in combination
with pralidoxime chloride, can be administered as an antidote.
Atropine is initially administered intravenously at a dosage of
1–2mg kg�1 every 5–10min until cholinergic signs decrease.
Pralidoxime is preferably administered by slow intravenous
infusion at a maximum rate of 8–10mg kg�1 h�1 until full
recovery. Seizure activity may be treated with anticonvulsants
such as diazepam.
Ecotoxicity

Azamethiphos is toxic to several aquatic species. Reported
LC50/EC50 values range from 3 to 20mg l�1 for 96 h LC50s in
trout, bluegill, carp, and catfish. Invertebrates are more
susceptible, with Daphnia magna having a 48 h LC50 of
0.067mg l�1. The 48 h LC50 in lobster ranges from 0.61 to
3.24 mg l�1, with sensitivity the greatest during spawning and
molting seasons.
Exposure Standards and Guidelines

Acceptable Daily Intake – 0.003mg kg�1 bw day�1.
Acute Reference Dose – 0.01mg kg�1 bw day�1.

See also: Cholinesterase Inhibition; Organophosphorus
Compounds; Pesticides; Veterinary Toxicology.
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l Name: Azathioprine
l Chemical Abstracts Service Registry Number (CAS RN)*:

446-86-6
l Synonyms*: 6-((1-Methyl-4-nitro-1H-imidazol-5-yl)thio)-

1H-purine, Azamune, Azanin, Azasan, Imuran
l Molecular Formula*: C9H7N7O2S
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Background

Azathioprine is a thiopurine immunosuppressant drug to
prevent rejection of allogeneic organ transplants and tomanage
many immunological diseases. It is a chemical analog of the
physiologic purines and antimetabolite (an inhibitor of purine
synthesis), and is a prodrug for 6-mercaptopurine (6-MP). The
two drugs were developed originally by George Hitchings and
Gertrude Elion as antileukemia agents in 1954. Azathioprine
was first used in human transplantation in 1962. Nowadays,
thiopurines are used for their anti-inflammatory and immu-
nosuppressant effects.
Uses

Azathioprine is an immunosuppressive agent used to prevent
rejection of allogeneic kidney and other organ transplants (i.e.,
from genetically different donors). This drug is also used to
manage severe rheumatoid arthritis in adults and a variety of
immunological diseases, such as systemic lupus erythematous,
autoimmune hemolytic anemia, chronic active hepatitis, ulcer-
ative colitis, Crohn’s disease, dermatomyositis, pemphigus vul-
garis, polyarteritis nodosa and idiopathic thrombocytopenia. It
has also been found to be an effective steroid sparing agent.

The drug is generally used in combination with other
immunosuppressive therapy, including local radiation therapy,
corticosteroids, and other cytotoxic agents. It is considered to
be a prodrug that converts after absorption into 6-MP, an
important component of treatment programs for acute
lymphocytic leukemia in children and adults.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Azathioprine is an odorless powder, has crystal form at room
temperature, and has a pale-yellow color. Azathioprine has
a molecular weight of 277.3 gmol�1, its melting point ranges
from 243 to 244 �C, the vapor pressure is 2.41� 10�12 mmHg
at 25 �C, and the dissociation constant (pKa) is 8.2. Its octanol/
water partition coefficient (Log Kow) is 0.1. The drug is insol-
uble in water (water solubility 0.272 g l�1 at 25 �C), very
slightly soluble in ethanol and chloroform, sparingly soluble in
dilute mineral acids, and soluble in dilute alkaline solutions.

Azathioprine is stable in neutral or acid solutions, with
maximum stability at pH 5.5–6.5, but is hydrolyzed to 6-MP in
alkaline solutions, especially on warming. Hydrolysis to 6-MP
also occurs in the presence of sulfhydryl compounds such as
cysteine.
Exposure and Exposure Monitoring

Exposure routes to azathioprine during medical treatment are
ingestion and intravenous injection. Azathioprine is typically
administered in tablet form (25, 50, 75, and 100mg).
Following renal transplantation, azathioprine may initially be
given by intravenous route to patients unable to tolerate oral
medication. However, oral therapy should replace parenteral
therapy as soon as possible. The injectable form is presented as
the sodium salt in 100mg vials. The usual dose for kidney-
transplant patients is 3–5mg kg�1 day�1, which may be
reduced to 1–3mg kg�1 day�1 for maintenance. For rheuma-
toid arthritis, the initial dose is 1mg kg�1 day�1, and the dose
may be increased to 2.5mg kg�1 day�1. For inflammatory
bowel disease, the adult dosage ranges from 1.5 to 3.0mg kg�1

day�1.
Occupational exposure to azathioprine may occur via

inhalation of dust during production, formulation, and pack-
aging of the drug. A study developed at a pharmaceutical plant
in South Africa showed that the highest median concentrations
of azathioprine dust measured were 0.26mgm�3 in the
breathing zone and 0.07mgm�3 in personal air samples. From
1981 to 1983, the National Institute for Occupational Safety
and Health conducted the National Occupational Exposure
Survey involving on-site visits to 4490 establishments. The
survey estimated that 1849 workers, including 880 women,
were potentially exposed to azathioprine.
Toxicokinetics

Azathioprine is readily absorbed from the gastrointestinal tract,
with 16–50% absorbed in healthy guts. It is rapidly distributed
throughout the body and reaches peak plasma concentrations
within 1–2 h after administration. Azathioprine is maximum
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30% bound to plasma proteins, and very small amounts enter
the brain. It crosses the placenta, and trace amounts of the
6-MP metabolite have been detected in fetal blood.

Azathioprine is rapidly converted to 6-MP. Approximately
88% of azathioprine is metabolized in vivo by both nonenzy-
matic and enzymatic degradation by sulfhydryl compounds
such as glutathione to 6-MP, presumably in the liver and
erythrocytes. The plasma half-life of azathioprine is approxi-
mately 12–15min, while that of 6-MP is approximately 30min
to 4 h. Bioactivation of 6-MP occurs enzymatically to form the
active metabolites 6-thioguanine nucleotides (6-TGN) and
6-methylmercaptopurine. The active metabolites 6-TGN,
responsible for the therapeutic action, are formed intracellu-
larly and appear to have long half-lives. Moreover, 6-MP may
be oxidized to 6-thiouric acid (6-TU) by xanthine oxidase, or
methylated to 6-methylmercaptopurine by thiopurine meth-
yltransferase (TPMT). The level of TPMT activity has been
considered responsible for the variation in the therapeutic
efficacy and toxicity of azathioprine. Patients with low TPMT
enzyme activity should have excessive production of active
6-TGN, leading to toxic accumulation. However, patients with
high TPMT activity should present lower 6-TGN levels and lack
of response to therapy.

Small amounts of azathioprine and 6-MP are excreted
intact. In the 24 h period after administration up to 50% of
the dose is excreted in the urine, but only 10% is excreted as the
parent drug, and 12% of the dose is excreted unchanged in the
feces. Published reports have found minimal 6-MP excretion
into breast milk.
Mechanism of Toxicity

The conversion of azathioprine to 6-MP is believed to contribute
to many of the pharmacological and toxicological effects of
azathioprine. Mainly through its metabolites, azathioprine
inhibits purine biosynthesis and DNA, RNA, and proteins
synthesis. This drug may also inhibit mitosis and coenzyme
formation and functioning, interfering with cellular metabo-
lism. The exact mechanism of azathioprine and 6-MP immu-
nosuppressive action has not been determined and may be
multifactorial. A triple mechanism has been proposed: (1) the
induction of a very specific apoptotic pathway in lymphocytes,
(2) the incorporation of the active metabolites 6-TGN into DNA
resulting in DNA damage and the impairment in its repair
system that induces the activation of nonspecific apoptotic
pathways in proliferating lymphocytes, and (3) the inhibition of
de novo purine biosynthesis by methylmercaptopurine nucleo-
tides. Besides, an in vitro study conducted with rat hepatocytes
concluded that azathioprine toxicity involves depletion of
reduced glutathione, which leads to mitochondrial injury with
profound depletion of ATP and cell death by necrosis. Cell death
was prevented by potent antioxidants, glycine, and blocking the
mitochondrial permeability transition pore.
Acute and Short-Term Toxicity

According to Regulation (EC) No 1272/2008, azathioprine is
placed in Category II regarding skin and eye irritation.
Azathioprine is also classified in Category IV in the acute oral
toxicity. The lethal dose to 50% of exposed individuals (LD50)
after oral dosing is 535mg kg�1 in rats and 1389mg kg�1 in
mouse. After intraperitoneal administration, the LD50 is
300mg kg�1 in rats and 273mg kg�1 in mouse. The LD50 after
intraduodenal administration is 630mg kg�1 in rats and
2437mg kg�1 in mouse. Studies with animals have shown that
the hematopoietic system is affected by azathioprine with
depression of granulopoiesis, megakaryocytes and, as a result,
platelet formation. Reversible hepatotoxicity has been observed
in dogs at doses of 5mg kg�1 day�1, while a dose of 10mg kg�1

for 10 days produced death from agranulocytosis. The
lymphatic system is also affected in monkeys, with atrophy of
the lymphoid tissue at doses of 1mg kg�1 day�1.

Since azathioprine is a myelotoxic and hepatotoxic immu-
nosuppressive agent, bone marrow and liver are the main
targets, but gastrointestinal tract, kidney, lungs, central nervous
system, and skin may also be affected. Signs of acute overdose
in humans include bone marrow suppression manifested by
leukopenia (in 2–3 days) or, less frequently, macrocytic and
megaloblastic anemia, and thrombocytopenia, which may
result in prolongation of clotting time and eventual hemor-
rhage. Severe pancytopenia has been observed in about 1% of
patients who receive more than 2.5mg kg�1. Leukopenia is the
main toxic effect that may occur after therapeutic doses and
overdoses of azathioprine. Myelosuppression is dose depen-
dent and typically observed after 7–14 days of therapy. Infec-
tions are very common in transplant patients receiving
azathioprine. The drug may also affect liver (elevation in liver
enzymes and cholestasis) and kidney (renal failure, acute
tubular necrosis) function, but these organs usually returned to
normality after discontinuation of the drug.

Other signs of acute overdose are gastrointestinal tract
disturbances such as vomiting or nausea, hypermotility,
abdominal pain, and diarrhea, which appear mainly at higher
doses. Other symptoms may include fever, weakness, joint
pain, lower back or side pain, skin rash or red spots on skin,
unusual bleeding or bruising, painful or difficult urination, and
blood in urine or stools. In skin and eyes, azathioprine causes
irritation, and if inhalation occurs, upper respiratory tract and
mucous membrane irritation may happen.
Chronic Toxicity

Chronic azathioprine exposure studies with animals show
weight loss, diarrhea, tachypnea, and ear duct squamous-cell
carcinomas in rats (150mg kg�1 for 52 weeks); lymphomas in
mice (100mg kg�1 for 6, 7, or 10 months depending on the
study); leukemia and lung adenomas in mice (40 or
10mg kg�1 daily on days 1–4 after birth); bone marrow
depression in dogs and rats (4 and 45mg kg�1 per day,
respectively); and lymphomas and uterine hemangioendothe-
liomas in mice (20mg kg�1 during 94 weeks).

In humans, azathioprine may cause bone marrow depres-
sion reflected mainly as leukopenia. Long-term immunosup-
pression may increase susceptibility to infections such as
herpes simplex, herpes zoster, and verrucae. Azathioprine may
also increase the development of tumors such as non-Hodg-
kin’s lymphoma, squamous-cell carcinoma, mesenchymal
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tumors, and hepatobiliary carcinoma. There are also reports of
chronic liver disease (hepatitis), portal hypertension, hepatic
veno-occlusive disease, and hemangioma of the liver after
azathioprine therapy. Acute pancreatitis was also reported
following long-term treatment. Acute restrictive lung disease,
interstitial nephritis, and a case of progressive leukoencephal-
opathy after 4 years of azathioprine therapy were reported. Skin
rash, alopecia, and urticaria were also documented. Prolonged
or repeated exposure in humans may cause allergic reactions
(dermatitis or asthma) in sensitive individuals if inhaled,
ingested, or in contact with skin.
Immunotoxicity

Azathioprine affects in vitro lymphocyte proliferation, macro-
phage cytotoxicity, and natural killer cell activity in experi-
mental animals. Immunotoxicological effects of azathioprine
in rats are reductions in the organ weights such as thymus and
spleen, and decreased number of white blood cells. Bone-
marrow cell counts were reported to be significantly reduced,
attributed to the decrease in the number of lymphocytes and
granulocytes. Histopathologically, azathioprine produced
a decrease of lymphocytes in the thymus and spleen.

Azathioprine may also inhibit the in vitro lymphocyte
proliferation and the mixed lymphocyte reaction in humans.
The drug impaired T-helper function as well as B cell differen-
tiation of peripheral blood, lymph node, and spleen lympho-
cytes. Azathioprine produces bone marrow suppression
normallymanifested by leukopenia in treated patients. The drug
may reduce gammaglobulin synthesis, natural killer cell activity,
and antibody-dependent cellular cytotoxicity in patients with
rheumatic disorders or renal transplant recipients. Maternal use
of azathioprine during pregnancy has been reported to suppress
immune function in human infants. In this sense, lymphope-
nia, decreased immunoglobulin G and M levels, cytomegalo-
virus infection, and a decreased thymic shadow have been
reported in one infant whose mother had received 150mg of
azathioprine daily. However, most of these anomalies were
reversed before one year of age. Pancytopenia and severe
immunodeficiency were also reported in a premature infant
whose mother received 125mg of azathioprine daily.
Reproductive Toxicity

Teratogenic effects, including cleft palates, open-eye, skeletal
malformations, and decreased thymus size, have been re-
ported in the offspring of mice injected intraperitoneally
during the period of organogenesis with the equivalent of 4–
13 times the maximum human therapeutic dose of azathio-
prine. Increased frequencies of cleft palates, ocular anomalies,
and limb malformations also occurred among the offspring of
rabbits injected intraperitoneally in doses equivalent to 2–6
times those used in humans. This drug induced embry-
olethality and growth retardation in the offspring of rats and
mice injected intraperitoneally during the period of organo-
genesis in doses equivalent to up to 4 times the human ther-
apeutic dose, but no malformations were noted in the
surviving fetuses. Azathioprine also caused temporary
depression in spermatogenesis and reduction in sperm
viability and sperm count in mice at doses 10 times the human
therapeutic dose.

The US Food and Drug Administration classified azathio-
prine in category D (positive evidence of human fetal risk). The
data currently available in humans are both limited and con-
flicting. Although there are no well-controlled studies in preg-
nant women, some studies have reported that azathioprine
may cause fetal harm when administered during pregnancy.
Effects associated with prenatal exposure to azathioprine, such
as spontaneous abortions and low birth weight, appear to be
increased in pregnancies of renal transplant recipients treated
with the drug, particularly if the woman requires a high dose
therapy. Exposure to azathioprine during pregnancy has been
associated with a slight increase in the frequency of anomalies
in infants, including hydrocephalus, anencephaly, micro-
cephaly, hypospadias, malformed hand and face, polydactyly,
cleft palate, pulmonary artery stenosis, and congenital heart
disease. The incidence of pregnancy-related complications
(spontaneous abortions and congenital abnormalities) has
also been shown to increase when fathers used azathioprine or
6-MP within 3 months before conception. In contrast, some
studies suggested that treatment with azathioprine/6-MP
before or at conception or during pregnancy for other condi-
tions such as inflammatory bowel disease appears to be safe. A
recent study in 2012, the largest study so far with over 100
prospectively ascertained pregnancies of spouses of male
patients exposed to azathioprine or 6-MP, concluded that no
specific adverse effects were observed after paternal treatment
with the drug and, although data are still limited, there is no
need for termination of pregnancy or invasive diagnostics only
because parents were treated with these drugs.
Genotoxicity

Azathioprine was positive in the Ames mutagenicity assay
using Salmonella typhimurium strain TA100, both with and
without metabolic activation. Negative results were found for
the TA98 strain under similar test conditions. Both azathio-
prine and 6-MP have been found to be mutagenic in various
mammalian in vitro and in vivo assays. In animals treated in vivo,
azathioprine induced dominant lethal mutations in mice and
chromosomal aberrations in rabbit lymphocytes and Chinese
hamster bone-marrow cells. The drug did not induce sister
chromatid exchanges in Chinese hamster bone-marrow cells
and in human lymphocytes in vitro. In humans, prenatal
exposure to azathioprine or 6-MP has been associated with
chromosomal aberrations in offspring, such as chromatid
breaks and deletions. However, the number of reported chil-
dren conceived by parents treated with the drug is too small to
conclude the possible mutagenic effects of azathioprine.
Carcinogenicity

The International Agency for Research on Cancer (IARC)
considered there to be sufficient evidence in experimental
animals for the carcinogenicity of azathioprine. Squamous-cell
ear duct carcinoma was observed in rats orally exposed to
azathioprine (100mg kg�1 for 52 weeks) andmalignant thymic
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lymphomas were found in mice exposed to azathioprine by
subcutaneous or intramuscular injection (100mg kg�1 several
times per week for 6, 7, or 10months, depending on the study).
Besides, leukemia was observed inmice exposed to azathioprine
by intraperitoneal route (40mg kg�1 daily on days 1–4 after
birth), and lung adenomas were found inmice intraperitoneally
exposed to the drug (10mg kg�1 daily on days 1–4 after birth).
Oral exposure in female mice (20mg kg�1 during 94weeks)
produced lymphomas and uterine hemangioendotheliomas.

Azathioprine is ‘known to be a human carcinogen’ by the
National Toxicology Program based on sufficient evidence of
carcinogenicity from studies in humans, and is classified in
Group 1 as ‘carcinogenic to humans’ by the IARC.

Two large prospective epidemiological studies reported
that kidney-transplant patients treated almost routinely with
azathioprine and prednisone presented high incidences of
non-Hodgkin’s lymphoma, squamous-cell carcinoma, mesen-
chymal tumors, and hepatobiliary carcinoma. An increased risk
of the same cancers, although to a lesser extent than in the
transplant patients, has been found in patients treated with this
drug for other diseases such as rheumatoid arthritis, systemic
lupus and other collagen disorders, inflammatory bowel
disease, and certain skin and renal diseases. A recent study of
more than 45 000 patients with inflammatory bowel disease
published in 2013 has found an increased rate of overall cancer
among users of azathioprine compared with controls. This
study confirmed an increased risk of lymphoid tissue cancer
and additionally found a significantly increased risk of urinary
tract cancer associated with azathioprine.
Clinical Management

There is no specific antidote for azathioprine. The azathioprine
safety data sheet indicates the general treatment. Do not induce
vomiting if swallowed unless directed to do so by medical
personnel, remove to fresh air if inhalation occurred, wash with
soap and water in case of skin contact, and flush eyes with plenty
of water for at least 15min if eye contact occurred. The recom-
mendations for workers are to use personal protection such as
safety glasses, lab coat, dust respirator, and gloves. It is also
necessary to use process enclosures and local exhaust ventilation.

In treated patients, leukopenia induced by azathioprine and
other side effects are usually reversible with discontinuation of
treatment or a dose reduction. Administration of azathioprine
with food or in a divided dose may help to reduce the incidence
of gastrointestinal upset. Treatment for an overdose is symp-
tomatic and has included gastric lavage.

Azathioprine contraindications are hypersensitivity to the
drug, impaired hepatic or bone marrow function, severe
infections, pancreatitis, pregnancy, and lactation. Although
women taking azathioprine are advised to not breastfeed their
infants, more recent data suggest that this may be safe. Other
relative contraindications to azathioprine use are renal failure,
viral hepatitis, human immunodeficiency virus infection,
previous varicella zoster virus exposure, and premalignancy.

Regarding drug interactions, azathioprine dose should be
reduced to one-quarter of the original dose when administered
with allopurinol, as allopurinol inhibits xanthine oxidase
activity, which affects the metabolism of 6-MP. However, it is
better not to use these two drugs together. Azathioprine may
reduce theanticoagulant effect ofwarfarinandmayalter theeffect
of certain neuromuscular blocking agents. Administration with
medicines that may have a myelosuppressive effect, such as
penicillamine, should be avoided. The use of angiotensin-
converting enzyme inhibitors to control hypertension has been
shown to potentiate the effects of azathioprine. Aminosalicylate
derivatives (sulphasalazine, mesalazine, or olsalazine) inhibit
the TPMT enzyme and may potentiate azathioprine toxicity.
Exposure Standards and Guidelines

The regulatory authorities of the EU and the American
Conference of Industrial Hygienists have not established
occupational exposure limits for azathioprine. The healthcare
company GlaxoSmithKline established an occupational expo-
sure limit of 3mgm�3 measured as the 8 h time weighted
average limit (TWA). The Working Conditions Regulations in
the Netherlands established an occupational exposure limit of
0.005 mg m�3 measured as 8 h TWA.

See also: Carcinogenesis; Carcinogen Classification Schemes.

Further Reading

Arnott, I.D.R., Watts, D., Satsangi, J., 2003. Azathioprine and anti-TNFa therapies in
Crohn’s disease: a review of pharmacology, clinical efficacy and safety. Pharmacol.
Res. 47, 1–10.

Cara, C.J., Pena, A.S., Sans, M., Rodrigo, L., Guerrero-Esteo, M., Hinojosa, J., García-
Paredes, J., Guijarro, L.G., 2004. Reviewing the mechanism of action of thiopurine
drugs: towards a new paradigm in clinical practice. Med. Sci. Monit. 10 (11),
RA247–254.

Hoeltzenbein, M., Weber-Schoendorfer, C., Borisch, C., Allignol, A., Meister, R.,
Schaefer, C., 2012. Pregnancy outcome after paternal exposure to azathioprine/
6-mercaptopurine. Reprod. Toxicol. 34 (3), 364–369.

International Agency for Research on Cancer (IARC), 2012. Monographs of the Eval-
uation of Carcinogenic Risks to Humans. In: A Review of Human Carcinogens:
Pharmaceuticals, vol. 100A. p. 435. Available at: http://monographs.iarc.fr/.

International Programme on Chemical Safety (IPCS), 1996. Azathioprine. Poison
Information Monographs PIM 053. Available at: http://www.inchem.org/.

Matsumoto, K., Sekita, K., Ochiai, T., Takagi, A., Takada, K., Furuya, T.,
Kurokawa, Y., Saito, Y., Teshima, R., Suzuki, K., et al., 1990. Evaluation of
immunotoxicity testings using azathioprine-treated rats: the international
collaborative immunotoxicity study (azathioprine). Eisei Shikenjo Hokoku 108,
34–39.

Meggitt, S.J., Anstey, A.V., Mohd Mustapa, M.F., Reynolds, N.J., Wakelin, S., 2011.
British Association of Dermatologists’ guidelines for the safe and effective
prescribing of azathioprine 2011. Br. J. Dermatol. 165, 711–734.

Pasternak, B., Svanström, H., Schmiegelow, K., Jess, T., Hviid, A., 2013. Use of
azathioprine and the risk of cancer in inflammatory bowel disease. Am. J.
Epidemiol..

Polifka, J., Friedman, J., 2002. Teratogen update: azathioprine and 6-mercaptopurine.
Teratology 65, 240–261.

U.S. Department of Health and Human Services, 2011. Report on Carcinogens, twelfth
ed. Public Health Service, National Toxicology Program. Available at: http://ntp.
niehs.nih.gov/.

Waksman, J.C., Delgado, J.H., 2004. Immunosuppressants. In: Dart, R.C. (Ed.),
Medical Toxicology, third ed. Lippincott Williams and Wilkins, Philadelphia, USA.
(Chapter 170).

Relevant Website

http://actor.epa.gov/actor/faces/ACToRHome.jsp – ACToR (Aggregated Computational
Toxicology Resource) (2012). Chemical Summary: Azathioprine (446-86-6).

http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://monographs.iarc.fr/
http://www.inchem.org/
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0050
http://ntp.niehs.nih.gov/
http://ntp.niehs.nih.gov/
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0060
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0060
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00470<?show $132#?>-<?show $132#?>X<?thyc?>/ref0060
http://actor.epa.gov/actor/faces/ACToRHome.jsp


Azinphos-Methyl
S Karanth, Charles River Laboratories, Reno, NV, USA

� 2014 Elsevier Inc. All rights reserved.
l Name: Azinphos-methyl
l Chemical Structure:

S

SO
O

O

N

N

N

P
CH3

CH3

Background

Azinphos-methyl (AZM) was initially registered as an insecti-
cide in the United States in 1959. Because of its health risks to
farm workers, pesticide applicators, and aquatic ecosystems,
the US Environmental Protection Agency issued a final decision
on 16 Nov 2006, to phase out the remaining uses of AZM by
30 Sep 2012. AZM is sold under the trade names Gusathion�,
Guthion�, and Methyl-Guthion�.

Uses

AZM is a broad-spectrum, nonsystemic insecticide and acaricide
commonly used on a number of fruit, vegetable, and nut crops.
It is not used in residential and public health pest control.
Environmental Fate

AZM adsorbs strongly to soil particles, and it has high potential
to reach surface water through both spray drift and runoff. In
sterile soil, its half-life is almost 1 year. Biodegradation and
evaporation are the primary routes of elimination from soil,
but it is also degraded by ultraviolet light. Degradation is more
rapid at higher temperatures. AZM has a short half-life in
surface waters (2 days). Hydrolysis is more prominent under
alkaline conditions, but the compound is relatively stable in
water below pH 10. The half-life on crops is 3–5 days under
normal conditions.
Exposure and Exposure Monitoring

Common routes of AZM exposure include dermal, inhalation,
and ingestion. Persistence of AZM is generally low under field
conditions. It is fairly immobile in soil, it has low water solu-
bility and low leaching potential, and is unlikely to contami-
nate groundwater.

Toxicokinetics

AZM is readily absorbed and distributed throughout the
body following exposure. Mixed-function oxidase-mediated
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
oxidative desulfuration of the parent compound produces the
active metabolite, azinphos methyloxon. Other major metab-
olites include dimethylphosphorothioic and dimethylphos-
phoric acids and desmethyl azinphos-methyl.
Mechanism of Toxicity

Like other organophosphate insecticides, AZM exerts toxicity by
inhibiting the enzyme acetylcholinesterase (AChE). AZM
requires bioactivation for its biological action. The parent
compound is activated to the potent ‘oxon’ by microsomal
mixed-function oxidase enzymes, which in turn elicits toxicity
by inhibiting AChE in synapse and neuromuscular junctions.
AChE inhibition leads to overstimulation of cholinergic
receptors on postsynaptic neurons, muscle cells, and/or end
organs and consequent signs and symptoms of cholinergic
toxicity.
Acute and Short-Term Toxicity

Animal

Acute toxicity studies in laboratory animals have shown that
AZM is highly toxic to mammals. Oral and dermal LD50 values
in laboratory rats are 4–16 and 88–220 mg kg�1, respectively.

Human

Because of its high acute toxicity, low doses (>1.5 mg day�1) of
AZM can lead to severe poisoning. Most common signs and
symptoms of acute poisoning include salivation, excessive
sweating, stomach pain, vomiting, and diarrhea. Inhalation of
dust or aerosol containing AZM can lead to wheezing, tearing of
the eyes, blurred vision, and tightness in the chest. Eye contact
with concentrated solutions of AZM can be life threatening.
Chronic Toxicity

Animal

Laboratory rats can tolerate a dietary dose of 0.5 mg kg�1 day�1

for 2 months without any adverse effects. Repeated long-term
exposure to AZM can lead to memory loss and irritability.
Human

AChE inhibition caused by AZM can persist for a long time
(2–6 weeks). Repeated chronic exposure may therefore result in
prolonged AChE inhibition that may lead to flu-like illnesses.
Immunotoxicity

A dietary study in rats at doses up to 125 mg kg�1 day�1 for
3 weeks resulted in general toxicological and immunological
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changes at 125 mg kg�1 day�1 including increased mortality
rate, decreased body weight, decreased relative spleen, pitui-
tary, and mesenteric lymph node weights, and unspecified
histopathological changes in the thymus, pituitary, adrenal
glands, and testes. It is unclear if the immunological changes
are due to the direct or indirect effects of AZM.
Reproductive Toxicity

A dietary reproductive toxicity study in rabbits indicated no
effects on litter size, number of stillbirths, sex ratios, fetal
weight, fetal development, or pup survival up to 30 days.
Genotoxicity

AZM is not mutagenic.
Carcinogenicity

AZM is classified as a ‘not likely’ human carcinogen.
Clinical Management

General decontamination procedures should be immediately
initiated in case of AZM exposure. For skin decontamination,
the exposed area should be washed with plenty of water or
soap, and shampoo can be used during showering. In case of
eye contamination, the eyes should be flushed with water
repeatedly for several minutes. The contaminated clothing
should be removed and the airway cleared. In case of
ingestion, vomiting should be induced. Atropine treatment
should be initiated immediately to counteract muscarinic
effects. Atropine (adults and children >12 years: 2–4 mg;
children <12 years: 0.05–0.1 mg) treatment should be
repeated every 15 min until oral and bronchial secretions are
controlled and atropinization is achieved. The duration and
dosage of atropine treatment should be slowly reduced as the
condition of the patient improves. Pralidoxime (2-PAM)
should be administered slowly at the recommended dosage
(adults and children >12 years: 1–2 g; children <12 years:
20–50 mg by IV infusion in 100 ml saline at w0.2 g min�1).
This dosage can be repeated every 1–2 h intervals initially
and at 10–12 h intervals later depending on the condition of
the patient.
Ecotoxicology

AZM is highly toxic to fish and other aquatic organisms and
moderately toxic to birds. It is also considered to pose minimal
acute or chronic risk to wildlife. AZM is acutely toxic to a variety
of wildlife species, including amphibians, crustaceans,
molluscs, and many beneficial insects such as honey bees.
Exposure Standards and Guidelines

Acceptable daily intake ¼ 0–0.002 5 mg kg�1 body weight.
Reference dose ¼ 0.001 49 mg kg�1 day.
See also: Acetylcholine; Atropine; Biotransformation;
Cholinesterase Inhibition; Food Quality Protection Act;
Neurotoxicity; Organophosphorus Compounds; Pesticides.
Further Reading

Carrier, C., Brunet, R.C., 1999. A toxicokinetic model to assess the risk of azin-
phosmethyl exposure in humans through measures of urinary elimination of
alkylphosphates. Toxicol. Sci. 47, 23–32.

Meyers, S.M., Wolff, J.O., 1993. Comparative toxicity of azinphos-methyl to house
mice, laboratory mice, deer mice, and gray-tailed voles. Arch. Environ. Contam.
Toxicol. 26, 478–482.
Relevant Websites

http://www.atsdr.cdc.gov/substances/index.asp – Agency for Toxic Substances &
Disease Registry: search for “Azinphos Methyl”.

http://www.cdpr.ca.gov/docs/risk/rcd/azmrcdre_98.pdf – California Department of
Pesticide Regulation.

http://www.epa.gov/opp00001/reregistration/REDs/azm_red.pdf – Environmental
Protection Agency.

http://www.epa.gov/oppsrrd1/REDs/azinphosmethyl_ired.pdf – Environmental
Protection Agency.

http://www.epa.gov/opp00001/reregistration/azm/phaseout_fs.htm – Environmental
Protection Agency.

http://pmep.cce.cornell.edu/profiles/extoxnet/24d-captan/azinphos-methyl-ext.html –

Extoxnet: Azinphos Methyl.

http://refhub.elsevier.com/B978-0-12-386454-3.00101-9/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00101-9/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00101-9/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00101-9/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00101-9/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00101-9/ref0015
http://www.atsdr.cdc.gov/substances/index.asp
http://www.cdpr.ca.gov/docs/risk/rcd/azmrcdre_98.pdf
http://www.epa.gov/opp00001/reregistration/REDs/azm_red.pdf
http://www.epa.gov/oppsrrd1/REDs/azinphosmethyl_ired.pdf
http://www.epa.gov/opp00001/reregistration/azm/phaseout_fs.htm
http://pmep.cce.cornell.edu/profiles/extoxnet/24d-captan/azinphos-methyl-ext.html


B
Bacillus cereus

HS Parihar, Philadelphia College of Osteopathic Medicine, Suwanee, GA, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Lee R. Shugart, volume 1, p 203, � 2005, Elsevier Inc.
Introduction

Bacillus cereus (B. cereus) is classified as a gram-positive, aerobic
or facultative anaerobic, spore former, motile, pathogenic, and
opportunistic bacterium capable of producing resistant endo-
spores in the presence of oxygen. B. cereus is widely distributed
in the environment, namely soil, where spores persist under
adverse conditions. B. cereus can grow over a wide temperature
range (8–55 �C), but it is not well suited to tolerate low pH
values (minimum 5–6) or water content (minimum water
activity 0.95).

B. cereus endospores are resistant to heat, radiation, disin-
fectants, and desiccation, and their adhesive characters facilitate
their attachment to processing equipment and resistance to
cleaning procedures. These organisms frequently contaminate
clinical environments, biotechnological processes, and food
production. B. cereus is known to be a causative organism for
a wide range of opportunistic infections, both in immuno-
compromised and in immunocompetent patients, causing two
distinct foodborne illness syndromes, namely diarrhea and
emesis, and a wide range of opportunistic infections such as
severe endophthalmitis, bacteremia, septicemia, endocarditis,
pneumonia, meningitis, gastritis, and cutaneous infections.
B. cereus infection can produce enterotoxins in the human
small intestine, causing diarrheal food poisoning. B. cereus
intoxication leads to the production of a toxin, cereulide,
causing emesis.
Food Safety and Public Health Implications

B. cereus endospores are present in a wide variety of foods,
including rice and pasta, milk and dairy products, infant foods,
meat products, spices, fresh vegetables, seafood, ready to eat
foods, dried foods such as spices, milk powders, and cereal
products. Food products such as meat products, soups, vege-
tables, sauces, and dairy products are often associated with
diarrheal food poisoning. Whereas rice and pasta are associated
with the emetic type of syndrome.

Dried foods such as spices, milk powders, and cereal
products are often quite heavily contaminated with B. cereus
spores, and in presence of moisture, these spores may germi-
nate, leading to spoilage or food poisoning. Food spoilage
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not only manifests as changes in texture or the production of
off-flavors, it can also simply be caused by unwanted microbial
growth in commercially sterile products. Such problems cause
significant financial losses, despite the contributions of modern
food technology and preservation techniques. Recent concerns
are the tolerance, adaptation, or resistance of spores or vege-
tative cells of some species to conditions of low temperature or
low pH that were previously presumed to stop growth, or to
treatments such as ultrahigh heat treatment that were expected
to inactivate all living material.

Use of B. cereus in probiotics is also an area of concern. This
concern in the use of aerobic endospore formers in probiotic
preparations, both for humans and for other animals, arises
from the potential of these organisms to disseminate any
antibiotic resistance genes that they might carry. The European
Commission’s Scientific Committee on Animal Nutrition has
accordingly discouraged the use of strains from the B. cereus
group, because of their potential to cause illness in humans and
animals, and has deemed certain other animal products as
unsafe because of the dangers of disseminating resistance to
clinically important antibiotics such as erythromycin and lin-
cosamides (e.g., lincomycin and clindamycin).
Mechanism of Toxicity

B. cereus is known to produce a variety of protein toxins of
which three have been implicated in diarrheal illness. These
enterotoxins are believed to cause diarrhea by damaging the
integrity of ileal epithelial cell membranes. Diarrheal illness is
characterized by abdominal pain with watery diarrhea 8–16 h
after ingestion of the contaminated food, and it is associated
with a diversity of foods from meats and vegetable dishes to
pastas, desserts, cakes, sauces, and milk. Symptoms usually
resolve within 24–48 h. In some cases, bloody diarrhea and
necrotic enteritis have also been noted, and some outbreaks
have included fatalities, particularly in children, with cases of
liver failure, liver failure with brain edema, and brain edema
with liver necrosis.

The three enterotoxins implicated in diarrheal illness are
chromosomally encoded and classified as:

1. Hemolysin BL (Hbl) is a proteinaceous toxin that causes
osmotic lysis by forming a transmembrane pore.
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2. Nonhemolytic enterotoxin (Nhe) is a three-part, proteina-
ceous, pore-forming toxin that is structurally similar to Hbl.

3. Cytotoxin K (CytK) is a single-component, b-barrel, pore-
forming toxin.

Nhe is known to be the most dominant toxin in diarrheal
illnesses. However, since most strains produce more than one
enterotoxin, it is difficult to determine the in vivo potency of an
individual toxin. Hence, it is most likely that combinations of
toxins may act synergistically.

The main factor for the emetic food poisoning syndrome
is cereulide. Cereulide is a small ring-formed dodecadep-
sipeptide comprising a ring of four amino- and/or oxyacids
(D-O-Leu-D-Ala-L-O-Val-L-Val). It is produced in larger amounts
at lower incubation temperatures (12–22 �C). Cereulide pro-
duction by B. cereus has not been demonstrated at tem-
peratures below 12 �C. This emetic toxin is very stable
molecule and it can withstand high-temperature heat treat-
ment, especially during cooking procedures such as frying,
roasting, and microwaving. It shows remarkable stability also
when exposure to wide pH conditions (2–11) and protease
enzymes such as pepsin and trypsin. Thus accumulation of
cereulide in food is a major risk because it cannot be destroyed
easily by food processing or digestion.

Various environmental factors such as temperature and
atmospheric composition and other factors such as nutrients of
food, carbon source, amino acids, pH, cations, and food
consistency have significance in B. cereus toxicity.

Temperature: Cereulide production occurs in the tempera-
ture range of 8–40 �C (optimal temperature between 20 and
30 �C). Hence keeping food at room temperature is considered
to be most dangerous.

Atmospheric composition: Oxygen is essential for cereulide
production; thus, reduced O2 levels or replacing head space
atmosphere in food packaging with nitrogen gas will aid in
prevention of B. cereus emetic food poisoning. However,
anaerobic conditions result in slower bacterial growth but
increased enterotoxin production.

Nutrients and food properties: Non-acidic foods with high
water and starch content generally lead to increased production
of cereulide.

Carbon source (starch): Emetic B. cereus strains produce high
amounts of cereulide in many farinaceous foods, such as
mashed potatoes, cooked rice, noodles, spaghetti, bread, and
pastries. Glucose is required in low to moderate concentration
for enterotoxin production.

Amino acids: It has been demonstrated that emetic B. cereus
strains require the amino acids L-leucine, L-valine, and
L-threonine for growth. Since leucine (E641) and valine are
also frequently used as flavor enhancers in food items, caution
is needed in regard to emetic food poisoning by B. cereus.

pH: Cereulide production is inhibited by low pH values.
Acidification of food by addition of a dressing like mayonnaise,
ketchup, or vinegar decreased the bacterial growth and cer-
eulide concentration in these foods.

Enterotoxins: Nhe is the most common andmost important
virulence factor of B. cereus.
Conclusions

B. cereus is a pathogenic and opportunistic pathogen widely
distributed in the environment. Its spores are found in many
packaged, processed, and improperly stored cooked food items
are responsible for food spoilage and poisoning due to toxin
production. These spores can germinate and the vegetative cells
multiply under improper storage or packaging conditions.
Regulation of toxin production in B. cereus is a complex process
that is still not completely understood. However, various
environmental parameters that affect the toxin expression in
B. cereus have been identified. Controlled temperature storage,
acidification of food products, lowering moisture control,
modified atmosphere packaging, etc., are some methods to
prevent B. cereus outgrowth and toxin production in foods to
avoid both emetic and diarrheal food poisoning and maintain
food safety standards. As these toxins can be produced by all
the other members of the B. cereus group, particularly Bacillus
thuringiensis, Bacillus mycoides and Bacillus weihenstephanensis,
food poisoning can even be caused by these different species.
Generally, symptoms caused by B. cereus food poisoning are
regarded as mild, and therefore B. cereus food poisoning is
probably underreported. The complexity of toxin expression in
B. cereus still requires further studies.
See also: Food Safety and Toxicology; Food Additives; Bacillus
thuringiensis; European Food Safety Authority (EFSA).
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l Chemical Abstracts Service Registry Number: 68038-71-1
l Synonyms: Agritol, Acrobe, B 401, Agree (subsp. aizawai),

Aquabac (subsp. israelensis), BTB 202, Bacillex, Bacillus
thuringiensis berliner, Baciver (subsp. kurstaki), Bactimos
(subsp. israelensis), Bactis, Bactospeine, Bactucide, Bactur,
Bactura (subsp. kurstaki), Bakthane, Berliner (subsp. kur-
staki), Biobest Bt, Biobit (subsp. kurstaki), Biotrol, Bitoksy-
bacillin, Bitoxybacillin, Bt, Cajrab, Caswell No. 066,
Caterpillar Killer, Certan (subsp. aizawai), Condor
(subsp. kurstaki), Cutlass (subsp. kurstaki), Delfin, Dipel
(subsp. kurstaki), DiTerra, Foil (subsp. san diego),
Foray (subsp. kurstaki), Full-Bac (subsp. kurstaki), Gnatrol
(subsp. israelensis), Gomelin, Guardjet, HSDB 7823, Insec-
tobiol (subsp. kurstaki), Javelin (subsp. kurstaki), Larvatrol,
Larvx (subsp. israelensis), Leptox, M-one, M-Peril (subsp.
kurstaki), M-Trak (subsp. san diego), MEGA BT, MVP (subsp.
kurstaki), Novabac, Novodor (subsp. san diego), SAN 239,
Scutello DF (subsp. kurstaki), Selectzin, SOK-Bt, Teknar
(subsp. israelensis), Thuricide, Thuringin, Toarrow, Trident,
Vectobac (subsp. israelensis), Victory, Worm Attack, Xentari
(subsp. aizawai), Zentari

l Chemical Class: Bacterium
Background

Bt is a group of strains or isolates of naturally occurring soil
bacteria of the Bacillus cereus group that are used to control
insect pests on agricultural crops, stored food crops, orna-
mental plants, forests, and nuisance or disease-vector insect in
natural water bodies and around homes. Bt can be readily
distinguished from other members of the B. cereus group by the
production of large crystalline inclusions that consist of ento-
mocidal proteins, the Crystal (Cry) and Cytolytic (Cyt) toxins,
also called d-endotoxins. Cry and Cyt toxins result from the
transformation of relatively inert crystalline protoxins into
cytotoxic forms at the alkaline pH conditions of insect midgut.
Different strains of Bt have specific toxicity to particular types of
insects depending on the type and number of protoxins in the
crystalline inclusions that they produce. Cry toxins are highly
diverse and primarily target insects in the orders Lepidoptera
(butterflies and moths), Diptera (flies and mosquitoes), and
Coleoptera (beetles and weevils); however, some Cry toxins
have been reported to kill hymenopterans (wasps and bees)
and nematodes. In contrast, Cyt toxins are mostly found in Bt
strains active against Diptera. Most Bt-based insecticides are
formulated mixtures of d-endotoxin crystals and Bt spores. The
Bt spores synergize the toxicity of the crystalline proteins.

Bt is considered an almost ideal agent for pest management
because of its combination of insecticidal selectivity and lack of
toxicity to humans, mammals, birds, fish, plants, and most
aquatic organisms.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Bt has been used in spray formulations for more than 40 years,
and more recently its insecticidal protein genes have been
incorporated into several major crops. Due to their insecticidal
activity, Cry toxins are used worldwide as bioinsecticides to
control disease-vector insect and crop pest populations.

One of the most successful applications of Bt has been the
control of lepidopteran defoliators, which are pests of conif-
erous forests mainly in Canada and the United States. Bt subsp.
israelensis (Bti) is highly active against larvae of disease-vector
mosquitoes like Aedes aegypti (vector of dengue fever), Aedes
albopictus (vector of chikungunya), Simulium damnosum (vector
of onchocerciasis), and certain Anopheles species (vectors of
malaria). Bti formulations (WG, water-dispersible granule;
DT, ready-to-use tablet) have been evaluated by the World
Health Organization Pesticide Evaluation Scheme (WHOPES)
and recommended as mosquito larvicides, including their
use against mosquito larvae that develop in drinking-water
containers. Successful application of Bt is highly dependent
on proper timing, weather conditions, and dosage of spray
applications. These factors combine to determine the proba-
bility of larvae ingesting a lethal dose.

Recently, the use of Cry toxins has increased dramatically
following the introduction of cry genes into plants. These
‘Bt crops’ have thus far proved to be an effective control
strategy, and in 2004 Bt-maize and Bt-cotton were grown on
22.4 million hectares worldwide. Such widespread use,
however, has led to concerns about the effect Bt crops may have
on the environment and on human health.
Environmental Behavior, Fate, Routes, and Pathways

Bt is moderately persistent in soil with a half-life of ca. 4months.
It is rapidly inactivated in soils that have a pH below 5.1.

Bt subsp. israelensis is often applied directly to water for the
control of mosquitoes and blackflies. It has been demonstrated
that the sedimentation of Bti is facilitated by adsorption onto
particulate material. Bti can persist as long as 5 months in cold
water, and adsorption to particulate matter in water facilitates
persistence.

Bt is relatively short-lived on foliage due to rapid photo-
degradation. Its half-life under normal sunlight conditions is
3.8 h. In general, Bt loses 50% of its insecticide activity in 1–3
days after spraying. However, high toxicity toward mosquito
larvae has been found in decaying leaf litter collected in several
natural mosquito breeding sites in forested areas. From the
toxic fraction of the leaf litter, B. cereus-like bacteria were iso-
lated and further characterized as Bt subsp. israelensis using PCR
(polymerase chain reaction) amplification of specific toxin
genes. The anthropogenic origin of Bti was demonstrated by
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amplified fragment length polymorphism (AFLP) profile
comparisons. Nevertheless, persistence of acute toxicity several
months after Bti spraying remains exceptional, as this was only
observed once in only one out of eight sampling sites. In this
particular site, Bti spores and toxins may be protected from
degradation by the vegetal matrix.

Carcasses of mosquito larvae killed by Bti have been shown
to allow for the complete growth cycle (germination, vegetative
growth, and sporulation), thus becoming toxic themselves to
scavenging mosquito larvae.

This raises the issue of the persistence, potential prolifera-
tion, and environmental accumulation of human-spread Bti in
natural mosquito habitats. Such Bti environmental persistence
may lengthen the exposure time of insects to this bioinsecticide,
thereby increasing the risk of resistance development in target
insects, and of negative impacts on non-target insects.

Persistence of cry1Ab gene coding for protein d-endotoxin
derived from Bt subsp. kurstaki inserted and expressed in corn
was studied in surface water and sediment of rivers flowing
close to corn fields. The gene persisted for more than 21 and 40
days in surface water and sediment, respectively. Field surveys
revealed that the cry1Ab genes from transgenic corn and from
naturally occurring Bt were persistent in aquatic environments
and were detected in rivers draining farming areas. They were
more abundant in the sediment than in the surface water but
concentrations were always very low.
Exposure and Exposure Monitoring

The most likely routes of exposure to Bt for the general public
are oral, dermal, and inhalation. The major direct source of
human exposure is drinking-water when Bt subsp. israelensis is
used for vector control in drinking-water containers or reser-
voirs. In addition to these routes of exposure, accidental
parenteral or ocular exposures may occur in workers that apply
Bt in the field.
Mechanism of Toxicity

Bt Cry and Cyt toxins belong to a class of bacterial toxins
known as pore-forming toxins (PFT) that are secreted as water-
soluble proteins undergoing conformational changes in order
to insert into, or to translocate across, cell membranes of their
host. The primary action of Cry toxins is to lyse midgut
epithelial cells in the target insect by forming pores in the apical
microvilli membrane of the cells.

Bt is ineffective against adult insects and must be eaten by
feeding larvae in order to be toxic. When ingested by insect
larvae, sporulated-Bt crystalline inclusions dissolve in the
alkaline environment of insect gut, and the solubilized inac-
tive protoxins are converted into protease resistant active Cry
and Cyt toxins. Toxin activation involves N-terminal, C-
terminal, and intra-molecular cleavage. The activated Cry
toxins are composed of three functional domains, a seven a-
helices bundle that is involved in membrane insertion
(domain I), and two b-sheet domains (domains II and III)
involved in receptor interactions (Figure 1). Once activated,
Cry toxins bind to specific receptors on the brush border
membrane of the midgut epithelium columnar cells before
inserting into the membrane. Toxin insertion leads to the
formation of lytic pores in microvilli of apical membranes.
Subsequently cell lysis and disruption of the midgut epithe-
lium release the cell content providing the spores with
a germinating medium leading to a severe septicemia and
insect death.

In contrast to Cry toxins, Cyt toxins do not bind to
protein receptors but directly interact with membrane lipids
inserting into the membrane and forming pores. Synergism
between Cyt1Aa and the Cry proteins of Bti has been
observed; by functioning as a membrane bound receptor of
Cry11Aa, Cyt1Aa protein enhanced Cry11Aa membrane
insertion.

Recently, it has been suggested that receptor binding of Cry
toxins also activates a Mg2þ-dependent signaling pathway
involving stimulation of G protein, adenylyl cyclase, increased
cyclic AMP (cAMP) levels, and activation of protein kinase A
(PKA), leading to destabilization of the cytoskeleton and ion
channels, and subsequent cell death. However, this might be
a secondary effect of the interaction of the toxin with the
membrane rather than a direct cause of the cytolytic
mechanism.
Acute and Short-Term Toxicity

Animal

To date, numerous laboratory studies have been conducted on
the infectivity and toxicity of Bt isolates and these studies have
demonstrated that the isolates of Bt used in commercial
products are safe for mammals. In several acute oral toxicity/
pathogenicity studies, no adverse effects, infectivity, or path-
ogenicity has been observed in laboratory animals at doses up
to 4.7� 1011 spores kg�1. In acute pulmonary toxicity studies,
no adverse toxic effects have been seen at doses up to
2.6� 107 spores kg�1. Similarly, Bt is non-toxic and not
pathogenic in acute studies that intraperitoneally adminis-
tered Bt to mice at doses below 108 colony forming units
(cfu) per animal. Repeated oral exposures for 21 days did not
produce mortality or changes in weight gain in rats
(1.2� 1011 cfu) or mice (4.7� 1010 cfu). Dermal exposures of
several different Bt strains at levels up to 2500 mg kg�1 were
not toxic or pathogenic to rabbits, but did produce mild
irritation in some cases.

Human

A short-term study with human volunteers has not demon-
strated any adverse health effects of Bt. Eight subjects ingested
1 g of Bt formulation (3� 109 spores g�1 of powder) daily for
5 days. Five of these volunteers also inhaled 100 mg of the Bt
powder daily for 5 days. No adverse effects were observed in
comprehensive medical examinations conducted before or
after (4–5 weeks) exposure, and clinical chemistry data were
also negative. Due to its mode of action, acute exposures to Bt
via routes other than oral ingestion are not expected to produce
toxicity. However, contact with Bt formulations in high enough
concentrations may still potentially cause irritation of the skin,
eyes, and respiratory tract due to the physical nature of these
materials. For example, dermatitis was reported by one worker
after contact with Bt solution.



Figure 1 Crystal structure of Cry1Aa toxin. Domain I, domain II, and domain III are shown in red, green, and blue, respectively. From Pigott and Ellar,
Microbiology and Molecular Biology Reviews, 71, 255–281. Copyright � 2007, American Society for Microbiology. Reproduced from Boonserm, P., P.
Davis, D. J. Ellar, and J. Li. 2005. Crystal structure of the mosquito-larvicidal toxin Cry4Ba and its biological implications. J. Mol. Biol. 348: 363–382.
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Chronic Toxicity

Animal

In rats, no toxicity or infectivity was associated with dietary
exposure to Bt at a level of 4 g kg�1 day�1 for 3 months. Sheep
exposed repeatedly to commercial Bt formulations for 60 days
showed no significant clinical effects. Rats fed a Bt product for
2 years in the diet at 8400 mg kg�1 day�1 experienced
a decrease in body weight gain (females only) during weeks
10–104 of the study, but no other significant effects.
Human

Btmicrobial products have a long history (more than 40 years)
of safe use. Reports of serious adverse effects in humans from
the use of these products are rare and none were considered to
be causally related to Bt itself. Two detailed epidemiology
studies have been carried out on the exposure of humans to Bt.
In a Canadian study on ground spray operators in a control
program for the gypsy moth, researchers found that workers
without protective clothing developed minor irritations of the
skin, eyes, and respiratory tract, but no serious health prob-
lems. Symptoms were reported at two to three times the rate for
the control group. These symptoms were transient and
frequently occurred during the beginning of a spray run and
when Bt spray concentrations were increased. Mean exposure
values ranged from 3.0� 103 to 5.9� 106 Bt spores m�3 of
sampled air. The exposure rates for the spray operators were up
to 500 times greater than that estimated for the general pop-
ulation. In a passive surveillance study conducted in Oregon
during 1985–86, there was only one health complaint that
could be attributed to Bt: dermatitis and eye irritation in a spray
operator who was splashed in the face and eyes with a spray
solution.

Bt subsp. israelensis is not considered to pose a hazard to
humans through drinking-water. However, it is vital that
authorities can be assured that Bti has been prepared to the
highest quality and hygienic standards under appropriate
conditions that will meet the WHOPES specifications.
Ecotoxicology

To date, based upon extensive laboratory and field data, there is
little evidence that commercial Bt formulations cause any
significant ecological impacts when used for insect control.
Toxicity and infectivity risks due to delta-endotoxin effects in
non-target birds, freshwater fishes, freshwater aquatic inverte-
brates, estuarine and marine animals, arthropod predators/
parasites, honey bees, annelids, and mammals are minimal to
non-existent at the label use rates of registered Bt active ingre-
dients. However, controversial results have been obtained in
invertebrates for Bt-containing larvicides depending on the
subspecies, type of formulation, and conditions of application.
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Invertebrates

Terrestrial Insects

Field monitoring studies after application of Bt for control of
the spruce budworm found no measurable effects on a wide
variety of insects, and similar results have been found in
other studies. In contrast, temporary reductions in pop-
ulations of non-target Lepidoptera and some other susceptible
insects have been documented in the field after aerial appli-
cations of Bt. Most Bt subspecies tested for toxicity to honey
bees have shown minimal toxicity, but the subspecies aizawai
has displayed high toxicity to bees. Bt subsp. kurstaki has
been shown to be toxic to the beneficial parasitoid hyme-
noptera Trichogramma spp. Because of the lack of persistence
of Bt in the environment, the effects are primarily limited to
the period of use, and when Bt pesticides are used according
to product labels the risk to bees and other beneficial insects
is minimal.
Aquatic Invertebrates

Larvae of some taxa of non-target Nematocera such as Chirono-
midae have been shown to be susceptible to Bti, and there are
indications that non-target organisms may be impacted by Bti-
containing larvicides in wetlands. In a pond mesocosm study,
Bti had a negative effect on the abundance of chironomid
larvae only for application rates 1.5–2 times superior to the
operational rate used for mosquito control, with differential
effects according to the considered subfamily. In contrast,
results from experiments performed in temporary freshwater
ponds showed that Bti did not adversely affect the density or
biomass of various invertebrate groups, nor the taxonomic
richness of benthic invertebrate communities. A long-term (6
years) field study in Minnesota freshwater wetlands showed
that Bti induced a significant decrease in the abundance of non-
target invertebrates, especially Nematocera, associated with
a reduction in insect genera richness and an increase in domi-
nance indices. In contrast, non-Bti-sensitive taxa such as
annelids were not affected.

However, several long-term field studies showed that Bti
effect was generally negligible or of the same order of magni-
tude as those from natural factors. No effect of Btiwas found on
the abundance of insect larvae (chironomids), crustaceans, or
molluscs collected in sediment samples from temperate New
South Wales saltmarshes. In a 6-year survey performed in the
River Dalälven floodplain (Central Sweden), no significant
effect of flood-water mosquito control using aerial application
of Btiwas shown on the production of emerging insects, nor on
chironomid species richness and production. In wetlands
where Bti was aerially applied, indirect effects on predatory
insects which may have resulted from food shortage due to
mosquito larvae mortality were not significant. The reduction
in the abundance of mosquito larvae was followed by an
increase in the taxonomic richness and abundance of proto-
zoans which are prey for mosquito larvae but also for other
invertebrates such as rotifers or hydrozoans. Finally, in Euro-
pean Atlantic coastal wetlands, the use of Bti, as VectoBac�

12AS and VectoBac� WG, from 1998 to 2011, did not result in
adverse effects on non-target aquatic invertebrates, but an
increase in the abundance of some taxa (Hydrozoans,
Crustaceans, Oligochaetes, larval Dipterans, Polychaetes) has
been observed in treated areas.
Vertebrates

Bt is practically non-toxic to fish with acute LC50 (lethal
concentration for half of an exposed group of individuals or
population) values greater than 8.7� 109 cfu l�1 for bluegill
sunfish, rainbow trout, and the sheepshead minnow. There has
been no documented evidence of fishes killed as a result of the
many forestry, agriculture, and urban Bt spraying programs
conducted in Canada and the United States over the past
30 years or more.

Bt strains are classified as practically non-toxic to birds
based on acute toxicity studies conducted for the US Environ-
mental Protection Agency as part of the pesticide registration
process. In general, field studies have not shown effects on bird
populations after aerial spraying of Bt formulations, although
indirect effects on avian reproductive parameters (e.g., nesting
attempts, fledgling success) have been described in some
instances.

Field studies have also not shown any significant adverse
effects of Bt products on mammals or plants exposed at typical
application rates.
Resistance

Evolution of resistance in insect pests threatens the continued
effectiveness of Bt toxins in sprays and transgenic crops. A
number of insects (moths, beetles, flies, mosquitoes) have been
shown to be resistant to endotoxins when selected in the labo-
ratory. In experiments designed to select for resistance, LC50

increases more than 10-fold in dozens of species after a few or
more than a hundred generations. High levels of resistance to Bt
(up to 200-fold) have also been reported forfield populations of
a number of lepidopteran pests. In contrast, other groups of
insects, such as Diptera and Coleoptera, show little changes in
susceptibility after repeated exposure to Bt.

Resistance to individual Cry toxins appears rapidly. This was
the case, in particular, for lepidopteran pests resistant to
transgenic crops expressing one or a very limited number of Cry
toxin genes, or for mosquitoes selected with only one or
a subset of the four Bti toxins. However, the mix of four
synergistic toxins with different modes of action remains one of
the main advantages of Bti (and other Bt subspecies that express
several Cry toxins) which delays the apparition and evolution
of resistance. Indeed, only moderate levels of resistance to the
four toxin mix have been described after long periods of
treatment in natural populations or after intensive laboratory
selection.

Reduced or no binding to Cry toxin receptors of the
membrane of midgut epithelial cells have been identified as
the main mechanisms of resistance in Lepidoptera. A second
general mechanism of resistance is reduction or loss of
proteases that convert Bt protoxin to activated toxin. Because
Bt and conventional insecticides have different modes of
action, they generate distinct mechanisms of resistance, so
that cross-resistance is very unlikely. Similarly, selection for
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resistance to a given Cry toxin generally confers little or no
resistance to other Cry toxins, due to the specificity of their
binding sites. However, when resistance does not result from
reduced binding, unexpected cross-resistance patterns to Cry
toxin may occur.
See also: Biocides; Environmental Risk Assessment, Pesticides
and Biocides; Pesticides; Resistance to Toxicants.
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Background

British Anti-Lewisite (BAL) is a synthetic therapeutic substance
developed during World War II for using as an antidote against
the vesicant arsenic war gases (Lewisite). The first experiments
were based on the fact that arsenic products react with sulfhy-
dryl radicals. Among all the compounds originally tested, BAL
was the most effective and the least toxic. In 1951, BAL was
used by a renowned neurologist, Derek Denny-Brown, to treat
patients suffering with Wilson’s disease (hepatolenticular
degeneration), which results from excessive copper accumula-
tion, especially in the brain and liver. The intrinsic toxicity of
BAL resulted in the development of its water-soluble and less
toxic derivatives dimercaptosuccinic acid and dimercaptopro-
panesulfonic acid.

Chemically, BAL is called 2,3-dimercaptopropanol. It is
a viscous oily liquid with the offensive odor of mercaptans. It is
moderately soluble in water but highly soluble in vegetable
oils. BAL is a dithiol compound highly reactive with arsenic and
other heavy metal compounds. It has a higher affinity for these
compounds than body lipids. Because BAL is unstable and
susceptible to oxidation, there are storage difficulties as a ready-
to-use preparation. BAL is administered by deep intramuscular
injection (i.m.). BAL-treated individuals suffer side effects
(>50%), most of which are not serious and subside with
discontinuation of treatment. BAL contains two sulfhydryl
groups that react to form a stable, generally nontoxic chelate
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with heavy metals, particularly arsenic, mercury, lead, and tin.
The combined compound prevents the metal from reacting
with sulfhydryl groups in physiological proteins and thereby
renders them inert until they are excreted.

BAL administration is most effective when given as soon as
possible after exposure to the metal. This is because it is more
effective in preventing inhibition of sulfhydryl enzymes than in
reactivating them. Metals that form mercaptides with essential
cellular sulfhydryl groups (arsenic, gold, and mercury) are most
efficiently antagonized by BAL. BAL is also used in conjunction
with CaNa2EDTA to treat lead poisoning, especially when lead
encephalopathy is clearly evident. Intoxication by selenites,
which also oxidize sulfhydryl enzymes, is not influenced by
dimercaprol.
Uses

BAL is a chelating agent used as an antidote for the treatment of
metal poisoning, especially arsenic (organic and inorganic),
gold salts, and inorganic mercury. BAL is more effective when
given soon after toxic exposure because it is more effective in
preventing inhibition of sulfhydryl enzymes than in reactivat-
ing them. BAL is also used in the treatment of Wilson’s disease.
The drug cannot be used in poisonings due to iron, cadmium,
tellurium, selenium, vanadium, and uranium. It is contra-
indicated in poisonings due to elemental mercury vapor,
because it can further increase the metal in the brain.
Environmental Fate and Behavior

BAL is a colorless or slightly yellowish viscous oily liquid and
has a pungent odor. The molecular weight, melting point,
boiling point, vapor pressure, and the octanol–water parti-
tion coefficient (log Kow) are 124.23, 77 �C, 120 �C at
15 mm Hg, 4.36 � 10�3 mm Hg at 25 �C, and 0.16,
respectively. The Henry’s law constant is 9.39 � 10�9 atm-
m3 mol�1 at 25 �C. BAL is soluble in ethanol and ether, and
slightly soluble in chloroform and vegetable oils. Water
solubility is 8.7 g/100 ml. BAL should be protected from light
and should be stored at temperatures between 2 and 10 �C in
small vials.
Exposure and Exposure Monitoring

BAL is given only by i.m. injection (never intravenous (i.v.) or
subcutaneous (s.c.)). Oral ingestion is only accidental or
unintentional. BAL can be applied to the skin to heal local
effects caused by arsenic vesicant substances.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00244-X
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Toxicokinetics

Peak concentrations in blood are reported in about
30–60 min after i.m. injection of BAL. It is readily absorbed
through the skin after topical application. Because it is
a lipophilic drug, BAL rapidly penetrates the intracellular
spaces. The highest concentrations are found in the liver,
kidneys, brain, and small intestine. In animals, biological half-
life is short, and metabolic degradation and renal excretions
are reported within 6–24 h. The renal excretion is most often
cited as its major elimination route, but there appears to be
a significant contribution from its conjugation with glucur-
onic acid. The major portion of the drug is excreted rapidly in
the urine, and part of it is eliminated in the feces (via bile).
The BAL–metal complexes dissociate rapidly in the body,
especially in an acid internal medium; alkalinization of the
urine may prevent this dissociation and protect the kidneys
from metal and BAL nephrotoxicity. If the BAL–metal complex
is oxidized, the metal is released and can exert its toxic effect
again; therefore, the dosage of BAL must be high enough to
ensure the excess of free BAL in body fluids until the metal is
completely excreted.
Mechanism of Toxicity

BAL is believed to compete with tissue sulfhydryl groups and
interferes with cellular respiration. It also competes with
metallic cofactors of metabolic enzyme systems and increases
capillary permeability. Metabolic degradation and excretion are
essentially complete within 4 h. BAL not excreted as dimer-
caprol–metal complex is quickly metabolized by the liver and
excreted as an inactive product in the urine. Because it is
a lipophilic drug, it penetrates rapidly the intracellular spaces.
The highest concentrations are found in the liver, kidneys,
brain, and small intestine. Due to its lipophilic characteristic,
the complexes formed with mercury and other metals may be
redistributed into sensitive cells in the brain following dimer-
caprol treatment.
Acute and Short-Term Toxicity

Animal

The LD50 values in rabbits and rats are in the range of
0.6–1.0 mmol kg�1 by i.m., i.p., or s.c. administration. In
another study, the LD50 in rats after i.m. injection was
105 mg kg�1 and 100 mg kg�1 i.p. in mice. In animals,
a lethal dose of dithiols is reported to cause convulsions and
severe spasm of the abdominal muscles shortly before death.
Sublethal injection of BAL to animals results in lacrimation,
edema of the conjunctiva, salivation, and vomiting. With
increasing doses, they develop ataxia, analgesia, tachypnea,
and hyper-excitability. Nystagmus and muscle tremor
develop, tonic and clonic convulsions occur at the final stages.
Death occurs during coma. The most significant acute toxic
effect of BAL is cardiovascular depression as indicated by
a decrease in systemic and pulmonary artery pressure
following i.v. injection in cats.
Human

The target organs of toxicity are kidneys, cardiovascular
system, and central nervous system. The most common side
effects of BAL are hypertension with tachycardia, cardiovas-
cular collapse, convulsions, excitation, hyperglycemia, and
hypoglycemia. About 50% of patients who receive high ther-
apeutic doses (4–5 mg kg�1) have minor reactions: nausea;
vomiting; fatigue; restlessness; apprehension; headache;
burning sensation of the lips, mouth, throat, eyes, and penis;
lacrimation; salivation; tingling of extremities; a feeling of
constriction in the chest muscle; diffuse pain; and muscle
spasm. Large doses may cause convulsions and coma. There
may be pain at the injection site. BAL may cause hemolytic
anemia in individuals with a glucose-6-phosphate dehydro-
genase (G6PD) deficiency. When applied locally to skin, it
produces redness and swelling. It may be irritant to eyes and
mucous membranes following local contact.
Chronic Toxicity

Animal

Very few chronic toxicity studies have been reported. After
repeated local applications in animals, sensitization dermatitis
may develop. Chronic parenteral administration of BAL is
reported to increase the white blood cell count by 30%.
Human

Long-term exposure of BAL is unnecessary. There are no reports
on the long-term toxic effects of BAL.
Reproductive Toxicity

Well-controlled clinical studies are not reported. BAL is classi-
fied as US Food and Drug Administration pregnancy category
C (risk cannot be ruled out).
Clinical Management

There is no specific treatment, but symptomatic measures
can be taken to improve the clinical course. Stop BAL
immediately if adverse reactions are observed. No antidote is
available. If there has been dermal exposure, wash the skin
with a nonirritating soap and water. If the eyes have been
exposed, irrigate them with tap water. If ingested, activated
charcoal should be given. Convulsions should be treated as
usual with benzodiazepines and barbiturates. If cardiovas-
cular collapse occurs, give fluids according to the patient’s
hydroelectrolytic balance. Dopamine can be used, if neces-
sary. Bicarbonate solution is useful, not only to correct
acidosis but also to increase renal elimination of BAL–metal
complexes, prevent their dissociation, and decrease their
toxicity. Some symptoms can be relieved by administration
of antihistamine. Alkalinization of urine may prevent kidney
damage.
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Miscellaneous

BAL is potentially nephrotoxic and hence the urine should
be kept alkaline during BAL therapy since the chelate
dissociates in acid medium. BAL should be used with
caution or the dosage reduced in patients with oliguria. The
drug should be either discontinued or used very cautiously if
acute renal failure develops. BAL should be administered
carefully and under strict clinical control in patients with
hypertension, renal impairment, and G6PD deficiency. It is
contraindicated in patient with hepatic dysfunction (except
for postarsenical jaundice) and in patients with hypersen-
sitivity to peanut oil since BAL injection is available in
peanut oil.
See also: Metals.
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Long-Acting Agents

l Representative Chemicals: Barbital (Chemical Abstracts
Service Registry Number (CAS) 57-44-3), Mephobarbital
(CAS 115-38-8), Phenobarbital (CAS 50-06-6)

l Synonyms:
B Barbiturates – Courage pills, Downers, F-40s, Goof

balls, Gorilla pills, Mexican yellows, Pink ladies
B Barbital – Diethylbarbituric acid, Diethylmalonyl urea,

Barbitone, DEBA
B Mephobarbital – Methylphenobarbital, Mebaral
B Phenobarbital – Phenylethylmalonylurea, Barbenyl,

Barbiphenyl, Dormiral, Phenylbarbital, 5-Ethyl-
5-phenylbarbituric acid, Solfoton

l Chemical/Pharmaceutical/Other Class: Barbituric acid
derivative

l Chemical Structure:
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l Name: Phenobarbital
l Molecular Weight: 232.235 g mol�1

l Molecular Formula: C12H12N2O3
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Short-Acting Agents

l Representative Chemicals: Amobarbital, Aprobarbital, Buta-
barbital sodium, Butalbital, Cyclobarbital, Heptabarbital,
Hexobarbital, Methohexital sodium, Pentobarbital, Seco-
barbital sodium, Talbutal, Thiamylal, Thiopental sodium

l Chemical Abstracts Service Registry Number: 309-36-4
(Methohexital sodium)

l Synonyms:
B Amobarbital – Amytal; C11H18N2O3; 5-Ethyl-5-

(3-methylbutyl)-2,4,6-(1H,3H,5H)-pyrimidinetrione
B Aprobarbital – Alurate; C10H14N2O3; 5-(1-Methylethyl)-

5-(2-propenyl)-2,4,6-(1H,3H,5H)-pyrimidinetrione
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
B Butabarbital – Butisol; Butolan; Sarisol; C10H15N2NaO3;
5-Ethyl-5-(1-methylpropyl)-2,4,6-(1H,3H,5H)-pyr-
imidinetrione sodium salt

B Butalbital – Sandoptal; C11H16N2O3; 5-(2-Methylpropyl)-
5-(2-propenyl)-2,4,6-(1H,3H,5H)-pyrimidinetrione

B Cyclobarbital – C12H16N2O3; 5-(1-Cyclohexen-1-yl)-
5-ethyl-2,4,6-(1H,3H,5H)-pyrimidinetrione

B Heptabarbital – C13H18N2O3; 5-(1-Cyclohepten-1-yl)-
5-ethyl-2,4,6-(1H,3H,5H)-pyrimidinetrione

B Hexobarbital – C12H16N2O3; 5-(1-Cyclohexen-1-yl)-
1,5-dimethyl-2,4,6-(1H,3H,5H)-pyrimidinetrione

B Methohexital – Brevital; Compound 25398;
C14H17N2NaO3; 1-Methyl-5-(1-methyl-2-pentynyl)-5-
(2-propenyl)-2,4,6-(1H,3H,5H)-pyrimidinetrione sodium
salt

B Pentobarbital – Nembutal; C11H18N2O3; 5-Ethyl-5-
(1-methylbutyl)-2,4,6-(1H,3H,5H)-pyrimidinetrione

B Secobarbital – Seconal; C12H17N2NaO3; 5-
(1-Methylbutyl)-5-(2-propenyl)-2,4,6-(1H,3H,5H)-
pyrimidinetrione sodium salt

B Talbutal – Lotusate; C11H16N2O3; 5-(1-Methylpropyl)-
5-(2-propenyl)-2,4,6-(1H,3H,5H)-pyrimidinetrione

B Thiamylal – Surital; C12H18N2O2S; Dihydro-5-
(1-methylbutyl)-5-(2-propenyl)-2-thioxo-4,6-(1H,5H)-
pyrimidinetrione

B Thiopental – Pentothal; C11H17N2NaO2S; 5-Ethyldihydro-
5-(1-methylbutyl)-2-thioxo-4,6-(1H,5H)-pyrimidinetrione
sodium salt

l Chemical/Pharmaceutical/Other Class: Barbituric acid
derivative

l Chemical Structure:
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l Name: Pentobarbital
l Molecular Weight: 226.27 g mol�1

l Molecular Formula: C11H18N2O3

l Chemical Structure:
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Background

Barbituric acid was first synthesized in Germany in 1864 by
Adolf von Baeyer through the condensation of urea with
diethyl malonate. It was not until 1903, however, that the first
therapeutic agent was discovered when Bayer chemists Emil
Fischer and Joseph von Mering discovered that barbital, an
analog of derivative of barbituric acid, was effective at putting
dogs to sleep. It was marketed as the first barbiturate for its
sedative and hypnotic effects and given the name Veronal, said
to be named after Verona, Italy, the most peaceful place that
von Mering knew of. Barbituric acid itself was thought to be
named after Saint Barbara, the patron saint of artillerymen as
on the day that von Baeyer synthesized the substance he cele-
brated in a tavern in which the artillery garrison was celebrating
the feast of Saint Barbara. Except for certain short-acting
barbiturates used for anesthesia and phenobarbital, a long-
acting barbiturate used as an anticonvulsant, other drugs with
better safety profiles such as the benzodiazepines have sup-
planted barbiturates as sedative-hypnotics.
Uses

Barbiturates are used as anesthetics for perioperative sedation
as well as in the short-term treatment of insomnia, anxiety,
psychosis, control of seizures, and alcohol withdrawal. These
agents are also exploited in abuse settings. Abuse of barbitu-
rates started in the 1940s as they were liberally given to military
personnel stationed in the South Pacific in order to help them
cope with harsh conditions. They were called ‘goofballs’ in this
context. After World War II, many servicemen needed detoxi-
fication and treatment for barbiturate dependence upon
returning to the United States. Reported barbiturate abuse
peaked in the 1970s, but has since declined with the increased
use of other sedatives such as benzodiazepines. Use of certain
long-acting barbiturates as anticonvulsants, however,
continues. Phenobarbital is currently the most commonly
prescribed anticonvulsant in use worldwide. Pentobarbital has
been used in the United States for lethal injection during
executions. Phenobarbital is also used for the treatment of
alcohol withdrawal and compares favorably to other agents
including benzodiazepines.
Environmental Fate and Behavior

Short-Acting Barbiturates: Pentobarbital

Pentobarbital is water soluble. If released into air, with an
estimated vapor pressure of 3 � 10�10 mmHg (25 �C), it will
exist solely as in particulate phase in the atmosphere and as
a particulate pentobarbital will be removed from the atmo-
sphere by wet or dry deposition. Pentobarbital is not susceptible
to photolysis from sunlight as pentobarbital does not contain
chromophores that absorb wavelengths of light greater than
290 nm. If pentobarbital is released into soil, a pKa of 7.8
indicates that it will exist partially as an anion, which does not
absorb strongly to soils containing organic carbon or clays.
Pentobarbital is not expected to volatilize from moist soil
based upon an estimated Henry’s law constant of 8.4 � 10�13
atm-cu m mol�1. If released into water, pentobarbital is not
expected to adsorb to suspended sediment and solids in the
water based upon the estimated Koc. Volatilization fromwater is
not expected to be an important fate process based upon the
estimated Henry’s law constant. Pentobarbital has an estimated
biological concentration factor (BCF) of 11 suggesting the
potential for bioconcentration in aquatic organisms is low.
Pentobarbital lacks functional groups that hydrolyze easily and
hydrolysis is not expected to be an important environmental
fate process.
Long-Acting Barbiturates: Phenobarbital

Phenobarbital is a very lipid soluble, long-acting barbiturate. It
may be released into the environment through various waste
streams, including from manufacturing, production, and
sewage. If released into air, with an estimated vapor pressure of
1.4 � 10�11 mmHg (25 �C), phenobarbital will exist solely in
the particulate phase in the atmosphere and will be removed
solely by wet or dry deposition. Phenobarbital will be suscep-
tible to photolysis by sunlight as it contains chromophores that
absorb light at wavelengths greater than 290 nm. If released
into soil, phenobarbital will have high mobility based upon an
estimated Koc of 59. The pKa of phenobarbital is 7.3 indicating
that it will exist partially as an anion in the environment and
anions are not expected to adsorb well to soils containing
organic carbon or clay. Volatilization of the neutral species
from moist soil is not expected to be a significant environ-
mental fate process as the estimated Henry’s law constant is
1.7 � 10�14 atm-cu m mol�1. Biodegradation is not expected
to be an important environmental fate process. If released into
water, phenobarbital is not expected to adsorb to suspended
soils and other sediment based upon its Koc. An estimated BCF
of 4 suggests that the potential for bioconcentration in aquatic
organisms is low and hydrolysis is not expected to be an
important environmental fate since phenobarbital does not
contain functional groups that will hydrolyze under environ-
mental conditions.
Exposure Routes and Pathways

Themost common route of exposure to barbiturates is ingestion
of oral dosage forms. Several of these agents are also available
for parenteral administration (intramuscular or intravenous)
and as rectal suppositories. Barbiturates may also be released
into the environment through production processes and elim-
ination into various waste streams. Occupational exposure may
occur through inhalation and dermal contact in the workplace
at sites of production. In addition to ingestion of the medica-
tion, the general population may be exposed to small levels of
barbiturates through ingestion of drinking water, in particular
the water-soluble barbiturates such as pentobarbital.
Toxicokinetics

Long-acting barbiturates are generally absorbed more slowly
from the gastrointestinal tract compared to short-acting
barbiturates, which are rapidly and completely absorbed.
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Sodium salts are absorbed more rapidly than the correspond-
ing free acids by all routes of administration, but especially
from liquid formulations. Furthermore, oral absorption is
more rapid when ingested on an empty stomach and in the
presence of alcohol. The onset of action varies from 10 to
60 min depending on the agent and formulation. For example,
the onset of action for the short-acting agents is 10–15 min
(oral) and 1–3 min (intravenous). This is more rapid than the
long-acting agents where the onset of action is 20–60 min
(oral) and approximately 5 min (intravenous).

Barbiturates are extensively distributed to all body tissues
and fluids with highest concentrations achieved in the brain,
liver, and kidneys. Short-acting barbiturates are generally more
lipid soluble than long-acting barbiturates. This causes uptake
into less vascular tissues (i.e., muscle and fat) and subsequently
leads to a decline in the barbiturate plasma and brain
concentration. Long-acting barbiturates are less lipid soluble,
accumulate more slowly in tissue, and are excreted more
readily by the kidney as an active drug. Long-acting barbiturates
have an elimination half-life longer than 40 h. The apparent
volume of distribution for phenobarbital is 0.5–1.0 l kg�1 and
for most short-acting barbiturates from 0.6 to 1.9 l kg�1. For
long-acting barbiturates, approximately 20–45% is bound to
plasma proteins enhancing the potential in the overdose setting
for removal via dialysis.

All barbiturates are extensively metabolized by the hepatic
microsomal enzyme system. Mephobarbital is primarily
metabolized by N-demethylation to form phenobarbital.
Phenobarbital is then metabolized to an inactive metabolite.
Long-acting barbiturates induce several cytochromes in the
hepatic microsomal enzyme system leading to numerous drug
interactions and potential toxicity in combination with other
drugs.

Phenobarbital has a long elimination half-life of about
2–6 days. Approximately 25% of a dose is eliminated
unchanged in the urine with the remainder eliminated as
inactive metabolites. A minimal amount of mephobarbital is
eliminated unchanged in the urine. The pKa of phenobarbital
(7.24) is similar to physiologic pH. As a result, the elimination
of unchanged drug is significantly influenced by changes in the
urine pH and alkalinization of the urine can enhance the
elimination.

Conversely, only inactive metabolites of the short-acting
barbiturates are eliminated in the urine. Only aprobarbital,
which is less lipid soluble, has a significant fraction (13–24%)
that is eliminated unchanged in the urine. The elimination
half-life of short-acting barbiturates ranges from 3 to 50 h.
Mechanism of Toxicity

Barbiturates act throughout the central nervous system (CNS)
by affecting the binding of g-aminobutyric acid (GABA), the
major inhibitory neurotransmitter in the CNS. Specifically,
barbiturates decrease excitability of postsynaptic membranes
by binding to the GABA-A receptor and causing prolonged
chloride channel opening. This allows an influx of chloride into
cell membranes and subsequently hyperpolarizes the post-
synaptic neuron resulting in CNS depression. It is important to
note that GABA does not need to be present for barbiturates to
have clinical effect; this is unlike benzodiazepines, which
require GABA receptors to be present.

Intoxication with barbiturates will lead to CNS depression
as well as respiratory, cardiovascular, and gastrointestinal tract
depression.
Acute and Short-Term Toxicity (or Exposure)

Animal

Barbiturates agents may affect animals in the same way as
humans. Lethargy, coma, shallow respirations, ataxia, hypo-
thermia, hypotension, and depressed reflexes may occur. Some
short-acting barbiturates are utilized as veterinary euthanasia
agents. The treatment of overdose is similar to that in humans.
Human

The fatal or toxic dose of a barbiturate is highly variable due to
patient tolerance and coingestions. The concentration of
phenobarbital that can cause death is lower in patients with
alcohol or other depressant drugs such as benzodiazepines. In
general, the estimated potentially fatal dose of a barbiturate
agent in nondependent adults ranges from 1 to 10 g or
approximately 10 times the full hypnotic dose in a single
ingestion. Doses of 3–5 mg kg�1 of most short-acting barbi-
turates will cause toxicity in children. Specifically, a dose of
8 mg kg�1 or greater of phenobarbital can cause signs and
symptoms of toxicity. It is important to remember that the
duration of symptoms is dependent on the half-life of the
individual agent. Given the mechanism of action, barbiturate
toxicity will likely produce CNS effects. These effects may
include confusion, slurred speech, ataxia, diplopia, horizontal
nystagmus, somnolence, and coma. Severe barbiturate toxicity
may also manifest as cardiovascular depression and vasodila-
tion, which can lead to hypotension, cardiovascular collapse,
hypothermia, and multisystem organ failure. An ileus may
occur due to gastrointestinal depression, which is relevant in
the consideration of potential gastrointestinal decontamina-
tion. In comparison to other sedative-hypnotic drug toxicity,
barbiturates have more pronounced, ‘barb burns.’ These are
erythematous or hemorrhagic bullous skin lesions seen over
areas of pressure in comatosed patients.

Hypersensitivity to barbiturates can result in a life-
threatening syndrome called drug rash with eosinophilia and
systemic symptoms (DRESS) that carries a mortality of 10%. It
is characterized by rash, fever, organ inflammation, lymph-
adenopathy, and hematologic abnormalities such as eosino-
philia, thrombocytopenia, and atypical lymphocytosis. DRESS
syndrome may occur at any point in the treatment course with
barbiturates. In those developing hypersensitivity to barbitu-
rates, there is a potential of cross-sensitivity with other aromatic
antiepileptics, such as phenytoin and carbamazepine.
Chronic Toxicity (or Exposure)

Animal

Phenobarbital is considered a carcinogen in experimental
animals. Mice treated while pregnant developed a dose-related
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increase in the number of pups born with cleft palate (0.6% of
fetuses in the 50 mg kg�1 diet vs 3.9% in the 150mg kg�1 diet).
Dogs fed amobarbital chronically developed CNS depression,
slowed reaction times, and incoordination.
Human

Chronic use of high doses of barbiturates may produce
psychological and physical dependence. Abrupt discontinua-
tion of therapy may result in withdrawal signs and symptoms.
Mild withdrawal may include weakness, anxiety, muscle
twitching, insomnia, nausea, and vomiting. Severe withdrawal
may consist of hallucinations, autonomic instability, delirium,
and seizures. Severe withdrawal symptoms may be life threat-
ening. To prevent withdrawal, those on chronic barbiturates
should have the dose gradually decreased rather than abruptly
discontinued. Barbiturates induce hepatic microsomal
enzymes and can increase the metabolism of other medica-
tions. Concomitant medication use with drugs such as
phenobarbital may require higher doses of other medications
for an equivalent clinical effect. When discontinuing a CYP450
inducer, such as phenobarbital, caution needs to be taken to
also decrease the dose of other agents in order to prevent
toxicity.
Immunotoxicity

Hypersensitivity to barbiturates may result in a life-threatening
syndrome called DRESS. For more information, refer to the
Acute or Short-Term Toxicity (or Exposure) section.
Genotoxicity

Phenobarbital did not induce point mutations in various
strains of Salmonella typhimurium. Phenobarbital has been re-
ported to be weakly mutagenic in Drosophila melanogaster (with
2–3 mg (LD50)) to nutrient medium.
Reproductive Toxicity

Barbiturates can cause reproductive toxicity. They can cross
the placenta and distribute in fetal tissue. Exposure during
the first trimester of pregnancy can cause malformations and
exposure during the third trimester can induce a neonatal
abstinence syndrome or withdrawal following delivery. With
the long-acting barbiturates in particular, the withdrawal
syndrome may be delayed. With regard to teratogenicity the
barbiturates used as anticonvulsants have been most
frequently studied and malformations associated with anti-
convulsant drug use (such as phenobarbital or the nonbar-
biturate hydantoin phenytoin) during pregnancy are termed
hydantoin-barbiturate embryopathy. In some studies, when
phenobarbital is used with other anticonvulsants, phenytoin
in particular, the rate of malformations increased from that
of malformations associated with either drug alone. Under-
standing the risk of drug effect when used as an
anticonvulsant in human reproductive toxicity studies is
complicated as multifactorial genetic influences as well as
maternal seizures can affect fetal development. In one review
of 12 pregnant women who attempted suicide by drug
overdose with barbiturates (including butobarbital, hexo-
barbital, and barbital), the very large doses of these barbi-
turates used in self-poisoning by the women were not
teratogenic to the children.
Carcinogenicity

Certain barbiturates may be tumor promoting through their
ability to promote hepatocellular repair following treatment of
carcinogenic agents such as nitrosamines and other carcino-
genic agents. Phenobarbital has been shown to be carcinogenic
in animal studies and is thought to be a potential carcinogen in
humans. Studies looking at barbiturates and risk for lung
cancer data have not shown that the barbiturates increase the
risk of cancer.
Clinical Management

Acute Toxicity

Basic and advanced life support measures should be imple-
mented as necessary and focus on maintaining respiratory and
cardiovascular support is paramount. There is no antidote for
barbiturate toxicity. Gastrointestinal decontamination proce-
dures should be used as appropriate based on the patient’s
level of consciousness and history of ingestion. Activated
charcoal can be used to adsorb barbiturates; however,
multiple-dose activated charcoal therapy (every 2–6 h for
24–48 h) has not been shown to improve patient outcomes in
phenobarbital toxicity. There are no data looking at the
effectiveness of multidose charcoal for treatment of overdose
from other long-acting barbiturates. Given the pharmacoki-
netics of barbiturates, however, a second dose of activated
charcoal may be indicated based on the long half-life of other
agents. Hypotension should be treated with standard
measures including vasopressor support. Urine alkalinization
with sodium bicarbonate to obtain a urinary pH of 7.5–8 may
enhance elimination of phenobarbital by 5- to 10-fold. This
procedure is not effective for short-acting barbiturates since
they have higher pKa values, are more protein bound, and are
primarily metabolized by the liver with very little unchanged
drug excretion by the kidneys. Hemodialysis is effective for
removing long-acting barbiturates but should be reserved for
severe cases when standard supportive measures are inade-
quate. CNS stimulant agents should not be used and may
increase the rate of mortality. Major complications associated
with barbiturate intoxication include anoxic brain injury,
aspiration pneumonia, rhabdomyolysis, and compartment
syndrome.
Chronic Toxicity

The occurrence of withdrawal signs and symptoms indicates
the need to reinstitute barbiturate or substitute alternative
benzodiazepine therapy and gradually reduce the dose until
discontinued.



Barbiturates 367
See also: Anxiolytics; Neurotoxicity; Poisoning Emergencies in
Humans.
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l Name: Barium
l Chemical Abstracts Service Registry Number: 7440-39-3
l Valence States: þ2
Background Information

Barium was discovered as an element by Carl Scheele in 1774,
after which it was first isolated by Sir Humphry Davy in 1808.
The abundance of barium in Earth’s crust is approximately
0.05%. Barite stones found around Bologna, Italy, were some
of the first exposures of humans to barium, so it was named
Bolognan stone after the nearby town, and fascinated people
due to its ability to phosphoresce after exposure to sunlight.
Uses

Barium is found in various alloys, paints, soap, paper, photo-
graphic chemicals, explosives, and rubber, and is used in the
manufacture of ceramics and glass. Some of its compounds are
used as mordants in fabric dyeing and in the preparation of
phosphors. One major use is in slurry of ground barite
(ZnSþ BaSO4) for gas and oil drilling. Barium fluorosilicate
has been used as an insecticide, and some barium compounds
are used as rodenticides. Medicinally, barium sulfate, being
very sparingly soluble, is used as a radiopaque contrast material
for X-ray diagnostic purposes and other medical imaging uses.
Environmental Fate and Behavior

Barium is a highly reactive metal that occurs naturally only in
a combined state. The element is released to environmental
media by both natural processes and anthropogenic sources.

Barium is released primarily to the atmosphere as a result of
industrial emissions during the mining, refining, and produc-
tion of barium and barium chemicals, fossil fuel combustion,
and entrainment of soil and rock dust into the air. In addition,
coal ash, containing widely variable amounts of barium, is also
a source of airborne barium particulates. Most barium released
to the environment from industrial sources is in forms that do
not become widely dispersed. In the atmosphere, barium is
likely to be present in particulate form. Although chemical
reactions may cause changes in speciation of barium in air, the
main mechanisms for the removal of barium compounds from
the atmosphere are likely to be wet and dry depositions.

In aquatic media, barium is likely to precipitate out of
solution as an insoluble salt (i.e., as BaSO4 or BaCO3).
Waterborne barium may also adsorb to suspended particulate
matter. Precipitation of barium sulfate salts is accelerated when
rivers enter the ocean because of the high sulfate content in the
ocean. Sedimentation of suspended solids removes a large
portion of the barium content from surface water. Barium in
sediments is found largely in the form of barium sulfate
(barite). Coarse silt sediment in a turbulent environment will
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often grind and cleave the barium sulfate from the sediment
particles, leaving a buildup of dense barites. Estimated soil–
water distribution coefficients (Kd) (i.e., the ratio of the
quantity of barium absorbed per gram of sorbent to the
concentration of barium remaining in solution at equilibrium)
range from 200 to 2800 for sediments and sandy loam soils.

As pH levels increase above 9.3 and in the presence of
carbonate, barium carbonate becomes the dominant species.
Barium carbonate also exhibits fast precipitation kinetics and
very low solubility and in alkaline environments limits the
soluble barium concentration. Barium forms salts of low
solubility with arsenate, chromate, fluoride, oxalate, and
phosphate ions. The chloride, hydroxide, and nitrate of barium
are water soluble and are frequently detected in aqueous
environments.
Exposure and Exposure Monitoring

Exposure pathways for barium primarily consist of ingestion
(e.g., food and water) and inhalation. Barium is relatively
abundant in nature; hence, most food contains small amounts
of barium. Brazil nuts have very high barium concentrations
(from 3 to 4000 ppm). It is also found in drinking water from
natural deposits in certain regions. Barium is also detected in
the air of most cities. The toxicity depends on the solubility of
the compound.
Toxicokinetics

Soluble barium compounds are absorbed by the lungs and
gastrointestinal tract and small amounts are accumulated in the
skeleton. The highest concentration of barium in the body is
present in the lungs. Although some barium is excreted in the
urine, it is reabsorbed by the renal tubules. It is primarily
excreted in feces. Accumulation occurs in the skeleton and
pigmented parts of the eye.
Mechanism of Toxicity

Ingestion of toxic doses of barium affects the muscles, espe-
cially the heart. Barium has a digitalis-type effect on the heart.
Ventricular fibrillation and slowed pulse rate are noted. This
may be related to barium’s tendency to displace potassium; the
resulting potassium deficiency causes muscle weakness.
Acute and Short-Term Toxicity (or Exposure)

Animal

The LD50 for rats is 630mg kg�1 for barium carbonate,
118mg kg�1 for barium chloride, and 921mg kg�1 for barium
acetate.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00819-8
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Human

The toxicity of barium is related to the solubility of the
compound. Barium sulfate, being very sparingly soluble, is
relatively nontoxic. Soluble barium salts are toxic by ingestion
(e.g., acetate, chloride, nitrate, sulfide, as well as carbonate and
hydroxide compounds). Ingestion results in nausea, vomiting,
stomach pains, and diarrhea. Severe gastrointestinal irritation is
followed by muscle twitching and then a flaccid muscular
paralysis. Barium can activate catecholamines, resulting in
muscle twitching and other nervous system effects. Ingestion of
barium compounds can lead to gastroenteritis, hypokalemia,
hypertension, cardiac arrhythmias, and skeletal muscle paral-
ysis. Potassium infusion is used clinically to reverse many of
the toxic effects, but cannot reverse the hypertensive response.
Barium released during welding can decrease plasma potas-
sium levels.

Soluble compounds also irritate skin, eyes, and mucous
membranes and can be absorbed following inhalation. Barium
carbonate dust is a bronchial irritant. Barium oxide dust is
a dermal and nasal irritant.

Barium carbonate, a rodenticide, has an oral TDLo of less
than 11 mg kg�1; another rodenticide, barium chloride,
has similar, though generally stronger effects. Convulsions and
death from cardiac and respiratory failures can occur. Survival
for more than 24 h is usually followed by complete recovery.
Direct aspiration of a large amount of barium into the airway
resulted in tachycardia, rapid breathing, fever, and low oxygen
saturation. A family eating fish accidentally battered with
barium carbonate developed nausea, vomiting, diarrhea, and
abdominal pain within minutes, and the parents also devel-
oped ventricular tachycardia, flaccid paralysis of the extremi-
ties, dyspnea (mother), and respiratory failure (father). Patients
were treated symptomatically and all fully recovered.
Chronic Toxicity (or Exposure)

Animal

In guinea pigs, barium caused various changes in the blood and
pathological changes in bone marrow, spleen, and liver.
Cardiovascular effects are evident in rats after long-term expo-
sures. Ultrastructural changes in the kidney glomeruli were
noted in rats consuming barium (1 g l�1) in the drinking water
for 36 weeks. Increased kidney weights were noted in female
rats consuming barium (2500 ppm) in the drinking water for
15months.
Human

Inhalation of insoluble sulfate and oxide, as dusts, produces
a pneumoconiosis called baritosis, which is a relatively benign
condition that is usually reversible with cessation of exposure.
Cardiovascular effects are also of concern after long-term
exposure in humans.
Reproductive Toxicity

Barium has been observed to have some limited reproductive
affects. In the nematode Caenorhabditis elegans, high barium
exposure resulted in vulva abnormalities and severe reductions
in both reproductive capacity and speed. Testing in rats with
barium chloride yielded no significant effects. Barium chloride
injected into chicken yolks resulted in curled toes in 50% of
surviving offspring.

Barium is not reported to be reproductively toxic in humans.
Genotoxicity

Barium chloride hydrate was positive in the mouse lymphoma
assay, but negative in Ames, plate incorporation, and pre-
incubation, as well as both the mitotic crossing over and gene
conversion tests.

Barium has not been reported to be genotoxic in
humans.
Carcinogenicity

In one study using barium chloride hydrate administered via
drinking water, there was no evidence of carcinogenicity in
either rats or mice, though the mice (both male and female)
demonstrated nephropathy.

Barium has not been reported to be carcinogenic in humans.
Clinical Management

Addition of sodium sulfate as a lavage solution may
precipitate the very insoluble barium sulfate. As potassium
deficiency occurs in acute poisoning, serum potassium and
cardiac rhythm must be monitored closely. Administration
of intravenous potassium appears beneficial. As renal failure
is also a concern, urinary output also must be monitored
closely.
Ecotoxicology

The uptake of barium by fish and marine organisms is an
important elimination mechanism. Barium levels in seawater
range from 2 to 63mg l�1 with a mean concentration of
w13mg l�1. Barium was found to bioconcentrate in marine
plants by a factor of 1000 times the level present in the water.
Bioconcentration factors in marine animals, plankton, and
brown algae of 100, 120, and 260, respectively, have been
reported. Relatively little information is available on the effects
of barium compounds in aquatic organisms. Barium carbonate
was practically nontoxic to fish (96 h LC50 in Gambusia was
410 g kg�1).
Exposure Standards and Guidelines

The American Conference of Governmental Industrial Hygien-
ists threshold limit value – time-weighted average is 0.5mgml�1

for soluble barium compounds and 10mgml�1 for barium
sulfate. The permissible exposure limit is 0.5mgm�3 for barium
in soluble compounds. The reference dose for barium is
0.07mg kg�1 day�1 and the tolerable daily intake (the
Netherlands) is 0.02mg kg�1 day�1.
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Miscellaneous

Brazil nuts contain more barium than other foods, with
concentrations of 3000–4000 ppm.

See also: Metals.
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l Representative Chemicals: Batrachotoxin; Homobatracho-
toxin; Batrachotoxinin-A; and several other batrachotox-
inin-A congeners

l Chemical Abstracts Service Registry Number: CAS 23509-
16-2 (Batrachotoxin)

l Synonyms: Phyllobates toxin, Pitohui toxin, Ifrita toxin, and
poison dart frog toxin

l Chemical/Pharmaceutical/Other Class: Steroidal alkaloid
neurotoxin

l Molecular Formulas:
B Batrachotoxin: C31H42N2O6

B Homobatrachotoxin: C32H44N2O6

B Batrachotoxinin-A: C24H35NO5

l Chemical Structure:
Background

Batrachotoxins are a class of steroidal alkaloid neurotoxins
originally found in Colombian poison dart frogs of the genus
Phyllobates (family Dendrobatidae). The frogs have special skin
glands that store and secrete the toxins, and these glands are
most densely packed on the frog’s back behind the head.
Evidence suggests that the frogs acquire the toxins from a die-
tary source; however, no potential source of these frog poisons
has been identified. Of all of the so-called poison dart frogs,
only three species of poison dart frogs were actually used by
Native Americans for poisoning dart tips, and these ‘true
poison dart frogs’ were all members of the genus Phyllobates
that carry batrachotoxins as their major toxic element respon-
sible for poisoning. More recently, batrachotoxins were found
in New Guinean birds of the genus Pitohui and Ifrita. In birds,
the toxins are most concentrated in the skins and feathers.

In both birds and frogs, batrachotoxins are thought to
provide some protection against natural enemies. The most
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
toxic Phyllobates frogs are brightly colored in comparison to
other congeners, and the same is true for the most toxic Pitohui
species. It is presumed that the bright colors act as warning or
aposematic signal to visual predators. Limited experiments
have shown that the toxins may be an arthropod repellent and
reduce the life span of arthropod pests such as lice, and that
natural predators show aversive reactions to the these toxins.

Several naturally occurring batrachotoxins have been iden-
tified from frog and bird extracts. The most common are
batrachotoxin and homobatrachotoxin, which contain a pyrrole
moiety. These occur in frogs in roughly equal proportions and
have an LD50 in mice of w2 to 3 mg kg�1 (subcutaneous injec-
tion). Toxicity via other routes has not been well studied. The
pyrrole can be manipulated in nature and in the laboratory to
give the non-pyrrole form, called batrachotoxinin-A, which is
about 1/500th as toxic as batrachotoxin or homobatrachotoxin.
Several other congeners have been identified in nature, but
the pharmacology of most of these remains unstudied.
These include batrachotoxinin-A cis-crotonate, an allylically
rearranged 16-acetate, batrachotoxinin-A 3-hydroxypentanoate,
and multiple mono- and dihydroxylated derivatives.

Experiments suggest that both birds and frogs may sequester
toxins from dietary sources. When brought into captivity, frogs
slowly loose their toxicity, and when raised in captivity on
nontoxic diets, frogs fail to produce batrachotoxins. When fed
batrachotoxins in their diet, frogs readily accumulate the toxins
in their skin. Although it is widely believed that ants may be the
source of toxins for dendrobatid frogs, this has yet to be
demonstrated for batrachotoxins in Phyllobates frogs. Although
other frog poisons have been found in ants, no ant species has
yet been found to contain batrachotoxins, and ants represent
a smaller portion of the overall diet for the larger Phyllobates
frogs than for the smaller dendrobatid frog species. In New
Guinea, a small beetle (genus Choresine, family Melyridae) has
been shown to carry significant quantities of batrachotoxins
and also been shown to be eaten by toxic Pitohui birds. Thus,
Choresine beetles represent a putative source of dietary toxins
for the New Guinea birds. Recently, several other dendrobatid
frog toxins have been found in soil mites in the family Ori-
batidae, and these represent a potential ultimate source of these
toxins for frogs, beetles, and birds.
Toxin Uses

Batrachotoxin is an important research tool in pharmacology
because of its action of holding voltage-gated sodium channels
open as well as its specific effects at other ligand-binding sites.
It was commonly used in ion channel and ligand research.
4-3.00998-2 371
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Batrachotoxin has no current clinical uses for two primary
reasons. First, batrachotoxin is highly toxic and dangerous to
use for medical purposes. Synthetic forms with altered prop-
erties would have to be developed for clinical trials. Second,
there are no commercially available sources of batrachotoxins
or commercially viable synthetic pathways. Most available
stocks of batrachotoxin were collected from wild-caught Phyl-
lobates frogs by John Daly many years ago. Work in relevant
regions of Colombia is currently difficult or impossible, so
these stocks cannot be replenished. No commercially viable
sources of batrachotoxin are known from New Guinea, but
additional research on the ultimate source of batrachotoxins
may elucidate new sources.
Human Use of Frog and Bird Secretions Containing
Batrachotoxins

Very small amounts of frog secretions from Phyllobates terri-
bilis, P. bicolor, and P. aurotaenia have been used by Choco
and Embera Indians to poison dart tips. These poisoned darts
are reportedly effective at immobilizing a variety of animals
including jaguar, bear, deer, and humans. A single P. bicolor
or P. terribilis frog can effectively poison 20–30 darts. Frog
toxin levels are high enough that merely holding the frogs
can be dangerous, and human poisonings have been
reported.

In New Guinea, traditional hunters are aware that Pitohui
and Ifrita birds carry neurotoxins. Toxins are more diffuse in
these birds than in the frogs; however, in some populations,
even a single feather, if tasted, can cause a burning sensation in
the mouth that may last for several minutes to hours. Handling
the birds can cause allergy-like reactions such as itchy watery
eyes, running nose, and sneezing. There have been no known
human deaths or serious poisonings due to bird ingestion, as it
is generally recognized as inedible, and an unpleasant burning
sensation sets in before much of the toxin is ingested. No
anthropologists have reported local New Guineans using the
toxins to immobilize prey, but bird tissues are used in some
local medicinal concoctions.
Exposure Routes and Pathways

From Phyllobates frogs, exposure occurs through ingesting skin
and flesh of the frogs. Toxin quantities can be high enough to
make even handling these frogs dangerous, so presumably
some absorption can occur through skin. Exposure to the
toxins may occur by subcutaneous injection, such as a punc-
ture from a poisoned dart tip. From birds, exposure can occur
by eating flesh; however, even handling the birds can cause
local irritation and ‘allergic-like’ reactions such as itchy eyes,
runny nose, sneezing, and tingling around buccal
membranes. These latter reactions are believed to be caused
by powder or tiny feather fragments released from toxic
feathers. Batrachotoxins are lipid soluble and soluble in
a variety of organic solvents such as methanol, chloroform,
and ethanol.
Toxicokinetics

Batrachotoxin can be absorbed through skin as well as from the
gastrointestinal tract. Effects can occur within 10min and can
last for several hours to more than a day.
Mechanism of Action and Toxicity

Batrachotoxins bind specifically to voltage-gated sodium
channels in nerve and muscle membranes and significantly
alter channel function in four primary ways that have been
documented. First, batrachotoxin significantly shifts the acti-
vation gating 30–50mV toward hyperpolarization. Thus
a batrachotoxin-bound channel will activate more readily, even
at membrane resting potentials. Second, batrachotoxin elimi-
nates or reduces both fast and slow inactivation gating, which
holds the activated channels in the open conformation for
hours or longer. Third, batrachotoxin can reduce single channel
conductance by up to 50%. And fourth, batrachotoxin can alter
the ion selectivity of the voltage-gated sodium channel.

In short, batrachotoxins activate voltage-gated sodium
channels and stabilize the channel in its open conformation.
This allows sodium ions to flow freely across the membrane
and depolarize membrane. This causes local tingling, irritation,
and numbness in peripheral nervous tissue. In higher concen-
trations or systemic doses, batrachotoxin will cause convul-
sions, paralysis, and cardiac or pulmonary failure. Because
a relatively small proportion of activated channels can depo-
larize the membrane, batrachotoxins are highly toxic. Because
batrachotoxins bind strongly to sodium channel proteins,
binding is often referred to as ‘irreversible,’ although light
exposure (resulting in local tingling or numbness) generally
subsides within a few minutes to 24 h.
Acute and Short-Term Toxicity (or Exposure)

Human

Very little is known about the toxicity of batrachotoxins in
humans. If it is assumed that human and mouse toxicity are
roughly equivalent (at w2.5 mg kg�1 injected subcutaneously),
then amedian lethal dose for a 68-kg humanwould bew170 mg
of batrachotoxin. Other studies show that mice are less suscep-
tible to neurotoxins than humans, so another estimate can be
based on toxicity relationships of batrachotoxin to aconitine,
digitoxin, and strychnine and their toxicity in humans. Using
these relationships, it is expected that a dose as small as 2–10 mg
of purified batrachotoxin injected subcutaneously may be
lethal to humans. Likewise, ingested amounts of as little as
120–500 mg are expected to be lethal. These are certainly rough
estimates, and few, if any, human poisonings have been reported
in medical literature. However, purified toxins as well as frog
skin secretions should be handled with extreme care.

Only direct toxic effects on voltage-gated sodium channels
have been studied. Other mechanisms of toxicity (e.g., chronic
toxicity, immunotoxicity, genotoxicity, carcinogenicity, etc.)
have not been investigated.
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Clinical Management

No antidote is available.

See also: Animals, Poisonous and Venomous.

Further Reading

Albuquerque, E.X., Daly, J.W., Witkop, B., 1971. Batrachotoxin: chemistry and
pharmacology. Science 172, 995–1002.

Catterall, W.A., 1988. Molecular pharmacology of voltage-sensitive sodium channels.
ISI Atlas Sci.Pharmacol., 190–195.

Catterall, W.A., Morrow, C.S., Daly, J.W., Brown, G.B., 1981. Binding of batracho-
toxinin A 20-a-benzoate to a receptor site associated with sodium channels in
synaptic nerve ending particles. J. Biol. Chem. 256, 8922–8927.

Daly, J.W., Spande, T.F., 1986. Amphibian alkaloids: chemistry, pharmacology and
biology. In: Pelletier (Ed.), Alkaloids: Chemical and Biological Perspectives. Wiley,
New York, pp. 1–274.
Daly, J.W., Garraffo, H.M., Spande, T.F., Jaramillo, C., Rand, A.S., 1994. Dietary source for
skin alkaloids of poison frogs (Dendrobatidae)? J Chem. Ecol. 20, 943–955.

Daly, J.W., Myers, C.W., Warnick, J.E., Albuquerque, E.X., 1980. Levels of batra-
chotoxin and lack of sensitivity to its action in poison-dart frogs (Phyllobates).
Science 208, 1383–1385.

Daly, J.W., Secunda, S.I., Garraffo, H.M., et al., 1994. An uptake system for dietary
alkaloids in poison frogs (Dendrobatidae). Toxicon 32, 657–663.

Daly, J.W., Witkop, B., Bommer, P., Biemann, K., 1965. Batrachotoxin. The active
principle of the Colombian poison arrow frog, Phyllobates bicolor. J. Am. Chem.
Soc. 87, 124–126.

Dumbacher, J.P., Beehler, B.M., Spande, T.F., Garraffo, H.M., Daly, J.W., 1992.
Homobatrachotoxin in the genus Pitohui: chemical defense in birds? Science 258,
799–801.

Dumbacher, J.P., Spande, T., Daly, J.W., 2000. Batrachotoxin alkaloids from
passerine birds: a second toxic bird genus (Ifrita kowaldi ). Proc. Natl Acad. Sci.
USA 97, 12970–12975.

Myers, C.W., Daly, J.W., Malkin, B., 1978. A dangerously toxic new frog (Phyllobates)
used by Embera Indians of Western Columbia, with discussion of blowgun fabri-
cation and dart poisoning. Bull. Am. Mus. Nat. Hist. 161, 307–366.

Wang, S.-Y., Mitchell, J., Tikhonov, D.B., Zhorov, B.S., Wang, G.K., 2006. How
batrachotoxin modifies the sodium channel permeation pathway: computer
modeling and site-directed mutagenesis. Mol. Pharmacol. 69, 788–795.



BCNU (Bischloroethyl Nitrosourea)
E Curfman and M Jiang, Indiana University School of Medicine-Fort Wayne, Fort Wayne, IN, USA
MG Soni, Soni and Associates Inc, Vero Beach, FL, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Madhusudan G. Soni, volume 1, pp 219–221, � 2005, Elsevier Inc.
l Name: BCNU (Bischloroethyl nitrosourea)
l Chemical Abstracts Service Registry Number: 154-93-8
l Synonyms: Carmustine; N,N-bis(2-Chloroethyl)-N-nitro-

sourea; BiCNU; Carmubris; Nitrumon; Gliadel.
l Molecular Formula: C5H9Cl2N3O2

l Chemical Structure:

Background

Bischloroethyl nitrosourea (BCNU) is a mustard-gas-derived
alkylating agent that underwent clinical trials for use as an
antineoplastic agent in the mid-1960s. Intravenous BCNU
received US Food and Drug Administration (FDA) approval for
brain tumor treatments in 1977. Further development and
trials led to the FDA approval of a BCNU-impregnated polymer
wafer for use as an intracavity surgical adjunct for recurrent
glioblastoma moltiforme in 1996. These wafers were again
reapproved in 2003 for use in high-grade malignant glioma as
an adjunct to surgery and radiation. The physical and chemical
properties of BCNU are listed on Table 1.
Uses

BCNU has been used in human medicine as an antineoplastic
agent (alone or in combination with other agents) in the
treatment of Hodgkin’s lymphoma, multiple myeloma, and
primary or metastatic brain tumors.
Environmental Fate and Behavior

There is no information available on the environmental fate of
BCNU. However, it is predicted that BCNU spontaneously
Table 1 Physical and chemical properties of BCNU

Property Parameters

Molecular weight 214.049 86 g mol�1

Vapor pressure 2.9 � 10�4 mm Hg at 25 �C
Melting point 31 �C
Henry’s law constant 4.8 � 10�11 atm-cu m mol�1 at 25 �C
Log P 1.5
Water solubility 4.0 � 103 mg l�1 at 25 �C
Other solubilities Highly ethanol and lipid soluble
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decomposes due to its high reactivity. Estimates indicate that
the half-life of BCNU particulates and vapor in air is 4.4 days.
Though expected to be highly mobile when adsorbed to soil
and suspended solids, it is likely that this adsorption may be
precluded by hydrolysis. Volatilization from soil or water is not
expected, and the potential for bioaccumulation is low. BCNU
degrades into 2-chloroethylamine, which is not considered
hazardous to the environment.
Exposure Routes and Pathways

Intravenous injection and intracavity polymer wafers are the
two most common routes of exposure. Doses range from 100
to 250 mg m�2 body surface for courses of 2 or 3 days intrave-
nously or an average of 61.6 mg when in wafer form. Exposure
from the environment is not likely in the general public.
Toxicokinetics

In animal experiments, BCNU is rapidly absorbed, following
different routes of ingestion. A few minutes after administra-
tion, no unchanged BCNU can be detected in plasma. BCNU
undergoes spontaneous decomposition under physiological
conditions to release both alkylating and carbamoylating
entities. Hepatic microsomal enzyme oxidation systems deni-
trosylate BCNU to 1,3-bis(2-chloroethyl)urea, in addition to its
spontaneous decomposition. Due to its high lipid solubility,
BCNU is capable of crossing the blood–brain barrier and is
rapidly distributed to most tissues, including brain and cere-
brospinal fluid (CSF). The volume of distribution is w0.18
l kg�1. Approximately 60% of the drug appears in the urine
within 96 h as degradation products, with a further 6% of the
ingested BCNU removed by respiratory excretion and 1% in
feces. BCNU is reported to have a biological half-life of between
15 and 30 min.
Mechanism of Toxicity

It is generally assumed that BCNU exerts its cytotoxicity
through the liberation of alkylating and carbamoylating
moieties. An alkylating entity, particularly chloroethyl car-
bonium ion, is strongly electrophilic and can alkylate a variety
of biomolecules, including the purine and pyrimidine bases of
DNA. BCNU causes DNA interstrand cross-linking, which is
associated with cytotoxicity. The carbamoylation of lysine
residues of protein can inactivate certain enzymes, thus inter-
fering with DNA and RNA synthesis and repair processes. The
inhibition of glutathione reductase by this carbamoylation
further contributes to cytotoxicity.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00245-1
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Acute and Short-Term Toxicity (or Exposure)

Animal

In dogs, high doses of BCNU resulted in severe bone marrow
hypoplasia with delayed, reversible thrombocytopenia. The
other major toxicities observed were cardiopulmonary (pulmo-
nary edema, myocardial infarction, and pericardial hemor-
rhage), intestinal mucosal damage with hemorrhage, renal
toxicity, and delayed hepatotoxicity. Monkeys exhibited similar
toxicities, with the exception of cardiopulmonary toxicity. In
rats, initially well-tolerated doses may cause death later.
Human

Various cytotoxic effects of BCNU in humans are reported.
Hyperpigmentation of the skin when exposed to topical BCNU
has been reported. The drug is not a vesicant, but local burning
pain has been reported after intravenous administration.
Nausea and vomiting occur w2 h after injection. Flushing of
the skin and conjunctiva, central nervous system toxicity,
esophagitis, diarrhea, interstitial pulmonary fibrosis, and renal
and hepatic toxicities have been reported. Hepatotoxicity and
pulmonary toxicity may be dose limiting. Although bone
marrow suppression is observed, BCNU characteristically cau-
ses an unusually delayed onset of leukopenia and thrombo-
cytopenia. The nadir of the leukocyte and platelet counts may
not reach normal levels until 6 weeks after treatment. Clinical
signs associated with BCNU-induced pulmonary toxicity in
humans are dyspnea, tachypnea, and a dry hacking cough. The
incidence of these symptoms is between 20 and 30% and
mortality varies from 24 to 80%. The onset of symptoms is
usually within 3 years of treatment. There is a linear relation-
ship between total dose received and pulmonary toxicity at
doses >1000 mg m�2, with 50% of patients developing
pulmonary toxicity at total cumulative doses of 1500 mg m�2.
Chronic Toxicity (or Exposure)

Animal

Intraperitoneal administration of BCNU three times a week
for 6 months at doses of 2.5 or 5.0 mg kg�1 for Swiss mice and
1.5 mg kg�1 for Sprague–Dawley rats resulted in increases in
tumor incidence in all treated animals, predominantly subcu-
taneous and lung neoplasms.
Human

Delayed onset of pulmonary fibrosis occurring up to 17 years
after treatment has been reported in patients receiving BCNU in
childhood and early adolescence (1–16 years). Pulmonary
toxicity characterized by pulmonary infiltrates and/or fibrosis
has been reported to occur from 9 days to 43 months after
treatment with BCNU. Most of these patients were receiving
prolonged therapy with total doses of BCNU greater than 1400
mg m�2, but lower total doses have also been reported to
result in pulmonary fibrosis. The incidence of fatal pulmonary
complications is considerably higher in young children
(<5 years). Renal abnormalities consisting of progressive
azotemia, decrease in kidney size, and renal failure have been
reported in patients who received large cumulative doses after
prolonged therapy with BCNU.
Immunotoxicity

Given the leukopenic side effects of exposure, BCNU should be
considered immunotoxic. Patients treatedwith BCNU should be
expected to be moderately immunocompromised and all rele-
vant precautions should be taken to avoid exposure to infection.
Reproductive Toxicity

BCNU can cause fetal harm in humans and animals. It has been
demonstrated to be embryotoxic and teratogenic in rats and
rabbits at doses nontoxic to the mother. BCNU caused testic-
ular degeneration at intraperitoneal doses of 8 mg kg�1 week�1

for 8 weeks in rats, which corresponds to a 1.3-fold relative
increase in the recommended dosage for a human patient.
There are no studies assessing the effect of BCNU on pregnant
women. BCNU has been shown to be present in the milk of
women undergoing treatment, albeit at lower concentrations
than are present in the plasma. Pregnant women and women
who are breastfeeding should be informed of the risks before
beginning treatment with BCNU.
Genotoxicity

Multiple chromosomal aberrations and mutations resulted
from BCNU treatment in mouse and rat cells in vivo. Various
mutations have been reported inDrosophila, yeast, and bacteria,
DNA damage has been reported in bacteria, rat cells, and
human cells in vitro. BCNU at 5 mg kg�1 dosage resulted in
dominant lethal mutations in rat spermatocytes, with higher
doses inducing dominant lethal mutations in spermatids as
well as spermatocytes.
Carcinogenicity

BCNU was mutagenic in vitro (Ames assay, human lympho-
blast HGPRT (hypoxanthine–guanine phosphoribosyltrans-
ferase) assay) and clastogenic in vitro (V79 hamster cell
micronucleus assay). There is sufficient evidence for the carci-
nogenicity of BCNU in rats. Some patients treated with BCNU
have developed leukemia and bone marrow dysplasias. BCNU
may be reasonably classified as a carcinogen in humans based
on these findings.
Clinical Management

Most of the adverse reactions of BCNU are reversible if detected
early. When such effects or reactions do occur, the drug should
be reduced in dosage or discontinued and appropriate correc-
tive measures should be taken according to the clinical judg-
ment of the physician. Blood counts should be monitored
weekly for at least 6 weeks after the dose. Baseline pulmonary
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function studies, hepatic functional tests, and periodic renal
functional tests should be monitored. Implantation of BCNU
wafers carries a significant risk of ventricular occlusion, leading
to hydrocephaly due to impaired drainage of CSF. This risk may
be minimized or negated by contraindicating BCNU wafers
when opening of ventricles is required for surgical resection of
the tumor. Furthermore, any openings larger than the diameter
of a wafer should be closed to prevent migration of the wafers.
Patients with implanted wafers should be monitored for
seizures, intracranial infections, and brain edema. No proven
antidotes have been established for BCNU overdosage.

See also: Carcinogen–DNA Adduct Formation and DNA Repair;
Food and Drug Administration, US; Toxicity Testing,
Mutagenicity.
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Introduction

Behavioral toxicology studies the effects of chemicals on
behavior and also seeks to determine how such effects are
caused. Behavior reflects the ultimate output of the nervous
system. The impetus for such studies has come from multiple
sources. Both human and experimental animal studies have
been carried out to assess the behavioral consequences arising
from exposures to chemicals used in the workplace as well as
those dispersed in the environment. These efforts have been
important in determining safe exposure and risk levels as
well as in furthering our understanding of these chemicals.
A second force behind many such studies has been the need to
screen newly synthesized chemicals for any potential adverse
behavioral effects before their introduction into use, efforts
that are obviously carried out only in experimental laboratory
contexts.

Human behavior is, of course, extremely diverse and
complex, composed of numerous different functions, any or all
of which might be perturbed by exposure to a toxicant. Thus,
understanding how a chemical affects human behavior may
require a determination of its effects across these different
behavioral functions. Furthermore, some human behaviors
require an integration of several different behavioral functions.
If we think about learning in a classroom, for example, in
addition to cognitive functions, sensory functions are needed
to process the information presented, and motor functions are
required for executing the correct response. Thus, in the event
that a chemical is suspected to produce effects on cognitive
functions, the possibility that such effects, instead, result indi-
rectly from changes in sensory or motor functions must always
be considered.

The entire range of behavioral functions and the tests
designed to evaluate them cannot be presented here. This entry
first presents the types ofmethods that comprise the test batteries
used in animal models to screen newly developed chemicals for
behavioral toxicity. While screening batteries are extremely
useful in providing a preliminary assessment of adverse behav-
ioral effects, they are less useful for elaborating the specific nature
of the behavioral deficits or for yielding an understanding of
their underlying behavioral and neurobiological mechanisms.
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
For such purposes, more specific and sensitive tests of various
behavioral functions are utilized. Examples of such higher order
tests, in particular those related to sensory, motor, and cognitive
functions, are subsequently presented in this entry and are fol-
lowed by some discussion of the testing methods utilized in
experimental animals to determine adverse behavioral effects of
chemicals during the course of development as well as some of
the test methods used in human populations.
Screening Batteries

Because a newly developed chemical may have effects on any of
the numerous behavioral functions that comprise a behavioral
repertoire, screening batteries must necessarily assess a wide
variety of functions with sufficient sensitivity to suggest
potential behavioral toxicity even in a single behavioral
domain. These screening batteries are typically executed in
studies using rats and mice and generally consist of two
components: a functional observational battery (FOB) and
a measure of motor activity (see below). FOBs include an array
of measures, generally of unlearned or instinctive behaviors,
designed to detect any indications of gross changes in reflexes
and in gross motor or sensory function. Most FOBs are rela-
tively easy to implement since there is typically no behavioral
training or sophisticated equipment required for the measures
of interest, as they are usually carried out and scored by an
experienced observer. An FOBmay include measures of general
integrity, such as any signs of convulsions, palpebral closure,
lacrimation, piloerection, salivation, and vocalizations. In
addition, assessments of sensory capability based on measures
such as response to a finger snap or a tail-pinch, righting reflex,
and assessments of motor function, as evaluated by observa-
tions of the posture or gait of the animal, catalepsy, hindlimb
foot splay, forelimb and hindlimb grip strength, and the time
to begin ambulating, may be included. Finally, any signs of
arousal or stress can be measured, such as ease of removal and
handling, the animal’s response to touch or approach, and
urination and defecation. In addition, certain physiological
responses, including body temperature and body weight, are
sometimes measured. These evaluations are sometimes carried
4-3.00006-3 377
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out in two different environments: a familiar one, such as the
animal’s home cage, and an unfamiliar flat surface of some
type. This series of measures can be made relatively rapidly on
each animal, consistent with the goal of screening of new
compounds across a wide range of doses. In the event that
behavioral activity of the chemical is indicated in such
a screening test, more advanced and specific behavioral
procedures would be required to delineate the precise nature of
the behavioral impairment.

One question that has arisen with respect to the use of FOBs
is whether changes in only one or two of the numerous
measures taken are really indicative of neurotoxicity. For
example, how is a change in two seemingly unrelated measures
interpreted (e.g., vocalizations and hindlimb grip strength)?
One answer that has been suggested is that neurotoxicity would
be indicated by similar changes occurring within a single
behavioral domain. Thus, changes in both forelimb and hin-
dlimb grip strength would be indicative of altered motor func-
tion. Some have contended that if the toxicant under test
produces body weight changes, then any changes also observed
in the FOBmay simply be due to ‘sickness syndrome’ or general
malaise of the animal, not neurotoxicity. This is not necessarily
a valid conclusion, however, since body weight changes may
occur totally independently of any observed FOB effects. In fact,
FOB changes are often reported in the absence of any body
weight changes.
Motor Function

Motor function is a critical component of human behavior
because it embodies the ultimate execution of a behavioral
response. The feats of highly skilled athletes provide one
example of incredibly refined motor performance, but even
everyday functions such as walking or driving to work depend
on adequate and intact motor capabilities. Motor behavior is
not a unitary behavioral function, but rather one with many
different components. Various motor responses entail such
aspects as strength, coordination and endurance, precision and
duration, frequency of occurrence, and for ambulation, gait
and balance as well. Measurement of these different aspects of
motor function obviously requires different procedures. As is
the case for measurement of virtually all behavioral functions,
the paradigms for assessing motor capabilities range from
simple assessments to more complex and sensitive technolo-
gies. The former provides easily implemented but generally less
specific and selective measures of function. The more advanced
procedures provide measures of more specific or detailed
aspects of motor function as distinct from changes in sensory or
motivational processes but may require some training of the
experimental subject and more sophisticated testing
equipment.
Motor Activity Levels

Motor activity measures the frequency of occurrence of inte-
grated movements and/or ambulation of the organism over
some designated period of time, a behavior that generally
occurs at some baseline level in mammalian species and
which may be altered by exposure to a toxicant. A measure of
motor activity is typically one component of a screening
battery, and most studies of motor activity are carried out
using rodents. Generally, the animals are placed on a hori-
zontal surface, which could be square, rectangular, or even
a maze such as a T-shaped apparatus, and the number of
defined movements over a specified time period are recorded.
In nonautomated versions, movements are typically recorded
by an observer who, it is hoped, has no information with
respect to the treatment condition (toxicant-exposed or
control) of the subject which might bias the recording of data.
In most automated versions, as are typically used now, the
movements of the animal either interrupt a light beam or trip
a switch which then records a count. In addition, behavior in
such devices can be videotaped and parameters of motor
activity defined and scored in a more automated manner. This
can even be done with multiple animals in a single test
session, with each individually identified and scored. An
illustrative schematic of a videotaped scoring system appears
in Figure 1.

Measurements of motor activity have been used to evaluate
the potential central nervous system (CNS) effects of a wide
variety of drugs and toxicants. One of the advantages of such
measures of motor function is that no training is required of the
subject. In addition, measures of motor activity can be made
repeatedly across time so that the time course, including the
onset and reversibility of toxicant effects, can be determined. In
these types of repeated measurement experiments, moreover,
an animal can serve as its own control, meaning that the
experimenter looks for a change in the animal’s normal pattern
of motor activity after receiving the toxicant compared to the
pattern observed before the treatment.

The experimenter must be cognizant of the fact that
because of differences in both equipment hardware and
software, different devices for measuring motor activity may
not necessarily measure identical aspects of motor function
or produce directly comparable outcome measures. Some
devices use infrared light beams breaks to quantify
responses. Differences between devices in the height of the
infrared sensors used to detect vertical activity (rearing)
could result in significantly different counts, for example.
Such differences should also be considered in any direct
comparisons of various studies of the effects of a toxicant on
motor activity. Failure to do so may result in seemingly
inconsistent results. Other influences must also be consid-
ered in the interpretation of changes in motor activity. For
example, motor activity levels are known to be influenced by
a variety of nonmotoric variables, such as time of day at
which testing is carried out (rodents are nocturnal and show
greater activity levels during dark hours), room lighting, and
odors. As this list indicates, changes in sensory capabilities
(perceived difference in the room odors or lighting) or
circadian (nocturnal) rhythms could influence measures of
motor activity independently of any direct toxicant-induced
changes.

Motor activity may be an insensitive measure of toxicant-
induced changes when it relies on relatively gross measures
such as total counts per unit time. For example, in an open-
field test such as shown in Figure 1, one might measure the



Figure 1 Open-field apparatus in which the activity of the mouse or rat is quantified over some period of time. In such a device, behavior
is videotaped and subsequently scored, sometimes using automated scoring software (http://www.bioseb.com/bioseb/anglais/default/item_id¼63_
cat_id¼_SMART%20Video%20Tracking%20System.php).
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total number of squares entered into by the animal over
a period of time. However, the same total number may be
achieved through very different patterns of behavior. For
example, the organism might show an initial period of rapid
movement followed by immobility or, alternatively, cycles of
high activity followed by low activity or, finally, even
a continuous but moderate rate of ambulation. All three could
lead to the same total number of squares entered, but the
disparate patterns suggest differences in behavior that are not
being captured. For such reasons, the evaluation of the time
course of locomotor activity within a behavioral test session
can be revealing.
Strength, Coordination, and Endurance

Weakness and fatigue are common complaints resulting from
exposures to a number of different chemicals. Both simple
and more complex approaches to measuring these facets of
motor function are available. A simple and commonly used
procedure that has the advantage of not necessarily requiring
any specific training of the animal is the rotarod device shown
in Figure 2 (although pretraining can improve performance
and decrease its variability). A rat or mouse is placed on
a rotating cylinder, the speed of which can be manipulated
(typically accelerated), and the time the animal remains on the
rotating device before falling onto the plate below is recorded.
Falling off more quickly may be an indication of abnormal
coordination and/or endurance. As with motor activity, time
spent on the rotarod can be measured repeatedly, i.e., across
time, and a stable baseline performance can be generated across
experimental sessions against which the impact of toxicants
may be compared.

The limitations of such an approach are also evident in
Figure 2. Mice may attempt to scramble up the dividers (see
leftmost mouse in Figure 2); some attempt to run backward.
Others begin to jump off the device and will not remain on the
device regardless of being repeatedly placed back on the
rotarod. As these examples indicate, the rotarod device thus
measures aspects of behavior in addition to coordination and
endurance, and these must obviously be considered in inter-
preting such data. In other words, one cannot necessarily be
certain that decreased time spent on a rotarod after toxicant
treatment necessarily reflects changes in endurance and coor-
dination or, for example, whether it could reflect, increased
distraction.

More advanced techniques that rely on learned behavior of
animals (i.e., operant behavior) can provide controls for such
nonmotoric behavioral factors and thus provide a more specific
indication of changes in endurance and coordination. For
example, rats can be trained to depress a lever with a specified
amount of force in order to obtain a reward, for example, food
delivery. The amount of force required to depress the lever can
then be successively increased until the maximal force that
can be exerted is reached. In addition, the force that the animal
can sustain over time can also be measured as an indication of
endurance. The ability to manipulate reward conditions facil-
itates the ability to differentiate motoric impairments from
motivational deficits.

http://www.bioseb.com/bioseb/anglais/default/item_id&equals;63_cat_id&equals;_SMART&percnt;20Video&percnt;20Tracking&percnt;20System.php
http://www.bioseb.com/bioseb/anglais/default/item_id&equals;63_cat_id&equals;_SMART&percnt;20Video&percnt;20Tracking&percnt;20System.php
http://www.bioseb.com/bioseb/anglais/default/item_id&equals;63_cat_id&equals;_SMART&percnt;20Video&percnt;20Tracking&percnt;20System.php
http://www.bioseb.com/bioseb/anglais/default/item_id&equals;63_cat_id&equals;_SMART&percnt;20Video&percnt;20Tracking&percnt;20System.php


Figure 2 Illustration of the rotarod apparatus for mice. Each mouse is placed on the rotating cylinder; speed of revolution can be manipulated and time
on rotarod typically constitutes the dependent variable of interest. (Reproduced from Cory-Slechta, D.A., 1989. Behavioral measures of neurotoxicity.
Neurotoxicology 10, 271–296, with permission.)
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Gait and Balance

Walking, running, and many other motor responses depend on
intact gait and balance, and such functions may be particularly
vulnerable to chemicals that affect the peripheral nervous
system or cause spinal cord injury. One simple procedure that
has been devised to assess postural dysfunction is known as
hindlimb splay. In this procedure, the hind paws of a mouse or
rat are dipped in ink and the animal is then dropped from
a fixed height onto a piece of paper below as can be seen in
Figure 3. An increase in the distance between the hindlimbs
upon landing is indicative of damage to the peripheral nervous
system with consequent effects on gait and ambulation. This
approach is simple in that the rodent does not have to be
specifically trained for the task, and this measurement can be
made repeatedly across time without extensive equipment
requirements so that time to onset and recovery of a toxicant’s
effects can be followed. However, hindlimb splay may not be
a totally specific measure of altered motor function. Sensory
disturbances, for example, might alter landing foot distance
as well.

More advanced automated approaches for detection of
movement abnormalities are now widely available. In a sche-
matized version such as shown in Figure 4, a TV–micropro-
cessor or videotaping system is utilized to record the placement
of a rat’s hind paws as it traverses from one rung to the next in
a running wheel analogous to those offered in pet stores for
rodents. Computer analysis of the recording provides
a measurement of both quantitative and temporal character-
istics of stepping, such as correct small steps and large steps,
missteps, and the temporal parameters of these movements.
In other systems, walking along an enclosed walkway or
movement on a treadmill may be similarly utilized. With
available software systems, an experimenter can measure with
great precision how different parameters of gait differ before
and after exposure to a toxicant. The animal need not be
explicitly trained, and this approach provides a relatively
specific measure of motor function per se. Procedures for
measuring bodily sway in children have also been used in
behavioral toxicology studies. In these procedures, the child
stands on foam or on a hard surface under conditions of either
eyes opened or closed, and the extent of the sway of his or her
body is measured utilizing strain gauges.
Sensory Function

A wide range of sensory functions provide us with informa-
tion about the environment. These functions include our
abilities to hear, see, smell, and detect movement, vibration,
and pain. Deficits in sensory function sometimes constitute
some of the earliest or even the most pronounced manifes-
tations of chemical exposures that affect the nervous system.
As with the measurement of motor function, both simple and
more advanced procedures are available to measure sensory
function. Since almost all sensory procedures require the
subject to make motor responses to indicate whether it has
detected some sensory stimulus, changes in motor capabil-
ities could conceivably be misinterpreted as sensory changes.
Thus, while the simple procedures do not require any training
of the subject, the experimenter must recognize that any



Figure 3 Illustration of the measurement of hindlimb splay: the hind paws of the mouse are dipped in ink, the animal is then dropped from a fixed
height onto a piece of paper and the distance between some parameter of the hindlimbs is measured. (Reproduced from Powell, E., Anch, A.M.,
Dyche, J., Bloom, C., Richtert, R.R., 1999. The splay angle: a new measure for assessing neuromuscular dysfunction in rats. Physiology and Behavior 67,
819–821, with permission.)
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changes measured may be due to changes in sensory function
or motor function or both. While the more complex and
sensitive techniques require training of the subject before
it is possible to measure sensory function, they also offer
the possibility of differentiating the contributions of motor
abnormalities from sensory changes. The more advanced
procedures can also be used across species, including rats,
nonhuman primates, and humans, thus alleviating some of
the questions that arise with respect to the extrapolation of
findings across species.

In most procedures used to evaluate sensory function,
a sensory stimulus is presented to the subject, and a response
by the subject, either learned or unlearned depending on the
specific procedure, then indicates whether the subject has
detected that stimulus. The stimulus may vary from one
presentation to the next in its important dimensions such as
frequency and intensity, yielding a complete profile of sensory
capabilities for that specific sensory modality. For example, in
measuring hearing, tones differing in their loudness and pitch
are presented in a single session so that hearing along the entire
spectrum is measured.

One of the simpler experimental procedures used to test
sensory function is referred to as reflex modification and is
based on unlearned reflexes, in particular the startle reflex.
A stimulus such as a loud noise can elicit a startle response
(i.e., a startle reflex). It is also known that a stimulus pre-
sented prior to the presentation of that loud noise
(a prestimulus) can measurably decrease the magnitude of
the startle response. Thus, a prestimulus is ‘detectable’, i.e.,
perceived by the subject, if it decreases the magnitude of the
subsequent startle response to the loud noise. The presti-
mulus can be varied in intensity and frequency dimensions
during a testing session to produce a complete profile of
sensory changes in a particular modality. For example, across
the trials of a test session, the intensity and frequency of an
auditory stimulus can be modified, and a threshold (e.g., the
intensity for a given tone frequency that inhibits startle on
50% of its presentations) can be determined for each tone
frequency, generating a classical audiogram. The advantages
of reflex modification include its utility across different
stimulus modalities (e.g., visual, auditory, and propriocep-
tive), its utility across species, and the absence of any
requirement for training subjects. This approach has already
been successful in revealing auditory impairments resulting
from exposures to neurotoxic compounds such as trime-
thyltin and polychlorinated biphenyls.

One factor that must be considered in reflex modification
procedures is that a less pronounced startle response could
result from alterations in motor function per se rather than
deficits in the subject’s ability to detect the prestimulus. For this
reason, it is imperative that some trials be interspersed
throughout each test session in which no prestimulus is pre-
sented, only the startle stimulus. This allows the experimenter
to determine whether the magnitude of the startle response



Figure 4 Automated hindlimb movement apparatus. (a) The camera can register the movements of the dyed soles of the paws of the rat from below.
(b) The wheel with a transparent front facing the axially mounted color TV camera. (Reproduced from Tanger, H.J., Vanwersch, R.A.P., Wolthius, O.L.,
1984. Automated quantitative analysis of coordinated locomotor behavior in rats. Journal of Neuroscience Methods 10, 237–245, with permission
from Elsevier.)
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remains constant across time after a chemical has been
administered. If it does remain constant, then any changes in
the amplitude of the startle response during prestimulus trials
necessarily reflects altered sensory function. Another caution
regarding this procedure is that the startle reflex itself may
diminish over time. Thus, the number of trials in an experi-
mental session must be carefully controlled.

The more advanced methods for the measurement of
chemical-induced changes in sensory function are termed
operant psychophysical procedures. These methods have been
used in almost identical forms across a range of sensory
modalities and in numerous species, including rodents (rats
and guinea-pigs), chinchillas, pigeons, nonhuman primates,
and humans. Additionally, they provide stable baselines
across time from which chronic cumulative or progressive
effects of a chemical can be assessed. Figure 5 depicts an
example of both a human and a nonhuman primate being
tested for sensitivity to a vibratory stimulus presented to the
left hand using operant psychophysical methods. Here, the
subject is typically required to make a specified response
within some designated period of time to signify that a stim-
ulus presentation was detected. Experimental training of the
subject is required before any sensory capabilities can be
precisely gauged. In Figure 5, the subjects were required to
hold down a key with the right hand when a tone sounded. If
they detected a vibratory stimulus delivered to the fingertips of
the left hand during the tone delivery, they released the key
and received a reward. To determine how much subjects were
simply guessing as to whether a vibratory stimulus was pre-
sented, some trials involved no vibratory stimulus presenta-
tion. On those trials, the subjects were rewarded for releasing
the key only after the tone ended to indicate that they had
detected no vibratory stimulus. As with measures of sensory
function such as reflex modification, the various parameters
of the sensory modality being evaluated are varied from trial to
trial (e.g., intensity, magnitude, and frequency) allowing
a determination of that specific sensory function along its
significant dimensions. Since changes in sensory function may
sometimes be quite selective (e.g., hearing loss for high-
frequency tones but not low-frequency tones), the ability to
map sensory changes along the entire spectrum of its signifi-
cant dimensions within a single session is an important
component of these methods.

There are several different variations of the methods by
which stimuli are presented in the operant psychophysical
procedures. In the method of constant stimuli, the subject is
presented with several different values (e.g., intensities) of
the stimulus in a random sequence or order across trials. The-
proportion of stimulus presentations detected at each intensity
is then calculated, and the value yielding a 50% detection



Figure 5 Photograph of a human and nonhuman primate working on the vibration sensitivity paradigm. In each case, the left hand of the subject is placed atop a device that delivers the vibratory stimulus,
while the right hand holds down a telegraph key to be released when the subject detects the vibratory stimulus. A spout at the level of the monkey’s mouth delivers a squirt of fruit juice for a correct response.
(Reproduced from Maurissen, J.P.J., 1979. Effects of toxicants on the somatosensory system. Neurotoxicology and Teratology 1 (Suppl.), 22–31, with permission from Elsevier.)
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response is deemed the threshold. The method of limits pres-
ents a series of stimulus intensities which begin either well
above or well below the presumed threshold value. The stim-
ulus value is then either progressively decreased or increased,
respectively, until a change in the subject’s ability to report the
stimulus presentation occurs. The intensity of the stimulus at
which this change in detectability occurs is designated as the
threshold. In the up-and-down staircase, or titration, method
of stimulus presentation, the threshold is continuously tracked
by raising or lowering the stimulus intensity depending on
whether the subject correctly detected the stimulus. If the
subject fails to detect the stimulus, presumably because it is
below the threshold for detection, the intensity is raised on the
next trial; if the stimulus was detected (i.e., was above
threshold), the intensity is then lowered on the next trial. In
this fashion, the stimulus intensity can be titrated around the
threshold value of the subject.

One of the advantages of operant psychophysical proce-
dures over methods such as reflex modification is that stimulus
presentation and subsequent responses occur on a continuous
or response-dependent basis. In other words, a response of the
subject is recorded, and the next stimulus is presented. In the
reflex modification procedure, stimuli are presented during
trials which are experimenter initiated and which are separated
by a specified time interval. The continuous procedures such as
used in the psychophysical approach permit the experimenter
to measure the rate of responding over time and the time
required to respond following stimulus presentations
(latency). These measures provide the experimenter with
information as to any possible motor dysfunction or motiva-
tional problems that the subject may experience as a result of
chemical administration which could contribute to behavioral
changes in operant psychophysical procedures. Motor
dysfunction might increase the latency to respond following
stimulus presentations, while an unmotivated subject might be
expected to show periods of nonresponding. Armed with this
information, the experimenter can better determine which
behavioral changes result from true sensory loss.
Cognitive Function

One of the major concerns aroused by exposures to chemicals
that affect the nervous system is their potential to adversely
impact cognitive functions such as learning and memory. Such
a concern certainly has precedent. Lead exposure at high levels
can leave children with permanent mental retardation.
Recently, it has been demonstrated that even very low levels of
environmental lead exposure can produce subtle changes in
cognitive processes. Pesticides are known to exert pronounced
effects on cholinergic neurotransmitter systems, the very system
that has been repeatedly implicated as a causative factor in
Alzheimer’s disease.
Learning

Learning might be defined simply as an enduring change in
behavior that results from experience with changes in envi-
ronmental events. As a topic of long historical interest in
psychology and neuroscience, there are numerous different
methods that have been applied to the study of learning
ranging from the relatively simple to the more complex and
advanced paradigms. Behavioral functions required by the
subject for learning include the processing of sensory stimuli,
the execution of motor responses, and a motivated subject.
Difficulties in distinguishing the contributions of sensory,
motor, and motivational deficits from learning deficits can
therefore be encountered when using relatively simple learning
paradigms. Some of the more complex procedures are designed
to specifically differentiate such functions from learning and
thus allow the experimenter to determine whether the chemical
has specific effects on learning per se as distinct from changes in
sensory or motor function, motivational levels, or other
nonspecific behavioral alterations.

Many of the earliest studies of learning utilized rats as
experimental subjects and required them to traverse mazes of
various shapes and sorts, generally from a start box to a goal
box where some type of food reward (reinforcement) was
available. For example, in a T-maze, named because of its
shape, the subject is reinforced for running from the start box
at the base of the T to that arm of the T that has been desig-
nated as the correct arm and contains the goal box where food
is located. The designation of which arm (stimulus) is correct
may be based on side (e.g., the right side is correct), color (the
arm painted black), or some other stimulus feature. Choosing
the wrong arm at the choice point means no reinforcement.
After entering an arm and either being reinforced or not, the
animal is removed, and after a period of time (the intertrial
interval), the animal is placed back in the goal box and
another trial initiated. Learning under such conditions is
typically measured as the number of trials required to reach
a specified accuracy level or until behavior reaches a stable
level of accuracy. At sufficiently high accuracy levels (consid-
ering 50% as chance), it is considered that the subject has
learned to ‘discriminate’ between the correct and incorrect
arm. The experimenter may compare two groups of rats in
such an experiment: one treated with a chemical and one not
treated, with the latter serving as a control group indicating
‘normal’ performance under the particular experimental
conditions.

More complex versions of mazes soon emerged in
response to the need for more difficult tasks because the
T-maze was a relatively simple problem for a rodent to solve.
It was thus not always adequately sensitive to effects of drugs
or chemicals, particularly for measuring chronic, cumulative,
or progressive effects of a chemical. Moreover, once the
animal learned which was the correct arm, learning is no
longer being measured, only the performance of an already
learned response. Two different approaches were offered to
circumvent these limitations. One was the construction of
more complicated mazes, such as the Hebbs–William maze,
which is actually a series of mazes. The correct route to the
goal box in this device can be modified as needed by moving
the various arms and boundaries into new configurations and
thus requiring the subject to learn a new problem, allowing
a repeated assessment of learning.

A second approach is embodied in reversal (discrimination
reversal) learning. Using this approach, the correct and
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incorrect arms (stimuli) in the maze are reversed after the
subject initially learns which is correct. For example, after the
rat learns to run to the right arm of the T-maze with 90%
accuracy, the discrimination is reversed, such that the left arm
of the T-maze is now the rewarded arm. After criterion accuracy
is achieved following this reversal, the designation of correct
and incorrect stimuli may be reversed again, allowing the
repeated measurement of learning over time. Eventually,
however, this scheme is also learned by the subject,
a phenomenon known as ‘learning to learn,’ such that it comes
to learn each successive reversal problem with maximal effi-
ciency (i.e., after only one or two trials).

All maze procedures have limitations that must be consid-
ered when interpreting data obtained with these methods. One
related particularly to their use with rodents is that subjects
leave an odor trail in the maze that can influence the behavior
of rodents subsequently tested in the maze. While the experi-
menter can clean the maze between subjects, it must also be
noted that the rodent’s sense of smell is much more sensitive
than humans, making it difficult to be certain that indeed no
odors are still present. Another potential problem is that these
nonautomated procedures obviously require interactions
between the experimenter and the subject during the course of
testing because the rat must be constantly retrieved from the
arms and replaced in the start box. This raises the distinct
possibility of both subject and experimenter bias unless the
experiment can be carried out by an individual with no
knowledge of any treatment (e.g., exposure to drug or chem-
ical) of any subjects. The development of video-recording and
associated software for scoring these behaviors over the past
several years has assisted in minimizing some of these potential
limitations.

Another limitation of simple maze methods for assessing
learning is that they do not selectively measure learning. While
a longer time to reach a 90% accuracy level may be observed in
response to a chemical treatment, it may not necessarily be due
to alterations in cognitive processing since changes in either
motor performance or sensory capabilities may impact
performance in the maze, altering learning independently of
any real cognitive changes. Impaired motor function may
increase the time taken to reach the goal box and thus delay the
time to acquire reward; delay of reward itself is well known to
impair learning. Further, sensory deficits may cause the subject
to be unable to utilize the environmental stimuli that normally
guide its path to the goal box. Motivational changes (e.g., if the
reward becomes less appealing) may clearly retard the rate at
which learning occurs. Changes in motor, sensory, and moti-
vational functions as potential contributors to the observed
effect may then have to be ruled out in separate additional
experiments.

The water maze is a method increasingly being used in
behavioral studies for evaluating learning. Used typically with
rodents, the subject is placed in a large tub of water made
opaque by the addition of a substance such as nonfat milk
powder. Since rodents do not prefer water, the reward in this
case is escaping from the water by locating a platform
submerged just below the surface of the water which is not
visible to the subject. Learning is measured as a decrease in the
time (latency) to locate the hidden platform across successive
trials. A learning deficit is suggested by a slower rate of decline
in that latency or a greater number of trials to reliably locate
the platform. The procedure is relatively simple and imposes
no food restriction on the subject. However, despite its
ostensible simplicity, it suffers from many of the same limi-
tations as non-water-based mazes. First, although videotaping
and computer scoring have minimized some such issues, the
procedure is not fully automated and thus requires subject–
experimenter interaction which can introduce bias into the
results. Furthermore, since it is a relatively simple problem,
the maze may be learned rapidly and, thus, it is of limited
utility for experiments aimed at understanding the time
course of a chemical’s effects on learning or cumulative or
progressive toxicity. This problem can be alleviated to some
extent by moving the platform to a new location each time the
subject has mastered the previous location. Although one
might suspect that odor trails would not be a factor in a water
maze, it has indeed been shown that odors are present and
can be utilized by other subjects later placed in the maze. In
addition, water temperature plays an important role in this
task since age-related deficits in learning in the maze can be
alleviated by warming up old rats between trials. Placement in
the water is also a well-documented stressor for rodents and
produces marked increases in stress hormones such as
corticosterone.

Finally, a rat that requires a greater number of trials or
exhibits a slower decrease in the time to locate the platform
following chemical treatment is not necessarily exhibiting
a learning deficit. Changes in motor capabilities may affect
swimming performance and thus lengthen the time it takes the
subject to swim to the submerged platform, even if it knows the
location of the platform. This is a particular problem because
swimming is a highly effortful response requiring significant
endurance. It is known that subjects rely on environmental cues
to find the platform; thus, changes in sensory capabilities could
mean an inability of the subject to detect the necessary envi-
ronmental cues, a deficit which would also increase the length
of time the subject required to reach the platform. These
alternative explanations must be ruled out by additional
experiments before one can reasonably conclude that a cogni-
tive impairment is present. One way to assist in addressing such
potential confounds is to include an actual endurance test.
Another probe frequently included to evaluate the potential
influence of noncognitive motor factors is a measure of the
latency to reach a visible platform; however, this may not
adequately reflect total endurance, a quite different facet of
motor function. Another probe used to evaluate ‘memory’ in
this paradigm is to remove the escape platform and measure
how much of the time swimming occurs in the area where it
was located.

Another maze procedure frequently utilized to evaluate
learning (and memory) with rodents is the radial-arm maze.
The device itself consists of a central circular area from which
eight arms radiate outward like the spokes of a wheel. At the
end of each of the eight arms is some type of reinforcer,
usually a food pellet. In essence, the subject has access to
eight reinforcement deliveries, one in each of the eight arms
and the accuracy and speed (efficiency), with which the
subject learns to retrieve all eight reinforcer deliveries is
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measured. Obviously, under these conditions, the most effi-
cient performance is to obtain all eight reinforcements
without revisiting an arm from which the food has already
been obtained. The measure of learning is the number of
trials required for the subject to reach some specified level of
efficiency in the maze. One way of further increasing task
difficulty is to provide reinforcement only in a specified
number of the arms (e.g., four of the eight) and to change
which of the arms provides reinforcement over time or trials.
The radial-arm maze obviously presents a more difficult
problem to the subject than the T-maze or other simple
mazes, but the possibility of interference from motor or
sensory deficits produced by chemical treatment still remains.
Thus, an increase in the number of trials to reach efficient
performance is not necessarily indicative of a learning deficit
per se with this method. By measuring the time of entry into
each arm, investigators can begin to get some indication, for
example, of whether changes in overall activity levels are
affecting performance.

In addition to mazes, learning can be measured in Skinner
boxes, also known as operant chambers, and these types of
approaches have been widely used for many years across
a variety of species, notably rodents, pigeons, nonhuman
primates, and humans. Such chambers typically include some
type of response device or devices (e.g., lever pressing or nose
poking for rodents), speakers, and/or lights for presentation of
auditory or visual stimuli, respectively, as well as some type of
reinforcement delivery device. An operant chamber configured
for a rat is shown in Figure 6. Discrimination paradigms are
Figure 6 An operant chamber or a Skinner box for a rodent. The front wall (ri
the middle lever. Food pellets are dispensed from a feeder located behind th
key lights which can be illuminated with various colors and used for external o
speaker through which auditory stimuli can be projected and used as externa
Principles and Methods of Toxicology. CRC Press, p. 1805, with permission
among the simplest measures of learning in operant chambers.
In such procedures, a response such as a lever press is reinforced
in the presence of one stimulus, i.e., the ‘correct’ stimulus, but
not in the presence of another stimulus. Accuracy is defined as
the percentage of the total responses that occur in association
with the correct stimulus, and learning can be assessed as the
number of experimental sessions required by the subject to
achieve a criterion level of accuracy.

One distinct advantage of discrimination paradigms in the
operant chamber is that behavior can occur at any time (i.e., the
frequency with which it occurs is not constrained by trials as
necessitated by the requirement of moving the animal from the
goal box back to the start box in most maze-based methods).
When responding can occur at any time, the rate or frequency
of responding over time can bemeasured and used to gauge the
possibility that motor deficits or motivational insufficiencies
may contribute to any observed changes in learning accuracy.
A decrease or slowdown in rate of responding would suggest
such possibilities.

Other advantages of operant chamber-based procedures
include the enormous flexibility they provide for behavioral
assessment, the full automation they provide and the ease with
which behavioral procedures can be carried out in these
devices. For example, conditional discrimination problems,
which are more difficult discrimination tasks, can be easily
implemented in operant chambers. Matching-to-sample is one
such method. In this task, the subject first makes a designated
response to indicate that it is attending to a sample stimulus
that is presented for a short period of time. This is followed,
ght) shows three response levers, with a food pellet trough situated below
e front wall into the pellet trough. Above each of the levers are a set of
r environmental stimuli. Above and to the right of the rightmost lever is a
l (environmental) stimuli. (Reproduced from Hayes, A.W. (Ed.), (2008).
.)
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after an interval of time, by the presentation of two or more
stimuli, and reinforcement is contingent upon a response to
the stimulus that matches the previously observed sample
stimulus. The accuracy and speed with which the subject learns
to match the sample stimulus is, of course, the measure of
learning. Such tasks can be used across different species by
simply increasing or decreasing the number of choice stimuli
or the similarity of the stimuli appropriately. Because the
procedure includes an initiating response on the part of the
subject to present the sample stimulus, it ensures attention to
the task while also providing a measure of rate of responding,
again providing information on potential motoric or moti-
vational contributions to any deficits observed in matching
accuracy.

Even the more complex matching-to-sample discrimination
problems are eventually mastered by the subject in which case
discrimination reversals may be implemented in which the
stimuli associated with reinforcement and nonreinforcement
are repeatedly switched. Eventually, however, the subjects will
learn the reversal ‘concept’ as well, such that they come to solve
each reversal problem with maximal efficiency; that is, on the
basis of only one or two responses (e.g., which stimulus is
correct today?).

One of the most advanced methods for the assessment of
learning is the repeated learning paradigm, also called repeated
acquisition, sequence acquisition, or response sequence
learning. It specifically addresses the limitations discussed
previously. This method actually originated for the measure-
ment of learning in human subjects and has since been adapted
for a variety of species including rats and mice. In repeated
learning, the subject must complete a sequence (chain) of
responses in the correct order to earn a reward, and the correct
sequence changes with each successive behavioral test session.
Because the procedure thus requires subjects to learn a new
sequence of responses each session, learning can be measured
repeatedly across time. A high rate of errors is typically evident
during the early part of each test session, as the subject begins
to learn the correct sequence for that specific session. The error
rate gradually declines as the session progresses, and rewards
for completing the correct sequence of responses are earned at
an increasing rate. The ability to measure learning repeatedly
across time with this task allows for the measurement of the
time course of a chemical’s effects (i.e., the time to onset of any
learning disabilities and their potential reversibility). This is
a particular advantage in situations where chemical exposure
occurs in a chronic fashion.

The control for changes in sensory, motor, motivational,
or other nonspecific behavioral influences as potential
contributors to apparent chemical-induced learning impair-
ments is best achieved when the repeated acquisition task is
run in conjunction with a ‘performance’ task in what is known
as a multiple schedule format. The performance task also
requires the subject to emit a sequence of responses in the
correct order for reward, but in the case of the performance
task, the sequence of responses stays constant across behav-
ioral test sessions. Thus, in the performance task, the subject
simply performs an already learned response sequence. When
used in a multiple schedule format, the repeated learning and
performance components are presented alternately during
the course of a behavioral test session, with a transition
between them occurring either on the basis of time or on the
number of rewards the subject has earned (e.g., after 15 min
or 30 food deliveries switch from repeated learning to
performance). Thus, during some portions of the test session,
the subject is responding on the repeated acquisition task,
while at other times during the session, the performance task
is operative. Typically, different environmental stimuli, such
as different colored lights, are used to signal to the subject
whether the performance or the repeated learning task is in
effect or that a transition between the two behavioral tasks is
going to occur.

Both the repeated learning and the performance tasks
require intact motor and sensory capabilities as well as
appropriately motivated subjects. Learning per se, however, is
only required during the repeated acquisition task; the perfor-
mance task simply requires completion of an already learned
response sequence. Thus, if a toxicant or treatment has selective
effects on learning per se, impairments in accuracy should only
be evident during the repeated learning components of the
session. If these changes arise, however, as a result of nonspe-
cific behavioral changes (i.e., from sensory, motor, or motiva-
tional impairments), then accuracy impairments would be
expected in both the repeated learning and the performance
tasks of the session since both require these behavioral capa-
bilities. The elegance of this technique derives not only from its
ability to distinguish learning effects from other types of
behavioral changes but also from its ability to do so in the same
subject during the same test session.

Behavior of a normal rat under these conditions is
depicted in the top of Figure 7 (labeled 0 ppm lead acetate).
In this diagram, the top tracing shows correct responses,
which cumulate vertically; time is represented horizontally.
P indicates the performance task presentations during the
session, whereas A indicates when the repeated learning task
was operative. This 1-h behavioral test session began with the
performance task and was followed by the repeated learning
task, once again by the performance task, and finally by the
repeated learning task. Illumination of lights in the operant
chamber signaled to the subject that the performance task
was operative, while turning out the lights signaled that the
repeated learning task was in effect. Each short pip mark in
the top tracing indicates where the rat earned a food delivery
for correctly completing the sequence of three responses
required by the operative task. The tracing below this
shows the concurrent errors that occurred over the same time
period.

As Figure 7 shows, this well-trained rat exhibited a relatively
high level of accuracy during the first presentation of the
performance task, earning a steady rate of food rewards and
making few errors. The switch to the repeated learning
component (at which point the top tracing is reset to the
baseline) is accompanied by an increase in errors and a decline
in the number of food rewards earned per unit time, as the
subject begins to learn the correct sequence of three responses
required in this specific behavioral test session. Behavior during
the second presentation of the performance task is again
composed of a steady rate of food rewards and the occurrence
of relatively few errors. The second presentation of the repeated



Figure 7 Behavior of a control rat (top) and a rat exposed to 250 ppm lead acetate in drinking water from weaning (bottom) on a multiple repeated
acquisition (A; repeated learning) and performance (P) schedule of reinforcement. The top line of each record shows correct responses cumulating
vertically with pips indicating food delivery for the completion of the correct sequence of responses; the bottom line shows errors. Time is represented
horizontally. (Reproduced from J. Cohn and D. A. Cory-Slechta, unpublished data, with permission.)
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learning task is marked by both a gradual increase in the rate at
which food rewards were earned and a decrease in the number
of errors relative to levels occurring in the first presentation of
the repeated learning task, consistent with a gradual learning of
the correct sequence for this session.

The bottom set of tracings (labeled 250 ppm lead acetate)
shows behavior under the same conditions for a rat that has
been exposed from weaning to a relatively low level of lead in
drinking water. It shows, in a rather dramatic fashion, a selec-
tive effect of lead on learning processes per se, as distinct from
nonspecific behavioral changes. That is, behavior during both
presentations of the performance task in this behavioral test
session is unimpaired in that a substantial rate of food deliv-
eries and a minimal rate of errors occur. In contrast, there is no
evidence of learning during either presentation of the repeated
learning task of the schedule, in that virtually no food deliveries
were obtained and a very high rate of errors was sustained. In
fact, the rat continued to make errors through both presenta-
tions of the repeated learning tasks during this session. Thus, in
this case, the effects of lead on accuracy were restricted to the
repeated learning task of the schedule. These impairments
could not have resulted from deficits in motor or sensory
function or in appropriate motivation since behavior in the
performance task, which also required such functions, was
perfectly normal.

Although an effect of a toxicant on behavior during the
repeated learning but not during the performance task of
a multiple schedule is strong evidence of a chemical’s selective
effects on cognitive functions, there are other factors that
should be taken into consideration. Some investigators
subscribe to the idea that a selective effect of a chemical on
learning means that its effects should be evident across
a variety of learning tasks. While this notion has some val-
idity, it should not be considered a necessary condition since,
as has already been described, all learning paradigms are not
equal. The extent to which different learning tasks selectively
measure learning per se, as distinct from sensory, motor, or
motivational influences, clearly differs, as does the possible
‘contamination’ of the learning measure by changes in other
behavioral properties. This is not to diminish the importance
of these other types of behavioral effects, be they sensory or
motor, for example, since such processes are clearly essential
for integrated behavioral function, including cognitive func-
tioning. Another important consideration is that the ability to
detect effects of a chemical upon learning may depend to
a large extent on the degree of task difficulty. It is well
established that learning tasks that are relatively easy (i.e.,
those resulting in relatively high levels of accuracy) will be less
sensitive to disruption either by drugs or by toxicants than are
tasks of greater difficulty.
Memory

Memory, or remembering, is behavioral recall (i.e., the pres-
ervation of learned behavior over time). A distinction is often
made between what is referred to as short-term or working
memory, occurring over relatively short delay periods, and
long-term or reference memory, considered more permanent
memory. Obviously, the temporal parameters associated with
what is designated as short- and long-termmemory are species-
dependent.

The measurement of memory is typically based on the
persistence of a previously learned response following some
time delay; differences in recall accuracy are compared before
and after delay intervals. Typically, the longer the delay,
the greater the difficulty in remembering, leading to delay-
dependent decreases in accuracy. An impairment of memory by
a chemical accelerates the rate at which accuracy of remem-
bering decreases with increasing delay values.

Both simple andmore advanced techniques are available to
evaluate memory. Again, however, many of the ostensibly
simple tasks cannot easily differentiate memory deficits per se
from deficits produced by changes in other behavioral
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functions, be they motor or sensory functions, or in level of
motivation. For example, an inability to execute the response
as efficiently (motor impairment) may in essence mean that
the delay interval for the subject is functionally longer, thus
indirectly impairing accuracy in a memory paradigm. Alter-
natively, a treatment that somehow increased the speed of
responding could cause the subject to respond before
adequately evaluating stimulus options and thus decrease
accuracy independently of a real change in remembering.
Here, again, the more advanced methods include the capa-
bilities for differentiating effects of a chemical upon remem-
bering per se from those caused by other behavioral
consequences of the exposure.

One widely used simple measure of memory is passive
avoidance, also known as fear conditioning. In this task, the
subject, most often a rodent, is placed in a chamber that has
two quite distinct compartments. The subject receives a shock
in the compartment it prefers (spends most time in), engen-
dering an association between the shock and the distinctive
characteristics of that compartment. At some later time (i.e.,
after some delay interval), the subject is placed back into this
two-compartment chamber, and memory is evaluated on the
basis of the time (referred to as latency) that elapses before the
subject steps back into the side of the chamber in which it
previously received shock. The contention is that the longer the
subject waits to enter that compartment, the better it remem-
bers the shock it received there.

While changes in latency on this task are produced by
a variety of drugs and chemical treatments, the interpretation
of these changes can be problematic. If, for example, the
chemical causes hyperactivity, the subject might re-enter the
compartment in which it previously received shock sooner,
even if it does remember its association with shock. If the
treatment disrupts sensory capabilities, altering perceived
distinctions between the compartments, this too may result in
a more rapid re-entry into the compartment in which the
subject had previously been shocked. If the administration of
a chemical causes a sedative effect in the subject, rendering it
less mobile, the time to re-enter the compartment in which
shock was received may be increased relative to that seen in
nontreated controls, but this would not be considered facili-
tation of memory. Again, such possible alternative interpre-
tations must necessarily be worked out in additional
experiments or with additional manipulations or probes.
Importantly, and oven overlooked is the possibility that,
depending upon the experimental design, chemical treat-
ments could alter shock sensitivity and thereby modify
performance since the level of shock received is a significant
determinant of the extent to which fear conditioning occurs in
this task.

While the more advanced procedures for memory evalua-
tion require more extensive training of the subject, they also
control for some of the possible confounds mentioned
previously. There are two general types of more advanced
procedures for the assessment of memory. One uses the
previous responding of the subject as the event to be
remembered, such as in the delayed alternation paradigm. In
this procedure, the subject has access to at least two response
manipulanda and is required to alternate its responses on the
two for reward following a delay interval imposed between
response opportunities. That is, a response such as a lever press
on manipulanda A initiates a delay interval. After the delay
interval ends, a response on manipulanda B produces reward.
This event initiates another delay interval, after which a return
to manipulanda A produces reward, and so on. Typically,
a series of delay intervals are tested in each session, with the
length of the delay interval varied randomly across the trials of
a session and the range of delay values used being taxing for
the species being tested. Responses occurring during the delay
itself start the delay over again, thus increasing the time to
reward. On this task, then, the subject has to remember which
response manipulanda it responded on before the delay
interval started in order to respond correctly after the delay.
Typical behavior observed under these conditions is a decrease
in remembering (accuracy) as the length of the delay interval
increases. A chemically induced impairment of memory would
then be manifest as a more pronounced decrease in accuracy as
delay length increases than is observed under nontreatment
(control) conditions.

Critical to the interpretation of any memory-related deficits
with the delayed alternation task is the inclusion of a 0-s or no-
delay trials. The no-delay condition requires no memory, as
there is no delay between the opportunities to alternate
responses. Therefore, if a treatment is impairing accuracy
under the no-delay condition as well as at the various delay
intervals, it is likely that the effects are due to changes in
behavioral processes other than remembering. The pattern of
change consistent with a selective memory impairment of
a toxicant, then, is one composed of no change in accuracy at
the 0-s delay, coupled with a more pronounced decrease in
accuracy with increasing delay values relative to nontreated
control subjects.

An example of an apparently selective impairment of
memory independently of changes in other behavioral
processes is shown in Figure 8. As can be seen, the accuracy
level of a group of nontreated normal rats (solid circles)
declines as the delay value increases, as expected. Corre-
sponding data for a group of rats treated with the organic
metal trimethyltin are shown in the open circles. In this
group, accuracy was unaffected at the 0-s delay but decreased
more rapidly than did that of normal rats as delay value
lengthened.

Other methods for measurement of memory function rely
on explicit discrimination tasks. The matching-to-sample task
described earlier is one example. In this paradigm, a sample
stimulus is presented briefly to the subject. The subject must
then pick the sample stimulus when subsequently presented
with multiple stimulus options (i.e., the subject must match
the sample). When delay intervals are imposed between the
presentation of the sample stimulus and the subsequent
presentation of multiple stimuli, the task becomes a memory
task. In this case, the subject must remember the sample
stimulus in order to perform correctly. As in the delayed
alternation procedure, delay intervals of various lengths are
used, including the no-delay or zero-delay condition, and
a delay function similar to that shown in Figure 8 is expected.
Many of the caveats mentioned with respect to interpreting
memory effects in the delayed alternation task likewise apply



Figure 8 Effects of 7 mg kg�1 trimethyltin on delayed alternation performance. Lower accuracy values were evident in TMT-treated rats at all delay
values, but no impairment was seen in the 0-s delay condition, consistent with a specific effect on memory function. (Reproduced from Bushnell, P.J.,
1988. Effects of delay, intertrial interval, delay behavior and trimethyltin on spatial delayed response in rats. Neurotoxicology and Teratology 10, 237–244,
with permission from Elsevier.)
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to the delayed matching-to-sample paradigm. Separation of
a chemical effect arising directly from changes in memory
processes rather than from changes in motor, sensory, or
motivational functions depends on the inclusion of a no-delay
condition. Furthermore, as with learning paradigms, the
contention that if a chemical produces a true memory deficit, it
will be observed across different memory tasks must be
tempered by the fact that not all memory paradigms produce
an equally selective measure of memory.
Schedule-Controlled Operant Behavior

Learned voluntary behavior is a function of the consequences
that follow it. If a response is followed by a reinforcing stim-
ulus, the rate of that response subsequently increases; if
followed by a punishing stimulus, or by the absence of
a reinforcing stimulus, the rate of responding subsequently
decreases. In addition to determining the subsequent frequency
of that response, these consequence stimuli will also determine
the intensity and temporal pattern with which that response
will be emitted in the future.

In the real world, consequence stimuli do not necessarily
follow every occurrence of the response. In fact, typically,
consequences follow the response on an intermittent basis.
Paychecks, for example, are typically distributed on a weekly,
biweekly, or even monthly basis, not after each instance of
work-related activity that occurs. The pianist plays the entire
piece of music before the audience applauds. This strategy of
‘intermittent’ reinforcement of responding actually provides
greater behavioral efficiency and economy as well as generating
more robust response strength and persistence than does
continuous reinforcement (reward for every occurrence of the
response). A response that has been reinforced after every
occurrence declines much more rapidly when reinforcement is
withheld (extinction) than does one that has been reinforced
on an intermittent schedule.

The term schedule of reinforcement refers to the nature of
the rules governing the allocation of consequences for
a particular response. Behavioral performance controlled by
a schedule of reinforcement is referred to as schedule-
controlled operant behavior. These schedules of reinforcement
are critical because they govern the rate and pattern of
responding in time which underlie other behavioral functions.
For example, the rate of learning may well be influenced by the
underlying schedule of reinforcement. If reinforcement of
the correct response during a learning task is too infrequent, the
task may not be adequately learned or not learned at all.
Likewise, remembering that response, as in a memory task, may
depend on the extent to which it was sufficiently reinforced
(i.e., strengthened) to begin with.

Consequence stimuli can occur on the basis of time
elapsing or on the basis of the number of responses that have
occurred or both. In the human environment, schedules of
reinforcement exhibit a remarkable complexity. For the
purposes of understanding how these various reinforcement
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schedules or payoff schemes control the frequency and the
pattern of behavior in time, simpler versions were initially
studied in a laboratory context. As the understanding of
simple reinforcement schedules evolved, increasingly
complex schedules that more closely mimicked the human
environment were elaborated and examined in laboratory
experiments.

One of the important aspects of schedule-controlled
behavior that deserves note is the remarkable similarity of
behavior patterns generated by these schedules across a wide
variety of species, even when type of response and type of
consequence stimuli differ – a phenomenon of obvious
importance for the issue of cross-species extrapolation because
it shows the similarity and contiguity of such behavioral
process across species.
Simple Schedules of Reinforcement

There are four simple schedules of reinforcement: the fixed
interval (FI) and the variable interval (VI), both of which are
temporally based reinforcement schedules, and the fixed
ratio (FR) and the variable ratio (VR) schedules, both of which
are response-based schedules. The FI and the VI schedules
both stipulate that a certain amount of time must elapse from
the occurrence of a previously reinforced response before
a response will again produce reinforcement. On the FI
schedule, that time interval remains constant (fixed) and the
parameter value of the schedule indicates the length of that
temporal interval (e.g., FI 1 min means that the first response
occurring at least 1 min after the preceding reinforced response
will result in reinforcement). On the VI schedule, the length of
the interval to reward availability varies from one interval to the
next, with the parameter value of the schedule indicating the
average of the different interval lengths. For example, on a VI
1 min schedule, the average time between reinforcement
opportunities is 1 min, but each interval may be either longer
Figure 9 Schematic cumulative records of performance on the FR, VR, FI, a
over time. Each downward deflection of the pen represents reinforcement del
Dykstra, L.A., 1977. Psychopharmacology: A Biochemical and Behavioral App
or shorter. Responses made during the interval itself, i.e., prior
to its completion, on either the FI or VI schedules, have no
specific consequence attached to them.

Because of the differences in the way in which they
schedule reinforcement, the FI and VI control quite different
rates of responding (responses per unit time) and patterns of
responding, as can be seen in Figure 9. The FI schedule
generates a characteristic ‘scallop’ pattern of responding,
which engenders pausing, that is, little or no responding
immediately after reinforcement delivery (indicated by the
short pip marks), followed by a gradual increase in the rate of
responding as the time of reinforcement availability again
approaches. In the human environment, studying for an
examination has features that are characteristic of FI perfor-
mance: little or no responding early in the semester premised
on the lack of any imminent reinforcement availability, but
a gradual increase as the time of the examination approaches.
While one might expect that the performance under such
conditions would be characterized by a single response as
soon as the interval ends, such a pattern would require the
subject to have perfect timing capabilities. Responding at
a very rapid rate as the end of the interval approaches ensures
that reinforcement delivery will occur with minimal delay as
soon as it is available.

The pattern of responding on the VI schedule differs from
that on the FI (Figure 9) in that no pausing occurs after rein-
forcement delivery. Instead, the subject continues to respond at
a steady and relatively uniform rate over time. The absence of
pausing on the VI schedule is thought to reflect the lack of
predictability of reinforcement. On the VI schedule, reinforce-
ment may be available immediately after a previous rein-
forcement delivery since the interval length varies. Thus,
pausing after reinforcement could result in a reduction in the
rate or number of reinforcement deliveries. One example of
VI-maintained behavior sometimes cited is that of getting
a busy signal when calling someone on the telephone.
nd VI schedules of reinforcement. Responses are cumulated vertically
ivery; horizontal lines indicate pausing. (Reproduced from Seiden, L.S.,
roach. Van Nostrand Reinhold, New York, NY.)
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The caller continues to redial and is eventually reinforced by
a ringing sound on the other end. The persistent redialing
reflects the variable length or interval of telephone conversa-
tions and, therefore, the unpredictability of when the line will
no longer be busy.

In the other two simple reinforcement schedules, the FR
and the VR, reinforcement availability is based on the number
of occurrences of the designated response. On an FR schedule,
the completion of the number of responses specified by the
schedule parameter value is required for each reinforcement
delivery. An FR 100 schedule, then, requires 100 occurrences of
the designated response for reinforcement delivery. The classic
examples of FR schedules are the piecework systems that
operated in factories early in US history, where workers were
paid for each piece or unit they produced. The FR schedule
generates its own characteristic behavior pattern which consists
of a pause or period of no responding after each reinforcement
delivery followed by an abrupt transition to a very rapid rate of
responding – a pattern known as ‘break and run’ and shown in
Figure 9.

A VR schedule also requires the occurrence of a designated
number of responses for reinforcement delivery, but the
response requirement varies from one reinforcement delivery
to the next in an unpredictable fashion. The parameter value
of the schedule indicates the average response requirement.
Thus, on a VR 100 schedule, the average number of responses
required for reinforcement is 100, but the actual number
varies unpredictably from one reinforcement delivery to the
next. Perhaps the most obvious example of behavior main-
tained by a VR schedule is that of gambling. A slot machine
may pay off on the average once every 100 plays, but the
number of plays between payoffs varies in an unpredictably
way; thus, one play that results in a payoff may follow
immediately after a preceding payoff or may follow only after
a large number of subsequent plays. The VR schedule main-
tains the highest rates of responding of the four simple
schedules (Figure 9). In essence, it is characterized by
a continuous high rate of responding without pausing after
reinforcement deliveries.

Like the VI, the pattern of responding on the VR schedule
reflects the lack of predictability of reinforcement availability.
Since reinforcement availability may always be imminent,
pausing would delay reinforcement. The high rates charac-
teristic of VR and FR schedules are thought to be due to the
ratio basis of reinforcement in that the faster the response
requirement is completed, the faster reinforcement is avail-
able. Increases in rates of responding on interval-based
schedules such as the FI and VI cannot accelerate the avail-
ability of reinforcement; one must still wait for the time
interval to end and thus such increases can reflect highly
inefficient behavior that is inconsistent with the normal
learning of the patterning.
Complex Schedules of Reinforcement

As mentioned previously, the complexity of reinforcement
schedules encountered in the human environment is much
greater than those embodied in the simple schedules studied
in the laboratory. Combinations and variants of the simple
schedules of reinforcement produce greater approximations
of this complexity. One such example is a multiple schedule
of reinforcement in which component schedules alternate
over the course of a behavioral test session. On a multiple
FI–FR schedule, for example, the session could begin with an
FI schedule in effect and would be indicated to the subject by
some explicit stimulus (e.g., illumination of a red light).
After some specified period of time elapsed or after the
delivery of designated number of reinforcers on the FI
schedule, the red light would change to a green light, and the
schedule would switch to an FR. The FR schedule component
would then remain in effect until a designated time had
elapsed or a specified number of reinforcers had been
delivered and would be followed by a switch back to the FI
component, and so on. After training on this schedule,
patterns of behavior characteristic of each schedule compo-
nent emerge; thus, during the FI component, a scalloped
pattern of responding is maintained, whereas during the FR
component, break-and-run performance is exhibited. In
addition, after experience on the schedule, the colored light
stimuli associated with each schedule component come to
exert strong control over behavior, such that performance
appropriate to the schedule occurs immediately upon
switching the color of the light. That is, these stimuli serve as
what are termed discriminative stimuli signaling the
schedule in effect.

This arrangement allows the experimenter to measure two
very different types of schedule-controlled performances in the
same subject during the same test session, making it a highly
efficient experimental paradigm. This permits a determination
as to whether a chemical may have selective effects on certain
schedules (e.g., change FI performance without affecting the
FR). If the compound being evaluated affects the control of the
stimulus lights over responding, it might be manifest as a delay
in transition to schedule-appropriate behavior whenever the
light colors switched.

A mixed schedule of reinforcement is identical to a multiple
schedule of reinforcement, except that there are no external
stimuli provided to the subject to indicate that the operative
reinforcement schedule has switched. Thus, the only indication
to the subject as to ‘what pays off’ is the feedback it receives
from its own behavior. This minimizes the extent of stimulus
control over behavior relative to that of a comparable multiple
schedule of reinforcement.

A chained schedule of reinforcement, like a multiple
schedule of reinforcement, also has different external stimuli
associated with each component of the schedule, but it requires
the completion of a sequence of components for reinforcement
delivery. Thus, on a chained FI–FR schedule, a red light may
signal that the FI component is in effect. Completion of the FI
with the first response after the interval ends produces the
external stimulus (e.g., green light) associated with the FR
component. Completion of the response requirement during
the FR component then produces reinforcement, and the chain
subsequently begins over – a course that continues throughout
the behavioral session. A tandem schedule is identical to
a chained schedule, but like the mixed schedule, it provides no
external stimuli to signal which component schedule is in
effect.
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Schedules that probably most closely resemble those oper-
ative in the human environment are known as concurrent
schedules of reinforcement. In the real world, we are routinely
faced with a multitude of simultaneously operative schedule of
reinforcement options with various schedule conditions and
consequences, and we must make choices among them. The
foraging (food seeking) environment of many species likewise
embodies such concurrent options with differential probabili-
ties of reinforcement among which species must make choices.
Concurrent schedules provide an experimental analog of this
facet of the environment and require the subject to make
choices among component reinforcement schedules and rein-
forcers. For example, in an operant chamber such as shown in
Figure 6, different response manipulanda might be associated
with different but simultaneously available reinforcement
schedule options, perhaps associated with different reinforcing
events as well. In some cases, once the subject chooses one
option, the alternative schedule options are no longer available
for some period of time. Others allow subjects to switch back
and forth between schedule options. These types of schedules
allow experimenters to ask questions about how much
behavior the subject is willing to emit for specified reinforcers,
preferences for reinforcers and response patterns, relative
magnitude of reinforcement and allocation of behavior
depending on effort and reinforcement availability.
Measurement of Schedule-Controlled Behavior

The universal measure of schedule-controlled behavior is the
rate of responding, which is simply the total number of
responses divided by total time. While this is a useful measure
of behavior, it provides no indication of other aspects of
schedule-controlled behavior, such as the extent of pausing or
the patterns of behavior over time. For such purposes, a more
fine-grained analysis or microanalysis of performance must be
undertaken.

One such measure, applicable to both FR and FI schedules,
is post reinforcement pause (PRP) time, which is simply
measured as the time from reinforcement delivery until the first
response occurs in the next interval (FI) or ratio (FR). For the FI
schedule, one may be interested in the extent to which the
prototypical scalloped pattern of performance, as shown in
Figure 9, occurs as an indication of the extent to which
responding is controlled by the contingencies operative on the
schedule. For this, one of two measures is utilized: the index of
curvature or the quarter life. Index of curvature simply utilizes
a mathematical formula to indicate how the observed scallop
deviates from a straight line that would be generated by
a constant rate of responding throughout the interval. Quarter
life measures the time it takes for the first 25% of responses in
the interval to occur.

Another measure of schedule-controlled behavior is that
provided by the distribution of the times between successive
responses or inter-response times (IRTs). These can be
generated as a frequency distribution and have been shown to
be important targets of chemical exposure. For example, lead
exposure appears to affect primarily the very short IRTs on FI
schedules. Many different drugs from a variety of different
classes have been shown to increase the frequency of long
IRTs and to decrease the frequency of short IRTs on an FI
schedule – a phenomenon known as ‘rate dependency’ and
which results in a more uniform and less scalloped pattern of
responding. Rates of responding can also be calculated on
schedules of reinforcement after the PRP or the IRTs longer
than some designated time (pauses) have been subtracted
out. This results in a ‘truer’ rate of responding and is known as
running rate.
Behavioral Teratology

Behavioral teratology, or neurobehavioral teratology, is often
referred to separately from behavioral toxicology. Behavioral
teratology focuses on the behavioral impact of toxic exposures
occurring prenatally or during early development. In some
cases, these studies may only track the consequences of
chemical exposures into early postnatal life, but in others it
may be studied well into the juvenile and even adult stages of
the life cycle. Because the possibility has been raised that
developmental exposures may accelerate the processes of aging
or contribute to neurodegenerative phenotypes, as hypothe-
sized in fetal basis of disease models, some studies are now
beginning to follow subjects throughout the lifespan. Behav-
ioral teratology studies typically include a series of tasks
designed to evaluate multiple behavioral functions. Conse-
quently, such experiments may include assessment of the
development of various reflexes, physiological processes and
developmental landmarks (e.g., eye opening), performance on
a FOB, motor activity, sensory capabilities, learning, and even
schedule-controlled operant behavior. In addition, some such
experiments may include evaluation of behaviors deemed
‘species specific’ (i.e., behaviors that are innate and unique to
that species), such as the ontogeny of aggression, play, or
vocalization in rodents.

In cases in which outcome is followed through maturity,
many of the behavioral paradigms that have already been
described are utilized. Assessment of behavioral changes early
in life, however, may require modification of such procedures
and even the development of specialized behavioral prepara-
tions. One example of such a specialized preparation which
concurrently measures sensory and motor capabilities (though
not independently) is that known as ‘homing behavior’,
a behavior utilized by rodent pups to locate the nest should
they wander. In this procedure, a rat pup is placed in the center
of a rectangular apparatus, one side of which contains clean
bedding material, whereas the other side contains bedding
material from the home nest with its scent familiar to the pup.
The time taken for the pup to orient or to reach the home cage
bedding is then measured. Such a test is deemed apical because
it requires the integration of both motor and sensory
capabilities.

There are certain issues uniquely related to behavioral
teratology studies that require special consideration. One is
that of toxicant effects on the dam (mother). Since the behavior
of the dam may ultimately influence behavior and develop-
ment of the offspring, great care must be taken to determine
whether any observed effects of a chemical in the offspring are
direct effects of the toxicant itself or whether they arise
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indirectly as a result of the effect of the compound on the dam’s
behavior. This can be accomplished either by direct measure-
ment of aspects of maternal behavior or be precluded through
the use of fostering procedures. A cross-fostering procedure
distributes the pups of treated dams to dams that are treatment
free in which case there should be no chemical-induced
changes in maternal behavior.

There are also issues related to statistical analyses of the data
that are unique to behavioral teratology. The offspring of
a given litter are not considered as individual subjects since, as
members of a litter, they have all experienced factors of the fetal
environment which may be unique to their dam. This means
that the total number of subjects in a treatment group is really
equivalent to the total number of litters represented in that
group, a factor which can change the degrees of freedom in the
statistical analyses.
Human Testing

Behavioral toxicological studies in humans include assess-
ments of occupational exposure effects in adults as well as the
effects of environmental exposures in both adults and chil-
dren. There is frequently a good deal of overlap in the specific
behavioral functions evaluated in each case, although the tests
utilized must be age appropriate. However, studies in children
also often include measurements of developmental profiles
and landmarks that may not be relevant to studies of occu-
pationally exposed adults. Studies in both adults and children
often assess a broad variety of behavioral functions and may
include tests of motor function, sensory capabilities, complex
or cognitive behaviors, attentional processes, and vigilance,
usually in the context of a standardized test or test battery. In
the past, many such functions would be evaluated as part of
a neurological or clinical examination. However, it has
become increasingly clear that such examinations, meant to
diagnose disease or brain damage, are neither sufficiently
sensitive nor quantitative for purposes of detecting subtle
effects of toxicants and ultimately for setting standards of
exposure.

The test batteries commonly used in human studies have
come primarily from the field of clinical neuropsychology in
which human testing has predominated. Behavioral measures
such as are utilized in experimental animal studies were, in the
past, rarely included in human studies. This has changed,
however, and will likely increase even more in the future given
advances in the ease and availability of computerized testing
and the obvious advantages of utilizing the same tests across
species in relation to defining risks associated with chemical
exposures. In part, the overall emphasis on broad testing of
behavioral functions in human studies has been driven by the
lack of any information on the behavioral properties of many
of these chemicals and thus the attempt to further characterize
their effects.

Many of the same issues raised with respect to experimental
animal studies also apply to human testing and to the choices
of particular tests to be utilized. There are numerous tests that
can be utilized for measurement of behavioral functions in
humans and questions remain as to the correct choice. One
consideration related to the various tests is deemed validity
and refers to the degree to which a selected test actually
measures the behavioral function that it was designed to
measure. For example, does a test of memory really evaluate
memory function? In addition, how specifically does the test
measure that function? The related issue was raised in exper-
imental animal studies in which the possibility that changes in
motor, sensory, motivational processes, etc., might contami-
nate a measure of memory function, and appropriate controls
were included in the more advanced procedures to evaluate
those possibilities.

Another important issue relates to the reliability of the test.
That is, how reproducible or consistent are the test results
across multiple administrations? Inadequate reliability almost
guarantees that a subtle toxicant effect will not be detected
against a background of scores of broad individual variability
that will be present in any normal population. An issue that has
not received adequate attention is the sensitivity of these tests
to detect toxicant effects, a factor that is of particular impor-
tance if the test results are used in the context of setting expo-
sure standards. If a particular test indicates effects of lead, for
example, at a blood lead concentration of 40 mg dl�1, one may
wonder whether this represents the bottom limits of sensitivity
of the test or the actual blood lead value at which such effects
occur. In other words, could the test have detected effects at
even lower levels of exposure if it had been more sensitive?
A deficiency in test sensitivity could mean that exposure stan-
dards will be set at levels that are too high and will not protect
the exposed populations.

A related question of relevance, particularly to tests of
achievement such as the so-called intelligence tests, is stan-
dardization. This refers to the population from which the
normative scores for the test were collected. This issue is often
raised in the interpretation of intelligence tests for pop-
ulations that are culturally and socially distinct from the
populations of white middle-class English-speaking children
from which normative scores for such tests have typically been
derived.
Developmental Assessments

As mentioned previously, several unique considerations affect
the assessment of toxicant-induced behavioral changes in
children. One such consideration is the rapid development that
children undergo from birth through even the preschool and
early school stages. Moreover, this development is marked by
wide individual differences in the rate at which it occurs and,
for some facets of behavior, pronounced gender-related
differences as well. An additional difficulty is that many of the
behavioral processes that are of particular interest, such as
complex cognitive behavior, are more difficult to evaluate at
a young age. While it seems clear that children certainly have
both learning and memory capabilities even from birth,
preferred tests to measure such functions may require language
or motor skills well beyond the capabilities represented by
these early stages of development.

Because of this rapid change in the behavioral repertoire
over the course of early development, the tests that are utilized
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in studies of children tend to differ at different ages. One test
frequently utilized in the first few days after birth is the
Brazelton Neonatal Behavioral Assessment Scale, which is
composed of two subscales. The first taps a range of behavioral
items such as habituation and responsiveness to environmental
stimuli. The second primarily measures a variety of uncondi-
tioned reflexes. While the Brazelton scale is obviously limited
in the extent to which it can tap cognitive functions, or define
specific behavioral deficits, its utility in detecting drug-induced
changes has been established.

An increasingly widely used technique for infant assessment
is embodied in the Fagan Test of Infant Intelligence, which
assesses visual recognition memory. In this test, an infant faces
a display with two screens. On one screen, a visual stimulus is
presented for a specified period of time. Subsequently, that
visual stimulus is projected on one screen and, at the same
time, another visual stimulus is projected onto another screen.
An observer records the amount of time the infant spends
gazing at each screen. Normal infants look away from the visual
stimulus that they have already seen and spend more time
gazing at the novel stimulus, a trait which has been shown
to correlate with higher scores later in development on the
Stanford–Binet intelligence test. As this indicates, the test has
analogs to the novel object recognition paradigm frequently
used in animal models.

A widely used test at a slightly later stage of development is
the Bayley Scales of Infant Development, appropriate to chil-
dren from 2 to 30 months of age. The test is composed of three
subscales: motor, mental, and behavioral. Each is arranged
with respect to chronological development. One of the
advantages of this test is the ability to carry out repeated testing
over the normed age range.

As children reach preschool and school age, the number of
test choices available increases. For example, the McCarthy
Scales of Children’s Abilities provides an analog of an intelli-
gence test score by combining the scores from its five subscales
into a general cognitive index score. Its applicability extends
from children aged 2.5–8.5 years. Like the Bayley Scales, it too
allows for repeated measurement over time, which is a partic-
ular advantage for longitudinal studies; utilization of the same
test instrument over time, given appropriate reliability of the
instrument, provides greater assurance of the continuity and of
the onset or disappearance of an effect than does the use of
different instruments at different ages.

Various intelligence tests are available for preschool age
children, such as the Wechsler Preschool and Primary Scale of
Intelligence (WPPSI). The advantage of this particular
instrument is that it represents an extension of the well-
standardized and widely used Wechsler Intelligence Scale for
Children (revised; WISC-R). The WISC-R is an intelligence
test for children of 6 years of age or older; the WPPSI extends
this age range to include children of ages 4–6.5 years. In
addition, both rely on the same two subscales, verbal and
performance, to measure a variety of behavioral functions,
thus providing a type of continuity from the preschool to the
school-aged child for repeated assessment of behavioral
function.

One of the major concerns with developmental and
intelligence tests such as the WISC-R and others is to be able
to rule out contributions from numerous sociodemographic
and other variables known to co-vary with intelligence test
score. Variables that may potentially modulate intelligence
include birth weight, length of gestation, maternal age, birth
order, parental education, parental IQ, socioeconomic
status, and quality of the home environment. Appropriate
statistical controls or subject matching must be undertaken
to evaluate the contributions of these variables to outcome
measures.

While these developmental and intelligence tests may
clearly be important to the determination of the levels and
conditions of exposures to a toxicant associated with adverse
behavioral function, they are less useful, as noted previously, in
providing a precise delineation of the behavioral functions
actually affected by a chemical. Measures such as intelligence
test scores are global measures in that they rely on the
integration of all behavioral functions. Even performances
on subscales of these tests are jointly dependent on inte-
grative motor, sensory, and cognitive functions. Thus, even
a preferential deficit on a verbal scale, which is clearly geared
toward cognitive function, may not provide a precise under-
standing of the nature of the behavioral deficit.

To achieve a true understanding of the behavioral processes
affected by a chemical will necessarily require direct measure-
ment of those specific functions, much as is done in the
experimental animal studies described previously. Some
neuropsychologists have recognized this problem and have
begun to employ measures of specific behavioral functions
such as learning, memory, sustained attention, and abstract
thinking in an attempt to determine the source of the deficits in
global intelligence test scores produced by lead exposure, for
example. An alternative approach is to utilize many of the
behavioral tasks already employed in experimental animal
studies – tasks which are designed to evaluate specific functions
and which have already been widely used across species,
including humans, in other research contexts. The repeated
learning paradigm actually originated in studies using human
subjects and was later adapted for nonhuman primates and
rodents. Procedures such as delayed matching-to-sample and
operant psychophysical procedures have also been used across
species with appropriate parametric modifications. These types
of paradigms are increasingly available from commercial
vendors and can be used in children as young as 5–6 years of
age and very widely in adult populations and may play a more
significant role in future developmental studies of children
because they provide direct and specific measures of behavioral
functions that are more difficult to differentiate in standardized
tests.
Adult Assessments

Assessments of behavioral toxicity in adults frequently occur
in the context of occupational exposures to chemicals. Like
studies carried out in school-aged children, these evaluations
have relied largely on standardized tests, including intelli-
gence tests. They also tend to employ a broad variety of tests
so that numerous behavioral functions can be tested, partic-
ularly when the effects of a toxicant are ill-defined. As such,
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the same considerations must be taken into account with
respect to the choice of tests utilized. These include validity,
reliability, and sensitivity, as well as standardization issues
related to the population from which test norms were
derived.

One distinction between many of the studies of behavioral
toxicity in children and adults is that while the former have
tended to be primarily longitudinal in nature, following the
effects of toxicant exposures to children across the course of
development, many occupational exposure studies are cross-
sectional studies in adults that encompass only a single time
point of measurement of behavioral function. This likely
reflects in part the difficulties of carrying out studies in the
workplace, where it may bemore difficult to obtain appropriate
amounts of the subjects’ time for behavioral evaluation and
where resistance to such experiments may be encountered from
either the employer or the employee.

One of the most common inclusions in these test batteries
that have been utilized in studies of occupational behavioral
toxicity is the Wechsler Adult Intelligence Scale (WAIS),
which is actually a battery of tests subsumed under verbal and
performance subscales which, combined, provide a full-scale
intelligence test score. The series of verbal tests includes
information (general information questions), comprehen-
sion (interpretation test), arithmetic, similarities (between
nouns), digit span (repeating sequences of digits), and
vocabulary. The performance tests include digit symbol
(associating digits with symbols), picture completion, block
design (duplicating block patterns), picture arrangement, and
object assembly. Because of the obvious overlap of behavioral
functions in some of these subtests, and the consequent
global and nonspecific nature of any change detected in full-
scale intelligence test scores, some investigators have opted to
use only selected tests from the battery to provide a shortened
version of the WAIS for occupational behavioral toxicity
studies.

Two different test batteries, the World Health Organiza-
tion (WHO) Neurobehavioral Core Test Battery and the
Neurobehavioral Evaluation System (NES), are currently
among the most widely used test batteries in occupational
behavioral toxicology studies. Both include components
of the WAIS described previously in addition to other
psychometric tests of behavioral function. The WHO Neu-
robehavioral Core Test Battery is a pencil-and-paper-admin-
istered test battery, whereas the NES is a computerized test
battery that has been translated into several languages and in
fact presents a more extensive set of tests than does the
WHO in that it includes tests of psychomotor performance,
cognition, memory and learning, and perceptual ability
and affect.

Memory dysfunction has been a frequent complaint in
populations of workers exposed to various neurotoxicants and
is tapped by several different tests used in a human testing
context. One of the most widely used for this purpose is the
digit span that constitutes one of the WAIS subtests. As indi-
cated earlier, this test requires the subject to recall a series of
digits, and the length of the list is successively increased
contingent upon the subject correctly recalling the members of
the list. In some cases, words or letters are utilized instead of
digits. As is the case with experimental animal studies, more
complex versions of these tests have been devised and
implemented. In procedures such as continuous recognition
memory or memory scanning, subjects may be shown a list of
digits or letters and then shown, after a delay interval, a longer
list of various digits or letters and asked to recall those that
were on the original list. Analogies to such tests are embodied
in procedures such as the Benton Visual Recognition Test,
which requires a subject to reproduce a drawing or geomet-
rical design.

Paired associates learning is also frequently used in
a memory context in occupational exposure test batteries as
well as in studies with children. In these paradigms, a list of
paired words is read to the subject, who must then recall the
second member of the pair when the first is read after a delay.
The task can be made relatively simple by using pairs which
have some type of obvious relationship or made more diffi-
cult by having pairs with no apparent relationship. The test
can be used in a memory context by including a delay
between the experimenter’s reading of the list and the subject
recalling the second member of each pair. In addition, the
task can be used in a repeated learning context, much as the
repeated acquisition paradigm described earlier, by using new
lists of paired associates after the subject masters the initial
list. This particular approach has a long history of use with
human subjects and has been found to be sensitive to toxi-
cants such as lead and can be administered easily via a touch
screen computer.

Measures of vigilance, attention, or distractibility are also
frequently included in assessments of occupational behav-
ioral toxicology. These range from very simple procedures,
such as reaction time, to more complex tasks, such as simu-
lated cockpit or tracking tasks. But even reaction time can be
varied from a very simple to a highly complex procedure. In
a simple reaction time task, the subject is typically presented
with some type of screen on which a single visual stimulus
will appear at intermittent and unpredictable intervals. The
subject must respond on the single response manipulanda as
soon as the stimulus appears. Complex reaction time presents
the subject with multiple stimuli as well as multiple response
options. For example, there may be four different stimuli,
each of which is presented at random and unpredictable
intervals. The appropriate response depends on which of the
stimuli is presented, and the subject is asked to respond on
the appropriate manipulanda as quickly as possible after
detecting the stimulus. Thus, the more complex reaction time
task involves not only attending to the screen to detect the
stimulus presentation but also making a decision as to the
correct manipulanda and then executing the response.
Obviously, the number of options can be modified to fit the
experimental situation.

One of the important parameters of the reaction time task is
the rate at which the attention of the subject deteriorates, such
that reaction time is slowed down or even that the subject
misses stimulus presentations entirely. This rate of deteriora-
tion of performance will depend onmany factors, one of which
is the rate at which stimuli are presented to the subject and
another being the length of the session during which reaction
time is measured. While one might intuitively think that the
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slower the rate of presentation, the more rapid the rate of
deterioration of performance, in fact sometimes the opposite is
true. A very rapid rate of presentation of stimuli can render the
subject exhausted and less alert or less motivated. With respect
to session length, one typically expects to see a gradual decre-
ment in performance as the session progresses, such that an
adequately long session must be implemented to catch this
function. Finally, a critical variable in reaction time studies is
the prominence of the stimuli used. In fact, this parameter
can be manipulated to change the sensitivity and difficulty of
the task.

Reaction time tasks are by no means limited to the
presentation of discrete visual stimuli. Other variants have
included those in which the subject must respond to a stimulus
that is different from a continuously presented array of stimuli.
The so-called clock test is one example. In this procedure, the
subject is instructed to respond when the hand of a clock ticks
off 2 s at once rather than the typical 1 s tick; the 2 s tick is an
infrequent and unpredictable occurrence. In other situations,
a continuous presentation of letters or numbers may be pre-
sented and the subject instructed to respond to one particular
letter or number whenever it appears.

Pursuit and tracking tests represent even more complex
versions of vigilance assays. In these kinds of tasks, subjects
must continuously monitor a stimulus which drifts off a home
position on the dial. The situation can be made quite complex,
as in flight simulators in which there may be multiple dials
which must be continuously monitored and returned to the
home position, with drift occurring at varying rates on each dial
across time. The various vigilance tasks described previously
have a long experimental history and have been shown to be
sensitive to a wide variety of influences, including fatigue and
various drugs and chemical exposures.

The kinds of vigilance procedures described obviously
require reasonably intact motor function and are often inter-
preted with that in mind. However, these techniques also
depend on sensory processes. In fact, assuming intact motor
functions, vigilance tasks such as those described can be
adapted to provide some indication of sensory function
changes by modifying the saliency (intensity) of the sensory
stimuli used in the paradigm. A clinical neurological exami-
nation often includes components designed to measure
sensory function, but relatively speaking, these tend to be less
sensitive; thus, subtle changes in sensory function might not be
detected. More direct approaches to the evaluation of sensory
function following occupational or environmental exposures
to toxicants are provided by the types of operant psychophys-
ical procedures elaborated previously. In fact, psychophysical
procedures were developed using human subjects and only
later adapted for various species of experimental animals. The
psychophysical procedures clearly provide more direct and
straightforward assessments of sensory detection capabilities in
the absence of confounding changes in a subject’s motor
capabilities or motivation to respond.

Assessments of motor function are often included in the
neuropsychological test batteries utilized in occupational
exposure studies. Typically, these tend to be relatively simple
measures of motor capabilities, probably for two reasons. The
first is that the inclusion of vigilance tasks such as those
described previously depends on motor coordination in addi-
tion to sensory capabilities; therefore, toxicant-induced
changes in such performances may already be indicative of
motor impairment. This can then be pursued by inclusion of
some additional and more direct assessments of motor func-
tion in the battery. The second reason relates to logistical
reasons and practicalities. Test batteries such as the WHO
Neurobehavioral Core Test Battery and the NES are typically
taken to the site where measurements of subjects are to be
made. Thus, portability is a major consideration, and more
complex assessments of motor function would incur greater
equipment needs. Since the purpose of these batteries is
generally to screen for adverse effects, studies providing more
precise delineations of affected functions can be pursued at
a later time.

Simple tests of motor function utilized are generally those
such as finger tapping in which subjects are asked to tap a key or
a button at as rapid a rate as possible for a designated period of
time. The subjects may be asked to carry out this task with the
preferred hand as well as with the alternate hand. In some
cases, toe tapping has been used in addition to finger tapping.
Other batteries have relied on the tests of manual dexterity that
are frequently used in screening prospective applicants for
some types of factory work jobs. One of the most frequently
used of such tests is the Santa Ana test, which requires the
subject to remove pegs from a hole and to reinsert them into
the hole after turning them 180�. The measurement of interest
in this case is the number of pegs that are successfully rotated
within the specified time interval. The Purdue Pegboard test is
likewise used in this capacity. It requires the proper orientation
and placement of pins in a series of holes. Such tests have
indeed successfully defined subjects occupationally exposed to
chemicals from those nonexposed.

One final common inclusion in many studies of occupa-
tional behavioral toxicology and in some test batteries is
assessments of symptoms experienced by those exposed to
chemicals. While this might be perceived as an ostensibly
simple procedure, it entails numerous potential confounds.
These evaluations are typically administered via questionnaires.
Items for the questionnaire must be carefully constructed with
respect to not only the choices of items but also the wording of
the text and the manner in which the response is recorded.
Clearly, the motivation of the subject in answering the ques-
tions must be considered. One problem can arise when the list
of symptoms includes only those that are associated with the
toxicant of concern. It is necessary to include symptoms that are
not associated with the particular toxicant under evaluation so
that some assessment of the tendency of the subject to respond
positively to all symptoms can be evaluated. Several such
evaluations of subjective and mood states are available. The
most widely used is the Profile of Mood States (POMS), which
consists of 65 adjectives of various moods that the subject
answers according to a 5-point rating scale. The POMS has been
used extensively in the evaluation of the acute effects of CNS
drugs and toxicants.

See also: Developmental Toxicology; Occupational Toxicology;
Toxicity Testing, Developmental.
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l Name: Belladonna alkaloids (atropine, scopolamine)
l Chemical Abstracts Service Registry Number: Atropine: 51-

55-8; Scopolamine: 51-34-3
l Synonyms: Atropine: 1-alpha-H,5-alpha-H-Tropan-3-

alpha-ol (þ/�)-tropate (ester) (8CI), Scopolamine: 9-
methyl-3-oxa-9-azatricyclo(3.3.1.0(sup 2,4))non-7-yl ester

l Molecular Formulas: Atropine: C17H23NO3; Scopolamine:
C17H21NO4
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Background

Belladonna alkaloids are derived from plants belonging to
Solanaceae family. Atropa belladonna produces berries, which
may be frequently ingested erroneously. Many other plants such
as Hyoscyamus niger (henbane), Datura stramonium (jimson
weed), and Brugmansia species (angel trumpet) contain the
same active ingredients, thus inducing similar effects. Bella-
donna alkaloids have a long history of medicinal, cosmetic,
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
recreational, and militaristic uses. Its name, beautiful lady in
Italian, was not given accidentally. Upon discovery of the plant’s
dilatory effects on the pupils, the plant was used for cosmetic
purposes in Italy and France. Active ingredients of the plant are
now commonly known as scopolamine, atropine, hyoscine,
and hyoscyamine. As the popularity of the plants grew, toxic
and hallucinogenic effects slowly were recognized. Militaristic
uses of the plant included poisoning arrows, knives, and ene-
my’s food supplies to weaken armies. Adolescents abuse Sol-
anaceae family plants for their mind-altering properties. More
recently, medicinal uses of the plant were discovered.
Uses

While most of the uses of belladonna alkaloids were non-
medicinal in the past, currently a majority of belladonna
alkaloids and all of its derivatives are used for medical
purposes. Hyoscyamine (L-atropine), atropine, and scopol-
amine (hyoscine) are the active ingredients of belladonna
alkaloids. These agents are used for their anticholinergic, par-
asympatholytic effects in outpatient and inpatient settings.
Medical routes of administration vary greatly based on the
condition treated. Belladonna alkaloids separately and as
a mixture have been used for Parkinsonism and disorders of the
genitourinary system (dysmenorrhea and nocturnal enuresis).
In combination with barbiturates, most commonly pheno-
barbital, belladonna alkaloids have been used for disorders of
the gastrointestinal tract (irritable bowel syndrome, gastroin-
testinal ulcers, and enterocolitis).

Atropine is available as oral, intravenous, intramuscular,
and ophthalmic formulations. Atropine use includes treatment
of symptomatic sinus bradycardia and atrioventricular block.
In different settings, atropine has been used to reduce or
prevent salivation and secretions as well as an antidote for
organophosphate overdose. Scopolamine is available in oral,
intramuscular, intravenous, subcutaneous, and transdermal
formulations. Scopolamine has been used as a sedative, anti-
emetic, and antisecretory medication.
Environmental Behavior, Fate, Routes, and Pathways

Despite of a wide variety of available routes of administration,
accidental and intentional toxicities are generally caused by
oral ingestion. Two of the most common causes of toxicity are
accidental ingestion of A. belladonna berries and ingestion of tea
made from D. stramonium leaves.
Exposure and Exposure Monitoring

Excessive dryness is one of the first symptoms of toxicity when
excessive amounts of belladonna alkaloids have been ingested.
4-3.00246-3 399
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However, heart rate is the first parameter that should be
monitored, since tachycardia is one of the most common side
effects of these agents. In more severe cases, an electrocardio-
gram should be done to monitor the patient for arrhythmias.
Toxicokinetics

Both atropine and scopolamine are competitive antagonists of
primarily M1 andM2muscarinic cholinergic receptors. Nicotinic
receptors are not affected to the degree of the muscarinic system,
even at toxic levels. Atropine reaches peak levels within 60min,
but varies depending on the route of administration. Both
chemicals are widely distributed throughout the body, including
the brain. The volumes of distribution of atropine and scopol-
amine are similar and are estimated at 1.7 and 1.4 l kg–1, respec-
tively. Although, atropine’s volume of distribution has been
reported as high as 3.9 l kg–1. Atropine levels in the urine follow
first-order kinetics. The half-life of atropine has been noted to be
about 2–3 h, but can be as high as 6.5 h in children. Atropine is
not dialyzable although 30–50%of it is excreted in the urine. The
rest of it is metabolized by the liver. Scopolamine, however, is
mostly metabolized in the liver, with excretion not exceeding
10%. The half-life of scopolamine can range from 4 to 9 h.
Mechanisms of Action

Belladonna alkaloids are competitive antagonists of acetyl-
choline at muscarinic receptors. Affinity for receptors varies.
However, the inhibition at all muscarinic receptors in exocrine
glands, smooth muscle, and neurons is present. Atropine
exhibits strong affinity for cardiac, gastrointestinal, and bron-
chial muscles. Scopolamine exhibits more potent activity on
iris and ciliary body. It is more potent at reducing secretions of
salivary, bronchial, and sweat glands.
Acute and Short-Term Toxicity

Doses of 10mg of atropine or higher have been associated with
symptoms of acute toxicity. Shortly after ingestion of bella-
donna alkaloids, several adverse effects begin to manifest.
Tachycardia, dilated pupils, blurred vision, urinary retention,
altered mental status, and dry and flushed skins are a few of the
symptoms evident. These effects can be attributed to the rest of
the anticholinergic drug class. Elderly and children are more
susceptible to belladonna alkaloid toxicity and may experience
more severe effects at lower doses. Coma also has been
described. Several cases in Taiwan reported toxicities of bella-
donna alkaloids. Symptoms included dizziness, dry mouth,
flushed skin, palpitation, nausea, drowsiness, tachycardia,
blurred vision, mydriasis, hyperthermia, disorientation, vom-
iting, agitation, delirium, urine retention, hypertension, and
coma. All of the patients reported experiencing adverse effects
within 30min. A more thorough case report of a middle-aged
man described the progress of A. belladonna toxicity. Upon the
ingestion of three handfuls of berries, the patient experienced
disorientation, aggressiveness, and tachycardia phases, all of
which came within 45min. Patients’ systolic blood pressure
rose to 200mmHg with heart rate of 130 beats per minute,
flushed skin, dry mouth, and mydriasis. Symptoms persisted
for 2 days. Reversal of the toxicity has been potentiated by
physostigmine. In cardiac transplant patients, atropine and
other anticholinergics may cause atrioventricular block, even
leading up to asystole.

Without treatment, as few as 10 berries of A. belladonna are
considered to be lethal. Animals, however, have variable
bioavailability and sensitivity to these plants. Herbivores tend
to have a decreased sensitivity to belladonna alkaloids. Oral
intake of alkaloids in horses, rabbits, cattle, guinea pigs, and
birds have minimal effects. However, horses and cattle are
affected by intravenous administration at a much greater extent
than rabbits, guinea pigs, and birds.
Chronic Toxicity

There are no studies specifically evaluating chronic toxicity of
belladonna alkaloids. However, despite an overdose, bella-
donna alkaloids are not considered to be a reason for long-term
concern. Chronic toxicity is likely to be secondary to adverse
events from acute overdose. Induced psychosis is associated
with prolonged use of anticholinergics in toxic doses.
Immunotoxicity

In patients allergic to atropine or scopolamine, a fulminant IgE
antibody reaction develops. Other immunologically toxic
reactions have not been described in the literature.
Reproductive and Developmental Toxicity

Atropine crosses human placenta and enters breast milk and
may suppress lactation. Two animal studies have been done to
specifically evaluate the teratogenicity. Prenatal exposure to
atropine and other anticholinergics may induce learning defi-
cits in pups. However, injection of doses of up to 1.5mg of
atropine into chick eggs did not produce any defects.
Genotoxicity

Belladonna alkaloids have not been evaluated in genotoxic
studies. Components of belladonna alkaloids are not consid-
ered to be genotoxic.
Carcinogenicity

There are no studies in humans documenting carcinogenicity of
atropine. However, tests in rats have not shown to be
carcinogenic.
Clinical Management

Once the patient is suspected to have been exposed to toxic
doses of belladonna alkaloids, negative response to physo-
stigmine injection would suggest the positive diagnosis. Since
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physostigmine is an acetylcholinesterase inhibitor, it produces
effects opposite of belladonna alkaloids. These effects would
include mydriasis, lacrimation, urination, salivation, sweating,
and intestinal hyperactivity, unless the patient is in acute
overdose of anticholinergic agents. Activated charcoal admin-
istration and gastric lavage can be performed even if the patient
has arrived to the hospital over 1 h postingestion. This is due to
slowing of gastric emptying in belladonna alkaloid overdose.
Physostigmine can be given at doses of 0.5–2.5mg to adults
and 0.01–0.03mg kg–1 per dose, not exceeding adult doses.
Physostigmine should be given over at least 5 min to reduce the
potential of respiratory distress and seizures. In case of seizures,
diazepam or lorazepam can be given intravenously, and rectal
diazepam is an alternative. Antipyretics, fluids, and ice treat-
ments can be used to reduce fever. Bicarbonate and lidocaine
may play an important role in the treatment if the patient goes
into an arrhythmia.

See also: Atropine; Anticholinergics; Cholinesterase Inhibition;
Organophosphorus Compounds.
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Introduction

One of the main purposes of toxicology and chemical risk
assessment is to identify acceptable exposure levels based on
data obtained from human or experimental animal studies.
These are currently developed by many organizations such as
the US Environmental Protection Agency (EPA) and other
international health agencies for several regulatory classes of
chemicals, including industrial chemicals, food additives,
pesticide residues, and environmental pollutants. In general,
there is a threshold for the process of non–cancer risk assess-
ment. In noncarcinogenic effects, protective mechanisms are
induced to overcome the threat before an adverse effect is
displayed. For some toxicants, there is a range of exposures up
to some limited value that can be tolerated by the organism at
the cellular level without any expression of adverse effects.
Therefore, risk assessment of environmental contaminants
aims to identify the upper bound of this tolerance range (i.e.,
the maximum subthreshold level). In the traditional approach
of nongenotoxic agents in health risk assessment, the permis-
sible exposure levels were based on identification of the point
of departure (POD). POD is the exposure level of a chemical
that serves as a starting point in the determination of guidance
values and is set at doses corresponding to the no observed
adverse effect level (NOAEL) or the lowest observed adverse
effect level (LOAEL), when there is insufficient data to arrive at
an NOAEL. The NOAEL represents the highest experimental
dose for which no biologically or statistically significant
adverse health effects are observed and is the key datum derived
from the study of the dose–response relationship, whereas the
LOAEL represents the lowest dose at which a significant adverse
health effect is observed. The NOAEL is used to calculate
reference doses (RfDs) for chronic oral exposure and reference
concentrations (RfCs) for chronic inhalation exposure as per
the US EPA. A recent alternative to using the NOAEL or LOAEL
in this calculation is the use of a benchmark dose (BMD) to
serve as the starting point for deriving safe doses.
Figure 1 Example of BMD modeling results.
Definition of BMD

The US EPA defines BMD as the exposure level that corresponds
to a certain increase in the probability of an adverse response,
compared with zero background exposure. This specified
response change is generally referred to as the benchmark
response (BMR). The lower confidence limit of the BMD (i.e.,
the BMDL) has been proposed to replace the NOAEL as
a starting point for determination of health-based guidance
values (i.e., uncertainty factors are applied to the BMDL instead
of to the NOAEL; Figure 1). The BMDL is usually defined as the
one-sided lower 95% confidence limit on the BMD (which
equals the lower bound of a two-sided 90% confidence
interval); it can be interpreted as the dose corresponding to
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a response not likely to be larger than the specified BMR (with
95% confidence). Because estimates derived by maximum
likelihood methods have good statistical properties, such as
asymptotic normality, maximum likelihood is often a preferred
model of estimation when that assumption is reasonably close
to the truth.
Characteristics of the BMD Approach

Because of several limitations and some problems associated
with using the NOAEL and to move away from compulsory
lethal dose 50% (LD50) determination, the benchmark concept
has been introduced as an alternative approach in risk assess-
ment and has been developed and implemented by risk
assessors to estimate RfDs and RfCs. The BMD concept was
introduced by Crump in 1984 and has been presented as
a methodological improvement in the field of risk assessment
by defining a concentration between the NOAEL and LOAEL.
To date, the BMDmethod has mostly been used by authorities,
such as the US EPA and consultants in the United States;
research specifically related to this approach has been per-
formed at only a few institutions in Europe. Practical and
theoretical knowledge of the method is limited.

The European Chemicals Agency stated that BMD ‘‘. can
be used in parallel or as an alternative when there is no reliable
NOAEL.” Similar statements have been made by other orga-
nizations: the Scientific Committee of the European Food
Safety Authority (EFSA) ‘strongly encourage’ all panels and
units to adopt the BMD approach. Also the World Health
Organization’s International Panel for Chemical Safety (IPCS)
state that BMD ‘‘. can be considered a more sophisticated or
robust alternative to NOAEL.” Even stronger recommendations
are made by the US National Academy Committee for Acute
Exposure Guidance Levels, declaring that BMD should be the
‘preferred approach.’ This approach can be used quite exten-
sively in developmental and reproductive toxicity studies as
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00588-1
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Table 1 The major characteristics of BMD approach

1. The magnitude of an effect considered adverse is based on toxicology
rather than statistics

2. Differences in sensitivity between two data sets may be recognized
with BMD

3. BMD gives more detailed information about the dose–response
relationship compared with NOAEL

4. BMD can be combined with probabilistic exposure analyses
5. BMD can be used to develop relative potency values used for risk

assessment of mixtures
6. A BMD can be calculated from experiments lacking an NOAEL and

there is thus no need for complementary studies
7. All doses and the slope of the curve influence the BMD; this brings

extra power to the statistical evaluation compared with the NOAEL
approach, which might be used to lower the number of animals used

8. The BMD is not restricted to the experimental doses; it is therefore
possible to perform studies with fewer animals in some dose groups

9. In contrast to the NOAEL, the confidence interval around BMD can be
calculated, giving additional information for risk managers. The
incitement for increasing the number of animals will be stronger with
the BMD compared with NOAEL since a narrow confidence interval
(i.e., higher BMDL) will lead to a higher POD compared with the
NOAEL approach, which will always be lower with increasing numbers
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well as cancer risk assessment. Quantal data is ideally suited for
BMD modeling.

The BMD approach was developed to better define the POD
in the computation of the safe dose to overcome the short-
comings of using NOAELs or LOAELs (Tables 1 and 2). Using
the NOAEL approach to estimate acceptable human exposure
values such as RfDs and RfCs has several limitations: (1) it must
be one of the tested experimental doses, so it depends on the
study design and once this dose is identified, the rest of the
dose–response curve is ignored; (2) it does not account for
variability in the estimate of the dose–response. In essence, the
NOAEL is very sensitive to sample size and there can also be
high variability among experiments; (3) it does not account for
the slope of the dose–response curve; and (4) it cannot be
applied when there is no NOAEL, except through the applica-
tion of an uncertainty factor when an LOAEL is used.
Table 2 Advantages and limitations of the NOAEL and BMD methods

BMD advantages N

Not limited to experimental doses H
Less dependent on dose spacing H
Appropriately accounts for variability and uncertainty

resulting from study quality
D

Takes into account the shape of the dose–response curve
and other related information

D

Corresponds to a consistent response level and can be used
to compare results across chemicals and studies

D

Flexibility in determining biologically significant rates A

BMD Limitations N

Ability to estimate BMD may be limited by the format of the
data presented

C

Time consuming E
More complicated decision-making process H
Compared with the NOAEL approach, the BMD approach
provides five major advantages:

1. It is not as sensitive to dose selection. All the experimental
data are used to construct the dose–response curve meaning
that the BMD is based on data from the entire dose–
response curve for the critical effect, rather than only from
the single dose (e.g., NOAEL). Therefore, the BMD reflects
the slope of the dose–response curve.

2. It is less sensitive to sample size compared with the NOAEL
approach, meaning that the BMD approach treats sample
size appropriately when the lower confidence limit on the
BMD (i.e., BMDL) is used. For example, the smaller the
sample, the larger the uncertainty associated with the BMD
estimates and the lower the confidence limits (all else being
equal). Therefore, data with lower statistical power result in
lower BMDLs (making their use health protective), and
better experiments with more statistical power are rewarded
with higher BMDLs.

3. The BMDL is not constrained to being one of the experi-
mental doses, and calculation of the BMDL allows for
estimation of an NOAEL surrogate when only an LOAEL is
available. In addition, the dose-independent BMDL also
facilitates comparison of toxicity potencies across chemicals
or end points.

4. The BMD approach can be useful when the dose spacing in
a study is such that the LOAEL is much larger than the
NOAEL. Thus, any good study can be used, even in the
absence of an NOAEL, as long as sufficient and appropriate
dose–response data are provided so that the dose corre-
sponding to the BMR can be estimated.

5. The method represents a single methodology that can be
applied to cancer and noncancer end points. It may also be
possible to use fewer animals in testing.

Despite the superiority of BMD over the NOAEL, there are
a number of reasons for the continued use of the NOAEL as the
gold standard. The BMD method is a more advanced approach
and competence in the area is limited. Many toxicologists and
risk assessors are not currently conversant with BMD and find
it difficult to understand. Moreover, there is no general
OAEL limitations

ighly dependent on dose selection
ighly dependent on sample size
oes not account for variability and uncertainty in the experimental results
(e.g., does not account for study quality appropriately)
ose–response information (e.g., shape of dose–response curve) not taken
into account
oes not correspond to consistent response levels for comparisons
across studies
n LOAEL cannot be used to derive an NOAEL

OAEL Advantages

an be used when data are not amenable to BMD modeling

asy to derive
as been the standard method for deriving a POD for decades
(e.g., is familiar to most risk assessors)
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agreement and international harmonization regarding the
definition of BMDL and software standards. In addition,
another important factor limiting the use of BMD is that critical
studies are often conducted with a number of doses less than
optimal for BMD analysis, therefore, with few dose groups, the
chance of missing the relevant response becomes larger.
Data Requirements and Parameter Selection

The US EPA BMD guidance document discusses the compu-
tation of the confidence limit (CL) for the BMD, the fact that
the method by which the CL is obtained is typically related to
the data type, and the manner in which the BMD is estimated
from the chosen model. Details for approaches to CLs
computationally specific to particular data types (quantal,
clustered, continuous, multiple outcomes) are provided in the
US EPA document. A number of dose–response models have
been developed for BMD analyses. The type of the model
used and the necessary inputs for the model depend on the
type of data to be modeled. Once potential critical effects have
been selected, their adequacy for BMD modeling should
be determined according to the following minimal data
requirements.

1. Has the data been reported in the study in a manner that
will allow it to be modeled?

2. Is there a biologically or statistically significant trend in the
response?

3. Are there sufficient dose groups to support BMD modeling?
4. Are the observed dose–response relationships appropriate

for BMD modeling?

For quantal data (e.g., histopathology incidence data), the
incidence of the effect of interest and the total size of the group
are needed, and for continuous data (e.g., liver enzyme
activity), the group size, mean, and a measure of variability
(i.e., standard deviation or standard error) are required. To
estimate the BMD and BMDL, it is necessary to define a desired
BMR. For quantal data, the BMR is defined as an incidence
change from the estimated control. Usually, 10% extra risk,
[P(dose)� P(0)]/P(0), is used to define effective doses for
comparing potencies across chemicals or end points. This
response level is used because it is at or near the limit of
sensitivity in most chronic bioassays. If a study has greater than
usual sensitivity, then a lower BMR (5% or even 1%) can be
used. For continuous data, BMR is defined as a percentage
change from the estimated control mean, or as a change in
a certain number of standard deviations from the control. If
there is a minimal level of change in the end point (e.g., liver
enzyme activity) that is generally considered to be biologically
significant, then that amount of change can be used as the BMR.
In the absence of end point–specific data to determine the
appropriate level of response as adverse, a change in the mean
equal to one control standard deviation can be used. This
default approach is used because when values beyond the 98th
to 99th percentile of control animals are considered abnormal,
a dose that causes a shift in the average of one standard devi-
ation results in an excess risk of approximately 10% of the
animals in the abnormal range. Whenever, a BMR is chosen
based on biological considerations, the US EPA recommends
presenting the resulting BMDL with the BMDL estimated for
the default BMR.

To make the BMD from continuous data comparable with
the BMD from quantal data, the BMR for continuous data can
also be expressed as incidence data. To do this, individual
animal data are categorized based on a predetermined cutoff
value (e.g., >10% change in organ weight). This incidence data
can then be modeled as a quantal end point, with the BMR
expressed in terms of an incidence change from the control.
This approach is not optimal, because some information is lost
in this data categorization. A better way to convert the
continuous BMR to a quantal BMR is to use a hybrid approach
that uses all of the information contained in the original
observations. The hybrid approach fits continuous models to
the continuous data. Based on the probability information in
the continuous dose–response curve and a cutoff value for
defining adverse response, a BMD for a specified quantal BMR
(e.g., 10%) can be calculated. This result can be compared
directly with other BMDs estimated from quantal data. A
limitation for using the hybrid approach is that it requires
definition of a background incidence of abnormality, or the
specification of a level of response that can be considered the
cutoff point between normal and abnormal responses. The
selection of the cutoff point is often difficult.
BMD Model Evaluation

Once a particular data set is considered suitable for BMD
modeling and an appropriate BMR has been chosen, a group of
models (selected according to the nature of the data) is fit to the
data. Good BMD model software should provide statistics for
assessing model fit, including measures of global and local data
fit. Guidance is available from the US EPA on evaluating the
statistical fit of various models. Although statistical evaluation
is critical, the use of scientific judgment remains essential when
conducting dose–response modeling. An ideal data set should
provide information on the shape of the dose–response curve,
especially at the region close to the BMR. When this occurs,
BMD estimates from various models should provide similar
results as long as these models provide a comparable data fit
(i.e., BMD estimates are not model dependent). In contrast, the
BMD model is of limited utility if the dose spacing is such that
there is no information on the shape of the dose–response
curve, such as when there is 0% response in the control group,
and very high (e.g., >80%) response in the low-dose group. In
some cases, however, applicable models might diverge with
respect to BMD estimates. Therefore, it is necessary to analyze
the data and determine whether there is a reason to prefer
certain models, such as there is an underlying biological basis
for choosing a dose–response shape in the region of the BMR or
one of the models fits the data better in the 10% response
region. For some data sets, plateauing or nonmonotonicity of
the response rates may occur in the high-dose region. If such
plateauing drives the model fit, resulting in poor fit in the low-
dose region, it may be appropriate to consider excluding the
high dose(s) from the modeling. These examples are just a few
of the many qualitative considerations needed to select an
appropriate modeling result. The US EPA has developed
a benchmark dose software (BMDS) package that provides
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Figure 2 US EPA’s BMD analysis framework.
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various models for quantal, continuous, and nested data
(developmental toxicity study results). Development of BMDS
began in 1995 and its first prototype version was released in
1997. It underwent extensive external and public reviews in
1998–99 and quality assurance testing in 1999–2000. In
September 2000, the US EPA released BMDS version 1.2 for
public use and several versions have been released periodically
since then. The current version of BMDS, version 2.1.1, repre-
sents more than a decade’s worth of model and software
development and state-of-the-science in quantitative toxico-
logical dose–response analysis. It contains interface improve-
ments and several new models: a ten Berge model for
concentration� time (C� t) analyses, a toxicodiffusion model
for neurotoxicology analyses, and the new nested family of
continuous exponential models. The software can be down-
loaded from the US EPA’s Web site (http://www.epa.gov/
NCEA/bmds) free of charge, and it is frequently updated.
This Web site also provides support documentation, inclu-
ding a software user’s manual and a guidance document
on the interpretation and use of BMD modeling (http://www.
epa.gov/ncea/pdfs/bmds/BMD-External_10_13_2000.pdf). In
summary, to maintain consistency and reproducibility, the US
EPA has developed a six-step process for BMD analysis
(Figure 2). The six steps involved in the BMD analysis are (1)
choosing a BMR, (2) selecting a set of models, (3) assessing
model fit, (4) model selection when BMDLs are divergent, (5)
model selection when BMDLs are not divergent, via Akaike’s
Information Criterion (AIC), a model selection criterion used
to compare models belonging to different classes, and (6) data
reporting.

The most important logic in favor of the BMD approach is
as follows:

1. Whether the magnitude of an effect is considered adverse or
not (i.e., the selection of the BMR) is determined deliber-
ately on the basis of its toxicological relevance and not only
on statistical arguments.

2. The BMD is not restricted to one of the experimental dose
levels, and is therefore less dependent on dose selection and
spacing.

http://www.epa.gov/NCEA/bmds
http://www.epa.gov/NCEA/bmds
http://www.epa.gov/ncea/pdfs/bmds/BMD-External_10_13_2000.pdf
http://www.epa.gov/ncea/pdfs/bmds/BMD-External_10_13_2000.pdf
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3. A BMD can be calculated from an experiment lacking a clear
NOAEL. Therefore, experimentsmaynot have tobe repeated.

4. Quantitative dose–response information is taken into
account by fitting a model to all the dose–response data, so
that all doses and the slope of the curve influence the
calculations.

5. By using PROAST (possible risk obtained from animal
studies), it is possible to analyze two related data sets at the
same time (e.g., males and females), two subpopulations,
or two chemicals. In this way, potential differences in
sensitivity between the two data sets may be recognized. The
PROAST software was developed by the Dutch National
Institute for Public Health and the Environment (RIVM) in
Bilthoven and is available from the RIVM web site (http://
www.rivm.nl/proast).

6. The uncertainty around a BMD can be quantified by
calculating the BMDL. The higher the uncertainty is, the
larger the confidence interval becomes, that is, the distance
between BMD and BMDL is larger as is the ratio of the two
values. That means additional information for risk
managers.

7. A study with more animals yields narrower CLs on the BMD
and thus a higher BMDL. Therefore, the BMD approach
favors good experiments with respect to study design (i.e.,
number of animals and spacing of dose levels).

8. The BMD approach also gives information on the dose–
response relationship. For instance, if exposure exceeds the
BMD, the resulting effect at that dose can be estimated from
the dose–response curve.
Conclusions

With increased knowledge in research and inclusion of BMD
approaches in several regulatory testing guidance documents
on the health risk assessment process, it is likely that the use
and acceptance of the BMD method will increase substantially
in the coming years. It has been suggested that the BMD
concept clearly represents a methodological improvement in
the field of health risk assessment of chemicals and has clear
advantages over the NOAEL approach as a tool for dose–
response assessment.

See also: Risk Assessment; Safety Assessment; Dose–
Response Relationship; LOAEL; NOAEL; POD; Reference
Dose (rfd); Uncertainty Factors.
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Background

Since 1970, benfluralin has been registered in the United
States as a preemergent dinitroaniline herbicide. In 2004, the
US Environmental Protection Agency (EPA) conducted an
assessment to determine if pesticide products containing the
active ingredient of benfluralin were eligible for pesticide
reregistration. The criteria included meeting current human
health and safety standards, and determining if the pesticide
being used poses any unreasonable risks to human health
and the environment. Results of the US EPA assessment were
explained in the Reregistration Eligibility Decision (RED) of
benfluralin. The RED document determined that pesticides
with the active ingredient of benfluralin were eligible for
reregistration provided certain stipulations listed in the RED
document were met that included additional label require-
ments. Under the Federal Insecticide, Fungicide, and Roden-
ticide Act (FIFRA) Section 3, all new pesticides used in the
United States must be registered by the Administrator of the
US EPA. There are 38 products registered for benfluralin.

O

Uses

Benfluralin is a preemergent herbicide registered to control
monocot (one cotyledon: plant embryo with single ‘seed
leaf’) and dicot (two cotyledon: plant embryo with two
‘seed leaves’) weeded species in commercial and residential
applications. Target species for benfluralin include Johnson
grass seedlings, chickweed, lamb quarters, purslane, knot-
weed, clover, and barnyard grass. Benfluralin affects seed
germination and prevents weed growth by inhibition of root
development. Absorbed by roots, benfluralin inhibits
microtubule formation by binding to tubulin, thereby dis-
rupting cell division and leading to microfibril disorienta-
tion. Benfluralin can be used alone or formulated with other
structurally related preemergent herbicides. Benfluralin has
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
been formulated with oryzalin, isoxaben, triclopyr and/or
trifluralin. Various formulated types include emulsifiable
concentrate, granules, soluble concentrate/liquid, and water
dispersed granules. Benfluralin is formulated as granules in
42 end-use products and one product in the form of water
dispersible granules. Applications can be by broadcast
(granules and fertilizer mixed) and band treatment, golf
course treatment, soil incorporated treatment, and spray
with ground/sprinkler irrigation systems. Agricultural usage
of benfluralin is predominately on lettuce, alfalfa, clover,
birdsfoot trefoil, nonbearing fruit and nut trees, and vine-
yards. From 2000 to 2008, the annual US agriculture
consumption average of the active ingredient was an esti-
mated 60 000 pounds. The crop responsible for the largest
usage of benfluralin is lettuce, followed by alfalfa. Nonag-
ricultural use includes turf, golf courses, ornamentals,
Christmas tree plantations, fence rows/hedgerows, and
rights of way. In 2007, the annual US average nonagriculture
use of the active ingredient was an estimated 700 000
pounds. The primary usage of benfluralin is on commercial
and residential turf. It has been reported that there is some
minor benfluralin usage on tobacco, onions, broccoli, and
pasture/range. There are residue tolerances for only some of
these uses. Total active ingredient usage is unknown.
Environmental Fate and Behavior

Use of benfluralin as a preemergent herbicide results in
a direct release into the environment. Benfluralin has an
estimated Henry’s law constant of 2.91� 10�4 atm-m3mol�1

derived from a vapor pressure of 6.6� 10�5 mmHg. Ben-
fluralin has a water solubility of 0.1mg l�1, an octanol/water
partition coefficient of Kow¼ 5.29 and a soil organic car-
bon–water partitioning coefficient range of Koc¼ 9840 to
11 660.

Based on the Henry’s law constant, volatilization of ben-
fluralin from moist soil surfaces and water surfaces is expected.
However, volatilization of benfluralin from dry soil surface is
not expected. Benfluralin is typically formulated and applied to
minimize volatilization. Benfluralin Koc value range indicates
a decreased mobility in soil. The Koc value also indicates that
benfluralin can be expected to adsorb to suspended solids and
sediment in the water column.

Environmental degradation of benfluralin in soil occurs by
oxidation (aerobic soil conditions) or reduction (anaerobic soil
conditions). The rate at which benfluralin degrades in soil is
based on conditions such as temperature, moisture content, and
organic carbon content. Benfluralin has a moderate half-life
of 22–79 days under aerobic soil conditions, suggesting a slow-
degradation process. Under anaerobic soil conditions, ben-
fluralin has a half-life of 12 days. Studies indicate any
remaining benfluralin on soil surfaces can be subject to photo-
decomposition. The soil photolysis half-life is 12.5 days. Soil
4-3.01166-0 407
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residual activity can range from 4 to 8 months. The aqueous
photolysis half-life ranges from 5.5 to 9.9 h. Benfluralin has
a short estimated half-life in air (less than 12 h), indicating
persistency in air to be minimal. Major degradation products of
benfluralin include 2,6-dinitro-N-ethyl-4-trifluoromethyl-
benzeneamine, N-(N-butyl)-2,6-dinitro-4-trifluoromethyl-
benzeneamine, and 4-nitro-2-propyl-6-trifluoromethyl-1H-
benzimidazole.

Based on the Koc values, benfluralin is expected to have very
little mobility in soil and is not expected to leach into
groundwater. However, introduction into surface water by
runoff from soil treated with benfluralin is possible.

Due to a high octanol/water partition coefficient
(log Pow¼ 5.29), benfluralin has the potential to bioaccumulate
in aquatic organisms. Aquatic studies indicate a depuration rate
of 0.54 per day for whole fish.
Exposure and Exposure Monitoring

As stated above in Uses, benfluralin is an herbicide utilized in
residential and commercial applications. These applications
directly release the compound into the environment. The
production of benfluralin may also result in a release into the
environment via various waste streams.

Occupational exposure to benfluralin may occur with
inhalation and dermal contact during mixing/loading and
applying. General public exposure may occur through inges-
tion from a contaminated drinking water source or dermal
contact during and after application on home lawns and
landscape ornamental plants.

Monitoring data for benfluralin is available from the US
Geological Survey (GS) National Water Quality Assessment
Program (NAWQA) in surface water and groundwater. Surface
water monitoring has been conducted in all 50 states of the
United States. Of the 29 158 surface water samples collected,
343 resulted in positive detects, with a minimum limit
reporting (MLR) ranging from 0 to 0.079 mg l�1 and a medium
MLR of 0.002 mg l�1. The maximum concentration of ben-
fluralin in a surface water sample was 0.205 mg l�1 which was
collected in a predominately agricultural area. The USDA
Pesticide Data Program database conducted a surface water
source drinking water study and did not detect benfluralin in
water. The detection range was from 0.002 to 0.05 mg l�1.

USGS NAWQA groundwater monitoring has been con-
ducted in 48 states of the United States. Of the 12 502
groundwater samples collected, 16 resulted in positive detects,
with an MLR ranging from 0 to 0.09 mg l�1 and a medium MLR
of 0.01 mg l�1. The maximum concentration of benfluralin in
a groundwater sample was 0.011 mg l�1. Benfluralin is not
identified as a cause of impairment for any water body listed as
impaired under the Clean Water Act section 303 (d).
Toxicokinetics

There are no data available for human absorption, distribu-
tion, metabolism, and excretion of benfluralin. In Fischer 344
rats, benfluralin is dealkylated and is excreted in the urine
and feces.
Mechanism of Toxicity

Mechanism of toxicity data are limited. Liver is one known
target organ. During a 3-month rat subchronic toxicity study,
hepatic microsomal enzyme activity, measured by p-nitro-
anisole O-demethylase activity, was significantly elevated in
both rat sexes. These results suggest that mixed function
oxidases were induced in the livers of the rats. The rat sub-
chronic study dose levels were the same and lower than those
showing hepatocellular adenomas/carcinomas in the chronic/
carcinogenicity studies. Because this chemical shows no
evidence of mutagenicity in short-term genotoxicity tests,
a nongenotoxic mechanism of action is likely. In plants, ben-
fluralin inhibits microtubule formation by binding to tubulin,
disrupting cell division and leading to microfibril disorienta-
tion, but whether this has any relevance to the mechanism of
toxicity in mammals does not appear to have been studied.
Acute and Short-Term Toxicity

In acute studies, benfluralin has a low acute toxicity and falls
into Toxicity Category IV when oral and inhalation routes of
exposure are considered. In an acute oral rat study, benfluralin
had an LD50> 10 g kg�1. No rat died during the course of the
study. Benfluralin is not a primary skin or eye irritant; however,
it is classified as a dermal sensitizer and was placed in Toxicity
Category III. During a guinea pig study, benfluralin was found
to be a dermal sensitizer in 7 out of 12 subjects. In an acute
rabbit study, benfluralin was slightly irritating to the eyes but
conditions were reversible in 7 days. Based on this study,
benfluralin is considered to be in the Toxicity Category III
for acute eye exposure. The published human toxicity data
for benfluralin are incomplete and lacking in any informa-
tion about acute neurotoxicity, subchronic neurotoxicity, or
immunotoxicity.
Chronic Toxicity

In long-term animal studies, benfluralin is toxic to the kidneys
and liver. In a chronic female rat study, kidney and liver effects
were detected at doses of 20mg kg�1 day�1. During a chronic
dog study, four Beagle dogs were exposed to benefin. Liver
weights were increased and an increased incidence of hepato-
cellular hypertrophy was observed in the high doses. Addi-
tionally, an increased incidence of hemosiderin pigment was
observed in the livers at high doses and in the spleen at mid-
and high-dose levels. In high-dose levels, benfluralin is toxic to
the thyroid. In a chronic male rat study, dose levels as high as
136.3mg kg�1 day�1 produced thyroid toxicity.
Immunotoxicity

Benfluralin has been classified as a dermal sensitizer in guinea
pigs. However, there are no confirmed human cases of allergic
contact dermatitis to benfluralin. There is a case report of a 61-
year-old man with allergic contact dermatitis caused by expo-
sure to multiple pesticides. The patient was employed as
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a laboratory supervisor of a chemical pesticide company, per-
forming quality testing of various herbicides and pesticide,
since 1951. The individual was exposed to multiple pesticides/
herbicides, including benefin, diazinon, carbaryl, prodiamine,
triadimefon, chlorothalonil, dithiopyr, trifluralin, oxadiazon,
mecoprop, siduron, isofenphos, and chlorpyrifos. Exposure
and frequency varied from months to more than 20 years. The
individual was patch tested with the North American Contact
Dermatitis Group Standard Tray to manufacture-recom-
mended, nonirritating concentrations of analytic-grade benefin
and four other similar chemicals. The patient had positive
reactions to benefin and two others. The case study included 12
control subjects patch tested to the same pesticides, all subjects
had negative reactions. The case study investigators could
not determine which herbicide was the primary sensitizer. The
US EPA Office of Pesticide Programs (OPP) classifies ben-
fluralin as a dermal sensitizer.
Reproductive and Developmental Toxicity

A two-generation rat reproduction study of benfluralin in the
diet showed a decrease in live pups at the highest dose tested.
A teratology study in rabbits showed no effect on fetuses at
the highest dose tested that caused maternal toxicity. Ben-
fluralin has caused reproductive effects in chronic avian
studies. A chronic reproduction study using Bobwhite Quail
(Colinus virginianus) showed developmental effects at the
lowest observed adverse effect concentration (96mg kg�1)
including a decrease in surviving hatchlings, decreased egg
set, and a decrease in surviving hatchling weight. The LOAEC,
975mg kg�1, in the Mallard duck (Anas platyrhynchos) dis-
played an increase in the percentage of eggs that cracked.
There are no available data in humans.
Genotoxicity

Mutagenicity studies indicate there is no concern for ben-
fluralin. Studies in the Salmonella typhimurium gene mutation
assay, mouse lymphoma cell forward gene mutation test,
Chinese Hamster Ovary cell cytogenetic assay and DNA repair
assay in primary rat hepatocytes were all negative.
Carcinogenicity

The Cancer Assessment Review Committee (CARC) concluded
there is suggestive evidence of carcinogenicity but not sufficient
to assess human carcinogenic potential. The results are based
on a carcinogenicity study in B6C3F1 mice. During a 2-year
study of B6C3F1 female mice, animals received diets containing
benfluralin at dose levels of 0, 7, 42, and 224mg kg�1 day�1.
The study resulted in a borderline statistically significant
increasing trend and a borderline significant increase by pair-
wise comparison of the 224mg kg�1day�1 dose group with the
controls for combined liver adenomas/carcinomas only. The
CARC concluded that benfluralin caused liver tumors. The
International Agency for Research on Cancer (IARC) has not
classified benfluralin; however, trifluralin, an analog herbicide
that is sometimes formulated in conjunction with benfluralin is
listed to have a carcinogen rating of III. Trifluralin has a cancer
classification that suggests evidence of carcinogenicity, but
is not sufficient to assess human carcinogenic potential.
Chronic trifluralin studies indicate hepatocellular carcinomas
in animals.
Clinical Management

There are 47 reported human cases of exposure to benfluralin
in both occupational and nonoccupational settings. Three of
the cases required medical attention due to skin irritation or
pain and itching that required medical attention. The other
exposures resulted in minor irritation or no irritation and did
not require health care facility attention. In all the exposure
cases hospitalization was not required. Benfluralin may be
irritating to the skin and eyes. Additionally, because it has been
shown to be a skin sensitizer in animal studies, decontamina-
tion steps should be taken if exposed to benfluralin. Individ-
uals exposed should remove contaminated clothing and flush
the exposed area immediately. In the event of a large accidental
ingestion, activated charcoal is probably the most effective
treatment. Smaller ingestion amounts will probably result in
vomiting and diarrhea. There are no known human fatalities
from benfluralin exposure.
Ecotoxicology

There are no acute data available in freshwater fish. In a chronic
benfluralin study, rainbow trout (Oncorhynchus mykiss) had
a no observed adverse effect concentration of 0.0019mg l�1

based on reduced larval weight, length, and survival. The same
study determined the LOAEC in rainbow trout (O. mykiss) to be
0.005mg l�1. There were no available data for acute or chronic
freshwater invertebrates.

In estuarine/marine invertebrates, benfluralin is classified
as very acutely toxic. In an acute study using benfluralin,
Sheepshead minnow (Cyprinodon variegatus) had an
EC50> 0.0838mg l�1. The reported no observed effect
concentration in this species is the maximum concentration
tested, 0.0838mg l�1, because no sublethal effects or moralities
were reported. There are no available data for chronic estua-
rine/marine fish studies. In acute estuarine/marine inverte-
brates, benfluralin is classified as very highly toxic. In an acute
basis benfluralin study, Mysid shrimp (Americamysis bahia) had
an LC50 of 0.043mg l�1. A flow-through acute basis benfluralin
study using oysters (Crassostrea virginica) determined the NOEC
to be 0.001mg l�1. There are no available data for chronic
estuarine/marine invertebrates.

There are no acceptable data currently available for
nonvascular aquatic plants. In a study for vascular aquatic
plants (Duckweed, Lemna gibba) the EC50 and NOAEC are
0.036mg l�1 and 0.015mg l�1, respectively. There are no
acceptable data currently available for terrestrial plants.

On an acute toxicity basis, benfluralin is practically nontoxic
to birds, bees, and small mammals. No sublethal effects were
observed from studies using both birds and bees. In the
Bobwhite Quail (C. virginianus) the LD50> 2000mg l�1 and in
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bees the LD50> 100 mg bee�1. Benfluralin is categorized as
practically nontoxic to small mammals on an acute oral basis.
In a rat acute oral study, the LD50 was observed to be greater
than 10 000mg l�1.
Exposure Standards and Guidelines

There are established US tolerances for residues of benfluralin
on alfalfa, birdsfoot trefoil, clover, lettuce, and peanuts. These
tolerances are listed in 40 CFR x180.208 and are set at
0.05 ppm. There is no Codex maximum residue limit for
benfluralin.

The tolerances listed in 40 CFR x180.208 have not been
updated to reflect current US EPA Health Effects Division
policies and are under review for the reregistration process.

No Total Maximum Daily Loads have been developed for
benfluralin. Additionally, there is no Maximum Contaminant
Level for benfluralin.

Noncancer occupational handler inhalation risk estimates
were conducted and below the level of concern. There is
a potential for occupational post application exposure to occur;
however, assessments have not been completed.
See also: Pesticides; Environmental Risk Assessment,
Pesticides and Biocides.
Further Reading

Benfluralin: Summary Document Registration Review: Initial Docket December 2011,
Docket Number: EPA-HQ-OPP-2011-0931.

Benfluralin: Registration Review Scoping Document for Human Health Assessments,
Docket Number: EPA-HQ-OPP-2011-0931-004, December 12, 2011.

Benfluralin: Registration Review – Preliminary Problem Formulation for the Environ-
mental Fate and Ecological Risk, Drinking Water, and Endangered Species
Assessments for Benfluralin, Docket Number: EPA-HQ-OPP-2011-0931-003,
December 12, 2011.

Benfluralin: Hazardous Substance Data Bank: http://toxnet.nlm.nih.gov (accessed
7.03.12).

U.S. EPA RED Facts, Docket Number: EPA-738-F-04–007, July 31, 2004.
U.S. EPA Reregistration Eligibility Decision for Benfluralin, Docket Number: EPA-738-R-

04–012, July 2004.
Relevant Website

http://www.epa.gov – U.S. Environmental Protection Agency

http://toxnet.nlm.nih.gov
http://www.epa.gov
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l Name: Benomyl
l Chemical Abstracts Service Registry Number: CAS 17804-

35-2
l Synonyms: Agrocit; Fundazole; Benomyl 50W; Benlate;

Fungicide D-1991; Methyl 1-(butylcarbamoyl)-2-
benzimidazolylcarbamate

l Molecular Formula: C14H18N4O3

l Chemical Structure:
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Background (Significance/History)

Benomyl, a systemic benzimidazole fungicide, was introduced
by DuPont in 1968 and was one of the most widely used
benzimidazoles. However, in 2001, DuPont stopped
producing benomyl and canceled its registration due to the
prevalent development of parasitic fungi resistance and accu-
mulating toxicological evidence in laboratory mammals of
liver abnormalities and reproductive effects. Production and
use may still occur outside the United States.
Uses

Benomyl was primarily used as a fungicide against more than
190 different fungal diseases affecting fruits, nuts, vegetables,
turf, and field crops. Benomyl also has an inhibitory effect on
mite populations and has been used as an ascaricide. Benomyl
is formulated as a wettable powder.
Environmental Fate and Behavior

Experimentally, soil tests from the site of application have
shown that benomyl and its two soil metabolites did not leach or
move significantly. In thefield, thehalf-life of benomylwas3 days;
for methyl 2-benzimidazolecarbamate (MBC or carbendazim),
a principal degradation product of benomyl, the half-life ranged
from 51 to 83 days, depending on soil type and weather condi-
tions. In water, benomyl is rapidly hydrolyzed to carbendazim
within hours. The half-life of carbendazim is approximately
60 days. These experimental results are consistent with both
the Henry’s Law constant for benomyl, which is 4.93� 10�12

atm-m3mol�1, and its vapor pressure of 3.7� 10�9mmHg.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure Routes and Pathways

Probable occupational exposure routes include inhalation and
dermal contact, while the general population could be exposed
from ingesting food products containing benomyl.
Toxicokinetics

Benomyl is readily absorbed after oral and inhalation exposure,
but poorly absorbed following dermal exposure. Benomyl is
metabolized to carbendazim and butyl isocyanate (BIC).
Carbendazim undergoes further hydroxylation and conjugation
resulting in theprincipalurinarymetabolitesofmethyl-5-hydroxy-
2-benzimidazole-carbamate and 4-hydroxy-2-benzimidazole-
carbamate, which are also detectable at lower percentages in feces.
Benomyl and its metabolites did not accumulate in tissues
following a 2-year feeding study in dogs and rats. Evidence sug-
gests that BIC ismetabolized into S-methylN-butylthiocarbamate
(MBT), and then further converted by cytochrome P450 enzymes
to MBT sulfoxide (MBT-SO).
Mechanism of Toxicity

Benomyl prevents fungal proliferation by interfering with
microtubule formation and has been identified as a ubiquitin–
proteasome system inhibitor – carbendazim is likely respon-
sible for both these actions. Benomyl caused aneuploidy and/
or polyploidy in experimental systems in vitro and in vivo.
Benomyl inhibits aldehyde dehydrogenase (ALDH) activity in
liver and brain mitochondria, likely as a result of the down-
stream metabolite, MBT-SO, a known ALDH inhibitor.

In yeast culture treated with benomyl, alpha-synuclein
aggregation and toxicity were enhanced, possibly resulting
from the microtubule-disrupting properties of carbendazim.
Studies of the downstreammetabolites of BIC demonstrate that
benomyl inhibits mouse mitochondrial ALDH in vivo and
in vitro at nanomolar levels. In a recent report, benomyl also
inhibited ALDH in primary mesencephalic neurons and
induced dopaminergic neuronal damage. These in vitro studies
provide potential new mechanisms through which benomyl
could contribute to neurodegenerative diseases such as Par-
kinson’s disease.
Acute and Short-Term Toxicity

Animals

The oral LD50 value for benomyl and carbendazim in rats and
the dermal LD50 value of benomyl for rabbits is greater than
10 000mg kg�1. Benomyl produced temporary mild conjunc-
tival irritation in the eyes of rats. In subchronic studies, all oral
4-3.00102-0 411
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doses of benomyl tested (lowest dosage: 25mg kg�1) led to the
premature release of germ cells (sloughing) in rats. In a separate
7-day diet study, benomyl led to a dose-dependent increase in
the incidence and severity of liver changes in rats.
Humans

Benomyl may cause skin and eye irritation upon contact.
Redness and edema have been reported in occupationally
exposed individuals on skin not covered by clothing. Sensiti-
zation may occur, in which subsequent, low-level exposures
can cause itching and a skin rash.
Chronic Toxicity

Animals

Repetitive dosing studies of benomyl indicated teratogenicity,
oncogenicity, reproductive toxicity, and adverse effects on the
liver. Teratogenic effects following benomyl administration
during pregnancy included microphthalmia, hydrocephaly,
and encephaloceles, and, in mice, skeletal and visceral anom-
alies were observed. Hepatotoxicity was observed in mice, rats,
and dogs following long-term repetitive dosing with benomyl
and/or carbendazim.
Humans

In a recent epidemiologic analysis, a 67% increased risk for
Parkinson’s disease was associated with estimated workplace
exposure to benomyl.
Immunotoxicity

Little is known regarding the adverse effects of benomyl on the
immune system.
Reproductive Toxicity

Testicular function in male rates was adversely affected by
benomyl, including decreased testicular sperm counts, reduced
cauda sperm reserves, decreased sperm production, increased
numbers of decapitated spermatozoa, decreased testicular
weight, and degeneration and atrophy of seminiferous tubules.
Genotoxicity

Benomyl induces aneuploidy, but not gene mutations. In
assays using Chinese hamster lung and Chinese hamster ovary
cell lines, benomyl and carbendazim are positive for numerical
aberrations. An aneuploidy effect was also observed in bone-
marrow micronucleus assays, with a dose-related significant
increase in total micronucleated polychromatic erythrocytes
and an increase in the frequency of kinetochore-positive
micronuclei for benomyl.
Carcinogenicity

Increases in ovarian tumors and liver tumors in mice were
observed in long-term exposure studies. A review suggested that
hepatotoxicity, increased liver weights, cell proliferation, and
hypertrophy precede neoplasms. There was no evidence of
increased tumors in similar long-term exposure studies in rats.
Clinical Management

In the case of skin contact, remove any contaminated clothing
and wash the affected skin with soap and water. If the eyes are
exposed, flush the eyes with large amounts of water, lifting the
upper and lower eyelids. If exposure is due to inhalation, the
patient should be moved to fresh air. If the patient does not
recover rapidly, medical attention should be sought. In case of
ingestion, if conscious, the mouth should be rinsed with plenty
of water, 250 ml of water should be consumed, and vomiting
induced.
Ecotoxicology

Benomyl is slightly to highly toxic to aquatic organisms and
moderately toxic to birds. Benomyl affects the growth and
mortality of amphibians, reduces the abundance of duckweed,
influences genetics and mortality in crustaceans, and is highly
toxic to fish, especially catfish. Reduced populations of earth-
worms have been reported in benomyl-treated orchards, as
low, chronic exposures are lethal to earthworms.
Exposure Standards and Guidelines

The acceptable daily intake is 0.03mg kg�1 and the permissible
exposure limit averaged over an 8-h work shift is 15mgm�3

(total dust) and 5mgm�3 (respirable fraction).

See also: Pesticides; Neurotoxicity; Carbamate Pesticides.
Further Reading

Fitzmaurice, A.G., Rhodese, S.L., Lullad, A., Murphyf, N.P., Lamf, H.A., et al., 2012.
Aldehyde dehydrogenase inhibition as a pathogenic mechanism in Parkinson
disease. Proc. Natl. Acad. Sci. USA. http://dx.doi.org/10.1073/pnas.1220399110
Published online before print.

McCarroll, N.E., Protzel, A., Ioannou, Y., Frank Stack, H.F., Jackson, M.A., et al.,
2002. A survey of EPA/OPP and open literature on selected pesticide chemicals. III.
Mutagenicity and carcinogenicity of benomyl and carbendazim. Mutat. Res. 512
(1), 1–35. PMID: 12220588.
Relevant Websites

http://www.epa.gov/oppsrrd1/REDs/factsheets/benomyl_fs.htm – Environmental
Protection Agency’s Reregistration Eligibility Decision for benomyl.

http://toxnet.nlm.nih.gov – Hazardous Substances Data Bank.

http://dx.doi.org/10.1073/pnas.1220399110
http://dx.doi.org/10.1073/pnas.1220399110
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l Name: Benz[a]anthracene
l Chemical Abstracts Service Registry Number: CAS 56-55-3
l Synonyms: 1,2-Benz[a]anthracene; 1,2-Benzanthracene; 1,2-

Benzanthrene; 1,2-Benzoanthracene; 2,3-Benzophenanthrene;
BA; B[a]A; Benzanthracene; Benzanthrene; Benz[a]anthracene;
Benzo[b]phenanthrene; Benzoanthracene; Tetraphene;Naph-
thanthracene

l Molecular Formula: C18H12

l Chemical Structure:
Background (Significance/History)

A procarcinogen, benz[a]anthracene is metabolized to its
carcinogenic form by phase 1 and phase 2 metabolism. As
with other polycyclic aromatic hydrocarbons (PAHs), the
presence of the ‘bay’ region contributes greatly to the carci-
nogenicity of benz[a]anthracene metabolites. This region is
sterically constrained, allowing the formation of diol epox-
ides, which subsequently react with intracellular molecules
such as DNA.

Human exposure to benz[a]anthracene and other PAHs
occurs primarily from smoking or second-hand smoke, air
polluted with combustion products, or food and water
polluted with combustion products.
Uses

Benz[a]anthracene is primarily used in research.
Environmental Fate and Behavior

Benz[a]anthracene is not synthesized commercially. The
primary source of many PAHs in air is the combustion of
wood and other fuels. PAHs released into the atmosphere may
deposit onto soil or water. In surface water, PAHs can vola-
tilize, bind to suspended particles, or accumulate in aquatic
organisms. Adsorption to solid particles in the soil extended
their half-life, benz[a]anthracene’s half-life in Kidman sandy
loam is 261 days. The vapor pressure of benz[a]anthracene
is 1.9� 10�6 mmHg at 25 �C, and it has an atmospheric
half-life of about 7.7 h due primarily to photochemical
degradation.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Exposure occurs primarily through the diet or smoking.
Thermal processes greatly contribute to human exposure to
PAHs in foods, such as grilling, roasting, and smoking. Expo-
sure may also occur through bioaccumulation in consumed
animals, such as livestock.
Toxicokinetics

Absorption, Distribution, Metabolism, and Excretion (ADME)
data are derived from general data for PAHs. Oral absorption is
low, but increases with lipophilicity and in the presence of oils
in the gastrointestinal tract. Dermal absorption also occurs
readily in the presence of lipophilic solvents. Inhalational
exposure is common in smokers. PAHs are widely distributed
in tissues following oral and inhalational exposure. Metabo-
lism is widely varied, and includes the formation of epoxides,
dihydrodiols, phenols, quinones, and combinations, some of
which are bioactivated to become toxic products. Conjugation
to glucuronides and sulfate esters occurs via phase II metabo-
lism. Hepatobiliary excretion is the primary elimination route
of PAHs in animals within 2 days of exposure.
Mechanism of Toxicity

While not toxic itself, benz[a]anthracene and other PAHs
containing bay regions are carcinogenic. These compounds
are metabolized by cytochrome P450 enzymes in collabora-
tion with epoxide hydrolase to highly reactive diol epoxides.
These metabolites in turn covalently bind to nucleophilic sites
in DNA and other biological molecules. Benz[a]anthracene
may also be metabolized to radical cations that form depu-
rinated DNA adducts.
Acute and Short-Term Toxicity

Animal

Biochemical changes were seen in the gastrointestinal tracts of
animals exposed to benz[a]anthracene. Other acute effects
include increased liver weight.
Human

Humans are not exposed to benz[a]anthracene in isolation,
but rather as part of a mixture of other PAHs. Hazards include
eye and lung irritation, nausea, vomiting, and diarrhea. A
maximum tolerated human exposure level has not been
determined.
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Chronic Toxicity

The major chronic toxicity risk is carcinogenesis.
Immunotoxicity

Some PAHs are immunotoxic.
Genotoxicity

Chromosomal aberrations are found in cells from workers
routinely exposed to PAHs.
Carcinogenicity

Exposure to benz[a]anthracene almost never occurs in the
absence of other PAHs; therefore, individual data on this
compound is not available. Metabolites of benz[a]anthracene
are mutagenic and carcinogenic, causing carcinogenesis in
the liver and lung. Coal tar and other materials that contain
benz[a]anthracene are known to be carcinogenic in humans.
This compound is ‘reasonably anticipated to be carcinogenic in
humans’ by the National Toxicology Program and is a ‘prob-
able human carcinogen’ by the Environmental Protection
Agency. A large number of animal studies have been performed
demonstrating the carcinogenic potential of this compound.
Clinical Management

Upon exposure to any PAH, recommendations include
washing contaminated skin with soap and water and flush-
ing contaminated eyes with water or saline. Charcoal
administration has been recommended but there is no
evidence of its efficacy. As glutathione conjugation is one
mechanism by which PAHs are metabolized, administration
of N-acetyl cysteine was shown in rats to reduce DNA
adducts formed by PAHs; however, this has not been shown
in humans.
Ecotoxicology

All PAHs accumulate in the aquatic environment and may
cause long-term adverse effects.
See also: Polycyclic Aromatic Hydrocarbons (PAHs).
Further Reading

Diggs, D.L., Huderson, A.C., Harris, K.L., et al., 2011. Polycyclic aromatic hydrocar-
bons and digestive tract cancers – a perspective. J. Environ. Sci. Health C Environ.
Carcinogen. Ecotoxicol. Rev. 29, 324–357.

Ramesh, A., Walker, S.A., Hood, D.B., et al., 2004. Bioavailability and risk
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23, 301–333.
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l Name: Benzene
l Chemical Abstracts Service Registry Number: 71-43-2
l Synonyms: Cyclohexatriene, Benzol, Coal naphtha, Ben-

zole, Phenyl hydride
l Chemical/Pharmaceutical/Other Class: Aromatic

hydrocarbon
l Molecular Formula: C6H6

l Chemical Structure:

Uses

Benzene is one of the world’s major commodity chemicals. Its
primary use (85% of production) is as an intermediate in the
production of other chemicals, predominantly styrene (for
Styrofoam and other plastics), cumene (for various resins), and
cyclohexane (for nylon and other synthetic fibers). Smaller
amounts of benzene are used to make some types of rubbers,
lubricants, dyes, drugs, synthetic detergents, insecticides,
fumigants, solvents, paint removers, and gasoline. Benzene is
a natural component of crude and refined petroleum. The
mandatory decrease in lead alkyls in gasoline has led to an
increase in the aromatic hydrocarbon content of gasoline to
maintain high octane levels and antiknock properties. In the
United States, gasoline typically contains less than 2% benzene
by volume, but in other countries, the benzene concentration
may be as high as 5%. Benzene is also a by-product of the
coking process during steel production. Benzene ranks in the
top 20 chemicals for production volume in the United States.

Because of its lipophilic nature, benzene is an excellent
solvent. Its use in paints, thinners, inks, adhesives, and rubbers,
however, is decreasing and now accounts for less than 2% of
current benzene production. Benzene was also an important
component of many industrial cleaning and degreasing
formulations, but now has been replaced mostly by toluene,
chlorinated solvents, or mineral spirits. Although benzene is no
longer added in significant quantities to most commercial
products, traces of it may still be present as a contaminant.
Exposure Routes and Pathways

Benzene is widespread in the environment. The major sources
of benzene exposure are tobacco smoke, automobile service
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
stations, exhaust from motor vehicles, and industrial emis-
sions. Vapors (or gases) from products that contain benzene,
such as glues, paints, furniture wax, and detergents, can also be
a source of exposure.

Airborne benzene is usually produced by processes associ-
ated with chemical manufacturing or the gasoline industry,
including gasoline bulk-loading and discharging facilities
and combustion engines (e.g., automobiles, lawnmowers, and
snowblowers). Benzene is a component of both indoor and
outdoor air pollution. Benzene levels measured in ambient
outdoor air have a global average of 6 mg m�3 (range
2–9 mg m�3). In almost all cases, benzene levels inside resi-
dences or offices are higher than levels outside and still higher
in homes with attached garages and those occupied by
smokers. Seasonal variations also affect benzene levels, with
higher levels found in the fall and winter when buildings are
less well ventilated. People living around hazardous waste sites,
petroleum-refining operations, petrochemical manufacturing
sites, or gas stations may be exposed to higher levels of benzene
in air. In addition to being inhaled, airborne benzene is
absorbed across intact skin in experimental animals. For most
people, the level of exposure to benzene through food, bever-
ages, or drinking water is not as high as their exposure
through air.

Leakage from underground storage tanks and seepage
from landfills or improper disposal of hazardous wastes have
resulted in benzene contamination of groundwater used for
drinking. Effluent from industries is also a source of
groundwater contamination. In addition to being ingested,
benzene in water can also be absorbed through wet skin and
inhaled as it volatilizes during showering, laundering, or
cooking. Typical drinking water contains less than 0.1 ppb
benzene. Benzene has been detected in bottled water, liquor,
and food.

Cigarette smoke is another common source of personal and
environmental benzene exposure, representing about half of
the benzene to which the general population is exposed.
Persons who smoke one pack of cigarettes a day inhale a daily
dose of approximately 1 mg of benzene, about 3–4% of the
amount inhaled daily by a worker exposed at the current
occupational permissible exposure limit (PEL). Nonsmokers
who live with smokers and who are passively exposed to
environmental tobacco smoke typically experience 50% greater
exposure to benzene than do nonsmokers who live in a smoke-
free environment.
Toxicokinetics

Benzene is lipid soluble and highly volatile at room tempera-
ture. As such, benzene readily crosses the alveolar membranes
and is taken up by circulating blood in pulmonary vessels.
Benzene is rapidly absorbed through the lungs; approximately
50% of the benzene inhaled in the air is absorbed.
4-3.00364-X 415
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Benzene can also be readily absorbed from the gastroin-
testinal tract. Over 90% of ingested benzene is absorbed
through the gastrointestinal tract. Benzene is poorly absorbed
dermally.

Absorbed benzene is rapidly distributed throughout the
body and tends to accumulate in fatty tissues. Circulating
benzene is preferentially taken up by lipid-rich tissues such as
adipose and nervous tissue. Benzene has also been detected in
the bone marrow, liver, kidneys, lungs, and spleen.

The liver serves an important function in benzene metab-
olism, which results in the production of several reactive metab-
olites. The major end products of benzene metabolism include
phenol (hydroxybenzene), catechol (1,2-dihydroxybenzene),
and quinol (1,4-dihydroxybenzene). These metabolic products
are subsequently conjugated with inorganic sulfate and glucur-
onic acid before being excreted in the urine. A small fraction of
the catechol derived from benzene metabolism is oxidized to
hydroxyhydroquinol or transformed to muconic acids.

At low exposure levels, benzene is rapidly metabolized and
excreted predominantly as conjugated urinary metabolites. At
higher exposure levels, metabolic pathways appear to become
saturated, and a large portion of an absorbed dose of benzene
is excreted as a parent compound in exhaled air.
Mechanism of Toxicity

Benzene can be irritating to mucus membranes. Dermal
exposures can defat the skin’s keratin layer and can result in
erythema, vesiculation, and dry, scaly dermatitis. Acute expo-
sures to high concentrations can produce pulmonary irritation
and edema, and gastrointestinal irritation (if ingested).
Chronic exposure to benzene produces bone-marrow depres-
sion. Experimental evidence indicates that benzene’s bone-
marrow toxicity is mediated by one or more of its metabolites.
For example, inhibition of benzene metabolism by adminis-
tration of toluene or partial hepatectomy protects bone
marrow against benzene damage. Benzene metabolites, such
as 1,2-dihydroxybenzene (catechol), 1,4-dihydroxybenzene
(quinol), and 1,2,4-trihydroxybenzene (hydroxyhy-
droquinol), have been shown to inhibit cell mitosis.

Themechanism of toxicity appears to be comprising five key
events: (1) metabolism of benzene to a benzene oxide
metabolite in the liver; (2) interaction of the benzene metab-
olite with target cells in the bone marrow; (3) formation of
initiated, mutated bone-marrow target cells; (4) selective clonal
proliferation of these mutated cells; and (5) formation of the
neoplasm (leukemia).

There are major uncertainties to the nature of the toxic
metabolites and their mechanism of toxicity. Any hypothesis of
benzene toxicity must account for the role of hepatic metabo-
lism and the selective toxicity of benzene in the bone marrow.
A puzzling aspect of benzene toxicology is its lack of
hepatotoxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

Benzene can cause severe eye irritation and moderate skin
irritation. When given orally, benzene is moderately toxic.
The oral LD50 in rats and mice is 3400 and 4700 mg kg�1,
respectively. The median lethal dose through inhalation has
been evaluated in rats, mice, dogs, and cats. In these laboratory
species, the LC50 ranges from 31 887 mg m�3 in mice to
170 000 mg m�3 in cats.
Human

The acute effects of benzene exposure generally differ markedly
from the chronic effects. Acute exposure to high doses of
benzene in air (at concentrations in excess of 3000 ppm) causes
symptoms typical of organic solvent intoxication. Symptoms
may progress from excitation, euphoria, headache, and vertigo,
in mild cases, to central nervous system depression, confusion,
seizures, coma, and death from respiratory failure in severe
cases. The rate of recovery depends on the initial exposure time
and concentration, but, following severe intoxication, the
symptoms may persist for weeks.
Chronic Toxicity (or Exposure)

Animal

The effects of lifetime exposure to benzene have also been
evaluated in laboratory animals. A number of animal studies
have demonstrated that benzene exposure can induce bone-
marrow damage, changes in circulating blood cells, develop-
mental and reproductive effects, alterations of the immune
response, and cancer. With respect to chronic toxicity, hema-
tological changes appear to be the most sensitive indicator.

Although human epidemiological studies provide the bulk
of the evidence that benzene is a human carcinogen, many
experimental animal studies, both inhalation and oral, also
support the evidence that exposure to benzene increases the
risk of cancer in multiple organ systems, including the hema-
topoietic system, oral and nasal cavities, liver, forestomach,
preputial gland, lung, ovary, and mammary gland.
Human

The major toxicological manifestation of chronic benzene
exposure in humans is bone-marrow depression. Clinical
manifestations include anemia, leucopenia, and thrombocy-
topenia. In severe cases, bone-marrow aplasia develops.
Later stages of toxicity are manifested by pancytopenia and
aplastic anemia. Death may result from aplastic anemia or
from leukemia. The US Environmental Protection Agency
(EPA) and International Agency for Research on Cancer classify
benzene as a known human carcinogen. This classification was
given to benzene in view of strong epidemiological and
experimental evidence.

Epidemiologic studies and case studies provide clear
evidence of a causal association between exposure to benzene
and acute nonlymphocytic leukemia (ANLL) and also suggest
evidence of chronic nonlymphocytic leukemia (CNLL) and
chronic lymphocytic leukemia (CLL). Other neoplastic condi-
tions that are associated with an increased risk in humans are
hematologic neoplasms, blood disorders such as preleukemia
and aplastic anemia, Hodgkin’s lymphoma, and myelodys-
plastic syndrome (MDS). These human data are supported by
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animal studies. The experimental animal data add to the
argument that exposure to benzene increases the risk of cancer
in multiple species at multiple organ sites (hematopoietic, oral
and nasal, liver, forestomach, preputial gland, lung, ovary, and
mammary gland). It is likely that these responses are due to
interactions of the metabolites of benzene with DNA. Recent
evidence supports the viewpoint that there are likely multiple
mechanistic pathways leading to cancer and, in particular, to
leukemogenesis from exposure to benzene.
Immunotoxicity

Damage to both the humoral and cellular components of the
immune system has been known to occur in humans following
inhalation. This is manifested by decreased levels of antibodies,
leukocytes, and B-lymphocytes. Benzene-induced immuno-
logical effects are probably a reflection of bone-marrow
toxicity. Animal studies have also shown that benzene
decreases circulating leukocytes and decreases the ability of
lymphoid tissue to produce the mature lymphocytes necessary
to form antibodies. Animals exhibited lymphoid depletion of
the thymus and spleen and hyperplasia of the bone marrow.
This has been demonstrated in animals exposed for acute,
intermediate, or chronic periods via the inhalation route.
Reproductive Toxicity

Benzene diffuses across the placenta and is toxic to the fetus in
the presence of maternal toxicity. However, benzene is not
considered to be a teratogen. Data on the reproductive effects of
benzene in animals have been negative. Data on the repro-
ductive effects of occupational exposure to benzene suggest
that it may impair fertility in women. However, the findings are
inconclusive and limited.
Genotoxicity

Based on studies of the biochemical effects of benzene and its
metabolites, four specific genotoxic mechanisms have been
postulated: (1) DNA-reactive benzene metabolites forming
adducts or cross-links; (2) oxidative DNA damage; (3) damage
to components of the mitotic apparatus; and (4) topoisomer-
ase II inhibition.

Animal studies using radiolabeled benzene found a low
level of radiolabel in isolated DNAwith no preferential binding
in target tissues of neoplasia. Adducts were not identified under
dosage conditions that produce neoplasms in animals. These
findings suggest that DNA-adduct formation may not be
a significant mechanism for benzene-induced neoplasia.

The evaluation of other genotoxicity test results revealed
that benzene and its metabolites did not produce reverse
mutations in Salmonella typhimurium but were clastogenic and
aneugenic, producing micronuclei, chromosomal aberrations,
sister chromatid exchanges, and DNA strand breaks.

Studies support a mode of action that involves clastoge-
nicity rather than mutagenicity secondary to DNA-adduct
formation. Although unstable DNA adducts, oxidative DNA
damage, or spindle poisoning could contribute to the overall
toxic effects and cannot be ruled out, the genotoxic effects
produced by benzene and its metabolites are most consistent
with inhibition of topoisomerase II or ribonucleotide reductase
inhibition.
Carcinogenicity

The carcinogenicity of benzene has been documented in
exposed workers. Epidemiological studies and case reports
provide evidence of a causal relationship between occupational
exposure to benzene and benzene-containing solvents and the
occurrence of acute myelogenous leukemia (AML). Benzene
has also been associated with ANLL in humans, and aplastic
anemia may be an early indicator of developing ANLL in
some cases.

The US EPA classifies benzene as a known human carcin-
ogen (Category A carcinogen) for all routes of exposure based
on convincing human evidence as well as supporting evidence
from animal studies. According to EPA’s Integrated Risk
Information System (IRIS), “Epidemiologic studies and case
studies provide clear evidence of a causal association between
exposure to benzene and ANLL and also suggest evidence for
CNLL and CLL. Other neoplastic conditions that are associated
with an increased risk in humans are hematologic neoplasms,
blood disorders such as preleukemia and aplastic anemia,
Hodgkin’s lymphoma, and MDS. These human data are sup-
ported by animal studies. The experimental animal data add to
the argument that exposure to benzene increases the risk of
cancer in multiple species at multiple organ sites (hemato-
poietic, oral and nasal, liver, forestomach, preputial gland,
lung, ovary, and mammary gland). It is likely that these
responses are due to interactions of the metabolites of benzene
with DNA. Recent evidence supports the viewpoint that there
are likely multiple mechanistic pathways leading to cancer
and, in particular, to leukemogenesis from exposure to
benzene.”

The United Nations’ International Agency for Research on
Cancer classifies benzene as a Group 1 carcinogen (carcino-
genic to humans) because there is sufficient evidence in
humans for the carcinogenicity of benzene, specifically AML
and ANLL.
Clinical Management

The victim should be removed from the contaminated atmo-
sphere. Contaminated clothing should be removed and the
affected area should be washed with soap and water. There is
no antidote for benzene. Treatment is symptomatic and
supportive. Most exposed persons recover fully. Persons who
have experienced serious symptoms may need to be hospital-
ized. In cases of ingestion, vomiting should not be induced.
Benzene or organic solvents containing benzene can cause
acute hemorrhagic pneumonitis if aspirated into the lungs.
Activated charcoal can be given to minimize absorption from
the gastrointestinal tract. Charcoal can be given in a slurry or
mixed with sorbitol or a saline cathartic. The recommended
doses of activated charcoal are 30–100 g for adults, 15–30 g for
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children, and 1 or 2 g kg�1 for infants. The indicated doses can
be prepared in a slurry by mixing charcoal in a diluent at a rate
of 10 g charcoal per 80 ml of diluent.
Environmental Fate

Benzene enters the air, water, and soil as a result of industrial
processes, emissions from burning coal and oil, tobacco
smoke, gasoline exhaust, and gasoline leaks, and from natural
sources, including volcanoes and forest fires. Benzene in the
atmosphere chemically degrades in only a few days. Benzene
released to soil or waterways is subject to volatilization,
photooxidation, and biodegradation. Benzene has a short half-
life in surface water because it is so volatile.

If benzene is released to soil, it will be subject to rapid
volatilization near the surface. That which does not evaporate
will be highly to very highly mobile in soil and may leach to
groundwater. It may be subject to biodegradation in shallow,
aerobic groundwater, but probably not under anaerobic
conditions.

If benzene is released to water, it will be subject to rapid
volatilization. It will not be expected to significantly adsorb to
sediment, bioconcentrate in aquatic organisms, or hydrolyze. It
may be subject to biodegradation based on a reported
biodegradation half-life of 16 days in an aerobic river die-away
test. In a marine ecosystem, biodegradation occurred in 2 days
after an acclimation period of 2 days and 2 weeks in the
summer and spring, respectively, whereas no degradation
occurred in winter.

If benzene is released to the atmosphere, it will exist
predominantly in the vapor phase. Gas-phase benzene will not
be subject to direct photolysis but it will react with photo-
chemically produced hydroxyl radicals with a half-life of
13.4 days, calculated using an experimental rate constant for
the reaction. The reaction time in polluted atmospheres that
contain nitrogen oxides or sulfur dioxide is accelerated, with
the half-life being reported as 4–6 h. Products of photooxida-
tion include phenol, nitrophenols, nitrobenzene, formic acid,
and peroxyacetyl nitrate. Benzene is fairly soluble in water and
is removed from the atmosphere in rain.
Ecotoxicology

With the exception of accidental spillage of petroleum prod-
ucts, the routine levels of environmental benzene exposure are
not associated with risk to fish and wildlife. Reasons for
a reduced concern of the environmental risk include (1) the
lack of bioaccumulation and biomagnification, (2) the low
persistence due to its high volatility from surface waters and
soil, and (3) the rapid photooxidation of airborne benzene and
its biodegradation in soil and water. Studies have shown that
high levels of benzene are toxic to aquatic life under controlled
conditions.

The US EPA ECOTOX database reports that Ceriodaphnia
and Daphnia species are the most sensitive freshwater organ-
isms following acute (48 h) exposure to benzene, with
respective EC50 values of 130 and 400 ppb. Most organisms,
however, can tolerate acute concentrations higher than this
(in the 1–10 mg l�1 range). Following chronic exposures
(4–7 day exposures), fish are relatively unaffected at concen-
trations up to 5 mg l�1 (at higher concentrations fish start to
show adverse narcotic effects).
Exposure Standards and Guidelines

The odor threshold for benzene is 30 ppm, but the current
American Conference of Governmental Industrial Hygienists
threshold limit value considered safe for occupational exposure
(8 h day�1) is 0.5 ppm, with a short-term exposure limit (STEL)
of 2.5 ppm. The Occupational Safety and Health Administra-
tion PEL is 1 ppm, with an STEL of 5 ppm. The National
Institute for Occupational Safety and Health recommends an
exposure limit (recommended exposure limit) of 0.1 ppm with
an STEL of 1 ppm. EPA’s maximum contaminant level for
benzene in drinking water is 5 ppb. EPA classifies benzene as
a Category ‘A’ carcinogen (‘known’ human carcinogen).
See also: Blood; Carcinogen–DNA Adduct Formation and DNA
Repair; Solvents.
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l Name: Benzidine
l Chemical Abstracts Service Registry Number: 92-87-5
l Synonyms: (1,1’-Biphenyl)-4,4’-diamine; 4,40-Bianiline; 4,40-

Biphenyldiamine; 4,40-Biphenylenediamine; 4,40-Diamino-
1,10-biphenyl

l Molecular Formula: C12H12N2

l Chemical Structure:

NH2H2N

Background

Benzidine is a biphenyl amine that exists at room temperature
as a crystalline grayish-yellow, white, or reddish-gray power.
It is slightly soluble in cold water, more soluble in hot water,
and readily soluble in less-polar solvents such as diethyl ether
and ethanol. It darkens on exposure to air and light. Benzidine
is a diamine, manufactured as synthetic aromatic hydrocarbon
with two benzene rings covalently bonded to one another
(1,1), substituted by amino group at 4,40. Benzidine is prepared
from nitrobenzene in a two-step process: nitrobenzene is
converted to 1,2-diphenylhydrazine, usually using iron powder
as the reducing agent, and then hydrazine is treated with
mineral acids to induce a rearrangement reaction to
4,40-benzidine. In the environment, benzidine is found in
either its ‘free’ state (as an organic base) or as a salt (benzidine
dihydrochloride or benzidine sulfate). Physical and chemical
properties of benzidine are listed in Table 1.
able 1 Physical and chemical properties of benzidine

roperty Information

olecular weight 184.2a

pecific gravity 1.250 At 20 �C/4 �Ca

elting point 120 �Ca

oiling point 401 �Ca

og Kow 1.34a

ater solubility 0.322 g l�1 at 25 �Ca

apor pressure 8.98 � 10�7 mm Hg at 25 �Cb

apor density relative to air 6.36a

issociation constant (pKa) 4.3a

The figures are from HSDB 2009.
The figures are from ChemIDplus 2009.
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In vivo, benzidine covalently binds with DNA in the liver of
mice and rats. Other benzidine-induced genomic changes in
vivo include micronuclei formation, sister chromatid
exchanges, DNA strand breaks, and unscheduled DNA
synthesis in cells of rodents. Upregulation of the p53 protein,
a DNA damage-sensor protein, in benzidine-treated cells
suggests the induction of the p53 DNA damage signaling
pathway. This compound is mutagenic to plants and bacteria.
Induction of bladder cancer remains the most prominent effect
of benzidine. Most studies in diverse geographic locations
describe benzidine exposure primarily due to working in
a dyestuff industry. Data from these studies have also
unequivocally demonstrated co-exposure to 2-naphthylamine
along with benzidine precipitating bladder cancer in humans.
Benzidine has been classified as a human carcinogen (Class A)
based on sufficient evidence of carcinogenicity from studies in
humans. Most humans are exposed to this compound in
occupational settings, and it causes urinary-bladder cancer and
bladder-cancer related deaths; the longer the exposure, the
greater is the risk for developing bladder cancer.
Uses

Benzidine is used as an intermediate in the production of azo
dyes, sulfur dyes, fast color salts, naphthol, and other dye
compounds. However, it has not been marketed or sold in the
United States since the mid-1970s, and US dye companies no
longer manufacture benzidine-based dyes. However, a small
amount of benzidine may still be manufactured or imported
for scientific research in the United States, but in some coun-
tries it is still being manufactured. To date, more than 250
benzidine-based dyes have been reported. These dyes are
primarily used for dyeing textiles, paper, and leather products.
Environmental Fate and Behavior

Industries release benzidine into the environment in the form
of liquid waste and sludges. Benzidine may also be released
into the environment due to spillage during transport. In air,
benzidine is found bound to suspended particles or as a vapor,
which may be brought back to the earth’s surface by rain or
gravity.

Partition Behavior in Water, Sediment, and Soil

Very small amounts of benzidine dissolve in water at moderate
environmental temperatures. When released into waterways,
4-3.00249-9 419
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it sinks to the bottom and becomes part of the bottom sludge.
In soil, most benzidine is strongly attached to soil particles,
so it does not easily leach into underground water from waste
dumps.
Environmental Persistency (Degradation/Speciation)

Benzidine is slowly destroyed in the environment by light,
certain other chemicals, and microorganisms.
Bioaccumulation and Biomagnification

Accumulation in the food chain has not been recorded so far,
but it is documented that water life may take up and store very
small amounts of benzidine (ATSDR 2001).
Exposure and Exposure Monitoring

Routes and Pathways

The primary routes of potential human exposure to benzidine
are inhalation, ingestion, and dermal contact. The general
population is not likely to be exposed to benzidine through
contaminated air, water, soil, or food (ATSDR 2001).
Human Exposure

People living near a hazardous waste site are likely to get
exposed to benzidine through contaminated drinking water
or by breathing contaminated air or by swallowing
contaminated dust and soil. Benzidine can also enter the
body by passing through the skin from contaminated
clothing and gloves. People working at or near a hazardous
waste site may get exposed to benzidine in a similar manner
(ATSDR 2001).
Toxicokinetics

Benzidine is rapidly absorbed through the skin in solid and
vapor form. It is also quickly absorbed through the lungs on
inhalation and from the gastrointestinal tract on consuming
contaminated water and food. Generally, it will take only few
hours for most of the benzidine to get into the body through
the lungs and intestine. Breathing, eating, or drinking
benzidine-based dyes may also expose a person to benzidine
because the intestinal microflora can break down these dyes
into benzidine. It is a lipophilic substance, hence easily
stored in fat tissues, and it firmly binds to cell receptors.
Benzidine is metabolized to aromatic amine by intestinal
microflora or liver azo-reductase. The liver is the chief organ
of metabolism where benzidine is converted to more reac-
tive, toxic, and mutagenic (carcinogenic) N-hydroxyar-
ylamides and N-hydroxylamine is considered to be
a proximate carcinogen. N-hydroxylamides are converted to
the ultimate carcinogens through conjugation with sulfuric,
acetic, or glucuronic acid. N-acetoxyarylamines are also
produced as metabolites and are highly reactive mutagens
and carcinogens. Glutathione transferase plays an important
role in the elimination of reactive metabolites of benzidine.
Sulfonation, carboxylation, deamination, or substitution of
an ethyl alcohol or an acetyl group for the hydrogen in the
amino groups leads to a decrease in mutagenicity of benzi-
dine metabolites as well as to easy elimination, primarily
through urine and feces.
Mechanism of Toxicity

Benzidine is metabolized to highly toxic, reactive metabolites,
such as N-hydroxyarylamides and N-hydroxyarylamines,
which act as procarcinogens and are more mutagenic than
parent compounds. The metabolites act as DNA adducts and
bind to cell receptors. Some of the benzidine derivatives are
strong mutagens. The metabolites on conjugation with sulfuric,
acetic, and glucuronic acids form ultimate carcinogens. Benzi-
dine is metabolized by cytochrome P450 enzymes (via
N-oxidation) to form electrophilic compounds that can bind
covalently to DNA. Benzidine caused mutations in bacteria and
plants, but gave conflicting results in cultured rodent cells.
It also caused many other types of genetic damage in various
test systems, including yeast, cultured human and other
mammalian cells, and rodents exposed in vivo. The damage
included mitotic gene conversion (in yeast), micronucleus
formation, DNA strand breaks, unscheduled DNA synthesis,
cell transformation, chromosomal aberrations, sister chro-
matid exchange, and aneuploidy. Workers exposed to benzi-
dine and or benzidine-based dyes had higher levels of
chromosomal aberrations in their white bloods cells than did
unexposed workers.
Chronic Toxicity

Animal

There is sufficient evidence from animal studies that
benzidine is a carcinogen. When administered in the diet,
benzidine-induced bladder cancer in dogs, multiple
mammary carcinomas in rats, and liver cell tumors in
hamsters of both sexes. When administered by the subcu-
taneous route to mice of both sexes, it induced malignant
tumors of the Zymbal gland (ear) and hepatocellular
carcinoma; hepatomas, malignant tumors of the Zymbal
gland, and local sarcomas in male rats; and malignant
tumors of the Zymbal gland, mammary adenocarcinomas,
and amyloid leukemia in female rats. When administered
by intraperitoneal injection, benzidine-induced Zymbal
gland adenomas and carcinomas and malignant mammary
tumors in female rats. The lethal dose in dogs is
400 mg kg�1 by the subcutaneous route and 200 mg kg�1

by the oral route. Dyes made from benzidine, such as Direct
Blue 6, Direct Black 38, and Direct Brown 95 has been
shown to cause cancer in animals. The Department of
Health and Human Services has determined that Direct
Black 38 and Direct Blue 6 cause cancer in animals, and the
International Agency for Research on Cancer (IARC) has
also determined that Direct Black 38, Direct Blue 6, and
Direct Brown 95 cause cancer in animals.
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Human

Benzidine can cause cancer in humans. This has been shown in
studies of workers who were exposed for many years to levels
much higher than the general population would be. An IARC
study on dye industry workers reported that there is a direct
correlation between the incidence of bladder cancer in the
occupationally benzidine-exposed workers and the incidence
of this cancer decreasing in workers after reduction in occupa-
tional exposure. Some evidences indicate that dyes made from
benzidine, such as Direct Blue 6, Direct Black 38, and Direct
Brown 95, may cause cancer in humans. Benzidine poisoning
causes vomiting, nausea, hemolysis, liver and kidney damage,
and hematuria (bloody urine). Benzidine is considered to be
acutely toxic to humans by ingestion, with an estimated oral
lethal dose of between 50 and 500 mg kg�1 for a 70 kg person.
Symptoms of acute ingestion exposure include cyanosis,
headache, mental confusion, nausea, and vertigo. Dermal
exposure may cause skin rashes and irritation. Acetylated
benzidine metabolites such as N-acetoxyarylamines are known
to cause bladder cancer in dye industry workers.
Genotoxicity

Mutagenic potential of benzidine and its analogs was repeatedly
tested using strains TA98 and TA100 in the presence
and absence of Aroclor 1254-induced rat S9 mix in Ames
Salmonella/microsome assay. 3,30-Dichlorobenzidine-2HCl and
4,40-dinitro-2-biphenylamine were directly mutagenic to TA98,
while 4,40-dinitro-2-biphenylamine was directly mutagenic
to both TA98 and TA100 in the absence of S9
mix. 2-Aminobiphenyl, 3-aminobiphenyl, and 3,30-5,50-
tetra-methylbenzidine were not mutagenic in either strains in
the presence or absence of S9. In the presence of S9 mix,
4-aminobiphenyl, benzidine, 3, 30-dichlorobenzidine-2HCl,
3,30-dimethoxybenzidine, 3,30-4, 40-tetraaminobiphenyl,
o-tolidine, N, N–N0, N0-tetra-methylbenzidine, and 4,40-dinitro-
2-biphenylamine were mutagenic to TA98; 4-aminobiphenyl,
3,30-dichlorobenzidine-2HCl, 3, 30-dimethoxybenzidine, and
4,40-dinitro-2-biphenylamine were mutagenic to TA100.
Some of the benzidine derivatives, such as 3,3,5,5-tetra-
methylbenzidine, 3,3-dimethylbenzidine (O-tolidine), and
N,N-diacetylbenzidine, were not mutagenic. Incorporation of
the free radical and metal scavengers and antioxidants reduced
the mutagenic responses, whereas heat-inactivated catalase and
Superoxide Dismutase (SOD) had no effect. Induction of lipid
peroxidation in the presence of S9 mix was observed in
several instances, which suggested that benzidine derivatives
induce mutations through the induction of Reactive Oxygen
Species.
Human Genotoxicity

Cytogenetic effects of occupational exposure to benzidine and
benzidine-based dyes (Direct Black 38 and Direct Blue 6) were
studied in workers at a manufacturing plant in Bulgaria having
a recognized high risk of occupational cancer. Twenty-three
workers exposed for a mean of 15 years were compared with 30
controls presumed to have no exposure. A 10-fold increase in
chromosomal aberrations (polyploidy) was observed in circu-
lating lymphocytes of exposed workers when compared with
controls. The highest frequency of aberrant lymphocytes was
associated with the highest airborne dust concentrations of
benzidine (0.42 –0.86 mg m�3) or benzidine-based dyes
(7.8–32.3 mg m�3), with highest mean level of benzidine in
urine (1.8–2.3 mg l�1).
Carcinogenicity

Benzidine is confirmed to be human carcinogen (Class A).
Though not universal, a synergistically elevated rate of bladder
cancer in workers exposed to benzidine in cigarette smokers has
been found. It is hypothesized that smokers have nearly
31-fold higher risk of developing bladder cancer compared
to an 11-fold risk of developing bladder cancer among
nonsmoking coworkers. This was based on a large cohort of
3322 Japanese workers exposed to benzidine and/or
b-naphthylamine for 22 years and the control cohort of
13.5 years; control consisted of 177 male unexposed patients
with bladder cancer. Among employees exposed to benzidine
and/or b-naphthylamine, 244 workers were found to have
suffered from and consequently died of cancer of genitourinary
organs (primary cancer). Of these, 11 developed secondary
cancers of liver, gallbladder, bile duct, large intestine, or lung.
Susceptibility to bladder cancer in humans is linked to slow
acetylator type of the polymorphic NAT2 (N-acetyl transferase
gene).
Clinical Management

There is no antidote for benzidine poisoning. Since it produces
reactive metabolites, administration of free radical scavengers
would alleviate the toxicity. A complex of benzidine metabo-
lites with copper and hydrochloride is known to decrease its
mutagenic effects.

See also: Dyes and Colorants; Toxicity Testing, Carcinogenesis.
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l Name: Benzo(a)pyrene
l Chemical Abstracts Service Registry Number: 50-32-8
l Synonyms: BAP; BaP; B(a)P; BP; 3,4-Benzopyrene; 6,7-

Benzopyrene; 3,4-Benzpyrene; 3,4-Benz(a)pyrene; Benzo
[d,e,f]chrysene; and many more

l Molecular Formula: C20H12

l Chemical Structure:
Background

Benzo(a)pyrene (BaP) is bioactivated to its carcinogenic form
by phase 1 and phase 2 metabolism. As with other polycyclic
aromatic hydrocarbons (PAHs), the presence of the ‘bay
region’ contributes greatly to the carcinogenicity of BaP. This
region is sterically constrained, allowing the formation of
diol epoxides, which subsequently react with intracellular
molecules such as DNA. Human exposure to BaP and other
PAHs occurs primarily from smoking or from secondhand
smoke, air polluted with combustion products, or food and
water polluted with combustion products, such as those
cooked over charcoal or broiled.

BaP has been extensively studied for its toxicities in children
and during pregnancy. A study of pregnant active smokers
showed that BaP crossed the human placenta and was bound
to fetal hemoglobin at levels significantly higher than in preg-
nant nonsmokers.

Health concerns associated with BaP exposure for chil-
dren were also evaluated. These include formation of
BaP-DNA adducts, which may lead to errors in DNA
replication and increased risk of cancer; increased risk of
cancer associated with BaP metabolite formation; persistent
effects on the development and function of the immune
system; and reduced fertility in offspring during adulthood
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
following BaP exposure during pregnancy. Concerns for
BaP exposure of pregnant women and children are ambient
air contamination from mobile sources (e.g., automobiles
and other vehicles) and industrial sources (e.g., coke ovens,
metal-processing plants); fetal exposure from maternal
cigarette smoking; fetal and childhood exposure from
secondhand cigarette smoke; and exposure from diet,
including grilled and broiled food. Children may also have
greater exposure than adults to contaminated soil in areas
where BaP-contaminated soil from industrial contamina-
tion may be present, because of behavior patterns, partic-
ularly hand-to-mouth activity.
Uses

BaP is not commercially produced; it is a by-product of
combustion. Its primary uses include toxicological mechanistic
studies and cancer studies, as a positive control in carcinoge-
nicity studies. There is no known commercial use for BaP.
Environmental Fate and Behavior

BaP is purposely synthesized solely for laboratory studies.
The primary source of BaP and many PAHs in air is the
incomplete combustion of wood, gasoline, and other fuels;
in industrial settings where coal is burned; and in natural
burns such as forest fires. BaP can bind to particulate matter,
and inhalation is a common route of exposure. BaP is poorly
water soluble, partitioning strongly to the sediment, and
does not readily bioaccumulate. BaP is found in fossil fuels,
crude oils, shale oils, and coal tars, and is emitted with gases
and fly ash from active volcanoes. If released to air, an
extrapolated vapor pressure of 5.49 � 10�9 mm Hg at 25 �C
indicates BaP will exist solely in the particulate phase in the
atmosphere. Particulate-phase BaP is usually removed from
the atmosphere by wet or dry deposition. BaP contains
chromophores that absorb at wavelengths >290 nm and
therefore is expected to be susceptible to direct photolysis by
sunlight; after 17 h irradiation with light >290 nm, 26.5% of
BaP adsorbed onto silica gel was degraded. If released to soil,
BaP is expected to have very low to no mobility based on
measured soil Koc values of 930–6300. Volatilization from
moist soil surfaces is not expected to be an important
fate process based on a Henry’s Law constant of
4-3.00250-5 423
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4.57 � 10�7 atm m3 mol�1. The stability of BaP in soil is
expected to vary depending on the nature of compounds
accompanying it and the nature and previous history of the
soil; biodegradation half-lives of 309 and 229 days were
observed in Kidman and McLaurin sandy loam soils,
respectively. BaP is expected to adsorb to suspended solids
and sediment based on the measured Koc values, when
released into water. Biodegradation of BaP is possible in
aquatic systems. Volatilization from water surfaces is not
expected to be an important fate process based on this
compound’s Henry’s Law constant. Measured bio-
concentration values ranging from 8.7 to 1 � 105 suggest
bioconcentration in aquatic organisms can be low to very
high. Hydrolysis is not expected to be an important envi-
ronmental fate process since this compound lacks functional
groups that hydrolyze under environmental conditions.
Exposure and Exposure Monitoring

Exposure occurs primarily through the diet or through
smoking. Char grilling or broiling produces PAHs. BaP is also
produced as a by-product when substances such as coal tar
chemicals are burned, and is present in coal tar pitch. It can also
penetrate the skin. Monitoring data indicate that the general
population may be exposed to BaP via inhalation of ambient
air, ingestion of food and drinking water, smoking of tobacco,
and cooking processes that produce smoke.
Toxicokinetics

Absorption, Distribution, Metabolism, and Excretion (ADME)
data are derived from general data for polycyclic aromatic
hydrocarbons. Oral absorption is low, but increases with lip-
ophilicity and in the presence of oils in the gastrointestinal (GI)
Figure 1 BaP-mediated activation of phase 1 and 2 metabolizing enzymes v
Reproduced permission from Shimizu, Y., Nakatsuru, Y., Ichinose, M., Takah
Benzo[a]pyrene carcinogenicity is lost in mice lacking the aryl hydrocarbon re
tract. Dermal absorption also occurs readily in the presence of
lipophilic solvents. Inhalational exposure is common in
smokers. PAHs are widely distributed in tissues regardless of
route of exposure. Metabolism is widely varied, and includes
the formation of epoxides, dihydrodiols, phenols, quinones,
and combinations, some of which are bioactivated to become
mutagenic products. Conjugation to glucuronides and sulfate
esters occurs via phase II metabolism, which are subsequently
excreted. Hepatobiliary excretion is the primary elimination
route of PAHs in animals within 2 days of exposure.

Specifically for BaP, following GI absorption (33% is
absorbed), levels peak in the blood at 6 h after exposure. ABC
transport proteins in the small intestine reabsorb BaP metab-
olites, which serves to attenuate further BaP absorption via
competition. The liver and lung are the most susceptible to
adduct formation by BaP metabolites, correlating with their
high levels of cytochrome P450 enzyme activity and role in
detoxification of BaP. BaP is biodistributed to body fat, other
fatty tissues, placenta, and bile.
Mechanism of Toxicity

While not known to be toxic itself, BaP and other PAHs con-
taining bay regions are carcinogenic. BaP is bioactivated via
three enzymatic steps (Figure 2) to create a carcinogenic
epoxide resistant to epoxidases. It is first metabolized by
cytochrome P450 1A1 to (þ) benzo(a)pyrene 7,8-oxide, next
by epoxide hydrolase to (�) benzo(a)pyrene 7,8-dihydrodiol,
and finally by cytochrome P450 1A1 to (þ) benzo(a)pyrene
7,8-dihydrodiol-9,10-epoxide. The prototypical ‘bay region’ of
this PAH representative facilitates DNA interaction. Other
metabolites are toxic as well. The aryl hydrocarbon receptor is
responsible for some BaP toxicity; knockout of AhR signifi-
cantly reduced toxicity from BaP in a mouse model system
(Figure 1).
ia activation of the AhR is required for bioactivation of BaP in vivo.
ashi, Y., Kume, H., Mimura, J., Fujii-Kuriyama, Y., Ishikawa, T., 2000.
ceptor. Proc. Natl. Acad. Sci. U.S.A. 97 (2), 779–782.



Figure 2 Bioactivation of BaP to (�) benzo(a)pyrene 7,8-dihydrodiol-9,10-epoxide.
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Acute and Short-Term Toxicity

Animal

Hepatotoxicity and nephrotoxicity occur upon exposure of
rats to PAHs. In experimental animal studies, BaP exposure
during pregnancy resulted in increased incidence of tumors in
lung, liver, ovaries, and other organs in adult offspring. BaP
exposure during pregnancy resulted in increased incidence of
fetal death, abnormalities (e.g., exencephaly or growth of the
brain outside of the skull, and thoracoschisis or cleft in the
chest wall) in offspring at birth at doses ranging from 50 to
300 mg kg�1, impaired development of T lymphocytes, and
decreased antibody responses. Reduced fertility during
adulthood has been observed following BaP exposure during
pregnancy. Formation of BaP-DNA adducts have been detec-
ted in several species and in several tissues following BaP
exposure during pregnancy. LD50 dose in rat (subcutaneous)
has been determined to be 50 mg kg�1, and in mouse
(intraperitoneal) about 250 mg kg�1.
Human

High levels of exposure cause immune system suppression
and anemia due to red blood cell damage. BaP can pass
through the skin, and dermal exposure is typically due to
workplace contact with coal tar. Toxicity can be increased
following photoactivation by UV. In humans, BaP has been
associated with chromosomal replication (DNA copying)
errors and altered DNA in gametes (sperm and eggs); BaP also
forms BaP-DNA adducts in fetal, child, and adult tissues. In
adults, BaP exposure was associated with altered sperm
morphology and decreased sperm numbers, and decreased
egg numbers. At high levels of acute exposure in adults, BaP
has been reported to be associated with immune system
suppression and red blood cell damage, which can lead to
anemia.
Chronic Toxicity

Themajor chronic toxicity risk is carcinogenesis. Repeateddermal
exposures can result in thickening and darkening of the skin.
Immunotoxicity

Acute exposure to high levels of BaP is associated with immune
system suppression and blood cell damage. BaP causes
immunosuppression of the cytotoxic T cell response, mitogen-
induced T cell and B cell proliferative responses, and cytokine
production by human PBMCs. BaP increased susceptibility of
B6C3F1 female mice to various pathogens.
Reproductive Toxicity

BaP has been shown to penetrate the placenta, and exposure to
cigarette smoke, known to contain BaP, is associated with
reduced fetal weight. BaP exposure in utero has resulted in fetal
death, abnormalities, and immune system dysfunction in
children. BaP exposure have been shown to influence (1)
number of sperms and egg follicles; (2) fetal weights; (3)
number of pups born; (4) number of resorptions; (5) lung
enzymes (pyruvate kinase and lactic acid dehydrogenase) of
exposed fetuses; (6) exencephaly (growth of the brain outside
of the skull); and (7) thoracoschisis (cleft in the chest wall).

The ability tometabolize BaP by pregnant rodents following
maternal ingestion or injection of BaP showed genetic vari-
ability. The type of Ah receptor (aryl hydrocarbon receptor, or
AhR) in each strain influenced the extent of toxic effects of BaP
exposure; the AhR binds aromatic hydrocarbons (compounds
containing rings of carbon atoms) including BaP, and is
a component of the cytochrome P450 system that metabolizes
BaP and other compounds. The incidence of teratogenic effects
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(e.g., fetal death and decreased fetal weight) and the time of
onset of aplastic anemia following BaP exposure during preg-
nancy viamaternal ingestion varied between strains ofmice that
differed at the AhR locus, while numbers of tumors induced by
BaP exposure did not vary. Offsprings of pregnant mice, who
were injected with BaP during pregnancy, had an increased
incidence of tumors, predominantly in lung, liver, and ovaries,
during adulthood. Significantly, increased multiplicity of
tumors (number of tumors that arose at each site) was seen in
lungs of offspring exposed during pregnancy, and this effect
persisted throughfive generations of unexposedoffspring inone
study. Liver tumors were found to be more common in prena-
tally exposed males than females.
Genotoxicity

Chromosomal aberrations are found in cells from workers
routinely exposed to PAHs. BaP has consistently been shown to
be positive in in vitro assays for point mutations in Salmonella
and for chromosome damage in mammalian cells, in the
presence of an exogenous source of metabolic activation.
Indeed, it is often used as a positive control in such assays.
Positive results have also been reported in a wide range of
in vivo studies in both somatic cells (e.g., bone marrow
micronucleus test) and germ cells (dominant lethal assay and
cytogenetics in spermatogonial cells) using both the inhalation
and oral routes. In addition, several studies have reported
genotoxicity of BaP following dermal exposure. A single topical
application of BaP (0.5–500 mg per mouse) to hairless mice
resulted in a significant increase in micronucleated keratino-
cytes. In addition, male mice treated with 20 mg topical BaP at
72 h intervals exhibited increased DNA adduct formation in
epidermis and lungs.

Asmost exposures to BaPoccur as amixture, it is important to
recognize potential synergies for activationof carcinogenesis. For
example, coexposure to BaP and arsenite, another carcinogen,
acted synergistically to induce BaP-DNA adduct formation at
levels greater than those of animals treated with BaP alone.
Carcinogenicity

Animal

BaP has been extensively studied as a prototypical member
of the PAH class of toxicants. Tumors are found at the site of
exposure and at distant locations, correlating well with bio-
distribution data showing that the chemical is rapidly
transported via the blood to the liver and other parts of the
body. Administration by gavage to rats, mice, and hamsters
caused forestomach tumors in a dose-dependent manner
from 20 ppm upward. Similar studies showed esophageal,
laryngeal, and pulmonary tumors depending on the method
of administration. Intraperitoneal and subcutaneous injec-
tions caused injection site tumors. BaP is considered to be
both an initiator and complete carcinogen in mouse skin.
The World Health Organization’s International Agency for
Research on Cancer concluded that there was sufficient
evidence that BaP is carcinogenic (causes cancer) in experi-
mental animals.
Human

BaP is a probable human carcinogen, based on carcinogenicity in
animals. Metabolites of BaP are mutagenic and carcinogenic,
causing carcinogenesis in the liver and lung. Exposure to BaP
almost never occurs in the absence of other PAHs; therefore,
individual data on this compound are not available. BaP and its
metabolites have been detected in urine of pregnant women and
children. BaPhas beendetected inplacenta, cordblood,maternal
blood, and human breast milk. BaP-DNA adducts have been
detected in multiple tissues during development. The placenta
can metabolize BaP, and these metabolites bound to DNA in
placenta and cord blood. One study detected BaP adducts in
preimplantation embryos (early in prenatal development) from
couples where the father and/ormother, or even the father alone,
smoked cigarettes. BaP-DNA adducts were also detected in blood
of mothers and their newborn infants. Decreased birth weight
and head circumference in infants at birth were significantly
associated with maternal exposure to cigarette smoke during
pregnancy, as measured by the combination of cotinine and
BaP-DNA adduct formation concentrations in fetal cord blood
together, but not with either concentration alone.
Clinical Management

There is no antidote for BaP (or PAH) exposure. Upon exposure
to any polycyclic aromatic hydrocarbon, recommendations
include washing contaminated skin with soap and water and
flushing contaminated eyes with water or saline. Charcoal
administration has been recommended but there is no
evidence of its efficacy. As glutathione conjugation is one
mechanism by which PAHs is metabolized, administration of
N-acetyl cysteine was shown in rats to reduce DNA adducts
formed by PAHs; however, this has not been shown in humans.
Indeed, glutathione-deficient mice have increased suscepti-
bility to transplacental BaP-induced ovarian failure and ovarian
tumorigenesis. Sulforaphane, an inducer of phase II metabolic
genes, and conjugated linoleic acid reduced BaP-mediated
forestomach cancers in mice; these effects have not been
shown in humans. Monoclonal antibodies against BaP have
been shown to decrease cellular uptake of BaP in cell line
models; in vivo, monoclonal antibodies protected against
BaP-induced immunotoxicity.
Ecotoxicology

Like all polycyclic aromatic hydrocarbons, PAHs accumulate in
the aquatic environment and may cause long-term adverse
effects. A water-soluble fraction of Arabian crude oil was shown
to cause immunotoxicity in sea bass; both naphthalene and
benzo(a)pyrene were detected in contaminated fish 15 days
postexposure. Killifish experimentally exposed to BaP exhibi-
ted liver injury (Figure 3).
Exposure Standards and Guidelines

The drinking water unit risk is 2.1 � 10�4 per mg l�1. The
US Occupational Safety and Health Administration legal



Figure 3 BaP-mediated liver damage in killifish exposed to BaP for 9 months at 400 mg l�1. (a) Normal liver from DMSO vehicle control
or (b–d) 400 mg l�1 BaP. (b) Focal steatosis in liver from a BaP-exposed killifish; arrow indicates large rounded vacuoles with smooth margins
signifying lipid. (c) Eosinophilic foci (EF) in liver from a BaP-exposed killifish. (d) Hepatocellular carcinoma in liver from a BaP-exposed killifish;
the arrow indicates an irregular and invasive border of the carcinoma. Bars ¼ 100 mm. Comparative chronic liver toxicity of benzo[a]pyrene
in two populations of the Atlantic killifish (Fundulus heteroclitus) with different exposure histories. Environ. Health Perspect. 118, 1376–1381.
http://dx.doi.org/10.1289/ehp.0901799.
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airborne permissible exposure limit is 0.2 mg m�3, averaged
over an 8 h work shift. The National Institute for Occupa-
tional Safety and Health recommends an airborne exposure
limit of 0.1 mg m�3 averaged over a 10 h work shift. Although
exposure by inhalation is a risk, there are currently no inha-
lation reference values available. The maximum contaminant
level goal for BaP is zero. The US Environmental Protection
Agency (EPA) has set this level of protection based on the best
available science to prevent potential health problems. EPA
has set an enforceable regulation for benzo(a)pyrene, called
a maximum contaminant level (MCL), at 0.0002 mg l�1 or
200 ng l�1. MCLs are set as close to the health goals as
possible, considering cost, benefits, and the ability of public
water systems to detect and remove contaminants using
suitable treatment technologies.

See also: Polycyclic Aromatic Hydrocarbons (PAHs); Benz[a]
anthracene.
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l Name: Benzyl Alcohol
l Chemical Abstracts Service Registry Number: 100-51-6
l Synonyms: Benzenemethanol; (Hydroxymethyl)benzene;

Alcohol bencilico; Alpha-toluenol; Benzal alcohol; Benze-
necarbinol; Benzenemethanol; Benzoyl alcohol; Benzyl
alcohol (natural); Benzylicum; Hydroxytoluene; Methanol;
Phenyl-; Phenolcarbinol; Phenylcarbinol; Phenyl-
carbinolum; Phenylmethanol; Phenylmethyl alcohol

l Molecular Formula: C7–H8–O
l Chemical Structure:

OH

Background

As an important synthetic chemical that is also widely
produced across nature at modest levels, benzyl alcohol was
prepared chemically in small amounts from benzaldehyde
and potassium hydroxide via the Cannizzaro reaction. It is
now produced on industrial levels by treating benzyl chlo-
ride with sodium or potassium carbonate. The alcohol
occurs naturally in a range of fruits and plants including
honey, apricots, mushrooms, snap beans, cocoa, and cran-
berries as well as in the essential oils of plants like hyacinth
and jasmine. In the past, as much as 60% of benzyl alcohol
production was used in the textile industry as a dye assistant
to render hydrophobic fibers more receptive to dyes with
hydrophilic properties, with direct applications to filaments
like nylon, textiles, and sheet plastics. This alcohol offers
among the earliest of xenobiotic biotransformation exam-
ples to be chemically characterized in the field of pharma-
cology. Enzymatic oxidation to benzoic acid is followed by
conjugation with glycine producing hippuric acid, which
was so named because the conjugate was first isolated from
horse urine.
Uses

Although available for some years as an over the counter health
product, benzyl alcohol was approved in 2003 by the Food and
Drug Administration as a new prescription drug for the treat-
ment of head lice. Unlike typical pediculicides like permethrin
and lindane, which act through a neurotoxic mode of action,
benzyl alcohol is thought to operate via a unique mechanism
involving physical pulmonary asphyxiation. The presence of
benzyl alcohol in such a wide range of consumer products is
explained by its bacteriostatic and antiseptic properties in
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
conjunction with its comparatively modest toxicity. Products
include foods, flavors, cosmetics, ointments, perfumes, and
heat-sealing polyethylene films. In 1998, the Food and Drug
Administration reported that benzyl alcohol was present in 322
cosmetics in 43 categories. The alcohol is classified as a High
Production Volume chemical by the Environmental Protection
Agency Office of Pollution Prevention and Toxics, with past US
production at 10–50 million pounds per year. Yearly world-
wide use as a fragrance ingredient in 2008 was estimated as
100–1000 metric tons by the International Fragrance Agency
(IFRA, 2008). Benzyl alcohol finds yet other uses in photo-
graphic development for color movie films, solvent for
dyestuffs, cellulose esters, casein, and waxes, chemical stock for
production of benzyl esters and ethers, and an emulsion
component.
Environmental Behavior, Fate, Routes, and Pathways

Due to an abundance of useful applications across society,
from industrial production to consumer products, benzyl
alcohol is present in the environment and is steadily released
through commercial and household waste streams. Benzyl
alcohol was an early object of chemists striving for greener
synthetic approaches involving mixed catalysts for oxidation. It
is released into the atmosphere entirely as a vapor due to its
high vapor pressure, where it is lost by degradation involving
reaction with hydroxyl radicals at a half-life of about 2 days.
Benzyl alcohol is expected to have quite high mobility based
upon its soil to water partition coefficient, and a projected soil
half-life of about 13 days.
Exposure and Exposure Monitoring

The principle routes of exposure to benzyl alcohol are
through the lungs, skin, and gastrointestinal tract. It is
believed that individuals encounter their most common
exposure to benzyl alcohol through dermal contact with
consumer products. Dermal systemic exposure has been
measured for 10 of the most highly used personal care and
cosmetic products, leading to an estimated total exposure of
0.042 mg kg�1 day�1 for high-end product users. Researchers
evaluating migration data recently estimated the ranges of
dermal and oral exposures of children to fragrances in
scented toys and concluded that maximal dermal benzyl
alcohol exposure was 605 mg kg�1 day�1. In 1979, the Joint
Commission on Food Additives set acceptable dietary intake
of benzoic moiety, to include all benzyl contributors
including benzyl alcohol and benzyl benzoate, at 0–5 mg per
kg of body weight per day (FAO/WHO, 1994). The diet, of
course, is not the only route of exposure to benzyl alcohol.
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Toxicokinetics

Adults readily oxidize benzyl alcohol to benzoic acid. This is
followed by the conjugation of benzoic acid with glycine in the
liver to form hippuric acid. The latter is excreted in the urine.
The immature metabolic capacities of infants result in limited
ability to metabolize the benzyl alcohol metabolite benzoic
acid to its primary excreted metabolite hippuric acid resulting
in increased benzoic acid concentrations in preterm infants.
These concentrations are further increased in preterm babies
over term babies due to an increased ability to metabolize
benzyl alcohol to benzoic acid. The relative inability to convert
benzoic acid to hippuric acid may be related to glycine defi-
ciency. Accumulation of benzoic acid in preterm infants has led
to cases of severe toxicity and death.

In dogs administered 52 or 105 mg kg�1 iv doses of benzyl
alcohol in saline, plasma half-life was about 1.5 h. Benzyl
alcohol rapidly disappeared from the injection site following
intramuscular administration in rats, with a disappearance
half-life estimated to be less than 10 min. In nonhuman
primate studies, the Rhesus monkey demonstrates high
absorption (56–80%) of topically administered benzyl alcohol
over 24 h, but only when the administration site is occluded.
Rabbits receiving 1 g of subcutaneous benzyl alcohol eliminate
300–400 mg of hippuric acid. In humans, benzyl alcohol is
readily absorbed from the gastrointestinal tract following oral
ingestion. Percutaneous absorption of benzyl alcohol during its
use to treat pediculosis is reported to be limited and low,
although application of higher concentrations of the alcohol
can result in substantial uptake. Levels of benzyl alcohol from 5
to 500 mg per 10 ml plasma are reported in uremic patients on
hemodialysis. No drug interaction studies have been reported
to date with benzyl alcohol.
Mechanisms of Action

When used as a treatment for head lice, benzyl alcohol is
thought to operate via a unique mechanism involving physical
pulmonary obstruction of respiratory spiracles by the solvent,
resulting in the asphyxiation of lice. Benzyl alcohol is a local
anesthetic and produces metabolic acidosis. The latter action
can be attributed to direct acidification and fixed anion effects
of the metabolite benzoic acid and potentially to secondary
lactic acid production due to inhibition of cellular metabolism.
Weak local anesthetic effects have been related to membrane
fluidization.
Acute and Short-Term Toxicity

Benzyl alcohol has been studied across a large number of
nonhuman species including rat, mouse, cat, dog, rabbit, and
chicken. The oral LD50 values of benzyl alcohol in seven rat
studies range from 1230 to over 3100 mg kg�1. These levels of
observed effects have been categorized as moderately toxic in
some comparative toxicity scales. In the rat, clinical signs and
symptoms of toxicity include increased respiration, piloer-
ection, tremors, half-closed eyes, lethargy, ataxia, prostration,
and ultimately coma. Depression occurs within 10–15 min,
followed by death from 1 h to as late as 4 days. Signs in mice
include depression with animal deaths within 18 h. Subcuta-
neous benzyl alcohol produces respiratory stimulation, fol-
lowed by respiratory and muscular paralysis, convulsion, and
central nervous system (CNS) depression. Interestingly, intra-
venous administration of benzyl alcohol to rat, cat, and dog
produces a decrease in arterial blood pressure, which is not
seen in the dog after oral administration.

The general toxicity of lower dose benzyl alcohol exposures
in humans places it among Class I agents that cause reversible
effects which are generally not life-threatening. Common
effects are irritation and mild CNS depression. Toxic effects
associated with higher exposures include vasodilatation,
hypotension, convulsions, paralysis, and respiratory failure.
Serious problems have occurred with this alcohol when present
as a preservative in fluids administered to neonates. Benzyl
alcohol was responsible for a number of deaths stemming from
metabolic acidosis that progressed to respiratory distress and
gasping respirations. Some infants developed CNS dysfunc-
tion, including developmental delay, convulsions, intracranial
hemorrhage, and hypotension followed by cardiovascular
collapse. Neonatal toxicity has been attributed to the imma-
turity of the benzoic acid detoxification process in premature
newborns. Ocular exposure to dilute solutions of benzyl
alcohol can cause slight irritation and local anesthesia. Use of
benzyl alcohol in consumer products has resulted in a relatively
low incidence of contact dermatitis characterized by urticaria,
angioedema, erythema, and pruritus. Finally, the compara-
tively more favorable safety properties of benzyl alcohol have
resulted in it being advocated in 2013 as a less-toxic alternative
for paint stripping products containing dichloromethane. LD50

doses for benzyl alcohol in several rodent models are listed
below:

LD50 Mouse sc 950 mg kg�1

LD50 Mouse iv <0.5 ml kg�1 per 94% benzyl alcohol
LD50 Mouse oral 1360–1580 mg kg�1

LD50 Mouse iv 324 mg kg�1

LD50 Rat sc 1700 mg kg�1

LD50 Rat ip >400–800 mg kg�1

LD50 Rat oral 1230–3120 mg kg�1

LC100 Rat inhalation 200–300 ppm per 8 h
LC50 Rat inhalation 74 mg l�1 per 4 h
LC50 Rat inhalation 1000 ppm per 8 h
LD50 Rat iv 53 mg kg�1

LD50 Rat iv 314 mg kg�1

LD50 Rabbit oral 1940 mg kg�1

LD50 Rabbit dermal 2000 mg kg�1

LD50 Guinea pig dermal <5 ml kg�1

LD50 Guinea pig ip >400–800 mg kg�1

Source: NLM-HSDB.
Chronic Toxicity

Limited signs and symptoms of chronic oral toxicity were noted
for benzyl alcohol when given to rats and mice in doses of
200–400mg kg�1 over 2 years (NTP, 1989). Most findings were
not reliably attributable to the test article. The Environmental
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Protection Agency has set the reference dose for chronic oral
exposure at 0.286 mg kg�1 day�1.
Immunotoxicity

See acute toxicity.
Reproductive and Developmental Toxicity

The effects of benzyl alcohol on fertility appear not to have
been evaluated in animals or humans.
Genotoxicity

Studies have produced mainly negative but mixed outcomes.
This alcohol is nonmutagenic when tested under the pre-
incubation protocol for Salmonella typhimurium strains TA98,
TA100, TA1535, or TA1537, both in the presence and in the
absence of exogenousmetabolic activation. It is also negative in
the sex-linked recessive lethal assay and the replicative DNA
synthesis assay in rat. Although negative in the mouse
lymphoma assay with metabolic activation, benzyl alcohol is
positive in this assay without metabolic activation at levels that
also produce significant cell death. On the other hand, benzyl
alcohol clearly increases the rate of sister chromatid exchange
in Chinese hamster ovary cells in the presence but not the
absence of the S9 fraction.
Carcinogenicity

The National Toxicology Program has conducted long-term
carcinogenesis studies of technical-grade benzyl alcohol (99%
pure). Groups of F344/N rats and B6C3F1 mice were admin-
istered the test chemical by gavage for 16 days, 13 weeks, or
2 years. Benzyl alcohol produced no evidence of carcinogenic
activity in male or female F344/N rats dosed with 200 or
400 mg kg�1. Male or female B6C3F1 mice dosed with 100 or
200 mg kg�1 for 2 years also demonstrated no evidence of
carcinogenic activity.
Clinical Management

There is no proven antidote for benzyl alcohol poisoning.
Treatments for significant benzyl alcohol exposure, following
standard airway, breathing and circulation support as appro-
priate, are nonspecific and include discontinuation of the
exposure, enhancement of elimination if justified, and
supportive care. Management of inhalation exposure can
include increased ventilation, fresh air, and rest. In cases of
dermal exposure, protective gloves are recommended during
removal of contaminated clothing and repeated rinsing with
water. Ocular contact resulting in redness should prompt
rinsing with water for several minutes, and immediate removal
of contact lenses if present. Individuals who are suspected of
acute benzyl alcohol ingestion and demonstrate serious
symptoms including diarrhea, nausea, and/or vomiting should
be promptly referred for advanced medical attention, as should
those exposed via other routes. Hemodialysis may enhance the
elimination of benzyl alcohol and its metabolites, and may
also be a useful adjunct in correcting severe metabolic acidosis.
Exposure Standards and Guidelines

Studies characterizing safe exposure limits to benzyl alcohol are
not as available as for many chemicals. One of the few pub-
lished values for airborne exposure limits comes from the
Occupational Alliance for Risk Science, which sets the work-
place environmental exposure level (WEEL) for 8-h time-
weighted average (TWA) at 10 ppm. This WEEL was developed
and maintained by the American Industrial Hygiene Associa-
tion until 2012. The American Conference of Governmental
Industrial Hygienists has no set threshold limit value for benzyl
alcohol. The Research Institute for Fragrance Materials (RIFM)
classifies benzyl alcohol potency as a skin sensitizer as weak,
based on animal data including a local lymph node assay value
of>12 500. They report a lowest observable effect level value of
8858 mg cm�2. The RIFM Expert Panel established the no ex-
pected sensitization induction level (NESIL) at 5900 mg cm�2.
The German Commission for the Investigation of Health
Hazards of Chemical Compounds in the Work Area concluded
that human and animal studies have yielded insufficient
information to set a maximum workplace concentration value,
placing it in Category II B. More recently, the German Working
Group on Indoor Air Guidelines of the Federal Environment
Agency has issued indoor air hazard guide value of 4 mg m�3

and a health precaution guide value of 0.4 mg m�3. Florida
limits the presence of benzyl alcohol in its State Drinking Water
Guidelines to 2100 mg l�1.
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l Name: Benzyl Benzoate
l Chemical Abstracts Service Registry Number: CAS 120-51-4
l Synonyms: Ascabin, Benylate, Benzyl alcohol benzoic ester,

Scabide, Vanzoate
l Molecular Formula: C14H12O2

l Chemical Structure:
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Background (Significance/History)

Benzyl benzoate occurs naturally in Peruvian and Tulu balsams
as well as other essential oils. It was used in Vietnam War as
a repellant for ticks and mites. Benzyl benzoate was used as an
antispasmodic, but has been replaced with more effective
treatments. In many poor regions, it is the first-line intervention
for patients with scabies. Benzyl benzoate is used in veterinary
medicine as a both scabicide and pediculicide. Benzyl benzoate
is a common additive to body care, cosmetics, and food.
Uses

Benzyl benzoate is used as a plasticizer in cellulose and other
polymers, a fixative in fragrances, a food additive, a solvent,
a remedy for scabies, a pesticide to kill ticks, mites, and lice, and
has been used as a repellent for chiggers, ticks, and mosquitoes.
Environmental Fate and Behavior

When tested in water, benzyl benzoate residues remained
greater than 60% at 2 and 7 days after treatment. Benzyl
benzoate appears to have a low water distribution and a high
soil distribution.
Exposure Routes and Pathways

Benzyl benzoate is an active substance in Peruvian and Tulu
balsams as well as other essential oils. It is also produced
synthetically and is formulated as a liquid, emulsion, or lotion.
Exposure to benzyl benzoate can occur via skin contact or
ingestion. Migration of benzyl benzoate and other compounds
from toys was derived to estimate levels of oral and dermal
exposure in children from contact with the toys. Benzyl
benzoate had the highest migration rate among the tested
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compounds and the exposure levels were maximally estimated
at 22.2 mg kg�1 bw day�1. Fetal exposure in rats following
maternal exposure has also been documented.
Toxicokinetics

The dermal absorption factor of benzyl benzoate is not well
documented; however, one study demonstrated that 54% of
the percutaneously applied dose did penetrate human skin.
After absorption, benzyl benzoate is rapidly hydrolyzed into
benzoic acid. Conjugation of benzoic acid and glycine yields
hippuric acid; conjugation of benzoic acid and glucuronic
acid yields benzoylglucuronic acid. The formation of hip-
puric acid depends on the availability of glycine; when
insufficient, benzoyl glucuronide is formed. Both conjugates
are eliminated in urine in different ratios depending on
species and dose.
Mechanism of Toxicity

Benzyl benzoate acts as a local irritant. At high levels of expo-
sure, free benzoic acid may sequester significant amounts of
acetyl coenzyme A (CoA), which could disrupt cholinergic
signaling. Recent findings suggest that benzyl benzoate may
have estrogenic properties.
Acute and Short-Term Toxicity

Animals

The oral LD50 values range from 1700mg kg�1 in rats to over
22 440mg kg�1 in dogs. Cats are particularly susceptible to
benzyl benzoate, with an oral LD50 value of 2240mg kg�1.
Signs of toxicity include nausea, vomiting, diarrhea, salivation,
piloerection, progressive incoordination, central nervous
system excitation, tremors, convulsions, progressive paralysis
of hind limbs, prostration, dyspnea, and death. Rabbits treated
with a lethal dermal dose died without exhibiting symptoms of
systemic effects. Lethal dermal doses in cats produced excessive
salivation, twitching of the treated areas, generalized tremors,
muscular incoordination, paralysis of hind limbs, convulsions,
and respiratory failure prior to death. In addition to the lack of
benzyl benzoate sensitivity in dogs, dermally applied benzyl
benzoate was nontoxic to the pig, sheep, heifer, or horse.
Humans

An evaluation of the impact of fragrance compounds on
dermatitis led benzyl benzoate to be classified as a rare sensitizer.
Skin reactions are the most common reaction to benzyl
benzoate, usually described as nonallergic contact dermatitis.
Anaphylaxis was triggered in a 16-year-old boy being treated for
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primary hypogonadism by an intramuscular injection of a depot
testosterone undecanoate (Reandron 1000, Bayer: depot testos-
terone undecanoate with a castor oil and benzyl benzoate
vehicle). Testing identified benzyl benzoate as the likely trigger
for the anaphylactic reaction. Convulsions have been reported as
serious reactions to benzyl benzoate, although the number of
reported events was low. The death of a 7-year-old child was
attributed to an overdose of the benzyl-benzoate-based scabicide
in which he was bathed every other day prior to a bone marrow
transplant. A retrospective study investigated the safety of both
a benzyl benzoate lotion and a permethrin lotion in the treat-
ment of scabies in pregnant women and found no significant
differences in the proportion of abortions or the proportion of
congenital abnormalities related to benzyl benzoate treatment,
although the study had limited power to detect such differences.
Chronic Toxicity

Animals

To date, very few published studies report the chronic effects of
benzyl benzoate in animals. A single report described the
effects of daily doses of benzyl benzoate of 25mg kg�1 bw and
100mg kg�1 bw in pregnant rats. This exposure led to liver
abnormalities, histopathological changes in the brain,
enlargement of the intermyofibrillar area of the heart, degen-
eration of blood vessels in the heart, an increased rate of fetal
resorption (in the higher treatment dose), increased aspartate
aminotransferase, changes in vascular endothelial growth
factor, and placental damage in the pregnant rats. The related
fetal exposure resulted in increased weight of the fetal heart and
liver, degenerated blood vessels in the heart, histopathological
changes in the liver, morphological changes in the kidney, and
changes in vascular endothelial growth factor. Based on these
toxicological findings, it was suggested that benzyl benzoate
may be potent inhibitor of angiogenesis via its effects on
vascular endothelial growth factor.

Humans

To date, the chronic effects of benzyl benzoate in humans are
not fully known.
Reproductive Toxicity

To date, no published studies have specifically investigated the
adverse effects of benzyl benzoate on reproductive ability.
However, benzyl benzoate did lead to increased fetal resorp-
tion in pregnant rats and, suggestive of endocrine system
endpoints, produced estrogenic responses in MCF7 human
breast cancer cells in vitro.
Genotoxicity

The genotoxicity of benzyl benzoate is not well established.
One published study reported that at high concentrations
in vitro, benzyl-benzoate-induced gene expression in the stably
transfected ERE-CAT reporter gene and the endogenous pS2
gene in MCF7 human breast cells.
Carcinogenicity

To date, little data are available on carcinogenic properties of
benzyl benzoate. Benzyl benzoate was not found to be muta-
genic in a screening of tobacco smoke constituents using the
Ames test.
In Vitro Toxicity Data

Benzyl benzoate increased the proliferation of estrogen-
dependent MCF7 breast cancer cells over 7 days, but another
report determined stimulation not to be significant after a 24-h
period. Benzyl-benzoate-induced gene expression in the stably
transfected ERE-CAT reporter gene and the endogenous pS2
gene in MCF7 human breast cells.
Clinical Management

In the case of skin contact, remove any contaminated clothing
and wash the affected skin with soap and water. If the eyes are
exposed, rinse immediately with water for at least 15min with
open eyelids. If exposure is due to inhalation, the patient
should be moved to fresh air. If the patient does not recover
rapidly, medical attention should be sought. In case of inges-
tion, do not induce vomiting. If the person is conscious, the
mouth should be rinsed with plenty of water, approximately
500ml of water should be consumed, and medical attention
should be sought.
Ecotoxicology

Benzyl benzoate is relatively toxic to brine shrimp, zebra fish
(LC50, 3.9mg l�1), and bluegill sunfish (LC50, 2.5 mg l�1).
Exposure Standards and Guidelines

l Acceptable daily intake: 5 mg kg�1.
See also: Pesticides; Cosmetics and Personal Care Products.

Further Reading

Charles, A.K., Darbre, P.D., 2009 Jul. Oestrogenic activity of benzyl salicylate, benzyl
benzoate and butylphenylmethylpropional (Lilial) in MCF7 human breast cancer
cells in vitro. J. Appl. Toxicol. 29 (5), 422–434. http://dx.doi.org/10.1002/
jat.1429. PMID: 19338011.

Koçkaya, E.A., Kiliç, A., 2011. Developmental toxicity of benzyl benzoate in rats after
maternal exposure throughout pregnancy. Environ. Toxicol. http://dx.doi.org/
10.1002/tox.20771 (PMID: 21922633). Article first published online: 16
SEP 2011.
Relevant Website

http://www.fao.org/food/food-safety-quality/scientific-advice/jecfa/en/ – Food and
Agriculture Organisation.

http://dx.doi.org/10.1002/jat.1429
http://dx.doi.org/10.1002/jat.1429
http://dx.doi.org/10.1002/tox.20771
http://dx.doi.org/10.1002/tox.20771
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l Chemical Abstracts Service Registry Number: 7440-41-7
l Synonyms: Glucinum, Glucinium
l Valence States: 0, þ2
Background

Although known through the mineral beryl, Be3Al2(SiO3)6, for
millennia, beryllium was discovered as an element in 1797 by
Louis-Nicolas Vauquelin, although it was not isolated as
a metal until Friedrich Wöhler and Antoine Bussy indepen-
dently succeeded in this venture independently by reacting
potassium metal with beryllium chloride in a platinum
crucible, yielding beryllium metal and potassium chloride. Its
use in metallurgy and electrical components were largely
developed in the 1920s.
Uses

Beryllium is an important industrial metal because of its
material properties; that is, it is lighter than aluminum and six
times stronger than steel. Often alloyed with other metals such
as copper, beryllium is a key component of materials used in
the aerospace and electronics industries. Beryllium has a small
neutron cross-section, which makes it useful in the production
of nuclear weapons and in sealed neutron sources. Specifically,
beryllium is used in nuclear reactors as a neutron reflector or
moderator, and in the aerospace industry in inertial guidance
systems; beryllium alloys (consisting of copper or aluminum)
are also used in structural material. Beryllium oxide is used as
an additive in glass, ceramics, and plastics and as a catalyst in
organic reactions. In the past, beryllium was widely used in the
manufacture of fluorescent lights and neon signs. Alloyed with
copper, aluminum, or nickel, beryllium imparts excellent
electrical and thermal conductivity.
Environmental Fate and Behavior

Beryllium enters the environment principally through emis-
sions from the combustion of fossil fuels and ore processing.
Average ambient air concentrations in the United States have
been measured at 0.03 ng m�3, whereas median concentration
in cities is 0.2 ng m�3.

Insolubility of beryllium and many of its compounds can
lead to long-term persistence in the environment, as particu-
lates suspended in water until deposition in sediment, or in
soils. Concentrations of beryllium in soil are found in the
United States, as well as, more recently, in Brazil, Argentina,
Madagascar, India, and Russia.

Long-range transport of beryllium is common in conti-
nental river systems, whereas brackish mixing zones exhibit
scavenging. It is not yet known whether beryllium ceases
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
transport in these estuarine waters and deposits in sediments,
or continues to the deep ocean, although beryllium concen-
trations in deep ocean waters around the world are uniform.

A measured bioconcentration factor (BCF) of 19 was
reported for beryllium in bluegill fish. Other investigators have
reported a BCF of 100 for freshwater and marine plants,
invertebrates, and fish. Chemicals with BCFs <1000 will not
bioaccumulate significantly in aquatic organisms. It is possible
that bottom-feeding crustaceans, such as clams and oysters,
could accumulate beryllium from sediment and show higher
bioconcentration than freshwater fish. No evidence for signif-
icant biomagnification of beryllium within food chains was
found.
Exposure and Exposure Monitoring

The primary exposure pathway for beryllium is inhalation.
Inhalation, ingestion, and dermal contact are possible exposure
pathways in workplace settings. Exposure to small amounts of
beryllium occurs with ingestion of some foods and drinking
water. Beryllium enters the air, water, and soil as a result of
natural and human activities. Emissions from burning coal and
oil increase beryllium levels in air. Beryllium enters waterways
from the wearing away of rocks and soil. Most of the synthetic
beryllium that enters waterways comes when industry dumps
wastewater and when beryllium dust in the air from industrial
activities settles over water. Beryllium, as a chemical compo-
nent, occurs naturally in soil; however, disposal of coal ash,
incinerator ash, and industrial wastes may increase the
concentration of beryllium in soil. In air, beryllium compounds
are present mostly as fine dust particles. The dust eventually
settles over land and water.
Toxicokinetics

Beryllium is not well absorbed by any route. Oral absorption of
beryllium is <0.01% and probably only occurs in the acidic
stomach environment. About half of inhaled beryllium is
cleared in w2 weeks. The remainder is cleared slowly and the
residual becomes fixed in the lung (granulomata). The half-life
of beryllium in rat blood isw3 h. Beryllium is distributed to all
tissues. High doses generally go to the liver and then are
gradually transferred to the bone. Most beryllium concentrates
in the skeleton. Beryllium is excreted in the urine; however, the
fraction of administered dose excreted in urine is variable.
Mechanism of Toxicity

Beryllium compromises the immune system. Enzymes cata-
lyzed by magnesium or calcium can be inhibited by beryl-
lium; succinic dehydrogenase is activated. Beryllium exposure
4-3.00820-4 435
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leads to a deficiency in lung carbon monoxide diffusing
capacity. Hypercalcemia (excess of calcium in the blood) can
occur.
Acute and Short-Term Toxicity (or Exposure)

Animal

The pulmonary effects of inhaled beryllium have been evalu-
ated in a variety of laboratory animal species. Monkeys, for
example, exposed to relatively high concentrations of beryl-
lium compounds developed symptoms and histopathological
findings consistent with acute beryllium disease.
Human

The major toxicological effects of beryllium are on the lung.
Acute exposure to soluble beryllium compounds (e.g., fluoride,
an intermediate in the ore extraction process) irritates the entire
respiratory tract, may produce acute chemical pneumonitis,
and can result in fatal pulmonary edema. Hypersensitivity,
which appears to be mediated by the immune system, may also
occur following exposure. This means that future exposure to
beryllium may produce health effects at concentrations lower
than those generally associated with the effect (the individual
becomes much more sensitive to beryllium). The acute disease
in humans is also marked by conjunctivitis, nasopharyngitis,
tracheobronchitis, and dermatitis.
Chronic Toxicity (or Exposure)

Animal

Although beryllium produces cancer in more than one animal
species (lung cancer in rats and monkeys; osteogenic sarcoma
in rabbits), it does not appear to be teratogenic.
Human

Chronic exposure to insoluble beryllium compounds, partic-
ularly the oxides, leads to berylliosis (a chronic granulomatous
disease), which begins with a cough and chest pains. In most
cases, these symptoms soon lead to pulmonary dysfunction.
The latency period ranges from months to 25 years. Diagnosis
based on clinical, radiographic, and lung function evidence has
been found to be difficult.

Other effects of beryllium exposure include enlargement of
the heart (which can lead to congestive heart failure),
enlargement of the liver, and kidney stones. Finger ‘clubbing’ is
often seen with berylliosis. Skin lesions are the most common
industrial exposure symptom. Three distinct skin lesions have
been noted following exposure to beryllium: dermatitis,
ulceration, and granulomas. There appears to be an immuno-
logical component to chronic beryllium disease, including the
dermal responses.

Although available information from epidemiological
studies is insufficient to confirm human carcinogenesis, the data
strongly suggest beryllium is associated with cancer in humans,
and it is categorized as a B1 (probable human carcinogen) by
the US Environmental Protection Agency (EPA).
Immunotoxicity

Beryllium exerts several important immunotoxic effects,
including induction of a beryllium-antigen specific adaptive
immune response and the triggering of inflammatory and
innate immune responses. Genetic susceptibility plays a role in
CBD adaptive immune responses, mainly mediated through
single nucleotide polymorphisms in HLA-DP and, to a lesser
extent, HLA-DR. The adaptive response is characterized by
influx and proliferation of CD4þ central and effector memory
T cells expressing Th1 cytokines. Insights into the immunopa-
thogenesis of CBD have implications for the understanding of
other immune-mediated granulomatous disorders and for
metal antigen behavior.
Reproductive Toxicity

Little data are available on the reproductive effects of beryl-
lium. Large acute doses have had no effect on reproduction,
although continued administration during pregnancy has led
to death in utero and quickly after birth. It has also been
reported that rats exposed to low levels of beryllium have an
increased number of litters.
Genotoxicity

Beryllium’s genotoxicity is not entirely clear, owing to weak
and/or inconsistent evidence from studies, but there is suffi-
cient evidence to consider it a weak genotoxin. In vitro studies
indicate that beryllium induces morphological transforma-
tions in mammalian cells, but beryllium is not mutagenic in
bacterial systems. There are studies that have exhibited chro-
mosome aberrations in human lymphocytes, as well as
increased sister chromatid exchange (SCE).
Carcinogenicity

The American Conference of Governmental Industrial Hygien-
ists (ACGIH) classifies beryllium as group TLV-1 (a substance
that causes cancer in humans). The DFG maintains the same
classification as the ACGIH, although the group is referred to
as MAK 1. Also, the IARC classifies it as group 1 (sufficient
evidence for carcinogenicity in humans). US EPA classification
of beryllium is as groups B1, probable human carcinogen,
limited evidence from epidemiological studies, and L, meaning
likely to produce cancer in humans. There are several studies
suggesting that occupational exposure to beryllium, largely
in the form of dust, increases incidence of lung cancer, especially
in individuals after recovery from acute beryllium pneumonitis.
Clinical Management

Treatment of the acute disease includes bed rest, oxygen therapy,
mechanical ventilation when needed, and corticosteroids.
Chelation has been used to treat beryllium toxicity; however, no
one agent is recommended over another. Aurin tricarboxylic
acid has been used to protect primates fromberylliumoverdose,
but human trials have not been conducted.
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Ecotoxicology

Fish do not accumulate beryllium from water into their
bodies to any great extent. A major portion of beryllium in soil
does not dissolve in water but remains bound to soil, so it is
not very likely to move deeper into the ground and enter
groundwater. In the environment, chemical reactions can
change the water-soluble beryllium compounds into insoluble
forms. In some cases, water-insoluble beryllium compounds
can change to soluble forms. Exposure to water-soluble beryl-
lium compounds in the environment, in general, pose a greater
threat to human health than water-insoluble forms.

No evidence was found to substantiate that biomethylation
or any other environmental process results in the volatilization
of beryllium into the atmosphere from water or soil.

Beryllium is extremely toxic to warm water fish in soft
water. The degree of toxicity decreases with increasing water
hardness. Bioconcentration of beryllium in fish to high levels
is not likely because of the low uptake of beryllium from water
by aquatic animals.

Other Hazards
Exposure Standards and Guidelines

The ACGIH threshold limit value, 8-h time-weighted average is
0.002mgm�3 for beryllium and beryllium compounds.
Miscellaneous

Emeralds are a beryllium compound, beryl, Be3Al2(SiO3)6,
which is colored green by the presence of trace quantities of
chromium or vanadium.

See also: Metals; Respiratory Tract Toxicology.
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Relevant Websites

http://www.epa.gov/ttn/atw/hlthef/berylliu.html - US Environmental Protection Agency,
Air Toxics website: Beryllium Compounds

http://minerals.usgs.gov/minerals/pubs/commodity/beryllium/ - US Geological Survey,
Minerals Information: Beryllium

http://www.cdc.gov/niosh/topics/beryllium/ - Centers for Disease Control, Workplace
Safety and Health Topics: Beryllium
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Toxicity review of Beryllium.
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l Name: Beta-Blockers
l Synonyms: Acebutolol (Chemical Abstracts Service Registry

Number (CAS) 37517-30-9), Atenolol (CAS 29122-68-7),
Betaxolol (CAS 63659-19-8), Bisoprolol (CAS 66722-44-9),
Carteolol (CAS 51781-21-6), Esmolol (CAS 81161-17-3),
Labetalol (CAS 32780-64-6), Metoprolol (CAS 37350-58-6),
Nadolol (CAS 42200-33-9), Nebivolol (CAS 38363-32-5),
Penbutolol (CAS 13523-86-9), Propranolol (CAS 318-98-9),
Sotalol (CAS 959-24-0), Timolol (CAS 26921-17-5)

l Chemical Structure:

Background

Sir James Black synthesized the first clinically useful beta-
blocker in 1958 after being inspired to find an agent that
would lower heart rate in addition to blood pressure. At that
time, phenoxybenzamine was the commonly utilized medica-
tion for hypertension, but the unfortunate side effect of
tachycardia limited its use. Sir Black revolutionized the treat-
ment of hypertension with his discovery, andmany believe that
this is the most important pharmacological contribution of the
twentieth century. However, with an increasingly elderly pop-
ulation, beta-blockers have now become a significant cause of
serious poisonings in both accidental and intentional over-
doses. Liver failure and renal failure increase the risk of toxicity,
making older populations more vulnerable to unintentional
poisoning. It is vital that beta-blocker toxicity is considered on
our list of differential diagnoses in patients presenting with
hemodynamic compromise.
Uses

Beta-blockers reduce heart rate and blood pressure. Their
use includes the treatment of hypertensive heart disease
(essential hypertension, aortic dissection), ischemic heart
disease (angina pectoris, myocardial infarction), supraventric-
ular arrhythmias (supraventricular tachycardia, sinus tachy-
cardia, ventricular tachycardia), structural heart disease
(hypertrophic obstructive cardiomyopathy and compen-
sated congestive heart failure), hyperadrenergic conditions
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(pheochromocytoma, hyperthyroidism, panic attacks, essential
tremor, stage fright), glaucoma, and migraine headache.
Environmental Fate and Behavior

A few studies have examined the risk of environmental exposure
of beta-blockers. It has been shown that several drugs, including
beta-blockers, have been found in different water environments.
Beta-blockers are susceptible to photolysis and appear to be
more easily broken down in aquatic environments.
Exposure Routes and Pathways

The most common route of exposure to the beta-blockers is
ingestion, including both intentional and accidental. Esmolol,
labetalol, metoprolol, and propranolol are all available for
parenteral administration; therefore, toxicity can occur via this
additional route. Beta-blockers are also administered as ocular
medications and systemic toxicity can result from administra-
tion by this seemingly innocuous route as well.
Toxicokinetics

The extent of absorption varies due to lipophilicity – the higher
the lipid solubility, the more protein-bound the drug form
remains in circulation. Protein-bound drugs are poorly excreted
by the kidneys, and can accumulate in those with liver failure,
whereas less protein-bound and less lipophilic drugs are more
likely to be excreted by the kidneys. From the most lipid-
soluble beta-blocker, propranolol, to the least, atenolol, oral
bioavailability ranges from 25 to 100%. The rate of absorption
is rapid for nonsustained release preparations. There are sus-
tained release preparations for carvedilol, metoprolol, and
propranolol, and these are more slowly absorbed and can
demonstrate delayed and prolonged clinical effects following
overdose. Most of the beta-blockers have hepatic metabolism
of at least 50%. Atenolol, nadolol, and sotalol are principally
excreted unchanged in the urine. Esmolol, although water
soluble, is the most rapidly metabolized of the beta-blockers
because it is metabolized by esterases in the cytosol of red
blood cells. Both renal and fecal elimination occurs with beta-
blockers. Elimination half-life ranges from 0.15 (esmolol) to
32 h (nebivolol).
Mechanism of Toxicity

Beta-blocker toxicity is directly related to the pharmacologic
effects, including their beta-selectivity profiles. These agents
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00698-9
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block the effects of catecholamines such as epinephrine and
norepinephrine on the beta-1 and beta-2 receptors. Beta-1
receptors are primarily located in the heart and kidneys while
beta-2 receptors are primarily located in the airway and vascu-
lature. Toxicity is most often due to antagonism of the cardiac
beta-1 receptors, but varies depending on the agent’s beta
selectivity. For example, propranolol lacks selectivity, whereas
labetalol and carvedilol are known to have both alpha-1 and
beta-receptor blockade. Acebutolol, atenolol, betaxolol, biso-
prolol, esmolol, metoprolol, and nebivolol are beta-1 selective
antagonists. Some beta-blockers, such as pindolol or acebutolol,
exhibit intrinsic sympathomimetic activity (ISA), which is due to
partial agonism of the beta-receptors resulting in low levels of
beta stimulation. Nebivolol has an additional feature of nitric
oxide activity that results in enhancement of vasodilation and
can lead to toxicity in overdose as well.
Acute and Short-Term Toxicity (or Exposure)

Human

Cardiac beta-1 stimulation results in increases in sinoatrial
rate, myocardial contractility, and increased atrial, atrioven-
tricular node, and ventricular conduction velocity. The mech-
anism by which this is accomplished is via a G-protein
coupled second messenger system, where increased produc-
tion of cyclic AMP leads to phosphorylation of calcium
channels for calcium influx into the cell and myofibril
contraction (Figure 1). Beta-2 receptors are found in the
bronchioles, vasculature, intestines, uterus, pancreas, adipose
tissue, and the liver. Stimulation of bronchial and vascular
beta-2 receptors causes smooth muscle relaxation with resul-
tant bronchial dilation and vasodilation. Blocking beta-2
receptors can cause contraction of bronchial smooth muscle
and may result in asthma exacerbation. In overdose, acebu-
tolol, betaxolol, carvedilol, oxprenolol, and propranolol can
cause cardiac toxicity from fast sodium channel blockade that
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Figure 1 Mechanism of action for beta-blockers.
can result in QRS prolongation, seizures, and death. Pindolol
has demonstrated increased sympathomimetic activity with
mild tachycardia and hypertension in overdose.
Chronic Toxicity (or Exposure)

Animal

No evidence of carcinogenicity has been documented in rats at
doses of atenolol up to 300 mg kg�1 day�1. Doses of up to
200 mg kg�1 day�1 have not shown decreased fertility in rats.
However, dose-related fetal resorptions were noted at doses of
greater than 50 mg kg�1 day�1. Chronic propranolol dosing at
100 mg kg�1 to newborn rats resulted in decreased weight gain
and growth. The effects were reversible once propranolol was
discontinued.
Human

The primary clinical effects observed in beta-blocker toxicity are
cardiovascular in nature. Direct cardiac effects include brady-
cardia (sinus, atrioventricular node, ventricular), all degrees of
atrioventricular block, bundle branch blocks, and asystole.
Ventricular arrhythmias may occur secondary to bradycardia.
Torsades de pointes has been associated with chronic toxicity
from sotalol because this beta-blocker blocks delayed potas-
sium channels responsible for repolarization and prolongs the
action potential and the QT interval. Hypotension occurs and is
due to decreased cardiac output and/or vasodilation. Central
nervous system effects of these drugs including lethargy, coma,
and seizures are secondary to the cardiovascular toxicity of
lipophilic beta-blockers, such as propranolol and penbutolol.
Bronchospasm can occur secondary to beta-2 blockade.
Hypoglycemia and hyperkalemia can occur. Beta-blockers are
also known to worsen decompensated heart failure, exacerbate
peripheral vascular resistance, and blunt the warning symp-
toms of hypoglycemia. Beta- blockers are also known to worsen
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decompensated heart failure, exacerbate peripheral vascular
resistance, and blunt the warning symptoms of hypoglycemia.
In Vitro Toxicity Data

Ames testing of propranolol by different laboratories has
demonstrated equivocal results.
Immunotoxicity

There is no evidence that beta-blockers currently cause immu-
notoxicity. Practolol, which was withdrawn from the market
in 1975, was thought to cause an oculo-mucocutaneous
syndrome that resulted in a kerato-conjunctivitis, psoriasis-
like skin condition and effusions of the pleura and pericar-
dium, but this was never definitively determined.
Reproductive Toxicity

Acebutolol, pindolol, and sotalol are pregnancy category B
medications when used early in pregnancy. These medications
have not been found to cause harm in animal studies but have
not been fully studied in pregnant humans. Category C medi-
cations have been shown to cause harm in animal studies but
have not been studied in humans. Medications that have not
been evaluated in animal studies also belong to this class. The
following beta-blockers belong to category C: betaxolol, biso-
prolol, carteolol, carvedilol, esmolol, levatol, levobunolol,
metipranolol, metoprolol, nebivolol, penbutolol, propranolol,
and timolol.

In late pregnancy, many consider all beta-blockers to be
category D medications, but only atenolol officially belongs to
category D – these medications are a risk to the fetus as
confirmed in studies on pregnant women but may provide
benefits that outweigh the risks as determined by the healthcare
provider.

Highly protein-bound beta-blockers, such as acebutolol,
atenolol, metoprolol, nadolol, and sotalol are capable of being
excreted in breast milk. Atenolol and acebutolol have resulted
in bradycardia, cyanosis, and hypotension in the newborn
infant. One study found that the majority of beta-blockers do
not result in significant levels in the breast-fed infant, except for
atenolol and labetalol. It is important to consider beta-blockers
with lower milk to plasma ratios for administration to nursing
mothers.
Genotoxicity and Carcinogenicity

Multiple studies have been conducted on the beta-blocker class
to determine potential mutagenicity, and there is no evidence
that they cause genotoxicity or carcinogenicity.
Clinical Management

Advanced life-support measures should be instituted as
necessary. A baseline 12-lead electrocardiogram should be
obtained. Continuous cardiac and blood pressure monitoring
should be initiated. Airway protection should be addressed if
the patient is obtunded with signs of airway compromise.

Gastric decontamination procedures should be initiated
based on the history of the ingestion and the patient’s neuro-
logic status. Consider charcoal for recent ingestions but recall
that dosing should be in a 10:1 ratio (gram of charcoal per
gram of medication). If the expected dose of activated charcoal
is too high to administer, the patient’s mental status is prob-
lematic, or it is not certain when the patient ingested the
medication, charcoal should not be administered as it can
easily be aspirated. Whole bowel irrigation may be useful
following ingestions of sustained release preparations as long
as these patients are not hemodynamically compromised.

Bradyarrhythmias and conduction disturbances should be
managed with atropine and a pacemaker. Ventricular arrhyth-
mias should be managed with class IB antiarrhythmics (e.g.,
lidocaine) and overdrive pacing. Class IA and IC antiarrhyth-
mics should be avoided due to their potential to interfere with
conduction. Hypotension should be managed initially with
normal saline solution. If decreased cardiac output is respon-
sible for hypotension, dobutamine, amrinone, or isoproterenol
may be helpful. If systemic vascular resistance is low, vaso-
pressors such as dopamine and norepinephrine should be
administered. It is commonly difficult to determine whether
a patient’s clinical picture is due to beta-blocker overdose or
calcium channel-blocker toxicity. Evaluating the patient’s
glucose level may be helpful in distinguishing the former
from the latter, since calcium channel blockers inhibit insulin
release and clinically demonstrate insulin resistance and
hyperglycemia.

Glucagon has been effective in increasing myocardial
contractility in beta-blocker toxicity. Glucagon stimulates
production of cyclic adenosine monophosphate, which
enhances contraction by activating sarcoplasmic reticulum
calcium release. Glucagon metabolism additionally releases
arachidonic acid, which also aids cardiac contractility. Initial
intravenous doses of 3–5 mg have been used in adults, and if
no response results, 6–10 mg (total dose) is usually adminis-
tered. If there is improvement in hemodynamic parameters, an
hourly infusion of the response dose of glucagon is continued.
The initial pediatric dose is 50 mg kg�1. If cardiogenic shock is
resistant to traditional measures, use of insulin and glucose (to
maintain euglycemia) has been successful in small numbers of
patients as well as in animal models of beta-blocker toxicity.
For patients who fail all other therapies, an intra-aortic balloon
pump and cardiopulmonary bypass should be considered.
Hemodialysis or hemoperfusion may be effective in removing
acebutolol, atenolol, nadolol, and sotalol.

More recently, intravenous lipid emulsion has been found
to be helpful in the crashing patient suffering from lipophilic
beta-blocker toxicity. It is believed that lipid infusion is able to
provide a lipid sink that retains circulating drug in the lipemic
portion of blood, preventing it from causing more toxicity and
allowing more time for drug metabolism. If the patient
continues to do poorly after implementation of all discussed
treatment strategies, it is appropriate to consider this rescue
therapy for it has shown promise in experimental animal
models and has been successful in the resuscitation of select
human cases.
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See also: Angiotensin Converting Enzyme (ACE) Inhibitors;
Alpha Blockers; Digitalis Glycosides; Calcium Channel
Blockers; Cardiovascular System.
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l Name: Beta-propiolactone
l Chemical Abstracts Service Registry Number: 57-57-8
l Synonyms: Propiolactone; 1,3-Propiolactone; 2-Oxetanone;

3-Hydroxypropionic acid lactone; 3-Propanolide
l Molecular Formula: C3H4O2

l Chemical Structure:
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Background

Beta-propiolactone is a colorless liquid with a strong, slightly
sweet odor. It may occur naturally, but no clear documentation
of its occurrence in nature was found, and it must be synthe-
sized for commercial purposes. Beta-propiolactone is unstable
at room temperature but stable when stored at 5 �C in glass
containers.

Its tendency to be unstable and react with other molecules in
the vicinity is responsible for both its toxicity and its usefulness.
Significant commercial production of beta-propiolactone took
place during the late 1950s through the mid-1970s, when it was
widely used in chemical synthesis in reactions with other
molecules to produce new chemicals. All lactones are charac-
terized by a ring structure consisting of two or more carbon
atoms – as can be seen from its structure, beta-propiolactone
has three in its ring – and a single oxygen, coupled with an
adjacent ketone. The fewer the carbons in the ring, the more
‘strained’ is the ring structure and themore unstable and reactive
its characteristics. When the ring bonds break, the beta-
propiolactone molecules attach to other nearby molecules.

Beta-propiolactone has a boiling point of 162 �C and a low
molecular weight (72.1). Although normally a liquid, it can
also be made to vaporize. As early as the 1960s, beta-
propiolactone vapor was tested along with ethylene oxide for
effectiveness as a sterilizing agent for influenza virus vaccines.
Its use as a sterilant was at one time extended to many other
products (see Uses).

The Hazardous Substance Database notes that beta-
propiolactone was first produced commercially in the United
States in 1958, and the volume produced was significant
through the early 1970s; for example, approximately
22 million kilograms (48.5 million pounds) were made in
1972. Production in the United States dropped to 454 kg
(1000 lb) in 1975. A 2011 National Toxicology Program report
states that in 2009 beta-propiolactone was produced by one
European manufacturer and was available from many
suppliers. No more specific data were found detailing current
production, imports, exports, or annual amounts used world-
wide. Beta-propiolactone has been replaced in newer chemical
synthesis methods, and its use as a sterilant has also
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diminished considerably. As long as its use remains limited,
risks to the general public will continue to be diminished
significantly when compared with past decades.
Uses

Once a commercially important industrial chemical in the
United States, more than 85% of the beta-propiolactone
produced was used to manufacture acrylic acid and esters.
Preparation of commercial acrylates involved reacting beta-
propiolactone with ethylene cyanohydrin. The instability of
beta-propiolactone, coupled with the discovery of other more
desirable chemical synthesis methods, led to its replacement by
other starting materials in newer manufacturing methods.

A variety of sources report that beta-propiolactone has also
been used for disinfecting blood plasma, human and veterinary
vaccines, tissue grafts, surgical instruments, enzymes, nutrient
broth and milk; as a vapor-phase disinfectant in enclosed
spaces; and as a sporicide against vegetative bacteria, patho-
genic fungi, and viruses. It has also been used by shipboard
military personnel as a disinfectant/decontaminant. It is
sometimes also used in laboratory research. Because it is no
longer used as a sterilant in medical procedures or in food, the
potential for exposure of the general population is increasingly
limited.
Environmental Fate and Behavior

It is soluble in water (370 g l�1 at 25 �C) and miscible in other
common organic solvents including acetone, chloroform,
diethyl ether, and ethanol (Log Kow 0.462). Hydrolysis occurs
in water where the half-life in aqueous media at 25 �C is
approximately 3.5 h. If released to soil, relatively rapid
hydrolysis can be expected to occur in the presence of moisture.
Significant evaporation may occur from dry surfaces. With
a vapor pressure of 3.4 mm Hg at 25 �C, it can also vaporize
into the air as temperature rises. If released to the atmosphere,
beta-propiolactone is expected to exist in the gas phase, where
it may be relatively more persistent in the absence of moisture
than it is in aqueous media. The half-life for the reaction with
photochemically produced hydroxyl radicals was estimated to
be a relatively slow rate of 45 days in the atmosphere.
Exposure Potential for Humans and the Environment

Numbers of people potentially exposed occupationally and
otherwise has decreased dramatically over the past few decades.
Occupations identified to be at greatest risk of potential
exposure formerly included all disinfectant workers andmakers
of virucidal agents, acrylic plastics, and resins. Worker exposure
may still occur by inhalation and dermal contact at industrial
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01168-4
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facilities and laboratories where beta-propiolactone is still used
to inactivate viruses for research and vaccine applications. Trace
amounts of beta-propiolactone and breakdown products that
might still be present in vaccines and other products were also
the focus of attention. Even though beta-propiolactone use has
been largely discontinued as a sterilant in a number of prod-
ucts, the potential for exposure of the general population still
exists at reduced levels and frequency. Any releases of beta-
propiolactone to the environment are most likely through
industrial processes and waste streams from facilities where it
is still made or used. Reduced use, high instability in aqueous
environments, and lack of transport, bioaccumulation, or
biomagnification potential make beta-propiolactone of
minimal ecotoxicity risk.
Toxicokinetics

Beta-propiolactone and its metabolites have short biological
half-lives in the mammalian body. The main metabolite of
beta-propiolactone is lactic acid, and its main hydrolysis
product is hydracrylic acid, both of which are excreted rapidly.

An LD50 study using application of beta-propiolactone to
the skin of guinea pigs suggested considerable absorption by
that route. Skin irritation, burns, and blisters following acute
dermal exposure could facilitate absorption by that route, with
compromised dermal barriers allowing greater passage of
substances. Finding more specific information about systemic
absorption and distribution following oral or inhalation
exposures was difficult; however, it seems likely that beta-
propiolactone does not absorb or distribute appreciably after
oral or inhalation exposures based on the fact that tissue types
of tumors seen in cancer bioassays are those experiencing first
contact. For example, oral/gastrointestinal exposures resulted
in increased combined incidence of benign and malignant
tumors of the forestomach, and cancers observed after inhala-
tion exposure were of the nasal cavity. Toxicity to kidney and
liver has been reported in animal studies, but it should be
noted that this was after intravenous (IV) administration
directly into the bloodstream.
Mechanism of Toxicity

Beta-propiolactone is sometimes classified as a direct-acting
alkylating agent capable of attaching to DNA and forming
DNAadducts. That property probably accounts for itsmutagenic
activity in a wide variety of in vitro and in vivo test systems using
both somatic and germ cells. It can also react with amino acids
of enzymes and other proteins, including blood proteins like
albumin. If given by itself intravenously, it causes liver necrosis
and kidney tubular damage, but if it is allowed time to react
with proteins before injection, then toxicity is much reduced.
Acute and Short-Term Toxicity

Humans

Being so unstable, beta-propiolactone reacts with tissues of the
body that it comes in contact with. Acute administration of
beta-propiolactone as a sterilizing agent in sera has induced
signs of inoculation-area skin irritation in people. Skin expo-
sure to a 40% (or greater) solution of beta-propiolactone in
water for 20 min has caused skin burns. The vapor of beta-
propiolactone is unbearable to human beings at concentra-
tions greater than 0.1 mg l�1 of air, a level considerably lower
than workplace air standards in the United States. The imme-
diate respiratory irritation felt upon exposure appears to be
great enough to prevent most people from working in the
presence of vapor concentrations that might be injurious.
Animals

In acute administration tests involving laboratory animals,
beta-propiolactone has been shown to be a significant irritant
to skin, eyes, the respiratory tract, and digestive system. Exces-
sive dermal contact can even elicit blisters and burns. Scarring,
erythema, and hair loss have been found on mouse skin after
1–6 administrations of 0.8–100 mg of beta-propiolactone.
Permanent corneal damage has been documented in labora-
tory studies using rabbits exposed by the ocular route. Excessive
inhalation exposure results in inflammation of the respiratory
tract. Oral contact can cause stomach and mouth burns.

In rats, acute oral administration or intraperitoneal injec-
tion of beta-propiolactone caused muscular spasms, respiratory
difficulty, convulsions, and death. Acute intravenous injection
also caused kidney tubule damage and liver necrosis. Frequent
urination, dysuria (difficulty urinating), and hematuria (blood
in urine) may also accompany higher systemic doses.

Considerable testing of beta-propiolactone in acute LD50/
LC50 experiments was done in laboratory animals to establish
doses deemed to be safe for humans. The IV route was tested
because of the utility of this chemical as a sterilant for blood
products. The IV LD50 ranges from 90 to 345 mg kg�1 in
different laboratory animal species, with the following ranking
seen from lowest (i.e., most sensitive species) to highest:
dog ¼ rabbit < guinea pig z rat < mouse. Neither species
differences nor which best represents human sensitivity appears
to have been investigated further. Degradation products from
the hydrolysis of beta-propiolactone have also been tested
similarly for lethality (LD50) and found to be as much as 5–10
times less toxic than beta-propiolactone itself.
Chronic Toxicity

Readers who may be concerned about the safety of beta-
propiolactone when used to disinfect vaccines will find the
following clinical studies especially interesting because of
the way exposures were administered. In studies reported in the
1950s and 1960s and recounted briefly in a 2004 report to the
National Academies (see Further Reading), nearly 1000 people
were involved in transfusion tests where beta-propiolactone-
treated plasma was being infused into human volunteers at
the Henry Ford Hospital. Plasma infused had been treated with
beta-propiolactone with or without ultraviolet radiation.
Patients had received under 2–3 l total plasma on average. The
vast majority received fewer than three administrations. Six
received more than 20 administrations and a few received up to
70 transfusions. Patient follow-up ranged from 6 months to
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5 years. According to this report for the National Academies,
investigators reported seeing ‘absolutely no chronic toxic
effects.’ Conclusions were based on 10 years worth of data on
2563 transfusions administered to 995 different recipients.

In related experiments using laboratory animals, marked
cumulative toxicity was seen in the form of weight loss and
necrosis of the liver and kidney tubules.
Reproductive Toxicity

No studies were found examining effects using standard test
protocols for reproductive or developmental toxicity end-
points. Beta-propiolactone being a mutagen (see Genotox-
icity), it is not too surprising that in vivo genotoxicity tests using
mice have revealed adverse effects on rapidly dividing repro-
ductive cells like oocytes and sperm.
Genotoxicity

Beta-propiolactone is a direct-acting alkylating agent that reacts
with DNA. The genotoxicity of beta-propiolactone has been
well studied in vitro and in vivo, where such testing indicates
a wide range of effects. It is mutagenic in bacterial assays. In
yeast, it induces mitotic gene conversion, aneuploidy, and
mutations. In fruit flies (Drosophila melanogaster), it produces
heritable translocations and sex-linked recessive lethal muta-
tions. It induces cell transformation and gene mutations in
human cells exposed in vitro, and cell transformation, gene
mutations, chromosomal aberrations, and sister chromatid
exchanges in other mammalian cells in vitro. When given in vivo,
beta-propiolactone induces gene mutations in the stomach and
liver in the Muta�Mouse assay; DNA strand breaks in rat liver
and mouse skin keratinocytes; and chromosomal aberrations
in rat bone-marrow cells. It covalently binds to mouse skin
DNA and RNA. It induces chromosomal aberrations or
micronuclei in oocytes, spermatids, hepatocytes, and spleno-
cytes in mice treated in vivo.
Carcinogenicity

The National Toxicology Program’s 2111 Report on Carcino-
gens considers beta-propiolactone to be reasonably anticipated
to be a human carcinogen based on sufficient evidence of
carcinogenicity from studies in experimental animals. It is very
readily hydrolyzed to an inactive degradation product; there-
fore, as used in sterilization procedures, beta-propiolactone
was not considered to be a carcinogen hazard. Nevertheless,
the unaltered parent compound beta-propiolactone is a
carcinogen, so human contact must be avoided.

The International Agency for Research on Cancer (IARC)
notes that no epidemiological data are available relevant to
the carcinogenicity of beta-propiolactone. There is, however,
sufficient evidence in experimental animals for the carcinoge-
nicity of beta-propiolactone. Their overall evaluation of beta-
propiolactone is that it is possibly carcinogenic to humans
(Group 2B). IARC also cautions that, based on results of animal
studies, a single-dose exposure may be enough to pose
a significant risk of cancer. A single administration of 100 mg
beta-propiolactone on suckling mice 9–11 days after birth
induced lymphomas and hepatomas. Single-dose exposures
have also been shown to be genotoxic.

The cancer hazard designations by other authoritative
groups are relatively similar, although one is worth mentioning
because of the slightly different perspective. The American
Conference of Governmental Industrial Hygienists (ACGIH)
classifies beta-propiolactone as a confirmed animal carcinogen
but with unknown relevance to humans (Group A3).

All of these designations are based on positive findings in
multiple independent laboratory animal studies too numerous
to detail here. Briefly, beta-propiolactone caused malignant
and benign tumors in two rodent species (rats and mice) at
several different tissue sites when administered by several
different routes of exposure (oral, dermal, whole body inha-
lation, subcutaneous, IV injection, intrarectal). Tumorigenic
effects in treated mature animals appeared to occur primarily
around the initial site of exposure. For example, after dermal
exposure, the tumors observed were benign andmalignant skin
tumors (papillomas, squamous cell carcinomas, keratocan-
thomas, melanomas, subcutaneous injection-site sarcomas,
fibrosarcomas, adenocarcinomas, squamous cell carcinomas);
after inhalation exposure only nasal tumors; and after oral
exposure only forestomach tumors (squamous cell carci-
nomas). Beta-propiolactone has been ruled out as an agent
causing central nervous system cancer in rats. Many more
details of specific cancer types appearing in each species
following these exposures can be found in the Further Reading
recommended.
Clinical Management

Acute exposure to beta-propiolactone calls for the standard
emergency treatment for a highly irritant chemical. This
involves removing the victim from further exposure, sending
for medical assistance, and initiating emergency procedures. If
this is an accidental oral exposure, avoid emesis and dilute the
chemical in the stomach. Contact lenses should not be worn
when working with this chemical. Eye protection should be
worn when working with beta-propiolactone, and an eye-
wash fountain should be provided within the immediate
work area for emergency use. Flush exposed eyes immediately
with large amounts of water for 15 min, lifting the lower and
upper lids to ensure complete dilution of chemical
throughout the ocular surface. If a worker is exposed over
a significant amount of skin area, the US Occupational Safety
and Health Administration (OSHA) requires that the victim
shower with soap and water as soon as possible, unless
physical injuries prevent this. Get medical attention as soon as
possible.

One source suggests the possibility for chemoprevention of
carcinogenic effects using sodium thiosulfate, as it may inhibit
beta-propiolactone’s capacity for stomach tumorigenesis (at
least in animal studies) if it should be consumed accidentally.
Sodium thiosulfate is an FDA-approved antidote for cyanide
poisoning. There was no evidence presented in that source that
the idea had actually been tested experimentally with beta-
propiolactone.
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Ecotoxicology

As noted, beta-propiolactone could be released to the envi-
ronment accidentally or through wastewater discharges. No
other relevant studies on exposures to aquatic or other wild
species were found. If releases to the environment occur, it
would be reasonable to expect some or all of the same irritant
and genotoxic effects discussed; however, because of rapid
degradation in moist environments, the potential for high level
exposures is low, and long-range transport, bioaccumulation,
and biomagnification are all likely to be insignificant.
Exposure Standards and Guidelines

OSHA considers beta-propiolactone to be a potential occupa-
tional carcinogen and has established no exposure limit stan-
dard. Engineering controls, work practices, and personal
protective equipment are required to protect workers.

The ACGIH has recommended an airborne threshold limit
value (8 h time-weighted average, TLV-TWA) of 0.5 ppm in
workplace air to avoid respiratory irritant effects, and has listed
beta-propiolactone as an animal carcinogen.

Similar values have been used as standards or guidelines in
many countries. Australia, Belgium, Finland, France, Germany,
Sweden, and Switzerland list beta-propiolactone as a probable
human carcinogen.

The US Environmental Protection Agency (EPA) Clean Air
Act, National Exposure Standards for Hazardous Air Pollutants,
lists beta-propiolactone as a hazardous air pollutant. The EPA
Toxics Release Inventory program shows beta-propiolactone
as a listed substance subject to reporting requirements with
a reportable quantity of 10 lb.

The World Health Organization reports that no interna-
tional guideline for beta-propiolactone has been established
for drinking water.
See also: Ethyl Acrylate; Ethylene Oxide.

Further Reading

International Agency for Research on Cancer (IARC), 1999. Monograph on the Eval-
uation of Carcinogenic Risks to Humans: Beta-Propiolactone [1017-1606], vol. 71,
Pt 3. pp. 1103–1118.

National Toxicology Program (NTP), 2011. Report on Carcinogens, twelfth ed. National
Toxicology Program (NTP), ResearchTriangle Park, NC.

The Center for Research Information, Inc, 2004. Health Effects of Project SHAD:
Chemical Agent: Betapropriolactone [beta-propiolactone] – CAS #57-57-8.
Prepared for the National Academies by Center for Research Information, Silver
Spring, MD. (Contract No. IOM-2794-04-001).
Relevant Websites

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB – Hazardous Substances Data
Bank (HSDB). Search using chemical name or CAS number.

http://pubchem.ncbi.nlm.nih.gov – US National Library of Medicine (Pubchem): Search for
beta-Propiolactone.

http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01168-4/ref0020
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen%3fHSDB
http://pubchem.ncbi.nlm.nih.gov


Bhopal Accident: Release of MIC
P Limaye, Xenometrics LLC, Stilwell, KS, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Pallavi B. Limaye and Harihara M. Mehendale, volume 1, pp 269–271, � 2005, Elsevier Inc.
Background (Significance/History)

Bhopal, the capital city of the state of Madhya Pradesh, India, is
the site that witnessed probably the world’s worst industrial
calamity. On the night of 2 December 1984, a disastrous
accident at Union Carbide plant led to the massive leakage of
methyl isocyanate (MIC) gas and other related by-products.
MIC was used in the production of carbaryl, an insecticide.
Evidence suggests that inadvertent seepage of water into
a storage tank that contained over 40 metric tons of MIC led to
a violent exothermic reaction resulting in the emission of MIC
and a number of other toxic decomposition by-products that
could not be contained by safety valves. The exact nature and
the constituents of the gas mixture are unknown. The Union
Carbide plant was shutdown after the accident.

Chemical accidents take place for a variety of reasons.
Some often involve explosions, massive fires, and leakage of
hazardous materials. Also, mishaps can occur during the
transport, storage, and industrial production of chemicals.
The Bhopal plant explosion was probably the most cata-
strophic in the history of toxicological disasters because
accidents of this nature posed a real challenge to health,
environment, and industry professionals. This pesticide plant
accident released a huge quantity of MIC into the atmosphere,
killing nearly 4000 people within hours, and affected millions
of others indefinitely. Extensive follow-up epidemiological
studies continue to reveal acute and chronic, submassive to
massive, pulmonary, ophthalmic, reproductive, immuno-
logic, neurological, and hematologic toxicity among the
survivors.

MIC is highly reactive. It is presumed that it can cross
cellular membranes and reach distant organs, perhaps in the
form of glutathione conjugate, which explains some of the
systemic effects of MIC. MIC can be degraded as a result of
pyrolysis and interaction with water, but none of the break-
down products can duplicate the toxicity observed in Bhopal
and in animal models. MIC may be the most toxic of all
isocyanates because of its very high vapor pressure relative to
other isocyanates and because of its ability to exert toxic
effects on numerous organ systems. A review of the health
effects of the 1984 gas leak from the Union Carbide plant in
Bhopal, India, shows continuing morbidity of a multi-
systemic nature in the exposed population. Scientific debates
about the causes of the accident and the spectrum of health
effects have uncovered a significant number of clinical
dilemmas, faulty medical management strategies, and
unsolvable public health issues. Even three decades after the
disaster, numerous investigators were still reviewing human
health effects that resulted from exposure to MIC. The studies
were conducted during both the early and late recovery
periods. Major organs affected were the eyes, respiratory tract,
and skin. Although mortality declined after an initial soar
upward, it remained elevated among the most severely
exposed population. Studies conducted during the early
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recovery period focused primarily on ocular and respiratory
systems. Major findings observed acute irritant effects on the
eyes and respiratory tract. In follow-up studies, investigators
found persistent irritant effects, including ocular lesions and
respiratory impairment. Studies conducted during the late
recovery period focused on the effects of various body systems
including neurological, reproductive, neurobehavioral, and
psychological. Early and late recovery period studies suffered
from several clinical and epidemiological limitations,
including study design, bias, and exposure classification, etc.
Currently, long-term monitoring of the affected community
persists, and exposed individuals are compared to unexposed
subjects in experiments following appropriate methods of
investigation that include well-designed cohort studies, case–
control studies for rare conditions. Overall, a plethora of
publications suggest that toxic impacts of MIC endure,
concentrated in populations that live in close proximity of the
disaster site.

The article is focused on the ‘Bhopal tragedy’ to discuss the
central issues that this type of accident provokes, in terms of
public health, particularly in developing countries with
a highly ambitious agenda for industrial growth. Post-
independent Indian government was no exception because it
focused on agriculture where pesticide became an indispens-
able commodity. This article emphasizes the aftermath of
Bhopal tragedy, some of the underlying causes, and the various
health-risk related global concerns that it generated in the
industrial community to devise intelligent and effective ways to
avert such disasters. A combination of quantitative and quali-
tative information drawn from international literature on the
subject is discussed.
Estimated Total Release of MIC and Estimated
Individual Exposure

It has been estimated that about 40 tons of MIC escaped from
the plant in a period of 1–2 h. Due to lack of planning, air
monitoring for MIC was not possible, nor was it subsequently
attempted. The Central Water and Air Pollution Control Board
of India estimated MIC concentration to have been about
27 ppm, which is about 1400 times that of the US Occupa-
tional Safety and Health Administration workplace standard of
0.02 ppm calculated over an 8 h workday. The established limit
to classify the concentration as ‘immediately dangerous to life
or health’ is 3 ppm MIC. The American Industrial Hygiene
Association’s Emergency Response Planning Guideline, level 2
limit is defined as the maximum airborne concentration that
nearly all persons could be exposed for up to 1 h without
experiencing or developing irreversible or other serious health
effects or symptoms that could impair their abilities to take
protective action and is 0.5 ppm. This indicates that the MIC
concentration released after the accident wasw50 times that of
the acceptable limit.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00252-9
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Mechanism of Toxicity

Before the accident, little was known about the MIC toxicity.
Even today, mechanisms of MIC-induced toxicity are not
clearly understood. It was known that MIC is a corrosive agent
for the eyes, respiratory tract, and skin. Acute exposure to high
vapor concentrations may cause severe pulmonary edema and
injury to the alveolar walls of the lung, severe corneal damage,
and death. MIC may cross the placenta and enter a developing
fetus.
The Reaction

MIC production involves reacting methylamine (A) with
phosgene (B) to produce methyl isocyanate (MIC). Although
the actual composition of the gas cloud in the heavy presence
of MIC was never determined and remains a mystery, it
may have contained phosgene, hydrogen cyanide, carbon
monoxide, hydrogen chloride, oxides of nitrogen, mono-
methyl amine, and carbon dioxide. This mixture intuitively
triggered an exothermic reaction, which caused extreme
suffocation to the lives in close proximity of the factory and
since the gas cloud was mainly composed of materials denser
than the surrounding air, it stayed close to the ground and
spread very slowly with the wind current affecting rest of the
population of the city.
Environmental Fate and Behavior

Because of a change in the ownership of the plant from Union
Carbide to Dow Chemical, decontamination responsibility of
the factory remains controversial. It is unfathomable that this
industrial catastrophe has left behind tons of unused toxic
chemicals that continue to contaminate the groundwater.

The decontamination of the Bhopal plant and its vicinity
was a gigantic task. The German Agency for International
Cooperation who earlier showed interest in removing
w347 metric tons of waste through incineration later withdrew
their offer because of the Indian government’s refusal to be
responsible for any accident during the transport and handling
of these toxic substances, and the strong opposition of German
activists and environmentalists to transport and incinerate this
massive amount of chemical waste in Germany. Unsubstanti-
ated estimates suggest that between 1984 and 2012, approxi-
mately 4000–12 000metric tons of toxic products have leached
into the soil, although the extent of the spread is unknown. It is
unfortunate that no efforts are being made for the removal and
detoxification of the 347 metric tons of waste stocked in the
former factory. Incinerating centers in India are not capable of
disposing such a huge amount of waste safely.

It has been reported that waste and toxic chemicals used in
manufacturing of pesticides had infiltrated the soil long before
the explosion. Reports indicated that Union Carbide India, Ltd.
(UCIL) had a checkered history of compliance and their internal
records reveal that there were leaks in w57 acres of basins
used for storing chemical waste. Although leakage and seepage
of chemicals from such complicated industrial operations are
not uncommon, Union Carbide may have disregarded such
warnings as temporary rectifiable problems. The evaporation
basins closer to the company’s compounds continue to leak,
which is very alarming. Keeping public health and local envi-
ronment in focus, it should be the joint responsibility of the
local government and the new owner, Dow Chemical, to con-
tinuously monitor such issues to ensure all aspects of the post-
disaster hazardous matters are adequately addressed and impose
no risks either to the innocent lives or to the environment.
Acute and Short-Term Toxicity

Animal

The Indian Council of Agricultural Research’s report indicates
that a large number of cattle (w4000), as well as dogs, cats, and
birds were killed due to exposure to the toxic gases released
from the Bhopal plant.
Human

The gas leak had devastating effects on the exposed population.
Over 200 000 residents (that comprised about one-fourth of
the total population of the city of Bhopal) were exposed to MIC
and other toxic gases released from the plant. Most of these
residents were from the poor class and were living in the
immediate surroundings of the Union carbide plant. The true
estimate of human mortality remains unknown to date.
Respiratory failure due to MIC inhalation was the leading cause
of death. MIC caused bronchial necrosis and pulmonary
edema. Within the first 24 h after the accident, around 90 000
patients were admitted in local hospitals and clinics with
multiple symptoms of respiratory distress, breathlessness,
choking, cough, chest pain, and hemoptysis. Acute ophthalmic
effects were also reported with severe eye irritation and water-
ing of the eyes.

Reproductive and gynecological effects were evaluated by
retrospective cohort studies. An epidemiological survey con-
ducted 9 months after the accident revealed that 43% of 865
pregnancies among exposed women suffered fetal loss, as
compared to 6–10% among the general Bhopal population.
The spontaneous abortion rate was highest among those
exposed during their first trimester. Further studies showed
a higher incidence of abnormal uterine bleeding and abnormal
Pap smears amongst exposed women in the childbearing age
after 105–110 days of the accident.

Few immunological toxicity studies of MIC have been re-
ported. A study of humoral and cell-mediated immunity, in
exposed subjects 2 months after exposure, found that cell-
mediated immunity was suppressed, and that MIC-specific
antibodies persisted for several months after the accident.
Long-Term Health Effects

Human

To this day, the Bhopal accident has claimed more than 6000
lives, and around 50 000 survivors are estimated to be suffering
from long-term health effects that are termed the ‘Bhopal
syndrome’ due to lack of information on the exact constituents
of the gas cloud. The Indian Council for Medical Research
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established a field office named Bhopal Gas Disaster Research
(BGDR) Centre immediately after the accident. In addition,
the International Medical Commission on Bhopal (IMCB)
was established in 1993, comprising 15 professionals from 12
different countries. BGDR and IMCB reported that after
15 years of exposure, the affected population is still suffering
from multisystemic toxicities. The major long-term health
effects observed are shortness of breath, chest pain, muscle/
bone pain, asthma, increased spontaneous abortions, and
certain psychological problems. A randomized retrospective
cohort study undertaken 10 years after exposure showed the
presence of persistent small airways obstruction. The lung
examination carried out in the survivors several months later
exhibited presence of obliterative bronchiolitis and interstitial
fibrosis. Thirty nine percent of 783 patients examined showed
ventilatory impairment. Taken together, these observations
undoubtedly suggest that MIC continues to impact living
systems even decades later.

Studies conducted well after the incidence, indicated that
even the subsequent generations of the exposed population is
adversely affected. These studies show a significant growth
retardation in boys who were either exposed to the gases as
toddlers or born to exposed parents. Interestingly, no signifi-
cant effects have been observed in girls.
Prevention and Management Measures

To prevent and manage such disasters in the future, interna-
tional guidelines such as United Nations Environment
Program Awareness and Preparedness for Emergencies at the
Local Level and Organization for Economic Cooperation and
Development Guiding Principles for Chemical Accident
Prevention, Preparedness, and Response have been established.
Some of the important recommendations proposed by these
committees are to institute Local Emergency Planning
Committees that will make the community aware of the
dangerous substances used locally by industries and also try
to prepare the local medical personnel, emergency first
responders, and municipal administrators for the management
of unexpected toxic substance release into local community by
an industry. These measures have been effectively undertaken
in every city and township in the United States today. Unfor-
tunately, analysis of soil/ground water samples on the former
UCIL factory grounds and in the waste treatment reservoirs
continue to reveal high concentrations of naphthol and
naphthalene. During the tests, toxic substances exposed to the
aquatic organisms were found to be lethal. The liability of
cleanup efforts ultimately lies on the shoulders of the local,
state, and national Indian governments regardless of who owns
the property. The series of decades-long events surrounding this
tragedy should serve as lesson-to-be-learned for future indus-
trialists. The Bhopal studies exemplify the scope for biological
monitoring and environmental specimen banking in chemical
accidents as part of the global efforts.
Litigations

The Indian Government filed a lawsuit against the Union
Carbide, which was settled out of court. In February 1989, the
Supreme Court of India directed a final settlement of all Bhopal
litigation in the amount of $470 million. The Government of
India, UCC, and UCIL accepted the Court’s direction. In 2010,
Indian Supreme Court ruled again on the adequacy and finality
of the settlements.
See also: Methyl Isocyanate; Carbaryl.
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Chemical Profile

l Name: Bifenthrin
l Chemical Abstracts Service Registry Number: 82657-04-3
l Synonyms: 2-Methylbiphenyl-3-ylmethyl (Z)-(1RS,3RS)-3-

(2-chloro-3,3,3-trifluoroprop-1-enyl)-2,2-dimethylcyclopro-
panecarboxylate (IUPAC), FMC 54800, Talstar, Bifenthrine,
Biphenthrin

l Molecular Formula: C23H22ClF3O2
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Background

Pyrethroids are synthetic derivatives of naturally occurring
pyrethrin insecticides found in the extract from the flowers
Chrysanthemum cinerariaefolium. Structurally, the six insecticid-
ally active pyrethrins contain a cyclopropane carboxylic acid
group and a cyclopentenolone group joined by an ester linkage.
The major drawback of these compounds is that they are
photolabile. The first-generation pyrethroids share this trait,
resulting in half-lives that are in the order of hours. First-
generation pyrethroids are primarily synthesized by modifying
the alcohol portion of the molecule.

Later attempts at modifying the acid portion of the mole-
cule resulted in more photostable pesticides. These can be
broken down into two types: types I and II. The type II pyre-
throids contain an ‘a-cyano’ group and are a-cyano-3-pheox-
ybenzyl pyrethroid esters. Type II pyrethroids are characterized
by increased biological activity compared to the type I pyre-
throids and can act by slightly different modes of action.

Bifenthrin is an example of a third-generation type I pyre-
throid. It was first discovered and manufactured in the United
States by the FMC Corporation. Bifenthrin was first registered
for use by the US Environmental Protection Agency (US EPA)
in 1985. The usage of bifenthrin and other pyrethroid pesti-
cides markedly increased when the organophosphate pesti-
cides, diazinon and chlorpyrifos, were phased out in residential
applications because of concerns about toxicity to humans,
especially children. There were also water quality problems
associated with these organophosphate pesticides. Due to the
wide variety of uses of pyrethroid pesticides and reports of low
mammalian toxicity, pyrethroids naturally replaced organo-
phosphate pesticides for many applications.

Bifenthrin contains one chiral center, giving rise to 1R-cis-
bifenthrin and 1S-cis-bifenthrin. Stereoisomers have been
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
shown to differ in insecticidal action and environmental fate
and thus each must be carefully evaluated.
Uses

Bifenthrin and other pyrethroids are commonly used both in
urban areas and agriculture. Major agricultural uses of bifen-
thrin in California include crop pest control for almonds,
cotton, corn, and pistachios. It also has many urban uses in
landscaping, structural pest control (termites), and in insect
repellents. Bifenthrin is used in agriculture (20%), commercial
projects (40%), and in homes or gardens (40%). In California,
there are over 170 registered products with bifenthrin as the
active ingredient.
Physical Properties, Environmental Fate, and Behavior

Bifenthrin is a viscous liquid, crystalline solid, or waxy solid with
a faint, slightly sweet odor. It has a molecular weight of 422.9.
At 25 �C, its vapor pressure is 1.81� 10�7 mmHg�1 and it has
a Henry’s law constant of 7.20� 10�3 atmm3mol�1. The
solubility of bifenthrin in water is relatively low at 0.1 mg l�1.
Furthermore, the water octanol coefficient (Kow) is 1� 106 and
results in bifenthrin binding to organic substrates. The soil
sorption coefficients range between 1.31� 105 and 3.02� 105,
indicating relatively tight binding to soil particles. They also tend
to bind to organic particulate materials in the water column. The
Kow of bifenthrin may explain the bioconcentration factors
(BCFs) observed in some animals, especially fish. For example,
fatheadminnows (Pimephales promelas) exposed to 0.0037 mg l�1

bifenthrin had BCFs of 21000 after 127 days and 28000 after
254 days of exposure. Hydrolysis of bifenthrin in buffered water
occurs between pH 5 and 9. Photolysis studies in water and soil
found that the half-lives were 408 and 96.9 days, respectively.
The aerobic soil half-life was 96.3 days and the anaerobic half-
life, 425 days.
Exposure and Exposure Monitoring

There is low potential for volatilization into the air; however,
there is potential for airborne transport if attached to drifting soil
4-3.01169-6 449
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particles or as a spray as in agricultural application. The major
routes of exposure observed in humans are contact during
application or manufacturing of the compound. Inhalation is
also possible, especially during pesticide spraying.
Toxicokinetics

After a 7-day exposure in rats, most radiolabeled bifenthrin was
eliminated in the urine or feces with a significant portion being
converted to variousmetabolites. Some of themajor metabolites
in feces and urine include hydroxymethyl-bifenthrin, 40-hydroxy-
bifenthrin, 30-hydroxy-hydroxymethyl-bifenthrin, 40-hydroxy-
biphenyl acid, biphenyl acid, and 40-hydroxy-biphenyl alcohol.
The main routes of biotransformation of bifenthrin have
been studied in rats and include oxidation resulting in
hydroxylation of the compound via NADPH-dependent
cytochrome P-450 enzymes, cleavage via esterases, or abiot-
ically through hydrolysis. Phase I reactions can also be fol-
lowed by conjugation reactions resulting in the elimination
of the compound.
Mechanisms of Action

Pyrethroids target the central nervous system in both target and
nontarget organisms. Their main mechanism of action is inter-
acting with voltage-gated sodium channels in neurons. This
interaction results in depolarization caused by the prolonged
influx of sodium ions during excitation. The extended depolar-
ization is what leads to repetitive nerve activity that can result in
hyperexcitation and death. Some pyrethroids have also been
found to inhibit ATPase activity. Studies have also found that
some pyrethroids interact with the aminobutyric acid receptor;
however, this is normally more common only with type II
pyrethroids.
Acute/Subchronic Toxicity

The oral LD50 of bifenthrin determined in rats was between
42.5 and 210.4 mg kg�1 body weight (bw) after a single dose,
making it moderately toxic. The LD50 for dermal exposure in
rats was greater than 2000 mg kg�1 bw. A short-term 90-day
study in dogs fed bifenthrin-containing capsules determined
a no observed adverse effect level (NOAEL) of 2.5 mg kg�1 bw
and a lowest observed adverse effect level (LOAEL) (based on
tremors) of 5.0 mg kg�1 bw per day. Similarly, a 90-day dietary
study on rats found a NOAEL of 3.8 mg kg�1 bw and a LOAEL
of 7.5 g kg�1 bw per day. Bifenthrin produces type I pyrethroid
neurotoxic symptoms in short- and long-term animal studies.
Symptoms observed include clonic convulsions, tremors, loss
of coordination, staggered gait, and oral discharge.

A series of neurotoxicity studies were performed to assess
both acute and subchronic neurotoxic effects. Rats given
a single gavage of undiluted bifenthrin had a NOAEL of
35 mg kg�1 bw based on symptoms observed at the LOAEL
of 75 mg kg�1 bw. A 90-day study on rats found a NOAEL of
2.9 mg kg�1 bw based on symptoms including tremors,
changes in grip strength, and landing foot splay. The LOAEL
in this study was 6 mg kg�1 bw per day. These findings support
the neurotoxicity of bifenthrin.
Chronic Toxicity

An 87-week (males) or 92-week (females) study on mice
observed a NOAEL and LOAEL of 7.6 and 29 mg kg�1 bw per
day, respectively. A 24-month dietary study in rats found the
NOAEL to be 2.3 mg kg�1 bw (males) and 3.0 mg kg�1 bw
(females). The LOAEL was 4.7 mg kg�1 bw (males) and
6.1 mg kg�1 bw (females). The major chronic effect observed
was tremors. These studies also investigated carcinogenicity of
bifenthrin (see Carcinogenicity).
Immunotoxicity

No information was found on the immunotoxicity potential
of bifenthrin in whole-animal systems or humans. A study
investigated enantioselectivity of (Z)-cis-bifenthrin using the
macrophage cell line RAW264.7. It was found that 1S-cis-
bifenthrin was more toxic than the 1R-cis-bifenthrin in all
concentrations assessed.
Reproductive and Developmental Toxicity

A two-generation study in rats concluded that the highest dose
of 5 mg kg�1 bw per day showed no significant change in
reproductive parameters including mating, male fertility,
female fertility, and gestation indices. There was a significant
increase in the incidence of tremors and marginally lower body
weights at the LOAEL of 5 mg kg�1 bw per day in the pregnant
female rats.

Two other developmental toxicity studies in both rats and
rabbits found no developmental toxicity at any of the tested
dose levels up to 16.3 and 8 mg kg�1 bw per day for rats and
rabbits, respectively.
Genotoxicity

Bifenthrin was negative in several genotoxicity tests, both
in vitro and in vivo. In vitro assays included the Ames test and
Chinese hamster ovary cell assays for mutations, chromo-
somal aberrations, and sister chromatid exchange. In vivo tests
included an unscheduled DNA synthesis (UDS), chromo-
somal aberrations, sex-linked recessive lethal assays, and a test
for micronucleus formation. There was a weak positive result
for a single UDS assay and a test on mouse lymphoma cells.
Overall, however, bifenthrin is not considered to be
genotoxic.
Carcinogenicity

In themouse chronic toxicity study previouslymentioned in the
Chronic Toxicity section, the highest dose showed an increased
incidence of urinary bladder tumors; however, this was not
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considered sufficient evidence for bifenthrin carcinogenicity in
humans. The rat chronic toxicity study found no evidence of
treatment-related carcinogenicity. Due mainly to limited carci-
nogenicity data in animals and the lack of human data, the US
EPA has classified bifenthrin as a class C (possible human
carcinogen).
Clinical Management

In humans, the FMC Corporation (a major bifenthrin manu-
facturer), received 58 bifenthrin-related emergency calls in
2002. Most calls were from people applying or having been
accidentally exposed to bifenthrin. The most common
complaints reported were burning or tingling of the exposed
skin and eye irritation. Some FMC plant workers also reported
mild paraesthesia (skin tingling) after prolonged exposure to
bifenthrin. Regular medical exams found no significance
deviation from baseline values for medical tests, including liver
and kidney function tests.
Ecotoxicology

Due to the widespread outdoor uses of bifenthrin, there are
many nontarget organisms that are exposed to the pesticide
including birds, terrestrial and aquatic invertebrates, and fish.
Bifenthrin was found to be only slightly acutely toxic to
bobwhite quail (Colinus virginianus) and mallard duck (Anas
platyrynchos) with an LD50 and an LC50 of 1800 mg kg�1 bw
and 1280 mg kg�1 bw diet, respectively. Reproduction was not
effected in the highest dose administered to either species.
A recent study on terrestrial invertebrates observed that bifen-
thrin was one of two pyrethroid pesticides that reduced bee
fecundity and had detrimental effects on their development
rate. It was also observed that worker bees of Apis mellifera lig-
uistica showed median lethal effects to bifenthrin at
16.7 mg l�1. Another study investigated the toxic effects of
several synthetic pyrethroids on the aquatic invertebrate Hya-
lella azteca. Bifenthrin exhibited the highest toxicity with an
LC50 of 0.18 mg g�1 organic carbon in sediments. Bifenthrin has
also been shown to be acutely toxic to many fish species. The
96-h LC50s for rainbow trout and bluegill sunfish are 150 and
350 ng l�1, respectively. Due to its toxic effects in fish and
aquatic organisms, the US EPA classified bifenthrin as
a restricted use pesticide in 1989.

Recent studies have discovered that exposure to pyrethroids
results in estrogenic activity in some species of fish. Vitelloge-
nin is the precursor protein to egg-yolk normally found in
females. In female fish, 17-b estradiol (E2) regulates vitello-
genin production in the liver. Male fish and nonsexually
mature juveniles may also produce vitellogenin since they too
have a receptor for E2. In this way, vitellogenin translation and
production in male fish and juveniles can act as biomarkers for
estrogenic exposure. Bifenthrin enantiomers were studied in
male Japanese medaka where a 123-fold difference was found
in vitellogenin production between the 1S-cis-bifentrhin and
the 1R-cis-bifentrhin.
Exposure Standards and Guidelines

The acceptable daily intake of bifenthrin in humans as estab-
lished during the joint meeting of the Food and Agricultural
Organization and the World Health Organization was
0.01 mg kg�1 bw. There are no occupational or other specific
standards for environmental exposures to bifenthrin.

See also: Permethrin; Pesticides; Pyrethrins/Pyrethroids;
Cytochrome P450; Environmental Protection Agency, US.
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l Name: Biguanide
l Chemical Abstracts Service Registry Number: 56-03-1

(Metformin: 657-24-9)
l Synonyms: Imidodicarbonimidic diamide, Diguanide,

Amidinoguanidine, Phenformin, Metformin, Buformin,
Glucophage�

l Molecular Formula: Biguanide-C2H7N5; Metformin-
C4H11N5

l Chemical Structures:
Background

French physician Jean Sterne published the first clinical trial in
1957 suggesting metformin as a treatment for diabetes. The
United Kingdom introduced this drug in 1958 followed by
Canada in 1972, and the United States in 1995. As of 2010,
metformin was one of only two oral antidiabetics in the World
Health Organization model list of essential medicines, the
other being glibenclamide. Metformin is believed to enjoy the
popularity of being the most widely prescribed antidiabetic
drug in the world. It has been estimated that the United States
alone has filled nearly a million prescriptions in 2010 for its
generic formulations. Biguanides are not hypoglycemic
agents; rather they promote euglycemia (antihyperglycemic).
Biguanides are used both as monotherapy and in combination
with other oral hypoglycemic agents to control hyperglycemia.
Although very safe in most instances, the major toxicity from
acute or chronic use of biguanides has been reported to be
lactic acidosis. In fact, the high rate of severe lactic acidosis was
the only major cause of withdrawal of phenformin from the US
market in 1976.

Age (typically >60 years) is a big risk factor for lactic
acidosis with the use of biguanides. Decreased cardiac, hepatic,
or renal function, diabetic ketoacidosis, respiratory failure,
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surgery, ethanol intoxication, and fasting are additional factors
that can precipitate this condition. The frequency of lactic
acidosis associated with metformin therapy is much lower than
the frequency associated with phenformin therapy. This is
because of metformin’s weak binding with mitochondrial
membrane compared to phenformin. Metformin has a shorter
half-life and has no hepatic metabolism, whereas phenformin
has a longer half-life and undergoes hepatic transformation.
Hence, patients with liver dysfunction may be at a higher risk
for toxicity from phenformin. Many studies have indicated
a beneficial role of metformin on specific types of liver disease,
and numerous recent publications suggest that metformin may
have potential as a targeted chemopreventive agent.

Metformin exhibits a multipronged attack on hypergly-
cemia by decreasing insulin resistance and hepatic glucose
output, and by enhancing peripheral glucose uptake. The most
widely acclaimed mechanisms of action include enhanced
suppression of gluconeogenesis by insulin, reduced glucagon-
stimulated gluconeogenesis, and increased uptake of glucose
by muscle and adipose cells. The cumulative effects of these
changes in diabetics are to decrease fasting and postprandial
blood glucose by 20–40%, decrease hemoglobin A1C , decrease
body weight, decrease low density lipoprotein, and increase
high density lipoprotein. Metformin is the only antidiabetic
drug that has been conclusively shown to prevent the cardio-
vascular complications of diabetes. It is extensively prescribed
because it helps reduce bad cholesterol and triglyceride levels,
and is not associated with weight gain.
Uses

Biguanides are used as an oral drug for the management of
mild to moderately severe noninsulin-dependent diabetes
mellitus, or NIDDM, (Type II) in obese or overweight patients
who are usually above 40 years of age. It is important that for
the administration of this drug the disease should have adult
onset. Polymeric biguanides were originally developed as
a presurgery antimicrobial scrub and in 1977, it was introduced
in the market for treating pools and spas as a disinfectant under
the trade name Baquacil. The US Environmental Protection
Agency approved this agent as the only nonhalogen sanitizer of
pools and spas. Biguanide itself is combined with algaecides
and hydrogen peroxide for periodic oxidation of pools and
spas. Biguanides are incompatible with chlorine, ozone,
detergents, and ionizers, but are compatible with water ion
balancing chemicals. Biguanide in the form of poly-
aminopropyl biguanide serves as a disinfectant, and preserva-
tive for skin disinfection, contact lens cleaning solutions, and
deodorant body sprays. Biguanides reduce the surface tension
of water, which gives it a smoother feeling. They are stable in
sunlight and temperature. At recommended concentrations
when used in pools and spas, biguanides do not irritate the skin
or eyes and do not corrode the pool equipment.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00253-0
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Environmental Fate and Behavior

Biguanides, salts of biguanide, or biguanide-like compounds
such as Metformin hydrochloride production and use as an
antidiabetic medication may result in its release to the
environment through various waste streams. Metformin
hydrochloride is expected to exist in the dissociated form as
metformin in the environment. If released to air, an esti-
mated vapor pressure of 0.0034 mm Hg at 25 �C indicates
metformin will exist solely in the vapor phase in the
ambient atmosphere. Metformin, when in vapor phase, is
expected to be degraded in the atmosphere by reaction with
photochemically-produced hydroxyl radicals; the half-life for
this reaction in air is estimated to be 15 min. If released to
soil, metformin is expected to have high mobility based on
an estimated Koc of 110. Volatilization from moist soil
surfaces is not expected to be an important fate process
based on an estimated Henry’s law constant of
7.6 � 10�16 atm-cu m mol�1. The pKa of metformin is 12.4,
indicating that this compound will primarily exist in cation
form in the environment, and cations generally adsorb to
organic carbon and clay more strongly than their neutral
counterparts. Based on metformin’s vapor pressure, it is not
expected to volatilize from dry soil surfaces. Based on the
estimated Koc of metformin, it is not expected to adsorb to
suspended solids and sediment if released into water. Vola-
tilization from water surfaces is not expected to be an
important fate process based on this compound’s estimated
Henry’s law constant. Furthermore, a pKa of 12.4 indicates
metformin will exist almost entirely in the ionized form at
pH values of 5–9. An estimated bioconcentration factor of
3.2 suggests the potential for bioconcentration in aquatic
organisms is low. Hydrolysis is not expected to be an
important environmental fate process since this compound
lacks functional groups that hydrolyze under environmental
conditions. Occupational exposure to metformin hydro-
chloride may occur through inhalation and dermal contact
with this compound at workplaces where metformin
hydrochloride is produced or used.
Exposure and Exposure Monitoring

The exposure to this drug is through the oral route and
absorption through the gastrointestinal tract. Generic metfor-
min is available in tablet form (500, 850, or 1000 mg); the
recommended regimen starts with 500 or 850 mg once daily
and increases based on tolerance to 1000–2550 mg daily taken
in two divided doses. There are several commercial formula-
tions, which include Glucophage, Glumetza, Fortamet, and
Riomet. Metformin is also available in extended release forms
and combination formulations with several sulfonylureas, such
as glipizide (Metaglip) or glyburide (Glucovance); DDP-4
inhibitors such as alogliptin (Kazano), linagliptin (Jenta-
dueto), saxagliptin (Kombiglyze), and sitagliptin (Janumet); as
well as thiazolidinediones such as pioglitazone (Actoplus) and
rosiglitazone (Avandamet). Metformin is generally well toler-
ated, but side effects can include diarrhea, gastrointestinal
upset, abdominal pain, nausea, weakness, headache, dizziness,
and rash.
Toxicokinetics

Biguanide such as Metformin is absorbed (w50%) from the
gastrointestinal tract. Protein binding ability of this family is
very poor (w20%). However, it is distributed throughout the
major organs and mainly metabolized in the liver by hydrox-
ylation. On hydroxylation, it produces N-P-hydroxy-B-phenyl-
ethyl-biguanide as a metabolite. About two-thirds of the
biguanide is excreted unchanged and the remaining one-third
as a metabolite. Phenformin’s half-life in the plasma is 7–15 h
versus metformin’s 1.5 h and buformin’s 4–6 h. Metformin and
buformin are excreted largely in an unchanged manner. The
renal clearance of buformin, metformin, and phenformin are
393, 440, and 42–262 ml min�1, respectively. Renal clearance
was estimated to be 510 � 120 ml min�1. The plasma
concentration is about 1–2 mg ml�1 1–2 h after an oral dose of
500–1000 mg. Metformin barely binds to plasma proteins. The
mean apparent volume of distribution ranges from 63 to
276 l kg�1. Biguanides are known to show interaction with
furosemide (induces diuresis), nifedipine (calcium channel
blocker), and cationic drugs.

Diabetic condition does not alter metformin disposition,
and apparently remains unaffected by the presence of other
antidiabetic agents or the use of different formulations. Abso-
lute oral bioavailability of metformin is 40–60%, and gastro-
intestinal absorption is apparently complete within 6 h of
ingestion. An inverse relationship was observed between the
dose ingested and the relative absorption with therapeutic
doses ranging from 0.5 to 1.5 g, suggesting the involvement of
an active, saturable absorption process. Metformin is rapidly
distributed following absorption and does not bind to plasma
proteins. Nometabolites or conjugates of metformin have been
identified. The absence of liver metabolism clearly differenti-
ates the pharmacokinetics of metformin from that of other
biguanides such as phenformin.

Metformin undergoes renal excretion and has a mean
plasma elimination half-life after oral administration of
between 4.0 and 8.7 h. This elimination is prolonged in
patients with renal impairment and correlates with creatinine
clearance. There are only scarce data on the relationship
between plasma metformin concentrations and metabolic
effects. Therapeutic levels may be 0.5–1.0 mg l�1 in the fasting
state and 1–2 mg l�1 after a meal, but monitoring has little
clinical value except when lactic acidosis is suspected or
present.
Mechanism of Toxicity

Globally, hundreds of millions of patients are prescribed this
drug annually. Metformin was discovered before the era of
target-based drug discovery, and its molecular mechanism of
action remains an important focus of diabetes research.
Advances in our understanding of metformin’s molecular
targets are likely to enable target-based identification of second-
generation drugs with similar properties, a development that
has been a difficult task until now. Besides its potent antidia-
betic properties, Metformin’s potential as a targeted anticancer
agent is being explored in a number of laboratories throughout
the world.
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A modification of the basic biguanide structure results in
differences in potency, metabolism, excretion, and probably
toxicity. The drug has a two-fold mechanism of action: it
enhances the peripheral muscle glucose uptake and utiliza-
tion, and it inhibits glucose release from the liver. Biguanides
induce an increase in peripheral gluconeogenesis and
a decrease in intestinal absorption of glucose, vitamin B12,
and bile acids. Biguanides do not usually decrease blood sugar
in a normal individual unless ethanol or another hypogly-
cemic agent is simultaneously administered or there is severe
hepatic insufficiency. Biguanide treatment to NIDDM patients
having hepatic insufficiency, renal insufficiency, peripheral
vascular disease, and coronary diseases is contraindicated. In
contrast, Phenformin generally lowers the blood sugar level in
diabetics and nutritionally starved patients. Phenformin
appears initially to produce a gastric mucosal irritability,
which may predispose a person to a number of gastrointes-
tinal symptoms, including gastric hemorrhage. Phenformin
may act on the cell membrane to decrease oxidative phos-
phorylation, produce tissue anoxia, increase peripheral
glucose uptake (Pasteur Effect), and lead to lactic acidosis
(accumulation of lactic acid) by inhibition of lactic acid
metabolism.

The most compelling mechanism surrounding metfor-
min’s action has been activation of AMPK pathway
(AMP-activated protein kinase). Activation of this enzyme
leads to stimulation of hepatic fatty acid oxidation and
ketogenesis, inhibition of cholesterol synthesis, lipogenesis,
and triglyceride synthesis, inhibition of adipocyte lipolysis
and lipogenesis, stimulation of skeletal muscle fatty acid
oxidation and muscle glucose uptake, and modulation of
insulin secretion by pancreatic b-cells. The notion that AMPK
mediates the antihyperglycemic action of metformin has
recently been challenged by genetic loss-of-function studies,
thrusting the AMPK-independent effects of the drug into the
spotlight for the first time in more than a decade.
Key AMPK-independent effects of the drug include the mito-
chondrial actions that have been known for many years
and which are still thought to be the primary site of
action of metformin. Coupled with recent evidence of
AMPK-independent effects on the counter-regulatory
hormone glucagon, new paradigms of AMPK-independent
drug action are beginning to take shape.
Acute and Short-Term Toxicity

Human

Although the half-life of metformin is prolonged in patients
with renal impairment, no specific dosage adjustments have
been recommended. Metformin fails to show its efficacy in
the absence of insulin. Metformin is as effective as the
sulfonylureas in treating patients with type II diabetes and
has a more prominent postprandial effect than the sulfo-
nylureas or insulin. When combined with a sulfonylurea,
metformin has been shown to exert antihyperglycemic effects
in addition to the sulfonylurea. Cimetidine decreases the
elimination of metformin; therefore, the manufacturer
recommends a reduced metformin dosage when these agents
are combined.
The intestinal absorption of metformin may be primarily
mediated by plasma membrane monoamine transporter
(PMAT/SLC29A4), which is expressed on the luminal side of
the enterocytes. However, there are no current in vivo data on
the role of PMAT in the disposition and pharmacological effect
of metformin. OCT3/SLC22A3 is also expressed in the brush
border of the enterocytes and may contribute to metformin
uptake. Additionally, OCT1/SLC22A1, which is expressed on
the basolateral membrane and cytoplasm of the enterocytes,
may facilitate transfer of metformin into the interstitial fluid.
The role of OCT1 and OCT3 in intestinal transport of metfor-
min remains to be further validated.

The hepatic uptake of metformin is primarily mediated by
OCT1/SLC22A1 and OCT3/SLC22A3, which are expressed
on the basolateral membrane of hepatocytes. Metformin is
also a good substrate for human multidrug and toxin
extrusion 1 (MATE1/SLC47A1) and MATE2-K/SLC47A2.
MATE1/SLC47A1 is highly expressed in the liver, kidney, and
skeletal muscle and may contribute to the excretion of met-
formin from both liver and kidney. However, MATE1’s role in
hepatic secretion has been questioned, as biliary excretion of
metformin seems to be insignificant in humans. Data in
Mate1 knockout mice suggest that, at least in the rodent,
biliary excretion of metformin occurs. Recent drug–drug
interaction studies suggest an important role of MATE1
and/or MATE2-K in metformin renal elimination. MATE2-K/
SLC47A2 is predominantly expressed in the apical membrane
of the renal proximal tubule cells and contributes to the renal
excretion of metformin.

The uptake of metformin from circulation into renal
epithelial cells is primarily facilitated by OCT2/SLC22A2,
which is expressed predominantly at the basolateral membrane
in the distal renal tubules. Renal excretion of metformin is
mediated mainly via MATE1/SLC47A1 and MATE2-K/
SLC47A2. OCT1 is also expressed on the apical and subapical
domain side of both the proximal and distal tubules in kidney
and may play important roles in metformin reabsorption in
kidney tubules. Plasma membrane monoamine transporter
(PMAT/SLC29A4) is expressed on the apical membrane of
renal epithelial cells, and may play a role in renal reabsorption
of metformin. However, there are no in vivo data yet demon-
strating this role. Recently, P-gp (ABCB1) and BCRP (ABCG2)
are shown to be involved in the efflux of metformin across
placental apical membranes.
Chronic Toxicity

Human

Biguanides are known to cause vomiting, nausea, abdominal
cramps, gastrointestinal intolerance, anorexia, epigastric full-
ness, photosensitivity, dyspepsia, and dysgeusia (metallic
taste), confusion, and lethargy. Ethanol intake before the
administration of therapeutic doses of metformin or excessive
dose appears to predispose the patient to the development of
lactic acidosis with a serious outcome. Despite several adverse
effects, many people can tolerate phenformin; therefore, it is
still sold in European and other countries worldwide. Stray
cases of acute pancreatitis andmegaloblastic anemia in patients
going through biguanide therapy have been reported.
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Monitoring vitamin B12 levels in patients during long-term
treatment with biguanides is recommended because of the
possibility of decreased vitamin absorption. Biguanides should
not be prescribed to patients with diabetic coma or ketoaci-
dosis, renal and hepatic impairment, alcohol abuse, or preex-
isting liver and kidney conditions.
Clinical Management

Biguanide toxicity is primarily managed by supportive
means. Its elimination from the body could be enhanced by
hemodialysis or enhancing excessive urination (forced
diuresis). When lactic acidosis occurs in metformin-treated
patients, early determination of the metformin plasma
concentration appears to be the best criterion for assessing
the involvement of the drug in this acute condition. After
confirmation of the diagnosis, treatment should rapidly
involve forced diuresis or hemodialysis, both of which favor
rapid elimination of the drug. Although serious, lactic
acidosis due to metformin is rare and may be minimized by
strict adherence to prescribing guidelines and contraindica-
tions, particularly the presence of renal failure. Following are
some ground rules that can be followed during metformin
toxicity:

(1) Secure airway, breathing, and circulation. (2) For acute
ingestions, administer activated charcoal: 1 g kg�1 (generally
50 g in adults); do not administer activated charcoal to patients
with chronic toxicity. (3) For patients with profound acidosis
(pH <7.10), consider sodium bicarbonate infusion (e.g.,
give 1–2 meq kg�1 IV push; then put approximately
133 meq NaHCO3 in 1 l D5W, run at 250 ml h�1 in adults, or
twice maintenance fluid infusion rate in children). For patients
with profound acidosis, renal disease, or critical illness, obtain
immediate nephrology consultation; hemodialysis will correct
metformin-induced acid–base disturbance and slightly increase
metformin clearance. Pediatric metformin toxicity should be
treated in the same manner as one would treat adults. Inter-
estingly, however, very few drug interactions have been
described with metformin in healthy volunteers. Plasma levels
may be reduced by guar gum and alpha-glucosidase inhibitors
and increased by cimetidine, but no data are yet available in the
diabetic population.
See also: Liver; Kidney.
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Introduction

Every living organism throughout life bioaccumulates various
substances – both organic and inorganic. The consequences of
bioaccumulation are associated with the occurrence of toxic
effects and depend both on the chemical and the organism. The
first step towards bioaccumulation is exposure. Different
organisms accumulate chemicals by various routes, which
depend on the species and living environment. The fate
(metabolism) of accumulated substances, leading to their
disappearance is strongly related with the type of the substance,
in particular its hydrophobicity/hydrophilicity. Another issue is
storage within compartments of an organism, which is also
related with chemical properties of a substance. The routes of
elimination are also dependent on the type of an organism.

Bioaccumulation is the phenomenon that occurs indepen-
dently on our will or participation. The process occurs as
a result of the presence of pollutants in the environment. The
level of bioaccumulative substances (organic compounds, toxic
elements) in the environment has increased in the last century
as a result of industrial activity. An example is synthesis of
xenobiotics – the products of heavy organic synthesis. The latter
are chemicals not known to living organisms. The general
mechanism of toxicity is blocking the essential cofactors in
metabolic pathways. Since xenobiotics are substances not
known to living organisms, the pathways of their metabolism
have not emerged during evolution. Therefore, most xenobi-
otics are not biodegradable and accumulate in the environment.

Another example of bioaccumulative chemicals is toxic
elements. Although the global amount of toxic elements
remains unchanged, their mobility has increased as a result of
industrial activities. Toxic elements were released from inert
deposits and widely distributed in the environment, and
consequently entered the biotic world.
Definitions of Bioaccumulation

Bioaccumulation (increase of chemicals concentration) is
defined as the process of accumulation of chemicals in an
organism over time. According to International Union of Pure
and Applied Chemistry, bioaccumulation is the accumulation
of a chemical in an organism due to direct uptake from the
environmental matrix (bioconcentration) and uptake from
food (biomagnification).

Bioaccumulation occurs only when the uptake exceeds
elimination (eqn [1]).

Bioaccumulation ¼ Rate of uptake� Rate of elimination

[1]

The above difference (1) depends on the chemical (physi-
cochemical) properties and an organism.
456 Encyclopedia of T
Definitions related with bioaccumulation are provided
below.

Bioaccumulation Total amount of a substance accumulated in the
oxicology, Volume 1
body. This phenomenon is used in
biomonitoring because it enables identification
of bioavailability chemicals. Bioaccumulation
results in adverse effects and diseases.
Biomarkers
 l Measurement of biological response to
chemicals determined inside an organism
or its products (urine, feces, hair, feathers)
indicating deviation from the normal status.

l Investigation of a change in a biological
response (molecular–cellular–
physiological–behavioral) – which are
related with exposure, toxic effects, or
susceptibility.
Bioindicators
 Related with organisms and the observation of
their presence/absence or behavior in a given
ecosystem.
Ecological
indicator
A parameter informing about the structure and
functioning of ecosystem.
Bioconcentration
 Describes the situation when the concentration of
a chemical in an organism is higher than in the
environment. The extent of bioconcentration is
expressed by BCF:

BCF ¼ Corg=Cenv [2]

where
Corg – concentration in an organism,
Cenv – concentration in the environment,
BCF can be estimated from water solubility of
a chemical or from octanol/water partition
coefficient. Of concern are BCF >30 000.
Biomagnification
 The increase of the concentration of a chemical
between the trophic levels in the food web.
There are several factors (physical, chemical, biological),
which influence bioaccumulation and bioavailability of
chemicals. Chemicals are bioaccumulated in target tissues.
Measurements of chemical content in sites of accumulation
enable determination of extent of bioaccumulation. Defense
mechanisms of an organism (e.g., the production of metal-
lothionein) also can be used to measure the extent of bio-
accumulation and are termed as biomarkers of exposure, which
are used to describe bioaccumulation of chemicals in tissues.
A substance present in an organism poses toxic effects
(mortality, reduction of growth and reproduction, mutage-
nicity, carcinogenicity, sensitization) which can be described
by biomarkers of effect (e.g., damage of DNA).
http://dx.doi.org/10.1016/B978-0-12-386454-3.01039-3
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Although biomarkers and bioindicators can deliver infor-
mation about the dose of accumulated chemicals, they do not
directly provide data on health or adverse effects. For this
reason, tissue levels should be associated with biological effects
basing on dose–response relationship. Significant is correlation
between field levels of a chemical and adverse effects (if other
toxins are absent). The chemical pathways depend on its
hydrophilicity (readily eliminated) and hydrophobicity
(persistent organic compounds, difficult to metabolize, accu-
mulate in fat). Correlation between the extent of bio-
accumulation and lipophilicity was found.
Uptake

Bioaccumulation, internal and external fate, and effects cannot
occur without exposure, which is related with behavior,
bioavailability, bioaccessibility, and absorption. These are
influenced by several factors: size, nutrition, genetics,
hormones, gender, etc. The uptake can occur from the envi-
ronment (air, water, soil), either directly (from the ambient
medium) or indirectly (from the food chain). The consump-
tion of food with higher levels of chemicals poses bio-
accumulation. The routes of uptake in plants in general include
root (soil, water, sometimes air) and leaf (air, water) and in
animals through breathing, ingesting, and dermal route.
Elimination

The final body burden is the result of absorption, distribution
(tissue binding), metabolism, and excretion, the processes that
are in dynamic equilibrium.
Distribution

A substance is distributed in an organism by blood and is
accumulated in the body heterogeneously, which depends on
tissue, species, and chemicals.
Metabolism

Metabolism is defined as the transformation of taken up
substances to form different metabolites and elimination from
an organism. A chemical can be metabolized which is termed
biodegradation and concerns organic compounds. Metabolism
of a chemical could rely on breaking to smaller molecules or
mineralization to CO2, water, and nutrients.
Storage

In animals, a chemical can be stored in different sites of an
organism, for example, adipose tissue and bones.
Excretion

The routes of excretion in plants in general can be by the leaf
surface and in animals by urine, feces, saliva, breast milk, sweat,
and breathing.
Bioaccumulation – Mechanisms

Bioaccumulation follows the complex food webs. Species at the
top of food chain have higher levels of chemicals in their
tissues. It depends on feeding habits, location, and metabolic
activity of species.

Bioaccumulated substance is transformed to derivatives,
which can be more toxic than parent chemicals, for example,
less toxic inorganic mercury is transformed to more toxic
methylmercury. Bioaccumulation is dependent on the stability
of binding of a chemical within cell compartments and meta-
bolic half-life.

Bioaccumulation depends on elimination, which usually
follows first-order kinetics. There are three distinctive pools
distinguished: fast (a chemical disappears within weeks/days/
hours/minutes), slow (within months), and unassimilated
from gut (in animals; days).
Bioaccumulation in Aquatic Environment

Bioaccumulation depends on: biomass/(water volume),
biomass/(concentration of a chemical), and sampling time. It
is strongly depends on season of the year (temperature effect).
It was found that the extent of bioaccumulation is correlated
with water solubility.

Water chemistry plays an important role in the entry of
chemicals into aquatic food webs: the concentration in water,
initial tissue concentration in primary producers (phyto-
plankton, aquatic plants), higher trophic levels: ingestion of
food (uptake by invertebrates and fish). Significant contribu-
tion is gill breathing of animals.

Bioaccumulation can occur by:

l the direct uptake from water. Chemicals cross cell
membranes, through ion channels or pumps, passive and
active transport systems (phytoplankton and algae; macro-
phytes present different mechanism),

l uptake through ingestion of food (invertebrates and fish).
The concentration of the chemical in food and amount of
consumed food influences bioaccumulation. The assimila-
tion efficiency (the absorbed fraction) is defined as the
fraction of ingested chemical that is incorporated to tissues
and has not been lost by excretion or egestion. Depends on
the type of ingested organism.
Bioaccumulation in Terrestrial Environment

The main route of bioaccumulation of chemicals for animals is
diet. The contribution of dermal and respiratory route is lower,
with the exception of dermal exposure in soil organisms. Bio-
accumulation of chemicals in tissues of terrestrial animals is an
order of magnitude lower than in aquatic.

Mammals and birds after a certain period of time reach
dynamic equilibrium conditions (the rate of uptake equals the
rate of elimination), yielding constant concentrations in
tissues. Important is the length of time necessary to reach
equilibrium, which depends on a chemical, species, and
concentration in food. Algal cells concentrate toxic metals 2–3
orders of magnitude as compared to other organisms.
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Bioaccumulation Testing

Bioaccumulation testing concerns integrated (ecosystems, food
chains) and compartmentalized (individual organisms) test
systems. The problems are related with individual factors that
influence mathematical quantification of bioaccumulation and
interpretation of the data. Size and weight influence bio-
accumulation. The approach to bioaccumulation testing
should include the selection of individuals of similar age,
sex, weight/size, and class in comparison of bioaccumulation
patterns across contamination gradients. The chemical and the
matrix chosen for bioaccumulation testing are related with the
level of chemical and detection limit of analytical instruments,
as well as the quantity and invasiveness of available matrices.

The level of a chemical reflects an exposure but correlations
between various biomarkers (invasive and noninvasive) are
essential to ensure that the measured levels reflect total body
burden. Bioaccumulation testing is undertaken to identify and
eliminate sources of exposure, observe time trends, to prove the
efficiency of law regulations, investigate relationship between
the exposure and diseases or development of abnormalities,
and to check the relationship between body burden and eating
habits or occupational exposure. There is the need to develop
standardized protocols for bioaccumulation testing (sample
collection and preparation, analysis) in order to provide
comparable and meaningful results.

Bioaccumulation of chemicals can be controlled by their
determinations of their levels in matrices sampled from
human: for example, milk or adipose tissue. This is essential for
legislation purposes, in particular restrictions on use of chem-
icals. The concern is related with bioaccumulation of persistent
and toxic chemicals from human food. Consequently, law
governing manufacture and import of new substances should
have determined biodegradability, for example, 8 week bio-
accumulation study. If a substance is not biodegradable and is
bioaccumulative, the use should be banned or restricted, for
example, unless no toxicity to human in studies on mammals
was proved.

Bioaccumulation of inorganic and metalloorganic
compounds is usually made in static tests on fish or in sedi-
ments. For organic compounds, the ratio n-octanol/water is
important in description of bioaccumulation potential.

l Fish bioaccumulation tests are usually carried out at 1/100 and
1/1000 of LC50 of a given chemical in a particular species.
The tests can be carried out on rainbow trout or common
carp and the duration is 1–2 months or until steady-state
conditions are reached. Bioconcentration factor (BCF) is
determined in fish tissues, preferably at the endpoint of the
test. Of concern is BCF higher than 1000.

l Sediment toxicity tests investigate the effect of a chemical on
dwelling organisms, for example, Chironomus and Lum-
briculus species. These tests are undertaken for the risk
assessment to predict exposure in sediments.
Bioaccumulation Models

Empirical, generalized, and mechanistic models, predictive and
descriptive for chemicals and species are being elaborated.
Bioaccumulation modeling is classified as: steady-state models
(concentration ratios and environmental parameters; simple
and predictive), hybrid models (mechanistic, steady-state;
based on empirical coefficients and rate constants), and
dynamic mass balance models.
Biomonitoring

Biomonitoring studies are based on determination of the
extent of bioaccumulation through investigation of various
biomarkers. The studies are essential to demonstrate the trends
and to reduce exposure and health risks. Examples include the
concentration of toxic elements in blood, serum, urine, hair,
nails, breast milk, or subcutaneous fat. The chemicals, bio-
accumulation of which is measured include toxic metals (Pb,
Cd), metabolites of polycyclic aromatic hydrocarbons (PAH),
persistent organic pollutants (POP), and volatile organic
compounds (VOC).

Human biomonitoring studies showed increased bio-
accumulation of metals and PAH in children and women living
in industrial areas. In another biomonitoring study concerning
bioaccumulation of toxic metals, the extent of bio-
accumulation of Pb was higher in urban residents than in rural
areas.
Using Hair to Measure Bioaccumulation of Chemicals

It is well documented that hair of mammals is a suitable
accumulative indicator of bioaccumulation of metals, because
significant correlations were found between hair and other
tissues (liver, kidney) as well as environmental levels (soil).
Hair is useful in the assessment of bioaccumulation of chem-
ical elements from the environment. Hair is tissue formed over
extended period of time, because the level of elements is one to
twofold higher than in other tissues. Hair was used to investi-
gate the adverse levels of elements to which human is exposed
from various sources.
Bioaccumulation of Certain Chemicals

Organic
Organic compounds tend to accumulate in fat tissue. An
example is organochlorine chemicals – the mostly endangered
are marine species at the top of the oceanic food web. Birds and
marine mammals accumulate these compounds from food,
metabolize and eliminate (e.g., by lactation) which results in
a certain body burden.

Inorganic
Toxic metals are one of the oldest known toxicants. Their
bioaccumulation in human organism is of concern. Toxic
metals are persistent in human environment – cannot be
created nor destroyed. Anthropogenic activity resulted in
increased concentration of metals in the biosphere, influenced
their chemical form and increased mobility, which conse-
quently led to their extended bioaccumulation. Bio-
accumulation of toxic metals is of concern because
nonessential toxic metals mimic essential metals and enter by
the route through which essential elements are transported
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into an organism and consequently disrupt key cellular
functions.

Nonessential elements are bioaccumulated because of
chemical similarities (e.g., Csþ mimics NH4

þ, Kþ): solubility,
size. For instance, Csþ ions pass through Kþ channels in plant
cells.

Organometallic compounds have lipophilic character and
are accumulated either from solution or from diet. Their bio-
magnification depends on: lipophilicity/hydrophobicity,
expressed as octanol/water partition coefficient, conditions of
the aqueous phase (pH, the presence of complexing agents),
and ability of elimination from an organism.

Compounds of mercury released by industry to surface
waters resulted in bioaccumulation in fish. In the environment,
mercury is biomethylated (e.g., in sediments) and in this form
bioaccumulates. Bioaccumulation occurs progressively: from
water to bacteria and plankton. Consumption of fish contain-
ing mercury, leads to dysfunction of central nervous system in
human.
Practical Applications of Bioaccumulation

The phenomenon of bioaccumulation can be of practical use:

l Toxicological and ecotoxicological tests – searching for
quantitative dependencies linking dose and symptoms,
evaluation of threshold value – the maximum dose which
produces no symptoms.

l The use of hyperaccumulating organisms is in bioremedia-
tion of polluted elements of the environment and in
wastewater treatment processes. Selection toward organ-
isms that tolerate high level of pollutants in the environ-
ment and accumulate these substances in their biomass.
These are organisms that have developed some adaptive
mechanisms of protection from toxic effects. An example is
synthesis of specific proteins –metallothioneins, which due
to high content of thiol groups, bind toxic metal ions and
exclude them from the basic metabolic pathways, protecting
the organism from toxic effects.

l Rule has been observed that the smaller the organism in
terms of organization and size, the higher is the bio-
accumulation capacity. Therefore, when using the process of
bioaccumulation as a means of wastewater-treatment tech-
nology, the most beneficial use seems to be the smallest
organisms – microorganisms.
Bioaccumulation from Medical Devices

As a result of the rapid development of production technology,
it has become possible to insert into human body various types
of medical devices. Orthopedic implants, dental implants,
orthodontic miniscrews, including bridges, crowns, fixed
orthodontic appliances, and many others are made of different
alloys, which often contain metals considered carcinogenic,
mutagenic, and allergenic: cadmium (Cd), chromium (Cr), and
nickel (Ni). Medical devices are usually manufactured from
stainless steel alloys, titanium alloys, and nickel–titanium
alloy. Due to the prolonged presence of medical devices in the
human body (e.g., orthodontic treatment – an average of
2 years, orthopedic implants – a lifetime) certain metals can
bioaccumulate.
Persistent, Bioaccumulative, and Toxic Chemicals

Persistent, bioaccumulative, and toxic chemicals (PBT) are
mentioned in various regulations. These compounds are toxic,
persist in the environment, and bioaccumulate in food chains,
consequently posing risks to human health and ecosystems.
PBTs are transferred between abiotic elements of the environ-
ment (air, water, soil). These compounds differ in chemical
structure and properties significantly, but are classified together
for regulatory purposes. According to US EPA, PBT chemicals
are classified into four categories: dioxin and dioxin-like
compounds, lead compounds, mercury compounds, and
PAHs. The following compounds are examples of PBT:
heptachlor, polychlorinated biphenyl, toxaphene, and penta-
chlorobenzene. The compounds are evaluated for their persis-
tence, bioaccumulation potential, and toxicity, according to
Registration, Evaluation, Authorisation and Restriction of
Chemicals regulation, Annex XIII, which distinguishes between
new and existing chemicals. On the market of European Union,
there are ca. 10 000 chemicals which require PBT assessment.
Screening procedures for identification of PBT chemicals are
being intensively elaborated. These procedures are based on the
identification of the most common structural elements.
Summary and Conclusions

All living organisms throughout their lives bioaccumulate
various substances such as essential macro- andmicroelements,
toxicants, and others. The organisms have evolved metabolic
pathways to protect them from excessive accumulation (e.g.,
routes by which accumulated substance is introduced into the
cells are blocked or the substance is excreted outside).

In bioaccumulation, the accumulation of metals or organic
compounds in the internal structures of the cell occurs.
According to the definition, it is a process by which living
organisms absorb and retain chemicals from the surrounding
environment. Other definitions indicate that bioaccumulation
is the accumulation of substances either directly from the
medium (usually water), or from the soil (for plants), or
through consumption of food (for humans and animals).
A prerequisite for the occurrence of the process of bio-
accumulation is the metabolic activity of cells and, therefore,
bioaccumulation is considered a metabolically controlled
process.

Bioaccumulation can also be understood as the absorption
of chemicals by whole cells (not just through the cell wall, as in
the biosorption). In unicellular organisms, toxic metal ions
may enter through the transport channels, usually mistakenly,
together with the essential elements (such as ions, Ca(II) or
Mg(II)). In the case of plants, toxic metals may be associated
with water and soil through the roots. Sometimes they are
absorbed by the leaves (atmospheric deposition). The route of
bioaccumulation depends on which environment is the most
contaminated: water, soil, or air and on the properties of the
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chemical. In human, the main route is digestive system
(contaminated food), but also the respiratory system (from
polluted air) and through the skin (contact exposure). This has
an impact on the bioaccumulation and toxicity of an organ-
ism’s protective response that is activated.

Scientific reports on bioaccumulation are devoted almost
exclusively on applications in environmental protection.
Monitoring of environmental contamination is based on
measurements of the degree of bioaccumulation of pollutants
in the living organisms from the environment. The correlation
between bioaccumulative capacity (concentration of chemical
accumulated by the biomass) and the concentration in the
environment was found. A second class of applications are
processes related to the prevention of environmental pollution
(e.g., industrial waste water treatment technologies) or treat-
ment of polluted environments (e.g., bioremediation of soil by
plants, so called hyperaccumulating plants). In the case of
developing a new method for environmental monitoring, it is
necessary to search for meaningful bioaccumulators–bio-
monitors. Based on analysis of the biomass and its composi-
tion, as well as on knowledge of the correlation between the
concentration in the environment and biomass of bio-
accumulating organism, it is possible to determine concentra-
tions of the pollutant in the environment, and properly
determine its bioavailability.

The characteristics of matrix used in biomonitoring include
noninvasive sampling, which does not cause harm to an
organism. An example of such a biomonitor is human hair or
nails. It is also important that the concentration of a chemical
in the analyzed material is on detectable level.

Bioaccumulation is the result of establishing the equilib-
rium between the amount of chemical taken from the envi-
ronment and the amount excreted. This process depends on
many factors: the availability of elements, the characteristics of
the organism (species, age, health, etc.), and typical process
parameters such as temperature, humidity, substrate proper-
ties, and climatic factors. Most often, these are the same factors
that affect the body’s metabolic functions. Therefore, the liter-
ature indicates the existence of certain difficulties in developing
standardized procedures for biomonitoring and in obtaining
standardized reference values. It was shown that the higher the
degree of organization of a given species, more efficient is the
system of protection against excessive bioaccumulation. For
example, in the human body, metals are excreted to keratin
materials: hair or nails, which are therefore useful in bio-
monitoring of prolonged exposure.
See also: Environmental Biomarkers; Biomarkers, Human
Health; Biomonitoring.
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Introduction

In the European Union (EU), Regulation No. 528/2012 of the
European Parliament and of the Council concerning the
marketing and use of biocidal products was adopted on 22May
2012. It will repeal and replace Directive 98/8/EC and will be
applicable as of 1 September 2013. According to this regula-
tion, “Biocidal products are necessary for the control of
organisms that are harmful to human or animal health and
for the control of organisms that cause damage to natural or
manufactured materials. However, biocidal products can pose
risks to humans, animals and the environment due to their
intrinsic properties and associated use patterns.”

Biocidal products are defined as active substances and
preparations that contain one or more active substances, put up
in the form in which they are supplied to the user, intended to
destroy, deter, render harmless, prevent the action of, or
otherwise exert a controlling effect on any harmful organism by
chemical or biological means.

Biocide activity is affected by several factors, notably
concentration, period of contact, pH, temperature, and the
presence of organic matter or other interfering or enhancing
materials or compounds, and the nature, numbers, location,
and condition of the microorganism (bacteria, spores, yeasts
andmolds, protozoa). Understanding themechanism of action
of industrial biocides is important in optimizing their use and
combating resistance if encountered. Biocidal action may result
through physicochemical interaction with microbial target
structures, specific reactions with biological molecules, or
disturbance of selected metabolic or energetic processes.

According to Wiencek and Chapman (1999), biocides can
function as electrophilic (electrophiles, e.g., aldehydes, carba-
mates, Cu, Ag, Hg, and oxidants, e.g., chlorine, bromine,
ozone, peroxides) or membrane active agents (lytic, e.g., quats,
phenols, alcohols, and protonophores, e.g., weak acids, para-
bens, pyrithiones). Electrophilic agents react with critical
enzymes to inhibit growth and metabolism, with cell death
occurring after several hours of contact. Membrane active
agents tend to directly affect cell membranes. Biocides are
known to interact with bacterial cell walls or envelopes (e.g.,
glutaraldehyde), produce changes in cytoplasmic membrane
integrity (cationic agents), dissipate the proton motive force
(organic acids and esters), inhibit membrane enzymes (thiol
interactors), act as alkylating agents (ethylene oxide), cross-
linking agents (aldehydes), and intercalating agents (acri-
dines), or otherwise interact with identifiable chemical groups
in the cell.

Considerable interest is being shown about how organisms
circumvent biocidal activity. Bacteria are able to adapt rapidly
to new environmental conditions including the presence of
antimicrobial molecules and, as a consequence, resistance
increases with the antimicrobial use. According to Russell
(2001), bacterial insusceptibility to biocides is of two types,
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
intrinsic and acquired. Intrinsic insusceptibility is a natural
property of an organism and is shown by bacterial spores,
mycobacteria, and gram-negative bacilli. Cellular imperme-
ability is a major factor, and in some cases active efflux pumps
play an important role. A special example is that of phenotypic
(physiological) adaptation to intrinsic resistance found in
bacteria present in biofilms. Acquired resistance arises through
mutation or via the acquisition of plasmids or transposons;
efflux of biocide is a major mechanism, although plasmid-
mediated inactivation has also been shown to occur. An
additional aspect that must be considered is the stringent
response elicited in bacteria on exposure to inimical agencies.
Division of Biocides

Generally, biocides are divided into four major groups, with
several subgroups.

The first group of biocides includes disinfectants and
general biocidal products used for human and veterinary
hygiene as well as disinfectants used in the private area, public
health area, food and feed area, and disinfectants of drinking
water (e.g., ethyl alcohol, iodine, citric acid, formic acid,
hydrogen peroxide, sodium hypochlorite). Human hygiene
biocidal products are characterized by a large number of
different products and active substances. They include skin
antiseptic, antimicrobial soap, hand wash for health care
personnel, and sun blocks.

A second group of biocides involves preservatives.
Subgroups include in-can preservatives (e.g., isothiazolinones,
phenol derivatives), film preservatives (e.g., triazoles, zinc
pyrithione), wood preservatives (e.g., copper compounds,
boric acid) fiber, leather, rubber, and polymerized
material preservatives (e.g., triclosan, quaternary ammonium
compounds), masonry preservatives (e.g., sodium hypochlo-
rite, quaternary ammonium compounds), liquid cooling and
processing system preservatives (e.g., pentanedial, amines),
and metalworking fluid preservatives (e.g., sodium pyrithione,
quaternary ammonium compounds). Biocides prevent micro-
organisms from feeding on the organic plasticizer in flexible
PVC formulations. Biocides stop odor, prevent color change,
and help maintain polymer properties.

A third group consists of biocides with the ability to control
pest. The following kinds of biocidal products are counted in
this group: slimicides (e.g., 2-bromo-2-nitropropan-1,3-diol),
rodenticides (e.g., aluminum phosphide), avicides (e.g., Avi-
trol: 4-aminopyridine), molluscicides (e.g., quaternary and
polyquaternary ammonium compounds, aromatic hydrocar-
bons, metals and their salts), piscicides (e.g., antimycin, sapo-
nins, niclosamide), insecticides (e.g., piperonyl butoxide,
permethrin), acaricides and products to control other arthro-
pods, repellants and attractants (e.g., citronella oil,
permethrin), and algicides.
4-3.00472-3 461
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There is a demand for new, specific, more efficient, and
selective biocides. Continuous screening for chemicals with
high toxicity to various living organisms is needed. It became
essential to control or destroy particular kinds of organisms
while, at the same time, permitting other useful or non-
troublesome types to remain unaffected. One of the examples
of specific biocides are algicides, which are chemical substances
specifically used to control or kill algae in impounded waters,
lakes, ponds, reservoirs, stock tanks, and irrigation conveyance
systems. Algicides can be applied as a spray directed onto
floating mats of algae, sprayed or injected directly into the
water column, or applied as granular crystals or pellets
dispensed on the water surface. Algicides can be selective or
nonselective against algae. Their selectivity depends on species,
dose and timing of application, product formulation, and
water chemistry.

Algicides basically fall into three groups of compounds:
copper compounds (copper sulfate, copper chelates: ethanol-
amines, ethylene diamines, triethanolamines, triethanolami-
neþ ethylene diamine, and copper citrate/gluconate),
endothall (as the mono (N,N–dimethylalkylamine) salt), and
formulations containing the active ingredient sodium
carbonate peroxyhydrate. It is important to emphasize that
many algicides are based on copper, which is a toxic heavy
metal in the aquatic environment. It can affect nontarget
species (bacteria, fish, zooplankton, other macroinvertebrates).

Algicides vary in their mechanism of action: they must come
in contact with and enter algal cells. Copper-based products
are believed to target specific physiological processes such as
electron transport in photosystem I, cell division, and nitrogen
fixation. Endothall has been shown to cause electrolyte leakage
from cell membranes and may also play a role in inhibition of
lipid and protein biosynthesis. Algicides containing sodium
carbonate peroxyhydrate destroy algal cell membranes by
forming hydroxyl free radicals.

The last group includes other biocidal products: preservatives
for food or feedstock, antifouling products (e.g., thiocyanic acid,
copper salt, copper oxide), and embalming and taxidermist
fluids (e.g., formaldehyde, ethanol, pentanedial). It is generally
known that fouling growth is prevented by the controlled
release of bioactive molecules (biocides) from coatings.
Hazardous Substances in Common Biocidal Products

Biocidal products can often contain substances of concern with
allergic, ecotoxic, carcinogenic, developmental neurotoxic, or
endocrine-disrupting properties. For example, permethrin used
as insecticide and propiconazole used as wood preservative are
very toxic to aquatic organisms, may cause long-term adverse
effects in the aquatic environment, are harmful by inhalation,
are harmful if swallowed, and may cause sensitization by skin
contact. In another example, Triclosan, which is used as in-can
preservative (e.g., cosmetics), as a disinfectant, and in the
treatment of textiles, is very toxic to aquatic organisms, may
cause long-term adverse effects in the aquatic environment, is
irritating to eyes, and is irritating to respiratory systems. Ben-
zalkonium chloride (used, e.g., as a disinfectant for personal
hygiene and in the preparation of surfaces) is highly toxic to
aquatic organisms, and harmful in contact with skin.
Natural Biocides

New regulations definitely limit application of many com-
monly used biocides. Nowadays, it is important to replace
synthetic biocides with more environmentally friendly natural
products. The importance of ecological biocides is especially
critical because of the REACH system introduced in the EU
(Regulation (EC) No. 1907/2006 of the European Parliament
and of the Council of 18 December 2006 concerning the
Registration, Evaluation, Authorisation and Restriction of
Chemicals.), which specifies the principles of using chemical
substances in order to increase environmental safety and
eliminate health hazards.
Biocides in Plant Extracts

The plant kingdom offers the largest scientific potential for
these biocides. For example, volatile constituents and flavo-
noids of extracts of citrus fruits can be used as natural wood
preservatives, which will act as defense against fungi and
insects. The extracts and essential oils from different plants
(e.g., Mentha piperita, Thymus vulgaris, Citrus paradisi, Salvia
officinalis, Artemisia absinthium, Lavandula angustifolia), which
are widely known for bacterio- and fungicidal properties, find
increasingly wider application in protection of, for example,
medical, sanitary, cosmetic, food and packaging products, and
agriculture (plant protection). Active substances (alkaloids,
flavonoids, terpenes) present in such essential oils as oils of
thyme, oregano, clove, and mint are a natural source of anti-
microbial properties. Algae can also act as natural biocides.
Extracts of two species of green algae, filamentous Rhizoclonium
hieroglyphicum Kiitz and a phytoplankton, Chlorella ellipsoidea
Gerneck, were assayed against Aedes aegypti L., Culex quinque-
fasciatus Say, and Culiseta incidens (Thomson). Both fractions
were found to induce significant mortality in tested mosquito
species. The biological effects of extract of Ulva fasciata Delile
(UF) and Ulva lactuca Linnaeus (UL) were tested against
Dysdercus cingulatus (Fab.) third instar nymphs. Tested green
algae caused dose-dependent mortality. Natural products from
marine organisms can be used as replacements for the chem-
icals commonly used in antifouling coatings. Some seaweed
species interfere with bacterial colonization on their surfaces by
releasing antifouling compounds. For example, marine
seaweeds Turbinaria ornate, Gelidiella acerosa, and Jania adhae-
rens could be an important source of natural antibacterial,
antifouling, and anticorrosion bioactive compounds, which
could be used in the protection of mild steel.
Regulations

Biocides are designed to be biologically active and toxic at
least to microorganisms and often are also toxic to nontarget
species. They can have toxic, carcinogenic, or endocrine-
disrupting properties. Moreover, biocides are not readily
biodegradable. Thus, they pose a potential hazard to the
environment, particularly in cases of accidental spills and
leaks. Therefore, a greater care is required in their marketing.
In the European Union, the Biocidal Product Directive
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requires registration of active ingredients by the end
of 2008.

It should be added that the Regulation (EU) No. 528/2012
incorporates the European Commission’s (EC) recommenda-
tion on the definition of a nanomaterial, and requires that,
where nanomaterials are used in a product, the risk to the
environment and to health should be assessed separately.
Labels would be required to include the name of all nano-
materials contained in biocidal products, followed by the word
‘nano’ in brackets. The regulation states that “approval of an
active substance shall not cover nanomaterials except where
explicitly mentioned.”

See also: Organochlorine Insecticides; Aluminum Phosphide;
Pesticides; Environmental Risk Assessment, Pesticides and
Biocides.
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Biomaterial use includes stents, intraocular lenses, wound
dressings, total hip replacements, total knee replacements,
tooth implants, and sutures, and can be naturally occurring or
made of polymer, ceramic, or metal. It can also include
submicron or nanotechnology components, in situ polymer-
izing, and bioabsorbable materials. Medical devices typically
undergo a battery of safety tests before being cleared by regu-
latory authorities for marketing.

The biological evaluation of medical devices is performed
to determine the potential toxicity resulting from contact of
the component materials of the device with the body. The
device materials should not produce adverse local or systemic
effects, be carcinogenic, or produce adverse reproductive and
developmental effects, either directly or through the release of
their material constituents. Systemic testing must ensure that
the benefits of the final product will outweigh any potential
risks produced by device materials. Among these are tests to
evaluate the biological safety, or biocompatibility, of the
device, and appropriate function of the device. Guidance on
how to conduct these tests is provided in standards developed
by the United States or by international consensus standards
bodies such as the International Organization for Standardi-
zation and their ISO 10993: Biological Evaluation of Medical
Devices series.

When designing a medical device, it is important to first
select appropriate materials, and then a sterilization method
before searching for relative information on the materials and
beginning testing. It is advisable to test individual components
of a device prior to testing the complete device in case one
component has toxic properties. Premarket approval (PMA)
applicants often use another party’s product or facility in the
manufacture of their device. Many manufacturers keep data on
qualified materials used in their products. This information
regarding the product is pertinent to its review; the third party
may choose to submit confidential information directly to the
US Food and Drug Administration (FDA) in a device master
file. This is not a marketing application, and additional testing
or information may be necessary.

When selecting the appropriate tests for biological evalua-
tion of a medical device, one must consider the chemical
characteristics of device materials, and the nature, degree,
frequency, and duration of its exposure to the body. In general,
the tests include acute, subchronic, and chronic toxicity; irri-
tation to skin, eyes, and mucosal surfaces; sensitization;
hemocompatibility; genotoxicity; carcinogenicity; and effects
on reproduction, including developmental effects. However,
depending on varying characteristics and intended uses of
devices as well as the nature of contact, these general tests may
not be sufficient to demonstrate the safety of some specialized
devices. Additional tests for specific target organ toxicity, such
as neurotoxicity and immunotoxicity, may be necessary for
some devices. Since the immune response and repair functions
in the body are highly complicated, it is inadequate to describe
the biocompatibility of a single material in relation to a single
cell type or tissue. The specific clinical application and the
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materials used in the manufacture of the new device determine
which tests are appropriate.

The material or device used for biocompatibility studies
should contain the same colorants, fragrances, flavors, powders,
lubricants, and processing chemicals as what is intended to be
placed on themarket. Amaterial or device to be tested should be
processed, packaged, and, if appropriate, sterilized by the same
methods as the product that will be distributed. Biocompati-
bility studies may need to be repeated if subsequent changes are
made in composition, manufacturing materials, or processing.

Some devices are made of materials that have been well
characterized chemically and physically in the published liter-
ature, and have a long history of safe use. For the purposes of
demonstrating the substantial equivalence of such devices to
other marketed products, it may not be necessary to conduct all
the tests suggested in the FDA matrix of this guidance. FDA
reviewers are advised to use their scientific judgment in deter-
mining which tests are required for the demonstration of
substantial equivalence under section 510(k). In such situa-
tions, the manufacturer must document the use of a particular
material in a legally marketed predicate device, or a legally
marketed device with comparable patient exposure.
Regulations

There are several regulatory guidances in place to guide one
through biocompatibility evaluation of a medical device, and
depending on which country a device is to be registered in,
some variations exist. The US FDA and European Union
commonly accept the ISO 10993 standards for biocompati-
bility. USP (US Pharmacopeia) and ASTM standards are
accepted by the US FDA, are generally regarded as more strin-
gent, and may be used by manufacturers as a marketing tool, or
for specific uses. Finally, Japan’s Ministry of Health, Labor, and
Welfare has test criteria that are different from both the ISO
10993 and USP protocols.

ISO 10993 Biological evaluation of medical devices
includes the following parts:

Part 1: Evaluation and testing within a risk management process
Part 2: Animal welfare requirements
Part 3: Tests for genotoxicity, carcinogenicity and reproductive

toxicity
Part 4: Selection of tests for interactions with blood
Part 5: Tests for in vitro cytotoxicity
Part 6: Tests for local effects after implantation
Part 7: Ethylene oxide sterilization residuals
Part 9: Framework for identification and quantification of

potential degradation products
Part 10: Tests for irritation and skin sensitization
Part 11: Tests for systemic toxicity
Part 12: Sample preparation and reference materials
Part 13: Identification and quantification of degradation

products from polymeric medical devices
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00821-6
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Part 14: Identification and quantification of degradation
products from ceramics

Part 15: Identification and quantification of degradation
products from metals and alloys

Part 16: Toxicokinetic study design for degradation products
and leachables

Part 17: Establishment of allowable limits for leachable
substances

Part 18: Chemical characterization of materials
Part 19: Physicochemical, morphological and topographical

characterization of materials
Part 20: Principles and methods for immunotoxicology testing

of medical devices

The following tests are recommended:

l Cytotoxicity
l Acute systemic toxicity
l Sensitization
l Genotoxicity
l Skin irritation
l Implantation
l Intracutaneous reactivity
l Hemocompatibility

Subchronic and chronic toxicities and also carcinogenicity
may also be appropriate.

For use in the United States, the blue book memorandum
includes an FDA-modified matrix designating the type of
testing required for various medical devices and also a flow
chart entitled Biocompatibility Flow Chart for the Selection of
Toxicity Tests for 510(k)s. The matrix also consists of two
tables: Table 1 – initial evaluation tests for consideration; and
Table 2 – supplementary evaluation tests for consideration. In
general, the agency does not have a list of approved materials.

Some materials that have been well characterized both
chemically and physically in published literature, and which
have a long history of safe use, may prove themselves not to be
in need of all tests, if substantial equivalence to marketed
products under 510(k) is shown. In this case, the manufacturer
must document the use of a particular material in a legally
marketed predicate device, or a legally marketed device with
comparable patient exposure.

It may be necessary to repeat biocompatibility tests when
modifying a device based on the changes made. Medical device
toxicity problems are most often caused by leachable or extract-
able toxins. Extracts of materials are often tested for biocompat-
ibility. Section 17 of 10993 entitled Establishment of Allowable
Limits of Leachable Substances gives guidance on the use of
analytical data (e.g., extraction studies) to reduce biocompati-
bility test requirements. The extraction media should comprise
a series of media with various polarities to capture results found
in different solubilities. The temperature at which the extraction
should be carried out varies throughout various guidelines. For
in vitro cytotoxicity testing, complete cell-culturemedium ismost
commonly used, with extraction performed at 37 �C for 24 h.
Inexpensive nonanimal studies such as cytotoxicity and hemo-
compatibility tests can be used to screen device materials.

Biological control tests are recommended to determine
sources of possible contamination and to ensure safety of the
final product. Microbiological tests to determine the status of
the final product (e.g., sterility, bacteria, contaminants, and
microbial count limits) are necessary. Devices should be tested
for endotoxins, as cell wall lipopolysaccharides (from Gram-
negative bacteria) may be present even after sterilization.
Assessment of nonspecific toxicological effects should be per-
formed by intravenous injection of device eluate in mice.

When positive (indicative of a toxic response) biocompati-
bility results are reported, development discontinuation is not
the only option. First it should be confirmed that no mistakes
were made in the testing laboratory, including the testing of the
proper article, and formulation. In addition, it should be made
certain that the article was properly manufactured, cleaned,
stored, and tested (e.g., the extractant used, the testing condi-
tions, and the procedure). Finally, reproducibility of positive
biocompatibility results should be confirmed. In a certain situ-
ation, where the possible benefits outweigh the risks, or when
quality of life is a factor, a level of toxicity may be acceptable.

The following are special considerations that must be
considered when testing devices and their component mate-
rials for safety.
Color Additives

A color additive is a dye, pigment, or other substance, whether
derived from a plant, animal, mineral, or other source, which
imparts a color when added to a food, drug, cosmetic, or the
human body. The US Food, Drug and Cosmetic (FD&C) Act
states: “Devices containing a color additive are considered
unsafe, and thereby adulterated, unless a regulation is in effect
listing the color additive for such use.” The FD&C Act limits
applicability of these color additives for devices that directly
contact the body for a significant period of time (undefined by
FDA). Manufacturers of devices should choose a color additive
listed for use in foods, drugs, or cosmetics as a starting point,
but keep in mind that these may not be appropriate for devices.
The color listing regulation may permit the use of the color
additives or may place limitations on its use; PMA applicants
must demonstrate their safety. Color additives listed for use in
medical devices are provided in 21 CFR 73 (Color additives
exempt from batch certification) and 21 CFR 74 (Color addi-
tives subject to batch certification).

FDA considers the addition of color, flavor, or any chemical
to a medical glove to be a significant change that should have
a new 510(k) submission (21 CFR 807.81(a)(3)). The appli-
cant should provide full characterization and chemical identity
of the color, flavor, or scent additives. They may submit a
510(k) submission for a modification to an existing glove as
a ‘Special 510(k)’.

Color additive and flavor additive regulations are in 21 CFR
parts 70 to 82 and 21 CFR part 172, Subpart F, respectively.
Combination Products

A combination product is a product consisting of two or more
regulated components (drug/biologic/device, etc.) that are
combined as a single entity or is a product labeled for use with
a separate device or biologic where both are required to achieve
the intended use, indication, or effectiveness. Intercenter



Table 1 Initial evaluation tests for consideration

Device categorization by nature of body contact (see 5.2) Biologic effect

Category Contact

Contact duration

(see 5.3)

A-limited (�24 h)

B-prolonged

(>24 h–30 days)

C-permanent

(>30 days) Cytotoxicity Sensitization

Irritation of

intracutaneous

reactivity

Systemic

toxicity (acute)

Subchronic toxicity

(subacute toxicity) Genotoxicity Implantation Hemocompatibility

Surface device Intact skin A X X X
B X X X
C X X X

Mucosal membrane A X X X
B X X X O O O
C X X X O X X O

Breached or compromised surface A X X X O
B X X X O O O
C X X X O X X O

External communicating device Blood path, indirect A X X X X X
B X X X X O X
C X X O X X X O X

Tissue/bone/dentina A X X X O
B X X X X X X X
C X X X X X X X

Circulating blood A X X X X Ob X
B X X X X X X X X
C X X X X X X X X

Implant device Tissue/bone A X X X O
B X X X X X X X
C X X X X X X X

Blood A X X X X X X X
B X X X X X X X X
C X X X X X X X X

X ¼ ISO evaluation tests for consideration.
O ¼ These additional evaluation tests should be addressed in the submission, either by inclusion of the testing or a rationale for its omission.
aTissue includes tissue fluids and subcutaneous spaces.
bFor all devices used in extracorporeal circuits.
http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM348890.pdf.
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Table 2 Supplementary evaluation 1142 tests for consideration

Device categorization by nature of body contact (see 5.2) Biologic effect

Category Contact

Contact duration

(see 5.3)

A-limited

(�24 h)

B-prolonged

(>24 h–30 days)

C-permanent

(>30 days) Chronic toxicity Carcinogenicity

Reproductive/

Developmental Biodegradable

Surface device Intact skin A
B
C

Mucosal membrane A
B
C O

Breached or compromised surface A
B
C O

External communicating device Blood path, indirect A
B
C O O

Tissue/bone/dentina A
B
C O O

Circulating blood A
B
C O O

Implant device Tissue/bone A
B
C O O

Blood A
B
C O O

X ¼ ISO evaluation tests for consideration.
O ¼ These additional evaluation tests should be addressed in the submission, either by inclusion of the testing or a rationale for its omission.
aTissue includes tissue fluids and subcutaneous spaces.
http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM348890.pdf.
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agreements have been made within FDA to review and oversee
these categories. More information can be found at FDA web-
site for the CBER (Center for Biologics Evaluation and
Research) and CDRH (Center for Devices and Radiological
Health) Intercenter agreement, and the CDER (Center for Drug
Evaluation and Research) and CDRH Intercenter agreement.
In Vitro Diagnostic (IVD) Products

These are medical devices that analyze human body fluids, such
as blood or urine, to provide information for the diagnosis,
prevention, or treatment of a disease. Classification for these
devices can be found within regulations: 21 CFR 862, 21 CFR
864, and 21 CFR 866.
Radiation-Emitting Products

Electronic product radiation means any ionizing or nonion-
izing electromagnetic or particulate radiation, or any sonic,
infrasonic, or ultrasonic wave, that is emitted from an elec-
tronic production because of the operation of an electronic
circuit in such product. If a medical device emits electronic
product radiation, additional requirements apply through the
Radiation Control for Health and Safety Act. Additional
information concerning radiation-emitting products can be
found at the FDA website.
Software

If a device contains software, the PMA submission must include
documentation of software testing appropriate to the level of risk
of the device. The FDA recognizes certain consensus standards of
conformance when making regulatory decisions. In addition,
sterility assurance is necessary, and FDA validated method for
sterilization should be used and included in the PMA.
Phthalates

Within the past few decades, specific additives to some plasti-
cizers (such as DEHP and bis-phenol-A) have been identified
as toxic to animals and thus have come under scrutiny.

http://www.fda.gov/downloads/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/UCM348890.pdf
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The impact of these formulation aids to human health has not
been fully characterized. Regardless, an effort is underway to
reformulate device materials without them.

Fibrosarcomas are another example of a biocompatibility
measure that has been noted in animal and not yet determined
if it will translate into humans. Known as the Oppenheimer
effect, smooth materials with a minimum surface area, and
implantation time in rats produce an increased occurrence of
hard, tumorlike masses. The same material when implanted in
a different configuration will not produce the same response.
Latex Testing: Testing for Skin Sensitization
to Chemicals

The labeling may include special claims regarding reduced
potential chemical sensitization in a 510(k), such as:

l reduced potential for sensitizing users to rubber chemical
additives, or

l reduced potential for causing reaction in individuals sensi-
tized to rubber chemical additives.

The applicant should support these claims by data from
human testing. Additional guidance on testing for skin sensi-
tization to chemicals in latex products is available in the
guidance document listed in the Relevant Websites section.

See also: Foreign Body Response; Implant Studies; Medical
Textiles.
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l Name: Biofuels
l Chemical Abstracts Service Registry Number: Varied
l Synonyms for Biodiesel, Biobutanol, or Hydrotreated

Renewable Fuels: Varied
l Chemical Structure: Varied
General Background and Major Types of Some
Biofuels

Biofuels are a rather new type of renewable transportation fuels
produced from biomass-based renewable resources such as
plants, animal by-products, or microorganisms, although
peanut oil was first used as a diesel fuel approximately a century
ago. In order to function in existing engines, biofuels must be
compatible with existing conventional petroleum fuels and
engine performance requirements. Thus for many biofuels,
there may be considerable similarity between the characteristic
properties of a conventional fuel and its biofuel counterpart.
The most common biofuel is ethanol, typically derived from
corn, sugar beets, or sugar cane. Ethanol is a separate entry in the
encyclopedia; readers are recommended to view the toxicolog-
ical properties of ethanol there.

Biofuels may be generally grouped into the following
categories: (1) those produced by fermentation into alcohols;
(2) oils separated from biomass and reacted to form hydro-
carbons or fatty acid methyl esters; and (3) oils processed by
hydrogenation to produce hydrocarbons within the carbon
range of conventional petroleum fuels.

It is important to understand that the term ‘biofuels’ may
have various definitions by different resources, and that the
feedstock biomass as well as its processing into a liquid fuel
will determine the composition of the product; thus, the
potential toxicity of biofuels is extremely broad. Summary
information presented within the scope of this encyclopedia
entry can be augmented by reference to other resources listed
below. The production of biofuels is also an innovative field
that is rapidly evolving, particularly in the arena of producing
renewable fuels with hydrocarbon structures already found
within the matrix of existing petroleum fuels. This entry focuses
on biodiesel, biobutanol, and hydrocarbon renewable fuels in
use today or under development and likely to be of interest in
years to come.

In general, the physical and chemical properties of biofuels
may be used to provide insight into health and environmental
behavior. As with conventional fuels, highly volatile biofuels or
biofuel constituents are expected to partition into air from
water, soil surfaces, or open containers. For acute human health
effects, the potential exposure from inhalation is greater for
shorter-chain, highly volatile biofuel constituents than for
longer-chain, oily constituents for which skin contact is more
likely. Specific alcohols have varying degrees of water solubility
and volatility that will determine partitioning between water
and the atmosphere. Branched hydrocarbon structures may be
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
more difficult to metabolize by soil microorganisms than
normal hydrocarbons.
Uses of Biofuels

The major current uses of biofuels are as liquid transportation
fuels, although use as a heating fuel may also occur. An essential
consideration for use is compatibility with existing technology,
both for engine design and with conventional fuel require-
ments. Thus, biodiesel, as should be expected by its name, is
compatible with existing diesel engine (compression ignition)
technology and has come into common use as a blend in
petroleum-derived diesel. Biobutanol could potentially be used
in gasoline engine (spark ignition) technology as a blend with
petroleum gasoline. The application of hydrotreated renewable
fuels would be dependent on the carbon range for the renewable
fuel; for example, hydrotreated renewable fuel made up of
hydrocarbons in the range of approximately 8 to 25 carbons in
length could be compatible with diesel engines.
Biobutanol

l Synonyms – n-Butanol (CAS 71-36-3): 1-Butanol, Butan-1-ol,
1-Hydroxybutane, Butyric alcohol, Normal primary butyl
alcohol; Isobutanol (CAS78-83-1): 1-Hydroxymethylpropane,
2-Methylpropanol-1, 2-Methylpropyl alcohol
Background

Biobutanol is butanol produced by fermentation from
a biomass feedstock. The production process can influence the
isomer of butanol that is produced. Currently, n-butanol and
isobutanol are the two isomers likely for use as a biofuel.
Another isomer, t-butanol, is unlikely to be used as a fuel due
to much slower environmental degradation. Biobutanol has
qualities of both a fuel and an oxygenate for blends with
gasoline in spark-ignition engines.

Toxicity data noted below are for butanol. As the original
feedstock was often not specified in the literature, the term
butanol instead of biobutanol has generally been utilized.
Environmental Fate and Behavior

Biobutanol is volatile; evaporated butanol can react in the
atmosphere to form butyraldehydes. Both n-butanol and iso-
butanol are mobile in soil and may contaminate groundwater
as well as volatilize from water and soil surfaces. Isobutanol
and n-butanol are readily biodegradable; the half-life is esti-
mated in the range of several days. As with ethanol, rapid
biodegradation of biobutanol at spill sites contaminated with
petroleum hydrocarbons could potentially deplete aqueous
4-3.01054-X 469
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oxygen and result in methane production and prolonged
contamination of petroleum aromatic compounds.
Exposure and Exposure Monitoring

The most likely routes of exposure to biobutanol are through
contact with skin and inhalation of vapors or aerosols.

Occupational exposures to n-butanol and isobutanol may
be measured at worksites. The odor threshold for n-butanol in
air is 0.83 ppm; the odor threshold for isobutanol is 40 ppm.
Both forms of butanol have objectionable odors described as
suffocating, musty, or rancid. Systemic absorption may be
estimated by analysis of urinary metabolites such as conjugates
of biobutanol or the aldehyde metabolites for exposure to
normal or isobutanol.
Toxicokinetics

Butanol is readily absorbed through skin, lungs, and gut,
and excreted via exhalation and urine as metabolites.
Percutaneous absorption rates indicate that absorption through
the skin is rapid (n-butanol: 8.8 mgmin�1 cm�2, in vivo dog;
2.3mg cm�2 h�1, in vitro human skin assay). Within the body,
n- and isobutanol are rapidly metabolized by alcohol and alde-
hyde dehydrogenases to butyric acid or isobutyric acid. The
primary metabolite excreted from lungs is carbon dioxide, with
conjugated metabolites, glucuronides, excreted in urine.
Mechanisms of Toxicity

Butanol is a contact irritant to eyes, the respiratory tract, and
skin. Nausea and vomiting produced by ingestion may be
a consequence of irritation to the gut. The mechanism of central
nervous system effects due to butanol is unknown but may be
similar to other alcohols thought to interfere with ion transport
in cell membranes. Studies on sciatic nerve preparations from
frogs suggest that the aliphatic alcohols reduce permeability
constants for sodium and potassium ion channels.
Acute and Short-Term Toxicity (Animal and Human)

The acute toxicity profiles of butanol isomers are similar.
Relatively low toxicity from single exposure is expected by the
oral, dermal, or inhalation routes; however, n-butanol is clas-
sified as ‘harmful’ by ingestion based on oral LD50 values as
low as 790mg kg�1 although other data suggest that the actual
value should be>2000mg kg�1. The acute oral LD50 value for
isobutanol is> 2000mg kg�1. Test data from laboratory
studies point to isobutanol and n-butanol as irritating to skin
and severe irritants to eyes, with the potential to cause irre-
versible eye damage. Human exposure experience indicates that
butanol is irritating to eyes and the respiratory tract (nose,
throat) in the range of 25–100 ppm. Both forms of biobutanol
can produce signs of central nervous system depression, such as
decreased alertness, headache, dizziness, and drowsiness,
increasing to vertigo, confusion, coma, and death at extreme
intoxication. Ingestion of butanol can also produce nausea and
vomiting.

Ingestion of n-butanol for 13 weeks by rats produced tran-
sient neurotoxicity (hypoactivity, ataxia) at 500mg kg�1 day�1
(no observed adverse effects level, 125mg kg�1 day�1) and
reduced hematocrit, hemoglobin, and red blood cell counts in
the females.

Quantitative structure activity relationship (QSAR)
modeling predicts that both forms of butanol are unlikely to
cause allergic skin reactions.
Reproductive Toxicity

Biobutanol is unlikely to harm reproduction. Repeated expo-
sure to isobutanol or n-butanol did not produce adverse effects
to reproduction in rats. Exposure throughout gestation in rats
indicated that isobutanol and n-butanol are not selective
developmental toxicants; developmental effects (decreased
fetal and litter weights, skeletal variations) occurred only at
maternally toxic exposures for n-butanol (reduced maternal
body weight and food consumption, narcosis).
Genetic Toxicity

Neither of the butanol isomers produced harm to genetic
material in either in vitro or in vivo assays.
Carcinogenicity

Neither of the isomers of butanol are currently classified for
carcinogenicity (i.e., they are identified as ‘not classifiable’ by
the American Conference of Governmental Industrial Hygien-
ists (ACGIH)).

QSAR modeling did not find structural alerts for carcino-
genicity for isobutanol or n-butanol.
Clinical Management

Individuals overexposed to biobutanol by inhalation should
be moved to fresh air as quickly as possible and artificial
respiration should be administered if not breathing. Acute
effects indicative of depression of the central nervous system
may require medical treatment. Contaminated skin may be
cleaned by thorough washing with soap and water, and
contaminated clothing (including shoes) should be removed
and laundered. Exposed eyes should be flushed thoroughly
with water or saline; due to the potential for severe eye irri-
tation, medical evaluation should be sought as soon as
possible.
Ecotoxicity

Isobutanol and n-butanol have relatively low toxicity to aquatic
ecosystems. Acute LC50 and EC50 values in freshwater fish and
invertebrates are>1000mg l�1; effects on algae growth occurred
only above 200mg l�1.
Other Hazards

Biobutanol is a flammable liquid (flash points 82–98 �F) that
may be ignited by heat, sparks, or flames. Flashback along vapor
trails near the ground or underground may occur. Equipment
for handling biobutanol must be grounded, and storage should
be cool and well ventilated. The spread of spilled biobutanol
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may be attenuated by use of vapor-suppression foam and
noncombustible absorbent material.
Exposure Standards and Guidelines

The isomers of butanol have the following time-weighted-
average (TWA) exposure limit recommendations from ACGIH,
with the basis for the TWA in parentheses:

Isobutanol: 50 ppm (eye and skin irritation); odor threshold
43 ppm

n-Butanol: 20 ppm (eye and upper respiratory tract irritation)
Biodiesel

l Synonyms: Soy methyl ester (CAS 67784-80-9); Rapeseed
methyl ester (CAS 73891-99-3); Tallow methyl ester (CAS
61788-61-2); Palm methyl ester (CAS 91051-34-2); Fatty
acid methyl esters (FAME)

Background

Biodiesel is fuel made up of mono-alkyl esters of long chain
fatty acids derived from biomass-based oils such as vegetable
oils or animal fats. It can be produced by a transesterification
reaction between the fatty acid and an alcohol, usually meth-
anol, to produce a fatty acid alkyl ester. The distribution of
carbon ranges will mirror the carbon lengths in the fatty acid
feedstock. Fatty acid methyl esters (FAMEs) are described by
their carbon length and number of unsaturated bonds. For
example, soy oil consists largely of palmitic acid (16 carbons
with no unsaturated bonds, C16:0), stearic acid (C18:0), oleic
acid, which contains one unsaturated bond (C18:1), linoleic acid
Table 1 FAME compositiona of biodiesel according to feeds

Fatty acid methyl ester (ME) Soy ME Canola M

6:0 Methyl hexanoate
8:0 Methyl octanoate
10:0 Methyl decanoate
12:0 Methyl dodecanoate Trace
13:0 Methyl tridecylic
14:0 Methyl myristate 0.1–0.3
14:1 Methyl myristoleate
15:0 Methyl pentadanoate
16:0 Methyl palmitate 2.3–13 1.5–6
16:1 Methyl palmitoleate 0.1–0.3
17:0 Methyl heptadecanoate 11.4
17:1 Methyl heptadecenoate
18:0 Methyl stearate 2–27.2 1–2.5
18:1 Methyl oleate 16.7–84 52–66
18:2 Methyl linoleate 1.6–57.1 16.1–31
18:3 Methyl linolenate 1.2–11 6.4–14.1
20:0 Methyl eicosanoate 0.2
20:1 Methyl gondoate 0.3
22:0 Methyl behenate 0.1–0.4
22:1 Methyl erucate 0–0.3 1–2
24:1 Methyl nervonate Trace

aFrom: Coordinating Research Council, 2009. In: Hoekman, S.K.,Gertler
Report: Investigation of Biodistillates as Potential Blendstocks for Transpo
org/reports/recentstudies2009/AVFL-17/AVFL-17%20Final%20Report%2
(C18:2), and linolenic acid (C18:3); thus the biodiesel prepared
from soy oil andmethanol, soy methyl ester a.k.a. methyl soyate
(CAS 67784-80-9), is primarily made up of C16 and C18 length
FAMEs with a mix of saturated and unsaturated structures.
Table 1 shows the range of FAMEs that would be produced from
several different biofeedstocks. When blended with conven-
tional petroleum-derived diesel fuel, the proportion of the
blend that is biodiesel is designated by a number preceded by ‘B;
’ i.e., B20 is a 20:80 biodiesel:diesel fuel blend.
Environmental Fate and Behavior

Biodiesel is predicted to partition primarily to the soil and, to
a lesser extent, water and sediment. Shorter chain FAMEs are
expected to be more mobile in soil. Biodiesel is considered
readily biodegradable. Typically 80% or more will degrade in
28 days in laboratory testing. Due to faster biodegradation than
petroleum diesel, biodiesel is expected to have less environ-
mental migration than petroleum diesel; however, biodiesel
may delay the biodegradation of petroleum hydrocarbons such
as benzene and toluene. Biodiesel has limited volatility but
some evaporation will occur; if spilled, it is lighter than water
and may produce a sheen on the surface. Biodiesel is not
expected to bioaccumulate as FAMEs are metabolized and
excreted if uptake occurs.
Exposure and Exposure Monitoring

Due to the low volatility of biodiesel, occupational exposure
monitoring may be unnecessary. The FAMEs that comprise
biodiesel are metabolized to the corresponding fatty acids and
methanol. As for petroleum diesel, combustion as a fuel results
tock

E Palm ME Tallow ME Coconut ME

0.4–0.5
0.1 0.7–9.8
0.1 0.6–9.7
0.3–2.4 0.1 44.6–54.1
1.0
0.5–47.5 2.1–8 13–20.6

0.9
0.5

3.5–48.8 23.3–37 6.1–10.5
0.2–1.8 0.1–5 0.1
0.1 1–1.5

0.8
1.7–53 9.5–34.2 1–3.8
6–52 14–50 5–8.8
5–14 1.5–50 0.4–2.7
0.2–0.6 0–0.7 0.1–0.3
0.3 0.2–1.2 0.1

0.3–0.5
0.1
0.1

, A., Broch, A., Robbins, C. (Eds.), CRC Project No. AVFL-17 Final
rtation Fuels. Desert Research Institute, Reno, NV. http://www.crcao.
0June%202009.pdf.

http://www.crcao.org/reports/recentstudies2009/AVFL-17/AVFL-17%20Final%20Report%20June%202009.pdf
http://www.crcao.org/reports/recentstudies2009/AVFL-17/AVFL-17%20Final%20Report%20June%202009.pdf
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in exhaust emissions, including particulates, nitrogen oxides,
and polycyclic aromatic compounds.
Toxicokinetics

When ingested, FAMEs are hydrolyzed to the free fatty acids for
absorption from the intestine into the blood. Further oxidation
occurs to form carbon dioxide and water via breakdown into
2-carbon fragments used by the body for energy and incorpo-
ration into tissues. Radiolabeled 14C-palmitate methyl ester
distributed to tissue lipids in rats; retention 2 days following
oral administration of methyl palmitate was lower in young rats
with low body fat than mature adults. Fatty acids may be stored
in fat deposits in the body. Nometabolic studies were found for
soy, canola, palm, tallow, or coconut methyl esters. Not all fatty
acids are dietary requirements; diets consisting solely of satu-
rated fatty acids are reported to also lead to symptoms of fatty
acid deficiency in rats. Future interpretation of toxicological
findings of FAMEs and fatty acids should consider nutritional
confounding as a possible factor in test results.
Mechanisms of Toxicity

Biodiesel currently has little known toxicity. The oily nature of
biodiesel can be a physical fouling hazard to aquatic inverte-
brates and water fowl if spilled into wetlands. Some fatty acids
are dietary requirements; however, diets consisting solely of
saturated fatty acids that are not nutritional requirements are
reported to lead to symptoms of fat deficiency in rats. Interpre-
tation of future toxicological findings of FAMEs and fatty acids
should consider nutritional confounding as a possible factor in
test findings. Biodiesel particulate exhaust emissions may induce
proinflammatory cytokines (similar to diesel exhaust).
Acute and Short-Term Toxicity (Animal and Human)

Existing data indicate that acute exposure to biodiesel is not
hazardous. Soy, sunflower, and canola methyl esters are
classified as nonhazardous by the oral route (acute oral
LD50> 5 g kg�1), similar to petroleum diesel. Results from acute
oral toxicity testing of individual FAMEs (laurate, palmitate,
stearate methyl ester) also indicate that acute exposure is not
hazardous. Similarly, soy methyl ester, rapeseed methyl ester,
and butyl methyl ester have been tested for acute toxicity by the
dermal route of exposure, without effects (dermal LD50> 2 or
5 g kg�1); however, since the acute oral toxicity values of bio-
diesels from various feedstocks suggest that they are nontoxic by
the oral route, acute effects from exposure to skin are unlikely.

Essentially no vapors are generated from biodiesel at
ambient temperature, and therefore neat (pure) biodiesel
should not pose an inhalation hazard. The acute toxicity hazard
of biodiesel blended into conventional petroleum diesel will
be driven by the conventional fuel.

Test results with FAMEs overall suggest that the FAMEs
likely to comprise biodiesel are not expected to be irritating to
eyes or skin. Slight, temporary conjunctivitis was the only
reported finding in eye irritancy testing. Laboratory testing with
various FAMEs for skin irritation resulted in varying degrees of
erythema and/or edema, with soy methyl ester being nonirri-
tating, while methyl laurate, methyl palmitate, and methyl
stearate produced irritation on rabbit skin. However, in human
volunteers exposed to various carbon length ranges of FAMEs
(C8–10, C12–14, C16–18), virtually no irritation occurred.

The weight of evidence for allergic skin reactions indicates
that FAMEs used in biodiesel are unlikely to cause allergic skin
reactions. Soy methyl ester was reported to be positive in
a guinea pig skin sensitization study; however, in this study the
erythema observed 24 h after exposure nearly dissipated by
48 h, which is atypical for an allergic reaction but common for
mild irritation. Soy as a food product can produce allergic
reactions in sensitive populations. Tallow methyl ester and
methyl laurate were not sensitizing in guinea pig sensitization
studies; in small-scale human testing (n¼ 25–68 subjects),
both soy methyl ester and palm oil methyl ester were not skin
sensitizers.

Methyl esters of fatty acids produced from edible fats and
oils are approved for some uses as direct food additives or as
a supplementary source of fat for animal feed (21CFR172.225;
21CFR573.640). Several of the fatty acids within the approved
FAMEs are essential fatty acids. The ingestion of nonessential
fatty acids appears to interfere with the absorption and/or
incorporation of essential fatty acids into lipid tissues. The
likelihood of fatty acid deficiency occurring through occupa-
tional exposure, or even accidental exposure, is low, given
dietary ingestion. The published literature on this area is quite
old; nevertheless, any future testing that involves repeated
exposures should consider potential fatty acid deficiency to
prevent inappropriate toxicity classifications.

Repeat-exposure subchronic toxicity testing suggests
minimal toxicity from FAMEs in biodiesel. Four-week ingestion
of canola, soy, or fish oil methyl esters at doses up to
500mg kg�1 day�1 produces liver hypertrophy but limited
other changes (thymus weight reduction for soy methyl ester).
A 12-week feeding study of methyl oleate in rats at up to
3500mg kg�1 day�1 produced only a reduction in female body
weight. Male rats fed 100mg per animal per day methyl stea-
rate (approximately 300–500mg kg�1 day�1) or a fat-free diet
for 12 weeks had decreased body weight, while females in the
study had virtually no effect.

Exhaust emissions from an engine running on soy methyl
ester did not produce systemic toxicity in F344 rats exposed for
13 weeks. Exposure levels were approximately 0.04, 0.2, and
0.5mg particulates per cubic meter; this study was conducted as
part of a Tier 2 testing program under the Clean Air Act. Bio-
logically significant effects were limited to high-exposure female
rats and consisted of increased lung weight and increased alve-
olar macrophage content, considered to be a normal response to
repeated inhalation of particulate matter.
Chronic Toxicity

No long-term testing conducted with biodiesel was found.
Specific, FAMEs methyl oleate and methyl stearate, were found
to decrease body weight in subchronic feeding studies in rats,
but no other effects were reported. Methyl esters of higher fatty
acids, including methyl esters of myristate (14:0), palmitate
(16:0), stearate (18:0), oleate (18:1), and linoleate (18:2), are
acceptable by the US Food and Drug Administration as
a supplementary source of fat for animal feed under
21CFR573.640.
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Immunotoxicity

No information on immunotoxicity was found for biodiesel.
Inhalation of biodiesel exhaust in laboratory testing induced
production of proinflammatory cytokines.
Reproductive Toxicity

No reproductive or developmental toxicity information was
found for biodiesel. Methyl oleate was tested in a limited study
design in which female rats, exposed to 100mg kg�1 day�1 for
12 weeks, were bred to unexposed males. There were no effects
to reproductive parameters.

Several oils used as feedstocks for biodiesel have been
evaluated for reproductive or developmental toxicity potential
in limited testing. For tallow, a three-generation study in pigs
and a one-generation study in rats failed to identify adverse
effects to reproduction or offspring. In the rat study, the fatty
acid profiles in fat tissues of newborn rats contained higher
14:0 and 18:0 content, reflecting the tallow composition in the
diet. A screening study for developmental toxicity in rats
administered palm oil at doses up to 3ml kg�1 (ca.
2760mg kg�1 day�1) resulted in prenatal mortality (resorp-
tions), defects, and growth retardation, but the authors
hypothesized that the effects may have been due to high
vitamin A in the palm oil sample. Testing with palm oil for
effects on sexual maturation and endocrine function, with the
control group given corn oil and a second group controlling for
fat content, found that vaginal opening occurred earlier in
female rats given a high-fat diet. To the authors, this suggested
that body weight or body fat was a factor in acceleration of
vaginal patency, as there were no differences in average body
weights at first estrus, no irregularities in estrous cyclicity, and
no measured differences during the estrous cycles for estradiol,
prolactin, or luteinizing hormone.

Biodiesel exhaust (B100 soy-derived, 0.5mg particulates per
cubic meter per day) did not cause developmental toxicity in
rats. Prenatal mortality, fetal body weight, and the incidence of
malformations were unaffected.
Genetic Toxicity

Biodiesel (soy methyl ester, various specific FAMEs) was not
mutagenic to bacteria. The exhaust particulates of biodiesel
derived from rapeseed methyl ester and soy methyl ester were
found to be half as potent for mutagenicity in an Ames bacterial
assay as particulates from conventional diesel fuel.
Carcinogenicity

Biodiesel has not been tested for carcinogenicity. Oleate methyl
ester did not increase the number of tumor-bearing mice in
a 2-year study with mice, although the total number of for-
estomach papillomas increased. Linoleate methyl ester was not
carcinogenic when given to rats by gavage for 18 months.
Clinical Management

No clinical symptoms are predicted for acute exposure to bio-
diesel. Contaminated skin should be cleaned by thorough
washing with soap and water, and contaminated clothing
should be laundered as a precaution. Exposed eyes should be
flushed thoroughly with water or saline.
Ecotoxicity

According to the US Environmental Protection Agency, petro-
leum oils and vegetable oils share common physical properties
and can produce similar environmental effects, including
coating animals and plants with oil and suffocating them by
oxygen depletion, destroying food supplies.

However, substances are classified for hazards based on
results in laboratory testing conducted according to regulatory
guidelines that determine intrinsic chemical toxicity. Biodiesel
and individual FAMEs have demonstrated negligible toxicity to
aquatic species (microbe, invertebrate, fish) (LC50 and EC50

values>1000mg l�1). FAMEs, like other oils, have low water
solubility and should be tested for aquatic toxicity as a water-
accommodated fraction (WAF); i.e., the biodiesel is blended
into the aqueous medium to reach equilibrium, allowed to
settle, and the aqueous phase is siphoned off for introduction
into the test system. Toxicity studies with soil and sediment
dwelling organisms are a data gap and relevantly based on
expected environmental partitioning.
Other Hazards

Biodiesel-soaked materials may pose a risk of spontaneous
combustion due to heat from oxidation of double bonds.
Hydrotreated Renewable Fuels

l Synonyms: Hydrotreated renewable jet (HRJ); hydro-
esterified fatty acid jet (HEFA Jet); green diesels; renewable
diesel; second-generation diesel.
Background

Hydrotreated renewable fuels are produced by processing
biomass feedstocks such as animal fats, plant-based (e.g.,
vegetable, camelina) oils, or microbial (e.g., algae) oils with
hydrogen and deoxygenation. In general, hydroprocessing
produces hydrocarbons that are predominantly paraffinic
alkanes, normal, branched, or cyclic, with minimal aromatic
content. Fuels in various carbon ranges, for example, short
hydrocarbons for blending with gasoline, longer hydrocarbons
for blending with diesel, and in between for blending with jet
fuel/kerosene, can be separated by distillation, as volatility
decreases with increasing carbon length. Biofuels, like
conventional fuels, must meet strict performance specifica-
tions. Hydrotreated renewable fuels are compositionally
similar to synthetic Fischer-Tropsh (F-T) fuels. Some toxicity
estimations below are based on data for F-T fuels.
Environmental Fate and Behavior

Biodegradation of spilled biofuels will be affected by various
factors, including soil type, concentration of contaminants, the
complexity of the chemical structures, microorganisms, and
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bioavailability. Short-length paraffinic hydrocarbons
produced from biomass, such as pentane or isopentane, will
be highly volatile and predicted to partition into the atmo-
sphere. Midlength hydrocarbons less dense than water will
form a sheen on surface waters with eventual evaporation as
well as degradation by water microorganisms. Some propor-
tion of biofuel hydrocarbons may be transported by ground-
water away from the site of a spill. Simpler structures such as
normal or singly branched hydrocarbons can be more quickly
metabolized by microorganisms and may be considered
readily biodegradable, and preferentially degraded compared
to conventional petroleum fuels. Complete microbial degra-
dation of biofuels can result in production of methane or
carbon dioxide. Several potentially harmful consequences of
the ready biodegradation of biofuels may occur. First, envi-
ronmental contamination of hazardous constituents from pre-
existing petroleum fuel spills, such as benzene or toluene, may
persist longer in the environment. Aerobic metabolism may
occur sufficiently quickly to deplete oxygen in the water
needed for biosystems, reducing or eliminating natural
ecological species (‘fish kill’). Methane may be produced for
months after a spill, and potentially distant from the spill site.
These generalizations emphasize the importance of under-
standing the chemical nature of each biofuel to reasonably
predict environmental behavior.
Exposure and Exposure Monitoring

Occupational exposure to renewable fuels will likely occur
through routine machinery and engine maintenance, fueling,
and transportation. Likely routes of exposure are inhalation of
volatile constituents such as smaller hydrocarbons, and dermal
penetration. Although biomonitoring standards do not yet
exist, potential monitoring options could include measure-
ment of alcoholic and ketonic metabolites in urine.
Toxicokinetics

The dermal penetration of individual constituents in the
carbon range for jet fuel has been shown to be low. Smaller
alkanes such as nonane and undecane absorb better than
longer alkanes such as tetradecane, but none absorbed as well
as aromatic hydrocarbons. Inhalation of synthetic F-T jet fuel
indicated deposition in bronchioles. Metabolism testing with
F-T jet fuel found alcoholic and ketonic metabolites in liver,
urine, and feces consistent with metabolic studies with indi-
vidual alkanes.
Mechanisms of Toxicity

The hydrocarbons in hydrotreated renewable fuels, consistent
with petroleum hydrocarbons, can produce hyaline droplet
nephropathy in male rat kidneys due to accumulation of
a-2m-globulin, a carrier protein produced in substantial quan-
tities in male rat livers, but in negligible amounts in female rats
and humans. This mechanism is specific to male rats and
considered irrelevant to human health risk assessment.

As with conventional fuels, the lipophilic nature of hydro-
treated renewable fuels may cause defatting of the skin with
repeated exposure.
Acute and Short-Term Toxicity (Animal and Human)

Hydrotreated renewable fuels are likely to cause little short-
term toxicity by the oral and dermal routes based on compar-
ison to F-T fuels, which were not acutely toxic. The acute
inhalation LC50 for HRJ fuel was found to be greater than
2000mgm�3.

Low-viscosity renewable fuels may pose a risk of aspiration
into the lungs if ingested, which can induce pneumonia that
may be fatal.

Hydrotreated renewable fuels are likely to be irritating to the
upper respiratory tract. HRJ caused respiratory depression in
mice (Alarie assay), considered to represent respiratory tract
irritation. HRJ was also slightly irritating to skin. Repeated
inhalation exposure to HRJ for up to 2 weeks, at a maximum
exposure of 2000mgm�3, produced olfactory degeneration and
hyperplasia in the nasal region while inflammatory cell infil-
tration occurred in the bronchioles. Longer-term exposure is
likely to produce hyaline droplets in male rat kidneys consistent
with accumulation of a-2m-globulin, based on comparison to
F-T jet and diesel fuels. These lesions, characterized as hyaline
droplet nephropathy, are attributed to accumulation of
a-2m-globulin, a carrier protein produced in substantial quan-
tities in male rat livers, but in negligible amounts in female rats
and humans. The a-2m-globulin protein, which transports
endogenous pheromones into the kidneys of male rats, also has
an affinity for hydrocarbons present in petroleum and synthetic
fuels. This mechanism is specific to male rats and considered
irrelevant to human health risk assessment.

Symptoms of reversible central nervous system depression
such as dizziness and lack of coordination are likely from high
exposures to volatile hydrocarbons in hydrotreated renewable
fuels. The specific mechanism of toxicity for this is unknown
but other short- to medium-length hydrocarbons also produce
neurotoxicity at high exposures.
Reproductive Toxicity

No studies evaluating reproductive performance or fertility are
available. Inhalation of paraffinic F-T fuel did not harm sperm
quality or estrous cyclicity in rats.
Genetic Toxicity

HRJ was not mutagenic in bacterial assays. Based on data from
in vitro and in vivo studies with F-T jet fuel, hydrotreated
renewable fuels are not expected to cause genetic toxicity;
synthetic F-T jet fuel did not produce bacterial mutations,
chromosomal aberrations, or micronuclei.
Clinical Management

Excessive inhalation of paraffinic biofuel hydrocarbons could
result in symptoms of central nervous system depression such
as dizziness, headache, drowsiness, or loss of consciousness.
Overexposed individuals should be removed to fresh air.

Conventional hydrocarbon fuels and individual hydrocar-
bons found in conventional fuels can produce chemical
pneumonitis if ingested and aspirated into the lungs. As
hydroprocessed biofuels of low viscosity will contain many of
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the same paraffinic hydrocarbons, they should be considered
aspiration hazards also and thus induction of vomiting
following ingestion should be contraindicated.
Ecotoxicity

Hydrotreated renewable fuels are likely to vary in toxicity to
aquatic environments with changes in composition and carbon
range, based on comparison to the aquatic toxicity of F-T fuels
and individual hydrocarbons. Short-chain paraffinic alkanes
such as heptane and octane are very toxic to aquatic organisms,
while longer chain hydrocarbons such as dodecane and hex-
adecane are not toxic.
Other Hazards

Paraffinic alkanes expected to be present in hydroprocessed
biofuels are flammable.
Miscellaneous

Hydrotreated renewable fuels are flammable and are likely to
accumulate static charge if not properly grounded.

See also: Ethanol; Diesel Fuel; Gasoline; Jet Fuels; Methanol.
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Introduction

Conditions where stressors present risk in the environment are
complex and varied. Different types of stressors are often found
as mixtures in water, sediment, and soil, rarely occurring as
single entities. Organisms are subjected to changing environ-
mental and physiological conditions that may modulate
toxicity to a chemical stressor. The environment is affected by
chemical, biological, and physical stressors of both anthropo-
genic and natural sources that can all contribute to adverse
environmental impacts. Assessing ecological or environmental
toxicity is further complicated by length of exposure, dose, sex
of the organism, and developmental stage. The use of metrics to
monitor environmental stress provides opportunities to assess
the risk of those stressors before they are manifested across
large temporal or regional scales and cause irreparable damage
to the environment.

The use of biomarkers to assess environmental risk is
a concept rooted in human health and pharmacological toxi-
cology. In this context, environmental biomarkers should
provide quantitative measures of change in response to
a specific exposure and subsequent effect. However, the use of
biomarkers for environmental risk assessment has historically
been limited. Biological information in the form of molecular,
physiological, and organism endpoints can improve the
process of environmental risk assessment. The use of these
environmental biomarkers with contextual references can
provide faster qualitative and quantitative chemical exposure
analysis, as well as information on impacts through mecha-
nism elucidation of toxicity and direct measures of deleterious
physiological reactions. In application, environmental
biomarkers have the potential to provide a more accurate
representation of environmental toxicity.
Biomarkers versus Bioindicators

The term ‘biomarker’ has historically been used to define
a broad class of biomedical measures or metrics that are used to
describe or define the physiological status of a cell or organism.
Subcellular Cellular Organ

High specificity
Low relevance

Figure 1 Conceptual linkage across levels of biological organization for eco
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With the advent of more specific measurement technologies
and molecular biology tools, a biomarker is generally limited
to measures of response at the cellular or subcellular level.
Classification of biomarkers include biomarkers of exposure,
effect, and susceptibility. In contrast, the term ‘bioindicator,’
although sometimes used interchangeably with ‘biomarker,’
has been used more often to describe biological responses at
the organism, population, and community levels. The appli-
cation and use of a biomarker has different goals and objectives
than the use of a bioindicator. For instance, biomarkers provide
direct and sensitive measures of exposure to environmental
stressors, but are short term and often not temporally tractable
in an environmental setting. In contrast, a bioindicator is the
result of an exposure or response to an environmental stressor
that is manifested at higher levels of organization and may not
be as sensitive, but has ecological relevance. The distinction
between environmental biomarkers and bioindicators lies
primarily in the management purpose that either seeks to
identify exposure as an early warning to adverse consequences,
or interrogation of a system that has been affected by an
exposure Figure 1. Therefore, biomarkers are better attributed
to exposure and linkage to immediate effect where bio-
indicators may be retrospective and difficult to connect to the
initiating event.
Current Uses and Trends

Development of environmental biomarkers over the last
decade has focused on discovery of measures that have strong
physiological ties to specific chemical stressor exposures. The
need to reduce the cost and time expended for animal toxicity
testing of chemical compounds has provided an impetus for
better defining environmental dose, exposure, and adverse
outcome. High priority has been given to developing compu-
tational models that predict toxicity for classes of contaminants
of concern. Much research involving environmental exposures
and subsequent linkages to diagnostic and predictive risk
assessment has made significant progress in defining candidate
biomarkers that herald a cellular or organ response to an
Organism Population

Low specificity
High relevance

logical risk assessments.
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exposure that has a direct toxicity for growth and/or repro-
duction. However, the application of the computational
approach to the field of environmental toxicology is still in its
infancy beyond assessing human health risk.

Under ecological risk assessment guidelines, risk is tradi-
tionally assessed at the population level rather than for indi-
vidual organisms (unless the organism is a threatened or
endangered species). By definition, the use of biomarkers for
risk assessment would not seem to meet the specific criteria for
determining adverse population outcomes. The linkage
between the initial molecular changes following an environ-
mental exposure to the ultimate outcome of the organism or
population has long been a gap in the field of environmental
toxicology or ecotoxicology. The defining processes that affect
populations are measures of growth, reproduction, and
mortality. These processes are critical outcomes that, once
disrupted (growth and reproduction) or enhanced (mortality),
lead to noticeable changes in populations and potentially in
ecosystems. Therefore, the linkage of a molecular biomarker at
the subcellular or cellular level to an organism or population
outcome needs to be a measure of effect or change to growth,
reproduction, or mortality.

Much has been gained in the discovery of environmental
biomarkers by extrapolation of concepts, molecular pathways,
model organ systems, and physiological systems from the
science and research of human health biomarkers. This is
particularly true of the recent advances in computational and
molecular tools. New concepts are evolving to define the
framework needed to connect molecular interactions with
adverse outcomes across the different levels of biological
organization. The adverse outcome pathway is not strictly
defined as a toxicity pathway in that all measures associated
with a pathway or process that leads to an adverse outcome are
used to predict ecological risk assessment impacts.

Current environmental risk assessment practices often have
no specific information regarding the susceptibility and sensi-
tivity of the receptor’s toxicological sensitivity to a given
stressor. This type of information does not exist for many
environmental receptors; however, environmental biomarkers
that are directed at the measure of endpoints that are likely to
reflect toxicological susceptibility will help to provide this
needed information.
Application for Biological Monitoring

Current limitations of environmental monitoring programs
include the high cost of sampling environmental media and
the low number of validated measurement endpoints. Much of
the current monitoring efforts provide retrospective measures
of ecosystems that are already stressed or adversely affected by
a number of physical and chemical stressors. This reflects
compliance monitoring in that assessing environmental risk is
driven by regulations that are established for individual
chemicals or actions. Such an approach has limitations in that
there is poor resolution of some contaminant effects given that
contaminants are present in complex environmental mixtures
and causation for population endpoints is difficult to assign.
This is further complicated in that some ecological receptors
adapt to or compensate for exposure to environmental
stressors. Even with the limitations and uncertainties, current
monitoring practices have established guidelines for baseline
ecological status, detection of flux, provision of feedback on
process control and operations, assessment of remedial actions,
and enforcement of regulations. However, a paradigm shift in
ecological risk assessment from deterministic, compliance-
based metrics to probabilistic, risk-based metrics is gaining
traction with the recognition that a risk-based approach allows
for prospective measures, allows for early warning of potential
risk and adverse outcomes, and provides more targeted and
informed metrics to be used for compliance.

Assessment of environmental toxicology is dependent on
the understanding of how an exposure to an environmental
stressor affects a given organism. Biomarkers of exposure can
help to define the expected range of potential effects and
guide criteria for allowable levels of a chemical stressor in
environmental media. However, environmental monitoring
is an integral part of assessing environmental risk from
exposure to chemicals and other stressors to ecological
receptors and systems. Under environmental conditions,
determining how much risk a stressor poses is a complex
question given the heterogeneous nature of environmental
exposures that involve mixtures of chemicals from multiple
sources of environmental media, and a broad range of envi-
ronmental receptors.
Criteria for Use

A practical need within the field of environmental/ecological
risk assessment is the ability to provide rapid, cost-effective,
and specific assessments. Ideally, a diagnostic biomarker
should be able to determine the causal link between environ-
mental stressors and risk. However, it is more likely that suites
of biomarkers would be used along with other environmental
data to assess environmental risk and dictate what actions
should be taken to remediate or monitor in a cost-effective and
defensible manner. The practicability for use of environmental
biomarkers in risk assessment can be generalized in the
following categories:
Relevance

l Environmental biomarkers should be environmentally
relevant, and accessible for measurement and attribution to
a specific stressor or environmental process. An under-
standing of relevant environmental dose and adverse
impact under complex mixture conditions needs to be
considered for relevance. The specificity of the biomarker is
therefore an important consideration prior to use under
field conditions.
Reliability

l Biomarker measures should allow for integration of other
information for validation of results. Environmental
specific parameters will vary from location to location and
could influence molecular responses. Biomarkers should be
interpreted as an integrated biomarker response that is tied
to an actionable management outcome.
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Robust

l Biomarker measures should be amenable across repre-
sentative environmental organisms and provide clear
interpretation above inherent genetic variability, and
account for organism adaptation if assessed for
chronic responses. Assessment using environmental
biomarkers should be performed under scenarios that
best address the task. For instance, in situ analyses versus
ex situ analyses provide different spatial and temporal
measures.
Reproducible

l Establishment of Good Laboratory Practices or a standard of
measurement and interpretation is required to assure
compliance and regulation of biomarker use for environ-
mental risk assessment. As multiple molecular tools exist
that can measure each type of endpoint, clear and concise
methods for sampling, storage, processing, and analysis
need to be developed and instituted for comparison
between analytical laboratories.
Cost-Effective

l Methods for collection of field samples, assay, and data
interpretation should not be labor intensive or controver-
sial. If environmental biomarkers meet all of the previous
criteria, but are too costly for routine use in risk assessment,
they are likely not going to be widely used. Molecular
methods are becoming more refined and capable of high-
throughput processing, and these help bring overall costs
down. Likewise, the analyses or interpretation of environ-
mental biomarkers needs to be unambiguous with criteria
for acceptable ranges or values that exceed acceptable
variation.
Conclusions

There is a significant need for application of environmental
biomarkers for ecological risk assessment. Expanding efforts in
environmental research to include molecular sciences from
subcellular processes to organ, organism, and population effects
will provide an understanding of exposure and out-
come risk and benefits of mitigation strategies. While challenges
exist with approaches to account for the problems of chemical
mixtures, development of robust and relevant response
biomarkers, and linkages across all levels of organization,
strides to overcome these obstacles are growing. Application of
cost-effective environmental biomarkers that provide critical
information for assessing environmental risk under a given
exposure or continued exposure will provide early warning of
the potential for an adverse outcome. Thus, environmental
biomarkers offer the promise of prospective risk assessment.

See also: Ecotoxicology; Environmental Risk Assessment,
Aquatic; Environmental Risk Assessment, Terrestrial; Risk
Assessment, Ecological.
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Introduction surface water, groundwater, air, and sediments at various levels
In order to better protect the human health, a process of pop-
ulation study known as molecular epidemiology has been
developed to integrate laboratory measurements with epide-
miological methodologies, linking individual exposure to an
important biological event. The biological component is eval-
uated with biological markers, also called biomarkers. Unlike
their usage for many years in the medical field, they have been
used only for three decades in the environmental health field.

In 2001, the World Health Organization defined biomarker
as any substance, structure or process that can be measured in
the body or its products and influence or predict the incidence
of outcome or disease. They commonly include biochemical,
molecular, genetic, immunologic, or physiologic signals of
events in biologic systems. The events are represented as
a continuum between an external exposure to an agent and the
resulting clinical effects (Figure 1). Exposure to these agents
can happen through contact with contaminated air, water, soil,
and food and also in the occupational environment and life-
style factors. All these routes contribute to a complex exposure
situation in daily life.

Along with the concept of biomarker, comes the concept of
biological monitoring or biomonitoring. In 2011, the Centers
for Disease Control and Prevention defined human bio-
monitoring as the direct measurement of people’s exposure
to toxic substances in the environment by measuring the
substances or their metabolites in human specimens, such as
blood or urine. In other words, the assessment of human
exposure via the measurement of biomarkers. Concentrations
found can then be related to the internal dose and conse-
quently investigate the possible association between these data
toward the effect or back to possible source of exposure. Health
risk assessment should include the measurement of actual
impacts on biological endpoints from contamination in soil,
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of biological organization.
The measurement of biomarkers in population studies

requires the appropriate study design. This includes the choice
of the appropriate matrix, adequate collection, shipping, and
storage and also the implementation of analytical techniques
that fulfill the requirements to properly execute the study.

In the last decade, great advances have been achieved in the
biomarker’s field, but there are still some issues/limitations
that need to be taken into account in future investigations.
Classes of Biomarkers

There are different classes of biomarkers. Traditionally, these
are classified as biomarkers of exposure, effect, and suscepti-
bility (Figure 1). Each of which is used to answer different
questions, and their accurate interpretation depends on the
knowledge of the various transformations occurring in the
metabolic pathways of the human body.

In 2006, the Committee on Human Biomonitoring for
Environmental Toxicants of the National Research Council as
defined the three categories as:

l Biomarkers of exposure: a chemical, its metabolite, or the
product of an interaction between a chemical and some
target molecule or cell that is measured in the human body.

l Biomarkers of effect: a measurable biochemical, physio-
logic, behavioral, or other alteration in an organism that,
depending on the magnitude, can be recognized as associ-
ated with an established or possible health impairment or
disease.

l Biomarker of susceptibility: an indicator of an inherent or
acquired ability of an organism to respond to the challenge
of exposure to a specific chemical substance.
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Table 1 Examples of the most used biomarkers in each (sub)category. Based on the published literature review performed by Au (2007)

Biomarkers of exposure Biomarkers of effect

Internal dose Biologically effective dose Early biologic effect Altered structure and/or function

Parent compound/metabolites DNA/protein adducts
Reporter gene mutation
Altered gene expression
DNA strand breaks
Micronuclei

Chromosomal aberrations
Cancer gene mutation

Biomarkers of susceptibility

DNA sequence variations
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In order to achieve the mechanistic understanding of the
biologic effect, and therefore a better prediction of disease risk,
appropriate biomarkers of each category should be used.
Examples of the most commonly used biomarkers are pre-
sented in Table 1.
Biomarkers of Exposure

Biomarkers of exposure can be divided in two subcategories:
internal dose and biologically effective dose.

Biomarkers of internal dose aim to determine the
compound or its metabolites in tissues or body fluids such as
blood, urine, breast milk, and saliva. They can also give infor-
mation on other sources of exposure to that compound and the
existence of genetic polymorphisms for metabolic enzymes.
Biomarkers of biologically effective dose assess the interaction
of compounds with molecular targets such as DNA and protein
receptors (e.g., measurement of DNA and protein adducts in
urine and serum). Despite the presence of these adducts being
readily measured, DNA adducts have become more popular
and one of the most important biomarkers of exposure as their
presence may be indicative of the risk associated with the
exposure.

Although biomarkers of exposure are highly relevant and
specific indicators of an exposure, the information given does
not necessarily translate into prediction of health consequence,
and, therefore, other biomarkers need to be analyzed.
Biomarkers of Effect

Biomarkers of effect can be divided in two subcategories: early
biological effects and altered structure and/or function.

Biomarkers of early biological effects have improved accu-
racy for exposure assessment, providing objective measures on
potential health effects at the level of the individual. They
include several markers such as reporter gene mutation (e.g.,
HPRT, HLA, GPA, and TCR gene mutation assays), altered gene
expression (e.g., expression from metabolizing genes, DNA
repair genes, and specific enzymes), DNA strand breaks
(quantified by the comet assay), and cytogenetic markers such
as micronuclei and chromosomal aberration (CA). From all the
early biological effect markers, CA assay is the most widely used
and best validated biomarker. The mechanisms are better
understood and most environmental toxic substances have
been shown to induce them. As CAs are also markers of altered
structure and/or function, they are extremely useful in cancer
risk assessment. Most cancer cells and developmental abnor-
malities present these alterations. Along with CAs, cancer gene
mutations such as tumor suppressor genes and oncogenes are
predictive markers for cancer morbidity and mortality.
Biomarkers of Susceptibility

The expression of all the previous described biomarkers is
significantly influenced by individual factors, acquired (e.g., life
styles like smoking habits and alcohol consumption), and
genetic susceptibility categories.

It is well known and recognized that even under identical
exposure conditions, different individuals have different
responses. Therefore, some individuals are more susceptible/
resistant to the exposure than others. In order to identify these
variations, investigations with biomarkers of susceptibility
have focused on DNA sequence variation in certain genes, such
as the ones involved in chemical metabolism and DNA repair,
genes related to immune function, and cell cycle control. These
studies provide valuable information about the influence of
such genes on specific effects of exposure(s) and response to
genotoxic agents.
Usefulness vs. Limitations

Biomarkers are key factors in human health risk assessment,
both in clinical and in environmental field – environmental
risk assessment (ERA), providing reliable and specific informa-
tion on the etiology and mechanisms of disease process, thus
for disease prevention. Their usefulness is based on the ability
to measure integrated exposures via all routes without being
susceptible to complex and extensive assumptions or models
(biological monitoring vs. environmental monitoring –

Figure 2). In environmental monitoring, exposure models are
built and usually involve applying sets of standardized
assumptions about activity levels, dietary choices, behavior,
routes of exposure, routes of absorption, and many other
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Figure 2 Sources of exposure and main pathways in environmental and
biological monitoring.

Table 2 Main advantages and limitations of biomarkers

Advantages Limitations

Confirm the actual amount
absorbed via all routes

Many requirements to fulfill in all
the process

Help to test and validate exposure
models

Only few are properly validated

Detect contaminants at trace levels Difficult to define the toxic dose
Create individual exposure trends Sources or pathways of exposure

are not defined
Verify the effectiveness of public

health interventions
Reference ranges need to be
established
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factors. There is always both uncertainty and error attached to
these estimations. In biological monitoring, the main concept is
the measurement of the environmental contaminant in the
body (internal dose). This is the amount absorbed via all
routes – ingestion, inhalation, and dermal – moving through
the metabolic pathways. It is transformed and either stored or
eliminated. Biomarkers can help to test and validate exposure
models by comparing the results obtained in environmental
monitoring (exposure models) to the ones obtained in the
biological monitoring (internal dose).

In the last decades, analytical techniques have become
extremely sensitive and accurate allowing the detection of
exceptionally low-level exposures. This is of enormous
importance as most biological matrixes are complex, some of
them only available in small volumes, and the majority of
chemicals are present only at trace levels.

Other uses of biomarkers are related to the possibility of
creating individual exposure histories when it is measured in an
individual over a period of time and also the ability to evaluate
the effectiveness of public health interventions like withdraw,
restriction, or reformulations of chemicals. Continuous bio-
monitoring can determine if exposure to those chemicals
actually decreased over the time period being studied.

Despite their enormous advantages, there are several issues/
limitations (Table 2).

One of the most important is the construction of an appro-
priate study design for the investigation before selecting which
biomarkers should be used. To provide the linkage between
exposure and disease, they must be measured in the correct
matrix, andmust have an adequate sample size and combination
of appropriate biomarkers, using the most reliable and
reproducible analytical technology available.Accordingly, highly
sensitive, specific, and selective multianalytical methods for the
extraction, separation, and quantification must be developed.
Also standardized collection, storage, and processing conditions
are crucial formeaningful results.Numerous biomarkers areonly
used for research purpose and not clinical at the individual
patient level. This is due to the fact that many lack the precision
necessary for clinical utility and are often highly sensitive to poor
laboratory technique.

The most commonmatrixes used in biomarkers research are
blood, urine, expelled air, and breast milk. Other matrixes such
as nails and hair have been increasingly used in recent studies
as they are noninvasive and relatively easy to collect. Addi-
tionally, they can be completely self-administered, stored at
room temperature, and no specific equipment is needed.
Nevertheless, problems with contamination, lack of standard-
ized procedures for collection, washing, and digestion, and
with the significance of obtained results need to be solved in
this field in order to validate such matrices as reliable
biomarkers.

Until now, there are no reference ranges or safe ranges that
describe general population exposures to contaminants for the
majority of biomarkers. Also, a lack of toxicological and
epidemiological information makes it often impossible to
know if the exposures measured by biomarkers are below or
above the toxic limit. Unless there are some studies in this field
that defined the toxicity and the dose response curve for the
specific contaminant, the results obtained are rather difficult to
interpret.

Another important factor is that each biomarker has its own
characteristics relating to sensitivity, specificity, and toxicity.
Expression of some may not be highly relevant in the carci-
nogenic process as they represent tolerable and most possible
reversible biological changes (e.g., lipid peroxidation and sister
chromatid exchange). Also, most times one cannot define the
toxic dose nor define sources or pathways of exposure being
difficult to interpret obtained results. Choosing the appropriate
biomarkers that indicate exposure to the specific agent under
study and that represent biological events along the pathway
from exposure to clinical effect leads to a mechanistic under-
standing of biological effects and consequent better prediction
of disease risk.

Ethical issues are also one of the most important subjects
when dealing with biological sampling. Before collecting the
biological specimens, the goals of the study must be well
explained, and an informed consent needs to be signed.
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Research protocols demand that samples have to be anony-
mized by coding them. National and international regulations
need to be followed when handling genetic material and
banking it for long time. Communication of results to studied
individuals is also a crucial subject. Only medical and/or
scientific experts should have access to them and then choose
the most appropriate way to analyze, interpret, and commu-
nicate them.
Future Perspectives/New Fields of Application

Nowadays, a top priority in biomarkers research is the devel-
opment and validation of biomarkers linking environmental
exposures to the etiology of human disease. They can then be
widely used as early predictors of clinical disease enhancing
health risk assessment and contributing to effective new tools
for human risk assessment. Well-designed studies including
clear identification of the assessment objective, rational selec-
tion of biomarkers with proper consideration of specific path-
ways related to specific exposures to assess individual
susceptibility, and development of strategies for the evaluation
of the impact of complex genetic variations on the overall
pathway efficiency with reliable and efficient phenotypic assays
need to be performed. Along with the validation, it is also
important to perform the qualification of used biomarkers. For
analytical measurements, interlaboratory comparison trials
should be made. Improved modeling methods for interpreting
biomonitoring data using calibrate and validate models such as
pharmacokinetics are also needed.

Recently, the Council of the European Union emphasized
the need to consider combined and mixed exposures of
chemicals in future risk assessments. Actions like prioritizing
chemicals of major concern, evaluating if there are enough
tools to obtain information on internal dose biomarkers, and
then modelling it both in forward and in reverse direction must
be carried out.

It is also important to perform research activities including
characterization of a baseline for biomarkers, application of
statistical methods to assess temporal departures from that
baseline, and establishment of a database of biomarker disease
associations, with null and negative studies, resulting in an
advance in scientific understanding and application of bio-
monitoring data.

Another major challenge is to establish reference ranges for
the majority of biomarkers. A large amount of studies need to be
conducted as mixed and often conflicting results have been
obtained in studies of the distribution of biomarkers in pop-
ulations environmentally and/or occupationally exposed to
hazardous agents. This will allow for the development of legis-
lation, methodology, and to support research within this area.

A vast amount of research data come from clinical trials.
Biomarkers used in this field require a robust linkage or
correlation with clinical endpoints. A cooperation between
those working in the clinical field and in the ERA will be crucial
to implement appropriate programs for health risk assessment
and contribute to valuable new disease prevention policies in
environmental and occupational settings.

New information available from genome-derived methods is
of paramount importance. Building reliable biomarker
databases will lead to integration of information from the
genome programs to expand the scientific borders on etiology,
health risk prediction, and prevention of environmental disease.

Further studies should also include the application of more
recent technologies such as gene arrays, proteomics, and
protein activity profiling. These techniques allow the moni-
toring of a large number of genes and the analysis of alterations
in gene expression after combined exposure. This will help to
develop potential new biomarkers as screening tools to identify
improved candidates for biomonitoring. A combination of
approaches at different levels of cellular organization, such as
DNA, RNA, and proteins, could be the optimal biomarker.

Other challenges are to establish the link between exposure
and health effects using a biological systems approach,
changing toxicity test from using animal tests to cell-based
techniques. The main goal of this field is to obtain irrefutable
data showing that pathway perturbations can predict results
from animal testing. Until now, no consensus was obtained on
which type of cell should be used.

In the last 2 decades, an explosion in information and
literature on human studies with different classes of
biomarkers has occurred. Globally, one can see promising
future directions in biomarkers research with several new fields
of investigation and new technologies being applied.

See also: Risk Assessment, Human Health; Environmental
Exposure Assessment; Biomonitoring.
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The increase in the usage of chemicals observed in the last
centuries greatly contributed to the release of several toxic
compounds to the environment. Traditionally, environmental
pollution assessment is based on environmental monitoring
that includes analysis of air, soil, water, sediments, and, in
certain cases, living organisms. However, these measurements
provide information only on the potential of chemicals to
cause adverse effects in both the environment and organisms.
In addition and in what concerns living organisms, this type of
estimation does not consider absorbed dose or individual
variability. Biomonitoring, in which living organisms,
including humans, are used to assess environmental contami-
nant exposure and effects overcomes this disadvantage and
became crucial for current knowledge on toxic mechanisms,
metabolism, and chemical effects.

Regarding human health surveillance, biomonitoring was
initially used in industry, but as techniques evolved and detec-
tion limits of quantitative methods decreased, biomonitoring is
now widely used also for environmental surveillance (non-
occupationally exposed populations). Human biomonitoring
provides the opportunity to establish biological exposure index,
identify populations at risk, understand dose–effect relation-
ships, and assess cancer risk.

Biological methods involved in environmental surveillance
may be divided in bioanalytics (use of biological matter for
environmental analyses; biosensors, biotests) and bio-
monitoring (the use of biota in classical chemical analysis –

early warning system; bioindicators).
According to the World Health Organization, bioindicators

must be distinguished from biomonitors; while bioindicators
reveal the presence or absence of a contaminant by the occur-
rence of typical symptoms or measurable responses, bio-
monitors provide information on the presence of the
contaminant and provide additional information about the
amount and intensity of exposure.

According to their ecological applications, bioindicators
can be divided in three main categories: (1) environmental
indicator – respond to environmental disturbances; (2) eco-
logical indicator – respond to pollution, habitat fragmentation,
or other stresses; and (3) biodiversity indicator – includes
species richness, endemism, genetic parameters, population-
specific parameters, and landscape parameters.

Different organisms can be used as bioindicators such as
plants, aquatic organisms, and selected fish populations. Lower
plant organisms (e.g., lichens, mosses, fungi, and algae) are
commonly used to assess atmospheric depositions, soil quality,
and water purity. Aquatic organisms and selected fish pop-
ulations can also provide reliable information on the quality of
water. Onemain advantage of the use of biological indicators is
the direct measurement of biological availability of pollutants
and time integration of the ambient pollution conditions at the
site of collection.

The choice of bioindicator is essential to obtain consistent
data; these must be chosen according to their sedentary life,
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abundance and distribution, procedure of identification and
sampling, tolerance for the pollutants analyzed, population
stability, and toxics accumulating capacity.

The responses of bioindicators canbemonitored in adifferent
ways; approaches include field studies or laboratory studies
such as toxicity tests and bioassays. Field studies also designated
as bioassessment and bioassay provide data that are fundamen-
tally different in type, variability, and reliability. In field appli-
cations, the effect is mainly determined by using descriptive
techniques, as, for example, morphological alterations.

Bioassay consists of the usage of living test-species that are
directly exposed to environmental samples (e.g., soil, sediments,
surface water) to measure a potential biological effect due to the
presence of potential contaminants. Several toxicity bioassays
have been standardized and are commercially available; these
apply bacteria, microalgae, protozoa, and yeast and assess
parameters such as population growth, substrate consumption,
respiration, ATP luminescence, and bioluminescence inhibition.
The same types of bioassays have been developed to assess
genotoxicity of environmental samples. Besides the toxicity of
genotoxicity endpoints, bioaccumulation of chemicals from
samples may also be measured.

Occupational hazards were probably the big engine for
establishment of human health biomonitoring. The need to
recognize the dose of chemical reaching the worker organism
and the possible consequent health effect determined the
implementation of biomonitoring programs in industry.

One very important question for human biomonitoring is
the relationship between the levels of environmental exposure
(airborne concentration) and the biological level (absorbed
dose). This information is quite complete for most industrial
agents. Based on this knowledge, biological indices of exposure
have been established for several compounds used in occupa-
tional context.

By now, these human biomonitoring programs have already
been established in several countries and also in non-
occupationally exposed populations (the United States: National
Human Monitoring Program and National Biomonitoring
Program; Canada: Canadian Health Measures Survey; Germany:
German Environmental Surveys; andDenmark: ArcticMonitoring
and Assessment Program). Human biomonitoring makes use of
biomarkers that are tools that allow estimation of exposure to
a toxic agent, the extent of any toxic response, and prediction
of likely to response and can be categorized into biomarkers of
exposure, responseor toxic effect, andbiomarkersof susceptibility.

At this time, the ability to quantify substances is most
probably the greater one to interpret this information as several
scientific disciplines must be integrated: toxicology, pharma-
cokinetic modeling, epidemiology, and exposure assessment.

Biomonitoring involves many issues that are crucial for
correct data interpretation.

Human biomonitoring requires a suitable biological matrix
of easy access in sufficient amount for routine procedures;
blood and urine are the most commonly used matrices but
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hair, exhaled air, teeth, nails, and saliva can also be used for
toxicological quantification. Understanding the toxicokinetics
of the chemicals under investigation is essential to interpret the
obtained results. For example, to collect urine, which is one of
the most frequently used type of samples in biomonitoring
programs, it is crucial to have knowledge on the toxicokinetics
of the xenobiotic in order to decide whether to determine the
parent compound or a metabolite and timing for sample
collection.

Biomarker selection and collection of spot samples are
additional points that can greatly influence the reliability of
data obtained. The systematic collection of samples in different
time points increases the chance to observe the different levels
of chemical/metabolite dependent of exposure and tox-
icokinetics. Although it would be ideal to obtain robust data-
sets relating potential adverse effects to biomarker
concentrations in human populations, assessments are avail-
able for only a few chemicals.

Recently, a new concept of biomonitoring equivalents has
been established as the concentration or range of concentra-
tions of a chemical or its metabolites in a biological medium
(blood, urine, or other medium) that is consistent with an
existing health-based exposure guidance value, constituting
a new tool for public health surveillance.

Putting together biomonitoring information does contribute
to knowledge on the effects that certain chemicals may have on
the environment and humanhealth and lead to the discussion of
risk reduction strategies. These can include (1) no immediate
action, (2) awareness raising, (3) controlling substance exposure,
(4) banning substances, (5) increased monitoring efforts, (6)
proxy monitoring, and (7) further research.
See also: Biomarkers, Human Health; Occupational
Exposure Limits; Ecotoxicology; Environmental Biomarkers;
Environmental Health; Environmental Toxicology.
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Background

Global industrialization and intensive use of chemical
substances such as petroleum products, solvents, pesticides, and
heavy metals tend to cause pollution of soil, water, and air.
Consequently, there is growing concern among the public about
the risk of these contaminated environments to human and
ecological health. The ever-increasing population and the rapid
expansion of urban environments necessitate remediation of
contaminated sites for redevelopment and beneficial use.

The traditional method of remediation that involves simply
removing soil from a contaminated site to a landfill (‘dig and
dump’) is not a sustainable solution since it only transfers the
contaminant to one place to other, and poses considerable risk
due to requirements for excavation, handling, and transport of
hazardous materials. Bioremediation that uses living organ-
isms, mainly microorganisms (bacteria, fungi and microalgae)
or their processes to degrade or detoxify environmental
contaminants, is a cost-effective and environmentally safe
method to decontaminate polluted soil and water, and is
emerging as an alternative to costly physicochemical remedia-
tion technologies. Certain microorganisms, especially bacteria,
microalgae, and cyanobacteria, have the ability to utilize
hazardous organic contaminants as sources of their carbon,
energy, or other nutrients. Although bioremediation is viewed
as a new technology, the use of microorganisms in waste
treatment dates back at least a century. Often the contaminated
sites are complex as contaminants at the sites occur in combi-
nation, often organics with inorganics, or parent chemicals
with their degradation products. Successful bioremediation
should therefore have an integrated approach involving disci-
plines such as microbiology, engineering, chemistry, ecology,
and geology. The major advantage of bioremediation is that
remediation achieved on site often keeps the site disruption to
a minimum and eliminates the transportation costs. Another
important feature of bioremediation is the detoxification or
mineralization of the pollutant to CO2, H2O, and biomass,
which involves the complete and permanent removal of
contaminant, thereby eliminating the risk and long-term
liability of the contaminant.
Bioremediation Approaches

Bioremediation technologies can be broadly divided into in situ
and ex situ categories. The nature of microorganisms involved
in these technologies could be aerobic, anaerobic, or both
depending on the nature of contaminant and microorganisms.
The commonly used bioremediation technologies are
summarized in Table 1.

Ex situ treatment technologies involve physical removal of
contaminated material from its original place to another area
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
for treatment. Examples of ex situ technologies include biore-
actors, land farming, composting, and solid-phase treatments.
An in situ treatment technology involves treatment of the
contaminated material in place. Examples of in situ technolo-
gies include biostimulation, bioaugmentation, and bioventing.
Clearly, bioremediation has several advantages over conven-
tional physicochemical remediation technologies (pump and
treat, landfilling, etc.).
In Situ Remediation

In situ bioremediation relies on microorganisms and their
activities to detoxify or destroy contaminants in place. The ability
of microorganisms to break down contaminants to nontoxic or
less toxic forms dependson the availability tomicroorganisms of
nutrients, electron donors, and acceptors. Nitrogen and phos-
phorus are the two of themost commonly required nutrients for
microbial growth, and are usually supplemented as ammonia
and orthophosphate. Oxygen is the most commonly used elec-
tron acceptor in bioremediation. Under aerobic conditions,
organic contaminants are transformed to CO2, H2O, and
microbial cell mass. In the absence of O2 many microorganisms
utilize alternate electron acceptors such as nitrate, sulfate, iron,
manganese, and CO2. In few instances, the natural conditions at
contaminated sites provide microorganisms able to degrade
contaminants and all the essential factors (nutrients, electron
acceptors, donors, etc.) required for biodegradation to take place
without any human intervention – a process known as intrinsic
bioremediation. In contrast to intrinsic bioremediation, engi-
neered bioremediation provides factors for enhancingmicrobial
growth aswell as optimal conditions formicrobial detoxification
of contaminants.
Engineered Bioremediation

Engineered bioremediation may be a preferred option over
intrinsic bioremediation if there is a need for rapid removal of
a contaminant or there exists an immediate threat to ecosys-
tems or human health. Engineered bioremediation requires
less time and depends on acceleration of biodegradation
process by microorganisms, thereby reducing the long-term
liability associated with monitoring the site and costs.
Bioaugmentation

Bioaugmentation refers to the introduction of specialist
microbes either naturally occurring or genetically modified
for their exceptional ability to degrade or detoxify a specific
contaminant or contaminant group in polluted soil or water.
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Table 1 Summary of bioremediation treatment technologies and the target contaminants

Technology Matrix Target contaminants

Bioaugmentation Soil, sludge, groundwater Benzene, toluene, ethylbenzene, xylene (BTEX); petroleum hydrocarbons;
pesticides; solvents

Biostimulation Soil, sludge, groundwater BTEX, petroleum hydrocarbons, pesticides, solvents
Bioventing soil Petroleum hydrocarbons, nonchlorinated hydrocarbons, pesticides
Intrinsic bioremediation Soil and groundwater Fuel hydrocarbons (BTEX), solvents
Bioreactors: Slurry based Soil, sludge, groundwater Explosives (TNT), hydrocarbons (BTEX), Polyaromatic hydrocarbons (PAHs),

pesticides, wood preservatives
Land farming Soil, sludge, sediment Total petroleum hydrocarbons (TPH), pentachlorophenol (PCP), pesticides
Composting Soil, sludge, sediment Explosives, hydrocarbons (PAH), pesticides, PCP
Fungal remediation (white-rot fungus) Soil Chlorinated aromatic hydrocarbons, polychlorinated dibenzo(p)dioxins,

explosives (TNT), hydrocarbons (PAHs), pesticides
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Generally, microorganisms with ability to use or detoxify
contaminants are isolated, cultured in the laboratory, and
introduced in the contaminated sites to accelerate remedia-
tion process. Dehalococcoides sp. that dechlorinates trichloro-
ethylene (TCE) to ethene was shown to have potential for
bioaugmentation application in remediation of TCE-
contaminated groundwater. Inoculation of microbial
communities able to utilize benzene, toluene, ethylbenzene,
and xylene (BTEX) isolated from BTEX-contaminated soils are
efficient in bioremediation of BTEX-contaminated soils.
Consortia of microorganisms containing same or different
taxonomic groups (e.g., microbial mats and assemblages of
bacteria–microalgae/cyanobacteria) have been efficient in
bioaugmentation.
Limitations

Extensive treatability studies and site characterization may
be required. The risk of contaminant leaching into ground-
water due to increased mobility of contaminant has to be
tackled.
Bioventing

Bioventing is a promising new technology wherein oxygen is
provided to stimulate the natural in situ aerobic biodegradation
of contaminants by existing microorganisms at the site. BTEX
compounds, the common groundwater pollutants, are easily
degradable by aerobic microorganisms, and hence addition of
oxygen to contaminated aquifers to stimulate aerobic degrada-
tion has been considered a common bioremediation strategy.
Only low air flow rates are maintained in the vadose zone in
order to supply enough oxygen for sustenance of microbial
activity. Oxygen is commonly provided through direct air
injection into residual contamination in soil. As a result of
bioventing, not only the adsorbed fuel residuals but also the
volatile compounds are biodegraded since vapors move slowly
through biologically active soil.
Applicability

Bioventing has been successfully used to remediate soils
contaminated with petroleum hydrocarbons, nonchlorinated
solvents, pesticides, wood preservatives, and other organic
contaminants.
Limitations

The factors that may limit the efficacy of bioventing are (1) low
permeability of soils, (2) build-up of vapors in basements
within radius of influence of air injection wells, (3) extremely
low moisture content, (4) monitoring of off-gases at soil
surface, and (5) low temperature that in certain instances may
slow remediation process.
Nitrate-Enhanced In Situ Bioremediation

The microbial metabolic process requires an electron donor (to
oxidize a substrate) and an electron acceptor. Nitrate enhance-
ment is yet another emerging bioremediation technology in
which nitrate serves as an alternate electron acceptor for micro-
bial activity, thereby enhancing the degradation of organic
compounds. This technology utilizes circulation of nitrate
throughout the contamination area of the groundwater for
enhanced degradation of the contaminant.
Applicability

This technology is effective for treating BTEX-contaminated
groundwater.
Limitations

The factors that may limit the effectiveness of this technology
include (1) subsurface heterogeneity, (2) requirement for
a groundwater circulation system so that contaminants will not
escape from active zone of biodegradation, and (3) accept-
ability by regulators since nitrate is regulated by drinking water
standards.
Cometabolic Process

Some microorganisms may not utilize the target contaminant
for their growth but can transform the contaminant while
utilizing another compound for growth – a process known as
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cometabolism. For example, methane monooxygenase, an
enzyme produced during oxidation of methane by methano-
trophic bacteria, can transform chlorinated solvents such as
TCE. Cometabolic process is an emerging in situ bioremedia-
tion technology used for nonpetroleum hydrocarbons such as
chlorinated solvents by involving enzymes produced during
degradation of certain compounds. The key requirement for
cometabolism is the presence of a suitable substrate, the
metabolism of which can result in the transformation of target
contaminant. Water containing methane and oxygen is injected
into groundwater to enhance the methanotrophic microor-
ganisms for degrading chlorinated organic solvents by comet-
abolic degradation.
Limitation

The effectiveness of cometabolic process depends on homo-
geneity of the subsurface since it is difficult to circulate methane
solution throughout each part of the contaminated zone.
Monitored Natural Attenuation

Monitored natural attenuation (MNA) involves reliance on
natural processes to attain contaminant remediation. Con-
sideration of MNA for remediation of contaminated aquifers
and groundwater systems usually requires modeling and
evaluation of contaminant degradation rates, exposure path-
ways, impacts on sensitive receptors, and prediction of
contaminant concentrations downgradient to the contami-
nant plume if the plume is migrating. The appropriateness of
MNA is usually considered on a case-by-case basis. The eval-
uation of MNA is not a simple process; it involves multidis-
ciplinary expertise and includes microbiology, chemistry,
hydrogeology, and geochemistry.
Applicability

MNA has been proven successful, in particular for fuel hydro-
carbons. Fuel and halogenated volatile organic compounds are
generally evaluated for MNA.
Limitations

The factors that may limit the suitability and effectiveness of
MNA include (1) the requirement for site-specific data for
modeling, (2) not being appropriate for the sites with immi-
nent risks, (3) the rate of contaminant migration may exceed
the contaminant degradation, (4) degradation products may be
more toxic and mobile, (5) longer time may be required
compared to active remediation process, (6) where spills
involve multiple contaminants, some of the contaminants may
not be degraded in the subsurface, (7) the requirement to
delineate contamination both horizontally and vertically prior
to considering MNA, (8) the geochemical and hydrologic
conditions that are amenable for MNA may change over
a period of time and remobilize the contaminants that are
stabilized, (9) requirement for removal of contaminant source
prior to implementation of MNA, and (10) long-term moni-
toring and associated costs.
Ex Situ Remediation

Biopiles

Biopiles is a treatment technology in which excavated soils are
mixed with soil amendments and placed in above-ground
enclosures with a provision for aeration and a leachate collec-
tion system. It is widely used to treat petroleum hydrocarbons
in excavated soils via the use of biodegradation. The treatment
area is generally contained with an impermeable liner in order
to minimize the risk of contaminant leaching into groundwater
or to uncontaminated soil. Various nutrient and additive
formulations are used to enhance the microbial activity in
biopiles. Soil piles can be up to 20 feet high, although rec-
ommended height is 2–3m, and commonly have an air
distribution system placed under the soil and maintained
through vacuum or by positive pressure. In order to control the
runoff, evaporation, and volatilization, the biopiles are covered
with a plastic sheet, which can result in increased solar heating
as well. If there are volatile organic compounds (VOCs) in soil,
the air leaving the soil may need to be treated to remove the
VOCs prior to their discharge into the atmosphere. The oper-
ation of biopiles can require a few weeks to several months.
Applicability

Biopile treatment is proven successful for fuel hydrocarbons
and nonhalogenated VOCs. Halogenated VOCs and pesticides
also have been treated by this process; however, the success will
vary and may not be applicable for certain compounds.
Limitations

The factors that may limit the effectiveness of biopile treatment
include (1) the requirement for excavationof soils, (2) treatability
tests to determine the rates of oxygenation and nutrient loads,
and (3) not resulting in uniform treatment in static treatment
processes compared to a process that involves periodic mixing.
Composting

Composting (windrows) is a controlled biological process
where the excavated contaminated soil is mixed with bulking
agents and organic amendments (wood chips, hay, manure,
green waste, etc.) in a proper proportion so as to provide
a proper balance of carbon and nitrogen required for mainte-
nance of thermophilic microbial activity. During the compost-
ing process, the organic contaminants (e.g., polycyclic aromatic
hydrocarbons (PAHs), 1,1,1-trichloro-2,2-bis(p-chlorophenyl)
ethane (DDT)) are converted to innocuous stable products by
microbial activities under aerobic and anaerobic conditions.
The heat produced by the indigenous microorganisms during
the degradation of organic materials will result in a thermo-
philic phase (55–65 �C) during the composting process, and
this phase is crucial for proper transformation of hazardous
contaminants. Higher degradation efficiencies can be attained
by maintaining proper oxygenation (by windrow turning),
moisture content (by irrigation), and temperature. The different
designs used in composting are (1) aerated static piles wherein
compost piles are aerated through blowers or vacuum pumps,
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(2) in-vessel composting with mechanical agitation, wherein
compost is placed in a reactor vessel andmixed and aerated, and
(3) windrow composting, a more cost-effective method, in
which compost is placed in long piles called windrows, and
periodically mixed with mobile equipment.
Applicability

Soils and sediments with biodegradable contaminants can be
treated using the composting process. There has been some
evidence with pilot and full-scale projects that aerobic, ther-
mophilic composting is able to decrease the concentration of
explosives such as trinitrotoluene (TNT), RDX, HMX, and
ammonium picrate to acceptable levels. Also, this process is
applicable to PAHs and DDT residues.
Limitations

The limitations for the composting process include (1)
requirement of a substantial space, (2) release of any uncon-
trolled VOCs associated with soil excavation, and (3) increase
in the amount of material due to requirement for additives.
Land Farming

Land farming is a full-scale bioremediation technology wherein
the excavated contaminated soil is placed onto lined beds of
predetermined thickness and aerated by periodically turning
over or tilled (plow depth about 4–12 in). During this process,
soil conditions such as moisture content, aeration, pH, and
amendments like soil bulking agents, nutrients, etc. are
controlled for optimum rate of contaminant degradation. This
process allows the aerobic microbial digestion to occur via
aeration, and availability of nutrients and moisture.
Applicability

Land farming has been successful for treating petroleum hydro-
carbons. More chlorinated or nitrated compounds are degraded
slowly. It is also successful in treating diesel fuel, fuel oils, oil
sludge, wood preservation wastes, coke wastes, and pesticides.
Limitations

The factors that may limit the effectiveness of land farming
include (1) requirement for a large space, (2) some of the factors
controlling microbiological proliferation and degradation such
as rainfall and temperature are not under control and may
prolong the degradation period, (3) requirement for treating
volatile compounds in order to prevent off-site migration of
these gases into the environment, (4) requirement for con-
structing a facility to collect and monitor runoff material, and
(5) necessity to characterize the site for topography, erosion,
climate, permeability, etc. for optimum design of the facility.
Slurry-Phase Bioreactors

Slurry-phase biological treatment involves basically creating
aqueous slurry by combining the excavated contaminated soil
or sediment with water and other amendments in a bioreactor
under controlled conditions. The amount of water added to
soil depends on the concentration of contaminant, its rate of
biodegradation, and physicochemical properties of the soil
itself. During the treatment process, the solids are maintained
in slurry suspension in the reactor and mixed with nutrients
and oxygen so that microorganisms will come in contact with
soil components. Microorganisms able to degrade specific
contaminants may be added if a suitable indigenous pop-
ulation is not present in the soil. If required, pH will be
adjusted to the desirable level in the reactor vessel. Once the
biodegradation is completed, the slurry can be dewatered and
the treated soil is disposed of.
Applicability

Slurry-phase bioreactors have been proven successful in reme-
diating soils and sediments contaminated with petroleum
hydrocarbons, explosives, solvents, pesticides, wood preserva-
tives, etc. Especially bioreactors are more attractive over in situ
biological techniques for treating heterogeneous and low
permeable soils, and also where quicker treatments are
required.
Limitations

Some limitations for slurry-phase biotreatment include (1) the
requirement for excavation of contaminated soil, (2) the
amount of soil that can be added to the reactor, especially when
large amount of contaminated soils are to be treated, (3) the
cost associated with dewatering soil after treatment, and (4)
finding a safe and acceptable method for disposal of spent
wastewater.
Fungal Remediation

Fungal metabolism has been implicated in the degradation of
several organic contaminants, especially hydrocarbons. One
group of fungi, in particular white-rot fungus (Phanerochaete
chrysosporium), has the ability to degrade a wide variety of
organic contaminants, including PCBs, PAHs, and explosives.
Lignin peroxidases, the enzymes produced by these fungi, are
responsible for this extensive biodegradative ability.
Applicability

The ability of white-rot fungi to degrade chlorinated hydro-
carbons, PAHs, PCBs, polychlorinated(p)dioxins, pesticides
(lindane and DDT), and some azodyes has been demonstrated.
Also, white-rot fungi have been shown to degrade PAHs such as
benzo(a)pyrene, pyrene, fluorene, and phenanthrene, but
degradation is favored under nitrogen-limited conditions and
at low pH.
Limitations

The factors limiting fungal remediation include (1) their
sensitivity to biological processes, (2) their inability to grow
well in suspension systems, (3) the negative effect of mixing on
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enzyme production, (4) poor ability of fungus to attach firmly
to fixed media, (5) toxicity, (6) chemical sorption, (7)
competition with indigenous microbes, and (8) slow trans-
formation ability.
Microalgal/Cyanobacterial Remediation

Microalgae and cyanobacteria, which are widespread in soil
and aquatic ecosystems, detect pollution and also transform
many pollutants in the environment. In soils with long-term
contamination of insecticides, microalgae and cyanobacteria
may serve as bioindicators of pollution. The abilities of micro-
algae and cyanobacteria in degrading pollutants are therefore
gainfully exploited in bioremediation technologies of many
polluted systems. In fact, the presence of cyanobacterial mats in
the Arabian Gulf Coasts after oil pollution had received enough
attention because of their potential to degrade hydrocarbons.
Limitations for Bioremediation of Soils Contaminated
with Organics

Bioremediation is not without any limitations. Common
disadvantages or limitations to bioremediation technologies
are (1) some highly chlorinated contaminants and high
molecular weight PAHs are not readily amenable to microbial
degradation, and (2) microbial degradation of some chemicals
may lead to the production of more toxic and mobile inter-
mediates than the parent compound. For example, reductive
dehalogenation of TCE can result in accumulation of vinyl
chloride, a toxic product and a carcinogen. Thus, bioremedia-
tion is a research-intensive technology that requires a prior
thorough understanding of microbial processes. Otherwise, the
consequences could be more serious than the original
contaminant to the ecosystem.
See also: Biotransformation; Persistent Organic Pollutants;
Ecotoxicology; Chemicals of Environmental Concern;
Environmental Health.
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Introduction

Biotransformation refers to the process by which lipophilic
(fat-soluble), xenobiotic (foreign), or endobiotic (endoge-
nous) chemicals are converted in the body by enzymatic reac-
tions to products that are more hydrophilic (water-soluble).
In this context, metabolism and metabolic transformation are
synonymous with biotransformation. A xenobiotic is a rela-
tively small (molecular weight <1000), nonnutrient chemical
that is foreign to the species in which metabolism occurs.

The major purpose of biotransformation is to chemically
modify (metabolize) poorly excretable lipophilic compounds
to more hydrophilic chemicals that are readily excreted in urine
and/or bile. Without metabolism, lipophilic xenobiotics
accumulate in biota, increasing the potential for toxicity.
Examples of such compounds are highly halogenated poly-
chlorinated biphenyls (PCBs) and polychlorinated dibenzo-
furans (tetrachlorodibenzodioxin (TCDD) and dioxins), which
occur as tissue residues in humans. On the contrary, biotrans-
formation is normally not required for xenobiotics with high
water solubility because of rapid excretion in urine.

Two or more sequential enzymatic reactions are routinely
required to convert lipophilic chemicals to metabolites that are
efficiently excreted. R.T. Williams, a pioneer in biotransforma-
tion studies, classified these pathways as phase I (oxidation,
reduction, and hydrolysis reactions) and phase II (conjugation
reactions; Table 1). Normally, a phase I reaction precedes its
phase II counterpart, but some compounds contain functional
Table 1 Classification of major biotransformation pathways

Classification Enzymes

Phase I
Oxidation Cytochrome P450

Flavin-containing monooxygenase
Alcohol dehydrogenase
Aldehyde dehydrogenase
Monoamine oxidase
H2O2-dependent peroxidase

Reduction Cytochrome P450
NADPH-P450 reductase
Carbonyl reductase

Hydrolysis Epoxide hydrolase
Carboxylesterase/amidase

Phase II
Conjugation UDP-GT

Sulfotransferase
GST
Mercapturic acid biosynthesis
Cysteine conjugate b-lyase/thiomethylase
N-Acetyltransferase
N-Methyltransferase
O-Methyltransferase
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groups that are sites for direct conjugation (e.g., –OH, –COOH,
and –NH2). Frequently, the biological activity of a chemical
decreases (called detoxication) during metabolism but this is
not always the case. Both phase I and phase II reactions can
function in toxication or metabolic activation processes as well,
and this is a fundamental mechanism for the formation of
many chemical toxicants. Multiple classes of toxic compounds,
including polycyclic aromatic hydrocarbon-derived carcino-
gens and mutagens, are formed by cytochrome P450-depen-
dent oxidative metabolism, the most common toxication
pathway.

The highest concentration of xenobiotic metabolizing
enzymes is routinely found in the liver, but epithelial cells of
extrahepatic tissues, such as the lung, kidney, intestine,
placenta, and eye, also have activity. Relative to liver, extrahe-
patic tissues do not normally play a major quantitative role in
the biotransformation of foreign compounds, including drugs.
Extrahepatic organs, however, can be extremely important in
the metabolic activation of xenobiotics and resultant target
organ toxicity because the ratio of activation to detoxication
enzyme activity is frequently higher in these cells than in
hepatocytes (i.e., bioactivation predominates over detoxication
and results in the formation of concentrations of active
metabolites that overwhelm the capacity of detoxication
pathways). The contribution of intestinal flora to the in vivo
metabolism of xenobiotics can also be significant, especially for
chemicals that require anaerobic (oxygen-deficient) reduction
as a quantitatively important pathway.
Oxidation Reactions

Oxidation is the most common metabolic reaction for lipo-
philic xenobiotic and endobiotic compounds, in part because
most mammalian tissues are well oxygenated.
Cytochrome P450 Monooxygenase System

The cytochrome P450-dependent monooxygenase system is
concentrated in the endoplasmic reticulum of cells and is
referred to as a microsomal enzyme system. This P450 system
is composed of multiple forms or isozymes of P450 belonging,
in humans, to at least 18 distinct gene families as well as the
flavoprotein, reduced nicotinamide adenine dinucleotide
phosphate (NADPH)-P450 reductase. This monooxygenase
system has been called a universal oxidase because it catalyzes
the oxidation of a multitude of lipophilic compounds
including both xenobiotics (antioxidants, carcinogens, drugs,
environmental pollutants, food additives, hydrocarbons, and
pesticides) and endobiotics (bile acids, cholesterol, eicosa-
noids, fatty acids, lipid hydroperoxides, retinoids, and steroid
hormones).
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00007-5
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With several classes of xenobiotic substrates, including
chemical carcinogens such as benzo[a]pyrene or the myco-
toxin, aflatoxin B1, some metabolites are more toxic than the
parent chemical, a process called toxication. Endogenous
compounds can also be bioactivated by P450 to metabolites
with greater biological activity. For example, arachidonic acid is
metabolized to four isomeric epoxyeicosatrienoic acids, which
have potent physiological and/or pathobiological effects in
multiple tissues and cell types. Consequently, the P450 system
is extremely important in toxicology (toxication and detoxica-
tion of both endogenous and exogenous substances), phar-
macology (rate-limiting step in the metabolism of many drugs,
drug–drug interactions, and individual qualitative and
quantitative differences in drug metabolism due to genetic
differences), and physiology (formation and metabolism of
endobiotics that function as intercellular and/or intracellular
messengers).

The multiple forms of P450 vary in their substrate selectivity
and level of expression in different tissues and cell types.
In lung, for example, the highest concentrations of P450 are
normally found in (epithelial) Clara and alveolar type II cells
but lower amounts occur in ciliated, goblet, and vascular
endothelial cells as well as alveolar macrophages. The selective
modulation (relative increase or decrease in concentration) of
P450 isozymes in a single tissue or cell type can have
pronounced effects on the metabolism of both endogenous
and exogenous substances and on chemical-mediated target
organ and/or cell toxicity by altering the balance between
toxication and detoxication reactions.

The overall oxidation of a substrate, RH, by P450 is
summarized in Figure 1, in which NADPH is shown as the
required cofactor.

Some of the important reactions catalyzed by the P450
monooxygenase system include aliphatic hydroxylation,
aromatic hydroxylation, epoxidation, heteroatom (N-, O-,
and S-) dealkylation, nitrogen oxidation, oxidative deamina-
tion, oxidative dehalogenation, oxidative denitrification, and
oxidative desulfuration. Most of these reactions result from the
initial oxidation of a carbon atom, another reason that P450 is
so important in the oxidative biotransformation of lipophilic
chemicals. Some P450-catalyzed oxidation reactions are illus-
trated in Table 2.

Themicrosomal P450 system is most highly concentrated in
the liver, but it is also present in many extrahepatic tissues
including the lung, kidney, placenta, small intestine, skin,
adrenal, testis, ovary, eye, pancreas, mammary gland, aorta
wall, brain, nasal epithelial membrane, colon, salivary gland,
prostate, heart, lymph node, spleen, thymus, and thyroid.
A second P450 monooxygenase system, localized to mito-
chondria of steroid-metabolizing tissues (adrenal, ovary, and
testis), is primarily involved in the oxidative biosynthesis of
endogenous steroids such as cholecalciferol, cortisone, and
deoxycorticosterone. In contrast to the universal oxidase
properties of the microsomal system, the mitochondrial P450
system has a much higher degree of substrate specificity.
Figure 1 Overall reaction that occurs during the cytochrome P450-
dependent oxidation of a substrate, RH.
Flavin-Containing Monooxygenases

There is also a P450-independent monooxygenase enzyme
family called the flavin-containing monooxygenases (FMOs);
that is, localized in the endoplasmic reticulum of virtually all
nucleated mammalian cells. Six distinct genes encoding FMOs
have been identified in the human genome. These enzymes
contain the coenzyme flavin adenine dinucleotide (FAD) and,
similar to the P450 system, also require NADPH as a cofactor.
A major difference between the FMOs and the P450 is that the
former do not oxidize carbon atoms. However, FMOs do
oxidize many nitrogen-, sulfur-, selenium-, and phosphorus-
containing xenobiotics (Table 3).

Since there are many drugs and environmental pollutants
that contain sulfur, it is of considerable interest that FMO
preferentially catalyzes the oxidation of sulfur in compounds
containing both nitrogen and sulfur. Thus, FMO is an
important enzyme system for the oxidation of selected classes
of xenobiotics, and its spectrum complements that of the
P450 system because the latter prefers oxidation of carbon
atoms. Other ways in which FMO enzymes differ from many
microsomal P450 isozymes include their apparent lack of
induction (increased enzyme concentration) or repression
(decreased enzyme concentration) by environmental factors
and their more limited role in metabolic activation. Conse-
quently, the P450 system is of greater significance in chemical
toxicology.
Alcohol and Aldehyde Dehydrogenases

An extremely important metabolic pathway for alcohols and
aldehydes is oxidation to aldehydes and ketones and to
carboxylic acids, respectively. Mammalian liver alcohol dehy-
drogenases are a family of zinc-containing, cytosolic nicotin-
amide adenine dinucleotide (NAD)þ-dependent enzymes that
catalyze the oxidation of primary and secondary aliphatic,
arylalkyl, and cyclic alcohols. Aromatic alcohols (phenols),
however, are not substrates for these enzymes. Alcohol dehy-
drogenases are widely distributed in mammalian tissues; the
highest concentrations occur in the liver. As shown in Figure 2,
alcohol dehydrogenases also catalyze the reverse reaction:
reduction of aldehydes to primary alcohols in the presence of
reduced nicotinamide adenine dinucleotide (NADH).

However, the in vivo reduction of aldehydes by this enzyme
is not normally a quantitatively important reaction because
aldehydes are rapidly oxidized to their corresponding carbox-
ylic acid derivatives by aldehyde dehydrogenase. Alcohol
dehydrogenase is a very important enzyme for the metabolism
of ethanol.

Aldehyde dehydrogenases are also widely distributed in
mammalian tissues; the highest concentration is in the liver.
Both aliphatic and aromatic aldehydes are readily oxidized to
carboxylic acids by this enzyme in the presence of NADþ, the
required cofactor (Figure 3).

Although this is a reversible reaction in vitro, the carboxylic
acids formed are either converted rapidly to their ester glucu-
ronide derivatives (a phase II reaction catalyzed by uridine
diphosphate (UDP)-glucuronosyltransferase (GT); see below)
or, if polar enough, are excreted unchanged. Consequently, the
reverse reaction is generally not of significance in vivo.



Table 2 Examples of Important Reactions Catalyzed by the Microsomal P450 Monooxygenase System

Aliphatic hydroxylation

Aromatic hydroxylation

Epoxidation

N-Dealkylation

O-Dealkylation

S-Dealkylation

Nitrogen oxidation

Oxidative deamination

Oxidative dehalogenation

(Continued)
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Table 2 Examples of Important Reactions Catalyzed by the Microsomal P450 Monooxygenase
Systemdcont'd

Oxidative denitrification

Oxidative desulfuration

Figure 3 Oxidation of acetaldehyde and reduction of acetic acid by
aldehyde dehydrogenase and the appropriate form of NADþ.

Figure 2 Oxidation of ethanol and reduction of acetaldehyde by alcohol
dehydrogenase and the appropriate form of NADþ.

Table 3 Examples of Important Reactions Catalyzed by Microsomal Flavin-Dependent Monooxygenases

Tertiary amine oxidation

Alkyldisulfide formation

Aryldisulfide formation

Thioether oxidation

Phosphorus oxidation

Biotransformation/Metabolism 493
Monoamine Oxidases

The monoamine oxidases are localized in the outer membrane
of the mitochondria of cells and are widely distributed in most
mammalian tissues; the exceptions are erythrocytes and plasma.
This enzyme system catalyzes the oxidative deamination of
a wide variety of xenobiotic and endobiotic (e.g., neuro-
transmitter) monoamines (Figure 4).



Figure 4 Oxidation of a substituted methylamine by monoamine oxidase. R can be an alkyl ðCH3
�Þor aryl ðC6CH5

�Þ substituent.
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Monoamine oxidases are flavoproteins that contain one
molecule of FAD per molecule. There are two major types of
monoamine oxidase (A and B), whose relative concentration
varies in tissues of the same species. In general, the A form of
the enzyme is more active with endogenous neurotransmitter
amines (serotonin, norepinephrine, and epinephrine), whereas
the B form is more active toward xenobiotic amines such as
2-phenethylamine.
H2O2-Dependent Peroxidases

Easily oxidized phenols and arylamines are excellent substrates
for peroxidase-catalyzed one-electron oxidation reactions.
These reactions are very important in toxicology because of the
reactivity and toxicity of the free radicals (molecules with
a highly reactive unpaired electron) formed. A well-studied
example of this type is the cooxidation of xenobiotics catalyzed
by the hydroperoxidase activity of prostaglandin H synthase.
This enzyme, which converts arachidonic acid to prostaglandin
(PG) H2, has two distinct enzyme sites: cyclooxygenase, which
oxidizes arachidonic acid to prostaglandin G2 (PGG2), and
hydroperoxidase, which reduces PGG2 to prostaglandin H2
Figure 5 Conversion of acetaminophen to its reactive free radical by cooxid
synthase-catalyzed reduction of prostaglandin G2 (PGG2) to prostaglandin H2
(PGH2). PGG2 reduction requires the donation of single elec-
trons, which can come from a xenobiotic, and results in its
conversion to a free radical. Many chemicals that are oxidized
to toxic products, including acetaminophen, 2-aminofluorene,
diethylstilbestrol, benzo[a]pyrene 7,8-dihydrodiol, and
4-phenetidine, are bioactivated to free radicals during reduc-
tion of PGG2 to PGH2 (Figure 5).

Prostaglandin H synthase activity is high in several extra-
hepatic sites that are targets for chemical-mediated toxicity but
contain very low amounts of P450 monooxygenase activity.
These include skin, kidney medulla, lung of certain species, and
platelets. It is now generally accepted that prostaglandin
H synthase hydroperoxidase activity is important for the
metabolic activation of amines and phenols, some of which are
converted to potent mutagens and carcinogens, particularly in
cells deficient in P450 monooxygenase activity but high
in prostaglandin synthesis activity.

Other peroxidases are also involved in bioactivation of
easily oxidized compounds. Oxyhemoglobin in erythrocytes
can oxidize arylamines to products that cause methemoglobi-
nemia; chloroperoxidase and myeloperoxidase of activated
polymorphonuclear leukocytes and macrophages bioactivate
ation mediated by the hydroperoxidase activity of 1. prostaglandin H
(PGH2).
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certain drugs including various sulfonamides by N-oxidation to
reactive nitroso products that contribute to adverse drug reac-
tions, and diethylstilbestrol, a transplacental carcinogen, is o-
xidized by estrogen-inducible peroxidases in the reproductive
tract.

These few examples emphasize that H2O2-dependent
peroxidases can activate aromatic alcohols (phenols) and
aromatic amines to reactive free radicals, which are often very
toxic.
Reduction Reactions

Several functional groups, including nitro, azo, tertiary amine
N-oxide, aldehyde, ketone, sulfoxide, and alkyl polyhalide, are
reduced by mammals in vivo. Toxic free radicals are often
formed as intermediates during reduction. Although some of
these reactions, or more accurately the initial sequence of the
reactions, occur under aerobic conditions in vitro, anaerobic
conditions are generally required for the complete reduction of
xenobiotics. Those reactions that go to completion in vivo are
either reductions of carbonyl groups or are catalyzed by the
intestinal microflora. Reduction that occurs anaerobically is of
much less toxicological concern due to the decreased formation
of toxic oxygen-free radicals.
Cytochrome P450-Dependent Reactions

Under aerobic and anaerobic conditions, several reduction
reactions can be catalyzed by the intact P450 monooxygenase
system or only by its flavoprotein component, NADPH-P450
reductase.

In addition to being oxidatively metabolized, many
polyhalogenated alkanes are converted by a P450-dependent,
one-electron reductionpathway to a free radical intermediate and
inorganic halide. The best studied example of this reaction is the
reduction of carbon tetrachloride (CCl4) to chloroform (CHCl3),
which occurs in vitro under aerobic or anaerobic conditions
and in vivo. The trichloromethyl radical formed (CCl3) is
believed to be a major contributor to CCl4-mediated hepatoto-
xicity. Halothane, trichlorofluoromethane, hexachloroethane,
Figure 6 Futile cycle due to reaction of paraquat cation radical with molecula
paraquat. Cycle will operate as long as NADPH, required as a cofactor for P4
pentachloroethane, anddichlorodiphenyltrichloroethane (DDT)
are other halogenated compounds that are substrates for this
P450-dependent reductive pathway.

Several other classes of xenobiotics are also efficiently
reduced by the P450 monooxygenase system under anaerobic
conditions. These include tertiary amine N-oxides (converted
to tertiary amines), hydroxylamines (primary amines), and
hydrazo derivatives (primary amines).
Flavoprotein-Dependent Reactions

The first step of the NADPH-dependent reduction of aromatic
nitro and azo compounds by hepatic microsomes is catalysis by
NADPH-P450 reductase, which results in the formation of
a free radical. In the presence of oxygen these radicals are
rapidly reoxidized to the parent aromatic nitro or azo
compound, concomitant with the generation of the superoxide
anion radical. This futile cycling explains the toxicity of
compounds, such as paraquat (Figure 6) or nitrofurantoin,
which generate toxic superoxide under conditions in which
little or no metabolism of the compound is detected. NADPH-
P450 reductase is widely distributed in mammals and, conse-
quently, these potentially toxic reactions occur in different
tissues and subcellular organelles. Easily reduced compounds
are readily reduced by NADPH-P450 reductase. Compounds
that are more difficult to reduce, such as carbon tetrachloride,
require the intact P450 monooxygenase system as a source of
electrons for reduction.
Carbonyl Reductases

As mentioned previously, both alcohol and aldehyde dehy-
drogenases can function as reductases in the presence of NADþ.
In addition, there are a number of other carbonyl reductases
that are NADPþ-dependent. Aldehyde reductases and carbonyl
reductases are localized in the cytosol of cells, have a broad
substrate specificity, have lowmolecular weight, and are widely
distributed in extrahepatic tissues. In general, aldehyde reduc-
tases reduce only aldehydes, whereas carbonyl reductases
reduce both aldehydes and ketones. Reduction of ketones can
be an important metabolic pathway in vivo.
r oxygen to generate superoxide radicals, with subsequent regeneration of
50 reductase, is present.
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Hydrolysis Reactions

When certain xenobiotics, including esters and amides, are
administered to animals they are hydrolyzed. Hydrolysis reac-
tions are important for the sequential metabolism of chemicals
converted to epoxides by the P450 system. These reactions are
classified as phase I because they free up functional groups
(e.g., –COOH, –NH2, –OH, –SH, and –SO3H) that are
important sites for conjugation (phase II) reactions.
Epoxide Hydrolase

Epoxide hydrolases catalyze the hydration of epoxides to trans-
dihydrodiols and are very important enzymes in toxication–
detoxication processes. Unsaturated aliphatic and aromatic
hydrocarbons are converted to epoxides (alkene and arene
oxides, respectively) by P450 monooxygenase activity. Some of
these electrophilic epoxides react covalently with macromole-
cules, such as proteins, RNA, and DNA, resulting ultimately in
acute or chronic toxicity, including necrosis, mutagenesis,
carcinogenesis, and teratogenesis. In most cases, the diols
produced by epoxide hydrolase are much less toxic than the
epoxide substrate. With some polycyclic aromatic hydrocar-
bons, however, the diols are precursors for potent carcinogenic
and mutagenic products. For example, benzo[a]pyrene
7,8-dihydrodiol, formed enzymatically from benzo[a]pyrene
7,8-oxide (Figure 7), is converted to the highly toxic benzo[a]
pyrene 7,8-dihydrodiol-9,10-oxide by the P450 system or by
cooxidation by prostaglandin H synthase.

There are two distinct types of epoxide hydrolases, both
widely distributed in mammalian tissues. One type is localized
primarily in the endoplasmic reticulum, the second in the
cytosol. The microsomal and cytosolic enzymes have different
properties, including substrate selectivities. Several inducers of
xenobiotic metabolizing enzymes, including phenobarbital,
planar PCB congeners, and trans-stilbene oxide, selectively
increase (induce) microsomal, but not cytosolic, epoxide
hydrolase activity.
Carboxylesterases/Amidases

The term carboxylesterase refers to a wide variety of enzymes
with both esterase and amidase activity. They cleave carboxy-
lesters, carboxylamides, and carboxylthioesters, producing
a carboxylic acid and an alcohol or phenol (Figure 8), amine,
Figure 7 Conversion of benzo[a]pyrene 7,8-oxide to benzo[a]pyrene trans-7
or mercaptan, respectively. There are many different esterases,
some of which are important for the hydrolysis and detoxica-
tion of toxic organophosphate esters. In general, esterases are
present in almost all mammalian tissues, occur as multiple
isozymes, and are concentrated in the liver. The esterase activity
present in plasma is normally due to the release of these
enzymes from liver.

Ester or amide cleavage can result in detoxication or meta-
bolic activation, depending on the biological and chemical
properties of the acids, alcohols, or amines released during
hydrolysis. For example, hydroxamic acid hydrolysis has been
implicated in the formation of proximate mutagens.
The functional groups that become available for reaction
during hydrolysis normally undergo phase II metabolism, as
discussed below.
Conjugation Reactions

Most phase II reactions markedly increase the water solubility
of xenobiotics and facilitate excretion of the chemical. Excep-
tions are acetylation and methylation reactions.
UDP-Glucuronosyltransferases

The most common phase II reaction is the synthesis of glu-
curonic acid derivatives (b-D-glucuronides) of lipophilic
xenobiotics and endobiotics. Alcohols, phenols, carboxylic
acids, mercaptans, primary and secondary aliphatic amines,
and carbamates are converted to their b-glucuronide deriva-
tives by UDP-GT. Sixteen distinct human isozymes of UDP-GT
have been identified, nine of which are encoded by a single
gene. In common with the P450 monooxygenase system,
UDP-GT is a microsomal enzyme, is present at highest
concentrations in the liver, is expressed in many extrahepatic
tissues, and is induced by exposure to different classes of
compounds known to modulate P450, including phenobar-
bital, polycyclic aromatic hydrocarbons, planar PCB conge-
ners, and dioxins.

UDP-GT catalyzes the translocation of glucuronic acid to
a substrate from the cosubstrate UDP-a-D-glucuronic acid
(UDPGA) as shown in Figure 9. The resulting glucuronide
conjugates are excreted largely in the bile and can be hydro-
lyzed to their aglycone by b-glucuronidase of the intestinal
microflora. The deconjugated chemical (i.e., the aglycone) can
,8-dihydrodiol by microsomal epoxide hydrolase.



Figure 8 Hydrolysis of acetylsalicylic acid (aspirin) to acetic acid and salicylic acid (a phenolic acid) by carboxylesterase activity.

Figure 9 Conversion of 1-naphthol to its corresponding b-D-glucuronide.
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be reabsorbed and the cycle repeated. This process is called
enterohepatic circulation and accounts for the prolonged
excretion of some xenobiotics that are readily glucuronidated.

Certain b-glucuronides are electrophilic in nature and may
also function in toxication processes. Covalent binding of the
aglycone portions of several carboxylic acid (ester) glucuro-
nides is known to occur to nucleophilic sites on serum albumin
via transacylation reactions, for example.
Sulfotransferases

Another very common phase II reaction for phenols is conjuga-
tion with sulfate to form sulfate esters (Figure 10). Other
substrates for this pathway include alcohols, primary and
secondary amines, hydroxylamines, and sulfhydryl compounds
such as thiophenols. These reactions are catalyzed by a family
of cytosolic enzymes, the sulfotransferases, which require
30-phosphoadenosine 50-phosphosulfate (PAPS) as the cofactor.

The sulfotransferases have been divided into several
groups as a result of substrate specificity determinations
with purified enzymes and molecular biology studies; aryl
sulfotransferases are active toward phenols, hydroxylamines,
tyrosine esters, and catecholamines; alcohol sulfotransferases
Figure 10 Conversion of 1-naphthol to 1-naphthyl sulfate by sulfotransferas
are active toward primary and secondary steroid alcohols;
and amine sulfotransferases are active toward arylamines.

A few sulfate esters are chemically reactive and alkylate
nucleophilic sites on macromolecules. This electrophilic char-
acteristic implicates these conjugates as ultimate chemical
toxicants.

Phenols, quantitatively important P450-derived metabo-
lites of aromatic hydrocarbons, are substrates for both UDP-GT
and sulfotransferases. Generally, glucuronide metabolites
predominate after administration of a phenol or phenol
precursor to mammals because sulfate formation is a high-
affinity, low-capacity (due to sulfate depletion) system,
whereas glucuronidation is a low-affinity, high-capacity system.
Glutathione S-Transferases

The glutathione (L-g-glutamyl-L-cysteinylglycine; GSH) S-trans-
ferases (GSTs) are a multigene family of dimeric proteins found
at relatively high concentrations in the cytosolic fraction
of mammalian liver, as well as in a wide variety of extrahe-
patic tissues. Some GST isozymes are also localized in micro-
somes and within the mitochondrial matrix of the liver at
much lower concentrations than the cytosolic enzymes.
es.
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A wide variety of potentially toxic electrophilic compounds
(Figure 11) are converted to S-substituted GSH adducts by this
family of enzymes. These include aromatic compounds con-
taining good leaving groups (halogen, sulfate, sulfonate, phos-
phate, and nitro). Halogens are readily displaced from aromatic
compounds as long as they are activated by the presence of
electron-withdrawing groups (e.g., nitro). Strained three-
membered rings, such as alkene and arene oxides, and four-
membered lactones are readily cleaved by GSTs. The major
factor in the transferase-catalyzed reaction of these substrates
with GSH is the electrophilicity of the carbon atom where the
thiol attacks. Since electrophilic chemicals are frequently very
toxic, the importance of the GSTs in detoxication cannot be
overstated.

GSTs also catalyze a number of reactions in which an
S-substituted GSH adduct is not formed or in which this adduct
is oxidized glutathione. Examples of these reactions include the
release of nitrate from nitrate esters and the release of cyanide
from thiocyanates. Some GSTs also have glutathione peroxi-
dase activity.

Although catalysis by GSTs is almost always associated with
detoxication, a few substrates (e.g., the ethylene dihalides) are
bioactivated to more toxic products by this pathway. Recent
studies have also shown that glutathione conjugates are selec-
tively accumulated in epithelial cells of the kidney where they
are hydrolyzed. Those releasing metabolites that can undergo
oxidation–reduction cycling result in cell-specific renal toxicity.
Mercapturic Acid Biosynthesis

A large variety of compounds, mostly xenobiotics, are excreted
in urine as S-substituted N-acetylcysteines, also called mer-
capturic acids (Figure 12). The initial enzymatic reaction in
their formation is catalyzed by the GSH S-transferases, as
described previously. Subsequently, the glutamic acid residue is
removed by g-glutamyltranspeptidase, an enzyme with very
high activity in the kidney. Next, the glycine moiety is removed
by dipeptidases, which have cysteinylglycinase activity.
Figure 11 Structures of some common substrates of the GSTs.
The resulting S-substituted cysteine is converted to the corre-
sponding mercapturic acid by N-acetyltransferase activity
(see below).

Although mercapturic acids are normally the major thio-
ether products of lipophilic xenobiotics found in urine of
mammals, small amounts of the corresponding S-cysteine
conjugates are also frequently excreted. All four thioether
products formed during mercapturic acid biosynthesis are
routinely excreted in bile.
Cysteine Conjugate b-Lyase/Thiomethylation

In addition to being acetylated to mercapturic acids, some
S-substituted cysteine conjugates are also hydrolyzed. The key
enzyme in this reaction sequence is cysteine conjugate b-lyase,
which cleaves the cysteine adduct to a free thiol, ammonia, and
pyruvate (Figure 13).

This enzyme is present in the cytosolic fraction of rat liver
and kidney and also in the microflora of the gut. Because thiols
may be toxic and are more lipophilic than their cysteine
conjugate precursors, b-lyase is generally a toxication pathway.

Thiols formed by mammalian or bacterial b-lyase in vivo are
substrates for S-methyltransferase (Figure 14), an enzyme
widely distributed in mammalian tissues.

This pathway accounts for the thiomethyl metabolites
formed from several classes of xenobiotics. Thiomethyl
metabolites can be further oxidized by the microsomal flavin-
containing monooxygenases to their corresponding sulfoxide
and sulfone derivatives.
Acyl-Coenzyme A: Amino Acid N- Acyltransferases

Several types of xenobiotic carboxylic acids (aromatic, hetero-
aromatic, arylacetic, and aryloxyacetic) are conjugated with
a variety of endogenous amino acids, including glycine,
glutamine, or taurine, prior to excretion in mammals.
An amide (peptide) bond is formed between the carboxylic
acid group and the a-amino group of the amino acid during



Figure 12 Mercapturic acid biosynthesis from a naphthalene 1,2-oxide. Only one of the isomers resulting from reaction of GSH with the arene oxide is
shown. (1) GST, (2) g-glutamyltranspeptidase, (3) cysteinylglycinase activity (dipeptidases), and (4) N-acetyltransferase.
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conjugation. The reactions involved in the conversion of
a carboxylic acid (e.g., benzoic acid) to its glycine derivative
(hippuric acid) are illustrated in Figure 15.

Conversion of the carboxylic acid to its coenzyme A (CoA)
ester derivative is the rate-limiting step. The enzyme that cata-
lyzes the final reaction, acyl-CoA:amino acid N-acyltransferase,
is localized in the mitochondria of the kidney and liver.
The amino acid substrate selectivity, which varies from species
to species, resides in the specificN-acyltransferase that catalyzes
Figure 13 Hydrolysis of S-4-bromophenyl-L-cysteine by cysteine conjugate
this reaction. In most mammalian species conjugation with
glycine predominates.
N-Acetyltransferases

Acetylation of xenobiotic primary amine groups is a common
metabolic pathway, whereas acetylation of xenobiotic hydroxyl
and sulfhydryl groups is not. Primary aliphatic and aromatic
amines, sulfonamides, hydrazines, and hydrazides are readily
b-lyase.



Figure 14 S-methylation of 4-bromothiophenol by S-methyltransferase.
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N-acetylated in vivo, and the reaction is catalyzed by various
acyl-CoA:N-acetyltransferases, commonly called N-acetyl-
transferases, as shown in Figure 16.

This family of enzymes is cytosolic and is widely distributed
in a variety of mammalian tissues. There are also enzymes that
hydrolyze N-substituted acetamides (i.e., amidases, as
described previously) and the extent to which free versus
acetylated amines are present in vivo depends on the relative
rates of the acetylation and deacetylation reactions, on the
physical and chemical properties of the two products, and
whether or not the amine is metabolized by competing path-
ways. Some acetylated hydroxamic acids are chemically reactive
and appear to be ultimate carcinogens.
N- and O-Methyltransferases

S-Adenosyl-L-methionine (SAM)-dependent methylation was
briefly discussed under thiomethylation (see Figure 14). Other
functional groups that are methylated by this mechanism
include aliphatic and aromatic amines, N-heterocyclics,
monophenols, and polyphenols. The most important enzymes
involved in these methylation reactions with xenobiotics are
Figure 15 Metabolism of benzoic acid via its acyl-CoA derivative to hippuric
catechol O-methyltransferase, histamine N-methyltransferase,
and indolethylamine N-methyltransferase; each catalyzes the
transfer of a methyl group from SAM to phenolic or amine
substrates (O- and N-methyltransferases, respectively). Meth-
ylation is not a quantitatively important metabolic pathway for
xenobiotics, but it is an important pathway in the intermediary
metabolism of both N- and O-containing catechol and amine
endobiotics.
Regulation of Biotransformation

The biotransformation and elimination of numerous poten-
tially toxic xenobiotic compounds requires the concerted
function of phase I and phase II enzymes. As such, exposure to
elevated concentrations of xenobiotics can lead to the coordi-
nate induction of genes encoding these enzymes. This induc-
ibility is mediated by ligand-activated transcription factors that
serve as sensors of intracellular xenobiotic concentration. Upon
binding with xenobiotic compounds, these receptors interact
with the regulatory region of target genes and increase the rate
of gene transcription. Ultimately, this leads to an increase in the
acid (benzoylglycine).



Figure 16 Acetylation of aniline by acyl-CoA:N-acetyltransferase activity.
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amount of phase I and phase II enzymes and the rate of
biotransformation of the xenobiotic substrate. This process is
self-limiting as the induction in metabolism ultimately leads to
a decrease in the intracellular concentration of xenobiotic and
thus induction of the target gene. Examples of ligand-activated
transcription factors that activate biotransformation include
the aryl hydrocarbon receptor that is activated by polycyclic
aromatic hydrocarbons such as the pro-carcinogen benzo[a]
pyrene; the pregnane X receptor and the constitutive andros-
tane receptor that are activated by a large group of structurally
diverse xenobiotic and endobiotic compounds, and the
peroxisome proliferator-activated receptor-alpha that is acti-
vated by a number of herbicides, industrial solvents, and
plasticizers.
Variability in Biotransformation

Numerous genetic variants have been described for genes
encoding phase I and phase II metabolic enzymes. These
polymorphisms are heterogeneous and can be associated
with a variety of genetic changes ranging from discrete
changes in a single DNA base (single nucleotide poly-
morphisms (SNPs)) to duplications/deletions of an entire
gene. Regardless of the nature of the change, all have the
potential to affect the expression of the gene and/or the
inherent activity of the enzyme encoded by that gene. As
discussed previously, the expression of many genes encoding
biotransformation enzymes is induced by exposure to xeno-
biotics. This, along with genetic polymorphisms, is a major
reason underlying variability in biotransformation and
consequently, the susceptibility of an individual to toxicity
from a particular xenobiotic. Among the most highly poly-
morphic phase I enzymes is CYP2D6 with more than 80
genetic variants identified in humans. These polymorphisms
result in four phenotypes that can be broadly classified as
poor, intermediate, extensive, and ultrarapid metabolizers.
Given that CYP2D6 is involved to some degree in the
metabolism of 15–25% of drugs in current use, including
most antidepressant drugs, numerous cardioactive
compounds, and codeine, these polymorphisms have
a significant clinical impact on the dosage requirements and
risk for toxicities associated with these xenobiotics. Poly-
morphisms have also been described for genes encoding
phase II enzymes. In particular, genetic variants of GST are
associated with variability in xenobiotic conjugation and
cancer susceptibility. For example, individuals possessing
certain SNPs in the GSTP1 gene are at increased risk for
toxicity and cancers on exposure to cytotoxic alkylating
agents and topoisomerase inhibitors as a consequence of
defective conjugation of these compounds.
Summary

A number of enzyme systems have evolved in animals and
plants that effectively convert lipophilic xenobiotics to more
polar compounds that are efficiently excreted. Phase I enzymes,
responsible for oxidation, reduction, and/or hydrolysis, are
integrated with phase II or conjugation enzymes for reactions
of both types and are normally required for the formation of
products polar enough to be readily excreted. The intracellular
level of these enzymes, and, thus, the capacity for biotrans-
formation, increases in a coordinate fashion in response to
exposure to xenobiotic compounds. This response is achieved
through changes in gene expression that are mediated by
a number of ligand-activated transcription factors that serve as
intracellular sensors of xenobiotic concentration. While the
primary role of biotransformation is the elimination of
potentially toxic xenobiotics, toxic metabolites can also be
formed, primarily but not exclusively, during oxidation. When
the concentration of these reactive metabolites exceeds the
capacity of detoxication systems, acute (necrosis) or chronic
(mutagenesis, carcinogenesis, and teratogenesis) toxicity can
occur. Thus, anything that results in the reduced biotransfor-
mation of a toxic xenobiotic to an inactive metabolite, or
alternatively, that increases the conversion of a relatively
harmless xenobiotic to a reactive metabolite(s) increases the
probability that a toxic response will occur.

See also: Carboxylesterases; Glutathione; Kidney; Liver;
Pharmacokinetics.
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Biological warfare is the deliberate use of disease-causing
biological agents such as bacteria, virus, rickettsiae, and fungi,
or their toxins, to kill or incapacitate humans, animals, or
plants as an act of war. Some biological warfare agents (BWAs)
can cause deterioration of material, for example, petroleum-
eating bacteria. Entomological (insect) warfare is also
considered as a type of BWA. BWAs can be natural or geneti-
cally modified. The effects of these types of warfare agents are
not immediate, as there is an incubation period, and thus there
will be a short or long time delay. The other advantages of
BWAs over chemical weapons (CW) are a smaller amount of
effective materials is required; BWAs are odorless and color-
less. Some BWAs live and reproduce inside the host to cause
incapacitating or fatal diseases. A very small quantity of BWA
may be sufficient to cause morbidity and mortality. Some
BWAs are highly infectious (e.g., plague and smallpox), and
can be spread to a large population within a few days, causing
epidemics and sometimes pandemics. In addition, specialized
equipment and a huge infrastructure are not required for the
production of BWAs; a very small laboratory is sufficient for
their production. A small amount of pure culture is required to
initiate production, which is quite easy to obtain commer-
cially now. Some biological agents, such as anthrax and
brucellosis, occur naturally in animals in certain parts of the
world and can be obtained easily. Therefore, all these features
as well as difficulty in detection make BWAs weapons of choice
for mass destruction. Some of the rare toxins, such as saxitoxin,
can be used on a very limited scale to target one or a few
individuals but currently cannot be used as weapons of mass
destruction. Agents that have a very short half-life or those that
are subject to rapid degradation in the environment once
released are, by definition, poor bioweapons. On the other
hand, those with long half-lives, or those that degrade very
slowly due to environmental influences such as temperature
extremes, dryness, or ultraviolet radiation, would be more
useful as weapons, assuming other requirements are met.
Anthrax spores are one example of an ideal agent from this
stand point.

Various ways of disseminating BWAs include (1) aerosol
sprays, the most common delivery method; the ideal BWA
particle size that would allow it to be carried for long distances
by prevailing winds and inhaled deeply into the lungs of the
unsuspecting victims is 1–5 mm in diameter; (2) explosive
devices (artillery, missiles, detonated bombs); they are not as
effective as aerosols because BWAs tend to be destroyed by the
blast, typically leaving less than 5% of the agent capable of
causing disease; (3) contamination of food or water; (4)
absorption or injection into the skin; used for assassination,
not for mass casualties.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Based on the risk to national security, these agents have
been prioritized into three categories: A, B, and C.
Category A BWAs

Category A BWAs are highly toxic and have the following
characteristics:

l High morbidity and mortality especially when they are used
on civilian populations

l Easily disseminated or transmitted from person to person
l Highly infectious with a low dose when disseminated by

aerosol, with a commensurate ability to cause large outbreaks
l Effective vaccine unavailable or available only in limited

supply
l Potential to cause public and health care worker anxiety
l Pathogen or toxin easily available
l Large-scale production feasible
l Environmentally stable
l Prior research and development done on its use as a bio-

logical weapon

Anthrax, botulism, plague, smallpox, tularemia, and viral
hemorrhagic fever are some of the diseases caused by category
A agents.
Anthrax

Bacillus anthracis is a large, gram-positive, aerobic, encapsulated,
easy spore-forming, nonmotile, rod-shaped bacillus.B. anthracis
is considered to be the most efficient agent for large-scale bio-
logical attack, because its spore size (3–6 mm) makes it suitable
for aerolization and consequently its deposition in the alveoli of
human lungs. Mortality from respiratory anthrax is high. The
infective dose for 50% of humans (ID50), by inhalation, is
estimated to be 8000–40 000 spores (about 10�6 g). It was used
frequently in World War I, World War II, in the Soviet Union in
1979, and in Japan in 1995. Also in 2001, some letters
contaminatedwithB. anthracis sporesweremailed toNBCNews
and the offices of Senator Tom Daschle in the United States.

Edema toxin (ET) and lethal toxin (LT) are important
endotoxins. ET is a calcium- and calmodulin-dependent ade-
nylyl cyclase that distributes water hemostasis by greatly
increasing the level of cAMP in the cell. ET may be responsible
for infection site edema. LT is a zinc metalloprotease that
cleaves members of the mitogen-activated protein kinase and
induces apoptosis in macrophages.

Anthrax is a zoonotic disease and humans are infected
by coming into contact with infected animals. Cutaneous,
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gastrointestinal, and respiratory anthrax are different forms of
the disease. After penetration via the skin, gastrointestinal
system, or respiratory system, the B. anthracis spores are
phagocytosed by macrophages and vegetated, multiplied, and
distributed. In the respiratory system, vegetated bacteria
produce toxins and cause edema and hemorrhagic necrosis of
the mediastinum. Bloody plural effusion, neck edema, dry
cough, and stridor are consequences of the extension of the
hemorrhage and necrosis into adjacent tissues.

Inhalational anthrax is typically a biphasic illness. The first
phase starts 4–6 days after exposure, with malaise, low-grade
fever, gastrointestinal complaints, and nonproductive cough.
After a brief improvement, the second phase presents with
orthopnea, stridor, dry cough, tachypnea, high fever, chills, and
profound diaphoresis. Patients may have abdominal pain,
hematemesis, melena, and suppurative and hemorrhagic
meningitis. The end stage is characterized by delirium and
coma followed by death due to cardiovascular collapse.

An enzyme-linked immunosorbent assay (ELISA) to detect
IgG response to protective antigen is highly sensitive (98.6%)
but it is only 80% specific. B. anthracis-specific nucleic acid
amplification and detection by polymerase chain reaction
(PCR) of sterile fluids (blood, pleural fluid) is also useful.

B. anthracis is sensitive to the fluoroquinolones, rifampin,
tetracycline, vancomycin, imipenem and meropenem, chloram-
phenicol, clindamycin, and the aminoglycosides. But some
strains of B. anthracis produced for BWA purposes may resist one
or some of these antibiotics. A naturally occurring disease can be
treated for 7–10 days. But a bioterrorism-related disease should
be treated for at least 60 days because of the potential for
concurrent respiratory exposure. Aggressive supportive care such
as a chest tube for plural effusion and glucocorticosteroids for
anthrax meningitis, substantial mediastinal, or neck edema are
advocated. A vaccine (anthrax vaccine adsorbed) is currently
licensed in the United States but is available only to military
personnel.
Plague

Yersinia pestis is a gram-negative, nonmotile, facultatively
anaerobic, non–spore-forming coccobacillus. Like anthrax,
plague is a zoonosis and humans are occasionally hosts for the
Y. pestis life cycle between rodents and fleas. It occurs by human
contact with fluids from infected animals. Humans can also be
infected by respiratory droplets in cases of plague pneumonia
as well as animal droplets. In addition, Y. pestis is transmitted
from rodents to humans by fleas.

Plague has some of the criteria for a high-risk BWA. It easily
infects humans via the respiratory tract and is easily distributed.
Pneumonic plague has a high attack rate and produces severe
clinical disease with significant psychological stress. The three
major forms of Y. pestis infection in humans are: classic bubonic
plague, primary septicemic plague, and pneumonic plague.

Emigration of Y. pestis from the inoculation site to regional
lymph nodes where they replicate results in necrotizing
adenitis, which is characteristic of bubonic plague. The bacteria
then disseminate to other organs, including lungs, spleen, and
the central nervous system through secondary buboes, causing
hypotension, oliguria, altered mental status, and disseminated
intravascular coagulation (DIC).
Bubonic plague presents with acute febrile lymphadenitis,
which develops 2–8 days after transdermal contact with fever,
chills, hadache, and malaise before or simultaneously with the
appearance of the bubo. Patients are febrile, tachycardic,
frequently hypotensive, episodic agitated, and have tender
hepatosplenomegaly. Primary septicemia is associated with
metastatic infection, DIC, purpuric skin lesions (due to vascu-
litis and occlusion by fibrin thrombi), and acral gangrene (the
likely basis of the epithet, The Black Death). Primary pneu-
monic plague results from inhalation of droplets containing
bacilli and presents with abrupt onset of fever and flu-like
symptoms 2–4 days after exposure and rapidly progresses to
fulminating pneumonia and respiratory failure. This form of
plague is readily transmissible by airborne droplets. Plague can
be diagnosed with duplicate cultures of blood or body fluids,
Gram staining of aspirated fluid from the bubo, sputum,
blood, or cerebrospinal fluid, or by fluorescent antibody
testing. Streptomycin is the drug of choice; however, genta-
micin, doxycycline, and chloramphenicol are also effective.
However, strains of bacteria that are used as BWAs may be
resistant to these drugs. The pneumonic and septicemic forms
have a high fatality rate despite treatment; bubonic plague is
less fatal. A vaccine consisting of formaldehyde-killed bacilli
had been licensed in the United States and is reserved for
military and laboratory personnel and those with a high
occupational risk of exposure.
Tularemia

Francisella tularensis is a small, aerobic, nonmotile, gram-negative
coccobacillus. Tularemia is a zoonosis. It is transmitted by
arthropod vectors among animal reservoirs, rabbits, deer,
squirrels, mice, and beavers. Human infection is incidental and
occurs most often via an insect bite or contact with contaminated
animal products. It disseminates easily, has high infectivity, and
the capacity to cause serious illness and death. F. tularensis infects
patients through the skin, lungs, gastrointestinal tract, ormucous
membranes, but it is not transmitted person to person. Infec-
tivity of bacteria depends on the site of entrance; for example, 10
organisms are enough for inhalation-induced disease and 108
organisms are needed for enteral infection.

Tularemia can present with a range of manifestations from
asymptomatic to rapidly progressive, fulminant, and fatal
disease. It is related to inoculum size, portal of entry, host
immune status, and virulence of the strain. The clinical course
of untreated nonfulminant disease has been described as
having three phases: 31 days of fever, 31 days of bed rest, and
31 days of disability. Six forms of the disease, with different
presentations, have been described. However, they have
significant overlap: ulceroglandular (21–78%), glandular
(3–20%), oculoglandular (<5%), oropharyngeal (<12%),
pneumonic (7–20%), and typhoidal (5–30%).

In all forms of tularemia, a history of exposure and a high
clinical suspicion are essential for diagnosis. There are some
nonspecific laboratory findings, such as leukocytosis and
increased sedimentation rate, sterile pyuria, thrombocyto-
penia, hyponatremia, increased levels of aspartate amino-
transferase/alanine aminotransferase, and evidence of
rhabdomyolysis. The mainstay of diagnosis is serology: ELISA,
microagglutinin, hemoagglutinin, and tube agglutinin assays
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are available. Historically, streptomycin has been the treatment
for tularemia, but antibiotics such as gentamicin, ciprofloxac,
tetracycline, doxycycline, or chloramphenicol, are alternative
treatments. Mortality from tularemia decreases from 35% in
untreated patients to 1% with treatment. A live attenuated
vaccine is recommended for laboratory personnel routinely
working with F. tularensis. The vaccine confers incomplete
protection, but the disease course is milder. In BWA attacks
with tularemia, exposed persons (adults and children) should
receive oral doxycycline or ciprofloxacin for prophylaxis.
Botulinum Toxins

Clostridium botulinum toxins (BoNTs) are the causative agents
of a diseased condition called botulism, and are produced by
the bacteria Clostridium botulinum, a gram-positive, anaerobic
spore-forming bacteria. These toxins are released on the death
and lysis of the organism. BoNTs are the most poisonous
substances ever known. A single gram of crystalline toxin can
kill more than one million people. The toxin is 100 million
times more toxic than cobra venom and 100 000 times more
toxic than the most dreaded CW nerve agent, sarin. However,
when humans are exposed via the pulmonary route, BoNTs are
slightly less toxic. A recent estimate for the human lethal dose
50% (LD50) by inhalation is 3 ng kg�1.

BoNTs quickly degrade in the environment and are
rendered nonlethal within minutes after release, although
technical factors would make such dissemination difficult.
BoNTs are unstable for extended periods in water and are easily
destroyed by chlorination. Municipal water reservoirs are most
likely safe from contamination by this toxin. BoNTs could also
be released as aerosols in missiles and bombs.

There are seven antigenically distinct BoNTs (A to G).
Although neurotoxins A, B, E, and F cause naturally occurring
human botulism, it is assumed that all seven toxins can cause
botulism in humans if the exposure level is high enough. The
toxin subtype and the level of intoxication are indicated by the
rapidity of the onset of symptoms, and the severity and dura-
tion of the disease.

The pulmonary tract (inhalation botulism), the gastroin-
testinal tract (food-borne and infant botulism), and mucous
membranes of wounds (wound botulism) are three natural
routes of entry of BoNTs. BoNTs can then enter the circulatory
system and be transported to the neuromuscular junctions of
motor neurons, the site of action. They mainly block the release
of the acetylcholine, and thereby prevent transmission of
nerves impulses. However, very high doses of BoNTs can block
the release of other types of neurotransmitters. Neurotoxic
activity of BoNTs includes three stages: binding, internaliza-
tion, and enzymatic activity. The protein called synaptotagmin
may be the receptor for botulinum toxin and has a role in
internalization and toxicity.

The clinical hallmark of botulism is acute flaccid paralysis,
which begins with bilateral cranial nerve impairment involving
the muscles of the eyes, face, head, and pharynx and then
descends symmetrically to involve the muscles of the thorax
and the extremities. Signs and symptoms characterizing the
onset of the disease include blurred vision, ambiopia, ptosis,
and photophobia, followed by signs of bulbar nerve
dysfunction such as dysarthria, dysphonia, and dysphagia.
Its incubation period is typically 12–72 h. Death may result
from respiratory failure due to upper airway occlusion caused
by paralysis of the tongue or pharyngeal muscles, or diaphragm
and intercostal muscles paralysis.

Classically, botulism in humans occurs as food poisoning.
The symptoms appear several hours to 1 or 3 days after
contaminated food is consumed. When food contaminated
with bacteria or their preformed toxins is ingested, nausea,
abdominal pain, vomiting, and diarrhea may often precede or
accompany the neurologic signs. A confirmatory diagnosis
comes frommouse bioassays demonstrating toxin in the blood
or stool, neutralized by the appropriate antisera.

Inhalational botulism, the syndrome most likely to be seen
on the battlefield, is rare. Accidental respiratory exposure to
BoNTs occurred in a laboratory in Germany and was reported in
1962. Three laboratory workers, who had contact with BoNTs,
presented (1) a mucous plug in the throat, (2) difficulty in
swallowing solid food, and (3) the beginning of a cold without
fever on the third day after exposure. Then, the severity of their
signs increased and they complained of mental numbness and
retarded ocular motion, moderately dilated pupils with slight
rotary nystagmus, slurred speech, and extreme weakness.

The diagnosis of botulism under battlefield conditions
might not be easy, especially in the early stages. However, the
symptoms listed earlier for inhalation botulism are almost
pathognomonic for botulism prior to development of respi-
ratory failure. Some differential diagnosis such as intoxication
from chemical nerve agents and neurotoxic snake bite should
be considered. The absence of convulsions is the difference
between botulinum intoxication and chemical nerve agent
poisoning. The most likely means of laboratory diagnosis is
through ELISA identification of botulinum toxin from swabs
taken from the nasal mucosa within 24 h of inhalational
exposure. With effective supportive therapy, mortality from
botulism can be reduced to 10%.

There are two basic alternatives for prophylaxis from BoNT
poisoning: active immunization using a vaccine, or passive
immunotherapy using immunoglobulin. Because of the rapid
action of BoNTs and that very small amounts do not cause
disease, natural protection against botulism does not involve
the generation of antitoxin antibodies. A licensed vaccine for
botulism is not available, but pentavalent (ABCDE) botulinum
toxoid (PBT) is available in the United States. PBT has been
used for more than 30 years in over 3000 laboratory workers in
various countries.
Category B BWAs

Category B includes a wide group of pathogenic microorganisms
and toxins with varying clinical characteristics, ranging from
being difficult to develop as weapons (e.g., viruses) with signif-
icant mortality to being easy to develop as weapons (e.g.,
bacteria). They induce clinical syndromes with minimal
mortality and include pathogens with unproven risk as weapons.
Q Fever

Coxiella burneti, an obligate intracellular bacterium, is a pleo-
morphic, gram-negative coccobacillus. It is highly resistant to
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environmental stresses such as high temperature, osmotic
pressure, and ultraviolet light, and can survive in the environ-
ment for a long time. Its characteristics make it suitable for
a BWA. It causes Query fever (Q fever), which is a zoonosis, and
its reservoirs are cattle, sheep, goats, and similar animals.
Humans are infected occasionally. A single inhaled organism
could infect a person. Human-to-human transmission is rare.

Clinical manifestations and the incubation period depend
on the infecting dose, the characteristics of the infecting strain,
and the host immune status. Q fever presents as either
asymptomatic, a self-limited febrile illness, an atypical pneu-
monia, or hepatitis.

Atypical pneumonia, which occasionally presents as a cough,
rales, or pleuritic chest pain with pleural-based opacities on
radiographs, occurs in 50% of cases. This pneumonia can result
in a life-threatening acute respiratory distress syndrome. Severe
headache is a useful clue in the diagnosis. One-third of patients
suffer from symptomatic hepatitis. Chronic forms of Q fever
include endocarditis, chronic granulomatous hepatitis, aseptic
meningitis, and encephalitis. Diagnosis is usually based on
serologic tests, such as complement fixation, indirect fluorescent
antibody, and ELISA assay, because C. burnetii is difficult to
culture. Antibiotic therapy reduces the risk of complications and
morbidity. Tetracycline, doxycycline, chloramphenicol, cipro-
floxacin, ofloxacin, and hydroxychloroquine, are useful. Q-Vax,
a whole cell inactivated vaccine, is available.
Staphylococal Enterotoxin (Type B)

As a potential biological weapon, aerosolized Staphylococcus
aureus enterotoxin type B (SEB) could cause 80% or more of
targeted personnel to become extremely ill within 3–12 h. SEB
is stable at boiling temperature and resistant to acids and
alkalis. It might take up to 12 weeks for humans to recover from
SEB poisoning, and higher concentrations of SEB could even
cause septic shock and death. SEB is a super antigen; it acts by
stimulating cytokine release (such as interferon gamma, inter-
leukin-6, and tumor necrosis factor) and inflammation in
systemic effects. In aerosolized exposure in humans, the esti-
mated effective dose 50% (ED50) is 0.0004 mg kg�1, whereas
the estimated LD50 is 0.02 mg kg�1.

When SEB is ingested, it is a prevalent cause of acute diar-
rheal illness, which is associated with histamine and leuko-
triene release from mast cells. It causes a self-limited syndrome
that starts hours after exposure and gradually wanes within
72 h. Most of the pyrogenic toxins produce the same signs and
symptoms as toxic shock syndrome: a rapid drop in blood
pressure, increased temperature, and multiple organ failure.

In 16 cases of SEB exposure via accidental inhalation, fever
up to 41 �C occurred in all victims 8–20 h after the initial
exposure. Myalgia, often associated with the initial fever, and
shaking chill, heralded the onset of illness. SEB inhalation
could elicit nonproductive cough and inspiratory rales with
dyspnea. Densities compatible with patches of pulmonary
edema and Kerley lines, suggesting interstitial edema, may
show on chest radiographs. Other possible manifestations
include: headache, usually mild by the second day; nausea;
anorexia; vomiting after prolonged paroxysms of coughing;
and hepatomegaly. Ocular exposure in humans can result in
purulent conjunctivitis.
In animal models exposed to aerosolized forms of SEB,
initial gastrointestinal symptoms were followed by death
caused by pulmonary edema on the third day. At postmortem
examination in monkeys, the lungs were diffusely heavy and
wet, with multifocal petechial hemorrhages and areas of atel-
ectasis. Clear, serous-to-white, frothy fluid often drained freely
from the laryngeal orifice. The small and large intestines
frequently had petechial hemorrhages and mucosal erosions.

Immunological evaluation of staphylococcal enterotoxins
should be possible on samples collected because of its
moderate stability. These methods can detect picogram
amounts of toxin in environmental samples. If actual bacterial
involvement is suspected, and if cultures can be obtained, the
detection of extremely minute quantities of potentially toxi-
genic strains is possible by using (1) PCR amplification and (2)
toxin gene–specific oligonucleotide primers. In individuals
exposed to a respirable aerosol, toxin can be identified in nasal
swabs 12–24 h later. This may be the best approach to early
diagnosis on the battlefield.

Management of SEB poisoning is conservative. Fluids, rest,
and judicious use of acetaminophen or aspirin are effective for
the treatment of fever, muscle aches, and arthralgias. Symp-
tomatic therapy should be considered for gastrointestinal
manifestations. Cough suppressants containing dextro-
methorphan or codeine should be used initially for symp-
tomatic relief of respiratory symptoms. A wide variety of
formalin-inactivated and recombinant vaccines have been
tested, but none has been approved for human use. Immune
protection through anti-SEB antibodies has been outlined.
Epsilon Toxin of Clostridium perfringens

The epsilon toxin (ETX) is produced by Clostridium perfringensis
types B and D. It is a gram-positive, rod-shaped, anaerobic,
spore-forming bacterium. The other types of C. perfringens (A,
C, E) cause various human diseases such as gas gangrene and
necrotizing enteritis. Our knowledge is largely based on expe-
rience from animal models, because the types of C. perfringens
carrying ETX are not human pathogens. ETX is a pore-forming
protein and it seems to act through alteration of the perme-
ability of the cellular membrane causing potassium and fluid to
leak from cells. ETX is used in the form of an aerosol and
through poisoning water or food supplies.

Attempts to develop a recombinant vaccine against ETX are
currently under way, although a formalin-inactivated vaccine
exists for susceptible animals. Treatment is most likely
supportive. Hyperimmune serum might be helpful if given
soon after exposure. In mice, a variety of drugs, including
reserpine, diazepam, apomorphine, gammabutyrolactone,
phenothiazines, and butyrophenone derivatives can prevent
death or delay the effects of ETX, but only if they are given
before exposure. A genetically modified toxin can protect mice
against lethal challenge. In natural infections with type B
strains, hyperimmune serum and antibiotics may be helpful.
Toxoid vaccines can prevent type B and D enterotoxemia.
Ricin Toxin

Ricin toxin (RT) is the toxic glycoprotein of the seeds from
castor oil plant (Ricinus communis). This plant is grown
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worldwide. RT is relatively easily extracted from the castor bean
plant and is stable in both hot and cold conditions. It is toxic
when ingested, injected, or even inhaled. Although it is 1000-
fold less toxic than BoNTs, the characteristics mentioned above
make RT suitable for use as a biological weapon and a weapon
for assassination. It is been regarded as one of the most potent
poisons (LD50¼ 3 mg kg�1) and can cause death within
minutes of exposure.

There are several reports on the use of ricin. After World War
I, it was investigated as a potential BWA in the United States.
Ricin has been used for assassination rather than as a weapon
of mass destruction. However, there is some evidence that ricin
has been used in artillery shells in Iraq. It was found in
Afghanistan following the collapse of the Taliban Government
in 2001, and it is suggested that ricin was used to assassinate
three members of the KGB. It was also used in a terroristic
attack on the White House in February 2004.

RT (64 kDa) consists of two peptide chains, A and B, which
are linked by a disulfide bound. The B-subunit binds to
glycoproteins on the surface of epithelial cells, enabling the A-
subunit to enter the cell via receptor-mediated endocytosis. The
A-subunit has the ability to modify catalytically the 28S
subunit of eukaryotic ribosomes to block protein synthesis.
One RT molecule can inactivate 2000 ribosomes per minute,
which ultimately leads to the death of the cell. RT has no
selectivity for specific cells. Therefore, all types of cells are
affected. Native RT, or just the ricin A- chain, is conjugated to
tumor cell–specific monoclonal antibodies, leading to an
antitumor effect, and a number of these compounds have
undergone phase I or phase II clinical trails.

The clinical manifestations and pathological findings of
ricin toxicity vary with the dose and the locus of entry. They
appear within 2–24 h and death may ensue within 36–72 h
after exposure. Transient leukocytosis (two- to fivefold higher
than normal) appears, whether intoxication is via injection or
oral ingestion. In oral (and parenteral) intoxication, cells in the
reticuloendothelial system, such as Kupffer cells and macro-
phages, are particularly susceptible, because of exclusive pres-
ence of the mannose receptor.

Due to poor absorption and some enzymatic digestion, RT
is less toxic by oral ingestion than by other routes. When
ingested orally, the patient presents rapid (less than a few
hours) onset of nausea, vomiting, and abdominal pain; fol-
lowed by diarrhea, hemorrhage from the anus, anuria, cramps,
dilation of the pupils, fever, thirst, sore throat, headache,
vascular collapse, and shock. Death occurs on the third day or
later in 6% of symptomatic patients. On autopsy, multifocal
ulceration and hemorrhage in gastric mucus and mucus from
the small intestine are found. Other findings include lymphoid
necrosis, Kupffer cell and liver necrosis, diffuse nephritis,
diffuse splenitis, and spleen necrosis.

Intravenous low-dose RT administered to cancer patients
were tolerated. Intravenous injection of a lethal dose of RT, as
much as 500 mg in an assassination of a man, caused imme-
diate local pain and weakness, followed by fever, tachycardia,
swollen lymph nodes in the groin after 36 h. On the second
day, he suffered from vascular collapse, shock, and leukocy-
tosis, and on the third day, when he died, atrioventricular
conduction block, anuria, and hematemesis were observed.
Intramuscular or subcutaneous injection of RT has resulted in
severe local lymphoid necrosis, gastrointestinal hemorrhage,
liver necrosis, diffuse nephritis, and diffuse splenitis.

Our knowledge on the clinical manifestations induced by
inhalation of RT is based on animal studies. Diffused necro-
tizing pneumonia with interstitial and alveolar inflammation
and edema resulted from inhalation of a lethal dose of RT. The
time to presentation, clinical manifestations, and time to death
are dose dependent.

Epidemiological findings, such as very severe pulmonary
distress in a previously healthy population, is likely to play
a role in the early diagnosis of RT. ELISA analysis of a swab
sample from the nasal mucosa is a useful method for diagnosis
for at least 24 h after inhalational exposure. Because it is
extremely immunogenic, its antibodies can be detected in
serum within 2 weeks after exposure. Because RT acts rapidly
and irreversibly (directly on lung parenchyma after inhalation
or is distributed quickly to vital organs after parenteral expo-
sure), therapy after exposure is more difficult. Therefore,
immunization of personnel at risk for RT exposure is impor-
tant. Some new type of RT vaccines have undergone early
clinical trials.
Abrin Toxin

Abrin toxin (AT) is a plant toxin and is closely related to RT in
terms of its structure and chemical properties. It is obtained
from the seeds of Abrus precatorius (commonly known as
jequirity bean or rosary pea). The mechanism of AT toxicity,
like RT, involves ribosome inactivating protein synthesis; it
seems that AT is more potent than RT. The clinical manifesta-
tions of AT poisoning are similar to RT in nature and time, and
it ends in organ failure. The principles of management of AT
poisoning are similar to those for RT.
Trichothecene Mycotoxins

Trichothecene mycotoxins (TrMs) including T2 toxin are
produced by a number of fungi, such as Fusarium, Trichoderma,
Myrothecium, Stachybotrys, Cephalosporium, Verticimonosporium,
etc. These toxins have been used several times, for example, in
air attacks in Laos, where it was described as “yellow rain,” and
in Afghanistan and Cambodia. Unconfirmed reports have also
implicated the use of T2 toxin in Yemen and possibly in
combination with mustards during CW attacks in the Iran–
Iraq War.

These mycotoxins (especially T2 toxin) have excellent
potential as weapons when delivered as dusts, droplets, aerosols,
or smoke from aircraft, rockets, missiles, artillery, mines, or
portable sprayers. T2 toxins are about 400-fold more potent
(50 ng versus 20 mg) thanmustard in producing skin injury. TrMs
at lower doses are considered tobeprimarily blistering agents and
at higher doses can produce considerable incapacitation and
death within minutes to hours.

There are some reports on natural TrM-induced diseases: (1)
food-related diseases caused by the presence of a mold, Sta-
chybotrys atra (S. alternans), on the hay fed to domestic animals
in Russia, Yugoslavia, and Hungary; (2) cotton lung disease,
due to inhalation of cotton dust contaminated with Den-
drochium toxicum in Russia; and (3) red mold disease from
wheat in Japan.
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TrMs are cytotoxic to most eukaryotic cells by inhibition of
protein and scheduled DNA synthesis. They can move bidi-
rectionally and freely across the plasma membrane and can
also bind to ribosomes and mitochondria. In addition, TrMs
inhibit electron transport activity, for example, inhibition of
succinic dehydrogenase activity. TrMs are lipophilic and thus
are easily absorbed from intestinal or pulmonary mucous
membranes. However, their absorption rate through the skin is
not as fast as the mucosa. TrMs do not require metabolic acti-
vation. The liver is the major organ for their metabolism. There
are some factors that might affect the severity of disease in an
individual exposed to TrMs. These factors include the nutri-
tional status of the host, liver damage, intestinal infections,
route of toxin administration, and stress.

Acute TrMs exposure can result in immunosuppression;
central nervous system toxicity that presents as anorexia,
lassitude, and nausea; suppression of reproductive organ
function; hypotension and shock. Dermal exposure to TrMs
causes irritation and local cutaneous necrosis and inflamma-
tion in combination with the formation of vesicles and bullae.
Individuals who were exposed to the “yellow rain” in Laos
suffered from severe nausea, vomiting, burning superficial skin,
discomfort, lethargy, weakness, dizziness, and loss of coordi-
nation, followed by watery to bloody diarrhea. Gradually, they
presented dyspnea, coughing, sore mouth, bleeding gums,
epistaxis, hematemesis, abdominal pain, and mid-chest pain.
Exposed cutaneous areas can become red, tender, swollen,
painful, or pruritic. Also vesicles and bullae can form; and
petechiae, ecchymoses, and black, leathery areas of necrosis can
appear. The potency of T2 for skin damage is 100 times more
than other CW agents, even sulfur mustard. Eye contact with
TrMs leads to tearing, burning sensation, and blurred vision
that might last a couple of weeks.

Chronic exposure to TrMs causes a disease condition called
alimentary toxic aleukia (ATA) with four different stages. ATA in
man is characterized by leukopenia, agranulocytosis, necrotic
angina, a hemorrhagic rash, sepsis, exhaustion of the bone
marrow, bleeding from the nose, throat, and gums, and fever.

Different sizes of aerosols can involve not only the upper
and lower respiratory tracts, but can also lead to secondary
exposure in the gastrointestinal tract, after clearing of the
tracheobronchial tree, as happened in Southeast Asia.

The following events suggest the occurrence of a biological
warfare attack with TrMs:

l Clinical findings that match the symptoms and signs listed
above

l High rate of attacks and fatality
l All types of dead animals
l Onset of symptoms after yellow rain or red, green, or white

smoke or vapor attack

As with other BWAs and CWAs, use of masks and protective
clothes, as well decontamination of the skin with soap and
water, on approach to patients exposed to TrMs is important.
Delayed skin washing, even up to 4–6 h after exposure, might
be effective. Standardized critical care toxicology should
be performed for individuals who are exposed to TrMs.
Symptomatic and supportive measures for the treatment of
exposure to TrMs are almost the same as for casualties of
mustard gas poisoning. Upper respiratory irritation can be
relieved by steam inhalation and codeine, or other cough
suppressing substances. The early use of high doses of systemic
glucocorticosteroids may increase survival time by decreasing
the primary injury and the shock-like state. Based on animal
studies; administration of activated charcoal, magnesium
sulfate, selective platelet-activating factor antagonists and
methylthiazolidine-4-carboxylate, which enhances the hepatic
glutathione content, may be effective.
Category C BWAs

The agents classified as category C by the Centers of Disease
Control and Prevention are emerging pathogens that could
someday be engineered for mass exposure because of avail-
ability, ease of production and dissemination, and potential for
high morbidity and mortality. Category C BWAs include hanta
viruses, multidrug-resistant tuberculosis, Nipah virus, the tick-
borne encephalitis viruses, the tick-borne hemorrhagic fever
viruses, and yellow fever. Preparedness for category C agents
requires ongoing research to improve disease detection, diag-
nosis, treatment, and prevention. Newly emergent pathogens
for possible use as a BWA or in a terrorist attack are impossible
to know in advance and require studies using new technologies.

See also: Blister Agents/Vesicants; Botulinum Toxin;
Chemical Warfare; Gastrointestinal System; Ricin and Other
Toxalbumins; Staphylococcus aureus; Sulfur Mustard; Toxicity,
Acute.
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l Chemical Abstracts Service Registry Number: 111-96-6
l Synonyms: Diglyme, Dimethoxy diethylene glycol, Diethyl

glycol dimethyl ether, 2-(2-Methoxyethoxy)-1-methoxy-
ethane, (2-Methoxyethyl) ether

l Molecular Formula: C6H14O3

l Chemical Structure:
Background

Bis (2-methoxyethyl) ether, also known as diglyme, is a linear
aliphatic diether widely used as a solvent and present as a clear
liquid at room temperature with a mild ether odor. The
compound isnot known tooccur innature. It is synthesized from
ethylene oxide and methanol in the presence of either acidic or
basic catalysts. The reaction is based on the classic Williamson
ether synthesis. It can also be produced from diethylene glycol
and dimethyl sulfate. In June 2012, ECHA proposed addition of
diglyme to the REACH very high concern list.
Uses

Bis (2-methoxyethyl) ether, due to being chemically inert and
possessing excellent solvent properties, is mainly used as
a solvent and an anhydrous reaction medium for organome-
tallic synthesis. It is also used as a solubilizer.
Environmental Fate and Behavior

l Relevant physicochemical properties
Freezing point ¼ �68 �C.
Boiling point ¼ 162 �C.
Log Kow ¼ �0.36.
Solubilities: Miscible with alcohol, ether, hydrocarbon
solvents; soluble in benzene; miscible in water.
Henry’s law constant¼ 5.23� 10�7 atm-cu mmol�1 at 25 �C.

l Routes and pathways
l Partition behavior in water, sediment, and soil

Atmospheric fate: Bis (2-methoxyethyl) ether will present as
a vapor, when released to air, at a vapor pressure of
2.96 mmHg at 25 �C. The vapor phase is easily degraded in
the atmosphere by reaction with photochemically produced
hydroxyl radicals. The half-life for the reaction is estimated
to be 22 h. Bis (2-methoxyethyl) ether does not contain
chromophores that will absorb at wavelengths >290 nm
and therefore is not expected to be susceptible to direct
photolysis by sunlight.
Terrestrial fate: Bis (2-methoxyethyl) ether has very high
mobility in soil based on the estimated Koc of 15, when
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
released to soil. It may volatilize from dry soil surfaces
based upon its vapor pressure.
Aquatic fate: Bis (2-methoxyethyl) ether does not absorb to
suspended solids and sediments when released into water.
Hydrolysis is not an important environmental matter
because bis (2-methoxyethyl) ether does not contain
a functional group that can hydrolyze under environmental
conditions.

l Environmental persistency
Bis (2-methoxyethyl) ether is considered moderately
persistent in the environment. Bis (2-methoxyethyl) ether
releases into the environment are to be expected from its use
as a solvent, reaction medium, and separating agent in
industrial processes. Bis (2-methoxyethyl) ether is miscible
in water and has a lowHenry’s law constant leading to a low
volatility from aqueous solutions. From this and its use
pattern, it is expected that the main target compartment of
the chemical will be the hydrosphere.

l Long-range transport
Bis (2-methoxyethyl) ether is easily deposited with rain and
other wet deposition. From its short half-life in atmospheric
reactions, long-distance transport of bis (2-methoxyethyl)
ether in ambient air is assumed to be negligible.

l Bioaccumulation and biomagnification
An estimated BCF of 3 was calculated in fish for bis (2-
methoxyethyl) ether. This suggests that the potential for
bioconcentration in aquatic organisms is low.
Exposure and Exposure Monitoring

l Routes and pathways
Dermal, inhalation, and ingestion.

l Human exposure
Occupational exposure to bis (2-methoxyethyl) ether may
occur through inhalation and dermal contact with this
compound at workplaces where it is being produced or
used. Monitoring data indicate that the general population
may be exposed to bis (2-methoxyethyl) ether via inhala-
tion of vehicle exhaust and ingestion of contaminated
drinking water.

l Environmental exposure
Bis (2-methoxyethyl) ether production and use as a solvent
and an anhydrous reaction medium for organometallic
synthesis or as a solubilizer may result in its release to the
environment through various waste streams.
Toxicokinetics

Multiple studies on the metabolism of bis (2-methoxyethyl)
ether in experimental animals demonstrated that the compound
is rapidly and completely absorbed from the gastrointestinal
tract of both rats andmice. There are two principal pathways for
metabolism of bis (2-methoxyethyl) ether including an
4-3.01209-4 509
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oxidative dealkylation andanoxidative demethylation. Both are
implicated to involve cytochrome P-450 enzyme. The oxidative
dealkylation begins with the cleavage of an interior ether bond
to formally give twomolecules of 2-methoxyethanol, which has
been extensively investigated with regard to its metabolism and
toxicity. 2-Methoxyethanol is then oxidatively converted, by
way of the aldehyde, to yield 2-methoxyacetic acid. This
metabolite, 2-methoxyacetic acid, has shown evidence of accu-
mulation in animals and in greater concentrations in human. In
humans, its half-life was calculated to be 77 h. 2-Methoxyacetic
acid has also been associated with testicular toxicity in male
experimental animals and development of the conceptus in
pregnant female animals. In rats, most of the 2-methoxyacetic
acid is excreted in the urine but some is conjugated with glycine
to produce the amide N-methoxyacetyl glycine. The oxidative
demethylation, on the other hand, by unspecified cytochrome
P-450 isozymes to give 2-(2-methoxyethoxy) ethanol, which is
then oxidatively converted by way of the corresponding alde-
hyde to give 2-(2-methoxyethoxy)acetic acid. Themajor route of
elimination is through the urine.
Mechanism of Toxicity

The metabolite 2-methoxyacetic acid, which is generated from
2-methroxyethanol by the reaction of alcohol dehydrogenase,
may be important for the toxic effects. It can undergo activation
to methoxyacetyl coenzyme A and enter the Krebs cycle or fatty
acid biosynthesis. Several metabolites of 2-methoxyethanol,
such as 2-methoxy-N-acetyl glycine, have been identified that
support this pathway. Thus, 2-methoxyacetic acid may interfere
with essential metabolic pathways of the cell, and it was
hypothesized that this causes the testicular lesions and mal-
formations in experimental animals.
Acute and Short-Term Toxicity

The acute oral toxicity of bis (2-methoxyethyl) ether is low. The
oral LD50 for the rat is 5400 mg kg�1 bw and for the mouse
6000 mg kg�1 bw. Poisoning symptoms are restlessness and
breathing difficulties. Necropsy of animals found dead revealed
changes in lung and liver. Bis (2-methoxyethyl) ether is not
a sensitizer.

Chronic Toxicity

Repeated-dose toxicity studies by the oral and/or inhalation
route demonstrated that themale reproductive organs followed
by the bone marrow are important target organs for high-level
bis (2-methoxyethyl) ether exposure.
Reproductive Toxicity

The main targets in male animals after repeated intake of
bis (2-methoxyethyl) ether are the reproductive organs. In
a 2-week inhalation studies in male rats, dose-dependent
decreases in weights of testes, epididymides, prostate, and
seminal vesicles were observed. The testes were atrophic and
damage of the spermatocytes was also observed. Experiments
with mice showed morphologically altered sperm, mainly with
amorphous heads, after exposure to 1000 ppm or 5580 mg l�1.
The positive results may be due to the effects of bis
(2-methoxyethyl) ether on fertility. Bis (2-methoxyethyl) ether
is also a strong teratogen. It was found to be a developmental
toxicant both via inhalation and oral ingestion in rats, rabbits,
and mice. It is capable of disrupting normal morphogenesis in
a wide variety of tissues and organ systems. The reproductive
toxicity of bis (2-methoxyethyl) ether is attributed to the minor
metabolite of 2-methoxyacetic acid.
Genotoxicity

Multiple Salmonella typhimurium reverse mutation assays show
lack of mutagenic activity in the presence or absence of
metabolic activation and in vitro DNA damage and chromo-
some aberration studies have produce negative results.
A study investigating the in vivo genotoxicity of bis
(2-methoxyethyl) ether after inhalation exposure indicated
a lack of genotoxic activity as evidenced by no increase in
bone-marrow cell chromosome aberrations after exposures to
levels of bis (2-methoxyethyl) ether that cause testicular
damage.
Clinical Management

Following any route of exposure, remove from exposure or
possible sources of exposure. In cases of ocular exposure, flush
eye thoroughly, do not use ointment, and seek medical
attention. In cases of dermal exposure, remove any contami-
nated clothing and wash skin with gentle soap thoroughly.
Treat skin with an emollient and if irritation persists, seek
medical attention. In cases of inhalation exposure, seek
medical attention. If ingested, do not induce vomiting, if
breathing has stopped, administer mouth to mouth resusci-
tation and seek medical attention. Further treatment is
symptomatic.
Ecotoxicology

l Freshwater/sediment organisms toxicity
Bis (2-methoxyethyl) ether exhibited a low toxicity to
aquatic organisms.

l Marine organisms toxicity
None known.

l Terrestrial organisms toxicity
Due to lack of measured exposure levels, a sample risk
characterization with respect to terrestrial organisms cannot
be performed. However, from the use pattern of bis (2-
methoxyethyl) ether, significant exposure of terrestrial
organisms is not to be expected.
Other Hazards

Bis (2-methoxyethyl) ether is easily absorbed through dermal
route due to its high reprotoxic potency. Therefore, all exposure
of the general public to bis (2-methoxyethyl) ether should be
avoided.
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Exposure Standards and Guidelines

A guidance value for uptake of bis (2-methoxyethyl) ether via
inhalation, a value of 0.1 ppm or 0.6 mg l�1 would be
obtained. For the oral route, a guidance value of 0.25 mg kg�1

body weight would be obtained.

See also: Diethylene Glycol; Dimethyl Ether; Solvents.
Further Reading
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Bis-Chloromethyl Esther see Chloromethyl Ether, Bis-
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l Name: Bismuth
l Chemical Abstracts Service Registry Number: 7440-69-9
l Valence State: þ3
Background Information

Bismuth has been used for centuries, although it is often
confused with other metals with similar properties, such as tin
and lead. Bismuth is one of the first elements known to man,
although uses for it have been developing more recently than
most others that have been known for a long time. Like water,
the solid form is less dense than the liquid, known as a density
anomaly.
Uses

Several bismuth compounds have been used medicinally.
Some are used for gastrointestinal distress (Pepto-Bismol�

contains bismuth subsalicylate). Others are used as salves and,
in rare cases, for treatment of parasites. In the past, bismuth was
also used to treat syphilis and malaria.

Commercially, bismuth is also used in the manufacture of
permanent magnets, semiconductors, and thermoelectric
materials; as a catalyst in making acrylonitrile; and as an
additive to improve the machinability of steels and other
metals.

Bismuth is also frequently used in cosmetics, generally nail
polish and lipstick.
Environmental Fate and Behavior

In aerated water, bismuth oxidizes; however, in an anaerobic
aqueous environment, bismuth is unaffected. Similarly, in the
atmosphere, bismuth is unaffected unless condensation or
deposition of water occurs.

Due to the inability for air and water to affect bismuth
under most circumstances, bismuth tends to persist until wet or
dry deposition, and therefore long-range transport is possible
and likely.
Exposure and Exposure Monitoring

The primary exposure pathway for bismuth is from medicinal
preparations that are administered orally or intramuscularly.
12 Encyclopedia of T
For the general population, the total daily intake via food is
w5–20mg, with much smaller amounts contributed by air and
water. The cosmetic use of bismuth compounds still continues
to be fairly widespread.
Toxicokinetics

Bismuth compounds are considered to be poorly to moderately
absorbed following inhalation, topical application, or inges-
tion. Gastrointestinal absorption depends on the water solu-
bility of bismuth salts. Citrate enhances intestinal absorption.
Absorbed bismuth is distributed throughout the soft tissues
and bone. The biological half-life for whole-body retention is
w5 days, but intranuclear inclusions containing bismuth seem
to remain for years in the kidneys of patients treated with
bismuth compounds. Peak plasma bismuth concentrations
were noted within 1 h of consuming colloidal bismuth sub-
citrate, with none being detected by 4 h. Bismuth can accu-
mulate, however, with repeated colloidal bismuth subcitrate
exposures. Bismuth binds to plasma proteins and concentrates
in the kidneys, the liver (to a lesser extent), and the skin.
Bismuth can displace bound lead, thus increasing the concen-
tration of lead in the circulatory system. Urine is the major
route of excretion. For some bismuth compounds, elimination
may be split equally between urine and feces.
Mechanism of Toxicity

The mechanism by which bismuth produces toxicity has not
been identified. Interaction with thiol compounds has been
proposed as a primary mechanism.
Acute and Short-Term Toxicity (or Exposure)

Animal

The oral rat LD50 for bismuth metal is 5 g kg�1. Insoluble salts,
for example, bismuth nitrate and bismuth trioxide, also have
reported oral LD50 values in rats of 4–5 g kg�1.
Human

Oral human LDLo is equal to 221mg kg�1. Adverse acute reac-
tions to bismuth include acute renal failure following ingestion
of excessive concentrations. Bismuth can cause nausea, vomiting,
and abdominal pain within hours of exposure. Muscle cramps
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00822-8
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and weakness, blurred vision, and hyperreflexia may be exhibi-
ted. Liver transaminase activities may be elevated.
Chronic Toxicity (or Exposure)

Animal

In animals, bismuth interferes with the metabolism of copper
and zinc, induces metallothionein, and can alter heme biosyn-
thesis in the liver and kidney. Bismuth has not been found to be
carcinogenic in animal models. Bismuth subnitrate can decrease
Leydig cell density and plasma testosterone levels in rats.
Human

High-level exposure causes renal failure with degeneration and
necrosis of the epithelium of the renal proximal tubules, fatty
changes and necrosis of the liver, reversible dysfunction of the
nervous system, skin eruptions, and gingivitis and pigmenta-
tion of the gums and intestine. Effects in humans also include
reversible neurotoxic and sometimes fatal encephalopathy and
bone weakness. Symptoms of bismuth poisoning include fever,
weakness, pain similar to rheumatism, and diarrhea. Certain
people display a rash. Bismuth salts may cause contact sensi-
tivity. The bone and brain may also be targets for toxicity.
Reproductive Toxicity

There is currently no evidence suggesting that bismuth is
a reproductively toxic material in animals or humans.
Genotoxicity

Bismuth subsalicylate (Pepto-Bismol) was negative in the Ames
assay at concentrations up to 0.67mg per plate. There have
been some more recent studies with bismuth in reverse muta-
tion or chromosome aberration that showed positive results
from treatment with bismuth.
Carcinogenicity

While data on the carcinogenesis of bismuth are limited, there
are studies that have shown that bismuth subcarbonate does
not induce cancerous growth or affect survival rates in experi-
mental animals.
Clinical Management

There does not appear to be an antidote of choice for bismuth
toxicity in humans. Gastric lavage can be used within 1 h of
exposure. Replace fluids and electrolytes. Monitor renal and
liver function for several days and treat failure conventionally.
The newer chelating agents, meso-2,3-dimercaptosuccinic acid
and D,L-2,3-dimercapto-propane-L-sufonic acid, are being
investigated experimentally as antidotes for bismuth toxicity,
and the latter has been shown to be effective. In mice, D-
penicillamine has proven effective.
Ecotoxicology

Little information is available on the ecotoxicity of bismuth or
bismuth compounds, although data suggest that while
bismuth escapes into the environment regularly, and can be
solubilized by acid rain, there are no health effects on plants,
animals, or humans.
Exposure Standards and Guidelines

The permissible exposure limit (PEL), threshold limit value
(TLV), and recommended exposure limit for bismuth metal
have not been established. The PEL for bismuth trioxide is
15mg m�3. The PEL for bismuth subsalicylate is 15mg m�3,
and the TLV is 10mg m�3.
Miscellaneous

Bismuth is the most highly diamagnetic and the least effective
thermal conductor among metals.
See also: Metallothionein; Metals.
Further Reading

Bingham, E., Cohrssen, B. (Eds.), 2012. Patty’s Toxicology, sixth ed. John Wiley &
Sons, Hoboken, NJ.

Fowler, B.A., Sexton, M.J., 2009. Bismuth. In: Nordberg, G.F., Fowler, B.A.,
Nordberg, M., Friberg, L.T. (Eds.), Handbook on the Toxicology of Metals, third ed.
Elsevier, New York, pp. 433–445.

Pedersen, L.H., Stoltenberg, M., Ernst, E., West, M.J., 2003. Leydig cell death in rats
exposed to bismuth subnitrate. J. Appl. Toxicol. Jul–Aug 23 (4), 235–238.

Reynolds, P.T., Abalos, K.C., Hopp, J., Williams, M.E., 2012. Bismuth toxicity: a rare
cause of neurologic dysfunction. Int. J. Clin. Med. 3, 46–48.

Winship, K.A., 1982. Toxicity of bismuth salts. Adverse Drug React Acute Poisoning
Rev 2: 103–121; J. Appl. Toxicol. 23, 235–238.
Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Bismuth.

http://www.intox.org – International Programme on Chemical Safety.
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l Bisphenol A
l Chemical Abstracts Service Registry Number: CAS 80-05-7
l Synonyms: 4,4’-(1-Methylethylidene)bisphenol; 4,4’-Bisphe-

nol A; 4,4’-Isopropylidenediphenol; Phenol, 4,4’-(1-methyl-
ethylidene)bis-; 2,2-(4,4’-Dihydroxydiphenyl)propane

l Molecular Formula: C15-H16-O2

l Chemical/Pharmaceutical/Other Class: Phenolic
l Chemical Structure:

Background (Significance/History)

Bisphenol A (BPA) was first synthesized in 1891, but it was not
used widely until applications in the plastic industry were
identified the 1950s. One method of production is by the
condensation of 2 mol of phenol with 1 mol of acetone while
bubbling hydrogen chloride through the mixture. In 1953, the
polycarbonate plastic manufacturing process was described
using BPA as the starting material. Commercial production of
polycarbonates began in 1957 in the United States and in 1958
in Europe.
Uses

BPA is one of the highest production chemicals in the world,
with a total production of over 3.7 million metric tons per year.
Approximately 90% of all BPA is used as an intermediate in the
production of epoxy resins and polycarbonate plastics. Epoxy
resins are used as food-contact surface coatings for cans (to
allow high-temperature sterilization), metal jar lids, coatings
and finishes, automobile parts, adhesives, aerospace applica-
tions, and as a coating for polyvinyl chloride (PVC) water pipe
walls. Polycarbonate plastics are hard, shatter-proof plastics
used to make numerous products, such as eyeglass lenses, water
bottles, and consumer electronics. Some, but not all, dental
sealants contain BPA. In addition, BPA is a component of some
specialty applications, such as flame retardants, and as
an antioxidant and stabilizer in the production of PVC and
other plastics.
Exposure and Exposure Monitoring

Although BPA can be released into the environment during the
production, processing, and use of BPA-containing materials,
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levels in environmental samples are generally very low or
undetectable. This is because BPA has low volatility and a short
half-life in the atmosphere, is rapidly biodegraded in water,
and is not expected to be stable, mobile, or bioavailable from
soils. Most human exposures occur via residues contained in
food or beverages that have been in contact with polycarbonate
plastic or with containers lined with epoxy resins, as these
products can contain trace amounts of the original compound,
and additional BPA may be generated during the breakdown of
the product.

Human exposures to BPA have been estimated based on (1)
levels of BPA measured in human blood and urine, (2) human
and other primate pharmacokinetic data, and (3) food intake
estimates. Estimates based on urine measurements and phar-
macokinetic data suggest BPA intakes that range from <0.03 to
1.61 mg kg�1 day�1, while those based on food intake studies
report ranges of <0.01–13 mg kg�1 day�1. Food intake esti-
mates often are based on worst-case scenarios, such as
assuming infants drink milk or formula strictly out of poly-
carbonate bottles. Early estimates based on measured concen-
trations in human blood suggest exposures as high as 5–
480 mg kg�1 day�1. This discrepancy was addressed in a robust
study in which blood and urine samples were collected hourly
over 24 h from 20 volunteers who ate meals enriched with
canned food at the laboratory. The average urinary BPA level
among volunteers was higher than estimates for 95% of the US
population based on a Centers for Disease Control and
Prevention study, confirming high exposures. All blood
samples contained BPA levels below the limit of detection,
which is consistent with the amount measured in urine and
what was predicted based on prior pharmacokinetic studies,
and indicates that blood measurements from prior studies were
most likely inaccurate. Blood samples have been shown to be
contaminated with BPA from tubing and solvents used during
sample collection and processing, which could have led to the
erroneously high measurements.
Toxicokinetics

The toxicokinetics of BPA have been extensively studied in rats,
primates, and humans. While there are many similarities
regarding how these species absorb, metabolize, and excrete
this compound, there are also some significant differences that
are critical to understand its potential toxicity.

Several studies have demonstrated the rapid clearance of
BPA following oral administration in adult rats. The principal
metabolite of BPA in the rat is BPA-monoglucuronide (BPA-
glucuronide), but there are route- and dose-dependent
differences in the toxicokinetics of BPA in this species. BPA
administered by the oral route has reduced bioavailability and
greater metabolism when compared with the subcutaneous
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00366-3
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route of exposure. This is consistent with the role of the liver
and gut in the first-pass metabolism of BPA through the oral
exposure route. Age dependency for the elimination of BPA-
glucuronide was also observed with more rapid elimination of
BPA-glucuronide from the plasma of neonates (t1/2: 1.9–9.8 h)
when compared with adult animals (t1/2: 4.6–22.5 h), likely
due to reduced microflora ß-glucuronidase activity in neonates
and thus an absence of enterohepatic recirculation. Nearly
complete metabolism of BPA to BPA-glucuronide (94–100% of
the plasma radioactivity) was observed at a dose of 1 mg kg�1.
Unlike the parent compound, BPA-glucuronide is not a ligand
for the estrogen receptor. Studies indicate that BPA does not
accumulate in body fat or sex organs of either male or female
test animals, but is excreted via the urine and feces.

Pharmacokinetic studies in adult rhesusmonkeys have found
that BPA is eliminated with a similar profile as rats (primarily via
the BPA-glucuronide, with a slightly higher percentage as the
sulfate conjugate), although the elimination is even more rapid
via oral and intravenous administration (t1/2: 2.5–3.6 h). As with
rats, there is decreased bioavailability via the oral route due to
first-pass metabolism in the gut and liver. In contrast to the age
dependence observed in rats, rhesus monkey neonates did not
exhibit a different metabolic profile – elimination half-lives were
essentially the same as adults (t1/2: 2.6–4.6 h). In general, for
both adults and neonates, 0.1–2% of the total BPA dose was
present in the unconjugated form following oral administration.
It was reported that the pharmacokinetics in adult monkeys
dosed at 100 mg kg�1 bodyweight was similar to that in humans.

In BPA-dosed human volunteers, BPA was cleared from
human blood and urine with a half-life between 5 and 7 h (t1/2:
5–7 h), and the applied dose was completely recovered in the
urine in the glucuronide form. As with nonhuman primates,
most of the BPA to which humans are exposed is metabolized
in the liver and intestine and then eliminated in urine, so a very
low percentage (estimated to be about 1%) reaches the general
circulation, and BPA does not accumulate in the body after
ingestion. Although BPA in rodents is also metabolized in the
liver and intestine, enterohepatic recirculation after oral expo-
sure (discussed above) prolongs the maintenance of BPA at low
levels in systemic circulation in these animals.
Mechanism of Toxicity

Initial investigations of BPA’s endocrine activity with the MCF-
7 human breast cancer cell line showed that BPA binds to the
estrogen receptor with a relative potency that is three to four
orders of magnitude less than that of 17ß-estradiol. BPA eli-
cited estrogenic effects (e.g., increased cell proliferation) at
concentrations at or above 2 mg l�1. In addition to acting as
a weak estrogen mimic, BPA also competitively inhibits
estrogen from binding to the estrogen receptor. Recent in vitro
studies have confirmed that BPA acts as a weak agonist at the
estrogen receptor as well as an antagonist at the androgen
receptor. These studies found increased expression of estrogen
receptor 1-a and androgen receptors in prostate cells treated
with BPA. In addition, some studies have also found alternative
receptor pathways for BPA, including activation of protein
kinases via a membrane G-protein-coupled estrogen receptor,
and high-affinity binding to the estrogen-related receptor-g.
In vivo studies have reported a variety of endocrine-related
effects for BPA. In addition to confirming estrogen-like
activity and inhibition of estrogenic activity, exposure to BPA
in animal models at relatively high doses has been associated
with alterations in hypothalamic–pituitary function, differ-
ential modulation of ER-a protein expression, impact on
brain organization via corticosterone-mediated actions,
alteration of dopamine metabolism, and modulation of
insulin secretion.
Acute Toxicity

Animal

The acute toxicity of BPA is relatively low. One to three hours
after ingestion of high doses of BPA, animals exhibited atony
and profuse diarrhea. Published LD50 values for oral exposures
to laboratory mammals are 4150 mg kg�1 body weight in
male F344 rats, 3300 mg kg�1 body weight in female F344
rats, 5280 mg kg�1 body weight in male B6C3F1 mice,
4100 mg kg�1 body weight in female B6C3F1 mice,
2230 mg kg�1 body weight in rabbits, and 4000 mg kg�1 body
weight in guinea pigs. The LD50 is much lower after intraperi-
toneal injection, at 150 mg kg�1 body weight in mice.
Human

One clinical report describes photoallergic contact dermatitis to
BPA, with subsequent persistent light reactivity, in a group of
eight outdoor workers.
Chronic Toxicity

The estrogenic effects of BPA at high doses are well-understood
and generally agreed upon by scientists, but the low-dose
hypothesis purports that different hormonal effects occur at
levels below which other adverse effects have been observed.
The lowest level at which adverse effects have been reported in
toxicity tests is 50 mg kg�1 day�1, - to address the low-dose
hypothesis, studies of BPA at doses an order of magnitude or
lower (i.e., <5 mg kg�1 day�1) are considered relevant. It
should be emphasized, however, that human exposures are
likely to be two to three orders of magnitude lower than this
dose.

The majority of low-dose BPA studies have been conducted
in rodents. Based on the toxicokinetic studies discussed above,
one should consider that internal doses in these studies are
higher than humans would experience based on the same
exposure, and this is particularly true for non-oral exposures. In
general, the studies summarized below are the most recent
and/or the most reliable for determining the potential for toxic
effects from BPA.
Reproductive and Developmental Toxicity

Based on hundreds of animal studies with BPA doses
<5 mg kg�1 day�1, there is an overwhelming preponderance of
lack-of-effect findings compared to findings of effect over
a wide variety of reproductive and developmental toxicity
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endpoints. The most robust reproductive and developmental
BPA studies are the multigenerational studies conducted with
Sprague–Dawley rats and CD-1 Swiss mice. These studies
examined a wide variety of hormonally sensitive end points,
a large number of animals, and a wide range of oral doses.

These studies included a two-generation reproductive study
in rats, using groups of 25 males/25 females and gastric
intubation doses of 0.2, 2, 20, or 200 mg kg�1 day�1. No BPA-
related effects were reported on body weight, food consump-
tion, organ weights, surface righting reflex, negative geotaxis
reflex, mid-air righting reflex, pinna detachment, incisor erup-
tion, eye opening, testes descent, preputial separation (PPS),
vaginal opening, behavior in the open field or water filled
multiple T-maze, estrous cyclicity, copulation index, fertility
index, number of implantations, gestation length, litter size,
pup weight, pup sex ratio, pup viability, or other functional
reproductive measures. The authors report several significant
changes in the anogenital distance per cube root of body weight
ratio at various time points and doses, but they also state that
these changes were consistently small, and no continuous
changes were detected.

Another of these studies was a similar multigeneration test
conducted in rats. They used groups of 30 male/30 female rats,
and administered BPA in diet at 0.001, 0.02, 0.3, 5, 50, and
500 mg kg�1 day�1 over three generations. The authors report
that mating, fertility, and gestational indices; ovarian primor-
dial follicle counts; estrous cyclicity; precoital interval; gesta-
tional length; offspring sex ratios; postnatal survival; nipple/
areolae retention in preweanling males; epididymal sperm
number, motility, morphology; daily sperm production (DSP);
and efficiency of DSP were all unaffected at any dose or time
point. Systemic toxicity in adults was reported at 50 and
500 mg kg�1 day�1, including reduced body weights and body
weight gains, and reduced absolute and increased relative
weanling and adult organ weights (liver, kidneys, adrenals,
spleen, pituitary, and brain). A few reproductive end points
were affected at 500 mg kg�1 day�1, including vaginal patency
and delayed PPS.

The same group of investigators also conducted a two-
generation reproduction study in mice. Groups of 28 male/28
female mice were administered BPA via the diet at 0.003, 0.03,
0.3, 5, 50, or 600 mg kg�1 day�1), and an additional group was
administered 0.5 ppm 17ß-estridiol as a positive control. In
adults, systemic effects were seen at 50 mg kg�1 day�1 (cen-
trilobular hepatocyte hypertrophy) as well as at
600 mg kg�1 day�1 (reduced body weight, increased kidney
and liver weights, centrilobular hepatocyte hypertrophy, and
renal nephropathy in males). Reproductive effects observed at
600 mg kg�1 day�1 included reduced F1/F2 weanling body
weight, reduced weanling spleen and testes weights (with
seminiferous tubule hypoplasia), slightly delayed PPS, and
apparently increased the incidence of treatment-related, unde-
scended testes. The authors indicate that many of the repro-
ductive effects were transient, and hypothesize they were
secondary to the observed systemic toxicity.

Among all other BPA low-dose animal studies, there are
some that reported responses at some low doses, but no
marked or consistently repeatable effects were observed for any
health end point. Reported effects are not consistent between
rats and mice, and there are no consistent patterns among dose
groups and evaluation times. The reported effects considered
together lack any common pattern consistent with a hormonal
mode of action. Notably, this includes rat studies of prostate
weight, so the original findings that spurred the low-dose
hypothesis have not been corroborated.
Neurotoxicity

During fetal and childhood development, natural hormones
can influence brain development and subsequent behavior,
including sexual behavior and other social interactions. Thus,
several investigators examined whether low doses of BPA
during fetal development can affect subsequent behavior of
pups. Early studies evaluated a number of endpoints, but their
interpretation is hampered by a lack of understanding of
whether results are applicable to humans. Even so, there is no
consistent evidence among these studies that low doses of BPA
(e.g., <5 mg kg�1 day�1) cause adverse effects on behavioral
endpoints.

Because the relevance of these studies to humans is not
clear, two recent studies were conducted (one by US Environ-
mental Protection Agency (US EPA)) using robust, validated
methodology to assess the effects of low doses of BPA on the
developing brain. One evaluated functional and morpholog-
ical effects in offspring of rat dams exposed to BPA in their diet
from gestational day 0 to lactation day 21 at doses between
0.01 and 410 mg kg�1 day�1 (five different dose groups; doses
were evaluated during both gestation and lactation, and doses
in each dose group during lactation were generally two- to
threefold higher than doses during gestation). The authors
observed the offspring for clinical outcomes, auditory startle,
motor activity, learning and memory, brain morphometry, and
brain and nervous system neuropathology; there were no
significant effects on any of the parameters at the doses tested.
The authors did report effects on maternal and pup weight
gains at the dose group corresponding to 5.85 mg kg�1 day�1

(gestation) and 13.1 mg kg�1 day�1 (lactation). A similar study
design was employed in the second study to evaluate sexually
dimorphic behavior, puberty, fertility, and anatomy in rats,
although they also included a positive control (ethinyl estra-
diol or EE2) in their study. Female rats were exposed via oral
gavage at 2, 20, and 200 mg kg�1 day�1 (or 0.05–
50 mg kg�1 day�1 of EE2) from gestation day 7 to postnatal day
18, and only female offspring were evaluated. While female
offspring exposed to EE2 were reported to have multiple effects
related to exposure (increased anogenital distance, accelerated
age at vaginal opening, malformation of genitalia, more male-
like behavior, and absence of lordosis behavior), these effects
were not observed at any BPA dose levels. In summary, these
studies found no evidence of neurological effects in animals
exposed to low doses of BPA.
Immunotoxicity

Because there are natural interactions between hormones and
the immune system, several investigators have studied whether
BPA is associated with altered immune function. The data are
currently insufficient for drawing conclusions about possible
immunological effects at low doses such as those experienced
by humans. In light of several multigenerational studies
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reporting no pathology indicative of immune system
dysfunction at low doses, the findings reported in studies on
immunological effects are unlikely to be indicative of potential
human risks.
Carcinogenicity

Researchers have also examined whether BPA could be carcino-
genic via a hormonal mode of action. BPA was first tested for
carcinogenicity by the US National Toxicology Program (NTP),
which concluded, “Under the conditions of this bioassay, there
was no convincing evidence that BPA was carcinogenic for F344
ratsorB6C3F1mice of either sex.”Rats andmicewere exposed for
103 weeks, but not prenatally or during early life, in these assays.

Based on the available data, none of the prominent
governmental and international organizations classify BPA as
a carcinogen. NTP does not list BPA as a carcinogen in the latest
(12th) edition of its Report on Carcinogens nor does the
International Agency for Research on Cancer, a division of the
World Health Organization. BPA is also not listed as a carcin-
ogen in US EPA’s Integrated Risk Information System, and,
based on the results of the NTP study discussed above, the
European Union (EU) also concludes that BPA does not have
carcinogenic potential. In addition, in 2002, a panel of prom-
inent scientists conducted a weight-of-evidence evaluation of
potential BPA carcinogenicity and concluded that “BPA is not
likely to be carcinogenic to humans,” citing the NTP bioassay as
providing “no substantive evidence to indicate that BPA is
carcinogenic to rodents.”

In the last decade, several non-oral BPA studies examined
the association between BPA and several precursors to cancer.
While some studies showed associations between BPA and
these precursors, none actually reported cancer. Other studies
evaluated BPA in conjunction with other chemical exposures.
While some animals developed cancer in these studies, these
results are not necessarily applicable to humans. Thus, these
recent findings are not indicative of BPA being a human
carcinogen.
Human Studies

Several human studies have evaluated the association
between BPA and various health effects in humans. The health
effects assessed include, for example, premature birth,
miscarriages, obesity, polycystic ovarian syndrome, cancer,
altered sperm and semen characteristics, and other repro-
ductive endpoints. While some statistically significant asso-
ciations have been reported, the majority of these studies have
methodological limitations making their results difficult to
interpret. In general, they are hypothesis-generating studies
insufficient for determining causality. Several studies
measured urinary BPA, which largely comprises conjugated,
biologically inactive BPA. Other studies used blood
measurements that were likely inaccurate because of labora-
tory contamination or the use of an inaccurate analytical test
method. Even in studies with accurate analytical test methods,
the exposures in the general population are very low and
occur in such a low range (e.g., 2–3 mg l�1 in urine) that it is
difficult to discern a true effect from statistical noise (and also
to determine if a dose–response relationship exists). The
majority of studies were cross-sectional in nature. In these
studies, BPA was measured at the same time as the health
effect was assessed, so it cannot be known whether BPA was
causally associated with the effect. Other studies have also
shown that BPA is correlated with concentrations of other
chemicals, which could confound the relationships in studies
reporting effects associated with BPA. Finally, the findings of
these human studies are not consistent with those in animal
studies. Overall, the human studies conducted thus far are
insufficient to address whether low doses of BPA are associ-
ated with health effects in humans.
Environmental Fate and Behavior

The primary sources of BPA to the environment are likely
effluents and emissions from facilities that either manufacture
or utilize BPA in large quantities. If released to acclimated
water, biodegradation would be the dominant fate process
(half-life 1–4 days). BPA may adsorb extensively to suspended
solids and sediments (Koc values range from 314 to 1524), and
it may photolyze in the presence of sunlight. BPA is not
expected to bioaccumulate significantly in aquatic organisms
(bioconcentration factor 5–68), volatilize, or undergo chemical
hydrolysis.
Ecotoxicology

Owing to its presence in the environment, the ecotoxicity of
BPA has been evaluated for a variety of species and end points.
The EU has adopted the following provisional no effect
concentrations: 0.002 3 mg l�1 (freshwater or marine water),
0.064 mg kg�1 dry weight (freshwater or marine water sedi-
ments), and 0.030 2 mg kg�1 dry weight (soil). Concentrations
typically found in the environment are lower than these levels,
indicating that the risk to organisms is low. Research has found
that aquatic species are most sensitive to BPA’s effects, and
testing in these organisms is discussed in more detail below.

Generally, low BPA concentrations in environmental media
indicate that themost likely scenario for ecotoxicity would result
from spills or other accidental releases. Thus, acute toxicity
testing data are likely themost important for evaluation of these
scenarios. BPA is reported to be moderately toxic to water fleas
(48-h EC50s w3.9–10.2 mg l�1), Mysid shrimp (96-h LC50

w1.1 mg l�1; no observed effect concentration (NOEC)¼
0.51 mg l�1), and marine and freshwater fish (LC50s in the
following ranges: w7–15 mg l�1 (48 h) or w3–10 mg l�1

(96 h)).
In chronic studies, BPA induces production of vitellogenin

in male fathead minnows (Pimephales promelas) at concentra-
tions of 640 and 1280 mg l�1 after 43 days and 160 mg l�1

after 71 days. Induction of vitellogenin is a process that nor-
mally occurs only in female fish in response to estrogenic
hormones during the reproductive cycle.

Overall, chronic toxicity values of BPA for freshwater
organisms ranged from 160 mg l�1 for the fathead minnow
(P. promelas; based on egg hatchability) to 11 000 mg l�1 for
rainbow trout (Oncorhynchus mykiss; based on growth). Typi-
cally, chronic effects on survival, growth, and reproductive
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endpoints only occur at concentrations of BPA greater than
160 mg l�1. Published NOECs in aquatic organisms range from
16 to 3640 mg l�1. Taken together with concentrations of BPA
in typical surface water samples that are less than 1 mg l�1,
potential risks to aquatic organisms are very low.
Exposure Standards and Guidelines

Several government and international agencies have per-
formed human health risk assessments on BPA. Most of these
risk assessments have used a no observed adverse effect level
of 5 mg kg�1 day�1 derived from two multigenerational
rodent studies. Thus far, all have concluded that exposure to
BPA from its current uses poses no human health risks, that is,
either exposure levels are far below the tolerable daily intake
(TDI) or margins of safety are far above 500. US EPA pub-
lished an oral reference dose of 0.05 mg kg�1 day�1, while the
European Food Safety Agency established a TDI for BPA at the
same level. In 2012, the US Food and Drug Administration
concluded that BPA is not harmful under the intended
conditions of use.

Several of the government and international agencies that
performed risk assessments on BPA have also undertaken
reviews in response to claims of low-dose BPA toxicity (e.g.,
�5 mg kg�1 day�1). Even though none has concluded that
adverse effects reported to occur below the traditionally defined
no-effect level are sufficiently plausible to constitute a health
risk, several governments have initiated bans on specific uses of
BPA (e.g., in children’s feeding bottles in Canada and the EU,
and all food contact material for children under 3 years of age
in Denmark).

See also: Food Safety and Toxicology; Endocrine System;
Environmental Hormone Disruptors; Estrogens V:
Xenoestrogens.
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l Chemical Name: Bleach
l Chemical Abstracts Services Registry Number: Sodium

hypochlorite (CAS: 7681-52-9)
l Synonyms: Household laundry bleach (Purex�, Clorox�,

Javex�, and Dazzle�); Commercial laundry bleach (caustic
soda bleach); Dakin’s solution; Sodium hypochlorite pen-
tahydrate; Surgical chlorinated soda solution

l Molecular Formula: NaHClO
Background

Sodium hypochlorite is an aqueous solution produced by the
mixture of chloramine gas and water. It is used as a bleaching
agent and disinfectant in various settings.
Uses

Sodium hypochlorite is used in household laundry bleach;
bleaching agents for pulp, fibers, and papers; antiseptics;
disinfectant and cleaning products; toilet sanitizers; and
deodorizers; and for water purification and as a chemical
intermediate. Regular household laundry bleaches are
approximately 5.25% sodium hypochlorite in water with an
adjusted pH of 10.8–11.4. ‘Ultra’ formulations are slightly
more concentrated and contain 6–8% sodium hypochlorite.
Commercial laundry bleaches contain 15% sodium hypo-
chlorite at a pH slightly over 11.
Environmental Fate and Behavior

Sodium hypochlorite solution is green to yellow with faint odor
of chlorine. The solubility of the pentahydrate at 0 �C is 29.3 g
per 100 ml of water. It is soluble in cold water and decomposes
with hot water. It is not expected to bioaccumulate in plants or
animals because it reacts with moist tissues of living systems.
Sodium hypochlorite is not expected to be detected in water or
soil due to its rapid reaction time and volatility.
Exposure and Exposure Monitoring

Ingestion is the most common route of exposure to sodium
hypochlorite. Other modes of exposure are inhalation, dermal,
ocular, and inadvertent injection.
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Mechanism of Toxicity

The toxicity of hypochlorite arises from its corrosive activity
on skin and mucous membranes. Corrosive burns may occur
immediately upon exposure to concentrated bleach products.
Most of this corrosiveness stems from the oxidizing potency
of the hypochlorite itself, a capacity that is measured in terms
of available chlorine. The alkalinity of some preparations may
contribute substantially to the tissue injury and mucosal
erosion. Sodium hypochlorite when combined with an acid
or ammonia may produce chlorine or chloramine gas,
respectively. An inhalation exposure to these gases may result
in irritation to mucous membranes and the respiratory
tract, which may manifest itself as a chemically induced
pneumonitis.
Acute Toxicity

Animal

Emesis is likely to be spontaneous. Clinical signs may include
salivation, emesis, abdominal pain and tenderness, hematem-
esis, and bleached hair. Rats given 5–15 ml kg�1 of an alkaline
(pH 12.0) solution containing 4.5% sodium hypochlorite died
within 1–3 h from severe local damage to the esophagus and
stomach.

In an experimental study on rats designed to evaluate
systemic effects of household bleaches (containing 4% sodium
hypochlorite) on lungs, livers, kidneys, and intestines, the
animals were given the hypochlorite solution via intragastric
tube. After 2, 4, 6, 12, 24, and 48 h of exposure via intragastric
route, there was significant congestion and some interstitial
mononuclear cell infiltration seen in the lungs as well as liver
and kidneys. In the same study, another group of rats were
given intravenous administration of household bleach and
after 4 h the same histopathological changes were observed in
the lungs and other organs studied.

Human

The resulting symptoms from an exposure to sodium hypo-
chlorite and related compounds may range from mildly
irritating to corrosive depending on the volume/amount of
the exposure, duration of contact, and pH and viscosity of
the product. Small accidental ingestion of household bleach,
containing 4–6% sodium hypochlorite, usually causes
nothing more serious than orogastric irritation characterized
4-3.00699-0 519
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by nausea, spontaneous emesis, sore throat, and abdominal
pain. Very large ingestions, usually intentional, have caused
fatal hypernatremia and hyperchloremic acidosis, and
significant gastric injury. Sodium hypochlorite solutions
stronger than 10% or powders may result in corrosive burns
of the mouth, hypopharynx, and stomach. Prolonged dermal
contact can result in irritation or burn. Inadvertent injection
into the surrounding tissue during dentistry use of Dakin’s
solution (0.5% up to 5% sodium hypochlorite) has resulted
in severe acute pain and burning sensation accompanied by
immediate edema of the surrounding area. Delayed effects
can include tissue necrosis, paresthesia, ecchymosis, and
secondary infection. Household bleach has been advocated
as a disinfectant for syringes and needles of IV drug users.
There are few reports on the effects of inadvertent or inten-
tional IV injection. Case reports of symptoms have included
erythema at the injection site, vomiting, chest pain, brady-
cardia, and hypotension. Ocular exposure may result in
irritation and lacrimation with a burning discomfort.
Superficial disturbance of the corneal epithelium may occur,
which recovers completely within two days. Eyelid edema
has been reported, but is more common after exposure to
chloramine gas. Inhalation of liberated chlorine or chlora-
mine gas may cause respiratory tract irritation, cough, sub-
sternal chest discomfort and tightness, hoarseness, dyspnea,
and wheezing. Chemical pneumonitis, acute respiratory
distress syndrome, and hypoxia have developed in severe
prolonged exposures.
Chronic Toxicity (or Exposure)

Animal

Bleach should not be considered a carcinogen in experimental
animals. Exposure of the esophagus of rabbits and dogs to
typical household bleach resulted in only minor lesions. Rats
fed water with high bleach concentrations demonstrated
decreased weight gain, but no other untoward signs or
symptoms.
Human

Most data indicate that low-dose hypochlorite solutions (e.g.,
those seen in typical municipal drinking water) do not directly
contribute to the development of cancer.
Carcinogenicity

Sodium hypochlorite is not considered a carcinogen. The
International Agency for Research on Cancer (IARC) classifies
sodium hypochlorite as Category 3, which are compounds not
classifiable as human carcinogens.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Treatment is generally symptomatic and supportive.
Gastrointestinal evacuation procedures are generally contra-
indicated and unnecessary. If the patient is alert and able to
swallow, immediately offer milk or water to drink. Stop if
vomiting occurs during administration. Do not exceed 5–
10 ml kg�1 in a child or 250 ml in an adult. Esophagoscopy
is rarely needed following unintentional ingestion of small
amounts of common household liquid bleach. Ingestion of
commercial bleach or bleach granules may necessitate esoph-
agoscopy to look for burns. Electrolytes should be monitored
to rule out hypernatremia in a large ingestion. Administration
of an acidic substance to neutralize sodium hypochlorite is
contraindicated.

For inhalation exposure, remove the patient from fumes
into fresh air. Establish respirations and create an artificial
airway if necessary. If cough or difficulty in breathing develops
and is not relieved by the fresh air, the patient should be
evaluated for respiratory irritation, bronchitis, or pneumonitis
in a health care facility. If significant symptoms occur, a chest
X-ray may be indicated as well as pulse oximetry and arterial
blood gas evaluation.

For ocular exposures to sodium hypochlorite and related
agents, remove contact lenses if present. The eye(s) should be
immediately irrigated with tap water or normal saline for at
least 15 min. If ocular irrigation is delayed, the potential for
injury is greater and the patient may have to be evaluated in
a health care facility.

For dermal exposures, immediately remove contaminated
clothing and flood the exposed skin with water. Gently wash
the skin with soap and water.
Ecotoxicity

Sodium hypochlorite is harmful to aquatic life in very low
concentrations.
Exposure Standards and Guidelines

No specific standards and guidelines set forth by the American
Conference of Industrial Hygienists, the US Environmental
Protection Agency, IARC, or the US National Institute for Safety
and Health.
Miscellaneous

When chlorine-containing products have contaminated the
dialysate of renal patients or when municipal water treated
with chloramine was used in dialysis solutions, hemolysis,
methemoglobinemia, shock, and cardiovascular collapse have
occurred.
See also: Chlorination Byproducts; Chlorine; Clean Water Act
(CWA), US; Detergent; The National Library of Medicine and
Its Toxicology and Environmental Health Information
Program.
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Oxime.
Background (Significance/History)

Blister agents, also known as vesicants, are chemical warfare
agents that are strong cytotoxic alkylating compounds. These
chemicals are used to both induce casualties and for the
purpose of area denial. This class of chemical warfare agent
targets the eyes, lungs, skin, mucous membranes, as well as the
blood-forming organs. Blister agents/vesicants are divided into
three different groups: mustards, arsenicals, and urticants.
Table 1 lists several of the known blister agents/vesicants and
their classifications.
Table 1 Classifications of blister agents/vesicants
Uses

Mustard gas, also known as Levinstein mustard, was first used
as a chemical warfare agent during World War I in 1917 by
German forces near Ypres, Belgium. There are several docu-
mented cases of its use in warfare since its first introduction
almost hundred years ago. Although it is commonly referred to
as mustard gas, this term is not accurate; mustard gas is
not really a gas, but rather a viscous liquid and is not likely
to change into a gas immediately if released at ordinary
temperatures.
Blister agent/vesicant

name Military code

Blister agent/vesicant

class

Mustard H Mustard
Sulfur mustard HD Mustard
Nitrogen mustard NH-1, NH-2, NH-3 Mustard
Sulfur mustard/agent T HT Mustard
Environmental Fate and Behavior

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
mixture
Lewisite L Arsenical
Sulfur mustard/lewisite

mixture
HL Mustard/arsenical

Mixture
Phenyldichloroarsine PD Arsenical
Ethyldichloroarsine ED Arsenical
Methyldichloroarsine MD Arsenical
Exposure and Exposure Monitoring

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
y Deceased.
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Toxicokinetics

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Mechanism of Toxicity

The action of blister agents/vesicants on cellular components
results in the inhibition of mitosis with decreased tissue
respiration. This inhibition leads to cellular death through
either apoptosis or necrosis. Fatal injuries can occur following
unprotected exposure to the eyes, airway, skin, and mucous
membranes. Extensive exposures can induce systemic effects
including bone marrow inhibition, as well as spleen and
gastrointestinal tract damage.
Mustard Gas

Due to its stability in cool environments, mustard (H) is
a greater threat in hot and humid climates as a blister agent
because it will begin to vaporize. If protective measures are not
taken, mustard agent can enter the body quickly either through
the breathing of vapors or through skin contact with liquid or
vapors. It can readily pass through clothing, subsequently
coming in contact with skin. It is then absorbed through the
skin and enters the circulation, which can lead to systemic
effects. Mustard as well as its metabolites will exit the body
through the urine within a few weeks of exposure. There is no
initial pain or other symptoms immediately following contact.
Most of the signs and symptoms of mustard exposure may not
be apparent until the next day. At the point of contact, mustard
can produce severe skin blisters or bullae occurring within
several days following the initial exposure. The extent of the
Phosgene oxime CX Urticant
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injury is determined by the amount of mustard as well as the
area of the body that is exposed to it. These factors will deter-
mine the clinical course of the mustard exposure injury. Areas
of the body that contain moisture (e.g., eyes) or are sweaty are
particularly vulnerable to mustard injury. Inhalation of
mustard vapors can result in severe pulmonary injury. High-
dose exposures can cause death in the near term.

The long-term consequences from mustard exposure,
particularly at low doses, are unknown; however, a one-time
high-dose exposure can result in chronic and recurrent lung
and eye problems. Mustard agent is also a known carcinogen,
and can cause lung cancer. The ability to cause birth defects
in the children of exposed adults is not presently known;
however, it has the potential to be teratogenic.
Sulfur Mustard

Unprotected exposure to sulfur mustard (HD) leads to signs
and symptoms that are delayed and occur within hours.
Dermal exposures induce erythema and blistering within
2–24 h. Ocular exposure typically induces tearing, itching, and
burning accompanied by a gritty feeling in the eyes, within
4–24 h of initial exposure. Also, there may be conjunctivitis
with eyelid swelling in 3–6 h with more significant ocular
exposures. In severe ocular exposure cases, there is marked
eyelid swelling, corneal opacity, and eye pain, all occurring
in 1–2 h. Airway toxicity can occur within 12–24 h, and is
marked by rhinorrhea, sneezing, coughing, nosebleeds, and
hoarseness. Severe inhalation injury is marked by productive
cough and shortness of breath. Gastrointestinal effects may
occur if HD is ingested.
Sulfur Mustard with Agent T

Sulfur mustard with agent T (HT) is a liquid mixture of 60%
HD and 40% agent T. It has a pale yellow to brown color and
a garliclike odor. The toxicities and properties of HT are similar
to those of H or HD, except that HT has a slightly greater
vesicant property on skin compared to H or HD. It has slightly
less damaging properties when passing through clothing or on
ocular exposure.
Nitrogen Mustard

Nitrogen mustard (HN) actually describes three similar
compounds (HN-1, HN-2, and HN-3). It is colorless when
pure, but routine preparations appear pale to dark yellow. It
can be odorless or have a slight fishy or soapy odor. When
nitrogen mustard is vaporized and released in the air, it
degrades in a matter of hours. Its properties and toxicity are
similar to those of the other mustard agents mentioned above,
and it is a strong blister agent/vesicant. Signs and symptoms of
exposure, such as eye irritation and skin erythema, will occur
sooner upon exposure to nitrogen mustard compared to an
exposure to HD.
Lewisite

Lewisite (L) is a potent dichloroarsine blister agent/vesicant.
Pure preparations of lewisite are colorless and odorless oily
liquids, but if preparations contain impurities, they will have
a fruity or geranium-like odor. As a liquid, lewisite will pene-
trate rubber and most fabrics. It is generally more dangerous
as a liquid than as a vapor. It is unknown whether lewisite
persists in the environment for an extended period of time, but
it can react with water in a manner whereby its volatility and
most of its blistering potency are lost. As a potent blister
agent/vesicant, it has irritant effects on the eyes and respiratory
system. It also has similar toxicities to the other blister agents
mentioned in this article, although it exhibits less bone marrow
suppression than other blister agents/vesicants. Unlike mustard
agent it can cause immediate pain following initial contact.
Erythema is often not present around the vesicles as with other
vesicants.
Mustard and Lewisite Mixture

Mixing L with HD at the concentrations of 63 and 37%
respectively produces a liquid with a low freezing point that
provides a more effective weapon in colder climates at higher
altitudes. It has a garlic odor and is effectively insoluble in
water. It persists on the ground from 1 to 2 days under average
weather conditions and can remain for 1 week or more under
very cold conditions. Along with its blistering properties, it is
also cytotoxic to the hematopoietic or blood-forming cells in
the bone marrow. Other mixtures like mustard and phenyl-
dichloroarsine act in a similar manner.
Phenyldichloroarsine and Other Dichloroarsines

Phenyldichloroarsine, ethyldichloroarsine, and methyldi-
chloroarsine have similar properties and toxicities as the
dichloroarsine lewisite. They may be mixed with HD similarly
as can be done with lewisite and mustard mixtures. Exposures
to these mixtures can confuse the diagnosis between either an
arsenical or mustard injury.
Phosgene Oxime

Phosgene oxime or dichlorformoxime is classified as an urti-
cant. It can be a liquid or colorless solid with a disagreeable
odor. This acts as an irritant to skin and mucous membranes.
Exposure to this chemical causes immediate severe pain on skin
contact, similar to lewisite. Very low exposures can cause
lacrimation. Unlike mustards and arsenicals, it is readily water
soluble.

*See also Lewisite; Sulfur Mustard; Nitrogen Mustards;
Arsenical Vomiting Agents; Phosgene Oxime.
Acute and Short-Term Toxicity

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Chronic Toxicity (Animal/Human)

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
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Immunotoxicity

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Reproductive Toxicity

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Genotoxicity

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Carcinogenicity

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Clinical Effect

Diagnosis of a blister agent/vesicant injury, without obvious
overt contamination, requires a high level of suspicion when
eye, skin, and respiratory signs and symptoms become evident.
The first symptoms that occur following a blister agent/vesicant
exposure are eye and airway irritation. Conjunctivitis can occur
after 1 h at very low nonodorous concentrations. Mild exposure
results in tearing and the sensation of eye grit in 4–12 h. Severe
eye lesions may occur within 2 h following heavy exposure.
Lewisite and the dichloroarsines can cause gray scarring of the
cornea at the point of contact. Exposure to phosgene oxime can
induce severe lacrimation at even low doses.

Skin damage may not be immediately evident because the
first effects may be painless until deeper skin layers are
involved and blisters appear; however, the diagnosis of
a chemical skin injury is readily made when the fluid-filled
skin blisters or bullae appear and are recognized. There is at
least a 1–12 h latent period, during which skin burning and
itching may occur. Erythema or skin redness appears on
exposed skin after 2–48 h. Erythema is followed by coalescing
blisters on a red base. Unlike mustard, exposure to lewisite or
phosgene oxime will produce immediate pain on contact and
areas of erythema may recede without blister formation.
Lewisite and the dichloroarsines cause a more opaque blister
fluid than the mustards. These injuries tend to induce greater
amounts of inflammation and affect the connective tissue as
well as the vasculature. Phosgene oxime causes immediate
pain and skin necrosis at the site of contact. Within 30 s, the
contact area becomes blanched and is surrounded by a ring of
erythema. A wheal then occurs in 30 min, and this area will
turn brown within a day. Usually, an eschar will form and
slough off within 1–2 weeks. Healing and resorption of
uninfected blisters occur in 1–3 weeks for all vesicants.
Broken blisters must be protected to minimize chances of
infection and subsequent scarring of denuded skin. Currently,
there is no effective medical test to determine mustard gas
exposure.

Respiratory signs and symptoms from vesicant exposure can
include dyspnea and rhonchi with moist rales; chest X-rays
can reveal pulmonary edema. Changes consistent with chemical
pneumonitis may appear after the first 24 h following exposure.
Clinical Management

The blister agents/vesicants may vary in their ability to generate
local and systemic pathology; however, the general treatment
principles remain the same for all vesicants. The exception is
that British anti-Lewisite (BAL), also known as 2,3 dimercap-
topropanol, is available for the treatment of lewisite exposure.

Mild eye lesions require little treatment other than flushing
with water immediately. Steroid and antibiotic ointment can
be applied to the eye. The injured eyes should not be covered
with bandages. Atropine sulfate ointment should be instilled in
each eye to obtain good mydriasis in all cases where there are
corneal erosions, iritis, cyclitis, or marked photophobia or
miosis. Blepharospasm, or eyelid spasm, is treated with
atropine sulfate solution. To prevent infection, a few drops of
an antibacterial ophthalmic should be instilled every 4 h. The
lids must be kept separated.

Treatment of skin lesions also follows decontamination and
removal of clothes. To minimize HD-induced systemic effects,
decontamination should occur within 15 min after exposure.
The decontaminating solutions (5% sodium hypochlorite or
liquid household bleach) should be washed off quickly to
prevent additional skin injury. If erythema is already present,
decontamination should be performed with soap and water.
Blisters should be left intact, but if broken, should be debrided
to prevent secondary infection. Cleansing with tap water or
saline and the application of dressings is done when needed.
Mustard wounds can be treated with similar solutions used to
treat burns, and infected skin wounds require antibiotics as
appropriate.

In cases of lewisite skin injury, BAL ointment should be
used on contaminated skin where blisters have not yet formed.
Frequent BAL ointment application does cause a mild derma-
titis, so it cannot be used as a protective barrier on skin not
contaminated by dichloroarsines. Exposure to lewisite or
dichloroarsines induces deeper skin injury compared to HD;
therefore, these wounds may heal more slowly andmay require
skin grafting. Systemic treatment with parenteral BAL is
considered when there is greater than 5% area of skin
contamination (1 ft2), which results in immediate skin
blanching or erythema within 30 min after exposure or a burn
the size of the palm (1% of skin area), which was not decon-
taminated within the first 15 min after exposure. There are two
types of parenteral BAL therapies that can be used. One
involves applying BAL ointment liberally onto the skin and
allowing that area to remain covered. The other parenteral
method is to give an intramuscular injection of 10% BAL in oil
(without injecting into a blood vessel).

Inhalation of vapors from mustard or arsenical blister
agents/vesicants can result in laryngeal and tracheobronchial
mucosal injury. Mild injury with hoarseness and sore throat
requires either no treatment or saline mist inhalation.
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Moderate exposures result in hyperemia and necrosis of the
bronchial epithelium, and require hospitalization to prevent
secondary infection. Due to the absence of antibiotics during
World War I, pneumonia was the usual cause of death
following exposure to mustard agents. Severe injuries cause
tracheobronchial tree casts from pseudomembrane formation.
Hypoxia can occur, but subsequent bronchitis and pneumonia
from infection were the chief causes of pulmonary-related
deaths in World War I (2% mortality).

Blister agents/vesicants at extensive exposure can have
systemic toxicity that affects not only the lungs, but also the
bone marrow, lymph nodes, spleen, and endocrine systems.
In these cases, complete blood counts with monitoring of
granulocytes, red cells, and platelets should be performed
routinely. If granulocyte depletion occurs, isolation and anti-
biotic prophylaxis may be necessary. Many past fatalities were
due to the combination of pneumonia and bone marrow
failure. Anemia and thrombocytopenia should be treated as
the situation dictates. If local effects remain mild, systemic
effects are not likely to be significant. In severe cases of lewisite
or dichloroarsine respiratory injury, dyspnea with frothy
sputum indicating pulmonary edema indicated that intra-
muscular BAL is necessary.

With eye injury, temporary blindness can occur, but
permanent blindness is rare with vapor exposure. Blindness
is more likely to occur when liquid mustard is directly splashed
into the eye. With mild eye injury, recovery occurs in
1–2 weeks. More severe involvement with corneal erosions can
take 2–3 months of hospital care before recovery occurs.
Corneal involvement beyond erosions with opacification and
ulceration (<0.1% of mustard agent casualties in World War I)
takes several months for recovery, and then late relapses can
still occur. In these cases blindness may ensue. Eye injuries are
more severe with nitrogen mustard than with HD. The iris is
frequently discolored and atrophied with nitrogen mustard
exposure.

With mild blister formation, healing occurs with little
scarring, but it may take months to heal while remaining
painful during this time. When secondary infection occurs or in
more extensive blistering, scarring can be more severe. Itching
may persist after healing. Hypopigmentation or hyperpig-
mentation can occur as with any healing process. Deeper burns
with lewisite and the dichloroarsines have similar outcomes
as second- or third-degree thermal burns. Repeated exposures
over time to mustards or arsenicals such as dichloroarsines can
cause sensitization. Delayed healing beyond 2 months occurs
with skin lesions caused by phosgene oxime.
A single low-dose exposure to mustard vapor with
laryngeal and tracheobronchial mucosal effects may not lead
to significant injury once healed. A cough may persist for
1 month or longer. Hoarseness usually lasts only 1–2 weeks;
however, repeated or chronic low-dose exposure can lead
to progressive pulmonary fibrosis, chronic bronchitis, and
bronchiectasis.

*See also Lewisite; Sulfur Mustard; Nitrogen Mustards;
Arsenical Vomiting Agents; Phosgene Oxime.
Ecotoxicology

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Other Hazards

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Exposure Standards and Guidelines

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
Miscellaneous

See also Lewisite; Sulfur Mustard; Nitrogen Mustards; Arsenical
Vomiting Agents; Phosgene Oxime.
See also: Phosgene Oxime; Arsenical Vomiting Agents;
Lewisite; Sulfur Mustard; Nitrogen Mustards.

Relevant Websites

https://www.osha.gov/SLTC/emergencypreparedness/cbrnmatrix/blister.html –

Chemical-Biological-Radiological-Nuclear (CBRN); Personal Protective
Equipment Selection Matrix for Emergency Responders.

http://www.bt.cdc.gov – (US) Centers for Disease Control and Prevention, Agency for
Toxic Substances and Disease Registry, Chemical Agents.

http://sis.nlm.nih.gov – (US) National Library of Medicine, Specialized Information
Services, Chemical Warfare Agents.

https://www.osha.gov/SLTC/emergencypreparedness/cbrnmatrix/blister.html
http://www.bt.cdc.gov
http://sis.nlm.nih.gov
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Introduction

Hematology is the study of pathophysiology of the cellular
elements and coagulation proteins in the blood. Physicians
who specialize in this field are referred to as hematologists.
Hematology has several new tools available to detect abnor-
malities in numbers or dysfunctions. Hematologists diagnose
and treat both benign and malignant blood disorders. Primary
hematologic diseases are uncommon, while secondary hema-
tologic conditions occur frequently. Thus the inquiring physi-
cian must extensively question the patients for all forms of
medications, herbals, folk remedies, occupations, and family
history to name a few areas that require an in-depth history.

The formed elements of the blood – red blood cells (RBCs
or erythrocytes), white blood cells (myeloids), immunocytes
(T and B cells), platelets (thrombocytes), and their diseases –
have traditionally been the main focus of hematology.
However, with the advent of increasingly sophisticated molec-
ular investigatory tools, such as recombinant DNA technology,
the appreciation of the scope and inherent complexity of
the blood-forming organ has dramatically increased. The bone
marrow and its formed elements can be considered as a
complex organ with a total mass that is over twice as large as the
liver. The cells produced by this organ provide several critical
functions such as the transport of oxygen (RBCs), hemostasis
(platelets), and host resistance (immunocytes and white blood
cells). Generally, each step in the intricate sequence required to
produce the formed elements is vulnerable to adverse effects
from a wide variety of chemicals and drugs.
Bone Marrow Structure and Function

In the normal adult, the marrow is found in the central hollow
segment of bones. Hematopoiesis, or the production of the
formed blood elements, occurs in the bone marrow. However,
in the adult, it is largely restricted to scattered clusters of
hematopoietic cells in the proximal epiphyses of the long
bones, skull, vertebrae, pelvis, ribs, and sternum. The hema-
topoietic picture in adults is quite different from that seen in
either prenatal or childhood time periods. Within the first 1–5
prenatal months, the liver and spleen act as the hematopoietic
organs. By the fifth prenatal month, the marrow achieves
sufficient maturity to assume the dominant role in hemato-
poiesis. During childhood, there are high demands on the bone
marrow system to produce large quantities of the formed
elements; however, with increasing chronological maturity,
there is less demand on the bone marrow system and the total
output of the bone marrow significantly declines.

In addition to hematopoietic cells, there are other sepa-
rate and distinct cells that support and augment marrow
activities. Among these cells are fibroblasts, fat cells, and
reticuloendothelial and endosteal cells. In aggregate, these
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cells are known as the bone marrow stroma. Occasionally,
the term ‘hematopoietic microenvironment’ is also employed
to differentiate these cells and supporting structure from the
stem and progenitor cells. These cells are the focus of the
next section, which presents an overview of the basic physi-
ology of the blood-forming elements.

Hematopoiesis

In the average adult, between 200 and 400 billion blood cells
are destroyed and replaced each day. This enormous turnover
implies that new cells are constantly formed rather than simply
released from a central storage area that contains all the cells
necessary for an individual’s lifetime. Hematopoiesis is the
key concept that has been used to explain how the body can
provide a lifetime worth of formed blood elements. Hemato-
poiesis is a process of cell amplification and differentiation in
which a few stem cells give rise to increasingly more developed
or differentiated progenitor cells, which in turn give rise to the
formed blood elements. The earliest cell is known as the
pluripotent stem cell (PSC). PSCs are uniquely responsible for
the production of the formed elements throughout the lifetime
of a human. Relatively, few PSCs are required since, as these
cells undergo mitosis or cell division, one replacement stem
cell and one committed or daughter cell are produced. This
daughter cell subsequently develops and proliferates into the
various formed elements. Hence, the PSCs are considered to be
self-renewing because of their ability to reproduce themselves.
Figure 1 presents the overall organization and development of
the bone marrow cells. This structure is quite hierarchical and
resembles a company organization chart with a single chief
executive officer presiding over separate divisions, which in
turn develop other specialized departments or functions. Not
surprisingly, each step in the organization requires both a series
of growth factors and interactions with the hematopoietic
microenvironment to promote and control the development of
each cell type. The stimulatory or growth factors are known as
poietins or colony stimulating factors (CSFs). CSFs can either
be lineage-specific, i.e., they act on specific cell lines, or directly
act on multipotential progenitors and stem cells. Examples of
lineage-specific CSFs include (1) erythropoietin, which stimu-
lates production of erythrocytes or RBCs; and (2) interleukin-7,
which induces the growth of B- and T-lymphocyte progenitors.
Direct-acting CSFs include interleukins 2–6, which act on
a variety of cell lines.

Formed Elements – Erythrocytes, Myeloids,
and Thrombocytes

Erythrocytes

The RBC is a biconcave disk with a diameter of w8 mm and
a life span in the circulation of w120 days. Due to its unique
shape, the RBC is twice as thick at the edges (2.4 mm) as at its
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00683-7
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Figure 1 Bone marrow cell organization. G, Granulocyte; E, Erythrocyte; M, Monocyte; and MEGA, Megakaryocyte.
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center. The explanation for this specialized geometry is not
fully known; however, this shape tends to minimize intracel-
lular diffusional distance and allows for easier passage through
small blood vessels. The critical function of the RBC is trans-
portation and delivery of oxygen to peripheral tissues.
Approximately 30% of the wet weight of the RBC is composed
of hemoglobin, the essential protein, which is integral to the
oxygen/carbon dioxide transport and delivery system. Hemo-
globin is also capable of transporting nitric oxide (NO). NO is
a unique gas that can affect the ability of blood vessels to
expand or contract in addition to having a role in learning and
memory.

The mature RBC is formed through a series of cell divisions
that progressively increase the amount of hemoglobin in the
cytoplasm. Following the last division, a special cell known as
a reticulocyte is formed. The reticulocyte stays in the bone
marrow for 2 or 3 days before being released into the general
circulation, where over a period of 24 h, it undergoes a series of
transformations that results in the appearance of a mature RBC.
The reticulocyte is easy to identify in laboratory tests and the
reticulocyte count or index is an important parameter that can
provide information about marrow function. The reticulocyte
index is equal to the reticulocyte percentage multiplied by the
ratio of the patient’s hematocrit (packed cell volume) to
a normal hematocrit.
Figure 2 Oxyhemoglobin dissociation curve. *Modifiers of oxygen
affinity – increase in plasma pH, decrease in temperature, decrease in
2,3-BPG. **Modifiers of oxygen unloading – decrease in plasma pH,
increase in temperature, increase in 2,3-BPG.
Hemoglobin

Hemoglobin, in the normal adult, is a protein whose main
function is to transport oxygen from the lungs to tissues and to
transport carbon dioxide from tissues to the lungs. The
hemoglobin molecule contains four separate folded peptide
chains, which form a hydrophobic or water ‘repelling’ pocket
around a heme group. The heme group is composed of
a central iron atom complexed to four nitrogen atoms. Oxygen
is capable of reversibly binding to the heme unit in a process
known as oxygenation. The interactions among the subunits in
a hemoglobin molecule are known as cooperativity. There are
well-described regulators of the affinity of hemoglobin for
oxygen that provide a control mechanism. The S-shaped graph
of this oxyhemoglobin relationship is known as the oxyhe-
moglobin dissociation curve and represents the relationship
between the partial pressure of oxygen ðPO2 Þ in mm of mercury
(Hg) and the oxygen content per 100 ml of blood (Figure 2).
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The shape of this relationship is very important since it
can be moved to the right, i.e., decreased affinity of hemo-
globin for oxygen producing oxygen unloading, or to the left,
i.e., increased affinity. These changes are produced by a variety
of intracellular cofactors: hydrogen ion (pH), carbon dioxide,
and the RBC enzyme 2,3-biphosphoglycerate (BPG). Molecules
of 2,3-BPG bind to hemoglobin and decrease the affinity of the
molecule for oxygen. This causes enhanced oxygen release, or
unloading, and is frequently seen in situations in which the
body responds to conditions of low oxygen supply. There are
a wide variety of potential diseases and toxic exposures that can
impact oxygenation and cooperativity and these will be dis-
cussed in subsequent sections.
Anemia

There are many other events that can produce a significant
reduction in the RBC mass and a subsequent decrease in the
oxygen-carrying capacity of the blood. Normally, the blood
volume is maintained at a relatively constant level; hence, any
process or event that causes a reduction in either RBCs or
hemoglobin produces a condition known as anemia. Anemias
can also shift the oxyhemoglobin dissociation curve as the
body attempts to compensate for reduced oxygen-carrying
capacity. In general, the etiology of anemias falls into three
general categories: (1) acute or chronic blood loss from any
source, (2) underproduction associated with a decreased
reticulocyte count, and (3) hemolysis or destruction of RBCs
associated with an increased reticulocyte count. There are
a variety of laboratory tests that are useful for the evaluation of
anemia; however, three of the most critical are the measure-
ment of RBC size and shape (known as RBC indices), exami-
nation of the peripheral blood smear, and bone marrow
examination. Each of these tests reveals information that can
provide clues, which lead to the etiology of the anemia. In later
sections, some examples of toxins (e.g., carbon monoxide,
hydrogen sulfide, hydrogen cyanide) that cause anemias by
altering the binding affinity for hemoglobin and oxygen will be
presented.

In general, the amount of oxygen delivered to a given
organ or tissue is directly related to three variables: (1) blood
flow or cardiac output, (2) hemoglobin concentration, and
(3) the difference in oxygen content (saturation) between
arterial and venous blood. For example, the cardiac output
can significantly increase in order to maintain adequate
oxygenation of vital organs such as the brain and kidney at the
expense of the smooth muscle. Similarly, erythropoiesis can
be stimulated by erythropoietin so that the overall hemo-
globin levels increase. Finally, as illustrated in Figure 2,
oxygen unloading or delivery can be augmented by a right
shift in the oxygen dissociation curve facilitated by the RBC
enzyme 2,3-BPG.

The converse to anemia is known as polycythemia or
erythrocytosis, which is an increase above normal in the
circulating quantity of RBCs. Not surprisingly, this increase
in total RBCs is usually associated with a corresponding
increase in hemoglobin. There are numerous causes of
polycythemia such as response to high altitude, pulmonary
disease, steroids (both androgenic and glucocorticoid),
stress, and smoking.
Myeloids

The myeloids or leukocytes are a highly complex and sophisti-
cated group of cells that are primarily involved in host resistance
and inflammatory response against both foreign organisms and
material (e.g., chemicals and toxins). For simplicity, the leuko-
cytes can be divided into two major groups: (1) immunocytes
and (2) phagocytes. The general organizational structure and
normal values are shown in Figure 1. These cells are thought to
arise from a common PSC in the bone marrow; hence, any toxin
that affects the PSC will have a potentially disastrous impact on
the body’s ability to respond to challenges from an external
agent or foreign substance.

The immunocytes are all involved in specific types of
immune response that are generally divided into two types: (1)
cell-mediated, i.e., specifically sensitized T cells (derived from
the thymus), which are associated with graft rejection, resis-
tance to certain viruses, bacteria, fungi, and protozoa, and
delayed-type hypersensitivity; and (2) humoral-mediated, i.e.,
B cells (bursa equivalent), which produce specific antibodies
after the body is exposed to a specific antigen.

The phagocytes are so named because their major function
is to engulf or ingest foreign organisms or material. The
phagocytes include the three granulocytes known as neutro-
phils (54–62%), eosinophils (1–3%), and basophils (<1%)
and the monocytes (3–7%). Monocytes circulate in the blood
for several days until they migrate into the reticuloendothelial
tissues (liver, spleen, and bone marrow), where they are known
as macrophages. Macrophages are not only involved in
inflammatory responses but also have a major role in the
destruction and removal of old RBCs and other plasma
proteins, including hemoglobin.

The phagocytes act by engulfing the foreign material/agent
and produce a respiratory burst. The respiratory burst involves
the production of hydrogen peroxide and other highly reactive
chemicals that attack the ingested material. An inflammatory
response is quite commonly produced in this situation.
Glucocorticoids (steroids such as prednisone) tend to decrease
the numbers of granulocytes that will be involved in an
inflammatory reaction. This effect accounts for beneficial
impact of these drugs when an antiinflammatory result is
desired; however, there is also an increased susceptibility to
infections that has been well documented.

There are several key terms and definitions that are given to
absolute decreases or increases in the numbers of leukocytes. A
fall in the total granulocyte count below 3000 mm�3 is known
as granulocytopenia. Granulocytopenia is commonly associ-
ated with chemically induced bone marrow damage; however,
ionizing radiation and a myriad of drugs can also produce
this effect. Finally, a particularly severe form of bone marrow
failure is known as aplastic anemia. Aplastic anemia is diag-
nosed when at least two different marrow cell lines are severely
depressed as demonstrated by (1) granulocytes <500 mm�3,
(2) platelets <20 000 mm�3, (3) reticulocyte count <1%, or
(4) a bone marrow biopsy demonstrating <25% cellularity.

Granulocytosis is the opposite phenomenon of decreased
cellularity and refers to elevated counts over 10 000 mm�3.
Stress, drugs, and some bacterial toxins can produce short-term
granulocytosis; however, chemical exposure is not typically
associated with mild, elevated counts. Leukemias are associated
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with counts over 30 000 mm�3 and have been associated with
certain chemical exposures. This association will be presented
in further detail in a subsequent section.
Thrombocytes

Platelets are produced by the fragmentation of megakaryocytes,
the largest cell type in the bone marrow. Approximately one-
third of the platelets are taken up by the spleen, while the
other two-thirds freely circulate for 7–10 days until they are
taken up by phagocytic cells. A normal platelet count is
between 150 000 and 450 000 mm�3. The normal platelet
count is quite variable and can be affected by an individual’s
nutritional state or, in females, by the menstrual cycle.

Platelets are the rapid reaction troops in the situation of
accidental blood loss associated with damaged blood vessels
that expose collagen fibers. Normally, platelets are nonsticky;
however, they rapidly and easily adhere or aggregate to exposed
collagen fibers where they undergo a series of reactions that
results in the formation of a thick mass known as a platelet
plug. This plug acts to stop bleeding quickly; however, it must
usually be reinforced with the help of the clotting system so
that vascular integrity is maintained. Platelet reactions are
highly sensitive and vulnerable to substances that interfere with
the aggregation reaction. For example, aspirin acts in a unique
fashion to inhibit the aggregation reaction and has become
a useful drug in the prevention of heart attacks and strokes
caused by small platelet plugs.

Any disorder or agent that injures the stem cells or prevents
their proliferation can drastically affect the absolute platelet
count. The minimal platelet count necessary for initial hemo-
stasis is w50 000 mm�3. If the platelet count falls below
20 000 mm�3, a condition known as thrombocytopenia exists
and the affected organism is extremely vulnerable to sponta-
neous bleeding episodes. Usually, thrombocytopenia due to
marrow failure is also associated with reduced leukocyte and
RBC production since chemicals or disorders that affect the
megakaryocytes also impact other stem cells. This is typically
determined by examining a peripheral smear of the blood or by
a hematologist’s bone marrow aspiration.

The opposite phenomenon, elevated platelet count or
thrombocytosis, is diagnosed when counts are greater than
400 000 mm�3. There are many causes of thrombocytosis,
including primary (e.g., essential thrombocytosis (ET)) and
secondary (e.g., response to inflammation, acute bleeding, iron
deficiency, or cancers). In ET, there are colonies of megakar-
yocytes in the absence of any known stimulus.
Toxic Agents and Responses

Carbon Monoxide

Carbon monoxide (CO) is an odorless, tasteless, and colorless
gas that is rapidly absorbed by the lungs and attaches to
hemoglobin with an affinity that is 250 times greater than
oxygen. Due to this extreme differential, as CO concentrations
increase, the number of available sites on the hemoglobin
molecule for oxygen decreases. Normally, this reaction would
cause oxygen to be more freely released so that adequate tissue
oxygenation can be maintained. This would typically produce
a right shift of the oxyhemoglobin dissociation curve; however,
with increasing exposure to CO and formation of carbox-
yhemoglobin (COHgb), there is a change in the oxyhemo-
globin complex, which produces a left shift in the oxygen
dissociation curve (Figure 2). The overall effects are decreased
tissue oxygenation, anaerobic metabolism, and lactic acid
formation.

Exposure to CO results in a wide variety of potential adverse
effects, particularly in individuals who have preexisting cardiac
or lung disease. Infants, the elderly, and the developing fetus
are particularly vulnerable since they have less capacity to
tolerate cardiovascular compromise. An additional problem is
the delayed neurological and neuropsychiatric effects that have
been documented after some significant exposures. The inci-
dence of delayed neurotoxicity is between 2 and 30%.

CO poisoning is usually diagnosed by measuring the pres-
ence of COHgb in blood. Nonsmokers have COHgb levels of
<1%, whereas smokers have levels of 5–10%. Unfortunately,
the measured COHgb level does not always correlate with
clinical findings and symptoms; therefore, the clinician should
always have a high index of suspicion and aggressively evaluate
and treat exposed patients. Treatment consists of removal from
the source and administration of 100% oxygen and any other
basic life-support measures required. In certain circumstances,
i.e., COHgb levels over 25%, the use of hyperbaric oxygen is
indicated.
Hydrogen Cyanide and Hydrogen Sulfide

Both hydrogen cyanide (HCN) and hydrogen sulfide (H2S) are
metabolic poisons that act in relatively similar mechanistic
ways. At the cellular level, the major energy source is adenosine
triphosphate (ATP). ATP is primarily produced through
a process known as oxidative phosphorylation, which involves
the transfer of electrons to substances known as cytochromes.
The cytochrome system can be viewed as a ‘bucket brigade’ that
moves critical electrons in an orderly fashion so that cellular
respiration is maintained. As electrons are transferred, energy is
released and used to generate ATP and water. Oxygen is the
final electron acceptor in the cytochrome system and can be
severely affected by metabolic toxins like HCN and H2S. These
toxins ultimately act by blocking electron transfer to molecular
oxygen. This blockade produces a rise in peripheral tissue
partial pressure of oxygen and a decrease in the unloading
gradient for oxyhemoglobin. The net effect is the production of
both high levels of oxyhemoglobin in venous return blood and
significant levels of lactic acid. At high exposure concentrations,
cardiopulmonary compromise is rapidly produced and death
ensues.

The treatment of either HCN or H2S toxicity is based on the
use of chemicals that interrupt the binding of these materials to
the cytochrome oxidase system. Sodium nitrate and amyl
nitrate are both used as antidotes. These substances act by
overwhelming the RBC with oxidant stress and producing
a somewhat less toxic material known as methemoglobin
(MetHgb). MetHgb serves as a source of circulating ferric iron
(Fe3þ), which preferentially competes for binding by cyanide
or sulfide and causes the cyanide or sulfide to dissociate from
the cytochrome system and move into blood in a form com-
plexed to methemoglobin in RBCs. This less toxic material is
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further detoxified by the use of another drug, sodium thio-
sulfate, which further enhances the conversion of cyanide to
the less toxic thiocyanate. The situation with H2S is some-
what more complex since the second step use of sodium
thiosulfate is not typically recommended; however, vigorous
use of 100% oxygen therapy is appropriate for treating
exposure to both HCN and H2S. Cyanide toxicity can also be
treated by hydroxocobalamin administration. Hydrox-
ocobalamin is marketed under the trade name Cyanokit� for
use in cyanide poisoning. This compound complexes with
the cyanide preventing the development of cellular toxicity. A
standard dose is 5 g infused IV over 15 min. Additional doses
depend upon response and presence of persistent toxicity.
Hydroxocobalamin use is described further under the article,
Cyanide.
Methemoglobin

At the molecular level, the transport of oxygen in the body is
highly dependent on the maintenance of intracellular Hgb in
a chemical condition known as the reduced state, or Fe2þ.
When hemoglobin is oxidized, the Fe3þ state, it is known as
MetHgb and is unable to bind oxygen. A small amount, <1%,
of MetHgb is always found in normal RBCs. MetHgb can be
chemically reduced by an enzyme system so that the body
maintains adequate levels of Fe2þ. If MetHgb exceeds 10% of
the total hemoglobin, then clinically observable changes such
as dusky complexion can be detected in the affected individual.
As MetHgb levels reach 35%, symptoms such as headache,
fatigue, and shortness of breath are common. MetHgb levels
over 80% are usually fatal.

There are many causes of MetHgb, including both hered-
itary and acquired. Drugs and toxins, such as nitrates, nitrites,
nitroglycerine, aniline dyes, hydrazine, and hydrazones as
well as sulfonamides, are associated with the production of
MetHgb in certain situations. Natural substances including
monomethylhydrazine-containing mushrooms such as the
Gyromitra esculenta can also cause methemoglobinemia, as
gyromitrin is similar to hydrazine in structure and function.
Toxic levels of MetHgb can be treated with a compound
known as methylene blue, which acts to rapidly reduce the
level of circulating MetHgb.
Aplastic Anemia

Aplastic anemia is characterized by pancytopenia on periph-
eral smear. The criteria for severe aplastic anemia includes
a bone marrow biopsy showing <50% normal cellularity in
which fewer than 30% of the cells are hematopoietic and at
least two of the following are present: absolute reticulocyte
count <40 000 ml�1, absolute neutrophil count <500 ml�1, or
platelet count <20 000 ml�1. The major causes of acquired
aplastic anemia are exposure to a wide variety of drugs,
chemicals, and ionizing radiation. Many cytotoxic drugs (e.g.,
vinblastine, vincristine) used in the treatment of cancer to kill
tumor cells can kill stem cells as well. Similarly, certain
analgesics (e.g., acetaminophen, diclofenac, indomethacin,
phenylbutazone) and antibiotics (e.g., chloramphenicol,
mefloquine, azidothymidine, penicillin) have been associated
with aplastic anemia.
Thrombocytopenia

Multiple drugs can cause thrombocytopenia (platelet count less
than 150 000 ml�1) via the formation of drug-dependent
antiplatelet antibodies that cause platelet destruction or clear-
ance by the reticuloendothelial system. Less common mecha-
nisms are drug-induced bone marrow suppression or an
autoimmune thrombocytopenia that is initiated by exposure to
the offending drug but persists in its absence. Common drugs
than can cause thrombocytopenia by antibody-mediated
platelet destruction include the following: abciximab, amio-
darone, carbamazepine, cimetidine, phenytoin, piperacillin,
rifampin, sulfonamides, trimethoprim-sulfamethoxazole, and
vancomycin. Thrombocytopenia can also occur as a result of
heparin-induced thrombocytopenia (HIT). It is a form of drug-
induced thrombocytopenia manifested clinically by throm-
bosis or skin necrosis with a clear relationship between the
onset of thrombocytopenia and heparin use. Heparin and
platelet factor 4 (PF4), a heparin-neutralizing protein con-
tained in the alpha granules of platelets, can trigger an antibody
response. The heparin–PF4 antibody complex attached to
platelets undergo aggregation and are then removed from the
circulation leading to thrombocytopenia and the generation of
procoagulant platelet-derived microparticles, resulting in
thrombosis. If a patient is suspected of having HIT, all sources
of heparin should be discontinued immediately and the use of
an alternative nonheparin anticoagulant can be recommended,
unless there is a contraindication.
Hemolysis

The normal life span of a circulating erythrocyte is approxi-
mately 120 days. Any degree of reduction in this life span
represents hemolysis. If hemolysis exceeds the regeneration of
new erythrocytes, it results in anemia. Several chemicals or their
reactive metabolites can cause hemolysis via oxidative injury
(e.g., chlorates, benzocaine, methylene blue, nitrites, phenol,
sulfonamides). Other chemicals can cause hemolysis in the
absence of oxidant injury, for example, lead and arsine. Lead
causes anemia by a combination of mechanisms, including the
inhibition of several enzymes involved in heme synthesis.
Toxic levels of lead above 25 mg dl�1 can be treated with
chelation therapy. The mechanism of hemolysis behind arsine
toxicity involves the fixation of arsine by sulfhydryl groups of
hemoglobin and impairment of membrane proteins, including
Naþ–Kþ

–ATPase. Supportive care and cessation of exposure are
the treatments of choice in most cases. In severe cases, exchange
transfusion can be used.
Glucose-6-Phosphate Dehydrogenase Deficiencies

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the
most common enzymatic disorder of RBCs in humans. The
likelihood of developing hemolysis and the severity of disease
are determined by the magnitude of the enzyme deficiency and
acute hemolysis is the most common clinical presentation of
previously unrecognized G6PD deficiency. Typically, hemolysis
begins 1–4 days following the exposure of an offending drug
(e.g., methylene blue, nitrofurantoin, primaquine, sulfame-
thoxazole, naphthalene). Other drugs, including, vitamin C,
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sulfisoxazole, and acetaminophen, are safe at therapeutic doses
but can cause hemolysis in G6PD-deficient patients following
an overdose. Jaundice, dark urine, and abdominal and back
pain may occur. The peripheral smear can show cell fragments
that have had Heinz bodies excised. Bone marrow stimulation
results in reticulocytosis and an increased erythrocyte mass.
More severe variants of G6PD deficiency include neonatal
jaundice, kernicterus, and splenomegaly with black pigment
gallstones from chronic hemolysis.
Leukemia

The leukemias are a diverse group of hematologic malignan-
cies that arise from the malignant transformation of hemato-
poietic cells. These cells develop in the bone marrow and
lymphoid tissue and ultimately interfere with normal cell
development and immunity. Leukemias are generally divided
into two groups, myeloid and lymphoid. In addition, leuke-
mias can be further subdivided by their natural history into
acute or chronic forms. The leukemias represent 3% of all
malignancies and w24 000 new cases develop in the United
States every year.

The etiology of leukemia in most cases is unknown,
although a combination of genetic and environmental factors
is probably important. The most important environmental
factors are drugs, radiation, and chemical exposures to a few
selected substances. The most common form of leukemia
associated with either chemicals or drugs is the acute non-
lymphatic leukemias (ANLLs), which are also referred to as
acute myeloid leukemias (AMLs). In ANLL, large numbers of
immature hematopoietic cells develop and replace the normal
cells. These abnormal cells are released into the circulation and
can easily be seen on peripheral blood smears. Since these cells
are quite immature, the blood does not contain adequate
numbers of normally functioning mature RBCs, leukocytes,
and thrombocytes. AML is an aggressive and rapidly fatal
disease unless appropriate therapy is begun.

The role of chemical exposure and development of ANLL
has been quite controversial. This controversy is partially due to
the problems associated with accurately and appropriately
classifying the various leukemias. Since the mid-1980s, the
nomenclature of the ANLL subtypes was established by the
French–American–British Cooperative Group also known as
FAB. Older studies in the literature that do not use this classi-
fication scheme present a serious problem since there was
a tendency to lump different categories together in order to
achieve sufficient statistical power for epidemiological analysis.
Nevertheless, there does appear to be sufficient evidence to link
ANLL with certain exposures to benzene.

The association between benzene exposure and leukemia has
beenmade since the late nineteenth century; however, the dose–
response relationship and mechanistic explanation have been
quite contentious. The most reliable evidence associating
chronic benzene exposure with AML was presented in a retro-
spective National Institute for Occupational Safety and Health
study of rubber hydrochloride workers in Akron, OH, from 1940
to 1949. Unfortunately, the mechanism of how benzene expo-
sure leads to the development of AML is not known. The two
most frequently discussed potential mechanisms of toxicity
involve either a point mutation or a chromosomal deletion. The
latter is considered more likely since neither benzene nor its
metabolites are mutagenic or teratogenic.
See also: Arsine; Benzene; Carbon Monoxide; Cardiovascular
System; Distribution; Heparin; Hydrogen Sulfide; Immune
System; Kidney; Lead; Liver; Mushrooms,
Monomethylhydrazine (MMH) - Generating; Hydrazine.
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Relevant Websites

http://www.atsdr.cdc.gov/csem/csem.asp?csem¼7&po¼0 – ATSDR (Agency for
Toxic Substances and Disease Registry) webpage on lead toxicity.

http://www.cdc.gov/nceh/lead/ – CDC (US Center for Disease Control) webpage on
lead toxicity.

http://www.masimo.com/pdf/whitepaper/LAB4280B.pdf – Demystifying Methemoglo-
binemia – White Paper. Online resource (PDF format).

http://emedicine.medscape.com/article/198759-overview – eMedicine online resource
for approach to aplastic anemia including an overview, clinical presentation, and
management.
http://emedicine.medscape.com/article/833740-overview – eMedicine online resource
regarding arsine exposure and poisoning.

http://emedicine.medscape.com/article/200390-overview – eMedicine online resource
regarding G6PD deficiency (glucose-6-phosphate dehydrogenase deficiency).

http://emedicine.medscape.com/article/204178-overview – eMedicine online resource
for approach to methemoglobinemia including an overview, clinical presentation,
management, and antidote use.

http://emedicine.medscape.com/article/1174752-overview – eMedicine online
resource for approach to patient with lead exposure and poisoning including an
overview, clinical presentation, and management.

http://www.g6pd.org/ – G6PD deficiency online resource from the G6PD Deficiency
Association.

http://www.lls.org/diseaseinformation/leukemia/ – Leukemia and lymphoma informa-
tion at the Leukemia and Lymphoma Society webpage.

http://www.haz-map.com/methem.html – Methemoglobinemia and industrial agents
as cause. ACGIH (American College of Governmental Industrial Hygienists).
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l Name: Boric acid
l Chemical Abstracts Service Registry Number: CAS 10043-

35-3
l Synonyms: Boracic acid, Orthoboric acid, Hydrogen borate,

Borofax, Three elephant, NCI-C36417
l Molecular Formula: H3BO3

l Chemical Structure:
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Boric acid

Uses

Boric acid is used as a fireproofing agent for wood, as
a preservative, and as an antiseptic. It is used in the manufac-
ture of glass, pottery, enamels, glazes, cosmetics, cements,
porcelain, leather, carpets, hats, soaps, artificial gems, and in
tanning, printing, dyeing, painting, and photography. It is
a constituent of nickel plating baths and electric condensers,
and it is used for impregnating wicks and hardening steel. In
laboratory procedures, boric acid is used in the preparation of
buffer solutions.

Boric acid is also used as a fungicide and as an insecticide
powder. Domestic use may include its application as an
insecticide for crawling insects such as roaches. In medicine, it
had been widely used as a disinfectant and a constituent of
baby powders, antiseptics, diaper rash ointments, eye washes,
gargles, and a variety of other consumer products for its mild
antiseptic property. Its routine medical use, however, has fallen
out of favor because of its relatively weak antiseptic action and
its potential for toxicity, although it may still be used to treat
recurrent vulvovaginitis.
Background Information

Boric acid exists in natural deposits as a mineral, sassolite. It is
also found in hot mineral water sources. The minerals are
extracted with sulfuric acid and crystalline boric acid is sepa-
rated. Borates have been used since antiquity for cleaning and
as food preservatives among other things. Boric acid was first
registered for use in the United States as an insecticide in 1948.
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
It has also been used as an antiseptic and was found in
numerous commercial products.
Environmental Fate and Behavior

Physicochemical Properties

Boric acid is odorless and colorless crystals or a white powder. It
is soluble in water at 5.6 g per 100 ml and solubility increases
as the water temperature increases. It is a weak acid (pKa of
9.15) and exists in aqueous solutions below pH of 7 as
undisocciated boric acid. The octanol–water coefficient (Kow) is
0.175. The density of boric acid is 1.4. The vapor pressure at
standard temperature and pressure is negligible.
Partition Behavior in Water, Sediment, and Soil

Boric acid and borate salts are present in soils throughout the
earth. In soil, inorganic boron compounds can react with
moisture to form various borates. Boric acid has greatest
adsorption to soil at pH of 7.5–9.0. Presence of iron or
aluminum oxides affect mobility. Borate concentrations are
highest in seawater (averaging 4.5 mg l�1), although drinking
water concentrations can reach 3.28 mg l�1. Boric acid and salts
of borate may reach groundwater because of their high water
solubility and their variable soil adsorption.
Environmental Persistency

Boric acid decomposes at temperatures above 100 �C. This
produces boric anhydride. The solution of boric anhydride is
a weak acid. Boric acid and borate salts are removed from soils
by leaching and uptake by plants. The low volatility of boric
acid and other borates results in only small amounts of these
compounds being present in the earth’s atmosphere. Particu-
lates are removed through precipitation and direct deposition.
Airborne borate particles have a half-life of a few days
depending upon the size of the particle and conditions in the
atmosphere. Boric acid and borates are not thought to degrade
or transform through photolysis, oxidation, or hydrolysis in the
atmosphere.
Exposure Routes and Pathways

Accidental ingestion and subcutaneous routes are the primary
exposure pathways. The maximum workplace concentration is
4-3.00700-4 533
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10 mg m�3. The maximum concentration in water used in
fisheries is 0.1 mg l�1. Boric acid can be absorbed via ingestion
and inhalation or through application to damaged or abraded
skin. Exposure from lavage and enema can also occur.
Toxicokinetics

Water emulsifying and hydrophobic ointments containing
boric acid liberate only small amounts within 24 h compared
with a near total liberation from a jelly. Boric acid is readily
absorbed from the gastrointestinal tract, mucous membranes,
and abraded skin. Boric acid is excreted unchanged in urine
with w50% excreted in the first 12 h and the remainder
excreted over a period of a few days. The half-life of boric acid
given orally is estimated to be 21 h. The fatal dose of boric acid
is estimated to be 15–20 g in an adult and w5 or 6 g in an
infant, with suggested fatal serum concentrations of at least
400 mg ml�1 (normal range: 0–2 mg ml�1).
Mechanism of Toxicity

The exact mechanism of toxicity is not known. Boric acid can
inhibit production of adenosine triphosphate, a cellular form
of energy.
Acute and Short-Term Toxicity (or Exposure)

Animal

Ingestion of boric acid by animals results in excessive saliva-
tion, thirst, fever, vomiting, and diarrhea. Seizures and other
neurologic toxicity occur in large ingestions. The onset of
toxicity and clinically apparent effects is typically within only
a few hours of ingestion. The LD50 (oral) of boric acid in rats is
4550 mg kg�1. Dogs are more sensitive to boric acid with the
LD50 (oral) >631 mg kg�1.

Human

Acute boric acid poisoning is extremely rare. In large ingestions
or overdoses, gastrointestinal symptoms including nausea,
vomiting, and diarrhea may occur. The diarrhea and vomitus of
a patient with boric acid ingestion is characteristically described
as being greenish blue. This may be followed by restlessness,
delirium, headache, tremors, and generalized convulsions
usually followed by weakness and coma. There is fever and
tachypnea followed by Cheyne–Stokes-type respirations and
respiratory arrest.

Changes on the skin include an erythematous skin eruption,
with papules or vesicles appearing between the fingers and on
the back of the hands initially and eventually becoming
generalized enough to give a ‘boiled lobster’ appearance. The
skin lesions may undergo bullous formation, desquamation,
excoriation, and sloughing. Hypothermia often occurs.

Renal injury can occur, usually in the form of renal tubular
necrosis, and can be demonstrated by the presence of oliguria,
albuminuria, and eventually anuria. Signs of meningeal irrita-
tion, oliguria, and circulatory collapse may be followed by
death within 5 days. Infants and young children are more
susceptible to boric acid intoxication. Symptoms in extremely
large doses will be similar to those seen in chronic over-
exposure (see below).
Chronic Toxicity (or Exposure)

Animal

Dogs and rats were able to tolerate boric acid doses of up to
350 ppm for 2 years. Larger doses of boric acid (1750 ppm)
over a period of time have been shown to cause testicular
damage and sterility in rats and dogs.
Human

Toxicity may occur after ingestion, injection, application to
damaged skin (e.g., abrasion, burns, or diaper rash), lavage, or
enema. Exposure can also occur with inhalation. Severe
systemic toxicity is most likely to occur from repeated dermal
application to damaged skin; this has been reported mainly in
the treatment of diaper rash in young children. Symptoms
include nausea, vomiting, bloody diarrhea, severe colic, and
abdominal pain. Low levels of boric acid ingestion may lead to
dry skin and mucous membranes, followed by the appearance
of a red tongue, patchy alopecia, cracked lips, and conjuncti-
vitis. Infertility among men is possible.

No major toxicological distinctions between boric acid and
its salts are recognized in human beings.
In Vitro Toxicity Data

No mutagenic effects have been seen in Salmonella typhi strains
TA98 and TA100 via the preincubation method.
Immunotoxicity

Exposure to boric acid through the skin can cause immune-
mediated reactions including dermatitis.
Genotoxicity

No mutagenic effects have been seen in S. typhi strains TA98
and TA100 via the preincubation method.
Reproductive Toxicity

Developmental toxicity occurs when boric acid is given to
pregnant female rats. At doses that are nontoxic to the mother,
skeletal abnormalities and low birth-weights occurred in the
offspring. Fetal malformations occurred in rabbits fed
250 mg kg�1 day�1 of boric acid during pregnancy.
Carcinogenicity

Boric acid is not classified as a human carcinogen by the
American Conference of Governmental Industrial Hygienists.
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Chronic exposure studies in rats and mice also indicate that
boric acid is not carcinogenic.
Clinical Management

There is no specific antidote. Supportive care should be
instituted for all patients with history of serious boric acid
exposure. Substantial recent ingestions may benefit from
administration of activated charcoal. Fluid and electrolyte
balance, correction of acid/base disturbance, and control of
seizures are essential to therapy. Case reports indicate that
hemodialysis as well as forced diuresis with furosemide and
very close monitoring of fluid repletion may be used to treat
acute boric acid poisoning. Sodium bicarbonate may be used
for any metabolic acidosis.
Ecotoxicology

Freshwater and Sediment Organism Toxicity

Boric acid has an LC50 of 65–88 mg l�1 in short-term exposure
studies (24 h) for rainbow trout. Bluegill fish are the most
sensitive freshwater fish to boric acid toxicity with a LD50 of
41 mg l�1 for 24-h exposures. Boric acid inhibits the growth of
green algae (Chlorella vulgaris) at concentrations of 10.6 mg l�1

over a 3–4-month exposure period.
Terrestrial Organism Toxicity (Including Plants)

Boric acid acts as a poison in the stomach of insects. It also
affects the nervous system and the powder is abrasive to their
exoskeletons. Boric acid also acts as a herbicide; causing the
desiccation of plants. While boron is an essential nutrient for
the growth of plants, excessive boron, boric acid, and borate
salts uptake can cause toxicity. Yellowing, splitting of the leaf
and of bark, and necrosis of root tips occur when soil boron
levels are excessive.

Plants take up boric acid and borate salts as undissociated
boric acid through active transport when the levels of boric acid
in the plants are low. Passive diffusion occurs at higher soil
concentrations. Boron and its salts are transported to the leaves
where water evaporates leaving the compounds behind to
accumulate in the leaves. Boric acid and its salts are immobile
in the phloem of plants and little moves to other parts such as
stems and fruits.

While most vegetable crops are tolerant of high concentra-
tions of boron in soil and water tubers and cereal crops are less
so and citrus and nut trees are most susceptible to boron and
boric acid toxicity.
Exposure Guidelines

The threshold limit value (inhalable fraction) is 2 mg m�3 as
a time-weighted average. The short-term exposure limit for
exposures that are only likely to last 15 min is 6 mg m�3. The
maximum workplace concentration is 10 mg m3. The
maximum concentration in water used in fisheries is
0.1 mg l�1. The recommended exposure limits for exposure
over a 40-h workweek are 1 mg sodium tetraborate (anhy-
drous) per m3 and 5 mg boric acid per m3.

The US Food and Drug Administration has set a reference
dose (RfD) for boron compounds at 0.2 mg kg�1 day�1. The
Health Advisory level for a 10-kg child is 4 mg boron per liter
for one day exposure and 0.9 mg boron per liter for a 10-day
exposure. The drinking water equivalent is 7 mg boron per
liter of water.

The tolerable daily intake (TDI) of boric acid as estimated
by the National Academy of Sciences Food and Nutrition Board
is 0.32 mg kg�1 day�1. The TDI estimated by the World Health
Organization is 0.4 mg kg�1 day�1.
See also: TGN1412; Freons; Mouse Lymphoma Assay.
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Relevant Websites

http://npic.orst.edu/factsheets/borictech.html – Boric Acid Fact Sheet – including
information about toxicity in animals and humans including developmental and
other effects.

http://edis.ifas.ufl.edu/pi128 – University of Florida website – pesticide profile for boric
acid. Includes toxicity information.
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l Name: Boron
l Chemical Abstracts Service Registry Number: 7440-42-8
l Synonyms: Boron
l Molecular Formula: B
Background

Although boron-containing compounds have been known for
thousands of years, the element in its pure form was not
isolated until 1808 by Sir Humphry Davy, Joseph-Louis
Gay-Lussac, and Louis-Jacques Thénard, using a reaction
between boric acid and potassium. Boron was not considered
to be an essential nutrient for human beings prior to 1980. In
1981, a study reported that boron stimulated bone growth in
vitamin D–deficient chicks, which helped prevent bone
abnormalities. Boron is now regarded as an essential trace
mineral that affects the absorption, metabolism, and excretion
of calcium, copper, magnesium, nitrogen, glucose, triglyceride,
reactive oxygen species, and estrogen in the body.
Uses

Boron is used to harden metals and as an oxygen scavenger for
copper and other metals. It is used as a reinforcing material for
composites. Boron filaments are used for lightweight but high-
strength building materials for aerospace structures, golf clubs,
and fishing rods. Amorphous boron can produce a green flare,
and is therefore useful in pyrotechnic flares. Boron is also used
in the production of borosilicate glass, which is highly resistant
to thermal shock. An alloy of boron, iron, and neodymium is
used to create a permanent magnet, known as the neodymium
magnet. These magnets are used in magnetic resonance
imaging machines, cell phones, and CD and DVD players.
Boron is also employed as a catalyst in olefin polymerization
and alcohol dehydration. Some boron compounds are used in
the production of insulating fiberglass, bleach, adhesives,
bulletproof vests, and tank armor. The principal consumption
pattern in the United States for boron is for the production of
glass products with minor usage in the production of soaps and
detergents.

In humans, boron plays an important role in keeping the
bones and joints healthy, and supplements containing boron
can be potentially useful in the treatment of osteoporosis and
rheumatoid arthritis, especially in postmenopausal women.
Boron has been found to increase collagenase and cathepsin D
activity in fibroblasts, thereby modulating the turnover of
extracellular matrix. Boron deficiency has been associated with
decreased plasma calcium and increased urinary calcium
excretion. This element has been reported to enhance the
actions of estradiol on trabecular bone, promoting absorption
and retention of minerals in ovariectomized rats.
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Boron supplementation can increase blood hemoglobin
and mean corpuscular hemoglobin levels in boron-deficient
anemic subjects. Data also indicate that boron may play an
important role in human brain function, alertness, hand–eye
coordination, and performance in cognitive tests. An increase
in steroid hormone levels (such as testosterone and estradiol) is
also observed in both men and women with increased intake of
boron, and is supported by the hypothesis that boron is
necessary for the hydroxylation step in the formation of specific
steroid hormones. This elevation of endogenous steroid
hormones in subjects taking boron supplementation could
make this element a potentially ergogenic safe substance for
athletes. Research also suggests that boron may play a role in
the immune system and inflammatory responses. Some studies
have also indicated that dietary boron intake in inversely
proportional to the incidence of prostate cancer.

Even though cases of boron deficiency are rare, it can impact
mineral metabolism, bone integrity, cognitive function, and
vitamin and steroid hormone levels. A possible role in repro-
duction and development is also indicated, as boron-deficient
diets have been found to result in embryological defects and
stunted growth in some species. Boron is supplied in significant
amounts to soils by atmospheric transport from the marine
environment. Deficiency problems are therefore less common
in coastal areas than farther inland.
Environmental Fate and Behavior

Boron is ubiquitous in the earth’s crust, and is found in most
soil types in the range 2–100 ppm, and the average concen-
tration of soil boron is estimated to be 10–20 ppm. The
primary source of boron is the mineral rasorite, also called
kernite. While large areas of the world are boron deficient, high
concentrations are found in parts of western United States, and
throughout China, Brazil, and Russia. The world’s richest
deposits of boron are located in a geographic region that
stretches from the Mediterranean countries inland to
Kazakhstan.

Vapor phase reduction can be used to obtain high-purity
crystalline boron from the reaction of boron trichloride or
boron tribromide with hydrogen on electrically heated fila-
ments. Boron trioxide may also be heated with magnesium
powder to obtain amorphous boron, which is an impure
brownish-black powder. Boron is now available commercially
at purities of 99.9999%, but is produced with difficulty, as
boron tends to easily form refractory materials containing
small amounts of carbon and other elements.

The low volatility of boron compounds explains why boron
is not present as a vapor in the atmosphere. However, via
atmospheric deposition, precipitation, or weathering of boron-
containing rocks, boron can be expected to migrate to the water
column. Oceans serve as major sources of boron, with an
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00255-4
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average concentration of 4.5 ppm. Seawater contains an
average of 4.6 ppm boron, while its concentration in freshwater
normally ranges from < 0.01 to 1.5 ppm, with higher con-
centrations in regions close to the marine coast, with poor
drainage, with high concentrations of boron in soil, or with
high inputs from industrial and municipal effluents.

Naturally occurring boron is present in groundwater
primarily as a result of leaching from rocks and soils con-
taining borates. Groundwater concentrations of boron range
widely, from < 0.3 to > 100 ppm. Drinking water has been
found to contain boron in concentrations between 0.01 and
15 ppm, with most values clearly below 0.4 ppm. These values
are consistent with ranges and means observed for ground-
water and surface waters, which can be explained based on
two factors. First, boron concentrations in water are largely
dependent on the leaching of boron from the surrounding
geology and wastewater discharges, and second, conventional
drinking-water treatment methods are unable to successfully
remove boron.

Waterborne boron may be adsorbed by soils and sediments,
making adsorption–desorption reactions to be the most
significant mechanism influencing the fate of boron in water.
The extent of boron adsorption depends on the pH of the water
and the boron concentration in solution, with the highest
adsorption taking place between pH 7.5 and 9.0. Boron is
released to the environment from natural sources such as
oceans, volcanoes, and geothermal steam. It cannot be
destroyed, but can change its form, producing complexes with
soil particles, sediments, or water.

At room temperature, elemental boron (valence 3) exists as
a solid, either as pure black monoclinic crystals or as an
impure yellow or brown amorphous powder. The melting
point of boron is 2079 �C and its boiling/sublimation point is
2550 �C. The specific gravity of crystalline boron is 2.34, while
that of the amorphous form is 2.37. Elemental boron is
capable of transmitting portions of infrared light. Electrical
conductivity of boron is directly proportional to temperature.
Boron is capable of forming stable covalently bonded molec-
ular networks. The energy band gap of elemental boron is
1.50–1.56 eV.
Exposure and Exposure Monitoring

The most common routes of exposure to boron for humans
include consumption of private, municipal, or commercial
(bottled) sources of drinking water; dietary consumption of
crops and other foodstuff, including dietary supplements;
inhalation of boron compounds during mining, manufac-
turing, and other industrial processes; and use of some
consumer products such as oral care products, cosmetics, soaps,
and detergents.

The presence of boron in drinking water has been previ-
ously discussed in the “Environmental Fate and Behavior”
section. Food sources rich in boron include avocado, peanuts,
pecans, grapes, raisins, and wine. Legumes, nuts, and avocados
contain 1.0–4.5mg boron per 100 g, while fruits and vegeta-
bles provide 0.1–0.6mg boron in every 100 g. Meat and dairy
products are poor sources, providing less than 0.6mg boron in
100 g of source. Concentrations of boron reported in food after
1985 are thought to have higher validity due to the use of more
adequate analytical methods. Mean daily intakes of boron for
male and female adults have been reported to be 1.28 and
1.0mg boron day�1, respectively, while chronic intakes of as
much as 40mg day�1 may occur in some populations.

Workers in industries such as boron mining and processing,
and manufacture of fiberglass, cosmetics, fertilizers, pesticides,
and cleaning and laundry products, can be exposed to boron
compounds at their workplace. Data from these exposure sites
can provide a useful method to help assess the upper limits of
boron exposure in humans with no concurrent adverse effects.
Average boron concentrations in ambient nonoccupational
air samples have been reported to be 2� 10�5 mg boronm�3.
A study measuring mean dust concentrations in air samples
from a borax packaging and shipping company reported
0.45–2.43mg boronm�3 in the air from these workplaces.
Toxicokinetics

Boron-containing compounds can be absorbed from both the
gastrointestinal and respiratory tracts, as indicated by an
increase in levels of boron in the blood, tissues, or urine; or by
systemic toxic effects observed in the exposed individuals or
laboratory animals. While absorption through intact skin is
negligible, it can occur through denuded or irritated skin. The
decisive factor for the degree of liberation of boron from
boron-containing topical products is the nature of the vehicle,
with water-based vehicles resulting in higher boron levels
achieved in blood and urine. An oral dose of boron is readily
and completely (approximately 95%) absorbed in humans and
appears rapidly in the blood and body tissues. Boron metab-
olism in the body is not energetically feasible, with
523 kJ mol�1 energy being required to break boron–oxygen
bonds. Cessation of dietary boron results in a rapid drop in
bone boron levels, with a direct relationship observed between
ingestion and urinary excretion rates, which accounts for
elimination of nearly 100% of the boron load. The kidneys are
the primary site of homeostatic regulation of boron in the
body, and at normal dietary or supplemental levels, there is no
evidence for boron accumulation over time. While urine serves
as the primary pathway for excretion of boron, bile, sweat, and
exhaled breath constitute other routes of elimination.
Acute and Short-Term Toxicity

Direct nonsystemic effects of boron exposure are minor, and
skin exposure has not been reported to cause irritant or sensi-
tizing contact dermatitis. Respiratory exposure to dust
contaminated with boron compounds has been reported to
cause symptoms of acute respiratory irritation such as dryness
of the mouth, nose, or throat, dry cough, sore throat, produc-
tive cough, shortness of breath, nosebleeds, and chest tightness.
However, irritation does not persist for long periods after
leaving the dusty area. Exposure to large amounts of boron-
containing compounds over short periods of time can affect
stomach, intestines, liver, kidney, and brain. Studies in animals
indicate that the male reproductive organs, especially the testes,
are affected if large amounts of boron are ingested for short or
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long periods of time. Some effects like inhibited spermiation
have been found to be reversible, while focal testicular atrophy
is persistent in nature after cessation of exposure. The doses of
boron that produce these effects are approximately 2000 times
the average level of adult exposure in the US population.
Children living near boron-containing waste sites are likely to
be exposed to higher than normal environmental levels of
boron through breathing in boron-containing dust and eating
boron-contaminated soil.

The oral LD50 values for boron-containing compounds has
been established in the range of 400–700mg boron kg�1 of
body weight in mice and rats and between 250 and
350mg boron kg�1 of body weight for guinea pigs, dogs,
rabbits, and cats. Signs of acute toxicity in animals given single
large oral doses of boron-containing compounds include
depression, ataxia, kidney degeneration, testicular atrophy,
convulsions, and death.
Chronic Toxicity

Chronic exposure to boron in humans can lead to anorexia,
weight loss, vomiting, mild diarrhea, erythematous rash,
exfoliative dermatitis, alopecia, convulsions, anemia, and
kidney damage. A decrease in body weight was reported in both
male and female mice exposed to boron-containing
compounds for an extended period of 2 years, with a higher
rate of mortality observed in male mice. In a different two-year-
long study, rats exposed to boron displayed coarse hair coats,
scaly tails, hunched posture, swollen and desquamated pads of
the paws, abnormally long toenails, shrunken scrotum,
inflamed eyelids, and bloody eye discharge. The relative
weights of the testes were significantly lower, and relative
weights of the brain and thyroid gland were higher, than those
of controls in this study.
Reproductive Toxicity

Low birth weights, birth defects, and developmental delays
have been reported in newborn animals whose mothers were
orally exposed to high doses of boron-containing compounds
during pregnancy. However, these doses are more than 800
times higher than the average daily intake of boron in food by
adult women in the US population. Unfortunately, the human
database on boron is not adequate for establishing an upper
tolerable limit (UL) and there are no human data on devel-
opmental and reproductive effects comparable to those
observed in animals. The current UL for boron
(10mg boron day�1 for adults) is based on the no observed
adverse effect level (NOAEL) for decreased fetal body weight in
rats following maternal exposure during pregnancy. No
reproductive toxicities have been reported in males occupa-
tionally exposed to boron compounds.
Developmental Toxicity

Animal studies with boron have reported a significant reduc-
tion in fetal body weight observed in developmentally exposed
rats, mice, and rabbits. Malformations consisted primarily of
anomalies of the eyes, the central nervous system, the cardio-
vascular system, and the axial skeleton. The most common
malformations were enlargement of lateral ventricles in the
brain and agenesis or shortening of rib XIII.
Genotoxicity

The mutagenic activity of boron-containing compounds was
found to absent in studies conducted using Salmonella typhi-
murium and mouse lymphoma assays. No induction of sister
chromatid exchange, chromosomal aberrations, or gene
mutations have been observed in cell transformation assays
with Chinese hamster cells, mouse embryo cells, and human
fibroblasts.
Carcinogenicity

The US Department of Health and Human Services, the Inter-
national Agency for Research on Cancer, and the US Environ-
mental Protection Agency (EPA) have not classified boron as
a human carcinogen. While no human studies are available,
one animal study found no evidence of cancer after lifetime
exposure to dietary boron. No increase in tumor incidence was
reported in 2-year long studies in which Sprague–Dawley rats
received diets containing boron compounds.
Clinical Management

Blood and urine can be examined to determine whether
excessive exposure to boron has occurred. Flushing of the eyes
with water and washing skin area exposed to boron with water
and soap are recommended. Inhalational exposure requires
removing the subject to a ventilated area, and giving artificial
respiration if required. Emesis should be induced only if the
person is conscious and has recently ingested a significant
quantity of boron-containing compound. It is advised that
pesticides containing boron compounds should be used
according to their directions and should be kept away from
children. Also, household chemicals should be stored in their
original labeled containers and out of reach of young children
to prevent accidental poisonings.
Ecotoxicology

Boron is critical for the process of cell differentiation in growing
tips of plants, and plants continue to undergo cell division
without differentiation of cells under boron-deficient condi-
tions. These plants appear stunted and deformed. Boron defi-
ciency has been reported to result in altered cell wall properties.
Studies have reported increases in the levels of actin and
tubulin proteins in Arabidopsis roots and changes in the cyto-
skeletal polymerization patterns in cells of maize root apices in
response to boron deficiency. Deformed flowers, reduced
flowering, and improper pollination are common symptoms of
boron deficiency in plants. Despite the clear and rapid effects of
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boron deprivation, the underlying mechanisms by which
boron deficiency affects the structure and function of plasma
membrane are still unknown. Boron is also involved in the
process of nitrogen fixation in microorganisms and legumes,
and boron deficiency leads to a lower number of developed
nodules capable of fixing nitrogen in legumes.

Boron toxicity can occur in plants that are irrigated with
water containing high amounts of this element, or those that
are grown in soils with high boron content, usually in arid and
semiarid regions characterized by low rainfall and poor
drainage. Typical symptoms of boron toxicity in plants include
leaf burns (necrotic patches on the margins and tips of older
leaves), fruit disorders (gummy nuts, internal necrosis), and
bark necrosis, depending on the plant genotype. As boron
concentrations in plant roots remain low even with high boron
exposure, this part of the plant is often devoid of any toxic
effects. Boron toxicity can lead to decreased chlorophyll
concentrations, reduced growth, and decreased CO2 fixation.
Exposure Standards and Guidelines

Based on animal models, an NOAEL and a lowest observed
adverse effect level (LOAEL) have been established at 55 and
76mg of boron kg�1 day�1, respectively. Risk assessments of
boron indicate no significant risk of toxicity to humans at
currently estimated dietary or drinking water levels of expo-
sure. The EPA has determined that exposure to boron in
drinking water at concentrations of 4mg l�1 for 1 day or
0.9 mg l�1 for 10 days is not expected to cause no adverse
effects in children. Also, the EPA has determined that a lifetime
exposure to 1mg l�1 boron is not expected to cause any
adverse effects, and has set the RfD for boron at
0.2 mg kg�1 day�1. The US Occupational Safety and Health
Administration has limited workers’ exposure to an average of
15 mg m�3 for boron oxide in air for an 8-h workday, 40-h
workweek. The Agency for Toxic Substances and Disease
Registry has derived an acute-duration inhalational minimal
risk level (MRL) as 0.3 mg boronm�3, an acute and interme-
diate duration oral MRL of 0.2 mg boron kg�1 day�1.

The inconsistency noted for safe limits and estimated
intakes reflects largely the variability of boron in human diets,
with boron-poor regions providing less than 0.5mg boron -
day–1 and boron-rich environments providing maximal intakes
of 29mg boron day–1 with even higher intakes in rare
instances. Evolving methods of collecting, processing, and
analyzing samples and data are also cause for some variability,
and even error, when determining boron in our human
environment.
See also: Food Safety and Toxicology; Occupational Toxicology;
Occupational Safety and Health Administration; Pollution, Soil;
Pollution, Water; Reproductive System, Male.
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Bolt, H.M., Başaran, N., Duydu, Y., 2012. Human environmental and occupational
exposures to boric acid: reconciliation with experimental reproductive toxicity data.
J. Toxicol. Environ. Health A 75 (8–10), 508–514.

Jacobs, R.T., Plattner, J.J., Keenan, M., 2011. Boron-based drugs as antiprotozoals.
Curr. Opin. Infect. Dis. 24 (6), 586–592.

Meacham, S., Karakas, S., Wallace, A., Altun, F., 2010. Boron in human health:
evidence for dietary recommendations and public policies. Open Miner Process J.
3, 36–53.

Nable, R.O., Bañuelos, G.S., Paull, J.G., 1997. Boron toxicity. Plant Soil 193,
181–198.

Nielson, F.H., 2008. Is boron nutritionally relevant? Nutr. Rev. 66, 183–191.
Nielsen, F.H., 2009. Micronutrients in parenteral nutrition: boron, silicon, and fluoride.

Gastroenterology 137 (Suppl. 5), S55–S60.
Scialli, A.R., Bonde, J.P., Brüske-Hohlfeld, I., Culver, B.D., Li, Y., Sullivan, F.M., 2010.

An overview of male reproductive studies of boron with an emphasis on studies of
highly exposed Chinese workers. Reprod. Toxicol. 29 (1), 10–24.

Toxicological Profile for Boron, 2010. ATSDR. CAS #: 7440-42-8.



Botulinum Toxin
YL Leung, Musgrove Park Hospital, Taunton, Somerset, UK
SA Burr, Plymouth University Peninsula Schools of Medicine and Dentistry, Plymouth, UK

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Fermin Barrueto Jr, volume 1, pp 332–334, � 2005, Elsevier Inc.
l Name: Botulinum toxin
l Chemical Abstracts Service Registry Number: 93384-43-1
l Synonyms: Clostridium botulinum, Foodborne/classic botu-

lism, Intestinal infant botulism, Wound botulism
l Molecular Formula: Not applicable – botulism toxins

contain over 1000 amino acids
l Chemical Structure: Botulinum toxin has a molecular

weight of 100 000, consisting of 1300 amino acids
Background

Botulism, a disease of the nervous system in animals and
humans, was first recorded in Germany in 1735 and was
thought to be due to eating a tainted sausage. The name
botulism comes from the German ‘botulus’ for sausage. Botu-
linum toxin (molecular weight of 100 000, consisting of 1300
amino acids) is derived from Clostridium botulinum – an
anaerobic spore-forming gram-positive bacterium commonly
found in soil. It can affect a wide range of animals, including
mammals, fish, and birds. There are seven serological varieties
of botulism denoted by the letters A–G. They are structurally
similar but antigenically and serologically unique. Only the
botulism types A, B, E, and F can cause toxicity in humans.
Types C and D can cause toxicity in animals. From 1990 to
2000, the US Centers for Disease Control documented 263
individual cases from 160 foodborne botulism events in the
United States; 4% of these resulted in fatality and 103 of these
cases occurred in Alaska. They were due to traditional Alaska
aboriginal foods, including the ingestion of raw whale fat or
muktuk. While the numbers of cases of foodborne botulism and
infant botulism are stable, the incidence of wound botulism
has increased due to the use of black tar heroin. California has
reported the majority of cases of wound botulism associated
with tar heroin use.
Uses

The use of botulinum toxin includes medicinal (e.g., treatment
of spastic conditions, hyperhidrosis), cosmetic (removal
of wrinkles), or as a potential terrorism agent (e.g., via
aerosolization).
Environmental Fates and Behavior

Exposures, Routes, and Pathways

Inadequately sterilized processed products (e.g., canned foods)
can be contaminated with neurotoxin-producing spores,
leading to potential accidental exposure by ingestion (the most
common route). Poor food hygiene during food preparation
has been the major causes of large outbreaks of foodborne
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botulism. In patients with underdeveloped intrinsic gut
immunity (e.g., infants), C. botulinum colonization of the
gastrointestinal tract can occur. Susceptibility to colonization
can also occur where the normal gastrointestinal protective
mechanisms are deficient (e.g., in patients who have undergone
major gastric surgery whereby acid production is reduced or
where bile acid formation has ceased).

Cutaneous absorption and thus toxicity do not occur if the
skin is undamaged. However, an open wound or mucous
membrane exposed to the bacterium increases the risk of
toxicity.

Intravenous users of certain types of heroin, in particular,
the poorly refined ‘black tar’ heroin seen in the western part
of the United States, are also at risk for acquiring botulism
when the intramuscular route or subcutaneous route is used or
users ‘miss’ a vein during injection. There have been several
outbreaks of injection drug use–associated botulism, primarily
in California, in the United States over the past decade.
Physicochemical Properties

Clostridium botulinum is a gram-positive, rod-shaped bacterium
that is prevalent in marine and soil environments around the
world. Botulinum toxin is rapidly inactivated when exposed to
air. Spores produced by the bacterium are heat tolerant, being
able to survive short exposure (<10min) to temperatures of up
to 100 �C.
Environmental Persistence

Botulinum toxin is rapidly inactivated when exposed to air.
Spores produced by the bacterium are heat tolerant, being able
to survive short exposure (<10 min) to temperatures of up to
100 �C.
Exposure and Exposure Monitoring

In potential exposures to botulism, individuals should be
monitored clinically for the development of symptoms and
treated with antitoxin if appropriate. Stool or gastric samples
(vomitus or aspirates) can be sent for detection to certified
laboratories. Serum should be obtained in a red-topped tube
and placed on ice for shipping. Tissue and exudates from
a wound should be placed in an anaerobic environment and
shipped to the appropriate laboratory.
Toxicokinetics

Botulinum toxin is the most potent toxins known. Extremely
minute quantities (i.e., pictograms) are potentially lethal in
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00701-6
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adult humans. The incidence of poisoning from botulism is,
however, low. Botulinum bacterium thrives only in optimal
conditions with acidic environments (pH < 4.5), with
temperatures >10 �C, and under anaerobic conditions where
there is no competition from other bacteria. Botulism expo-
sure can come from infectious or noninfectious causes.
Infectious causes occur in infants with colonization of an
immature gastrointestinal tract, in intravenous drug users
(particularly black tar heroin), and in adults with disruption
of normal gastrointestinal flora (i.e., taking antibiotics or with
surgeries causing ‘blind loops’ of bowel). Noninfectious
causes can come from improperly canned foods or otherwise
contaminated products (i.e., muktuk or whale meat exposure),
through aerosolized means, or from inadvertent systemic
toxicity when used for therapeutic purposes. The botulinum
toxin does not cross the blood–brain barrier and affects only
peripheral nerves. Human exposures are from types A, B, and
E. Onset of symptoms depends on the amount of toxin
ingested, absorbed in a wound, or inhaled. Pathogenesis
following foodborne and inhalational toxin exposure is
similar. In wound botulism, the spores grow from
C. botulinum and the toxins are formed in vivo. After oral
exposure, absorption from the wound, or absorption from
respiratory exposure, the toxins are taken up by lymphatics
and delivered to peripheral cholinergic synapses. Time to
onset of symptoms can vary from a few hours to up to 8 days
depending on the amount of toxin one is exposed to and the
kinetics of absorption. Symptoms typically appear between
12 and 72 h after eating contaminated foods, however.
Mechanism of Toxicity

Clostridium botulinum secretes an exotoxin (of which there are
seven distinctive antigenic types labeled A–G) consisting of
proteinaceous heavy and light chains linked together by
a disulfide bond. Human poisonings have predominantly
been due to types A (vegetables), B (meat), and E (fish). The
toxin inhibits acetylcholine-mediated neurotransmitter
release by binding onto SNARE proteins that facilitate
exocytosis of acetylcholine synaptosomes. The heavy chain
directs endocytosis of the toxin into a neuron in the periph-
eral nervous system. The pharmacologically active zinc-
dependent endopeptidase light chain then binds to the
SNARE proteins (synaptobrevin, SNAP-25, syntaxin), cleaving
a portion of the protein and thus destroying it. The conse-
quence is blockage of acetylcholine release. The toxin does not
cross the blood–brain barrier and affects only peripheral
motor nerves.
Acute and Short-Term Toxicity

Animal

Botulism can occur in both invertebrates and vertebrates. Cases
have been reported in rats, mice, frogs, toads, chickens, certain
types of fish, leeches, and Drosophila, among other organisms.

Lactating cows appear to be very susceptible to botulinum
toxicity, with an LD50 of 0.388 ng kg�1. With toxin type C, they
are 13 times more sensitive than mice.
Human

Following exposure to the toxin, there is a short incubation
period of 12–72 h before symptoms present. Shorter (less than
1 h) and longer (8 days) incubation periods have, however,
been reported. Botulinum toxicity typically presents symptoms
in a descending fashion, from proximal to distal. Botulism
initially manifests as bulbar muscle dysfunction, followed by
multiple cranial nerve involvement and progressing to
descending paralysis. Higher cortical function is unimpaired
until hypoxia develops as a result of progressive respiratory
muscle paralysis and thus respiratory failure. Muscle paralysis
persists for weeks until sufficient SNARE protein is
resynthesized.
Chronic Toxicity (and Exposure)

Human

Toxin type A is used for medical purposes (e.g., in the treatment
of dystonia, hyperhidrosis, strabismus, and hypertonia due to
neuromuscular disorders such as cerebral palsies). In the
cosmetic industry, this toxin is used for the temporary removal
of deep glabellar lines (wrinkles). The temporary action of
botulinum type A toxin is due to the regeneration of motor end
plates.

In Vitro Toxicity

Botulinum type B toxin entry into PC12 cells has been found to
be mediated by synaptotagmins I and II, which act as receptor
agonists for the toxin. For types A and E, this has not been
found.
Immunotoxicity

The incidence of neutralizing antibody formation to botulism
type A is measured by the mouse bioassay and is less than 5%.
Dosage and frequency of administration are the most impor-
tant factors associated with antibody formation.
Reproductive Toxicity

Botulinum toxin A is pregnancy category C. There are no
adequate and well-controlled studies of botulinum toxin type
A administration in pregnant women.

In a fertility and reproductive study in rats, the no observ-
able effect limit was 4 U kg�1 in male rats and 8 U kg�1 in
female rates. These doses are approximately two-thirds of the
dose used in humans for botulism A or Botox (TM). When the
dose was increased to 16 U in rats, lower birth weights were
noticed. In rabbits, which are more sensitive to botulism, lower
doses caused fetal demise and malformations.
Genotoxicity

Botulism type A was not found to be mutagenic in any in vitro
or in vivo experimental models.
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Carcinogenicity

Botulism type A is not thought to be carcinogenic. Studies in
animals using botulism type A (Botox (TM)) have not been
performed.
Clinical Management

Prompt diagnosis, antitoxin administration, and supportive
management are the mainstays of treatment for a patient with
botulinum toxicity. Where there has been a deliberate,
unlawful release of toxin, primary responders and secondary
carers should be endowed with an appropriate personal
protective equipment, which includes self-contained breathing
apparatus. In general, the patient is to be isolated and placed in
a well-ventilated room (with its own ventilation system pref-
erably) and a process of decontamination initiated. In cases of
wound botulism, any abscesses should be debrided and
appropriate antibiotic treatment initiated. Cultures from the
wound and exudates should be sent for detection of botulinum
toxin. Pulmonary and bulbar functions should be regularly
assessed and ventilatory support provided in cases of respira-
tory failure. Antitoxin (containing types A, B, and E) therapy
should be instituted promptly if toxicity is suspected to prevent
progressive paralysis and thus complications associated with
prolonged artificial ventilation in the intensive care environ-
ment. Unfortunately, the antitoxin does not reverse any
damage that has already occurred, and antitoxin administra-
tion also carries the risk of hypersensitivity reactions (e.g.,
anaphylaxis). All suspected cases are to have samples taken and
tested for botulinum toxin and the appropriate health protec-
tion agency and national poisons unit informed of confirmed
cases. Full functional recovery depends on the extent and
duration of neuronal damage prior to antitoxin administration.
Ecotoxicology

Clostridium species are particularly prevalent in soil and water
environments. Birds such as loons are particularly sensitive to
type E botulism, which has been the cause of several outbreaks
of migrating birds dying related to a paralytic illness. In addi-
tion to the birds, many fish are vulnerable to this type of
botulism as well. The Great Lakes region in the United States
has had outbreaks of type E botulism in fish and fish-eating
birds since the 1960s.

See also: Food Safety and Toxicology; Gastrointestinal System;
Clostridium perfringens; Candidate List of Substances of Very
High Concern (SVHC), REACH; Environmental Risk
Assessment, Aquatic; European Food Safety Authority (EFSA);
Bio Warfare and Terrorism: Toxins and Other Mid-Spectrum
Agents; Nerve Agents; Poisoning Emergencies in Humans;
High Temperature Cooked Meats.
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l Name: Brodifacoum
l Chemical Abstracts Service Registry Number: 56073-10-0
l Synonyms: PP 581; WBA 8119; 3-(3-(4-Bromo

(1,1-biphenyl)-4-yl)-1,2,3,4-tetrahydro-1-naphthalenyl)-
4-hydroxy-2H-1-benzopyran-2-one; Talon G; Ratac; Havac

l Chemical Class: A long-acting 4-hydroxycoumarin deriva-
tive; one of the superwarfarins (also see Warfarin)

l Molecular Formula: C31H23BrO3

l Chemical Structure:
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Br−
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Background

Brodifacoum is a 4-hydroxycoumarin anticoagulant that acts as
a vitamin K antagonist. It was registered as a pesticide in 1979
in the United States although in 2008 it was made a restricted
use pesticide by the Environmental Protection Agency. This
means it can only be used by certified pesticide applicators;
however, the makers of D-Con which contains 0.005% brodi-
facoum by weight have challenged this and brodifacoum is
currently available in D-Con and in various other pesticide
products for the eradication of mice and rats although it is also
used on larger mammals such as possums. Brodifacoum
currently remains available to the general public.

Uses

Brodifacoum is used as a rodenticide (commonly 0.005% by
weight).
Exposure Pathways

The most common route of exposure is oral. Transcutaneous
and inhalation exposures have been implicated in workers
involved in the manufacture of brodifacoum and pesticide
operators.
Environmental Fate and Behavior

Relevant Physicochemical Properties

Brodifacoum is an off-white powder and is stable in solid form.
Melting point is 230 �C.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Brodifacoum is not highly flammable.
Boiling point – brodifacoum decomposes before boiling.
Solubility in water (at 20 �C) is 0.003 8 mg l�1.
Solubility in acetone (at 20 �C) is 6000 mg l�1.
Solubility in chloroform (at 20 �C) is 30 000 mg l�1.
Octanol/water partition coefficient at pH7 (20 �C)

P ¼ 3.16 � 108.
Vapor pressure at 25 �C (mPa) is 0.13.
Groundwater ubiquity score (GUS) leaching potential index

is �1.35 indicating low leachability.
Bulk density (g/ml)/specific gravity is 1.42.
The absorption coefficient for brodifacoum Koc ¼ 912.
Mobility – brodifacoum has a no leaching classification.
Brodifacoum is scarcely degradable.
Bioaccumulative potential – brodifacoum has a Log Pow �

100 000.
Partition Behavior in Water and Soil

Brodifacoum has a very low solubility in water and typically
enters water through erosion where it is then found in the
sediment. Brodifacoum concentrations are typically not
measurable in water systems.
Environmental Persistency

Products that contain brodifacoum as pesticide can remain
toxic for a long period of time in the environment. The rate of
decay of brodifacoum depends upon the amount of rainfall. As
the product that contains brodifacoum degrades over time, the
brodifacoum is absorbed into the soil. Soil bacteria degrade
brodifacoum over weeks to months although soil type,
temperature, and the presence of microorganisms that will
degrade brodifacoum all influence the time it takes to degrade.
Bioconcentration and Bioaccumulation Factors

Brodifacoum has a high potential for bioaccumulation. It is
persistent and immobile in soil and fixes to organic material in
water, accumulating in the sediment. It does not volatilize into
the air and has low volatility from water and moist soil.
Environmental Monitoring

Brodifacoum is not used in direct application to crops or as an
additive to foods. There is minimal information on concen-
trations of brodifacoum in air, water, and soil.
Toxicokinetics

The metabolic fate of brodifacoum in humans is not well
understood. Brodifacoum is much more lipid soluble than
4-3.00702-8 543
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warfarin, resulting in a larger volume of distribution. There is
extensive hepatic sequestration and prolonged high liver
concentrations in the rat. Brodifacoum may also undergo
enterohepatic recirculation in the rat. Based on the limited data
available, the elimination half-life of brodifacoum in humans
ranges from 16 to 36 days. There is considerable species vari-
ation. The apparent elimination half-life in dogs is 120 days.
Inducers of the cytochrome P450 system have been reported to
reduce the half-life of brodifacoum in animals.
Mechanism of Toxicity

Brodifacoum, like other hydroxycoumarins, interferes with the
production of vitamin K–dependent coagulation factors.
Vitamin K is a cofactor for the carboxylation of specific gluta-
mic acid groups in coagulation factors II (prothrombin), VII,
IX, and X. During this step, vitamin K is oxidized to vitamin K
2,3-epoxide. The regeneration of vitamin K by vitamin K
2,3-epoxide reductase is prevented by brodifacoum. As a result,
dysfunctional decarboxy-coagulation factors are produced and
coagulation is impaired. Brodifacoum is over 100 times more
potent than warfarin on a molar basis in rats.
Acute Toxicity

Human Toxicity

Depletion of preformed, circulating coagulation factors must
occur before any anticoagulant effects are apparent. Typically,
there is a delay of 24–36 h following ingestion before any effect
is evident by measurement of the prothrombin time (PT).
Significant toxicity from brodifacoum may be the result of
large, one-time intentional ingestions. However, generally,
repeated exposures over time are more likely to produce clinical
toxicity. Single, small accidental ingestions in children are
usually benign. Bleeding may occur virtually anywhere
although cutaneous, mucosal, urinary, and gastrointestinal
bleeding would be expected to be most common. Fatal intra-
cerebral hemorrhage has been reported. Poisoning due to
brodifacoum has led to prolonged periods of anticoagulation,
often weeks and in some cases up to 6 months or longer. The
clinical effect of brodifacoum is best monitored by following
the PT and international normalized ratio (INR). Serum bro-
difacoum levels can be measured to confirm exposure,
although there are no data to correlate serum levels and extent
of toxicity. Factor activity can be assayed. An elevated serum
ratio of vitamin K epoxide to vitamin K is further evidence of
the presence of vitamin K reductase inhibition. While most
brodifacoum exposures in humans are through oral ingestion it
may also be absorbed through the skin. Irritation can occur
upon contact to the eyes.
Animal Toxicity: Acute

Toxicity has been described in dogs, cats, horses, cows, pigs,
sheep, goats, rats, mice, rabbits, voles, possums, Australian
marsupials, chickens, ducks, and hedgehogs. Toxicity is expected
in mammals, marsupial, and avian species. Owls died of
hemorrhaging after feeding on rats killed with brodifacoum.
Brodifacoum is very dangerous to certain bird species through
secondary exposure. Birds of prey such as raptors feeding on rats
and mice poisoned by brodifacoum may become poisoned in
this way. The LD50 of brodifacoum in the Mallard is
0.26 mg kg�1. Signs of poisoning occur after a latent period of
12 h to several days and may include bruising easily with
occasional nose or gum bleeds; blood in stools or urine; exces-
sive bleeding from minor cuts or abrasions; labored breathing;
pale mouth and cold gums; anorexia and general weakness.
Lethargy, weakness, and lack of muscular coordination may also
occur. Prolonged bleeding may occur from any small wounds
and extensive bruising and subcutaneous hemorrhage.

Brodifacoum lacks insecticidal properties due to differences
in invertebrate physiology.

Human Toxicity: Chronic

Repeated exposures over time can lead to prolonged anti-
coagulation and appears to require a lower total dose than
acute exposure. Clinical effects are similar to acute exposure.

Animal Toxicity: Chronic

Repeated exposures over time can lead to prolonged anti-
coagulation and appears to require a lower total dose than
acute exposure. Clinical effects are similar to acute exposure.
Brodifacoum is not readily metabolized in animals and is
stored in the liver of chronically exposed animals where it
remains for months.
Clinical Management

For acute, single-dose ingestions, activated charcoal should be
administered. Induced emesis should be avoided in the anti-
coagulated individual. In large acute ingestions, the PT should
be determined at 24–48 h after ingestion to assess the poten-
tial for toxicity. In the patient with clinical evidence of
significant anticoagulation, extreme caution should be exer-
cised with any invasive procedure. The airway should be pro-
tected if compromised by bleeding or hematoma formation.
Volume resuscitation should be provided as indicated by
clinical status. With active, uncontrolled, or life-threatening
hemorrhage, fresh frozen plasma will provide preformed
coagulation factors. Vitamin K1 (phytonadion) is a specific
antidote for brodifacoum toxicity. Pharmacologic doses of
vitamin K allow the production of functional coagulation
factors despite the presence of brodifacoum. The dose and
route depend on the clinical setting. For rapid reversal,
5–25 mg should be administered intravenously no faster than
1 mg min�1. Anaphylaxis has been reported with intravenous
vitamin K. In children, doses of 0.6 mg kg�1 have been rec-
ommended in warfarin poisoning, and larger doses may be
necessary with brodifacoum. Clinical effects may be seen
within hours. The response and duration of a single dose is
variable and depends on the severity of the intoxication.
Repeat doses will be necessary. In the less emergent setting,
vitamin K may be given subcutaneously or orally. The doses
needed to maintain adequate coagulation status may be quite
large; in some cases, doses of 100 mg day�1 or more orally
have been reported, although typical doses are in the range of
25 mg day�1. The appropriate dose is encountered typically
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after a period of titration of the daily dose after monitoring
response to changes in the PT and INR. Oral vitamin K therapy
may be necessary for weeks to months. Serial monitoring of
the PT should be used to help guide therapy. Factor activity
analysis may also be of use in assessing the adequacy of
therapy. Phenobarbital 100–180 mg day�1 has been admin-
istered to adults in an attempt to induce liver microsomal
enzymes and hasten metabolism of brodifacoum, but its
efficacy has not been proven. Administration of phenobarbital
to an adult poisoned with chlorophacinone (another long-
acting hydroxycoumarin derivative) resulted in a decrease in
the apparent elimination half-life from 22.8 to 5.9 days.
Ecotoxicity

Products that contain brodifacoum as pesticide can remain
toxic for a long period of time in the environment. The rate of
decay of brodifacoum depends upon the amount of rainfall.
As the product that contains brodifacoum degrades over time
the brodifacoum is absorbed into the soil. Soil bacteria
degrade brodifacoum over weeks to months although soil
type, temperature, and the presence of microorganisms that
will degrade brodifacoum all influence the time it takes to
degrade. Brodifacoum is not likely to be taken up by plants as
it has a low solubility in water. Brodifacoum is very toxic to
aquatic organisms and may cause long-term adverse effects in
the aquatic environment. Toxic effects on fish, plankton, and
other organisms have been reported. There is limited risk re-
ported for waters as brodifacoum has a low solubility in water.
Leaching from soil to water is unlikely to occur. If brodifa-
coum reaches water, either from pesticides thrown directly
into the water or through soil erosion, it is likely to remain
bound to organic material and then settle out in the sediment.
When pesticides containing brodifacoum have been thrown
directly into streams during eradication programs, brodifa-
coum residues have not been recorded in the water. In 1996
a New Zealand study assessed the effect of aerial spraying of
brodifacoum during a pesticide operation on blue cod and
spotties populations and found no evidence that these fish
population densities were affected by the brodifacoum.
In 2001 a truck spill involving 18 tons of a brodifacoum-
containing pesticide (20 mg kg�1) occurred in Kaikoura, New
Zealand. Samples of mussels and paua were taken from the
area and they were found to contain brodifacoum residues for
up to 31 months. These effects were limited to a 100 m2 area
immediately around the spill site. The exposure was thought
to be complicated by the effect of waves repeatedly exposing
the marine life to the brodifacoum from the sea floor sedi-
ment. Typically, however, while brodifacoum is highly toxic to
aquatic organisms, not enough brodifacoum will dissolve in
water to cause harm to animals not specifically targeted. At
a 10 mg l�1 dose of brodifacoum, there is no difference in the
growing rate of algae and with a concentrate of 0.25% at
10 mg l�1 the Cl50 is 10 mg l�1 for Daphnia.
Genotoxicity

Brodifacoum is classified as nonmutagenic. While high
concentrations (50 g ml�1) inhibited mitotic activity in human
lymphocytes in a study involving lymphocytes from two
donors no mutagenic activity was noted.
Carcinogenicity

Brodifacoum is unlikely to be carcinogenic.
Animal Toxicity

Brodifacoum has been used as a pesticide to kill rodents
including rats andmice. It has also been used to kill possums. It
was the primary chemical used in several rodent eradication
programs throughout the world. Treatment in animals is as for
humans. The dose of vitamin K recommended for dogs and
cats is 2.5–5.0 mg kg�1 day�1 for up to 4 weeks with moni-
toring of coagulation parameters.
Environmental Fate

In an aerobic soil, the half-life of brodifacoum is 14 days. If
released into water, brodifacoum is expected to adsorb to
suspended solids and sediment. Volatilization from water
surfaces is not expected to be an important fate. The potential
for bioconcentration in aquatic organisms is high. Brodifa-
coum is stable to hydrolysis in the environment. Brodifacoum
is degraded by UV light when in solution.
Reproductive Toxicity

Brodifacoum ingestion in pregnancy may result in significant
problems to the fetus and newborn. Problems may include
embyropathy, central nervous system defects, spontaneous
abortion, still birth, prematurity, and hemorrhage.

See also: Coumarins; Warfarin.
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http://www.cdpr.ca.gov/docs/risk/toxsums/pdfs/2049.pdf – California Environmental

Protection Agency Department of Pesticide Regulation Medical Toxicology Branch –
Summary of Toxicology Data – Brodifacoum.

http://emedicine.medscape.com/article/818130-overview – Overview of Rodenticide
Poisoning.

http://emedicine.medscape.com/article/821038-overview – Overview of Superwarfarin
and Warfarin Toxicity in Particular.

http://refhub.elsevier.com/B978-0-12-386454-3.00702-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00702-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00702-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00702-8/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00702-8/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00702-8/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00702-8/ref0020
http://www.abcbirds.org/abcprograms/policy/toxins/Profiles/brodifacoum.html
http://www.cdpr.ca.gov/docs/risk/toxsums/pdfs/2049.pdf
http://emedicine.medscape.com/article/818130-overview
http://emedicine.medscape.com/article/821038-overview


Bromacil and Its Lithium Salt
TL Serex, M Battalora, KE Brugger, FX Huang, and AC Barefoot, DuPont Crop Protection, Newark, DE, USA

� 2014 Elsevier Inc. All rights reserved.
l Name: Bromacil and its lithium salt
l Chemical Abstracts Service Registry Number: 314-40-9 and

53404-19-6
l Synonym: 5-Bromo-3-sec-butyl-6-methyluracil (lithium

salt); Hyvar� X; Hyvar� L; Hyvar� X-L
l Molecular Formula*: C9H12BrN2O2

l Chemical Structure*:
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Background

Bromacil (CAS 314-40-9) belongs to a class of herbicides
known as uracils, first developed by DuPont in 1962. Its
herbicidal activity is due to inhibition of photosynthesis in
several species of weeds and brush. Since its introduction in
1962, farmers in North and South America and Asia have used
bromacil-containing herbicides for crop protection.
Uses

It is used for brush control primarily for land management
purposes as it is effective on a wide range of both annual and
perennial weeds. It is especially phytotoxic to perennial grasses.
It is also used for selective weed control in pineapple and citrus
crops.
Environmental Behavior, Fate, Routes, and Pathways

Bromacil is a nonvolatile, slightly water-soluble compound
with a low octanol–water partition coefficient (Kow) and a pKa

of 9. Although the lithium salt is more soluble in water than
bromacil, its environmental fate is identical, since the extent of
ionization of bromacil, that is, the ratio of unionized bromacil
to its anionic form, will be controlled by the pH and buffering
capacity of the terrestrial or aquatic system to which it is
applied. The physicochemical properties are reflected in the
environmental fate properties. Bromacil is weakly absorbed to
soil and is considered highly mobile. The low Kow indicates that
bromacil will not bioaccumulate. Bromacil is stable in water
over the pH range of 5–9, and photolyzes through both direct
and indirect mechanisms in surface water with a half-life of 4–7
546 Encyclopedia of T
days at pH 9. In soil under aerobic conditions in the laboratory,
bromacil degrades slowly forming several metabolites as
a result of microbial activity. In anaerobic environments, bro-
macil may degrade very rapidly through a debromination
reaction. In field dissipation studies, bromacil half-lives of
124–1155 days were observed.

Bromacil has been detected in groundwater, particularly in
vulnerable areas with shallow surficial aquifers, high recharge,
and sandy soils of low organic matter. While bromacil’s envi-
ronmental fate properties indicate that it may be transported
off-site through runoff, it is detected in surface water infre-
quently and at low concentrations.
Exposure and Exposure Monitoring

At the label recommended use rates, there is expected to be very
little exposure to the pesticide applicator. Additionally, very
little exposure due to residues in commodities is expected.
Residue measurements for bromacil in citrus and pineapple
crops have largely resulted in nondetectable residue levels.
Toxicokinetics

Bromacil was absorbed readily from the gastrointestinal tract
following oral administration in rats, with peak blood levels
(tmax)measured at 1 and 2 h formales and females, respectively.
It was extensively metabolized (primarily by hydroxylation at
the 6-methyl position and on the sec-butyl moiety), and rapidly
excreted via the urine. The hydroxylated metabolites were
eliminated as glucuronide conjugates. Radiolabel was found in
all tissues examined, but there was no evidence of accumulation
and an estimated elimination half-life of about 13 h was deter-
mined for both sexes. The major metabolite of bromacil in the
urine of rats was 5-bromo-6-hydroxymethyl-3-sec-butyluracil.
Mechanisms of Action

The herbicidal activity of bromacil and other uracils is due to
inhibition of photosynthesis in several species of weeds and
brush. The uracil herbicides translocate only apoplastically
(capable of only upwardmovement).Movement is upwardwith
the transpiration stream (water moving through the plant from
the soil andevaporating into the atmosphere at the leaf surfaces).
Acute and Short-Term Toxicity

Bromacil is considered to be moderately toxic by the oral route.
The oral LD50 value for bromacil is 550mg kg�1 in female rats.
For the lithium salt, the oral LD50 value is 3927 and
1414mg kg�1 for males and females, respectively. The dermal
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01104-0
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LD50 value in rabbits is> 5000mg kg�1 and the inhalation
LC50 value is >5.6mg l�1 in a 4-h acute inhalation toxicity
study with male and female rats. Neither bromacil nor its
lithium salt is considered to present a dermal sensitization
hazard based on results in guinea pig studies. Bromacil and its
lithium salts are considered mild eye irritants. Skin irritation
was not observed in a dermal irritation study with bromacil,
however, the lithium salt was determined to be amoderate skin
irritant based on studies in rabbits. Bromacil and other uracil
compounds are herbicides; therefore, their pesticidal mode of
action is designed to target physiological processes unique to
plants and not designed to interact with the nervous system as
is the case for some insecticides. An evaluation of the acute and
repeated dose data available for bromacil as well as other uracil
compounds supports the conclusion that this class of herbi-
cides does not possess the potential to be neurotoxic.
Chronic Toxicity

The most sensitive effect in the long-term feeding studies in
rats, mice, and dogs was decreased body weight gain. At the
high dose, body weight gains were consistently decreased
compared to controls over the course of 2 years in male and
female rats at 2500 ppm. Thyroid effects were observed at
higher doses in males and females. While there was not
a statistically significant increase in thyroid tumors in males by
pairwise comparison with controls, there was a suggested
increase by trend analysis (see below). Liver effects were
observed in mice which included hepatocellular hypertrophy,
single cell and centrilobular vacuolation and necrosis, and
hepatocellular lysis with red blood cell accumulation. A
marginal increase in tumors was observed in the livers of male
mice in the high-dose (871mg kg�1 bw day�1) group where
significant liver toxicity was also observed (see below).
Immunotoxicity

No specific immunotoxicity studies have been performed with
bromacil or its lithium salt.
Reproductive and Developmental Toxicity

There was no evidence of increased pre- or postnatal suscepti-
bility to bromacil based on the results of developmental
toxicity studies in rats and rabbits. A two-generation repro-
ductive toxicity study in rats has been conducted and no impact
on fertility was observed in this study. Therefore, bromacil is
not considered to be a reproductive or developmental toxicant.
Genotoxicity

A full battery of in vitro studies with bromacil has been con-
ducted in bacterial and in mammalian cells. Additionally, an
in vivo genetic toxicity study in mice was also performed.
Results frommost of these studies were negative. Therefore, the
weight of evidence indicates bromacil is not considered to
present a genotoxic hazard.
Carcinogenicity

As described above, in rats, there was not a statistically
significant increase in tumors by pairwise comparison.
However, there was a possible indication of a test substance-
related increase in thyroid tumors when analyzed for trend,
since there was a marginal increase in this tumor type at the
highest dose tested (103–118mg kg�1 bw day�1). Other
factors could have impacted this marginal increase, since there
were also body weight decreases at this dose and survival was
significantly increased. In this regard, overall body weight gain
at the highest dose was decreased by 22% in males. A slight
increase in liver tumors was also observed in male mice at the
highest dose tested (871mg kg�1 bw day�1); however, they
occurred under the following circumstances: (1) the increased
incidence of liver tumors was observed in only one sex and
species at the highest dose only, the majority of liver tumors
were observed at the end of the study; (2) tumor incidence was
only slightly higher than historical controls and was only
significant when benign and malignant tumors were
combined; (3) liver tumors are common in this strain (CD-1)
of mouse with a wide range of historical control values; (4)
single-celled liver necrosis also occurred in males at this dose
level which was accompanied by decreased body weight gain
(Y 14% over 18 months, Y 21% over the first 26 weeks); and
(5) bromacil is not genotoxic. In view of the fact that tumors
were only observed at high doses in rats and mice, where body
weight gain was depressed by more than 10%, it is clear that
these tumors only occur in cases of excessive toxicity and are of
questionable relevance to humans.
Ecotoxicology

Bromacil is practically nontoxic to birds (Northern bobwhite
oral LD50> 2250mg kg�1 bw). It is nontoxic in bees (contact
48-h LD50¼ 193.3 mg bee�1). Bromacil is slightly to practically
nontoxic to fish and aquatic invertebrates. The rainbow trout
96-h LC50¼ 36mg l�1, bluegill sunfish 96-h LC50¼ 123mg l�1,
and sheepshead minnow 96-h LC50¼ 162mg l�1. The Daphnia
48-h LC50¼ 121mg l�1, oyster larvae 96-h EC50¼ 130mg l�1,
and mysid shrimp 48-h EC50¼ 12.9mg l�1. Bromacil does not
bioaccumulate. Bromacil is toxic to green algae (Selenastrum
EC50¼ 6.8mg l�1) and terrestrial plants. For seedling emergence,
oilseed rape is themost sensitive dicot (EC25¼ 0.0156 lb ai A�1)
and wheat is the most sensitive monocot (EC25¼ 0.0731 lb
ai A�1). For vegetative vigor, cucumber is themost sensitivedicot
(ER25¼ 0.0106 lb ai A�1) and soybean is the most sensitive
monocot (EC25¼ 0.0184 lb ai A�1).
Exposure Standards and Guidelines

The United States Environmental Protection Agency (US EPA)
has established tolerances for residues of agricultural uses of
bromacil that include a soil treatment on citrus and a preemer-
gent, postemergent, or postharvest application topineapple. The
tolerances for residues on these crops at 0.1 ppm are published
in the 40 Code of Federal Regulations (CFR). There are no
tolerances established for secondary residues of bromacil in/on
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livestock commodities. There are no registered uses of the
lithium salt form on food crops.

The US EPA has set a chronic reference dose of
0.1mg kg�1 bw day�1 based on the chronic toxicity study in
rats where the most sensitive effect observed was decreased
body weight gain with a lowest observed effect level identified
as 103mg kg�1 and a total uncertainty factor of 100X applied
to achieve a chronic dietary exposure limit for all populations.

See also: Herbicides.

Further Reading

Bucha, H.C., Cupery, W.E., Harrod, J.E., Loux, H.M., Ellis, L.M., 1962. Substituted
uracil herbicides. Science 137, 537–538.
EPA, 1996. Reregistration eligibility decision (RED), Bromacil.
EPA, 2012. Memorandum, Bromacil and its Lithium Salt: Human Health Assessment

Scoping Document in Support of Registration Review (EPA-HQ-OPP-2012-0445).
Case Number 0041.

Tomlin, C.D.S., 2006. The Pesticide Manual, fourteenth ed. Bromacil, British Crop
Protection Council (BCPC), Hampshire, UK, pp. 112–113.
Relevant Website

http://www.epa.gov – US Environmental Protection Agency: search for Bromacil.
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l Name: Bromadiolone
l Chemical Abstracts Service Registry Number: 28772-56-7
l Synonym: 3-[3-(40-Bromo [1,10-biphenyl]-4-yl)-3-hydroxy-

1-phenylpropyl]-4-hydroxy-2H-1-benzopyran-2-one
l Chemical Formula: C30H23BrO4

l Chemical Structure:
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Background

Bromadiolone is used to control rodents around buildings,
inside transport vehicles and sewers. It is often formulated as
meal bait, rat and mouse bait ready-to-use place packs, paraf-
finized pellets and blocks.
Uses

Bromadiolone is a potent anticoagulant rodenticide. It is
a second-generation anticoagulant of the hydroxy-4-coumarin
used for the control of commensal rats and mice, including
those resistant to warfarin and first-generation anticoagulants,
voles, and water voles. Bromadiolone products can be applied
only indoors in nonurban areas. Bromadiolone is applied in
baits and bait packs at the rate of 16 oz per 15 ft interval for
controlling commensal rats and 2 oz of bait per 8 ft interval for
house mice.
Environmental Fate and Behavior, Partition,
Pathways, Degradation, and Bioaccumulation

Bromadiolone is a white-yellow powdered solid with a melting
point of 198 �C. The solubility in water is 19 mg l�1 at 25 �C.
The solubilities in organic solvents such as ethyl acetate,
acetone, chloroform, ethanol, and hexane are 25.0, 22.3, 10.1,
8.2, and 0.2 gm l�1, respectively. The octanol–water partition
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
coefficient (log Kow) is 4.27. The Henry’s law constant is
8.99 � 10�7 pa-m3 mol�1.

Bromadiolone may be released into the environment
through various waste streams and its use.

If released to air, it will exist in the particulate phase in the
ambient atmosphere and will be removed by dry and wet
deposition. In soil, it is not persistent under aerobic conditions
(half-life is 14 days) and is usually immobile except in soils of
low organic matter and clay, such as sand.

When released to water, it adsorbs to suspended solids
and sediment. Bromadiolone is stable to hydrolysis at pH 5,
7, and 9. Two major degradates, [1,3-diphenyl-5(40-bromo-
biphenyl) pentane-1-ol] and [1,3-diphenyl-5(40-bromo-
biphenyl) pentane-1,5-diol], are detected in the aerobic soil
metabolism study.

Bromadiolone is bioaccumulated in edible and nonedible
tissues in bluegill sunfish at the bioaccumulation concentration
factors of 160X and 1658X. It was also detected in birds.
Exposure and Exposure Monitoring

Routes, Pathways, and Human Exposures

National Institute for Occupational Safety and Health
(NIOSH Survey 1981–83) has statistically estimated that 96
workers are potentially exposed to bromadiolone in the
United States. The general population may be exposed to the
chemical through occupational settings as well as its use.
Exposures occur via dermal or inhalation routes. Since bro-
madiolone is a nonfood use pesticide, it is unlikely that there
will be any exposure through food sources or through water
contamination.

No environmental monitoring studies are reported.
4-3.00367-5 549
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Toxicokinetics

Oral administration of bromadiolone in rodents resulted in
a significant retention in the liver for a very long time. In
addition, it was also detected in kidney and plasma. The half-
life for the decline in the liver concentration of the chemical
after 28 days of dosing was found to be 17 days. The major
route of elimination is through feces after biliary excretion;
smaller amounts can also be excreted via urine.
Mechanism of Toxicity

Bromadiolone belongs to second generation of long-acting
anticoagulant rodenticide. It acts by interfering with the
prothrombin synthesis by blocking the regeneration of vitamin
K dependant proteins in the liver and thereby disrupting the
clotting mechanisms and increasing the tendency to hemor-
rhages and subsequent death.
Acute and Short-Term Toxicity (Animal/Human)
(To Include Irritation and Corrosivity)

Available data indicate that bromadiolone is very toxic. The
acute oral LD50 in rats was reported to be in between 0.56 and
0.84 mg kg�1 (Environmental Protection Agency (EPA)
Toxicity Category I). The acute dermal LD50 in rabbits was
1.71 mg kg�1 (EPA Toxicity Category I). The LC50 for acute
inhalation toxicity in rats was 0.43 mg l�1 (EPA Toxicity Cate-
gory I). Eye irritation with conjunctivitis and iritis were
observed in rabbits’ eye irritation test (EPA Toxicity Category
III). Bromadiolone was found to be minimally irritating in the
rabbit dermal irritation test (EPA Toxicity Category IV).
Humans exposed to this chemical may develop hematoma,
hematuria, blood in feces or excessive bleeding from minor
cuts, gum bleeding, gastrointestinal bleeding, abdominal or
back pain, hemarthrosis, epistaxis, cerebrovascular accidents,
and massive hemorrhage (internal bleeding) resulting in
a shock.
Chronic Toxicity (Animal/Human)

Beagle dogs administered with bromadiolone gelatin capsules
for 90 days at the highest dose, 100 mg kg�1, exhibited respi-
ratory difficulties, pale mucosa, hypothermia, atonia, bloody
urine, hematomas, hematuria, and external hemorrhage. Given
the exclusively nonfood uses of bromadiolone, not many
chronic studies were reported.
Reproductive and Developmental Toxicity

Pregnant rats receiving bromadiolone at different doses,
showed increased incidence of vaginal bleeding, hypotonicity,
pale eyes, and deaths at the highest dose: 70 mg kg�1 per day.
There was no evidence of embryotoxicity or developmental
toxicity.
Genotoxicity

There was no evidence of mutagenic effect of bromadiolone
neither in vitro nor in vivo studies.
Carcinogenicity

Due to the nonfood use of this chemical, no cancer studies were
reported.
Clinical Management

In case of contact with bromadiolone, a complete blood history
and physical examination should be stressed. People with
a history of blood disorders and bleeding are at a higher risk
from exposure.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

The 96-h acute toxicity studies indicated that bromadiolone
is moderately toxic to fish, including rainbow trout (Onco-
rhynchus mykiss, LC50 ¼ 0.24 ppm) and bluegill sunfish
(Lepomis macrochirus, LC50 ¼ 3 ppm). This chemical is
moderately to highly toxic to fresh water invertebrate
waterflea (Daphnia magna) with an EC50 in the range of
0.1–10 ppm.
Terrestrial Organisms Toxicity

Birds

Bromadiolone is moderately toxic to birds with an LD50 of
50–500 mg kg�1 in acute toxicity studies. It is highly to very
highly toxic in subacute avian (LC50 <50–500 ppm) dietary
toxicity studies.

No data are identified on marine organisms, terrestrial
invertebrates, and plants.
Other Hazards

Information for bromadiolone is still not complete, especially
in regards to hazards not covered in the above text.
Exposure Standards and Guidelines

Since it is a nonfood pesticide, dietary risk assessment was not
performed.
See also: Small Animal Toxicoses - Rodenticides; Anticoagulant
Rodenticide Toxicity.
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US Environmental Protection Agency, 1998. Registration Eligibility Decision (RED):
Rodenticide Cluster. Office of Prevention, Pesticides and Toxic Substances,
Washington, DC. http://www.epa.gov.
Relevant Website
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l Name: Bromethalin
l Chemical Abstract Service Registry Number: 63333-35-7
l Synonyms: Bromethaline; 4,6-Dinitro-N-methyl-N-(2,4,6-tri-

bromophenyl)-alpha,alpha,alpha-trifluoro-o-toluidine; Ben-
zenamine, N-methyl-2,4-dinitro-N-(2,4,6-tribromophenyl)-
6-(trifluoromethyl)-(9CI); N-Methyl-2,4-dinitro-N-(2,4,6-tri-
bromophenyl)-6-(trifluoromethyl)benzenamine; alpha, alpha,
alpha-Trifluoro-N-methyl-4,6-dinitro-N-(2,4,6-tribromo-
phenyl)-o-toluidine; (IUPAC¼ 2,4,6-Tribromo-N-methyl-
N-(2,4-dinitro-6-trifluoromethylphenyl)aniline)

l Molecular Formula*: C14H7Br3F3N3O4

l Chemical Structure*:
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Background

Bromethalin was discovered in the mid-1980s by investigators
at Lilly Research Laboratories, and it became readily available to
replace the anticoagulant rodenticides when some rodents
developed resistance. It is the active ingredient of some roden-
ticides marketed in 0.005% or 0.01% formulations, which are
commercially available as baits (pellets, bars, place packs, grain,
or meal). It has been marketed under the trade names Venge-
ance�, Assault�, andTrounce�. Bromethalin baits are frequently
similar to other rodent baits in color and appearance, and bro-
methalin has also commonly been involved in accidental
poisoning of companion animals. Bromethalin does not induce
bait shyness. The WHO Recommended Classification of Pesti-
cides by Hazard identifies bromethalin (technical grade) as
Class IA (extremely hazardous).

In the United States, federal regulations require that bro-
methalin rodenticide products should be applied out of reach
of children, domestic animals, pets, and nontarget wildlife, or
in bait stations. Bait stations must be resistant to destruction by
dogs and by children under 6 years of age.

Uses

Bromethalin is the active ingredient of several commercial baits
registered for the control of rats, mice, and moles. Its use is
restricted in and around buildings (residential, commercial,
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industrial, and agricultural premises), sewers, alleys in urban
areas, and transportation and cargo vehicles. Bromethalin baits
used for mole control are placed in residential lawns, orna-
mental gardens, recreation areas, golf courses, nurseries, and
other nonagricultural areas. Several commercial baits are
registered under different formulation types, including pellets,
blocks, tablets, and packages containing granular bait, and it
has also been registered as impregnated material that mimic
grubs and worms for mole control. All registered products of
bromethalin are baits that contain only bromethalin as an
active ingredient, and therefore risk assessments for mixtures of
active ingredients have not been carried out.
Environmental Fate and Behavior

Bromethalin is a pale, odorless, crystalline solid compound in the
diphenylamine family. It is soluble inmany organic solvents but
essentially insoluble in water with a melting point of 150.5 �C
and a molecular weight of 577.9 gmol�1. Bromethalin is stable
to hydrolysis in aqueous buffered solutions at pH between 5 and
9 when incubated at 25 �C in the dark for 30 days. Regarding
aerobic soil metabolism, bromethalin has been found to be
slowly biodegraded, with a half-life of 178 days for the parent
compound, and desnitrobromethalin as the main compound,
which comprises 43% of the applied material. Although this
degradate is alsopersistent, itsmobility is unknown. It is expected
to be relatively stable to microbial/chemical degradation in the
soil. Concentration of volatiles is very low (lesser than 5%) and
unknown degradates are about 4%.

Because the only use of bromethalin is in bait for rodent and
mole control, no potential for spray drift exists, and exposure
from volatilization is expected to be minimal. Based on an
estimated Henry’s law constant of 4.0� 10�9 atmm–3 mol�1

and based upon a vapor pressure of 9.7� 10�8 mmHg, vola-
tilization from both moist and dry soil surfaces, and also from
water surfaces, is not expected tobe an important fate process. As
a consequence of its outdoor use, leaching from the baits
exposed to rainwater and runoff could be expected. However,
the extremely low application rate, the hydrophobic nature of
the bromethalin (water solubility lesser than 0.01mg l�1), and
its high Koc value (>55 000ml g�1) make leaching unlikely and
indicate that bromethalin is expected to be immobile in soil.
Similarly, in aquatic ecosystems, bromethalin is expected to
adsorb to sediments and suspended solids.

It has been suggested that its bioconcentration factor (BCF)
is 7400, calculated from an estimated log Kow of 7.7. This BCF
suggests that the potential for bioconcentration in aquatic
organisms is very high, provided the compound is not physi-
cally altered after released into the environment.

Exposure and Exposure Monitoring

Occupational exposure can occur through inhalation and
dermal contact at workplaces during production, formulation,
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00473-5
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application, and disposal of bromethalin. Exposure in work-
places would occur only as a result of accidents. Similarly, data
indicate that the general population may be exposed to bro-
methalin via dermal contact with consumer products contain-
ing bromethalin. The major concern is about potential
accidental oral and inhalation exposures as consequence of
loading and application of bromethalin at bait stations when
they are handled for rodent control. Children and pets are most
likely to be accidentally exposed.

Exposure assessment of terrestrial species to bromethalin as
consequence of application of baits is possible by assuming
species directly consumed several types of baits. Bromethalin
must be contained in protected bait stations or located in areas
inaccessible to nontarget wildlife, where primary exposure of
birds is expected to be minimal. However, exposure of small
mammals that feed on the bait should also be evaluated. There
is not any method to evaluate the secondary exposure in
animals that prey other animals which have ingested brome-
thalin. In spite of this, field studies and wildlife monitoring
studies have not identified bromethalin as a widespread
contaminant in wildlife samples. No data are available on
exposure to plants and insects.

There are no monitoring data for bromethalin in surface
water. Although bromethalin is very toxic to aquatic organisms,
based on the use pattern and its environmental chemistry data,
concentrations of bromethalin in both freshwater and saltwater
marshes are expected to be negligible.
Toxicokinetics

After ingestion, bromethalin is rapidly absorbed from the
gastrointestinal tract, reaching the highest plasma concentra-
tion within 4 h. Experimental studies in rats demonstrated that
bromethalin rapidly undergoes N-demethylation by mixed-
function oxygenases in the hepatic microsomes forming
desmethylbromethalin, its major toxic metabolite. Possible
interspecific differences on metabolism of bromethalin should
be taken into account. It has been demonstrated that some
species, such as guinea pigs, are more resistant to bromethalin
toxicosis due to its low hepatic N-demethylase activity. Both
bromethalin and its metabolite are readily distributed
throughout the body, reaching their highest concentrations in
adipose tissue, although chemical residues are also detected in
other organs such as liver, kidney, and brain. Due to its high
lipophilicity, bromethalin has affinity for fat and brain, where
it achieves the highest concentrations. It can also be detected in
plasma due to it is slow excretion from the body, with a plasma
excretion half-life of approximately 6 days. Excretion of bro-
methalin is mainly through bile (5–25% of an oral dose), and
reabsorption of bromethalin by enterohepatic recirculation is
suspected. Excretion via urine is minimal (less than 3%).
Mechanism of Toxicity

Unlike anticoagulant and cholecalciferol-based rodenticides,
bromethalin and its primary metabolite are uncouplers of
mitochondrial oxidative phosphorylation, being that desme-
thylbromethalin (major metabolite) is about two to three
times more potent than bromethalin. Uncoupling of this
reaction may result in a lack of ATP and diminished Naþ, Kþ

-ATPase-dependent ion channel pump activity, which in turn
leads to intracellular sodium retention and a loss of ability to
maintain osmotic control, and the cells swell with water.
Because signs of bromethalin toxicosis are most pronounced in
the central nervous system (CNS), it is considered as a potent
neurotoxicant. The outcome is cerebral edema, elevated cere-
brospinal fluid pressure, and vacuolization of myelin, and
eventually leading to respiratory failure because of lack of nerve
impulse transmission to the lungs. Exposure to bromethalin at
levels that do not cause acute respiratory failure are enough to
provoke intramyelinic edema and spongy degeneration of
white matter of the brain, spinal cord, and optic nerve. As
a result, alterations in CNS involve damage to nerve axons,
inhibition of neural transmission, and paralysis, convulsions,
and, ultimately, death.
Acute and Short-Term Toxicity

Animal

The oral LD50 value of bromethalin in dogs is 3.7mg kg�1, and
in wild birds and monkeys is w 5mg kg�1. Rats (LD50¼
2mg kg�1) and mainly cats (LD50¼ 0.54mg kg�1) are more
sensitive to toxic effects of bromethalin ingestion. Quails and
rabbits are more resistant than these species, with an LD50

higher than 11mg kg�1 in both cases. However, the most
resistant species studied is the guinea pig with an LD50 of
bromethalin greater than 1000mg kg�1, probably because this
species is not able to metabolize bromethalin to its more active
metabolite (desmethylbromethalin). The oral LD50 values of
technical bromethalin are always greater than those reported
for pure compound (LD50 in rat is 9.1–10.7mg kg�1). Regard-
ing dermal toxicity tests, no dermal irritation has been des-
cribed with either the technical compound or the compound
in baits. The dermal LD50 of technical bromethalin in rabbits
was reported to be 2000mg kg�1. Bromethalin is slightly irri-
tating to the eyes in rabbits and does not cause dermal sensi-
tization in the guinea pig. Bromethalin induces a marked
respiratory distress in poisoned animals. Inhalation toxicity
tests reported an LC50 for the rat of 0.024mg l�1.

Clinical signs in poisoned animals usually develop within
10–24 h after ingestion; however, animals ingesting a supra-
lethal dose will show signs of toxicity within 2 h postingestion.
Dogs exposed to a single oral dose above the LD50

(3.7mg kg�1) develop a neurotoxic syndrome characterized by
hyperexcitability, tremors, hyperthermia, running fits, hyper-
esthesia, seizures sound- or light-induced, depression, pros-
tration, and death within a few days. Although the ingestion of
high doses occasionally occur, the ingestion of doses of bro-
methalin lower than minimum lethal dose (2.5mg kg�1) but
greater than the minimum toxic dose (1.7mg kg�1) is more
probable. In these cases, a more delayed onset of signs is
expected, with the first symptoms appearing within several
days after ingestion and progressing within 1 or 2 weeks. In
these circumstances, poisoned dogs and cats develop signs of
a paralytic syndrome beginning with hindlimb ataxia, paresis
with associated decreased conscious proprioception of the
hindlimbs, and loss of deep pain. Other occasional clinical
signs include vomiting, anorexia, nystagmus, loss of bark,
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anisocoria, opisthotonos, seizures, Schiff-Sherrington syn-
drome, and coma. Marked respiratory distress has been
observed in poisoned animals, and it could be the cause of
death. Signs may persist several weeks and up to 1 or 2 months
in animals recovering from bromethalin poisoning.

The greater sensitivity of cats to bromethalin induces
a paralytic syndrome regardless of the dose ingested. Cats show
similar signs to those reported in dogs, but they may also show
abdominal distention due to ileus and inability to urinate due
to an increased urethral tone as a consequence of upper motor
neuron bladder paralysis. Finally, cats may show a decerebrate
posture.

Lesions are mainly confined to the CNS, with mild cerebral
edema being the most frequently observed sign. Diffuse white
matter spongiosis, mild microgliosis, and vacuolization of the
optic nerve are the histologic lesions most commonly seen.
Human

Children are potentially at highest risk because of their small
body size and their attraction by the brightly colored baits. For
this reason, children and pets could swallow the poison if it is
placed within their reach and/or if the bait is not in a tamper-
resistant station.

Reports of toxicity in humans have not been widely docu-
mented, and the most relevant available information is on
poisoned animals and experimental studies both in vivo and in
vitro. Bromethalin is very toxic when swallowed and inhaled,
and highly toxic when absorbed through skin. Irritation of eyes
or skin is not expected due to dermal contact based on studies
in rodents. However, some fatal cases have been described,
such as a 21-year-old man who died after ingesting 17mg
(0.33mg kg�1) of bromethalin. An overdose of bromethalin
can cause headache, personality changes, confusion, tremors,
seizures, coma, and marked respiratory depression in humans.
Increased cerebrospinal fluid pressure, cerebral edema, and
death have been reported after overdose with bromethalin.
Chronic Toxicity

Animal

Sprague-Dawley rats (10 per sex and group) daily exposed to
technical bromethalin to oral doses from 0 to 125 mg kg�1 per
day over 3months were pathologically evaluated based on
spongy degeneration (leukoencephalomyelopathy) in white
fiber tracts of the brain, cerebellum, brain stem, pons, thoracic
spinal cord, and optic nerves of males. The no-observed-effect
level (NOEL) and lowest observed effect level (LOEL) were set
at 25 and 125 mg kg�1 per day, respectively. Paralysis was the
clinical sign most frequently observed. No histopathological
findings were observed in other tissues.

In another 90-day study, dogs were orally dosed by gavage
at levels from 0 to 200 mg kg�1 per day with technical brome-
thalin. The NOEL was set at 25 mg kg�1 per day, and the LOEL
was set at 125 mg kg�1 per day, based on spongy degeneration
observed in nervous tissue. Dogs exposed at the high dose
showed neurotoxic symptoms such as salivation, hypoactivity,
trembling, hyperesthesia, myoclonia, groaning, and prostration
before death.
Human

Chronic toxicity in human might result in numbness, head-
ache, mild confusion, and incoordination.
Reproductive Toxicity

The most interesting experimental studies about reproductive
toxicity have been carried out in pregnant rats and rabbits
exposed daily to bromethalin for a period of 10–12 days during
gestation.

The first study was carried out using Harlan-Wistar rats (25
rats/group) orally gavaged on gestation days 6–15 at a dosing
volume of 5ml kg�1 with 0, 0.1, 0.3, or 0.5mg kg�1 day�1

technical bromethalin. TheNOELfordevelopmental toxicitywas
0.5mg kg�1 day�1 (high dose tested, HDT), and the NOEL and
LOEL for maternal toxicity were 0.3 and 0.5mg kg�1 day�1,
respectively. In 10 of the 25 high-dose females clinical signswere
seen, including hind leg weakness or paralysis, decreasedmuscle
tone, poor grooming, ventral soiling, chromodacryorrhea,
decreased and labored respiration, and hypothermia. Four of
themdied during gestation (days 12, 16, 17, and 17). During the
dosing period, high-dose females suffered a 30% decrease in
weight gain, and during the postdosing period the decrease in
weight gain was about 12%. For the entire gestation period the
decrease inweight gainwas14%in comparison to controls. It has
been considered that these decreased weight gains are dose
related. No teratogenic effects have been described.

The second study used Dutch Belted rabbits (15 rabbits/
group) that were orally gavaged at a volume of 1ml kg�1 with
bromethalin at doses of 0, 0.10, 0.25, or 0.50mg kg�1 day�1

duringgestationdays6–18. TheNOEL fordevelopmental toxicity
is 0.5mg kg�1 day�1 (HDT). The NOEL for maternal toxicity is
0.10mg kg�1 day�1. Five high-dose females show clinical signs
that included nasal discharge, loss of muscle tone, weakness,
decreased respiration, coolness, and prostration. Two of them
died during gestation (days 16 and 21) and they had respiratory
infections, one had pneumonia and the other had an acute upper
respiratory tract infection. Abortion was observed in two high-
dose females, in one middose female, and in one low-dose
female. Finally,mid- andhigh-dose femaleshaddecreasedweight
gains during the dosing period. All mentioned clinical signs,
abortions, decreased weight gains, and deaths were considered
compound related. No teratogenic effects were observed.
Genotoxicity

In mutagenicity studies using Salmonella typhimurium, no indi-
cations of an increased number of revertants at the histidine
locus in any of the strains used have been described. Similarly,
in in vivo assays there was no evidence of induced mutagenicity
response. There is no information available in GENETOX or
CTD.
Carcinogenicity

There is no information available in Chemical Carcinogenesis
Information or Carcinogenic Potency Database.
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Clinical Management

Because no specific antidote for this compound has been
developed, treatment of intoxication is usually symptomatic
and supportive, but special attention must be paid to CNS
effects and observation for potential seizures. In acute
poisoning, the treatment is initially directed to reducing
gastrointestinal absorption, i.e., emesis and gastric lavage.
Because bromethalin is rapidly absorbed, emesis must be
induced as soon as possible after ingestion and even within
2 h postingestion. Emetics should be avoided when the
patient is displaying dyspnea, hypoxia, seizures, CNS depres-
sion, or abnormal pharyngeal reflexes. Because the enter-
ohepatic recirculation of bromethalin after its biliary excretion
has been demonstrated, repeated oral administration of acti-
vated charcoal powder should be given every 4–8 h for 3 days
by gastric tube, in combination with sorbitol or sodium
sulfate.

Cerebral edema and elevated intracranial pressure have to
be controlled. Administration of a diuretic such as mannitol or
furosemide in combination with dexamethasone has been
successfully used for these purposes.

Careful maintenance of the hydration status is critical and
must be controlled. Finally, benzodiazepine (i.e., diazepam or
lorazepam) to control tremors and/or phenobarbital or pro-
pofol to abolish seizures can be used.

In case of inhalation exposure, the patient must be moved
to fresh air and the respiratory distress must be monitored.
Administration of oxygen and assisted ventilation should be
used if required. In case of bronchospasm, inhaled beta-2
agonist and oral or parenteral corticosteroids must be
prescribed.
Ecotoxicology

In laboratory tests, bromethalin is highly to very toxic to
aquatic organisms, however, due to its extremely low solubility
in water, a remarkable exposure of aquatic organisms through
current use of baits containing bromethalin is not expected.
The 48 h EC50 values in Daphnia magna were between 1.98 and
5.10 mg l�1. The 96 h LC50 values in bluegill (Lepomis macro-
chirus) and rainbow trout (Oncorhynchus mykiss) were 598.0 and
38.0 mg l�1, respectively.

Regarding terrestrial vertebrates, acute oral toxicity of bro-
methalin has been assessed in northern bobwhite quail (Colinus
virginianus) with a single dose, obtaining different LD50 values
depending on the vehicle used to administrate bromethalin
orally. When the ingredient was ingested in a polyethylene
glycol vehicle, the LD50 value was 4.56 (3.6–5.8) mg kg�1 body
weight (bw). However, when the ingredient was ingested in an
acacia vehicle, the LD50 value was 11.0 (9.3–13.1) mg kg�1 bw.
The first study was chosen to classify bromethalin toxicity, and
therefore, according to theUS Environmental Protection Agency
(EPA) classification system, toxicity data categorized brome-
thalin as very highly toxic to birds andmammals on an acute oral
basis (oral LD50<10mg kg�1).

Another study on northern bobwhite quail (C. virginianus)
was conducted to assess subacute dietary toxicity after 8 days of
exposure. The LC50 value obtained was 210 ppm, which
classified bromethalin as highly toxic to birds on a dietary basis
according to US EPA classification (dietary LC50¼ 50–
500 ppm).

No avian reproduction and chronic exposure data are
available for bromethalin.

No data are available to assess toxicity and risk of brome-
thalin to terrestrial plants. Neither are there data on toxicity to
terrestrial invertebrates; however, the US EPA considers that the
mode of action of bromethaline demonstrated in vertebrates
should also be considered relevant to invertebrates. Therefore,
without data, the US EPA assumes that bromethalin is likely
highly toxic to terrestrial invertebrates as it is to vertebrates.

Based on a study in dogs, it has been suggested that bro-
methalin poses less secondary risk to wildlife than anticoagu-
lant rodenticides. However, there is a lack of data to fully
characterize this risk.
Other Hazards

Rodenticide products containing bromethalin are not flam-
mable or reactive as formulated.
Exposure Standards and Guidelines

There are no occupational exposure guidelines for this
compound.
Miscellaneous

Use of rubber gloves is recommended when handling rodent
baits containing this compound.
See also: Biocides; Pesticides; Neurotoxicity; Federal
Insecticide, Fungicide, and Rodenticide Act, US; Environmental
Risk Assessment, Pesticides and Biocides.
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l Name of Chemical: Bromine
l Chemical Abstracts Service Registry Number: 7726-95-6
l Synonyms: Brom, Brome, Broom, Dibromine
l Molecular Formula: Br2
Background

Bromine, or dibromine, Br2, is the elemental form of bromine,
Br. Free bromine does not occur in nature; instead, bromine is
usually found in the form of mineral halide salts. At ambient
temperature, bromine is a fuming, red-brown liquid that is
corrosive and toxic, and has a highly offensive and suffocating
odor. Bromine has the unique distinction of being one of
only two (mercury being the other) elements that are in liquid
form under standard conditions. The chemical properties of
bromine fall in between those of chlorine and iodine, and its
compounds are similar to those of the other halogens.

Bromine, in its liquid and vapor forms, is highly corrosive
and toxic to human tissues. The corrosiveness of bromine is
due to the strongly oxidizing hydrobromous acid (HOBr) that is
formed from reaction with water in the aqueous environment of
living organisms. High levels of various bromide salts are toxic,
particularly to the thyroid and the central nervous system.
Uses

Elemental bromine is used in industrial settings mainly for the
production of bromine-containing organic compounds. These
substances are used as flame retardants, insecticides, fuming
agents, emulsifiers, dyes, agrichemicals, and pharmaceuticals,
and bromine was used as an additive to leaded gasoline.

Additionally, bromine is used in the reduction of mercury
emissions from coal-fired power plants, in the maintenance
of swimming pools and spas, and as a sensitizing agent in
daguerreotype plates. Bromine is also used extensively in
organic synthesis.
Environmental Fate, Behavior, Routes, and Pathways

Bromine is a dense, mobile, fuming, reddish-brown liquid at
room temperature. It has a highly unpleasant odor resembling
that of chlorine. Bromine is slightly soluble in water and highly
soluble in many organic solvents, including carbon disulfide,
carbon tetrachloride, acetic acid, and aliphatic alcohols.

Bromine is not thought to persist in the environment. Due
to bromine’s high reactivity with other elements, the inorganic
salts of bromide pose little or no risk of poisoning. The greatest
risk of exposure is to workers during bromine recovery when
bromine is applied in the synthesis of bromine-containing
compounds. Professions with the highest risk of exposure
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
include drug and dye manufacturing, gold extraction, organic
chemical manufacturing, petroleum refinement, and photo-
graphic chemical production.
Exposure and Exposure Monitoring

Bromine has been shown to enter the body via inhalation of
vapors, dermal contact, and ingestion.

Some preliminary studies have reported monitoring workers’
exposure to bromine by measuring serum bromide levels.
Toxicokinetics

The effects of bromine on biological systems are difficult to
separate from those of bromine-containing compounds and
its metabolites due to the high reactivity of bromine. Because
of this high reactivity, bromine does not persist in organisms,
but rather is converted to bromide. Bromide has been shown
to accumulate in living tissues and displace endogenous
halides.
Mechanism of Toxicity

When bromine encounters the aqueous environment of living
organisms, it reacts with water to produce hydrobromic acid
and hydrobromous acid, according to the following reaction:

Br2 D H2O / HBr D HOBr

Both of these reaction products are highly detrimental to
living tissue: HBr is a strong acid and causes burns, and HOBr
is a very potent oxidizing agent. The pKa of HOBr is 8.7 and
hence passes unencumbered into most cells. Once inside the
cytoplasm, the hypobromite ion is capable of oxidizing proteins
and various other biomolecules, interfering with cellular process
such as ATP formation. Additionally, stable compounds con-
taining bromine-nitrogen bonds are formed.

Increased concentrations of bromide ions have been shown
to have adverse health effects. High levels of bromide have
been associated with neurotoxicity. Bromide has also been
shown to interfere with the whole-body metabolism of iodide
by decreasing iodide levels in thyroid and skin and enhancing
iodide excretion by the kidneys. The resulting depletion of
iodide by bromide has various effects on metabolism and can
result in thyroid goiters.
Acute and Short-Term Toxicity

Animal

Toxicity in animals is similar to that in humans. The LC50 value
of bromine in mice is 3100 and 4160 mg kg�1 in rabbits.
4-3.00256-6 557

http://dx.doi.org/10.1016/B978-0-12-386454-3.00256-6


558 Bromine
Human

The respiratory system, eyes, and central nervous system are the
major sites of affected by bromine. Bromine is extremely irri-
tating to the skin, eyes, and mucous membranes of the upper
respiratory tract. Severe burns of the eye may result from liquid
or concentrated vapor exposure. Liquid bromine splashed on
the skin may cause vesicles, blisters, and slow-healing ulcers.
Inhalation of bromine is corrosive to the mucous membranes
of the nasopharynx and upper respiratory tract, producing
brownish discoloration of the tongue and buccal mucosa,
a characteristic odor of breath, edema and spasm of the glottis,
asthmatic bronchitis, and possible pulmonary edema, which
may be delayed until several hours after exposure. Additionally,
a measles-like rash may occur.

Exposure to high levels of bromine may lead to death due
to choking caused by edema of the glottis and pulmonary
edema. Exposure to low levels of bromine results in cough,
copious mucous secretion, nose bleeding, respiratory difficulty,
vertigo, and headache. These symptoms are usually followed by
nausea, diarrhea, abdominal distress, hoarseness, and asthmatic-
type respiratory difficulty.
Chronic Toxicity

Animal

Pulmonary edema, pneumonia, diarrhea, and rashes may be
delayed complications of severe exposures.
Human

Repeated or prolonged exposure to bromine results in toxicity
to mucosal membranes, the liver, kidneys, cardiovascular
system, central nervous system, and thyroid. Chronic eye irri-
tation and severe skin irritation have been observed following
prolonged exposure to mist. Prolonged exposure to mist may
also produce respiratory tract irritation leading to frequent
bronchial infections.
Carcinogenicity

There is no evidence suggesting that bromine is a carcinogen.
Clinical Management

Exposure should be terminated as soon as possible by
removing the victim to fresh air. The eyes and mouth should
be washed with copious amounts of water. A 15–20 min
wash may be necessary. Skin should be washed with soap.
Contaminated clothing and jewelry should be removed and
isolated. Contact lenses should be removed to avoid prolonged
contact of the chemical with the eye. When the chemical has
been swallowed, large quantities of milk should be given; if
milk is not available, water should be given. Emetics should
not be given. If breathing has stopped, artificial respiration
should be administered. If breathing is difficult, oxygen should
be given.
Exposure Standards and Guidelines

Many organizations have set exposure limits of 0.1 ppm.
See also: Alkyl Halides; Carbon Tetrabromide; Chlorine; Ethyl
Bromide; Methyl Bromide.
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l Name: Bromobenzene
l Chemical Abstracts Service Registry Number: 108-86-1
l Synonyms: Phenyl bromide
l Molecular Formula: C5H5Br
l Chemical Structure:
Br
Uses

Bromobenzene is a colorless, flammable liquid with a density
greater than water and with an aromatic odor. It is synthesized
by the reaction of bromide with benzene in the presence of iron
powder. It is used for organic synthesis, particularly in the
production of the intermediate phenylmagnesium bromide.
Bromobenzene is an additive to motor oils and used as a crys-
tallizing solvent. Bromobenzene is used as an ingredient in the
manufacture of phencyclidine, a recreational drug.
Environmental Fate and Behavior

Bromobenzene will volatilize from dry surfaces, due to its vapor
pressure of 4.18mmHg at 25 �C, and therefore will exist as
a vapor in the environment. Bromobenzene will undergo little
hydrolysis in water and little biodegradation by aquatic
microorganisms. Bromobenzene is not expected to adsorb to
sediment from water due to its soil sorption constant (Koc) of
150 and water solubility of 446mg l�1. It is also expected
to have a high mobility in soil and volatilize easily from
moist surfaces due to its Henry’s law constant of 2.47�10�3

atmm3mol�1 at 25 �C. Bioconcentration factors range from
low values of 8.8 in carp to moderately high values of 190 in
algae.
Toxicokinetics

Bromobenzene is readily absorbed by the gastrointestinal tract
following ingestion. Bromobenzene is also absorbed by the
lungs after inhalation. Distribution of bromobenzene and its
metabolites is spread throughout the body with the highest
concentrations found in adipose tissues soon after absorption.

Bromobenzene is initially converted into epoxide deriva-
tives by CYP isozymes, specifically cytochrome P-450. Subse-
quently, the major metabolic pathway in rat liver is the
conjugation of the 3,4-epoxide derivative with glutathione
(GSH) (either spontaneously or via glutathione-S-transferases),
followed by excretion as mercapturic acids. Approximately
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70% of bromobenzene in the form of mercapturic acids have
been recovered within 8 h of ingestion in rats. Catechol,
quinone, phenol, and dihydrodiol (or bromophenol) metab-
olites have also been detected in urine excretion from animals.
While the liver is capable of producing all the various metab-
olites of bromobenzene, lung and kidney tissues have been
shown to produce limited amounts of some metabolites.
Mechanism of Toxicity

Liver toxicity is due to reactive metabolites of bromobenzene,
such as the epoxide and quinone derivatives, and not due to
bromobenzene itself. Reactive metabolites can covalently bind
with hepatocellular macromolecules or organelles and may
cause decreased hepatocyte oxygen uptake and ATP levels,
altered Ca2þ homeostasis, and reduced cytosolic and mito-
chondrial GSH levels. Increased toxicity is associated more so
with the 3,4-epoxide metabolic intermediate rather than the
2,3-epoxide. Hepatic centrilobular necrosis has been observed
after the depletion of GSH reserves. For instance, rats that have
been administered bromobenzene and diethyl maleate (which
depletes GSH) developed extensive liver necrosis, while rats
that were administered bromobenzene and cysteine (a GSH
precursor) exhibited no necrosis. Also, conjugation of quinone
derivatives with GSH can lead to reactive metabolites that can
cause toxicity in the kidney.
Acute and Short-Term Toxicity

Exposure may cause irritation to skin and eyes. Ingestion causes
gastrointestinal irritation with nausea, vomiting, and diarrhea
and may lead to liver damage. The probably lethal dose
is between 50 and 500mg kg�1 (between one teaspoon and
1 ounce for 70 kg (150 lb) person). Animal studies reveal that
acute exposure to bromobenzene targets most severely the
liver, and to amuch lesser extent the kidney and lungs. Reduced
hepatic GSH, moderate periportal and midzonal hydropic
changes, increased serum liver enzyme levels, and hepatic
centrilobular necrosis have been observed. Higher doses are
required to observe effects in the kidneys (decreased GSH
levels, increased blood urea nitrogen (BUN) levels, and severe
tubular necrosis) and lungs (increased lactate dehydrogenase
(LDH) levels and bronchiolar damage). Oral LD50 values
ranging from 1700mg kg�1 for guinea pigs to 3300mg kg�1 for
rats have been reported. Bromobenzene is used to produce
drug-induced liver injury in animals.
Chronic Toxicity

The liver and kidney are the only organs affected by longer-term
exposure to bromobenzene. Bromobenzene inhalation studies
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were conducted on rats and mice for 13 weeks with doses
ranging from 64.2 to 1926mgm�3 for 6 h per day for 5 days
per week. Increased incidence of cytomegaly in the liver was
observed in female mice at the highest vapor concentration.
Mild renal histopathology was also observed in male rats at the
highest concentration. In another study, rats and mice were
administered oral doses of bromobenzene by gavage in corn oil
at concentrations ranging from 50 to 600mg kg�1 per day for
90 days. Hepatocellular necrosis was observed at oral doses of
400 and 600mg kg�1 in rats and mice (600mg kg�1 in female
mice) and hepatocellular cytomegaly was observed at doses of
200mg kg�1 and higher in rats and mice (>400mg kg�1 in
female rats). Kidney lesions were observed at the highest oral
dose in rats and mice.
Genotoxicity

Very few mutagenic effects have been observed for bromo-
benzene, such as positive clastogenic and mutagenic results in
mammalian cell cultures and whole-animal studies. The Ames
assay showed negative mutagenic results and inconsistent
cytogenic effects in vitro with mammalian cells. However, bro-
mobenzene exhibited binding to RNA, and to a lesser extent to
proteins and DNA, in liver, kidney, and lung tissues. Bromo-
benzene is >20-fold more reactive in binding to rat liver DNA
than benzene, a known carcinogen and more reactive than
1,2-dichloroethane, a probable carcinogen.
Carcinogenicity

At present, there is inadequate information to determine the
carcinogenic potential of bromobenzene in humans.
Ecotoxicology

Bromobenzene has been shown to be toxic to bacteria,
algae, cladoceran, and fish cells with EC50 values at w1mM
(0.2 g l�1) with 24-h exposure.
Exposure Standards and Guidelines

No exposure limits have been set.
See also: Cytochrome P450; Chlorobenzene; Benzene;
1,1-Dichloroethane; 1,2-Dichloroethylene.
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l Name: Bromoform
l Chemical Abstracts Service Registry Number: 75-25-2
l Synonyms: Methyl tribromide, Tribromomethane
l Molecular Formula: CHBr3
l Chemical Structure
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Uses

Bromoform is a colorless to yellow liquid with a density about
three times that of water. It has an odor and sweetish taste
similar to chloroform and is not combustible. It has been used
as a degreasing solvent, in chemical synthesis, and in fire
extinguishers, and is no longer used as a sedative for children
with whooping cough. Currently, bromoform is produced only
in small amounts for use in laboratories and in geological and
electronics testing.
Environmental Fate and Behavior

Bromoform is not found as a liquid in the environment
because it is expected to volatilize from dry soil surfaces due
to its vapor pressure of 5.40 mmHg at 25 �C. It is also
expected to volatilize from moist or wet surfaces because
Henry’s law constant is 5.4� 10�4 atmm3mol�1. Bromo-
form is expected to have high mobility in soil due to its Koc

value of w120. This low Koc value implies that bromoform
will have only a little tendency to adsorb to soil or sediment
from water sources. Bromoform does not hydrolyze in
water. Bromoform undergoes limited biodegradation under
aerobic conditions but is readily biodegraded in the pres-
ence of methane-producing bacteria under anaerobic condi-
tions. Bromoform exhibits a low bioconcentration factor
of 14, and little bioconcentration in aquatic organisms is
expected.
Exposure

Bromoform is used in various industries such as aircraft and
chemical, which may result in the introduction of bromoform
into the environment through waste streams. It is also a by-
product of the reaction of chlorine disinfectant compounds
on drinking water containing small amounts of bromine-
containing compounds, which suggests that the most
common route of human exposure is drinking water or
during swimming or showering. Reported concentrations of
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bromoform in drinking water, if detected at all, are usually
below w10 mg l�1.
Toxicokinetics

Absorption of bromoform occurs through oral and dermal
exposure and inhalation. Effects of exposure have been repor-
ted on the liver, kidneys, lungs, and central nervous system,
indicating wide distribution through the body. Tissue–air
coefficients determined for human tissues indicate a tendency
for bromoform to accumulate in blood and tissues with high
lipid content, although one study reported no increased
concentration in adipose tissues after absorption.

Bromoform is most likely converted to tribromomethanol
by cytochrome P-450, which in turn decomposes to dibro-
mocarbonyl, a highly reactive species. Dibromocarbonyl can
react with glutathione and ultimately produce carbon dioxide
and bromide, although carbonmonoxide can also be produced
in smaller amounts. Radical species have also been observed as
metabolism intermediates. In rats, bromoform administered
orally in corn oil by gavage was exhaled as unchanged bro-
moform (67%) and carbon dioxide (4%) within 8 h, with 2%
excreted in urine and 2% retained in tissues. In mice, a greater
amount was exhaled as carbon dioxide (40%) and only 6%
exhaled as bromoform within 8 h, with 12% retention in
tissues and 5% excretion.
Mechanism of Toxicity

Although the mechanism of toxicity of bromoform is not
completely understood, the structural similarity of bromoform
to chloroform, which has been extensively investigated,
suggests that mechanisms of toxicity are similar. Mice exposed
to chloroform by inhalation along with a cytochrome P-450
inhibitor, which inhibits metabolism of trihalomethanes, were
completely protected from hepatic and renal toxicity observed
in mice exposed to chloroform only. Studies of bromodi-
chloromethane also showed a dependence of toxicity effects on
metabolism intermediates.
Acute and Short-Term Toxicity

Inhalation of bromoform has been reported to result in irrita-
tion of the nose and throat of humans and can cause lacri-
mation. Acute doses have been reported to cause central
nervous system depression and death in dogs. LD50 values are
reported to be 1150mg kg�1 for female rats and 1400mg kg�1

for male rats and mice for oral doses, and about 400mg kg�1

for rats for intraperitoneal doses.
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Chronic Toxicity (Animal/Human)

Studies of rats exposed to bromoform for 2 years showed hepa-
tocellular necrosis at a dose of 200mg kg�1 (5 days per week),
hepatocellular damage at a dose of 720mg kg�1 day�1, and a
decrease in serum glucose levels at a dose of�40mg kg�1 day�1.
Reproductive Toxicity

Mice exposed by gavage to doses from 50 to 200mg kg�1 day�1

exhibited a significant decrease in postnatal survival at the
200mg kg�1 day�1 dose level. Other studies report little or no
effects on pregnant rats at doses up to 200mg kg�1 day�1.
Genotoxicity

Conflicting results have been reported on the potential of
bromoform to induce gene mutations. Both positive and
negative Ames assay results have been reported for different
Salmonella strains. Similar mixed results have been reported for
a variety of mammalian and nonmammalian cells. For
example, an increase in chromosome aberrations was observed
in rats given five daily gavage doses or a single intraperitoneal
dose, but not in mice given an intraperitoneal dose.
Carcinogenicity

Bromoform has been classified by the U.S. Environmental
Protection Agency as a probable human carcinogen based on
the increased incidence of neoplastic lesions found in the large
intestines of rats after oral administration. Surface adenomas in
the lungs of mice given intraperitoneal administration of bro-
moform were also reported. Also, bromoform is structurally
similar to other possible or probable carcinogenic halogen-
containing compounds.
Ecotoxicology

Reported LC50 values have ranged from about 20 000 mg l�1 for
sheepshead minnow (96 h exposure) to about 50 000 mg l�1

for water flea (Daphnia magna, 24 h exposure).
Exposure Standards and Guidelines

In 2005, the World Health Organization derived a guideline for
drinking-water quality for bromoform of 100 mg l�1 assuming
a 60 kg adult drinking 2 l of water a day. The American
Conference of Industrial Hygienists has established an 8 h
time-weighted average (TWA) threshold limit value of 0.5 ppm
(5mgm�3). The U.S. Occupational Safety and Health
Administration has derived TWA permissible exposure level of
0.5 ppm (5mgm�3) for bromoform, noting that there is
a danger of cutaneous absorption.

See also: Chloroform; Cytochrome P450; Chlorination
Byproducts; Trihalomethanes.
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l Name: Bromotrichloromethane
l Chemical Abstracts Service Registry Number: 75-62-7
l Synonyms: EINECS 200-886-0, Carbon bromotrichloride,

Trichlorobromomethane
l Molecular Formula: BrCCl3
l Chemical Structure:

Background

Bromotrichloromethane (BrCCl3) is practically insoluble in
water, but it is soluble in all proportions in alcohol and ether,
and miscible with many organic liquids. Uncatalyzed addition
of bromotrichloromethane to ethylene can lead to violent
explosion. It is frequently used in organic synthesis and as
a flame retardant. The general population may be exposed to
bromotrichloromethane via ingestion of food and drinking
water. Bromotrichloromethane has been identified as a volatile
compound in both bacon and pork. Production of bromotri-
chloromethane has been banned in the United States, and
therefore occupational exposure would only occur when using
BrCCl3 for organic synthesis. The acute lethal dose in humans is
500–5000 mg kg�1. Inhalation of 20 000 ppm for 60 min will
result in surgical anesthesia and possibly death. Based on
effects in monkeys and rats, this compound may induce coma
and possibly death in humans exposed to 20 000 ppm for
60 min; 10 000 ppm for 30 min will provoke marked incoor-
dination; 2000 ppm for 5 min may produce disturbance of
equilibrium. BrCCl3 exposure to cells can cause destruction of
CYP450 (drug-metabolizing enzymes), making cells resistant
to toxicity. This compound is considered a prolific inducer of
lipid peroxidation as measured by MDA (malondialdehyde
production) and 4-HNE (4-hydroxynonenal concentration).
Uses

Although bromotrichloromethane is no longer produced in the
United States, it is still used in organic syntheses of various
compounds.
Environmental Fate/Exposure Summary

Bromotrichloromethane is no longer produced in the United
States. However, its use during organic syntheses may result
in its release to the environment. If released to the atmosphere,
bromotrichloromethane is expected to exist solely as a vapor
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in the ambient atmosphere. Vapor-phase bromotrichloro-
methane slowly degrades in the atmosphere by reaction with
photochemically produced hydroxyl radicals; the half-life for
this reaction in air is estimated to be greater than 44 years.
Photolysis occurs based on bromotrichloromethane’s struc-
tural similarity to other halogenated methane compounds but
not at an environmentally important rate. In soil, bromotri-
chloromethane is expected to have low mobility based on an
estimated Koc of 567. The potential for volatilization of bro-
motrichloromethane from dry soil surfaces may exist based on
this compound’s vapor pressure. Bromotrichloromethane may
volatilize from moist soil surfaces based on an estimated
Henry’s Law constant of 3.7 � 10�4 atm-cu m mol�1 at 25 �C.
Volatilization from water surfaces is expected based on the
estimated Henry’s Law constant for this compound. Estimated
volatilization half-lives from a model river and model lake are
7.4 h and 6.6 days, respectively. An estimated bioconcentration
factor of 49 suggests the potential for bioconcentration in
aquatic organisms is moderate. Biodegradation of bromotri-
chloromethane in the environment is expected to be slow
because of its highly halogenated structure. Occupational
exposure to bromotrichloromethane may occur through
inhalation or dermal contact with this compound in work-
places where it is produced or used. The general population
may be exposed to bromotrichloromethane via ingestion of
food and drinking water.
Exposure Routes and Pathways

It is used in organic syntheses and may result in its release
into the environment directly to the atmosphere. The most
common exposure route to bromotrichloromethane is through
inhalation or dermal contact in workplaces where it is produced
or used.
Toxicokinetics

Bromotrichloromethane is readily absorbed from the lungs
and rapidly reaches equilibrium with levels in blood and
expired air approximately proportional to the exposure
concentration. At high concentrations, kinetic processes like
metabolism or excretion may become saturated, limiting the
rate of uptake. It is metabolized by conjugation with gluta-
thione to yield S-methylglutathione, S-methyl cysteine, and
other sulfur-containing compounds.
Mechanism of Toxicity

With the loss of bromide ion, mediated by cytochrome P450
enzyme in the liver, the trichlorocarbon free radical is
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responsible for lipid peroxidation, which is the predominant
mechanism of hepatotoxicity. BrCCl3, when metabolized
in vitro and in vivo, produces phosgene (COCl2) and tri-
chloromethyl free radicals that ultimately cause massive lipid
peroxidation and depletion of cellular glutathione. Both these
events contribute to toxicity. Activation of membrane phos-
pholipase A2 has also been considered as another prime
suspect contributing to toxic outcomes. It is also known to
cause cerebellar degeneration in rodents. It is cytotoxic to the
sperm in the testes at the time of exposure. Renal tumors are
induced in male mice due to depletion of glutathione,
increased lipid peroxidation, and DNA lesions.
Acute and Short-Term Toxicity (or Exposure)

Animal

Inhalation of bromotrichloromethane by rats increased total
lipids in liver and stimulated hepatic lipid peroxidation. After
intragastric administration, liver steatosis was observed. Rats
injected with 0.26 mmol bromotrichloromethane died after
massive accumulation of neutral lipids and necrosis of the liver.
Human

Bromotrichloromethane causes irritation and reddening of eyes.
Prolonged or repeated exposure may cause cataracts and severe,
permanent damage to the eyes. Bromotrichloromethane causes
rash, blistering, and allergic reactions upon dermal contact;
it may also cause nasal, gastrointestinal, and lung irritation.

Inhalation of vapors may cause drowsiness and dizziness,
which may be accompanied by narcosis, reduced alertness, loss
of reflexes, lack of coordination, and vertigo. Acute intoxication
by halogenated aliphatic hydrocarbons appears to take place
over two stages. Signs of a reversible narcosis are evident in the
first stage, and in the second stage signs of injury to organs may
become evident; a single organ alone is (almost) never
involved. Depression of the central nervous system is the most
outstanding effect of most halogenated aliphatic hydrocarbons.
Inebriation and excitation, passing into narcosis, is a typical
reaction. In the case of iodized and brominated compounds,
exposure effects cannot be described by simple central nervous
system depression produced by other halogenated aliphatic
hydrocarbons. Headache, nausea, ataxia (loss of muscle coor-
dination), tremors, speech difficulties, visual disturbances,
convulsions, paralysis, delirium, mania, and apathy are all
evidence of additional effects.
Chronic Toxicity (or Exposure)

Animal

Bromotrichloromethane, when tested for its mutagenic activity,
gave positive results for the Ames test.
Human

Rated D (not classifiable as human carcinogen) in the US
Environmental Protection Agency’s Integrated Risk Informa-
tion System (IRIS). Chronic intoxication with ionic bromides,
historically, has resulted from medical use of bromides but not
from environmental or occupational exposure; depression,
hallucinosis, and schizophrenic forms of psychosis can be seen
in the absence of other signs of intoxication. Bromides may
also induce sedation, irritability, agitation, delirium, memory
loss, confusion, disorientation, forgetfulness (aphasias),
dysarthria, weakness, fatigue, vertigo, stupor, coma, decreased
appetite, nausea and vomiting, diarrhea, hallucinations, an
acne like rash on the face, legs, and trunk known as broncho-
derma, and a profuse discharge from the nostrils (coryza).
Ataxia and generalized hyperreflexia have also been observed.
Correlation of neurologic symptoms with blood levels of
bromide is inaccurate. The use of substances such as brom-
pheniramine as antihistamines largely reflects current usage of
bromides; ionic bromides have been largely withdrawn from
therapeutic use due to their toxicity. Several cases of fetal
abnormalities have been described in mothers who took large
doses of bromides during pregnancy.

Long-term exposure to BrCCl3-like respiratory irritants may
result in disease of the airways involving difficult breathing
and related systemic problems. Some evidence links repeated
or long-term occupational exposure to cumulative health
effects involving organs or biochemical systems. There is some
evidence that human exposure to the material may result in
developmental toxicity, although evidences were derived
from animal studies. Marked maternal toxicity were absent
(secondary nonspecific consequences of the other toxic effects).
In Vitro Toxicity Data

In the in vitro test with FAF-cells of Chinese hamsters, only
bromochloromethane produced an increase of the sister chro-
matid exchange frequency.
Clinical Management

Administration of vitamin E and cadmium acetate was shown
to be protective against bromotrichloromethane toxicity by free
radical scavenging and chelating properties of vitamin E and
cadmium acetate, respectively. If orally exposed, administer
activated charcoal as slurry (240 ml water per 30 g charcoal;
usual dose: 25–100 g in adults/adolescents, 25–50 g in chil-
dren 1–12 years), and 1 g kg�1 in infants less than 1 year old. If
a potentially life-threatening amount of poison was ingested,
consider activated charcoal soon after ingestion (generally
within 1 h). Protect airway by placement in the head downleft
lateral decubitus position or by endotracheal intubation.
Control any seizures first. Eye exposures should be dealt with
prolonged irrigation with water. Inhalation exposed patients
should be removed from the contaminated area and provided
fresh air as soon as possible.
Environmental Fate

Terrestrial Fate

Bromotrichloromethane is expected to have low mobility in
soil. The potential for volatilization of bromotrichloromethane
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from dry soil surfaces may exist based on a measured vapor
pressure of 39 mm Hg at 25 �C. Based on the highly haloge-
nated structure of bromotrichloromethane, biodegradation in
soil is expected to be slow.
Aquatic Fate

Bromotrichloromethane is expected to adsorb to suspended
solids and sediment in water. Volatilization fromwater surfaces
is expected. The potential for bioconcentration in aquatic
organisms is moderate. Based on the highly halogenated
structure of bromotrichloromethane, biodegradation in water
is expected to be slow.
Atmospheric Fate

According to a model of gas/particle partitioning of semivolatile
organic compounds in the atmosphere, bromotrichloro-
methane, which has a measured vapor pressure of 39 mmHg at
25 �C, is expected to exist solely as a vapor in the ambient
atmosphere. Based on bromotrichloromethane’s structural
similarity to bromotrifluoromethane, it is expected to slowly
degrade in the atmosphere by reaction with photochemically
produced hydroxyl radicals; the half-life for bromotrichloro-
methane’s reaction in air is estimated to be greater than 44 years.
Photolysis may occur based on bromotrichloromethane’s
structural similarity to other halogenated methane compounds,
but not at an environmentally relevant rate.
Ecotoxicology

Bioconcentration of bromotrichloromethane in aquatic
organisms is moderate. Aquatic toxic effects to aquatic organ-
isms are not reported as such.
Exposure Standards and Guidelines

According to the US Occupational Safety and Health Admin-
istration, the threshold limit value–time-weighted average
(TLV–TWA) limit for bromotrichloromethane is 8 h at TWA
200 ppm. Excursions in worker exposure levels may exceed
three times the TLV–TWA for no more than a total of 30 min
during a workday, and under no circumstances should they
exceed five times the TLV–TWA.
See also: Ames Test; Carcinogen Classification Schemes;
Glutathione; Lipid Peroxidation; Carbon Tetrachloride;
Bromine.
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l Synonyms: 1,4-Bis(methanesulfonoxy)butane, Leucosulfan,

Myleran, Mylosulfan
l Chemical Formula: C6–H14–O6–S2
l Chemical Structure:
Background

Busulfan was noted to have strong antitumor activity in the
1950s. Because of this, GlaxoSmithKline developed the
compound, launching Myleran in 1954 for the treatment of
chronic myelogenous leukemia (CML) in the United States.
Following the discovery, clinical development, and approval of
imatinib (a drug that targets the aberrant fusion product
of a chromosomal aberration in CML that initiates and drives
the disease) in the late 1990s, busulfan’s use as an anti-
chemotherapeutic agent has been displaced. Today, busulfan is
used primarily as a component of a preparative conditioning
regimen prior to either allogeneic or autologous hematopoietic
stem cell transplantation (HSCT) in patients who have been
diagnosed with CML.
Uses

Busulfan is a cytotoxic alkylating chemotherapeutic agent that
is extensively used as preparative conditioning regimen prior
to allogeneic HSCT for hematologic malignancies. Busulfan
has been widely used in the treatment of CML and other
hematologic malignancies and myelodysplastic disorders. The
principal effect of busulfan is myelosuppression and myeloa-
blation when used at the recommended dosage. Currently,
busulfan is indicated for use in combination with cyclophos-
phamide to destroy cancer cells and make room for new bone
marrow to grow prior to a bone marrow or peripheral blood
progenitor cell replacement procedure. As a component of
a conditioning regimen for HSCT, busulfan also suppresses the
immune system so that the patient does not reject the new
bone marrow.
6 Encyclopedia of T
Mechanism of Action

Busulfan is a bifunctional alkylating agent that consists of
two methanesulfonate groups attached at opposite ends of
a four-carbon alkyl chain. In aqueous media, busulfan hydro-
lyzes to release the methanesulfonate groups to produce
reactive carbonium ions that can alkylate DNA. DNA damage is
believed to be the major mechanism of toxicity of busulfan.
Busulfan is therefore considered a mutagen and a clastogen.
Busulfan induces a G2 cell cycle block and apoptosis in rapidly
proliferating cells, in particular in hematopoietic cells of the
myelogranulocytic lineage.
Toxicokinetics

In all studies, busulfan toxicity occurs in a dose-dependent
manner.
Exposure and Exposure Monitoring

Exposure to this compound therapeutically is by the oral route
when formulated in pills (Myleran). Busulfan is also formu-
lated to be used as an injection for intravenous administration
(Busulfex). Variation in exposure is often observed for oral
busulfan resulting in substantial risk of over- or undertreat-
ment. The intravenous formulation has been reported to reduce
exposure variability based on improved absorption pharma-
cokinetic parameters. Patients typically receive 0.8mg kg�1

busulfan every 6 h in a total of 16 doses over 4 days. At steady
state, this schedule achieves a maximum concentration (Cmax)
and target area under the curve (AUC) value of 1200 mMmin�1

(range 550–1673 mMmin�1, 20% coefficient of variation). As
described above, busulfan is often combined with cyclophos-
phamide as a BuCy regimen, in which after the 4-day busulfan
infusion, cyclophosphamide is administered for 2 days
(60mg kg�1 daily). The HSCT is typically performed after 1 day
of rest. Using this schedule, all patients experience myeloa-
blation with a median time of neutropenia of 4 days.
Acute and Short-Term Toxicity

Busulfan lowers white blood cell counts, most profoundly in
the weeks after the drug is given. This can increase the chance of
getting an infection. Busulfan may also lower platelet counts in
the weeks after it is given, which can increase the risk of
bleeding. Busulfan may lower red blood cell counts, which can
cause shortness of breath, or make the patient feel weak or
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00008-7
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tired. Exposure to busulfan may be accompanied by nausea
and vomiting. Seizures have been reported 1–3 days after
treatment/exposure; therefore, patients are often premedicated
with phenytoin before busulfan administration. In in vitro
laboratory tests, busulfan caused mutations in bacteria and
insect cell cultures, and induced chromosomal aberrations in
rat, mouse, and human cells.
Chronic Toxicity

Ovarian suppression and amenorrhea commonly occurred in
premenopausal women receiving chronic low-dose busulfan
for CML treatment. Pulmonary toxicity has been reported in
patients receiving chronic low-dose busulfan therapy for CML.
High plasma concentrations have been associated with an
increased risk of developing hepatic venoocclusive disease.
Immunotoxicity

The most common serious consequence of busulfan exposure
at the recommended dose and schedule is profound myelo-
suppression. Severe bone marrow depression accompanied by
granulocytopenia, thrombocytopenia, anemia, or combination
thereof have been reported.
Reproductive Toxicity

Busulfan may cause fetal harm when administered to pregnant
women. Sterility, azoospermia, and testicular atrophy have
been reported in male patients. Pronounced adverse effects on
reproductive glands, germ cells, and fertility are observed in
exposed animals. Busulfan induces sterility in male rats and
hamsters and depletes oocytes of female rats.
Carcinogenicity

Busulfan is a presumed human carcinogen. Administration of
busulfan (at 30% of the total dose equivalent) has been shown
to increase the incidence of thymic and ovarian tumors in mice.
Four cases of acute leukemia occurred among a study of 243
patients using busulfan as adjuvant therapy following resection
of lung cancer. Clinical appearance of leukemia was observed
5–8 years after oral busulfan treatment.
Clinical Management

Following any exposure, hematologic status should be closely
monitored and vigorous supportive measures should be insti-
tuted as medically indicated. There is one report that busulfan
is dialyzable, thus dialysis should be considered in the case of
overdose. Busulfan is metabolized by conjugation with gluta-
thione, thus administration of glutathione may be considered
in the case of overdose.
Ecotoxicology

Busulfan is a white crystalline powder that is relatively insol-
uble in water (at 0.1 g l�1). In pill form, busulfan is supplied as
white, film-coated, round biconvex tablets containing 2mg
busulfan (Myleran). Some pharmaceutical agents and their
metabolites are often detected in environmental samples and
therefore pose significant concerns for wildlife; however,
busulfan is so far of little regulatory concern to the US Envi-
ronmental Protection Agency.

See also: Alkylating Agents; Blood; Cancer Chemotherapeutic
Agents; Carcinogen–DNA Adduct Formation and DNA Repair;
Immune System.
Further Reading

Ciurea, S.O., Andersson, B.S., 2009. Busulfan in hematopoietic stem cell trans-
plantation. Biol. Blood Marrow Transplant. 15, 523–536.

Nath, C.E., Shaw, P.J., 2007. Busulphan in blood and marrow transplantation: dose,
route, frequency, and role of therapeutic drug monitoring. Curr. Clin. Pharmacol.
2, 75–91.
Relevant Websites

http://www.cancer.org/Treatment/TreatmentsandSideEffects/GuidetoCancerDrugs/
busulfan – American Cancer Society - Busulfan.

http://www.busulfex.com/ – Otsuka information sheet on IV BUSULFEX.

http://www.cancer.org/Treatment/TreatmentsandSideEffects/GuidetoCancerDrugs/busulfan
http://www.cancer.org/Treatment/TreatmentsandSideEffects/GuidetoCancerDrugs/busulfan
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l Chemical Abstracts Service Registry Number: 106-99-0
l Synonyms: Biethylene, Bivinyl, Buta-1,3-diene, Butadiene

monomer, Vinylethylene
l Molecular Formula: C4H6

l Chemical Structure:
Background

Butadiene is produced during the combustion of organic
matter. Significant amounts of butadiene are released to the
environment from both natural and anthropogenic sources
such as forest fires, gasoline and diesel engine exhaust, and
wood space heating. It is also a component of cigarette smoke.
Industrially, butadiene is most commonly produced as
a coproduct of ethylene manufacture in which hydrocarbon
feedstocks are cracked with steam and butadiene is removed
from the resulting crude C4 stream by liquid–liquid extraction
with solvents.
Uses

Butadiene is a reactive monomer used in the production of
synthetic rubber (60%) and plastics. Styrene–butadiene
rubber, polybutadiene rubber, adiponitrile, styrene–butadiene
latex, acrylonitrile–butadiene–styrene resins, and nitrile rubber
are used in the manufacture of tires, nylon products, plastic
bottles and food wraps, molded rubber goods, latex adhesives,
carpet backing and pads, shoe soles, and medical devices. There
are no direct consumer uses of butadiene and unreacted
monomer is not expected to be present in polymers and plas-
tics made from butadiene.
Environmental Fate and Behavior

Butadiene is a gas under normal environmental conditions
with limited water solubility (735 mg l�1 at 25 �C). Buta-
diene released to the atmosphere will remain there with very
small amounts being distributed to water and soil. In air,
butadiene will be removed by reaction with photochemically
produced hydroxyl radicals (5.6-h half-life), nitrate radicals
(15-h half-life), and ozone (1.5-day half-life). When released
to water, butadiene will be removed by volatilization to air
(Henry’s law constant of 7460 Pa m3mol�1), biodegradation
(aerobic half-life of 15 days), and reaction with singlet
568 Encyclopedia of T
oxygen. Based on its estimated organic carbon partition
coefficient (Koc of 288), butadiene will not exhibit significant
adsorption to soil or suspended particulate matter; its
biodegradation half-life in soil is estimated to be 30 days.
Due to volatilization to air and degradation in soil, butadiene
is not expected to leach to groundwater. As butadiene is
readily metabolized, it is not expected to pose a significant
bioaccumulation hazard.
Exposure and Exposure Monitoring

Butadiene is a heavier than air under normal environmental
conditions. In the workplace, the most significant route of
exposure to butadiene is inhalation during its production
and use. Potentially significant exposures to butadiene are
likely limited to the industrial setting. Workplace concen-
trations have declined since the late 1970s (<10 ppm) to
the current date (<1 ppm). Typical levels of butadiene in
rural (0.01 ppb) and urban (0.4–1 ppb) air as well as the
residual butadiene monomer content in consumer products
are low and unlikely to pose a significant health threat to
the general public.
Toxicokinetics

Butadiene is readily absorbed through the respiratory tract.
Dermal absorption is anticipated to be limited due to the
volatility of liquid butadiene. Once absorbed, butadiene is
rapidly distributed throughout the body. A tissue distribution
study in rats indicates that the highest concentration of buta-
diene is located in the peripheral fat; lower concentrations are
observed in the liver, brain, spleen, and kidney. Based on
a radiolabel study in mice, most of the absorbed butadiene is
exhaled as the parent compound, with a lesser amount exhaled
as CO2. Smaller amounts of butadiene and/or its metabolites
are detected in urine and feces, with most of the label being
eliminated from the carcass within 65 h. The bulk of the
butadiene body burden (77–99%) in rodents is eliminated
with a half-life of 2–10 h.

Metabolism of butadiene is qualitatively similar across
species, although there are significant quantitative differences
in the amounts of metabolites formed. Butadiene is rapidly
metabolized via enzyme systems located in the liver, lung,
nasal mucosa, and possibly bone marrow. Initially, most of
the absorbed butadiene is converted to the reactive monoep-
oxide metabolite 1,2-epoxy-3-butene (EB) by cytochrome
P450 monooxygenase, an enzyme that also metabolizes EB to
a reactive diepoxide, 1,2,3,4-diepoxybutane (DEB). EB can
also be detoxified to 3-butene-1,2-diol (B-diol) by epoxide
hydrolase. B-diol (via cytochrome P450) and DEB (via
epoxide hydrolase) can be metabolized to another monoep-
oxide, 3,4-epoxybutane-1,2-diol (EBD). At similar exposure
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00368-7
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concentrations, the concentration of butadiene metabolites in
mouse blood is about three-fold higher in rat blood and
>10-fold higher in monkey blood. All three epoxides can be
inactivated by conjugation with glutathione via glutathione
S-transferase and by hydrolysis via epoxide hydrolase. Gluta-
thione conjugation predominates in mice followed by rats and
then humans; conversely, hydrolysis via epoxide hydrolase
predominates in humans followed by rats and then mice. The
three epoxides also form unique conjugates with the
N-terminal valine of hemoglobin. These epoxide-hemoglobin
adducts are used as biomarkers of butadiene exposure and to
assess the relative importance of the different metabolic
pathways in individual species. The activation/inactivation
profiles of these three enzyme systems are species-specific
resulting in DEB tissue levels in mice that are higher than
those found in similarly exposed rats (30-fold) and humans
(100-fold).
Mechanism of Toxicity

The carcinogenic potential of butadiene in rodents is thought
to reflect the metabolism of butadiene to DNA-reactive
metabolites resulting in genetic alterations in proto-
oncogenes and/or tumor suppressor genes. Mechanistic data
suggest that the higher carcinogenic potency of butadiene in
mice versus rats is primarily due to the higher body burden
in mice of DEB, considered the most mutagenic butadiene
metabolite (see Genotoxicity). This is supported by the
observations that carcinogenicity tests with EB were equiv-
ocal, while DEB was carcinogenic in mice and rats when
administered via multiple routes of exposure. Although the
mechanism by which butadiene causes noncancer effects is
not well understood, there is strong evidence that ovarian
atrophy in mice, the most sensitive noncancer endpoint, is
mediated by DEB.
Acute and Short-Term Toxicity

Animal

Acute inhalation studies have shown that butadiene exhibits
low toxicity in animals. Butadiene is a relatively weak central
nervous system (CNS) depressant. Mice exposed to buta-
diene for 6–12 min exhibited excitement and narcosis
(200 000 ppm), light narcosis (150 000 ppm), and no effects
(100 000 ppm). Deep anesthesia was produced in rabbits
exposed to 200 000–250000 ppm butadiene for 8–10 min;
death due to respiratory paralysis occurred within 25–35 min
at 250 000 ppm. Butadiene exhibits low toxicity in rodents
with 2- and 4-h LC50 values >100 000 ppm.
Human

Exposures of industrial workers to butadiene concentrations
of 2000–8000 ppm have been reported to cause eye, skin,
and nasal irritation. High butadiene levels (150 000–
250 000 ppm) may cause CNS depression as evidenced
by blurred vision, drowsiness, fatigue, bradycardia, and
hypotension. However, explosion is probably the greater
health hazard as butadiene levels approach these concen-
trations. The mildly aromatic odor of butadiene, which can
be detected at �1 ppm, serves as a good warning aid. Dermal
contact with liquid butadiene may produce frostbite due to
cooling caused by the rapid evaporation of butadiene from
the skin.
Chronic Toxicity

As described in other sections, the chronic toxicity of butadiene
observed in animals and humans is generally limited to
reproductive toxicity and carcinogenicity.
Immunotoxicity

There are limited chronic data in animals and humans. Sub-
chronic exposures (weeks–months) of mice to butadiene
(62.5–1250 ppm) have been reported to alter stem cell devel-
opment and depress cell-mediated immunity as well as the
cellularity and weight of some lymphoid organs. The biological
significance of these findings is unknown.
Reproductive Toxicity

Mice are more sensitive than rats to the reproductive toxicity
caused by inhalation of butadiene. In mice, ovarian atrophy
was induced in a dose-dependent fashion at lifetime exposures
>6.25 or at 1000 ppm after a 13-week exposure. Degenerative
changes in the testes of mice were observed only after lifetime
exposures to butadiene at >200 ppm. No effects on the
reproductive organs were seen in rats receiving a lifetime
exposure up to 8000 ppm butadiene. Under its Integrated Risk
Information System (IRIS) program, US Environmental
Protection Agency (EPA) used the data on ovarian atrophy in
the lifetime mouse study and a combined uncertainty factor of
1000 to derive a chronic inhalation reference concentration for
the general population of 0.9 ppb. The value of 1000 is
inconsistent with the selection of uncertainty factors in subse-
quent IRIS assessments on other chemicals and may be overly
conservative given species differences in tissue levels of DEB,
the metabolite recognized by US EPA as the likely reproductive
toxicant.

In prenatal developmental toxicity studies, mice and rats
were exposed by inhalation to butadiene at concentrations of
40, 200, and 1000 ppm for 6 h day�1 during gestational days
6–15. In mice, maternal toxicity (decreased body weight gain)
and fetal toxicity (growth retardation, decreased placental
weights, and increased morphological variations) were seen at
200 and 1000 ppm; the maternal and fetal no-observed-
adverse-effect concentrations (NOAECs) were 40 ppm. In rats,
maternal toxicity (decreased body weight gain) was seen at
1000 ppm, while developmental effects were not observed at
any concentration; the NOAECs for maternal and fetal toxicity
were 200 and 1000 ppm, respectively. Based on limited avail-
able data, there is no conclusive evidence that butadiene is
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fetotoxic or teratogenic at concentrations below those toxic to
the mother.
Genotoxicity

Animal

Butadiene, in the presence of metabolic activation, and its
epoxide metabolites (EB, DEB, and EBD) are genotoxic in
a variety of in vitro and in vivo test systems. While all three
epoxides can react with DNA, their mutagenic potencies are
very different (DEB[ EB> EBD). The potency of the diep-
oxide (DEB) is likely related to its ability to form macromo-
lecular crosslinks. Mutagenicity is detected in vivo in mice at
a lower butadiene concentration (3 ppm) than that of rats
(62.5 ppm). The fact that internal DEB levels at these concen-
trations as measured by DEB-hemoglobin adducts are compa-
rable suggests that DEB is the primary mutagenic metabolite at
these concentrations. Butadiene is clastogenic in mice but
not rats.
Human

Studies of mutations in peripheral blood lymphocytes of
workers exposed to butadiene have produced mixed results. In
positive studies of butadiene monomer and styrene–butadiene
rubber workers, high butadiene exposures resulted in a higher
mutation frequency than low exposures. Follow-up studies of
these worker populations reported similar results. However,
the new exposure measurements in these follow-up studies no
longer supported the previous high/low exposure classifica-
tions, and there was no apparent association between indi-
vidual mutation frequency values and butadiene exposures
within the assigned groups. In one of these studies, it was
observed that workers employed for 11–39 years had a two-
fold greater mutation frequency than workers employed for
1–10 years. Although other confounders cannot be excluded,
the study authors interpreted these results to reflect a cleaner
work environment and the persistence of lymphocyte muta-
tions generated when exposure levels were higher. There have
also been several studies reporting that lymphocyte mutations
are not increased in butadiene-exposed workers. The two
epidemiological studies with the most comprehensive expo-
sure measurements showed that gene mutations do not occur
in workers exposed to time-weighted average (TWA) butadiene
concentrations of 0.8 and 2.0 ppm.
Carcinogenicity

Animal

Lifetime studies in rats and mice indicate that the inhalation of
butadiene increases the incidence of tumors at various sites,
with mice being significantly more susceptible to the tumori-
genic effect of butadiene than rats. In mice, tumors were
induced at lifetime exposures of 6.25–1250 ppm or in as little
as 13 weeks at 625 ppm. In rats, tumors were observed
primarily at 8000 ppm and typically only in organs where
tumors develop spontaneously.
Human

It is not known if butadiene itself poses a carcinogenic risk
in humans. A large well-conducted epidemiological study
reported an increase in mortality from leukemia among workers
in the styrene–butadiene rubber industry and that the increase
was associated with cumulative butadiene exposure. The risk of
leukemia remained but was attenuated after controlling for
exposures to styrene and other potential confounding agents.
However, these results were not consistent with those of three
smaller studies of adequate statistical power in butadiene
monomer workers. Under its IRIS program, the US EPA has
classified butadiene as carcinogenic to humans by inhalation
and used the data on leukemia in styrene–butadiene workers to
derive an inhalation unit risk for cancer of 8� 10�5 (ppb)�1.
Clinical Management

There is no antidote for butadiene toxicity. The primary toxicity
of butadiene is CNS depression at high concentrations. Treat-
ment involves removal from exposure and support of respira-
tory function.
Ecotoxicology

Due to its volatility and explosivity, data on the toxicity of
butadiene to aquatic organisms are generally limited quanti-
tative structure–activity relationship modeling estimates. For
freshwater and saltwater fish (96-h LC50) and invertebrates
(48-h EC50), acute toxicity values generally range between
20 and 50 mg l�1; chronic no-observed-effect concentration
(NOEC) values for these species are about 10-fold lower.
Butadiene is predicted to be slightly more toxic to algae
based on its acute (96-h EC50¼ 11 mg l�1) and chronic
(NOEC¼ 4 mg l�1) toxicity values and modestly less toxic to
earthworms (14-day LC50¼ 93 mg kg�1 soil). Predicted values
are more conservative (i.e., lower) than the limited experi-
mental values obtained with structurally similar compounds.
Other Hazards

Butadiene is a highly flammable gas at standard temperature
and pressure. In air, butadiene will form explosive peroxides
that are sensitive to shock or heating above 27 �C and will
explode upon contact with aluminum tetrahydroborate. Buta-
diene has lower and upper explosive limits of 2% and 12% by
volume in air, respectively.
Exposure Standards and Guidelines

International Occupational Exposure Limits (OELs) for buta-
diene generally range from 0.5 to 15 ppm as an 8-h TWA, with
2 ppm being the TWA OEL established by the American
Conference of Governmental Industrial Hygienists. US Occu-
pational Safety and Health Administration lists a permissible
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exposure limit of 1 ppm for butadiene (TWA) with a 15 min
short-term exposure limit of 5 ppm. National Institute of
Occupational Safety and Health indicates that 2000 ppm buta-
diene is immediately dangerous to life or health. Butadiene is
classified as a human carcinogen by the International Agency for
Research on Cancer and the US National Toxicology Program.

See also: American College of Toxicology; ACGIH
�
(American

Conference of Governmental Industrial Hygienists); Risk
Assessment, Human Health; Toxicity Testing, Aquatic; Toxicity
Testing, Carcinogenesis; Toxicity Testing, Developmental;
Toxicity Testing, Mutagenicity; Toxicity Testing, Reproductive;
Toxicity, Acute; Toxicity, Subchronic and Chronic;
Pharmacokinetics; Uncertainty Factors.

Further Reading
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Genotoxicity profile. Crit. Rev. Toxicol. 40 (Suppl. 1), 12–73.
Kirman, C.R., Albertini, R.J., Gargas, M.L., 2010. 1,3-Butadiene: III: assessing
carcinogenic modes of action. Crit. Rev. Toxicol. 40 (Suppl. 1), 74–93.

Kirman, C.R., Albertini, R.J., Sweeney, L.M., Gargas, M.L., 2010. 1,3-Butadiene: I.
Review of the metabolism and the implications to human health risk assessment.
Crit. Rev. Toxicol. 40 (Suppl. 1), 1–11.

Swenberg, J.A., Bordeerat, N.K., Boysen, G., Carro, S., Georgieva, NI., et al.,
2011. 1,3-Butadiene: biomarkers and application to risk assessment. Chem-
Biol. Interact. 192, 150–154.

Relevant Websites

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
Toxicological Profile for 1,3-Butadiene

http://apps.echa.europa.eu/registered/registered-sub.aspx – European Chemicals
Agency. Information on Buta-1,3-diene

http://www.epa.gov/iris/index.html – US EPA IRIS. 1,3-Butadiene
http://www.iarc.fr/ – International Agency for Research on Cancer. 1,3-Butadiene.
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l Chemical Abstracts Service Registry Number: 1069-97-8
l Synonyms: n-Butane; Butyl hydride; Methylethylmethane;

Liquefied petroleum gas
l Chemical Formula: CH3(CH2)2CH3

l Chemical Structure:
Background

Butane is a widely used compound, most commonly as a fuel
in lighters, torches, and stoves. Although it is an asphyxiant
when inhaled in large amounts, it has been used in smaller
amounts by those looking for substances that can produce
altered mental states. Such abuse of butane has resulted in
a number of deaths from what is known as Sudden Sniffing
Death Syndrome.
Uses

Butane is used as a fuel in lighters, small blow torches, and
camping stoves. It is also used in calibrating instruments and as
a food additive. In addition, it is a raw material for organic
synthesis.
Environmental Fate and Behavior

Routes and Pathways

Butane is relatively nonpersistent in the environment and has
a low leaching potential. It is moderately volatile from water
and it does not bioaccumulate.
Physicochemical Properties

Butane’s Log Kow is 2.89 and its estimated Henry’s law constant
is 9.47� 10�1 atm m3mol�1 at 25 C.
Exposure Routes and Pathways

Since butane is a gas, the major routes of exposure are inha-
lation and contact with skin and eyes. It is a widely used
substance of abuse by inhalation.
Mechanism of Toxicity

Gaseous butane acts as a simple asphyxiant, which means that
it causes toxicity by displacing oxygen and preventing it from
reaching important tissues and organs. In its liquid state, it
causes frostbite due to rapid cooling on evaporation.
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Acute and Short-Term Toxicity

Animal

An LC50 of 658 gm�3, for a 4-h inhalation exposure, has been
established in rats.
Human

Because of its asphyxiant properties, high doses of inhaled
butane can affect the central nervous system and lead to
a variety of symptoms. These include euphoria, excitation,
vomiting, confusion, hallucinations, drowsiness, and coma.
Skin contact with liquid butane can cause frostbite.
Clinical Management

The affected person should be removed from exposure and
provided fresh air. Symptomatic and supportive treatment
should be administered. This may include support of both
cardiovascular and respiratory systems.
Environmental Fate

Butane is relatively nonpersistent in the environment and has
a low leaching potential. It is moderately volatile from water
and it does not bioaccumulate.
Other Hazards

Butane poses severe fire and explosion hazards. It should be
stored and used distant from any ignition sources.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial Hygien-
ists time-weighted average (TWA) for butane is 800 ppm
(1900 mgm3) and the TWA for liquefied petroleum gas is
1000 ppm (1800 mgm3).
See also: Drugs of Abuse.

Further Reading

European Chemicals Bureau (ECB) (2000) IUCLID Data Sheet on Butane (Pure).
Ispra, Italy.

International Program on Chemical Safety (1998) Butane. INCHEM Poisons Information
Monograph 945. Geneva, Switzerland.

Relevant Website

http://www.inchem.org B Chemical Safety Information from Intergovernmental
Organization.
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l Name: Butter yellow
l Chemical Abstracts Service Registry Number: 60-11-7
l Synonyms: p-Dimethylaminoazobenzene (DAB); N,N-

Dimethyl-4-(phenylazo) benzenamine; Methyl yellow; C.I.
solvent yellow 2; C.I. 11020.

l Molecular Formula: C14H15N3

l Chemical Structure:

N N N
CH3

CH3

Uses

Butter yellow was largely used as a food coloring agent. It was
also used for the determination of free hydrochloric acid in
gastric juice, for the spot test identification of peroxidized fats,
as a pH indicator, and as a laboratory reagent.
Environmental Fate and Behavior

Butter yellow exists as a stable crystalline material at normal
temperature and pressure. It is insoluble in water, but soluble in
organic solvents such as alcohol, chloroform, ether, petroleum
ether, mineral acids, oils, and pyridine. Its octanol/water parti-
tion coefficient is 4.58, vapor pressure is 3.3 � 10�7 mm Hg;
and Henry’s law constant is 7.1 � 10�9 atm-m3 mol�1.

Butter yellow may be released into the environment as
a result of its manufacture and use in the consumer products.
It may bind to the soil and when released into water, may
bioconcentrate in aquatic organisms, or may be adsorbed into
the sediment. If released in the atmosphere, it may undergo
direct photolysis.
Exposure and Exposure Monitoring

Exposure through inhalation and dermal routes is very
common.
Toxicokinetics

The potential routes of human exposure to butter yellow are
inhalation, dermal, and ingestion. Biotransformation involves
reduction by cytochrome P450 dependent enzymes followed
by cleavage of the azo group, demethylation, ring hydroxyl-
ation, N-hydroxylation, N-acetylation, and O-conjugation of
metabolites in liver. The metabolites can bind to macromole-
cules such as proteins and nucleic acids. When [14C-dimethyl]-
aminoazobenzene was fed to rats, most of the radioactivity
was found in expired carbon dioxide. In rats, 50–60% of
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
administered butter yellow is excreted in urine in the form of
sulfates or glucuronides of N-acetylated metabolites.
Mechanism of Toxicity

Butter yellow is metabolized in vivo to a reactive form that
covalently binds to cellular macromolecules, such as proteins
and DNA, and causes toxicity. Agents that interfere with this
covalent binding can modulate its toxicity.
Acute and Short-Term Toxicity

Animal

Intravenous administration of butter yellow is toxic. It is
moderately toxic by other routes such as oral, intraperitoneal,
intramuscular, and subcutaneous. It is an antihypertensive
agent. The oral and intraperitoneal LD50 values in the rat are
200 and 230 mg kg�1, respectively. The oral and intraperito-
neal LD50 values in the mouse are 300 and 230 mg kg�1,
respectively.
Human

Butter yellow is known to cause occupational contact derma-
titis in factory workers who handle it. The target organs for
toxicity are skin, liver, and bladder. Overexposure to butter
yellow can potentially cause symptoms such as enlarged liver,
hepatic and renal dysfunction, contact dermatitis, coughing,
wheezing, difficulty in breathing, bloody sputum, bronchial
secretions, frequent urination, hematuria, and dysuria.
Chronic Toxicity

Animal

There is sufficient evidence of carcinogenicity in animals. It is
carcinogenic by various routes in the rat and mouse (liver
carcinoma). It causes carcinoma of the bladder and lungs, if
ingested. Diet can influence its carcinogenic activity. Its acti-
vated form is shown to be mutagenic and teratogenic.
Human

On the basis of animal carcinogenic data, butter yellow is
suspected to be human carcinogen both by the US Occupa-
tional Safety and Health Administration (OSHA) and the
National Toxicology Program (NTP). Mutation effect in human
is also reported.
Reproductive Toxicity

Butter yellow can cause adverse reproductive effects.
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Genotoxicity

Butter yellow induces unscheduled DNA synthesis in HeLa
human cervical cancer cells. It is mutagenic in Salmonella
typhimurium TA100 and TA98.
Carcinogenicity

Butter yellow is suspected to be a human carcinogen by the US
OSHA and NTP. It has been linked with gall bladder cancer.
Clinical Management

In case of contact, the eyes and skin should be flushed with
water for 15–20 min. In the case of inhalation exposure, the
victim should be moved to fresh air, and oxygen and artificial
respiration should be administered, if necessary. If the patient
is in cardiac arrest, cardiopulmonary resuscitation should be
given. Life-support measures should be continued until
medical assistance has arrived. In the case of an unconscious or
convulsing person, liquids should not be administered and
vomiting should not be induced.
Ecotoxicology

It may bind to the soil. It may bioconcentrate in aquatic
organisms, adsorb to sediment, and be subject to direct
photolysis.
Other Hazards

Butter yellow when heated to decompose emits toxic fumes of
nitrous oxides.
Exposure Standards and Guidelines

Engineering controls, standard work practices, and per-
sonal protective equipment, including respirators, should be
employed to prevent worker exposure to butter yellow. After
use, the clothing and equipment should be placed in an
impervious container for decontamination or disposal. Preem-
ployment and periodic medical examination should focus on
liver function.

See also: Dimethylaminoazobenzene; Food Safety and
Toxicology; Butylated Hydroxyanisole; Butylated
Hydroxytoluene; Food and Drug Administration, US; Food
Additives.
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Background

Button batteries pose a human health hazard when ingested or
placed in the ear, nose, or vagina. In recent years, outcomes of
button battery ingestion have worsened substantially, related to
the increasing use of the 20mmdiameter lithium coin cell (also
called lithiumbutton batteries) as a power source for household
products. About 3500 button battery ingestions are reported to
US poison centers annually, representing a fraction of cases that
actually occur since it is likely that many cases are never repor-
ted. Although battery ingestion frequency has not shown
a consistent upward or downward trend, from 1985 to 2010
therewas a nearly sevenfold increase in severity,measured as the
percentage of button battery ingestions with life-threatening,
debilitating, or lethal outcomes. Lithium coin cells, at 3 V rather
than the 1.5V of traditional button cells, can cause severe
complications if lodged in the esophagus for just 2 h. Further-
more, lithium coin cells are most commonly available with
a 20mm diameter, a size intermediate between a penny and
a nickel and likely to lodge in the esophagus of a small child.
These 20mm lithium cells can be recognized by their imprint
code, with the prefix CR (or BR) followed by 2032, 2025, or
2016, where the 20 refers to the diameter in millimeters and the
final 2 digits refer to the height in tenths of a millimeter.
Uses

Button batteries are ubiquitous. They are used as a power source
for hearing aids, games and toys, watches, cameras, calculators,
media players, remote controls, key fobs, digital thermometers,
lighted jewelry, musical or talking books, singing greeting cards,
phones, monitors, medical equipment including medication
pumps, garage door openers, penlights, clocks, dog collars,
flameless candles, flashing or musical shoes or other fashion
accessories, musical instruments, baby monitors, and a variety
of other household products. Most button cells range in diam-
eter from 5.8 to 23mm, with four sizes accounting for 95% of
ingested cells including 11.6mm, 7.9mm, 20mm, and 5.8mm
(in decreasing frequency order). The chemistry of ingested
button cells, in decreasing frequency order, is either manganese
dioxide (alkaline), zinc-air, lithium, or silver oxide. Since the
1996 enactment of the US Mercury-Containing and Recharge-
able Battery Management Act, mercuric oxide button batteries
are no longer marketed; other types of button cells do not
contain clinically significant amounts of mercury.
Exposure Routes and Pathways

Button cell ingestions are most commonly unintentional, with
peak incidence in the very young (<4 years) and the elderly.
Children younger than 6 years were involved in 62.5% of
button cell ingestions and 15.9% involved adults 60 years or
older. In young children, batteries were most often obtained
directly from a product (61.8%), were found loose or sitting
cyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
out (29.8%), or obtained directly from the battery packaging
(8.2%). In contrast, adults most often ingested batteries that
were loose or sitting out (80.8%) or swallowed batteries within
a hearing aid (12.1%). Batteries were ingested because they
were mistaken for pills in 15.5% of ingestions, an ingestion
scenario predominant in patients 50 years of age or older.
Batteries in the nose, ear, or vagina also cause severe tissue
damage.
Toxicokinetics

Battery passage through the gut occurs in less than 72h in 64%
of patients, in less than 96h in 74% of patients, and in less than
14 days in 96% of patients. Transit times in excess of a year
have been reported without adverse effects.
Mechanism of Toxicity

Button batteries are composed of two wafer-like plates sepa-
rated by an electrolyte-soaked fabric. In nonlithium button
cells, the electrolyte is generally an alkaline solution, typically
up to 45% sodium or potassium hydroxide. Lithium cells
contain a mildly irritating organic electrolyte. The battery
contents are housed in a steel can with a plastic grommet
separating the positive and negative battery poles.

Injury from button batteries is due to local corrosive effects
rather than systemic poisoning. Themajor mechanism of injury
occurs when batteries are lodged in one place and generate an
external electrolytic current that flows through and hydrolyzes
adjacent tissue fluids or surface mucous, producing hydroxide
at the battery’s negative pole. The injury that follows is similar
to a localized alkaline injury. Button batteries other than
lithium cells may also leak an alkaline electrolyte, adding to the
damage created by locally generated hydroxide. Although
considered a possible minor contributing factor, pressure
necrosis alone, for example, from a fully discharged battery,
does not produce significant damage. With lithium cells,
leakage cannot contribute to the injury as they contain no
alkaline electrolyte, but due to the greater voltage and capaci-
tance, lithium cells generate more hydroxide, more rapidly,
than other button cells. Furthermore, the implication of
lithium cells in the most severe cases confirms that it is local
hydroxide generation rather than leakage that causes most of
the damage. Although sensitivity may manifest as a rash
following ingestion of nickel-plated button cells, heavy metal
poisoning from leakage of battery contents is not expected, and
symptomatic cases of heavy metal poisoning have not been
reported.

Since hydroxide is generated at the negative battery pole, the
anatomic position and orientation of an ingested cell predicts
the injury that will develop, with the most severe complications
(burns, perforations, fistulas) anticipated adjacent to the
negative pole. The three Ns mnemonic, negative-narrow-
necrotic, reminds clinicians that the negative battery pole,
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identified as the narrow side on lateral chest radiographs,
causes the most necrotic damage.
Acute and Short-Term Toxicity (or Exposure)

Human

While most battery ingestions are benign, batteries lodged in
the esophagus, auditory canal, or nasal cavity may have
devastating consequences. A major (life-threatening or debili-
tating) or lethal outcome has been observed in 12.6% of
children younger than 6 years who ingested 20–25mm diam-
eter button batteries. Esophageal batteries cause serious injury
in just 2 h, providing a narrow opportunity for removal.
Unfortunately, ingestions are often not witnessed (92% of fatal
ingestions and 56% of major outcome cases), and subsequent
clinical effects may be slow to emerge and may be nonspecific.
Adding to the diagnostic challenge, about 36% of esophageal
battery ingestions are initially asymptomatic.

Complications of lodged esophageal batteries include
ulceration, esophageal perforation, tracheoesophageal fistulas,
aortoesophageal fistulas, esophageal strictures, vocal cord
paralysis from recurrent laryngeal nerve damage, mediastinitis,
tracheal stenosis or tracheomalacia, spondylodiscitis, pneumo-
or hemothorax, and pulmonary abscesses. Serious complica-
tions are often delayed, with tracheoesophageal fistulas
becoming symptomatic up to 9 days after battery removal,
aortoesophageal fistulas evident up to 27 days after battery
removal, strictures delayed by weeks to months, and spondy-
lodiscitis presenting nearly 6 weeks after battery removal.
Eighteen fatalities have been reported, most involving exsan-
guination following fistulization into a major vessel, usually
the aorta. Batteries in the ear or nose may also be associated
with severe injury including perforation or destruction of the
tympanic membrane, destruction of the ossicle, hearing
impairment, nasal septal perforation, saddle deformity of the
nose, destruction of the nasal turbinates, facial nerve paralysis,
chondritis, or atrophic rhinitis.
Chronic Toxicity (or Exposure)

Human

Patients with prolonged impaction of a button battery in the
esophagus, ear, or nose experience the same complications that
are described above under acute toxicity. Since patients with
caustic injury to the esophagus are known to experience
a substantially increased risk of developing esophageal cancer,
it is assumed that patients with significant battery-induced
esophageal injury are at a similarly increased risk. But in the
majority of button battery ingestions, gastrointestinal transit is
rapid, leakage of battery components is minimal, and mucosal
damage minor, thus there is little concern about development
of long-term systemic effects, immunotoxicity, reproductive
impairment, or cancer.

Clinical Management

The initial clinical management of battery ingestions focuses
on ensuring that esophageal lodgment has not occurred.
Following ingestion, patients should avoid eating or drinking
until an esophageal position is excluded. The imprint code
(or diameter) of the ingested battery (or a companion or
replacement cell) should be determined quickly, if possible,
and the National Battery Ingestion Hotline consulted at
þ1 202 625 3333 for assistance with battery identification and
treatment. Since symptoms may be absent or delayed, an initial
radiograph must be obtained immediately to locate the battery
in all patients 12 years of age or younger. Older patients require
immediate radiography only if a large cell was ingested
(>12mm diameter or unknown diameter), a magnet was
coingested, symptoms develop, the patient has preexisting
esophageal disease, or the patient is unreliable or not mentally
competent.

Batteries lodged in the esophagus must be removed
immediately as serious burns can occur in just 2 h. Endo-
scopic removal is preferred over retrieval by balloon catheter
or magnetized tube as direct visualization of tissue injury
guides subsequent treatment. The endoscopist should note
the position of the battery, direction the negative pole faces,
and areas with the deepest injury. If esophageal mucosal
injury is present, patients must be observed for delayed
complications and managed with serial imaging, stool
guaiacs, and esophageal rest as indicated by the severity of the
injury. All patients with significant esophageal burns should
be hospitalized and monitored carefully for delayed compli-
cations (esophageal perforation, tracheoesophageal fistula,
aortoesophageal fistula). While oral feeding is withheld from
the most severely injured patients, those with less severe
injuries may have their diet advanced very slowly following
imaging to confirm that an esophageal perforation is not
present, avoiding progression beyond soft foods for about 4
weeks until the patient is beyond the usual window for
development of fistulas. In cases with significant esophageal
injury anatomically adjacent to major vessels, clinicians must
carefully monitor for the likely fatal complication of fistuli-
zation into a vessel, pursuing aggressive imaging, cardiovas-
cular surgical evaluation, and extended observation for
patients at risk.

Batteries located beyond the esophagus can be left to pass
spontaneously unless a magnet was coingested or the patient
develops symptoms. These patients are managed at home,
with regular diet and activity. Battery passage can be
confirmed by inspecting stools; radiography to confirm
passage may be done if passage is not documented in 10–14
days. Young children (<6 years) who ingest button cells with
a diameter of 15mm or greater should undergo radiography
again 4 days after ingestion (or sooner if symptoms develop)
to confirm passage from the stomach, and these batteries
should be removed endoscopically if they fail to progress
beyond the pylorus within this time frame. Any patient with
a battery in the stomach should be monitored for symptoms
and endoscopic removal pursued if even minor symptoms
develop, unless these are attributable to another cause.
Symptomatic patients with batteries beyond the reach of the
endoscope will require surgical removal for occult or visible
bleeding, persistent or severe abdominal pain, vomiting, signs
of an acute abdomen and/or fever, or profoundly decreased
appetite.
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Batteries in the nose or ear should be removed promptly
to avoid development of significant damage to adjacent
structures.
Ecotoxicology

Although button batteries now contain clinically insignificant
amounts or no mercury, and zinc from button batteries has
virtually no migration from soil to waterways where it might be
toxic to fish, there remains a consumer-driven push for battery
recycling. With batteries, special attention must be focused on
safe recycling practices. Since used or dead batteries usually
contain some residual charge, there is a potential for short
circuit and heat generation when battery terminals contact each
other. Transportation regulations require protection against
short circuit for both new and used batteries, requiring batteries
to be individually protected rather than loose in a large
container. For recycled batteries, this protection is most
commonly achieved by placing tape over at least one terminal.
Most importantly, any battery recycling program must avoid
increasing the risk of pediatric ingestion and must include
strategies to keep loose or discarded button batteries out of the
reach of children.

See also: Alkalies.
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Relevant Websites

For updated information on button battery ingestions, the reader is referred to the
National Capital Poison Center’s National Battery Ingestion Hotline website.

www.poison.org/battery/tips.asp – Battery ingestion and injury prevention tips.
www.poison.org/battery/stats.asp – Battery ingestion statistics.
www.poison.org/battery/guideline.asp – Battery ingestion triage and treatment

guidelines.
www.poison.org/battery – General information on the button battery ingestion hazard.
www.poison.org/battery/mechanism.asp – Mechanism of battery injury.
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Background

Butyl acrylate is a chemical intermediate manufactured and
processed almost entirely within closed systems to produce
homopolymers and copolymers with little remaining
monomer (<0.1 wt%). Butyl acrylate readily polymerizes
under the influence of heat and light and typically contains
inhibitors to prevent spontaneous polymerization during
storage, which must be under air because oxygen is required
for the stabilizer to function effectively. Due to its flash point
of 37 �C, the storage temperature for butyl acrylate must not
exceed 35 �C.
Uses

Butyl acrylate monomer is used to make acrylic resins as well as
emulsion (water-based) polymers. Water-based butyl acrylate
polymers are used in architectural (e.g., latex paint) and paper
coatings, adhesives and sealants, and leather and textile
finishes. Butyl acrylate is also a useful feedstock for chemical
syntheses because it readily undergoes addition reactions with
a wide variety of organic and inorganic compounds.
Environmental Fate and Behavior

Butyl acrylate is a liquid (5 hPa at w 20 �C) under normal
environmental conditions. At equilibrium in the environ-
ment, butyl acrylate will partition primarily to air (95%) with
the balance to water (5%). In air, butyl acrylate will be
removed by reaction with photochemically produced
hydroxyl radicals (28 h half-life) and ozone (6.5 days half-
life). In water, butyl acrylate is relatively stable to hydrolysis
at acidic and neutral pHs (half-life� 1100 days) but
will slowly volatilize to air (Henry’s law constant of
21.9 Pa m–3 mol�1 at 25 �C) or be biodegraded (58–90%
removal in 28 days). Based on its relatively low octanol–water
partition coefficient (log Kow of 2.38) and rapid metabolism
in biological systems, butyl acrylate does not pose a signifi-
cant bioaccumulation hazard.
578 Encyclopedia of T
Exposure and Exposure Monitoring

Exposures to butyl acrylate monomer are most likely to occur in
an occupational environment via inhalation and skin contact.
However, the closed systems used during manufacture and
transportation will limit worker exposures to those that may
occur during routine process maintenance, periodic plumbing
leaks, and the collection of quality control samples. Under these
conditions, exposures are further limited by the use of industrial
hygiene controls and personal protective equipment. The acrid
odor of butyl acrylate, which can be detected at 0.035 ppm, also
serves to limit exposure. Studies of monomer production
workers have indicated thatmean exposures to butyl acrylate are
typically <1 ppm. Although peak air levels exceeding an 8 h
TWA OEL of 2 ppm have been reported, these exposures typi-
cally occur during specialized activities (e.g., sampling, equip-
ment maintenance, waste disposal) when workers are wearing
personal protective equipment (PPE) that limits their exposure.
The general populationdoes not receive a significant exposure to
butyl acrylate due to low concentrations of residualmonomer in
consumer products.
Toxicokinetics

Data in rats dosed with radiolabeled butyl acrylate indicate it is
readily absorbed from the gastrointestinal tract. During the first
24 h postoral exposure, most of the butyl acrylate is metabo-
lized by carboxylesterase to acrylic acid and n-butanol, which
undergo further metabolism to CO2 (75%); a smaller butyl
acrylate fraction is conjugated with glutathione and excreted in
the urine as mercapturic acids (10%). Only minor dose frac-
tions appear in the feces (2%) and as volatiles (1%). Following
intravenous administration, butyl acrylate is also rapidly
metabolized and excreted in a similar pattern; but there is
a slight shift in the metabolic profile to less CO2 production
and more glutathione conjugation suggesting a first-pass effect
after oral exposure. From 24 h to 72 h postoral or post-
intravenous exposure, radiolabel levels in the major organs
remain relatively constant due to its apparent incorporation
into tissue biomolecules.
Mechanism of Toxicity

The toxic mode of action for butyl acrylate is unknown.
However, the parent compoundmay play a significant role since
with other acrylates pretreatment of rats with a carboxylesterase
inhibitor enhances the respiratory irritation and lethality asso-
ciated with inhalation exposures. The enhanced toxicity could
be a direct effect of the acrylate on surrounding tissues and/or
a secondary effect due to its increased conjugation with gluta-
thione that occurs under these conditions, which in turn can
result in toxicity due to the depletion of local glutathione stores.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01108-8
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Acute and Short-Term Toxicity

Toxicological studies in animals indicate that butyl acrylate
exposures do not generally result in systemic toxicity at suble-
thal doses. The acute oral and dermal LD50 values are
3150mg kg�1 (rat) and 2000–3024mg kg�1 (rabbit, occlu-
sive), respectively. The 4 h LC50 for butyl acrylate vapor is
19 650 ppm (rat). Butyl acrylate toxicity in both animals and
humans is largely limited to irritant effects, and their sequelae,
at the site of application. Butyl acrylate can produce an allergic
contact dermatitis that may cross-react with other acrylic esters.
Chronic Toxicity

In a 13-week inhalation study, rats were exposed to butyl
acrylate concentrations of 0, 21, 108, 211, or 546 ppm for
6 h day�1, 5 days a week. At 108 ppm, histological changes in
the nasal mucosa and olfactory epithelium were noted. At
211 ppm, butyl acrylate caused eye and nasal irritation,
changes in clinical chemistry and organ weights, and a signifi-
cant decrease in body weight; 77% mortality occurred at
546 ppm. The 13 week NOAEC was 21 ppm for local irritation
and 108 ppm for systemic toxicity; these results were used by
the ACGIH to derive its 8 h TWA TLV for butyl acrylate of
2 ppm. In a 2-year inhalation study, rats were exposed to butyl
acrylate concentrations of 0, 15, 45, or 135 ppm for 6 h day�1,
5 days a week. Histological changes in the nasal mucosa were
noted at 15 ppm; ocular toxicity (epithelial stippling and
cloudiness of the cornea) occurred at 135 ppm, which was the
NOAEC for systemic toxicity. In a 13-week study, rats were
exposed to butyl acrylate in drinking water at concentrations
(1500mg l�1) approaching its solubility limit in water
(1700mg l�1 at 20 �C). The NOAELs corresponded to the
highest doses tested, 84mg kg�1 day�1 in males and
111mg kg�1 day�1 in females. These NOAELs are consistent
with NOAEC for systemic toxicity of 108 ppm butyl acrylate
(w 70mg kg�1 day�1) when the latter is expressed in the same
units, assuming 100% pulmonary absorption.
Reproductive Toxicity

Although a guideline reproductive toxicity study with butyl
acrylate has not been performed, several lines of evidence indi-
cate butyl acrylate is not a reproductive toxin. First, in the
13-week inhalation study with butyl acrylate described above,
adverse effects onmale and female sex organs were not observed
upon microscopic examination at any concentration. The only
effect noted was an increase in relative testes weight, which
occurred at the high concentration (546 ppm) along with
significant decrements in body weight and death. Second, in
a two-generation reproduction study with a chemical surrogate
(methyl acrylate), rats were exposed to 0, 5, 25, and 75 ppm
methyl acrylate vapor for 6 h day�1, 7 days aweek. Parental body
weights and feed consumption were decreased at 75 ppm, and
nasal lesions were seen histologically at 25 and 75 ppm.
Reproduction function and pup survival were not affected at
any concentration, although pup body weights at 75 ppm were
decreased on postnatal days 14–28. The parental and pup
effects were likely secondary to the stress associated with nasal
irritation.

In developmental toxicity studies, fetal effects were noted
only in the presence of maternal toxicity. When pregnant rats
were exposed to butyl acrylate at vapor concentrations of 0, 25,
135, or 250 ppm on days 6–15 of gestation, the two highest
doses produced decrements in maternal body weight gain,
irritation to the nose and eyes, and embryo lethality as evi-
denced by a dose-dependent increase in postimplantation loss.
No signs of teratogenicity were observed at any concentration.
In another study, pregnant rats were exposed to butyl acrylate at
vapor concentrations of 0, 100, 200, or 300 ppm on days 6–20
of gestation. Maternal body weight gain was significantly
reduced at all experimental concentrations. Developmental
toxicity was limited to reductions in fetal body weight at the
two highest concentrations. Fetal malformations were not
observed at any concentration. Results from both inhalation
studies indicate that the NOAELs for maternal toxicity, devel-
opmental toxicity, and teratogenicity were 25, 100, and
�300 ppm butyl acrylate, respectively. In a developmental
gavage study, pregnant mice were exposed to butyl acrylate in
cottonseed oil on gestation days 6–15 at doses of 0, 100, 1000,
1500, 2000, 2500, 3000, or 4000mg kg�1 day�1. No dams
survived the highest dose, and occasional mortality was
observed at doses �1000mg kg�1 day�1. Fetal body weights
were significantly reduced at doses �1500mg kg�1 day�1, and
doses �2500mg kg�1 day�1 resulted in embryo lethality as
well as external and skeletal malformations. The NOAELs for
maternal toxicity, developmental toxicity, and teratogenicity
were 100, 1000 , and 2000mg kg�1 day�1, respectively.

The absence of effects on reproductive function in animals
at parentally toxic exposures combined with the occurrence of
fetotoxicity only in the presence of maternal toxicity suggests
that butyl acrylate does not pose a significant reproductive and
developmental hazard to humans.
Genotoxicity

Data on the in vitro mutagenicity (Salmonella reverse mutation
assay) as well as the induction of micronuclei and unscheduled
DNA synthesis in Syrian hamster fibroblasts are negative. Two
in vivo cytogenetic assays were conducted by exposing animals
for 6 h day�1 for 4 days to butyl acrylate at vapor concentra-
tions of 820 ppm (rats) and 817 ppm (hamsters). Despite clear
signs of toxicity (e.g., dyspnea, bloody discharges from eyes
and nose, body weight decrements, death), chromosomal
damage in bone marrow cells from either species or sex was not
observed.
Carcinogenicity

In a 2-year inhalation study, tumor incidences were not
increased in rats exposed for 6 h day�1, 5 days a week to butyl
acrylate at concentrations of 0, 5, 15, or 45 ppm (months 1–3)
and 0, 15, 45, or 135 ppm (months 4–24). Butyl acrylate (1%
in acetone) was also not carcinogenic when applied to the
skin of mice 3 days a week for a lifetime at a dose of
w8mg kg�1 day�1. In the absence of relevant epidemiological
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data, IARC used the results from both bioassays as well as other
studies to determine that butyl acrylate was not classifiable as
to its carcinogenicity in humans (Group 3).
Clinical Management

Clinical management involves removal from exposure and
treatment of symptoms.
Ecotoxicology

Butyl acrylate is acutely toxic to aquatic organisms. In a series of
studies with analytically measured concentrations, butyl acry-
late exhibited 96 h LC50 values of 5.2mg l�1 in freshwater fish
(Oncorhynchus mykiss, flow-through) and 2.1mg l�1 in marine
fish (Cyprinodon variegatus, flow-through), a 48 h EC50

(mobility) of 8.2mg l�1 in freshwater invertebrates (Daphnia
magna, flow-through), and an 96 h EC50 (cell number) of
2.6mg l�1 in freshwater algae (Pseudokirchneriella subcapitata,
static). In a 21-day semi-static study in D. magna, the measured
NOEC values were 0.136mg l�1 (reproduction) and
0.457mg l�1 (growth); the LOEC values were 0.457mg l�1

(reproduction) and 1.23mg l�1 (growth). Butyl acrylate is not
anticipated to have a significant effect on soil microflora
since the 28 day EC50 (glucose-induced respiration rate) for
a chemical surrogate (methyl acrylate) was >1000mg kg�1 dry
soil, the highest concentration tested.
Other Hazards

Butyl acrylate is flammable with lower and upper explosive
limits of 1.1% and 7.8% by volume in air, respectively.
Exposure Standards and Guidelines

OELs recommended by the ACGIH (TLV) and Germany (MAK)
are an 8 h TWA of 2 ppm butyl acrylate; NIOSH lists a recom-
mended exposure limit (REL) of 10 ppm as a 10 h TWA. The-
ACGIHnotes that its TLVmaynot necessarily protect susceptible
workers from the induction of sensitization or the elicitation of
an allergic reaction in previously sensitized individuals.

See also: Acrylic Acid; ACGIH
�
(American Conference of

Governmental Industrial Hygienists); Ames Test;
Carboxylesterases; Chromosome Aberrations; Developmental
Toxicology; Dose–Response Relationship; Aquatic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Environmental Exposure Assessment; Environmental
Protection Agency, US; Gastrointestinal System; Genetic
Toxicology; Glutathione; International Agency for Research on
Cancer; LD50/LC50 (Lethal Dosage 50/Lethal Concentration 50);
Mechanisms of Toxicity; Methyl Acrylate; Mode of Action;
National Institute for Occupational Safety and Health; The
National Toxicology Program; Occupational Exposure Limits;
Occupational Safety and Health Administration; Respiratory
Tract Toxicology; Risk Assessment, Human Health; Toxicity
Testing, Aquatic; Toxicity Testing, Carcinogenesis; Toxicity
Testing, Developmental; Toxicity Testing, Mutagenicity;
Toxicity Testing, Reproductive; Toxicity, Acute; Toxicity,
Subchronic and Chronic; Pharmacokinetics.
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l Name: Butylated hydroxyanisole
l Chemical Abstracts Service Registry Number: 25013-16-5
l Synonyms: (1,1-Dimethylethyl)-4-methoxyphenol; 2(3)-

t-Butyl-4-hydroxyanisole; BHA; Anthracine 12
l Molecular Formula: C11H16O2

l Chemical Structure:

CH3

CH3

CH3
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OMe

X

Uses

Butylated hydroxyanisole (BHA) is used as an antioxidant and
food preservative; it is also used in cosmetics, pharmaceuticals,
and rubber and petroleum products.
Environmental Fate and Behavior

BHA is a white or slightly yellow, waxy solid with a character-
istic odor. It is insoluble in water, but soluble in fats, oils,
and solvents like petroleum ether, chloroform, and alcohol.
Its octanol/water partition coefficient is 3.50; vapor pressure is
2.48 � 10�3 mm Hg at 25 �C; and Henry’s law constant is
1.17 � 10�6 atm-m3 mol�1.

BHA is released into the environment through waste
streams. It has low soil mobility and volatilizes slowly from
water. It may bioconcentrate in aquatic organisms, adsorb to
sediment, and be subject to direct photolysis.
Exposure and Exposure Monitoring

Human exposure to BHA can occur by ingestion and skin
application.
Toxicokinetics

BHA is absorbed rapidly via the oral route in both experimental
animals and humans. It is distributed to various organs such
as liver, lungs, and gastrointestinal tract. The major metabolic
pathways are conjugation (phase II) reactions, whereas oxida-
tive metabolism (O-demethylation) is a minor pathway.
BHA is metabolized to its main metabolites 4-O-conjugates,
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O-sulfates, and O-glucuronides. The metabolites are rapidly
excreted through urine with no long-term tissue storage. When
human volunteers were given a single oral dose of 14C-labeled
BHA (0.5 mg kg�1 body weight), 60–70% of the radioactivity
was excreted in the urine within 2 days and 80–86.5% by day
11. After administration of a single dose of 1000 mg BHA to
New Zealand white rabbits, 46% of the dose was excreted in
the urine as glucuronides, 9% as ethereal sulfates, and 6% as
free phenols. Excretion of glucuronides was inversely dose
dependent.
Mechanism of Toxicity

The metabolites of BHA can bind to cellular macromolecules,
such as proteins and DNA, and cause toxicity.
Acute and Short-Term Toxicity

Animal

In rat, the oral and intraperitoneal LD50 values are 2000 and
881 mg kg�1, respectively. In mouse, the oral LD50 value is
1100 mg kg�1, whereas in rabbit the value is 2100 mg kg�1.
Human

Exposure to BHA through inhalation, dermal or oral route, is
harmful. It is irritating to the eyes, skin, mucous membranes,
and upper respiratory tract. Prolonged or repeated exposure
may cause allergic reactions in certain sensitive individuals. The
target organs for toxicity are liver, lungs, and forestomach.
Chronic Toxicity

Animal

BHA induces benign and malignant tumors of the forestomach
in rats and hamsters by administration through diet.

Human

BHA may cause cancer.
Reproductive Toxicity

It is toxic to the reproductive system and embryo in rats but
not toxic to rabbits, pigs, or rhesus monkeys.
Genotoxicity

It is not mutagenic to Salmonella typhimurium, Drosophila mela-
nogaster, or Chinese hamster cells in vitro and does not cause
chromosomal effects.
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Clinical Management

In case of contact, eyes and skin should be flushed with water
for 15–20 min. In case of inhalation exposure, the victim
should be moved to fresh air and oxygen and artificial respi-
ration should be administered, if necessary. Cardiopulmonary
resuscitation should be administered, if the patient is in cardiac
arrest. Life-support measures should be continued until
medical assistance has arrived. An unconscious or convulsing
person should not be given liquids or induced to vomit.
Other Hazards

When heated to decompose, it emits acrid and irritating fumes
to cause inhalation exposure.
Exposure Standards and Guidelines

BHA and its residues are exempted from the requirement of
a tolerance when used as an antioxidant in accordance with
good agricultural practice. This way it can be used as inert (or
occasionally active) ingredients in pesticide formulations
applied to growing crops or to raw agricultural commodities
after harvest. BHA is also used as a chemical preservative in
food for human consumption, animal drugs, animal feeds,
and related products. It is generally recognized as safe by the US
Food and Drug Administration when used in accordance with
good manufacturing or feeding practice. Approximately 50
countries reportedly permit the use of BHA as a food additive.
Engineering controls, standard work practices, and personal
protective equipment, including respirators are employed to
prevent worker exposure to BHA. After use, the clothing and
equipment should be placed in an impervious container for
decontamination or disposal.
See also: Food Safety and Toxicology; Butter Yellow; Butylated
Hydroxytoluene; Food and Drug Administration, US; Food
Additives; Generally Recognized as Safe (GRAS).
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l Name: Butylated hydroxytoluene
l Chemical Abstracts Service Registry Number: 128-37-0
l Synonyms: 2,6-Bis(1,1-dimethylethyl)-4-methylphenol;

2,6-Di-t-butyl-p-cresol; BHT; Anthracine 8
l Molecular Formula: C15H24O
l Chemical Structure:
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Uses

Butylated hydroxytoluene (BHT) is used as an antioxidant for
food, animal feed; it is used in petroleum products, synthetic
rubbers, plastics, animal and vegetable oils, and soaps. It is also
used as an antiskinning agent in paints and inks.
Environmental Fate and Behavior

BHT is a white crystalline solid. It is insoluble in water and
alkalies; but soluble in most common organic solvents such
as alcohol and ether. Its melting point is 70 �C, boiling point
is 265 �C, flash point is 127 �C, and specific gravity is 1.048
at 20 �C.
Exposure and Exposure Monitoring

Exposure through inhalation dermal and oral routes, is very
common.
Toxicokinetics

In male and female BALB/c mice, a single intragastric dose was
widely distributed to various tissues within 30 min, primarily
to the small intestine, stomach, liver, kidneys, and lungs.
Oxidative metabolism is the major route for degradation,
which involves oxidation of the ring methyl group, predomi-
nantly in rat, rabbit, and monkey, and oxidation of the t-butyl
groups in humans. The major metabolites are 3,5-di-t-
butyl-4-hydroxybenzoic acid, both free and as a glucuronide,
and S-(3,5-di-t-butyl-4-hydroxybenzyl)-N-acetylcysteine. More
over, BHT-quinone methide (2,6-di-t-butyl-4-methylene-2,5-
cyclohexadienone), a reactive metabolite, has been identified
in the liver and bile of rats. Metabolites produced in mice are
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similar to those produced in rats, except that the major
biotransformation in mice was by oxidation of t-methyl group.
BHT is cleared less rapidly from most species due to enter-
ohepatic circulation. The major metabolites of BHT in rat urine
are 3,5-di-t-butyl-4-hydroxybenzoic acid (BHT acid; III),
both free (90% of the dose) and as a glucuronide (15%), and
S-(3,5-di-t-butyl-4-hydroxybenzyl)-N-acetylcysteine. The ester
glucuronide and mercapturic acid were major metabolites in
rat bile, while free BHT acid was the main component in
the feces. In addition, 1,2-bis(3,5-di-t-butyl-4-hydroxyphenyl)
ethane has been identified in rat bile. In BALB/c mice, 75% of
a single oral dose was excreted in the urine during the first 24 h;
this was followed by a slower phase during which an additional
10% was excreted over the next 4 days. The total amount found
in the feces was less than 1%. Female rats have greater urinary
excretion of BHT than male rats, whereas male BALB/c mice
excreted BHT more rapidly than females.
Mechanism of Toxicity

The metabolites of BHT can bind to cellular macromolecules,
such as proteins and DNA, and cause toxicity.
Acute and Short-Term Toxicity

Animal

Exposure through both intraperitoneal and intravenous routes
in animals is poisonous. However, it is moderately toxic by
ingestion. The oral LD50 values in rat and mouse are 890 and
1040 mg kg�1, respectively. In mouse, the intraperitoneal and
subcutaneous LD50 values are 138 and 650 mg kg�1, respec-
tively. In the guinea pig, the oral LD50 value is 10 700 mg kg�1.
Human

Exposure to BHT through inhalation, dermal, and oral routes is
harmful. It causes irritation of the eyes, skin, mucous
membranes, and upper respiratory tract. Prolonged or repeated
contact can damage the eyes and cause nausea, dizziness, and
headache.
Chronic Toxicity

Animal

BHT is known to produce reproductive effects in experimental
animals. There is limited evidence of carcinogenicity of BHT.
However, it induces liver tumors in long-term experiments.
Human

It does not represent a relevant mutagenic/genotoxic risk to
humans.
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Genotoxicity

In vitro studies on bacterial, yeast, and various mammalian cell
lines, and primary hepatocytes demonstrate the absence of
interactions with or damage to DNA.
Carcinogenicity

Carcinogenicity of BHT to humans has not been evaluated. BHT
is a possible carcinogen with the target organ being the lungs.
Clinical Management

In case of contact, eyes and skin should be flushed with water
for 15–20 min. In case of inhalation exposure, the victim
should be moved to fresh air and oxygen and artificial respi-
ration should be administered, if necessary. Cardiopulmonary
resuscitation should be administered if the patient is in cardiac
arrest. Life-support measures should be continued until
medical assistance has arrived. An unconscious or convulsing
person should not be given liquids or induced to vomit.
Other Hazards

BHT is combustible when exposed to heat or flame and can emit
acrid smoke and fumes. It can react with oxidizing materials.
Exposure Standards and Guidelines

BHT and its residues used as inert antioxidant ingredients in
pesticide formulation for application to animals are exempted
from the requirement of a tolerance when used in accordance
with good agricultural practice. BHT used as a chemical
preservative in food for human consumption, in animal drugs,
feeds, and related products is Generally Recognized as Safe by
the US Food and Drug Administration when used in accor-
dance with good manufacturing or feeding practice. Approxi-
mately 40 countries reportedly permit the use of BHT as a direct
or indirect food additive. Engineering controls, standard work
practices, and personal protective equipment, including
respirators, are employed to prevent worker exposure to BHT.
After use, the clothing and equipment should be placed in an
impervious container for decontamination or disposal. The
American Conference of Governmental Industrial Hygienists
recommends that occupational exposure to airborne BHT not
exceed 2 mg m�3 (threshold limit value) as an 8 h time-
weighted average.
See also: Food Safety and Toxicology; Butter Yellow; Butylated
Hydroxyanisole; Food and Drug Administration, US; Food
Additives; Generally Recognized as Safe (GRAS).
Further Reading

American Conference of Governmental Industrial Hygienists (ACGIH), 2011. Butylated
hydroxytoluene. In: ACGIH (Ed.), ACGIH Threshold Limit Values and Biological
Exposure Indices, seventh ed. Cincinnati, OH, pp. 1–4.

Gangolli, S., 2007. Butylated hydroxytoluene. In: Gangolli, S. (Ed.), The Dictionary of
Substances and Their Effects, second ed. vol. 1. Royal Society of Chemistry,
Cambridge, UK, pp. 806–809.

International Agency for Research on Cancer (IARC), 1986. Butylated hydroxytoluene
In: IARC Monographs. Some Naturally Occurring and Synthetic Food Components,
Furocoumarins and Ultraviolet Radiation, vol. 40. IARC, Lyon, France,
pp. 161–163.

Lenga, R.E., 1988. Butylated hydroxytoluene. In: Lenga, R.E. (Ed.), The Sigma Aldrich
Library of Chemical Safety Data, second ed. vol. 1. Sigma Aldrich Co, U.S.A.,
p. 1101.

Lewis, R.J., 2012. Butylated hydroxytoluene. In: Lewis, R.J. (Ed.), Sax’s Dangerous
Properties of Industrial Materials, twelfth ed. vol. II. John Wiley & Sons, Inc, New
York, pp. 536–537.

Stierum, R., Heijne, W., Kienhuis, A., van Ommen, B., Groten, J., 2005. Tox-
icogenomics concepts and applications to study hepatic effects of food additives
and chemicals. Toxicol. Appl. Pharmacol. 207 (Suppl. 2), 179–188.

Williams, G.M., Iatropoulos, M.J., Whysner, J., 1999. Safety assessment of butylated
hydroxyanisole and butylated hydroxytoluene as antioxidant food additives. Food
Chem. Toxicol. 37 (9–10), 1027–1038.
Relevant Websites

http://chem.sis.nlm.nih.gov/chemidplus/Butylated hydroxytoluene – ChemIDplus
Advanced.

http://toxnet.nlm.nih.gov/Butylated hydroxytoluene – HSDB database.
http://www.cdc.gov/niosh/Butylated hydroxytoluene – NIOSH Pocket Guide.
http://scorecard.goodguide.com/Butylated hydroxytoluene – Pollution information site.

http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref9000
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref9000
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref9000
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref9000
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00263-3/ref0035
http://chem.sis.nlm.nih.gov/chemidplus/Butylated%20hydroxytoluene
http://toxnet.nlm.nih.gov/Butylated%20hydroxytoluene
http://www.cdc.gov/niosh/Butylated%20hydroxytoluene
http://scorecard.goodguide.com/Butylated%20hydroxytoluene


En
Butyl Ether
H Robles, Irvine, CA, USA
� 2014 Elsevier Inc. All rights reserved.
l Chemical Abstracts Service Registry Number: 142-96-1
l Synonyms: Dibutyl ether, 1-Butoxybutane, Dibutyl oxide,

Di-n-butyl ether, n-Dibutyl ether
l Chemical Formula: C8H18O
l Chemical Structure:
H3C O CH3
Uses

Butyl ether is used mainly as a solvent for organic materials
such as resins, oils, hydrocarbons, esters, gums, and alka-
loids. It is also used as an extracting agent in metal sepa-
ration, as a reacting medium in organic synthesis processes,
and as a solvent in teaching, research and analytical
laboratories.
Environmental Fate and Behavior

Production of butyl ether and its use as an extracting agent
and a solvent may result in its release to the environment
through various waste streams. If released to air, a vapor
pressure of 6.0 mmHg at 25 �C indicates that butyl ether will
exist solely as a vapor in the ambient atmosphere. Vapor-
phase butyl ether reacts in the atmosphere with hydroxyl
radicals; the half-life for this reaction in air has been esti-
mated to be 13 h. Direct photolysis is not expected to be an
important removal process since aliphatic ethers do not
absorb light in the environmental spectrum. If released to
soil, butyl ether is expected to have high mobility based on
its estimated adsorption coefficient (Koc) of 51. Volatilization
from moist soil surfaces may be an important fate process
based on its reported Henry’s law constant of
6.0� 10�3 atm m3 mol�1. Butyl ether is expected to vola-
tilize from dry soil surfaces based on its reported vapor
pressure. If released into water, butyl ether is not expected to
adsorb to suspended solids and sediment in water based on
its Koc. Aqueous screening studies indicate biodegradation
may be an important fate process in both soil and water; for
example, butyl ether reached 3–4% of its theoretical bio-
logical oxygen demand (BOD) over 4 weeks using an acti-
vated sludge seed. Volatilization from water surfaces is
expected to occur based on this compound’s estimated
Henry’s law constant. Estimated volatilization half-lives for
a model river and model lake have been reported to be 3.5 h
and 4.6 days, respectively. Bioconcentration factors (BCFs)
ranging from 30 to 114 in carp suggest that bioconcentration
in aquatic organisms is moderate to high. Butyl ether is not
expected to undergo hydrolysis in the environment due to
the lack of hydrolyzable functional groups.
cyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Exposure to butyl ether can occur through inhalation of vapor
or mist, dermal contact, or oral ingestion of liquid butyl ether.
Oral ingestion of butyl ether has been practiced to produce an
alcohol-like euphoria. Occupational exposure to butyl ether
may occur through inhalation and dermal contact with this
compound at workplaces where butyl ether is produced or
used. The general population may be exposed to butyl ether
through the use of consumer products, such as latex paints,
containing this compound.
Toxicokinetics

Butyl ether is rapidly adsorbed and eliminated from the body.
Butyl ether can cause irritation to the skin, mucus membranes,
eyes, and respiratory and gastrointestinal tracts. Systematically,
butyl ether causes central nervous system depression and
transient liver changes.
Mechanism of Toxicity

Butyl ether has the ability to dissolve lipids. As a result, it
causes irritation and pain on contact with the eyes and nasal
mucosa. It also causes dermal irritation and dermatitis on
contact with the skin. Damage caused by butyl ether appears
to be scattered loss of epithelial cells due to solution of
phospholipid cell membranes. At the central nervous system
(CNS) level, butyl ether, like other volatile organic solvents,
depresses the CNS by dissolving in the lipid membrane of the
cells and disrupting the lipid matrix. These effects are known
as membrane fluidization. At the molecular level, membrane
fluidization disrupts solute gradient homeostasis, which is
essential for cell function.
Acute and Short-Term

Signs and symptoms of excessive exposure to dibutyl ether
resemble those of ethanol intoxication except that symptoms
are seen shortly after exposure and the effects are short lived.
Typical symptoms include dizziness, giddiness, headache,
euphoria, and CNS depression. Chronic, repeated dermal
exposure may cause dermal irritation, defatting of skin, and
dermatitis. Excessive consumption of dibutyl ether as an
intoxicating agent has been reported to produce ether jags,
respiratory depression, and death.

Butyl ether is moderately toxic by the oral route. The oral
lethal dose 50% (LD50) in rats has been reported to range from
3200 to 7400 mg kg�1. The inhalation lethal concentration
50% (LC50) also in rats has been found to be 4000 ppm in air
for 4 h. The skin LD50 in rabbits is reported to be about
10,000 mg kg�1.
4-3.00009-9 585
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Chronic Toxicity

In humans, chronic, repeated dermal exposure may cause
dermal irritation, defatting of skin, and dermatitis. Excessive
consumption of butyl ether as an intoxicating agent has been
reported to produce ether jags, respiratory depression, and
death.
Reproductive Toxicity

Butyl ether is known to cross the placental barrier. Thus, butyl
ether concentrations in fetal blood is likely to be the same as
that seen in maternal blood.
Clinical Management

Given the CNS and respiratory depression properties of butyl
ether, treatment is directed at maintaining respiration and
treating irritation at the site of exposure. Patients should be
monitored for respiratory distress and apnea, hyperglycemia, as
well as hepatic and renal dysfunction.
Ecotoxicology

The LC50 in sheephead minnows (Cyprinodon variegatus) aged
14–28 days is above 430 ppm after exposure for 24, 48, 72, and
96 h.
The LC50 in fathead minnows (Pimephales promelas) was
measured to be 32.5 mg l�1 after exposure for 96 h in a flow-
through bioassay.

The LC50 in 1-day old water fleas (Daphnia magna) was
measured to be 32.0 mg l�1 after exposure for 24 h and
26.0 mg l�1 for exposure for 48 h.
Other Hazards

Butyl ether is highly flammable and is easily ignited by heat,
sparks, or flames. Vapors may form explosive mixtures
with air.

See also: Ethanol.

Further Reading

Sax, N.I., Lewis, R.J. (Eds.), 1989. Dangerous Properties of Industrial Materials,
seventh ed. Van Nostrand Reinhold, New York.
Relevant Website

http://toxnet.nlm.nih.gov – National Library of Medicine (NLM) Hazardous Substances
Database (HSDB): search for butyl ether

http://toxnet.nlm.nih.gov
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l Name: Butyl nitrite
l Chemical Abstracts Service Registry Number: 544-16-1
l Synonyms: N-butyl nitrite; NCI-C56553; Nitrous acid;

n-Butyl ester
l Molecular Formula: C4H9NO2

l Chemical Structure:

H3C O O
N

Butyl nitrite (CAS RN 544-16-1)

Uses

Butyl nitrite is used in the manufacture of rare earth azides. It is
used as a recreational drug due its vasodilator property.
Environmental Fate and Behavior

It is an extremely flammable, insoluble liquid with vapor
pressure of 62 mm Hg and boiling point of 75 �C.
Exposure and Exposure Monitoring

Exposure to butyl nitrite through both oral and intraperitoneal
routes is poisonous. However, it is mildly toxic by inhalation
route. Toxic effects of this compound are listed in Table 1.

Toxicokinetics

Exposure of rats to butyl nitrite in air for 5 min period causes
an uptake of about 44%. After absorption, it is transformed
and distributed rapidly to various parts of the body, includ-
ing muscles and circulatory system. There are several likely
Table 1 Toxic effects of n-butyl nitrite in humans and experimental anima

Organism Test type Route Reported dose (normaliz

Man TDLo Oral 153 mg kg�1 (153 mg
Mouse LC50 Inhalation 567 ppm per h (567 pp

Mouse LD50 Intraperitoneal 158 mg kg�1 (158 mg
Mouse LD50 Oral 171 mg kg�1 (171 mg

Rat LC50 Inhalation 420ppm per 4 h (420p

Rat LD50 Oral 83 mg kg�1 (83 mg kg

Source: ChemIDPlus: http://chem.sis.nlm.nih.gov/chemidplus/jsp/common/Toxicity.jsp.
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metabolites of butyl nitrite in vivo namely butyl alcohol,
nitrite ion, nitrate ion, nitrosothiols, and possibly other
nitroso compounds. The metabolites can bind to hemo-
globin, glutathione, and other plasma proteins. Metabolites
such as nitrite ions can be eliminated in exhaled air.
Mechanism of Toxicity

Butyl nitrite causes rapid S-nitrosyl glutathione formation and
simultaneously reduces protein thiols, followed by marked
adenosine triphosphate depletion. It also causes lipid perox-
idation. It produces methemoglobinemia in which oxidized
hemoglobin has no oxygen carrying capacity. Also, in the
clinical state of methemoglobinemia, the unaltered hemo-
globin shows an increased affinity for oxygen that results in
symptoms of tissue hypoxia. Cyanosis occurs when methe-
moglobin levels are greater than 10%. Levels above 70% are
potentially lethal.
Acute and Short-Term Toxicity

Animal

In experimental mice, butyl nitrite is metabolized in liver to
butyl alcohol that produces hepatotoxicity. The oral LD50

values in rat and mouse are 83 and 171 mg kg�1, respectively.
The intraperitoneal LD50 value in mouse is 158 mg kg�1. The
LC50 values in rat andmouse are 420 ppm per 4 h and 567 ppm
per hour, respectively.
Human

Butyl nitrite is harmful if swallowed, inhaled, or absorbed
through skin. It causes irritation of eyes, skin, mucous mem-
branes, and the upper respiratory tract. Overexposure by
ingestion can cause methemoglobinemia, lowering of blood
ls

ed dose) Effect

kg�1) Blood: methemoglobinemia–carboxyhemoglobin
m) Lungs, thorax, or respiration: cyanosis

Behavioral: changes in motor activity (specific assay)
Kidney, ureter, and bladder: urine volume increased

kg�1) Liver: other changes
kg�1) Blood: methemoglobinemia–carboxyhemoglobin

Liver: other changes
pm) Behavioral: excitement, altered sleep time (including

change in righting reflex)
Lungs, thorax, or respiration: cyanosis

�1) Behavioral: rigidity
Behavioral: ataxia
Lungs, thorax, or respiration: dyspnea
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pressure by vasodilatation, headache, pulse throbbing, and
weakness. It causes behavioral changes such as altered sleep
time, excitement, motor activity, ataxia, and rigidity. It can also
cause dyspnea, cyanosis, and changes in liver and kidneys. It is
immunosuppressive for human lymphocytes in vitro.
Chronic Toxicity

Butyl nitrite has not been tested for cancer and reproductive
effects as well as for other long-term effects. It is metabolized
in vivo to N-nitroso compounds that can initiate tumor
development.
Genotoxicity

Solutions of isobutyl nitrite have been shown to be more
mutagenic than sodium nitrite in Ames assay.
Clinical Management

Methylene blue (antidote), alone or in combination with
oxygen is indicated as a treatment in nitrite induced methe-
moglobinemia. Poison control centers must be contacted
immediately for advice. In case of contact, affected eyes and
skin should be flushed with water for 15–20 min. If inhaled,
the affected person should be moved to fresh air, and oxygen
and artificial respiration should be administered, if necessary. If
the patient is in cardiac arrest, cardiopulmonary resuscitation
should be administered. Life-support measures should be
continued until medical assistance has arrived. In the case of an
unconscious or convulsing person, liquids should not be
administered and vomiting should not be induced.
Other Hazards

Butyl nitrite is an extremely flammable liquid. When heated to
decomposition, it emits toxic fumes of nitrogen oxides.
Exposure Standards and Guidelines

Engineering controls, standard work practices, and personal
protective equipment, including respirators are employed to
prevent worker exposure to butyl nitrite. After use, the clothing
and equipment should be placed in an impervious container
for decontamination or disposal.

See also: Nitrite Inhalants; Food and Drug Administration, US;
Nitrites; Nitrosamines; Drugs of Abuse.
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nitrite in rats. Fundam. Appl. Toxicol. 12 (1), 56–61.

Ford, J.B., Sutter, M.E., Owen, K.P., Albertson, T.E., 2013. Volatile substance misuse:
an updated review of toxicity and treatment. Clin. Rev. Allergy Immunol. May 7,
2013. (Epub ahead of print.)

Gunja, N., 2012. Teenage toxins: recreational poisoning in the adolescent. J. Paediatr.
Child Health 48 (7), 560–566.

Lenga, R.E., 1988. Butyl nitrite. In: Lenga, R.E. (Ed.), The Sigma Aldrich Library of
Chemical Safety Data, second ed., vol. 1. Sigma Aldrich Co, USA, p. 642.

Lewis, R.J., 2012. Butyl nitrite. In: Lewis, R.J. (Ed.), Sax’s Dangerous Properties of
Industrial Materials, twelth ed., vol. 2. John Wiley & Sons, Inc, New York, p. 780.

Maickel, R.P., 1988. The fate and toxicity of butyl nitrites. NIDA Res. Monogr. 83,
15–27.

Mirvish, S.S., Williamson, J., Babcook, D., Chen, S.C., 1993. Mutagenicity of iso-butyl
nitrite vapor in the Ames test and some relevant chemical properties, including the
reaction of iso-butyl nitrite with phosphate. Environ. Mol. Mutagen. 21 (3),
247–252.

National Institute on Drug Abuse (NIDA), 1988. Health hazards of nitrite
inhalantsHaverkos, H.W., Dougherty, J.A. (Eds.), NIDA Research Monograph
Series: Health Hazards of Nitrite Inhalants, vol. 83. U.S. Department of Health and
Human Services, National Institute of Health, Bethesda, MD, pp. 1–112.

Ovesen, J.L., 2012. Aliphatic nitro, nitrate, and nitrite compounds. In: Bingham, E.,
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New York, p. 394.
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H3C CH3

CH

NH2
Background

Butylamines are organic amines of butane. There are four
isomeric forms of butylamine. All forms of butylamine appear
as a flammable colorless liquid with a fishy, ammonia-like
odor. The isomers are as follows:

l Isobutylamine (Chemical Abstract Service Registry Number
(CASRN) 78-81-9)
Synonyms: Monoisobutylamine; Valamine; 1-Amino-2-
methylpropane; 2-Methylpropylamine; 3-Methyl-2-propyl-
amine; IBA; 2-Methyl-1-aminopropane; 2-Methyl-1-prop-
anamine; UN 1214; i-Butylamine; 2-Methylpropanamine
(Figure 1)
CH3

NH2
H3C

Figure 1 Isobutylamine.

3

Figure 4 tert-Butylamine.
l n-Butylamine (CASRN 109-73-9)
Synonyms: Butylamine; Mono-n-butylamine; Monobutyl-
amine; Norvalamine; 1-Aminobutane; 1-Butylamine;
Butylamine, n; N-Butylamin; 1-Amino-butaan; 1-Amino-
butan; 1-Butanaminen-butilamina; n-Butilamina; Mono-
butilamina; UN1125; Aminobutane; Norralamine; Tutane;
Butanamine (Figure 2)
H3C NH2

Figure 2 n-Butylamine.
l sec-Butylamine (CASRN 135-98-8)
Synonyms: Butafume; Propylamine, 1-Methyl-; Tutane; 1-
Methylpropanamine; 1-Methylpropylamine; 2-Amino-
butane; 2-AB; 2-Butylamine; sec-Butanamine; Deccotane;
Frucote; 2-Aminobutane base; (Rs)-2-aminobutane; (Rs)-
sec-butylamine; Secondary butylamine; CSC 2-Amino-
butane (Figure 3)
H3C
CH3

NH2

Figure 3 sec-Butylamine.
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l tert-Butylamine (CASRN 75-64-9)
Synonyms: Trimethylaminomethane; 1,1-Dimethylethyl-
amine; 2-Amino-2-methylpropane; 2-Aminoisobutane; 2-
Methyl-2-aminopropane; 2-Methyl-2-propylamine; 2-
Methyl-2-propanamine; t-Butylamine; Butylamine, tert;
Butylamine, tertiary (Figure 4)
Uses

Butylamines are used as intermediates in the manufacture of
textiles, plasticizers, rubber chemicals, dyes, tanning agents,
pharmaceuticals, emulsifying agents, agrochemicals, antioxi-
dants, UV absorbers, and lubricating oil additives. Butylamines
are used as additives for seafood, alcoholic beverages, ice
cream, chocolate, candy, and baked goods. They also occur
naturally in some plants, foods, tobacco, and animal waste. sec-
Butylamine was formerly used as a fungicide in the United
States, England, and Australia.
Environmental Fate and Behavior

Relevant Physicochemical Properties

l Isobutylamine
Molecular weight: 73.14
Log octanol/water partition coefficient: 0.73
Solubility in water: 1� 106 mg l�1 (25 �C)
Henry’s law constant: 1.4� 10�5 atmm3mol�1 (25 �C)

l n-Butylamine
Molecular weight: 73.14
Log octanol/water partition coefficient: 0.97
Solubility in water: 1� 106 mg l�1 (25 �C)
Henry’s law constant: 1.74� 10�5 atmm3mol�1 (25 �C)

l sec-Butylamine
Molecular weight: 73.14
Log octanol/water partition coefficient: 0.74
Solubility in water: 1.12� 105 mg l�1 (25 �C)
Henry’s law constant: 1.5� 10�4 atmm3mol�1 (25 �C)

l tert-Butylamine
Molecular weight: 73.14.
Log octanol/water partition coefficient: 0.40.
Solubility in water: 1� 106 mg l�1 (25 �C)
Henry’s law constant: 3.6� 10�5 atmm3mol�1 (25 �C)
4-3.00474-7 589
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Partition Behavior in Water, Sediment, and Soil

Butylamines exist primarily in the cation form in the environ-
ment, resulting in reduced potential for volatilization from
water surfaces and the surface of moist soil. Butylamines are
not expected to adsorb significantly to suspended solids and
sediment in water. When released into the soil, butylamines are
expected to be highly mobile. Some volatilization from dry soil
is expected.
Environmental Persistence

In water, butylamines may biodegrade to a moderate extent.
Hydrolysis is not expected to be an important environmental
fate process since butylamines lack functional groups that
hydrolyze under environmental conditions. The half-life in
water is between 1 and 10 days.

Studies indicate that butylamines in soil will readily
biodegrade, both through aerobic and anaerobic processes.

When released into the air, butylamines will exist solely as
a vapor and are expected to be readily degraded by reaction
with photochemically produced hydroxyl radicals. The half-life
is expected to approximately 9–33 h. Butylamines are not
susceptible to direct photolysis by sunlight.
Long-Range Transport

Long-range transport in the atmosphere is not expected due to
abiotic degradation. Butylamines may be transported in
groundwater.
Bioaccumulation and Biomagnification

Butylamines have an estimated bioconcentration factor of
2.59–4.14 in the embryo of Danio rerio (zebra fish), suggesting
that the potential for bioconcentration in aquatic organisms is
relatively low.
Exposure and Exposure Monitoring

Routes and Pathways

The use of butylamine as a chemical intermediate may result in
occupational exposure as well as exposure to residues released
in waste streams. Most exposure in the general population is
from diet and tobacco use.

Butylamines can be absorbed through oral, dermal, and
inhalation routes, as well as causing damage at the point of
contact (i.e., skin, eyes, lungs, and gastrointestinal tract).
Human Exposure

Occupational exposure to butylamines may occur through
inhalation and dermal contact where these chemicals are
produced or used. The US National Institute for Occupational
Safety and Health estimates that, in the United States,
approximately 413 workers are potentially exposed to
n-butylamine and 4354 to tert-butylamine.

Isobutylamine is present in Italian wines (0.06–0.23 ppm),
cheeses (0.2 ppm), freeze-dried coffee (1 ppm), cocoa
(6 ppm), cod (0.3 ppm), as well as tobacco products, German
wine, American beef, Valencia oranges, and California lemons.
n-Butylamine occurs naturally in kale (7 ppm), pickles,
cucumbers in aromatic vinegar (0.6 ppm), pickled cucumbers
(5.3 ppm), Tilsiter cheese (3.7 ppm), brown bread (1.1 ppm),
mulberry leaves, fish and seafood, and beef. Residues of sec-
butylamine have been detected in citrus fruits (0.88–
7.65 ppm), pears (11.2–11.6 ppm), and apples (2.75–
3.61 ppm) when used as a postharvest fungicide.

Isobutylamine and n-butylamine have been detected in
amniotic fluid and in human breast milk during the first several
weeks after parturition.
Environmental Exposure

Isobutylamine and sec-butylamine have been detected in soil.
n-Butylamine was detected at one location in the River Elbe
(1.5 ppb). A shallow sediment core sample collected from
Chesapeake Bay, Maryland, had sec-butylamine at a concentra-
tion of 0.05 mM. Isobutylamine has been detected in various
species of marine algae. n-Butylamine and sec-butylamine have
been found to be volatile components of cattle feed lots,
probably from the decomposition of manure.
Toxicokinetics

Butylamines are well absorbed from the gut and respiratory
tract and are readily absorbed into the blood. Residues have
been found in muscle, liver, fat, and kidney in a cow feeding
study. Butylamines are expected to be deaminated by mono-
amine oxidase and diamine oxidase (histaminase) and excreted
in the urine. n-Butylamine was readily metabolized to aceto-
acetic acid in the guinea pig.
Mechanism of Toxicity

Butylamines are strongly alkali and they are potent skin, eye,
and mucous membrane irritants. Contact may cause minor
irritation to severe tissue damage. Butylamines may be
neutralized in the stomach by hydrochloride.

Cellular changes caused by butylamines may include
hyperplasia, squamous metaplasia, and necrosis. Butylamines
also retard the internalization of transferrin bound to trans-
ferrin receptors on the plasma membrane of reticulocytes,
retard the externalization of internalized transferrin, and block
the transport into the cytosol of iron released from transferrin.
Amines may cause a selective blockade of lysosomal degrada-
tion of protein.

It is believed that the fungistatic action of sec-butylamine
may be due to effects on the pyruvate dehydrogenase
system.
Acute and Short-Term Toxicity

Animal

Signs of toxicity observed after single oral doses of butylamines
include sedation, ataxia, nasal discharge, gasping, labored
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breathing, increased reflex excitability, increased pulse rate,
dyspnea, convulsions, cyanosis, and salivation followed by
convulsions and death due to pulmonary edema. Oral LD50s in
rats were reported to be 224–228 mg kg�1 for isobutylamine,
152–500 mg kg�1 for n-butylamine, 147–157 mg kg�1 for
sec-butylamine, and 78–82 mg kg�1 for tert-butylamine. The
inhalation LC50 for n-butylamine was reported at 3000–
5000 ppm in rats and 800 mg cum�1 for 2 h in mice; death
was due to pulmonary edema.

Severe skin irritation with necrosis has been reported after
dermal contact in rabbits and guinea pigs. The n-butylamine
LD50 by dermal exposure was reported to be 850 mg kg�1 in
rabbits and 370 mg kg�1 in guinea pigs. The dermal LD50 for
sec-butylamine was reported to be 2500 mg kg�1 in rabbits.
Butylamines are severely damaging to the eyes when directly
applied; however, the vapor is only mildly irritating to
the eyes.

Intravenous and intragastric administration of sec-butyl-
amine carbonate in dogs resulted in elevated blood pressure,
heart rate, and respiration. The primary acute response was
similar to other amines, producing a standard sympathomi-
metic response.
Human

Butylamines are primary irritants to the skin, eyes, and mucous
membranes, and direct contact with liquid or vapor may cause
severe irritation, blistering, burns, erythema, and tissue necrosis.
Contact with the eye may result in loss of vision.

Vapors may be irritating to the respiratory tract at concen-
trations greater than 5 ppm. Concentrations of 5–10 ppm have
resulted in headache and facial flushing. Concentrations greater
than 25 ppm are difficult to tolerate for even short periods of
time, and concentrations greater than 300 ppm may immedi-
ately threaten life. Symptoms of exposure include lacrimation,
runny nose, scratchy throat, facial flushing, increased pulse and
respiratory rate, and shortness of breath. Exposure to high
concentrations can result in cyanosis, hyperactive reflexes,
pulmonary edema, convulsions, and coma.

Ingestion of butylamines has induced within 3 h after
exposure to vapors, and desquamation of the facial skin
with burning and itching may follow in 3 days. Exposure
to vapors may also cause nausea and salivation at
40 mg kg�1 in humans, and sufficiently high concentrations
may cause irritation to the mouth, throat, and gastrointes-
tinal tract with vomiting and possibly death. Isobutylamine
has been found to be a cardiac depressant and convulsant
in humans.

Skin absorption may cause damage at the site of contact, as
well as nausea, vomiting, and shock.
Chronic Toxicity

Animal

No effects were reported from sec-butylamine exposure in
a 2-year feeding study in rats and dogs exposed to 2500 ppm
in the diet. Inhaled n-butylamine produced concentration-
dependent nasal epithelial hyperplasia and squamous
metaplasia, inflammation, and necrosis in rats, with a no
observable adverse effects level (NOAEL) of less than
17 ppm. Chronic exposure to skin and mucous membranes
at sufficiently high levels may cause inflammation, hyper-
plasia, metaplasia, and necrosis due to chronic inflamma-
tion. Other effects noted in the literature include inhibition
of iron uptake in rabbit reticulocytes (n-butylamine) and
effects on protein degradation and synthesis in isolated rat
hepatocytes.
Human

Repeated exposure to levels greater than 1–5 ppm may cause
bronchitis with cough, phlegm, and/or shortness of breath.
Workers with daily exposures of 5 to 10 ppm of n-butylamine
may experience nose, throat, and eye irritation and headaches.
Individuals with chronic respiratory, skin, or eye disease are at
increased risk from n-butylamine exposure. Chronic exposure
to irritating levels of butylamines can cause symptoms and/or
increase the severity of symptoms in people with preexisting
conditions.
Immunotoxicity

No data on the immunotoxicity of butylamines are available.
Reproductive Toxicity

Ingestion of butylamines has been shown to affect the
reproductive process and cause harm to the fetus. Reported
effects from oral exposure to n-butylamine in rats include
reduced maternal feed consumption, increased early post-
implantation losses, reduced fetal and placental weight,
retarded skeletal development, and malformations. One
hundred milligrams per kilogram was the NOAEL for prenatal
developmental toxicity in this study. The authors hypothe-
sized that the neutralization of n-butylamine by hydrochlo-
ride in the stomach converts it from a strong alkali into n-
butylamine hydrochloride, a weak acid/base which is feto-
toxic. A sec-butylamine rat feeding study resulted in normal
reproduction, fertility, gestation, viability, and lactation
indices; however, a reduction of growth was noted throughout
the study at the high dietary level. Additional studies with rats
and rabbits have resulted in reduced fetal weights at higher
dose levels.

Inhalation exposure to n-butylamine produced maternal
effects in rats, but no embryo/fetoxicity or effects on
morphology were reported. The developmental NOAEL was
152 ppm in this study.
Genotoxicity

All four butylamines tested negative in the Ames test with
Salmonella typhimurium with and without metabolic activation.
In a mouse micronucleus assay, n-butylamine hydrochloride
did not have any clastogenic effect, and there were no indica-
tions of any impairment of chromosome distribution in the
course mitosis.
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Carcinogenicity

Butylamine was an equivocal animal carcinogen by the intra-
peritoneal route in mice, and inhaled n-butylamine produced
concentration-dependent nasal epithelial hyperplasia and
squamous metaplasia in rats.

One area of concern is the possibility that aliphatic amines
may react with nitrate or nitrite in vivo to form nitroso
compounds, many of which are known to be potent carcino-
gens in animals; however, the potential for this to occur in
primary amines is low.
Clinical Management

The degree of injury should be considered when determining
initial treatment. Exposed skin and eyes should be immediately
irrigated with copious amounts of tepid water. The extent of
damage to the eye may not be fully evident until 48–72 h after
exposure.

After inhalation exposure, the victim should be moved to
fresh air and monitored for respiratory distress. One hundred
percent of humidified supplemental oxygen with assisted
ventilation should be administered as required. If coughing
or breathing difficulties are noted, the patient should be
evaluated for irritation, bronchitis, or pneumonitis, including
chest X-rays and determination of blood gasses. The symp-
toms of pulmonary edema often do not become manifest
until a few hours have passed and they are aggravated
by physical effort. Rest and medical observation is therefore
essential. If pulmonary edema is present, positive end
expiratory pressure ventilation and steroids should be
considered.

For ingestion exposures, copious amounts of water should
be given to dilute stomach contents. Because of the potential
for gastrointestinal tract irritation or burns, do not induce
emesis. Significant esophageal or gastrointestinal tract irritation
or burns may occur following ingestion. The possible benefit of
early removal of some ingested material by cautious gastric
lavage must be weighed against potential complications of
bleeding or perforation.
Ecotoxicology

Freshwater/Sediment Organisms

l Isobutylamine
B D. rerio (zebra fish, embryo) LC50¼ 1267 mmol l�1 for 48 h
B Semotilus atromaculatus (creek chub) LC100¼ 820

mmol l�1 for 24 h
l n-Butylamine

B Leuciscus idus (ide) LC50¼ 171 mg l�1 for 96 h
B Lepomis macrochirus (bluegill) LC50¼ 32 mg l�1 for 96 h
B Menidia beryllina (inland silverside) LC50¼ 24 mg l�1 for

96 h
B Oryzias latipes (medaka) LC50¼ 1000 mg l�1 for 24 and

48 h
B Pimephales promelas (fathead minnow) EC50¼ 268

mg l�1 for 96 h (loss of schooling behavior,
hyperactivity, increased respiration, loss of equilibrium);
LC50¼ 268 mg l�1 for 96 h

B Artemia salina (brine shrimp) LC50¼ 30–70 mg l�1 for
24 h

B Daphnia magna (water flea) EC50¼ 100 mg l�1 for 24
and 48 h (intoxication, immobilization); LC50¼ 75 mg l�1

for 24 h
B Anabaena subcylindrica (blue-green algae) EC50¼

1.8� 10�8 mg cell�1 for 3 h (decreased photosynthesis,
oxygen production)

l sec-Butylamine
B L. idus (ide) LC50¼ 46–68 mg l�1 for 96 h
B Tetrahymena pyriformis (ciliate) EC50¼ 25 mg l�1 for 12

or 36 h (general growth)
l tert-Butylamine

B Oncorhynchus mykiss (rainbow trout) LC50¼
28–270 mg l�1 for 4 days

B Pseudokirchneriella subcapitata (green algae) EC50¼
16 mg l�1 for 96 h (general growth)
Marine Organisms

No data available.
Terrestrial Organisms

l n-Butylamine
B Aedes aegypti (yellow-fever mosquito) LC50¼ 0.024

mg l�1 for 4 h
B Lactuca sativa (lettuce) EC50¼ 7.9 molm�3 for 3 days
Other Hazards

Butylamines form explosive mixtures with air. The lower
explosive limit of n-butylamine is 1.7% and the upper explo-
sive limit is 9.8%. Butylamines may accumulate static electrical
charges, which can cause ignition of its vapors. The vapors are
heavier than air and may travel to a source of ignition and flash
back.

Butylamines are weak bases which can react with strong
oxidizers and acids, causing a fire and explosion hazard.
Contact with strong acids will cause spattering. Butylamines are
incompatible with organic anhydrides, isocyanates, vinyl
acetate, acrylates, substituted allyls, alkylene oxides, epichlo-
rohydrin, ketones, aldehydes, alcohols, glycols, phenols,
cresols, and caprolactum solution. They can explode on contact
with perchloryl fluoride and 2,2-dibromo-1,3-dimethylcyclo-
propanoic acid. Butylamines corrode some metals in the
presence of moisture and will degrade some forms of plastics,
rubber, and coatings.

When heated to decomposition, butylamines emit toxic
oxides of nitrogen as well as carbon monoxide, carbon dioxide,
and ammonia.
Exposure Standards and Guidelines

Isobutylamine (Table 1).



Table 1 Exposure standards and guidelines for isobutylamine

Organization Standard

Occupational Exposure Limit – Austria MAK 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Denmark Time-weighted average 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Germany MAK 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Switzerland MAK-week 5 ppm (15 mgm�3), short-term exposure limit 25 ppm (75 mgm�3), Jan. 1999

Reference: National Institute for Occupational Safety and Health (NIOSH) (2004). Isobutylamine. Registry of Toxic Effects of Chemical Substances (RTECS). Retrieved 8/31/
2011. http://www.skcgulfcoast.com/nioshdbs/rtecs/np970fe0.htm.
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n-Butylamine (Table 2).
Table 2 Exposure standards and guidelines for n-butylamine

Organization Standard

Mine Safety and Health Administration (MSHA) STANDARD Air-ceiling concentration 5 ppm (15 mgm�3) (skin), 1971
Occupational Safety and Health Administration (OSHA)

Permissible Exposure Limit (General Industry)
Ceiling concentration 5 ppm (15 mgm�3) (skin), 1994

Occupational Safety and Health Administration (OSHA)
Permissible Exposure Limit (Construction)

Ceiling concentration 5 ppm (15 mgm�3) (skin), 1994

Occupational Safety and Health Administration (OSHA)
Permissible Exposure Limit (Shipyards)

Ceiling concentration 5 ppm (15 mgm�3) (skin), 1993

Occupational Safety and Health Administration (OSHA)
Permissible Exposure Limit (Federal Contractors)

Ceiling concentration 5 ppm (15 mgm�3) (skin), 1994

Occupational Exposure Limit – Australia Time-weighted average 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Austria MAK 5 ppm (15 mgm�3), skin, Jan. 1993
Occupational Exposure Limit – Belgium Short-term exposure limit 5 ppm (15 mgm�3), skin, Jan. 1993
Occupational Exposure Limit – Denmark Time-weighted average 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Finland Short-term exposure limit 5 ppm (15 mgm�3), skin, Jan. 1999
Occupational Exposure Limit – France VLE 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Germany MAK 5 ppm (15 mgm�3), skin, Jan. 1999
Occupational Exposure Limit – Japan Occupational Exposure Limit (continuous) 5 ppm (15 mg m�3), Jan. 1999
Occupational Exposure Limit – The Netherlands MAC-continuous 15 mgm�3, skin, 2003
Occupational Exposure Limit – Norway Time-weighted average 5 ppm (15 mg m�3), Jan. 1999
Occupational Exposure Limit – The Philippines Time-weighted average 5 ppm (15 mg m�3), skin, Jan. 1993
Occupational Exposure Limit – Russia Short-term exposure limit 5 ppm (10 mgm�3), skin, Jan. 1993
Occupational Exposure Limit – Sweden Ceiling 5 ppm (15 mgm�3), skin, Jan. 1999
Occupational Exposure Limit – Switzerland MAK-week 5 ppm (15 mg m�3), short-term exposure limit 25 ppm

(75 mgm�3), skin, Jan. 1999
Occupational Exposure Limit – Thailand Time-weighted average 5 ppm (15 mg m�3), Jan. 1993
Occupational Exposure Limit – Turkey Time-weighted average 5 ppm (15 mg m�3), skin, Jan. 1993
Occupational Exposure Limit – United Kingdom Short-term exposure limit 5 ppm (15 mgm�3), skin, Sep. 2000
Occupational Exposure Limit in Argentina, Bulgaria,

Colombia, Jordan, Korea
American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold Limit Value; ceiling concentration 5 ppm (skin)
Occupational Exposure Limit in New Zealand, Singapore,

Vietnam
American Conference of Governmental Industrial Hygienists (ACGIH)

Threshold Limit Value ceiling concentration 5 ppm (skin)

Reference: National Institute for Occupational Safety and Health (NIOSH) (2004). Butylamine. Registry of Toxic Effects of Chemical Substances (RTECS). Retrieved 8/31/2011.
http://www.emedco.info/rtecs/eo2d6518.htm.
sec-Butylamine (Table 3).
Table 3 Exposure standards and guidelines for sec-butylamine

Organization Standard

Occupational Exposure Limit – Austria MAK 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Denmark Time-weighted average 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Germany MAK 5 ppm (15 mg m�3), skin, Jan. 1999
Occupational Exposure Limit – Norway Time-weighted average 5 ppm (15 mg m�3), Jan. 1999
Occupational Exposure Limit – Switzerland MAK-week 5 ppm (15 mgm�3), short-term exposure limit 25 ppm (75 mgm�3), Jan. 1999

Reference: National Institute for Occupational Safety and Health (NIOSH) (2004). sec-Butylamine. Registry of Toxic Effects of Chemical Substances (RTECS). Retrieved 8/31/
2011. http://www.skcgulfcoast.com/nioshdbs/rtecs/eo32bc48.htm.

http://www.skcgulfcoast.com/nioshdbs/rtecs/np970fe0.htm
http://www.emedco.info/rtecs/eo2d6518.htm
http://www.skcgulfcoast.com/nioshdbs/rtecs/eo32bc48.htm
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Miscellaneous

Butylamines are clear, colorless liquids. The odor is described
as fishlike and ammonia-like. Odor may be detected at
concentrations as low as 0.12 ppm, is noticeable at 2 ppm,
moderately strong at 2–5 ppm, and strong at 5–10 ppm.

Butylamines have an almost unlimited shelf life in
unopened, original containers if protected from heat and
properly stored in a protected storage area.

See also: Corrosives; Eye Irritancy Testing.
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l Name: Butyraldehyde
l Chemical Abstracts Service Registry Number: CAS 123-72-8
l Synonyms: Butyraldehyde; Butal; Butaldehyde; Butyl alde-

hyde; n-Butyl aldehyde; Butyral; n-Butyraldehyde; Butyric
aldehyde; Butyrylaldehyde; n-Butanal; Butanaldehyde

l Chemical/Pharmaceutical/Other Class: Aliphatic aldehyde
l Molecular Formula: C4H8O
l Chemical Structure:

H

O

Uses

Butanal is used in the manufacture of rubber accelerators,
synthetic resins, solvents, and plasticizers. n-Butyraldehyde is
used as an intermediate in the manufacturing of plasticizers,
alcohols, solvents, and polymers (such as 2-ethylhexanol,
n-butanol, trimethylolpropane, n-butyric acid, polyvinyl buty-
ral, and methyl amyl ketone). It is also used as an intermediate
to make pharmaceuticals, agrochemicals, antioxidants, rubber
accelerators, textile auxiliaries, perfumery, and flavors. It has no
therapeutic use at the present time.
Background Information

n-Butyraldehyde is a clear, mobile, flammable, liquid with
a pungent odor. It is miscible with all common solvents, for
example, alcohols, ketones, aldehydes, ethers, glycols, and
aromatic and aliphatic hydrocarbons, but is only sparingly
soluble in water.
Environment Fate and Behavior

Routes and Pathways

Primary exposure is from vapor. Butyraldehyde’s vapor pres-
sure of 111.4 mm Hg at 51 �C indicates that it will evaporate
rapidly from surfaces. Butanal is highly mobile with a Koc value
of 72. The Henry’s Law constant has been measured at
1.15 � 10�4 atm-m3 mol�1.
Partition Behavior in Water, Sediment, and Soil

Terrestrial Fate
The primary degradation process in soil is expected to
be biodegradation. A number of biological screening
studies have demonstrated that butyraldehyde is readily
biodegradable.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Aquatic Fate
The major environmental fate processes for butyraldehyde in
water are biodegradation and volatilization. A number of
biological screening studies have demonstrated that butyral-
dehyde is readily biodegradable. Volatilization half-lives of 9 h
and 4.1 days have been estimated for a model river (1-m deep)
and a model pond, respectively. Aquatic hydrolysis, adsorption
to sediment, and bioconcentration are not expected to be
important fate processes.
Environmental Persistency

Reaction of butanal vapor with hydroxyl radicals in the atmo-
sphere is quite fast, with a half-life of 16 h. The reaction with
nitrate radical in the atmosphere is somewhat slower, with
a half-life of 2.9 days. Butanal can also directly absorb solar
radiation to degrade into smaller compounds. During intense
smog pollution episodes, the natural formation rate of butyr-
aldehyde can exceed the degradation rate. The detection of
butyraldehyde in cloud and fog water indicates that physical
removal from air can occur through wet deposition.
Bioaccumulation

Based on the Henry’s Law constant value and the volatility,
butanal is not expected to bioaccumulate.
Exposure and Exposure Monitoring

Routes and Pathways

Butanal is a liquid at room temperature, with a relatively low
vapor pressure. Limited contact could occur by exposure to
butanal vapors. Butanal has appreciable solubility in water;
therefore, exposure would be expected to be primarily through
ingestion of or through skin contact with the compound or
a solution of the compound.
Human Exposure

Butyraldehyde is destructive to mucosal membranes and upper
respiratory tract. Inhalation may be fatal due to pulmonary
edema, as well as edema of the larynx and bronchi.
Environmental Exposure

General exposure is from dermal contact or inhalation in
workplace environments where butyraldehyde is used.
Toxicokinetics

Butanal is readily metabolized to carbon dioxide by conversion
to butyryl CoA and subsequent metabolism via the pathways of
4-3.00264-5 595
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short-chain fatty acid oxidation. Detoxication by reaction with
glutathione also occurs. Clearance is rapid and complete.
Mechanism of Toxicity

Butanal does not possess high acute toxicity but is a potent
irritant of the skin, eyes, and upper respiratory tract. The
mechanism of toxicity probably involves direct reaction
between the active aldehyde group and cellular components.
Acute and Short-Term Toxicity (or Exposure)

Animal

The oral LD50 value for rat is 5.9 g kg–1, whereas the LC50 is
60 000 ppm (30 min exposure). Acute exposures to butanal
vapors induce inflammation of the alveolar and bronchial
regions of the lung, with death due to pulmonary edema.
Severe irritation of the eyes and nose is noted. Relatively high
levels of butanal in the drinking water of mice for 50 days
produced abnormal sperm morphology. Exposure of rodents
to low concentrations of butanal allowed rapid recovery after
exposure is ceased. Skin irritation to rabbits has been deter-
mined to be 3560 mg kg�1. Beagles were exposed to butanal
vapors in various concentrations that resulted in goblet cell
hyperplasia within the nasal mucosa at concentrations of
125–500 ppm, and squamous metaplasia of the nasal tissues at
2000 ppm.

Human

Butanal has low acute toxicity. Exposure to a large dose may
have a temporary narcotic effect. Exposure to low concentra-
tions of butanal vapors produces irritation of the eyes, nose,
and throat. The compound has an unpleasant odor. Impurities
(butyric acid) may be present that make the smell even more
objectionable. Health effects attributed to chronic exposure to
low doses of butanal vapors have not been described. Derma-
titis may be expected after prolonged and repeated exposures to
solutions containing butanal.
Reproductive Toxicity

No information on human reproductive toxicity is available.
In male mice, an intraperitoneal injection of 30 mg kg�1 or
0.2 mg l�1 for 50 days in drinking water resulted in
chromosomal and meiotic anomalies in all stages of
spermatogenesis.
Genotoxicity

Standard assay test with several strains of Salmonella typhi-
murium were found to be negative, indicating that butyral-
dehyde is not genotoxic. However, when butyraldehyde is
injected intraperitoneally in mice there arose chromosomal
abnormalities during spermatogenesis. Exposure to butanal
in the presence of copper (II) chloride causes strand breakage
in PM2 DNA.
Clinical Management

Support should be given to the patient until butanal has been
cleared from the body, which occurs in a relatively short time.
Recovery is uneventful.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Pseudokirchneriella subcapitata (green algae) showed decreased
photosynthesis with exposure to concentrations of 1480 mg l�1

for 48 h.
Marine Organisms Toxicity

Daphnia magna (water flea) in conditions of freshwater,
20–22 �C, pH 7.6–7.7, exposure to a concentration of
340 000 mg l�1 for 24 h resulted in intoxication and immobi-
lization. In Pimephales promelas (fathead minnow), an LC50 of
13 400 mg l�1 over 96 h was measured in freshwater, 24.1 �C,
pH 7.7, and dissolved oxygen 6.8 mg l�1.
Terrestrial Organisms Toxicity

Inhalation at levels above 6000 ppm caused bronchial and
alveolar edema in rats. Dermal and eye exposures in rodent are
moderately to severely irritating. Butyraldehyde has been
shown to be a vasodepressor in dogs.
Exposure Standards and Guidelines

Workplace environmental exposure level: 8 h time-weighted
average (25 ppm).
See also: Butyric Acid; Crotonaldehyde.
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l Chemical Abstracts Service Registry Number: 107-92-6
l Synonyms: 1-Butyric acid, 1-Propanecarboxylic acid, 4-02-

00-00779 (Beilstein Handbook Reference), AI3-15306,
BRN 0906770, Butanic acid, Butanoic acid, Buttersaeure
(German), Butyrate, CCRIS 6552, EINECS 203-532-3,
Ethylacetic acid, FEMA No. 2221, HSDB 940, Kyselina
maselna (Czech), NSC 8415, Propylformic acid, UNII-
40UIR9Q29H, n-Butanoic acid, n-Butyric acid

l Molecular Formula: C4H8O2

l Chemical Structure:
O

OH
Background

Butyric acid (Chemical Abstracts Service Registry Number
107-92-6) is a four-carbon acid with an unpleasant and
obnoxious odor, with a butter-fat taste. It is a clear and color-
less oily liquid and occurs in butter and animal fat as the
glycerol ester. n-Butyric acid is manufactured in enclosed,
continuous equipment by the catalyzed air oxidation of
butyraldehyde. It can be produced via fermentation of organic
materials by anaerobic bacteria in the large intestine, and
remains a major energy supply for colonic cells. Butyric acid is
involved in a range of processes in the body such as native
immunity, induction of apoptosis, and regulation of water and
electrolytes. It is an important metabolite in the breakdown of
carbohydrates, fats, and proteins and is mainly used as an
industrial intermediate and food additive.
Uses

Butyric acid is used in the manufacture of cellulose acetate
butyrate (CAB) plastics. CAB sheets are used for thermoformed
signs, blister packaging, and in goggles and face shields. Mol-
ded CAB is used to make pen barrels, eyeglass frames, and
screwdriver handles. CAB is a component in acrylic enamel
used in automotive manufacturing coatings. Some butyric acid
is used to make butyroperoxides and herbicides. It is also used
as an intermediate for pharmaceuticals, emulsifiers, and
disinfectants, as a leather tanning agent, and a sweetening agent
in gasoline. It is used in the synthesis of butyrate ester perfumes
and in the manufacture of esters, some of which serve as the
bases of artificial flavoring ingredients in certain liquors, soda-
water syrups, and candies. It is also used as a food additive in
butter, cheese, butterscotch, caramel, and fruit and nut flavors.
Butyric acid is classified as a generally considered as safe
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(GRAS) material by the US Food and Drug Administration
(US FDA). Butyric acid is also used in the preservation of high
moisture wheat grains to prevent fungal deterioration. In
therapeutics, butyric acid is used as a histamine antagonist. Due
to its powerful odor, it has also been used as an additive in
fishing bait. The antiangiogenic and antineoplastic activities of
the butyric acid prodrugs, AN-7 and AN-9, were demonstrated
in vitro by inhibition of proliferation and vascular tube
formation, enhanced apoptosis, and inhibition of 22Rv-1 cell
migration. The inhibition of tumor growth and metastasis and
the low toxicity of AN-7 and AN-9 have been demonstrated in
preclinical studies and clinical trials. Generally, prodrugs of
butyric acid rapidly penetrate into cancer cells where they
hydrolyze to butyric acid and aldehyde. The most active
prodrugs in this family of acyloxyalkyl esters are the ones that
release formaldehyde and they possess anticancer properties
superior to those elicited by the homologous prodrugs that
release acetaldehyde. The potential use of butyric acid prodrugs
for the treatment of neoplastic diseases and b-globin disorders
has been suggested.
Environmental Fate and Behavior

Butyric acid is miscible with ethanol, water, and ether, and is
slightly soluble in carbon tetrachloride. It has the following
physical properties: melting point �7.9 �C; boiling point
163.5 �C; molecular weight 88.1; flash point 72 �C; auto-
ignition temperature 443 �C; pH 4 (acidic); pKa 4.82 at 25 �C;
critical temperature 342.05 �C; critical pressure 4.06 MPa;
stable under normal conditions of use and storage; vapor
pressure 1.65 mmHg; octanol/water partition coefficient, log
Kow 0.79; viscosity 1.426 mPa s at 25 �C; Henry’s law constant
5.35� 10�7 atmm3mol�1 at 25 �C. In addition, a Henry’s law
constant of 3.4� 10�6 atmm3mol�1 has been calculated for
n-butyric acid from its physical properties, using a vapor pres-
sure of 2.2 hPa (1.65 mmHg) at 25 �C, an aqueous solubility
of 56 200 mg l�1 and molecular weight of 88.11 gmol�1.

n-Butyric acid is not expected to accumulate in organisms or
adsorb onto soil or sediment, given its low bioconcentration
factor (BCF) (2.3–3.16 l kg�1 wet weight) calculated from a
log Kow of 0.79 and measured soil partition coefficient (14.7–
27.6 l kg�1 dry weight). Based on a classification scheme, an
estimatedKoc value of 64, determined froma logKow of 0.79 and
a regression-derived equation, and experimental values of 19.1,
27.6, and 14.7 in mud, muddy sand, and sand, respectively,
indicate that n-butanoic acid is expected to have very high to
high mobility in soil. The pKa of n-butanoic acid is 4.82, indi-
cating that this compound exists primarily in the anion form in
the environment and anions generally do not adsorb more
strongly to soils containing organic carbon and clay than their
neutral counterparts. Volatilization of butyric acid from moist
4-3.00591-1 597
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soil surfaces is expected to be slow given a Henry’s law constant
of 5.35� 10�7 atmm3mol�1. n-Butanoic acid is expected to
volatilize from dry soil surfaces based on a vapor pressure of
1.65 mmHg. Using Henry’s law constant and an estimation
method, volatilization half-lives for a model river and model
lake were 64 and 471 days, respectively. According to a classifi-
cation scheme, an estimated BCF of 3.2, from a log Kow of 0.79
and a regression-derived equation, suggests the potential for
bioconcentration in aquatic organisms is low. n-Butanoic acid is
expected to exist solely as a vapor in the ambient atmosphere.
Vapor-phase butyric acid is degraded in the atmosphere by
reaction with photochemically produced hydroxyl radicals; the
half-life for this reaction in air is estimated to be 7 days, calcu-
lated from its rate constant of 2.40� 10�12 cm3mol�1 s�1 at
25 �C. n-Butanoic acid does not contain chromophores that
absorb at wavelengths more than 290 nm and therefore is not
expected to be susceptible to direct photolysis by sunlight.

Butyric acid is not environmentally persistent as it is
biodegradable in aqueous media, volatilizes from surface
waters at a moderate rate, and readily undergoes photo-
degradation in the atmosphere. n-Butanoic acid may be
susceptible to biodegradation in terrestrial and aquatic envi-
ronments based on the observed degradation of 72% after 5 h
when incubated with activated sludge. At an initial concentra-
tion of 100 mg l�1, n-butanoic acid displayed a 72% theoretical
biological oxygen demand (BODT) after 5 h when incubated
with activated sludge. n-Butanoic acid at an initial concentra-
tion of 5 ppm displayed a BODT of 76.6% in freshwater and
72.4% in seawater after 5 days. n-Butanoic acid had a BODT of
17.4, 23.8, 26.2, and 27.7% after 6, 12, 18, and 24 h, respec-
tively, when incubated with an activated sludge seed at an
initial concentration of 500 ppm. In a screening study, the
BODT of n-butanoic acid was 46, 48, and 58% after 2, 10, and
30 days, respectively, using a sewage seed. In a screening study
using a sewage seed, n-butanoic acid had a 5-day BODT of
72–78% and a 20-day BODT of 92–99%.

Butyric acid must be separated from strong oxidants, strong
bases, food, and feedstuffs for long-range transport (UN
Hazard Class 8; UN Packing Group III; stable during transport).
It should be stored in a cool, dry, well-ventilated location, away
from any area where fire hazard may be acute. Outside or
detached storage is preferred, separate from oxidizing mate-
rials, heat, oxidizers, and sunlight.

n-Butyric acid is not likely to bioaccumulate.
Exposure and Exposure Monitoring

n-Butanoic acid is present in butter as an ester (4–5%). It occurs
as a glyceride in animal milk fats. Butyric acid has been found
in essential oils of Citronella Ceylon, Eucalyptus globulus,
Araucaria cunninghamii, Lippia scaberrima, Monarda fistulosa,
Cajeput, Heracleum giganteum, lavender, Hedeoma pulegioides,
valerian, nutmeg, hops, Pastinaca sativa, and Spanish anise. It
has also been identified in strawberry aroma. n-Butanoic acid is
found in vegetable oils and in animal fluids, such as sweat,
tissue fluids, and milk fat. Free n-butanoic acid is an important
metabolite in the breakdown of carbohydrates, fats, and
proteins. n-Butanoic acid may arise from natural fermentative
processes occurring in sediment. It has also been detected as
a volatile flavor component in the fruit of dalieb, a deciduous
palm. n-Butanoic acid was the principal metabolite in a growth
medium containing an aquatic actinomycete streptomyces
species and represented the greatest potential as an odorous
water pollutant under natural conditions.

Most of the n-butyric acid released to the environment
partitions primarily into water and soil (37.2 and 57.0%,
respectively), with most remaining in the air (5.67%) and little
(<0.1%) in sediment. n-Butyric acid is found naturally in
vegetable oils and in animal fluids, such as sweat, tissue fluids,
and milk fat.

Monitoring data indicate that the general population may
be exposed to n-butanoic acid via inhalation of ambient air,
ingestion of food and drinking water, and dermal contact with
this compound and other products containing n-butanoic acid.
Target organs are the respiratory system, skin, and the eyes.
Direct administration onto the skin or into the stomach results
in corrosion of the epithelial surfaces. Industrial processes with
risk of exposure are fur dressing and dyeing, leather tanning
and processing, and painting (pigments, binders, and
biocides). National Institute for Occupational Safety and
Health has statistically estimated that 11 600 workers (3391 of
these were female) are potentially exposed to n-butanoic acid
in the United States. Occupational exposure to n-butanoic acid
may occur through inhalation and dermal contact with this
compound at workplaces where n-butanoic acid is produced or
used. n-Butanoic acid has been detected as an emission during
the welding of steel coated with protective paints.

n-Butyric acid is regulated in the United States as
a hazardous substance under the Comprehensive Environ-
mental Response, Compensation and Liability Act, under
which its reportable quantity (when there is an environmental
release) is 2270 kg. n-Butyric acid is regulated under the Clean
Air Act as a volatile organic chemical and therefore actions are
taken to minimize equipment leaks in the synthetic organic
chemical manufacturing industry. Exposure to n-butyric acid by
the general population arises from its artificial and natural
presence in the environment. It may be released to the envi-
ronment as a fugitive emission during its production and use,
and in motor vehicle exhaust. n-Butyric acid is not used in
consumer products, but consumers ingest food that contains
naturally occurring n-butyric acid. Thus, environmental expo-
sure to n-butyric acid is limited.
Toxicokinetics

Butyric acid is rapidly metabolized in the liver to acetic acid and
ketone bodies (acetone, acetoacetate, b-hydroxybutyrate). In
humans, the butyric acid elimination curve can be divided into
two parts corresponding to two half-lives: for the first
(0.5 min), the slope suggests accelerated excretion; for the
second (13.7 min), a slow plateau is observed.
Mechanism of Toxicity

The most probable mechanism of toxicity is the formation of an
acid proteinate following exposure to high concentrations. Such
complexes result in an inhibition of protein function and
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disruption of cellular homeostasis. Butyric acid induces apoptosis
by production of ceramide and reactive oxygen species in the
mitochondria followed by activation of JNK inmitogen activated
protein (MAP) kinase cascades. Butyric acid has two contrasting
functional roles. As a product of fermentation within the human
colon, it serves as the most important energy source for normal
colorectal epithelium. It also promotes differentiation of cultured
malignant cells. A switch from aerobic to anaerobic metabolism
accompanies neoplastic transformation in the colorectum. The
separate functional roles for n-butyrate may reflect the different
metabolic activities of normal and neoplastic tissues. Deficiency
of n-butyrate, coupled with the increased energy requirements of
neoplastic tissue, may promote the switch to anaerobic metabo-
lism. n-Butyrate was previously found to increase epidermal
growth factor receptor binding in primary cultures of rat hepa-
tocytes. It was shown that butyrate and dexamethasone syner-
gistically modulate the surface expression of epidermal growth
factor receptors. The butyrate-induced enhancement of high-
affinity epidermal growth factor bindingwas slight in the absence
of glucocorticoid, but was strongly and dose-dependently
amplified by dexamethasone. Butyrate counteracted the inhibi-
tion by insulin of the dexamethasone-induced increase in
epidermal growth factor binding. The results indicate that the
glucocorticoid has a permissive effect on a butyrate-sensitive
process that determines the surface expression of the high-affinity
class of epidermal growth factor receptors.
Acute and Short-Term Toxicity

Animal

Data on laboratory animals suggest that n-butyric acid is only
slightly acutely toxic with an oral lethal dose 50% (LD50) value
in rats ranging from2940 to8790 mg kg�1, an intraperitoneal or
subcutaneous LD50 value of 3180 mg kg�1 in mice, an inhala-
tion lethal concentration 50% (LC50) of 440 mg l�1 in rabbits,
an oral LD50 value of 2 mg kg�1 (2000 mg kg�1) in rabbits, and
a dermal LD50 value of 530 mg kg�1 in rabbits. Butyric acid is
a moderately strong irritant to skin and may induce severe eye
irritation. After a 90-min exposure to a butyric acid aerosol
(40 mg l�1), rabbits displayed increased lethargy and dyspnea.
Signs of bronchial and capillary dilation and emphysema were
evident on necropsy. In another study, no lethality was reported
when rats were exposed for 8 h to air saturated with butyric acid
vapor. Severe corneal burns were produced in rabbits by an
excess of a 5% aqueous solution of butyric acid (unspecified
volume). Large intravenous doses of butyric acid (sodium salt)
caused temporary central nervous system (CNS) depression in
rabbits (1.6 g kg�1) and dogs (0.86 g kg�1); similar effects were
reported after subcutaneous administration of the acid to cats.
Intravenous application of butyrate (continuous infusion
2.5 mlmin�1, 0.02 mM kg�1 min�1 for 10 min) produced an
abrupt and substantial increase in mean plasma insulin
concentration in lambs. It is also a moderately strong skin and
eye irritant in guinea pigs.
Human

Acute exposure to butyric acid induces irritation or burns
following contact with skin or eyes, or if inhaled. Such effects
occur in a concentration-dependent manner. Inhalation of the
spray may contribute to severe respiratory symptoms including
shortness of breath, coughing, or choking. Signs and symptoms
due to inhalation of butyric acid are sore throat, cough, burning
sensation, shortness of breath, labored breathing. Symptoms
may be delayed. Signs and symptoms due to dermal contact are
pain, redness, blisters, and skin burns. Signs and symptoms due
to eye contact are pain, redness, severe deep burns, and loss of
vision. Signs and symptoms due to ingestion are burning
sensation, abdominal pain, shock, or collapse.
Chronic Toxicity

Animal

Repeated inhalation or oral exposure tomoderate to high doses
of n-butyl acetate and n-butanol is well tolerated in animals.
These molecules are readily and rapidly metabolized to n-
butyric acid. The no observed effect level (NOEL) for repeated-
dose oral exposure to n-butanol was 125 mg kg�1 day�1. In
a 90-day inhalation study in rats with n-butyl acetate, an NOEL
of 500 ppm was reported for systemic effects, and an NOEL of
3000 ppm (highest dose tested) was reported for postexposure
neurotoxicity based on functional observational battery end
points, quantitative motor activity, neuropathy, and scheduled,
controlled operant behavior end points. Rats (number not
specified) fed diets containing butyric acid at concentrations of
25% for up to 35 weeks barely maintained their weight, and
histology on four rats revealed papillomatosis and hyperkera-
tosis of gastric tissues.
Human

Butyric acid is a GRAS food additive for chronic consumption
when used in accordance with good manufacturing practice.
Chronic exposure also occurs through endogenous production
as n-butyric acid is an important metabolite in the breakdown
of carbohydrates, fats, and proteins, and is produced in the
human colon by fermentation. n-Butyric acid is present in
butter as an ester (4–5%). However, it is toxic to the lungs, the
nervous system, and mucous membranes. Frequent and pro-
longed exposure can lead to target organ damage.
Immunotoxicity

Prolonged exposure (of unspecified duration) of mice, rats, and
rabbits to an atmospheric concentration of 0.1–0.2 mg l�1

butyric acid caused a massive increase in circulating lympho-
cytes and neutrophils, attributed to the irritant nature of the
compound.
Reproductive Toxicity

Results of inhalation studies conductedonn-butanol andn-butyl
acetate were negative for inducing reproductive and develop-
mental toxicity. The NOEL for female reproductive toxicity was
6000 ppm for n-butanol and 1500 ppm for n-butyl acetate. In
a 90-day repeated-dose inhalation toxicity study with butyl
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acetate, the NOEL for male reproductive toxicity was 3000 ppm.
For developmental toxicity, anNOELof 3500 ppmwas observed
with n-butanol and anNOEL of 1500 ppm(the highest exposure
tested) was seen in both rats and rabbits following exposure to
n-butyl acetate. Sprague–Dawley rats were administered butyric
acid in corn oil by gavage on gestation days 6–15 at dose levels of
100 or 133 mg kg�1 day�1. The dams were allowed to deliver,
and their litters were examined on postnatal day 6. Maternal
mortality was high (20 and 47% for the groups on 100 and
133 mg kg�1 day�1, respectively), and maternal body weight
gain was markedly depressed. Rales and dyspnea were reported
formost treated animals. No evidence of effects on progenywere
reported. In a frog embryo teratogenesis assay, it was found that
butyric acid causedmalformations in 50%of surviving offspring
at a concentration of 400 mg l�1. Malformations included
microcephaly, eye defects, edema, and gut defects.
Genotoxicity

n-Butyric acid is not genotoxic. No clastogenic effects were seen
in Chinese hamster fibroblast cells at concentrations up to
1 mgml�1. Butyric acid did not induce mutations at concen-
trations up to 10 mg per plate in an Ames Salmonella typhimu-
rium test with strains TA 92, TA 94, TA 98, TA 100, TA 1535, and
TA 1537 with or without a liver homogenate from rats pre-
treated with the polychlorinated biphenyl KC-400.
Carcinogenicity

n-Butyric acid is not a carcinogen.
Clinical Management

First Aid

Exposure should be terminated as soon as possible by the
removal of the victim to fresh air. Call the emergency medical
service. Give artificial respiration if the victim is not breathing.
Do not use mouth-to-mouth resuscitation if the victim ingested
or inhaled the substance; give artificial respirationwith the aid of
a pocket mask equipped with a one-way valve or other proper
respiratory medical device. Administer oxygen if breathing is
difficult. Remove and isolate contaminated clothing and shoes.
In case of contact with the substance, immediately flush the skin
or eyes with running water for at least 20 min. For minor skin
contact, avoid spreading material on unaffected skin. Keep the
victim warm and quiet. Effects of exposure (inhalation, inges-
tion, or skin contact) to the substance may be delayed. Ensure
thatmedical personnel are awareof thematerial(s) involved and
take precautions to protect themselves.
Medical Treatment

1. Oral exposure
– Dilution: Immediately dilute with 120–240 ml) of water

or milk (not to exceed 120 ml in a child). Because of
potential gastrointestinal tract irritation, do not induce
emesis.
– Gastric lavage: Consider after ingestion of a potentially
life-threatening amount of poison if it can be performed
soon after ingestion (generally within 1 h). Protect the
airway by placing the patient in the head down, left
lateral decubitus position or by endotracheal intubation.
Control any seizures first. Contraindications: loss of
airway protective reflexes or decreased level of
consciousness in unintubated patients; following inges-
tion of corrosives; hydrocarbons (high aspiration
potential); patients at risk of hemorrhage or gastroin-
testinal perforation; and trivial or nontoxic ingestion.

– Activated charcoal: Administer charcoal as a slurry
(240 ml water/30 g charcoal). Usual dose: 25–100 g in
adults/adolescents, 25–50 g in children (1–12 years),
and 1 g kg�1 in infants less than 1 year old.

2. Inhalation exposure
– Move patient to fresh air. Monitor for respiratory

distress. If cough or difficult breathing develops, evaluate
for respiratory tract irritation, bronchitis, or pneumo-
nitis. Administer oxygen and assist ventilation as
required. Treat bronchospasms with inhaled beta-2
agonist and oral or parenteral corticosteroids.

3. Eye exposure
– Decontamination: Irrigate exposed eyes with copious

amounts of water at room temperature for at least
15 min. If irritation, pain, swelling, lacrimation, or
photophobia persist, the patient should be seen in
a health care facility.

4. Dermal exposure
– Decontamination: Remove contaminated clothing and

wash exposed area thoroughly with soap and water.
A physician may need to examine the area if irritation or
pain persists.
Advanced Treatment

Consider orotracheal or nasotracheal intubation for airway
control in the patient who is unconscious, has severe
pulmonary edema, or is in severe respiratory distress. Early
intubation, at the first sign of upper airway obstruction, may
be necessary. Positive-pressure ventilation techniques with
a bag valve mask device may be beneficial. Consider drug
therapy for pulmonary edema. Consider administering a beta
agonist such as albuterol for severe bronchospasm. Monitor
cardiac rhythm and treat arrhythmias as necessary. Start
intravenous administration of dextrose 5% in water (D5W)
slow replacement protocol ‘to keep open,’ minimal flow rate.
Use 0.9% saline or lactated Ringer solution if signs of hypo-
volemia are present. For hypotension with signs of hypo-
volemia, administer fluid cautiously. Consider vasopressors if
the patient is hypotensive with a normal fluid volume. Watch
for signs of fluid overload. Use proparacaine hydrochloride to
assist eye irrigation.
Ecotoxicology

In freshwater or freshwater sediment, n-butyric acid is
hazardous to aquatic life in high concentrations. The biological
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oxygen demand is 1.150 mg l�1 after 5 days and 1450 mg l�1

after 20 days. The LC50 for Daphnia magna (water flea) is
2750 mg l�1 after 24 h and 61 mg l�1 after 48 h; conditions of
bioassay not specified.

The substance is harmful to marine aquatic organisms.
Based on data from n-butyric acid and analogous compounds,
it can be concluded that the toxicity of n-butyric acid (in
unbuffered test systems) to fish, invertebrates, and green algae
is expected to range between 22.7 and 77 mg l�1. The LC50 for
Lepomis macrochirus (Bluegill sunfish) is 5000 mg l�1 after 24 h
(conditions of bioassay not specified; sodium salt).

With regard to the toxicity to terrestrial organisms (soil
microorganisms, plants, terrestrial invertebrates, terrestrial
vertebrates), nematodes either exposed to vapors of butyric
acid or incubated in sand treated with butyric acid for 7 days
showed a considerable reduction in number. Concentrations of
0.1 and 1 M of butyric acid significantly reduced the plant
parasitic and fungivorous nematodes. A positive relationship
was observed between the LC50 of butyric acid and the ratios of
nematode surface area to volume for plant parasitic nematodes;
a negative correlation in bacterivorous, entomogenous, and
fungivorous nematodes was found.

Butyric acid forms carbon dioxide, carbon monoxide, and
irritating fumes during combustion. Explosive vapor/air
mixtures of butyric acid may be formed at temperatures
above 72 �C.
Exposure Standards and Guidelines

Workplace exposure to n-butyric acid during manufacture and
its use as an intermediate is limited by the use of closed
processes, the use of protective clothing, and by the
compound’s limited volatility. Occupational Safety and Health
Administration permissible exposure limit is not applicable;
threshold limit value is also not applicable.

Butyric acid is designated as a hazardous substance under
section 311(b) (A) of the Federal Water Pollution Control Act
and further regulated by the Clean Water Act Amendments of
1977 and 1978. These regulations apply to discharges of this
substance. This designation includes any isomers and hydrates,
as well as any solutions andmixtures containing this substance.
The US FDA requirements state that n-butyric acid used as
a synthetic flavoring substance or adjuvant in animal drugs,
feeds, and related products is generally recognized as safe when
used in accordance with good manufacturing or feeding
practice.
Miscellaneous

Analytical laboratory methods involve gas chromatography.
Butyric acid treatment may result in sensitization of multiple
intracellular signal transduction pathways including
apoptotic signaling pathways and the p38 MAP kinase
pathway.

See also: Butyraldehyde; Butyronitrile; Ethionine.
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Background

Butyronitrile is an aliphatic nitrile. Cyanide can be released
through biological degradation processes to elicit toxicity.

l Molecular Formula: C4H7N
l Chemical Structure:

N

H3C
Uses

Butyronitrile is used as a process solvent and chemical
intermediate.
Environmental Fate and Behavior

When heated to decomposition, nitriles may release cyanide.
Butyronitriles can undergo microbial degradation, including
transformation to cyanide and butyramide. Butyronitrile does
not significantly hydrolyze at environmentally relevant pHs.

Butyronitrile use in chemical and pharmaceutical industry
can lead to environmental contamination. It will exist as
a vapor in the atmosphere, with degradation via photo-
chemical products (hydroxyl radicals) and a half-life of
approximately 1month. In soil, butyronitrile is mobile
(Kow¼ 46). It can volatilize from wet or dry soil and from
surface water. Butyronitrile can undergo microbial degrada-
tion to carboxylates and ammonium. In water, butyronitrile
has little potential to adsorb to suspended particulates or
sediment. Butyronitrile has little potential for biocon-
centration or bioaccumulation.
Exposure and Exposure Monitoring

Dermal and inhalation routes are primary exposure pathways
in occupational settings.
Toxicokinetics

Toxicokinetic data are available for the related chemical, pro-
pionitrile. When administered as a 14C radioisotope in rats,
93% of the compound was recovered. Most radioactivity was
eliminated in air or urine within 24 h. About 27% was recov-
ered as a volatile organic material within 0.5 h of gavage
exposure. By 3 h, either carbon dioxide or cyanide exhalation
was estimated at 38–49% of the total. At 24 h, recovery in the
urine was 0.8–6%. Less than 2%was found in liver and kidneys
602 Encyclopedia of T
at 72 h after dosing. It was concluded that propionitrile and
related alkyl nitriles are rapidly absorbed from the gastroin-
testinal tract and eliminated through expired air as the parent
compound, CO2 or cyanide.
Mechanism of Toxicity

The acute toxicity of butyronitrile and related alkyl nitriles is
thought to be due to release of cyanide through metabolism of
the parent compound. Signs of acute butyronitrile intoxication
including dyspnea, ataxia, and convulsions are similar to those
noted with acute cyanide intoxication. The onset and duration
suggest that these nitriles require metabolism to elicit toxicity.
Cyanide and thiocyanate have both been found in urine and
blood after butyronitrile exposure. Butyronitrile toxicity is
antagonized by sodium thiosulfate and sodium nitrite and
blockade of hepatic metabolism. All of these support the
hypothesis that cyanide is the ultimate toxicant following
butyronitrile exposure.
Acute and Short-Term Toxicity

Animal

The oral LD50 values in rats for all butyronitriles are from 40 to
270mg kg�1. Inhalation LD50 values (1–4 h exposure) were
from 1000 to 1465 ppm. Dermal LD50 values of n-butyronitrile
and isobutyronitrile in rabbits were 239–389mg kg�1. Butyr-
onitrile is a mild eye and skin irritant. Aliphatic nitriles
including butyronitrile were shown to affect embryonic
development in utero and in culture, apparently through
liberation of cyanide.

Human

Skin and eye irritation can occur. With severe intoxication,
characteristic signs of cyanide toxicity can be elicited. Head-
ache, dizziness, weakness, exhaustion, confusion, convulsions,
dyspnea, abdominal pain, nausea, and vomiting are possible.
Chronic Toxicity

Animal

In a developmental toxicity study, rats exposed to 50, 100, or
200 ppm butyronitrile for 6 h a day during gestation showed
no teratogenic effects but did exhibit decreased fetal weights
at the highest dosage. As noted above, some data indicate
potential for disruption of embryonic development with
exposures to aliphatic nitriles. Repeated exposures to propio-
nitrile led to neurotoxicity (ataxia, tremors, and convulsions) at
high dosage levels. Dyspnea, nasal, and ocular discharge,
increased salivation, reduced motor activity, and alopecia were
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00104-4
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observed. Significant reduction in red blood cells and hemo-
globin and increases in spleen weights were also noted.
Human

Little is known regarding chronic effects of butyronitrile
exposure in humans.
Immunotoxicity

There is little information on immunotoxic effects of butyr-
onitrile or other alkyl nitriles.
Reproductive Toxicity

Butyronitrile and other alkyl nitriles have little evidence of
reproductive toxicity potential.
Genotoxicity

Butyronitriles were generally negative in in vitro mutagenicity
and cytogenetic assays.
Carcinogenicity

Butyronitrile is not classified as a known, possible, probable,
anticipated, or potential carcinogen.
Clinical Management

For mild signs of intoxication (nausea, dizziness, and drowsi-
ness) with blood cyanide concentrations <2mg l�1, give
oxygen and bed rest. With more severe intoxication exhibiting
short-lived periods of unconsciousness, convulsions, vomiting,
and/or cyanosis and with blood cyanide concentrations of
2–3mg l�1, provide l00% oxygen for not more than 24 h and
observe in intensive care area. Give 50ml of 25% sodium
thiosulfate solution (1.5 g) intravenously over 10min.
Ecotoxicology

Concentrations near 100mg l�1 (96-h static) of both iso-
butyronitrile and n-butyronitrile were without effect on fathead
minnows. Daphnia treated with 94.3mg l�1 isobutyronitrile
showed no abnormal behavior or movement changes. The
same concentration of n-butyronitrile resulted in 1/20 daph-
nids becoming immobile at 48 h, but this was not considered
treatment related. According to the U.S. Environmental
Protection Agency (EPA) assessment criteria, these values
correspond to a ‘low concern level.’
Exposure Standards and Guidelines

The time-weighted average (TWA) for butyronitrile is 8 ppm.
No permissible exposure limit or reference concentration is
available.

See also: Cyanide; Solvents.
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Chem. Res. Toxicol. 5, 548–552.

Saillenfait, A.M., Sabaté, J.P., 2000. Comparative developmental toxicities of
aliphatic nitriles: in vivo and in vitro observations. Toxicol. Appl. Pharmacol.
163, 149–163.
Relevant Websites

http://www.cdc.gov/niosh/pdfs/78-212b.pdf.
http://www.cdc.gov/niosh/npg/npgd0086.html.
http://www.epa.gov/hpv/pubs/summaries/alkyntrl/c14860.pdf.
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l Name: Butyrophenones
l Chemical Abstracts Service Registry Numbers: Butyrophe-

none: 495-40-9; Haloperidol: 52-86-8; Droperidol: 548-73-
2; Melperone: 3575-80-2; Domperidone: 57808-66-9

l Synonyms: Butyrophenone: 1-Phenyl-1-butanone; Halo-
peridol: ((4-[4-(4-Chlorophenyl)-4-hydroxy-1-piperidyl]-1-
(4-fluorophenyl)-butan-1-one); Droperidol: 1-(1-(3-(p-
Fluorobenzoyl)propyl)-1,2,3,6-tetrahydro-4-pyridyl)-
2-benzimidazolinone; Melperone: 1-(4-Fluorophenyl)-4-
(4-methyl-1-piperidyl)butan-1-one; Domperidone: 2H-
Benzimidazol-2-one, 5-chloro-1-(1-(3-(2,3-dihydro-2-oxo-
1H-benzimidazol-1-yl)propyl)-4-piperidinyl)-1,3-dihydro-

l Molecular Formula: Butyrephenone: C6H5COCH2CH2CH3

(molecular weight 148.3); Haloperidol: C21H23ClFNO2

(molecular weight 375.9); Droperidol: C22H22FN3O2

(molecular weight 379.43); Melperone: C16H22FNO$HCl
(molecular weight 263.35); Domperidone: C22H24ClN5O2

(molecular weight 425.911)
l Chemical Structures:
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Background

Haloperidol is a syntheticproduct (approved foruse in theUnited
States in 1967), and is one of the first of the butyrophenone series
of major tranquilizers. Besides its use in psychotic disorders such
as schizophrenia and mania, it is indicated for the control of tics
and vocal utterances of Tourette’s disorder in children and adults.
It is also used in the management of Gilles de La Tourette’s
syndrome and intractable hiccup. It is also used as an antiemetic,
and for the treatment of severe behavior problems in children of
combative, explosive hyperexcitability. The main features of
severe overdosage are extrapyramidal reactions, hypotension,
respiratory difficulty, and impairment of consciousness. Halo-
peridol acts mainly as a dopamine antagonist. Consciousness
may be depressed, progressing to coma; paradoxically, some
patientsmanifest confusion, excitement, and restlessness. Tremor
or muscle twitching, muscle spasm, rigidity, and convulsions are
seen. Extrapyramidal signs can include dystonia, sometimes
severe enough to impair swallowing or breathing; torticollis;
oculogyric crises; and opisthotonos. The pupils may be con-
stricted or dilated. Hypotension and tachycardia are common.
Sometimes there can be cardiac arrhythmias, including ventric-
ular fibrillation, conduction defects, and cardiac arrest.

Severe dystonic reactions have followed the use of halo-
peridol, particularly in children and adolescents. It should
therefore be used with extreme care in children. Haloperidol
may also cause severe neurotoxic reactions in patients with
hyperthyroidism and in patients receiving lithium. Haloperidol
is contraindicated in severe toxic central nervous system
depression or comatose states from any cause and individuals
who are hypersensitive to this drug or have Parkinson’s disease.
The decanoate ester of haloperidol is very slowly absorbed
from the site of injection and is therefore suitable for depot
injection. It is gradually released into the bloodstream where it
is rapidly hydrolyzed to haloperidol.

Drug Interactions

The use of alcohol with this drug should be avoided due to
possible additive effects and hypotension.

Lithium

Treatment with lithium plus haloperidol for encephalopathic
syndrome (characterized by weakness, lethargy, fever, tremu-
lousness and confusion, extrapyramidal symptoms, leukocy-
tosis, elevated serum enzymes, blood urea nitrogen (BUN), and
fasting blood sugar (FBS)) patients resulted in irreversible brain
damage in a few patients. Although a causal relationship
between these events and the concomitant administration of
lithium and haloperidol has not been established, patients
receiving such combination therapy should be monitored
closely for early evidence of neurological toxicity and treatment
discontinued promptly if such signs appear.
Beta-Blockers

Severe hypotension or pulmonary arrest may be a consequence
of the haloperidol and beta-blocker combination.
Methyldopa

When used with methyldopa, haloperidol causes dementia,
psychomotor retardation, memory impairment, and inability
to concentrate.
Indomethacin

Main adverse effects: Severe drowsiness and confusion. In
general, the symptoms of overdose would be an exaggeration
of known pharmacological effects and adverse reactions.
Anticholinergic side effects and sedation occur less often than
with aliphatic phenothiazines, but extrapyramidal reactions are
more common. Administration of antidopaminergic and
anticholinergics may worsen or bring forward the onset of
extrapyramidal effects. This drug can produce idiosyncratic
reaction, e.g., drowsiness. When used with indomethacin,
haloperidol causes severe drowsiness and confusion. Other
interacting drugs are levodopa, quinidine, tricyclic antidepres-
sants, epinephrine, and amphetamines.
Uses

Butyrophenones (compounds with a functional ketone group)
are used to treat psychoses including schizophrenia, organic
psychosis, paranoid syndrome, acute idiopathic psychotic
illnesses, and the manic phase of manic depressive illness.
Other uses include treatment of aggressive behavior, delirium,
acute anxiety, nausea and vomiting, pain, organic brain
syndrome, and Tourette’s syndrome.
Environmental Fate and Behavior

Haloperidol’s production and use as an antidyskinetic and an
antipsychotic may result in its release to the environment
through various waste streams. If released to air, an estimated
vapor pressure of 4.85 � 10�11 mmHg at 25 �C indicates
haloperidol will exist solely in the particulate phase in the
ambient atmosphere. Particulate-phase haloperidol will be
removed from the atmosphere by wet and dry deposition. If
released to soil, haloperidol is expected to have no mobility
based on an estimated Koc of 5200. Volatilization from
moist soil surfaces is not expected to be an important fate
process based on an estimated Henry’s law constant of
2.3 � 10�14 atm m3 mol�1. The pKa of haloperidol is 8.66,
indicating that this compound will exist primarily in the
protonated form in the environment, and cations generally
adsorb more strongly to organic carbon and clay than their
neutral counterparts. If released into water, haloperidol is ex-
pected to adsorb to suspended solids and sediment based on
the estimated Koc. Volatilization from water surfaces is not
expected to be an important fate process based on this
compound’s estimated Henry’s law constant. Haloperidol will
exist almost entirely in the ionized form at pH values of 5–9,
and therefore volatilization from water surfaces is not expected
to be an important fate process. An estimated bioconcentration
factor of 59 suggests the potential for bioconcentration in
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aquatic organisms is moderate. Hydrolysis is not expected to be
an important environmental fate process since this compound
lacks functional groups that hydrolyze under environmental
conditions. Occupational exposure to haloperidol may occur
through dermal contact with this compound at workplaces
where haloperidol is produced or used. Users of haloperidol
can be exposed through intravenous injection or oral
consumption (tablets and liquid).
Pharmacokinetics and Toxicokinetics

Haloperidol is well absorbed orally with a bioavailability of
60–65% due to first-pass hepatic metabolism. It has a revers-
ible oxidation/reduction metabolic pathway: it is meta-
bolized via reduction to reduced haloperidol, which is
biologically inactive. Both agents are rapidly absorbed after
intramuscular injection, peaking within 10 min. Butyrophe-
nones are metabolized in the liver to inactive metabolites.
Concentrations of butyrophenones are found in the liver, in
the central nervous system, and throughout the body. Halo-
peridol is 92% protein bound. Up to 15% haloperidol is
eliminated through the bile. The elimination half-life is 14–
41 h. The half-life of droperidol is 2 h; 10% is recovered
unchanged in the urine. The apparent volume of distribution
is about 20 l kg�1, consistent with the high lipophilicity of the
drug. Haloperidol circulates in blood bound predominantly
(90–94%) to plasma proteins.

Although the exact metabolic fate has not been clearly
established, it appears that haloperidol is principally metabo-
lized in the liver by oxidative N-dealkylation of the piperidine
nitrogen to form fluorophenylcarbonic acids and piperidine
metabolites (which appear to be inactive), and by reduction of
the butyrophenone carbonyl to the carbinol, forming hydrox-
yhaloperidol. Few studies suggest that the reduced metabolite,
hydroxyhaloperidol, has some pharmacologic activity,
although its activity appears to be less than that of haloperidol.
Several metabolites have been identified: p-fluorophenaceturic
acid, beta-p-fluorobenzoylpropionic acid, and several uniden-
tified acids in urinary metabolites in rats.

Primary biotransformation enzymes of haloperidol are
cytochrome P450 (CYP), carbonyl reductase, and uridine
diphosphoglucose glucuronosyltransferase. The greatest pro-
portion of the intrinsic hepatic clearance of haloperidol is by
glucuronidation, followed by the reduction of haloperidol to
reduced haloperidol and by CYP-mediated oxidation (CYP3A4
appears to be the major isoform responsible for the metabo-
lism of haloperidol in humans). The intrinsic clearances of the
back-oxidation of reduced haloperidol to the parent com-
pound, oxidative N-dealkylation, and pyridinium formation
are of the same order of magnitude, suggesting that the same
enzyme system is responsible for the three reactions. Large
variation in the catalytic activity was observed in the
CYP-mediated reactions, whereas there appeared to be only
small variations in the glucuronidation and carbonyl reduction
pathways. Haloperidol is a substrate of CYP3A4 and an
inhibitor, as well as a stimulator, of CYP2D6.

In vivo pharmacogenetic studies have indicated that the
metabolism and disposition of haloperidol may be regulated
by genetically determined polymorphic CYP2D6 activity.
However, these findings appear to contradict those from
studies in vitro with human liver microsomes and from
studies of drug interactions in vivo. Interethnic and pharma-
cogenetic differences in haloperidol metabolism may explain
these observations. There is wide intersubject variation in
plasma concentration of haloperidol and its therapeutic
effects.
Pharmacodynamics

Dopamine receptors currently are classified as D1 (stimulate
adenylate cyclase) and D2 (inhibit adenylate cyclase). Neuro-
leptic drugs block both D1 and D2 receptors, but the signifi-
cance of the ratio remains unclear. The therapeutic dose of
neuroleptic drug appears to correlate with its affinity for brain
dopamine D2 receptors. Neuroleptic drugs also block
a number of other receptors, including H1 and H2 histamine,
alpha-1 and alpha-2 adrenergic, muscarinic and serotoninergic
receptors.
Toxicity

Human data

There have been three cases of sudden death after taking 20–
140 mg daily for 1–4 days. Children: A 29-month-old girl
and an 11-month-old boy who divided 265 mg of haloperidol
between them developed lethargy, hypothermia, hyperreflexia,
neuromuscular rigidity, unsteady gait, and intention tremors.
Although disturbances such as galactorrhea, amenorrhea,
gynecomastia, and impotence have been reported, the clinical
significance of elevated serum prolactin levels is unknown for
most patients.
Mechanism of Toxicity

Butyrophenones work primarily by blocking dopamine-
mediated synaptic neurotransmission by binding to dopa-
mine receptors. In addition to significant antidopaminergic
action, butyrophenones also possess anticholinergic, a-adren-
ergic blockade, and quinidine-like effects. The antiemetic
mechanism of droperidol is believed to involve direct sup-
pression of the chemoemetic trigger zone.

The mechanism by which haloperidol causes serum
aminotransferase elevation is not known, but is likely due to
production of a toxic intermediate by its metabolism. Halo-
peridol is extensively metabolized by the liver via sulfoxidation
and oxidation, partially via CYP3A4. Some instances of serum
aminotransferase elevations occurring on haloperidol therapy
may be due to nonalcoholic fatty liver disease caused by weight
gain that occurs in at least one-quarter of treated patients,
generally during the first 1–2 years of therapy.

Although the exact metabolic fate of droperidol is not
clearly established, the drug is metabolized in the liver. The
butyrophenone moiety of droperidol is metabolized to p-flu-
orophenylacetic acid, which is then conjugated with glycine.
The nitrogenous moiety of droperidol appears to be metabo-
lized to benzimidazolone and p-hydroxypiperidine.
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Acute and Short-Term Toxicity (or Exposure)

Animal

Signs of toxicity reported in animals have included sedation,
dullness, photosensitivity, weakness, anorexia, fever, icterus,
colic, anemia, and hemoglobinuria. Treatment consists of
gastric decontamination and aggressive supportive care.
Human

Clinical signs of toxicity most commonly include extrapyra-
midal effects, somnolence, coma, respiratory depression,
cardiac dysrhythmias, hypotension, and sedation. Neuroleptic
malignant syndrome has been reported after therapeutic use
and acute intoxication. The most commonly reported dystonic
reactions include akathisias, stiff neck, stiff or protruding
tongue, and tremor. Children appear to be more sensitive than
adults to the extrapyramidal effects of butyrophenones with
facial grimacing and oculogyric crisis noted. Anticholinergic
effects, including dry mouth, blurred vision, and tachycardia,
may occur. Other cardiac effects include prolonged QT interval
andmild hypotension. Hypokalemia has also been noted. Since
haloperidol may lower the seizure threshold, the drug should be
used with caution in patients receiving anticonvulsant agents
and in those with a history of seizures of electroencephalo-
graphic abnormalities. Possible sequelae include neuroleptic
malignant syndrome and acute renal failure. Adverse reactions
following therapeutic use include sedation, dysphoria, anorexia,
nausea, vomiting, constipation, diarrhea, and dyspepsia.
Chronic Toxicity (or Exposure)

Animal

Rats chronically treated with haloperidol (1.5 mg kg�1 i.p.)
significantly developed vacuous chewing movements and
tongue protrusions.
Human

Chronic poisoning by ingestion may induce neurological
syndromes, the most severe of which are parkinsonism, aka-
thisia, and tardive dyskinesia, a syndrome that is characterized
by rhythmical, involuntary movements of the tongue, face,
mouth, or jaw (e.g., protrusion of tongue, puffing of cheeks,
puckering of mouth, chewing movements). Sometimes these
may be accompanied by involuntary movements of extremities.
Reproductive Toxicity

These agents are contraindicated in humans during late preg-
nancy because of dystonic reaction in the neonate. Infants
should not be nursed during drug treatment. There are no well-
controlled studies with haloperidol in pregnant women. There
are reports, however, of cases of limb malformations observed
following maternal use of haloperidol along with other drugs
that have suspected teratogenic potential during the first
trimester of pregnancy (causal relationships not established in
these cases). Since such experience does not exclude the
possibility of fetal damage due to haloperidol, this drug should
be used during pregnancy or in women likely to become preg-
nant only if the benefit clearly justifies a potential risk to the
fetus.
Carcinogenicity

Carcinogenicity studies using oral haloperidol were conducted
inWistar rats and in albino Swiss mice. In the rat study, survival
was less than optimal in all dose groups, reducing the number
of rats at risk for developing tumors. However, although
a relatively greater number of rats survived to the end of the
study in high-dose male and female groups, these animals did
not have a greater incidence of tumors than control animals.
Therefore, although not optimal, this study does suggest the
absence of haloperidol-related increase in the incidence of
neoplasia in rats. In female mice, there was a statistically
significant increase in mammary gland neoplasia and total
tumor incidence; there was a statistically significant increase in
pituitary gland neoplasia. In male mice, no statistically signif-
icant differences in incidence of total tumors or specific tumor
types were noted. Neuroleptic drugs elevate prolactin levels; the
elevation persists during chronic administration. Teratoge-
nicity: Rodents given haloperidol by oral or parenteral routes
showed an increase in incidence of resorption, reduced fertility,
delayed delivery, and pup mortality. No teratogenic effect has
been reported in rats, rabbits, or dogs at dosages within this
range, but cleft palate has been observed in mice.
Mutagenicity

No mutagenic potential of haloperidol was found in the Ames
Salmonella microsomal activation assay.
Clinical Management

All basic and advanced life-support measures should be
implemented. Gastric decontamination should be performed.
Butyrophenones are readily absorbed by activated charcoal.
Emesis should not be induced. Aggressive supportive care
should be instituted. Dystonic reactions respond well to
intravenous benztropine or diphenhydramine. Oral therapy
with diphenhydramine or benztropine should be continued for
2 days to prevent recurrence of the dystonic reaction. For
patients suffering from neuroleptic malignant syndrome,
a potentially fatal condition associated with the administration
of antipsychotic drugs, dantrolene sodium and bromocriptine
have been used in conjunction with cooling and other
supportive measures. Arrhythmias should be treated with
lidocaine or phenytoin. Diazepam is the drug of choice for
seizures; phenytoin is used to prevent recurrence. Hemodialysis
and hemoperfusion have not been shown to be effective.
Exposure Routes and Pathways

Haloperidol is available both in an injectable form and in oral
dosage form. The principal exposure pathway is intentional
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ingestion by adults or accidental ingestion by small children.
Pharmacists, physicians, and nurses dispensing or adminis-
tering haloperidol could be exposed through dermal contact.
Droperidol is available only as an injectable drug. The most
common route of exposure is an accidental injection.

See also: Anxiolytics; Neurotoxicity.
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l Name: BZ
l Chemical Abstracts Service Registry Number: 6581-06-2
l Synonyms: 3-Quinuclidinyl benzilate (3-QNB-BZ);

1-Azabicyclo(2.2.2)octan-3-ol, benzilate (9CI); Benzene
acetic acid, alpha-hydroxy-alpha-phenyl-, 1-azabicyclo
(2.2.2)oct-3-yl ester (9CI); Benzilic acid, 3-quinuclidinyl
ester; 3-Chinuclidylbenzilate; 3-(2,2-Diphenyl-2-
hydroxyethanoyloxy)-quinuclidine; Quinuclidinyl benzilate
(QNB-BZ); Agent Buzz; Agent 15

l Molecular Formula: C21H23NO3

l Chemical Structure:
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Background (Significance/History)

The 3-quinuclidinyl benzilate (3-QNB) was first discovered by
Hoffmann-La Roche in 1951 during research investigation
that involved development of antispasmodic agents, resem-
bling atropine, for treating gastrointestinal conditions. Soon
after, the US Army investigated 3-QNB under the name of
EA2277 agent and was standardized for use in chemical
munitions in 1961 under the name agent of BZ. The United
States declared complete destruction of its stockpile of BZ by
1989. Moreover, Agent 15 is speculated either to be identical
to BZ or a closely related derivative, and has similar physi-
cochemical properties as BZ. In 1998, Agent 15 was speculated
to be stockpiled by Iraq but later on intelligence reports did
not find any conclusive evidence for such claim1. The BZ is
a glycolate anticholinergic chemical related to atropine,
scopolamine, and, hyoscyamine. It is odorless, nonirritating,
and is stable in most solvents. It has a half-life of 3–4 weeks in
moist air and is extremely persistent in soil, water, and most
surfaces. BZ has a slow onset and a long duration-of-action.
The rate of BZ action climaxed after 9.5 h of exposure and the
duration-of-action could last up to 96 h. Moreover, most of
the causalities of BZ exposure will require physical restraint
and continuous monitoring to prevent self-injury and para-
noia symptoms during recovery2. Recent speculation about
the usage of Agent 15 in Syrian civil war had been reported
but no confirmation findings had been established3.
Uses

BZ is a nonlethal chemical warfare agent that following
a delayed onset is incapacitating and causes severe
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
hallucinations. US Army intended to use BZ in critical point
situations such as special operation, incapacitating adversaries
during raid, and overcoming fortified field positions. Medi-
cally, BZ is used as a muscarinic receptor antagonist.
Environmental Fate and Behavior

QNB-BZ or Agent 15 has been tested on different surfaces by
the US Army Medical Research Institute of Chemical Defense
and the overall conclusion was that QNB-BZ persists as a parent
molecule for an extended period of time reaching 72 h4.
Environmental Persistency (Degradation/Speciation)

BZ persistent was measured on different surfaces and media.
The study included soil, water, aerosol (wind tunnel), glass,
granite, water, pavement, etc. BZ has half-life of 3–4 weeks in
moist air. Quinuclidinyl benzoate hydrolyzes to quinuclidine
and benzylic acid; the hydrolysis rate at 25 �C and pH 6.8–8.10
was 0.000 377–0.008 9 per hour5.
Exposure and Exposure Monitoring

Exposure to BZ agent is through inhalation of aerosolized solid
or BZ dissolved in a solvent such as propylene glycol, dimethyl
sulfoxide, and other solvents. Exposure can also occur through
the skin and via the gastrointestinal tract.
Toxicokinetics

BZ is a competitive inhibitor of muscarinic receptors associated
with the parasympathetic nervous system that innervates the
eyes, heart, respiratory system, skin, gastrointestinal tract, and
bladder. The sweat glands, innervated by the sympathetic
nervous system, are also modulated by muscarinic receptors.
By any route of exposure, the onset of action is approximately
1 h, with peak effects occurring 8 h postexposure. Signs and
symptoms gradually subside over 2–4 days. Most of the
absorbed BZ is excreted via the kidney.
Mechanism of Toxicity

BZ acts by blocking the action of acetylcholine on the central
and peripheral nervous systems. It is a tertiary amine and
crosses the blood–brain barrier. BZ on acute exposure
increases both heart and respiratory rates, dilates the pupils,
and causes paralysis of the eye muscles necessary for near
focusing. It also causes dry mouth and skin, elevates body
temperature, impairs coordination, and causes flushing of the
skin, hallucinations, stupor, forgetfulness, and confusion.
4-3.00592-3 609
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Table 1 Acute toxicity

Species LCt50 (mg min m�3) IV LD50 (mg kg�1)

Mouse 12 000 14.1
Rats 64 000 14.0
Guinea pigs 123 000 10.0
Rabbits 32 000 10.0
Dogs 25 000 9.6
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Within 15 min to 4 h following exposure, the principal effects
are dizziness, involuntary muscle movements, near vision
difficulty, and total incapacitation. From 6 to 10 h after
exposure, the effects are psychotropic and full recovery is ex-
pected after 4 days.

The peripheral nervous system effects are considered as
understimulation of the end organs. This decreased stimulation
of eccrine and apocrine sweat glands in the skin results in dry
skin and a dry mouth, and is considered ‘dry as a bone.’ The
reduction in the ability to dispel heat by evaporative cooling
decreases sweating, and the compensatory cutaneous vasodila-
tion causes the skin to become warm or ‘hot as a hare’ and ‘red
as a beet.’ This is similar to the atropine flush. The decreased
heat loss also results in an increased core temperature.

The peripheral effects described above usually precede the
central nervous system (CNS) effects and have been summa-
rized by the mnemonic ‘dry as a bone, hot as hares, red as
a beet, and blind as a bat.’

The CNS effects of BZ and Agent 15 result in dose-
dependent ‘mad as a hatter’ mental changes. These effects
fluctuate between a conscious state and delirium that range
from drowsiness to coma. Disorientation, decreased social
restraints, inappropriate behavior, and decreased short-term
memory are common. Speech becomes slurred and
indistinct.

The human estimated incapacitation ICt50 is reported to be
100 mg min m�3 and the LCt50 to be 200 000 mg min m�3.
Acute and Short-Term Toxicity (Animal/Human)

Acute Human Toxicity

Very limited data are available regarding lethality in humans
following the exposure to BZ agent. Limited data on human
exposure to BZ have been reported by the Board on Environ-
mental Studies and Toxicology, National Research Council6.
Briefly, four subjects were exposed to varying concentrations
ranging from 0.5–8 mg kg�1 and for 8 days. The result of this
study showed that the exposure subjects did not show any
unexpected symptoms beyond the common BZ symptoms of
high blood pressure, hallucination, and disorientation. Also,
there are reported human toxicity estimates for the nitrogen
mustard compound. The toxicity data collected by Natural
Resources Defense Council (NRDC) study showed that the
body parts affected by the exposure were directly related to the
type of nitrogen mustard vapor and to the concentration level.
Overall, nitrogen mustards have a relative potency of
HN3 > HN1 > HN2 and concentration increases inflict
erythema on the neck, upper back, and auxiliary folds.
Acute Animal Toxicity

As shown in Table 1, the acute animal toxicity of exposure to
BZ has been measured in mice, rats, guinea pigs, rabbits, and
dogs. The research showed that the LD50 is 18–25 mg kg�1 and
it was determined that the parent molecule of BZ is extremely
toxic as compared to its hydrolysis products, i.e., benzylic acid
and 3-quinuclidinyl. The symptoms of exposure to high dose
of BZ were shown in increased heart rate, large cases of death,
and impaired performance.
Subchronic and Chronic Toxicity (Animal/Human)

Although the chronic toxicity in human is not well studied, the
animal testing result could be extrapolated to predict human
response to chronic exposure to BZ. The reported results on
animal testing in dogs show that chronic and subchronic
exposure to BZ for 40–50 days at 100 mg kg�1 affected the
gastrointestinal tract causing ulceration and bloody stool.
Moreover, there was a slight decrease in the weight of kidney
and liver upon chronic exposure to BZ.
Immunotoxicity

Animal studies had been reported on the effect of BZ on the
immunotoxicity of the studied rats. In this study, acute
exposure of rats to BZ showed a decrease in nonspecific
resistance of the organism to various infections. Also, it
reduces the antibody production mainly to T-dependent
antigens. A decrease in the antibody-dependent cell-medi-
ated cytotoxicity, and BZ exposure suppressed the formation
of delayed type hypersensitivity.
Genotoxicity

No human genotoxicity data were identified for BZ, but the
details for potential genotoxicity effect could potentially
resemble those observed with exposure to Atropine containing
compounds.
Ecotoxicology

BZ in aerosolized form tends to persist for 3–4 weeks and in
liquid and aquatic environment BZ does not hydrolyze easily
and persist in water and estuary. As for solid surface the BZ is
very stable in soil, concrete, glass, and on other solid surfaces as
the parent molecule. BZ hydrolyze upon heat and in aqueous
solution into benzylic acid and 3-quinuclidinyl by-product,
both are less toxic than BZ.
Clinical Management

The clinical effects from exposure to BZ through ingestion or
inhalation could be observed as early as 30 min or as late as
20 h, with a common range of 0.5–4 h and a mean of 2 h.
Skin exposure to BZ release could show clinical effect as late as
36 h. The duration-of-effect is typically 72–96 h and is dose



Table 2 Probit analysis for response criteria for inhalation exposure
to BZ

Response criteria

(TRI score) Sample size

ED50
(mg min m�3)

95% Conf. limits

(mg min m�3)

4.0 36 90.5 66.2–123.6
5.0 36 124.8 102.8–151.5
6.0 36 134.8 110.3–164.7
7.0 36 183.1 132.9–252.0
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dependent, with mild effect persisting in some cases for
several days.

The clinical course from BZ poisoning can be divided into
the following four stages:

l First phase (0–4 h after exposure), often results in para-
sympathetic blockade and mild CNS effects.

l Second phase (4–20 h after exposure), stupor with ataxia
and hyperthermia.

l Third phase (20–96 h after exposure), full-blown delirium
is seen but with periodic and frequent fluctuations.

l Fourth phase (>96 h after exposure), paranoia, deep
sleep, reawakening, crawling or climbing automatisms, and
eventual reorientation.

The common signs and symptoms of exposure to BZ are
varied and include restlessness, dizziness, failure to obey
orders, erratic behavior, stumbling, tachycardia, blurred vision,
pupillary dilation, slurred speech, hallucinations, inappro-
priate smiling or laughter, elevated blood pressure, stomach
cramps and vomiting, and euphoria. Patients who lack anti-
cholinergic peripheral nervous system (PNS) signs could also
experience panic attack after BZ exposure.
Medical Management

The initial medical management of exposed patients to BZ
should include decontamination of skin and clothing, confisca-
tion of weapons and related items, and observation. Physical
restraint is essential for patientshavingerraticbehavior that could
endanger the patients and medical staff. Moreover, patients
exposed to BZ could develop hyperthermia due to the nature of
surrounding environment (hot, humid, or dehydrated condi-
tions) and overexposure to BZ could lead to comatose with
serious cardiac arrest and electrolyte disturbance and imbalance.

Since BZ decreases the level of acetylcholine throughout the
body, specific antidotal therapy is required. The antidotal
therapy involves administering carbamate anticholinesterase
physostigmine to raise acetylcholine concentration level in the
body. In patients with BZ poisoning affecting their CNS,
physostigmine is used to inhibit postsynaptic activities of BZ.
The effectiveness of oral administration of physostigmine is
maximized after 4 h from BZ exposure. Intramuscular or intra-
venous (IV) administration had been used but their duration-
of-action is limited to 1 h and frequent redosing is required.
Course treatment by physostigmine should be implemented for
BZ poisoning to avoid relapse of symptoms. IV administration
of physostigmine is not desired due to the delicate requirements
of its administration that could lead to nerve agent like brady-
cardia in slow infusion or arrhythmias and convulsion in rapid
one. It is not recommended to administer physostigmine by IV
for causalities with cardiorespiratory compromise, acid–base
imbalance, and seizure disorder history.
Other Hazards: Exposure Standards and Guidelines

The exposure associated with BZ agent has been reported by
Ketchum (1963). Probit analysis for exposures associated with
various total response indices (TRIs), which is calculated as (2�
Performance Indexþ 21 2 � Heart Rate Indexþ Blood Pressure
Index)O 5, was reported by Ketchum using Probit analysis that
is correlated with TRI indices as shown in Table 2 below.
Miscellaneous

Although there is a limited experiment performed to determine
the effect of BZ exposure on human, however the scarce
number of human subject exposed to the agent provides an
adequate description of the incapacitating effect of BZ. More-
over, the inhalation data for BZ exposure are lacking when
compared to data for other exposure routes. The data for
animal exposure to BZ are sufficient to provide assessment on
its lethality but lack certainty in wide range of exposure time.

See also: Atropine.
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l Name: Cadmium
l Chemical Abstracts Service Registry Number: 7440-43-9
l Valence State: þ2 is the only natural state
Background

Discovered in 1817 as an impurity in calamine (zinc car-
bonate) by Friedrich Stromeyer and Karl Samuel Leberecht
Hermann while working independently, cadmium exists in
abundance of w0.1 ppm in the Earth’s crust.
Uses

Cadmium is primarily used for electroplating and galvanizing
other metals because it is relatively resistant to corrosion. It is
also used in electrical contacts, in soldering alloys, in nickel–
cadmium storage batteries, in television phosphors, and as
a stabilizer for polyvinyl chloride. Given its brilliant orange
color, it has been used extensively as a pigment in paints,
plasters, and plastics. Cadmium is also a by-product of zinc,
lead, and copper mining and smelting. It is also frequently used
in jewelry and toys as a cheap metal alternative.
Environmental Fate and Behavior

As indicated in the Exposure and Exposure Monitoring section,
cadmium is widely distributed in the environment from
a variety of natural and anthropogenic sources. Cadmium
emitted into the air is often found bound to small particulates
and can travel with these particulates over long distances. As
a result, cadmium can remain in the atmosphere for long
periods of time until it is deposited by gravitational settling or
in rain and snow. Cadmium tends to be more mobile in water
than other heavy metals although it will complex with humic
substances and can precipitate out under certain conditions.
Cadmium can bioaccumulate in aquatic organisms; the degree
of accumulation is associated with the pH and humic content
of the water. It can also bioaccumulate in plants and in the
animals that feed on these plants; for example, cattle and
wildlife. However, terrestrial bioaccumulation is much lower
than that in water and cadmium concentrations at the top of
the terrestrial food chain are not much higher than those at the
lower end of the chain.
cyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Due to the wide use of cadmium-based products, cadmium is
widely distributed in the environment. The cadmium content
in soil and water has been increasing as a result of disposal
of cadmium-contaminated waste and the use of cadmium-
containing fertilizers (particularly on cereal crops). Commer-
cial sludge, contaminated with cadmium, has been used to
fertilize agricultural fields. Cadmium concentrations in urban
air are quite low, because of regulation of industrial air emis-
sions. Lead and zinc smelters and waste incineration account
for the majority of cadmium present in ambient air.

Ingestion and inhalation are the primary routes of exposure
to cadmium. Dermal contact is not a significant route of
exposure. Exposure to cadmium via foodstuffs is common,
since plants and animals accumulate cadmium from soil or
water, especially fish and crustaceans. Cigarette smoke is a
major source of cadmium exposure via inhalation.
Toxicokinetics

Absorption of cadmium in the gastrointestinal tract is w4–7%
in adults; absorption is probably higher in children. Diets
low in calcium, iron, and protein enhance cadmium absorp-
tion. Zinc is an antagonist to cadmium (decreases cadmium
absorption). Cadmium absorption by the lungs is dependent
on particle size and the solubility of the cadmium compound,
but is generally between 15 and 30%. Dermal absorption of
cadmium is insignificant.

Cadmium is a classic cumulative poison that accumulates
in the kidneys over a lifetime. It is transported in the blood by
erythrocytes and by albumin, and it is stored mainly in the
liver and kidneys as metallothionein (50–75% of the body
burden). Cadmium binds to many proteins at the sulfate and
carbonyl sites. The half-life of cadmium in these two organs
may be as long as 30 years. The correlation between years of
exposure and blood levels does not appear to be significant.
Cadmium also accumulates in the bones and the placenta of
pregnant women.

Urine is the most important excretion mechanism in
humans. Urine concentration of cadmium increases with age
and following kidney damage. Cadmium found on examina-
tion of hair is generally due to external contamination rather
than internal absorption and distribution to the hair.
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Mechanism of Toxicity

Cadmium inhibits plasma membrane calcium channels and
Ca2þ-ATPases. It also inhibits repair of DNA damaged by
various chemicals, an effect which is believed to be associated
with the induction of tumors. Although cadmium forms
a metallothionein, the preformed cadmium metallothionein is
nephrotoxic (toxic to the kidneys); it is suggested that effects
occur when, at some stage in the kidney, the cadmium is
dissociated from the metallothionein. In Itai-Itai disease (see
Human under Chronic Toxicity section), patients were found
to have chromosome abnormalities.

Cadmium has an affinity for sulfhydryl groups, and hence
can inhibit enzymes; however, cells treated with cadmium
showed proliferation of peroxisomes, which contain catalase,
an enzyme. It appears that cadmium at first inhibits catalase
activity and then, after a time, enhances that activity. In addi-
tion, cadmium inhibits enzymes involved in gluconeogenesis
(the generation of glycogen for energy production from non-
carbohydrate precursors). It also inhibits oxidative phosphor-
ylation (energy production) and depresses trypsin inhibitor
capacity.
Acute and Short-Term Toxicity (or Exposure)

Animal

Cardiac effects (electrical and biochemical changes in the
myocardium) were observed in rats exposed to cadmium in
drinking water.
Human

Acute toxicity may result from ingestion of relatively high
concentrations of cadmium from contaminated food or bever-
ages (e.g., 16mg l�1 cadmium in a beverage). Cadmium exhibits
local irritant effects on the gastrointestinal tract such as nausea,
vomiting, diarrhea, abdominal pain, chills, and a choking
sensation. The effects of acute toxicity are apparent immediately.
Pulmonary edema and chemical pneumonitis may also occur
after acute exposure.

Inhalation of cadmium fumes produces local irritant effects
and may result in chemical pneumonitis and pulmonary
edema, possibly resulting in death.
Chronic Toxicity (or Exposure)

Animal

Animal studies have shown cadmium to be a teratogen and
a reproductive toxin; however, the results of mutagenesis
experiments are equivocal. Cadmium produced local sarcomas
in a number of rodent species when the metal, sulfide, oxide,
or salts were administered subcutaneously. Intramuscular
injection of cadmium powder and cadmium sulfate also
produced local sarcomas. Injection of cadmium chloride into
the ventral prostate resulted in a low incidence of prostatic
carcinoma. Exposure via inhalation of cadmium chloride
produced a dose-dependent increase in lung carcinomas
in rats.
Human

Chronic exposure to cadmium through any route will have
adverse effects on the heart, lungs, bones, gonads, and espe-
cially the kidneys. The principal long-term effects of low-level
cadmium exposure are generally chronic obstructive pulmo-
nary disease, emphysema, and chronic renal tubular disease.
Cardiovascular and skeletal effects are also possible. The initial
symptoms of chronic inhalation exposure are those associated
with metal fume fever (e.g., fever, headache, chest pain, sore
throat, coughing, and rhinitis). Metal fume fever is most often
associated with inhalation of zinc oxide but may occur
following exposure to other metals such as cadmium. Although
inconclusive, there is evidence that the cadmium burden in the
body can lead to hypertension.

Since cadmium can displace zinc, its accumulation in
the testes can suppress testicular function. Evidence obtained in
the past several years appears to relate cadmium to prostate
cancer in young men who work with cadmium. Additional
investigation, such as epidemiological studies with a larger
cohort, needs to be performed to investigate this apparent
association of cadmium with prostate cancer.

Skeletal changes due to cadmium accumulation are
probably related to calcium loss, which can be influenced by
diet and hormonal status. These skeletal changes include
osteomalacia (softening of bone resulting from loss of
minerals) and pseudofractures. In Japan, people who ate fish
contaminated with cadmium experienced skeletal changes,
especially in their backs. This very painful effect was called
the ‘Itai-Itai’ (‘ouch-ouch’) disease. Postmenopausal women
with low calcium and vitamin D intake were apparently most
susceptible.

Since the kidneys are the main depot for cadmium, they
are of the greatest concern for cadmium toxicity. Cadmium
interferes with the proximal tubule’s reabsorption function.
This leads to abnormal actions of uric acid, calcium, and
phosphorus. Aminoaciduria (amino acids in the urine) and
glucosuria (glucose in the urine) result; in later stages,
proteinuria (protein in the urine) results. When this
happens, it is assumed that there is a marked decrease in
glomerular filtration. Long-term exposure to cadmium leads
to anemia, which may result from cadmium interfering with
iron absorption.

Cadmium metallothionein has also been studied exten-
sively. This metalloprotein is high in the amino acid cysteine
(w30%) and is devoid of aromatic amino acids. Metal-
lothionein itself may function to help detoxify cadmium. For
some experimental tumors, cadmium appears to be anticarci-
nogenic (e.g., it reduces the induction of tumors). While
cadmium is not genotoxic, International Food Additives
Council classifies it as a human carcinogen.
Immunotoxicity

Cadmium adversely affects (suppresses) the immune system,
and can induce increased spleen cellularity, as well as a decrease
in bone marrow cellularity accompanied by an increase in cell
size distribution in bone marrow, demonstrating an increased
affect on immature B cells.
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Reproductive Toxicity

Studies in animals have shown a small range of reproductive
affects of cadmium. Generally, reproductively toxic effects are
seen in males at lower doses than in females, with necrosis of
the testicles and atrophy of the seminiferous tubular epithelium
being among the more common. In females, cadmium had
induced hemorrhagic effects in the ovaries, and in the pups,
decreased body weights and malformations have been seen.

There are currently conflicting study results on the affect of
cadmium on human reproduction, and it cannot as such be
classified for its reproductive toxicity.
Genotoxicity

There are studies which have shown chromosome aberrations
in vivo and in vitro in both eukaryotes and mammalian cells,
including human lymphocytes.
Carcinogenicity

Cadmium has been given similar classifications as to its carci-
nogenicity by different organizations, with the American
Conference of Governmental Industrial Hygienists (ACGIH)
giving an A2, a suspected human carcinogen. The US Envi-
ronmental Protection Agency’s Integrated Risk Information
System has given a B1, a probable human carcinogen.
Cadmium’s International Agency for Research on Cancer
monograph states that there is sufficient evidence to consider
cadmium a human carcinogen, although animal data are
limited and inconclusive.
Clinical Management

For treatment of oral poisoning, administration of syrup of
ipecac is indicated, followed by gastric lavage. The chelating
agent calcium ethylenediaminetetraacetic acid (EDTA) (calcium
disodium salt of EDTA) is indicated for acute exposure if
administered shortly after cadmium exposure before new
metallothionein is synthesized. British anti-Lewisite (BAL;
2,3-dimercaptopropanol) is contraindicated as it may enhance
kidney toxicity. Newer dimercapto compounds dimercapto-
succinic acid and dimercaptopropane sulfonate are being
evaluated as are derivatives of dithiocarbamates. Delayed
pulmonary edema may result from inhaled cadmium dusts;
therefore, supportive measures are indicated.

The apparent affinity for zinc metallothionein may someday
be found to be useful as an antidote for cadmium toxicity.
Antagonists to cadmium toxicity include a pretreatment with
selenium and zinc. It is believed that this pretreatment allows
cadmium to displace zinc in the zinc metallothionein.
Ecotoxicology

Commercial runoff and use of fertilizers are major anthropo-
genic sources of environmental cadmium. Rivers can transmit
cadmium long distances before it settles into sediment,
increasing the area potentially affected by cadmium toxicity.
Cadmium has been seen to both bioaccumulate and bio-
magnify, especially in crustacean populations and at higher
trophic levels in this chain. Cadmium has a tendency to accu-
mulate in the leaves of plants and therefore is seen more in
leafy vegetable crops than in fruits or nuts.
Other Hazards

The frequency with which cadmium is used industrially causes
a high number of workers to be potentially exposed to the toxic
metal. This problem became clear in the 1950s and 1960s and
was largely addressed by necessitating the use of fume hoods in
the workplace, although toxic exposure is still possible.

More recent problems with exposure to cadmium have
developed in the form of cheap jewelry and toys. This is
increasingly problematic in that many of the products in ques-
tion are often appealing to children who have a lesser resistance.
Also, due to the length of time needed for clearance of cadmium,
early-life exposures can elicit problems for many years afterward.
Since public awareness for the dangers of lead poisoning has
grown in recent years, manufacturers often replace lead with
cadmium in their products, and legislation to match the lead
scare has not yet been implemented. Even in California, which
has the most stringent laws about component materials
of goods, there are frequent events in which products are labeled
as adhering to laws and when tested are not within acceptable
bounds for lead, cadmium, as well as other substances.
Exposure Standards and Guidelines

ACGIH lists cadmium as a suspected human carcinogen. The
ACGIH threshold limit value–time-weighted average (TLV–
TWA) is 0.01mgm�3 for elemental cadmium and inorganic
compounds as total dust/particulate. The ACGIH TLV–TWA
for the respirable fraction of cadmium particulate is
0.002mgm�3.

See also: Cardiovascular System; Kidney; Metallothionein;
Metals; Pollution, Air in Encyclopedia of Toxicology; Pollution,
Soil; Pollution, Water; Respiratory Tract Toxicology; Sensory
Organs.
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l Name: Caffeine
l Chemical Abstracts Service Registry Number: 58-08-2
l Synonyms: 1,3,7-Trimethylxanthine; Guaranine; Methyl-

theobromine; Theine; and Mateine
l Molecular Formula: C8H10N4O2

l Chemical Structure:
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Background

Caffeine is one of the world’s most widely ingested chemicals.
Caffeine is found within the seeds, leaves, and fruit of
numerous plants. It is consumed in common beverages, such as
coffee and tea. It was first isolated from coffee in 1819 by the
German chemist Friedlieb Ferdinand Runge. Caffeine comes
from the French word for coffee (café). Beverages containing
caffeine have been ingested since ancient times. The first use of
coffee beans occurred in Ethiopia as far back as the ninth
century.
Uses

Caffeine is used as a central nervous system (CNS) stimulant,
anorexiant, and diuretic, and in a number of analgesic and cold
medication compounds. It is also used in the treatment of
spinal headaches and has been used as a respiratory stimulant
in preterm infants.
Environmental Fate and Behavior

Caffeine’s production and widespread use as an additive to
food and as a stimulant may result in release to the environ-
ment through waste systems. It has an estimated vapor pressure
of 7.3 � 10�9 mmHg (25 �C), which indicates that it will exist
cyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
as particulate in the atmosphere. Caffeine is not susceptible to
photolysis and if released into soil it has a high mobility based
on the Koc of 22.
Partition Behavior in Water, Sediment,
and Soil

Caffeine is highly mobile in soil. It has an estimated Koc of 22.
It will exist as primarily a cation in the environment and will
not volatilize from water or moist soil. It will generally absorb
to organic clays and carbons. When caffeine is released into
water it does not absorb to sediment.
Physicochemical Properties

Sublimation point 178 �C
Melting point 238 �C
Density 1.23 g cm�3

pKa dissociation constant 10.4 at 40 �C
Log P (octanol–water) coefficient �0.07
Water solubility 2.17 g per 100 ml
Vapor pressure 15 mmHg at 89 �C and 7.3 � 10�9 (25 �C)
Henry’s law constant 1.9 � 10�19

Atmospheric OH rate constant 1.52 � 10�10 cm3 molecule s�1
Environmental Persistency (Degradation/Speciation)

Using Scirpus validus, the uptake, accumulation, and trans-
location of caffeine in hydroponic conditions were investi-
gated. The plants were cultivated using Hoagland’s nutrient
solution with a concentration of caffeine ranging from 0.5 to
2.0 mg l�1. In this study, 15–19% of caffeine was lost from the
solution after 3 and 7 days from biodegradation. Caffeine is
not susceptible to photolysis from sunlight.
Bioaccumulation

Plant uptake of caffeine was studied using S. validus plants
cultivated using Hoagland’s nutrient solution with a caffeine
concentration ranging from 0.5 to 2.0 mg l�1. Uptake was
significant and caffeine was detected in both roots and
shoots of the plant. Root concentrations of caffeine were
0.1–6.1 mg g�1 and shoot concentrations for caffeine were
6.4–13.7 mg g�1. The bioaccumulation factors (BAFs) for the
4-3.00703-X 617
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roots ranged from 0.2 to 3.1, while the BAFs for shoots ranged
from 3.2 to 16.9. Translocation from roots to shoots were the
primary mechanism for the accumulation of caffeine in the
shoots. An estimated bioconcentration factor of 3 suggests
that bioconcentration in aquatic organisms is negligible.
Caffeine has an estimated half-life of 0.8 days based on river
infiltration.
Exposure and Exposure Monitoring

Ingestion is the most common route of exposure. Caffeine is
consumed in wide variety of beverages, such as coffee, tea,
and soda. It is found alone or in combination with other
pharmaceutical products. It is also available for injection. A
wide variety of sports supplements and natural products also
contain caffeine. The widely marketed energy drinks such as
Red Bull, Rock Star, Amped, and others contain caffeine, and
some of these products contain multiple sources of caffeine,
including herbal sources such as guarana, kola nut, and other
sources.
Toxicokinetics

Caffeine is rapidly absorbed after an oral dose, with peak levels
reached within 1–2 h at therapeutic doses. Onset of clinical
effects occurs within 60 min. In adults, caffeine is extensively
metabolized by the liver, primarily by N-demethylation. It is
excreted in the urine primarily as 1-methyluric acid and
1-methylxanthine. Theophylline (1,3-dimethylxanthine) is
a minor product of caffeine metabolism in adults (<1%). After
massive caffeine overdoses, serum levels of theophylline are
measurable. The elimination half-life of caffeine is 3–6 h at
therapeutic doses. The half-life is shorter in smokers and is
prolonged by oral contraceptives, cimetidine, in late pregnancy
and in overdose. The half-life of caffeine is much longer in
infants and does not approximate that seen in adults until
6 months of age. The half-life of caffeine may exceed 100 h in
preterm infants. Only 1–10% of caffeine appears unchanged in
the urine in adults. Neonates may excrete up to 85% of caffeine
unchanged.
Mechanism of Toxicity

Caffeine can have profound effects on the cardiovascular
system. At least four mechanisms have been proposed for the
pro-arrhythmic potential of caffeine in overdose. First,
caffeine increases circulating catecholamines. Second, caffeine
inhibits phosphodiesterase. Increased circulating catechol-
amines after caffeine overdose increase b1-receptor stimula-
tion. Stimulation of b1-receptors increases intracellular cAMP
by G protein stimulation of adenylate cyclase. The activity of
cAMP is prolonged due to its decreased metabolism as
phosphodiesterase is inhibited by caffeine. Subsequently,
b1-receptor effects are exaggerated and tachydysrhythmias are
induced. Third, caffeine increases myocardial intracellular
calcium. Caffeine both induces release of calcium from the
sarcoplasmic reticulum and blocks calcium’s reuptake into the
sarcoplasmic reticulum. This resulting increase in cytosolic
calcium may provoke dysrhythmias. Fourth, caffeine blocks
cardiac adenosine receptors, which have been shown to be
antiarrhythmic.

The hypotension that has been noted with overdoses of
caffeine is due primarily to two mechanisms. First, caffeine-
induced tachydysrhythmias lead to inadequate filling of the
heart and subsequent decrease in cardiac output. Second,
caffeine augments b2-effects and causes subsequent vasodila-
tion with resulting hypotension.

Caffeine in overdose also acts as a nonselective antagonist
of neuronal adenosine receptors that may lead to seizures.
Caffeine is also a mild diuretic, and it stimulates gastric acid
secretion, respiration, and lipolysis.
Acute and Short-Term Toxicity

Human Toxicity: Acute

Acute toxicity manifests primarily in the CNS, cardiovascular
system, and gastrointestinal system. CNS signs include rest-
lessness, tremor, nervousness, headache, insomnia, tinnitus,
confusion, delirium, psychosis, and seizures. Cardiac mani-
festations of overdose include sinus tachycardia, various
dysrhythmias, asystole, and cardiovascular collapse. Other
findings include tachypnea, nausea, vomiting, hematemesis,
diarrhea, and fever. Case reports also include rhabdomyolysis
and pulmonary edema. Laboratory findings include metabolic
acidosis, respiratory alkalosis, ketosis, hypokalemia, and
hyperglycemia. The estimated lethal dose in adults is
150–200 mg kg�1, whereas doses of 10–15 mg kg�1 may
produce early signs of toxicity. Serum levels greater than
30 mg ml�1 have been associated with adverse symptoms.
Levels exceeding 80 mg ml�1 have been associated with death,
although levels as high as 405 mg ml�1 have been reported in
survivors.
Animal Toxicity: Acute

Some animals such as dogs and birds are at much higher risk
for toxicity from caffeine than humans. This is in part due to
a limited ability to metabolize caffeine compared to humans.
In addition to dogs and birds, caffeine also has much greater
effect on certain mollusks, insects, and spiders. Otherwise,
animal toxicity is similar to human toxicity. Dehydration and
hyperthermia may occur.
Chronic Toxicity: Human

No definite association has been demonstrated between
habitual caffeine use and hypertension, myocardial infarction,
carcinogenicity, or teratogenicity. Abrupt cessation of chronic
caffeine ingestion may cause withdrawal headaches. Regular or
chronic caffeine users have tolerance to some of the acute
effects of caffeine, including a tolerance to the diuretic and
pressor effects of caffeine. This tolerance also extends to the
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autonomic effects, including tachycardia, but not to the CNS
stimulation from caffeine.
Chronic Toxicity: Animal

Toxicity in animals is similar to that found in humans.
Reproductive Toxicity

Evidence that caffeine is a reproductive toxin is limited;
however, some authorities recommend that pregnant women
limit consumption of coffee or caffeinated beverages to two
cups per day or less. The American Congress of Obstetricians
and Gynecologists have found that caffeine is safe up to
200 mg day�1 when consumed during pregnancy. The UK
Food Standards Agency has also recommended that pregnant
women limit caffeine intake to 200 mg day�1. There is
evidence that some of the hormonal changes that occur
during pregnancy will lead to decreased metabolism and
subsequent clearance of caffeine, resulting in a much longer
duration of effects (up to 15 h during the third trimester).
Moderate consumption of caffeine (<150 mg of caffeine per
day) has not been associated with premature delivery or low
birth weight.
Carcinogenicity

There is inadequate evidence that caffeine is carcinogenic in
humans or animals. Caffeine is not classified as a carcinogen in
humans. Rats and Mice Cancer Test summary identified no
positive target sites in The Carcinogenic Potency Project for
caffeine.
Clinical Management

In patients presenting with caffeine toxicity, the airway
should be patent and adequate ventilation ensured. If
necessary, endotracheal intubation should be performed.
The patient should be placed on continuous cardiac moni-
toring with pulse oximetry. The initial treatment of hypo-
tension consists of intravenous fluids. If hypotension
persists, then pressors such as phenylephrine and vaso-
pressin may be considered. Frequent neurological checks
should be made. Gastrointestinal decontamination should
be considered only after initial supportive care has been
provided and airway control has been ensured. Activated
charcoal (1 g kg�1) may be administered, but vomiting may
make retention difficult. Beta-blocking agents have been
used to treat caffeine tachydysrhythmias; however, one
report described cardiovascular collapse following adminis-
tration. Standard therapy for seizures should be employed.
Monitoring should be performed for fluid and electrolyte
imbalances.

Various techniques to enhanced elimination of caffeine
have been reported in the literature. Multidose activated
charcoal has been advocated both to prevent further absorption
of drug and to enhance elimination by gut dialysis. Hemodi-
alysis has been reported in the literature for the treatment of
caffeine toxicity. The mean plasma protein binding of caffeine
(36%), the molecular size (194), and the volume of distri-
bution (0.6–0.8 l kg�1) make hemodialysis a possible
modality to enhance elimination of caffeine. There have also
been cases of severe caffeine toxicity treated with peritoneal
dialysis, but this modality is less efficient at drug clearance
than hemodialysis.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Caffeine is not listed as having a Pesticide Action Network
(PAN) Ground Water Contaminant Rating.
Marine Organism Toxicity

Caffeine is recognized as a contaminant of aquatic systems.
Concentrations are typically very low (from ng l�1 to mg l�1).
Mussels (Mytilus californianus) exposed to 0.05, 0.2, and
0.5 mg l�1 of caffeine for 10, 20, and 30 days were compared to
controls and found to have significant elevations of stress
protein (Hsp70 – a marker of cellular stress) in the 0.5 mg l�1

treatment. Mollusks have higher sensitivity to toxicity of
caffeine than other organisms.
Exposure Standards and Guidelines

A threshold limit value has not been established for caffeine.
Other exposure standards and guidelines have not been set for
caffeine. Caffeine is classified as generally recognized as safe in
humans by the US Food and Drug Administration (FDA);
however, the FDA restricts beverages to containing less than
0.02% caffeine.
See also: Poisoning Emergencies in Humans; Theophylline.
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l Name: Calcium Channel Blockers
l Chemical Abstracts Service Registry Number: Varies
l Molecular Formula: Varies
l Chemical Structure: Varies
l Representative Compounds: Amlodipine (Norvasc; CASRN

88150-42-9);Diltiazem(CardizemLA,Tiazac;CASRN33286-
22-5); Felodipine (Plendil; CASRN 72509-76-3); Isradipine
(DynacircCR;CASRN88977-22-4);Nicardipine (Cardene SR;
CASRN 55985-32-5); Nifedipine (Adalat CC, Procardia;
CASRN 21829-25-4); Nimodipine (Nimot op; CASRN
66085-59-4); Nisoldipine (Sular; CASRN 63675-72-9);
Verapamil (Verelan, Covera HS, Calan; CASRN 56949-77-0)

l Chemical/Pharmaceutical/Other Class: Class IV antiar-
rhythmic agents; Antihypertensive agents; Vasodilatory
agents; Tocolytic agents
Background Information

Calcium channel blockers (also referred to as calcium channel
antagonists) inhibit the slow voltage-dependent L-type cal-
cium channel found on cardiac myocytes and in peripheral
vascular smooth muscle cells. During the 1950s, Bernard Katz
(Biophysics Department, University College London) and his
colleagues Paul Fatt and Bernard Ginsborg found (by accident)
that contraction of crustacean muscle fibers in response to
electrical stimuli persisted even in the absence of sodium ions.
It was subsequently discovered that Ca2þ was acting as a charge
carrier during excitation–contraction coupling of muscle cells.
In 1962, Hass and Hartfelder reported that the calcium antag-
onist verapamil caused coronary vasodilation, but unlike other
vasodilatory agents (e.g., nitroglycerin) it also possessed nega-
tive chronotropic (reduction in heart rate) and inotropic
(reduction in force of myocardial contraction) effects. The study
of calcium ion channels and the role of the calcium ion in
cardiovascular pharmacologybecameanarea of intense research
and led to the development of great cardiovascular drugs.

Calcium channel blockers are a structurally diverse group of
chemicals and are categorized according to their physiological
effects. The dihydropyridine calcium channel blockers (amlo-
dipine besylate (Norvasc), felodipine (Plendil), isradipine
(Dynacirc), nifedipine (Adalat, Procardia), nicardipine (Car-
dene), and nimodipine (Nimot op)) are selective primarily
toward the peripheral vascular smooth muscle cells with rela-
tively little effect on the cardiac myocardium. They cause
peripheral arterial vasodilation with little or no direct effect on
cardiac myocyte conduction or contractility, thus making them
useful in the treatment of hypertension. An indirect increase in
heart rate (reflex tachycardia) can occur after administration of
dihydropyridine calcium channel blockers if they are admin-
istered too rapidly or at too great of a dose. In this case,
a sudden fall in blood pressure occurs and triggers a compen-
satory reflex increase in heart rate (baroreceptor response).
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
In contrast, the nondihydropyridine calcium channel
blockers (verapamil (Isoptin, Calan), diltiazem (Cardizem))
exhibit greatest selectivity toward cardiac myocytes, thus
causing negative inotropic (decreased myocardial force of
contraction), chronotropic (decreased heart rate), and dromo-
tropic (decreased conduction speed through the AV node of the
heart) effects with little or no effect on the peripheral vascula-
ture. Nondihyropyridine calcium channel blockers are useful in
the treatment of angina; however, they can cause disturbances
in cardiac conduction that can lead to the development of
Bradyarrhythmia. They may also aggravate preexisting left
ventricular heart failure.
Uses

Calcium channel blockers are used in the management of
angina pectoris, hypertension, supraventricular arrhythmias,
subarachnoid hemorrhage, and pulmonary hypertension, and
for the prevention of migraine. They are recommended for the
treatment of angina in patients with certain coexisting medical
conditions such as asthma, chronic obstructive pulmonary
disease, mild peripheral vascular disease, and severe peripheral
vascular disease with rest ischemia. Calcium channel blockers
may be used to inhibit uterine contractions to delay delivery
during preterm labor (tocolytic therapy). They are sometimes
used in the treatment of Raynaud’s disease.
Environmental Fate and Behavior

Calcium channel blockers in general have low vapor pressures;
it is unlikely that they would exist as particulates in the
atmosphere. They tend to become adsorbed to organic particles
(sludge, sediment) in waste treatment facilities. Some of the
calcium channel blockers (e.g., nifedipine) are subject to direct
photolysis by sunlight and decompose rapidly. Volatilization
from water or moist or dry soil is not considered to be an
important fate. The potential for bioconcentration in aquatic
organisms is low. They are susceptible to oxidative metabolism
by humans as well as microorganisms.
Exposure and Exposure Monitoring

Ingestion is the most common route for both accidental and
intentional exposures. Occupational exposure may occur
through inhalation, dermal, or ocular routes to dust generated
at the workplace where the drug is manufactured. Verapamil,
diltiazem, and nicardipine are available for parenteral admin-
istration, and toxicity can occur via the parenteral route. Plasma
levels of the calcium channel blockers can be monitored by
HPLC analysis.
4-3.00824-1 621
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Toxicokinetics

Following oral administration of calcium channel blockers,
absorption is rapid and almost complete (80–100%);
however, their ultimate bioavailability is limited and variable
(15–94%) following oral administration due to a significant
first-pass metabolism by the liver. Metabolism in the liver
occurs via the cytochrome P450 microsomal enzyme system
(CYP3A4) and produces highly water-soluble, inactive
metabolites that are excreted primarily in the urine. Only
small amounts (0–10%) are excreted unchanged in the urine.
Protein binding is high and ranges from 70 to 99%. The
volumes of distribution for some calcium channel blockers are
as follows: verapamil, 5 l kg�1; diltiazem, 3.1 l kg�1; nifedi-
pine, 0.78 l kg�1; and nicardipine, 1.1 l kg�1. The relatively
low values for volume of distribution (<10 l) indicates that
the drug is mainly confined to the intravascular fluid (in this
case, highly bound to the plasma protein albumin). Peak
plasma concentrations typically occur within 0.5–2 h after oral
administration of conventional capsules to patients with
normal renal and hepatic function. The half-life after admin-
istration of extended-release tablets is about 7 h. The presence
of food in the gastrointestinal tract appears to decrease the rate
but not the extent of metabolism. Elimination half-life ranges
from 1 h (nimodipine) to 50 h (amlodipine). Coadministra-
tion of an inhibitor of CYP3A (e.g., quinidine, verapamil)
causes an increased exposure to calcium channel blockers by
competing for metabolism. Increased exposure to calcium
channel blocking agents occurs in patients with compromised
hepatic function due to decreased hepatic metabolism.
Calcium channel blocker clearance is thought to be decreased
and exposure increased in the elderly due to a decline in renal
function with age.
Mechanism of Toxicity

Calcium channel blockers inhibit the flux of extracellular
calcium ions across the cell membranes of myocardial cells and
vascular smooth muscle cells. They interfere with electrical
conduction through the atrioventricular node, cause a decrease
in myocardial contractility, and cause vasodilation. Calcium
channel blockers also interfere with pancreatic release of
insulin by blocking L-type calcium ion channels in the
pancreatic beta-cells.

The interference with electrical conduction through the
atrioventricular node is caused by interference with the influx
of calcium in phase II of the action potential and is manifested
by bradycardia, lengthening of the PR interval (PR is the time
between P and R waves in a corrected electrocardiogram), QRS
widening (QRS is a combination of three of the waves (Q, R,
and S) seen in a standard electrocardiogram), and QTc
prolongation (QTc is the time between the beginning of the
Q wave and the end of the T wave in an electrocardiogram
corrected for heart rate).

Myocardial contractility is dependent on calcium influx into
the cell, which in turn results in increased release of calcium
inside the cell from the sarcoplasmic reticulum. The overall
effect of this calcium influx and release is the bridging of actin
and myosin and subsequent myocardial contraction. The
negative inotropic effect of the calcium blockers is due to
interference with this process.

Vasoconstriction occurs when calcium activates vascular
myosin kinase, which in turn allows for phosphorylation of
myosin and subsequent bridging with actin. Administration of
calcium channel blockers interferes with this process and
produces vasodilation. Dihydropyridine calcium channel
blockers have a high vascular selectivity – they are potent
vasodilators with little or no effect on cardiac contractility. They
are useful in the treatment of hypertension but are not used to
treat angina because their blood pressure lowering effects can
lead to reflex cardiac stimulation (increase in heart rate and
strength of contraction, thus increasing the myocardial oxygen
demand). The nondihydropyridine calcium channel blocker
verapamil is selective toward the myocardium and is useful for
the treatment of angina (reduces myocardial oxygen demand
and combats coronary vasospasm). Diltiazem is a non-
dihydropyridine calcium channel blocker that has both cardiac
depressant and vasodilatory effects; it reduces arterial pressure
but is less likely to cause reflex tachycardia than the
dihydropyridines.
Acute and Short-Term Toxicity (or Exposure)

Animal

Some examples of the acute oral median lethal dose (LD50

values) for dihydropyridine calcium channel blockers include
nifedipine (1022, 310, and 504mg kg�1 in rats, mice, and
rabbits, respectively), amlodipine (37mg kg�1, mouse), and
felodipine (1050 and 2250–2390mg kg�1, rat). The oral LD50

for some nondihydropyridine calcium channel blockers
include verapamil (108 and 163mg kg�1, rat and mouse,
respectively) and diltiazem (508mg kg�1, mouse).
Human

In a manufacturing setting, calcium channel blocking agents
can cause irritation to the eyes, respiratory system, and skin.

The most common side effects reported after administration
of calcium channel blockers include constipation, nausea,
headache, rash, edema (legs), hypotension, drowsiness, dizzi-
ness, and sexual dysfunction. Hepatotoxicity and overgrowth of
the gingiva have also been reported. The nondihydropyridine
calcium channel blockers (verapamil, diltiazem) can exacerbate
preexisting heart failure due to their negative chronic and
inotropic effects on the heart.

Many of the clinical side effects associated with calcium
channel blockers are primarily cardiovascular in nature. Due to
their interference with conduction, the calcium channel
blockers can cause a variety of dysrhythmias (sinus brady-
cardia, atrioventricular block, junctional rhythms, pulseless
electrical activity, and asystole). Profound hypotension can
occur following calcium channel blocker poisoning (due to
their vasodilatory properties). Renal failure secondary to
decreased renal perfusion may occur. The neurologic toxicities
of the calcium channel blockers are most likely secondary to
their cardiovascular effects. The most common neurologic
effects are lethargy and coma. Seizure activity has also been
observed after calcium channel blocker overdose. Metabolic
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effects associated with calcium channel blocker overdose
include metabolic acidosis, hyperglycemia, and hypokalemia.
Hyperkalemia has also been reported.

The nondihydropyridine calcium channel blockers (verap-
amil, diltiazem) decrease the metabolism of certain
co-administered drugs (e.g., carbamazepine, simvastatin, ator-
vastatin, and lovastatin), causing an increase in exposure and
potential toxicity. Consumption of grapefruit juice up to 2 h
before or 4 h after administration of calcium channel blockers
can cause an increase in their plasma levels and potential
toxicity.
Immunotoxicity

Calcium channel blockers exhibit immunosuppressant prop-
erties that are independent of their cardiovascular effects. They
have been shown to be beneficial to patients who have
undergone solid-organ transplant procedures (reduced
immune-mediated organ rejection).
Reproductive and Developmental Toxicity

Nifedipine (dihydropyridine) was associated with a reduction
in fertility in rats. It was considered to be teratogenic in rats and
rabbits (digital anomalies, rib deformities, cleft palate), and
embryotoxic and fetotoxic (stunted fetuses) in rats, mice,
rabbits, and monkeys. Nifedipine prolonged pregnancy and
caused a reduction in neonatal survival (rats).

Amlodipine (dihydropyridine) exhibited no signs of tera-
togenicity or embryo/fetal toxicity when administered orally to
pregnant rats and rabbits during the period of organogenesis.
However, litter size was decreased (w50%) and the number of
intrauterine deaths was increased in rats dosed with amlodi-
pine prior to and throughout mating and gestation. Amlodi-
pine prolonged gestation and the duration of labor.

Oral administration of isradipine (dihydropyridine) was
associated with decreased maternal weight gain (rats and
rabbits) and an increase in fetal resorptions (rabbit). There was
no evidence of embryotoxicity at doses that were not mater-
nally toxic and no evidence of teratogenicity. Peri- and post-
natal administration of isradipine to rats resulted in decreased
maternal weight gain and reduced birth weight and survival of
the pups. Fertility in male and female rats was unaffected.

Oral administration of felodipine (dihydropyridine) to rats
had no effect on fertility parameters but did cause teratogenic
effects (digital anomalies) in both rats and monkeys. Felodi-
pine prolonged parturition, made labor more difficult, and
caused an increased frequency of fetal and early postnatal
deaths. There was no effect on fertility in rats. A dose-related
increase in mammary size occurred in rabbits administered
felodipine.

Oral administration of nimodipine (dihydropyridine) to
rabbits was teratogenic and produced stunted fetuses. In rats,
nimodipine produced embryotoxicity but no signs of terato-
genicity and had no effect on fertility.

Intravenous administration of nicardipine (dihydropyr-
idine) was embryotoxic (rats, rabbits) but not teratogenic. Oral
administration of nicardipine was neither embryotoxic nor
teratogenic but did cause dystocia, decreased birth weights,
and decreased neonatal survival. Fertility was not affected in
mice or rats.

Oral administration of verapamil (nondihydropyridine) to
female rats did not impair fertility. Verapamil was non-
teratogenic in rats and rabbits; however, embryotoxicity and
retarded fetal growth and development were observed.

Diltiazem (nondihydropyridine) was evaluated in mice,
rats, and rabbits and caused embryotoxicity, fetotoxicity, and
skeletal abnormalities in the offspring. In perinatal and post-
natal studies there was evidence of an increased number of
stillbirths.

The dihydropyridines nifedipine, nicardipine and felodi-
pine and the nondihydropyridines verapamil and diltiazem are
excreted in breast milk. It is not known if amlodipine or isra-
dipine are excreted in breast milk.
Genotoxicity

Dihydropyridine and nondihydropyridine calcium channel
blockers have not exhibited mutagenic and/or clastogenic
effects.
Carcinogenicity

In general, nondihydropyridine as well dihydropyridine
calcium channel blocking agents were not associated with
carcinogenic effects after lifetime oral administration to mice
and/or rats. However, the dihydropyridine calcium channel
blocking agents did cause an increased incidence of benign
Leydig cell tumors and testicular hyperplasia, thought to be
secondary to an effect on circulating gonadotropin levels. In
addition, rats fed nicardipine in the diet for 2 years developed
increased thyroid hyperplasia and neoplasia, thought to be
secondary to decreased circulating thyroxin levels and chronic
stimulation of the thyroid gland. This effect was not observed
in mice, dogs, and humans.
Clinical Management

Advanced supportive care is a primary component of patient
management. Emergent intubation and assisted ventilation are
often necessary in these patients. Pulse oximetry should be
utilized to assess respiratory status. Extensive cardiovascular
monitoring is also necessary. Arterial blood gases, serum elec-
trolytes, and glucose measurements should be obtained. Serum
concentrations of specific calcium channel blockers are difficult
to obtain and have limited clinical utility. Syrup of ipecac-
induced emesis is contraindicated due to the rapid decreases in
level of consciousness that may occur as well as emesis-induced
vasovagal effects. Gastric lavage and activated charcoal can be
used if warranted by the history of the ingestion and the
patient’s neurologic status. Whole bowel irrigation along with
activated charcoal should be utilized in ingestions involving
sustained-release products. Calcium salts are often adminis-
tered as antidotes for calcium channel blocker toxicity, although
they have been used with limited success. Calcium chloride is
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preferred over calcium gluconate since it contains more
elemental calcium on amilligram per milligram basis. Doses of
up to 4 g of calcium have been recommended in this setting.

Glucagon, which has been used in b-adrenergic blocker
toxicity, has been recommended in calcium blocker toxicity.
This agent has positive inotropic properties due to activation of
cyclic adenosine monophosphate. It has limited beneficial
effects in calcium channel blocker toxicity. Control of heart rate
and rhythm presents a significant challenge in this patient
population. Transcutaneous pacemakers should be utilized to
stabilize rate and enhance atrioventricular conduction. A
vagolytic, atropine, has also been used to increase heart rate. It
has limited effect since it primarily affects the sinoatrial node.
The negative inotropic effects of these agents must also be
treated aggressively. Positive inotropic agents such as dopa-
mine, dobutamine, amrinone, and isoproterenol can be
utilized to increase contractility. Isoproterenol should be used
with caution due to its vasodilatory properties. Vasopressors
such as dopamine, epinephrine, and norepinephrine may be
effective. Cardiopulmonary bypass has been used experimen-
tally to treat patients with calcium channel blocker toxicity who
do not respond to traditional therapy. Sodium bicarbonate
should be administered to treat acidosis.

Seizure activity should be initially treated with benzodiaz-
epines. If benzodiazepines are not effective, phenytoin and
barbiturates can be administered. Insulin replacement may be
necessary to correct hyperglycemia.
See also: Cardiovascular System.
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l Name: Calomel
l Chemical Abstracts Service Registry Number: 10112-91-1
l Synonyms: Mercurous chloride; Mercury(I) chloride;

Dimercury dichloride; Calotab; Calogreen
l Molecular Formula: Cl2Hg2
l Chemical Structure:

Uses

Calomel is used as a laboratory reagent, as a fungicide, and as
a depolarizer in dry batteries.
Environmental Fate and Behavior

Calomel decomposes gradually in the presence of sunlight.
It slowly decomposes to mercury and mercuric chloride under
aqueous conditions.
Exposure and Exposure Monitoring

The primary routes of entry are dermal, inhalation, and oral.
Calomel is found in the environmental and occupational
settings, such as in mercury mining operations, battery plants,
and chemical laboratories. It is also present in some consumer
products like paints and dyes, photography, perfumes, and
cosmetics. Exposure to calomel through oral and dermal routes
is poisonous.
Toxicokinetics

Following inhalation, 70–80% of metallic vapor is retained
and absorbed. Absorption through the gastrointestinal tract is
only less than 10%. In the body, it is oxidized to mercuric
mercury, which binds to reduced sulfhydryl groups. It is
deposited in the kidney following exposure to both metallic
and mercuric mercury. In addition to other organs, it passes
into the brain and fetus. The metabolite is eliminated mainly in
urine and feces; it is also excreted in milk. In humans, inorganic
mercury compounds have two elimination half-lives: one lasts
for days or weeks and the other much longer.
Mechanism of Toxicity

Calomel can generate reactive oxygen species and deplete
glutathione levels. Both genotoxic and nongenotoxic mecha-
nisms may contribute to renal carcinogenic effect of mercury.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Acute and Short-Term Toxicity

Animal

In animals, intense exposure causes lung damage, intestinal
and renal tubular necrosis, immunosuppression, and possible
cytogenetic effects. The oral LD50 values in rat and mouse are
210 and 180 mg kg�1, respectively. In mice, the intraperitoneal
LD50 value is 10 mg kg�1.

Human

Exposure to calomel by inhalation and oral routes is harmful
and may be fatal. When swallowed, it causes central nervous
system depression; and when inhaled, it causes tightness and
pain in the chest, coughing, and breathing difficulties. Ocular
and dermal exposures cause irritation of the eyes and skin. In
case of chronic exposure, mercury builds up in the brain, liver,
and kidneys and causes headache, shakes, loose teeth, loss of
appetite, skin ulceration, and impaired memory. Mercury
concentration in urine, blood, and plasma is useful for bio-
logical monitoring.
Chronic Toxicity

Animal

There is limited evidence for carcinogenicity. Calomel causes
renal adenoma and adenocarcinoma in male mice and
female rats.

Human

There is inadequate evidence for carcinogenicity.
Genotoxicity

It was positive with sister chromatid exchange in in vitro assay.
Clinical Management

In case of contact, eyes and skin should be flushed with water
for 15–20 min. If inhaled, the victim should be removed to
fresh air and oxygen and artificial respiration should be
administered, if necessary. If the patient is in cardiac arrest,
cardiopulmonary resuscitation should be provided. These life-
support measures should be continued until medical assistance
has arrived. An unconscious or convulsing person should not
be given liquids or induced to vomit.
Other Hazards

Calomel is a poison by ingestion. When heated to decompose,
it emits very toxic fumes of Cl� and Hg.
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Exposure Standards and Guidelines

Engineering controls, standard work practices, and personal
protective equipment, including respirators are employed to
prevent worker exposure to calomel. After use, the clothing and
equipment should be placed in an impervious container for
decontamination or disposal.

See also: Dimethylmercury; Mercury Tragedies: Incidents and
Effects; Mercuric Chloride (HgCl2); Federal Insecticide,
Fungicide, and Rodenticide Act, US; Mercury; Methylmercury.

Further Reading
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pp. 213–228.
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Environ. Sci. Technol. 44 (12), 4782–4788.
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l Name: Camphor
l Chemical Abstracts Service Registry Numbers: CAS 464-48-

2 and CAS 464-49-3 (optical isomers); CAS 21368-68-3
(racemic mixture)

l Synonyms: Campho-phenique, Musterole, Ben-Gay
children’s vaporizing rub, Vicks Vaporub, Alcanfor

l Molecular Formula: C10H16O
l Chemical Structure:

H3C

CH3

O

CH3
Background

Camphor is a white or transparent, waxy substance found in
the wood of the camphor laurel and other trees found in Asia
and Borneo. It is also produced synthetically from the oil of
turpentine. It has been used for centuries for its medicinal
features, in religious rituals, and in cooking. It is no longer used
as pesticide. In 1982, the US Food and Drug Administration
restricted commercial products intended for medicinal use to
contain <11% camphor.
Uses

Industrial uses of camphor include its use as a plasticizer.
Camphor is also used as a repellant for certain insects, in
particular moths, and it has been used historically as an
ingredient in foods and beverages in particular in liquors and
sweet dishes. Camphor is still used as a flavoring for certain
foods in India and other parts of Asia. Medicinally, camphor is
employed externally as a rubefacient, a mild analgesic, an
antipruritic, and a counterirritant in commercially available
products that contain 1–10% camphor.
Environmental Fate and Behavior

Camphor is a white or transparent, waxy or crystalline
substance with a strong aromatic odor. The boiling point is
204 �C and melting point is 176–180 �C. Camphor sublimates
at room temperature and standard atmospheric pressure.
Camphor has a specific gravity of 0.99, relative vapor density of
5.2, and vapor pressure of 20 Pa at 20 �C. Its solubility in water
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
is 0.125 g per 100ml water at 25 �C and it is soluble in ethanol,
ethyl ether, turpentine, and essential oils.

Camphor vaporizes easily and is degraded in the atmo-
sphere by reaction with photochemically produced hydroxyl
radicals; the half-life for this reaction in air is estimated to be
1.6 days. If released to soil, camphor is expected to have
moderate mobility, based on an estimated Koc of 470. Vola-
tilization from moist soil surfaces is expected to be an impor-
tant fate process, based on an estimated Henry’s Law constant
of 8.1� 10�5 atm-m3mol�1. Camphor may volatilize from dry
soil surfaces based on its vapor pressure. If released into water,
camphor may adsorb to suspended solids and sediment, based
on the estimated Koc. Biodegradation is not expected to be an
important environmental fate process in water or soil, based on
its persistence in water. Estimated volatilization half-lives for
a model river and model lake are 10 h and 9 days, respectively.
Exposure and Exposure Monitoring

Ingestion of mothballs, Vicks
�
VapoRub

�
, and camphorated

oils is the most common route of intentional and uninten-
tional exposures to camphor. Ocular exposures may also occur,
as can transdermal and inhalational exposure.
Toxicokinetics

In liquid form, camphor is absorbed rapidly through the skin,
mucous membranes, and gastrointestinal tract. Symptoms may
appear within 5–90 min following oral ingestion. The
absorption is highly dependent on the presence of food and
other chemicals. Camphor is metabolized to campherols
(2-hydroxycamphor and 3-hydroxycamphor), which is conju-
gated with glucuronic acid in the liver. It is unclear whether
camphor toxicity is attributed to the parent compound,
a metabolite, or both. Camphor-related metabolites are fat
soluble. Thus, significant concentrations may accumulate in
fatty tissue. However, camphor is distributed widely in all
tissues. Measurable serum levels are apparent within minutes
after ingestion of 0.5–1.0 g. The volume of distribution is
2–4 l kg�1. The glucuronide form is excreted in the urine. The
half-life of a 200-mg dose is 167 min.
Mechanism of Toxicity

Camphor is a central nervous system (CNS) stimulant with
effects that range from mild CNS excitation to generalized
seizures. Camphor is highly lipid soluble and easily crosses
the blood–brain barrier. The action of camphor has been
postulated to be intraneuronal on the oxidation cycle at a phase
above the cytochrome b level of the cytochrome oxidase
4-3.00704-1 627
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system; though its precise mechanism has not been elucidated.
It is primarily a neurotoxin with a chemical structure that
allows easy penetration of the blood–brain barrier. Camphor
also has irritant properties to skin and mucosa and ingestion of
large amounts causes vomiting and diarrhea.
Acute and Short-Term Toxicity (or Exposure)

Animal

Animal toxicity is similar to human toxicity. Mouse intraperi-
toneal LD50 is 3000 mg kg�1. The lowest estimated lethal
dose (LDLo) in rats (intraperitoneal) is 900 mg kg�1, mouse
(subcutaneous) is 2200 mg kg�1, and the dog (oral) is
800 mg kg�1.
Human

Upon ingestion, an initial burning sensation may be noted in
the mouth and throat. Spontaneous nausea and vomiting may
occur within minutes after ingestion. Confusion, vertigo, rest-
lessness, delirium, hallucinations, tremors, and convulsions are
all directly related to CNS involvement and may be predictors
of serious toxicity. More severe intoxications may result in
hepatic failure. Death may be caused by respiratory depression
or may follow status epilepticus. Camphor should be consid-
ered an eye irritant. In adults, ingestion of 50–500 mg kg�1 is
thought to be lethal. A dose of 2 g generally causes systemic
toxicity in adults. In infants, the LDLo is estimated to be
70 mg kg�1. Ingestion of toxic amounts causes gastrointestinal
irritation and nausea, vomiting and diarrhea occur after
ingestion. Camphor is absorbed from all exposure routes.
Chronic Toxicity (or Exposure)

Animal

Chronic camphor dosing in a mouse model has led to devel-
opment of neuronal necrosis.
Human

Chronic ingestion of camphor may produce toxicity similar to
that of an acute ingestion but in a more insidious fashion. Liver
failure is a more pronounced clinical manifestation. A
syndrome similar to Reyes syndrome has been noted after
chronic exposure in humans.
Immunotoxicity

Camphor is not thought to be immunotoxic.
Reproductive Toxicity

D-Camphor showed no evidence of teratogenicity when orally
administered to pregnant rats up to 1000 mg kg�1 by weight
per day and to pregnant rabbits at doses up to 681 mg kg�1 by
weight per day during the fetal period of organogenesis.
Camphor is not listed as a developmental or reproductive
toxin in the CA Prop 65 Developmental Toxins, the US Toxic
Release Inventory (TRI) Developmental Toxins, the CA Prop 65
Female or Male Reproductive Toxins or the US TRI Reproduc-
tive Toxins.
Genotoxicity

Camphor is not mutagenic with the Ames test.
Carcinogenicity

Camphor is not thought to be carcinogenic in humans. Carci-
nogenicity tests have been negative. Camphor is neither listed
as an International Agency for Research on Cancer (IARC)
carcinogen nor listed in the California Prop 65 list of known
carcinogens.
Clinical Management

Basic and advanced life support measures should be used as
necessary. Gastrointestinal decontamination procedures are
marginally effective and should not be considered because of
the high probability of seizures. Oils, alcohols, and other
lipophilic substances enhance intestinal absorption and are
contraindicated. Ocular exposures necessitate flushing with
a gentle system of tepid water for a minimum of 15 min. If
signs of irritation persist, an ophthalmic consultation is
required. The seizure activity is often singular, self-limiting, and
responsive to benzodiazepines or other GABAergic agents such
as barbiturates or propofol. Patients who remain asymptomatic
after 4 h can be observed safely at home.
Ecotoxicology

No effect is coded for fish under aquatic toxicity in the pesticide
action network (PAN) Pesticides Database – Chemicals
camphor entry. Camphor is acutely toxic to aquatic insects and
certain terrestrial insects. No chronic toxicity data is available
for honeybees in the PAN Pesticides Database camphor entry.
Exposure Standards and Guidelines

The National Institute for Occupational Safety and Health
immediately dangerous to life or health concentration:
200 mg m�3.

The Occupational Safety and Health Administration permis-
sible exposure limit: 2 mg m�3 time-weighted average (TWA).

American Conference of Governmental Industrial Hygien-
ists threshold limit value: 2 ppm, 12 mg m�3 TWA; 3 ppm,
19 mg m�3 short-term exposure limit.
See also: Poisoning Emergencies in Humans; Plants,
Poisonous (Humans).
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Introduction and Historical Perspective

Cancer is a general term used to describe 100 or more malignant
neoplasms that invade tissues from which the cancer derives
and that may also metastasize to distant sites and grow there.
The defining characteristic of the cancer cell is rapid, poorly
controlled, or uncontrolled proliferation and multiple genetic
alterations. A tumor is a circumscribed noninflammatory growth
arising from existing tissue but growing independently of the
normal rate or structural development of such tissue and serving
no physiological function. When the growth of tumors at the
initial location becomes clinically detectable, this is referred to as
a primary tumor. Tumors may be malignant or benign. Benign
tumors do not invade or metastasize. Metastasis refers to the
ability of cancer cells to travel from the site of the initial primary
tumor to other tissues and grow to form a secondary tumor.

A chemotherapy drug is a chemical agent used to treat
diseases. The term may be applied to a drug used to treat
infection, but more frequently is used to refer to drugs used to
treat cancer. The term, cancer chemotherapy, is used more
generally by some to include biological and/or immunomod-
ulatory agents that are used to treat cancer while others prefer to
use the more specific terms biotherapy, cancer biotherapy,
immunotherapy, or biologic therapy of cancer.

Historically, the only useful treatment for tumors was
surgical removal. With the development of cellular and tissue
pathology in the mid-nineteenth century, malignant tumors
could be identified without demonstrating distant metastases,
and malignancies of the blood were identified and called
leukemia. In 1865, the German physician Lissauer used potas-
sium arsenite (Fowler’s solution) by chance and found that it
restored to health two near moribund patients with chronic
myeloid leukemia. This was the first chemical agent effective in
the treatment of a malignant disease and it continued to be used
for 70 years. Recently, arsenic trioxide has been used as an
effective drug for treating acute promyelocytic leukemia (APL).

After Roentgen discovered X-rays in 1895, they were used
for many medical purposes and were found to be effective in
shrinking Hodgkin’s disease tumors and the enlarged spleens
of patients with chronic leukemias with a resultant drop in
their high white cell counts, results similar to those produced
by potassium arsenite. Paul Ehrlich used organic arsenicals in
his search for a ‘magic bullet’ to cure syphilis. Other investi-
gators were frustrated by their inability to find effective agents
to treat cancers because they did not understand the biology of
cancer and the search was largely abandoned for many decades.
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The development of effective antibacterial agents, for example,
sulfanilamide and penicillin in the 1930s, aroused interest in
chemical and biological agents in the treatment of cancer.
During World War II, a number of investigators studied the
effects of chemical warfare agents that might be used by
adversaries. Nitrogen mustard, then known by the wartime
code name HN2, was extensively studied in the laboratory and
in mice and rabbits before the first near moribund patient with
lymphoma was treated in December 1942 at the New Haven
Hospital affiliated with the Yale School of Medicine.

The treatment resulted in a dramatic regression of disease
and the era of cancer chemotherapy began. Several books relate
the story that the use of nitrogen mustard as a chemothera-
peutic agent was suggested by the serendipitous finding of
marrow and lymphoid hypoplasia in seamen exposed to
mustard gas following the sinking of a ship in Bari Harbor,
Italy, containing chemical warfare agents. That event is well
documented but it occurred in December 1943, 1 year after the
Yale human trials.

Nitrogen mustard will hereafter be referred to by its generic
name, mechlorethamine, and generic names will be used for all
drugs.

As a therapeutic agent, mechlorethamine has many toxic
effects. Acutely, it causes nausea and vomiting, skin blistering,
and ulceration. After a week or two, it causes leukopenia, lym-
phopenia, anemia, thrombocytopenia, diarrhea, oral ulcers,
and hyperuricemia. It can cause sterility and after a few years,
leukemia. The most susceptible tissues are those with rapidly
dividing cell populations, including bone marrow, lymphoid
tissues, and gastrointestinal (GI) epithelium. The therapeutic
index (TI) of mechlorethamine and most of the cytotoxic
chemotherapy drugs is low, meaning that the therapeutic dose
is very close to the toxic dose.

Both the benefits and toxicities of mechlorethamine stim-
ulated a worldwide search for new antineoplastic agents. In the
United States, the National Cancer Institute (NCI) was estab-
lished in 1937 and was evaluating plant extracts for anticancer
activity. In 1955, the NCI established the Cancer Chemo-
therapy National Service Center to systematically screen drugs
in vitro and in vivo. Shortly after World War II, investigations
into a second approach to drug therapy of cancer began
with research showing folic acid seemed to promote the
proliferation of acute lymphoblastic leukemia (ALL) cells.
Folic acid analogues, including amethopterin (now known as
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Figure 1 Phases of the cell cycle. G0, resting phase (nonproliferation of
cells); G1, pre-DNA synthetic phase (12 h to a few days); S, DNA synthesis
(usually 2–4 h); G2, post-DNA synthesis (2–4 h; cells are tetraploid in this
stage); and M, mitosis (1–2 h).

Table 1 Cell cycle phase-specific drugs

S phase

dependent

M phase

dependent

G2 phase

dependent

G1 phase

dependent

Antimetabolites Docetaxel Bleomycin Asparaginase
Capecitabine Etoposide Irinotecan
Cytarabine Paclitaxel Mitoxantrone
Doxorubicin Podophyllotoxins Topotecan
Floxuridine Taxanes
Fludarabine Teniposide
Gemcitabine Vinblastine
Hydroxyurea Vinca alkaloidsa

Mercaptopurine Vincristine
Methotrexate Vinorelbine
Pemetrexed
Procarbazine
Thioguanine

aHave greatest effect in S phase and possibly late G2 phase; cell blockade or death,
however, occurs in early mitosis.
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methotrexate), could block the function of folate-requiring
enzymes and were subsequently shown in 1948 to induce
remission in children with ALL. This led to investigations into
other antimetabolites. Yet another advance occurred in the
mid-1960s when it was recognized that just as for antibiotics,
treatment with combinations of drugs, each with differing
mechanisms of action, could produce increased efficacy over
that achieved with single agents alone.

Over the past half century, a growing understanding of the
biology and metabolism of proliferating cells has led to the
development of over 100 active anticancer drugs that have been
Food and Drug Administration (FDA) approved and marketed,
and many more are in the pipeline. The various classes of
agents generally have similar or related toxicities, because the
mechanism of action that is successful in injuring or elimi-
nating the cancer cell is usually the same mechanism of action
that injures or destroys the normal cell leading to the adverse
toxic effects. Drugs in the same therapeutic class also have some
dissimilar and unique toxicities. The goal is to develop drugs
that are able to differentially damage or kill neoplastic cells and
spare benign cells. An increased understanding of the molec-
ular and genetic mechanisms operative in cell signaling showed
that many of the signaling networks were significantly altered
in cancer states, and pointed the way to more targeted devel-
opment of anticancer drugs such as the tyrosine kinase inhib-
itors and monocloncal antibodies. And in the area of solid
tumor therapy, the recognition that rapidly dividing cancer cell
populations need a rich supply of blood-supplied oxygen and
nutrients led to the development of antiangiogenesis
approaches in which neovascularization of the tumor could be
suppressed to essentially ‘starve’ the tumor.

Other modern developments in chemotherapy have
focused on drug delivery advancements. For example, poly-
ethylene glycol, a relatively high molecular weight polymer,
can be complexed with chemotherapeutic drugs. This is
referred to a ‘pegylation.’ This modification extends circulating
half-lives (prolongs time the active drug remains in the body’s
circulation) and leads to increased dosing intervals. Another
approach involves the encapsulation of chemotherapeutic
drugs into liposomes, which are artificially prepared vesicles
filled with drugs and surrounded by phospholipids. Liposomes
can be prepared in a range of sizes and with varying charac-
teristics. An example of an approved product is liposomal
doxorubicin, used in combination therapy with cyclophos-
phamide in metastatic breast cancer.
Cell Kinetics and the Cell Cycle

The rate of growth of a tumor is a reflection of the proportion of
actively dividing cells (the growth fraction), the length of the
cell cycle (doubling time), and the rate of cell loss. Acute
leukemias, some lymphomas, germ cell tumors, Wilms’ tumor,
neuroblastoma, and choriocarcinoma are characterized by
a rapid growth fraction as demonstrated by tritiated thymidine
uptake and turnover studies. Most solid cancers are not char-
acterized by rapid growth. For example, breast, lung, and colon
cancer cells may take up to 100 days to double their pop-
ulation. The growth and division of normal and neoplastic cells
occur in a sequence of events called the cell cycle. The cell cycle
is divided into several different phases (Figure 1). Many of
the antineoplastic drugs have been and many continue to be
classified based on whether their activity is cell cycle specific or
nonspecific. Alkylating agents are nonspecific. Other classes,
such as antimetabolites, vinca alkaloids, taxanes, podophyllo-
toxins, are cell cycle specific (Table 1).

Synthesis of RNA and protein occurs during the G1 phase.
When cells are in G1 for prolonged periods of time, they are
often said to be in a resting phase, referred to as G0. Synthesis of
DNA occurs during the S phase. During G2, DNA synthesis
halts, and RNA and protein synthesis continue. The final steps
of chromosome replication and segregation occur during the
mitotic or M phase. The cell undergoes cell division and
produces two daughter cells. The rate of RNA and protein
synthesis slows during this phase as the genetic material is
transferred into the daughter cells.

Also located within the cell cycle of normal cells are check-
points. These are biochemically designated systems that can be
activated during the cell cycle process. They prevent the cell from
moving forward from one phase to the next if adverse genetic
conditions have occurred in the previous phase. Many cancer
cells have lost these checkpoints. Drugs that exert their cytotoxic
effects during a specific phase of the cell cycle (i.e., phase-specific
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agents) are usually not effective against cells that are predomi-
nantly in a dormant phase (G0). In contrast, nonphase-specific
agents are theoretically more likely to be effective against
a tumor population that is not in a state of rapid division.
General Classes of Anticancer Drugs

Anticancer drugs are generally categorized by their mechanism
of action or the means by which the therapy was derived and
includes alkylating agents, antimetabolites, natural products,
hormonal agents, antiangiogenics, biotherapeutics, and mis-
cellaneous agents. This section discusses the antineoplastic
drugs in groups related to these properties. The Anatomic
Therapeutic Chemical (ATC) Classification System divides
drugs into different groups depending on the organ system
upon which they act and/or their therapeutic and chemical
characteristics. Subcodes often designate specific agents. The
ATC system is controlled by the World Health Organization
and was first published in 1976.
Table 3 Antimetabolites
Alkylating Agents

Alkylating agents (ATC code L01A) are highly reactive
compounds that easily attach to DNA and cellular proteins. The
primary mode of action for most alkylating drugs is via cross-
linking of DNA strands. They can be classified as either mon-
ofunctional alkylating agents, implying reactions with only one
strand of DNA, or bifunctional alkylating agents, which cross-
link two strands of DNA. Replication of DNA and transcription
of RNA are prevented by these cross-links.

Many alkylating agents have been developed (Table 2).
Although these drugs have similar mechanisms of action, there
are major differences in spectrum of activity, pharmacokinetic
parameters, and toxicity. Alkylating agents play a significant
role in the treatment of lymphoma, Hodgkin’s disease, breast
cancer, multiple myeloma, and other malignancies. In addition
to conventional chemotherapy, the linear dose–response curve
of alkylating agents expands their role for incorporation into
transplant regimens.

The major clinical toxicities of most of the alkylating
agents are similar to those of mechloramine, primarily
bone marrow depression (including anemia, leukopenia,
and thrombocytopenia) and nausea and vomiting. As noted
above, alkylating agents generally have low TIs, because they
target all dividing cells. Individual drugs have additional
toxicities. Chlorambucil, mechlorethamine, melphalan, and
procarbazine can cause gonadal dysfunction and occasion-
ally, late leukemias. Busulfan, carmustine, chlorambucil, and
lomustine can cause pulmonary fibrosis. Cyclophosphamide
and ifosfamide can cause hemorrhagic cystitis and in a small
percent of patients, bladder cancer. Cisplatin, carmustine,
Table 2 Alkylating agents

Classical alkylators Aziridine, chlorambucil, cyclophosphamide,
estramustine, ifosfamide, mechlorethamine,
melphalan, nitrogen mustards, thiotepa

Platinum complexes Carboplatin, cisplatin, oxaliplatin
Nonclassical alkylators Altretamine, dacarbazine, procarbazine
lomustine, and streptozocin can cause renal damage. Carbo-
platin and cisplatin can cause ototoxicity and peripheral
neuropathy. Procarbazine is a weak monoamine oxidase
inhibitor. It can cause hypertensive reactions if used concur-
rently with sympathomimetic agents, tricyclic antidepres-
sants, foods with high tyramine content, and with the narcotic
meperidine.
Antimetabolites

The interest in antibacterial chemotherapy and its mechanisms
of action had direct consequences for antineoplastic drug
development. An antimetabolite is a substance that interferes
with the normal metabolic processes within cells. After
sulfanilamide was found to be an antimetabolite of para-
minobenzoic acid, an essential growth factor for streptococci,
the group at Lederle Laboratories synthesized antimetabolites
of folic acid – first aminopterin and later amethopterin now
known generically as methotrexate. As noted above, 1948,
Farber and the Harvard Children’s Hospital group used these
antimetabolites to induce remission of ALL in children. This led
to further studies of anticancer drugs based on the biochemistry
andmetabolism of cancer cells. In 1954, Hitchings and Elion at
the Burroughs Wellcome laboratories developed the antipurine
drugs, 6-mercaptopurine and 6-thioguanine, for leukemias. In
1957, Heidelberger and his group at the McArdle Institute at
the University of Wisconsin introduced the first antipurine,
5-fluorouracil, for GI tumors. Additional antimetabolites have
been developed (Table 3). Despite the fact this class of
chemotherapeutic agents has been in use for decades, they are
generally effective and still in wide clinical use.

Antimetabolites interfere with the synthesis of DNA, RNA,
and ultimately proteins. They exert their effects largely in the
synthetic (S) phase of the cell cycle. Some antimetabolites are
structural analogs of normalmetabolites essential for cell growth
and replication. This property allows some of them to be incor-
porated into DNA and/or RNA so that a false message is trans-
mitted.Other antimetabolites inhibit enzymes that are necessary
for the synthesis of essential compounds. One drug can some-
times interfere with multiple cell processes. For example, Azaci-
tidine (VIDAZA,Mylosar) is a pyrimidinenucleoside analogueof
cytidine. Azacitidine is incorporated into DNA, where it revers-
ibly inhibits DNA methyltransferase, thereby blocking DNA
methylation. Hypomethylation of DNA by azacitidine may
activate tumor suppressor genes silenced by hypermethylation,
resulting in an antitumor effect. This agent is also incorporated
into RNA, thereby disrupting normal RNA function and impair-
ing tRNA cytosine-5-methyltransferase activity.
Class Drug examples

Folate analogs Methotrexate, pemetrexed, trimetrexate
Purine analogs Cladribine, fludarabine, mercaptopurine,

pentostatin, thioguanine
Pyrimidine analogs Azacitidine, capecitabine, cytarabine,

floxuridine, fluorouracil, gemcitabine
Ribonuclease reductase

inhibitor
Hydroxyurea
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The action and toxicity of the antimetabolites are signifi-
cantly modified by the duration of exposure as well as the dose.
Prolonged infusions or prolongation of absorption by pegyla-
tion or incorporation into liposomes can change both the
response and the toxicity. Since this is a large subject to cover in
any detail, it will suffice to note here that some of the anticancer
antibiotics and biotherapy drugs discussed below are also
available in pegylated or liposomal forms.

The toxicity of antimetabolites is, as expected, due to their
incorporation into the metabolism of normal cells, which is
nearly identical to that of the malignant cells that they were
designed to injure. The normal cells injured most severely are
the rapidly proliferating cells of the bone marrow, the
lymphoid system, and the GI epithelium. Thus, the common
toxicities are bone marrow depression, nausea and vomiting,
diarrhea, and mucositis. Cytarabine and pentostatin can also
cause conjunctivitis. Capecitabine and prolonged use of fluo-
rouracil or cytarabine can cause cerebellar ataxia and the hand-
foot syndrome, that is, palmar–plantar erythrodysesthesia or
acral erythema. Pentostatin and high-dose methotrexate can
cause renal toxicity. Azacitidine can cause rapid heartbeat, chest
pain, and difficulty breathing or swallowing.
Natural Products

The natural products may be divided into six primary groups
(Table 4): campothecin analogs, epipodophyllotoxins, anti-
tumor antibiotics, microtubule agents, enzymes, and metals.
Plant alkaloids and terpenoids have the ATC category L01C.
The first three act primarily on the topoisomerases, and
topoisomerases have ATC code L01CB and L01XX. Top-
oisomerases are enzymes that break and reseal DNA strands.
The plant alkaloid campothecin and its analogs (topotecan
and irinotecan) are nonclassic enzyme inhibitors of top-
oisomerase I. These agents are no longer referred to as inhib-
itors but are instead classified as topoisomerase I targeting
agents or topoisomerase I poisons. The epipodophyllotoxins
(etoposide and teniposide) and the antitumor antibiotics
(dactinomycin, daunorubicin, doxorubicin, epirubicin, idar-
ubicin, mitoxantrone, and valrubicin; these have ATC code
L01D) are inhibitors of topoisomerase II. The drugs form
a stable complex by binding to DNA and topoisomerase
enzymes, resulting in DNA damage that interferes with repli-
cation and transcription.

Mitotic Inhibitors
A group of mitotic inhibitors (vinblastine, vincristine, and
vinorelbine) exert their cytotoxic effects by binding to tubulin.
This inhibits formation of microtubules, causing metaphase
Table 4 Natural products

Class Drug examples

Camptothecin analogs Irinotecan, topotecan
Epipodophyllotoxins Etoposide, teniposide
Antitumor antibiotics Bleomycin
Microtubule agents Docetaxel, paclitaxel, vinblastine, vincristine,

vinorelbine
Enzymes Asparaginase, pegasparaginase
Metals Arsenic trioxide, gallium nitrate, platinum
arrest. Their mechanism of action and metabolism are similar,
but the antitumor spectrum, dose and clinical toxicities of
vinblastine, vincristine, and vinorelbine are very different.
Paclitaxel and docetaxel are also mitotic inhibitors. However,
they differ from the vinca alkaloids by enhancing microtubule
formation. As a result, a stable and nonfunctional microtubule
is produced. Vinca alkaloids have the ATC code L01CA,
podophyllotoxin has ATC code L01CB, and the taxanes have
ATC code L01CD.

The major toxicities of these four groups are bone marrow
depression, nausea and vomiting, mucositis, and diarrhea.
Daunorubicin, doxorubicin, epirubicin, idarubicin, and, to
a lesser extent, mitoxantrone cause cardiac toxicity. Mitomycin
and bleomycin cause pulmonary fibrosis. Paclitaxel and
vincristine cause peripheral neuropathy, and paclitaxel (or its
vehicle) can cause anaphylaxis. Dactinomycin, daunorubicin,
docetaxel, doxorubicin, epirubicin, etoposide, idarubicin,
mitoxantrone, mitomycin, paclitaxel, teniposide, and vinblas-
tine all cause alopecia to varying degrees. Etoposide and top-
otecan can cause leukemia.

Enzymes
L-Asparaginase is an enzyme product that acts primarily by
inhibiting protein synthesis by depriving tumor cells of the
amino acid asparagine. Cells that have the ability to form their
own asparagine, such as many normal cells, are not affected by
L-asparaginase.

L-Asparaginase is a foreignprotein, is antigenic, and can cause
serious hypersensitivity reactions. Included in this category are
the long-acting pegylated asparaginase and Erwinia-derived
asparaginase, both similar in mechanism to L-asparaginase.

Metals
At one time, gallium nitrate was used for the treatment of
hypercalcemia and bladder cancer, but it causes nausea, vom-
iting, and renal toxicity and has been largely replaced by
superior drugs. Arsenic trioxide has been available for a century
and was sometimes used instead of potassium arsenite for the
treatment of chronic myeloid leukemia. Both arsenicals were
abandoned for this purpose after superior agents became
available. Arsenic trioxide was recently reintroduced into cancer
chemotherapy by the Chinese. Its efficacy for inducing remis-
sions in APL has been confirmed in Europe and the United
States. Its major toxicities are nausea, vomiting, abdominal
pain, diarrhea, pruritis, headache, dermatitis, hyperpigmenta-
tion, some skin exfoliation, and some bone marrow depres-
sion. ‘Retinoic acid syndrome’ (RAS) occurs in w30% of
patients treated and is characterized by high fever, dyspnea,
respiratory distress, pulmonary infiltrates, and pericardial and/
or pleural effusions. Some patients have required intubation
and mechanical ventilation. Initiation of corticosteroid treat-
ment at the first sign of dyspnea is advised and thenmaintained
until symptoms resolve.

Platinum-containing compounds (ATC code L01XA), most
notably cisplatin and to a lesser extent carboplatin and oxali-
platin, have been used to treat various types of cancers
including sarcomas, some carcinomas, lymphomas, and germ
cell tumors. These platinum complexes react and cross-link
DNA, and can have a variety of side effects that can limit their
use. Nephrotoxicity is a dose-limiting side effect and may be
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related to the generation of reactive oxygen species; mainte-
nance of adequate hydration and diuresis is used to reduce
damage. Cisplatin causes nausea and vomiting, which may be
managed with prophylactic antiemetics. Ototoxicity may be
severe, and there is no effective treatment against this side effect.
Table 6 Signal transduction inhibitors
Hormonal Agents

The palliation of breast and prostate cancer by means of
endocrine manipulation is an effective and relatively nontoxic
therapy. Toward the end of the nineteenth century, it was noted
that the ovaries influenced mammary physiology. In 1896,
Beatson, an English surgeon, removed the ovaries in some
premenopausal women with breast cancer and reported
striking palliation in a few. This was the first use of cancer
therapy that involved hormonal manipulation although the
term hormone and the concept of a humoral regulator were not
developed until 1902. Subsequent studies of oophorectomy
showed temporary improvement in one-third of premeno-
pausal patients, and it is still used in some selected patients
although it causes a prompt menopause with all its side effects.

In 1941, Huggins, Stevens, and Hodges showed that bilateral
orchiectomy could lead to shrinkage of prostatic cancer and its
metastases and relieved the pain of bone metastases in many
patients. This approach is still used, although less frequently
since the availability of medical alternatives. As expected, orchi-
ectomy leads to impotence, loss of libido, gynecomastia, soft-
ening of the skin and beard, fatigue, loss of muscle tone, changes
in personality, decreased bone mineral density, and hot flashes.
In recent years, long-acting gonadotropin-releasing hormone
(GnRH) analogs also known as leuteinizing-hormone releasing
hormone analogs alone or in combination with androgen
antagonists have offered an alternative therapy with equal effi-
cacy and more control and reversibility of the side effects with
intermittent therapy. These drugs are listed in Table 5.

Hormonal management of breast cancer used to depend on
androgens, estrogens, and progestins. In recent years, they
have been largely replaced by estrogen antagonists, aromatase
inhibitors, and GnRH antagonists. These new groups of agents
have the side effects one would expect from estrogen depriva-
tion, such as hot flashes, decreased energy, a variable decrease
Table 5 Hormonal agents

Class Drug examples

Estrogen receptor
agonists

Diethylstilbestrol, estradiol, polyestradiol
phosphate

Estrogen receptor
antagonists

Raloxifene, tamoxifen, toremifene

Progestins Medroxyprogesterone, megestrol
Androgen receptor

agonists
Fluoxymesterone, testosterone

Androgen receptor
antagonists

Abiraterone, bicalutamide, flutamide

Antiandrogens Ketoconazole, nilutamide
Aromatase inhibitors Aminoglutethimide, anastrozole, exemestane,

letrozole
GnRH antagonists Abarelix, goserelin, leuprolide, triptorelin

pamoate
Corticosteroids Dexamethasone, prednisone
in bone mineral density, variable nausea, and in some cases an
increased incidence of thromboembolic phenomena.

Corticosteroids are widely used throughout medical prac-
tice. In cancer therapy, prednisone and dexamethasone are the
most frequently used. They have a lytic effect on lymphoma
and myeloma cells, reduce the edema associated with brain
metastases, reduce immunological and allergic reactions, and
exert an antiemetic effect alone and with 5-HT3 blockers. The
many side effects of corticosteroids are often the consequence
of the desired effect on the disease process being treated also
impacting the normal tissues adversely. These toxicities are well
known as they are seen throughout clinical medicine.
Signal Transduction Inhibitors

Signal transduction inhibitors target regulatory molecules that
govern the fundamental processes of cell growth, differentia-
tion, and survival. Most cancers have aberrant signal trans-
duction elements (and often more than one), so they are
logical targets for therapeutic intervention. Targets for signal
transduction inhibitors can include cell surface receptors (e.g.,
epidermal growth factor receptor (EGFR)) and intracellular
biochemical molecules (e.g., kinases such as Src, PI3K, and
Raf). Table 6 lists some signal transduction inhibitors.

Imatinib mesylate inhibits the Bcr-Abl tyrosine kinase and
can induce apoptosis (programmed cell death) and inhibit
further proliferation of the cell lines that are positive for Bcr-
Abl. It was the first tyrosine kinase inhibitor approved. These
cell lines are prominent in Philadelphia chromosome-positive
chronic myeloid leukemia and in GI stromal tumors. In many
cases, the initial responses have been very good. Dasatinib and
nilotinib are also inhibitors of the Bcr-Abl tyrosine kinase.
Toxicity of these three agents is primarily associated with GI
distress (nausea, vomiting, diarrhea) and all promote fluid
retention and may cause hepatotoxicity. Additionally, dasati-
nib may cause pleural effusions and nilotinib has been asso-
ciated with QT prolongation.

Gefitnib is an inhibitor of the EGFR, a transmembrane
receptor tyrosine kinase (RTK) essential for the growth and
Agent Major molecular target(s)

Axitinib VEGFR1–3, PDGFR, c-kit
Cetuximab EGFR
Crizotinib Anaplastic lymphoma kinase (EML4-ALK mutation)

and c-met
Dasatinib Bcr-abl, Src
Erlotinib EGFR
Everolimus m-TOR
Gefitinib EGFR
Imatinib Bcr-abl, PDGFR, c-kit
Lapatinib EGFR, HER2/neu
Nilotinib Bcr-ab, c-kit, lck
Panitumumab EGFR
Pazopanib VEGFR1-3, PDGFR, c-kit
Sorafenib VEGFR, PDGFR, Raf
Sunitinib Multi-TKR
Temsirolimus m-TOR
Trastuzumab HER2/neu
Vemurafinib Mutant (V600E) B-Raf
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differentiation of epithelial cells. The EGFR is located in varying
amounts in tumor cells of the colon, lung, head, and neck.
Gefitinib is FDA approved for the treatment of nonsmall cell
lung cancer, and is being investigated for activity in other
malignancies. Erlotinib is also an inhibitor of the EGFR tyro-
sine kinase and like gefitinib binds to the kinase domain of the
receptor and inhibits its enzymatic function. Erlotinib is FDA-
approved as a second- or third-line treatment of advanced non-
small-cell lung cancer. The most common side effects of both
gefitinib and erlotinib are mild to moderate acniform rash (not
allergic), diarrhea, anorexia, and fatigue.

There are also more specific inhibitors of the EGFR family.
Lapatinib is an inhibitor of a specific form of EGFR known as
EGFR2 or HER2, also known as the protooncogene, neu (e.g.,
HER2/neu). Overexpression of HER2/neu has been correlated
with more aggressive breast cancers. It is approved for use in
HER2-amplified, trastuzumab-resistant breast cancer (in
combination with capecitabine). Like erlotinib and gefitinib, it
binds to the kinase domain and inhibits activity. Lapatinib also
inhibits a truncated form of the EGFR2 (HER2) receptor. The
primary adverse effects are GI distress (nausea, vomiting,
diarrhea) and hand–foot syndrome. It has also been associated
with hepatotoxicity.

In addition to targeting cell-surface RTKs, many signal
transduction inhibitors work at various places in the myriad of
biochemical pathways involved in transducing signals from the
cell surface to the nucleus.

Rapamycin (sirolimus) is an immunosuppressive drug that
was used in the functional characterization of the mammalian
target of rapamycin (mTOR), an unusual kinase coordinating
growth factor and nutrient availability with cell growth and
proliferation. Several rapamycin-related compounds – known
as rapalogs – are now approved for use as anticancer agents.

Everolimus is an mTOR inhibitor approved for use in
advanced pancreatic neuroendocrine tumors, second- or third-
line advanced renal cell carcinoma, and subependymal giant cell
astrocytoma associated with tuberous sclerosis. Temsirolimus
is the first mTOR inhibitor approved for use in advanced renal
cell carcinoma. The most common adverse effects reported for
mTOR inhibitors are mouth ulcers, rash, diarrhea, fatigue, and
increased incidence of common infections.

Vemurafenib interferes with the Raf/MEK/ERK pathway in
individuals with melanoma who have a specific mutation in
the B-Raf gene (V600E). Because it also acts on cells which
possess normal B-Raf, it may cause a paradoxical enhancement
of proliferation (tumor promotion) in those cells. In clinical
trials, this was observed as an increase in basal cell carcinomas.
Nonclinical reports suggest the potential to be a tumor
promoter in other epithelial tissue (e.g., esophagus, bladder)
but this has not been reported in humans to date.

Other signal transduction inhibitors (cetuximab, pan-
itumumab, pazopanib, sunitinib, sorafinib, trastuzumab) are
considered in sections below as they share a common
chemotherapeutic mechanism – antiangiogenesis.
Antiangiogenesis Agents

Angiogenesis inhibitors are drugs that inhibit the growth of
new blood vessels. As tumors grow, they need new blood
vessels (neovascularization) to provide systemically delivered
nutrients to permit rapid growth. The concept underlying
antiangiogenesis approaches is that if neovascularization can
be inhibited, the tumor will ‘starve.’ A number of endogenous
molecules have some antiangiogenic activity, and several
exogenous antiangiogenesis drugs have been developed. The
primary target for these drugs has been vascular endothelial
growth factor (VEGF), a signaling protein that may be overex-
pressed in a variety of cancers.

Bevacizumab is an anti-VEGF-A monoclonal antibody
(mAb) that binds VEGF and prevents VEGF from interacting
with its receptors on the surface of endothelial cells. It is
approved for treatment of a variety of tumors. Side effects may
include hypertension, proteinuria, a slight increase in bleeding,
and impaired surgical wound healing in patients undergoing
surgery during bevacizumab treatment. In a small number
of patients, potentially life-threatening effects such as arterial
thrombotic events (blood clots), GI perforation, and hemop-
tysis (coughing up of blood or bloody mucus from respiratory
tract) have been observed.

Small molecule antiangiogenic drugs include sorafenib,
a Raf kinase and VEGF receptor kinase inhibitor; and sunitinib
and pazopanib, both multitargeted RTK inhibitors. Adverse
events associated with sorafenib include skin rash, hand–foot
skin reactions, diarrhea, and hypertension. Sorafenib has also
been implicated in the development of reversible posterior
leukoencephalopathy syndrome and reversible erythrocytosis.
Sunitinib is generally well tolerated; common adverse effects
include fatigue, diarrhea, nausea, anorexia, hypertension,
a yellow skin discoloration, hand–foot skin reaction, and
stomatitis. More serious adverse events occurring in �10% of
patients include hypertension, fatigue, asthenia, diarrhea, and
chemotherapy-induced acral erythema. Most adverse events
can be managed through supportive care, dose interruption, or
dose reduction. The most common adverse reactions for
pazopanib include GI distress (nausea, vomiting, diarrhea),
hypertension, depigmentaiton of hair, and myelosuppression.
Severe and fatal hepatotoxicity was observed in clinical trials.

Another drug having antiangiogenic activity is thalidomide;
although its exact mechanism of action is not known, its
activity is thought to require enzymatic activation. This drug is
discussed in the Miscellaneous Agents section below.
Biotherapeutic Agents

A significant amount of drug development work has occurred in
this class of agents within the last two decades. The immune
system is responsible for protecting the body from bacteria,
viruses, and cancer, and in general it has been hypothesized that
an increase in immunologic function may lead to increased
immunosurveillance of tumor cells through recognition of
tumor-specific antigens. Early work with nonspecific stimulators
of the immune system failed to demonstrate any reliable benefit.
More recent investigations of immunological responses have
increased our knowledge of tumor biology and coupled with
recombinant DNA technology have led to the development of
the biologic response modifiers and monoclonal antibody tar-
geting agents that are effective as targeted cancer treatment
options (Table 7). More treatment options are in the pipeline.

Interferons were originally isolated from human leukocytes
as antiviral agents, but the interferon alpha-2 used today in



Table 7 Biotherapeutic agents

Agent Molecular targets

Aldesleukin Interleukin-2
Alemtuzumab CD52
Bevacizumab VEGF-A
Brentuximab vedotin CD30
Cetuximab EGFR
Denosumab RANKL
Gemtuzumab ozogamicin CD33
Ibritumomab tiuxetan CD20
Interferon alpha-2 Interferon alpha-2
Ipilimumab CTLA4
Ofatumumab CD20
Panitumumab EGFR
Rituximab CD20
Tositumomab CD20
Trastuzumab HER2/neu
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cancer therapy is a recombinant product. It is used primarily
in the treatment of Hairy cell leukemia, the Kaposi sarcoma
of acquired immunodeficiency syndrome (AIDS), melanoma,
and renal cell carcinoma. The major toxicity is a flu-like
syndrome with fever, chills, rigors, and myalgias. Long-term
toxicities include profound fatigue, confusion, neurologic side
effects, and depression, sometimes severe enough to lead to
suicide.

Interleukins (ILs) are a family of cytokines, substances
secreted by T-cells (lymphocytes), monocytes, macrophages,
and other cells. Recombinant IL-2, known generically as alde-
sleukin, is effective in the therapy of a small percent of patients
with renal cell carcinoma and melanoma, sometimes with very
gratifying results. Its toxicity is dose-, route-, and time depen-
dent. At its worst, high-dose intravenous prolonged infusions
cause fever, fluid retention, hypotension, respiratory distress,
capillary-leak syndrome, suppression of hematopoiesis, neph-
rotoxicity, and hepatotoxicity.

Therapeutic monoclonal antibodies (ATC code L01XC)
were made possible by the development of the hybridoma
methodology in the 1980s. Hybridomas are hybrid cells
produced by the fusion of an antibody-producing lymphocyte
with a tumor cell and used to culture continuously a specific
monoclonal antibody. Monoclonal antibodies are classified
and named based on their derivation. Murine monoclonal
antibodies, among the first developed, have the suffix ending
‘momab,’ are cleared relatively quickly from the body, and have
a greater chance of inducing a human antimouse antibody
(HAMA) reaction. Chimeric antibodies are a human–mouse
antibody mixture; they possess the suffix ending ‘imab’ and are
more efficient and effective at destroying cells via complement-
dependent cytotoxicity (CDC) and antibody-dependent cell-
mediated cytotoxicity (ADCC). Chimeric antibodies circulate
longer in the human body and are less likely to invoke an
HAMA reaction. Humanized and fully human monoclonal
antibodies, developed later, possess the suffix ending ‘umab’
and are less likely to be cleared quickly or to induce an antidrug
antibody response.

Monoclonal antibody therapy is based on the ability to
target markers and bind to cell membrane antigens with great
specificity. Many times the enhanced specificity demonstrated
toward the tumor antigens allows normal cells to be protected
against harmful effects, unlike conventional chemotherapy.
There are several mechanisms by which monoclonal antibodies
destroy or prevent further replication of malignant cells.
Some monoclonal antibodies utilize tumor immunology and
components of the host natural defense mechanism to exert
their desired effect. For example, monoclonal antibodies can
utilize tumor effector cells to promote tumor cell lysis or have
the ability to directly modulate tumor function. Effector
cells such as natural killer cells and monocytes/macrophages
express Fc-gamma receptors that can interact with the Fc
domain of immunoglobulin G (IgG)-based antibodies, and
this interaction can in some cases lead to enhanced tumor cell
killing through ADCC. Different IgG subclasses have a greater
ability to induce ADCC activity. Some mAbs may also recruit
the complement cascade system to kill target cells through
CDC.

A common toxicity of monoclonal antibodies is the poten-
tial to produce a side effect referred to as an infusion-related
symptom complex. The probability of this reaction occurring
increases in patients with a large tumor burden. This reaction is
generally observed with the first or second dose of the mono-
clonal antibody; however, it is important to note that mild to
severe latent reactions have occurred. The symptom complex is
characterized by a rapid release of cytokines leading to one or
more of the following: fever, chills, rigors, dyspnea,
bronchospasm, headache, hypotension, rash, nausea, throat
tightness, flushing, and urticaria. This reaction can range from
very mild symptoms to a severe and/or fatal reaction. It is vital
to assess each patient on an individual basis due to the
variability of reactions. The management of infusion-related
reactions begins with stopping the infusion, assessing the
patient, and administering hypersensitivity medications as
needed (e.g., diphenhydramine, meperidine, H2 blockers,
corticosteroids, and epinephrine). Once patient symptoms have
resolved, many patients can have the infusion restarted at
a slower rate, under clinical observation.

In the last two decades, selected monoclonal antibodies
have become a routine part of care for certain malignancies.
Rituximab, a chimeric monoclonal antibody used against CD
20 positive B-cell non-Hodgkin’s lymphoma, is now utilized in
combination with the CHOP regimen (cyclophosphamide,
doxorubicin, vincristine, and prednisone). Trastuzumab,
a humanized monoclonal antibody, is a weekly maintenance
therapy for HER2/neu-positive metastatic breast cancer
patients.

A recent novel approach taken by the mAb ipilimumab is to
block the downregulating signaling of the cytotoxic
T-lymphocyte antigen type 4 (CTLA4) pathway. When CTLA4
receptors are bound by ipilimumab, the resulting downstream
pathway is blocked, resulting in sustained T-cell activation and
antitumor activity. This drug was approved in 2011 for use in
melanoma therapy, and in addition CTLA4 blockade is being
investigated in combination with other approaches to enhance
tumor recognition by the immune system. The term immune-
related adverse events (irAE) has been used to describe the
unique constellation of adverse reactions that may occur with
the use of drugs of this class. Effects are generally observed in
the GI tract (diarrhea, sometimes severe with associated
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weakness, electrolyte imbalance, and weight loss; and colitis,
potentially leading to obstruction and/or perforation), skin
(rash; may be pruritic, erythematous, and blanching), and liver
(hepatotoxicity). Other irAEs with infrequent occurrence
include hypophysitis, uveitis, lymphadenopathy, pancreatitis,
and neuropathies.

A unique and promising new class of biotherapeutic agents
seeks to employ the best of the small molecule chemothera-
peutic agents and the monoclonal antibodies. Antibody-drug
conjugates (ADCs) comprise a recombinant antibody cova-
lently bound via a small linker to a cytotoxic drug (also called
the payload). As described in this article, many cytotoxic
drugs have a narrow therapeutic window which limits efficacy
and can result in severe side effects and thus due to their lack
of selectivity plasma concentrations needed for superior
antitumor response cannot be achieved. ADCs are designed to
minimize the systemic toxicity of the free cytotoxic drug and
to augment the existing antitumor activity of the monoclonal
antibody. The first ADC to be approved was Mylotarg (gem-
tuzumab ozogamicin; 2001) for the treatment of acute
myelogenous leukemia. Mylotarg targets CD33 and exerts its
cytotoxic action through conjugation to calicheamycin.
Primary toxicities include myelosuppression and in about
30–40% of treated patients, hepatotoxic effects (hyper-
bilirubinemia and enzyme elevations) and in some, hepatic
veno-occlusive disease. The drug has since been removed from
the market in the United States due to limited efficacy, but is
still available in certain other countries. The only other ADC
currently approved for use in oncology is Adcetris (brentux-
imab vedotin; 2011) for the treatment of relapsed and
refractory Hodgkin lymphoma and anaplastic large cell
lymphoma. This ADC targets CD30 on tumor cells and uses
an auristatin (tubulin inhibitor) as the cytotoxic payload. To
date, in clinical trials the primary adverse effect associated
with Adcetris were myelosuppression and peripheral sensory
neuropathy. A potential increased risk for the development of
progressive multifocal leukoencephalopathy has also recently
been noted.
Retinoids

Retinoids are differentiation agents related to or derivative of
vitamin A. They bind to a cellular protein that facilitates their
transfer from the cytoplasm to the nucleus where they are
believed to increase DNA, RNA, and protein synthesis and to
affect cellular mitosis. Alitretinoin is dispensed as a gel, which
is applied topically to treat the skin lesions of Kaposi’s sarcoma
secondary to AIDS. Except for mild skin irritation and a rash, it
has no significant toxicity. Betarotene is used in the treatment
of refractory cutaneous T-cell lymphoma (CTCL) and the
treatment of AIDS-related Kaposi’s sarcoma. It may cause
headache, rash, bone marrow depression, and photosensitivity.

Isotretinoin is widely used for the treatment of severe dis-
figuring acne. It is being evaluated for the treatment of head
and neck cancer, CTCL, and neuroblastoma and as a prevention
agent for myelodysplastic syndromes. Isotretinoin is terato-
genic, and fetal abnormalities can result if used during preg-
nancy, particularly in the first trimester. Its toxicities include
bone pain, myalgia, arthralgia, nausea, vomiting, headache,
cheilitis, and elevated serum lipids. Although depression is
uncommon, it has been associated with suicides, especially in
teenage patients receiving it for the treatment of acne.

Tretinoin is better known as all-transretinoic acid. It is
a derivative of vitamin A and binds to a chromosomal receptor
that is near the chromosomal lesion that is associated with
APL. Differentiation of APL cells occurs after administration of
tretinoin and remissions occur but the treatment is not curative
and must be followed with cytotoxic chemotherapy for
consolidation. Tretinoin is teratogenic and should not be used
during pregnancy. General toxicity can also be severe and
includes headache, xerosis, pruritis, arthralgia, myalgia, cheili-
tis, hypertriglyceridemia, and RAS which were described in
relation to arsenic trioxide. It may be that the APL contributes
to the drug effect in causing RAS. In either case, corticosteroid
therapy with dexamethasone can control it.
Miscellaneous Agents

Several agents fall outside the general classes discussed above.
Denileukin diftitox is a fusion protein that combines portions
of the IL-2 molecule with the diphtheria toxin to destroy cells
with the IL-2 receptor by inhibition of protein synthesis. It is
used primarily in CTCL in patients whose disease expresses the
CD 25 component of the IL-2 receptor. Its major toxicity is
hypersensitivity reactions and the vascular leak syndrome.

Mitotane is an adrenal cytotoxic agent for the treatment of
adrenocortical cancer. It has been suggested that it damages
the mitochondria of adrenocortical cells. The major toxicity is
nausea and vomiting and central nervous system effects like
lethargy, somnolence, dizziness, and vertigo.

Octreotide is a long-acting somatostatin analog that inhibits
the secretion of serotonin, vasoactive intestinal peptide, gastrin,
motilin, insulin, glucagons, secretin, and pancreatic poly-
peptide. It is used for the control of symptoms in patients with
carcinoid and vasoactive intestinal peptide-secreting tumors
(VIPomas). Its major toxicity is nausea and vomiting.

Thalidomide is best known as a drug that caused an inter-
national medical disaster. In 1957, it was marketed in Europe
as a hypnotic, particularly for use by pregnant women. After
a short period, it became apparent there was an increased
incidence of a relatively rare birth defect, phocomelia, in which
the hands and feet are attached close to the body resembling
flipper of a seal or develop only as limb buds with no digits. It
soon reached epidemic proportions, and retrospective epide-
miologic research firmly established the causative agent to be
thalidomide taken early in the course of pregnancy. Thalido-
mide was not licensed in the United States and was withdrawn
from the European market in 1961. There were some cases in
the United States in children born to women on investigational
studies. In 1962, the Food Drug and Cosmetic Act was amen-
ded to give the FDA more authority in requiring evidence of
both efficacy and relative safety before marketing new drugs.

In 1998, the FDA approved the marketing of thalidomide for
erythema nodosum leprosy. Subsequently, it has demonstrated
activity against multiple myeloma, myelodysplastic syndrome,
AIDS wasting syndrome, melanoma, and renal cell carcinoma.

To prevent severe birth defects and possible death of the
newborn child, when thalidomide is used in women of child-
bearing age or in sexually active men (due to levels of thalid-
omide in semen), adherence to strict guidelines adopted by the
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FDA is required. The specific guidelines fall under the term
‘S.T.E.P.S. program’ or ‘System for Thalidomide Education and
Prescribing Safety.’ All prescribers (physicians) and distributors
(pharmacists, etc.) must register and adhere to these guidelines.
Other toxicities include headache, dizziness, rash, pruritis,
drowsiness, somnolence, peripheral neuropathy, leukopenia,
and venous thrombosis.

Like the vaccines for infectious disease that we are most
familiar with, cancer vaccines are designed to enhance the
immune system’s ability to protect itself from the adverse
effects posed by damaged or abnormal cells such as trans-
formed (cancer) cells. Also like infectious disease vaccines,
cancer vaccines may be prophylactic (preventative), but they
may also be therapeutic and actually treat cancer. To date, the
FDA has approved two preventative cancer vaccines. The first
cancer vaccine was approved in 1981 and was developed
against hepatitis B virus, a virus which can cause liver cancer
after chronic infection. The newest prophylactive cancer
vaccines (Gardasil and Cervarix) were developed against the
two serotypes of human papillomavirus, which are considered
to be responsible for approximately 70% of all cervical cancers
worldwide.

Therapeutic cancer vaccines have proven extremely difficult
to develop, likely because cancer cells develop mechanisms to
evade the immune system. Effectiveness, therefore, relies on the
ability to have a response that is not only highly specific to the
cancer cell (and not ‘normal’ cells) but which is robust enough
to be able to overcome the defense mechanism of the cancer
cells. To date, only a single therapeutic vaccine has been
approved (sipuleucel-T; 2010) and is for some men with
metastatic prostate cancer. The vaccine was designed to stim-
ulate an immune response to prostatic acid phosphatase (PAP),
an antigen that is found onmost prostate cancer cells. Approval
was granted based on an increase of approximately 4months in
the survival of men with a certain type of metastatic prostate
cancer. Sipuleucel-T is quite different from other vaccines in
that each vaccine is unique to the patient. White blood cells are
isolated from the individual by leukophoresis, cultured with
a PAP that has been conjugated to the granulocyte–monocyte
colony-stimulating factor (CSF), which stimulates the immune
system as well as enhancing the presentation of the antigen to
the white cells. The patient’s cells are then transfused back into
him. This is repeated two more times.
Combination Cancer Chemotherapy

Just as combination antibiotic chemotherapy has been found
to be more efficacious in the treatment of tuberculosis and
serious gram-negative sepsis, as compared to single antibiotics,
in a similar fashion, combination anticancer chemotherapy has
been achieving better results than single agents in many of the
tumors tested. Possible exceptions include some of the more
sensitive neoplasms such as gestational trophoblastic tumors
and African Burkitt’s lymphoma where a single agent is often
curative. Still, combination regimens seem to have higher
response rates and longer durations of disease-free survival in
many instances when compared to single agents.

It is best to select drugs with different mechanisms of cell
destruction. One can combine an alkylating agent to kill cells in
G0 or any other phase of the cycle, an antimetabolite to kill
rapidly developing tumors in M phase, and a corticosteroid or
other hormone to control cell growth without definitive cell
kill. These agents with differing mechanisms reduce the chances
of cell resistance. Tumor angiogenesis is a very complex
process, and effective therapy likely requires a combinatorial
approach. A number of studies have shown that the use of
antiangiogenic agents in combination with chemotherapy or
radiotherapy results in additive or synergistic effects.

While combination chemotherapy and high-dose therapy
(with or without stem-cell transplantation) can increase cancer
response rates, they generally increase toxicity significantly and
sometimes in unanticipated ways when drugs interact with
each other. Hence, the toxicity of each combination chemo-
therapy protocol and each high-dose therapy protocol must be
considered individually.
Management of Organ System Toxicity

It has been previously emphasized that cancer chemotherapy
involves a process of differential and selective toxicity. Agents
are used that injure neoplastic cells and normal cells and the
goal is to damage the neoplastic cells irreversibly and allow the
normal cells and tissues to recover sooner. In addition, it is
important to ameliorate the unpleasant side effects and to
support the patient. A fewmajor classes of toxicity are discussed
in this section.
Bone Marrow Suppression

All elements of the bone marrow are injured by cytotoxic drugs.
Neutrophils are depressed first because they renew their

population every day. Neutropenia is defined as an absolute
neutrophil count (ANC) 500 cells ml�1. Patients with an ANC of
less than 100 cells ml�1 or those with prolonged neutropenia
(more than 7 days) are at significantly high risk for serious
infection. That risk can be reduced with prophylactic antibiotics
and the administration of CSFs. Current evidence does not
support the routine use of CSFs (filgrastim, pegfilgrastim,
and sargramostim) in afebrile neutropenic patients unless the
patient is at high risk because of bone marrow compromise or
comorbidity, for example, previous radiation to large areas of
bone marrow, recurrent febrile neutropenia with similar dose
chemotherapy, extensive prior chemotherapy, or active tissue
infection. The exceptions to this guideline include administra-
tion of trimethoprim–sulfamethoxazole for immunosuppressed
patients at risk for Pneumocystis carinii pneumonitis and anti-
fungal therapy (with fluconazole) and antiviral therapy (with
acyclovir or gancyclovir) for prophylaxis of patients undergoing
allogeneic stem-cell transplantation. The development of fever
(a single temperature of 101 �F or 38.3 �C or persistent temper-
ature greater than or equal to 100.4 �F or 38 �C) in a neutropenic
patient represents an urgent clinical problem requiring a prompt
infectious agent assessment and intervention with appropriate
antibiotics. Leukocyte transfusions are seldom, if ever, indicted.

Thrombocytopenia (platelet count of less than 10 000 ml�1 is
a frequent consequence of cytotoxic chemotherapy. A moderate
risk of bleeding exists when the platelet count falls to less than
50000 ml�1 and a major risk is associated with platelet counts



Table 8 Summary highlights of American Society of Clinical Oncology’s (ASCO) clinical practice guidelines for platelet transfusionsa

Indication Guideline

Platelet product Use random donor pooled platelets unless histocompatible platelets are needed, then use single donor
platelets

Prophylactic platelet transfusion: acute
leukemia and hematopoietic cell transplant

A threshold of 10 000 ml�1 is recommended for asymptomatic patients. Transfusions at levels above
this threshold are indicated for patients with complicating clinical conditions

Prophylactic transfusions: solid tumors A threshold of 20 000 ml�1 is recommended for patients with bladder cancer receiving aggressive
therapy and those with necrotic tumors. For all others, a threshold of 10 000 ml�1 is recommended

Surgical or invasion procedures A platelet count of 40 000–50 000 ml�1 is deemed sufficiently safe to perform invasive procedures in
the absence of coagulation problems

Prevention of alloimmunization with
leukoreduced blood products

Recommended for patients with AML from time of diagnosis; consider for all other patients

aSource: Shiffer, C,A., Anderson, K.C., Bennet, C.L. et al. 2001. Platelet transfusion for patients with cancer: clinical practice guidelines of the American Society of Clinical
Oncology. J. Clini. Oncol. 19, 1519–1538.
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less than 10000 ml�1. Adequate coagulation can be further
compromised by drugs that interfere with platelet function, like
aspirin, nonsteroidal antiinflammatory drugs, ginkgo biloba,
and anticoagulants like warfarin and heparin. Platelet trans-
fusions can reduce or eliminate fatal consequences in patients
at high risk because of thrombocytopenia. Generally accepted
guidelines for platelet transfusions are summarized in Table 8.
An infrequently used approach is to stimulate the production of
platelets before administering chemotherapy by the adminis-
tration of oprelvekin, a recombinant IL-11. This drug stimulates
megakaryocytopoiesis and thrombopoiesis and platelet
increases are observed 5–9 days after initiation of treatment.

Anemia is associatedwith cancer andmay bemultifactorial. It
may be due to bleeding, hemolysis, or bonemarrow suppression
secondary to the malignancy or it may be due to chemotherapy.
Treatment for an acute need is generally by red cell transfusion.
For chronic anemia in patients due to cancer chemotherapy who
are not hemolyzing and not iron deficient, epoetin alpha or the
long-acting darbepoetin alpha can raise hemoglobin levels and
relieve some of the fatigue of malignancy.
Nausea, Vomiting, and Antiemetic Therapy

There are three patterns of nausea and vomiting associated with
chemotherapy: acute, delayed, and anticipatory. Acute occurs
within the first 24 h of treatment, delayed occurs or is
a continuation beyond 24 h, and anticipatory is the experience
of nausea or vomiting before receiving another chemotherapy
Table 9 Emetic potential of chemotherapy drugs as

Very high (>90%) High (60–90%)

Carmustinea Azacitidine
Cisplatin Carboplatin
Cyclophosphamidea Carmustine
Cytarabinea Cyclophosphamide
Mechlorethamine Dacarbazine
Melphalana Dactinomycin
Streptozocin Lomustine

aHigh dose.
treatment. It is a conditioned or learned response to previous
effects from therapy. It may be prevented by minimizing the
adverse effects of the first and subsequent treatments. The
incidence and severity of nausea and vomiting are related to
the emetogenic potential of the drug (Table 9), dose, route of
administration, schedule, infusion rate, time of day drug is
given, patient characteristics, and combination of drugs. It is
easier to prevent nausea and vomiting than to treat. Hence,
antiemetics are given shortly before chemotherapy adminis-
tration. In general, one should use aggressive antiemetic
therapy for chemotherapy naïve patients, give an adequate
duration of coverage for the predicted risk period and select the
appropriate agents and dosing according to the emetic poten-
tial of the chemotherapy. While Table 9 is a good guide,
combination chemotherapy will frequently move the potential
antiemetic effect higher, that is, one group to the left.

Therapy for nausea and vomiting is directed at blocking
the effect on the chemoreceptor trigger zone of the brain and the
receptors in the GI tract. For low-risk emetogenic chemotherapy,
dexamethasone, metoclopromide, or prochlorperazine aremost
useful. A psychotropic agent like lorazepam may be helpful if
one suspects a degree of apprehension. There are other anti-
emetics available (e.g., butyrophenones and the cannabinoids),
but they are of low therapeutic efficacy and are not recom-
mended as first-line therapy. For moderate or high-risk emeto-
genic therapy, a 5-HT3 antagonist (dolasetron, ganisetron,
ondansetron, and palonosetron) with dexamethasone is rec-
ommended. For delayed emesis due to moderately emetogenic
single agents

Moderate (30–60%) Low (10–30%)

Altretamine Cytarabine
Daunorubicin Docetaxel
Doxorubicin Etoposide
Epirubicin 5-Fluorouracil
Idarubicin Gemcitabline
Ifosfamide Irinotecan
Mitomycin Paclitaxel
Mitoxantrone Thiotepa
Oxaliplatin Topotecan
Plicamycin
Procarbazine
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chemotherapy, a single dose of the long-acting palonosetron
(with dexamethasone) may be more effective than the other
5-HT3 inhibitors. For both acute and delayed emesis due to
highly emetogenic drugs, aprepitant plus a 5-HT3 inhibitor plus
dexamethasone is the current treatment of choice. For break-
through emesis despite optimal prophylactic pretreatment, an
agent from another pharmaceutical class may be added and
antiemetic doses increased.
Renal and Bladder Toxicity

Major risk factors for renal toxicity in cancer patients include
nephrotoxic chemotherapy drugs, age, nutritional status,
concurrent use of other nephrotoxic drugs (e.g., aminoglyco-
side antibiotics), and preexisting renal dysfunction. Drugs with
a high risk for renal toxicity include cisplatin, ifosfamide,
methotrexate (high dose), mitomycin, and streptozocin. Car-
boplatin is significantly less nephrotoxic than cisplatin, but if
administered in high doses (e.g., in stem-cell transplantation),
or given with other nephrotoxic drugs, it has the potential to
contribute to renal damage. Before using a renal toxic chemo-
therapy agent, renal function should be evaluated with a serum
creatinine or creatinine clearance as a guide to the need for dose
reduction or omission.

Hemorrhagic cystitis and an increased incidence of
bladder cancer are associated with the use of ifosfamide and
cyclophosphamide. Contact of the bladder wall with their
toxic metabolites, primarily acrolein, produces mucosal
erythema, inflammation, ulceration, necrosis, diffuse small-
vessel hemorrhage, oozing, and a reduced bladder capacity.
Symptoms include hematuria (microscopic or gross) and
dysuria. The uroprotective agent 2-mercaptoethane sulfonate
sodium (mesna) acts by binding to acrolein to result in
a nontoxic thioether. The use of adequate mesna and hydration
with ifosfamide or high-dose cyclophosphamide significantly
reduces the incidence of bladder toxicity.
Cardiopulmonary Toxicity

Chemotherapy drugs can directly or indirectly cause acute
pneumonitis (bleomycin, carmustine, gemcitabine, metho-
trexate, mitomycin, procarbazine, and vinca alkaloids); pulmo-
nary fibrosis (bleomycin, carmustine, cyclophosphamide,
methotrexate, and mitomycin); hypersensitivity pneumonitis
(bleomycin, methotrexate, and procarbazine); and noncardio-
genic pulmonary edema (cytarabine, cyclophosphamide, meth-
otrexate, mitomycin, and teniposide). Docetaxel is associated
with fluid retention, which may result in pulmonary edema or
pleural effusion. Some of these conditions respond to cortico-
steroid therapy but some cases of pulmonary fibrosis are fatal.

Cardiomyopathy is the most common chemotherapy-
associated cardiac toxicity. Myocardial ischemia, pericarditis,
arrhythmias, miscellaneous electrocardiogram changes, and
angina occur much less frequently. The anthracyclines
(daunorubicin, doxorubicin, epirubicin, and idarubicin) have
the highest consistent risk for cardiomyopathy, which is
cumulative dose related. There is evidence that high-dose
cyclophosphamide, mitoxantrone, and fluorouracil also pose
an increased risk of cardiac damage. The concurrent use of
traztuzumab with an anthracycline and cyclophosphamide is
associated with a risk of cardiac dysfunction, but the conse-
quences of sequential use are not yet known.

Management of chemotherapy-induced cardiac dysfunction
is conventional therapy for heart failure. Because of the limited
value of this intervention in the face of existing cardiac disease,
prevention of cardiac toxicity is important. This can be done by
limiting the cumulative total dose, giving it more slowly, and
using dexrazoxane, an intracellular iron-chelating agent that
prevents iron from combining with anthracyclines to form free
oxygen radicals. Dexrazoxane is initiated after two-thirds of the
cumulative toxic dose is administered (i.e., at 300 mgm�2 for
doxorubicin). Long-term follow-up is indicated because
congestive heart failure may develop several years after therapy
is completed.
Dermatological and Neurological Toxicity

Chemotherapy drugs can cause a variety of dermatological
conditions including rashes, pruritis, swelling, hyperkeratosis,
urticaria, exfoliation, photosensitivity, flushing, nail changes,
and pigmentation. Extravasation of some agents, especially
carmustine, dactinomycin, daunorubicin, doxorubicin, epi-
rubicin, idarubicin, mechlorethamine, mitomycin, and the
vinca alkaloids, can lead to tissue necrosis, ulceration, and
sloughing. To reduce the incidence of extravasation, central
venous catheters are frequently used to administer these drugs.
Skin is also a target of toxicity with therapies such as CTLA4
blockade; rashes may be pruritic, erythematous, and blanching.

Encephalopathy, peripheral neuropathy, cerebellar syn-
dromes, autonomic neuropathy, and cranial nerve toxicity
represent the rangeof neurological complications associatedwith
cancer chemotherapy. Dose, route of administration, age of the
patient, hepatic and renal function, prior and/or concomitant use
of other neurotoxic drugs, and the concurrent use of cranial or
central nervous system radiotherapy can each influence the inci-
dence rate and severity of neurologic symptoms associated with
selected chemotherapy drugs.

The management of the dermatological and neurological
toxicities secondary to chemotherapy drugs is essentially the
same as those due to other causes. Tables of drugs and their
specific subtypes of these toxicities and fuller discussions of them
are available in the references listed in Further Reading. They also
include discussions of other toxicities including mucositis,
diarrhea, constipation, hypercalcemia, headache, depression,
anxiety, fatigue, anorexia, weight loss, impotence, sterility,
premature menopause, pregnancy risks, and teratogenicity.
See also: Androgens; Arsenic; BCNU (Bischloroethyl
Nitrosourea); Blood; Busulfan; Carcinogenesis; Cisplatin;
Corticosteroids; Cyclophosphamide; Gallium; Mitomycin C;
Nitrogen Mustards; Platinum; Tamoxifen.
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Introduction

Cancer potency factor (CPF), or cancer slope factor (CSF), is
a parameter that arises during the quantitative risk assessment
of chemicals or agents being evaluated as carcinogens. It
represents a measure of cancer risk from a lifetime exposure to
an agent and is typically expressed in units of proportion of
a population affected per milligram of substance per kilograms
of body weight per day (expressed in units of reciprocal dose
(mg kg�1 day�1)�1). Cancer potency is measured as the slope
of the straight line generated during linear extrapolation of the
low-dose region on the dose–response curve of the agent.

Quantitative risk assessment is a scientific process by which
the relationship between levels of exposure to a noxious agent
and the lifetime incidence rates of an undesirable consequence
is determined. In toxicology, the process has evolved into one
that typically involves four distinct steps: hazard identification,
dose–response assessment, exposure assessment, and risk
characterization. The first step, hazard identification, attempts
to answer the question: Does the chemical or agent involved
pose a potential risk? In cancer risk assessment, the question
would be more specifically: Does the chemical or agent in
question act as a potential carcinogen? Once it has been
established that the agent possesses a particular hazard, the
second step of the risk assessment process (dose–response
assessment) explores the relationship between the dose of the
agent and the onset of adverse effects (e.g., tumors). Exposure
assessment, the third step of the risk assessment process,
involves estimating the extent to which a given population may
be exposed to the hazard. Finally, risk characterization involves
integrating the first three steps, thereby establishing whether
a population is potentially at risk. A second goal of the risk
characterization step is to establish exposure levels, such as
acceptable daily intakes, which are considered safe for the
population. It is in the process of dose–response assessment
that the CPF is generated.
Dose–Response Assessment

As noted earlier, a primary goal of dose–response assessment is
to understand the relationship between the level of exposure
(plotted along the abscissa) to a potential hazard and the onset
of effects or degree of response (plotted along the ordinate). In
simple terms, the goal is to describe, in quantitative terms, the
shape of the dose–response curve. Traditionally, dose–
response relationships in toxicology have been described as
one of two general forms – the threshold model and the linear
no-threshold (LNT) model. The threshold model is widely
considered the standard model in pharmacology and toxi-
cology, with two exceptions. In the areas of mutagenesis/
carcinogenesis and radiation biology, the LNT has been the
dominant model. Both the threshold and LNT models are
monotonic; that is, there is no reversal in the direction of the
path of the dependent variable as the independent variable
642 Encyclopedia of T
increases in value. The threshold model assumes, as its name
implies, that there is a true threshold dose, below which no
effect is observed – neither harmful nor beneficial. For such
a model, the response profile of the experimental population
follows that of the control or baseline population until the
threshold dose is reached. Thereafter, the profile diverges
unidirectionally from that of the control with increasing dose.
The LNT model assumes that there is no threshold for effect. In
other words, a response is possible for any dose greater than
zero, but the effect always diverges unidirectionally and linearly
from the baseline effect as the dose increases. In recent years,
a third model, the hormetic model, has gained increasing
popularity as a potential replacement for the threshold and
LNT models. In contrast to the threshold and LNT models, the
hormetic model is nonmonotonic (the dependent variable
changes in more than one direction with a unidirectional
change in the independent variable). Hormesis is a type of
biphasic dose–response phenomenon, in which the stimula-
tory or inhibitory effects observed at low dose are reversed at
higher doses. Irrespective of the overall nature of the dose–
response relationship, dose–response assessment is per-
formed in two steps. First, the portion of the curve for which
experimental data are available is assessed. This is then fol-
lowed by extrapolation to lower exposures to the extent that is
necessary.
Assessment of Experimentally Determined Data

The first step of dose–response assessment is evaluation of data
that fall within the range of observations. Ideally, epidemio-
logical data would be used to determine the dose–response
relationship for human exposures. Unfortunately, human
epidemiological data are often limited, and insufficient expo-
sure data makes it difficult to discern the shape of the curve.
Analysis of such data by linear models is often appropriate.
When such models fit the data poorly, linear-quadratic or Hill
models are often used as alternatives.

In the absence of adequate human data, information
collected from animal studies is generally used. The advantage
of animal data is that it is often abundant and may provide
a rich source of information relating to the mode of action of
tumor formation. The disadvantage of animal data is that it
typically requires dose and interspecies extrapolations.

If there is sufficient data (human or animal) to ascertain the
mode of action of the carcinogen and to support parameter
estimation, toxicodynamic modeling may be used to charac-
terize the observed data. These models can provide insight
into the relationship between tumor development and key
precursor events but the effort involved in their development
can be extensive. When a toxicodynamic model is not available,
or the purpose of the assessment does not warrant or justify the
development of such a model, empirical curve-fitting of the
data may be used. Unfortunately, several pitfalls may be asso-
ciated with this approach. Many different curve-fitting models
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00448-6
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are available, and they may lead to ultimately different final
results. In the absence of any detailed understanding of the
origin of the differences between the results, it is often difficult
or impossible to make a reasoned judgment about which result
is most appropriate.
Point of Departure

Analysis of the observed data is used as the source for estimation
of the value known as the point of departure (POD). The POD
is an estimated dose (expressed in human-equivalent terms)
near the lower end of the observed range of values that is used as
the staring point for subsequent analysis and extrapolation of
the dose–response curve at low-dose levels. When low-dose
extrapolation is linear, the POD is used to calculate the slope
factor or potency (CPF) of the carcinogen. In situations where
nonlinear extrapolation is warranted, the POD is used in the
calculation of the reference dose or reference concentration.

The precise value for the POD is often open to some
interpretation. Ideally, the POD represents the lowest value on
the dose–response curve that is justified by the experimental
data without significant extrapolation to lower doses. If the
POD is positioned either too high (above some data points) or
too low (well below any observed data points) uncertainty or
bias can be introduced into analysis of the low-level data. In the
absence of appropriate data, the POD is routinely calculated by
means of benchmark dose modeling. Using this approach, the
POD is set as the lower 95% confidence limit on a dose asso-
ciated with an estimated 10% increased tumor incidence or
a 10% increase in a nontumor response causally related to the
carcinogenicity (ED10).

The significance of the POD is that it represents the point
from which low-dose extrapolation begins. For this reason,
its placement can markedly influence the estimated value of
the CPF.
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Figure 1 Dose–response modeling of no-threshold dose data. The
straight line in the upper portion of the graph (solid line) represents
modeling of data within the observational range and extrapolated to the
point of departure (POD). The line (dotted) connecting the POD to the
zero-dose point represents low-dose linear extrapolation. The slope of
this line represents either the cancer potency factor (CPF) or the
parameter q1.
Extrapolation to Lower Doses and Calculation of CPF

The purpose of low-dose extrapolation is to incorporate as
much information as possible in the assessment for doses that
are relevant to human exposure. Since many, if not most,
exposures to carcinogens are presumed to occur at doses below
those for which epidemiological or experimental data have
been reported, the low-dose extrapolation represents an
important region for assessment. The first step in completing
assessment of the low-dose region of the dose–response curve
is to decide on how extrapolation between the POD and zero
dose will be modeled as linear or nonlinear.

Genotoxic (mutagenic and carcinogenic) agents are assumed
to follow the LNT dose–responsemodel. Thismeans that a single
genotoxic event is assumed to give rise to the formation of a
mutation and initiate the onset of tumor formation. These agents
are assumed to have a zero-dose threshold and to induce tumor
formation in proportion to exposure, especially at low doses. On
this basis, linear extrapolation would be used for agents that are
DNA-reactive and by that have direct mutagenic activity.

Linear extrapolation is also appropriate when the mode of
action is unknown but there is evidence that there is an
approximate linear relationship between exposure and the
carcinogenic process. Linear extrapolation is also the default
approach and is used when there is no knowledge of informa-
tion relating to the mode of action of the carcinogen. Linear
extrapolation from the POD to zero dose yields a straight line,
the slope of which defines the parameter known as the CPF, the
CSF, or simply cancer potency. This is diagrammatically repre-
sented in Figure 1. The value of the CPF represents an upper-
bound estimate of risk per increment of dose that can be used
to estimate risk probabilities for different environmentally
relevant exposure levels. Slope factors should always be accom-
panied by a weight-of-evidence classification to indicate the
strength of the evidence that the agent is a human carcinogen.

Because the LNT model assumes there is no safe dose for
carcinogens, a risk that would be considered acceptable must
be estimated. This is a probability that a lifetime exposure to
a chemical or agent will lead to an excess cancer risk of a spec-
ified amount. To determine the excess lifetime cancer risk for
exposure to an agent, the exposure dose is multiplied by the
potency factor. For example, if a population is exposed to
0.0005 mg kg�1 day�1 of a carcinogen for a lifetime, and the
potency factor for the agent is 0.005 mg kg�1 day�1, the excess
lifetime cancer risk for exposure to this agent is expressed in
eqn [1].

Risk¼Dose$CPF¼ (0.0005 mg kg�1 day�1)
(0.005 mg kg�1 day�1)�1¼ 2.5� 10�6 [1]

According to this calculation, 2.5 people out of 1 million
exposed to a daily dose of 0.0005 mg kg�1 day�1 of the agent
for a lifetime can be expected to develop cancer.

As noted earlier, the slope factor is usually expressed in units
of reciprocal dose (mg kg�1 day�1) but toxicology values for
carcinogens can be expressed in several ways. If data are suffi-
cient, slope factors listed in the Environmental Protection
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Agency’s Integrated Risk Information System are based on
absorbed (or administered) dose. Values can also be expressed
in terms of risk per unit concentration of the agent in the
particular medium where human contact occurs. These
measures are called unit risks and express the slope in terms of
mg l�1 if lifetime exposure is from drinking water or as ppm if
exposure is from air. When the slope factor for inhalation is
expressed in units of ppm, it is sometimes referred to as the
inhalation unit risk. Unit risk estimates often assume a stan-
dard rate of intake (2 l day�1 for water and 20 m3 for air) and
a standard body weight (70 kg). The respective equations for
water eqn [2] and air eqn [3] unit risk calculations are shown
below:

Water unit risk¼ Risk per mg l�1¼ (slope factor)(1/70 kg)
(2 l day�1)(10�3) [2]

Air unit risk¼ Risk per mg m�3¼ (slope factor)(1/70 kg)
(20 m3 day�1)(10�3) [3]

The 10�3 term in the earlier equations are necessary
to convert between mg (slope factor is given in
(mg kg�1 day�1)�1) and mg (unit risk is expressed in mg).

If adequate information is available, a method preferred to
linear approach used earlier is to develop a toxicodynamic
model of the carcinogen’s mode of action and use this for
low-dose extrapolation. One such model is the multistage
model constructed based on multistage carcinogenesis and the
absence of a carcinogenic threshold. Equation [4] represents
the multistage model, estimating the probability of developing
cancer from exposures equivalent to a daily dose d:

PðdÞ ¼ 1� e�ðq0þq1dþq2d2þ.þqkdkÞ [4]

where P(d) is the probability of risk of cancer, d is the dose, and
k, q0, q1, . qk are constants that can be estimated by fitting the
polynomial to data. For the low-dose range of interest, the
equation reduces to approximately the linear term (q1d) of
the exponent and the constant q1 (cancer potency) represents
the 95% upper confidence limit of the slope factor. Accord-
ingly, the model defines cancer risk as:

Cancer risk¼Dose$q1 [5]

When there is sufficient information to conclude that the
mode of action of the agent being assessed is not linear at low
doses, nonlinear extrapolation may be warranted. If it is found
that the data support a nonlinear mode of action but there
is also evidence of mutagenicity, the assessment may require
special attention.
See also: Radiation Toxicology, Ionizing and Nonionizing;
Carcinogen Classification Schemes; Carcinogenesis; Hazard
Identification; Hormesis; Regulation, Toxicology and; Risk
Characterization; Risk Assessment, Human Health; Risk
Assessment, Uncertainty; Benchmark Dose; Epidemiology;
Toxicity Testing, Carcinogenesis; Toxicity Testing,
Mutagenicity; Dose–Response Relationship.
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Background

REACH (Registration, Evaluation, Authorisation, (and Restric-
tion), of Chemicals) is the European Union (EU) regulation
adopted to improve the protection of human health and the
environment from the risks that can be posed by chemicals,
while enhancing the competitiveness of the EU chemicals
industry. It also promotes alternative methods for the hazard
assessment of substances in order to reduce the number of tests
on animals.

Certain substances that may have serious and often
irreversible effects on human health and the environment can
be identified as Substances of Very High Concern (SVHC). An
important objective of the new European Regulation REACH is
to encourage and in certain cases to ensure that substances of
high concern are eventually replaced by less dangerous
substances or technologies where suitable economically and
technically viable alternatives are available.

This objective is achieved through the authorization
process, the ‘A’ of REACH, imposing special controls and
conditions for substances with some intrinsic properties that
lead to particular concern.
The ‘Candidate’ and the ‘Authorization’ lists

Under the REACH Regulation, an EU Member State, or the
European Chemicals Agency (ECHA) following a request from
the European Commission may propose a substance to be
identified as a SVHC. If the substance meets the hazard-based
criteria, it is included in the ‘Candidate List.’

Substances identified as of Very High Concern are first
included in the ‘Candidate List,’ this is the first step of the
Authorization Process, and impose some obligations to
industry, but not yet a formal request for authorization prior to
manufacturing, import, or use.

The Candidate List is the basis for further actions by
authorities. It is considered a stepping-stone/portal to autho-
rization (i.e., leading to eventual inclusion of the substance
into Annex XIV, following the prioritization steps). It is a tool
to gather information on uses in articles through a specific
notification process and, where necessary, to require registra-
tion or initiate restriction measures. In addition, the Candidate
List can have other effects through increased information
awareness. In fact, the listing in the Candidate List is a way to
provide information on SVHC in articles (to recipients and
consumers) and to promote their replacement by alternative
substances/technologies or articles.

Following the identification as SVHC and inclusion in the
Candidate List, a substance may be prioritized and then
included in the Authorization List (which is Annex XIV of the
REACH Regulation). Substances that are included in Annex
XIV are subject to authorization. This means that after a fixed
date, set in Annex XIV at the moment of the inclusion of the
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
substances, they may not be used or placed on the EU market
without an authorization; they may, however, continue to be
manufactured in the EU for export without authorization. If
an SVHC is placed on the Authorization List companies
which want to market or use this substance are required to
send an application requesting the authorization for speci-
fied uses, and the European Commission, taking into
account the opinions of the ECHA Committees, would
decide if the authorization should be granted or refused. The
decision to grant or refuse an authorization is taken by the
European Commission in consultation with the EU Member
States under a comitology procedure. The authorization
decision is subject to a review period and may also be subject
to conditions. The presence of the substance listed in Annex
XIV in articles manufactured outside the EU and placed on
the market in the EU is not affected by the Authorization
Process.
REACH Criteria for the Identification of SVHC

The intrinsic properties which a substance must have to be
identified as SVHC are listed in Article 57 of REACH. These
criteria cover three main groups:

l CMR substances: Substances meeting the criteria for classi-
fication as carcinogenic,mutagenic, or toxic for reproduction
category 1A or 1B in accordance with the Classification,
Labeling, and Packaging (CLP) Regulation (EC) No. 1272/
2008, which implements in the EU the United Nations
Global Harmonized System for Classification and Labeling.

l Substances which are Persistent, Bioaccumulative, and Toxic
(PBT) or very Persistent and very Bioaccumulative (vPvB)
according to the criteria established under Annex XIII of
REACH.

l Substances identified on a case-by-case basis, for which
there is scientific evidence of probable serious effects that
cause an equivalent level of concern as with CMR or PBT/
vPvB substances. REACH mentions specifically endocrine
disruptors, but other health and environmental concerns
may be considered.
The SVHC Identification Process

The Authorization Process can be triggered by a Member State
that submits an Annex XV dossier to ECHA or by the prepara-
tion of an Annex XV dossier by ECHA at the request of the
European Commission. This dossier must identify which of
the properties listed as criteria for SVHC identification are
applicable. In case of substances that are subject to an
harmonized classification for the relevant criteria in accordance
with the CLP Regulation, the dossier may be limited to
a reference to that CLP entry if appropriate. For all the other
cases, the dossier must justify that the intrinsic properties of
4-3.00547-9 645
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the substance meet one of the conditions in Article 57. In
addition, it is recommended that the dossier includes any
available information on uses, emissions, and exposures to
facilitate the scientific process leading to ECHAs recommen-
dation for inclusion in Annex XIV.

Prior to the submission of an Annex XV proposal, it is highly
recommended to request ECHA to include the substance in the
‘Registry of Intentions.’ The aim of the public registry of
intentions is to allow interested parties to be aware of the
substances for which the authorities intend to submit Annex
XV dossiers and therefore facilitates timely preparation of the
interested parties for commenting later in the process. A second
aim is to avoid duplication of work and encourage cooperation
between Member States when preparing Annex XV dossiers.
The registry allows to check if another EU Authority has in the
past worked on an Annex XV dossier for a specific substance or
is currently preparing an Annex XV dossier on the substance.

After the formal submission, there is a public consultation.
Anyone can comment or add further information related to the
use, exposure, alternatives, and risks of a proposed substance.
Those most likely to be interested are companies, organizations
representing industry or civil society, individual citizens, as well
as public authorities. Comments are welcomed from the EU or
beyond. The public consultation lasts for 45 days. The dossier is
also submitted to the Member States who have the right to
comment within 60 days.

If no comments are received, the substance is included in
the Candidate List. If there is any comment, the dossier, the
comments, and the responses from the submitting party are
referred to the Member State Committee, which has 30 days to
reach a unanimous agreement. If unanimity is reached, the
substance is included in the Candidate List. If no unanimous
agreement is reached, the Commission has 3 months to
prepare a decision, which must be adopted under a comitology
procedure.

The ECHA decisions including substances in the Candidate
List arepublished in theECHAwebsite. The information includes
the substance identitywith the ECnumber andCASnumber, and
the reason for inclusion. Additional supporting information is
also presented. This includes a document with relevant infor-
mation supporting the ECHA decision and the IUCLID 5
Substance Datasets, which are partly pre-filled substance data
sets in IUCLID 5.3 format. IUCLID 5 data sets are provided as
a support for importers or producers of articles preparing noti-
fications for substances in articles. Information on conditions
applicable to the classification of the substance is also provided.
Obligations Resulting from Inclusion
in the Candidate List

The inclusion of substances in the Candidate List may create
specific obligations for manufacturers, importers, and even
downstream users. These obligations refer not only to the listed
substances on their own or in mixtures but also to their
presence in articles.

For substances marketed on their own the main obligation
starts on the date of inclusion, obliging EU and European
Economic Area (EEA) suppliers of substances on the Candidate
List to provide their customers with a safety data sheet.
For substances marketed as components in mixtures, the
main obligation also starts on the date of inclusion, but its
implementation depends on the request from their clients.
EU and EEA suppliers of mixtures not classified as dangerous
have to provide the recipients, at their request, with a safety
data sheet if the mixture contains at least one substance on the
Candidate List and the individual concentration of this
substance in the mixture is � 0.1% (w/w) for nongaseous
mixtures if the substance is PBT or vPvB.

Nevertheless, the most relevant obligations are for
substances in articles, these obligations include requirements
regarding the transfer of information through the supply chain
and to consumers. Producers or importers of articles have
additional obligations regarding notification to ECHA.

EU or EEA suppliers of articles which contain substances on
the Candidate List in a concentration above 0.1% (w/w) have to
provide sufficient information to allow safe use of the article to
their customers. In addition and upon request froma consumer,
they must provide within 45 days of the receipt of the request,
sufficient information to allow safe use of the article by the
consumer. This information must contain as a minimum the
name of the substance.

In addition, EU and EEA producers or importers of articles
have to notify ECHA if their article contains a substance on the
Candidate List. This obligation applies if the substance is
present in those articles in quantities totaling over 1 ton per
producer or importer per year and if the substance is present in
those articles above a concentration of 0.1% (w/w).

The notifications have to be submitted no later than
6 months after the inclusion. A notification is not required
when the substance has already been registered for that use or
when the producer or importer of an article can exclude
exposure of humans and the environment during the use and
disposal of the article. In such cases, the producer or importer
shall however supply appropriate instructions to the recipient
of the article.

ECHA published in their website the received notifications.
However, the real value of this information for consumers is
very limited if no additional information is provided for
facilitating the consumers to have educated decisions regarding
the use of articles containing SVHC.
From the Candidate List to the Authorization List

ECHA regularly submit to the European Commission recom-
mendations of substances identified as SVHC that should be
subject to authorization. To this end, ECHA prioritizes the
substances from the Candidate List to determine which ones
should be included in the Authorization List (Annex XIV). The
prioritization is based on the available information on intrinsic
properties, uses, and volumes of the substances on the EU
market, using a tiered approach.

Tier I considers the three prioritization criteria related to (1)
the intrinsic properties of a Candidate List substance, (2) the
nature of its uses, and (3) its volume supplied to uses in the
scope of the Authorization.

The inherent properties of substances on the Candidate List
are scored with respect to the extent of their persistency,
liability to bioaccumulate, and toxicity (PBT-ness) or their
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potency to elicit health effects (threshold versus nonthreshold
mode of action) as follows:
Inherent properties
 Score
PBT and vPvB or PBT with T nonthreshold C or M
 4
PBT or vPvB properties
 3
C or M properties (without effect threshold)
 1
C, M, or R properties (with effect threshold)
 0
This scoring considers that priority shall normally be given
to substances with PBT or vPvB properties but also reflects
differences in the characteristics of the hazard potential of each
substance.

Wide-dispersive uses are characterized by use(s) of
a substance on its own, in a preparation or in an article at many
places (sites) that may result in not insignificant releases and
exposure to a considerable part of the population (workers,
consumers, general public) and/or the environment. The
scoring is done using the following equation:

Wide-Dispersive Use ¼ Site-#�Release

where Site-# is a number between 0 and 3 related to the
number of point sources or number of sites from which
a substance is being released, and Release is a number between
0 and 3 indicating the potential for releases to the environment,
for worker exposure, and for consumer exposure in all steps of
the life cycle.

The annual volume supplied in the EU to uses not exemp-
ted from the authorization requirement is used for scoring the
volume criteria as follows:
Volume on EU market
 Score
No volume on EU market in the scope of authorization
 0
Low (<10 ton year�1)
 1
Relatively low (10–100 ton year�1)
 3
Relatively high (100–1000 ton year�1)
 5
High (1000–10 000 ton year�1)
 7
Very high (>10 000 ton year�1)
 9
The total score is calculated by a weighted sum method,
with relative weights representing 18, 41, and 41% for the
hazard, dispersive use, and volume criteria, respectively.

In Tier II, the regulatory effectiveness and coherence-related
considerations are taken into account for finally concluding as
to whether the substance considered should be recommended
for inclusion in Annex XIV. This second tier was introduced
because situations may occur where inclusion in Annex XIV
will require regulatory efforts but most likely will not result in
benefits for human health or the environment, or where
authorization may hamper the use of other risk management
instruments while not contributing significantly to achieving
the risk reduction.

The ECHA draft recommendation is then subjected to
a public consultation. Anyone can comment on the proposed
recommendation. In particular, comments may address uses
which should be exempted from the authorization require-
ment. Comments are welcomed from the EU or beyond. The
public consultation lasts for 3 months.

ECHA takes into account the comments for updating
the draft recommendation. The comments are considered
by the Member State Committee to draft its opinion, which is
the basis for the Commission Decision to include the substance
in the Authorization List which is Annex XIV of REACH.
The Authorization List and the Authorization Process

The Authorization List includes the names and identifiers
(EC and CAS numbers), the intrinsic properties justifying the
inclusion, the excepted uses and review periods if needed, and
two key dates:

l The sunset date is the date from which the placing on the
market and the use of the substance shall be prohibited
unless an authorization is granted.

l The latest application date is the date by which applications
must be received if the applicant wishes to continue to use
the substance or place it on the market for certain uses after
the sunset date(s); these continued uses shall be allowed
after the sunset date until a decision on the application for
authorization is taken.

The placing on the market and use of SVHC included in the
Authorization List require an authorization. Amanufacturer, an
importer, or a downstream user can apply for an authorization.
Applications for authorization are submitted to ECHA. The
application will include a chemical safety report, an analysis of
the possible alternatives, and a plan to substitute the substance
if suitable alternatives are available. It may also include
a socioeconomic analysis. The application for Authorization
Process includes an 8-week period of public consultation.
Anyone can comment on the uses of the substance related to
the application, in particular to provide information on alter-
native substances or technologies.

At the end of the Authorization Process, which includes
a public consultation and the development of opinions by
ECHA’s Committees on Risk Assessment and Socioeconomic
Analysis, the European Commission decides on the granting or
refusing of authorizations.

Authorizations will be granted if the applicant can
demonstrate that the risk from the use of the substance is
adequately controlled. If not, an authorization may still be
granted when it is proven that the socioeconomic benefits of
using the substance outweigh the risks and there are no suitable
alternative substances or technologies.

Holders of an authorization must comply with the
requirements of the decision and include the authorization
number on the label before they place the substance or the
mixture containing the substance on the market. Downstream
users of an authorized substance must also comply with the
decision and notify to ECHA the use of the substance within
3 months of the first supply of the substance. ECHA keep
a register of these notifications and give access to the Compe-
tent Authorities of the Member States.

All authorization decisions define a time-limited review
period. Holders of authorizations must submit a review report
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at least 18 months before this review period ends. In addition,
an authorization may be reviewed at any time if the circum-
stances of the authorized use change so as to affect the risks or
the socioeconomic impact or if new information on alterna-
tives becomes available.

See also: REACH; Risk Management.
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l Name: Cannabinoids
l Chemical Abstracts Service Registry Number: Cannabinoids

are a class of compounds; no individual number has been
assigned

l Chemical Structures:

Phytocannabinoids
  9-Tetrahydrocannabinol (THC)Δ

Endocannabinoids
Arachidonoylethanolamide (AEA, anandamide)

Synthetic cannabinoids 
JWH-018 (Spice)
Background

The first cannabinoids to be discovered were those derived
from Cannabis sativa, the hemp plant. Collectively, these
agents are known as phytocannabinoids and, to date, more
than 60 have been identified and structurally characterized.
The most potent psychoactive agents derived from cannabis is
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
D9-tetrahydrocannabinol (THC). Other plant-derived canna-
binoids include cannabinol (CBN) and cannabidiol (CBD).
Cannabis sativa is the plant from which marijuana (leaves,
stems, seeds) is derived. The most potent form of this plant’s
extracts is hash oil, a liquid. The dried resins are referred to as
‘hashish.’ The dried flowering tops and leaves are smoked as
a cigarette, known as a ‘joint’ or a ‘reefer.’ This plant has been
used for several thousands of years both recreationally and
medicinally. Pharmacological experiments with these, and
other phytocannabinoids, were first performed in the 1940s
and 1950s, although the term marijuana became popular in
the 1930s; it was originally a slang word for the medicinal
part of cannabis smoked by Mexican soldiers. As it was
discovered that pharmacological activity of the phytocanna-
binoids is highly dependent on chemical structure, it became
more clearly evident that activity was associated with receptor
binding.

Cannabinoids are a structurally diverse family of
compounds with a large number of biological targets. Based
on their origins, cannabinoids can be classified into three
groups: phytocannabinoids, endocannabinoids, and
synthetic cannabinoids. Phytocannabinoids are present in the
stalks, leaves, flowers, and seeds of the plant, and also in the
resin secreted by the female plant. A ‘joint’ made out of
skunkweed, netherweed, and other potent subspecies of C.
sativa may contain w150 mg of THC, or 300 mg if laced with
hashish oil. Endocannabinoids are produced within the body
and serve as intercellular lipid messengers. It is believed that
these are synthesized on demand rather than made and stored
for later use. Synthetic cannabinoid receptor agonists are
a large family of chemically unrelated structures that act as D9-
THC but are more effective.

Cannabinoid receptors were discovered in the late 1980s.
At present, there are two known types of cannabinoid
receptors, CB1 and CB2. Both CB1 and CB2 receptors are
G-protein coupled receptors but they differ significantly in
their anatomical distribution and their pharmacological
effects. Cannabinoid type 1 receptors (CB1) are expressed
mainly in the brain, spinal cord, and peripheral nervous
system but are also found in organs and tissues, including
endocrine glands and parts of the reproductive, urinary, and
gastrointestinal tracts. CB1 receptors are absent in the medulla
oblongata, the part of the brainstem responsible for respira-
tory and cardiovascular functions, which may account for
cannabis-related acute fatalities. CB1 receptors appear to be
responsible for the euphoric and anticonvulsive effects of
cannabis. CB2 receptors are expressed primarily in the
immune system, or in immune-derived cells such as leuko-
cytes. CB2 receptors possibly influence the release of cytokines
and therefore are believed to be responsible for the anti-
inflammatory and therapeutic effects of cannabis. Because
activation of the CB2 receptor does not cause psychological
4-3.00267-0 649
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effects, selective agonists have become increasingly investi-
gated for their therapeutic effects.

Since cannabis smoke contains many of the same
components as tobacco smoke, there are valid concerns about
the adverse pulmonary effects of smoked cannabis. Investi-
gators found that occasional and low-cumulative cannabis
use is not associated with adverse effects on pulmonary
function. Several European countries and the United States
have placed restrictions or banned the use and sale of spice
drugs due to the dangerous effects and abuse potential of the
drugs. The US Drug Enforcement Administration has tempo-
rarily designated five of these chemicals (JWH-018, JWH-073,
JWH-200, CP-47,497, and cannabicyclohexanol) as Schedule
I substances.

Withdrawal symptoms, e.g., irritability, insomnia with sleep
electroencephalogram disturbance, restlessness, hot flashes,
and, rarely, nausea and cramping, have been observed.
However, these symptoms appear to be mild compared with
withdrawal symptoms associated with opiates or benzodiaze-
pines, and the symptoms usually dissipate after a few days.
Although cannabinoids are considered by some to be addictive
drugs, their addictive potential is considerably lower than that
of other prescribed agents or substances of abuse. The brain
develops a tolerance to cannabinoids. Short-term memory is
impaired even after small doses in both naive and experienced
users. The deficits appear to be in acquisition of memory,
which may result from an attentional deficit, combined with
the inability to filter out irrelevant information and the intru-
sion of extraneous thoughts.
Uses

D9-THC and some synthetic analogs are used therapeutically,
for example, for nausea and vomiting produced by antineo-
plastic chemotherapy, analgesic, anticonvulsant for epilepsy,
anti inflammatory agent, appetite stimulant for patients with
AIDS, as well as treatment for conditions such as asthma and
glaucoma. Synthetic cannabinoids used therapeutically include
Dronabinol�, Nabilone�, and Levonamtradol�. The newest
clinically available cannabinoid, Sativex�, is an equal mixture
of D9-THC and a plant-derived cannabinoid lacking psycho-
tropic effects known as cannabidiol.
Environmental Fate and Behavior

The use of cannabinoids as antiemetics, appetite stimulants,
and illicit-use drugs may result in their release to the envi-
ronment through various waste streams. Cannabis sativa is an
annual herb, and phytocannabinoids within this plant may
be released to air. For example, THC has an estimated vapor
pressure of 4.6 � 10�8 mmHg at 25 �C, indicating that it will
exist in both the vapor and particulate phases in the atmo-
sphere. Vapor-phase D9-THC will be degraded in the atmo-
sphere within a few hours by reaction with photochemically
produced hydroxyl radicals. Particulate-phase D9-THC will
be removed from the atmosphere by wet or dry deposition. If
released to soil, phytocannabinoids are likely to have little or
no mobility. If released into water, they are expected to
adsorb to suspended solids and sediment base. Volatilization
from water surfaces is expected. The potential for bio-
concentration in aquatic organisms is very high, provided the
compound is not metabolized by the organism. Occupa-
tional exposure to cannabinoids may occur through inhala-
tion and dermal contact. Limited monitoring data indicate
that the general population may be exposed to D9-THC via
inhalation, ingestion, and dermal contact with contaminated
air and water. The general population may also be exposed
via passive inhalation of marijuana smoke both from the
illicit substance as well as through administration of phar-
maceutical products.
Exposure Routes and Pathways

The usual route of administration for medical purposes is oral.
The commonest routes of abuse can be primarily via inhala-
tion, not excluding all other routes.
Toxicokinetics

About 50% of the THC in a joint of herbal cannabis is inhaled
in the mainstream smoke; nearly all of this is absorbed
through the lungs. It rapidly enters the bloodstream, and
reaches the brain within minutes. Effects are perceptible
within seconds and fully apparent in a few minutes.
Bioavailability after oral ingestion is much less; blood
concentrations reached are 25–30% of those obtained by
smoking the same dose, partly because of first-pass metabo-
lism in the liver. The onset of effect is delayed (0.5–2 h) but
the duration is prolonged because of continued slow
absorption from the gut. Once absorbed, THC and other
cannabinoids are rapidly distributed to all other tissues at
rates dependent on the blood flow. Because they are extremely
lipid soluble, cannabinoids accumulate in fatty tissues,
reaching peak concentrations in 4–5 days. They are then
slowly released back into other body compartments, including
the brain. Because of the sequestration in fat, the tissue
elimination half-life of THC is w7 days, and complete elim-
ination of a single dose may take up to 30 days. Clearly, with
repeated dosage, high levels of cannabinoids can accumulate
in the body and continue to reach the brain. Within the brain,
THC and other cannabinoids are differentially distributed.
High concentrations are reached in neocortical, limbic,
sensory, and motor areas.

Cannabinoids are metabolized in the liver. A major
metabolite is 11-hydroxy-THC, which is possibly more potent
than THC itself and may be responsible for some of the effects
of cannabis. More than 20 other metabolites are known,
some of which are psychoactive and all of which have long
half-lives of several days. The metabolites are partly excreted
in the urine (25%) but mainly into the gut (65%) from which
they are reabsorbed, further prolonging their actions. Because
of the pharmacokinetic characteristics of cannabinoids – both
the sequestration in fat and the presence of active
metabolites – there is a very poor relationship between
plasma or urine concentrations and degree of cannabinoid-
induced intoxication.
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Mechanism of Toxicity

The most potent cannabinoid, THC, was isolated in the
1960s. Nearly 3 decades later, in the early 1990s, the specific
cannabinoid receptors were discovered, CB1 (or Cnr1) and
CB2 (or Cnr2). Cannabinoids exert their effect by interaction
with specific endogenous cannabinoid receptors. Neuronal
cannabinoid receptors are termed CB1 receptors and have
been found in rat, guinea pig, dog, monkey, pig, and human
brains and peripheral nerves. A second cannabinoid receptor,
the CB2 receptor, was identified in macrophages in the spleen
and is also present in other immune cells. The highest
densities are found in the frontal cerebral cortex (higher
functioning), hippocampus (memory, cognition), basal
ganglion and cerebellum (movement), and striatum (brain
reward). Other brain regions in which the CB1 receptors are
found include areas responsible for anxiety, pain, sensory
perception, motor coordination, and endocrine function. This
distribution is consistent with the clinical effects elicited by
cannabinoids.

The discovery of cannabinoid receptors naturally stimulated
a search for an endogenous ligand with which the receptors
naturally interact. The CB2 receptor, on the other hand, is
located peripherally. Specifically, it is involved in the immune
system (splenic macrophages, T and B lymphocytes), periph-
eral nerves, and the vas deferens. The two main endocannabi-
noids discovered were anandamide (arachidonoyl
ethanolamine) and 2-arachidonoyl glycerol. Anandamide
(named after the Sanskrit word for bliss, ananda) was isolated
from the pig brain. It was found to be chemically different from
plant cannabinoids: it is a derivative of the fatty acid arach-
idonic acid (arachidonyl ethanolamide) related to the prosta-
glandins. It has a high affinity for CB1 receptors and mimics
most of the actions of THC. Both the CB1 and CB2 receptors
inhibit adenylate cyclase and stimulate potassium channels. As
a result, the CR1 receptors inhibit the release of several neuro-
transmitters, including acetylcholine, glutamate, norepineph-
rine, dopamine, serotonin, and gamma-aminobutyric acid
(GABA). CR2 receptor signaling is involved in immune and
inflammatory reactions.

At the biochemical level, THC is metabolized via the hepatic
cytochrome P450 (CYP) system. THC is metabolized into an
active compound, 11-hydroxy-THC (11-OH-THC), which is
further metabolized into inactive forms. The elimination half-
life of THC can range from 2 to 57 h following intravenous
use and inhalation. The half-life of 11-OH-THC, the active
metabolite of THC, is 12–36 h. Intravenous use or inhalation
results in 15% excretion in the urine and 25–35% in the feces.
Within 5 days, nearly 90% of THC is eliminated from the body.
Acute and Short-Term Toxicity (or Exposure)

Animal

With THC, the oral LD50 in mice is 482 mg kg�1, the rat oral
LD50 is 666 mg kg�1, and the intravenous LD50 is 29 mg kg�1.
D9-THC and other cannabinoids with psychoactive effects in
humans have particularly unusual effects on the overt behavior
of dogs. At dose levels that elicit blood concentrations of THC
similar to those found in regular human marijuana users, THC
markedly disrupts the menstrual cycle in the rhesus monkey.
Naturally occurring cannabinoids, unique to the plant C. sativa
and constituting 15% of the cannabis by weight, have been
implicated as immunomodulatory. D9-THC has been studied
to characterize its immunosuppressive properties, and studies
have shown that it suppresses both humoral and cell-mediated
immunity in experimental animals.
Human

Absorption of the cannabis product chiefly depends on the
route of exposure. For example, onset of action is extremely
rapid (within minutes) via smoking; it results in 10–35%
absorption of the available THC and peak plasma concentra-
tions occur within 8 min. The second commonest route is via
ingestion, and onset occurs within 1–3 h (highly unpredict-
able); 5–20% is absorbed due to stomach acid content and
metabolism; peak plasma levels occur 2–6 h after ingestion. In
contrast, synthetic forms include (1) dronabinol (Marinol) –

10% absorption; peak concentration 2–3 h after ingestion;
and (2) nabilone (Cesanet) – up to 90% absorption; peak
concentration in 2 h after ingestion.

High levels of intoxication are associated with decreased
motor coordination, muscle strength, and hand steadiness.
Lethargy, sedation, poor concentration ability, slurred speech,
ataxia, and an increase in reaction time may also occur. High
doses of D9-THC can induce frank hallucinations, delusions,
and paranoid feelings. Thinking becomes confused and disor-
ganized; depersonalization and altered time sense are accen-
tuated. Anxiety reaching panic proportions may replace
euphoria, often as a result of the feeling that the drug-induced
state will never end.

The most consistent effects on the cardiovascular system are
an increase in heart rate, an increase in systolic blood pressure
while supine, decreased blood pressure while standing, and
a marked reddening of the conjunctivae.
Chronic Toxicity (or Exposure)

Animal

Under the conditions of 2-year gavage studies, there was no
evidence of carcinogenic activity of 1-trans-D9-tetrahydrocan-
nabinol in male or female F344/N rats administered 12.5, 25,
or 50 mg kg�1. There was equivocal evidence of carcinogenic
activity of THC in male and female B6C3F1 mice based on the
increased incidences of thyroid gland follicular cell adenomas
in rats treated with 125 mg THC per kg.
Human

Chronic use can be associated with subtle impairment in
cognitive function, which is dependent on dose and duration
of use. At present, most of the available data indicate that these
cognitive deficits are reversible after more than a week of
abstinence. Chronic use may be associated with the induction
of ‘amotivational syndrome’ and loss of memory. Endocrine
effects have been reported following chronic use, including
impairment of gonadotropin secretion, follicle-stimulating
hormone (FSH), and luteinizing hormone (LH); reduction in
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testosterone levels; and direct effects on cytochrome P450 of
the Leydig cells with inhibition of testosterone synthesis.
Abrupt discontinuation of chronic THC use has resulted in
a mild abstinence syndrome, consisting of agitation, appre-
hension, and aggressiveness, as well as tremulousness,
insomnia, and diaphoresis, and the development of common
migraine headaches.

THC produces euphoria, or a ‘high,’ including feelings of
intoxication and detachment, relaxation, altered perception of
time and distance, intensified sensory experiences, laughter,
talkativeness, decreased anxiety, decreased alertness, and
depression. These effects depend on the dose, expectations of
the user, mode of administration, social environment, and
personality. This is primarily because THC triggers dopami-
nergic neurons in the ventral tegmental area of the brain,
a region known to mediate the reinforcing (rewarding) effects.
This dopaminergic drive is thought to underlie the reinforcing
and addicting properties of this drug. Dysphoric reactions to
cannabis are not uncommon, especially in naive users. THC
effects may include severe anxiety or panic, unpleasant somatic
sensations, delirium, mania, or paranoia. Anxiety and panic are
the most common reactions; they are of sudden onset during or
shortly after smoking, or they can appear more gradually 1–2 h
after an oral dose. These anxiety/panic reactions usually resolve
without intervention. Flashbacks occasionally occur in which
the original drug experience (usually dysphoria) is relived
weeks or months after use.
Pulmonary Toxicity

Transient bronchodilation is the most prominent effect after an
acute exposure. Heavy smokers or chronic users experience
increased cough, sputum production, and wheezing. These
complaints are augmented by concurrent tobacco use. A
gradual decline in respiratory function is greater among mari-
juana smokers compared to tobacco smokers. Marijuana ciga-
rettes contain the same components as tobacco smoke,
including bronchial irritants, tumor initiators (mutagens), and
tumor promoters, in addition to nicotine. Estimates based on
smoking had revealed that the amount of tar in a marijuana
cigarette is three times higher compared to a tobacco cigarette,
with one-third greater deposition in the respiratory tract.
Bronchitis, squamous metaplasia of the tracheobronchial
epithelium, and emphysema are the commonest features
among chronic users. Several case reports strongly suggest
a link between cannabis smoking and cancer of the aero-
digestive system, including the oropharynx and tongue, nasal
and sinus epithelium, and larynx. Most illegally obtained
marijuana is believed to be contaminated with Aspergillus
species (a producer of carcinogenic aflatoxin), which can cause
invasive pulmonary aspergillosis in immunocompromised
users.
Immunotoxicity

Agonists of the CB2 receptors act as immune modulators,
reducing the release of inflammatory cytokines. They are also
known to produce anti-inflammatory effects. It has been
repeatedly shown that cannabis use can impair the immune
system’s ability to fight off microbial and viral infections. Use
of cannabis-containing products may compromise lung
macrophage functions, including phagocytosis, migration,
and cytokine production, in a dose-dependent manner. This
has been demonstrated in limited human in vitro studies.
Although human T and B lymphocytes contain cannabinoid
receptors, no conclusive effects have been reported on the use
of cannabis and the clinical effects related to the presence of
these receptors.
Neurotoxicity

A strong correlation exists between cannabis use and mental
health. Adolescent abusers commonly suffer one or more
comorbid health or behavioral problems. Several studies have
demonstrated marijuana abuse to coexist with attention deficit
hyperactivity disorder, other learning disabilities, depression,
and anxiety. Cohort and well-designed cross-sectional studies
suggest a modest association between early, regular, or heavy
cannabis use and depression. An association exists between
cannabis use and schizophrenia. Several well-controlled
studies with well-defined samples looked at cannabis use and
psychosis and concluded an overall twofold increase in the
relative risk for developing schizophrenia, although it was not
determined whether cannabis use is necessary or sufficient to
cause schizophrenia. Cannabis use is believed to worsen
schizophrenic psychotic symptoms.
Cardiovascular Toxicity

A sudden 20–100% rise in heart rate is very common with
naïve user, lasting up to 2–3 h.

Peripheral vasodilatation causes postural hypotension,
which may lead to dizziness or syncope.

Cardiac output increases by as much as 30%. In addition,
the cardiac oxygen demand is also increased. Tolerance to these
effects can develop within a few days of use. Naive users can
experience angina. In addition, users with preexisting coronary
artery disease or cerebrovascular disease may experience
myocardial infarctions, congestive heart failure, and strokes.
Chronic users may experience a combination of all these effects
prior to onset of persistent cardiac anomalies.
Reproductive Toxicity

Acute and chronic administration of cannabinoids, including
THC, CBN, and CBD, has been reported to decrease sexual
functioning in both male and female rodents and primates.
THC alters the normal ovulatory cycle. Some studies suggest
that cannabinoids decrease serum testosterone, FSH, and LH
levels in males, and also cause morphologic abnormalities in
sperm. In females, cannabinoid administration has been re-
ported to suppress the cyclic surge of LH and ovulation. High-
dose THC in animals causes a drop in testosterone levels,
decreased sperm production, and compromised spermmotility
and viability.
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A reduction of birth weight in animals is very common with
cannabis administration during pregnancy. However, studies
are equivocal in humans. No evidence exists that cannabis
increases the risk of birth defects. A growing body of evidence
suggests permanent, though subtle, effects on memory, infor-
mational processing, and executive functions in the offspring of
women who use cannabis during pregnancy. Children younger
than 1 week of age born to mothers who used cannabis during
pregnancy had increased incidence of tremors and staring.
Children of chronic users (>5 joints per week) were found to
have lower verbal and memory scores at age 2 years. A few
studies have demonstrated a possible increased risk of non-
lymphoblastic leukemia, rhabdomyosarcoma, and astrocy-
toma in children whose mothers reported using cannabis
during their pregnancies.
Genotoxicity

Phytocannabinoids are not genotoxic. Relatively little data are
available regarding the genotoxicity of other cannabinoids.
Carcinogenicity

There is mixed evidence on the effects of THC and other
cannabinoids on cancers: in some in vitro and in vivo studies,
THC and some synthetic cannabinoids have had antineoplastic
effects, but in other studies THC seems to impair the immune
response to cancer.
Clinical Management

The consumption of illicit substances is on the rise despite
tireless efforts to control drug abuse, and it is considered
a serious threat to the health and well-being of our
communities. Hospitalization is required very often for the
treatment of the direct toxic effects of the drugs as well as for
injuries sustained while under their influence. Although
poisoning with ‘traditional’ substances of abuse such as
opioids, cocaine, and cannabis still predominate in terms of
numbers, the availability and use of new psychoactive
substances are on the rise. Activated charcoal is administered
as slurry. Depressive, hallucinatory, or psychotic reactions
should be treated by placing the patient in a quiet area,
providing reassurance that no permanent effects will occur.
Benzodiazepines are preferred drugs for treatment of extreme
agitation. When psychotic phenomena predominate, halo-
peridol 5 mg i.m. is recommended. The patient should be
kept well hydrated.
Ecotoxicology

There is limited data relating to the ecotoxicology of cannabi-
noids. However, considering their widespread use, it is likely
that they are present in wastewaters and enter the environment
either as the parent molecules or metabolites. This is an area
that needs additional work.
Exposure Standards and Guidelines

The average THC potency of cannabis has increased due to
cultivation of improved biotechnology-based plant breeding
in the last two decades. Marijuana cigarettes in the past con-
tained approximately10 mg of THC, but recent versions
contain approximately 60–150 mg. Because the effects of THC
are dose-dependent, modern cannabis users may experience
greater morbidity than their predecessors. Cannabis is avail-
able in the following forms: Marijuana is a combination of the
C. sativa flowering tops and leaves. The THC content is
0.5–5%. Several preparations are as follows: (1) Bhang – dried
leaves and tops; (2) Ganja – leaves and tops with a higher
resin content, which results in greater potency; (3) Hashish is
dried resin collected from the flowering tops. The THC
concentration is 2–20% in hash oil, a liquid extract that
contains up to 15% THC. Sinsemilla is unpollinated flowering
tops derived from the female cannabis plant in which THC
content is as high as 20%, and in Dutch hemp (netherweed)
has a THC concentration as high as 20%.

US Food and Drug Administration requirements: tetrahy-
drocannabinol is a chemical derivative of cannabis (mari-
juana), named in section 502(d) of the Federal Food, Drug,
and Cosmetic Act, and is thereby designated as habit forming.

Commercially available cannabinoids such as Dronabinol�

and Nabilone� are approved drugs for the treatment of cancer-
related side effects. Cannabinoids may have benefits in the
treatment of cancer-related side effects.
See also: Benzodiazepines; Marijuana; Tobacco.
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l Name: Captafol
l Chemical Abstracts Service Registry Number: 2425-06-1
l Synonyms: 3a,4,7,7a-Tetrahydro-2-

[(1,1,2,2-tetrachloroethyl)thio]-1H-isoindole-1,3(2H)-
dione; Folcid; Difolatan
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Background

Captafol is colorless to pale yellow in color with a distinct
odor. It has a molecular weight of 349.1, water solubility of
1.4 mg l�1 at 20 �C, and melting point of 160–162 �C. Some
common trade names of products containing captafol include
Crisfolatan, Difolatan, Difosan, Folcid, Haipen, Kenofol,
Pillar-tan, and Sanspor. Captafol is a nonsystemic antifungal
chemical extensively used to control foliage and fruit diseases
of tomatoes, coffee berry disease, potato blight, and tapping
panel disease of rubber trees. Both the lumber and timber
industries have used this compound for years to prevent
growth of wood rot fungi in logs and wood products. Captafol
was shown to be hepatotoxic and to induce potentially pre-
neoplastic glutathione S-transferase placental form positive
(GST-Pþ) foci in the liver of male F344 rats in both the
initiation and promotion phases of studies of tumor devel-
opment. In addition, promotion with captafol increased the
incidences of hyperplasia of the forestomach and adenoma of
the small intestine, thyroid follicular-cell adenoma, and the
expression of a marker of cell proliferation (proliferating-cell
nuclear antigen) in the kidneys in F344 rats. In addition to
direct genotoxic activity, several epigenetic mechanisms
depleted cellular thiol groups (nonprotein and protein),
inhibited DNA replication enzymes (DNA topoisomerases
and polymerases), DNA synthesis, RNA synthesis, and induced
CYPP450 mono-oxygenases, suggesting underlying causes of
pathogenesis of tumor formation.
cyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Captafol is a widely used broad-spectrum contact fungicide
belonging to the class of sulfanilamides. It is effective for the
control of a wide variety of fungal diseases in plants and is
widely used outside the United States to control foliage and
fruit diseases on apples, citrus, tomato, cranberry, sweet corn,
barley, wheat, and several other plants. Captafol is also exten-
sively used as a seed protectant in cotton, peanuts, and rice. It is
also used to reduce losses from wood rot fungi in logs and
wood products. Mixed formulations of this compound include
(captafol þ) triadimefon; ethirimol; folpet; halacrinate; pro-
piconazole; and pyrazophos. Captafol is compatible with most
plant-protection products, with the exception of alkaline
preparations and formulating materials.
Environmental Fate and Behavior

Captafol is not persistent in the environment. Captafol is stable
under ordinary environmental conditions and rapidly degrades
in soil, the rate of degradation being a function of soil type and
pesticide concentration. It does not leach from basic soils and is
unlikely to contaminate groundwater. Captafol sprayed on
most crops has a half-life of less than 5 days. Captafol and/or its
metabolites and degradation products are readily absorbed by
roots and shoots of plants. If released to air, an extrapolated
vapor pressure of 8.27 � 10�9 mm Hg at 25 �C indicates
captafol will exist solely in the particulate phase in the ambient
atmosphere. Particulate-phase captafol will be removed from
the atmosphere by wet and dry deposition. If released to soil,
captafol is expected to have slight mobility based on Koc values
of 2073 and 2120. Volatilization frommoist soil surfaces is not
expected to be an important fate process based on a Henry’s
Law constant of 2.7 � 10�9 atm-cu m mol�1. In a laboratory
setting, the biodegradation half-life of captafol in three soils
was found in the range of 23–55 days. The overall half-life of
captafol in soil is about 11 days, independent of soil type or
initial concentration. If released into water, captafol is expected
to adsorb to suspended solids and sediment based on the Koc.
Volatilization from water surfaces is not expected to be an
important fate process based on this compound’s estimated
Henry’s Law constant. An estimated bioconcentration factor of
170 suggests the potential for bioconcentration in aquatic
organisms is high, provided the compound is not altered
physically or chemically after being released to the
4-3.00268-2 655
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environment. The half-lives for the hydrolysis of Difolatan at
pH 3.0, 7.0, and 8.0 were 77.8, 6.54, and 0.72 h, respectively.
Hydrolysis is likely to be the predominant pathway of degra-
dation in the aquatic environment.
Exposure Routes and Pathways

Dermal and ocular exposures are the most common routes of
exposure to captafol. Contact dermatitis has been reported after
exposure to captafol. During occupational exposure, captafol
has been reported to cause severe irritation of the respiratory
tract, eye damage, and other systemic effects. Oral ingestion of
captafol is unlikely to cause acute poisoning.
Toxicokinetics

Captafol is poorly absorbed from the gastrointestinal tract. The
liver and the gastrointestinal tract are the primary sites of
metabolism of captafol. It is eliminated via urine, feces, and
exhaled air. The major single metabolite, tetrahydroph-
thalimide (THPI), was detected in blood, urine, and feces, but
most of the activity in the blood and urine was in the form of
more water-soluble metabolites. Following oral administration
in animals, captafol is hydrolyzed to THPI and dichloroacetic
acid. THPI is degraded to tetrahydrophthalimidic acid and
further to phthalic acid and ammonia.
Mechanism of Toxicity

The primary toxicity following captafol exposure probably
occurs through a hypersensitivity mechanism. Most experi-
ments suggest captafol to be DNA active.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute oral LD50 of captafol has been reported to be
6780mg kg�1 in male rats and 6330mg kg�1 in female rats. The
rabbit dermal LD50 is reported to be 15 400 mg kg�1, showing
moderate dermal irritation at 72 h with severe dermal sensiti-
zation. Another test for captafol-induced eye irritation in rabbit
showed corneal opacity and iris and conjunctival irritation, all
symptoms being present for 21 days. Captafol was reported to
be teratogenic and to cause fetal developmental abnormalities at
very high (maternally toxic) doses in hamsters. Teratogenicity
studies in rabbits indicated a teratogenic no observed effect level
(NOEL) >50 mg kg�1 day�1 and a fetotoxic NOEL of
16.5 mg kg�1 day�1. Captafol was, however, found to have no
effect on embryonic development in rabbits and monkeys.
Further, most animal feeding studies have shown that most of
the captafol is excreted unchanged and the major metabolite is
tetrahydrophthalimide. When rats, dogs, and monkeys were fed
(14)C-captafol, almost 80% was excreted within 36 h, mainly in
the urine, and none via expired carbon dioxide. Most of the
small amount in the feces was unmetabolized and probably
unabsorbed. Unmetabolized captafol was undetectable in most
biological fluids and tissues. Several teratology studies have been
conducted in many mammalian species, including nonhuman
primates, which concluded low to no teratogenic potential after
administering captafol throughout organogenesis.
Human

The primary symptoms of captafol exposure reported in
humans include contact dermatitis and conjunctivitis. The
reaction may be severe and may include stomatitis and painful
bronchitis. Persons with a skin rash following exposure to
captafol were found to have systemic as well as dermal disor-
ders. Hypertension was reported in patients with marked
edema. Other findings following captafol exposure include
protein and urobilinogen in the urine, depression of liver
function, anemia, and depression of blood cholinesterase
activity. Acute oral or dermal exposure to captafol rarely results
in severe toxicity. However, due to a higher level of toxicity in
animal models following intraperitoneal exposure, parenteral
exposure may present a greater hazard potential. Captafol has
been classified as a group 2A probable human carcinogen.

Exposed individuals include farm and timber workers;
workers involved in formulation and dispensing pesticides;
agricultural spray workers and crop harvesters during disease
vector control periods. Inhalation of captafol as spray mists or
powders has been reported in an occupational setting. The
acute oral toxicity is low. Skin, eyes, and respiratory tract are
targets for local irritation and sensitization. Ingestion of large
quantities of captafol has caused vomiting and diarrhea.
Respiratory sensitization and conjunctivitis are known to have
occurred. Systemic disorders including hypertension and
hepatic and renal disturbances, usually paralleling the degree of
dermatitis, have been reported following captafol exposure.
Wheezing due to bronchospasm, contact dermatitis, and
vomiting and diarrhea are the features of exposure to captafol
by inhalation, skin contact, and ingestion, respectively. Chronic
exposure can cause hypertension, depression of liver function,
dermatitis, conjunctivitis, and anemia.
Chronic Toxicity (or Exposure)

Animal

Rats exposed to captafol at dietary levels of 1500 and 5000 ppm
demonstrated growth depression, some liver and kidney
changes, and an increased mortality. Following exposure to 300
or 100mg kg�1 of captafol, dogs suffered frequent vomiting and
diarrhea during the first 4 weeks and were observed to be
slightly anemic and deficient in growth during a 2 year study.
Dogs at dosages of 30 mg kg�1 or greater developed both
absolute and relative increases in the weights of the liver and
kidney. Oral administration in mice produced a high incidence
of adenocarcinomas of the small intestine, vascular tumors of
the heart, and spleen and hepatocellular carcinomas. In a 2-year
rat-feeding study, a dose-related increased incidence of
neoplastic nodules in the liver of females was reported. The US
Environmental Protection Agency (EPA) reported a NOEL for
nononcogenic effects at 56 ppm based on a chronic toxicity
study in rats. There is sufficient evidence in experimental
animals for carcinogenicity of captafol.
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Human

Captafol is also known to be a skin sensitizer and has been
reported to cause both allergic and contact dermatitis in
humans. Breakdown products may contribute to the skin irri-
tation and sensitization associated with captafol.
Genotoxicity

Captafol is an alkylating agent and has produced genotoxic
effects in a variety of systems. Short-term in vitro and in vivo
genotoxicity studies support mutagenicity as a mechanism of
carcinogenesis. Captafol caused mutations in Salmonella typhi-
murium (base-pair mutations) and Escherichia coli and in non-
mammalian in vivo systems (Aspergillus nidulans and Drosophila
melanogaster). Captafol caused DNA single-strand breaks, sister
chromatid exchange, chromosomal aberrations, micronucleus
formation, polyploidy (in one of two studies), mitotic spindle
disturbances, and cell transformation in in vitro studies that
employed cell lines from rodents and other mammals. In
human cells in vitro, it caused DNA single-strand breaks, sister
chromatid exchange, micronucleus formation, and chromo-
somal aberrations. In rodents exposed in vivo, captafol caused
DNA strand breaks, micronucleus formation, and dominant
lethal mutations in rats but did not cause mutations in the
host-mediated assay in rats or dominant lethal mutations in
albino mice.
Carcinogenicity

There is sufficient evidence in experimental animals for the
carcinogenicity of captafol. However, the task force for evalu-
ation found captafol to be active in a wide range of tests for
genetic and related effects, including the generally insensitive in
vivo assay for dominant lethal mutation. Based on the above
observation, captafol was labeled as probable human carcin-
ogen (Group 2A) by the International Agency for Research on
Cancer, whereas US EPA categorized this compound as Group
2B: probable human carcinogen, and the American Conference
of Governmental Industrial Hygienists (ACGIH) recognized it
as not classifiable as a human carcinogen.
Clinical Management

Exposed eyes and skin should be flushed with copious
amounts of water. In case of an inhalation exposure, the patient
should be monitored for respiratory distress. Artificial ventila-
tion may be provided and symptomatic treatment may be
administered as necessary.
Ecotoxicology

Avian toxicity for captafol is low, the LD50 being greater than
2510 ppm. However, high levels of exposure can cause repro-
ductive impairment. Captafol is characterized as being very
highly toxic to both cold-water and warm-water fish, 96 h LC50
being 0.027–0.50 and 0.045–0.230 mg l�1 in rainbow trout
and bluegill sunfish, respectively. It is considered only
moderately to very highly toxic to freshwater invertebrates.
Captafol is considered nontoxic to bees. Most of captafol’s
release to the environment occurred through various waste
streams and its use as a fungicide on crops. If released to air, an
extrapolated vapor pressure of 8.27 � 10�9 mm Hg at 25 �C
indicates captafol will exist solely in the particulate phase in the
ambient atmosphere. Particulate-phase captafol will be
removed from the atmosphere by wet and dry deposition. If
released to soil, captafol is expected to have slight mobility
based on Koc values of 2073 and 2120. Volatilization from
moist soil surfaces is not expected to be an important fate
process based on a Henry’s Law constant of 2.7 � 10�9 atm-
cu m mol�1.
Exposure Standards and Guidelines

Captafol is a general use pesticide with a toxicity classification
of IV (relatively nontoxic). It is classified as a restricted use
pesticide in the United States. It is no longer sold in the United
States. The US Occupational Safety and Health Administration
threshold limit value for captafol is reported to be 0.1 mg m�3.
Captafol is a restricted use fungicide and as of 2010, the use of
captafol on food crops has been banned.

ACGIH Threshold Limit Value: 0.1 mg m�3 time-weighted
average (TWA) (skin); Appendix A4 (Not Classifiable as
a Human Carcinogen).

National Institute for Occupational Safety and Health Rec-
ommended Exposure Limit: 0.1 mg m�3 TWA (skin) potential
carcinogen.

See also: Pesticides.
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Background

Captan was first registered in 1951 and was widely employed
for many antifungal uses. Its use has been limited over the
years, mostly based on cancer risks.
Uses

Captan is a broad-spectrum, nonsystemic fungicide. It is used
as a seed treatment for numerous food and feed crops, and has
foliar uses on many crops, including apples, almonds, and
strawberries. Since 1989, however, most applications of captan
on food crops in the United States have been limited.
Environmental Fate and Behavior

The half-life of captan is 1–10 days in a soil environment, and
hours to days in water depending on acidities and tempera-
tures. Captan is not mobile in soil but can significantly
evaporate from the soil surface. It is quickly degraded in neutral
water.
Exposures and Exposure Monitoring

Exposure to captan can occur through dermal, oral, or inhala-
tion routes during the manufacture or application of captan, or
consumption of agricultural products with captan residue.
Toxicokinetics

Animal studies showed that captan is readily excreted after
either oral or intraperitoneal dosing. Metabolism is similar
between males and females. Twenty-four hours after treatment,
approximately 75% of captan is eliminated in urine and 6.5%
in feces in rats. Nearly all is eliminated by 36 h. A small portion
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
of captan given orally was metabolized into thiozolidine-2-
thione-4-carboxylic acid, a salt of dithiobis (methanesulfonic
acid) and the disulfide monoxide derivative of dithiobis
(methanesulfonic acid). The major metabolic site is the
gastrointestinal tract.
Mechanism of Toxicity

Liver enzymesweremodulated after repeated captan exposure at
relatively high dosage. Evidence suggested that captan caused
the breakdown of the inner membrane of mitochondria. In vitro
studies showed that captan caused swelling of mitochondria in
rat liver and loss of intracellular potassium of human erythro-
cytes. Captan inhibits mitochondrial function nonspecifically,
involving uncoupling of oxidative phosphorylation.
Acute and Short-Term Toxicity

Animal

Generally, captan has been found to have low toxicity to labo-
ratory animals after an oral dose. An oral LD50 value of greater
than 5000mg kg�1 was reported in rats. Intraperitoneal LD50

values of 40 and 35mg kg�1 were reported in male and female
rats, respectively. Oral LD50 values of 7840 and 7000mg kg�1

were reported for male and female mice whereas intraperitoneal
LD50 values of 518 and 462mg kg�1 were found in male and
female mice, respectively. A dermal LD50 value of greater than
2000mg kg�1 was found in rabbits. Captan given at a dietary
level of 10 000 ppm for 54 weeks caused marked growth
depression in both male and female rats. Captan fed at
5000 ppm for 2 years (about 50mg kg�1 day�1) produced
growth depression in female but not in male rats. Testicular
atrophy was observed at autopsy in some animals fed with
captan at 10 000 ppm. No significant changes in organ weights,
hematology, and gross and histological morphology were
found.
Human

Sensitivity, e.g., dermatitis, to captan exposure was observed.
Eye irritation potentially exists but is minimal. Captan,
however, is generally well tolerated.
Chronic Toxicity

Effects in laboratory animals following chronic exposures of
captan included inappetence, decreased body weight,
decreased organ weight, and death.
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Reproductive Toxicity

Captan was reported to cause fetal mortality in pregnant mice
that inhaled captan at high doses. Captan is unlikely, however,
to cause reproductive toxicity in humans with usual exposures.
Captan was not reported to cause reproductive toxicity in
humans.
Genotoxicity

Captan has been determined by the US Environmental
Protection Agency (EPA) to be nonmutagenic or to have very
low mutagenicity in animals, although captan was found
mutagenic in some in vitro tests.
Carcinogenicity

In chronic studies, captan causes cancer in rats and mice.
Captan is classified as B2, a probable human carcinogen, by the
US EPA. Captan is considered by the US National Institute for
Occupational Safety and Health (NIOSH) to be a potential
occupational carcinogen.
Clinical Management

Intoxication after acute captan exposure is unlikely. Treatment
is needed if symptoms occur.
Ecotoxicity

Captan is very toxic to fish. The US EPA has concluded,
however, that the potential aquatic effects of captan would be
minor since there are no aquatic applications of captan.
Honeybees are sensitive to captan while birds are relatively
tolerant to this fungicide. Captan does not substantially accu-
mulate in living tissues.
Exposure Standards

The US EPA chronic reference dose for captan is
0.13mg kg�1 day�1, and the accepted dietary intake estab-
lished by European Food Safety Authority is 0.1mg kg�1 day�1.
The US Occupational Safety and Health (OSHA) permissible
exposure limit (PEL) time-weighted average (TWA) of
5mgm–3 is still enforced in some states in the United States.
The NIOSH recommended exposure limit is a 10-h TWA of
5mgm–3.
See also: Fungicide; Pesticides.
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Chemical Structure and Uses

The carbamate compounds are subdivided into three main
groups: carbamates, thiocarbamates, and dithiocarbamates
(see basic structures in Figure 1). N-methylcarbamates are
usually used as insecticides, such as bendiocarb, carbaryl, car-
bofuran, methomyl, oxamyl, propoxur, and many others.
Currently, carbaryl and propoxur are the only two carbamates
that are also recommended for the control of ectoparasites on
animals. Some of the carbamates, such as aldicarb, carbofuran,
and propoxur, are commonly encountered in malicious
poisonings in dogs and mammalian and avian wildlife.
Derivatives of carbamic acid (asulam, barban, chloropropham,
chlorbupham, karbutilate, and phenmedipham), thiocarbamic
acid (butylate, cycloate, diallate, EPTC, molinate, and triallate),
and dithiocarbamic acid (metham sodium) are used as herbi-
cides. Fungicides of this group include ferbam, mancozeb,
maneb, and thiram. When used properly, carbamate pesticides
offer enormous benefits to society, as they preserve and
increase agricultural production, as well as protect human and
animal health from insect-vector-mediated diseases. However,
overexposure of humans and animals to these pesticides can
result in everything from minor health effects to even death.
Historical Background

During the mid-nineteenth century, the first carbamate
compound physostigmine (eserine alkaloid) was extracted
from the Calabar beans (ordeal poison) of a perennial plant
Physostigma venenosum commonly found in tropical West Africa.
It was not until the 1960s and 1970s that dozens of carbamates
(esters of carbamic acid) were synthesized for pesticidal use.
Carbaryl was the first carbamate to be used as an insecticide.
The knowledge of autonomic pharmacology, especially the
cholinergic system, enabled us to synthesize more potent
carbamates and also to understand their mechanism of toxicity.
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Figure 1 General formulas for carbamates.
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Aldicarb was synthesized to mimic the chemical structure of
acetylcholine (ACh). Currently, aldicarb has the maximal
potential for mammalian toxicity and is commonly marketed
globally under the trade name Temik�. Although thousands of
carbamates have been synthesized, not more than two dozen
compounds have been used practically as insecticides and
ectoparasiticides. Currently, the carbamate insecticides are
more popular worldwide, because they are safe and very little
residue persists in the environment and mammalian system
compared with organochlorines and organophosphates.

Since the 1940s, derivatives of carbamic acid, including
ethylene bisdithiocarbamates (EBDCs), have been widely used
as fungicides throughout the world. Common examples of this
group of fungicides include mancozeb, maneb, metiram,
nabam, and zineb. In general, thiocarbamates and dithio-
carbamates are of low mammalian toxicity because they do not
inhibit acetylcholinesterase (AChE) activity, and therefore pose
less risk when compared with N-methylcarbamate insecticides.
Exposure Routes

The majority of carbamates are easily absorbed following oral,
respiratory, and parenteral exposure. Carbamates can also be
absorbed through the skin, although the absorption rate appears
to be relatively slow. It is established that following absorption,
these pesticides are well distributed in tissues throughout the
body. Being lipophilic,maximum levels of these compounds are
usually found in the adipose tissue and the brain. Carbamates
are usually metabolized in the liver to less toxic or nontoxic
metabolites. However, some of the metabolites of carbamates
are quite toxic. For example, the two major metabolites of car-
bofuran (3-hydroxycarbofuran and 3-ketocarbofuran) have
a significant impact on the overall toxicity of carbofuran. This is
partly because these metabolites are toxic and they are trapped
in enterohepatic circulation. Because of the extensive metabo-
lism of carbamates in the body, rarely are parental carbamates
detected in the urine. Also, only a fewmetabolites are detected in
the urine that can be used as biomarkers of carbamate exposure.
In essence, N-methylcarbamate insecticides are readily absor-
bed, widely distributed, and extensively metabolized before
being excreted in the urine and/or bile. Residues of some
carbamates and their metabolites can be detected in the milk.

Carbamic acid derivative fungicides, such as EBDCs, are
readily absorbed, rapidly metabolized, and excreted within
24 h through urine and feces, with no evidence of long-term
bioaccumulation.
Mechanism of Toxicity

Acute clinical signs of N-methylcarbamate insecticides toxicity
are primarily associated with the inhibition of acetylcholines-
terase (AChE) at synapses in the brain and neuromuscular
4-3.00106-8 661
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junctions in skeletal muscles. Of course, these insecticides can
also bind to many other enzymes, receptors, and proteins.
Carbamates inhibit AChE activity by carbamylation, and as
a result, acetylcholine (ACh) accumulates at the nerve endings
of all cholinergic nerves and causes an overstimulation of
electrical activity. Inhibition of AChE >70% leads to a toxic-
level accumulation of ACh at cholinergic junctions (e.g.,
central nervous system, neuromuscular junction, autonomic
preganglionic and parasympathetic postganglionic synapses,
and the sympathetic innervation of the adrenal and sweat
glands). Carbamates interact with AChE in the same manner
as the natural substrate ACh, except the rates of hydrolysis
and reactivation of AChE (decarbamylation) appear to be
drastically slower than for the hydrolysis of the acetylated
enzyme. The turnover time for ACh is of the order of
150 ms, whereas the carbamylated enzyme t1/2 for hydrolysis
is substantially slower (w15–30 min). Accumulated ACh
overstimulates muscarinic receptors (mAChRs) and nicotinic
receptors (nAChRs), and consequently the symptoms of
hyper cholinergic preponderance are seen. Evidence also
suggests that some carbamates, such as aldicarb, bendiocarb,
physostigmine, and propoxur, directly interact with ACh
receptors.

Some carbamate insecticides induce a variety of toxic effects
through noncholinergic mechanisms. Evidence of non-
cholinergic mechanisms was presented by the involvement of
glutamate release, causing activation of N-methyl-D-aspartate
(NMDA) receptors. In addition, the adenosinergic, gamma-
aminobutyric acid (GABAergic), and monoaminergic systems
may also be involved in the seizures and lethality associated
with carbamates. Carbamate-induced neuronal cell death is
a consequence of a series of extracellular and intracellular
events leading to the intracellular accumulation of Ca2þ ions
and the generation of free radicals. Excessive free radical
production causes oxidative/nitrosative stress, to which the
brain is especially vulnerable. These events result in mito-
chondrial damage and dysfunction, neuronal energetic
dysfunction, and neurodegeneration and neuronal death.

Thiocarbamates and dithiocarbamates are of low
mammalian toxicity and have received less attention, and
consequently their mechanisms of action are less understood.
Among thiocarbamate herbicides, molinate and diallate are
of concern because these two compounds are relatively
more toxic. Molinate decreases aldehyde dehydrogenase, an
enzyme important in the catabolism of many neurotrans-
mitters, which may account for its central and peripheral
neurotoxicity in several species. Metabolites of molinate can
also interfere with testicular esterases, inhibiting testosterone
production and leading to reproductive toxicity in laboratory
animals.

Fungicides such as mancozeb, maneb, and metiram
produce toxicity in the thyroid. These compounds inhibit
the synthesis of thyroid hormones thyroxine (T4) and tri-
iodothyronine (T3), leading to elevated levels of thyroid-
stimulating hormone (TSH) via feedback stimulation of the
hypothalamus and pituitary. Continuous and prolonged
elevation of TSH levels results in hypertrophy and hyper-
plasia of the thyroid follicular cells, leading to development
of follicular nodular hyperplasia, adenoma, and/or
carcinoma.
Acute Toxicity

Depending on the dose, frequency, and length of exposure,
carbamate insecticides can produce minor health effects, such
as mild discomfort or chest pain, or effects as serious as
convulsions, seizures, coma, and death. By employing in vivo
and in vitro models, AChE inhibiting carbamates are known to
produce a variety of toxicologic effects on the central nervous
system, peripheral nervous system, musculoskeletal, cardio-
vascular, ocular, immunologic, reproductive, and other body
systems, in addition to oxidative stress, apoptosis, endocrine
disruption, and carcinogenesis. Based on acute toxicity, some
of the carbamate compounds, such as aldicarb, carbofuran,
oxamyl, methomyl, and many others are extremely toxic to
mammalian and avian species.

In general, onset of clinical signs appears within less than an
hour. Symptoms of acute poisoning with carbamate insecti-
cides result from overstimulation of both muscarinic and
nicotinic ACh receptors because of accumulation of ACh
resulting from AChE inactivation. The muscarinic symptoms
include hypersalivation, excessive tracheobronchial secretions,
gastrointestinal cramps, lacrimation, dacryorrhea, nausea,
excessive sweating, urinary incontinence, diarrhea, miosis, and
bradycardia. The nicotinic receptor-associated effects include
muscle fasciculations, tremors, muscle weakness, flaccid
paralysis, blurred vision, vomiting, and paralysis of respiratory
muscles. Exposure to high doses of a carbamate can lead to
symptoms of CNS origin, including restlessness, tremors,
convulsions, partial or generalized seizures, mental distur-
bance, incoordination, cyanosis, and coma. Finally, death
ensues within a few hours because of cardiac and respiratory
failure. Clinical signs of acute poisoning usually resolve within
a few hours of exposure, but some symptoms of a neuro-
psychological nature appear to persist for a longer period. The
surviving patient may exhibit symptoms such as schizoid
reactions, paranoid delusions, poor sleep because of halluci-
nations and nightmares, and deficits in memory and attention.

Signs and symptoms of thiocarbamate toxicity include
anorexia, squinting, hypersalivation, lacrimation, piloerection,
dyspnea, ataxia, hypothermia, incoordination, depression,
paresis, muscular fibrillation, convulsions, and death. Thio-
bencarb has been shown to cause toxic neuropathies in
neonatal and adult rats. Diallate poisoning is reported in many
species with signs and symptoms of anorexia, ataxia, muscular
contractions, exhaustion, and prostration. The cat appears to be
the most sensitive species.
Intermediate Syndrome

In the late 1980s, intermediate syndrome (IMS) was reported
for the first time in human patients who were poisoned with
large quantities of OP insecticides. Recently, a carbamate
insecticide carbofuran was demonstrated to cause IMS in
patients accidentally or intentionally exposed to large doses of
this insecticide. Clinically, IMS is characterized by acute
paralysis and weakness in several cranial motor nerves, neck
flexors and facial, extraocular, palatal, nuchal, proximal limb,
and respiratory muscles 24–96 h after poisoning. Generalized
weakness, depressed deep tendon reflexes, ptosis, and diplopia
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are also evident. From mechanisms and treatment viewpoints,
IMS is better characterized for OPs than carbamates, because
recovery is much faster with carbamates. IMS with OPs
involves depressed AChE, expressed nAChR mRNA, and
increased oxidative stress. But the central mechanism seems to
be the defect(s) at the neuromuscular endplate and post-
synaptic level involving nAChRs. It can be hypothesized that
carbamate-induced IMS may involve similar mechanisms as
described for OPs.
Chronic Toxicity

Interestingly, carbamates do not cause peripheral neuropathy,
as do some organophosphates (OPs). This is because carba-
mates may inhibit neurotoxic esterase activity (the ‘first step’ in
the precipitation of the neuropathy), but do not ‘age’ (the
definitive step in precipitation of the neuropathic response).
Also, tolerance development has been known forOPs following
chronic exposure for almost half a century, but to date no
tolerance development is reported for any carbamate
insecticides.

In addition to inhibition of AChE activity, carbamates have
been reported to cause skin and eye irritation, hemopoietic
alterations, degeneration of the liver, kidneys, and testes, as
well as functional and histopathologic changes in the nervous
system after long-term, high-dose exposures. Moreover, some
carbamates are known to produce reproductive and teratogenic
effects. Fetuses of mothers dosed with a carbamate have been
reported to exhibit increased mortality and decreased weight
gain. Men chronically exposed to carbofuran have semen of
low quality, as the spermatozoa and spermatids are found to be
multinucleated. Carbamates are also considered embryotoxic,
fetotoxic, teratogenic, mutagenic, and carcinogenic.

Chronic studies with thiophanate (a methyl-benzimidazole
carbamate) fungicide caused an increase in liver weight in rats,
and increased thyroid weights in rats and dogs. The major
concernwithEBDCpesticides (includingmaneb andmetiram) is
that their major metabolite, ethylene thiourea (ETU), is goitro-
genic. ETU is known to interfere with thyroid peroxidase. In a 2-
year chronic study in rats, ETU produced thyroid follicular
hyperplasia at �50 ppm and malignant thyroid neoplasia at
�250 ppm. ETU is also known to cause hepatocellular
adenomas, anterior pituitary adenomas, and reproductive and
developmental abnormalities. Mancozeb can produce small
effects on thyroidmorphologyandadepressionof iodineuptake.
Interaction with Other Anticholinesterase Pesticides

Carbamate and OP insecticides are often used in combination,
with the objective of achieving synergistic interaction and
controlling a wide range of insects, including those that are
resistant. Therefore, exposure of the environment as well as
humans and animals to multiple pesticides is inevitable. Under
such circumstances, exposure to a single AChE-inhibiting
insecticide is at the subtoxic level, but simultaneous exposure
to more than one can sometimes lead to devastating health
effects because of an additive or potentiating interaction.
Studies based on laboratory animals have revealed potentiating
toxicity following simultaneous exposure to OPs (P¼S type)
and N-methylcarbamate insecticides. Thus, predicting and
avoiding such interactions in nontarget species are the
challenges that we face today.
Biomarkers and Biomonitoring

Biomonitoring data are useful for a variety of applications, from
exposure assessment to risk assessment. Because carbamates are
unstable compounds, their metabolites are also considered to
be determined in serum/plasma, blood, and urine to estimate
the exposure levels of carbamates. Carbamates that are
commonly encountered in poisonings include aldicarb, ben-
diocarb, benomyl, carbaryl, carbofuran, carbosulfan, methomyl,
pirimicarb, and propoxur. Major metabolites of carbaryl
(1-naphthol, 2-naphthol, and/or 4-hydroxycarbarylglucuro-
nide), carbofuran (3-hydroxycarbofuran and 3-ketocarbo-
furan), and propoxur (2-isopropoxyphenol) are also analyzed
in addition to the parent compounds in case of carbamate
poisoning. Carbamates and their metabolites are alsomeasured
in saliva for pharmacokinetics and dosimetry. Recently, liquid
chromatography–mass spectrometry has been employed to
identify novel biomarkers of AChE-inhibiting pesticide expo-
sure by detecting their adducts on serine of butyryl-
cholinesterase and tyrosine of albumin. Both scientific and
regulatory communities have recognized that erythrocytes-
AChE inhibition is a sensitive biomarker of exposure to carba-
mates and OPs, because it serves as a sensitive surrogate
endpoint for the inhibition of brain-AChE. However, AChE
inhibition measurement cannot ascribe to a specific pesticide
exposure event.
Human Risk

Risks to humans are significant from overexposure to
N-methylcarbamate insecticides, whereas risks are minimal
from thiocarbamate and dithiocarbamate herbicides and
fungicides. It needs to be pointed out that the cumulative risks
from food, water, and residential exposure to N-methyl-
carbamates normally do not exceed the Environmental
Protection Agency’s level of concern.
Clinical Management

Humans and animals acutely poisoned with carbamate
insecticides usually show the signs and symptoms of hyper-
cholinergic preponderance, such as salivation, lacrimation,
diarrhea, nausea, tremors, miosis, bradycardia, headache,
confusion, and sometimes death. Dogs exposed to large doses
of a carbamate insecticide in a malicious intent usually die.
Both in humans and dogs, signs and symptoms are reported
within minutes of exposure and can last for hours. However,
because of reversibility of the inhibition of AChE, recovery
is usually apparent within 24 h, depending on the dose of
the carbamate and severity of poisoning. Metabolites of
carbamates in the urine and inhibition of erythrocytes-AChE
activity can be used for biological monitoring. In acute
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poisoning cases, atropine sulfate is recommended with a full
dose. It should be repeated at half a dose on hourly intervals,
until all hypersecretory signs completely subside. Oximes are
typically contraindicated. Supportive therapy is highly
recommended.
Ecotoxicology

When applied directly to the soil, many carbamates can
cause significant reduction in microflora and worms. Bees
are especially sensitive to some carbamate pesticides. Some
of the carbamate insecticides, such as aldicarb, carbofuran,
and propoxur are deadly toxic to both mammalian and
avian wildlife. Morbidity and mortality have been noted in
wildlife even when some carbamates were used at the rec-
ommended levels. Deaths in many nontarget species have
been reported as a result of malicious intent or secondary
poisoning.
Environmental Fate

In general, carbamates are degraded into metabolites of lesser
toxicity, and they have very little impact in terms of environ-
mental persistence. Carbamates can be degraded by micro-
organisms, soil, water, light, and animals. These compounds
do not bioaccumulate in the food chain or environment. Of
course, groundwater can have carbamate residue for an
extended period of time. There are serious concerns about
EBDC-based fungicides that produce a toxic metabolite
ethylene thiourea (ETU) in the environment.
Future Directions

In every aspect, carbamates have received less attention
compared with organophosphates, because carbamates
produce toxicity by a similar mechanism and the toxic effects
are reversible. Evidently, one area that needs attention is the
clinical management of carbamates’ poisoning, because atro-
pine is inadequate to cover the entire spectrum of toxicity.

See also: Aldicarb; Benomyl; Carbaryl; Carbofuran; Cholinesterase
Inhibition; Dithiocarbamates; Methomyl; Propoxur.
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l Name: Carbamazepine
l Chemical Abstracts Service Registry Number: 298-46-4
l Synonyms: CBZ; 5H-dibenz(b,f)-azepine-5-carboxamide;

Tegretol
l Molecular Formula: C15H12N2O
l Chemical Structure: NCONH2

Background

Carbamazepine is a synthetic iminostilbene derivative struc-
turally similar to imipramine, a tricyclic antidepressant. While
unrelated structurally, carbamazepine shares a similar thera-
peutic action with phenytoin. Carbamazepine was first discov-
ered in 1953 by Swiss chemist Walter Schindler. Throughout the
1960s, antimuscarinic was used and marketed for trigeminal
neuralgia and as an anticonvulsant. By the 1970s, it was being
used as a mood stabilizer for patients with bipolar disorder.
Uses

Carbamazepine is used in the treatment of epilepsy and
trigeminal neuralgia. Unlabeled uses include treatment of
postherpetic pain syndrome, neurogenic diabetes insipidus,
bipolar disorder, alcohol withdrawal, and cocaine dependence.
Environmental Fate and Behavior

Environmental exposure occurs via direct release into water or
via vaporization into the air. It is susceptible to photolysis and
is thought to have a half-life of roughly 63 days in lake water in
vitro. However, when dissolved and exposed to direct photol-
ysis, it has a half-life of approximately 1 day.
Exposure Routes and Pathways

The exposure pathway for carbamazepine is exclusively oral
(ingestion of tablets or suspension).
Toxicokinetics

Carbamazepine is slowly and incompletely absorbed during
therapeutic use. With large ingestions, absorption may be
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
delayed and unpredictable, producing peak levels from 4 to
72 h after the overdose. The absorption phase in an overdose
is highly variable because of carbamazepine’s poor solubility,
ability to significantly decrease gut motility, and to form
pharmacobezoars. One of the primary metabolites of
carbamazepine is carbamazepine-10,11-epoxide (CBZE),
which also has anticonvulsant activity. A minor pathway
results in iminostilbene formation. Further hydrolysis and
conjugation produce six other known metabolites including
10,11-dihydroxycarbamazepine. Protein binding is 75% for
carbamazepine and 50% for CBZE. However, the percentage
of protein binding may decrease in massive overdose due to
saturable binding sites. The volume of distribution is
0.8–1.9 l kg�1. The hydrolyzed and conjugated metabolites
are eliminated through the kidneys, with only 1.2% free
carbamazepine being found in the urine and 28% is elimi-
nated unchanged in the feces. Carbamazepine induces drug-
metabolizing enzymes so that drug half-life is reduced in
chronic use. The half-life in healthy adults ranges from
18–65 h in a single dose to 8–17 h during chronic adminis-
tration. In newborns and children, the half-life is below 9 h.
Mechanism of Toxicity

Carbamazepine is both an important anticonvulsant in ther-
apeutic doses and a powerful proconvulsant in overdose. The
therapeutic anticonvulsant mechanism is primarily related to
blockade of presynaptic voltage-gated sodium channels.
Blockade of the sodium channels is believed to inhibit the
release of synaptic glutamate and possibly other neurotrans-
mitters. Carbamazepine is also a powerful inhibitor of the
muscarinic and nicotinic acetylcholine receptors, N-methyl-D-
aspartate (NMDA) receptors, and the central nervous system
(CNS) adenosine receptors. In addition, carbamazepine is
structurally related to the cyclic antidepressant imipramine
and in massive overdose, it may affect cardiac sodium
channels.
Acute and Short-Term Toxicity (or Exposure)

Animal

Carbamazepine is not commonly used in animals. Limited
information on toxicity exits. Tachyarrhythmias, hypotension,
and seizures have been seen.
Human

The primary and common toxic event involves the CNS.
Cardiac conduction delays and ventricular arrhythmias can be
seen but are infrequent. Sinus tachycardia and hypotension are
more commonly seen. In the few deaths directly attributable to
carbamazepine toxicity, ventricular dysrhythmias have been
4-3.00705-3 665
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the terminal event. Coma, seizures, and respiratory depression
are commonly seen in adults at levels greater than 40 mg ml�1

(170 mmol l�1). Status epilepticus has been reported. The
incidence of serious toxicity is similar in adults and children.
However, serum levels are less predictive in children. Therefore,
coma, seizures, and apnea may be seen at lower serum levels
than in adults. Other manifestations of neurological toxicity are
nystagmus, ataxia, choreoathetoid movements, encephalop-
athy, absence of corneal reflexes, decreased deep tendon
reflexes, urinary retention, and dystonias. A cyclic clinical
course can be seen, with a waxing and waning of symptoms.
This may be due to the presence of a pharmacobezoar in the gut
or more commonly due to a decrease in gastrointestinal
motility produced by the prominent anticholinergic effects of
carbamazepine.
Chronic Toxicity (or Exposure)

Animal

Male albino rats given injections of carbamazepine over
3 months demonstrated decreased prostate weight and
decreased sperm motility. These changes did not affect fertility.
Human

Idiopathic hepatotoxicity has been reported as a rare manifes-
tation of chronic therapy and is not dose related. Hyponatremia
is a common adverse effect associated with carbamazepine
exposure. Increased antidiuretic hormone secretion and
increased aquaporin 2 expression are proposed mechanism.
Hypersensitivity syndrome, or drug rash with eosinophilia
and systemic symptoms, and Stevens–Johnson syndrome/toxic
epidermal necrolysis (SJS/TEN) have been described with
carbamazepine administration.

In vitro toxicity studies of carbamazepine on rat cerebellar
granule cells have shown inhibition of NMDA-stimulated
calcium entry in a rapid and reversible manner. These find-
ings occurred in therapeutic concentrations of carbamazepine,
which may help explain the antiseizure activity of carbamaze-
pine. It is believed that the toxic cerebellar effects of carba-
mazepine may be due to this mechanism.
Immunotoxicity

Isolated cases of transient hypogammaglobulinemia have been
reported with carbamazepine administration. IgG, IgA, and
IgM were not found to be significantly reduced in patients
treated with carbamazepine in comparison to control subjects
who did not receive carbamazepine. An increase in cytotoxic
activity of natural killer cells was noted in patients treated with
carbamazepine.

Carbamazepine has been associated with a potentially fatal
idiosyncratic reaction known at antiepileptic hypersensitivity
syndrome. This is characterized by eosinophilia, fever, rash,
coagualopathy, and hepatotoxicity.

Pancytopenia has also been reported with carbamazepine
including neutropenia and agranulocytosis.
Reproductive Toxicity

Animal

Rats born to mothers chronically fed carbamazepine during
gestation demonstrated challenges with maintaining balance
and had more difficulty lifting their hind legs than controls.
Mice born to mothers who received intraperitoneal adminis-
tration of carbamazepine demonstrated eye malformation.
Human

Carbamazepine is highly teratogenic. Neural tube defects are
associated with carbamazepine exposure during pregnancy
and can lead to spina bifida. Carbamazepine is pregnancy
category D.
Genotoxicity

Animal

High dose carbamazepine resulted in increased number of
mutations per Drosophila wing.
Human

Associations have been shown for carbamazepine and human
leukocyte antigen (HLA)-B*1502 and HLA-A*3101-induced
cutaneous adverse drug reactions. HLA-B*1502 is present in
certain Asian populations who are predisposed to SJS/TEN.
Carcinogenicity

High-dose (25 mg kg�1 day�1) carbamazepine administra-
tion for more than 2 years caused hepatocellular tumors in
female rats and benign interstitial tumors of the testes in
male rats.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Gastrointestinal decontamination procedures should
be used as appropriate. Activated charcoal effectively binds
carbamazepine. Multiple-dose activated charcoal (0.5 g kg�1

every 4 h) has been shown to decrease the half-life of carba-
mazepine. Generally, supportivemeasures are all that is required
in carbamazepine overdose. Seizures initially should be
managed with diazepam or lorazepam. However, persistent
seizures may require advancement to phenobarbital or pento-
barbital. Ventricular arrhythmias should be managed with
lidocaine. Patients that present with widening of the QRS
complex can be given sodium bicarbonate in 50 meq boluses.

The presence of persistently high serum levels or fluctuating
elevated serum levels may suggest the presence of a pharma-
cobezoar in the gut. Removal should be attempted, in the
presence of an active bowel, with whole bowel irrigation using
a polyethylene glycol–electrolyte solution. Hemodialysis and
charcoal hemoperfusion have been used in carbamazepine
overdose.



Carbamazepine 667
Ecotoxicology

Carbamazepine is not expected to produce acute ecotoxico-
logical effects.
Other Hazards

Carbamazepine is an inducer of CYP 3A4. Coadministration of
carbamazepine and contraceptive drugs may result in decreased
level of contraceptive drugs and permit ovulation.
See also: Diazepam; Lidocaine; Polyethylene Glycol.
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Background

Carbaryl is an N-methyl carbamate manufactured as an insec-
ticide and molluscicide. Its most prominent toxicity to insects
and mammals is associated with binding and inhibition of the
enzyme acetylcholinesterase (AChE).

First sold in 1959, carbaryl is used worldwide to control
agricultural and structural pests, and mosquitos. In the late
1990s, it was one of the top selling pesticides for agriculture,
turf management, residential pet, and lawn. Over the last
decade, concerns regarding human and ecological risks have
limited its use. Carbaryl was phased out in the United Kingdom
by 1998. It was phased out by 2007 under the Council Direc-
tive 91/414/EEC and currently not authorized for use in the
European Union. In the United States, about 80% of products
were canceled, and many agricultural and residential uses were
restricted by 2005. Use limitations were imposed in Australia
in 2007.
Chemical Profile

l Chemical Abstracts Service Registry Number: 63-25-2
l Chemical Name: Naphthalen-1-yl N-methylcarbamate
l Synonyms: Carbaril; CARBARYL; Sevin; 1-Naphthalenol,

methylcarbamate; 1-Naphthyl N-methylcarbamate; Capro-
lin; Carbatox; Carbavur; Carpolin; Carylderm

l Chemical Class: Carbamate; Insecticide, Acaricide,
Molluscicide

l Chemical Structure: (from PubChem)
http://pubchem.ncbi.nlm.nih.gov/image/structurefly.cgi?cid¼
6129&width¼400&height¼400
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l Molecular Formula: C12H11NO2

l Molecular Weight: 201.22 g mol�1

l Density: 1.23 g cm�3 at 25 �C
l Vapor Pressure: 0.000 0014 mmHg at 25 �C
668 Encyclopedia of T
l Boiling Point: Decomposes before boiling point
l Melting Point: 145 �C
l Flash Point: 183.8–202 �C
l Conversion Factor: 1 ppm ¼ 0.82 mg m�3

l Appearance: Colorless to light tan crystals, white or gray
solid

l Odor: Odorless
Uses

Carbaryl is a widely used N-methyl carbamate insecticide. In
the United States, about 3.9 million pounds were sold for over
400 uses during 1992–2001. Half of this amount was used
non-agriculturally. Since 2003, more than two-thirds of all
registered carbaryl products were canceled, including the
extensively used liquid broadcast formulations for residential
lawns and pet flea control. Nevertheless, carbaryl is still among
the most widely applied pesticides in the United States for
many types of fruits and vegetables, grain crops, cut flowers,
nursery and ornamentals, turf, green houses, golf courses, and
oyster beds. Non-agriculturally, carbaryl is used on residential
sites, gardens, ornamentals, and turf grass. Although phased
out in the European Union, carbaryl continues to be used in
Australia, the United States, Canada, and developing countries.
Environmental Fate and Behavior

Carbaryl is soluble in organic solvents (e.g., dimethyl form-
amide, acetone) and is moderately soluble in water (32 mg l�1

solubility at 20 �C). The calculated Henry’s law constant of
0.000000003 atm m3 mol�1 indicates that surface water vola-
tilization is unlikely an important fate process. The estimated
half-life for reacting with airborne photochemically generated
hydroxyl radicals is 12.6 h. Photolysis produces naph-
thoquinone products.

Carbaryl undergoes abiotic hydrolysis, photodegradation,
and biotic degradation in soil and water. Depending on soil
type and climate, its soil persistence varies from 13 days to
2 years. Half-lives in canal and river waters vary from 4 to
30 days, hydrolysis rate is greater with increasing temperature
and alkalinity. Carbaryl can persist for years under acidic
environments. The estimated log Koc of 1.87–2.46 indicates
moderate adsorption to soil and the potential for groundwater
leaching.

1-Naphthol, the major degradate of carbaryl, is less persis-
tent and mobile than the parent compound. Its soil persistence
is 12–14 days, and further transforms to phenolic radicals and
CO2. Based on the measured log Kow of 1.6–2.4, carbaryl is not
expected to bioaccumulate in aquatic and terrestrial food
chains.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00107-X
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Exposure and Exposure Monitoring

Exposure to carbaryl occurs through ingesting residues in food,
inhaling vapors, and skin contact. Before 2004, residential
exposure was widespread. Carbaryl was the most frequently
detected pesticide in indoor and outdoor air in the United
States and Canada. It has also been found in house dust in
association with its agricultural use. Today, there are fewer
potential residential exposure scenarios because of the
numerous product cancellations. Exposure to the general
public occurs mainly via the diet, ambient air, and during pest
control operations in home and recreation areas. Workers’
exposures are mainly dermal and inhalation from handling or
re-entering treated fields.

Maximum Residue Levels (MRL) of carbaryl (or ‘Tolerances’
in the United States) are established for more than 100 food
commodities. These are the highest levels allowable in or on
these commodities. At a given exposure concentration, children
generally have higher body burden owing to their higher intake
(inhalation volume, amount of food intake) or contact on a per
body weight basis.
Toxicokinetics

The oral absorption of carbaryl is 96–100% in rats, mice, and
humans. In rats, peak blood concentrations of carbaryl and
its metabolites are reached within 15–30 min after
dosing. The dermal absorption estimated from recovery of
urinary metabolites is 13–34% in rats and 45% in humans.
Inhalation absorption is indicated by the inhibition of ChE
activities.

Carbaryl is extensively metabolized by the liver cytochrome
P450 enzymes (CYP). The main routes of metabolism are
similar in humans, rats, mice, guinea pigs, monkeys, and sheep.
Hydrolysis results in 1-naphthol, CO2, and methylamine,
whereas alkyl oxidation forms N-hydroxymethylcarbaryl.
Hydroxylation produces 5-hydroxycarbaryl, 4-hydroxycarbaryl,
5-6-dihydro-5-6-dihydroxycarbaryl, and 3,4-dihydro-3,4-dihy-
droxycarbatyl, via epoxide intermediates.

In animals, the highest levels of carbaryl and its major
metabolite 1-naphthol are found in the kidney, blood, liver,
and brain; the oxidation product N-hydroxymethylcarbaryl is
detected in brain only. Carbaryl binds to plasma proteins (e.g.,
albumin). In rats and mice, transplacental transfer is evidenced
by fetal plasma and brain ChE inhibition and the presence of
carbaryl in the fetal eye, liver, and brain.

Carbaryl is mainly eliminated through urine, in which
68–74% of a single oral dose is found within 24 h. About
2–11% is excreted in the bile/feces. Enterohepatic circula-
tion is significant. The major metabolites in excreta are
1-naphthol, 5-hydroxycarbaryl, glucuronide, and sulfate
conjugates. Urinary 1-naphthol is commonly used in human
biomonitoring studies. A shift in the urinary metabolite
pattern, with increases in the hydroxylated compounds
derived from epoxide intermediates, is observed in rats and
mice at high doses of carbaryl, which caused severe toxicity
and tumors in chronic dietary studies. Carbaryl’s potential
for tumor formation is discussed in the Carcinogenicity
section.
Mechanism of Toxicity

Like other N-methyl carbamates, the mechanism of carbaryl
toxicity is related to its binding and inhibition of serine
hydrolase AChE. AChE hydrolyzes the neurotransmitter
acetylcholine, thereby terminating its synaptic action. AChE
inhibition increases the availability of acetylcholine at the
neural synapse, leading to cholinergic overstimulation, auto-
nomic, and neuromuscular dysfunction, and at higher levels,
resulting in coma and death. AChE is also a target of the
organophosphorus insecticides.

N-methyl carbamates and the organophosphates differ in
their interaction with the cholinesterase (ChE) enzyme.
Generally, the carbamylated ChE is more labile and dissociates
quickly, within minutes to hours. The fast ChE recovery and the
significant metabolic clearance within 24 h account for the
relatively short-lived neurotoxicity of carbaryl. Carbaryl also
inhibits other esterases, including butyrylcholinesterase and
neuropathy target esterase. Butyrylcholinesterase may function
as a molecular scavenger for anticholinesterase compounds in
the blood or substitute for AChE, where it is low. Neuropathy
target esterase may be involved in the delayed neurotoxicity
syndrome.

Other non-ChE actions may influence the overall toxicity of
carbaryl. The potential targets includemacromolecule synthesis,
chromatin protein,mitotic spindle formation, neurotransmitter
receptors, aryl hydrocarbon receptor (AhR), and serotonin and
catecholaminemetabolism. Carbaryl induces hepatic CYPs. The
toxicities of carbaryl major metabolites are not associated with
ChE inhibition. The mechanism is unknown for 1-naphthol,
which induces the same mitotic abnormalities as carbaryl.
Hydroxycarbaryl and dihydro-dihydroxycarbaryl are implicated
in tumor induction in mice and rats based on their possible
formation via epoxide intermediates.
Acute and Short-Term Toxicity

Animal

Carbaryl is classified by USEPA as a moderate oral toxicant
(Category II). The acute oral LD50 is 108–840 mg kg�1 for rats,
mice, rabbits, guinea pigs, dogs, cats, and deer. The dermal
LD50 in rats and rabbits is >2000 mg kg�1 day�1. The 4-h
inhalation LC50 in rats is >0.9 mg l�1. Carbaryl is a category IV
skin and eye irritant (slight conjunctival irritation).

The main target of short-term oral toxicity is the nervous
system. Cholinergic syndromes from overstimulation of the
muscarinic and nicotinic receptors include hypersalivation,
respiratory distress, miosis, muscular twitches, tremors, ataxia,
diarrhea, and vomiting. Other nonlethal effects are hemato-
logical and liver enzyme changes, alterations in brain enzymes
and neurotransmitter levels, changes in catecholamine metab-
olism, renal effects, hypothermia, and body weight decreases.
No delayed neuropathy was observed in hens receiving a 300–
560 ng kg�1 ip dose of carbaryl.

Young animals are twofold more sensitive to ChE inhibi-
tion than adults. Applying the Benchmark Dose (BMD) anal-
ysis, USEPA established a BMDL (lower bound of BMD) at
1.1 mg kg�1 day�1 for 10% brain ChE inhibition in postnatal
day (PND) 11 pups after a single oral exposure.
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Human

Human deaths occurred from intentional ingestion of carbaryl.
Pulmonary edema was reported in a case with about
5700 mg kg�1. Initial signs involved tremors, disturbed vision,
and severely inhibited RBC ChE. Postmortem, carbaryl was
detected in the gastrointestinal tract, blood, liver, kidney, and
urine. Nonlethal effects include CNS, cardiovascular, and
respiratory systems.

Common clinical signs of cholinergic toxicity in humans are
lacrimation, salivation, tremors, nausea, miosis, and muscle
incoordination. Abdominal pain, profuse sweating, lassitude,
and vomiting occurred after a single oral dose of 2.8–
5.5mg kg�1. Rash, burning, skin irritation, and depressed
plasma ChE levels are reported in workers following dermal
contact or after spraying carbaryl. Unlike in animals, limited
human data indicate that carbaryl has irritant properties. In
studies of male adults, the acute Lowest Observable Effect Level
(LOEL) for plasma and RBC ChE inhibition is 2 mg kg�1.

A large number of human adult nonoccupational poison-
ings are reported. Carbaryl cases were twice as likely as other
pesticides to show major medical crisis (life-threatening,
significant disability) and require hospitalization or involve
critical care unit. This pattern was not seen among occupational
settings, suggesting heightened hazards of handling by
nonprofessionals.
Chronic Toxicity

Animal

Nonlethal LOELs included 12–15 mg kg�1 day�1 for thyroid
follicular and liver hepatocellular hypertrophy in rats, and
globular deposits in the bladder epithelium in mice,
10–31mg kg�1 day�1 for decreased pupil size, reduced rearing
activity, tremors, lacrimation and salivation in rats and
dogs, 24mg kg�1 day�1 for increased liver weight in rats,
30–79mg kg�1 day�1 for decreases in body weight, body
weight gains and food consumption in dogs and rats,
145–350mg kg�1 day�1 for progressive nephropathy and
opaque eyes in mice, and bladder epithelial hyperplasia, pelvic
urothelial hyperplasia, cataracts, degeneration of sciatic nerve
and muscle, chromodacryorrhea, and alopecia in rats.
Human

Studies with human volunteers ingesting carbaryl for 6 weeks
reported abdominal changes and difficulty in sleeping at the
LOEL of 0.13 mg kg�1 day�1. Case report suggested possible
effects of chronic neurological or psychological problems.
Effects of sperm morphological abnormalities and increased
risk for multiple tumors are discussed under Reproductive and
Developmental Toxicity and Carcinogenicity sections.
Immunotoxicity

Carbaryl given as a single or repeated doses at 1.5–
200 mg kg�1 day�1 impaired the humoral immune response in
mice, decreased the phagocytic activity of leukocytes and
antibody formation, and disrupted the ability of the immune
system to combat Erysipelothrix rhusiopathiae and Staphylococcus
infections in rats and rabbits. Carbaryl enhanced the replica-
tion of varicella zoster virus in human lung cells.
Reproductive and Developmental Toxicity

Animal

The reproductive and developmental toxicity of carbaryl has
been studied inmore than 10mammalian species. Fetal growth
retardation and malformations were observed in the presence
of maternal toxicity when pregnant rats received carbaryl up to
30mg kg�1 day�1 orally on GD 6–20 or pregnant rabbits
received up to 150mg kg�1 day�1 on GD 6–29. Carbaryl
caused severe malformations in pups of pregnant dogs or pigs
at 5–50 mg kg�1 day�1.

In two-generation studies, rats fed with 4.7–111 mg kg�1

day�1 carbaryl mated normally and exhibited normal preg-
nancy. Parental body weights and food consumption were
impacted only at the high dose. However, decreased pup
survival LOEL was 24mg kg�1 day�1. Decreased spermmotility
and count occurred after 90days of oral dosing at as low as
50 mg kg�1 day�1.

Developmental neurotoxicity studies in rats showed
evidence of increased susceptibility of the developing organ-
isms. Gestational and early postnatal exposure to
10 mg kg�1 day�1 carbaryl produced changes in brain struc-
tures (decreased cerebellar length in pups, thickened cerebral
cortex of the offspring later in life). The less severe maternal
toxicity included decreased body weight gain, pinpoint pupils,
tremors, gait abnormalities, and plasma, RBC, and brain ChE
inhibition.

Human

Collective results from several epidemiological studies suggest
toxicity to the human reproductive system. A study with farm
families in Canada indicated an increased risk of miscarriages
following carbaryl usage by males. In the United States and
China, carbaryl-exposed factory workers showed decreased
sperm count, sperm abnormality, and sperm chromosomal
aberrations. An association with various indicators of sperm
toxicity (decreased motility and concentrations, DNA damage)
were reported when urinary 1-naphthol is used as the
biomarker for exposure.
Genotoxicity

Carbaryl tested negative in reverse mutation tests in
multiple strains of Salmonella and in Chinese hamster
ovary cell/hypoxanthine-guanine phosphoribosyl-transferase
(CHO/HGPRT) forward mutation assay. Carbaryl caused
chromosomal aberrations in an in vitro assay with CHO cells
in the presence of metabolic activation but is negative in an
in vivo micronucleus assay in both male and female mice.
No unscheduled DNA synthesis was found in a rat hepa-
tocyte assay. The Joint FAO/WHO Meeting on Pesticide
Residues (JMPR) concluded in 1996 that carbaryl is not
genotoxic.
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Carcinogenicity

Carbaryl carcinogenicity is evident in 2-year dietary inclusion
studies with rats and mice. Neoplastic lesions in Sprague-
Dawley rats at the highest tested level of 7500 ppm included
urinary bladder transitional cell papilloma and carcinoma in
males and females, kidney transitional cell carcinoma, and
thyroid adenoma and carcinoma in males, and liver adenoma
in females. Neoplastic lesions in CD-1 mice included vascular
hemangioma and hemangiosarcoma in the males at all dose
groups (100–8000 ppm) and in the females at 8000 ppm.
Additional lesions at 8000 ppm included kidney tubular cell
adenoma and carcinoma in the males and hepatocellular
adenoma, carcinoma, and hepatoblastoma in the females. In
both studies, excess toxicity occurred at the highest tested
dose. In 2002, USEPA classified carbaryl as a Group C
carcinogen – ‘Likely to be carcinogenic in humans’ based on
increased hemangiosarcomas in male mice. The human
equivalent upper bound potency slope is 8.75 � 10�4 per
(mg kg�1 day�1).

Several epidemiological investigations in Canada and the
United States during the past two decades showed associations
between carbaryl exposure and non-Hodgkin’s lymphoma,
cutaneous melanoma, and prostate cancer.
Clinical Management

The muscarinic signs of carbaryl poisoning are antagonized by
atropine, which blocks acetylcholine but only at muscarinic
receptors. Oximes, widely used to treat nicotinic effects of
organophosphates, are ineffective or even harmful in carbaryl
poisoning. Benzodiazepines and barbiturates are used to
control carbaryl-induced seizures.
Ecotoxicology

Carbaryl is highly toxic to estuarine/marine invertebrates and
other aquatic species, including Atlantic salmon. The 96-h LC50

for shrimp species is 5.7 ppb. The 48-h LC50 for Daphnia magna
and stonefly species ranges from 1.7 to 26 ppb. The acute LC50

for fish varies widely, e.g., 0.25–0.69 ppm for Atlantic salmon
and lake trout, 1.2–20 ppm for rainbow trout, fathead
minnow, and black bullhead. The chronic No Observed
Adverse Effect Concentration (NOAEC) for reproduction is
1.5 ppb for Daphnia magna and 0.21 ppm for fathead minnow.

Carbaryl is highly toxic to honey bees with an acute LC50 of
1 ppb. The acute toxicity to birds varies (e.g., LD50 of
707mg kg�1 for pheasant, >2500 for mallard duck). Chronic
reproductive toxicity includes decreased number of eggs and
fertility at the Lowest Observable Adverse Effect Concentration
(LOAEC) of 600 ppm. The NOAEC for reproduction is
300ppm for mallard duck. Toxicities to mammals are pre-
sented in the Acute and Chronic Toxicity sections.

Based on estimated risk quotients in 2003, USEPA
concluded high risk of carbaryl to aquatic invertebrate species,
fish, and all-sized mammals from a single outdoor application,
and prolonged risk for birds, aquatic species, and all-sized
mammals from multiple applications.
Other Hazards

Age is a modifying factor for the acute toxicity of carbaryl
owing to low level of carboxylesterases in the young for
detoxification. Concomitant exposure to other N-methyl
carbamates with similar mechanism of action may result in
cumulative toxicity. Nutritional factors influence the toxicity
of carbaryl. Rats fed high protein diets showed
higher toxicity than those given ordinary diet (LD50 of 67
and 575mg kg�1 day�1, respectively), possibly because of
decreased metabolism. Carbaryl metabolism is inhibited by
other environmental chemicals (e.g., fipronil and chlorpyr-
ifos) that are substrates of common CYPs (CYP3A4,
CYP2B6) and share biotransformation pathways. In vitro,
toxicity is increased by agents that inhibit liver metabolic
enzymes. In contrast, acute toxicity in mice is decreased by
CYP inducers (e.g., phenobarbital) or compounds that
accelerate carbaryl urinary excretion (e.g., chlordane).
Exposure Standards and Guidelines

American Conference of Governmental Industrial Hygienists
(ACGIH) – Threshold Limit Value (TLV): 0.5mgm�3 Time
Weighted Average (TWA), inhalable fraction and vapor; (skin)
(A4 – not classifiable as a human carcinogen).

National Institute for Occupational Safety and Health
(NIOSH) – Recommended Exposure Limit (REL): 5mgm�3

TWA.
Occupational Safety and Health Administration (OSHA) –

Permissible Exposure Limit (PEL): 5 mg m�3 TWA.
NIOSH Immediately Dangerous to Life or Health Concen-

tration (IDLH): 100 mg m�3.
USEPA – Population Adjusted Dose (PAD) (oral):

0.01 mg kg�1 day�1 (acute).

See also: Behavioral Toxicology; Developmental Toxicology;
Toxicity Testing, Developmental; Carbamate Pesticides;
Carbaryl; Carboxylesterases; Cholinesterase Inhibition;
Common Mechanism of Toxicity in Pesticides; Neurotoxicity;
Organophosphorus Compounds; Pesticides; Cytochrome
P450; National Institute for Occupational Safety and Health;
Carcinogen Classification Schemes; Federal Insecticide,
Fungicide, and Rodenticide Act, US; Genetic Toxicology;
International Agency for Research on Cancer; Regulation,
Toxicology and; Toxicity Testing, Reproductive; Risk
Assessment, Human Health; Occupational Exposure Limits;
Ecotoxicology; ACGIH

�
(American Conference of Governmental

Industrial Hygienists); Food Quality Protection Act; Children’s
Environmental Health; Epidemiology; Environmental Fate and
Behavior.

Further Reading

ACGIH, 2008. Carbaryl: TLV� Chemical Substances 7th Edition Documentation.
ACGIH�. Publication #7DOC-104. American Conference of Governmental Industrial
Hygienists, Cincinnati, OH.

DPR, 2010. Carbary. Dietary Risk Characterization Document. California Environmental
Protection Agency. Department of Pesticide Regulation, Medical Toxicology Branch,
Sacramento, CA. www.cdpr.ca.gov/docs/risk/rcd/carbaryl.pdf.

http://www.cdpr.ca.gov/docs/risk/rcd/carbaryl.pdf
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Gunasekara, A.S., et al., 2008. Environmental fate and toxicology of carbaryl. Rev.
Environ. Contam. Toxicol. 196, 95–121.

National Institute for Occupational Safety and Health (NIOSH), 2007. Pocket Guide to
Chemical Hazards. DHHS (NIOSH) Publication No. 2005-149. September 2007.
Department of Health and Human Services, Centers for Disease Control and
Prevention. http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf.

USEPA, 2008. Amended Reregistration Eligibility Decision (RED) for Carbaryl. United
States Environmental Protection Agency, Washington, D.C. http://www.epa.gov/
pesticides/reregistration/REDs/carbaryl-red-amended.pdf.
Relevant Websites

http://toxnet.nlm.nih.gov – Hazardous Substance Data Bank.
http://npic.orst.edu – National Pesticide Information Center.
http://www.epa.gov – United States Environmental Protection Agency.
http://www.osha.gov – United States Occupational Safety and Health Administration.
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l Chemical Abstracts Service Registry Number: 1563-66-2
l Synonyms: 2,3-dihydro-2,2-dimethyl-7-benzofuranyl N-

methylcarbamate; Brifur�; Crisfuran�; Curaterr�; Furadan�;
Pillarfuran�; Yaltox�; FMC 10242; Bay 70143; Chinufur;
Niagra NIA-10242; OMS 864; NIOSH/RTECS FB 9450000;
NA 2757; STCC 4921525

l Chemical Class: N-methyl carbamate insecticide, acaricide,
and nematocide

l Chemical Structure:

OOCNHCH3
O CH3

CH3

Background

Effective 1 September 1994, all granular formulations of carbo-
furan have been banned by the US Environmental Protection
Agency (EPA), with five minor-use exceptions. The phaseout
started on 1 September 1991. Before then, the primary applica-
tion of carbofuran was in granular formulations. Not related to
human health concerns, the ban has been established to protect
birds, as birds died when they ingested carbofuran granules,
which resemble grain seeds in size and shape, or when predatory
or scavenging birds ingested smaller birds or mammals that had
consumed carbofuran pellets. The ban does not apply to liquid
formulations of carbofuran.
Uses

Carbofuran is used as an agricultural insecticide on tobacco,
corn, alfalfa, and other field crops.
Environmental Fate and Behavior

Carbofuran has a high potential for groundwater contamina-
tion because of its solubility in water and relatively long half-
life in soil. Carbofuran is mobile in soil, where it is degraded by
chemical hydrolysis and microbial metabolism. Carbofuran
also breaks down in sunlight. In water, carbofuran is degraded
by chemical hydrolysis, photodegradation, and microbial
metabolism. Carbofuran does not accumulate in aquatic
systems, volatilize from water, or adsorb to sediment or sus-
pended particles. The half-life of carbofuran is approximately
4 days or more when applied to crops.
Exposures and Exposure Monitoring

Exposure may occur via the dermal, inhalation, and oral routes.
Dermal exposure can be evaluatedwith Tegadermpatches placed
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
on the skin. Hand and wrist exposure can be measured in the
hand rinse and on wrist patches. Inhalation exposure can be
measured with an air sampler using polyurethane foam as the
adsorbent. Urine samples collected at 24-h intervals after expo-
sure can be measured for carbofuran. Exposure in blood can be
estimated by analyzing acetylcholinesterase (AChE), pseudo-
cholinesterase (ChE), and several other blood parameters.
Toxicokinetics

Carbofuran is absorbed by the oral, inhalation, and dermal
routes. It is poorly absorbed through intact skin. Approximately
75% of absorbed carbofuran is protein bound. Carbofuran is
metabolized to yield 3-hydroxycarbofuran and 3-ketocarbo-
furan via oxidation, and to yield 3-hydroxy-7-phenol, 3-keto-7-
phenol, and 7-phenol via hydrolysis. Most metabolites form
glucuronide or sulfate conjugates, which are excreted in the
urine. The half-life in rat is 20 min for the parent compound
and 64 min for 3-hydroxycarbofuran metabolite.
Mechanism of Toxicity

Carbofuran is a reversible inhibitor of acetylcholinesterase.
Inhibition of acetylcholinesterase activity leads to an increase
in acetylcholine at the nerve synapse resulting in excessive
cholinergic stimulation. Following intravenous injection of
50 mg kg�1 in rats, blood acetylcholinesterase activity was
depressed by 83% in 2 min. With oral exposure, acetylcholin-
esterase activity was depressed by 37% within 15 min of
ingestion. Recovery of acetylcholinesterase activity parallels
carbofuran elimination.
Acute and Short-Term Toxicity

Animal

The oral LD50 values are 5.3–13.2 mg kg�1 in rats, 2.0 mg kg�1

in mice, 19 mg kg�1 in dogs, and 420 mg Kg�1 in wild bird
species. The dermal LD50 values are >1000 mg kg�1 in rats,
>2000 mg kg�1 in rabbits, and 100 mg kg�1 in wild bird
species. The inhalation LC50 values are 85 mg m�3 in rats and
52 mg m�3 in dogs.

Human

Exposure to carbofuran may lead to cholinergic crisis with signs
and symptoms including increased salivation, lacrimation,
urinary incontinence, diarrhea, gastrointestinal cramping, and
emesis (SLUDGE syndrome). The syndrome may be indistin-
guishable from that seen after organophosphate poisoning.
Seizures, coma, diaphoresis, muscle weakness and fascicula-
tion, bradycardia, and tachycardia may occur. Death may result
from severe bronchoconstriction and/or respiratory paralysis.
4-3.00108-1 673
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Chronic Toxicity

The no-effect levels in chronic feeding studies are 20 ppm in
dogs and 25 ppm in rats. At 50 ppm chronically in the diet,
significant decreases in cholinesterase activity were seen in dogs
and rats. Chronic administration of 10 or 25 ppm of carbo-
furan in the diet for 180 days had no cumulative effect in rats.
Chronic exposure to carbofuran may cause the same symptoms
as an acute exposure. In addition, consumption of carbofuran
at high levels well above the EPA Lifetime Health Advisory level
over a long period of time was reported to cause adverse effects
in the testes and uterus of test animals.
Immunotoxicity

Very limited investigations have been conducted to evaluate
the immunotoxicity of carbofuran. Carbofuran was reported to
suppress T-cell-mediated immune responses by the suppres-
sion of T-cell responsiveness.
Reproductive Toxicity

Daily feeding of 100 ppm of carbofuran to pregnant rats
substantially decreased the ability of pups to survive.
Genotoxicity

Nomutagenic effects have been found in laboratory animals or
in Ames test. Genetic changes were reported in algae.
Carcinogenicity

Carbofuran is unlikely a carcinogen to humans.
Clinical Management

Rescuers and medical personnel must take precautions to avoid
becoming contaminated themselves during rescue and emer-
gency treatment. Victims should be removed from the toxic
environment and 100% humidified supplemental oxygen
should be administered with assisted ventilation as required.
Patients with significant bronchorrhagia, pulmonary edema,
convulsions, or comamay require endotracheal intubation and
airway suctioning. Exposed skin and eyes should be flushed
with copious amounts of water. Measures to decrease absorp-
tion may be beneficial soon after ingestion, but induced emesis
should be avoided because of the potential for early develop-
ment of coma or seizures. Atropine is antidotal for muscarinic
symptoms and should be given in an initial dose of 2 mg and
repeated every 15–30 min as required. The endpoint for atro-
pinization is normalization of vital signs and drying of
pulmonary secretions, not pupillary dilatation.

Administration of 2-PAM chloride (Protopam and prali-
doxime) is generally not recommended in carbamate
poisoning because it has been shown to interfere with the
efficacy of atropine. It was reported that the condition of
a patient suffering from carbaryl-related poisoning deteriorated
rapidly after the administration of 2-PAM. Seizure control with
diazepam, phenobarbital, or phenytoin may be required.
Cardiovascular support and intensive supportive care may be
required in serious cases.
Ecotoxicity

Carbofuran is very toxic to birds, trout, Coho salmon, perch,
bluegills, and catfish. It may be teratogenic to frogs.
Exposure Standards

The US EPA has concluded that dietary, worker, and ecological
risks are unacceptable for all uses of carbofuran, and has
revoked all tolerances.

See also: Carbamate Pesticides; Pesticides; Cholinesterase
Inhibition; Neurotoxicity.

Further Reading

Ecobichon, D.J., 2000. Carbamates. In: Spencer, P.S., Schaumburg, H.H. (Eds.),
Experimental and Clinical Neurotoxicology, second ed. Oxford University Press, New
York, pp. 289–298.

Gupta, R.A., 2006. Toxicology of Organophosphate and Carbamate Compounds.
Elsevier, Amsterdam.

Hussain, M., Yoshida, K., Atiemo, M., Johnston, D., 1990. Occupational exposure of
grain farmers to carbofuran. Arch. Environ. Contam. Toxicol. 19 (2), 197–204.

Relevant Websites

http://extoxnet.orst.edu – Extension Toxicology Network, Oregon State University.
http://www.epa.gov/pesticides/reregistration/carbofuran/ – US EPA Pesticide Chemical

Search - Carbofuran.
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l Name: Carbon dioxide
l Chemical Abstracts Service Registry Number: 124-38-9
l Synonyms: Carbon oxide, Carbonic dioxide, Carbonice,

carbonic acid gas, dry ice
l Molecular Formula: CO2

l Chemical Structure:

OO C

Background

Carbon dioxide (CO2) is a naturally occurring colorless and
odorless gas. It has a boiling point of�70 �C (sublimes), vapor
density of 1.53, and is slightly soluble in water. The atmo-
spheric concentration in preindustrial times was 0.028% and in
May 2013 was 0.04% recorded at Mauna Loa, Hawaii, USA. It is
essential for the survival of most living organisms and cycles in
the ecosystem, through respiration (aerobic and anaerobic),
photosynthesis, and combustion. Carbon dioxide plays an
important role in the regulation of earth’s temperature, and is
one of the greenhouse gases.
Uses

Carbon dioxide is used in the synthesis of urea, for organic
synthesis, in the manufacture of dry ice and aspirin. It is also
used in soft drinks, welding, fire extinguishers, and aerosol
propellants. CO2 is often used as a pesticide to store grains (at
60% concentration), respiratory stimulant, anesthetic, and
euthanizing agent. It is essential in in vitro cell culture envi-
ronment at 5%, where it dissolves in the culture media to form
bicarbonate (HCO3

�) and acts as a buffer to help maintain the
pH of CO2. Industries that use carbon dioxide include fire
extinguishing; processing, preserving, and freezing of food;
metal working; livestock slaughtering; oil and gas recovery; and
foundries. It is also used to produce harmless smoke or fumes
on a stage, chill golf ball centers before winding, and fumigate
rice.
Environmental Fate and Behavior

The CO2 cycle is part of carbon cycle in the ecosystem. Carbon
dioxide cycles in the environment (atmospheric air and surface
water) through respiration (aerobic and anaerobic), photosyn-
thesis, decomposition, and release from earth’s carbon sinks
(fossil fuels – coal, petroleum, methane; and calcium carbonate
rocks) during combustion. In water, dissolved CO2 reacts with
calcium to form calcium carbonate and precipitates to the ocean
floor. Few examples of most common reactions in the CO2 and
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
carbon cycles in animals, plants, and the environment are pre-
sented below. Most of these reactions either use or produce
energy.

Aerobic Metabolism: Glucose (C6H12O6) þ Oxygen
(O2) 4 Carbon Dioxide (CO2) þ Water (H2O).

Reaction in the Water (including body fluids): Carbon
Dioxide (CO2)þWater (H2O)4 Carbonic Acid (H2CO3) and
Carbonic Acid (H2CO3) 4 Proton (Hþ) þ Bicarbonate
(HCO3

�).
Reaction inWater in Oceans: Calcium Carbonateþ Carbon

Dioxide (CO2) þ Water (H2O) 4 Calcium ion (Ca2þ) þ
Bicarbonate (HCO3

�).
Anaerobic Decomposition: Carbon Dioxide

(CO2) þ Hydrogen (H2) 4 Methane (CH4) þ Water (H2O).
Combustion: Methane (CH4) þ Oxygen (O2) 4 Carbon

Dioxide (CO2) þ Water (H2O).
Carbon dioxide is transported over long distances across the

globe in air by winds and in water with ocean currents,
polluting the environment in distant places from its source of
origin. The general concerns about greenhouse gases and
climate changes are well known, through our ability to model
the climate. However, the timing and magnitude of these
effects are uncertain. The major greenhouse gases are CO2 and
methane, which together represent 92% of all US greenhouse
gas emissions (CO2 accounts for 82%). There is a clear trend of
increasing concentrations of greenhouse gases in the atmo-
sphere. The impact of further increases in concentrations of
these gases will lead to ever-increasing warming of the climate,
leading to a serious impact on human health and the envi-
ronment. Many scientists believe that these impacts could
include an increase in severe weather events such as hurricanes
and floods, sea level rise, and increase in heat waves. These
weather changes would trigger an increase in heat strokes,
which may cause a migration of tree and plant species, and
initiate the penetration of airborne diseases in areas that do not
currently experience these. Little attention has also been
directed to investigating the possibility that escalating levels of
CO2 may serve as a selection pressure altering the genetic
diversity of plant populations.
Exposure and Exposure Monitoring

The major route of exposure to external CO2 is inhalation and
dermal (cornea of eye). However, large quantity of CO2 is
released within the body during aerobic metabolism of
carbohydrates to generate energy, and contributes to CO2

poisoning during hypoxia or anoxia. Physiologically, slightly
elevated CO2 gives sensation of suffocation and dizziness.
Numerous air CO2 monitoring devices with sensitivities of
20–50 ppm are available at a cost ranging from US$100–1000.
These devices use nondispersive infrared or chemical sensors.
4-3.00269-4 675
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In hospitals, devices such as, radiometers are used to measure
partial pressure of CO2 in blood. Transcutaneous and nasal air
monitoring devices are available to measure CO2 through the
skin and expired air, respectively.
Mechanism of Toxicity

Carbon dioxide is an asphyxiant, means it causes toxicity by
displacing oxygen from the breathing atmosphere primarily in
enclosed spaces or in open spaces due to sudden release of
massive amounts of CO2 (for example, forests fire or natural
emission during a volcanic eruption) and results in hypoxia.
Thehumanbodyproduces about 12000–13000mmols per day
of CO2 and is excreted primarily via lungs. The CO2 concen-
tration in plasma is maintained within a narrow range of
40 � 5 mm Hg (4.7–6 KPa). At plasma concentration of
22.5mmHg (3 KPa) or less death can occur within fewminutes.
The cause of death inbreathinghigh concentration ofCO2 is due
to CO2 poisoning, that results in rapid decrease in blood pH
(respiratory acidosis,<pH 7.35), central nervous system (CNS)
depression, arrhythmias, and death and not hypoxia.

Low concentrations of CO2 in the air, or insufficient time for
CO2 in blood to exchange with oxygen (O2) in air such as in the
situations of hyperventilation, can lead to an increase in blood
pH (respiratory alkalosis, >pH 7.45). The reaction of CO2 with
water in the body is catalyzed by the enzyme carbonic anhydrases
(or carbonate dehydratases), which leads to formation of carbo-
nic acid, followed by dissociation into protons (Hþ) and bicar-
bonate (HCO3

�). Carbonic acid is buffered in the cell primarily
by hemoglobin and proteins, which have limited capacity.
Acute and Short-Term Toxicity

Animal

Extremely high concentrations (40%) have resulted in death.
At lethal concentrations effects have been seen in the CNS,
lungs, liver, kidneys, and the myocardium in rats. Dogs
exposed to 50% CO2 for 90 min or 80% for several minutes
died from respiratory or cardiac failure.
Human

Carbon dioxide is a simple asphyxiant that displaces oxygen
from the breathing atmosphere resulting in hypoxia. Four
stages have been described (depending on the arterial oxygen
saturation): (1) indifferent stage, 90% oxygen saturation; (2)
compensatory stage, 82–90% oxygen saturation; (3) distur-
bance stage, 64–82% oxygen saturation; and (4) critical stage,
60–70% oxygen saturation or less.

Following exposure to asphyxiants, cardiovascular effects
like tachycardia, arrhythmias, and ischemia are common.
Carbon dioxide exerts a direct toxic effect to the heart, resulting
in diminished contractile force. It is also a vasodilator and the
most potent cerebrovascular dilator known. Respiratory effects
like hyperventilation, cyanosis, and pulmonary edema are
also not uncommon. Various neurologic effects like dizziness,
headaches, sleepiness, and mental confusion can occur. Pro-
longed hypoxia may result in unconsciousness; seizures may be
seen during serious cases of asphyxia. Gastrointestinal effects,
like nausea and vomiting, may occur, but usually resolve
within 24–48 h following termination of exposure. Decreased
vision and increased intraocular pressure may be seen with
inhalation of 10% CO2. Combined respiratory and metabolic
acidosis was seen in a serious exposure to dry ice. The Lake
Nyos disaster in West Africa during August 1986 has been
postulated to have resulted from the release of CO2 from rising
cold deepwater producing a deadly cloud of gas killing humans
and livestock, alike. Cough, headache, fever, malaise, limb
swelling, and unconsciousness were noted in the victims.
Inhalation of CO2 is teratogenic and has caused both male and
female adverse reproductive effects in rodents. Increased fetal
movements have been noted in humans following inhalation
with 5% CO2 in air. Carbon dioxide build up and resulting
acidosis is considered to be involved in corneal complications
such as ulcerative keratitis, neovascularization, epithelial
microcysts, and endothelial polymegathism of eye in people
using extended wear contact lenses for prolonged periods.

The lowest lethal concentration (inhalation) for humans
is 100 000 ppm for 1 min. Carbon dioxide concentrations of
20–30% can cause convulsions and coma within a minute.
Unconsciousness may occur when inhaling a concentration of
12% for 8–23 min. Inhalation of 6–10% causes dyspnea,
headache, dizziness, sweating, and restlessness. Submarine
personnel exposed continuously at 30 000 ppm CO2 were only
slightly affected, provided oxygen content of the air was
maintained at normal concentrations (minimal content 18%
by volume); when the oxygen content was reduced to 15–17%,
the crew complained of ill effects. Signs of intoxication were
produced by a 30 min exposure at 50 000 ppm. Several healthy
submarine volunteers when exposed at 1% carbon dioxide for
22 days, serum calcium and urinary output of phosphorus fell
progressively throughout the exposure period, indicating onset
of mild metabolic stress.
Chronic Toxicity

Animal

Changes in body weight, nutrient metabolism, adrenal cortical
activity, and blood chemistry were observed in guinea pigs
following inhalation of 1.5% for up to 91 days. Rats on chronic
exposure have had reversible tissue changes in the CNS, lungs,
liver, kidneys, and muscle tissue of the heart.
Human

Carbon dioxide is an important component of the body and
is not expected to have a chronic toxicity. However, long-term
exposures to levels as low as 0.5–1%, while being generally well
tolerated, can alter the acid–base and calcium–phosphorus
balance resulting in metabolic acidosis and increased calcium
deposits in soft tissues. Long-term exposures in the range of
1–2% can stress the adrenal cortex because of constant respi-
ratory stimuli and this level of exposure is considered
dangerous after several hours. Exposure to 2% for several hours
produces headache, breathing difficulty, and exertion with
deepened respiration. Fatalities have occurred with prolonged
exposure to 15–30% CO2.
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Immunotoxicity

In aqueous media, the CO2 reacts with both the reactive oxygen
and nitrogen species. This reaction is protective and reduces
oxidative damage. However, in biological membranes CO2

contributes to nitration of protein and oxidative damage.
Hence, CO2 stimulates and suppresses functions of immune
system. The ambient pCO2 modulates oxidant generation and
interleukin-8 secretion in neutrophils.
Genotoxicity and Carcinogenicity

Carbon dioxide is not genotoxic or carcinogenic.
Clinical Management

Victims should be moved immediately from the toxic atmo-
sphere and receive 100% humidified supplemental oxygen
with assisted ventilation as required. Patients with severe or
prolonged exposure should be carefully evaluated for neuro-
logic sequel and provided with supportive treatment. Seizures
may be controlled by administration of diazepam. If seizures
cannot be controlled with diazepam or recur, phenytoin or
phenobarbital should be administered. Rewarming has been
indicated for frostbite. On ocular exposure, the eyes should be
thoroughly rinsed for at least 15 min.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists (ACGIH) threshold limit value – time-weighted
average (TLV – TWA) is 5000 ppm and the ACGIH short-
term exposure limit (STEL) is 30 000 ppm; the Occupational
Safety and Health Administration (OSHA) permissible expo-
sure limit (PEL) – TWA is 500 ppm (transitional limit) and
10 000 ppm (final rule limit), and the OSHA PEL – STEL is
30 000 ppm; the National Institute for Occupational Safety and
Health recommended exposure limit is 10 000 ppm (TWA).
Currently, there has been a debate on the ‘social cost of carbon
emissions,’ which includes CO2. A significant effort is being
made to rationalize the risks and benefits of reducing carbon in
the atmosphere based on ‘the best available science.’ It is
believed that this effort may contribute to minimizing chronic
toxic effects of CO2, among other components of carbon.
Ecotoxicology

The concentration of CO2 has been increasing in the air, from
preindustrial concentration of 0.028 to 0.035% in 1995 and
recently in May 2013 registered at 0.040%. The increased CO2

in air is leading to change in the pH of fresh and marine water.
This is altering the soluble mineral contents and impacting the
nutrient imbalance. Coral reefs have been found to be
damaged by change in water pH, because the carbonic acid
in water dissolves calcium carbonate backbones of the coral
reef. The increased CO2 in the atmosphere is causing weather
changes, which would trigger an increase in heat strokes, which
may cause a migration of tree and plant species, and initiate the
penetration of airborne diseases in areas that do not currently
experience these. Little attention has also been directed to
investigating the possibility that escalating levels of CO2 may
serve as a selection pressure altering the genetic diversity of the
global flora and fauna.
Miscellaneous

Carbon dioxide is a colorless and odorless gas. It has a molec-
ular weight of 44.01 and specific gravity of 1.52 normal
temperature and pressure relative to air. Certain reactive metals,
hydrides, moist cesium monoxide, lithium acetylene dia-
mmino can ignite in the presence of CO2. Additionally,
mixtures of peroxides of sodium, aluminum, and magnesium
upon exposure to CO2 may explode.
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l Name: Carbon disulfide
l Chemical Abstracts Service Registry Number: 75-15-0,

Other Registry Number: 355120-85-3
l Synonyms:4-03-00-00395,AI3-08935,BRN1098293,CCRIS

5570,Carbonbisulfide,Carbonbisulphide, Carbondisulfide,
Carbon disulphide, Carbone (sulfure de), Carbonio (solfuro
di),CaswellNo.162,Dithiocarbonic anhydride, EINECS200-
843-6, EPA Pesticide Chemical Code 016401, HSDB 52,
Kohlendisulfid (schwefelkohlenstoff), Koolstofdisulfide
(zwavelkoolstof), NCI-C04591, RCRA waste number
P022, Schwefelkohlenstoff, Solfuro di carbonio, Sulfure de
carbone, Sulphocarbonic anhydride, Sulphuret of carbon,UN
1131, UNII-S54S8B99E8, Weeviltox, Wegla dwusiarczek.

l Molecular Formula: CS2
l Structure:
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Background (Significance/History)

For many years, carbon disulfide was manufactured by the
reaction of charcoal with sulfur vapor at temperatures of 750–
1000 �C, but by the mid-twentieth century, especially in the
United States, the process was superseded by the reaction of
natural gas (principally methane) with sulfur.
Uses

The principal industrial uses of carbon disulfide include the
manufacturing of cellophane film, viscose rayon, xanthogen-
ates, carbon tetrachloride, and electronic vacuum tubes.

Carbon disulfide is used for fumigation in airtight flat
storages, airtight storage warehouses, bins, grain elevators,
shipholds, barges, and cereal mills. It is also used as an insec-
ticide for the fumigation of grains, in fresh fruit conservation,
nursery stock, and as a soil disinfectant against insects and
nematodes. Carbon disulfide is a solvent for selenium, phos-
phorus, sulfur, iodine, bromine, fats, resins, and rubber. It is
also used in the purification of single-walled carbon nanotubes.
Environmental Fate and Behavior

Routes and Pathways Relevant to Its Physicochemical
Properties (e.g., Solubility, Pow, and Henry Constant)

Carbon disulfide is a clear, colorless or faintly yellow, mobile
liquid at room temperature, and has an ‘ether-like’ odor. It is
highly flammable and volatile. It has a solubility of
2160 mg l�1 in water at 25 �C, and is very slightly soluble in
water, as well as in alcohol, benzene, ether, chloroform, carbon
tetrachloride, and oils. If released to air, an estimated vapor
678 Encyclopedia of T
pressure of 359 mmHg at 25 �C indicates that carbon disulfide
will exist solely as a vapor in the ambient atmosphere and may
potentially volatilize from dry soil surfaces given its vapor
pressure. Based on the estimated Henry’s law constant of
1.44 � 10�2 atm-m3 mol�1 at 24 �C for carbon disulfide,
volatilization is expected to occur from moist soil surfaces and
rapidly from water surfaces. Other physical properties include
an octanol/water partition coefficient as log Pow of 1.84,
a boiling point of 46 �C, and a melting point of �111 �C.
Partition Behavior in Water, Sediment, and Soil

An estimated Koc (soil organic-water partitioning coefficient)
value of 1.94 suggests that carbon disulfide is expected to have
moderate mobility in soil. Experiments have shown that the
rate of adsorption was greater in moist soil, but only when the
soil was unsterilized. Further experiments suggest that this
‘adsorption’ in moist soils can be the result of microbial action.
Based on the estimated Koc, if carbon disulfide is released into
water, it is not expected to adsorb to suspended solids and
sediment in the water column.
Environmental Persistency (Degradation/Speciation)

Vapor-phase carbon disulfide is expected to degrade in the
atmosphere by reaction with photochemically produced
hydroxyl radicals, and the estimated half-life for this reaction in
air is 5.5 days. Carbon disulfide has a weak UV adsorption
band at 317 nm, indicating that this substance has a potential
for direct photolysis. Photolysis is not intended to be a relevant
loss mechanism for the chemical. Carbon disulfide in alkaline
solutions hydrolyzes slowly to hydrogen disulfide and carbon
dioxide. The half-life for hydrolysis at pH 9 isw1.1 years, and it
is stable in oxygenated seawater for >10 days.
Long-Range Transport

In terrestrial systems, the Koc value of 1.94 suggests that carbon
disulfide has moderate mobility in soil.
Bioaccumulation and Biomagnification

An estimated bioconcentration factor (BCF) of <6.1 and <60
for carbon disulfide indicates that bioconcentration in aquatic
organisms is low to moderate.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Carbon disulfide’s production and use as a chemical interme-
diate and a solvent may result in its release to the environment
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00475-9
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through various waste streams, but use as an insecticide resul-
ted in its direct release to the environment. Carbon disulfide is
a natural product of anaerobic biodegradation and can be
released into the atmosphere from landmasses and oceans as
well as geothermal sources. Coastal and marshland areas of
high biological activity and ocean appear to bemajor sources of
carbon disulfide.
Human Exposure

Human exposure to carbon disulfide is mostly occupational via
inhalation and dermal contact with the vapor or dermal contact
with the liquid of this compound at workplaces in which
carbon disulfide is produced or used. Inhalation is the principal
route of carbon disulfide absorption, and workers engaged in
any process using carbon disulfide may be exposed to some
degree, but only workers in the viscose rayon industry are
exposed to high concentrations. For the general population,
exposure to carbon disulfide is likely to happen via inhalation
of ambient air, ingestion of vegetables and fruits, or other food
products containing carbon disulfide.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

Carbon disulfide has little potential to exert effects in air.
Carbon disulfide released into water is expected to volatilize
and its rate of biodegradation in water is negligible compared
with its rate of volatilization from surface water. Owing to its
low affinity for absorption to organic substances, very little
carbon disulfide is likely to partition to or remain in sediment.
Because of its relatively low log Kow value (2.14) and rapid
metabolism in most animals, carbon disulfide is expected to
have little or no tendency to bioaccumulate or biomagnify in
biota.
Toxicokinetics

Carbon disulfide is extensively and rapidly absorbed via inha-
lation, oral, and dermal routes and then is distributed
throughout the body. Because of carbon disulfide’s lipophilic
nature, most of its distribution is in organs such as the brain
and liver, where it is metabolized to thiocarbamates. Carbon
disulfide can reach fetuses through the placenta or babies
by way of mother’s milk. Carbon disulfide is metabolized by
cytochrome P450 to an unstable oxygen intermediate that
either hydrolyzes to form atomic sulfur and mono-
thiocarbonate or spontaneously degrades to atomic sulfur and
carbonyl sulfide.

Carbonyl sulfide is converted to monothiocarbonate and
then degrades to carbonyl sulfide or carbon dioxide and
hydrogen sulfide. In humans, unlike animals, oxidation of
sulfur to inorganic sulfate is not significant in the metabolism
of carbon disulfide. Carbon disulfide combines readily with the
amine groups of amino acids to produce dithiocarbamates.
Dithiocarbamates are the common metabolites formed in
humans and animals that contribute in part to the neurotoxic
effects of carbon disulfide. The kidneys are the primary route of
excretion of carbon disulfide metabolites. Conjugation of
carbonyl sulfide or carbon disulfide with endogenous gluta-
thione results in the formation of 2-oxythiazolidine-4-carbox-
ylic acid and thiozolidine-2-thione 4-carboxylic acid,
respectively, which are excreted in the urine. The unmetabo-
lized and unchanged carbon disulfide is excreted in the breath,
and small amounts (<1%) may be detected in the urine.
Mechanism of Toxicity

Carbon disulfide reacts with a variety of important nucleo-
philic compounds in the body (e.g., pyridoxamine, cerebral
monoamine oxidases, dopamine carboxylases, amino acids,
biogenic amines, and sugars). Acute CNS toxicity and periph-
eral neurotoxicity caused by carbon disulfide may result from
formation of dithiocarbamates. Carbon disulfide may react
with macromolecules of enzymes, structural proteins, poly-
peptides, and nucleic acids. Chelation of zinc- or copper-
containing enzymes by carbon disulfide metabolites has been
proposed as one of the mechanisms by which carbon disulfide
induces neurotoxicity. Carbon disulfide alters the metabolism
of vitamin B6 and nicotinic acid and causes vitamin B defi-
ciency. It is an inhibitor of brain monoamine oxidase that leads
to impairment of catecholamine metabolism. Carbon disulfide
affects liver enzymes, particularly those related to lipid
metabolism, which finally results in higher serum cholesterol.
Carbon disulfide also interacts with microsomal drug metab-
olism through deactivation of cytochrome P450.
Acute and Short-Term Toxicity

Animal

The inhalation LC50 for carbon disulfide in rat and mouse is
25 g m�3 and 10 g m�3 per 2 h, respectively. Liver toxicity was
found in animals exposed by inhalation to very high concen-
trations of carbon disulfide. The oral LD50 for carbon disulfide
in rat and mouse is 1200 mg kg�1 and 2780 mg kg�1, respec-
tively. In rabbits carbon disulfide causes severe irritation to skin
and eyes.
Human

Inhalation exposure to very high concentrations of carbon
disulfide during an accidental occupational release can cause
unconsciousness. Carbon disulfide irritates the skin, eyes, and
respiratory tract. Acute pulmonary exposure to this substance
results in psychiatric disturbances, central nervous system
depression, coma, and respiratory paralysis. Exposure of 200 to
500 ppm may cause death. Acute inhalation exposure to
carbon disulfide causes typical symptoms of narcosis, with
facial flushing and sometimes a state of euphoria, tremor, and
dazed behavior. The postnarcotic effects include headache,
nausea, vomiting, tendency to excitability, and spasms. It seems
that exposures resulting in deep narcosis can lead to death from
respiratory paralysis. Swallowing the liquid may cause aspira-
tion into the lungs and cause chemical pneumonitis. In several
studies, ingestion of approximately 18 g of carbon disulfide
caused neurological signs, cyanosis, hypothermia, and peri-
pheral vascular collapse, followed by death resulting from
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central nervous system depression and respiratory paralysis
within a few hours.
Chronic Toxicity

Animal

Animal studies have found an association between inhalation
chronic exposure to carbon disulfide and toxic effects on the
nervous system such as swelling, degeneration, and loss of
protecting nerve fibers. Chronic inhalation exposure can
affect the liver, blood, and kidneys of animals. No clear
evidence of carcinogenicity and genotoxicity has been repor-
ted in long-term studies with animals. In experimental
animals, carbon disulfide at high concentrations is embry-
otoxic and fetotoxic, and it is teratogenic at exposure levels
toxic to the dam.
Human

Repeated or prolonged contact of carbon disulfide with skin
may cause dermatitis. Occupational studies have indicated that
chronic exposure to carbon disulfide can cause eye problems
such as degeneration of the retina or hemorrhage of blood
vessels. Headaches, muscle pain, and general fatigue have been
observed in workers chronically exposed to carbon disulfide in
the air. Long-term exposure to this substance is toxic to the
kidneys and liver, and may also have toxic effects on the
cardiovascular and nervous systems, resulting in coronary heart
disease and severe neurobehavioral effects, polyneuritis, and
psychoses.
Immunotoxicity

There is no evidence on immunotoxicity of carbon disulfide in
animals or humans.
Reproductive Toxicity

Developmental effects, including visceral and skeletal mal-
formations, fetal loss (resorptions), embryotoxicity, and
behavioral and functional disturbances have been observed in
animal studies across a wide inhalation and oral exposure
range. Developmental effects may occur at lower doses than
all other adverse effects. Carbon disulfide and its metabolites
also cross the placenta and localize in the target organs of the
fetus (blood, brain, liver, and eyes). Reproductive effects such
as menstrual disturbances in women and decreased sperm
count and libido in men have been found from occupational
settings involving inhalation exposure to carbon disulfide.
Therefore, carbon disulfide has been classified in pregnancy
risk group B.
Genotoxicity

Genotoxicity studies of carbon disulfide on Salmonella typhi-
murium, Drosophila, human fibroblasts, and cultures of human
and rat blood leukocytes have been done, but results are not yet
conclusive and further investigations are needed.
Carcinogenicity

Available data are inadequate to consider carbon disulfide as
a carcinogen. Only a few studies have been conducted on car-
cinogenicity of carbon disulfide; thus, the US Environmental
Protection Agency (EPA) has considered carbon disulfide
a Group D carcinogen, meaning ‘inadequate evidence to clas-
sify as a carcinogen.’
Clinical Management

In inhalation exposure, the patient should be removed from
exposure to the contaminated area. In dermal exposure,
remove contaminated clothing and wash with copious
amounts of water. In eye exposure, irrigate thoroughly with
water. Similar to all acute exposures, maintain a clear
airway, give oxygen, and assist respiration if necessary. After
recent ingestion of carbon disulfide, induction of vomiting
is not recommended, but gastric lavage with activated
charcoal is fine. There is no specific antidote for carbon
disulfide.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Carbon disulfide has moderate acute toxicity to aquatic
organisms, and acute toxicity values range between >1 and
100 mg l�1. LC50 values for carbon disulfide in fish are 3.0–
5.8 mg l�1. This material is moderately toxic to Daphnia magna
and guppies, and slightly toxic to green algae. It is practically
nontoxic to mosquitofish and bacteria.
Terrestrial Organism Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, and Terrestrial Vertebrates)

No data are available in the literature for terrestrial organism
toxicity. Oral LD50 (3188 mg kg�1) in the rat suggests that
carbon disulfidewould not be acutely toxic to terrestrial animals
except in very high concentrations. Studies in laboratory
animals suggest that this material at expected environmental
levels would not cause developmental/reproductive effects on
terrestrial species.
Other Hazards

Other effects of carbon disulfide include changes in circulating
levels of thyroid hormones, gonadotropins, or adrenal and/or
testicular hormones and increase in the incidence of diabetes or
reduction of glucose tolerance.
Exposure Standards and Guidelines

Based on OSHA standards, the permissible exposure limit: 8-h
TWA: 2 ppm; acceptable ceiling concentration: 30 ppm;
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acceptable maximum peak above the acceptable ceiling concen-
tration for an 8-h shift, concentration: 100 ppm, maximum
duration: 30 min. Threshold limit values: 8-h TWA: 1 ppm, skin.
Based on NIOSH recommendations, recommended exposure
limit: 10-h TWA: 1 ppm (3 mg m�3), skin; 15 min short-term
exposure limit: 10 ppm (30 mg m�3), skin. Immediately
dangerous to life or health: 500 ppm. Emergency response plan-
ning guidelines (ERPGs) for up to 1-h exposure: ERPG (1) 1 ppm
(no more than mild, transient effects); ERPG (2) 50 ppm
(without serious, adverse effects); and ERPG (3) 500 ppm (not
life threatening).
Miscellaneous

Miscellaneous applications include direct uses of carbon
disulfide for the cold vulcanization of rubber, as a flame
lubricant in cutting glass, and for generating petroleum cata-
lysts, optical glass, paints, enamels, varnishes, paint removers,
tallow, explosives, and so on.

See also: Occupational Toxicology; Toxicity, Acute; Toxicity,
Subchronic and Chronic; Neurotoxicity; Organochlorine
Insecticides; Volatile Organic Compounds; Solvents.
Further Reading

Gelbke, H.P., Göen, T., Mäurer, M., Sulsky, S.I., April 2005. A review of health effects
of carbon disulfide in viscose industry and a proposal for an occupational exposure
limit. The Reconsideration of Registrations of Products Containing Carbon Disulfide
and their Associated Labels. Australian Pesticides & Veterinary Medicines
Authority.

Holleman, A.F., Wiberg, E., 2001. Inorganic Chemistry. Academic Press, San Diego.
ISBN 0-12-352651-5.

Rutchik, J.S., 18 Jan. 2002. Organic solvents. Medscape. 27 Oct. 2004. In:
Seidman, R.J., et al. (Eds.), eMedicine. http://emedicine.com/neuro/topic285.
htm#section~treatment.

Relevant Websites
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http://www.inchem.org – IPCS International Program on Chemical Safety
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l Name: Carbon monoxide
l Chemical Abstracts Service Registry Number: 630-08-0
l Synonyms: Carbonic oxide, Carbon oxide
l Molecular Formula: CO
l Chemical Structure: C^O
Background

Carbonmonoxide (CO) is historically known as a deadly gas to
humans. Although produced in small amounts in the human
body, toxicity occurs predominately after inhalation of pre-
formed CO. Exposure to CO can occur in occupational settings,
in tobacco smoke, and in home settings whenever there is
incomplete combustion of carbon-containing materials in an
unventilated setting.
Uses

CO is used in industries as a feedstock for the production of
methanol, acrylates, phosgene, and ethylene. It is also used in
metallurgy applications and in industrial fuels. It is also
recently being studied in preclinical stages for medicinal use.
A major source of CO is the incomplete combustion of carbon-
containing materials.
Environmental Fate and Behavior

Routes and Pathways

The physical and chemical properties of CO suggest that its
atmospheric removal occurs primarily by reaction with
hydroxyl radicals. Atmospheric reactions involving CO can
produce ozone in the troposphere. CO emitted into the
atmosphere each year is removed by reactions with hydroxyl
radicals, by soils, and by diffusion into the stratosphere. There
is evidence of long-range transport of CO.
Exposure and Exposure Monitoring

Exposure to this colorless, odorless gas occurs primarily though
inhalation. CO exposure associated with the paint stripper
methylene chloride is unique in that methylene chloride is bio-
logicallymetabolized to CO in vivo. Dermal, oral, and inhalation
exposure to methylene chloride can cause CO poisoning.

Aside from tobacco smoke, the most important sources of
CO exposure for most individuals are the emissions created by
internal combustion engines of vehicles and in household and
occupational locations where combustion occurs. Specific sour-
ces of exposure include the burning of wood, charcoal, natural
gas, or propane for heating and cooking, and propane-powered
indoor equipment such as forklifts and ice rink resurfacers.
682 Encyclopedia of T
Average levels of CO in homes without gas stoves vary from
0.5 to 5 ppm. Levels near properly adjusted gas stoves are often
5–15 ppm, and those near poorly adjusted stoves may be
30 ppm or higher. CO exposures occur in a variety of occupa-
tional settings. The number of persons occupationally exposed
to CO in the working environment is greater than for any other
physical or chemical agent. The smoke of a cigarette contains
approximately 14 mg of CO. The smoke of cigars ranges from
approximately 38 mg for little cigars to almost 100 mg for large
and premium cigars. CO in secondhand tobacco smoke has led
to levels of CO as high as 50 ppm.

Global concentrations of CO range from 60 to 140 mg m�3

(50 to 120 ppb). Levels are higher in the Northern Hemisphere
than in the Southern Hemisphere. In remote areas of the
Southern Hemisphere, background CO concentrations average
around 0.05 mg m�3 (0.04 ppm), primarily as a result of
natural processes. Environmental CO concentrations also
fluctuate seasonally. Higher levels occur in the winter than in
the summer.
Toxicokinetics

Absorption of inhaled CO occurs in the gas exchange region of
the respiratory tract following inhalation. After absorption,
methylene chloride is metabolized in the liver to CO. Most CO
distributes reversibly to hemoglobin (Hb) in red blood cells;
smaller amounts remain in solution or bind to myoglobin and
cellular cytochromes. The distribution of the CO molecule by
Hb is a function of the alveolar partial pressures of CO and
oxygen, and the concentrations of CO and oxygen in blood.
CO’s affinity for Hb is 200–250 times greater than that of
oxygen.

After binding to Hb to displace oxygen and form carbox-
yhemoglobin (COHb), CO is distributed rapidly throughout
the body, where it produces asphyxia. The majority of the body
burden exists as COHb, bound to Hb of red blood cells, while
10% is present in extravascular and other sites.

Carbon monoxide is predominately eliminated via the
lungs. COHb is completely dissociable from Hb, and is liber-
ated and expired. Higher concentrations of oxygen and
hyperbaric oxygen hasten CO excretion. Small amounts are
oxidized to carbon dioxide.
Mechanism of Toxicity

CO has varied effects on multiple enzymatic reactions and
processes. Most easily seen and measured via co-oximetry is its
high affinity and binding to Hb. This results in an overall lack
of oxygen carrying capacity along with a shift of the oxygen
dissociation curve to the left so that even available oxyhemo-
globin is less able to offload oxygen to tissue sites. This,
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00706-5
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coupled with CO’s ability to bind to and arrest cellular
metabolism, results in global hypoxemia. The overall lack of
tissue perfusion and energy production results in metabolic
lactic acidosis.

CO also has the ability to bind to other globins, most
importantly myoglobin. Significant myoglobin binding
results in lack of tissue oxygenation to heart and myocardial
damage.

The final high-risk organ system affected after CO exposure
is the central nervous system. CO has the ability to cause
delayed neuropsychiatric sequelae in addition to the acute
effects seen as a result of hypoxemia. This is thought to be due
to delayed lipid peroxidation achieved through the displace-
ment of nitric oxide. A reperfusion-like injury occurs in these
cases.
Acute and Short-Term Toxicity (or Exposure)

Animal

Animals display similar toxicity to humans when exposed to
CO. Organ systems with large oxygen demands are affected
initially and most profoundly.
Human

The effects of acute exposures to CO are well documented. They
result from hypoxic action exerted on the tissues, and among
the earliest and most prominent effects are central nervous
system disorders, such as headache and lightheadedness. At
blood COHb levels approaching 30–40%, dizziness, incoor-
dination, nausea, vomiting, and loss of consciousness may
result. At still higher levels (440% blood saturation), cardio-
vascular collapse, seizures, coma, and death may occur –

usually attributed to cardiac dysrhythmias. Some studies have
indicated that relatively small increments in COHb levels may
produce adverse cardiovascular effects, such as myocardial
ischemia. Delayed neurological sequelae most likely involve
lesions of the white matter. Severe tissue damage occurring
during acute CO poisoning is due to one or more of the
following: (1) ischemia resulting from the formation of COHb,
(2) inhibition of oxygen release from oxyhemoglobin, (3)
inhibition of cellular cytochrome function (e.g., cytochrome
oxidases), and (4) metabolic acidosis.
Chronic Toxicity (or Exposure)

Animal

Chronic, low-level CO exposures produce decreased birth
weights, cardiomegaly, electrocardiograph changes, and
disruptions of cognitive function in several animal models.
Rabbits exposed to CO for 11 weeks demonstrated plaque
formation in cardiac vessels indistinguishable from those seen
from atherosclerotic heart disease.
Human

Humans are exposed to low levels of CO every day from
automobile traffic, from smoking, from being close to those
who are cooking or heating with natural gas, or through
occupational means. Toxicity is dose dependent. At doses that
produce COHb concentrations of 10%, no symptoms were
evident in studies of humans, even during vigorous exercise.
Higher doses produce more pronounced, yet at times latent
effects.
Immunotoxicity

Epidemiological studies, animal studies, and in vitro studies
suggest a potential for CO to exert effects on the immune
system.
Reproductive Toxicity

Epidemiologic evidence suggests that humans exposed to even
moderate doses of CO during pregnancy have lower birth-
weight children and have offspring who are at higher risk for
sudden infant death syndrome. The absorption and elimina-
tion of CO are slower in the fetal circulation than in the
maternal circulation. Thus, the fetus may experience toxicity
when the mother is at a low CO level with no effects. Fetal
deaths have been reported in cases of maternal CO poisoning
during pregnancy.
Genotoxicity

There is limited evidence of genotoxicity of CO in bacteria and
in rodents.
Carcinogenicity

Carbon monoxide has not been assessed for carcinogenicity
using animal models. The International Agency for Research on
Cancer, the US National Toxicology Program, and the US
Environmental Protection Agency have not classified CO for
human carcinogenicity.
Clinical Management

Careful attention to airway, breathing, and circulation is
imperative in the treatment of CO-poisoned patients. The
victim should be removed from exposure and assisted in
breathing as necessary. Methylene chloride should be washed
well off the skin and the victim removed from the area to avoid
continued absorption. Administration of 100% oxygen using
a non-rebreather in any CO-poisoned patient will decrease the
half-life of blood COHb from approximately 6 h to less than
100 min.

All patients with significant exposure to CO should receive
an early electrocardiogram, and patients complaining of chest
pain should have cardiac indices, including troponin and
creatinine kinase and the mb fraction measured. Patients older
than 36 years having high CO levels or having sustained
a significant neurologic insult are at higher risk for delayed
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neurologic sequelae. The use of hyperbaric oxygen at 2.8 atm
should be considered in these patients to hasten elimination of
CO and to provide neurologic protection. The potential effec-
tiveness of hyperbaric oxygen therapy declines as the time from
exposure termination is extended and is best offered within the
first 6 h.
Exposure Standards and Guidelines

The current US Occupational Safety and Health Administration
permissible exposure limit for CO is 50 ppm parts of air
(55 mg m�3) as an 8 h time-weighted average (TWA)
concentration.

The National Institute for Occupational Safety and Health
(NIOSH) has established a recommended exposure limit for
CO of 35 ppm (40 mg m�3) as an 8 h TWA and 200 ppm
(229mgm�3) as a ceiling. The NIOSH limit is based on the risk
of cardiovascular effects.

The American Conference of Governmental Industrial
Hygienists (ACGIH) has assigned CO a threshold limit value of
25 ppm (29 mg m�3) as a TWA for a normal 8 h workday and
a 40 h workweek. The ACGIH limit is based on the risk of
elevated COHb levels.

The World Health Organization has set air quality guide-
lines for CO based on effects other than cancer of 100 mg m�3

(87 ppm) for a 15 min exposure, of 60 mg m�3 (52 ppm) for
a 30 min exposure, of 30 mg m�3 (26 ppm) for a 1 h exposure,
and of 10 mg m�3 (9 ppm) for an 8 h exposure.
See also: Blood; Combustion Toxicology; Methanol; Phosgene;
Carbon Tetrabromide.
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l Name: Carbon tetrabromide
l Chemical Abstracts Service Registry Number: 558-13-4
l Synonyms: Carbon bromide; Methane, tetrabromide; Tetra-

bromomethane
l Molecular Formula: CBr4
l Chemical Structure:

Br Br

BrBr

Background

Carbon tetrabromide is considered a highly toxic chemical,
may be fatal if inhaled, swallowed, or absorbed through skin.
It is metabolized in vitro to produce carbon monoxide but
the in vivo significance has not been established. Under
anaerobic reducing conditions it forms complexes with
ferrous cytochrome P450. Carbon monoxide is detected as
a metabolic product of the interaction. Carbon tetra-
bromide’s production and use in organic syntheses may
result in its release to the environment through various waste
streams. Carbon tetrabromide has been isolated from red
algae, Asparagopsis toxiformis, found in the ocean near Hawaii.
It was detected in water from treated chlorinated seawater
used for drinking at oil platforms. Occupational exposure to
carbon tetrabromide may occur through inhalation and
dermal contact with this compound at workplaces where it is
produced or used. The general population may be exposed to
carbon tetrabromide via ingestion of drinking water. Acute
exposures to high concentrations may cause upper respira-
tory tract irritation and injury to lungs, liver (hepatotoxicity)
and kidneys (nephrotoxicity). Chronic exposure effects at
very low levels will be almost entirely limited to liver injury.
It is a potent lachrymator even at low exposure concentra-
tions. Although carbon tetrabromide may release bromine
ions during metabolism, clinical bromism is not expected to
occur.
Uses

Carbon tetrabromide is used as an industrial solvent.
Environmental Fate and Behavior

Carbon tetrabromide is a colorless nonflammable solid at
room temperature. It is insoluble in water, but soluble in
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
several organic solvents such as alcohol, ether, and chloroform.
Its specific gravity is 3.42, melting point is 90 �C, boiling point
is 189 �C, and vapor pressure is 0.72 torr at 25 �C. Production
and use of carbon tetrabromide may result in its release in the
environment through various hazardous waste streams.
Carbon tetrabromide is expected to have very high mobility in
soil and volatilizes slowly from dry soil surface. Its biodegra-
dation is expected to be slow and to exist solely as a vapor in
the ambient atmosphere. It is not expected to adsorb to sus-
pended solids and sediment in the water column. Its potential
for bioconcentration in aquatic organisms is moderate.
Exposure and Exposure Monitoring

Exposure to carbon tetrabromide occurs primarily through
dermal, inhalation, and oral routes.
Toxicokinetics

Carbon tetrabromide is metabolized by rat liver microsomes to
electrophilic and potentially toxic metabolites, which cause
primary effects on the kidneys. The electrophilic bromine
derivatives formed can be excreted as such in urine.
Mechanism of Toxicity

Carbon tetrabromide inhibits protein synthesis and causes
lipid peroxidation, both of whichmay be involved in cell injury
or death mediated by free radicals.
Acute and Short-Term Toxicity

Animal

Exposure to carbon tetrabromide through dermal and oral
route is toxic. It causes kidney toxicity and is narcotic at high
concentrations. In mouse, the subcutaneous and intravenous
LD50 values are 298 and 56 mg kg�1, respectively.
Human

Exposure to carbon tetrabromide through inhalation, inges-
tion, and dermal routes is harmful to health. It causes irritation
to eyes, skin, mucous membranes, and the upper respiratory
tract.
Chronic Toxicity

No data are available to assess the mutagenic, carcinogenic, and
teratogenic potential of this agent.
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Clinical Management

In case of contact, eyes and skin should be flushed with water
for 15–20 min. If inhaled, the victim should be removed to
fresh air and oxygen and artificial respiration should be
administered, if necessary. If the patient is in cardiac arrest,
cardiopulmonary resuscitation should be performed. These life
support measures should be continued until medical assistance
has arrived. An unconscious or convulsing person should not
be given liquids or induced to vomit.
Other Hazards

When heated to decompose, carbon tetrabromide emits toxic
fumes of Br�. It is not flammable, but has hazardous reactivity,
when mixed with metals like lithium.
Exposure Standards and Guidelines

Engineering controls, standard work practices, and personal
protective equipment, including respirators are employed to
prevent workers’ exposure to carbon tetrabromide. After use,
the clothing and equipment should be placed in an impervious
container for decontamination or disposal. The American
Conference of Governmental Industrial Hygienists threshold
limit value for carbon tetrabromide is 0.1 ppm. National
Institute for Occupational Safety and Health Recommenda-
tions are as follows:

1. Recommended exposure limit: 10 h time-weighted avg:
0.1 ppm (1.4 mg m�3).

2. Recommended exposure limit: 15 min short-term exposure
limit: 0.3 ppm (4 mg m�3).
See also: Methyl Bromide; Neurotoxicity; Bromine; Bromoform;
Bromotrichloromethane; Volatile Organic Compounds;
Solvents.
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l Name: Carbon tetrachloride
l Chemical Abstracts Service Registry Number: 56-23-5
l Synonyms: Methane tetrachloride, Carbon tetrachloride,

Carbon chloride, Benzinoform, Carbona
l Molecular Formula: CCl4
l Chemical Structure:
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Background

Carbon tetrachloride is a manufactured chemical and does not
occur naturally in the environment. It is produced by chlori-
nation of a variety of low molecular weight hydrocarbons such
as carbon disulfide, methane, ethane, propane, or ethylene
dichloride and also by thermal chlorination of methyl chloride.
Carbon tetrachloride is a precursor for chlorofluorocarbon
(CFC) gases that have been used as aerosol propellant. A
decrease in this use is occurring due to the agreement reached
in the Montreal Protocol for the reduction of environmental
concentrations of ozone-depleting chemicals, including carbon
tetrachloride. Carbon tetrachloride classification according to
the Globally Harmonized System of Classification and
Labeling of Chemicals (CLP/GHS) is shown in Table 1.
Uses

The main use of carbon tetrachloride has been in CFCs
production. However, since the mid-1970s this use started to
Table 1 Carbon tetrachloride classification according to the globally

Hazard class and category code(s) Hazard statement code(s) and

Acute toxicity 3 H331 toxic if inhaled
Acute toxicity 3 H311 toxic in contact with sk
Acute toxicity 3 H301 toxic if swallowed
Carc. 2 H351 suspected of causing c
STOT RE 1 H372 causes damage to orga

repeated exposure
Aquatic chronic 3 H412 harmful to aquatic life
Ozone EUH059 hazardous to the oz

Source: ESIS. Annex VI. Table 3.1 in “Regulation (EC) No 1272/2008 of the Europe
labelling and packaging of substances and mixtures, amending and repealing Direc
1907/2006 (Text with EEA relevance),” Official Journal of the European Union, L 35
cs&lang¼en&list¼485811:cs,486098:cs,485673:cs,496044:cs,601402:cs,&pos¼2

Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
decrease in order to reduce the harm that many refrigerant fluids
and aerosol propellants produce on the ozone layer. It has been
used as a solvent for fats, oils, waxes, lacquers, and resins, as a fire
extinguisher, as a degreasing agent in industry and dry cleaning
establishments, and as a spot remover in household. Until 1986,
carbon tetrachloride was used as a pesticide to eliminate insects
in grain. Carbon tetrachloride has been used in medicine:
administered orally for the treatment of intestinal worms and as
an anesthetic. Currently, due to its toxic effects the uses are
limited to as solvent and intermediate chemical under
controlled conditions and for laboratory and analytical uses.
Environmental Fate and Behavior

Routes and Pathways

Most of the carbon tetrachloride produced is released to the
atmosphere. In the atmosphere, photodegradation by shorter
wavelength ultraviolet radiation appears to be the primary
removal process although it is very stable in the environment
remaining in the air for several years before breaking down, so
a significant global transport is expected. The estimated half-life
of atmospheric carbon tetrachloride is 30–100 years. Small
amounts can be released to the water but due to the relatively
high rate of volatilization from water, carbon tetrachloride
tends to evaporate in a short time. It is stable to hydrolysis in
water. Most of the amount released to soil evaporates rapidly
due to its high vapor pressure but a small proportion could
remain associated to the soil organic matter. Carbon tetra-
chloride is mobile in most soils depending on the organic
carbon content and can reach groundwater where it remains for
long periods before it is broken down to other chemicals.

Relevant Physicochemical Properties

Carbon tetrachloride is a colorless, clear, and heavy liquid
(density ¼ 1.5940) with sweetish and aromatic odor. It is
harmonized system of classification and labeling of chemicals

meaning Pictogram signal word code(s)

GHS08
in Dgr

ancer GHS06
ns through prolonged or

with long lasting effects
one layer

an Parliament and of the Council of 16 December 2008 on classification,
tives 67/548/EEC and 1999/45/EC, and amending Regulation (EC) No
3/, 31.12.2008. Available in http://eur-lex.europa.eu/Notice.do?val¼486098:
&page¼4&nbl¼35&pgs¼10&hwords (accesses 15 November 2013).
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Table 2 Physical properties of carbon tetrachloride

Physical property Value Units

Melting point �2.30E þ 01 �C
Boiling point 76.8 �C
Log Pw (octanol–water) 2.83
Water solubility at 25 �C 793 mg l�1

Vapor pressure at 25 �C 115 mm Hg
Henry’s law constant at 25 �C 0.0276 atm m3 mol�1

Atmospheric OH rate constant at 25 �C 1.20E � 16 cm3 (molecule s)�1

Source: http://apps.echa.europa.eu/registered/data/dossiers/DISS-9d8c7535-6286-5b49-e044-00144f67d249/
DISS-9d8c7535-6286-5b49-e044-00144f67d249_DISS-9d8c7535-6286-5b49-e044-00144f67d249.html.
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ethereal and somewhat resembles that of chloroform. It evap-
orates readily. It is nonflammable. The chemical structure is
a tetrahedron with bond angles of 109.50�. Some physico-
chemical properties are summarized in Table 2.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Exposure could happen by breathing carbon tetrachloride
present in the air, eating or drinking contaminated water, or by
skin contact with contaminated soil. Damage from exposure
may be influenced by many factors such as the dose, duration,
exposure pathway, other chemicals exposure, age, sex, diet,
family traits, lifestyle, and health state.

Human Exposure

Although carbon tetrachloride is mainly for laboratory and
analytical uses, it could be released to the environment.

Carbon tetrachloride is relatively stable; contributing to its
accumulation in the atmosphere and the groundwater, so the
general population is exposed to background levels. Exposure
to concentrations higher than the ‘background’ levels is
restricted to occur near point sources such as industries that
produce or use carbon tetrachloride or waste contaminated
sites. For the general population, the main routes of exposure
are the inhalation of contaminated air or volatilization of
contaminated water during showering or bathing and the
ingestion of contaminated drinking water, being skin contact
with contaminated soil a minor route of exposure. The average
daily intake of carbon tetrachloride for the general population
is estimated to be 0.1 mg per kg of body weight. The estimated
average daily amount that the general population may drink in
water is 0.01 mg per kg of body weight.
Table 3 Background levels of carbon tetrachloride in air, water,
and soil

Environment Value
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

Background levels of carbon tetrachloride found in air, water,
and soil are represented in Table 3.
Air 0.1 ppb
Air cities 0.2–0.6 ppb
Drinking water supplies <0.5 ppb
Water or soil of the waste sites 50–1000 ppb

Source: ATSDR, 2005. Toxicological Profile for Carbon Tetrachloride. Available in
http://www.atsdr.cdc.gov/toxprofiles/tp.asp?id¼196&tid¼35.
Toxicokinetics

Carbon tetrachloride is rapidly absorbed through the gastro-
intestinal and respiratory tract and the skin. After absorption,
CCl4 is distributed to different organs or tissues, especially
those with high lipid concentration as liver, kidney, lung, brain,
spinal cord, fat, heart, muscle, adrenals, blood, and spleen.
Animal studies reflect that maximal tissue concentrations are
achieved faster by oral exposure than by inhalation. Indeed,
independent of the exposure route the maximal tissue
concentration is reached slower in fat than in other tissues and
apart from fat it is similarly distributed in all tissues except in
liver where the maximal levels are higher and reached more
quickly. It is metabolized primarily by the liver, but also by
other organs containing CYP450 enzymes as the kidney and
lung. Firstly, carbon tetrachloride is metabolized by CYP450 to
chloride ion and a biologically active trichloromethyl radical.
This radical can then suffer dimerization to hexachloroethane,
reduction to chloroform, or bind to cellular macromolecules.
An alternative metabolic pathway produces carbon monoxide
and, via phosgene formation, carbon dioxide. Carbon tetra-
chloride is quickly excreted; the unmetabolized compound and
the volatile metabolites are excreted in exhaled air whereas the
nonvolatile metabolites are eliminated in feces and in small
amounts, in urine.
Acute and Short-Term Toxicity (Animal/Human)

The acute effects of carbon tetrachloride in humans as a result
of oral or inhalation exposure are similar. Some reported effects
are gastrointestinal toxicity (nausea, vomiting, diarrhea, and
abdominal pain), neurotoxicity (drowsiness, headache, dizzi-
ness, coma, or seizures), hepatic effects (liver enlargement,
elevations in alanine aminotransferase or aspartate amino-
transferase and bilirubin levels, liver granular degeneration),
renal effects (oliguria and increases in blood urea nitrogen),
and pulmonary lesions (lung congestion, edema, broncho-
pneumonia, and alveolar epithelial proliferation) as

http://apps.echa.europa.eu/registered/data/dossiers/DISS-9d8c7535-6286-5b49-e044-00144f67d249/DISS-9d8c7535-6286-5b49-e044-00144f67d249_DISS-9d8c7535-6286-5b49-e044-00144f67d249.html
http://apps.echa.europa.eu/registered/data/dossiers/DISS-9d8c7535-6286-5b49-e044-00144f67d249/DISS-9d8c7535-6286-5b49-e044-00144f67d249_DISS-9d8c7535-6286-5b49-e044-00144f67d249.html
http://www.atsdr.cdc.gov/toxprofiles/tp.asp?id&equals;196&amp;tid&equals;35
http://www.atsdr.cdc.gov/toxprofiles/tp.asp?id&equals;196&amp;tid&equals;35
http://www.atsdr.cdc.gov/toxprofiles/tp.asp?id&equals;196&amp;tid&equals;35


Carbon Tetrachloride 689
a secondary effect of renal failure. Only one case of carbon
tetrachloride dermal exposure in humans has been reported
and the acute health effects reported are polyneuritis (weak-
ness, pain in the limbs, and loss or reduction of some reflexes)
and weight loss.

Acute toxicity studies in animals subjected to oral exposure
show liver toxicity as the primary target; renal damage also
appears but higher doses are needed. Indeed, effects in the
lungs have also been observed. However, acute effects in
animals to inhalation exposure suggest the central nervous
system and the liver as the primary targets; main acute effects in
short-term exposures appear to be hepatotoxicity and to a lesser
extent nephrotoxicity. In addition, comparative studies in
animals of liver toxicity caused by oral or inhalation exposure
show worse effects in oral exposure.

Carbon tetrachloride is classified for acute toxicity category
3 for inhalation, dermal, and oral exposure according to the
Global Harmonized System (Table 1).
Chronic Toxicity (Animal/Human)

The liver is the major target organ in both humans and animals
exposed orally or by inhalation. Hepatic carcinogenicity has
also been reported in rats and mice exposed orally or by
inhalation to carbon tetrachloride. Also, the kidney is a sensi-
tive target organ following inhalation exposure to carbon
tetrachloride. Carbon tetrachloride has been classified for
repeated toxicity as STOT RE 1 H372 (cause of damage to
organs through prolonged or repeated exposure) according to
the Global Harmonized System (Table 1).
Immunotoxicity

Immunological effects of carbon tetrachloride have been
evaluated in mice and rats exposed by parenteral, oral, and
inhalation routes. The toxic effects of carbon tetrachloride
are generally attributed to reactive products of metabolism.
The first step of carbon tetrachloride metabolism results in
the production of the trichloromethyl radical. In the pres-
ence of molecular oxygen, the trichloromethyl radical forms
reactive trichloromethyl peroxy radical that can induce lipid
peroxidation. The immunological effects were secondary to
hepatotoxicity and the process of hepatic repair. Just like
observed after administration of other hepatotoxic chem-
icals, the regenerative process includes hepatic synthesis
acting on liver cells to induce mitosis. Results of available
studies indicate that carbon tetrachloride produces adverse
effects on T-cell-dependent immunity at doses that are
hepatotoxic. Also hepatotrophic factors on peripheral
organs, notably on the spleen, were found. Experiments
suggest that the immune effects of tetrachloride carbon are
the induction of suppression of T-cells function.
Reproductive Toxicity

No human studies on the reproductive toxicity after inhala-
tion, oral, and dermal exposure to carbon tetrachloride have
been published. There is evidence of transfer of carbon tetra-
chloride through breast milk from mother to newborn;
however, the real infant exposure levels would be very low. No
studies on developmental effects in humans after inhalation
exposure to carbon tetrachloride have been published. Studies
in animals subjected to repeated inhalation exposure to
carbon tetrachloride show some reproductive effects like
decrease in fertility, testicular degeneration, deposition of
ceroid in the ovaries, and increase in testicular weight. The
most comprehensive studies of inhalation exposure suggest
that developmental effects of carbon tetrachloride occur at
concentrations toxic to the mother and at exposure concen-
trations higher than those associated with liver and kidney
toxicity. A study on rats detected both maternal and develop-
mental toxicity at a lowest observed adverse effect level of
334 ppm by inhalation exposure to carbon tetrachloride,
where significant reductions in fetal body weight and crown-
rump length were observed.

There are no conclusive studies about reproductive
toxicity in animals orally exposed to carbon tetrachloride
either because the doses received by the experimental
animals are unknown or because it is difficult to determine
whether the effects are directly caused by carbon tetrachloride
or are secondary to maternal toxicity. However, in general,
studies of reproductive performance in animals found no
evidence of reproductive or maternal effects. Teratogenic
effects in rats following maternal oral exposure to carbon
tetrachloride have not been reported. Studies of develop-
mental toxicity in animals orally exposed to carbon tetra-
chloride have showed an increase in prenatal loss but not
malformations in the surviving litters with carbon tetra-
chloride exposure.
Genotoxicity

Carbon tetrachloride has been extensively studied for its gen-
otoxic and mutagenic effects. More than 100 studies in vivo on
mammalian systems, mammalian cells, or in submammalian
systems, such yeast and bacteria, report genotoxicity results.
Genotoxic effects have been observed in a consisted and close
relationship with cytotoxic, lipid perforation, or oxidative DNA
damage. Intragenic or point mutations have been shown to
play a determining role in chemical carcinogenesis. There is
also some evidence of DNA breakage and fragmentation of
treated mice and rats’ livers. A change in the expression of
specific genes occurs in the target organ. There is no evidence
of unscheduled synthesis of DNA in the livers of rats or mice
treated with CCl4 when tested under conditions of significant
hepatotoxicity.
Carcinogenicity

The primary targets for carbon tetrachloride toxicity are liver
and kidney. In experiments with mice and rats, inductions of
hepatomas and hepatocellular carcinomas have been proved.
The doses inducing hepatic tumors were higher than those
inducing cell toxicity. It is likely that the carcinogenicity is
secondary to its hepatotoxic effects.



Table 4 Exposure standards and guideline values in drinking water
is 0.004 mg l�1

Guideline derivation Value

Allocation to water 10% of ADI
Weight 60 kg adult
Consumption 2 l day�1

Limit of detection 0.1–0.3 mg l�1 by GCMS

690 Carbon Tetrachloride
Carbon tetrachloride is classified by International Agency
for Research on Cancer as being possibly carcinogenic to
humans (Group 2B): there is sufficient evidence that carbon
tetrachloride is carcinogenic in laboratory animals, but inade-
quate evidence in humans. Carbon tetrachloride has been
classified as carcinogen category 2 with hazard statement H351
(suspected of causing cancer) according to the Global
Harmonized System (Table 1).
Source: WHO/SDE/WSH/03.04/82. WHO Guidelines for Drinking-Water Quality.
Chemical Hazards in Drinking-Water – Carbon Tetrachloride. http://www.who.int/
water_sanitation_health/dwq/chemicals/carbontetrachloride/en/.
Clinical Management

The simplest method to detect levels of carbon tetrachloride in
highly exposed populations is the measurement of exhaled air.
Tests in other tissues and blood are not routine by applied
because of its complexity. Anyway, these tests do not predict
future damage or harmful effects and taking into account that
the tetrachloride leaves the body quickly are effective only if
exposure has occurred in the last days.

In case of accidental exposure or poisoning, the victim
should be removed from the contaminated environment and
provided with appropriate first-aid measures and medical
treatment. Care should be taken to provide fresh and clean air
and if necessary, to maintain respiration by giving humidified
oxygen through assisted ventilation. Contaminated clothing
should be removed and the affected area should be washed with
abundant water. Eyes exposed to the liquid should be irrigated
with plentiful water for several minutes (if it is possible remove
the contact lenses). In case of ingestion, rinse the mouth and
drink a couple of glasses of water. Additional treatment will be
provided if liver and kidney damage is evident.
Ecotoxicology

The limited available information suggests that carbon tetra-
chloride has a moderated to low toxicity to aquatic organisms,
with acute LC50 values in fish and crustaceans in the range of
25–35 mg l�1 and chronic no effect concentrations (NOECs)
around 1 mg l�1.
Other Hazards

Chemical dangers: on contact with hot surfaces or flames this
substance decomposes forming toxic and corrosive fumes
(hydrogen chloride ICSC0163, chlorine fumes, phosgene
ICSC0126 ICSC0007) and reacts with certain metals such as
aluminum, magnesium, and zinc, causing fire and explosion.
Exposure Standards and Guidelines

WHO guideline value for drinking water is 0.004 mg l�1. The
guideline value is lower than the range of values associated
with upper-bound lifetime excess cancer risk of 10�4, 10�5, and
10�6. Occurrence in concentrations of drinking water is less
than 5 mg l�1. Acceptable daily intake value is 1.4 mg kg�1 of
body weight, based on a no observed adverse effect level of
1 mg kg�1 of body weight per day of hepatotoxic effects in a 12-
week oral gavage study in rats. Guideline values and guideline
derivation are shown in Table 4.
Themain route of exposure in occupational population is the
inhalationof contaminatedair.Workersof companiesproducing
carbon tetrachloride are those most exposed to higher concen-
trations of the compound. Employees who do the production,
formulation, handling, and application are the population with
potential high exposures. Occupational Safety and Health
Administration has set a maximum concentration limit in
workplace air of 10ppm for 8-hworkday over 40-hworkweek. In
Europe, the daily exposure levels regulated is 0.1 ppm for the
same working conditions. Workers exposed to 20–125 ppm
concentrations in air ranging for intermediate durations experi-
ence neurological effects. Current regulations restrict the
acceptable concentrationof carbon tetrachloride inworkplace air
to 2 ppm, but this is still much higher than commonly encoun-
tered in the environment.Other potentially exposedpopulations
are persons living near hazardous waste sites.
See also: Common Mechanism of Toxicity in Pesticides;
Aerosols; Volatile Organic Compounds; Ethane; Methane;
Propane; The Globally Harmonized System for Classification
and Labeling of the GHS; Hazardous Waste; Carbon Disulfide;
Ozone; Solvents.
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l Name: Carbonyl sulfide
l Chemical Abstracts Service Registry Number: 463-58-1
l Synonyms: Carbon monoxide monosulfide, Carbon oxide

sulfide, Carbon oxysulfide, Oxycarbon sulfide
l Molecular Formula: COS
l Chemical Structure:

Uses

Carbonyl sulfide (COS) is a colorless, odorless (when pure)
relatively stable gas with a boiling point of �50 �C.

There are limited commercial uses of COS. It is produced
only in small quantities and used for small-scale experimental
purposes and as an intermediate in the synthesis of organic
sulfur compounds, thiocarbamate herbicides, and alkyl
carbonates. Pesticide manufacturers are believed to be the largest
users of COS. Similar to CS2, research conducted by the Stored
Grain Research Laboratory at the Australia’s Commonwealth
Scientific and Industrial Research Organisation (CSIRO) has
shown COS to be an effective soil and grain fumigant for
controlling insects on crops such as wheat, barley, oats, and peas,
although it is not currently approved for this commercial use.

The use of COS as a fumigant for durable commodities and
structures was patented worldwide in 1992 by CSIRO Australia.
COS has the potential to replace methyl bromide, being phased
out due to its ozone depletion properties, in several of its
applications for durable commodities and also to be used as an
alternative to phosphine when there is a significant problem
with insect resistance.

Commercial sources of COS have been reported to contain
significant quantities of H2S, even where otherwise of high
purity (>97.5%). This is an important consideration when
interpreting studies that have not specifically reported an
analysis of the COS used.
Environmental Fate and Behavior

Most of the releases of COS to the environment are to air,
where it is believed to have a long residence time. Its half-life
in the atmosphere is estimated to be approximately 2 years.
It may be degraded in the atmosphere via a reaction with
photochemically produced hydroxyl radicals or oxygen,
direct photolysis, and other unknown processes related to the
sulfur cycle. Sulfur dioxide, a greenhouse gas, is ultimately
produced from these reactions. COS is relatively unreactive in
the troposphere, but direct photolysis may occur in the
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
stratosphere. Also, plants and soil microorganisms have been
reported to remove COS directly from the atmosphere. Plants
are not expected to store COS.

COS is extremely mobile in soils. If released to soil, it will
volatilize quickly to the atmosphere (Koc¼ 88). It has a high
solubility in water and will not readily adsorb to soil particles,
sediment, or suspended organic matter. Therefore, COS is ex-
pected to volatilize rapidly from soil andwater or, depending on
volume, concentration, and site-specific characteristics (e.g., soil
type, depth to groundwater, temperature, andhumidity),maybe
able to move rapidly through the ground and impact ground-
water. COS may be hydrolyzed in water to form H2S and CO2.

COS is also actively taken up by some plants and con-
verted to CS2; that is, the atmospheric pathways are reversed,
and soils may act as both a net source and a net sink for COS
depending on the concentration of COS and the characteris-
tics of the soil. COS is therefore accurately described as
a naturally occurring and widely distributed chemical found
or produced in the air, soils, live and decomposing vegetation,
and food.
Exposure and Exposure Monitoring

Exposure occurs predominantly by the inhalation route, as
most COS released to the environment is released to the air.
Occupational exposure may occur through inhalation or
dermal contact during its production and use. The general
population is exposed primarily from inhalation to ambient
air. An estimated two-thirds of total COS release worldwide is
attributed to natural sources. It is released from natural sources
such as deciduous and coniferous trees (mainly roots and
shoots), oceans, volcanoes, salt marshes, soils, manure,
compost, and microorganisms. COS can also be formed in the
atmosphere through the chemical reaction of gas-phase CS2,
and photochemically produced hydroxyl radicals. Ambient
COS levels have been determined to be about 0.5 ppb.

Industrial sources of atmospheric release include automo-
bile exhaust, coal-fired power plants, biomass combustion, fish
processing, combustion of refuse and plastics, petroleum
manufacture, and manufacture of synthetic fibers, starch, and
rubber. Recent evidence from a study of 350-year-old Antarctic
ice cores shows that the atmospheric levels of COS have
increased over this time period, which is attributed to human
industrial activity.

COS can be discharged to surface waters in the wastewater
of viscose rayon plants. Drinking water normally does not
contain COS. It is not expected to bioaccumulate in fish or
other aquatic organisms; therefore, fish consumption is not
considered a relevant route of exposure to this substance.

COS as volatile sulfur compound is a component of food
flavors. COS has been identified in cheese, horseradish, and
brassica vegetables. Naturally occurring levels of COS in grain,
4-3.00477-2 691
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legumes and oil seeds vary between 0.02 and 1mg kg�1.
Cigarette smoke has been shown to contain COS.

A preliminary study of purgeable organic compounds in
breast milk detected COS in one of eight breast milk samples
from nursing mothers living in urban centers in Pennsylvania,
New Jersey, and Louisiana, suggesting the potential for exposure
to breastfed infants. COS has been measured in normal human
breath, and disease processes increase the level of COS exhaled.
Toxicokinetics

COS is absorbed primarily in the lungs via the inhalation route,
but can also be absorbed through the gastrointestinal tract
and through the skin. COS is known to be absorbed into the
blood, but transport and distribution are not fully understood.
Studies of its metabolism using rat liver microsomes have
demonstrated that is a metabolic intermediate in the formation
of CO2. Its metabolism is mediated by the microsomal
cytochrome P450 monooxygenase system and is NADPH-
dependent. COS is oxidized to atomic sulfur and carbon dioxide.
The oxidative metabolism of COS is a potential cause of toxicity
due to the formation of highly reactive sulfur atoms. The atomic
sulfur liberated in these reactions can be covalently bound to
macromolecules or be oxidized to sulfate and excreted in urine.
The primary route of COS metabolism in mammals is through
carbonic anhydrase, present in the cytosol of cells and in
erythrocytes, to monothiocarbamate, which is spontaneously
degraded to CO2 and H2S, which may be oxidized to sulfate or
other still unknown metabolites. Monothiocarbamate can enter
the urea cycle, forming thiourea, which is excreted in urine.
Mechanism of Toxicity

Toxicity from exposure to COS is likely the result of its
decomposition to CO2 and H2S. H2S inhibits respiration at the
cellular level, causing methemoglobinemia, which inhibits the
cytochrome oxidase system, causing cytotoxic anoxia. In one
study, rats treated with acetazolamide, an inhibitor of carbonic
anhydrase, showed lower blood levels of H2S following expo-
sure to COS and exhibited decreased toxicity. H2S is believed to
be primarily responsible for many of the reported adverse
effects associated with exposure to COS.

COS reacts readily with ammonia and primary amines to
form ammonium thiocarbamate and amine salts of mono-
thiocarbamic acid, respectively. Reaction with two primary
amines may result in the formation of H2S and linking of the
two amines via a carbonyl group reaction, suggesting consid-
erable potential for protein cross-linking by COS in vivo, and
this has been proposed as a mechanism to explain occupa-
tional neuropathy observed with CS2, and predicted for COS.
Acute and Short-Term Toxicity

Animal

The considerable number of inhalation studies available for
COS were all conducted using whole body exposures. The acute
inhalational dose–response curve for COS is steep, in terms of
both concentration and duration of exposure. Four hour LC50

values for rats of approximately 1100 ppm have been reported.
Repeated exposure to subacutely toxic doses showed little
cumulative toxicity. The LC50 in mice appears to be similar to
that in rats. Some interspecies variability is seen in the acute
inhalational toxicity studies.

Exposure to COS in animals produces serious nervous
system effects, with narcotic effects and acute respiratory failure
at high concentrations. Rats exposed to COS via inhalation for
4 h showed hypoactivity, lacrimation, breathing difficulties,
cyanosis, bleeding from the nose, convulsions, tremors, and
behavioral abnormalities such as circling.

In a 2-week inhalation study, results showed COS toxicity
for the high dose group (450 ppm), but only after at least
6 days of exposure. A diminished weight in females and signs
of central nervous system (CNS) dysfunction (ataxia, head
tilting, circling, pivoting, prostrate and arched back postures,
tremors, loss of muscle control, convulsions, and bulging and
dilated eyes) were observed. Depressed red cell counts, slight
depression in mean corpuscular volume, and methemoglobi-
nemia were present in both sexes.

Rats exposed to 200, 300, and 400 ppm of COS for 6 h
day�1, 5 days a week, over 12 weeks showed no significant
differences in body weight; although reductions in several
serum chemistry parameters were noted in exposed males
relative to control animals, the effects did not appear exposure
related. COS targeted specific neuroanatomical sites in the
auditory system, suggesting that decreases in cytochrome
oxidase in exposed rats may be involved in the pathogenesis of
neuronal injury. These studies demonstrate that this environ-
mental air contaminant has the potential to cause a wide
spectrum of brain lesions that are dependent on the degree and
duration of exposure.

When Fischer 344 rats were exposed to 0 or 500 ppm COS
for 1–10 days, 6 h day�1, important gene expression changes
occurring in the posterior colliculi after 1 or 2 days of COS
exposure that were predictive of the upregulation of genes
associated with DNA damage, apoptosis, and vascular media-
tors. These gene expression findings could be predictive of later
CNS lesions caused by COS exposure.

COS is acutely toxic to rats, with an LD50of 22.5 mg kg�1, i.p.
Human

COS appears to elicit similar symptoms of poisoning as those
seen from exposure toH2S, although it produces less prominent
initial warning signs, such as local irritation to the skin, eyes,
and respiratory tract. Exposure to COS may cause central and
peripheral nervous system damage, damage to the respiratory
tract, and ocular effects. COS exposure has also been associated
with cardiovascular disease. Breathing high concentrations of
COS (greater than 1000 ppm) over a short time period may
cause sudden collapse and unconsciousness, convulsions,
coma, and fatal central respiratory paralysis. At low to moder-
ately high vapor concentrations, COS can cause burning or
redness of the eyes, painful conjunctivitis, photophobia,
corneal opacity, headache, nausea, dizziness, confusion, cardiac
arrhythmia, and pain and weakness in the extremities. Direct
skin contact with COS vapors may produce skin irritation and
pain. Prolonged or repeated exposure to the skin may cause
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dermatitis. Gastrointestinal effects include profuse salivation,
nausea, vomiting, and diarrhea. CNS effects include giddiness,
headache, vertigo, amnesia, confusion, and unconsciousness.
Recovery is eventually complete in most nonfatal cases.

Increased concentration of COS in exhaled breath is an early
marker for acute rejection of lung transplants, which involves
inflammatory processes associated with the production of
reactive oxygen species. Elevated COS levels in exhaled breath
are also a marker for liver disease, resulting in hepatocellular
injury, but not for bile duct-related diseases, where conversely
COS concentrations are markedly reduced. Inflammatory
processes or damage to the normal antioxidant mechanisms
associated with hepatocellular injury are possible causes for the
increased COS production in liver disease. Thus, COS is
unquestionably produced endogenously in humans and other
mammals as demonstrated by levels in exhaled breath in
normal subjects.

The available evidence suggests that COS at sublethal
concentrations may be at most a slight eye and respiratory
irritant but is unlikely to be a skin irritant.
Chronic Toxicity

Animal

No information was identified on the chronic reproductive,
developmental, or carcinogenic effects of COS in animals.
However, COS is the oxidation product of S2C, which has been
shown by the US National Institutes of Health to be positive in
the strain Amouse lung tumor bioassay. Significant increases in
the incidence (tumor-bearing mouse) and frequency (tumors
per mouse of lung adenomas) were observed in A/J mice.
Human

Chronic exposure to low concentrations of COS may cause
damage or irritation to the respiratory tract, including symp-
toms of rhinitis, pharyngitis, bronchitis, and pneumonitis, and
may cause pulmonary edema, or eye irritation with painful
conjunctivitis, photophobia, lacrimation, and corneal opacity.
Recovery depends on the length of exposure and the dose.
Residual effects during recovery may include coughing, slow
pulse, and amnesia.

No information regarding the potential carcinogenicity or
the developmental or reproductive toxicity of COS in humans
was identified. The US Environmental Protection Agency (EPA)
and the International Agency for Research on Cancer have not
classified COS with respect to potential carcinogenicity.

COS is neither genotoxic nor a developmental toxicant but
does reversibly impair male fertility. Prolonged, repeated
exposure to COS is likely to present similar neurotoxicity
hazards to that of the structurally and toxicologically related
compound CS2.
Genotoxicity

The USNational Toxicology Program found that COS produced
a weak positive response in the Salmonellamutagenicity test. No
further information regarding this test was identified.
Clinical Management

Following inhalation exposure, the victim should be moved to
fresh air immediately. If the victim is not breathing, artificial
respiration or cardiopulmonary resuscitation should be given,
if necessary. If breathing is labored, the victim should be given
oxygen. In case of ocular or dermal contact, the skin or eyes
should be flushed with running water immediately. Soap and
water may be used for washing exposed skin. If COS is acci-
dentally ingested, medical treatment should be sought imme-
diately. Vomiting should not be induced. Further treatment is
symptomatic. Rescuers must prevent exposure by wearing
a self-contained breathing apparatus to rescue the victim. Acute
or chronic respiratory conditions may be aggravated by over-
exposure to this gas.
Ecotoxicology

COS is not expected to bioaccumulate in fish or other aquatic
organisms since an estimated bioconcentration factor of 11 was
calculated in fish. The US EPA reported that quantitative
structure–activity relationship estimates of acute toxicity for
fish, daphnid, and algae are greater than 1000mg l�1.
Other Hazards

COS is a flammable gas, and may be explosive or spontane-
ously flammable in air under the right conditions. Vapors may
ignite at distant ignition sources and flash back. When exposed
to fire, humidity, or strong alkalis, COS may form the toxic
decomposition products CO and H2S gas. In the presence of
strong oxidizers, COS presents a fire or explosion hazard. COS
has a vapor density of 2.1 and is therefore heavier than air.
Cylinders or tank cars containing COS may rupture violently or
rocket under fire conditions.

The National Fire Protection Agency flammable limits are as
follows: lower – 12% by volume, upper – 29% by volume, and
explosive limits are 12–29%.
Miscellaneous

The Clean Air Act Amendments of 1990 list COS as a hazardous
air pollutant generally known or suspected to cause serious
health effects. COS is also regulated under the Comprehensive
Environmental Response, Compensation, and Liability Act, the
Superfund Amendments and Reauthorization Act, and Section
4 of the Toxic Substances Control Act.

See also: Carbon Disulfide; Hydrogen Sulfide; Pollution, Air in
Encyclopedia of Toxicology.
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Background

Carboxylesterases (CESs) hydrolyze chemicals containing
a functional group such as a carboxylic acid ester, amide, and
thioester. In addition to catalyzing hydrolysis, some CESs
catalyze synthetic and transesterification reactions. Hydrolysis
by CESs has been studied for more than half a century. These
enzymes were historically categorized as nonspecific esterases.
The nomenclature system has since undergone several major
changes. Early classification was based on the substrate speci-
ficity. This approach soon became unsatisfactory because these
enzymes have broad and overlapping substrate specificities.
Classification was later made based on isoelectrophoretic
points. This approach, although more definitive in terms of
linking to individual CESs, was unsatisfactory because the same
CESs may have different isoelectrophoretic points due to
protein aggregation or differences in glycosylation. In addition,
it is difficult to make a direct connection between the catalytic
function (substrate specificity) and a CES based on its iso-
electrophoretic point.

Currently, classification of CESs is based on sequence
identity of CES proteins. In this system, all mammalian CESs
(e.g., human and rodents) are taken into consideration.
Members in the same family have a sequence identity of 60%
or higher, otherwise, a different family is assigned. According to
this method, five families are created: CES1, CES2, CES3, CES4,
and CES5. Human CESs use gene symbol CES, whereas rodent
CESs use ces as the symbol. Many transcript isoforms of human
CESs have been identified due to gene duplications, alternative
splicing, and difference in the use of transcription-starting sites.
Nevertheless, rodents have many more distinct CES genes than
humans. Mice have 20, rats have 15, and humans have only 8.
In humans, the CES1 family has three members, commonly
referred to as CES1A1, CES1A2, and CES1A3. CES1A2 is an
alternative form of CES1A3, thus humans may express CES1A2
or CES1A3 but not both.
Tissue Distribution

CESs are present in a wide range of tissues and cells. However,
the expression level varies markedly depending on a CES and
also a tissue. Among all organs, the liver expresses the highest
level of CESs. Of all cellular organelles, the endoplasmic
reticulum contains the most abundant CES activity. High levels
of CESs are also present in the gastrointestinal, respiratory, and
urinary tracks as well as in the skin. Rodents, compared with
humans, have much higher CES activity in the blood. Three
human CESs are catalytically characterized including CES1,
CES2, and CES3. All of them are highly expressed in the liver.
Overall, CES1 has the broadest tissue presence, whereas CES3
has the most restricted tissue expression. CES2 is highly
expressed in the intestine and kidney, suggesting that CES2
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
plays a dominant role in xenobiotic elimination, whereas
CES1, probably CES3 as well, is involved in the metabolism of
both endo- and xenobiotics.
Regulated Expression

The expression of CESs is affected by many factors such as age,
hormones, and xenobiotics. In both humans and rodents, the
expression of CESs is developmentally regulated. The levels of
CESs are low at birth but rapidly increase during the early
period of the postnatal stage. In humans, it appears that the
developmental regulation consists of a neonatal surge followed
by an incremental increase throughout the entire adolescence.
CESs, like many other enzymes, are induced by endogenous
factors and xenobiotics. However, the induction is minimal or
moderate at the most, presumably due to high levels of basal
expression (adults). Phenobarbital, an antiepileptic, induces
both rodent and human CESs in primary hepatocytes and/or
in vivo. Recently, several antioxidants have been shown to
induce human CESs in hepatoma cell lines. The induction is
achieved largely by transactivation. Multiple transcription
factors are implicated to support the induction including the
pregnane X receptor, the constitutive androstane receptor, the
glucocorticoid receptor, and nuclear factor (erythroid-derived
2)-like 2.

On the other hand, the expression of CESs is suppressed by
disease mediators and xenobiotics. Interleukin-6, a proin-
flammatory cytokine, has been shown to suppress the expres-
sion of human CESs. Lipopolysaccharides, potent stimulants of
proinflammatory cytokine production, decrease the expression
of mouse CESs by as much as 70%. The suppression of CESs
has profound cellular consequences. For example, pretreatment
with interleukin-6 significantly decreases the hydrolysis of the
antiplatelet agent clopidogrel accompanied by marked
increases in the cytotoxicity. Some xenobiotics cause opposite
effects in the expression between human and rodent CESs.
Glucocorticoid dexamethasone, for example, causes moderate
induction of human CESs but profoundly suppresses the
expression of their rodent cess.
Activators and Inhibitors

Like many other enzyme systems, the activity of CESs can be
enhanced or inhibited. While the inhibition has been exten-
sively studied, little information is known on the activation.
Several chemicals such as pinacolone and pinacolyl alcohol
have been shown to increase the hydrolytic activity of CESs.
Enhancement has been observed in vitro and in vivo with
pinacolone and pinacolyl alcohol. These chemicals are
metabolites of soman, a potent and irreversible inhibitor of
serine enzymes including CESs. The precise mechanism
4-3.00109-3 695

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00109-3


Figure 1 Inhibition of CES and AChE by organophosphates.
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remains to be elucidated for enhanced hydrolytic activity.
Interestingly, the commonly used solvent acetone also enhances
hydrolytic activity of CESs, pointing to a possible mechanism of
improving the accessibility of enzymes to a substrate.

In contrast to activation, several types of inhibitors are well
characterized. Ester compounds hydrolyzed by the same CESs
may function as competitive inhibitors toward each other. For
example, clopidogrel and oseltamivir are substrates of CES1
with the former being kinetically favorable. As a result,
clopidogrel inhibits the hydrolysis of oseltamivir by as much as
90% when the same concentrations are used. The first-pass
hydrolysis accounts for 90% of total oseltamivir activation,
presumably due to the initial high concentration in the liver.
Coadministration of clopidogrel likely inhibits the first-pass
activation of oseltamivir.

The second type of inhibition is achieved by chemicals that
irreversibly modify the active-site serine residues, the so-called
serine enzyme inhibitors. As described below, organophos-
phorus pesticides are potent inhibitors of CESs. In addition,
several irreversible inhibitors of serine enzymes are character-
ized including phenylmethylsulfonyl fluoride and inorganic
salts such as sodium fluoride. While these inhibitors generally
act nonspecifically among serine enzymes, the IC50 values can
vary markedly from one CES to another. For example, rat ces
hydrolase A is w1000 times more sensitive than hydrolase B
based on the IC50 values (100 nM vs 100 mM). Two classes of
compounds, with a potential of clinical use, are well charac-
terized for the inhibition of CESs. Benzil derivatives belong to
one of the classes and trifluoromethyl ketone–containing
analogs belong to the other. These compounds inhibit catalysis
of CESs by acting on the active-site serine residue. Although
they are called transitional analog inhibitors, the inhibition is
reversible. Among trifluoromethyl ketone compounds, thio-
ether analogs are more potent than their sulfinyl or sulfonyl
counterparts.
Figure 2 Hydrolytic and desulfuration sites of malathion.
Detoxification of Organophosphorus, Carbamate,
and Pyrethroid Pesticides

CESs are established to play critical roles in detoxifying
organophosphorus, carbamate, and pyrethroid pesticides.
These compounds constitute more than 80% of total insecti-
cides on the global use including agriculture, residential setting,
parasite eradication, and public facility. As described below,
CESs detoxify these pesticides through distinct mechanisms.
These mechanisms likely operate in a manner of addition or
synergy toward the metabolic fate of pesticides. As a result,
CESs-based detoxification represents a major target for toxico-
logical interactions, particularly between organophosphates
and carbamates or pyrethroids.

Detoxification of most organophosphates by CESs is ach-
ieved by an inhibition-based scavenging mechanism. Organo-
phosphates induce toxicity largely by targeting serine enzymes,
particularly acetylcholinesterase (AChE), a vital enzyme that
terminates neurotransmission of acetylcholine. CESs are
structurally related to AChE. Importantly, like AChE, CESs use
a catalytic triad for hydrolysis and a serine residue acts as the
nucleophile in the triad. As a result, CESs interact with organ-
ophosphates similarly as AChE. As shown in Figure 1,
organophosphates contain a leaving group ‘X.’ Upon interact-
ing with AChE or a CES, this leaving group is displaced by the
enzyme through the active-site serine residue, resulting in the
formation of phosphorylated enzyme complex. The phos-
phorylated enzyme can undergo spontaneous reactivation
(very slow) or a so-called aging process (permanent inhibi-
tion). In support of the role of CESs in the detoxification of
organophosphates, CES activity is inversely correlated with the
sensitivity to organophosphorus poisons, and intravenous
administration of purified CESs affords considerable protec-
tion against the toxicity of organophosphorus-type compounds
such as soman, sarin, and paraoxon. In addition, repeated low
dosing regimens of organophosphates induce tolerance
accompanied by increased recovery of CES activity. While
AChE is the primary target, particularly during the induction of
acute toxicity, organophosphates induce toxicity by targeting
other proteins such as the neuropathy target esterase (NTE).

In addition to the scavenging mechanism, CESs detoxify
organophosphorus compounds through the action of hydro-
lysis as well. For example, malathion is organopho-
sphorothioate and contains a P]S instead of a P]O bond
seen in organophosphates (Figure 2). Oxidative desulfuration
of malathion results in the formation of the corresponding
oxon, an organophosphate. On the other hand, malathion
contains two carboxylic acid ester bonds, thus undergoes
hydrolysis by CESs as well. Hydrolysis of malathion prevents
oxidative desulfuration, thus represents detoxification (inacti-
vation). Therefore, the relative activity between desulfuration



Figure 3 (a) General structure of carbamates and (b) examples of pyrethroids.
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and hydrolysis is a major toxicological determinant of
malathion.

In contrast, CESs detoxify carbamates and pyrethroids
primarily through the action of hydrolysis. Both types of
pesticides are esters (Figure 3), thus substrates of CESs. It is
generally accepted that these pesticides are less accumulative in
the environment and less toxic to mammalian species. There-
fore, they are currently mainstream pesticides. Based on the
presence of a cyano moiety (Figure 3(b)), pyrethroids are
divided into Types I and II. Type I pyrethroids lack a cyano
moiety in the a-position, whereas those with the cyano group
belong to Type II pyrethroids. Introduction of the cyano moiety
drastically increases the insecticidal activity as well as lethal
potency in rodents. The magnitude of hydrolysis likely
determines the overall toxicity of pyrethroids, particularly the
lethal potency. The median lethal dose (LD50) values for these
compounds in rats range from 26 mg kg�1 (tau-fluvalinate) to
4640 mg kg�1 (tetramethrin). Consistent with such a large
difference in the LD50 values, tetramethrin is hydrolyzed nine
times as fast as tau-fluvalinate by human liver microsomes.
These findings suggest that these pyrethroids are hydrolyzed
comparably in both humans and rats. While the hydrolytic
rates are generally correlated with their LD50 values, there are
notable exceptions. For example, bioallethrin is hydrolyzed
eight times as fast as bifenthrin (Figure 3), however, bifenthrin
is less toxic than bioallethrin based on the LD50 values in
rats (545 vs 425 mg kg�1, Figure 3(b)). It is likely that bifen-
thrin is effectively hydrolyzed by rat cess. Alternatively, other
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metabolic pathways such as oxidation contribute significantly
to the detoxification of bifenthrin in rats. In support of the
critical role of CES in detoxifying pyrethroids, neonatal rats
express only 10–15% of hepatic CESs of adult rats, and exhibit
a 16-fold greater sensitivity to pyrethroid deltamethrin. In
addition, the relative insensitivity of adult rats to pyrethroids is
attenuated by pretreatment with tri-o-tolyl phosphate, an
organophosphate with potent inhibitory activity on CESs.
Therefore, it is hypothesized that organophosphates synergis-
tically enhance the toxicity of pyrethroids.
Bioactivation through Hydrolytic, Transesterification,
and Synthetic Activity

While hydrolysis is generally considered detoxification, in
some cases, hydrolysis produces metabolites with increased
cytotoxicity. For example, hydrolysis of oseltamivir, an anti-
influenza agent, produces oseltamivir carboxylate. This
hydrolytic metabolite exerts the antiviral activity but also
shows much higher cytotoxic effect. In addition to hydrolysis,
transesterification and synthetic activities of certain CESs
are associated with the production of toxic intermediators
(Figure 4). In the presence of ethyl alcohol, cocaine is con-
verted into ethylcocaine by CESs. Likewise, ethyl alcohol is
conjugated with fatty acids by CESs to form fatty acid ethyl
esters. Both ethylcocaine and fatty acid ethyl esters represent
toxic species of ethyl alcohol.
Figure 4 Transesterification of cocaine (a) and fatty acid ethyl ester
synthesis in the presence of ethyl alcohol (b).
Comparison between Human and Animal CESs

Human and animal CESs share many similarities. First,
humans and animals express multiple forms. Secondly, the
highest CES activity is present in liver among these species.
Thirdly, the expression of CESs is developmentally regulated.
On the other hand, there are notable differences, particularly
in tissue distribution, regulation, and species-specific
hydrolysis. Rodents but not humans, for example, have high
levels of serum CESs. The synthetic glucocorticoid dexa-
methasone exerts opposing effect on the regulation of several
major rat and human CESs. The local anesthetic procaine is
hydrolyzed much faster by rat microsomes than their human
counterparts. Finally, rodents express twice or even triple
the number of CESs as humans. These differences raise
concerns regarding the relevance of animal models to human
situation.

See also: Biotransformation; Developmental Toxicology;
A-esterase; Chlorpyrifos; Cholinesterase Inhibition;
Deltamethrin; Malathion; Organophosphorus Compounds;
Permethrin; Pesticides; Cytochrome P450; Ethanol;
Toxicology; Liver; Sarin (GB); Cocaine; Phthalates.
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Introduction

Several classification schemes have been developed for ranking
the relative hazards to humans associated with chemicals that,
by one or more criteria, may be considered to be potential
carcinogens. The classification schemes are based on scientific
judgments that typically take into account all the data available
from in vivo animal bioassays, in vitro tests for genetic toxicity,
human epidemiology, and structural relationships with other
known carcinogens. Classification of a chemical as a carcinogen
involves the consideration of many different factors. Classifi-
cation schemes provide guidance on evaluating and weighting
the available evidence and placing chemicals into defined
categories that can be used to communicate the implications
for risk. Factors usually taken into consideration in interpreting
the results of an animal bioassay include the following:

l Adequacy of experimental design and conduct.
l Statistical significance of any increase in tumor incidence.
l Presence or absence of a dose–response relationship and

correct dose selection.
l Nature of tumors (benign or malignant) and relevance of

tumor type to humans.
l Historical control data (incidence and variability) for tumor

type.
l Common (spontaneous) versus uncommon tumors.
l Number of organs/tissues with tumors.
l Mechanistic information.

While there has been an attempt, under UN auspices, to
develop a common global scheme for classifying chemicals, it
relies on voluntary compliance and agencies in the United
States and abroad have been slow to adopt this scheme. The
classification categories for carcinogens under this scheme, the
Globally Harmonized System (GHS), will be described so it
can be compared to the schemes that are now in place.

At present, the most commonly used classification schemes
are those developed by United States Environmental Protection
Agency (US EPA) and by the International Agency for Research
on Cancer (IARC). The US EPA classification schemes are used
for the regulation of chemicals under those laws it administers;
for example, Federal Insecticide, Fungicide and Rodenticide
Act, and Toxic Substances Control Act as well as by many
state regulatory agencies. The IARC Carcinogen Classification
scheme is commonly used in the European Community and is
considered in certain US regulations and laws (e.g., Occupa-
tional Safety and Health Administration (OSHA) Hazard
Communication Standard).

Other respected carcinogenic classification schemes include
those developed by the UN – known as the GHS, European
Commission Scientific Committee on Occupational Exposure
Limits (EC SCOEL), the German Commission for the Investiga-
tion of Health Hazards of Chemical Compounds in the Work
Area (MAK Commission), and a number of US organizations
including National Institute of Occupational Safety and Health
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
(NIOSH), OSHA, National Toxicology Program (NTP), and
American Conference of Government Industrial Hygienists
(ACGIH). Each of these schemes is described in the following
sections. It shouldbeemphasized that these classification systems
are constantly evolving and that changes may occur over time.
UN GHS Carcinogen Classifications

While there has been an attempt, under UN auspices, to
develop a common global classification scheme, it relies on
voluntary compliance and agencies in the United States and
abroad have been slow to adopt this scheme. The classification
scheme for carcinogens under this scheme, the Globally
Harmonized System of Classification and Labeling of Chem-
icals (GHS), will be described so it can be compared to the
schemes that are now in place.

Category 1: Known or presumed human carcinogens. The
placing of a substance in Category 1 is done on the basis of
epidemiological and/or animal data. An individual substance
may be further distinguished.

Category 1A: Known to have carcinogenic potential for
humans; the placing of a substance is largely based on human
evidence.

Category 1B: Presumed to have carcinogenic potential for
humans; the placing of a substance is largely based on animal
evidence.

Based on the strength of evidence together with additional
considerations, such evidence may be derived from human
studies that establish a causal relationship between human
exposure to a substance and development of cancer (known
human carcinogen). Alternatively, evidence may be derived
from animal experiments for which there is sufficient evidence
to demonstrate animal carcinogenicity (presumed human
carcinogen). In addition, on a case-by-case basis, scientific
judgment may warrant a decision of presumed human carci-
nogenicity derived from studies showing limited evidence of
carcinogenicity in humans together with limited evidence of
carcinogenicity in experimental animals.

Category 2: Suspected human carcinogen – The placing of
a substance in Category 2 is done on the basis of evidence
obtained from human and/or animal studies, but which is not
sufficiently convincing to place the substance in Category 1.
Based on the strength of evidence together with additional
considerations, such evidence may be from either limited
evidence of carcinogenicity in human studies or limited
evidence of carcinogenicity in animal studies.
US EPA Carcinogen Classifications

The US EPA originally promulgated its carcinogen classification
approach in 1986 in its Guidelines for Carcinogens Risk
Assessment. However, in 2005, the EPA published a new set of
4-3.00370-5 699
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Guidelines for Carcinogen Risk Assessment designed to replace
the 1986 version. This, in effect, established two different
classification systems that both are now in effect. The new
guidelines apply only to those compounds that have been
newly evaluated or reevaluated since 2005. As a result, carcin-
ogen classifications for some compounds are based on the old
system and the new approach is applied to others. Thus, both
classification schemes will be described in detail.
Classification Based on the 1986 Guidelines for Carcinogen
Risk Assessment

The US EPA 1986 ‘total-weight-of-evidence’ scheme classifies
potential carcinogens into five groups, A–E that indicate the
likelihood that they are human carcinogens. These groups are
described below.

Group A: Human carcinogen – This is reserved for chem-
icals where there exists clear epidemiological evidence indi-
cating an association between exposure to the chemical and
cancer.

Group B: Probable human carcinogen – This group is
divided into two subgroups, B1 and B2.

Group B1 indicates that there is ‘sufficient’ evidence to
indicate that the material is an animal carcinogen and that
there is ‘limited’ evidence of effects in humans.

Group B2 indicates that although there is sufficient
evidence in animals, the total weight of evidence for effects in
humans is weaker or inadequate.

Group C: Possible human carcinogen – classification in this
group indicates limited, often marginal evidence of carcino-
genicity in animals and no evidence of any effects in humans.

Group D: Not classifiable as to human carcinogenicity –

This group is used for chemicals for which no data are
available.

Group E: Evidence of noncarcinogenicity for humans – this
group is used for chemicals that show no evidence of any car-
cinogenicity in at least two adequately conducted animal tests
with different species.
Classification Based on the 2005 Guidelines for Carcinogen Risk
Assessment

The descriptors of the 2005 Guidelines substitute for the letter
designations of the 1986 Guidelines. They also reflect a change
in approach since the descriptors do not stand-alone but
instead are incorporated into a narrative that places the
descriptors within a discussion of factors that have affected the
choice of descriptor. The descriptors are as follows.
Carcinogenic to Humans
This descriptor indicates strong evidence of human carcinoge-
nicity. It covers different combinations of evidence.

l This descriptor is appropriate when there is convincing
epidemiologic evidence of a causal association between
human exposure and cancer.

l Exceptionally, this descriptor may be equally appropriate
with a lesser weight of epidemiologic evidence that is
strengthened by other lines of evidence. It can be used when
all of the following conditions are met: (1) there is strong
evidence of an association between human exposures and
either the cancer or the key precursor events of the agent’s
mode of action but not enough for a causal association, (2)
there is extensive evidence of carcinogenicity in animals, (3)
the mode(s) of carcinogenic action and associated key
precursor events have been identified in animals, and
(4) there is strong evidence that the key precursor events
that precede the cancer response in animals are anticipated
to occur in humans and progress to tumors, based on
available biological information. In this case, the narrative
includes a summary of both the experimental and the
epidemiologic information on mode of action and also an
indication of the relative weight that each source of infor-
mation carries, for example, based on human information,
based on limited human and extensive animal experiments.
Likely to Be Carcinogenic to Humans
This descriptor is appropriate when the weight of the evidence
is adequate to demonstrate carcinogenic potential to humans
but does not reach the weight of evidence for the descriptor
‘Carcinogenic to Humans.’ Adequate evidence consistent with
this descriptor covers a broad spectrum. As stated previously,
the use of the term ‘likely’ as a weight of evidence descriptor
does not correspond to a quantifiable probability. The exam-
ples below are meant to represent the broad range of data
combinations that are covered by this descriptor; they are
illustrative and provide neither a checklist nor a limitation for
the data that might support the use of this descriptor. More-
over, additional information, for example, on mode of action,
might change the choice of the descriptor. Supporting data for
this descriptor may include the following:

l An agent demonstrating a plausible (but not definitively
causal) association between human exposure and cancer, in
most cases with some supporting biological, experimental
evidence, though not necessarily carcinogenicity data from
animal experiments;

l An agent that has tested positive in animal experiments in
more than one species, sex, strain, site, or exposure route,
with or without evidence of carcinogenicity in humans;

l A positive tumor study that raises additional biological
concerns beyond that of a statistically significant result, for
example, a highdegree ofmalignancy, or an early age at onset;

l A rare animal tumor response in a single experiment that is
assumed to be relevant to humans; or

l A positive tumor study that is strengthened by other lines of
evidence, for example, either plausible (but not definitively
causal) association between human exposure and cancer or
evidence that the agent or an important metabolite causes
events generally known to be associated with tumor forma-
tion (such as DNA reactivity or effects on cell growth control)
likely to be related to the tumor response in this case.
Suggestive Evidence of Carcinogenic Potential
This descriptor of the database is appropriate when the
weight of evidence is suggestive of carcinogenicity; a concern
for potential carcinogenic effects in humans is raised, but
the data are judged not sufficient for a stronger conclusion.
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This descriptor covers a spectrum of evidence associated with
varying levels of concern for carcinogenicity, ranging from
a positive cancer result in the only study on an agent to
a single positive cancer result in an extensive database that
includes negative studies in other species. Depending on the
extent of the database, additional studies may or may not
provide further insights. Some examples include:

l a small, and possibly not statistically significant, increase
in tumor incidence observed in a single animal or human
study that does not reach the weight of evidence for the
descriptor ‘Likely to Be Carcinogenic to Humans.’ The
study generally would not be contradicted by other studies
of equal quality in the same population group or experi-
mental system;

l a small increase in a tumor with a high background rate in
that sex and strain, when there is some but insufficient
evidence that the observed tumors may be due to intrinsic
factors that cause background tumors and not due to the
agent being assessed. (When there is a high background rate
of a specific tumor in animals of a particular sex and strain,
then there may be biological factors operating indepen-
dently of the agent being assessed that could be responsible
for the development of the observed tumors.) In this case,
the reasons for determining that the tumors are not due to
the agent are explained;

l evidence of a positive response in a study whose power,
design, or conduct limits the ability to draw a confident
conclusion (but does not make the study fatally flawed),
but where the carcinogenic potential is strengthened by
other lines of evidence (such as structure–activity rela-
tionships); or

l a statistically significant increase at one dose only, but no
significant response at the other doses and no overall trend.
Inadequate Information to Assess Carcinogenic Potential
This descriptor of the database is appropriate when available
data are judged inadequate for applying one of the other
descriptors. Additional studies generally would be expected to
provide further insights. Some examples include:

l little or no pertinent information;
l conflicting evidence, that is, some studies provide evidence

of carcinogenicity but other studies of equal quality in the
same sex and strain are negative. Differing results, that is,
positive results in some studies and negative results in one
or more different experimental systems, do not constitute
conflicting evidence as the term is used here. Depending on
the overall weight of evidence, differing results can be
considered either suggestive evidence or likely evidence; or

l negative results that are not sufficiently robust for the
descriptor, ‘Not Likely to Be Carcinogenic to Humans.’
Not Likely to Be Carcinogenic to Humans
This descriptor is appropriate when the available data are
considered robust for deciding that there is no basis for human
hazard concern. In some instances, there can be positive results
in experimental animals when there is strong, consistent
evidence that each mode of action in experimental animals does
not operate in humans. In other cases, there can be convincing
evidence in both humans and animals that the agent is not
carcinogenic. The judgment may be based on data such as:

l animal evidence that demonstrates lack of carcinogenic
effect in both sexes in well-designed and well-conducted
studies in at least two appropriate animal species (in the
absence of other animal or human data suggesting
a potential for cancer effects);

l convincing and extensive experimental evidence showing
that the only carcinogenic effects observed in animals are
not relevant to humans;

l convincing evidence that carcinogenic effects are not likely
by a particular exposure route; or

l convincing evidence that carcinogenic effects are not likely
below a defined dose range.

A descriptor of ‘not likely’ applies only to the circumstances
supported by the data. For example, an agentmay be ‘Not Likely
to Be Carcinogenic’ by one route but not necessarily by another.
In those cases that have positive animal experiment(s) but the
results are judged to be not relevant to humans, the narrative
discusses why the results are not relevant.

Multiple Descriptors
More than one descriptor can be used when an agent’s effects
differ by dose or exposure route. For example, an agent may be
‘Carcinogenic to Humans’ by one exposure route but ‘Not
Likely to Be Carcinogenic’ by a route by which it is not absor-
bed. Also, an agent could be ‘Likely to Be Carcinogenic’ above
a specified dose but ‘Not Likely to Be Carcinogenic’ below that
dose because a key event in tumor formation does not occur
below that dose.
IARC Carcinogen Classifications

IARC is a department of the World Health Organization. The
overall classification scheme developed by IARC is similar to
that promulgated by the US EPA in its 1986 Guidelines (this
US EPA scheme was initially developed based on an IARC
scheme). Chemicals are classified into four groups with respect
to their potential to cause cancer in humans. The classification
reflects the strength of the evidence available from animal
studies, epidemiology, and other relevant data. The IARC
groups are outlined below.

Group 1: The agent is carcinogenic to humans – this group
is reserved for those chemicals or agents where there is ‘suffi-
cient evidence’ of carcinogenicity in humans.

Group 2: The agent is probably carcinogenic to humans –
this group, like the US EPA Group B, is divided into two
subgroups, Groups 2A and 2B, depending on the strength of
the evidence available.

Groups 2A and 2B indicate that the agent is ‘probably’ or
‘possibly’ carcinogenic to humans, respectively.

Group 3: The agent is not classifiable as to its carcinoge-
nicity to humans – this group is used for chemicals that do not
fall into any of the other groups.

Group4: The agent is probably not carcinogenic to humans –
this group is used for compounds where there exists evidence
suggesting an absence of carcinogenic potential in humans.
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NTP Carcinogen Classifications

The NTP is responsible for preparing Reports on Carcinogens.
The Reports on Carcinogens are mandated by Public Law 95-
662 and are for informational purposes only. The listing of
a substance in the annual report does not by itself establish that
such a substance presents a risk to persons in their daily lives.
Clause (I) in subparagraph (4) (A) of Section 301 (b) of the
Public Health Service Act requires that a report be published
which contains a list of all substances (1) ‘which are either
known to be carcinogens or may reasonably be anticipated to
be carcinogens,’ and (2) to which a significant number of
persons residing in the United States are exposed.

As of the 2011 update, for the purpose of Biennial Report
on Carcinogens, the classification scheme is outlined below.

Known to Be Human Carcinogen

There is sufficient evidence of carcinogenicity from studies in
humans, which indicates a causal relationship between expo-
sure to the agent, substance, or mixture, and human cancer.

Reasonably Anticipated to Be Human Carcinogen

There is limited evidence of carcinogenicity from studies in
humans, which indicates that causal interpretation is credible,
but that alternative explanations, such as chance, bias, or con-
founding factors, could not adequately be excluded, or there is
sufficient evidence of carcinogenicity from studies in experi-
mental animals, which indicates there is an increased incidence
of malignant and/or a combination of malignant and benign
tumors (1) in multiple species or at multiple tissue sites, or
(2) by multiple routes of exposure, or (3) to an unusual degree
with regard to incidence, site, or type of tumor, or age at onset,
or there is less than sufficient evidence of carcinogenicity in
humans or laboratory animals; however, the agent, substance, or
mixture belongs to a well-defined, structurally related class of
substances whose members are listed in a previous Report on
Carcinogens as either known to be a human carcinogen or
reasonably anticipated to be a human carcinogen, or there is
convincing relevant information that the agent acts through
mechanisms indicating it would likely cause cancer in humans.

Conclusions regarding carcinogenicity in humans or experi-
mental animals are based on scientific judgment, with consid-
eration given to all relevant information. Relevant information
includes, but is not limited to, dose–response, route of exposure,
chemical structure, metabolism, pharmacokinetics, sensitive
subpopulations, genetic effects, or other data relating to mech-
anism of action or factors that may be unique to a given
substance. For example, there may be substances for which there
is evidence of carcinogenicity in laboratory animals, but there are
compelling data indicating that the agent acts through mecha-
nisms which do not operate in humans and would therefore not
reasonably be anticipated to cause cancer in humans.
OSHA Carcinogen Classifications

The Occupational Safety and Health Act of 1970 provides the
establishment of workplace standards for toxic materials or
harmful physical agents which most adequately assures, to the
extent feasible, on the basis of the best available evidence, that
no employee will suffer material impairment of health or
functional capacity even if such employee has regular exposure
to the hazard dealt with by such standard for the period of his
or her working life.

Potential occupational carcinogens regulated under OSHA
are classified into two main categories based on the nature and
extent of the available scientific evidence: Category I potential
carcinogens and Category II potential carcinogens.

Category I Potential Carcinogens

A substance shall be identified, classified, and regulated as
a Category I potential carcinogen if, upon scientific evalua-
tion, the secretary determines that the substance meets the
definition of a potential occupational carcinogen in (1)
humans or (2) a single mammalian species in a long-term
bioassay in which the results are in concordance with some
other scientifically evaluated evidence of a potential carcino-
genic hazard, or (3) a single mammalian species in an
adequately conducted long-term bioassay, in appropriate
circumstances in which the secretary determines the require-
ment for concordance is not necessary. Evidence of concor-
dance is any of the following: positive results from
independent testing in the same or other species, positive
results in short-term tests, or induction of tumors at injection
or implantation.

Category II Potential Carcinogens

A substance shall be identified, classified, and regulated as
a Category II potential carcinogen if, upon scientific evaluation,
the secretary determines that (1) the substance meets the
criteria set forth for Category I, but the evidence is found by
the secretary to be only ‘suggestive’; or (2) the substance meets
the criteria set forth for Category I in a single mammalian
species without evidence of concordance.
NIOSH Carcinogen Classifications

Acting under the authority of the Occupational Safety and
Health Act of 1970 (Public Law 91-596), the NIOSH develops
and periodically revises recommended exposure limits (RELs)
for hazardous substances or conditions in the workplace. These
recommendations are then published and transmitted to
OSHA for use in promulgating legal standards. NIOSH may
identify numerous chemicals that it believes should be treated
as occupational carcinogens even though OSHA has not yet
identified them as such. Generally, where OSHA has adopted
the NIOSH recommendations as OSHA standards, the OSHA
permissible exposure limits (PELs) and NIOSH RELs are equal.
In cases in which the NIOSH recommendations have not been
formally adopted by OSHA, the NIOSH RELs may be different
from the OSHA PELs. The NIOSH classification scheme is one
of the simplest carcinogen classification schemes; it combines
all carcinogens into one category. Within this single category,
NIOSH narratively describes the site of the cancer and whether
the effect was seen in humans or animals. In determining car-
cinogenicity, NIOSH uses a classification scheme outlined in
29 CFR 1990.103, which states in part: Potential occupational
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carcinogen means any substance, or combination or mixture of
substances, which causes an increased incidence of benign and/
or malignant neoplasms or a substantial decrease in the latency
period between exposure and onset of neoplasms in humans or
in one or more experimental mammalian species as the result
of any oral, respiratory, or dermal exposure, or any other
exposure which results in the induction of tumors at a site other
than the site of administration. This definition also includes
any substance which is metabolized into one or more potential
occupational carcinogens by mammals.

The NIOSH thresholds for carcinogens were not designed to
be protective of 100% of the population. NIOSH usually
recommends that occupational exposures to carcinogens be
limited to the lowest feasible concentration.
ACGIH Carcinogen Classifications

ACGIH classifies substances associated with industrial
processes that are recognized to have carcinogenic or cocar-
cinogenic potential. In general, the stated classification is
intended to provide a practical guideline for the industrial
hygiene professional to assist in control of exposures in the
workplace. The classification and threshold limit values
(TLVs) are not mandated by federal or state regulations,
although the ACGIH classifications and values may be
considered when standards are adopted by the regulatory
agencies. Currently, five categories of carcinogens have been
designated by the TLV Committee to recognize the qualitative
differences in research results or other data. These five cate-
gories are outlined below.

A1: Confirmed human carcinogen – The agent is carci-
nogenic to humans based on the weight of evidence from
epidemiologic studies of exposed humans and/or convincing
clinical evidence in exposed humans.

A2: Suspected human carcinogen – The agent is carcino-
genic in experimental animals at dose levels, by route(s) of
administration, at site(s), of histologic types(s), or by mecha-
nism(s) that are considered relevant to worker exposure.
Available epidemiologic studies are conflicting or insufficient
to confirm an increased risk of cancer in exposed humans.

A3: Animal carcinogen – The agent is carcinogenic in
experimental animals at a relatively high dose, by route(s) of
administration, at site(s), of histologic types(s), or by mecha-
nism(s) that are not considered relevant to worker exposure.
Available epidemiologic studies do not confirm an increased
risk of cancer in exposed humans. Available evidence suggests
that the agent is not likely to cause cancer in humans except
under uncommon or unlikely routes or levels of exposure.

A4: Not classifiable as a human carcinogen – There are
inadequate data on which to classify the agent in terms of its
carcinogenicity in humans and/or animals.

A5: Not suspected as a human carcinogen – The agent is
not suspected to be a human carcinogen on the basis of
properly conducted epidemiologic studies in humans. These
studies have sufficiently long follow-up, reliable exposure
histories, sufficiently high dose, and adequate statistical power
to conclude that exposure to the agent does not convey
a significant risk of cancer to humans. Evidence suggesting
a lack of carcinogenicity in experimental animals will be
considered if it is supported by other relevant data. Substances
for which no human or experimental animal carcinogenic data
have been reported are assigned no carcinogen designation by
the ACGIH.
European Commission SCOEL Carcinogen
Classifications

SCOEL has developed a system of carcinogen classifications to
support decisions about the occupational exposure limits
(OELs) for chemicals in the workplace. A key distinction in this
system is whether the chemical is genotoxic or not. The cate-
gories are as follows:

Group A: Nonthreshold genotoxic carcinogens – for low-
dose risk assessment the linear nonthreshold (LNT) model
appears appropriate.

Group B: Genotoxic carcinogens for which the existence of
a threshold cannot be sufficiently supported at present. In these
cases, the LNT model may be used as a default assumption,
based on the scientific uncertainty.

Group C: Genotoxic carcinogens for which a practical
threshold is supported.

Group D: Nongenotoxic carcinogens and non-DNA-reactive
carcinogens; for these compounds a true (perfect) threshold is
associated with a clearly founded NOAEL.

Health-based OELs are derived by SCOEL for carcinogens of
Groups C and D. If dataset allows, SCOEL might perform a risk
assessment for carcinogens and/or mutagens placed in Cate-
gories A and B.
German MAK Carcinogen Classifications

Maximale Arbeitsplatzkonzentrationen (MAKs) are the maxi-
mum concentrations of a chemical substance allowed in the
workplace. They are daily 8-h time-weighted average values and
apply to healthy adults. These are established by the MAK
Commission and the following carcinogen classifications are
used in the derivation of MAK values:

Category 1: Substances that cause cancer in man and can be
assumed to contribute to cancer risk. Epidemiological studies
provide adequate evidence of a positive correlation between
the exposure of humans and the occurrence of cancer. Limited
epidemiological data can be substantiated by evidence that the
substance causes cancer by a mode of action that is relevant to
man.

Category 2: Substances that are considered to be carcino-
genic for man because sufficient data from long-term animal
studies or limited evidence from animal studies substantiated
by evidence from epidemiological studies indicate that they can
contribute to cancer risk. Limited data from animal studies can
be supported by evidence that the substance causes cancer by
amode of action that is relevant toman and by results of in vitro
tests and short-term animal studies.

Category 3: Substances that cause concern that they could
be carcinogenic for man but cannot be assessed conclusively
because of lack of data. The classification in Category 3 is
provisional.
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Category 3A: Substances for which the criteria for classifi-
cation in Category 4 or 5 are fulfilled but for which the database
is insufficient for the establishment of a MAK value.

Category 3B: Substances for which in vitro or animal studies
have yielded evidence of carcinogenic effects that is not suffi-
cient for classification of the substance in one of the other
categories. Further studies are required before a final decision
can be made. A MAK or Biological Tolerance Value (BAT) can
be established provided no genotoxic effects have been
detected.

Category 4: Substances with carcinogenic potential for
which a nongenotoxic mode of action is of prime importance
and genotoxic effects play no or at most a minor part provided
the MAK and BAT values are observed. Under these conditions,
no contribution to human cancer risk is expected. The classi-
fication is supported especially by evidence that, for example,
increases in cellular proliferation, inhibition of apoptosis, or
disturbances in cellular differentiation are important in the
mode of action. The classification and the MAK and BAT values
take into consideration the manifold mechanisms contributing
to carcinogenesis and their characteristic dose–time–response
relationships.

Category 5: Substances with carcinogenic and genotoxic
effects that are considered to contribute very slightly to human
cancer risk provided the MAK and BAT values are observed. The
classification is supported by information on the mode of
action, dose-dependence, and toxicokinetic data pertinent to
species comparison.

See also: ACGIH® (American Conference of Governmental
Industrial Hygienists); Carcinogenesis; Dose–Response
Relationship; Epidemiology; Federal Insecticide, Fungicide, and
Rodenticide Act, US; The Globally Harmonized System for
Classification and Labeling of the GHS; International Agency for
Research on Cancer; Levels of Effect in Toxicology
Assessment; National Institute for Occupational Safety and
Health; The National Toxicology Program; Occupational Safety
and Health Act, US; Occupational Safety and Health
Administration; Risk Assessment, Human Health; Toxic
Substances Control Act; Toxicity Testing, Carcinogenesis.
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Carcinogen–DNA Adducts

Importance of DNA Adduct Formation and DNA Repair
in the Process of Carcinogenesis

Carcinogen–DNA adducts of exogenous and endogenous
genotoxic chemical carcinogens may induce errors in DNA
sequence (mutations). Subsequent transcription on a damaged
template may result in formation of abnormal proteins or the
loss of a protein. DNA adduct formation and mutagenesis are
considered to bring about changes in gene expression that
produce clonal expansions of cells lacking in growth control
(tumors). A substantial period of time is required after DNA
damage occurs for a tumor to become evident, however; DNA
damage alone is not sufficient for tumorigenesis, since other
events must also take place. DNA adduct levels, measured at any
point in time, reflect tissue-specific rates of damage processing
that include DNA adduct formation and removal (DNA repair),
DNA adduct instability, tissue turnover, and other events. In
experimental model systems, dose–response associations have
been observed for DNA adduct formation, mutagenesis, and
tumorigenesis. Reductions in tumor incidences have been
observed when DNA adduct levels have been lowered, either by
DNA repair processes or by administration of chemopreventive
agents that inhibit DNA adduct formation with no change in
carcinogen dose.
Biotransformation of Carcinogenic Chemicals to Species
That Modify DNA

Exogenous carcinogenic chemicals that form DNA adducts can
bind to DNA directly if they are highly reactive. Examples are
the nitrosoureas, some nitrosamines, ethylene oxide, and
ozone. However, most carcinogenic chemicals are inert and
require biotransformation or metabolic activation, a process by
which families of enzymes convert a fraction of the initial dose
to highly reactive intermediate metabolites able to bind cova-
lently to DNA. Exogenous carcinogens that require metabolic
activation in order to bind to DNA include plant and fungal
products (aflatoxins, ochratoxins, hydrazines); pyrolysis prod-
ucts from cooking (heterocyclic amines, polycyclic aromatic
hydrocarbons (PAHs)); industrial combustion products
(aromatic amines, PAHs, nitro-PAHs, benzene, vinyl chloride,
nitrosamines, ethylene oxide); urban pollution contaminants
(PAHs, nitro-PAHs, aromatic amines); and components of
tobacco (tobacco-specific nitrosamines) and tobacco smoke
(PAHs, nitrosamines, aromatic amines, and many others).
Most of the carcinogenic chemicals that bind to DNA not only
induce specific covalent DNA adducts, but also increase the
burden of oxidative damage; some examples will be discussed
below.

The PAHs, including benzo[a]pyrene (BP), classified by the
International Agency for Research on Cancer as a human
carcinogen (IARC, 2010), are composed of variable numbers of
fused benzene rings and are chemically unreactive, as well as very
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
sparingly soluble in water. PAHs are ubiquitous environmental
contaminants that are commonly formed as products of partial
combustion of organic material, and are found in cigarette
smoke, automobile exhaust, exhaust from many industrial
processes, indoor air (especially during the winter months),
charred meats, and elsewhere. PAHs are metabolized, and
several pathways exist for formation of covalent DNA adducts. In
the most well-known and possibly the most important pathway,
PAHs are converted to simple arene oxides by cytochrome P450,
hydrated through the action of epoxide hydrolase, and subjected
again to epoxidation (cytochrome P450) to form unstable
dihydrodiol epoxides. These unstable metabolites spontane-
ously convert to positively charged, highly reactive free radicals
(carbocations, the ultimate carcinogenic forms), which can bind
covalently to DNA. The structure of the major stable adduct of
BP with DNA, r7,t8,t9-trihydroxy-c-10-(N2-deoxyguanosyl)-
7,8,9,10-tetrahydro-benzo[a]pyrene (BPdG), is illustrated in
Figure 1(a). Additional examples of DNA adducts relevant to
human exposures are presented in Figure 1, which shows
aromatic amines (Figure 1(b) and 1(c)), a heterocyclic amine
Figure 1(d)), a fungal mycotoxin (Figure 1(e)), methylated
(alkylated) adducts (Figure 1(f) and 1(g)), and a hydroxyl
adduct resulting from oxyradical attack (Figure 1(h)).

Aromatic amines, such as 4-aminobiphenyl (4-ABP) and
2-acetylaminofluorene (2-AAF), are found in tobacco smoke
and industrial exhaust, and are considered to play a role in the
etiology of human bladder cancer. They are characterized by
the presence of benzene rings and an exocyclic nitrogen. Acti-
vation of the aromatic amine 2-AAF proceeds by N-oxidation
with sulfotransferase catalysis, resulting in the formation of
acetylated (Figure 1(b)) and non-acetylated (Figure 1(c))
guanine adducts.

The heterocyclic amines, an example of which is 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), are formed
from the pyrolysis of amino acids, creatinine, and glucose,
which occurs during cooking of meat and fish. Consequently,
they are known collectively as food mutagens. Their metabo-
lism, which is similar to that of the aromatic amines, involves
cytochrome P450-induced N-hydroxylation, with and without
enzymic O-esterification, followed by direct reaction with DNA
(Figure 1(e)).

The fungal mycotoxins, including aflatoxin B1 derived from
Aspergillus molds and fumonisin derived from Fusarium molds,
contaminate cereals, grains, and nuts. Ingestion of these
compounds is highly correlated with subsequent incidence
of liver cancer. Aflatoxins are heterocyclic, contain several
endocyclic oxygen molecules, and are activated by simple
cytochrome P450-driven epoxidation. The major aflatoxin
B1-guanine adduct is shown in Figure 1(d).

Guanine can be readily alkylated by methyl and ethyl addi-
tions at the O6 and N7 positions. The O6- methylated guanine
adduct is shown in Figure 1(e), and theN7- methylated guanine
adduct is shown in Figure 1(g). Such adducts may be formed
endogenously or induced by a wide variety of chemicals. Of
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Figure 1 Molecular structures of carcinogen–DNA adducts, (a) (7R)-N2-(10-{7b, 8a, 9a-trihydroxy-7,8,9,10-tetrahydro-benzo[a]pyrene}-
yl)-deoxyguanosine, formed when benzo[a]pyrene-7,8-diol 9,10-epoxide reacts with the exocyclic amino group of deoxyguanosine; (b)
N-(deoxyguanosin-8-yl)-2-(acetylamino)fluorene, formed when N-hydroxylacetylaminofluorene reacts with the C8-position of the imidazole ring;
(c) N-(deoxyguanosin-8-yl)-2-(amino)fluorene, formed when N-hydroxylaminofluorene reacts with the C8-position of the pyrimidine ring structure;
(d) N-(deoxyguanosin-8-yl)-2-amino-1-methyl-6-phenylimidazo-[4,5-b]-pyridine, formed when the N-hydroxylamine metabolite of 2-amino-
1-methyl-6-phenylimidazo-[4,5-b]-pyridine (PhIP), a glutamic acid pyrolyzate, reacts with deoxyguanosine; (e) Ring-opened form of
N-(deoxyguanosin-7-yl)-9-hydroxyaflatoxin B1, formed following reaction of the 8,9-epoxide metabolite of aflatoxin B1 at the N7-methyl position of
deoxyguanosine; (f) O6-methyldeoxyguanosine, formed when an alkyl radical (CH3

þ), derived from an alkylating agent, reacts at the O6-methyl-
position of deoxyguanosine; (g) N7-methyldeoxyguanosine, formed when an alkyl radical (CH3

þ), derived from an alkylating agent, reacts at the
N7-methyl-position of deoxyguanosine; (h) 8-Hydroxydeoxyguanosine, formed through exogenous or endogenous oxyradical (H2O2,

$OH, O$�
2 )

damage at the C8-position of deoxyguanosine.

706 Carcinogen–DNA Adduct Formation and DNA Repair
particular interest are the methylated adducts formed by some
chemotherapeutic agents, including procarbazine, dacarbazine,
methyl-methane sulfonate, carmustine, and others.

Oxyradicals (reactive oxygen species) may be formed by
exposure to exogenous chemicals and by various endogenous
processes. There are many species of oxyradical-damaged
DNA, but among the most common is the mutagenic
8-hydroxydeoxyguanosine adduct (Figure 1(h)). Endogenous
oxyradical exposures, which include O$

2 (superoxide anion)
and H2O2 (hydrogen peroxide), frequently occur because of
leakage from the mitochondria during oxidative phosphory-
lation. Other endogenous sources of oxyradicals include reac-
tions of O$

2 with Fe3þ or nitric oxide (NO) to form unstable
intermediates, which are powerful direct-acting oxidants and
major factors in inflammation. Exposure to organic peroxides,
catechol, hydroxyquinone, and 4-nitroquinoline-N-oxide,
among others, leads to oxyradical damage. Moreover, cells
can be stimulated to produce peroxisomes by treatment
with certain drugs and plasticizers. The role of endogenous
oxyradical DNA damage in chemical carcinogenesis is currently
unclear, although the mutagenic potential of these adducts has
been amply demonstrated in experimental systems.
Measurement of Carcinogen–DNA Adducts as Human
Exposure Dosimeters

The long-term goal of DNA adduct biomonitoring is the
development of a human biomarker that is directly correlated
with cancer risk, and that can be followed during the process of
cancer prevention/intervention. Exponential expansion of this
field over the past 40 years has been made possible by the
development of highly sensitive methods for the detection of
DNA adducts in human tissues. The most widely used methods
include immunoassays, gas chromatography/mass spectrometry
(GC/MS), immunohistochemistry, fluorescence and phospho-
rescence spectroscopy, and 32P-postlabeling. Detection limits
for quantitative assays are typically in the range of 1 adduct
in 109 nucleotides. Accelerator mass spectrometry, a highly
sophisticated method, has a detection limit of w1 adduct in
1012 nucleotides. However, accelerator mass spectrometry is
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less accessible and requires administration of minute quantities
of C13-labeled carcinogenic chemicals to human subjects, which
does not always meet the approval of institutional review
boards.

Recent developments in approaches to chemical derivati-
zation have facilitated various novel permutations of GC/MS,
and the resulting increase in sensitivity has allowed direct assay
of human DNA samples, with specific characterization of
DNA adducts. In contrast, most commonly used techniques
lack a high level of specificity, and chemical characterization is
typically not possible without some purification steps. Because
humans are exposed to complex mixtures of chemical carcin-
ogens, human DNA is considered to contain adducts induced
by many xenobiotics. In addition to GC/MS, the combination
of preparative methods (e.g., immunoaffinity chromatography,
high-performance liquid chromatography), with immunoas-
says, 32P-postlabeling assays, or synchronous fluorescence
spectrometry, has made possible the identification of specific
DNA adduct structures and/or the identification of chemical
classes of DNA adducts.

The majority of studies designed to monitor DNA adducts
in human tissues fall into the category of exposure documen-
tation, and many involve environmental and occupational
exposures to agents for which precise dosimetry is difficult or
impossible. These types of studies have shown that formation
of DNA adducts is widespread in the human population,
supporting the notion that DNA adduct formation, after
carcinogen exposure, is essential for tumorigenesis. It has been
possible to show decreases in DNA adduct levels in groups of
human subjects removed from exposure by virtue of location
or season, showing qualitative or relative dosimetry before and
after high exposure. Quantitative dosimetry for human DNA
adduct formation has been possible with medicinal (cisplatin,
procarbazine, dacarbazine, 8-methoxypsoralen) and dietary
Table 1 Association between DNA adduct level and cancer risk in human

DNA adduct measurement

method Organ for cancer

Organ for DNA adduct

measurement

BPDE-DNA ELISAc Colon Blood
BPDE-DNA ELISA Lung Blood
BPDE-DNA IHCd Liver Liver
PHIP-DNA IHC Breast Breast
4-ABP-DNA IHC Liver Liver
HPLCe of AFB1-dGf Liver Urine
32P-Postlabelingg Bladder Blood
32P-Postlabeling Colon Blood

Stomach Blood
32P-Postlabeling Lung Blood
32P-Postlabeling Lung Blood
32P-Postlabeling Lung Blood

aRR ¼ Relative Risk or OR ¼ Odds Ratio.
bStudies referred to in Poirier, M.C., 2012. Chemical-induced DNA damage and human c
cELISA ¼ Enzyme-Linked Immunosorbent Assay.
dIHC ¼ Immunohistochemistry.
eHPLC ¼ High-performance liquid chromatography.
fAFB1-dG ¼ ring opened form of N-(deoxyguanosin-7-yl)-9-hydroxyaflatoxin B1.
g‘Bulky’ DNA adducts isolated by 32P-postlabelling are typically stable, high-molecular
nitroaromatics, hormones, aflatoxins, and/or other hydrophobic DNA-binding agents, w
measures overall DNA binding, but does not allow for chemical characterization of indiv
(aflatoxin, PAH) exposures, where dosimetry can be estab-
lished with reasonable accuracy.
Human DNA Adduct Determination as an Indicator
of Cancer Risk

In addition to documentation of exposure, a major goal of
carcinogen–DNA adduct dosimetry in humans is to define
a relationship between DNA adduct formation and cancer
risk. This goal has been achieved in increasing numbers of
case–control studies and prospective studies, some of which
have nested case-control cohorts. Table 1 shows a variety of
studies, most measuring DNA adducts in human blood, but
some using target tissues (e.g., liver, breast). In these studies,
which are reviewed in Poirier (Discovery Medicine, 2012), the
risks for cancer, measured as odds ratios (OR) or relative risk
(RR), were increased two- to nine-fold among (the approxi-
mately 25% of) individuals with the highest DNA adduct
levels, compared to those with the lowest DNA adduct levels.
While epidemiological investigations elucidating the rela-
tionship between DNA adduct levels and cancer risk will likely
continue to be carried out for many years, results of published
studies support the notion that cancer risk is highest for
subgroups of individuals with the highest levels of DNA
adducts in blood or in any organ of interest. In addition, OR
or RR values for cancer in such studies are of similar magni-
tude whether based on ‘bulky’ DNA adducts measured by
32P-postlabeling, which measures a broad spectrum of
DNA adducts but cannot characterize them chemically, or on
carcinogen class-specific PAH–DNA or aromatic amine–DNA
adducts measured by immunoassay (Table 1). The moderate
increases in cancer risk associated with the highest DNA
adduct levels suggest that DNA damage is an early essential
event in tumorigenesis.
s

Carcinogen: source of

DNA adduct

Cancer risk estimate fora,b subgroup

with the highest DNA adduct levels

PAHs 2.8
PAHs 7.7
PAHs 4.4
PhIP 4.0
4-ABP 6.5
Aflatoxin B1 9.1
‘Bulky’ 4.1
‘Bulky’ 2.3
‘Bulky’ 2.2
‘Bulky’ 1.6 Current smokers
‘Bulky’ 2.0 Current smokers
‘Bulky’ 3.0 Current smokers

ancer risk. Discov. Med. 14, 283–288.

-weight (�150 kDa) DNA adducts that are formed from PAHs, aromatic amines,
hich can be extracted by butanol and separated by chromatography. The technique
idual DNA adducts unless additional purification and separation is applied.
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DNA Repair

Multiple metabolic pathways have evolved to reverse DNA
damage through removal of the lesions and restoration of
the DNA sequence. Typically such mechanisms are complex,
involving multiple proteins acting in concert. Most DNA
repair protein complexes comprise a damage sensor, a damage
eliminator that also removes some normal nucleotides,
a polymerase to replace the excised nucleotides, and a ligase to
close strand gaps. More than 150 DNA repair genes are now
known, and some contribute to more than one DNA repair
pathway. Essentially, mechanisms of DNA repair can be sepa-
rated into six categories: direct DNA repair (DR), nucleotide
excision repair (NER), base excision repair (BER), mismatch
repair (MMR), homologous recombination repair (HRR), and
nonhomologous end-joining (NHEJ). With the exception of
NHEJ, these mechanisms are summarized in Figures 2 and 3.
All types of DNA damage may lead to permanent changes in
DNA sequence, and some defects in DNA repair genes have
been associated with disease conditions, for example, cancer,
progeria, Cockayne syndrome, retinal dystrophy, thalassemia,
xeroderma pigmentosum, and birth defects (Table 2).
Direct DNA Repair

Unlike most of the DNA repair mechanisms, DR (Figure 2(a))
is driven by a suicide enzyme mechanism. The best example
is O6-alkylguanine-DNA alkyltransferase (AGT), which
removes an alkyl group from an alkylated deoxyguanosine
(e.g., O6-methyldeoxyguanosine, Figure 1(f)) to a cysteine
residue in its own active site (Cys145). The alkylated AGT is
quickly degraded through processing in the ubiquitination
pathway. There is no need for patch synthesis or ligation in
this pathway, and one alkyl-adduct consumes one molecule
of enzyme. Other examples of alkyltransferases include
O6-ethyldeoxyguanosine and O6-benzyldeoxyguanosine
alkyltransferase.
Excision Repair (NER and BER)

There are two types of excision repair, NER and BER
(Figure 2(b) and 2(c)). Both processes require multiple
enzymes that act sequentially or in concert as a molecular
complex. Excision repair is characterized by strand scission,
degradation of the segment of the DNA strand containing the
damage, 50 to 30 synthesis of a new DNA patch using the
undamaged strand as a template, and ligation of the free end.
The difference between NER and BER relates to the proteins
involved, the types of adducts that are repaired, and the size of
the patch removed.

In NER, sensory proteins (coded for by XPA, XPC, and XPE)
recognize bulky adducts that distort the DNA helix. Typical
examples include those arising from themetabolic activation of
PAHs (e.g., benzo[a]pyrene, Figure 1(a)), aromatic amines
(e.g., 2-AAF, Figure 1(b)), and heterocyclic amines (e.g., PhIP,
Figure 1(d)). Endonucleases (XPF, XPG, ERCC1, or FEN) then
degrade up to 30 base pairs of DNA. A patch is synthesized by
a polymerase (pol d or pol ε) and the gap is sealed by a ligase
(DNA Ligases I–IV; DNA Ligase III complexes with the excision
repair protein ERCC1 in NER). Depending on where in the
DNA the repair occurs, there are two types of NER: global
genomic repair (GGR) and transcription coupled repair (TCR).
GGR is not restricted and uses recognition or sensory proteins
to localize DNA lesions. TCR is restricted to transcribed strands
of transcriptionally active genes; this process does not need
sensory proteins, but recognizes DNA lesions where an RNA
molecule has been stalled by the presence of a lesion. In GGR
and TCR, the patch size is large (15�30 nucleotides).

In BER, the removal of a small segment of DNA containing
an adduct is initiated by a glycosylase. In this case, the recog-
nized damage consists of small adducts (methylpurines or
8-oxoguanosine, Figure 1(f), 1(g), and 1(h)). The action of the
glycosylase to remove the damaged base is accomplished by the
8-oxoguanosine DNA glycosylase I, or the 3-methylpurine
glycosylase, producing an apurinic/apyrimidinic (AP) site.
The AP endonuclease then cleaves the 50 phosphodiester bond
and recruits pol d or pol ε, which, when complexed with
replication factor C, a DNA polymerase, and proliferating cell
nuclear antigen (PCNA), cuts away a 2�10 nucleotide flap and
repairs the gap. The flap is removed by FEN1 and the patch is
ligated by Ligase I. This mechanism is known as a long-patch
BER. In an alternative pathway, a glycosylase (an AP lyase)
removes the damaged base and the phosphodiester bond 30 of
the AP site is cleaved. In this case, pol1 b complexes with Ligase
III and XRCC1 to fill a single nucleotide gap. This latter
mechanism is known as a short-patch BER.
Mismatch Repair

Mismatches in DNA are repaired by MMR (Figure 2(d)),
a highly conserved function that exists in Escherichia coli. DNA
mismatches are recognized by MutS, following which MutL
joins to form a complex. The presence of this complex further
recruits MutH that binds to an unmethylated GATC sequence.
The DNA is distorted by the binding of MutL to MutH to form
a loop, and an exonuclease proceeds to remove the nucleotides
from the GATC site to just beyond the mismatch. The action of
a polymerase and a ligase resynthesizes the daughter strand on
the original template and closes the gap.

Formation of nucleotide mismatches occurs as a result of
glycosylation. For example, the deamination of cytosine can
result in mispairing thymidine with guanosine. In addition,
post-replication DNA ‘repair,’ which is a DNA damage toler-
ance mechanism, always results in insertion of adenosine, and
mismatches can occur during DNA replication. Therefore,
DNA mismatches can be either transitions (purine–purine
or pyrimidine–pyrimidine: G–T or A–C) or transversions
(purine–pyrimidine or pyrimidine–purine: A–A, G–G, A–G or
C–C, T–T, C–T). To repair these mismatches, a multiprotein
complex is needed to recognize both the mismatch and the
closest unmethylated GATC recognition sequence in a hemi-
methylated segment of DNA. In humans, the multiprotein
complexes that recognize mismatches are either MSH1–
MSH2–MSH6–PMS1 or MSH1–MSH2–MSH6–PMS2, and
these human complexes correspond to the Mut gene complexes
in E. coli. The entire segment of unmethylated or daughter
strand DNA is eroded by an exonuclease (e.g., ExoI), and PCNA
is recruited to support the action of a polymerase (e.g., pol d or
pol ε). DNA Ligase I then complexes with the polymerase to
complete the repair.



Figure 2 Mechanisms of DNA repair: (a) DR, where an alkyltransferase acts as a suicide enzyme; (b) NER, where XP proteins recognize bulky adduct
damage, an endonuclease degrades up to 30 nucleotides around the lesion, a polymerase reconstructs the DNA and a ligase closes the gap; (c) BER,
where a glycosylase recognizes the lesion and recruits an endonuclease that removes a small section of DNA including the damage, and again
a polymerase and a ligase act to close the gap; (d) MMR, where a protein complex binds to the mismatched base pair and the closest hemi-methylated
GATC an exonuclease degrades, the non-methylated daughter DNA strand including the mismatch and a polymerase and a ligase act to close the gap.
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Figure 3 Scheme for HRR showing repair of double-strand breaks. Following recognition, an endonuclease is recruited that degrades the DNA in the
50 to 30 direction on both strands. DNA sequences that are homologous to the degraded segments are paired with the gaps in a process of strand
invasion. The homologous search provides a template for resynthesis of the DNA segment that was removed, and a ligase completes the process.
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Homologous Recombination Repair

HRR is a mechanism by which new haplotypes can arise
from exchange of DNA sequence information between
homologous, but not necessarily identical, chromosomes
(Figure 3). It also provides a mechanism for the repair of
double-strand breaks (DSBs) in DNA, where an intact DNA
molecule is used as a template for the repair process. DSBs
can result from exposure to ionizing radiation, antibiotics,
oxidative damage, or a mechanical stressor (such as that
occurring when a topoisomerase, responsible for regulation
of helical winding during replication, encounters a bulky
DNA adduct).

HRR occurs during the S phase or G2 phase of cell cycle.
The first step in HRR is recognition of the lesion by ataxia
telangectasia mutated (ATM), RAD3-related ATM, and DNA
kinases (e.g., Chk2). Triggered by this recognition, an MRN
complex forms on either side of the break. This consists
of a nibrin (NBS1), a chromosomal structural protein
(e.g., Rad50), and an exonuclease (Mre11). In the next step,
50 to 30 recission of both DNA strands occurs to allow pairing
with homologous sequences. Rad51 (paralogs: RAD51B, C,
D) facilitates invasion of homologous double-stranded DNA,
which permits polymerization using an undamaged strand as
a template. Completion of this process can occur in one of
two ways. In the first model, four DNA strands come together
to form Holliday junctions, which can be resolved by the
actions of an exonuclease and a ligase. This mechanism
presents opportunity for chromosomal crossover events. In
the second model, only noncrossover products are formed
because there is disengagement of the Holliday junctions, an
annealing of one of the invading sequences, and gap filling of
the damaged homolog.
Nonhomologous End-joining

Nonhomologous end-joining is another DNA repair mecha-
nism that resolves DSBs. Since it relies on no sequence
homology or short overhangs at DSBs, it is an error-prone
process. Unlike HRR, which is active in the S and G2 phases,
NHEJ is active in all phases of cell cycle, but is most important in
the G1 phase. NHEJ is essentially a three-step process consisting
of end binding and tethering, end processing, and ligation. The
ATM kinase begins the process by recruiting and phosphory-
lating histone H2X so that it becomes H2AX, which then relaxes
the DNA structure. The heterodimer Ku70–Ku80 complex,
encoded by XRCC5 and XRCC6, appears to be the damage
detector, with one molecule binding to each side of the DSB.
DNA protein kinases bind to the Ku heterodimer and connect
by bridge domains aligning the ends of the DSB. This provides
a scaffold for the XRCC4 and Ligase IV to repair the DSBs. NHEJ
is also an important mechanism for V(D)J recombination that
leads to immunoglobulin diversity (so named because it
involves variable and diverse joining of genes).
Diseases and Conditions Associated with Defects in DNA
Repair Genes

For each of the six major DNA repair mechanisms, there is at
least one known human disease/syndrome resulting from
defects in DNA repair genes (Table 2). Xeroderma pigmento-
sum (XP) was first described in the latter part of the nineteenth
century (named in 1874 by Hebra and Karposi), defective
DNA repair was implicated as its cause in the late 1960s
(Cleaver, 2008). Multiple XP genes have now been cloned and
sequenced, revealing the underlying molecular basis of
disease.



Table 2 Expandeda list of DNA repair defects and associated disease or pathology

Disease category

DNA repair mechanism Gene symbol Gene function Pathology or cancer

Cancer susceptibility
Direct DNA repair AGT Suicide enzymesb Low levels of alkylases result in susceptibility to cancer;

high levels interfere with some chemotherapeutic
agents

ATT

Nucleotide excision ERCC1 Damage Cerebro-oculo-facio-skeletal recognition syndrome;
carcinogenesis

BRCA1 Directs p53 Breast and ovarian cancer transcription
RB1 Cell-cycle restriction Retinoblastoma, breast cancer, osteosarcoma progression

Mismatch MLH1 Damage HNPCC2c, glioma recognition
MLH2 DNA binding HNPCC1, ovarian cancer
MSH3 MutS homolog Endometrial cancer
MSH6 Sliding clamp Endometrial cancer, HNPCC1
PMS1 Damage HNPCC3 recognition
PMS2 Repair initiation HNPCC4, glioblastoma

Double-strand breaks BRCA2 Regulates Rad51 Breast and pancreatic cancer
Homologous recombination RAD54 Helicase Non-Hodgkin’s lymphoma, breast and colon cancer
General hOgg1 Glycosylase Cancer susceptibility

TP53 (NER, DSBs) Cell cycle control Li–Fraumeni syndrome cancer susceptibility
Xeroderma pigmentosum
Nucleotide excision XPB and D Helicases Skin lesions

XPG Endonuclease Acute sun sensitivity
XPC (and BER) Exonuclease Mental retardation, sensitive skin, microcephaly
DDB1 and 2 Binds DNA damage Skin sensitivity
XPA, C and E Damage sensors Skin and neurologic problems, skin, tongue, lip cancers

Other syndromes
Nucleotide excision
Cockayne (CBS) ATPase Cutaneous, ocular, neurologic, and somatic abnormalities;

short stature, deafness, mental retardation, early death
Juberg-Marsidi (ATRX) Helicase Thalassemia/mental retardation
Strand breaks
Nijmegan (NBS1) Nibrin, cell cycle

regulation
Microcephaly; mental retardation immunodeficiency, slow
growth; radiation sensitivity, malignancy

Ataxia-telangiectasia (ATM) Phosphorylation Neurologic deficiencies, no muscular coordination,
leukemia lymphoma, malignancy

MRE11 Exonuclease DNA damage sensitivity, genomic instability; telomere
shortening, aberrant meiosis; SCIDd

PRKDC Ser/Thr kinase SCID
Bloom’s BLM Helicase Lymphatic and malignancies, Fanconi anemia
FANCA-G Protein control Multiple congenital malformations Pancytopenia, short

telomeres
Werner WRN Helicase exonuclease Premature senility, short stature cataracts, loss of muscle

and connective tissue, malignancy
RecQ4 Helicase Osteosarcoma, premature aging

AGT=O6-alkyl-G-Alkytransferase; ATT=O4-alkyl-T-alkyltransferase.
aExpanded to other DNA repair genes beyond those listed in the text.
bOne alkyltransferase molecule accepts one methylated adduction product from the DNA.
cHNPCC, hereditary nonpolyposis colorectal cancer.
dSevere combined immunodeficiency.
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More recently, multiple genes related to colon cancer
susceptibility have been shown to be missing or have DNA
sequence mutations. Some of these defects are inherited, but
others acquire mutations or deletions. This latter molecular
mechanism, originally described as the ‘Mutator Phenotype,’
was first advanced by Loeb in 1974 (Loeb, 1989). The mutator
phenotype implies the rapid acquisition of mutations during
tumor development, which led to the concept of tumor
suppressor genes. The concept of tumor suppressor genes was
further refined to encompass ‘caretaker genes,’ ‘gatekeeper
genes,’ and ‘landscaper genes.’ The genes involved in heredity
nonpolyposis colorectal cancer are examples of caretaker genes
(Kinzler and Vogelstein, 1998, and Table 2).
Summary

Human chemical carcinogens are frequently inert or poorly
reactive, and generally they require activation by enzymes
before they can exert their biological effects. Principal enzymes
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involved in this process belong to the cytochrome p450
superfamily. Activated or unstable chemical species then bind
covalently with electrophilic molecules, for example, DNA and
proteins. This process in turn can lead to DNA sequence
mutations. However, DNA damage resulting from chemical
carcinogen exposure may be mitigated by the DNA repair
process. With the exposition of the human genome, it is
expected that the elucidation of the molecular basis of DNA
repair, and diseases associated with defects in the genes that
control DNA repair, will move forward in the future.
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Overview

Cancer, or neoplasia, which occurs in one of every four indi-
viduals and results in the death of one of every four individuals
in the United States and Europe, is a complex disease with
multiple causes. Many intrinsic and extrinsic factors influence
the development of cancer. Intrinsic or host factors include age,
sex, genetic constitution, immune system function, metabo-
lism, hormone levels, and nutritional status. Extrinsic factors
include substances eaten, drunk, or smoked; workplace and
environmental (air, water, and soil) exposures; natural and
medical radiation exposure; sexual behavior; and elements of
lifestyle such as social and cultural environment, personal
behavior, and habits. Intrinsic and extrinsic factors can interact
with one another to influence the development of cancer.
Because of the physical and emotional suffering associated with
cancer and the immense cost to the nation in lost production
and income and medical and research expenditures, consider-
able effort continues to be exerted to understand this complex
disease so that strategies can be developed to decrease or
prevent its occurrence. Current regulatory guidelines have been
crafted to reduce the probability of developing cancer by
lowering human exposure to agents identified as potentially
capable of causing cancer.

During the past 40 years of cancer research, much infor-
mation has been generated indicating that cancer is a multistep,
progressive disease. Support for this contention is derived from
research on epidemiology and population genetics, morpho-
logical and clinical study of neoplasms, as well as experimental
investigations in animals. Structural studies of biopsy and
Figure 1 Process of carcinogenesis depicted schematically showing the post
neoplasia.
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autopsy tissue samples from humans and necropsy samples
from animals, particularly experimental animal models of
carcinogenesis, have provided important information about
this multistep process at the phenotypic level. More recently,
molecular biological analyses have confirmed the principles
that neoplasms arise from the clonal expansion of a single cell
and that during its evolution into a neoplastic mass, it accu-
mulates nonlethal genetic damage, particularly in genes that
regulate growth and DNA repair processes. The process of
carcinogenesis may take months in experimental laboratory
animals and years in humans. Identification of this process
early in its evolution enhances the likelihood that intervention
strategies such as surgical removal of a benign neoplasm may
result in termination of the disease and clinical cure. By the
time a neoplasm has progressed to the malignant stage and
spread throughout the body, even heroic radiation and
chemotherapy combined with surgery are unlikely to result in
clinical cure. The process of carcinogenesis may be depicted
schematically as in Figure 1 with the various steps along the
pathway from normalcy to malignancy characterized by
morphological and/or clinical features. It is here that the
disciplines of clinical oncology, molecular biology, and
pathology are utilized to define the location of the specific
neoplasm in this progressive cascade.
Nomenclature of Cancer (Neoplasia)

The nomenclature associated with the study of cancer is
frequently confusing because a given term often has a relatively
ulate pathway in which accumulation of genetic damage leads to malignant
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narrow as well as a considerably broader definition based on
common usage. Carcinogenesis, for example, is narrowly
defined as the production of carcinoma but is more commonly
used in the broadest possible sense to indicate generation of
neoplasms that are new and typically abnormal growths,
generally uncontrolled, and becoming progressively more
serious with time. Neoplasia, meaning ‘new growth’ and often
used synonymously with carcinogenesis, refers to the process of
development of neoplasms. Two important terms that relate to
the clinical behavior and growth characteristics of neoplasms
are (1) benign and (2) malignant, characteristic features of
which are listed in Table 1. Basically, benign neoplasms are
slow-growing, localized growths frequently amenable to
surgical removal with a low probability of recurrence. Malig-
nant neoplasms have a more aggressive growth, are locally
invasive, sometimes metastasize (spread to distant sites), and
are difficult to remove surgically.

Two terms that have both a narrow and a broad definition
are (1) tumor and (2) cancer. Tumor broadly refers to any
tissue enlargement or swelling; however, it is often used
synonymously with the term neoplasm. A cancer generally
refers to a malignant neoplasm. Unfortunately, the layperson
and the professional frequently use tumor and cancer inter-
changeably alike without qualifying whether it is a benign or
malignant process. In other words, if it is said that an individual
has a tumor, that individual may have a benign neoplasm
(most often the case) but could have a malignant neoplasm if
the term ‘tumor’ is being used loosely. If an individual is said to
have a cancer, that usually means the individual has a malig-
nant neoplasm but, here again, loose use of the term ‘cancer’
might include any neoplasm, including a benign one. Scientists
contribute to the confusion by sometimes indicating that an
agent may cause cancer, meaning either benign or malignant
neoplasia. Alternatively, they may indicate that an agent is
tumorigenic, which could mean that it causes tumors but
frequently means that it may also cause malignant neoplasms
(cancers). Common and uncritical usage of these terms is so
ingrained that attempts to standardize nomenclature have been
largely unsuccessful. The least ambiguous terms are ‘benign
neoplasm’ and ‘malignant neoplasm.’
Table 1 Comparative features of benign and malignant neoplasms

Effect Benign

General effect on host Little; not generally lethal
Injury to host Usually negligible but may compress or obstru

vital tissue
Growth rate Slow

Extent of growth Encapsulated; remains localized at site of orig
Mode of growth Typically grows by expansion and displaces

surrounding tissues
Microscopic features Cells and structures formed by cells resemble

normal tissues; may be encapsulated
Cytologic features Mitoses rare; nucleus normal in staining

and shape; nucleolus not conspicuous

Radiation sensitivity Radiation sensitivity similar to that of
normal tissues; rarely treated with radiation
Most neoplasms are classified and named based on (1) the
cell or tissue of origin and (2) benign or malignant growth
characteristics. There are two basic cell types from which
neoplasms may originate: mesenchymal cells and epithelial
cells (Figure 2). Mesenchymal pertains to mesenchyme
(embryonic connective tissue in the mesoderm) from which
adult tissues such as connective tissue, blood and lymphatic
vessels, and muscles and bones are formed. Epithelial cells line
the internal and external surfaces of the body and formmany of
the major organs such as liver and lungs. Most epithelial tissues
are derived from the embryonic germ layers referred to as
entoderm and ectoderm.

There are general guidelines used in naming neoplasms. A
benign epithelial neoplasm originating within a glandular
tissue is called an ‘adenoma,’ having the prefix ‘adeno’ to
designate that the origin is one of many glandular tissues and
the suffix ‘oma’ to indicate a swelling or tissue enlargement.
One or more qualifiers may be added to the name to indicate
the tissue of origin and various morphological features as in
hepatocellular (liver cell) adenoma, thyroid follicular (forming
follicles) adenoma, or renal (kidney) tubular cell adenoma. An
adenoma with morphological features resembling fingerlike or
warty projections would be called a papillary adenoma; with
cystic spaces, a cystadenoma; with both of these features,
a papillary cystadenoma. Benign mesenchymal neoplasms also
utilize the ‘oma’ suffix in their name, as in meningioma,
hemangioma, and fibroma. The prefix for mesenchymal
neoplasms usually identifies the specific tissue of origin such as
meninges (meningioma), blood vessels (hemangioma), or
fibrous connective tissue (fibroma). Nomenclature for several
benign neoplasms is presented in Table 2.

Malignant epithelial neoplasms are typically called ‘carci-
nomas’ and qualified by histogenetic origin. Thus, malignant
skin neoplasms are called epidermal carcinomas if they arise in
the superficial layers or epidermis of the skin. If they are
composed predominantly of squamous cells, they are called
squamous cell carcinomas; if chiefly basal cells, basal cell
carcinomas. Malignant mesenchymal neoplasms are called
‘sarcomas.’ Examples of the latter include fibrosarcoma,
a malignant neoplasm of the connective tissue; osteosarcoma,
Malignant

Will usually kill the host if not treated
ct Can kill the host by destruction of vital tissue

Rapid (but slower than tissue repair); growth escapes, normal
control mechanisms

in Infiltrates or invades and spreads to distant sited
Invades and destroys surrounding tissues

Anaplastic, dysplastic, and pleomorphic; may be associated
with hemorrhage, necrosis, and inflammation

Mitoses may be numerous and abnormal; nucleus often
enlarged, irregular in shape, and hyperchromatic; nucleolus
hyperchromatic and enlarged

Radiation sensitivity increased in approximate proportion to
the degree of malignancy; frequently treated with radiation



Figure 2 Tissue types associated with neoplasm names.
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amalignant bone neoplasm; and leiomyosarcoma, a malignant
neoplasm of the smooth muscle tissue. The nomenclature for
several malignant neoplasms is presented in Table 2.

Much of the general confusion surrounding the nomen-
clature of neoplasms results from numerous exceptions and
permutations in the general histogenetic and clinical guidelines
for naming neoplasms. Many of these exceptions are deeply
ingrained in traditional pathology practice, and attempts at
standardization have been largely unsuccessful. Examples are
thymoma, lymphoma, melanoma, and neuroblastoma –

neoplasms that are generally regarded as malignant despite
their benign-sounding names and should more properly be
called malignant thymoma or thymic sarcoma, malignant
lymphoma or lymphosarcoma, malignant melanoma or mel-
anosarcoma, and malignant neuroblastoma, respectively.
Other neoplasms are named for their physical attributes such as
pheochromocytoma (dark-colored neoplasms typically arising
in the adrenal medulla). In addition, some neoplasms were
originally named for the person first describing the lesion, and
examples such as Hodgkin’s disease of lymphoid tissue and
Wilms’ kidney tumor have persisted to this day. Neoplasms
composed of mixtures of cells are named accordingly; examples
include fibroadenoma, adenosquamous carcinoma, and carci-
nosarcoma. To complicate matters further, there are several
tissue alterations that are not neoplasms but have names sug-
gesting that they are: hamartomas (a disorganized aggregate of
normal tissue components thought to represent faulty differ-
entiation during embryonic development) and choristomas
(focal collections of normal tissue found at an abnormal site
such as islands of pancreatic cells in the wall of the stomach).
There are also instances in which a neoplasm is histologically
considered malignant but clinically benign, such as in basal cell
carcinoma of the skin. In addition, localized overgrowths of
normal tissue components such as skin tags and vocal cord
polyps are clinically recognized as tumors but are not truly
neoplastic.
Tissue Changes Associated with Carcinogenesis

Quantitative – Hyperplasia and Preneoplasia

Proliferative lesions, which may be classified morphologically
as hyperplasia, preneoplasia, benign neoplasia, or malignant
neoplasia, represent a continuum of change with considerable
overlap rather than discrete morphologic entities (Figure 3).
The definitive classification of a given lesion as preneoplasia,
benign neoplasia, or malignant neoplasia represents a judg-
ment based on the experience of the diagnostic pathologist and
familiarity with the species and tissue in question. These
lesions are recognized by their microscopic appearance and
effect on surrounding tissues and typically are a localized
proliferation or hyperplasia of a specific cell type. Most
neoplasms are believed to be derived from the clonal prolif-
eration of a single initiated cell. Usually at some point early in
the clonal expansion, the differentially proliferating cells
become phenotypically distinguishable from the surrounding
normal tissue. Although such lesions may not yet have suffi-
cient characteristics to qualify as neoplasms, their recognition
early in the process of carcinogenesis has led many to regard
them as ‘preneoplastic.’

There is considerable confusion regarding the significance of
hyperplasia in the neoplastic process. Hyperplasia is an increase



Table 2 Selected nomenclature of neoplasia

Tissue Benign neoplasia Malignant neoplasia

Epithelium

Squamous Squamous cell papilloma Squamous cell carcinoma
Transitional Transitional cell papilloma Transition cell carcinoma

Glandular

Liver cell Hepatocellular adenoma Hepatocellular carcinoma
Islet cell Islet cell adenoma Islet cell adenocarcinoma

Connective tissue

Adult fibrous Fibroma Fibrosarcoma
Embryonic Myxoma Myxosarcoma
Cartilage Chondroma Chondrosarcoma
Bone Osteoma Osteosarcoma
Fat Lipoma Liposarcoma

Muscle

Smooth Leiomyoma Leiomyosarcoma
Skeletal Rhabdomyoma Rhabdomyosarcoma
Cardiac Rhabdomyoma Rhabdomyosarcoma

Endothelium

Lymph Lymphangioma Lymphangiosarcoma
Blood Hemangioma Hemangiosarcoma

Lymphoreticular

Thymus Not recognized Thymoma
Lymph nodes Not recognized Lymphosarcoma

(malignant lymphoma)

Hematopoietic

Bone marrow Not recognized Leukemia

Neural tissue

Nerve sheath Neurilemmoma Neurilemmosarcoma
Astrocytes Not recognized Astrocytoma

Note: -oma, swelling; sarc-, malignant neoplasm of mesenchymal origin; carcin-,
malignant neoplasm of epithelial origin.

Figure 3 Morphologic continuum of carcinogenesis.

Table 3 Examples of presumptive preneoplastic
lesions

Tissue Presumptive preneoplastic lesion

Mammary gland Hyperplastic alveolar nodules
Atypical epithelial hyperplasia
Lobular hyperplasia
Intraductal hyperplasia
Hyperplastic terminal duct

Liver Foci of cellular alteration
Hepatocellular hyperplasia
Oval cell proliferation
Cholangiofibrosis

Kidney Atypical tubular dilation
Atypical tubular hyperplasia

Skin Increase in dark basal keratinocytes
Focal hyperplasia/hyperkeratosis

Pancreas Foci of acinar cell alteration
Hyperplastic nodules
Atypical acinar cell nodules

Colon Aberrant crypt foci
Bladder cancer Nodular hyperplasia
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in the number of cells per unit of tissue, typically limited in
amount and terminating when the stimulus that evoked it is
removed. Different cell types have varying capacities to undergo
hyperplasia in response to physiological or pathological stimuli.
One of the most difficult judgments, even for the experienced
pathologist, is whether an observed hyperplasia is part of the
process of cancer development or merely an adaptive or phys-
iologic response not likely to progress to neoplasia. The tissue
affected, whether the hyperplasia is diffuse or nodular, the age
of the affected individual, the proximate cause of the hyper-
plastic response, and the growth pattern of the hyperplastic
tissues influence this judgment.

Preneoplasia refers to an increase in proliferative lesions that
lead to the development of a tumor (an absolute increase in the
number of cells in a tissue). Although not all neoplasms exhibit
a preneoplastic change recognizable by the pathologist, in those
instances in which presumptive alterations are observed, their
occurrence documents that there is a response to tissue insult.
Examples of presumptive preneoplastic lesions are presented in
Table 3. In those experimental models of carcinogenesis in
which preneoplasia is observed, it precedes the occurrence of
benign neoplasia. An important feature of preneoplastic lesions
is their propensity for reversibility. In some instances, a pre-
neoplastic lesion represents the clonal expansion of a cell that
has sustained genetic damage so that benign neoplasms arise
within the preneoplastic lesion, presumably when one of the
preneoplastic cells sustains additional genetic damage, giving it
a growth advantage. In other situations, the antecedent change
is a localized polyclonal cellular proliferation historically asso-
ciated with subsequent development of a neoplasm in the same
tissue. A classical example is alcoholic cirrhosis, which in the
case of chronic alcohol abuse, leads to multiple, polyclonal
areas of liver cell hyperplasia and an increased risk for the
development of hepatocellular neoplasia. In both preneoplasia
and certain forms of hyperplasia, the antecedent lesions typi-
cally have a higher rate of cell proliferation than the
surrounding normal cells and, thus, these cells are at increased
risk to sustain additional genetic damage and progress to the
next stage in the carcinogenic process.

A benign neoplasm is generally a localized expansive
growth that compresses adjacent normal tissue but is usually
not immediately life threatening unless it physically interferes
with normal function, for example, by blocking the intestinal
tract or compressing vital areas in the brain. Controversy
regarding the significance of benign neoplasia with respect to
the development of malignancy is similar to that associated
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with preneoplastic lesions. A benign neoplasm, the clonal
expansion of cells that have sustained some degree of genetic
damage, is further along the spectrum of changes that precede
the development of malignant neoplasia. In experimental
carcinogenesis animal models, malignant neoplasia is not
infrequently observed arising from or within a benign
neoplasm. Features of benign neoplasms are listed in Table 1.

Malignant neoplasms are rapidly growing, locally invasive
tissue proliferations that destroy surrounding tissues and are
thus life threatening. They also have the malicious feature of
spreading to distant sites in the body via the blood and
lymphatic system. Although malignancy develops with greater
frequency in association with (1) pathologic hyperplasia and
preneoplasia, (2) qualitative alterations in cells, and (3) benign
neoplasia than in association with normal tissues, these changes
are not necessary precursors to malignancy. In situ carcinomas
are malignant neoplasms that originate without evidence of
antecedent benign tissue alteration. When precursor lesions are
present prior to or concomitant with malignant neoplasia, it is
probable that the malignancy is a consequence of the same or
similar factors that produced the precursor lesions. Character-
istics of malignant neoplasms are listed in Table 1.
Qualitative – Metaplasia, Dysplasia, and Anaplasia

In addition to quantitative increases in certain cells, several
qualitative cytological features help allow the morphologic
classification of the spectrum of proliferative lesions that may
be observed in the process of carcinogenesis. Three frequently
used qualitative cytological features are metaplasia, dysplasia,
and anaplasia.

Metaplasia is the reversible substitution of one type of fully
differentiated cell for another within a given tissue. A classic
example is the replacement of the normal ciliated columnar
epithelial cells in the respiratory tract airways by squamous
epithelium (Figure 4) in situations in which there is chronic
Figure 4 Qualitative changes in epithelial tissues.
irritation from certain components of inhaled tobacco smoke.
While the squamous epithelium is believed to provide func-
tional protection against the irritant properties of the smoke, the
loss of the ciliated columnar epithelium results in the reduction
of functional capacity of the lungs to clear particulates from
respiratory tract. When the irritation is removed, the squamous
epithelium is replaced by normal ciliated columnar epithelium.

Dysplasia is defined as abnormal growth of a tissue with
respect to shape, size, and organization of component cells.
Normal cell-to-cell orientations are disorganized or disrupted,
and the cells themselves vary in size and shape (Figure 4).
When present, dysplasia may be associated with chronic irri-
tation, occur with metaplasia, and be seen in neoplastic
transformation. It is a change that is a hallmark of increased
risk for development of neoplasia. Like metaplasia, dysplasia is
a potentially reversible tissue alteration. It is also considered in
some circumstances as a preneoplastic change.

Anaplasia is a qualitative alteration of cellular differentia-
tion. Anaplastic cells are typically undifferentiated and may
bear little, if any, resemblance to mature cells. This feature is
considered a hallmark of malignancy.
Staging and Grading of Cancers

In human oncology, the experience from collective years of
observation of the outcome of many cancers has strengthened
the predicitivity of histological grades and clinical staging in
prognostication. The purpose of grading and staging
a neoplasm is to predict its biological behavior and to help
establish an appropriate therapeutic regimen. Grading is
a subjective evaluation of morphologic characteristics based on
the extent of cellular anaplasia and the degree of proliferation
evident from microscopic evaluation. Generally, neoplasms
with a high degree of anaplasia, associated specific morpho-
logic patterns of growth, and evidence of numerous mitoses,
some of which may be abnormal, are given a high grade of
malignancy. Most grading schemes categorize neoplasms into
one of three or four grades of increasing malignancy.

Staging of a cancer, which is independent of grading, is an
index of the extent to which a cancer has spread in the body. It
also provides information regarding the patient’s clinical
prognosis, and usually influences the choice of appropriate
therapy more than grading. Criteria used for staging neoplasms
include the size of the primary neoplasm, the degree to which
there is invasion of surrounding normal tissues, whether the
cancer has spread to local lymph nodes, and the presence of
spread to distant sites in the body. Thus, it is apparent that
staging will have a large influence on the therapeutic approach.
A small and localized breast cancer would most likely be
treated by surgical excision and possibly radiation therapy,
whereas a large, infiltrative breast cancer would more likely be
treated by mastectomy. If the cancer has spread to lymph nodes
or distant sites, more aggressive therapy is implemented.

The ultimate fate of cells or proliferative tissue masses is
influenced by the amount of sustained genetic damage. Cells
with minimal DNA damage may persist in a latent form,
indistinguishable from surrounding normal cells. If such
a latent cell sustains additional damage even long after the
initial insult, it may then progress further along the pathway to
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malignancy (see Figure 1). As additional genetic damage
occurs, the altered cell population expands and eventually
leads to irreversible uncontrolled growth that may or may not
be corrected by aggressive medical intervention.
Molecular Basis of Cancer

Multistep Genetic Model of Carcinogenesis

Genetically, the multistage process involves the activation of
growth-enhancing proto-oncogenes, inactivation of the reces-
sive growth-inhibitory tumor suppressor genes, as well as
epigenetic events that alter gene expression and processes such
as those involved in cell death, DNA repair, and methylation
(Table 4). Cancer cells frequently contain mutations in
multiple genes as well as large chromosomal abnormalities.
Since their discovery w25 years ago, more than 100 proto-
oncogenes and w15 tumor suppressor genes have been iden-
tified. Proto-oncogenes were first discovered in cancer-causing
animal viruses that carried them. Intense study of these
viruses, particularly by Varmus and Bishop in the 1970s,
resulted in the discovery that endogenous animal genes had
been picked up by virus ancestors and incorporated into the
viral genome. Soon thereafter a number of these proto-onco-
genes were identified in both the animal and human genome
and later found to play a role in cancer development.

A widely accepted multistep model of carcinogenesis
proposed by Fearon and Vogelstein in 1990 serves as the
framework for studies in carcinogenesis (Figure 5). By studying
multiple benign and malignant colonic neoplasms from indi-
viduals with multiple tumors, they found that benign
neoplasms harbored mutations in genes such as APC, ras, and
p53, and that there were frequently multiple mutations per
neoplasm, particularly of the malignant neoplasms. The model
describes a progressive acquisition of mutations, and it is
believed the total accumulation of mutations (at least five to
seven) rather than the order is important in the carcinogenic
process. New evidence has been published to further refine this
model. Recently, it has been proposed that some neoplasms are
dependent on the continued activation or overexpression of
a particular oncogene for maintaining malignant behavior.
Table 4 Genetic and epigenetic events involved in cancer
development

Proto-oncogenes (growth-enhancing)

Growth factors PDGF-B, FGF, sis
Growth factor receptors EGFR, CSF
Signal transduction ras, abl
Nuclear regulatory proteins myc, fos
Cell cycle regulators Cyclins and cdks

Tumor suppressor genes (growth-inhibiting)

Cell surface molecules TGF-bR
Regulate signal transduction NF1
DNA repair, cell cycle p53, Rb, BRCA1
Apoptosis genes Bcl-2, Bcl-x, Bax, bad, Bcl-xS
DNA repair genes HNPCC, XP
Epigenetic events Methylation
Others have found that some neoplasms are ‘hypersensitive’ to
the inhibitory effects of specific tumor suppressor genes. These
findings suggest that the multistage process of carcinogenesis is
not simply a summation of individual effects of cancer genes
but that some individual cancer genes can override the others
(referred to by some as the ‘Achilles heel of cancer’), and they
offer new strategies for the prevention and therapy of cancer.
Oncogenes

Among the estimated 25 000 genes in the mammalian genome,
there are about 100 genes that are classified as oncogenes
because activation of these genes appears to be an essential
event for the development of many, if not all, cancers. In fact,
oncogenes were first discovered by studying genetic alterations
in cancers. The term oncogene activation indicates a quantita-
tive or qualitative alteration in the expression or function of the
oncogene. The term oncogene is unfortunate since the unal-
tered (nonactivated) oncogene (usually referred to as a proto-
oncogene) actually serves an essential function in the
mammalian genome. That proto-oncogenes are highly
conserved in evolution is evidenced by structurally and func-
tionally similar genes in yeast, earthworms, animals, and
humans. The highly conserved nature of proto-oncogenes is
believed to be related to their essential function in normal
tissue growth and differentiation. Since their normal function
is to control how a tissue grows and develops, it is apparent
that, if they do not function appropriately, abnormal growth
and development may occur. When a primary manifestation of
such abnormal growth was observed to be neoplasia, these
proto-oncogenes were named oncogenes. This nomenclature
has persisted despite the ultimate discovery that the unaltered
forms of these genes are normal components of the genome.

The appearance (phenotype) and function of a tissue is
a consequence of which genes are actively producing their
programmed product, typically a protein, which in turn affects
the structure and function of the cells comprising a given tissue.
All somatic cells in the body inherit a complete complement of
maternal and paternal genes. The reason that some cells form
liver and produce products such as albumin while other cells
form kidney tubules that function to excrete substances from
the body is a consequence of which genes are expressed in
those cells. In liver cells, several critical genes that are important
in kidney function are not expressed and vice versa. Specific
gene expression and its effect on tissue phenotype and function
are modulated by several intrinsic and extrinsic factors
(Figure 6). Since a primary function of many oncogenes is to
control cell growth, proliferation, and differentiation, inap-
propriate expression of these genes would be expected to
influence abnormally tissue proliferation and growth. Onco-
gene activation is a consequence of inappropriate or excessive
expression of a proto-oncogene.

Oncogenes can be activated by several different mecha-
nisms (e.g., retroviral transduction, chromosomal trans-
location, gene amplification, point mutation, promoter/
enhancer insertion, or decreased methylation of promoters).
Once activated, an oncogene will be either inappropriately
expressed (e.g., production of an altered message and protein)
or overexpressed (e.g., production of too much of a normal
message and protein). Either situation may contribute to the



Figure 5 Multistep aspects of human colon carcinogenesis.

Figure 6 Intrinsic and extrinsic factors modulating specific gene expression and its effect on tissue phenotype and function.
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neoplastic process by influencing cellular proliferation and
differentiation. Examples of activated or amplified oncogenes
detected in human and animal neoplasms are listed in Tables 5
and 6, respectively. For some cancers, the frequency of onco-
gene activation is relatively high, while for other cancers, the
activation of known oncogenes is uncommon. Identification of
specific alterations in oncogenes in certain cancers represents
a first step in determining the molecular basis of cancer and
could eventually lead to the development of molecular inter-
vention and therapeutic strategies. Experimental evidence
indicates that oncogene activation can be an early critical event
in carcinogenesis, and experimental studies with known
chemical carcinogens show that they produce specific alter-
ations in certain oncogenes, reflecting the manner in which the
carcinogen chemically affects DNA.
Tumor Suppressor Genes

Tumor suppressor genes, originally called antioncogenes,
function to suppress the development of cancerous growth.



Table 5 Examples of human neoplasms associated with activated
or amplified oncogenes

Oncogene Type of human neoplasia

H-RAS Squamous cell carcinoma
Urinary bladder carcinoma
Lung carcinoma
Acute myelogenous leukemia

K-RAS Lung adenocarcinoma
Colon carcinoma
Ovarian carcinoma
Gastric carcinoma
Renal cell carcinoma
Acute myelogenous leukemia
Pancreatic ductal adenocarcinoma

N-RAS Acute myelogenous leukemia
Chronic myelogenous leukemia

ABL Chronic myelogenous leukemia
ERBB2 Breast carcinoma

Salivary gland adenocarcinoma
MYC Small cell carcinoma of the lung

Burkitt’s lymphoma
N-MYC Neuroblastoma

Table 6 Examples of animals neoplasms associated with activated
oncogenes

Oncogene Type of animal neoplasia

H-ras Hepatocellular adenoma and carcinoma
Harderian gland adenoma
Mammary carcinoma
Skin squamous cell carcinoma

K-ras Lung adenoma and adenocarcinoma
Pancreatic carcinoma
Hepatocellular carcinoma

N-ras Leukemia
Lymphosarcoma

Raf Fibrosarcoma
neu (erbB2) Neuroblastoma
Abl Lymphosarcoma
C-myc Leukemia

Lymphosarcoma
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While oncogenes must be activated to be effective, tumor
suppressor genes must be inactivated or lost for cancer to
develop. It has been shown that loss or mutation of both
paternal and maternal copies, that is, in both alleles, of
a tumor suppressor gene must occur to ablate their effect of
suppressing cancer formation. A well-known and extensively
studied tumor suppressor gene is the retinoblastoma gene
(RB-1). In hereditary retinoblastoma, an affected child is born
with deletions of portions of one allele of chromosome 13
containing the RB-1 gene. If a second event leading to a loss or
alteration of the remaining RB-1 allele occurs while retinal
cells are undergoing growth during development, the ocular
neoplasm retinoblastoma, frequently present in both eyes, will
occur early in life. Loss or alteration of both copies of this
tumor suppressor gene is sufficient to cause retinoblastoma.
Although named for the disease in which it was discovered,
alterations in the RB-1 gene have been detected in breast, lung,
prostate, and bone cancers.
Acquisition of Mutations

The rate of mutation has been intensely studied in the carci-
nogenic process. Mutations in cellular DNA can arise during
normal cell replication by infidelity in DNA replication
(mispairing) as well as by chromosomal deletions, amplifica-
tions, or rearrangements. Considering mispairing in nucleotide
bases alone, it is estimated that spontaneous mispairing
during normal cell replication can occur with a frequency of
w1.4� 10�10 nucleotide bases per cell division. Since there are
w1016 cell divisions per human lifespan and 2 � 109 nucleo-
tide base pairs per genome, a total of 2.8 � 1015 mispairings
could occur in a lifetime ((1.4� 10�10)� (2� 109)� 1016). If
each mispair led to a mutation that resulted in a cancer,
a typical human would have billions of cancers in one average
lifetime. Since such estimates of cancer frequency are clearly in
excess of what is observed, it is necessary to postulate that
events in addition to a single mutation are necessary for most
cancers to occur and that many mispairings are repaired or fatal
to the cell. There are efficient mechanisms to repair DNA
damage, thereby precluding successive accumulation of critical
mutations. Cell proliferation is also critical for ‘fixing’ DNA
damage since, without production of daughter cells from
a damaged mother cell, there would be no inheritance of DNA
damage. The cell has relatively efficient mechanisms to repair
damage provided there is time prior to cell division. If a tissue is
proliferating rapidly, cell division could occur before the cell
has time to mend damaged DNA. While all of the above
underscore the importance of cell proliferation in carcinogen-
esis, neoplasia does not occur exclusively or necessarily at
higher frequency in tissues that have a rapid intrinsic rate of cell
proliferation. Consequently, other important mechanistic
factors influence the complex process of carcinogenesis.

In 1994, Loeb et al. proposed that neoplastic cells likely
have a higher mutation rate than normal cells (w2 � 10�7 per
gene per cell division) and thereby increase the likelihood of
neoplastic cells acquiring further mutations conducive to
neoplastic growth features. This is referred to as the ‘mutator
phenotype’ (Figure 7). It suggests that early mutation in
stability genes (i.e., DNA repair, mismatch repair, DNA repli-
cation, or chromosome maintenance) will lead to the mutator
phenotype and further mutations contribute to the subsequent
invasive and metastatic properties of the neoplastic growth.
Others argue that the mutation rate is similar between
neoplastic and normal cells and that it is the higher rate of cell
proliferation in neoplasms that gives them more opportunity
to accumulate mutations. The healthy debates continue to feed
our quest to prevent and cure the neoplastic process.
Growth Factors, Hormones, and Signal Transduction

While alterations in cellular DNA are critical in carcinogenesis,
some cancer-causing agents, particularly those that are not
genotoxic, play a major role in cancer development by indi-
rectly influencing gene expression and growth control by
altering signal transduction. While the pivotal role of
hormones in the orchestration of tissue growth and



Figure 7 Mutator phenotype model.
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development has been appreciated for decades, the recent
discovery of polypeptide growth factors has added to our
knowledge of the complex constellation of control mecha-
nisms that affect normal cellular growth. Both hormones and
growth factors bind to specific cellular receptors and thereby
trigger a cascade of intracellular reactions that seem to be
associated ultimately with cellular proliferation. This cascade of
intracellular reactions is sometimes referred to as signal trans-
duction, the process whereby a stimulus external to the cell
triggers a cascade of intracellular biochemical reactions that
ultimately lead to expression of specific genes. A simplified
depiction of the interaction of hormones and growth factors
with cellular signal transduction is presented in Figure 8. This
concept is perhaps best exemplified by the process whereby
a normal hormone stimulates a tissue to grow. An example is
breast development and milk production in response to the
hormone prolactin. In this example, prolactin binds to
a specific prolactin receptor on the external surface of the cell,
Figure 8 Simplified depiction of the interaction of hormones and growth fa
which, in turn, triggers a biochemical change inside the cell
membrane via molecules that are attached to the external
receptor and pass through the cell membrane. This in turn
triggers a long chain of biochemical reactions ultimately
resulting in a signal to specific genes in the cellular DNA so that
they become active. The specific genes, in this example, initiate
a program that causes breast cells to divide and secrete milk.
The signal transduction pathways in mammalian cells are
highly interactive with numerous positive (signal-sending) and
negative (signal-blocking) feedback loops. An appropriate
balance between the positive and negative feedback loops is
necessary for the proper functional response to the initial
stimulus.

Some forms of cancer development are believed to be
facilitated by perturbations in one or more places in the signal
transduction pathway. Thus, exposure to certain agents may
potentially affect the balance of positive and negative feedback
loops in the signal transduction pathway and make cells more
ctors with cellular signal transduction.



Table 7 Examples of genetic predisposition to cancer development
in humans

Genetic predisposition Associated cancer

Germline deletion on
chromosome 13

Retinoblastoma
Osteosarcoma

Germline deletion on
chromosome 11

Renal nephroblastoma
(Wilms’ tumor)

Hepatoblastoma
Rhabdomyosarcoma
Adrenal carcinoma

Germline mutation in
BRCA1 or BRCA2

Breast or ovarian cancer

Li–Fraumeni syndrome Soft tissue sarcomas in children
Breast cancer in mother

Von Hippel–Lindau disease Hemangiomas in the brain and
retina

Von Recklinghausen’s disease Fibrosarcoma
Neuroma
Pheochromocytoma

Familial dysplastic nevi Malignant melanoma
Xeroderma pigmentosa-defective

ability to repair damaged DNA
Cutaneous squamous cell
carcinoma

Ataxia-telangiectasia Leukemia
Malignant lymphoma
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susceptible to stimuli that promote growth. An example is the
nongenotoxic skin tumor promoter phorbol ester, which acti-
vates protein kinase C, a multifunctional element in the signal
transduction pathway that mediates many critical cellular
regulatory processes. Treatment of initiated mouse skin with
phorbol ester activates protein kinase C, resulting in the
development of benign and malignant skin neoplasms. The
complexity and pivotal importance of the signal transduction
pathways help explain why multiple types of agents influence
carcinogenesis, why multiple steps are involved in the carci-
nogenic process, and why different cancers are so heteroge-
neous. Signal transduction involves shifts in intracellular ion
fluxes for elements such as sodium, potassium, and calcium. It
also often involves activation of protein kinase C, an enzyme
that phosphorylates many proteins that may be important in
producing a mitogenic response. Part of the signal transduction
cascade involves increased expression of cyclic adenosine
monophosphate, now recognized as a mitogenic signal, and
increased expression of one or more cellular proto-oncogenes.
Current research results demonstrate that increasing numbers
of proto-oncogenes and growth factors are integral parts of the
signal transduction pathway and, when altered, influence
development of cancer by subverting signal transduction.
Stomach carcinoma
Familial adenomatous polyposis Colon adenocarcinoma
Telomeres and Telomerase

Telomerase activation appears to be a critical component of the
immortalization process in neoplastic cells, and it may provide
the basis for new therapeutic targets. Telomeres are specialized
structures at the ends of chromosomes, and telomerase is the
enzyme that maintains the length of the telomeres. During each
round of cell division, there is a loss of a small number of
nucleotides, causing progressive erosion of genetic material at
the end of each chromosome. As the normal cell divides, the
telomeres shorten and telomerase is inactive. After a certain
number of divisions, the shortened telomeres signal the cell to
cease dividing and the cells become ‘senescent’ or perhaps will
die by apoptosis. Germ cells and some neoplastic cells have
sustained function of the telomerase enzyme, which helps
maintain lengthening of the telomeres and promote continued
replication. Tumors having an increased telomerase activity
suggest a direct effect, but it is only part of the story. For
example, p53 is activated by telomerase and in the absence of
p53 these cells fail to undergo apoptosis and go on to
proliferate.
Heredity and Cancer: Family Cancer Syndromes

That certain cancers occur in greater frequency within families
represents primary empirical evidence for susceptibility based
on some hereditary element. Some genetic predispositions exist
for cancers of unknown etiology, while interactions between
genetic susceptibility and environmental factors are probably
responsible for a large proportion of human cancers. Heredi-
tary predispositions include DNA repair deficiencies, inability
to detoxify carcinogens, and germline loss or mutations of
critical genes. Examples of genetic predispositions to cancer are
listed in Table 7 and include neurofibromatosis, retinoblas-
toma, breast cancer, and adenomatosis of the colon. In many of
these instances, one event in the carcinogenic process is
believed to be an inherited germline mutation in the DNA.
Another inherited anomaly, an inability to repair ultraviolet
light-induced DNA damage in individuals with the condition
xeroderma pigmentosum, is associated with sensitivity to
sunlight and a high incidence of skin neoplasia. However, the
majority of genetic damage associated with carcinogenesis is
acquired either in utero or from environmental and/or lifestyle
factors to which individuals are exposed. Even for those indi-
viduals with a hereditary predisposition to neoplasia, addi-
tional DNA damage is necessary to lead ultimately to its
development. Environmental factors that may increase the risk
of cancer development in genetically predisposed individuals
include exposure to radiation and agents that stimulate cellular
proliferation. Experimental systems in which to study genetic
susceptibility to cancer are critically needed to assess the role of
gene–environmental interaction in the development of human
cancer.

For some cancers in genetically predisposed individuals, the
data are consistent with an association between malignant
neoplasia and biallelic genetic alteration, and this is supported
by studies of tumor suppressor genes, which prevent the
development of neoplasia. Alteration or loss of a single tumor
suppressor gene allele is usually insufficient to permit the
development of neoplasia. In other words, the remaining
functional tumor suppressor gene copy is sufficient to prevent
the development of neoplasia; if it is lost or altered, however,
neoplasia can develop. This situation occurs in hereditary
childhood retinoblastoma, a malignant neoplasm of the retinal
cells of the eye. Susceptible individuals inherit a partial loss of
one copy (one allele) of chromosome 13, where the retino-
blastoma tumor suppressor gene (RB-1) is located, and acquire
an alteration or loss of the remaining RB-1 allele during early
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development. The affected child subsequently develops reti-
noblastoma, often within the first 2 years of life.
The Immune System and Cancer

The proper functioning of the immune system is evidenced by
recovery from common childhood diseases such as mumps
and chicken pox. A properly functioning immune system
recognizes the foreignness of the agents responsible for these
diseases, responds to the infection, eliminates the foreign
agents, and confers long-term immunity to subsequent infec-
tion by the same or similar agents. It has been proposed that
cancer cells are recognized as foreign and that the immune
system functions to eliminate such cells from the body before
they are transformed into large, malignant neoplasms. This
process involves elaboration of antibodies that bind to the
cancer cells and activate a process whereby the cancer cells are
killed. In addition, specific cells of the immune system, such as
cytotoxic T lymphocytes, natural killer cells, and macrophages,
have a mechanism for recognizing foreign cells and eliminating
them from the body. The process of immune surveillance and
removal of cancer cells is facilitated when the cancer cells
express surface antigens that are recognized as foreign. Expo-
sure to agents that depress the normal functioning of the
immune system can lead indirectly to neoplasia by permitting
early persistence and development of recently emergent cancer
cells. Once a neoplasm has reached a critical size and growth
rate, it may not be possible for even a properly functional
immune system to effectively eliminate the neoplastic cells.
The pharmacologic manipulation of the immune system can
ameliorate cancer patients. This is the case of immunotherapy,
a good example is the use of BCG (Bacillus Calmette Guerin) in
bladder cancer patients.
Operational Phases and Theoretical Aspects of
Carcinogenesis

In addition to being complex, the process of carcinogenesis is
typically prolonged, requiring a significant portion of the life-
span to become clinically apparent. While perturbations in
cellular DNA are essential to carcinogenesis, they alone are not
sufficient to cause cancer in all cases. Thus, in some experi-
mental situations, a few minutes of exposure to a carcinogen is
sufficient to result ultimately in cancer, whereas in other situ-
ations, exposure to the same carcinogen will not result in cancer
unless there is additional experimental manipulation. Smokers
illustrate this principle since many, but not all, ultimately
develop lung cancer. In other experimental studies, simulta-
neous administration of a carcinogen and a second agent may
enhance, reduce, or block the carcinogenic process depending
on the agent employed. These and other carcinogenesis studies
have elucidated some of the mechanisms and factors that
influence carcinogenesis, delimited some of the specific stages
in the multistep process, and continually reminded us of the
complexity of this disease process.

Multistep experimental models of carcinogenesis are useful
in defining events in the neoplastic process; provide the foun-
dations for current operational descriptions and hypotheses of
the biological mechanisms of carcinogenesis (see Figure 1); are
available for many organ systems including the skin, liver,
urinary bladder, lung, intestine, mammary gland, and pancreas;
and frequently are derived from studies of the effects of chem-
ical agents on laboratory animals. The operational phases of
carcinogenesis include initiation, promotion, and progression.
Initiation

During the initiation phase of chemical carcinogenesis,
a chemical agent or carcinogen interacts with a cell to produce
an irreversible change that may ultimately be manifested by
a capacity for autonomous growth. The initiated cell appears
normal, and the capacity for autonomous growth may remain
latent for weeks, months, or years. Initiation implies alteration
of the affected cell’s DNA at one or more sites, a mutational
event that is by definition hereditary. Direct-acting carcinogens
interact directly with cellular DNA to produce the damage
while indirect-acting carcinogens must be metabolized by the
cell to produce a chemical species that interacts with cellular
DNA. The majority of damaged cells have the ability to repair
the damaged DNA over a period of days or weeks; however, if
a cell undergoes cell division with its attendant DNA replica-
tion prior to repair of the DNA damage, the DNA alteration
becomes ‘fixed,’ is no longer reparable, and is inherited by all
subsequent daughter cells. The operational phase of initiation
is relatively short and may occur within hours or days. In
contrast, the progression of an initiated cell to a fully malignant
neoplasm is a prolonged process requiring months in animals
and years in humans. Based on a large body of evidence that
most initiators are mutagenic or genotoxic, a battery of short-
term mutagenicity tests in bacteria and cell culture systems
has evolved to identify chemicals with genotoxic properties.
Once identified, such chemicals should be rigorously regulated
to prevent human exposure. This approach is considered
prudent because of the irreversible and hereditary nature of the
changes that occur during initiation. Indeed, it is generally
believed that even a single molecule of a mutagenic substance
is potentially sufficient to damage DNA irreversibly. Thus, for
practical purposes, there is no threshold or safe level of expo-
sure to a mutagenic agent. Salient features of initiation are
listed in Table 8.

Initiators interact with host cellular macromolecules and
nucleic acids in specific patterns. Themajority of known initiators
have both initiating and promoting (see below) activity and can
thus induce neoplasms rapidly and in high yield when there is
repeated or high-level exposure. When given at sufficiently low
single doses, an initiated cell requires subsequent promotion for
the development of any neoplasia. Thus, the dose of an initiator
is a critical determinant of its carcinogenic potential.
Promotion

Promotion is classically considered that portion of the multistep
carcinogenic process in which specific agents, known as
promoters, enhance the development of neoplasms by providing
initiated cells with a selective growth advantage over the
surrounding normal cells. The characteristic features of promo-
tion are listed in Table 8. By definition, a promoter is given at
some time after chemically induced or fortuitous initiation, and



Table 8 Salient features of initiation and promotion of neoplasia

Initiators/initiation

l Effect is irreversible
l Only one exposure may suffice
l Multiple exposures may be additive
l Cannot identify initiated cells
l Agents are considered carcinogens
l Agents are usually mutagenic
l No measurable threshold dose
l Must be administered before the promoter
l Does not result in neoplasia unless promoter is subsequently applied
l Number of initiated cells dependent on dose of initiator
Promoters/promotion
l Nonadditive
l Agents not capable of initiation
l Modulated by diet, hormones, environment, and other factors
l Measurable threshold dose
l Measurable maximal response
l Agents not considered carcinogens but may be cocarcinogens
l Must be administered after the initiator
l Agents are usually not mutagenic
l Prolonged exposure is usually required
l Progression
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the experimental doses of promoting agent are insufficient to
produce cancer without prior initiation. When classical
promoters are administered at sufficiently high doses and for
prolonged intervals, neoplasia can occur without evidence of
prior initiation. Under these conditions, a promoting agent must
be considered a complete carcinogen unless fortuitous initiation
from background radiation, dietary contaminants, environ-
mental toxins, etc., is believed to have occurred. However, under
experimental conditions commonly employed in short- and
medium-term initiation–promotion experiments, neoplasia
does not typically occur in animals that are not previously
initiated.

The temporal sequence of promoter administration is critical
to the operational definition of promotion. The agent must be
administered after initiation and cause enhancement of the
neoplastic process to be considered a promoter. If an agent is
given simultaneously with an initiator and results in enhance-
ment of development of neoplasms, it is regarded as a cocar-
cinogen rather than a promoter. While some promoters are
cocarcinogenic (e.g., phorbol esters), not all promoters (e.g.,
phenobarbital and phenol) possess cocarcinogenicity and,
conversely, not all cocarcinogens are promoters. Under these
same conditions of simultaneous administration, a diminution
in the neoplasm response is considered evidence of anticarci-
nogenic activity. Several rodent liver tumor promoters, which
are active when administered after a variety of initiators, prevent
or delay the development of liver neoplasms when added to
diets along with an active carcinogen. Finally, reversing the
order of administration by giving a known promoter prior to an
initiator may prevent the expression of carcinogenic activity on
the part of the initiator.

While upper and lower thresholds have been demonstrated
experimentally for promoters, some consider that, in an
absolute sense, it is statistically impossible to prove or disprove
the existence of thresholds for promoters for much the same
reasons that this cannot be done for initiators. One can never
be certain that an apparent no-effect level would, indeed, be
without effect if a sufficiently large enough number of animals
were used. Promoters include agents such as drugs, plant
products, and hormones that do not directly interact with host
cellular DNA (are not genotoxic) but somehow influence the
expression of genetic information encoded in the cellular DNA.
Experimental evidence suggests that regulation of gene
expression is unique to the nature of the promoting agent
administered. Some promoters are believed to produce their
effect by interaction with receptors in the cell membrane,
cytoplasm, or nucleus (e.g., hormones, dioxin, phorbol ester,
and polychlorinated biphenyls). Alternatively, promoting
agents may exert their effect through their molecular orienta-
tion at cellular interfaces. Other promoters may selectively
stimulate DNA synthesis and enhance cell proliferation in
initiated cells, thereby giving them a selective growth advantage
over surrounding normal cells.

Promoters appear to have a relatively high tissue specificity.
Thus, phenobarbital functions as a promoter for rodent liver
neoplasia but not urinary bladder neoplasia. Saccharin, on the
other hand, promotes urinary bladder neoplasia but not liver
neoplasia in the rat. Similarly, 12-o-tetradecanoylphorbol-
13-acetate (phorbol ester) is a potent skin and forestomach
neoplasm promoter in the laboratory rodent but has no
appreciable activity in the liver. Other agents, such as the
antioxidants 3-t-butyl-4-methoxyphenol and 2,6-di-t-butyl-
4-methoxyphenol, may act as promoters in one organ and
antipromoters in another and have no effect in a third organ.
Thus, the practical definition of a promoter must include the
designation of the susceptible tissue.

Tumor promotion may be modulated by several factors
such as age, sex, diet, and hormone balance. The correlation of
increased rates of breast cancer in women following a ‘Western’
lifestyle has implicated meat and fat consumption as playing
an important role in breast cancer development. Experimental
demonstration of the role of a high-fat diet in the promotion of
mammary cancer in rats exposed to the mammary carcinogen
dimethylbenzanthracene has been documented. Similarly, bile
acids, as modulated by fat consumption, are known promoters
of rat liver carcinogenesis and human colorectal cancer. Age-
and sex-associated modulations in hormonal levels of estro-
gens, progesterone, and androgens have been implicated as
potential promoters of breast cancer on the basis of epidemi-
ological studies in humans. Experimental studies have repeat-
edly shown that these hormones, in addition to pituitary
prolactin, serve to promote mammary cancer in rats initiated
with mammary carcinogens.
Progression

Progression is that part of the multistep neoplastic process
associated with the development of an initiated cell into
a biologically malignant cell population. In common usage,
progression is frequently used to signify the stages whereby
a benign proliferation becomes malignant or, alternatively,
where a neoplasm develops from a low grade to a high grade of
malignancy. During progression, neoplasms show increased
invasiveness; develop the ability to metastasize; and then
biochemical, metabolic, and morphologic characteristics are
altered.



Table 9 Viruses and parasites causally related to or strongly
associated with animal and human neoplasia

Virus Type of neoplasm Species

DNA viruses

Myxoma Myxoma Rabbit
Myxomatosis Rabbit

Herpes Lymphosarcoma Chicken
Money
Rabbit

Herpes simplex 2 Cervical carcinoma Human
Papillomaviruses Papillomas Cow

Rabbit
Horse
Dog

Human papillomavirus Warts Human
Epidermoid carcinoma
Cervical carcinoma

Woodchuck hepatitis virus Hepatocellular carcinoma Woodchuck
Hepatitis B virus Hepatocellular carcinoma Human
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Expression of tumor cell heterogeneity, an important char-
acteristic of tumor progression, includes production of anti-
genic and protein product variants, ability to elaborate
angiogenesis factors, emergence of chromosomal variants,
development of metastatic capability, alterations in metabo-
lism, and a decrease in sensitivity to radiation. The develop-
ment of intraneoplastic diversity may result from increasing
genetic damage. Alternatively, the heterogeneity observed in
tumor progression may be generated by epigenetic, regulatory
mechanisms that are a part of the process of promotion. More
than likely, genetic and nongenetic events subsequent to
initiation operate in a nonmutually exclusive manner during
progression, possibly in an ordered cascade of latter events
superimposed upon earlier events.

The most plausible mechanism of progression invokes the
notion that, during the process of tumor growth, there is
a selection that favors enhanced growth of a subpopulation of
the neoplastic cells. In support of this mechanism is increased
phenotypic heterogeneity observed in malignant but not
benign neoplastic proliferations. Presumably, a variety of
subpopulations arises, and it is only a matter of time before the
emergence of a subpopulation with more malignant biological
characteristics or at least an accelerated growth advantage. This
can be observed occasionally during experimental hep-
atocarcinogenesis when a phenotypically distinguishable
carcinoma can be observed arising within an existing adenoma.

Distinction between tumor promotion and tumor progres-
sion is not readily discernible in the routine histopathologic
evaluation of neoplasms and may be somewhat academic
because promotion may be considered part of the process of
progression. In both situations, the critical event is accentuated
growth. What is believed to distinguish progression from
promotion is the presence of structural genomic alterations in the
former and their absence in the latter. Both structural genomic
changes and biochemical changes associated with tumor
progression cannot be defined by conventional histopathology.
Established and emerging technologies centered on histochem-
istry, immunocytochemistry, in situ hybridization, identification
of activated oncogenes, loss of tumor suppressor genes, gene
expression, proteomic and metabolomic profiling, and discovery
offer promise to distinguish various stages of progression in the
evolution from benign to malignant neoplasms.
Epstein–Barr
Hepatitis B & C
Papillomaviruses
T-cell leukemia virus type I

RNA retroviruses

Human T cell leukemia virus
(HTLV-I and -II)

T cell lymphoma Human

Avian erythroblastosis virus Leukemia Chicken
Sarcoma

Abelson leukemia virus Leukemia Mouse
Hervey sarcoma virus Sarcoma Rat
Exogenous Factors Influencing Carcinogenesis

Important exogenous factors that contribute to induction of
cancer include natural and synthetic chemicals, environmental
exposures to ultraviolet and medical radiation, diet and life-
style, and infectious agents such as viruses, parasites, and
bacteria. Evidence for a causal association between exogenous
factors and neoplasia is derived from studies of epidemiology,
occupationally common cancers, and animal models.
Leukemia
Feline sarcoma virus Sarcoma Cat

Parasites

Schistosoma haematobium Bladder Human
Opisthorchis viverrini Cholangiocarcinoma Human
Chemical and Physical Agents and Lifestyle Factors

Many chemicals that cause cancer interact directly with and
alter DNA or are metabolized to chemical derivatives capable
of doing so. Exposure to carcinogens can occur in certain
occupational settings. Associations of human hepatic
angiosarcomas with workplace exposure to vinyl chloride,
pulmonary mesotheliomas with exposure to asbestos fibers,
and leukemia with benzene are well-known examples. Expo-
sure to other carcinogenic agents may occur in the diet or as
a consequence of certain lifestyle practices such as cigarette
smoking associated with pulmonary cancer and high animal fat
diets linked to breast and colon cancer. Strong associations
have been made between exposure of light-skinned individuals
to ultraviolet radiation and skin cancer. Exposure to occupa-
tional ionizing radiation, X-rays, and medical use of radioiso-
topes has also been associated with human neoplasia.
Examples include leukemias in radiologists and atom bomb
victims, lung cancer in uranium mineworkers, and thyroid and
breast cancer following diagnostic or therapeutic use of radia-
tion, and bladder cancer in paint industry workers.
Infectious Agents and Inflammation

Viral, parasitic, and bacterial infections have been linked to
cancer (Table 9). DNA viruses such as Epstein–Barr, hepatitis B,
hepatitis C, papillomaviruses, and Kaposi sarcoma herpes virus
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and RNA viruses such as human T-cell leukemia virus type I and
human immunodeficiency virus have been implicated in
causing cancer in humans and are listed as ‘known-to-cause-
cancer’ in humans by the International Agency for Research on
Cancer (IARC). In man, the liver fluke, Opisthorchis viverrini, is
associated with the development of cholangiocarcinomas of
the liver and the blood fluke, Schistosoma haematobium, with
carcinoma of the urinary bladder. There is evidence that
chronic Helicobacter pylori infection of the stomach in humans
not only is related to gastrointestinal ulcers, but also may be
linked to gastric carcinoma or lymphoma development.

For oncogenic viruses, the viral or host genes generally drive
the neoplastic process while with some agents there appears to
be an association of chronic inflammation and nitric oxide
(NO) production in the development of cancer. When DNA
viruses infect cells, the viral DNA inserts itself wholly or
partially into the genome of the infected cell. It appears that
such integration of viral DNA into the mammalian genome is
sometimes sufficient to cause neoplastic transformation of the
infected cell, which is accompanied by the production of new
proteins essential for the neoplastic process. RNA viruses
associated with neoplasia are chiefly represented by the retro-
viruses. RNA viruses possess an enzyme called reverse tran-
scriptase, which is capable of forming a DNA copy of the viral
RNA when the virus infects a host cell. This DNA ultimately
inserts itself into the host genome in much the same way as
DNA viruses do, possibly resulting in the development of
neoplasia.

The role of inflammation in cancer development is being
intensely studied. There are a number of chronic inflammatory
conditions, infectious and noninfectious, in humans and
animals associated with an increasing risk of cancer, and there
are many investigators examining the role of NO and oxygen
radical damage to DNA or other cellular processes such as cell
proliferation and apoptosis. NO induces p53, prevents
apoptosis in cells such as endothelium, promotes angiogenesis,
and inhibits DNA-repair activities – all processes that might
provide a selective advantage to neoplastic cell growth.
Identification of Carcinogenic Agents

There are two methods utilized to identify potential human
carcinogens, the most direct of which is based on retrospective
epidemiological studies in human populations using existing
historical records associated with known cases of neoplasia.
These records include death certificates where cause of death is
indicated; hospital records; responses to questionnaires that
document environmental or work-associated exposure to
potential carcinogenic agents; and studies of neoplasia in
culturally, ethnically, or religiously distinctive human pop-
ulations. Association of cigarette mesotheliomas and exposure
to chemicals and bladder cancer was the result of such retro-
spective epidemiological work. Prospective epidemiological
studies identify a given population of individuals who agree to
be monitored for several years to permit identification of
potential carcinogenic factors associated with neoplasms that
may occur.

Another method used to identify potential human carcin-
ogens involves testing known chemicals and agents in
experimental animals. Such tests have been referred to as
animal bioassays and are typically conducted using rats and
mice exposed to high doses of the suspect agent for a large
portion (typically 2 years) of their lifespan. If such agents are
observed to produce neoplasia in the experimental animals, the
agent is regarded as a potential human carcinogen. In countries
throughout the world, legal requirements mandate that all new
chemical agents and drugs be tested in animal bioassays to
determine whether they cause cancer in the test animals.
Additionally, since the mid-1960s in the United States, the
National Cancer Institute and currently the National Toxi-
cology Program have collectively conducted animal bioassays
on more than 500 chemical agents to assess their potential to
cause cancer.

Interpretation of results from human epidemiological
studies and animal bioassays to identify carcinogenic agents
has often proved difficult and controversial. Humans are rarely
exposed to only one potential cancer-causing agent in their
lifetime, and the amount and duration of that exposure may be
difficult or impossible to quantify rigorously. Many years may
intervene between exposure to a potential carcinogen and
ultimate development of neoplasia, making accurate assess-
ment of cause and effect almost impossible. Despite such
limitations, epidemiological studies that clearly show an
association between a given chemical exposure or lifestyle
habit with an enhanced rate of a specific cancer are regarded as
the most relevant method for identification of human carcin-
ogens. While animal bioassays have proved useful for the
identification of agents that can cause cancer in the laboratory
rodent, they only identify an agent as potentially hazardous to
human health. Additional facts and factors must be considered
in classifying such an agent as a likely human carcinogen.

The current approach for assessing the scientific relevance
of either epidemiological or animal bioassay results to human
health risk involves a ‘weight-of-evidence’ procedure in which
national and international panels of expert scientists from
several disciplines examine all available information on the
suspect agent in making their assessment. Included in this
analysis are the strength of the epidemiological evidence, the
dose–response curve of the animal response, comparative
species metabolism and ability to extrapolate between
species, likely mechanism of cancer induction for the agent in
question, the genotoxicity of the agent, the amount of the
agent in the environment, and the number of people poten-
tially exposed to the agent. Based on this type of analysis, so
far 88 agents have been classified as known human carcino-
gens by the IARC (some of which are in Table 10) and 64
more agents have been designated as probable human
carcinogens. The 10th US Health and Human Services Annual
Report on Carcinogens lists 49 known human carcinogens and
174 substances that are reasonably anticipated to be human
carcinogens.
Molecular Epidemiology of Cancer

The molecular epidemiology of cancer is the study of molecular
alterations, primarily mutations, in investigating the causative
agents of cancer as well as identifying individual cancer risk.
The possibility of identifying cancer-causing agents based on
the occurrence of predictable molecular alterations that are



Table 10 Some selected agents or mixtures for which there is
sufficient evidence of carcinogenicity in humans

Organic compounds

2-Napthylamine
4-Aminobiphenyl
Aflatoxin B1
Analgesics containing phenacetin
Azathioprine
Benzene
Benzidine
Betel quid with tobacco
Bis(chloromethyl)ether
Chlorambucil
Chlornaphazine
Chloromethyl methyl ether
Cyclophosphamide
Diethylstilbestrol
Melphalan
Methyl-CCNU
MOPP (and other combined therapies)
Mustard gas
Myleran
Thiotepa
Tobacco products and tobacco smoke
Treosulfan
Vinyl chloride

Soots, tars, and oils

Coal tar pitches
Coal tars
Mineral oils, untreated and mildly treated
Shale oils
Soots

Hormones

Diethylstilbestrol
Estrogens
Oral contraceptives

Metals

Arsenic compounds
Chromium compounds
Nickel and nickel compounds

Fibers

Asbestos
Erionite
Talc-containing asbestos fibers

Other

8-Methoxypsoralen þ UV radiation

Table 11 Molecular signatures of malignant human cancers

Exposure Neoplasm type

Predominant mutation

(nucleotide base changes)

Cigarette
smoke

Lung carcinoma K-ras, codons 12 and 13 (G–T)
Colon K-ras, codons 12 and 13
Lung carcinoma p53, multiple codons (G–T)

Radon Lung carcinoma p53, codon 249 (G–T)
Aflatoxin B1 Hepatocellular carcinoma p53, codon 249 (G–T)
Ultraviolet

light
Skin carcinoma p53, dipyrimidine sites (CC–TT)

Vinyl
chloride

Hepatic angiosarcoma p53, codon 249 (A–T)
Hepatocellular carcinoma K-ras, codons 12 and 13 (G–A)

Table 12 Molecular signatures of malignant rodent cancers

Exposure

Neoplasm type

(species)

Predominant mutation

(nucleotide base changes)

Methylnitrosourea Mammary
carcinoma (R)

K-ras, codon 12 (G–C)

Aflatoxin B1 Lung carcinomas (M) K-ras, codon 12 (G–C)
Diethylnitrosamine HCC (M) H-ras, codon 61 (A–G)
Ultraviolet light Skin carcinoma (M) p53, dipyrimidine sites

(CC–TT)
Vinyl chloride HCC (R) H-ras, codon 61 (A–T)

HCC, hepatocellular carcinoma; M, mouse; R, rat.
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found in the neoplasm is intriguing. It is based on the
hypothesis that there are carcinogen-specific patterns of muta-
tions that reflect direct interactions of carcinogens with cancer
genes. For example, lung and colon cancers from people who
smoke tend to have a specific mutation in the ras oncogene or
p53 tumor suppressor gene (i.e., mostly a G–T nucleotide base
substitution) and that this mutation is likely due to the direct
interaction of the carcinogen in smoke benzo(a)pyrene with
DNA. Such chemical-specific mutational profiles (or ‘molecular
signatures’) have been used to support a causal association
between particular genetic events in tumors and a specific
carcinogen such as neoplasms associated with exposure to
radon, aflatoxin B1, vinyl chloride, and the nitrosamines
(Tables 11 and 12). The strongest evidence for linkage between
a cancer-causing agent and a specific type of neoplasm is that of
the CC–TT double base changes observed in skin neoplasms of
humans and animals. This mutation is consistent with the
predicted UV-induced damage of dipyrimidine dimers. In liver
tumors from persons living in geographic areas with a high
exposure to aflatoxin B1, there is a frequent mutation at the
third nucleotide pair of codon 249 in the p53 gene, suggesting
the mutation is chemical specific and imparts a specific growth
or survival advantage to the mutated liver cells.

Animal studies have confirmed that there are certainly
chemical-specific mutational profiles in neoplasms; however,
there are many examples where the mutational profile varies by
strain (Table 13), species, dose, or dosing regiment. For
example, diethylnitrosamine, a strong, cross-species hep-
atocarcinogen, will induce liver neoplasms in mice, rats, and
rainbow trout, but the frequency and type of ras mutation in
the neoplasm vary widely, and the mutations are not simply
a reflection of direct DNA interaction (Table 14). In some
studies, in vitro mutation assays were poor predictors of liver
tumor mutation profiles in the mouse. In this complex process,
carcinogens might also be influencing events such as DNA
repair, oxidative DNA damage, methylation, cell death,
proliferation, and/or a hypermutable state.

Molecular epidemiologic studies aimed at identifying an
individual’s risk of developing cancer have found that persons



Table 13 Sensitivity to liver tumor development and H-ras codon 61 mutations in spontaneous hepatocellular tumors of various strains of mice

Sensitivity Strain Frequency

Codon 61 mutation (normal ¼ CAA)

AAA CGA CTA

High C3H 23/89 (26%) 17 30 3
Intermediate B6C3F1 183/333 (56%)a 106 50 21

CD-1 9/36 (25%) 8 1 0
Low C57BL 5/34 (15%)a 0 1 4

aOccasional mutations in other codons of H- and K-ras.
Adapted from Maronpot, R.R., Fox, T., Malarkey, D.E., Goldsworthy, T.L., 1995. Mutations in the ras proto-oncogene: clues to etiology and molecular pathogenesis of mouse
liver tumors. Toxicology 101, 125–156.

Table 14 Species and strain comparisons of mutational profiles induced by diethylnitrosamine (DEN)

Animal

Frequency of ras
mutations Type

Nucleotide base substitutions

C–A A–G A–T A–C G–A

CD-1 mouse 13/25 (52%) H- and N-ras 12 1 0 0 0
C3H mouse 54/114 (26%) H-ras 28 24 2 0 0
B6C3F1 mouse 63/239 (26%) H-ras 16 32 15 0 0
C57BL mouse 2/59 (2%) H-ras 0 1 0 1 0
F344 rat 0/19 (0%) K-ras 0 0 0 0 0
Rainbow trout 6/7 (86%) K-ras 0 0 0 0 6

Data adapted partly from Maronpot, R.R., Fox, T., Malarkey, D.E., Goldworthy, T.L., 1995. Mutations in the ras proto-oncogene: clues to etiology and molecular pathogenesis of
mouse liver tumors. Toxicology 101, 125–156.
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with germline mutations in cancer genes (i.e., BRCA1 or
BRCA2) or variations (polymorphisms) of carcinogen-
metabolizing enzyme activities (i.e., cytochrome P450s or
glutathione-S-transferases) or DNA repair capacities can be at
increased risk of developing neoplasia in their lifetime. High-
throughput analyses to examine single nucleotide poly-
morphisms (SNPs) are being used to search for biomarkers of
cancer risk in individuals, and some of this information is
being used to help people take preventive measures to decrease
their risk of developing cancer.
Summary and Conclusions

All of life is a balancing act of good versus evil and production
versus destruction. Similar balancing factors are evident in
carcinogenesis where regulatory mechanisms for tissue prolif-
eration are balanced against those for cellular differentiation. It
is well established that carcinogenesis requires the accumula-
tion of multiple alterations in the genome of the affected
(cancer) cells. At the genetic level, two opposing classes of
genes, oncogenes, and tumor suppressor genes, have been
implicated in the carcinogenic process. In addition, the devel-
opment of cancer is influenced by host factors such as age, sex,
diet, nutrition, general health status, and inherited predispo-
sitions for cancer and by complex positive and negative intra-
cellular signaling mechanisms. Treatment of cancer is based on
our understanding of the mechanistic underpinnings of the
carcinogenic process and attempts to shift the balance of critical
factors in favor of patient survival. The probability of devel-
oping cancer is directly proportional to the intensity, route, and
duration of exposure to cancer-causing factors as well as genetic
susceptibility. Public health strategies are based on the premise
that reduction or prevention of exposure to cancer-causing
factors will decrease the incidence of cancer.
See also: Carcinogen Classification Schemes; Carcinogen–DNA
Adduct Formation and DNA Repair; Cell Proliferation;
Chromosome Aberrations; Epidemiology; Immune System;
International Agency for Research on Cancer; Mechanisms of
Toxicity; Molecular Toxicology: Recombinant DNA Technology;
Mouse Lymphoma Assay; Radiation Toxicology, Ionizing and
Nonionizing; Skin; Toxicity Testing, Carcinogenesis.
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The central tenet of toxicology was stated by the sixteenth-
century physician Paracelsus: “All substances are poisons.
There is none that is not a poison. The right dose differentiates
a poison and a remedy.” This tenet has withstood the repeated
tests of science and time; and over 500 years later, firmly
remains the foundation for all toxicological considerations.
The scope of this article encompasses the toxicities of several
classes of chemicals on the cardiovascular system (CVS). These
include drugs (therapeutic, and those commonly abused),
pesticides, organic and inorganic chemicals, metals, pollutants,
and complex mixtures (e.g., combustion exhaust, cigarette
smoke, etc.).

The CVS consists of the heart and the vasculature (arteries,
arterioles, capillaries, venules, and veins). The lymphatics,
while a critical component for normal cardiovascular func-
tion, are commonly not included in CVS discussions for
a variety of reasons (as it is a parallel system focused on
interstitial fluids). Therefore, this article focuses on the heart
and vasculature because they are either the primary targets, or
the major site of effect/consequence after exposure to the
toxicants described herein. It begins by defining cardiovas-
cular homeostasis, followed by cardiac anatomy and physi-
ology. Next are examples of toxicants that can alter ion
movement, muscle function, and thus, cardiac output. The
second part of the article begins with a description of the
anatomy and physiology of vasculature, followed by exam-
ples of specific toxicants. A list of cardiotoxic agents and their
mechanisms of toxicity is presented in Table 1. A listing of
vasculotoxic agents and related compounds is presented in
Table 2. Neither the contents of this article nor the material
in the tables is intended to be exhaustive or fully inclusive.
The agents noted here serve as common or representative
cardiotoxic and vasculotoxic agents. There are detailed articles
in specialty texts that discuss these and other agents more
fully. A brief bibliography as well as mention of some web-
sites with excellent graphics of the CVS are presented at the
end of this article. As with all of these compounds, it is
important to keep in mind that the toxicological manifesta-
tion associated with these agents must not overshadow the
therapeutic benefit.
Cardiovascular Homeostasis

Homeostasis is the regulation of an internal environment in
order to maintain stability. The preeminent French physiologist
30 Encyclopedia of T
Claude Bernard introduced the notion that the blood (and
lymph fluid), which bathe all mammalian tissues, constitute
the milieu interne or internal milieu of the greater organism.
The CVS functions primarily to transport nutrients (oxygen,
glucose) and wastes (carbon dioxide) to and from (respec-
tively) all tissues in the body. Equally important CVS func-
tions include cellular communication/feedback, temperature
regulation, fluid and ion balance, and host defense. Hence,
cardiovascular homeostasis refers to the regulation of these
collective functions, which serve to maintain the internal
milieu; thereby, maintaining the stability of the organism. It is
these functions that are directly and indirectly impacted by
exposure to various toxicants. Therefore, an understanding of
the impacted components or tissues is necessary first if we are
to comprehend the consequences of toxicant exposure on
human health.
The Heart

The Heart as a Pump

To maintain cardiac homeostasis, blood must flow continu-
ously throughout the body. Blood flow is proportional to
blood pressure. Blood pressure is generated by heart muscle
contractions, or pumping. The mammalian heart (Figure 1) is
a dual pump (left and right) that normally operates through
a tightly controlled conduction of electrical impulses that
ultimately produce cardiac contractions in a continuous
rhythm. This creates two independent circuits: the pulmonary
and systemic circuits. Each pump consists of two connecting
chambers – an atrium and a ventricle – which contract in
sequence to provide pressure (or force) via their concerted
pumping action. The atria function primarily as reservoirs for
blood between contractions, whereas the ventricles are
responsible for pumping the blood through the circuits, have
thick muscular walls, and are located beneath the thinner-
walled atria. The atria also force the last volume of blood
into the ventricle necessary for more efficient pumping. In
a normal cardiac cycle, the atria contract first, and the ventricles
contract second (while the atria relax). To ensure one-way flow
during alternating contractions, the heart is equipped with
specialized valves. The atrioventricular (AV) valves prevent
backflow of blood into the atria during ventricular contraction
(systole), and the aortic/pulmonary (semilunar) valves prevent
backflow of blood into the ventricles during ventricular relax-
ation (diastole). During systole, the two ventricles develop
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00985-4
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Table 1 General mechanisms of cardiotoxicity; and cardiotoxicity of key pharmaceutical agents, naturally occurring substances used as
pharmaceuticals, and selected industrial agents (Arrhythmic – a drug or substance that alters the natural rhythm of the heart; inotropic – toxicants that
increase (positive) or decrease (negative) the force of heart muscle contraction; chronotropic – toxicants that increase (positive) or decrease (negative)
the number of beats per minute of the heart; and blockade – substances that inhibit receptor function)

Mechanism Cellular perturbations Organ manifestations

General mechanisms of cardiotoxicity
Interference with ion homeostasis

Inhibition of Naþ/Kþ ATPase [ [Ca2þ]i Positive inotropic effect
Y Conduction velocity Proarrhythmic

Naþ channel blockade Y Naþ channel activity Proarrhythmic
Y Conduction velocity

Kþ channel blockade Y Kþ channel activity Proarrhythmic
Y Repolarization
[ Action potential duration

Ca2þ channel blockade Y L-type Ca2þ channel activity Negative inotropic effect
Negative chronotropic effect

Y Ca2þ-induced-Ca2þ release Bradycardia
Y AV conduction

Altered coronary blood flow
Coronary vasoconstriction or obstruction Ischemia (ATP depletion, intracellular acidosis) Myocardial infarction

Cardiac myocyte death
Cardiac remodeling

Ischemia/reperfusion injury Oxidative stress, [ [Ca2þ]i intracellular pH change Cardiac myocyte death
Oxidative stress Lipid peroxidation Cardiac myocyte death

DNA damage
Mitochondrial dysfunction,
Altered [Ca2þ]i homeostasis

Organellar dysfunction
Sarcolemmal injury Altered membrane integrity Cardiac myocyte death
Sarcoplasmic reticulum dysfunction Altered [Ca2þ]i homeostasis Cardiac myocyte death
Mitochondrial injury ATP depletion Cardiac myocyte death

Cytochrome c release
Altered mitochondrial
[Ca2þ]i homeostasis

Apoptosis Cellular shrinkage Cardiac myocyte death
Sarcolemmal blebbing
Chromatin condensation
Redistribution of membrane phospholipids
DNA fragmentation

Oncosis Cellular swelling Cardiac myocyte death
Sarcolemmal blebbing
Chromatin clumping
Mitochondrial swelling

Agents Cardiotoxic manifestations Proposed mechanisms of cardiotoxicity
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pressure and eject blood into the pulmonary artery and aorta.
At this time the AV valves are closed and the semilunar valves
are open. The semilunar valves are closed and the AV valves are
open during diastole. The right atrium receives blood flowing
from the systemic venous system via the superior and inferior
vena cava. This blood initially passes passively through the
right AV orifice directly into the right ventricle. An atrial
contraction then propels a small volume of additional blood
into the right ventricle (mentioned above). A ventricular
contraction closes the AV valve allowing blood now to be
propelled past the pulmonary valve into the pulmonary circuit.
As blood flows through the pulmonary vasculature, carbon
dioxide in the venous-return blood is exchanged for oxygen
(gas exchange occurs down concentration gradients via passive
diffusion) so that the blood pumped through the next
(systemic) circuit to the rest of the body will be properly
oxygenated. The left atrium receives freshly oxygenated blood
from the pulmonary vasculature via the pulmonary vein. Again,
blood traverses the AV orifice until an atrial contraction
provides complete filling of the ventricle and closes the AV
valve. The strong contraction of the thick-muscled left ventricle
now opens the aortic valve, allowing blood to flow into the
systemic circulation (under high pressure) via the aorta. In the
absence of injury and/or disease, the heart is a very efficient,
durable, and reliable pump. In the 80-year life span of a person,
and at a contraction rate of 72 beats per minute, a heart will
beat w3 000 000 000 times. Two major features of the heart
contribute to its unique characteristics: the nature of the heart
muscle and the specialized electrical conduction system of the
heart.



Table 2 Cardiotoxicity of key pharmaceutical agents

A. Cardiotoxic agents

Agents Sources Prominent cardiac effects Physiological endpoints

Ethanol Decreased conductivity Hypertension
Altered [Ca2þ]i balance Cardiomyopathy
Oxidative stress Ventricular tachycardia
Mitochondrial injury Decreased energy production, heart

failure
Antiarrhythmic drugs

Adenosine Kþ Hyperpolarization Cardiac arrest
Decreased refractory period Atrial arrhythmia

Class I (disopyramide, encainide,
flecainide, lidocaine, mexiletine,
moricizine, phenytoin, procainamide,
propafenone, quinidine, tocainide)

Naþ channel blockade Arrhythmia

Class II (acebutolol, esmolol,
propranolol, sotalol)

b-adrenergic receptor blockade Bradycardia, cardiac arrest

Class III (amiodarone, bretylium,
dofetilide, ibutilide, quinidine, sotalol)

Kþ channel blockade Arrhythmia
QTc interval prolongation Ventricular tachycardia

Class IV (diltiazem, verapamil) Ca2þ channel blockade Bradycardia
Weakened ventricular contraction
Arrhythmia

Inotropic drugs and related agents
Cardiac glycosides (digoxin,
digitoxin)

Inhibition of Naþ, Kþ-ATPase,
increased [Ca2þ]i

Arrhythmia

Ca2þ sensitizing agents (adibendan,
levosimendan, pimobendan)

Increased Ca2þ sensitivity, inhibition
of phosphodiesterase

Decreased ventricular filling during
relaxation, arrhythmia

Catecholamines (dobutamine,
epinephrine, isoproterenol,
norepinephrine)

b1-adrenergic receptor activation Tachycardia
Coronary vasoconstriction Ischemia, myocardial infarction (MI)
Mitochondrial dysfunction Decreased energy production,

heart failure
Increased [Ca2þ]i Arrhythmia
Oxidative stress Heart failure
Apoptosis Heart failure

Bronchodilators (albuterol, bitolterol,
fenoterol, formeterol, metaproterenol,
pirbuterol, procaterol, salmeterol,
terbutaline)

Nonselective activation of
b1-adrenergic receptors

Tachycardia (acute)
Heart failure (chronic)

Appetite suppressants
(amphetamines, fenfluramine,
phentermine)

Increased serotonin? Tachycardia, pulmonary hypertension
Naþ channel blockade? Arrhythmia

Valvular insufficiency
Antineoplastic drugs

Anthracyclines (daunorubicin,
doxorubicin, epirubicin)

Altered [Ca2þ]i balance Decreased cardiac output
Oxidative stress Heart failure
Mitochondrial injury Cardiomyopathy
Apoptosis Heart failure

5-Fluorouracil Coronary vasospasm? Arrhythmia
Cyclophosphamide 4-Hydroxycyclophosphamid

(metabolite)
Altered ion balance Arrhythmia

Heart failure
Antibacterial drugs

Aminoglycosides (amikacin,
gentamicin, kanamycin, netilmicin,
streptomycin, tobramycin)

Decreased [Ca2þ]i Weakened ventricular contraction

Macrolides (azithromycin,
clarithromycin, dirithromycin,
erythromycin)

Kþ channel blockade Arrhythmia
QTc interval prolongation Ventricular tachycardia

Fluoroquinolones (grepafloxacin,
moxifloxacin, sparfloxacin)

Kþ channel blockade Arrhythmia
QTc interval prolongation Ventricular tachycardia

Tetracycline Decreased [Ca2þ]i Weakened ventricular contraction
Chloramphenicol Decreased [Ca2þ]i Weakened ventricular contraction

(Continued)
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Table 2 Cardiotoxicity of key pharmaceutical agentsdcont'd

A. Cardiotoxic agents

Agents Sources Prominent cardiac effects Physiological endpoints

Antifungal drugs
Amphotericin B Ca2þ channel blockage? Weakened ventricular contraction

Naþ channel blockade? Arrhythmia
Increased membrane permeability?

Flucytosine 5-Fluorouracil metabolite Coronary vasospasm? Arrhythmia, cardiac arrest
Antiviral drugs

Nucleotide analog reverse
transcriptase inhibitors (stavudine,
zalcitabine, zidovudine)

Mitochondrial injury Cardiomyopathy
Inhibition of mitochondrial DNA
polymerase and synthesis

Decreased energy production, heart
failure

Inhibition of mitochondrial ATP
synthesis

Decreased energy production, heart
failure

Centrally acting drugs
Tricyclic antidepressants
(amitriptyline, desipramine, doxepin,
imipramine, protriptyline)

Altered ion balance (Ca2þ, Kþ, Naþ) Arrhythmia, cardiac arrest
QTc interval prolongation Ventricular tachycardia

Selective serotonin reuptake
inhibitors (fluoxetine, citalopram)

Ca2þ channel blockade Bradycardia, arrhythmia
Naþ channel blockade Arrhythmia
QTc interval prolongation Ventricular tachycardia

Phenothiazine antipsychotic drugs
(chlorpromazine, thioridazine)

Ca2þ channel blockade? Tachycardia, weakened ventricular
contraction

QTc interval prolongation Ventricular tachycardia
Other antipsychotic drugs (clozapine) QTc interval prolongation Ventricular tachycardia

Myocarditis
General inhalational anesthetics
(enflurane, desflurane, halothane,
isoflurane, methoxyflurane,
sevoflurane)

Ca2þ channel blockade Weakened ventricular contraction
Altered Ca2þ balance, Decreased cardiac output
b-adrenergic receptor sensitization Arrhythmia

Other general anesthetics (propofol) Ca2þ channel blockade Weakened ventricular contraction
Altered Ca2þ balance, Decreased cardiac output
b-adrenergic receptor sensitization Arrhythmia

Local anesthetics
Cocaine Naþ channel blockade Arrhythmia

Sympathomimetic effects Tachycardia, strengthened ventricular
contraction, and increased blood
pressure

Coronary vasospasm Ischemia, MI
Altered Ca2þ balance Decreased cardiac output
Mitochondrial injury Cardiomyopathy
Oxidative stress
Apoptosis Heart failure

Other local anesthetics (bupivacaine,
etidocaine, lidocaine, procainamide)

Naþ channel blockade Arrhythmia
Cardiac arrest
Bradycardia

Antihistamines
Astemizole, terfenadine Kþ channel blockade Arrhythmia

QTc interval prolongation Ventricular tachycardia
Immunosuppressants

Rapamycin, tacrolimus Altered Ca2þ balance Decreased cardiac output
Heart failure

Miscellaneous drugs
Cisapride Kþ channel blockade Arrhythmia

QTc interval prolongation Ventricular tachycardia
Methylxanthines (theophylline) Altered Ca2þ balance, Increased cardiac output

Inhibition of phosphodiesterase Tachycardia
Arrhythmia

Sildenafil Inhibition of phosphodiesterase Arrhythmia
Radiocontrast agents
(diatrizoatemeglumine, iohexol)

Apoptosis Heart failure
Arrhythmia
Cardiac arrest

(Continued)
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Table 2 Cardiotoxicity of key pharmaceutical agentsdcont'd

A. Cardiotoxic agents

Agents Sources Prominent cardiac effects Physiological endpoints

Naturally occurring substances
Interleukin-2 (Aldesleukin) Increased nitric oxide synthase

expression
Weakened ventricular contraction

Interferon-g (Actimmune) Increased nitric oxide synthase
expression

Cardiomyopathy

Altered ion balance Arrhythmia
Selected industrial agents

Solvents
Toluene (paint products) Decreased parasympathetic activity Arrhythmia

Increased adrenergic sensitivity
Altered ion balance

Halogenated hydrocarbons
Carbon tetrachloride Decreased parasympathetic activity Arrhythmia
Chloroform Increased adrenergic sensitivity Weakened ventricular contraction
Chloropentafluoroethane Altered ion balance Decreased cardiac output

Arrhythmia
1,2-Dibromotetra-fluoromethane Altered coronary blood flow Ischemia/MI
Dichlorodifluoromethane
cis-dichloroethylene
trans-dichloroethylene
Dichlortetrafluorethane
Difluoroethane
Ethyl bromide
Ethyl chloride
Fluorocarbon 502
Heptafluoro-1-iodo-propane
1,2-Hexafluoroethane
Isopropyl chloride
Methyl bromide
Methyl chloride
Methylene chloride
Monochlorodifluoroethane
Monochlorodifluoromethane
Octafluorcyclobutane
Propyl chloride
1,1,1-trichloroethane
Trichloroethane
Trichloroethylene
Trichlorofluoromethane
Trichloromonofluoroethylene
Trichlorotrifluoroethane
Trifluoroiodomethane
Trifluorobromomethane

Ketones
e.g., Acetone, methyl ethyl ketone Decreased parasympathetic activity Arrhythmia

Increased adrenergic sensitivity
Altered ion balance Arrhythmia

Heavy metals
Cadmium, cobalt, lead Metal ions are taken up by the cell

leading to altered cellular structure
Weakened ventricular contraction

Altered Ca2þ balance Arrhythmia
Cardiac hypertrophy

(Barium, lanthanum,
manganese, nickel)

Ca2þ channel blockade Arrhythmia
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B. Vasculotoxic agents

Agents Sources Prominent Vascular Effects Physiological Endpoints

Industrial and environmental agents
Allylamine Acrolein and hydrogen

peroxide
Smooth muscle cell injury and
resultant proliferation

Atherosclerosis

b-Aminopropionitrile Damage to connective tissue Aortic lesion, atherosclerosis,
aneurysm

Boron Increase in microvascular permeability Pulmonary edema, hemorrhage
Butadiene Synthetic precursor Blood vessel tumors Ischemia, cancer
Carbamylhydrazine Tumors of pulmonary blood vessels Cancer
Carbon disulfide Fumigant/solvent Endothelial injury Impaired vision, blindness, blood clot,

ischemia, MI
Atherosclerosis

Chlorophenoxy herbicides Cell membrane damage, vasodilation,
oxidative stress

Hypotension, cardiomyopathy

Dimethylnitrosamine Impaired q venous blood flow Impaired venous return, hemorrhage,
necrosis

Dinitrotoluenes Synthetic precursor Hemoglobin methylation Decreased O2 carrying capacity,
hypotension

Vascular smooth muscle cell proliferation Atherosclerosis
Glycerol Vasoconstriction Acute renal failure
Hydrogen fluoride Edema Pulmonary edema, hemorrhage
Paraquat Platelet activation Cerebral/pulmonary blood clots
Pyrrolidine alkaloids Damage to endothelial and smooth

muscle cells
Pulmonary hypertension, venous

occlusion
Organophosphate pesticides Reduced enzyme function Atherosclerosis
Vinyl chloride Blood vessel tumors Cancer, portal hypertension

Gases
Carbon monoxide Environmental Endothelial damage, clot formation,

edema
Blood clots, atherosclerosis,

ischemia, MI
Nitric oxide Endothelial permeability, edema Pulmonary edema
Oxygen Vasoconstriction, increased permeability,

edema
Impaired vision, blindness

Ozone Arterial lesion in the lung, intimal
thickening

Pulmonary edema, atherosclerosis

Therapeutic agents and related compounds
Antibiotics/antimitotics
Cyclophosphamide 4-Hydroxycyclophosphamid

(metabolite)
Endothelial damage Pulmonary fibrosis

5-Fluorodeoxyuridine Hemorrhage; clot formation Blood clots, hypotension,
ischemia

Gentamicin Vasoconstriction Renal failure
Vasoactive agents
Amphetamine Blood vessel inflammation Ischemia, stroke, MI
Dihydroergotamine Vasospasm Ischemia, stroke, MI
Ergonovine Vasospasm Angina
Ergotamine Vasospasm Gangrene
Epinephrine Vasoconstriction Localized ischemia
Histamine Vasospasm, endothelial damage Ischemia, angina
Methysergide Intimal proliferation, vascular occlusion Coronary artery disease
Nicotine Tobacco Systemic endothelial and smooth muscle

cell dysfunction
Hypertension, atherosclerosis,

aneurysm
Nitrites and nitrates Reduced smooth muscle responsiveness Ischemia, hypertension
Norepinephrine Vasospasm, endothelial damage Ischemia, angina

Metabolic affectors
Alloxan Vascular damage, occlusion, loss of

blood vessel number
Impaired vision, blindness

Chloroquine Vascular damage, occlusion, loss of
blood vessel number

Impaired vision, blindness

(Continued)
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Table 2 Cardiotoxicity of key pharmaceutical agentsdcont'd

B. Vasculotoxic agents

Agents Sources Prominent Vascular Effects Physiological Endpoints

Fructose Vascular damage, occlusion, loss of
blood vessel number

Impaired vision, blindness

Iodoacetates Vascular damage, occlusion, loss of
blood vessel number

Impaired vision, blindness

Anticoagulants
Warfarin Edema Hemorrhage
Clopidorgrel bisulfate (plavix) Clot formation Blood clot, embolism, ischemia

Radiocontrast dyes
Metrizamide; metrizoate Coagulation; cell death Blood clots, kidney failure

Cyanoacrylate adhesives
2-Cyano-acrylate-n-butyl Cell adhesion Blood clots

Miscellaneous
Aminorex fumarate Intimal and medial thickening Pulmonary hypertension
Oral contraceptives Clot formation Blood clots, ischemia,

stroke, MI
Penicillamine Vascular lesion Kidney failure
Talc and other silicates Clot formation Blood clots
Tetradecylsulfate Na Clot formation Deep-vein thrombosis, pulmonary

embolism
Nonsteroidal antiinflammatories (NSAIDs)

Cyclooxygenase-2 inhibitors (Vioxx
and Celebrex)

Platelet aggregation, clot formation Embolism, ischemia, MI

Aspirin Inhibition of platelet aggregation Hemorrhage
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Cardiac Muscle

There are three distinct types of muscle tissue in vertebrates:
striated, smooth, and cardiac. Striated, or skeletal muscle is
attached, at least at one end, to the skeleton via tendons. This
muscle type is often referred to as the voluntary muscle, as it
can be consciously controlled by the somatic nervous system.
Smooth muscle is usually arranged in sheets or layers in
tubular systems, such as arteries and veins (see section Blood
Vessels), the gastrointestinal and respiratory tracts, and the
genitourinary tracts. The activities of the smooth muscles are
not under conscious control; rather they are coordinated by
the autonomic (involuntary) nervous system. The cardiac
muscle comprises the bulk of the heart wall proper; and small
amounts are found in the superior vena cava and pulmonary
vein. The cardiac muscle is not under conscious control; it has
an automaticity center which is influenced by the autonomic
nervous system (see section Impulse Conduction). In the
heart, cardiac muscle cells are joined in a network of fibers and
are connected by gap junctions, which facilitate the conduc-
tion of electrical impulses through the cardiac muscle
network. This is referred to as a functional syncytium. In
addition to cardiac myocytes, there are specialized cardiac
conducting cells that initiate, attenuate, or accelerate the
electrical impulses for coordinated contraction of the cardiac
network. Proportionally speaking, cardiac myocytes make up
w99% of the contracting heart mass, whereas the conducting
cells make up w1%. Despite their small percentage, numerous
toxicants have robust effects on these conducting cells, and
this results in significant myocyte dysfunction that can result
in fatalities.
Impulse Conduction

The specialized electrical conduction system of the heart allows
for the synchronous contraction of the left and right sides of the
heart and the sequential contraction of the atria and ventricles
(Figure 1(b)). Electrical impulses most quickly arise in the
spontaneously firing cells of the sinoatrial (SA) node
commonly called the ‘pacemaker.’ The SA node is located at the
junction of the superior vena cava and the right atrium. A wave
of depolarization (see below) originating at the SA node is
conducted first to the cells of the right atrium, then to the cells
of both atria, finally converging on a second group of special-
ized cells – the cells of the AV node. These cells act as a conduit
for the original impulse from the SA node to the AV node,
which lies at the junction of the median wall of the right atrium
and the septum separating the two ventricles. From the AV
node, the impulse wave next passes into the ventricular
conduction system – the bundle of His and Purkinje fibers –
located within the ventricular septum, which allows for the
depolarization of ventricular muscle.

If a microelectrode is inserted into a resting muscle or nerve
cell (termed ‘excitable tissue’), an electrical potential difference
will be recorded across the membrane of that cell. In the case
of cardiac muscle cells, this resting potential is �90 mV
(intracellular relative to extracellular). In other words, the cell
membrane is electrically polarized with the inward facing
surface of the membrane having a net negative charge with
respect to the outer facing surface of the membrane. This
polarity is maintained primarily by the presence of extracel-
lular positively charged ions and intracellular negatively
charged proteins. The flux of ions through active (requiring



Figure 1 (a) Anatomy of the heart. Reproduced from Robert G. Carroll. The Heart. Elsevier’s Intergrated Physiology 66. http://www.elsevierimages.
com/image/33151.htm (b) Conduction system of the heart. Reproduced from Goldman, L., Ausiello, D. Electrocardiography. Cecil Medicine, 23rd
Edition. 230. http://www.elsevierimages.com/image/25955.htm.
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cellular energy) and passive (concentration-driven) processes
is responsible for changes in electrical potential. In the resting
cardiac muscle cell, the concentration of potassium ions (Kþ)
is higher inside the cell than outside, while sodium ions (Naþ)
are at a much higher concentration outside the cell than inside.
Cellular energy is required to maintain the appropriate resting
state distributions of the different ions across the cell
membrane. In the case of Kþ and Naþ ions, there is a cell
membrane pump, which requires energy derived from the
hydrolysis of the terminal phosphate group from adenosine
triphosphate (ATP). The associated enzyme responsible for
this hydrolysis is the Naþ–Kþ ATPase. When an electrical
stimulus is received by a cardiac muscle cell, voltage-gated
channels in the cell membrane open allowing Naþ to diffuse
down its concentration and electrical gradients into the cell.
This influx of positive charge causes the cell membrane to
become ‘depolarized’ (i.e., to have less negative charge). As
depolarization proceeds, the membrane may reach the

http://www.elsevierimages.com/image/33151.htm
http://www.elsevierimages.com/image/33151.htm
http://www.elsevierimages.com/image/25955.htm
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threshold potential (�70 mV for most cardiac muscle cells).
Any further depolarization results in a phenomenon known as
the action potential, which completely depolarizes the cell. At
the peak of the action potential, the inside of the cell actually
becomes positive relative to the outside (þ30 mV). The cell
membrane then repolarizes relatively slowly and reaches the
�90 mV resting potential before it can respond to another
electrical impulse. The wave of depolarization moves very
rapidly across the membrane of an individual cardiac muscle
cell. In addition, the wave of action potentials is propagated to
adjacent cells via the specialized gap junctions. This propaga-
tion allows for the complete depolarization of most cells in the
network, thus initiating the contraction of the heart muscle as
a group.

Cardiac muscle cells predominantly display a fast response
action potential (Figure 2), and cells in the atria and ventricles
exhibit a rapid conduction velocity due to the gap junctions.
The depolarization–action potential–repolarization process is
divided into five phases. Phase 0 begins when the threshold
potential has been reached. At this time, many ‘fast’ Naþ chan-
nels in the cell membrane open allowing an inrush of Naþ ions
to initiate the action potential. At the end of phase 0, the cell is
completely depolarized. Toward the end of phase 1 and the start
of phase 2, the Naþ influx begins to decrease, as does the
membrane potential. During the relatively long (200–300 ms)
phase 2 plateau, calcium (Ca2þ) and Naþ ions enter through
‘slow’ membrane channels. Movement of ions through these
‘slow’ channels only takes place after the membrane potential
has dropped to approximately �55 mV, that is, after the ‘fast’
Naþ ion current has ceased. While these ‘slow’ inward currents
occur, there is also a slow outward movement of Kþ ions which
keeps the plateau relatively steady. The Ca2þ influx of phase 2
triggers the process known as excitation–contraction coupling,
in which the myosin thick filaments slide past the thin actin
filaments in the contractile unit of the muscle known as the
sarcomere. This process requires energy and involves activation
of a myosin ATPase that hydrolyzes ATP. The released energy
is utilized to form cross-bridges between the actin and myosin
molecules. Both the velocity and the force of contraction are
Figure 2 The principal ionic movements during the different phases of the
Raffaele De Canterina, et al., 2003. Antiarrhythmic effects of omega-3 fatty ac
http://www.sciencedirect.com/science/article/pii/S0002870303003272
dependent on the amount of Ca2þ ions that reaches the site of
contraction. Within the resting muscle cell, Ca2þ is sequestered
in a compartment called the sarcoplasmic reticulum. During the
action potential, Ca2þ and Naþ ions that enter the cell cause
depolarization of the sarcoplasmic reticulum membrane,
resulting in the release of large amounts of Ca2þ, which are
needed for effective contraction of the sarcomere. Between
contractions, Ca2þ is once again sequestered in the sarcoplasmic
reticulum so that the actin–myosin interaction is not overly
prolonged. During the long duration of the plateau phase, a new
action potential cannot be initiated because the ‘fast’ Naþ

channels are inactivated or refractory to further electrical stim-
ulation. During phase 3, membrane permeability to Kþ

increases and the ‘slow’ Ca2þ and Naþ channels become inac-
tive. The ensuing efflux of Kþ ions allows for repolarization of
the membrane until the normal resting potential is reached
(phase 4).

In contrast, conduction velocity is slow in muscle fibers at
the SA and AV nodes. Unlike the majority of cardiac muscle
cells, these pacemaker cells have an unstable resting potential
(approximately �60 mV) due to a cell membrane alteration
that allows Naþ ions to leak into the cell without a concurrent
Kþ ion efflux. This Naþ leakage reduces the membrane poten-
tial allowing even more Naþ ions to move into the cell. In
addition to the inward Naþ movement, there is also an inward
Ca2þ flow which causes the pacemaker cells to have a more
positive resting potential. Finally, the cell produces an action
potential at approximately �40 mV. This phenomenon is
called spontaneous diastolic depolarization. The overall effect
is that pacemaker cells initiate waves of depolarization that
move across the heart causing the muscle to contract. As noted
previously, this phenomenon occurs w72 times per minute
(more or less depending on autonomic nervous system stim-
ulation, periods of stress, or physical activity). The SA node is
responsible for this rate as it depolarizes the fastest. The other
nodes and components of the cardiac conduction may also
drive depolarizations, only slowly. The purpose of this redun-
dancy is to ensure pacemaker activity in the heart (to support
cardiac homeostasis). The waves of electrical activity may be
action potential in a cardiac muscle cell. Reprinted with permission from
ids: from epidemiology to bedside. Am. Heart J. 146 (3), 240–430.

http://www.sciencedirect.com/science/article/pii/S0002870303003272
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recorded in an electrocardiogram (ECG), which displays the
net electrical changes relative to where the recording electrodes
are placed on the surface of the body.
Intrinsic Modulators of Cardiac Activity

The heart responds constantly to hormonal and nervous system
signals. Sympathetic nervous system terminals releasing
norepinephrine are found in cardiac cells of the atria and
ventricles. This allows for reflex regulation of heart muscle
contractility. Sympathetic innervation is also present to the SA
node and AV junction, where norepinephrine release acts to
increase heart rate (enhanced phase 4 depolarization) and also
to increase conduction velocity by reducing the AV junction
impedance to conduction. Sympathetic innervation also occurs
down to the resistance arterioles functionally increasing total
peripheral resistance upon stimulation. Parasympathetic
innervation is provided by cranial nerve 10, the vagus nerve, to
the SA node and the AV junction. These fibers release acetyl-
choline, which slows SA node activity (decreasing the rate of
phase 4 depolarization) and decreases conduction throughout
the AV junction.

A practical example of normal nervous system regulation of
cardiovascular activity is the processes of blood pressure regu-
lation via baroreceptors located in the aortic arch and carotid
arteries. Baroreceptors sense mechanical deformation when
these arterial walls stretch and relax. These receptors send
impulses to the cardiovascular regulatory sensors in the medulla
(nucleus tractus solitarii) where dual reflex impulses are gener-
ated that reduce sympathetic signaling and increase para-
sympathetic outflow (vagus nerve) that ultimately decrease heart
rate contractility, peripheral vascular resistance, and venous
return. This results in a decreased blood pressure. Conversely,
a decrease in blood pressure will decrease vagal stimulation in
favor of sympathetic input. The sympathetic reflex is character-
ized by increases in heart rate, myocardial contractility, venous
return, peripheral vascular resistance, and cardiac output. In
addition, the sympathetic response can be produced by the
release of naturally occurring catecholamines (epinephrine and
norepinephrine) from the medulla of the adrenal gland.
Pathologic Changes in the Heart

The major pathologic changes that occur in the heart are
associated with effects on heart rate, contractility of heart
muscle, or electrical conduction. Regarding heart rate changes,
an arrhythmia, as the name indicates, is a loss of rhythm and
here refers to an irregularity of the heartbeat. Two of the more
common forms are tachycardia, which is an abnormally rapid
heartbeat, and fibrillation, which is a rapid twitching of the
muscle fibrils. Either of these can occur in the atria or the
ventricles. Agents that alter ion levels and fluxes and alter
aspects of impulse transmission can produce arrhythmias. The
most common site of arrhythmic impulse generation is the SA
node. If depolarization after an action potential is accelerated
or delayed anywhere within the heart, an aberrant action
potential can be triggered and result in an arrhythmia.

Still other pathologic changes are associated with effects on
the force of contraction. The heart muscle exhibits a higher
rate of oxygen consumption and a greater energy requirement
than many other tissues. Thus, impaired contraction can result
from interference with any of the major cycles critical for
proper energy metabolism or from processes that interfere
with delivery or utilization of the optimum levels of oxygen.
For example, if blood flow through the coronary arteries is
occluded, as occurs during atherosclerosis, compromising
blood flow and leading to a decreased delivery of oxygen to the
heart muscle. This decrease in blood flow, reducing vital
nutrient delivery, is termed ischemia. When the heart becomes
ischemic, a patient may feel significant discomfort as heart or
chest pain, termed angina. When this occurs acutely and to the
point of cell (cardiac myocyte) death, a myocardial infarction
(MI) may result, leading to devitalization of a segment of the
heart musculature. Even if death does not occur, there will
likely be a decrease in the force or efficiency of contraction of
the heart muscle. ‘Recreational’ use of psychoactive drugs (e.g.,
amphetamines, cocaine) can result in profound and sudden
cardiovascular responses including increases in blood pressure
and heart rate due to acute catecholamine release in response
to the drugs. These effects can be life threatening in individuals
with underlying, and possibly previously unknown, cardio-
vascular problems including coronary artery disease, high
blood pressure, or cerebrovascular disease.

Cells with high-energy requirements, such as cardio-
myocytes, have large numbers of organelles called mitochon-
dria, which produce and supply ATP. Enzymes are organic
catalysts that interact with specific substrate molecules to help
speed up chemical reactions. The ATPases are enzymes that
catalyze the hydrolysis of ATP with its attendant release of
energy, which is made available for cellular processes. The
myosin ATPase involved in muscle contraction was mentioned
above and ATPases involved in the energy-driven pumping of
ions including Naþ, Kþ, and Ca2þ were mentioned above and
are noted again below. During oxidative metabolism of organic
substrates, the process of electron transport to molecular
oxygen in mitochondria is coupled to oxidative phosphoryla-
tion, which yields ATP. Some poisons and anticancer drugs,
such as cyanide and doxorubicin, interfere with electron
transport and/or uncouple phosphorylation. This causes
a direct decrease in the amount of energy available to the heart
muscle and results in reduced contractility.

As noted above, the inward Ca2þ ion movement is vital for
the contraction of the cardiac muscle. This inward movement
is blocked by Ca2þ antagonists, such as cobalt and barium, and
is stimulated by catecholamines. Increased Ca2þ influx leads to
increases in the intracellular level of cyclic adenosine mono-
phosphate (AMP), a compound that helps mediate numerous
metabolic responses within cells. This, in turn, leads to
increased availability of Ca2þ ions for interaction with the
contractile proteins. The same effect can be achieved by
increased levels of free Ca2þ ions outside of the cells or
increased levels of cyclic AMP within cells, as is seen with the
vasodilating drug papaverine. Another mechanism for
increasing intracellular Ca2þ levels in cardiac cells involves the
cardiac glycoside drugs, for example, digitalis from the foxglove
plant. This drug inhibits the ATPase that pumps Naþ ions out
of cells. This results in elevation of Naþ ion levels inside the
cell, which in turn leads to increases in intracellular Ca2þ ion
levels and therefore increased rate and strength of contraction.
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Toxins that increase the permeability of the cardiac muscle cell
membrane to the Naþ ion, for example, the marine compound,
ciguatoxin or the Columbian frog poison active agent, batra-
chotoxin, have a similar effect. On the contrary, agents that
decrease membrane permeability to Naþ ions will depress
myocardial contractility. Included here are a diverse group of
compounds including tetrodotoxin, from the Japanese puffer-
fish; the shellfish-derived poison, saxitoxin; and polyethylene
glycol, the active ingredient in many antifreeze preparations.
Local anesthetics such as lidocaine and procaine depress the
fast inward Naþ ion current, the slow Ca2þ ion inward current,
and the Kþ ion outward current. They tend to slow the heart
rate and the force of contraction; thus, they are commonly used
as antiarrhythmic drugs.

There are compounds that interfere with the regular activity
of Ca2þ ions in cardiac cells, either by replacing them (as is the
case with a number of heavy metals) or by altering the flux
of Ca2þ ions across the cell membrane. Among metals,
lanthanum, manganese, and nickel all block Ca2þ channels in
the cell membrane. Both barium and cobalt ions antagonize
endogenous Ca2þ ion levels and tend to shorten the action
potential. Lead ions have multiple effects, including displace-
ment of Ca2þ and interference with Ca2þ ion availability,
energy metabolism, and ATP synthesis in heart muscle cells.
Among organic chemicals, the opium derivative, papaverine,
also blocks slow Ca2þ ion channels. Cardiotoxins such as cobra
venom and bacterial endotoxins both interfere with Ca2þ

ATPase activity; but endotoxin also depresses Ca2þ uptake by
heart muscle cells.

Drugs prescribed to alleviate one set of medical problems
can have striking and sometimes fatal effects on the cardiac
system. Antipsychotics derived from phenothiazine, including
chlorpromazine, depress myocardial contractility and cardiac
output. Chlorpromazine can also impair cardiac reflex mech-
anisms and cause a focal myocardial necrosis. Cyclophospha-
mide, an anticancer agent, also causes myocardial necrosis as
well as changes in ECG patterns. Another anticancer agent,
doxorubicin, can produce cardiomyopathies with subsequent
congestive heart failure. Severe dysrhythmias and some cases of
sudden death have been reported. Overdoses of the tricyclic
antidepressants, for example, amitryptaline, can result in severe
cardiotoxicity, probably due to anticholinergic activity. At high
doses, the antidepressant imipramine will depress contractility,
lower heart rate, and depress cardiac output. Cardiac arrest
Figure 3 EKG schematic. Reproduced from Farkas, A., et al., 2004. How to
J. Pharm.Toxicol. Methods 50 (3), 175–185. http://www.sciencedirect.com/sc
may also occur. Some antibiotics, including gentamycin and
neomycin, depress Ca2þ ion uptake and therefore reduce
contractility of the cardiac muscle. Although the sympathetic
system transmitters, the catecholamines, are essential for
maintenance of normal myocardial contractility, it has been
long recognized that when administered at higher than normal
levels for extended periods of time, they can lead to severe
myocardial necrosis.

In addition to inducing direct cardiac toxicity, many drugs
increase the time between depolarization and repolarization of
the left and right ventricles. This increase in time is referred to as
QT interval prolongation (time from the start of the Q wave
to the end of the T wave on an ECG) (Figure 3). Common
classes of drugs that induce QT interval prolongation are the
tricyclic antidepressants, fluoroquinolones among others
(Table 1). QT interval prolongation is a sensitive biomarker for
risk of developing a fatal arrhythmia, torsades de pointes (a.k.a.
polymorphic tachycardia). In addition to being a measurement
for risk of developing sudden cardiac death, QT prolongation,
has been used as an important screening tool for the evaluation
of pharmaceutical drugs in development.

Profound cardiotoxic responses can result from inhalation
of a number of halogenated alkanes. These are low molecular
weight hydrocarbons with some or all of the hydrogen atoms
being substituted by halogens, usually chlorine or fluorine.
These agents depress heart rate, contractility, and electrical
conduction. The effects are generally more pronounced as the
number of halogen atoms increases. Some of these compounds
have the additional and profound effect of sensitizing cardiac
muscle cells to catecholamines. In humans without preexisting
cardiac disease, the effects of most of these compounds are
reversible, although chronic exposure may cause some irre-
versible damage. As would be expected, the older halogenated
hydrocarbon anesthetics such as halothane and enflurane had
similar effects.

In contrast, low-pressure fluorocarbons, such as trichloro-
fluoromethane, can be particularly toxic. In most cases, the
levels generally encountered in the environment are too low to
have any major lasting effect and even at relatively high levels
(up to 15%) fatalities are rarely recorded. However, at levels
much above this, for example, over 20%, tragic results can
ensue. Among people who inhale these agents from closed bags
to ‘get high,’ fatalities can result because the levels of these
agents in the bags can reach 35–40%.
measure electrocardiographic QT interval in the anaesthetized rabbit.
ience/article/pii/S0002870303003272
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Agents Causing Morphologic Changes

A number of cardiotoxic compounds have been listed to this
point, including some that interfere with Naþ/Kþ ATPases;
increase Naþ or Ca2þ influx; or depress myocardial function by
replacing Ca2þ, decreasing Naþ permeability, or altering
contractility. These agents produce toxic responses in the heart
muscle often resulting in death, but do so without causing any
major morphologic changes in the heart. Other cardiotoxic
compounds produce characteristic morphologic lesions in the
heart muscle. There are a few basic types of such pathologic
alterations, such as toxic myocarditis and MI. Chemicals, which
produce toxic myocarditis cause cell damage and, ultimately,
cell death. Whether or not they produce damage acutely or
chronically is generally a function of the toxicant dose. The
acute myocarditis is characterized by edema (accumulation of
excess fluid), inflammatory cell responses, andmultiple regions
of cardiac cell death. However, the inflammatory response will
be attenuated or may be absent if the toxic agent suppresses the
immune system, for example, drugs given to prevent rejection
of transplanted organs.

MI in the heart arises from a sudden insufficiency or local
arrest of the blood supply to the heart that can result in necrosis
of a region of the heart. In advanced arteriosclerosis, occlusion
of the major arteries supplying the heart muscle with blood can
result in an MI. Even in the absence of arteriosclerosis, MIs can
result, for example, from amphetamine abuse, which produces
severe inflammations of critical arteries (i.e., an arteritis).
Intravenous drug use can cause infective endocarditis (an
inflammation of the internal lining of the heart), which can lead
to vessel occlusion with an embolus, thus resulting in an MI.
Cocaine abuse can result in ventricular tachycardia (i.e., rapid
heartbeat) and fibrillation, MI, and sudden death. At higher
doses, cocaine can increase the levels of catecholamines, ulti-
mately resulting in increased Ca2þ ion activity, accelerated
heartbeat, arrhythmias, etc. Chemicals that antagonize Ca2þ ion
movement through Ca2þ-specific membrane channels prevent
the ventricular arrhythmias induced by cocaine. Gross MI can
result from toxic exposures to carbon monoxide, nitrates, ergot
derivatives, and some potent anticancer drugs (see above).

Media attention and Food and Drug Administration (FDA)
guidelines have focused on the cardiovascular effects of
appetite-suppressant drugs and nutraceuticals or herbal medi-
cines. In 1997, the antiobesity drugs fenfluramine and dexfen-
fluramine were withdrawn from the United States sales market
due to convincing correlations made between drug usage and
cardiac valvular abnormalities. Since then, the deleterious
morphologic effects of these drugs have been described as
valvular encasement and/or endocardial fibrosis. These lesions
can have life-threatening consequences, including progressive
aortic valvular regurgitation. The mechanism underlying the
pathogenesis of these lesions remains unclear. There appears to
be a correlation with increased serotonin levels in the blood
and endocardial fibrosis; thus, there is speculation that these
drugs may increase serotonin levels or may increase sensitivity
of tissues to serotonin. In addition, the dietary supplement
ephedra (ma huang) has been implicated in cases of MI due to
coronary artery vasoconstriction and sudden cardiac death;
thus, in 2004, the FDA issued a warning about ephedra with
a ban on its sale and use in the United States.
Another type of gross morphologic lesion in the heart
muscle is hypersensitivity myocarditis. This is an inflammatory
response that is the most common type of heart disease asso-
ciated with therapeutic drug use. There are five primary clinical
criteria for diagnosis of this condition: (1) previous use of the
drug(s) without deleterious incidents; (2) no apparent rela-
tionship between the size of the drug dose and the hypersen-
sitivity response; (3) clinical symptoms consistent with
responses to allergens or infectious disease agents; (4) inde-
pendent confirmation of immunologic responses; and (5)
persistence of the symptoms as long as drug use is continued.
Histologically, there is infiltration of the heart muscle with
numerous types of white blood cells and this is associated with
local regions of lysis of the cardiac muscle cells. However, gross
fibrosis and extensive regions of myocardial necrosis are
usually absent. Among the drugs that have been reported to
elicit this response are the antibiotics penicillin, streptomycin,
ampicillin, tetracycline, and sulfadiazine.
The Blood Vessels

The second part of the CVS is composed of the blood vessels,
which are an extensive series of tubular conduits of varying
diameters. All but the narrowest of these vessels have a complex
wall structure (see below). One major group of vessels, the
arteries, distributes blood under various degrees of pressure
to all parts of the body. A second major group of vessels, the
veins, returns the blood to the heart. With the exception of
the pulmonary artery, which brings blood from the heart to the
lungs, the arteries carry blood that is more oxygenated than the
blood in their venous counterparts. The large- and medium-
sized arteries and veins share the same general structure,
although the thicknesses of specific cell layers as well as the cell
density within layers can vary considerably.
Blood Flow

Despite the system’s vital function of transporting blood
throughout the body, it would be overly simplistic to view the
vascular system as merely a series of pipes of varying diameter.
When the left ventricle contracts to deliver blood to the aorta,
the largest artery in the body, not only is the blood pressure
generated at contraction relatively high, but it is also main-
tained at a moderately high pressure between contractions of
the heart. If the arteries were a set of rigid pipes, the pressure in
the artery system would fall to zero between contractions. The
fact that this does not occur is due chiefly to the presence of
numerous elastic layers (composed of the protein elastin) in
the largest arteries. As the heart contracts, the blood pumped
into these large arteries causes the elastin in the walls to stretch.
Following contraction, the semilunar valves close (see
description of valves above) and the walls of the elastic arteries
contract passively to maintain pressure within the system until
the ventricles fill and contract once again. Overall, this expan-
sion and passive contraction is termed vascular compliance.
There are large, elastic arteries, which function primarily to
maintain the pressure within the arterial system during dias-
tole, the resting phase of heart contraction. This allows for
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steady flow to downstream capillaries, despite the inconsistent
pressure highs (systole) and lows (diastole) at each heartbeat.
There are also muscular arteries, which function primarily to
distribute the blood throughout the body to organs and tissues,
each of which may require different amounts of blood. To help
ensure that appropriate volumes of blood are delivered on
demand, the size of the lumen (the space through which the
blood flows) of the muscular arteries must be regulated quickly
and reliably. Any delay or interruption to this arteriole regu-
lation or delivery would be termed vascular dysfunction and
could lead to tissue or organ damage downstream. This is
accomplished systemically via innervation by sympathetic
fibers of the autonomic nervous system and by local vasoactive
chemical signals at the tissue level.

Because capillary walls are thin (to permit diffusion) the
blood that is delivered to them must be delivered under
reduced pressure. This is accomplished by the arterioles, which
combine relatively muscular walls with a narrow lumen.
The arterial blood pressure is a function of cardiac output and
the total peripheral vascular resistance, which is primarily
a function of the degree of normal tension (tone) of the
smooth muscle cells in the arteriolar walls. Arteriolar tone is
a unitless value with 100% tone representing complete vessel
closure/constriction, and 0% representing a maximally dilated
vessel. Broadly speaking, arterioles typically maintain a partial
state of tone (w40–60%) to be able to maintain tissue
homeostasis, by constricting or dilating as needed. Tone is
under the influence of many intrinsic and extrinsic factors such
as the autonomic nervous system (almost exclusively sympa-
thetic activity), circulating hormones (catecholamines), tissue
metabolic state (oxygen and carbon dioxide), temperature, and
physical forces (blood flow shear stress). If tone increases above
the normal range and remains so for extended periods of time,
hypertension (high blood pressure) can result.

From the capillaries, blood flows first into the narrowest
members of the venous system, the collecting venules, and then
into the muscular venules, whose diameter is approximately
twice as large and whose walls contain one or two layers of
smooth muscle cells. Blood then flows into progressively larger
veins, first to the small and then to the medium-sized veins.
Veins that are located deep within tissue tend to have thinner,
less muscular walls than do superficial veins. The final set of
veins to receive blood before it is delivered back to the heart are
the inferior and superior vena cava. The outermost cellular
layer in these veins is considerably thicker and the innermost
layer is considerably thinner than those of the aorta, the first
artery leaving the heart. Another difference between arteries
and veins is that the latter have a more extensive vasa vasorum,
an arterial blood supply to the vessel wall. Since venous blood
is relatively poorly oxygenated, veins require supplemental
oxygenation supplied by the vasa vasorum. Because venous
blood is under low pressure, the vasa vasorum can penetrate
closer to the innermost layer of the vein without being
occluded by compressive pressures in the wall.
Pathological Changes

Approximately 90% of the pathologic alterations seen in veins
are associated with one of three conditions: deep-vein
thrombosis, which often appears following acute MI, throm-
botic strokes and/or major surgery; varicose veins, which
usually arise secondary to sustained increases of venous
pressure; and superficial thrombophlebitis, which occurs in
humans with varicose veins as well as in some females after
pregnancy. A few venotoxic responses to exogenous (i.e., from
outside the body) agents are noted below; however, the great
majority of vasculotoxic agents have their effects on the
arteries. Therefore, only a description of the artery wall struc-
ture is presented below along with listings and selected
descriptions of agents that damage the arteries. The majority
of these vasculotoxic agents affect vascular compliance or
arteriole regulation, resulting in an inappropriate distribution
of blood flow. There are many normal physiological processes,
which also effect vascular compliance and may compound
toxicological exposure, including aging, hypertension, and
atherosclerosis. Additionally, exposure to toxicological agents
(e.g., carbon disulfide or methysergide; see Table 2 for addi-
tional examples) may compound existing disease or hasten
disease progression.
Artery Wall Structure

There are three principal layers (tunics) that have been identi-
fied in the wall of large- and medium-sized arteries (Figure 4).
The outermost layer, the tunica adventitia, is composed of
connective tissue cells as well as extensive deposits of the
proteins collagen and elastin. The adventitia in muscular
arteries is approximately one-half the thickness of the middle
layer, the media. In muscular arteries, the media is composed
primarily of layers of smooth muscle cells. The principal
extracellular protein component is elastin. In elastic arteries the
tunica media also predominates, but in this case there are many
layers of elastin with smooth muscle cells between the layers.
The media is separated from the adventitia by a prominent
elastic layer, the external elastic lamina. The adventitia of elastic
arteries is thinner than that of muscular arteries. In large
arteries, a vasa vasorum will also be present. The innermost
layer of the artery wall is the tunica intima, which is separated
from the media by the internal elastic lamina. In photomi-
crographs, the inner elastic lamina appears fenestrated (pores
that allow cells or otherwise nonpermeable materials to exit the
vascular lumen). This may serve as a relatively low-resistance
pathway for migration of smooth muscle cells into the
intima from the media, a process thought to be involved in the
development of atherosclerotic plaques (see below). A single
layer of endothelial cells (see below) borders the intima at the
lumenal surface.

The media is the most heterogeneous in composition and
the most variable in size of the three major coats of the artery.
The predominant cell type in the media is the smooth muscle
cell. Although some subtle differences in both appearance and
behavior have been noted between smooth muscle cells in the
intima versus those in the media, it is still not clear whether this
is due to the presence of more than one type of smooth muscle
cell, or to differing microenvironments in these two adjacent
regions of the artery wall.

Atherosclerosis is a major cause of death in most indus-
trial societies. The characteristic lesion of this disease, the



Figure 4 Comparison of typical artery and typical vein. Reprinted with permission from Cotran, R., Kumar. V., Collins. T. (Eds.), 1999. Robbins
Pathologic Basic of Disease, sixth ed. Saunders, Philadelphia, PA; Carroll, R.G. Vascular System. Elsevier’s Integrated Physiol. 78. http://www.
elsevierimages.com/image/33161.htm.
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atherosclerotic plaque, is found in the intima of large- and
medium-sized arteries, thereby thickening the vessel, effecting
vascular compliance, and the ability to efficiently distribute
blood. An additional problem with advanced plaques is that
thrombus formation is likely to occur in regions of plaque
rupture. The combination of the two events can lead to
partial or even total occlusion of major arteries. If this occurs
in one or more of the coronary arteries, a serious or even
fatal MI may result. A discussion of arteriosclerosis and
exogenous agents that can modulate this condition is pre-
sented below.

There are a large variety of compounds that evoke toxic
responses within the arterial intima, several of which will be
discussed below. These compounds are of interest not only
because of their cardiovascular side effects but also by gain-
ing an understanding of the mechanism(s) whereby these
agents act in living organisms, new insights into the
complexities of the arterial intima may be revealed.
Currently, heart disease and stroke are the leading causes of
death in the United States and they account for nearly
900 000 deaths per year. These deaths can be contributed to
many factors including both cardiotoxic and vasculotoxic
agents; however, the major (and largely unavoidable)
vasculotoxic agent that is associated with these diseases is
tobacco smoke, which will be discussed later.
Endothelial Damage

Maintenance of the integrity of the single layer of endothelial
cells that lines all of the vascular system is critical for normal
vessel function. The intact endothelium is a dynamic system.
It acts as a permeability barrier, preventing access of blood-
borne contaminants to intimal cells. The intact endothe-
lium also prevents adherence of white blood cells and
thrombi; produces and secretes a wide range of growth
regulatory molecules; and maintains vascular tone by
releasing molecules that modulate dilation and constriction
of blood vessels crucial for the appropriate distribution of
blood. Endothelial injury or dysfunction is often considered
a first-step of atherosclerosis. Endothelial cells are capable of
oxidizing low-density lipoprotein (LDL), which is primarily
responsible for transporting cholesterol through the blood to
tissues. Oxidized LDL can injure the endothelium directly,
produce molecules that allow specific types of white blood
cells to adhere to the endothelial surface, and attract
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inflammatory cells to the inner surface of the artery. Presently,
the prevailing view is that these events are critical to the early
stages of atherosclerotic plaque formation. Since the struc-
tural and metabolic integrity of endothelial cells is vital to
normal arterial function, and agents causing damage to
endothelial cells might be present in the blood at any time,
there must be efficient processes available to repair the
endothelium and maintain its integrity should it become
damaged.

Blood vessels of similar anatomical structure have distinct
responses to chemical stress depending on the organ system
with which they are associated. This may be due to subtle
differences at the cellular and subcellular levels between similar
cells and/or to local responses to different stimuli, for example,
due to specific hormone receptors or patterns of innervation.
Consider the blood–brain barrier, which prevents many
potentially toxic blood-borne agents from reaching the brain.
If the metabolic status of the endothelial cells in vessels at the
brain level is altered, one result can be a disruption of the tight
junctions between the endothelial cells, with a resulting
increase in permeability. As a result, the brain, which normally
is shielded from a number of toxic agents, may now be exposed
to them. Lack of oxygen or markedly reduced local blood flow
(ischemia) will lead to swelling of the endothelial cells and
a widening of the junctions. Chemicals, including alcohols and
surfactants, that solubilize lipids, which are an important
component of cell membranes, can also impair the barrier.
Lead ions interact with sulfhydryl (–SH) groups that are critical
to the functioning of many endothelial cell enzymes and
structural proteins. Lead ions thus produce damage to the
endothelial cells in blood vessels supplying the brain well
before the typically recognized damage to nervous system cells
is recognized. Chemicals that raise osmotic pressure, such as
solutions of high salt or the alcohol, mannitol, can cause
endothelial cells to shrink, thereby causing the tight junctions
between the cells to separate.

The liver is the organ largely responsible for detoxification
of xenobiotic (foreign biological) chemicals and partly, as
a consequence, is also constantly at risk for damage by toxic
chemicals. One such chemical, the carcinogen dimethylnitro-
samine, first induces the proliferation of endothelial cells, fol-
lowed by increased formation of vascular connective tissue,
and, ultimately, total venous occlusion. Plant toxins of the
pyrrolizidine alkaloid family, including monocrotaline, can
produce identical effects. Monocrotaline, which enters the
body in a nontoxic form, is metabolized to its toxic form(s) by
the liver. In addition to liver damage, this agent causes struc-
tural remodeling of blood vessels in the lung and a resultant
increase in pulmonary arterial pressure. This effect is similar to
the chronic pulmonary hypertension from which many people
suffer.
Metals

A number of metals that cause kidney damage act on arteries
supplying blood to this organ. Elevated levels of cadmium are
associated with hypertension, at least in animal studies.
Cadmium has also been implicated in thickening of the wall of
arterioles and deposition of fibrotic tissue in capillaries in the
testes as well as the kidneys. Agents that chelate cadmium can
reverse many of these effects, as can elevation of body levels of
zinc. It appears that cadmium and zinc are antagonistic and
that maintenance of a cadmium/zinc ratio within fairly well
defined limits may be important in preventing cadmium-
associated vessel wall changes.

Three other metal ions that have been implicated in damage
to vessel walls are mercury, chromium, and arsenic. Mercury,
which interferes with protein –SH groups, may cause vaso-
constriction of preglomerular vessels in the kidney.

Arsenic, though an unlikely contributor to blood vessel
damage on a worldwide level, represents a striking example of
how local environmental alterations can have profound effects
on a large portion of a population. On the southwest coast
of Taiwan, the artesian well water consumed by the local
population has high levels of arsenic and about one out of
every 100 people suffer from blackfoot disease. In late stages of
this disease, extremities can become gangrenous, leading to
spontaneous or surgical amputation of extremities. People
suffering from this disease exhibit much higher levels of both
peripheral vascular disease and cardiovascular disease. The
mechanism of the action of arsenic on the blood vessels
remains unclear.
Primary Amines

Cardiotoxicity of primary amines (epinephrine, norepineph-
rine, isoproterenol) was noted earlier, and has been recognized
for nearly 100 years. The vascular toxicity of these and related
compounds has also recently been recognized. The effects seem
to focus on medial cells of the artery wall, rather than on
adventitial or endothelial cells. Early changes include loss of
medial cells, mineralization, and loss of elastic fibers. Later
there is a compensatory proliferation of intimal cells. The
vascular toxicity of two related compounds is particularly
striking. One of these compounds, allylamine, will be dis-
cussed in the end of this article. The second is b-amino-
proprionitrile (b-APN), which is the active agent in the toxic
sweet pea, Lathyrus odoratus. Consumption of flour derived
from this plant results in lathyrism, a condition often seen in
children and young adults residing in Algeria, Ethiopia, and
parts of India. Sudden death can result because of rupture of
aortic aneurysms, which are ballooned and weakened segments
of the artery wall. The toxicity of b-APN has been related to its
inhibition of an enzyme which normally cross-links collagen
and elastin in large elastic arteries, including the aorta, thereby
strengthening them.
Atherosclerosis and Arteriosclerosis

Atherosclerosis is a physiological term to describe the
progressive thickening of the arteries that compromises lumen
size (thus decreasing the open area available for appropriate
blood flow). Whereas arteriosclerosis (literally ‘artery hard-
ening’) is the general term used to describe stiffening that can
occur for a variety of reasons in arteries of all sizes. From
a clinical perspective, the atherosclerotic plaque or lesion is of
greatest interest (Figure 5). It is the principal lesion associated



Figure 5 Diagrammatic representation of the main components of the vascular wall. Reprinted with permission from Cotran, R., Kumar, V., and
Collins, T. (Eds.), 1999. Robbins Pathologic Basis of Disease, sixth ed. Saunders, Philadelphia, PA; Mulroney, S.E., Myers, A.K. The peripheral circu-
lation. Netter’s Essential Physiol. 126. http://www.netterimages.com/image/21407.htm.
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with human thrombosis leading to myocardial and cerebral
infarction, which are the primary causes of death in the United
States, Canada, Europe, and Japan. Plaque development is
complex, involving processes as diverse as cell proliferation,
cell death, synthesis and deposition of a variety of extracellular
macromolecules (e.g., collagens, elastin, proteoglycans), lipid
accumulation, and mineralization. The plaque typically
appears in the arterial intima with a variety of associated cell
types, including smooth muscle cells, macrophages, lympho-
cytes, platelets, and endothelial cells. From a mechanical
perspective, the thickening leading to the eventual hardening of
the arteries (arteriosclerosis) decreases their elasticity, which
directly compromises vascular compliance, and results in an
increased cardiac workload (for each beat), ineffective vascular
pressure regulation, and altered blood flow distribution.
Plaque formation has been classified both as a problem of
proliferation and one of degeneration, as well as an inflam-
matory process, a response to injury, and a process related to
benign tumor formation. There is considerable clinical and
experimental evidence that supports each of these views.

Although in most cases atherosclerosis does not become
manifest as a clinically serious condition until well into middle
age or beyond, it is a disease that begins early in life. Autopsy
studies on US soldiers killed during the Korean War revealed
that many already had arterial deposits characteristic of the
early stages of atherosclerosis. More recent studies on children
through people in the third decade of life have confirmed
and expanded these findings. The good news is that while there
are genetic factors which may predispose an individual to
develop atherosclerosis, there is considerable evidence that
individual choices and lifestyle decisions can play a large role
in preventing, or at least mitigating, the early onset of clinical
symptoms of this disease. Further, results from a limited
number of laboratory animal studies suggest that it may even
be possible to reverse the clinical course of the disease.

Since aging is inevitable, there are three areas where lifestyle
modification can have profound effects on moderating devel-
opment of clinically significant atherosclerosis. In addition to
exercise, the two areas most amenable to change are diet and
smoking. There is strong epidemiological evidence associating
elevated levels of serum cholesterol with increasing risk of
atherosclerosis and subsequent heart attacks. As noted above,
LDL is primarily responsible for transporting cholesterol and
its esters through the bloodstream to the tissues. Oxidized
LDL can damage vessel wall cells, including endothelial cells.
Oxidized LDL can act as and also generate a chemoattractant,
which attracts monocytes to the endothelial surface and
possibly helps mediate passage of monocytes across the
endothelium where they may differentiate into tissue macro-
phages. Monocyte-derived macrophages act as scavengers to
help remove harmful molecules such as oxidized LDL. When
normal control mechanisms are dysfunctional, macrophages
filled with oxidized LDL can become foam cells, which are
critical to the formation of early stage atherosclerotic plaques.
Studies on experimental animals as well as humans have
shown that reduction in levels of plasma cholesterol and LDL
can lead to significant widening of the arterial lumen. There is
evidence that probucol, a drug originally used for its plasma
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cholesterol-lowering capability, may function primarily as an
antioxidant protecting the integrity of LDL.

Relaxation of blood vessels appears to be at least partially
under the control of endothelial cells and their secreted prod-
ucts, especially endothelium-derived relaxation factor (more
specifically, nitric oxide). Oxidized LDL directly inhibits the
endothelial cell-associated vessel relaxation. The generation of
increased reactive oxygen species in association with elevated
levels of blood cholesterol has also been reported. One of these
reactive oxygen species, superoxide (O2

�), may interact with
nitric oxide within the artery wall, preventing endothelium-
dependent vasodilation. In addition, a common product of
the reaction between nitric oxide and superoxide is peroxynitrite
(ONOO�). This highly reactive molecule may act to stimulate
lipoprotein oxidation, which, as noted above, is regarded as an
early step in the development of atherosclerotic plaques.

Oxidants arise from two sources. The first, which is internal,
is related to various metabolic processes, including respiration,
phagocytic activity to destroy bacteria- and/or virus-infected
cells, and, paradoxically, attempts to detoxify foreign
substances. In the process of carrying out the latter activity,
toxic oxidant by-products can be produced. The second source
is external. While the potential protective effects of dietary
components and supplements, for example, vitamins, are still
being debated, it is reasonable to conclude that decreasing
exposure to oxidants from external sources would be beneficial
not only in reducing chances of premature atherosclerosis, but
also of other diseases, including cancer. By far the most
common, avoidable, and dangerous source of external oxidants
is cigarette smoke, which is considered a principal contributor
to one-quarter of all heart disease cases, one-third of all cancers,
and w440 000 premature deaths in the United States every
year. As economies of developing countries expand and as
cigarette smoking becomes more popular throughout the
world, health problems associated with cigarette smoking will
increase rapidly.
Cigarette Smoke

Cigarette smoke is composed of active smoke, the smoke
coming from the mouth end of the cigarette and breathed in
by the smoker; and passive smoke (second-hand smoke;
environmental tobacco smoke) which is composed mostly
of the smoke coming off the burning end of the cigarette
plus a small percentage of exhaled smoke. Active and passive
smoke contain many constituents in common, but often in
strikingly different concentrations. Among the more than
4000 different chemicals that have been identified in ciga-
rette smoke, prominent candidates that have been consid-
ered as vasculotoxic agents include carbon monoxide and
various carcinogens. In addition to interfering with transport
of well-oxygenated blood, carbon monoxide may cause
endothelial cell damage directly, although the mechanism is
not clear. Another major class of potential, vasculotoxins in
cigarette smoke is the carcinogens. Most of these are found in
the tar condensate fraction of cigarette smoke. Some,
including benzo(a)pyrene, are well-known carcinogens that
are found in other environmentally prominent substances
including coal tar derivatives, charcoal-broiled meat, and
automobile exhaust. Other smoke carcinogens include
the nitrosamines, some of which are tobacco-specific. Both
benzo(a)pyrene and the parent nitrosamines require meta-
bolic activation to become carcinogenic. The enzymes
involved in these processes are members of the cytochrome
P-450 system. During the course of detoxifying these agents
so that they ultimately can be excreted readily, one or more
toxic and possibly carcinogenic metabolites may be gener-
ated. Compounds such as benzo(a)pyrene induce the
appearance of the cytochrome P-450 system enzymes, and
smokers are constantly exposed to the P-450 inducers.
Generation of endothelial cell-damaging agents during the
metabolism of benzo(a)pyrene derived from cigarette smoke
has been shown to be a possible mechanism to explain the
initiation of atherosclerotic plaques. Oxidants derived from
cigarette smoke can damage lipids, an important constituent
of cell membranes, as well as cellular macromolecules,
including DNA. There is some evidence that cigarette smoke
may cause damage to artery wall cell DNA in animal models;
however, if such damage does occur it would provide inde-
pendent support for the view that DNA alterations are
characteristic of atherosclerotic plaques in animal models
of the disease as well as in humans. In related experimental
animal studies, the chemical allylamine caused both
myocardial lesions and vascular fibrosis. Allylamine toxicity
is thought to be mediated via metabolism of this compound
to the reactive aldehyde, acrolein, which is also a prominent
component of cigarette smoke. Studies with cultured artery
wall cells indicate that the primary arterial effect of allyl-
amine is on the smooth muscle cells. Proliferation of intimal
smooth muscle cells in response to allylamine exposure
results in activation of a specific cellular DNA sequence, the
H-ras oncogene, which is implicated in the development of
certain forms of cancer. This lends further support to the
contention that there may be molecular similarities between
the development of the lesions of atherosclerosis and of
cancer.

One of the problems researchers have faced in identifying
specific health-threatening components of cigarette smoke is
that while at moderate to high concentrations many of these
agents can be toxic, in many cases the individual concentra-
tions of these factors in cigarette smoke are likely too low to be
able to account individually for the toxic and disease-
promoting effects of cigarette smoke. The US Environmental
Protection Agency sidestepped this problem in 1992 by
declaring environmental tobacco smoke, with its thousands of
components, to be a human class A carcinogen. The American
Heart Association has classified environmental tobacco smoke
as an environmental poison and as a major preventable cause
of cardiovascular disease. Regarding environmental tobacco
smoke, estimates provide evidence that as many as 69 000
excess heart disease deaths annually in the United States can
be attributed directly to involuntary exposure to cigarette
smoke. In support of these estimates, a number of laboratories
have reported that inhalation of sidestream cigarette smoke
accelerates arteriosclerosis in different experimental model
systems of the disease. Since epidemiological and autopsy
evidence strongly support the view that atherosclerosis begins
as early as childhood, the experimental results with environ-
mental tobacco smoke suggest that involuntary exposure of
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children to tobacco smoke may accelerate plaque develop-
ment. The insidious nature of involuntary exposure to envi-
ronmental tobacco smoke is further emphasized by recent
findings in a mouse model of atherosclerosis. Male mice
exposed only in utero to environmental tobacco smoke
develop accelerated atherosclerosis as adults, even in the
absence of a high fat diet. In the United States, where studies
show that many children are less active physically and have
poorer diets than children growing up a few of generations
ago, involuntary exposure to second-hand smoke may well
represent a major additional risk factor for the development of
atherosclerosis. Fortunately, extensive epidemiologic evidence
from both cancer and heart disease studies indicates that as the
time since cessation of smoking increases, the chances of dying
prematurely from either disease decrease. Thus, the vasculo-
toxic effects of cigarette smoke, both active and passive, may
be largely reversible.
Nicotine

Tobacco smoke has been associated with various cardiovas-
cular diseases. However, the use and dependency on tobacco
products stems from a need to reach a level of nicotine that is
consistent with the user’s addiction. The introduction of nico-
tine cannot be thought of as benign and the use of nicotine
(e.g., e-cigarettes, nicotine patch, nicotine gum, nasal sprays,
inhalers, lozenges, or smokeless tobacco products) should also
be considered to have negative cardiovascular health conse-
quences, though the extent of these health consequences is
currently unclear. Acutely, nicotine can stimulate the release of
catecholamines through activation of the sympathetic nervous
system, thereby increasing blood pressure and heart rate; while
chronic use has been shown to have multiple cellular targets
that alter cardiac and vascular molecular pathways promoting
hypertension, cardiovascular disease, and altering cardiac
rhythm. Nicotine has also been implicated in abdominal aortic
aneurysm both through indirect mechanisms (e.g., hyperten-
sion) and direct alterations leading to vascular smooth muscle
cell damage and aortic remodeling. Taken together, the
movement of patients from tobacco use to nicotine replace-
ment therapies, but more importantly nicotine cessation,
should be considered paramount to prevent the cardiovascular
effects associated with nicotine use.
Conclusion

Through hundreds of years, and countless agents, studies
and trials, the fundamental principle of toxicology remains
the balance between a poison and a remedy. That is, the
difference between an untoward outcome and positive ther-
apeutic application of compounds must be considered. This
article is not meant to associate a ‘good’ or ‘bad,’ but to open
awareness to all toxicological considerations, and encourage
special consideration for cardiovascular impacts.

See also: Amphetamines; Arsenic; Batrachotoxin; Blood;
Chemicals of Environmental Concern; Chromium; Cocaine;
hERG (Human Ether-a-Go-Go Related Gene); Mercury;
Tetrodotoxin; Tobacco.
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Description

Catecholamine is the name of a group of compounds that
contain a catechol nucleus (a benzene ring with two adjacent
hydroxyl substituents) and an amine group. This group
includes the mammalian neurotransmitters or hormones, such
as dopamine, norepinephrine, and epinephrine, and non-
mammalian compounds such as octopamine. Each compound
has its own synonyms.

l Name: Dopamine
l Chemical Abstracts Service Registry Number: 51-61-6
l Synonyms: Pyrocatechol; 4-(2-Aminoethyl) pyrocatechol;

3-Hydroxytyramine; 3,4-Dihydroxyphenethylamine; 4-(2-
Aminoethyl)-1,2-benzenediol; Dopastat

l Molecular Formula: C8H11NO2

l Name: Epinephrine
l Chemical Abstracts Service Registry Number: 51-43-4
l Synonyms: Benzyl alcohol, Adrenalin, Epirenamine, Meth-

ylaminoethanolcatechol, Vasotonin
l Molecular Formula: C9H13NO3

l Name: Norepinephrine
l Chemical Abstracts Service Registry Number: 51-41-2
l Synonyms: 4-(2-Amino-1-hydroxyethyl)-1,2-benzenediol;

a-(Aminomethyl)-3,4-dihydroxybenzyl alcohol; 2-Amino-
1-(3,4-dihydroxyphenyl)ethanol; 1-(3,4-Dihydroxyphenyl-
2-aminoethanol; Noradrenaline.

l Molecular Formula: C8H11NO3

l Chemical Structures:
748 Encyclopedia of T
Background

Catecholamines are endogenous neurotransmitters or
hormones. Dopamine and norepinephrine are in the mono-
amine class. Catecholamines are synthesized in the brain, the
adrenal medulla, and by some sympathetic nerve fibers. The
biosynthesis of catecholamines begins with the hydroxylation
of tyrosine by tyrosine hydroxylase to form L-dopa, which is
decarboxylated by aromatic amino acid decarboxylase to form
dopamine. Catecholamines are formed from dopamine by the
enzyme dopamine beta-hydroxylase, and epinephrine is
formed from norepinephrine by enzyme phenylethanolamine
N-methyltransferase. Parkinson’s disease is one of the most
common neurodegenerative disorders and is characterized by
the selective loss of dopaminergic neurons in the substantia
nigra. Dopamine is widely distributed throughout the CNS and
is involved in the control of movement. Dopamine is synthe-
sized from the amino acid tyrosine. This amino acid is abun-
dant in meats, dairy products, and soy. Tyrosine undergoes
a series of enzymatic modifications to yield dopamine. The
amount of dopamine that can be made is limited by the activity
of the first enzyme in the synthesis chain – tyrosine hydroxy-
lase. Cells that use dopamine as a neurotransmitter are referred
to as dopaminergic. Norepinephrine is an important neuro-
transmitter in both the CNS and the sympathetic part of the
autonomic nervous system. The hormone epinephrine acts
together with the sympathetic nervous system to initiate the
body’s quick response to stressful stimuli.
Uses

Catecholamines are sympathomimetic drugs. Dopamine and
norepinephrine are used as vasopressors (antihypotensives).
Catecholamines are water-soluble and are 50%-bound to
plasma proteins, and are always seen in the circulating blood.
Epinephrine stimulates both the alpha- and beta-adrenergic
systems, causes systemic vasoconstriction and gastrointestinal
relaxation, stimulates the heart, and dilates bronchi and cere-
bral vessels. It is also used as a vasoconstrictor, cardiac stimu-
lant, or bronchodilator to counter allergic reaction, anesthesia,
and cardiac arrest. Epinephrine is used to treat severe allergic
(anaphylactic) reactions because it can prevent or minimize the
effects of histamine. It is also an antiglaucoma agent.
Environmental Fate and Behavior

Routes and Pathways
Catecholamines are mostly administered by intravenous injec-
tion or infusion. They have a very short half-life when circulating
in the blood and are easily soluble in water. Epinephrine is
available in nebulized racemic dosage form for inhalation.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00271-2
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Intoxication from catecholamine usually results from iatrogenic
overdoses, accidental intravenous administration, and the
injection of solution intended for nebulization. High concen-
trations of dopamine present inside of a cell than there are
vesicles to store it in, oxidative stress can occur and cause damage
or death to the cell. It is thought that dopamine overload causes
biochemical damage to cellular mitochondria, that provide the
cell with all of the energy it requires to function, resulting in
death of the cell. Catecholamines produced circulatory changes
that reversed propofol anesthesia in animal models.
Toxicokinetics

Epinephrine is well absorbed after oral administration but is
rapidly inactivated in the gut mucosa. When catecholamines
were intravenously injected or infused, the onset of drug effect
is rapid (within 5min for dopamine and 3–10min for
epinephrine) and the duration of drug effect is short (10min
for dopamine, 1 or 2min for norepinephrine, and 15min to
hours for epinephrine depending on route of administration).
Exogenous catecholamines in the circulation are rapidly and
efficiently taken up by adrenergic neurons. Catecholamines are
metabolized by monoamine oxidase, which is localized largely
in the outer membrane of neuronal mitochondria, and by
catechol-O-methyl transferase, which is found in the cytoplasm
of most animal tissues, particularly the kidneys and the liver.

The primary metabolites of dopamine are homovanillic
acid and dihydroxyphenylacetic acid (75%) and norepineph-
rine (25%). The primary metabolites of epinephrine and
norepinephrine are vanillylmandelic acid and 3-methoxy-4-
hydroxyphenethyleneglycol. Catecholamine metabolites and
their conjugates are excreted in urine.
Mechanism of Toxicity

Catecholamines are sympathomimetic drugs. These drugs
increase heart rate and cardiac output and may produce cardiac
arrhythmias. Administration of norepinephrine also results in
increased peripheral vascular resistance. Both effects may cause
serious systemic hypertension, which may cause cerebral
hemorrhage. Reduced hepatic and renal blood flow may cause
tissue ischemia, increase glycolysis, and serum lactic acidosis.
In very high doses, a paranoid state may be induced. Recent
studies have demonstrated that norepinephrine may enhance
or inhibit immune function under certain conditions.
Increased levels of catecholamines can also increase fat lipolysis
and reduce adipogenesis.

Production of reactive oxygen species and formation of
quinone during the metabolism of dopamine are involved in
dopamine toxicity. Numerous in vitro and in vivo studies con-
cerning dopamine-induced neurotoxicity have been reported in
recent decades. The reactive oxygen species generated in the
enzymatic oxidation or auto-oxidation of excess dopamine-
induced neuronal damage and apoptotic cell death. Dopamine
and its metabolites containing two hydroxyl residues exert
cytotoxicity in dopaminergic neuronal cells mainly due to the
generation of highly reactive dopamine quinones which are
dopaminergic neuron-specific cytotoxic molecules. Dopamine
quinones may irreversibly alter protein function through the
formation of 5-cysteinyl-catechols on the proteins. The
formation of dopamine quinone-alpha-synuclein consequently
increases cytotoxic protofibrils and the covalent modification of
tyrosine hydroxylase by dopamine quinones. The melanin-
synthetic enzyme tyrosinase in the brain may rapidly oxidize
excess amounts of cytosolic dopamine and prevent slowly
progressive cell damage by auto-oxidation of dopamine, thus
maintaining dopamine levels.
Acute and Short-Term Toxicity

Animal

Overdose of catecholamines may result in animal death. In test
animals, there is evidence that death is the result of respiratory
arrest causedbyhypertension followingoverdoseof epinephrine.
Human

At high infusion rates of dopamine, ventricular arrhythmias,
and hypertension may occur. Nausea, vomiting, and angina
pectoris are occasionally seen. Gangrene of the extremities may
occur in patients with profound shock given large doses of
dopamine for long periods of time. Norepinephrine may cause
dose-related hypertension (sometimes indicated by headache),
reflex bradycardia, increased peripheral vascular resistance, and
decreased cardiac output. High doses of norepinephrine (in
excess of 8–12mg of base per min) cause intense vasocon-
striction, which results in ‘normal’ blood pressure but
decreased tissue perfusion. Local necrosis may result from
perivascular infiltration and angina, mesenteric ischemia, and
peripheral ischemia. Epinephrine may cause dose-related rest-
lessness, anxiety, tremor, cardiac arrhythmias, palpitation,
hypertension, weakness, dizziness, and headache. A sharp rise
in blood pressure from over-dosage of epinephrine may cause
cerebral hemorrhage and pulmonary edema. High catechol-
amine levels in blood are also associated with stress, due to
psychological or environmental stressors.
Chronic Toxicity

Human

Prolonged use and repeated injection of epinephrinemay lead to
tolerance and local necrosis. Prolonged use of norepinephrine
may cause edema, hemorrhage, focal myocarditis, necrosis of the
intestine, or hepatic and renal necrosis. It may also cause plasma
volume depletion, whichmay result in perpetuation of the shock
state or recurrence of hypotension when the drug is dis-
continued. High levels of catecholamines may be also due to the
low levels of monoamine oxidase A (MAO-A). MAO-A is one of
the enzymes responsible for degradation of these neurotrans-
mitters, and thus balance the levels of catecholamines.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Treatment is directed at ameliorating tachycardias,
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shock, cardiac arrhythmias, systemic hypertension, pulmonary
edema, and lactic acidosis. In the case of severe toxicity,
administration of a rapidly acting a-adrenergic blocking drug
such as phentolamine may be considered. Glutathione is
a scavenger for dopamine oxidation intermediates and it may
provide complete protection against dopamine-mediated
toxicity.
Ecotoxicology

Toxicity of catecholamines in a ciliated protozoan Tetrahymena
pyriformis has been reported in a recent study. Catecholamines
exhibited moderate acute toxicity to the protozoans. Dopa-
mine showed toxic potential Effective Concentrations (EC10)
of 0.63 ppm in T. pyriformis and a higher concentration of
dopamine inhibited the synthesis of adrenalin in these
protozoans.
Disclaimer

The findings and conclusions in this report are those of the
author and do not necessarily represent the views of the
National Institute for Occupational Safety and Health, Center
for Disease control and Prevention.
See also: Mode of Action; Occupational Exposure Limits;
Monoamine Oxidase Inhibitors; Estrogens II: Catechol
Estrogens.
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l Name: CCA-treated wood
l Chemical Abstracts Service Registry Number: None
l Synonyms: None
l Molecular Formula: None
l Chemical Structure: None

Chromated copper arsenate (CCA) is a chemical mixture
registered by the US Environmental Protection Agency (EPA)
for use as a wood preservative. It has been demonstrated to
protect wood from dry rot, fungi, molds, termites, and other
pests that can threaten the integrity of wood products.
CCA-treated wood (also known as pressure-treated wood) is
most commonly used in outdoor settings. Over 90% of all
outdoor wooden structures are made with CCA-treated lumber.
Around the home, CCA-treated wood is commonly used for
decks, walkways, fences, gazebos, boat docks, and playground
equipment. Other common uses of CCA-treated wood include
highway noise barriers, signposts, utility poles, and retaining
walls.

Untreated wood generally deteriorates within 3–5 years,
depending on its exposure to soil and environmental condi-
tions. CCA-treated wood, on the other hand, is relatively strong
and long lasting and maintains its integrity in conditions under
which untreated wood would quickly degrade. CCA-treated
wood products often retain their structural integrity 10–20
times longer than untreated woods.

In the pressure-treatment process, lumber is loaded into
a horizontal cylinder. The cylinder door is sealed, and a liquid
solution containing CCA is pumped in. The pressure in the
cylinder is then raised, forcing the CCA into the wood. At the
end of the process, the excess treatment solution is pumped
back to a storage tank for reuse. The CCA solution is toxic.
Therefore, it can be applied only by EPA-certified operators.
However, wood that has been treated with CCA is not classified
as hazardous because the CCA ‘fixes’ to the wood in a way that
makes the chemical insoluble and somewhat leach resistant.
Thus, CCA-treated wood is not considered to be a health risk
unless burned in fireplaces or woodstoves.

The arsenic penetrates deeply into the wood and remains
there for a long time. However, some of the chemical may
migrate from treated wood into surrounding soil over time and
may also be dislodged from the wood surface upon contact
with skin. The amount and rate at which arsenic leaches,
however, vary considerably depending on numerous factors,
such as local climate, acidity of rain and soil, age of the wood
product, and how much CCA was applied. Interestingly,
leaching occurs more with newer structures and decreases
with time.

Since excessive exposure to arsenic can be hazardous to
health, precautions should be taken to decrease exposure.
Applying a sealant on a regular basis (e.g., one reapplication
every other year depending upon wear and weathering) should
prevent the migration of arsenic from the wood. One should
wash hands thoroughly after contact with treated wood,
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
especially prior to eating and drinking; and ensure that food
does not come into direct contact with any treated wood.
Furthermore, workers should take certain precautions: wear
gloves when handling wood, wear goggles and dust-mask
when sawing and sanding, always wash hands before eating,
and never burn CCA-treated wood.

During an 8 year investigation, the EPA examined the safety
of using and handling CCA-treated wood. None of the EPA’s
investigations produced any findings showing increased risks
of cancer or other toxic effects on humans handling
CCA-treated wood. In 1985, the EPA concluded that the
benefits of CCA-treated wood far outweighed any risks. The
EPA established modest use precautions, which the treating
industry agreed to disseminate in a voluntary consumer-
awareness program.

The actual exposure levels to arsenic in CCA are considered
to be minuscule. In 1990, the Consumer Product Safety
Commission (CPSC) measured dislodgeable arsenic in eight
samples of CCA-treated wood. In five of the samples, the
amount was undetectable. Two other samples yielded small
quantities of arsenic. The eighth sample, which yielded the
greatest amount of arsenic, was rough-sawn lumber, a material
classified by the wood-treatment industry as not acceptable for
playground equipment. The CPSC concluded that the amounts
of arsenic that people may be exposed to are below the level
that may cause a health concern, and deemed it safe.

Plants grown in soil touched by CCA-treated wood have the
same minuscule exposure levels. For decades, CCA-treated
wood has been used commercially near crops in the form of
tomato stakes, vineyard supports, banana props, and mush-
room trays. No problems have ever been recorded that indicate
that the preservative migrates into plants and causes any health
effects.

On 12 February 2002, the EPA announced a voluntary
decision by industry to move away from using CCA to treat
wood used in residential settings. This transition affects
virtually all residential uses of wood treated with CCA,
including wood used in play-structures, decks, picnic tables,
landscaping timbers, residential fencing, patios, and walk-
ways/boardwalks. Effective from 31 December 2003, no wood
treater or manufacturer may treat wood with CCA for most
residential uses. This decision will facilitate the transition in
both the manufacturing and retail sectors to wood preserva-
tives that do not contain arsenic, as well as other alternatives,
such as naturally resistant woods and plastic alternatives.
The EPA does not believe there is any reason to remove or
replace CCA-treated structures, including decks and play-
ground equipment. Furthermore, the EPA is not recom-
mending surrounding soils be removed or replaced. Also,
CCA-treated wood can be disposed of with regular munic-
ipal trash (i.e., municipal solid waste, not yard waste).

See also: Wood Dusts; Arsenic.
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Introduction

The cell cycle is the orderly progression of cells through specific
stages during which DNA is replicated and distributed to two
daughter cells, resulting in cell proliferation. Precise regulation
of the passage of cells through this cycle is necessary to ensure
the maintenance of DNA integrity through multiple genera-
tions. Cell cycle regulation also ensures that cell proliferation
occurs only under defined conditions in response to growth
factors and in the presence of a suitable environment. Loss of
cell cycle regulation is a characteristic of cancer.

The cell cycle comprises four stages, which are called G1, S,
G2, and M phases (Figure 1). S (for DNA synthesis) is the
stage in which DNA is duplicated. M (for mitosis) is the stage
in which the cell divides. G1 (for gap 1) is the stage imme-
diately prior to S during which the cell prepares for DNA
synthesis. G2 (for gap 2) is the stage preceding M during
which the cell prepares for cell division. Two major points of
regulation are at the transitions between G1 and S phases, and
between G2 and M phases. The progression of cells through
late G1/S requires the presence of growth factors. A restriction
point in late G1 marks the point at which cycle progression
becomes growth factor independent. Cells that are actively
proliferating progress from M phase back to G1 where prep-
arations for DNA synthesis immediately start anew. Cells that
Figure 1 Overview of the different phases of the cell cycle. Quiescent cells are
DNA synthesis. After passing the restriction point in late G1, cells are commi
G2 phase prepare for mitosis (M phase). Cell cycle progression is controlled
cyclins (A, B, D, E); cyclin-dependent kinases (cdk 1, 2, 4, 6); cdk inhibitors
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are not actively proliferating are said to be quiescent and are
in G0 phase. The entry of cells from G0 into the cell cycle is
also a closely regulated step and requires an extracellular
stimulus or growth factor. We describe below the critical
proteins that have been identified to date that regulate G1/S
and G2/M transitions. We emphasize that the cell cycle
paradigm is rapidly evolving and expanding and that this
description is likely incomplete.
Cyclins and Cyclin-Dependent Kinases

Numerous proteins have been identified that stringently
regulate the passage of cells at G1/S and G2/M phase tran-
sitions. Conserved serine/threonine kinases, called cyclin-
dependent kinases (cdks), phosphorylate and activate
specific regulatory proteins that drive cell cycle progression.
The activity of cdk is controlled at three levels. First, cdks are
activated by their interaction with proteins, called cyclins.
Cyclins are proteins with very short half-lives of less than
30–60 min. Whereas the cdks are constitutively expressed
throughout the cell cycle, the level of the cyclins varies
throughout. Cyclin levels are controlled by both regulated
synthesis and ubiquitin-mediated proteolysis. Specific
cyclin–cdk complexes function at different cell cycle phases.
in G0 phase and reenter the cell cycle at G1, during which cells prepare for
tted to enter the S phase, during which DNA replication occurs. Cells in
by various positive and negative cell cycle regulatory proteins, including
(INK4 and Kip/Cip); and retinoblastoma (Rb).
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Formation of the heterodimers cyclin D/cdk4, cyclin D/cdk6,
and cyclin E/cdk2 is necessary for entry into and progression
through G1. The induction of cyclin D family members is
provoked by an extracellular signal or growth factor and
initiates the entry of quiescent cells from G0 into G1. Cyclin
D/cdk heterodimers phosphorylate and inactivate retino-
blastoma protein (pRb), causing the release and activation of
the E2F family of transcription factors. This family of tran-
scription factors drives transcription of genes necessary for
the G1/S transition, including cyclin E. Cyclin E/cdk2 also
phosphorylates pRb but unlike cyclin D heterodimers, its
activity is mitogen independent. Both cyclin E/cdk2 and
cyclin A/cdk2 drive entry and progression through S phase
via the phosphorylation of non-Rb proteins that initiate
DNA synthesis. Cyclins A and B form complexes with cdk1
(also called cdc2) and are called the mitotic cyclins since
these complexes regulate mitosis. Cyclin B/cdk1 controls the
G2/M transition. Cyclin B is synthesized as the cell progresses
through G2. Upon binding of cyclin B to cdk1, the activated
heterodimer phosphorylates proteins that are involved in
mitosis.

Activity of the cyclin/cdk complexes is also regulated by
phosphorylation/dephosphorylation by cdk activating kinases
(CAKs) and phosphatases. A third level of regulation is ach-
ieved by control of protein levels of cdk inhibitors. Cdk
inhibitors are proteins that accumulate in response to multiple
environmental stimuli, including DNA damage, hypoxia, cell–
cell contact, and cytokines, and inhibit the activity of cyclin/cdk
heterodimers. The cdk inhibitors include two classes of
proteins. The INK4 proteins, which include p16INK4a,
p15INK4b, p18INK4c, and p19INK4d, specifically inhibit the
activity of cdk4 and cdk6 by competitive inhibition of cyclin D
binding to the monomeric kinases. Mutations and deletions
of the p16INK4a gene and inactivation by hypermethylation
have been shown to play a role in tumorigenesis in many
different types of tumors.

The Kip/Cip proteins include three structurally related
proteins, p21, p27, and p57. In contrast to the INK4
proteins, the Kip/Cip proteins inhibit most cyclin/cdk het-
erodimers. Specific Kip/Cip proteins are induced by
upstream events. p21 is induced in response to DNA damage
and specifically inhibits cyclin E/cdk2. Protein levels of p27
are highest in quiescent cells and induce G1 arrest in
response to conditions that typically result in cell quiescence
such as growth factor deprivation or contact inhibition. Both
the INK4 and the Kip/Cip proteins inhibit the phosphory-
lation and inactivation of pRb.

Recent genetic studies using knockout mouse models indi-
cate that Cdk2, Cdk4, or Cdk6 singular knockout mouse
embryos are viable and only Cdk1 knockout mice are embry-
onic lethal. Cdk4 and Cdk6 are not required for organogenesis
and cell cycle except for some endocrine and hematopoietic
cells. Cdk2 is not needed for themitotic cell cycle. Those studies
suggest the compensatory role of various Cdks.
Retinoblastoma

The retinoblastoma gene (Rb) was the first tumor suppressor to
be identified. Rb mutations were first shown to be causal in
familial and sporadic retinoblastoma, a rare tumor of the eye,
but have since been associated with many other tumors,
including osteosarcoma, small cell lung cancer, and prostate
and breast cancer. In addition, mutations in the upstream Rb
signaling pathway that result in the functional inactivation of
the Rb gene product, pRb, are found in virtually all
malignancies.

Three Rb homologs have been described, including p110Rb

(or Rb), p107Rb (or p107), and p130Rb (or p130). All Rb
homologs are characterized by a ‘pocket’ domain, which is
highly conserved and necessary for pRb’s tumor suppressor
function. All the Rb homologs bind viral oncoproteins as well
as E2F family members. Binding of viral oncoproteins disrupts
the pocket domain of pRb and impairs pRb’s tumor suppressor
function. All pRb homologs cause G1 arrest.

The primary role of pRb is the inhibition of transcription
of genes that mediate passage across the G1/S transition.
There are two mechanisms by which pRb inhibit transcrip-
tion. First, pRb binds to and inhibits the E2F family of
transcription factors. The binding characteristics of the
homologs vary slightly, whereas pRb binds preferentially to
E2F1–4, p107 and p130 bind preferentially to E2F4 and
E2F5. Phosphorylation of pRb regulates its interaction with
E2F. The phosphorylation status of pRb fluctuates
throughout the cell cycle. Hypophosphorylated pRb is active
and binds to E2F family members thus sequestering E2F and
inhibiting its transcriptional activity. Hyperphosphorylated
pRb is inactive and releases E2F, which results in the tran-
scription of genes that allow the cell to progress to S phase.
Upon release from pRb, E2F binds to DP-1 or DP-2, and the
resulting heterodimer activates genes necessary for DNA
replication. The mechanism by which pRb inhibits E2F
transcriptional activity is still debated, but it may be via the
recruitment of chromatin remodeling enzymes such as
histone deacetylases (HDACs) that directly repress tran-
scription by removing acetyl groups from chromatin, which
causes the chromatin to be less accessible to transcription
factors. The role of the pRb-bound HDAC may be to coun-
teract the activity of the E2F-bound acetyltransferase protein,
p300/CBP, which transfers acetyl groups to chromatin and
enhances transcriptional activity. In addition to its inactiva-
tion of E2F resulting in a decrease in transcription of E2F-
responsive genes, the complex of pRb and E2F actively
represses transcription, which may also be via the recruit-
ment of HDACs to the promoter regions.

The regulation of pRb activity is complex. There are 16
possible sites for cdk-mediated phosphorylation, and data
suggest that phosphorylation at each different site regulates
a distinct pRb function. pRb is phosphorylated by multiple
cyclin/cdk complexes. Cyclin D/cdk4/6 initiates phosphoryla-
tion in early G1 and cyclin E/cdk2 hyperphosphorylates pRb in
late G1. Cyclin A/cdk2 maintains phosphorylation of pRb
throughout S phase.

pRb may perform other roles in addition to regulation of
G1/S including the regulation of apoptosis. A decrease in
functional pRb results in the activation of p53-induced
apoptosis, which appears to be mediated via the release of
E2F1. Free E2F1 activates transcription of ARF (alternate
reading frame of the p16INK4a locus), which inhibits
a protein called mdm-2 ubiquitin ligase (mdm-2). Mdm-2
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targets proteins for ubiquitin-mediated proteolysis. Since
mdm-2 initiates the degradation of p53, its inhibition results
in an increase in p53 and a corresponding increase in
apoptosis. Thus, a decrease in functional pRb, which could
otherwise result in unchecked cell proliferation, triggers an
apoptotic response. A decrease in functional pRb also creates
a selection pressure for p53 mutations, since only cells that
have mutated dysfunctional p53 survive. Not surprisingly,
p53 mutations are often found to coexist with Rb mutations
in malignant tumors.
Checkpoints

Checkpoints are surveillance mechanisms comprising
numerous genes that detect DNA damage and induce either
cell cycle arrest and DNA repair mechanisms, or, in the
presence of extensive DNA damage, apoptosis. The data
elucidating this surveillance network are very incomplete but
have been advanced significantly since the isolation of the
mutation that is associated with ataxia telangiectasia (AT).
AT is a rare pediatric disease that is associated with immune
deficiency and an increased susceptibility to cancer. Prior to
the isolation of the AT mutation, it had long been observed
that stimuli that induce DNA damage delay progression
through the cell cycle. For years, this phenomenon was
assumed to be the passive response of the cell as a direct
result of the DNA damage itself. By contrast, cells that harbor
the AT mutation demonstrate a marked decrease in cell cycle
arrest after DNA damaging radiation. These data suggested
that an active system exists in normal cells that retard cell
cycle progression in the presence of DNA damage. The
checkpoint surveillance system comprises sensor proteins
(proteins that detect DNA damage and initiate a signaling
cascade); transducers (modifying enzymes such as kinases
that relay the signal to effector proteins); and effectors
(downstream target proteins that, upon activation by modi-
fying enzymes, cause cycle arrest). Of these proteins, the least
is known about sensor proteins, although several candidate
genes have been suggested. The effector proteins include
kinase inhibitors such as p21, or cyclin/cdk heterodimers
that are either activated or inhibited to cause cycle arrest.
Major transducer proteins include p53, ATM (AT-mutated
protein kinase), and ATR (ATM and Rad3-related protein
kinase).

P53 is a transcription factor that activates the transcription
of genes that cause cell cycle arrest at either G1/S or G2 phase.
In addition, p53 activates genes that initiate DNA repair and
cause apoptosis. Mutations of p53 are commonly described in
association with human tumors. The result of p53 activation
is cell type-specific and depends on the type and severity of
injury. P53-induced G1 cell cycle arrest is mediated via the
induction of p21 and p16. p53 has a very short half-life and is
generally undetectable in healthy cells. In the presence of
DNA damage induced by either ultraviolet or g-irradiation,
p53 is activated by posttranscriptional modifications,
including phosphorylation and acetylation, that either
enhance its stability or alter its affinity for binding proteins.
ATM and its related protein, ATR, phosphorylate p53, which
decreases its binding to mdm-2. A decrease in the interaction
between p53 and mdm-2 causes a decrease in ubiquitin-
mediated proteolysis of p53 and a resulting increase in p53
protein levels. As described previously, ARF also activates p53
via the inactivation of mdm-2. In addition to phosphoryla-
tion, the acetylation status of p53 also determines its stability.
P53 is acetylated and stabilized by p300/CBP, which increases
apoptosis. The recently described NAD-dependent deacetylase
protein SIRT1 removes acetyl groups from p53 and decreases
apoptosis.

ATM and ATR are closely related phosphoinositide
3-kinases that are activated by DNA damage. Upon activation,
ATM phosphorylates and activates multiple proteins in addi-
tion to p53, including mdm-2 and a serine/threonine kinase
called Chk-2. Activated Chk-2 phosphorylating p53. ATR
phosphorylates many but not all of the same substrates as
ATM. ATR phosphorylates and activates Chk-1, which also
phosphorylates p53.

p53, ATM, and ATR also contribute to G2 arrest. Upon
activation, cdk1 initiates mitosis. cdk1 is activated via its
interaction with cyclin B and via dephosphorylation by cdc25C
phosphatase. Upon phosphorylation by ATM and ATR, Chk-2
and Chk-1 phosphorylate and inhibit cdc25C, which prevents
the activation of cdk1. P53 activates transcription of two genes
that inhibit cdk1 activity, including GADD45 and 14-3-3s.
GADD45 disrupts the cyclin B/cdk1 heterodimer. The protein
product of 14-3-3s sequesters cdc25C, which prevents the
dephosphorylation of cdk1.

In the face of overwhelming DNA damage, checkpoints, in
particular p53, induce cell death by apoptosis rather than
cell cycle arrest. Apoptosis, or programmed cell death, is an
evolutionarily conserved, energy-requiring mechanism by
which unwanted or irreparably damaged cells are removed
from the organism. Apoptosis is a fundamental component of
both normal embryogenesis and adult homeostasis. Apoptosis
is also a physiologic response to diverse toxic stimuli, including
viral infection, DNA damage induced by irradiation or reactive
oxygen species, hypoxia, growth factor deficiency, or genetic
aberration. Apoptosis is carried out by caspases, which are
proteases that contain a cysteine nucleophile and cleave
proteins whose sequence contains specific motifs that include
an aspartic acid residue. Upstream or initiator caspases are
activated by the binding of an extracellular ligand to a death
receptor. Death receptors are members of the tumor necrosis
superfamily and are characterized by an intracellular death
domain. An important example of a death receptor is CD95, or
fas, which binds fas ligand. Upon binding of a ligand, the death
receptor binds to intracellular adapter proteins. Adapter
proteins bind to initiator caspases 2, 8, or 10, which provokes
their autocleavage and activation. Initiator caspases activate
downstream effector or executioner caspases, such as caspase 3,
6, or 7, or proapoptotic BCL-2 proteins. The BCL-2 family
includes proteins that contain BCL-2 homology domains.
These domains allow for heterodimerization by which BCL-2
proteins activate other family members. BCL-2 proteins
modulate the intrinsic apoptotic pathway and may have either
pro- or anti-apoptotic effects. Proapoptotic BCL-2 proteins
increase mitochondrial membrane permeability, which allows
for the release of cytochrome c. Cytochrome c release from
mitochondria results in dimerization of an adapter protein
called Apaf-1 (apoptotic protease activating factor), which



Table 1 Summary of some toxicants that are known to influence specific cell cycle events

Compound Cell cycle stage Specific mechanism References

Acetaminophen G1/S border It causes G1/S arrest by inhibiting DNA synthesis. Wiger, R., et al., 1997. Pharmacol. Toxicol. 81, 285.
Alcohol G2/M

transition
It results in cell cycle arrest at the G2/M transition by

activating CHK-2.
Clemens, D.L, et al., 2011. Alcohol 45, 785.

Anti-diabetetic drugs
Insulin G1, S phases It stimulates cell proliferation by increasing cyclin D/E. Chappell, J., et al., 2001. J. Biol. Chem. 276, 38023.
Metformin G0, G1 phases It blocks the cell cycle in G0–G1 phases by decreasing

cyclin D, Cdk4/6.
Kato, K., et al., 2012. Mol. Cancer Ther. 11, 549.

Ciglitazone G2, M phases It induces G2/M arrest by increasing p53, p27 and
decreasing cyclin B1.

Plissonnier, M.L., et al., 2011. PLoS One, e28354.

Chemotherapy agents
Cisplatin All phases As an alkylating agent, it causes cell arrest at various

phases due to dosage and cell types.
Basu, A., et al., 2010. J. Nucleic Acids. Article ID 201367.

Dexamethasone G1 phase It induces G1 arrest by inhibiting cyclin D, E2F, and
increasing p21.

Greenberg, A.K., et al., 2002. Am. J. Respir Cell Mol. Biol.
27, 320.

Etoposide S, G2 phases As a specific topoisomerase II inhibitor, it arrests cells in
late S and G2 phase.

Fearnhead, H.O., et al., 1994. Biochem. Pharmacol.
48, 1073.

Hydroxyurea G1, S border As a specific inhibitor of DNA synthesis, it blocks cells at
G1/S border.

Kim, J.H., et al., 1967. Cancer Res. 27, 1301.

Paclitaxel M phase It stabilizes microtubules and causes M phase arrest. Carlier, M.F., et al., 1983. Biochemistry 22, 4814.
Metals
Water soluble (Cd2þ, Hg2þ,
Co2þ, Cu2þ, Ni2þ, Zn2þ, Pb2þ)

Water insoluble (As, Ni)

S phase Toxic metals induce an S-phase-specific cell cycle block
by their selective interaction with DNA metabolism.

Costa, M., et al., 1982. Res. Commun. Chem. Pathol.
Pharmacol. 38, 405.

Prozac (or fluoxetine) G0, G1 phase As an antidepressant drug, it arrests cells at G0/G1 phase
by accumulating p21 and p27.

Krishnan, A., et al., 2008. Biochem. Pharmacol. 75, 1924.

Sulindac G0, G1 phase As an anti-inflammatory drug, it causes cells to
accumulate in the G0/G1 phase by increasing p53 and
p21.

Jung, B., et al., 2005. Cancer Lett. 219, 15.
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binds procaspase 9, resulting in its cleavage and activation.
Caspase 9 activates the downstream effectors, caspase 3, 6, or 7.
Antiapoptotic proteins in the BCL-2 family inhibit the proap-
optotic members and prevent the increase in mitochondrial
membrane permeability. The downstream effector caspases
target multiple proteins for degradation, including enzymes,
nuclear structural proteins such as lamins, cytoskeletal proteins
such as actin, proteins critical for cell–cell interaction such as
b-catenin, and DNA repair enzymes.

p53 activates multiple genes that are involved in apoptosis,
including genes that encode proteins that function via receptor-
mediated signaling and those which encode proteins that
modulate downstream effectors. p53-activated IGF-BP3
inhibits binding of IGF-1 to the IGF-1 receptor, which can
induce apoptosis. p53 activates transcription of the death
receptor ligands fas/CD95 and the death receptor KILLER/DR5.
p53 also induces the proapoptotic BCL-2 protein bax as well as
other proteins that enhance cytochrome c release from mito-
chondria, including p53, AIP1, PUMA, and Noxa. Apoptosis
may also be induced via an increase in oxidative stress gener-
ated by multiple p53-induced genes that are homologous to
NADPH-quinone oxidoreductase.

Importantly, no singular p53-activated gene product has
been conclusively shown to initiate apoptosis. It appears that
many p53-induced proapoptotic genes need to be activated
concurrently in order for apoptosis to occur. It is not clear
which variables determine whether p53 induces cell cycle arrest
or apoptosis. The decision between p53-induced cell cycle
arrest and apoptosis may be dependent on the protein levels of
p53 and the cell type. Higher levels of p53 induce apoptosis
and lower levels cause cell cycle arrest. Certain cell types, such
as T lymphocytes, are especially sensitive to apoptosis whereas
fibroblasts are more likely to undergo cell cycle arrest. Whereas
p53 induces arrest or senescence in normal cells, p53 activation
usually causes apoptosis in transformed cells. The reason for
the enhanced sensitivity to p53-induced apoptosis in trans-
formed cells may be related to the deregulation of E2F due to
the inactivation of pRb. Cycle arrest induced by p21 may
protect the cell from apoptosis. Other factors that may
predispose the cell toward p53-induced apoptosis include
alterations in the bax/bcl-2 ratio, concurrent absence of growth
factors, and a greater intensity of stress. Posttranslational
modifications may also determine p53 promoter specificity,
which may play a major role in determining whether p53
expression results in cell cycle arrest or apoptosis.
Clinical Application

The normal regulation of the cell cycle plays an important role
in tissue repair and inflammation. All tissues may be stratified
by proliferative capability into three categories including labile,
quiescent, or permanently nondividing cells.

Labile cells are continuously dividing and include surface
epithelial cells such as stratified squamous epithelial cells of
the skin and columnar epithelial cells of the gastrointestinal
tract.

Quiescent cells are nondividing under normal circum-
stances but can be induced to reenter the cell cycle by exposure
to growth factors. Quiescent cells include parenchymal cells of
the liver, kidney, and pancreas and mesenchymal cells such as
fibroblasts. The cytokine-induced reentry of quiescent cells into
G1 phase is an important component of the inflammatory
response, which has been well characterized in the kidney.
Glomerular mesangial cells proliferate in many models of
glomerular disease, including lupus nephritis and diabetes. The
proliferation of mesangial cells occurs in response to cytokines
such as platelet-derived growth factor and basic fibroblast
growth factor. Inhibition of mesangial cell proliferation may
abrogate the glomerulosclerosis or the glomerular scarring that
occurs as a result of inflammation.

Permanently nondividing cells have lost all capacity for
proliferation and include nerve cells and cardiac muscle cells.

The deregulation of the cell cycle resulting in unchecked cell
proliferation is a hallmark of cancer. All human cancers are
characterized by defects of restriction point control, check-
points, DNA repair, or apoptosis. Defects of restriction point
control allow for uncontrolled proliferation and result in loss
of terminal differentiation. Although cdks are seldom mutated
in human cancers, many human tumors harbor mutations or
epigenetic changes in upstream factors of cdks, including INK4,
Cip/Kip, Cyclin D, and Cyclin E, and downstream targets of
cdks, mainly Rb. Therefore, cdks have been considered as
therapeutic targets for many years. Another important target for
cancer therapy is p53 because mutations of p53 are the most
commonmutations associated with cancer and occur in almost
50% of all human cancers.
Conclusion

The regulation of the cell cycle plays an important role in
normal tissue repair and regeneration. Loss of cell cycle regu-
lation is a chief characteristic of cancer. Cell cycle regulation
involves numerous signaling pathways that determine whether
cells will proliferate, remain quiescent, arrest, or undergo
apoptosis. It has been established that both carcinogenic and
non-carcinogenic toxicants can considerably alter cell cycle
specific events. Table 1 represents list of agents that can influ-
ence cell cycle specific events. Many drug- or chemical-induced
alterations are reversible and many are irreversible; it all
depends whether the cell cycle regulatory events are altered/
influenced by parent compounds, their metabolites, and their
biological reactive intermediates. While enormous progress has
been made in the elucidation of these signaling pathways, our
understanding of cell cycle regulation remains incomplete.
Further studies may allow better understanding of diseases that
result from deregulation of these pathways.
See also: Cell Proliferation; Apoptosis.
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Cell phones emit radio frequency (RF) radiation. Although
governments have deemed that RF radiation is safe, there is no
sufficient data available from research projects to support that
claim. In 2011, the World Health Organization (WHO),
International Agency for Research on Cancer recommended
that electromagnetic radiation from mobile phones and other
wireless devices may be a causative agent for ‘possible human
carcinogen,’ 2B.

Mobile phones or cell phones cause a novel, ubiquitous,
and quickly growing exposure worldwide as they have two-
way microwave radios that also emit low levels of electro-
magnetic radiation. Children are increasingly employing cell
phones, since ‘Family Plans’ encourage parents to buy mobile
phones for their children in order to simply access their
children.

Since children are probably more sensitive to the adverse
effects of exposure to mobile phones, the risk of brain cancer
should be elevated in young users. Many manufacturers and
expert scientists advise prevention by taking the simple
precaution of ‘distance’ to minimize exposures to the brain and
body.
Radiation Effects

Several organs and tissues may be targeted by radiation of cell
phones, and specific concerns have been raised for the brain,
skin, and reproductive system organs. Recently, a group of
researchers concentrated on the possible side effects of radia-
tion from the mobile phone base transceiver stations (BTS).
They intended to find out the psychological and psychobio-
logical reactions of the residents who were living close to
mobile phone BTS antenna, in Isfahan, Iran. The researchers
demonstrated that almost all the side symptoms such as
nausea, headache, dizziness, irritability, sleep disturbance,
memory loss, and lowering of libido have been significantly
increased in the inhabitants who were living near BTS, closer
than 300 m, in comparison to those living far from the antenna
(>300 m).
Immune System Effects

The fast and increasing application of cell phones in recent
years leads to enhanced consideration in relation to the
possible immune effects of the exposure to RF/microwave
frequency (MW) radiation. In the literature, the impacts of
weak RF/MW fields, including cell phone radiation, on various
immune functions have been discussed. There is much
evidence that clearly reveals that alterations in both the number
and (or) the activity of immunocompetent cells may occur. For
instance, a number of lymphocyte functions might be
enhanced or weakened within a single experiment based on
exposure to similar intensities of MW radiation. Generally,
short-term exposure to low MW radiation can temporarily
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
stimulate particular humoral and cellular immune responses,
while prolonged irradiation inhibits the same functions.
Cytotoxicity and Genotoxicity

Most recently, the cytotoxicity and genotoxicity of plutonium-
239 alpha particles and GSM 900 modulated mobile phone
(model Sony Ericsson K550i) radiation were compared in
a study on the Allium cepa test designed to evaluate the cyto-
toxicity and genotoxicity of RF electromagnetic fields. The
authors revealed that the mobile phone radiation had a time-
dependent enhancement of the mitotic index and its frequency,
chromosome abnormalities, and micronucleus frequency.
Such results should make us aware of potential dangers and
possible side effects that could result from long-term exposure
to mobile phones. Of course, this concern is growing rapidly
since it is reported that the number of students who employ cell
phones increases daily.
Reproductive Effects

Epidemiological studies suggest that cell phones may be
a causative factor affecting the quality of semen by reducing
sperm motility (but not sperm counts), viability, and
morphology. Although there are consistent results, further
studies are necessary to show the probable association between
cell phone radiation and male reproductive system impacts. To
address the concern that carrying a cell phone influences the
reproductive system (like the testes), one group of researchers
conducted a study to investigate the effects of a 1.95 GHz
electromagnetic field on testicular function in male Sprague–
Dawley rats. Their findings indicated that the number of
sperm in the testis and epididymis did not decrease in the
electromagnetic field exposed groups. Further, there were no
abnormalities observed for spermmotility or morphology, and
the histological appearance of seminiferous tubules, including
the stage of the spermatogenic cycle, was normal. In spite of
their consistent results, large multifactorial studies are essential
to determine the possible association between cell phone
radiation and male reproductive systems.
Effects of Prolonged Exposure

Most papers conclude that a reasonable suspicion of mobile
phone risk to human health exists after prolonged, intermittent
exposures. The regular and long-term application of microwave
devices (including mobile phone, microwave oven) can affect
biological systems, especially the brain. Moreover, it is sug-
gested that increased reactive oxygen species play a predomi-
nant role by increasing the impact of microwave radiation,
which may cause neurodegenerative diseases and brain cancer.
However, some results differ. For instance, in Taiwan, a 10 year
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observational study revealed that the intensive rate of cell
phone use is not relative to the incidence rate or on the
mortality of malignant brain tumors in that country, and also
there was no significant association between the morbidity/
mortality of malignant brain tumors and cell phone applica-
tions. Moreover, in a large prospective study, it was reported
that cell phone usage might not be related to the enhanced
incidence of glioma, meningioma, or noncentral nervous
system cancers.

An influential report in 2009 published by 40 independent
scientists and physicians from 14 diverse countries was entitled
“Cell-phones and Brain Tumors: 15 Reasons for Concern,
Science, Spin and the Truth Behind Interphone.” The
researchers discussed that a risk of brain tumors from cell
phone use is possible, and that children have enhanced risks
compared to adults for brain tumors.

Various research groups have explored an enhanced risk of
some low-incidence brain cancers among users who were
exposed for a long time and known as heavy users. Actually,
there is no approved etiological link between cell phone use
and cancer initiation. But children are known to be at
a greater risk because of being in earlier stages of neural
development. The problem is that data from children have
not been incorporated in many investigations until very
recently. It is apparent that further documentation and
evidence are essential to statistically or anecdotally define the
relationship between cell phone use and brain cancer. Taken
together, it is safer to use precaution and encourage users to
decrease their exposure to electromagnetic frequencies from
cell phones. For instance, using a hands-free device or
limiting the application of cell phones for conversations is
recommended.
Cell Phones as E-Waste

Electronic waste is one of the fastest growing ecotoxicological
problems in the world because many electronics contain both
toxic metals and toxic organics. Most scientists believe that
exposure to such dangerous wastes poses serious health risks,
particularly to pregnant women and children. Moreover, the
WHO reveals that even small amounts of lead, cadmium, and
mercury (which can be found in old phones) is able to
generate irreversible neurological damage and threaten the
development of a child. Electronic waste is quickly flooding
Asia, especially China, and it inevitably results in a large
volume of toxic components to the environment if not
handled properly.

The important question is to what extent can toxicants
leach from the cell phone waste or their components into
water? Also which class of toxicants (metals or hydrophobic
organics) is responsible for toxicity? A recent toxicological
assessment with C18 and ethylenediamine tetra acetic acid
addition revealed that metals were responsible for the
observed toxicity from leachates of cell phones. The findings
indicated that electronic waste is able to leach toxic compo-
nents even in short-term leaching with pure water. Lithium is
employed in the batteries of cell phones and possesses the
greatest effect on metal depletion, causing remarkable envi-
ronmental and health impacts. In addition, lithium can be
incorporated in the food chain from soils via flora to humans.
For detailed toxicity of lithium and electronic wastes in
human and animals, please see Lithium and Electronic Waste
and further readings.
See also: Electronic Waste; Lithium.
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Introduction

Unicellular organisms like yeasts, bacteria, or protozoa have
a strong selective pressure to grow and divide as rapidly as
possible. The rate of cell division in these cases is limited only
by the rate at which nutrients can be taken from the medium
and converted into cellular materials.

Multicellular organisms, in contrast, are made up of many
different types of cells performing a variety of functions. The
primary drive is the survival of the organism as a whole rather
than the survival or proliferation of a single individual type of
cell. Therefore, different cells proliferate at different times,
depending on the changing needs of the organism.

Some tissues contain cells that, once terminally differenti-
ated, are incapable of reentering the cell cycle. These tissues are
called nondividing tissues; an example is neural tissue. Other
tissues, such as liver tissue, contain cells that normally reside
outside the cell cycle, but which can be stimulated to proliferate
when necessary. These tissues are called stable tissues. A third
type of tissue, termed continuously dividing tissue, is contin-
uously being replaced due to frequent cell sloughing or cell
death. Skin and bone marrow are examples of this type of cell.
Replacement in these tissues is accomplished through native
stem cell populations.

For multicellular organisms to survive, some cells must
refrain from dividing even when nutrients are plentiful. In
tissues capable of cell proliferation (stable and continuously
dividing tissues), when the need arises for new cells, as in the
case of tissue injury, cells are replaced either by cell division or
by replenishment from stem cell reserves.
Figure 1 In adult organisms normally cells are in resting phase (G0)
of the cell division cycle. Upon appropriate stimulus the cells enter the
division cycle, which is characterized by G1, S, G2, and M phases. After
division, the daughter cells (D) may either reenter the division cycle or
enter the resting phase, depending on the stimulus.
Division Cycle of Cells

Adult multicellular animals must produce millions of new cells
in order to replace dead cells. Cells undertake the process of
division by progressing through a highly regulated process
known as the cell cycle (Figure 1), the end product being
a duplication of the contents of the mother cell into two
daughter cells. In an adult animal, most cells are stable cells,
and reside in the G0 (gap) phase of cell cycle. When division is
necessary, cells that are capable of doing so enter the G1 phase
of the cell cycle. In most cells the DNA in the nucleus is repli-
cated during only a limited portion of the cell cycle called the S
(synthesis) phase of the cell cycle.

After the S phase, the cells enter a second gap phase called
the G2 phase. Finally, in the M (mitosis) phase, the contents of
the nucleus condense to form visible chromosomes, which
through an elaborately orchestrated series of movements are
pulled apart into two equal sets. The cell itself then splits into
two daughter cells. Upon loss of tissues due to injury, or due to
normal cell sloughing, the division cycle of cells is stimulated
in tissue- or organ-specific fashion so that the lost tissues can be
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replaced promptly to restore tissue function. The phases of cell
division and the transitions between the phases are orches-
trated by an intricate series of signaling mechanisms. When the
lost tissue is replaced, the cells return to the normal resting
state, thereby reestablishing the cellular, organ, and tissue
homeostatic mechanisms.
Genetic Control of Cell Structure and Function
during and after Embryonic Development

Multicellular animals are clones of cells descended from
a single original cell, the fertilized egg. The cells in the body, as
a rule, are genetically alike. However, they are phenotypically
different; some are muscle cells, others neurons, still others
hepatocytes, and so on. The different cell types are arranged
into precisely organized tissues and organs, and the entire
structure has a well-defined shape. All of these features are
determined by the DNA sequence of the genome, which is
reproduced in every cell. Each cell must act according to the
same genetic instructions, but it must interpret them with due
regard to time and circumstance so as to play a proper part in
multicellular organization.

The development of vertebrates can be divided into three
phases. In the first phase, the fertilized egg divides into many
smaller cells that become organized into epithelium.
Following a complex series of gastrulation and neurulation
movements, a rudimentary gut cavity and neural tube are
formed. In the second or organogenesis phase, the various
organs, such as limbs, eyes, and heart, are formed. In the third
4-3.00274-8 761
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phase, the generated structures grow to their adult size. These
phases are not sharply distinct but overlap considerably
in time.
Terminal Differentiation and Cell Division

After embryonic development, cells in the normal adult human
body divide at very different rates. Some, such as neurons and
skeletal muscle cells, do not divide at all; others, such as liver
cells, normally divide once every year or two; and certain
epithelial cells in the gut divide more than twice a day so as to
provide constant renewal of the gut lining. Most cells in the
vertebrates fall somewhere between these extremes: they are
able to divide, but normally do so infrequently. Almost all the
variation in division rate lies in the time cells spend between
mitosis and the S phase; slowly dividing cells remain arrested
after mitosis for weeks or even years. By contrast, the time taken
for a cell to progress from the beginning of S phase through
mitosis is brief (typically 12–24 h in mammals) and remark-
ably constant, irrespective of the interval from one division to
the next.

The time cells spend in a nonproliferative state (G0 in the
cell cycle) varies according to both the cell type and the
circumstances under which division is stimulated. Hepatocytes,
for example, exist mostly in a resting state unless liver damage
provokes proliferation. In contrast, uterine lining cells enter the
cell cycle for a few days each month. A fraction of all hema-
topoietic precursors are always dividing to compensate for
normal cell loss; this fraction increases after an episode of
blood loss. Delicately adjusted and highly specific controls
govern the proliferation of each class of cells in the body in
each situation.
Role of Growth Factors and Cytokines in Cell Division

When put into an artificial culture medium completely devoid
of serum, vertebrate cells normally do not pass through the
G1/S restriction point, even though all the requisite nutrients
are present in the medium. Rather, they halt their progress
Table 1 Example of growth factors and cytokines known to r

Factor

Platelet-derived growth factor (PDGF)

Epidermal growth factor (EGF)
Insulin like growth factors I and II (IGF-I and -II)
Fibroblast growth factor (FGF)

Interleukin-2 (IL-2)
Transforming growth factor b (TGF-b)
Interleukin-1 (IL-1)
Hepatocyte proliferation inhibitor
Nerve growth factor (NGF)

Hematopoietic cell growth factors (IL-3, GM-CSF, M-CSF,
G-CSF, and erythropoietin)
through the cell cycle. In order to complete the cycle of cell
growth and division, cells require highly specific growth factors
and cytokines, usually present in very small concentrations
(10�9

–10�11 mol l�1) in the serum. Different cells require
different combinations of growth factors and cytokines. Some
directly stimulate cell division and are called complete mito-
gens. Others control cell division by directly inhibiting cell
cycle progression; these are called growth inhibitors. Yet others
cause cell cycle progression in an indirect way and are called
growth triggers. Table 1 provides examples of growth factors
and cytokines involved in cell division along with their
particular functions.

Growth factors and cytokines often interact with cell-surface
receptors in order to carry out their particular functions. For
example, epidermal growth factor (EGF) binds to a receptor
tyrosine kinase (RTK) (a cell-surface molecule present on many
different kinds of cells). This triggers phosphorylation of tyro-
sine residues and dimerization of the receptors. An adaptor
protein called Grb2 (growth factor receptor-bound protein 2) is
then recruited to promote the formation of Ras-GTP. Active
Ras-GTP binds to and activates a protein kinase termed Raf. Raf
further phosphorylates and activates MEK (MAP kinase kinase).
The downstream target is MAP kinase (MAPK). Active MAPK
phosphorylates various proteins, including transcription
factors that regulate the expression of cell cycle proteins to
induce cell proliferation.
Cell Senescence and Reluctance to Divide

Most normal mammalian cells show a striking inability to
proliferate indefinitely. Fibroblasts taken from a normal
human fetus, for example, undergo approximately 50 pop-
ulation doublings when cultured in a standard growth
medium. Toward the end of this time, proliferation slows
down and after spending some time in a quiescent state, the
cells die. Similar cells taken from a 40-year-old person stop
dividing after approximately 40 doublings, while cells from an
80-year-old stop after approximately 30 doublings. Fibroblasts
from animals with shorter life spans stop after a smaller
number of division cycles in culture. Because of the
egulate cell proliferation

Representative functions

Stimulates proliferation of connective tissue cells and
neuroglial cells

Stimulates proliferation of many cell types
Work with PDGF and EGF to stimulate fat cell proliferation
Stimulates proliferation of many cell types including

fibroblasts, endothelial cells, and myoblasts
Stimulates proliferation of T lymphocytes
Inhibits cell cycle progression of different cell types
Inhibits proliferation of hepatocytes and other cells types
Inhibits hepatocyte proliferation
Promotes axon growth and survival of sympathetic and

some sensory and CNS neurons
Promote division of different blood cells and various other

types of cells
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correspondence with aging of the body as a whole, this
phenomenon is called cell senescence.

According to one theory, cell senescence is the result of
a catastrophic accumulation of self-propagating errors in a cell’s
biosynthetic machinery. An alternative theory suggests that cell
senescence is the result of amechanism thathas evolved toprotect
us from cancer by limiting the growth of tumors. It has been re-
ported that telomeres play an essential role in chromosome
capping affecting the cell proliferation. TelomereDNAundergoes
progressive shortening of 50 and 200 bp per round of DNA
replication.And then, telomeredysfunction leads todisruptionof
the telomere structure, resulting in end-to-end chromosome
fusions and genomic instability. It can activate DNA damage-
induced pathways that trigger cell cycle arrest or apoptosis.
Cell Proliferation as a Compensatory Response to
Toxic Tissue Injury

Human beings are exposed to numerous toxic insults every day.
Fortunately, the body has several defense mechanisms to
combat toxicants. Some toxicants are prevented from entering
the body by virtue of their particle size. Toxicants that do enter
the body are metabolized or conjugated in an attempt to safely
carry out their excretion.

When these first lines of defense are overcome, toxic
substancesmay cause severe cell injury or even cell death. At this
point, the tissue may respond by stimulating its healthy cells to
divide and restore tissue structure and function. The ability of
the tissue to undergo repair depends on the type of tissue
damaged and the extent of the damage. Damage occurring in
tissues that are unable to proliferate (for example, cardiac
muscle) will not result in replacement of parenchymal cells, and
a scar will take place of the dead cells. Likewise, damage that
disrupts the supporting structure of the tissue – the basement
membrane scaffolding upon which the cells reside – will like-
wise involve scarring rather than complete resolution to the
normal, pre-damaged state. The process of tissue repair stops at
a precise, preordained point. For example, liver regeneration
ends when the functional mass of the liver is restored.

At low to moderate doses of a particular toxicant, the
process functions well, and repair is usually adequate. At high
doses of a toxicant, however, the ability of the cells to progress
through the cell cycle is inhibited, leading to two consequences.
First, dead cells are not replaced, which may lead to organ
failure and death. Second, in the absence of compensatory cell
division, which normally serves to contain the toxic injury,
tissue injury can progress in an unrestrained manner. The
ability of cells to enter and progress through the cell cycle
following toxic injury decreases with age, a finding which
explains, in part, why an 80-year-old person may be more
susceptible to the same dose of a toxicant as a 40-year-old.
Table 2 shows a list of drugs and chemicals that affect cell
proliferation in a variety of model systems.
Stem Cells and Terminally Differentiated Cells

Many of the tissues in the body undergoing constant renewal,
such as skin and the lining of the intestine, accomplish this task
by means of a small population of tissue stem cells. The
defining properties of a stem cell are (1) the ability to divide
virtually without limit throughout the lifetime of the organism
and (2) the ability to divide symmetrically (leading to two
terminally differentiated cells) or asymmetrically (giving rise to
one stem cell and one terminally differentiated cell).

Stem cells are required wherever there is a recurring need to
replace nondividing, terminally differentiated cells. Some
terminally differentiated cells, such as mature mammalian red
blood cells and the cells in the outermost layer of the skin, lack
a cell nucleus and are therefore unable to divide. Others
contain cytoplasmic structures (such as the myofibrils of stri-
ated muscle cells) that hinder cell duplication. And in some
terminally differentiated cells, the chemistry of differentiation
may simply be incompatible with cell division.

The job of the stem cell is not to carry out the function of the
differentiated cell, but rather to produce the cells that will carry
out those functions. Stem cells that give rise to only one type of
differentiated cell are called unipotent; these are capable of
differentiating along only one lineage. Also, adult stem cells in
many differentiated undamaged tissues are typically unipotent
and give rise to just one cell type under normal conditions.
Additionally, a small number of cell types are called oligopo-
tent. These stem cells have the ability to differentiate into just
a few types of cells. A lymphoid stem cell is an example of an
oligopotent stem cell. These stem cells cannot develop into any
type of blood cell as bone marrow stem cells can. They give rise
to only blood cells of the lymphatic system, such as T cells.
Cells that give rise to many cell types are called pluripotent or
totipotent. Yet, there is another type of stem cell that is called
multipotent. These cells are progenitor cells that have the
genetic potential to differentiate into multiple, but limited
cell types.
Cell Proliferation and Cancer

Cells within a tissue exert an inhibitory effect on each other’s
growth. This restraining force is called social control of cell
division, and it is mediated by a set of genes called social
control genes. A cell that acquires a DNAmutation that disrupts
this social restraint will divide without regard to the needs of
the organism as a whole, and its progeny may become tumor
cells.

Approximately 1016 cell divisions take place in a human
body in the course of a lifetime. Even in an environment that is
free of mutagens, mutations occur spontaneously at an esti-
mated rate of about 10�6 mutations per gene per cell division,
a value set by fundamental limitations on the accuracy of DNA
replication and repair. Thus, in an average person’s lifetime,
every single gene is likely to have undergone mutations on
about 1010 separate occasions.

Some mutated genes – if not repaired by the cell’s DNA
repair mechanisms – are involved in the regulation of cell
division. Consequently, the affected cell, now lacking the
normal ‘brakes’ on cell growth, may continuously progress
through the cell cycle. To transform into a malignant cell,
however, a cell must acquire not just one but a number of DNA
mutations to escape the multiple controls on cell division.
Further mutations endow the cell with the capacity for invasion



Table 2 Summary of some toxicants that may affect cell proliferation

Compound Origin Specific mechanism Source reference

Natural food toxicants
Ochratoxin A Fungi Induces cell proliferation by

activating Cyclin-D and Cox-2.
Kumar R., et al., 2013.

Carcinogenesis. 34:647.
Citrinin Fungi Inhibits cell proliferation by

increasing p53 and p21.
Chang C.H., et al., 2011.

Toxicol. Sci. 119:84.
Okadaic acid Algae Inhibits cell proliferation

by inducing c-Myc.
Zhang L., et al., 2007. Cancer

Res. 67:10198.
Glucosinolates Plants Inhibits cell proliferation

by G2/M arrest.
Liang H et al., 2008.

J. Nat. Prod. 71:1911.
Psoralen Plants Inhibits cell proliferation

by BMP signaling.
Tang D.Z., et al., 2011. Biochem.

Biophys. Res. Commun. 405:256.
Pyrrolizidine alkaloid Plants Inhibits cell proliferation

by activating p38.
Ji L.L., et al., 2002. Toxicon. 40:1685.

Environmental toxicants
Nonmetals (As, S) Soils, air Inhibit cell proliferation by DNA damage. Wu J.Z., et al., 2006.

Eur. J. Pharm. Sci. 29:35.
Metals (Cd2þ, Hg2þ, Pb2þ) Water Inhibit cell proliferation by their

interaction with DNA metabolism.
Costa M., et al., 1982.

Res. Commun. Chem. Pathol.
Pharmacol. 38:405.

1,3-Butadiene Rubber, plastics Increases cell proliferation by DNA
modification.

Melnick R.L., et al., 2001.
Chem. Biol. Interact. 135:27.

Polycyclic aromatic
hydrocarbons (PAHs)

Tobacco smoke Increases cell proliferation by
increasing ER.

Plísková M., et al., 2005.
Toxicol. Sci. 83:246.

Dichlorodiphenyl-trichloroethane
(DDT)

Pesticides Increases cell proliferation
by chromosomal alterations.

Uppala P.T., et al., 2005.
Environ. Mol. Mutagen. 46:43.

Polychlorinated
biphenyls (PCBs)

Pesticides Induces cell proliferation of
collecting ducts in kidneys.

Chaudhuri L., et al., 2010.
Free Radic. Biol. Med. 49:40.

Lithium Nephrogenic diabetes
insipidus

Induces cell proliferation in the liver. Gao Y., et al., 2013. Am. J.
Physiol. Renal. Physiol.
July 24 2013. (Epub ahead of print)

Dimethylnitrosamine Food and environment Inhibits cell proliferation
in the liver

Syed, I., et al., 2012.
Mol. Cell. Biochem. 365(1–2):
351–361.

Doxorubicin þ caffeine Anticancer drug Increases in hematopoietic
cell proliferation

Motegi, T., et al., 2013. Res. Vet. Sci.,
July 18 2013. pii: S0034-5288(13)
00210-5.
doi: 10.1016/j.rvsc.2013.06.011.
(Epub ahead of print)

TCDD Environmental toxin National Toxicology Program. Natl.
Toxicol. Program Tech. Rep. Ser.
November 2010; (558):1–206.
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and metastasis. Statistically, it is estimated that somewhere
between three and seven independent random events, each of
low probability, are typically required to turn a normal cell into
a cancer cell; the smaller numbers apply to leukemia and the
larger numbers to carcinomas.

Proto-oncogenes are normal genes encoding proteins
involved in cell proliferation. Like any gene, a proto-oncogene
may undergo mutation. When a mutation in a proto-oncogene
confers a gain of function, the new mutant gene (now called an
oncogene) will dramatically stimulate cell division. Tumor
suppressor genes, in contrast, are normal genes that encode
proteins that inhibit cell proliferation. If a tumor suppressor
gene is mutated in such a way as to inactivate the gene, this
removal of inhibition may make the cell grow continuously.
Mutations may be spontaneous, or they may result from
exposure to chemical carcinogens or radiation. Mutations in
tumor suppressor genes generally need to occur on both alleles
for a tumor to arise, whereas most proto-oncogenes need only
one mutated allele (one oncogene) to contribute to
malignancy.
Importance of Understanding the Mechanisms
in Control of Cell Proliferation

An understanding of the mechanisms in control of cell prolif-
eration is critical in the development of new tissue restoration
therapies. Current clinical treatments for patients with drug
overdoses or chemical poisoning are aimed primarily at pre-
venting additional injury, either by blocking further formation
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of toxic metabolites or by increasing clearance of the toxin from
the body. While these strategies are useful, the survival of the
tissue – and sometimes the patient – is heavily dependent on
tissue repair, the success of which is in turn contingent on the
ability of cells to proliferate.

In cases of toxic exposure in which tissue repair is delayed,
either due to the massivity of the exposure or to a delay in
treatment, organ loss and even death may occur because the
damage compromises the regenerating ability of the cells,
thereby paving the way for unrestrained progression of injury.
If cellular regeneration after massive tissue damage could be
actively stimulated, it might be possible to prevent organ loss
and death.

Animal experiments provide concrete examples of how
modification of tissue repair can directly influence survival.
Animals given ordinarily lethal doses of toxins are able to
survive – even when there is massive liver injury – when tissue
repair in the liver is stimulated. Conversely, animals receiving
otherwise nonlethal doses of toxins develop liver failure and
die if cell division (and therefore tissue repair) is blocked by
antimitotic agents.

Perhaps carefully induced suppression of pathways
involved in cell death and stimulation of pathways involved in
cell division could stop the progression of toxic injury and
restore organ structure and function. With the advent of gene
therapy, specific genes could, one day, be delivered directly to
the damaged organ to induce expression/suppression of the
appropriate factors needed for recovery. Although this may
require time, with technological advances this route of therapy
appears to be doable.

See also: Cell Cycle.
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Background

Centipedes are nocturnal multisegmented elongated arthro-
pods known for the distinct feature of having a pair of legs for
each body segment except for the last. The first pair of legs on the
cranial segment is, in actuality, modified into a pincerlike
apparatus, known as forcipules, used to inject venom into prey.
The last segment contains a pair of filamentous caudal
appendages that despite popular belief play no role in enveno-
mation. There are over 3000 species, varying in size from 1 to
30 cm with body segments numbering from 15 to more
than 100. Centipedes are divided into four orders; Geo-
phiulomorpha (soil centipedes), Lithobiomorpha (rock or
garden centipedes), Scolopendromorpha (tropical or giant
centipedes), andScutigeromorpha (houseor feather centipedes)
of which only two, Scolopendromorpha and Scutigeromorpha,
are of medical significance. Because the majority of centipede
envenomations results in minor symptoms alone, treatment
consists mainly of symptomatic alleviation. Centipedes are
most commonly found in tropical and subtropical regions but
can be found worldwide on all six inhabited continents.
Exposure Routes and Pathways

A venom gland is found at the base of the forcipules, which act
as fangs. Upon penetration into the human skin by the for-
cipules, venom passes through the ducts of the forcipules and is
injected into the bite site, causing local envenomation. Distal
extremities such as hands and feet are common sites of enve-
nomation. There has been one case report in the literature of
an accidental ingestion resulting in symptomatic presentation.
Mechanism of Toxicity

Much is still unknown regarding the components that make
up centipede venom but considerable work has been done
surrounding the venom of Scolopendra spp. Centipede venom is
a complexmixtureof lipid toxin, similar to scorpionvenom, thus
facilitating local cellular penetration and absorption. Known
components include polysaccharides, lipoproteins, various
enzymes including proteinases and esterases, amino acid
naphthylamidase, alkaline phosphatase, 5-hydroxytryptamine,
histamine, and a cardiotoxic agent known as toxin-S. Toxin-S
is a large heat-labile acid that has been shown to increase capil-
lary permeability, induce vasoconstriction, and act as a car-
diodepressant. In addition, there is an identified presence of
a smooth muscle contractile agent that has muscarinic activity
as well. It is thought that the digestive enzymes and toxin-S serve
as a primary predatory function of the venom, whereas pain
mediators such as 5-hydroxytryptamine and histamine serve as
a secondary defensive function of the venom.
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Acute and Short-Term Toxicity (or Exposure)

Animal

Acute toxicity of centipede extract has been demonstrated in
animal models. One study demonstrated cardiac arrest in
a toad shortly after being injected with an extract made from
Scolopendra morsitans. The effect was prevented by giving atro-
pine. Though the underlying mechanism is not clearly under-
stood, it is thought to be associated with the muscarinic activity
agent present in centipede venom.
Human

The majority of acute centipede envenomations produce minor
localized symptoms that are self-limiting and generally resolve
spontaneously within 48 h. Localized symptoms around enve-
nomation sites include burning pain, edema, erythema, bullae
formation, ecchymosis, paresthesia, delayed itchiness, lym-
phangitis, and lymphadenopathy. Occasionally, the bite wound
is complicated by necrosis and gangrene but this is thought to be
secondary to wound infection and not a property of enveno-
mation. A minority of acute centipede envenomations produce
minor systemic symptoms including chest pain, palpitations,
headache, dizziness, and vomiting. It is thought that the
severity of symptoms correlates with the size of the centipede.

There have been several case reports of acute centipede
envenomations resulting in acute myocardial infarction or
acute coronary ischemia. In one case, a previously healthy
22-year-old male with no cardiac risk factors developed severe
retrosternal chest pain radiating to his left arm, diaphoresis,
nausea, and vomiting 2 h after being bitten by a Scolopendra sp.
The patient presented to the emergency department where
electrocardiogram, echocardiogram, and cardiac marker levels
revealed an anterior wall myocardial infarction 14 h after
envenomation. An emergent coronary angiography revealed
entirely normal coronary arteries. All abnormal findings with
the electrocardiogram, echocardiogram, and cardiac marker
levels had resolved 3 days after admission. Another case report
described a 20-year-old male who presented to the emergency
department with severe chest pain and electrocardiogram
findings suggestive of an inferolateral myocardial infarction
approximately 24 h after being bitten by a suspected Scolo-
pendra sp. The exact pathophysiology has not yet been identi-
fied but the suspected mechanism is thought to be an acute
release of inflammatory mediators causing increased capillary
permeability, hypotension, and coronary artery spasm that
may result in an acute myocardial infarction.

Rare but severe presentations of centipede envenomations
have been documented in the literature. In one case, a 46-year-
old female in the southwestern United States was bitten on the
right foot by Scolopendra heros. She went on to develop necrosis
of the peroneal muscles, rhabdomyolysis, acute renal failure,
and massive edema of the leg, requiring fasciotomy to relieve
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00707-7
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increased compartmental pressures within the leg. Another case
documented eosinophilic cellulitis or Wells syndrome associ-
ated with the bite of an unidentified centipede. An Israeli
female bitten on the neck was unable to turn her head, most
likely secondary to muscle spasm. There have been no reported
deaths associated with centipede envenomation within the
United States. In the early twentieth century, there was a
reported case of a 7-year-old female in the Philippines who
died after being bitten on the head by a Scolopendra subspinipes.

In the one reported case of symptomatic ingestion, a
6-month-old Australian infant accidentally ingested a centi-
pede identified as Scutigera sp. and proceeded to develop
pallor, hypotonia, vomiting, and lethargy. The symptoms were
thought to be secondary to the systemic absorption of venom.
The child fully recovered after approximately 48 h. A prospec-
tive study of centipede exposures identified three cases of
ingestions that resulted in no adverse effects or symptoms.
Chronic Toxicity or Exposure

Animal

Chronic exposure of centipede extract has been demonstrated
as an antihyperlipidemic agent in animal models. One study
isolated the substance centipede acidic protein (CAP) from an
alcohol extract comprising powdered dried Scolopendra sub-
spinipes mutilans and injected it into rodent models. Rodents
that received CAP were shown to have lower levels of
triglycerides, cholesterol, and low-density lipoprotein when
compared to control models injected with saline.

Human

In a death associated with Scolopendra spp. envenomation,
a 21-year-old Thai female had been exposed to repeated enve-
nomations. She had been envenomated on three separate occa-
sions, each resulting in a local urticarial reaction, 9months prior
to her death.Uponher fourth envenomation, shepresentedwith
chest discomfort, hypotension, tachypnea, and a generalized
urticarial rash. Despite aggressive medical intervention, she
decompensated into respiratory failure and died from cardio-
vascular collapse and acute respiratory distress syndrome. The
mechanism was thought to be secondary to an allergic reaction.
It is theorized that there is similarity between centipede and
hymenoptera venom allergies suggesting that chronic or
repeated envenomations in an individual with a centipede
venom allergy may result in life-threatening allergic reactions
that may not have been seen with prior envenomations.
Clinical Management

As the majority of centipede envenomations produce minor
and self-limiting symptoms, the mainstay of treatment is
supportive care and symptomatic relief. Appropriate wound
care and cleaning should be performed along with the admin-
istration of tetanus prophylaxis. The use of antibiotics should
be reserved for recognized wound infections. The use of ice
packs, hot water immersion, and analgesics have all been shown
to alleviate pain from centipede envenomations. The mecha-
nismof analgesia produced fromhotwater immersion is not yet
identified but it is thought to be secondary to the denaturing
of the heat-labile toxin. Severe pain may also be treated with
injection of local anesthetic around the envenomation site.
Miscellaneous

Millipedes

Like centipedes, millipedes are also multisegmented elongated
arthropods. Millipedes differ from centipedes in that they do
not possess venom-injecting apparatuses and the majority of
their body segments have two pairs of legs per segment instead
of one. Though millipedes do not bite, they can secrete and
spray noxious chemicals that upon exposure can act as skin and
eye irritants. Like centipedes, millipedes are also commonly
found in the southern United States.

See also: Animal Models; Animals, Poisonous and Venomous;
Cardiovascular System; Hymenoptera; Immune System; Lipid
Modifying Drugs; Scorpions; Spiders.
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l Name: Cephalosporins
l Chemical/Pharmaceutical/Other Class: b-Lactam antibi-

otics (as are penicillins)
l Example Compounds: Cefaclor, Cefadroxil, Cefamandole,

Cefazolin, Cefepidime, Cefoperazone, Cefotaxime, Cefox-
itin, Ceftriaxone, Cephalexin, Cephalothin, Cephradine,
Cephaprin, Cefmetazole, Cefonicid, Ceforanide, Cefotetan,
Cefprozil, Loracarbef, Cefperazone, Cefpodoxime, Cefix-
ime, Ceftazidime, Ceftizoxime, Moxalactarn
Background Information

The cephalosporins have sustained their position as a very
significant class of antibiotics worldwide for many years,
comprising over one-half of the available b-lactam antibiotics.
Initially, cephalosporin compounds produced by the fungal
organism Cephalosporium acremonium were isolated in the early
1940s from fungus in sewage seawater in Cagliari, Sardinia,
after it was observed that a natural pattern of periodic clearing
of microbes was taking place from a local harbor area. Filtrates
from C. acremonium cultures were found to have antimicrobial
activity against infections in animals and humans, including
the injection of filtrates into ‘boils’ and other cutaneous
infections. The initial work later expanded to result in the
discovery of cephalosporin C, the structural nucleus for ceph-
alosporin compound development over the next four decades.
Ongoing research and development have led to several addi-
tional cephalosporin antibiotics that have been released since
the 1960s, with 24 unique, yet structurally similar compounds
currently available for clinical use in the United States. The first
three generations of cephalosporin antibiotics include both
parenterally (i.e., intravenously or injection) and orally
administered agents. The fourth-generation compound, cefe-
pidime, is available for parenteral administration.
Uses

Cephalosporins (a class of b-lactam antibiotics) induce their
antimicrobial effect by inhibiting the integration of bacterial
peptidoglycan. Individual peptidoglycan units are synthesized
in the cytoplasm of the bacterial cell and are transported across
the cytoplasmic membrane where they are inserted by pepti-
dase enzymes into a cross-linked lattice that forms the struc-
tural support of the bacterial cell wall. The peptidase enzymes
present in the outer cytoplasmic membrane are referred to as
penicillin-binding proteins and represent the target sites for
antibacterial action of cephalosporins and other b-lactam
antibiotics. Cephalosporins are active in vitro against many
gram-positive aerobic bacteria and some gram-negative aerobic
bacteria. There are substantial differences among the cephalo-
sporins in their spectra of activity as well as levels of activity
against susceptible bacteria. Later-generation cephalosporins
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also are used in the later stages of livestock husbandry for
adding weight.
Environmental Fate and Behavior

The environmental behavior of most of the cephalosporin
compounds is quite similar. In the atmosphere, most are
expected to exist solely in the particulate phase, and are
removed via wet or dry deposition. In aquatic environments,
due to their anionic nature, they are not expected to volatize,
and they adsorb slowly. Cephalosporins are highly mobile in
soils, with low adsorption. Data suggest that even with water
treatment, some of these compounds will persist. They may be
susceptible to photolyzation.
Exposure and Exposure Monitoring

The routes of exposure to cephalosporins are commonly oral,
intravenous,or intramuscular. Accidental ingestionoforaldosage
formsbychildren is themost commonpoisoning exposure. There
are some workers who may be exposed to cephalosporins,
primarily those involved in the production of drug forms.
Toxicokinetics

Cephalosporins are generally well absorbed following adminis-
tration, with bioavailability being greater than 75%. Many of
these compounds are not stable in the acid environment of the
stomach; therefore, only a limited number are useful for oral
administration. The distribution is limited to the extracellular
fluid space, with volumes of distribution for most ranging from
0.25 to 0.5 l kg�1. Protein binding is primarily to albumin. Most
cephalosporins are widely distributed to tissues and fluids,
including pleural fluid, synovial fluid, and bone. Some of the
third-generation compounds have good distribution to the
cerebrospinalfluid.Themetabolitespossess antibacterial activity.
The cephalosporins and their metabolites are rapidly excreted by
the kidneys by glomerular filtration and/or tubular secretion.
Serum half-lives of these compounds range from 0.4 to 10.9 h.
Patients with immature renal systems or with renal compromise
are at risk for toxicitydue todecreasedelimination.Cefamandole,
cefmetazole, cefmenoxime, cefoperazone, andmoxalactam have
been associatedwith coagulopathies due to inhibition of platelet
aggregation and prolongation of bleeding time.
Mechanism of Toxicity

Hematologicwhen given in higher doses, cephalosporins bind to
cellmembrane proteins and act as haptens.High-dose treatments
can induce a hemolytic anemia. They can also prolong bleeding
times by reducing platelet adhesion and activation.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00825-3
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Many cephalosporins are substrates for the organic anion
transport system in the proximal tubules and can accumulate in
the kidney, competing for and inhibiting the transport system,
leading to renal necrosis. Nephrotoxicity, with potency ranging
from mild to high (cephaloridine), can cause renal tubule
injury. There is great variability in the potential for renal
toxicity among different members of the family of compounds.
Renal toxic members deplete glutathione levels in the renal
cortex. There is evidence that this nephrotoxicity is due to
action of the drugs on mitochondria.
Chronic Toxicity (or Exposure)

Animal

The extent of renal accumulation and effect is species depen-
dent (rabbit> guinea pig> rat). There is also great variability
in toxicity between different compounds.
Human

Like penicillins, cephalosporins are a relatively nontoxic group
of antibiotics. The primary adverse effect reported is hypersen-
sitivity, a rare event. Cross-allergenicity and sensitization with
penicillins may occur and is of concern, though allergic
responses to cephalosporins are less likely than to penicillins.
Toxicity is unlikely in children less than 6 years of age who
acutely ingest less than 250mg kg�1. Nephrotoxicity is
a possible, but rare, occurrence with acute ingestion. Coagulo-
pathies have been reported following chronic intravenous use of
certain cephalosporins. At higher concentrations, cephalosporins
cause renal tubular injury, characterized by decreased glomerular
filtration rate, glucosuria, enzymuria, and proteinuria.
Immunotoxicity

Lymphocyte response may be inhibited by some of the
cephalosporin class. There are also effects on interleukin-2
function and production. Additional testing will be required
to make a positive determination on the immunotoxic affects
of cephalosporins, and there will be variability, possibly
wide, among the members of the class. Hypersensitivity does
occur.
Reproductive and Developmental Toxicity

l Cefotan: Has adverse effects on the testes of prepubertal
rats. Subcutaneous administration of 500mg kg�1 day�1

(w8–16 times the usual adult human dose) on days 6–35
of life (thought to be developmentally analogous to late
childhood and prepuberty in humans) resulted in reduced
testicular weight and seminiferous tubule degeneration in
10 of 10 animals. Affected cells included spermatogonia
and spermatocytes; Sertoli and Leydig cells were unaffected.
Incidence of severity of lesions was dose dependent; at
120mg kg�1 day�1 (B2–4 times the usual human dose)
only 1 of 10 treated animals was affected, and the degree of
degeneration was mild. Similar lesions were observed in
experiments of comparable design with other methyl-
thiotetrazole-containing antibiotics, and impaired fertility
has been reported, particularly at high dose levels. No
testicular effects were observed in 7-week-old rats treated
with up to 1000mg kg�1 day�1 subcutaneously for 5 weeks,
or in infant dogs (3 weeks old) that received up to
300mg kg�1 day�1 intravenously for 5 weeks. Pregnancy
category B: Reproduction studies have been performed in
rats and monkeys at doses up to 20 times the human dose
and have revealed no evidence of impaired fertility or harm
to the fetus due to cefotetan.

l Cefixime: In rats, fertility and reproductive performance were
not affected by cefixime at doses up to 125 times the adult
therapeutic dose. Pregnancy category B: Reproduction
studies have been performed in mice and rats at doses up to
400 times the human dose and have revealed no evidence of
harm to the fetus due to cefixine.

l Cefoperazone: Produced no impairment of fertility and had
no effects on general reproductive performance or fetal
development when administered subcutaneously at daily
doses up to 500–1000mg kg�1 prior to and during mating,
and to pregnant female rats during gestation. These
doses are 10–20 times the estimated usual single clinical
dose. Cefoperazone had adverse effects on the testes
of prepubertal rats at all doses tested. Subcutaneous
administration of 1000mg kg�1 day�1 (w16 times the
average adult human dose) resulted in reduced testicular
weight, arrested spermatogenesis, reduced germinal
cell population, and vacuolation of Sertoli cell cytoplasm.
The severity of lesions was dose dependent in the
100–1000mg kg�1 day�1 range; the low dose caused
a minor decrease in spermatocytes. This effect has not been
observed in adult rats. Historically, the lesions were revers-
ible at all but the highest dosage levels. However, these
studies did not evaluate subsequent development of repro-
ductive function in the rats. Pregnancy category B: Repro-
duction studies have been performed in mice, rats, and
monkeys at doses up to 10 times the human dose and have
revealed no evidence of impaired fertility or harm to the
fetus due to cefoperazone.
Genotoxicity

l Cefixime: SUPRAX did not cause point mutations in bacteria
or mammalian cells, DNA damage, or chromosome damage
in vitro and did not exhibit clastogenic potential in vivo in
the mouse micronucleus test.

l Cefoperazone: The maximum duration of cefoperazone
animal toxicity studies is 6 months. In none of the in vivo or
in vitro genetic toxicology studies did cefoperazone show
any mutagenic potential at either the chromosomal or
subchromosomal level.
Carcinogenicity

Studies have yet to be undertaken for the carcinogenicity of
cephalosporins in animals or humans. Cephalosporins are not
listed by regulatory agencies.
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Clinical Management

If a toxic or unknown amount of a cephalosporin has been
ingested, gastric decontamination and the administration of
activated charcoal are usually all that is needed. In the symp-
tomatic patient, evaluation of renal function and electrolytes
may be necessary. Chronic exposure usually requires discon-
tinuation of the drug and supportive care. Anaphylaxis should
be treated with epinephrine and/or diphenhydramine.
Ecotoxicology

Cephalosporins have a low bioconcentration factor, and are
not expected to bioconcentrate or bioaccumulate to any serious
degree. They are not expected to significantly impact species
outside of the bactericidal activity they are in use for.
Other Hazards

When heated to decomposition, many of the cephalosporins
will emit much more toxic fumes.
Exposure Standards and Guidelines

Exposure guidelines have yet to be set by regulatory agencies.
See also: Hemocompatibility; Kidney.

Further Reading
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Background

Until the 1970s, citizens were mostly unaware of how the
indiscriminate dumping of chemical wastes might affect public
health and the environment. The common practice in years
pastwas to simply abandonwaste chemicals onproperties and in
landfills with no consideration for their ultimate fate. This
resulted in thousandsofuncontrolled andabandonedhazardous
waste sites throughout the nation. Although the Environmental
Protection Agency (EPA)had been created in 1970, therewere no
specific provisions to deal with this ever-growing environmental
problem. The Clean Water Act (1977), the Resource Conserva-
tion and Recovery Act – RCRA (1976), the Water Pollution
ControlAct (1972), and theRivers andHarborsAct (1899) set the
stage for more comprehensive legislation. However, in the late
1970s, three events occurred that brought to a head the fact that
abandoned hazardous waste could prove to be a serious threat to
any community. One was the discovery that some 21000 t of
toxic waste had been buried in the abandoned Love Canal in the
early 1950s. The town of Niagara Falls bought the land and built
an elementary school directly over the dump which opened in
1954. There was a rash of diseases and birth defects over the next
few years which were brought to light in newspaper articles
beginning in 1976. The events at Love Canal, New York, resulted
in a state of emergency being declared inAugust 1978by the State
of New York Department of Health. The EPA reviewed the situ-
ation in 1979 and found residents exhibited a ‘disturbingly high
rate of miscarriages. Love Canal can now be added to a growing
list of environmental disasters involving toxics, ranging from
industrial workers stricken by nervous disorders and cancers to
the discovery of toxic materials in the milk of nursing mothers.’
Another unregulated hazardous waste site that had been in
operation since the early 1960s was found near Louisville, Ken-
tucky, which was named ‘Valley of the Drums’ after almost
20000 empty waste-containing drums from numerous local
businesses were found at the 23-acre site. A third incident mate-
rialized in Times Beach, Missouri, where it was discovered that
dioxinwaste from a facility that hadmanufacturedAgentOrange
during the Vietnam War had been sprayed on dirt roads in the
town from 1972 to 1976. In late 1979, an investigation by the
Centers forDiseaseControl andPrevention revealed the situation
which immediately made national headlines. The confluence of
these three specific events and other factors led to intense citizen
concern over the magnitude of toxic waste. In response to this
concern, Congress established The Comprehensive Environ-
mental Response, Compensation, and Liability Act (CERCLA) to
locate, investigate, and clean up the worst sites nationwide.
Overview of CERCLA (Superfund)

On 11 December 1980, Congress passed the CERCLA (also
known as the Superfund). This law empowered the EPA and
state authorities to investigate and respond to the release of waste
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
and hazardousmaterials into the environment such aswas found
at the Love Canal, New York, Louisville, Kentucky, and Times
Beach, Missouri. The Office of Emergency and Remedial
Responseat theEPAadministers theprogram incooperationwith
states and tribal governments. This legislation essentially created
a tax on the chemical and petroleum industries and provided
broadFederal authority to responddirectly to chemical releasesor
potential releases of hazardous substances that are deemed
threatening to public health or the environment. The taxes
collected from inception through 1986 totaled $1.6 billion.
CERCLA also established theNational Priorities List (NPL)which
is the list of national priorities among the known releases or
anticipated releases of hazardous substances throughout the
United States and its territories. The NPL is intended primarily to
guide the EPA in determining which sites warrant further
investigation.

The legislation was amended on 17 October 1986 with the
enactment of the Superfund Amendments and Reauthorization
Act (SARA). One of the critical changes provided in the SARA
was to increase the fund from $1.6 to $8.5 billion and called on
the US EPA to make changes to the Hazard Ranking System
(HRS) to more accurately note the level of danger of sites to be
placed on the NPL. HRS is a numerically based screening
system that uses information from initial, limited preliminary
investigations and the site inspection to assess the relative
potential of sites to pose a threat to human health or the
environment. In addition, SARA stressed the importance of
permanent remedies and innovative treatment technologies in
cleaning up hazardous waste sites; required Superfund actions
to consider the standards and requirements found in other state
and federal environmental laws and regulations; provided new
enforcement authorities and settlement tools; increased state
involvement in every phase of the Superfund program;
increased the focus on human health problems posed by
hazardous waste sites; and encouraged greater citizen partici-
pation in making decisions on how sites should be cleaned up.
Finally, the NPL must be revised and republished every 2 years
and informally reviewed annually.

The term ‘Superfund’ is derived from the fund of money
that is collected by EPA to investigate sites and to pay for
cleanups where no responsible parties can be determined. The
legislation also provided for studies and the use of new
technologies.

There are four basic components to the CERCLA/Superfund
Legislation:

1. The legislation set up an information gathering and analysis
system that enables federal, state, and tribal governments to
designate chemical dumpsites and develop priorities for
cleaning them up. The EPA administrator issues regulations
that, in the administrator’s opinion, identify ‘hazardous’ or
‘toxic’ substances. The owners and operators of sites contain-
ing any listed chemicalmustnotify theEPAof the amount and
types of identifiedwastes their sites contain. This information
assists the EPA in developing the NPL to plan responses.
4-3.00833-2 771
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2. The legislation also gave the EPA the authority to respond to
toxic substance emergencies where immediate short-term
response is deemed necessary for the public welfare.

3. The legislation further established a Hazardous Substance
Trust Fund to pay for removing wastes and for remedial
actions associated with the cleanup where no responsible
parties can be determined.

4. The legislation holds responsible persons and companies
liable for toxic wastes cleanup and restitution costs. Unfor-
tunately, the legislation was not clear on this point and not
all federal courts have applied the same standards to deter-
mine parent corporation liability for CERCLA infractions.
Site Cleanups – Remediations and Removals

l Remediations are conducted according to the National
Contingency Plan (NCP) are refer to permanent cleanups.

l Removals are cleanups other than permanent – i.e., emer-
gency or temporary cleanups.

l EPA generally takes remedial actions only at sites listed on
the NPL.

l EPA assigns responsibility by looking at all potentially
responsible parties (PRPs) including current owners/oper-
ators, previous owners/operators, facilities that generated
the waste, and transporters that delivered the waste.

l ‘Strict’ liability is defined as parties that are responsible
regardless of how careful they were in their practice of
disposing of the waste.

l ‘Joint and several’ liability is defined as any one PRP that is
potentially liable for all costs of the cleanup no matter how
much of the total contamination is directly due to their
disposal activities.

l General remediation process is specified under the Super-
fund’s NCP as follows:
B Emergency removal to address immediate environ-

mental problems.
B A remedial investigation/feasibility study to determine

cleanup approaches.
B A Record of Decision to document the approach EPA

has selected for cleanup.
B The design, construction, operation, and maintenance

of the final cleanup.
B In addition, the cleanup process is required to meet all
other environmental requirements during its operation.
These are referred to as relevant and appropriate
requirements.
New Releases

The CERCLA hazardous substance release reporting regula-
tions (40 CFR Part 302) are to minimize environmental
releases of current manufacturing processes. A designated
person at the facility must report the release of any hazardous
material when it exceeds the reportable quantity to the
National Response Center (NRC). The hazardous substances
and reportable quantities are defined and listed in 40 CFR x
302.4.

The NRC telephone number is 1-800-424-8802.
US EPA’s RCRA/Superfund/UST Hotline to answer ques-

tions regarding guidance for the Superfund Program: 1-800-
424-9346.

As of 15 March 2012, there were 1302 sites listed on
the National Priority List, 62 proposed new sites, and 359 sites
have been remediated and removed from the original list.

See also: Love Canal; Times Beach; Valley of the Drums;
National Environmental Policy Act, USA; Pollution Prevention
Act, United States; Resource Conservation and Recovery Act
(USA).
Further Reading
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R-92/005. Available online: http://www.epa.gov/superfund/policy/remedy/pdfs/
542r-92005-s.pdf.

Switzer, C.S., Gray, P.L., 2008. Basic Practice Series: CERCLA – Comprehensive
Environmental Response, Compensation, and Liability Act (Superfund), second ed.
American Bar Association, Chicago, IL.
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l Name: Cerium
l Chemical Abstracts Service Registry Number: 7440-45-1
l Synonyms: Cerium, EINECS 231-154-9, UNII-30K4522N6T
l Molecular Formula: Ce3þ, Ce4þ
Background Information

Cerium is a rare earth metal and the most abundant member of
the lanthanide series discovered by Jons J. Berzelius and W. von
Hisinger in 1803 in Sweden. Berzelius and Hisinger discovered
the new element in a rare reddish-brown mineral now known
as cerite, a cerium–lanthanide silicate. Although they could not
isolate the pure metal, they found that cerium had two
oxidation states: trivalent state (Ce3þ, cerous, usually orange-
red) and the tetravalent state (Ce4þ, ceric, usually colorless).
Cerium is the only material known to have a solid-state critical
point.
Uses

Cerium is used in metallurgy as a stabilizer in alloys and in
welding electrodes; in glass as a polishing agent, decolorizer,
and to render glass opaque to near-ultraviolet radiation. It is
also used in ceramics and as a catalyst. Cerium is used as
a component of some diesel fuel additives, and may be added
to residual fuel oils to improve combustion. Cerium is found in
portable rechargeable batteries.
Environmental Fate and Behavior

Although cerium is a rare earth element, it is relatively
abundant in the earth’s crust. It makes up about 0.0046% of
the Earth’s crust by weight and ranks 25th in occurrence at an
average distribution of 20–60 ppm. Cerium is a malleable,
soft, ductile, iron-gray metal, slightly harder than lead. It is
very reactive and readily tarnishes in the air. Cerium oxidizes
slowly in cold water and rapidly in hot water. It dissolves in
acids. Cerium can burn when heated or scratched with
a knife.

Cerium is not expected to exist in elemental form in the
environment since it is a reactive metal. Cerium is dumped in
the environment in many different places, mainly by petrol-
producing industries. It can also enter the environment when
household equipment is thrown away. Cerium compounds
exist solely in particulate form if release into air and not
expected to volatilize. Water-soluble cerium compounds
usually have a pKa of 8.5, which indicates that the hydrated
Ce3þ ion will remain in solution at environmental pHs of 4–9.
The ion is expected to hydrolyze and polymerize at
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
environmental pH and may precipitate out of solution. Thus,
cerium will gradually accumulate in soils and water, which
eventually leads to increasing concentrations in humans,
animals, and soil particles.
Exposure and Exposure Monitoring

Inhalation, dermal, and oral are the possible exposure routes.
Exposure to commercially used cerium compounds is most
likely through exposure to cerium oxide.
Toxicokinetics

Cerium is poorly absorbed by the intestine following oral
exposure in animals, except for water-soluble cerium
compounds and cerium oxide. As poorly soluble particles,
cerium oxide may dissolve slowly from the lung into systemic
circulation and is observed in the liver, skeleton, and
tracheobronchial lymph nodes. Cerium has also been
observed to be localized in the cell, particularly in the lyso-
somes, where it is concentrated and precipitated in an insol-
uble form in association with phosphorus. As an element,
cerium is neither created nor destroyed within the body. The
particular cerium compounds, such as cerium chloride and
cerium oxide, may be altered as a result of various chemical
reactions within the body, particularly dissolution. Following
inhalation exposure, the initial rapid elimination of insoluble
cerium from the body is due primarily to transport up to the
respiratory tract via the mucociliary escalator and eventual
swallowing of the material. Initial short-term clearance rates
range from 35 to 95% of initial cerium body burden,
depending on the species tested and length of clearance time
investigated. Elimination of orally administered soluble
cerium has been shown to be age dependent in animals. The
cerium may remain in the intestinal cells, may not be avail-
able systemically, and may eventually be eliminated in the
feces. Cerium is capable of crossing the placenta and entering
the fetal circulation in mice, but the amounts found in the
uterus and placenta were generally less than 5% of the
maternal body burden and decreased rapidly with increased
time after exposure.
Mechanism of Toxicity

Cerium resembles aluminum in its biologic and chemical
properties. Cerium and cerium compounds have low to
moderate toxicity unless the associated anions are toxic.
Intratracheally administered nanoparticles tend to accumulate
in liver and cause damage there.
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Acute and Short-Term Toxicity (or Exposure)

Animal

The LD50 values reported in rats ranged from 4 to 50 mg kg�1

for cerium nitrate with female rats being more sensitive than
males. After peritoneal injection, the LD50 of cerium nitrate
was 470 mg kg�1 in female mice and 290 mg kg�1 in female
rats; the LD50 of cerium chloride was 353 mg kg�1 in mice and
103 mg kg�1 in guinea pigs. The oral toxicity of cerium nitrate
was much lower (LD50 of 4200 mg kg�1 in female rats and
1178mg kg�1 in female mice) than after intravenous or
intraperitoneal administration. The LD50 of ingested cerium
oxide could not be determined in rats when delivered at
a dose of 1000 or 5000 mg kg�1. An LD50 of 622 mg kg�1 has
been reported for cerium oxide ingested by mice. The LC50

after inhalation of cerium oxide in rats was greater than
50 mg m�3. The primary targets after inhalation of cerium are
the lung and the associated lymph nodes; other organs could
be affected via clearance through the blood. Studies of cerium
injected systemically have shown that, once in the circulation,
cerium can cause liver toxicity with a no observed adverse-
effect level of 1mg kg�1 after a single intravenous injection
and a lowest observed adverse effect level (LOAEL) of
2 mg kg�1 for effects on liver detoxifying enzymes. Effects on
other organs where cerium can accumulate (such as spleen,
bones, and kidney) have not been studied. A single-dose study
on the effects of in utero intravenous administration reported
reduced weight in newborn mouse pups, with an LOAEL of
80mg kg�1. Cerium has been found to depress certain
behaviors in mice administered this chemical, and cerium
administered to pregnant mice on day 7 or 12 of gestation or
2 days postpartum caused significant decreases in open-field
activity of offspring. Fetal growth was impaired, as evidenced
by weight decreases of 7–19%. The potential carcinogenicity
of cerium-containing particles has not been studied in
conventional rodent bioassays; in vivo mutagenicity studies
have been negative.

Human

Cerium can increase blood coagulation rate and produce
gastrointestinal effects. Inhalation can lead to polycythemia.
Chronic Toxicity (or Exposure)

Animal

An animal inhalation study involved exposure of rats to cerium
oxide particles substantially larger than those in diesel emis-
sion. The exposure concentrations ranged between 5 and
500mgm�3 for 13 weeks. Effects observed included lung
discoloration, enlargement of lymph nodes, and increased lung
and spleen weight at all concentrations.
Human

Case reports of workers occupationally exposed to rare earth
metals (including cerium) describe a condition termed rare
earth pneumoconiosis with pathologic features including
interstitial fibrosis, granulomatosis, and bilateral nodular
chest x-ray infiltrates. Although the disease sometimes is
associated with accumulation of cerium in particles, the role
of cerium in this complex disease is unclear relative to other
metals or gases to which workers may also have been
exposed.
Immunotoxicity

No relevant human or animal data are available regarding
immunotoxicity in cerium or cerium compounds.
Reproductive Toxicity

A cross-fostering design was employed to separate effects of
prenatal and postnatal exposure following a single subcutaneous
dose of cerium citrate (80 mg kg�1) in pregnant female mice.
Analysis revealed that neonatal weight was reduced both in
offspring exposed to cerium in utero and in the offspring of
mothers receiving ceriumduring lactation. Ceriumalso appeared
to affect maternal-offspring interaction: Pups exposed prenatally
to cerium were retrieved in less time than control pups.
Genotoxicity

In vitro mutagenicity studies have been negative. Other cerium
compounds, such as cerium chloride observed no induction
DNA damage in two strains of Bacillus subtilis by using rec-assay,
but cerium nitrate was reported to induce chromosomal breaks
and reduce the mitotic index in rat bone marrow in vivo, and
cerium sulfate was reported to cause differential destaining of
chromosomal segments in plants.

No information was located regarding genotoxic effects of
cerium and cerium compounds in humans.
Carcinogenicity

Data regarding the carcinogenicity of cerium compounds in
humans or experimental animals are unavailable. In accor-
dance with US Environmental Protection Agency, cerium and
cerium compounds are classified as “inadequate information
to assess the carcinogenic potential” in humans.
Clinical Management

Treatments are addressed symptomatically.
Ecotoxicity

Toxicity to aquatic species is dependent upon the particle size.
Exposure Standards and Guidelines

No standards have been recommended for elemental cerium,
cerium compounds, or any other lanthanides because either
suitable data for setting a standard, such as inhalation studies
or studies on these compounds are lacking. However, because
of the accumulating evidence of induction of fibrosis with the
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lanthanides and their expanding use, the exposure should
probably be limited to 1 mg m�3.

See also: Aluminum; Metals.
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l Name: Cesium
l Chemical Abstracts Service Registry Number: 7440-46-2
l Synonyms: Cesium
l Molecular Formula: Csþ
Background Information

Cesium was discovered in 1860 by Robert Bunsen and Gustav
Kirchoff. It is used in the most accurate atomic clocks. Cesium
melts at 28.41 �C (just below body temperature) and occurs in
Earth’s crust at 2.6 ppm. Cesium is the rarest of the naturally
occurring alkali metals as the isotope 133Cs. Its compounds are
correspondingly rare. Granites contain about 1 ppm cesium
and sedimentary rocks contain approximately 4 ppm cesium.
The most common commercial source of cesium is pollucite,
which contains between 5 and 32% cesium oxide. Radioactive
forms of cesium (134Cs and 137Cs) can also be found in the
environment. They are produced during nuclear fission, and are
used in cancer treatment.
Uses

Cesium is used in photovoltaic cells, vacuum tubes, scintilla-
tion counters, and atomic clocks.
Environmental Fate and Behavior

Appearance: silvery white, soft, ductile metal; liquid (slightly
above room temperature).

Boiling point: 685 �C.
Solubility: soluble in liquid ammonia.
Naturally occurring cesium can enter the environment

mostly from the erosion and weathering of rocks and
minerals. The production and use of cesium compounds
may also result in their release to the environment through
various waste streams. However, there are relatively few
commercial uses for cesium compounds, such as cesium
radioactive isotopes (134Cs and 137Cs), and they have been
released into the environment by human activities such as
the atmospheric testing of nuclear weapons (1945–80) and
leakages at nuclear power plants. Cesium compounds can
travel long distances in the air before being brought back to
the earth by rainfall and gravitational settling. If released to
water, cesium compounds are deposited on land and water
via wet and dry deposition. These deposited-cesium particles
may be resuspended into the atmosphere from soil and
dust. If released to soil, cesium compounds have low
mobility and do not migrate below 40 cm in depth. The
majority of cesium ions are retained in the upper 20 cm of
the soil surface. Clay and zeolite minerals strongly bind
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cesium cations irreversibly. Soils rich in organic matter also
adsorb cesium ions. However, cesium compounds are
readily exchangeable and highly available for plant uptake
in these soils. If released into water, cesium compounds are
very water soluble and exist primarily as cesium cations.
Because most cesium compounds are ionic, they will not
volatilize from water surfaces. Most cesium compounds
released to water adsorb to suspended solids in the water
column and ultimately they are deposited in sediments.
Cesium compounds bioconcentrate and have been shown to
bioaccumulate in both terrestrial and aquatic food chains.
The half-life of 134Cs is w2 years and that of 137Cs is w30
years.
Exposure and Exposure Monitoring

Occupational exposure to cesium compounds occurs primarily
through inhalation and dermal contact at workplaces in which
pollucite is mined or cesium compounds are manufactured or
used. General population exposure to cesium occurs by inges-
tion of food and drinking water, inhalation of ambient air, and
dermal contact with cesium compounds in soil. Current
exposure of the general population of the United States to
radioactive cesium-134 and cesium-137 is expected to be low
because atmospheric testing of nuclear weapons has been dis-
continued for many years.
Toxicokinetics

Stable and radioactive cesium can be taken into the body
by ingestion of food, water, or inhalation. Once absorbed,
cesium behaves in a manner similar to potassium and
distributes uniformly throughout the body as cations,
becoming incorporated into intracellular fluids. Gastrointes-
tinal absorption from food or water is the principal source of
internally deposited cesium in the general population.
Essentially all cesium that is ingested is absorbed into the
bloodstream through the intestines. Cesium tends to
concentrate in muscles because of their relatively large mass.
Like potassium, cesium is excreted from the body fairly
quickly. In an adult, 10% is excreted with a biological half-life
of 2 days, and the rest leaves the body with a biological half-
life of 110 days. Clearance from the body is somewhat
quicker for children and adolescents. This means that if
someone is exposed to radioactive cesium and the sources of
exposure are removed, much of the cesium will readily clear
the body along the normal pathways for potassium excretion
within several months. Urinary excretion is the major route of
elimination of cesium.

The metabolism and tissue distribution of cesium-137
were studied in rats injected intraperitoneally and sacrificed
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00827-7
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1–300 days postinjection. In a chronic study, rats were
administered cesium-137 in their drinking water daily. In the
acute study, with the exception of the brain, muscle, and total
animal, all tissues showed retention curves resolvable into
three exponential components with half-lives of 1.5–2, 5–8,
and 15–17 days. Retention in muscles was resolvable into
a two-exponential function with half-lives of 8 and 16 days.
In the chronic study, the highest equilibrium cesium-137
concentrations, 10% of the average daily intake per gram,
occurred in the muscle. The authors concluded that the
muscle should be considered as the formal critical organ for
cesium-137.
Mechanism of Toxicity

Stable cesium was shown to affect various central nervous
system functions, mainly involving displacing potassium, with
which it competes for transport through the potassium
channel, and it can also activate sodium pump and subsequent
transport into the cell across membranes. Thus, this resulted in
potassium deficiency.

Radioactive isotopes of cesium, such as 134Cs and 137Cs, are
a greater health concern than stable cesium. These radioactive
isotopes of cesium are formed during nuclear fission. Both
134Cs and 137Cs emit beta and gamma radiations. Beta radia-
tion travels short distances and can penetrate the skin and
superficial body tissues, whereas gamma radiation can travel
great distances and penetrate the entire body. Both beta and
gamma radiations may induce tissue damage and disruption of
cellular function.
Acute and Short-Term Toxicity (or Exposure)

Animal

Animal studies indicated that stable cesium and its salts have
relatively low toxicity, with acute oral LD50 values for rats and
mice in the range 800–2000mg kg�1, with the exception of
cesium hydroxide, which is more toxic than cesium iodide or
cesium chloride and has an intraperitoneal LD50 of 89mg kg�1.
Stable cesium is found to be a primary skin and eye irritant in
rabbits and cutaneous sensitizer in pigs. Cesium can induce
cardiac arrhythmias.
Human

Cesium has been reported to cause hyperirritability and muscle
spasms. The symptoms of cesium toxicity include fatigue,
muscle weakness, palpitations, and cardiac arrhythmia.
Human data for cesium hydroxide are unavailable.
Chronic Toxicity (or Exposure)

At very high exposure doses to radionuclides of 134Cs and
137Cs, the beta and gamma radiations can cause adverse
effects, such as radiation syndrome (vomiting, nausea, and
diarrhea) erythema, ulceration, tissue necrosis, neurological
signs, chromosomal abnormalities, compromised immune
function, and death.
Immunotoxicity

No data were located regarding immunological effects in
animals or humans following acute- or chronic-duration oral
exposure to stable cesium.
Reproductive Toxicity

Exposure to radioisotopes of cesium may result in reduced
fertility in males, as evidence by reduced concentration of
spermatozoa in men who were exposed externally and inter-
nally to 137CsCl for about 1 month before testing. Reduced
fertility, including sterility, was also reported in male mice
exposed to gamma radiation from 137Cs. Developmental
effects such as reduced postnatal body weight, impaired motor
activity, morphological changes in the brain, reduced head size,
and retarded odontogenesis and palatal closure had been
reported in rats that were exposed to radioactive cesium sources
(137Cs) in utero.
Genotoxicity

Chromosome damage has been induced by cesium chloride in
the bone marrow cells of mice given a single oral dose and
human blood cells in culture. The chloride was not mutagenic
in an Ames bacterial test, but caused DNA damage in bacteria,
as did carbonate, sulfate, and nitrate.
Carcinogenicity

Animal studies indicate an increased risk of cancer following
external and internal exposure to relatively high doses of
radiation from 137Cs sources, but not from the nonradioactive
element itself. An increased lifetime incidence of mammary
tumors was noted in female rats that were acutely exposed to
whole-body radiation. Intravenous injection of 137CsCl in dogs
resulted in long-term increased risk of all cancers combined in
males and females. However, studies of increased cancer risk
specifically associated with exposure to humans to radioactive
cesium isotopes were not found.
Clinical Management

Prussian blue is administered by a duodenal tube to act as
a chelating agent, which binds to cesium chemically and
reduces the biological half-life to 30 days.
Ecotoxicology

Toxic effects to aquatic organisms by pH shift.
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Natural soil cesium concentrations are generally low but are
nontoxic to plants. Consequently, cesium is not readily avail-
able for uptake by vegetation through their roots. However,
radiocesium can enter plants upon falling onto the surface of
leaves.
Other Hazards

Radioactive cesium is much more dangerous. This is caused by
radioactivity and not the cesium itself.
Exposure Standards and Guidelines

The National Institute for Occupational Safety and Health
(NIOSH) recommended a limit of 2 mg m�3 of cesium
hydroxide as an average for a 10-h workday, 40-h
workweek.

The EPA has established a maximum contaminant level of
4 mg per year for beta particles and photon radioactivity for
synthetic radionuclides (including radioactive cesium).
Miscellaneous

Radioactive decay is a way of decreasing the amount of 134Cs
and 137Cs in the environment.

See also: Lithium; Metals; Potassium; Sodium.
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l Name: Charcoal
l Chemical Abstracts Service Registry Number: 16291-96-6,

Other registry number: 1333-85-3.
l Synonyms: Charcoal, Charcoal, activated, Charcoal, except

activated, Charcoal briquettes, EINECS 240-383-3, HSDB
2017, Swine fly ash, UNII-2P3VWU3H10, Whetlerite.

l Molecular Formula: Unspecified
l Chemical Structure:
C
(v0)
Background (Significance/History)

The first use of charcoal comes from the black pigment used in
European cave paintings around 32 000 years ago. It is possible
that the earliest use of charcoal as a fuel in the smelting of
copper began over 7000 years ago. The first definite evidence of
human involvement with charcoal as a fuel goes back to
5500 years ago in the Middle East and Southern Europe, when
the Egyptians, who were expert metal workers, discovered the
smelting of iron using charcoal.
Uses

Charcoal has been used since the earliest times for several of
purposes, including medicine and art, but by far its most
important use has been as a metallurgical, cooking, industrial,
and automotive fuel. Charcoal is used as a conventional fuel
where an intense heat is wanted. Charcoal was also used
historically as a source of carbon black in chemical reactions
by grinding it up. In this form charcoal was a constituent of
formulas for mixtures such as gunpowder and was important to
early chemists. Due to its high surface area, charcoal can be
used as a catalyst, a filter, or an adsorbent.

Other uses of charcoal include in:

l the decolorizing of sugar
l water and air purification
l waste treatment
l solvent recovery
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
l removal of jet fumes from airports
l removal of sulfur dioxide from stack gases and ‘clean’ rooms
l deodorant
l catalyst in natural-gas purification
l brewing
l chromium electroplating
l air conditioning.
Environmental Fate and Behavior

Relevant Physiochemical Properties

Charcoal is an odorless, tasteless, fine black powder or black
porous solid. It is typically encountered as course granules or
powder. It is insoluble in water and also in organic solvents.
Other physical properties include specific gravity: 0.08 to
0.5; heat of combustion: 14 100 Btu/lb ¼ 7830 cal g�1 ¼
3.28 � 10 þ 5 J kg�1; boiling point: 4200 �C.
Partition Behavior in Water, Sediment, and Soil

The presence of charcoal in a compound elevates the Koc value,
resulting in reduction of mobility of compounds through the
sediment and soil.
Environmental Persistency (Degradation/Speciation)

Charcoal is stable under ambient environmental conditions.
Bioaccumulation and Biomagnification

Hazardous short-term degradation products of charcoal are not
likely. Charcoal and its products of degradation are not toxic.
Special remarks on the products of biodegradation are not
available.
Toxicokinetics

Activated charcoal is neither absorbed in the gastrointestinal
(GI) tract nor metabolized and excreted in the feces. The
4-3.00685-0 779
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adsorptive capacity of activated charcoal may be decreased
by concurrent use of iso-osmolar electrolyte solution and
polyethylene glycol for whole-bowel irrigation. The adsorp-
tive efficacy of activated charcoal may also be decreased by
the emesis induced by ipecac syrup. In general, activated
charcoal can reduce the absorption of and therapeutic
response to other orally administered drugs; therefore
medications other than those used for GI decontamination
or antidotes for ingested toxins should not be taken orally
within at least 2 h of administration of activated charcoal.
When concomitant drug therapy is needed, drugs can be
given parenterally.
Mechanism of Toxicity and Clinical Use
in Gastrointestinal Decontamination

Due to its large surface area, charcoal exerts its effects by
absorbing a wide variety of drugs and chemicals. After the
toxic substance attaches to the surface of the charcoal and
because charcoal is not absorbed, it stays inside the GI tract,
being eliminated in the feces along with the charcoal. In
single-dose therapy, activated charcoal adsorbs the toxic
substance ingested, and thus inhibits GI absorption and
prevents or reduces toxicity. When used repeatedly, as in
multiple-dose therapy, activated charcoal also creates and
maintains a concentration gradient across the wall of the GI
tract that facilitates passive diffusion of the toxic substance
from the blood stream into the GI tract lumen, where it is
adsorbed onto the charcoal and thus prevented from reab-
sorption. In this process, activated charcoal interrupts the
enterohepatic or enteroenteric cycle or recirculation and
increases the rate of elimination of the toxic substance from
the body. Use of multiple-dose charcoal in this manner is also
called GI (gut) dialysis.
Acute and Short-Term Toxicity
(to Include Irritation and Corrosivity)

Animal

Special remarks on toxicity of charcoal to animals are not
available and no LD50 has been reported.
Human

Acute exposure to charcoal irritates skin, eyes, GI, and the
respiratory tract. Redness, swelling, and pain may occur with
dermal exposure. Stinging pain, watering of eyes, inflamma-
tion of eyelids, and conjunctivitis may happen with eye
exposure. Aspiration pneumonitis, decreased GI transit time,
vomiting, GI obstruction, constipation, pulmonary fibrosis
and subsequent emphysema, intestinal perforation, charcoal
deposits in the esophageal and gastric mucosa, and ulceration
of rectal mucosa are possible if charcoal is ingested. Cough,
tachypnea, wheezing, rapid irregular breathing, headache,
fatigue, mental confusion, nausea, and vomiting may occur
after inhalation. Burning charcoal in a fireplace or in a grill may
be hazardous as carbon monoxide (CO) is produced. CO is
a tasteless, odorless, invisible gas that is toxic when inhaled in
significant amounts. Symptoms of CO poisoning include
headaches, confusion, dizziness, nausea, and, at high concen-
trations, loss of consciousness and death.
Chronic Toxicity

Animal

Special remarks on charcoal toxicity to animals are not
available.
Human

Chronic exposure to charcoal may damage mucous membranes
and lungs. Chronic skin exposure can result in dryness, rashes,
and clogging of hair follicles, rendering them black. Chronic
inhalation can cause accumulation of carbon particles in the
lungs. Chronic exposure to coal causes a pneumoconiosis called
coal workers pneumoconiosis or black lung disease. No
evidence has been found for the equivalent with occupational
exposure to charcoal.
Immunotoxicity

There is no evidence on immunotoxicity of charcoal in animals
or human.
Reproductive Toxicity

There is no evidence that charcoal causes reproductive or
developmental problems.
Genotoxicity

No genotoxicity was reported.
Carcinogenicity

Charcoal is not listed as a potential carcinogen by any agency.
Clinical Management

In oral exposure, emesis is not indicated due to the irritant
nature of charcoal. Dilution is recommended with 120–
240 ml of water or milk, not exceeding 120 ml in children.
In inhalation exposure, move patient to fresh air and
monitor for respiratory distress. If cough or difficulty in
breathing develops, the patient should be evaluated for
respiratory tract irritation, bronchitis, or pneumonitis. Assist
ventilation and administer oxygen as required. Broncho-
spasm can be treated with inhaled beta2 agonists and oral or
parenteral corticosteroids. In eye exposure, wash exposed
eyes with copious amounts of room-temperature water for at
least 15 min and if pain, irritation, swelling, lacrimation, or
photophobia persists, the patient should be seen in a health
care facility.
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Ecotoxicology

Charcoal in its original state is not harmful to the environment.
No specific information is available on the effect of charcoal on
animals or plants in the environment. No specific information
is available on the effect of charcoal on aquatic life.
Exposure Standards and Guidelines

Drug products containing charcoal are offered over the counter
for certain uses for instance in GI tract. Charcoal (activated) is
included in antidiarrheal and digestive aid drug products.

US Consumer Product Safety Commission regulations
require that two highly visible warning labels are included at
the top of every bag of charcoal briquettes that identify the
hazard of carbon monoxide poisoning.

US Occupational Safety and Health Administration:
Hazardous by definition of Hazard Communication Standard
(29 CFR 1910.1200). This product is on the European Inven-
tory of Existing Commercial Chemical Substances. This
product is not classified according to the EU regulations. Not
applicable.

See also: Toxicity, Acute; Toxicity, Subchronic and Chronic;
Gastrointestinal System; Carbon Monoxide.
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Introduction

Chemical alternatives assessment (CAA) is a process for iden-
tifying and comparing potential chemical and nonchemical
alternatives to replace chemicals or technologies of concern on
the basis of hazard, performance, and economic viability. CAAs
are used to evaluate and manage hazards and subsequent
health risks through the informed choice of safer chemicals.
The CAA process is integral to the advancement of green
chemistry, which can be defined as the design of chemical
products and processes that reduce or eliminate the use and
generation of hazardous substances. Historically, materials or
chemicals have been selected during the design process based
on the assessment and subsequent reduction of human health
or environmental risks, as opposed to avoiding hazards or
promoting continuous improvement in a chemical, material,
product, system, production process, or function. CAA began
its development in the late 1990s in the United States as
a framework on which to avoid such hazards and promote safer
alternatives. Prior to the inception of CAA, life cycle assessment
(LCA) and risk assessment were the two primary tools used to
select safer alternatives. Ideally, a CAA provides a science-based
solution that identifies and characterizes chemical hazards,
promotes the selection of less hazardous chemical ingredients,
and avoids unintended consequences of switching to a poorly
characterized and more hazardous chemical substitute or
technology.

A number of regulatory initiatives at the state level in the
United States (notably, in California, Washington, and Maine),
voluntary hazard reduction initiatives such as the US Envi-
ronmental Protection Agency’s (EPA) Design for the Environ-
ment (DfE) Program, and EU and European-country funded
initiatives such as SUBSPORT have contributed to the growth
of CAA. CAA can be used as a process for identifying alterna-
tives to a hazardous chemical, screening out alternatives of
equal or greater hazard, and selecting a less hazardous alter-
native that is technically and economically viable.
Overview of CAA Frameworks

There are three primary CAA paradigms currently in use: The
Lowell Center for Sustainable Production’s Alternatives
Assessment Framework (Figure 1), BizNGO’s Chemical Alter-
natives Assessment Protocol (Figure 2), and DfE’s Alternatives
Assessment Criteria for Hazard Evaluation (Figure 3). More
recently, the Interstate Chemicals Clearinghouse (IC2), an
association of state, local, and tribal governments in the United
States, has drafted Guidance for Alternatives Assessment and
Risk Reduction. Internationally, the Austrian Environment
Agency has proposed a draft methodology for the identification
and assessment of substances that should be considered for
restriction under the European Directive on the Restriction of
the Use of Certain Hazardous Substances in Electrical and
Electronic Equipment.
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These CAA paradigms share many of the same attri-
butes by placing initial emphasis on the assessment of
hazards, with LCA and risk-related metrics such as exposure
assessment, occurring later in the process. Core elements
of a CAA comprise chemical hazard assessment (CHA),
life cycle thinking, exposure assessment, technical/func-
tional assessment, economic assessment, and social impact
assessment.

Examples of CAAs published to date include the following:

l The University of Massachusetts at Lowell Toxics Use
Reduction Institute’s Five Chemicals Alternatives Assessment
Study (2006)
B This set of CAAs assessed the availability of technically

and economically feasible safer alternatives for five
hazardous chemicals (i.e., lead, formaldehyde,
perchloroethylene, hexavalent chromium, and di(2--
ethylhexyl)phthalate)

l DfE’s Alternatives Assessment Project on Alternatives to
Decabromodiphenyl ether (decaBDE) (2012)
B This project assessed the toxicity and environmental

fate of flame retardant chemicals that are potential
alternatives to decaBDE when used in materials and
products where decaBDE currently is, or previously was,
used as a flame retardant.
Overview of CHA Frameworks

CHAs evaluate and manage human health and environmental
hazards through the informed choice of safer chemicals. CHAs
are based on primary data, data on chemical surrogates, and/or
predictive modeling. Each CHA comprises literature search,
identification of critical health and environmental effects,
identification of data gaps, chemical analog selection and/or
use of predictive modeling, including the use of QSAR software
(when needed), and assignment of endpoint-specific hazard
classifications (usually following the United Nation’s Globally
Harmonized System of Classification and Labeling of Chem-
icals (GHS)). All of these factors are applied to a broad set of
toxicological and environmental hazard endpoints. The overall
goal of a CHA is to determine whether a proposed chemical
alternative is less hazardous to human health and the
surrounding environment.

Two primary CHA paradigms in use today are the US EPA’s
DfE Alternatives Assessment (AA) protocol and Clean Pro-
duction Action’s GreenScreen�. Both CHA methods assess
a broad range of health effects and environmental endpoints.
As an example, the EPA’s DfE AA paradigm estimates hazards
for 17 individual health effects and environmental fate and
toxicity endpoints, while GreenScreen assigns hazard classifi-
cations to 18 human health, environmental toxicity and fate,
and physical characteristics of a chemical.

GreenScreen has grown in favor among those who perform
CHA because it assigns a quantitative GreenScreen benchmark
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01239-2

http://dx.doi.org/10.1016/B978-0-12-386454-3.01239-2


1
Alternatives
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Figure 1 Lowell Center for Sustainable Production’s alternatives assessment framework. Reproduced with permission from Rossi, M., Tickner, J.,
Geiser, K., 2006. Alternatives Assessment Framework of the Lowell Center for Sustainable Production. http://www.chemicalspolicy.org/downloads/
FinalAltsAssess06.pdf.
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score ranging from 1 to 4 according to specific combinations of
hazard classifications, as shown in Figure 4:

l A GreenScreen score of 1 corresponds to ‘Avoid. Chemical
of High Concern’

l A GreenScreen score of 2 corresponds to ‘Use But Search for
Safer Substitutes’

l A GreenScreen score of 3 corresponds to ‘Use But Still
Opportunity for Improvement’
l A GreenScreen score of 4 corresponds to ‘Prefer. Safer
Chemical’

GreenScreen scores can be compared for individual chem-
icals or materials, assisting in the selection of less hazardous
chemicals or materials during the design process. As an ex-
ample, acetic acid received a GreenScreen benchmark score of 2
based on very high (vH) hazard scores for Group II and II*
human toxicity endpoints, comprising system toxicity/organ
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Risk assessment (RA) 

Depending on resources and needs 
complete partial or full RA to assess 
risks

3. Identify alternatives:   
are there potential 

alternatives including 
chemicals, material, 

products, or new designs? 

No

Yes

Yes

Yes

6. Apply life cycle thinking 
 Is there potential 

for significant life cycle or
exposure concerns? 

6a. Life cycle 
concerns? 

6b. Exposure 
concerns? 

7. Select and 
implement safer 

alternatives 

Yes

No

Figure 2 BizNGO Chemical Alternatives Assessment Protocol (v.1.1) screening logic for selecting safer alternatives to chemicals of concern to
human health or the environment*. Reproduced with permission from BizNGO, 2011. BizNGO Chemical Alternatives Assessment Protocol (v.1.1).
November 2011. http://www.bizngo.org/safer.php.
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Figure 3 US EPA’s DfE alternatives assessment criteria for hazard evaluation.
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Figure 4 GreenScreen™ benchmarks. Reproduced with permission from Clean Production Action (CPA), 2011. GreenScreenTM Benchmarks.
http://www.cleanproduction.org/library/greenScreenv1-2/GreenScreen_v1-2_Benchmarks_REV.pdf.
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effects, skin and eye irritation, neurotoxicity, and skin and
respiratory sensitization. Acetic acid’s GreenScreen hazard
rating table is illustrated in Table 1. Additional GreenScreen
assessments can be viewed through Clean Production Action’s
GreenScreen website.

Acetic acid received a GreenScreen benchmark score of 2
based on hazard scores of very high (vH) for the following
endpoints: systemic toxicity (single dose) (ST), skin irrita-
tion/corrosivity (IrS), eye irritation/corrosivity (IrE). This
corresponds to benchmark classification 2f (very high for
any ecotoxicity or Group II and II* human health end-
point) on the GreenScreen benchmarking scheme as shown
in Figure 4.
Table 1 GreenScreen™ hazard ratings for acetic acid (2013)

Group I human Group II and II* hum

C M R D E AT
ST N

Single Repeated* Single Repeate

L L DG L L M vH L L L

(AA) acute aquatic toxicity (E) endocrine activity (IrE) ey
(AT) acute mammalian toxicity (F) flammability (IrS) sk
(B) bioaccumulation (P) persistence (M) mu
(C) carcinogenicity (N) neurotoxicity (R) repr
(CA) chronic aquatic toxicity (Rx) reactivity (SnS) s

Note: Hazard levels – Very High (vH), High (H), Moderate (M), Low (L), Very Low (vL) in it
values based on test data (See Guidance). Group II Human Health endpoints differ from G
and L) instead of three (i.e., H, M, and L), and are based on single exposures instead o
Acetic acid is classified as a GHS Category 1 specific target
organ toxicity chemical based on an inhalation effect level of
1.1 mg l�1 following a single dose, 4 h inhalation exposure in
an acute inhalation study in rats. In addition, acetic acid is
present on the GHS-Japan screening list as a Category 1
substance (blood) for single exposure systemic toxicity.
According to GHS criteria, a specific target organ toxicant
following single exposure is categorized as a Category
1 substance (‘have the potential to produce significant toxicity
in humans’) in instances where significant toxicity is seen in
humans or from studies in experimental. Specifically, the GHS
guidance concentration value for a substance to be categorized
as a Category 1 single dose inhalation toxicant (vapor form) is
an Ecotox Fate Physical

SnS* SnR* IrS IrE AA CA P B Rx F
d*

DG M vH vH M L vL vL M M

e Irritation/corrosivity (SnR) sensitization – respiratory
in irritation/corrosivity (ST) systemic/organ toxicity
tagenicity and genotoxicity (Cr) corrosion/irritation (skin/eye)
oductive toxicity (D) developmental toxicity
ensitization – skin (DG) data gap

alics reflect estimated values and lower confidence. Hazard levels in BOLD font reflect
roup II* Human Health endpoints in that they have four hazard scores (i.e., vH, H, M,
f repeated exposures.

http://www.cleanproduction.org/library/greenScreenv1-2/GreenScreen_v1-2_Benchmarks_REV.pdf
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equal to or less than 10 mg l�1 following a 4 h period of
exposure. GreenScreen criteria states that any GHS Category 1
substance, or one that is listed on a screening list such as
GHS-Japan, is automatically assigned a hazard score of very
high (vH) for systemic toxicity (single dose).

Acetic acid is associated with the EU Risk Phrase R:35
(‘Causes severe burns’). Risk phrases are categorized as an
authoritative list that Clean Production Action (CPA)
considers to be based on a comprehensive expert review by
a recognized authoritative body (CPA, 2013). Any chemical
assigned the EU R-phrase 34 or 35, which correspond to
‘causes burns’ and ‘causes severe burns,’ respectively, will
automatically be assigned a hazard score of very high (vH)
for IrS. Finally, data from human and animal studies indicate
that acetic acid at concentrations equivalent to or higher than
3% in an aqueous solution is likely to be a severe eye irritant.
In addition, the ocular damage induced by acetic acid is
irreversible. GHS criteria for eye irritation indicate that any
substance shown to produce irreversible ocular damage is
classified as a Category 1 eye irritant (UN, 2009). CPA
criteria state that any GHS Category 1 substance will auto-
matically be assigned a hazard score of very high (vH) for
IrE. Acetic acid was assigned a score of moderate (M) for
acute aquatic toxicity.
CAA Tools

Another set of tools that industry can use to drive sustain-
ability are online databases, such as Pharos, CleanGredients,
and SUBSPORT, which promote safer chemical selection and
hazardous chemical elimination. The Pharos Building
Product Library evaluates more than 1000 products used in
buildings, and scores materials and products on endpoints,
including volatile organic compound content, toxic content,
manufacturing toxics, renewable materials, and renewable
energy. The Pharos Chemical and Material Library profiles
health and environmental hazards of chemicals throughout
various life cycle phases. CleanGredients is an online database
that identifies less hazardous chemicals divided by functional
use categories, such a less hazardous chelants, solvents,
surfactants, among other functional classes. SUBSPORT is an
EU, Germany, and Austrian-funded website designed to
provide information about, and tools relating to, the substi-
tution of hazardous chemicals. SUBSPORT developed a
substitution steps paradigm companies can follow to phase
out hazardous chemicals, and it also features an overview and
electronic links to substitution/alternative assessment models
and tools available around the world, such as the German
GHS Column Model, Clean Production Action’s GreenScreen,
the Swedish Chemicals Inspectorate’s PRIO database and
tool, among others.
See also: Sustainability; Green Chemistry; Hazard Ranking; The
Globally Harmonized System for Classification and Labeling of
the GHS; Chemicals in Consumer Products.
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Introduction

The use of chemical products is a widespread practice world-
wide and it is clear that chemical products have enhanced and
improved our life. However, alongside the benefits of these
products, many chemicals have also the potential to cause
adverse effects on human health and the environment. Some
chemicals have intrinsic properties which create particular
concerns. These properties include some physical properties,
such as flammability or corrosion, as well as health concerns
related to its toxicity to humans or animals or environmental
concerns related to its ecotoxicity for environmental organisms.
The identification of the specific hazards of each chemical
substance is essential for their safe management, including
manufacturing, transport, use, and disposal. The identification
of the relevant hazards of each chemical product is also
essential for their risk and safety assessment and should be
communicated through the supply change to ensure that all
users, including consumers, are aware of these potential
hazards and take the appropriate protective measures.

The hazard communication strategy must consider the
needs of the different target audiences. Chemicals are used
worldwide in the workplace and by consumers; in addition,
there are specific communication needs during their transport
and in the case of emergencies.

Employers and workers manufacturing and using the
chemicals need to know the specific hazards of the chemicals
they are or may be exposed to in the workplace, the protective
measures required to avoid the adverse effects that might be
caused by those hazards, the proper storage conditions, and the
mitigation measures to be adopted in case of emergencies.
Labeling is the primary source of information but it is
combined with other elements such as the safety data sheet
(SDS), and training in hazard identification and prevention can
be easily implemented.

In principle, consumers have similar needs but the label is,
in most cases, the sole source of information; in addition,
specific training is much more difficult to implement. There are
two different approaches in the hazard communication to
consumers, one focus on effectiveness and is based on the
likelihood of injury, the other focuses on the ‘right to know and
to take educated decisions’ and is based on the communication
of hazards independently of the likelihood for those hazards to
result in adverse effects.

The transport of dangerous chemical products requires
communication on safe practices to different types of dedicated
workers, from drivers to those handling directly the products.
The main elements are the conditions for proper handling, e.g.,
during storage, loading, and unloading, as well as in the case of
accident. Similarly, emergency responders have specific hazard
communication needs in order to facilitate immediate and
adequate responses. The needs for firefighters, those involved
in the contention, cleaning, and risk assessment, or the medical
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
personnel treating the victims are very different and should be
considered.

The chemical hazard communication is mostly based on the
classification and labeling system, which supports additional
downstream implementation tools. The chemicals with
dangerous properties are classified as hazardous and must be
labeled when distributed to users and marketed. The classifi-
cation system not only identifies that the chemical is
a hazardous one, but it also identify which particular hazards
are relevant for each chemical substance as well as its potency.
During the twentieth century, different countries and regions
developed their own classification and labeling systems,
creating confusion and reclassification, and relabeling obliga-
tions when hazardous chemicals were transported among
countries/regions.

The harmonization of the classification and labeling
systems of chemicals started in fact in relation to the need for
safe transport of dangerous goods. The United Nations
Economic and Social Council’s Committee of Experts on the
Transport of Dangerous Goods (UNCEDTG) worked to
harmonize physical hazards and acute toxicity in the transport
sector. However, transport requirements in countries were
often not harmonized with those of other sectors in that
country and particularly in relation with the workplace or
consumer sectors.

Chapter 19 of Agenda 21, adopted at the United Nations
Conference on Environment and Development (UNCED,
1992), provided the international mandate to develop a single,
globally harmonized system (GHS) to address classification of
chemicals, labels, and SDSs. The work was coordinated and
managed under the auspices of the Interorganization Pro-
gramme for the Sound Management of Chemicals (IOMC)
Coordinating Group for the Harmonization of Chemical
Classification Systems (CG/HCCS). It required a long-term
commitment from the three technical focal points:

l the International Labour Organization (ILO) for the hazard
communication;

l the Organization for Economic Cooperation and Develop-
ment (OECD) for the classification of health and environ-
mental hazards; and

l the United Nations Sub-Committee of Experts on the
Transport of Dangerous Goods (UNSCETDG) and ILO for
the physical hazards.
The examination of existing systems at that moment clari-
fied that althoughmany countries had some requirements; four
‘major’ existing systems need to be considered:

1. Requirements of systems in the United States for the
workplace, consumers, and pesticides.

2. Requirements of Canada for the workplace, consumers, and
pesticides.

3. European Union directives for classification and labeling of
substances and preparations.
4-3.00460-7 787
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4. The UN recommendations on the transport of dangerous
goods.

These systems were the basis for developing the GHS of
classification and labeling of chemicals.
The GHS of Classification and Labeling of Chemicals

The first version of the GHS was adopted in December 2002 by
the Sub-Committee on the GHS (SCEGHS), and endorsed by
the Committee on the Transport of Dangerous Goods and the
GHS of Classification and Labelling of Chemicals. The first
version of the GHS was published in 2003. The system has
been amended biannually.

The first revised edition of the GHS (GHS Rev. 1, published
in 2005) included various revised provisions concerning clas-
sification and labeling, new provisions for aspiration hazards,
and new guidance on the use of precautionary statements and
pictograms and on the preparation of SDSs.

The second revised edition of the GHS (GHS Rev. 2, pub-
lished in 2007) included new and revised provisions concern-
ing the classification and labeling of explosives, respiratory and
skin sensitizers, toxic by inhalation gases and gas mixtures,
additional guidance on the interpretation of the building block
approach and on the evaluation of the carcinogenic potential
of chemicals, and the codification of hazard and precautionary
statements.

The third revised edition of the GHS (GHS Rev. 3, published
in 2009) included new provisions for the allocation of hazard
statements and for the labeling of small packaging, two new
subcategories for respiratory and skin sensitization, the revision
of the classification criteria for long-term hazards (chronic
toxicity) to the aquatic environment, and a new hazard class for
substances and mixtures hazardous to the ozone layer.

The fourth revised edition of the GHS (GHS Rev. 4, pub-
lished in 2011) included new hazard categories for chemically
unstable gases and nonflammable aerosols, further ration-
alization of precautionary statements, and further clarification
of some of the criteria to avoid differences in their interpreta-
tion. This revised version contains four parts and 10 annexes:

l Part 1: Introduction
l Part 2: Physical hazards
l Part 3: Health hazards
l Part 4: Environmental hazards
l Annex 1: Allocation of label elements
l Annex 2: Classification and labeling summary tables
l Annex 3: Codification of hazard statements, codification

and use of precautionary statements and examples of
precautionary pictograms

l Annex 4: Guidance on the preparation of SDSs
l Annex 5: Consumer product labeling based on the likeli-

hood of injury
l Annex 6: Comprehensibility testing methodology
l Annex 7: Examples of arrangements of the GHS label

elements
l Annex 8: An example of classification in the GHSs
l Annex 9: Guidance on hazards to the aquatic environment
l Annex 10: Guidance on transformation/dissolution of

metals and metal compounds
The GHS describes the classification criteria and the hazard
communication elements by type of hazard and covers the
classification and labeling of chemical substances in its own
and of mixtures. It covers 16 physical hazard classes, 10 health
hazard classes, and 2 environmental hazard classes. It also
includes details on the labeling and guidance on other hazard
communication elements such as the SDS.
Classification of Chemical Substances and Mixtures

Classification is the process for identifying the physical,
health, and environmental hazards of a substance or a mixture
and it is done by comparing their intrinsic properties,
measured through standardized assays or coming from other
information sources, with defined criteria in order to arrive at
a classification of the substance or mixture. It follows three
consecutive steps: (1) the identification and examination of
relevant data regarding the potential hazards of the substance
or mixture; (2) the comparison of the data with the classifi-
cation criteria; and (3) the decision on whether the substance
or mixture shall be classified as hazardous in relation to each
of the hazard classes, and the degree of hazard, where
appropriate.

The classification system is based on a set of hazard classes
which describe the nature of the physical, health, or environ-
mental hazard, and a set of categories, within each class, which
describe the severity of the harm. These categories may repre-
sent the potency with quantitative criteria for the allocation of
the chemical within the category, e.g., in the case of acute
toxicity or aquatic toxicity, or the extend/type of evidence, e.g.,
for carcinogens or chemicals toxic to reproduction.

For example, acute toxicity is based on the adverse effects
occurring after the administration of a single dose (or multiple
doses within 24 h for oral and dermal routes and 4 h for
inhalation) and is mostly based on the oral/dermal LD50 and
inhalation LC50 observed in animals under experimental
standardized conditions. This hazard class contains five cate-
gories (Category 1–5) for each exposure route defined by fixed
ranges in the oral/dermal LD50 and inhalation LC50. Conse-
quently, chemicals with similar acute toxicity potencies are
classified within the same category.

Regarding carcinogenicity, the criteria are based on the
strength and type of the evidence and distinguish three
different types: chemicals known to have carcinogenic potential
for humans, chemicals presumed to have carcinogenic poten-
tial for humans (mostly based on evidence on animals), and
suspected human carcinogens. The potency or dose at which
the effects have been observed is not part of the criteria and the
classification does not provide information on the level of
expected human cancer risk associated to a particular level of
exposure.

Mixtures can be classified similarly to substances, e.g., by
comparing directly their intrinsic properties measured through
standardized methods with the classification criteria or by
considering the properties and hazards of their components.

The classification in a particular hazard class and category
implies the need to communicate this information through
the labeling and other hazard communication elements such as
the SDS.
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Labeling of Hazardous Chemical Substances
and Mixtures

As described above, each hazard class and category has a set of
associated labeling requirements. The GHS labeling approach
is based on four complementary label elements: the symbol,
the signal word, the hazard statements, and the precautionary
statements.

The nine GHS hazard symbols are basically similar to those
used in the UN transport system, except one specific for certain
health hazards but are presented in a specific graphic compo-
sition (shape, border, background pattern, and color), the
pictogram, which is GHS specific: a square set at a point with
a black symbol on a white background with a red frame
(Figure 1).

The signal words are words used to indicate the relative level
of severity of the hazard and to alert the reader to a potential
hazard on the label. The word ‘danger’ is used for the more
severe hazard categories and the word ‘warning’ is used for
intermediate categories, while no signal word is allocated to the
less severe categories.

The hazard statements are phrases assigned to each hazard
class and category describing the nature of the hazards and its
degree when appropriate. Each hazard statement is associated
to a code, which starts with the letter ‘H,’ the number 2, 3, or 4
for physical, health, and environmental hazards, respectively,
and two additional digits with sequential numbering.
Figure 1 GHS pictograms.
The precautionary statements are phrases (and/or picto-
grams) that describe the measures recommended to mini-
mize or prevent adverse effects resulting from the exposure to
a hazardous product or its improper storage or handling.
Each precautionary statement is associated to a code which
starts with the letter ‘P,’ the number 1, 2, 3, 4, or 5 for
general, prevention, response, storage, and disposal state-
ments, respectively, and two additional digits with sequential
numbering.

The label should also include a product identifier and
information on the supplier.
Safety Data Sheets

SDSs, previously named as material SDSs in the United States
and other jurisdictions, are the complementary hazard
communication tool in the workplace. The SDS provides
employers and workers, including those involved in transport
and emergency personnel, with procedures for handling and
storing the substance or mixture in a safe manner, advice on
safety precautions, and to react properly in the case of acci-
dental spills, mishandling, or emergencies.

The SDS is in fact the main tool for transferring detailed
information on hazardous substances, as such or in mixtures, to
workers and professional users through the supply chain. It is
product specific and according to the GHS should be provided



790 Chemical Hazard Communication and Safety Data Sheets
at least for all substances andmixtures that meet one or more of
the classification criteria, as well as for mixtures which contain
ingredients that meet the criteria for carcinogenic, toxic to
reproduction or specific target organ toxicity in concentrations
exceeding the selected cutoff criteria. The competent authorities
may also choose to require SDSs for mixtures not meeting the
criteria for classification as hazardous but which contain
hazardous substances in certain concentrations.

The information in the SDS has been also harmonized and
should be presented using 16 specific headings:

1. Identification
B GHS product identifier.
B Other means of identification.
B Recommended use of the chemical and restrictions on

use.
B Supplier’s details (including name, address, phone

number, etc.).
B Emergency phone number.

2. Hazard(s) identification
B GHS classification of the substance/mixture and any

national or regional information.
B GHS label elements, including precautionary state-

ments. (Hazard symbols may be provided as a graph-
ical reproduction of the symbols in black and white or
the name of the symbol, e.g., flame, skull, and
crossbones.)

B Other hazards which do not result in classification (e.g.,
dust explosion hazard) or are not covered by the GHS.

3. Composition/information on ingredients (Note: For infor-
mation on ingredients, the competent authority rules for CBI
take priority over the rules for product identification)
B For substances

a. Chemical identity.
b. Common name, synonyms, etc.
c. CAS number, EC number, etc.
d. Impurities and stabilizing additives which are

themselves classified and which contribute to the
classification of the substance.

B For mixtures
a. The chemical identity and concentration or

concentration ranges of all ingredients which are
hazardous within the meaning of the GHS and are
present above their cutoff levels.

4. First aid measures
B Description of necessary measures, subdivided

according to the different routes of exposure, i.e.,
inhalation, skin and eye contact, and ingestion.

B Most important symptoms/effects, acute, and delayed.
B Indication of immediate medical attention and special

treatment needed, if necessary.
5. Firefighting measures

B Suitable (and unsuitable) extinguishing media.
B Specific hazards arising from the chemical (e.g., nature

of any hazardous combustion products).
B Special protective equipment and precautions for

firefighters.
6. Accidental release measures

B Personal precautions, protective equipment, and
emergency procedures.
B Environmental precautions.
B Methods andmaterials for containment and cleaning up.

7. Handling and storage
B Precautions for safe handling.
B Conditions for safe storage, including any incom-

patibilities.
8. Exposure controls/personal protection

B Control parameters, e.g., occupational exposure limit
values or biological limit values.

B Appropriate engineering controls.
B Individual protection measures, such as personal

protective equipment.
9. Physical and chemical properties

B Appearance (physical state, color, etc.).
B Odor.
B Odor threshold.
B pH.
B Melting point/freezing point.
B Initial boiling point and boiling range.
B Flash point.
B Evaporation rate.
B Flammability (solid and gas).
B Upper/lower flammability or explosive limits.
B Vapor pressure.
B Vapor density.
B Relative density.
B Solubility(ies).
B Partition coefficient: n-octanol/water.
B Autoignition temperature.
B Decomposition temperature.
B Viscosity.

10. Stability and reactivity
B Reactivity.
B Chemical stability.
B Possibility of hazardous reactions.
B Conditions to avoid (e.g., static discharge, shock, or

vibration).
B Incompatible materials.
B Hazardous decomposition products.

11. Toxicological information: Concise but complete and
comprehensible description of the various toxicological
(health) effects and the available data used to identify
those effects, including:
B information on the likely routes of exposure (inhala-

tion, ingestion, and skin and eye contact);
B symptoms related to the physical, chemical, and toxi-

cological characteristics;
B delayed and immediate effects and also chronic effects

from short- and long-term exposure; and
B numerical measures of toxicity (such as acute toxicity

estimates).
12. Ecological information

B Ecotoxicity (aquatic and terrestrial, where available).
B Persistence and degradability.
B Bioaccumulative potential.
B Mobility in soil.
B Other adverse effects.

13. Disposal considerations: Description of waste residues and
informationon their safehandlingandmethodsofdisposal,
including the disposal of any contaminated packaging.
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14. Transport information
B UN number.
B UN proper shipping name.
B Transport hazard class(es).
B Packing group, if applicable.
B Environmental hazards (e.g., marine pollutant (yes/

no)).
B Special precautions which a user needs to be aware of

or needs to comply with in connection with transport
or conveyance either within or outside their premises.

15. Regulatory information: Safety, health, and environmental
regulations specific for the product in question.

16. Other information
The GHS Implementation

New Zealand was the first country in implementing the GHS.
Since then, the GHS has been already implemented, at least
partially, in different countries and jurisdictions and is in the
implementing stage in many others worldwide.

Examples of these implementations are the Model Work
Health and Safety (WHS) legislation in Australia, the Standard
ABNT NRB 14725:2009 in Brazil, the standards GB T 16483–
2008: SDS for chemical products content and order of sections,
GB 13690–2009: General rules for preparation of precautionary
labels for chemicals, and GB 15258–2009: General rules for
classification andhazard communicationof chemicals inChina,
the National Technical Standard NTE INEN 2-266:2000 in
Ecuador, the National Standard JIS in Japan, the national stan-
dard NMX-R-019-SCFI-2011 in Mexico, the Industrial Safety
and Health Act (ISHA) and the Toxic Chemicals Control Act
(TCCA) in the Republic of Korea, seven GOST national
standards in Russia, the revised ordinances SR 813.11 and SR
813.12 in Switzerland, the revised Hazard Communication
Standard (HCS) in the United States, the Decrees 307/009 of 3
July 2009 and 346/011 of 28 September 2011 in Uruguay, and
the Regulation (EC)No. 1272/2008of the European Parliament
andof theCouncil of 16December 2008, theCLPRegulation, in
the European Union (EU) and European Economic Area (EEA).

Through these implementation procedures some authori-
ties, e.g., in New Zealand and Japan, have created public
inventories informing on the classification of dangerous
substances. The largest and most extensive inventory has been
created in the EU as part of the requirements of the CLP
Regulation. The inventory includes the self-classification by
manufacturers and importers of all substances marketed, as
such or in mixtures, in the EU and contains ca.900 000 entries.
The EU Extended SDSs with Exposure Scenarios

The SDS information acts as a reference source for the
management of hazardous chemicals in the workplace. The
SDS is product related and, usually, is not able to provide
specific information that is relevant for any given workplace
where the product may finally be used. Instead, the informa-
tion is designed to enable employers to develop active
programs for worker protection measures specific to individual
workplaces and to consider any measures, which may be
necessary to protect the environment.
However, the new EU chemicals legislation implemented
through the REACH and CLP Regulations has gone a step
further, considering that the SDS should also provide specific
information relevant to the assessment of each use. The UE
legislation requires extended SDS indicating the uses that are
covered by the provider of the substance (and the uses advised
against and the reasons for this advice); in addition, the
exposure scenarios for each relevant use should be attached.
These exposure scenarios present clear indications regarding
the operational conditions for proper handling of the
substance, the risk reduction measures that should be applied
to reduce the exposure and risk and the resulting exposure
level, covering the workplace, the environment, and consumers
when relevant, if possible in quantitative terms.

This EU approach combines the standard approach of SDS
as a hazard (not risk) communication tool, with additional
information on use patterns and expected exposure. Conse-
quently, it offers new opportunities for the employers, facili-
tating their obligation to ensure a safe use of hazardous
chemicals in the workplace, including environmental emis-
sions. European downstream users are expected to implement
the operational conditions and risk management measures
indicated in the extended SDS for each described use pattern, as
part of their obligations to ensure a safe handling and use of
hazardous products. If a downstream user is unable to imple-
ment these conditions, must conduct its own safety assessment,
which in certain cases should be notified to ECHA.

The use pattern and the associated exposure assessment are
based on a use descriptor system, based on five separate
descriptor lists which in combination with each other form
a brief description of use. The five descriptors are the following:

1. The sector of use category (SU) describes in which sector of
the economy the substance is used. This includes mixing or
repacking of substances at formulator’s level as well as
industrial, professional, and consumer end-uses.

2. The chemical product category (PC) describes in which types
of chemical products (¼substances as such or in mixtures)
the substance is finally contained when it is supplied to
end-uses (by industrial, professional, or consumer users).

3. The process category (PROC) describes the application
techniques or process types defined from the occupational
perspective.

4. The environmental release category (ERC) describes the
broad conditions of use from the environmental perspective.

5. The article category (AC) describes the type of article into
which the substance has eventually been processed. This
also includes mixtures in their dried or cured form (e.g.,
dried printing ink in newspapers; dried coatings on various
surfaces).

In addition to their description function, these use descriptors
define the name of the exposure scenario and support the
identification of the suitable exposure estimation. In fact, some
descriptors are directly associated to one of the available Tier 1
exposure estimation tools developed for the implementation
of REACH, allowing an initial release/exposure estimation
based on default values, which can be used for demonstrating
safe use or as the starting point for the exposure refinement if
needed.
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As a complement, the EU REACH Regulation has extended
the need to provide SDS to other chemicals not covered by the
GHS criteria. These include the PBT and vPvB substances. In
addition, an SDS should be provided for mixtures that
contains at least one substance on the candidate list of
substances of very high concern (SVHC) and the individual
concentration of this substance in the mixture is�0.1% (w/w)
for nongaseous mixtures if the substance is persistent, bio-
accumulative, and toxic (PBT) or very persistent and very
bioaccumulative (vPvB).
Chemical Hazard Communication for Substances
in Articles

The communication of the hazards related to substances in
articles has received less attention. The classification and
labeling approach is restricted to ‘chemical products’:
substances in its own or as mixtures. The hazards, of chemical
or other nature in articles intended for industrial, professional,
or consumer use, are communicated as elements in the label or
just as indications in the instruction pamphlets that are
distributed with the articles. With few exceptions, these obli-
gations have not been harmonized and defined labeling
requirements for covering specifically chemical risks in articles
have not been developed yet. A typical exception is the classi-
fication of explosive articles in the EU, as the CLP Regulation
applies the GHS principles to explosive articles.

Nevertheless, the need to communicate the chemical
hazards of articles to users, including consumers, is receiving
significant attention. In the European Union, the REACH
Regulation has created new hazard communication obligations
for those substances identified as of very high concern and
included in the ‘candidate list’ of SVHC. EU or EEA suppliers of
articles which contain substances on the candidate list in
a concentration above 0.1% (w/w) have to provide sufficient
information to allow safe use of the article to their customers.
However, no specific indications on how to provide this
information have been developed yet.

The obligation is also applied to consumers’ articles if
requested by the consumer. This information must contain as
a minimum the name of the substance, and as a complement,
ECHA has published in the web page the notifications
received from producers and importers of articles regarding
the presence of SVHC in their articles. However, additional
efforts are still needed in order to fully implement the societal
concerns for access to the information and the ‘right to know’

in a way that could really allow educated decisions by each
consumer regarding personal assessments of the risk and
benefits related to the presence of hazardous chemicals in
consumer articles.

See also: Candidate List of Substances of Very High Concern
(SVHC), Reach; The European Classification and Labeling
(C&L) Inventory; Import/Export of Hazardous Chemicals;
Chemical Safety Assessment; Risk Management.
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In reality, people are never exposed to individual chemicals in
isolation. For example, multitudes of chemicals comprise the
food we eat (both in the food itself and as contaminants on or
in food), and there are many contaminating chemicals in air
and drinking water, around the home, and in the workplace.
Thus, there is a continual possibility of interactions among
chemicals within our bodies. There are four basic types of
interactions between chemicals that can modulate toxic
outcome: additivity, antagonism, synergism, and potentiation.
These interactions are based on additions of effect, which
simply combines the measurable effect, or of dose, which
considers the chemicals to be additive as if they were dilutions
of each other.

Antagonism refers to the ability of one chemical to impair or
limit the toxicityof another, or the joint interferencewith the toxic
action of two or more chemicals. To illustrate these examples, let
us consider two chemicals referred to as A and B, using an effect-
addition approach. In measuring functional toxicity, a graded
scale has been devised for recording the severity of response from
0 (i.e., no signs of toxicity) to 6 (lethality). If chemical A alone
elicits an average response of 4 on the toxicity scale while chem-
ical B elicits no toxicity on its own (i.e., an average response of 0),
but both chemicals given together yield an average toxicity score
of only 2, then it can be concluded that chemical B antagonized
the toxic action of chemical A.
Treatment
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Toxicity score
Chemical A
 4
Chemical B
 0
Both A and B
 2
If on the other hand, chemical A and chemical B both eli-
cited some degree of toxicity using this same scale, for example,
chemical A caused an average response of 3 and B also elicited
an average response of 3, but when given together a response of
only 1 was noted, it is concluded that both chemicals antago-
nized the toxic actions of each other.
Treatment
 Toxicity score
Chemical A
 3
Chemical B
 3
Both A and B
 1
A simple mathematical description of antagonism is:

TBoth < TA þ TB (effect addition)

where TBoth is the degree of toxic response when both chemicals
are given together, whereas TA and TB represent the degree of
toxic response when either chemical A or chemical B is given
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alone. Antagonism is a relatively common phenomenon, and
antidotal strategies are often based on this type of interaction.
Chemical antagonism is a simple interaction between two
chemicals in which the formed complex is less toxic. Functional
antagonism occurs when two chemicals have opposing actions
on physiology, their combined effects counteract each other.
Kinetic or dispositional antagonism occurs when the absorp-
tion, distribution, elimination, or biotransformation of
a chemical is altered by another such that less toxicant reaches
its target site. Finally, receptor antagonism occurs when two
chemicals bind to a specific receptor in the body, and compe-
tition between the two leads to lesser toxicity.

Synergism refers to a greater toxic response with exposure to
two chemicals than would be expected under a specific defi-
nition of additivity, based on the toxic response elicited by
either of the chemicals alone. Potentiation is similar to syner-
gism in that greater toxicity is seen with exposure to two
chemicals than expected based on the responses elicited by
those chemicals alone, but in this case one of the chemicals has
no overt capacity to elicit the toxic response on its own. With
the mock toxicity grading scale used in the preceding, examples
of synergism and potentiation in effect addition can be
considered.
Treatment
4-3.00110-X
Toxicity score
Synergism
Chemical A
 1
Chemical B
 1
Both A and B
 5
Potentiation
Chemical A
 2
Chemical B
 0
Both A and B
 6
A simple mathematical description of synergism or poten-
tiation is:

TBoth > TA þ TB (effect addition)

where TBoth is the degree of toxic response when both chemicals
are given together, whereas TA and TB represent the degree of
toxic response when either chemical A or chemical B is given
alone.

Under dose-addition theory, the combined effect of chem-
icals is described as the observed effect at the sum of doses A
plus B, where the dose of A can be expressed in relation to
a dose of B. Another way to consider dose-additivity is that,
given a specified effect such as ED50:

dA/ED50A þ dB/ED50B ¼ 1
793
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where dA and dB are the doses of A and B in the mixture,
respectively, and ED50A and ED50B are the point estimates for
each. When the sum ¼ 1, the mixture is considered dose
additive; by extension, sums less or greater than 1 represent
antagonism or synergism, respectively. Dose-additivity is often
a default assumption with chemicals that act through
a common mode of action.

It is possible that two or more chemicals can elicit a toxic
response that is additive in nature. Understanding howmultiple
toxicants that act through a common mechanism or pathway
interact to yield cumulative toxicity is an important endeavor in
risk assessment. Under default assumptions,multiple chemicals
that elicit toxicity by a common mechanism are considered to
exhibit dose-additivity; that is, the total dose is equal to the sum
of the individual chemical doses, scaled according to their
potency relative to an index chemical. A number of studies using
various toxicological endpoints have observed apparent dose-
additivity with multiple chemical interactions. It should be
noted, however, that these studies necessarily use exposure
levels much higher than would typically occur in humans.
Chemical interactions and their cumulative effects as well as
effects of multiple chemicals working through different mech-
anisms will continue to be an active area of research and
important in understanding real-world risks.

As noted, people are exposed tomany chemicals at any given
time through various environmental media. Although interac-
tions between two chemicals are relatively straightforward and
easy to understand, with more than two chemicals the analysis
becomes exceedingly complicated. However, study of the
interactive effects of chemicals can often provide specific infor-
mation on their mechanisms of action.

See also: Common Mechanism of Toxicity in Pesticides;
Mixtures, Toxicology, and Risk Assessment; Dose–Response
Relationship.
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Background

In 2006, the European Union (EU) adopted a new regulation
on chemicals and their safe use called REACH. It deals with the
registration, evaluation, authorization, and restriction of
chemical substances. According to the regulation, companies
submitting a registration dossier to the European Chemicals
Agency (ECHA) have to perform a chemical safety assessment
(CSA) for their chemical substance if it is manufactured or
imported at volumes above 10 t year�1. The assessment needs
to be recorded in a chemical safety report.
The Assessment

CSA is the process used to identify and explain the conditions
under which the manufacturing and use of a substance can be
considered as safe. It can be divided into three steps:

1. Hazard assessment for human health, physicochemical
properties, and the environment and a persistent, bio-
accumulative, and toxic (PBT), and very persistent and very
bioaccumulative (vPvB) substances assessment

2. Exposure assessment
3. Risk characterization

The first step, hazard assessment, involves the collection and
evaluation of all relevant available information on a substance
to decide if it classified as ‘dangerous’ and to set the derived no
effect levels (DNELs) for human health effects and the pre-
dicted no effect concentrations (PNECs) for environmental
effects. It should include information on substance properties,
manufacture, use, and related emissions and exposures. If the
existing information is insufficient under the requirements of
the REACH Regulation, the registrant needs to generate further
information. If the outcome of the hazard assessment is that
the substance does not meet the criteria for ‘classification’ as
hazardous and does not have PBT or vPvB properties, the CSA
is finished, otherwise steps 2 and 3 are also required to
complete the process.

The second step is the exposure assessment for the manu-
facture and all the uses of the substance. This step develops
exposure scenarios to estimate the exposure to humans and the
relevant environmental compartments. Exposure scenarios
describe the different uses and manufacture in terms of the
operating conditions and risk management measures. From
these estimates of release, exposures can be made using stan-
dard models or better estimates using adapted models or actual
measurements. The exposure scenarios cover all the identified
uses and life stages of a substance.
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The third step is risk characterization, which compares the
levels of exposure with the threshold levels that are considered
safe for humans (as described by DNELs) and the environment
(as described by PNECs). Where it is not possible to determine
a threshold level for one effect (the DNEL or PNEC is not
applicable), a qualitative or semiquantitative approach is used.
For risk characterization of physicochemical properties, the
likelihood and severity of an adverse event occurring are
assessed.

Under the REACH Regulation, risks are regarded as
controlled when the exposure levels to the substance are
below the threshold levels, both for humans and for the
environment. For risks to be considered as under control for
effects with no threshold levels, the users of the substance
need to ensure that the emissions and exposures are mini-
mized or avoided.

If risks are under control, the CSA ends here. If risks are not
under control, the assessment has to be refined, either by
obtaining more data on the properties of the substance,
exposure, and emission or by changing the conditions for its
manufacture or use. The CSA process is iterative and will
continue until the risks are shown to be under control.
Manufacturers and importers communicate these conditions to
their customers in exposure scenarios.

Chesar

To help registrants deal with exposure and risk assessments, the
ECHA has developed Chesar, a software tool that supports
the harmonization of the CSA and report. The main features of
the tool are to:

l allow the use of data in the IUCLID format (International
Uniform Chemical Information Database), i.e., use the data
from the registration dossiers;

l allow exposure estimation and risk characterization;
l support building and recording of exposure scenarios;
l support in documenting the measures recommended for

controlling the risks of the substance during its use.

Chesar helps registrants to generate consistent and trans-
parent chemical safety reports and exposure scenarios. For the
communication of the conditions of safe use, the exposure
scenarios are attached to safety data sheets, which in turn are
generated on the basis of the chemical safety reports. Chesar
also facilitates the reuse of assessments that the registrants or
their industry associations have already conducted for REACH
or other purposes.
4-3.00575-3 795
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Introduction

The CHEmical Safety Assessment and Reporting tool (Chesar)
is an application developed by the European Chemicals
Agency (ECHA) to help companies carry out their chemical
safety assessments (CSAs) under the European REACH Regu-
lation and to prepare their chemical safety reports (CSRs) that
must be included in the REACH registration dossiers and
the exposure scenarios (ES) that also should be added to the
extended safety data sheets (SDSs) for communication in the
supply chain.

The CSR is a regulatory requisite that must be included in
the registration dossiers for chemicals registered under the
REACH Regulation and manufactured or imported above 10
tons per year. Basically, Chesar has implemented as an IT tool
the principles related to the CSA as described in the ECHA
“Guidance on Information Requirements and Chemical Safety
Assessment.” Chesar is directly connected to IUCLID, the
electronic database system for storing and presenting the
information on the substance identity, its uses, and the hazard
information (physical–chemical properties, ecotoxicology, and
toxicology end-points). Chesar has been developed as a ‘plug-
in’ for IUCLID5.

Chesar provides a structured workflow for carrying out
a standard safety assessment for the different uses of
a substance, but provides enough flexibility to accommodate
specific situations. The tool also helps to structure the infor-
mation needed for the exposure assessment and risk charac-
terization, facilitating the generation of a transparent CSR.

Chesar allows both quantitative and qualitative risk
assessments. The quantitative assessments are based on pre-
dicted no-effect levels for human health and for the environ-
ment. Under REACH, the predicted no-effect levels for human
health assessment are named DNELs, Derived No-Effect Levels,
and those for environmental protection, PNECs, Predicted No-
Effect Concentrations. Regarding the quantitative exposure
assessment, Chesar has combined three complementary
generic exposure assessment models, the ECETOC TRA models
for workers and for consumers and the EUSES 2.1 fate model
for predicting the environmental concentrations. Chesar can
also be used in assessments based on other exposure estima-
tion tools or measured data; however, no automated calcula-
tion of exposure estimates can be performed in these cases, and
the exposure data should be introduced manually.

Qualitative risk characterization approaches are used when
hazards are identified for a substance but the information
does not permit setting predicted no-effect levels. In these
cases Chesar supports ES building with qualitative risk
characterization.

The main aim of Chesar is to increase the efficiency when
conducting CSAs under REACH and to provide consistency
between CSAs and the information communicated to down-
stream users, with the automated generation of CSRs and ESs.

Chesar facilitates the reuse (or update) of assessment
elements generated in Chesar or imported from external
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sources, and has considered developments by industry, such as
generic exposure scenarios (GESs) or specific environmental
release categories (SpERCs). It also enables the use of the
phrase catalog and the information exchange format for ESs
that have been developed under Cefic’s ESCom project.
Chesar Workflows

Chesar is divided into seven major groups of functionalities
called Boxes. All Boxes are connected and contribute to the
generation of the CSR and/or the ES for the extended SDS:

l Box 1: Manage substance. It is used for importing the
hazard information from the IUCLIC dossier. This includes
the conclusions from the hazard assessment, directly
determining the scope of exposure assessment and the type
of required risk characterization (qualitative or quantita-
tive). Chesar is used once the hazard assessment according
to Annex I of REACH has been finalized, and consequently
all the information related to those substances’ intrinsic
properties (single end-point summaries and overall toxi-
cological and ecotoxicological summaries) needed for the
exposure assessment and risk characterization is available in
IUCLID. This information is imported into Chesar with the
Box 1 functionalities, which also allow import and export of
full CSAs, e.g., for exchange with other assessors.

l Box 2: Use management.Here the uses of the substance are
described in a structured way to ensure consistency between
use description, the exposure assessments, and the exposure
scenario building. The information is presented using
Chesar’s life-cycle tree structure, reporting the relevant uses
of the substance, considering human health and environ-
mental aspects as well as the tonnage breakdown to the
different uses. For each use one environmental contributing
scenario is automatically created. Other contributing
scenarios for human health and for the environment can be
created in addition. The labels (names), the appropriate set
of use descriptors according to REACH, and further speci-
fications are included here to be used later on for setting
a default conservative exposure assessment. This Chesar
element also allows import or export of CSA building
blocks (life-cycle tree or parts of it with corresponding
exposure assessment).

l Box 3: Assessment management.One or more quantitative
exposure assessments for each contributing scenario are
conducted here. Chesar allows the selection of different
exposure assessment methods, while the route/types of
effects (for humans) and environmental compartments to
be covered have been determined when importing the
hazard conclusions from IUCLID in Box 1. Depending on
the substance properties and the uses, the plugged in
exposure estimation tools could be sufficient or not to
demonstrate that the expected exposure is lower than the
no-effect thresholds (the DNELs for human effects and the
4-3.00548-0 797
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PNECs in the case of environmental assessments). Addi-
tional assessment methods may be needed in some cases,
for example when the uses or the specific use conditions are
not covered by the plugged-in tools included in Chesar, or
when even after considering all refinement options, Chesar
predicts an unacceptable level of risk (exposure exceeding
the derived no-effect levels). In such situations other expo-
sure assessment methods or measured data should be
included manually to demonstrate a safe use. Alternatively,
additional risk management options or significant changes
in the operational conditions may be considered. Chesar
supports the systematic and transparent manual reporting
of such assessments.

l Box 4: CSR management. In this part the final exposure
scenarios are built by consolidating the assessments carried
for the contributing scenarios conducted in Box 3. At this
stage hazards without DNELs or PNECs are also taken into
account, and appropriate conditions of use are added, if
needed to reach a sufficient level of exposure minimization
for these hazards. Chesar offers quantitative and qualitative
approaches as appropriate for completing the risk charac-
terization. The justifications and final assessment can be
clarified by entering explanations on single exposure
scenarios or on the overall assessment approach. These
explanations will be transferred automatically to the
Chemical Safety Report. In Box 4 it is also possible to report
risk management measures that are applicable to all uses,
and do not result from the exposure assessment carried out
for each specific use.

l Box 5: SDS ES management. It covers the establishment of
the exposure scenarios for communicating the information
to downstream users. These scenarios are meant to trans-
port selected parts of the information documented in the
Chemical Safety Report to the users. The exposure
scenarios are expected to be use-specific and to describe
how the substance can be safely used. This includes oper-
ational conditions and risk management measures. The
scenarios are identified by a short title, which should
enable the user of the substance to identify whether the
exposure scenario contains information relevant to him.
The short titles of the exposure scenarios for a substance
shall be consistent with the brief general description of
uses in IUCLID. The information should allow down-
stream users to establish whether or not they work within
the conditions for which a safe use has been demonstrated
by the registrant in the CSA. (Note that Box 5 is currently
not available in Chesar 2.0.)

l Box 6: Library management. Box 6 includes the function-
alities of the Chesar library. The library enables creation,
storage, import, and export of objects that the assessor may
need in his Chemical Safety Assessment work process.
Chesar 2.0 can manage two library objects: Determinant
Types and SpERCs. In the context of Chesar, a ‘Determinant’
is a condition or measure driving the exposure of
a substance to man or the environment, for example, the
amount of substance used per day at a site, or local exhaust
ventilation (LEV) installed at a workplace. A ‘Determinant
Type’ is a set of information systematically characterizing
a determinant (including metadata) and defining the val-
ues it could take. SpERCs are used for environmental
assessments. They correspond to sets of information
describing specific conditions of use and the corresponding
release estimates (to water, air, soil and waste). These library
objects are meant to be used across various assessments,
contributing to the harmonization and efficiency of the
assessments conducted under REACH.

l Box 7: User management. Box 7 covers those aspects
related to the user and role management. For example users
can use this section for assigning a legal entity to objects
created in the library, identifying the author (and therefore
the source) of the object.
Exposure Assessments in Chesar

The exposure assessment under REACH is required for
hazardous substances (those classified according to the CLP/
GHS criteria) and for PBT/vPvB substances. The exposure
assessment should present a quantitative or qualitative esti-
mate of the dose/concentration of the substance to which
humans and the environment are or may be exposed. The
exposure assessment is expected to be an interactive process,
but the reporting process for REACH registration is limited to
the last step, once the use is considered safe by the registrant,
and should include the description of use conditions proposed
for ensuring a safe use. Chesar implements these fundamental
principles, but may be also used for exchanging preliminary
results among registrants and within the supply change.

Exposure assessment under REACH includes two elements.
The first element is the characterization/definition of the
operational conditions and risk management measures for the
identified uses; based on this first step, the exposure to humans
and to the environment occurring under these conditions
should be predicted as a second element of the exposure
assessment. The exposure assessment results are used later on
during the risk characterization process.

Quantitative risk assessments require quantitative exposure
estimates, and those are generated in Chesar Box 3. The iden-
tification of operational conditions and risk management
measures driving this exposure estimation is an essential
element for these quantitative exposure assessments.

Based on Box 3 results, the final exposure scenarios are built
in Box 4, considering also the integration of conditions and
measures needed to control risks from hazards for which
a qualitative exposure assessment is considered.
Human Exposure Assessment

The human exposure assessment estimates the expected expo-
sure for workers and consumers and the indirect exposure via
the environment of the general population.

For workers, two exposure assessment methods are avail-
able, the ECETOC TRA workers v3 method and the exposure
assessment based onmeasured data. In addition, Chesar allows
the use of external exposure estimation tools, which results are
later manually incorporated to be reported in the CSA.

The ECETOC Targeted Risk Assessment (TRA) tool consists
of three separate models for estimating exposures to workers,
consumers, and the environment that arise during a series of
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events (ESs). Version 3 of the workers model has been
incorporated in Chesar and includes a number of enhance-
ments for increasing the overall accuracy and utility of the
ECETOC tool, while still ensuring that the information and
skill requirements necessary to develop the associated expo-
sure predictions remain compatible with Tier 1 expectations.

The ECETOC TRA workers plugged-in tool covers three
routes of exposure: inhalation acute exposure, inhalation long-
term exposure, and dermal long-term exposure. In all three
cases, local and/or systemic effects can be assessed.

In order to run the ECETOC TRA tool, information on the
substance properties (e.g., molecular weight, physical state of
the substance, vapor pressure if liquid) is needed for estimating
the exposure concentrations. The assumptions are defined
by the use conditions (e.g., the assigned Product Category
(PROC)) and a PROC has to be assigned to the selected
contributing scenario.

The default exposure assessment with ECETOC TRA workers
is based on the conditions of use representing worst case
assumptions.

Additional information on the ECETOC TRA approach is
available in the ECETOC Technical Reports and in the user
guidance document.

The exposure estimation based on measured data requires
the manual introduction for each route of all exposure esti-
mation data (exposure value, units, and explanations on the
source and representativity of those values). In addition, the
conditions of use associated to the measured data set should be
introduced. If the exposure estimates based on measured data
will be used as key information for the risk characterization
(not just as supportive information), determinant types for the
use conditions should be created in the library under Box 6; to
ensure that the related conditions of use are part of the ES.

Chesar allows the incorporation of exposure estimates
obtained using external exposure estimation tools. Commonly
used tools (e.g., Stoffenmanager for workers) can be directly
selected from a pop-up window, but other tools can be used
with a proper explanation. All exposure estimations data
(exposure values, units, and explanations on the exposure
value if relevant) have to be manually entered for each route. In
addition, relevant determinants reporting the conditions of use
should be added and transferred to the ES. Standard sets of
determinants corresponding to the input parameters of the tool
can be used. Chesar allows exposure estimation tool owners to
provide sets of determinants in the appropriate Chesar format.

Similar exposure assessment methods are considered for
consumers estimations, although the ECETOC TRA for
consumer is not available in Chesar 2.0 and will be made
available in Chesar 2.1.

Regarding the indirect human exposure via the environ-
ment, these calculations are part of the environmental exposure
assessment described as follows.

Environmental Exposure Assessment

The environmental protection targets considered in Chesar are
aquatic and sediment dwelling organisms (freshwater and
marine), predators in the aquatic food chain (freshwater and
marine), sewage treatment plant functioning, agricultural soil
organisms, predators in the terrestrial food chain, and air. In
addition, exposure estimates are generated for intakes by
humans via the environment, estimating the concentration of
substance in air, drinking water, and different food items (e.g.,
root crops, dairy products, meat, and fish).

Chesar allows two complementary assessment types: the
‘Measured Data Assessment’ when there is good quality infor-
mation on the environmental exposure levels for one or more
environmental protection targets, and the ‘EUSES Assessments’
where the exposure is estimated on the basis of selected
scenarios.

In the EUSES Assessments, exposure concentrations in the
different environmental compartments are estimated by
combining the expected or measured release rates to water, air,
and soil with the EUSES 2.1 fate model.

Chesar offers four possibilities for setting the release rates to
each environmental compartment:

l Default release estimations based on the Environmental
Release Categories (ERC-based release estimations) for
any of the release route: water, air, and soil. This is the
release method selected by default and corresponds to
a worst case estimate of release under the assumption that
no specific risk management measures have been put in
place.

l Targeted estimations based on Specific Environmental
Release Category (SpERC-based release estimations)
describing the expected release under specific conditions of
use and the corresponding release estimates to water, air,
soil, and waste, covering all release routes.

l Ad hoc release factors for water, air, and/or soil (reported as
the percentage of the daily tonnage released to each
compartment). An explanation and justification giving
details on the source and quality of these release factors
must be provided.

l Measured release for water and air for the local release rate
(kg/day) for each release route. In addition to the release
rate, an explanation and justification giving details on the
source for these measured release values should be
provided.

Based on the outcome of these release estimations, Chesar
estimates the exposure for the relevant compartments accord-
ing to the EUSES 2.1 fate model. The EUSES 2.1 fate model uses
a set of default parameters and assumptions, which can be
modified and adapted to more realistic conditions.

The exposure assessment for uses at industrial sites and wide
dispersal uses differ from each other, and these conditions are
systematically differentiated in Chesar.

Uses at industrial sites are assessed for one generic repre-
sentative site per use. It is assumed that a certain tonnage is
used at this one single generic site and that a certain fraction of
the use tonnage at this site is released (depending on the
conditions of use). As explained above, the release factor
depends on the operational conditions and risk management
assumed for the generic site. As there may be very large and very
small industrial sites for one use, two contributing scenarios (or
even the definition of two different uses) may be needed to
reflect the difference in conditions and tonnage. By default it is
assumed that the discharge from the site is treated in a munic-
ipal sewage treatment plant (STP) and the STP sludge is applied
to agricultural soil. In addition, it is assumed that the tonnage
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released from the site is diluted in the sewage system and
further by an additional dilution factor when the sewage is
discharged into the receiving river water. The Chesar plug-in
tool has incorporated the default values and assumptions used
in the EUSES fate model, these assumptions can be changed in
Chesar if needed.

For wide dispersal uses it is assumed that the market
tonnage is evenly distributed in space and time. The assessment
is carried out for a standard town with 10 000 inhabitants and
a corresponding use tonnage (fraction of the market tonnage).
Thus wide dispersal uses are those uses that correspond to
consumer activities, services in a municipality or housing.
Depending on the conditions of use, a certain fraction of this
tonnage is assumed to be released to the sewage system. It is
also assumed that the tonnage released from the 10 000
inhabitants is diluted within the 2000m3 of wastewater
generated by this population (average of 200 l of wastewater
per person and day) and then by a generic additional factor of
10 in the receiving river water. By default it is assumed that the
STP-sludge is applied to agricultural soil. Usually, the assessor
will define one contributing scenario per use and will not
overwrite the default assumptions on the local conditions for
a substance marketed across Europe. The releases from all uses
into the municipal sewage system are aggregated to derive an
exposure estimate.

The Predicted Environmental Concentrations (PECs) for the
generic site or generic town are estimated taking into account
the so-called ‘local concentrations’ (Clocal) and ‘regional
concentrations.’ The regional concentration results from all the
uses of a substance and is calculated by EUSES in the back-
ground. The regional concentration is added to the local
concentration for deriving the local PEC, in order to take into
account that a single site or a single town do not discharge into
a virgin environment but just add to emissions released by
other site or towns. Measured regional concentrations for one
or several compartments can also be reported in Chesar. When
measured concentrations are reported they are automatically
used as regional concentrations (overwriting the EUSES
estimates), and thus also impact on the local PECs for
each contributing scenario. Consequently, only very reliable
regional concentrations should be reported.

For substances considered to be PBT or vPvB, only local
concentrations for water are provided. This is due to the large
uncertainties of the regional estimations that should predict the
fate, distribution, and long-term effects of such substances in
the environment, in particular regarding accumulation in the
food chain.

Detailed explanations of environmental exposure assess-
ment are available in the Guidance on Information Require-
ments and Chemical Safety Assessment Chapter R16:
Environmental Exposure estimation and in the EUSES user
manual and supplementary information.

See also: Society for Chemical Hazard Communication (SCHC);
Derived Minimal Effect Level (DMEL); Derived No-Effect Level
(DNEL); IUCLID (International Uniform Chemical Information
Database); Predicted No Effect Concentration (PNEC); REACH;
Chemical Safety Assessment; Risk Management Measures
(RMM).
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Chemicals in Consumer Products – A Global Concern

Production of Chemicals and Consumer Products is Increasing

During the second half of the twentieth century, the global
chemical production increased from around 7 million tons to
over 400 million tons per year, and it is expected to continue to
grow. In 2001, the Organisation for Economic Co-operation
and Development (OECD) calculated that global chemical
production would show an 85% increase between 1995 and
2020. It is estimated that over 100 000 chemical substances are
commercially available on the global market. Chemical
production has to a large extent shifted from the OECD
countries to low-income countries and economies in transi-
tions, mainly to Brazil, Russia, India, and China, over the last
decade.

One important explanation for the increasing production of
chemicals is the rapidly increasing production of consumer
products, such as textiles, toys, and electrical and electronic
equipment. The international trade with products has tripled
since the 1970s.

Chemicals are present in products for different reasons.
They can, for example, be used as constituents for the
manufacturing of materials, such as plastics, or added to the
material for it to achieve certain functions or properties.
Examples of such chemicals are perfluorinated compounds
(PFCs), which are water and grease repelling, and phthalates,
which are used as plasticizers. Other applications include the
treatment of products with biocides and finishing with paints
and lacquers. Traces of chemical substances used in the
manufacturing process may unintentionally remain in the
finished product where they no longer serve any purpose.

The increasing production of consumer products is closely
related to our lifestyles. As our way of living and consuming
has changed much during the last 50 years, chemical exposure
has also changed. There has been a shift from exposure to
a limited number of substances, mainly in the occupational
setting, to exposure to numerous chemicals at the same time,
where indoor environments and food have become important
sources.
The Life Cycle Perspective

Chemicals can be released from consumer products during all
steps of the life cycle –manufacturing, use, waste handling and
disposal, and recycling – thereby posing a potential risk to
human health and the environment.

During the use phase, chemicals can be released from
products through leakage of additive substances, washing and
wearing, or via the formation of small particles. Humans and
nontarget organisms in the environment may subsequently be
exposed via several different routes. Humans can be orally
exposed via food and drink, for example, to chemicals that
have migrated from food contact materials. Chemicals that
come into contact with the skin may result in dermal
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
absorption. Human exposure also occurs via inhalation of
particles in air and dust. Organic chemicals, such as bromi-
nated flame retardants (BFRs) which can be released from
electronic devices and textile products, have been found
to accumulate in indoor dust. Children who spend much
time close to the floor are especially exposed to chemicals
in dust.

Even if the chemical emission from a single type of product
may be insignificant, the total emission of one chemical from
several sources or the combined emissions of several chem-
icals may be important sources to human exposure and
environmental pollution. Emissions from consumer products
incorporated or treated with hazardous chemicals may result
in long-term exposure to humans and the environment.
However, knowledge about the mechanisms involved in the
diffuse emissions of substances from products and conse-
quent exposures of humans and the ambient environment is
currently insufficient.

The fast turnover of consumer products leads to increased
resource consumption, generates massive amounts of wastes,
and prompts the need for safe and efficient recycling.
Hazardous substances in waste may be released and pose risks
via incineration or landfills as well as in the recycling process.
Risks to human health and the environment are difficult to
assess due to the lack of information about the presence of
hazardous substances in consumer products. The information
that is available is often not disseminated from producers and
importers to the waste stage. Thus, hazardous chemicals may be
reintroduced to the market via reused and recycled products
and materials.

Manufacturing of many materials and consumer products
that are sold and consumed on the EU or US markets takes
place in countries having less restrictive and comprehensive
chemical rules for protecting human health and the environ-
ment. The manufacturing of consumer products may therefore
result in high occupational exposures and environmental
releases of dangerous chemicals. Another stage of the life cycle
chain closely associated with health and environmental
problems in low-income countries is the waste stage. A
recognized problem is that waste electrical and electronic
equipment is being exported to countries where there are few
risk management measures in place for minimizing negative
impacts of its chemical content on human health or the
environment.
Association with Adverse Outcomes

Humans of all ages, including children, unborn babies, and
other sensitive subpopulations, are continuously exposed to
multiple chemicals at the same time, many of which are
commonly used in consumer products.

Biomonitoring studies of human chemical exposure have
found that numerous chemicals representing different chem-
ical classes are present in the human body at various levels.
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These include chemicals commonly incorporated in, and
known to be released from, consumer products, such as BFRs,
PFCs, bisphenol A, and phthalates as well as banned but
still widespread persistent environmental contaminants, for
example, polychlorinated biphenyls. Analyses conducted on
blood samples from three generations in 13 EU member states
showed, for example, that BFRs are detected in higher levels
and more frequently in the blood of younger generations than
in older generations. Research on male reproductive health
conducted in Denmark and Finland has indicated a relation-
ship between levels of a group of BFRs, polybrominated
diphenyl ethers, in mothers’ breast milk and cryptorchidism in
their sons, that is, the testes have not descended in the scrotum
by the time of birth.

Significant adverse effects of a number of chemicals used in
consumer products are reported from both in vitro and in vivo
toxicity and ecotoxicity experimental studies, but many rela-
tionships remain to be supported by epidemiological studies.
However, it is very difficult to link health impacts to exposure
to a specific substance, or a mixture of substances, in epide-
miological studies due to statistical constraints and the many
confounding factors. As the assessment of health and envi-
ronmental impacts of chemicals involves many complex
parameters and uncertainties, assessments are sometimes
subject to both scientific and policy debates. Current such
topics include the reliability and relevance of so-called low-
dose effects (different definitions of low-dose exist, but often it
refers to doses below the no observed adverse effect level or to
doses in the range of typical human or environmental expo-
sures) of endocrine-disrupting chemicals (EDCs) reported in
experimental studies for human health risk assessment,
mixture toxicity and risks of nanomaterials.
Risk Reduction Strategies

Both regulatory and voluntary strategies are used for managing
health and environmental risks posed by hazardous chemicals
emitted from consumer products. These may include bans
or restrictions on certain substances, mixtures, or uses, require-
ments such as to disseminate information, and economic
incentives for promoting substitution of hazardous chemicals to
safer alternatives.
Regulatory Instruments

While some chemical sectors are relatively well regulated,
regulations of industrial chemicals, and in particular the use of
chemicals in consumer products, have been criticized for not
being protective enough with regard to human health and the
environment.

In the last decade, the EU chemicals legislation has essen-
tially been completely renewed. When the industrial chemicals
legislation REACH (Registration, Evaluation, Authorisation,
and restriction of CHemicals) went into force on 1 June 2007, it
replaced about 40 pieces of chemicals legislation. Important
reasons behind the development of REACH were that data on
chemical properties should be required for all industrial
chemicals, despite the date of their entry to the market, as well
as shifting the responsibility for assessing the safety of the
chemicals from authorities to the chemical producers and
importers.

The trade with consumer products is global and thus
chemicals control within the EU affects and is affected by
international conditions. The US national chemicals legislation,
the Toxic Substances Control Act (TSCA), is also currently under
debate concerning its renewal. The Safe Chemicals Act of 2011 is
being proposed as a law for addressing problems identified with
TSCA. It aims, for example, to improve the safety of chemicals
used in consumer products and to increase public access to
information on chemical safety.

Increasingly more of the production of consumer products
is located in areas with fast economic growth, such as parts of
Asia and Latin America, where chemicals control is less
restrictive than in the EU. China is an important producer and
supplier of consumer products to the northwestern part of the
world. As a response to the regulatory gap created by the
introduction of REACH, Chinese chemicals regulations were
revised in 2010 and 2011 in order to improve human health
and environmental protection and to overcome trade barriers.
In the case of electrical and electronic equipment, the EU
directive on Restriction of the use of certain Hazardous
Substances (RoHS) has led to the implementation of similar
legislations in other parts of the world. The EU RoHS Directive
has thereby contributed to a more protective standard on
hazardous substances in electronics on a global level.

A central problem in chemicals control is that data on
toxicological and ecotoxicological properties are lacking or
are too insufficiently required for many chemicals for enabling
a robust health or environmental risk assessment. In the EU,
what data are required by REACH to be submitted to the
European Chemicals Agency (ECHA) is volume dependent; the
higher the production volume of the substance, the more
information about the substance is required. For chemical
substances produced or imported in less than 1 ton per year no
data are required, and for substances in the tonnage band
between 1 and 10 tons the data requirements are very limited.
This has the implication that a great number of chemicals
cannot be adequately risk assessed or classified according to the
hazard criteria as set out in the European regulation on classi-
fication, labeling, and packaging of substances and mixtures
(CLP). The CLP hazard classifications are central in EU chem-
icals policy as they are often used as a basis for priority of
substances for restrictions and requirements.

Another problematic issue for risk assessment and risk
management is that information about the chemical content of
consumer products is rarely available to regulators, profes-
sional buyers, or consumers. The assessment of health and
environmental risks associated with the use of chemicals in
consumer products is thus often hampered by the lack of
important information.

The candidate list under REACH is the basis for the autho-
rization process and a tool for increasing and disseminating
information on the presence of substances of very high concern
(SVHCs) in products, particularly in the supply chain, but also
to consumers upon request. Since many supply chains are
global, the information requirements connected to the SVHCs
will have impacts also outside the EU. As the candidate list is
regularly updated, it has been identified to promote chemical
companies to work proactively with substitution and to find
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out the chemical content of their products. However, consid-
ering the large number of chemicals in commercial use, the
authorization and information requirements currently apply
only to a very small share of the chemicals on the EU market;
approximately 0.1% has been identified as an SVHC. Decisions
on what risk management measures to take, for example, what
substances to select for authorization, is not solely based on
health or environmental risk assessment conclusions, but also
takes into account political, social, economic, and technolog-
ical implications, including the availability of feasible and less
toxic substitute substances.
Voluntary Approaches

To accelerate the work towards achieving a safe and sustainable
use of chemicals in consumer products, voluntary approaches
can be used to complement regulatory restrictions and bans.
Such approaches include, for example, different kinds of
information efforts.

Common voluntary information instruments are targeted
information campaigns or positive labeling. These may
increase the receivers’ knowledge and perception of hazards
and risks, and potentially lead to changes in attitudes and
behavior. Consumers who are provided with information
about content of hazardous chemicals in products in a user-
friendly format may thus change their consumption patterns.
Increased knowledge will enable consumers and purchasers, for
example, in procurement, to make more informed choices, take
precautionary actions, and ask for alternatives. This will put
pressure on producers and suppliers of consumer products
and may ultimately lead to the phase-out of chemicals with
unwanted properties.

Along with the increasingly global trade of consumer
products, the need for international cooperation increases with
regard to the management of associated chemicals risks. The
United Nation’s Strategic Approach to International Chemicals
Management (SAICM) is an international policy framework,
which has identified chemicals in products as an ‘emerging
policy issue.’ The overall aim of SAICM is to achieve the goal
agreed upon in Johannesburg in 2002 at the World Summit on
Sustainable Development that by 2020 chemicals should be
“used and produced in ways that lead to minimization of
significant adverse effects of human health and the environ-
ment.” An important step toward this goal is that all actors,
including consumers, have increased access to information on
chemicals in products throughout the products’ entire life cycle,
including the waste stage.

Economic instruments have proven to sometimes constitute
effective incentives for reaching environmental goals. The use
of economic incentives such as taxes and fees has, however,
been practiced only to a limited extent for minimizing the use
of hazardous or untested chemicals. Internationally, existing
chemicals control through economic incentives mainly concerns
waste, packaging, and single substances. The use of economic
instruments for managing risks associated with the use of
chemicals in different consumer products is also possible,
although it is more complicated than for single substances. The
challenge is due to the limited knowledge of which products
contain hazardous chemicals and in what concentrations.
Urgent Problems and Challenges

Emerging issues with regard to chemicals in consumer prod-
ucts include the need to increase the requirements on the
generation of effect and exposure data, information on the
chemical content of products, and information dissemination
in the supply chain. This will facilitate substitution of
hazardous chemicals to safer alternatives and enable supply
chain actors and other stakeholders to improve the manage-
ment of risks.

Furthermore, the life cycle perspective in chemicals
control needs to be extended. To obtain improved resource
efficiency and a sustainable development, it is necessary to
minimize the input of hazardous chemicals into products.
The majority of the commercially available chemicals are not
restricted for use in consumer products, including substances
that are considered especially hazardous, such as carcino-
gens, mutagens, and reprotoxicants; EDCs; persistent, bio-
accumulative, and toxic substances; and strongly sensitizing
chemicals. Lack of protective legislations can cause problems
in all life cycle stages of a product. It has therefore been
urged that hazardous chemicals should be avoided already at
the stage of production. The EU environmental policy states
that environmental damage should be rectified at source and
that preventive and precautionary actions should be taken.
Translated into the context of chemicals in consumer prod-
ucts, those principles could arguably hold that the input of
hazardous chemicals into products should be avoided or
minimized in order to prevent problems from arising at the
end of pipe, such as difficulties in achieving environmental
and health goals.
See also: Bisphenol A; Polybrominated Diphenyl Ethers;
Surfactants, Perfluorinated; Mixtures, Toxicology, and Risk
Assessment; Toy Safety and Hazards; Hazardous Waste;
Import/Export of Hazardous Chemicals; Risk Management;
Candidate List of Substances of Very High Concern (SVHC),
REACH; Environmental Risk Assessment, Cosmetic and
Consumer Products; The European Classification and Labeling
(C&L) Inventory; Electronic Waste; Risk Assessment,
Uncertainty; REACH; Chemical Safety Assessment;
Environmental Life Cycle Assessment; PBT (Persistent,
Bioaccumulative, and Toxic) Chemicals; Strategic Approach to
International Chemicals Management (SAICM); Phthalates;
Toxic Substances Control Act; Green Chemistry.
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Introduction

Chemicals of environmental concern are any physical,
chemical, biological, or radiological substance or matter that
has an adverse effect on air, water, soil, or living organisms.
A reasonable definition of a pollutant is a substance present in
greater than normal concentration as a result of human activity
and having a detrimental effect on its environment or on
something of value in that environment. Contaminants, which
are not classified as pollutants unless they have some detri-
mental effect, cause deviations from the normal composition of
an environment. Pollutants can enter through direct dumping,
piped outflow, and channeled waste streams as localized point
sources, or as diffuse nonpoint sources they can enter rivers,
lakes, streams, and groundwater through runoff and soil
percolation. Nonpoint sources are considered to be major
contributors to air, water, and soil pollution that include runoff
from paved streets and parking lots, agricultural lots, soil
erosion from logging, and atmospheric deposition of acidic or
toxic air pollutants. The source is particularly important,
because it is the logical place to eliminate pollution. Common
sources of contaminants to the environment include mining
andmineral processing, fossil fuel combustion, agricultural and
forestry, industrial production, and consumerism (Table 1).
After a pollutant is released from a source, it may act on
a receptor. The receptor is anything, both biotic and abiotic, that
is affected by the pollutant. Humans whose eyes water from
atmospheric oxidants are receptors. Juvenile trouts that die after
exposure to pesticides in water are also receptors. Eventually, if
the pollutant is long lived, it may be deposited in a long-term
sink such as aquatic sediments and soils.
Table 1 Common sources of contaminants to the environment

Sources Contaminants

Mining and
mineral
processing

Heavy metals, chemicals via cyanide and acids,
hydrocarbon products resulting from spills and coal
mining, and metallic salts

Fossil fuel
combustion

Sulfur dioxide, carbon dioxide, nitric oxide, ozone,
acids, polycyclic aromatic hydrocarbons, and
volatile organic compounds

Agriculture and
forestry

Pesticides, nitrates, phosphates, greenhouse gases,
and mineral salts

Industrial
production

Numerous synthetic organic and inorganic
compounds, organochlorines, dioxins, heavy
metals, hydrocarbons, chlorinated phenols,
sulfates, sulfides, surfactants, solvents, acids,
bases, salts, pharmaceuticals, plastics, resins,
explosives, and natural organics

Consumerism Residential and commercial chemicals, pesticides,
fertilizers, hydrocarbons, solvents, surfactants,
paints, sealants, pharmaceuticals and personal care
products, volatile organic compounds, resins,
plastics, metals, salts, acids, and bases

Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Mineral and Energy Exploration

The largest quantitative source of contamination derives from
mining and energy extraction. Mining and mineral processing
use a variety of chemicals for extraction, ore processing , water
treatment, and many other supporting activities such as over-
burden removal. Mining and energy extraction generate large
volumes of waste and have the potential to cause a number of
environmental problems if improperly managed. Water and
soil degradation can result from salinization, acidification, and
chemical contamination. Streams and rivers can also experi-
ence severe siltation. Coarse tailings and rock blasting produce
large amounts of dust and mobilize heavy metal contaminants,
such as lead, copper, aluminum, and zinc, which can leach into
the surface and subsurface waters. Cyanide and mercury are
used to extract gold from soil and pulverized rock. Mineral
processing generates a great deal of particulate matter released
from bauxite and coal processing. Acid leaching into soil,
groundwater, and riparian environments from mine wastes is
common. Acid drainage from mine tailings, ore, and waste
dumps contains sulfur and sulfides such as iron sulfide, which
can be converted to acids through bacterial oxidation in the
presence of moisture and oxygen.

Metal contaminants may become mobilized under acidic
conditions to cause potential health and environmental prob-
lems resulting from leaching into soil, water, and sediment.
Acid mine drainage and slag leachate can contain high
concentrations of heavy metals and acids. Sulfuric acid can be
formed via oxidation of sulfides. As a great deal of attention is
paid to the containment and remediation of acid mine
drainage, the neutralization of acid pH usually results in the
precipitation of many contaminants, usually as metallic salts.
These salts would then become soluble and may enter surface
and groundwater. Oil spills and coal mining command
considerable attention from the media because they are often
large scale and visually very dramatic. Nothing seems worse
than a mass of toxic crude oil and tarry hydrocarbons smeared
over the natural habitats of some foreshore or the sight of strip
mining operations. As a result, there is a massive public
response and a frenzy of activity by agencies, community
groups, and politicians. There are demands for ‘the environ-
ment to be saved.’ Often, as in the case of large spills such as
Exxon Valdez or Deepwater Horizon, very large sums of money
change hands in order to mobilize whatever resources can be
found to clean up the mess. For many spills, however, the
ecological issues are different from those being touted in public
discussion. There is, in fact, plenty of evidence that chronic,
low-level contamination of habitats by complex exogenous
agents may be more compromising in terms of environmental
outcomes. In addition, coupled with the destruction, deterio-
ration, and fragmentation of natural habitats, there exists
considerably greater threats to long-term sustainability of
coastal biodiversity. Attempts to disperse oil spills with
surfactants may be potentially hazardous.
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Hydraulic fracturing, or more commonly known as frack-
ing, has been used commercially since the 1940s to extract
petroleum and natural gas from fractures in the Earth’s rock
layer that result from the injection of pressurized fracturing
fluids. Proponents of hydraulic fracturing argue that this
extraction process allows access to fossil fuels that are otherwise
inaccessible. However, hydraulic fracturing has raised envi-
ronmental and regulatory concerns. These concerns have
included groundwater contamination and risks to air quality
resulting from methane leaks originating from wells. Other
toxic hydrocarbons, including benzene, xylene, and naphtha-
lene, have also been detected in air and water near hydraulic
fracturing sites. Additional environmental concerns with
hydraulic fracturing include water consumption (especially in
arid regions); migration of gases and hydraulic fracturing
chemicals to the surface and subsequent contamination of
surface waters and soil; waste disposal of flowback, which may
include brines, heavy metals, radionuclides, and organic
chemicals; and the health effects due to exposure of all these
chemicals.
Fossil Fuel Combustion

Humanity’s major sources of energy are derived from fossil
fuels, principally oil, gas, coal, and wood. The major
combustion by-products of fossil fuel burning include sulfur
dioxide (SO2), carbon dioxide (CO2), and nitric oxide (NO2),
and partially oxidized hydrocarbons. The process of burning
fossil fuels in thermal power plants, factories, homes, and
motor vehicles emits enormous amounts of the aforemen-
tioned pollutants. The most important environmental con-
cerns resulting from fossil fuel use are global climate change,
acid rain, surface ozone, and particulate- and aerosol-bound
toxins.

Over 97% of climate scientists agree in anthropogenic
sources for climate change. A component of the climate
warming observed since the 1880s is likely attributed to
increases in the concentration of the ‘greenhouse gases’ such as
the fossil fuel combustion product CO2 in the atmosphere.
Another side effect of fossil fuel burning is acid rain. In the
process of burning organic fuels, some gases, in particular SO2

and NO2, combine with atmospheric water vapor to form
sulfuric and nitric acids. Acidified rainwater can attain pH
values below 3. Acid rain can cause damage to plant life, in
some cases seriously affecting the growth of forests and lakes
due to acid-stimulated metal leaching from soils and rock.

Besides gaseous fossil fuel emissions that contribute to
global climate change and acid rain, emissions of particulate
matter from incomplete burning also contribute to poor air
quality. Coal burning and diesel engines are a major source of
particulate organic particles. Additionally, fuel combustion
and evaporative emissions from motor vehicles are also
major sources of anthropogenic volatile organic compounds
(VOCs). Motor vehicles account for a considerable fraction of
the total emissions of nitrogen oxides, particulate hydrocar-
bons, and VOCs in developed countries. Of particular
concern is the production of polycyclic aromatic hydrocar-
bons (PAHs) resulting from incomplete combustion of fossil
fuels. These compounds, especially diesel soot emissions,
contain some of the most potent mutagens and carcinogens
known to humankind.

Compared with solid fossil fuels, natural gas and oil are
less polluting. Natural gas is the least polluting fossil fuel. The
main environmental problems resulting from the production
and transportation of primary energy are related to mining of
solid fuels (mainly coal) and oil transportation. Coal mining
operations produce large amounts of slag wastes and result
in acid water drainage. The continuous acid discharges from
mines seriously affect aquatic ecosystems, since acid waters
containing heavy concentrations of dissolved heavy metals
will support only limited water flora, and will not sustain fish
and many invertebrates. The major impacts from oil are
associated with accidental spillages during transportation
both at sea and on land. The resultant damage to coastal areas
and marine life can be dramatic in the short term and may also
have long-term consequences. Solid wastes and ash disposal
(spoil tips) from coal mines lead to the contamination of
water percolating through slag heaps that cause groundwater
and soil pollution. The combustion of liquefied petroleum gas
causes the problems of liquid residual disposal.
Agriculture and Forestry

The global concentration of greenhouse gases has increased
measurably over the past 250 years, partly due to land use
activities such as agriculture and forestry. According to the
fourth assessment report of the Intergovernmental Panel on
Climate Change, carbon dioxide, methane, and nitrous oxide
emissions have increased by w41, 149, and 16%, respectively,
since 1750. Agriculture and forestry practices have contributed
to trends in emissions of these greenhouse gases through fuel
consumption, land use conversions, cultivation and fertiliza-
tion of soil, production of ruminant livestock, and manage-
ment of livestock manure. Additionally, the irrigation of
formerly arid lands leaches minerals from soils at accelerated
rates resulting in toxic concentrations of agricultural pollutants,
which include nutrients (nitrogen and phosphorus), pesticides,
pathogens, selenium, and salts. While farmers do not intend for
these materials to move from the field or enterprise, they often
do, carried by rainfall, snowmelt, or irrigation water. After
passage of the Reclamation Act of 1902, the US government
began building and subsidizing irrigation projects to foster
settlement and development of the arid and semiarid areas of
the western United States. A wide variety of pesticides are
applied to agricultural crops to control insect pests (insecti-
cides), weeds (herbicides), fungi (fungicides), and rodents
(rodenticide). Pesticide residues reaching surface water systems
may harm freshwater and marine organisms, damaging recre-
ational and commercial fisheries. Pesticides in drinking water
supplies may also pose risks to human health. Long-lived
pesticides such as dichlorodiphenyltrichloroethane (DDT),
aldrin, dieldrin, and mercuric and arsenic compounds still
persist in the environment. Shorter lived pesticides such as
chlorpyrifos, methyl parathion, 2,4-D herbicides, and
numerous new compounds are a global concern. Atrazine,
a commonly used, relatively short-lived herbicide (half-life in
soil ranges from 13 to 261 days) in the United States, is at the
center of a regulatory battle in the United States. It has been
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used in the United States for over 50 years and is primarily
applied to corn and sorghum fields to increase their crop yields.
Atrazine is banned in the European Union due to persistent
groundwater contamination and because research has sug-
gested that atrazine is an endocrine-disrupting chemical that
induces the production of aromatase, an enzyme that converts
androgens (male sex hormones) to estrogens (female sex
hormones). Atrazine exposure has also been linked to birth
defects, low birth weights, cancer, and fertility problems.
Industrial Production

The global expansion of industrial and consumer-oriented
societies is linked to large-scale industrial production and
consumerism that use a vast array of numerous chemical
compounds. The listings of such chemicals are too vast to
present here but some examples are discussed here. Environ-
mental contaminants in nature typically involve complex
mixtures, partitioning factors, chemical transformations, and
abiotic and biotic interactions. The biological and environ-
mental effects are complex and may be additive, synergistic,
and even antagonistic in nature. Pulp and paper mill sludge is
a complex and changeable mixture of dozens or even hundreds
of compounds. Some are well known, like natural wood
extractives, organochlorines, organosulfides, and dioxins.
Priority pollutants and chemicals of concern that must be
analyzed in pulp mill residues include heavy metals, chlori-
nated hydrocarbons, chlorobenzenes, PAHs, chlorinated
phenols, chlorinated catechols, chlorinated guaiacols, phtha-
lates, resin acids, alkylphenols and alkylphenol ethoxylates,
and plant sterols.

In 1775, PAHs were the first group of compounds known to
cause cancer in humans. Nowadays, many of these compounds
are well-known carcinogens in humans and animals. PAHs are
produced in the environment as the result of heating organic
matter to high temperatures like tobacco smoke, soot, coal tar,
creosote production, wood burning, smoked foods, roasted
coffee, charbroiled meat, and fossil fuel combustion exhaust.
However, the major environmental source comes from asphalt,
tar, used motor oil, diesel exhaust, and coal burning. Dioxins,
a by-product of herbicide and pulp and paper production, are
highly toxic members of a class of organochlorine chemicals
including polychlorinated dibenzo-p-dioxins (PCDDs), poly-
dibenzofurans (PCDFs), polychlorinated biphenyls (PCBs),
polybrominated dibenzo-p-dioxins (PBDDs), polybrominated
dibenzofurans (PBDFs), and polychlorinated pesticides.
Dioxins and its related compounds are cytotoxic and genotoxic,
and have hormonal effects that may disrupt the endocrine
system and cellular signaling pathways in wildlife and humans.
Dioxins have both estrogenic and antiestrogenic effects,
depending on the organ or tissue affected. Exposure to rela-
tively low levels of these chemicals has had catastrophic effects
on populations of Beluga whales, alligators, turtles, mink,
otters, bald eagles, osprey, cormorants, terns, herring gulls,
migratory birds, chickens, lake trout, chinook and coho
salmon, etc throughout the United States and Canada.

PCDFs are formed as inadvertent by-products in the
production and use of PCBs, formerly used as an insulator in
electrical transformers and, in combination with PCDDs, in the
production of chlorophenols and have been detected as
contaminants in these products. PCDFs and PCDDs also may
be produced in thermal processes such as incineration and
metal processing and in the bleaching of paper pulp with free
chlorine. PCDFs are also found in residual waste from the
production of vinyl chloride and the chloralkali process for
chlorine production. The relative amounts of PCDF and PCDD
congeners produced depend on the production or incineration
process and vary widely.

Like PCDDs, PCDFs are ubiquitous in soil, sediments, and
air. Excluding occupational or accidental exposures, most
background human exposure to PCDFs occurs as a result of
eating meat, milk, eggs, fish, and related products, as PCDFs are
persistent in the environment and accumulate in animal fat.
High exposures have occurred in relation to incidents in Japan
(yusho) and Taiwan (yucheng) involving contamination of rice
oil and in accidents involving electrical equipment containing
PCBs. Occupational exposures also may occur in metal
production and recycling, and in the production and use of
chlorophenols and PCBs. Chemical wood preservatives
account for the single largest pesticide use in the United States
and one of the greatest pesticide threats to public health and
the environment. Wood preservatives protect wood products
from fungus and insect decay. The three principal wood
preservatives include chromated copper arsenate (CCA),
pentachlorophenol (penta), and creosote. The US Environ-
mental Protection Agency (EPA) has classified many chemicals
and even certain heavy metal contaminants as known or
probable carcinogens, teratogens, cellular toxins, endocrine
disrupters, and reproductive toxins. The arsenic in CCA, certain
PAHs, and dioxins are known human carcinogens and are
linked to disorders and birth defects.
Consumerism

Everything we put down the drain or flush down the drain ends
up in our watersheds via wastewater treatment, which can affect
the health of terrestrial and aquatic wildlife, plants, the atmo-
sphere, and the water quality in our area. Large amounts of
pharmaceuticals and personal care products (PPCPs) are
released into the environmental every day through wastewater
treatment by way of domestic waste from human excretion,
direct disposal of unused or expired drugs in toilets, or rinsing
of personal care products down the drain. Additional sources of
consumer environmental contaminants include cleaning
agents, surfactants, pesticides, fertilizers, lawn and garden
treatments, paints, and sealants. It is imperative that those
seeking a healthy lifestyle and reduction in pollutant exposure
choose with care the products they use to clean and maintain
their homes, yards, and pets. When one purchases a hazardous
product for the home, it creates a market for these toxic
chemicals. Once we use the hazardous substance, the vapors
released or the water contaminated pose a risk to ecosystems
and human populations alike.

Early examples of consumer-based environmental con-
taminants include the invention of chlorofluorocarbons
(CFCs) in the late 1920s and early 1930s. CFCs were
developed in response to the need for safer alternatives to the
sulfur dioxide and ammonia refrigerants used at the time.
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Chlorofluorocarbons were chosen for their safety and for their
advantageous chemical properties. These compounds are low
in toxicity, nonflammable, noncorrosive, and nonreactive with
other chemical species, and have desirable thermal conduc-
tivity and boiling point characteristics. These features led to
increased demand as more applications arose for CFC use.
However, CFCs are human-made substances that release
chlorine atoms which destroy ozone in the atmosphere,
specifically in the stratosphere, which causes an increase in UV
radiation at the ground level. The amount of CFCs produced
(and therefore likely released into the atmosphere) steadily
increased over several decades until an international agree-
ment called the Montreal Protocol was signed in September
1987. In this agreement, the world’s nations agreed to phase
out CFC production. As a result, most stratospheric CFC
concentrations have leveled off or are decreasing. To date, the
Montreal Protocol is considered the most successful interna-
tional environmental agreement.

In 1962, Rachel Carson’s novel, Silent Spring, implicated
pesticides such as DDT for the decline of some wildlife pop-
ulations. Continued research in the late 1960s and 1970s
discovered elevated use of manufactured organic chemicals in
industrial and domestic applications. Chemicals of concern
included PCBs, 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD),
and related dioxin and furan congeners, PAHs, and various
organic solvents. Regulatory efforts by the EPA and interna-
tional efforts (e.g., Stockholm Convention of Persistent
Organic Pollutants) resulted in a decreased production of these
xenobiotics.
Consumerism and Chemicals of Emerging
Environmental Concern

An active area of environmental research is in the area of
‘emerging contaminants.’ What is an emerging contaminant?
Emerging contaminants are not only chemicals that have
recently been released into the environment, but are broadly
defined “as any synthetic or naturally occurring chemical or any
microorganism that is not commonly monitored in the envi-
ronment but has the potential to enter the environment and
cause known or suspected adverse ecological and (or) human
health effects.” The majority of emerging contaminants differ
from ‘conventional’ or ‘historical’ environmental chemicals of
concern (e.g., pesticides, metals, PAHs, PCBs, dioxins) because
many emerging contaminants are present in consumer prod-
ucts and are routinely used in households. Emerging contam-
inants encompass a wide variety of chemicals, including many
pharmaceuticals and PPCPs. Examples of personal care prod-
ucts are fragrances, antimicrobial agents, sunscreens, and
fluorescent whitening agents. As already mentioned, a primary
route into the environment for PPCPs is via wastewater treat-
ment, because many of these chemicals are flushed or rinsed
down the drain and are not removed by conventional waste-
water treatment. Since many of these PPCPs are biologically
active, they may pose a risk to ecosystems and human pop-
ulations alike. Since wastewater effluent often discharges to
drinking water sources, there is the potential for drinking water
to contain PPCPs. Recent studies provide evidence that PPCPs
may contaminate drinking water, although it is currently
unclear if the concentrations are significant enough to pose any
risk to human health.

Many chemicals of emerging environmental concern are
also potential endocrine-disrupting chemicals. An endocrine-
disrupting chemical can be a natural or synthetic chemical that
interferes with the hormonal system. Many of the previously
discussed chemicals of concern are also classified as endocrine-
disrupting chemicals, including DDT, PCBs, dioxins, and
pesticides (e.g., dieldrin, atrazine, methoxychlor). Developing
organisms are particularly vulnerable to the effects of the
endocrine-disrupting chemicals. Exposure early in life (often
during a critical or sensitive developmental period) to an
endocrine-disrupting chemical can induce permanent, nonre-
versible effects. These effects often do present themselves until
adolescence or adulthood as in the (unfortunate) case of
diethylstilbestrol, more commonly known as DES. DES,
a synthetic nonsteroidal estrogen, was prescribed to women
during the 1940s–70s to prevent miscarriage. Although there
have been few documented adverse effects in the mothers who
took DES during their pregnancies, many of their daughters
and sons who were exposed to DES in utero developed prob-
lems associated with their reproductive organs. Many daughters
are sterile and a small percentage have developed a rare form of
vaginal or cervical cancer. The prenatally exposed sons have an
increased incidence of abnormalities in their sexual organs,
decreased sperm counts, and a higher incidence of testicular
cancer.

Suspected endocrine-disrupting chemicals are found in
a wide variety of products, including insecticides, herbicides,
fumigants, and fungicides that are used in agriculture as well as
in the home. Other endocrine disruptors are found in indus-
trial and consumer chemicals such as detergents, resins, plas-
ticizers, organometals, halogenated aromatic hydrocarbons,
monomers in many plastics, and PPCPs. Exposure to these
chemicals occurs through direct contact in the workplace or at
home, or through ingestion of contaminated water, food, or
air. Substances that are considered both chemicals of emerging
environmental concern and endocrine disruptors that are of
regulatory concern to the EPA include polybrominated
diphenyl ethers (PBDEs), long-chain perfluorinated chemicals
(PFCs), short-chained chlorinated paraffins (SCCPs), phtha-
lates, bisphenol-A (BPA), and triclosan. PBDEs are flame
retardants that are used extensively in consumer products
ranging from textiles to electronics. PFCs have widespread
applications as liquid repellants for paper, packaging, textile,
leather, and carpets, as well as in industrial solvents, additives,
coatings, and fire-fighting foams. SCCPs, phthalates, and
bisphenol-A are all used as plasticizers to increase the flexibility
of the plastic material and are present in countless consumer
products, including many children’s toys. Triclosan is an anti-
microbial additive in many personal care products that not
only include antibacterial soaps, toothpaste, and mouthwash,
but increasing use in household items including garden hoses,
toys, cutting boards, and furniture.
Conclusions

The twentieth century has brought with it tremendous gains in
science and technology as well as gains in the quality of human
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life and longevity. However, these gains have been accompa-
nied by certain hazards, many associated with the 100 000
chemicals that are now commonly in use. As stated earlier,
environmental contaminants are materials that can pollute our
surroundings and adversely impact living organisms. Often
these pollutants are chemical compounds produced by human
endeavors, although environmental contamination can also
come from nonhuman sources such as naturally occurring
metals, animal waste, oil seeps, and algal blooms. Environ-
mental contaminants may pollute soil, surface water, or aquatic
sediments. Many compounds also leach through soils into
groundwater, potentially impacting drinking water supplies.
Numerous pollutants are discharged directly into the atmo-
sphere by human industry, where winds may transport them to
Earth’s most remote corners. It is important, however, to note
that industry is not the sole source of contaminants; individ-
uals also contribute to this problem through the use of
household pesticides and fertilizers, improper disposal of
hazardous materials (e.g., used motor oil, paints, cleaning
products), and by using many consumer products. Conse-
quently, sites with one predominant contaminant are a rarity;
complex mixtures and subsequent exposures define the real
world.

See also: Atrazine; Bisphenol A; Carbon Dioxide; DDT
(Dichlorodiphenyltrichloroethane); Estrogens IV: Estrogen-Like
Pharmaceuticals; Perfluorooctanoic Acid; Persistent Organic
Pollutants; Pesticides; Pharmaceuticals Effects in the
Environment; Pollution Prevention Act, United States;
Pollution, Air in Encyclopedia of Toxicology; Indoor Air
Pollution; Pollution, Soil; Pollution, Water; Polybrominated
Diphenyl Ethers; Polychlorinated Biphenyls (PCBs); Polycyclic
Aromatic Hydrocarbons (PAHs); TCDD (2,3,7,8-
Tetrachlorodibenzo-p-dioxin); Toxic Substances Control Act;
Volatile Organic Compounds.
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Introduction
Uncertainty is a very important component of risk assessment
because it influences the probability (risk) that an adverse
effect will occur. Uncertainty occurs because of a lack of
knowledge; therefore, it can often be reduced by collecting
more and better data. The level of uncertainty associated
with the conclusions of a risk assessment is conditional on
available data and the models used to estimate exposure
concentrations, assumptions in estimating exposure, and the
methods used to develop toxicity factors. Uncertainties in the
risk assessment process could result in an underestimation or
overestimation of risk. However, it is standard in risk assess-
ment practice (per US Environmental Protection Agency
(EPA) guidance) to use health protective assumptions when
uncertainty in quantifying risks exists, so as not to underes-
timate potential risk. The reference concentration (RfC) and
reference dose (RfD) values used to evaluate noncancer risk
and the inhalation unit risk (IUR) values used to quantify
cancer are often derived from limited toxicity databases. This
can result in substantial qualitative and quantitative uncer-
tainty. To account for this uncertainty, the US EPA derives
RfCs, RfDs, and IURs in a way that is intentionally conserva-
tive (protective of human health). In the development of
reference or tolerable concentrations or doses, where kinetic
and/or dynamic data are adequate, human health risk
assessment has begun to depart from the traditional methods
by replacement of the commonly adopted default values for
interspecies differences and human variability with more
certain, reasonable, data-driven, so-called chemical-specific
adjustment factors (CSAFs) based on chemical-specific data.
CSAFs represent part of a broader continuum of approaches to
incorporate increasing amounts of data to reduce uncertainty,
ranging from default (presumed protective) to more biolog-
ically based predictive approaches. Guidance for the adequacy
of data to serve as the basis for development of CSAFs is
available. For example, the CSAF concept and the Interna-
tional Programme on Chemical Safety (IPCS) guidelines have
been used in the assessment of risk from chronic exposure
to ethylene glycol and intraspecies variability of acetone
toxicokinetics in the general and occupationally exposed
populations.
Framework for Development of CSAFs

In the health risk assessment of chemicals, the determination of
a no observed adverse effect level (NOAEL) is often based on
data only from animal experiments. A safety or uncertainty
factor of 100 is used to convert an NOAEL from an animal
toxicity study to an acceptable daily intake (ADI) value for
human intake, ADI¼NOAEL/100. Historically, the assessment
factor of 100 intended to cover interspecies (animal to human)
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and interindividual (human to human) variations has often
been used as a default value.

In 2001, the IPCS, a cooperative program of the World
Health Organization (WHO), International Labor Organization
(ILO), and the United Nations (UN), published the Guidance
Document for the Use of Data in the Development of Chemical
Specific Adjustment Factors (CSAFs) for Interspecies Differences
and Human Variability in Dose/Concentration Response
Assessment to provide guidance to health risk assessors on the
use of quantitative toxicokinetics and toxicodynamic data to
address interspecies and interindividual differences in dose/
concentration–response assessment. WHO’s IPCS guidance for
deriving CSAFs was finalized in 2005. The principal objectives of
this document were to: (1) increase common understanding
and to encourage the incorporation of relevant quantitative data
on interspecies differences or human variability in toxicokinetics
and toxicodynamics into dose/concentration–response assess-
ment and (2) to more fully delineate appropriate avenues of
research to enable more predictive estimates of risk. The latter
objective includes the use of ethically derived human data to
inform the selection of appropriate adjustment factors for
interspecies and human variability.

A framework was proposed to address kinetics and
dynamics separately in considering uncertainty related to
interspecies differences and interindividual variability in the
development of reference or tolerable concentrations/doses.
Quantitation of this subdivision is supported by data on
kinetic parameters and pharmacokinetic–pharmacodynamic
(PKPD) modeling for a range of pharmacological and thera-
peutic responses to pharmaceutical agents. This framework
allows the incorporation of quantitative chemical-specific
data, relating to either toxicokinetics or toxicodynamics, to
replace part of the usual 100-fold default uncertainty factor for
interspecies differences or interindividual variability but
reverts to the usual 100-fold default in the absence of appro-
priate information (Figure 1). Owing to the nature of the data
on which the subdivision is based, in the context of the
framework, toxicokinetics relates to the movement of the
chemical around the body (i.e., absorption, distribution,
metabolism, and excretion). Toxicodynamics refers to the
actions and interactions of the toxicant within the organism
and describes processes at organ, tissue, cellular, and molec-
ular levels.

Important distinctions between IPCS (2005) and the
present US EPA guidance are: IPCS restricts toxicokinetic
evaluations to the central compartment, disallowing local
tissue metabolism to be quantified as part of the toxicokinetic
processes; uneven division of the animal to human extrapola-
tion, attributing a greater fraction of default uncertainty to
toxicokinetics than to toxicodynamics; and the general level of
depth. The US EPA’s approach to calculating extrapolation
values based on data uses data-derived extrapolation factors
(DDEFs). DDEFs are similar in concept to IPCS/WHO’s CSAFs
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00594-7
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Interspecies differences

10 fold

Interindividual differences

10 fold

Toxicokinetic

HKUF

100.5

(3.2)

Toxicokinetic

AKUF

100.6

(4.0)

Toxicodynamic

ADUF

100.4

(2.5)

Toxicodynamic

HDUF

100.5

(3.2)

100 Fold uncertainty factor

Figure 1 Subdivision of the 100-fold uncertainty factor to allow chemical-specific data to replace part of the default factor. ADUF, animal to human
dynamic uncertainty factor; AKUF, animal to human kinetic uncertainty factor; HDUF, human variability dynamic uncertainty factor; HKUF, human
variability kinetic uncertainty factor. Chemical-specific data can be used to replace a default uncertainty factor (UF) with an adjustment factor (AF).
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in that the standard extrapolation factors are separated into
toxicokinetic and toxicodynamic components, and kinetic and
mechanistic data are used to derive refined interspecies or
intraspecies extrapolation factor(s). Conceptually, CSAFs and
DDEFs may not be limited to a specific chemical but may also
apply to chemicals with common structural characteristics,
common mode of action (MOA), or common toxicokinetic
characteristics or determinants.
Basic Questions

The important question before comparison of toxicokinetic
and/or toxicodynamic data is whether it is the parent
compound or a metabolite that causes the critical effect(s) and
whether there is enough information on the mechanism of
action for the toxic effect(s). Another important aspect is
whether the effect is related to a maximal concentration of the
compound/metabolite in the target organ or to the overall
dose. The relevance of the human study group, the route of
exposure, the levels of exposure, and the number of subjects
and samples (statistics) are other important issues.
Chemical-Specific Toxicokinetic Adjustment
Factors (AKAF, HKAF)

In order to obtain quantitative toxicokinetic data for compar-
isons between individuals or between animals and humans,
human data are needed. These can be derived from in vivo
experimentation in human volunteers using parameters such as
area under the plasma or tissue concentration–time curve
(AUC), the maximum measured concentration in blood
(Cmax), or clearance (Cl).
For interspecies differences, this is generally determined on
the basis of comparison of the results of in vivo kinetic studies
with the active compound in animals and a representative
sample of the healthy human population. The IPCS mentions
that the doses for animal experiments should preferably be
close to the NOAEL and doses given in human studies should
be similar to the estimated or potential human exposure.
For humans, relevant data on AUC, Cmax, or Cl are generally
derived from in vivo experimentation in volunteers given very
low doses of the relevant chemical. Alternatively, relevant
information on such parameters may be derived from in vitro
enzyme studies combined with suitable scaling to determine
in vivo activity.

For interindividual variability, most often, factors respon-
sible for clearance mechanisms are identified (e.g., renal clear-
ance, CYP-specific metabolism, etc.) and a CSAF is derived
based on measured or physiologically based pharmacokineti-
cally (PBPK) modeled human variability in the relevant
physiological and biochemical parameters. The population
distribution for the relevant metric (e.g., AUC, Cmax, Cl) for the
active entity is analyzed and the CSAF (HKAF) calculated as
the difference between the central values for themain group and
the given percentiles (such as 95th, 97.5th, and 99th) for the
whole population (Figure 2). These differences are analyzed
separately for any potentially susceptible subgroup (Figure 2).
Chemical-Specific Toxicodynamic Adjustment Factors

The CSAFs for toxicodynamic components are simply ratios of
the doses that induce the critical toxic effect or a measurable
related response in vitro in relevant tissues of animals and
a representative sample of the healthy human population
(interspecies differences) or in average versus sensitive humans



Figure 2 Development of CSAFs for interindividual variability.
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(interindividual variability). At its simplest, then, a replace-
ment for the dynamic component of the default factor
for interspecies differences is the ratio of the effective concen-
trations in critical tissues of animals versus humans
(e.g., EC10 animal/EC10 human) for interspecies differences and in
healthy human and susceptible subpopulations for interindi-
vidual variability (e.g., the EC10 average/EC10 sensitive). In vitro
studies are generally inadequate for the assessment of human
variability. In practice, there is a lack of human in vivo data, and
comparisons between animal and human toxicodynamics have
to be based on parallel in vitro dose–response studies with
animal and human tissue samples. It is crucial that the in vitro
system is representative of what happens in vivo, and that the
end point measured is either the critical toxic effect or closely
linked to the critical effect.
Guidance for Development of CSAF

The IPCS provides guidance on several aspects of the devel-
opment of CSAF, which are only briefly outlined here.
For example, data for application in the four components of
the framework must relate to the active form of the chemical.
For the components of the framework addressing tox-
icokinetics (AKAF and HKAF), the choice of the appropriate
metric is also an essential first step.

The choice of the appropriate end point is critical for the
components addressing toxicodynamics (ADAF and HDAF).
The selected measured end point must either be the critical
effect itself or intimately linked thereto (with similar concen-
tration–response and temporal relationships) based on an
understanding of the mode of action.

In addition, the metric for toxicokinetics or the measure of
effects for toxicodynamics as a basis for CSAF needs careful
consideration in relation to the delivery of the chemical to the
target organ. Measures of various end points in vivo may
represent purely toxicokinetics, or toxicokinetics and part or all
of the toxicodynamic processes, as defined based on the
subdivision of defaults. This necessitates consideration of the
impact of specific data to replace the toxicokinetic and
potentially a proportion or all of the toxicodynamic compo-
nents of the default uncertainty factors.

For data that serve as the basis for all components, the
relevance of the population, the route of exposure, the dose/
concentration, and adequacy of numbers of subjects/samples
must also be considered and the potential impact on the
validity of the calculated ratio addressed. For example, for
in vitro studies that inform primarily dynamic components
(ADAF) and (HDAF), the quality of the samples should be
considered, and evidence provided that they are representative
of the target population, for example, viability, specific content,
or activity of marker enzymes. The most critical questions are
whether the study population is relevant and representative,
the number of subjects/samples is adequate, and the dose–
response data are adequate. The relevance of route and dose is,
of course, also important. If in vitro data are used, there must be
a clear link to the mechanism of toxicity.
Example

To replace default toxicokinetic and toxicodynamic uncertainty
factors for interspecies differences and human variability,
a CSAF or a physiologically based toxicokinetic model has
been proposed when compound-specific data are available as
recommended by the WHO. This approach has recently been
explored for the risk assessment of cadmium in food for which
a physiologically based pharmacokinetic model was developed
from human data and a human benchmark dose (BMD)/
benchmark dose lower confidence limit (BMDL) was derived
from a meta-analysis of the published studies relating urinary
cadmium and biomarkers of renal effects (2-b microglobulin).
In this case, the provisional tolerable weekly intake (PTWI) for
cadmium was derived without the need to extrapolate from
animals to humans and the use of the 100-fold uncertainty
factor was replaced by the physiologically based pharmaco-
kinetic model together with the use of a CSAF for cadmium
variability in toxicodynamics.
Conclusions

The chemical-specific approach is attractive because it attempts
to use scientific data. Advantages of the application of CSAFs
include reduction of uncertainty through reliance on consid-
erably more of the available chemical-specific data and the
capacity to more meaningfully protect susceptible subgroups.
Ultimately, use of CSAFs based on the development of rele-
vant data strives to ensure scarce resources are appropriately
directed to the highest priorities. In considering these
approaches, however, it is important to note that acceptance of
adjustment factors varies with the regulatory situation across
different sectors of the chemicals industry. For example, the
use of chemical-specific data to derive adjustment factors that
are smaller than the default is rare in the case of pesticides.
Also, the chemical-specific approach requires human studies,
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which may be difficult or impossible to accomplish for
ethical reasons.

See also: Acceptable Daily Intake (ADI); Benchmark Dose;
Margin of Exposure (MOE); Margins of safety; NOAEL; Oral/
Dermal Reference Dose (RfD)/Inhalation Reference
Concentration (RfC); Reference Dose (RfD); Risk assessment;
Tolerable Daily Intakes (TDIs); Toxicodynamics;
Pharmacokinetics; Uncertainty Factors.
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Prohibition

There have been several international agreements attempting to
limit and ultimately abolish chemical warfare. The Brussels
Declaration in 1874 (unratified) forbade parties ‘to employ
poison or poisoned arms.’ The Hague Conference signed in
1899 (entered into force in 1900 and updated in 1907) forbade
the “use of projectiles the object of which is the diffusion of
asphyxiating or deleterious gases.” The Geneva Protocol signed
in 1925 (entered into force in 1928) forbade “the use in war of
asphyxiating, poisonous or other gases, and of all analogous
liquids, materials or devices.”Most recently the Convention on
the Prohibition of the Development, Production, Stockpiling
and Use of Chemical Weapons and their Destruction of 1993
(entered into force in 1997) is administered by the Organisa-
tion for the Prohibition of Chemical Weapons (OPCW). This
ChemicalWeaponsConvention has been ratified by allmember
states of the United Nations with the following exceptions:
Israel and Myanmar have signed but not ratified; and Angola,
Egypt, North Korea and South Sudan have neither signed nor
acceded (as ofOctober 2013). For Schedule 1 chemicals with no
known general purpose use other than as a weapon (e.g., tabun,
sarin, soman, cyclosarin, VX, lewisite, nitrogen mustard, sulfur
mustard, ricin, saxitoxin, and the precursors chlorosarin, and
chlorosoman), no more than 100 g�1 year can be produced for
use in research. For Schedule 2 chemicals with established
small-scale alternative applications (e.g., the lewisite precursor
arsenic trichloride, which is also used in ceramic manufacture,
the mustard gas precursor thiodiglycol, which is also used as
a solvent for inks, and the sarin precursor dimethyl-methyl-
phosphonate, which is also used as a flame retardant), facilities
producing more than 1 kg, 100 kg, or 1 ton per year (depending
on the specific chemical) must be declared and inspected. For
Schedule 3 chemicals (e.g., phosgene and hydrogen cyanide)
with established large-scale alternative applications, facilities
producing more than 30 tons per year must be declared and
inspected.

Many consider chemical weapons emotive, while others
consider that the injuries inflicted are no more immoral than
those inflicted by explosive agents. Furthermore, chemical
weapons could be considered less environmentally destructive
and hence preferable to nuclear weapons. Indeed, prohibition
of chemical weapons means that the only remaining propor-
tional response to an attack with a weapon of mass destruction
would be to counterattack using nuclear weapons.
Historical Use of Chemical Agents

The use of poison-coated arrowheads and spearheads are
referred to in some of the earliest historical records of warfare,
which themselves are predated by references in mythological
accounts. The poisoning of water supplies during sieges was
first reported in the sixth century BC (when the Assyrians used
ergot and Greeks used hellebore). The first recorded device for
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delivery is possibly the poisonous (probably arsenic and
croton) smoke bomb used by the Chinese Sung dynasty in
1161 AD. Many more devices were developed over the centu-
ries culminating in the modern delivery systems detailed in the
previous section. It is estimated that 125 000 tons of chemical
weapons (in descending order of quantity employed: chlorine,
phosgene, diphosgene, chloropicrin, sulfur mustard, and
cyanides) were used on the battlefield by both sides during
WWI (from 1915 to 1918), causing more than 1 million
casualties. As Germany sought to increase food production in
the face of shortages following the Treaty of Versailles, research
into organophosphates for new pesticides led to the discovery
of the G-series nerve agents. More agents have been developed
since then and been actively used on a comparatively small
scale by several nations.
Exposure and Toxic Effects

Exposure is normally intended to be through breathing or skin
contact, but can be through ingesting water or food, or via
wounds. The predominant adverse effect of an agent is usually
on the nervous system (increasing secretions and causing
paralysis), skin (causing irritation, blisters, and burns) or lungs
(causing edema; see Table 1). Onset of effects is generally
quicker following inhalation than percutaneous exposure.
However, having effective respiratory and dermal absorption
dictates that both breathing and skin countermeasures are
required for protection. Protective countermeasures may be
circumvented by a combination of agents to compromise the
integrity of protective equipment (e.g., addition of an emetic
such as diphenyl chloroarsine (DA) to act as a ‘mask breaker,’
forcing the removal of breathing apparatus in order to vomit,
or a corrosive agent such as phosgene oxime (CX) to penetrate
barriers), or by achieving surprise and rapidly causing debili-
tating effects (e.g., hydrogen cyanide). thus preventing the
effective use of countermeasures. High potency reduces the
quantity needed to be delivered for coverage of any given target
area, but is often offset by the higher expense of a more
complex manufacturing process (e.g., VX).
Personal Protective Equipment

Major incident planning (for public health protection and
counterterrorism) by local government emergency services
includes provision for personal protective equipment. Emer-
gency civilian personnel (i.e., police, fire and ambulance
services) wear hazardous materials (‘hazmat’) suits for first
response recovery and decontamination tasks (e.g., following
spillages). Different degrees of protection for breathing and
skin are available based on knowledge of the type of agent,
concentration, and associated risk. Suit levels in the United
States are designated A–D: Level A provides most protection, B
provides more respiration protection than C, and D provides
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Table 1 Comparison of the effects of scheduled chemical warfare agents

OPCW schedule Name Code Primary effect(s) Onset

Potency

Inhalation

LCt50 mg min�1 m�3
Dermal

LD50 mg kg�1

1 Tabun ¼ O-ethyl N,N-dimethyl
phosphoramidocyanidate

GA Paralysis (nerve) Seconds (fatal 1–10 m
after inhaling, 1–2 h
after dermal)

100–200 14–57

Sarin ¼ O-isopropyl
methylphosphonofluoridate

GB 70–100 28

Soman ¼ O-pinacolyl
methylphosphonofluoridate

GD 70 5

O-ethyl S-2-diisopropylaminoethyl
methyl phosphonothiolate.

VX 39–70 0.142

Sulfur mustards: bis(2-chloroethyl)
sulfide

H (HD
when
distilled)

Blister (vesicant) 4–24 h 300–1500 20–100

2-Chloroethylchloromethylsulphide
Bis(2-chloroethylthio)methane HK
Sesquimustard ¼ 1,2-bis

(2-chloroethylthio)ethane
Q

1,3-Bis(2-chloroethylthio)-n-propane
1,4-Bis(2-chloroethylthio)-n-butane
1,5-Bis(2-chloroethylthio)-n-pentane
Bis(2-chloroethylthiomethyl)ether
O-mustard ¼ bis(2-

chloroethylthioethyl)ether
T

Lewisite 1 ¼ 2-chlorovinyldichloroarsine L1 10–20 s 1500 37
Lewisite 2 ¼ bis(2-chlorovinyl)chloroarsine L2
Lewisite 3 ¼ tris(2-chlorovinyl)arsine L3
Nitrogen mustard 1 ¼ bis(2-chloroethyl)

ethylamine
HN1 1–12 h

Nitrogen mustard 2 ¼ bis(2-chloroethyl)
methylamine

HN2

Nitrogen mustard 3 ¼ tris(2-chloroethyl)amine HN3
Saxitoxin TZ Paralysis (nerve) Minutes (fatal afte r

15 m)
5 Via flechettes, iv ¼ 0.57 mg kg�1

Ricin W Gut lining (cytotoxic) 3–24 h 40 Via flechettes, iv ¼ 5 mg kg�1

2 1,1,3,3,3-Pentafluoro-2-(trifluoromethyl)-
1-propene

PFIB Choking (pulmonary) 5 m–4 h 320 Irritant, poorly absorbed

3-Quinuclidinyl benzilate BZ Mental confusion
(incapacitating),
but effects are
unpredictable

0.5–20 h 3800–200 000
(ICt50 ¼ 110–112)

Poorly absorbed

3 Phosgene ¼ carbonyl dichloride CG Choking (pulmonary) 20 m–24 h 120–3200 Potent irritant, poorly absorbed
Cyanogen chloride CK Asphyxiation (metabolic) 15 s (fatal after

30 s–30 m)
11 000 100

Hydrogen cyanide AC Asphyxiation (metabolic) 1000–5000, (NB.
detoxified at
17 mg kg�1 min�1)

100

Chloropicrin ¼ trichloronitromethane PS Choking (pulmonary) 3–30 s 2000 Potent irritant, poorly absorbed

Where: s ¼ seconds, m ¼ minutes, and h ¼ hours. NB. VG (Amiton ¼ O,O-diethyl S-[2-(diethylamino)ethyl] phosphorothiolate) has similar properties to VX although with one-tenth the potency and hence is classified as schedule 2.
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the least protection of all (inversely proportional to impinge-
ment of dexterity and comfort). Suit types in Europe are
designated 1–6: Type 1 is gas tight (equivalent to A in the
United States), 2 protects against gases and liquids but is not
gas tight (B in the United States), 3 protects against liquids
rather than gases and is liquid tight, 4 is spray tight (C in
the United States), 5 protects most of the body against liquids
(D in the United States), and 6 protects parts of the body
against liquids. Individuals may use a self-contained breathing
apparatus, air-purifying respirator, air-purifying escape respi-
rator, self-contained escape respirator, or powered air-purifying
respirator. It is also possible to provide collective protection
using shelters that can be fixed, mobile, or improvised. Military
personnel wear equivalent nuclear biological chemical/chem-
ical biological radiological nuclear suits that are designed for
uses extending to several days, and protection may be
augmented by the use of prophylactic medication.
Decontamination

Dissipation of non-persistent gases (e.g., chlorine, phosgene,
sarin) may be facilitated by exhaust fans in enclosed areas.
Neutralization of persistent liquids can be achieved chemically
using liquid sodium dichlorocyanate (Fischor), or by absorp-
tion using powdered aluminum silicate (Fullers’ earth).
Contaminated items need to be collected and contained for
disposal, and protective equipment and people should be
washed with hot water and soap (or 10% sodium carbonate or
5% household bleach) by blotting (rather than wiping) and
rinsing. Pulmonary resuscitation and emetics are not normally
recommended due to the increased risk of contaminating
additional people. Subsequent to decontamination, individ-
uals should not be confined in small spaces with poor
ventilation, or wrapped so as to contain any residual agent next
to the body. Medical treatment will depend on the specific
agent and development of systemic signs and symptoms.

See also: Arsenical Vomiting Agents; Blister Agents/vesicants;
3-Quinuclidinyl Benzilate (BZ): Psychotomimetic Agent;
Chemical Warfare Delivery Systems; Cyclosarin (GF); G-Series
Nerve Agents; Lewisite; Nerve Agents; Nitrogen Mustards;
Sarin (GB); Soman; Tabun; V-Series Nerve Agents: Other than
VX; VX.
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Chemical Agent Properties and Targeted Dispersion

The suitability of a chemical agent for delivery as a weapon
depends on the effect required. To cause personnel casualties,
the agent needs the appropriate volatility and density for
adequate dispersal in the target environment (e.g., hydrogen
cyanide is lighter than air and quickly lost unless used in an
enclosed space). Non-persistent gases such as chlorine are
useful for areas that require rapid occupation. Persistent liquids
such as VX need to be nonvolatile and oily, with a larger droplet
size to contaminate surfaces, and thickened (e.g., with an
acryloid copolymer) to make them gelatinous and sticky to
present a contact hazard. Accurate topographical maps and
weather forecasting increase the success of agent laydown on
target. Vegetation can absorb agents. Atmospheric pressure,
temperature, humidity, and wind can affect vaporization. Wind
speed, direction and consistency, and terrain can all divert
delivery. Recognition of color, odor, and early onset warning
signs and symptoms may enable protective countermeasures to
be employed (e.g., the smell of phosgene is not unusual nor
unpleasant and rapidly fades, while the onset of adverse effects
may be delayed for several hours after exposure, by which time
it is too late to avoid or use protection). Explosive detonation
of a central ‘burster’ charge can be used to spread a small
volume of agent. Explosive delivery methods are noticeable,
but exposure is near instantaneous. However, it is difficult to
optimize the size of droplets produced explosively. Some agent
may be lost due to projection into surfaces and incineration,
whereas flammable agents such as VX may ignite and be lost
due to flashing. In contrast, nonflammable agents such as BZ
may depend on thermal aerosolization. All agents need to be
sufficiently stable to deliver predictable concentrations after
storage, transportation, and delivery. Corrosive properties
complicate the design of delivery systems (e.g., sarin is slightly
corrosive to steel, and phosgene is highly corrosive in the
presence of moisture). Unstable agents with short shelf-lives
may require the addition of stabilizers (e.g., tributylamine to
prevent hydrolysis of sarin, or diisopropylcarbodiimide when
containing sarin in aluminum). Rapid environmental degra-
dation enables takeover of the affected area (e.g., saxitoxin or
ricin) via flechettes, whereas slow degradation requires
personal protection or environmental decontamination to
overcome exclusion areas (e.g., later, nitrogen mustards were
developed for volatility, potency, and longer persistence).
Persistence can be affected bymany factors such as atmospheric
transport, sedimentary binding, and microorganism
cyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
biodegradation, in addition to reactions with water and
photochemically produced hydroxyl radicals (see Table 1).
Manual Delivery

Manual delivery systems have the most efficient chemical agent
fill to delivery system weight ratio. However, such systems
also pose the greatest risk to friendly personnel due to close
proximity during release and were largely replaced by projec-
tile- and air-delivery systems after World War I.
Cylinders

Fritz Haber personally directed the first chlorine gas attack in
1915, releasing 180 000 kg from 5730 cylinders, which then
successfully drifted over entrenched French and Algerian troops
at Ypres. Cylinder release is highly dependent on wind, which
can reverse and return gas to the attacker.
Hand Bombs

The 2.7 kg (British 6 lb) ground bomb had a 2 min delay fuse
with an ejection charge to blow out the end of the bomb and
release 1.6 kg of mustard gas.
Landmines

The 15 kg KhF-1/KhF-2 (Russian) bounding gas mine
(345 � 150 mm) was electronically triggered by remote oper-
ator or tripwire to fire themine vertically out of its container into
the air and after a delay of 1.5 s to fragment at a height of 4–8 m
and release 4.5 l of agent to cover a 10 m diameter area. The
4.9 kg M1 landmine (204� 75mm) consisted of a fuel can that
released 4.5 kg of mustard gas after detonation of an external
bursting charge. The 10 kgM23 landmine (330mmdiameter by
127 deep) was activated by a pressure-plate triggering a fuse to
detonate an internal burster charge that ruptured the mine and
heated 4.7 kg of VX for dispersal as an aerosol mist.
Projectile Delivery

Mortars

The 190 mm Livens Projector combined the gas volume of
a cylinder with the range of artillery, firing a 14 kg, 550 mm
4-3.01002-2 817
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Table 1 Comparison of factors affecting agent dispersion, detection, and persistence

Name Code

Boiling point/state

at 20 ( �C)
Vapor density

(relative to air) Color

Odor/threshold

(mg m�3)

Environmental T1/2
at 20 �C & pH 7

photolysis/hydrolysis

Persistence

At 4–16 �C At 21–32 �C

Tabun ¼ O-ethyl N,N-dimethyl
phosphoramidocyanidate

GA 240/Liquid 5.6 Pale amber None (mild fruity
almond if impure)

8 h/8.5 h 1–2 d 2–4 d

Sarin ¼ O-isopropyl
methylphosphonofluoridate

GB 147/Liquid 4.86 None None-mild fruity/1.5 9.6 h/75 h 0.5–24 h 24–36 h

Soman ¼ O-pinacolyl
methylphosphonofluoridate

GD 167/Liquid 6.3 Camphor/3.3 8 h/82 h 1–2 d 2–4 d

O-ethyl S-2-diisopropylaminoethyl
methyl phosphonothiolate

VX 298/Liquid 9.2 Amber None/3.9 2.5 h/57 h 10–30 d 30–90 d

Sulfur mustards: bis(2-chloroethyl)
sulfide

H (HD when
distilled)

215–7/Oily
liquid

5.4 Pale yellow Garlic/0.015 – desensitizes
within 3–8 m

50 h/4–16 m 1–2 d 2–4 d

2-Chloroethylchloromethylsulphide
Bis(2-chloroethylthio)methane (HK) HK
Sesquimustard ¼ 1,2-bis

(2-chloroethylthio)ethane
Q

1,3-Bis(2-chloroethylthio)-n-propane
1,4-Bis(2-chloroethylthio)-n-butane
1,5-Bis(2-chloroethylthio)-n-pentane
Bis(2-chloroethylthiomethyl)ether
O-mustard ¼ bis

(2-chloroethylthioethyl)ether
T

Lewisite 1 ¼ 2-chlorovinyldichloroarsine L1 190/Oily liquid 7.1 Mild geramiums/0.14 1.3 m/1.2 m 18–36 h 2–3 d
Lewisite 2 ¼ bis(2-chlorovinyl)chloroarsine L2
Lewisite 3 ¼ tris(2-chlorovinyl)arsine L3
Nitrogen mustard 1 ¼ bis

(2-chloroethyl)ethylamine
HN1 194/Liquid 7.1 Dark-pale yellow Fishy-soapy/0.6 24–36 h/9 d 1–3 d 2–6 d

Nitrogen mustard 2 ¼ bis
(2-chloroethyl)methylamine

HN2

Nitrogen mustard 3
¼ tris(2-chloroethyl)amine

HN3

Saxitoxin TZ Water soluble solid
(melts at 236)

NA White NA 9–28 d in water Aerosol decays 17% m�1,
12 w for particulates

Ricin W Water soluble solid
(melts at 230)

14 h on wet metal,
>14 d on dry
concrete

7–14 d 12–19 d

1,1,3,3,3-Pentafluoro-2-
(trifluoromethyl)-1-propene

PFIB 7/Gas 6.9 None None
(metallic taste)

5.7 d/rapid Highly stable in the
absence of water

3-Quinuclidinyl benzilate BZ Water soluble solid
(melts at 164)

NA White NA 3–4 w in moist air 10–20 d 30–60 d

Phosgene ¼ carbonyl dichloride CG 8.2/Gas 3.4 Pale yellow Hay/1.5 – desensitizes
rapidly

44 y/0.026 s 30 m 60 m

Cyanogen chloride CK 13/Gas 1.98 None Acrid/2–2.5 Not susceptible/5.25 h
to AC unless alkaline

15–30 m 30–60 m

Hydrogen cyanide AC 25.6/Liquid-gas 0.94 Very pale
blue-white

Almond/0.9 14–22 w/slow

Chloropicrin ¼ trichloronitromethane PS 112/Oily liquid 5.7 Very pale yellow Flypaper/7.96 3–18 w/11 y 1 d–10 w

Where: m ¼ minutes, h ¼ hours, d ¼ days, w ¼ weeks, and y ¼ years.
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long cylinder (Livens drum) up to 1.5 km. It was inaccurate but
simple and inexpensive, enabling use en masse (the use of
1000s delivering saturation coverage of high gas concentra-
tions) in an electrically triggered simultaneous barrage of
projectiles that burst on impact to disperse the agent (most
commonly phosgene or chloropicrin were employed by the
British between 1916 and 1918). The 107 mm diameter
(11.3 kg) 60 mm M2 mortar (range 4 km) was capable of
delivering a M2A1 2.7 kg distilled mustard, 60% mustard to
40% o-mustard mix (i.e., HT for higher volatility), phosgene, or
white phosphorous ammunition round.
Artillery Shells

The 155 mm (44 kg, 68 cm long) shell (range 14–30 km) had
several variants, adapted to deliver various chemicals: M104 for
5.3 kg of mustard or distilled mustard, M110 for 7 kg of
mustard, distilled mustard, or white phosphorus, and M121A1
for 2.9 kg of sarin or 2.7 kg of VX. The 105 mm (17.6 kg, 53 cm
long) M60 shell (range 11–17 km) contained 1.4 kg of distilled
mustard, and was adapted as the (14.5 kg, 50 cm long) M360
containing 725 g of sarin. The 203 mm (90 kg, 89 cm long)
M426 shell (range 17–34 km) contained 7.2 kg of sarin or
6.4 kg of VX. Shells usually comprise a hollow one-piece steel
shell that is press-fitted with a burster casing. Detonation
depends on the fuse type selected. Fuse functioning detonates
an explosive charge, which ruptures the projectile and heats
and disperses the agent as an aerosol. The 155 mm (60 cm
long) M687 shell (range 14–30 km) contained GB2: two
canisters separated by a rupture disk (breached by acceleration
when fired, with the spinning of the shell causing mixing, and
sarin being produced in flight), one canister contained meth-
ylphosphonyl difluoride (DF in M20 canister) and the other
contained isopropyl alcohol and isopropyl amine (OPA in
M21 canister). Shells are typically more robust and safer to
handle, store, and transport than other chemical munitions.
Conventional artillery equipment can be used without
specialist adaptation and can maintain a sustained rate of fire.
Range and trajectory can be used to calculate the fuse time
delay needed to cause detonation at the desired altitude.
Self-Propelled Projectiles

The 115 mm (25 kg, 2 m long) M55 rocket contained 4.8 kg of
sarin or 4.5 kg of VX, delivered up to a range of 6.5 km
M55 rockets could be fired individually or via an M91 trailer-
mounted multiple-rocket launcher, simultaneously firing
45 M55s (arranged 5 � 9). M55s were dangerous in long-term
storage as the degradation of the propellant stabilizer could
lead to autoignition and degraded sarin corroded the casing,
causing leaks. The tactical ballistic missiles (0.88 � 11.35 m)
R-300 Elbrus/R-17 Elbrus (employed by the USSR during the
Cold War) and Hwasong-5 (a copy, reverse-engineered by
Korea) were assigned by NATO as SS-1c Scud-B, with SS-1d
Scud-C and SS-1e Scud-D variants having improved guidance
control mechanisms. Following a 1 h launch sequence these
‘Scuds’ could deliver 555 kg VX warheads up to 500 km range.
Missiles deliver the equivalent to an artillery barrage in a
single strike and without the need for closer positioning and
repeated firing of multiple artillery units. The reduced warning
minimizes the likelihood of a target implementing effective
protective countermeasures.
Air delivery

Unitary Bomb

A fuse detonates an internal burster charge, which ruptures the
bomb and heats the agent for dispersal as an aerosol mist. The
M47 required anticorrosion linings to carry chemical agents
and was developed by the United States as the M47A1 for
white phosphorus or M47A2 for 161 kg of mustard. The 329 kg
MC-1 (41 � 127 cm) was a dumb bomb developed to deliver
100 kg of sarin, whereas the 200 kg Mark-94 (28 � 152 cm)
could deliver 49 kg of sarin. The 238 kg Mark-116 Weteye
(36 � 216 cm) was developed to deliver 157 kg of liquid sarin
and was originally intended as a guided bomb.
Cluster Bombs

The 453 kgM34 (36� 218 cm) contained 76 (arranged 4� 19)
4.5 kg cylindrical 92 mm M125 E54R6 bomblets each
containing 1.2 kg of sarin, delivering a total payload of 91 kg.
Three hundred and fifty-six spherical 115 mm M134 E130R1
bomblets were developed for use in the 2640 kg (8.3 m long)
MGR-1 M190 Honest John rocket, to deliver a total payload of
210 kg sarin up to 32 km. Later, 52 spherical M139 E130R2
bomblets were developed for use in the (4.4 m long) MGR-3
M206 Little John rocket, to deliver a total payload of 31 kg
sarin up to 24 km. Finally, 330 M139s could be carried by the
4590 kg M212 MGM-29 Sergeant rocket, to deliver a total
payload of 195 kg sarin up to 140 km. The M139 bomblet
contained 590 g of sarin in two compartments around
a central burster charge, with a 22� glide angle; en masse the
bomblets could saturate a 1 km diameter area. The 340 kg M43
cluster bomb (41 � 228 cm) contained 57 (3 banks of 19)
72 mm diameter 4.5 kg M138 bomblets each containing 180 g
of BZ mixed with an equal quantity of incendiary agent (as
pyromix), which was ignited by a fuse following impact, to
thermally aerosolize 10.3 kg of BZ, covering an area of 0.1–
0.9 ha. The 79 kg M44 general cluster bomb (38 � 152 cm)
contained 3 M16 generators, each of which in turn contained
42 M6 canisters (arranged 3� 14), and a total of 126 M6s each
containing 142 g of BZ (for a total M44 payload of 17.8 kg BZ).
Such devices were developed for use against intelligence
targets or when friendly and enemy forces co-occupied areas
(e.g., hostage rescue situations). However, BZ has a very slow
onset and is visible as a white cloud, enabling avoidance
measures and consequently decreasing the effectiveness of
the agent.
Aircraft Spray Tanks

Spraying overcomes the drawbacks of detonation. However,
spraying is affected by speed and direction of both wind and
aircraft, with delivery usually needing to occur within the
boundary layer (i.e., below an altitude of 300 feet) to ensure
the target is reached. Knowledge of fluid dynamics and
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aerodynamics is needed to facilitate production of optimal
droplet size and dispersal as a mist. Polymeric thickening may
be required so that the liquid forms large enough droplets so as
to not evaporate before it reaches the ground. The 878 kg
(4.7 m long) TMU-28 was developed to deliver 615 kg of VX.
Binary Glide Bomb

The contents of two compartments would mix after bomb
release to produce an agent that is then sprayed during descent.
Such devices were technically challenging due to pressure
build-up and variable delivery associated with changing alti-
tude. The 270 kg (2.28 m long) VX2 BLU-80 Bigeye was
developed to combine NE (elemental sulfur) with QL (iso-
propyl aminoethylmethyl phosphonite) during flight and
deliver 82 kg of VX.
Improvised Weapons

Any nation with an active military development program has
the capability to convert conventional munitions to carry
chemical agents. Terrorist groups with sufficient financial
backing who are also able to persuade both a chemist to
synthesize a suitable agent and an engineer to manufacture
a delivery device could also produce a sophisticated chemical
weapon. However, the simplest device could just be a sealed
container (e.g., plastic bag) that is opened (e.g., punctured
by a sharp object) via a timer-triggered mechanism on
location. Such a weapon is likely to be manually placed in
a densely populated area or to disrupt an essential service.
Alternative methods of delivery include aerial release (e.g.,
from radio-controlled drones, balloons, or private light/
microlight aircraft), or a shuttle vehicle that transfers painted
or powdered agent by contact (e.g., contamination of
currency, post, public transport, food or water sources).
Unconventional chemical agents could include mis-
appropriated pharmaceuticals (e.g., psychiatric or anesthetic
drugs), industrial waste (e.g., carcinogenic or endocrine-
disrupting chemicals), or biologically produced toxins (e.g.,
botulinum).
Storage, Transport, and Safe Handling

Ton containers were used for the bulk storage and transport of
chemical agents. Ton containers were made of steel (2.1 m
long, 725 kg when empty) and had fittings to permit the
closed-system transfer of chemical agents. Delivery systems
under development can be tested using chemical agent simu-
lants (e.g., methylacetoacetate or di(2-ethylhexyl)phthalate
replacing sarin). Binary systems facilitate easier handling and
transport by having two safer agents that when combined
produce the final agent, given the designation ‘-2’ (e.g., GB2
for binary sarin). The Chemical Agent Transfer System
(CHATS) is a protective, airtight glove box for manually
draining agent from a ton storage container by attaching
a pump followed by triple rinsing the container interior using
spray nozzles. When dry, the container interior could be
checked using a borescope before removal from the CHATS for
reuse or disposal.
Detection

Active release or leakage can be detected by use of remote air
sampling, optical detection (e.g., using a Raman spectrom-
eter), and identification of biomarkers (e.g., degradation or
metabolic sequelae). Passive evaluation of indeterminate
munitions can be achieved by portable digital radiography
and computed tomography, using X-rays to scan a suspected
chemical munition placed vertically on a rotating platform.
The resulting digital image can be reviewed to determine
whether the contents are a liquid chemical agent. In addition,
portable isotopic neutron spectroscopy enables the identifi-
cation of chemical agents within closed munitions by using
gamma rays. Detection of characteristic gamma-ray peaks
reveals the presence and concentration of specific chemical
agents.
Decommissioning, Neutralization, and Incineration

Tens of thousands of tons of chemical munitions were
disposed of by dumping at sea (from 1946 to 1970), until
chemical neutralization and incineration took over. Single
Chemical Agent Identification Set (CAIS) Access and Neutral-
ization System (SCANS) is a hand-held 3.8 l container
designed to access and treat CAIS items containing up to 100 g
of mustard or lewisite. The Explosive Destruction System
(EDS) uses cutting charges to explosively access chemical
munitions, eliminating their explosive capacity before the
chemical agent is neutralized. A sealed steel vessel contains the
blast, vapor, and fragments. The EDS is transportable for on-
site treatment of chemical munitions. Larger scale destruc-
tion of chemical munitions by incineration requires three
furnaces and pollution abatement. The Liquid Incinerator
Chamber destroys liquid chemical agent and contaminated
liquids after their removal from munitions or following
decontamination processes. The liquid is pumped from a tank
and sprayed into the incinerator through injection nozzles, for
burning in a primary chamber at 2700 �F followed by
a secondary chamber at 2000 �F. The Deactivation Furnace
System is a rotary kiln for incineration of chopped rockets,
propellants, explosives, and residual chemical agents. The
Metal Parts Furnace decontaminates the metal from emptied
munitions and other containers at 1500 �F (with a 2000 �F
afterburner) before recycling or disposal. The Pollution
Abatement System is a two tower wet scrubber system to cool
gases and remove pollutants from gases following incinera-
tion. First, the quench tower uses water to lower gas temper-
atures from 2000 to 150 �F. The scrubber tower then uses
sodium hydroxide to neutralize acids. Two Venturi filters
remove large particles (before and after the scrubber tower),
then a mist eliminator removes fine particles, and finally
a carbon filter removes any trace amounts of metal and organic
material.
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See also: Arsenical Vomiting Agents; Blister Agents/vesicants;
3-Quinuclidinyl Benzilate (BZ): Psychotomimetic Agent;
Chemical Warfare; Cyclosarin (GF); G-Series Nerve Agents;
Lewisite; Nerve Agents; Nitrogen Mustards; Sarin (GB); Soman;
Tabun; V-Series Nerve Agents: Other than VX; VX.
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Background

Chernobyl’s nuclear reactor number four was a graphite-
moderated, 3140-megawatt (MW) thermal (1000-MW electric)
power facility located 180 km north-north west of Kiev,
Ukraine. The reactor was commissioned for operation by the
Soviet Union in December 1983. The reactor had 1659 fuel
rods containing 172 550 kg of uranium enriched to 2.1% 235U.
A significant power surge occurred during an experiment con-
ducted in April 1986, which resulted in a loss of reactor control
and inadequate flow of coolant water. Generation of hydrogen
gas caused a series of explosions at 1.24 a.m. on 26 April 1986
that breached containment and spewed radioactive particles
into the surrounding environment (Figure 1). The meltdown,
explosion, and 10-day graphite fire at the Chernobyl nuclear
power plant reactor four was the worst nuclear disaster in
history. The initial hydrogen explosion destroyed the reactor
containment vessel and ejected over 6000 kg of nuclear fuel
particles and graphite into the environment along a narrow,
westerly path of intense radiation. Fuel elements remaining in
the core were resuspended into the atmosphere on the second
day by drops of sand from multiple helicopter sorties. After the
first day, the heat buildup in the exposed reactor core was
sufficient to propel aerosols and oxidized volatile elements
such as 134,137Cesium, 131Iodine, and 135Xenon high into the
stratosphere. These volatile nuclides were dispersed over a very
broad geographic area, primarily affecting Ukraine, Belarus,
Russia, and Scandinavia (Figure 2). The total radioactivity
released by the accident was 3.7–5.5� 1018 Becquerels (Bq), or
100–150 million Curies (Ci). Thirty-one deaths were officially
attributed to the explosion and radiation exposure to the
personnel working in or near the facility. In 2008, the United
Nations’ Scientific Council on Effects of Atomic Radiation
(UNSCEAR) updated the mortality estimates to a total of 64
deaths of persons diagnosed with acute radiation syndrome
from Ukraine and Belarus.

The impact of the Chernobyl accident was exacerbated by
the lack of a secondary containment structure in the RBMK-
1000 reactor facility. The hydrogen explosion dislodged the
5000 metric ton biological shield and exposed the nuclear fuel
to the environment. Fuel rods nearing the end of their fuel
cycle, such as at Chernobyl, have accumulated over 100
different radionuclides as a product of 3 years of fission and
neutron activation. Expulsion of nuclear fuel into the envi-
ronment at Chernobyl was the main reason that this accident
contributed significantly greater number of radioactive
22 Encyclopedia of T
nuclides and higher radiation levels than at Fukushima, Japan,
in 2011. At Fukushima, the nuclear fuel was damaged by
partial meltdown, but primary and secondary containment
structures prevented dispersion by explosive fragmentation.
Venting of hydrogen gas at Fukushima did create explosions
that damaged the superstructure of the facilities, but prevented
rupture of the containment safety measures. Escaping gas and
coolant water nevertheless contained considerable quantities
of radioactive cesium, iodine, and xenon that had aerosolized
from the damaged fuel. Although estimates of total releases
are technically difficult, it appears that the total radiation
release at Fukushima was 100–150 times less than that at
Chernobyl. The accident at Japan’s Fukushima Daiichi facility
is estimated to have released about 40� 1015 Bq contributed
principally by the volatile elements (cesium, iodine, and
xenon). The release of radiocesium at Fukushima, however,
was more comparable, reaching 20–40% of that released at
Chernobyl. Design inadequacies associated with the RBMK-
type reactors led to the closure of the Chernobyl nuclear
power plant in 2000. The aftermath of the Chernobyl accident
helped shape safety measures in nuclear power plants and
advance our understanding of the consequences of exposure
to radiation.
Social, Health, and Environmental Impacts:
Dose Estimates

Evacuation of the 45 000 citizens of the city of Pripyat, Ukraine,
located only 2.9 km from Chernobyl’s reactor four, com-
menced at 2.30 p.m. on 27 April, using buses sequestered from
surrounding cities (Figures 3 and 4). Prior to that time, plumes
of radiation had already been deposited and heavy contami-
nation enveloped the city. Although citizens of Pripyat accu-
mulated an average external radiation dose of only
0.0115 Sieverts (Sv) over their 37 h of exposure, their doses
would have been much greater had the initial plume moved
directly through the city. All 90 000 inhabitants within a 30-km
radius around the reactor (exclusion zone) were evacuated
from 3 to 5 May. After 1986, about 220 000 additional persons
were relocated, and relocation continued until 1992. In all,
over 350 000 persons were resettled. It was estimated that the
later (non-Pripyat) exclusion zone evacuees received average
and maximum external doses of 0.00182 and 0.383 Sv,
respectively, before they left the exclusion zone. Efforts were
made to limit doses to Chernobyl liquidators, those who
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00080-4
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Figure 1 Aerial photograph of Chernobyl reactor four on 3 May 1986.
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assisted with the cleanup of the Chernobyl power plant, to
a total of 0.25 Sv. However, many were exposed to much higher
doses as a consequence of their increased proximity to the
reactor as well as possible ingestion or inhalation of contami-
nation. Radiation doses to firemen and reactor personnel
exposed shortly after the explosion reached as high as 15 Sv,
leading to the deaths of 29 persons (two died as a direct result
of the explosion) within 4 months. An additional 25 persons
were later diagnosed with radiation doses exceeding 4 Sv,
which led to their deaths months after the accident. There were
72 confirmed cases and 96 suspected cases of nonfatal acute
radiation sickness in persons exposed to Chernobyl fallout.

The World Health Organization estimated 4000 excess
cancer deaths can be expected for persons affected by radiation
released from Chernobyl. Estimates made by UNSCEAR were
higher, yielding 9335 excess cancer deaths as a result of
Chernobyl. Of this total, UNSCEAR estimated 2350 excess
cancer deaths in emergency workers, 165 in exclusion zone
evacuees, 1660 in zones with 137Cs deposits greater than
555 kBq m�2, and 5160 in residents of other contaminated
areas. Predictions were that about 12% of these cases would
result in leukemia; the remainder would result in solid tumors.
Despite these predictions, however, there has been no
confirmed increase in leukemia in children, in the emergency
workers, or in the general population exposed to radioactivity
linked to the Chernobyl accident. Exposure of adolescents to
131I in Chernobyl fallout has likely contributed to an increased
number of cases of thyroid cancers in northern Ukraine and
southern Belarus. About 1800 cases of thyroid cancer,
predominantly in adolescents, were reported in Belarus, the
Russian Federation, and Ukraine during the period 1990–
1998. Factors other than ionizing radiation, such as closer
scrutiny of this cohort, are believed to have contributed to the
reported increase in thyroid cancer risks. Thyroid cancers are
usually treatable and have not led to substantial increases in
deaths attributable to Chernobyl.
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Environmental and Genetic Impacts:
Empirical Evidence

Dose rates in the habitats surrounding reactor four were highly
variable due to distinct plumes of radioactive fallout released
subsequent to the explosion. The first plume, designated the
Western Trace, yielded doses in excess of 6 Sv h�1 in some
areas, resulting in the death of over 400 ha of Scotch pine
(Pinus sylvestris) forest (Figure 5). Although this plume flow did
not affect any metropolitan areas, it undoubtedly caused the
extirpation of most resident species of birds, mammals, and
reptiles in a narrow path about 2 km wide and extending to
about 8–10 km from the reactor. After 2 years, the physical
decay of short-lived radionuclides would have reduced dose
rates sufficiently to permit gradual recolonization and repro-
duction in the affected habitats. By 2010, the most affected
forests (Red Forest) west of the reactor have not yet recovered
the loss of pine trees, except in areas where soil remediation
and replanting of vegetation took place.

Ninety-eight percent of the isotopes released at Chernobyl
have now dissipated. Dose rates rapidly declined subsequent
to the Chernobyl accident and ensuing fire (Figure 6). Most of
the isotopes released had short half-lives, so their energy
caused rapid accumulation of radiation doses. The predomi-
nant radionuclides remaining are 137Cs and 90Sr, each with
a half-life of w30 years. These isotopes have high biological
affinities and are readily incorporated into living tissues.
Because of this affinity, the animals living in the Red Forest are
the most radioactive organisms living in otherwise natural
environments. Some rodents, for example, are receiving up to
0.1 Sv day�1 from 137Cs in their muscles and 90Sr in bone.
Small mammals in these habitats are now completing all
portions of their normal life cycles. Documenting the doses
received at Chernobyl is an important step in performing
empirical studies for observing and noting the responses to
exposure to the radiation (Figure 7).

There have been no documented instances of radiation-
induced genetic variations that have transcended generations in
Chernobyl wildlife. While damage to genetic material (DNA
strand breakage, micronuclei, chromosomal aberrations) has
been shown to be significantly elevated in some species in
radioactive environments, the impacts are ephemeral and
apparently do not persist in affected lineages. Efforts to docu-
ment adaptation of individuals to the radioactive environment
have also shown no significant results; however, some anec-
dotal conclusions to the contrary have been reported. The vast



Figure 3 The Red Forest showing dead pine trees and surviving birch trees. This area is where the first plume of radiation was deposited. Photograph by
R.K. Chesser.
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literature on wildlife exposed to radiation at Chernobyl
contains conclusions ranging from significant individual and
population impacts to no measurable effects. Conclusions
drawn from the results of field studies should be considered
carefully. Readers should consider whether the authors
Figure 4 The abandoned city of Pripyat, Ukraine. The Chernobyl reactor fou
documented absorbed radiation dose and how the dose was
calculated and confirmed. Experimental design is extremely
important in such studies and although controls may be diffi-
cult, researchers should address the confounding factors of
naturally occurring geographic and temporal variation in their
r is shown in the background. Photograph by R.K. Chesser.
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reporting. There is little doubt that radiation doses immedi-
ately following the accident induced measurable genetic
damage in exposed wildlife. However, it appears that the bio-
logical impact on wildlife species near Chernobyl has been
subtle and difficult to document at either the individual or the
population level.

Although present-day radiation doses experienced by
wildlife species in limited areas near Chernobyl are unprece-
dented, they are nevertheless well below those documented to
cause substantial genetic damage and are not sufficient to limit
population growth. Lifetime doses in all but a very narrow
tract of the Western Trace are below 0.1 Sv and are thereby
classified as low-dose radiation. In fact, population recovery
has likely been hastened by the evacuation of 135 000 people
from the exclusion zone. Ecological recovery of habitats
previously used as pasturelands and orchards has led to
a rebound of many species to levels higher than before the
accident. The Chernobyl exclusion zone is now being used in
conservation efforts to recover the endangered Prezwalski’s
horse and European bison. Populations of these species have
been released into the zone and are free from interference from
excessive human activity.
Lessons from the Chernobyl Accident

In the aftermath of the Chernobyl accident there have been
many valuable refinements to the design and operation of
nuclear reactors. Refinements of operating power, the number
and design of control elements, inclusion of automated
emergency procedures, and enhanced training of operators
have improved the safety of nuclear reactors. The RBMK-type
reactor, although still in operation in some areas of the Russian
Federation and Eastern Europe, is considered to be unstable
due to its inability to withstand loss of cooling water and
general lack of sufficient containment structures.

It was clear after Chernobyl that there was insufficient
planning for a nuclear emergency involving substantial
releases of radiation that could affect human populations. The
45 000 citizens of the city of Pripyat, Ukraine, were spared
massive doses of radiation only by the fortuitous directions of
the wind during the 37 h prior to evacuation. Because radio-
active particles and aerosols of volatile elements may flow for
very long distances from the source, it is imperative that
communications of releases be accurately and immediately
transmitted across political borders to permit protective



Figure 7 Graphics showing the radiation dose rates (in 2005) in the Western Plume (A and B) and in the Northern Plume (C and D). From Chesser, R.K.,

Rodgers, B.E., 2008. Near-field particle dynamics and empirical fallout patterns in Chernobyl’s Western and Northern Plumes. Atmospheric Environment 42:
5124–5139.
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actions to be put into place. Prophylaxes, such as potassium
iodide and cesium chloride tablets, should be immediately
available to potentially affected communities. The studies at
Chernobyl show that human and environmental health is
affected predominantly during the first few days/weeks after
a major radiation release by a reactor breach. Rapid decay of
short-lived radionuclides, while producing large radiation
doses over a short time period, will decay rapidly enough to
sufficiently reduce exposure risks in the long term. At Cher-
nobyl, even the most contaminated habitats began to recover
most of their ecological diversity within a few years after the
accident.

See also: Aerosols; Apoptosis; Carcinogenesis; Cesium;
Chromosome Aberrations; Ecotoxicology; Emergency
Response and Preparedness; Genetic Toxicology; Hormesis;
Iodine; LD50/LC50 (Lethal Dosage 50/Lethal Concentration 50);
Plutonium; Radiation Toxicology, Ionizing and Nonionizing;
Risk Characterization; Strontium; Three Mile Island; Uranium.
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Introduction

Children are among the populations most vulnerable to envi-
ronmental pollutants. The World Health Organization refers to
the following categories of youth: ‘newborns’ (1–28 days),
‘infants’ (28 days–12 months), ‘children’ (1–10 years), and
‘adolescents’ (10–19 years). The term ‘children’ in this article
refers to persons aged 1–19 years, unless otherwise specified.
There are several reasons for children’s increased vulnerability
to toxic agents relative to adults. These include increased
susceptibility due to physiological reasons, such as the fact that
children are rapidly growing and developing, and that they
often metabolize chemicals differently from adults. Children’s
behaviors also differ from adults and these can increase expo-
sures through certain pathways, for example, hand-to-mouth
behavior puts children at risk from toxicants in house dust.
Children are also often more active, such as when on a play-
ground, and when playing the increase in breathing rate and
blood flow can increase absorption of air pollutants. Children
are also powerless and are in close association with adults,
which can, for example, lead them to be highly exposed to
indoor air pollution from secondhand tobacco smoke and
cooking smoke. Children have some unique exposures, for
example, to toxicants in breast milk and infant formula. Chil-
dren also are exposed early in life, and have a longer life
expectancy and a longer period to develop adverse effects such
as cancer. The following paragraphs will address each of these
issues and provide examples of toxicants that greatly affect
children’s health, such as lead, and will finish by giving some
approaches to protect children’s health in the environment,
such as ongoing research initiatives including the National
Children’s Study.
Children’s Physiological Susceptibility
to Environmental Toxicants

Children drink more water, breathe more air, and eat more
food, pound for pound than does an adult. This increases their
dose per kg of body weight, which can increase the likelihood
of toxic responses. Children also absorb nutrients and also
toxicants in a different way than adults. Soluble lead salts are
more easily absorbed by children (>40% of ingested dose
absorbed) than by adults (<15% absorbed). If children are
deficient in nutrients they can also absorb more toxicants.
Deficiencies of iron in the diet leading to anemia and also low
calcium intake can further increase lead uptake in children.
Children’s growth rate is rapid and they are fashioning organs
and systems that will last through their lifetimes. Growth
occurs not only in young children, but also continues through
late adolescence.

Protective mechanisms operating to reduce adult exposure
to toxicants may be deficient or absent in children. For infants,
the blood–brain barrier (a tight-knit cellular junction that
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prevents chemicals and drugs from crossing into the brain)
has not fully developed, permitting toxicants such as mercury
to cross from the blood to the brain. Also, metabolic enzymes
that detoxify dangerous toxicants may not be functioning at
adult levels. For example, an enzyme that detoxifies certain
organophosphate pesticides is called paraoxonase, from the
gene called PON1, and studies in farmworker children in the
Salinas Valley have documented that this enzyme is present
in very low levels in newborns as compared to adults. There-
fore, a newborn exposed to certain pesticide residues may
have a much higher risk of a toxic response as compared to an
adult. An analysis of drugs metabolized by group of enzymes
called the P450 enzymes found much slower elimination
in newborns and infants. This group of enzymes catalyzes
many reactions that eliminate environmental toxicants from
the body.
Children’s Behaviors and Environments That Increase
Susceptibility to Environmental Toxicants

Children have special behaviors that put them at risk for envi-
ronmental exposures. One is their hand-to-mouth behavior,
which results in their ingesting much more soil and house dust
per kg than do adults. The hand-to-mouth behavior results in
a much higher risk to children from contaminated house dust
and soils. In addition, activity level results in an increased
resuspension of house dusts and soil in air near the ground or
floor, which can then be inhaled due to their small stature.
Chemicals such as household pesticides that have applied near
the floor have also been shown to have a higher vapor concen-
tration at children’s breathing zone height as compared to an
adult’s level. Dermal exposure and absorption can also be
increased due to touching behavior and thin skin. The United
States Environmental Protection Agency (US EPA) has pub-
lished an exposure factors handbook for children, which details
differences in uptake in children due to physiological and
behavioral factors. Children also are very active, which can
increase their exposure to indoor airborne toxicants and to
outdoor air pollutants such as ozone. Children’s susceptibility
due to their activity level at polluted locations is illustrated by
a study conducted by the University of Southern California,
which found that a major risk factor for children developing
asthma was playing sports outdoors in the afternoon in areas
with high ozone levels. Ozone is a major component of ‘smog’
air pollution that is found mainly outdoors and peaks in the
late afternoon.

Children are also powerless to escape their environment
and also spend much of the day in close proximity to adults,
and this proximity may result in increased exposure. For
example, a major factor in children’s exposure to secondhand
smoke is if one or more parents smoke. Even in California,
a state that has some of the most strict antismoking laws in the
United States, almost a million children were estimated to live
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00801-0
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with one or more smokers in 2011, and African American
children, rural children, and low-income children were the
most likely to be exposed. Globally, exposure to children to
smoke from biomass burning, such as the use of wood or cow
dung for heating or cooking, is a major cause of morbidity and
mortality, often from pneumonia. Since women do the
majority of the cooking and children stay close to the women,
children are often directly exposed to high levels of particulates
that equal or surpass levels from secondhand smoke.

Special and unique exposures for children include expo-
sure to contaminants in breast milk and infant formula.
Breast milk can contain many fat-soluble toxicants such as
persistent organic pollutants. In areas such as the former East
Germany, levels have been shown to be very high in
mothers, and these levels are related to a high maternal body
burden. However, the great and immediate health benefits of
breast feeding outweigh the long-term risk from ingesting
these toxicants, and breast milk is monitored as an indicator
of population exposure rather than a toxic exposure.
Contaminated formula and water presents risks to infants.
The well-publicized intentional contamination of Chinese
infant formula with melamine that resulted in kidney
damage and deaths illustrates the vulnerability of infants to
formula. Melamine is a plastic that was intentionally added
to formula to make it appear that the protein content was
sufficient. Formula made with contaminated water may also
present a risk. Nitrates are pollutants associated with agricul-
tural runoff and other sources and they have been shown to
contaminate well water in the United States and worldwide.
Blue baby syndrome is a condition where the infant’s gut
activates ingested nitrates to nitrites, which is a reaction that
occurs more efficiently in infants than older children. The
nitrites oxidize the iron in hemoglobin to make a form called
methemoglobin that interacts with oxygen in a different way
and does not release oxygen to tissues in sufficient amounts.
The lack of oxygen makes the baby appear blue, especially at
the lips and other thin-skinned areas, and can cause adverse
effects on growth and development.
Selected Toxicants of Concern

Arsenic

Arsenic can be in inorganic (not combined with carbon) or
organic forms. Children can be exposed through drinking
water, as many sources of water worldwide are contaminated
with arsenic. Highly exposed populations can be found in
Taiwan, Chile, Bangladesh, and India, among others. Chil-
dren can also be exposed through play structures made from
preserved wood products treated with arsenic compounds,
being near a smelter, and food. A number of recent studies
have documented potential high exposures through
consumption of rice, especially brown rice. Inorganic arsenic
is classified as a known human carcinogen by the Interna-
tional Agency for Research on Cancer, and exposure has been
associated with cancers of the skin, bladder, and lung in
adults, though little information is available for children. It
also causes skin lesions and has been reported to be associated
with lowered IQ in children exposed to contaminated
groundwater.
Lead

A main source of lead exposure to children in the United States
is through ingestion of lead from leaded paint in homes, which
can occur via ingestion of house dust or paint chips, or inha-
lation of air during refinishing operations involving lead paint.
Children may also be exposed to lead through drinking water,
contaminated toys, and cultural exposures such as Mexican
candies or pottery containing lead. Internationally, children are
still exposed to lead through the sale of leaded gasoline in some
countries, although there is a worldwide movement to ban lead
in gasoline. One of the single greatest interventions that has
significantly improved children’s environmental health was the
ban on lead in gasoline and paint in the United States in the
1970s. The ban of lead in gasoline was followed by a precipi-
tous drop of lead in blood samples taken from children of the
United States, from almost 90% with a blood concentration
over 10 mg dl�1 in 1976 to <1% in 2008. Lead in paint is
another target for global children’s health. Leaded paint is still
sold in many countries. Significant exposures also occur
through artisanal gold mining, which can even lead to children
dying of acute lead poisoning, as occurred in Nigeria in recent
years. The health effects of lead exposure are covered in more
detail elsewhere in the Encyclopedia, but are especially signif-
icant for children including lowered IQ, attention disorders,
and other neurological findings. Childhood exposure might
also affect risk for adult hypertension. The Centers for Disease
Control and Prevention (CDC) has recently lowered the level
of concern for children’s blood lead from 10 mg dl�1 to
5 mg dl�1 based on the findings of adverse health effects at
levels lower than 10 mg dl�1.

Pesticides

Pesticides pose a hazard to children through acute poisonings,
in addition to concerns about chronic exposures. Along the
United States–Mexico border, studies have found that house-
holds often store pesticides in unmarked containers or in soda
bottles or other food packaging. Children have died or been
injured due to improper application of pesticides during pest
control. In 2010, the US EPA restricted residential use of the
pesticide Fumitoxin (active ingredient aluminum phosphide)
after the death of two young Utah children when it was used
near their home. The potential sensitivity of young children to
certain pesticides due to lack of metabolic enzymes to detoxify
the pesticide was discussed above. Concern about potential
risks from pesticide residues in foodstuffs commonly
consumed by children such as applesauce led to a reform of
pesticide regulations and risk assessments by the US EPA with
the Food Quality Protection Act of 1996. This act required the
Agency to consider risks to children when assessing allowable
amounts of pesticide residues in food.

Air Pollution

Air pollution exposures can be a significant risk to children
both indoors and outdoors. Outdoor pollutants associated
with adverse lung function and asthma risk include ozone and
particulate matter, especially fine particulate matter (PM2.5, less
than an aerodynamic diameter of 2.5 mm) which are particles
small enough to penetrate into the deep lung and even
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bloodstream. Many urban areas in the United States are in
violation of air standards for these pollutants and globally,
levels can be very high in urban areas such as Mexico City,
Teheran, Bangkok, Beijing, and many other places where many
children live and play. Indoors, major sources of PM2.5 that
lead to high indoor levels include tobacco smoke and cooking
smoke. Recently, focus has turned to the health effects of near-
traffic exposures with the realization that very high levels of
pollutants can be found near roadways and that strong spatial
gradients exist for toxic gases such as carbon monoxide,
nitrogen dioxide, toxic vapors such as benzene, diesel exhaust
particles measured as black carbon, and very small particles
known as ultra fine particulate matter (PM0.1). Children
exposed to traffic pollutants near roadways have documented
increased asthma and other respiratory issues, reduced lung
growth and development, a potentially increased risk of
leukemia, and a potential increased risk of autism in recent
studies. The Children’s Health Study at the University of
Southern California has one of the most long-running studies
on this issue and has an excellent web site on the health effects
of traffic exposure.
Protecting Children from Environmental Hazards

The first step in protecting children is to document what
hazards exist and what levels are harmful. For many health
outcomes of concern, such as autism, the condition is relatively
rare and therefore difficult to study. A large sample size is
needed to find associations. The key to linking exposures and
health effects is also to have accurate markers of exposure.
Recent scientific studies to examine the effect of the environ-
ment and children’s health include large cohort studies such as
the National Children’s Study. This is a large prospective study
that is planned to have 105 000 children throughout the
United States enrolled from before birth to 21 years, with
extensive measures of their environment and health. In other
efforts, the CDC monitors levels of pollutants in children in
samples collected as part of the CDC’s National Health and
Nutrition Examination Survey. These are detailed by pollutant
in the National Report on Human Exposure to Environmental
Chemicals and provide an important reference for baseline
levels and change over time. These samples document the drop
in serum cotinine levels in children as a result of reductions in
secondhand smoke exposure. Cotinine is a metabolite of
nicotine and used as a marker for tobacco smoke exposure.
Another focus area is the increased emphasis on environmental
justice. The concept of environmental justice arose from the
realization that poor and minority populations and children
often bear the brunt of environmental exposures. President
Clinton signed Executive Order 12898 “Federal Actions to
Address Environmental Justice in Minority Populations and
Low-Income Populations” in 1994, which directed federal
agencies to consider disproportionately high adverse health
effects of their actions on minority and low-income pop-
ulations. The US EPA and other agencies now actively consider
environmental justice in studying environmental exposures to
children.
See also: Arsenic; Biomonitoring; Lead; Pesticides; Air
Pollution; p450 Metabolism; Tobacco Smoke; Lead.
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l Name: Chloral Hydrate
l Chemical Abstracts Service Registry Number: 302-17-0
l Synonyms: Mickey Finn, Knockout drops, Noctec, Hydrated

chloral, Chloralex
l Molecular Formula: CCl3CH(OH)2
l Chemical Structure:
CI

CI

CI OH

OH

Background

Chloral hydrate was first synthesized in 1832 by Justus von
Liebig and was the first synthetic central nervous system (CNS)
depressant. It was used to treat delirium tremens, insomnia,
and anxiety, although it is considered an unapproved drug by
the US Food and Drug Administration. Initially considered to
be a safer alternative to opium, it was noted to produce rapid
unconsciousness when combined with ethanol. Physical
dependence can occur with chronic use.
Uses

Chloral hydrate is used as a sedative hypnotic, more
commonly in pediatrics. With the advent of newer sedative
hypnotics, its use has significantly decreased. It is also a drug
of abuse, particularly in combination with ethanol to
produce an amnestic effect in an individual who ingests it
unknowingly.
Environmental Fate and Behavior

Chloral hydrate has been detected at 5 mg l�1 in the US drinking
water supply. Although chloral hydrate does not exist naturally,
it can be produced as a by-product of chlorination of water at
water treatment facilities, specifically in exposed water with
high amounts of humic and fulvic substances.
Exposure and Exposure Monitoring

Most exposures are through ingestion. It is available as tablets,
capsules, oral solution, and rectal suppositories. Toxicity may
occur in patients as a result of unknowingly ingesting chloral
hydrate. Cases are often with a coingestion of ethanol and/or
other sedatives.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

Chloral hydrate is rapidly and well absorbed in the gastroin-
testinal (GI) tract. It is lipid soluble with an onset of action of
approximately 30 min and half-life of only a few minutes.
Chloral hydrate has a volume of distribution of 0.6–0.75 l kg�1,
and is rapidly metabolized by hepatic alcohol dehydrogenase
to trichloroethanol. This active metabolite is responsible for
the hypnotic effects and has a plasma half-life of 4–12 h.
Trichloroethanol includes three elimination pathways. It can be
conjugated with glucuronic acid to urochloralic acid, which is
then renally excreted. Trichloroethanol can also be oxidized
by aldehyde dehydrogenase to trichloroacetic acid, an inactive
metabolite. Less than 10% of trichloroethanol is excreted
unchanged by the kidneys.
Mechanism of Toxicity

Chloral hydrate is a CNS depressant, but its mechanism of
action is not well known. Coingestion with ethanol produces
enhanced effects by several mechanisms. First, ethanol
competes for alcohol and aldehyde dehydrogenase, which then
prolongs the half-life of ethanol. The metabolism of ethanol
generates the reduced form of NADH, which is a cofactor for
the metabolism of chloral hydrate to its active metabolite
trichloroethanol. Finally, ethanol inhibits the conjugation of
trichloroethanol to its inactive form urochloralic acid. This
results in enhanced CNS depression.
Acute and Short-Term Toxicity

Animal

Chloral hydrate is used in veterinary medicine as a sedative
hypnotic, and toxic effects are similar in humans and
animals.
Human

Chloral hydrate is irritating to the GI tract, resulting in nausea,
vomiting, and hemorrhagic gastritis. It may also rarely cause
gastric and intestinal necrosis, which could lead to perforation
and stricture formation. The major cause of death is believed to
be secondary to cardiac dysrhythmias. Chloral hydrate and its
metabolites can decrease myocardial contractility, shorten the
refractory period, and increase sensitivity to catecholamines.
Serious dysrhythmias can include ventricular fibrillation,
ventricular tachycardia, and torsades de pointes. Respiratory
failure can develop as a result of therapeutic use. As expected,
patients can develop significant CNS depressions. Interestingly,
case reports of seizure activity and a paradoxical central stim-
ulant reaction has been reported.
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Chronic Toxicity

Human

Chronic use may result in renal damage, skin eruptions, and
gastritis. Physical dependence can also occur and withdrawal
symptoms can be severe, including seizures and delirium.
Reproductive Toxicity

Chloral hydrate is listed as a category C agent.
Genotoxicity

Chloral hydrate has been shown to cause aneuploidy and stop
mitosis.
Carcinogenicity

Chloral hydrate has not been identified as a carcinogen. Studies
in rats given high doses during the lifetime did not produce
carcinogenic concerns. However, chloral hydrate is structurally
similar to known carcinogens.
Clinical Management

Activated charcoal can be used if the patient has a normal level
of consciousness. There is no specific antidote and supportive
care is the mainstay of treatment. Intubation should be
performed if the patient is obtunded with loss of protective
airway reflexes. Few hospital-based laboratories have the ability
to rapidly detect chloral hydrate or its metabolites. Hypoten-
sion should be managed with intravenous crystalloids and
dopamine. There is no role for forced diuresis. Hemodialysis
and hemoperfusion could theoretically be useful in severe
cases, although rarely employed.
Exposure Standards and Guidelines

The World Health Organization recommends concentrations
limited to 10 mg l�1. The US Environmental Protection Agency
limits drinking water concentrations to 60 mg l�1.
See also: Anxiolytics; Ethanol; Drugs of Abuse;
Benzodiazepines.
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l Name: Chlorambucil
l Chemical Abstracts Service Registry Number: 305-03-3
l Synonyms: CB-1348, Chlorambucilum, Chlorambucyl,

Chloraminophene, Chlorbutinum, Clorambucilo, Klór-
ambucil, Klorambucil, Klorambusiili, Klorambusil, NSC-
3088, WR-139013

l Molecular Formula: C14H19Cl2NO2

l Chemical Structure:
Cl

O

OH

N
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Background

Chlorambucil, approved by the Food and Drug Administration
(FDA) in 1957, is an antineoplastic/alkylating agent with
a broad spectrum of antitumor activity used to treat chronic
lymphocytic leukemia (CLL), Hodgkin’s and non-Hodgkin’s
lymphomas.
Uses

Chlorambucil is FDA indicated for the treatment of CLL,
Hodgkin’s and non-Hodgkin’s lymphomas, and mycosis fun-
goides. It has also been known to treat other conditions such as
polycythemia vera, uveitis, hairy cell leukemia, ovarian carci-
noma, and Waldenstrom’s magroglobulinemia.
Environmental Fate and Behavior

The chemical is of a white to pale slight odorous powder,
insoluble in water. It is very slightly dispersible in diethyl ether
and acetone. It has a melting point of 69 �C, boiling point of
424 �C, and 5.75 pKa. The partition coefficient is 4.07 and has
a molecular weight of 304.22 g mol�1.
Exposure and Exposure Monitoring

The primary targets in overdose are the hematopoietic,
gastrointestinal (GI), and neurological systems. Consistently
reported findings are vomiting, ataxia, seizures, coma, and
pancytopenia. The most common route of exposure is oral,
through tablet or suspension. The tablets have been
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
reformulated requiring refrigeration, or can be stored at room
temperature (up to 86 �F) for up to 1 week. Maintenance doses
for chlorambucil may be as low as 0.03 mg kg�1 per day but
not to exceed 0.1 mg kg�1 per day. Pulse dosing is sometimes
done up to 0.4 mg kg�1. The usual dose for CLL is 4–10 mg per
day for the average adult patient. For those adults with severe
renal impairment, consider dose reduction by 25% with
creatinine clearance (CrCL) from 10 to 50 ml min�1, and by
50% if CrCL is less than 10 ml min�1.

Possible human exposure includes inhalation, incidental
ingestion, and dermal contact. Splash goggles, lab coat, dust
respirator should be used for personal protection.

No information on environmental levels is available,
however, due to its extensive metabolism in the treated patients
environmental emissions are considered of low concern.
Toxicokinetics

Chlorambucil is rapidly and completely absorbed in the GI
tract, food reduces its bioavailability by 10–20%. It is exten-
sively metabolized in the liver to phenylacetic acid mustard,
and its metabolites are extensively bound to plasma and tissue
proteins. After a single dose, about 15–60% of chlorambucil
appears in the urine after 24 h. However, less than 1% is
actually intact drug and overall has low urinary excretion.
Mechanism of Toxicity

The mechanism of action of chlorambucil is thought to be an
alkylating agent and an aromatic nitrogenmustard derivative; it
interferes with DNA replication and RNA transcription by
alkylation and cross-linking the strands of DNA.
Acute and Short-Term Toxicity

Neurologic toxicity such as seizures has been observed, myoc-
lonus and abnormal vision in addition to psychiatric effects
such as hallucinations and agitation were also observed.
Hematologic toxicity such as anemia, leukopenia, neutropenia,
and a black box warning for myelosuppression can occur.
Dermatologic toxicity, GI upset, respiratory effects such as
pulmonary fibrosis, renal and hepatotoxicity, and immuno-
logic effects are also potential adverse effects.
Chronic Toxicity

Chlorambucil is known to cause severe bone marrow
suppression. It is known to be leukemogenic, and can lead to
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slow and progressive lymphopenia during or following treat-
ment. Neutropenia can also occur.
Immunotoxicity

Immune hypersensitivity reaction and drug fever have been
shown. Administration of live vaccines to immunocompro-
mised persons should be avoided.
Carcinogenicity

Chlorambucil has been reevaluated by International Agency for
Research on Cancer (IARC) in 2012. It is considered as a direct-
acting alkylating agent that is carcinogenic via a genotoxic
mechanism. According to IARC, there is sufficient evidence in
humans and experimental animals regarding the carcinoge-
nicity of chlorambucil, and therefore it is concluded that
chlorambucil is carcinogenic to humans (Group 1).
Reproductive Toxicity

Black-boxed warning for human fertility effects is a probable
mutagenic and teratogenic agent. Reproductive effects
including infertility, sexual dysfunction, and disorder of
menstruation have been reported. Chlorambucil crosses the
placenta, and case reports showed unilateral agenesis for those
exposed in the first trimester. Reversible and permanent infer-
tility has been seen in females and males, and mutagenicity
with chromosome damage.
Clinical Management

There is no specific antidote for chlorambucil, and it is not
dialyzable. For oral/parenteral exposure, induced emesis with
ipecac is not recommended due to chance of seizures. However,
activated charcoal or gastric lavage can be performed. Seizures
toxicitymay bemanaged with IV benzodiazepine. Pancytopenia
should be monitored for up to 3 weeks, and fluid/electrolyte
replacement in persistent vomiting.
Exposure Standards and Guidelines

The FDA regulates chlorambucil prescription drug labeling and
other requirements. The Institute for Safe Medication Practices
includes chlorambucil as a drug with heightened risk of causing
significant harm to patients when used in error.
See also: Semustine.
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l Name: Chloramphenicol
l Chemical Abstracts Service Registry Number: CAS 56-75-7
l Mixture Name: Chloromyxin; Elase-Chloromycetin;

Ophthocort
l Synonyms: Amphicol, Amseclor, Aquamycetin, Biocetin,

Biophenicol, Chlomycol, Chloramex, Chloramficin,
Chloramsaar, Chlorocaps, Chlorocid, Chlorocol, Chlor-
omax, Chloromycetin, Chloronitrin, Chloramex, Chlor-
optic, Chlornitromycin, Cloramfenicol, Cloramficin,
Cloramicol, Cloromisan, Cylphenicol, Detreomycin,
Enteromycetin, Farmicetina, Fenicol, Globenicol, Ismice-
tina, Kemicetine, Klorocid S, Leukomyan, Leukomycin,
Levomicetina, Micloretin, Novomycetin, Ophthochlor,
Paraxin, Quemicetina, Romphenil, Septicol, Sintomicetina,
Tevcocin, Tifomycine, Unimycetin

l Dictionary: Jarisch–Herxheimer reaction: Is a reaction to
endotoxins released by the death of harmful organisms. It
resembles bacterial sepsis and can occur after the start of
antibacterials such as chloramphenicol.

l Chemical Class: Antibiotic with both bacteriocidal and
bacteriostatic properties

l Molecular Formula: C11H12Cl2N2O5

l Chemical Structure:
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Background (Significance/History)

Chloramphenicol was first isolated from cultures of Streptomyces
venezuelae in 1947 but now is produced synthetically. As the
first discovered broad-spectrum antibiotic, it acts by interfering
with bacterial protein synthesis.
Uses

Chloramphenicol as an antibiotic is active against gram-
positive and gram-negative bacteria and anaerobic microor-
ganisms. It was originally introduced as a treatment for typhoid
but now it is rarely used for this purpose because of the prev-
alence of multiple drug-resistant Salmonella typhi. As it has an
excellent blood–brain barrier penetration, chloramphenicol is
the antibiotic of choice for brain abscesses caused by staphy-
lococci and mixed or unknown microorganisms. Chloram-
phenicol is used in the treatment of meningitis when there is
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
allergy to penicillin or cephalosporin. It may also be effective
against vancomycin-resistant enterococci.
Environmental Fate and Behavior

Routes and Pathways Relevant Physicochemicals Properties

Chloramphenicol is a white to greyish-white or yellowish-white
fine crystalline powder or fine crystals, needles, or elongated
plates and it is bitter to taste. Chloramphenicol has a solubility
of 25 000 mg l�1 (25 mg ml�1) in water at 25 �C and it is very
soluble in methanol, ethanol, butanol, ethyl acetate, acetone,
and chloroform. Waste streams of drug industries producing
chloramphenicol can be the source of its release to the envi-
ronment. If released to the air, an estimated vapor pressure of
1.7 � 10�12 mm Hg at 25 �C indicates that chloramphenicol
will exist solely in the particulate phase, which can be removed
from the atmosphere by wet and dry deposition. This vapor
pressure indicates chloramphenicol is not expected to be
volatile from dry soil surface. Based on the estimated Henry’s
Law constant of 2.3 � 10�18 atm-cu m mol�1 for chloram-
phenicol, volatilization from water and moist soil surface is not
plausible.
Partition Behavior in Water, Sediment, and Soil

In the aquatic system, chloramphenicol is not expected to
adsorb to suspended solids and sediments given by the Koc

(Soil Organic Carbon–Water Partitioning Coefficient) value
of 99.
Environmental Persistency (Degradation/Speciation)

Chloramphenicol solutions are susceptible to direct photolysis
by sunlight or high temperatures and decompose to form
hydrochloric and dichloric acid. Hydrolysis of chloramphen-
icol is not anticipated under environmental conditions because
it lacks a functional group to hydrolyze. Chloramphenicol has
been reported to degrade 86.2% with a biodegradation rate of
3.3 mg COD per gram per hour using adapted activated sludge
as the inoculums. It can also be degraded by intestinal bacteria
via amidolysis to 18 observed metabolites.
Long Range Transport

In terrestrial systems, the Koc value of 99 suggests that chlor-
amphenicol has high mobility in the soil.
Bioaccumulation and Biomagnifications

An estimated bioconcentration factor <1 for chloramphenicol
indicates that the potential of bioconcentration in aquatic
organisms is low.
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Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Manufacturing of chloramphenicol with subsequent waste
streams and usage as an antibiotic can result in its release to the
environment.

Human Exposure

People whowork in the field of producing, manufacturing, or in
administering chloramphenicol can be exposed to chloram-
phenicol through inhalation and dermal contact with
this compound. For general population, exposure to chloram-
phenicol is likely to happen via use of pharmaceutical products
containing this compound. Its use in food like certified shrimp
aquaculture operations is banned worldwide.

Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

Chloramphenicol has been reported in the lowmicrograms per
liter range in the surface and sewage water as studied in
Germany.
Toxicokinetics

Chloramphenicol is prepared as capsules, tablet, ear drop, eye
drop, and ointment. It is also formulated as the palmitate in
suspension for oral administration and as the succinate in vials
for injection. When ingested, chloramphenicol is rapidly
absorbed and achieves its maximum serum concentration of
10–13 mg ml�1 within 2–3 h. Water-soluble form of chlor-
amphenicol for parenteral use is an inactive prodrug sodium
succinate, which is hydrolyzed by esterases. Serum concentra-
tions of intravenous and intramuscular administration of
chloramphenicol are only 70% of those achieved when given
orally. Having the volume of distribution of 0.2–3.1 l kg�1,
about 50% of the chloramphenicol is bound to plasma
proteins (primarily albumin) and is widely distributed in body
fluids particularly cerebrospinal fluid, where values range from
45 to 99% of those in plasma in the presence and absence of
meningitis. It also diffuses into breast milk and placental fluid
resulting in a fetal blood level of 30–80% of maternal serum
concentrations. Chloramphenicol is mostly inactivated by
conjugation with glucuronide in the liver and excretion of this
metabolite and itself in the urine is the predominant route of
elimination. Over a 24 h period, 75–90% of an orally admin-
istered dose is excreted. An elimination half-life of 1.6–4.6 h
has been established for chloramphenicol, which correlates
with plasma bilirubin concentrations and is considerably
longer in neonates because their ability to conjugate drugs is
not yet developed significantly. Accordingly, dosage adjust-
ment are required in neonates and in patients with impaired
hepatic function or cirrhosis but not necessary in cases of renal
insufficiency or hemodialysis.
Mechanism of Toxicity

As an antibiotic, chloramphenicol enters the target cells by
facilitated diffusion and binds reversibly to the 50S ribosomal
subunit. This prevents the interaction between peptidyl trans-
ferase and its amino acid substrate, which results in the inhi-
bition of peptide bond formation. Indeed, it is an inhibitor of
protein synthesis in the bacteria and to a lesser extent, in
eukaryotic cells. Chloramphenicol can also inhibit mitochon-
drial protein synthesis in mammalian cells particularly eryth-
ropoietic cells, which are sensitive to the drug.
Acute and Short-Term Toxicity (to Include Irritation
and Corrosivity)

Animal

Chloramphenicol, as a common veterinary antibiotic, has
a low level of animal toxicity. The acute LD50 of chloram-
phenicol in mice has been estimated 200 and 1320 mg kg�1

after IV and IP administration, respectively. Chloramphenicol
has an LD50 in rats after IV administration of 170 mg kg�1.

Human

Chloramphenicol toxicity in humans can cause nausea and
vomiting, dysgeusia or unpleasant taste, diarrhea, perineal
irritation, hypotension, and hypothermia. Blurring of vision,
digital paresthesias, neurotoxic reactions, and peripheral
neuritis are more uncommon toxic effects of this drug. Tissues
with high rates of oxygen consumption are particularly
susceptible to chloramphenicol with encephalopathy and
cardiomyopathy resulting from chloramphenicol toxicity to
the myocardium and central nervous system. Hypersensitivity
to chloramphenicol is relatively uncommon although rarely
macular or vesicular skin rashes, fever, angioedema, and
Jarisch–Herxheimer reactions have been reported. Gray baby
syndrome may occur in neonates exposed to excessive doses of
chloramphenicol. It is a state of cardiovascular collapse and
usually begins 2–9 days after start of treatment. The primary
symptoms include vomiting, refusal to suck, irregular and rapid
respiration, abdominal distention, periods of cyanosis, and
passage of loose and green stools. After 24 h, the children
become flaccid, hypothermic, and severely ill while turning an
ashen-gray color. Death occurs in about 40% of patients within
2 days of initial symptoms. The developmental deficiency of
glucuronyl transferase and inadequate renal excretion of
unconjugated drug in neonates are two responsible mecha-
nisms for the development of Gray baby syndrome. Topical
application of chloramphenicol ophthalmic solution to the eye
may cause transient burning or stinging. Hypersensitivity or
inflammatory reactions including contact conjunctivitis, itch-
ing or burning, angioneurotic edema, urticaria, and vesicular
and/or maculopapular dermatitis rarely occur following topical
application of chloramphenicol in patients who are sensitive to
the drug or to other ingredients in the formulation.
Chronic Toxicity

Animal

Intraperitoneal injections of chloramphenicol at 20, 40, or
100 mg kg�1 for 3 months in mice have been reported to
cause splenomegaly, hepatomegaly, lymphadenopathy, and
hypertrophy of the thymus. Elevated incidence of lymphomas
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has been reported in mice administered chloramphenicol for
2 years.
Human

Bone marrow suppression is a common and reversible side
effect of chloramphenicol treatment due to its inhibitory action
on mitochondrial protein synthesis in erythroid precursors and
subsequent impairment of iron incorporation into heme. It
primarily manifests as a fall in hemoglobin levels and occurs
when chloramphenicol reaches a plasma concentration of
25 mg ml�1 or higher. Thrombocytopenia and leucopenia may
also occur. Chloramphenicol can also produce severe, idio-
syncratic bone marrow toxicity resulting in aplastic anemia,
which is the most serious side effect. It is not dose-dependent
and may occur more commonly in patients who undergo
prolonged therapy. The incidence of aplastic anemia is low (1
in approximately 30 000) but it has a high rate of fatality. The
incidence of acute leukemia in those who recover is high. There
is a link between chloramphenicol exposure and acute
leukemia, just as the risk increases with the length of treatment.
Immunotoxicity

There is no evidence on immunotoxicity of chloramphenicol in
animals or human.
Reproductive Toxicity

Chloramphenicol diffuses easily into placental fluid and breast
milk and is classified as FDA pregnancy category C, which
requires caution in pregnancy. Maternal exposure to chloram-
phenicol in rats has been reported to cause malformations
including hydrocephaly, cleft palate, umbilical hernia, and also
impairment of avoidance learning in offspring. Higher inci-
dence of embryonic and fetal death and fetal growth retarda-
tion were shown in rats, mice, and rabbits given high doses of
chloramphenicol. Defects of neural tube development have
been reported in chick embryos. Increased seizure threshold
and decreased learning ability and performance in an open-
field test were reported in offspring of mice administered with
chloramphenicol during pregnancy.
Genotoxicity

According to acceptable data, the genotoxic hazard of chlor-
amphenicol is considered low. The result of drosophila test as
the genotoxicity assay in vivo for chloramphenicol was negative.
Based on studies in vitro, chloramphenicol has been reported to
cause some genetic damages like mutations in mouse
lymphoma cells and sister chromatid exchange in Chinese
hamster ovary (CHO) cells.
Carcinogenicity

Based on the findings from animal studies, chloramphenicol
use has been associated with increased risk of certain
malignancies such as lymphomas. Chloramphenicol also
induces aplastic anemia, which is related to the occurrence of
leukemia. Chloramphenicol is listed as reasonably anticipated
to be a human carcinogen.
Clinical Management

In case of intoxication, standard emergency supportive cares
should be instituted. As it causes hypothermia and hypotension,
the patient should be slowly warmed using blankets, warm IV
fluids, or warm mist inhalation. Administration of activated
charcoal is the preferable measure of decontamination. Vita-
mins B6 and B12 have been recommended for neuritis, while L-
phenylalanine can be used for bone marrow effects.
Ecotoxicology

Chloramphenicol has been reported to cause severe ultra-
structural changes in leukocytes of toads. These changes were
similar to those induced by chemical carcinogen 7,
12-dimethylbenz(a)anthracene and also similar to those in
leukocytes reported in humans with leukemia.
Other Hazards

Chloramphenicol is an inhibitor of hepatic cytochrome P450
isozymes (CYPs) which can prolong the half-life of drugs
metabolized by this system, including warfarin, dicumarol,
phenytoin, chlorpropamide, antiretroviral protease inhibitors,
rifabutin, and tolbutamide so that severe toxicity and death
have been reported because of failure to recognize such effects.
Conversely, drugs inducing CYPs like phenobarbital or
rifampin can shorten the half-life of chloramphenicol, which
may result in subtherapeutic drug concentrations.
Exposure Standards and Guidelines

Workplace environmental exposure level: 8 h time-weighted
average is 0.5 mg m�3. Because of the dose-independent
character of chloramphenicol-induced aplastic anemia, an
allowed daily intake could not be set for this drug.
Miscellaneous

In addition to safety concerns, resistance is a new reason for
chloramphenicol not to be a first line antimicrobial agent
anymore. Three mechanisms of resistance to chloramphenicol
are reduced membrane permeability, elaboration of chloram-
phenicol acetyltransferase, and mutation of the 50S ribosomal
subunit. Nonetheless, the global problem of ongoing bacterial
resistance to newer antibiotics has led to the renewed interest in
its use for some infections.
See also: Carboxylesterases; Cardiovascular System; Molecular
Toxicology: Recombinant DNA Technology.
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Background

Chlordane is a chlorinated cyclodiene manufactured for use
as an insecticide. Technical chlordane is a mixture of cis-
and trans-chlordane, lesser amounts of heptachlor, non-
achlor and chlordenes, and other related compounds.
Chlordane represents the oldest generation of the chloride
channel blocker insecticides with marked mammalian
toxicity.

Chlordane was first registered in the United States in
1948, and was extensively used to control agricultural and
structural pests. In the late 1970s, concerns regarding carci-
nogenicity potential, toxicity to developing nervous and
immune systems, environmental persistence, and bio-
accumulation in the food chain led to its ban in many
countries by 1998.

More than two decades after its ban, chlordane is still
present in certain foods, water, air, and soils. Chlordane and
oxychlordane are found in over 170 of the 1684 National
Priorities List (NPL) sites (the most hazardous waste sites in
the United States). Both chemicals are on the 2011 Compre-
hensive Environmental Response, Compensation, and
Liability Act priority list for substances with the highest
frequency, toxicity, and potential for human exposure at the
NPL sites. Chlordane is on the United Nations Environment
Program list of persistent organic pollutants, for which inter-
national action is required to reduce risks to humans and the
environment.
Chemical Profile

l Technical Chlordane: Mixture of over 140 related
compounds. Sixty percent to 95% of technical chlordane
consists of stereoisomers cis- and trans-chlordane with
a ratio of about 3:1. Both cis- and trans-isomers have
insecticidal activity.

l Chemical Abstracts Service Registry Number: CAS 57-74-9
(analytical grade), CAS 12789-03-6 (technical grade), CAS
5103-71-9 (cis- or a-chlordane), CAS 5103-74-2 (trans- or g-
chlordane)

l Chemical Name: 1,2,4,5,6,7,8,8-octachloro-2,3,3a,4,7,7a-
hexahydro-4,7-methanoindene

l Synonyms: Chlordane (technical), 1,2,4,5,6, 7,8,8-octa-
chloro-2,3,3a,4,7, 7a-hexahydro-4,7 -methano-1H-indene;
Chlorindan; Chlor; Corodan; Kypchlor; Niran; Octachlor;
Topichlor; Toxichlor; Velsicol-1068

l Chemical Class: Chlorinated cyclodiene; insecticide
l Chemical Structure: (from Pubchem) http://pubchem.ncbi.

nlm.nih.gov/image/structurefly.cgi?cid¼24860539&width¼
400&height¼400
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
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l Molecular Formula: C10H6C8

l Molecular Weight: 409.779 gmol�1

l Density: 1.59–1.63 g cm�3

l Vapor Pressure: 0.0005–0.00001mmHg at 25 �C
l Boiling Point: 175 �C (technical grade)
l Melting Point: 107 �C (cis-isomer), 104 �C (trans-isomer)
l Flash Point: 107.2 �C
l Conversion Factor: 1 ppm¼ 16.75mgm�3 at 25 �C
l Appearance: Amber-colored viscous liquid (technical

chlordane)
l Odor: Pungent, chlorine like
l Odor Threshold: 0.0084–0.0419mgm�3
Uses

From 1948 to 1978, chlordane was extensively used to control
termites in homes by underground applications around the
foundation. Itwaswidely applied as an insecticide onagricultural
crops (e.g., corn and citrus); on lawns and gardens; as a wood
preservative to control borers, termites, and dry rot; for protective
treatment of underground cables; and as a fumigating agent.
Prior to the severe worldwide restricted use in 1980s, the esti-
mated annual productionwas 9500 tons in theUnited States and
70 000 tons globally. In 1978, the US Environmental Protection
Agency (EPA) canceled its use on food crops and phased out the
remaining uses. All uses and sale in the United States were pro-
hibited in 1988, and production for export ceased in 1998.
Chlordane was banned in the European Union in 1981, Canada
in 1995, Australia in 1997, and Mexico in 1998. Despite these
major actions to eliminate the use of chlordane, production
facilities exist in China, Singapore, India, and Argentina; its
insecticidal use continues in the developing countries.
Environmental Fate and Behavior

Chlordane is soluble in organic solvents (e.g., cyclohexanone,
benzene) but practically insoluble in water (0.056mg l�1
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solubility at 25 �C). The Henry’s law constant of
0.00005 atmm3mol�1 indicates significant volatilization from
surface water. In air, chlordane reacts with photochemically
generated hydroxyl radicals with an estimated half-life of 5.2–
51.7 h.

Chlordane does not undergo significant biotic and abiotic
degradation in soil and water. Chlordane may persist for
>20 years in soil. The degradation rate under field conditions is
4–28% per year. In river water under sunlight, 85% of chlor-
dane persisted to the end of the 8-week experiment. Abiotic
degradation (hydrolysis, oxidation, dechlorination, or direct
photolysis) is also not an important environmental fate
process. The estimated Log Koc of 3.5–4.6 predicts strong soil
adsorption and resistance to leaching to groundwater.

Chlordane in soil and sediment can be taken up by organ-
isms and plants. Due to its stability, it can travel long distances
and contaminate areas remote from its use. The measured Log
Kow of 5.4 indicates extensive bioaccumulation in food chains.
Exposure and Exposure Monitoring

Before its ban, human exposure to chlordane happened directly
from its insecticidal use. Today, exposure to chlordane
continues due to its persistence in the environment and bio-
accumulation. The main exposure route is through ingestion of
contaminated water and foods (particularly fish and meat).
Enforceable levels are established in water and foods (chlor-
dane, oxychlordane, nonachlor, and chlordene). Action levels
were established in 1990 for the unavoidable environmental
contamination.

Inhalation of vapors from contaminated soil and water or
direct dermal contact with residual chlordane from past pesti-
cide applications is also possible. Chronic indoor air exposure
is possible in homes previously treated for termite control.
Chlordane has been detected in indoor air 15 years after
treatment, and an estimated over 50million people have been
exposed to chlordane in their homes in the United States.
Occupational exposure remains in countries where chlordane
is produced and used. The exposure is likely higher for the
general public living near hazardous waste sites where chlor-
dane has been detected. At a given exposure concentration,
children generally have higher body burden due to their higher
intake (inhalation volume, amount of food intake) or contact
on a per-body-weight basis.
Toxicokinetics

The estimated oral absorption of chlordane is 80% in rats and
above 50% in rabbits. Human oral, dermal, and inhalation
absorptions are evident by the presence of chlordane
compounds in blood and tissues, and in the observed systemic
toxicity. Peak blood level of chlordane and its metabolites
occurs 2–4 h after dosing in rats and after 8 h in mice.

Chlordane is extensively metabolized by the liver cyto-
chrome P450 enzymes (CYP) in animals and humans.
Hydroxylation followed by dehydration results in the more
toxic oxychlordane. Dehydrochlorination produces hepta-
chlor with subsequent formation of heptachlor epoxide.
Dechlorination and replacement of chlorine atoms by hydroxyl
group forms mono-, di-, and trihydroxy-metabolites. Chlor-
dane residues are highest in fat and lower in liver, kidneys,
brain, and muscles. The main metabolite in humans, monkeys,
rats, andmice is the epoxide oxychlordane, which is very slowly
metabolized and persists in fat. Chlordane is found in cow and
human milk. Transplacental transport is evident through
chlordane in maternal placenta, umbilical cord, and blood of
newborns. Other persistent residues in human tissues include
trans-nonachlor and pentachlorocyclopentene, as components
of technical chlordane.

The feces are the major route of elimination in rats and
mice, where 65–90% of a single oral dose is recovered within
7 days after dosing, while 2–8% is excreted in urine. Enter-
ohepatic circulation is significant. Breast milk is another
significant excretion route. Rabbits excreted a higher percentage
(28–47%) of the dose in urine, possibly due to increased
formation of soluble conjugates of chlordane metabolites. The
elimination half-lives for chlordane are several weeks to several
months in rats and humans.
Mechanism of Toxicity

The primary target for chlordane toxicity is the central nervous
system. Like other cyclodiene insecticides, chlordane acts as
a noncompetitive antagonist of the chloride ion channel of the
GABAA-receptor. When activated by GABA, the GABAA-receptor
increases Cl� conductance into the neurons and prevents
excessive nerve stimulation. Chlordane binds to the Cl�

channel of the receptor and thereby blocks the actions of
GABA. Seizures, vomiting, and convulsions are typical symp-
toms associated with antagonism of GABA. The action of
chlordane in the brain is very complex due to its biotransfor-
mation to more toxic metabolites and the presence of toxic
components. Molecular modeling and binding studies indicate
that the metabolites oxychlordane and heptachlor epoxide also
block the brain GABA-gated Cl� channels. The structurally
similar component nonachlor causes toxicity symptoms typi-
cally associated with antagonism of GABA receptors.

Liver is another target of chlordane toxicity (hypertrophy,
necrosis, and tumors). However, the mechanism is unknown.
Chlordane induces hepatic cytochrome CYP enzymes. In mouse
brain and liver, chlordane initiated signal transduction processes
characteristic for known mitogens, that is, alter cellular Ca2þ

levels and induceproteinkinaseC.Otherpotential targets include
adenosine triphosphatase functions, nervous system develop-
ment, inflammatory cytokines, macromolecule synthesis, DNA
methylation, steroid metabolism, testosterone and neurotrans-
mitter receptors, and lipid peroxidation.
Acute and Short-Term Toxicity

Animal

Chlordane is classified by the US EPA as a moderate oral
toxicant (Category II). The acute oral LD50 for rats, mice,
rabbits, and hamsters ranges from 83 to 1720mg kg�1. In rats,
the oral LD50 is 20mg kg�1 for oxychlordane and 39mg kg�1

for heptachlor epoxide, indicating a greater toxicity than
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chlordane. The oral LD50 for trans-nonachlor in rats is
500mg kg�1. Chlordane dermal LD50 in rats is 530–
840mg kg�1 day�1 and the 4-h inhalation LC50 in rats is
>200mg l�1. No reliable dermal or eye irritation studies are
available.

The targets of chlordane toxicity after short-term inhalation
and oral exposures are the liver, nervous and immune systems,
and the developing offspring. Clinical signs of neurotoxicity
include salivation, abnormal respiratory movements, hyper-
excitability, convulsions, and paralysis.
Human

Deaths from accidental dermal exposure or intentional inges-
tion of chlordane are reported. The estimated acute oral lethal
dose is 25–50mg kg�1. Initial signs involve confusion and
convulsions.

Nonlethal acute signs of poisoning are headaches, tremors,
seizures, numbness, nausea, fatigue, gastrointestinal symp-
toms, skin and eye irritation, and unconsciousness. The expo-
sure level or duration is generally unknown. Incoordination,
excitability, hyporeflexia, and convulsions occur at about
0.15mg kg�1.
Chronic Toxicity

Animal

Mortality occurred in rats after 50–163 days at 6–
32mg kg�1 day�1 and in mice within 42 days to18months at
4–21mg kg�1 day�1. Rapid weight loss and convulsions were
reported in rats prior to death.

Liver is the most common nonlethal target in 28 days to
2 years oral and inhalation studies in rats and mice. Increased
liver weights, changes in serum liver enzyme activities and
triglycerides, hypertrophy, necrosis, fat in the hepatocytes, and
fatty degeneration occurred at the lowest observed effect levels
(LOELs) of 0.06–8mg kg�1 day�1 and 1–28mgm�3. These
changes are often referred to as the chlorinated hydrocarbon
insecticide rodent liver type. Similar effects were reported for
oxychlordane and heptachlor epoxide. The LOELs for other
tissue toxicity included 6mg kg�1 day�1 for decreased thymus
weight of rats, 16–50mg kg�1 day�1 for reduced body weight
in rats, and 1.7–50mg kg�1 day�1 for neurological disturbance
(e.g., hyperexcitability, hypersensitivity to touch, tremors,
seizures, and convulsions) in rats and mice. Liver tumors
occurred in mice at 1.2–8.3mg kg�1 day�1.
Human

Adverse health outcomes are described in humans who had
increased blood and fat levels of oxychlordane, heptachlor, and
trans-nonachlor. Neurological effects in apartment occupants
exposed for up to 7 years to airborne chlordane at about
0.0005mgm�3 included slowing of reaction time, balance
dysfunction, reduction in cognitive function, and deficit of
immediate and delayed recall. Exposure to oxychlordane is
associated with an increased waist circumference and an
increased prevalence of diabetes, possibly through adipocyte
dysfunction.
Immunotoxicity

Animal

Oral studies in mice showed altered immune systems from
chlordane exposure during gestation days (GDs) 1–18 and
throughout lactation period. The LOEL for suppression of cell-
mediated immunity (depressed delayed-type hypersensitivity
reaction), granulocyte-macrophage, and spleen-forming stem
cells in the bone marrow was 4–8mg kg�1 day�1. Reduced
thymus weight and increased leukocyte counts occurred in rats
exposed to 1–28mgm�3 chlordane in air for 28–90 days.
Altered levels of serum immunoglobulin M, G1, and G2
were reported in rats that received 25mg kg�1 day�1 chlordane
orally for 28 days. In the same study, the component nonachlor
at 2.5–25mg kg�1 day�1 decreased the ability to combat
bacterial infections. In vitro, chlordane impaired the lympho-
cyte functions in monkeys.
Human

Chlordane (oxychlordane and cis- and trans-nonachlor) in
umbilical cord blood from 300 newborns was associated with
lower levels of the proinflammatory cytokine IL-1b.

Studies using trans-nonachlor and chlordane in fat biopsies
as markers of chlordane exposure at home or at work revealed
an association with immunological disregulation (distribution
of lymphocytes and decreased response to foreign antigens).
The exposure was 3 days to 15months, but the immunological
test was followed for 4months to 10 years, indicating lasting
impact on immune functions.
Reproductive and Developmental Toxicity

Reduced size of seminiferous tubules, degeneration of sper-
matogenic epithelium, and increased androgen receptor sites in
ventral prostate were reported in mice treated orally with 100–
300mg kg�1 day�1 and in rats treated with 20mg kg�1 day�1

for 30 days.
Decreased pup survival (up to 55%) was observed when

pregnant rats received 21–28mg kg�1 day�1 chlordane orally
on GD 6–19 and pregnant mice at 8mg kg�1 day�1 throughout
gestation (GD 1–18). Plasma corticosterone in the surviving
offspring was drastically elevated at the 0.16mg kg�1 day�1

dose level, possibly due to diminished liver metabolic activity.
Mice fed chlordane during late gestation (GD 12–19) exhibited
normal pregnancy, offspring, and lactation; however, pups at
38 days of age showed depressed acquisition of avoidance
response, increased seizure threshold, and exploratory activity
at the LOEL of 1mg kg�1 day�1.
Genotoxicity

Chlordane is tested negative in several gene mutation systems,
including in Salmonella typhimurium and Escherichia coli, and in
rat hepatocytes hypoxanthine-guanine phosphoribosyl trans-
ferase. Chlordane is negative for dominant lethality in mice
and recessive lethality inDrosophila melanogaster. It is also tested
negative for DNA damage/repair in S. typhimurium and E. coli;
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in rat, mouse, and hamster hepatocytes; and in human SV-40
transformed fibroblasts (with metabolic activation). The rela-
tively fewer positive reports include mitotic gene conversion in
Saccharomyces cerevisiae (with metabolic activation), prophage
induction in E. coli, forward mutation in mouse lymphoma
L5178Y cells (without metabolic activation), ouabain-resistant
mutation in Chinese hamster V79 cells, and sister chromatid
exchange in human lymphoid cells.
Carcinogenicity

Rodent dietary inclusion bioassays with chlordane and
mixtures with heptachlor and heptachlor epoxide showed
increased liver neoplasm in multiple strains of mice (adenoma,
carcinoma, and hemangioma) and rats (adenoma), and
thyroid follicular–cell adenomas and carcinomas in rats.
Promotion of mouse liver neoplastic lesions initiated by N-
nitrosodiethylamine was also reported.

Several investigations of different sample sizes and methods
(e.g., self-reporting, employment records, and biomarkers) per-
taining to occupational (manufacturing and pesticide applica-
tors) and nonoccupational exposures were inadequate for
carcinogenicity evidence in humans. Increased non-Hodgkin’s
lymphomawas reported among farmers. Possible associations to
brain and lymphohematopoietic cancers in children were repor-
ted in a small study. No notable increase was found for breast,
endometrial, or pancreatic cancers, leukemia, soft-tissue sarcoma,
or multiple myeloma. Concomitant exposure to other chemicals
(e.g., organochlorines andpesticides)was a commonconfounder
in these studies.

Taking into consideration the carcinogenicity profiles of the
common impurities heptachlor and heptachlor epoxide, the
International Agency for Research on Cancer in 2001 classified
chlordane and heptachlor as possibly carcinogenic to humans
(Group 2B). The US EPA classified chlordane as a probable
human carcinogen (Group B2) with an upper bound lifetime
cancer potency of 0.35 per (mg kg�1 day�1). The corresponding
unit risk (risk per unit concentration) is 1� 10�5 per (mg l�1)
in drinking water.
Clinical Management

Currently, there is no specific antagonist to the effects of
chlordane. However, benzodiazepines and barbiturates are
used to control chlordane-induced seizures. Cholestyramine is
recommended for increased elimination of chlordane. Gastric
lavage is performed for exposures to potentially life-threatening
doses of chlordane.
Ecotoxicology

Chlordane is highly toxic to aquatic life. The 96 h LC50 for
freshwater invertebrates and fish ranged widely. The mean
values from all data for each of the following species are
0.058mg l�1 in Daphnia magna, 0.0063mg l�1 in freshwater
shrimp, 0.037mg l�1 in fathead minnow, 0.003mg l�1 in carp,
0.025mg l�1 for rainbow trout, 0.056mg l�1 in salmon,
0.059mg l�1 in bluegill, and 0.19mg l�1 in guppy. The LC50

for saltwater species also ranged widely: 0.0004mg l�1 in pink
shrimp, 0.006mg l�1 in eastern oyster, 0.012mg l�1 in striped
bass, 0.018mg l�1 in sheepshead minnow, and 0.12mg l�1 in
threespine stickleback.

Chronic toxicity data are sparse. Sheepshead minnow did
not survive after 10 days at 7.1 mg l�1. The lowest observed effect
concentration (LOEC) from a life-cycle test is 0.32 mg l�1 for
brook trout, 1.22 mg l�1 for bluegill, and 1.7 mg l�1 for midges.

The 8-day dietary LD50 of chlordane is 331mg kg�1 in
bobwhite quail, 430mg kg�1 in pheasant, and 858mg kg�1 in
mallard ducks. Chlordane is highly toxic tobees and earthworms.
Other Hazards

Concomitant exposure to other chlorinated cyclodiens with
similar mechanism of action may result in cumulative toxicity.
Chlordane acute toxicity is increased by liver metabolic enzyme
inducers (e.g., aldrin, dieldrin, dichlorodiphenyltrichloroethane
(DDT), or phenobarbital) through increased conversion to
oxychlordane and heptachlor epoxide. Chlordane toxicity may
also be modified by chemicals (e.g., lindane, organophosphate,
and carbamate insecticides) that share same biotransformation
pathways. Rats fed low-protein diets had approximately twofold
lower acute LD50. Age is a modifying factor for the acute toxicity
of chlordane. Fetal exposures may lead to lasting changes in the
immune system function. Individuals with chronic liver disease
or impaired liver function may have greater sensitivity to
chlordane. Individuals with idiosyncratic responses to chlor-
dane may be prone to development of blood dyscrasia (i.e.,
aplastic anemia and leukemia).
Exposure Standards and Guidelines

l American Conference of Governmental Industrial Hygien-
ists threshold limit value: 0.5mgm�3 (30 ppb) Time
Weighted Average (TWA); skin: A3 – confirmed animal
carcinogen with unknown relevance to humans

l National Institute for Occupational Safety and Health
(NIOSH) recommended exposure level: 0.5mgm�3

(30 ppb) (up to 10-h workday during a 40-h workweek
TWA; skin; a potential occupational carcinogen)

l NIOSH immediately dangerous to life or health concen-
tration: 100mgm�3 (6 ppm; a potential occupational
carcinogen)

l Occupational Safety and Health Administration permissible
exposure limit: 0.5mgm�3 (30 ppb) (8-h TWA; skin –

potential for dermal absorption)
l US EPA) drinking water maximum contaminant level:

0.002mg l�1 (20 ppb)
l World Health Organization acceptable daily intake:

0.5 mg kg�1
See also: Behavioral Toxicology; Developmental Toxicology;
Chlordane; Cyclodienes; Neurotoxicity; Organochlorine
Insecticides; Pesticides; National Institute for Occupational
Safety and Health; Carcinogen Classification Schemes;
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Carcinogenesis; Federal Insecticide, Fungicide, and
Rodenticide Act, US; Genetic Toxicology; Immune System;
International Agency for Research on Cancer; Regulation,
Toxicology and; Risk Assessment, Human Health; Occupational
Exposure Limits; Ecotoxicology; ACGIH® (American
Conference of Governmental Industrial Hygienists); Children’s
Environmental Health; CERCLA; Revised as the Superfund
Amendments Reauthorization Act (SARA); Safe Drinking Water
Act; Bioaccumulation; Environmental Fate and Behavior.
Further Reading

Agency for Toxic Substances and Disease Registry (ATSDR), 1994. Toxicological
Profile for Chlordane. Public Health Service, U.S. Department Of Health And Human
Services. http://www.atsdr.cdc.gov/ToxProfiles/tp31.pdf.

American Conference of Governmental Industrial Hygienists (ACGIH), 2001. Chlordane:
TLV® Chemical Substances 7th Edition Documentation. Publication #7DOC-297.
European Food Safety Authority (EFSA), 2007. Chlordane as undesirable substance
in animal feed1. Scientific panel on contaminants in the food chain. EFSA J.
582, 1–53. http://www.efsa.europa.eu/en/efsajournal/doc/CONTAM_op_ej582_
chlordane_en,3.pdf.

National Institute for Occupational Safety and Health (NIOSH), September 2007. Pocket
Guide to Chemical Hazards. DHHS (NIOSH) Publication No. 2005-149. Department
Of Health And Human Services, Centers for Disease Control and Prevention. http://
www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf.

USEPA, 1997. Toxicological Review of Chlordane (Technical). United States Environ-
mental Protection Agency. http://www.epa.gov/iris/toxreviews/0142tr.pdf.

World Health Organization (WHO), 2006. Chlordane. Poisons Information Monograph
574. International Programme on Chemical Safety (IPCS), WHO. http://www.
inchem.org/documents/pims/chemical/pim574.htm.
Relevant Websites

http://www.atsdr.cdc.gov/toxprofiles/index.asp – Agency for Toxic Substances and
Disease Registry.

http://toxnet.nlm.nih.gov – Hazardous Substance Data Bank.
http://npic.orst.edu/ – National Pesticide Information Center.
http://www.epa.gov – United States Environmental Protection Agency.

http://www.atsdr.cdc.gov/ToxProfiles/tp31.pdf
http://www.efsa.europa.eu/en/efsajournal/doc/CONTAM_op_ej582_chlordane_en%2C3.pdf
http://www.efsa.europa.eu/en/efsajournal/doc/CONTAM_op_ej582_chlordane_en%2C3.pdf
http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf
http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf
http://www.epa.gov/iris/toxreviews/0142tr.pdf
http://www.inchem.org/documents/pims/chemical/pim574.htm
http://www.inchem.org/documents/pims/chemical/pim574.htm
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l Name: Chlordecone
l Chemical Abstracts Service Registry Number: CAS 143-50-0
l Synonyms: 1,3,4-Methano-2H-cyclobuta-(cd)pentaten-2-

one; 1,1a,3,3a,4,5,5,5a,5b,6-Decachloroctahydro; Kepone;
GC1189; Ciba8514; ENT16,391; NCI-C00191; Decachlor-
oketone; Decachlorotetracyclodecanone; Decachlorote-
trahydro-4,7-methanoindeneone

l Chemical/Pharmaceutical/Other Class: Polycyclic chlori-
nated hydrocarbons

l Molecular Formula: C10Cl10O
l Chemical Structure:

CI
CI

CI
CI

CI

CI CI

CI

CI

CI

O

Uses

Chlordecone had wide application as insecticide and fungicide.
Background Information

Chlordecone, commonly known as kepone, is a tan to white
crystalline odorless solid that was used primarily as insecticide.
Specific application included control of the rust mites in non-
fruit-bearing citrus trees, control of wireworms in tobacco fields,
grass mole crickets, slugs, snails, and fire ants. Chlordecone was
first produced in the United States in the early 1950s and
introduced commercially in 1958. A huge quantity of this
compound (3.6million pounds) was produced in the United
States between 1951 and 1975. Production of chlordecone
stopped in 1975 after the incidence of intoxication of workers
from severe industrial exposure from only chlordecone
manufacturing plants. During 1974–75, Life Science Products
associated with Allied Chemical Corporation, who was the sole
producer of kepone in the United States, experienced kepone-
related intoxication in over half of their 133 employees. Kepone
illegally discharged in the nearby James river by the factory also
resulted in extensive contamination in the water andmarine life
throughout the tidewater region in Virginia. The production
plant was officially shut down in 1975. Typical symptoms of
chlordecone intoxication include nervousness, headache, and
tremor.
846 Encyclopedia of T
Exposure Routes and Pathways

Ingestion is the most common route of exposure. However,
inhalation via the respiratory tract to the lung and dermal
routes are also common. Chlordecone is very well absorbed
following oral exposure. After its passage through the gastro-
intestinal tract (GI), it is mainly concentrated in the liver. Main
metabolites include chlordecone alcohol, glucuronide conju-
gates of chlordecone, and chlordecone alcohol.
Toxicokinetics

Chlordecone absorption in humans via ingestion, inhalation,
and dermal contacts has been investigated by the measurement
of chlordecone concentration in blood, subcutaneous fat, and
other body fluids and tissues. Workers were divided into
subjective and objective depending on their neurological
symptoms such as nervousness, tremulousness, and ataxia. The
blood concentration of chlordecone was 0.009 and 11.8 ppm,
respectively, for subjective and objective workers. Chlordecone
blood concentrations for workers without neurological symp-
toms were between 0.003 and 4.1 ppm. Neurological symp-
toms were also detected in the blood of community residents
living near the chlordecone plant, with concentrations ranging
from 0.005 to 0.0325 ppm. The routes of exposure were
inhalation of chlordecone associated with fine particulate
matter and ingestion of contaminated soil and drinking water.

Chlordecone was readily absorbed from the GI tract in
animals and establishes equilibrium of distribution among
most tissues within 24–48 h. In one experiment, male Sprague-
Dawley rats received a single dose of 40mg kg�1 [14C]-labeled
chlordecone orally in corn oil solution. Approximately 10% of
the total radioactivity was excreted on the first day, indicating
approximately 90% of the dose was absorbed in the body.
Chlordecone has limited absorption through the skin. A
complete biodistribution study done in 32 workers exposed to
chlordecone for a period of 3–16 months indicated that high
concentrations of chlordecone were present in blood, liver, and
subcutaneous fat tissues whereas a modest amount of chlor-
decone was found in muscle, gallbladder, bile, and stool. In
addition, trace amount were detected in aqueous body fluids
such as urine, saliva, gastric juice, cerebrospinal fluids, etc. It
has also been found that, compared to other chlorinated
organic pesticides, chlordecone has a strong affinity for fat
tissues, resulting in a high ratio of concentration of fat to blood
(7:1). In addition, it has been reported that 75% of chlorde-
cone in blood binds with albumin and high-density lipopro-
teins. The main deposition organ for chlordecone is liver.
Preferential uptake and slow elimination from liver were
observed in laboratory animals. While studying the
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00275-X
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distribution of chlordecone in rats receiving a single oral dose
of 40mg kg�1 [14C]-labeled chlordecone in corn oil, initial
distribution, i.e. high level of radioactivity, was observed in
adrenal gland followed by liver, lung, and fat tissues. However,
3 days after the treatment, the highest concentration of chlor-
decone was found in liver and eliminated at the slowest rate
from liver as compared to other tissues (the concentration ratio
in liver: blood increased from 28:1 on day 1 to 126:1 on day
84). The reason for the preferential retention of chlordecone by
the liver is due to its binding to plasma proteins and lipopro-
teins: 75% of chlordecone in blood is bound with albumin and
high-density lipoproteins. Chlordecone is mainly stored in
liver tissues, followed by adipose tissues in both humans and
animals.

Metabolism of chlordecone to chlordecone hydrate and
then to the more stable metabolite chlordecone alcohol begins
with the hydration of a ketone group by aldo-keto reductase
enzyme. Activity of reductase enzyme was detected in liver
cytosol of humans, rabbits, and gerbils, but was absent in
laboratory animals, including rats, mice, hamsters, and guinea
pigs. There was a 38% increase in chlordecone reductase
activity in gerbils pretreated with a single oral dose of chlor-
decone. Metabolism of chlordecone to chlordecone alcohol
was also found in pigs. Induction of chlordecone reductase
activity in pigs was suggested when an increase in the ratio of
chlordecone alcohol to chlordecone was observed in the gall-
bladder bile. Chlordecone induces cytochrome P450 mixed
function oxidase enzyme systems in rats. In humans, the
hydrate and alcohol form of chlordecone undergo glucuronide
conjugation by a-D-glucuronic acid. Metabolites of chlorde-
cone do not impart significant toxicity. It is not subjected to
metabolism in laboratory animals. Fecal excretion is the main
route of elimination. Only minimal amounts are eliminated
through kidney. Study showed that by 84 days, 65% of the dose
is excreted through feces whereas only 1.6% through urine.
Mechanism of Toxicity

A cardinal feature of chlordecone intoxication in humans is
tremor, which occurs due to the alteration in neurotransmitter
activity in dopaminergic, serotonergic, and a-noradrenergic
systems. At the cellular levels, changes in ATPase activity and
calcium homeostasis in the nervous system were observed.
Calcium uptake in animals decreased and calcium concentra-
tion in total protein-bound myelin and synaptosomal calcium
following daily oral doses of 25mg kg�1 in mice was observed.
In vitro study results suggested alteration of calcium regulation
as a main reason for neurological disorder. Chlordecone-
induced inhibition of brain mitochondrial and synaptosomal
membrane-bound Naþ, Kþ, ATPase, and oligomycin-sensitive
Mg2þ-ATPase activity was observed, which may result in
blocked cellular uptake and storage of neurotransmitters such
as catecholamines and g-aminobutyric acid, leading to neuro-
toxicity. Significant decrease in the level of dopamine in whole
brain and striatum was seen in animals exhibiting tremor.

Chlordecone-induced hepatic biliary dysfunction could be
due to the inhibition of Mg2þ-ATPase, resulting in decreased
hepatic mitochondrial energy production. Chlordecone at high
doses induces the hepatic microsomal drug-metabolizing
system. It decreases the tolerance of carbon tetrachloride, and
67-fold increase in the toxicity of a nonlethal dose of carbon
tetrachloride in laboratory rats was observed. The hepatotox-
icity could be due to decreased energy owing to the disrupted
intracellular calcium hemostasis.
Acute and Short-Term Toxicity (or Exposure)

Animal

Tremor and hyperexcitability are the main neurological symp-
toms observed in chlordecone-treated mice. The animals also
experienced loss of body weight owing to decreased water and
food consumption. Reversal of the condition in surviving
animals was observed upon withdrawal of chlordecone admin-
istration. A high degree of mortality was observed in animals
treated with chlordecone and the rate of mortality was dose
dependent. Mortality in mice dosed with 50mg kg�1 day�1

started at day 4 and reached 100% at day 6, whereas mortality
at a dose of 25mg kg�1 day�1 started at day 6 and reached 100%
at day 11, andmortality at a dose of 10mg kg�1 day�1 started at
day 12 and reached 90% at day 24. Orally administered chlor-
decone (in corn oil) demonstrated LD50 values as 71, 126, 250,
and 480 for rabbits, rats, dogs, and chickens, respectively.
Dermally administered chlordecone demonstrated an LD50 value
of 434mg kg�1.
Human

All information about the adverse side effects of chlordecone
administration in human came from the studies of occupa-
tional workers (group of 133 men) exposed to chlordecone in
a chlordecone manufacturing plant in Hopewell, Virginia. Even
though there are many effects found upon long-term exposure;
however, no death in humans exposed to chlordecone was
reported. The main affected target organs for chlordecone
toxicity in humans are the nervous system, skin, liver, and
reproductive system.
Chronic Toxicity (or Exposure)

Animal

In one chronic animal study, rats were administered a low dose
of chlordecone (1 ppm) for 21months. There was no difference
in survival and weight gain in treated and control rats.
However, histopathological findings indicated increased inci-
dence of lesions in the liver and thyroid among the chlorde-
cone-treated group. In another study by the National Cancer
Institute (NCI), to assess carcinogenicity, rats were adminis-
tered chlordecone in the diet for 80 weeks at doses of 0, 15, 30,
or 60 ppm for male rats and 0, 30, and 60 ppm for female rats.
The incidence of tremor and other clinical signs such as rough
hairs, dermatitis, and anemia was low to moderate during the
first year, but gradually increased during the second year of the
study. High-dose female and male rats developed dose-
dependent hepatocellular carcinomas, which were described as
large, poorly circumscribed masses that were well differentiated
without vascular invasion and metastases. Tumors in other
organs and the endocrine and reproductive systems were
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observed. However, incidence rates for all tumor types were not
statistically increased as compared to control, and no dose–
response trend was observed. A similar experiment conducted
in mice by NCI demonstrated a similar result. In another study,
growth retardation of fetus was observed in pregnant rats given
2mg kg�1 day of chlordecone, in mice fed 40 ppm, in laying
hen fed 75 ppm, and in quail fed 300 ppm. Liver toxicity was
observed in rats, quail, mice, and dogs chronically treated with
chlordecone.
Human

Health effects of occupational workers (133 men) who were
working only in a chlordecone manufacturing plant were
extensively studied. Out of 133 men, 76 experienced neuro-
logical symptoms such as nervousness, headache, and tremors
that persisted for 9–10 months, even after cessation of expo-
sure. Other neurological symptoms included irritability, poor
recent memory, muscle weakness, gait ataxia, incoordination,
and slurred speech. Another side-effect registered was oligo-
spermia. Sperm count andmotility had returned to normal 5–7
years following cessation of chlordecone exposure and treat-
ment with cholestyramine. Liver enlargement was noticed in 20
out of 32 workers with high blood levels (>0.6 mgml�1) of
chlordecone. However, no evidence of significant liver toxicity,
such as liver neoplasia, fibrosis, cholestasis, and hepatocellular
necrosis, was observed. Reversal of chlordecone toxicity was
observed upon removal of the drug and cessation of exposure.
Clinical Management

Cessation of exposure by removing the individual from the
source would be the first step. In case of ingestion, emesis could
be induced followed by administration of activated charcoal
and cathartics. Oil-based cathartics are avoided. To prevent
the reabsorption of chlordecone in the GI tract, cholestyra-
mine was used for chlordecone intoxication. It binds with
chlordecone and increases the fecal excretion. Cholestyramine
is an anion-exchange resin that binds chlordecone, and the
complex does not get absorbed in the GI tract. Cholestyramine
treatment reduces the average t1/2 of chlordecone in the blood
from 165 to 80 days.
Ecotoxicology

Chlordecone does not get degraded in the environment.
Chlordecone does not undergo hydrolysis or photolysis.
Microorganisms can degrade chlordecone slowly. It gets
absorbed to soil and sticks to suspended particulate matter in
water. Chlordecone accumulates significantly in fish and other
aquatic organisms.

See also: Developmental Toxicology; Occupational Toxicology;
Neurotoxicity; Organochlorine Insecticides.
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l Chemical Abstract Service RegistryNumbers: CAS 6164-98-3
(base); CAS 19750-95-9 (hydrochloride salt)

l Synonyms: Chlorphenamidine; ENT 27335 (base); ENT
27567 (salt); Chlorphenamide; Galecron�

l Molecular Formula: C10H13ClN2

l Chemical Name: N’-(4-Chloro-2-methylphenyl)-
N,N-dimethylformamidine

l Chemical Structure:
Background

Chlordimeform is a member of the formamidine family of
insecticides/acaricides, now represented by Amitraz [N’-2,4-
(dimethylphenyl)-N-((2,4-dimethylphenyl)imino)methyl-N-
methanimidamide], as chlordimeform was withdrawn from
the market in 1992 because of potential carcinogenicity. For-
mamidines are a unique class of insecticides as they target the
adrenergic nervous system. In insects they activate the octop-
amine receptors, whereas in mammals a primary target is rep-
resented by the alpha2-adrenergic receptors.
Uses

Chlordimeform was used as a broad spectrum acaricide and
insecticide. It is particularly effective againstmites and ticks, and
some Lepidoptera insects. It was extensively used in agriculture,
particularly in fruits such as apples, cherries, and strawberries, as
well as in rice and cotton. It was also used in veterinarymedicine
as an acaricide. In 1976 its use was suspended because of
suspected carcinogenicity, but it was re-introduced in most
countries in 1978 for insect control in cotton. In the late 1980s to
early 1990s, production and use ceased worldwide because of
carcinogenicity of one of its major metabolites.
Environmental Fate and Behavior

Chlordimeform has a relatively high volatility, and low water
solubility, although the salt is highly water soluble. Chlordi-
meform undergoes rapid microbial degradation in soil, and
is rapidly degraded in plants. There is no evidence of bio-
accumulation of chlordimeform in the food chain.
Exposure and Exposure Monitoring

Exposure to chlordimeform occurred in occupational settings
(manufacture, formulation, use) and was primarily caused by
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
dermal exposure with minor contribution from inhalation.
Some exposure may have occurred in the general population
on aerial spraying in cotton fields. Exposure also occurred
because of residues present in raw and processed foods. Cases
of accidental or intentional oral exposure to chlordimeform
have also been reported, particularly in China.
Toxicokinetics

Chlordimeform is well absorbed from all routes of exposure. The
base is better absorbed dermally than the hydrochloride salt.
Chlordimeform undergoes significantmetabolism and is rapidly
excreted, primarily through the urine. Chlordimeform’s metab-
olism plays a most relevant role in its toxicity, as the two
demethylated metabolites demethylchlordimeform and dide-
methylchlordimeform have higher acute toxicity than the
parent compound. Two other metabolites of chlordimeform,
4-chloro-o-toluidine and N-formyl-4-chloro-o-toluidine, are
believed to be responsible for the carcinogenic effects of chlor-
dimeform. Neither chlordimeform nor any of the metabolites
accumulate in tissues.However, despite its discontinueduse since
1993, low levels of chlordimeform have been found in human
adipose tissue in residents of Southeast China as late as 2008.
Mechanism of Toxicity

Earlier studies indicated that a primary mechanism of chlor-
dimeform’s toxicity was inhibition of monoamine oxidase;
however, subsequent findings suggested that this biochemical
effect does not play a significant role in its acute toxicity. Other
reported effects of chlordimeform include inhibition of
oxidative phosphorylation and inhibition of calcium channels.
The chemical structure of chlordimeform is similar to that of
norepinephrine and other sympathetic amines. In insects,
chlordimeform exerts its toxicity by activating octopamine
receptors. The equivalents of the latter in mammals are the
alpha2-adrenergic receptors. Chlordimeform acts as an agonist
at alpha2-adrenoceptors, and its demethylated metabolite,
which is more acutely toxic, is also 400-fold more potent
toward alpha2-adrenoceptors. Signs and symptoms of chlor-
dimeform’s acute exposure can be explained by activation of
alpha2-adrenergic receptors.
Acute and Short-Term Toxicity

Animal

Chlordimeform has a moderate acute toxicity in rodents (oral
LD50 ¼ 200–300 mg kg�1 bw). Main signs of acute exposure
are hypotension, hypothermia, hyperglycemia, and brady-
cardia. Anemia, and kidney and liver damage have also been
reported in short-term animal studies.
4-3.00112-3 849
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Human

Effects of chlordimeform in humans include severe hypoten-
sion, cardiac toxicity, nausea, and vomiting; central nervous
system depression, and blurred vision are common. In some
cases, impairments of kidney and liver functions have also been
reported.
Chronic Toxicity

Animals

The main adverse effect of chlordimeform is carcinogenicity.
Humans

Cases of hematuria were reported in workers in a chlordime-
form packaging plant. Various studies in individuals exposed to
chlordimeform indicate an increased risk of bladder cancer,
primarily when exposure to 4-chloro-o-toluidine also occurred.
Chlordimeform is classified by IARC and EPA as a probable
human carcinogen (Group 2A and B2, respectively), based on
the findings in mice and on limited information in humans.
Immunotoxicity

There no evidence that chlordimeform induces significant
immunotoxic effects.
Reproductive Toxicity

No significant treatment-related effects were found in multi-
generational reproductive studies in rodents. Chlordimeform
does not appear to be a teratogen.
Genotoxicity

Chlordimeform is negative in most in vitro tests for mutage-
nicity and genotoxicity in both bacterial and mammalian
systems. In contrast, 4-chloro-o-toluidine tested positive in
various in vitro tests for DNA damage and cell transformation.
Carcinogenicity

The main adverse effect of chlordimeform on chronic exposure
is carcinogenicity, and two metabolites, 4-chloro-o-toluidine
and N-formyl-4-chloro-o-toluidine, appear to be responsible
for this effect. 4-Chloro-o-touidine in particular is a more
potent carcinogen than chlordimeform, and is believed to be
responsible for the tumors observed in rodents and humans.
The exact mechanism of carcinogenicity by 4-chloro-o-tolui-
dine is unclear, but may involve genotoxic mechanisms.

In mice, a dose-dependent incidence of hemangioendo-
theliomas, particularly in liver, kidney, and spleen, has been
found in two studies. Hemangiomas and hemangiosarcomas
were also found in mice on chronic dietary exposure to the
chlordimeform metabolite 4-chloro-o-toluidine. No treatment
related increase tumor incidence was reported in rats.
Clinical Management

Treatment for chlordimeform intoxication is supportive and
symptomatic. Adequate ventilation should be supported.
Diazepam may be used for seizures, and atropine for brady-
cardia. Hypotension may respond to the use on an inotrope.
Gastric lavage may be considered shortly after ingestion, and
oral activated charcoal would be appropriate later. Antagonists
of alpha2-adrenergic receptors, such as yohimbine, have been
shown to reverse acute toxicity in animals, but their efficacy has
not been assessed in humans.
Ecotoxicology

Limited studies indicate that chlordimeform has moderate to
low toxicity toward fish and avian species.
Exposure Standards and Guidelines

The last available temporary ADI (Acceptable Daily Intake) for
chlordimeform was 0.0001 mg kg�1 day�1, established in
1978. The temporary ADI was withdrawn in 1987.

See also: Amitraz; Pesticides.
Further Readings

Costa, L.G., Olibet, G., Murphy, S.D., 1988. Alpha2-adrenoceptors as a target
for formamidine pesticides: in vitro and in vivo studies in mice. Toxicol. Appl.
Pharmacol. 93, 319–328.

Popp, W., Schmieding, W., Speck, M., Vahrenholz, C., Norpoth, K., 1992. Incidence of
bladder cancer in a cohort of workers exposed to 4-chloro-o-toluidine while
synthesizing chlordimeform. Br. J. Ind. Med. 49, 529–531.
Relevant Website

http://www.inchem.org – Chlordimeform (Environmental Health Criteria 199); Inter-
national Programme on Chemical Safety.

http://www.inchem.org
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Background

Chlorfenvinphos is a chlorinated organophosphorus ester
manufactured as an insecticide and acaricide. Like other
organophosphorus pesticides (OPs), its most prominent
toxicity is associated with binding and thereby inhibiting the
enzyme acetylcholinesterase (AChE) in insects and mammals.
Chlorfenvinphos represents the oldest generation of OPs that
exhibit marked mammalian toxicity. It is a direct-acting
cholinesterase (ChE) inhibitor and does not require meta-
bolic activation to yield anti-ChE activity.

Chlorfenvinphos was registered in the United States in
1963 and extensively used to control insect pests on
domestic animals, in households, and animal buildings.
Concerns regarding high acute toxicity and developmental
and reproductive effects led to the cancelation of all its uses
in 1991. Chlorfenvinphos was banned in Canada in 1999
and in the European Union (EU) in 2006. It continues to be
used in the developing countries, and in Australia and New
Zealand as an important veterinary medicine for ectopara-
sites in livestock.

Chlorfenvinphos has been detected in at least one of
the 1684 National Priorities List sites (the most hazardous
waste site) in the United States. It is regulated under “The
Emergency Planning and Community Right-to-Know Act of
1986,” which requires manufacturers or users to report
annual release to any environmental media. Chlorfenvin-
phos is also one of the 38 high-priority hazardous chemicals
and chemical warfare agents for which the US Environ-
mental Protection Agency is developing advisory levels for
exposure in case of large-scale disasters or environmental
contamination.
Chemical Profile

l Technical Chlorfenvinphos: mixture of E and Z isomers of
the phosphate with a Z:E ratio of 8.6:1. Both E and Z
isomers have insecticidal activity

l Chemical Abstracts Service Registry Number: CAS 470-90-6
(EZ), CAS 18708-86-6 (E), CAS 18708-87-7 (Z)

l Chemical Name: ((EZ)-2-chloro-1-(2,4-dichlorophenyl)
ethenyl) diethyl phosphate

l Synonyms: Chlorfenvinphos, Clofenvinfos, 2-Chloro-1-
(2,4-dichlorophenyl)vinyl diethyl phosphate, Chlorfenvin-
phos solution, Clorfenvinfos, Clofenvinfos (INN), Supona
(TN), AC1NTBS1, AC1Q3MCM, 2-Chloro-1-(2,4-dichlor-
ophenyl)ethenyl diethyl phosphate

l Chemical Class: Organophosphate; Insecticide, Acaricide
l Chemical Structure: (from Pubchem): http://pubchem.ncbi.

nlm.nih.gov/image/structurefly.cgi?cid¼5377791&width¼
400&height¼400
cyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
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l Molecular Formula: C12H14Cl3O4P
l Molecular Weight: 359.57 gmol�1

l Density: 1.53 g cm�3 at 25 �C
l Vapor Pressure: 0.000008mm Hg at 25 �C
l Boiling Point: 120 �C
l Melting Point: �23 to �19 �C
l Flash Point: No data
l Conversion Factor: 1 ppm¼ 14.7mgm�3 at 25 �C
l Appearance: Colorless to amber liquid
l Odor: Mild odor
Uses

From 1963 until the early 1990s, chlorfenvinphos was exten-
sively used in veterinary products (dip, dust, and collars) for
flea and tick control on pets and domestic animals, and in dairy
barns, milk rooms, poultry houses, and other animal buildings.
Agriculturally, it was used on potatoes, rice, and maize, and for
control of soil insects and nematodes. All uses were canceled in
the United States in 1991 and phased out in EU in 2006.
Chlorfenvinphos continues to be used in Australia and New
Zealand in veterinary products for combating ectoparasites on
cattle and sheep.
Environmental Fate and Behavior

Chlorfenvinphos is soluble in organic solvents (e.g., ethanol,
acetone) and has moderate solubility in water (145mg l�1

solubility at 23 �C). The calculated Henry’s law constant
of 0.00000002 atmm3mol�1 indicates that surface water
4-3.01110-6 851
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volatilization is unlikely an important fate process. The esti-
mated half-life for reacting with photochemically generated
hydroxyl radicals in the air is 7–92 h. Photolysis of chlorfen-
vinphos produces dechlorinated products or isomerization of
the Z to the E isomer.

Chlorfenvinphos undergoes abiotic hydrolysis, photo-
degradation, and biotic degradation in soil and water.
Depending on the soil type and climate, its soil persistence
varies from 14 days to over 210 days. Half-lives in river waters
range from 13 to 51 days. The rate of hydrolysis depends on the
acidity of the environment. Chlorofenvinphos hydrolyzes
slowly in neutral and acidic solutions with a half-life of
388–483 days. The main degradates are 2,4-dichloro-1-(1
hydroxyethyl)benzene, 2,4-dichloro-chloromethyl ketone, 2,4-
dichlorobenzoic acid, and 2-hydroxy-4-chlorobenzoic acid.
The estimated log Koc of 2.45 indicates moderate soil adsorp-
tion and the potential for groundwater leaching.

Chlorfenvinphos in soil and sediment can be taken up by
organisms and plants. Based on the measured log Kow of
3.81–4.22, chlorfenvinphos is not expected to bioaccumulate
in food chains. Australian studies reported a half-life of 57 days
in greasy wool of merino sheep with over 29% of the applied
pesticide recovered in the grease to be processed into lanolin
products.
Exposure and Exposure Monitoring

Human exposure to chlorfenvinphos happens directly from its
insecticidal use. Dermal and inhalation pathways are likely to
dominate workers’ exposures from handling treated cattle,
sheep and wool wax, or reentering treated fields.

In countries like the United States where chlorfenvinphos is
banned, exposures may continue from runoff and leaching
from hazardous waste disposal sites. Exposure to the general
public may occur by ingesting imported foods and lanolin-
containing pharmaceutical products. Occupational exposure
remains possible for workers at contaminated waste sites or in
legal production for export. The exposure is likely higher for the
general public living near hazardous waste sites, where chlor-
fenvinphos has been detected in surface and ground waters and
soil samples. At a given exposure concentration, children
generally have higher body burden due to their higher intake
(inhalation volume, amount of food intake) or contact on a per
bodyweight basis.
Toxicokinetics

The estimated oral absorption of chlorfenvinphos is 86–94% in
rats, dogs, and humans. In rats, peak blood level of chlorfen-
vinphos and its metabolites occurs between 25min and 1 h after
dosing. The dermal and inhalation absorptions in humans are
evident in the detection of the parent compound and metabo-
lites in tissues and organs, and by the inhibition of ChE activities.

In rats, dogs, and humans, chlorfenvinphos is extensively
metabolized through oxidative dealkylation by the liver
cytochrome P450 (CYP) enzymes and produces 2-chloro-1-
(2,4-dichlorophenyl)vinyl ethyl hydrogen phosphate, 2,4-
dichloromandelic acid, and acetaldehyde possibly through
epoxide intermediates. In humans, chlorfenvinphos and its
metabolites are found in serum, cervical mucus, follicular and
sperm fluids, and milk. It also binds to plasma proteins,
e.g., albumin. Chlorfenvinphos is detected in omental fat of
sheep 3 days after applications in a dip or spray race. Chlor-
fenvinphos metabolism in liver slices is more rapid in dogs,
rabbits, and mice than in rats.

Urine is the main route of elimination where 86–89% of
a single oral dose is found over 4 days in rats and dogs, and
94% is excreted within 26 h in humans. About 2–16% is
excreted in the feces. Chlorfenvinphos was detected in cow
milk. The major metabolites in excreta are 2-chloro-1-(2,4-
dichlorophenyl)vinyl ethyl hydrogen phosphate, 1-(2,4-
dichlorophenyl)ethanol, 1-(2,4-dichlorophenyl)ethanediol,
2,4-dichloromandelic acid, 2,4-dichlorobenzoyl glycine, and
glucuronide conjugates. An elimination half-life (t1/2) of 24 h is
reported in rabbits.
Mechanism of Toxicity

The mechanism of toxicity of chlorfenvinphos is related to its
binding and inhibition of the serine hydrolase AChE. In the
nervous system, AChE hydrolyzes the neurotransmitter acetyl-
choline, thereby terminating its synaptic action. AChE inhibi-
tion increases the availability of acetylcholine at the neural
synapse, leading to cholinergic overstimulation, autonomic
and neuromuscular dysfunction, and at higher levels, resulting
in coma and death. Major metabolites of chlorfenvinphos do
not inhibit ChE. Chlorfenvinphos inhibits butyrylcholinester-
ase which may function as a molecular scavenger for anti-ChE
compounds in the blood or substitute for AChE where it is low.

The stress responses to acute exposure of chlorfenvinphos
are evidenced in rats by rapidly increased plasma corticosterone
concentrations and a prolonged reduced sensitivity to psy-
chostimulants such as amphetamine. These effects were
attributed to the hyperactivity of the cholinergic system from
ChE inhibition, leading to persistent alterations of the brain
cholinergic–dopaminergic balance.

Other potentially more sensitive non-ChE targets that may
influence the overall toxicity of chlorfenvinphos include lipid
metabolism, oxidative stress, aromatic amino acid transferases,
and cytotoxicity. Chlorfenvinphos may act via central norad-
renergic mechanisms to induce hypotension by accelerating the
noradrenaline turnover in the brain. Chlorfenvinphos induces
hepatic CYPs.
Acute and Short-Term Toxicity

Animal

Marked difference between species exists in the acute oral
LD50 values of chlorfenvinphos. These are 9.7–39mg kg�1

for rats, 117–250mg kg�1 for mice and guinea pigs,
300mg kg�1 for rabbits, and >5000mg kg�1 for dogs. The
species sensitivity may reflect the rate of metabolic detoxifica-
tion of chlorfenvinphos to 2-chloro-1-(2,4-dichlorophenyl)
vinyl ethyl hydrogen phosphate. In vitro, rats had much lower
conversion rate than mouse, rabbit, and dog. Rats were shown
to be protected from acute toxicity of chlorfenvinphos by CYP
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inducers (e.g., dieldrin), possibly through enhanced detoxifi-
cation. The rat dermal LD50 is 30mg kg�1 day�1 and the
inhalational LC50 is 0.133mg l�1. Chlorfenvinphos is not
irritating to the eye and is a weak skin sensitizer. Based on its
acute toxicity, the WHO classified in 1992 chlorfenvinphos as
extremely hazardous.

The main target of chlorfenvinphos toxicity after short-term
oral exposure is the nervous system. Muscarinic and nicotinic
cholinergic syndromes include hypersalivation, respiratory
distress, miosis, muscular twitches, tremors, ataxia, diarrhea, and
vomiting.Other nonlethal effects aremetabolic and liver enzyme
changes, elevation of plasma corticosteroids, hypotension, and
alteration in noradrenaline levels and aromatic aminotransferase
activity in the brain and sleep disturbance. Chlorfenvinphos has
not been tested for delayed neuropathy in hens.
Human

Human deaths occurred due to intentional ingestion of
chlorfenvinphos. Pulmonary congestion and edema were
reported in one case at about 830mg kg�1. Postmortem,
chlorfenvinphos was detected in the stomach, liver, blood, and
urine. Nonlethal effects involve central nervous system,
cardiovascular system, and respiratory system.

Common cholinergic signs are lacrimation, salivation,
tremors, nausea, miosis, and muscle incoordination. Uncon-
sciousness, absence of tendon reflexes, severely inhibited blood
and red blood cell (RBC) ChE, respiratory failure, and hyper-
secretion occurred after a single oral dose of about
360mg kg�1. In clinical studies with adults, the lowest
observed effect level (LOEL) for plasma and RBC ChE inhibi-
tion is 1mg kg�1 orally and 5mg kg�1 dermally.

Over 200 records of nonoccupational poisonings are
available during 1995–2010 from the Spanish Poison Control
Center Database. The majority were accidental oral exposure
from chlorfenvinphos veterinary products.
Chronic Toxicity

Animal

Reproductive two- and three-generation studies in rats (see
Reproductive and Developmental Toxicity Section) showed
decreased pup survival at 10mg kg�1 day�1. Nonlethal LOELs
reported in 30 days to 2 years oral studies with chlorfenvinphos
included 0.8mg kg�1 for gastrointestinal effects in rats,
1.5–7mg kg�1 day�1 for increased liver weight and decreased
thymus and kidney weight in rats and mice, 93mg kg�1 day�1

for hypertrophy and hyperplasia of adrenal cortex in mice,
1.9–10mg kg�1 day�1 for neuromuscular effects and decreases
in bodyweight, bodyweight gains, and food consumption in rats,
0.5–0.7mg kg�1 day�1 for 17–48% plasma, RBC, and brain ChE
inhibition in rats and dogs after 1week–2 years of oral exposures.
Human

Adverse health outcomes are described in humans occupa-
tionally exposed to chlorfenvinphos for up to 15 years. Workers
involved in production of chlorfenvinphos showed impair-
ed immune system, respiratory muscle and liver function,
inhibition of plasma ChE, and changes in electromyographic
voltage measured in the ulnar nerve region. Most of these
studies involved exposures to other pesticides and cannot be
ascribed to chlorfenvinphos alone.
Immunotoxicity

Chlorfenvinphos administered to mice, rats, and rabbits for
84–90 days at 1.5–10mg kg�1 day�1 produced various
immunological/lymphoreticular changes. The LOEL for
reduction of thymus weight, involution of the thymus, and
stimulation of spleen colonies was 1.5 mg kg�1 day�1 in mice.
This is the basis for the Agency for Toxic Substances and Disease
Registry (ATSDR) to establish the minimal risk level (MRL) for
intermediate-duration oral exposure to chlorfenvinphos, in
addition to setting the acute and chronic MRLs based on ChE
inhibition. Decreased number of hemolysin-producing cells
and E-rosette-forming cells, increased interleukin-1 activity,
and delayed hypersensitivity reaction occurred at higher doses.
In rats and rabbits, reduced spleen weight, spleen cytomor-
phological changes, elevated serum hemagglutinin and
hemolysin activity, and increased number of nucleated
lymphoid cells producing hemolytic antibody to sheep eryth-
rocytes occurred at 3–10mg kg�1 day�1.
Reproductive Toxicity

The available data suggest that chlorfenvinphos adversely affects
reproduction and pre- and postnatal development. In prenatal
developmental studies, pregnant rats received chlorfenvinphos
up to 3mg kg�1 day�1 orally on gestation days (GDs) 6–15 or
pregnant rabbits received up to 100mg kg�1 day�1 onGDs6–18.
Preimplantation losses were reported in rabbits at the LOEL
of 25mg kg�1 day�1. Chlorfenvinphos at 50mg kg�1 day�1

increased the incidence of open eyes and edema in hamster dams
and decreased the weight and length of hamster fetuses.

In two- and three-generation studies, rats fed with
0.05–30mg kg�1 day�1 of chlorfenvinphos mated normally
and exhibited normal pregnancy. However, pup viability and
lactation index were severely impacted at 5–10mg kg�1 day�1.
Marked decreases in fertility (50–84%) and birth index,
reduction in maternal and pup bodyweight gain, and inhibi-
tion of plasma and brain ChE had the lowest LOEL of
0.5mg kg�1 day�1.

No developmental neurotoxicity data on chlorfenvinphos
are available in laboratory animals or in humans.
Genotoxicity

Chlorfenvinphos shows mostly negative results in genotox-
icity tests. It was negative for mutation in Escherichia coli (WP2
hcr), Bacillus subtilis (H17 Recþ and M45 Rec�), and in
multiple studies in multiple strains of Salmonella typhimurium.
The only positive report was in TA100 strain with decreased
potency in the presence of metabolic activation. A pesticide
mixture containing 0.3% chlorfenvinphos was tested negative
in male rat bone marrow micronucleus assay from oral
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exposures and for chromosomal aberration in human
lymphocytes in vitro.
Clinical Management

The muscarinic signs of chlorfenvinphos poisoning are antag-
onized by atropine, which blocks acetylcholine but only at
muscarinic receptors. Oximes are used to treat the nicotinic
effects (e.g., muscle paralysis) by reversing the AChE phos-
phorylation before the onset of its aging. CYP inducers such as
antipsychotics (triflupromazine) and analgesics (aspirin,
morphine) are used to accelerate the detoxification of chlor-
fenvinphos. Gastric lavage is performed for exposures to
potentially life-threatening doses of chlorfenvinphos.
Ecotoxicology

Chlorfenvinphos is highly toxic to freshwater Daphnia, with
reported acute LC50 at <0.1–10mg l�1 and a 21-day repro-
ductive toxicity lowest observed effect concentration (LOEC) at
0.0003mg l�1. In fish, the acute LC50 is<0.1mg l�1 for tilapia
and carp, 0.1–1mg l�1 for rainbow trout, and 1–10mg l�1 for
guppy. The LOEC is 0.1mg l�1 for a 7-day brain AChE inhi-
bition in rainbow trout and 0.003mg l�1 for an 84-day
reproduction in striped catfish. Toxicity to avian species varied,
with acute oral LD50 ranged from <10mg kg�1 in starlings to
50–500mg kg�1 to mallards, chickens, pheasants, and quail.
The 28-day No Observed Effect Level for brain AChE
inhibition is 3mg kg�1 in adult starlings. The LD50 of chlor-
fenvinphos to bees ranged widely, with a mid value of
0.004mg per bee.
Other Hazards

Concomitant exposure to other OPs and carbamates with
similar mechanism of action may result in cumulative toxicity.
Among those having greater sensitivity to the acute toxicity of
chlorfenvinphos are the young who have lower CYP level
for detoxification and those with low plasma ChE, which
acts to reduce the availability of chlorfenvinphos to the
neuromuscular tissue. Data in animals showed that chlorfen-
vinphos toxicity is decreased by CYP inducers, and is increased
by agents that inhibit liver metabolic enzymes (ethyl iso-
cyanide and halogenated alkanes and alkenes).
Exposure Standards and Guidelines

USA ATSDR MRL for oral exposure: 0.002mg kg�1 day�1 for
acute and intermediate durations; 0.0007mg kg�1 day�1 for
chronic duration.

Joint FAO/WHO Meeting on Pesticide Residues Chronic
Oral Acceptable Daily Intake: 0.0005mg kg�1 day�1.
See also: Behavioral Toxicology; Developmental Toxicology;
Toxicity Testing, Developmental; Cholinesterase Inhibition;
Common Mechanism of Toxicity in Pesticides; Neurotoxicity;
Organophosphorus Compounds; Pesticides; Cytochrome
P450; Federal Insecticide, Fungicide, and Rodenticide Act, US;
Genetic Toxicology; Immune System; Regulation, Toxicology
and; Toxicity Testing, Reproductive; Risk Assessment, Human
Health; Ecotoxicology; Children’s Environmental Health;
Epidemiology; Environmental Fate and Behavior.

Further Reading
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Martinez, M.A., Ballesteros, S., 2012. Two suicidal fatalities due to the ingestion of
chlorfenvinphos formulations: simultaneous determination of the pesticide and the
petroleum distillates in tissues by gas chromatography-flame-ionization detection
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World Health Organization (WHO), 1994. Chlorfenvinphos. Pesticide Residues
in Food. Part II Toxicology. International Programme on Chemical Safety
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Relevant Websites

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
http://www.apvma.gov.au – Australian Pesticides and Veterinary Medicine Authority.
http://npic.orst.edu – National Pesticide Information Center.
http://www.epa.gov – United States Environmental Protection Agency.
http://toxnet.nlm.nih.gov – Hazardous Substance Data Bank.
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Introduction

Drinking water disinfection is a worldwide practice to elimi-
nate the microbial contaminants and is considered to be one of
the greatest public health advances in this century. Ever since
the use of disinfectants, there is a significant decrease in
waterborne infectious diseases such as typhoid, cholera,
hepatitis, and polio, which for decades posed threat to public
health. The most widely used disinfectants are chlorine, ozone,
chlorine dioxide, and chloramines. Among these, chlorine is
the most effective and efficient in inactivating most microbes.
The noteworthy biocidal effects of chlorine have been some-
what offset by the formation of potential toxic and carcino-
genic chlorination byproducts (CBPs). Additionally, several
adverse birth outcomes are implicated to CBP exposure. Hence,
in order to balance between microbial and chemical risks, it is
essential to better understand the chemistry, toxicology, and
epidemiology of CBPs.
Formation of CBPs

Chlorine is applied as chlorine gas, powdered calcium hypo-
chlorite (Ca(OCl)2), or liquid sodium hypochlorite (NaOCl;
bleach). Chlorine reacts with the organic (natural organic
matter (NOM)) or inorganic (bromide ion (Br�)) precursors in
the water to form chlorine disinfection byproducts (DBPs),
including trihalomethanes (THMs), haloacetic acids (HAAs),
haloacetonitriles (HANs), haloketones, chloral hydrate, and
chloropicrin. Humic and fulvic acids are the predominant
NOMs. When bromine exists, the chlorine oxidizes it to
hypobromous acid/hypobromite ion (HOBr/OBr�) to form
bromo THMs (bromodichloromethane (BDCM) and dibro-
mochloromethane (DBCM)), HAAs, and HANs. The formation
of CBPs is influenced by pH, temperature, ammonia, carbonate
alkalinity, chlorine dose, contact time, removal of NOM (is
higher in the surface water compared to groundwater) before
chlorine application, etc. Moreover, the composition of these
mixtures may change seasonally resulting in higher CBPs
during warm season compared to cold season. The formation
of THMs increases at high pH levels and decreases at low pH
levels, whereas the opposite is true of HAAs. Generally, chlo-
rinated THM, HAA, and HAN species dominate over bromi-
nated species, although the opposite may be true in high
bromide waters. More than 600 DBPs have been identified in
drinking water; despite intense efforts, a significant percentage
of the total organic halogens still remain unaccounted for.
Toxicology of CBPs

Drinking water ingestion is a predominant pathway of CBP
exposure. However, exposure via inhalation, dermal contact,
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
and also exposure during showering, bathing, and swimming
can occur. The toxicity of the CBPs is highly dependent on the
species and strain of the rodents. The dominance of chlorine
DBP groups generally decreases in the order of THMs, HAAs,
and HANs. Among the THMs, chloroform (CHCl3) and
BDCM are the first and second most dominant species.
Among HAAs, dichloroacetic acid (DCA) and trichloroacetic
acid (TCA) are the first and second most dominant species. A
brief review of findings relevant to the toxicity of important
CBPs follows.
Trihalomethanes

The THMs are volatile liquids at room temperature and
a variety of toxic effects have been associated with short-term
and long-term exposures of experimental animals at high
doses. Each of the four most common THMs – CHCl3,
BDCM, DBCM, and bromoform – has been shown to be
carcinogenic to rodents in high-dose chronic studies. CHCl3 is
generally the predominant and the most extensively studied
chemical of this class. THMs administered by corn oil gavage
cause significantly more toxicity than equivalent doses
administered in an aqueous emulsion. However, administra-
tion via drinking water did not show any signs of toxicity.
Nonetheless, bulk of the studies has been conducted using oil
vehicle. The maximum annual average of THMs detected in
local water supplies cannot exceed 80 ppb as per EPA
regulations.
Chloroform

Toxicokinetics

CHCl3 absorption is rapid and extensive after oral, dermal, and
inhalation routes. CHCl3 appears to distribute widely
throughout the body, with high levels in liver and fat and lower
levels in blood, brain, muscle, lung, and kidney. However, high
levels were found in the kidney of male mice. CHCl3 is rapidly
metabolized and it undergoes both oxidative and reductive
biotransformations through cytochrome P450. While the
oxidative metabolism produces phosgene, causing toxic effects,
the reductive biotransformation forms dichloromethyl radical,
which may react with the phospholipids to form adducts.
However, oxidative metabolism is predominant. CHCl3
metabolism is species and strain specific. It is metabolized
primarily by CYP2E1, whereas at high levels CYP2B1/2 is also
involved in the metabolism. CHCl3 biotransformation occurs
mainly in the liver and kidney (only in male mice). In humans,
about 80 and 90% of the CHCl3 is absorbed under inhalation
and oral exposures, respectively. Absorption of dermal expo-
sure was approximately equivalent to inhalation exposure.
Human CYP2E1 catalyzes the oxidation of CHCl3.
4-3.00276-1 855
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Toxicity

The LD50s ranging from 36 to 3245mg kg�1 have been repor-
ted in rats and mice depending upon strain, vehicle, and route
of exposure. Acute and short-term exposures to CHCl3 affect
the liver, kidney, central nervous system (CNS), and immune
system. Cell proliferation preceding liver and kidney toxicity,
higher lipid peroxidation, and glutathione (GSH) depletion
were noted in rodents following CHCl3 administration. The
extent of CHCl3-induced damage via drinking water is signifi-
cantly lower than other modes of administration. CHCl3 is
teratogenic. Signs of maternal toxicity (decreased body weight
and changes in organ weight) were reported in rats, rabbits,
and/or mice. Reproductive effects were reported in a three-
generation study in mice. CHCl3 produces liver tumors in male
and female mice, kidney tumors in male mice and rats, and
liver tumors in female rats. The tissue-, species-, strain-, and sex-
specific metabolism and toxicity of CHCl3 correlate well with
tumor formation. There is only weak evidence for genotoxicity
of chloroform in in vivo experiments and in mammalian cells
in vitro. Nausea, lassitude, dry mouth, flatulence, depression,
scalding urination, and higher frequency of hepatitis were
observed in workers exposed to CHCl3 in occupational settings.
CHCl3 anesthesia may result in death in humans due to
respiratory and cardiac arrhythmias and cardiac failure. Because
of the relatively high frequency of ‘late CHCl3 poisoning’ (liver
toxicity), its use as anesthetic has been abandoned. Interna-
tional Agency for Research on Cancer (IARC) concluded that
there is inadequate evidence for the carcinogenicity of chlori-
nated drinking water in humans and classified CHCl3 as
possible carcinogen (group 2B).
Mode of Action

There is, however, compelling evidence that CHCl3 produces
cancer in rodents through a nongenotoxic/cytotoxic mode of
action, with carcinogenesis resulting from events secondary to
CHCl3-induced cytotoxicity and regenerative cell proliferation.
Bromodichloromethane

Bromine substitution generally decreases volatility and
enhances lipid solubility (uptake into tissues), which increases
biotransformation. Among the four THMs commonly found in
drinking water, BDCM appears to be the more potent rodent
toxicant and carcinogen. A recent study has shown that show-
ering, bathing, and other water uses involving dermal contact
will lead to much greater systemic BDCM doses than ingestion
of water. However, studies concerning BDCM toxicities are
limited.
Toxicokinetics

Absorption of BDCM appeared to be rapid, but fairly complete
and eliminated rapidly. The highest levels were found in the
liver, stomach, and kidney. With aqueous vehicle the absorp-
tion and elimination were rapid as compared with oil vehicle.
Like CHCl3, BDCM also undergoes P450-mediated oxidative
and reductive metabolisms and produces phosgene and
dichloromethyl radical, respectively. Cytochrome P450,
CYP2E1, and CYP2B1/2, as well as a theta-class GST, have been
implicated in the metabolism of BDCM in animals. CYP2E1 is
responsible for BDCM metabolism in humans.
Toxicity

The oral LD50s ranging from 450 to 969mg kg�1 were reported
in mice and rats. Following acute and short-term exposures,
pathological changes in liver, kidney, adrenals, lung, and brain
and clinical observations including ataxia, sedation, and
anesthesia were noted. Males appear to be slightly more
susceptible than females. Increased incidence of sternebral
anomalies in fetus in rats was observed at maternally toxic
dose. Chronic exposure to BDCM caused nonneoplastic lesions
in liver and kidney and tumors in liver, kidney, and large
intestine. Animal studies provide convincing evidence that
BDCM is carcinogenic. BDCM has shown some genotoxic
activity (chromosome aberrations) in mammalian cells in vitro
and has caused sister chromatid exchange (SCE) in bone
marrow in mice in vivo. The GSH conjugate of BDCM (but not
that of chloroform) is much more mutagenic in bacteria than
the parent compound and such a conjugation activity takes
place also in mammalian cells. Epidemiological studies have
suggested a correlation between BDCM exposure and sponta-
neous abortions, stillbirths, and neural tube defects. IARC
concluded that there is sufficient evidence for its carcinoge-
nicity in experimental animals and inadequate evidence for its
carcinogenicity in humans and assigned to 2B class.
Mode of Action

BDCM is a relatively weak mutagen, and its conjugation with
GSH may lead to genotoxicity. It is proposed that BDCM
induces cancer through cytotoxicity leading to regenerative
hyperplasia and direct mutation of metabolites. The extent to
which each of these processes contributed to the induction of
tumors is at present unclear.
Dibromochloromethane

Compared to CHCl3 and BDCM, the toxic potency of DBCM is
lower.
Toxicokinetics

The pattern of distribution and elimination of DBCM was very
similar to that observed with BDCM, but it is the least studied
THM. Presumably, metabolism proceeds via the same routes of
biotransformationasdescribed forBDCM.Oxidativemetabolism
of DBCM would be expected to yield a bromochlorocarbonyl
rather than phosgene, and reductive dehalogenation would
produce a bromochloromethyl radical.
Toxicity

Acute oral LD50s ranging from 800 to 1200mg kg�1 and clin-
ical signs such as ataxia, sedation, and anesthesia were noted in
rodents. Acute or repeated administration of DBCM caused
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decreased response rates and reduced aggressive behavior in
mice and hamsters. Hepatotoxicity, nephrotoxicity, cardiotox-
icity, necrosis in salivary glands, and depression in immune
function were noted in the repeat dose studies. DBCM did not
cause developmental toxicity, but reduced fertility in a two-
generation study. DBCMwas not carcinogenic in rats. However,
according to National Toxicology Program (NTP), there is
equivocal evidence of DBCM carcinogenicity since hepatocel-
lular adenomas and carcinomas were significantly increased in
females and marginally increased in the male mice at the high
dose in the NTP 2-year carcinogenicity study. Due to the
inadequate evidence for its carcinogenicity in humans and
limited evidence for its carcinogenicity in experimental animals
this compound was assigned to group 3 (not classifiable as to
carcinogenicity to humans) by IARC.
Mode of Action

The greater propensity for the metabolism of this compound
and bromoform as compared with BDCM is difficult to
reconcile with its lower carcinogenicity. A possible explanation
is less bioavailability resulting from the greater lipophilicity of
this compound and the use of corn oil as the vehicle of
administration. However, in vitro studies showed that DBCM is
more potent mutagenic than other THMs.
Bromoform

Toxicokinetics

The distribution and elimination of bromoform resembled
those of CHCl3. Bromoform (and organic metabolite) elimi-
nation via exhaled breath was greater than that for all other
THMs in the rat, but less than that for all other THMs in the
mouse. While both oxidative and reductive pathways were
involved in bromoform metabolism, oxidative metabolism
seems predominant. Bromoform, like DBCM, has a much
greater potential than BDCM to be conjugated by GSH to form
a mutagenic intermediate.
Toxicity

The acute oral LD50s ranging from 1147 to 1550mg kg�1 in
mice and rats were noted. Lethargy, shallow breathing, and
ataxia were observed in rats following drinking water admin-
istration of bromoform. Acute and repeated exposures (gavage
and inhalation) caused liver and kidney toxicity, but the
magnitude of liver and kidney effects was less than that
observed with the other THMs. Fetotoxic response was
observed after gavage administration of bromoform. No
reproductive effects were observed. Bromoform showed posi-
tive for in vitro mutagenicity tests. Slight liver and kidney
damages occurred after chronic exposure to high dose of bro-
moform. While chronic exposure caused dose-related increase
in squamous metaplasia of the prostate gland and higher
incidences of adenomatous polyps or adenocarcinomas in rats,
no neoplastic effects were associated with the exposure of mice
to bromoform. There was some evidence of genotoxicity
(SCEs) of bromoform in mammalian cells in vitro and in vivo.
Studies are not available to evaluate the chronic human toxicity
of bromoform except the deaths reported following overdose
of bromoform-containing sedative. The principal causes for
death were severe CNS depression and respiratory failure. IARC
classified bromoform as group 3.
Mode of Action

Although bromoform seems to have a greater propensity for
metabolism and is a more potent mutagen than BDCM, it
appears to be a less potent toxicant and carcinogen. As with
DBCM, a possible explanation is less bioavailability resulting
from the greater lipophilicity of this compound and the use of
corn oil as the vehicle of administration.
Halo Acids

Halo acids are the second most frequently found CBPs after
THMs. To date, the chlorinated acetic acids have been more
thoroughly characterized toxicologically than their brominated
analogs. HAAs, unlike THMs, are nonvolatile and they have
low dermal absorption (at low concentrations). The DCAs and
TCAs occur in significantly higher concentrations than the
monohaloacetates. TCA and DCA are metabolites and ultimate
carcinogenic forms of rodent carcinogens, trichloroethylene
(TCE) and perchloroethylene (PERC). The maximum annual
average of HAAs permitted by EPA regulations is 60 ppb.
Dichloroacetic Acid

This compound exists in drinking water as salt; however, most
of the experiments employed the free acid. Therefore, the
applicability of the results of such studies to estimating human
risks will be uncertain because of the large pH artifacts that can
be expected when administering a strong acid.
Toxicokinetics

Absorption of DCA is rapid from the intestinal tract into the
bloodstream. Once in the bloodstream, DCA is distributed to
the liver and muscles, and then in smaller quantities to the fat,
kidney, and other tissues such as the brain and testes. The
systemic clearance of DCA is significantly higher. The metab-
olism of DCA is mediated by a novel GST, GST-zeta, found in
cytosolic fraction that catalyzes the conversion of DCA to
glyoxylate. This enzyme appears to be subjected to auto-
inhibition by DCA.
Toxicity

DCA is not very toxic when administered acutely to rodents.
The LD50s of 4.5 and 5.5 g kg�1 in rats and mice, respectively,
have been reported for sodium salt of DCA. Following short-
term exposure, dogs were more sensitive than rats to DCA. The
most overt toxicity in rats was hind limb paralysis at the highest
dose and relative liver weights were significantly increased at
all doses. Histopathological changes were observed in the
brain and testes of both species. At high repeated doses, DCA
caused kidney damage. The effects such as reduced weights of
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accessory organs (epididymis, cauda epididymis, and preputial
gland) changes in sperm motion, delayed spermiation and
formation, and distorted sperm heads have been observed
when administered in drinking water. DCA induces soft tissue
abnormalities in fetal rats. DCA produces a severe hepato-
megaly and liver tumors in rats following chronic exposure.

DCA was used as a potential orally effective hypoglycemic
agent. Although there is no conclusive evidence, DCA is
proposed to cause neurotoxic effects in humans. Therefore,
DCA was not fully developed as a hypoglycemic agent. IARC
classified DCA as a group 3 compound for its carcinogenicity.
Mode of Action

A number of potential modes of DCA-induced hep-
atocarcinogenicity have been proposed, including direct gen-
otoxicity, tumor promotion, inhibition of apoptosis, etc.
However, available data are not adequate to indicate the exact
mode(s) of action responsible for the hepatic carcinogenicity in
rats and mice to DCA exposure. Peroxisome proliferation likely
contributes to tumor development in the liver at high doses but
the histopathological and other analyses suggest that other
mechanisms may be more important at low doses. Most data
now suggest that it is the parent compound that is responsible
for the effects related to carcinogenicity by interfering with the
cellular signaling mechanisms.
Trichloroacetic Acid

Like DCA, TCA exists almost exclusively in salt form at pH
found in drinking water.
Toxicokinetics

TCA is readily absorbed from the gastrointestinal tract in
experimental animals and humans and its clearance from
blood is relatively slow relative to other HAAs. Approximately
half of the administered dose was eliminated unchanged. There
are substantial differences in this clearance by different species.
Clearance is much faster in mice than in rats and human
clearance is very slow. TCA produces same metabolites as DCA
with or without being converted to DCA.
Toxicity

The oral LD50 of TCA (neutralized to pH 6–7) is found to be
3.32 g kg�1 in rats and 4.97 g kg�1 in mice when administered
in aqueous solution. The most obvious target organ for TCA is
the liver. Repeated administration of TCA in drinking water
only produced minimal evidence of liver toxicity. TCA
administration resulted in body weight reductions, soft tissue
malformations, and interventricular septal defect. TCA
(neutralized) induces hepatic tumors in male and female mice,
but not in rats when administered via drinking water. After
short-term exposures, TCA induces basophilic liver foci in mice,
similar to those caused by several peroxisome proliferators.

TCA is a strong acid. It is widely recognized that skin
contact of TCA has the potential to produce acid burns, and
ingestion of TCA has the potential to damage tissues of
the gastrointestinal tract or produce systemic acidosis, even
though specific studies of these effects do not appear in the
literature. TCA is frequently utilized for chemical peeling by
physicians practicing dermatologic surgery. TCA is a major
metabolite of commonly used solvents such as TCE and PERC
and occupational exposures to these solvents have been quite
high in the past, but few, if any, effects of the solvents in
humans have been attributed to TCA. So it is reasonable to
presume that TCA is relatively nontoxic to humans under
circumstances of low exposures such as those encountered in
chlorinated drinking water. In addition, the mode of tumor
induction – peroxisomal proliferation – in animals is not
relevant for humans. IARC has classified TCA as a group 3
compound for its carcinogenicity.
Mode of Action

TCA causes carcinogenicity mainly by peroxisomal prolifera-
tion mechanism. Additional mechanisms suggested are
increased oncogene expression via DNA hypomethylation and
promotion of spontaneous liver tumors.
Other Chlorination Byproducts

Brominated HAAs are formed in waters that contain bromide.
There are very limited data available on the toxicity of these
chemicals.

Toxicological data in experimental animals and humans for
the haloketones and haloacetaldehydes are extremely limited.
Slight liver and CNS effects were observed. Hepatocellular
carcinomas in mice were reported, probably due to mutagenic
effect.

Members of this class have been identified as key metabo-
lites of chemicals such as TCE, vinyl chloride, and dibromo-
chloropropane. Trichloroacetaldehyde and chloral hydrate are
important compounds of this group. Chloral hydrate is
primarily known for its depressant effects on the CNS and
doses of 500–2000mg produce CNS depression in humans. It
is also known to cause liver damage.
Epidemiological Studies

Numerous epidemiological studies have attempted to assess
the association between cancer and the long-term consumption
of disinfected drinking water. A wide range of cancer sites such
as gall bladder, esophagus, kidney, breast, liver, pancreas,
prostate, stomach, bladder, colon, and rectumwere found to be
associated with the use of chlorinated surface water in humans.
Additionally, published epidemiological data suggest the
possibility that increased spontaneous abortion rates may be
related to DBPs in drinking water. The epidemiological
evidence is inconclusive and equivocal for an association
between cancer and noncancer effect exposure to CBPs in
drinking water. The quality of information about water disin-
fection exposures and potential confounding characteristics
differs dramatically between these studies. The confounding
factors such as smoking, drinking, and exposure to other
chemicals make the matter more complicated. In addition,



Chlorination Byproducts 859
occurrence of cancer incidence at one place and nonoccurrence
at other places further complicate the interpretation.

It is noteworthy that there is little support in the animal
data for certain target organs that are prominently associated
with chlorinated drinking water in epidemiological studies
(e.g., bladder cancer). Therefore, the possibility has to be left
open that the carcinogenic effect of CBPs may be dependent
on genetically determined characteristics of a target organ (or
tissue) that make it more susceptible than the same organ in
test animals. It also suggests that toxicology evaluation of
whole CBPs including unidentified byproducts is needed. To
address this problem, US EPA initiated ‘Integrated Disinfec-
tion Byproducts Mixtures Research: Toxicological and Chem-
ical Evaluation of Alternative Disinfection Treat Treatment
Scenarios’, also known as the ‘Four Lab Study’, with the
collaboration of four national Laboratories. This ongoing
study evaluated toxicological effects of complex CBP
mixtures, with an emphasis on reproductive and develop-
mental effects and recommended a new procedure for
producing chlorinated drinking water concentrate for animal
toxicology. The next phase of this work is a larger battery of
toxicological endpoints and focused on chlorinated drinking
water.
Conclusions

Chlorination has been the major disinfection process of
drinking water in many countries for many years despite the
availability of alternative disinfectants. There is a widespread
concern about cancer, noncancer, and reproductive effects of
CBPs based on animal and epidemiological studies. However,
most of these studies were conducted with a single chemical, at
high doses and using corn oil vehicle, a potentially con-
founding factor in toxicological evaluations of drinking water
contaminants. These conditions are irrelevant to human
exposure. Importantly, carcinogenic effects of individual CBPs
may not represent the risk posed by the mixtures, as disinfected
drinking water is a very complex mixture of chemicals.
Although some epidemiological studies linked CBPs to the
incidence of cancer and adverse reproductive effects in humans,
there is no scientific basis for the proposed association and
none of the CBPs studied individually to date is a potent
carcinogen at concentrations normally found in drinking water.
In addition, the toxic effects of many CBPs remain largely
unknown and many of them remain unidentified. Hence, it is
not possible to make sound scientific judgment. It is important
to evaluate all CBPs individually or as mixtures in a systematic
manner to provide comparative toxicity and to better
understand the exposure concentrations in the drinking water
based on daily ingestion, inhalation, swimming, bathing, etc.
in the risk assessment paradigm. A complicating factor when
assessing risk from CBPs is that they occur in complex mixtures
that vary by location, disinfection process, distance from the
treatment plant, changing conditions of the source water, and
even weather conditions. Moreover, the effects may be altered
by factors such as coexposure to other compounds age and
lifestyle. Nonetheless, safe drinking water is a substantive
health concern and a balance should be achieved between
reducing exposure to CBPs and maintaining control of water-
borne diseases.
See also: Bromoform; Chloroform, Bromoform, Chloroacetic
Acid, Trihalomethanes; Chlorine; Chlorine Dioxide; Chloroform;
Trihalomethanes; International Agency for Research on Cancer;
Pharmacokinetics; Drinking-Water Criteria (Safety, Quality, and
Perception); Clean Water Act (CWA), US; Environmental
Protection Agency, US.
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Background Information

Chlorine is a greenish-yellow, noncombustible gas at room
temperature and atmospheric pressure. It can also be generated
when bleach is mixed with other cleaning products. For more
than 100 years now, industry has exploited this highly reactive
chemical produced from one of nature’s inexhaustible minerals
– common salt. Today, chlorine is used in a vast range of
processes to create many products that serve our everyday
needs at work, home, and play. Some properties of chlorine are
listed:

Property Information
860
Molecular weight
 70.91
Density at 0 �C and 760 mm Hg
 3.21 g l�1
Melting point at 760 mm Hg
 �101 �C
Boiling point at 760 mm Hg
 �34.6 �C
Water solubility at 0 �C and 760 mm Hg
 14.6 g l�1
Vapor pressure at 0 �C and 760 mm Hg
 3.61
Uses

1. A bacteriostat, disinfectant, odor control, and demulsifier
in the treatment of drinking water, swimming pools, and
sewage

2. Use in the paper and pulp and textile industries for
bleaching cellulose for artificial fibers

3. Manufacture of chlorinated lime; chemical warfare
4. To control biofouling in cooling systems
5. Chlorinating and oxidizing agent in organic and inorganic

synthesis
6. Manufacture of pharmaceuticals, cosmetics, lubricants,

flameproofing, adhesives, in special batteries containing
lithium or zinc, and in hydraulic fluids

7. Processing of meat, fish, vegetables, and fruit
8. Manufacture of synthetic rubber, plastics, resins, elasto-

mers, pesticides, automotive antifreeze, refrigerants, anti-
knock compounds, chlorinated hydrocarbons, polyvinyl
chloride, and chlorinated lime
Encyclopedia of T
9. Detinning and dezincing iron, and to shrink-proof wool
10. Disinfectant in laundries, dishwashers, cleaning powders,

cleaning dairy equipment
11. In metallurgy, chlorine is used as a fluxing, purification,

and extraction agent.
Exposure Routes and Pathways

Dermal or ocular contact and inhalation are the most common
exposure pathways. Chlorine can be absorbed into the body by
all routes. The extent of the injury depends on the concentra-
tion of the gas. This can range from mild mucous membrane
irritation (after 1 h) to toxic lung disease and water-logged
lungs or death within a few minutes. After inhalation, chlo-
rine causes irritation of the eyes, nose, and throat, followed by
coughing and wheezing, shortage of breath, nausea, vomiting,
sputum production, and chest pain. Heightening of anxiety is
seen in those prone to neurosis. Larger exposures may lead to
heart and lung failure. Severe exposure can also lead to severe
tracheobronchitis, pulmonary edema, and acute hypoxemic
respiratory failure; short-term, high-level exposures can also
aggravate preexisting heart diseases, producing electrocardio-
graphic changes and congestive heart failure; and at sufficiently
high doses (i.e., wartime conditions) chlorine can cause shock,
coma, respiratory arrest, and death. Those surviving exposure
may have persistent cough for up to 14 days or even several
months. Symptoms may include chest pains, vomiting, and
coughing. After skin contact, chlorine causes irritation, pain,
redness, blister, and burns. Liquid chlorine may cause burns on
contact. After eye contact, symptoms are conjunctival irritation,
watering of eyes, and inflammation.

In human poisoning incidents involving accidental ingestion
of household bleach, chlorine caused a burning sensation in the
mouth and throat, irritation to the digestive tract and stomach,
and vomiting. Exposure to chlorine gas causes effects ranging
frombronchitis, asthma, and swelling of the lungs, to headaches,
heart disease, andmeningitis. Swimmers have reported a bleach-
ing effect of chlorine on their hair; some have developed ‘green
hair’ and chemical conjunctivitis. There have alsobeenoccasional
reports of asthma precipitated by exposure to chlorinated water.
Probable Routes of Human Exposure

The National Institute for Occupational Safety and Health
(NIOSH) (National Occupational Exposure Survey (NOES),
1981–83) has statistically estimated that 182 873 workers
(22 083 of these are female) are potentially exposed to chlorine
in the United States. Individuals may be exposed to chlorine
when mixing a cleaning product that contains an acid with
a solution containing sodium hypochlorite (bleach). The
misuse of swimming pool chemicals may also potentially
expose the general population to chlorine.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00277-3
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Exposures most commonly result from either storage or
transportation accidents involving the pressurized liquid form.
Other poisonings occur in industrial accidents, school chem-
istry experiments, accidental release of chlorine from swim-
ming pool operations, and mixing of cleaning agents (adding
acidic cleaning agents to hypochlorite bleach releases chlorine
gases).
Toxicokinetics

Chlorine persists as an element only at a very low pH (<2), and
at the higher pH found in living tissue it is rapidly converted
into hypochlorous acid. In this form, it can penetrate the cell
and form N-chloro-derivatives that can damage cellular integ-
rity. The intermediate water solubility of chlorine accounts for
its effect on the upper airway and the lower respiratory tract. In
addition, the density of the gas is greater than that of air,
causing it to remain near ground level and increasing exposure
time. The odor threshold for chlorine is approximately 0.3–0.5
parts per million (ppm).

Chlorine is eliminated primarily in urine and feces, mainly
(81% of ingested label) as the chloride ion.
Mechanism of Toxicity

Chlorine reacts with body moisture to form acids. The acids
form acid proteinates. Under physiological conditions (pH 7.4,
37 �C), chlorine reacts with water to produce hypochlorous
acid. Evidence suggests that chlorine produces oxygen radicals.
Elemental chlorine, hypochlorous acid, hydrogen chloride, and
oxygen are all thought to contribute to the biological activity.
Apparently, hypochlorous acid can penetrate the cell wall,
disrupting its integrity and permeability, and by reacting with
sulfhydryl groups in cysteine, can inhibit various enzymes.
Acute and Short-Term Toxicity (or Exposure)

Animal

A single exposure of several hours to a chlorine concentration
of 29–87 mg m�3 (10–30 ppm) induced definite adverse
effects, including high mortality rates, in rodent species tested.
Repeated exposure to chlorine concentrations of 2.9–26mgm�3

(1–9 ppm), for a period of several weeks to months, induced
dose-related pulmonary and other adverse effects. A level of
2 mg m�3 (0.7 ppm) was reported to be a no observed adverse
effect level, for rabbits and guinea pigs, repeatedly exposed to
chlorine through inhalation.

Exposure of cats to a concentration of 900 mg m�1

(300 ppm) for 1 h may cause death after a period during which
the conjunctiva is inflamed; coughing and dyspnea are also
present. Dogs rarely die following a 30 min exposure to
650 ppm and never die following a 30min exposure to less than
280 ppm. The pulse rate of dogs is retarded during exposure to
concentrations of 200 ppm or greater.

In studies designed to evaluate the effects of chlorine expo-
sure on resistance to disease, repeated exposure to 261 mg m�3

(90 ppm) for 3 h day�1, during a 20 day period, had a greater
effect on rats with spontaneous pulmonary disease (SPD) than
on those that were specific pathogen free. A higher mortality rate
and a greater incidence of pulmonary tract abnormalities were
noted among the SPD rats. At lower levels, guinea pigs, exposed
to chlorine at 5.0mgm�3 (1.7 ppm) for 5 h day�1, over 47 days,
before or after injection with a virulent strain of human tuber-
culosis, showed decreased average survival rates compared with
unexposed, injected animals.

Acute exposure/lethal time for 50% mortality/(LT50) values
for male mice that had undergone a single exposure to a chlo-
rine concentration of 841 or 493 mg m�3 (290 or 170 ppm)
were 11 and 55 min, respectively. This study confirmed the
importance of delayed death in chlorine toxicity studies, with
some deaths occurring up to 30 days after exposure. Exposure
of mice to chlorine at 841 mg m�3 (290 ppm) for 25 � 6 min
(mean �SD) resulted in about 100% mortality over 30 days.
About 80% mortality was recorded in mice exposed to
841 mg m�3 (290 ppm) for 15 � 2 min. Whereas exposure to
841 mg m�3 (290 ppm) for 9 � 1 min caused almost 40%
mortality, limiting the exposure to 6 min allowed all the mice
to survive. Exposure of mice to a chlorine concentration of
493 mg m�3 (170 ppm) for 120 � 40 or 52 � 13 min caused
almost 80 and 50% mortality, respectively. When exposure at
493 mg m�3 (170 ppm) was limited to 28 � 8 min, there were
no immediate deaths, but about 10% delayed mortality
occurred over the 30 day observation period.
Human

Liquid chlorine causes burns to skin and eyes and frostbite. It
may cause lung injury if inhaled. Chlorine causes smarting of
the skin and first-degree burns on short exposure; it may cause
secondary burns in long exposures. Inhalation of low concen-
trations causes mild mucous membrane irritation and upper
respiratory tract irritation. Inhalation of high concentrations of
the gas causes necrosis of the tracheal and bronchial epithelium
as well as pulmonary edema, atelectasis, emphysema, and
damage to the pulmonary blood vessels. Acute exposure may
also cause anxiety and vomiting. Exposure to 500 ppm can be
lethal over 30 min, while a 1000 ppm exposure can be lethal
within a few minutes.

A meta-analysis study of epidemiological studies in humans
concluded that long-term consumption of chlorinated water is
associated with bladder cancer, particularly in men. The pool
chlorine hypothesis postulates that the rise in childhood
asthma in the developed world could result at least partly from
the increasing exposure of children to toxic gases and aerosols
contaminating the air of indoor chlorinated pools. A study
involving schoolchildren attending a public pool concluded
that pool use by young children is strongly linked to devel-
opment of childhood asthma.
Skin, Eye, and Respiratory Irritations

Chlorine is irritating to nose and throat at 5 ppm or above and
highly irritating, especially to the mucous membranes of the
eyes and respiratory tract. Potential symptoms of overexposure
are burning of eyes, nose, and mouth; lacrimation, rhinorrhea;
coughing, choking, and substernal pain; nausea, vomiting;
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headache, dizziness; syncope; pulmonary edema; pneumonia;
hypoxemia; dermatitis; and eye and skin burns.
Populations at Special Risk

Individuals with pulmonary disease, breathing/problems/,
bronchitis, or chronic lung conditions.
Chronic Toxicity (or Exposure)

Animal

Chlorine gas was not carcinogenic in mice and rats exposed to
varying concentrations. Chlorine administered in drinking
water produced lymphomas and/or leukemia in rats, but was
not carcinogenic in a third study.
Human

A4; Not classifiable as a human carcinogen.
In a series of 75 tests on three subjects, a chlorine concen-

tration of 0.52 ppm elicited heightened light sensitivity, but
exposure to a concentration of 0.28 ppm did not induce any
effects. Changes in sensitivity to light became evident only at,
or above the odor perception threshold level.

Twenty-nine students were exposed to 0, 0.5, 1.0, or
2.0 ppm chlorine for 4–8 h. Sensations of itching or burning of
the nose and eyes and general discomfort were reported,
primarily during exposures to 1.0 or 2.0 ppm. Few subjects
reported experiencing feelings of nausea, headache, dizziness,
or fatigue at these concentrations, although several reported
experiencing shortness of breath for several hours after the 8 h
exposure to 1 ppm. No subjects reported any sensory percep-
tion related to exposure the morning after the exposure.
Statistically significant reductions in pulmonary function were
found following the 8 h exposure to 1 ppm, but not 0.5 ppm.

Chronic exposure causes permanent, although moderate,
reduction in pulmonary function and corrosion of teeth.
In vitro Toxicity Data

In a series of in vitro experiments on a human lymphocyte
culture system, it was reported that chlorine induced chromatid
and chromosome breaks, translocations, dicentric chromo-
somes, and gaps.
Immunotoxicity

Epidemiologic surveys show a higher prevalence of nasal
symptoms among subjects with seasonal allergic rhinitis than
nonrhinitic subjects after provocation with chlorine in the air.
Reproductive and Developmental Toxicity

No adverse effects were observed in pregnant rabbits or their
offspring following exposure of the rabbits, through inhalation,
to chlorine concentrations of 1.7–4.4 mg m�3 (0.6–1.5 ppm).
Furthermore, adverse effects were not seen in seven generations
of rats given highly chlorinated water (100 mg l�1 daily)
throughout the entire life span.
Genotoxicity

In a series of in vitro experiments on a human lymphocyte
culture system, it was reported that chlorine concentration
2–20 times those normally found in drinking water induced
chromatid and chromosome breaks, translocations, dicentric
chromosomes, and gaps. Mutations have been detected in
Salmonella typhimurium, and chromosome aberrations have
been detected in human lymphocytes.
Carcinogenicity

In humans, lymphoma has been observed in relation to water
treatment with chlorine. Associations with increased renal,
bladder, and gastric cancers have also been found, but firm
conclusions cannot be drawn because of mixed exposures with
caustic acids.
Clinical Management

Exposure should be terminated as soon as possible by removal
of the patient to fresh air. The skin, eyes, and mouth should be
washed with copious amounts of water. A 15–20 min wash
may be necessary. Contaminated clothing and jewelry should
be removed and isolated. Contact lenses should be removed
from the eye to avoid prolonged contact of the chemical with
the area. Affected areas should not be rubbed. If breathing has
stopped, artificial respiration should be given. If breathing is
difficult, oxygen should be given.
Treatment Overview

1. Inhalation exposure
a. Management of mild toxicity: Provide supplemental

oxygen to maintain PaO2 of 60 mm Hg or greater.
Bronchodilators (inhaled albuterol or other beta-
agonists, and anticholinergics) have been used fre-
quently for the management of respiratory symptoms.
A 1% lidocaine solution added to nebulized albuterol
results in analgesic and cough-suppressant actions.
Nebulized sodium bicarbonate (3.75%) has been used.
Perform an ophthalmologic exam in any patient with
persistent eye irritation.

b. Management of severe toxicity: Aggressive use of inhaled
beta-agonists, lidocaine, and nebulized sodium bicar-
bonate for bronchospasm. Corticosteroids may also be
useful for severe bronchospasm. Early intubation for
laryngospasm or severe respiratory distress. Treat respi-
ratory failure with positive-pressure ventilation. Positive
end-expiratory pressure (8–10 mmHg) and inverse ratio
ventilation may be beneficial in acute lung injury.

c. Decontamination
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i. Prehospital: Remove the individual from the toxic
environment. Administer humidified oxygen if
respiratory irritation develops. Remove contami-
nated clothing.

ii. Hospital: Irrigate exposed eyes with copious amounts
of normal saline. Remove contaminated clothing and
wash exposed skin with water.

d. Airway management: Perform endotracheal intubation
if indicated (e.g., persistent hypoxemia, severe bron-
chospasm, stridor, severe respiratory distress, or laryn-
geal edema).
Medical Surveillance

Medical histories should include sufficient detail to document
the occurrence of bronchitis, tuberculosis, or pulmonary ab-
scesses. A complete history and physical examination, an eye
examination, cardiac status, and teeth should be stressed. The
skin should be examined for evidence of chronic disorders.
Simple tests of olfactory ability should be carried out, along
with respiratory function tests.
Environmental Fate

The stability of free chlorine in natural water is very low
because it is a strong oxidizing agent and rapidly oxidizes
inorganic compounds. It also oxidizes organic compounds, but
more slowly than inorganic compounds.
Ecotoxicology

Chlorine is highly toxic to all forms of aquatic life; there is no
potential for bioaccumulation or bioconcentration. In a study
designed to test chlorine toxicity to early life stages of freshwater
mussels (Bivalvia: Unionidae), Valenti et al. conducted tests
with glochidia from several species and 21 day bioassays
with 3-month-old Epioblasma capsaeformis and 3-, 6-, and
12-month-old Villosa iris juveniles. The authors observed
significant declines in growth and survival in the 21 day test with
E. capsaeformis at 20 mg total residual chlorine (TRC) per liter.
Lowest observed adverse effect concentrations in bioassays with
juvenile V. iris were higher (30–60 mg TRC per liter) but showed
a significant trend of declining toxicity with increased age. The
authors concluded that although endpoints were above water
quality criteria set by the US Environmental Protection Agency,
the long life spans of unionids and potential implications of
chronic exposure to endangered juvenile mussels warrant
concern.

In another study by Grizzle et al., chlorination was impli-
cated as a factor contributing to the induction of papilloma
development in caged bullhead catfish exposed to effluent of
a wastewater treatment plant.
Exposure Standards and Guidelines

The current Occupational Safety and Health Administration
permissible exposure limit for chlorine is 1 ppm (3 mg m�3) as
a ceiling limit. A worker’s exposure to chlorine shall at no time
exceed this ceiling level.

NIOSH has established a recommended exposure limit for
chlorine of 0.5 ppm (1.5 mg m�3) as a time-weighted average
(TWA) for up to a 10 h workday and a 40-h workweek and
a short-term exposure limit (STEL) of 1 ppm (3 mg m�3). The
NIOSH limits are based on the risk of severe eye, mucous
membrane, and skin irritation.

The American Conference of Governmental Industrial
Hygienists (ACGIH) has assigned chlorine a threshold limit
value of 0.5 ppm (1.5 mg m�3) as a TWA for a normal 8 h
workday and a 40 h workweek and a STEL of 1.0 ppm
(2.9 mg m�3) for periods not to exceed 15 min. Exposures at
the STEL concentration should not be repeated more than four
times a day and should be separated by intervals of at least
60 min. The ACGIH limits are based on the risk of eye and
mucous membrane irritation.
Reported Fatal Dose

A reported fatal dose was 430 ppm, lethal after 30 min, and
1000 ppm, fatal within a few minutes.
See also: Detergent; Pollution, Air in Encyclopedia of
Toxicology; Pollution, Soil; Surfactants, Anionic and Nonionic.
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l Name of Chemical: Chlorine dioxide
l Chemical Abstracts Registry Service Number: 10049-04-4
l Synonyms: Chlorine peroxide, Chloroperoxyl, Chloryl

radical, Chlorine(IV) oxide, Anthium dioxcide.
l Chemical Class: Chlorine dioxide and its byproducts are

collectively called oxychlorines
l Molecular Formula: ClO2

l Chemical Structure: O]Cl]O
Background (Significance/History)

Chlorine dioxide is an oxidant used as an industrial bleaching
agent and water disinfectant. The British chemist and inventor
Sir Humphrey created chlorine dioxide in 1814. It was first used
to disinfect water at a spa in Ostend, Belgium. Chlorine dioxide
gas was used for anthrax spore decontamination of the Hart
Senate Office Building in 2001 and other American buildings
in 2002 and 2004. It has been studied as a substitute of chlo-
rine because it produces almost no chlorinated disinfection
byproducts.
Uses

Chlorine dioxide is a strong oxidizing agent, bactericide,
fungicide, algicide, and antiseptic. It can be applied as gas or in
solution. It is used in bleaching cellulose, paper pulp, leather,
flour, fats and oils, textiles, and beeswax, and in deodorizing
and purifying water. It is currently considered an alternative to
chlorine as a disinfectant for public water supplies in the
United States, and it is used for drinking water disinfection in
several European countries, in swimming pools, and in
commercial water cooling systems. The US Food and Drug
Administration (FDA) allows the use of chlorine dioxide as an
antimicrobial agent in water used in poultry processing, and in
water used to wash fruits and vegetables. Gaseous chlorine
dioxide has been used as fumigant against spores of the caus-
ative agent of anthrax. It is also used in the manufacture of
many chlorite salts.
Environmental Fate and Behavior

Chlorine dioxide is not expected to persist in the environment
because it is unstable and also quickly reacts with organic
matter. It decomposes to chlorine gas and oxygen after release
864 Encyclopedia of T
to air. When added to raw water, chlorine dioxide is rapidly
reduced to chlorite, a persistent byproduct of health concern. It
persists up to minutes in air and up to hours in water and soil.
Chlorine dioxide is easily photolyzed.
Exposure and Exposure Monitoring
Routes and Pathways

Consumption of drinking water is the most probable route
of exposure to chlorine dioxide and its byproducts for the
general public. Workers in factories that produce or use it
are the most exposed populations. Inhalation and contact
with eyes and skin are exposure routes for these workers.
Patients undergoing hemodialysis may be directly exposed to
chlorine dioxide through dialysis water disinfected with
chlorine dioxide. Poultry, fruits, and vegetables washed with
chlorine dioxide solutions could be a potential entry route to
the human body of this substance and its byproducts; however,
the US FDA states that an additional process step such as
rinsing must be used for fruits and vegetables after chlorine
dioxide washings. Environmental release may occur to the air
and in wastewater streams from chlorine dioxide–related
factories.
Environmental Exposure (Monitoring Data in Air)

The OSHA procedure for monitoring chlorine dioxide in air
uses a midget fritted glass bubbler containing buffered potas-
sium iodide. STEL samples are collected until a volume of
7.5 l and TWA until 120 l. Samples are analyzed later by ion
chromatography, although other methods can opt for a simpler
iodometric titration with sodium thiosulfate.
Toxicokinetics

Chlorine dioxide can be rapidly absorbed through the gastro-
intestinal tract. Peak blood concentration levels can be reached
within 1 h after a single dose administered orally. It can also be
slowly absorbed through shaved skin with a half absorption
time of 22 h. It seems unlikely that intact chlorine dioxide is
absorbed by inhalation giving its highly reactive nature; it is
more likely that its derivatives can be absorbed. Chlorine
dioxide is metabolized to chlorite, chlorate, and mostly chlo-
ride. Most administered chlorine dioxide and its metabolites
remain in plasma followed by kidneys, lungs, stomach, intes-
tine, liver, and spleen. About 43% of orally administered
chlorine dioxide is eliminated in the urine and feces within
72 h. It is not excreted via the lungs.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00278-5
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Mechanism of Toxicity

The toxicity of chlorine dioxide is attributed to the oxidative
stress caused by this compound and its byproducts or
metabolites. Animal studies and in vitro experiments with
human red blood cells indicate that chlorine dioxide and its
byproducts, especially chlorite, oxidize hemoglobin to
methemoglobin by inhibiting methemoglobin reductase,
decreasing erythrocyte glutathione levels, stimulating
erythrocyte hydrogen peroxide production, and causing
hemolytic anemia.
Acute and Short-Term Toxicity

Animal

Delayed death occurred in animals after exposure to
150–200 ppm of gas for less than 1 h. Rats repeatedly exposed
to 10 ppm of gas died after 10–13 days of exposure. The oral
LD50 in rats is 292mg kg�1. ‘Chlorine’ derived from aqueous
chlorine dioxide is absorbed by the oral route, with a wide
distribution and rapid and extensive elimination. In one
study, groups of four rats received a single oral dose of
approximately 1.5 or 4.5mg 36ClO2 kg

�1 body weight. Blood
samples were collected for up to 48 h postadministration, and
at 72 h, upon sacrifice. Kidneys, lungs, small intestine, liver,
spleen, thymus, bone marrow, and testes were collected to
detect levels of 36Cl. It was found in all tissues except testes,
skin, and the remaining carcass, although levels in these
tissues each were found to be less than 1% of the administered
dose. Approximately 40% of a single dose of 36Cl was recov-
ered in urine, expired air, and feces, although the urine
accounted for most (about 30%). The rapid appearance of
36Cl in plasma following oral administration of chlorine
dioxide (36ClO2) or chlorite (36ClO2

�) has been shown in
laboratory animals.
Human

Chlorine dioxide gas is highly irritating to the skin and mucous
membranes of the respiratory tract. Symptoms of exposure by
inhalation include eye and throat irritation, headache, nausea,
nasal discharge, coughing, wheezing, bronchitis, and delayed
onset of pulmonary edema. It is explosive in the form of
concentrated vapor or solution (10 vol% in the air). When
involved in a fire, chlorine dioxide is a source of oxygen. Daily
ingestion of 1 l of water containing 0.7mg of chlorine dioxide
has been reported to cause nausea. Exposure of a worker to
19 ppm for an unspecified time was reported to be fatal.
Ingestion of 250ml of a 40mg l�1 solution of chlorine dioxide
causes symptoms within 5min of ingestion that disappear
5min later.
Chronic Toxicity

Animal

Chronic exposure of rats and rabbits to chlorine dioxide gas has
revealed lung damage, including lesions to the alveoli and
blood abnormalities.
Human

Human exposure to chlorine dioxide, both in controlled
prospective studies and in actual use situations in community
water supplies, has failed to reveal adverse health effects.
However, glucose-6-phosphate dehydrogenase-deficient indi-
viduals and infants are groups thought to be at higher risk to
chlorine dioxide toxicity due to their susceptibility to oxidant-
induced methemoglobinemia. The chronic toxicity signs are
mainly dyspnea and asthmatic bronchitis, and in certain cases
irritation of the gastrointestinal tract. Chronic exposure of
workers to airborne chlorine dioxide has caused symptoms of
ocular and respiratory irritation.
Immunotoxicity

There is no concern about possible immunotoxicity of chlorine
dioxide.
Reproductive Toxicity

Studies performed in rats with orally administrated chlorine
dioxide solutions have not shown evidence of effects on
reproduction.
Genotoxicity

Positive and negative results have been reported for chlorine
dioxide genotoxicity in animals, and no reports were found for
humans. Surface water used for human consumption treated
with chlorine dioxide can produce formation of genotoxic
halogenated disinfection byproducts.
Carcinogenicity

According to the US Environmental Protection Agency (EPA),
chlorine dioxide is not classifiable as to human carcinogenicity
because of inadequate data.
Ecotoxicology

Chlorine dioxide can be highly toxic to aquatic organisms,
although is very unstable and it is will not persist in the envi-
ronment. It has been classified as a moderate toxicant to fish.
According to studies performed on rainbow trout, it is more
toxic than chlorite but it persists less.
Exposure Standards and Guidelines

The maximum residual chlorine dioxide level allowed by the
US EPA in drinking water is 0.8mg l�1. The exposure limits
have been set for concentration in air. OSHA PEL: 0.1 ppm
(0.3mgm�3) TWA. ACGIH TLV: 0.1 ppm (0.28mgm�3) TWA,
0.3 ppm (0.83mgm�3) STEL. NIOSH REL: 0.1 ppm TWA,
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0.3 ppm (0.9mgm�3) STEL, and IDLH 5 ppm. HSE WEL:
0.1 ppm (0.28mgm�3) long-term exposure, 0.3 ppm
(0.84mgm�3) STEL.

See also: Anthrax; Oxidative Stress; Recommended Exposure
Limits; LD50/LC50 (Lethal Dosage 50/Lethal Concentration 50)
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l Names: Chloroacetic acid and Monochloroacetic acid
l Chemical Abstracts Service Registry Number: 79-11-8
l Synonyms: Acide chloroacetique, Acidemonochloracetique,

Acide monochloracetique, Acidomonocloroacetico, BRN,
Caswell No. 179B, Chloracetic acid, Chloroacetic acid,
Chloroethanoic acid, Kyselina chloroctova, Mono-
chloorazijnzuur, Monochloracetic acid

l Molecular Formula: C2H3ClO2

l Structure:
Cl

O

OH
Background

Chloroacetic acid (CAA) is a monohalogenated acetic acid
(m-HAA) that is used as a photosensitizing agent and in
industrial synthesis of certain organic chemicals such as indi-
goid dyes. The m-HAAs are a major class of drinking water
disinfection by-products during chlorination of drinking water.
Uses

CAA is one of these agents used in the topical treatment of
warts in most European countries and also as an herbicidal
agent and a bleaching agent for silkworm cocoons. It can be
found in wines and beers using static headspace extraction
coupled with gas chromatography–mass spectrometry. CCA is
the main toxic metabolite of vinyl chloride. CAA and volatile
organochlorines are suspected to contribute to forest dieback
and stratospheric ozone destruction.
Environmental Fate and Behavior

CCA’s Henry’s law constant of 9.42� 10�9 atm-m3mol�1,
vapor pressure of 0.065mmHg at 25 �C, and water solubility of
8.58� 10þ5 mg l�1 at 25 �C indicate that volatilization from
moist soil and water surfaces is expected to be an important fate
process and also it can be volatilized from dry soil surfaces and
exist as a vapor in the atmosphere. Burkholderia strains are
capable of degrading CAA.
Exposure and Exposure Monitoring

Occupational exposure to CAA can occur through inhalation
and dermal contact with this compound at workplaces where
it is produced or used. The general population can be exposed
to CAA via ingestion of chlorinated or chloraminated drinking
water.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
The atmospheric photochemical oxidation of some volatile
organochlorine compounds is one source of CAAs in the
environment. CAA can be generated during water disinfection
processes and during metabolic detoxification of industrial
solvents such as trichloroethylene.
Toxicokinetics

In rat at the subtoxic oral dose, concentration of CAA
peaked at 0.1% of dose by 2 h. Most of the dermal dose
rapidly penetrated into the skin. In oral poisoning, peak
plasma concentration was reached within 0.25 h. The
plasma half-life was 2 h for oral and 4 h for dermal ad-
ministration. The pattern of distribution of CAA shows an
initial fast distribution into lipid-poor tissue and then
uptake into lipid-rich tissues such as the brain. The absor-
bed dose was metabolized by liver and eliminated through
bile. Fecal elimination is negligible. Urinary excretion is
64–72% of the dose. Metabolites of CCA are eliminated
through bile.
Mechanism of Toxicity

CCA by inhibition of the pyruvate-dehydrogenase, aconitase,
and a-ketoglutarate dehydrogenase that contribute in tricar-
boxylic acid cycle and also inhibition of glyceraldehyde-
3-phosphate dehydrogenase can impair production of
cellular energy and conversion to anaerobic glycolysis, re-
sulting in increasing acidosis with accumulation of glycolic
acid, oxalate, and lactate production. CCA can also affect
cellular components via sulfhydryl groups. Both of these
effects may contribute to central nervous system (CNS),
cardiovascular, renal, and hepatic effects. The metabolites
glycolic acid and oxalate may contribute to CNS and renal
toxicity (myoglobin and oxalate precipitation in the tubuli).
Binding of calcium to oxalates probably causes the hypocal-
cemia, but hypocalcemia can be secondary to rhabdomyol-
ysis. CAA by reduction of cellular glutathione can cause
oxidative stress. Inhibition of mitochondrial aconitase causes
hypoglycemia.
Acute and Short-Term Toxicity

CAA is a strong organic acid that is irritating and corrosive to the
skin and mucous membranes of the mouth, throat, lung, and
esophagus, with immediate pain and dysphagia. A typical skin
lesion is hyperemia with a central white zone. Early signs of
systemic poisoning are vomiting, diarrhea, and CNS excitability
with disorientation, delirium, convulsions, and cerebral edema.
CAA induces metabolic acidosis, rhabdomyolysis, and renal
failure. There is a report of hemolytic uremic syndrome after
intentional suicidal ingestion of it with vomiting, hematochezia,
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oligoanuria, severe renal failure, metabolic acidosis, anemia, and
thrombocytopenia with evidence of intravascular hemolysis.
Vapors from CAA have apparently caused corneal epithelial
injury. Atmospheric concentration in air of 5.7mgm–3 was said
to be the irritation threshold of respiratory mucous membrane.
In rat, hypoglycemia is caused by the acute cutaneous CCA
exposure.
Subacute and Chronic Toxicity

Chronic exposure may result in hepatoxicity (hepatocellular
cytoplasmic vacuolization) and teratogenic effects. Exposure to
20.8mgm�3 of CAA for 4 months reduced body weight,
inflamed the lungs, reduced blood hemoglobin levels, lowered
rectal temperature, and decreased oxygen uptake. Cholines-
terase levels were significantly decreased in female mice
receiving 150 or 200mg kg�1 over 13 weeks. The decreased
levels may have been a reflection of hepatic toxicity. A signifi-
cant dose-related induction in blood urea nitrogen, alanine
aminotransferase, and aspartate aminotransferase occurred
in male and female rats receiving 90–150mg kg�1 and
60–150mg kg�1 over 3 weeks, respectively.
Reproductive Toxicity

It can cause pregnancy loss and eye malformations (anoph-
thalmia, microphthalmia).
Genotoxicity

Most of the altered mRNA expressions were associated with
genes responding to DNA damage and those regulating cell
cycle. CAA did not induce DNA strand breaks in human
lymphoblastic leukemia cells. There are several reports of
chronic cytotoxicities in cell lines. CAA has mutagenic potential
in Rattus norvegicus by chromosomal aberrations (breaks, gaps,
exchanges, rings, and multiple aberrations) and micronuclei
induction.
Carcinogenicity

Not classifiable as a human carcinogen.
Clinical Management

Liver and kidney function tests and examination of the nervous
system should be performed. Prolonged exposure of the skin
results in corrosion (severe burns), but if the skin is quickly
washed well, only rubefaction of the skin occurs.
Ecotoxicology

CAA has a very low log octanol/water partition coefficient,
0.22, and therefore would not be expected to biocon-
centrate in fish. At 560mg l�1, the following effects were
observed in zebrafish: difficulty at hatching and spinal
deformations.
Exposure Standards and Guidelines

Workplace standards are 0.3 ppm for 8-h work periods and
1 ppm for 15-min work periods. Acceptable daily intake (ADI)
is unknown.

See also: Mitochondrial Toxicity; Kidney; Oxidative Stress;
Environmental Exposure Assessment; Environmental Fate and
Behavior; Bioaccumulation; Environmental Protection Agency,
US; Toxicity Testing, Mutagenicity; Toxicity Testing,
Carcinogenesis; Toxicity Testing, Inhalation; Mechanisms of
Toxicity; Toxicity, Acute; Toxicity, Subchronic and Chronic;
Toxicity Testing, Dermal.
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chlorobenzene, Phenyl chloride, Tetrosin SP
l Molecular Formula: C6H5Cl
l Chemical Structure:

CI

Background

Chlorobenzene production has been declining since its peak in
1969, and is likely to continue declining due to the substitution
of more environmentally friendly chemicals. Chlorobenzene is
produced by chlorination of benzene in the presence of
a catalyst, and is produced as an end product in the reductive
chlorination of di- and trichlorobenzenes. This compound is
extensively used in the manufacture of phenol, aniline, and
DDT; as a solvent for paints; and as a heat transfer medium. It is
also occasionally used in the dry cleaning industry.

Chlorobenzene’s production and use as a chemical inter-
mediate, solvent, and heat transfer medium may result in its
release to the environment through various waste streams. If
released to air, chlorobenzene will exist solely as a vapor in the
atmosphere. Photochemically produced hydroxyl radicals will
ultimately degrade vapor-phase chlorobenzene in less than
24 h. Exposure of chlorobenzene to direct sunlight (absorbs at
>290 nm) will cause photolysis. Occupational exposure to
chlorobenzene may occur through inhalation and dermal
contact with this compound at workplaces where chloroben-
zene is produced or used. Monitoring data indicate that the
general population may be exposed to chlorobenzene via
inhalation of ambient air, ingestion of food and drinking
water, and dermal contact with this compound.
Uses

Historically, chlorobenzene was used to make phenol and
DDT. Chlorobenzene is used as a solvent for pesticide formu-
lations, and in auto parts degreasing. It is a chemical interme-
diate in the production of diphenyl oxide, diisocyanates, and
nitrochlorobenzene. It has also been used as a fiber-swelling
agent and as a dye carrier in textile processing.
Environmental Fate and Behavior

In the ambient atmosphere, chlorobenzene will exist as
a vapor, and will be degraded by reaction with photochemi-
cally produced hydroxyl radicals, with an estimated half-life of
870 Encyclopedia of T
21 days. It can be removed from the air by rain. Photolysis half-
lives of 4–18 h were measured in aqueous media. If released to
soil, chlorobenzene is expected to have very high to moderate
mobility based on a Koc range of 4.8–313. Moist soil surfaces
will favor volatilization based upon Henry’s Law constant of
3.11 � 10�3 atm-cu m mol�1. Chlorobenzene may volatilize
from dry soil surfaces as well. If released into water, chloro-
benzene may adsorb to suspended solids and sediment based
on the Koc values. Volatilization from water surfaces is expected
to be an important fate process based on this compound’s
Henry’s Law constant. Estimated volatilization half-lives for
a model river and model lake are 3.4 h and 4.3 days, respec-
tively. Reported bioconcentration in aquatic organisms is low
to high, provided the compound is not metabolized by the
organism. Hydrolysis is not expected to be an important
environmental fate process since this compound lacks func-
tional groups that hydrolyze under environmental conditions.
Biodegradation results are variable based on soil type and
microbial diversity. In river water, the biodegradation half-life
was reported to be 150 and 75 days in the sediment.

Chlorobenzenehas a boiling point of 131.7 �C,melting point
of �45.2 �C, density/specific gravity of 1.1058 g cm�3 at 20 �C,
octanol/water partition coefficient of logKow¼ 2.84, solubility in
water of 498 mg l�1 at 25 �C, Henry’s Law constant of
3.11� 10�3 atm-cummol�1 at 25 �C, and vapor density of 3.88.
Exposure and Exposure Monitoring

Probable routes of human exposure are inhalation, ingestion,
and eye and skin contact. Chlorobenzene’s production and use
as a chemical intermediate, solvent, and heat transfer medium
may result in its release to the environment through various
waste streams.
Toxicokinetics

Data in rabbits indicate that the toxicity from a single dermal
application is minimal, with only slight reddening of the skin
observed. Continuous skin contact with chlorobenzene for
1 week resulted in moderate erythema and slight superficial
necrosis. Absorption in amounts sufficient to cause toxicity can
also occur as a result of ingestion or inhalation. Because chlo-
robenzene is highly lipophilic and hydrophobic, it is thought
to be distributed throughout the total body water, with body
lipids being a major deposition site.

The kinetics of metabolism and excretion was investigated
in rabbits administered a single oral dose of 0.5 mg kg�1 or
doses of 0.5 g twice daily for 4 days. In the single-dose study,
27% of the administered dose was excreted unchanged in
the expired air. The majority of the remainder was excreted in
the urine as a glucuronide (25%), ethereal sulfate (27%), and
mercapturic acid (20%). Similarly, rabbits administered
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00279-7
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repeated doses of chlorobenzene excreted the majority of the
dose in the urine, and only small amounts were detected in the
tissues and feces. Rats administered a single intraperitoneal
dose of chlorobenzene also excreted metabolites in the urine,
which were identified as 4-chlorocatechol, 2-chlorophenol,
4-chlorophenol, and 3-chlorophenol. In addition, chloroben-
zene was covalently bound to DNA, RNA, and proteins in the
liver, kidney, and lung 22 h following a single intraperitoneal
injection. Chlorobenzene is first oxidized to 3,4-epoxide,
which then can follow one of several pathways. One leads to
the formation of the I-mercapturic acid conjugate following
glutathione conjugation. A second pathway results in the
formation of 4-chlorocatechol, and the third pathway ends
with the formation of 4-chlorophenol and its conjugates. Data
collected from exposed workers and volunteers indicate that
for humans, the primary pathways are formation of the
p-mercapturic acid conjugate and 4-chlorocatechol.
Mechanism of Toxicity

Similar to other volatile organic chemicals, chlorobenzene is
a central nervous system (CNS) depressant. In addition, lesions
of the liver and kidneys have also been observed following
toxic doses. Exposure to chlorobenzene induces the release of
monocyte chemoattractant protein 1 (MCP-1) by lung epithe-
lial cells, a chemokine involved in inflammatory reactions. To
characterize the underlying mechanisms, the influence of
chlorobenzene on the activation of two intracellular signaling
pathways, the nuclear factor-kappa B (NF-kb) and the p38
mitogen-activated protein kinase (MAPK) pathways, were
investigated. Exposure of lung epithelial cells to chlorobenzene
resulted in an activation of NF-kb and p38 MAPK and a release
of the chemokine MCP-1. In the presence of IKK-NBD, a
specific NF-kb inhibitor, or the inhibitors of the p38 MAPK, the
chlorobenzene-related MCP-1 release was suppressed, sug-
gesting an involvement of both pathways in the chloroben-
zene-induced expression of MCP-1.
Acute and Short-Term Toxicity

Animal

The oral LD50 values for rats, mice, and rabbits were 2290, 2300,
and 2830 mg kg�1, respectively. The approximate inhalation
LD50 (2 h) is 4300 ppm for mice. Application of chlorobenzene
to the skin of rabbits caused slight reddening; prolonged skin
contact was irritating. Ocular contact in rabbits caused a tran-
sient conjunctival irritation that resolved within 48 h. Tremors,
CNS depression, and death were observed in cats administered
a single inhalation exposure of 3700 ppm and above.

Several repeated-exposure oral studies have been conducted
in various species. Although the doses at which effects were
observed are variable between species, the primary effects of
chlorobenzene were observed in the liver and kidneys. Rats and
mice were administered daily doses of 60–750 mg kg�1, 5 days
per week, for 13 weeks. Survival was lower in rats at
500 mg kg�1 and above and in mice at 250 mg kg�1 and above.
Pathological changes in the liver and kidneys and changes in the
hematopoietic system (spleen, bone marrow, and thymus) were
observed in both species at 250 mg kg�1 and above. In another
study, rats were administered doses ranging from 14.4 to
376mg kg�1 per day, 5 days per week, over a period of 192 days.
Doses of 144mg kg�1 per day and above caused changes in liver
and kidney weights and liver morphology. Doses of
18.8 mg kg�1 per day and below did not cause any adverse
effects. Dogs were administered oral doses ranging from 27.2 to
272.5 mg kg�1 per day, 5 days per week, for 93 days. There were
no effects at 54.5 mg kg�1 per day and below. At 272.5 mg kg�1

per day, changes in clinical chemistry parameters were observed,
four of eight dogs died, and pathological changes were observed
in the liver, kidney, gastroenteric mucosa, and hematopoietic
tissue. Repeated-exposure inhalation studies have been con-
ducted in several species. Rats, rabbits, and guinea pigs were
exposed to airborne concentrations ranging from 200 to
1000 ppm for 7 h per day, 5 days per week, for a total of 32
exposures. At 475 ppm and above, organ weight changes and
histopathological changes were observed. There were no effects
detected at 200 ppm. In another study, changes in hematology
parameters and pathological changes in the adrenal cortex,
kidney, and liver were observed in rats and rabbits exposed to
airborne concentrations of 75 or 250 ppm chlorobenzene
vapors for 7 h per day, 5 days per week for 24 weeks.
Human

The human literature primarily consists of case reports. In the
industrial environment, symptoms including headache, numb-
ness, skin irritation and redness, eye irritation and redness, irri-
tation and redness of the upper respiratory tract, bronchitis,
dizziness, somnolence, loss of consciousness, hematopoietic
effects, gastritis, hepatitis, and neuromuscular changes have been
reported. Accidental ingestion of 5–10 ml of a cleaning agent
containing chlorobenzene caused loss of consciousness, vascular
paralysis, and heart failure in a child (w2 years old).
Chronic Toxicity

Lesions of the liver and kidneys have been observed following
absorption of toxic doses. The histological changes may prog-
ress as exposure becomes more severe or as the period of
exposure is lengthened. Liver injury may progress to necrosis
and parenchymous degeneration.
Carcinogenicity

Animal

In a study determining the carcinogenic potential of chloroben-
zene, rats were administered daily doses of 0, 60, or 120mg kg�1

per day, 5 days per week, for 103 weeks, and mice were similarly
administered 30 or 60 mg kg�1 per day. No increased tumor
incidences were observed in female rats or in male or female
mice. Male rats administered 120 mg kg�1 per day had an
increased incidence of hepatic neoplastic nodules (8% for
untreated control, 4% for vehicle control, 8% for 60 mg kg�1,
and 16% for 120 mg kg�1). Based on these results, the US
Environmental Protection Agency (EPA) classified chloroben-
zene as ‘D’ (not classifiable as to carcinogenicity in humans).
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Human

There were no epidemiology studies in humans regarding long-
term exposure to chlorobenzene.

However, based on the results of a chronic toxicity study in
rats, the US EPA classified chlorobenzene as D (not classifiable
as to carcinogenicity in humans).

In addition, the American Conference of Governmental
Industrial Hygienists (ACGIH) classified chlorobenzene as A3
(confirmed animal carcinogen with unknown relevance to
humans).
Immunotoxicity

Mice exposed to chlorobenzene at >250 mg kg�1 per day by
gavage for 13 weeks showed thymic necrosis and lymphoid or
myeloid depletion of bone marrow, spleen, or thymus. while
histopathologic evidence suggests that chlorobenzene is
immunotoxic.
Reproductive Toxicity

Chlorobenzene has no reproductive toxicity to rats and no
developmental toxicity including embryotoxicity and terato-
genicity to rats and rabbits.
Genotoxicity

Chlorobenzene showed positive results in some in vitro and
in vivo genotoxicity studies. It showed negative results in the
majority of the studies on in vitro gene mutation, chromosomal
aberration, DNA damage and unscheduled DNA synthesis
(UDS), and in vivo sister chromatid exchange (SCE) experi-
ments. From overall evaluation of these results, chlorobenzene
is considered not to be genotoxic.
Clinical Management

Treatment is symptomatic and supportive. For ocular contact,
the eyes should be irrigated immediately with abundant
running water. If the material contacts the skin, the affected
areas should be washed with soap and water promptly. If
inhalation exposure occurs, the exposed person should be
moved to fresh air immediately and should be provided with
respiratory support (oxygen or artificial respiration) if neces-
sary. Bronchospasm can be treated with inhaled beta2 agonist
and oral or parenteral corticosteroids.
Table 1 Summary of exposure criteria for chlorobenzene

Agency Criter

ACGIH TLV-T
National Institute for Occupational Safety and Health IDLH
Occupational Safety and Health Administration PEL (

IDLH, immediately dangerous to life or health; PEL, permissible exposure l
If the material has been ingested, vomiting should not be
induced. For ingestion, gastric lavage (followed by saline
catharsis) should be performed or activated charcoal should
be administered. The trachea should be protected from
aspiration. Renal and hepatic function should be monitored
and supported if necessary. Hepatic injury caused by chlo-
robenzene can be treated with N-acetylcysteine and alpros-
tadil. Hypotension should be treated with dopamine or
norepinephrine.
Ecotoxicology

In acute toxicity of chlorobenzene to algae, a 96 h EC50 (growth
inhibition) for freshwater alga was 12.5 mg l�1. The acute
toxicity of chlorobenzene to invertebrates is reported in fresh-
water and seawater crustaceans. A 48 h EC50 (immobilization)
for the freshwater water flea was 0.59 mg l�1.

The acute toxicity of chlorobenzene to fish is reported in
rainbow trout, bluegill, and fathead minnow, and the 96 h
LC50 values were 4.7 mg l�1 for the rainbow trout, 7.4 mg l�1,
for the bluegill, and 7.7 mg l�1 for the fathead minnow.
The long-term toxicity to fish in the early life stage has been
reported in rainbow trout, goldfish, and largemouth bass, and
the reliable lowest LC50 was the 7.5 day LC50 of 0.05 mg l�1

for 4 day posthatch of the largemouth.
Other Hazards

Chlorobenzene is highly flammable, and the vapors are heavier
than air. They will spread along the ground and collect in low
or confined areas. The lower flammable limit is 1.8%, the upper
flammable limit is 9.6%, and the flash point is 851 �F
(29.21 �C closed cup). The explosive limit value ranges from
7.1 to 1.3% at 150 �C.

Combustion of chlorobenzene can form phosgene and
hydrogen chloride gases. Chlorobenzene reacts with strong
oxidizing materials, powdered sodium, and phosphorus tri-
chloride and sodium.
Exposure Standards and Guidelines

Based on the results of a chronic toxicity study in rats, the US
EPA classified chlorobenzene as group D (not classifiable as to
carcinogenicity in humans). In addition, the American
Conference of Governmental Industrial Hygienists classified
chlorobenzene as A3 (confirmed animal carcinogen with
unknown relevance to humans). The current exposure stan-
dards and guidelines are summarized in Table 1.
ia Averaging time

WA, 10 ppm 8 h day, 40 h week
, 1000 ppm NA
TWA), 75 ppm (350 mg cu m�1) 8 h day, 40 h week

imit; TLV, threshold limit value; TWA, time-weighted average.
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See also: Dichlorobenzene; Hexachlorobenzene;
Bromobenzene; Benzene.
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l Name: Chlorobenzilate
l Chemical Abstracts Service Registry Number: 510-15-6
l Synonyms: Ethyl-4,4-dichlorobenzilate; Ethyl-4,4-dichlor-

ophenylglycollate; Ethyl 2,2-bis(4-chlorophenyl)-2-hydrox-
yacetate; Chlorobenzylate

l Molecular Formula: C16H14Cl2O3

l Chemical Structure:
Background

Chlorobenzilate is an organochlorine pesticide belonging to
the same class as dichlorodiphenyltrichloroethane (DDT).
It was originally developed by Ciba–Geigy and introduced
in 1952.
Uses

The primary use of chlorobenzilate is as an acaricide for mite
control on citrus crops and in beehives. It has a narrow
insecticidal action, killing only mites and ticks. Historically,
chlorobenzilate was used as a synergist for DDT. Although
now banned for use in the United States and Europe, it is
believed to be used on crops other than citrus in other
countries.
Environmental Fate and Behavior

The historical use of chlorobenzilate resulted in its release into
the environment. It has low water solubility (log Kow ¼ 4.74)
and adsorbs strongly to sediment and suspended particulate
matter in aquatic environments. Chlorobenzilate has low soil
mobility due to an estimated Koc of 1500 and thus is not
expected to leach into groundwater. Decomposition via
photolysis or hydrolysis is not considered significant. The half-
life of chlorobenzilate in fine sandy soils was estimated to be
10–35 days, with degradation being primarily microbial. In
silty clay loam and clay soils, the half-life of chlorobenzilate
was estimated to be 10.8–15.1 and 29.5–169.1 days, respec-
tively. Volatilization from water or soil is not appreciable due
to an estimated Henry’s law constant of 7.2 atmm3mol�1. If
released into air, chlorobenzilate will exist in both vapor and
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particulate phases. The half-life of vapor-phase chlorobenzilate
in ambient air was estimated to be 3.2 days. Chlorobenzilate in
the particulate phase is expected to be removed from the
atmosphere by wet or dry deposition. There is no evidence for
long-range transport of chlorobenzilate. Bioaccumulation in
aquatic organisms is moderate to high due to a reported bio-
concentration factor range of 224–709 in fish.
Exposure and Exposure Monitoring

Occupational exposure to chlorobenzilate may occur through
inhalation or dermal contact during its production and use as
an acaricide. Exposure to the general population may occur via
contaminated food and drinking water. Although these expo-
sure routes are likely low or nonexistent in Europe and the
United States due to ceased use, potential current use of
chlorobenzilate in other areas of the world is not known.
Toxicokinetics

Due to its high lipid solubility, chlorobenzilate is readily
absorbed from the gastrointestinal tract following oral expo-
sure. Dermal absorption also occurs following exposure to
commercial (oil-based) formulations. No significant storage
of chlorobenzilate in adipose tissue of dogs was reported
following daily oral administration of 12.8 mg kg�1 for
35 weeks. Dichlorobenzilic acid, dichlorobenzhydrol, chlor-
obenzoic acid, and dichlorobenzophenone were the major
metabolites produced when chlorobenzilate was incubated in
the presence of rat liver homogenates. Urinary excretion of
these metabolites in addition to significant excretion of
unchanged chlorobenzilate in the feces was reported in dogs
and rats after oral administration. Although structurally similar
to DDT, chlorobenzilate appears to be much more rapidly
excreted following absorption in mammals.
Mechanism of Toxicity

Similar to other organochlorine pesticides in this structural
class, chlorobenzilate causes disruption of normal flow of Naþ

and Kþ across axonal membranes in the central nervous system
(CNS) and peripheral nervous system and may also antagonize
gamma-aminobenzoic acid-mediated inhibition in the CNS.
The net result is a hyperexcitable state of neurotransmission.
Acute and Short-Term Toxicity (Animal/Human)

The oral LD50 for chlorobenzilate in rats, mice, and hamsters
ranges from 700 to 729 mg kg�1. The dermal LD50 is greater
than 10 000 mg kg�1 in rats and rabbits. In humans, symptoms
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00113-5
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of acute poisoning are similar following ingestion, inhalation,
or dermal absorption of chlorobenzilate and include nausea,
dizziness, vomiting, incoordination, confusion, and muscle
weakness or pain. Death may result from respiratory collapse or
arrhythmias.
Chronic Toxicity (Animal/Human)

Chronic exposure to chlorobenzilate may cause similar symp-
toms as those observed following acute exposure. Abnormal
electrical activity in the CNS has been observed following
chronic occupational exposure in humans. Chronic dietary
exposure studies in male and female rats showed significant
decreases in body weight but no effect on survival. Chlor-
obenzilate is an eye irritant and causes conjunctivitis following
chronic exposure. Chronic skin exposure may cause skin
inflammation (dermatitis).
Reproductive Toxicity

Chlorobenzilate has been shown to cause testicular atrophy in
mice and rats following chronic dietary exposure. In a three-
generation reproduction study in rats, chlorobenzilate had no
effect on litter size, weaning survival, or the number of uterine
implants. No significant changes in body weight or teratoge-
nicity of progeny were observed in this study.
Genotoxicity

Chlorobenzilate produced negative results when tested for
mutagenicity using the standardized Ames assay with five
strains of Salmonella in the presence or absence of hepatic
microsomes.
Carcinogenicity

Chronic dietary chlorobenzilate exposure in male and female
mice resulted in a significantly increased incidence of hepatocel-
lular carcinoma. Carcinogenicity bioassays in rats have produced
equivocal results. No carcinogenicity data are available in
humans. Thus, chlorobenzilate is considered a probable human
carcinogen. The study in mice resulted in the banning of chlor-
obenzilate for agricultural use in the United States and Europe.
Clinical Management

Only symptomatic treatment is available. An airway should be
established and if necessary assisted ventilation provided. The
cardiac rhythm should be monitored and treatment for
arrhythmia should be given if required. For eye exposure, eyes
must be flushed immediately with water or saline and irrigation
maintained during transport. For ingestion, oral administration
of activated charcoal is indicated. For skin contamination, the
exposed area should be washed with soap and water.
Ecotoxicology

Ecotoxicological data are limited but suggest that chlor-
obenzilate has very low acute toxicity to aquatic and terrestrial
animals. Acute lethality (48- and 96-h LC50 values) in aquatic
invertebrates and fish ranges from 0.55 to 1.0 mg l�1. Acute
lethality (7- to 8-day LD50 values) following dietary exposure in
mallard ducks and bobwhite quail ranges from 3375 to
5620 mg kg�1. Chlorobenzilate is practically nontoxic to bees.
There are no chronic toxicity data available in aquatic or
terrestrial vertebrates.
Other Hazards

No other hazards have been noted.
Exposure Standards and Guidelines

The acceptable daily intake and reference dose for chlor-
obenzilate is 0.02 mg kg�1 day�1.

See also: DDT (Dichlorodiphenyltrichloroethane);
Organochlorine Insecticides.
Further Reading

Smith, A.G., 2001. DDT and its analogs. In: Krieger, R. (Ed.), Handbook of Pesticide
Toxicology, second ed. Academic Press, San Diego, pp. 3–56.

Relevant Website

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB – Hazardous Substances Data Bank.
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l Name: Chlorinated dibenzofurans
l Chemical Abstracts Service Registry Number: 136677-10-6
l Molecular Weight: 203.6472
l Chemical Structure:

CI

O

Background

Polychlorinated dibenzofurans (PCDFs) are a group of 135
aromatic congeners with the basic structure shown here.
From one to eight chlorine atoms may be substituted on the
phenyl rings.* The degree of toxicity of the individual
congeners is determined by the position of the chlorines on
the rings. The most toxic members of this group are the
planar, coplanar, or nearly planar compounds where at least
three or four lateral positions are occupied by chlorines,*
such as the 2,3,7,8-tetrachlorodibenzofuran.

Their chemical inertness tends to increase with chlorina-
tion. PCDFs are usually present in the environment and in
tissues together with polychlorinated dibenzo-p-dioxins
(PCDDs) and other chlorinated aromatic compounds. When
their presence is determined in the environment, the results
are often reported as toxic equivalencies (TEQs) based on
toxic equivalency factors (TEFs). Toxicity values are assigned
to the congeners of PCDD/Fs relative to the toxicity of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). When a TEF is
multiplied by the concentration of a congener in a matrix,
TEQ is obtained. The sum of all congener TEQs in a spec-
imen (total TEQ) can be used to compare dioxinlike activity
among specimens. TCDD is the most toxic chemical among
the PCDD/Fs congeners. The toxicity values are based on
their structure–activity relationship for binding and activa-
tion of the aryl hydrocarbon receptor (AHR), an initial but
insufficient step in the development of TCDD-type toxicity.
The variation in the effect on the AHR among congeners with
dioxinlike activity is 10 000 fold. Most of the research on
structure–activity relationship has been done with TCDD.
The substantial species variation is not considered in this
approach.

PCDFs may be formed in small amounts as impurities
during the industrial production of some chlorinated aromatic
chemicals. PCDFs are lipid and only very slightly water soluble.
Since PCDFs are usually present in trace amounts in the envi-
ronment and in tissues, their measurement is difficult, partic-
ularly the measurement of individual isomers.

The presence of PCDD/Fs in the environment before the
industrial age has also been determined. In 1980, it was first
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reported that PCDDs are the product of fire. Similarly,
PCDFs are formed by combustion. They have been formed
as long as fire has existed. How much wildfires and volca-
noes add to the global mass balance of PCDDs/Fs is poorly
understood. It has been estimated that total global deposi-
tion of PCDD/Fs from the atmosphere to land is about
12 500 kg year�1 and 610 kg year�1 to the oceans. The total
annual emissions from human activities, namely municipal
waste incineration, biomass combustion, steel, copper mill,
cement kiln, and automobile emissions, have been esti-
mated to be 3000 kg. Since the global deposition is about
four times greater, many sources of PCDDs/Fs are not well
characterized.
Uses

PCDFs have no commercial use and are not deliberately
produced by industry. Small amounts of a few congeners have
been synthesized in the laboratory for research purposes.
Environmental Behavior, Fate, Routes, and Pathways

No recent information was available on PCDD/Fs concen-
trations in ambient air. The key sources of PCDD/Fs are from
fire and other combustion processes. Emissions have been
detected in flue gas and fly ash from municipal and indus-
trial incinerators and oil-fired power plants, and in vehicular
exhaust and cigarette smoke. The relative contributions of
these and other unidentified sources to the presence of
PCDD/Fs in the atmosphere are not known. When PCDD/Fs
were measured in atmospheric samples of cities in New
York, levels of up to 8.8 pg m�3 of total PCDD/Fs were
found. Atmospheric concentrations of PCDD/Fs in rural and
remote areas of the United States were in the low fg m�3

range.
PCDFs are lipid soluble and present in water in extremely

low concentrations. They may contaminate surface water and
groundwater in areas with point sources. They usually adhere
to soil or sediment particles. Their presence has not been re-
ported in municipal drinking water.

PCDD/Fs were determined in samples of archived surface
soils collected in the early 1880s, in contemporary surface soils,
and in archived subsurface soils collected in 1870/1880 and
stored in Rothamsted experimental station in Lancaster, UK
PCDFs were detected in most samples. The homolog compo-
sitions of PCDFs in earlier soils were similar to patterns in more
recent soils, suggesting that similar sources of atmospheric
emissions of PCDFs are operating currently as in the past in
Europe. The homolog pattern, in samples from Thailand and
Australia were different.

P4-8CDD/Fs in archival soils ranged from 6 to 520 ng kg�1

(ppt) of dry weight. PCDD/Fs in contemporary samples ranged
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01113-1
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from 200 to 2000 ng kg�1 (ppt) of dry weight. Samples from
Cyprus and arctic Norway were close to the limit of detection of
15 ng kg�1 of dry weight.

PCDD/Fs have also been found in clay. The average TEFs for
raw and processed samples were 1513 and 966 (ng kg�1) ppt of
dry weight, respectively. Levels of PCDFs with 2,3,7,8 substi-
tution were 2–3 orders of magnitude lower than the PCDDs or
PCDFs were not detected. The presence of these chemicals in
prehistoric clay samples was attributed to natural geological
processes.

The natural formation of chlorinated phenols and PCDD/Fs
in the humic layer of a Douglas fir forest is assumed to have
resulted from processes involving microorganisms. Thus,
PCDD/Fs are formed naturally in the environment.

Dated sediment core studies have shown that PCDF
concentrations started to increase from around 1930 until
about 1970, when they began to decline. The increase in
emissions and in dated sediment samples matched the time
when a variety of industrial activities were increasing. The
subsequent decreases in core sediment levels can be attributed
to the decrease of open burning, particulate control on
combustors, phase-out of leaded gasoline, bans on the
manufacture and use of polychlorinated biphenyls (PCBs),
2,4,5-trichlorophenoxy acid (2,4,5 T), and hexachlorophene,
and restrictions on the use of pentachlorophenol. This decline
is also reflected in the decrease of human body burdens.
Food

The inadvertent intake of PCDD/Fs in the United States and in
Western Europe has decreased over the past 25 years. For the US
population, the primary source of exposure to PCDD/Fs is
food, mostly meat, dairy products, and local fresh water fish.
Based on the US Food and Drug Administration’s total diet
study and on the US Department of Agriculture most recent
food consumption estimates, the mean PCDD/F intake for the
US. Population is 0.38 pg TEQ kg�1 of body weight (bw) per
day and 1.21 pg kg�1 of bw per day at the 95th percentile. The
mean intake for children ranges from 0.93 to 1.20 pg TEQ kg�1

of bw per day.
Human Exposure and Exposure Monitoring

Human lipid serum levels of PCDFs have decreased and are
frequently below the limit of detection of the analytical
method in younger age groups. Subpopulations live in areas
with above-background levels of PCDFs in soil and sediment in
their immediate environment. However, this environmental
contamination makes only a negligible contribution to their
overall exposure. The ingestion of contaminated fish or occu-
pational exposure is usually identified as the source of elevated
blood or adipose tissue levels.

The concentration of PCDFs in human blood of the general
population is lower than thatofPCDDs.Particularly theocta-CDF
may be as much as 100 times less than octa-CDD. In the US
National Health and Nutrition Examination Survey subsample
study of 2002–03, many measurements were below the limit
of detection. Only the following congeners in lipid adjusted sera
had demonstrable 90th percentile levels: 1,2,3,4,6,7,8-
heptachlorodibenzofuran, 1,2,3,4,7,8-hexachlorodibenzofuran,
1,2,3,6,7,8-hexachlorodibenzofuran. Geometric means could
only be calculated for 2,3,4,7,8-pentachlorodibenzofuran.
Toxicokinetics

PCDFs are lipid soluble, concentrating in adipose tissue. They
are absorbed from the gastrointestinal tract by passive diffu-
sion. At equilibrium, in adipose tissue concentrations are
similar to concentrations in serum and human milk on a lipid
basis. However, at toxic levels, concentrations primarily in the
liver may be higher than in adipose tissue. The less halogenated
PCDFs and those with unsubstituted vicinal carbon atoms are
metabolized and more rapidly excreted. The highly haloge-
nated congeners are not easily absorbed but are more persistent
and bioaccumulate at a greater rate. Half-lives vary among
species. In humans, half-lives of PCDFs are positively associ-
ated with body mass and age and are excreted much faster in
infants and children than in adults, particularly older adults.
They are excreted by first order kinetics primarily in the feces as
unchanged PCDFs or as hydroxylated or sulfur containing
metabolites. More polar metabolites are also excreted in urine.
Degree of metabolism, half-lives of different congeners are
dose-dependent and range from days in hamsters to many
months to years in humans.
Mechanism of Action

It is assumed that the mechanism of action of PCDFs is similar
to that of PCDDs. The effects of PCDFs are generally attributed
to their initial interaction with the AHR. The function of the
AHR is transcriptional regulation. It is a ligand-activated tran-
scription factor with a basic region/helix-loop-helix (bHLH)
motif. While the interaction with the receptor appears to be
necessary for many PCDF effects, by itself it is insufficient. It
requires the product of a second locus that encodes a protein
product referred to as the Ah receptor nuclear translocator
(ARNT). However, ARNT is not required for nuclear trans-
location per se. Binding to the AHR mediates induction of
enzymes such as the P450 cytochromes, which are expressed in
more than 17 isoforms. In different strains of mice, AHR ligand-
binding affinity varies. The polymorphism responsible for
reduced ligand-binding affinity of the human AHR is charac-
teristic of that of nonresponsive mouse strains. The toxicity of
PCDD/Fs results from their ability to dysregulate or down
regulate genes that are under the control of the AHR.
Pronounced differences in the AHR gene structure in laboratory
animals result in a variation of responses to their toxicity.
Humans have relatively few polymorphisms that result in only
a modest variation of downstream effects. The amino acid
sequence of the human AHR and murine receptors of resistant
mice responsible for the reduced ligand-binding affinity of the
AHR receptor is the same in both species. This may explain why
humans are relatively resistant to the adverse effects of PCDD/F.

Aryl hydrocarbon hydroxylase (AHH) inductive properties
have been correlated with toxic effects. The order by which
PCDFs induce enzymes in AHH-responsive mouse strains is
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as follows: 2,3,7,8-TCDF, >1,2,3,7,8-penta-CDF, >2,3,4,7,8-
penta-CDF, >1,2,3,7,8-penta-CDF, >2,3,4,7,8-penta-CDF,
>2,3,4,6,7-penta-DCF, 1,2,3,4,7,8-hexa-CDF, >2,3,6,7-tetra-
CDF. The 2,4,6,8-TCDF and 1,3,6,8-TCDF are poor in vitro
inducers of AHH and ethoxyresorufin-o-diethylase (EROD)
activities but have high binding capacity to the cytosolic receptor
protein. Their administration together with 2,3,7,8-TCDD served
as an antagonist for AHH and EROD induction. In general,
mixtures of compounds that compete for the same receptor may
partially or completely antagonize each other. Thus, there are
exceptions to the assumed additive effect of the toxicity of
mixtures of these chemicals. It is not clear how prevalent this is
since for the most part the less toxic congeners, which may have
pronounced binding affinity, are usually not measured in
mixtures. There is some information that the PCDFs similarly to
2,3,7,8-TCDD may alter the total binding capacity of cellular
receptors such as the epidermal growth factor and estrogen and
glucocorticoid receptors. Even though additivity is assumed
with the TEQ scheme, few to no data are available for mixtures
of several PCDFs to substantiate this assumption.
Toxicity

Toxicity data on the 135 PCDF congeners is spotty, with few of
the congeners having been studied. When PCDFs or mixtures of
PCDFs with other chemicals were studied, additivity, agonism,
and antagonism may be observed because of their competitive
binding to the AHR. The TEQ approach may therefore not
necessarily reflect the actual toxicity of mixtures of these
chemicals.
Animal Toxicity

The acute and organ-specific toxicity varies among species. For
mammals, the guinea pig is the most sensitive species followed
by the monkey, rabbit, rat, and mouse. In small species, death is
delayed by a few weeks, while death may be delayed longer in
larger animals such as horses and cows. Toxicity among strains of
rats and mice differs as well. Hamsters are very resistant to these
compounds. The oral LD50 in guinea pigs is between 5 and
10 mg kg�1 of bw for 2,3,7,8-TCDF, for 2,3,4,7,8-penta-CDF it is
<10 mg kg�1 of bw, and for 2,3,4,6,7,8-hexa-CDF it is 120 mg per
kg of bw. Doses as high as 6 mg kg�1 of bw of 2,3,7,8-TCDF did
not result in lethality in C57 Bl/6fh (J67) 6-week-old male mice.
The bull frog (>1000 mg kg�1 of bw) and the hamster (>1154–
5000 mg kg�1 of bw) can tolerate similar high doses exempli-
fied by 2,3,7,8-TCDD, themost toxic congener among this group
of chemicals. In small animals, weight loss occurs in a few days as
one of the first signs of toxicity while in larger animals such as
cows, horses, dogs, and nonhuman primates it is not observed
as quickly. This ‘wasting syndrome’ is only partially explained by
reduced food intake. In birds, particularly chickens, weight loss
and edema referred to as chick edema are very prevalent.

Doses of 2,3,4,7,8-penta-CDF between 6 and 200 ng kg�1 of
bw per day given to Harlan Sprague–Dawley rats for 30 weeks
caused dose-dependent lipid peroxidation, production of
superoxide anions, and single-strand DNA breaks in liver and
brain tissue.
Dietary levels of 5 and 50 mg kg�1 of bw of 2,3,7,8-TCDF
for 6 and 2 months, respectively, caused sickness and some
deaths in two groups of three rhesus macaques each. The
principal pathological findings were atrophy (metaplasia) of
the sebaceous glands, involution of the thymus, and hypo-
plasia of the bone marrow. Among survivors, recovery was
complete after 3 months of a diet without 2,3,7,8-TCDF.
Hyperplasia of the epithelium of the intestinal tract and the
biliary tract may also occur in monkeys. Retention cysts of
the Meibomian glands of the eyelids and hyperkeratosis of the
pilar pores of the skin, facial edema, and loss of facial hair,
including eyelashes, have been reported in monkeys following
exposure to PCDFs. In rats and mice, the liver and thymus are
primary target organs.

Among chicks fed 2,3,7,8-TCDF of 1 and 5 mg kg�1 of bw
per day for 21 days, mortality was 16 and 100%, respectively.
At 5 mg kg�1 of bw per day the liver was affected, and thymic
atrophy and edema were observed. Porphyria may also occur
in chickens and has been reported in rats dosed with technical
pentachlorophenol contaminated with PCDDs and PCDFs.
However, it was not determined whether the pentachloro-
phenol also contained hexachlorobenzene a known porphor-
inogenic substance.
Immunotoxicity

Toxic doses of 2,3,7,8-tetra-CDF and 2,3,4,7,8-penta-CDF
cause severe thymic atrophy in the guinea pig, mouse, and rat.
Humoral antibody production is also inhibited. However,
2,3,7,8-TCDF is 30 times less effective than 2,3,7,8-TCDD. The
degree of PCDF-induced immunotoxicity is influenced by the
genetic background of different laboratory animal species.
Reductions in thymus weight and the number of spleen cells
were seen in C57B1/6J mice after a single dose of 100 mg kg�1

of bw of 2,3,7,8-tetra-CDF. Humeral immunity was also
affected. The LD50 for 2,3,7,8-tetra-CDF in these mice is
>6000 mg kg�1 of bw. Adult guinea pigs were dosed once
weekly with 2,3,7,8-tetra-CDF for 6 weeks. Thymus weight was
reduced at 1.0 and 0.5 mg kg�1 of bw and the body weight gain
was reduced. Leukocyte counts were depressed. A marked
depression of antibody responses was observed.
Reproductive and Developmental Toxicity

Single doses of 2,3,7,8-TCDF of 100–1000 mg kg�1 of bw on
days 10–13 of pregnancy produced cleft palate and hydro-
nephrosis in mice. The teratogenic ED50s for 2,3,4,7,8-penta-
CDF, 1,2,3,7,8-penta-CDF, and 1,2,3,4,7,8-hexa-CDF were 40,
100, and 400 mg kg�1 of bw, respectively. Similar ED50 values
have been reported in other studies. In rats, fetal deaths and
suggestive fetal cleft palates have been observed.
Genotoxicity

Mutagenicity was studied in several Salmonella strains and cell
fractions obtained from rats. The 2,3,7,8-, 2,8-, 3,6-, and octa-
PCF were all nonmutagenic.



Chlorodibenzofurans (CDFs) 879
Carcinogenicity

Cholangiocarcinomas and hepatomas were observed in Harlan
Sprague–Dawley rats given daily doses of 44, 92, and
200 ng kg�1 of bw 2,3,4,7,8-penta-CDF. Dosing was by gavage
5 days week�1 for up to 2 years.
Human Toxicity

No information is available for PCDFs per se. However, two
poisoning outbreaks occurred, in 1968 in Japan and in 1979 in
Taiwan. PCBs were used as a heat transfer agents during the
production of rice bran oil. In Japan and in Taiwan, the heat-
degraded PCBs accidentally contaminated the oil because of
holes in the PCB-filled coils. Analysis of the heat transfer fluid
and the contaminated oil eventually revealed the presence
of PCBs, PCDFs, PCDDs, and polychlorinated quaterphenyls
(PCQs). Later, polychlorinated quaterphenyl ethers ( PCQEs)
and polychlorinated terphenyls (PCTs ) were also identified. It is
assumed that the PCDFs were the primary cause of illness. The
total number of registered Yusho patients in Japan was 1860,
and over 2000 people were affected in Taiwan. In the late 1970s
and mid-1980s, the estimated average intake during the intoxi-
cation period for Yusho was 633, 3.4, and 596 mg and for
Yucheng 973, 3.8, and 586 mg for PCBs, PCDFs, and PCQs,
respectively. However, these estimates do not include the
PCDDs, which were found later in additional analyses. In 1989,
with improved analytical methods, 0.826 mg kg�1 PCDDs,
11.6 mg kg�1 PCDFs, and 380 mg kg�1 PCBs were found in two
rice oil samples. It is unclear how representative these oil
samples were. Since the contamination was accidental, it was not
uniform. It appears that the most highly contaminated oil had
been consumed by the time the outbreaks were investigated.

In adult Yusho and Yucheng patients, the primary signs were
chloracne, hyperpigmentation of the skin and mucous
membranes, eye discharge, liver toxicity, and paresthesias. In
neonates, dark brown pigmentation of the skin and mucous
membranes, edematous faces, and prematurely erupted teeth
were noted. Abnormal laboratory tests such as elevated triglyc-
erides were also found. In many individuals, these signs
regressed over time. The brownish pigmentation of the babies
disappeared in 2–3 months. In adults, signs and symptoms also
diminished over time. Half of the Yusho patients complained of
respiratory stress, and infections of the respiratory tract were
prevalent. Some immunoglobulins were decreased. The physical
andmental development of the Yusho babies was normal, while
the Yucheng children at ages 6–7 had poorer cognitive devel-
opment than matched controls. They scored approximately five
points lower (0.40 SD) on the Wechsler Intelligence Scale
Revised. It is unclear whether these children were breastfed, since
formula feeding also affects these tests. Results of follow-up
studies in this population suggest that there is no difference in
relative survival if compared to the general population.
However, a mortality study with 40-year follow-up suggests that
the standardized mortality ratios (SMR) for all cancers (SMR
1.37; CI 1.11–1.66), cancer of the liver (SMR 1.82; CI 1.06–
2.91), and lung cancer (SMR 1.75; CI 1.14–2.57) among
males were statistically significantly elevated but tended to
decrease over time, suggesting potential confounding.
Ecotoxicology

No definitive information for CDFs was available. Studies in
mink suggest that they tolerate higher doses of PCDFs than
implied by the most recent TEFs. Wood ducks seem to be
more sensitive to these types of compounds than other bird
species.
Exposure Standards and Guidelines

No specific guidelines or standards have been set for PCDFs.
Some environmental guidelines such as clean-up levels in
contaminated areas exist only for the combination of PCDDs
and PCDFs and sometimes also included PCBs. These guide-
lines are based on the TEF approach and vary in different
locales.
See also: Glyphosate; Hexachlorobenzene; Chlorination
Byproducts; Chloromethyl Ether, Bis-; Chlorophenols;
Dibenzofuran; Jet Fuels; Interactive Toxicity;
S-(1,2-Dichlorovinyl)-L-Cysteine; Polychlorinated
Biphenyls (pcbs); Ethanol; Dioxins; Strontium; TCDD
(2,3,7,8-Tetrachlorodibenzo-p-dioxin).
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l Name: Chloroethane
l Synonyms: Ethyl chloride; Monochloroethane
l Molecular Formula: C2H5Cl
l Chemical Structure:
H3C Cl
Background

Chloroethane is a flammable, colorless, gas or liquid (below
54 �F), with a pungent, etherlike odor. It is not found naturally,
but is produced by the hydrochlorination of ethylene, and as
a by-product of polyvinyl chloride synthesis. It is a lipophilic
compound that is moderately soluble in water, but readily
soluble in organic solvents.
Uses

Chloroethane is used in the manufacture of tetraethyl lead,
ethyl cellulose, agrichemicals, butyl rubber, dyes, perfumes,
and medicinal drugs. It is applied as a topical spray skin
analgesic for the temporary relief of pain. Its former predomi-
nant uses to make the gasoline additive tetraethyl lead and as
a general anesthetic and refrigerant have been curtailed.
Environmental Fate and Behavior

Chloroethane’s production and uses may result in its release to
the environment, primarily to air. In ambient air, chloroethane
will exist as a gas, which is degraded by reaction with photo-
chemically produced hydroxyl radicals with a half-life of >23
days. Chloroethane can be removed from air by wet or dry
deposition, since it is only moderately water soluble. It is
expected to have very high mobility in soil and could leach into
groundwater, and can volatilize from moist and dry soil
surfaces. In water, chloroethane is not expected to adsorb to
suspended solids and sediment, or to hydrolyze appreciably,
and is expected to volatilize from the water surface. Bio-
concentration in aquatic organisms is low. The primary routes
for human chloroethane exposure are inhalation and dermal
contact.
Exposure and Exposure Monitoring

Potential routes of human exposure include inhalation,
ingestion, and eye and skin contact. Workers may be exposed
by inhalation and dermal contact where chloroethane is used
or synthesized, and the general population may be exposed by
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inhaling ambient air, drinking contaminated water, from
dermal contact with consumer products (solvents, paints, and
refrigerants), and from its use as a topical numbing agent.
Chloroethane can be released to the environment by emissions
from its production and use as a chemical intermediate, by
fumes from plastics and refuse combustion, by wastewater
effluent treatment facilities, and by leaching from landfills.
Toxicokinetics

Humans and animals rapidly absorbed inhaled chloroethane,
and ingested chloroethane was largely absorbed from the
gastrointestinal (GI) tract in rodents. Skin absorption has not
been determined, but is expected to be minor based on
chloroethane’s physical properties. In vitro tissue/air partition
studies showed that chloroethane has a greater affinity for
fat than for muscle, liver, or blood. High concentrations of
chloroethane were found in vivo in the brain and medulla
oblongata.

Inhalation studies with rats and mice showed that only
a fraction of absorbed chloroethane is metabolized, and the
majority is exhaled unchanged. One major metabolic pathway
is oxidation via liver microsomal cytochrome P450IIE1 to form
acetaldehyde, which is quickly metabolized to acetic acid by
aldehyde dehydrogenase. The second major pathway is
conjugation with glutathione to form S-ethyl-glutathione,
catalyzed by glutathione-S-transferase, with subsequent
metabolism to more hydrophilic forms that are excreted in the
urine. Mice had a greater capacity than rats to metabolize
chloroethane by both the P450 and glutathione conjugation
pathways. Dechlorination was not a significant metabolic
pathway for chloroethane.

Chloroethane is quickly eliminated from the body,
primarily through the lung as the unchanged compound, with
the rest excreted in the urine, feces, and sweat.
Mechanisms of Toxicity

The mechanism of chloroethane toxicity, which primarily
affects the central nervous system (CNS), heart, liver, and
kidneys, has not been defined. Chloroethane is a small lipo-
philic compound that can cross membranes by simple diffu-
sion. The anesthetic effect in humans and animals caused by
inhalation of high concentrations may be due to chloroethane
interaction with the lipid layer of the cellular membrane, or
with hydrophobic areas of specific membrane-bound cellular
proteins. In vitro studies have shown that chloroethane inter-
feres with calcium-mediated excitation–contraction coupling,
leading to a reduction in ATP use, possibly due to disruption
of the lipid structure of the transverse tubule walls. Inhala-
tion of high concentrations of chloroethane sensitizes the
heart to the effects of catecholamines. This, together with ethyl
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01114-3
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chloride-induced euphoria, excitement, asphyxia, and hypoxia
can result in arrhythmias and death. It has been proposed that
chloroethane may depress atrioventricular nodal conduction,
causing atrioventricular block.
Acute and Short-Term Toxicity

Animal

The minimum lethal concentration of chloroethane in a 2-h
exposure study was w55 000 ppm in rats and mice. Guinea
pigs died from a 9-h exposure to 40 000 ppm, and had path-
ological changes in the lung, heart, liver, spleen, and kidneys,
and signs of CNS toxicity (dizziness, ataxia). Dogs exposed to
anesthetic concentrations of chloroethane exhibited muscle
twitching and tremors, and had cardiac depression due to vagal
nerve stimulation. This led to ventricular tachycardia, asystole,
and death.

Mice exposed to w5000 ppm continuously for 11 days had
increased relative liver weight and slightly increased hepato-
cellular vacuolation, but no other significant toxicity in
numerous examined organs. The most notable effects in rats,
mice, and dogs exposed discontinuously for 2 or 3 weeks to
10 000–19 000 ppm, and in rats and mice exposed for 13
weeks to 19 000 ppm, were slight CNS depression, lethargy,
and slightly increased liver weight in rats.
Human

Chloroethane vapor is irritating to eyes, nose, and throat, and
the liquid is irritating to the skin and eyes. Exposure to
13 000 ppm for 12min caused subjective intoxication and
decreased reaction times. A few breaths of 20 000–40 000 ppm
resulted in eye irritation, mild abdominal cramps, nausea,
vomiting, and dizziness, whereas exposure forw10min caused
intoxication, incoordination, and unconsciousness. Anesthetic
concentrations of chloroethane have caused cardiac depression
due to vagus nerve stimulation, which has in some cases led to
arrhythmia and resulted in the death. Symptoms of frostbite
can result from prolonged dermal exposure to chloroethane.
Chronic Toxicity

Animal

A chronic toxicity and carcinogenicity study with rats and mice
showed no histopathological changes in the respiratory tract,
cardiovascular system, GI tract, or liver after exposure for 6 h
per day, 5 days per week to up to 15 000 ppm chloroethane for
2 years. Mild nephrotoxicity was seen in mice exposed to
15 000 ppm, and consisted of tubular regeneration and
minimal glomerulosclerosis in females, and slight enlargement
of renal tubular cell nuclei in males.
Human

Case reports of long-term inhalation abuse of high concentra-
tions of chloroethane showed the greatest adverse effects on
the nervous system. Symptoms included jerking eye move-
ments, an inability to control voluntary movements, difficulty
in speaking clearly, sluggish lower limb reflexes, seizures,
disorientation, short-term memory loss, and hallucinations.
Nerve damage, an enlarged liver, and mild transient distur-
bance of liver function were also seen following exposure to
high concentrations.

Repeated dermal exposure to chloroethane has resulted in
contact sensitivity, as shown by positive patch tests.
Immunotoxicity

Contact dermatitis has been reported following dermal appli-
cation of chloroethane. In animals, no treatment-related effects
were seen on organs or tissues of the immune system of mice
after continuous inhalation exposure of 4800 ppm for 11 days,
or in mice and rats treated intermittently with up to
15 000 ppm for 2 weeks to 2 years. Anemic or congested
spleens were noted in guinea pigs exposed for 90min to
w40 000 ppm chloroethane.
Reproductive Toxicity

Pathological changes were not seen in reproductive organs of
animals exposed to chloroethane by inhalation for up to 2 years.
No maternal toxicity or adverse effects on reproductive or fetal
parameters were seen in mice exposed to chloroethane during
gestation days 6–15, except for a small but statistically significant
increase in the incidence of unossified bones of the skull at the
high dose (5000 ppm). Dogs anesthetized with chloroethane
had decreased uterine motility and muscle tone. Rats and mice
exposed to chloroethane had decreased glutathione levels in
anumberoforgans, thegreatest decreasebeing in theuterus.Mice
exposed to high concentrations of chloroethane had decreased
uterine weight and slightly longer estrous cycle duration.
Genotoxicity

Chloroethane yielded mixed results in standard genotoxicity
assays. It caused cytotoxicity in two independent BALB/c-3T3
cell transformation assays, but elicited morphological trans-
formation in only one of the tests. It was mutagenic in the
Ames test in Salmonella typhimurium strains TA1535 and TA100,
but not in strains TA98 or TA1537. Chloroethane did not
induce unscheduled DNA synthesis in mouse hepatocyte
primary culture or micronuclei in bone-marrow cells frommice
exposed by inhalation, but was mutagenic at the hprt locus in
Chinese hamster ovary cells.
Carcinogenicity

No epidemiological studies were available that examined the
carcinogenic potential of chloroethane. The National Toxi-
cology Program (NTP) conducted 2-year toxicology and carci-
nogenesis studies of chloroethane with both sexes of rats
and mice. The evidence of carcinogenic activity was equiv-
ocal for male rats (benign and malignant skin neoplasms),
female rats (malignant brain astrocytomas), and male mice
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(alveolar/bronchiolar neoplasms). The female mice had a clear
increase in uterine carcinomas, which parallels the finding in
other studies that glutathione depletion was greater in the uteri
of female mice than in other organs of mice or in rats. PBPK
models of chloroethane disposition in mice and humans have
been recently developed, and for rats have been expanded. The
models allow for comparison of predicted internal dose metrics
between the three species, and help determine the mechanism
of uterine carcinogenicity.
Clinical Management

Chloroethane vapors can be irritating to the eyes, skin, and
mucous membranes, and cause symptoms that include head-
ache, blurred vision, dizziness, ataxia, stupor, CNS depression,
vomiting, abdominal cramps, and liver or kidney toxicity.
Chloroethane increases myocardial sensitivity to catechol-
amines, and can cause cardiac arrhythmias. Eczema and allergic
contact dermatitis have been reported.

Persons exposed by inhalation should be moved to fresh air
and monitored for respiratory effects. Bronchospasm should be
treated with inhaled beta2-agonist and oral or parenteral
corticosteroids, and seizures with benzodiazepine. The elec-
trocardiogram (ECG) should be monitored in cases of heavy
exposure. If the eyes have been exposed, they should be irri-
gated at least 15minutes with room-temperature water. For
dermal exposure, contaminated clothing should be removed
and the affected area should be washed thoroughly with soap
and water. Dermal hypersensitivity reactions can be treated
with systemic or topical corticosteroids, or antihistamines.
Ecotoxicity

Scant information was available regarding the ecotoxicity of
chloroethane. EC50 values of 58mg l�1 and 39mg l�1 were
obtained for Daphnia magna and the algae Scenedesmus sub-
spicatus, respectively. An EC10 of >140mg l�1 was determined
for the soil bacterium Pseudomonas putida.
Exposure Standards and Guidelines

TheU.S.OccupationalSafetyandHealthAdministration (OSHA)
established a permissible exposure limit (PEL) of 1000 ppm as
a time-weighted average (TWA) inhalation concentration for
chloroethane, with a skin designation. The American Conference
of Governmental Industrial Hygienists (ACGIH) determined
an 8-h TWA threshold limit value (TLV-TWA) of 100 ppm, with
a skin designation and defined excursion levels.

The California Environmental Protection Agency (EPA)
(2001) derived a no significant risk level (NSRL) of 0.15mg per
day as the daily intake level posing a 10�5 lifetime risk of
cancer, based on the female mouse uterine carcinoma data in
an NTP study (NTP, 1989). Based on delayed fetal ossification
in CF-1 mice in a developmental toxicity inhalation study, the
California EPA derived a chronic reference exposure level of
30mgm�3, the U.S. EPA Integrated Risk Information System
(IRIS) program developed a reference concentration (RfC) of
10mgm�3, and the Agency for Toxic Substances Disease
Registry (ATSDR) developed an acute inhalation minimal risk
level (MRL) of 15 ppm. IRIS did not develop a reference dose
for chronic oral exposure (RfD).

The International Agency for Research on Cancer (IARC)
has concluded that chloroethane is not classifiable as to its car-
cinogenicity to humans, and the ACGIH has classified it as
a confirmed animal carcinogen with unknown relevance to
humans. The National Institute for Occupational Safety and
Health (NIOSH) considers chloroethane to be a potential occu-
pational carcinogen, because of its structural similarity to other
animal carcinogens. The IRIS does not currently present a carci-
nogenicity assessment for lifetime exposure to chloroethane.

See also: Anesthetics; Developmental Toxicology;
Neurotoxicity; Kidney; Cardiovascular System.
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Background

It is recognized that nontoxic and nonflammable refrigerants
(Freon or chlorofluorocarbon (CFC)) were commercialized in
the manufacture of chlorofluoro- derivatives of methane and
ethane until the 1930s. Since that time, studies on the synthesis
of CFCs and their applications have progressed in many direc-
tions, such as aerosol, blowing agent for foam manufacture, fire
extinguisher, cleaning solvent, and refrigerant. Due to the
potential environmental and health effects of ozone depletion
and greenhouse effect, the use of Freons has been reduced by
international agreements since the end of the 1980s. Under
a treaty known as the Montreal Protocol on Substances that
Deplete the Ozone Layer, which was first established in 1987,
several interim replacements for CFCs were thus developed in
the 1990s, i.e., partially or fully fluorinated or partially chloro-
fluorinated alkanes, including hydrochlorofluorocarbons
(HCFCs), hydrofluorocarbons (HFCs) and perfluorocarbons
(PFCs). Table 1 lists the chemical identities and the information
on ozone depletion potential (ODP), global warming potential
(GWP), and partition property of common CFCs, including
trichlorofluoromethane (CFC-11), dichlorodifluoromethane
(CFC-12), 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113),
1,2-dichlorotetrafluoroethane (CFC-114), and chloropenta-
fluoroethane (CFC-115).

Obviously, these CFCs contain only the elements chlorine,
fluorine, and carbon. Thus, they are usually colorless gases or
liquids that evaporate easily at room temperatures. They are
generally unreactive and stable, nontoxic, and nonflammable.
It means that the atmosphere is the most likely fate for their
accumulations of emissions. CFCs are also a part of the group
of chemicals known as the volatile organic compounds. On
the other hand, it can be seen in Table 1 that the values of
log Kow for CFCs are below 3.5, showing that these fluoro-
carbons have very low potential bioaccumulation in the
environment. Herein, some CFCs, including chlorotrifluoro-
methane (CFC-13), 1,1,1,2-tetrachloro-2,2-difluoroethane
(CFC-112a), and 1,1,2,2-tetrachloro-1,2-difluoroethane
(CFC-112), are not discussed.
Mode of Action

CFCs are characterized by high chemical and thermal stabili-
ties, nonflammability, and low toxicity. Although CFCs are
Table 1 Environmental properties of common chlorofluorocarbons (CFCs

CFCs (abbrev.) CAS no. Molecular formu

Trichlorofluoromethane (CFC-11) 75-69-4 CCl3F
Dichlorodifluoromethane (CFC-12) 75-71-8 CCl2F2
1,1,2-Trichloro-1,2,2-trifluoroethane (CFC-113) 76-13-1 CCl2FCClF2
1,2-Dichlorotetrafluoroethane (CFC-114) 76-14-2 CClF2CClF2
Chloropentafluoroethane (CFC-115) 76-15-3 CClF2CF3

aOzone depletion potential (relative to the ODP of CFC-11 ¼ 0) in Montreal Protocol.
bGlobal warming potential with 100-year time horizon (relative to GWP of CO2 ¼ 1).
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physiologically inert, they can cause cardiac sensitization (i.e.,
sensitization of the heart to the body’s adrenalin) at high
concentrations (e.g., above 10% in air). This can lead to cardiac
arrhythmia, resulting in irregular heartbeat and sometimes
cardiac arrest.
Major Uses

The chemical inertness, thermal stability, low toxicity, and
nonflammability of these CFCs coupled with their unique
physical properties are used in many application fields,
including refrigerant for air conditioning, aerosol (propellant),
blowing agent for foam manufacture, fire extinguisher, clean-
ing agent, dielectric fluid, and ion implantation of semi-
conductor device. However, it should be noted that the
timetable of phase-out of these compounds was regulated by
the Montreal protocol (i.e., the production of CFCs ended by
1 January 1996 and their applications banned).
Environmental Hazards

GWP expresses the relative increase in earthward IR radiation
flux due to the emission of organic compounds. Notably, all
CFCs have high GWP values relative to the reference
compound, carbon dioxide (seen in Table 1). Furthermore,
these saturated halocarbons are considered not easily biode-
gradable based on the data of octanol/water partition coeffi-
cients also listed in Table 1. With respect to ecotoxicity, it was
also revealed to be not very toxic to aquatic organisms (i.e.,
algae, water fleas, and fish) and terrestrial plants. For example,
CFC-113, which was one of the most used solvents, shows
a very low toxicity toward aquatic species such as Daphnia
and fish. As described, the most significant environmental
hazard for CFCs should be the ozone depletion, which is
caused by chlorine molecules in these so-called ozone-
depleting substances that migrate to the stratosphere and then
react catalytically with ozone, thus destroying it. In addition,
from the view of the effect on air quality, CFCs have been listed
as having ‘negligible photochemical reactivity’ and do not
contribute to smog formation and ground-level ozone. There-
fore, they are exempt from volatile organic compound regula-
tions according to the US Clean Air Act Amendments of 1990.
)

la Mol. wt. (g mol�1) Lifetime (years) ODPa GWPb Log Kow

137.38 45 1.0 4750 2.53
120.91 100 1.0 10 900 2.16
187.40 85 0.8 6130 3.16
170.93 300 1.0 10 000 2.82
154.47 1700 0.6 7370 2.30
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Table 2 Toxicity data and exposure limits of common chlorofluorocarbons (CFCs)

CFCs LC50
a (ppm) LOELb (ppm) OSHA-PELc (ppm) ACGIH-TLVd (ppm) TLV-basis

CFC-11 26 200 5000 1000 1000 Cardiac sensitization
CFC-12 760 000 50 000 1000 1000 Cardiac sensitization
CFC-113 52 000 5000 1000 1000 Central nervous system impairment
CFC-114 600 000 25 000 1000 1000 Pulmonary function
CFC-115 ＞800 000 150 000 1000 1000 Cardiac sensitization

aLC50: Lethal concentration for 50% of test animals (rat).
bLOEL: Lowest observed effect level at which sensitization occurs in dog with epinephrine challenge.
cOSHA-PEL: US Occupational Safety and Health Administration permissible exposure limit based on 8-h time-weighted average.
dACGIH-TLV: American Conference of Governmental Industrial Hygienists-Threshold Limit Value based on 8-h time-weighted average.
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Exposure Routes and Pathways

Inhalation (pulmonary route) is the main source of exposure to
CFCs. Skin absorption or contact (dermal exposure) and eye
contact may also occur. Because they are no longer used as
refrigerants and blowing agents, human exposure to CFCs may
occur via inhalation from accidental leaks or spills from
a refrigeration system of recycling system for electronic appli-
ances where they are still used.
Acute (Short-Term) Health Effects

Due to the physiochemical properties of CFCs, there is only
a low potential for human toxicity based on the results of
mammalian (i.e., rat) tests, and no significant acute health risk
is expected. Briefly, the biotransformation of CFCs has been
shown to undergo cytochrome P450-catalyzed oxidation or
reduction reactions. The formed acyl halides are further
hydrolyzed to give excretable haloacetic acid (e.g., trifluoro-
acetic acid) in urine. Although CFCs are physiologically inert,
exposure to pressurized CFCs like liquid nitrogen, such as may
occur with a refrigerant leak, can cause frostbite as well as to the
upper airway if inhaled, possibly resulting in asphyxiation and
cardiac sensitization (i.e., sensitization of the heart to the body’s
adrenalin) at high concentrations. The data on lowest observed
effect level and lethal concentration for 50% of specimens
(LC50) for common CFCs are also listed in Table 2. It should be
noted that repair of air-conditioning systems could involve
welding operations and possibly cause the occupational expo-
sure to decomposition toxic products, including hydrogen
fluoride (HF), hydrogen chloride (HCl), carbon monoxide
(CO), phosgene (COCl2), and carbonyl fluoride (COF2).
Chronic (Long-Term) Health Effects

In general, occupational workers exposed to CFCs at the
exposure standards/limits (described below) showed no
adverse health effects. In experimental animals exposed to
CFCs for long-term tests, no significant effects were seen.
Regarding the carcinogenic, reproductive, and developmental
effects of CFCs, their potential for chronic effects is low.
Exposure Standards/Limits

Basically, CFCs have only a low potential for toxicity, and are
considered not readily biodegradable, with very low
ecotoxicity. Thus, the exposure limits for these chemicals, based
on the permissible exposure limit by the US Occupational
Safety and Health Administration and the threshold limit value
(TLV) by the American Conference of Governmental Industrial
Hygienists, are mostly set at 1000 ppm, as shown in Table 2.
However, there are some exceptions as in the cases of CFC-112a
and CFC-112. They will cause liver and kidney damage to
experimental animals subjected to repeated exposure at high
concentration; therefore, TLV-time-weighted average values of
100 ppm and 50 ppm are set for CFC-112a and CFC-112,
respectively.

See also: Aerosols; Ozone; Global Climate Change and
Environmental Toxicology.
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l Name: Chloroform
l Chemical Abstracts Service Registry Number: 67-66-3
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l Synonyms: Methane trichloride, Trichloromethane, Meth-

enyl trichloride, Methyl trichloride, Trichloroform
l Molecular Formula: CHCl3
l Chemical Structure:

Background

Chloroform was discovered in 1831 independently by Liebig J.,
Soubeiran E., and Guthrie S. Chloroform was used in surgery
by Ives E., but Simpson J.Y. first used chloroform in midwifery
(1847). The anesthetic properties had been described by
Flourens M.J.P. In 1906, Brown used a warmed mixture of
nitrous oxide and oxygen, followed by ether and chloroform.

Very soon sudden deaths were reported and a specific effect
on the heart was suspected. In 1911, Levy A.G. proved in
experiments with animals that chloroform could cause cardiac
fibrillation. Between 1865 and 1920, chloroform was used in
80–95% of all narcosis performed in UK and German-speaking
countries. The discovery of hexobarbital in 1932 was the
beginning to the gradual decline of chloroform narcosis. The
clinical use of chloroform ended in 1976. Classification of the
chloroform hazard according to the Globally Harmonized
System (GHS) is shown in Table 1. It is classified as carcinogen
category 2 (suspected of causing cancer) and also for oral acute
toxicity, skin irritation, and for long-term effect.
Uses

Chloroform is mainly used as a raw material in the production
of hydrochlorofluorocarbon-22 (HCFC 22), as a production
Table 1 Chloroform classification according to the Globally Ha

Hazard class and category code(s) Hazard statement code

Acute tox. 4 H302 harmful if swall
Carc. 2 H351 suspected of ca
STOT RE 2 H372 may cause dam

through prolonged
Skin irrit. 2 H315 causes skin irrit

Source: Annex VI. Table 3.1 of European Regulation 1272/2008.

Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
and extraction solvent especially in the pharmaceutical
industry (e.g., in the extraction of penicillin and other antibi-
otics), and it is also used as a solvent, degreasing agent, or
chemical intermediate in industries like adhesives, pesticides,
fats, oils, etc. Chloroform is a by-product in the manufacture of
vinyl chloride/polyvinyl chloride (VC/PVC, IUPAC name:
Polychloroethene) products and other chlorinated bulk
chemicals. Similarly, chloroform is an important building
block for fluorinated polymers and copolymers.

Chloroform has been used in the United States as an
insecticidal fumigant on stored grains and as mildew fungicide
for tobacco seedlings, but these applications are not registered
in the European Union (EU). Elsewhere, unintended emissions
of chloroform are observed in water chlorination processes or
chlorination for paper bleaching.
Environmental Fate and Behavior

Routes and Pathways

Chloroform in soil or surface water volatilizes readily; at
equilibrium, greater than 99% is expected to partition to the
atmosphere. Some wet deposition of atmospheric chloroform
may occur, but subsequent revolatilization is likely to be
extensive. Chloroform is not expected to partition significantly
to soils or sediments, because its affinity for organic carbon and
lipids is low. Compartmental partitioning has been reported to
be 99.1, 0.9, 0.01, and 0.01% in air, water, soil, and sediment,
respectively. The preferred target compartment in the environ-
ment at equilibrium is the air compartment.
Physical and Chemical Properties

Chloroform is a volatile, heavy, colorless liquid. It is
nonflammable and possesses a characteristic sweet odor. The
physical and chemical properties of chloroform are summa-
rized in Table 2.
Partition Behavior in Water, Sediment, and Soil

Chloroform is considered as nonbiodegradable in water.
Hydrolysis is an unimportant fate process at a neutral pH value
rmonized System of Classification and Labeling of Chemicals

(s) and meaning Pictogram signal word code(s)

owed GHS08
using cancer GHS07
age to organs
or repeated exposure

Wng

ation
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Table 2 Physical and chemical properties of the substance

Property Value

Molecular weight 119.5 g mol�1

Relative density 1480 kg m�3

Melting point 63.5 �C
Boiling point 61.3 �C
Vapor pressure 209 hPa at 20 �C
Relative density 1.4 at 20 �C
Surface tension 0.0271 N m�1 at 20 �C
Partition coefficient Log Kow 1.97
Henry’s law Constant H ¼ 367 Pa m3 mol�1 at 25 �C
Water solubility 8700 mg l�1 at 23 �C
Partition coefficient octanol/water 1.97
Flash point None
Flammability No

Source: European Union Risk Assessment Report of chloroform.
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and direct photolysis in water is not expected too. In surface
water, the principal removal process is volatilization with
estimated half-lives of 1.5 days and 9–10 days in a river and
a lake, respectively. Most studies have indicated little biodeg-
radation up to 25 weeks in aquatic systems under aerobic
conditions. The principal fate of chloroform at the soil surface
is temperature-dependent volatilization due to its volatile
nature and low soil adsorption.
Environmental Persistency

In air, a half-life value of 105 days is estimated. Chloroform
emitted to air reacts primarily with photochemically generated
hydroxyl radicals in the troposphere. The reaction products
include phosgene, dichloromethane, formyl chloride, carbon
monoxide, carbon dioxide, and hydrogen chloride.

The chemical degradation in sediments and soil is not rapid,
except under anaerobic methanogenic conditions. Chloroform
biodegradation is observed in anaerobic sediment and a half-
life in sediment is estimated at 15 days. The major degrada-
tion products under anaerobic conditions are carbon dioxide,
methane, and hydrogen chloride, with smaller amounts of
dichloromethane. A Koc value of 185 l kg�1 has been estimated.
Bioaccumulation and Biomagnification

The octanol/water partition coefficient and the bio-
concentration factor measured for fish (see Table 3) indicate
that chloroform is unlikely to bioaccumulate to any significant
extent in aquatic biota.
Table 3 Results from bioaccumulation experiments in different sp

Species Exposure (d) Water conc. (mg l�1)

Cyprinus carpio 42 1000
Cyprinus carpio 42 100
Oncorhynchus mykiss 1 1000
Lepomis macrochirus 1 1000
Micropterus salmoides 1 1000
Ictalurus punctatus a 1 1000

aEquilibrium has not been reached.
Source: European Union Risk Assessment Report of chloroform.
Exposure and Exposure Monitoring

Routes and Pathways

The environmental exposure of chloroform is based on the
expected releases of the substance during the life cycle stages of
the production of this substance, the use as an intermediate
(HCFC 22 production, dyes, pesticides production, and other),
the use as a solvent (chemical and pharmaceutical industry),
the unintended formation (by-product during chemical and
VC/PVC products manufacturing), the water chlorination
(drinking water, municipal wastewater, swimming pools,
cooling water), the pulp and paper bleaching, atmospheric
reaction of high tonnage chlorinated solvents, vehicle emis-
sions, landfills, incineration processes, and natural sources. The
major global sources for tropospheric chloroform would be
direct emissions from the surface ocean, soils, and fungi,
although biological processes are not well defined. Estimated
emissions from anthropogenic sources account for 10% of the
total emitted and the amounts emitted from fires represented
only 0.4%. Chlorination of soil organic matter is one possible
source of chloroform.
Human Exposure

Environmental Exposure
Based on concentrations determined in Canadian air (national
surveys), food in Canada and the United States, and drinking
water, the average estimated intake from food, drinking water,
and air varied from 0.6 to 10 mg kg�1 body weight per day.
Upper-bounding estimates were ranged from 40 to 95 mg kg�1
ecies of fish studied in flow through

Depuration BCF (bioaccumulation factor)

– 1.4–4.7
– 4.1–13
Total depuration within 24 h 3.4–10.4
Total depuration within 24 h 1.6–2.5
Total depuration within 24 h 2.1–2.2
91% depuration within 26 h 3–3.4
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body weight per day. The estimated total daily dose was
54.8 mg kg�1 body weight per day in the EU Risk Assessment
Report on chloroform.

Occupational Exposure
Mean time-weighted average (TWA) exposures of 13, 2, and
1 mg m�3 for production operators, drummers/bottle fillers,
and maintenance/utility personnel at one pesticide plant with
levels of 10–1000 mg m�3 in a Polish pharmaceutical plant,
an 8-h TWA of 77.4 mg m�3 (range 13–227 mg m�3) in
a police forensic laboratory, and (during 1968–72) levels of
34–830 mg m�3 (mean 230 mg m�3, 79 samples) in a film
manufacturing plant using a solvent containing 22% chloro-
form, have been reported.
Toxicokinetics

Chloroform is well absorbed, metabolized, and eliminated by
mammals after oral, inhalation, or dermal exposure and widely
distributed in the entire organism, via blood circulation and
preferentially in fatty tissues and in the brain due to its lip-
osolubility. The half-life in humans was 7.9 h following inha-
lation exposure. An oral-exposure study found most of the
chloroform dose being eliminated within 8-h postexposure.

Chloroform is mainly metabolized in liver; the major
metabolite is carbon dioxide. The oxidative pathway in vivo
generates also reactive metabolites including phosgene,
whereas the reductive pathway generates the dichlor-
omethylcarbene free radical. Both pathways proceed through
a cytochrome P450-dependent enzymatic activation step and
their balance depends on species, tissue, dose, and oxygen
tension. Phosgene is produced by oxidative dechlorination of
chloroform to trichloromethanol, which spontaneously
dehydrochlorinates.

The chloroform toxicity is due to its metabolites. Trans-
placental transfer of chloroform has been reported in mice and
in the fetal blood in rats and it is expected to appear in human
colostrum and is excreted in mature breast milk.

Inhalation, dermal, and oral absorptions are considered to
be 80, 10, and 100%, respectively, in animals and humans.
Mechanism of Toxicity

The chloroform elicits the same symptoms of toxicity in
humans as in laboratory animals. Oral administration to rats
and mice resulted in central nervous system depression and
nasal lesions in rats and liver damage in both species and
in mice by gavage, and in dogs. Rats exposed by inhalation for
Table 4 Acute toxicity properties of ch

Oral LD50 mg kg�1

Mice 36–1366
Rats 450–2000

Source: European Union Risk Assessment Repor
4–6 months showed liver damage (necrosis) and increased
kidney weight. Cell proliferation was seen in the nasal tissues of
rats and mice inhaling chloroform for 13 weeks.

Chloroform-induced kidney tumors in male mice exposed
by inhalation or by ingestion in a toothpaste vehicle, but not
when given in corn oil. Mice and female rats were not suscep-
tible to chloroform-induced kidney cancer. Chronic inhalation
caused ossification, necrosis, hyperplasia, and metaplasia in the
nasal tissues of rats and mice, but not nasal tumors.

The molecular mechanism by which chloroform metabo-
lism results in cellular toxicity is not certain. Oxidative
metabolism of chloroform also produces hydrochloric acid,
which may contribute to the toxic effect.
Acute and Short-Term Toxicity

Acute toxicity varies depending upon the strain, sex, and
vehicle. Table 4 shows LC50 and LD50 for different species.

Extensive necrosis of the skin and degenerative changes in
the kidney tubules after chloroform exposure under occlusive
conditions have been reported in rabbits exposed by dermal
route. An oral no observed adverse effect level (NOAEL) of
30mg kg�1 has been reported in rats for serum enzyme changes
indicative of liver.

The mean lethal oral dose for an adult is estimated to
be about 45 g in humans but with large interindividual
differences.

Some studies on clinical use and accidental human expo-
sure have also been reported with inhalation lowest observ-
able adverse effect concentration (LOAEC) �249 mg m�3 and
the oral lowest observed adverse effect level (LOAEL)
<107 mg kg�1.

Studies in rabbits demonstrated that chloroform is an irri-
tant substance for skin, eye, and upper airways and caused
chemical dermatitis in humans. The LOAEC reported in rats
was 50 mg m�3 by inhalation.
Chronic Toxicity

Laboratory animal studies identify the liver, kidneys, and the
nasal cavity as the key target organs for chloroform’s toxic
potential. Different LOAEL, LOAEC, and effects in mice and
rats are summarized in Table 5. Gastrointestinal symptoms,
toxic hepatitis, and other effects including jaundice, nausea,
and vomiting, without fever were manifested in workers
exposed to different concentrations of 2–400 ppm. In humans,
limited data on repeated dose toxicity suggest that the liver and
kidneys are the likely target organs.
loroform

LC50 (6-h inhalation exposure) g m�3

6.2
9.2

t of chloroform.



Table 5 Subchronic and chronic toxicity properties of chloroform

Study Species

LOAEL (oral)

mg kg�1

per day

NOAEC

(inhalation)

mg m�3 Effect

Chronic Dog (liver) 15 Hepatic effect (fatty cysts and elevated ALAT levels)
90-day study Mice 50 Hepatic effect
14-day study Mice 37 Renal effect
90-day study Mice (male) 25 Renal effect
90-day study Mice (male) 25 Hepatic effect
104 weeks Mice 25 Increased renal cytoplasmic basophilia (males and females).

Increased atypical tubule hyperplasia and nuclear enlargement
in the kidneys (males).

Subchronic inhalation
exposure

Rat 9.8 Cellular degeneration and regenerative hyperplasia in nasal passage
tissues.

Subchronic oral
exposure

Rats 34 Lesions and cell proliferation in the olfactory epithelium and changes
in the nasal passages were observed.

Source: European Union Risk Assessment Report of chloroform.
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Reproductive Toxicity

Exposure of animals to chloroform during pregnancy results in
reproductive or developmental toxicity at the same or higher
doses as those, which cause effects on the dam. The enzyme
responsible for chloroform metabolism (CYP2E1) is low or
absent in the fetus. No association was clearly established
between exposure to chloroform and reduced fetal weight,
stillbirth, and cleft defects. By inhalation, the effects of chlo-
roform include effects on pregnancy rate, resorption rate, litter
size and live fetuses, at concentrations causing a decrease of
maternal weight and food consumption, fetal weight and CRL
decrease, and skeletal and gross abnormalities.

Regarding fertility, an increased mice abnormal sperm
following exposure to an air concentration of 400 or 800 ppm
chloroform, epididymal lesions or increased right epididymis
weight (oral no observed adverse effect concentration (NOAEC)
15.9 mg kg�1) has been observed.

One occupational case study reported asthenospermia in
association to chloroform exposure.
Genotoxicity

The reviews of several organizations concluded that chloroform
is not a strong mutagen but a weak genotoxic effect was not
excluded. Negative in vivo results are reported. Chloroform
could induce micronuclei and chromosomal aberrations. Posi-
tive results are observed in the target organ (kidney) or in bone
marrow cells, which might be consistent with a mechanism of
oxidative damage due to glutathione depletion. Besides, it
should be noted that micronucleus and chromosomal aberra-
tion tests performed in rats were all positive whereas mixed
results were observed in mice. These studies suggested that
chloroform is a slightly genotoxic compound in vivo.
Carcinogenicity

In animals, chloroform causes increased incidence of liver
and kidney tumors in several species by several exposure
routes. This carcinogenic response occurs only at high dose
levels that result in cytotoxicity, and the carcinogenic
responses observed in animals are associated with regenera-
tive hyperplasia. Phosgene and other metabolites formed
via the oxidative route of metabolism are responsible for
the cytotoxic effects and subsequent cell proliferation and
development of tumors in the kidney following exposures to
chloroform.

Although some studies in humans have found increased
risks of bladder cancer associated with long-term ingestion
of chlorinated drinking water and cumulative exposure to
trihalomethanes, results were inconsistent between men and
women and between smokers and nonsmokers.

The current human data are insufficient to establish a causal
relationship between exposure to chloroform in drinking water
and increased risk of cancer.

The NOAEC via inhalation for the kidney adenoma/
carcinoma was identified at 5 ppm in mice, for nasal lesions
an LOAEC of 5 ppm was determined. Oral treatment with
chloroform was associated with increased incidence of
moderate to severe kidney lesions in CBA and CF/1 mice
(NOAEL ¼ 17 mg kg�1).
Clinical Management

Human exposure to chloroform may occur by inhalation,
ingestion, or dermal contact. In cases of ingestion, ipecac-
induced emesis is not recommended and activated charcoal
slurry with or without saline cathartic or sorbitol can
be given. If exposed, skin should be decontaminated by
repeated washing with soap, and eyes should be irrigated
with copious amounts of water at room temperature for at
least 15 min.

Management comprises early decontamination, supportive
and symptomatic treatment with respiratory and cardiac
monitoring (respiratory assistance, defibrillation, possible fluid
replacement), and treatment of liver and/or kidney failure
(renal dialysis) if they occur. Catecholamine drugs have to be
avoided. No specific antidote is known.
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Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Chloroform has a moderated to low acute toxicity to aquatic
organisms; acute fish LC50 range from 18 mg l�1 for Onco-
rhynchus mykiss to 171 mg l�1 for Pimephales promelas and values
within this range have also reported for aquatic invertebrates.
The chronic no observed effect concentration (NOEC) values
are higher than 1 mg l�1, suggesting also low chronic toxicity
on aquatic species. The acute toxicity data in different species
are summarized in Table 6.

The chronic toxicity results are summarized in Table 7.
In the methanogenesis study in a sediment/water suspen-

sion, EC10 (11 d) was 5.5 mg kg-dw�1 and EC50 (11 d) was
6.9 mg kg-dw�1. Long-term studies on Chironomus riparius and
Lumbriculus variegatus have been reported (Table 8).
Marine Organisms Toxicity

In Penaeus duorarum, 72-h LC50 and NOEC values of 81.5 and
32mg l�1, respectively, were reported. A 24-h EC50 of 30mg l�1

for immobilization was recorded in 30-h posthatch larvae of
a marine shrimp. The 48-h LC50 was 1 mg l�1 from a graph in
Table 6 Toxicity properties in different s

Species Endpoint (duratio

Limanda limanda LC50 (96 h) ¼
Lepomis macrochirus LC50 (96 h) ¼
Poecilia reticulata LC50 (96 h) ¼
Leuciscus idus LC0 (48 h) ¼ 5

LC50 (48 h) ¼
LC100 (48 h) ¼

Oncorhynchus mykiss LC50 (48 h) ¼
LC50 (96 h) ¼

Brachydanio rerio LC50 (48 h) ¼
LC50 (96 h) ¼

Oryzias latipes LC50 (48 h) ¼
Cyprinus carpio LC50 (3–5 days
Ictalurus punctatus

(Juvenile catfish)
LC50 (96 h) ¼

Pimephales promelas LC50 (96 h) ¼
Micropterus salmoides LC50 (96 h) ¼
Poecilia reticulata Experimental: L

Calculated: LC5

Source: European Union Risk Assessment Report o

Table 7 Results of the studies in freshwater organisms

24-h EC50 mg l�1 48-h LC50 mg l�1 NOEC mg l�1

Daphnia magna 29–90
Artemia salina 31–37
Chlamydomonas

reinhardtii

3.61

Source: European Union Risk Assessment Report of chloroform.
larvae of Crassostrea virginica. A lowest observed effect concen-
tration (LOEC) of 50.4 mg l�1 and an NOEC of 80.4 mg l�1

were estimated in oyster embryos.
Terrestrial Organisms Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, and Terrestrial Vertebrates)

There is little information on the toxicity of chloroform to
terrestrial microorganisms. Single application of chloroform at
1000 mg kg�1 to a silty loam soil caused microbial respiration
to increase for several days before returning to control levels 6
days after treatment. In sandy soils, it caused an initial
depression in microbial respiration followed by a stimulation
period and a return to control levels 6 days after treatment.
Fumigation treatments with chloroform apparently did not
eliminate microbial populations.

The data are also limited in terrestrial invertebrates. A study
with Eisenia fetida classified chloroform as moderately toxic in
comparison with the other chemicals. Other study demon-
strated that the fumigation with chloroform eliminated
protozoans from the soil but nematodes were not affected. The
potential harm of chloroform in soil cannot be estimated with
current data.
pecies of fish

n)

28 mg l�1

18 mg l�1 (mean LC50 of five tests)
300 mg l�1

1 mg l�1

92 mg l�1

151 mg l�1

20 mg l�1

18 mg l�1 (mean LC50 of five tests)
100 mg l�1

121 mg l�1

117 mg$l�1

) ¼ 97 mg l�1(toxicity to carp embryos)
75 mg l�1

71 mg l�1

51 mg l�1 (mean LC50 of three tests)
C50 (14 days) ¼ 102 mg l�1

0 (14 days) ¼ 154 mg l�1

f chloroform.

NOEC (9 days) mg l�1 NOEC (16 days) mg l�1 NOEC (21 days) mg l�1

3.4 15 6.3



Table 8 Results of the studies in sediment organisms

Emergence (proportion

of larvae emerged) ratio EC50
value mg kg�1

NOEC

mg kg�1
LOEC

mg kg�1
Development rate

NOEC mg kg�1
Development rate

LOEC mg kg�1

Chironomus

riparius

20.1 10 20.4 10 (females) 4.5 (males) 20.4 (pooled male and female) 10 (males)

Lumbriculus

variegatus

12.9 36.9

Source: European Union Risk Assessment Report of chloroform.
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Other Hazards

The toxic effects of chloroform exposure include cytotoxicity in
liver, kidney, and nasal epithelium, with neurological effects.
The concurrent exposure to chemicals, which induce liver
cytochrome P450 increases the risk to effects of chloroform.
Persons with underlying liver, kidney, or neurological diseases
are in higher risk to effects of chloroform.
Exposure Standards and Guidelines

The EU Directive 2000/39 proposed the indicative limit value
for time weight average of 10 mg m�3 on the basis of 8-h work,
40 h per week. The Occupational Safety and Health Adminis-
tration has set a maximum allowable concentration of chlo-
roform of 50 ppm in workroom air during an 8-h workday in
a 40-h workweek.

The European Commission and US Environmental Protec-
tion Agency have set a drinking water standard of 100 mg l�1

for total trihalomethanes (including chloroform).
The European regulation for Registration, Evaluation,

Authorization and Restriction of Chemicals restricts the use
and place of chloroform and mixtures containing concentra-
tions equal to or greater than 0.1% chloroform by weight on
the market for the general public. The use is restricted in
industrial installations only.

See also: Carbon Dioxide; Volatile Organic Compounds; The
Globally Harmonized System for Classification and Labeling of
the GHS; Hydrochloric Acid; Phosgene; Solvents.
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l Name: Chloromethane
l Synonyms: Methyl chloride; Monochloromethane
l Molecular Formula: CH3Cl
l Chemical Structure:

H3C –– Cl

Background

Chloromethane is a ubiquitous colorless gas with a slight,
sweet tasting, ethereal odor. It is formed naturally in the ocean,
and by microbial fermentation and biomass fires, which
accounts for the vast majority of chloromethane in the atmo-
sphere. Chloromethane is primarily synthesized from meth-
anol and hydrogen chloride, and also by the chlorination of
methane.
Uses

The primary use of chloromethane is in the manufacture of
silicones. Less common uses are in the production of methyl-
cellulose, agrichemicals, butyl rubber, and quaternary amines.
It was formerly used as a refrigerant and an anesthetic.
Environmental Fate and Behavior

Under ambient conditions, chloromethane exists as a gas in the
air due to its high vapor pressure (4.3� 103mmHg at 25 �C).
Chloromethane discharged into the air is subjected to transport
and diffusion into the stratosphere. Chloromethane gas is
degraded in the atmosphere by reaction with photochemically
produced hydroxyl radicals, with a half-life of w1 year. In
water, it can degrade by hydrolysis or by biodegradation, but its
main fate is volatilization, with a calculated half-life of 2.5 h for
surface water, and 18 days for lake water. In groundwater,
however, hydrolysis may bemore significant, with an estimated
half-life of 2.1 years at 20 �C under neutral conditions.
Chloromethane has a low soil adsorption coefficient and is
expected to have high mobility in soil. Any present near the soil
surface is expected to volatilize, and any present in lower layers
is expected to leach to lower horizons or to diffuse to the
surface and volatilize. Chloromethane has a low potential for
bioconcentration in aquatic organisms. It may be biodegraded
in groundwater and soil.
Exposure and Exposure Monitoring

Chloromethane may be released into waste streams as a result
of its production and use as a chemical intermediate. Workers
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
may be exposed to chloromethane by inhalation and dermal
contact where chloromethane is used or synthesized. The
general population may be exposed to chloromethane
by inhaling ambient air or drinking water containing
chloromethane.
Toxicokinetics

Inhalation is the primary route of human exposure to chloro-
methane. The lungs quickly absorb the gas, blood levels
reaching a steady-state concentration. Chloromethane has
mixed uptake kinetics in rats, dogs, and humans, composed of
a slow first-order process and a rapid, saturable, process that
drives the overall uptake rate. Chloromethane is distributed to
most organs and tissues, and there is limited evidence that it
can be distributed transplacentally. The vast majority (>90%)
of absorbed chloromethane is metabolized, approximately half
of which is exhaled as CO2.

The primary chloromethane metabolite is formaldehyde,
which is formed by a glutathione (GSH)-mediated pathway.
Formaldehyde is oxidized to formate by the GSH-dependent
enzyme formaldehyde dehydrogenase. Formate enters the
one-carbon pool, and can be incorporated into macromole-
cules (proteins, DNA, RNA) or converted to CO2 via folate-
dependent single-carbon pathways. The primary urinary
metabolite in humans is S-methylcysteine. The urinary levels of
S-methylcysteine in humans who inhale chloromethane fall
into two groups, due to polymorphisms in the glutathione-
S-transferase (GST) isozyme GSTT1-1. The isozyme has been
found in human erythrocytes, liver, and kidneys. Examination
of the GST activity toward chloromethane in erythrocyte
preparations from a group of 45 volunteers showed that
60% had variable GST activity (‘conjugators’ or ‘rapid metab-
olizers’), and the rest had no detectable activity (‘non-
conjugators’ or ‘slow metabolizers’). Results were not gender
dependent. It is unknown if GST genotype affects the
toxicological risk from chloromethane.
Mechanisms of Toxicity

The most marked effect of exposure to chloromethane in
humans is central nervous system (CNS) toxicity, characterized
by headache, nausea, vision disturbance, ataxia, muscle
spasms, convulsions, and respiratory depression. Degenerative
changes occur in the brain and spinal cord, and lesions are also
seen in the liver, kidneys, lung, heart, and gastrointestinal (GI)
tract. Similar toxic effects occurred in animal studies, including
decrements in neurofunctional tests, weakness, cerebellar and
testicular degeneration, and lesions in the liver, kidneys, and
spleen.

The mode by which chloromethane causes toxicity in the
CNS and other organs has not been elucidated. It has been
4-3.01115-5 891
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proposed that chloromethane may be metabolized to
methanethiol, which causes neurotoxic effects similar to
those of chloromethane. The acute toxicity of chloro-
methane in the liver, kidneys, and brain of rats and mice was
shown to be dependent on the presence of GSH, as
pretreatment with inhibitors of GSH synthesis prevented
the toxic effects. Chloromethane inhalation was shown to
deplete the nonprotein sulfhydryl content and/or GSH
levels in the liver, kidneys, and lungs in rats. The chloro-
methane-induced GSH depletion was associated with lipid
peroxidation paralleling hepatocellular toxicity. The GSH
depletion also inhibited the GSH-dependent enzyme form-
aldehyde dehydrogenase, which was postulated to lead to
the accumulation of formaldehyde in tissues. Co-treatment
with the anti-inflammatory agent BW755C reduced brain,
liver, and kidney toxicity caused by chloromethane, sug-
gesting that chloromethane may disturb prostaglandin or
leukotriene metabolism.
Acute and Short-Term Toxicity

Animal

One study was located in which chloromethane was adminis-
tered orally, in which rabbits were gavaged with chloromethane
in olive oil for 60 doses over 83 or 85 days. The only treatment-
related effect was toxicity of the spleen, characterized by
congestion, phagocytosis, and hemosiderosis. In acute inhala-
tion studies, cerebellar degeneration was the primary adverse
effect in mice, rats, guinea pigs, dogs, and cats. Other effects
included weakness and decrements in psychomotor perfor-
mance. Lesions were seen in the testes and/or liver in some
studies.
Human

No studies of human exposure to chloromethane by the oral or
dermal route were located. Volunteers exposed to 20–150 ppm
chloromethane for up to 7.5 h per day over 2–5 consecutive
days had no detrimental effects on physiological, clinical,
neurological, or cognitive parameters. Volunteers exposed for
3 h to 200 ppm had marginally decreased performance in
several psychomotor tasks. Acute inhalation exposure to
unspecified concentrations of chloromethane resulted in
multiple symptoms of CNS depression, including headache,
nausea, dizziness, disturbed vision, slurred speech, incoordi-
nation, muscle spasms, convulsions, respiratory depression,
unconsciousness, and coma, and possibly elevated mortality
from cardiovascular disease. Death resulted from acute expo-
sure to �30 000 ppm in a number of case reports. Severe CNS
toxicity was accompanied by degeneration of the brain and
spinal cord, and also caused toxic changes in the liver, kidneys,
lung, heart, and GI tract.
Chronic Toxicity

Animal

Chronic exposure led to cerebellar degenerative lesions, testic-
ular lesions, renal toxicity, splenic atrophy, and hepatocellular
lesions in rats and/or mice. In some cases, the effects occurred
at concentrations that were lethal. The female C57BL/6 mouse
appeared to be more susceptible to cerebellar lesions than the
male, and both sexes of B6C3F1 mice.
Human

No studies of human exposure to chloromethane by the oral
or dermal route were located. Long-term inhalation of low
levels of chloromethane (<50 ppm) was associated with CNS
toxicity including fatigue, nausea, headache, disequilibrium,
blurred vision, ataxia, confusion, personality changes, and
short-term memory loss. Most of the effects were considered
reversible.
Reproductive Toxicity

Rats exposed to �1000 ppm chloromethane had pathological
changes in the testes and epididymis, low sperm count and
quality, and dominant lethal effects were seen upon mating
with unexposed females. Male rats exposed to 1500 ppm were
infertile.

Heart malformations occurred in B6C3F1 mouse fetuses
exposed during gestation to 500–1500 ppm, more frequently
in females than males. No embryotoxicity was seen in rats
exposed to up to 1500 ppm during gestation.
Genotoxicity

Chloromethane is generally considered a weak mutagen. It had
mutagenic or clastogenic activity in several test systems, albeit
at high concentrations that were in some cases cytotoxic:
exposure to �1000 ppm by inhalation in vivo, or to 0.5–30%
v/v in vitro. Chloromethane was weakly mutagenic in several
Salmonella strains, induced unscheduled DNA synthesis and
sister chromatid exchanges, and enhanced viral transformation
in vitro. Inhalation of chloromethane resulted in DNA–protein
cross-links and DNA single-strand breaks in kidney tissue of
male mice, sex-linked recessive lethal mutations in Drosophila,
and dominant lethal effects in Sprague–Dawley rats, although
the last was likely due to cytotoxic effects on the testes and
epididymides.
Carcinogenicity

Several epidemiological studies found no association
between occupational exposure to chloromethane and
cancer at any site, or all cancers. In a 2-year inhalation study
with rats and mice of both sexes, an increase in tumors was
seen in only male mouse kidneys, and the relevance of this
finding to humans was questionable. Due to the lack of
adequate evidence in humans and experimental animals, the
International Agency for Research on Cancer (IARC)
concluded that chloromethane is not classifiable as to its
carcinogenicity to humans (Group 3), and the U.S. EPA
places it in carcinogenicity weight-of-evidence Group D –

not classifiable as to its human carcinogenicity.



Chloromethane 893
Clinical Management

Symptoms of severe chloromethane inhalation poisoning
appear in humans after a latency period of 3–48 h, and
include CNS effects (dizziness, visual changes, confusion,
ataxia, drowsiness, delirium, convulsions, coma), respiratory
effects (bronchospasm, respiratory failure, cyanosis), GI
effects (nausea, vomiting, abdominal pain), anemia, hepatic
and renal damage, and death. Chronic exposure symptoms
include confusion, irritability, incoordination, vision distur-
bance, slurred speech, depression, and insomnia. Individuals
exposed by inhalation should be moved to fresh air. Respi-
ratory difficulty can be treated with oxygen and assist venti-
lation, and bronchospasm with inhaled beta2-agonists and
oral or parenteral corticosteroids. Seizures can be treated with
diazepam or lorazepam. Exposed persons should be moni-
tored for hypotension, dysrhythmias, respiratory depression,
urinary albumin and cells, fluid and electrolyte balance,
liver enzymes, and blood counts. Recovery can occur within
5–6 h, but may take 30 days or more with very high exposure.

Direct skin contact with the liquefied gas or concentrated
vapor can result in frostbite, anesthesia, erythema, and vesic-
ulation. Persons exposed dermally should remove any
contaminated clothing and wash the exposed area with soap
and water. Eye exposure to chloromethane can result in irrita-
tion, pain, swelling, lacrimation, and photophobia. Exposed
eyes should be irrigated 15 or more minutes with room
temperature water unless frost injury has occurred. Persistent
symptoms following dermal or eye exposure should be evalu-
ated at a health care facility.
Ecotoxicity

Chloromethane has relatively low toxicity to aquatic organ-
isms. The 96-h acute toxicity values for the freshwater fish
bluegill sunfish (Lepomis macrochirus) and largemouth bass
(Micropterus salmoides), and for the saltwater fish tidewater
silverside (Menidia beryllina) ranged from 270 to 1500mg l�1.
Toxicity threshold values in the 7-day cell multiplication
inhibition test were 550mg l�1 for the cyanobacteriaMicrocystis
aeruginosa, 1450mg l�1 for the green algae Scenedesmus quad-
ricauda, and >8000mg l�1 for the protozoa Entosiphon sulca-
tum. The 48-h EC50 value for Daphnia magna exposed in
a closed system was 200mg l�1.

Gas production was inhibited in methanogenic bacteria at
chloromethane concentrations of 50mg l�1 and in Nitrobacter
at >2 gml�1, and cell multiplication was inhibited at
500mg l�1. Exposure to �5000mgm�3 chloromethane was
toxic to a number of plant species, including wheat, soy beans,
sugar beets, tomatoes, and sunflowers.
Exposure Standards and Guidelines

The U.S. Occupational Safety and Health Administration estab-
lished a permissible exposure limit of 100 ppm as a time-
weighted average (TWA) inhalation concentration for chloro-
methane, and a 200 ppm ceilingwith a 5-minmaximumpeak of
300 ppm in any 3-h period. The American Conference
of Government Industrial Hygienists determined a TWA
threshold limit value (TLV-TWA) of 50 ppm and a short-term
exposure limit of 100 ppmforoccupational inhalation exposure.

The U.S. EPA Integrated Risk Information System (IRIS)
program developed a reference concentration for chronic
inhalation exposure of 9� 10�2 mgm�3, which was based on
cerebellar lesions seen in female C57BL/6 mice exposed by
inhalation continuously (22–22.5 h per day) for 11 days. IRIS
did not develop a reference dose for chronic oral exposure.

The 2012 edition of the U.S. EPA Drinking Water Standards
and Health Advisories lists 1- and 10-day health advisories of
9mg l�1 and 0.4mg l�1, respectively, for a 10-kg child.

The Agency for Toxic Substances Disease Registry (ATSDR)
developed an acute inhalation Minimal Risk Level (MRL) of
0.5 ppm based on impaired motor coordination and cere-
bellar lesions in female mice exposed by inhalation continu-
ously for 11 days. The ATSDR based the intermediate inhalation
MRL of 0.2 ppm on increased activities of liver enzymes in male
mice after 6 months of intermittent chloromethane inhalation,
and a chronic inhalation MRL of 0.05 ppm on axonal swelling
seen after 2 years in male mice in the same study.
See also: Anesthetics; Neurotoxicity.
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l Name: Bis(choromethyl) ether
l Chemical Abstracts Service Registry Number: 542-88-1
l Synonyms: BCME, sym-Dichloromethyl ether, Dichlor-

omethyl ether, Dichloromethyl ether
l Chemical/Pharmaceutical/OtherClass:Alkyl organic synthetic

compound with a strong unpleasant odor
l Molecular Formula: C2H4OCl2
l Chemical Structure: ClCH2–O–CH2Cl
Uses

Bis(choromethyl) ether (BCME) is primarily used in the
synthesis of polymers, ion exchange resins, and plastics. It is
used as a chemical intermediate for the synthesis of other
complex organic alkyl compounds as well as chloromethylat-
ing (cross-linking) reaction mixture in anion exchange resins. It
is used as a dental restorative material.

In textile industry, it is used in laminating and as adhesive in
the flocking of fabrics and in the finishing product of the fabrics
as a mixture with formaldehyde containing reactants and
resins. Nonwoven textile industry uses it as binder and ther-
mosetting of acrylic emulsion.
Exposure Routes and Pathways

Primary routes of human exposure to BCME are inhalation and
dermal contact, which might occur in chemical plants that
make or use BCME. Also, some BCME may exist in chemical
waste sites, which may be inhaled by breathing the air con-
taining BCME vapors. The risk of potential occupational
exposure to BCME is greatest for chemical plant workers, ion
exchange resin makers, laboratory workers, and polymer
makers. BCME is highly unstable in water, quickly breaking
down into formaldehyde and hydrochloric acid. Therefore,
exposure through water pollution is limited.
Toxicokinetics

BCME is rapidly absorbed through skin and lung surface. On
contact with body fluids, it is quickly broken down to form-
aldehyde and hydrochloric acid and interacts with cells and
tissues at various levels. Absorption by the body depends on
the proximity to the source of production at the industry and at
the waste dump site. BCME is mainly metabolized in the liver
but to some extent it is also metabolized in the lung tissue. On
metabolism, BCME is converted into an epoxide, which is
a reactive species of free radical capable of reacting with any
organic substance. Metabolites of BCME cause alkylation of
DNA leading to mutagenesis and carcinogenesis. Glutathione
S-transferase, sulfotransferase, and glucuronidation help in
removal of toxic metabolites.
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Mechanism of Toxicity

In humans, acute exposure to BCME may cause skin, mucous
membrane, and respiratory tract irritation. Lung irritation,
congestion, edema, and hemorrhage have been observed in rats
and hamsters following acute inhalation exposure. BCME is
irritating to the skin of mice and rabbits. Corneal opacity has
been observed in rabbits. Acute animal tests in rats, mice,
hamsters, and rabbits have demonstrated BCME to have
extreme acute toxicity via inhalation and high acute toxicity via
oral and dermal exposure. Chronic bronchitis, chronic cough,
and impaired respiratory function have been observed in
humans following chronic inhalation exposure. However,
exposure to BCME usually occurs concurrently with exposure to
chloromethyl methyl ether, which itself is a lung irritant.
Chronic inhalation exposure of mice to BCME has been
reported to cause respiratory distress.
Chronic Toxicity (or Exposure)

Animal

The International Agency for Research on Cancer (IARC)
(1974, 1979, 1982, 1987) reported that there is sufficient
evidence of carcinogenicity of BCME. When BCME is admin-
istered through subcutaneous route to mice of both sexes, it
induced pulmonary tumors, papillomas, and fibrosarcomas;
local sarcomas in female mice; and fibromas and fibrosarcomas
in female rats. BCME is also an initiator of skin tumors in mice.
It produced low incidence of tumors of respiratory tract in rats
and hamsters after exposure by inhalation. When administered
by inhalation, BCME induced lung tumors in mice and squa-
mous cell carcinoma of the lung and esthesioneur-
oepitheliomas of the nasal cavity in rats. When applied
topically, BCME induced papillomas, most of which developed
into squamous cell carcinoma in female mice.
Human

BCME is known to be a human carcinogen based on sufficient
evidence of carcinogenicity in humans. Numerous epidemio-
logical studies and case reports from around the world have
documented that workers exposed to BCME have an increased
risk of lung cancer. Two studies of workers exposed to BCME
showed an increased risk of lung cancer, mainly small cell
carcinoma. Two subsequent studies have shown a positive
association between atypical cells in bronchial excretion on
exposure to BCME. Among heavily exposed workers, the rela-
tive risk of cancer is 10-fold or greater. Risks increase with
duration and cumulative exposure. Maximal relative risks
appear to occur 15–20 years after first exposure, and latency is
shortened among workers with heavier exposure. Excess
respiratory cancer mortality was most markedly increased in
workers less than 55 years of age.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00280-3
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The American Conference of Governmental Industrial
Hygienists time-weighted average threshold limit value is
0.001 ppm (0.0047 mgm�3) with the notation that material is
a confirmed human carcinogen.
Clinical Management

There is no antidote recommended for poisoning by BCME.
Administration of free radical scavengers should alleviate the
toxicity.
Environmental Fate

No information is available on the transport and partitioning
of BCME in the environment. Due to the relatively short
half-life in both air and water, it is unlikely that significant
partitioning between media or transport occurs. Primary
process for BCME degradation in air is believed to be reaction
with photochemically generated hydroxyl radicals to yield
chloromethyl formate ClCHO, formaldehyde, and HCl.
Atmospheric half-life due to reaction with hydroxyl radicals is
estimated to be 1.36 h. Hydrolysis in the vapor phase is found
to be slower with an estimated half-life of 25 h.

BCME is rapidly hydrolyzed in water to yield formaldehyde
and HCl, and the hydrolysis rate constant is estimated to be
0.018 s�1 at 20 �C, which is equal to a half-life of w35 s.

No information is available on the fate of BCME in soil. It is
probable that BCME would rapidly degrade upon contact with
moisture in soil. Due to its high volatile nature, it is not
expected that BCME would persist in soil for significant
periods.
Exposure Standards and Guidelines

The US Environmental Protection Agency (EPA) recommends
that levels in lakes and streams should be limited to
0.0000038 ppb parts of water to prevent possible health effects
from drinking water or eating fish contaminated with BCME.
Any release to the environment greater than 10 lbs of BCME
must be reported to the EPA.

The EPA calculated an inhalation unit risk estimate of
0.062 mg�1 m3. The EPA estimates that, if an individual were
to continuously breathe air containing BCME at an average
of 0.000016 mg m�3 (1.6� 10�8 mgm�3) over his or her
entire lifetime, that person would theoretically have no
more than a 1 in 106 increased chance of developing
cancer as a direct result of breathing air containing this
chemical. Similarly, the EPA estimates that breathing air
containing 0.00016 mg m�3 (1.6� 10�7 mgm�3) would
result in not greater than a 1 in 105 increased chance of
developing cancer, and air containing 0.0016 mg m�3

(1.6� 10�6 mgm�3) would result in not greater than a 1 in
104 increased chance of developing cancer.

The EPA has calculated an oral cancer slope factor of
220 mg�1 kg day. The Occupational Safety and Health
Administration has set a limit of 1 ppb as the highest accept-
able level in workplace air, and strict controls have been
established to minimize exposure to this chemical.

The Agency for Toxic Substances and Disease Registry has
established an intermediate inhalation minimal risk level
(MRL) of 0.0014 mgm�3 (0.0003 ppm) based on respiratory
effects in rats. The MRL is an estimate of the daily human
exposure to a hazardous substance that is likely to be without
appreciable risk of adverse noncancer health effects over
a specified duration of exposure. It is not a direct estimator of
risk but rather a reference point to gauge the potential effects. At
exposures increasingly greater than the MRL, the potential for
adverse health effects increases.

See also: Polymers; Chemicals in Consumer Products.
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l Representative Compound: Pentachlorophenol (PCP)
l Name: Pentachlorophenol
l Chemical Abstracts Service Registry Number: 87-86-5
l Synonym: 1-Hydroxy-2,3,4,5,6-pentachlorobenzene
l Molecular Formula: C6HCl5O
l Chemical Structure:
Background

Pentachlorophenol (PCP) is a synthetic substance made from
other chemicals and does not occur naturally in the environ-
ment. At one time, it was one of the most widely used biocides
in the United States. Since 1984, the purchase and use of PCP
have been restricted to certified applications. It is no longer
available to the general public. Before use restrictions, PCP was
widely used as a wood preservative. It is now used industrially
as a wood preservative for power line poles, cross arms, and
fence posts.

PCP can be found in two forms: PCP and the sodium
salt of PCP. The sodium salt dissolves easily in water
but PCP does not. The physical properties of these two
forms are different but their toxic effects are expected to be
similar.

Humans are generally exposed to technical-grade PCP,
which usually contains toxic impurities such as poly-
chlorinated dibenzo-p-dioxins and dibenzofurans. In addi-
tion to workplace exposure, humans can be exposed to
very low levels of PCP in indoor and outdoor air, food,
soil, and drinking water. Exposure may also result from
dermal contact with wood treated with preservatives that
contain PCP.
Uses

Chlorophenols are used in the synthesis of dyes, fungicides,
herbicides, wood preservatives, and as ingredients in alcohol
denaturants.
896 Encyclopedia of T
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Production of PCP may result in its release to the environment
through various waste streams; its use as a wood preservative
and surface disinfectant can result in its direct release to the
environment. Vapor-phase PCP is degraded into hydroxyl
radicals by photochemical reaction. The half-life for this reac-
tion in air is estimated to be 29 days.

If released into soil, PCP is expected to have low to no
mobility based on measured values for the organic carbon
partition coefficient (Koc) ranging from 1250 for the dissoci-
ated form to 25000 for the undissociated form. The dissocia-
tion constant (pKa) of PCP is 4.70, indicating that this
compound exists almost entirely in the anion form in the
environment and anions generally do not adsorbmore strongly
to soils. Volatilization from moist soil is not expected because
the acid exists as an anion and anions do not volatilize. PCP
may not volatilize from dry soil surfaces based on its vapor
pressure.

If released into water, PCP is expected to adsorb to sus-
pended solids and sediment based on its measured Koc values.
Bioconcentration factor (BCF) values from approximately 5 to
5000 indicate that the bioconcentration of PCP in aquatic
organisms is low to high; the value is greatly influenced by
environmental pH. PCP is not expected to undergo hydrolysis
in the environment due to the lack of functional groups that
hydrolyze under environmental conditions.

The environmental impact of PCP increases when its many
degradation products are taken into consideration. Biodegra-
dation has been extensively studied in Sphingobium chlor-
ophenolicum [ATCC 39723]. In water and under ambient
conditions of temperature and pressure, it is completely
destroyed at catalyst/substrate ratio of 1:715 within minutes.
Exposure and Exposure Monitoring

Exposure to chlorophenols may occur through ingestion,
inhalation, or dermal contact at workplaces where it is used or
produced. Themajor occupational exposure is to workers in the
wood products industry. Air and urine samples taken at 25
factories using PCP as a wood preservative showed that the
average worker’s exposure in air was 0.013 mg m�3. Elevated
levels were found in the urine and serum of workers.
Toxicokinetics

Absorption of PCP is rapid through oral, dermal, or inhalation
exposure. The major tissue deposits vary somewhat between
species. In humans, the liver, kidneys, brain, spleen, and fatty
tissue are the major deposition sites. In the mouse, the gall
bladder is a principal storage site. In the rat, it is the kidneys.
The primary route of elimination is through the kidneys in
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00281-5
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unchanged form. Labeled PCP given to rats by injection or oral
route yielded 41–43% unchanged PCP in the urine. One
metabolite, tetrachlorohydroquinone (5–24%), was identified.
The elimination half-life for PCP may be up to 20 days in
chronically exposed individuals.

In one study, a single dose of PCP (15 mg kg�1) was
administered intravenously and orally to B6C3F1 mice.
After intravenous administration, the clearance values and
volume of distribution were 0.057� 0.007 l h�1 kg�1 and
0.43� 0.06 l h�1 kg�1, respectively. The elimination half-life
was 5.2� 0.6 h. After oral administration, the peak plasma
concentration (28� 7 mg ml�1) occurred at 1.5� 0.5 h and
bioavailability (1.06� 0.09) was complete. The elimination
half-life was 5.8� 0.6 h. Only 8% of the PCP dose was
excreted unchanged in the urine. PCP was primarily recov-
ered in urine as glucuronide and sulfate conjugate metabo-
lites. A portion of the dose was recovered in urine as
tetrachlorohydroquinone (5%) and its conjugates (15%). For
both PCP and tetrachlorohydroquinone, sulfates accounted
for 90% or more of the total conjugates.

There are marked gender differences in the biological half-
life in non-human primates. The biological half-life for excre-
tion in Rhesus monkeys was 41 and 92 h in males and females,
respectively.
Mechanism of Toxicity

Chlorophenols block ATP production without blocking the
electron transport chain. They inhibit mitochondrial oxidative
phosphorylation, thereby causing accelerated aerobic metabo-
lism. This increases the basal metabolic rate and body
temperature, which leads to clinical hyperthermia. As body
temperature rises, heat-dissipating mechanisms are overcome
and metabolism is accelerated. ADP and other substrates
accumulate and stimulate the electron transport chain further.
This process demands more oxygen in a futile effort to produce
ATP. This oxygen demand quickly surpasses the oxygen supply,
and energy reserves of the body become depleted.
Acute and Short-Term Toxicity

Animal

The lethal dose 50% (LD50) for PCP in laboratory animals
ranges from 30 to 100 mg kg�1.

Human

The most prevalent signs and symptoms after ingestion of 30–
250 mlof chlorophenols are corrosionof tissue, profuse sweating,
intense thirst, nausea, vomiting, diarrhea, convulsions, pulmo-
nary edema, cyanosis, and coma. If death from respiratory failure
is not immediate, jaundice and oliguria or anuria may occur.
Chronic Toxicity (or Exposure)

Human Toxicity

Repeated exposure may cause symptoms of acute poisoning.
Skin sensitivity reactions occur occasionally. Prolonged skin
contact with chlorophenols may cause bladder tumors,
hemolytic anemia, and lens opacities.

Pathologic findings after death due to chlorophenols
include necrosis of mucous membranes, cerebral edema, and
degenerative changes in the liver and kidneys.
Immunogenicity

The immunogenic effects of PCP were evaluated by checking
the frequency of lymphocyte phenotypes, functional
responses, serum immunoglobulin levels, and autoanti-
bodies in 38 individuals who were exposed to PCP in
manufacturer-treated log houses. A comparison of subjects
with controls revealed that the exposed individuals had
activated T cells, autoimmunity, functional immunosup-
pression, and B-cell dysregulation. Autoimmunity was shown
by elevation of TA1 phenotype frequencies and a 21% inci-
dence of anti-smooth muscle antibody. Functional immuno-
suppression was shown by the significantly reduced
responses to all mitogens tested and to allogeneic lympho-
cytes in the mixed lymphocyte culture test. There was
a significant elevation of CD10, and an 18% increase or
decrease in serum immunoglobulins was noted. A striking
anomaly was the enhanced natural killer activity found in
exposed females but not in males.

An in vitro experimental study showed a significant decrease
in the tumor-killing (lytic) function of human natural killer
cells indicating signs of immune alteration.
Reproductive Toxicity

Overexposure may cause reproductive disorder(s) based on
tests with laboratory animals.

PCP was administered to dams and their offspring via
drinking water (6.6 mg l�1) during gestation and the lactation
period. Tissue samples were obtained from dams, 3-week-old
weanling pups, and 12-week-old pups. The results show that
PCP exposure during development causes thyroid function
vulnerability, testicular hypertrophy in adults, and aberrations
in brain gene expression.

Embryo–fetal toxicity and the teratogenic potential of PCP
were studied following oral gavage to presumed pregnant
female Sprague–Dawley rats. Doses of 0 (corn oil), 10, 30, and
80 mg kg�1 day�1 were administered to the rats at concentra-
tions of 0, 2, 6, and 16 mg ml�1, respectively, from day 6 to day
15 of presumed gestation. The dose volume was 5 ml kg�1.
Rats were sacrificed on day 20 of presumed gestation and
necropsied. The no observed adverse effect level (NOAEL) for
maternal toxicity and developmental NOAEL in rats were also
found to be 30 mg kg�1 day�1. The lowest observed adverse
effect level (LOAEL) for PCP developmental toxicity
(80 mg kg�1 day�1) was associated with increased resorption,
reduced live litter size, and fetal body weight, and caused
increased malformations and variations.

The potential of PCP to induce general and reproductive/
developmental toxicity was evaluated in Crl Sprague–Dawley
rats, using a two-generation reproduction toxicity study. PCP
was administered by gavage at doses of 0, 10, 30, and
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60 mg kg�1 day�1. It was concluded that 30 mg kg�1 day�1 is
the LOAEL and 10 mg kg�1 day�1 is the NOAEL for both
reproductive and general toxicity. In addition, the results did
not indicate bioaccumulation and thereby PCP did not selec-
tively affect reproduction or development of the offspring of
rats at a dose of 10 mg kg�1 day�1, a dose that is much higher
than human exposure.
Organism Effect

Golden orfe LC50 0.60 mg l�1 (96 h)

Rainbow trout LC50 0.12–0.26 mg l�1 (96 h)

Water flea LC50 0.33–0.41 mg l�1 (96 h)

Bacteria (div.) NOEC 12.3 mg l�1 (30 min), growth

Algae EC50 10–7000 mg l�1 (96 h), growth

EC50, half maximal effective dose; LC50, lethal concentration 50%; NOEC,
no observed effect concentration.
Genotoxicity

PCP seems to be a weak inducer of DNA damage and has gen-
totoxic potential. It does not produce DNA strand breaks or clear
differential toxicity to bacteria in the rec-assay in the absence of
metabolic activation. Also in the sister–chromatid exchange
induction assay, no increase can be observed in vivo, but PCP was
found to be marginally active in in vitro experiments.

An in vivo study on the genotoxic effects of PCP was carried
out using freshwater fish (Channa punctatus). The fish were
exposed to three sublethal doses of PCP (0.2, 0.4, and
0.6 ppm) by medium treatment. The results confirmed the
genotoxicity of PCP in this organism.

Chromosome analyses were carried out on peripheral
lymphocytes from 22 male workers employed at a factory
producing PCP. A small but significant increase in the
frequency of dicentrics and acentrics was observed, suggesting
that PCP has a genotoxic effect.
Carcinogenicity

There is limited evidence of carcinogenicity of PCP in
humans. The evidence is based on assays that utilized less
than pure PCP. Contaminants of PCP include tri- or tetra-
chlorophenol, hexachlorobenzene, polychlorinated dibenzo-
p-dioxins, or polychlorinated dibenzofurans. Indications are
that the positive evidence for carcinogenicity is from the
contaminant(s) and not the PCP. This product is, or contains,
a component that has been reported to be possibly carcino-
genic based on its International Agency for Research on
Cancer (IARC), American Conference of Governmental
Industrial Hygienists (ACGIH), National Toxicology Program
(NTP), or Environmental Protection Agency (EPA) classifica-
tion. Additionally, there is sufficient evidence in experimental
animals for the carcinogenicity of PCP. Therefore, PCP is
a probable human carcinogenic agent based on inadequate
human data and sufficient evidence of carcinogenicity in
animals.
Clinical Management

After exposure by ingestion, if corrosive injury is absent, decon-
tamination to prevent further absorption may be achieved using
activated charcoal. Emesis by syrup of ipecac may be considered,
but is not preferred. Next, milk should be given to drink. Gastric
lavage and emesis are contraindicated in the presence of esoph-
ageal injury. In the case of dermal exposure, the poison should be
removedbywashing the affected skinormucousmembranewith
copious amounts of water for at least 15 min.
Ecotoxicology

Classification and Koc values indicate that PCP is expected to
adsorb to suspended solids and sediment in water. pKa values
indicate that PCP exists almost entirely in the anion form at pH
5–9 and, therefore, volatilization from water surfaces is not
expected to be an important fate process. BCF values suggest
that the bioconcentration in aquatic organisms is low to very
high; this value is greatly influenced by the environmental pH.
PCP rapidly photodegrades in surface water when exposed to
direct sunlight; the half-life for photolysis in solution has been
reported to be 0.86 h.
Effect of PCP on Aquatic Organisms
Toxicity to Marine Organisms

Reported lethal (effect) concentration 50% [L(E)C50] data
ranging from 0.6 to 19.5, 2.55 to 29.7, and 5 to 7 mg l�1 for
algae, crustaceans, and fish, respectively, indicate moderate to
high acute toxicity.

The toxicity of chlorophenols to aquatic organisms
increases with an increase in the degree of chlorination and
substitution away from the ortho position. The higher toxicity
of the more highly chlorinated congeners can be ascribed to
an increase in lipophilicity, which leads to a greater potential
for uptake into the organism. Ortho-substituted congeners
are generally of lower toxicity than the meta- and para-
substituted compounds, as the close proximity of the ortho-
substituted chlorine to the OH group on the molecule
appears to shield the OH, which apparently interacts with the
active site in aquatic organisms, causing the observed toxic
effects. Toxicity also depends on the extent to which the
chlorophenol molecules are dissociated in the exposure
medium.

No data could be located for sediment-dwelling organisms.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit is 0.5 mg m�3 for the 8-h time-weighted
average (TWA). The threshold limit value is 0.5 mg m�3 for the
8-h TWA. The National Institute of Occupational Safety
and Health recommended exposure limit is 0.5 mg m�3 for the
10-h TWA.
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See also: Chlorophenoxy Herbicides; Drugs of Abuse; Dyes and
Colorants.
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l Name: Chlorophenoxy herbicides
l Chemical Structure: 2,4-D
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Background

A mixture of the chlorophenoxy herbicides 2,4-
dichlorophenoxy acetic acid (2,4-D) and 2,4,5-
trichlorophenoxy acetic acid (2,4,5-T), known as Agent
Orange, was extensively used by the US military during
Vietnam War in order to destroy forest and other vegetation
from the premises of US bases. About 19 million gallons of
Agent Orange was used on approximately 3.6 million acres
of land in Vietnam and Laos during the period from 1962 to
1971. Some lots of 2,4,5-T were contaminated with dioxins
formed during manufacturing. Because dioxins resist degra-
dation and remain in the environment for years, they are
considered persistent organic pollutants. The main dioxin
present in Agent Orange, 2,3,7,8-tetrachlorodibenzo-p-
dioxin, or TCDD, is one of the most acutely toxic synthetic
chemicals known. TCDD levels were found to be higher
among veterans serving in Vietnam compared to those
serving elsewhere at the same time. Concerns that these and
other health problems may have been associated with
exposure to Agent Orange stimulated a series of scientific
studies, health care programs, and compensation programs
directed in support of veterans.
Uses

Chlorophenoxy herbicides are commonly used for controlling
broadleaf weeds in agriculture. They are extensively used for the
control of vegetation along highways, maintenance of parks,
golf courses, home lawns, and gardens.
Environmental Fate

Chlorophenoxy herbicides are generally not persistent in
the environment. Common herbicides such as 2,4-D,
2-(4-chloro2-methylphenoxy)propionic acid, and dicamba
are readily biodegraded by soil and aquatic microorganisms.
2,4-D and dicamba are commonly found in public drinking
water systems. Typical half-life in water ranges from 10 to
900 Encyclopedia of T
15 days and biodegradation is the primary route of
elimination.
Exposure and Exposure Monitoring

Chlorophenoxy herbicides can be absorbed into the body by
inhalation of its aerosol, through the skin, and by ingestion.
The most common exposure pathway is accidental or inten-
tional ingestion. The monitoring data indicate that 2,4-D is
detected in groundwater and surface water.
Toxicokinetics

Chlorophenoxy herbicides are readily absorbed through the
gastrointestinal tract and distributed throughout the body.
They are excreted unchanged mainly in the urine and are
generally not stored in the body. Studies in laboratory rats
given 1, 5, or 10 mg kg�1 of 14C 2,4-D have shown that
94–99% is eliminated from the body unchanged within 72 h.
Biological half-life ranged from 10 to 33 h.
Mechanism of Toxicity

The mechanism of action of chlorophenoxy herbicides in
mammals is not clearly known. They are believed to elicit
toxicity by cell membrane damage, uncoupling of oxidative
phosphorylation, or disruption of acetylcoenzyme A metabo-
lism. Myotonia (stiffness and incoordination of hind extremi-
ties) is commonly observed following overdose of 2,4-D. In
addition, high doses can cause significant metabolic acidosis
and renal failure in humans. Formulations of chlorophenoxy
herbicides were often contaminated by complex chlorinated
hydrocarbons; for example, dibenzodioxins. TCDD, which is
highly toxic to mammals, was one of the common dioxin
pollutants in Agent Orange.
Acute and Short-Term Toxicity

Animal

Chlorophenoxy herbicides exhibit low mammalian toxicity.
The acute oral LD50 for 2,4-D in rats is 4300 mg kg�1. Dogs are
more susceptible to 2,4-D poisoning with an oral LD50 of
100 mg kg�1.
Human

Ingestion of high doses of chlorophenoxy herbicides can lead
to burning of the mouth, vomiting, abdominal pain, and
gastrointestinal hemorrhage. Acute exposure may also cause
severe metabolic acidosis, myotonia, and muscle weakness,
which can persist for a long period of time.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00114-7
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Chronic Toxicity

Animal

Long-term feeding studies in rats have revealed that exposure to
a daily dosage of 300 mg kg�1 day�1 does not cause any
adverse effects while exposure to higher doses can result in
body weight loss.
Human

Chronic exposure to some common chlorophenoxy herbi-
cides such as 2,4-D through drinking water can potentially
cause damage to the nervous system, kidneys, and liver.
Chronic exposure to 2,4-D has also been linked to immune
system suppression and endocrine disruption. 2,4-D and
4-chloro-2methyl-phenoxy acetic acid, which are commonly
used in wheat production, have been linked to birth defects.
While carcinogenic potential of these herbicides is not clear,
case-control studies conducted in Sweden showed a statisti-
cally significant association between exposure to chlor-
ophenoxy herbicides and the occurrence of soft-tissue
sarcomas.
Immunotoxicity

A study evaluating the overall immunologic spectrum of the
Vietnam War Korean veterans exposed to Agent Orange
contaminated with TCDD suggested an overall association
between Agent Orange exposure and immune homeostasis
resulting in dysregulation of B- and T-cell activities.
Reproductive Toxicity

Reproductive toxicity, characterized as an increase in gestation
length, was observed following exposure to 2,4-D at a dose
level above the threshold of saturation of renal clearance.
Developmental toxicity, characterized mainly as an increased
incidence of skeletal abnormalities in the rat, was observed
following exposure to 2,4-D and its amine salts and esters at
dose levels that were at or above the threshold of saturation of
renal clearance. Similarly, developmental toxicity was
observed in a rabbit study following exposure to 2,4-D
(abortions) and diethanolamine salt of 2,4-D (DEA)
(increased number of litters with fetuses having seventh
cervical ribs) at or above the threshold of renal clearance.
Reduced fetal viability was observed in hamsters following
maternal dosing at 40 mg kg�1 day�1 during pregnancy,
although these effects did not follow a dose–response
relationship.
Genotoxicity

2,4-D is not genotoxic. There is considerable evidence that
TCDD does not damage DNA directly through the forma-
tion of DNA adducts; however, TCDD may be indirectly
genotoxic.
Carcinogenicity

The Institute of Medicine studies concluded that there was
sufficient evidence of an association between Agent Orange
and soft-tissue sarcomas, non-Hodgkin’s lymphoma (NHL),
Hodgkin disease, and chronic lymphocytic leukemia. Regu-
latory agencies have relatively similar conclusions regarding
carcinogenicity of chlorophenoxy herbicides and TCDD. The
US National Toxicology Program does not list chlor-
ophenoxy herbicides (including Agent Orange) as carcino-
gens, but lists 2,3,7,8-TCDD as ‘known to be a human
carcinogen.’ The International Agency for Research on Cancer
has not rated Agent Orange itself, but the chlorophenoxy
herbicides including 2,4-D and 2,4,5-T are categorized as
‘possibly carcinogenic to humans’ while 2,3,7,8-TCDD is
categorized as ‘known to be carcinogenic to humans.’ In
contrast, the US Environmental Protection Agency has not
classified either chlorophenoxy herbicides or TCDD as to
carcinogenicity.
Clinical Management

Chlorophenoxy compounds are moderately irritating to
skin. In case of dermal or eye exposure, the contaminated
area should be bathed or flushed with copious amounts of
water for at least 15 min, and if irritation persists a physician
should be contacted. Ingestion of substantial amounts of
these chemicals results in spontaneous emesis. If the patient
is fully alert and there are no apparent signs of emesis,
emesis should be induced with syrup of ipecac (adults,
30 ml; children <12 years, 15 ml), followed by one to two
glasses of water. In order to limit the absorption of the
herbicide in the gut, 30–50 g of activated charcoal can be
administered in approximately 6–8 ounces of water. Severe
intoxication with chlorophenoxy compounds may result in
renal failure. To avoid toxicant buildup in the kidney and to
accelerate excretion, intravenous fluids (saline or dextrose)
can be administered and serum electrolytes should be
monitored. Early initiation of forced alkaline diuresis with
sodium bicarbonate may be useful in the management of
acute poisoning.
Ecotoxicology

Some of the commercial products containing chlorophenoxy
herbicides are highly toxic to aquatic invertebrates and other
beneficial nontarget plants.
Exposure Standards and Guidelines

Acceptable daily intake for 2,4-D ¼ 0.01 mg kg�1 body
weight.

Chronic reference dose for 2,4-D ¼ 0.005 mg kg�1 day�1.
See also: Ecotoxicology; Pesticides.
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l Name: Chloropicrin
l Chemical Abstracts Service Registry Number: 76-06-2
l Synonyms: Trichloronitromethane; Nitrochloroform;

Nitrotrichloromethane; Acquinite; Larvicide
l Molecular Formula: CCl3NO2

l Chemical Structure:

Background

Chloropicrin is a colorless to faint-yellow oily liquid with an
intensely irritating and sharp odor with characteristics of tear
gas. Some common trade names of products containing chlo-
ropicrin include Dolochlor, Aquinite, Nemax, Pic-Chlor, Tim-
berfume, Profume A, Tri-Clor, and Microlysin. It has
a molecular weight of 164.38, water solubility of 2000 mg l�1

at 25 �C, and melting and boiling points of �64 and 112 �C,
respectively. Chloropicrin is nonflammable and has a vapor
density of 5.7 compared to the vapor density of one assigned to
air. Heating above 234 �F results in explosive decomposition of
chloropicrin, leading to the release of toxic gases, including
nitrogen oxides, phosgene, nitrosyl chloride, chlorine, and
carbon monoxide. Chloropicrin is a widely used fungicide that
is primarily used for preplant soil fumigation. Chloropicrin is
used to fumigate stored grain and to treat soil against fungi,
insects, and nematodes either as a stand-alone treatment or in
combination with other fumigants like methyl bromide and
sulfuryl fluoride for enhanced potency. Chloropicrin is also
used to prevent internal decay of wood poles and timber
caused by fungi and insects.

Chloropicrin was first synthesized in 1848 by a Scottish
chemist named John Stenhouse by interaction of a chlorinating
agent with picric acid. It was patented as an insecticide in 1908
and has been extensively used since then as a soil fumigant at
high application rates of 18 lb acre�1. Chloropicrin was
extensively used as a chemical warfare and riot control agent
during World War I; however, it is not authorized for military
use any longer. It is manufactured by reacting nitromethane
with sodium hypochlorite. It is extremely toxic (Category: 5),
and estimated probable oral lethal dose for humans ranges
from 5 to 50 mg kg�1; between seven drops and one
teaspoonful for a 70 kg person (150 lb). Additional reports
suggest that exposure to chloropicrin at 2.00 mg l�1 (300 ppm)
for 10 min or 0.80 mg l�1 (120 ppm) for 30 min was lethal.

The most recent large-scale exposure occurred in Kern
County, California, in 2003. One hundred sixty-five people
developed symptoms as a result of off-site drift of chloropicrin
from a nearby agricultural site. Peak concentrations of
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
chloropicrin were estimated to exceed one part per million.
Nearly all (99%) of those exposed experienced eye pain,
burning, or lacrimation. Fifty-one percent experienced
respiratory symptoms, including cough, dyspnea, or upper
respiratory irritation. Nearly half (47%) complained of
gastrointestinal complaints such as nausea, vomiting, abdom-
inal pain, or diarrhea, and 25% complained of headache.
Uses

Chloropicrin is classified as a Toxicity Category I pesticide by the
US Environmental Protection Agency (EPA) for acute oral,
dermal, and inhalation toxicity. The EPA classified all products
containingmore than 2% chloropicrin as restricted use pesticides
to be used only under the supervision of certified applicators,
owing to its acute inhalation toxicity. Chloropicrin-containing
products are registered as preplant fumigants for crops such as
asparagus, broccoli, carrots, cauliflower, celery, eggplant, lettuce,
and onions and fruit crops such as melons, grapes, pineapples,
raspberries, strawberries, as well as floral and nut crops.
Environmental Fate and Behavior

The half-life of chloropicrin in sandy loam soil was 8–24 h and
4.5 days, with carbon dioxide being the terminal breakdown
product. Chloropicrin can be produced during chlorination of
drinking water in the presence of nitrated organic contami-
nants. If released to air, a vapor pressure of 23.8 mm Hg at
25 �C indicates chloropicrin will exist solely as a vapor in the
atmosphere. Vapor-phase chloropicrin will be degraded in the
atmosphere by reaction with photochemically-produced
hydroxyl radicals; the half-life for this reaction in air is esti-
mated to be 123 days. Chloropicrin absorbs UV light in the
280–390 nm range and therefore may be susceptible to direct
photolysis. The photolysis products of chloropicrin are phos-
gene, nitric oxide, chlorine, nitrogen dioxide, and dinitrogen
tetroxide. Chloropicrin dissipates from soil primarily via
volatilization followed by chemical degradation and microbial
decomposition. Under reducing conditions, chloropicrin is
capable of undergoing reductive dechlorination. The calculated
Henry’s Law constant is 2.51 � 10�3 atm-m3 mol�1 at 25 �C.
Chloropicrin does not move rapidly in aquatic environment,
since it is only slightly water soluble. Field volatility data
suggest that substantial portions of applied chloropicrin are
emitted from soil. Chloropicrin is susceptible to rapid degra-
dation in soil both under aerobic and anaerobic conditions.
Exposure Routes and Pathways

Chloropicrin has strong lacrimatory properties and is a potent
skin irritant. Thus, dermal and eye exposures are the most
common routes of chloropicrin toxicity. It is also an inducer of
4-3.00282-7 903
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vomiting, bronchitis, and pulmonary edema in humans. As
a fumigant, the respiratory tract is the principal target of chlo-
ropicrin toxicity. The primary lesion following ingestion of
chloropicrin is manifested by corrosive effects on the forest-
omach tissue. The intraperitoneal LD50 in mice is 25 mg kg�1.
Human exposure to chloropicrin also occurs from trace levels
in drinking water disinfected by chlorination.
Toxicokinetics

The toxic effects of chloropicrin occur very rapidly. The liver is
the primary site of metabolism of this compound. Reductive
dechlorination of chloropicrin serves as the basis for its
multiple types of toxic action. Following an intraperitoneal or
oral administration of chloropicrin, urine is the major route
for excretion of its metabolites, mostly (43–47%) within the
first 24 h. The urinary metabolites at 24 h are polar and
nonvolatile.
Mechanism of Toxicity

Recent studies identify a new metabolic pathway for chloro-
picrin involving a rapid dechlorination to CHCl2NO2 and
conversion of glutathione (GSH) to glutathione disulfide
(GSSG) plus possible adduct formation with thiol proteins. In
this newly discovered pathway, chloropicrin is metabolized to
thiophosgene, characterized as the cyclic cysteine adduct
(raphanusamic acid) in mice urine. The initially formed
GSCCl2NO2 metabolite is proposed to either react further with
GSH or is cleaved by cysteine-b-lyase, ultimately leading to
raphanusamic acid, which is excreted. Chloropicrin is an SN2

alkylating agent with an activated halogen group and reacts
with sulfhydryl groups, ‘fixing’ enzymes. Oxidation of protein
thiols with chloropicrin is accompanied with the formation of
internal and cross-linked disulfide bonds, leading to the
suggestion that inhibition of pyruvate dehydrogenase (PDH)
and succinate dehydrogenase (SDH) with critical SH groups in
their active sites is involved in acute mammalian toxicity. Both
PDH and SDH complexes are inhibited in vitro by chloropicrin
with moderate potency (IC50 ¼ 4–13 mmol l�1). Chloropicrin
also has the additional toxic effect of interfering with oxygen
transport by its reaction with SH–groups in hemoglobin. Thus,
chloropicrin toxicity in mice is linked to the accumulation of
oxyhemoglobin in tissues, particularly the liver. Chloropicrin
may also undergo a photochemical transformation to
phosgene.
Acute and Short-Term Toxicity (or Exposure)

Animal

Chloropicrin is 10 times more potent than its dehalogenated
metabolites. It has been reported to inhibit porcine heart
pyruvate and mouse liver succinate dehydrogenase complexes
with IC50 values of 4 and 13 mmol l�1, respectively. Mice
treated intraperitoneally with chloropicrin at 50 mg kg�1

showed a dose-dependent increase in liver oxyhemoglobin,
hemoprotein, and total hemoglobin levels. Acute toxicity of
chloropicrin in mice is due to the parent compound or
metabolites other than CHCl2NO2 or CH2ClNO2. In rats, the
respiratory tract is the primary target on inhalation exposure.
Chloropicrin is intensely irritating with an intraperitoneal LD50

of 25 mg kg�1 in mice. Rabbits exposed to an intravenous
injection of chloropicrin at a dosage of 15 mg kg�1 died within
15–240 min; clinical and autopsy findings were typical of acute
pulmonary edema. Chloropicrin induces lesions in the lower
respiratory tract with an RD50 (concentration that elicits
a respiratory rate decrease of 50%) values of 8 ppm. The no
observed adverse effect level (NOAEL) for systemic toxicity
following chloropicrin exposure is reported to be 1.0 ppm and
greater than 1.5 ppm for developmental toxicity and repro-
ductive parameters. The NOAEL for maternal toxicity has been
established to be 0.4 ppm, and the NOAEL for fetal toxicity is
1.2 ppm suggesting that the developing fetus is not a target
tissue for chloropicrin toxicity.
Human

Exposure to chloropicrin causes eye and respiratory tract irri-
tation accompanied by vomiting and diarrhea. The primary
signs and symptoms following inhalation exposure to chloro-
picrin include coughing, nasal and pharyngeal mucosal edema,
and erythema, lacrimation, and rhinorrhea. Fatal pulmonary
edema has been reported with an onset of 3 h postexposure.
Chloropicrin is a strong eye irritant, producing ocular burning,
eye pain, and lacrimation following eye exposure. These effects
may last up to 30 min or longer. Redness and edema may be
noted 1 or 2 days following exposure. Dermal exposure to
chloropicrin produces severe skin irritation.
Chronic Toxicity (or Exposure)

Animal

Following an oral gavage for 90 days, the no-effect dose is
8 mg kg�1 per day, with severe forestomach tissue lesions
characterized by inflammation, necrosis, acantholysis, hyper-
keratosis, and epithelial hyperplasia. Mice exposed to 8 ppm
chloropicrin vapor for 6 h day�1 for 5 days developed
moderate to severe degeneration of the respiratory and olfac-
tory epithelium as well as fibrosing peribronchitis and peri-
bronchiolitis of the lung.
Human

Following exposure to chloropicrin vapor in an agricultural
chemicals facility, persistent chest wall pain as well as an
increase in creatine phosphokinase levels has been reported.
Severity of symptoms and degree of biochemical abnormalities
were reported to occur in a dose-dependent pattern. Inhalation
exposure to very high levels of chloropicrin can lead to
pulmonary edema, unconsciousness, and even death. Chloro-
picrin has not been reported to cause significant reproductive
or teratogenic effects. In vitro genetic toxicity studies failed to
reveal a potential for chloropicrin to produce significant
mutagenic effects. Chloropicrin has not been reported to
produce any carcinogenic effects in any species tested by the
three routes of exposure.
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In Vitro Toxicity Data

Chloropicrin is a bacterial mutagen and induces sister chro-
matid exchanges in cultured human lymphocytes, but is not
considered as carcinogenic. Mutagenicity assays establish
chloropicrin to be toxic but not mutagenic at 500 nmol per
plate.
Carcinogenicity

Chloropicrin is a strong electrophile due to its chlorine and
nitro groups. Therefore, it is capable of covalently binding to
nucleophiles, such as DNA. Chloropicrin tested positive in
a number of tests for genotoxicity. Carcinogenicity studies
were carried out using both mice and rats (oral, one inha-
lation). One oral chronic toxicity study was conducted in
dogs. Many of these studies met Federal Insecticide, Fungi-
cide, and Rodenticide Act (FIFRA) guidelines. The effects
observed with oral exposure included reduced survival,
ptyalism, emesis, diarrhea, hunched posture, squinted or
reddened eyes, reddened ears, urogenital stains, reduced
body weights, hematological and clinical chemistry changes,
nonneoplastic lesions in the forestomach/nonglandular
stomach and liver, and neoplastic lesions in the mammary
gland and stomach. The lowest no observed effect level
(NOEL) with oral exposure was 0.1 mg kg�1 per day based
on reduced body weights and periportal hepatocyte vacuo-
lation in rats. The effects seen with inhalation exposure
included reduced survival, reduced body weights and food
consumption, increased lung weights, and nonneoplastic
and neoplastic lesions in the respiratory tract. The lowest
NOEL with inhalation exposure was 0.1 ppm (0.67 mg m�3)
in both rats (hamster embryo cells (HEC) ¼ 0.029 ppm) and
mice (HEC ¼ 0.054 ppm).
Mutagenicity

Chloropicrin tested positive in eight reverse mutation assays
with Salmonella typhimurium strains with and without activa-
tion; however, only one of these studies met FIFRA guide-
lines. One study found that the addition of GSH alone also
converted chloropicrin to a mutagenic metabolite either
through reductive dechlorination or through the formation of
a reactive intermediate GSH conjugate, such as GSCCl2NO2

or GSCHClNO2. In addition, chloropicrin tested positive in
a reverse mutation assay with Escherichia coli WP2 hcr.
Chloropicrin was negative in a mouse lymphoma assay that
met FIFRA guidelines. Results from chromosomal aberrations
assays were mixed. One study, which met FIFRA guidelines,
reported that chloropicrin induced chromosomal aberrations
in Chinese hamster ovary cells without S-9. In a published
report, no increase in chromosomal aberrations was seen in
human lymphocytes with or without S-9; however, an
increase in sister chromatid exchanges was observed with and
without S-9. No increase in micronuclei was seen in vitro with
TK6 cells and human lymphocytes and in vivo with newt
larvae or mice. Only the in vivo assay with mice met FIFRA
guidelines. There was no increase in unscheduled DNA
synthesis either in vitro with rat primary hepatocytes or in vivo
with rats. Both of these studies met FIFRA guidelines.
Increased DNA damage was seen in three published, non-
guideline studies, a SOS chromotest with Escherichia coli,
a Comet assay with TK6 cells, and a single-cell gel electro-
phoresis assay with CHO cells. Repair kinetics in the Comet
assay indicated this damage was readily repaired. Chromo-
somal aberrations in the absence of a metabolic activation
system were observed. No increase in forward mutation
frequency was seen using the mouse lymphoma mutagenicity
assay with L5178Y mouse lymphoma cells. Some investiga-
tors found no increase in unscheduled DNA synthesis in rat
primary hepatocytes.
Clinical Management

Following an eye exposure to chloropicrin, the affected eyes
should be irrigated with copious amounts of tepid water for at
least 15 min. If irritation persists following decontamination,
ophthalmic corticosteroids or local anesthetic ointments may
be used. In case of an inhalation exposure, the patient should
be monitored for respiratory distress. Emergency airway
support and 100% humidified supplemental oxygen with
assisted ventilation may be needed. Following dermal exposure
to chloropicrin, the exposed area must be washed thoroughly
with soap and water. If dermatitis persists, topical treatment
with wet dressings of Burow’s solution 1:40, followed by
corticosteroid creams or calamine lotion may be given. Burn
injuries to the skin are treated with standard burn management
techniques, including use of medicated bandages. Secondary
infection may necessitate antibiotic therapy. Oral antihista-
mines may be useful for pruritus.

In case of respiratory distress, medications that are used to
treat asthma (such as bronchodilators and steroids) may also
be used to assist breathing. Albuterol and aminophylline may
be beneficial in cases involving signs of bronchoconstriction.
Use supplemental humidified oxygen in cases of respiratory
compromise. In severe respiratory compromise, ventilatory
support is mandatory. No specific drug therapy or antidote is
available for chloropicrin toxicity. For methemoglobinemia
greater than 10–20%, consider the use of methylene blue. Signs
of pulmonary edema may not be evident early after exposure.
Observation for 24–48 h for progression or worsening of
symptoms is recommended.
Ecotoxicology

Chloropicrin is highly toxic to fish, the 96 h LC50 for trout
and bluegill being 0.0165 and 0.105 mg l�1, respectively.
However, little information is available about the effects of
chloropicrin on birds. If released to soil, chloropicrin is ex-
pected to have high mobility based on a Koc of 81. Volatili-
zation from moist soil surfaces is expected to be an important
fate process based on a Henry’s Law constant of
2.05 � 10�3 atm-m3 mol�1. Chloropicrin may volatilize from
dry soil surfaces based on its vapor pressure. Half-lives in soil
ranging from 0.2 to 4.5 days at 20 �C suggest that biodegra-
dation is an important environmental fate process in soil. If
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released into water, chloropicrin is not expected to adsorb to
suspended solids and sediment based on the Koc. A half-life
of 0.5 days in activated sludge suggests that biodegradation
may be an important environmental fate process in water.
Volatilization from water surfaces is expected to be an
important fate process based on this compound’s estimated
Henry’s Law constant. An estimated BCF of eight suggests the
potential for bioconcentration in aquatic organisms is low.
Chloropicrin is stable to hydrolysis in neutral aqueous solu-
tion. Monitoring data indicate that the general population
may be exposed to chloropicrin via inhalation of ambient air
following adjacent agricultural applications and ingestion of
drinking water.
Exposure Standards and Guidelines

Chloropicrin is a class I toxicity, restricted use pesticide, labeled
with the signal word ‘Danger.’ The only exposure guidelines
available for chloropicrin are those of permissible exposure
level (PEL) and threshold limit value (TLV), both having
a value of 0.1 ppm. It has an inhalation reference exposure level
of 0.4 mg m�3.

Occupational Safety and Health Administration: The PEL
for chloropicrin is reported to be 0.7 ng m�3 for both general
and construction industry.

AmericanConferenceofGovernmental IndustrialHygienists:
The TLV is 0.1 ppm, 0.67 ng m�3 time-weighted average (TWA)
(not classifiable as a human carcinogen).

National Institute for Occupational Safety and Health: The
recommended exposure limit is 0.1 ppm TWA.
See also: Pesticides.
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Table 1 Physical properties of chloroprene

Atmospheric OH reaction
rate constant

2.21� 10�11 cm3 molecule�1s�1

Boiling point 59.4 �C
Conversion factor, 1 ppm

to mg (m3)�1
3.62 mg (m3)�1 ppm�1
l Name: Chloroprene
l Chemical Abstracts Service Registry Number: 126-99-8
l Synonyms: Beta-chloroprene CD; 2-chloro-1,3-butadiene;

Chlorobutadiene; Cloroprene
l Molecular Formula: C4H5Cl
l Chemical Structure:

Background

Chloroprene, 2-chloro-1,3-butadiene, is a colorless, volatile
synthetic liquid that has a pungent ether-like odor. Synthesis
of chloroprene was first reported by chemists of the E. I. du
Pont de Nemours Company in 1931 following studies of
acetylene polymerization with the objective of producing
synthetic rubber. The chloroprene monomer differs from
isoprene, the fundamental monomer of natural rubber, only
by substitution of chlorine for the methyl group of isoprene.
Chloroprene was observed to polymerize much more
quickly than did isoprene. In industrial processes prior to
1960, chloroprene was produced in relatively high yields by
reacting vinyl acetylene with hydrogen chloride. Today,
chloroprene is produced more efficiently by chlorination of
1,3-butadiene.

When compared with natural rubber the chloroprene
synthetic polymer, polychloroprene, was noted to be much
denser, more resistant to water and hydrocarbon solvents,
less permeable to many gases, and was more resistant
to degradation by oxygen, ozone, hydrogen chloride,
hydrogen fluoride, and other chemicals. Due to desirable
physical and chemical properties, polychloroprene and its
latex polymers are produced in quantities exceeding
200 000 metric tons at a limited number of facilities
around the world. Chloroprene production is closely tied to
demand for polychloroprene.
Conversion factor, 1 mg (m3)�1

to ppm
0.276 ppm (mg (m3)�1)�1

Henry constant 56 l-atm mol�1

Melting point �130 �C
Molecular weight 88.54 g mol�1

Octanol–water partition
coefficient (log P)

2.53

Specific gravity 0.96 at 20 �C
Vapor pressure 216 mmHg at 25 �C
Water solubility 875 mg l�1

Sources: U.S. National Library of Medicine Specialized Information Services
Chemical Information, reference “chloroprene,” “Physical Properties,” http://chem.
sis.nlm.nih.gov/chemidplus/; Hurst, H.E., 2007. Toxicology of 1,3-butadiene,
chloroprene, and isoprene. Rev. Environ. Contam. Toxicol. 189, 131–179.
Uses

More than 90% of chloroprene produced annually is used to
make polychloroprene, which constitutes the widely known
DuPont product Neoprene. This solvent-resistant elastomer,
made by free radical initiated polymerization of chloroprene, is
used to make many automotive rubber products, such as tires,
hoses, and belts. Polychloroprene is formulated into adhesives
and latex emulsions for dip coated goods. Other products made
from polychloroprene are rubber personal protection garments
including gloves, shoes, and wetsuits. Polychloroprene is used
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
in conveyor and transmission belts, sealing materials, and
electrical insulating materials.
Environmental Fate and Behavior

Physical and chemical properties of chloroprene are listed in
Table 1.

Chloroprene is not generally available from chemical
supply firms. Concentrated chloroprene is extremely reactive
unless stored cold, under inert gas, and in presence of oxidation
inhibitors and free radical scavengers. With pure chloroprene
multiple undesirable reactions can occur, including sponta-
neous dimerization, polymerization, oxidation, epoxide
formation, and nitration. Due to its reactivity, handling and
transportation of chloroprene are carefully regulated; shipment
of uninhibited chloroprene is forbidden by statute.

Chloroprene is not known to occur naturally. It is not widely
distributed in the environment due its reactivity and its use at
a limitednumberof facilitiesworldwide. Industrial productionof
chloroprene is accomplished in sealed reactor systems with very
limited fugitive emissions. Polymerizationprocesses are designed
to be sealed, but must be opened to remove and manipulate
formed polymer. Such opening causes most environmental
release of chloroprene, the majority of which enters the atmo-
sphere. From National Library of Medicine Toxics Release
Inventory 2010 data, more than 270 000 pounds of chloroprene
was released into the environment. Of that amount more than
97% was released into air at one site in Louisiana, USA.

Chloroprene is not considered a persistent environmental
pollutant due its reactivity, nor is it known to undergo bio-
accumulation or biomagnification because it is readily metabo-
lized. Given its significant vapor pressure, most released
chloroprene will be gaseous and will react with photochemically
4-3.01116-7 907
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produced hydroxyl radicals and ozone molecules. Half-lives of
these reactions have been estimated to be 18 h and 10 days,
respectively. Chloroprene would be expected to evaporate from
soil and water toward the same fate. It has been detected in
industrial wastewaters of the People’s Republic of China and in
Russia.
Exposure and Monitoring

Excluding serious industrial accidents, industrial exposure to
chloroprene occurs primarily to polymer workers manu-
facturing polychloroprene rather than those involved in the
closed processes of chloroprene manufacturing and storage.
Important means of human exposures include respiratory and
dermal routes, for which limiting values have been developed.

Human exposure data taken from personnel monitoring
records during the period of 1976–96 indicate that US polymer
workers have been exposed to ambient levels of the order of
1–8 ppm, while monomer production worker exposures were
in the range of 1–2 ppm or less during that period. More recent
environmental air monitoring in neighborhoods around
a now-closed chloroprene polymerization facility in Louisville,
Kentucky, noted air concentrations in the low ppb range. Dry
solid polychloroprene is reported not to yield detectable
chloroprene at a limit of detection of 0.5 ppm.
Toxicokinetics

Chloroprene is readily absorbed through the respiratory tract,
as determined by animal inhalation studies. It is distributed
into fatty tissues due to large partition coefficients for fatty
tissues. Upon mammalian exposure chloroprene is metabo-
lized similarly among species, although the quantities of
specific metabolites differ, by cytochrome P450 enzymes (CYP
2E1). This system forms several metabolites through addition
of oxygen, including reactive epoxides, aldehydes, and a,b-
unsaturated ketones.

The stable but reactive, genotoxic epoxide ((1-chlor-
oethenyl)oxirane, CEO) is produced as oxidation occurs at
the vinyl group not substituted with chlorine. Estimates of
the extent of CEO formation in rodent studies have been
2–5% of dose. Given the asymmetry produced in the struc-
ture by the chlorine atom, this epoxide metabolite exists as R-
CEO and S-CEO enantiomers. As these epoxide enantiomers
are reactive electrophiles, they bind covalently at nucleo-
philic biochemical sites, including nucleic acids, amino acids,
and thiols. These CEO enantiomers are detoxified by
hydrolysis via epoxide hydrolase and through glutathione
conjugation facilitated by glutathione S-transferase. Species
differ in CEO enantiomer formation and detoxification rates
by epoxide hydrolase. Research has indicated that the S-CEO
enantiomer is more rapidly detoxified by glutathione-
dependent mechanisms in mouse red cells than is the R-CEO
enantiomer.

No stable epoxide of the chlorinated vinyl group has been
detected and confirmed in biological systems. However,
oxidation to 2-chloro-2-ethenyloxirane can be inferred through
detection of glutathione conjugates of likely rearrangement
products, which include reactive aldehydes and a,b-unsatu-
rated ketones.
Mechanism of Toxicity

The mechanisms of chloroprene toxicity differ depending on
the extent and duration of exposure. An acute exposure to large
concentration causes central nervous system depression typical
of exposure to hydrocarbons. Organ and cellular toxicities due
to reactions of chloroprene or metabolites with cellular
constituents are evident. Detailed mechanisms of acute toxic-
ities such as formation of edema and hemorrhage in tissues
following large exposures are not yet known. Chronic toxicity is
related to the mutagenic potential of oxidative metabolites of
chloroprene, as these react with specific nucleoside sites
in DNA.
Acute and Short-Term Toxicity

An early industrial report of human exposures from chloro-
prene rubber facilities noted symptoms of nervous system
depression, lung, liver and kidney injuries, and irritation of
mucous membranes and the skin, along with respiratory
complications. Dermatitis and hair loss have been reported
with dermal exposure to chloroprene.

Acute lethal human exposure to chloroprene is associated
with nervous system intoxication, pulmonary edema, narcosis,
and respiratory arrest. Chloroprene is acutely lethal to rats
exposed to 2300 ppm for 4 h, with gross toxic effects including
pulmonary hemorrhage and edema, as well as hepatic necrosis.
A threshold exposure for chloroprene-induced acute hepato-
toxicity in rats was noted to be between 106 and 180 ppm
during 4-h exposures. Experimental exposures of rats at
concentrations of greater that 161 ppm for 2–4 weeks caused
deaths with olfactory epithelial degeneration, decreased red
blood cell counts, and centrilobular hepatic necrosis. Sub-
chronic 90-day inhalation studies in rats at 80 ppm produced
similar effects of olfactory epithelium metaplasia and loss of
nonprotein sulfhydryl content of lungs and liver. A similar 90-
day inhalation study in mice noted deaths at 200 ppm with
hyperplasia of the forestomach epithelium.
Chronic Toxicity

Chronic toxicity from exposures to lower concentrations is
a concern because of potential genotoxicity, mutagenicity, and
carcinogenicity due to formation of electrophilic metabolites.
Immunotoxicity

Limited detailed information is available regarding effects of
chloroprene on immune function. A few reports published in
Chinese and Russian literature suggest that chloroprene has
inhibitory effects on cellular primary and humoral immune
function. Depression of complement activity was noted in
serum of workers manufacturing chloroprene rubber. Mice



Chloroprene 909
treated subchronically by inhalation of chloroprene concen-
trations of 25–110 ppm exhibited decreases in peripheral T
lymphocytes and NK cell activity. These effects were related to
toxic effects on the thymus and bone marrow.
Reproductive Toxicity

No human data indicate reproductive or developmental
effects to date. Early studies exposing pregnant rats by inhala-
tion noted embryotoxic effects at concentrations higher than
0.035 ppm, and by oral dosage of 0.5mg kg�1 body weight
during gestation. Later studies have noted increases in fetal
resorption and decreased fetal body weights following inhala-
tion exposures of female rats to 10 ppm 4 h day�1 during
gestation. Reproductive capability of male rats appeared unaf-
fected. National Toxicology Program (NTP) studies of repro-
ductive toxicity of chloroprene noted slight but significant
reduction of sperm motility, but estrus cycle length was
unchanged in mice and rats.
Genotoxicity

Although direct genotoxicity of chloroprene per se has not been
demonstrated unambiguously, its metabolites exhibit geno-
toxic potential. Tests for genotoxicity by studies using the Ames
Salmonella reverse mutation tests have been mixed, apparently
depending on experimental conditions. Most reverse mutation
tests using freshly distilled chloroprene alone were not positive.
Others indicated direct mutagenic effects from compound that
had been stored for one or more days at �20 �C. Increasing
mutagenicity correlated with formed chloroprene decomposi-
tion products, particularly cyclic dimers of chloroprene. These
studies suggest that genotoxicity is caused by products of
chloroprene reaction or degradation rather than chloroprene.

Additional reverse mutation studies that included liver
homogenate to enable metabolic activation of chloroprene
have indicated genotoxicity. Studies using the metabolite
chloroprene epoxide (CEO) indicated mutagenic potential of
CEO comparable to that of the butadiene metabolite epox-
ybutene. However, chloroprene exhibits lower potential
metabolic genotoxicity than butadiene, as chloroprene does
not readily form a stable diepoxide metabolite. This difference
may be due to potential of the butadiene metabolite die-
poxybutadiene to form interstrand DNA cross-links as it is
a bifunctional electrophile. Although weaker than that of die-
poxybutadiene, chloroprene epoxide may exhibit cross-linking
activity similar to that of epichlorohydrin. A mechanism has
been proposed involving rearrangement and reactive dechlo-
rination after initial reaction of CEO with nucleophilic sites
in DNA.

Studies of chloroprene epoxide in reactions with nucleo-
sides in vitro have indicated a variety of DNA alkylation prod-
ucts. Similar reactions of CEO with double-stranded calf
thymus DNA gave predominant adducts N7-(3-chloro-2-
hydroxy-3-buten-1-yl)-guanine, formed by electrophilic attack
with epoxide ring opening of CEO at the nucleophilic N7
nitrogen atom of 20-deoxyguanosine, and N3-(3-chloro-2-
hydroxy-3-buten-1-yl)-uridine, formed by attack of CEO at the
N3 position with deamination of 20-dexoycytidine. As these
adducts are difficult to repair, they are genotoxic and believed
to be involved in mutagenic actions of the CEO metabolite of
chloroprene.

The impact of these reactions from active metabolites of
chloroprene has been observed in chronic cancer bioassays in
rodents. Formation of lung tumors in the 2-year NTP bioassay
using B6C3F1 mice noted a high proportion of the chloro-
prene-induced lung tumors exhibited mutations in the K-ras
tumor suppressor gene. Such mutations often correlate with
MAP-kinase activation of cell mitosis and play a significant role
in mouse lung carcinogenesis.
Carcinogenicity

In animal studies to date, strain and species differences appear
to have yielded negative as well as positive carcinogenicity
indications. Chronic tests for carcinogenicity by the National
Cancer Institute National NTP noted dose-related cancers in
many tissues. These included increased bronchiolar/alveolar
adenomas and carcinomas in lungs of male and female B6C3F1
mice. Hemangiosarcoma, Harderian gland adenomas or carci-
noma, forestomach squamous cell papillomas, and renal
tubule adenomas were observed. Additionally, hepatocellular
carcinomas and carcinomas of Zymbal’s gland were noted in
female mice. Similar chronic tests for cancers in NTP studies
using male and female F344 rats noted squamous cell papil-
lomas or carcinomas of the oral cavity, follicular cell adenoma
or carcinomas, mammary fibroid adenomas in females, and
renal tubule adenomas or carcinomas.

One clarifying toxic dose metric has been offered for
differences among strains and species, as percentages of
animals with tumors were related to the total amounts of
chloroprene metabolized per weight of lung tissue per day. This
finding is consistent with the hypothesis that carcinogenic
potential arises from active metabolite(s) of chloroprene.

Given the weight of evidence from toxicological studies,
chloroprene is characterized in the US Integrated Risk Infor-
mation System (IRIS) as likely to be carcinogenic to humans.
This determination was based on statistically significant dose
response data demonstrating development of multiple tumors
in multiple animal species, evidence of liver cancer risk asso-
ciated with occupational exposure, suggestive evidence of
association between occupational exposure and lung cancer
risk, the proposed mutagenic action, and similarities of chlo-
roprene with butadiene and vinyl chloride, which are known
human carcinogens.

The International Agency for Research on Cancer in its 1999
chloroprene monograph classifies it in Group 2B, as possibly
carcinogenic to humans. The latter designation is used when
there is limited or inadequate evidence of carcinogenicity in
humans, but there is evidence of carcinogenicity in experi-
mental animals.
Clinical Management

As reports of acutely poisoned humans are very rare, successful
treatment and clinical management have not been described
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in recent times. Presumably such would involve supportive
care, as there is no antidote for exposure.

Insight to human intoxication is available in a recent report
of chloroprene-induced fatality that notes its concentrations in
lipid tissues, particularly brain, following human poisoning.
This intoxication was caused by unprotected entry into
a nominally empty chloroprene industrial vessel, 1.6-m
diameter and 3-m depth, via a manway hatch. A worker
wearing no upper torso garments but a respiratory mask
without external air supply was found unconscious at the tank
bottom about 20min following his last sighting. He presented
with cardiac arrest, pupils dilated and rigid. Reanimation
efforts were unsuccessful. Beginning edema of the brain was
indicated by computer tomography.

Postmortem examination indicated nonspecific macro-
morphological findings, but the corpse and internal organs
gave off an intense chemical odor that interfered with progress
of the autopsy. Lungs were heavy and edematous, the brain
indicated severely increased intracranial pressure, and all
internal organs were congested with blood. Headspace gas
chromatographic analysis indicated tissue concentrations in
brain (120 mg g�1), kidney (25 mg g�1), liver (16 mg g�1),
myocardial tissue (13 mg g�1), heart blood (3.8 mgml�1), and
femoral blood (1.1 mgml�1). Cause of death was believed due
to asphyxia and chloroprene intoxication due to inhalation and
probable dermal absorption.
Ecotoxicology

Little information has been published concerning ecotoxicol-
ogy of chloroprene. One report has addressed ecotoxicological
issues of chloroprene through mathematical modeling. This
study involved fuzzy logic clustering of chloroprene among 90
chemicals using 10 chemical parameters. These included oil–
water partition coefficient; Henry constant; biodegradability
score; degradation in water and air; toxicities to microbes,
aquatic invertebrates, and vertebrates, and mammals; and car-
cinogenicity, mutagenicity, or teratogenicity. Chloroprene was
clustered within a group that had slightly increased aquatic
toxicity with no other significant parameters.
Other Hazards

Chloroprene is known to be flammable.
Exposure Standards and Guidelines

ACGIH TLV: 8-h time weighted average (TWA): 10 ppm, skin.
OSHA PEL: 8-h TWA, 25 ppm or 90mg (m3)�1.

See also: Epichlorohydrin; Butadiene, 1,3-; Carcinogen
Classification Schemes; Carcinogenesis; International Agency
for Research on Cancer; Isoprene; ACGIH

�
(American
Conference of Governmental Industrial Hygienists); Ames Test;
Polymers; Toxicity Testing, Carcinogenesis; Toxicity Testing,
Mutagenicity; Vinyl Chloride; Environmental Protection Agency,
US; The National Toxicology Program.
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l Name: 2-Chloropropionitrile
l Chemical Abstracts Service Registry Number: 1617-17-0
l Synonyms: 1-Chloro-2-Cyanoethane, 3-Chloropropaneni-

trile, Beta-Chloropropionitrile, 3-Chloropropionitrile,
Propanenitrile

l Molecular Formula: C3H4ClN
l Structure:
H3C

Cl

N

Background

2-Chloropropionitrile (2-CPN) is a colorless flammable liquid
with a characteristic acrid odor.
Uses

Major uses of this chemical are in pharmaceutics and polymer
synthesis.
Environmental Fate and Behavior

According to Henry’s law constant of 1.43� 10�5 atm-
m3mol�1, vapor pressure of 2.770mmHg and water solu-
bility of 45 gml�1 at 25 �C are expected to indicate that
volatilization from moist soil and water surfaces is expected
to be an important fate process and also it can be volatilized
from dry soil surfaces and exist as a vapor in the
atmosphere.

When heated to decomposition, it emits very toxic fumes of
chlorine-containing compounds: nitrogen oxides, hydrogen
cyanide, and hydrogen chloride.
Exposure and Exposure Monitoring

Pharmaceutical, industrial residues, and wastewater can be
major routes of its environmental release. Occupational
exposure via inhalation and dermal contact may occur in
industries.

Toxicokinetics

2-CPN readily penetrates the skin to produce systemic cyanide
poisoning.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Mechanism of Toxicity

Most of the toxicity of propionitrile results from release of
cyanide. Cause of death is due to lack of oxygen to the body’s
cells, especially to the brain and heart cells.
Acute and Short-Term Toxicity

This chemical is toxic by the inhalation, dermal, and oral
exposure routes. It is a lachrymatory agent. Massive doses may
produce loss of consciousness, metabolic acidosis, and death
from respiratory arrest. Upon ingestion, bitter and burning
taste is followed by feeling of constriction or numbness in
throat. Lacrimation, excessive salivation, nausea, and vomiting
may also occur.
Chronic Toxicity

Duodenal ulcers with perforation of the liver and pancreas were
seen in rats chronically fed the related compound propionitrile.
Immunotoxicity

No immunotoxicity was reported for 2-CPN.
Reproductive Toxicity

No reproductive studies were found but related nitrile
compounds have been teratogenic in experimental animals.
Clinical Management

Evaluation of vital signs including pulse and respiratory rate,
mechanical respiration (if not breathing), administering 100%
oxygen to all victims, gastric lavage after ingestion of a large
amount of poison without induction of emesis, and adminis-
tration of activated charcoal, dopamine, or norepinephrine for
treatment of hypotension can be useful.
Exposure Standards and Guidelines

Minimum lethal human exposure is unknown and exposure
standards are not listed in safety agencies.
4-
See also: Acrylonitrile; Polymers; Cyanide; Environmental Fate
and Behavior; Environmental Protection Agency, US; Toxicity
Testing, Mutagenicity; Toxicity Testing, Carcinogenesis;
Toxicity Testing, Inhalation.
3.01117-9 911

http://dx.doi.org/10.1016/B978-0-12-386454-3.01117-9


912 Chloropropionitrile, 2-
Further Reading

Bismuth, C., Baud, F.J., Djeghout, H., Astier, A., Aubriot, D., 1987. Cyanide poisoning
from propionitrile exposure. J. Emerg. Med. 5, 191–195.

Mumtaz, M.M., Farooqui, M.Y., Cannon-Cooke, E.P., Ahmed, A.E., 1997. Propionitrile:
whole body autoradiography, conventional toxicokinetic and metabolism studies in
rats. Toxicol. Ind. Health 13, 27–41.

Wiberg, K.B., Wang, Y.G., Wilson, S.M., Vaccaro, P.H., Cheeseman, J.R., 2005.
Chiroptical properties of 2-chloropropionitrile. J. Phys. Chem. A. 109, 3448–3453.
Relevant Websites

http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for
2-Chloropropionitrile.

http://www.inchem.org – International Programme on Chemical Safety: INCHEM:
2-Chloropropionitrile.

http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus
Advanced: 2-Chloropropionitrile.

http://www.iarc.fr – International Agency for Research on Cancer.

http://toxnet.nlm.nih.gov
http://www.inchem.org
http://chem.sis.nlm.nih.gov/chemidplus
http://www.iarc.fr


Chloroquine/Hydroxychloroquine
M Qozi and FL Cantrell, California Poison Control System San Diego, CA, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by F. Lee Cantrell, volume 1, pp 573–574, � 2005, Elsevier Inc.
l Name: Chloroquine and hydroxychloroquine
l Chemical Abstracts Service Registry Number: 54-05-7
l Synonyms: SN 7618, Sanoquin, Tresochin, Silbesan, Arti-

chin, Bipiquin, Avlocluor, Tanakan, Resochin, Resoquine,
Aralen

l Chemical/Pharmaceutical/Other Class: Aminoquinoline
antimalarial/antirheumatic

l Molecular Formula: C18H26ClN3

l Chemical Structures:
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H3C

H3C

H3C

Chloroquine

Cl N

N
HN OH

CH3
CH3

Hydroxychloroquine

Background

Chloroquine (CQ) and hydroxychloroquine (HCQ) are
synthetic 4-aminoquinolines. CQ has been used as an anti-
malarial drug since World War II. Later, CQ’s use expanded to
include management of systemic lupus erythematosus (SLE)
and rheumatoid arthritis (RA). It has mild adverse effects when
used short term, however, chronic use for autoimmune indi-
cations can cause irreversible ocular toxicity. HCQ was
synthesized by adding a b-hydroxyl group to one of theN-ethyl
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
groups on the CQ molecule in hopes of reducing its toxicity.
HCQ was first approved by the Food and Drug Administration
in 1955 for malaria. It is not as effective for treatment of
malaria when compared to CQ but is considered to be a safer
option for SLE and RA given its lower risk of ocular toxicity.
Uses

CQ and HCQ are both used as anti-inflammatory and anti-
malarial drugs.
Environmental Fate and Behavior

Physicochemical Properties

CQ is a white or slightly white odorless crystalline powder. It
has a melting point from 87 to 92 �C. CQ is slightly soluble in
water, and also in chloroform, ether, and dilute acids. Solutions
of chloroquine phosphate and hydroxychloroquine sulfate
have a pH of 4.5.
Exposure Routes and Pathways

CQ is available in oral and intravenous forms. HCQ is only
available orally.
Toxicokinetics

CQ and HCQ have similar pharmacokinetics. Both drugs are
absorbed rapidly and almost completely from the gut; peak
serum concentrations of both drugs are attained within 1 or 2 h.
CQ plasma protein binding is w55, and 30–40% for HCQ
given the variability in specific enantiomer protein binding. The
two drugs exhibit very large volumes of distribution; 116–
285 l kg�1 for CQ and 596–614 l kg�1 for HCQ. CQ may be
found in 500 times greater concentration within the liver,
spleen, kidneys, lungs, and leukocytes (compared with plasma).

The primary route of metabolism for CQ is deethylation,
producing desethylchloroquine. HCQ undergoes N-deal-
kylation of the tertiary amine along with oxidative deamination
of the primary amines leading to carboxylic acid derivatives,
desethylhydroxychloroquine and desethylchloroquine. Elimi-
nation is significantly reduced in the presence of hepatic disease.
Nearly 50% of CQ and 25% of HCQ are recovered in urine as
unchanged drugs. The metabolites are cleared renally as well.
The terminal half-life of CQ varies from 12 to 60 days. The half-
life of HCQ varies from 32 to 50 days in healthy volunteers to
15.5–31 h in overdose.

Both drugs cross the placenta readily. A very small amount
of both drugs is transmitted into breast milk as well.
4-3.00710-7 913
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Mechanism of Toxicity

The exact mechanism of action of CQ and HCQ is not
completely understood but involves inhibition of DNA and
RNA polymerase. They are also direct myocardial depressants
that impair cardiac conduction through membrane stabiliza-
tion. It is unclear how they work in autoimmune diseases.
Acute and Short-Term Toxicity (or Exposure)

Animal

CQ and HCQ are not commonly used therapeutically in
domestic animals. HCQ was used safely at a maximum dose of
10 mg kg�1 for 9 months in dogs with exfoliative cutaneous
lupus erythematosis.
Human

There are few published cases of acute HCQ toxicity, however, it
appears that it mimics CQ in overdose. Symptoms of overdose
occur within 1–2 h and include nausea, vomiting, transient
visual or auditory deficits, drowsiness, and seizures followed by
severe cardiac arrhythmias, shock, or cardiorespiratory arrest.
Hypotension may be severe and intractable, producing meta-
bolic acidosis and end organ failure. Hypokalemia occurs due
to intracellular potassium shift and the degree of hypokalemia
correlates with the severity of overdose. Cardiac conduction
disturbances include complete atrioventricular dissociation,
QRS and QT prolongation, severe bradycardia, and ventricular
fibrillation. Acute ingestions of 30–50 mg kg�1 of CQ in adults
and as little as 300 mg in children are potentially fatal.
Unlike CQ, there is no established lethal dose for HCQ given
the limited reported cases of overdose in the literature.
From what is reported so far, it appears that ingestion of 4 g can
lead to significant toxicity and symptoms can occur as early
as 30 min from the time of ingestion.
Chronic Toxicity (or Exposure)

Animal

Rats chronically administered CQ in food for up to 2 years
demonstrated dose related inhibition of growth compared with
controls. High-dose (from 100 to 1000 mg kg�1 diet over
2 years) studies in rats showed myocardial and other muscle
damage, centrilobular liver necrosis, and testicular damage.
Both drugs caused acute cardiotoxicity when given in high
repeated doses to dogs.
Human

Chronic use of CQ may produce cinchonism, a syndrome
characterized by headache, visual changes, and gastrointestinal
disturbances. Visual disturbances are associated with retinal
artery spasm. Ototoxicity may also occur. Dermatologic reac-
tions, particularly a lichenoid skin eruption, may result from
chronic CQ use. Long-term therapeutic use of HCQ appears to
be less retinotoxic than CQ based on the number of reported
cases in the literature.
In Vitro Toxicity Data

Studies in cultured chick brains demonstrated inhibition of
retinal pigment epithelium viability at concentrations similar
to those seen in vivo for patients experiencing CQ-induced
retinopathy.
Carcinogenicity

There is no evidence to suggest that CQ orHCQ are carcinogenic.
Reproductive Toxicity

4-Aminoquinolines have been shown to accumulate selectively
in melanin structures of fetal eyes. No teratogenic effects have
been reported with therapeutic doses of CQ. CQ in doses used
for malaria prophylaxis appears to be safe for use during
pregnancy. CQ can, however, cross the placenta and bilateral
cochlea-vestibular disturbances have been reported in children
of mothers who have been treated with high doses of CQ
throughout their pregnancy. CQ is not contraindicated during
pregnancy but high doses or prolonged administration can
cause toxicity and should be avoided. CQ is found in the breast
milk in only insignificant amounts when taken by lactating
mothers.
Clinical Management

Management for both drugs is the same. Basic and advanced life-
support measures should be implemented as necessary. In
patients presenting within 1 h of ingestion, activated charcoal
should be administered. In the event of depressed consciousness
or seizures, airway protection should first be secured. Sodium
bicarbonate, epinephrine, and high-dose diazepam should be
used to treat cardiotoxicity. Potassium repletion should be
handled with extreme care given the intracellular potassium
shift. Diazepam is recommended for the treatment of seizures.
Methods of extracorporeal drug removal such as hemodialysis
are ineffective given the drugs’ large volume of distribution and
protein binding. Extracorporeal treatments, however, may facil-
itate supportive cares. Sodium bicarbonate should be adminis-
tered in bolus doses for signs of membrane-depressant toxicity
such as QRS widening on the electrocardiogram.

See also: Poisoning Emergencies in Humans; The QT Interval of
the Electrocardiogram; Quinidine; Quinine.
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l Name: Silicon Tetrachloride
l Chemical Abstracts Service Registry Number: 10026-04-7
l Synonymus: Silicon chloride, Tetrachlorosilane,

Tetrachlorosilicon
l Molecular Formula: SiCl4
Background

Chlorosilanes (general formula RnHmSiCl4-n-m, where R is an
alkyl, aryl, or olefin group) are compounds in which silicon is
bound to between one and four chlorine atoms, bonds with
hydrogen and/or organic groups making its total number of
bonds up to four. Chlorosilanes react with water, moist air, and
steam, producing heat and toxic, corrosive hydrogen chloride
fumes. Contact between gaseous hydrogen chloride and metals
may release gaseous hydrogen, which is inflammable and
explosive. Chlorosilanes react vigorously with oxidizing agents,
alcohols, strong acids, strong bases, ketones, and aldehydes.
Uses

Chlorosilanes are chemical intermediates used in the produc-
tion of silicon and silicon-containing materials, and in the
semiconductor industry; they are also protecting agents for
intermediates in pharmaceutical syntheses. The most impor-
tant industrially utilized silicon halides are trichlorosilane and
silicon tetrachloride.

Silicon tetrachloride (SiCl4) can be manufactured by chlo-
rination of silicon compounds such as ferrosilicon or silicon
carbide, or by heating silicon dioxide and carbon in a stream of
chlorine. It can also be obtained as a by-product in the
production of zirconium tetrachloride, and in the past
substantial quantities were produced by this route, which in
recent decades has lost importance owing to the reduced
demand for zirconium in nuclear facilities. Nowadays, indus-
trial silicon tetrachloride is produced either by direct reaction of
hydrogen chloride with silicon – this product mainly being
employed as an intermediate in fumed silica production – or as
the by-product of the production of silane for the microelec-
tronics industry by disproportionation of trichlorosilane.

Silicon tetrachloride is used as an intermediate in the manu-
facture of high-purity silicon because its boiling point is conve-
nient for purification by repeated fractional distillation. Once
purified, it can be reduced to silicon by gaseous hydrogen for use
in the semiconductor industry; hydrolyzed to high-purity fused
silica; or oxidized to pure silica in the presence of oxygen in the
manufacture of optical fibers by processes such as modified
chemical vapor deposition, a widely used method for the fabri-
cation of high quality optical fiber preforms, that require it to be
free of hydrogen-containing impurities such as trichlorosilane.
Silicon tetrachloride is also used as a ‘blocking agent’ in organic
synthesis, and to produce military smoke screens.
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Silicon tetrachloride is a colorless, noninflammable, volatile
liquid with a pungent, suffocating odor. It fumes in air and is
corrosive to metals and tissues in the presence of moisture. In
experiments at Argonne National Laboratory in which it was
mixed with water and stirred under room conditions, about
35% of the theoretical yield of HCl evolved as a gas in the first
minute. It also reacts very rapidly with alcohols, primary and
secondary amines, ammonia, and other compounds contain-
ing active hydrogen atoms. Thermal decomposition or burning
may produce dense white clouds of silicon oxide particles and
hydrogen chloride.

Silicon tetrachloride is a by-product in the production of
polysilicon, the key component of sunlight-capturing wafers in
solar energy panels, and for each ton of polysilicon produced,
at least four tons of silicon tetrachloride liquid waste are
generated. Pollution by silicon tetrachloride has been reported
in China, associated with the increased demand for photo-
voltaic cells that has been stimulated by subsidy programs.
Exposure and Exposure Monitoring

The main exposure route for humans is through inhalation,
ingestion, and skin and/or eye contact.
Acute and Short-Term Toxicity

Mechanism of Toxicity

Studies of rats subjected to acute inhalation of 10 structurally
similar chlorosilanes, including tetrachlorosilane, suggest that
the acute toxicity of chlorosilanes is largely due to the hydrogen
chloride hydrolysis product. The observed effects were similar
to those of HCl inhalation both qualitatively (clinical signs)
and quantitatively (molar equivalents of hydrogen chloride at
the atmospheric LC50).
Animal Data

Rats
Although toxicity data are available for few individual chlor-
osilanes, and for those few are limited, well-conducted inha-
lation toxicity studies have been performed on rats for a series
of chlorosilanes including tetrachlorosilane. In each case,
groups of five male and five female Fischer 344 rats were
exposed to varying concentrations of a chlorosilane for 1 h and
were observed for up 14 days. Nominal chlorosilane concen-
trations were used to calculate LC50 values. In general, the LC50

values of monochlorosilanes were approximately twice those
of dichlorosilanes and three times those of trichlorosilanes.
Tetrachlorosilane had an LC50 of 1312 ppm, similar to those of
the trichlorosilanes. The clinical signs exhibited by the
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01236-7
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experimental animals were consistent with hydrogen chloride
exposure and indicative of severe irritation/corrosion. They
included lacrimation, salivation, dry material around or on the
eyes and/or nose, green staining around the nose and mouth,
and perineal urine staining. Labored breathing, rales, hypo-
activity, closed or partially closed eyes, prostration, corneal
opacity or opaqueness, and swollen and/or necrotic paws were
also observed. Hemorrhage, congestion and/or consolidation
of the lungs, ectasia of the lungs, gaseous distension of the
gastrointestinal tract, absence of body fat, nostrils that were
obstructed, alopecia around the eyes, and discoloration of hair
were observed at necropsy.

Rabbits
The application of SiCl4 to shaved rabbit skin produced
complete denaturation and tissue sloughing within 10min of
exposure, with the appearance of blanched patches and blisters.
When instilled into the eye, even a dose as low as 0.05ml caused
severe burns on the cornea and lids. Gastrointestinal tissue
corrosion has been observed in animals given a single oral dose.
Human Data

The only human exposure data located concerned an accidental
release of silicon tetrachloride at a chemical plant in a South
San Francisco industrial park in 1984. Several thousand people
were evacuated and 28 sought medical attention. Most of the
affected individuals suffered transient eye and upper airway
irritation that cleared within 24 h. Six employees involved in
clean-up operations (all male smokers, aged 25–56 years)
developed transient symptoms, including lacrimation, rhinor-
rhea, burning in the mouth and throat, headaches, coughing,
and wheezing. The results of pulmonary function studies were
normal except that four patients exhibited mild obstructive
airway disease that may have been due either to the silicon
tetrachloride exposure or to smoking. Two patients also com-
plained of pedal dysesthesias after the accident. Although the
temporal relationship between the exposure and onset of these
symptoms is striking, no definite etiological relationship could
be established. No values for silicon tetrachloride or hydrogen
chloride air concentrations during the incident were reported.

Assuming the toxicity of silicon tetrachloride to be due to
hydrogen chloride, and given the known effects of the latter,
the effects of SiCl4 exposure may be expected to be as follows.
Inhalation may cause severe irritation of the upper respiratory
tract, resulting in coughing, choking, and a feeling of suffoca-
tion; continued inhalation may produce ulceration of the nose,
throat, and larynx, and deep inhalation edema of the lungs.
Vapor severely irritates the eyes, causing pain, excess lachry-
mation (tears), closure of the eyelids, marked excess redness,
and swelling of the conjunctiva. High concentrations of
hydrogen chloride vapor, if formed, could injure the cornea.
Splash contamination may cause severe conjunctivitis, seen as
marked excess redness and swelling of the conjunctiva,
discharge, iritis, and severe corneal injury that, if untreated,
could result in permanent blindness. Skin contact with liquid
SiCl4 may cause full-thickness burns; repeated contact with
dilute solutions or exposure to concentrated vapors may cause
dermatitis. Ingestion causes severe internal injuries in the
mouth, throat, esophagus, and stomach, intense thirst,
difficulty in swallowing, nausea, vomiting, and diarrhea; in
severe cases, collapse and unconsciousness may result. Silicon
tetrachloride may affect the nervous system.
Chronic Toxicity

Prolonged or repeated exposure to hydrogen chloride vapor
may cause corrosion (discoloration and erosion) of the teeth,
ulceration of the nasal mucosa, and bleeding of nose and gums.
Genotoxicity

Tetrachlorosilane was not mutagenic in studies of Salmonella
typhimurium strains TA98, TA100, TA1535, TA1537, and
TA1538; Saccharomyces cerevisiae strain D-4; and Escherichia coli
strains W3110/polAþ and P3478/polA� with and without
metabolic activation. It also tested negative in an L5178Y
mouse lymphoma assay.
Carcinogenicity

Inorganic chlorosilanes are not listed by the National Toxi-
cology Program, the US Occupational Safety and Health
Administration (OSHA), or the International Agency for
Research on Cancer. Silicon tetrachloride has not been tested
for its ability to cause cancer in animals.
Ecological Effects

The ultimate fate of chlorosilanes in the troposphere is prob-
ably determined by hydrolysis of the silicon–chlorine bonds in
water droplets. In arid regions, some transport to the strato-
sphere might occur. In the stratosphere, photolysis by short-
wavelength light is expected. Chlorosilanes do not generate any
ozone-depleting chemicals.

The instant hydrolysis of silicon tetrachloride upon contact
with water generates hydrogen chloride and silicic acid gel, and
shifts pH into the acidic range. Chlorosilanes are not listed as
marine pollutants by the US Department of Transportation
(DOT).

In the light of its bioaccumulation-relevant properties (fast
hydrolysis, formation of nonpersistent inorganic substances)
and toxicity assessment (it is not classified as having long-
term human health effects or aquatic toxicity), silicon tetra-
chloride does not meet the criteria for consideration as a very
persistent, and very accumulative substance or a persistent,
bioaccumulative, and toxic substance. Its susceptibility to
hydrolysis means that adsorption on soil, volatilization,
biodegradation, and bioaccumulation are not expected to be
important fate processes.
Other Hazards

Inhalation may aggravate asthma and inflammatory or fibrotic
pulmonary disease. Skin irritation may aggravate an existing
dermatitis.
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Exposure Standards and Guidelines

Silicon tetrachloride is on the Right-to-Know Hazardous
Substance List of a number of US states because it is listed by
DOT and the National Fire Protection Association. More
specifically, it is on the Special Health Hazard sublist.

Inorganic chlorosilanes are considered hazardous by the
OSHA Hazard Communications Standard.

The following exposure limits are for gaseous hydrogen
chloride, which is produced when silicon tetrachloride reacts
with water or moisture in the air. In no case should the concen-
tration of hydrogen chloride in air exceed the limit at any time.

OSHA permissible exposure limit: 5 ppm
National Institute for Occupational Safety and Health recom-

mended airborne exposure limit: 5 ppm
American Conference of Governmental Industrial Hygienists

threshold limit value : 2 ppm
See also: Silane.
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l Name: Chlorothalonil
l Chemical Abstracts Service Registry Number: 1897-45-6
l Synonyms: 2,4,5,6-Tetrachlorobenzenedicarbonitrile; Tet-

rachloroisophthalonitrile; Bravo; Daconil; Forturf
l Molecular Formula: C8Cl4N2

l Chemical Structure:
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Background

Chlorothalonil is an aromatic halogen compound that appears
as a grayish to colorless crystalline solid that is odorless or has
a slightly pungent odor. It has a molecular weight of 265.92,
water solubility of 0.6 mg l�1 at room temperature, a melting
point of 250–251 �C, and a boiling point of 350 �C. Chlor-
othalonil is only slightly soluble in acetone, dimethyl sulf-
oxide, cyclohexane, and xylene. It is noncorrosive and stable in
moderately alkaline or acidic aqueous solutions. At high
temperatures, chlorothalonil decomposes to emit hydrochloric
acid. Some popular trade names for chlorothalonil include
Bravo, Daconil 2787, Echo, Exotherm Termil, Nopcocide,
Repulse, and Tuffcide. This compound can be found in
formulations with many other pesticide compounds. Chlor-
othalonil is an important broad-spectrum, nonsystemic,
organochlorine fungicide that has been widely used for more
than 30 years as an effective disease management tool for
potatoes, peanuts, turf, and vegetable and fruit crops. It is also
used to control fruit rots in cranberry bogs and is used in paints.
Chlorothalonil is classified as a general use pesticide by the US
Environmental Protection Agency (EPA). Typical chlor-
othalonil application rates are 1 kg ha�1 with four to nine
applications per growing season. Chlorothalonil can enter
surface waters through rainfall runoff, spray drift, or atmo-
spheric deposition, subsequently having an impact on the
aquatic biota. Most common routes of exposure to chlor-
othalonil are via the skin and eyes; it may also be ingested or
inhaled.
Uses

Chlorothalonil is an extensively used pesticide in agriculture,
silviculture, and urban settings. It is also used as a fungicide,
bactericide, and nematocide. It is used as a wood preservative
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
in some countries and is used as a mildew-preventing agent
in paints.
Environmental Fate and Behavior

Chlorothalonil’s production and use as a broad-spectrum,
nonsystemic, protectant pesticide results in its direct release to the
environment. Its uses as a wood protectant, antimold and anti-
mildew agent, bactericide, microbiocide, algaecide, insecticide,
and acaricide are additional routes of release. If released to air,
chlorothalonil will exist in both the vapor and particulate phases
in the ambient atmosphere. Vapor-phase chlorothalonil will be
degraded slowly in the atmosphere by reaction with
photochemically produced hydroxyl radicals (reaction half-life
w7 years). Direct photolysis may also occur. Chlorothalonil is
removed from the atmosphere by wet and dry deposition. If
released to soil, chlorothalonil is expected tohave lowmobility or
be immobile, based on Koc values in the range of 900–7000
measured in four soils. Volatilization from moist or dry soil
surfaces is not expected to be important based on a Henry’s Law
constant of 2.5� 10�7 atm-cummol�1. Aerobic biodegradation
half-lives of chlorothalonil in four different soils ranged from
10 to 40 days. If released into water, chlorothalonil is expected
to adsorb to suspended solids and sediment in thewater column.

Biodegradation is expected to be an important fate process
given aerobic aquatic degradation half-lives of 8.1 and 8.8 days
measured in marine water, and anaerobic degradation half-
lives ranging from 5 to 15 days measured in flooded soils.
Hydrolysis does not occur under acidic conditions or at pH 7;
however, a hydrolysis half-life of 38.1 days was observed for
chlorothalonil at pH 9. An aqueous photolysis half-life of
65 days was measured for chlorothalonil, suggesting photolysis
in sunlit surface waters is possible. Bioconcentration factor
values of 9.4–264 measured in different species of fish suggest
bioconcentration in aquatic organisms can be low to high. The
principal breakdown product of chlorothalonil in the soil is
4-hydroxy-2,5,6-trichloroisophthalonitrile, which is slightly
toxic to aquatic organisms and moderately toxic to birds and
mammals. Soil moisture and temperature both promote
degradation of chlorothalonil. It has a high degree of binding
and low mobility in silty loam and silty clay loam soils, while
having a relatively low binding and moderate mobility in sand.
Residues of chlorothalonil remain on above-ground crops at
harvest but are prone to dissipate overtime. It is a relatively
persistent fungicide on plants, based on its rate of application.
Chlorothalonil is almost insoluble in water and does not
evaporate easily.
Exposure Routes and Pathways

Dermal and eye exposures are the most common routes of
accidental exposure to chlorothalonil. It may also be ingested
or inhaled.
4-3.00283-9 919
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Toxicokinetics

Chlorothalonil is rapidly absorbed both orally and via
inhalation. However, the amount of material absorbed is
limited and dose related. Thus, while w30% of an admin-
istered dose of up to 50 mg kg�1 is absorbed, absorption at
high doses decreases relatively. There is also a marked
species-dependent variation in chlorothalonil absorption.
Chlorothalonil is only poorly absorbed by the dermal route
of exposure. Absorbed chlorothalonil undergoes rapid
distribution among body tissues in rats, tissue concentration
being in the order of kidney > liver > whole blood.
Conjugation with glutathione constitutes the primary route
of metabolism of chlorothalonil. Liver represents the major
site for chlorothalonil conjugation. In the enzymatic
reaction, 4-(glutathione-S-yl)-2,5,6-trichloroisophthalonitril
is formed initially. This is also a substrate for glutathione-
S transferases (GSTs), resulting in the substitution of a
second chlorine atom to give 4,6-bis(glutathione-S-yl)-
2,5-dichloroisophthalonitril. Hydrolysis studies indicated
that the metabolism of chlorothalonil is pH dependent.
Thus, 4-hydroxy-2,5,6-trichloroisophthalonitrile and 3-cyano-
2,4,5,6-tetrachlorobenzamide are formed at pH 9 but not at
pH 7. The metabolism of chlorothalonil was recently investi-
gated in liver and gill cytosolic and microsomal fractions from
channel catfish using high performance liquid chromatog-
raphy. The reports indicate that chlorothalonil is detoxified in
vitro by GST-catalyzed glutathione conjugation. However, no
human data are currently available for the biotransformation
of chlorothalonil. Chlorothalonil is primarily eliminated via the
kidneys. Following administration of 1 mg kg�1 chlorothalonil
endotracheally, orally, or dermally to rats, less than 6% was
recovered in blood or urine within 48 h. The major route of
elimination following oral administration to rats is in the feces
(>80%), with 5.4–11.5% being excreted in the urine as the dose
increases from5 to 200mg kg�1. Marked species differences exist
in the pharmacokinetic behavior of chlorothalonil. Thus,
followingoral administration of 50mgkg�1 chlorothalonil, dogs
and rhesus monkeys excrete up to 98 and 92% of the dose,
respectively, in the feces compared withw82% in rats.
Mechanism of Toxicity

Glutathione conjugation represents a bioactivation reaction for
chlorothalonil resulting in the formation of S-conjugates toxic
to the kidney. Chlorothalonil acts as an alkylating agent and
reacts with cellular sulfhydryl compounds. Alkylation of bio-
logical molecules results in effects on cellular function and
viability. Chronic damage to the proximal tubular epithelium
may be involved in the mechanism of chlorothalonil tumori-
genicity to the kidneys.
Animal Toxicity

Forestomach and the renal proximal tubule are the primary
target tissues of chlorothalonil toxicity in Sprague–Dawley
rats. Toxicity is characterized by hypertrophy, hyperplasia,
vacuolization, and degeneration of renal tubular epithelium and
acanthosis, hyperkeratosis, and hyperplasia of the squamous
epithelium of the forestomach. Chlorothalonil is a well-known
skin and eye irritant. Sustained contact with the squamous
epithelium of the forestomach can lead to an inflammatory
response. The earliest observation following chlorothalonil
administration at 175 mg kg�1 day�1 to rats for varying periods
of time for up to 91 days has been characterized by multifocal
ulceration and erosion of the mucosa, subsequently progressing
to hyperplasia and hyperkeratosis. These lesions have been
observed in subchronic and chronic studies in rats and mice (no
observed effect level (NOEL)w2mg kg�1 day�1) and in chronic
studies appear to be closely related with incidence of neoplasia
(NOEL w4–21 mg kg�1 day�1). Undiluted chlorothalonil is
a strong irritant and produces irreversible corneal, iridal, and
conjunctival effects in rabbits. Weakness and sedation precede
death in animals given acute toxic doses intraperitoneally.
Chronic oral administration to rats results in ataxia. Hematuria,
vaginal bleeding, and epistaxis are seen in rats following
chronic oral exposure. In chronic dermal exposures to chlor-
othalonil dissolved in acetone, the no-effect level for irritation
is 0.001%. The 0.01% concentration is a mild irritant and
0.1% a moderate irritant. Prolonged exposure of rodents to
chlorothalonil results in nephrotoxicity and renal tubular
hyperplasia, and these effects, if sustained, can lead to
a tumorigenic response. Chlorothalonil produced a dose-
related increased incidence of renal tubular adenomas and
adenocarcinomas in rats. The oral LD50 in rats is greater than
10 g kg�1. Chlorothalonil is predicted to be a rodent carcinogen
via a nongenotoxic mechanism.

Some of the LD50 values for a variety of experimental
animals are as follows:

1. Mouse model: i.p. – 2500 mg kg�1; oral – 3700 mg kg�1

2. Rat model: i.p. – 2500 mg�kg�1; dermal – 10 000 mg kg�1

3. Rabbit: percutaneous – >5000 mg kg�1
Human Toxicity

Facial dermatitis has been reported in occupational exposures
and can occur in the absence of direct skin contact, presumably
due to the high volatility of chlorothalonil. Chlorothalonil is
a strong primary skin irritant and may also cause allergic
contact urticaria and anaphylaxis. Patch testing with concen-
trations greater than 0.01% may produce primary irritant
reactions. Hypersensitivity reactions characterized by facial
erythema, periorbital erythema and edema, eczema, and
pruritus have been observed following chlorothalonil expo-
sure. Photosensitivity reactions were seen in some individuals.
High concentrations of chlorothalonil produce delayed irritant
reactions. Delayed dermal irritant effects have also been noted
48–72 h after cessation of exposure. Immediate respiratory
reactions such as tightness of chest and throat may occur
following inhalation exposure to chlorothalonil. A recent
review of the potential cancer risks of chlorothalonil to oper-
ators and consumers conducted in the United Kingdom for the
Pesticide Advisory Committee (UK, 1994) provided evidence
that chlorothalonil is not genotoxic. The primary potential for
human exposure to chlorothalonil is to forest service applica-
tors applying the fungicide. Chlorothalonil does not have any
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adverse reproductive or teratogenic effects at expected exposure
levels. Data suggesting carcinogenic potential of chlorothalonil
remain inconclusive at the present time.
Reproductive Effects

Long-term administration of chlorothalonil at high doses to
both males and female rats did not affect reproduction or the
litters that were produced. However, weight gains in both sexes
decreased generation after generation. Administration of high
doses of chlorothalonil to pregnant rabbits through the stomach
during the sensitive period of gestation resulted in abortion.
These studies suggest that chlorothalonil will not affect human
reproduction except at very high doses. In second- and third-
generation reproductive toxicity studies, rats showed decreased
food consumption, lower body weights, kidney lesions, and
forestomach lesions after exposure to chlorothalonil in the diet.
The only effect in the pups was a reduction in body weight
exposed to chlorothalonil or SDS-3701 in utero.
Developmental Toxicity

Chlorothalonil did not cause developmental toxicity in rats or
rabbits.

However, dams treated with chlorothalonil showed
increased mortality, clinical signs (excess lacrimation, vaginal
and nose discharges, and anogenital stains), decreased food
consumption, and reduced body weight.
Teratogenic Effects

Female rats given high doses of chlorothalonil through the
stomach during the sensitive period of gestation had normal
fetuses, even though that dose was toxic to the mothers.
Limited study disclosed rabbits had no effects. Based on these
observations, chlorothalonil is expected to produce no birth
defects in humans.
Mutagenic Effects

Mutagenicity studies on various animals, bacteria, and plants
indicate that chlorothalonil does not cause any chromosomal
changes. The compound is therefore not expected to pose
mutagenic risks to humans. Chlorothalonil (>97% pure; up to
10 mg plate�1) was not mutagenic in Ames assays with strains
TA98, TA100, TA1537, or TA1538 with and without rat liver S-9
homogenate pretreated with Aroclor 1254. Chlorothalonil (up
to 50 mg plate�1) was also not mutagenic in the above strains
with and without rat kidney S-9 homogenate. Chlorothalonil
(97.3% pure) was not mutagenic when tested at 0.3 mg ml�1 in
Chinese hamster lung fibroblasts (V79) cells, at 0.3 mg ml�1

with activation (rat liver S-9 homogenate pretreated with Aro-
clor 1254) in mouse BALB/3T3 fibroblasts, and at 0.03 mg ml�1

without activation in BALB/3T3 cells. However, chlorothalonil
was positive in some chromosomal aberration assays and
a DNA damage study. An epigenetic mechanism has been
suggested for chlorothalonil-induced DNA damage in isolated
human lymphocytes.
Carcinogenic Effects

There is sufficient evidence in experimental animals for the
carcinogenicity of chlorothalonil. Chlorothalonil is a potential
human carcinogen, known to affect the kidney, ureter, and
bladder in experimental animals. Both sexes of rats fed chlor-
othalonil daily over a lifetime developed carcinogenic and
benign kidney tumors at the higher doses. In an unsettled
study, mouse fed daily high doses of chlorothalonil for 2 years
developed tumors in the forestomach area in females and
carcinogenic and benign kidney tumors in males. A long-term
National Toxicology Program study concluded that under the
conditions of this bioassay, chlorothalonil is carcinogenic to
Osborne–Mendel rats, but not to B6C3F1 mice.
Clinical Management

One of the primary forms of treatment is to support respiratory
and cardiovascular function. Dilution and dermal or eye
decontamination are primary considerations. Following oral
exposure, immediate dilution with 4–8 ounces of milk or water
is recommended. Vomiting must be induced if victim is
conscious. If inhaled, victim must be immediately moved to
fresh air. And if not breathing, artificial respiration should be
provided. In case of dermal exposure to chlorothalonil, the
exposed area should be thoroughly washed with soap and
water. Allergic contact dermatitis may be treated with antihis-
tamines, topical steroids, or systemic steroids. Following an eye
exposure, the affected eyes should be irrigated with copious
amounts of tepid water for at least 15 min. Immediate medical
attention for the eyes is also recommended. Exposure may
cause temporary allergic side effects. Symptoms include redness
of the eyes, mild bronchial irritation, and redness or rash on
exposed skin. Temporary allergic reactions can be treated with
antihistamines or steroid creams and/or systemic steroids upon
consultation with the physician.
Ecotoxicology

Chlorothalonil and its metabolites are highly toxic to fish,
aquatic invertebrates, and marine organisms. Chlorothalonil
levels of less than 1 ppm have been reported to produce
noticeable toxicity in fish such as the rainbow trout (LC50 of
0.25mg l�1), bluegills (LC50 of 0.3 mg l�1), and channel catfish
(LC50 of 0.43 mg l�1). However, it is relatively nontoxic to
birds, mammals, and bees.
Exposure Standards and Guidelines

Owing to its potential for causing eye irritation, chlor-
othalonil is also classified as a toxicity class II, moderately
toxic chemical. Based on the increased incidence of renal
tumor in female rats, EPA currently lists chlorothalonil as
a Group B2 (probable human) carcinogen, the Q* value
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being 0.007 66 mg kg�1 day�1. Chlorothalonil has an
acceptable daily intake and a reference dose value of 0.03
and 0.015 mg kg�1 day�1, respectively.

American Conference of Governmental Industrial Hygien-
ists threshold limit value: none.

National Institute for Occupational Safety and Health rec-
ommended exposure limit: none.
See also: Nematicides; Pesticides.
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l Name: Chlorpheniramine
l Chemical Abstracts Service Registry Number: 132-22-9
l Synonyms: 3-(4-chlorophenyl)-N,N-dimethyl-3-pyridin-

2-yl-propan-1-amine (IUPAC); Chlor-Trimeton�

l Chemical Formula: C16H19ClN2

l Chemical Structure:

Uses

Chlorpheniramine is a drug in the class of first-generation
antihistamines, used to help alleviate symptoms of allergic
reactions potentiated by histamine release. Though it is
included in many multisymptom over-the-counter cold relief
medications, the Food and Drug Administration (FDA) issued
a safety alert in March 2011 detailing some risks associated
with these medications. The safety alert also indicated that
increased enforcement of FDA laws governing the marketing
of these drugs would occur, as many of the products had not
been approved in their current formulations for safety, effec-
tiveness, and quality.

Since the mechanism of bronchial asthma and systemic
anaphylactic reactions involves many other mechanisms than
just histamine release, histamine antagonists are used only
as adjunctive therapy to epinephrine after the acute reactions
have been controlled. Antihistamines may also be used to
help ameliorate allergic reactions during blood or plasma
transfusions.

Chlorpheniramine is commonly used in small-animal
veterinary medicine for its antihistaminic/antipruritic effects,
especially for the treatment of pruritus in cats, and occasionally
as a mild sedative.
Exposure Routes and Pathways

Chlorpheniramine is available in oral and injectable formula-
tions; thus, ingestion and injection are routes of intentional
and unintentional exposure.
Pharmacokinetics

Chlorpheniramine is well absorbed after oral administration
and has a serum half-life of approximately 20 h in adults. It
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
undergoes a relatively high degree of first-pass metabolism in
the gastrointestinal (GI) mucosa and liver; therefore, only
about 25–60% of the drug is available systemically. The drug
and its metabolites (desmethylchlorpheniramine and dides-
methylchlorpheniramine) are excreted almost exclusively
through the kidneys. The elimination half-life is more rapid in
children, 9.5–13 h vs 14–24 h in adults.
Mechanisms of Toxicity

Toxicity of antihistamines is usually related to their anticho-
linergic effects and may include loss of appetite, nausea,
vomiting, diarrhea or constipation, and other GI effects, as well
as dizziness, tinnitus, lassitude, incoordination, fatigue, blur-
red vision, diplopia, euphoria, nervousness, insomnia, and
tremors. Acetylcholine is competitively blocked at muscarinic
receptors, resulting in symptoms of anticholinergic poisoning.
Concurrent use of alcohol, tricyclic antidepressants, mono-
amine oxidase inhibitors, or other central nervous system
(CNS) depressants along with antihistamines may exaggerate
and extend the anticholinergic and CNS depressant effects of
antihistamines; concurrent use is not recommended.

Products that were marketed prior to the FDA safety alert
but not approved by the FDA included multisymptom cold
medications comprised of drug combinations of chlorphenir-
amine with decongestants, antitussives, and analgesics. Risks
associated with the use of these products included improper
use in children and infants, potentially risky combination of
ingredients, and patients receiving too much or too little
medication because of problems with the way some ‘extended-
release’ products were made. Newborn and premature infants
are even more prone to anticholinergic side effects and an
increased susceptibility toward convulsions; thus, this drug is
not recommended at all in this age group. Geriatric patients are
also more prone to anticholinergic effects, and a paradoxical
reaction characterized by hyperexcitability may occur in some
children taking antihistamines. Overdosage may also produce
central excitation resulting in convulsions.
Acute and Short-Term Toxicity or Exposure

Animal

CNS stimulation (excitement to seizures) or depression (leth-
argy to coma) may follow overdosage, as well as previously
mentioned anticholinergic effects, respiratory depression, or
death. Normal dosage range for veterinary use in small animals
is 0.2–0.8 mg kg�1; one report of a puppy ingesting 25 mg kg�1

described signs of ataxia, tremors, bradycardia, coma, and
cardiac arrest, eventually resulting in death within 11 h of
ingestion. Treatment includes emesis if the patient is alert and
CNS status is stable, followed by saline cathartic and/or
4-3.00711-9 923
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activated charcoal. Supportive and symptomatic care should be
used to treat other clinical signs.
Human

CNS stimulation is more common in children than adults
following overdosage. Overdosage in adults usually causes
CNS depression (lethargy to coma) followed by excitement,
seizures, and postictal depression, as well as previously
mentioned anticholinergic effects. Cardiovascular effects may
include tachycardia with prolonged QTc and QRS intervals and
nonspecific ST and T-wave changes, hypo- or hypertension,
dysrhythmias, and cardiac arrest; extreme overdose may result
in cerebral edema, coma, cardiovascular or respiratory arrest, or
death. Symptoms may appear 30min to 2 h after exposure, and
death may occur several days after onset of initial symptoms.
Chronic Toxicity or Exposure

Animal

Animal feeding models designed to test for carcinogenicity and
mutagenicity following chronic exposure have so far proved
negative. The FDA categorizes this drug as category B for use
during pregnancy (animal studies have not yet demonstrated
risk to the fetus, but there are no adequate studies in pregnant
women; or animal studies have shown an adverse effect, but
adequate studies in pregnant women have not demonstrated
a risk to the fetus in the first trimester of pregnancy, and there is
no evidence of risk in later trimesters).
Human

Studies of chronic dosing in adults and children have shown
expected side effects of drowsiness and sedation in therapeutic
doses.
Genotoxicity

Ames Salmonella and mouse lymphoma tests for mutagenicity
have been negative.
Clinical Management

Symptomatic and supportive care including advanced life-
support measures should be implemented as necessary.
Induction of emesis and gastric lavage are indicated if the time
of ingestion was recent and the patient is conscious with
stable CNS signs. Agitated patients with tachycardia may
benefit from sedation with benzodiazepines. Patients who
have taken large overdoses should have electrocardiogram
monitoring performed, though the use of antidysrhythmics
associated with prolongation of the QT interval should be
avoided (class Ia agents such as quinidine, disopyramide,
procainamide, and aprindine and most class III agents such as
N-acetylprocainamide and sotalol). Intravenous benzodiaze-
pines and phenytoin have been used to treat seizures cased by
antihistamine toxicity in humans; barbiturates and diazepam
are not recommended. Physostigmine administration may be
indicated in cases where severe anticholinergic symptoms are
refractory to conventional treatment.
See also: Diphenhydramine; Benzodiazepines.
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l Name: Chlorpromazine
l Chemical Abstracts Service Registry Number: 50-53-3
l Synonyms: 2-Chloro-10-[3-(dimethylamino)propyl]pheno-

thiazine; Chlorpromazine hydrochloride; CPZ; Thorazine
l Molecular Formula: C17H19ClN2S
l Chemical Structure:
Background

Chlorpromazine is a first-generation (‘typical’) antipsychotic
approved by the US Food and Drug Administration (FDA) in
1957. First-generation antipsychotics were the most commonly
used class of medications for the treatment of schizophrenia
until the 1990s, when second-generation (‘atypical’) antipsy-
chotics (e.g., olanzapine, quetiapine, risperidone) gained
popularity due to their decreased risk for extrapyramidal
adverse reactions. Structurally, chlorpromazine is classified as
a phenothiazine, along with fluphenazine, prochlorperazine,
promethazine, and thioridazine. Toxicity due to chlorproma-
zine presents similarly to, but less severely than, that due to
tricyclic antidepressants (TCA).
Uses

Chlorpromazine is approved by FDA for use in humans for the
management of psychotic disorders (i.e., control of mania,
treatment of schizophrenia); control of nausea and vomiting;
relief of apprehension before surgery; acute intermittent
porphyria; adjunctive treatment of tetanus; intractable hiccups;
combativeness or explosive hyperexcitable behavior in children
aged 1–12 years; and short-term treatment of hyperactivity in
children with symptoms of impulsivity, difficulty sustaining
attention, aggressiveness, mood lability, and poor frustration
tolerance. Chlorpromazine is commonly used off-label for
treatment of behavioral symptoms associated with dementia in
the elderly and psychosis and agitation related to Alzheimer’s
dementia; however, it carries a boxed warning regarding
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increased risk of death in patients with dementia-related
psychosis. Chlorpromazine is also used off-label for managing
agitation in terminal cancer patients, autonomic dysreflexia,
cancer pain, adjunctive treatment of cholera, migraine head-
aches, opioid withdrawal, ocular pain, paralytic ileus, and
phantom limb syndrome.

In veterinary medicine, the use of chlorpromazine has been
largely replaced by the phenothiazine acepromazine due to its
more favorable pharmacokinetic profile. Chlorpromazine may
be used as an antiemetic for small animals or for preoperative
sedation. Chlorpromazine may also be used for management
of hypertension in dogs and cats.
Environmental Fate and Behavior

Chlorpromazine occurs as a white, crystalline solid that is
nearly water insoluble but freely soluble in alcohol. The
melting point of chlorpromazine is approximately 60 �C.
Chlorpromazine is commercially available as a hydrochloride
salt, a white, crystalline powder that is soluble in water
(1 gml�1) and alcohol (667mgml�1) at 25 �C. The commer-
cially available product has a pH of 3–5 and may contain
inactive ingredients benzyl alcohol and sulfites, as well as
others. Chlorpromazine is photosensitive; it should be pro-
tected from light, moisture, and temperatures outside of
20–25 �C. Chlorpromazine significantly adsorbs to plastic;
such tubing should be avoided clinically.

Chlorpromazine exists as both a vapor and particulate at
ambient atmospheric conditions. Chlorpromazine vapor is
degraded by photochemically produced hydroxyl radicals
with an estimated half-life of 1.6 h. Chlorpromazine partic-
ulate is removed by wet or dry deposition. Chlorpromazine is
likely to be immobile in soil (Koc 9900, pKa 9.3) and to
adsorb to sediment if released into water. It is not expected to
volatilize from soil or water. There is high potential for
bioconcentration.
Exposure and Exposure Monitoring

Chlorpromazine is administered orally, by deep intramus-
cular (IM) injection, intravenous (IV) injection, or IV infu-
sion. Chlorpromazine is not administered subcutaneously
due to the risk for dermal irritation. Pharmacists, physicians,
and nurses dispensing or administering chlorpromazine
could be exposed through dermal or inhalational contact.
Personnel involved in chlorpromazine production may also
be exposed.

Therapeutic drug concentrations can be monitored;
however, this is not commonly done clinically. There is wide
variation in the plasma level at which clinical response occurs
among patients with schizophrenia.
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Toxicokinetics

l Absorption: Chlorpromazine is rapidly absorbed orally and
from parenteral sites of injection with peak plasma levels
occurring at 2–4 h following oral administration and
15–30min following IM injection. Due to significant first-
pass hepatic metabolism and intestinal wall metabolism
that vary among individual patients, interindividual oral
absorption is erratic. Drug information references cite
20–32% bioavailability; absorption following IM admin-
istration is expected to be 10-fold higher. Following
administration, oral tablets are expected to elicit pharma-
cological action within 30–60min; IM injection has an
onset time of 15min.

l Distribution: Chlorpromazine distributes to most fluids
and body tissues with a volume of distribution ranging
from 8 to 160 l kg�1; concentrations in the central nervous
system (CNS) are five times higher than in plasma as
chlorpromazine efficiently crosses the blood–brain barrier.
Chlorpromazine is highly protein-bound, particularly to
albumin, with a plasma protein binding rate of 90–99%;
protein binding in the CNS ranges from 19 to 72%.
Chlorpromazine and its metabolites have been found to
distribute to fetal plasma, amniotic fluid, and neonatal
urine following intramuscular doses given to pregnant
women prior to delivery. Rapid placental transfer, with fetal
levels approaching 50% of maternal values within 10min,
has also been observed in animal studies. Chlorpromazine
distributes to breast milk.

l Metabolism: Chlorpromazine undergoes extensive hepatic
metabolism to 10–12 metabolites, both active and inactive.
The N-dimethylaminopropyl side chain of chlorpromazine
is demethylated and metabolized to an N-oxide while
positions 3 and 7 of the phenothiazine nucleus undergo
hydroxylation. The quantitatively important metabolites of
chlorpromazine are nor2-chlorpromazine, chlorphenothia-
zine, methoxy and hydroxyl products, and glucuronide
conjugates of hydroxylated compounds. Several of these
metabolites are active, including nor2-chlorpromazine, nor2-
chlorpromazine sulfoxide, and 3-hydroxy chlorpromazine.

l Elimination: Less than 1% of a chlorpromazine dose is
excreted in the urine as unchanged drug; most elimination
of a single 120mgm�2 dose occurred within 6 h. Chlor-
promazine and its metabolites may be detected up to 6–18
months following treatment. Twenty-three to 37% of
a chlorpromazine dose is excreted as unchanged drug or
metabolites. The two major metabolites of chlorpromazine
found in the urine are N-dedimethylchlorpromazine and
7-hydroxychlorpromazine. Elimination occurs faster in
children than in adults. Twenty percent of the chlor-
promazine dose excreted in the urine consists of uncon-
jugated unchanged drug, demonomethylchlorpromazine,
dedimethylchlorpromazine, sulfoxide metabolites, and
chlorpromazine-N-oxide. Eighty percent of the chlorprom-
azine dose excreted in the urine consists of conjugated
O-glucuronides, ethereal sulfates of mono- and dihydroxy-
chlorpromazine derivatives. The half-life of chlorpromazine
is cited as 6 h; however, values ranging from 2 to 119 h have
been reported. Chlorpromazine is also eliminated in the
feces. Chlorpromazine is not dialyzable.
Mechanism of Toxicity

Acute and chronic toxicity due to chlorpromazine generally
manifests as an extension of normal pharmacological activity.
The precise mechanism of action of chlorpromazine, and other
phenothiazines, is unknown; however, it is thought to primarily
involve antagonism of dopaminergic (D2) neurotransmission
at synaptic sites and blockade of postsynaptic dopamine
receptor sites at the subcortical levels of the reticular formation,
limbic system, and hypothalamus. This activity contributes to
chlorpromazine’s extrapyramidal reactions. Chlorpromazine
also has strong central and peripheral activity directed against
adrenergic receptors and weak activity against serotonergic,
histaminic (H1), and muscarinic receptors. Chlorpromazine
has slight ganglionic blocking action. Chlorpromazine is
known to depress vasomotor reflexes medicated by the hypo-
thalamus and/or brain stem; inhibit release of growth hormone;
antagonize secretion of prolactin release-inhibiting hormone;
and reduce secretion of corticotropin-regulatory hormone.

Chlorpromazine also has direct effects on cardiac myocytes;
it can induce early after-depolarizations, block depolarizing
sodium channels, and cause significant prolongation of the
QTc interval.

Chlorpromazine may be irritating to eyes, mucous
membranes, and skin. Contact and inhalation should be
avoided.
Acute and Short-Term Toxicity

Animal

The oral 50% lethal dose (LD50) for rats is 142–225mg kg�1.
Single and repeated exposures to oral chlorpromazine have
been conducted in several species, including cats, dogs, horses,
and rats at doses ranging from 2 to 30mg kg�1 day�1. The
primary effects of chlorpromazine were cardiac arrhythmia,
decreased activity, stimulation of hepatic microsomal enzyme
activity, hormonal changes, hypotension, impaired motor
activity, ocular lesions, photosensitization, tachycardia, and
reduced bile flow, and reduced red blood cell count and
hemoglobin.

The IV LD50 for rats is 23mg kg�1. When administered
parenterally at doses ranging from 1.5 to 100mg kg�1 in dogs,
mice, and rats, chlorpromazine was associated with ataxia, CNS
depression, decreased hemoglobin, hypotension, and stimu-
lation of hepatic microsomal enzyme activity.

When administered to pregnant rats, chlorpromazine was
administered at IV doses ranging from 5 to 45mg kg�1 day�1

and associated with delays in bone ossification, decreased body
weight, increased fetal and maternal mortality, and skeletal
malformations at higher doses.
Human

Acute toxicity and/or overdosage of phenothiazines, such as
chlorpromazine, is expected to present as an extension of
normal adverse effects observed at therapeutic doses; the most
commonly reported manifestations of acute toxicity are severe
extrapyramidal reactions, hypotension, and sedation. Patients
with early or mild intoxication may present with confusion,
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disorientation, drowsiness, excitement, or restlessness. Patients
in the late stage may present with CNS stimulation and
convulsions followed by respiratory and/or CNS depression.
Other signs of intoxication include cardiovascular shock,
cardiovascular conduction abnormalities, dysrhythmias, agita-
tion, anticholinergic effects, changes in body temperature,
vomiting, difficulty breathing, and pulmonary edema.

Severity of toxic effects is dose-related. For phenothiazines,
doses at least 10 times the defined daily dose are considered to
be potentially lethal; for chlorpromazine, this value is
approximately 3000mg day�1. Due to the varied, dose-related
nature of chlorpromazine toxicity, typical therapeutic blood
concentrations (i.e., 0.02–3.0mg l�1) overlap with reported
lethal blood concentrations (i.e., 1–44mg l�1). Fatalities have
been reported at doses as low as 350mg in infants and at
therapeutic doses in adults. Conversely, adult survival has been
reported following doses as high as 10 and 17 g.
Chronic Toxicity

Human

In general, patients with a history of long-term treatment of
any antipsychotic should be periodically reevaluated to
determine whether continued therapy is warranted due to the
potential for adverse reactions associated with long-term
therapy. The following additional syndromes may occur at
normal or toxic doses of chlorpromazine. Up to 60% of
patients receiving antipsychotics, including chlorpromazine,
experience extrapyramidal reactions, including dystonic
reactions, feelings of motor restlessness, and parkinsonian
manifestations (i.e., hypersalivation, tremors, shuffling gait,
slowed speech, dysphagia, akinesia, or bradykinesia). Patients
may also experience tardive dyskinesia, presenting as poten-
tially irreversible, involuntary, dyskinetic movements. Tardive
dyskinesia may remit partially or completely if the causative
agent is removed; however, there is no established, reliable
treatment. Toxicity due to chlorpromazine may also present as
neuroleptic malignant syndrome (NMS), manifesting as
hyperpyrexia, muscle rigidity, altered mental status, and
autonomic instability (i.e., cardiac dysrhythmias, diaphoresis,
irregular heart rate or blood pressure, tachycardia). Patients
receiving antipsychotics may experience an encephalopathic
syndrome consisting of confusion, extrapyramidal symptoms,
fever, and lethargy.

Additional potential adverse reactions associated with
chlorpromazine include anticholinergic adverse effects, cardiac
arrest, cerebral edema, convulsive seizures, drowsiness, fever
following large IM doses, jaundice, hematological disorders
including agranulocytosis, lactation, peripheral edema, postural
hypotension, psychotic symptoms, systemic lupus eryth-
ematosus-like syndrome, and tachycardia. The following
adverse reactions are particularly related to long-term therapy:
skin hyperpigmentation in patients receiving the drug for at
least 3 years, deposition of particulate matter in the lens and
cornea and development of opacities following treatment for at
least 2 years, and development of multifocal tics and vocaliza-
tions following 6 years of treatment. See the FDA-approved
prescribing information for a complete list of adverse drug
effects and reactions.
Immunotoxicology

Chlorpromazine is contraindicated for use for patients with
hypersensitivity to any phenothiazine due to the potential for
crossover allergic reactions. Additionally, the parenteral product
may cause anaphylaxis, life-threatening asthmatic episodes, or
less severe asthmatic episodes in susceptible patients due to
sulfites present in the formulation. Asthmatics are at heightened
risk for this effect. Chlorpromazine hydrochloride injectionmay
cause contact dermatitis; direct contact to skin should be
avoided. In rare reported cases, this can progress to a persistent
photosensitivity.
Reproductive Toxicity

Chlorpromazine is considered to be pregnancy category C.
Rigorous animal studies have not been performed to evaluate
the safety of chlorpromazine during pregnancy or breastfeed-
ing. Two observational studies found no evidence of a rela-
tionship between chlorpromazine and perinatal mortality,
defects, or malformations, while a second found a higher rate
of malformations with phenothiazines compared with placebo
(3.5% vs. 1.6%). Reported malformations attributed to chlor-
promazine include syndactyly, microcephaly, clubfoot/hand,
muscular abdominal aplasia, endocardial fibroelastosis, and
brachymesophalangy. Microcephaly due to phenothiazines has
been reported elsewhere.

Exposure to any phenothiazine during the third trimester of
pregnancy is associated with increased neonatal risk for extra-
pyramidal reactions and/or withdrawal symptoms. Symptoms
include agitation, feeding disorder, hypertonia, hypotonia,
respiratory distress, somnolence, tardive dyskinetic-like symp-
toms, and tremor. It is important to note that in many reported
cases of neonatal phenothiazine withdrawal, the mother was
receiving multiple medications; however, some cases suggested
risk with chlorpromazine alone.

Overall, chlorpromazine is not considered to be teratogenic.
In one animal study, oral chlorpromazine was associated with
ovarian toxicity and reduced fertility at doses of at least
10mg kg�1. Despite distributing to breast milk, no adverse
events in breastfed babies have been reported.
Genotoxicity

In animal studies, certain phenothiazines have been associated
with chromosomal aberrations in spermatocytes and abnormal
sperm.
Carcinogenicity

Animal studies have shown increased risk for development of
mammary neoplasms following long-term administration of
prolactin-stimulating antipsychotics. Phenothiazines, including
chlorpromazine, should be used with caution in patients with
a history of breast cancer due to this theoretical risk. Current
evidence is inconclusive as to the absolute risk associated with
this issue.
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Clinical Management

Patients suspected of overdose should be immediately
transferred to a health care facility; a careful patient history
should be taken to characterize present and previous
exposures to chlorpromazine and other neuroleptics.
Concurrent ingestion of TCAs should be ruled out. Chlor-
promazine should be discontinued. Electrocardiogram
(ECG), electrolytes, and arterial blood gases should be
measured on admission. The recommended treatment for
chlorpromazine overdose, and overdose of phenothiazines
in general, is normal supportive and symptomatic care; no
antidote is available at the time of writing. Continuous or
repeat ECG is often necessary to continue to rule out
development of dysrhythmia. If an ECG is abnormal,
monitoring should continue for at least 24 h. Regular
measurement of electrolytes, particularly potassium and
magnesium, is intended to identify additional dysrhythmia
risk. Arterial blood gases help rule out development of
respiratory acidosis, which itself can increase dysrhythmia
risk. Plasma chlorpromazine concentrations are recom-
mended as helpful in clinical management of suspected
overdose. Abnormalities in electrolytes and acid-base
balance should be corrected.

Gastrointestinal decontamination with activated charcoal
may be used for patients who present within 1 h of ingesting
a potentially lethal dose. Repeat use of activated charcoal may
enhance elimination; however, continued use increases risk for
ileus. Additionally, gastric lavage may be used. Since pheno-
thiazines can decrease gastrointestinal motility, gastric lavage
may be effective up to several hours following ingestion. Forced
emesis, cathartics, and whole bowel irrigation are not recom-
mended due to lack of benefit and increased risk for decreased
consciousness, aspiration, seizures, dystonia, and paralytic
ileus.

If a patient develops extrapyramidal reactions as part of an
overdosage, anticholinergic antiparkinsonian drugs may be
used. The preferred agent for acute treatment is benztropine
1–2mg IV or IM; for persistent dystonias, benztropine 2–8mg
day�1 in oral, divided doses or trihexyphenidyl 5–15mg day�1

in divided doses can be used.
Little data are available regarding preferred treatment for

chlorpromazine- or phenothiazine-induced dysrhythmias;
however, sodium bicarbonate has been suggested due to its
effectiveness in similar cardiac conduction defects in TCA
toxicity. If a patient develops ventricular or supraventricular
dysrhythmia, heart block, or a QRS interval wider than
120ms, sodium bicarbonate may be given at doses of
1–3mEq kg�1 IV bolus administered at 3- to 5-min intervals
to a maximum blood pH of 7.55; lidocaine, phenytoin,
isoproterenol, ventricular pacing, and defibrillation may also
be warranted for second-line treatment depending on the
clinical scenario. If sodium bicarbonate is ineffective in
reducing a case of torsades de pointes, magnesium sulfate may
be used. Medications that prolong the QTc interval (e.g.,
procainamide, quinidine) should be avoided due to risk of
dysrhythmia development during concomitant use with
chlorpromazine.

If patients develop hypotension, IV fluids and pressors
should be used to maintain perfusion. Norepinephrine or
phenylephrine are preferred pressors, as chlorpromazine reverses
the effects of epinephrine and dopamine. Stimulants (i.e.,
amphetamine, destroamphetamine, caffeine with sodium
benzoate) that do not increase seizure threshold may be used for
patients with severe CNS depression. Benzodiazepines
(e.g., diazepam 5–20mg IV) are preferred for treatment of
seizures; barbiturates should be relegated to second-line
treatment due to their potential to induce respiratory depression.

Development of NMS will require management in an
intensive care setting with similar supportive care as described.
Additionally, bromocriptine 2.5–10mg orally three to four
times daily or dantrolene 1–3mg kg�1 day�1 IV in four divided
doses is recommended for treatment of severe cases and
consideration for nonsevere cases. Concomitant development
of acute renal failure should be addressed per normal guide-
lines. Chlorpromazine can be restarted under supervision at
low doses after several weeks.
Ecotoxicology

Chlorpromazine may be released into the environment
through its production and clinical use; its theoretical risk for
bioconcentration in fish is high assuming that the organism
does not metabolize the drug.
Other Hazards

When heated to decomposition, fumes of hydrogen chloride,
nitroxides, and sulfoxides are emitted.
Exposure Standards and Guidelines

Clinically, doses should be titrated to patient response using
the lowest dose possible. For most adult psychotic patients,
oral doses of 500mg day�1 are sufficient for chronic treatment;
however, the maximum recommended total daily IM dose
during acute psychosis is 2400mg.

For psychotic pediatrics at least 6 months of age, the
maximum recommended oral dose for chronic treatment is
0.55mg kg�1 every 4 h. During acute episodes, IM doses up to
0.55mg kg�1 every 6 h may be used. Maximum dose for
patients younger than 5 years of age or less than 22.7 kg is
40mg IM day�1; maximum dose for patients aged 5–12 years
and weighing 22.7–45.5 kg is 75mg IM day�1.

There are no occupational exposure standards for
chlorpromazine.
See also: Anticholinergics; Phenothiazines; Tricyclic
Antidepressants.
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Chemical Profile

l Chemical Abstracts Service RegistryNumber: CAS 2921-88-2
l Chemical Name: O,O-Diethyl O-3,5,6-trichloropyridin-2-yl

phosphorothioate
l Synonyms: Brodan, Detmol UA, Dowco 179, Dursban,

Empire, Eradex, Lorsban, Paqeant, Piridane, Scout, Stipend
l Chemical Class: Organophosphate, Insecticide, Acaricide,

Nematocide
l Chemical Structure: (from Pubchem) http://pubchem.ncbi.

nlm.nih.gov/image/structurefly.cgi?cid¼2730&width¼400
&height¼400

l Molecular Formula: C9H11Cl3NO3PS
l Molecular Weight: 350.59 gmol�1

l Density: 1.51 g cm�3 at 21 �C
l Vapor Pressure: 0.00002 mmHg (0.003 Pa) at 25 �C
l Boiling Point: >320 �C
l Melting Point: 41–42 �C
l Flash Point: >200 �F
l Conversion Factor: 1 ppm¼ 14.31 mgm�3 at 25 �C
l Appearance: Colorless to white, crystalline solid
l Odor: Mild mercaptan
Background

Chlorpyrifos is a chlorinated organophosphorus (OP) ester
manufactured as an insecticide, acaricide, andmiticide. Like the
other OP insecticides, the most prominent toxicity of chlor-
pyrifos is associated with binding and inhibition of the enzyme
acetylcholinesterase (AChE) in insects and mammals. Chlor-
pyrifos requires metabolic activation to chlorpyrifos oxon to
yield anticholinesterase activity.

First sold in 1965, chlorpyrifos is used globally to control
agricultural and structural pests and mosquitos. In the 1990s,
chlorpyrifos ranked as one of the top selling pesticides in the
world, for the most part, replacing the persistent organo-
chlorine insecticides. Over the last decade, concerns regarding
toxicity to the developing nervous system have limited its use.
By 2001, residential uses and uses in schools and parks were
prohibited, and many agricultural uses were restricted and the
US Residential use limitations were also imposed in Canada,
Australia, and the European Union (EU). It continues to be
used in large quantities to control crop damage worldwide. In
930 Encyclopedia of T
the developing countries, excessive agricultural application
and lack of protective devices result in hundreds of thousands
of deaths yearly.
Uses

Chlorpyrifos is one of the most widely used OPs insecticides
worldwide. During 1987–98, over 20 million pounds were
used in the United States. Although registered for many
fruits, vegetables, and grain crops, over 60% of chlorpyrifos
is applied to four crops: corn, tree nuts, tree fruits, and
soybeans. Once among the most widely applied pesticides in
the US homes to control termites, cockroaches, and fleas,
such uses were banned in 2001. Roach bait is the only resi-
dential use exempted from cancelation, because it is not
expected to result in a significant exposure. Today, nonagri-
cultural uses in the United States are limited to mosquito
control for public health purposes and insect control on golf
courses. In 2006, the major manufacturers of chlorpyrifos in
the United States and the EU began a global phase out of
nonagricultural uses of chlorpyrifos. However, other manu-
factures may continue to support residential uses outside the
United States and EU.
Environmental Fate and Behavior

Chlorpyrifos is soluble in organic solvents (e.g., isooctane,
methanol), but has low solubility in water (<2 mg l�1 solu-
bility at 25 �C). The calculated Henry’s law constant of
0.00001 atmm3mol�1 indicates possibility of volatilization
from surface water. The odor threshold of chlorpyrifos is
0.14 mgm�3 (10 ppb). The estimated half-life for reacting with
photochemically generated hydroxyl radicals in the air is 6.3 h.
Photolysis of chlorpyrifos produces dechlorinated products.

Chlorpyrifos undergoes abiotic hydrolysis, photodegrada-
tion, and biotic degradation in soil and water. Depending on
the soil type and climate, its soil persistence varies from 2 weeks
to over 1 year. Microbial degradation is indicated by the shorter
half-lives in natural soils than sterile soils. Chemical hydrolysis
produces O-ethyl-O-3,5,6-trichloro-2-pyridyl phosphorothioate
or 3,5,6-trichloro-2-pyridinol (TCP) and phosphorthioic acid
at alkaline conditions. Half-lives in river and well waters vary
from 4.8 to 38 days, with the rate of hydrolysis increasing
with temperature and alkalinity. The estimated Log Koc of
3.73 predicts strong adsorption to soil and resist leaching
to groundwater. Chlorpyrifos can persist indoors for several
months.

Oxidation of chlorpyrifos to its more toxic metabolite chlor-
pyrifos oxon could occur through photolysis, aerobic metabo-
lism, and chlorination. Water chlorination is the major route
of chlorpyrifos oxon formation. It is subsequently rapidly
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00115-9
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hydrolyzed toTCP.TCP and its glucuronide conjugates havebeen
detected in fish tissues. The measured Kow of 4.8 indicates
a potential for bioaccumulation in aquatic and terrestrial food
chains.
Exposure and Exposure Monitoring

Exposure to chlorpyrifos may occur through ingestion of resi-
dues in the diet, inhalation of vapors, and dermal absorption
following skin contact. Prior to 2001, residential exposure to
chlorpyrifos was widespread. Today, exposure to the general
public occurs principally via the diet. Residential exposure is
still possible from the remaining registered uses for mosquito
control and on golf course turf. Indoor air and house dust
exposures may add to the total in-home exposures in heavily
agricultural areas. Dermal and inhalation exposure pathways
are likely to dominate workers’ exposures from handling
chlorpyrifos or reentering treated fields.

Enforceable maximum residue levels of chlorpyrifos
(or ‘tolerances’ in the United States) are established for more
than 100 food commodities. These are the highest levels
allowable in or on these commodities. At a given exposure
concentration, children generally have higher body burden due
to their higher intake (inhalation volume, amount of food
intake) or contact on a per body weight basis.
Toxicokinetics

The estimated oral absorption of chlorpyrifos is 70–99% in rats
and humans. In rats, peak blood level of chlorpyrifos and its
metabolites occurs between 3 and 6 h after dosing. The esti-
mated dermal absorption is 3–10% based on the urinary
recovery of metabolites. The inhalation absorption is mostly
indicated by the inhibition of ChE activities.

In animals and humans, chlorpyrifos is extensively
metabolized by the liver cytochrome P-450 enzymes (CYP).
Oxidative desulfuration results in the potent ChE inhibitor
chlorpyrifos oxon. Dearylation of chlorpyrifos and chlorpyr-
ifos oxon by CYP produces TCP and diethyl thiophosphate
(DETP). Hydrolyses of chlorpyrifos oxon by A-esterases
(paraoxonases, PON1) forms TCP and diethylphosphate
(DEP). Extrahepatic metabolism may occur in tissues such as
brain and intestine. In animals, the highest levels of chlor-
pyrifos are found in the fat. It also binds to plasma proteins,
such as albumin. Chlorpyrifos is detected in rat and human
milk. In rats, transplacental transfer to the fetus is evidenced
by the ChE inhibition in fetal plasma and brain and by the
presence of chlorpyrifos in the fetal liver, brain, placenta,
umbilical cord, and amniotic fluid.

The urine is the main route of elimination for chlorpyrifos,
where 84% of a single oral dose in rats is found within 72 h.
About 5% is excreted in the bile/feces. The major urinary
metabolites are TCP, DEP, DETP, glucuronide, and sulfate
conjugates. In humans, 70% is excreted in urine as conjugated
TCP within 5 days of a single oral exposure. Levels of urinary
TCP are commonly used in human biomonitoring studies. The
elimination half-life for chlorpyrifos in rats and humans is
10–27 h.
Mechanism of Toxicity

The classicalmechanismof toxicityof chlorpyrifos is related to the
ability of its oxon metabolite to bind and inhibit the serine
hydrolaseAChE. Thenervous system is theprimary target because
AChE hydrolyzes the neurotransmitter acetylcholine thereby
terminating its synaptic action. Inhibition of AChE increases the
availability of acetylcholine at the neural synapse leading to
excessive stimulation of the cholinergic pathways in the central
and peripheral nervous systems. Significant inactivation of AChE
causes acute cholinergic effects, morbidity, or death.

Chlorpyrifos oxon interacts with other esterases such as
butyrylcholinesterase, neuropathy target esterase (NTE), car-
boxylesterase, and PON1. Carboxylesterases and PON1 are key
enzymes involved in detoxification of chlorpyrifos. Carbox-
ylesterases act as alternative targets to AChE for chlorpyrifos
oxon thereby decreasing its concentration in blood. Gender
and age differences are observed in the carboxylesterase activity
in animals. PON1 is a polymorphic enzyme with allozymes
differing in their ability for hydrolytic detoxification of chlor-
pyrifos oxon. The PON1 status is an important determinant in
modulating the acute toxicity of chlorpyrifos. Butyr-
ylcholinesterase may function as a molecular scavenger for
chlorpyrifos in the blood or substitute for AChE where it is low.
NTE may be involved in the OP-induced delayed neurotoxicity
syndrome.

Chlorpyrifos itself is a week ChE inhibitor. In risk assess-
ment, the co-occurrence of chlorpyrifos and chlorpyrifos oxon
is addressed by applying a toxicity equivalence factor or relative
potency factor of 10 to chlorpyrifos oxon.

Concerns were raised regarding regulatory standards of
chlorpyrifos established based on its inhibitory effects on ChE
activity that may overlook potentially more sensitive non-
cholinergic mechanisms. Besides AChE, potential targets
include neurogenesis, nervous system development, cytotox-
icity, macromolecule synthesis, neurotransmitter receptors,
oxidative stress, cell signaling, nuclear transcription factors, and
neuronal-glial cell interactions.
Acute and Short-Term Toxicity

Animal

Chlorpyrifos is classifiedbyUS Environmental ProtectionAgency
(USEPA) as amoderate oral toxicant (Category II). The acute oral
LD50 is 32 mg kg�1 for hens and 82–504 mg kg�1 for rats, mice,
and guinea pigs. The oral LD50 for chlorpyrifos oxon is
>100 mg kg�1 in male rats and 300 mg kg�1 in female rats. The
oral toxicity of chlorpyrifos oxonmay be attenuated by extensive
hepatic metabolism before entering systemic circulation. Chlor-
pyrifos dermal LD50 in rats is 202 mg kg�1 day�1. The 4-h inha-
lation LC50 in rats is>2 mg l�1. Chlorpyrifos is a Category IV skin
and eye irritant (slight conjunctival and dermal irritation).

The main targets of chlorpyrifos toxicity after short-term
oral exposure are the nervous system and the developing
offspring. Cholinergic syndromes from overstimulation of the
muscarinic and nicotinic-type acetylcholine receptors include
hypersalivation, respiratory distress, miosis, muscular twitches,
tremors, ataxia, diarrhea, and vomiting. Other nonlethal
effects are hematological and liver enzyme changes,
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chromodacryorrhea, tachycardia, renal effects, hypothermia,
and body weight decreases. No delayed neuropathy was
observed in hens receiving a single or 20 repeated oral doses of
chlorpyrifos.

Young animals are three- to fourfold more sensitive to ChE
inhibition than adults. Applying the Benchmark Dose (BMD)
analysis, USEPA established a lower bound of BMD (BMDL) at
0.36 mg kg�1 day�1 based on 10% red blood cell (RBC) ChE
inhibition in postnatal day (PND) 11 pups after a single oral
exposure. For acute chlorpyrifos oxon exposure, the similarly
determined BMDL is 0.08 mg kg�1 day�1.

Pregnant animals are 2- to12-fold more sensitive than
nonpregnant adults to ChE inhibition, which may reflect the
capacity of key detoxification enzymes such as paraoxonase
and P450 isozymes.

Human

Human deaths are reported due to accidental exposure or
intentional ingestion of chlorpyrifos. The exposure level or
duration is generally unknown. Death is caused by respiratory
and cardiovascular failure.

Nonlethal acute poisoning affects the central nervous
system and cardiovascular and respiratory systems. Common
clinical signs of cholinergic toxicity in humans are numbness,
dizziness, tremor, abdominal cramps, sweating, lacrimation,
salivation, and blurred vision. High doses (>300 mg kg�1)
lead to unconsciousness, convulsions, cyanosis, and uncon-
trolled urination. In some acute poisoning cases, sequelae
(intermediate syndrome) characterized by muscle paralysis
were reported 1–4 weeks after exposure. In clinical studies of
male adults, the lowest observed effect level (LOEL) for inhi-
bition of plasma ChE is 0.5 mg kg�1

.

Chronic Toxicity

Animal

Mortality occurred in pregnant rats at 5 mg kg�1 day�1 and
pregnant mice at 25 mg kg�1 day�1. Nonlethal LOELs for
nonpregnant adults included 2–15 mg kg�1 day�1 for
increased adrenal gland, brain, and heart weight in rats,
3–45 mg kg�1 day�1 for increased liver weight and hepatocyte
vacuolation in dogs and mice, 15 mg kg�1 day�1 for changes in
hematologic parameters in rats, 1.2–25 mg kg�1 day�1 for
decreases in body weight, bodyweight gains, and food
consumption in mice and rats, and 45 mg kg�1 day�1for ocular
opacity and hair loss in mice. USEPA established a BMDL of
0.09 mg kg�1 day�1 based on 10% RBC ChE inhibition in PND
11 male rats after 11 days of oral exposures.

Human

Effects reported in workers chronically exposed to chlorpyrifos
included impaired memory, disorientation, speech difficulties,
nausea, and weakness. In clinical studies, the LOEL for inhi-
bition of plasma ChE for repeated 28-day oral exposures is
0.01 mg kg�1 day�1, 50-fold lower than for a single oral
exposure.

Both population-based multiyear biomonitoring (e.g.,
National Health and Nutrition Examination Survey
(NHANES)) and longitudinal farming-related monitoring
provide data that facilitate recent efforts to relate the exposure
to OP toxicity in human population. Epidemiological studies
using chlorpyrifos specific markers are discussed under Devel-
opmental Neurotoxicity.
Immunotoxicity

Studies in rodents, cats, and dogs conducted over the past four
decades indicate that at doses causing significant ChE inhibi-
tion, chlorpyrifos does not alter the immune system function.
Reproductive and Developmental Toxicity

Animal

In prenatal developmental studies, pregnant rats and mice
received chlorpyrifos up to 15–25 mg kg�1 day�1 orally on
gestation days (GD) 6–15 or pregnant rabbits received
140 mg kg�1 day�1 on GD 7–19. Fetal growth retardation and
malformations were observed in the presence of maternal
toxicity.

In two- and three-generation studies, rats fed 0.3–5
mg kg�1 day�1 chlorpyrifos mated normally and exhibited
normal pregnancy, offspring, and lactation, although maternal
and fetal body weights were impacted at 5 mg kg�1 day�1.
Available data suggest that chlorpyrifos is not teratognic and
does not adversely affect reproduction. Inhibition of RBC ChE
activity had the lowest LOEL of 0.1–0.3 mg kg�1 day�1.
Human

Collective results from three major prospective cohort studies
indicated association of indoor and outdoor exposure to
chlorpyrifos during pregnancy to decreased birth size,
decreased gestational age at birth, and decreased head
circumference, especially at low maternal PON1 levels. These
studies evaluated pre- and postnatal pesticide exposure in
mother–infant pairs and birth and developmental outcomes in
neonates, infants, and young children. The Columbia Univer-
sity in New York City study focused on chlorpyrifos levels in the
umbilical cord and maternal plasma as a direct biomarker for
chlorpyrifos in utero fetal exposure. The other two studies from
Mount Sinai Hospital in New York City and from the Univer-
sity of California at Berkeley measured TCP (a metabolite of
chlorpyrifos and chlorpyrifos methyl) and nonspecific OP
metabolites in maternal urine.

Studies in men using urinary TCP as an indicator for
chlorpyrifos exposure revealed an association with decreased
testosterone or alterations in the homeostasis of thyroid and
sex steroid hormones. Their TCP levels fall within the range of
the NHANES data for the general US population.
Developmental Neurotoxicity

Chlorpyrifos causes developmental neurotoxicity at doses not
altering pregnancy and general health of the offspring, and in
the absence of fetal brain ChE inhibition. At a subtoxic dose
(i.e., 1 mg kg�1 day�1), gestational and early postnatal
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exposure in rats and mice produced long-lasting impairment of
locomotor activity (exploration and rearing), deficit in the
cognitive function (spatial learning and memory), and social
interaction (aggression and maternal behavior in adulthood).
A number of noncholinergic mechanisms have been suggested
for the neurodevelopmental perturbations; however, evidence
for alternative targets is not conclusive.

The developmental neurotoxicity reported in rats and mice
provides implications for humans with documented develop-
mental exposure, such as the participants in the epidemiologic
studies previously described who had measured chlorpyrifos
levels in maternal and umbilical cord blood. At 3 years of age,
children from higher chlorpyrifos levels in the umbilical cord
plasma showed delays in cognitive and motor functions and
problems with attention.
Genotoxicity

Several limited assays showed that chlorpyrifos is negative for
genemutation (Salmonella,Escherichia coli, Chinesehamster ovary
cell hypoxanthine-guanine phosphoribosyl transferase forward
mutation) and chromosomal aberration (rat lymphocytes,
mouse bone marrow micronucleus). DNA damage assays were
negative in mammalian cells (unscheduled DNA synthesis in
WI-38 human embryonic lung fibroblast cell line and rat hepa-
tocytes) but positive in yeast, E. coli, and Bacillus subtilis.
Carcinogenicity

No evidence of carcinogenicity through dietary exposures was
found in F344 rats and CD-1 mice.
Ecotoxicology

The acute LC50 for estuarine algae is 140–300 ppb. The 96-h LC50

for aquatic invertebrates varies with species, e.g., 0.04 ppb for
mysid shrimp, 0.38 ppb for stonefly, and 6.0 for crayfish. The
48-h LC50 for Daphnia magna is 0.6 ppb. The acute LC50 for fish
also showedwide species variations, e.g., 0.6 ppb for striped bass
and 130–163 ppb for fathead minnow. The toxicity increases
with increasing temperature, e.g., for rainbow trout, LC50 is 51,
15, and 7.0 ppb at 1.6, 7.2, and 12.7 �C, respectively. The chronic
no observed adverse effect concentration (NOAEC) for repro-
duction is<0.0046 ppb formysid shrimp,0.04 ppb forD.magna,
0.28 ppb for Atlantic silverside, and 0.57 ppb for fathead
minnow.

The acute avian species LD50 is 10 mg kg�1 for house
sparrow and 136 ppm in the diet for mallard duck. The chronic
dietary no observed adverse effect level for reproduction is
25 ppm for mallard duck. Toxicities to mammals are presented
in the acute and chronic toxicity sections.

Based on estimates of risk quotients in 2006, USEPA
concluded high risk of chlorpyrifos to aquatic invertebrate
species, fish, birds, and small mammals from a single outdoor
application and prolonged risk from multiple applications.
Aquatic birds and mammals are additionally at risk from
chlorpyrifos bioconcentrating in water bodies.
Other Hazards

Simultaneous exposure to other OPs that are detoxified by
carboxylesterase (e.g., malathion, diazinon, azinphos methyl,
parathion) results in more extensive toxicity in terms of
lethality, clinical signs, and ChE inhibition than with chlor-
pyrifos alone. Inhibition of carboxylesterase activity may be the
cause of these toxicological interactions.

Chlorpyrifos is a potent inhibitor of the humanmetabolism
of environmental chemicals (carbaryl, fipronil, N,N-diethyl-3-
methylbenzamide, and the jet fuel components nonane and
naphthalene) that are substrates of common CYPs (CYP3A4,
CYP2B6) and share biotransformation pathways. Metabolic
interactions are reported with endogenous substrates (testos-
terone and estradiol) and with the antidepressant drug imip-
ramine possibly through competition for CYP3A4 and
CYP1A2. All of the CYP inhibitions, also known as ‘suicidal or
mechanism-based inhibition,’ are irreversible and result from
the formation of reactive sulfur during chlorpyrifos desulfur-
ation. In rats, chlorpyrifos alters the serotonin systems during
neurodevelopment.
Exposure Standards and Guidelines

American Conference of Governmental Industrial Hygienists
Threshold Limit Value: 0.1 mgm�3 Time-weighted average
(TWA); Inhalable fraction and vapor (skin) (A4 – Not Classi-
fiable as a Human Carcinogen)

National Institute for Occupational Safety and Health Rec-
ommended Exposure Limit: 0.2 mgm�3 TWA; 0.6 mgm�3

Short-term exposure limit; (Skin)
USEPA population-adjusted dose (oral): 0.0036 mg kg�1

day�1 (acute); 0.0003 mg kg�1 day�1 (chronic)

See also: Behavioral Toxicology; Developmental Toxicology;
Toxicity Testing, Developmental; A-esterase; Fermentation
(Industrial): Media for Industrial Fermentations;
Carboxylesterases; Cholinesterase Inhibition; Common
Mechanism of Toxicity in Pesticides; Neurotoxicity;
Organophosphorus Compounds; Pesticides; Cytochrome
P450; National Institute for Occupational Safety and Health;
Carcinogen Classification Schemes; Federal Insecticide,
Fungicide, and Rodenticide Act, US; Genetic Toxicology;
International Agency for Research on Cancer; Regulation,
Toxicology and; Toxicity Testing, Reproductive; Risk
Assessment, Human Health; Ecotoxicology; ACGIH

�
(American

Conference of Governmental Industrial Hygienists); Food
Quality Protection Act; Children’s Environmental Health;
Epidemiology; Environmental Fate and Behavior.

Further Reading

Agency for Toxic Substances and Disease Registry (ATSDR), 1997. Toxicological
Profile for Chlorpyrifos. Public Health Service, U.S. Department of Health and
Human Services. http://www.atsdr.cdc.gov/toxprofiles/tp84.pdf.

American Conference of Governmental Industrial Hygienists (ACGIH), 2003. Chlor-
pyrifos: TLV� Chemical Substances, seventh ed. Documentation. Publication
#7DOC-134.

http://www.atsdr.cdc.gov/toxprofiles/tp84.pdf
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sciencepartners.com/html/pdf/Chlorpyrifos.pdf.

National Institute for Occupational Safety and Health (NIOSH), 2007. Pocket Guide to
Chemical Hazards. Department of Health and Human Services, Centers for Disease
Control and Prevention. DHHS (NIOSH) Publication No. 2005-149. September
2007. http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf.

Testai, E., Buratti, F.M., Di Consiglio, E., 2010. Chlorpyrifos. In: Kreiger, R. (Ed.),
Hayes’ Handbook of Pesticide Toxicology, third ed. Academic Press, San Diego,
USA, pp. 1505–1519.

USEPA, 2011. Chlorpyrifos: Preliminary Human Health Risk Assessment for
Registration Review. United States Environmental Protection Agency. EPA-HQ-
OPP-2008-0850-0025. http://www.regulations.gov/#!documentDetail;D¼EPA-
HQ-OPP-2008-0850-0025.

Relevant Websites

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
http://toxnet.nlm.nih.gov – Hazardous Substance Data Bank.
http://npic.orst.edu – National Pesticide Information Center.
http://www.epa.gov – United States Environmental Protection Agency.
http://www.osha.gov – United States Occupational Safety and Health Administration.

http://www.sciencepartners.com/html/pdf/Chlorpyrifos.pdf
http://www.sciencepartners.com/html/pdf/Chlorpyrifos.pdf
http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf
http://www.regulations.gov/%23!documentDetail%3BD%3DEPA-HQ-OPP-2008-0850-0025
http://www.regulations.gov/%23!documentDetail%3BD%3DEPA-HQ-OPP-2008-0850-0025
http://www.regulations.gov/%23!documentDetail%3BD%3DEPA-HQ-OPP-2008-0850-0025
http://www.atsdr.cdc.gov
http://toxnet.nlm.nih.gov
http://npic.orst.edu
http://www.epa.gov
http://www.osha.gov
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l Name: Chlorsulfuron
l Chemical Abstracts Service Registry Number: 64902-72-3
l Synonyms: Glean�, Telar�

l Molecular Formula: C12H12ClN5O4S
l Chemical Structure:
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Background

Chlorsulfuron is one of the first sulfonylurea herbicides
developed and commercialized by DuPont. Dr George Levitt
and his team at DuPont first synthesized chlorsulfuron in 1976,
and it was commercialized for use as a herbicide in 1981. It is
currently registered by DuPont in the United States, Canada,
the European Union, Russia, the Ukraine, Australia, New
Zealand, South Africa, Saudi Arabia, and in several countries of
South America.

Compared with many other herbicides that are applied at
levels of pounds per acre (or kilograms per acre), sulfonylureas
are highly effective at use rates of less than an ounce per acre
(approximately 6 g per acre for chlorsulfuron).
Uses

Chlorsulfuron is used as a postemergence herbicide for the
control of dicotyledonous weeds, with excellent safety for
wheat and other cereals crops. While chlorsulfuron is primarily
used to control weeds in cereals, it can also be used in range
and pasture applications. It is currently only used to a minor
extent for nonfood industrial applications and right-of-way
purposes.
Environmental Behavior, Fate, Routes, and Pathways

Chlorsulfuron has a moderate to short-lived fate in the envi-
ronment. It does not bioaccumulate and is not volatile. In the
environment, chlorsulfuron degrades via a combination of
biotic and abiotic processes. Chlorsulfuron degrades in acidic
solutions and soil by cleavage of the sulfonylurea bridge, O-
demethylation, and hydroxylation. Chlorsulfuron is metabo-
lized by soil microbes to numerous minor degradation
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
products, is mineralized to CO2, and sequestered as non-
extractable residues. Photodegradation is not a significant
pathway of dissipation for chlorsulfuron in the environment.
Hydrolytic processes are not expected to be a major contrib-
uting factor in the environmental degradation of chlorsulfuron,
and would only be significant at acidic pH. While the hydro-
lysis of chlorsulfuron is significant at pH 5, with a first-order
half-life of w23 days at 25 �C, it is essentially stable at pH 7
and 9.
Exposure

Since the use rates are very low, there is expected to be very little
exposure to the pesticide applicator. Additionally, very little
exposure due to residues in commodities is expected.
Toxicokinetics

Following oral exposure, chlorsulfuron was extensively absor-
bed at both low and high doses in rats. It was rapidly excreted
mostly in the unmetabolized form. Urine was the predominant
route of elimination, with lesser excretion in the feces. Cleavage
of the sulfonylurea bridge by hydrolysis occurred to a minor
extent. Tissue clearance was rapid, with less than 1% remaining
in the tissues at 120 h.
Mechanisms of Action

Chlorsulfuron, as a sulfonylurea, functions as a herbicide by
inhibiting amino acid synthesis. It operates specifically as an
acetolactate synthase inhibitor, which catalyzes the first step in
branched-chain amino acid synthesis. Inhibition of this
enzyme essentially starves plant cells by blocking the biosyn-
thesis of essential amino acids such as valine and isoleucine
needed for new growth. This enzyme is not present in animals.

In regard to animal toxicity, few specific effects have been
observed. The main findings in toxicity studies are related to
body weight decreases. There have been some transient
observations of decreased red cell parameters observed in
repeated dose studies at high doses.
Acute and Short-Term Toxicity

Results of acute toxicity studies in rats indicate that chlorsul-
furon has no significant acute toxicity via the oral, dermal, or
inhalation route of exposure. In animal studies, chlorsulfuron
was not a skin or eye irritant in rabbits. It did not cause skin
sensitization in guinea pigs.

The acute oral LD50 value in rats is >5000mg kg�1 body
weight. The acute dermal LD50 value in rabbits is>3400mg kg�1
4-3.01121-0 935
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body weight (highest dose tested). Finally, the acute inhalation
LC50 value in rats is >5mg l�1 (4-h exposure).

In shorter-term repeated dose studies by oral feeding
(90-day rat and mouse studies, 6-month to 1-year studies in
dogs), the effects of chlorsulfuron were characterized primarily
by reductions in body weight parameters and/or nutritional
status. A few effects on clinical pathology parameters,
including reductions in red blood cell mass, were observed in
the 90-day mouse study and the 1-year dog study. These
clinical pathology changes were not observed consistently
across species and, when observed, did not occur in both
sexes. The hematology effects observed in the subchronic
mouse study were considered to be nonadverse. The effects in
female dogs were considered to be adverse or potentially
adverse but reversible. When considering these three species,
the dog was the most sensitive species, based on reductions in
indicators of circulating erythrocyte mass and slight body
weight changes in the 1-year feeding study. The no observed
adverse effect level in this study was approximately
60mg kg�1 body weight per day�1.

Neurotoxicity studies have not been performed with
chlorsulfuron; however, there is no indication of a neurotoxic
effect in the toxicity studies performed with chlorsulfuron.
Furthermore, this compound is a herbicide and its mode of
action differs from the mode(s) of action of insecticides that
have neurotoxic effects. In addition, several sulfonylureas have
been tested in acute and subchronic neurotoxicity studies, but
no findings that suggest a clear neurotoxicological effect have
been reported.
Chronic Toxicity

The main findings in the long-term studies in rats and mice
were based on body weight and/or nutritional decrements. In
rats, effects were observed mainly during the first year of the
study, although male rats had lower body weight and food
efficiency throughout the study. Likewise, in mice the main
effects were body weight and nutritional decrements.
Immunotoxicity

No specific immunotoxicity studies have been performed with
chlorsulfuron. However, in the regulatory toxicology studies,
organs of the immune system have not been observed to be
a target. Furthermore, several sulfonylureas have been tested in
immunotoxicity studies, and none have produced an effect
supportive of immunotoxicity.
Reproductive and Developmental Toxicity

Developmental and reproductive toxicity studies with chlor-
sulfuron that were conducted in the early 1980s suggested
a possible impact in this area. Specifically, effects in the rabbit
developmental toxicity study suggested a possible test
substance–related increase in resorptions. Likewise, the repro-
duction study in rats suggested a possible test substance–
related decrease in the fertility index. Subsequently,
guideline-compliant studies were conducted using higher
doses. In the guideline study in rabbits there were no increases
in resorptions observed. The modern multigeneration repro-
duction study in rats did not indicate any decrease in fertility.
Hence, the original findings were merely spurious in the case of
the rabbit developmental toxicity study, and due to a lack of
consideration of the historical control data in the case of the
reproduction study. No specific effects on offspring were
observed in the study with rats at doses that were not mater-
nally toxic.
Genotoxicity

A full battery of in vitro studies with chlorsulfuron was con-
ducted in bacteria and in mammalian cells. Additionally, in vivo
genetic toxicity studies in rats and mice were also performed.
Results from all studies were negative. There was no indication
of a genotoxic effect.
Carcinogenicity

Two-year dietary feeding studies were conducted in rats and
mice with chlorsulfuron. There was no indication of a carcino-
genic effect in mice. There was a slight increase in unilateral
interstitial cell tumors but no increase in bilateral tumors in
male rats at the highest dose tested. The number of tumors was
within the historical control range. Since survival was increased
in the high-dose group, the marginal increase in these tumors is
likely a result of the increased longevity observed at this dose.
The United States Environmental Protection Agency (US EPA)
assessed these data and reported in 2005 that chlorsulfuron
showed no evidence of carcinogenicity.
Ecotoxicology

Regulatory testing has shown that chlorsulfuron exhibited
no toxicity to mammals, birds, fish, aquatic invertebrates,
bees and other insects, or soil organisms. Chlorsulfuron has
been shown not to bioaccumulate in the environment,
further reducing the likelihood of adverse effects from
exposure. Chlorsulfuron is highly active on some terrestrial
and aquatic plants and has been shown to have effects on
nontarget plant species. This sensitivity of nontarget plants
to chlorsulfuron has been shown to be the result of differ-
ential metabolism. Because of its high efficacy at low
concentrations, effects on nontarget plant species need to be
considered. However, potential exposure to the environment
and nontarget organisms is reduced through low use rates of
chlorsulfuron.
Exposure Standards and Guidelines

The European Union set an acceptable daily intake level for
dietary risk assessment at 0.02mg kg�1 body weight per day�1,
based on the 2-year rat study (European Union, 2010). The
US EPA also set a chronic reference dose of 0.02mg kg�1
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body weight per day�1 based on the same study in 2002 (US
EPA, 2002).

The European Union has set maximum residue limits for
various commodities (0.1mg kg�1 for cereals, 0.05mg kg�1 for
most other plant commodities, and 0.01mg kg�1 for animal
commodities) (European Union, 2008). The US EPA has set
a range of tolerances for various commodities (0.1 ppm for
wheat, barley, and oat grains, 0.5 ppm for their straws, and
20 ppm for oat and wheat forage, 0.1 ppm for milk, 0.3 ppm
for other animal tissues, 11 ppm grass forage, and 19 ppm grass
hay) (US EPA, 2002).
References
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l Name: Chlorzoxazone
l Chemical Abstracts Service Registry Number: 95-25-0
l Synonyms: 5-Chloro-3(H)-2-benzoxazolone, 5-Chloro-

2-benzoxazolol, Paraflex, Biomioran, Solaxin
l Molecular Formula: C7H4ClNO2
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Chlorzoxazone (CAS RN 95-25-0) 

Background

Chlorzoxazone is a muscle relaxant. It acts by blocking nerve
impulses or pain sensations that are sent to brain. Typically, it
is used together with rest and physical therapy to treat skeletal
muscle conditions such as pain or injury. Chlorzoxazone,
5-chloro-2-benzoxazolione, is synthesized by a heterocycliza-
tion reaction of 2-amino-4-chlorophenol with phosgene.
Skeletal muscle relaxants have conventionally been classified
into one group; however, they are actually a heterogeneous
group of medications commonly used to treat two different
types of underlying conditions – spasticity from upper motor
neuron syndromes and muscular pain or spasms from
peripheral musculoskeletal conditions. Medications classified
as skeletal muscle relaxants are baclofen, carisoprodol,
chlorzoxazone, cyclobenzaprine, dantrolene, metaxalone,
methocarbamol, orphenadrine, and tizanidine. These drugs
may impair mental and/or physical abilities required for
driving vehicles. As a class, skeletal muscle relaxants have
central nervous system (CNS)-related side effects: drowsiness,
dizziness, decreased alertness, blurred vision, and ataxia.
Their use has been associated with a twofold increase in the
risk for motor vehicle crashes. Muscle relaxants are included
in the ‘Beers List’ of potentially inappropriate medications
in older adults. Most muscle relaxants are poorly tolerated by
elderly patients because they cause anticholinergic adverse
effects, sedation, and weakness. Although extremely un-
common, this compound may yield to idiosyncratic and
unpredictable type of liver toxicity. The concomitant use of
alcohol or other CNS depressants may have an additive effect.
Individuals on chlorzoxazone containing drugs should be
monitored for abnormal liver enzymes (e.g., aspartate trans-
aminase (AST), alanine transaminase (ALT), alkaline phos-
phatase, bilirubin, etc.).
Uses

Chlorzoxazone is used as a centrally acting skeletal muscle
relaxant and as an analgesic. It is also a strong oxidizing agent.
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It is a white to off-white solid. It is soluble in organic solvents
such as ethanol, methanol, and dimethyl sulfoxide (DMSO).
Exposure and Exposure Monitoring

When heated to decompose, chlorzoxazone emits acrid smoke
and irritating fumes.
Toxicokinetics

Chlorzoxazone is rapidly absorbed and eliminated by oral
route. The half-life for an oral dose is about 1 h. The decay of its
plasma concentration is also rapid after intravenous adminis-
tration. The concentration of chlorzoxazone in fat is twice the
plasma level. Chlorzoxazone is rapidly metabolized in the liver
by CYP1A2 and CYP2E1 to 6-hydroxychlorzoxazone which
conjugates with glucuronide. This glucuronide conjugate is
then eliminated in urine.
Mechanism of Toxicity

Chlorzoxazone is metabolized by the CYP1A2 and CYP2E1 mic-
rosomal enzymes to a toxic metabolite 6-hydroxychlorzoxazone.
Acute and Short-Term Toxicity

Animal

In rat, the oral and intraperitoneal LD50 values are 763 and
150mg kg�1 bw, respectively. Inmouse, the oral, intraperitoneal,
and subcutaneous LD50 values are 440, 50, and 170mg kg�1 bw,
respectively. In the hamster, the oral and intraperitoneal LD50

values are 662 and 166 mg kg�1 bw, respectively.
Human

Exposure to chlorzoxazone is harmful through inhalation,
dermal, and oral routes. It causes drowsiness; CNS effects such
as headache, dizziness, and blurred vision; nausea and vomit-
ing; and eye, skin, and mucous membrane irritation. The liver,
nerves, and skeletal muscles are the target organs. Multiple
exposures to chlorzoxazone by ingestion can cause increase in
morbidity and mortality.
Clinical Management

In case of contact, the eyes and skin should be flushed imme-
diately with water for at least 15 min. If the victim is not
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00285-2
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breathing, artificial respiration should be administered; if
breathing with difficulty, oxygen should be given. If the patient
is in cardiac arrest, cardiopulmonary resuscitation should be
provided. If swallowed, the mouth should be washed out with
water provided the person is conscious. Life-support measures
should be continued until medical assistance has arrived. An
unconscious or convulsing person should not be given liquids
or induced to vomit.
Exposure Standards and Guidelines

Engineering controls, standard work practices, and personal
protective equipment, including respirators are employed to
prevent worker exposure to chlorzoxazone. After use, the
clothing and equipment should be placed in an impervious
container for decontamination or disposal.

See also: Musculoskeletal System; Neurotoxicity; Oxidative
Stress.
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l Name: Choline
l Chemical Abstracts Service Registry Numbers: CAS 62-49-7;

CAS 123-41-1 (choline hydroxide)
l Synonyms: Bursine; Ethanaminium; Fagine; Gossypine;

Luridine; Sincaline; Sinkalin; Sinkaline; Vidine; (2-
Hydroxyethyl)trimethylammonium hydroxide

l Molecular Formula: C5H15NO2

l Chemical Structure:
H3C

H3C

OH–

N+ OH

CH3

Background

Choline was first discovered in 1864 by Adolph Strecker and
was first chemically synthesized a few years later, in 1866.
Choline is considered an essential nutrient as it plays a role in
acetylcholine release from neurons and consequentially brain
function. It is most similar to B vitamins.
Uses

Choline is used as a direct cholinergic agonist in therapeutics
and as a research tool.

Although humans can synthesize small amounts of choline,
it is considered an essential nutrient that must also be obtained
from dietary sources. Choline is used to make phospholipids,
the neurotransmitter acetylcholine, and the methyl donor
betaine.
Environmental Fate and Behavior

Dermal and oral contacts are the most common exposure
pathways.
Exposure and Exposure Monitoring

Little is known about environmental release or environmental
exposures.
Toxicokinetics

Choline is metabolized to trimethylamine, which is excreted in
skin, lungs, and kidney.
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Mechanism of Toxicity

Choline is a cholinergic agonist, choline acetyltransferase
substrate; therefore, it exerts toxicity by directly hyper-
stimulating the postganglionic cholinergic receptors. This may
lead to stimulation of gastrointestinal, urinary, uterine, bron-
chial, cardiac, and vascular receptors.
Acute and Short-Term Toxicity

Animal

Acute choline overexposure results in hyperstimulation of the
cholinergic nervous system.

Human

The estimated oral lethal dose for humans is 200–400 g. Vital
signs may include bradycardia (decreased heart rate), hypo-
tension, hypothermia, miosis (small pupils), salivation and
lacrimation (tearing), ocular pain, blurred vision, broncho-
spasm, muscle cramps, fasciculation (muscle twitching), weak-
ness, nausea, vomiting, diarrhea, and involuntary urination.

High oral doses of choline (�8 g day�1) have been associ-
ated with fishy body odor, vomiting, salivation, sweating, and
hypotension. Based on reports of hypotension and fishy body
odor in several small human trials, a dose of 7.5 g day�1 has
been defined as the lowest observed adverse effect level.
Chronic Toxicity

Little is known about the chronic toxicity of choline in labo-
ratory animals or humans.
Clinical Management

Atropine sulfate is the drug of choice. Epinephrine may assist in
overcoming severe cardiovascular or bronchoconstriction.
Diazepam, phenytoin, and phenobarbital may be given in
cases of seizures. Induction of emesis is not necessary due to
spontaneous vomiting. Activated charcoal slurry with or
without saline cathartic may be used. Sorbitol should not be
used because it may contribute to the nausea and diarrhea. Skin
decontamination should be accomplished by repeated washing
with soap. Exposed eyes should be irrigated with copious
amounts of room-temperature water for at least 15 min.
Other Hazards

Choline base solutions are corrosive and are extremely
destructive to tissue of the mucous membranes and upper
respiratory tract, eyes, and skin.
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See also: Anticholinergics; Cholinesterase Inhibition;
Neurotoxicity.
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Table 1 Esterase classes

A-esterases

Hydrolyze OPs to inactive products
Introduction and History

Cholinesterases (ChEs) are a ubiquitous group of enzymes that
hydrolyze esters of choline. A well-known example is acetyl-
cholinesterase (AChE, acetylcholine hydrolase, EC 3.1.1.7), the
enzyme responsible for hydrolyzing the important neuro-
transmitter acetylcholine (ACh). Another ChE is butyr-
ylcholinesterase (BuChE, acylcholine acylhydrolase, EC
3.1.1.8), also known as nonspecific cholinesterase. The
preferred substrate for AChEs is ACh; BuChEs prefer to
hydrolyze esters such as butyrylcholine and propionylcholine.
Both AChE and BuChE are inhibited by some organophos-
phate (OP) and carbamate (CB) esters and also by other
chemicals.

Many ChE inhibitors act at the catalytic site of the enzyme,
forming enzyme–inhibitor complexes that are slow to hydro-
lyze. The use of ChE inhibitors as insecticides and chemical
warfare agents, their toxicity to humans, and their impact on
wildlife have made them important to toxicology researchers,
and public health and environmental health officials.

This article focuses on ChE inhibitions by OPs and CBs.
Other chemicals, such as tacrine, cocaine, and succinylcholine,
are also briefly discussed.

One of the first ChE inhibitors to be studied was a CB,
physostigmine (eserine), an alkaloid from the Calabar bean
(Physostigma venenosum) used in a ‘trial by ordeal’ in West
Africa. The accused were forced to eat the poisonous beans;
survivors were proclaimed innocent. The drug has been used as
a treatment for glaucoma since 1877. In 1931, Englehart and
Loewi showed it blocked ChE activity. Soon after, neostigmine,
an analog, was shown to be effective in the symptomatic
treatment of myasthenia gravis.

OPs with high toxicity were synthesized as chemical
warfare agents in the late 1930s and early 1940s. During this
period, Schrader discovered the insecticidal properties of
OPs, resulting in the synthesis of tetraethyl pyrophosphate in
1941 and parathion in 1944. Synthetic CBs developed as
pesticides have been in commercial use since the 1950s.
Some OPs and CBs exhibit toxicities in addition to their
direct inhibitions of ChEs. These include long- and short-
term damage to nerves and muscles, mutagenicity, and effects
on reproduction.
Found in liver and HDL in plasma
High activity in mammals
Lower activity in birds
Examples: paraoxonase and DFPase
B-esterases

Widely distributed in cells and tissues
Inhibited by OPs and CBs
Slow hydrolysis of OP–enzyme complex
Relatively rapid hydrolysis of CB–enzyme complex
Examples: AChE, BuChE, CaE, and NTE

OP, organophosphate ester; HDL, high-density lipoprotein; CB, carbamate; AChE,
acetylcholinesterase; BuChE, butyrylcholinesterase; CaE, carboxylesterase; NTE,
neuropathy target esterase.
Acetylcholinesterase, Butyrylcholinesterase,
and Other Esterases

AChEs and BuChEs are specialized carboxylic ester hydrolases
that preferentially hydrolyze choline esters. They are classed
among the B-esterases, enzymes that are inhibited by OPs.
Another B-esterase is neuropathy target esterase (NTE), an
enzyme associated with organophosphate-induced delayed
neuropathy (OPIDN). Enzymes that actively hydrolyze OPs are
known as A-esterases. They provide an important route of
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detoxification. Examples are paraoxonase and DFPase (Table
1). The tertiary structure and amino acid sequences of several
AChEs and BuChEs have been elucidated.

ChEs are widely distributed in the body. AChEs regulate
excitation at cholinergic synapses by destroying the neuro-
transmitter ACh. These enzymes are some of the most active
known, cycling within a few milliseconds. AChEs are found in
excitable tissues at synapses, neuromuscular junctions, myo-
tendinous junctions, central nervous system (CNS) neuron
cell bodies, axons, and muscles (Table 2). AChEs are also
found in the erythrocytes (red blood cells [RBCs]) of
mammals, the serum of some birds and mammals, and the
blood platelets of rodents (rats and mice) and ruminants
(sheep). For example, the serum ChE activity of the American
kestrel, a small falcon, consists almost entirely of AChE, and
the serum ChE of the laboratory rat is high in both AChE and
BuChE activities. The AChE activity of human blood is
localized to its RBCs. AChE activity occurs in the serum of
developing mammals and birds and precursors of formed
blood elements in some species; it decreases to adult levels
after birth.

BuChEs are also widely distributed. They are found at
synapses, motor endplates, and muscle fibers together with
AChE. BuChE activity in blood is restricted to serum.

Substrate preferences of AChE and BuChE enzymes vary
with species. For example, although both mammal and bird
AChEs rapidly hydrolyze ACh and its thiocholine analog ace-
tylthiocholine, avian AChEs also readily hydrolyze acetyl b-
methylcholine and acetyl b-methylthiocholine, whereas
mammalian AChEs do not. AChEs and BuChEs respond
differently to increasing substrate concentration. AChEs are
inhibited by excess substrate (often >2 mM); BuChEs are less
sensitive to substrate inhibition.

AChEs and BuChEs have multiple molecular forms and
complicated life histories (Figures 1 and 2). Some of the
forms move from site to site within cells, others are secreted
into body fluids. AChEs consist of asymmetric and globular
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00116-0
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Table 2 Cholinesterase properties

All

Hydrolyze ACh and other choline esters
AChE

Prefers ACh, is inhibited by excess substrates
Found at neural junctions and in mammal RBCs and plasma and platelets

of some vertebrates
BuChE

Prefers butyrylcholine, propionylcholine
Widely distributed in vertebrate tissues and plasma
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Figure 1 Subunit structure of the multiple molecular forms of ChEs. G,
globular forms; A, asymmetric forms with collagen-like tails. Each circle is
a catalytic subunit; disulfide bridges indicated by S–S, as found in the
electric organ of the electric eel. Modified from Brimijoin, W.S., 1992. US
EPA Workshop on Cholinesterase Methodologies.

Nucleus
AChE
mRNA

Golgi

Degradation
70−80%
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20−30%

Vesicles

Plasma membrane

Extracellular matrix

Extracellular fluids

Membrane bound

Figure 2 Life cycle of ChEs. AChE is synthesized as a monomer globular
form (G1). Up to 80% is degraded by intracellular processes. Secretory
forms are separated from membrane-bound forms, collagen tails are
added to asymmetric forms, and the enzyme is glycosylated and becomes
enzymatically active. After secretion, globular forms may escape into the
body fluids, whereas asymmetric forms are bound to the synaptic basal
lamina. Modified from Brimijoin, W.S., 1992. US EPA Workshop on
Cholinesterase Methodologies.
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forms. The asymmetric forms tend to be localized at synapses
and motor endplates; they have glycosylated heads joined
together by sulfhydryl groups containing the active sites, and
collagen tails that attach the enzymes to cell surfaces. The
globular forms lack collagen tails; they are made up of the
catalytic subunits.

AChE and BuChE subunits are synthesized within cells (e.g.,
nerve, muscle, liver, and some megakaryocytes), glycosylated
within the Golgi apparatus, and secreted. Collagen-tailed forms
become attached to the cell surface at specific binding sites.
Globular forms are released into body fluids or bind to cell
surfaces by ionic bonds. Antibodies have been prepared to
several purified AChEs and BuChEs, and protein and nucleic
acid sequences have been determined.

The three-dimensional structure of AChE from the electric
organ of Torpedo californica has been established. One inter-
esting feature is that the active site is embedded in a ‘gorge’ of
w20 Å that reaches halfway into the protein. The postulated
‘anionic site,’ theoretically invoked to bind the quaternary
ammonium ion of ACh, appears to be represented by aromatic
amino acids in the gorge itself; these and charges in the active
center are believed to stabilize the choline group. In addition,
some inhibitions, such as that caused by excess substrate, are
believed to result from a ‘peripheral site.’ Elucidation of the
structure of ChE molecules may open the way to a new
generation of ‘designer’ anti-ChE agents with improved speci-
ficities of action.
Functions of Cholinesterases

Eþ AX4
kþ1

k�1

EAX4
k2

EA4
k3

Eþ A

where E is the enzyme, AX is the substrate (ACh) or inhibitor,
EAX is the reversible enzyme complex, and ks are reaction rate
constants.

A century of research has established that a major function
of AChE is to hydrolyze the ACh released by cholinergic
neurons, regulating the course of neural transmission at
synapses, motor endplates, and other effector sites. The reac-
tion is multistep involving formation of a reversible enzyme–
substrate complex (EAX), the acetylation of the catalytic site
of the enzyme (EA), the hydrolysis of the enzyme–substrate
complex to yield acetic acid, choline, and the regenerated
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enzyme (Eþ A). One generally accepted mechanism has (1) an
electrostatic attraction between the positive charge on the
quaternary nitrogen atom of ACh and the negative charge of an
‘anionic site’ on the enzyme to form the enzyme–substrate
complex, (2) the acetylation of a serine hydroxyl, followed by
(3) a rapid deacetylation restoring the enzyme and cleaving
acetylcholine into acetate and choline. A similar reaction
scheme is believed to apply to BuChEs. The new information
on the conformation of these molecules should result in
a greater understanding of the biophysical mechanisms
underlying their catalytic actions.

In contrast with the functional information available for the
roles of ACh and AChE, the function of nonspecific ChEs is less
established. One idea is that they protect the body from natural
anti-ChE agents (e.g., physostigmine) encountered during the
evolution of the species. Another idea is that they have specific
but still unknown roles in tissues. For example, there are
reports that inhibition of BuChE activity blocks adhesion of
neurites from nerve cells in culture, and that AChE promotes
outgrowth of neurites as if the enzymes had roles in cell
adhesion and differentiation.
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Figure 3 Relationship of the toxicity in vivo (LD50) of directly acting OPs
to AChE inhibition in vivo (PI50). 1, dipterex; 2, O,O-diethyl-4-chloro-
phenylphosphate; 3, O,O-diethyl-bis-dimethylpyrophosphoramide (sym);
4, TIPP; 5, O,O-diethylphosphostigmine; 6, isodemeton sulfoxide; 7,
isodemeton; 8, isodemeton sulfone; 9, DFP; 10, diethylamidoethoxy-
phosphoryl cyanide; 11, O,O-dimethyl-O,O-diisopropyl pyrophosphate
(asym); 12, diethylamidomethoxyphosphoryl cyanide; 13, tetramethyl
pyrophosphate; 14, O,O-diethylo phosphorocyanidate; 15, O,O-dimethyl-
O,O-diethyl pyrophosphate (asym); 16, soman; 17, TEPP; 18, O-isopropyl-
ethylphosphonofluoridate; 19, tabun; 20, amiton; 21, diethylamido
ispropoxyphosphoryl cyanide; 22, O,O-diethyl-S-(2-diethylaminoethyl)
phosphorothioate; 23, sarin; 24, O,O-diethyl-S-(2-triethylammoniumethyl)
thiophosphate iodide; 25, echothiophate; 26, methylfluorophosphoryl-
choline iodide; 31, schradan; 32, dimefox. Adapted from Gallo, L. 1991.
Organophosphorus insecticides. In: Hayes, W.J., Jr. Laws, E.R., Jr. (Eds.),
Handbook of Pesticide Toxicology, vol. 2, p. 932. Academic Press, San
Diego, CA.
Toxicities

The toxicities of OPs and CBs often roughly parallel their
effectiveness as inhibitors of brain AChE. For example, Figure 3
shows the relationship between the toxicity in vivo of directly
acting OPs and their inhibition of AChE in vitro, plotting
intraperitoneal LD50 versus the PI50 in mice. The LD50 is the
dose resulting in 50% mortality; the PI50 is the negative loga-
rithm of the concentration of toxicant resulting in 50% inhi-
bition of the enzyme. Only two of the chemicals tested did not
‘fit’ the curve.

In general, many of the physiological effects of anti-ChEs are
attributable to excessAChat junctions in thenervous system. The
precise symptoms and the time course of ChE inhibition depend
on the chemicals and localization of the receptors affected. The
properties of some cholinergic receptors are listed in Table 3.
Cholinergic junctions are classified into several categories based
on their pharmacological sensitivities to nicotine, muscarine,
atropine, and curare. Early symptoms of cholinergic poisoning
represent stimulation of neuroeffectors of the parasympathetic
system. These effects are termed muscarinic – stimulated by
muscarine andblockedby atropine. Such effects include slowing
of the heart (bradycardia), constriction of the pupil of the eye
(miosis), diarrhea, urination, lacrimation, and salivation.
Actions at skeletal neuromuscular junctions (motor endplates)
are termed nicotinic – stimulated by nicotine, blocked by curare,
but not by atropine. Overstimulation results in muscle fascicu-
lation (disorganized twitching) and, at higher doses, muscle
paralysis. A third site of action of anti-ChEs is the cholinergic
junctions of the sympathetic and parasympathetic autonomic
ganglia. These junctions are also nicotinic – stimulated by
nicotine but not affected by muscarine, atropine, or curare,
except at high concentrations. Their actions affect the eye,
bladder, heart, and salivary glands, with one set often antago-
nizing the actions of another. Finally, there are the junctions of
the CNS: Some are stimulated by nicotine, and some are affected
by atropine. They are not responsive tomuscarine or curare. CNS
symptoms include hypothermia, tremors, headache, anxiety,
convulsions, and coma. Death generally occurs when the agents
extensively affect the respiratory centers in the brain. Whether or
not there are consistent behavioral effects at low dose levels of
OPs andCBs, such as deficits in learning andmemory, is amatter
of current research.

The excess ACh produced at motor endplates brings about
a transient myopathy in experimental animals. Experiments
in vivo and in vitro of Dettbarn, Wecker, Salpeter, and others
using cholinergic drugs and ACh receptor blockers indicate that



Table 3 Properties of cholinergic receptors

Muscarinic PNS

Parasympathetic nervous system
Muscarine stimulates
Atropine blocks
Nicotinic PNS

Skeletal muscle motor endplates
Nicotine stimulates
Curare blocks
Atropine has no effect
Nicotinic CNS

Autonomic NS antagonist
Sympathetic and parasympathetic NS
Nicotine stimulates respiratory center

PNS, peripheral nervous system; CNS, central nervous system.
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excess ACh leads to an influx of Ca2þ ions and other cations
into the postsynaptic cell, resulting in regions of necrosis in the
muscle fibers around the motor endplates. From 10 to 30% of
the fibers may be damaged and recovery may take several weeks
or more. A disorder known as intermediate syndrome in
humans involves prolonged muscle weakness and some
muscle damage lasting several weeks or longer after exposure to
high levels of some OPs, including methyl parathion, fenthion,
and dimethoate.

Although most of the effects of OPs and CBs are considered
to be caused by AChE inhibition, there is evidence that anti-
ChEs directly affect ACh receptors in the CNS and PNS and that
some anti-AChE pesticides depress the immune system in
experimental animals.

A few OPs, such as tri-ortho cresyl phosphate (TOCP),
leptophos, mipafox, methamidophos, isofenphos, and chlor-
pyrifos, cause OPIDN, a neuropathy that results in the death of
some motor and sensory neurons in humans and experimental
animals. Some, such as chlorpyrifos and isofenphos, require
very high dose levels to be neuropathic – higher levels than
could occur if the chemicals were used as directed. TOCP, an
industrial chemical, has been responsible for the paralysis of
thousands of people since the turn of the century. Inhibition of
w70% or more of the carboxylesterase NTE is often associated
with the disorder. It is known as a ‘delayed’ neuropathy because
onset of the disorder is usually 10 days to several weeks after
exposure. Discussion of this neuropathy is beyond the scope of
this article, except to note that neuropathic chemicals that are
the most dangerous often are those that are better NTE inhib-
itors than AChE inhibitors, permitting a higher dose of the
chemical to be reached before cholinergic symptoms or death
occurs. Agricultural chemicals are routinely screened for
OPIDN using hens because chickens are sensitive to the
disorder.

The action of many toxicants, including anticholinergic
compounds, often involves specific sites on molecules and
cells. Such finely tuned molecular events suggest the possibility
of discovering ‘genocopies,’ genetic abnormalities that mimic
chemically induced disorders. For example, patients have been
reported with smaller than normal motor endplates, defective
in AChE and suffering from muscle weakness. There are no
reported human AChE-less mutants; it is likely that such
a genetic disaster would be lethal. There are humans with
inherited differences in their serum BuChEs with decreased
activity of the enzyme in their blood. Possessors of these
genotypes usually are symptomless, unless they are given
succinylcholine (or a similar drug) during surgery to bring
about muscle relaxation. Lack of sufficient blood BuChE to
speedily destroy the drug intensifies and prolongs the activity
of succinylcholine, sometimes with fatal consequences.
BuChEs may also play a detoxifying role in cocaine intoxication
by hydrolyzing the drug. Several studies on experimental
animals indicate that depressing ChEs with anti-ChEs inten-
sifies the toxic effect of cocaine. A ‘knock-out’ genetically
manipulated mouse lacking AChE studied by Oksana Lock-
ridge and colleagues seems to use BuChEs as a substitute to
destroy excess ACh.
Organophosphorus Cholinesterase Inhibitors

OP inhibitors are substituted phosphoric acids of the form

P

X

O

R2

R1 (S)

where R1 and R2 are usually alkyl or aryl groups linked either
directly or via O or S groups to the P atom. According to one
classification, X, termed the leaving group, may be (1)
a quaternary nitrogen; (2) a fluoride; (3) a CN, OCN, SCN, or
a halogen other than F; or (4) other groups. See Figure 4 for
representative organophosphorus cholinesterase inhibitors.

l OPs containing quaternary nitrogen (phosphorylcholines)
are strong inhibitors of ChEs and directly acting choliner-
gics. One, echothiophate iodide, is used in the treatment of
glaucoma.

l Fluorophosphates are also highly toxic and relatively vola-
tile. Sarin and soman are chemical warfare agents. Diiso-
propyl fluorophosphate (DFP) is often used by biochemists
to study serine-active enzymes. Mipafox and DFP cause
OPIDN in humans and experimental animals.

l An example of a CN-containing nerve gas is Tabun.
l Most OP pesticides are in the fourth and largest category.

Many are dimethoxy or diethoxy compounds. OPs used in
agriculture tend to be manufactured in the relatively stable
P]S form. They are less toxic than OPs with the P]O
(oxon) group.

Three important chemical reactions that underlie ChE
inhibitions are hydrolysis, desulfuration, and alkylation.

l Hydrolysis: The rate of hydrolysis is a function of the acid
and alcohol groups, pH, and temperature. It usually
increases with increasing pH, temperature, and UV light.

l Desulfuration: An important oxidation is the conversion of
the P]S group of phosphorothionates to P]O, the oxon
form, increasing the intensity of ChE inhibition.

l Alkylation: Alkyl substituents, especially methoxy groups,
may act as alkylating agents. They are capable of altering
nucleic acids, leading some to be concerned about OPs as
mutagens.
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Figure 4 Representative organophosphorus (a) and organocarbamate cholinesterase (b) inhibitors.
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Carbamate Cholinesterase Inhibitors

The CBs used as pesticides are N-substituted esters of carbamic
acid. CBs developed in the 1950s as insect repellents were
found to have insecticidal activity, leading to the development
of the naphthyl CBs with high anti-ChE activity and selective
toxicity against insects. One example is carbaryl; it is widely
used because of its low toxicity to mammals and its degrad-
ability. Aldicarb, a plant systemic, is more toxic than carbaryl.
Aldicarb was associated with a July 4th holiday incident in
which residents on the west coast of the United States com-
plained of anticholinergic symptoms after eating aldicarb-
contaminated watermelons.

Most N-methyl and N,N-dimethyl carbamates are better
AChE inhibitors than BuChE inhibitors. However, N-carba-
mylated AChE spontaneously reactivates faster than N-carba-
mylated BuChE. AChE activity may recover as rapidly as 30min
following exposure – much faster than after exposure to OPs.

Although phosphorylation of AChE by OPs is heavily
influenced by the electron-withdrawing power of the leaving
group, carbamylation by methyl carbamates is also greatly
dependent on molecular complementarity with the confor-
mation of the enzyme as well as reactivity of the molecule. In
general, phenolic and oxime moieties are more reactive than
benzyl alcohol groups.

N-methyl carbamates do not need activation to inhibit
ChEs. However, at least in the case of aldicarb, inhibition
increases with metabolism. Aldicarb is rapidly oxidized to the
relatively stable aldicarb sulfoxide, which in turn is more slowly
metabolized to aldicarb sulfone, a stronger AChE inhibitor.
These products are then detoxified by conversion to oximes and
nitriles, which in turn are degraded to aldehydes, acids, and
alcohols. Procarbamate derivatives were developed to reduce
the toxicity of CBs to mammals. The hydrogen atom on the
carbamate nitrogen is replaced by a wide variety of
nucleophiles –many with a sulfur atom – causing reduction in
anti-ChE activity. The bond is rapidly broken in insects,
restoring the activity and toxicity of the parent compound.

The rapid spontaneous reactivation of carbamates can be
a problem in determining ChE activity. For example, some
testing routines require that animals be put on a control diet for
24 h before sampling. With CBs, the inhibitions may have
disappeared by the time the assays are performed. In addition,
the dilutions specified in some assays may reduce the inhibi-
tion and high concentrations of substrate may compete with
the carbamate to further reactivate the enzyme.
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Chemical Warfare Anticholinesterase Agents

Anticholinesterase chemical warfare agents have been stock-
piled since their development immediately before and during
World War II. Several countries have active programs
researching their toxicity and control. P]O groups confer
potent anti-ChE inhibition properties and, in addition, the
toxicity of agents such as soman and VX may be caused in part
by their actions on receptors, perhaps as well as other proteins.
The toxicity of the nerve agents is greater than that of agricul-
tural chemicals. For example, the dermal LD50 of agent VX is
estimated to be 0.04–0.14 mg kg�1 for humans, which is at
least an order of magnitude more toxic than most pesticides.
LD50s for representative agricultural OPs and CBs are shown in
Table 4.
Assay Techniques

An early assay for ChE activity was a manometric method in
which the change in pH caused by ACh hydrolysis released CO2

from a reaction buffer. A common technique (that of Michel)
directly determines ACh hydrolysis by changes in pH. Another
assay, that of Hestrin, utilizes the reaction of ACh with
hydroxylamine and ferric chloride, producing a reddish–purple
complex. A test developed by Okabe and coworkers oxidizes
the choline released from ACh hydrolysis and determines the
H2O2 produced. Several assays use radioactive ACh; one
method counts the acetate produced by the reaction by sepa-
rating it into an organic phase, leaving the unhydrolyzed ACh
behind in an aqueous phase. Another common approach
utilizes thioanalogs of ACh and other esters. In the assay
developed by Ellman and coworkers, hydrolysis of thiocholines
such as acetylthiocholine is measured at 410 nm with the color
reagent dithionitrobenzoate. Although assays that rely on pH or
radioactivity of ACh have the advantage of using a natural
substrate, assays utilizing thiocholine esters are inexpensive,
readily automated, and do not require expensive disposal of
radioactive wastes. Negative features are the possibility of
interference of hemoglobin in RBC samples and a nonlinear
reaction of the reduced glutathione in some RBCs with the
color reagent. Some of the methods have been adapted for field
use. Whatever the assay, it is important that its conditions be
validated for the species, tissues, and chemicals under study.
Unfortunately, there are no national or international standards
for ChE assays, making it difficult to compare results from one
clinical laboratory with another. The state of California speci-
fied a version of the Ellman assay as its clinical standard, and
required all laboratories monitoring blood ChEs to comply or
harmonize with this standard methodology.



Table 4 Representative acute LD50s of selected organophosphates
and carbamates

Compound

LD50 (mg kg�1)

Oral Dermal

Organophosphates

Dimethoxy compounds
Azinphosmethyl (O,O-dimethyl-S-[(4-oxo-1,2,3-

benzotriazin-3(4H)-yl)methyl]phosphorodithioate)
13 220

Malathion (O,O-dimethyl-S-(1,2-dicarbethoxyethyl)
phosphorodithioate)

1375 >4000

Methyl parathion (O,O-dimethyl-O-(p-nitrophenyl)
phosphorothioate)

14 67

Diethoxy compounds
Parathion (O,O-diethyl-O-(4-nitorphenyl)

phosphorothioate)
13 21

Diazinon (O,O-diethyl-O-(2-isopropyl-6-methyl-4-
pyrimidnyl)phosphorothioate)

108 200

Carbamates

Aldicarb (2-methyl-2-(methylthio)propylideneamino-N-
methylcarbamate)

0.8 3.0

Carbaryl (1-naphthyl-N-methylcarbamate) 850 >4000

Adapted from Gaines, T.B., 1969. Acute toxicity of pesticides. Toxicol. Appl. Phar-
macol. 14, 515–534.
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Biochemistry of Cholinesterase Inhibition

The inhibition of the activity ofChEs byOPs andCBsproceeds in
amanner similar to the action of the enzymes on ACh. However,
insteadof forming a rapidly hydrolyzed acetyl–enzyme complex,
the OPs and CBs, respectively, phosphorylate and carbamylate
the catalytic sites of the enzymes. Themajor biochemical features
of the inhibition of ChEs by OPs and CBs involve (1) activation
of the inhibitors, (2) detoxification, (3) reaction of the inhibitor
with the serine-active site of the enzyme and loss of a ‘leaving
group’, (4) hydrolysis of the complex and spontaneous reac-
tivation of the enzyme, (5) loss of a second group, known as
aging, and (6) recovery by synthesis of new enzyme.

One way to visualize the biochemical mechanisms under-
lying the toxicity ofOPs andCBs is to trace the fate of anOP such
as parathion from its entry into the body. Mixed function
oxidases (MFO) in the liver (or other tissues) convert parathion,
a thionophosphate, to its oxygen analog, paraoxon, increasing
its anti-ChE potential by orders of magnitude. The paraoxon
may exert its toxic action by inhibiting AChEor be inactivated by
conjugation with glutathione, reaction with glutathione trans-
ferases, further oxidation by MFO, or hydrolysis by A-esterases,
in this case paraoxonase. Such reactions may lead to a loss in
toxicity of either parathion or paraoxon. Paraoxon may also be
inactivated by binding and reacting with B-esterases other than
AChE, such as BuChE and carboxylesterases.

The reaction of an OP with AChE, BuChE, or other B-
esterases is similar to the reaction of AChE with ACh, except
that the hydrolysis step is much slower or, in some cases, may
not occur at all. Its basis is a phosphorylation of the enzyme via
a nucleophilic attack. The electronegative serine hydroxyl at the
catalytic site reacts with the electropositive phosphorus atom of
the inhibitor to form an OP–ChE complex and loss of a side
group on the phosphorus atom, known as the leaving group
(X). In time, the phosphorylated enzyme may reactivate by
rehydrolysis. A similar set of reactions leads to carbamylation,
except that the spontaneous reactivation tends to be more rapid
than that for an OP. Spontaneous reactivation of an OP may
take hours to days, whereas CBs may reactivate as soon as
30 min. In addition, OPs undergo a further reaction known as
‘aging,’ in which a second group (often an alkyl group) is lost
from the phosphate, stabilizing the OP–ChE complex.
Structure/Activity

Some general rules for OPs based on their structures include
the following:

l The P]O group is more toxic than the P]S group because
it is more reactive. It is more reactive because of its higher
electronegativity, which causes a more electropositive P
atom, facilitating its reaction with the serine hydroxyl at the
active site.

l The electron-withdrawing ability of the leaving group X is
predicted by the strength of its acid. For example, fluoride is
a more powerful leaving group than nitrophenol because
HF is a strong acid.

l Reactivity of the R groups is in the order methoxy > ethoxy
> propoxy > isopropoxy > amino groups. The more diffi-
cult a compound is to hydrolyze, the weaker is likely to be
its ChE inhibition.

l Steric effects are also important. The longer and more
branched a compound, the more reduced is its rate of
inhibition, probably because of the conformation of the
proteins around the catalytic site.

The terms ‘reversible’ and ‘irreversible’ are often misused in
describing ChE inhibitions. For example, statements such as
“OPs are irreversible inhibitors and CBs are reversible inhibi-
tors” are useful insofar as they refer to the stability of the aged
OP–enzyme and the more rapid hydrolysis of the CB–enzyme
compared with that of the un-aged OP–enzyme. Technically,
one could argue that the term ‘reversible’ should be reserved for
cases in which there is an equilibrium between the substrate
and the enzyme–substrate complex.
Spontaneous Reactivation of Organophosphates

Table 5 lists the half-lives of recovery for some OP-inhibited
AChEs. In general, OP–AChE complexes from dimethoxy-
substituted OPs (e.g., malathion) spontaneously dephosphor-
ylate faster than diethoxy (e.g., parathion) or diisopropoxy
(e.g., DFP) complexes. Eto pointed out in 1974 that the
stability of a phosphorylated AChE may be predicted from the
stability of the specific OP inhibitor itself. One possibility is
that methyl groups have less steric hindrance and greater
electronegativity than ethyl or isopropyl groups.
Chemical Reactivation of Organophosphates

It has beenmore than 50 years since IrwinWilson observed that
nucleophiles, oximes such as hydroxamic acid, reactivated OP-
inhibited AChE above and beyond that occurring from



Table 5 Half-lives of spontaneous reactivation and aging of selected
organophosphates

Compound Tissue t1/2 Reactivation (h) t1/2 Aging (h)

Malathion Human RBC 0.85 3.9
Methamidophos Bovine RBC 0.13 0.54
Chlorpyrifos Bovine RBC/mouse

brain
58 36

Diazinon Human RBC 58 41
Parathion Rat brain/bovine RBC 103 58
Tabun Human RBC ND 13
Sarin Human RBC ND 3.0
DFP Human RBC ND 4.6
Soman Human RBC ND 0.02

Adapted from Wilson et al. (1992) In: Chambers, J.E., Levi, P.E. (Eds.), Organo-
phosphates: Chemistry, Fate, Effects. Academic Press, New York.

Table 6 Treatments for anticholinesterase poisoning

Atropine

2 mg intravenously, at 15- to 30-min intervals as needed to suppress
symptoms

2-Pralidoxime

1 g either intramuscularly or intravenously two or three times per day or
to suppress symptoms

Diazepam

10 mg subcutaneously or intravenously, repeated as required

Adapted from WHO, 1986. Environmental Health Criteria 63.
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spontaneous reactivation, opening the way to a treatment for
OP poisoning. The oxime registered for use in the United States
as Protopam is 2-pralidoxime chloride (2-PAM); its meth-
anesulfonate salt (P2S) is used in Europe. Oxime therapy
should be recommended with caution for carbamate poison-
ings. Although beneficial in the case of aldicarb, there is
evidence that 2-PAM treatment increases the toxicity of carbaryl.

The mechanism of action of oxime reactivation involves
transfer of the substituted phosphate or phosphonate residue
from the catalytic site of the enzyme to the oxime. In addition,
2-PAM may react directly with the free OP molecule itself.
Other oximes such as TMB-4, obidoxime, and HI-6 are reported
to be superior to 2-PAM as reactivators and antidotes to
chemical warfare agents. Oxime therapy should not be used in
the absence of ChE inhibition because 2-PAM itself is a weak
ChE inhibitor. In addition to the reactions discussed previ-
ously, direct effects of these compounds on muscle contraction
and nicotinic receptors led Albuquerque and colleagues to
propose that oximes also act directly on cholinergic receptors.
Aging

Research on oximes revealed an important phenomenon: the
extent of reactivationof anOP–AChE complexdecreaseswith time
and depends on the OP used. This ‘aging’ prevents both sponta-
neous and chemical reactivation. Evidence indicates that aging is
causedby the loss of a secondgroup fromthephosphorus atom. In
1966,Harris and colleaguesdemonstrated thepercentageof loss of
an alkyl group from a soman–AChE complex correlated with the
percentageofenzymeresistant tooximeactivation. Ingeneral,OP–
ChE complexes that spontaneously reactivate slowly tend to age
rapidly. Exceptions are dimethoxy-phosphorylated AChEs, which
both rapidly age and spontaneously reactivate. In general, agri-
cultural chemicals (e.g.,malathion, parathion, anddiazinon) have
half-lives of aging of hours and longer, while chemical warfare
agents age rapidly (e.g.,<2 min for soman).
Treatment for Anticholinesterase Poisoning

The information included here is educational; it should not be
construed as specific recommendations for treatment of patients.
Inhibition of AChE by OPs or CBs is one of the few types of
toxicity for which there are antidotes. The usual treatment for
OP poisoning is atropine and 2-PAM (Table 6). The presence
of atropine reduces the effectiveness of the ACh receptors,
counterbalancing the excess ACh present. The recommended
doses for humans are 1 g 2-PAM (intramuscular or intrave-
nous) two or three times a day and 2 mg atropine (intrave-
nous) at 15- to 30-min intervals as needed. Higher doses may
be used depending on the extent of the OP intoxication.
Environmental Health Criteria No. 63 describes the case of
a patient who drank a large amount of dicrotophos while
inebriated. Treatments were progressively increased up to
6 mg atropine intravenously every 15 min with continuous
infusion of 2-PAM at 0.5 g h�1. All told, 92 g of 2-PAM and
3912 mg of atropine were given to the patient, who was dis-
charged after 33 days.

Much of the research on treatments of ChE inhibitions has
concerned chemical warfare agents, providing little direct
information for the treatment of agricultural chemicals.

Considerable attention has been given to treatments to
protect military units and civilian populations in the event of
either accidental or deliberate release of nerve gas agents. One
kit contains a combination of atropine, 2-PAM, and the tran-
quilizer, diazepam. Diazepam is included to lessen CNS
symptoms. Another contains pyridostigmine, a carbamate,
which is given prophylactically. The use of pyridostigmine is
based on the idea that a readily rehydrolyzable carbamate will
compete for AChE catalytic sites with the high-affinity binding
nerve gas agents, reducing the percentage of AChE that
becomes ‘irreversibly’ inhibited. Using these agents is not
without risk because they are themselves toxic. Issuance of
atropine kits to the general population in Israel during the
Persian Gulf crisis led to the accidental injection of more than
200 children; some had systemic effects but fortunately there
were no fatal consequences.

The discovery of methods to isolate relatively large amounts
of ChE enzymes in essentially pure form has led to an alternate
method of treating OP intoxication – that of adding purified
ChEs to the blood. Several experiments indicate enough of the
OPs bind to the ChEs to reduce their toxicity in experimental
animals.
Treatments with Anticholinesterase Agents

Several anticholinesterase agents have been used to treat
human disorders.
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Alzheimer’s Disease

The finding that senile dementia of the Alzheimer’s type was
accompanied by a loss of AChE activity (as well as other
neurochemical markers for cholinergic neurons) in parts of the
brain has stimulated study of cholinergic nerve activity,
learning and memory, and the use of anti-ChE compounds in
the treatment of Alzheimer’s disease. The strategy is to increase
the effective level of ACh by reducing the activity of the AChE
present. Tacrine (tetrahydroaminoacridine) was the first drug
to be evaluated for this purpose. Tacrine is a weakly binding
anti-ChE agent approved for treatment by the US FDA. The
dose of Tacrine recommended (100 mg day�1) was chosen on
the basis of the side effects the drug has on liver function rather
than on an unequivocal demonstration of its effectiveness. A
subsequent cholinesterase inhibitor approved for use was
donepezil (E 2020; Aricept). This drug appears less capable of
eliciting adverse side effects. Other cholinesterase inhibitors
evaluated for use in Alzheimer’s disease include physostigmine
and trichlorfon.
Glaucoma

Glaucoma is a disorder of vision accompanied by an increase in
ocular pressure. Although mostly replaced by other drugs (e.g.,
beta blockers and pilocarpine), anti-ChE drugs such as echo-
thiophate are still used in the treatment of these common
disorders.
Myasthenia Gravis

Myasthenia gravis is a progressive disorder characterized by
muscle weakness; eye muscles are often the first affected.
Research has shown it to be an autoimmune disease in which
the victim forms antibodies to his or her nicotinic acetylcholine
receptors at motor endplates. It is characterized by fatigability
and weakness of the skeletal muscles, especially those of the
eyes. Approximately 90% of the patients have droopy eyelids
and double vision. Treatments include corticosteroids and
thymectomy to reduce the actions of the immune system and
anti-ChE agents such as pyridostigmine to improve the effec-
tiveness of the receptors that remain.
Wildlife and Domestic Animal Exposures

The recognition that chlorinated hydrocarbons are a persistent
danger to wildlife led to a decrease in their use as agricultural
chemicals and to an increase in the use of OPs and CBs. In
general, OPs and CBs do not bioaccumulate as do chlorinated
hydrocarbons and they are relatively biodegradable. However,
they are more acutely toxic than chlorinated hydrocarbons to
humans and wildlife. A thorough discussion of the comparative
toxicology of OPs and CBs is outside the scope of this entry.
ChE inhibitions are generally the same, regardless of the
animal; differences between species are often in the overall
pharmacokinetics and metabolism. For example, although
birds have higher brain AChE activities than mammals, they
also have less hepatic MFOs to activate OPs and less A-esterases
to hydrolyze them. Much research has been done on the
toxicology of OPs to wild birds from sparrows to hawks and
eagles. For example, Hill et al. of the US Fish and Wildlife
Service studied the toxicity of 19 OPs and 8 CBs to 35 species of
birds. In general, such studies showed that more than 50% of
OPs and 90%of CBs have LD50s of<40mg kg�1 formost birds.

Route of exposure may have much to do with the recovery
from OPs. When pigeons were treated orally with an OP,
inhibition of blood ChE was rapid, and recovery of activity
occurred within a few days. However, when the treatment was
conducted dermally, putting the OP on the feet, recovery of
enzyme activity took several weeks, implying the presence of
a depot for OPs and the possibility that birds can accumulate
OPs by flying from site to site. The possibility of bio-
accumulation of OPs in a food chain (usually considered to be
a characteristic of chlorinated hydrocarbons) was demon-
strated by the report of an eagle poisoned by an OP (Warbex)
in magpies that, in turn, had obtained the OP by ingesting hair
from a steer that had been treated with it for parasites.

Beef cattle, horses (more than sheep), goats, and swine are
treated several times each year with OPs to control parasites,
and some are fed tetrachlorvinphos to prevent fly larvae
hatching in their feces. Carbaryl is commonly used for flea and
tick control. Oehme states that insecticides are a common cause
of poisoning of domestic animals and that “the majority of
insecticide problems in domestic animals result from igno-
rance or mismanagement.” Indeed, there is some epidemio-
logical evidence that animal technicians in pet grooming and
veterinary hospitals are exposed to the OP and CB chemicals
used to control fleas and ticks while washing the animals.
Sheep ‘dipping’ methods have been changed to minimize
exposure to the worker.
Exposures in the Workplace

Worldwide, estimates of the number of humans requiring
treatment because of anti-ChE chemicals run into many
thousands annually. Concern for those who manufacture and
use agricultural chemicals has resulted in studies of pesticide
residues, protective clothing, urinary metabolites, and blood
ChE levels of farm workers, greenhouse workers, and spray
applicators. In general, the rule has been to consider decreases
of blood cholinesterases of 20–30% or more as meaningful,
signifying the worker should be removed from contact with the
agent. In the United States, California requires workers to be
monitored; however, until recently there was no single stan-
dard method to determine ChE activities even there.
Chemical Warfare and Terrorism

The use of chemical weapons, nerve gases, mustard gases, and
blistering agents is banned by international treaty. Nerve
agents were inadvertently released from storage sites during the
1991 Persian Gulf conflict. The role that nerve agents played,
whether alone or in company with other chemicals, in
a baffling set of symptoms known as the Gulf War syndrome is
still unclear.

Millions of pounds of chemical warfare agents are stockpiled
throughout the world. Their destruction by incineration at high
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temperatures, up to 2500 �F (1480 �C) is planned or underway
in several countries. These include eight sites in the United
States, such as the Tooele ArmyDepot in Utah and the Johnston
Atoll in the Pacific, which is 750miles fromHawaii. Some of the
ordinancehas been stored sinceWorldWars I and II. Complaints
have been lodged by citizens’ groups concerned about possible
risks to residents during the destruction of the chemicals.

Sadly, chemical warfare weapons are also dangerous
instruments of terror. Two episodes in which sarin was used by
terrorists in Japan cast a cloud over attempts to control the use
of these weapons. Sarin was released in a residential area of the
city of Matsumoto, on 27 June 1994, and in a crowded Tokyo
subway less than a year later, on 20 March 1995. In Matsu-
moto, about 600 residents and rescuers were affected and 7
died. More than 5500 people were poisoned and 12 died in the
Tokyo incident. Many more might have perished if it were not
for the quick action and bravery of firemen, police, and others,
as well as the availability of antidotes in Japanese hospitals.
(Two subway attendants died removing containers of sarin
from subway cars.)
Significance of Blood Cholinesterase Levels

There has been a continuing discussion of the significance of
monitoring blood ChEs of humans and wildlife. The setting of
no-observed-adverse-effect levels (NOAELs) is an example.
(NOAELs are the highest dose levels at which no important
effect of a toxicant is observed.) Determining NOAELS is an
important step in assigning risks and safe levels for the use of
a toxic chemical. Some propose that batteries of behavioral
tests performed under controlled laboratory conditions
provide the best data for setting safe levels of exposure. Under
field conditions, others propose that measurements of residues
on skin and clothing, urinary metabolites of agricultural
workers, and fecal metabolites of wild animals provide
evidence of exposure to chemicals without invasive procedures.
Proponents of the use of ChE levels point out that they repre-
sent standardized, relatively inexpensive measurements that
directly demonstrate a biochemical effect of an exposure to
a toxic chemical rather than merely providing evidence of the
exposure itself. Recent technology permits determinations of
enzyme activities on 100 ml or less of blood, obtainable by
a finger prick.

Regardless, as long as millions of pounds of OPs and CBs
are used annually, ChE measurements will be an important
tool in the protection of humans, domestic animals, and
wildlife from overexposure to these toxic agents.
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l Name: Chromium
l Chemical Abstracts Service Registry Number: 7440-47-3
l Synonyms: Chrome, Chromium(II) compounds, Chromiu-

m(III) compounds, Chromium, elemental
l Molecular Formula: Cr, Cr3þ, Cr5þ, Cr6þ
Background

Chromium as a metallic element was first discovered over 200
years ago, in 1797. But the history of chromium really began
several decades before this. In 1761, in the Beresof Mines of the
Ural Mountains, Johann Gottlob Lehmann obtained samples
of an orange-red mineral, which he called ‘Siberian red lead.’
He analyzed this mineral in 1766 and discovered that it con-
tained lead “mineralized with a selenitic spar and iron parti-
cles.” The mineral he found was crocoite, a lead chromate
(PbCrO4).

In 1770, Peter Simon Pallas also visited the Beresof Mines
and observed the same type of mineral. He described it as ‘‘a
very remarkable red lead mineral which has never been found
in any other mine. When pulverized, it gives a handsome
yellow guhr which could be used in miniature painting..’’
Chromium from the Beresof Mines and Siberia was used as
a paint pigment. Due to its rarity, this later became a collec-
tor’s item and increased in popularity in the paint industry. A
bright yellow made from crocoite fast became the fashionable
color for the carriages of the nobility in both France and
England.

In 1797, chromium received its name from a professor of
chemistry and assaying at the School of Mines in Paris, Nicolas-
Louis Vauquelin. He received some samples of crocoite ore,
and his subsequent analysis revealed a new metallic element,
which he called chromium after the Greek word ‘khroˆma,’
meaning color. After further research, he detected trace
elements of chromium in precious gems – giving the charac-
teristic red color of rubies and the distinctive green of emeralds,
serpentine, and chrome mica.

In 1798, Lowitz and Klaproth independently discovered
chromium in a sample of a heavy black rock found farther north
of the Beresof Mines, and in 1799 Tassaert identified chromium
in the same mineral from a small deposit in the Var region of
southeastern France. The chromite ore deposits discovered in
the Ural Mountains greatly increased the supplies of chromium
to the growing paint industry and even resulted in a chromium
chemicals factory being set up in Manchester, England around
1808. In 1827, Isaac Tyson identified deposits of chromite ore
52 Encyclopedia of T
on the Maryland-Pennsylvania border, and the United States
became the monopoly supplier for a number of years.

But high-grade chromite deposits were found near Bursa in
Turkey in 1848, and with the exhaustion of the Maryland
deposits around 1860, Turkey then became the main source of
supply. This continued for many years until the mining of
chromium ore started in India and Southern Africa around
1906. And although paint pigments remained the main
application for many years, chromium was finding other uses:
Kochlin introduced the use of potassium dichromate as
a mordant in the dyeing industry in 1820. The use of chro-
mium salts in leather tanning was adopted commercially in
1884. While chromite was first used as a refractory in France in
1879, its real use started in Britain in 1886.

The first patent for the use of chromium in steel was
granted in 1865, but the large-scale use of chromium had
to wait until chromium metal could be produced by the
alumino-thermic route, developed in the early 1900s, when
the electric arc furnace could smelt chromite into the master
alloy, ferrochromium.
Uses

Chromium is a transitional element with many industrial uses.
It is mainly used in imparting a shiny appearance to metal
surfaces. In the early 1800s, the mineral, now known as chro-
mite, was widely used in the production of paint as well as in
the production of chromium compounds. These compounds
can be used in a variety of applications. For example, potas-
sium dichromate is used in the dyeing industry and chromium
salts are used in leather tanning and wood preservation. Today,
perhaps its most important use is in the production, in
combination with iron, of stainless steel, as well as applying
shiny finishes.
Environmental Fate and Behavior

Chromium enters the air, water, and soil mostly in the chro-
mium(III) and chromium(VI) forms. In air, chromium
compounds are present mostly as fine dust particles, which
eventually settle over land and water. Chromium can strongly
attach to sediment and soil, and only a small amount is
expected to dissolve in water and leach though the soil to
groundwater. Fish do not accumulate much chromium in their
bodies.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00828-9
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Most chromium exposure in the general population is
through ingestion of the chemical in food containing chro-
mium(II), although exposure is also possible as a result of
drinking contaminated well water, or living near uncontrolled
hazardous waste sites containing chromium or industries that
use chromium. Inhalation of chromium dust and skin contact
during use in the workplace are the main routes of occupa-
tional exposure.

Studies have shown that inhalation and oral and dermal
exposures can result in chromium deposits in liver, kidney,
heart, and lungs. Chromium in the breast milk of mothers can
be passed down to infants, and fetuses can be exposed to
chromium that passes through the placenta.
Exposure and Exposure Monitoring

Routes and Pathways

Inhalation, ingestion, and dermal absorption.
Human Exposure

Human exposure in three different routes: through the airways,
through gastrointestinal (GI) tract, or through the skin.
Environmental Exposure

Chromium is ubiquitous in nature, and chromium in air comes
from erosion of shales, clay, and other kind of soil. There is
only limited information on chromium concentrations in the
environmental atmosphere.
Toxicokinetics

The toxicokinetics of a given chromium compound depend on
the valence state of the chromium atom and the nature of its
ligands. In contrast to chromium(III), which is bound to
plasma proteins such as transferrins, chromium(VI) entering
the blood stream is taken up selectively by erythrocytes,
reduced, and bound predominantly to hemoglobin.

The absorption of chromium(VI) into the blood system
through the skin has been reported but not investigated exten-
sively, mainly because the reported health effects are rare. Once
absorbed into the blood system, there are various antioxidants
that act as reducing agents, such as glutathione and ascorbate,
which rapidly reduce chromium(VI) to chromium(III). Chro-
mium absorbed through the lungs into the blood system is
excreted by the kidneys and the liver. The kidney appears to
absorb chromium from the blood through the renal cortex and
releases it into the urine. Thus, sampling of urine for chromium
can be used for biological monitoring of certain types of
welding fumes that contain water-soluble chromium(VI).
Mechanism of Toxicity

Chromium may cause adverse health effects following inhala-
tion, ingestion, or dermal exposure. The toxicity of chromium
is mainly caused by hexavalent compounds as a result of
a higher cellular uptake of chromium(VI) compounds than
chromium(III). This is explained by the fact that the chromate
anion (CrO4)

2� can enter the cells via facilitated diffusion
through nonspecific anion channels (similar to phosphate and
sulfate anions). Absorption of chromium(III) compounds is
via passive diffusion and phagocytosis.

Hexavalent chromium is unstable in the body and is
reduced intracellularly (by many substances, including ascor-
bate and glutathione), providing very reactive pentavalent
chromium and trivalent chromium. Both of these intermedi-
ates can alter DNA.
Acute and Short-Term Toxicity (or Exposure)

Animal

Chromium can cause irritation in both the eyes and skin.
Hexavalent chromium is corrosive to the skin and eyes.
Human

Ingesting large amounts of chromium(VI) can cause stomach
upsets and ulcers, convulsions, kidney and liver damage, and
even death. Skin contact with certain chromium(VI) compounds
can cause skin ulcers. Some people are extremely sensitive to
chromium(VI) or chromium(III). Allergic reactions consisting of
severe redness and swelling of the skin have been noted.
Chronic Toxicity (or Exposure)

Animal

The hexavalent form of chromium is a potent teratogen,
primarily affecting bone formation. However, trivalent chro-
mium was not found to be teratogenic. Animal studies also
show an increase in the risk of cancer after exposure to chro-
mium(VI) compounds.
Human

Chromium(III) is an essential nutrient that helps the body use
sugar, protein, and fat. Chronic liver and kidney damage due to
long-term exposure of chromium(VI) has been reported.
However, chronic low-level exposure to chromium does not
appear to produce measurable renal damage. Dermal exposure
to chromium compounds can cause irritant dermatitis and skin
ulcerations (chrome holes). Breathing high levels of chro-
mium(VI) can cause irritation to the nose, such as runny nose,
nosebleeds, and ulcers and holes in the nasal septum. Inhala-
tion of chromium(VI) compounds is also associated with
lung cancer, and these compounds are classified as human
carcinogens.
Immunotoxicity

There are insufficient data on the immunotoxic effects of
chromium.
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Reproductive Toxicity

Long-term (12 weeks) ingestion of Cr(VI) of 1000mg l�1 in
drinking water is shown to reduce the number of females
impregnated by males, and both the number of viable fetuses
and the number of implantations were reduced. Also, similar
results were found when adding Cr(III) compounds
(5000mg l�1) to drinking water. Exposure Cr(VI) (1000 ppm)
and Cr(III) (1000 ppm) in drinking water seemed to reduce the
sexual activity of male rats.
Genotoxicity

A strong clastogen, Cr(VI) produces chromosome aberrations
and sister chromatid exchanges, as well as DNA strand breaks,
oxidized base damage, and DNA–DNA and DNA–protein
crosslinks. Hexavalent chromium is also a mutagen.

Several studies of chromosomal aberrations and sister
chromatid exchange were conducted, some reported positive
and some reported negative results. Thus, these studies are
limited by factors such as lack of exposure data, coexposure to
other potentially genotoxic agents, and too few workers for
meaningful statistical analysis.
Carcinogenicity

Some evidence on animal studies show that Cr(VI) compounds
can cause cancer in various tissues due to the low water insolu-
bility. Cr(VI) compounds are more potent cancer inducers in
humans than in animals. Other studies reported on different
applications of Cr(VI) and Cr(III) compounds such as intra-
muscularly, by implantation, and intratracheally. Some studies
have caused tumors at the injection side, and chromates admin-
istered by intramuscular and intraperitoneal routes in animals
studies have led to significant excesses of malignant tumors.
Inhaled hexavalent chromium is a potent nasal carcinogen.
Clinical Management

There are no specific antidotes for chromiumpoisoning. Prompt
administration of ascorbic acid after acute exposure to chro-
mium(VI) can prevent or limit nephrotoxicity. Since most
human overexposure is by ingestion, gastric lavage is appro-
priate in some cases. However, emesis should not be induced.
Maintaining the proper fluid balance is critical due to the impact
on the kidney’s ability to reabsorb fluid. It is necessary to
establish that there is no impairmentwith breathing due to fluid
accumulation in the lungs. Another important step is to decrease
the intake of dietary supplements that contain chromium.
Ecotoxicology

While chromium(III) is insoluble, hexavalent chromium is
readily soluble and therefore leaks and leaches into surface
waters and into the water table. Predominantly produced as
a result of industrial activity, dumping sites near industries that
produce hexavalent chromium can cause high toxicities in the
surrounding marine/aquatic life. Known to be highly toxic to
fish, particularly freshwater, this can generate high risk for any
wildlife exposed to hexavalent chromium.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit time-weighted averages (TWAs) for chro-
mium compounds are chromium(0) and salts: 1.0 mgm�3,
and for chromium(II) and chromium(III): 0.5 mgm�3. The
American Conference of Governmental Industrial Hygienists’
threshold limit value – TWA for chromium(VI) is
0.01mgm�3. The US Environmental Protection Agency
maximum contaminant level in drinking water is 0.1 mg l�1.
Both the International Agency for Research on Cancer and the
National Toxicology Program classify certain chromium
compounds as carcinogens.
See also: Cardiovascular System; Metals; Respiratory Tract
Toxicology.
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A cell consists of two major sections, the nucleus and the
cytoplasm, that are separated by the nuclear membrane. The
nucleus consists of a great extent of the cell’s DNA, which is
the carrier of the genetic information that defines a particular
cell’s characteristics. DNA has the extremely important capa-
bility of being able to self-replicate, such that the genetic
information can be transmitted from parent cell to daughter
cell and, for whole organisms, from one generation to the
next. The several meters of DNA in a human cell is specifically
folded and segregated into a number of separate units called
chromosomes. Following DNA duplication, each chromo-
some consists of two identical subunits called chromatids.
In a normal (euploid) human cell, for example, there are 46
chromosomes (22 pairs of autosomes plus two sex chromo-
somes; for mammals XX in females and XY in males) and in
a mouse cell, there are 40 chromosomes. These chromosomes
can be distinguished microscopically to some extent by their
overall size; they contain different amounts of DNA. The
chromosome complement of a cell is known as its karyotype.
Each chromosome has several landmarks. The ends are cap-
ped by short DNA sequence repeats that form a hairpin
structure with associated proteins is called the telomere. There
is also a region of specific DNA to which is bound a set of
proteins forming the centromere, which is involved in the
separation of chromosomes at the time of cell division. The
centromere is the site of attachment of the spindle fibers that
aid in chromosome segregation and help to ensure that each
daughter cell contains the correct euploid chromosome
complement. The position of the centromere along a chro-
mosome varies from chromosome pair to chromosome pair,
allowing for further differentiation among the chromosomes
of a cell. In addition to DNA, a chromosome also contains
a number of proteins, most notably histones that are struc-
tural and functional components. The integrity of the chro-
mosomes, both in overall structure and in organization, is
essential for the normal functioning of cells. If this integrity is
compromised, then cellular alterations can ensue and these
can, for example, eventually lead to cancer or to birth defects
in the offspring.

The karyotype of a cell can be altered in several ways: the
number of chromosomes in a cell can be increased (hyper-
ploidy) or decreased (hypoploidy); the structure of chromo-
somes can be altered when regions of chromosomes are
exchanged, inverted, deleted, or duplicated. The general term
used to describe all these classes of change is chromosome
aberrations. These aberrations can be produced by errors of
normal cellular processes such as DNA replication, DNA repair,
transcription, and cell division. The frequency of these errors
can increase with age and so the frequency of chromosome
aberrations generally increases with increasing age. They can
also be induced by exposures from environmental stressors
such as ionizing (e.g., X-rays) and nonionizing (ultraviolet
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
light) radiation, and natural and manufactured chemicals
(e.g., polyaromatic hydrocarbons, cigarette smoking). At the
structural level, aberrations can involve both chromatids at
identical sites giving rise to chromosome-type aberrations or
involve only one of the two chromatids resulting in chromatid-
type aberrations.

The classic method for studying chromosome aberrations
is to histologically stain the DNA with a specific dye
(e.g., Giemsa) and view chromosomes during cell division, at
metaphase, when they are somewhat contracted and clearly
visible under a microscope at about a 1200� magnification.
Note is made of numerical alterations from the normal
karyotype or structural alterations when these are discernible.
The types of alterations that are most reliably quantifiable by
this method are chromosome deletions and a class of inter-
change called a dicentric. A dicentric is formed when two
chromosomes are broken and the pieces rejoin such that the
two pieces containing the centromere join together to form
the dicentric and the two noncentromeric pieces join to a form
an acentric fragment. Dicentrics are typically cell lethal events
because of the loss of the acentric fragment and its associated,
quite extensive, genetic information at the time of cell divi-
sion. Similarly, chromosome deletions are cell lethal events.
Thus, these types of readily observable alterations can be used
as indicators of a response and estimators of a level of expo-
sure but not as predictors of longer-term responses such as
cancer. The identification of specific chromosomes can be
conducted using one of several different types of banding
techniques. The general aim is to use a pretreatment of chro-
mosomes to partially denature the DNA and then stain with
Giemsa giving the result of a specific banded pattern to the
chromosomes (G-banding) (Figure 1). Chromosome aberra-
tions can be identified as alterations in the banding pattern
from that for the normal karyotype. The method is quite
technically challenging and the analysis is very time
consuming. More recently, a number of sophisticated
methods based on molecular biology principles and methods
have been developed that allow for fluorescent painting of
specific chromosomes or chromosomal regions through the
use of DNA sequence or chromosome specific labeled probes.
The method is broadly referred to as fluorescence in situ
hybridization (FISH) (Figure 2). Using these probes with
fluorescence microscopy allows for all types of chromosome
aberrations to be observed, especially those that are frequently
not cell lethal, such as chromosomal inversions and reciprocal
translocations, and thus, can have longer-term consequences
(Figures 3 and 4). These specific classes of aberrations are very
difficult or impossible to detect by classic methods. In addi-
tion, fluorescent analysis of chromosomal aberrations can be
conducted on nondividing cells, which allows for observation
on a much broader set of cellular models both in vitro and
in vivo.
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Figure 1 Schematic karyotype of a human cell showing the G-banding
pattern. The Biology of Cancer, ed. By Robert A. Weinberg, 2006 by
Garland Science.

Figure 2 Karyotype of a human cell using FISH; appropriate chromo-
some probe sets allow for each chromosome pair to be computer
colorized so that it has a specific color for analysis. The Biology of Cancer,
ed. By Robert A. Weinberg, 2006 by Garland Science.

Figure 3 Human breast cancer cell showing aneuploidy for some
chromosomes and translocations. The Biology of Cancer, ed. By Robert A.
Weinberg, 2006 by Garland Science.

Figure 4 Region of human chromosome 5 stained by M-FISH; the left-
hand segment has been inverted as can be seen when compared with the
right-hand normal segment. The Biology of Cancer, ed. By Robert A.
Weinberg, 2006 by Garland Science.
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The analysis of chromosome aberrations, qualitatively and
quantitatively, has both a practical benefit in terms of iden-
tifying potential exposures and predicting subsequent adverse
outcomes, and a scientific benefit in assisting with the
understanding of mechanisms and etiology of disease. Chro-
mosome aberrations can serve as biomarkers of exposure and
effect (i.e., as surrogates for an adverse outcome); specific
chromosome aberrations, for example, can be considered as
key events along a pathway from a normal cell to a trans-
formed one and as such are predictors of cancer itself. Thus,
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they can be considered to be bioindicators of the apical end
point – cancer in this case. It is possible to use such bio-
indicators as part of the risk characterization step of a risk
assessment.

There is a long history of studies that have shown the role of
chromosome aberrations in the production of adverse health
outcomes, particularly for reproductive effects, developmental
abnormalities, and cancer. A summary is provided in the
following paragraphs.

Based on a number of quite extensive studies, it has been
shown that approximately 50% of products of spontaneous
abortions have abnormal karyotypes, particularly three copies
of one or more chromosomes, instead of the normal 2.
Balanced and unbalanced translocations are present in about
5%, with other chromosomal abnormalities also being found,
but at lower frequencies. The great majority of trisomies are
embryo lethal, although individuals with trisomy for chromo-
some 21 (Down syndrome), chromosome 18 (Edwards
syndrome) or chromosome 13 (Patau syndrome) are viable as
live births. Overall, the approximate frequencies of these triso-
mies are Down 1 in 800 live births; Edwards 1 in 3000 live
births; and Patau 1 in 15000 live births. It is readily possible to
assess the karyotype of a fetus, when this is indicated or rec-
ommended, using either amniocentesis (sampling the amniotic
fluid) or, more recently, by analyzing fetal cells in a maternal
blood sample. The analysis can be conducted using regularly
stained metaphase preparations or FISH with interphase cells.

Since 2006, tremendous progress has been made in
identifying specific genetic alterations that are associated with
tumor formation for several different tumor types. Tumors in
general are characterized by their high degree of genomic
instability, including both gene and chromosomal alterations.
It has been highly informative to classify these alterations as
being drivers or passengers, where drivers are essential to the
cancer process and passengers are consequences of the cell
transformation genotype. An additional important observa-
tion from tumor cytogenetic analysis is that, in a number of
cases, specific chromosome aberrations can be identified. The
most clear-cut cases involve the hematopoietic tumors
(leukemias and lymphomas). For example, some 80% of
chronic myeloid leukemia cases in humans involve a very
specific translocation between chromosome 22 and chromo-
some 9 (known as the 9/22 translocation); part of chromo-
some 9 becomes attached to chromosome 22 and vice versa.
The consequence is that a chimeric protein is produced from
the region at the chromosomal breakpoint on chromosome
22 and this protein has a specific new cellular activity that
results in enhanced cell division. This leads eventually to the
leukemia. In fact, this chimeric protein has been used as
a target for chemotherapy for chronic myeloid leukemia.
Similar types of translocation involving other chromosome
pairs have been identified in other leukemias and
lymphomas. Less precise chromosomal alterations have been
identified for a wide range of tumor types. In fact, all tumors
have an unstable karyotype, although the specific chromo-
somal aberration drivers have not been identified at this time.
The use of sophisticated molecular cytogenetic methods will
allow for rapid progress in this area.

An understanding of the mechanism of formation of
chromosome aberrations can provide some insights into the
potential etiology of disease and aid in the identification of
susceptible subgroups. In general terms, structural chromo-
some aberrations arise from errors of repair of induced DNA
damage or from errors of replication on an altered or
damaged DNA template. There are some errors that result
from the processes of repair and replication themselves, but
estimates suggest that the frequencies of these types of error
are low. DNA damage consists of several general classes
including single- and double-strand DNA breaks (induced by
ionizing radiation and radiomimetic chemicals); base
damage (induced by oxidative processes produced by
ionizing radiation and DNA-reactive chemicals); clustered
DNA damage (ionizing radiation); DNA adducts (DNA-
reactive chemicals); DNA–DNA crosslinks. During replication
at or repair of these damaged sites, there can either be (1)
a failure to repair leading to a chromosome deletion or (2)
DNA from adjacent chromatids or chromosomes coinciden-
tally undergoing replication or repair can interact to produce
interchromosome exchanges (dicentrics or translocations) or
intrachromosome exchanges (inversions or duplications).
Because chromosomes tend to occupy specific domains
within the nucleus, it is likely that chromosome aberrations
involving specific pairs of chromosomes will be produced at
greater frequencies than predicted from random events. Such
nonrandom events can have ramifications for disease likeli-
hood where specific chromosome aberrations are involved in
their production. For example, individuals with genotypes
that lead to increases in errors of DNA repair and/or repli-
cation will therefore be at an enhanced risk of converting
DNA damage into chromosome aberrations, and have the
potential to be susceptible to adverse outcomes such as
cancer or birth defects.

Thus, the analysis of chromosome aberrations is an essen-
tial component of a risk assessment toolbox: specific aberra-
tions can be key events in an adverse outcome pathway for
disease development; aberrations in general can be harbingers
of an adverse outcome without being predictive. More
sophisticated molecular methods for identification and char-
acterization will enhance these capabilities and increase the
predictive value of chromosome aberrations.

See also: Aneuploidy; Radiation Toxicology, Ionizing and
Nonionizing; Sister Chromatid Exchanges; Carcinogenesis;
Genetic Toxicology; Risk Assessment, Human Health;
Carcinogen–DNA Adduct Formation and DNA Repair; Toxicity
Testing, Mutagenicity; Environmental Biomarkers;
Biomonitoring.
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l Name: Chrysene
l Chemical Abstracts Service Registry Number: CAS-218-01-9
l Synonyms: 1,2,5,6-Dibenzonaphthalene;

1,2-Benzophenanthrene; Benz(a)- phenanthrene; Benzo(a)
phenanthrene

l Molecular Formula: C18H12

l Chemical Structure:
Table 1 Important properties of chrysene

Molecular weight (g mol�1) 228.3
Melting point (�C) 255–256
Boiling point (�C) 448 (760 mm Hg)
Octanol/Water partition coefficient (Kow) 8.138 � 105

Log Kow 5.910
Aqueous solubility (mass%) 0.000 000 19
Henry’s law constant (Kh) 4.32 � 10�7

Vapor pressure (mm Hg) 6.38 � 10�9
Background Information

Chrysene is a polycyclic aromatic hydrocarbon (PAH) with the
molecular formula C18H12. It is one of the natural constituents
in coal tar, from which it was first isolated and characterized. It
is produced as a gas during combustion of coal, gasoline,
garbage, animal, and plant materials and usually found in
smoke and soot. Chrysene usually combines with dust particles
in the air and is carried into water and soil and onto crops.
Creosote, a chemical used to preserve wood contains chrysene.
High concentration of chrysene in the air is typically found
during open burning and home heating with wood and coal.
People are exposed to chrysene from a variety of environmental
sources such as air, water, and soil and from cigarette smoke
and cooked food. General population is usually exposed to
chrysene along with a mixture of similar chemicals. Chrysene is
a by-product of many industrial processes and thereby released
in the atmosphere. Chrysene is lipophilic, insoluble in water,
slightly soluble in other polar solvents such as alcohol, ether
and moderately soluble in benzene and toluene. However, it
readily dissolves in benzene and toluene at an elevated
temperature. The name ‘Chrysene’ originates from the Greek
word chrysos, meaning ‘gold,’ and is due to the golden yellow
color of the slightly impure crystals. However, in pure state,
chrysene is a colorless, crystalline solid. It has characteristic
red–blue fluorescence under UV light. Some important prop-
erties of chrysene are summarized below. Table 1 summarizes
some of the important properties of chrysene.
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Chrysene has very low volatility as indicated by very low
vapor pressure of the compound. High Kow indicates its lip-
ophilicity and poor water solubility. In the environment, it has
been detected in automobile exhaust, cigarette smoke, wood
smoke, and soot from premixed acetylene–oxygen flames. It
has also been found in petroleum products including clarified
oils, waxes, petroleum, tar oil, coal tar, creosote, cracked
petroleum residues, etc. Depending on the orientation of the
phenyl ring in the molecule, chrysene has many structural
isomers such as naphthacene, triphenylene, benzo(c)phenan-
threne, and benzo(a)anthracene.
Uses

Used strictly for research purposes.
Environmental Fate and Behavior

Generally, disposal of PAH from the industrial plants, acci-
dental release from the containers, smoke from plant,
combustion, or automobile exhaust causes chrysene and other
PAHs to enter the environment. Because of the poor water
solubility and low vapor pressure, chrysene has limited chance
to get washed away or evaporate in the environment. Therefore,
it remains immobile in soils. If exposed to water, it gets
absorbed on the particulate matters and either float or sedi-
ment on the riverbed. The rate of biodegradation in soil ranges
from 77 to 387 days depending on the soil type. Chrysene does
not undergo hydrolysis due to the lack of hydrolyzable func-
tional groups. However, it undergoes photochemical oxida-
tions when exposed to the environment. Dihydrodiol is the
common degradation product of chrysene. Half-life of
4-3.00286-4 959
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degradation of chrysene, absorbed to soot particles and
exposed to sunlight in air containing 10 ppm nitrogen oxides is
26 days. The National Research Council (NRC 1983) noted
that the PAHs adsorbed to soot particles are more resistant to
photochemical reactions than pure compounds.
Exposure Routes and Pathways

Release of chrysene to the environment is widespread since it is
the product of incomplete combustion. Of all the estimated
environmental releases of chrysene, 93% are found in the air
and in the remaining 7%, equal amounts are present in water
and land.

It is associated in high proportion with particulate matter,
soils, and sediments. Human exposure occurs from inhalation
of contaminated air from the populated area, from automobile
exhaust, and consumption of contaminated food and water.
Moreover, high exposure occurs through the cigarette smoking
and ingestion of smoked or charcoal broiled meats and fish.
Workers who handle or are involved in the manufacture of
PAH-containing materials or in the coal tar production plants
have found greatest exposure.

If disposed on the ground, it gets absorbed to the soil and
does not leach appreciably in the groundwater because of its
low water solubility. If released in surface water through
discharges from industrial plants and wastewater treatment
plants, chrysene gets strongly associated with sediments and
particulate matters. If released to air, it undergoes rapid photo-
activated free radical reactions with hydroxyl radicals. The
estimated half-life of the gas phase chrysene in the atmosphere
is 1.25 h due to photolysis. Absorption to various materials
may affect the rate of photolysis. The half-life of chrysene on
near surface of solid particles, upon direct photolysis from
exposure to sunlight (midday in midsummer at latitude 40 �N)
is 4.4 h. Chrysene may be biodegraded in the water system.
Toxicokinetics

High lipophilicity of chrysene causes its partition in lipids and
adipose tissues and has rapid systemic absorption by dermal,
oral, and inhalation route of exposure. Following oral admin-
istration in rats, peak concentration of chrysene in blood and
liver has been obtained in 1 h. The majority of administered
dose gets eliminated in the feces within 2 days. Major metab-
olites of chrysene found in rat liver homogenates are 1,2-, 3,4-,
and 5,6-dihydrodiols and some mono hydroxy derivatives
including 1- and 3-phenols. Microsomal oxidation in rat liver is
responsible for the conversion of chrysene to dihydrodiol
metabolites. The dihydrodiol derivatives undergo further
transformation to form 1,2-diol-3,4-epoxide and 3,4-diol-
1,2-epoxide. Chrysene trans-3,4-dihydrodiol is the major
metabolite of the parent compound.
Mechanism of Toxicity

Compounds under the class of PAH are potent carcinogens.
Carcinogenicity of chrysene is due to the mutagenic activity of
its metabolites, 1,2-dihydrodiol and 1,2-diol-3,4-epoxide.
Compounds containing the bay-region (sterically hindered cup-
shaped area between carbon 10 and 11 of benzo[a]pyrene or 1
and 12 of benzo[a]anthracene) in their structure are considered
to be the potent carcinogen because of their reactivity to
enzymes. Chrysene has a bay-region in its structure, which is
metabolized by mixed function oxidases to reactive ‘bay-region’
diol epoxides. These diol epoxides get converted to carboca-
tions, which are mutagens and initiators of carcinogenesis. This
compound together with other PAHs may be more toxic or
carcinogenic than a single compound. It has been reported that
the heavier PAHs (4,5 and 6-rings) such as chrysene tend to be
greater carcinogenic than lighter PAHs. Within the aromatic
series, acute toxicity increases with increasing alkyl substitu-
tion on the aromatic nucleus. The metabolites of chrysene,
1,2-dihydrodiol and 1,2-diol-3,4-epoxide are mutagenic in in
vitro mammalian and bacterial cell cultures and have induced
pulmonary adenomas in newborn mice. In addition, the
1,2-dihydrodiol was a tumor-initiating agent in mouse skin. All
PAHs act as carcinogens through biotransformation to chemi-
cally relevant intermediates that covalently bind to cellular
macromolecules such as DNA, which leads to mutation and
tumor initiation. They also induce P450 isoenzyme, important
for the metabolism of PAHs.
Acute and Short-Term Toxicity (or Exposure)

Animal

Chrysene caused increased incidence of liver tumors in male
and female mice, upon intraperitoneal injections of chrysene in
dimethyl sulfoxide (DMSO). The dose used for this study was
0, 160, and 640 mg per mouse and the days of administration
were days 1, 8, and 15 of age. A statistically significant increase
in the incidence of liver adenomas occurs in low dose, whereas
the majority of tumors were carcinomas in high dose treated
mice. The LD50 of chrysene in mice upon intraperitoneal
injection is 320 mg kg�1.
Human

Chrysene is still considered a probable human carcinogen.
However, there are no human data that specifically prove the
exposure of chrysene to human cancers. Chrysene is a compo-
nent of the mixture of PAH found in coal tar, soot, coke oven
emissions, and cigarette smoke that has been directly associ-
ated with human cancer. However, in general, PAH have low
acute toxicity.
Chronic Toxicity (or Exposure)

Animal

There is sufficient evidence of carcinogenicity in animals treated
with chrysene. Intraperitoneal chrysene injections in male mice
demonstrated an increased incidence of liver tumors, malig-
nant lymphomas, and lung tumors. Chrysene caused skin
carcinomas in mice following dermal exposure. Long-term
toxicity included chromosomal abnormalities in Chinese
hamsters, hamster spermatogonia, and mouse oocytes after
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gavage exposure of 450 or 900 mg kg�1. Chrysene showed
positive result in bacterial gene mutation assays and trans-
formed mammalian cells exposed in culture. Chrysene was
shown to be a potent carcinogen when tested in carcinogenic
and cancer initiating activity in mouse skin painting assays.
Chrysene demonstrated positive result for initiating activity
and produced skin papillomas and carcinomas when
combined with various promoting agents such as decahy-
dronaphthalene, croton oil, etc. in several mouse strains (C3H,
ICR/Ha Swiss, Ha/ICR/Mil Swiss, CD-1, Sencar). Therefore,
most of the treatment protocols resulted in an increased inci-
dence of tumors at the site of injection.
Human

According to the American Conference of Governmental
Industrial Hygienists (ACGIH), chrysene is classified as A2,
which indicates it as a suspected human carcinogen. Environ-
ment Protection Agency (EPA) Integrated Risk Management
System has classified chrysene as B2 (probable human carcin-
ogen). There are no specific reports of toxicity or carcinoge-
nicity in humans resulting from exposure to chrysene is
available. However, chrysene is one of the components of PAH,
which caused increased incidences of skin, bladder, lung
tumors, and tumors of the GI tract among exposed workers.
The Department of Health and Human Services has deter-
mined that among the components of PAH, benz[a]anthra-
cene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]
pyrene, dibenz[a,h]anthracene, and indeno[1,2,3-c,d]pyrene
are well known carcinogens to human whereas Benzo[b]fluo-
ranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, and
indeno[1,2,3-c,d]pyrene are possibly carcinogenic to human.
Few other PAHs such as anthracene, benzo[g,h,i]perylene,
benzo[e]pyrene, chrysene, fluoranthene, fluorene, phenan-
threne, and pyrene are not classifiable as carcinogen to
humans. Several epidemiologic studies have shown increased
incidence of lung cancer in humans exposed to coke oven
emissions, roofing-tar emissions, and cigarette smoke. Each of
these mixtures contains chrysene as one of the PAHs. It is
impossible to evaluate the contribution of individual PAH to
the total carcinogenicity. However, chrysene along with benzo
[a]pyrene, benz[a]anthracene, benzo[b]fluoranthene, and
dibenz[a,h]anthracene causes human cancer.
In Vitro Toxicity Data

Mutagenic effect of chrysene was determined in bacterial,
fungal, and mammalian cell culture systems in vitro. In bacteria,
chrysene produced negative results in Escherichia coli and
Saccharomyces, the mutagenic effect was found in Salmonella
typhimurium in TA100. Chrysene produced positive result in
Syrian hamster embryo cells in vitro. Chrysene induced aryl
hydrocarbon hydroxylase in cultured human lymphocytes.
Immunotoxicity

The immunotoxicity of PAHs is thought to be related to their
carcinogenic potency. It has been suggested that
immunosuppression by chrysene is not related to its metabo-
lites. Current thought centers around the correlation between
PAH carcinogenicity and immunotoxicity and the role of the
AhR and bioactivated metabolites in PAH-induced
immunosuppression.
Reproductive Toxicity

Administration of chrysene as 0.1% solution in petroleum
hydrocarbon mixture (known to have low embryotoxicity) to
the eggshell of Mallard duck embryos resulted in embryotoxic
and teratogenic effects in the ducklings. A single oral dose of
chrysene to the pregnant rats on 19th day of gestation induced
hepatic P450 enzymes in the fetal rat liver. Chrysene
also induced activity of benzo(a)pyrene hydroxylase in the
placenta.
Genotoxicity

Studies suggest that metabolites of chrysene are possibly
genotoxic.
Carcinogenicity

Chrysene belongs to PAH, which are potent carcinogens. Its
carcinogenicity is due to the mutagenic effects of its
metabolites.

Chrysene causes increased incidence of liver tumors,
malignant lymphomas, skin sarcomas, and lung tumors in
mice.

The EPA Integrated Risk Management System classifies
chrysene as B2 (a probable human carcinogen), and the ACGIH
classifies it as A2 (a suspected human carcinogen). However
there are no specific reports of carcinogenicity in humans
resulting from exposure to chrysene available, as it is impos-
sible to evaluate the contributions of individual components of
PAH to the total carcinogenicity of PAH.
Clinical Management

Generally, chronic exposure of PAHs leads to toxicities such as
carcinogenicity. The evidence of carcinogenicity in humans are
primarily from occupational studies of workers exposed to
PAHs from the areas of coke production, roofing, oil refining,
coal gasifications, etc. Human cancers from PAH are predom-
inantly lungs and skin from inhalation and dermal exposure
respectively. Studies on animals demonstrate that PAHs tend to
affect proliferating tissues such as bone marrow, gonads,
lymphoid organs, and intestinal epithelium. No minimum risk
levels for PAHs have been derived, as there are no adequate
human or animal dose-response data available that identify the
safe level that does not produce carcinogenicity. Generally,
a common practice to reduce the absorption following acute
exposure to PAHs include removing the individual from the
source of exposure, remove contaminated clothing, and
decontaminating the exposed areas of the body by proper
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washing with detergents. Administration of charcoal following
ingestion of PAH is recommended for PAH absorption,
however, it has not been proved to reduce absorption of PAHs
in the gastrointestinal system. Use of emetics as gastrointestinal
decontaminant of PAHs is not recommended, as there is a risk
of causing pneumonitis. In case of inhalation exposure, if
difficulty in breathing develops, oxygen is administered and
assisted ventilation is provided. Symptoms of bronchospasm
can be treated with inhaled beta-2-agonist and/or oral or
parenteral corticosteroids or inhaled sympathomimetic agents.
For eye exposure, thorough washing followed by eye evalua-
tion would be made. For dermal exposure, after thorough
washing, if hypersensitivity develops, topical or systemic
corticosteroids or antihistamines could be applied. The
follow-up evaluations to check complete blood count, liver,
and renal functions are recommended to rule out possible
systemic toxicity. In case of abnormal data from any of the
evaluations, supportive treatment for particular organ should
be undertaken.
Ecotoxicology

The LC50 in fish for 96 h was greater than 1 mg l�1. The 24 h
LC50 in amphibians was greater than 6.7 mg l�1. The LC50 for
24 h in insects was 1.7 mg l�1. The LC50 in 2 h in Daphnia
magma was 1.9 mg l�1.
Other Hazards

Emission of smoke and fumes following heating of chrysene at
elevated temperature is observed.
Exposure Standards and Guidelines

No specific reports of toxicity or carcinogenicity in humans
resulting from exposure to chrysene alone have been registered.
However, a mixture of PAHs including chrysene as one of the
components cause occupational health hazards in workers
subjected to long-term exposure. Increased incidences of skin,
bladder, and lung tumors and tumors of the GI tract among
workers are reported.

See also: Coal Tar; Polycyclic Aromatic Hydrocarbons (PAHs);
Toxicity, Subchronic and Chronic; Developmental Toxicology;
Carcinogenesis.
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Chemical Profile

l Synonyms: CTX 1, P-CTX 1, Pacific ciguatoxin 1
l Molecular Formula: C60H86O19

l Chemical Structure:
Background

The ciguatoxins are a group of heat-stable, colorless, odorless,
and lipid-soluble compounds with a polyether ring structure.
They bind avidly to and open voltage-gated sodium channels
with symptoms of characteristic neuroexcitability that may last
for days to months. There are 12 known ciguatoxins found in
Caribbean and tropical Atlantic waters and 29 reported cigua-
toxins in Pacific waters. Ciguatoxins may be found in the flesh
and viscera of predatory coral-reef fish from waters predomi-
nantly between 35� south and 35� north latitude. Implicated
species of fish are predatory reef fish, including Amberjack,
Barracuda, Cinnamon, Coral trout, Dolphin, Eel, Emperor,
Spanish mackerel, Surgeon fish, Grouper, Kingfish, Paddletail,
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Parrot fish, Red snapper, Reef cord, Sea bass, Swordfish, and
Yankee whiting.

Ciguatera poisoning may occur after consumption of these
fish. Ciguatera poisoning is also known as ciguatera fish
poisoning or ichthyosarcotoxism. Unfortunately, ciguatoxin-
containing fish look, smell, and taste normal, thereby pre-
venting easy identification of contaminated fish. Laboratory-
based detection methods (gas and liquid chromatography/
mass spectroscopy) for the presence of ciguatoxins in fish are
available; however, they remain labor and time intensive. To
date, there are no laboratory tests commercially available for
the detection of ciguatoxins in human blood and diagnosis
remains based on the characteristic signs and symptoms and on
the history of fish consumption. Expanding trade from cigua-
toxin endemic areas has contributed to a wider distribution and
increasing frequency of reported disease in nonendemic areas
where poisoning may be underrecognized or under appreci-
ated. Ciguatera is responsible for the highest reported incidence
of food-borne illness attributable to finfish in the United States
4-3.00712-0 963
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and worldwide with 50 000 cases reported annually; however,
underreporting is likely in endemic areas. Most exposures are
reported following the exposure to fish caught in Pacific,
Indian, or Caribbean waters.
Exposure Routes and Pathways

Ciguatera occurs after the consumption of ciguatoxic fish listed
above, including Grouper, Red snapper, Barracuda, and
Amberjack. These large carnivorous and predatory reef fish
accumulate toxin after consumption of smaller reef fish, which
have fed on toxic dinoflagellates such as Gambierdiscus toxicus
and related species. Bottom-dwelling dinoflagellates synthesize
ciguatoxins for unclear purposes. Ciguatoxins become
concentrated up the food chain, with humans at the top.
Contaminated fish accumulate ciguatoxins in the flesh, muscle,
skin, and viscera. In Pacific waters, as ciguatoxin moves up the
food chain, biotransformation occurs resulting in a more
oxidized form of ciguatoxin with increased toxicity. Ciguatoxin
is one of the most potent natural toxins known. One pacific
ciguatoxin (P-CTX-1) poses a health risk at concentrations as
low as 0.08–0.1 mg kg�1 in man. Most fish do not concentrate
sufficient ciguatoxin to be lethal to humans. Neither cooking
nor freezing can inactivate the toxin. Fishermen in endemic
areas may rub fish organ tissue across their gums to determine
safety with the sensation of tingling denoting an unsafe fish.
Toxicokinetics

Signs and symptoms of toxicity occur 30 min to 30 h (average
6 h) after consumption of the contaminated fish. To date, no
study has evaluated the toxicokinetics of ciguatoxin in humans.
A rat model using one of the Pacific ciguatoxins (P-CTX-1)
demonstrated a peak blood concentration at 1.97 h after oral
exposure. Ciguatoxin elimination from the blood was slow
with a terminal half-life of 82 h. Ciguatoxin activity was
measured in rat liver, muscle, and brain 96 h after exposure.
Small amounts of ciguatoxin appeared in the urine; however,
the main route of excretion was in the feces.
Mechanism of Toxicity

Ciguatoxins have been demonstrated to bind to and modulate
the activity of cell membrane voltage-gated sodium channels.
Ciguatoxins bind at site 5 on the alpha subunit, resulting in the
opening of the channels at resting membrane potential.
Sodium influx causes membrane depolarization and sponta-
neous or repetitive firing of action potentials. In vitro studies
using mammalian dorsal root ganglia demonstrated an
increased recovery of sodium channels from the inactivated
state with resultant neuroexcitability. The influx of sodium into
the neuronal tissue results in cellular swelling with decreased
conduction velocity and neurotransmission. This excess neu-
roexcitation is thought to be the etiology of the neurological
symptoms often described by patients. Recovery from cigua-
toxin binding and modulation may take months to years as
new receptors are synthesized.
Acute and Short-Term Toxicity (or Exposure)

Human

Gastrointestinal and neurological symptoms are most
commonly described following ciguatoxin exposure; however,
the pattern is highly geographically variable and likely reflects
differences in the effects and relative potencies of different
types of ciguatoxins. In the Caribbean, gastrointestinal symp-
toms such as nausea, vomiting, diarrhea, and abdominal pain
are reported to occur prior to the development of neurological
symptoms. In Pacific and Indian waters, neurological symp-
toms predominate with minimal gastrointestinal effects.
Nausea, vomiting, diarrhea, and abdominal pain may occur
within 6–24 h of consumption of fish with spontaneous reso-
lution in 1–4 days. Early in the disease course, cardiovascular
toxicity manifested by hypotension and bradycardia may occur
and requires prompt resuscitative medical care. Neurological
symptoms present within a few days of exposure and are quite
variable between patients. Parasthesias (numbness and
tingling) of the oral region and extremities, generalized itching,
myalgias, hot/cold temperature sensation reversal, and dys-
thesias have been reported. Hot/cold reversal is considered
characteristic of ciguatera; however, not all patients describe
this sensation. Neurotoxic shellfish poisoning caused by the
neurotoxin brevitoxin may also produce a hot/cold dysthesia.
Dental pain has also been described following ciguatoxin
exposure. Neuropsychiatric symptoms such as anxiety, subjec-
tive memory loss, depression, and difficulty in concentrating
may occur. More marked disturbances such as hallucinations,
giddiness, ataxia or incoordination, and coma have been
reported following exposure to Pacific ciguatoxins. Ciguatera
fish poisoning is rarely fatal; however, death may occur from
complications related to bradycardia, hypotension, or respira-
tory muscle paralysis if not appropriately treated.
Chronic Toxicity (or Exposure)

Human

After the initial period of gastrointestinal symptoms has
abated, patients may continue to experience chronic neuro-
logical and neuropsychiatric symptoms. Feelings of subjective
weakness, extremity parasthesias, malaise, headaches, and
fatigue may persist for weeks to months. In one study of 12
ciguatera patients, there was no difference between exposed
patients and healthy controls on measures of neuroexcitation
and neuropsychiatric complaints at 6-month postexposure.
Rarely, symptoms lasting for years have been reported;
however, these case reports suffer from potential confounding
due to other medical or psychiatric illnesses. Regional differ-
ences in ciguatoxins may mediate some symptom chronicity;
however, symptoms lasting longer than 1 year should prompt
evaluation for other etiologies.
Reproductive and Developmental Toxicity

The effects of ciguatoxins on pregnancy are not well known or
described. Spontaneous abortion, premature labor, and
neurological deficits in the newborn have been described in
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epidemiological surveys in endemic areas and small case series
of pregnant patients diagnosed with ciguatera. It is also spec-
ulated that ciguatoxins may be passed through breast milk and
the placenta. However, additional case reports suggest normal
pregnancy and no adverse effects to the developing fetus
following ciguatera poisoning. Further studies and research are
needed.
In Vitro Toxicity Data

All ciguatoxins bind specifically and with high affinity for
voltage-dependent sodium channels in the rat brain.
Relatively small chemical differences between ciguatoxin
molecules result in significant differences in the affinity for the
sodium channel. Ciguatoxins have also demonstrated direct
cytotoxic effects on mouse neuroblastoma cells. Toxicity is
likely secondary to modulation of voltage-gated sodium
channels but may involve other cellular effects. Other in vitro
animal studies suggest blockade of potassium channels in
cultured rat cerebellar cells.
Clinical Management

Treatment for ciguatoxin poisoning is predominantly
supportive in nature and symptomatic. Analgesics may be
necessary for muscle cramping and pain, antihistamines for
pruritis, and antiemetics for nausea and vomiting. Advanced
interventions including cardiovascular support and vasopres-
sors may be necessary for those patients who experience
bradycardia, hypotension, or cardiovascular collapse. Mannitol
(20%, 5–10 ml kg�1 over 1 h) is often recommended to
potentially ameliorate or reverse neurological dysfunction.
Previous case reports and uncontrolled trials have demonstrated
a benefit in 60% of cases when given within the first 24 h of the
symptoms. Other studies suggest a benefit up to 2 months.
Mannitol remains controversial, however, as a clear mechanism
of action has not been elucidated and controlled studies have
demonstrated no benefit in reversing or reducing neurological
symptoms. Proposed mechanisms for mannitol include reduc-
tion of neuronal swelling, prevention of sodium channel
opening, prevention of binding of ciguatoxin to receptors, or
neutralization of circulating ciguatoxin. The ideal treatment,
however, for ciguatera fish poisoning remains unclear.

Patients who have experienced ciguatera in the past are
extremely sensitive to reexposure with more severe symptoms
often described. Alcohol, mushrooms, nuts, caffeine, any type
of fish, shellfish, pork, chicken, and chocolate may also
exacerbate symptoms and should be avoided. Any type of
physical exertion has similarly been reported to exacerbate
symptoms.
Ecotoxicology

It remains unclear both why ciguatoxins are produced by
dinoflagellates and if there are any significant adverse clinical
effects of ciguatoxins on fish. Several studies suggest that
ciguatoxins may alter the color of scales in barracuda; however,
whether this effect occurs in other species of fish or is func-
tionally relevant is unknown. Further studies are necessary to
determine the effects of ciguatoxins on fish as it is bio-
concentrated along the food chain.

See also: Food Safety and Toxicology; Marine Venoms and
Toxins; Neurotoxicity; Scombroid; Shellfish Poisoning,
Paralytic.
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Ciprofloxacin
T Dodd-Butera, California State University, San Bernardino, CA, USA
M Broderick, California Poison Control System, San Diego, CA, USA
� 2014 Elsevier Inc. All rights reserved.
l Chemical Abstracts Service Registry Number: 85721-33-1
l Synonyms: Cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-

(1-piperazinyl)-3-quinolinecarboxylic acid; 1-Cyclopropyl-
6-fluoro-4-oxo-7-(1-piperazinyl)-1,4-dihydro-3-quinoline-
carboxylic acid; Cipro; Cipro XR; Proquin XR; Cipro IV

l Molecular Formula: C17H18FN3O3

l Chemical Structure:
Background

Ciprofloxacin hydrochloride (Chemical Abstracts Service
Registry Number 85721-33-1) is a fluoroquinolone antimi-
crobial agent. It is a yellow crystalline substance and the
monohydrochloride monohydrate salt of cyclopropyl-6-flu-
oro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinolinecarbox-
ylic acid. The drug has antibacteriocidal properties and is
a nucleic acid synthesis inhibitor. Bayer AG first patented the
drug in 1983, and it was given approval in 1987 by the US
Food and Drug Administration (FDA). Since the approval by
the FDA, ciprofloxacin has been utilized as both a treatment
ble 1 Selected organisms and infections for ciprofloxacin use

ganisms

Urinary tract

infections

Typhoi

(Enteri

cherichia coli x
bsiella pneumoniae x
terobacter cloacae x
rratia marcescens x
oteus mirabilis x
ovidencia rettgeri x
rganella morganii x
robacter diversus x
robacter freundii x
eudomonas aeruginosa x
ethicillin-susceptible Staphylococcus x
lmonella typhi x x
retococcus p pneumonia

emophilus influenzae

6 Encyclopedia of T
and prophylactic regimen against serious infections. Clinical
indicators for postexposure anthrax prophylaxis with cipro-
floxacin were obtained during the anthrax bioterrorism
events of October 2001 in the United States.
Uses

Ciprofloxacin is used in the treatment of infections from
a wide range of aerobic gram-positive and aerobic gram-
negative microorganisms (Table 1). It has been shown to be
effective against inhalational anthrax and reduce the inci-
dence or progression of disease following exposure to
aerosolized Bacillus anthracis. It is also used in select respi-
ratory infections, urinary tract infections, typhoid fever,
some sexually transmitted diseases, and septicemia. Infec-
tious diarrhea may be caused by organisms found in food or
water and transferred by person-to-person contact. This may
have a devastating effect, globally, especially in immuno-
compromised individuals. Ciprofloxacin is effective against
those organisms that may contribute to infectious diarrhea,
such as Escherichia coli (enterotoxigenic strains), Campylo-
bacter jejuni, and select strains of Shigella; and is utilized
when antibacterial therapy is medically indicated. Cipro-
floxacin has also been utilized as a secondary agent in the
treatment of tuberculosis.
Exposure and Exposure Monitoring

Exposure to ciprofloxacin in therapeutic settings may be via
tablets or oral suspension, intravenous, ophthalmic, or otic
drops. Monitoring ciprofloxacin blood serum concentrations
has been used as representative of indication for therapeutic
d fever

c fever)

Skin and skin structure

infections

Lower respiratory tract

infections

x x
x x
x x

x x

x

x
x x

x
x x
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benefit against inhalational anthrax. Occupational exposure
may occur by inhalation of particles or dermal exposure.
Mechanism of Action

The antimicrobial action of the drug is due to inhibition of the
enzymes required for bacterial DNA function. Topoisomerase
II (DNA gyrase) and topoisomerase IV are necessary for
bacterial DNA replication, transcription, strand repair, and
recombination. Thus, ciprofloxacin cytotoxicity may be caused
by the loss of mtDNA encoded functions.
Toxicokinetics

Ciprofloxacin hydrochloride is absorbed from the gastrointes-
tinal tract following oral administration. The oral bioavail-
ability of the drug is 50–85% in healthy, fasting adults, with
peak serum concentrations attained in 0.5–2 h. The serum
elimination half-life of ciprofloxacin in adults with normal
renal function is approximately 3–5 h. Following intravenous
and oral exposure, the drug is widely distributed into body
tissues and fluids. The drug is eliminated by renal excretion,
and the biliary system of the liver, to a lesser degree. Cipro-
floxacin inhibits the CYP3A4 and CYP1A2 enzyme systems,
and thus has the potential for adverse drug interactions.
Concurrent use of ciprofloxacin and other drugs, such as the
methylxanthines, primarily metabolized by CYP1A2, can
increase plasma concentrations of drugs, such as theophylline,
to potentially toxic levels. Multiple drugs are reported to
potentially interact with ciprofloxacin, so concurrent use of any
substance should be reported to a health care provider.
Acute and Short-Term Toxicity

Animal

Single oral doses, in general, were tolerated in mice, rats, and
dogs. However, crystalluria without nephropathy was noted in
rhesus monkeys with single oral doses. A dose–response rela-
tionship to adverse gastrointestinal symptoms did occur in some
studies with dogs. In rabbits, doses greater than 2500 mg kg�1

were lethal, although response was delayed to periods of weeks
following administration. In studies on mice, rats, rabbits, and
dogs, neurotoxicity was noted, including seizure activity with
intravenous exposure. Concomitant administration of nonste-
roidal anti-inflammatory drugs in mice enhanced an excitatory
response the centralnervous system. Indogsand rhesusmonkeys,
intravenous administration produced hypotension, although the
results were more consistent in dogs.
Human

Case reports of acute overdose indicate neurotoxicity, and acute
renal failure may occur. The renal failure was characterized by
acute tubular necrosis and distal nephron apoptosis, in some
instances. Severe hypersensitivity reactions have also been
reported in one-time therapeutic doses.
Chronic and Long-Term Toxicity

Animal

Reports of arthropathy in various animal species have been
noted in investigations of immature animals. Joint damage was
also noted in juvenile dogs and rats. Crystalluria occurred in
laboratory animals, although alkaline conditions of the urine
may decrease the ciprofloxacin solubility.

Acute topical administration was investigated in ocular
exposure in rabbits, and inflammation was found to increase
penetration into aqueous and vitreous humorwith repeated use.
Human

Adverse incidents from therapeutic exposures may occur with
ciprofloxacin usage, although the drug is generally well tolerated
and offers benefit for select bacterial infections. Mild to
moderate severity of response may be mitigated with discon-
tinuation of the drug. Inflammation and joint pain, swelling or
tearing of a tendon, especially in the Achilles’ tendon of the heel
may occur; noted with concomitant use of steroids. Age may
contribute to the risk of tendon rupture. Ciprofloxacin-induced
cholestatic liver injury and associated renal failure have been
reported. Cardiovascular effects, such as arrhythmias, hyper-
tension, pulmonary edema, and cardiopulmonary arrest have
also occurred in patients taking ciprofloxacin. In addition,
neurotoxicity, altered mental status, hematologic effects,
bleeding disorders, altered kidney function, crystalluria,
increases in liver enzymes, and fatal hepatic failure have been
reported with use. More commonly, gastrointestinal effects,
such as nausea and abdominal discomfort, may be experienced.
Immunotoxicity

Immunologic reactions, such as hypersensitivity, vasculitis,
rashes, and anaphylaxis, have occurred with acute and chronic
exposures.
Reproductive and Developmental Toxicity

Ciprofloxacin is an FDA pregnancy category C drug, indicating
it is unknown whether or not this substance will harm an
unborn baby. A review from the Teratogen Information System
indicated that teratogenic risk was low from therapeutic doses,
but that insufficient data existed to conclude the absence of
risk. Studies examining spontaneous abortions, prematurity,
and low birth weight did not indicate an increase in adverse
conditions of pregnancy with ciprofloxacin use. However,
maternal toxicity in some animal studies resulted in increased
incidence of abortion. There were no clinically significant
musculoskeletal anomalies or dysfunction noted, despite
evidence in animal species that ciprofloxacin causes arthrop-
athy and histological changes in weight-bearing joints of
juvenile animals resulting in lameness. Ciprofloxacin crosses
the placenta, however, and is distributed in the amniotic fluid
in humans. Thus, use in pregnancy should be discussed with
a health care provider to determine if benefit outweighs risk.
More extensive studies are required to ascertain the full
measure of safety or risk of in utero exposures to ciprofloxacin.
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Regarding use in nursing mothers, the American Academy
of Pediatrics has determined that therapeutic use of cipro-
floxacin is compatible with breast-feeding. However, the drug is
also distributed into human milk; and pseudomembranous
colitis has been reported in a nursing infant with maternal use
of ciprofloxacin. The arthropathies and cartilage erosion in
immature animals indicate the need for evaluation of use in
nursing mothers by a health care provider, considering the
toxicity to developing joints in animal studies.
Genotoxicity

Mutagenicity test results have been varied for chromosomal
aberration. Positive results for in vitro studies with mammalian
cells may be secondary to inhibition of topoisomerase II. In vivo
genotoxicity tests were negative for clastogenicity and DNA
damage in comprehensive and comparative studies using the
micronucleus test in bone marrow of mice, cytogenetic chro-
mosome analysis in Chinese hamster, dominant lethal assay in
male mice, and unscheduled DNA synthesis tests in primary rat
and mouse hepatocytes.

Carcinogenicity

In studies with mice, possible skin carcinogenicity was noted
with exposure to ciprofloxacin and irradiation with ultraviolet
A (UVA) over a protracted period of time. Future studies are
needed to ascertain the full risk of carcinogenicity.

Ecotoxicology

Ciprofloxacin has been detected in wastewater streams from
effluents in municipal treatment plants and from hospital
disposables. The drug is not readily biodegradable and if
released into water, it is expected to adsorb to soil and sedi-
ment. Aqueous solutions may photolyze in sunlight. If released
into air, ciprofloxacin is expected to remain in the particulate
phase in the atmosphere.
Clinical Management

Overdosing

In the event of an acute overdose, (reversible) renal toxicity,
which may require dialysis, is a potential risk. Avoid alkalin-
izing the urine, due to risk of crystalluria. Supportive care and
emergency treatment are indicated, as determined necessary by
a health care provider.
Therapeutic Dosing

Indicating conditions of tendon problems, myasthenia gravis,
seizure disorders, neurological conditions, asthma, liver
dysfunction, previous drug allergies, QT prolongation on an
electrocardiogram, renal dysfunction, joint problems, dia-
betes, psychiatric disorders, or administration of prescription
or over-the-counter substances is important information to
share with a health care provider, in order to establish safety
measures while on ciprofloxacin. There are many potential
drug interactions that range from mild to severely toxic, so
caution must be exercised with concomitant use of other
substances. Photosensitivity is increased with ciprofloxacin
use, so limited sun and UVA exposure is recommended. As
with other antibiotics, pseudomembranous colitis is a poten-
tial risk, and symptoms must be reported immediately, if they
occur. Emerging resistance of organisms to ciprofloxacin is
a potential public health concern, so judicious use of this and
other antibiotics is indicated, in consultation with a health
care provider.

See also: Kidney; Immune System.
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The study of the kinetics, pharmacodynamics, toxicological
responses, and side effects of drugs, toxins, chemicals, xenobi-
otics, etc., relative to the temporal rhythms of living organisms is
referred to as chronotoxicology. These temporal rhythms are
driven by circadian (24 h time period) or solar time cycles, which
are in turn based on periodic photostimuli received from
sunlight and potentially further influenced by other local time
signals.

The biological rhythm of living organisms has been well
known for several decades as a result of numerous and various
reports in the published literature of cell biology, physiology,
and pharmacology. Temporal variations can and do simply
explain why the same xenobiotics, etc., regardless of origin,
do not induce the same efficacy or other effects in a living
organism, if administered at different times of the day or at
different seasons of the year. Rhythmic or circadian changes in
the sensitivity or susceptibility to xenobiotics were actually first
reported as far back as 1958 in experiments with mice. A few
years later it was demonstrated that German cockroaches
(Blatella germanica) exhibited a rhythmic susceptibility over
a 24 h period of time to a standard dose of potassium cyanide,
when organisms were exposed to the toxin at different times
within the day.

The mammalian circadian system is organized in a priori-
tized manner with a highly important, centrally located pace-
maker within the suprachiasmatic nucleus (SCN) of the
hypothalamic region of the brain. This structure is located
proximal to the optic chiasm and receives transmitted light
within the wavelength range of 460–480 nm. The reception of
this light is via nonvisual photosensitive retinal ganglion cells,
which contain the substance melanopsin and are located
within the retinohypothalamic tract of the brain. This center
controls and synchronizes the circadian receivers or oscillators
in millions of peripherally located cells all over the body. These
cells themselves are not responsive to light, but do respond to
neural and humoral signals from the SCN. Major timing signals
in the synchronization of many of these peripheral clocks
include sleep and activity periods and feeding and fasting
cycles. This has suggested to researchers in the field that the
temporal coordination of metabolism and proliferation is
a major effort of the mammalian timing, circadian, or circan-
nual system. Taken together, the complete chronosystem
directs and controls precisely timed events that sustain life
by regulating physiological function of the cardiovascular,
hemodynamic, metabolic, nervous, digestive, immune, repro-
ductive, and endocrine systems. Rhythmic fluctuations in
absorption, distribution, metabolism, and excretion regulate
the detoxification of toxic substances, drug toxicity, and drug
efficacy. This watch-like control of xenobiotic catabolism and
detoxification provides the molecular and biochemical basis
for the dosing time dependence of both drug toxicities and
drug efficacy. The inactivation of noxious food components by
intestinal, hepatic, and renal detoxification systems is among
the processes regulated in a circadian fashion. Many of these
chronologic processes are further regulated at the genetic level
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
by actual clock genes, which establish basic transcriptional–
translational feedback oscillation loops under the control of
such entities as Per 1–3, Cry 1,2, Rev-erba, Rev-erbb, Rora,
Rorb, and cAMP response element-binding protein along with
the circadian locomotor output cycles kaput/brain and muscle
ARNT-like protein 1 (CLOCK/BMAL 1) heterodimers. Knowl-
edge and understanding of these clock-based processes
continues to grow and expand and can be used for improving
or designing therapeutic treatment regimens.

It has not been an uncommon finding that some studies in
the area of chronotoxicology are also susceptible to seasonal
variability. Reports have shown that some circadian peak times
of susceptibility found during one season may be totally
different from that observed in a different season. The exposure
of mice via intraperitoneal injection to mercuric chloride at four
different times a day over 6months of the year revealed that the
same dose of mercury (5mg kg�1) induced different mortality
rates when administered in January, June, or September. Let us
consider the subacute toxicity of amikacin. Urinary enzyme
activity in animals in autumn is enhanced by a factor of about 5
when amikacin is administered at 20.00 h and by a factor only
a little more than 1 when administration occurs at 14.00 h.
Alternatively, in the spring of the year, this increase in enzy-
matic activity is very weak at 20.00 h and significantly elevated
by about 4–7 times when administration occurs at 14.00.
Seasonal variation has been observed in the degree of acute
toxicity of X-rays, cyclophosphamide, and arabinosylcytosine
in rodents. The toxicity of phenobarbital has been studied in
mice. It has been reported that a dose of 190mg kg�1 admin-
istered at 16.00 h killed no animals in July but killed 90% of the
mice in January. A dose of 270mg kg�1 of phenobarbital
administered at 04.00 h killed all animals in October and only
40% of the mice in July. Rat tolerance of cisplatin is twice as
high in the winter as it is in the summer. Murine tolerance to
doxorubicin and donomycin was optimal in autumn and
poorest in the spring and summer. These studies clearly indicate
that not only the time of the day is important, but also the
month of the year. It has become obvious that the wavelike
high or low phases of susceptibility or tolerance in an organism
can totally reverse themselves according to the season. It is
important to keep in mind that the severity of potential damage
to organs exposed to the administration of metals, antibiotics,
anticancer agents, etc. is dependent not only on the circadian
time but also on the season of the year. These annual cycles or
rhythms of tolerance and susceptibility may indeed be
controlled at least in part by the levels of hormones (testos-
terone, estrogen, luteinizing hormone, thyroxin, oxytocin, etc.),
which can possibly affect organ or tissue defense mechanisms.
Research continues in this area.

The examples that will be provided of alterations in the
acute, subchronic, or chronic toxicities or side effects of drugs,
chemicals, etc., as a result of the temporality of administration
do raise the question as to what exactly the mechanism or
mechanisms are that drive or control these differences of
tolerance or susceptibility. Original attempts have led to
4-3.00964-7 969
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investigations of biotransformation and pharmacokinetics. It is
known that the liver and kidneys do undergo a circadian-
dependent synthesis of their enzymes and changes in mem-
brane structure and function and nuclear components. A
complete understanding of the chronophysiology of the liver
and kidneys does make it possible to explain the chro-
nopharmacological variations in hepatic and/or renal elimi-
nation and the metabolism of drugs. Time studies of the
activities of glycogen phosphorylase and glycogen synthetase
copy exactly the activities of hexobarbital oxidase and barbi-
turate-induced sleep duration. Similarly, the circadian changes
in the hemodynamics of the kidneys are well correlated with
cortical accumulation and elimination. This all brings us to the
introduction of another new term, chronesthesy. This is defined
as the rhythmic changes of any biological system with regard to
its susceptibility or tolerance. The biological system can be
a living organism, cell, tissue, or organ.

The immune system, not surprisingly exhibits a clocklike
regulation. When mice were administered Bacillus Calmette-
Guerrin in the middle of the day, 75% of the exposed
animals survived. However, when the mice were injected in
the latter portion of the night period, only 50% were found
to survive.

Studies involving the assessment of gastric chronotoxicol-
ogy using gastric mucosal integrity have revealed that there is
indeed a time-related damage component caused by the well-
characterized aspirin and nonsteroidal anti-inflammatory
agents. Although still somewhat controversial, it appears that
night-time administration of these types of agents are better
tolerated than the day-time administration of the same. In
humans, using endoscopic visualization, it was determined
that the administration of 1300mg of aspirin at 08.00 versus
20.00 h resulted in the development of almost 40% fewer
gastric mucosal lesions if the medicine was administered in the
evening. In a study utilizing osteoarthritic patients, it was
discovered that the administration of a sustained-release
formulation of indomethacin at 08.00 h resulted in a signifi-
cantly greater number of undesirable effects than if the medi-
cation was administered at 20.00 h.

Hearing has been evaluated in rats exposed to kanamycin.
Kanamycin was administered to female Sprague-Dawley rats
four times a day via a subcutaneous route at 02.00, 08.00,
14.00, and 20.00 h of each day under light-synchronized
conditions for a study duration of 6 weeks. Observations at
2 weeks postdosing revealed that the 8.00 h dose group showed
significant hearing loss, while there were minimal changes
recorded in the other animals and dose groups. However, it was
discovered that after 6 weeks of exposure, the 8.00 and 14.00 h
groups both demonstrated similar dramatic hearing loss, with
other animals revealing minimal changes. The conclusion of
the study stated that it appeared that kanamycin-induced
auditory damage is more dramatic during the day (rest period)
than during the night (activity period). The improved night-
time tolerance was discovered also to be correlated with the
peak of body temperature – another possible rhythmmarker in
aminoglycoside-induced toxicity.

Unfortunately, damage to the kidneys is very common as
a result of exposure to drugs or toxins. This is no surprise
because approximately a quarter of cardiac output flows
through the kidneys, which are a major route of elimination of
many substances. Moieties are filtered through the glomerular
barrier and enter the tubular lumen in the tubular fluid. The
structure and function of membrane structures in the kidney
can be significantly altered as a result of exposure to amino-
glycoside antibiotics, impairing the elimination processes.
Xenobiotics may indeed reach very high levels of intracellular
concentrations and therefore produce renal cell injury by one
of three different metabolic pathways. Substances, even if
extrarenal and if stable enough and whether metabolized or
not, may inflict direct toxicity to the kidney. Second,
a substance may enter renal tubular cells and interfere directly
with cellular functions. Third, materials may be metabolized
within renal cells to highly reactive metabolites that may bind
covalently to structural or functional proteins or even initiate
lipid peroxidation.

The kidneys are a prime target for heavy metals, because
these substances are chiefly concentrated in the renal cortex.
This accumulation leads to the development of well-charac-
terized pathological changes in the proximal tubules. The
initial response of rat kidneys to the administration of a single
dose of a heavy metal is the development of a focal necrosis in
the midthird of the proximal tubule (pars recta). If mercury is
used as an example, within 3 h after exposure, tubular cell
brush borders become fragmented and by 6 h postexposure
the epithelial cells of the pars recta begin to swell and protrude
into the tubular lumen, creating tubular blockage. The prev-
alence of intracellular vacuoles in the cytoplasm substantially
increases. At 12 h postexposure, a significantly increased
number of lysosomal structures are appearing within the cells
and the mitochondria are swelling. Eventually, cell necrosis
results with the release of whole cells and cell parts into the
tubular lumen. Over the years, cadmium, platinum, and
mercury have been popular heavy metal renal toxins for
studies that populate the literature. It is now accepted that the
lethality of heavy metals is highly dependent on the timing of
exposure. The exposure of rodents to cisplatin was monitored
via histopathological evaluation and the determination of
blood levels of serum urea and N-acetyl-glucosamidase
(NAG). Using these methods of evaluation, it was determined
that rats exposed to cisplatin in the middle of the night
demonstrated trivial changes from control kidneys and renal
damage was minimal. However, a fourfold increase in NAG as
well as a significant increase in serum urea was correlated with
exposure to cisplatin during the day time hours. Mercuric
chloride’s renal toxicity is well known and highly character-
ized. Single, sublethal doses of mercuric chloride adminis-
tered via the subcutaneous route to rats at four different time
points during a 24 h period were evaluated for toxicity by
measuring the levels of various tubular nephrotoxicity
biomarker enzymes. It was discovered that if the mercuric
chloride was administered in the middle of the day or light
period, urinary levels of the biomarkers approached increases
of almost 2000%, but if the administration was performed in
the middle of the dark period (high activity period of rats), the
elevations of these biomarkers were only approximately
1000%. When one looks at the location of mercury or
cisplatin in the kidney after exposure to cisplatin or mercuric
chloride, if the exposure was performed at the end of the light
period, mercury or cisplatin concentrations were found to be
highest in the renal tissue and lowest in the urine. Simply put,
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these chemicals were excreted in larger amounts when
animals were exposed during their active period as opposed to
exposure during their rest phase (day). Similar results have
been found in mice. Indeed, it has also been found that mice
better tolerate the administration of adriamycin if exposure
was during the latter half of the animal’s rest period (day) and
that cisplatin was best tolerated when administered in the
latter half of the animal’s activity period (night). Shifting now
to the clinical arena, when patients were exposed to adria-
mycin in the morning and cisplatin in the evening or adria-
mycin in the evening and cisplatin in the morning,
complications and side effects were significantly worse for
patients receiving adriamycin in the evening and cisplatin in
the morning. Similar results have been found in studies using
human subjects exposed to 5-fluorouracil, cisplatin, or vin-
desine. If administrations of antineoplastics for advanced-
stage colon and rectal cancers were modulated over time
rather than just constantly administered over time, a signifi-
cantly greater degree of effectiveness was observed. Similar
effects or expressions of toxicity are observed with the
administration of a variety of antibiotics cleared through the
kidneys and many antineoplastic agents that are also cleared
through the kidneys.

Over the years, a variety of agents have been reported in the
literature as being hepatotoxic, and the solvent carbon tetra-
chloride has been a popular agent studied. After a single dose
exposure of carbon tetrachloride, centrilobular necrosis and
lipidoses occur in the livers of all animals. Mitochondrial
damage can be observed by 5–6 h after exposure. Other lesions
develop by 12 h postexposure, and severe hepatic necrosis has
developed by 24 h postexposure. Studies have demonstrated
that the circadian susceptibility of animals to hepatotoxicity
has been found to be at least in part dependent on the timing of
toxin uptake and metabolism. Similar correlations with chro-
notoxicity have been found in studies with the agents chloro-
form, trichloroethylene, and 1,1-dichloroethylene and the drug
acetaminophen. Rats have been found to be most susceptible
to chloroform exposure when the administration is performed
within a 2 h period after the initiation of their active period
(night) (21.00 h). The lowest level of susceptibility was
observed when exposure was at 09.00 h (day). Even though rats
exposed to chloroform at both 21.00 and 09.00 h revealed
depressed levels of glutathione, hepatic levels of glutathione
were found to be more significantly depressed at 21.00 h than
at 09.00 h. If the serum activities of glutamic-pyruvic-trans-
aminase, isocitrate dehydrogenase, ornithine-carbamyl-trans-
ferase, and sorbitol dehydrogenase were measured in rats after
exposures to carbon tetrachloride at eight different time points
within a day, it was revealed that significant increases (in some
cases approaching 400%) were observed with the administra-
tion of carbon tetrachloride at 18.00 or 20.00 h, but remained
unchanged if exposure was at 10.00 h.

Although trichloroethylene is a well-known and highly
characterized hepatotoxin, it is also a potent neurotoxin. For
example, if trichloroethylene is administered to rats via the
intraperitoneal route at four different time points within a day
and toxicity assessed by evaluating muscle tone, it was deter-
mined that the time of the most significant neurotoxic effect of
trichloroethylene was early in the active phase (21.00 h).
Interestingly, the plasma concentrations of trichloroethylene
and two of its major metabolites are found to be at minimal
levels at 21.00 h. Accordingly, it appears that neurotoxicity of
trichloroethylene is accentuated when hepatic elimination is at
its lowest level of activity.

It is important to know and realize that it is not just chemical
agents that can be associated with time-dependent toxicological
effects. These same patterns of timing have also been associated
with exposures to viruses, fungi, venoms, toxins, and bacteria.
The toxins released by these agents as part of their ‘infective’ or
invasive activities can effect mortality and/or cell damage, the
severity of which can be strongly related to the time of exposure.
Scorpion (Heterometrus fulvipes) venom has demonstrated
a circadian-dependent toxicity in tropical mice (Mus booduga) as
evaluated with the measurement of the blood levels of acetyl-
choline and acetylcholinesterase. Mice exposed to Brucella
endotoxin exposed at night time lived for approximately 75 h,
but those exposed during the day time survived only 37 h.
Circadian-dependent changes in locomotor activity in hamsters
has been observed with exposure to the protein synthesis
inhibitor anisomycin. The locomotor phase change is delayed if
the anisomycin is administered at midnight, but accelerated if
administered at midday. Mice injected with Escherichia coli
endotoxin at 0.00 and 16.00 h showed survival rates of 85%and
20%, respectively. Tetrodotoxin (Spheroides rubripes) exposure
results in significant changes in vasopressin release from the
SCN in the rat. However, if tetrodotoxin is perfused into the rat
at night (12 h period), no alterations of vasopressin release were
observed, but when tetrodotoxin was perfused into rats during
the day (12 h), the levels of vasopressinwere almost suppressed.
Interestingly, the induction of seizures by the presence of white
noise (100 dB for 60 s) in mice has been shown to be circadian
dependent, and X-ray irradiation has been similarly demon-
strated to be circadian dependent asmeasured by themortalities
observed in both Drosophila and mice. With regard to the irra-
diation, a dose of 555 R administered at night resulted in 100%
mortality, but if done during the day the exposure was not
lethal at all.

All of the studies mentioned for the most part have been
performed in rodents or humans as part of clinical trials or
other evaluations. A big reason for this is the fact that the
maintenance of synchronized and strictly defined conditions
can be most cost-effectively managed with rodents, which also
then permit the use of sufficient numbers of animals for
statistical power. However, studies in the area of chronotox-
icology have also been performed and reported in other
species, including both fish and insects. Circadian rhythms
have been observed in rainbow trout. In the case of rainbow
trout, a seasonality to the lethality of cyanide exposure was
discovered. The study of chronobiology in insects could lead to
the more efficient and efficacious use of pesticides and
improved ecological outcomes. For example, if one looks at
houseflies and yellow fever mosquito (Aedes aegypti) larvae and
their exposure to malathion and/or dursban, investigations
have shown that differing potencies of lethality are observed to
the same concentration of pesticide depending on the timing of
exposure. Ninety percent of insect larvae can be killed if they
are exposed during the latter half of the night and only 20% if
exposed at the end of the day period.

Toxicologists have many times taken issue with some results
reported in the literature and the discrepancies that were found
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to exist. The data from this relatively new area of research
mandate that it is necessary to critically evaluate and reevaluate
toxicity, especially if mortality is involved with respect to
exposures and the time of the day and even the time of the year.
The examples provided demonstrate that both circadian and
circannual patterns do indeed exist and can significantly alter
the susceptibility ad response levels of living organisms. It is
now fundamental for toxicology reports and studies to state
not only the lighting schedule for animals on a given study but
also the exact hour of the day and the month of the year to be
able to fairly and accurately compare toxicity results. The lack of
adequate consideration of this timing parameter can result in
significantly altered efficacy profiles, toxicity profiles, thera-
peutic indices, safety factors, and tolerance.
See also: Cyclosporine; Radiation Toxicology, Ionizing and
Nonionizing; Toxicity, Acute; Toxicity, Subchronic and Chronic;
Cancer Chemotherapeutic Agents; Chemical Interactions;
Malathion; Neurotoxicity; Organochlorine Insecticides;
Pesticides; Acetaminophen; Cell Cycle; Cell Proliferation;
Cisplatin; Cyanide; Kidney; Lipid Peroxidation; Mechanisms of
Toxicity; Mercuric Chloride (HgCl2); Distribution; Endocrine
System; Excretion; Resistance to Toxicants; Toxicology;
Trichloroethylene; Veterinary Toxicology; How Toxicology
Impacts Other Sciences; Bacillus Thuringiensis; Ecotoxicology;
Aquatic Ecotoxicology; Avian Ecotoxicology; Genetic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Ecotoxicology Terrestrial; Ecotoxicology; Wildlife; Species
Sensitivity Distributions; Safety Testing, Clinical Studies; The
History of Toxicology; Angiotensin Converting Enzyme (ACE)
Inhibitors; Acetylsalicylic Acid; Barbiturates; Ibuprofen;
Sedatives; Scorpions; Snakes; Spiders; Tetrodotoxin;
Modifying Factors of Toxicity; Translational Toxicology; Animal
Models; LD50/LC50 (Lethal Dosage 50/Lethal Concentration
50); Mercury; Metallothionein; Metals; SSRIs (Selective
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Products; Animals, Poisonous and Venomous; Escherichia coli
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Background Information

Cisplatin was the first compound of the platinum-antineoplastic
medications approved for use in humans in 1978. However, this
compound was originally known as ‘Peyrone’s chloride,’ as it
was first prepared in 1845 by an Italian chemist, Michele Peyr-
one. A Swiss chemist, Alfred Werner played a central role in the
characterization of the compound, winning a Nobel Prize in
1913 for his work. Cisplatin was later found to be an anticancer
drug by Barnett Rosenberg during the 1960s. Rosenberg had
originally tested the effects of an electric field on the bacteria
Escherichia coli and found that the bacteria ceased to divide when
placed in this environment. The inhibition of bacterial division
was found to occur due to the platinum electrode rather than the
electrical field. Because of this discovery, platinum-containing
compounds were investigated for their effects in anticancer
treatments. Cisplatin is an important compound in treating
cancer and is widely used today in various malignancies. Its
discovery has also led to the development of other platinum-
antineoplastic medications and advancement in treating
malignancies.
Uses

Cisplatin has many therapeutic uses in treating various onco-
logic malignancies. FDA-approved indications for this com-
pound include metastatic malignant tumor of the testis in
combination with other chemotherapy agents, metastatic
ovarian tumors, and advanced transitional cell carcinoma of
the bladder. There are many other malignancies cisplatin is
used for; however, these are non-FDA labeled indications.
Research in the field of oncology continues to play an impor-
tant role in determining other uses for antineoplastic medica-
tions such as cisplatin. Although not listed as an FDA-approved
indication, cisplatin is also used as first line therapy in
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
combination with other chemotherapy agents for treatment of
small cell and nonsmall cell lung cancer. It is also frequently
used in combination with radiation for treatment of head and
neck cancer. In the future, cisplatin may be found to be useful
in various other malignancies.
Environmental Fate and Behavior

The production of cis-diaminedichloroplatinum may result in
its release, potentially into soil. Conversion to ionic species by
abiotic or biotic processes can further enhance its adsorption
to soil. In water cis-diaminedichloroplatinum will slowly
convert to trans-diaminedichloroplatinum. In this form, trans-
diaminedichloroplatinum will remain dissolved until it is
adsorbed to suspended particles or it precipitates into sediment.
Exposure and Exposure Monitoring

Cisplatin is a parenteral agent used for intravenous injection. It
is available as either a solution or as a dry, lyophilized powder
for reconstitution. Both the solution and the powder when
reconstituted have a standardized concentration of 1mg
cisplatin/1ml solution. During production and preparation of
cisplatin formulations it is possible for dermal, oral, or inha-
lation exposure to occur. In addition, dermal exposure may
occur during the administration of cisplatin to either the
administrator of the agent or its recipient.
Toxicokinetics

The distribution of cisplatin following intravenous adminis-
tration has been investigated in both humans and animals.
Following administration and exposure to physiologic pH, the
chloride atom of cisplatin may be displaced by a nucleophile
such as water or a sulfhydryl group. The result of this chemical
reaction is two primary molecular species, cisplatin (the parent
compound) and monohydroxymonochloro cis-diammine
platinum(II) (the platinum component). When a normal
therapeutic dose of cisplatin is administered, concentrations of
platinum are highest in the liver, kidneys, and prostate. Other
organs with uptake of platinum include bladder, testes, muscle,
spleen, pancreas and to a much lesser degree the bowel,
adrenal, heart, lung, cerebrum, and cerebellum. Within the
actual tumor, concentrations of platinum are generally lower
than the organ where the tumor is located.

The excretion of cisplatin in the urine is highly dependent
on the method of administration. When given as a single bolus
dose 10–40% of platinum is excreted in the urine over a 24-h
period. With repeated dosing on five consecutive days, the
mean total elimination of platinum was 35–51%. The majority
of platinum is eliminated rapidly from the body within the first
4 h due to the extensive protein binding of the compound.
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http://dx.doi.org/10.1016/B978-0-12-386454-3.00288-8


974 Cisplatin
While the use of cisplatin is typically limited to intravenous
administration, intraperitoneal delivery may provide some
benefit for solid tumors of intraperitoneal cavity. Due to the
direct administration, the intraperitoneal cavity is exposed to
10–20 times more platinum than if the drug was administered
by standard intravenous infusion. Much of the drug (w86%)
will rapidly pass through the plasma-peritoneal barrier,
reaching the systemic circulation and distributing to the extent
that was described in the preceding paragraphs.
Mechanism of Toxicity

Cisplatin reacts covalently with several of amino acids leading
to a variety of platinum-DNA adducts. The effects on cross-
linking with DNA appear to differ among cell type; however,
these may involve signal-transduction pathways such as cell-
cycle arrest, programmed cell death, and impaired recognition
and repair of cisplatin-induced DNA damage. In addition to its
effects on DNA, cisplatin inhibits a number of enzymes con-
taining a catalytically active sulfhydryl group.
Acute and Short-Term Toxicity (or Exposure)

Animal

When cisplatin was tested in rats, the oral LD50 was
25.8mg kg�1, the intravenous LD50 was 8mg kg�1, the intra-
peritoneal LD50 was 6.4mg kg�1, and the intramuscular LD50

was 9.2 mg kg�1. The toxic effects observed in rats included
leukopenia, decreased numbers of circulating platelets,
lymphoid depletion, intestinal epithelial injury, bone marrow
depression, and sloughing of the renal tubular epithelium.

In mice, the oral LD50 was 32.7mg kg�1, the intravenous
LD50was 11mg kg�1, the intraperitoneal LD50was 6.6mg kg�1,
and the intramuscular LD50 was 17.9mg kg�1.

The minimum lethal dose for dogs was single intravenous
injection of 2.5mg kg�1 or five consecutive daily injections of
0.75mg kg�1. In rhesus monkeys, the minimum lethal dose
was five daily doses of 2.5mg kg�1. Toxic symptoms such as
severe hemorrhagic enterocolitis and severe damage to the
bone marrow and lymphoid tissue were observed in both
species. Renal necrosis and renal nephrosis were observed in
dogs and monkeys, respectively. Occasionally, pancreatitis was
also observed in dogs and myocarditis in monkeys.
Human

Cisplatin is corrosive to the skin, and dusts cause eye and
respiratory irritation. Renal dysfunction is the major, dose-
limiting toxic effect of this drug. It can occur as a result of
a single dose; however, usually manifests with multiple-course
therapy. It reduces the single-nephron glomerular filtration rate
and causes a back leak of inulin across the renal tubule.
Additional toxic effects that are commonly observed in the
acute setting include ototoxicity, myelosuppression, and
nausea/vomiting/diarrhea. Other toxicities such as peripheral
neuropathy (paresthesias), central extrapyramidal disorders,
loss of deep tendon reflexes, metabolic acidosis, headaches,
taste disturbance, retrobulbar neuritis, seizures, thirst, metallic
taste, leukopenia, allergic reactions, azotemia, hypokalemia,
hypophosphatemia, hypocalcemia, and hypomagnesemia may
also occur following treatment with cisplatin. Some patients
have also experienced anaphylactic reactions to treatment with
platinum-containing compounds.
Chronic Toxicity (or Exposure)

Animal

Studies in animals indicate that cisplatin increases the occur-
rence of tumors. Cisplatin was administered once weekly by
intraperitoneal injection to mice for 10 weeks for a total dose of
108mol kg�1. Cisplatin treated mice had a significantly higher
incidence (100%) of pulmonary adenomas compared to simi-
larly treated controlmice (26%). In another study,mice received
weekly intraperitoneal injections of cisplatin 1.62mg kg�1 in
5ml saline for 16 weeks, followed by dermal application of
croton oil, dermal application of croton oil alone (control), or
saline alone (control). Mice treated with croton oil and cisplatin
had a higher incidence of skin papillomas compared to cisplatin
alone or the control groups.

Female rats were administered twice weekly intraperitoneal
injections of cisplatin for a cumulative dose of 15 or
34mg kg�1. Following the last dose, sensory and motor nerve
conduction velocities were determined. Both doses of cisplatin
significantly decreased sensory nerve conduction velocity. In
addition, the level of cisplatin DNA binding in dorsal root
spinal ganglion satellite cells equaled that in liver cells;
however, the level of cisplatin DNA binding in spinal cord and
brain was very low.
Human

Within 2months of the initiation of treatment, the use of
cisplatin usually causes azoospermia. Following the cessation
of treatment, sperm counts recover in 1–2 years in most
patients.
Immunotoxicity

Myelosuppression is a known and relatively frequent adverse
effect associated with the use of cisplatin. The severity of the
suppression of leukocytes is dose dependent and usually
resolves within 1–2months. Additionally, acute leukemia has
been noted in patients receiving cisplatin in addition to other
agents to treat malignancy.
Reproductive Toxicity

Intraperitoneal administration to rats and mice demonstrated
high levels of embryo toxicity at levels far below the therapeutic
dose used in human adults. For rats, the embryonic LD50 values
were 2.88, 1.28, and 1mg kg�1 for day 6, 8, and 11postgestation,
respectively. The embryonic LD50 in mice was 5.24mg.

Surviving fetuses exhibited mitochondrial and skeletal
abnormalities, DNA adduct formation, and a higher incidence
of tumor formation throughout the body.
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Cisplatin will cause azoospermia in men; however, this is
usually reversible several years after cessation of therapy.
Teratogenicity has been noted with the use of cisplatin during
all trimesters of pregnancy. The US Food and Drug Adminis-
tration classifies cisplatin as a pregnancy category D agent,
meaning its use is likely to cause fetal harm, but its use may be
justified for life-threatening maternal diseases. It is known to
cross the placental barrier; however, its safety in breastfeeding is
not well defined.
Genotoxicity

Cisplatin was mutagenic in Salmonella typhimurium strains G46/
pkM101, TA100, and TA98, without metabolic activation.
Cisplatin also induced increased mutations in Chinese hamster
ovary cells and V79 Chinese hamster cells. Postreplication
repair was induced in V79 cells and in HeLa cells; and sister
chromatid exchanges were induced in V79 cells. Chromosomal
damage and sister chromatid exchanges were also induced by
cisplatin in human lymphocyte cultures. Similar to the in vitro
data, intraperitoneal injection of mice with 13.85mg kg�1

cisplatin induced a significant increase in sister chromatid
exchanges and in chromosome aberrations.
Carcinogenicity

Cisplatin administered in combination with etoposide is
carcinogenic in humans.
Clinical Management

Risk of nephrotoxicity may be minimized by intravenous
hydration and mannitol over a 6–8 h period, surrounding the
infusion of cisplatin. The extent of nephrotoxicity will also
impact electrolyte concentrations which will need to be
monitored and supplemented as necessary. Nausea and vom-
iting may be managed with antiemetics. Management of an
anaphylactic reaction would include the administration of
epinephrine and corticosteroids with or without antihista-
mines. If accidental exposure to the eyes or skin occurs, the
affected skin should be washed thoroughly with soap and
water, and the eyes should be flushed with copious amounts of
tepid water for at least 15min.
Ecotoxicity

No aquatic organism toxicity to cisplatin was reported.
Other Hazards

Contact with aluminum causes the degradation of cisplatin.
Therefore during the production, distribution, and adminis-
tration of this agent all contact with aluminum and aluminum-
containing products should be avoided. For those solutions
having a low chloride concentration, cisplatin is not compat-
ible. Upon heating and decomposition of cisplatin, toxic fumes
such as hydrogen chloride and nitrogen oxide are emitted.
Caution and protective measures should be in place to avoid
exposure.
Exposure Standards and Guidelines

An 8-h time weighted average (TWA) of 0.002mg�3m3 is the
recommended threshold limit value (TLV) by the American
Conference of Governmental Industrial Hygienists. Further-
more, workers having exposure to cisplatin may exceed an
exposure of three times the TLV–TWA for a maximum of
30min per working day, never exceeding five times the
TLV–TWA.

See also: Cancer Chemotherapeutic Agents; Carcinogen–DNA
Adduct Formation and DNA Repair; Cyclophosphamide;
Melphalan; Dacarbazine;
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Title: CAA
Agency: US Environmental Protection Agency (EPA)
Year Enacted: 1963, amended 1967, Clean Air Act Extension

of 1970, amended 1977 and 1990
Background

There were a number of air pollution events that have brought
pressure to bear on governments to be proactive in controlling
air contaminants. Three events were instrumental in bringing
air pollution to national attention in the United States:

1. The St Louis, MO smog incident began on 28 November
1939 with a temperature inversion which trapped coal
burning emissions close to the ground and lasted for 9 days.
While there were no reports of any health problems, the city
council passed a smoke ordinance requiring cleaner coal
supplies, more efficient furnaces, and public education
campaign to improve air quality in the city.

2. The Donora, PA smog incident began on 27 October 1948
with a temperature inversion that trapped sulfur dioxide,
nitrogen dioxide, and fluorine emissions from US Steel’s
Donora Zinc Works and the American Steel and Wire Plant
and lasted until 31 October 1948. This event resulted in 20
human and 800 animal deaths. Some claim that about one-
third of the town’s 14 000 residents were taken ill by the
exposure.

3. The London Great Smog incident began with a period of
cold weather combined with an anticyclone and windless
conditions causing a temperature inversion that trapped
pollutants from burning coal on 5 December 1952 and
lasted through 9 December 1952. It is estimated that this
incident resulted in over 4500 excess deaths that week and
over 13 500 excess deaths by March 1953.

These and many other factors resulted in the first US federal
legislation dealing with controlling air pollution at its source
was Public Law 84–159, the Air Pollution Control Act of 1955.
The legislation granted $5 million annually for 5 years for
research by the Public Health Service. While the act did not
prevent any air pollution, it did provide research and technical
assistance to air pollution control efforts. In 1960, the Act was
amended to extend research for four additional years. In 1962,
the Act was further amended to add research by the US Surgeon
General to determine the health effects of variousmotor vehicle
exhaust substances.

The Clean Air Act (CAA) of 1963 (Public Law 88–206)
was passed to improve, strengthen, and accelerate programs
for the prevention and abatement of air pollution. This
legislation granted $95 million over a 3-year period to state
and local governments and air pollution control agencies to
conduct research and create control programs. This Act
encouraged the development of emissions standards for
motor vehicles and from stationary sources which led to
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research on the removal of sulfur from high sulfur coal and
oil fuels. The Act was amended in 1965 to establish
standards for automobile emissions. It was further amended
in 1966 and 1967 to expand local air pollutions control
programs. The 1967 Amendment established national
emissions standards for stationary sources and created Air
Quality Control Regions as a means of monitoring ambient
air. The states were given fixed timetables in which to
implement State Implementation Plans to meet emission
standards.
Overview of CAA

The CAA is the federal law designed to assure that the air is
safe to breathe. While public health is the primary goal, the
Act also seeks to prevent environmental damage caused by
air pollution. The fundamentals of the CAA were set up in
the CAA of 1970 under President Richard Nixon and have
been amended several times since then. The basic framework
of the Act and the objective of public health have remained
intact.

The CAA of 1970 (Public Law 81–604) essentially rewrote
the original CAA of 1963, by making it a more effective
program to improve the quality of the ambient air. The legis-
lation set ambitious National Ambient Air Quality Standards
(NAAQS) to protect the public health with six ‘criteria’
pollutants, which are listed below:

1. Carbon monoxide
2. Nitrogen dioxide
3. Ozone
4. Sulfur dioxide
5. Lead
6. Particulate matter (PM) with aerodynamic size less than or

equal to 10 mm (PM10)

The CAA also set New Source Performance Standards that
strictly regulated emissions of any new sources of air pollution
entering an area. It also established two categories of air-quality
standards: Primary Standards set limits to protect public health,
and Secondary Standards set limits to protect against public
welfare effects, such as damage to farm crops and vegetation.
The CAA further required leaded gasoline be phased out by the
mid-1980s.

The CAA also established the National Emissions Standards
for Hazardous Air Pollutants which are emissions standards for
189 hazardous air pollutants not covered by NAAQS that may
cause an increase in fatalities or in serious illness. The standards
require a maximum degree of emission reduction as deter-
mined by Environmental Protection Agency (EPA) known as
the maximum achievable control technology (MACT) for
which the EPA must establish emissions standards for sources
that emit any listed pollutant. There was considerable debate
concerning the costs of emissions control, which came to
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00829-0
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a head in 1986 when CAA issued a standard for vinyl chloride.
This standard was set aside by the courts; however, the court
case (Natural Resources Defense Council, Inc. v. United States
Environmental Protection Agency, 1987) set a precedent by
recognizing that the EPA could, in fact, consider costs in
deciding if any additional margin of safety (MOS) was neces-
sary. In addition, the Act allowed citizens the right to take legal
action against anyone or any organization, including govern-
ment itself, who was in violation of the emissions standards.
Eight years after the technology-based MACT standards are
issued for a source category, EPA is required to review those
standards to determine whether any residual risk exists for that
source category and, if necessary, revise the standards to address
such risk.

In 1977, this Act was amended to extend the deadline of
meeting the motor vehicle emissions standards. These
amendments also made a first attempt to control stratospheric
ozone and created the New Source Review, which required
older ‘grandfathered’ facilities to install pollution control
technologies as they modernized.

In 1990, the CAA was again amended and rewritten
(Public Law 101–549). These amendments extended the
prohibition of leaded gasoline to 1995. However, additional
changes drastically strengthened the measures for attaining air
quality standards provided in the CAA, which include the
following:

l Provisions relating to mobile pollution sources
l Expanding the regulation of hazardous air pollutants as set

forth in Section 112
l Requiring substantial reductions in power plant emis-

sions for control of acid rain (SO2 and NOx abatement).
Utilities had the choice of using any of the following
ways to meet the standard annual emissions allowance
limit:
B Using cleaner fuel or choosing lower sulfur coal or fuel

blending
B Obtaining additional allowances
B Installing flue gas desulfurization equipment (scrubbers)
B Using previously implemented controls
B Retiring units
B Boiler repowering
B Establish operating permits for all major sources of air

pollution
B Establish provisions for stratospheric ozone protection
B Expand enforcement powers and penalties

The 1990 amendments replaced the health-based standard
with a two-tiered system of regulation. Under the newly revised
Section 112, EPA must first issue standards that are technology
based, designed to require the MACT available. If the MACT
values are insufficient to protect human health with an ‘ample
margin of safety,’ EPAmust issue residual risk standards as well.
These amendments define a sufficient MOS for carcinogens by
requiring EPA to establish residual risk standards for any
pollutant that poses a lifetime excess cancer risk of greater than
1:1 000 000.

In 1997, the Act was again amended to tighten the
permissible ozone levels from 0.12 ppm per 1 h to 0.08 ppm
per 8 h. In addition, the amendment revised the 24-h PM up
to 10 mm in diameter (PM10) to simplify data handling
requirements. Finally, new PM up to 2.5 mm (PM2.5) stan-
dards with an annual limit of 15 mgm�3 was also added to
the Act.
Milestones in US Air Regulations

l July 1955 – Air Pollution Control Act.
l December 1963 – CAA of 1963.
l December 1973 – EPA requires reduction of leaded gasoline

to 1.1 g per gallon by 1982.
l April 1975 – Federal Government will not award contracts,

grants, or loans to organizations that are air polluters.
l September 1978 – EPA announced it final atmospheric air

quality standard for airborne lead.
l December 1979 – EPA ‘Bubble’ policy added to assist

industry plants to clean up air pollution. With this policy,
an imaginary bubble is drawn around the whole plant and
the company can find the most efficient way of controlling
the plant’s emissions as a whole.

l March 1985 – EPA sets limit of 0.1 g of lead per gallon by
January 1986.

l September 1987 – Montréal Protocol signed joining inter-
national partners in efforts to protect the ozone layer.

l November 1990 – Acid Rain Controls reducing sulfur
dioxide emissions and controls to phase out ozone-
depleting substances enacted through the CAA Amend-
ments. Hazard Substance regulated under the revised
Section 112.

l November 1993 – EPA schedules end of manufacture of
chlorofluorocarbons by 1996.

l 28 July 1995 – EPA announces a rule to reduce pollution at
192 petroleum refineries and any future sites.

l December 1995 – EPA has also issued final rules to control
emissions of certain air toxics from solid waste combustion
facilities.

l January 1996 – Leaded gasoline is completely phased out.
l August 1998 – EPA launches air pollution information by

ZIP code.
l July 1999 – The Regional Haze Rule calls for state and

federal agencies to work together to improve visibility in
156 national parks and wilderness areas.

l December 1999 – EPA announces tailpipe emissions stan-
dards for cars, sport utility vehicles, minivans, and trucks
must be 77–95% cleaner.

l April 2003 – Virginia Electric Power agrees to spend $1200
million to reduce emission in largest CAA settlement to date.

l January 2004 – Clean School Bus Program implemented to
reduce diesel particulate exposure.

l May 2004 – The Clean Air Nonroad Diesel Rule imple-
mented to cut emission levels from construction, agricul-
tural, and industrial diesel-powered equipment by 90%.

l June 2006 – National Clean Diesel Campaign – refiners
required to produce diesel fuel with 97% less sulfur.

l September 2006 – EPA issues the strongest national air
quality standards for particle pollution in our country’s
history.

l October 2007 – BP pays the largest criminal fine $62
million criminal fine, plus $400 million on safety upgrades
to date.
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l March 2008 – New tough emissions standards to be
implemented by 2015 to cut pollution from locomotive
and marine diesel engines by up to 90%.

l October 2008 – Stronger lead standards implemented to
0.15 mgm�3 of air.

l March 2009 – Initiative to monitor levels of toxic air
pollutants near schools.

l April 2009 – EPA sets greenhouse gas emissions standards
for cars.

l December 2009 – EPA determines that greenhouse gases
that lead to climate change can be regulated under the
CAA.

l January 2010 – EPA implements stricter smog health
standards.

l October 2010 – EPA implements greenhouse gas fuel
economy standards for trucks and cars.

l November 2010 – Greenhouse gas reporting implemented
with significant carbon dioxide emitters.

l July 2011 – The Cross-State Air Pollution Rule requiring
states to significantly improve air quality by reducing power
plant smokestack emissions that contribute to ozone and/or
fine particle pollution in other states.

l August 2011 – Fuel efficiency and greenhouse gas pollution
standards announced for heavy-duty vehicles built in 2014
through 2018.
l December 2011 – EPA proposed changes in the CAA
emissions standards for large and small boilers and incin-
erators that burn solid waste.

l December 2011 – EPA proposes national standards for
mercury pollution from power plants to be implemented in
4 years.

See also: Environmental Protection Agency, US; Environmental
Toxicology; Pollution, Air in Encyclopedia of Toxicology;
Donora: Air Pollution Episode.
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Title: CWA
Agency: US EPA
Years enacted: 1948, amended and reauthorized 1972; major

amendments in, 1977 and 1987
Background

Water pollution is not a recent phenomenon. For instance, the
Cuyahoga River in Cleveland, Ohio, has presented several
instances of fire hazards due to pollution such as debris and oil
slicks as early as 1868. While there are other instances of river
pollution, the Cuyahoga is the most well known. Federal legisla-
tion onwater beganwhenCongress enacted the River andHarbor
Act of 1886 that was recodified in the Rivers and Harbors Act of
1899. The FederalWaterPollutionControlAct is a comprehensive
statute aimed at restoring andmaintaining the chemical, physical,
and biological integrity of the nation’s water. It was originally
enacted in 1948. Again in 1952, the oil slick and debris polluting
the Cuyahoga River caught fire causing over $1 million in
damage. The Water Pollution Control Act Amendments of 1956
were subsequently passed strengthening enforcement by no
longer requiring the federal government to receive consent from
the States. The Water Quality Act of 1965 (Public Law 89–234)
provided for the settingof enforceablewaterquality standardsand
the basis for interstate water quality standards. The Clean Water
Restoration Act of 1966 (Public Law 89–753) imposed fines
($100 per day) on polluters who failed to submit a required
report. Then on 29 June 1969, the Cuyahoga River debris caught
fire. This event became a significant national news event when
Time Magazine ran a story describing the river as not only a fire
hazard but also “having no visible life, not even low forms such
as leeches and sludge worms that usually thrive on wastes” and
that “oozes rather than flows” because of the severe pollution.

There is no agreement among historians that the legislation
was a direct result of the events on the Cuyahoga River;
however, the US Environmental Protection Agency (EPA)
website indicates that “By bringing national attention to water
pollution issues, the Cuyahoga River fire was one of the events
that led to the creation of the federal Environmental Protection
Agency (in 1970).” The Water Quality Improvement Act of
1970 (Public Law 91–224) further expanded federal authority
to certify water quality. These various amendments created
cumbersome legislation that was, at best, difficult to imple-
ment. Growing public concern for controlling water pollution
in the environment led the enactment of the Federal Water
Pollution Control Act Amendments of 1972 (Public Law 92–
500). Subsequently, this lawwas amended in 1977 and became
known as the Clean Water Act (CWA).
Overview of CWA

In a step toward resolving numerous administrative and
implementation problems with the previous water pollution
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
legislation, the 1972 amendments to the Federal Water Pollution
Control Act restructured water pollution control under the
authority of the Administrator of the EPA. The objective of the
1972 reauthorization was to restore and maintain the chemical,
physical, and biological integrity of the nation’s surface waters.
This original legislation did not deal directly with ground water
or with water quality issues. Initially, there were two critical goals:

1. The elimination of the discharge of all pollutants into the
navigable waters by 1985.

2. The creation of an interim level of water quality to provide
for the protection of fish, shellfish, and wildlife and recre-
ation by 1 July 1983.
The 1972 legislation also required federal effluent limita-
tions and state water quality standards, required permits for the
discharge of pollutants into navigable water, provided
enforcement mechanisms, and authorized funding for waste-
water treatment works construction grants to states and tribes
for their water quality programs. The 1972 legislation basically
changed the enforcement from regulating the quality of exist-
ing water to regulating the amount of effluents being dis-
charged from particular point sources. (Point source defined as
“any discernible, confined, and discrete conveyance from
which pollutants are or may be discharged.”)

The EPA Administrator originally published guidelines for
63 chemicals and a host of other materials – sewage, garbage,
dirt, discarded equipment, even heat – that could not be
indiscriminately dumped in the water. The Act was amended
in 1977 (Public Law 95–217) to include 126 materials,
which EPA had identified as toxic under newly developed
health-based ‘water quality criteria.’ The Act also addressed
previously unrecognized but widespread sources of water
pollution such as municipal storm water, and new sources,
such as land application of manure from Confined Animal
Feeding Operations. To meet this challenge, the most recent
water act, the 1998 National Pollutant Discharge Elimination
System (NPDES), focused not just on waterways but on
watersheds. The Act authorized numerous research programs
to study the prevention, reduction, and elimination of water
pollution. The act authorized the development of plans for
the control of pollution within all or any part of the water-
sheds of the Great Lakes. In 1992, it authorized EPA to
conduct a comprehensive survey of data on aquatic sediment
quality and report the findings to Congress. The Act pro-
hibited the discharge of pollutants except those in compli-
ance with the effluent limitations with the best practicable
control technology.

The Act provided for construction grants and loans to
publicly owned treatment works (POTWs) to implement
improved water pollution control measures. Another signifi-
cant feature of the Act was the creation of a national pollutant
NPDES. The NPDES basically required POTWs as well as
industrial sources to acquire a permit that mandated certain
effluent limitations had to be met before any discharges could
4-3.00830-7 979
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occur in navigable waters. Other water pollution issues covered
by the Act included the Clean Lakes Program, thermal
discharges, nonpoint source pollution, estuaries, marine sani-
tation devices, oil and hazardous substance liability, and
sewage sludge.

The pollutants regulated under the CWA include
biochemical oxygen demand, fecal coliform, total suspended
solids, oil and grease, and pH (‘conventional pollutants’). Also
included in the CWA are ‘priority pollutants,’ that is, toxic
pollutants as well as ‘nonconventional pollutants’ not identi-
fied as either conventional or priority.

The critical requirements of the CWA include the following:

1. Direct discharges from ‘point source’ limitations. Point
sources include sewers, pipes, drainage ditches, etc. Any
facility that intends to discharge into a lake or stream or
river must obtain a permit prior to initiating the discharge.
The discharge must meet conditions and effluent limita-
tions set by the state and/or EPA.

2. Pretreatment requirements for indirect discharges into
POTWsmust meet pretreatment requirements as set forth in
40 CFR403.6 National Pretreatment Standards: Categorical
Standards. Effluent guidelines for direct discharges and
pretreatment standards for specific chemical industry
manufacturers and users are listed in the Code of Federal
Regulations as follows:
40 CFR 414 Organic Chemicals, Plastics, and Synthetic
Fibers,
40 CFR 415 Inorganic Chemicals Manufacturing,
40 CFR 417 Soap and Detergent Manufacturing,
40 CFR 418 Fertilizer Manufacturing,
40 CFR 422 Phosphate Manufacturing,
40 CFR 428 Rubber Manufacturing,
40 CFR 446 Paint Formulation,
40 CFR 447 Ink Formulation,
40 CFR 454 Gum and Wood Chemicals Manufacturing,
40 CFR 455 Pesticide Chemicals,
40 CFR 457 Explosives Manufacturing,
40 CFR 458 Carbon Black Manufacturing.

1. Storm water runoffs were addressed in the 1987 CWA
Amendments. These regulations required that manufac-
turers with any sort of storm sewer connected with any
aspect of the chemical process apply for a permit under
these conditions: (1) a discharge is associated with indus-
trial activity, (2) a discharge from a large or medium
municipal storm sewer system, or (3) a discharge, which has
been determined to contribute to a violation of any, water
standard or is a significant contributor of pollutants to
waters of the nation. These specific regulations are located in
40 CFR 122.26.

2. Oil and hazardous substance spill prevention and responses
are generally incorporated into the Comprehensive Envi-
ronmental Response, Compensation, and Liability Act
(CERCLA) and the Emergency Planning and Community
Right-to-Know Act regulations. However, the Spill Preven-
tion, Control, and Countermeasure plan applies to any
facility that has oil or hazardous materials that has the
potential to reach the nation’s waters. These regulations are
located in 40 CFR 112.
3. Wetlands modifications and/or the placement of dredge
and fill materials into surface waters is covered by a permit
program administered by the US Army Corps of Engineers.
The CWA defines surface waters to include wetlands; hence,
activities that involve any modification of wetlands are
covered by the US Army Corps of Engineers. The regulations
governing this permit program are located in 40CFR 404.
Milestones in US Water Regulations at the EPA

l December 1970 – EPA is officially established to protect
human health by safeguarding the nation’s air, water, and
land.

l April 1972 –Great Lakes Water Quality Agreement in which
the United States and Canada agree to clean up the Great
Lakes.

l October 1972 – Federal Water Pollution Control Amend-
ments enacted expanding the Federal Water Pollution
Control Amendments of 1948.

l October 1972 – CWA is enacted to eliminate additional
water pollution by 1985 and ensure surface waters would
meet standards by 1983.

l October 1972 – Ocean Dumping Act enacted to reduce
ocean pollution.

l March 1973 – First wastewater permits are issued permitting
licensees authority to discharge treated wastewater into
navigable waters in Indiana.

l December 1974 – Safe Drinking Water Act was enacted
authorizing the EPA to regulate the quality of public
drinking water.

l April 1975 – Federal government legislation to discontinue
awarding contracts, grants, or loans to organizations that are
water polluters.

l October 1976 – Resource Conservation and Recovery Act
enacted primarily to permit control of solid and hazardous
waste and also established monitoring groundwater
regulations.

l June 1977 – Safer Drinking Water Act was enacted which
put into place drinking water standards.

l July 1979 – EPA Ocean Survey Vessel named The Antelope
is launched to study waste disposal sites.

l December 1980 – CERCLA or the ‘Superfund’ was enacted
which was extensive regulatory legislation that covered
numerous environmental hazards and also permitted the
EPA to regulate groundwater.

l December 1983 – Chesapeake Bay Pollution Cleanup
initiated joint clean up of the Chesapeake Bay between
federal, state, and local authorities.

l June 1986 – Safe Drinking Water Act Amendments enacted
expanding EPA authority to regulate over 100 contaminants
by 1991.

l October 1986 – EPA announces the creation of the Office of
Wetlands Protection to protect estuaries which includes
swamps, marshes, bogs, and similar areas.

l December 1987 – Water Quality Act of 1987 was passed
amending the 1972 Act encouraging new water treatment
methods for toxic pollutant controls.
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l November 1988 – Sewage Ocean-Dumping Ban is enacted
banning ocean dumping of sewage sludge and industrial
waste.

l June 1992 – New York City ceases dumping sewage into the
ocean under the Ocean Dumping Ban Act of 1988.

l August 1996 – Amendments to the Safe Drinking Water Act
implemented to improve protections for safe drinking
water.

l April 1997 – Great Lakes Cleanup Plan enacted in
conjunction with Canada to remove toxic substances from
the Great Lakes by 2006.

l August 1998 – EPA launches water pollution information
by ZIP code.

l February 2002 – EPA officially moves to cleanup
polychlorinated biphenyl contamination in the Hudson
River.

l July 2006 – EPA creates the WaterSense program which
seeks to protect the nation’s water supply through less use.

l October 2006 – EPA issues Ground Water Rule to reduce
risk of contaminations in public water systems.

l December 2008 – Tennessee Value Authority Kingston
Fossil Plant releases 1100 million gallons of coal fly ash on
land and into the waterways resulting in an EPA review of
coal ash sites nationally.

l May 2009 – Chesapeake Bay Executive Order signed by
President Obama calling on a renewed effort by the federal
government to restore and protect the Chesapeake and its
watershed.

l October 2010 – Gulf Coast Ecosystem Restoration Task
Force Executive Order signed by President Obama to
implement restoration programs and projects in the gulf
coast region.

l December 2010 – EPA establishes the Chesapeake Bay Total
Maximum Daily Load identifying necessary reductions of
nitrogen, phosphorus, and sediment from local jurisdic-
tions to be in place by 2025.

See also: CERCLA; Revised as the Superfund Amendments
Reauthorization Act (SARA); Drinking-Water Criteria (Safety,
Quality, and Perception); Effluent Biomonitoring;
Environmental Toxicology; National Environmental Policy Act,
USA; Pollution Prevention Act, United States; Pollution, Water;
Resource Conservation and Recovery Act (USA); Safe Drinking
Water Act; Toxicity Testing, Aquatic.
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The function of clinical chemistry in toxicology (as well as in
human and veterinary medicine) is to provide, via laboratory
analysis, evaluations of the qualitative and quantitative char-
acteristics of specific endogenous chemical components
present in samples of blood, urine, feces, spinal fluid, and
tissues. The purpose is to help identify abnormal or patho-
logical changes in organ system functions. The most common
specimens used in clinical chemistry are blood and urine, and
many different tests exist to test for almost any type of
chemical component in blood or urine, for example, blood
glucose, electrolytes, enzymes, hormones, lipids (fats), other
metabolic substances, and proteins. The tests used were all
initially applied to human clinical medicine, and may not
possess the same utility when performed as part of nonclinical
toxicity studies in a wide variety of other species.

Clinical chemistry evaluations are commonly recommended
in animal toxicology studies. Regulatory agencies such as the US
Table 1 Association of changes in biochemical parameters with actions a

Parameters Blood Heart Lung Kidney Liver Bone Intestine Pancreas Not
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, increase in chemistry values; , decrease in chemistry values.

ALP, alkaline phosphatase; BUN, blood urea nitrogen; CPK, creatinine phosphokinase; G
dehydrogenase; RBC, red blood cells; SDH, sorbitol dehydrogenase; AST, aspartate amin
ALT, alanine amino transferase (also known as SGPT, serum glutamic pyruvic transamin

982 Encyclopedia of T
Food and Drug Administration and the US Environmental
Protection Agency have set guidelines for clinical pathology
testing in nonclinical toxicity and safety studies. Measurement
of chemical components of biological fluids allows the toxi-
cologist to do serial sampling, detect metabolic injury or organ-
specific effects, and perhaps gain additional information helpful
in establishing the no-effect level and determining the mecha-
nismof toxicity.Whenusing serumenzymes asmarkers of tissue
or organ damage, the enzyme of interest must reasonably reflect
pathological change in a specific tissue, organ, or group of
organs and must be easily measured.

The tests that are traditionally and routinely performed
provide information concerning hepatocellular and biliary
integrity and function, renal function, carbohydrate,
protein, and lipid metabolism, and mineral and electrolyte
balance. Modern analytical techniques require only small
sample volumes to make accurate determinations, allowing
t particular target organs

es

duced by the liver. Very significant reductions indicate extensive liver
amage
ations associated with wholestasis. Bone alkaline phosphatase tends to be
igher in young animals
ally elevated due to cholestasis, either due to obstruction or hepatopathy

imates blood-filtering capacity of the kidneys. Does not become
ignificantly elevated until the kidney function is reduced by 60–75%
be life threatening and result in acute death

nd in plasma, brain, and RBC
st often elevated due to skeletal muscle damage but can also be produced
y cardiac muscle damage. Can be more sensitive than histopathology
o estimates blood-filtering capacity of kidney as BUN does
rations other than those associated with stress are uncommon and reflect
n effect on the pancreatic islets or anorexia
ated in cholestasis. This is a microsomal enzyme and levels often increase
n response to microsomal enzyme induction

rease usually due to skeletal muscle, cardiac muscle, or liver damage. Not
ery specific
olute alterations are usually associated with decreased production (liver)
r increased loss (kidney). Can see increase in case of muscle ‘wasting’
catabolism)
sent in skeletal muscle and heart and most commonly associated with
amage to these
ations usually associated with hepatic damage or disease

r enzyme that can be quite sensitive but is fairly unstable. Samples should
e processed as soon as possible

GT, gamma glutaryl transferase; HBDH, hydroxybutyric dehydrogenase; LDH, lactic
o transferase (also known as SGOT, serum glutamic oxaloacetic transaminase); and
ase).
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in-life evaluations of effects in rats and larger species at
multiple times during the course of a study without
compromising animal health. More recently, Food and
Drug Administration and European Medicines Agency have
accepted a new specific biomarker set for kidney toxicity in
nonclinical studies. This panel includes Kim-1, albumin,
total protein, b2 microglobulin, crystatin C, clusterin, and
trefoil factor-3.

Table 1 summarizes the routinely measured end points and
the probable causes behind findings.

See also: Toxicity, Subchronic and Chronic.

Further Reading

Burtis, C.A., Ashwood, E.R., Bruns, D.E. (Eds.), 2006. Tietz Textbook of Clinical
Chemistry, fourth ed. Saunders, Philadelphia, PA.

Evans, G.O., 2009. Animal Clinical Chemistry, second ed. CRC Press, Boca
Raton, FL.
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of Laboratory Animals, third ed. CRC Press, Boca Raton, FL.

Relevant Websites

http://www.aacc.org – American Association for Clinical Chemistry (AACC) website.
Also considering accessing the AACC Listservs http://www.clinchem.org – Clinical
Chemistry: International and Journal of Molecular Diagonistics and Laboratory
Medicine.

http://www.e-c4.org – European Communities Confederation of Clinical Chemistry and
Laboratory Medicine.
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l Name: Clofibrate
l Chemical Abstracts Service Registry Number: 637-07-0
l Synonyms: 2-(p-Chlorophenoxy)-2-methylpropionic acid

ethyl ester, a-p-Chlorophenoxyisobutyryl ethyl ester, Amo-
tril, Angiokapsul, Anparton, Antilipid, Ateculon, Ateriosan,
Atheropront, Atromid, Atromidin, Hyclorate, Lipavin, Lip-
onorm, Liporil, Lipofaction, Neo-atromid, Normet, Rege-
lan, Serotinex

l Molecular Formula: C12H15O3Cl
l Molecular Weight: 242.7 gmol�1

l Chemical Structure:
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O
O

H3C

CH3

CH3

Background

Researchers in France observed in 1953 that structures derived
from dehydrocholic acid, phenylethyl acetic acid, and certain
other disubstituted acetic acids exhibited hypocholesterolemic
properties in rats and humans. Several years later, Thorp and
Waring discovered clof ibrate as an effective compound for
lowering lipids in animal models, with minimal toxicity. Its
mode of action was initially attributed to seasonal variations in
adrenal and thyroid function, and the administration of
androsterone was found to potentiate the hypocholesterolemic
effect of this compound. Subsequently, several clinical trials
were performed which showed that clofibrate decreases lipid
levels in hypercholesterolemic patients, mainly as the result of
a reduction in the very-low-density lipoprotein (VLDL), and
less in the low-density lipoprotein (LDL) fraction, and that the
coadministration of androsterone was not necessary for its
hypolipidemic effect. Despite reported hepatomegaly in rats
following long-term treatment with clofibrate, this drug was
approved in the United States in 1967 for the treatment of
hyperlipidemias.

Clofibrate can be chemically synthesized by the condensa-
tion of phenol with ethyl 2-chloro-2-methylpropionate in the
presence of a dehydrochlorinating agent, followed by chlori-
nation and purification. It can also be synthesized by the
condensation of p-chlorophenol with acetone and chloroform
followed by esterifying the resultant acid to give clofibrate.
Uses

Clofibrate is a lipid-lowering agent (antilipidemic) used for
controlling high cholesterol (anticholesteremic) and tri-
acylglyceride levels in the blood. It increases lipoprotein lipase
activity to promote the conversion of VLDL to LDL, thereby
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reducing VLDL levels. It is indicated only in subjects with
increased concentrations of VLDL and intermediate-density
lipoproteins (IDL) who have failed to respond adequately to
gemfibrozil or nicotinic acid. Clofibrate is of limited utility for
patients with either familial hypercholesterolemia or polygenic
hypercholesterolemia, as comparatively more effective drugs
are available for lowering the concentration of LDL in these
patients.

Clofibrate has no effect on hyperchylomicronemia, nor
does it affect concentrations of high-density lipoproteins
(HDL). Thus, clofibrate appears to have specific efficacy only in
patients with familial type-III hyperlipoproteinemia. There is
no substantial evidence proving efficacy of clofibrate in pre-
venting deaths from coronary artery disease. Clofibrate has
been used to prevent or control polydipsia, polyuria, and
dehydration in a limited number of patients with mild to
moderate neurohypophyseal diabetes insipidus. A 5-year
multicenter study reported failure of clofibrate in reducing or
preventing mortality in cardiovascular disorders, which has
provided a setback for the prophylactic use of this drug.
Environmental Fate and Behavior

Clofibrate is a clear, colorless liquidwith a density of 1.14 gml�1

(at 25 �C). The boiling point of clofibrate is 148–150 �C at
25mmHg. This drug is a stable, colorless to pale-yellow liquid
with a faint odor and characteristic taste. Its melting point is
below 25 �C, it is soluble in common solvents but not in water,
and its solubility or log P (octanol/water) is 3.620.
Exposure and Exposure Monitoring

Exposure to clofibrate is primarily intentional and for medical
reasons; however, accidental overdose or ingestion can occur.
Response to clofibrate can be variable, and therefore serum
cholesterol and triglyceride concentration should be deter-
mined prior to and regularly during clofibrate therapy. It is
recommended that liver function tests, blood cell counts, and
the LDL, VLDL, and HDL fractions should also be determined
and the LDL fraction rechecked during the first few months of
clofibrate therapy.
Toxicokinetics

Clofibrate is rapidly and completely absorbed from intestine
after oral administration and is hydrolyzed to clofibric acid
during absorption and passage through the liver. The peak
plasma concentration of 49–53 mgml�1 occurs within 4–6 h
after oral administration of a single 500mg dose in a healthy
individual. Concomitant administration of cholestyramine
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00289-X
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with clofibrate has been shown to decrease the rate of absorp-
tion of clofibrate. Clofibrate can transfer across the placenta
and into the milk, as reported in a study with newborn rats
whose mothers were fed clofibrate. A major fraction of clofibric
acid is bound to plasma albumin. Plasma concentration of
unbound clofibric acid is increased in patients with renal failure
and low serum albumin concentrations. Elimination of this
metabolite proceeds in two kinetic phases, with a slower
exponential phase having a mean half-life of nearly 15 h. Sixty
percent of it is excreted as glucuronide conjugate in the urine.
Some is secreted into the bile and is reabsorbed. The plasma
elimination half-life is between 12 and 25 h in healthy indi-
viduals, and between 29 and 88 h in patients with renal failure.

Clofibrate is known to interact with various other nutrients in
the body. It has been found to impair absorption of vitamin B12,
vitamin E, iron, carotene, glucose, and medium-chain triglycer-
ides. Other drug interactions also reported include those with
statins, niacin, insulin, blood thinners, oral antidiabetic medi-
cations, and probenecid. While statins and fibrates have syner-
gistic effects on plasma lipid levels, coadministration can lead to
side effects such as rhabdomyolysis and acute renal necrosis.
Mechanism of Action

Clofibrate characteristically reduces plasma triglycerides by
lowering the concentration of VLDL within 2–5 days after
initiation of therapy. In a majority of patients, total cholesterol
and LDL concentrations in plasma fall slightly. However, some
patients who exhibit a large fall in VLDL may show a para-
doxical rise in LDL, resulting in minimal net effect on total
cholesterol levels.

The drug has several proposed antilipidemic actions,
including increased triglyceride and VLDL clearance, mobili-
zation of cholesterol from tissues, increased fecal excretion of
neutral sterols, decreased hepatic lipoprotein synthesis and/or
secretion, decreased free fatty acid release, and decreased
triglyceride synthesis. The precise mechanisms by which clofi-
brate lowers serum concentrations of triglycerides and choles-
terol are not known.
Acute and Short-Term Toxicity

Rats given food containing 1% clofibrate or subcutaneous
injections of 0.3–0.9 g kg�1 daily for 2 days showed sponta-
neous electromyographic responses in hind limbs. In newborn
rats, clofibrate has been shown to induce relative enlargement
of the liver in proportion to the body as well as an abnormal
fetal thrombosis syndrome. The latter consisted of an extension
of the normal thrombosis in the umbilical arteries, which
caused necrosis of the tail or parts of the hind limbs.

The oral LD50 for clofibrate has been established as
940mg kg�1 (rat), 1220mg kg�1 (mouse), and 2400mg kg�1

(hamster). The intraperitoneal LD50 values established are
910mg kg�1 (rat), 540mg kg�1 (mouse), and 1260mg kg�1

(hamster). For mammals, the oral LD50 value has been set at
3000mg kg�1.

In humans, initiation of clofibrate therapymay result in side
effects such as stomach upset, nausea, loose stools, bloating,
gas, dizziness, drowsiness, or headache. Mouth sores, dry or
itchy skin, brittle hair, decreased sexual function, or muscle
aches have also been reported. A characteristic flu-like
syndrome, associated with severe muscle cramps and tender-
ness, stiffness, and weakness, is now associated with this drug,
and recurs whenever the drug is taken. Accident application to
the eye can lead to significant damage. Contact with abraded
skin should be avoided, as skin contact can produce a reaction
known as nonallergic contact dermatitis. Patients on therapy
are advised to consult their doctor if they suffer from chest pain,
an irregular heartbeat, severe stomach pains, vomiting, skin
rash, breathing trouble, decreased urine output, blood in the
urine, swelling of the feet or ankles, fever, chills, weight gain, or
muscle aches/pain/weakness. It has thus been recommended
that clofibrate be used only in patients with significant hyper-
lipidemia and high risk of arterial disease, and only in treat-
ment of primary hyperlipidemias when other dietary means are
ineffective. Clofibrate therapy is contraindicated in patients
with peptic ulcers, hepatic or renal dysfunction, primary biliary
cirrhosis, or known hypersensitivity to the drug. Administra-
tion of clofibrate also increases the lithogenicity of bile and is
associated with a high incidence of cholelithiasis and
cholecystitis.
Chronic Toxicity

Clofibrate causes hepatic tumors in rodents. Male Fischer rats
fed clofibrate at a dietary concentration of about 250mg kg�1

body weight per day for up to 28 months showed development
of one or more hepatocellular carcinomas in a significant
number of animals. In addition, pancreatic exocrine acinar
carcinomas, dermatofibrosarcoma, and leiomyoma of the
intestine were also reported in a small percentage of rats, while
no such tumors were observed in controls.

In humans, long-term use of this medication has been
found to increase the risk of developing gallstones twofold. The
World Health Organization cooperative trial on primary
prevention of ischemic heart disease using clofibrate to lower
serum cholesterol reported an excess mortality in the clofibrate-
treated group despite successful cholesterol lowering. A pro-
longed use of this drug can result in persistent fever, which after
being resolved with drug discontinuation, can develop again
upon rechallenge. Because of the possibility of undesirable side
effects, clofibrate should be used only in certain patients after
other treatments have failed to lower the levels of cholesterol.
Reproductive Toxicity

Reproduction studies in both dogs and monkeys using clofi-
brate dosages approximately 4–6 times the usual human dosage
have demonstrated arrest of spermatogenesis. Adverse genito-
urinary effects of clofibrate include decreased libido inmen and
impotence. It is stated by the manufacturer of this drug that
clofibrate must not be used during pregnancy, and that women
of child-bearing age must use reliable birth control methods
while using this medication. Further, if a pregnancy is planned,
clofibrate should be stopped several months before becoming
pregnant. Clofibrate can build up dangerously in unborn
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babies, who do not yet have the ability to successfully metab-
olize and excrete this drug. This medication passes into breast
milk and must not be used while breast-feeding.
Developmental Toxicity

With doses of 200mg kg�1 body weight per day given to both
male and female rats, both before and during gestation,
a significant decrease in litter size has been reported. With
doses of 500mg kg�1 body weight, the number of pregnancies
was reported to be decreased from 7/8 to 0/8.
Genotoxicity

Clofibrate was not mutagenic to Salmonella typhimurium strains,
with or without metabolic activation by rat liver microsomes.
Although clofibrate suppressed the incorporation of 3H-
thymidine into replicating DNA in primary cultures of stimu-
lated mouse splenic lymphocytes, the effect was reversible
upon removal of the drug. This is in contrast to the action of
several DNA-binding carcinogens, and therefore it was
concluded that clofibrate does not cause DNA damage.
Carcinogenicity

In a large, randomized clinical trial conducted to determine the
potential of clofibrate to lower the incidence of ischemic heart
disease in men, the incidence of nonfatal myocardial infarction
was reduced in clofibrate-treated group. However, there were
significantly more deaths in this group, many of which
were due to malignant neoplasms. Presently, there is inade-
quate evidence in humans and limited evidence in animals for
the carcinogenicity of clofibrate. Therefore, clofibrate is not
classifiable as a carcinogen in humans.
Clinical Management

Exposure should be terminated as soon as possible. If toxic
amount in overdose is unknown, then gastric decontamination
is required, but should be considered only if the amount
ingested is several times the daily therapeutic dose. Acti-
vated charcoal as a slurry (30 g charcoal in 240ml water)
should be given at a dose of 1 g kg�1 (infants less than
1 year), 25–50 g (children 1–12 years), and 25–100 g
(adults/adolescents).
Exposure Standards and Guidelines

Manufacturers, packers, and distributors of drug and drug
products for human use are responsible for complying with the
labeling, certification, and usage requirements as prescribed by
the Federal Food, Drug, and Cosmetic Act.
See also: Carcinogenesis; Gastrointestinal System; Lipid
Metabolism Modifying (Statins, Cholesterol); Toxicity Testing,
Dermal.
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Description considered the most important clostridial species causing his-
Clostridium perfringens is a gram-positive, spore-forming rod.
This bacterium requires anaerobic conditions for growth, but is
more tolerant of air (aerotolerant) than most other anaerobes.
C. perfringens is widely distributed throughout the environment
and frequently occurs in low numbers in the intestines of
humans and domestic animals. Vegetative cells and, particu-
larly, spores of the organism persist in soil, sediments, and
areas subject to human or animal fecal pollution. Any raw
food, but particularly meats, poultry, and seafood, may contain
vegetative cells or spores of this bacterium.
Mechanism of Toxicity

The pathogenesis of all clostridial diseases is attributable to
potent exotoxins released by the organism. C. perfringens
exemplifies this pathogenic strategy, being capable of
producing over 17 different toxins. These toxins include
epsilon toxin, which is a Centers of Disease Control (CDC)
class B select toxin and the third most potent clostridial toxin,
ranking behind only tetanus toxin and the botulinum toxins.

When C. perfringens toxins contact host cells, they usually
bind and then act in various ways. Alpha toxin has both
phospholipase C and sphingomyelinase activities, which can
damage the plasma membrane. In addition, hydrolysis of
phosphatidylcholine by alpha toxin produces diacyl glycerol,
a second messenger that activates host cell signaling pathways.
Iota toxin is internalized into host cells, where the A compo-
nent of this toxin then produces ADP-ribosylates actin, causing
cytoskeletal changes. Several other important C. perfringens
toxins (perfringolysin O, enterotoxin (CPE), epsilon toxin, and
beta toxin) bind to cells by receptors and then oligomerize into
toxin complexes. These toxin complexes then insert into the
membranes to form pores that lead to cell death.

Patterns of toxin production vary considerably amongst
differentC. perfringens strains. In large part, these strain-to-strain
differences in toxin production reflect the presence of many
toxin genes on plasmids, whose presence varies between indi-
vidual strains. For classification purposes, C. perfringens strains
are commonly divided into five types (A–E) based on their
production of four typing toxins (alpha, beta, epsilon, and iota).
All strains produce alpha toxin, but type C strains also produce
beta toxin, type D strains also produce epsilon toxin, type E
strains also produce iota toxin, and type B strains also produce
both epsilon and beta toxins. In addition to producing one or
more typing toxins, strains may express additional toxins (e.g.,
about 5% of strains produce C. perfringens enterotoxin (CPE)).
Nature of Disease

The diversity in toxin production amongst C. perfringens strains
allows this bacterium to cause a broad spectrum of diseases in
both humans and livestock. For example, C. perfringens is
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totoxic tissue infections in humans. Among those histotoxic
infections, C. perfringens is the most common cause of trau-
matic clostridial myonecrosis (death of muscle tissue), also
known as gas gangrene. In clostridial myonecrosis, C. per-
fringens grows in muscles using fermentation, which results in
the presence of gas in muscle tissue and explains why the
disease is often referred to as gas gangrene. During this in vivo
growth, the bacterium also produces toxins, particularly alpha
toxin, that produce necrotic tissue, which, due to its low
oxidation–reduction potential, allows progressive spread of the
infection by this anaerobic bacterium. In addition, the toxins
can enter the circulation and cause effects on distant organs.
Clostridial myonecrosis is typically rapidly fatal without
prompt initiation of therapy, which is described later.

Besides causing histotoxic infections, C. perfringens is also
responsible for numerous infections that originate in the
gastrointestinal tract of humans or livestock. The most
common of these infections for humans is C. perfringens type A
food poisoning. This illness currently ranks as the second most
common bacterial food-borne infection in the United States,
where nearly a million cases occur annually. In most instances,
poor temperature control during cooking or holding foods is
the cause of this food poisoning, especially when large quan-
tities of food such as meats, meat products, gravy, and poultry
are prepared several hours before serving. The C. perfringens
strains causing food poisoning are typically type A strains that
produce C. perfringens enterotoxin (CPE, discussion below). In
addition, spores (and to a lesser extent, vegetative cells) of these
food poisoning strains are often highly resistant to food stresses
such as heating, storage at low temperature (refrigerators or
freezers), and preservatives such as nitrites. This resistance
phenotype likely facilitates bacterial survival in foods and is
attributable, in large part, to the ability of these food poisoning
strains to produce spores containing a variant of a small acid-
soluble protein named SASP-4. This variant SASP-4 protein
binds tightly to spore DNA, thus offering exceptional protec-
tion from the food stresses described above.

After the highly resistant C. perfringens spores contaminate
foods, they can later germinate back to actively growing vege-
tative cells when stresses such as high temperature are removed.
Those C. perfringens vegetative cells then rapidly multiply in
foods due to the short doubling time of this bacterium, which
can be as little as 10 min at 43 �C. After ingestion of
a contaminated food containing large numbers of vegetative
cells, the organism starts to sporulate in the small intestinal
lumen. It is during this in vivo sporulation that CPE is produced,
so this food poisoning is typically an infection rather than an
intoxication.

CPE accumulates in the cytoplasm of the sporulating cell
until that cell lyses at the completion of sporulation to release
the mature endospore. This lysis also releases CPE into the
small intestine, where the toxin binds to receptors present on
enterocytes. These receptors include certain members of the
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claudin family of mammalian tight junction proteins. Once
bound to these claudin receptors, the enterotoxin oligomerizes
into a hexamer, which then inserts into host cell plasma
membranes. As briefly mentioned earlier, insertion of this CPE
hexamer results in pore formation, which causes a calcium
influx into enterocytes that activates calpain and results in cell
death from either apoptosis (caused by low CPE doses) or
oncosis (caused by high CPE doses). Death of enterocytes
produces tissue damage (including epithelial desquamation,
epithelial necrosis, and villus blunting/shortening) in the small
intestine. This histologic damage apparently induces fluid
secretion that manifests clinically as diarrhea.

C. perfringens type A food poisoning is characterized by
intense abdominal cramps, as well as diarrhea, that begin
8–22 h after consumption of tainted food. The illness is usually
over within 24 h; however, it can be fatal in the elderly or in
patients receiving medication that produces significant con-
stipation. Due to food preparation issues (i.e., holding large
volumes of prepared foods for long periods before serving),
this food poisoning often occurs in institutional settings.

CPE-producing type A strains of C. perfringens also cause
3–15% of all cases of human non-food-borne gastrointestinal
diseases, which include sporadic diarrhea and antibiotic-
associated diarrhea. Interestingly, the symptoms of these non-
food-borne diarrheic illnesses can persist for much longer (up
to several weeks) than those of the food poisoning. Also,
relative to food poisoning strains, spores of the C. perfringens
type A strains causing sporadic or antibiotic diarrhea are much
less resistant to heat and other stresses. In addition, they carry
their enterotoxin gene on a plasmid, in contrast to the chro-
mosomal location of the enterotoxin gene in w75% of food
poisoning strains.

Non-type A C. perfringens strains are also responsible for
human and veterinary diseases that originate in the intestines.
For example, type C isolates cause enteritis necroticans in
humans, which occurs sporadically in malnourished people
throughout the developing world and, occasionally, in dia-
betics in developed countries. However, enteritis necroticans is
historically most closely associated with the Papua NewGuinea
highlands, where it is known as pigbel. During the 1970s,
pigbel was the leading cause of death in young children in the
Papua New Guinea highlands.

Enteritis necroticans develops in people with low intestinal
trypsin activity, which can result from a diet rich in trypsin
inhibitor and/or from low intestinal trypsin levels due to
a protein-poor diet or disease. The importance of low trypsin
levels for developing enteritis necroticans reflects the impor-
tance of trypsin as a host defense against toxins (particularly
beta toxin) produced in the intestines by type C isolates. In
individuals with low intestinal trypsin activity, beta toxin
persists to cause hemorrhagic necrotizing enteritis. This pore-
forming toxin can also be absorbed into the circulation to
damage other internal organs, resulting in a condition referred
to as enterotoxemia. Besides human disease, type C isolates
also cause similar, often fatal, necrotizing enteritis and enter-
otoxemia in several livestock species. Young animals are
particularly affected, probably due to the anti-trypsin activity
present in colostrum.
Type B and D strains of C. perfringens also rank as important
veterinary pathogens, causing potentially fatal enteritis or
enterotoxemias in numerous livestock species. For type D
strains, the pore-forming epsilon toxin is considered of
particular pathogenic importance, while it appears likely that
both epsilon toxin and beta toxin contribute to the virulence of
type B strains. Type E strains producing iota toxin occasionally
cause enteritis in calves and perhaps other livestock.
Control

In most instances, poor temperature control of prepared food is
the cause of acute C. perfringens type A food poisoning.
Therefore, to reduce the occurrence of this food poisoning, it is
important to keep hot foods above 60 �C and cold foods at or
below 5 �C before serving. Since this food poisoning is usually
a mild, self-limiting disease, symptomatic and supportive
therapy, including fluid and electrolyte replacement, is nor-
mally adequate intervention. The disease symptoms are
produced by the enterotoxin, so antibiotics play no role in its
management.

For preventing enteritis and enterotoxemias caused by
C. perfringens type B–D isolates, crude vaccines have been
developed using inactivated culture supernatants. A type C
vaccine was introduced in 1980 and proved very efficacious in
reducing the frequency of pigbel amongst young children in
Papua New Guinea. Once pigbel occurs, the major therapeutic
intervention requires surgical removal of affected bowel tissue;
however, this procedure must be performed early in the disease
before extensive intestinal necrosis or enterotoxemia develops.
Similarly, crude vaccines against type B, C, and D strains are
often used to prevent enteritis and enterotoxemia in livestock.

Currently, vaccines are not used to prevent or treat C. per-
fringens histotoxic infections, including gas gangrene. Instead
the major therapeutic approach involves surgical debridement
of infected tissues, along with antibiotic therapy. Surgical
debridement to treat clostridial myonecrosis must be initiated
early during infection, before the infection has spread too far
and too many toxins have entered the circulation. Hyperbaric
oxygen conditions are sometimes also used as supportive
therapy for gas gangrene, with the aim of increasing the
oxidation–reduction potential of tissue in the patient and thus
inhibiting bacterial growth.

See also: Gastrointestinal System.
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l Name: 2-Chloroacetophenone
l Chemical Abstracts Service Registry Number: 532-27-4
l Synonyms: Tear gas, Less-than-lethal, Nonlethal, Lacri-

mator, Harassing agent, Incapacitant, 2-Chloro-L-phenyl-
ethanone, 2-Chloroacetophenone, Chloroacetophenone,
Phenacyl chloride, Chloromethyl phenyl ketone

l Molecular Formula: C8H7ClO
l Structure:

Background (Significance/History)

Chloroacetophenone was first synthesized in 1870 by the
Germans. It is used as a riot control agent (RCA) due to its
potency as a lachrymatory agent. It got its fame after World War
I when it was given the trade name Mace�, the first American
manufacturer of CN devices and sold for personal and
commercial protection. Generically, it is known as tear gas. It
was used in US military systems until its replacement by CS (o-
chlorobenzylidene malononitrile) in 1959. However, CN is
still sold commercially in the United States and is used by
militaries and police all over the world.
Uses

CN is used as a nonlethal or less-than-lethal chemical in riot
control situations to distract, deter, incapacitate, disorient, or
disable disorderly people; to clear facilities or areas; to deny
areas; or for hostage rescue. It can also be used in peacekeeping
operations. It is also used in military training as a confidence
builder for the protective mask.
Environmental Fate and Behavior

In Soil

CN has a half-life under aerobic conditions of 672 h and can be
biodegraded in most moist, nutrient-rich soil.
y Deceased.

Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
In Water

Biodegradation in water is similar to degradation in soil.
Howard et al. (1991) reports the same 672 h half-life for CN in
aerobic surface water. This half-life is extended up to 2688 h for
anaerobic aqueous degradation.

Volatile losses of CN from surface waters can be another
significant process for CN disappearance in water. For instance,
Olajos and Stopford (2004) calculated that CN contamination
in a river would have a half-life of approximately 14 days, while
CN contamination in a lake would have a half-life of approx-
imately 110 days.
In the Atmosphere

CN reacts with hydroxyl radicals in the atmosphere. A half-life
of 8 days has been estimated (Toxnet).
Decontamination

Contaminated clothing should be removed and sealed in
a plastic bag. Disposable rubber gloves should be used when
handling contaminated clothes. The eyes should be irrigated
copiously with saline for 15–20min. Contaminated skin
should be washed thoroughly with copious amounts of water,
alkaline soap and water, a mildly alkaline solution (sodium
bicarbonate or sodium carbonate), or mild liquid soap and
water. Sodium hypochlorite solution will exacerbate the skin
lesions and should not be employed: Only a saline irrigation
should be used over vesiculated skin.

Table 1 describes tear agent breakdown in water/alkaline
solutions. CS shows to be the easiest to decontaminate as it
readily hydrolyzes in water, and does so even more rapidly in
alkaline solutions. CR and CN show low vulnerability to
hydrolysis, rendering them mild environmental risks.
Exposure and Exposure Monitoring

Exposure Routes and Pathways

CN is a white solid with low vapor pressure that can be
dispensed as a fine powder or as a jet or stream of solution
from small or large spray tanks, as well as aerosols or smokes
by pyrotechnic generation. Its solubility in water is limited,
but it is soluble in organic and chlorinated organics. Expo-
sure of eyes, nose, mouth, skin, and respiratory tract
produces irritation and pain. If swallowed, CN may produce
vomiting.
4-3.00595-9 989
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Table 1 Decontamination of riot control agents

Compound (t1/2) Hydrolysis in water (t1/2) Waterþ alkaline

CS (15 min) Rapid (1 min) Rapid
CR Little–none Little–none
CN Very slow Very slow

Includes half-life of CS in water/alkaline solution.
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Human Toxicology

The incapacitating effects of CN in human volunteers during
exposure included lacrimation, some blurring of vision, and
conjunctivitis. On the nose and throat, CN causes a tingling
sensation, irritation, pain, and some increase in secretions; on
the respiratory tract it causes irritation, burning, and pain. CN
on the skin causes burning in the periorbital area and other
areas of tender skin, especially where sweating is present.
Occasionally, nausea and gagging occur during and soon
after exposure. Most of these effects disappear within 20min
after exposure, but conjunctivitis and blepharospasm usually
disappear after a few days leaving no after-effect. Incapacitating
dosages (ICt50) of CN have ranged from 20 to 50mgminm�3.
The estimates of human LCt50 values, extrapolated from
animals exposed to CN dispersed from a solvent, is 7000mg
minm�3, and 14 000mgminm�3 when dispersed from
commercially available grenades. Other estimates range from
8500 to 25 000mgminm�3. The maximum safe inhalation
dosage of CN for humans is estimated to be 500mgminm�3.
Acute injuries to the eyes, primarily from effects of blast and
missiles, may occur from tear-gas weapons such as pen guns.
The immediate effects of these injuries include swelling and
edema of the lids with penetration of skin, conjunctivitis,
cornea, sclera, or globe by gunpowder and CN. Conjunctival
ischemia and chemosis, corneal edema, erosion, inflammation
or ulceration, and focal hemorrhage have been reported.
A few hand injuries resulting from accidental discharges of
tear gas guns at close range have been reported. Surgery was
required in all to relieve pain and to remove the foreign
material. All of these few victims suffered continuing pain and
some loss of sensation, apparently from the toxic action of CN
on nerves.
Toxicokinetics

Evaporation of organic solvent may concentrate CN in the eyes
and intensify damage. Hydrolysis of CN is very slow in water
and is difficult to decompose. Environmental contamination
may be persistent and difficult to remove.
Mechanism of Toxicity

CN is considered less than lethal or nonlethal because it has
a large safety ratio. That is, its effective dose or concentration
ECt50 is low compared to its lethal dose or concentration
(LCt50). In the body, CN is converted to an electrophilic
metabolite. It is an SN2 alkylating agent that reacts with SH
groups and other nucleophilic sites of biomolecules. Alkylation
of SH-containing enzymes leads to enzyme inhibition with
disruption of cellular processes. CN was found to inhibit
human plasma cholinesterase via a non-SH interaction, and
some of the toxic effects may be due to alkylation of SH-
containing enzymes.

CN as well as CS is an SN2-alkylating agent with activated
halogen groups that react readily at nucleophilic sites. The
prime targets include sulfhydryl-containing enzymes such as
lactic dehydrogenase. Alkylation of �SH-containing enzymes
leads to enzyme inhibition with disruption of cellular
processes. It has been suggested that tissue injury may be
related to inactivation of certain of these enzyme systems. The
initial response to the inhalation of CN or other sensory irri-
tants is consistent with the Kratschmer reflex and the Sher-
rington pseudoaffective response. These aerosols stimulate the
pulmonary irritant receptors to produce bronchoconstriction
and increased pulmonary blood volume by augmenting
sympathetic tone. The chlorine atoms released from CN on
contact with skin and mucous membranes are reduced to
hydrochloride acid, which can cause local irritation and burns.
CN was also found to inhibit human plasma cholinesterase via
a non-SH interaction.

CS, CR, and CN are all potent agonists to the transient
receptor potential A1, or TrpA1, cation-selective channel. This
receptor is part of the same family of receptors as TrpV1, the
receptor through which oleoresin capsicum (OC), or pepper
spray, works. TrpA1 differs structurally from the other Trp
receptors, mainly by having amino terminal ankyrin repeat
domains and an 1125 amino acid carboxy-terminal chain, both
intracellularly. The receptor has been shown to generate action
potentials based on pain and inflammatory stimuli experi-
enced at these sites. This includes agonism by the tear agents
CN, CS, and CR. These agents possess an electrophilic carbon
that binds covalently to cysteine thiol residues in the TrpA1
receptor. This covalent bond is reversible, however, accounting
for the temporary effects of these agents. In this study by Brone,
in fact, the researchers were merely looking for TrpA1 receptor
agonists and when synthesizing some of these noticed
a pungent irritation of the eyes and nose. They then realized
they were synthesizing compounds structurally similar to CR.
From there, they reviewed the biological activity of the riot
control agents and decided to test their affinity and efficacy for
the TrpA1 receptor instead of synthesizing new compounds.

Upon agonism by these riot control agents, the TrpA1
receptor opens and selectively allows for the flux of sodium
(Naþ) and calcium (Ca2þ) ions into the cell. This depolarizes
the sensory neuron and sends an afferent signal to the CNS that
is interpreted as pain. CN allows for the least calcium influx in
the longest amount of time into the cell, establishing it as the
least potent tear agent of the three. CR is the most potent fol-
lowed by CS with respect to the amplitude and time to peak of
calcium influx. This study, therefore establishes that CS, CR,
and CN do in fact work through the TrpA1 receptor. Studies
went on further to test for cross-reactivity with other Trp
receptors, and the tear agents were deemed TrpA1 selective,
with no agonism found within this family of receptors.

The sensory effects seen with tear gas exposures are due to
the afferents formed by trigeminal neurons that express high
concentrations of TrpA1 receptors. For example, stimulation of
the tearing reflex transduces a signal through the trigeminal



Table 2 Tear gas potencies

Compound TC50 (mg m
�3) ICt50 (mg min m

�3)

CR 0.004 0.7
CN 0.3 20–50
CS 0.004 3.6
OC 0.0003–0.003 NA

TC50, Threshold concentration; IC50, Incapacitating concentration.
OC Included for comparison and is not a TrpA1 agonist.
Reproduced from Blain, P.G., 2003. Tear gases and irritant incapacitants. Toxicol.
Rev. 22 (2), 103–110.
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nerve and registers as pain. That being said, antagonists for the
TrpA1 receptor could be potential therapeutic targets for tear
gas overexposure treatments. With regard to TrpA1 activation,
the potencies of the tear agents are described in Table 2.
Acute and Short-Term Toxicity (Animal/Human)
(To Include Irritation and Corrosivity)

Acute and sublethal effects following aerosol exposure from
commercially available thermal grenades or from acetone
solutions in experimental animals were lacrimation, conjunc-
tivitis, copious nasal secretions, salivation, hyperactivity, leth-
argy, and dyspnea, which occurred in all animals. Effects on the
skin of exposed animals were primarily erythema. The esti-
mated LCt50 values calculated for CN in the various animal
species were 8878mgminm�3 in the rat, 7984mgminm�3 in
the guinea pig, and 7033mgminm�3 in the dog. The patho-
logical findings in the animals that died from inhalation of CN
consisted of congestion of the alveolar capillaries, alveolar
hemorrhage, and excessive secretions in the bronchi and 628
Coal Tar bronchioles, as well as areas of acute inflammatory
cell infiltration of the trachea, bronchi, and bronchioles. The
early deaths exhibited lesions of the upper respiratory tract,
with marked pseudomembrane formation, excessive salivation,
and nasal secretion. The animals that died later exhibited
edema, and hemorrhage of the lungs.

At high concentrations, CN may result in chemical injury to
the eye with corneal and conjunctival edema, erosion or
ulceration, chemosis, and focal hemorrhages. CN-induced
ocular effects on the rabbit eye following exposure to various
formulations included lacrimation, chemosis, iritis, blepharitis,
and keratitis, with severity dependent on the formulation.

CN is also a potent skin irritant that may cause serious
injury to the skin that includes severe generalized itching,
diffuse and intense erythema, severe edema, and vesication. CN
is considered a potent skin irritant and sensitizer.
Chronic Toxicity (Animal/Human)

In repeated exposures for 10 consecutive days in guinea pigs,
dogs, and monkeys, the toxicity of CN was found to be
considerably less when administered in divided doses. Overall,
studies demonstrated a lack of cumulative toxicity. Changes in
biochemical endpoints measured following multiple exposures
of CN in mice were a decrease in hepatic glutathione and
increased lipid peroxidation. Hepatic acid phosphatase
increased after the 5-day exposure to CN, and the glutathione
levels decreased after 10-day CN exposures. CN-induced
elevation in acid phosphatase levels reflected the release of
lysosomal enzymes from the liver, indicative of tissue injury.
Additionally, hyperglycemia was observed after exposure to
CN. Stress-mediated release of epinephrine is known to elevate
glucose levels and thus may be responsible for the hypergly-
cemia. Significant decreases in body weight gain were also
noted on exposure to CN. Histopathologic changes following
CN exposures included hemorrhage, perivascular edema,
congestion of the alveolar capillaries, occluded bronchioles,
and alveolitis. Renal histopathology demonstrated congestion
and coagulative necrosis in the cortical renal tubules in CN-
exposed mice. Hepatic histopathology consisted of cloudy
swelling and lobular and centrolobular necrosis of hepatocytes
following CN exposures.

More recently, in a 2-year study with 60 male and 60 female
rats exposed to 0, 2, or 4mgm�3 CN 6 h per day, 5 days per
week, death rates were unaffected by exposure.
Immunotoxicity

There have been very few studies of the immunotoxicity of CN.
Kumar et al. (1993) found that CN suppressed pulmonary
macrophages. More specifically, this study demonstrated that
inhalation of CN decreases the phagocytic capacity of pulmo-
nary macrophages.
Reproductive Toxicity

No modern mammalian studies have been conducted to assess
the reproductive toxicity of CN. However, past studies have
found that millimolar concentrations of CN in alcohol solu-
tions have affected embryonic development in chicken
embryos.
Carcinogenicity

In 2-year carcinogenicity inhalation bioassays in rats and mice,
there were no indications of carcinogenicity in male rats, while
equivocal evidence was found in female rats. These findings
were evidenced by increased fibroadenomas of the mammary
gland. In these 2-year inhalation studies in mice, there was no
evidence of carcinogenic activity in males or females.
Clinical Management

Effects of exposure in open air are generally self-limiting and
require no specific therapy. Most effects disappear in 15–
30min following exposure, although erythema may persist
for an hour or longer.

CN can produce intense blepharospasm, pain, lacrimation,
conjunctival erythema, periorbital edema, and a rise in intra-
ocular pressure. These generally diminish within 30-min post-
exposure. CN also produces rhinorrhoea, nasal irritation and
congestion, bronchorrhoea, sore throat, cough, sneezing, and
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unpleasant taste and burning of the mouth immediately after
exposure. These effects rapidly resolve within minutes post-
exposure. Symptomatic treatment of ocular irritation consists
of use of a topical solution to relieve the irritation with topical
antibiotics. The eyes should be examined for corneal abrasions.
Treatment with oral analgesics, topical antibiotics, and mydri-
atics should be considered. Since CN is a solid, it is possible for
a particle or clump to become embedded in the cornea or
conjunctiva and cause tissue damage. Medical care for eye pain
after exposure should include thorough decontamination of
the eyes and a thorough ophthalmological examination. The
injured eye should be carefully irrigated with isotonic saline
and the remaining powder removed with a cotton swab. Any
remaining stromal particles should be removed with a needle
tip under slit lamp illumination. Airway problemsmay occur in
individuals with lung disease, especially if exposed to higher
than average field use concentrations. If these occur, the
immediate priority is removal from the exposure and to ensure
a patent airway.

Severe and prolonged erythema or severe dermatitis may
occur several hours after exposure followedbyvesiculation. These
are generally second-degree burns and should be treated as such.

If the release of irritant incapacitants is in a confined,
unventilated space, exposure may be to very high concentra-
tions. Some individuals may be more susceptible to high
concentrations, possibly because of an existing medical
condition such as asthma, and will require intensive supportive
medical treatment postexposure.
Ecotoxicology

Little ecotoxicology data exist for CN. However, Summerfelt
and Lewis (1967) did determine that CN in concentrations
from 0.5 to 2.0mg l�1 repel the green sunfish. At levels as low
as 0.05mg l�1, an avoidance response was detected in the same
animal model. Despite the insolubility of CN in water, CN is an
effective repellent even without a solvent. It should be noted
that this study found that concentrations equal to or greater
than 2.0mg l�1 of CN in water produced 100%mortality in the
green sunfish study.
Exposure Standards and Guidelines

l TLV (ACGIH): 0.05 ppm
l PEL (OSHA): 0.05 ppm
l IDLH (NIOSH): 2 ppm
See also: Arsenical Vomiting Agents; Blister Agents/vesicants;
3-Quinuclidinyl Benzilate (BZ): Psychotomimetic Agent; CS;
Nerve Agents; Nonlethal Weapons; Riot Control Agents.
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l Name: Coal Tar
l Chemical Abstracts Service Registry Number: 8007-45-2
l Synonyms: Coke oven emissions; Crude coal tar; Coal tar

distillates
l Molecular Formula: Unspecified
l Chemical Structure: UVCB (Unknown or Variable

composition, Complex reaction products or Biological
materials)
Background (Significance/History)

Coal tar is a complex hydrocarbon mixture produced by
thermal destruction (pyrolysis) of coal, typically a dark
viscous liquid or semisolid with a smoky or naphthenic odor.
The composition of coal tar will be influenced by the process
used for pyrolytic distillation as well as by the original
composition of the coal; however all coal tars will be
comprised of a variable mixture of organic compounds
including benzene, toluene, xylenes, cumenes, coumarone,
indene, benzofuran, naphthalene, acenaphthene, methyl-
naphthalenes, fluorine, phenol, cresols, pyridine, picolines,
phenanthracene, carbazole, quinolines, fluoranthene, and
pyrene. The number of specific chemical constituents is in the
thousands. Coal tar creosotes and coal tar distillates, oily
liquids generally lighter in color and of lower viscosity than
coal tar, are fractions produced by additional distillation of
crude coal tar. Coal tar pitch is a highly viscous dark semisolid
byproduct of coal pyrolysis. Coal tar volatiles are the vapors
produced from heated coal tar or coal tar pitch, containing
lower molecular weight (smaller ring number) polycyclic
aromatic hydrocarbons (PAHs).

Coal tar is noteworthy as one of the first – if not the
first – chemical substances documented to cause cancer
through occupational exposures. In the eighteenth century,
Sir Percival Pott, a British surgeon, noticed a higher inci-
dence of cancers in chimney sweeps chronically exposed to
soot and coal tar. He then demonstrated excess cancers
occurring in laboratory animals when coal tar is applied to
the ears and skin. In the early twentieth century, polycyclic
aromatic compounds isolated from coal tar were identified
as chemical carcinogens.
Uses

Coal tar is primarily used as a raw material in the manufacture
of plastics, solvents, dyes, and in the manufacturing of other
chemicals. Most coal tar undergoes further distillation. Indus-
tries that use coal tar include road paving, roofing, smelting,
and coking. Coal tar creosote is used as a wood preservative.
Coal tar products are also ingredients in medicine (Coal Tar
United States Pharmacopeia) used to treat skin diseases such
as psoriasis or eczema.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Environmental partitioning will vary dependent upon the
chemical characteristic of various constituents of coal tar.
Photochemical degradation may occur in the atmosphere. If
entered into aquatic systems, light hydrocarbon constituents
such as benzene will volatilize in the air. Biodegradation in
aquatic ecosystems will occur at various rates for different
constituents. Large molecules such as PAHs are likely to adsorb
to soil and sediment, undergoing slow degradation. Other
hydrocarbons, such as phenols, may be readily degraded under
aerobic conditions.
Exposure and Exposure Monitoring

Many of the constituents in coal tar are expected to be absorbed
via skin contact or inhalation of vapors. Exposure and systemic
absorption can be confirmed by analysis of urinary samples for
1-hydroxypyrene, pyrene, or total PAHs. Another noninvasive
assay for exposure to coal tar or materials containing PAHs is
measurement of arylhydrocarbon hydroxylase (AHH) in hair
follicles; AHH activity is induced by coal tar and PAHs.
Toxicokinetics

The wide range of chemicals in coal tar are expected to differ in
their rates of absorption and metabolism. Coal tar constituents
can be absorbed via oral, dermal, or inhalation exposures.
Regional differences in dermal absorption have been
measured, with the shoulder demonstrating the highest rate of
absorption and the ankle and palm the lowest.

PAHs found in coal tar are metabolized by cytochrome
P450 isozymes found in many cell types, including liver and
skin. Oxidative biotransformation produces reactive epoxides
that can formDNA adducts. Metabolites of coal tar constituents
include phenols, dihydrodiols, quinones, with potential
conjugation prior to elimination.
Mechanisms of Toxicity

Due to the variability in composition, it is not possible to
describe all potential mechanisms of toxicity for coal tar. The
reader is recommended to review additional references for
individual constituents found in the Table of Contents. It is
likely that acidity of some constituents, such as phenols, and
the defatting potential of some hydrocarbons, contribute to the
irritancy of coal tar. Phototoxicity of PAHs is likely to be a main
cause of contact irritation.

The carcinogenicity of PAH constituents is believed to lie in
their potential for their reactive metabolites to be bound to
macromolecules such as DNA. The mechanism of therapeutic
4-3.00012-9 993
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value as a topical agent in the treatment of skin diseases is
unknown but is thought to involve decreased epidermal
proliferation.
Acute and Short-Term Toxicity (Animal and Human)

Coal tar is irritating to skin and eyes; vapors can irritate the
respiratory tract. Symptoms may include coughing and swollen
nasal passages. Phototoxicity can be produced by the combi-
nation of UVA radiation (340–430 nm wavelength) and coal
tar and coal pyrolysis materials such as coal pitch and creosote;
symptoms include delayed erythema, hyperpigmentation, and
skin pain (tar smarts). Eye irritation testing in rabbits found
that irritation produced in the presence of ultraviolet radiation
was much more severe than without UV light. In the eyes, this
can produce persistent conjunctivitis. Overexposure to coal tar
vapors may produce symptoms of central nervous system
depression and dizziness.

Repeated exposure testing in laboratory studies for 3
months identified the thymus and bone marrow as target
organs for coal tar. Rats exposed by inhalation at 690 mgm�3

displayed thymic atrophy and hypocellular bone marrows with
decreased red and white blood cell counts.
Chronic Toxicity

Chronic exposure to coal tar or coal tar volatiles can be harmful
to human health. Various forms of skin lesions in humans may
be similar to acne, appear as a rash with or without desqua-
mation, and/or may be characterized by hyperkeratosis or
hyperpigmentation. Benign skin growths, papillomas, may also
occur. Workers with long-term inhalation of dust from coke tar
distillation were found to have an increased risk of chronic
respiratory diseases.
Immunotoxicity

Repeated exposure to coal tar produces thymic atrophy in
laboratory studies (rodents). In humans exposed to coal tar
products for treatment of psoriasis, significantly decreased
levels of immunoglobulins IgG and IgM were measured in
serum.
Reproductive Toxicity

No conclusive reproductive toxicity studies were found;
subchronic testing with coal tar produced a significant
reduction in relative ovary weights with decreased amount
of ovarian luteal tissue noted microscopically. Coal tar and
coal tar distillates produced developmental toxicity
(increased resorptions, reduced prenatal growth, cleft
palate) concurrently with maternal toxicity in rats and
mice. Maternal thymus weights were significantly reduced
while spleen weights were significantly increased. PAHs
produce a similar developmental toxicity profile in
laboratory studies.
Genetic Toxicity

Coal tar produces evidence of genetic toxicity in mutation,
DNA repair, and chromosomal aberration assays. Significant
increases in chromosomal abnormalities and sister chromatid
exchanges were detected in the peripheral blood lymphocytes
of workers with occupational exposure to coal tar. Coal tar and
a polycyclic aromatic constituent, benzo[a]pyrene, form DNA
adducts. Various PAHs in coal tar have been shown to differ in
genetic toxicity potency, with the 5-ring benzo[a]pyrene
demonstrating greater potency than the 4-ring benz[a]
anthracene.
Carcinogenicity

Coal tar is classified as a human carcinogen, with multiple
types of cancer reported at increased risk (respiratory tract,
kidney, prostate). Elevated mortality rates from cancers of the
respiratory tract, genitourinary tract, and skin have been
reported. Both inhalation and dermal routes of exposure are
considered hazardous. For dermal contact, long-term exposure
to PAHs such as dimethylbenzanthracene and benzo[a]pyrene
can produce ’tar warts,’ keratotic papillomas that may progress
to squamous cell carcinoma. Exposure to coal tar and simul-
taneous UV radiation from sunlight increases the likelihood of
lesion development. Workers exposed chronically to coal tar
volatiles have been found to have an increased risk of lung
cancer.

Chronic inhalation studies in rodents with coal tar or coal
tar pitch produced a dose-responsive increase in lung tumors.
Other tumor types, such as liver, kidney, and spleen, were also
induced, as were cancers of the digestive tract following dietary
exposure. Chronic skin painting studies with coal extracts or
coal tar extracts produce tar warts, papillomas, and malignant
tumors. Adducts of benzo[a]pyrene were detected in forest-
omach tumors.
Clinical Management

If coal tar contacts the eye, flush eyes with water to thoroughly
remove the material. If ingested, the mouth should be rinsed to
remove any material in the oral cavity; if the individual is
conscious, drinking water can dilute the ingested amount.
Vomiting should not be induced. Coal tar on skin should be
removed thoroughly. Remove to fresh air if vapors are above
the occupational exposure limit.
Ecotoxicity

Aquatic toxicity to ecosystems is likely to be a factor of smaller
aromatic constituents such as phenols.
Exposure Standards and Guidelines

Occupational Safety and Health Administration, American
Conference of Governmental Industrial Hygienists: Coal
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tar pitch volatiles (CAS 65996-93-2) TWA¼ 0.2 mgm�3

(confirmed human carcinogen).

See also: Anthracene; Benz[a]anthracene; Benzene; Benzo(a)
pyrene; Chrysene; Creosote (Coal Tar Creosote and Wood
Creosote); Naphthalene; Phenanthrene; Phenol; Polycyclic
Aromatic Hydrocarbons (PAHs); Pyrene; Pyridine.
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cdc.gov/toxprofiles/creosote_addendum.pdf
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termþ@DOCNOþ5050
Miller, J.A., 1970. Carcinogenesis by chemicals: an overview – G.H.A. Clowes
memorial lecture. Cancer Res. 30, 559–576.

U.S. EPA (1989, updated version 2002) Integrated Risk Information System: Coke oven
emissions.

Waldron, H.A., 1983. A brief history of scrotal cancer. Br. J. Indust. Med. 40,
390–401.
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l Chemical Abstracts Service Registry Number: 7440-48-4
l Synonyms: Kobalt, Aquacat, Cobalt-59, Super cobalt, C.I.

77320
l Molecular Formula: Co2þ

l Valence States: 0, þ1, þ2, þ3, þ4, þ5
Background

Cobalt was discovered by George Brandt in 1737. Cobalt exists
in valence states from 0 to 5, with the most stable (þ2 and þ3)
being the most common. Although there is only one stable
isotope of cobalt, there are a number of unstable isotopes. Two
of these, cobalt-60 and cobalt-57, are in use commercially.
Cobalt-60 is used for cancer treatment and food irradiation.
Cobalt-57 has research applications.
Uses

Cobalt is a relatively rare metal produced primarily as a by-
product of the mining of other metals, chiefly copper. It is
the essential trace element found in cyanocobalamin
(vitamin B12). This vitamin protects against pernicious
anemia and is required in the production of red blood cells.
Medicinally, cobalt salts have been used to stimulate the
formation of red blood cells in individuals suffering from
anemia.

Commercially, cobalt is used primarily in high temperature
alloys, tungsten carbide tools, and (with iron and nickel)
permanent magnets. Cobalt salts are used in pigments and
paint dryers and as catalysts in the petroleum industry.
Environmental Fate and Behavior

The sources of cobalt in the environment are both natural and
synthetic (anthropogenic). Natural sources include soil,
seawater spray, volcanic eruptions, and forest fires. Anthropo-
genic sources include combustion of fossil fuels, metal smelt-
ing, sewage sludge, and processing of cobalt alloys. Cobalt is
found in the atmosphere in particulate form and returns to the
Earth’s surface through dry deposition and with rain or snow.
Once in surface water, cobalt generally moves into sediment.
Cobalt does not appear to biomagnify significantly in the
aquatic food chain. The cobalt that does accumulate in fish is
largely found in the nonedible parts of the fish. Seventy-nine
percent of the cobalt is transported by rivers globally and
precipitates in estuaries.

Under normal environmental conditions, cobalt is expected
to bind strongly to soil; thus, migration through soil is very
limited. Cobalt in soil can be taken up by plant roots and root
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vegetables, but does not translocate to the aboveground parts
of plants.
Exposure and Exposure Monitoring

For the general population, ingestion is the primary exposure
pathway for cobalt. For persons working in industrial settings,
inhalation is a significant pathway (e.g., carbide industry
emissions and airborne particulate from grinding processes), as
is dermal exposure. There can also be an internal exposure from
implanted medical devices.
Toxicokinetics

Oral ingestion of cobalt salts results in ready absorption, prob-
ably in the jejunum. Although cobalt is readily absorbed,
increased levels do not tend to cause significant accumulation.
The majority (80%) of cobalt is excreted in the feces of rats and
cattle. In contrast, in humans, w80% of absorbed cobalt is
excreted via the urine and 15% is excreted in the feces by an
enterohepatic pathway. Breast milk and sweat are secondary
routes of excretion. The total body burden for the average person
is estimated at 1.1 mg. Muscle generally contains the greatest
mass of cobalt, but the highest concentrations are found in fat.
Cobalt present in the blood is associated with the red blood cells.
Mechanism of Toxicity

Cobalt most often depresses the activity of enzymes, including
catalase, amino levulinic acid synthetase, and P-450, enzymes
involved in cellular respiration. The Krebs citric acid cycle can
be blocked by cobalt resulting in the inhibition of cellular
energy production. Cobalt can replace zinc in a number of zinc-
required enzymes such as alcohol dehydrogenase. Cobalt can
also enhance the kinetics of some enzymes, such as heme
oxidase in the liver. Cobalt interferes with and depresses iodine
metabolism, resulting in reduced thyroid activity. Reduced
thyroid activity can lead to goiter.
Acute and Short-Term Toxicity (or Exposure)

Human

Ingestion of cobalt may result in the production of an unusu-
ally high number of red blood cells (similar to a cancer of red
blood cells [polycythemia vera]). Ingestion of cobalt salts (once
added to beer as a defoaming agent) has resulted in cardio-
myopathy. The signs and symptoms of cardiomyopathy caused
by beer consumption are similar to those of congestive heart
failure. Autopsy results indicated a 10-fold increase in cobalt
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00832-0
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concentrations in heart tissue. The alcohol may have potenti-
ated cobalt absorption or toxic effects.
Chronic Toxicity (or Exposure)

Animal

When implanted intramuscularly or subcutaneously in rats,
cobalt metal produced fibrosarcomas at the site, but no other
routes of exposure have elicited a carcinogenic response. This is
considered a rodent-specific solid state tumor (SST)
phenomenon.
Human

Cobalt is an essential nutrient at low levels (w40mg day�1). In
industrial settings, inhalation of high concentrations of cobalt
compounds has led to hard-metal pneumoconiosis, which may
result in interstitial fibrosis. Workers with this condition typi-
cally develop hypersensitivity to cobalt compounds (symp-
toms include coughing and wheezing). A few workers have
developed skin hypersensitivity after dermal contact with
cobalt and its compounds. Cobalt can cause cardiomyopathy
and (if inhaled as a dust) interstitial lung disease.
Immunotoxicity

Cobalt is a common dermal allergen and its salts are also
irritants.
Reproductive Toxicity

No studies were located regarding reproductive effects in
humans after inhalation exposure to cobalt.

Both rats exposed to cobalt (as cobalt chloride) at 13.3–
58.9 mg kg�1 body weight per day for 2–3 months in drinking
water or diet and mice exposed to cobalt (cobalt chloride) at
43.3 mg kg�1 body weight per day for 13 weeks in drinking
water exhibited testicular degeneration and atrophy.

Long-term exposure of cobalt-containing aerosols resulted
in effects on reproductive end points. Testicular atrophy was
reported in rats, but not in mice, exposure to 10 mg cobalt per
m3 as cobalt sulfate over 16 days. Following exposure of mice
to cobalt for 13 weeks, a decrease in sperm motility was found
at 1.14 mg cobalt per m3, and testicular atrophy was found at
11.4 mg cobalt per m3.
Carcinogenicity

In experimental animals, studies found in local tumors at
injection sites and lung tumors after intratracheal instillation
with cobalt oxides. Other studies conducted with cobalt metal
alone or alloyed with chromium and molybdenum did not
provide evidence of carcinogenicity except local site tumors
induced after injection. Cobalt sulfate has been recom-
mended to be listed as “reasonably anticipated by the
National Toxicology Program to be a human carcinogenicity
on the basis of sufficient evidence in animals,” is classified as
a category 2 carcinogen (labeled R49; ‘can cause cancer by
inhalation’) by the European Union, and IARC has concluded
that there was sufficient evidence in experimental animals for
the carcinogenicity of cobalt sulfate.
Clinical Management

The oil-soluble BAL (British anti-Lewisite; 2,3-dimercaptopro-
panol) appears to be the antidote of choice for cobalt
poisoning.

Animal studies have tested various chelating agents in
models of cobalt toxicity. Animal experiments suggested that
N-acetylcysteine may be helpful, but there are no human
studies to corroborate these findings. Chelation therapy with
calcium disodium ethylenediaminetetraacetic acid or dimer-
caprol may be useful; however, definitive clinical studies are
lacking.
Ecotoxicology

It does not bioaccumulate and is not known to be toxic to
marine or freshwater organisms.
Other Hazards

In the 1960s, heart failure in high-volume beer drinkers, known
as ‘beer drinkers’ cardiomyopathy was characterized by peri-
cardial effusion, elevated hemoglobin concentrations, and
biventricular congestive heart failure. Mortality approached
50%.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists (ACGIH) threshold limit value time-weighted
average for cobalt (elemental and inorganic compounds)
is 0.02mgm�3. ACGIH classifies cobalt as an animal
carcinogen.

See also: Metals; Vitamins.
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l Name: Cocaine
l Chemical Abstracts Service Registry Number: 50-36-2
l Molecular Formula: C17H21NO4

l Cocaine (50-36-2) is a central nervous system stimulant,
vasoconstrictor, and drug of abuse.

l Synonyms: Chemical: Ecgonine methyl ester benzoate,
Benzoylmethylecgonine; [1R-(exo–exo)]-3-(benzoyloxy)-
8-methyl-8-azabicyclo[3,21]octane-2-carboxylic acid
methyl ester, Ecgonine methyl ester benzoate; Slang: Blow,
C, Caine, Charlie, Coke, Crack, Dama blanca (White Lady in
Spanish), Perico (slang ‘Little Perrot’), Snow, Toot, Uptown,
White Lady, White

l Chemical Structure:
Background

For thousands of years, indigenous people of South America
and other areas around the globe have chewed coca leaves as
a mild stimulant. The leaves also provided nutritional benefit
when eaten. When the Spanish arrived in South America,
they taxed the leaves and used them as currency of sort. In
1855, cocaine was isolated from the coca leaf by the German
chemist Friedrich Gaedcke. He named the alkaloid, ‘eryth-
roxyline’ and published his findings in the journal Archiv der
Pharmazie. An improvement on Gaedke’s extraction was done
by another German chemist, Albert Niemann, and described
in his PhD dissertation, ‘On a New Organic Base in the Coca
Leaves,’ which was published in 1860. Niemann named the
alkaloid ‘cocaine’ from the Quechua word from ‘cuca.’ The
ending ‘caine’ was added as this suffix was used to form
names of synthetic local anesthetic, and cocaine had local
anesthetic properties. Cocaine prohibition began in 1914
when the Harrison Act required that it be dispensed only
with a doctor’s order. At the turn of the century, in 1900,
cocaine was popular with laborers, the underclass, and
marginalized segments of society, including prostitutes. The
current US cocaine market is worth nearly 100 million
dollars annually. Cocaine powder remains popular, with use
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
increasing in the late 1990s and early 2000s, and the devel-
opment and popularization of the freebase form of cocaine,
‘crack,’ introduced cocaine to lower socioeconomic groups.
Use of ‘crack’ cocaine has remained widespread since first
becoming popular in the early 1980s.
Uses

Medicinal

Cocaine is used medically as the hydrochloride salt. A topical
solution is available for local anesthesia of mucous
membranes and it can be injected locally for both local
anesthetic and vasoconstrictive effects. It is also used in
otolaryngology to control bleeding during nasal and head and
neck surgeries. Current medicinal use of cocaine is primarily
confined to intraoperative surgical use for nasal and dermal
lacerations.
Illicit

Cocaine is used illicitly in various forms and through multiple
routes. As cocaine hydrochloride (powdered cocaine), the
primary route of use is intranasal (insufflation). It can also be
taken orally or rectally or dissolved in water and injected. As
a freebase form (or as crack), cocaine can be volatilized and
thus inhaled or ‘smoked.’ Freebase cocaine can also be dis-
solved in acidic solutions (i.e., vinegar, citrate, or other acidic
solutions). The subsequent salt is also soluble in water. In areas
where freebase or crack cocaine is more widely available,
injection drug users will solubilize the freebase form and inject
it in this manner.
Environmental Fate and Behavior

Physicochemical Properties

Cocaine hydrochloride is a nearly odorless, bitter-tasting
chemical that appears as white crystals. It is soluble in water at
a rate of 200 g per 100 ml. In alcohol, 25 g is soluble in 100 ml.
Cocaine hydrochloride is insoluble in ether. The melting point
of cocaine hydrochloride is 197 �C, and a 1% solution is of
neutral (7) pH.

Cocaine freebase is volatile, anhydrous, and bitter tasting
and appears as white or slightly yellow crystals. It is minimally
soluble in water (0.17 g per 100 ml), somewhat soluble in
alcohol (15.4 g per 100 ml), and soluble in ether (28.6 g per
100 ml). The melting point of cocaine freebase is 98 �C and the
boiling point is 187–188 �C.

Street cocaine is often cut with various diluents and toxicity,
and effect is often affected by the products used to cut cocaine
(i.e., levamisole).
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Exposure Routes and Pathways

l Smoking the base alkaloid (as crack or freebase) remains the
most common route of exposure.

l Nasal insufflation of the hydrochloride salt.
l Intravenous injection of the water-soluble forms.
l Application of the hydrochloride salt to mucous membranes is

a therapeutic as well as a method of abuse.

Toxicity and clinical effects often depend on not only the
amount ingested but also the manner in which cocaine is used,
including the route of exposure. Smoking the freebase form of
cocaine (volatilizing) leads to the most rapid rise in concen-
trations and greatest rates of increase of dopamine in the
reward circuitry in the brain (thus ‘smoking’ is the most
‘addictive’ route of use). Insufflation is done through the use of
hydrochloride salt. Intravenous injection can occur with water-
soluble forms, including the hydrochloride (standard
powdered cocaine), or with other ‘salts,’ including the citrate
and acetate forms of cocaine.
Toxicokinetics

Cocaine toxicokinetics depends on the route of use. Smoked
cocaine is rapidly absorbed from the lungs and peak plasma
concentrations occur within minutes. In a study involving
20 and 40 mg doses, the peak plasma concentrations of
smoked cocaine occurred at 2 min after the 20 and 40 mg
doses. When cocaine is absorbed across mucous membranes,
an initial rapid rise in plasma concentrations occurs, which
slows as the vasoconstrictive effects of cocaine influence the
rate of absorption. Peak plasma concentrations occur within
1 h after oral ingestion and nasal application. By oral or
intranasal routes, about 60–80% of a cocaine dose is
absorbed. In acidic environments, such as the stomach,
cocaine is ionized and uptake into cells is limited. In alka-
line environments, there is less ionization and the absorp-
tion is increased. Bioavailability is decreased when cocaine is
ingested orally as hydrolysis occurs in the gastrointestinal
tract.

There are three primary routes of metabolism for cocaine:
hydrolysis within the liver and peripherally by hepatic and
plasma cholinesterases. This route leads to the formation of
ecgonine methyl ester through loss of the benzoyl group. The
secondary route is spontaneous hydrolysis, which is most
likely nonenzymatic and leads to benzoylecgonine demethy-
lation. The final metabolism leads to ecgonine from both
benzoylecgonine and ecgonine methyl ester through deme-
thylation. Norcocaine is formed as a minor metabolite
through N-demethylation processes. Cocaine metabolism is
dose dependent and at high doses, in particular during binge
use episodes, metabolism may be significantly prolonged.
Cocaine is widely distributed in the body and has an apparent
volume of distribution (Vd) of 1.2–1.9 l kg�1. Cocaine rapidly
appears in the central nervous system (CNS), where it inhibits
the dopamine transporters within 4–5 s of intravenous
injection. This effect peaks at 30 s following intravenous use.
In a comparison of inhalation (smoked) and intravenous use
of cocaine, the time to peak subjective effects occurred
significantly faster for smoked (1.4 � 0.5 min) than for
intravenous cocaine (3.1 � 0.9 min). Peak effects for intra-
nasal cocaine use occurred much slower (14.6 � 8 min).
Cocaine crosses the placenta. The elimination half-life of
cocaine is approximately 1 h at doses of less than 2 mg kg�1.
Cocaine can be measured at low concentrations, however, in
chronic users, due to prolongation of metabolism and half-
life of elimination. Cocaine is concentrated in adipose tissue
and in the CNS after large and repeated doses. Low doses of
cocaine are excreted primarily in the urine as metabolites,
with less than 10% of the dose found as unchanged cocaine in
the urine.
Mechanism of Toxicity

Cocaine primary organs of effect are the central nervous
system and the cardiovascular system. Effects depend on the
dose, the route of exposure, adulterants, impurities, and
other substances ingested as well as individual differences in
susceptibility to toxicity from cocaine. Cocaine acts as
a reuptake inhibitor for the neurotransmitters serotonin,
norepinephrine, and dopamine. In the periphery norepi-
nephrine causes alpha-1 agonism, leading to vasoconstric-
tive effects and tachycardia. Cocaine also has nonspecific
sodium channel antagonism, leading to local anesthetic
effects. In overdose, cocaine can cause slowing of myocardial
sodium channels similar to the quinidine-like effect seen in
other sodium channel antagonists such as tricyclic antide-
pressants, lamotrigine, and even diphenhydramine (at high
doses). This can lead to QRS widening and decreases in
contractility. In addition to direct toxicity from cocaine,
specific adulterants of illicit cocaine can be particularly toxic.
In recent years, levamisole has emerged as a common
adulterant, with nearly 80% of the world’s cocaine supply
found to have significant concentrations of levamisole (up
to 20% by weight). Levamisole can cause immunosuppres-
sion and vasculitis. Deaths from levamisole-mediated
toxicity including infections (neutropenia-associated infec-
tions) and vasculitis have occurred. When cocaine is inges-
ted in the presence of ethanol, cocaethylene is synthesized.
Cocaethylene has similar actions to cocaine; however, it has
a longer duration of action. Cocaine also can cause increases
in platelet aggregation through its serotonergic effects and
has direct end-organ toxicity primarily through vasocon-
strictive effects.
Adulterants

Cocaine in nonmedical use formmay contain adulterants that
occur during the manufacture, conversion for shipping,
additions used to disguise the cocaine from detection, dilu-
tion for distribution and sale, and substances used to enhance
the euphoria. These adulterants may be a major cause of
toxicity. It has also been proposed that some adulterants are
added to track shipments by the cocaine producers and
distributors.

One such agent is levamisole, which causes cutaneous
vasculitis or agranulocytosis associated in levamisole-
adulterated cocaine. Levamisole is found in more than 80%
of illicit cocaine seized within US borders.
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Combinations

Cocaine is sometimes used in combination or within other
drugs of abuse, complicating the elucidation of its toxicity. A
common example combination is its use in a ‘speed ball’where
it is used after it is combined with heroin. In the presence of
ethanol, cocaine is also metabolized to cocaethylene, which
may alter the toxidromes picture.
Acute and Short-Term Toxicity (or Exposure)

Animal

Animal models have demonstrated acute toxicity similar to that
present in humans. Dogs develop toxicity at lower doses than
rats, and death appears to be associated with the development
of hyperthermia. The functional status of organ enervation and
the presence of anesthetics may alter cocaine toxicity in animal
models.

Human

Cocaine toxicity can present after a wide range of doses, with
reports of toxicity at doses of less than 1 mg kg�1 in adults. In
nonmedical use, acute toxicity may be due to the adulterants
further complicating treatment of cocaine-related toxicity.
Toxicity occurs in most organ systems and cocaine use increases
the risk of trauma as well as infections. Acute tolerance to the
many CNS and cardiovascular effects of cocaine may develop.
Kindling and lowering of seizure threshold with repeated sub-
toxicdoses canalsooccur. TheCNS toxicity of cocaine includes in
a dose-dependent fashion with simple stimulation at lower
doses followed by euphoria, anxiety/agitation, seizures, intra-
cranial hemorrhage, and excited delirium. Chest pain is themost
common post-use side effect leading to emergency room visits.
Acute ischemic stroke, intracranial hemorrhage, and subarach-
noid hemorrhage have been shown to result from acute cocaine
use. Mesenteric ischemia and perforated gastric and duodenal
ulcers can occur from vasoconstrictive and other effects of
cocaine. Cardiovascular toxicity can include tachycardia, hyper-
tension, coronary artery spasm, myocardial ischemia, infarction,
and myocarditis. Bradycardia, hypotension, cardiovascular
collapse, dysrhythmias, and sudden death occur as cocaine
toxicity progresses. Pulmonary toxicity after smoking the alka-
loid form of cocaine includes hemorrhage, barotrauma
including pneumomediastinum, pulmonary edema and ‘crack
lung,’ a hypersensitivity reaction that includes fever, productive
sputum, pulmonary infiltrates, and bronchospasm. Other
toxicities seen with acute cocaine use include hyperpyrexia
(fever), rhabdomyolysis, andmetabolic acidosis. The lethal dose
of cocaine in humans is estimated at 0.5–1.3 g per day bymouth,
0.05–5 g per day intranasal, and0.02 g viaparenteral route (there
is a wide margin of variation in toxic effects depending on indi-
vidual susceptibility to toxic effects of cocaine).
Chronic Toxicity (or Exposure)

Animal

Animal models of chronic, self-administered cocaine use show
regular patterns of use and abstinence. Administration of
cocaine during a period of self-induced abstinence from
cocaine restarts this cycle. Animals with free access to 24 h per
day cocaine showed weight loss, self-mutilation, and death
within 2 weeks.
Human

Toxicity associated with chronic use is not as well described as
acute toxicity and may be a function of dose and route/type of
administration as well as impurities and adulterants in street
cocaine. Addiction and dependence can occur in certain indi-
viduals with access to cocaine over a period of time. Organ
toxicity including increased rates of cardiovascular disease is
seen in chronic and heavy cocaine users, in particular crack
cocaine users, as atherosclerosis is increased and the risk of
myocardial infarction substantially increased. Toxicity from
cocaine is difficult to separate from other drugs often used by
individuals who chronically use cocaine (i.e., tobacco, alcohol,
and other illicit substances).
Immunotoxicity

Cocaine has been demonstrated to covalently modify proteins
in vitro. This finding has been seen in animals and humans
chronically exposed to cocaine. Modified proteins are immu-
nogenic and may explain why some people develop autoim-
mune effects after chronic cocaine exposure. ‘Crack lung’ is
thought to be a hypersensitivity reaction that includes fever,
productive sputum, pulmonary infiltrates, and bronchospasm.
Genotoxicity

Cocaine is not known to be mutagenic.
Reproductive Toxicity

Cocaine use during pregnancy can result in an increased risk
of abruption placentae, spontaneous abortion, and low-birth-
weight infants with congenital malformations and potentially
neurobehavioral impairment. Freebase cocaine crosses the
placenta and norcocaine persists for 4–5 days in amniotic
fluid, even when it is no longer detectable in maternal blood.
A meta-analysis in humans showed an increased rate in
congenital malformations in the offspring of cocaine users,
including limb, urogenital, cardiovascular, and digestive
abnormalities.
Carcinogenicity

Cocaine has not been shown to be carcinogenic in humans.
Clinical Management

The initial management of acute cocaine intoxication should
include an assessment andmanagement of the patient’s airway,
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breathing, and circulation. Supplemental oxygen and a benzo-
diazepine are frequently indicated when agitation or general
CNS stimulation occurs. Hyperpyrexia, seizures, and rhabdo-
myolysis should be managed using the basic treatment
approaches for the complication (sedation, hydration, and
treatment with GABAergic agents such as benzodiazepines).
Concurrent use of alcohol and other drugs is frequent and
should be considered during the initial assessment. Beta-
blockers are contraindicated in tachycardia or chest pain and
myocardial infarction due to the potential for unopposed
alpha-agonism and worsening of hypertension and vasocon-
striction, in particular in the coronary arteries. If a beta-blocker
is used, a short-acting agent is preferred (i.e., esmolol). Nitrates,
opiates, thrombolytics, and cardiac catheterization may be
used when appropriate clinical and laboratory findings occur in
the setting of potential myocardial infarction. When sodium
channel antagonism occurs (i.e., QRS widening), in particular
in the setting of acidosis, intravenous sodium bicarbonate
should be administered as bolus at 1–2 Meq kg�1. In severe
intoxications, paralysis may facilitate aggressive cooling strat-
egies and hasten clinical improvement. Cocaine ‘body packers’
and ‘body stuffers’ are unique populations associated with
significant risk of toxicity. A ‘stuffer’ is someone who ingests
hastily wrapped drugs in an attempt to hide evidence or evade
police detection. Absorption of significant amounts of cocaine
can occur in this setting. Monitoring and symptomatic care are
the cornerstones of the treatment. Asymptomatic patients
(stuffers) should be monitored for a period of time and
gastrointestinal decontamination should be considered in
these patients (i.e., activated charcoal and even whole bowel
irrigation); however, data do not support aggressive treatment
in all supposed body stuffers for cocaine. In body packers (i.e.,
drug mules) transporting large amounts of usually more
fastidiously wrapped cocaine, the potential for severe or cata-
strophic toxicity from packet rupture exists. These patients
require packet removal. Consultation with a toxicologist and
poison specialist should be done in cases of body packer or
stuffer ingestion of cocaine.
See also: Drugs of Abuse; Marijuana; Poisoning Emergencies in
Humans.
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l Name: Coke oven emissions
l Chemical Abstracts Service Registry Number: No individual

number has been assigned
l Synonyms: Primary synonym is coal tar pitch volatiles such

as benzene soluble organics. However, synonyms vary
depending on the specific constituents in the emissions;
RTECS No. GH0346000

l Molecular Formula: Coke oven emissions are a complex
mixture of substances and have no single molecular formula

l Chemical Structure: Coke oven emissions are a complex
mixture of substances and have no single structure
Background

Coke is a fuel of high carbon content (typically about 90%)
that produces a clean, intense heat when burned. It is an
important fuel in the smelting of iron and other metallic
ores in the production of metals in blast furnaces. Smelting
of iron and most other ores commonly requires three primary
ingredients, coke being one of them. The remaining two
ingredients are flux materials such as limestone and the ore
itself. The flux serves as a purifying or cleaning agent that
helps remove the gangue of the ore as slag. Coke actually
serves two purposes in the smelting process. First, it serves as
fuel for the furnace. As a fuel, coke (28 000–31 000 kJ kg�1)
contains approximately 50% more energy per unit weight
than bituminous coal (17 000–23 000 kJ kg�1) and about the
same as anthracite (32 500–34 000 kJ kg�1). Second, carbon
in the coke serves as a reducing agent, removing oxygen from
the ore and leaving behind the purified metal.

Coke is the solid residue that remains after extensive baking
of carbonaceous materials at high temperatures in the
absence of air. Coke is produced in coke ovens that typically
operate at temperatures ranging between 1800 and 3600 �F
(1000–2000 �C). At these temperatures, in the absence of air,
volatile constituents are driven off. The fused residue that
remains (coke) is primarily carbon with small amounts of
impurities such as ash and sulfur.

Coke is usually made from low-ash, low-sulfur bituminous
coal. These cokes are gray, hard, and porous. Bituminous coal
must meet certain criteria for use as coking coal. These criteria
include moisture, ash, sulfur, and tar content and are necessary
in order to produce coke that will have characteristics appro-
priate for use in blast furnaces.

Coke oven emissions are defined as the benzene-soluble
fraction of the particulate matter produced during coke
production. The chemical and physical properties of coke oven
emissions vary depending on the constituents of the coal. The
greater the noncarbonaceous content of the coal, the greater the
amount of volatile by-products that are produced during coke
production. Volatile products released during the production
of coke include primarily water, coal gas, and coal tar. Coal
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
gas is a mixture of various volatile compounds, including
hydrogen, carbon monoxide, carbon dioxide, sulfur dioxide,
nitric oxides, methane, benzene, and other volatile hydrocar-
bons. Coal tar is a high viscosity black liquid mixture of
phenols, aromatic compounds, polycyclic aromatic hydrocar-
bons (PAHs), heterocyclic compounds, and metals including
arsenic, cadmium, and mercury. More than 60 organic
compounds, including more than 40 PAHs, have been identi-
fied in air samples collected at coke plants.

The significance of coke oven emissions as a public health,
as well as an occupational health, issue has diminished
considerably in the United States during the last half century. In
1970, there were 64 coking plants in the United States oper-
ating more than 13 000 coke ovens, with an estimated 10 000
coke oven workers. By 1998, it had declined to 23 coking plants
operating about 3800 ovens. Increased efforts to minimize and
monitor exposures to workers have also been instituted.
Uses

The primary use of coke is as a fuel reductant, a component in
the smelting of iron ore and the production of iron in blast
furnaces. Chemicals recovered from coke oven emissions are
used for the production of various products including plastics,
solvents, dyes, paints, roads coverings, roofing, insulation, and
sealants. Coal gas is used as a fuel. Coal tar can be used in
medicated shampoo, soap, and ointment, as a treatment for
dandruff and psoriasis. It may also be used in the extempora-
neous preparation of topical medications in the clinical treat-
ment of skin disorders such as eczema, dermatitis, and psoriasis.
Environmental Fate and Behavior

Coke oven emissions represent a complex mixture of indi-
vidual chemicals, so a discussion of the environmental fate and
behavior of these emissions would require an extensive
discussion. Approximately 80% of coal tar is composed of
mixed carbon chains (C18–C22). Coal tar volatiles include
benzene, toluene, and xylene. Among the most toxicologically
important emissions are metals and PAHs, including benzo(a)
pyrene (BaP), benzanthracene, chrysene, and phenanthrene.
PAHs are a concern because they can be relatively persistent in
the environment and have many toxic effects. Individual PAHs
vary in behavior. Some can be easily volatilized and inhaled.
Although PAHs are not particularly soluble in water, low levels
may still be found in water systems.
Exposure and Exposure Monitoring

The primary routes of potential human exposure to coke oven
emissions are inhalation and dermal contact. Occupational
4-3.00290-6 1003
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exposure to coke oven emissions may occur for those workers
in the aluminum, steel, graphite, electrical, and construction
industries. Workers at coking plants and coal tar production
plants, as well as people who live near these plants, have a high
risk of possible exposure to coke oven emissions. Studies have
indicated that exposure of employees to coke oven emissions
depends on the individual’s working proximity to the oven
during the coking process.

The Occupational Safety and Health Administration
(OSHA) has established a Permissible Exposure Limit (PEL) to
coke oven emissions at 150 mg m�3 of air determined as an
average over an 8 h period. Respirators must be worn by
workers that may be exposed to levels that exceed this limit.
Workers must wear appropriate, clean, protective clothing and
equipment to protect them from repeated skin contact with
coke oven emissions and from the heat generated during the
coking process. Any individual working in a regulated area for
at least 30 days per year must be provided with a medical
examination every year. The initial examination includes
a posterior–anterior chest X-ray reading, pulmonary function
tests, weight, urinalysis, skin examination, and a urinary
cytologic examination, for detection of urinary cancer. These
tests serve as the baseline for comparing the employee’s future
test results.
Toxicokinetics

Since coke oven emissions are complex mixtures of coal and
coke particles, specific information is not available. In
general, coke oven emissions are well absorbed from the
respiratory tract, skin, and the conjunctiva. Disposition of
absorbed chemicals will vary with the individual compound
but is expected to follow kinetic behavior typical of that
compound.
Mechanism of Toxicity

Complex chemical mixtures in coke oven emissions are known
to result in DNA adduct formation. Free oxygen radicals
and CYP450 are implicated in the pathogenesis. PAHs, which
are primary compounds in coke oven emissions generated
by the coking process, cause cancer and mutagenesis by a
multitude of mechanisms including DNA adduct formation
and metabolism.
Acute and Short-Term Toxicity

Animal

Animal studies have reported weakness, depression, dyspnea,
general edema, and effects on the liver from acute oral exposure
to coke oven emissions.
Human

Acute exposure to coke oven emissions produces irritation
of the eyes, respiratory symptoms like cough, dyspnea, and
wheezing.
Chronic Toxicity

Animal

Chronic oral dosing of coke oven emissions has been reported
to cause liver toxicity in experimental animals. Chronic expo-
sure to emissions from coke ovens has also been associated
with the development of various types of cancers.
Human

Chronic exposure to coke oven emissions in humans results in
conjunctivitis, severe dermatitis, and lesions of the respiratory
system and digestive tract. Chronic exposure to emissions from
coke ovens has also been associated with the development of
various types of cancers.
Immunotoxicity

PAHs have been reported to suppress immune reactions in
rodents. The precise mechanism responsible for this effect has
not been identified.
Reproductive Toxicity

No specific information is available on the reproductive or
developmental effects of coke oven emissions in animals or
humans but several of the individual components have been
studied in animals.

Studies on the embryotoxicity of the PAH BaP after oral
administration of 120 mg kg�1 bw day�1 to pregnant mice
(during days 2–10 of gestation) indicated that it is embryotoxic
in certain strains but not others, dependent primarily on their
aryl hydrocarbon receptor status and the inducibility of cyto-
chrome P450 enzymes. Fetal malformations were seen in some
strains but not others. This dose of BaP was also reported to
cause maternal toxicity.

In another study, CD1 mice were given 10, 40, or
160 mg kg�1 bw day�1 of BaP by gavage on days 7–16 of
pregnancy. Reduced survival of the pups was observed at the
two highest doses and body weight was reduced at all dose
levels. The fertility of the male offspring was markedly affected;
pups exposed to the two highest doses were sterile, and there
was a 20% decrease in fertility at the lowest dose. Exposure to
PAHs from coke oven emissions could contribute to increased
levels of bulky DNA adducts in sperm.

A number of metals (e.g., arsenic, cadmium and mercury)
found in coke oven emissions have well-known reproductive
and developmental toxicities.
Genotoxicity

Again, because coke oven emissions are a mixture of
numerous chemicals, genotoxicity must reflect the genotox-
icity of the individual components. PAHs have been demon-
strated to be genotoxic in vivo in rodents and in vitro using
mammalian cell lines. Many of the parent PAH molecules
are not genotoxic themselves but must be activated by
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metabolism. For example BaP undergoes a series of metabolic
steps to reach the ultimate mutagen, the diol epoxide, which
reacts with DNA.
Carcinogenicity

In animals, extracts and condensates of coke oven emissions
were found to be carcinogenic in both inhalation studies and
skin painting bioassays. The mutagenicity of whole extracts
and condensates, as well as their individual components,
provides supportive evidence for carcinogenicity. In addition,
several inhalation exposure studies in laboratory animals have
provided evidence of the carcinogenic effect of aerosols of coal
tar and its fractions. The extract was found to produce papil-
lomas and skin carcinomas in the mice and acted as an initi-
ating agent, although the extent to which this extract is
representative of coke oven emissions is uncertain since the
sample was contaminated with particulate matter from
ambient air. Numerous carcinogenicity studies have shown
that coal tar samples applied topically to the skin of laboratory
animals produce local tumors.

Coke oven emissions are classified by the Environmental
Protection Agency as a Group A, known human carcinogen.
The cancer sites include the skin, respiratory system, kidneys,
and urinary bladder. Studies of coke oven workers have shown
increased risk of mortality from cancer of the lung, trachea, and
bronchus; cancer of the kidneys; cancer of the prostrate; and
cancer at all sites combined. Depending on the segment of the
population considered, the respiratory cancer risk for coke oven
workers was as high as four and a half times the risk for non-
oven workers. To evaluate a biologically effective exposure dose
in human biomonitoring studies, DNA carcinogen adduct
analysis is frequently used. OSHA has not identified thresholds
for carcinogens that will protect 100% of the population. It
usually recommends that occupational exposures to carcino-
gens be limited to the lowest detectable concentration. To
ensure maximum protection from carcinogens through the use
of respiratory protection, only the most reliable and protective
respirators are recommended. The OSHA PEL for benzene-
soluble fraction of coke oven emissions is 0.150 mg m�3.
Clinical Management

The exposed person should be moved to fresh air at once. If
breathing has stopped, mouth-to-mouth resuscitation should be
performed. The affected person should be kept warm and at rest.
Exposed eyes should bewashed immediately with large amounts
of water; the lower and upper lids should be lifted occasionally.
Medical attention should be obtained immediately.
Ecotoxicology

Once released into the environment, the individual compo-
nents that make up coke oven emissions will act differently.
PAHs often absorb to dust particles in the air and can be widely
dispersed, ultimately settling to the land or water. If exposed to
direct sunlight they may undergo photooxidation and be
degraded in a period of days to weeks. Even so, PAHs are
moderately persistent in the environment. PAHs are insoluble
in water but enter aquatic systems by absorption to particulates
that precipitate as sediments, or by dissolving in oily materials
that contaminate water.

The acute toxicity of PAHs to aquatic life and birds is
moderate and mammals can absorb these compounds through
dermal contact, inhalation, or ingestion. Bioaccumulation and
biomagnification of PAHs can be significant in fish and shell-
fish. Bioaccumulation has also been shown in terrestrial
invertebrates but metabolism of PAHs is sufficient to prevent
biomagnification.

Metals are also emitted as particulates during coke produc-
tion. They can be dispersed into the atmosphere or deposited
in soil or water. Either way, they will enter the normal
biogeochemical cycle characteristic of that metal.
Exposure Standards and Guidelines

The OSHA standard for coke oven emissions is a PEL of
0.15 mg m�3 as an 8 h time-weighted average (TWA). Under
this standard, specific engineering and work practice control
requirements became effective. OSHA has also promulgated
a PEL of<0.2 mgm�3 as an 8 h TWA for coal tar pitch volatiles.
National Institute for Occupational Safety and Health and
OSHA have recommended work practices to minimize the
harmful effects of exposure to coke oven emissions.

All OSHA standards are listed and described in the Code of
Federal Regulations (2011), Title 29 (Labor), Part 1910 (Occu-
pational Safety and Health), Subpart Z (Toxic and Hazardous
Substances), Section 1910.1029 (Coke Oven Emissions).
Miscellaneous

Coke production in the United States steadily increased between
1880s and 1950s, peaking at 72 million tons in 1951. In 1976,
the United States ranked number in the world with 52.9 million
tons of coke or 14.4% of the world production. By 1998 the
number had declined to 23 coking plants operating about 3800
ovens. Although, the by-product process is designed to collect
the volatile materials given off during the coke process, emis-
sions escape because of structural defects around the doors or
changing lids, improper use of engineering controls, improper
work practices, and insufficient engineering controls.
See also: Coal Tar; Occupational Toxicology; Benz[a]anthracene;
Benzo(a)pyrene; Chrysene; Creosote (Coal Tar Creosote
and Wood Creosote); Arsenic; Cadmium; Mercury;
Phenanthrene.
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l Name: Colchicine
l Chemical Abstracts Service Registry Number: 64-86-8
l Description: Colchicine is obtained from the autumn

crocus, Colchicum autumnale, or the glory lily, Gloriosa
superba

l Pharmaceutical Class: Naturally occurring alkaloid
l Molecular Formula: C22H25NO6

l Chemical Structure:
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Uses

Colchicine is used in the treatment of acute gouty arthritis.
Unlabeled uses include treatment of familial Mediterranean
fever, neoplasms of the skin, Behcet’s disease, scleroderma,
sarcoidosis, and cirrhosis of the liver. Colchicine has been
recently gaining acceptance as a treatment for acute and
recurrent pericarditis. It is also available as a pesticide for moles
and gofers.
Background Information

Descriptions regarding use of Colchicum autumnale (meadow
saffron) for swelling and types of inflammatory arthritis date
back to the first century AD. Use of the extract was described in
the Ebers Papyrus (an Egyptian papyrus). Colchicum plants were
introduced to the Americas by Benjamin Franklin who suffered
from gout and used an extract to treat his condition. Colchicine
was first isolated from C. autumnale in 1820 by the French
chemists Pelletier and Caventou.
Environmental Fate

Physicochemical Properties

Colchicine is a phenanthrene derivative and a pale yellow
chemical that darkens upon exposure to light. It is odorless and
has a melting point of 153–157 �C. The pH of a 0.5% solution
is acidic at 5.9. Colchicine is soluble in water at 45 g l�1 at
20 �C. It is also soluble in ethanol and chloroform.
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No information is currently available on breakdown in soil,
groundwater, or surface water. Colchicine alkaloids withstand
storage, drying, and boiling.
Exposure Pathways

Ingestion is the most common route of both accidental and
intentional exposure to colchicine. It is available as an oral
tablet and solution for injection.
Toxicokinetics

Colchicine is readily absorbed from the gastrointestinal tract. In
therapeutic dosing, peak serum levels occur in 30–120 min.
Colchicine undergoes deacetylation and hydrolysis in the liver.
It has a rapid initial distribution phase, with a plasma half-life
of 19 or 20 min, suggesting swift uptake by the tissues. The
volume of distribution is 2.2 l kg�1. Up to 40% of colchicine is
excreted in the urine, with 20–30% of this as unchanged drug.
The majority of the drug undergoes enterohepatic recirculation
and is excreted via bile and feces. The average elimination half-
life is 20 h.
Mechanism of Toxicity

Colchicine binds to tubulin and prevents its polymerization
into microtubules, subsequently disrupting microtubule func-
tion. Consequently, it alters nuclear structure, intracellular
transport, and cytoplasmic motility, ultimately causing cell
death. Colchicine is a potent inhibitor of cellular mitosis.
Acute Toxicity

Human Toxicity

Colchicine toxicity has been divided into three stages. The first
stage, from 2 to 24 h, is the gastrointestinal phase, notable for
abdominal pain, vomiting, diarrhea, and a prominent leuko-
cytosis. The gastrointestinal symptoms may be relieved by
atropine, but this does not prevent or alter the onset of the
second stage. The second stage is marked bymultisystem failure.
Most life-threatening symptoms occur 24–72 h postexposure.
Confusion, delirium, coma, seizures, and cerebral edema may
occur. Progressive respiratory distress and pulmonary edema
can occur. After an initial leukocytosis, bone marrow depression
is seen with a nadir between the fourth and the seventh day.
Bone marrow depression, coupled with potential gastrointes-
tinal hemorrhages and a hemolytic anemia, may produce
profound anemia. Consumptive coagulopathy may also be
seen. Renal function may be affected by direct organ damage as
well as by decreased perfusion from profound and persistent
hypotension. Cardiovascular instability along with metabolic
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acidosis may develop due to volume depletion, cardiac failure,
and arrhythmias. Most deaths result from shock in the 24- to
72-h period. Stage three is the recovery phase. If patients survive
to this convalescent phase, the main complication is sepsis.
Animal Toxicity

Animal toxicity is primarily related to ingestion of the plant C.
autumnale. Colchicine is available as a pesticide for burrowing
animals. The estimated toxic dose for cows is 10 g kg�1 with
fresh leaves or 2 or 3 g kg�1 with dried leaves. Symptoms may
include gait disorders, hypersalivation, bloody vomitus, and
diarrhea. Death within 72 h has occurred secondary to shock. It
is only slightly toxic to cold-blooded and hibernating animals.
Chronic Toxicity

Chronic toxicity seen with colchicines is similar to that seen
during acute exposure for both humans and animals.
Immunotoxicity

Colchicine can inhibit the production of neutrophils and
lymphocytes and also cause bone marrow inhibition at high
doses. Hypersensitivity reactions have been reported.
Genotoxicity

Colchicine is genotoxic. It causes gene mutations, DNA
damage, and chromosomal damage in in vitro and in vivo
assays.
Reproductive Toxicity

Animal studies have indicated that colchicine may be terato-
genic. Teratogenic effects were observed in mice and hamsters
given 0.5 and 10 mg kg�1 colchicines, respectively. In a case of
an 18-year-old pregnant patient exposed to 40 mg of colchi-
cine, the fetus was aborted on day 7 after poisoning and the
patient developed acute respiratory distress syndrome although
survived. In women treated with colchicines for familial
Mediterranean fever, 7 out of 28 pregnancies ended in
miscarriage. All the 16 infants born in this group were healthy.
Azospermia, that is reversible, has been reported in males
taking colchicines and two cases of Down syndrome have been
reported in babies born to mothers taking colchicines. Some
authors recommend that amniocentesis for karyotyping and
reassurance be recommended in mothers taking colchicines
during pregnancy. Colchicine is eliminated in the breast milk
and should be avoided during breast-feeding.
Carcinogenicity

Since colchicine is a known mutagen it is thought to be
potentially carcinogenic.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Treatment of colchicine toxicity is largely supportive.
Activated charcoal effectively adsorbs colchicine and should be
administered. Aggressive early gastrointestinal decontamina-
tion may be lifesaving. However, activated charcoal may be of
use up to 24 h postingestion. Severe anemia may require
packed red blood cell replacement. Coagulopathies may
respond to vitamin K and fresh frozen plasma. Hypotension
may be unresponsive to fluid replacement and pressor support.
Due to rapid tissue distribution and the large volume of
distribution, hemoperfusion and hemodialysis are ineffective.
Colchicine Fab fragments have effectively reversed hypotension
and increased survival in animals and humans in the research
setting but are not commercially available.
Ecotoxicity

Colchicine is extremely dangerous for water. It is water danger
class III (German Regulation) and should not reach ground-
water, sewage, or water treatment system.
See also: Atropine; Charcoal; Omics and Related Recent
Technologies; Pesticides; Poisoning Emergencies in Humans.

Further Reading

Baud, F.J., Sabouraud, A., Vicaut, E., Taboulet, P., Lang, J., Bismuth, C.,
Rouzious, J.M., Scherrmann, J.M., 1995. Brief report: treatment of severe
colchicine overdose with colchicines-specific fab fragments. N. Engl. J. Med. 332
(10), 642–645.

Imazio, M., Brucato, A., Cemin, R., Ferrua, S., Maggiolini, S., Begaraj, F., Demarie, D.,
Forno, D., Ferro, S., Maestroni, S., Belli, R., Trinchero, R., Spodick, D.H., Adler, Y.,
August 2013. A randomized trial of colchicines for acute pericarditis. N. Engl. J.
Med. (Epub ahead of print).

Lauer, E., Widmer, C., Versace, F., Staub, C., Mangin, P., Sabatasso, S.,
Augsburger, M., Deglon, J., May 16, 2013. Body fluid and tissue analysis using
filter paper sampling support prior to LC-MS/MS: application to fatal overdose with
colchicines. Drug Test. Anal. http://dx.doi.org/10.1002/dta.1496 (Epub ahead of
print).

Lilly, L.S., 2013. Treatment for acute and recurrent idiopathic pericarditis. Circulation
127 (16), 1723–1726.

Little, A., Tung, D., Truong, C., Lapinsky, S., Burry, L., 2013. Colchicine overdose with
coingestion of nonsteroidal anti-inflammatory drugs. CJEM 15 (0), 1–5.

Maxwell, M.J., Muthu, P., Pritty, P.E., 2002. Accidental colchicine overdose. A case
report literature review. Emerg. Med. J. 19, 265–266.

Montiel, V., Huberlant, V., Vincent, M.F., Bonbled, F., Hantson, P., 2010. Multiple
organ failure after an overdose of less than 0.4 mg/kg of colchicine: role of
coingestants and drugs during intensive care management. Clin. Toxicol. 48,
845–848.

Sapra, S., Bhalla, Y., Nandani, Sharma, S., Singh, G., Nepali, K., Budhiraja, A.,
Dhar, K.L., 2013. Colchicine and its various physicochemical and biological
aspects. Med. Chem. Res. 22 (2), 531–537.
Relevant Websites

http://www.inchem.org/documents/pims/pharm/colchic.htm – Inchem – website for
toxicology information regarding colchicines.

http://livertox.nih.gov/Colchicine.htm – National Library of Medicine – Liver Tox
database and description of colchicines and mechanism of hepatotoxicity.

http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://dx.doi.org/10.1002/dta.1496
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00717<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://www.inchem.org/documents/pims/pharm/colchic.htm
http://livertox.nih.gov/Colchicine.htm


Combustion Toxicology
SC Gad, Gad Consulting Services, Cary, NC, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Barbara C. Levin, Erica D. Kuligowski, volume 1, pp 639–652, � 2005, Elsevier Inc.
Combustion toxicity research is the study of the adverse health
effects caused by exposure to fire atmospheres. A fire atmo-
sphere is defined as all of the effluents generated by the thermal
decomposition of materials or products regardless of whether
that effluent is produced under smoldering, nonflaming, or
flaming conditions. The objectives of combustion toxicity
research are to identify potentially harmful products from the
thermal degradation of materials, to distinguish those mate-
rials that produce unusual or greater quantities of toxic
combustion products, to determine the best measurement
methods for the identification of the toxic products as well as
the degree of toxicity, to determine the effect of different fire
exposures on the composition of the toxic combustion prod-
ucts, and to establish the physiological effects of such products
on living organisms. The ultimate goals of this field of research
are to reduce human fire fatalities due to smoke inhalation, to
determine effective treatments for survivors, and to prevent
unnecessary suffering of fire casualties caused by smoke
inhalation.
Fire Death Statistics

The latest statistics from the US National Fire Protection
Association (NFPA) report that the fire death rate in the United
States was 1.3 times higher (2.1 times more if the New York
City deaths from the 11 September 2001 terrorist attacks are
included) than in the United Kingdom, 1.16 times more than
in Sweden, 1.3 times less than for Japan (or 1.3 times more if
the deaths from the 11 September 2001 terrorist attacks are
included), and about the same as that in Canada. Although the
reasons are still being debated, the number of fire deaths per
capita since 1977 have been higher in the United States and
Canada than in most of the other industrialized nations
outside of the former Union of Soviet Socialist Republics.

Fire statistics collected by NFPA indicated that 1 687 500
fires were reported in the United States in 2002, the latest year
for which complete statistics are available at the time of this
writing. Calculated another way, these statistics translate into
a reported fire occurring in the United States every 19 s, in an
outside property every 38 s, in a structure every 61 s, in a resi-
dence every 67 s, and in a motor vehicle every 96 s. These fires
caused w3380 civilian deaths and 18 425 reported injuries in
2002. Excluding New York City’s World Trade Center deaths
from the 11 September 2001 terrorist attacks, in which 2326
civilian deaths occurred, the number of deaths in 2002
decreased by almost 10% from the previous year. However,
there was still one civilian fire death every 156 min and one fire
injury every 28 min. The number for injuries is believed to be
less than the actual number, since many injuries are not
reported.

In 2002, residential fires accounted for only 24% of the total
fires, but were responsible for 79% of all the fire deaths and
76% of the reported injuries. Although in the years 1977–2002
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the number of civilian fire fatalities in homes dropped from
5865 to 2670, fires in homes still cause the greatest concern to
the fire community. Statistics show that children under 5 and
adults over 65 years of age are the most frequent casualties of
residential fires. This is attributed to their inherent difficulties
in trying to escape. Statistics also show that males are more
likely to die in fires than females. More fires and higher fire
death rates occur in the South than any of the other
geographical areas of the United States; the geographical region
with the next highest fire death rate and number of fires is the
Northeast.

One must distinguish between the causes of fires and the
causes of fire deaths. The primary causes of residential fires have
been shown to be heating and cooking. Lack of central heat and
the incorrect use of portable space heaters are two of the
reasons given for the high fire and death rate in the South.
Heating fires result in the highest property losses, primarily
because cooking fires are usually noticed and extinguished
before getting out of control. Fire deaths, however, usually
result from fires ignited by cigarettes. The most common fire
scenario leading to fire deaths is one in which a person (usually
intoxicated) falls asleep in an upholstered chair while smoking.
The cigarette falls into a crevice and starts the upholstered chair
smoldering. The individual awakes and goes to bed. The chair
can smolder for an extended period of time (in laboratory tests,
an hour was not unusual) before bursting into flames. It is after
the flaming starts that the smoke fills the room and escapes to
other rooms. It is common to find people who have died from
smoke inhalation (not burns) in or near their beds, indicating
that the little or no effort to escape was probably due to lack of
awareness of the danger. Smoke detectors in this type of
scenario would save many lives. Statistics have shown that
working smoke detectors double one’s probability of escaping
alive. Recent statistics have also shown that many homes have
nonfunctioning smoke detectors due to being disconnected
after a false alarm (usually from smoke from cooking or a wood
stove) or when the beeping indicating the need for a new
battery became annoying.

Since most of the deaths from fires occur in residences, the
NFPA proposes the following safety initiatives to improve fire
safety:
1. Increase fire safety education on fire prevention and what to

do if a fire occurs.
2. Install smoke detectors in all homes and check them peri-

odically to ensure they are working properly.
3. Practice escape plans with the entire family.
4. Install residential home sprinklers to prevent fires from

spreading once they start.
5. Develop products for the home that are more fire safe and

produce fewer and lower masses of toxic combustion
products (the latter is proposed by the authors).

6. Study the needs of the populations most at risk (the young,
the elderly, and the poor) and implement preventative
measures.
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The US Fire Administration has issued the following Home
Fire Safety Checklist:

l Smoke detectors, are they:
◦Placed near bedrooms.
◦On every floor.
◦Places away from air vents.
◦Checked regularly for working batteries.

l Electrical wiring, is it:
◦Replaced if frayed or cracked
◦Not placed under rugs, over nails, or in high traffic areas
◦Are the outlets:
n Not overloaded
n Cool to the touch, not hot
n Covered with cover plates

l Electrical space heaters, are they:
◦Plugged directly into a wall socket with no extension
cords.
◦Unplugged when not in use.

l Kerosene heaters, are they:
◦Used only in permitted geographical areas.
◦Filed only with K-1 kerosene, never gasoline or camp stove
fuel.
◦Only refueled outdoors and when cool.

l Woodstoves and fireplaces, are they:
◦Used only with seasoned wood, never used with green
wood, Wolmanized chromate copper arsenate (CCA)-
treated wood, pressure-treated wood, artificial logs, or trash.

After 30 December 2003, Wolmanized CCA-treated wood
(also called Wolmanized pressure-treated wood) was no
longer be produced for nonindustrial applications. This wood
had been preserved by pressure treatment with a US-
registered pesticide containing CCA to protect it from
termite attack and decay. Wood treated with CCA should be
used only where such protection is important. Exposure to
CCA or its combustion products presents certain hazards.
Therefore, the following precautions should be taken both
when handling the treated wood and in determining where to
use and how to dispose of the treated wood. Treated wood
should not be burned in open fires or in stoves, fireplaces or
residential boilers because toxic chemicals are produced as
part of the smoke and ashes (see section ‘Relevant Websites’).
The Journal of the American Medical Association (in 1984)
reported that a Wisconsin family who had burned
CCA-containing wood scraps in their home furnace for
heating purposes experienced their hair falling out, rashes,
severe reoccurring nosebleeds, extreme fatigue, and debili-
tating headaches. The parents spoke of black-out periods that
would last for several hours with long periods of extreme
disorientation following them. The two children also re-
ported experiencing frequent seizures. Since arsenic affects
not just humans but any pets and wildlife, the family noticed
their houseplants and fish had died as well. Later, all the
serious health effects were attributed to the family breathing
in minute amounts of arsenic dust that had accumulated in
the ashes.

◦Protected by screens
◦Cleaned regularly along with flues, interiors, hearths, and
chimneys.
l All alternate heaters, are they:
◦Used only in well-ventilated rooms
◦Stable such that they cannot be easily knocked over
◦Never used to dry clothing or other items
◦Kept at a safe distance from curtains or furniture

l Home escape plan
◦Is it practiced every 6 months
◦Are the emergency numbers, a whistle, and a flashlight
kept near the telephone

◦Is the outside meeting place identified
Generation of Toxic Gases in Fires: Adverse Effects of
Particulates

Eighty percent of the residential fire deaths are attributed to
smoke inhalation, not to burns. Smoke is defined by ASTM
International (ASTM, formerly the American Society for Testing
and Materials) as “the airborne solid and liquid particulates
and gases evolved when a material undergoes pyrolysis or
combustion.” The adverse effects from smoke inhalation are
believed to be due mainly to the exposure to toxic gases,
although the role of particulates alone and in combination
with fire gases needs further investigation. The importance,
therefore, of determining the identities and concentrations of
toxic gases produced from materials thermally decomposed
under various fire conditions is evident. In addition, the
increased variety of plastics in buildings and homes has raised
the issue of whether synthetic materials may produce unusually
or extremely toxic combustion products. In 1975, the journal
Science documented a case in which an experimental rigid
polyurethane foam containing a fire retardant produced
a very unusual toxic combustion product identified as
4-ethyl-1-phospha-2,6,7-trioxabicyclo[2.2.2]octane-1-oxide
(commonly referred to as a bicyclic phosphate ester). Bicyclic
phosphate compounds have been shown to cause seizures at
very low concentrations. Based on these test results, this
product never became commercially available. To a large
extent, however, it was this case that generated the burgeoning
interest in the field of ‘combustion toxicology’ and the wide-
spread concern about the potential formation of ‘super-
toxicants.’ Although research since the 1970s has shown that
this concern is largely unfounded, the bicyclophosphate ester
case and at least one other product that generated extremely
toxic combustion products have indicated the need to test new
formulations or materials containing new combinations of
compounds to ensure that extremely or unusually toxic prod-
ucts are not generated.

The gas composition of smoke depends on the chemical
composition, the molecular structure, and polymer formula-
tion of the burning material, which may include a variety of
additives, plasticizers, stabilizers, flame retardants, cross-
linking agents, fillers, and blowing agents. In addition, the
conditions of thermal degradation, for example, temperature,
oxygen availability, and ventilation, will affect the nature of the
combustion atmosphere. In a series of reviews of the
combustion products and toxicity of seven plastics (acryloni-
trile-butadiene-styrenes (ABS), nylons, polyesters, poly-
ethylenes, polystyrenes, poly(vinyl chlorides) (PVC), and rigid
polyurethane foams) commonly found in residences, and
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decomposed under various thermal and atmospheric condi-
tions, over 400 different decomposition products were noted.
Many of these products were common to more than one
plastic. In addition, there are probably many other combustion
products that were not detected. The toxicity of most of these
individual compounds is currently unknown, and little has
been done to tackle the enormous problem of determining the
toxicity of combinations of these compounds. It is important to
note that lack of detection of a specific combustion product
from a material may only mean that the particular analytical
techniques used were not suitable to detect that compound or
that the investigator did not specifically analyze for that
combustion product. Toxicity testing, for example, on animals,
becomes important to ensure that an unsuspected and there-
fore undetected toxic by-product has not been formed.

Since the number of compounds one can reasonably
analyze in any one test is limited, knowledge of the chemical
composition, molecular structure, and formulation of the
polymer can be used to provide some indication of the main
gaseous products that may or may not be generated under
specified experimental conditions. However, one needs to be
cautious when predicting the combustion products from
generic materials of unknown formulations. For example, one
would expect nitrogen-containing materials (e.g., ABS, nylons,
rigid and flexible polyurethanes) to produce hydrogen cyanide
(HCN) and would not expect HCN from a material like PVC.
However, a PVC-containing zinc ferrocyanide (an additive
designed to suppress smoke) as well as a vinyl chloride-
vinylidene chloride copolymer was found to generate HCN.
In a similar fashion, based on the chemical composition, PVC
is the only one of the seven plastics mentioned that would be
expected to generate chlorinated combustion products.
However, widespread usage of halogenated fire retardants in
plastic formulations makes predicting which materials will
products halogenated products extremely difficult.

Temperature also plays an important role in influencing
the production of decomposition products. In general, as the
temperature and thus the rate of decomposition increase, the
quantity of the more complex compounds and heavier
hydrocarbons decreases and the concentrations of carbon
monoxide (CO), carbon dioxide (CO2), and nitrogen dioxide
(NO2) increase. The generation of HCN has also been shown to
increase as a function of temperature. Another example is
hydrogen chloride (HCl), the detection of which begins when
stabilized PVC is heated to w200 �C; rapid dehydrochlorina-
tion then occurs at w300 �C. On the contrary, more acrolein
was generated from polyethylene under lower temperature,
nonflaming conditions than under higher temperature, flaming
conditions.

As mentioned earlier, more work is needed to examine the
adverse effects of the particulate matter produced when these
materials are thermally decomposed. Examination of the
smoke particulate and condensable matter is important for
a number of reasons. First, many of the thermal degradation
products may condense or be adsorbed by the soot particles
and be transported along with the smoke into the body.
Hydrogen chloride is one example of a compound that may be
transported in such a fashion and can form a corrosive acid
mist in moist air, such as that found in the lung. One study of
the particulate matter that formed during the smoldering
decomposition of rigid polyurethane foam showed that many
of the compounds detected in the soot fraction were not found
in the volatile fraction. Free radicals, which form in fires and are
of toxicological concern due to their high reactivity, are usually
considered to have very short life spans; however, if adsorbed
onto soot particles, their lifetimes can be considerably longer
and, if the soot particles are the correct size, they can be inhaled
into the individual’s deep lungs. In addition, the particulate
matter may interfere with the escape and rescue of individuals
by causing the obscuration of vision, eye irritation (the eyes
clamp shut and the victim is unable to see), and upper respi-
ratory distress. An extreme case indicating the adverse effect of
particulates was noted in experiments conducted at the US
National Institute of Standards and Technology (NIST). Rats
exposed for 30 min to the smoke from polystyrene died during
the exposures, and the level of CO in the blood, even in
combination with CO2, was too low to be fatally toxic. Path-
ological examination of these rats showed that their respiratory
passages were completely blocked by soot and that suffocation
was the likely cause of death.
Toxic Potency versus Fire Hazard versus Fire Risk

Death in a fire may be caused by:

1. Carbon monoxide (CO)
2. Toxic gases in addition to CO
3. Oxygen (O2) at levels too low to sustain life
4. Incapacitation – either physical (inability to escape) or

mental (incorrect decision-making)
5. Bodily burns from flame contact
6. Very high air temperatures
7. Smoke density or irritants in smoke that affect vision and

interfere with ability to escape
8. Psychological effects (e.g., fear, shock, and panic)
9. Physical insults (e.g., building or ceiling collapses, broken

bones from jumping from upper floors)

Research in the field of combustion toxicology is primarily
concerned with items 1–4, all of which are related to the toxic
potency of the fire gas effluent. Toxic potency is defined by
ASTM as “a quantitative expression relating concentration (of
smoke or combustion gases) and exposure time to a particular
degree of adverse physiological response, for example, death on
exposure of humans or animals.” This definition is followed by
a discussion, which states, “The toxic potency of smoke from
any material or product or assembly is related to the compo-
sition of that smoke which, in turn, is dependent upon the
conditions under which the smoke is generated.” One should
add that the LC50 is a common end point used in laboratories
to assess toxic potency. In the comparison of the toxic potencies
of different compounds or materials, the lower the LC50 (i.e.,
the smaller the amount of material necessary to reach the toxic
end point), the more toxic the material.

It is important to note that a toxicity assessment based on
lethality due to toxic gases is only part of the total fire hazard
that needs to be evaluated, especially when one is making
choices as to the best material for a specific end use. ASTM
defines ‘fire hazard’ as the potential for harm associated with
fire. The discussion that follows this definition states, “A fire
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may pose one or more types of hazards to people, animals, or
property. These hazards are associated with the environment
and with a number of fire-test-response characteristics of
materials, products, or assemblies including but not limited to
ease of ignition, flame spread, rate of heat release, smoke
generation and obscuration, toxicity of combustion products
and ease of extinguishment.” Other factors that need to be
evaluated when considering a material for use in a given situ-
ation include the quantity of material needed, its configuration,
the proximity of other combustibles, the volume of the
compartments to which the combustion products may spread,
the ventilation conditions, the ignition and combustion
properties of the material and other materials present, the
presence of ignition sources, the presence of fire protection
systems, the number and type of occupants, and the time
necessary to escape.

‘Fire risk’ is defined by ASTM as “an estimation of expected
fire loss that combines the potential for harm in various fire
scenarios that can occur with the probabilities of occurrence of
those scenarios.” The discussion following the definition of fire
risk states, “Risk may be defined as the probability of having
a certain type of fire, where the type of fire may be defined in
whole or in part by the degree of potential harm associated
with it, or as potential for harm weighted by associated prob-
abilities. Risk scales do not imply a single value of acceptable
risk. Different individuals presented with the same risk situa-
tion may have different opinions on its acceptability.” A simple
way to explain the difference between fire risk is to compare the
fire to skydiving, a very hazardous sport; however, if one never
goes skydiving, no risk is incurred.
Toxicity Assessment: Animal Exposures

In most combustion toxicology experiments, the biological end
point has been lethality or incapacitation of experimental
animals, usually rats or mice. Incapacitation in a fire can be as
perilous as lethality if an individual becomes incapable of
correct decision-making or physically unable to move. Under
these circumstances, the ability to escape will be lost and death
will occur unless the individual is rescued. Therefore, many fire
scientists are concerned with the levels of combustion products
or amounts of materials that when combusted will cause
incapacitation. However, an incapacitation model for use in
laboratory testing has been especially difficult to develop. Most
of the tests for incapacitation that have been designed are based
on the physical–motor capability of an experimental animal to
perform some task (e.g., running in a motorized wheel,
jumping onto a pole or lifting a paw to escape a shock, running
in a maze, or pushing the correct lever to open a door to escape
from an irritating atmosphere). The concentration of toxic
combustion products that cause the loss of these types of
physical–motor capabilities is usually close to the concentra-
tion that is lethal and does not usually add much additional
information. More recently, however, there have been attempts
at examining neurological end points such as measuring the
increased number of errors by humans doing mathematical
problems while exposed to low levels of CO or exposing rats
and pigeons to a complete neurobehavioral battery of 15 tests
following nonlethal toxic exposures.
Whether one needs to examine incapacitation or lethality
depends on the problem one is trying to solve. To determine
the best material for a particular end-use application, the
lethality end point has proved to be more definitive and will
flag the materials that produce extremely toxic combustion
products better than at incapacitation end point. There are at
least two reasons for this: (1) Incapacitation is only measured
during the exposure, which is usually 30 min or less, but
lethality can also occur during the postexposure observation
period, which can be 2 weeks or longer. A material that causes
only delayed effects during the postexposure period (e.g.,
a material that generates HCl) can thus have an LC50 value that
is lower than the incapacitation EC50 value. The amount
needed to kill can be less than the amount needed to inca-
pacitate because the amount of thermally decomposed mate-
rial necessary to cause postexposure deaths can be less than the
amount needed to cause incapacitation during the exposure.
(2) In many cases in which the combustion products contain
high concentrations of irritant gases, the animals would only
appear to be incapacitated (i.e., they would stop responding to
the test indicator due to the high irritant quality of the smoke),
but when removed from the combustion atmosphere, would
immediately start responding normally.

Other delayed effects from exposures to combustion
atmospheres, such as tissue or organ injury, mutagenicity,
carcinogenicity, and teratogenicity also need to be studied since
they may ultimately lead to permanent disability and death.
The current advances in the field of genetics provide investi-
gators with new opportunities to examine the effects of
combustion products at the molecular level. One objective
could be to determine whether these toxic products cause DNA
damage or mutations or both. Specific problems of interest
include the following: Does the damage occur in nuclear DNA
and/or mitochondrial DNA? Are certain areas of the DNAmore
prone to these mutations (i.e., are there hot spots?)? Can we
categorize the types of mutations (e.g., transitions, trans-
versions, deletions, insertions)? How efficient are the repair
mechanisms? Are there mutagens also known to be
carcinogens?
Toxicity Assessment: Predictive Models

In the 1970s, there were essentially two experimental strategies
to examine the issues raised by the field of combustion toxi-
cology: (1) an analytical chemical method and (2) an animal
exposure approach. In the analytical chemical method, inves-
tigators thermally decomposed materials under different
experimental conditions and tried to determine every
combustion product that was generated. This approach gener-
ated long lists of compounds. The toxicity of most of these
individual compounds was unknown and the concept of
examining the toxicity of all the various combinations of
compounds was and still is considered a formidable task. An
additional problem with the analytical approach was that, as
mentioned earlier, the detection and identification of the toxic
combustion products depended on the analytical method used.
Therefore, one could not be certain that every toxic product was
detected and identified. This approach enabled one to identify
many of the multiple products that were generated, without
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knowing the toxic potency of all the identified compounds,
either singly or combined.

In the animal exposure approach, the animals (usually rats
or mice) serve as indicators of the degree of toxicity of the
combustion atmospheres. The materials of concern are ther-
mally decomposed under different combustion conditions and
the animals are exposed to the combined particulate and
gaseous effluent. Multiple animal experiments (each with
multiple animals) with different concentrations of material are
conducted to determine an EC50 (incapacitation) or an LC50

(lethality) for a specific set of combustion conditions. Each
material would then have a particular EC50 or LC50 value that
can be used to compare the toxicities of different materials
decomposed under the same conditions. The lower the EC50 or
LC50 value, the more toxic the combustion products from that
material are considered to be. In this approach, one knows the
relative toxicity of a material as compared to another material,
but does not know which of the toxic gases are responsible for
the adverse effects.

In the 1980s, investigators at NIST began examining the
possibility of combining the analytical chemical method with
the animal exposure approach to develop empirical mathe-
matical models to predict the toxicity. These predictions were
based on actual experiments with animals and their response to
each of the main toxic combustions gases; CO, CO2, low O2,
HCN, NO2, HCl, HBr, and various combinations of these gases.
The advantages of these predictive approaches are that (1) the
number of necessary test animals can be reduced by first pre-
dicting the toxic potency from a limited chemical analysis of
the smoke; (2) smoke may be produced under conditions that
simulate any fire scenario of concern; (3) fewer tests are needed,
thereby reducing the overall cost of the testing; and (4) infor-
mation is obtained on both the toxic potency of the smoke
(based on the mass of material burned) and the responsible
gases (based on the primary toxic gases in the mixture). The
prediction is checked with one or two animal tests to ensure
that an unexpected gas or toxic combination has not been
generated. The results of using these empirical mathematical
models indicated that, in most cases, one could predict the
toxic potency of a combination atmosphere based on the
concentrations of the main toxic gases and did not need to
worry about the effects of minor or more obscure gases.
Primary Toxic Combustion Gases

Complete combustion of a polymer containing carbon,
hydrogen, and oxygen in an atmosphere with sufficient O2

yields CO2 andwater. It is during incomplete combustion under
various atmospheric conditions in either flaming or nonflaming
modes that compounds of greater toxicological concern are
generated. When oxygen is limited, the primary gases formed
during the combustion of most organic materials are CO, CO2,
and water. If the materials contain nitrogen, HCN and NO2, the
two principal thermo-oxidative products of toxicological
concern, are also likely to be generated. Halogenated or flame-
retardant materials generally produce HCl or HBr. Other
commonly found fire gases include nitrogen oxides, ammonia,
hydrogen sulfide, sulfur dioxide, and fluorine compounds. One
also needs to consider that in fire situations, oxygen levels drop
and exposure to low oxygen atmospheres will have additional
adverse physiological effects. Some of these toxic combustion
gases produce immediate asphyxiant symptoms, while others
(e.g., HCl, HBr, NO2) fall into an irritant category and produce
symptoms following the exposures.
The N-Gas Models

The N-gas models for predicting smoke toxicity were founded
on the hypothesis that a small number (N) of gases in the
smoke will account for a large percentage of the observed toxic
potency. These predictive models were based on an extensive
series of experiments conducted at NIST on the toxicological
interactions of the primary gases found in fires. Both the
individual gases and complex mixtures of these gases were
examined. To use these models, materials are thermally
decomposed using a bench-scale method that stimulates real-
istic fire conditions, the concentrations of the primary gases are
measured, and the toxicity of the smoke using the appropriate
N-gas model is predicted. The predicted toxic potency is
checked with a small number of animal (Fischer 344 male rate)
tests to ensure that an unanticipated toxic gas was not gener-
ated or an unexpected toxicological effect (e.g., synergism or
antagonism) did not occur. The results indicate whether the
smoke from a material or product is extremely toxic (based on
mass consumed at the predicted toxic level) or unusually toxic
(the toxicity cannot be explained by the combined measured
gases). These models have been shown to correctly predict the
toxicity in both bench-scale laboratory tests and full-scale room
burns of a variety of materials of widely differing characteristics
chosen to challenge the system. The six-gas model (without
NO2) is now included in two national toxicity test method
standards (ASTM E1678), approved by ASTM, and NFPA 269,
approved by the NFPA. It is also included in an international
standard (ISO 13344) that was approved by 16 member
countries of the ISO technical committee 92 (TC92). All three
of these standards were published in 1996.

The objectives for developing the N-gas models were:

l To establish the extent to which the toxicity of a material’s
combustion products could be explained and predicted by
the interaction of the major toxic gases generated from that
material in the laboratory or whether minor and more
obscure gases needed to be considered.

l To develop a bioanalytical screening test and a mathemat-
ical model that would predict whether a material would
produce extremely toxic or unusually toxic combustion
products.

l To predict the occupant response from the concentrations of
primary toxic gases present in the environment and the time
of exposure.

l To provide data for use in computer models designed to
predict the hazard that people will experience under various
fire scenarios.
The Six-Gas N-Gas Model

The six-gas model was based on studies at NIST on the toxi-
cological interactions of six gases: CO, CO2, HCN, lowO2, HCl,
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and HBr. First, individual gases in air were tested for LC50 both
during and including postexposure observation periods of
14 days. The studies on HCl and HBr were conducted at
Southwest Research Institute (SwRI) under a grant from NIST.
Similar measurements for various combinations of these gases
indicated whether the toxicity of the mixtures of gases was
additive, synergistic, or antagonistic.

Based on these empirical results, the following six-gas
model was developed:

m½CO�
½CO2� � b

þ ½HCN�
LC50HCN

þ 21� ½O2�
21� LC50O2

þ ½HCl�
LC50HCl

þ ½HBr�
LC50HBr

¼ N� gas value

[1]

where the terms in brackets indicate the time-integrated average
atmospheric concentrations during a 30 min exposure period
(ppm �min) per min or for O2 (% �min) per min. The other
terms are described in the following paragraphs.

Under the experimental conditions used at NIST and with
Fischer 344 male rate, the 30 min LC50 value of CO2 is 47%
(470 000 ppm) with 95% confidence limits of 43–51%. No
deaths occurred in rats exposed to 26% CO2 min. In a real fire,
the highest theoretically possible concentration of CO2 is 21%,
a concentration that could occur only if all the atmospheric O2

were converted to CO2, a highly improbably event. Therefore,
CO2 concentrations generated in fires are not lethal. However,
CO2 is a respiratory stimulant, causing an increase in both
respiratory rate and tidal volume. It also increases the acidosis of
the blood. When combined with any of the other tested gases,
CO2 has a synergistic toxicological effect. Empirically, however,
it was found that the effect of CO2 can only be added into the
six-gas N-gas equation once. Therefore, the CO2 effect was
included with the CO factor since there were more data on the
effect of different concentrations of CO2 on the toxicity of CO
and CO is the toxicant most likely to be present in all fires. The
results on the synergistic effect of CO2 on CO indicated that as
the concentration of CO2 increases (up to 5%), the toxicity of
CO increases. Above 5% CO2, the toxicity of CO starts to revert
back toward the toxicity of the CO by itself. The termsm and b in
the equation define this synergistic interaction and equal �18
and 122 000, respectively, if the CO2 concentrations are 5% or
less. For studies in which the CO2 concentrations are above 5%,
m and b equal 23 and �38 600, respectively.

In rats, the 30 min LC50 for CO is 6600 ppm, and with 5%
CO2, this value drops to 3900 ppm. Exposure to CO in air
produced deaths only during the actual exposures and not
during the postexposure observation period; however, expo-
sures to CO and CO2 also caused deaths in the postexposure
period. Carbon monoxide is a colorless, odorless, tasteless, and
non-irritating poisonous gas. The toxicity of CO comes from its
binding to the hemoglobin in red blood cells and the forma-
tion of carboxyhemoglobin (COHb). The presence of CO on
the hemoglobin molecule prevents the binding of O2 to
hemoglobin (O2Hb) and results in hypoxia in the exposed
individual. Since the binding affinity of hemoglobin for CO2 is
210 times greater than that for O2, only 0.1% CO (1000 ppm)
is needed to compete equally with O2, which is normally
present at 20.9% in the air (20.9%/210 z 0.1%). Thus, only
1000 ppm of CO in the atmosphere is enough to generate 50%
COHb, a value commonly quoted (but not necessarily proved)
as the concentration that is lethal to humans. The time to get to
50% COHb at 1000 ppm CO would be longer than 30 min.

The LC50 value of HCN is 200 ppm for 30 min exposures or
150 ppm for 30 min exposure plus the postexposure observa-
tion period. HCN caused deaths both during and following the
exposures.

The 30 min LC50 of O2 is 5.4%, a value that is included in
the model by subtracting the combustion atmospheric O2

concentration from the normal concentration of O2 in the air,
that is, 21%. The LC50 values of HCl and HBr for 30 min
exposures plus postexposure times are 3700 and 3000 ppm,
respectively. HCl and HBr at levels found in fires cause only
postexposure effects.

The pure and mixed gas studies showed that if the value of
the six-gas N-gas equation is 1.1 � 0.2, then some fraction of
the test animals would die. Below 0.9, no deaths would be
expected, and above 1.3, all the animals would be expected to
die. Since the concentration–response curves for animal
lethalities from smoke are very steep, it is assumed that if some
percentage (not 0 or 100%) of the animals die, the experi-
mental leading is close to the predicted LC50 value. Results
using this method show good agreement (deaths of some of
the animals when the N-gas values were above 0.9) and the
good predictability of this approach.

This model can be used to predict deaths that will occur
only during the fire exposure or deaths during and following
the fire. To predict the deaths that would occur both during and
following the exposures, the six-gas N-gas equation is used as
presented. To predict deaths that would occur only during the
exposures, HCl and HBr, which have only postexposure effects,
should not be included in the equation. In small-scale labo-
ratory tests and full-scale room burns, the equation was used
successfully to predict combustion products from numerous
materials. In the case of PVC, the model correctly predicted the
results as long as the HCl concentration was greater than
1000 ppm; therefore, it is possible that HCl concentrations
under 1000 ppm may not have any observable effect on the
model even in the postexposure period. More experiments are
necessary to show whether a true toxic threshold for HCl does
exist.

Although most of the work at NIST concentrated on deaths
during or following 30 min exposures, the LC50 values of many
of these gases, both singly and mixed, were determined at other
times ranging from 1 to 60 min, and in all the cases examined,
the predictive capability of the equation holds if the LC50

values for the other times are substituted into the equation.
The Seven-Gas Model; Addition of NO2 to the N-Gas
Model

Nitrogen dioxide is an irritant gas that will cause lachrymation,
coughing, respiratory distress, increases in methemoglobin
(MetHb) levels, and lung edema. Single brief exposures to less
than lethal concentrations can cause lung damage, emphy-
sema, or intestinal fibrosis. Low levels have been alleged to
increase one’s susceptibility to respiratory infections and
aggravate one’s reactions to allergens. Impairment of dark
adaptation has also been noted. Delayed serious effects can be
observed as late as 2–3 weeks following exposures. In the lungs,
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NO2 forms both nitric (HNO3) and nitrous (HNO2) acids,
which are most likely responsible for the observed damage to
the lung cells and connective tissue.

In fires, NO2 may arise from atmospheric nitrogen fixation,
a reaction that is material independent, or from the oxidation
of nitrogen from nitrogen-containingmaterials. To examine the
generation of NO2 from nitrogen fixation, a small study was
undertaken at NIST. In two small-scale fires of rooms in which
themain source of fuel was polystyrene-covered walls, only low
levels of NOx (10 and 25 ppm) were found, indicating little
nitrogen fixation under these conditions. A real example of
burning nitrogen-containing materials was the 1929 Cleveland
Clinic (Ohio, USA) fire in which 50 000 nitrocellulose X-ray
films were consumed. The deaths of 97 people in this fire
were attributed mainly to NOx. An additional 26 people died
between 2 h and 1 month following the fire, and 92 people
were treated for nonfatal injuries. In laboratory tests of
nitrogen-containing materials under controlled conditions,
1–1000 ppm of NOx were measured. In military tests of
armored vehicles penetrated by high-temperature ammunition,
NO2 levels above 2000 ppm were found.
Individual and Binary Mixtures

In small-scale laboratory tests of NO2 in air, deaths of Fischer
344 male rats occurred only in the postexposure period and the
LC50 value following a 30 min exposure is 200 ppm. Carbon
dioxide plus NO2 shows synergistic toxicological effects. The
LC50 for NO2 following a 30 min exposure to NO2 plus 5%
CO2 is 90 ppm (postexposure deaths) (i.e., the toxicity of NO2

doubled) (Table 1).
As mentioned, CO produces only within-exposure deaths,

and its 30 min LC50 is 6600 ppm. In the presence of 200 ppm
of NO2, the within-exposure toxicity of CO doubled (i.e., its
30 min LC50 became 3300 ppm). An exposure of w3400 ppm
CO plus various concentrations of NO2 showed that the pres-
ence of CO would also increase the postexposure toxicity of
NO2. The 30 min LC50 value of NO2 went from 200 to
150 ppm in the presence of 3400 ppm of CO. A concentration
of 3400 ppm of CO was used as that concentration would not
be lethal during the exposure and any postexposure effects of
NO2 would become evident; the LC50 of CO would have
caused deaths of the animals during the 30 min exposure.

The 30 min LC50 of O2 is 5.4%, and the deaths occurred
primarily during the exposures. In the presence of 200 ppm of
Table 1 Synergistic effects of CO2

Gas

LC50 values

Single gas With 5% CO2

CO2 470 000 ppma N/A
CO 6600 ppma 3900 ppmb

NO2 200 ppma 90 ppmc

O2 5.4%a 6.4%b

All gases were mixed in air; 30 min exposures of Fischer 344
rats.
aDeaths occurred during the exposure.
bDeaths occurred during and following the exposures.
cDeaths occurred during the postexposure period.
NO2, the within-exposure LC50 of O2 and its toxicity increased
to 6.7%. In the case of O2, increased toxicity is indicated by an
increase in the value of the LC50 since it is more toxic to be
adversely affected by a concentration of O2 ordinarily capable
of sustaining life. Exposure of the animals to 6.7% O2 plus
various concentrations of NO2 showed that the NO2 toxicity
doubled (i.e., its LC50 value decreased from 200 to 90 ppm).

One of the most interesting findings was the antagonistic
toxicological effect noted during the experiments on the
combinations of HCN and NO2. As mentioned, the 30 min
LC50 for NO2 alone is 200 ppm (postexposure) and the 30 min
within-exposure LC50 for HCN alone is also 200 ppm. This
concentration of either gas alone is sufficient to cause death of
the animals (i.e., 200 ppm HCN or 200 ppm NO2 would cause
50% of the animals to die either during the 30 min exposure or
following the 30 min exposure, respectively). However, in the
presence of 200 ppm of NO2, the within-exposure HCN LC50

concentration increases to 480 ppm or, stated in other words,
the toxicity of HCN decreases by a factor of 2.4.

The mechanism for this antagonistic effect is believed to be
as follows. In the presence of water, NO2 forms nitric acid
(HNO3) and nitrous acid (HNO2). These two acids are the
most likely suspects responsible for the lung damage, leading
to the massive pulmonary edema and subsequent deaths noted
following exposure to high concentrations of NO2. Nitrite ion
(NO2

�) formation occurs in the blood when the nitrous acid
dissociates. The nitrite ion oxidizes the ferrous ion in oxyhe-
moglobin to ferric ion to produce MetHb (eqn [2]). MetHb is
a well-known antidote for CN� poisoning. MEtHb binds to
cyanide, forming cyanmethemoglobin, which keeps the
cyanide in the blood and prevents it from entering the cells. In
the absence of MetHb, free cyanide will enter the cells, react
with the cytochrome oxidase, prevent the utilization of O2, and
cause cytotoxic hypoxia. If, on the other hand, cyanide is bound
to MetHb in the blood, it will not be exerting its cytotoxic
effect. Therefore, the mechanism of the antagonistic effect of
NO2 on the toxicity of cyanide is believed to be due to the
conversion of oxyhemoglobin [O2Hb(Fe2þ)] to methemo-
globin [MetHb(Fe3þ)] in the presence of nitrite (eqn [2]).

2Hþ þ 3NO�
2 þ 2O2Hb

�
Fe2þ

�
¼ 2MetHb

�
Fe3þ

�þ 3NO�
3 þH2O [2]

Tertiary Mixtures of NO2, CO2, and HCN

Earlier work indicated that the presence of 5% CO2 with either
HCN or NO2 produced a more toxic environment than would
occur with either gas alone. The antagonistic effects of NO2 on
HCN indicate that the presence of one LC50 concentration of
NO2 (w200 ppm) will protect the animals from the more toxic
effects of HCN during the 30 min exposures, but not from the
postexposure effects of the combined HCN and NO2. Thus, it
was of interest to examine combinations of NO2, CO2, and
HCN. In this series of experiments, the concentrations of HCN
were varied from almost 2–2.7 times its LC50 value (200 ppm).
The concentrations of NO2 were approximately equal to one
LC50 value (200 ppm) if the animals were exposed to NO2 alone
and approximately half the LC50 (90 ppm) if the animals were
exposed to NO2 plus CO2; the concentrations of CO2 were
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maintained at w5%, and the O2 levels were kept above 18.9%.
The results indicated that CO2 does not make the situation
worse, but rather provided additional protection even during the
postexposure period. In each of the six experiments, some or all
of the animals lived through the test even though they were
exposed to greater than lethal levels of HCN plus lethal levels of
NO2. In addition, in four tests, some of the animals lived
through the postexposure period even though the animals were
exposed to combined levels of HCN, NO2, and CO2 that would
be equivalent to 4.7–5.5 times the lethal concentrations of those
gases. One possible reason that CO2 seems to provide an addi-
tional degree of protection is that NO2 in the presence of 5%
CO2 produces four times more MetHb than does NO2 alone.
Mixtures of CO, CO2, NO2, O2, and HCN

The initial design of these experiments was to look for addi-
tivity of the CO/CO2, HCN, and NO2 factors, keeping each at
about one-third of its toxic level while keeping the O2

concentration above 19%. When these initial experiments
produced no deaths, we started to increase the concentrations
of CO up to one-third of the LC50 of CO alone (6600 ppm),
HCN was increased to 1.3 or 1.75 times its LC50 depending on
whether the within-exposure LC50 (200 ppm) or the within-
and postexposure LC50 (150 ppm) is being considered, and
NO2 was increased up to a full LC50 value (200 ppm). The
results indicated that just adding an NO2 factor (e.g., [NO2]/
LC50 NO2) to eqn [1] would not predict the effect on the
animals. A new mathematical model was developed and is
shown as eqn [3]. In this model, the differences between the
within-exposure and postexposure predictability are as follows:
(1) the LC50 value used for HCN is 200 ppm for within-
exposure or 150 ppm for within-exposure and postexposure
lethality, and (2) the HCl and HBr factors are not used to
predict the within-exposure lethality, only the within-exposure
and postexposure lethality. According to eqn [3], animal deaths
will start to occur when the N-gas value is above 0.8, and 100%
of the animals will die when the value is above 1.3. The results
indicated that in those few cases where above 0.8 and no deaths
occurred, the animals were severely incapacitated (close to
death) as demonstrated by no righting reflex or eye reflex.

N� gas value ¼ m½CO�
CO2 � b

þ 21� ½O2�
21� LC50ðO2Þ þ

� ½HCN�
LC50ðHCNÞ

� 0:4½NO2�
LC50ðNO2Þ

�
þ 0:4

� ½NO2�
LC50ðNO2Þ

�

þ ½HCl�
LC50ðHClÞ þ

½HBr�
LC50ðHBrÞ

[3]

The N-Gas Model Including NO2

For an explanation of these terms, see the paragraphs following
eqn [1]. Equation [3] should be used to predict the within-
exposure plus postexposure lethal toxicity of mixtures of CO,
CO2, HCN, reduced O2, NO2, HCl, and HBr. The LC50 values
will be the same as those given for eqn [1] using 150 ppm for
HCN and 200 ppm for NO2. If one wishes to predict the deaths
that will occur only during the exposure, the LC50 value used
for HCN should be 200 ppm and the HCl and HBr factors
should not be included. To predict the lethal toxicity of
atmospheres that do not include NO2, eqn [1] is to be used.
Combustions Toxicity Test Methods

The toxicity of the combustion products from any new
material formulation or product containing additives or new
combinations of additives needs to be examined. Material
and polymer chemists are currently trying to develop new ‘fire
safe’ materials. The terms ‘fire safe’ or ‘fire resistant’ are not
the same as noncombustible. Unless these new materials are
noncombustible, some thermal decomposition will occur
when the materials are exposed to fire conditions. The toxic
gases and the irritants that are present in all smoke need to be
considered potential dangers. The toxic products can cause
both acute and delayed toxicological effects. It is the acute
and extremely short-term effects that prevent escape from
burning buildings by causing faulty judgment, incapacita-
tion, and death. The irritants in the smoke can also interfere
with the ability to escape by causing severe coughing and
choking and by preventing those exposed from keeping their
eyes open long enough to find the exits. In addition, the
delayed effects, such as tissue or organ injury, mutagenicity,
carcinogenicity, and teratogenicity, need to be studied since
they may ultimately lead to permanent disability and post-
exposure deaths.

Toxicity screening tests for both the acute and delayed
effects are, therefore, needed to evaluate the combustion
products, including any irritants that may be present in newly
proposed materials and products. It is imperative that the
materials and products be tested under experimental condi-
tions that simulate realistic fire scenarios of concern (e.g.,
flashover conditions emanating from first, smoldering and
then, flaming of upholstered furniture in homes, or smoldering
fires in concealed spaces in aircraft). The ideal tests should be
simple, rapid, inexpensive, use the least amount of sample
possible (since, in many cases, only limited amounts of new
experimental materials may be available), use a minimum
number of test animals, and have a definitive toxicological end
point for comparison of the multiple candidates. While faulty
judgment and incapacitation are significant causes of worry
since they can prevent escape and cause death, they are
extremely difficult and complex end points to define and
measure in non-human test subjects. Death of experimental
animals (e.g., rats), on the other hand, is a more definitive and
easily determined end point and can be used to compare the
relative toxicities of alternate materials deemed suitable for
the same purpose. The assumption made here is that if the
combustion products of material X are significantly more lethal
than those of material Y, the combustion products of X would
probably cause more incapacitation and more impairment of
judgment than Y as well. The number of experimental animals
can be significantly reduced by utilizing one of the predictive
mathematical models developed for combustion toxicology
such as the N-gas models previously discussed in this article.
The six-gas N-gas model is currently indicated in two national
standards (ASTM E1678 and NFPA 269) and one international
standard (ISO 13344).
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Many test methods for the determination of the acute
toxicity of combustion products from materials and products
have been developed over the last two decades and continue to
be developed and/or improved. In 1983, 13 of the methods
published up to that time were evaluated by Arthur D. Little,
Inc. to assess the feasibility of incorporating combustion
toxicity requirements for building materials and finishes into
the building codes of New York State. On the basis of seven
different criteria, only two methods were found acceptable.
These two methods were the flow-through smoke toxicity
method developed at the University of Pittsburgh and the
closed-system cup furnace smoke toxicity method developed at
NIST (known at that time as the National Bureau of Standards
(NBS)). Standard Reference Materials and protocols (SRM
1048 and SRM 1049) were developed at NIST and are available
to the users of these methods to provide assurance that they are
performing the methods correctly (see ‘Relevant Websites’
section). Based on the results of the Arthur D., Little report, the
State of New York under Article 15, Part 1120 of the New York
State Fire Prevention and Building Code decided to require that
building materials and finished be examined by the method
developed at the University of Pittsburgh and that the results be
filed with the state. It is important to note, however, that
although the results are filed, New York does not regulate any
materials or products based on the results of this or any other
toxicity test. Although not regulated, the process of testing by
the developer should prevent any unduly toxic products from
appearing in the marketplace.

New methods that have been developed since 1983 to
examine acute combustion toxicity include the University of
Pittsburgh II radiant furnace method, a radiant furnace smoke
toxicity protocol developed by NIST and SwRI, and the
National Institute of Building Sciences (NIBS) toxic hazard test
method. All three use radiant heat to decompose materials.

The NIST radiant test and the NIBS toxic hazard test use the
same apparatus, consisting of three components: a radiant
furnace, a chemical analysis system, and an animal exposure
chamber. The chemical analysis system and animal exposure
system are identical to that developed for the NBS cup furnace
smoke toxicity method. Although the apparatus of both the
methods is essentially the same, the methods have different
toxicological end points. In the NIST method, an approximate
LC50, based on the mass of material needed to cause lethality
in 50% of the test animals during a 30 min exposure or
a 14 day postexposure period or both, is the determinant of
toxicity. The number of animals needed to run the test is
substantially reduced by first estimating the LC50 by the six-gas
N-gas model. This estimate is then verified with one or two
animal tests to ensure that no unforeseen gas was generated.
The toxicological end point of the NIBS toxic hazard test is the
IT50, the irradiation time (the time that the material is exposed
to the radiant heat) that is required to kill 50% of the animals
during a 30 min exposure or 14 days postexposure time. The
actual results of the NIBS test with 20 materials indicated that
the test animals died in very short periods of time (personal
communication) and the test was unable to discriminate very
well between materials. These results substantiate the thesis
that mass (the smaller the mass necessary for an LC50, the
more toxic the material) is a better indicator of acute toxicity
than time.
Both the NIST and NIBS test procedures are designed to
simulate a post-flashover scenario. The premise for simulating
a post-flashover fire is that most people who die from inhala-
tion of toxic gases in residential fires are affected in areas away
from the room of fire origin. Smoke and toxic gases are more
likely to reach these distant areas following flashover. This
scenario may not be relevant in certain circumstances (e.g.,
aircraft interior fires, where a smoldering fire in a concealed
space may cause significant problems if the plane is over a large
body of water and unable to land for a considerable period of
time, or fire in the Station Nightclub in the early 2000s in West
Warwick (Rhode Island, USA) that killed 100 and injured over
200 people and resulted from a combination of the use of
pyrotechnics inside the nightclub, the use of a highly flam-
mable foam on the walls, no sprinkler system, and outdated
fire codes).

The NIST radiant test has been accepted by ASTM as a US
national standard designated ASTM E1678 and entitled ‘Test
Method for Measuring Smoke Toxicity for Use in Fire Hazard
Analysis.’ In 1995, the ISO Technical committee 92, Subcom-
mittee 3 (ISO/TC92SC3) on Toxic Hazards in Fire published an
international standard for combustion toxicity that was
approved by 16 countries. This standard – ISO/IS 13344 enti-
tled ‘Determination of the Lethal Toxic Potency of Fire Efflu-
ents’ – describes the mathematical models (including the
six-gas N-gas model) available for predicting the toxic
potency of fire atmospheres based on the toxicological inter-
actions of the main combustion gases present. In the interna-
tional standard, investigators have the flexibility of designing or
choosing a system that will simulate conditions relevant to
their fire scenario rather than having to accept a designated
combustion system.
Toxicant Suppressants

Fire scientists are very familiar with fire-retardant chemicals,
which are defined by ASTM as “chemical[s] which, when
added to a combustible material, delay ignition and
combustion of the resulting material when exposed to fire.”
The discussion adds “a fire-retardant chemical can be a part
of the molecular structure, an admixture or an impregnant.”
The term ‘toxicant suppressant,’ however, is a new term
arising from research at NIST that demonstrated that the
addition of copper compounds to flexible polyurethane
foam (FPU) significantly reduced the generation of HCN as
well as the toxicity of the combustion products when the
foam was thermally decomposed. These experiments were
designed to simulate the nonflaming and then flaming
stages of a chair ignited by a cigarette (a two-phase heating
system which simulated the fire scenario that results in the
most fire deaths in the United States). The term toxicant
suppressant may be defined as a chemical that, when added
to a combustible material, significantly reduces or prevents
one or more toxic gases from being generated when that
material undergoes thermal decomposition. The resultant
gas effluent should be less toxic than that from the untreated
material; that is, the toxic gas, whose concentration is being
reduced, should not be converted to an equally or more
toxic product.
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The results of these studies at NIST indicated that:

1. Hydrogen cyanide concentrations in the thermal decom-
position products from a flexible polyurethane foam were
reduced w85% when the foam was treated with 0.1 or
1.0% Cu2O by weight and thermally decomposed via
a two-phase heating system in the NIST Cup Furnace
Smoke Toxicity Apparatus.

2. The copper or copper compounds could be added to the
foams during or after the foams were formulated and still
reduce the HCN yield and toxicity of the combustion
products. (NIST added the copper after formulation; the
BASF Corporation added the Cu2O during formulation.)
The addition of the copper or copper compounds during
formulation did not affect the foaming process or the
physical appearance of the foams except for a slight change
of color.

3. Low levels of the copper compounds were effective. In
particular, when cupric oxide (CuO) was used, the
concentration of copper needed was only 0.08% by weight,
and when cuprous oxide (Cu2O) was used, only 0.07% by
weight was needed to significantly reduce the generation
of HCN.

4. Full-scale room burns indicated that the presence of Cu2O
in the flexible polyurethane foam reduced the HCN
generation by w50–70% when the experimental plan was
designed to simulate a realistic scenario (the foams con-
tained 1.0% Cu2O by weight, were covered with a cotton
upholstery fabric, and were arranged to simulate a chair;
smoldering was initiated with cigarettes and flaming
occurred spontaneously).

5. Under small-scale conditions, less than 3 ppm of NOx was
generated from the untreated foams, whereas a range of
3–33 ppm of NOx was measured from 0.1 to 1.0% by
weight of Cu2O-treated foams. About 6% of the HCN
appeared converted to NOx. In the full-scale room tests,
w23% of the HCN appeared to be converted to NOx. Since
we have shown at NIST that NO2 acts as an antagonist to
HCN, this amount of NOx may also act to counteract the
immediate toxic effects of any residual HCN.

6. Since atmospheric O2 concentrations can reach very low
levels in real fires, it was important to know whether the
reduction of HCN by copper would occur under low O2

conditions. Small-scale tests with the ambient O2 concen-
trations as low as 6% indicated that the HCN levels were
reduced by as much as 82% when the flexible polyurethane
foam was treated with 0.1% Cu2O by weight.

7. The toxicity of the gas effluent was also reduced (an indi-
cation that HCN was not being converted into some
compound that was even more toxic). Fewer animal
(Fischer 344 rats) deaths occurred during the 30 min
exposures to the flexible polyurethane foam treated with
the copper and copper compounds compared to the
untreated flexible polyurethane foam. Toxicity based on
LC50 values was reduced 40–70% in the small-scale tests
with 0.1% Cu2O-treated foams. The blood cyanide levels in
the animals exposed to the combustion products from the
CuO-treated foams for 30 min were one-half to one-
quarter of those measured in the animals exposed to the
smoke from the same amount of untreated foam.
8. Postexposure deaths were also reduced in the animals
exposed to the combustion products from the Cu- and
Cu2O-treated FPU foams in the small-scale tests. These
delayed postexposure deaths have not been observed in
animals exposed to combustion products from flexible
polyurethane foams decomposed in large-scale room fire
tests. The specific cause of these postexposure deaths is not
known.

9. No differences in flammability characteristics between the
0.1% Cu2O-treated and untreated flexible polyurethane
foam were observed. These characteristics were examined
to ensure that the positive effect on the toxicity was not
contradicted by negative effects on the flammability prop-
erties. The flammability characteristics examined were (1)
ignitability in three systems (the NIST cup furnace smoke
toxicity method, the cone calorimeter, and the lateral
ignition and flame spread test (LIFT)); (2) heat release rates
under small-scale (cone calorimeter) and medium-scale
(furniture calorimeter) conditions; (3) heats of combus-
tion under small-scale (cone calorimeter) and medium-
scale (furniture calorimeter) conditions, CO/CO2 ratios
under small-scale (cone calorimeter) and medium-scale
(furniture calorimeter) conditions, (5) smoke obscuration
(cone calorimeter); and (6) rate of flame spread (LIFT).

10. Research conducted at the BASF Corporation indicated
that the physical properties of the 1.0% Cu2O-treated
flexible polyurethane foam were not significantly
different from the comparable untreated flexible poly-
urethane foam. The physical properties examined were
tensile strength, elongation, tear strength, resilience,
indentation force deflection, support factor, compression
sets, and airflow.

11. One of the additives being used in combustion-modified
flexible polyurethane foams is melamine. Small-scale
tests conducted at NIST indicated that a melamine-
treated flexible polyurethane foam generated six times
more HCN than an equal amount of foam that did not
contain melamine. The presence of Cu2O reduced the
HCN generated from the melamine foam by 90%.
Melamine-treated flexible polyurethane foam is one of two
flexible polyurethane foams currently allowed in Great
Britain.

In the late 1970s, research by Jellinek et al. at Clarkson
College of Technology also showed that the concentrations of
HCN generated from the thermal decomposition of a poly-
urethane at 300 and 400 �C decreased when flowed through
copper compounds. In their studies, the polyurethane films
were usually 15 mm thick (50 mg). In some experiments, the
metal powder was mixed with the polymer and, in others,
copper metal films of 400–1000 Å were deposited on top of the
polymer films. In most cases, the percentage of copper was 10%
or greater. The lowest concentrations that they tested was
a 2.6% copper film, which inhibited the evolution of HCN by
66%. Their experiments indicated that copper probably acts as
an oxidative catalyst that decomposes gaseous HCN into N2,
CO2, H2O, and small amounts of nitrogen oxides. Further
research is needed to determine whether this is the actual
molecular mechanism that allows copper to act as an HCN
toxicant suppressant.
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Research by Levin et al. (1992) at NIST differed from that
of Jellinek in that much larger samples of flexible poly-
urethane foam (including full-scale room burns of cushions
and simulated chairs), and much smaller concentrations of
copper were used. The toxicity of the combustion products
from the copper-treated flexible polyurethane foam was also
examined.

Unpublished data of Levin et al. (1992) also indicated that
a wool fabric treated with copper would generate 50% less
HCN than the untreated fabric. These results demonstrate
a more universal effect, namely that treating nitrogen-
containing materials with copper compounds will probably
reduce the HCN generated when that material is exposed to
fire conditions. Taking these results one step further, one could
develop other toxicant suppressants that, when added to
materials and products, would now prevent or significantly
reduce the toxic effluents generated when they are thermally
decomposed. Since 80% of fire deaths are the result of smoke
inhalation, a less toxic smoke could significantly increase the
time available for escape and reduce the number of injuries
and deaths from fires.

Not well recognized is that the fine particulates generated in
fires adhere reactive toxic species to their surfaces, and that
these are effectively point sources of toxicity and therefore of
a very different and extremely toxic compound.

Most recent concerns in the area of combustion toxicology
have centered on its occurrence in closed environments (e.g.,
aircraft, spacecraft, submarines).

See also: Carbon Dioxide; Carbon Monoxide; CCA-Treated
Wood; LD50/LC50 (Lethal Dosage 50/Lethal Concentration 50).
Further Reading

Baxter, C.S., 2013. Smoke and combustion products. In: Bingham, E., Cohrssen, B.
(Eds.), Patty’s Toxicology, sixth ed., vol. 6. Wiley, Hoboken NJ, pp. 399–417.

Chaturvedi, A.K., 2010. Aviation combustion toxicology. J. Anal. Toxicol. 34, 1–16.
Hardman, J.G., Limbird, L.E., Molinoff, P.B., Ruddon, R.W., Gilman, A.G. (Eds.), 1996.

Goodman and Gilman’s the Pharmacologic Basis of Therapeutics, ninth ed.
McGraw-Hill, New York.

Kaplan, H.L., Grand, A.F., Hartzell, G.E., 1983. Combustion Toxicology, Principles and
Test Methods. Technomic Publishing Co, Lancaster, PA.

Karter Jr., M.J., 2003. 2002 US fire loss. NFPA J. 97, 59–63.
Levin, B.C., 2001. Smoke and combustion products. In: Bingham, E., Cohrssen, B.,

Powell, C.H. (Eds.), Patty’s Toxicology, Chapter 108, fifth ed. Col VIII. Wiley, New
York, pp. 648–668.

Levin, B.C., Braun, E., Paabo, M., Harris, R.H., Navarro, M., 1992. Reduction of
Hydrogen Cyanide Concentrations and Acute Inhalation Toxicity from Flexible
Polyurethane Foam Combustion Products be the Addition of Copper Compounds.
Part IV. Effects of Combustion Conditions and Scaling on the Generation of
Hydrogen Cyanide and Toxicity from Flexible Polyurethane Foam with and without
Copper Compounds. NISTIR 4989. National Institutes of Standards and Tech-
nology, Gaithersburg, MD.

National Research Council, National Materials Advisory Board, 1995. Fire- and Smoke-
Resistant Interior Materials for Commercial Transport Aircraft. Publication Number
NMAB-477-1. National Academy Press, Washington, DC.

Nelson, G.L. (Ed.), 1995. Fire and Polymers II; Materials and Tests for Hazard
Prevention. ACS Symposium Series 599. American Chemical Society, Wash-
ington, DC.
Relevant Websites

http://www.wolmanizedwood.com – Information on Wolmanized pressure-
treated wood.

http://ts.nist.gov – NIST website providing information of standard reference materials
and protocols developed.

http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.00596-0/ref0045
http://www.wolmanizedwood.com
http://ts.nist.gov


Comet Assay
Solange Costa and João Paulo Teixeira, Portuguese National Institute of Health, Porto, Portugal

� 2014 Elsevier Inc. All rights reserved.
Introduction

Comet Assay or single cell gel electrophoresis (SCGE) is
a versatile, simple, and adaptable method to measure DNA
damage and repair at individual cell level.

It is based on the capacity of negatively charged loops/
fragments of DNA to be pulled through an agarose gel in
response to an electric field, appearing like a ‘comet.’

In the last two decades the Comet Assay became very
popular and today is probably one of the most used assays for
the assessment of DNA damage and repair. It combines the
simplicity of biochemical techniques for detecting DNA single-
strand breaks (strand breaks and incomplete excision repair
sites), alkali-labile sites (ALS), and cross-linking, with the single
cell approach typical of cytogenetic assays.

The main advantages of the Comet Assay include: (1)
sensitivity for detecting low levels of damage, (2) use of any
monodispersed cell population, proliferating as well as non-
proliferating, (3) single cell data collection, allowing more
robust statistical analyses, (4) requirement for a small number
of cells per sample, (5) low cost, rapid, and ease of application,
and (6) flexibility to use fresh or frozen samples.

The popularity of the assay is largely due to the fact that any
eukaryote cell that can be obtained as a single cell suspension
like cells isolated from blood, cells from tissue biopsies that can
be homogenized, buccal cells, whole blood, and cultured cells
can be used. Nonetheless for some cell types, such as plant cells
and sperm cells, a few modifications to the classical protocol
are required. Overall, for most purposes, well-characterized cell
lines or primary cells (e.g., peripheral blood mononuclear
cells) used in classical genetic toxicology testing assays are
preferred.

The assay as also a few limitations, it is not able to detect
aneugenic effects and epigenetic mechanisms (indirect) of
DNA (effects on cell-cycle checkpoints). In addition, since
Comet Assay is not able to detect the DNA fragments that result
from apoptosis or necrosis processes, cytotoxicity can poten-
tially lead to false positive/negative results.

Although initially developed to measure variation in DNA
damage and repair capacity within a population of mammalian
cells, Comet Assay applications now range from human and
ecological biomonitoring (e.g., DNA damage in mussels living
in polluted estuarine sites) to measurement of DNA damage in
specific genomic sequences.
Versions

Comet Assay principles were first introduced in 1984 by
Ostling and Johanson.

The assay was based on previous work published in the late
1970s by Cook and colleagues, who developed a method to
investigate nuclear structure of eukaryotic cells based on high
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salt lysis with nonionic detergents. The proposed model was
a supercoiled DNA arranged as a series of loops attached at
intervals to the nuclear matrix. By adding an intercalating
agent, the supercoiled DNA was relaxed and loops expanded
out from the nuclear structure, called a nucleoid, to form
a ‘halo.’ After irradiating with g-rays the size of the halo was
approximately proportional to the irradiation dose.

The SCGE approach by Ostling and Johanson produced
a ‘tail.’ described as being a halo of relaxed loops pulled to one
side (toward the anode) by the electrophoretic field. As
described in the original, protocol lysis and electrophoresis
were done under neutral conditions.

The Ostling and Johanson SCGE procedure was later
adapted under alkaline conditions by Singh et al. (1988)
(pH> 13), which led to a more sensitive version of the assay
that could assess double- and single-strand DNA breaks as well
as ALS (apurinic/apyrimidic sites), crosslinks, and incomplete
DNA repair sites.

In a parallel but independent work, Olive et al. also opti-
mized the original technique of Ostling and Johanson so that
the Comet Assay after alkali treatment was followed by elec-
trophoresis at either neutral or mild alkaline (pH 12.3)
conditions to detect single-strand DNA breaks. Both methods
are identical in principle and similar in practice, but Singh
method, depending on the agent, was found to be more
responsive.

Since its development, the SCGE technique has been
modified at various steps (lysis/unwinding and/or electro-
phoresis) to improve reproducibility and sensitivity, and to
provide suitable ways to assess various kinds of damage in
different cells. Employing neutral pH (8–10) condition
mainly facilitates the detection of strand breaks; a pH 12
enables the detection of double- and single-strand breaks
and incomplete excision repair sites; while a pH� 13
expresses ALS in addition to all types of lesions appointed
above.
Alkaline Comet Assay

Several versions of the Comet Assay are currently in use the
most popular being the alkaline version first introduced by
Singh et al.

In short, cells embedded in agarose are placed on a micro-
scope slide and lysed with detergent at high salt concentration.

During lysis, cellular membranes, cytoplasmic and nucle-
osplasmic constituents, and histones are removed. After lysis,
what remains is the nucleoid, containing RNA, proteins, and
negatively supercoiled DNA attached to the nuclear matrix. The
immobilized nucleoid is then denaturated in an alkali buffer
and electrophoresed in same buffer.

Electrophoresis results in structures resembling comets,
with a distinct head, comprising intact DNA and a tail of
extended DNA loops and DNA fragments (Figure 1).
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01072-1
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Figure 1 Schematic picture representing a comet of a damaged cell and
a comet image of a damaged cell.
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The ‘comet’ can be visualized with a fluorescence micro-
scope after staining with a DNA staining dye (e.g., ethidium
bromide, acridine orange). The size and shape of the comet and
the distribution of DNA within the comet correlate with the
extent of DNA damage present in the individual cell (Figure 2).

Some technical sources of variability were detected in the
assay that can have an impact on the results, namely, the
agarose gel density, the temperature and the duration of alka-
line unwinding treatment, electrophoresis time, voltage across
the gel, and temperature of lysis. Several guidelines have been
published for the Comet Assay; however, a standardized
protocol is still lacking.

Although the assay enables the assessment of low levels of
DNA damage, the type of lesions detected such as single-strand
breaks is short-lived and is generally repaired. Also measuring
DNA migration gives limited information about the class of
lesion that is being detected, as it is an estimate of different
types of DNA lesions.
Enzyme-Comet Assay

In order to improve Comet Assay’s sensitivity and selectivity,
Collins et al. (1996) introduced an extra step after lysis: incu-
bation with lesion-specific enzymes that are used to convert
damaged bases to DNA breaks. Enzymes that have been used
include: formamidopyrimidine glycosylase that detects
oxidized purines (e.g., 8-oxoguanine) as well as other lesions;
hOGG1 identifies 8-oxoguanine; endonuclease III (EndoIII)
reveals oxidized pyrimidines; T4 endonuclease V exposes UV
induced cyclobutane pyrimidine dimmers and uracil glyco-
sylase that recognize uracil bases in the DNA sequence.
Scoring “Comets”

Comets can be analyzed by visual scoring, by computerized
image analysis, or by recently developed fully automatic
Figure 2 Comet Assay images. (a) Untreated cell exhibiting intact DNA, witho
a DNA-damaging agent; images B1–B4 represent different classes of DNA da
computerized image analysis. There is a range of different
software available to analyze comets.

In visual scoring the comets are divided into five categories
ranging from class 0, undamaged cells, to classes 1–4 repre-
senting increasing relative tail intensities, and therefore
increasing damaged cells.

Computerized scoring is reported using a range of different
parameters. The most frequently used endpoints are %DNA in
tail, tail moment, and tail length. The different ways of scoring
cells have different advantages and limitations. Nonetheless
Azqueta et al. recently compared visual scoring, computerized
scoring, and automatic computerized scoring and concluded
that all three scoring methods are reliable, and results from the
three methods are, to a certain extent, comparable.
Applications

Broadly used to measure cellular responses to DNA damage,
Comet Assay has been applied in genotoxicity testing,
ecological studies, and in human biomonitoring and clinical
studies. The assay has been used under a variety of exposures,
including in vitro, in vivo, and in situ. Despite the general
consensus of the usefulness of Comet Assay there is still no
OECD guideline for its design, presently it is under interna-
tional validation process.
Genotoxicity Test

Currently the Comet Assay is being used as a genotoxicity test
to assess the safety of new drug candidates. It is a valuable tool
for early and reliable genotoxicity screening of novel chemicals
or pharmaceuticals. The protocol used is the alkaline Comet
Assay for measuring DNA migration.
Ecological Monitoring

Environmental anthropogenic-mediated toxicants can have
a deleterious influence in genetic diversity both at the indi-
vidual and ecosystem levels and may also affect the genetic
structure of populations. The Comet Assay in combination
with suitable organisms can be used as sentinels for measuring
toxicants (metals and organics) often present in the
environment.

The SCGE method demonstrated to have broad applica-
bility for both aquatic and terrestrial animals in terms of
organisms, tissues, and cell types.

DNA damage, measured by Comet Assay, in aquatic
animals collected from contaminated sites was associated
with effects on growth, reproduction, and population
dynamics (e.g., mussels from marine and estuarine systems
ut a tail. (b) Cells exhibiting increased DNA migration after treatment with
mage.
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contaminated by oil spillage). This assay was also used to
assess immunotoxicity in dolphins, with increased DNA
damage correlating with a decreased ability of the T cells to
proliferate, which relates to the ability of the animals to
respond to infection.

Moreover, tadpoles from two frog species (Rana clamitans
and Rana pipiens) collected from areas with heavy agriculture
and industrial activity, respectively, showed significantly higher
damage compared to tadpoles from nonagricultural and
nonindustrial areas.

DNA damage in earthworms from toxic waste sites proved
to be a valuable tool for monitoring and detection of genotoxic
compounds in polluted soils. Rodents (Ctenomys torquatus)
from an area close to a coal mine had significantly higher
damage in lymphocytes compared with animals from a region
where no coal mines were found.
Human Studies

During the last decade the Comet Assay was introduced as
a useful biomarker for risk assessment in human bio-
monitoring studies. In recent years, several comprehensive
reviews have come into view in relation to Comet Assay
methodology and application areas and its response as an
indicator of carcinogen exposure. It has been shown to be
a valuable tool for acquiring knowledge about current levels of
internal exposure to toxicants agents, and for identifying hot
spots or trends in exposure risks of human populations.
Applications include monitoring occupational exposure to
genotoxic chemicals or radiation, environmental exposure (air
pollutants, living close to mining sites), assessment of oxidative
stress associated with various human diseases, and detection of
DNA damage associated with smoking.

While biomonitoring studies employing cytogenetic
techniques are limited to circulating lymphocytes and involve
proliferating cell populations, the SCGE technique can be
applied to proliferating and nonproliferating cells, and cells
of those tissues which are the first sites of contact with
mutagenic carcinogenic substances (e.g., oral and nasal
mucosa cells).

Another reason for the increased use of the Comet Assay
as a biomarker for risk assessment is the similarity of
results between this assay and validated biomarkers exten-
sively used in human studies. Nevertheless, the usefulness
of this assay depends on the toxicants involved, their
molecular mechanisms of action, as well as the experi-
mental design (e.g., use of control groups, timing of sample
collection).

Recently the Comet Assay has been used to investigate DNA
damage and repair efficiency in a wide range of tumor cells in
response to a variety of DNA-damaging agents. These studies
include both investigations on human tumor cell lines and on
tumor cells extracted from cancer patients. Many of these
studies show that the data produced by the Comet Assay
provide important information about the particular character-
istics of the cancer, which could be used by oncologists to
decide the best possible course of intervention. In addition, the
Comet Assay has also the potential to be used to aid in clinical
diagnosis (e.g., xeroderma pigmentosum and Nijmegen
breakage syndrome).
Emerging Applications

Fluorescence in situ Hybridization

Fluorescence in situ hybridization (FISH) is a method used to
locate specific DNA sequences within interphase chromatin
and metaphase chromosomes and to identify both structural
and numerical chromosome changes. FISH coupled with
Comet Assay can provide unique knowledge about the DNA
damage and repair in specific genes and DNA sequences. By
hybridizing fluorescently labeled probes to DNA after elec-
trophoresis, DNA damage in particular genes and DNA
sequences can be measured by the Comet Assay. If the DNA of
the gene is found in the comet tail, this indicates that a DNA
break had occurred in the proximity of the gene. In addition,
Comet-FISH can be applied as a first look of the three-
dimensional organization of genomic loci and elucidation of
mechanisms of comet formation and DNA organization in
comets.
Chromosome

This recent application is based on the chromosome isolation
protocols used for whole chromosome mounting in electron
microscopy, in combination with Comet Assay, to visualize
putative DNA damage in subnuclear structures. The results
show that migrant DNA fragments can be visualized in whole
nuclei and isolated chromosomes and that they exhibit
patterns of DNA migration that depend on the level of DNA
damage produced.
DNA Repair

In addition to evaluate DNA damage, the Comet Assay can be
used in different ways to measure the DNA repair capacity at
cellular level.

One simple approach is to treat cells with a DNA-damaging
agent, incubate them in a culture medium (37 �C, CO2

chamber), and monitor the speed with which they remove the
lesions. At intervals, samples are taken for analysis with Comet
Assay. The rate at which the damage is removed indicates the
efficiency of repair.

Alternatively the repair capacity of cells extract can be
assessed in an in vitro assay and applied in population studies.

DNA repair is a major factor in individual susceptibility to
cancer. However, little is known about the degree of variation
of intra- and interindividual capacity for DNA repair, which can
be explained by the limitations of the available methods. One
option is to measure the expression of DNA repair genes, but
results often do not correlate with the enzymatic repair activity.

Modified versions of the Comet Assay are able to measure
enzyme repair activity and hence be used in human bio-
monitoring studies.

DNA repair capacity is evaluated by extracting DNA repair
enzymes from cells and measure the extract’s ability to repair
DNA lesions in a substrate. The substrate is composed of cells
previously treated with a DNA-damaging agent, appropriate for
the type of repair being measured. After lysis the cells with
induced DNA damage are incubated with the extract containing
DNA repair enzymes. The extract’s incision activity (the first
step in the repair process) on DNA damage is measured by the
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Comet Assay. Thus the efficiency of both base excision repair
and nucleotide excision repair pathways can be assessed.
Validation

The growing popularity of Comet Assay among researchers
along with the increasing awareness of its versatility and
potential use across virtually all areas in biomonitoring studies
arises the need to validate this assay as a valuable tool in cancer
risk assessment.

One important aspect of the validation process is interna-
tional multilaboratory validation studies, which can demon-
strate the Comet Assay’s inter- and intralaboratory
reproducibility and reliability, and therefore expose potential
sources of variability in results.

At this time no standardized protocol exists for Comet
Assay, although several guidelines for the procedure have
been published. Hence there are still some considerable
differences between the protocols used by different research
groups, which impair the interlaboratory comparison of
results.

In this sense several collaboration efforts are being made by
international agencies namely JaCVAM, ICCVAM, and ECVAM
to evaluate the validity of the assay. As a consequence a number
of international workgroups and networks were established to
address this important issue, within the current OECD regula-
tory strategy for genotoxicity testing.

The main objectives are to thoroughly evaluate the reli-
ability and accuracy of the assay and to produce a standardized
protocol with maximum acceptability by international regula-
tory agencies.

An important point is to evaluate the ability of the in vivo
rodent alkaline Comet Assay to identify genotoxic carcinogens,
as a potential replacement for the in vivo rodent hepatocyte
unscheduled DNA synthesis assay.

See also: Biomarkers, Human Health; Environmental
Toxicology; Genetic Toxicology; Health Assessments;
Occupational Toxicology; Oxidative Stress; Regulation,
Toxicology and; Risk Assessment, Ecological; Risk
Assessment, Human Health; Toxicity Testing, Aquatic.
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Background

Common mechanism of toxicity is a phrase used to charac-
terize the toxicological actions of two or more agents that act by
the same cellular and molecular mechanisms leading to
a common adverse effect on the structure or function of a living
organism. An understanding of all steps that comprise
a common mechanism of toxicity for given toxicants is rarely
achieved, but identification of the crucial events following
chemical interaction with an organism can be sufficient to
describe a common mechanism of toxicity.

The concept of commonmechanism of toxicity in pesticides
gained prominence in the United States after Congress passed
the Food Quality Protection Act of 1996 (FQPA), which
requires the US Environmental Protection Agency (USEPA) to
consider the effects of human exposure to all pesticides and
other chemicals that act by a common mechanism of toxicity
when they derive tolerances (acceptable levels) for pesticide use
on crops. As a result of the FQPA, the term common mecha-
nism of toxicity has a regulatory connotation in addition to
a toxicological definition. The USEPA Office of Pesticide
Programs (OPP) makes an official determination to identify
specific pesticides that act by a commonmechanism of toxicity.
After the common mechanism group is identified, USEPA OPP
conducts a cumulative risk assessment of exposure to all the
pesticides in the common mechanism group when establish-
ing, modifying, leaving in effect, or revoking a tolerance for
a pesticide chemical residue, as specified in the FQPA.
Common Mechanism Groups

The USEPA OPP has issued guidance to identify pesticides and
other chemicals that act by a common mechanism of toxicity.
The first step in this guidance is to determine whether a group of
pesticides should be considered a ‘preliminary grouping’ of
compounds that may act by a common mechanism of toxicity.
Characteristics suggested by USEPA OPP, which may be an
indication that substances act by a common mechanism of
toxicity include (1) compounds share a structural similarity, (2)
pesticides have a similar mechanism of insecticidal action, (3)
compounds act by the same general mechanism of mammalian
toxicity, and/or (4) compounds cause a particular toxic effect.

The USEPA OPP refines the evaluation of a preliminary
common mechanism group by considering the biochemical
and toxicological actions of each toxicant to determine if they
all act by a commonmechanism of toxicity, or if they should be
separated into more than one common mechanism group for
cumulative risk assessment. To determine if a preliminary
group of compounds all act by a common mechanism of
toxicity, the actions of these chemicals are evaluated based on
whether they cause the same critical effect, act on the same
molecular target at the same target tissue, act by the same
biochemical mechanism, and/or share a common toxic
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intermediate. To evaluate mechanisms of toxicity, the USEPA
OPP relies on data from studies submitted in support of
pesticide registration, data from the public literature, and data
from government reports.

The Pest Management Regulatory Agency (PMRA) of Health
Canada proposed to harmonize with the USEPA policy on
common mechanism of toxicity. PMRA issued guidance for
identifying pesticides that have a common mechanism of
toxicity that was adapted from the USEPA guidance document.
Examples of Pesticides That Act by a Common
Mechanism of Toxicity

An example of a group of toxicants that act by a common
mechanism of toxicity is the organophosphorus (OP) pesti-
cides. OP pesticides are an otherwise structurally diverse group
of chemicals that all contain phosphate atoms that are penta-
valent and tetracoordinate. The primary molecular mechanism
of action of most of the OP pesticides is the inhibition of
acetylcholinesterase (AChE), a serine esterase that occurs
throughout the central and peripheral nervous systems of
vertebrates. The normal physiological action of AChE is to
hydrolyze the neurotransmitter acetylcholine (ACh) so that
activation of cholinergic receptors is transient. Inhibition of
AChE results in accumulation of ACh at the synapses, over-
stimulation of cholinergic neurons, and resultant signs of
cholinergic toxicity. Clinical signs of cholinergic toxicity include
increased lacrimation and salivation, bronchoconstriction,
bronchosecretion, miosis, gastrointestinal cramps, diarrhea,
urination, bradycardia, tachycardia, hypertension, muscle fascic-
ulations, tremors, and muscle weakness, among other signs. OP
pesticides have been determined to act by a commonmechanism
of toxicity if they inhibit AChE by phosphorylation and elicit any
spectrum of cholinergic effects in exposed animals or humans.
AChE enzymes inhibited by an OP pesticide may be reactivated,
but this is a slow process that can take anywhere from several
hours to days depending on the specific OP structure and the
resulting stability of the phosphorylated enzyme.

The N-methyl carbamate (NMC) pesticides comprise
another common mechanism group identified by the USEPA
OPP. The common mechanism shared by the NMC pesticides
is inhibition of AChE by carbamylation of the serine hydroxyl
group in the active site of the enzyme. This mechanism of
toxicity is similar to that of the OP pesticides in that both
groups inhibit AChE. The NMC mechanism of toxicity is
distinct from the OP mechanism in that the NMC carbamyla-
tion of AChE is transient and readily reversible, such that signs
of toxicity generally resolve within a few hours.

Triazine pesticides are considered a common mechanism
group by the USEPA OPP. The common mechanism shared by
the triazines, atrazine, simazine, propazine, and a few degra-
dants, is disruption of the hypothalamic–pituitary–gonadal
(HPG) axis. The triazines in this group test positive for
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00117-2
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mammary gland tumors in female Sprague Dawley rats. The
alterations in the HPG axis as demonstrated in the rat model
are initiated with a decrease in the release of gonadotropin-
releasing hormone by the hypothalamus and consequent
attenuation of the daily surge in luteinizing hormone during
the estrous cycle. This prolongs the estrous cycle, resulting in
increased estrogen exposure that stimulates prolactin secretion
from the pituitary. The combination of hormonal alterations
produces conditions that are conducive to the development of
mammary gland tumors in the rat. There are a number of
pesticides that contain a triazine ring structure that do not share
this mechanism of toxicity according to USEPA OPP, including
ametryn, prometon, metsulfuron methyl, trisulfuron, chlor-
sulfuron, and melamine. These compounds do not cause the
carcinogenic profile identified for atrazine, simazine, and
propazine, and there is no known common mechanism of
toxicity that would unite these in a single group.

A fourth group of pesticides evaluated by the USEPA OPP
and identified as a common mechanism group is the chloro-
acetanilide pesticides. This pesticide group is known to produce
tumors of the nasal olfactory epithelium in rats. The chlor-
oacetanilide pesticides, alachlor, acetochlor, and butachlor,
cause nasal turbinate tumors via the generation of a common
tissue reactive metabolite (a quinoneimine) that leads to sus-
tained cytotoxicity and regenerative proliferation of the nasal
epithelium resulting in neoplasia.
Examples of Pesticides That Do Not Act by a Common
Mechanism of Toxicity

Two preliminary groups of pesticides identified by the USEPA
OPP as potential common mechanism groups ultimately were
not combined in common mechanism groups for cumulative
risk assessment. Thiocarbamate pesticides initially were
believed to induce a common effect of neuropathy of the sciatic
nerve, but on closer examination, there was insufficient
evidence to support a common mechanism of toxicity for
these pesticides. Similarly, dithiocarbamate pesticides were
a preliminary common mechanism group, but the available
evidence did not support grouping the dithiocarbamates based
on a common mechanism for neuropathology.
Conclusion

Many classes of pesticides are composed of structurally similar
compounds that act by a common mechanism of toxicity. The
fact that groups of pesticides act by a common mechanism of
toxicity is predictable since these chemicals were designed to
resemble one another structurally and elicit similar pesticidal
effects.

See also: Carbamate Pesticides; Cholinesterase Inhibition;
Dithiocarbamates; Organophosphorus Compounds;
Cumulative (Combined Exposures) Risk Assessment
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l Name: Coniine
l Chemical Abstract Service Registry Numbers: 458-88-8 and

3238-60-6
l Synonyms: CASRN – 458-88-8: (þ)-Coniine; (S)-(þ)-

Coniine; (S)-2-Propylpiperidine; (S)-Beta-propylpiper-
idine; (S)-Coniine; Cicutin; Cicutine; Conicine; Coniin;
Coniine; D-Conicine; Koniin; Piperidine, 2-propyl-, (S)-;
CASRN – 3238-60-6: (�)-Coniine

l Molecular Formula: C8H17N
l Chemical Structure:

MW: 127.2293 MW: 127.229
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Left: CASRN: 458-88-8 Right: CASRN: 3238-60-6
Background

Coniine is a neurotoxin and toxic to humans and all classes of
livestock. Dose less than 200 mg is fatal to humans, with death
caused by respiratory paralysis. Historically, Socrates was put to
death by this poison in 399 BC. Coniine has two stereoisomers:
(S)-(þ)-coniine, and (R)-(�)-coniine. Coniine was first
synthesized by Albert Ladenburg in 1886.
Uses

Poison hemlock has been used as a sedative, antispasmodic,
and antiarthritic drug. It has a narrow therapeutic index.
Environmental Fate and Behavior

It is an extremely poisonous alkaloid present to the extent of
2% in the leaves and unripe fruits. The concentrations of
alkaloids vary with the age of the plant. Plants up to w1-year-
old have very low alkaloid content in roots, w0.15% in
stems, and 0.3–0.6% in leaves. Plants in their second year
have an alkaloid content of w1% in all their parts.
Geographic latitude and drying will also affect the coniine
content of the plant.
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Exposure and Exposure Monitoring

The most common route of coniine exposure is by ingestion,
although there are reports of dermal and eye irritation upon
direct contact. The general signs of poisoning are similar in all
species and include dilation of the pupils, weakness, and
a staggering gait; the pulse, at first slow and becomes rapid;
respiration becomes slow, labored, and irregular and is arrested
before the heart ceases to beat. Consciousness is not usually
lost. However, at higher doses death occurs rapidly (less than
3 h) with the most prominent signs and symptoms referable to
peripheral paralysis and loss of sensation. Symptoms include
drowsiness, paresthesias, weakness, ataxia, nausea, profuse
salivation, and bradycardia followed by tachycardia. Death is
due to respiratory arrest from paralysis of respiratory muscles.
Central depression may play a role after very large doses.
Toxicokinetics

Coniine is rapidly absorbed from the gastrointestinal tract.
Coniine is eliminated from the body through the lungs and
kidneys and the peculiar mousy odor of the urine and exhaled
air is diagnostic.
Mechanism of Toxicity

Coniine acts on the autonomic ganglia and produce initial
stimulation of skeletal muscle followed by neuromuscular
blockade. The actions of coniine are similar to those of nicotine
that produce paralysis of greater numbers of central nervous
system (CNS) and skeletal muscle nerve endings leading to
respiratory paralysis. As a consequence, oxygen availability to
the brain and heart is progressively decreased, ultimately
leading to death.
Acute or Short-Term Toxicity

Animal

Certain small birds (skylarks, chaffinches, and robins) are not
susceptible to coniine poisoning. Coniine toxicity has been
reported in cows, goats, horses, pigs, sheep, ewes, rabbits, and
chickens. The general signs of poisoning are similar in all
species and include dilation of the pupils, weakness, and
a staggering gait. Initially the pulse is slow and becomes rapid
and respiration becomes slow, labored, and irregular and is
arrested before the heart ceases to beat. Consciousness is not
usually lost. The oral LD50 of coniine in the mouse is
w100 mg kg�1. There are limited data in cattle, goats, and
sheep suggesting developmental abnormalities to the muscu-
loskeletal system of offspring when pregnant mothers are
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exposed orally to coniine (70 mg kg�1 for cattle and
484 mg kg�1 for goats and sheep). Coniine poisoned cattle
developed signs of bloating, increased salivation and lacrima-
tion, depression, respiratory distress, ataxia, and death after
ingestion of hay that contained large amounts of poison
hemlock. In another study, coniine caused arthrogryposis and
spinal curvature in calves whose mothers were gavaged with the
plant, Conium maculatum between 50 and 75 days of gestation.
Human

Toxic doses of the plant extract are difficult to determine due to
differing concentrations of eight piperidinic alkaloids in the
plant. Ingestion of poison hemlock in a 2-year-old boy had the
onset of abdominal pain and weakness after 2 h of ingestion.
He had a rapidly progressive muscular weakness and was
intubated for respiratory failure. A toxic dose of coniine is
estimated to be 60 mg and a lethal dose is estimated to be
100–300 mg for an adult. Death occurs rapidly (within 3 h)
with the most prominent signs and symptoms of peripheral
paralysis and loss of sensation. The principal manifestations
of coniine poisoning are nausea and vomiting, salivation, fever,
and gradually increasing muscular weakness followed by
paralysis with respiratory failure leading to death.
Reproductive Toxicity

Congenital defects were reported in calves born to cows gav-
aged with the fresh green plant during 50–75 days of gestation.
Both arthrogryposis and spinal curvature were reported with
coniine. The arthrogrypotic manifestations of the condition
markedly increased in severity as the animals aged. Animals
gavaged dry plant had either normal or equivocally deformed
offspring. No congenital defects in offspring from maternal
inhalation of coniine.
Carcinogenicity

In a different study, cows, ewes, and mares varied considerably
in susceptibility to toxic effects after the oral administration of
coniine. Cows were most and ewes were least susceptible. Only
calves had teratogenic effects from maternal administration of
coniine during gestation; lambs and foals were apparently
resistant. Results suggest that the marked differences between
cattle and sheep are probably not due to variation in gut
absorption or rumen metabolism.
Clinical Management

No antidote exists for coniine poisoning. Treatment is
directed at removing ingested toxin and providing supportive
care. Gastric lavage may be used to remove the ingested plant
or plant extract. However, this method may not effectively
remove large pieces of plant material. Intragastric adminis-
tration of activated charcoal is recommended to reduce
absorption in the gastrointestinal tract. Due to the rapid onset
of CNS depression and seizures, emesis is generally not rec-
ommended. Difficulty to breath is treated by artificial respi-
ration with oxygen. Convulsions are controlled with
diazepam. A poisoned person may recover if artificial venti-
lation is maintained until the toxin is removed from the
receptor.
See also: Hemlock; Poison; Plants, Poisonous (Humans);
Poison Management; First Aid.
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l Relevant Chemicals and Chemical Abstracts Service Registry
Numbers: asbestos (1332-21-4), butyl benzyl phthalate
(85-68-7), dibutyl phthalate (84-74-2), di(2-ethylhexyl)
phthalate (117-81-7), di-n-octyl phthalate (117-84-0), dii-
sononyl phthalate (28553-12-0, 68515-48-0), diisodecyl
phthalate (26761-40-0, 68515-49-1), lead (7439-92-1),
and methylene chloride (dichloromethane) (75-09-2)
Consumer Product Safety Commission

The U.S. Consumer Product Safety Commission (CPSC) is an
independent federal regulatory agency created by Congress
in 1972. The agency’s mission is to protect the public
against unreasonable risks of injury from consumer products
through education, safety standards activities, regulation, and
enforcement. The CPSC has jurisdiction over thousands of
types of products used in and around the home, in schools,
and in recreation. Products under the jurisdiction of the CPSC
include clothing, children’s articles, household appliances,
home furnishings, cleaners, and consumer fireworks. The
CPSC does not have jurisdiction over foods, drugs, cosmetics,
pesticides, certain radioactive materials, products that emit
radiation, and automobiles, which are regulated by other
federal agencies. Although the CPSC does not regulate drugs
or cosmetics, it can require special packaging (i.e., child-
resistant) for drugs, cosmetics, and household chemicals and
can regulate medical devices in certain limited circumstances
under the Federal Hazardous Substances Act (FHSA). The
CPSC is directed by five commissioners, each of whom is
appointed by the President of the United States, with one of
the commissioners nominated by the President to the posi-
tion of Chairman. (This information has been prepared by
CPSC staff, has not been reviewed or approved by, and may
not reflect the views of, the commissioners. Because this
material was prepared by CPSC staff in their official positions,
it is in the public domain and may be freely copied or
reprinted.)
Statutes Administered by CPSC

To carry out its mission, the CPSC administers several
statutes including Children’s Gasoline Burn Prevention Act,
Consumer Product Safety Act (CPSA) as amended by the
Consumer Product Safety Improvement Act (CPSIA) of
2008, FHSA, Flammable Fabrics Act (FFA), Poison Preven-
tion Packaging Act (PPPA), Refrigerator Safety Act, and the
Virginia Graeme Baker Pool and Spa Safety Act. Toxicolog-
ical issues arise most frequently under the CPSA, FHSA, and
PPPA. CPSC regulations implementing these statutes may be
found at Title 16 of the Code of Federal Regulations (CFR)
and are available on the Commission’s website at www.
cpsc.gov.
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The CPSIA amended the CPSA. (Public Law 110-314. The
CPSIA was amended in 2011 by Public Law 112-28, which
had further clarifications regarding bans related to lead and
phthalates in certain children’s products among other things.)
Several sections specifically address toxicological issues.
Section 101 of the CPSIA limits the concentration of lead in
most children’s products to 100 ppm, except for inaccessible
component parts and certain electronic devices. Section 108
permanently prohibits the sale of any ‘children’s toy’ or ‘child
care article’ individually containing concentrations of more
than 0.1% of dibutyl phthalate, butyl benzyl phthalate, or
di(2-ethylhexyl) phthalate (DEHP). Section 108 prohibits, on
an interim basis, the sale of ‘any children’s toy’ that can be
placed in a ‘child’s mouth’ or ‘child care article’ containing
concentrations of more than 0.1% of di-n-octyl phthalate,
diisononyl phthalate, or diisodecyl phthalate. The interim
prohibitions will be reevaluated in 2012, following review by
a Chronic Hazard Advisory Panel (CHAP) on phthalates.
Section 102 of the CPSIA requires manufacturers of certain
children’s products to certify that their products have been
tested by a third party laboratory and are certified to comply
with all applicable standards, including limits on lead and
phthalates.

CPSA regulations include a ban of certain products that
contain respirable, free-form asbestos. 16 CFR part 1304. In
1998, the Commission issued guidance requesting manufac-
turers to eliminate the use of hazardous liquid chemicals (e.g.,
methanol, methylene chloride, and petroleum distillates) from
children’s products, such as ‘rolling balls, bubble watches,
necklaces, pens, paperweights, key chains, liquid timers, and
mazes.’ 16 CFR x 1500.231.

In 1992, the Commission issued guidelines for assessing
chronic hazards under the FHSA, including carcinogenicity,
neurotoxicity, reproductive/developmental toxicity, exposure,
bioavailability, risk assessment, and acceptable risk. 57 FR
46626–46674. The chronic hazard guidelines are intended to
assist manufacturers in complying with the FHSA. A summary
of the chronic hazard guidelines appears in the CPSC’s regu-
lations at 16 CFR x 1500.135 and is available on the
Commission’s website at www.cpsc.gov.

The CPSC is required to convene a CHAP before issuing
certain mandatory requirements for substances that are asso-
ciated with cancer, birth defects, or gene mutations. A CHAP is
composed of seven independent scientists nominated by the
National Academy of Sciences. CHAP members may not be
employed by the federal government, except for the National
Institutes of Health, National Toxicology Program, or the
National Center for Toxicological Research, and they may not
be employed by manufacturers, distributors, or retailers of
consumer products.

The Labeling of Hazardous Art Materials Act (LHAMA)
amended the FHSA to provide additional requirements for arts
and crafts materials. Under regulations implementing LHAMA,
each producer or repackager of an art material must describe, in
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00597-2
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writing, and submit to the Commission, the criteria used to
determine whether an art material has the potential for
producing chronic adverse health effects. 16 CFR x 1500.14
(b)(8). The producer or repackager must also submit a list of art
materials requiring chronic hazard labeling. 16 CFR x 1500.14
(b)(8)(ii)(C). In addition, the CPSC regulations require art
materials to have a statement of conformance and bear an
emergency management telephone number. 16 CFR x 1500.14
(b)(8)(ii)(C).

Under the PPPA, to require child-resistant packaging for
household substances, the Commission must find that special
packaging is needed to protect children from serious personal
injury or illness from handling, using, or ingesting a substance
and that special packaging can be developed and mass
produced that will protect the integrity of the product. Chem-
icals are regulated under the PPPA on a case-by-case basis.
Regulatory Options

If Commission action is needed to address a particular hazard,
a range of regulatory options is available. Commission actions
may include staff participation in the development of volun-
tary standards, mandatory labeling, mandatory performance
standards, recalls, bans, and information and education. In
general, for the Commission to issue standards or bans under
the CPSA, FHSA, or FFA, findings must be made concerning
costs and benefits, regulatory alternatives, issues raised by the
public comments, and the adequacy of any relevant voluntary
standards. Certain provisions of the CPSIA provide a different
regulatory framework for toys, durable infant or toddler
products, and children’s products containing phthalates.
CPSC Programs

CPSC activities are organized into two major programs:
Compliance and Hazard Identification and Reduction (HIR).
Both programs are organized by the type of hazard: chemical,
children’s, combustion, electrical, fire and burn, and mechan-
ical. The Compliance program encompasses activities related to
ensuring compliance with or enforcement of existing regula-
tions. In recent years, the CPSC has increased its focus on the
safety of imported products and has added staff at major US
ports to monitor such imports. Imported products are identi-
fied with the assistance of U.S. Customs and Border Protection
staff. The HIR program identifies and assesses hazards to
consumers and develops risk-reduction approaches, such as
voluntary standards and mandatory regulations. Scientific and
technical analyses of product hazards are carried out by HIR
staff. For example, the HIR laboratory staff routinely tests
thousands of products for compliance with regulations.

An essential tool of the HIR program is the National Elec-
tronic Injury Surveillance System (NEISS). NEISS is a stratified
sample of approximately 100 emergency departments that
report injuries associated with consumer products. Information
such as the type and seriousness of the injury and identification
of the product is entered into a database that provides estimates
of consumer product-related injuries for the United States.
NEISS is used to identify emerging hazards and to assess risk.
Researchers and consumers can search NEISS online.
CPSC Staff

HIR activities are performed by staff in five technical directorates:
Economic Analysis, Epidemiology, Engineering Sciences, Health
Sciences, and Laboratory Sciences. The Directorate for Health
Sciences employs scientists with advanced degrees in several
disciplines, including toxicology, pharmacology, physiology, and
chemistry at the CPSC’s offices in the Washington, DC area.
Health scientists generallywork inmultidisciplinary teamswhose
members also include engineers, statisticians, economists, attor-
neys, and experts in psychology, child development, and indus-
trial and systemsengineeringwhospecialize in thefieldofHuman
Factors. The CPSC also maintains engineering and chemistry
laboratories, with special expertise in combustion emissions,
indoor air quality, and exposure assessment. Employment
opportunities are listed on the CPSC’s website and USAjobs.gov.
Contacting CPSC

Consumers may contact the CPSC to report an unsafe product
or product-related injury; find out whether a product has been
recalled; request injury data; or obtain CPSC publications,
including press releases, staff reports, and regulations.
Consumers can report a dangerous product or a product-
related injury to the CPSC, as well as sign up to receive recall
notifications and other announcements at www.saferproducts.
gov. Consumers can contact the CPSC’s hotline by phone at
(800) 638-2772 or by e-mail at info@cpsc.gov. A teletypewriter
for the deaf is available at (301) 595-7054.

See also: Asbestos; Chemicals in Consumer Products;
Children’s Environmental Health; Environmental Protection
Agency, US; Food and Drug Administration, US; Lead;
Nanotoxicology; The National Toxicology Program; Phthalates;
Proposition 65, California; Recalls, Drugs and Consumer
Products; Regulation, Toxicology and; Risk Assessment, Human
Health; Toy Safety and Hazards; Toxic Substances Control Act.
Further Reading

Code of Federal Regulations. Consumer Products, vol. 16. http://www.gpo.gov/fdsys/
pkg/CFR-2012-title16-vol1/content-detail.html (Chapter II) January 2012.

TheNational Electronic Injury Surveillance System,March 2000. A Tool for Researchers. U.S.
Consumer Product Safety Commission. http://www.cpsc.gov/neiss/2000d015.pdf.

U.S. Consumer Product Safety Commission (CPSC), 1992. Labeling requirements for
art materials presenting chronic hazards; guidelines for determining chronic toxicity
of products subject to the FHSA; supplementary definition of “toxic” under the
Federal Hazardous Substances Act; final rules. 57 Fed. Reg. 46626–46674.
http://www.cpsc.gov/BUSINFO/chronic.pdf.
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Contract research organizations, otherwise known by the
acronym CROs, are service organizations located all over the
world that provide services to a wide variety of businesses in
a broad spectrum of industries. However, for the purposes of
this work, the scope will be restricted to the pharmaceutical and
biotechnology industries. CROs are alternatively known as
contract service organizations and pharmaceutical develop-
ment organizations. CROs range in size from small niche
service providers to the large full (‘we do it all’) service CROs.
CROs provide services that exist within the domains of good
laboratory practice (GLP), good manufacturing practice, and
good clinical practice as well as outside the boundaries of such
areas. Some providers incorporate service offerings that include
more than one of these areas. Specific areas of expertise can
include biology, chemistry, clinical science, pharmaceutics, and
regulatory expertise. Within the biology niche, offerings can
include both the in vitro and the in vivo screening of test articles
for lead identification and lead optimization as well as efficacy
modeling, genetic toxicology, animal toxicology, immunotox-
icology, pharmacokinetics, and metabolism. For chemistry
services, one would expect to find synthesis and the scale-up
synthesis of test articles, active pharmaceutical ingredient (API)
manufacture, radiosynthesis, and analytical and bioanalytical
method development and validation. Clinical services would
include the availability of actual Phase 0 and Phase I Centers,
data and site management services along with the services of
statisticians, and clinical research associates along with report
writing services. These latter services are also typically available
for studies conducted at Phase II/III sites. Services within the
discipline of pharmaceutics would include formulation devel-
opment and drug product manufacture. Finally, organizations
that specialize in the area of regulatory services in addition to
the provision of regulatory advice also offer compilation and
writing for an Investigational New Drug Application (IND),
New Drug Application (NDA), Investigational Device Exemp-
tion, 510(k), Premarket Approval, Common Technical Docu-
ment, Drug Master File, and Annual Updates.

Contract Research organizations have been around for
a long time. The oldest in the United States was Food and Drug
Research Laboratories, which opened for business in the 1930s
in suburban New Jersey and closed for business in the 1980s.
Starting around 1975, a number of different toxicology labo-
ratories came into existence and after varying periods of time,
went out of business. Some, but not all of these laboratories
were Bioassay Systems, Tegaris, Bushy Run, Utah Biomedical
Biotesting Laboratory, HTI, and Oread. Over the years, espe-
cially recent years, in addition to closures, there have been
a number of acquisitions and mergers of different laboratories.
Hazleton has evolved into Covance and Charles River has
accumulated a number of smaller organizations all ultimately
assembled under the ‘Charles River Laboratories’ name. All
these activities are ultimately driven by the drive for the
generation of top line revenue and the maximization of profit.
Various economic pressures have also forced some of these
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changes (mergers and closures) in the pharmaceutical contract
research industry.

Starting in the mid-1990s, a business strategy emerged
with CROs in which the attitude was to ‘touch’ clients as much
and as long as possible during the course of the drug devel-
opment process, starting from actual discovery through the
introduction of the product into the marketplace. Hence,
the giant or behemoth CRO emerged. The concept was to keep
the client as long as possible by just handing-off the client
from one division to another division as the client progressed
down the drug development path and their needs changed.
Theoretically, this kept a persistent revenue stream from any
given client. The problem with this is that no one company
can realistically be expected to provide the same high-quality
level of services in all the different disciplines that are required
to develop a pharmacological entity or device for market.
Alternatively, the smaller to mid-size CROs made conscious
business decisions to not offer everything from ‘soup to nuts’
and focus on doing just a few things well. When it comes to
the utilization of CROs, some individuals prefer to work with
one large organization as a matter of convenience and pseu-
dosecurity. Yet others prefer to work with a series of smaller to
mid-size CROs despite any perceived enhanced monitoring
and management effort in order to take advantage of each
given organization’s expertise.

A discussion of business philosophy is not inappropriate at
this time. It is a well-known and recognized fact in business
that to succeed a business must focus on three areas: opera-
tions, technology, and service. To really distinguish oneself, an
organization must pick one area from these three and be better
than their competitors in that chosen area and be at least as
good as their competitors in the remaining two areas. So let’s
look more closely at these individual areas.

For CROs that elect to excel in technology, one can expect to
see a catalog listing that includes each and every new tech-
nology that has arisen and is available. It does not matter
whether or not there is regulatory support for such studies and
the data generated from them. These data can be useful early in
the drug development process, in the discovery stage, but is of
questionable value when regulated studies are the main focus.
The client needs to be wary of purchasing more than they need
and generating too much data from assays and procedures that
are not well recognized or accepted (at least wholly) by regu-
lators and are possibly not properly validated, are imprecise,
have poor predictive values, or translate poorly to prognosti-
cations of human safety. The data from such ancillary efforts
can in turn rather than provide answers to questions and
generate a lot more questions to be asked by regulators with
concomitant delays in the attainment of milestones. However,
to be fair, sometimes these tests are appropriate to run
depending upon the timing, available time, and the questions
that need to be answered.

Some CROs elect to pursue the service strategy. While
everyone claims to provide excellent service, in actuality not all
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00965-9
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organizations do. The prospective client needs to look at
references and ascertain whether the claims of outstanding
service are indeed warranted. Specific areas of concern should
be effectiveness of communication, timeliness of communica-
tion, flexibility of services, personalization or customization
of services, responsiveness, on-time-delivery rate, total quality
management procedures, and methods of resolution of
mistakes and conflict.

Finally, for those CROs choosing to focus on operations,
typically a giant lumbering machine is constructed. This
machine can provide comfort to the prospective client in the
fact that it is huge and very possibly the biggest or near the
largest – so that if something goes wrong, the client can then
tell his or her superior that “. I went with the biggest and
everybody has heard of them .,” a statement carrying the
inherent message that “nobody else would have gotten it right
either.” Not uncommonly these giants are rigid, inflexible,
slowly responsive, and not very service oriented. So in the end,
a potential Sponsor looking to outsource work needs to look at
not only the type of work that needs to be done but also the
business strategy and business philosophy of the organization
where the work is to be placed to make sure that it is compliant
with the attitude of the Sponsor himself or herself.

To place studies at a CRO, one must first identify a CRO
with which to work. A variety of lists and advertisements exist
in trade journals, professional journals, and books that can be
extremely helpful. CROs usually attend scientific meetings, and
so a great volume of information can be obtained by visitation
and personal interaction at these functions. Professional
colleagues are also a good source of information; however, be
careful of potential bias, either positive or negative in these
discussions. Follow through with your own investigation and
make your own decisions. If one is looking to place highly
specialized work, such as inhalation studies, then the options
may indeed be few. From all these, an initial listing of labo-
ratories can be constructed. For ease of management, the list
should not exceed six to nine laboratories.

Once a list of laboratories has been identified, then the
selection process begins. A good place to start is to visit the
Food and Drug Administration (FDA) website and look for
copies of laboratory inspection reports that have been con-
ducted by federal agencies and are available for free under the
Freedom of Information Act. While some specific information
may and probably will have been purged from the reports, they
are still of great value with regard to laboratory operations and
systems. Since the inspection procedures used by the govern-
ment are very consistent, these reports facilitate the comparison
of different laboratories when evaluating the form and function
of different systems. Keep in mind that effort must be made to
put findings and citations in the proper perspective. All points
mentioned on an audit report are not necessarily of equal
importance and severity, and indeed some may even be
considered to be trivial in nature. When it comes to visits to the
various laboratories, one may wish to perform actual visits or
interviews themselves of the various CROs under consideration
or work through an intermediary, such as a suitably qualified
toxicology or safety assessment consultant. Regardless, the
critical areas of consideration in the selection of a laboratory
should be (1) dependability, (2) actual prior experience with
the activity or specific study (do not be scared by being the first
program of its type, but rather look to see if the proper systems
and resources are in place to do the project properly),
(3) training of personnel, (4) status and type of equipment
required to perform the project, (5) cost of the project, (6) state
of facilities, (7) regulatory history, (8) state of IT systems,
(9) financial soundness, (10) physical location and access-
ability, (11) references and reputation, (12) procedures in place
to protect client confidentiality, (13) acceptability of study
scheduling, (14) special considerations, (15) the wording and
terms of the Master Services Agreement, (16) the format and
detail of a study protocol, (17) company position on author-
ship, (18) the on-time report delivery record, and (19) open-
ness to inspections by the Sponsor.

Historically, CROs that provided services in support of the
development of pharmacologic moieties and medical devices
were located in just a few places, such as the United States,
Great Britain, Canada, Japan, Western Europe, and Israel.
This is no longer the case. Driven in part by the desire and
possibility to get into human trials outside of the United
States and accelerate the drug development process, both
China and India have led the way in the burgeoning of new
CROs. Brazil, Korea, Singapore, Australia, and Eastern and
Central European countries are now also represented. There
are over 1100 CROs (30% nonclinical and 70% clinical)
located all over the world, but the vast majority of capacity
still exists in the original group of countries first listed above.
Indeed, CROs are now and have been appearing all over the
world. These organizations operate in almost all of the areas
supporting drug development listed previously, but with
varying degrees of success. The founding and development of
these new CROs are a result of improved technology and
capabilities in the various countries housing these new
CROs, a desire of these various countries to enter the health
care and R&D business sector and a perceived economic
opportunity to sate the appetite for cheaper study costs and
larger pools of available patients. The key factors attracting
both US and European companies to CROs in these new
countries include significantly cheaper pricing, fewer animal
rights issues and concerns, a strategy to capture work from
the large, growing economies in the new CRO host countries,
and access to larger and new groups of subjects for clinical
trials. This is, however, offset by the realities of the far too
frequently observed: lack of quality, poor regulatory
compliance, inadequate documentation of work and data,
poor protection of intellectual property, poor security,
communication problems, significant cultural differences
affecting work performance, and lack of clear adherence to
patient protection procedures.

Sowhat shouldbe theapproachwith regard to theuseofCROs
in these new countries? First, perform extensive and thorough
qualification audits. Second, spend the time to develop proper,
detailed, specific, and effective standard operatingprocedures and
protocols. Third, maximize on-site monitoring of critical phases
of studies conducted at such facilities. Fourth, place work and
conduct business with laboratories that have some documented
track record of performing regulated studies and submitting
reports to the FDA and European Medicines Agency (EMEA).

But, let’s take a closer look at the main two new players,
India and China. Most Indian toxicology laboratories follow
OECD protocol. There is one good Indian laboratory dealing
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primarily with agrochemicals, which has claimed to have per-
formed over 80 studies for foreign sponsors and even to have
passed GLP inspections from some European agrochemical
and environmental regulatory authorities. While this is all
good, this laboratory still lacks significant experience in dealing
with toxicities observed with potential medicines and medical
devices. Indian CROs have a lack of trained and suitably
experienced veterinary histopathologists to detect early signs
of drug-induced cardiotoxicity, hepatotoxicity, neurotoxicity,
nephrotoxicity, and immunotoxicity. The growth and devel-
opment of clinical pathology laboratories in India approved by
the US-based College of Pathologists is limited, but growing.
The costs of some Indian laboratories are relatively high for
rodent studies, when compared to Chinese laboratories and
while the work may be considered to be of GLP quality in
India, are truly not of GLP quality. The modernization of
facilities for the housing of animals and the implementation of
proper procedures for feeding and animal management will
require significant long-term investment, persistent training of
personnel, and the establishment and enforcement of the
highest standards of animal care and cleanliness. There is also
a tendency of Indian laboratories to issue overly clean toxi-
cology reports for purposes of local registration, by excluding
diseased, dead, and out of range animals in reports, leading to
an overestimation of safety and an underestimation of toxicity.
Guidelines and rules set by the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA)
were revised in 2000 to require a central approval by the
CPCSEA for all experiments on large animals (canines,
nonhuman primates, and swine). Indian laboratories still need
to implement in their operations, a comprehensive veterinary
health program that includes adequate bacteriological, viral,
parasitological, immunological, and pathological testing to
monitor and establish the health integrity of animals used for
studies. Toxicology laboratories in India need to better under-
stand the techniques and procedures required for the devel-
opment and validation of bioanalytical methods for the
detection of test article in biological fluids and tissues. There
have been reports that samples from the same animal have
been repeated in order to save on the costs of the purchase of
solid phase extraction cartridges. This repeated use of items
intended for single use persists commonly in India. The level of
training and experience of personnel performing bioanalytical
work for toxicology laboratories in India, as a general rule, may
not pass the scrutiny of an international analytical audit. There
is a significant and essential need in India for a system, which
implements consistent, strict, regular (annual) auditing
procedures and clearly identifies certification procedures and
standards for all toxicology, pharmacology, drug metabolism,
and animal pharmacokinetic laboratories using animals for
research. Interestingly, up to only a few years ago, it was illegal
for any Indian toxicology laboratory to test a New Chemical
Entity/New Molecular Entity (NCE/NME) discovered outside
of India. However, toxicology studies have been and are still
being performed in India for foreign clients.

Historically, Chinese CROs have focused on services in such
areas as biology and chemistry. They have performed quite well
in identifying moieties and combinations with the potential for
use as therapeutic agents. They also have developed a reasonable
reputation with regard to the manufacture of API for generic
drugs. China currently has about 138 CROs, no animal rights
activist problems, and an abundant supply of nonhuman
primates. Accordingly, China has evolved into an attractive
destination for animal testing. Worth noting is the fact that in
order to sell drugs to China, pharmaceutical companies are
required to conduct additional testing in China to obtain local
approvals. Still, the biggest concern about placing toxicology
work in China is the single fear that the FDA or EMEA will reject
a Chinese GLP quality study, because it does not meet global
regulatory expectations. Such an event would cause the loss of
time and money in repeat of the work and theoretically loss of
market opportunity. While this view is reasonable, there is in
actuality no evidence that such a view is justified. Indeed, the
facts are that the use of a high-quality Chinese CRO to perform
a GLP toxicology study puts a program at no more significant
risk than the use of a Western-based CRO.

GLP toxicology data from Chinese CROs have been used to
support at least 30 (US) INDs and several NDAs since 2006.
The China Preclinical Management Service has monitored over
20 GLP studies at Chinese CROs and data from these studies
have been used to support three (US) INDs. Each of these INDs
has been opened with no questions regarding the quality or the
validity of the GLP studies involved. The US FDA recently
opened permanent offices in China and has audited all of
the CROs that have submitted GLP toxicology studies con-
ducted in support of the filings of various INDs and NDAs. No
studies evaluated in any of these audits were disqualified for
any reason. Chinese animal technicians at the major top-tier
Chinese CROs are perceived to be of very high-quality, well-
educated, highly trained, and very committed to their jobs.

Regardless of where work is placed, if proper procedures as
outlined here are followed for the identification and selection
of CRO, success should be attainable with adequate manage-
ment and supervision of the work.

Despite the best intentions and plans, there will always be
unforeseen problems that develop during the course of the
executionof aproject. Thebest strategy indealingwith these is to
educate oneself ahead of time so as to be prepared to deal with
the challenges as they arise. To this end, seeking the advice of
colleagueswhohave had towork through similar if not identical
challenges can be very useful. Some common examples of areas
in which problems might arise are (1) changes in key study or
organizational personnel; (2) lack of clarity in lines of authority
and signatory responsibilities; (3) lack of adherence to and
slippage in attainment of timed milestones; (4) lack of regula-
tory compliance; (5) failures in quality control procedures
and/or quality assurance procedures; (6) poor or inappropriate
selection of proper technology to generate data; (7) actual
closure of the testing facility (a more common concern these
days); (8) acts of nature; (9) miscommunication, ineffective
communication, or stretching the truth; (10) the use of silent or
stealth subcontractors; (11) the existence of potential conflict of
interest alliances; (12) overpromising and under-delivering, or
in other words overly committing to too much work for the
available resources at hand; and (13) simple extraneous events
associated with the perpetration of errors.

Geographically, work can be placed at any number of CROs
all over the world and despite every effort and extensive plan-
ning, unfortunate events can still happen. But proper research
and planning are essential and in the end the essence that it all
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distills to is the integrity of the people and the organization
working together.

See also: Behavioral Toxicology; High Throughput Screening;
American College of Toxicology; The Hamner Institutes for
Health Sciences; EUROTOX; Food and Drug Administration, US;
Good Clinical Practice (GCP); National Center for Environmental
Health-ATSDR; National Center for Toxicological Research, US;
National Institute for Occupational Safety and Health; The
National Institute of Environmental Health Sciences; National
Institutes of Health; Occupational Safety and Health
Administration; Genetic Toxicology; International Union of
Toxicology; Occupational Safety and Health Act, US; Regulation,
Toxicology and; Toxicity Testing, Reproductive; Toxicology;
Veterinary Toxicology; Risk Assessment, Human Health; Toxicity
Testing, Aquatic; Ecotoxicology; Aquatic Ecotoxicology; Avian
Ecotoxicology; Genetic Ecotoxicology; Ecotoxicology, Aquatic
Invertebrates; Ecotoxicology Terrestrial; Ecotoxicology; Wildlife;
European Centre for Ecotoxicology and Toxicology of Chemicals;
Ecological Quality Standards (EQS) Global; REACH; European
Union and Its European Commission; The History of Toxicology;
Information Resources in Toxicology; Animal Models;
Biocompatibility; Food, Drug, and Cosmetic Act, US; Good
Laboratory Practices; In Vitro Tests; In Vivo Tests; The
International Conference on Harmonisation; Investigative New
Drug Application; The QT Interval of the Electrocardiogram;
Toxic Substances Control Act; Toxicity Testing, Alternatives;
Toxicity Testing, Behavioral; Toxicity Testing, Carcinogenesis;
Toxicity Testing, Dermal; Toxicity Testing, Inhalation; Toxicity
Testing, Mutagenicity; Toxicity Testing, Sensitization; Cosmetics
and Personal Care Products; Environmental Protection Agency,
US; Environmental Toxicology; Toxicology Forum.
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Relevant Websites

Chemistry Consultants www.chemconsultants.com
CRO Registry www.technomark.com
CRO Registry www.inpharm.com
Freedom of Information Documents
www.fda.gov/RegulatoryInformation/foi/default.htm
Inspected Nonclinical Laboratories
www.fda.gov/org/compliance ref/bimo/GLP/default.htm
Inspection of Quality Systems
www.fda.gov/ora/inspect_ref/igs/qsit/QSITGUIDE.PDF
Outsourcing www.bioportfolio.com
Outsourced Project Management www.arachnova.com
Toxicology Consultants www.toxconsultants.com
Web-based CRO Selection System www.dataedge.com
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l Chemical Abstracts Service Registry Number: 7440-50-8
l Chemical/Pharmaceutical/Other Class: Metals
l Molecular Formula: Cu2þ

l Valence States: þ1, þ2, þ3, þ4
Background

Copper has long been used by humans for a variety of reasons.
The name copper derives from the Latin for the metal, cuprum,
which is named for the Roman source, the island of Cyprus.
Copper has been used in a variety of alloys; of particular
importance among copper alloys is bronze, which comprised
most of the tools and weapons of the age that bears its name.
Brass, a copper–zinc alloy, is also highly used, for example, in
brass musical instruments. Copper has also long been used as
a building material, and owing to the metal’s malleability, as
well as high thermal and electric conductivity, continues to find
new uses. Copper and its compounds are naturally present in
the earth’s crust. Natural discharges to air and water may be
significant. Therefore, it is important to consider the back-
ground levels that are commonly found and distinguish these
from high levels that may be found as a result of anthropogenic
activity. Copper is emitted into the air naturally from wind-
blown dust, volcanoes, and anthropogenic sources, the largest
of which are being primary copper smelters and ore processing
facilities. It is associated with particulate matter. The mean
concentration of copper in the atmosphere is 5–200 ng m�3.
Uses

Copper is an essential trace element. Adequate daily require-
ments are 2–3 mg day�1. It is widely distributed in nature and
extensively used in industry. It is used as an electrical
conductor, as a component in a variety of alloys (including
gold and silver alloys), and as a constituent in paints and
ceramic glazes. Because it corrodes at a very slow rate, it is used
extensively for water pipes. In addition, copper sulfate mixed
with lime is used as a fungicide.

Medicinally, copper sulfate is used as an emetic. It has also
been used as an antihelminthic (antiparasitic agent) based on
its astringent and caustic actions.
Environmental Fate and Behavior

Copper is slightly soluble in dilute acid, and slowly soluble in
ammonia water. Some copper compounds are water soluble,
such as copper sulfate and copper chloride.

The largest release of copper by far is to land, and the major
sources of release are mining and milling operations, agricul-
ture, solid waste, and sludge from publicly owned treatment
works. Sediment is an important sink and reservoir for copper.
1034 Encyclopedia of T
In relatively clean sediment, the copper concentration is
<50 ppm; polluted sediment may contain several thousand
ppm of copper.

Copper is released to water as a result of natural weathering
of soil and discharges from industries and sewage treatment
plants. Copper compounds may also be intentionally applied
to water to kill algae. Of special concern is copper that gets into
drinking water from the water distribution system.

The major species of soluble copper found in freshwater,
seawater, and a combination of the two over a range of pHs is
Cu2þ, Cu(HCO3)

þ, and Cu(OH)2. At the pH values and
carbonate concentrations characteristic of natural waters, most
dissolved Cu(II) exists as carbonate complexes rather than as
free (hydrated) cupric ions.

The transport of copper is largely dependent on source
characteristics as well as particle size; however, it can bind to
many inorganic ligands. Some copper compounds are water
soluble, and this can increase transport distance, as well as
likelihood the metal will be taken up by organisms or adsorb to
organic residues.

The bioconcentration factor (BCF) of copper in fish
obtained in field studies is 10–100, indicating a low potential
for bioconcentration. The BCF is higher in mollusks (i.e.,
oysters), where it may reach 30000, possibly because they are
filter feeders. There is a good deal of evidence that there is no
biomagnification of copper in the food chain.
Exposure and Exposure Monitoring

The primary exposure pathway for copper is ingestion (e.g.,
food and water). Many foods contain copper, especially
legumes, organ meats, and oysters. Water carried through
copper pipes is also a source of this element. Inhalation is only
a significant exposure pathway in industrial settings (e.g., near
copper refineries).

Many workers are exposed to copper in agriculture, indus-
tries connected with copper production, metal plating, and
other industries. Little information is available concerning the
forms of copper to which workers are exposed. Copper has
been identified at many National Priorities List hazardous
waste sites in the United States.
Toxicokinetics

Approximately 50% of ingested copper is absorbed from the
stomach. Although copper can be absorbed from the gastro-
intestinal tract, a modifying biological mechanism regulates
total copper absorbed. Copper is transformed in the blood by
first binding to albumin and then to a copper-specific protein
(ceruloplasmin). Copper also binds to metallothionein more
firmly than zinc or even cadmium. Copper is stored in the liver
and bone marrow as the metallothionein.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00834-4
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Copper-dependent enzymes include tyrosinase (which is
involved in melanin pigment formation) and the various
oxidases (i.e., cytochrome oxidase, superoxide dismutase,
amine oxidase, and uricase). Copper plays a major role in the
incorporation of iron into the heme of hemoglobin. Copper
deficiency is characterized by hypochromic, microcytic anemia
resulting from defective hemoglobin synthesis.

Copper levels in the human body vary with age. Copper
levels in the brain increase with age, whereas in some tissues
(e.g., liver, lungs, and spleen), copper levels are higher in
newborns than in adults. Tissue levels gradually decline up to
age 10 and remain relatively constant thereafter. Copper is
normally excreted in bile, which plays a primary role in copper
homeostasis.
Mechanism of Toxicity

Copper reduces glutathione, which is necessary for normal cell
viability. The amino acid transferases are inhibited in the
presence of excess copper; lipid peroxidation also occurs.
Copper combines with thiol groups, which reduces the oxida-
tion state II to I in copper and oxidizes the thiol groups to
disulfides, especially in the cell membrane.
Acute and Short-Term Toxicity (or Exposure)

Animal

Copper produces lung damage by inhalation. Intratracheal
administration of copper has produced lung damage in
rodents; macrophages increased with degenerative membrane
structure and hemoglobin values decreased. In larger animals,
excess copper intake resulted in iron-deficient anemia and
gastric ulcers.
Human

Although copper is an essential element, it is much more toxic
to cells than such nonessential elements as nickel and
cadmium. Acute poisoning from ingestion of excessive
amounts of copper salts, most frequently copper sulfate, results
in nonspecific toxic symptoms, a metallic taste, nausea, and
vomiting (with vomitus possibly a blue-green color). The
gastrointestinal tract can be damaged by ulceration.
Chronic Toxicity (or Exposure)

Animal

No statistically significant increases in tumor formation were
noted in mice fed copper for w1 year. Subcutaneous and
intramuscular injection of copper compounds showed a low
incidence of sarcomas. The current data are adequate to assess
the carcinogenicity of copper.
Human

Severe symptoms include hypotension, coma, jaundice, and
death. Liver necrosis has also been observed. In some cases,
copper toxicity can result in an inability to urinate. Treatment
with copper compounds can induce hemolytic anemia.

It is believed that the increased susceptibility to copper
toxicity seen in infants and children is owing to the normally
high hepatic copper levels in early life and the fact that
homeostatic mechanisms are not fully developed at birth.

Copper is associated with two genetic inborn errors of
metabolism. The first, Menke’s disease or Menke’s kinky-hair
syndrome is associated with severe copper deficiency, owing to
a defect in an ATPase gene resulting in the inability of the
gastrointestinal tract to absorb copper. It is a sex-linked trait
characterized by peculiar hair, failure to thrive, severe neuro-
logical degradation in the brain, and death before 3 years of
age. The cerebral cortex and white matter degenerates; mental
retardation ensues before death. The second disease, Wilson’s
disease or hepatolenticular degeneration, is associated with
severe copper excess, owing to a defect in another ATPase gene
resulting in the inability of the liver to excrete copper in the
bile. It is characterized by an unusual concentration of copper
in the brain, kidneys, cornea, and especially in the liver (which
may become abnormally large). Mental retardation is not
associated with this disease. This disease is usually treated
with a chelating agent such as penicillamine or triethylene
tetramine.
Immunotoxicity

Of copper compounds, only copper sulfate has been tested as
to its immunotoxicity. Hamsters exposed to inhaled copper
sulfate experiences reduced pulmonary macrophage activity.
In mice a number of immunotoxic effects have been observed,
such as a decrease in the lymphoproliferative response, among
other immunodepressant activities.
Genotoxicity

Mutagenesis results are dependent on the bacterial strain and
copper compound evaluated. Mammalian cell tests indicate
a positive mutagenic response.
Reproductive Toxicity

Insufficient data exist to truly classify copper and its
compounds as to their reproductive toxicity; however, studies
have revealed no link between abortion and placental copper,
but a positive birth weight correlation with increasing copper
concentrations.
Carcinogenicity

There are not enough animal data and no human data to
classify copper as a human carcinogen, it has therefore been
classified as class D, not classifiable as to human carcinoge-
nicity. Some data do exist suggesting a connection, but there is
not enough specificity and an overabundance of confounding
factors in these studies.
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Clinical Management

For acute toxicity, emesis is recommended. Treatment is
symptomatic. A combination of BAL (British anti-Lewisite;
2,3-dimercaptopropanol) and calcium ethylene diamine
tetraacetic acid has been used successfully in a poisoned
infant. Penicillamine has also been used. Recently, oral
administration of 2,3-dimercapto1-propane sulfonate was
found to be effective in experimental rodents. Electrolyte
balance must be maintained when gastric lavage is indicated.
Potassium ferrocyanide should be added to precipitate the
copper.
Ecotoxicology

Nearly all organisms require copper for proper functioning,
and many are able to regulate internal levels. Mollusks
accumulate more copper than other organisms; however, it
appears to not have negative effects until at extraordinarily
high levels. Plants require trace amounts of copper to aid in
photosynthesis; however, if on contaminated soil, even
moderate levels can have severe deleterious effects on
plants.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial Hygien-
ists threshold limit value time-weighted average is 0.2 mg m�3

for copper fume and 1 mg m�3 for copper dusts and mists.
The Environmental Protection Agency drinking water limit

is 1.3 ppm. The median concentration of copper in natural
water is 4–10 ppb.

Daily intakes of copper and other essential minerals are
estimated and can be found as part of the Food and Drug
Administration’s Total Diet Study.
Miscellaneous

Copper used in construction settings can often be seen in its
oxidized state, which changes its appearance from a lustrous
red-orange to a matte light green.

See also: Metallothionein; Metals; Pollution, Water.
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Corrosives
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This article is a revision of the previous edition article by Greene Shepherd, volume 1, p 668, � 2005, Elsevier Inc.
Background

Corrosive materials are present in almost every workplace, and
injuries following exposure are often more severe than other
exposures because industrial products are more concentrated
than those found in the home. Caustics (which include acids or
alkalis) and other chemicals may be corrosive; however, acids
and bases are most often responsible for corrosive exposures.
Commoncorrosive acids includehydrochloric acid, sulfuric acid,
nitric acid, chromic acid, acetic acid, and hydrofluoric acid.
Common corrosive bases are ammonium hydroxide, potassium
hydroxide (caustic potash), and sodium hydroxide (caustic
soda).
Uses

Corrosive materials are present in almost every workplace.
Household cleaning substances (for example, toilet bowl or
drain cleaners) can contain potentially corrosive substances.
Corrosives have also been used as disinfectant and sterilizing
agents in medical and dental settings as well as other uses.
Acute and Short-Term Toxicity (or Exposure)

Corrosives can burn and destroy body tissues on contact.
Stronger or more concentrated corrosives, or longer contact
with the skin or mucosal tissues, result in more serious injuries.

Corrosives are harmful if they come in contact with the skin
or eyes, inhaled, or swallowed. Direct contact with the skin can
severely irritate or even badly burn and blister the skin. Severe
corrosive burns over a large part of the body can cause death.
Corrosive materials can severely irritate, or in some cases, burn
the eyes. This could result in scars or permanent blindness. The
stronger or more concentrated the corrosive material is and the
longer it contacts with the eyes, the worse the injury will be.
Breathing in corrosive vapors or particles irritates and burns the
inner lining of the nose, throat, windpipe, and lungs. In serious
cases, this results in pulmonary edema, a buildup of fluid in the
lungs that can be fatal. Swallowing corrosives burns the lining
of the mouth, throat, esophagus, and stomach. In nonfatal
cases, severe scarring of the throat may occur and could result in
losing the ability to swallow due to stricture formation.
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Clinical Management

For oral exposure, perform endoscopy to assess burns and
evaluate for stricture formation. For inhalation exposure,
endotracheal intubation and airway management may be
needed for patients with upper airway edema or respiratory
distress. Copious irrigation and removal of contaminated
clothing are needed after dermal exposure. For ocular exposure,
copious irrigation is needed until pH is neutral.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration divides
corrosives into three subcategories based on observations of
corrosive damage to the skin of laboratory animals. All
subcategories of skin corrosives are regulated as Category 1,
which is the most severe toxicity category.
Other Issues

Many acid and base corrosives attack and corrode metals.
Under these circumstances, flammable and explosive hydrogen
gas can be formed.
See also: Hydrochloric Acid; Sulfuric Acid; Nitric Acid; Chromic
Acid; Acetic Acid and Hydrofluoric Acid; Ammonium
Hydroxide; Potassium Hydroxide; Sodium Hydroxide.

Further Reading

Edlich, R.F. Treatment and Prevention of Chemical Injuries (updated September 18,
2013). Available at: http://emedicine.medscape.com.

Naik, R.R.R., Vadivelan, M., 2012. Corrosive poisoning. Indian J. Clin. Pract. 23 (3),
131–134.
Relevant Website

http://www.ccohs.ca/ – Corrosive Materials – Hazards.
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l Name: Corticosteroids
l Chemical Abstracts Service Registry Number: 8001-02-3
l Synonyms: Cortisone; Prednisone (Deltasone

�
, Orasone

�
);

Dexamethasone (Decadron
�
); Hydrocotisone (Cortef

�
,

Westcort
�
); Aldosterone; Fludrocotrisone (Florinef

�
)

l Molecular Formula: Varies depending on agent
l Chemical Structure:
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Background

Addison first described in the mid-nineteenth century that
destruction of the adrenal glands led to fatal outcomes. Further
studies identified the adrenal cortex as a chief regulator of
metabolic, water, and electrolyte homeostasis, and by the
1930s, the structure of several compounds important in
glucose metabolism had been described. Nearly a century later,
research by Kendall and colleagues led to the discovery of
cortisone as an effective antiinflammatory agent for patients
with rheumatoid arthritis.

Corticosteroids are a broad class of both endogenous and
exogenous compounds that exert a wide range of physiological
1038 Encyclopedia of T
effects. There are two classes of corticosteroids, glucocorticoids
and mineralocorticoids that have predominant effects on
metabolic and electrolyte processes, respectively. Beyond the
carbohydrate, protein, and lipid metabolism; water and elec-
trolyte management; corticosteroids also exert effects by regu-
lating normal function of the cardiovascular, immune, kidney,
skeletal, endocrine, and nervous systems. Furthermore, in part
due to the physiological responses during times of survival and
noxious stimuli, corticosteroids have been termed the stress
hormones.
Mechanisms of Action

General Mechanism of Action

Corticosteroids exert their physiological effects via activation of
either glucocorticoid receptor (GR) or the mineralocorticoid
receptor (MR) in target tissues to alter the expression of
corticosteroid-responsive genes. For example, the GR in the cell
cytoplasm binds with steroid ligands to form hormone–receptor
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00293-1
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complexes that eventually translocate to the cell nucleus. These
complexes bind to specific DNA sequences and alter their
expression. The complexes may induce the transcription of
mRNA leading to synthesis of new proteins. Though less studied
than glucocorticoids, mineralocorticoids have a similar mecha-
nism of action in gene regulation.

Antiinflammatory Mechanism of Action

Lipocortin, a protein known to inhibit PLA2a is one such
protein that is upregulated and thereby blocks the synthesis of
prostaglandins, leukotrienes, and platelet activating factor
(PAF). Glucocorticoids also inhibit the production of other
mediators including amino acids metabolites such as cyclo-
oxygenase, cytokines, the interleukins, adhesion molecules,
and enzymes such as collagenase.

Metabolic Mechanism of Action

In order to provide a mode of preservation for highly energy-
dependent organ systems such as heart and brain tissues,
glucocorticoids lead to increased serum glucose levels. Though
poorly understood peripheral uptake of glucose is inhibited, it
leads to decreased glucose utilization. Furthermore, gluconeo-
genesis is stimulated by inducing the transcription of enzymes
such as phosphoenolpyruvate carboxykinase, fructose-1,6-
biphosphatase, and glucose-6-phosphatase.

Electrolyte Homeostasis Mechanism of Action

Aldosterone is the prototypical mineralocorticoid. MRs located
on the distal tubule and collecting duct upregulate sodium
potassium pumps to increase reabsorption of sodium within
the nephron. As a result, potassium and hydrogen ions are
excreted and water is retained.
Available Agents and Routes of Administration

Corticosteroids are available as a variety of dosage forms. Oral
administration can be facilitated via tablet, capsules, or liquid
preparations. Furthermore, several commercially available
Table 1 Relative dosing and potency of select corticosteroids

Approximate equivalent dose (mg) Relative antiinflamm

Short-acting
Cortisone 25 0.8
Hydrocortisone 20 1

Intermediate-acting
Methylprednisolone 4 5
Prednisolone 5 4
Prednisone 5 4
Triamcinolone 4 5

Long-acting
Betamethasone 0.75 25
Dexamethasone 0.75 25–30

Mineralocorticoids
Fludrocortisone – 10

Asare, K., 2007. Diagnosis and treatment of adrenal insufficiency in the critically ill patie
devices exist for administration of dry powder, nebulized, and
aerosolized drug. Corticosteroids can be topically applied as
solutions, foams, shampoos, creams, ointments, and suspen-
sions to the skin, eyes, or ears. Suppositories for rectal
administrations and parenteral preparations for intramuscular
or intravenous administration also exist. These preparations are
available as either over-the-counter or prescription only. In
addition, they may also be supplied in combination with other
therapeutic agents (ciprofloxacin, nystatin).
Uses

Synthetic pharmaceutical drugs with corticosteroid-like effect
are used in a variety of conditions, ranging from brain tumors
to skin diseases. Dexamethasone and its derivatives are almost
pure glucocorticoids, while prednisone and its derivatives have
some mineralocorticoid action in addition to the glucocorti-
coid effect. Fludrocortisone (Florinef) is a synthetic mineralo-
corticoid. Hydrocortisone (cortisol) is available for replacement
therapy, e.g., in adrenal insufficiency and congenital adrenal
hyperplasia. See Table 1 for relative dosing and antiin-
flammatory/mineralocorticoid activity.

The most common use for corticosteroids today is for their
antiinflammatory effects. Both oral and topical agents are used
as treatment options for patients with conditions such as
contact dermatitis. Autoimmune disorders or other inflam-
matory diseases such as ulcerative colitis, Crohn’s disease,
temporal arteritis, systemic lupus erythematosus, or multiple
sclerosis can all be treated with oral or intravenous therapy.
National treatment guidelines recommend the use of inhaled
corticosteroids as maintenance therapy for patients with mild
persistent asthma and a short course of oral therapy for
moderate or severe persistent asthma.

Corticosteroids have been widely used in treating people
with traumatic brain injury. A systematic review identified 20
randomized controlled trials and included 12 303 participants,
compared patients who received corticosteroids with patients
who received no treatment. The authors recommended people
with traumatic brain injury should not be routinely treated
atory potency Relative mineralocorticoid potency Half-life plasma (min)

0.8 30
1 90

0 180
0.8 200
0.8 60
0 300

0 100–300
0 100–300

125 200

nt. Pharmacotherapy 27 (11), 1512–1528.
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with corticosteroids, as it may lead to increased mortality.
Furthermore, a Cochrane review found limited evidence for the
use of methylprednisolone in spinal cord injury patients. If
used, it must be given within 8 h of initial injury and continued
for 24–48 h.

Corticosteroids can also be given during moments of
adrenal insufficiency. Addison’s disease is a disorder in which
endogenous production of corticosteroids is either limited or
completely ceased. This can occur for many reasons such as
Hypothalamic–pituitary–adrenal axis (HPAA) suppression,
moments of overt and high stress such as septic shock, or
genetic abnormalities.
Side Effects and Adverse Reactions

The potent effect of corticosteroids can result in serious side
effects, which mimic Cushing’s disease, a malfunction of the
adrenal glands resulting in an overproduction of cortisol. The
list of potential side effects is long and includes: increased
appetite and weight gain; deposits of fat in chest, face, upper
back, and stomach; water and salt retention leading to swelling
and edema; high blood pressure; diabetes; black and blue
marks; slowed healing of wounds; osteoporosis; cataracts; acne;
muscle weakness; thinning of the skin; increased susceptibility
to infection; stomach ulcers; increased sweating; mood swings;
psychological problems such as depression; and adrenal
suppression and crisis.

Side effects can be minimized by following doctor’s orders
and keeping to the lowest dose possible. It is also important to
avoid self-regulation of the dosage, either by adding more or
stopping the medication without a schedule.
Acute and Short-Term Toxicity

Human

Acute exposure of methylprednisolone has been associated
with seizure activity and cardiac dysrhythmias such as atrial
fibrillation, myocardial infarction, asystole, and sudden
death.

Patients may develop hypertension, electrolyte abnormali-
ties, and increased glucose following acute exposure.
Chronic Toxicity (or Exposure) Animal

Animal

Chronic exposure to high serum levels of corticosterone
induced a significant impairment of inhibitory avoidance
learning in rats. In another study, corticosterone elevated over
a period of 21 days impaired the formation of a longer-term
form of memory, most likely reference memory. Impairments
in spatial working memory were seen only after longer dura-
tions of corticosterone administration.
Human

Chronic administration leads to hypothalamic–pituitary–
adrenal axis suppression. Chronic exogenous administration
of corticosteroids provides a negative feedback to decrease
corticotropin-releasing hormone (CRH) and adrenocortico-
tropic hormone (ACTH) release by the hypothalamus and the
pituitary, respectively. When the exogenous steroids are
removed, an Addisonian state is induced and patients may
develop an Addison’s crisis characterized by hypoglycemia, low
blood pressure, and several electrolyte derangements.

Fluid and electrolyte disturbances, hypertension, hyper-
glycemia, and glycosuria of acute toxicity may also occur. It
also increases the susceptibility to infections including
tuberculosis; causes peptic ulcers, osteoporosis, behavioral
disturbances, posterior subcapsular cataracts, growth arrest,
Cushing’s habitus, ‘buffalo hump,’ enlargement of supra-
clavicular fat pads, ‘central obesity,’ striae, ecchymoses, acne,
and hirsutism.
Genotoxicity

Very few studies with the natural or synthetic corticosteroids
have been published. Data on cortisol and corticosterone are
not available. Data on hydrocortisone are minimal. There is
weak evidence that dexamethasone could have clastogenic and
sister-chromatid exchange (SCE)-inducing potential.
Toxicokinetics

Generally, the biological half-lives of corticosteroids can be
classified as short (8–12 h), intermediate (12–36 h), or long
(36–72 h). See Table 1 for relative half-lives of various corti-
costeroids. Cortisone and cortisol are examples of short-lived
corticosteroids. Prednisone, prednisolone, and triamcinolone
are of the intermediate class. Dexamethasone and b-methasone
are associated with the longer-lived class.

The adrenocortical steroids and their synthetic congeners
require a double bond in the 4,5 position and a ketone
group at C3 for biological activity. The reduction of the
4,5 double bond, resulting in an inactive compound, occurs
by both hepatic and extrahepatic metabolisms. Glucocorti-
coids are absorbed systemically from sites of local adminis-
tration in amounts that may be sufficient to suppress the
HPAA. Following absorption, w90% of cortisol (or its
synthetic analogs) is reversibly bound to plasma proteins,
primarily corticosteroid binding globulin, and albumin.
Only the unbound portion is available to exert physiological
and pharmacological effects. At very high steroid concen-
trations, protein-binding capacity may be exceeded. Most of
the ring A-reduced metabolites can be conjugated at the
3-hydroxyl position with sulfate or glucuronic acid forming
water-soluble metabolites enhancing excretion by the
kidney.
Agents That Affect Corticosteroids

There are several agents that affect corticosteroids throughout
the body. Ketoconazole, for example, is an antifungal but at
high doses inhibits the cholesterol side chain cleavage pre-
venting steroids synthesis. Similar agents that block steroids
production have been identified such as aminoglutethimide,



Table 2 Representative toxins that are known to deregulate corticosteroid homeostasis in vivo

Name of the compound Model system Reference

Aflatoxin B1 Rat liver Pratt, R.M., 1985. Environ. Health Perspect. 61, 35–40.
Chlordane Rat Cassidy, R.A., Toxicol. Appl. Pharmacol. 126 (2), 326–337.
Cadmium Rat Singh, P.K., et al., 2012. Drug Chem. Toxicol. 35 (2), 167–177.
Ethanol DBA/2J (D2) mice Ford, M.M., et al., 2013. Psychoneuroendocrinology S0306-4530(13)

00228-X.
MPTP Mice Ben-Shaul, Y., et al., 2006. Eur. J. Neurosci. 23 (11), 2915–2922.
TCDD C57BL/6N mice Kensler, T.W., et al., 1976. Biochim. Biophys. Acta 437 (1), 200–210.
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metyrapone, trilostane, and abiraterone. Mifepristone at high
doses blocks the GRs.

There are also two commercially available agents, spi-
ronolactone and eplerenone, that are used as mild diuretics in
hypertension and heart failure. They act by antagonizing
mineralocorticoid activity.

Table 2 describes several other agents that act upon the
homeostasis of corticosteroids in the body.
Clinical Management

Acute overdose probably would not result in toxicity. Should
oral overdosage occur, standard emergency and supportive care
procedures should be followed. If anaphylaxis should occur,
epinephrine may be given as 0.3–0.5 ml (0.3–0.5 mg) subcu-
taneously of a 1:1000 solution for adults and children should
receive 0.01 mg kg�1.

Administrations of benzodiazepines for seizures are
recommended.

If chronic toxicity should occur, it is important to reduce the
dosage of corticosteroid to a minimal maintenance dose at the
first sign of toxicity. Because of the risk that patients have
developed HPAA suppression, it is important to taper cortico-
steroids and not abruptly discontinuing them. Debate exists
about the length and dosage required to develop HPAA
suppression and proper tapering techniques. Tapering should
be guided based on clinical symptoms of withdrawal.
Population at Risk

Glucocorticoids should be used with caution in patients with
hypothyroidism or cirrhosis, because such patients often show
exaggerated response to the drugs. Glucocorticoids should be
used with caution in psychotic patients or patients with
hypertension or congestive heart failure, patients with recent
myocardial infarction, in patients with viral infections or
bacterial infections not controlled by antiinfectives, in patients
with active or latent peptic ulcer, diverticulitis, nonspecific
ulcerative colitis (if there is a probability of impending perfo-
ration, abscess, or other pyogenic infection), and in those with
recent intestinal anastomoses.

Glucocorticoids may cause fetal damage when administered
to pregnant women. One retrospective study of 260 women
who received pharmacological dosages of glucocorticoids
during pregnancy revealed two instances of cleft palate, eight
stillbirths, one spontaneous abortion, and 15 premature births.
Another study reported two cases of cleft palate in 86 births.
Occurrence of cleft palate in these studies is higher than in the
general population but could have resulted from the under-
lying diseases as well as from the steroids. Other fetal abnor-
malities that have been reported following glucocorticoid
administration in pregnant women include hydrocephalus and
gastroschisis. Women should be instructed to inform their
physicians if they become or wish to become pregnant while
receiving glucocorticoids. If glucocorticoids must be used
during pregnancy or if the patient becomes pregnant while
taking one of these drugs, the potential risks should be carefully
considered.
Routes of Exposure

The National Institute for Occupational Safety and Health
statistically estimated that 30 657 workers (17 738 of these are
females) are potentially exposed to dexamethasone in the
United States. Occupational exposure to dexamethasone may
occur through dermal contact with this compound at work-
places where dexamethasone is produced or used.
See also: Anabolic Steroids; Lipid Peroxidation.
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Introduction and History

The application of cosmetics dates back to 6000 years of
human history worldwide. Documented uses in ancient
cultures include castor oil (a protective balm in ancient Egypt),
beeswax (as skin cream in several ancient cultures), olive oil,
and rose water (in ancient Rome). Cosmetics were also used in
ancient Persia, Greek, Japan, China, Europe, and Africa. The
literature reveals that among the first to decorate their lips were
Mesopotamian women, who resided in an ancient region of
southwestern Asia, in the area now known as Iraq. There are
indications that they might have prepared lipsticks by crushing
gemstones and applying them to decorate the lips. It is docu-
mented that an Arab-Andalusian cosmetologist named Abu al-
Qasim al-Zahrawi provided solid lipsticks, which were formed
as sticks rolling and pressing in particular molds. Some of these
historical products contained ingredients later discovered to be
highly toxic. Two examples are the white lead pigment known
as ceruse, used to make faces fashionably pale, and belladonna
alkaloids (atropine from Atropa belladonna), used to dilate
pupils in order to enhance the attractiveness of the eyes
by Italian women around the late nineteenth century. As
another example, ancient Egyptians extracted red dye from red
seaweeds, 0.01% iodine, as well as some brominated mannite,
which caused serious toxicity. In the United States (nineteenth
century), lipsticks were provided by using carmine dye, which
was extracted from cochineal (scale insects native to Central
America) mixed with aluminum or calcium salts.

In modern times, the number and variety of cosmetic and
personal care products and their individual ingredients are
almost overwhelming. In this article, the authors will focus on
some of the most common products and key ingredients under
typical conditions of use from both a functional and toxico-
logical perspective. While accidental ingestion of some of these
products (e.g., by children) can lead in some cases to significant
systemic toxicity, a discussion of these conditions is outside
the scope of this article and the reader is referred to other
articles in this work and other published literature.
Hair-Care Products

Hair-Coloring Products

The ingredients in hair-coloring products or hair dyes are
among the most reactive chemicals used in the cosmetic
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
industry. Hair-coloring products are divided into oxidative
(permanent) dyes and direct (temporary or semipermanent)
dyes. Oxidative hair dyes contain the oxidizer hydrogen
peroxide and a dye intermediate such as paraphenylene-
diamine (PPD), resorcinol, and aminophenol. PPD is an
aromatic compound, widely used in almost all hair-coloring
formulations, because oxidation of this substance with
couplers produces colored reaction products. Direct dyes
include semipermanent and temporary dyes. Temporary hair
dyes contain azo, triphenylmethane, anthraquinone, or ind-
amine dyes while semipermanent hair dyes contain nitro-
phenylenediamines, nitro-aminophenols, and some azo dyes.
Permanent hair dyes differ from semipermanent or temporary
dyes in that permanent hair dyes consist of two components
that are mixed before use and generate the dye on/in the hair
by a chemical reaction.

Although there are advantages of using PPD in hair dyes and
colors, studies show this ingredient is a common allergen in
humans. Cases of contact sensitization induced by PPD have
been reported. Some of these cases are attributed to hyper-
sensitivity of its para group or to the formation of oxidized
products subsequent to oxidation by air exposure of PPD.
N-Substitution of PPD influences its sensitization potential.
Also, the length of the chain of the alkyl substituent often has
an effect on the sensitization potential. There are also other
types of dyes such as metal salts and natural dyes. Metal salts
are mainly used for coverage of graying hair and are generally
based on lead acetate while natural dyes use ‘henna’ as its pure
dye ingredient.

The genotoxicity of various components of permanent hair
dyes has been studied by various groups, with overall mixed
results and findings. For example, the genotoxicity of six impor-
tant phenylenediamines (PDs) were evaluated for their potential
to induce various genotoxic end points. No single PD was found
to be positive or negative for all end points evaluated.

Reproductive toxicity of PPD and other PDs has also been
studied in animals. No definitive link between exposure to
these compounds and adverse effects on the reproductive
system was established.

A number of epidemiological studies have pointed to a
potential risk of cancer among occupational groups like hair-
dressers and beauticians due to high exposure to hair dyes,
generally citing a weak association. However, a recent study by
Hueber-Becker et al. showed no evidence of increased risk of
neoplastic disease. Current thinking is that use of personal
4-3.00979-9 1043
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protective equipment (e.g., gloves) and other safety precau-
tions in the handling of hair dyes can protect users (including
professional users) from adverse health effects.
Hair-Waving and Hair-Straightening Products

To achieve their intended effects, these products contain ingre-
dients that involve the breaking and/or reforming of chemical
bonds in hair. Consequently, they are chemically quite aggres-
sive and caremust be taken to avoid damage to the hair itself and
also to surrounding skin and body structures (e.g., the eyes).

In general, ‘permanent’ hair-waving products make use of
a reducing solution or lotion to break the disulfide bonds in
the hair, which is wrapped around styling rods. Some of the
oxidizing agents commonly used include ammonium thio-
glycolate or other thioglycolate salts, glyceryl thioglycolate, and
thiolactate salts. Ammonium thioglycolate has long been
safely used in home permanents. Hairdressers may, however,
occasionally become sensitized to it. Glycerol monothiogly-
colate has been shown to cause sensitization in hairdressers
and occasionally in their clients. It is generally recommended
that skin contact with these substances be avoided, particularly
by hairdressers who are exposed more frequently in the occu-
pational setting than individual consumers applying the
products on a relatively infrequent basis. Care must be taken to
avoid contact with the eyes.

Hair-waving products also make use of neutralizing solu-
tions containing hydrogen peroxide, sodium bromate, or
perborate to re-form disulfide bonds and re-form the hair to the
shape of the styling rods. Some permanent wave fixatives
consist of 2–8% (w/v) mercuric chloride. Again, care must be
taken to avoid contact of the neutralizing solution/fixative with
the eyes and use of gloves is recommended, particularly for
hairdressers. Accidental ingestion of any of the components of
a permanent wave product can lead to severe gastrointestinal
and central nervous system effects, along with damage to other
organ systems (e.g., renal).

The majority of ‘permanent’ hair-straightening products fall
into one of two classes: alkali based or alkaline thioglycolate
based (or sulfite based). In the alkali-based products, the base
cleaves the hair’s disulfide bonds, which is quickly followed by
the formation of new, monosulfide cross-links. Both classes of
products make use of a neutralizing solution in a second step,
but the function accomplished during the neutralizing step is
quite different in the two classes. For the alkali-based products,
the neutralizing solution simply removes the excess alkali from
the hair by an acid-containing or acid-buffered shampoo. In the
thioglycolate- or sulfite-based products, the neutralization step
reforms disulfide bonds. For the alkali-based products, it is
particularly important that the alkali component not be left on
the hair for longer than directed to avoid significant and
sometimes severe damage to the hair.
Depilatories

These are products employed to remove unwanted hair and
generally contain sodium or calcium hydroxide (alkalis, which
are quite toxic), barium sulfide, and thioglycollates. Because of
the caustic nature of these products, care should be taken to
minimize irritation to the surrounding skin and, particularly,
mucous membranes. See also remarks above under hair-
waving and hair-straightening products.
Hairstyling Products

These types of products contain synthetic film-forming poly-
mers as the primary functional ingredients in water or water/
alcohol solvent vehicles that also contain different additives to
improve the properties of the film and other aspects of product
application and function. The polymers, or resins, are typically
acrylate-based copolymers, composed of vinyl acetate, acryl-
amide, and methyl vinyl ether. Aerosol hair sprays typically
contain ethanol as the solvent and hydrocarbon, dimethyl
ether, or carbon dioxide propellants. Common hydrocarbon
propellant systems involve butane. Many of the ingredients or
their residual monomers or impurities have the potential to
cause respiratory problems if inhaled in sufficient amounts.
Adequate ventilation is essential for their safe use.
Hair-Cleansing and Conditioning Products

Shampoos typically consist of an aqueous emulsion of several
surfactants, at least one of which will have strong detergent
properties, various additives to enhance cleansing performance
or improve sensory attributes, one or more preservatives, and
fragrance. Antidandruff shampoos can contain any one of
a number of active ingredients, which function through very
different mechanisms. An ingredient in some traditional
shampoos in this category is coal tar, which is carcinogenic
under certain conditions of exposure, but has been found safe
for use under the conditions specified and customary for
antidandruff shampoo.

Anionic surfactants tend to be the most effective cleansers,
but at high concentration can be irritating to the scalp.
Commonly used anionic surfactants with good cleansing and
foaming properties include sodium lauryl sulfate, sodium
laureth sulfate, and ammonium laureth sulfate; these can be
irritating to the skin and are usually used in combination with
nonionic surfactants, which tend to be milder. Baby shampoos
are generally formulated with nonionic or amphoteric surfac-
tants, which are even milder. Polyethoxylated surfactants are
the largest group of nonionics; they may contain trace levels of
ethylene oxide or 1,4-dioxane, both of which have been clas-
sified as probable carcinogens. A process known as ‘vacuum
stripping’ is used during their manufacture to limit the levels of
these incidental impurities. Diethanolamine and triethanol-
amine are two surfactants that have been identified as possible
contributors to nitrosamine formation in formulations that
contain other ingredients that produce nitrates on decompo-
sition. Multiple authorities recommend that use levels be
controlled and surfactant–preservative combinations that
could lead to nitrosamine formation be avoided.

Because of the high water activity and use conditions of
shampoos, they contain preservatives to inhibit microbial
growth. Preservatives such as quaternium-15, imidiazolidinyl
urea, and diazolidinyl urea function through the release of trace
amounts of formaldehyde. Formaldehyde is a potential sensitizer
and a known inhalation carcinogen. Various expert bodies
recommend restrictions on the use levels of formaldehyde-
releasing preservatives. Parabens, another class of preservatives
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used in shampoos and hair products, have shown some ability to
weakly mimic estrogen and have been found in breast tumor
tissue. No direct link between parabens and cancer has been
established, however. The potential for various classes of chem-
icals used in a variety of consumer products to function as
‘endocrine disruptors’ in animals and/or humans is an active area
of academic and government research and also examination by
regulatory and public health agencies.

Hair conditioners, broadly speaking, are meant to restore
those desirable components or qualities of hair that are
removed or degraded by shampooing. The most commonly
used types of products generally contain cationic surfactants,
perfumes, and fatty acids and fatty alcohols in a water-based
emulsion also containing a preservative system. The cationic
surfactants function by adsorbing or absorbing to the hair shaft
and modifying texture and appearance. They are mild and
generally considered nontoxic. Preservative systems do not
differ greatly from those used in shampoos and other water-
based emulsion products of similar water content. Fragrance,
as noted, is discussed further below.
Skin-Cleansing Products

Soap

Soap, in its most basic description, is an alkali salt of a long-
chain fatty acid. Historically, they were produced by mixing
animal fats with lye obtained from wood ashes. Today, bar
soaps and cleansing bars are made from a wider variety of
different fats and oils using more refined processes and include
additives of different kinds such as additional surfactants,
stabilizers and antioxidants, colorants, and fragrance. A limited
treatment of toxicological issues related to surfactants was
provided above; similar discussion for cosmetic colorants and
fragrance components are provided in sections below.
Liquid Skin Cleansers

Commercial cleansers usually consist of alcohol and petroleum
products to remove dirt and clean the skin, which also remove
natural oils and cause skin dryness. The most commonly used
nonionic surfactants used for their cleansing effect in these
products are similar to those in shampoos, albeit often at lower
levels. Different anionic and other modifying surfactants are
used to achieve greater ‘mildness,’ particularly for use on facial
skin, as well as other sensory properties important to consumers
in use of face and body cleansers. The increasing popularity of
cleansers making ‘antibacterial’ claims and containing preser-
vative agents or other antibacterial substances at higher levels
than for preservative function is deserving of mention. In addi-
tion to the potential toxicological issues of preservative agents
that are connected with primary product use and fate, there is
increasing concern over effects on human and animal health
deriving from distribution of these substances or their break-
down products into the environment via the wastewater stream.
Triclosan, which can ultimately degrade into dioxins, is an
example of such a substance, where studies have shown effects
on the immune system of aquatic organisms and the potential
for endocrine disruption. A full discussion of environmental
toxicity of cosmetic ingredients and breakdown products, and
their ultimate cumulative effects on human health is, however,
beyond the scope of this article and the reader is referred to other
articles and the recommended readings cited therein.
Exfoliants and Scrubs

Scrubs contain exfoliating ingredients that remove dead skin.
The vehicle for the exfoliating ingredients may be a liquid or
paste that also provides some surfactant-based cleansing
action. Many scrubs use ‘microbeads’ of polyethylene plastic as
an exfoliating agent; others use natural substances such as
ground nuts, seeds, or salt. Chemical exfoliants, in the form of
alpha-hydroxy acids or beta-hydroxy acids, are used in certain
of these products. As the intended effect is exfoliation, these
substances are necessarily irritants. In addition, they can
increase sensitivity of the skin to sun exposure. Consequently,
in products intended for consumer use, levels are limited in
order to prevent excessive irritation and burning and the use
of sun protection is recommended.
Makeup Remover

Makeup removers are used to remove oily residues of decora-
tive cosmetics such as eye makeup, foundation, etc. Typically,
they are formulated as water-in-oil emulsions and their use is
often followed with the use of the type of bar or liquid cleanser
discussed above. They also generally contain preservatives
(albeit generally at lower levels than in higher water content
products), colorants, and fragrance.
Skin-Care Products

Lotions, Creams, and Other Moisturizers

These products are emulsions, whether oil in water (o/w, the
most common), water in oil (w/o, cold cream is the classic
example), aqueous gel, silicone in water, or combination
emulsions of different types (which will not be discussed
further). Various surfactants are used as emulsifying agents.
The type of surfactant depends on both the emulsion type and
end use/user of the product. Surfactants in these products,
because they are not used for their detergency or cleansing
power, are generally far milder than those used in cleansing
products, and far less likely to be skin irritants. A variety of
other chemicals are added to the basic emulsion mixture as
moisturizing agents, thickeners, and preservatives. Mineral oil
and petrolatum are common ingredients used to help skin
retain moisture. They can contain small residual amounts of
potentially carcinogenic polycyclic aromatic hydrocarbons.
Proper sourcing and appropriate specifications for these raw
materials effectively minimizes any human health risk.
Propylene glycol, used as a moisture-carrying ingredient, is
a known irritant, can cause contact dermatitis, as can lanolin,
when not properly processed to remove allergenic impurities.
Retinyl palmitate is included in many facial creams and
lotions that claim to reduce wrinkles or otherwise function as
‘antiaging’ products. There is some mixed evidence that it may
produce free radicals on exposure to ultraviolet (UV) light,
damaging skin DNA, and possibly increasing the risk of skin
cancer.
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Shaving Creams

Conventional shaving creams are frequently based onwater and
contain foaming or lathering agents, binders and thickeners,
fragrance, and other substances. For the aerosol types, consid-
eration of potential inhalation exposure and toxicity is impor-
tant. For example, isobutane, a common propellant ingredient,
can contain residual amounts of butadiene, a carcinogen. It is
important that incidental inhalation be minimized.
Toners and After Shave

Aftershaves are designed to soothe irritated skin, and are typically
basedonwater anddenaturedalcohol. Theyare,however,heavily
fragranced and serve as perfumes for men. Toxicological consid-
erations related to fragrance components are discussed below.
Sun Protection

Sunscreens consist of chemical sunscreens, which absorb UV
rays, and mineral sunscreens, which tend to physically block
the sun’s rays. Common UV absorbers (also referred to as UV
filters) include para-aminobenzoic acid and its derivatives,
cinnamates, salicylates, camphor derivatives, avobenzone, tri-
azones, and benzophenones. Some countries regulate products
providing sunscreen as drugs, others as cosmetics. Not all UV
filters are permitted for use in all countries; where allowed, the
permitted use levels can also vary. Some UV filters, e.g., avo-
benone and octyl methoxycinnamate, have been shown to
cause adverse skin reactions, primarily irritation. Some contact
and photocontact sensitivity to individual sunscreen active
ingredients has been reported, but at relatively low levels in the
context of their overall widespread use. The most common
ingredients contained in mineral sunscreens are zinc oxide and
titanium dioxide. These naturally occurring minerals function
as sunblocks and are generally considered inert. However, the
introduction and widespread use of nanoparticles of zinc oxide
and titanium dioxide in sunscreens raises new concerns. It has
been hypothesized that use of nanosized particles may allow
these compounds to penetrate the skin more easily, leading
to systemic exposure and possible toxicity. This is currently an
area of active research. For aerosol spray sunscreens, the small
particles created represent a possible inhalation hazard.
Deodorants and Antiperspirants

Deodorants contain aluminum and zinc salts, and fragrance to
mask the smell of perspiration. Most conventional antiperspi-
rants rely on aluminum compounds, like aluminum tri-
chlorohydrex gly, which plug the sweat ducts, and stop sweat
coming to the skin’s surface. There is some evidence that many
aluminum compounds are neurotoxic, cause skin irritation,
and interfere with estrogen, which increases the incidence of
breast cancer. Crystal deodorants are a popular alternative to
conventional deodorants and antiperspirants. They typically
contain either potassium alum or aluminum alum as active
ingredients, which are believed to be less allergenic than other
ingredients of similar function. Many products in this category
contain substantial levels of fragrance. For aerosol products,
toxicity of the propellant and its impurities is a consideration in
formulation and in practical use. For example, isobutane,
a propellant in aerosol sprays, can be contaminated with
carcinogenic butadiene. Aerosol sprays create extremely small
particles, which can be more deeply inhaled and this may
increase their harmful effects.
Oral Care Products

Toothpastes, powders, and tooth liquids contain calcium
phosphates, alumina, abrasives, and anionic surfactants.
Mouthwashes usually contain alcohol, flavoring (essential
oils), and sweeteners. Denture cleaners contain bicarbonates,
borates, phosphates, and carbonates. While these products are
not intended to be ingested, some incidental ingestion is to be
expected and they must be formulated with this in mind. The
reader is referred to other articles in this work for information
regarding toxicity through ingestion exposure of key ingredi-
ents mentioned here.
Fragrance

Fragrances consist of a mixture of essential oils or other volatile
aromatic compounds (often synthetic), solvents, and ‘fixatives’
(substance used to improve stability and reduce/slow evapora-
tion). Typical solvents are ethanol or a mixture of ethanol and
water. Essential oils are themselves complex mixtures of hydro-
carbons, ethers, alcohols, esters, and ketones. Examples of
essential oils are lemon, eucalyptus, peppermint, geranium, and
rosewood. Several historical natural fragrance components such
as ambergris and natural musk oil are no longer used, primarily
for environmental reasons, but in some cases also because of
safety concerns. Fragrance components are the most commonly
implicated substances in cosmetic allergies. Specifically, contact
allergy to fragrance ingredients may develop following skin
contact with sufficient amount of these substances. Usually, this
manifests as a localized contact dermatitis where perfume-type
products, other heavily scented products, and antiperspirants
or deodorants are applied and, of course on the hands. Upon
reexposure to sufficient amounts of these fragrance components,
eczema may develop (allergic contact dermatitis). Less
frequently, irritation, contact urticarial, and photocontact
dermatitis are encountered. In the European Union, 26 fragrance
components with recognized potential to cause allergy are
required to be identified on the label of cosmetic products in
which they are present so that sensitive consumers may avoid
them. Thirteen of the fragrance substances listed have been
frequently reported as well-recognized contact allergens in
consumers and are thus of most concern while others are less
well documented (See Table 1.)
Decorative Cosmetics

This category is often referred to as ‘color cosmetics.’ The chief
function of these products is to color or conceal and they
contain among the highest levels of coloring substances of any
cosmetic or personal care products. These coloring substances
generally fall into two categories: synthetic organic or mineral
pigments, although there are some other coloring substances



Table 1 List of 26 fragrance allergens designated by the European
Union

Allergen CAS-No.

Frequently reported
Amyl cinnamal 122-40-7
Amylcinnamyl alcohol 101-85-9
Benzyl alcohol 100-51-6
Benzyl salicylate 118-58-1
Cinnamyl alcohol 104-54-1
Cinnamal 104-55-2
Citral 5392-40-5
Coumarin 91-64-5
Eugenol 97-53-0
Geraniol 106-24-1
Hydroxycitronellal 107-75-5
Hydroxymethylpentyl-cyclohexenecarboxaldehyde 31906-04-4
Isoeugenol 97-54-1

Less frequently reported
Anisyl alcohol 105-13-5
Benzyl benzoate 120-51-4
Benzyl cinnamate 103-41-3
Citronellol 106-22-9
Farnesol 4602-84-0
Hexyl cinnamaldehyde 101-86-0
Lilial 80-54-6
D-Limonene 5989-27-5
Linalool 78-70-6
Methyl heptine carbonate 111-12-6
3-Methyl-4-(2,6,6-trimethyl-

2-cyclohexen-1-yl)-3-buten-2-one
127-51-5

Oak moss 90028-68-5
Tree moss 90028-67-4

Reproduced from Scientific Committee on Consumer Safety (SCCS). Adopted 6/2012.
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derived from natural sources. Most coloring substances contain
residual amounts of impurities, typically reaction by-products
and intermediates, heavy metals, and other co-occurring
substances. The levels of these impurities are strictly limited
and additional use restrictions applied by regulatory authori-
ties in many countries. Coloring substance in products inten-
ded for use in the area of the eye or where there may be mucous
membrane or secondary incidental ingestion exposure (e.g., the
lips) are often subject to additional limits and restrictions
because of the sensitivity of the body structures and/or the
greater potential for systemic absorption. Some coloring
substances can cause reactions in sensitive individuals and
labels should be read carefully.
Face Makeup

This category includes foundation (sometimes referred to as
‘formation’ in some countries) and blusher, both of which may
be in liquid, cream, or powder form, and other ‘finishing’ face
powders. The liquid and cream products may be suspensions or
emulsions (primarily o/w). Because these products are in pro-
longed contact with generally more sensitive facial skin, the
emulsifying agents must be carefully chosen to minimize irri-
tation. The oils used are generally those with low potential to
block pores (comedogenicity) and result in black heads, white
heads, and acne. Highly refined and purified mineral oil is
often used because of its low comedogenicity and low potential
for irritation. Lower grade mineral oils can be comedogenic
and should be avoided. Both liquid and powdered founda-
tions and blushers contain inorganic pigments (both for hiding
and color), various polymers for enhancing application prop-
erties, silica, and fragrance. Blushers also contain organic
colorants (e.g., D&C Red No. 7 calcium lake). While some of
the powdered products are formulated without preservatives,
the use of low levels is common and recommended to ensure
microbiological safety. Suspension and emulsion products
must contain preservatives to ensure safety (the most common
preservatives are similar to those used in other cosmetic
products and have been described in preceding sections).
Lip Makeup

Classical lipstick is a cosmetic product containing pigments,
waxes, and oils and other emollients that lends color, texture,
and protection to the lips and its use dates back to ancient
times. Classical lipstick continues to be enormously popular,
available in many shades and other surface appearance quali-
ties. Modern products also include lip pencils, which use
different combinations and specific ingredients from among
the same basic ingredient groups as classical lipsticks and also
include fillers and other additives needed to produce the
physical form of the product.

Because there is some incidental ingestion exposure with this
product, there has been great interest in determining and
possibly limiting the levels of lead and other heavy metals in
these products. Recent studies conducted in various parts of the
globe (Saudi Arabia, European Union, and United States) have
yielded a vast amount of data showing that for most lipsticks,
lead levels are below those that would represent a public
health concern but that there are some with levels in excess. This
continues to be an active area of research and regulatory activity.
Eye Makeup

Products in this category include eye liner, eye shadow, and
mascara. Modern eyeliners and mascara are liquid products.
The majority of eye shadows are pressed powders, with liquid
(cream) forms also marketed.

The most common types of eyeliners are composed of
water, a gelling agent (gums, e.g., magnesium aluminum sili-
cate), wetting agents (e.g., water soluble esters, such as Poly-
sorbate 80), polyols (e.g., propylene glycol or butylene glycol),
colorants, alcohol, preservative, and a polymeric film former.
Mascaras are found as emulsions (both o/w and w/o) and
anhydrous solvent-based suspensions. Ingredients classes used
in all types include pigments, waxes, emulsifiers, polymers, and
other film formers, and, importantly, preservatives. With
respect to the polyols, some can be irritants (e.g., propylene
glycol) and they are generally used at as low a level as possible,
in part for this reason. With respect to certain of the polymers
used in some products (e.g., polymethylmethacrylate), residual
monomers can function as irritants or potential sources of
other toxicity. The levels of these residual substances are
minimized through specific controls for ingredients.

Pressed powder eye shadows are formulated similarly to
other pressed powder products, but the range of allowed
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colorants and pigments is narrower. Limitations on permitted
particle size are also often in place, to minimize the potential
for eye irritation and injury. The cream products contain
solvents (often hydrocarbons or isoparaffins), waxes similar to
some of those used in certain mascaras, emollients, gelling
agents, fillers (e.g., talc, starches, and some polymers), and, of
course, colorants and preservatives.

Regarding preservatives, it is critical that products used in the
area of the eye be free of microbial pathogens and with numbers
of any other microorganisms kept as low as possible to mini-
mize the possibility of causing or exacerbating eye infections.
Nail Makeup

Nail polishes and lacquers are the most widely used nail
makeup products. They are composed of a polymeric film
former, modifying polymers or resins, plasticizing agents, and
solvents. Nitrocellulose is the most commonly used film
former, and the most commonly used modifying resin is para-
toluene sulfonamide formaldehyde resin. Formaldehyde is
a known sensitizer and this formaldehyde resin has been asso-
ciated with allergic reactions in some users, prompting the
development of some products that use other modifiers. A
variety of plasticizers are used, most of which are considered
relatively benign, with the exception of dibutyl phthalate, which
has been shown to affect the immune system in animal studies.
Concerns over these findings have resulted in reformulation of
a great many products to reduce levels of this ingredient or
eliminate it entirely. Nail lacquers also contain solvents at
approximately 70% and for some of the solvents used in these
products this has given rise to health concerns, particularly in
the salon setting. In such settings, air levels can be much higher
than in the home setting and inhalation exposure also much
more prolonged for the salon professionals applying the prod-
ucts. Adverse effects that have been associated with high
airborne levels of these substances include eye irritation and
possible eye damage; nausea and vomiting with abdominal
pain; chest pain and irregular heart beat; difficulty breathing and
shortness of breath; balance problems; euphoria and halluci-
nations; and at very high exposure levels, seizures.
Regulations, Standards, and Testing

As noted previously, cosmetics and personal care products are
defined and regulated differently across the globe. The authors
Table 2 Common skin assays for testing cosmetic products/ingredients

Method End point

EpiSkin® human skin model Skin corros
EpiDerm™ human skin model Skin corros
Rat skin transcutaneous electrical resistance test Skin corros
SkinEthic™ human skin model Skin corros
Vitrolife-Skin™ human reconstructed epidermis assay Skin corros
EpiSkin™ skin irritation test (with MethylThiazolyl

Tetrazolium Assay (MTT) reduction)
Skin irritatio

EpiDerm™ skin irritation test (with MTT reduction) Skin corros
EpiDerm™ SIT model (EPI-200) assay Skin corros
SkinEthic RHE model test Skin corros

ECVAM, European Center for the Validation of Alternative Methods; ESAC, ECVAM Sci
Validation of Alternative Methods; OECD, Organization for Economic Cooperation and De
will present examples of some of the key differences; for a fuller
treatment, the reader is referred to the Additional Reading and
Web Site References.

For example, according to the EU definition “cosmetics are
any substance or preparation intended to be placed in contact
with various external parts of the human body (epidermis, hair
system, nails, lips, and external genitals) and with the teeth or
mucous membranes of the oral cavity with a view exclusively or
mainly cleaning them, perfuming them, changing their
appearance and/or for protecting them or keeping them in
a good condition.” In the United States, cosmetics are defined
a bit more narrowly as “articles to be rubbed, poured, sprinkled
or otherwise applied to the human body or any part thereof for
cleansing, beautifying, promoting attractiveness, or altering the
appearance, and articles intended for use as a component of
any such articles.” Certain products classified as cosmetics in
the EU are regulated as over-the-counter (OTC) drugs in the
United States, including (but not limited to) anticaries tooth-
paste, antiperspirants, antidandruff shampoos, sunscreen
products, and more. In Japan, the definition of cosmetic cate-
gories more closely resembles that of the United States, but
somewhat different, and in some cases more stringent
requirements are applied. For example, many products that
would be OTC drugs in the United States are termed ‘quasi-
drugs’ in Japan and subject to a registration process that also
requires submission of safety and efficacy information, unlike
the process in the United States.

The manner in which ingredients are identified as safe/
suitable for use in products differs significantly and is beyond
the scope of this article. However, there is a core set of data and
information that is pivotal to the safety assessment of most
cosmetic ingredients: levels of use and physical/chemical data
(including impurities), skin irritation and sensitization, dermal
absorption/penetration data, and genetic toxicity data. In
situations where oral intake is expected or if dermal absorp-
tion/penetration data indicate possibly significant systemic
absorption, additional studies of different kinds may be
needed. Photoinduced toxicity data are especially useful when
a cosmetic ingredient/product is expected or intended to be
used on sunlight-exposed skin. Human data are very useful and
typically included in a comprehensive evaluation of a cosmetic
product’s safety. Changing perspectives on, and legal require-
ments governing the use of, animal testing in various parts of
the globe are also changing perspectives and requirements
regarding testing. The development of in vitro and so-called
in silico alternatives to animal testing is an area of vigorous
Test type Endorsement/regulatory acceptance

ion In vitro ECVAM; ESAC; ICCVAM; OECD TG 431
ion In vitro ESAC; ICCVAM; OECD TG 431
ion Ex vivo ECVAM; ESAC; ICCVAM; OECD TG 430
ion In vitro ECVAM; ESAC; ICCVAM; OECD TG 431
ion In vitro JaCVAM; OECD TG 431
n In vitro ESAC; JaCVAM; OECD TG 431

ion In vitro EU test method B.46 in COM regulation 440
ion In vitro ECVAM; ESAC; JaCVAM; OECD TG 439
ion In vitro ECVAM; ESAC; JaCVAM; OECD TG 439

entific Advisory Committee; ICCVAM, Interagency Coordinating Committee on the
velopment; and JaCVAM, Japanese Center for the Validation of Alternative Methods.



Table 5 Common phototoxicity assays for testing cosmetic ingredients/products

Method End point Test type Endorsement/regulatory acceptance

3T3 neutral reuptake photocytotoxicity Photoirritation In vitro OECD
Guinea pig models Photoallergy In vivo –

Note: There is no in vitro method currently accepted for photoallergy testing. OECD, Organization for Economic Cooperation and Development;
–, no endorsement or regulatory acceptance.

Table 3 Common skin sensitization assays for testing cosmetics ingredients/products

Method End point Test type Endorsement/regulatory acceptance

Mouse local lymph node assay (LLNA) Skin sensitization/immunotoxicity In vivo ICCVAM; ESAC; OECD TG 429;
Reduced LLNA: rLLNA Skin sensitization/immunotoxicity In vivo ESAC; ICCVAM; JaCVAM; OECD TG 429
Nonradiolabeled LLNA Skin sensitization/immunotoxicity In vivo ICCVAM; JaCVAM; OECD TG 442A
Nonradiolabeled LLNA: DA Skin sensitization/immunotoxicity In vivo ICCVAM; JaCVAM; OECD TG 442B
LLNA for potency categorization of skin sensitizers Skin sensitization/immunotoxicity In vivo ICCVAM; some US agencies
Human repeated insult patch tests Skin sensitization/immunotoxicity Human studies ICCVAM
Human maximization test Skin sensitization/immunotoxicity Human studies ICCVAM

ECVAM, European Center for the Validation of Alternative Methods; ESAC, ECVAM Scientific Advisory Committee; ICCVAM, Interagency Coordinating Committee on the
Validation of Alternative Methods; OECD, Organization for Economic Cooperation and Development; and JaCVAM, Japanese Center for the Validation of Alternative Methods.

Table 4 Common eye (ocular) assays for testing cosmetic ingredients/products

Method End point/area of application (if applicable) Test type Endorsement/regulatory acceptance

Bovine corneal opacity and permeability test Eye corrosion (moderate to severe irritants) Ex vivo ICCVAM; ECVAM; JaCVAM; OECD TG 437
Cytosensor microphysiometer modified test Eye corrosion/irritation In vitro ICCVAM; ECVAM; ESAC; Draft OECD TG 460
Hen’s egg test – chorioallantoic

membrane assay
Eye corrosion (severe irritants and

mild/moderate for surfactants)
In vitro –

Isolated chicken eye assay Eye corrosion Ex vivo ICCVAM; ECVAM; JaCVAM; OECD TG 438
Isolated rabbit eye assay Eye corrosion (severe irritants) Ex vivo –

EpiOcular Eye irritation (moderate to mild irritants) In vitro ICCVAM
Human corneal epithelial cell assay

(SkinEthic)
Eye irritation (differentiate between

irritants vs nonirritants)
In vitro ICCVAM

Rabbit low-volume eye test Eye irritation (all irritants) In vitro ESAC; ICCVAM
Fluorescein leakage test method Eye corrosion In vitro ECVAM; ESAC; Draft OECD TG

ECVAM, European Center for the Validation of Alternative Methods; ESAC, ECVAM Scientific Advisory Committee; ICCVAM, Interagency Coordinating Committee on the
Validation of Alternative Methods; OECD, Organization for Economic Cooperation and Development; and JaCVAM, Japanese Center for the Validation of Alternative Methods;
TG, testing guidance; –, no endorsement or regulatory acceptance.
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research. A selection of assays for toxicological end points
particularly important in assessing the safety of cosmetic
products and ingredients is given in Tables 2–5.
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l Name: Cotinine
l Chemical Abstracts Service Registry Number: CAS 486-56-6
l Synonyms: (S)-1-methyl-5-(3-pyridyl)-2-pyrrolidinone;

(S-)-1-methyl-5-(3-pyridyl)-2-pyrrolidone
l Molecular Formula: C10H12N2O
l Chemical Structure:
Background (Significance/History)

Cotinine is the major metabolite of nicotine. In the liver,
nicotine is rapidly metabolized to cotinine (70–80%) by
CYP2A6 and to nornicotine (5%) by CYP2A6 and CYP2B6.
With a half-life about 10-fold longer than that of nicotine
(15–19 h for cotinine versus 2–3 h for nicotine), cotinine
induces plasma concentrations of 1–3 mM in smokers. After
administration to rats, cotinine levels in the brain reach
fourfold those of nicotine at 4 h following injection. Coti-
nine is not biotransformed in the brain, allowing accumu-
lation of this substance to levels greater than that of
nicotine.

Like nicotine, cotinine is able to induce dopamine release in
smokers and in superfused rat striatal slices in a dose- and
calcium-dependent manner via the nicotinic receptors, but
only at concentrations higher than those normally seen in
smokers. Indeed, administration of cotinine to smokers at
levels 10-fold that is seen following smoking had no observ-
able effect, suggesting that cotinine is not neuroactive at doses
found in smokers. However, cotinine also acts as an inhibitor
for nicotine binding in rat brain via desensitization of the
nicotinic receptor.

At high doses in rats, cotinine reduces heart rate in a dose-
dependent manner, reduces aldosterone levels, reduces
blood pressure, and reduces heart rate. Although some
studies report behavioral alterations in animals, these were
performed using supraphysiological doses of cotinine and
one report suggests contaminants playing a role in behav-
ioral changes.

The presence of cotinine is sometimes used as an indi-
cator for smoking: Active smokers typically have levels of
cotinine that are higher (10–500 ngml�1) than those of
nonsmokers (1–10 ngml�1). A different report gave mean
serum levels of nicotine (0.12 mM) and cotinine (0.85 mM) in
smokers.
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Uses

Cotinine is primarily used in research. Cotinine is a biomarker
for the consumption of tobacco and other nicotine-containing
products.
Environmental Fate and Behavior

Cotinine has a vapor pressure of 3.8� 10�4 mmHg at 25 �C.
Cotinine will be photochemically degraded with a half-life of
15 h. In sediment, cotinine is completely degraded to carbon
dioxide within 72 h. It is not expected to bioaccumulate in
aquatic organisms.
Exposure and Exposure Monitoring

Cotinine is a viscous liquid. Dermal or ocular contact is the
most common exposure pathway. Because it is a predominant
metabolite of nicotine, systemic exposure occurs after
consumption of tobacco products. Exposure may also occur via
second-hand smoke.
Toxicokinetics

The half-life of cotinine in human serum is approximately
15–19 h. Low levels of nicotine are also present in vegetables
such as tomatoes and potatoes, presumably as a natural
pesticide against insects.
Mechanism of Toxicity

Cotinine stimulates dopamine release in the nigrostriatal
pathway by activating nicotinic acetylcholine receptors.
However, its lower EC50 prevents significant activation of this
pathway in smokers.
Acute and Short-Term Toxicity

Animal

The oral gavage LD50 for cotinine in mice is 1,604mg kg�1. The
intraperitoneal LD50 in mice is 930mg kg�1. Cotinine induced
excitement, somnolence, and dyspnea in mice.
Human

Most studies have found no correlation between cotinine treat-
ment and changes in blood pressure or heart rate. Cotinine at
a dose of 1800 mg day�1 exposure for 4–6 days in nonsmoking
males did not elicit any adverse effects.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00294-3
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Carcinogenecity

Cotinine is not recognized as carcinogenic by IARC, ACGIH,
NTP, or OSHA. However, cotinine has been found to inhibit
doxorubicin-induced cell death by suppression of caspase-
mediated apoptosis through the PI3 kinase/Akt pathway.
Individuals with reduced-function or null polymorphisms of
CYP2A6 have less tobacco-related lung cancer. Because
CYP2A6 is the primary enzyme responsible for the metabolism
of nicotine to cotinine, these data suggest that cotinine
enhances the risk of lung cancer.
Clinical Management

Artificial respiration is advised if the patient is not breathing.
Monitor for shock, pulmonary edema, and seizures. Emetics
are not advised.

See also: Nicotine; Tobacco.
Further Reading

Dwoskin, L.P., Teng, L., Buxton, S.T., Crooks, P.A., 1999. (S)-(-)-cotinine, the major
brain metabolite of nicotine, stimulates nicotinic receptors to evoke [3H]dopamine
release from rat striatal slices in a calcium-dependent manner. J. Pharmacol. Exp.
Ther. 288, 905–911.

Hatsukami, D.K., Grillo, M., Pentel, P.R., Oncken, C., Bliss, R., 1997. Safety of cotinine
in humans: physiologic, subjective, and cognitive effects. Pharmacol. Biochem.
Behav. 57, 643–650.

Nakada, T., Kiyotani, K., Iwano, S., et al., 2012. Lung tumorigenesis promoted by anti-
apoptotic effects of cotinine, a nicotine metabolite through activation of the PI3K/
Akt pathway. J. Toxicol. Sci. 37, 555–563.
Relevant Websites

http://chem.sis.nlm.nih.gov/chemidplus/ProxyServlet?
objectHandle¼DBMaint&actionHandle¼default&nextPage¼jsp/chemidheavy/
ResultScreen.jsp&ROW_NUM¼0&TXTSUPERLISTID¼0000486566
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l Name: Coumarins
l Chemical Abstracts Service Registry Number: 91-64-5
l Synonyms: Coumarin; 2H-1-Benzopyran-2-one;

1,2-Benzopyrone; cis-o-Coumaric acid lactone; Coumarinic
anhydride; 2-Oxo-1,2-benzopyran; Tonka bean camphor
(note: Coumadin and warfarin are not synonyms for
coumarin)

l Chemical/Pharmaceutical/Other Class: Benzopyrone
l Molecular Formula: C9H6O2

l Chemical Structure:
Background

Coumarin is a naturally occurring Benzopyrone compound.
It is found in a large number of plants belonging to many
different families including tonka beans, woodruff, lavender
oil, cassia, melilot (sweet clover), and other plants. It is found
in edible plants such as strawberries, cinnamon, peppermint,
green tea, carrots, and celery, as well as in partially fermented
tea, red wine, beer, and other foodstuffs. Concentrations range
from 87 000 ppm in cassia and 40 000 ppm in cinnamon to
20 ppm in peppermint and 5 ppb in tangerines.
Uses

Coumarin is most often used as a fragrance ingredient, where it
functions as a fragrance, as a fragrance enhancer, and as
a stabilizer. Coumarin is widely used in perfumes, hand soaps,
detergents, and lotions at concentrations from 0.01 to 2.4%. It
is used to give pleasant aromas to household products or to
mask unpleasant odors. The conservative estimate for systemic
exposure of humans by using cosmetic products is
0.13 mg kg�1 day�1, disregarding any corrections that should
be made for absorption that is <100%. Coumarin is used as
a pharmaceutical for the treatment of high-protein lymphe-
dema and for improved venous circulation, and has been tested
in clinical trials as an antineoplastic. Although coumarin’s use
in foods is allowed via naturals such as cinnamon, at the
present time, coumarin is not permitted for use as a direct food
additive; however, it is used as a tobacco flavor. Coumarin is
also used in the electroplating industry.
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Environmental Fate

Coumarin is readily biodegradable. Coumarin is unlikely to
bind to soil. Coumarin does not bioaccumulate; the bio-
concentration factor has been determined to be <10–40.
Various environmental fate studies have shown that coumarin
in the environment would biodegrade and be lost to volatili-
zation. Losses resulting from photolysis may also occur.
Exposure Routes and Pathways

Due to its common use in fragrances and fragrance-containing
products, dermal exposure to coumarin is common. Coumarin
is readily absorbed dermally, a fact that makes dermal dosing
for lymphedema treatment a consideration. Human exposure
to coumarin also occurs orally via natural foodstuffs, from
pharmaceutical use, and from tobacco products. Coumarin is
rapidly absorbed from the gut.
Toxicokinetics

The absorption, metabolism, and excretion of coumarin have
been widely studied for many years. Advances in synthetic and
analytical chemistry techniques in recent years have allowed
a significant revision to our understanding of how coumarin is
handled in the body, particularly in rodents and humans.
While coumarin is readily available by both the oral and
dermal routes in animals and humans, blood levels and
toxicity profiles are influenced by the specific exposure mode.
Plasma levels more than 20 times higher than those observed
following exposure via the diet have been reported after a bolus
oral dose at similar milligram coumarin per kilogram body
weight levels. Dermal exposure bypasses the ‘first-pass’ effect of
initial metabolism by the liver. Coumarin in the blood first
passes through the lung, where significant amounts can be
exhaled prior to being metabolized by the liver. Metabolic
pathways are highly species specific and, sometimes, strain
specific. DBA/2J mice have been reported to have a high level of
coumarin hydroxylase activity, resulting in metabolism mainly
to 7-hydroxycoumarin. CH3/HeJ mice, on the other hand, have
been reported to have very little hydroxylase activity. In rats and
many strains of mice other than the DBA/2J, oral coumarin
exposure results in hepatic metabolism of coumarin, with the
formation of the coumarin 3,4-epoxide (CE), which sponta-
neously rearranges extremely rapidly to the o-hydrox-
yacetaldehyde (o-HPA), the toxic metabolite. The o-HPA is then
further metabolized to the nontoxic o-hydroxyacetic acid (o-
HPAA) and o-hydroxyethanol (o-HPE). Rodents also metabo-
lize coumarin by several lesser pathways, to the nontoxic
3-hydroxycoumarin and several other more minor metabolites.
It is the balance between the formation of the toxic o-HPA and
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00798-3
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the nontoxic o-HPAA and o-HPE that is critical to the deter-
mination of hepatotoxicity at high exposure levels of coumarin.
Mice form more o-HPA than do rats, but detoxify it much more
rapidly and efficiently than do rats. The result is that hepato-
toxicity at doses �150 mg coumarin per kilogram body weight
is observed in rats, but not in mice. Similarly, when high doses
of coumarin result in high plasma levels, mice demonstrate
pulmonary toxicity, whereas rats do not. This is the result of the
formation of higher levels of CE and o-HPA in the Clara cells in
the lungs of mice, which is not observed in rats. In contrast to
rodents, humans primarily metabolize coumarin not to the
epoxide and o-HPA, but rather to the nontoxic metabolite,
7-hydroxycoumarin. Very high levels of coumarin are required
to generate any o-HPA in human liver, and what is formed is
rapidly detoxified. Humans have very few Clara cells in the
lungs and do not generate CE and o-HPA in the lung, even at
high coumarin doses. In a study using human hepatic micro-
somes with various CYP2A6 7-hydroxylation capacities, those
samples that demonstrated a low capacity to utilize the
7-hydroxylatation pathway also showed a decreased capacity to
form CE.
Mechanism of Toxicity

Coumarin toxicity is a function of blood and target tissue levels
of coumarin relative to the metabolic capacity of the target
organ. Cellular toxicity results when the formation of the toxic
moieties exceeds the capacity of the cell to detoxify. This can
have significant impact when comparing dosing by gavage to
dietary exposure (see Toxicokinetics).
Acute and Short-Term Toxicity (or Exposure)

Animal

LD50 values ranging from 160 to 780 mg kg�1 body weight
have been reported. The differences may relate to the species/
strain of animal used and whether the animals were fasted at
the time of dosing. Coumarin can be slightly irritating to the
eye and skin. In rat studies, dietary exposure at levels
�2500 ppm for 4 weeks or more may result in decreased food
consumption, with resulting decreased body weight, and
microscopic changes in the liver. Doses as high as 1–2% in the
rodent’s diet (10 000–20 000 ppm) have been given, usually
resulting in a refusal of food and mortality. In rats exposed to
doses that are sufficiently high to significantly affect food
consumption, coumarin can decrease reproductive success. At
lower dose levels, no adverse effects on reproduction or
development have been reported.
Human

Coumarin exposure is common via cinnamon, green tea, sweet
clover honey, and other foodstuffs. Bleeding has been reported
from drinking herbal teas containing tonka beans, melilot, and
sweet woodruff. When used as a pharmaceutical, doses have
ranged from 70 to 7000 mg day�1. The most common phar-
maceutical dosage appears to be 200 mg once or twice per day.
Infrequently, hepatotoxicity has been reported following
pharmaceutical use. Hepatic enzyme changes have been re-
ported to be reversible following cessation of administration,
and occasionally are reversible despite continued use. The
incidence rates reported have ranged from <0.1 to 6%,
depending on the study population and, to a lesser extent, on
the dose administered. Some deaths have been reported, but
confounding factors such as preexisting medical conditions
have precluded interpretation in most cases. Studies of CYP2A6
polymorphism in humans have not shown an association with
coumarin-associated liver dysfunction. Coumarin has been
tested for its ability to cause sensitization in several test systems
including dermal application in guinea pigs, the mouse ear
swelling test, and the local lymph node assay (LLNA). In all
cases where pure coumarin was tested in animals, results were
negative, including when tested at up to 50% in four recent
LLNA studies. Also in LLNA studies, a chlorinated impurity
(6-chlorocoumarin) and less-pure coumarin derived from o-
cresol have been shown to be sensitizers, confirming reports of
sensitization from various substituted derivatives of coumarin.
In humans already sensitized to certain other substances such
as balsam of Peru, coumarin has been reported to cross-react.
While laboratory species are not likely to have been exposed
to coumarin or cross-reacting substances before being tested,
the human population is likely to have been previously
exposed. This can make testing in humans more difficult to
interpret. The furanocoumarins may cause photosensitivity in
light-skinned humans. Some coumarins are similar to warfarin
in their activity and may have an anticoagulant effect at large
enough doses. Its anticoagulant activity is 1/50 000th of that of
warfarin. Coumarin may also potentiate the effect of vitamin K
antagonists as suggested by several case reports. This mecha-
nism remains unknown. It is not teratogenic in humans (does
not cause hemorrhagic syndrome) and has no reported adverse
effects on human reproduction.
Chronic Toxicity (or Exposure)

Animal

Numerous long-term toxicity and/or carcinogenicity studies
have been conducted. In general, the primary effects reported
are decreased food consumption with resulting decreased body
weight and liver toxicity (in rats). At doses that produce
a significantly decreased body weight gain (�150 mg kg�1

body weight), liver toxicity and liver tumors are reported in
rats. These tumors are nonmetastatic and nonlethal. Lung
tumors have been reported in mice exposed by bolus (via
stomach tube) administration at doses �150 mg kg�1 body
weight, but not in mice exposed to comparable doses in the
diet.
Human

In workers, dusts may be irritating to the respiratory system.
Coumarin may be a weak dermal sensitizer in sensitive indi-
viduals. Purity of the material can play a significant role in this
regard. No other long-term effects of coumarin have been re-
ported in humans. The International Agency for Research on
Cancer reviewed coumarin in 2000 and classified it into group
3, not classifiable as a carcinogen in humans.
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In Vitro Toxicity Data

Coumarin is not mutagenic and does not bind to deoxy-
ribonucleic acid. It is not clastogenic (i.e., it has no significant
effect on chromosomes).
Reproductive Toxicity

In contrast to warfarin, coumarin is not teratogenic.
Genotoxicity

Coumarin has been shown to be void of any genotoxic effect
and has even shown to be protective against doxorubicin-
induced mutations.
Carcinogenicity

Coumarin has not been identified as a carcinogen and may
even have antioxidant and antineoplastic effects.
Clinical Management

Due to the limited toxicity of coumarin, there is little data
identified for clinical management of overdoses. Manage-
ment could include gastric decontamination in large over-
dose via oral exposure. Furthermore, monitoring of
international normalized ratio and liver function tests may
be warranted.
Ecotoxicology

Coumarin is not very environmentally toxic, with 96-h LC50

values in fish of 56 mg l�1 and a 24-h EC50 inDaphnia magna of
55 mg l�1. Algal respiration was depressed at laboratory test
concentrations of 50 mmol l�1. Coumarin in the environment
will readily degrade.

See also: Cosmetics and Personal Care Products.
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Creosote (Coal Tar Creosote and Wood
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l Name: Coal tar creosote and wood creosote
l Chemical Abstracts Service Registry Numbers: 8021-39-4,

8001-58-9
l Molecular Formula: None
l Chemical Structure: None
Background

This article summarizes the physicochemical characteristics of
wood creosote and coal tar creosote. Because there is relatively
little toxicological information regarding wood creosote, and it
is little used in the United States, attention is focused on the
environmental fate, toxicokinetics, toxicology, and regulatory
status of coal tar creosote.
Chemical Identity

The chemical identities of wood creosote and coal tar creosote
are presented in Table 1.
Wood Creosote

Wood creosote (CASR# 8021-39-4) was first prepared in
Germany in 1830. It is obtained from fractional distillation of
Table 1 Chemical identity of coal tar and wood creosotes

Coal tar creosote

Synonym(s) Creosote, creosote oil, dead
oil, creosote P1, heavy oi
creosotum, cresylic creos
AWPA#1, Preserv-o-sote

Identification numbers
CAS registry 8001-58-9
NIOSH RTECS GF9615000
EPA hazardous waste U051
OHM/TADS No data
DOT/UN/NA/IMCO shipping UN 1136/1137; IMO 3.2/3.3

HSDB 6299

CAS ¼ Chemical Abstracts Services; DOT/UN/NA/IMCO ¼ Department of Trans
Goods Code; EPA ¼ Environmental Protection Agency; HSDB ¼ Hazardous Sub
Health; OHM/TADS ¼ Oil and Hazardous Materials/Technical Assistance Data
Information from Agency for Toxic Substances and Disease Registry (ATSDR), 2
Coal Tar Pitch, and Coal Tar Pitch Volatiles. U.S. Department of Health and Hu

ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
beechwood or related plants, and consists mainly of
phenols, cresols, guaiacols, and xylenols. It is a colorless or pale
yellowish greasy liquid, with a smoky odor and burnt taste.
Wood creosote has been used for medicinal purposes (as a
disinfectant, laxative, and expectorant) since its discovery.
Although it is not now a major pharmaceutical ingredient in
the United States and other western countries, wood creosote is
still listed in the Japanese and Korean pharmacopoeia for the
treatment of diarrhea, and is used in these countries as a self-
medication for gastrointestinal disorders, including diarrhea.
Its use as a synthetic flavoring substance is permitted in the
United States.

Because wood creosote is not widely used in the United
States and has received relatively little toxicological evaluation,
it is not further discussed in this article.
Coal Tar Creosote

Coal tar creosote (CASR# 8001-58-9) is a brownish-black/
yellowish-dark green oily liquid with a characteristic sharp
odor. Formed from distillation of coal tars (by-products of the
carbonization of bituminous coal to produce coke and/or
natural gas), it is a complex and variable mixture of hundreds
to thousands of hydrocarbon compounds, with few contrib-
uting more than 1%.
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When used as a pesticide to preserve wood, coal tar creosote
must conform to standards established by the American Wood
Preservers Association, P1/P13 or P2. The chemical composi-
tions of P1/P13 and P2 are listed in Table 2. There are six major
classes of compounds in creosote: aromatic hydrocarbons
(including polycyclic aromatic hydrocarbons (PAHs) and
alkylated PAHs) with two, three, or four to five, which
constitute up to 90% of creosote; phenolics; nitrogen-, sulfur-,
and oxygen-containing heterocyclic compounds (including
Table 2 Mean fractional composition of P1/P13 and P2 coal tar
creosote

Compound CAS#

P1/P13

fraction %

(mean)

P2

fraction%

(mean)

Indole 120-72-9 0.20
Indene NC 0.5
Benzo[c]thiophene NC 0.40
Benzoquinoline-1

(7,8-benzoquinoline)
230-27-3 0.70

2-Methylphenanthrenes 0.60
Pyrene

(benzo[def]phenanthrene
129-00-00 3.64

1,2-Benzofluorene
(benzo[a]fluorene

– 0.73

Chrysene
(benz[a]phenanthrene)

218-01-9 1.4

Benzo[ghi]perylene <0.1 0.10
2-Phenylnaphthalene – 0.20 0.47
Methylpyrene 0.20 0.30
3-Methyl biphenyl

(3-phenyl toluene)
643-93-6 0.30 0.61

Benz[e]pyrene 0.3 0.50
Benz[a]anthracene 56-55-3 0.40 0.20
Benzo[a]pyrene 0.40
1-Ethylnaphthalene 0.60 0.50
1,3-Dimethyl naphthalene 575-41-7 0.80 0.60
4-Methyldibenzofuran 0.80 0.40
Benz[b]fluoranthene 205-99-2 0.80 0.51
2,3-Benzofluorene 243-17-4 0.90 0.80
Quinoline 91-22-5 1.0 0.50
Dibenzothiophene 132-65-0 1.3 0.94
Chrysene 1.4 0.10
4H-cyclopenta

[def]phenanthrene
203-64-5 1.5 1.74

Biphenyl 92-52-4 1.6 0.71
9H-carbazole 86-74-8 1.7 1.4
1-Methylnaphthalene 90-12-0 2.5 1.3
Anthracene 120-12-7 3.1 2.90
Dibenzofuran 132-64-9 4.3 2.3
Pyrene 4.7 4.0
Fluoranthene 206-44-0 5.5 4.60
2-Methylnaphthalene 91-57-6 5.6 2.80
Fluorene 86-73-7 6.0 4.03
9H-Fluorene 6.0 3.5
Naphthalene 91-20-3 6.2 17.3
Acenaphthene 83-32-9 7.7 4.40
Phenanthrene 85-01-8 12.8 9.60

Data from U.S. Environmental Protection Agency (EPA), 2008. Reregistration
Eligibility Decision for Creosote (Case 0139). EPA 739-R-08–007. Prevention,
Pesticides, and Toxic Substances.
dibenzofurans); and aromatic amines. The PAHs may have
two, three, four, or five fused aromatic rings. The principal
PAHs in coal tar creosote are naphthalene, phenanthrene, flu-
oranthene, acenaphthene, fluorene, and pyrene, while the
carcinogenic PAHs are minor constituents. Thus, the physical
and chemical properties of the individual components of
creosote vary widely.
Uses

Coal tar creosote is a fungicide, insecticide, and sporicide,
primarily used as a wood preservative in the United States.
Creosote formulations intended for wood treatment are
restricted use pesticides. Wood treated with these preservatives
is specified for commercial and industrial uses at outdoor sites.
Approximately 70% of creosote wood preservatives are used to
pressure-treat railroad ties and crossties, 15–20% is used for
utility poles and cross arms, and the remainder for assorted
lumber products (e.g., timbers, poles, posts, and groundline-
support structures).
Environmental Transport and Distribution

The environmental transport and distribution of creosote
constituents involve multiple complex processes. Differences in
environmental behavior depend on the physicochemical
characteristics of the individual compounds, which control
their solubility, bioavailability, susceptibility to degradation,
and capacity for depuration by organisms, as well as on their
interactions with environmental matrices and environmental
conditions. Volatile compounds (low–molecular weight PAHs,
phenolics, and some heterocyclics) partition to air, polar
compounds to water, and hydrophobic, higher molecular
weight compounds may sorb to soil and sediment and/or
accumulate in biota. As a result, creosote-contaminated soil
and sediment usually contain relatively higher levels of
hydrophobic PAHs than creosote itself. Creosote constituents
can also enter the atmosphere as particulate matter. The
predominant environmental sinks for creosote constituents are
groundwater and soil and sediment, where they may persist for
decades.

In the aquatic environment, coal tar creosote constituents
can dissolve, volatilize, sorb to sediment, and/or enter bio-
logical tissues via bioconcentration and bioaccumulation. The
bioavailability of individual constituents varies widely, and the
majority of available data pertains to PAHs. Field monitoring
studies at creosote-contaminated sites, relocation experiments,
and laboratory and microcosm studies have demonstrated that
aquatic invertebrates and fish can bioaccumulate certain PAHs
from creosote. Although biomagnification of creosote PAHs in
fish appears to be limited by their greater metabolic capacity,
human exposure to lipophilic coal tar creosote constituents via
consumption of contaminated seafood has been observed.
PAHs derived from coal tar creosote in soil can also be taken up
by terrestrial plants and animals, although to a lesser degree
than in aquatic systems.

Environmental degradation of coal tar creosote constitu-
ents is likewise variable, dependent on structure and
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environmental conditions. Phenolic compounds and some
heterocyclic compounds are quickly removed, whereas others
are recalcitrant. Photochemical transformation seems to be
the dominant mechanism of abiotic degradation of PAHs and
heterocyclic and phenolic compounds in the atmosphere and,
to a lesser extent, in water and soil. Aerobic biodegradation
is generally more effective than anaerobic degradation.
Degradability of PAHs appears to be inversely related to the
number of aromatic rings. Thus, higher molecular weight
compounds tend to be more persistent. However, PAHs sor-
bed to soil and sediment may undergo an aging process that
results in reduced bioaccessibility and bioavailability
over time.
Human Exposure Routes and Pathways

Coal tar creosote is not available for sale or use by home-
owners, and must be applied in a controlled setting under
closed process conditions, only by certified applicators or
under direct supervision. Accordingly, the US Environmental
Protection Agency (EPA) has determined that there is no
potential for human exposure to creosote through food or
drinking water. Wood treatment workers and workers involved
in remediation of creosote-contaminated sites experience the
greatest potential for exposure.

The primary route of occupational exposure to creosote
constituents is dermal, through handling treated wood or
contaminated media. Inhalation exposure is also possible,
but less important. Members of the general public living
near creosoting plants may be exposed to volatile
components via air emissions. Creosote is not registered for
residential use, and other pesticides are generally used
for preservation of playground equipment. In its reregis-
tration review in 2008, EPA determined that children's
potential exposure to creosoted landscape ties was too brief
and infrequent to be of concern. It should be noted
that PAHs tend to be poorly absorbed from the gastroin-
testinal tract, particularly when associated with soil
particles.
Toxicokinetics

Coal tar creosote constituents can be absorbed by passive
diffusion across oral, dermal, and respiratory mucosae, at
rates and in quantities dependent on the nature of exposure
Table 3 Acute mammalian toxicity data for creosote P1/P13

Test (species) P1/P13

Acute oral toxicity (rat) LD50 2451 mg kg�1 (M)
1893 mg kg�1 (F)

Acute dermal toxicity (rabbit) LD50 >2000 mg kg�1

Acute inhalation toxicity (rat) LC50 >5 mg l�1

Primary eye irritation (rabbit) Clear in 8–12 days
Primary dermal irritation (rabbit) Erythema to day 14
and their physicochemical characteristics. The EPA has esti-
mated a dermal absorption fraction of 5% for humans.
Although distribution studies with coal tar creosote have not
been performed, it is reasonable to assume that studies on the
individual constituents are reflective of their behavior in
a mixture. Studies with both PAHs and phenolic compounds
have found them to be rapidly and widely distributed in the
tissues. Therefore, it is likely that absorption of coal tar
creosote would result in a wide distribution of its constituents
in the body.

Few studies on the metabolism of coal tar creosote are
available, but many studies have examined PAH metabo-
lism. PAHs are generally metabolized by microsomal
oxidative enzyme systems, in particular the cytochrome
P450 system, liver, lungs, skin, kidney, and other tissues.
Certain PAHs can undergo hydroxylation, resulting in reac-
tive epoxides that can bind to DNA and other macromole-
cules. The principal metabolic products identified are
conjugates of phenols, dihydrodiols, quinones, and anhy-
drides. Phenolic compounds can undergo conjugation,
hydroxylation, and oxidation.

Specific urinary metabolites detected after human occu-
pational exposure to coal tar creosote include 1-naphthol,
which is formed from naphthalene, and 1-pyrenol, which is
formed from pyrene. Urinary concentrations of both 1- and
2-naphthol (also a naphthalene metabolite) were signifi-
cantly higher in nonsmoking residents near a wood treatment
plant in Canada than in controls, but similar to levels
observed in smokers. In contrast, 1-pyrenol was not elevated
in the residents.

Excretion of coal tar creosote constituents other than PAHs
has been little studied. Regardless of the route of absorption,
metabolized (and some unmetabolized) PAHs are excreted
into bile and feces and, to a lesser extent, into urine. Reab-
sorption via hepatobiliary circulation may occur. Lipophilic
PAHs can also be excreted into milk.
Toxicity

Acute and Subchronic Toxicity

Coal tar creosote formulations have a moderate degree of acute
toxicity (Toxicity Category III) in experimental animals via the
oral and dermal routes, and low toxicity (Toxicity Category IV)
via inhalation (Table 3). However, they can cause moderate to
substantial eye irritation, and are assumed to be dermal
sensitizers.
and P2 fractions

Toxicity

category P2

Toxicity

category

III 2524 mg kg�1 (M)
1993 mg kg�1 (F)

III

III >2000 mg kg�1 III
IV >5.3 mg l�1 IV
II Clear in 7 days III
III No irritation after 7 days III
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Human deaths have occurred within 14–36 h after inges-
tion of about 7 g of coal tar creosote by adults and 1–2 g by
children. The primary cause of death appears to be cardio-
vascular collapse. Acute inhalation exposure in humans may
result in irritation and burns of the skin and eyes and respi-
ratory irritation. Similarly, oral exposure may cause irritation
and damage to the gastrointestinal tract, with symptoms
including salivation, vomiting, thready pulse, headache,
and loss of pupillary reflexes. Reports of long-term self-
medication have indicated symptoms of intoxication and
visual disturbances.

Repeated-dose dermal studies conducted in rats indicated
minimal toxic effects, with no observed adverse effect level
(NOAEL) of 40–400 mg kg�1 day�1 depending on creosote
type and animal sex. Subchronic (90 day) inhalation expo-
sure to creosote produced a wider spectrum of effects, some
of which were reversible following a 6-week recovery period.
P1/P13 creosote caused myocardial pathology and altered
hematological parameters in both sexes. The systemic
NOAEL identified by the EPA for P1/P13 is 5.4 mg m�3. P2
creosote also produced altered hematological parameters,
and resulted in increased absolute and relative liver and
thyroid weights, follicular cell hypertrophy, and lesions of
the nasal cavity. The systemic NOAEL identified by the EPA
for P2 is 4.7 mg m�3.
Developmental Toxicity

There are no data regarding the developmental toxicity of
creosote in humans. Animal studies provide little evidence of
developmental toxicity, and treatment-related effects appear
to be associated with maternal toxicity. In rats administered
25, 50, or 175 mg P1/P13 creosote per kg per day, both
maternal toxicity and developmental toxicity (increased
postimplantation loss, decreased body weights for male
fetuses, and reduced numbers of live fetuses) were observed at
the highest dose. Although the incidence of fetal malforma-
tions observed at 175 mg kg�1 day�1 dose level was low and
plausibly due to maternal stress, EPA concluded that the
teratogenic potential of P1/P13 creosote could not be ruled
out. The EPA identified an NOAEL of 50 mg kg�1 day�1 for
both maternal toxicity and developmental toxicity. In rabbits
administered 1, 9, or 75 mg P1/P13 creosote per kg per day,
maternal toxicity and reduced litter viability were noted at the
highest dose level. EPA determined that the NOAEL for
maternal toxicity was 9 mg kg�1 day�1, and that for devel-
opmental toxicity was 75 mg kg�1 day�1.

In rats, P2 creosote caused maternal toxicity at all doses
(25, 75, and 225 mg kg�1 day�1), but developmental toxicity
(increased incidence of postimplantation loss, reduced
numbers of viable fetuses, reduced fetal body weights, and
crown rump length) was evident only at the highest dose. The
EPA determined the NOAEL for maternal toxicity to be
75 mg kg�1 day�1, although maternal toxicity at lower doses is
suggested by the significantly decreased body weights at
25 mg kg�1 day�1. The EPA determined the NOAEL for
developmental toxicity to be 25 mg kg�1 day�1, based on the
observation of malformations that they deemed possibly
treatment related at the middose level.
Reproductive Toxicity

A two-generation reproduction study was conducted in rats
administered 25, 75, or 150 mg P1/P13 creosote per kg per
day. A dose-related decrease in body weight was observed in
parental animals. Decreased litter size and offspring viability
were seen at the higher dose levels, perhaps resulting from
decreased maternal body weight gain during gestation.
Based on this study, EPA determined that parental systemic
NOAEL is <25 mg kg�1 day�1, the developmental NOAEL
is<25mg kg�1 day�1, and the reproductive NOAEL is<25mg
kg�1 day�1.
Endocrine Disruption

Little information regarding the endocrine-disrupting potential
of creosote is available. A coal tar creosote mixture was exam-
ined for ability to bind and activate estrogen receptor and aryl
hydrocarbon receptor in a battery of in vitro and in vivo assays.
Creosote was found to bind to the mouse estrogen receptor and
elicit partial agonist activity in reporter gene assays in tran-
siently transfected MCF-7 cells. Based on the competitive
binding assay, the estrogenic potency of creosote relative to
estradiol is 0.000 165. Because cytotoxicity prevented deter-
mination of creosote’s relative potency in the estrogen receptor-
mediated reporter gene assay, relative inductive potency could
not be determined. However, the maximal measured effect of
creosote was three orders of magnitude lower than that of
estradiol. Creosote effectively transformed the guinea pig aryl
hydrocarbon receptor in vitro, and had a relative potency of
0.000 731 compared to TCDD in an aryl hydrocarbon receptor-
mediated reporter gene assay. No aryl hydrocarbon receptor-
mediated antiestrogenic activity of creosote was observed in
vitro. In vivo, creosote significantly induced aryl hydrocarbon
receptor-responsive liver enzyme activities, but did not cause
estrogen receptor-mediated effects, possibly due to suppression
of estrogenic responses by aryl hydrocarbon receptor-mediated
antiestrogenic activity.
Genotoxicity

The mutagenic potential of coal tar creosote has been investi-
gated both in vitro and in vivo. Positive results were obtained in
several in vitro systems in the presence of S9. PAHs are thought to
be primarily responsible for the mutagenicity of creosotes, but
aromatic amines and azaarenesmay also play a role. Interactions
among the components of the complex mixture may be both
synergistic and antagonistic. In contrast, results of in vivo muta-
genicity tests have been both negative and positive. Neither P1/
P13 nor P2 exhibited dominant lethal effects in a rat assay.
Chronic Toxicity and Carcinogenicity

Epidemiological studies of various designs have addressed the
issue of chronic human health effects, including cancer, asso-
ciated with creosote. Although older reports suggested a rela-
tionship between occupational creosote exposure and skin



Table 4 Acute and chronic toxicity of creosote PAHs to fish and
invertebrates exposed in the water column

PAH

Acute LC50/EC50 (mg l �1) Chronic NOEC (mg l �1)

Saltwater Freshwater Saltwater Freshwater

Acenapthene 160–2200 240–580 44.6–332 295–520
Anthracene 3.6 1.27–5.6
Chrysene <1000 1900
Fluoranthene 0.58–0.8 0.97–6.8 11.1 10.4–10.6
Fluorene 1000 420–760
Naphthalene 971–2400 890–1000
Phenanthrene 17.7–108 96–234 5.5 5–57
Pyrene 0.89 4–25.6

EC50 ¼ effect concentration for 50% of test organisms; LC50 ¼ lethal concentration
for 50% of test organisms; NOEC ¼ no observed effect concentration.
Data from U.S. Environmental Protection Agency (EPA), 2008. Reregistration
Eligibility Decision for Creosote (Case 0139). EPA 739-R-08–007. Prevention,
Pesticides, and Toxic Substances.
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cancer, the overall weight of evidence indicates no serious
chronic health conditions resulting from current levels of
occupational creosote exposure. EPA has classified coal tar
creosote as B1 (probable human carcinogen) based on “limited
evidence of the association between occupational creosote
contact and subsequent tumor formation, sufficient evidence of
local and distant tumor formation after dermal application to
mice, and some evidence of mutagenic activity, as well as the
well-documented carcinogenicity of other coal tar products to
humans.” Similarly, the International Agency for Research on
Cancer has classified it in Group 2A (probably carcinogenic to
humans), based on limited data in humans and sufficient data
in experimental animals.

Coal tar creosote is both an initiator and a promoter of skin
cancer in animals when applied at high doses for prolonged
periods of time. Both portal-of-entry and lung tumors were
observed. However, none of the dermal studies in animals are
appropriate for quantitative cancer risk assessment due to
experimental design issues (lack of controls, poor characteriza-
tion of exposure, intermittent exposures, coexposure to other
initiators/promoters, less than lifetime exposures, small number
of dose groups). Tumor responses in high-dose animal studies
correlate with chronic irritation (with resulting cytotoxicity and
hyperplasia). In the absence of appropriate data for creosote,
EPA calculated cancer slope factors for use in health risk assess-
ment based on data from studies of animals exposed to coal tar.
Because coal tar contains a higher concentration of potentially
carcinogenic compounds than creosote, this estimate is likely to
overstate the potential human cancer risk of creosote.
Ecotoxicity

Leaching of coal tar creosote constituents from treated wood is
the main source of exposure to both aquatic and terrestrial
organisms. In its ecological risk assessment for coal tar creosote,
EPA concluded that risk to birds and terrestrial mammals and
plants is likely to be minimal, due to lack of exposure and the
ability of these organisms to avoid creosote. A number of
studies in aquatic microorganisms, plants, invertebrates, and
fish have demonstrated the toxic (and/or phototoxic) potential
of coal tar creosote constituents. Associations between heavy
creosote contamination and increased incidence of neoplastic
lesions in fish have been observed in field studies, and lower
exposures can cause reproductive impairment and develop-
mental effects.

EPA approached evaluation of potential risks to aquatic
organisms by focusing on eight PAHs: acenaphthene, anthra-
cene, chrysene, fluoranthene, fluorene, naphthalene, phenan-
threne, and pyrene. These PAHs (1) comprise at least 2% of
total PAHs in creosote; (2) are frequently detected in the water
column and/or sediments in field and laboratory studies;
(3) are EPA priority pollutants as identified under the Clean
Water Act; and (4) are highly toxic to fish and aquatic inver-
tebrates. Because the half-lives of these PAHs in aquatic
organisms are only a few days, EPA concluded that bio-
magnification is not a concern. Acute and chronic toxicity data
for salt- and freshwater fish and invertebrates are summarized
in Table 4. Few data examining chronic toxicity are available.
Anthracene, fluoranthene, and pyrene appear to be the most
acutely toxic PAHs, and aquatic invertebrates and fish appear to
be the most sensitive organisms.
Regulation

Coal tar creosote is included in the EPA and Organisation for
Economic Co-operation and Development high production
volume programs. It is listed as a Resource Conservation and
Recovery Act hazardous waste (U051), and has a reportable
quantity of 1 pound under the Comprehensive Environmental
Response, Compensation, and Liability Act. It is also an
Emergency Planning and Community Right-to-Know Act
Section 313 reportable substance.

The use of coal tar creosote is regulated by the EPA under the
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA),
and has been registered as a wood preservative active ingredient
under FIFRA since 1948. In 1984, following an administrative
review considering whether creosote uses should be canceled or
modified, EPA determined that creosote would continue to
meet FIFRA’s statutory standard for registration if it was clas-
sified for restricted use (only by or under the supervision of
certified applicators), and if certain protective clothing and
other precautionary requirements for wood treatment workers
were added to creosote labeling.

In 1986, EPA commenced a reregistration review of creosote
as required under FIFRA for all pesticide active ingredients first
registered prior to 1 November 1984. As a result of the
voluntary cancellation of nonpressure treatment end-use
registrations and removal of nonpressure treatment uses on
other creosote products initiated by the creosote registrants in
2003, creosote is now a restricted use pesticide that can only be
applied by pressure treatment. In 2008, EPA determined that
creosote-containing products are eligible for reregistration,
provided that risk mitigation measures are adopted and labels
are amended accordingly.
See also: Coal Tar; Petroleum Distillates; Polycyclic Aromatic
Hydrocarbons (PAHs).
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l Name: Cresol (o-Cresol; m-Cresol; p-Cresol)
l Chemical Abstracts Service Registry Number: 1319-77-3

(o-Cresol: 95-48-7; m-Cresol: 108-39-4; p-Cresol-106-44-5)
l Synonyms: o-Cresol or 2-Methylphenol: 1-Hydroxy-

2-methylbenzene 2-hydroxy toluene; m-Cresol or
3-Methylphenol: 1-Hydroxy-3-methylbenzene-3-hydroxy
toluene; p-Cresol or 4-Methylphenoi: 1-Hydroxy-
4-methylbenzene-4-hydroxy toluene

l Molecular Formula: C7H8O
l Chemical Structure:

X CH3

OH

Background

Pure cresol is colorless, yellowish, brownish-yellow, or pinkish
liquid, o-cresol, m-cresol, and p-cresol are the three structural
isomers of cresol. Boiling point is 191.0 �C for o-cresol, 202 �C
form-cresol and 201.9 �C for p-cresol. Melting point for o-cresol
is 29.8 �C, for m-cresol is 11.8 and 35.5 �C for p-cresol. The
names of the three compounds indicate that hydrogen on the
benzene ring of the molecule has been replaced. They are ob-
tained from coal tar or petroleum. Because the boiling points of
these three compounds are nearly the same, a separation of
a mixture of the three into its pure components is impractical.
The mixture of cresols obtained from coal tar is called cresylic
acid, an important technical product used as a disinfectant and
in the manufacture of resins and tricresyl phosphate. Cresols
are useful as raw materials for various chemical products,
disinfectants, and synthetic resins. The isomer o-cresol is
a starting material for the herbicides 4,6-dinitro-o-cresol and
2-methyl-4-chlorophenoxyacetic acid. The isomers m-cresol
and p-cresol are used in phenol–formaldehyde resins and are
converted to tricresyl phosphate (a plasticizer and gasoline
additive) and to di-t-butyl cresols (antioxidants called butyl-
ated hydroxytoluene).

Professions that involve dealing with the combustion of
coal or wood may be exposed to higher levels of cresols than
the general population. Environmental tobacco smoke is also
a source of cresol exposure. Average cresol concentration may
vary between the brand and type of cigarette in a 45-cubic
meter chamber after six cigarettes had been smoked (ranged
from 0.17 to 3.9 mg m�3), although low levels of cresol can be
detected in certain foods and tap water, and these do not
constitute major sources of exposure for most population.
Detectable levels of cresols have been reported in several
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
consumer products including tealeaves, tomatoes, and ketchup
as well as butter, oil, and various cheeses. Exposure to children
occurs by the same routes that affect adults. Children are likely
to be exposed to cresols through inhalation of contaminated air
from automobile exhaust, waste incineration, and second-
hand smoke.
Uses

Cresols (mixtures of the ortho-, meta-, and para-isomers) are
synthesized by sulfonation or oxidation of toluene compounds
or can be derived from coal tar and petroleum. Commercial
grade crude cresol is generally a mixture of 20% o-cresol, 40%
m-cresol, and 30% p-cresol. Phenol and xylenols are often
found as minor contaminants. Manufacture of synthetic resins,
tricresyl phosphate, salicylaldehyde, coumarin, and herbicides
employ cresols. Degreasing compounds in textile scouring,
paintbrush cleaners as well as fumigants in photographic
developers, and explosives contains cresols. Cresols are also
often used as antiseptics, disinfectants, and antiparasitic agents
in veterinary medicine. Estimated breakdown of cresol and
cresylic acid use is 20% phenolic resins, 20% wire enamel
solvents, 10% agricultural chemicals, 5% phosphate esters, 5%
disinfectants and cleaning compounds, 5% ore flotation, and
25% miscellaneous purposes. Overall, use of cresols as anti-
microbial outweighs any other property.
Environmental Fate and Behavior

Cresol’s production and use as a solvent, disinfectant, and
chemical intermediate in the production of synthetic resins
may result in its release to the environment through various
waste streams. Cresols are also released to the environment
through automobile exhaust and tobacco smoke. Cresols are
a group of widely distributed natural compounds formed as
metabolites of microbial activity and excreted in the urine of
mammals. Cresols occur in various plant lipid and oil
constituents. If released to air, an extrapolated vapor pressure
range of 0.11–0.299 mm Hg at 25 �C for the various isomers
indicates cresols will exist solely as a vapor in the ambient
atmosphere. Vapor-phase cresols will be degraded in the
atmosphere by photochemical reaction and produce hydroxyl
radicals. The half-life for this reaction in air is estimated to be
6–9 h. If released to soil, cresols are expected to have high
mobility based upon Koc values of 22–49 measured in soil.
Volatilization from moist soil surfaces is expected to occur
slowly based upon Henry’s Law constants. Cresols are not ex-
pected to volatilize from dry soil surfaces based upon the
extrapolated vapor pressure range. Cresols biodegrade quickly
in soils with half-lives of few days. If released into water, cresols
do not adsorb to suspended solids and sediment in the water.
Cresols biodegrade quickly in water with half-lives of several
4-3.00296-7 1061
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days to few weeks. Volatilization from water surfaces is ex-
pected to occur slowly based upon the range of Henry’s Law
constants for the various isomers. Estimated volatilization half-
lives for a model river and model lake range from 21 to 29 and
235–327 days, respectively. Cresols are not expected to
undergo hydrolysis since they lack functional groups that
hydrolyze under environmental conditions. Direct photolysis
in sunlit surface occurs and products occur at a much slower
rate than biodegradation. Log bioconcentration factor values of
1.3 and 1.03 measured in ide and zebrafish respectively
suggests that the potential for bioconcentration in aquatic
organisms is low.
Exposure and Exposure Monitoring

Estimates indicate that nearly 1.2 million people are exposed to
cresols each year via manufacturing, processing, and/or use
activities. Cresols are released in to the atmosphere by auto and
diesel exhaust, during coal tar and petroleum refining, wood
pulping, and during its use in manufacturing, metal refining,
etc. Wastewater from these industries as well as municipal
wastewater treatment plants contain cresols. Occupational
exposure is through inhalation and dermal contact either at
workplace where the cresol isomers are produced or used. The
general population may be exposed to cresols via inhalation of
ambient air, use of tobacco products, and ingestion of food or
contaminated drinking water, and dermal contact with this
compound from consumer products containing cresol.
Toxicokinetics

Cresols are absorbed across the respiratory and gastrointestinal
tracts, and through the skin. Gastrointestinal and dermal
absorption are rapid and extensive. Cresols are distributed to
all the major organs. The primary metabolic pathway for
cresols is conjugation with glucuronic acid and inorganic
sulfate. Minor metabolic pathways include hydroxylation of
the benzene ring and side-chain oxidation. The major route for
elimination is renal excretion in the form of conjugate
metabolites.
Mechanisms of Toxicity

It acts by disruption of the cell membrane by denaturation of
proteins and enzymes of the cell.
Acute or Short-Term Toxicity

Animal

Cresols are highly irritating to the skin and eyes of rabbits, rats,
and mice. The mean lethal concentration of the cresol vapor or
aerosol mixture is 178 mg m�3. Clinical signs of toxicity-
included irritation of mucous membranes and neuromuscular
excitation that progressed from twitching of individual muscles
to clonic convulsions. Hematuria was reported at very high
concentrations. Microscopic examination revealed edematous
changes in the lung and necrotic, and degenerative changes in
the liver and kidneys. In another study, investigators reported
that rats survived an 8 h exposure to substantially saturated
cresol vapors at room temperature; the liquid penetrated the
skin to a dangerous extent and caused severe skin and corneal
injury.

Short-term oral exposure resulted in decreased body weight,
organ weight, corrosion in the gastrointestinal tract and mouth
of rats with similar effects as phenol. Kidney tubule damage,
nodular pneumonia, and congestion of the liver with pallor
and necrosis of the hepatic cells were also reported. More severe
effects were reported in mice. At the highest concentrations,
death resulted from exposure to o-, m-, and p-cresols but not
from exposure to cresol itself.

Subchronic exposure in mice appeared to tolerate single,
brief exposures of saturated vapors of cresol, but repeated
exposures to saturated concentrations for 1 h day�1 for 10 days
caused irritation of the nose and eyes and death of some mice.

Acute exposure for concentrated cresols instilled into the
eyes of rabbits caused permanent opacification and vasculari-
zation. A drop of 33% solution of cresol applied to rabbit eyes
and removed with saline irrigation within 60 s caused only
moderate injury, which was reversible.

All three cresol isomers, either alone or in combination, are
severely irritating to rabbit skin, producing visible and irre-
versible tissue destruction. Acute exposure can cause muscular
weakness, GI disturbances, severe depression, collapse, and
death.
Human

Cresols are highly irritating upon dermal contact, eye contact,
and contact with any mucous membranes. Ingestion of cresols
results in burning of the mouth and throat, abdominal pain,
and vomiting. The target tissues/organs affected are the blood,
kidneys, lungs, liver, heart, and CNS. In acute exposures, severe
burns, anuria, coma, and death may result. Dermal exposure
has been reported to cause severe skin burns, scarring, systemic
toxicity, and death. Very few data are available regarding
reproductive effects and there are no data on carcinogenicity in
humans. At concentrations normally found in the environ-
ment, cresols do not pose any significant risk for the general
population. However, under conditions of high exposure,
people with renal insufficiency or enzyme deficiency will
develop potential adverse health effects.
Chronic Toxicity

Animal

Exposure to vapors of o-, m-, and p-cresol resulted in weight
loss, reduced locomotor activity, inflammation of nasal
membranes and skin, and changes in the liver. Oral exposures
to mice, rats, and hamsters for 13 weeks resulted in mortality,
tremor, reduced body weights, hematological effects, increase
in organ weight, hyperplasia of nasal, and stomach epithelium.
Oral and inhalation exposure to cresol isomers results in
lengthened estrus cycle, histopathological changes in the uterus
and ovaries of rats as well as mice further support this finding.
No adverse effects on spermatogenesis are observed. Mild
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fetotoxic effects have been reported upon exposure of pregnant
mice. Some evidence of genotoxicity has been reported from
in vitro experiment using sister-chromatid exchange (SCE)
assay. However, cresol is not genotoxic after in vivo exposure.

Human

Prolonged or repeated absorption of low concentrations of
cresol through the skin, mucous membranes, or respiratory
tract may cause chronic systemic poisoning. Symptoms and
signs of chronic poisoning include vomiting, difficulty in
swallowing, salivation, diarrhea, loss of appetite, headache,
fainting, dizziness, mental disturbances, and skin rash. Death
may result if there has been severe damage to the liver and
kidneys.
Immunotoxicity

Studies demonstrating the immunotoxicity of cresols by any
exposure route in any species or gender are either scanty or not
available.
Reproductive Toxicity

Ortho cresol causes mild effects on the body weight and pup
weight in the second-generation mating trial. The relative
reproductive toxicity of ortho cresol is absent at lower doses.

Mixture of m- and p-cresol was a reproductive toxicant in
Swiss CD-1 mice, as evidenced by fewer F1 pups per litter, and
reduced pup weight in both generations. There were also
reductions in the weights of reproductive organs at necropsy at
the high or middle and high dose levels. However, changes in
pup growth and weights of somatic organs occurred at all dose
levels. Thus,m- and p-cresols are not selective toxicants in Swiss
CD-1 mice.
Genotoxicity

Studies on the induction of unscheduled DNA synthesis
showed p-cresol to be positive in human lung fibroblast cells in
the presence of hepatic homogenates, the mixture of the three
isomers to be weakly positive in primary rat hepatocytes, and
o-cresol to be negative in rat hepatocytes.

No isomer, when tested individually, induced SCEs in vivo,
but the mixture of the three isomers induced SCEs in Chinese
hamster ovary cells in vitro. Only o-cresol induced SCEs in
human lung fibroblasts.

In a reverse mutation assay, a mixture of three cresol
isomers at 0.005–50 ml per plate with or without S-9 from
Aroclor-induced rats (activating system) was negative in
Salmonella typhimurium strains at all doses.

In a forward mutation assay, a mixture of three cresol
isomers at 0.488–750 nl ml�1, with or without S-9 from
Aroclor induced rats (activating system) produced dose related
increase in mutation. In mouse lymphoma cell culture; without
activation, results suggest weak mutagenic activity.

In an alternative in vitro test, in cell transformation assay
using BALB/3T3 cells, a mixture of three cresol isomers was
positive, and o-cresol was negative. Positive mutagenic
responses were found at noncytotoxic doses.
Carcinogenicity

Based on increased incidence of skin papillomas inmice cresols
are considered as possible human carcinogen. All the three
cresol isomers produced positive results in genetic toxicity
studies either alone or in combination.
Clinical Management

Oral exposure: Liquid intake should be avoided because dilu-
tion may enhance absorption. Immediate administration of
activated charcoal is recommended to limit systemic toxicity.
Ipecac-induced emesis is not recommended because of the
potential for CNS depression and seizures. Gastric lavage is
effective only within 1 h after ingestion. Patients should be
treated symptomatically. Convulsions are controlled with
diazepam.

Inhalation exposure: Victims should be removed to fresh
air. Respiratory distress should be monitored and consult
healthcare personnel.

Eye and dermal exposure: Decontamination with water is
necessary. Copious dilution with room temperature water is
appropriate after dermal and eye exposure. Consult a physician
if required.
Ecotoxicology

A bioaccumulation factor for m-cresol is 20 in fish indicates no
major bioaccumulation potential in higher trophic levels.
A bioaccumulation factor of 4900 in algae indicates, however,
a risk for bioaccumulation in lower organisms.

Aquatic toxicity of m-cresol

Species Duration LC (mg l �1)
50
Leuciscus idus (fish)
 48
 6
Brachydanio rerio (freshwater fish)
 96
 15.9
Salmo gairdneri (estuary, freshwater fish)
 96
 8.6
Daphnia magna (crustacea)
 48
 18.8
Daphnia magna (crustacea)
 24
 8.9
(Effect endpoint: immobilization).
Atmospheric Fate

Cresols are not expected to persist in the atmosphere because:
(1) cresols have low estimated half-lives (less than 1 day); (2)
they are sensitive to photolysis; and (3) the water solubility of
cresols may cause transport of cresols from the atmosphere to
the soil or aqueous environment. The photodegradation half-
life of cresol isomers during the daytime is 8–10 h while at
night it is approximately 2–4 min. Daytime half-lives would be
reduced under smog conditions. Cresols are highly soluble
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compounds and gas scavenging will be an efficient removal
process as is reflected by high concentrations in rain.

Terrestrial Fate

While there is substantial release of cresols to the soil, this route
of environmental exposure is not expected to be a problem.
Cresols are readily biodegraded by soil microflora and moves
to lower layer of soil. Therefore, cresols will not persist in soils
and will probably be leached, due to their water solubility, into
the aquatic environment where they will be degraded by
microorganisms. The degradation rates of cresols in soil may
decrease at lower temperatures (�2 to 5 �C).

Aquatic Fate

Cresols do not contain any functional groups that are hydro-
lyzable. Therefore, hydrolysis of these compounds in aquatic
media is unlikely. However, it will degrade primarily due to
biodegradation in eutrophic waters, although photolysis may
make a contribution in oligotrophic lakes based on modeling
studies. Biodegradation generally occurs within 8 h after several
days of acclimation, except in oligotrophic lakes, estuarine, and
marine waters where degradation takes several days. Degrada-
tion is much slower under anaerobic conditions especially for
the ortho isomer. m-Cresol biodegrades in water and its half-
lives are in the range of 2–29 days (aerobic water) and
15–49 days (anaerobic water).

Two factors that may influence the biodegradation rate of
cresols in natural aquatic media are the temperature and the
quality of the water. In general, freshwater media have the
maximum biotransformation rate for cresols. Rates for marine
waters are much lower than freshwater. A decrease in tempera-
ture from 24 to 11 �C increased the biotransformation half-life
by a factor of>20; however, the rate of biodegradation of cresols
in marine water was so low that the lowering of water temper-
ature would not change the biodegradation rate appreciably.

LC50 values for aquatic organisms

Gammarus fasciatus/(scud/immature stage) 7.0 mg l�1 48 h�1a
Asellus militaris/(aquatic sowbug/immature
stage)
21.6 mg l�1 48 h�1a
Ophryotrocha diadema (polychaete worm)
 33–100 mg l�1 48 h�1
Gammarus fasciatus/(scud/adult male)
 24.9 mg l�1 48 h�1
– Do –, (adult female)
 34.3 mg l�1 48 h�1
– Do –, oviparous female
 33.9 mg l�1 48 h�1a
Asellus militaris/(aquatic sowbug/adult male)
 65.4 mg l�1 48 h�1
– Do –, (adult female)
 68.0 mg l�1 48 h�1
– Do –, oviparous females
 61.9 mg l�1 48 h�1a
Pimephales promelas (fathead minnow,
29 days old, size 20.8 mm)
12.8 mg l�1 96 h�1
Gambusia affinis (mosquitofish, adult females)
 22 mg l�1 96 h�1a
*Selenastrum capricornutum (green alga,
14 day old culture; growth inhibition)
137 mg l�1 14 days�1a
*EC50 value, a, static.
Other Hazards

Fire-Fighting Measures

For small fires, use media such as alcohol foam, dry chemical,
or carbon dioxide. For large fires apply water as far as
possible. Use very large quantities (flooding) of water applied
as a mist or spray; solid streams of water may be ineffective.
Cool all affected containers with flooding quantities of water.
Carbon oxides will generate from the substance or mixture.
Wear self-contained breathing apparatus for fire fighting if
necessary.
Accidental Release Measures

Wear respiratory protection. Avoid breathing vapors, mist, or
gas. Ensure adequate ventilation. Remove all sources of igni-
tion. Evacuate personnel to safe areas. Beware of vapors accu-
mulating to form explosive concentrations and can accumulate
in low areas. Prevent further leakage or spillage if safe to do so.
Do not let product enter drains. Discharge into the environ-
ment must be avoided.

Spillage should be collected with a sponge or good
absorbing material. Electrically operated vacuum cleaner
should not be used. Keep disposals in suitable closed container
to discard according to local regulations.
Precautions for Safe Handling and Storage

Skin and eye contacts should be avoided. Inhalation of vapor
or mist should be avoided. Keep away from sources of
ignition, no smoking near the product. Take measures to
prevent the build-up of electrostatic charge. Store in cool
place. Keep container tightly closed in a dry and well-
ventilated place.
Exposure Standards and Guidelines

Occupational Safety and Health Administration permissible
exposure limit is 5 ppm (22 mg m�3) for 8 h time-weighted
average (TWA). The threshold limit value for cresol and its
isomers is 5 ppm for 8 h TWA. National Institute of Occupa-
tional Safety and health recommended exposure limit is
2.3 ppm (10 mg m�3) for 10 h TWA for all isomers.
See also: Coal Tar; Pesticides.
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In this section criminal environmental liability in the Euro-
pean Union is explained. We focus on the European Union
Directive 2008/99/EC, of the European Parliament and of the
Council, of 19 November 2008, on the protection of the
environment through criminal law (hereinafter, the Direc-
tive), with a critical and practical approach. A brief reference
to the situation in the United States is included at the end of
the section.1
3 For the purposes of the Directive, ‘unlawful’ means infringing a variety
of legislation (and decisions taken by a competent authority of a Member
State) adopted pursuant to the EC Treaty as listed in Annex A of the
Directive; this Annex refers to almost any element of the environment
Environmental Criminal Liability in the
European Union

1. The objective of Directive 2008/99 is to ensure a more
effective protection of the environment, and it is with
this aim that it establishes measures relating to criminal
law in order to protect the environment more effectively
(Article 1). Member States had to bring into force the
laws, regulations, and administrative provisions neces-
sary to comply with this Directive before 26 December
2010.

The justification for the enactment of the Directive was
that the Community was concerned at the rise in environ-
mental offenses, some of which may cause substantial
damage to the air, including the stratosphere, and to soil,
water, animals, or plants, including the conservation of
species. In the opinion of the Directive, experience had
shown that the then-existing systems of penalties had not
been sufficient to achieve complete compliance with the
laws for the protection of the environment. With the
purpose of strengthening such compliance, the purpose of
the Directive was to make available criminal penalties that
demonstrate a social disapproval of a qualitatively different
nature compared to administrative penalties or a compensa-
tion mechanism under civil law.

From a critical standpoint, it must be acknowledged that
criminal liability may, and must, exist to protect the environ-
ment. However, it should not be considered as a solution to the
deficiencies in the application of other liability regimes, namely
tort and regulatory regimes. Consequently, and due to its very
serious consequences (namely, prison for individuals) the
scope of criminal liability should be restricted to the most
serious negative effects on the environment. As it is explained
in the following lines, this has not been the case of the
Directive.

2. According to the Directive, the following conducts
(including inciting, aiding, and abetting them2) constitute
1 This brief reference of the situation in the United States is a summary
of the work prepared for the second edition of this Encyclopedia, by
Grant R. Trigger; Honigman, Miller Schwartz and Cohn LLP, Detroit,
MI, USA.
2 Article 4 of the Directive.
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a criminal offense, when unlawful3 and committed inten-
tionally or with at least serious negligence (Article 3):

(a) The discharge, emission or introduction of a quantity of
materials or ionizing radiation into air, soil, or water,
which causes or is likely to cause death or serious injury
to any person or substantial damage to the quality of
air, the quality of soil or the quality of water, or to
animals or plants.

This is what might be labeled as the ‘typical’ environmental
crime, that is, the carrying out of harmful conducts consisting
of emissions into the environment.

Two notes are worth highlighting, though: an environ-
mental crime may exist even if no damage to the environment
has been caused, since likelihood of causation of such damage
suffices for considering that a crime has been committed; and
not any damage (caused, or likely to be caused) is enough: it is
necessary that it is a ‘substantial’ damage.

(b) The collection, transport, recovery, or disposal of waste,
including the supervision of such operations and the
aftercare of disposal sites, and including action taken as
a dealer or a broker (waste management), which causes
or is likely to cause death or serious injury to any person
or substantial damage to the quality of air, the quality
of soil, or the quality of water, or to animals or plants.

These are specific conducts that could have been included
in the preceding paragraph (a). However, the Directive has put
them separately, perhaps to avoid possible interpretations
that would exclude them from the more general wording
in (a). But the two notes referred to before remain: the crime
exists even if no damage to the environment has been caused,
since likelihood of causation is enough; and the damage
(caused, or likely to be caused) to the environment must be
substantial.

(c) The shipment of waste under Article 2.35 of Regulation
1013/2006 undertaken in a nonnegligible quantity,
whether executed in a single shipment or in several
shipments which appear to be linked.4

In this point the Directive is defective: there is utmost
uncertainty as to what ‘nonnegligible quantity’ means. The
that deserves protection, from air pollution to waste, water, dangerous
substances and preparations, natural habitats, wild fauna and flora, genet-
ically modified organisms and micro-organisms, integrated pollution
prevention and control. It also means infringing legislation with regard to
activities covered by the Euratom Treaty, the legislation adopted pursuant
to the Euratom Treaty and listed in Annex B.)
4 Article 2.35 of Regulation 1013/2006 refers to the definition of illegal
shipment of waste.
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5 The definition of ‘legal person’ in the Directive does not include States
or public bodies exercising State authority, nor public international
organizations.
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Directive provides no clue in this respect. Bearing in mind that
the Directive deals with criminal liability, on the basis of which
prison could be imposed on individuals, this drafting is not
acceptable. In addition, there is no need to cause a damage, nor
that there is likelihood of the creation of any damage.

The same applies to another conduct included in the
Directive, consisting of the production, importation, exporta-
tion, placing on the market, or use of ozone-depleting
substances: it is irrelevant, for the purposes of the Directive, if
the conduct refers to 1 g of substance or to 1 ton, or whether or
not there is any damage.

A second criticism may be made to the conduct we are
explaining: reference to the several shipments ‘which appear to
be linked’ adds another element of uncertainty that should
have been avoided.

These criticisms might be countered noting that Member
States must implement the Directive by passing their own
national rules, and it is in these rules where the uncertainties
noted could be solved – namely, by adapting the penalties to
the conduct so that, as per Articles 5 and 7, the conducts are
punishable by effective, proportionate, and dissuasive crim-
inal penalties. Therefore, the penalties will always exist, but
their severity may be adapted to the actual nature or rele-
vance of the conduct in question. It could be then argued
that in the case of the conduct under this paragraph
(c) penalties will vary depending of the amount of substance
or risk involved.

This argument might be correct were it not for the fact that,
in my view, there must be certain conducts below a certain
threshold that do not deserve a criminal penalty. And this is not
considered in the Directive.

(d) The Directive includes thereafter other conducts that pose
no major problems of interpretation:
- the operation of a plant in which a dangerous activity is

carried out or in which dangerous substances or prep-
arations are stored or used and which, outside the plant,
causes or is likely to cause death or serious injury to any
person or substantial damage to the quality of air, the
quality of soil, or the quality of water, or to animals or
plants;

- the production, processing, handling, use, holding,
storage, transport, import, export, or disposal of nuclear
materials or other hazardous radioactive substances
which causes or is likely to cause death or serious injury
to any person or substantial damage to the quality of air,
the quality of soil or the quality of water, or to animals
or plants;

- the killing, destruction, possession, or taking of speci-
mens of protected wild fauna or flora species, except for
cases where the conduct concerns a negligible quantity
of such specimens and has a negligible impact on the
conservation status of the species;

- trading in specimens of protected wild fauna or flora
species or parts or derivatives thereof, except for cases
where the conduct concerns a negligible quantity of
such specimens and has a negligible impact on the
conservation status of the species; and

- any conduct which causes the significant deterioration
of a habitat within a protected site.
3. Three more ideas are worth highlighting in relation to the
Directive:
(i) As indicated, in all cases the conducts that may

constitute an environmental crime must have been
committed unlawfully (as defined) and intentionally
(or with at least serious negligence); therefore, the
Directive does not contemplate criminal strict liability.

(ii) The Directive provides for minimum rules: Member
States may adopt or maintain more stringent measures
regarding the effective criminal law protection of the
environment, provided that they are compatible with
the treaty (re. whereas 12 of the Directive).

(iii) Liability lies not only on natural persons who are the
perpetrators, inciters, or accessories of the conduct in
question, but also on legal persons when the crime has
been committed for their benefit by any person who
has a leading position within the legal person, acting
either individually or as part of an organ thereof, based
on a power of representation, an authority to take
decisions on behalf of the legal person, or an authority
to exercise control within it. Legal persons may also be
held liable where the lack of supervision or control
has made possible the commission of the person
(Article 6)5.
Environmental Criminal Liability in the United States

1. Initial environmental laws in the United States were focused
on reducing the amount of contamination released to the
environment. Over time, those who failed to comply with
these requirements became the focus of enforcement offi-
cials, and the desire to encourage more widespread
compliance resulted in pressuring individual corporate
officials with the threat of personal liability to ensure greater
compliance. These trends have eroded traditional principles
of criminal law such that there may actually be greater
jeopardy of being convicted of an environmental related
crime than of a drug or robbery related offense. The
‘shrinking’ mens rea requirement of knowingly causing
a violation of law is a potential issue for any environmental
criminal litigation matter according to Marshall, Sims, and
Castella (see Further Reading section). In other words,
traditional criminal law punished the defendant for know-
ingly causing harm; however, the trend in environmental
crimes is to convict due to the consequences rather than
intent. For example, if a plant operator allows a discharge,
he may be potentially criminally liable even if he did not
know the content of the discharge was hazardous. For
a contrary view, see the note authored by Escobar listed in
the ‘Further Reading’ section.

2. Tampering with monitoring equipment and falsifying
consumer certifications has been the basis of criminal
convictions (US v. Louisiana-Pacific Corp., No. 95-CR-215,
D. Colo. 1998). In addition, inadequate resources devoted to
environmental compliance can lead to criminal liability
(US v. United Technologies Corp., No. 2:91CR00028, D. Conn.
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1991). Moreover, liability exposure to individual officers or
employees has expanded the scope of criminal liability and
responsibility for not only the actions of individuals but also
their respective corporate employers (US v. Martin
Envt’l Labs., No. 01-90040, E.D. Mich. 2 May 2002).

Expanding the ‘reach’ of the federal racketeering statute
to environmental matters has broadened the basis for criminal
environmental liability. On 10 August 2001, the US District
Court for the Eastern District of Michigan, in the first successful
case for convictions under the federal racketeering law for
environmental crimes, sentenced the president/owner and
operations manager of Hi-Po, Inc. to multiple-year prison
terms. They were charged with dumping materials such as
diesel fuel into streams and sewers so that their company
would win contracts to clean up the polluted waters. The
president and owner was sentenced to 33months in prison, for
violation of the Racketeer Influenced and Corrupt Organiza-
tions Act (RICO), followed by 3 years of supervised release. He
was also ordered to pay $505 000 in restitution and to forfeit
$500 000. The company’s operations manager was sentenced
to 27months in prison, for violation of RICO, followed by
3 years of supervised release, and was ordered to pay $430 000
in restitution. The company itself was fined $50 000 for
pleading guilty to two counts of violating the Clean Water Act
(CWA) (US v. Smith, No. 00-80528, 10 August 2001).

In a case that further widened the scope of environmental
criminal liability the court concluded that a defendant did not
have to know that his conduct violated the law to be held
criminally liable. The government prosecutors were only
required to prove that the defendant had knowledge of the
storage or disposal, that the material was waste, and that it was
harmful to others or the environment (US v. Kelley Technical
Coatings, Inc., No. 96-6282, 157F.3d 432, 6th Cir. 1998).

However, in US v. Ahmad, 101 F.3d 386 (5th Cir. 1996),
a federal appeals court held that the government must meet
‘traditional’ intent requirements of criminal law to obtain
a conviction under the CWA. The court reversed and remanded
the lower court’s conviction and held that the law required the
government to prove defendant’s knowledge of each actual
element of an offense and that the defendant had to know all
the facts that made his actions illegal. The court also narrowed
the ‘public welfare doctrine’ that allows the government to
dispense with traditional intent requirements in prosecuting
some environmental regulatory crimes and held that serious
felonies should not fall within the public welfare exception
absent a clear statement from Congress. Later decisions have
distinguished themselves from Ahmad as being convictions
based on ‘mistakes in law’ and not ‘mistakes in fact.’

3. In the context of personal injury toxic tort liability,
a defendant’s apparent intentional disregard for the safety of
his employees led to a criminal conviction.

For instance, on 26 June 1998, a five-count indictment was
lodged against the owner of an Idaho fertilizer company who
allegedly exposed workers to cyanide in 1996 without protec-
tive equipment, causing permanent brain damage to one
employee. The owner was charged with endangering the safety
and health of employees by ordering employees to clean out
a 25 000 gal storage tank that contained cyanide. Count one
was for knowing endangerment; and counts two through five
were for illegal disposal of hazardous waste on three occasions
and making a false statement by fabricating and backdating
a safety plan on worker entry of the tank. The owner was
sentenced to 17 years of imprisonment and ordered to pay
$6million in restitution to the family of one of his employees
who suffered brain damage as a result of cleaning the tank
without wearing appropriate protective gear (US v. Allan Elias,
No. CR-98-070-BLW, D. Idaho 2 June 1998). On 23 October
2001, the US Court of Appeals for the Ninth Circuit upheld the
conviction, but remanded the case to the district court to
amend the sentence by deleting the restitution provision
because the particular provision under which the owner was
ordered to pay restitution (18 U.S.C. x 3663) did not allow the
imposition of restitution (US v. Elias, No. 00-30145, 27 Fed.
Appendix. 750, 9th Cir. 23 October 2001).

The potential liability for corporate officials has expanded
even to those who are not in direct management control of
environmental compliance activities. InDoe Run Resources Corp.
v. Neill No. SC85451, 123 S.W. 3d 502 (Mo. S. Ct 10 February
2004), the Missouri Supreme Court concluded that a lead
smelter’s chief financial officer (CFO) likely would have had
enough knowledge of the company’s alleged polluting activi-
ties that he could have stopped or influenced those activities by
his control over the company’s finances and budget. As a result,
the court held he could be sued personally under applicable
Missouri law for harm caused by the company’s breach of state
and federal environmental laws. Although this case did not
address criminal liability, it suggests that if a CFO can be held
liable for environmental noncompliance of his company, then
a criminal case based on little more may under case-specific
circumstances lead to potential criminal liability.

4. As of the end of 2003, the US EPA had charged an average of
about 330 criminal defendants per year (1998–2003), with
no trends suggesting a decline in prosecutions. An average
of over 183 years of sentences were issued and an average of
over $84million in fines were collected each year during
this same time period. While these numbers do not reflect
any assessment of tort claim recoveries, they do demon-
strate the fact that criminal matters are not insignificant on
a national scale and must be considered in reviewing any
potential toxic tort matter.

See also: Chemicals of Environmental Concern; Clean Air Act
(CAA), US; Clean Water Act (CWA), US; Resource Conservation
and Recovery Act (USA).
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l Name: Cromolyn
l Chemical Abstracts Service Registry Number: 16110-51-3
l Synonyms: Cromolyn sodium; Disodium cromoglycate;

Disodium salt of cromolyn
l Chemical/Pharmaceutical/Other Class: Mast cell stabilizing

antiallergic agent
l Chemical Formula: C23H14Na2O11

l Chemical Structure:
Background

Cromolyn is a synthetic analog of the plant extract khellin that
was first developed in the late 1960s and introduced into
clinical practice the following decade. It is continued to be used
widely in the treatment of allergic rhinitis, asthma, mastocy-
tosis, and conjunctivitis. It has an outstanding safety profile
and can be readily obtained without prescription in many
countries.
Uses

Cromolyn is used primarily for the prophylaxis of various types
of asthma and in the treatment of allergic rhinitis, mastocy-
tosis, and vernal conjunctivitis.
Environmental Fate and Behavior

Cromolyn is a mast cell stabilizer and typically marketed as the
sodium salt in the United States. It is typically found in solu-
tion as a clear and colorless liquid. Cromolyn is soluble in
water and the solution is completely soluble in water.

Physicochemical properties include the following:

Molar volume: 288.5 cm3

Surface tension: 83.0 dyne cm�1

Flash point: 263.9 � 26.4 �C
Boiling point: 752.3 � 60 �C at 760 mmHg
Polarizability: 43.3 � 10�24 cm3

Density: 1.6 � 0.1 g cm�3

Vapor pressure: 0.0 � 2.6 mmHg at 25 �C
1070 Encyclopedia of T
Exposure Routes and Pathways

For use in asthma, cromolyn is administered by inhalation
using solutions delivered by aerosol spray or nebulizer as well
as a powdered drugmixed with lactose and delivered by a turbo
inhaler. For use in mastocytosis, cromolyn is ingested in
a liquid form. Cromolyn is available in ocular drop form for
the treatment of vernal conjunctivitis.
Toxicokinetics

Oral absorptionof cromolyn is less than 1%, althoughup to 10%
of an inhaled dose of cromolyn can be absorbed systemically.
After complete absorption, cromolyn is excreted unchanged in
urine and bile in about equal proportions. Peak plasma concen-
trations occur 15 min after inhalation. The distribution of cro-
molyn in the lung and the extent of systemic absorption are
enhanced by bronchodilation during drug delivery. The biolog-
ical half-life following inhalation ranges from 45 to 100 min.
Mechanism of Toxicity

The major prophylactic effect of cromolyn is centered on
inhibition of the degranulation of pulmonary mast cells
causing a reduction in histamine release, reduced leukotriene
production, and inhibition of release of inflammatory media-
tors from several cell types.
Acute and Short-term Toxicity (Animal/Human)

Animal

The acute toxicity of cromolyn, measured as the LD, has been
determined in the rat (>2150mg kg�1 orally and 6000mg kg�1

subcutaneously) and the mouse (3300 mg kg�1 intrave-
nously; 1000 mg kg�1 intraperitoneally; and 4400 mg kg�1

subcutaneously).
Chronic Toxicity (Animal/Human)

Animal

Studies of reproduction in mice, rats, and rabbits have not
demonstrated fetal toxicity at doses up to 338 times the usual
human dose.
Human

Because of its low toxicity, cromolyn is generally well tolerated.
Adverse side effects, such as bronchospasm, cough, wheezing,
laryngeal edema, joint swelling, joint pain, angioedema,
headache, rash, and nausea, are rare (less than 1 in 10 000
patients). Documented instances of anaphylaxis have also been
rare.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00719-3
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Immunotoxicity

Anaphylactic reactions and severe asthma attacks have been
rarely described following the therapeutic administration of
cromolyn.
Reproductive Toxicity

Cromolyn is a pregnancy category B medication. It is not
known whether cromolyn is distributed into breast milk.
Genotoxicity

Cromolyn is not believed to be genotoxic.
Carcinogenicity

Cromolyn is not believed to be carcinogenic.
Clinical Management

Toxicity is unlikely, but should adverse effects occur, general
emergency management and supportive care procedures are
indicated.
Ecotoxicology

Cromolyn solution, as the product administered to patients,
presents a negligible impact on the environment.
Exposure Standards and Guidelines

Cromolyn solution is not classified as hazardous by
Department of Transportation (DOT) regulations.
See also: Aerosols; Immune System; Respiratory Tract
Toxicology.
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l Name: Crotonaldehyde
l Chemical Abstracts Service Registry Number: CAS 4170-30-3
l Synonyms: Beta-methylacrolein, Propylene aldehyde, Cro-

tonic aldehyde, 2-Butenal, Topanel, Ethylene propionate,
Trans-2-butenal, Crotonal, Topanel, Ethylene dipropionate

l Molecular Formula: C4H6O
l Chemical Structure:
O

Background

Crotonaldehyde is a clear, colorless to straw-colored liquid with
a strong suffocating odor. It is highly flammable and produces
toxic vapors at room temperature. Crotonaldehyde is found
naturally in emissions of some vegetation and volcanoes; many
foods contain crotonaldehyde in small amounts. Crotonalde-
hyde is an important environmental pollutant. It is formed
during combustion of carbon-containing fuels and other
materials. Lipari et al. calculated an emission of 140–2700
metric tons of crotonaldehyde per year in the United States due
to burning of wood in fireplaces, based on the consumption of
firewood. Concentrations of 0.02–17mgm�3 were measured in
automobile exhausts; however, surprisingly low concentrations
of crotonaldehyde in the range of 1.1–2.1 mgm�3 were found
near highways at a distance of 1m. In addition, relatively high
amounts of 72–228 mg of crotonaldehyde are formed from each
smoked cigarette. Crotonaldehyde is evidently also formed
during biological degradation of organic material such as
plants. In exhausts of house garbage compost plants, amounts
of 2.9mgm�3 were measured. Strongly varying concentrations
of crotonaldehyde are reported to occur in food, e.g., in fish
(71–1000 mg kg�1), in meat (10–270 mg kg�1), and in fruits and
vegetables (1–100 mg kg�1). Crotonaldehyde was also found in
alcoholic beverages like wine (0.3–1.24mg l�1) or whisky (30–
210 mg l�1). Crotonaldehyde is an important industrial chem-
ical (e.g., for the synthesis of tocopherol (vitamin E), the food
preservative sorbic acid, and the solvent 3-methylbutanol), but
it is also a contaminant and by-product in various chemical
processes.
Production

Crotonaldehyde is produced by the aldol condensation of
acetaldehyde:

2CH3CHO/CH3CH]CHCHODH2O
Uses

Crotonaldehyde is mainly used in the manufacture of sorbic
acid, which is a yeast and mold inhibitor. Crotonaldehyde has
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been used as a warning agent in fuels, as alcohol denaturant, as
stabilizer for tetraethyl lead, in the preparation of rubber
accelerators, and in leather tanning.
Environmental Behavior, Fate, Routes, and Pathways

Chemical and physical properties of acetaldehyde:

1. Molecular weight: 70.09.
2. Boiling point (at 760mm Hg): 104 �C (219.2 �F).
3. Specific gravity: 0.85 at 20 �C (68 �F).
4. Vapor density (air¼ 1): 2.41.
5. Melting point: �74 �C (�101.2 �F).
6. Vapor pressure at 20 �C (68 �F): 19mm Hg.
7. Solubility: very soluble in water; soluble in alcohol, ether,

acetone, and benzene.
8. Evaporation rate: data not available.

In food, (E)-crotonaldehyde has been found as a volatile
component of raw beef, chickpea, mutton, chicken, and pork.
(E)-Crotonaldehyde’s production and use in the manufacture
of butyraldehyde in locating breaks and leaks in pipes, in the
manufacture of maleic acid, crotyl alcohol, butyl chloral
hydrate, in rubber accelerators, in organic syntheses, as solvent
in purification of mineral oils, in the manufacture of resins,
rubber antioxidants, in chemical warfare, and as an interme-
diate for 2-ethylhexyl alcohol may result in its release to the
environment through various waste streams.

Crotonaldehyde (steric form not reported) has been iden-
tified as a volatile emission product from the arboreous plant
Chinese arborvitae. It has also been detected in gases emitted
from volcanoes. (E)-Crotonaldehyde is emitted to the atmo-
sphere from the combustion of wood and in exhaust from
gasoline and diesel engines. It is also released to the environ-
ment from tobacco smoke, polymer combustion, and turbine
exhaust.

(E)-Crotonaldehyde has been detected in drinking water
and wastewater, and in human milk and expired air. If released
to soil, (E)-crotonaldehyde will have very high mobility.
Volatilization of (E)-crotonaldehyde may be important from
moist and dry soil surfaces. Biodegradation studies suggest that
(E)-crotonaldehyde may be biodegradable in soil and water,
especially in anaerobic conditions. (E)-Crotonaldehyde readily
polymerizes; therefore, if it is released to soil or water in a spill
situation, a significant fraction may polymerize. If released to
water, (E)-crotonaldehyde may not adsorb to suspended solids
and sediment.

(E)-Crotonaldehyde may volatilize from water surfaces with
estimated half-lives from a model river and a model lake of 1.7
and 15 days, respectively. An estimated bioconcentration factor
value of 0.74 suggests that (E)-crotonaldehyde will not bio-
concentrate in aquatic organisms. If released to the atmosphere,
(E)-crotonaldehyde will exist in the vapor phase. Vapor-phase
(E)-crotonaldehyde is degraded in the atmosphere by reaction
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01212-4
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with photochemically produced hydroxyl radicals with a half-
life of about 11 h. Vapor-phase (E)-crotonaldehyde is also
degraded in the atmosphere by reaction with ozone with a
half-life of about 15.5 days. The general population can be
exposed to (E)-crotonaldehyde through inhalation, ingestion,
and dermal contact with food and other items containing (E)-
crotonaldehyde.
Exposure and Exposure Monitoring

1. Crotonaldehyde is emitted from the combustion of gaso-
line, the burning of wood, and tobacco. Therefore, the
general population may be exposed to crotonaldehyde
through inhalation of tobacco smoke, gasoline and diesel
engine exhausts, and smoke from wood burning.

2. Crotonaldehyde is a liquid chemical used to synthesize
other chemicals. Therefore, workers employed in occupa-
tions where crotonaldehyde is used may inhale croto-
naldehyde vapors or get the liquid on their skin. People
living near uncontrolled hazardous waste sites may be
exposed to higher than normal levels.

Crotonaldehyde in the air can irritate eyes, nose, throat,
and lungs, causing cough, tightness of chest, and shortness of
breath. High levels can cause fluid buildup in lungs, which
can be fatal.

Some people may develop a reaction even to low levels of
crotonaldehyde.

Upon oral ingestion, it can cause chemical burns of eyes,
lips, mouth, throat, esophagus, and stomach.
Toxicokinetics

Predictive models have shown dermal fluxes of 0.627 and
0.326mg cm�2 h�1 for crotonaldehyde. Depending on the
model applied, a 1-h exposure of both hands and forearms
(surface area of about 2000 cm2) would produce a total uptake
of 1254 or 652mg crotonaldehyde.
Mechanism of Action

Crotonaldehyde forms protein adducts and DNA–histone
cross-links in vitro. After incubation with crotonaldehyde, cyclic
1,N2-propanodeoxyguanosine adducts could be detected in
isolated calf thymus DNA, cultured Chinese hamster ovary
(CHO) cells, and human fibroblasts, and locally and systemi-
cally in various tissues of mice and rats treated in vivo. These
adducts are to be considered as breakdown products from the
reaction of the activated C–C double bond of crotonaldehyde
with the exocyclic nitrogen of the deoxyguanosine remainder,
analogous to a Michael reaction. Similar cyclic 1,N2-
propanodeoxyguanosine adducts are also formed endoge-
nously in vivo in animals and humans.

It was shown in a study that crotonaldehyde induces cyto-
toxicity through induction of cellular oxidative stress with the
depletion of intracellular glutathione and increase of reactive
oxygen species in a human bronchial epithelial cell line. Cro-
tonaldehyde caused both apoptosis and necrosis; necrosis was
seen with increasing crotonaldehyde concentrations. Croto-
naldehyde-induced apoptosis was mediated via cytochrome
c release and caspases cascade. However, this study cannot rule
out the possibility that apoptosis might be occurring through
other caspase-independent pathways, such as apoptosis-
inducing factor.
Acute and Short-Term Toxicity

Crotonaldehyde is very irritating to the eyes, skin, and mucous
membranes. Corneal damage may occur from direct eye
contact. Respiratory tract irritation and delayed noncardiogenic
pulmonary edema are possible. Irritation of the nose and
throat may occur. Gastrointestinal tract irritation may be pre-
dicted to occur following ingestion based on the other irritant
properties of this substance. Allergic contact dermatitis may be
seen. Seizures have been observed as a terminal event in
exposed experimental rats. Damage to the thymus and adrenal
glands has also been described in exposed animals.
Chronic Toxicity

Chronic oral administration of crotonaldehyde to rats has pro-
duced hepatic tumors. Chronically exposed Russian workers
developed functional neuropsychiatric disorders.
Reproductive and Developmental Toxicity

Crotonaldehyde has been shown to cause sperm cell degener-
ation in mice. After intragastric administration of high doses
of crotonaldehyde, DNA adducts were detected in liver, lung,
and kidney of rats. These data support the systemic availability
of crotonaldehyde. Degenerative changes in the nuclei in the
various stages of spermatogenesis and significant increases in
sperm head anomalies after intraperitoneal treatment indicate
that crotonaldehyde reaches germ cells.

Chronically exposed Russian workers developed unspeci-
fied sexual disturbances, decreased androgynous function of
the male endocrine glands, and menstrual disturbances.
Genotoxicity

Crotonaldehyde was found to be mutagenic in Escherichia coli
and human fibroblasts transfected with plasmid pMY189
treated with 0–1.8M crotonaldehyde. Human Cos-7 cells were
transfected with plasmids pMS2 into which oligonucleotides for
the a-R-methyl-g-hydroxy-1,N2-propanodeoxyguanosine and
a-S-methyl-g-hydroxy-1,N2-propanodeoxyguanosine adducts
had been inserted. Analysis of the mutations of the plasmid in
DH10B E. coli cells yielded a rate of mutation of 5–6%, in which
mainly transversions from G/ T were found. In another study
involving 32P-postlabeling, crotonaldehyde was found to bind
covalently to calf thymus DNA and dose dependently to the
DNA of the CHO cells and the DNA of human fibroblasts. The
DNA adducts have been identified as cyclic 1,N2-prop-
anodeoxyguanosine adducts.



1074 Crotonaldehyde
In the comet assay with primary rat hepatocytes, croto-
naldehyde concentrations of 2 and 5mgml�1 induced small,
highly condensed areas within the round DNA spots in 89 and
94% of the images. In a comet assay with primary rat epithelial
cells of the stomach and colon, the DNA damage increased
dose dependently after a 30-min treatment with 0, 0.4, and
0.8mM crotonaldehyde. Overall, the findings of chromosomal
aberrations, micronuclei, and the micronuclei analysis by
means of centromere-specific coloring unambiguously
demonstrate a genotoxic effect of crotonaldehyde.

In vivo, after dermal application of 6.7mg crotonaldehyde
five times per week for 3 weeks, cyclic 1,N2-propanodeox-
yguanosine adducts were found in the epidermis of the Sencar
mouse. Likewise, these adducts were investigated in liver, lung,
kidney, and in the colon epithelium of Fischer 344 rats
following a single treatment via gavage with 200 or
300mg kg�1 body weight after 12 and 20 h. After doses of
200 and 300mg kg�1 body weight, 29 and 34 adducts 10�9

nucleotides were found in the liver. No adducts were found in
the liver of untreated rats. Twenty and nine adducts 10�9

nucleotides were detected in lung and kidney, respectively.
Genotoxicity of crotonaldehyde was studied in the bone

marrow and germ cells of laboratory mice. A positive dose–
response relationship between treatment and induction of
chromosomal aberrations in the somatic and germ cells and
dominant lethal mutation in the germ cells was found.
Carcinogenicity

Bittersohl carried out epidemiologic studies with workers. A
majority of these workers were employed in an aldehyde
factory for more than 20 years. The ambient air concentra-
tions of crotonaldehyde (besides other aldehydes such as
acetaldehyde) varied at the different workplaces between 1
and 7mgm�3 air. Of the 150 workers, nine developed
malignant tumors (two squamous cell carcinomas of the oral
cavity, one adenocarcinoma of the stomach, one adenocar-
cinoma of the cecum, and five squamous cell carcinomas of
the bronchi). Due to the tumor incidence observed, the
author suggested that carcinogenic properties of acetaldol
formed from acetaldehyde and a syncarcinogenic effect of the
aliphatic aldehydes were responsible. There are no new
studies available.

Environmental Protection Agency states that crotonaldehyde is
a possible human carcinogen. Classification: C; possible
human carcinogen. Basis for classification: based on no human
data and an increased incidence of hepatocellular carcinomas
and hepatic neoplastic nodules (combined) in male F344 rats.
The possible carcinogenicity of crotonaldehyde is supported by
genotoxic activity and the expected reactivity of croton oil and
aldehyde. Crotonaldehyde is also a suspected metabolite of
N-nitrosopyrrolidine, a probable human carcinogen.

Human carcinogenicity data: none.
International Agency for Research on Cancer states that it is

not carcinogenic to humans, classification: Group 3. There is
inadequate evidence in humans and experimental animals for
the carcinogenicity of crotonaldehyde.

Overall evaluation: Crotonaldehyde is not classifiable as to
its carcinogenicity to humans (Group 3).
Clinical Management

The following medical procedures should be made available to
each employee who is exposed to crotonaldehyde at potentially
hazardous levels:

1. Initial medical screening: Employees should be screened for
history of certain medical conditions (listed below), which
might place the employee at increased risk from croto-
naldehyde exposure. Chronic respiratory disease: in persons
with impaired pulmonary function, especially those with
obstructive airway diseases, the breathing of crotonalde-
hyde has irritant properties. Skin disease: crotonaldehyde is
a primary skin irritant. Persons with existing skin disorders
may be more susceptible to the effects of this agent.

2. Periodic medical examinations: Any employee developing
the above-listed conditions should be referred for further
medical examination.

Baseline arterial blood gases and chest X-ray should be
obtained for patients with significant respiratory exposure.
Baseline liver and renal function tests and complete blood
count with differential are suggested for patients with
substantial exposure.

Treatment Overview

Oral Exposure

1. Because of the potential for gastrointestinal tract irritation
and seizures, emesis should NOT be induced. Administer
activated charcoal as slurry (240ml water/30 g charcoal).
Usual dose: 25–100 g in adults/adolescents, 25–50 g
in children (1–12 years), and 1 g kg�1 in infants less than
1-year old. Significant esophageal or gastrointestinal tract
irritation or burns may occur following ingestion. The
possible benefit of early removal of some ingested material
by cautious gastric lavage must be weighed against potential
complications of bleeding or perforation. Consider gastric
lavage only after ingestion of a potentially life-threatening
amount of poison if it can be performed soon after ingestion
(generally within 1 h). Protect airway by placement in the
head down left lateral decubitus position or by endotracheal
intubation. Control any seizures first. Gastric lavage is con-
traindicated if there is any loss of airway protective reflexes
or decreased level of consciousness in unintubated patients;
following ingestion of corrosives; hydrocarbons (high aspi-
ration potential); patients at risk of hemorrhage or gastro-
intestinal perforation; and trivial or nontoxic ingestion.

2. Obtain baseline liver and renal function tests and complete
blood count.

3. Observe patients with ingestion carefully for the possible
development of esophageal or gastrointestinal tract irrita-
tion or burns. If signs or symptoms of esophageal irritation
or burns are present, consider endoscopy to determine the
extent of injury.

Inhalation Exposure

1. Move patient to fresh air: Monitor for respiratory distress. If
cough or difficulty in breathing develops, evaluate for
respiratory tract irritation, bronchitis, or pneumonitis.
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Administer oxygen and assist ventilation as required. Treat
bronchospasm with inhaled beta2-agonist and oral or
parenteral corticosteroids.

2. Acute lung injury: Maintain ventilation and oxygenation
and evaluate with frequent arterial blood gas or pulse oxi-
metry monitoring. Early use of positive end-expiratory pressure
and mechanical ventilation may be needed.
Eye Exposure
Decontamination: Irrigate exposed eyes with copious amounts
of room temperature water for at least 15min. If irritation,
pain, swelling, lacrimation, or photophobia persists, the
patient should be examined in a health care facility.

Dermal Exposure

1. Decontamination: Remove contaminated clothing and
wash exposed area thoroughly with soap and water. A
physician may need to examine the area if irritation or pain
persists.

2. Treat dermal irritation or burns with standard topical
therapy. Patients developing dermal hypersensitivity reac-
tions may require treatment with systemic or topical corti-
costeroids or antihistamines.
Ecotoxicology

There are no studies on the bioaccumulation of crotonalde-
hyde. Bioaccumulation is not expected on the basis of the
calculated log Kow of 0.63. Crotonaldehyde was one of the 221
organic compounds measured in a roadway tunnel in Los
Angeles, California, in 1993. In 1999, air samples were
collected at the inlet and outlet of two highway tunnels near
San Francisco, California, and Pennsylvania. Crotonaldehyde
was one of the 10 most abundant carbonyls measured
(0.23 mgm�3 in California and 0.12 mgm�3 in Pennsylvania).
Crotonaldehyde was also detected in ambient air at the Oak-
land–San Francisco Bay Bridge tollbooth plaza in California
during rush hour traffic, indicating that this compound is
emitted by vehicles.
Exposure Standards and Guidelines

OSHA limits: 2 ppm crotonaldehyde of workroom air/8-h
work shift, 40-h workweek.

Sources: ATSDR URL: http://www.atsdr.cdc.gov/toxfaqs/tf.
asp?id¼948&tid¼197.
See also: Acetaldehyde; Carcinogen–DNA Adduct Formation
and DNA Repair; Neurotoxicity.
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l Name: Chlorobenzylidene malononitrile
l Chemical Abstracts Service Registry Number: 2698-41-1
l Synonym: Tear gas; Less-than-lethal; Nonlethal; Lacrimator,

Harassing agent; Incapacitant; (2-Chlorophenyl) methy-
lene; Propanedinitrile, (o-chlorobenzylidene) malononi-
trile; 2-Chlorobenzalmalononitrile

l Molecular Formula: C10H5ClN9

l Structure:
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Background (Significance/History)

CS, or o-chlorobenzylidene malononitrile, is the current major
riot control agent (RCA) used by U.S. military forces. It was
originally synthesized in 1928 by Corson and Stoughton, and
the U.S. Army designated the compound ‘CS’ for the authors’
initials. CS replaced CN, chloroacetophenone, in 1959 as the
U.S. Army’s premier RCA due to its higher safety ratio over CN.
CS is more effective as an RCA, that is to say, more potent and
safer than its predecessor CN. CS can be disseminated pyro-
technically, or in the cases of CS1 and CS2, in powder
formulations.
Table 1 Decontamination of riot control agents

Compound (t1/2) Hydrolysis in water (t1/2) Waterþ Alkaline
Uses

CS is used as a nonlethal or less-than-lethal chemical in riot
control situations, to distract, deter, incapacitate, disorient, or
disable disorderly people, to clear facilities, areas, deny areas, or
for hostage rescue. It can also be used in peacekeeping opera-
tions. It is also used in military training as a confidence builder
for the protective mask. In addition to the nonpersistent form
The views of the authors do not purport to reflect the position of the US
epartment of Defense. The use of trade names does not constitute official
ndorsement or approval of the use of such commercial product.
Deceased.
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of CS, two hydrophobic variations were created, CS1 and CS2.
CS1 is a micronized powder formulation containing 5%
hydrophobic silica aerogel, which can persist for up to 2 weeks
in normal weather conditions, and CS2 is a siliconized micro-
encapsulated form of CS1 with a long shelf life, persistence,
resistant to degradation, and ability to float on water, which
could restrict or deny the use of water for military operations.
CS is commonly used as an RCA and a simulant for training.
Members of military organizations and law enforcement
agencies are routinely exposed to heated CS during training.
The heat vaporizes the CS for dispersion, which then condenses
to form an aerosol.
Environmental Fate and Behavior

Decontamination

Contaminated clothing should be removed and sealed in
a plastic bag. Disposable rubber gloves should be used when
handling contaminated clothes. The eyes should be irrigated
copiously with saline for 15–20min. Contaminated skin
should be washed thoroughly with copious amounts of water,
alkaline soap and water, a mildly alkaline solution (sodium
bicarbonate or sodium carbonate), or mild liquid soap and
water. The use of sodium hypochlorite solution will exacerbate
the skin lesions and should not be employed. Only a saline
irrigation should be used over vesiculated skin.

Decontamination of material/clothing after contamination
with CS can be done with sodium bicarbonate or carbonate
5–10% solution. If this means of decontamination cannot be
accomplished (e.g., contaminated rooms and furniture), the
only other means is by intensive air exchange – preferably with
hot air.
CS (15 min) Rapid (1 min) Rapid
CR Little–None Little–None
CN Very slow Very slow

Includes half-life of CS in water/alkaline solution.

oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00598-4
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If clothing is to be washed, cold water should be used
because hot water will cause any residual CS to volatilize,
leading to symptoms in attending staff.

Table 1 describes tear agent breakdown in water/alkaline
solutions. CS is the easiest to decontaminate because it readily
hydrolyzes in water, and does so even more rapidly in alkaline
solutions. CR and CN have low vulnerability hydrolysis,
rendering them mild environmental risks (Table 1).
Fate in Soil and Water

Tests conducted at Eglin Air Force Base near Ft. Walton Beach,
Florida, concluded that CS in soil has a ‘conservative’ half-life
of 3.9 days. Degradation of CS increases with soil and air
moisture, and with light exposure as it undergoes a slow
hydrolysis process. Olajos (2004) concluded that CS degrades
to o-chlorobenzaldehyde and malononitrile, the former of
which is ultimately converted to catechol under aerobic
conditions. Nitriles such as the malononitrile degradation
product of CS have a short half-life in soil and can be con-
verted readily to organic acids. Anaerobically, microalgae have
been reported to transform CS breakdown products into
benzoate. The U.S. Army Edgewood Research Development
and Engineering Center (USAERDEC) reports a solubility of
200mg l�1.
Fate in Air

CS concentrations attenuate in the atmosphere through three
processes: reaction with hydroxyl radicals, hydrolysis reactions
with atmospheric humidity, and deposition of particulate CS. It
should be noted that vapor pressure increases with tempera-
ture, as should be expected. At 20 �C, CS vapor pressure is
3.5� 10�5 mmHg, and at 60 �C, it is 5–7mmHg.
Exposure and Exposure Monitoring

Routes and Pathways

CS at room temperature is a white solid, stable when heated,
and with a low vapor pressure. The vapor is several times
heavier than air. It can be dispersed as a fine powder, as a jet or
stream of solution from small or large spray tanks, and as
aerosols or smokes by pyrotechnic generation. Its solubility in
water is limited, but it is soluble in organic and chlorinated
organics. High-temperature dispersion may produce a number
of organic thermal degradation products through rearrange-
ments and loss of cyano and chlorine substituents on CS,
possibly HCN and HCl. CS is rapidly hydrolyzed in water with
a half-life ofw15min at room temperature at pH 7. In alkaline
solution (pH 9), the half-life is 1min. Therefore, CS can be
easily inactivated by a water/alkaline solution or by washing
with soap and water.
Human Exposure

When CS was disseminated using spray nozzles from a 10%
solution in acetone or in methylene or dichloride, or from
a miniature M8 thermal grenade, the mass median diameter
(MMD) of CS produced was 3.0 mm for the CS in acetone,
1.0 mm for the CS in methylene dichloride, and 0.51 mm for the
miniature M18 CS thermal grenade. When properly fitted,
protective masks fully protect against exposure to CS. In those
who were unable to mask rapidly, panic was evident.
Concentrations of 9–10mgm�3 forced 50% of the subjects to
leave the chamber within 30 s, 99% left when exposed to
w17mgm�3, and 100% left and were considered incapaci-
tated at 40mgm�3 or greater.

Spray devices in use by UK police are 5% CS in a methyl
isobutyl ketone (MIK) propellant. MIK itself is a strong irritant,
leading to much debate over the safety of CS sprayers. In
addition, in pyrotechnic dissemination devices, it is possible to
generate HCN and HCl at high temperatures (above 700 �C).
These by-products are undesirable when attempting to avoid
permanent health risks by using nonlethal devices.
Toxicokinetics

CS reacts covalently with plasma proteins to form compounds
that may be antigenic. On contact with water, it hydrolyzes into
o-chlorobenzaldehyde and malononitrile. The kidney excretes
o-chlorobenzaldehyde as the metabolites o-chlorohippuric acid
(major) and o-chlorobenzoic acid (minor). The malononitrile
is metabolized to thiocyanate. The cyano groups of
2-chlorobenzylidene malononitrile are unlikely to cause
systemic cyanide toxicity since no significant amounts of free
cyanide appear in the plasma.
Mechanism of Toxicity

These agents are considered less than lethal and nonlethal
because they have a very large safety ratio. That is, their effective
dose or concentration ECt50 is very low compared to their
lethal dose or concentration (LCt50).

CS as well as CN is an SN2-alkylating agent with activated
halogen groups that react readily at nucleophilic sites. The
prime targets include sulfhydryl-containing enzymes such as
lactic dehydrogenase. In particular, CS reacts rapidly with the
disulfhydryl form of lipoic acid, a coenzyme in the pyruvate
decarboxylase system. It has been suggested that tissue injury
may be related to inactivation of certain of these enzyme
systems. CS causes the release of bradykinin, which can cause
pain without tissue injury. The initial response to the inhala-
tion of CS or other sensory irritants is consistent with the
Kratschmer reflex and the Sherrington pseudoaffective
response. These aerosols stimulate the pulmonary irritant
receptors to produce bronchoconstriction and increased
pulmonary blood volume by augmenting sympathetic tone.
The chlorine atoms released from CS on contact with skin and
mucus membranes are reduced to hydrochloride acid, which
can cause local irritation and burns.

Brone et al. in 2008 concluded that CS, CR, and CN all are
potent agonists to the transient receptor potential A1, or
TrpA1, cation-selective channel. This receptor is part of the
same family of receptors as TrpV1, the receptor through which
oleoresin capsicum (OC), or pepper spray, works. TrpA1
differs structurally from the other Trp receptors, mainly by
having amino-terminal ankyrin repeat domains and an 1125



Table 2 Tear gas potencies (Blain, 2003)

Compound TC50 (mg m
–3) IC50 (mg min m

–3)

CR 0.004 0.7
CN 0.3 20–50
CS 0.004 3.6
OC 0.0003–0.003 NA

TC50¼ Threshold concentration.
IC50¼ Incapacitating concentration.
OC included for comparison and is not a TrpA1 agonist.
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amino-acid carboxy-terminal chain, both intracellularly. The
receptor has been shown to generate action potentials based
on pain and inflammatory stimuli experienced at these sites.
This includes agonism by CS. CS possesses an electrophilic
carbon that binds covalently to cysteine thiol residues in the
TrpA1 receptor. This covalent bond is reversible, however,
accounting for the temporary effects of these agents. In this
study by Brone, in fact, the researchers were merely looking for
TrpA1 receptor agonists and when synthesizing some of these
noticed a pungent irritation of the eyes and nose. They then
realized they were synthesizing compounds structurally
similar to CR. From there, they reviewed the biological activity
of the riot control agents and decided to test their affinity and
efficacy for the TrpA1 receptor instead of synthesizing new
compounds.

Upon agonism by these RCAs, the TrpA1 receptor opens
and selectively allows for the flux of sodium (Naþ) and calcium
(Ca2þ) ions into the cell. This depolarizes the sensory neuron
and sends an afferent signal to the central nervous system
(CNS) that is interpreted as pain. CR allows for the most
calcium influx in the shortest amount of time into the cell,
establishing it as the most potent tear agent of the three. CS
follows closely behind CR with respect to the amplitude and
time to peak of calcium influx. CN trails the others in third
place. This study, therefore establishes that CS, CR, and CN do
in fact work through the TrpA1 receptor, but is that the only Trp
receptor they antagonize? The study went on further to test for
cross-reactivity with other Trp receptors, and the tear agents
were deemed TrpA1 selective, as no agonism was found with
the other receptors.

The sensory effects seen with tear gas exposures are due to
the afferents formed by trigeminal neurons, which express
high concentrations of TrpA1 receptors. For example, stimu-
lation of the tearing reflex transduces a signal through the
trigeminal nerve and registers as pain. That being said,
antagonists for the TrpA1 receptor could be potential thera-
peutic targets for tear gas overexposure treatments. With
regard to TrpA1 activation, the potencies of the tear agents are
described in Table 2.
Acute and Short-Term Toxicity (To Include Irritation
and Corrosivity)

Human

Persons who had been exposed previously to a high concen-
tration developed a fear of the agent, and even though subse-
quently exposed to lower concentration, the time to
incapacitation for trainedmen was shorter than expected. There
were no significant differences noted in the time to incapaci-
tation in subjects exposed to CS at 0–95 �F, although it was
apparent that the subjects appeared unable to tolerate the agent
as well as those exposed at ambient temperature. At 95 �F and
a relative humidity of 35% or 97%, the skin-burning effects
were much more prominent, possibly because of the excessive
diaphoresis. Hypertensive subjects reacted similarly to and
tolerated CS as well as normotensive individuals. However,
their blood pressure elevation was greater and lasted longer
than in normotensives, possibly because of the stress of expo-
sure. The hypertensive subjects recovered as rapidly as
normotensives.

One study has shown that emotional state has much to do
with the response to CS exposure. Some of the first physio-
logical signs and symptoms of CS exposure are hypertension
and irregular breathing. However, in experiments that bypass
the nose and upper airway by administering CS endotracheally,
a drop in blood pressure occurs and decreased respiration is
observed. This phenomenon is due to pain receptors in the
nose and upper airway being bypassed and thus no emotional
response due to pain is present to manifest the typical respi-
ratory and circulatory effects of CS seen in the field.

Subjects with a history of peptic ulcer, jaundice, or hepatitis
and those between the ages of 50 and 60 years reacted simi-
larly to normal subjects. Persons with a history of drug allergy,
hay fever, asthma, or drug sensitivity were able to tolerate CS
exposure as well as the normal subjects; however, a higher
percentage of this group had more severe chest symptoms than
the normals. Although many of these lay prostrate on the
ground for several minutes, no wheezing or ronchi were heard
on auscultation, and recovery time was slightly prolonged, but
only by 1–2min. Although not significantly different, subjects
exposed to CS disseminated from methylene dichloride
appeared to tolerate the agent for a slightly longer period than
those subjected to CS in acetone solution, nor were there
many differences from CS disseminated from the miniature
M18 CS smoke grenade. CS was effective within seconds.
Although high concentrations for prolonged exposure in
closed spaces can produce severe effects, no validated deaths in
humans have been reported for CS. These effects were acute
laryngotracheobronchitis in an infant, reactive airway
dysfunction syndrome, hemoptysis and hypoxia, and eryth-
roderma in adults, which were all treated successfully. Inges-
tion of CS may lead to abdominal cramping, pain, and
diarrhea.
Animal

Various experimental animal species were exposed to aerosols
of CS generated by various methods of exposure from 5 to
90min. The toxic signs observed in mice, rats, guinea pigs,
rabbits, dogs, and monkeys were immediate, and included
hyperactivity, followed by copious lacrimation, and salivation
within 30 s of exposure in all species except the rabbit. The
initial level of heightened activity subsided, and within
5–15min following initiation of the exposure, those exposed
exhibited lethargy and pulmonary stress, which continued for
about an hour following cessation of the exposure. All other
signs disappeared within 5min following removal from the



Table 3 Acute inhalation toxicity LCt50 (mg min m�3)

Animal CS smoke CS aerosol

Guinea pig 35 800 67 000
Rabbit 63 600 54 090
Rat 69 800 88 480
Mouse 70 000 50 110
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exposure. When toxic signs were observed, they occurred
following exposure by all of the dispersion methods.

Lethality estimates were expressed by calculation of LCt50
values. From acute exposures to CS dispersed from a 10% CS in
methylene dichloride, the LCt50 values (inmgminm�3) were as
follows: mice, 627 000; rats, 1 004 000; and guinea pigs, 46 000.
No deaths occurred in rabbits exposed to up to
47 000mgminm�3. CS at dosages up to 30 000mgminm�3

did not cause any deaths in any of themonkeys with pulmonary
tularemia. The combined LCt50 for mice, rats, guinea pigs, and
rabbits was calculated to be 1 230 000mgminm�3 for CS
dispersed from methylene dichloride. Goats, pigs, and sheep
did not exhibit hyperactivity on exposure to CS, and they were
also resistant to its lethal effect. Therefore, no LCt50 values could
be calculated for goats, pigs, or sheep. However, a combined
LCt50 was calculated for all of the species tested, including mice,
rats, guinea pigs, rabbits, dogs, monkeys, goats, pigs, and sheep,
and was estimated to be 300 000mgminm�3. LCt50 values
were also calculated for CS dispersed from M18 and M7A3
thermal grenades. These were (in mgminm�3) 164 000 for rats
and 36 000 for guinea pigs exposed to the M18 thermal grenade
dissemination; for the M7A3 thermal grenade they were (in
mgminm�3) as follows: rats, 94 000; guinea pigs, 66 000;
rabbits, 38 000; goats, 48 000; pigs, 17 000; dogs, 30 000;
monkeys, 120 000.

All of the acute exposure results were combined and LCt50
values were calculated for all rodents to be 79 000mgminm�3,
and for all nonrodent species tested to be 36 000mgminm�3,
and for all the species it was 61 000mgminm�3. The LCt50
values for CS2 were also calculated. CS2 is 95%CS, 5%Cab-oSil
R, and 1% hexamethyldisilazane, and the LCt50 values are rats,
68 000mgminm�3; guinea pigs, 49 000mgminm�3; dogs,
70 000mgminm�3; and monkeys, 74 000mgminm�3. The
lethal effects in animals following inhalation exposures are
caused by lung damage leading to asphyxia and circulatory
failure, or bronchopneumonia secondary to respiratory tract
injury. Pathology involving the liver and kidneys following
inhalation of high dosages of CS is also secondary to respiratory
and circulatory failure.

The acute inhalation toxicity of CS, generated in smoke and
as an aerosol, was studied in several animal species, and the
LCt50 data are presented in Table 3.
Chronic Toxicity

Animal

Repeated exposures of thermally dispersed CS were conducted
in rats and dogs. They were exposed from 4 to 5min per day, 5
days a week for 5 weeks. The 25-day cumulative dosage (Ct) to
which the rats were exposed was 91 000mgmin�3
(3640mgminm�3 per day), while the dogs were exposed to
a cumulative dosage of 17 000mgminm�3 (680mgminm�3

per day). No lethality occurred in the dogs, while the rats
became hyperactive and aggressive, biting noses and tails of
other rats, and scratching their own noses. No changes were
found in blood values for sodium, potassium, protein,
albumin, or creatinine throughout the tests. Five of the 30 rats
exposed died, 2 following the cumulative dosage of
25 000mgminm�3, and 3 died after 68 000mgminm�3.
Gross pathological examinations of the rats that died were
negative, as were those of six other rats that were sacrificed after
5 weeks of exposure. The exposed rats lost 1% of body weight,
while unexposed rats gained 20% during the 5 weeks. There
were no significant differences in organ to body weight ratios
for heart, kidneys, lungs, liver, or spleen following the 5-week
exposures. It was concluded that repeated exposures did not
make the animals more sensitive to the lethal effects of CS. The
animals that died after exposure to CS showed increased
numbers of goblet cells in the respiratory and gastrointestinal
tracts and conjunctiva, as well as necrosis in the respiratory and
gastrointestinal tracts, pulmonary edema, and occasionally
hemorrhage in the adrenals. Death appeared to result from
poor transfer of oxygen from the lungs to the blood stream,
probably because of edema, hemorrhage in the lungs, and
obstruction of the airways.

The effects of repeated exposures to CS in mice, rats, and
guinea pigs to neat CS aerosols for 1 h per day, 5 days per week
for 120 days demonstrated that high concentrations of CS were
fatal to the animals after only a few exposures, while mortality
in the low and medium concentrations did not differ signifi-
cantly from the controls. It was concluded that CS concentra-
tions below 30mgm�3 were without deleterious effects.
Immunotoxicity

Studies conducted by Nagarkatti et al. (1981) concluded that
CS has a direct effect on the immune system through their
experimentation with mice. Mice were dosed with CS at two
dose levels. The lower dose produced suppression of the
humoral immune response to sheep red blood cell (SRBC)
antigen. The higher dose produced elevated levels of cortico-
sterone in the mice.
Reproductive Toxicity

The effects of CS inhalation were studied on embryonic devel-
opment in rats and rabbits at concentrations consistent with
those expected in riot control situations (10mgm�3). Although
the concentrations were low and the duration of exposure
(5min) may not have been adequate to assess the fetotoxic and
teratogenic potential of CS, no significant increases in the
numbers of abnormal fetuses or resorptions were noted.
Genotoxicity

The mutagenic potential of CS and CS2 was studied in micro-
bial and mammalian bioassays. CS was negative in the Ames



1080 CS
Assay when tested in Salmonella typhimurium strains TA 98, TA
1535, and TA 1537 with and without metabolic activation. The
mutagenic potential for CS and CS2 in mammalian assays such
as the Chinese hamster ovary test for the induction of sister
chromatid exchange (SCE) and chromosomal aberration (CA),
and the mouse lymphoma L5178Y assay for induction of tri-
fluorothymidine (Tfi) resistance, indicated that CS2 induced
SCE, CAs, and Tfi resistance. The Committee on Toxicology of
the (U.S.) National Research Council (1984) reported that,
taken in their totality, the tests of CS for gene mutation and
chromosomal damage provide no clear evidence of mutage-
nicity. Although most of the evidence is consistent with non-
mutagenicity, in the committee’s judgment, it is unlikely that
CS poses a mutagenic hazard to humans.
Carcinogenicity

CS2 was evaluated for carcinogenicity in the U.S. National
Toxicity Program (NTP) 2-year rodent bioassay. Compound-
related nonneoplastic lesions of the respiratory tract were
observed. The pathologic changes observed in the exposed rats
included squamous metaplasia of the olfactory epithelium,
hyperplasia, and metaplasia of the respiratory epithelium. In
mice, hyperplasia and squamous metaplasia of the respiratory
epithelium were observed. Neoplastic effects were not observed
in either rats or mice. It was concluded that the findings suggest
that CS2 is not carcinogenic to rats and mice. CS in methylene
chloride was also tested in mice and rats for carcinogenicity in
a 2-year study, and no tumorigenic effects were observed in the
CS-exposed animals.
Clinical Management

Ocular exposure to CS produces intense blepharospasm, pain,
lacrimation, conjunctival erythema, periorbital edema, and
a rise in intraocular pressure. These effects generally diminish
within 30min postexposure. CS also produces rhinorrhea,
nasal irritation and congestion, bronchorrhea, sore throat,
cough, sneezing, unpleasant taste, and burning of the mouth
immediately after exposure. These effects rapidly resolve within
minutes postexposure. Symptomatic treatment of ocular irri-
tation consists of the use of a topical solution to relieve the
irritation with topical antibiotics. The eyes should be examined
for corneal abrasions. Treatment with oral analgesics, topical
antibiotics, and mydriatics should be considered. Since CS is
a solid, it is possible for a particle or clump to become
embedded in the cornea or conjunctiva and cause tissue
damage. Medical care for eye pain after exposure should
include thorough decontamination of the eyes and a thorough
ophthalmologic examination. The eye with ocular injuries
should be carefully irrigated with isotonic saline and the
remaining powder removed with a cotton swab. Any remaining
stromal particles should be removed with a needle tip under
slit lamp illumination. Airway problems may occur in indi-
viduals with lung disease, especially if exposed to higher than
average field use concentrations. If these occur, the immediate
priority is the removal from the exposure and to ensure
a patent, or open airway.
Severe and prolonged erythema or severe dermatitis may
occur several hours after exposure that is then followed by
vesiculation. These are generally second-degree burns and
should be treated like second-degree chemical burns.

If the release of irritant incapacitants is in a confined,
unventilated space, exposure may be to very high concentra-
tions. Some individuals may be more susceptible to high
concentrations, possibly because of an existing medical
condition such as asthma, and will require intensive supportive
medical treatment postexposure.
Ecotoxicology

Few studies have been done regarding the ecotoxicology of CS,
but one study conducted by Morrison et al. (1974) concluded
that it is highly toxic to woody terrestrial plants at concentrations
from 60 to 120 gm�3. Malononitrile, one of the hydrolysis
products of CS, has shown to be toxic to duckweed, an aquatic
plant, as well according to Worthley and Schott (1971) at levels
above 5mg l�1.

Rainbow trout and the mumichog were both used as animal
models to test the aquatic toxicity of CS in the 1970s and
1980s. Abram andWilson report that malononitrile is less toxic
than CS and o-chlorobenzaldehyde at the following molar
concentrations: CS – 0.031mmol l�1, o-chlorobenzaldehyde –

0.032mmol l�1, and malononitrile – 0.17mmol l�1.
CS was found by Pearson (1975) to cause coughing and

convulsions in themumichog at levels at or above 6.3mg l�1, but
no effect was seen when exposed to o-chlorobenzaldehyde at
levels approaching 35.0mg l�1 in the same animal model.
However, in a later study, Keller et al. (1986) found the lethal
concentration threshold of CS in themumichog to be 3.9mg l�1.

Pearson also studied the effects of CS on gold fish, Carassius
auratus. Gold fish could tolerate 6mg l�1 of CS up to approx-
imately 22 h, and 10mg l�1 for 2.7–5.3 h.
Exposure Standards and Guidelines

Ceiling (ACGIH): 0.05 ppm.
PEL (OSHA): 0.05 ppm.
“Humandata: It hasbeen reported thatmedian incapacitating

concentrations range from 12 to 20mgm�3 after about 20 s of
exposure (U.S. Depts of Army and Air Force, 1963) and that a 2-
min exposure to concentrations between 2 and 10mgm�3 was
considered ‘intolerable’ by 6 of 15 persons (Army, 1961). In
another study, 3 of 4 volunteers exposed to 1.5mgm�3 for 90
min developed headaches and 1 volunteer developed slight eye
andnose irritation; humanvolunteers have found concentrations
greater than 10mgm�3 to be extremely irritating and intolerable
for more than 30 s because of burning and pain in the eyes and
chest (Punte et al. 1963). Exposures above 14mgm�3 for 1h
produced extreme irritation, erythema, and vesication of the skin
of volunteers (Weigand, 1969).” (Hazmap, 2012)
See also: Arsenical Vomiting Agents; Blister Agents/Vesicants;
3-Quinuclidinyl Benzilate (BZ): Psychotomimetic Agent; CN
Gas; Nerve Agents; Nonlethal Weapons; Riot Control Agents.
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l Chemical Abstracts Service Registry Number: 98-82-8.
l IUPAC Systematic Name: Benzene, (1-methylethyl)-
l Synonyms: (1-Methylethyl)benzene; 2-Fenilpropano; 2-

Phenylpropane; Benzene, isopropyl; Cumol; Isopropil-
benzene; Isopropyl-benzol; Isopropylbenzene; Propane,
2-phenyl

l Chemical Formula: C9H12

l Chemical Structure:
Background

Cumene is a common name for isopropylbenzene, an organic
compound. Cumene is a volatile colorless liquid at room
temperature with a characteristic sharp, penetrating, aromatic
odor. It is insoluble in water but is soluble in alcohol andmany
other organic solvents. Cumene is structurally a member of the
alkyl aromatic family of hydrocarbons, which also includes
toluene (methylbenzene) and ethylbenzene. Cumene can be
found in crude oil, refined fuels, and is a part of processed high-
octane gasoline. Its chemical and physical properties are listed
in Table 1.

Cumene is manufactured by reacting benzene with
propylene at elevated temperature and pressure in the presence
of a catalyst. It is considered an environmental pollutant
because it is a natural component of petroleum and is present
in tobacco smoke. Cumene vapor can be absorbed by the
able 1 Chemical and physical properties of pure cumene

elative molecular mass 120.194
escription Colorless liquid
oiling point 152.4 �C
elting point �9.60Eþ 01 �C
ogP (octanol–water) 3.66
ater solubility 61.3 mg l�1

apor pressure 4.5 mm Hg at 25 �C
enry’s law constant 0.0115 atm m3 mol�1 at 25 �C
tmospheric OH rate constant 6.50E�12 cm3 molecule�1 s�1

ata taken from ChemIDplus.
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respiratory tract. Sufficiently high levels of exposure to cumene
causes central nervous system (CNS) depression leading to
death, internal bleeding of numerous organs, as well as irrita-
tion of the eyes and respiratory system, skin, and mucous
membranes. Cumene is a high production volume chemical.
Uses

Around 98% of cumene is used in the production of phenol
and its coproduct, acetone, using cumene hydroperoxide as
chemical intermediate. However, the demand for cumene is
largely dependent on the performance of phenol’s derivatives,
which have resulted in healthy growth rates in demand for
cumene. It is also used as a starting material in the production
of acetophenone, a-methylstyrene, diisopropylbenzene, and
dicumylperoxide. Cumene is used as a thinner for paints,
lacquers, and enamels. It is also used in the manufacture of
acetophenone, methylstyrene, and other chemicals commonly
found in home cleaning products. Minor uses of cumene
include as a constituent of some petroleum-based solvents,
such as naphtha; in gasoline blending diesel fuel and high-
octane aviation fuel; and as a raw material for peroxides and
oxidation catalysts such as polymerization catalysts for acrylic
and polyester-type resins. It is also a good solvent for fats and
resins and has been suggested as a replacement for benzene in
many of its industrial applications.
Environmental Fate and Behavior

Cumene is released into the environment as a result of
production and processing from petroleum refining and the
evaporation and combustion of petroleum products. Cumene
also occurs in a variety of natural substances including
essential oils from plants and foodstuffs. When released to
soil, cumene is expected to biodegrade and may volatilize
from the soil surface. Cumene is expected to have low
mobility based on its estimated adsorption coefficient (Koc) of
820. Based on Henry’s law constant of 0.0115 atm m3 mol�1,
cumene volatilization from moist soil surfaces is expected to
be an important environmental fate and it may volatilize from
dry soil surfaces based on its vapor pressure. Cumene is
expected to strongly adsorb to soils and is not expected to
leach to groundwater.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00599-6
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When released into water, cumene is expected to adsorb to
sediment and suspended solids in water based on the estimated
Koc. The aerobic biodegradation rate of cumene in riverwater and
sediment via mineralization was 0.02 per day, which equates to
a half-life of 34.6 days. Cumene volatilization from the surface of
water is expected with an estimated half-life of 4.4 days, which is
an important environmental fate process based on Henry’s law
constant for this compound. Hydrolysis is not expected to occur
due to the lackofhydrolysable functional groups.Cumenecanbe
found as a natural component in plants and is widely detected in
the atmosphere due to its presence in gasoline.

When released into the atmosphere, a vapor pressure of
4.5 mmHg at 25 �C indicates that cumene exists solely as
a vapor in the ambient atmosphere. Cumene in the vapor
phase reacts with photochemically generated hydroxyl radicals.
The reaction of cumene in the vapor phase with ozone has an
estimated half-life of 2.5 days. Cumene may also react with
ozone radicals found in the atmosphere but not at an envi-
ronmentally important rate.
Exposure and Exposure Monitoring

Cumene is a contaminant of air, sediments and surface, and
drinking and groundwater, and a natural constituent of
a variety of foods and vegetation. Cumene exposure may fall
into two categories: environmental occurrence and natural
occurrence. Primary sources of release of cumene into the
environment include petrochemical refineries, spills of finished
fuel products during transport or processing, and emissions
from petrol stations andmotor vehicles. Cigarettes and tobacco
are also a source of cumene released during consumption.
There are many other industries that release cumene during and
after their production processes. These industries include
operations involving vulcanization of rubber, building mate-
rials, jet engine exhaust, outboard motor operations, solvent
uses, paint manufacture, pharmaceutical production, textile
plants, leather tanning, iron and steel manufacturing, paving
and roofing, paint and ink formulation, printing and
publishing, ore mining, coal mining, organics and plastics
manufacturing, pesticide manufacturing, electroplating, and
pulp and paper production. Cumene release from all these
sources was estimated to be about 9.5�106 kg annually.

Cumene occurs naturally in petroleum crudes and coal tar
and also occurs in a variety of natural substances including
essential oils from plants, marsh grasses, and a variety of
foodstuffs such as papaya, sapodilla fruit, and Australian
honey. Cumene has been also detected in fried chicken,
tomatoes, Concord grapes, cooked rice, oat groats, baked
potatoes, Beaufort cheese, fried bacon, dried legumes (beans,
split peas, lentils), southern pea seeds, and Zinfandel wine.
Toxicokinetics

Cumene is a water-insoluble petrochemical used in the manu-
facture of several chemicals, including phenol and acetone. In
humans and animals, cumene is metabolized primarily to the
secondary alcohol 2-phenyl-2-propranol. This alcohol and its
conjugates are major metabolites in both humans and animals.
No data are available with which to quantify human exposure.
Increases in organ weights, primarily the kidneys, are the most
prominent effects observed in animals readily exposed to cumene
by either the oral or inhalation route. Neither cumene nor its
metabolites are likely to accumulate within the body.
Mechanism of Toxicity

CNS depression is the most commonly reported toxic effect
and sensitive end point of exposure to cumene. It is charac-
terized in animals by narcosis, decreased motor activity, inco-
ordination, prostration, and impaired gait and reflexes to
stimuli. The exact mechanism has not been discovered but it is
believed to involve the similarity with which cumene is lipid-
soluble and not water-soluble, for nerve tissue due to its high
lipid content. Signs of CNS depression occurred in most of the
available studies on acute and subchronic inhalation of
cumene. Some of these studies showed that the CNS depressant
effects occurred during exposure and shortly thereafter and the
effects disappeared within 24 h. This is consistent with the
rapid absorption and excretion of cumene shown in pharma-
cokinetic studies. Cumene also causes sensory irritation at
neurotoxic concentrations. Some other studies on respiratory
rate inhibition (RD50) showed that the sensory irritation of
cumene and related alkylbenzenes compounds is caused by
a physical interaction with a receptor protein in a lipid layer,
rather than by a chemical interaction.
Acute and Short-Term Toxicity

Cumene is not highly toxic to laboratory animals by inhala-
tion, oral, or dermal routes of exposure. However, it is reported
that cumene has a potent CNS depressant action characterized
by a slow induction period and long duration of narcotic effects
in animals. In mice, a lethal concentration 50% (LC50) of
9800 mg cumene m�3 (2000 ppm) and for rats a 4-h inhala-
tion LC50 of 39 200 mg m�3 (8000 ppm) were reported in
several studies. More investigations reported that the acute oral
lethal dose 50% (LD50) values for rats range from 1400 to
2900 mg kg�1 body weight and intraperitoneal LD50 values for
male mice were 2000 mg kg�1 body weight. Weakness, ocular
discharge, collapse, and death were reported as acute clinical
signs of oral toxicity in rats, and pathological findings in
animals that died were hemorrhagic lungs, liver discoloration,
and acute gastrointestinal inflammation.

Cumene is considered an ocular irritant. Ocular irritation
includes immediate discomfort followed by redness of the
conjunctiva and copious discharge. Ocular irritation was
observed after instillation of undiluted cumene to rabbits;
these effects were reversible within 120 h. Slight eye irritation
was generated when cumene was applied to rabbit eyes.
However, another study reported that cumene was harmless to
rabbit eyes when applied undiluted. The concentration of
cumene causing a 50% reduction in the respiratory (RD50) rate
in mice was determined to be 10 084mgm�3 (2058 ppm) after
30 min of exposure. This concentration is quite high, and
repeated exposure could cause death and morbidity in rats and
rabbits.
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No information was located regarding the toxicity of
cumene in humans following acute exposure. The minimum
lethal human exposure, dermal irritation, and sensitization to
cumene have not been identified and reported in the litera-
ture. However, it is reported that acute inhalation exposure to
cumene may cause CNS depression indicated by headaches,
dizziness, drowsiness, slight incoordination, and uncon-
sciousness in humans.
Chronic Toxicity

No information is available regarding the toxicity of cumene in
humans following acute, subchronic, or chronic exposure. No
epidemiology, case reports, or clinical studies of humans were
located. There are no long-term in vivo bioassays addressing the
issue of cancer. No data exist to support any quantitative cancer
assessment.
Immunotoxicity

No studies were located that examined immunotoxicity in
animals after exposure to cumene by any route. Cumene is
known as a CNS depressant like many other solvents such as
alcohol. The occurrence of neurological effects from inhalation
exposure to cumene has been confirmed in several studies. These
studies involve acute exposures that show neurotoxicological
effects only at quite high concentrations. Neurotoxicological
effects were not observed in the longer-term inhalation studies.
Reproductive Toxicity

No information is available on the reproductive or develop-
mental effects of cumene in humans. Inhalation studies in rats
and rabbits reported no significant adverse effects on repro-
duction or fetal development. No effects on sperm were
observed in male rats exposed by inhalation. No multi-
generation reproductive study exists for cumene by either the
oral or inhalation route. There are no data concerning cumene
exposure of females prior to mating, from conception to
implantation, or during late gestation, parturition, or
lactation.
Genotoxicity

The potential for genotoxicity of cumene is not possible to
evaluate due to the lack of studies; however, most genotoxicity
test data in animals with cumene are negative.
Carcinogenicity

Studies examining the carcinogenic activity of cumene in
humans have not been published. Based on the US Environ-
mental Protection Agency (EPA) Risk Assessment Guidelines,
cumene is a class D carcinogen; not classifiable as to human
carcinogenicity because no adequate data, such as well-con-
ducted long-term animal studies or human epidemiological
studies, are available for assessment that the substance does
cause or does not cause cancer. Chronic toxicity or carcinoge-
nicity studies in animals were not available in the literature.
Clinical Management

Handling petroleum hydrocarbon products is very critical, and
clinical management in most cases is symptomatic. Attention
must be paid to possible aspiration pneumonitis after ingestion
of cumene; vomiting must not be induced. Cumene is flam-
mable. Exposure could cause CNS effects and at high concen-
trations could result in unconsciousness. Oral or high
concentration of exposure to vapor may cause CNS depression
and the patient must be moved to fresh air.

Cumene is very hazardous in case of contact with skin, eye,
ingestion, and inhalation. The potential effects of eye contact
can be characterized by redness, watering, and itching. The
effects of skin contact can be characterized by itching, scaling,
reddening, and blistering. In case of contamination with
material, clothing should be removed, and skin and eyes
should be flushed with water.
Ecotoxicology

Cumene vapor can react chemically with sunlight and is
quickly broken down when released into the atmosphere. In
the atmosphere, cumene exists almost entirely in the vapor
phase. Cumene does not absorb ultraviolet light at wavelengths
greater than 290 nm, which suggests that cumene would not be
subject to direct photolysis and oxidation by ozone in the
atmosphere. Thus, reaction with ozone and direct photolysis
are not expected to be important removal processes. Reaction
with photochemically generated hydroxyl radicals appears to
be the primary degradation pathway. Small amounts of
cumene may be removed from the atmosphere during precip-
itation. Cumene has been assigned a photochemical ozone
creation potential (POCP) value of 35 relative to ethylene at
100. POCP values represent the ability of a substance to form
ground-level ozone as a result of its atmospheric degradation
reactions.

When cumene is released to surface water, it volatilizes and
biodegrades rapidly. In water, important fate and transport
processes are expected to be volatilization and aerobic
biodegradation. Chemical hydrolysis, oxidation, photolysis,
and reaction with hydroxyl radicals are not expected to be
important environmental fate processes.

When spilled on soil, cumene is expected to volatilize and
biodegrade from the soil surface. Cumene strongly adsorbs to
soils and is not expected to easily leak through the soils to the
groundwater or underground drinking water.
Other Hazards

Cumene is flammable in the presence of open flames and
sparks. The autoignition temperature is 424 �C. The flash point
is 36 �C closed cup and 93.3 �C open cup. The flammable limit
is between 0.9% and 6.5%. The flammable liquid is soluble or
dispersed in water.
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Exposure Standards and Guidelines

Cumene is not classified as a highly toxic chemical. The US EPA
Office of Air Quality Planning and Standards for a hazard
ranking under Section 112 (g) of the Clean Air Act Amend-
ments evaluated cumene for chronic (long-term) toxicity and
gave it a toxic score of 11. Scores range from 1 to 100, with 100
being the most toxic. The threshold limit value (time-weighted
average) and odor threshold have been recorded as 50 ppm
and 0.039 ppm, respectively, with skin notation based on the
American Conference of Governmental Industrial Hygienists.
Miscellaneous

Vapors are heavier than air and may travel across the ground
and reach remote ignition sources causing a flashback fire
danger. Electrostatic charges may be generated during pumping
and may cause fire. Exposure prevention includes proper eye,
skin, and face protection, and a cartridge-type of self-contained
breathing apparatus.

See also: Carcinogen Classification Schemes; Carcinogenesis;
Chemical Hazard Communication and Safety Data Sheets;
Chemical Safety Assessment and Reporting Tool (Chesar),
REACH; Chemicals of Environmental Concern; Ecotoxicology;
Environmental Toxicology; EU Risk Assessment Committees;
Eye Irritancy Testing; Fuel Oils; High Production Volume (HPV)
Chemicals; Petroleum Distillates; Petroleum Hydrocarbons;
Risk Assessment, Ecological; Risk Assessment, Human Health;
Standards and Guidelines for Toxicity Testing; Toxicity Testing,
Carcinogenesis; Toxicity, Acute; Toxicity, Subchronic and
Chronic.

Further Reading

Foureman, G.L., 1997. Toxicological Review of Cumene. U.S. Environmental Protection
Agency, Washington, DC. Available at: http://www.epa.gov/iris/toxreviews/0306tr.pdf.

Foureman, G., 1999. Concise International Chemical Assessment Document 18,
Cumene. World Health Organization, Geneva.

National Advisory Committee, 2007. Acute Exposure Guideline Levels (AEGLs) for
Cumene. NAC/AEGL Committee.

Relevant Website

Ohio Department of Health. (2009). Cumene. Retrieved from Bureau of Environmental
Health: http://www.odh.ohio.gov

The Dow Chemical Company. (2011). Cumene. Retrieved from Dow Aromatics
Products: http://www.dow.com/

U.S. Environmental Protection Agency (EPA). (2000). Cumene. Retrieved from Tech-
nology Transfer Network Ait Toxics Web Site: http://www.epa.gov

U.S. National Library of Medicine. (2011). Cumene. Retrieved from Hazardous
Substances Data Bank (HSDB): http://toxnet.nlm.nih.gov/

http://www.epa.gov/iris/toxreviews/0306tr.pdf
http://www.odh.ohio.gov
http://www.dow.com/
http://www.epa.gov
http://toxnet.nlm.nih.gov/


Cumulative (Combined Exposures) Risk Assessment
A Emami, Food and Drug Administration (FDA), Center for Drug Evaluation and Research, Silver Spring, MD, USA
M Rajabi, Oak Ridge Institute for Science and Education, Oak Ridge, TN, USA
B Meek, University of Ottawa, Ottawa, ON, Canada

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Jeffrey H. Driver, volume 1, pp 692–694, � 2005, Elsevier Inc.
In 2009, the National Research Council (NRC) recommended
the need to include all the chemical, biological, physical, and
social stressors in assessment of combined or cumulative expo-
sures. TheUSEnvironmental ProtectionAgency (EPA)guidelines
define cumulative risk assessment as analysis, characterization,
andpossiblequantificationof the combined risks tohealthor the
environment from multiple elements. The EPA have also signi-
fied the need to include low income, depressed community
property values, limited access to health care, psychosocial stress,
and other stressors within the nonchemical category.

Recently, terminology for cumulative (combined expo-
sures) risk assessment has been considered in an international
initiative of the World Health Organization (WHO) Interna-
tional Programme on Chemical Safety (IPCS). Working defi-
nitions for key terms and concepts have been developed as
a basis to increase understanding and better harmonize
approaches among jurisdictions.

Exposure to the same substance from multiple sources and
by multiple pathways and routes (referred to in some juris-
dictions as aggregate exposure) was described as single chem-
ical, all routes. Similarly, it was recommended that exposure to
multiple chemicals by a single route be distinguished from
exposure to multiple chemicals by multiple routes (referred to
in some jurisdictions as cumulative exposure). Substances
grouped together for evaluation of combined exposures were
referred to as an assessment group.

Also relevant to combined exposures assessment is
a common understanding of the mode of action, which has
been defined previously by the IPCS. A postulated mode of
action is a biologically plausible sequence of key events leading
to an observed effect supported by robust experimental
observations and mechanistic data. It describes key cytological
and biochemical events; that is, those that are both measurable
and necessary to the observed effect. It does not imply full
understanding of the mechanism of action at the molecular
level.

One of the objectives of assessment of combined exposures
or cumulative risk assessment is to consider multichemical,
multipathway risks in site-specific risk assessment that supports
the regulation of specific chemicals or processes (e.g., pesti-
cides, food additives, product safety). An example is the eval-
uation of aggregate (multimedia) exposures to pesticides with
a common mechanism or mode of action.

The Food Quality Protection Act of 1996 (FQPA) required
the US EPA to consider available information on the combined
effects of such residues and other substances that have
a common mechanism or mode of toxicity in establishing,
modifying, leaving in effect, or revoking a tolerance for
a pesticide chemical residue. The FQPA raised a number of
scientific questions, such as what constitutes a common
mechanism or mode of toxicity?
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The US EPA describes a mechanism (mode) of toxicity as
the major steps leading to an adverse health effect following
interaction of a pesticide with biological targets. An under-
standing of all steps leading to an effect is not necessary, but
identification of the crucial events following chemical interac-
tion is required to describe a mechanism (mode) of toxicity.

The cumulative risk assessment process for pesticides
includes the following steps:

1. Identifying the common mechanism group (CMG):
Identify a group of chemicals that possess a common toxic
effect by a common mechanism (mode) of toxicity.

2. Identifying the potential exposure source: Evaluate the
proposed and registered uses and use patterns to identify
potential exposure pathways (i.e., food, drinking water,
residential) and routes (oral, inhalation, dermal) for each
CMG member.

3. Characterization and selection of the common mecha-
nism (mode): Evaluate common effects that arise from
the common mechanism (mode) of toxicity across all
exposure routes and durations of interest, determine the
time frames of expression for the common toxicity, and
assess the quality of the dose–response data for each CMG
member. This can lead to recommending the end points/
species/sex that can serve as a uniform basis for deter-
mining relative potency.

4. Determining the need for cumulative (combined expo-
sures) risk assessment: Consider the number and types of
possible exposure scenarios in conjunction with the
associated residue values available. Assess the toxicolog-
ical information on dose–response for the common effect.
A screening-level assessment for the CMG may indicate
that there is no risk concern for this group of chemicals
and no further detailed assessment will be necessary. This
evaluation may also suggest that a cumulative (combined
exposures) assessment is simply not appropriate at this
time.

5. Determining the candidate risk assessment group
(CAG): Select pesticides, pesticide uses, routes, and
pathways from the CMG that have an exposure and
hazard potential to result in cumulative effects for inclu-
sion in the quantitative estimates of cumulative risk.

6. Performing dose–response analyses and determining
relative potencies and points of departure: Select and
apply an appropriate dose–response method to evaluate
the common mechanism/mode of action effects and
determine the relative toxic potencies of the CAG by each
exposure route and duration of interest. Analyze the
point(s) of departure for extrapolating the risk of the CAG.

7. Sketching a detailed exposure scenario for all routes and
duration: Determine the role of all the uses remaining for
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00600-X
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each pesticide in the CAG to establish the magnitude of
possible exposures. Decide the relative importance of the
scenarios and the need for their inclusion in a quantitative
assessment. Identify populations of interest and locations
for evaluation in the assessment. Assess the co-occurrence
of possible exposure scenarios.

8. Establishing exposure input elements: Determine the
magnitude, frequency, and duration of all pertinent
exposure pathway/route combinations. Identify appro-
priate sources of use/usage information, residues in all
appropriate media, and any modifying factors necessary
for inclusion in the assessment.

9. Performing final cumulative (combined exposures) risk
assessment: Assign route/duration-specific risk metrics.
Conduct a trial run and evaluate the output. Perform
sensitivity analysis. Assess subpopulations of concern to
determine group uncertainty and FQPA safety factors.

10. Characterizing the cumulative (combined exposures)
risk: Describe the results and conclusions of the risk
analysis, including the relative confidence in toxicity and
exposure data sources and model inputs. Discuss major
areas of uncertainty, the magnitude and direction of likely
bias, and the impact on the final assessment. Evaluate the
risk contributions from each pathway and route individ-
ually, as well as in combination. Identify risk contributors
with regard to pesticide(s), pathway, source, time of year,
and subpopulation affected (with particular attention to
children). Conduct sensitivity analyses to determine those
factors most likely to affect the risk. Determine need for
uncertainty and safety factors.

Recently, an international framework that draws on expe-
rience in various countries including that on pesticides
mentioned above has been developed to advance the risk
assessment of combined exposure to multiple chemicals. The
framework is designed to aid risk assessors in identifying
priorities for risk management for a wide range of applications
where co-exposures to multiple chemicals are expected. It is
based on a hierarchical (phased) approach that involves inte-
grated and iterative considerations of exposure and hazard at
all phases, with each tier being more refined (i.e., less conser-
vative and uncertain) than the previous one, but more labor
and data intensive. It includes reference to predictive and
probabilistic methodology in various tiers in addition to tiered
consideration of uncertainty. Associated case studies, including
application of the threshold of toxicological concern (TTC) for
consideration of substances detected in drinking water,
a screening assessment of polybrominated diphenyl ethers, and
an in-depth assessment of a pesticide, have been developed to
test and refine the framework.

In summary, combined exposures risk assessment can be
described in three phases: (1) problem formulation/planning,
(2) analysis, and (3) risk characterization. In the first phase,
a team creates a conceptual model that establishes the stressors
and the health or environmental effects to be evaluated. Next,
the analysis plan lays out the available data, the approach to be
taken, and the appropriate tier or level of analysis to meet
specified assessment objectives. These result in a fit-for-purpose
analysis of the risks associated with the multiple stressors to
which the study population or populations are exposed.
Finally, the risk characterization puts the risk estimates into
perspective in terms of their significance, the reliability of the
estimates, and the overall confidence in the assessment.

See also: Environmental Exposure Assessment; Environmental
Risk Assessment, Pesticides and Biocides; Environmental Risk
Assessment, Secondary Poisoning; Environmental Toxicology;
Interactive Toxicity; Levels of Effect in Toxicology Assessment;
Mechanisms of Toxicity; Mode of Action; Risk Assessment,
Ecological; Risk Assessment, Human Health.
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Chemical Profile

l Chemical Abstracts Service Registry Number: CAS 57-94-3
l Synonyms: Tubocurarine chloride; Intocostrin; Ourare;

Ourari; Urare; Urari; Woorali; Wooralia; Woorara; Woorari;
Wourali; Wouralia; Wourara; Wourari; CID 16051918

l Classification: Naturally occurring tetrahydroisoquinoline
plant alkaloid

l Molecular Formula: C37H42Cl2N2O6 (anhydrous), Molec-
ular Weight¼ 681.645 18

l Chemical Structure:
Background

The name curare is derived from the native Guyana Mukusi
Indian word wurari. In 1596, Sir Walter Raleigh referred to
curare in The Discovery of the Large, Rich, and Beautiful Empire of
Guiana. In 1780, Abbe Felix Fontana identified the action of
curare on voluntary muscles. In 1800, Alexander von Hum-
boldt described the extraction of curare. In 1811, Sir Benjamin
Collins Brodie determined that complete recovery from curare
poisoning is possible provided artificial ventilation is main-
tained. In 1825, Charles Waterton brought curarep to Europe,
and in 1835 Sir Robert Hermann Schomburgk classified and
named the vine Strychnos toxifera. In 1850, George Harley
demonstrated that curare could be used to treat tetanus and
strychnine poisoning. By 1868, Claude Bernard and Alfred
Vulpian had identified the site of action of curare as the motor
end plate. From 1887, curare was marketed for medical use by
Burroughs Welcome. In 1900, Jacob Pal recognized that
physostigmine could be used to antagonize the effects of
curare. In 1912, Arthur Lawen demonstrated the use of curare
during surgery, but this potential was not realized as the finding
was published in German. In 1914, Henry Hallett Dale
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described the action of acetylcholine. In 1935, Harold King
isolated D-tubocurarine and described its structure, while in
1936 Dale revealed the role of acetylcholine in neuromuscular
transmission and the mechanism of action for curare. In 1940,
Abram Elting Bennett revealed that curare could be used to
reduce trauma during metrazol-induced convulsive therapy for
spastic disorders in children. In 1942, Harold Griffith and Enid
Johnson used curare to augment general anesthesia when
performing an appendectomy. Curare was used surgically until
the development of safer synthetic neuromuscular blocking
analogues such as Pancuronium (in 1964), Vecuronium
(in 1979), Mivacurium (in 1993), and Rocuronium (in 1994).
Uses

Historically, curare was first used as a paralyzing arrow/dart
poison by indigenous South Americans. Later, curare was used
as a muscle relaxant during surgery. Previously, to enable deep
surgery, increased relaxation could only be achieved by higher
and hence riskier quantities of general anesthetic. Being able to
control the degree of muscle relaxation independently of the
depth of sedation greatly improves survival, although bringing
an associated risk of awareness while anesthetized.
Exposure

Only effective if it enters the bloodstream directly.
Toxicokinetics

D-Tubocurarine contains one positively charged quaternary
nitrogen atom and another which is usually protonated when
in the body, which prevents it from being absorbed from the
gastrointestinal tract (hence not orally toxic) or crossing the
blood–brain barrier (hence retention of consciousness during
paralysis).
Mechanism of Toxicity

D-Tubocurarine acts as a non-depolarizing competitive antag-
onist at nicotinic acetylcholine receptors on the motor end
plate of the neuromuscular junction, causing the relaxation of
skeletal muscle. D-Tubocurarine competes with at least an equal
affinity to acetylcholine, and at the same position on nicotinic
receptors. Hence curare does not affect cardiac muscle, smooth
muscle, or glandular secretions. Flaccid paralysis begins within
a minute and progressively prevents movement of the eyes,
limbs, and finally trunk. Death due to respiratory paralysis can
occur within 3–20 min.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00482-6
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Acute and Short-Term Toxicity

Animal

LD50 values: dog¼ 1200mg kg�1 (intravenous), rabbit
¼ 1300mg kg�1 (intravenous), and mouse¼ 140mg kg�1 (intra-
venous), 500mg kg�1 (subcutaneous), and 3200mg kg�1

(intraperitoneal).

Human

The lowest published lethal dose is 735mg kg�1 (route
unreported).
Clinical Management

Artificial ventilation combined with an acetylcholinesterase
(AChE) inhibitor (e.g., physostigmine) can be used to treat
curare poisoning. AChE inhibitors block the degradation of
acetylcholine, thus increasing the availability of acetylcholine for
competitive binding at the neuromuscular junction nicotinic
receptors.

See also: Neurotoxicity.

Further Reading

Bowman, W.C., 2006. Neuromuscular block. Br. J. Pharmacol. 147 (Suppl. 1), 277–286.

Relevant Website

http://toxnet.nlm.nih.gov – TOXNET, Toxicology Data Network, National Library of
Medicine, Search for tubocurarine.

http://toxnet.nlm.nih.gov
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The Cuyahoga River is a U-shaped river that spans 100 miles in
northeastern Ohio (the United States) starting at Lake Erie and
running through the cities of Cleveland and Akron. In the mid-
1900s, the Cuyahoga River was so heavily polluted that it had
caught fire at least nine times prior to the infamous fire that
took place in 1969 and raised awareness toward the declining
health of US waterways.

By 1968, the Cuyahoga River was considered to be in
a state of disrepair. The lower portion of the river was used for
waste disposal and was plagued with significant levels of
debris, industrial wastes, oils, and sewage. Additionally, the
river suffered from a severe lack of dissolved oxygen. Very few
plant and animal species were able to survive under such
poor conditions, and it was said that the lower portion of the
river contained no visible life. Potential fires were a daily
threat, such that fireboats routinely patrolled the Cuyahoga
River to disperse oil slicks. Nevertheless, on Sunday, 22 June
1969, an oil slick and debris caught fire and burned for less
than half an hour before it could be extinguished by fire-
fighters. Flames from the fire reached a height of approxi-
mately five stories and caused $50 000 in damage to two key
railroad tresses.

Interestingly, previous fires caused considerably more
damage, including a large fire that took place in 1952 and
caused over $1 million in damage to boats and an office
building located along the riverfront. However, the 1969 fire
was used to highlight the environmental crisis associated with
pollution and improper disposal of industrial wastes and
sewage. The event sparked national attention on the state of the
waterways within the United States and provided support to
clean and restore rivers. These efforts subsequently led to the
passing of the Federal Clean Water Act of 1972 to establish
a structure for regulating the discharge of pollutants into US
waterways and maintaining quality standards for surface
waters. The Great Lakes Water Quality Agreement was also
signed in 1972 and serves to reaffirm the obligations of the
1090 Encyclopedia of T
United States and Canada to restore and maintain the integrity
of the Great Lakes Basin Ecosystem. Furthermore, the attention
toward such environmental issues and water pollution control
activities helped to create the federal Environmental Protection
Agency.

Legislative acts, including the Clean Water Act, and
increased awareness have led to great strides in the restoration
of the Cuyahoga River. The cities of Akron and Cleveland have
improved their sewage treatment facilities to include tertiary
treatment (i.e., processes to increase the quality of the effluent
prior to its final release) and industrial waste discharge into the
river has drastically been reduced. Aquatic life has returned to
the Lower Cuyahoga River, including the presence of several
fish species. While restoration is not yet complete, the river is
now an area for ‘full contact’ recreation, and restaurants and
entertainment have been rebuilt along the river. A large area
between Akron and Cleveland was deemed The Cuyahoga
National Recreation Area with a portion of the area becoming
the Cuyahoga Valley National Park in 2000.

See also: Clean Water Act (CWA), US; Environmental Protection
Agency, US; Pollution, Water.

Further Reading

Stradling, D., Stradling, R., 2008. Perceptions of the burning river: deindustrialization
and Cleveland’s Cuyahoga river. Environ. Hist. 13, 515–535.

Relevant Websites

http://www.epa.gov/glnpo/aoc/cuyahoga.html – Cuyahoga River Area of Concern.
http://www.epa.gov/glnpo/glwqa/1978/index.html – Great Lakes Water Quality

Agreement.
http://www.epa.gov/lawsregs/laws/cwa.html – Summary of the Clean Water Act.
http://www.time.com/time/magazine/article/0,9171,901182,00.html – “The Cities:

The Price of Optimism, 1969-08-01”. Time (magazine). 1 August 1969.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01005-8
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http://www.epa.gov/glnpo/aoc/cuyahoga.html
http://www.epa.gov/glnpo/glwqa/1978/index.html
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l Chemical Abstracts Service Registry Number: 420-04-2
l Synonyms: Amidocyanogen; Carbamonitrile; Carbimide;

Cyanoamine; Carbodiamide; Carbodiimide; Cyanogena-
mide; Hydrogen cyanamide; Cyanogen nitride

l Chemical/Pharmaceutical/Other Class: Cyanamides
l Molecular Formula: CH2N2

l Chemical Structure:
Background Characteristics and Uses

Cyanamide is a colorless, orthorhombic, hydrophilic, crystalline
solid with a mild odor. It is similar to but not as toxic as cyanide.
It is commonly used in liquid solution and is expected to be
soluble in water, ether, benzene, acetone, phenols, amines,
ketones, and alcohols. It is used mainly in agriculture as a rest-
breaking agent and in pharmaceutical industries in the produc-
tion of antihistamines, antihelminthics, and many other drugs.

Containing both nucleophilic and electrophilic sites on the
same molecule, cyanamide exists as two tautomers – NCNH2

and HNCNH. It is a highly reactive chemical and is a dangerous
explosion hazard. It can release toxic fumes of cyanides and
nitrogen oxides when heated to decomposition or contacted
with acids, acid fumes, moisture, or 1,2-phenylenediamine
salts. It is combustible when exposed to heat or flame. Cyan-
amide reacts with acids, strong oxidants, strong reducing
agents, and water, causing explosion hazard.
Environmental Fate and Behavior

Adsorption–desorption studies in soil have estimated very low
Koc values (0–6.81 ml g�1) indicating low adsorption and high
mobility potential of cyanamide in soil; however, soil column
leaching studies indicate that cyanamide is only slightly
mobile. Volatilization is not expected to be an important fate
and transport process based on the Henry’s law constant and
vapor pressure. When released into the air, vapor phase cyan-
amide is expected to have a half-life of less than 1 day. Aerobic
biodegradation is expected to occur, with cyanamide serving as
source of nitrogen and carbon. The estimated half-life of
cyanamide from the water phase of the aquatic systems was 2.3
days for the river system and 4.3 days for the pond system,
respectively. Bioconcentration and bioaccumulation potential
is expected to be low, based on the estimated bioconcentration
factor and experimental octanol–water partition coefficient.
Exposure and Exposure Monitoring

Exposure to cyanamide can occur through inhalation, inges-
tion, and eye or skin contact.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics and Toxicodynamics

Cyanamide can gain entry through oral, inhalation, dermal, or
eye contactwith rapidabsorptionbut variablebioavailability.The
estimatedhalf-life inhumansafteroral administration isexpected
to be less than 2 h. The oral, dermal, and intravenous LDs50 for
rats are 125, 84, and 56 mg kg�1, respectively. Similar values for
humans are not known. The estimated fatal dose in humans
ranges from 40 to 50 g cyanamide. The main mechanism of
toxicity is due to inhibition of alcohol dehydrogenase resulting in
disulfiram-like syndrome with concomitant alcohol use. The
compound ismainly excreted inurine asN-acetylcyanamidewith
the remainder excreted in the feces or exhaled as carbon dioxide.
Effects of Acute Exposure

Acute toxicity has been historically reported to be accidental;
however, recently acute toxicity with suicidal intent has been
reported. Cyanamide is very toxic if taken orally andmoderately
toxic through dermal route. The toxic effects are due to over-
activity of the parasympathetic nervous system and are similar
both in animals and in humans. Contact with cyanamide in
dust or liquid form can cause severe irritation of the eyes and
ulceration of moist skin. Systemic exposure produces causing
miosis, salivation, lacrimation, and twitching. Symptoms of
severe poisoning include metabolic acidity and refractory shock.
Effects of Chronic Exposure

Chronic exposure to cyanamide is usually due to lack of training
about handling the chemicals, inadequate personal protection
equipments, and absence of engineering controls. Cyanamide
causes inhibition of alcohol dehydrogenase resulting in accu-
mulation of acetaldehyde in individuals concomitantly exposed
to alcohol. The resulting disulfiram-like reaction is characterized
by facial flushing, headache, nausea, vomiting, sweating, chest
pain, hypotension, weakness, blurred vision, confusion, and
difficulty in breathing.

Chronic overexposure may produce the following: pneu-
monitis and pulmonary edema on repeated inhalation; throat
ulceration and esophageal irritation on oral ingestion; dermal
ulceration, allergic dermatitis, and sensitization on skin expo-
sure; and keratitis, conjunctivitis, or corneal ulceration on
repeated contact with eyes.
Clinical Management

Acute Exposure

Individuals overexposed to cyanamide are removed from the
source of exposure to prevent further toxicity. Contaminated
clothing is removed and eyes are flushed with copious amounts
4-3.00483-8 1091
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of water. Skin contamination should be removed by washing
with soap and water. Patients developing dermal hypersensi-
tivity reactions may require treatment with topical or systemic
corticosteroids or antihistamines. If ingested, vomiting should
not be induced. If large doses have been ingested within an hour
of exposure, gastrointestinal decontamination may be consid-
ered. If dosage was small or treatment is delayed, oral admin-
istration of activated charcoal and sorbitol may prove beneficial.
Gastric lavage treatment may be given with caution and avoided
if tracheal or esophageal ulceration is suspected. In cases of
respiratory overexposure, the victim should be moved to fresh
air immediately and treated according to severity of irritation.

As there is no known antidote for cyanamide toxicity,
management of acute cyanamide toxicity ismainly symptomatic.
The life-threatening complications due to acute cyanamide
toxicity include acute lung injury resulting in respiratory depres-
sion, metabolic acidosis, and severe hypotension which need
immediate management. For acute lung injury, ventilation and
oxygenation should be maintained and evaluation should be
done with frequent arterial blood gas or pulse oximetry moni-
toring. Arterial blood gas would also indicate the presence of
metabolic acidosis. An early correction of acidosis is warranted to
prevent serious complications such as cardiac arrhythmias.
Hypotension should be treated by placing the patient in the
Trendelenburg position, providing intravenous fluids, including
plasma or blood if necessary, and vasopressor drugs.

Chronic Exposure

Effects of chronic exposure are mainly seen due to inhalation or
dermal exposure. Management would include avoiding further
exposure and educating regarding the toxic effects of exposure.
Monitoring complete blood count, urinalysis, and liver and
kidney functions test are suggested for patients with significant
exposure. Chronic toxicity could be prevented by systematic
program of medical surveillance of personnel who are under
long-term exposure to cyanamide.
Ecotoxicology

Cyanamide is toxic to aquatic organisms, particularly inverte-
brates and daphnids, with acute L(E)50 values around 1 mg l�1,
fish seems to be less sensitive with 96-h LC50 ranging between
40 and 90 mg l�1. Low acute toxicity for earthworms has
been observed; however, spray applications have shown that
cyanamide may be hazardous for some arthropod species.
The toxicity for birds has been studied on the Northern
Bobwhite quail; the single oral dose LD50 was 350 mg a.i. per
kg of bodyweight. In chronic studies, the 22 weeks no observed
effect level was 152 mg a.i. per kg of diet.
Occupational Exposure Standards and Guidelines

The guidelines for cyanamide exposure limits vary across
the world. Some of the established standards include the
following:

l American Conference of Governmental Industrial Hygien-
ists (2 mgm�3 ppm time-weighted average (TWA));

l Australia (2 mgm�3 TWA);
l Belgium (2 mgm�3 TWA);
l Canada (2 mgm�3 TWA);
l China (2 mgm�3 TWA);
l Denmark (2 mgm�3 TWA);
l France (2 mgm�3 TWA);
l Germany (2 mgm�3 TWA inhalable fraction);
l Mexico (2 mgm�3 TWA);
l Sweden (4 mgm�3 short-term exposure limit);
l United Kingdom (2 mgm�3 TWA); and
l US Occupational Safety and Health Administration vacated

permissible exposure limit (2 mgm�3 TWA).
Further Reading

de Haro, L., 2009. Disulfiram-like syndrome after hydrogen cyanamide professional
skin exposure. J. Agromed. 14, 382–384.

Schep, L., Wayne, T., Beasley, M., 2009. The adverse effects of hydrogen cyanamide
on human health: an evaluation of inquiries to the New Zealand National Poisons
Centre. Clin. Toxicol. 47, 58–60.

Sheshadri, S.H., Sudhir, U., Kumar, S., Kempegowda, P., 2011. DORMEX-hydrogen
cyanamide poisoning. J. Emerg. Trauma Shock 4, 435–437.
Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Cyanamide.

http://www.inchem.org – International Chemical Safety Card from the International
Programme on Chemical Safety. Cyanamide.

http://www.state.nj.us – Hazardous Substance Fact Sheet from the New Jersey
Department of Health and Senior Services. Cyanamide.

http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances?p_
p_id¼48_INSTANCE_Rfk8&_48_INSTANCE_Rfk8_iframe_q¼420-04-2&_48_
INSTANCE_Rfk8_iframe_legal¼true. (ECHA registered substances)

http://toxnet.nlm.nih.gov
http://www.inchem.org
http://www.state.nj.us
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances%3Fp_p_id%3D48_INSTANCE_Rfk8%26_48_INSTANCE_Rfk8_iframe_q%3D420-04-2%26_48_INSTANCE_Rfk8_iframe_legal%3Dtrue
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances%3Fp_p_id%3D48_INSTANCE_Rfk8%26_48_INSTANCE_Rfk8_iframe_q%3D420-04-2%26_48_INSTANCE_Rfk8_iframe_legal%3Dtrue
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances%3Fp_p_id%3D48_INSTANCE_Rfk8%26_48_INSTANCE_Rfk8_iframe_q%3D420-04-2%26_48_INSTANCE_Rfk8_iframe_legal%3Dtrue
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances%3Fp_p_id%3D48_INSTANCE_Rfk8%26_48_INSTANCE_Rfk8_iframe_q%3D420-04-2%26_48_INSTANCE_Rfk8_iframe_legal%3Dtrue
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances%3Fp_p_id%3D48_INSTANCE_Rfk8%26_48_INSTANCE_Rfk8_iframe_q%3D420-04-2%26_48_INSTANCE_Rfk8_iframe_legal%3Dtrue
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances%3Fp_p_id%3D48_INSTANCE_Rfk8%26_48_INSTANCE_Rfk8_iframe_q%3D420-04-2%26_48_INSTANCE_Rfk8_iframe_legal%3Dtrue
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l Name: Cyanide
l Chemical Abstracts Service Registry Numbers: 57-12-5

(CN); 74-90-8 (Hydrogen cyanide); 143-33-9 (Sodium
cyanide); 151-50-8 (Potassium cyanide); 75-05-8 (Methyl
cyanide)

l Synonyms: Cyanide ion, Isocyanide, Cyanide anion, Nitrile
anion, Cyanide anion, Cyanide ion, CID 5975

l Classification: A compound containing a monovalent CN
group. Inorganic cyanides are salts of HCN. Organic
cyanides are nitriles.

l Molecular Formula: CN–

l Molecular Weight: 26.0174
l Chemical Structure: HCN (hydrogen cyanide/hydrocyanic

acid/prussic acid); NaCN (sodium cyanide); KCN (potas-
sium cyanide); CH3CN (methyl cyanide/acetonitrile)
–C N
Background

Cyanide is found naturally as cyanogenic glycosides as
a defense against consumption in the seeds of several plants.
Amygdalin in bitter almonds forms hydrogen cyanide (HCN)
when in contact with emulsion in saliva. The bitter taste usually
prevents a dangerous dose (10–20 bitter almonds could be
fatal if eaten raw). Similarly, fruit of the Prunus genus in the rose
family, such as apples, apricots, cherries, peaches, and plums,
contain prunasin. Taxiphyllin is found in immature bamboo
shoots. Linamarin and lotaustralin are particularly concen-
trated in the skin of both cassava and lima beans, while
sorghum roots are rich in dhurrin, as a defense against insects
such as rootworm. Other exposures are through industrial
manufacturing and use of HCN and its salts. Cyanide
poisoning can be treated with several antidotes, with differing
mechanisms of action and diverse toxicological, clinical, and
risk–benefit profiles. Depending on the type of exposure,
Cyanokit (hydroxocobalmin) or the Cyanide Antidote Kit
(amyl nitrite pearls administered by inhalation; sodium nitrite
and sodium thiosulfate administered by infusion) can be used.

Historically, Zyklon B (40% HCN dissolved onto calcium
sulfate) was devised by Fritz Haber 20 years prior to World War
II and was initially used for parasite control in buildings.
Zyklon B was eventually used by the Nazis as their preferred
method for the extermination of over 5 million people sent to
concentration camps. Thus cyanide has been used to assassi-
nate more people than any other single toxin. Cyanide was also
the method of death for the largest mass suicide in modern
history: Jim Jones’ religious cult moved to Guyana and estab-
lished the Peoples Temple of Jonestown. In 1978, 909 cult
members (276 of whom were children) died on the same day
by either swallowing or injecting a mixture of valium (anxio-
lytic), chloral hydrate (sedative), and cyanide.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Inorganic cyanide salts are used in large quantities for the
extraction of precious metals from low-grade deposits of
ground-up ore-bearing rock, as cyanide binds to gold (and
silver). The refinement process also forms mercury–cyano
complexes (further electrolytic processes release mercury as
a vapor). Other uses include case hardening of iron and steel;
electroplating and metal polishing; manufacture of dyes such
as Prussian blue (which is used to produce photographic
blueprints); and enclosed-space insecticide fumigation (espe-
cially of ships and warehouses). Lesser uses include NaCN
solution used illegally to stun coral reef fish and catch them for
the aquarium trade; and NaCN solid used in the US M44 trap
to exterminate predators such as coyotes (when the bait is
removed, a spring propels the salt into the animal’s face).
Cyanide salts can be moved in large quantities and relatively
easily handled in solid form, but are highly dangerous when
combined with acid. Organic nitrile compounds are used
extensively in manufacturing: fibers such as nylon are derived
from adiponitrile, and synthetic rubber and polyurethane
plastics are derived from acrylonitrile (increasing the danger
from smoke inhalation in enclosed fires burning such
materials).
Environmental Fate

HCN is highly volatile, having a boiling point of 26 �C. It is less
dense than air and readily disperses, leading to a low outdoor
risk.
Exposure

Industrial workers may experience dermal exposure, contami-
nated food or water may be ingested, and inhalation may occur
during fumigation of confined spaces. HCN is a colorless gas
with an almond smell above 0.4–4.4 ppm, although 20–40%
of people lack the genetic trait that enables detection of the
odor.
Toxicokinetics

Cyanide is rapidly absorbed through the skin, mucosal, and
respiratory membranes, becoming distributed throughout the
blood within a few minutes. CH3CN is metabolized by cyto-
chrome P450 (CYP2E1) to cyanohydrin, which then undergoes
peroxidation to HCN; metabolism results in a latent period of
3–12 h after ingestion before toxic effects occur. KCN and
NaCN produce HCN on contact with water or acid; ingestion of
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cyanide salt may delay toxic effects by up to an hour. Cyanide
has a high affinity for sulfur, with which it binds to form
thiocyanate during metabolism in the presence of mercapto-
pyruvate sulfur transferase and/or the mitochondrial enzyme
rhodanese. Some cyanide will bind to methemoglobin. Some
binds to vitamin B12 and becomes incorporated into cysteine
and hence proteins. With sublethal doses, 80–90% is metab-
olized to thiocyanate within 3 h, which is then excreted in
urine.
Mechanism of Toxicity

Cyanide reversibly binds to the ferric (Fe3þ) ions of cytochrome
c oxidase (a-a3 complex), inhibiting electron transport and the
production of ATP using oxygen. Thus cyanide is a metabolic
poison to all cells, blocking the final step of mitochondrial
oxidative phosphorylation, leading to anaerobic metabolism
and lactic acidosis.
Acute and Short-Term Toxicity

Animal

LD50 values: KCN in mouse¼ 6.7–7.9mg kg–1 (intravenous
bolus); KCN in dog¼ 2.4mg kg–1 (0.1mg kg–1 min–1 intrave-
nous infusion); NaCN in rat¼ 4.6–15mg kg–1 (intravenous
bolus); HCN mouse¼ 117 ppm (inhalation) with death in
29min (17min for 266 ppm, and 40 s for 873 ppm).
Human

The lethal dose for HCN is 100mg kg–1 (dermal) and 0.5–
1.0mg kg–1 (oral). For KCN or NaCN it is 3–7mg kg–1 (oral).
Exposure to 20 ppmHCN causes symptomswarning of hypoxia
after several hours; 50 ppm causes disturbances within an hour;
100 ppm becomes life-threatening after 30–60min; and
300 ppm is rapidly fatal. Exposure causes histotoxic hypoxia,
usually without cyanosis (Hb-O2 saturation is normal), and
with a burning sensation in throat if ingested. Low doses
(cyanide<1mg l–1¼ 38 mmol l–1, lactate<10mmol l–1 blood)
cause headache, nausea, confusion, drowsiness, tachypnea, and
tachycardia. Moderate doses (cyanide 1–3mg l–1¼ 38–
114 mmol l–1, lactate 10–15mmol l–1 blood) cause hypergly-
cemia, lactic acidosis, convulsions, bradypnea then bradycardia,
paralysis, coma, and death. With high doses (cyanide
>3mg l–1¼ 114 mmol l–1, lactate >15mmol l–1 blood),
collapse may be instantaneous with death within 30 s of inha-
lation, or within 30min of ingestion.
Chronic Toxicity, Immunotoxicity, Reproductive
Toxicity, and Carcinogenicity

Animal

Dependence on cyanogenic plants such as cassava and sorghum
as a source of carbohydrate has been associated with the devel-
opment of goiter. Chronic cyanide exposure reduces levels of
dopamine and5-hydroxytryptamine, demyelinateswhitematter,
and causesmemory loss andParkinsonian-like features in the rat.
Human

Dietary dependence on cassava can gradually lead to tropical
ataxic neuropathy. This is characterized by optic atrophy,
sensorineural deafness, and ataxia due to sensory spinal
nerve involvement, sometimes in combination with scrotal
dermatitis, stomatitis, and glossitis. Chronic cyanide expo-
sure can also lead to myxedema, thyroid goiter, and cretinism
(which can be transmitted to the fetus after maternal expo-
sure) due to enhanced formation of thiocyanate, which
blocks the uptake of iodide by the thyroid gland. Chronic
effects from cyanide found in cigarette smoke include
tobacco amblyopia, whereby optic atrophy occurs associated
with central scotoma, loss of red-green distinction, and
pupillary defect.
Clinical Management

HCN can mimic carbon monoxide poisoning (cf. convulsions
and comatose), but this can be discounted by measuring Hb-
CO. There is an effective nitrite–thiosulfate antidote regimen
provided the patient survives the initial exposure: If uncon-
scious but breathing then administer amyl nitrite (one ampule
every 3min for up to 20min or until consciousness is
regained). If not breathing then also inject 0.3 g sodium nitrite
(10ml of a 3% solution, intravenously at 2.5mlmin–1), or 4–
10mg kg–1 for children (0.12–0.33ml kg–1 of 3% solution) to
convert Fe2þ Hb to Fe3þ methemoglobin and increase the sink
for binding cyanide away from circulating cyanocytochrome c
oxidase and into cyanomethemoglobin. The nitrite should be
followed by 12.5 g thiosulfate (50ml of a 25% solution, also
injected at 2.5mlmin–1), or 400mg kg–1 for children
(1.6ml kg–1 of 25% solution), supplemented with 100% O2.
Cyanide from cyanomethemoglobin preferentially reacts with
thiosulfate to produce thiocyanate, which is then excreted in
urine (methemoglobin can then be converted back to Hb by
a 1% methylene blue infusion). If exposure is severe, 300mg
dicobalt edetate (20ml of 1.5%, intravenously over 1min, can
be administered twice without risking cobalt toxicity; followed
by 50ml of 50% dextrose) to chelate cyanide. Alternatively, 5 g
hydroxocobalamin (intravenously over 15min) may be used
when exposure is associated with fire and smoke inhalation (as
Hb will already be compromised). Dermal exposure requires
disposal of clothing and decontamination of skin with soap
and water for at least 10min, in a well-ventilated area,
combined with personal protective equipment for caregivers.
Mouth-to-mouth pulmonary resuscitation should not be per-
formed because of the risk of rescuer contamination. In cases of
ingestion, gastric lavage and 1 g kg�1 activated charcoal slurry
may be useful within the first hour, but emetics are generally
avoided to restrict contamination. Useful symptomatic adjunct
therapy includes intravenous NaHCO3 for metabolic acidosis,
and intravenous benzodiazepines for frequent or prolonged
convulsions.
Ecotoxicology

Fish are sensitive to HCN below 0.05mg l–1.
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Exposure Standards and Guidelines

HCN exposure limit is 10 ppm (11mgm�3) over 15min;
CH3CN exposure limit is 60 ppm (102mgm�3) over 15min,
or 40 ppm (68mgm�3) over 8 h; KCN and NaCN exposure
limit is 5 mgm�3 over 8 h.
See also: Cyanamide; Cyanogen Chloride.
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l Name: Cyanogen chloride
l Chemical Abstracts Service Registry Number: 506-77-4
l Synonyms: 4-03-00-00090 (Beilstein Handbook Refer-

ence), BRN 0969190, Caswell No. 267, Chlorcyan, Chlorine
cyanide, Chlorine cyanide (ClCN), Chlorocyan, Chlor-
ocyanide, Chlorocyanogen, Chlorure de cyanogene, Cyan-
ogen chloride, EINECS 208-052-8, EPA Pesticide Chemical
Code 025801, HSDB 917, RCRA waste number P033, UNII-
697I61NSA0.

l Molecular Formula: CClN
l Chemical Structure:
Background (Significance/History)

Cyanide poisoning was first reported with the effects of extract
of bitter almonds; then cyanide was identified and isolated
from cherry laurel. Cyanogen chloride was first prepared in
1787 by the action of chlorine upon hydrocyanic acid (aka
prussic acid) and was called ‘oxidized prussic acid.’ The correct
formula for cyanogen chloride was first established in 1815.
Cyanogen chloride was used in World War I in 1916.
Uses

Cyanogen chloride is used in chemical synthesis (military poison
gas), as a warning agent in fumigant gases, and as a tear gas,metal
cleaner (in ore refining or productionof synthetic rubber), aswell
as for electroplating and photography. Because of cyanogen
chloride’s warning characteristics, it wasmuch used as a pesticide
formerly. It is now used in the preparation of tetracyanomethane
and methane tetracarbonitrile by heating silver tricyanometha-
nide in liquid cyanogen chloride. It is also used in the Lonza
process in the preparation of extremely pure malononitrile.
Cyanogen chloride was widely used in industry in fumigating
ships and warehouses and in ore-extracting processes. Cyanogen
chloride generated by an auto analyzer from chloramine T and
potassium cyanide was used instead of cyanogen bromide as
a reagent for nicotine alkaloiddeterminations of tobacco extracts.
Environmental Fate and Behavior

Routes and Pathways

At room temperature, cyanogen chloride is a colorless gas with
a pungent, biting odor that has been described as ‘pepper-like.’
Cyanogen chloride is soluble in both water (6.00E þ 04 mg l�1)
and most organic solvents (e.g., chloroform, ethanol, or
benzene); however, such mixtures often are unstable. An
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estimated vapor pressure of 1230 mmHg at 25 �C indicates
cyanogen chloride exists solely as a gas in the atmosphere. Based
on the estimated Henry’s law constant of 0.025 atm-m3 mol�1

for cyanogen chloride, volatilization from moist soil surfaces
and rapidly from water surfaces is expected to occur. Other
physical properties of cyanogen chloride include an octanol/
water partition coefficient as log Pow: �0.380 and also a low
boiling point (13 �C) and a melting point of �6.55 �C.

Partition Behavior in Water, Sediment, and Soil

Based on the high volatility and rapid hydrolysis of cyanogen
chloride, its adsorption to soil and sediment is not an impor-
tant environmental fate process. Estimated vapor pressure of
1230 mmHg suggests that cyanogen chloride will volatilize
rapidly from water surfaces and it is expected to volatilize from
dry soil surfaces.

Environmental Persistency (Degradation/Speciation)

Alkaline chlorination of water-containing cyanide produces
cyanogen chloride and cyanogen chloride hydrolyzes toCNO(�)
and also hydrolyzes rapidly to hydrochloric acid and cyanic acid
under alkaline conditions. Cyanogen chloride is unstable in raw
surface waters, with estimated half-lives ranging from 1min 45 s
to 10 h at 5 �C in ambient waters and 5.25 h at pH 8 at 20 �C.
Cyanogen chloride is not expected to be susceptible to direct
photolysis by sunlight because it does not contain chromophores
that absorb at wavelengths>290 nm. The environmental fate of
cyanogen chloride resulting from the inherent diversity that exists
in nature is largely site specific in that the biotic and abiotic
characteristics of soil andwater greatly influence the ability of this
compound to persist, absorb, degrade, dissociate, and bind.
However, because of its high volatility and rapid hydrolysis,
cyanogen chloride is considered a nonpersistent agent.

Long-Range Transport

Cyanogen chloride is highly volatile and hydrolyzes rapidly in
the environment.

Bioaccumulation and Biomagnifications

Based on the high volatility and rapid hydrolysis of cyanogen
chloride, its bioconcentration is not an important environ-
mental fate process.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

The manufacture of cyanogen chloride and its use in organic
synthesis may cause its release into the environment through
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00484-X
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waste streams. Its use as a byproduct of the raw water chlori-
nation, a warning agent in fumigant gases, and a chemical
warfare agent will result in its direct release into the environ-
ment. The use of active chlorine for the treatment of cyanide-
containing wastewater can produce cyanogen chloride that may
be released into the environment.
Human Exposure

Human exposure to cyanogen chloride can occur by inhala-
tion, ingestion, skin contact, or eye contact. The general
population may be exposed to cyanogen chloride via inges-
tion of drinking water. Exposure to cyanogen chloride may
occur to individuals coming in contact with it in regions in
which it was once used as a chemical warfare agent. Cyan-
ogen chloride has the potential to contaminate agricultural
products when it is released into the air as a liquid spray
(aerosol), but if it is released as a gas, it is highly unlikely to
contaminate agricultural products. Occupational exposure
may occur through inhalation and dermal contact with
cyanogen chloride at workplaces where this compound is
produced or used.
Environmental Exposure (Monitoring Data)

Humans are exposed to very low levels of cyanides from air.
Generally, levels of cyanide in water sources are low but
depend on the discharges and upstream sources. Data from the
United States indicate that the mean cyanide concentration in
most surface waters is<3.5 mg l�1. Low absorption of cyanogen
chloride to soil and sediment because of its high volatility and
rapid hydrolysis suggest that this compound does not have
important environmental exposure through soil and sediment.
Toxicokinetics

Cyanide is readily absorbed through inhalation as well as skin
and mucous membranes. Inhalation of the gas causes the most
rapid onset of toxicity, whereas the effects of ingestion are often
delayed because of gastrointestinal absorption. After cyanide is
absorbed, it is rapidly distributed through the body through
blood. The small quantity of cyanide always present in human
tissues is metabolized primarily by the hepatic enzyme
rhodanese, which catalyzes the irreversible reaction of cyanide
and a sulfane to produce a relatively nontoxic compound
(thiocyanate) excreted in the urine. Because of the ability of the
body to detoxify small amounts of cyanide via the rhodanese-
catalyzed reaction with sulfane, the lethal dose of cyanide is
time dependent. An amount of cyanide administered over
a very short period of time may be lethal whereas the same
amount absorbed slowly may cause no biological effects.
Cyanogen chloride reacts rapidly with both serum and red cells,
but seemingly cyanogen chloride is converted to cyanide ion
via reaction with hemoglobin and glutathione, which eventu-
ally liberates the CN ion. It seems that higher-percentage
conversions of cyanogen chloride to cyanide are obtained with
washed red cells than with whole blood. Cyanogen chloride
reacts directly with glutathione, and the rate of reaction is of the
same order as with hemoglobin. Because the rate of reaction of
cyanogen chloride with glutathione and hemoglobin is of the
same order, both reactions seem to contribute to the conver-
sion of cyanogen chloride to cyanide.
Mechanism of Toxicity

The primary effect of cyanide poisoning results from the inhi-
bition of the metal-containing enzymes, specifically, cyto-
chrome oxidase a3 (containing iron) within the mitochondria.
Cyanide poisons the mitochondrial electron transport chain
within cells and renders the body unable to derive energy (ATP)
from oxygen, therefore causing rapid death. Other mechanisms
include pulmonary arteriolar and/or coronary vasoconstriction
that results in cardiogenic shock and pulmonary edema.
Cyanide can also directly stimulate chemoreceptors in the aorta
and carotid artery, causing hyperpnea.
Acute and Short-Term Toxicity

Animal

Acute exposure to cyanogen chloride has caused marked irrita-
tion of the respiratory tract with hemorrhagic exudate from the
trachea and bronchi, and pulmonary edema. The oral LD50 for
cyanogen chloride in cat is 6 mg kg�1. The acute LD50 of cyan-
ogen chloride in dog, rabbit, and domestic animals (goat/sheep)
has been estimated 3.3, 3.15, and 2.97 mg kg�1, respectively.
Human

Acute exposure to cyanogen chloride can be rapidly fatal. It
severely irritates the eyes, nose, and airways, as well as causes
marked lacrimation, rhinorrhea, and bronchosecretions.

Acute exposure to cyanogen chloride can also produce
systemic effects by interferingwithoxygenuse at the cellular level,
with profound effects on the central nervous system (CNS),
respiratory, and cardiovascular systems. Inhalation exposure to
cyanogen chloride at 140 ppm for 60min or 1500 ppm for 3min
has an estimated 50% mortality. Acute inhalation exposure to
cyanogen chloride causes CNS effects: seizures, coma, and
mydriasis; cardiovascular effects: shock, dysrhythmias, critically
low blood pressure, and cardiac arrest; respiratory effects:
abnormally rapid, followed by abnormally slow respirations,
pulmonary edema, and respiratory arrest; and eye effects:
inflammation of the surface of the eye, dilated pupils, and
temporaryblindness.Acute ingestionof cyanogenchloride causes
a possible bitter, acrid burning taste, followed by constriction or
numbness of the throat, salivation, nausea, and vomiting.
Chronic Toxicity

Animal

Chronic cyanide exposure studies showed decreased weight
gain and thyroxin levels and myelin degeneration in rats at
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30 mg kg�1 day�1. Other chronic studies either used the sc
route or gave higher-effect levels.
Human

Effects of repeated or chronic exposure to cyanogen chloride are
similar to cyanide and other cyanide compounds. The effects of
long-term exposure to cyanide are nebulous and include confu-
sion, intellectual deterioration, and Parkinson-like syndromes.
Chronically exposed workers may complain of headache, easy
fatigue, chest discomfort, eye irritation, palpitations, anorexia,
and epistaxis. Exposure to small amounts of cyanide compounds
for a long time causes loss of appetite, weakness, headache,
dizziness, nausea, and symptoms of irritation of the upper
respiratory tract and eyes.
Reproductive Toxicity

Information is unavailable about reproductive or develop-
mental toxicity from chronic or repeated exposure to cyanogen
chloride in humans, but teratogenic effects have been observed
in experimental animals exposed to cyanide and related
compounds.
Genotoxicity

There is no evidence on genotoxicity of cyanogen chloride in
animals or humans.
Carcinogenicity

Cyanogen chloride has not undergone a complete determina-
tion and evaluation under the US EPA’s IRIS program for
evidence of human carcinogenic potential.
Clinical Management

There is no role for home management of cyanide exposure,
and any exposure to cyanide salts or cyanide gas should be
referred to a health care facility. Management of oral exposure
is symptomatic and supportive, and should not induce vom-
iting but should immediately administer 100% oxygen. In large
ingestions, prehospital, activated charcoal can be considered
wherever there will be a delay in definitive health care. In eye
and dermal exposure, remove the patient from the source of
exposure and then wash the eye with large amounts of tepid
water for at least 15 min. In skin exposure, remove the clothes
and wash the skin with water. In inhalation exposure, imme-
diately remove the patient from the source of exposure and
administer 100% oxygen. Airway management is needed in
patients who are comatose or have altered mental status. In
each of the types of exposure, a cyanide antidote, either
hydroxocobalamin or the sodium nitrite/sodium thiosulfate
kit, should be administered. The cyanide antidote kit (nitrites
and thiosulfate) in clinical use consists of amyl nitrite, sodium
nitrite, and sodium thiosulfate. Enhanced elimination can be
performed with antidotes; however, the role of hemodialysis is
uncertain.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Marine Organisms Toxicity
No LOLI (List Of LIsts�) ecotoxicity data are available for this
compound. Several sources of data were reported on cyanogen
chloride, which were for freshwater fish and invertebrates and
they found no information on the breakdown product of
cyanic acid. In other studies, no additional toxicity data were
identified for cyanogen chloride. Cyanogen chloride is very
toxic to aquatic invertebrates and fish. Median lethal concen-
tration (LC50) values were estimated at 120–150 g l�1. Cyan-
ogen chloride causes mortality in zooplankton and is very
highly toxic for Daphnia magna with an estimated LC50 of
cyanogen chloride of 29 mg l�1 at 48-h exposure.
Terrestrial Organism Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, Terrestrial Vertebrates)

There are no acute or chronic toxicity data available for
terrestrial organisms exposed to cyanogen chloride. Only a few
studies addressing terrestrial plant uptake of cyanide (only in
the form of NaCN) could be found. It seems that further studies
need to be conducted to adequately evaluate the effect of
cyanogen chloride on terrestrial organisms and its associated
toxicity to higher plants and animals.
Other Hazards

It seems that cyanogen chloride has the additional hazard of
being able to polymerize, usually explosively.
Exposure Standards and Guidelines

Based on ACGIH, threshold limit values: 0.3 ppm. According to
NIOSH recommendations, recommended exposure limit:
15 min ceiling value: 0.3 ppm (0.6 mg m�3). AIHA emergency
response planning guidelines (ERPG): ERPG (1) not appro-
priate; ERPG (2) 0.4 ppm (without serious, adverse effects); and
ERPG (3) 4 ppm (not life threatening) for up to 1-h exposure.

See also: Emergency Response and Preparedness; Pesticides;
Cyanide; Volatile Organic Compounds; Sarin (GB); Soman;
Tabun; Corrosives; Mitochondrial Toxicity.
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Chemical Profile and Bioaccumulation

Cyclodienes are chlorinated hydrocarbon compounds with
polycyclic structures manufactured as insecticides. They are
a subclass of the organochlorine insecticides, generally grouped
based on commonalities in several aspects, including common
precursor, commonmode of action, and similarity in pesticidal
activity. The recognized cyclodienes are isodrin, endrin (isodrin
epoxide), aldrin, dieldrin (aldrin epoxide), heptachlor, chlor-
dane, telodrin (isobenzan), endosulfan, and toxaphene
(Figure 1). With the exception of toxaphene, the precursor for
the cyclodienes is hexachlorocyclopentadiene. Toxaphene,
a mixture of about 200 related compounds, is formed by
chlorination of camphene. Isodrin and endrin are stereoiso-
mers of aldrin and dieldrin, respectively. Endrin and dieldrin
are epoxides of isodrin and aldrin, respectively.

The principal chemical and physical properties of cyclo-
diene insecticides are low volatility, chemical stability, lipid
solubility, slow rate of degradation in the environment, and
ability to bioaccumulate and biomagnify throughout the
terrestrial and aquatic food chain. The cyclodienes adsorb
strongly to soil and sediment, resist leaching to groundwater,
and persist for a very long time (>20 years). Due to their
stability, cyclodienes released to the environment have traveled
vast distances and contaminated areas remote from their use
(e.g., Arctic regions). Bioconcentration factors in fish as high as
3.5million are reported for persistent toxaphene congeners,
38 000 for chlordane, and 11 000–13 000 for endosulfan,
heptachlor, and dieldrin. The cyclodienes and their metabolites
persist in animal and human fat, serum, and breast milk.
Background and Uses

The cyclodienes were developed as insecticides in the 1940s
and 1950s and were at one time widely used in large quantities
to control termites in buildings by underground applications;
as wood preservatives to control borers, termites, and dry rot;
and for protective treatment of underground cables and as
fumigating agents. They were extensively applied as insecticides
on agricultural crops (e.g., corn, potatoes, citrus, bananas,
cabbage, cotton, sugar cane, and tobacco) and lawns and
gardens. Other major uses included control of fleas, flies, mites,
lice, ants, locusts, and disease vectors (malaria, yellow fever). In
addition to high insecticidal activity, some cyclodienes also
possess other pesticidal properties. For example, endrin was
used to control rodents (rodenticide) and birds (avicide).
Toxaphene was used to eradicate undesirable fish species.

Prior to the1980s, the estimatedannual globalproductionwas
70 000 tons of chlordane, 24 000 tons of toxaphene, 20 000 tons
of aldrin and dieldrin, 9000 tons of endosulfan, and 3000 tons of
heptachlor. After the ban of dichlorodiphenyltrichloroethane
(DDT) in the United States in 1972, several cyclodienes, in
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particular toxaphene, became the most important substitutes.
However, around the same time, concerns regarding carcinoge-
nicity potential, toxicity to the immune and developing nervous
systems, environmental persistence, and bioaccumulation in the
foodchain led to the cancellationofmost cyclodieneuses. Starting
in the late 1970s, all cyclodienes except endosulfan were banned
and their production ceased in the United States, the European
Union, andmost other countries worldwide. The production and
all uses of endosulfan are scheduled to end in 2016 globally.
Heptachlor is still registered in the United States for the control of
fire ants in underground power transformers, however, the extent
of this use is unclear.

The cyclodienes are on the UN Environment Programme list
of persistent organic pollutants, for which international action
is required to reduce risks to humans and the environment.
Despite major international actions to eliminate or restrict their
use, many cyclodienes are still produced and used as insecti-
cides in China, India, and possibly elsewhere.
Exposure

Before their ban, human exposure to cyclodienes happened di-
rectly fromtheir insecticidal use. Today, exposure continuesdue to
persistence of their residues in certain foods, water, air, and soils.
The main exposure route is through ingestion of contaminated
water and foods (particularly fish andmeat). Enforceable levels in
water and foods are established for residues of aldrin, dieldrin,
heptachlor, chlordane, and toxaphene, and some of their metab-
olites and components (heptachlor epoxide, oxychlordane, non-
achlor, and chlordene). Action levels were established in 1990 for
the unavoidable residues due to environmental contamination.

Inhalation of vapors from contaminated soil and water
or direct dermal contact with residual cyclodienes from
past pesticide applications is also possible. Indoor air exposure
to chlordane, heptachlor, aldrin, and dieldrin over long periods
may persist in homes previously treated for termite control.

Occupational exposure remains in countries where chlordane
isproducedandusedasan insecticide.Theexposure is likelyhigher
for the general public living near hazardous waste sites where
cyclodienes have been detected. Aldrin, chlordane, dieldrin,
endosulfan, endrin, heptachlor, and toxaphene are found inmany
of the of the 1684 National Priorities List (NPL) sites, the most
hazardous waste sites in the United States These chemicals are on
the 2011 Comprehensive Environmental Response, Compensa-
tion, and Liability Act priority list for substances with the highest
frequency, toxicity, andpotential for human exposure atNPL sites.
Toxicokinetics

All cyclodienes are well absorbed orally and by inhalation in
humans and animals. Dermal absorption is also significant,
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00118-4
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except for toxaphene, which is poorly absorbed through the
skin. Absorption is evident by their detection in blood and
tissues, and in the observed systemic toxicity, while the level of
absorption is estimated in studies using radiolabeled cyclodi-
enes. Typically, peak blood level of the parent compounds and
their metabolites occurs between 2 and 8 h after dosing in
animals.

The cyclodienes are extensively metabolized by the liver
cytochrome P450 enzymes (CYP) to oxidized and dechlori-
nated metabolites, most with subsequent conjugation and
distribution in the body. Many of the metabolites are equally
or more toxic and persistent than the parent compounds.
Examples of significant metabolites are oxychlordane and
heptachlor epoxide (main metabolites of chlordane and
heptachlor), dieldrin (epoxide of aldrin), and endosulfan
sulfate (endosulfan metabolite). Isobenzan gamma-lactone is
less toxic than the parent chemical telodrin.

Cyclodiene residues are highest in the fat (still present years
after the last exposure) and lower in liver, kidneys, brain, and
muscles. They are found in cow and human milk. Trans-
placental transport is evident in detecting the cyclodienes and
their metabolites in maternal placenta, umbilical cord, and
blood of newborns.
Mechanism of Toxicity

The cyclodienes represent the oldest generation of chloride
channel–blocker insecticides that exhibit marked mammalian
toxicity. To insects and mammals, they are highly toxic
convulsants that cause hyperexcitation through blocking the
gamma-aminobutyric acid (GABA)-gated chloride channels in
the central nervous system.

The primary target for cyclodiene toxicity is the central
nervous system. As noncompetitive antagonists of the chloride
ion channel of the GABAA-receptor, the cyclodienes interfere
with the passage of chloride ions and thereby block the actions
of the inhibitory neurotransmitter GABA. Seizures, vomiting,
and convulsions are typical symptoms of excessive nerve
stimulation associated with antagonism with GABA. The action
of cyclodienes in the brain is very complex due to their
biotransformation to more toxic metabolites and the presence
of toxic components. In addition, all cyclodienes induce
hepatic cytochrome CYP enzymes. Other potential targets
include adenosine triphosphatase (ATPase) functions, Ca2þ,
Naþ, and Kþ ion transporters, protein kinase C and mitogen-
activated protein kinases, nervous system development,
inflammatory cytokines, macromolecule synthesis, DNA
methylation, steroid metabolism, testosterone and neuro-
transmitter receptors, and lipid peroxidation.
Toxicity

The cyclodienes are moderate (e.g., aldrin, dieldrin, heptachlor,
chlordane, and toxaphene) to high acutely toxic (e.g., endrin,
telodrin, and endosulfan) oral toxicants based on their repor-
ted LD50 values in animals.

http://pubchem.ncbi.nlm.nih.gov/
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Liver is the most common nonlethal target reported in
chronic animal studies with cyclodienes except for endosulfan.
The characteristic liver changes (increased liver weights, alter-
ations in serum liver enzyme activities and triglycerides,
necrosis, fat in the hepatocytes, and depletion of glycogen) are
often referred to as of the chlorinated hydrocarbon insecticide
rodent liver type.

Human deaths from accidental dermal exposure or inten-
tional ingestion of cyclodienes are reported. Nonlethal acute
poisoning signs in humans are headaches, tremors, seizures,
numbness, nausea, fatigue, gastrointestinal symptoms, skin
and eye irritation, unconsciousness, incoordination, excitability,
hyporeflexia, and convulsions. Currently, there is no specific
antagonist to the effects of cyclodiene insecticides. However,
benzodiazepines andbarbituratesareused tocontrol the seizures.

Although generally negative in mutagenicity tests, the cyclo-
diene insecticides are associated with liver tumors in rodents.
Taking into consideration their carcinogenicity profiles in
animals, the International Agency for Research on Cancer classi-
fied several cyclodienes (e.g., chlordane, heptachlor, aldrin,
dieldrin, and toxaphene) as possibly carcinogenic to humans.

Many cyclodiene insecticides, including chlordane and
heptachlor, administered at environmentally relevant doses
during the developmental period can alter the immune system
in animals, or have lasting impact on immune functions in
humans exposed at home or at work. Endocrine-disrupting
properties, reproductive effects, and developmental neurotox-
icity in animals and possibly in humans have recently become
a significant concern. Exposure to more than one chlorinated
cyclodiene with similar mechanisms of toxicity may result in
cumulative effects. The cyclodiene insecticides are highly toxic
to aquatic life, bees, earthworms, and birds.

See also: A-esterase; Carboxylesterases; Dichloropropene;
Dithiocarbamates; Diuron; Furfural; Nithiazine; Permethrin;
Thiram; The International Society for the Study of Xenobiotics;
Methane.
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l Name: Cycloheximide
l Chemical Abstracts Service Registry Number: 66-81-9
l Synonyms: 1S-(1a(S),3a,5b)-4-(2-(3,5-Dimethyl-2-oxo-

cyclohexyl))-2-hydroxyethyl-2,6-piperidinedione; Actidione;
Naramycin A; Actidone; Hizarocin; Neocycloheximide; CHX

l Molecular Formula: C15H23NO4

l Chemical Structure:
Background

Cycloheximide (CHX; mol. wt. 281.35) is a beige colored,
crystal powdered, water-soluble, semisynthetic compound,
isolated as a by-product from beers of streptomycin-
producing strain of a Streptomyces species. CHX, a popular
inhibitor of protein synthesis, also stimulates glycogenolysis,
gluconeogenesis, and ureogenesis; therefore, it is extensively
used in biomedical research. CHX exerts its effect by inter-
fering with the translocation step in protein synthesis
(movement of two tRNA molecules and mRNA in relation to
the ribosome) thus blocking translational elongation. The
effects of CHX were compared to those of norepinephrine in
many systems. Both CHX and norepinephrine produce slight
increases in the levels of cyclic adenosine monophosphate
(AMP). The adrenergic activity of CHX should be considered
when this drug is used as an inhibitor of protein synthesis.

Most prominent toxic effects of CHX include DNA
damage, teratogenesis, and other reproductive effects
(including birth defects and toxicity to male germ cells).
CHX is mostly used only in in vitro experiments, and is not
suitable for human use as a therapeutic compound. The
best-known use of CHX is as an experimental tool in
molecular biology to determine the half-life of a protein.
Although its precise mechanism of action remains incom-
pletely understood, CHX been shown to inhibit translation
elongation through binding to the E-site of the 60S ribo-
somal unit and interfering with deacetylated tRNA. CHX’s
use as a fungicide in agricultural applications is increasingly
becoming unpopular as the health risks of CHX have
become better understood.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

CHX is used as a fungicide, plant growth regulator, and
as a protein synthesis inhibitor. This is also used in labo-
ratory media as a selective agent to permit isolation of
pathogenic and nonpathogenic fungi. In research, it has
been frequently used in many protein biosynthetic and
degradation studies. In the field of plant growth regulator, it
is used to stimulate ethylene production. It is also used
as a rodenticide and in beer manufacturing processes. In
molecular biological field, it is also used for ribosome and
translational profiling.
Environmental Fate and Behavior

CHX is formed as a by-product during the production of
streptomycin and may be released to the environment
through streptomycin production waste streams. CHX is
also produced in nature by bacterial strains of Streptomyces
griseus. If released to air, an estimated vapor pressure of
4.5 � 10�13 mm Hg at 25 �C indicates CHX will exist solely
in the particulate phase in the ambient atmosphere. Partic-
ulate phase CHX will be removed from the atmosphere by
wet and dry deposition. If released to soil, CHX is expected to
have very high mobility based upon an estimated Koc of 47.
Volatilization from moist soil surfaces is not expected to be
an important fate process based upon an estimated Henry’s
law constant of 3.5 � 10�15 atm-m3 mole�1. CHX is not
expected to volatilize from dry soil surfaces based upon its
estimated vapor pressure. If released into water, CHX is not
expected to adsorb to suspended solids and sediment based
upon the estimated Koc. Volatilization from water surfaces is
not expected to be an important fate process based upon this
compound’s estimated Henry’s law constant. At a concentra-
tion of 50 mg l�1, CHX had a bioconcentration factor (BCF)
of <0.3 while at 5 mg l�1 it had a BCF of <2.8 in orange-red
killi fish. According to a classification scheme, these BCF
values suggest bioconcentration in aquatic organisms is very
low. Occupational exposure to CHX may occur through
dermal contact with this compound in the waste stream at
workplaces where streptomycin is produced.
Exposure Routes and Pathways

CHX being produced as a by-product, waste releases to the
environment from streptomycin production may contain CHX.
Occupational exposure to CHX may occur through dermal
contact with this compound found in the waste stream at
workplaces where streptomycin is produced.
4-3.00298-0 1103
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Toxicokinetics

CHX shows almost 90–100% absorption via gut, when orally
ingested. Due to its lipophilic nature, CHX gets distributed
preferentially to fat and to some extent other lipid-rich tissues.
The studies have produced a rough estimate of its distribution as
fat > lymph nodes, adrenal and thyroid glands > skin > bone
marrow, nasal mucosa, gastrointestinal (GI) tract > liver,
lung > kidney, brain, blood, heart, muscle, spleen, ovary,
pancreas. CHX is slowly metabolized by hepatic cytochrome
P450 system and gets converted to 4-(formylmethyl)-gluta-
rimide and 2,4-dimethylcyclohexanone. Studies have been done
to investigate the formation of epoxide and superoxide free
radical formation during its metabolism. Following its metab-
olism to more polar metabolites, these metabolites tend to get
excreted in urine.
Mechanism of Toxicity

CHX is a potent inhibitor of protein synthesis in animals. It
binds to E-site of 70S ribosome-mRNA complex, blocking the
translational step of protein biosynthesis. It causes an increase
in adrenal RNA and increased production of glucocorticoids.
Acute/Short-Term and Chronic Toxicity

Animal

Animals given toxic doses exhibit salivation, bloody diarrhea,
tremors, and excitement, leading to coma and death due to
cardiovascular collapse. A single dose of CHX (2 mg kg�1, ip)
produced progressive decrease in bile flow in rats. The oral
LD50 in monkeys and dogs isw500 mg kg�1 and that for rats is
only 2 mg kg�1. In all the three species, toxic symptoms include
excessive salivation and diarrhea. Bloodstained feces may arise
from vascular lesions of colon (monkey) or stomach and small
intestines (dogs). Rats and dogs show transient central nervous
system (CNS) excitement with tremors and in the dog perhaps
meningeal irritation. Death is due to cardiovascular collapse
and is preceded by coma in all species. Autopsies on rat
revealed enlarged adrenals, stomach hemorrhage, liver
congestion, and kidney damage. LD50 values of CHX for some
experimental animals are listed below.
Dog oral 65 mg kg�1

Monkey oral 60 mg kg�1
Rat oral 2 mg kg�1
 Mouse oral 133 mg kg�1
Rat ip 3700 mg kg
 Mouse ip 100 mg kg�1
Rat sc 2500 mg kg
 Mouse sc 160 mg kg�1
Rat iv 2 mg kg�1
 Mouse iv 150 mg kg�1
Source: NLM-HSDB.
Human

CHX is a potent irritant. When ingested, gastrointestinal symp-
toms of nausea, vomiting, diarrhea, and excessive salivation have
been reported. Other signs of poisoning are transient CNS
excitement and tremors.
Chronic Toxicity (or Exposure)

CHX has been shown to be mutagenic in both animals and
humans.
Clinical Management

Intragastric administration of charcoal as a slurry (240 ml water
for 30 g charcoal) should be undertaken to minimize absorp-
tion of life-threatening levels of CHX by ingestion.
Reproductive and Developmental Toxicity

CHX is a potent reproductive toxicant. It is a well-known
spermicidal agent. Several miscarriage and stillbirths were
reported among people with previous oral exposure to CHX,
but no clear mechanistic evidence has been reported till date
in humans. Animal studies using oral exposure have iden-
tified dose-dependent toxicity to reproductive system, such
as ovarian lesions and hormonal and menstrual changes
(in female rats and monkeys), reduced fertility (in rats),
reduced mating index (in male rats), and testicular effects
(in male rats and pigs). It is an established teratogen in
animal models.
Genotoxicity

There are not many cases of genotoxicity reported, and
human genotoxicity data for CHX are limited. CHX is shown
to be a weak inducer of DNA fragmentation and micronuclei
formation in human hepatocytes cell culture. However, it
was not able to cause gene mutations or unscheduled DNA
repair. Genomic adducts of its metabolites are too reported,
but no data are still significant. Additional studies employing
other in vivo and in vitro assays would be useful to determine
the genotoxic potential of hexachlorobenzene.
Carcinogenicity

Cycloheximide is not a well-known carcinogen and not many
cases of its tumorigenic potential have been reported. However,
some researchers claim that it may interfere with p53-
dependent cell cycle, by interrupting with p53 biosynthesis.
More work in this field is needed in support of this claim.
Clinical Management

For inhalation exposure, management commonly includes
moving the exposed individuals to fresh air and monitoring
respiratory distress. Emesis is recommended in acute ingestion.
Gastric lavage with subsequent administration of activated
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charcoal is highly recommended in acute management to
reduce GI absorption. Charcoal should be administered as
a slurry (240 ml water for 30 g charcoal); usual dose: 25–100 g
in adults/adolescents, 25–50 g in children (1–12 years), and
1 g kg�1 in infants less than 1-year-old. Hydrocortisone
(1 mg kg�1) should be considered in symptomatic patients.
Atropine may be useful for cholinergic effects. To reduce body
burden, continuous administration of mineral oil can lead to
increased depletion of CHX from both blood and adipose
tissue. Acute high dose management can be done based on
symptoms, such as ingestion of diuretic in case of kidney
elimination. Patients exposed via inhalation must be moved
rapidly to fresh air. Respiratory distress should be monitored,
and eyes must be irrigated with copious amounts of room
temperature water for at least 15 min in ocular exposure. If
irritation, pain, swelling, lacrimation, or photophobia persists,
the patient should be seen in a health care facility.
Ecotoxicology

CHX is expected to have very high mobility in soil. Volatiliza-
tion frommoist soil surfaces is not expected to be an important
disbursement process. It is not expected to adsorb to suspended
solids and sediment. Volatilization from water surfaces is not
expected. It is expected to exist solely in the particulate phase in
the ambient atmosphere. CHX is a highly biodegradable agent,
hence, long-term effect in environmental toxicity is not seen. It
causes aquatic toxicity and toxicity to birds, upon high-dose
exposure to these areas. However, due to its restricted use, not
many cases of CHX-induced ecotoxic cases are reported. LD50

values for orally administered CHX in male mallard duck and
female pheasant are 82.5 and 9.38 mg kg�1, respectively.
Exposure Standards and Guidelines

Extremely hazardous substances that are solids are subject to
either of the two threshold planning quantities. The lower
quantity applies only if the solid exists in powdered form and
has a particle size less than 100 mm, or is handled in solution
or in molten form. If the solid does not meet any of these
criteria, it is subject to the upper threshold planning quantity.
CHX is an extremely hazardous substance that is subject to
reporting when stored in amounts in excess of its threshold
planning quantity of 100 or 10 000 lb.

See also: Charcoal; LD50/LC50 (Lethal Dosage 50/Lethal
Concentration 50); Occupational Exposure Limits.

Further Reading

Chang, H.H., Tsai, P.H., Liu, C.W., et al., 2013. Cycloheximide stimulates suppressor
of cytokine signaling-3 gene expression in 3T3-L1 adipocytes via the extracellular
signal-regulated kinase pathway. Toxicol. Lett. 217 (1), 42–49.

Emmanouil-Nikoloussi, E.N., Nikoloussis, E., Manthou, M.E., et al., 2010. Breast tumor
developed in a pregnant rat after treatment with the teratogen cycloheximide.
Hippokratia 14 (2), 136–138.

Gold, P.E., Wrenn, S.M., 2012. Cycloheximide impairs and enhances memory
depending on dose and footshock intensity. Behav. Brain Res. 233 (2), 293–297.

Mattson, M.P., Furukawa, K., 1997. Anti-apoptotic actions of cycloheximide: blockade of
programmed cell death or induction of programmed cell life? Apoptosis 3, 257–264.

Nishide, S.Y., Ono, D., Yamada, Y., Honma, S., Honma, K., 2012. De novo synthesis of
PERIOD initiates circadian oscillation in cultured mouse suprachiasmatic nucleus
after prolonged inhibition of protein synthesis by cycloheximide. Eur. J. Neurosci.
35 (2), 291–299.

Pan, S.Y., Zhang, Y., Guo, B.F., Han, Y.F., Ko, K.M., 2011. Tacrine and bis(7)-tacrine
attenuate cycloheximide-induced amnesia in mice, with attention to acute toxicity.
Basic Clin. Pharmacol. Toxicol. 109 (4), 261–265.

Parry, E.W., 1981. Cycloheximide treatment modifies the pattern of ‘metastasis’
following intravenous injection of Ehrlich ascites tumour cells. Gann 72, 464–467.

Satav, J.G., Katyare, S.S., Fatterparker, P., Sreenivasan, A., 1997. Study of protein
synthesis in rat liver mitochondria use of cycloheximide. Eur. J. Biochem. 73,
287–296.

Schneider-Poetsch, T., Ju, J., Eyler, D.E., et al., 2010. Inhibition of eukaryotic translation
elongation by cycloheximide and lactimidomycin. Nat. Chem. Biol. 6 (3), 209–217.

Zhao, X., Cao, M., Liu, J.J., et al., February 10, 2011. Reactive oxygen species is
essential for cycloheximide to sensitize lexatumumab-induced apoptosis in hepa-
tocellular carcinoma cells. PLoS One 6 (2), e16966. http://dx.doi.org/10.1371/
journal.pone.0016966.
Relevant Websites

http://www.cdph.ca.gov/programs/hesis/Documents/cyclohex.pdf – California.Gov.
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbsþhsdb:@termþ@rnþ@relþ66-

81-9 – National Library of Medicine.
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbsþgenetox:@termþ@rnþ@relþ%

2266-81-9%22 – National Library of Medicine.
http://www.pesticideinfo.org/Detail_Chemical.jsp?Rec_Id¼PC35038 – PAN Pesticide

Database.
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid¼6197#x351 – Pubchem.
http://datasheets.scbt.com/sc-3508.pdf – Santa Cruz Biotechnology.

http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00298-0/ref0010
http://dx.doi.org/10.1371/journal.pone.0016966
http://dx.doi.org/10.1371/journal.pone.0016966
http://www.cdph.ca.gov/programs/hesis/Documents/cyclohex.pdf
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+66-81-9
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+66-81-9
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+66-81-9
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+66-81-9
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+66-81-9
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+66-81-9
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+genetox:@term+@rn+@rel+%2266-81-9%22
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+genetox:@term+@rn+@rel+%2266-81-9%22
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+genetox:@term+@rn+@rel+%2266-81-9%22
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+genetox:@term+@rn+@rel+%2266-81-9%22
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+genetox:@term+@rn+@rel+%2266-81-9%22
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+genetox:@term+@rn+@rel+%2266-81-9%22
http://www.pesticideinfo.org/Detail_Chemical.jsp?Rec_Id=PC35038
http://www.pesticideinfo.org/Detail_Chemical.jsp?Rec_Id=PC35038
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=6197#x351
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=6197#x351
http://datasheets.scbt.com/sc-3508.pdf


Cyclohexane
SE Gad, Gad Consulting Services, Cary, NC, USA

� 2014 Elsevier Inc. All rights reserved.
l Name: Cyclohexane
l Chemical Abstracts Service Registry Number: 110-82-7
l Synonyms: Benzenehexahydride, Hexahydro-benzene,

Hexamethylene, Hexanaphthene
l Molecular Formula: C6H12

l Chemical Structure:

Background Information

Cyclohexane is obtained by the distillation of petroleum or
by hydrogenation of benzene. It constitutes 0.5–1.0% of
petroleum.
Uses

Cyclohexane is used as a nonpolar solvent for lacquers, resins,
fats, oils, and waxes, in paint and varnish remover, in the
manufacture of nylon, in the extraction of essential oils, and in
analytical chemistry for molecular weight determination. In
addition, it is used in the manufacture of adipic acid, benzene,
cyclohexanone, cyclohexanol, cyclohexyl chloride, nitro-
cyclohexane, and solid fuel for camp stoves. Further, it is used
in industrial recrystallization of steroids and in fungicidal
formulations (it has a slight fungicidal action).
Environmental Fate and Behavior

If released to air, cyclohexane will exist solely as a vapor in the
ambient atmosphere, and will be degraded in the atmosphere
by reaction with photochemically produced hydroxyl radicals,
though direct photolysis is not expected due to the lack of
absorption in the environmental spectrum. Volatilization from
water surfaces is expected to be an important fate for this
compound, and half-lives in a model river and lake are ex-
pected to be 3 h and w3.5 days respectively. Adsorption to
suspended solids and sediments is also expected, though
hydrolysis in the environment is unlikely due to the lack of
hydrolyzable functional groups.

The potential for bioconcentration and bioaccumulation of
cyclohexane in aquatic organisms is moderate. It is highly
resistant to biodegradation and is catabolized chiefly by
cooxidation.

Exposure and Exposure Monitoring

Cyclohexane was a predominant pollutant in shoe and leather
factories in Italy, associated with the use of glue. Occupational
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exposure to cyclohexane may occur through inhalation and
dermal contact with this compound where cyclohexane is
produced or used. The general population may be exposed to
cyclohexane via inhalation of ambient air, ingestion of
drinking water, and dermal contact with products containing
cyclohexane and due to its presence in gasoline. It has been
found in mother’s milk and has been detected in studies of the
air in various cities.
Environmental Water Concentrations

Contamination has been found in several drinking water
sources including bottled water and most commonly in wells,
the highest concentration found was 540 ppb. Only trace
quantities of cyclohexane have been detected in bedrock and
groundwater. Surface waters are generally found to contain
0.5–4.0 ppb.
Toxicokinetics

Cyclohexane is readily absorbed via inhalation and the oral
routes of exposure; it is rapidly absorbed into the blood
through the lungs. Animal studies indicate dermal absorption
to be high, probably due to the defatting action of the
compound. Cyclohexane absorption into the lungs is rapid,
with the concentration in the lungs reaching 42–62% of the air
concentration. Cyclohexane administered to rats either by oral
gavage or by intravenous injection was rapidly absorbed and
distributed to the tissues. Cyclohexane partitions preferentially
to lipid-rich tissues such as fat, liver, and brain. Cyclohexane is
metabolized by cytochrome P450 enzymes in the liver and
other tissues. Several metabolites have been identified
including cyclohexanol and transcyclohexane-1,2-diol. These
compounds have been identified in the urine of human
subjects and experimental animals within 48 h of exposure.
Inhaled cyclohexane is excreted primarily via expiration from
the lungs. A small portion partitions to and is excreted in the
urine. Metabolites of cyclohexane are conjugated, primarily to
glucuronides and possibly to sulfates, and excreted in the
urine.
Mechanism of Toxicity

The precise mechanism of toxicity of cyclohexane has not been
identified, but is likely similar to other central nervous system
(CNS) depressants and general anesthetics. These compounds
are believed to exert their effects through a general interaction
with the CNS, and interference with neuronal membrane
functions has been postulated as a mechanism of action.
Disruption of membrane enzymes and the corresponding
alterations in cell functions may account for the behavioral and
anesthetic effects observed following exposure to various
solvents.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00835-6
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Acute and Short-Term Toxicity

Animal

The reported oral LD50 in rabbits is 5.5–6.0 mg kg�1 indicating
the relatively low oral acute toxicity of cyclohexane. Vapor
concentrations of 92 000 mg m�1 produced rapid narcosis and
death in rabbits. In mice, concentrations of 51 000 mg m�3

caused narcosis and death occurred at 61 200–71 400 mg m�3.
The oral LD50 was reported as 12 705 mg kg�1 for rats and
813 mg kg�1 for mice. Observations indicating CNS effects
have been noted in many studies.
Human

Cyclohexane is a CNS depressant and may produce mild
anesthetic effects. Inhalation exposure can cause headache,
nausea, dizziness, drowsiness, and confusion. Very high
concentrations may cause unconsciousness, convulsions, and
death. Vapors may be irritating to the nose and throat. Severe
lung irritation, damage to lung tissues, or death may result
from aspiration into the lungs. Direct dermal contact with
liquid may cause mild irritation, which may become more
severe if exposure is prolonged. Eyes may become irritated
upon exposure to vapors or liquid; however, the effect is
generally mild and temporary unless exposure is prolonged.
Ingestion of cyclohexane may cause sore throat, nausea, diar-
rhea, or vomiting.
Chronic Toxicity

Animal

Lower doses (1.0–5.5 mg kg�1) produced mild to extensive
hepatocellular degeneration and glomerulonephritis. Micro-
scopic changes in the liver and kidneys were observed in
rabbits exposed to 2700 mg m�3 for 50 exposures. No changes
were noted at 1490 mg m�3. In subchronic inhalation studies
in rats and mice, the no observed effect level (NOEL) in rats for
acute, transient effects was 500 ppm based on a diminished/
absent response to an auditory alerting stimulus at 2000 ppm
and above. The NOEL for subchronic toxicity in rats was
7000 ppm based on the lack of adverse effects on body weight,
clinical chemistry, tissue morphology, and neurobehavioral
parameters. In mice, the NOEL for acute, transient effects was
500 ppm based on behavioral changes during exposure at
2000 ppm and above. The NOEL for subchronic toxicity in
mice was 2000 ppm based on hematological changes at
7000 ppm.
Human

Prolonged exposure may produce liver and kidney
damage. Cyclohexane is not a carcinogen or a develop-
mental toxicant.
Immunotoxicity

Cyclohexane is not known to be immunotoxic; however, there
have been few studies performed.
Reproductive Toxicity

In a prospective study in Toronto, major congenital malfor-
mations were noted in 13 of 125 fetuses of mothers exposed to
organic solvents (not just cyclohexane) during pregnancy.
Studies in rats have shown reduced weights in pups and
diminished response to audible stimuli at high dose levels. No
observed adverse effect level (NOAEL) for maternal and fetal
effects has been reported as over 20 000 mg m�3 in rodents.

Inhalation exposure to concentrations of 6886 and
24 101 mg m�3cyclohexane resulted in maternal toxicity in
Cesaraen-derived (CD) rats, as demonstrated by a significant
reduction in body weight gain. There was no evidence of
developmental toxicity in rat pups at the highest concentration
tested, 24 101 mg m�3. The NOAEL for developmental toxicity
in rat pups was 24 101 mg m�3. Inhalation exposure to the
highest concentration of 24 101 mg m�3cyclohexane resulted in
no evidence of maternal or developmental toxicity in rabbits.
Genotoxicity

Negative results were obtained in Ames and sister chromatid
exchange, mouse lymphoma, and unscheduled DNA synthesis
assays.
Carcinogenicity

Cyclohexane is not a carcinogen.
Clinical Management

If inhalation exposure occurs, the source of contamination
should be removed or the victim should be moved to fresh air.
Artificial respiration should be administered or, if the heart has
stopped, cardiopulmonary resuscitation should be provided. If
dermal contact has occurred, contaminated clothing should be
removed and the affected area should be washed with water
and soap for at least 5 min or until the chemical is removed.
Contaminated eyes should be flushed with lukewarm, gently
flowing water for 5 min or until the chemical is removed. If
ingestion occurs, vomiting should not be induced. Water
should be given to dilute the compound. If vomiting occurs
naturally, the victim should lean forward to reduce risk of
aspiration. Aspiration of the compound into the lungs may
produce chemical pneumonitis requiring antibiotic treatment
and administration of oxygen and expiratory pressure.
Ecotoxicology

LC50 for fathead minnow is 95 mg l�1 (static).
TLm for Fathead minnow is 43–32 mg l�1 (24–96 h);

conditions of bioassay not specified.
TLm for Bluegill is 43–34 mg l�1 (24–96 h); conditions of

bioassay not specified.
TLm for Goldfish is 42.3 mg l�1 (24–96 h); conditions of

bioassay not specified.
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TLm for Guppy is 57.7 mg l�1 (24–96 h); conditions of
bioassay not specified.

Coho salmon; no significant mortalities were observed up
to 100 ppm after 96 h in artificial seawater at 8 �C.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value (TLV), 8 h time-weighted
average (TWA), is 100 ppm.

Permissible exposure limit: Table Z-1 8 h TWA: 300 ppm
(1050 mg m�3).

8 h TWA: 100 ppm.
Excursion limit recommendation: Excursions in worker

exposure levels may exceed three times the TLV–TWA for no
more than a total of 30 min during a workday, and under no
circumstances should they exceed five times the TLV–TWA,
provided that the TLV–TWA is not exceeded.

Recommended exposure limit: 10 h TWA: 300 ppm
(1050 mg m�3).
Miscellaneous

Cyclohexane is an indirect food additive for use only as
a component of adhesives.
See also: Cyclohexene; Hexane.
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l Name: Cyclohexene
l Chemical Abstracts Service Registry Number: CAS110-83-8
l Synonyms: 1,2,3,4-Tetrahydrobenzene; Tetrahydrobenzene;

Cyclohex-1-ene
l Molecular Formula: C6H10

l Chemical Class: Cycloalkene
l Chemical Structure:

Background and Significant History

Cyclohexene is a hydrocarbon, mostly obtained from the
hydrogenation of benzene.
Uses of Cyclohexene

Cyclohexene is as an intermediate used in the manufacture of
tetrahydrobenzoic acid, adipic acid, maleic acid, and alde-
hydes. Cyclohexene is also used as a stabilizer in high-octane
gasoline and as a catalyst in oil extraction.
Environmental Fate and Behavior

The release of cyclohexene into the air occurs in the form of
waste streams from manufacturing units. Cyclohexene has
a vapor pressure of 89mm Hg at 25 �C, indicating that it exists
as a vapor form in the environment and is degraded by reac-
tions with photochemically induced hydroxyl radicals, ozone,
and nitrate radicals. The half-life for these reactions in the air is
6, 2, and 4 h, respectively.

Estimated Koc of 850 indicates that cyclohexene has low
mobility in the soil. Cyclohexene has Henry’s law constant of
4.55� 10�2atm-m3mol�1. Based on this Henry’s law constant,
volatilization is expected to be the major process of removal of
cyclohexene from moist soil and water, if released into it.
Exposure and Exposure Monitoring

Exposure to cyclohexene is expected through inhalation and
dermal contact in workplaces where it is either produced or
employed as an intermediate chemical. Cyclohexene is a vola-
tile liquid, so inhalation, if handled in an unprotected manner,
and dermal contact are the major human exposure routes.
Cyclohexene is monitored in exposed individuals, as the
hydroxylated and conjugated metabolites can be measured by
high-pressure liquid chromatography.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

The absorption of cyclohexene is rapid through skin and from
the respiratory tract after inhaling the vapors. Cyclohexene-like
hydrocarbons are poorly absorbed into the gastrointestinal
tract, and do not cause much toxicity after ingestion.
Mechanism of Toxicity

Cyclohexene is suspected to have an irritating effect on the skin.
After exposure through inhalation, it can cause depression of
the central nervous system. The mechanism for these toxicities
is not fully understood.
Acute and Short-Term Toxicity

Animal

Sprague–Dawley rats were administered cyclohexene at doses of
500,1000, and2000mg kg�1bygavage. Three animalsoutoffive
in the last group demonstrated some clinical signs of abnormal
gait, salivation, piloerection, and tremors, and death within 3
days. The cause of the death was revealed as pulmonary conges-
tion by necropsy. The LD50 value for bothmale and female sexes
has been established in the range of 1000–2000mg kg�1.
Chronic Toxicity

Animals

In a study conducted on rats, guinea pigs, and rabbits, cyclo-
hexene was administered at 150, 300, or 600 ppm, 6 h per day
for 6months. A significant rise in alkaline phosphatase level was
detected, but the other parameters of blood such as glucose,
cellular components, hemoglobin, and biochemical profile
(blood urea nitrogen, cholesterol, serum glutamic pyruvic
transaminases, serum glutamic oxaloacetic transaminases,
lactate dehydrogenase, electrolytes) remained the same.
Human

Chronic exposure of human to cyclohexene would likely cause
pulmonary damage, CNS depression, hypoxia, pneumatocele
formation, and chronic lung dysfunction.
Reproductive Toxicity

Rats were administered cyclohexene by gavage at doses of 50,
150, and 500mg kg�1 day�1. The males received it for 48 days
and the females for 42–53 days. The treatment continued from
14 days before mating to day 4 of lactation. No harmful effect
of cyclohexene on the reproductive system was observed.
4-3.00372-9 1109
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Genotoxicity

Cyclohexene has been found not to be mutagenic by reverse
mutation assay using Salmonella typhimurium TA100, TA1535,
and TA1537 and Escherichia coli wp2 uvrA.
Clinical Management

Inhalation

The patient should be removed from the exposure site and
given oxygen and artificial respiration if not breathing.
Ingestion

Swallowing of cyclohexene is rare; if swallowed, the patient
should be given a large quantity of water. If the patient is
unconscious, vomiting is contraindicated.
Skin Contact

After skin contact with cyclohexene, the contaminated area
should be thoroughly washed with soap for at least 15min.
Eye Contact

In the case of eyes affected by cyclohexene, they should be
washed with water for at least 15min.
Ecotoxicology

Aquatic Ecotoxicity

Regarding acute toxicity to aquatic organisms, an EC50 of
2.1–5.3mg l�1 for daphnids, an LC50 of 5.8 mg l�1 for fish,
Oryzias latipes, and an LC50 of 12.4mg l�1 for fish, Poecilia
reticulata, have been reported. The 48 h EC50 of 2.1mg l�1 has
been reported for Daphnia magnia.
Other Hazards

Cyclohexene is a flammable liquid and slightly toxic by
ingestion.
Exposure Standards and Guidelines

Based on Occupational Safety and Health Administration
standard, permissible exposure limit for cyclohexene is
300 ppm over an 8-h work shift.
Miscellaneous

Vapor pressure: 89mm Hg.
Melting point: �1.04 �C.
Boiling point: 82.9 �C.
Henry's law constant: 0.0455 atm-m3mol�1.
Log p (octanol–water): 2.86.

See also: Benzene; Occupational Safety and Health
Administration; Gasoline.
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17, 743–747.

Material Safety Data Sheet; MSDS NO: 243. 2011. Cyclohexene. Scholar Chemistry
866, 5100 W. Henrietta Rd, Rochester, NY 14586, 260–0501. http://www.
westliberty.edu/health-and-safety/files/2012/08/Cyclohexene.pdf.

Occupational Health Guidelines for Cyclohexene. US Department of Health and Human
services, Centers for Disease Control. www.cdc.gov/niosh/docs/81-123/pdfs/
0167.pdf.

UNEP Publication, SIDS Initial Assessment Report. 2002. Cyclohexene, CASNo. 110-83-8,
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Cyclohexene.
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l Name: Cyclophosphamide
l Chemical Abstracts Service Registry Numbers: 50-18-0;

6055-19-2 (monohydrate)
l Synonyms: 2H-1,3,2-oxazaphosphorin-2-amine, N,N-bis(2-

chloroethyl)tetrahydro-2-oxide; 2H-1,3,2-oxazaphosphorine,
2-[bis(2-chloroethyl)amino]tetrahydro-, 2-oxide;AstaB518;B
518; Bis(2-chloroethyl)phosphoramide cyclic propanolamide
ester; Clafen; Claphene; Cyclophosphamid; Cyclopho-
sphamide hydrate; Cyclophosphamide monohydrate;
Cyclophosphamidum; Cyclophosphan; Cyclophosphane;
Cyclophosphanum; Cyclostin; Cytophosphan; Cytophos-
phane; Cytoxan; Endoxan; Endoxan monohydrate;
Genoxal; Hexadrin; Mitoxan; N,N-Bis(b-chloroethyl)-N0,O-
trimethylenephosphoric acid ester diamide; N,N-bis
(b-chloroethyl)-N0,O-propylenephosphoric acid ester
diamide; Neosar; NSC 26271; Phosphorodiamidic acid, N,N-
bis(2-chloroethyl)-N0-(3-hydroxypropyl)-, intramol ester;
Procytox; Revimmune; Sendoxan

l Chemical/Pharmaceutical/Other Class: Nitrogen mustard
alkylating agent

l Molecular Formula: C7H15C12N2O2P
l Chemical Structures:
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Background Information

Cyclophosphamide, a nitrogen mustard alkylating agent from
the oxazophorines group, was first synthesized by Arnold
ncyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Bourseaux and Norbert Brock in 1958. The first clinical trials
involving cyclophosphamide were published at the end of the
1950s. It was reported that cyclophosphamide is converted to
its active metabolites by mixed-function oxidase enzymes in
the liver. These metabolites were demonstrated to slow
cancerous cell growth by forming cross-linkages in the DNA of
susceptible proliferating malignant cells and inhibiting repli-
cation. Unfortunately, normal cells were also affected, resulting
in serious side effects. By mechanisms not fully understood,
cyclophosphamide also induces effects on immune effector
and suppressor cells, decreasing the immune system’s response
to various diseases. The US Food and Drug Administration
approved its use in November 1959.
Uses

Cyclophosphamide is an effective single antineoplastic (anti-
cancer) agent, but is more frequently used concurrently or
sequentially with other antineoplastic drugs. Cyclophospha-
mide is also a potent immunosuppressive agent used to prevent
transplant rejection and in the treatment of nonneoplastic
autoimmune disorders, such as Wegener’s granulomatosis,
rheumatoid arthritis, ‘minimal change’ nephrotic syndrome,
and multiple sclerosis. Cyclophosphamide is used rarely in
veterinary practice for defleecing sheep and has been tested as
an insect chemosterilant.
Environmental Fate

Cyclophosphamide may be released into the atmosphere
secondary to production or through waste streams. If released
into the air, it is expected to be present in both vapor and
particulate phases at ambient temperature and pressure. Vapor-
phase degradation by hydroxyl radicals in general produces
a half-life of 5.5 h. Particulate cyclophosphamide will be
broken down by both wet and dry decompositions as well as
through photodegradation.
Physicochemical Properties

Cyclophosphamide is a solid compound at standard temper-
ature and pressure. It has a melting point of 41–45 �C and is
soluble in water at 1–5 g per 100 ml (23 �C; log P is 0.8 and
log S is �1.2.)
4-3.00720-X 1111
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Exposure Routes and Pathways

Exposure to this odorless, white, crystalline powder may occur
during its manufacture, formulation, or distribution as an
antineoplastic/immunosuppressive drug. During manufacture
and experimental use, exposure may be by inhalation or skin
absorption. Therapeutically, it is administered orally, intra-
muscularly, intraperitoneally, intravenously, and intrapleurally.
Toxicokinetics

Cyclophosphamide is rapidly absorbed, metabolized, and
excreted. Peak plasma concentrations after an oral dose is
approximately 1 h. It is distributed rapidly to all tissues and
exhibits an elimination half-life of 3–12 h. It is eliminated
primarily in the form of metabolites, but 5–25% of the dose
is excreted unchanged in the urine. Plasma protein binding
of unchanged drug is low, but some metabolites are bound
to an extent greater than 60%. In humans, cyclophospha-
mide is metabolized by hepatic cytochrome P450 to
the active metabolites acrolein, 4-aldophosphamide,
4-hydrocyclophosphamide, and nor-nitrogen mustard. The
primary active metabolite is 4-hydroxycyclophosphamide,
which exists in equilibrium with aldophosphamide, its ring-
opened tautomer. Most of the aldophosphamide is oxidized
by the enzyme aldehyde dehydrogenase (ALDH) to make
carboxyphosphamide. A small proportion of aldophospha-
mide is converted into phosphoramide mustard and acro-
lein. Phosphamide mustard, acrolein, and nor-nitrogen
mustard have all been proven to have toxic effects.
Mechanism of Toxicity

Cyclophosphamide works by interrupting the cell cycle in
a nonphase-specific manner. The main effects of cyclophos-
phamide are due to the antitumor activity of its metabolite
phosphoramide mustard. Phosphoramide mustard prevents
cell division by forming cross-linkages in DNA both between
and within DNA strands at guanine N-7 positions. This is
irreversible and leads to cell death. Phosphoramide mustard is
formed only in cells that have low levels of ALDH. ALDHs are
abundant in rapidly proliferating tissues (bone marrow stem
cells, liver, and intestinal epithelium) and are protective against
the toxic effects of phosphoramide mustard and acrolein by
driving the conversion of aldophosphamide to carbox-
yphosphamide. The toxic side effects are due to the phos-
phoramide mustard and acrolein. Nor-nitrogen mustard is
responsible for the renal damage that occurs in some cases.
Acute and Short-Term Toxicity (or Exposure)

Animal

The LD in mice ranges from 370 mg kg�1 (subcutaneous) to
310 mg kg�1 (intravenous). The LD in rats was 160 mg kg�1

(intravenous), 180 mg kg�1 (oral), and 400 mg kg�1 (intra-
peritoneal in rats bearing tumors). The intravenous LD was
400 mg kg�1 in guinea pigs and 40 mg kg�1 in dogs. In mice,
rats, and dogs, the predominant hematological effect of
cyclophosphamide is leukopenia and thrombocytopenia. Pro-
longed treatment of rodents with cyclophosphamide has
produced pathological structural changes in a variety of organs,
including lung, gut, pancreas, and liver. In rats, cyclophos-
phamide given orally decreases mitosis in crypts, decreases the
height of villi, and causes degeneration of the intestinal
mucosa. A single intraperitoneal dose of cyclophosphamide
caused marked necrosis of the bladder, renal tubular, and renal
pelvic epithelium inmice, rats, and dogs. Cyclophosphamide is
teratogenic in the rhesus monkey when given intramuscularly
for various periods between 25 and 43 days of pregnancy at
doses ranging from 2.5 to 20 mg kg�1 body weight. Placental
transfer of cyclophosphamide has been demonstrated in mice,
and a positive correlation between alkylation of embryonic
DNA and the production of congenital abnormalities has been
reported in mice.
Human

Patients treated with cyclophosphamide have been reported to
exhibit various side effects such as flushing of the face, swollen
lips, cardiotoxicity, pneumonitis or interstitial fibrosis, agita-
tion, dizziness, tiredness, weakness, headache, nausea, vomit-
ing, diarrhea, stomatitis, hemorrhagic colitis, hepatitis,
hemorrhagic cystitis, fever, chills, sore throat, sweating,
pancytopenia, leukopenia, alopecia, changes in the nucleoli of
lymphocytes, water and sodium retention, pulmonary fibrosis,
and visual blurring. Birth defects, such as limb reductions or
pigmentation of the fingernails and skin, were also noted.
Although the entire urinary tract is at risk of toxicity from the
metabolite acrolein, the bladder is most susceptible because of
its prolonged exposure. Cystitis, hemorrhagic cystitis, and
fibrosis of the bladder wall have been reported in patients
treated for cystitis, rheumatoid arthritis, lupus erythematosus,
and neoplasia, respectively. Fatal cardiomyopathy may result
when very large doses of cyclophosphamide are given as
conditioning for bone marrow transplantation. Cyclophos-
phamide has teratogenic and mutagenic potential and can
cause sterility of either sex. It can damage germ cells in
prepubertal, pubertal, and adult males and cause premature
ovarian failure in females. It is most toxic to the human fetus
during the first 3 months, and congenital abnormalities have
been detected after intravenous injections of large doses to
pregnant women during this period of pregnancy. Mothers
taking cyclophosphamide should avoid breastfeeding.
Chronic Toxicity (or Exposure)

Animal

Mice dosed at 7% of the LD50 cyclophosphamide per week
subcutaneously for 1 year had higher rates of leukemias,
mammary carcinomas, ovarian carcinomas, and lung tumors
compared to controls.
Human

Chronic exposure to cyclophosphamide is associated with
neoplasms, bone marrow suppression, and gonadal toxicity.
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Depending on the total dose of cyclophosphamide, patients
have a 1.6- to 2.4-fold overall increase in malignancies
with a 5- to 30-fold increase in bladder carcinoma, up to
10.4-fold increase in skin cancer, up to 11-fold increase in
lymphomas, and up to 5.7-fold increase for leukemia. Bone
marrow suppression results in leukopenia, anemia, and
thrombocytopenia. Myelodysplastic syndrome occurs in 2–8%
of patients. Immune system suppression may result in serious
and sometimes fatal infections. The spectrum of infections is
wide and includes bacterial, viral, and fungal. The most
commonly seen infections are pneumonia, endocarditis,
spondylodiscitis, and catheter-associated Staphylococcus
aureus sepsis. Alopecia and other toxic effects may develop in
patients.
Immunotoxicity

Cyclophosphamide is an alkylating agent with significant
immunosuppressive effects.
Genotoxicity

Cyclophosphamide is an alkylating agent and has been shown
to cause DNA damage and genotoxicity. It can increase the rate
of micronuclei abnormalities, seen in tests of genotoxicity.
Cyclophosphamide stops tumor growth by the same mecha-
nism; it can damage other DNA by cross-linking guanine bases
in DNA double-helix strands and adds an alkyl group to elec-
tronegative bonds.
Reproductive Toxicity

Cyclophosphamide can cause reproductive toxicity in both
males and females. It interferes with spermatogenesis and
oogenesis. Sterility, sometimes reversible, can occur in both
men and women with cyclophosphamide. Dose and duration
of therapy are factors in the risk for sterility related to cyclo-
phosphamide. Amenorrhea and decreases in estrogen and
other hormone production can occur in women treated with
cyclophosphamide. Cyclophosphamide has been shown to
cause fetal abnormalities when administered during pregnancy
in animals and in humans. In males, altered interest and sexual
behavior, diminished fertility, and changes to sperm count and
shape can occur.
Carcinogenicity

Cyclophosphamide is carcinogenic in humans and animals.
Bladder cancer is seen at increased rates following therapy with
cyclophosphamide for nonmalignant diseases and increases in
acute nonlymphocytic leukemia are seen in patients treated
with cyclophosphamide for non-Hodgkin’s lymphoma.
Cyclophosphamide has been found to cause tumor in animal
models when given via various routes. Increases in several
different types of tumor types were seen both at administration
sites and at distant sites for different routes of administration.
Clinical Management

Treatment is largely supportive. Cyclophosphamide is adsorbed
by activated charcoal, and charcoal should be used for substan-
tial, recent ingestions. Patients may require aggressive fluid
support. Standard supportive therapies, such as vasopressors,
should be utilized as clinically indicated. Patients may require
prolonged observation due to the delay in the development of
adverse effects. Antibiotics may be needed to treat or minimize
opportunistic infection due to the development of immuno-
suppression. Management of cyclophosphamide-induced
hemorrhagic cystitis includes electrocauterization, systemic
vasopressin, intravesical administrationof silver nitrate, formalin,
prostaglandin F2, andhydrostatic pressure. Preventative therapies
that have been shown to reduce occurrence include aggressive
hydration for dilutional effects, frequent bladder emptying,
intravenous administration of 2-mercatoethane sulfonate
sodium, and intravesical administration of N-acetylcysteine.
Baseline electrocardiogram and echocardiograms should be ob-
tained for all patients with large exposures. One case of
cyclophosphamide-induced cardiomyopathy has been success-
fully treated with fluid restriction, digoxin and furosemide.
See also: Acrolein.
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l Name: Cyclosporine
l Chemical Abstracts Service Registry Number*: 59865-13-3
l Synonyms: (R-(R*,R*-(E)))-Cyclic(L-alanyl-D-alanyl-N-methyl-

L-leucyl-N-methyl-L-leucyl-N-methyl-L-valyl-3-hydroxy-N,4-dim
ethyl-L-2-amino-6-octenoyl-L-alpha-aminobutyryl-N-methylgly
cyl-N-methyl-L-leucyl-L-valyl-N-methyl-L-leucyl); Cyclosporin A;
[Gengraf (modified); Neoral (modified); Sandimmune
(nonmodified); Restasis (ocular)]

l Molecular Formula*: C62H111N11O12

l Chemical Structurey:

* All from ChemIDplus.
y PubChem http://pubchem.ncbi.nlm.nih.gov/summary/

summary.cgi?cid¼5280754#itabs-2d
Figure 1 Example of linear plot of Cp versus time showing AUC and AUC
segment permission granted Bourne, D.W.A., 2013. Calculation of
AUC using the Trapezoidal Rule retrieved from http://www.boomer.org/c/
p4/c02/c0208.html.
Background

Cyclosporine (CAS 59865-13-3) is a neutral, lipophilic, cyclic
polypeptide containing 11 amino acids. The drug has
immunosuppressive properties, based on the ability to block
transcription of cytokine genes in activated T cells. Since the
introduction to clinical use in 1983 as an immunosuppres-
sant, survival rates for patients receiving transplants and grafts
have steadily improved. Ophthalmic formulations increase
tears and have been used for chronic dry eye conditions.

Cyclosporine can be derived as a metabolite from the soil
fungus, Tolypocladium inflatum. It was the first metabolite from
any microorganism utilized clinically, to regulate growth and
1114 Encyclopedia of T
function of a normal mammalian cell. It can also be manu-
factured synthetically. Hazardous combustion and decom-
position products include carbon monoxide, carbon dioxide,
nitrogen oxide, hydrogen chloride gas, and phosgene.
Uses

Cyclosporine was approved for transplant immunosuppres-
sion in 1983. It is administered to prevent organ rejection
after transplant of kidney, liver, lung, heart, or bone marrow
and for suppression of graft-versus-host disease. In addition,
it has been utilized for treatment of Crohn’s disease, rheu-
matoid arthritis, and psoriasis. More recently, ophthalmic
forms have been used to treat chronic dry eye conditions.
Cyclosporine is available in modified and original forms; but
prescriptions are not interchangeable, due to the difference in
bioavailability.
Exposure and Exposure Monitoring

Exposure to cyclosporine in therapeutic settings is via oral or
parenteral routes. Oral medications may be found in liquid
or capsule form. Ocular exposure may also occur, generally
via single-dose drop packs from therapeutic ophthalmic
formulations.

There is a lack of correlation in some exposures between
dose and therapeutic blood levels due to various factors,
including absorption, metabolism, and product formulation.
Thus, monitoring of exposure to therapeutic drug levels is
ideally by investigation of the blood cyclosporine concentration
versus time (or area under the curve – AUC, see example in
Figure 1). Blood concentration at hour 2 (C2) of dosing is
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00013-0
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sometimes utilized in clinical settings, as opposed to predose or
initial monitoring, known as the trough level. Optimal clinical
monitoring techniques for safety and efficacy are continuing to
be investigated. Monitoring blood levels is important in order
to insure cyclosporine levels are high enough in transplant
patients to prevent rejection. Further, distinguishing between
kidney rejection and kidney damage from elevated cyclo-
sporine levels is critical in monitoring safe exposures and
outcomes such as survival and symptom relief, as in the latter
for usage in rheumatoid arthritis and psoriasis.

Occupational exposures require an exhaust system and
protection to avoid worker inhalation of dust particles. Skin
and eye protection is also required, with access to rinsing
capabilities, if exposures occur. Transfer to a closed chemical
waste container for disposal is recommended, in the event of
a spill. Avoidance of spilled materials into a drain is advised,
although exact ecological fate is undetermined.
Toxicokinetics

Cyclosporine is biotransformed primarily in the liver by
CYP3A4; however, alternate metabolic pathways may yield
toxic metabolites. Metabolites have both decreased toxicity
and pharmacologic activity, when compared to the parent
compound. Most of the cyclosporine dose is excreted in bile
as an active metabolite. Less than 1% is excreted as unchanged
drug. Cyclosporine has a biphasic elimination pattern from
the blood, with a half-life range of 5–18 h. Inducers of
CYP3A4 increase cyclosporine metabolism, whereas compet-
itors may increase cyclosporine to potentially toxic levels.
Interindividual and intraindividual variabilities in tox-
icokinetics exist for cyclosporine levels. Enhanced micro-
emulsion techniques in some forms of cyclosporine improve
consistency in absorption.

Variability in CYP3A4 expression due to environmental
factors has been evaluated, along with genetic polymorphisms
for impact on cyclosporine blood levels, clinical endpoints,
and toxicity. Factors influencing levels include: age, body
mass index, food intake, serum albumin, lipoproteins, and
intestinal P-glycoprotein activity. Drugs and other substances
that affect microsomal enzymes, especially the CYP3A system,
may affect cyclosporine metabolism and blood concentra-
tions. Cyclosporine influences the toxicokinetics of digoxin by
increasing the volume of distribution, half-life, and elimi-
nated renal fraction. It is essential that patients taking cyclo-
sporine discuss exposure to over-the-counter, prescription,
and herbal preparations (such as St. John’s wort) with their
health care provider to avoid toxicity from drug interaction
and altered metabolism.
Mechanisms of Action

The exact mechanism of action is not fully elucidated, but the
overall effect is a decrease in the activity of the immune system.
The proposed mechanism appears to be due to inhibition of
the action of calcineurin, which suppresses interleukin-2 levels
and inhibits T-lymphocyte proliferation. The result is blocking
of the translocation of the cytosolic component of the nuclear
factor of activated T cells, ultimately suppressing the antigenic
response. The high lipophilicity of cyclosporine allows access
for binding to intracellular sites of action. Cyclosporine does
not significantly impact myelosuppression or nonspecific
biological defense systems.
Acute and Short-Term Toxicity

Animal

Animal studies show immunosuppression, renal glomerular
and tubular damage, vascular smooth muscle targets, endo-
thelial effects, and neurological toxicity.
Human

Acute cyclosporine intoxication after organ transplantation
may occur during adjustment to therapeutic dosing regimen,
miscalculation of dosage, or intentional overdose. As a calci-
neurin inhibitor, cyclosporine acts as a vasoconstrictor from
a decrease in vasodilators, with interference in mitochondrial
permeability transition pores causing direct toxicity to renal
tubules. Headache and hypertension may result, along with
diminished renal function. Other symptoms associated with
exposure to cyclosporine may include decreased hepatic
function. Some of these may occur as side effects of thera-
peutic doses or as a result of toxic levels. These may occur as
acute or chronic toxicity. Allergic reactions may also occur in
persons with sensitivity to the drug or vehicle of suspension or
delivery. There is a potential for severe hepatotoxicity, neph-
rotoxicity, and neurotoxicity, with recorded cases of acute
tubular necrosis, atrial fibrillation, and death with acute
overdose.
Chronic Toxicity

Animal

Lymphoma was noted in grafted macaques and male mice
receiving cyclosporine. Rats exposed to cyclosporine A devel-
oped renal and hepatocellular tumors. Nephrotoxicity may be
experienced with acute or long-term exposure, as in humans.
Endothelial cell toxicity was noted in studies with vascular
endothelial growth factor as a cellular stress response.
Human

Patients who receive cyclosporine have underlying medical and
surgical considerations, and additional drug exposures, that
may contribute to patient symptoms and negative outcomes.
Toxicity from the drug itself has been noted, though, due to
underlying mechanisms of action. Adverse reactions include
gingivitis which may become gum hyperplasia, gastrointestinal
disturbances, hirsutism, hyperkalemia, hyperlipidemia, hyper-
tension, renal dysfunction, and tremor. Due to the immuno-
suppressive actions of the drug, there is an increased risk of
infections when on cyclosporine therapy, particular with use of
adjunct medications. Nephrotoxicity, hepatoxicity, accelerated
atherosclerosis, hypertension, and graft vascular disease
are common complications of long-term cyclosporine
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administration. The primary indication for cessation or alter-
ation of therapy is renal toxicity, in many patients taking
cyclosporine. Related hypertension may occur in both renal
and cardiac transplant recipients. Increased interstitial areas
and accumulation of extracellular matrix have also been noted.
Additionally, cyclosporine is considered a human carcinogen,
due to increased risk of lymphoma and skin cancer in patients
taking the drug for psoriasis. In some cases, tumor regression
occurred after discontinuing cyclosporine.

The primary indication for cessation or alteration of therapy
is renal toxicity, in many patients taking cyclosporine. Related
hypertension may occur in both renal and cardiac transplant
recipients.
Immunotoxicity

As previously discussed, cyclosporine is a potent immuno-
suppressive agent, so prolonged use can increase susceptibility
to infections and result in other related effects.
Reproductive and Developmental Toxicity

Animal

Studies in rats and rabbits have shown that large doses may
cause death to the fetus or birth defects, depending on timing
of exposure in gestation. In rodent studies, embryonic exposure
resulted in functional immunity impairment during postnatal
maturation. Cyclosporine has been shown to cross the
placenta.
Human

Women who take cyclosporine during pregnancy may be at
increased risk for delivering prematurely, though controlled
scientific studies in human developmental toxicity and tera-
togenicity are needed. The maternal disease process itself for
which cyclosporine is required, may introduce risk to the
pregnancy, so well-designed studies considering all factors
would address the gap in information. Regarding lactation,
cyclosporine has been detected in breast milk. Limited infor-
mation indicates that variable levels found in breast milk, may
expose infants to maternal cyclosporine. The potential risk,
extrapolating from previous toxicity studies, is immunosup-
pression, renal effects, and carcinogenicity; however,
controlled studies to assess the extent of risk have not been
conducted to evaluate the impact, if any, on infant growth,
development, and well-being. Short- and long-term adverse
effects from exposure have not been well studied, and indi-
vidual patients need to base decisions on advice of health care
providers for use of cyclosporine during pregnancy and
lactation.
Genotoxicity

Most in vitro tests were negative for genetic damage; however,
there was a slight increase in sister chromatid exchange in
human lymphocytes exposed in vitro. In vitro studies demon-
strate apoptosis and antiproliferative effects on endothelial and
epithelial cells. Tumor progression promotion was noted in
calcineurin inhibitors.
Carcinogenicity

Cyclosporine is a known human carcinogen; malignancy after
transplant surgery has contributed to patient morbidity and
mortality. Lymphoma and skin cancer are two malignancies
related to cyclosporine in the scientific literature. The risk of
developing skin cancer has been linked to cyclosporine treat-
ment and previous psoralen and UVA/UVB, in patients with
psoriasis. Cyclosporine, along with other immunosuppressants
that are calcineurin inhibitors, has been linked to posttrans-
plant malignancies. However, immunosuppression may
contribute to the mortality rates, as it disrupts both antitumor
and antiviral activities. Studies in transplant patients have
linked cyclosporine to both increased risk of malignancy and
no increase in risk after treatment. Future studies elucidating
mechanisms and patient outcomes are needed with regard to
malignancy and cyclosporine use, as compared with newer
immunosuppressants.
Clinical Management

In the event of an acute overdose, a health care provider, local
emergency responders, and a poison control center should be
contacted so that life-support measures may be instituted, if
required. Clinical responses to cyclosporine overdose vary
widely. Symptoms may include headache, nausea, central
nervous system depression or excitation, respiratory depression,
and cardiovascular events, such as hypertension or atrial fibril-
lation. Monitoring by a health care provider of cyclosporine
blood levels, serum electrolytes, renal, and hepatic function
with therapeutic use is indicated. Activated charcoal may be
administered for drug adsorption, as determined by a health
care provider. Observation of allergic reaction should also be
noted in any exposure, in the event of patient sensitivity.
Ecotoxicology

Avoidance of spilled materials into a drain is advised, although
exact ecological fate is undetermined. Bioaccumulation
potential is considered low, although further studies on
ecological fate would add to the scientific knowledge regarding
cyclosporine in the environment.

See also: Carcinogen; Immune System; Kidney; St. John’s
Wort.
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l Name: Cyfluthrin
l Chemical Structure:
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Background

Cyfluthrin was first registered for use by the US Environmental
Protection Agency (EPA) in 1987. It is found in both restricted
use and general use pesticides. Cyfluthrin is the active ingre-
dient in many insecticide products, including Baythroid

�
,

Attatox
�
, Contur

�
, Solfac

�
, and Tempo

�
. Commercial synthetic

pyrethroids, including cyfluthrin, are a mixture of isomers and
all of the isomers have the same mode of action.
Uses

Cyfluthrin is a broad-spectrum nonsystemic insecticide used in
the control of cockroaches, ants, termites, mosquitoes, flies,
tobacco budworms, and common chewing and sucking insects
of cotton, cereals, potatoes, and peanuts. It is also used in the
control of public health pests.
Environmental Fate

Cyfluthrin readily breaks down following exposure to sunlight.
It is highly immobile in soil, unstable in water, and is not
a groundwater contaminant. On soil surfaces its half-life is
2–3 days. Under anaerobic conditions, its half-life in soils is
approximately 2 months. It rapidly breaks down in surface
waters as it floats on the surface where it is subject to
photodegradation.
Exposure and Exposure Monitoring

Common routes of cyfluthrin exposure include dermal, inges-
tion, and inhalation. Cyfluthrin degrades rapidly in soil and
has shown little leaching potential.
Toxicokinetics

Toxicokinetic studies with 14C-cyfluthrin in rats have shown
that the initial step of biotransformation includes ester
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hydrolysis resulting in 3-phenoxy-4-fluorobenzyl alcohol
intermediate and permethric acid. 3-Phenoxy-4-fluorobenzyl
alcohol is further oxidized to 3-phenoxy-4-fluorobenzoic acid,
which is either hydroxylated to 40-hydroxy-3-phenoxy-4fluo-
robenzoic or conjugated with glycine to 40-hydroxy-3-phenoxy-
4-fluorobenzoic acid. Cyfluthrin is excreted mainly as urinary
metabolites, but a portion of it is also excreted unchanged in
feces.
Mechanism of Toxicity

Historically, pyrethroids were grouped into two subclasses,
Types I and II, based on chemical structure and the production
of either the T (tremor) or the CS (choreoathetosis with sali-
vation) intoxication syndrome following intravenous or
intracerebral administration to rodents. Cyfluthrin belongs to
Type II (CS) subclass and elicits toxicity by modifying the
voltage-sensitive sodium channels in neuronal membranes. It
binds to a receptor site on the a-subunit of the sodium channel,
which results in prolonged opening of sodium channels. This
delay in the closure of sodium channels leads to a protracted
sodium influx causing repetitive firing of sensory nerve endings
and hyperexcitation. Higher doses of cyfluthrin may result in
complete depolarization of the nerve membrane and blockade
of nerve conduction.
Acute and Short-Term Toxicity

Animal

Cyfluthrin is moderately toxic to mammals with an oral LD50

of 850–1200 mg kg�1 in rats. Large doses of cyfluthrin cause
excess salivation, irritability, tremors, incoordination, convul-
sions, and a fall in blood pressure. The acute toxicity of cyflu-
thrin increases at lower temperatures, and it is also acutely toxic
when inhaled.
Human

Cyfluthrin is slightly irritating to skin and eyes in humans. One
of the common symptoms of cyfluthrin poisoning is pares-
thesia (stinging, burning, and itching skin, particularly on the
face), progressing to numbness. Dermal irritation may worsen
if exposed to sun or heat. Large doses of cyfluthrin may cause
excessive salivation, irritability, tremors, convulsions, and
death. Inhalation exposure may result in labored breathing and
nasal discharge.
Chronic Toxicity

Animal

Chronic exposure to cyfluthrin is reported to cause diarrhea,
reduced body temperature, and weight loss in laboratory rats.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00119-6
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A 24-month dietary exposure study showed no organ-specific
toxicities in laboratory animals. Long-term inhalation of
cyfluthrin is reported to cause adverse effects, including lower
body temperature and weight loss.
Human

As cyfluthrin is commonly used on food crops, risks of dietary
exposure and through water and air are relatively high. Expo-
sure may also occur through inhalation and contact from
indoor and outdoor uses.
Immunotoxicity

In oral dosing studies in rodents, several pyrethroids sup-
pressed the cellular immune response or produced thymus
atrophy; however, the significance of these immunological
studies to humans is unclear.
Reproductive Toxicity

Cyfluthrin is reported to cause abortions and resorption of
fetuses in rabbits, and in rats, it is reported to cause decreased
pup viability and body weight.
Genotoxicity

There are no adequate data on genotoxic effects of cyfluthrin.
The mutagenic potential of beta-cyfluthrin was studied in
various in vitro and in vivo test systems and none of the test
systems used revealed any evidence of mutagenic and/or gen-
otoxic potential of beta-cyfluthrin.
Carcinogenicity

Mutagenicity and carcinogenicity studies have shown no
evidence of potential effects in rats and mice.
Clinical Management

General decontamination procedures should be initiated in
case of cyfluthrin exposure. In case of dermal exposure, the
contaminated area must be washed with plenty of water and
soap. Topical application of vitamin E preparations may help
reduce the severity of skin reactions. The affected eye must be
irrigated with lukewarm water for at least 10 min. The
contaminated clothing should be removed and the airway
cleared. In case of ingestion, gastric lavage is avoided as
solvents present in cyfluthrin formulations may increase the
risk of aspiration pneumonia. Atropine (adults and children
>12 years: 2–4mg kg�1; children<12 years: 0.05–0.1 mg kg�1,
IV) may be useful to control excessive salivation but care
should be taken to avoid excess administration. If prolonged
and frequent seizures appear, diazepam should be used for
treatment (5–10 mg kg�1, IV).
Ecotoxicology

Cyfluthrin is highly toxic to bees with an LD50 < 0.04 mg bee�1.
It is also highly toxic to marine and freshwater organisms and is
least toxic to birds.
Exposure Standards and Guidelines

Acceptable daily intake ¼ 0.004 mg kg�1 bw�1.
Chronic oral reference dose (US EPA) ¼ 0.002 4 mg kg�1

day�1.
See also: Atropine; Ecotoxicology; Neurotoxicity; Pesticides;
Pyrethrins/Pyrethroids.
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implications for cumulative risk assessment. Toxicology 171, 3–59.

Spencer, J., O’Malley, M., 2006. Pyrethroid illnesses in California, 1996–2002. Rev.
Environ. Contam. Toxicol. 186, 57–72.

Wolansky, M.J., Harrill, J.A., 2008. Neurobehavioral toxicology of pyrethroid insecti-
cides in adult animals: a critical review. Neurotoxicol. Teratol. 30, 55–78.
Relevant Websites

http://www.epa.gov/oppsrrd1/reevaluation/pyrethroids-pyrethrins.html – Environmental
protection Agency.

http://extoxnet.orst.edu/pips/cyfluthr.htm – Extension Toxicology Network.
http://www.pesticide.org/get-the-facts/pesticide-factsheets/factsheets/cyfluthrin –

Journal of Pesticide Reform: Insecticide Fact Sheet - Cyfluthrin.
http://www.who.int/foodsafety/chem/jmpr/publications/pesticide_inventory_report_

2010.pdf – Inventory of IPCS and other WHO pesticide evaluations and
summary of toxicological evaluations performed by the Joint Meeting on
Pesticide Residues (JMPR) through 2010.

http://www.who.int/whopes/quality/en/Cyfluthrin_spec_eval_WHO_Nov_2004.pdf –

World Health Organization.

http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00119-6/ref0025
http://www.epa.gov/oppsrrd1/reevaluation/pyrethroids-pyrethrins.html
http://extoxnet.orst.edu/pips/cyfluthr.htm
http://www.pesticide.org/get-the-facts/pesticide-factsheets/factsheets/cyfluthrin
http://www.who.int/foodsafety/chem/jmpr/publications/pesticide_inventory_report_2010.pdf
http://www.who.int/foodsafety/chem/jmpr/publications/pesticide_inventory_report_2010.pdf
http://www.who.int/whopes/quality/en/Cyfluthrin_spec_eval_WHO_Nov_2004.pdf
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l Chemical Abstracts Service Registry Number: CAS
52315-07-8

l Synonyms: [Cyano-(3-phenoxyphenyl)methyl] 3-(2,2-
dichloroethenyl)-2,2-dimethylcyclopropane-1-carboxylate;
Ammo; Asymmethrin; Barricade; Cymperator; Cypercopal;
Cypermethrine; Hilcyperin; Neramethrin; Ripcord; CID 2912

l Classification: Type II pyrethroid insecticide
l Molecular Formula: C22H19Cl2NO3, molecular weight

416.29716
l Chemical Structure:
Uses

Cypermethrin is a potent broad-spectrum insecticide used in
a range of agricultural, public health, and domestic applica-
tions. For arable farming, cypermethrin is one of the most
widely used pesticides in terms of total land area treated.
Cypermethrin is available as a powder, emulsion, or a concen-
trate for ultra-low-volume application. Technical cypermethrin
is a mixture of eight isomers that includes two active isomers
(1R cis S and 1S cis R isomers).

Environmental Fate

Cypermethrin is sixfold more persistent in soil than in aquatic
environments. Depending on conditions, the environmental
half-life ranges from 2 days (for hydrolysis at pH 9) to 165 days
(for photolysis in soil).

Exposure

Dermal exposure is the most common route, although inges-
tion and inhalation can occur.
Toxicokinetics

Absorptionofpyrethroids is poor through the skinandnotmuch
more effective through the gastrointestinal tract. Pyrethroids are
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rapidly metabolized through ester cleavage and hydroxylation.
Pyrethroids accumulate in adipose tissue, which has a varying
affinity for the different isomeric forms of cypermethrin. In rat,
eliminationhalf-lives of 3.4 and 18days have beenmeasured for
trans and cis isomers, respectively. Urinary excretion is the
primary route of elimination. Fecal excretion can also be signif-
icant depending on the animal species and isomeric form.
Mechanism of Toxicity

Cypermethrin is a type II pyrethroid: a functional neurotoxin
slowing the inactivation of voltage-gated sodium channels
leading to a state of hyperexcitability, which in turn causes fine
tremor, salivation, and choreoathetosis. Other proposed
contributory actions include antagonism of g-aminobutyric
acid A (GABAA) inhibition, and voltage-gated chloride and
calcium channels.
Acute and Short-Term Toxicity

Cypermethrin produces a syndrome in both insects and
mammals known as chorea salivation. The effects are hyper-
excitability, fine tremor, hypersalivation, choreoathetosis,
ataxia, seizures, and death. Humans experience the same effects
as other animals, but are also able to report paresthesia after
dermal exposure and nausea after ingestion.
Chronic Toxicity, Genotoxicity, and Carcinogenicity

Studies of mice have demonstrated possible genotoxicity in
spleen and bone marrow. The US Environmental Protection
Agency has classified cypermethrin as a possible human
carcinogen based on benign lung adenomas found in mice.
Chronic effects following cypermethrin exposure have not been
reported in humans.
Clinical Management

Dermal exposure can be treated by washing the contaminated
skin with oils. Application of vitamin E cream preparations
can be used for both prophylaxis and treatment of paresthesia.
With cases of ingestion, gastric decontamination with acti-
vated charcoal may be of benefit within the first hour. Gastric
lavage should be avoided when formulations contain
solvents. If systemic toxicity does occur, the central signs of
poisoning can be difficult to control and may be confused
with intoxication by other pesticides such as anticholinester-
ases, which also cause hyperexcitability, although pyrethroids
do not inhibit acetylcholinesterase. Respiratory support may
be needed and control of metabolic acidosis may require
sodium bicarbonate. Atropine may be useful to control
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00120-2
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hypersalivation. Single short-lived seizures may not require
treatment. Since pyrethroids do not produce morphological
damage, only symptomatic treatment is needed. Frequent or
prolonged convulsions may be controlled with intravenous
diazepam or lorazepam. If unresponsive, consider phenobar-
bital or phenytoin (before thiopental or general anesthesia).
Pentobarbitone has been shown to be more effective than
phenobarbitone in animal studies. Complete recovery usually
occurs following symptomatic treatment in cases of mild–
moderate intoxication.
Ecotoxicology

Birds have a comparatively low susceptibility to cypermethrin,
whereas bees, crustaceans, and fish are all highly susceptible
under experimental conditions. However, environmental
factors such as sediment binding may reduce the actual
susceptibility of nontarget aquatic species.

Exposure Standards and Guidelines

The acceptable daily intake set by the Food and Agriculture
Organization (FAO)/World Health Organization (WHO) Joint
Meeting on Pesticide Residues (JMPR) for cypermethrin is
0–0.02 mg kg�1 body weight.

See also: Cyfluthrin; Deltamethrin; Neurotoxicity; Permethrin;
Pesticides; Pyrethrins/Pyrethroids.
Further Reading

WHO/IPCS, 1989. Environmental Health Criteria 82: Cypermethrin. World Health
Organization, Geneva.
Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Toxicology Data Network, National Library of
Medicine, Search for Cypermethrin.

http://www.who.int – World Health Organization, Search for Cypermethrin.

http://toxnet.nlm.nih.gov
http://www.who.int
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l Chemical Abstracts Service Registry Number: 616-91-1
l Synonyms: L-a-Acetamido-b-mercaptopropionic acid, Ace-

tylcysteine, Airbron, Broncholysin, Brunac, Fabrol, Fluatox,
Fluimucetin, Fluimucil, Fluprowit, Inspir, L-a-Acetamido-
b-mercaptopropionic acid, Mercapturic acid, Mucocedyl;
Mucolator, Mucolyticum, Mucomyst, Muco Sanigen,
Mucosil, Mucosol, Mucosolvin, Mucret, N-Acetyl-L-cysteine
(NAC), N-Acetyl-L-(b)-cysteine, N-Acetyl-3-mercaptoalanine
(IUPAC), Neo-Fluimucil, Parvolex, Respaire, Tixair

l Chemical/Pharmaceutical/Other Class: Mucolytic, Antidote
l Chemical Formula: C5H9NO3S
l Chemical Structure:
Uses

N-Acetyl-L-cysteine (NAC) is a white crystalline powder that
melts in the range of 104–110 �C and has a very slight odor. It
is a natural sulfur-containing compound that is produced in
living organisms from the amino acid cysteine. It is involved in
the intracellular synthesis of a chemical called glutathione
(GSH). Cells (particularly liver cells) use GSH to detoxify
chemicals by making them more water soluble and thus easier
to excrete from the body. NAC is also a powerful antioxidant.
NAC is primarily marketed and used as a mucolytic agent to
break upmucus (by reducing disulfide bonds in mucoproteins)
in persons having bronchopulmonary diseases including
chronic bronchitis, cystic fibrosis, asthma, sinusitis, and
pneumonia. It is also used extensively as an antidote for acet-
aminophen (paracetamol) overdose or toxicity. Because it is
a precursor of GSH, it has been proven useful in replenishing
depleted GSH levels in the liver. Other studies have shown it
can be used as a chelating agent for the treatment of heavy
metal (mercury, lead, cadmium) poisoning. Other reports
(primarily animal studies) have suggested that NAC can find
use as a detoxifying agent for a number of toxicants, such
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as paraquat, urethane, aflatoxin, Escherichia coli, carbon tetra-
chloride, chloroform, and carbon monoxide. NAC is also used
for preventing alcoholic liver damage, for reducing toxicity of
ifosfamide and doxorubicin (drugs that are used for cancer
treatment), as a hangover remedy, for preventing kidney
damage due to certain X-ray dyes, and for human immuno-
deficiency virus.
Exposure Routes and Pathways

The most common route of exposure to NAC is (voluntary)
inhalation via the respiratory tract. Inhalation of 1–2 mL of
a 10% solution may be given as often as every hour. Although
not approved by the US Food and Drug Administration, it may
be given intravenously in emergency situations. According to
a National Institute for Occupational Safety and Health survey
conducted between 1981 and 1983, over 30,000 workers in the
United States are exposed to NAC on a daily basis. Over two-
thirds of those people are inhalation therapists and clinical
laboratory technicians, with the remaining majority in some
type of medical profession.
Toxicokinetics

Oral administration of NAC has poor bioavailability, ranging
from 4 to 10%. Following oral administration, peak plasma
levels occur within 2 or 3 h. With intravenous administration,
peak plasma levels occur immediately. Orally administered
NAC appears to distribute primarily to the kidneys, liver, and
lungs. It is detectable in pulmonary secretions for at least 5 h
after the dose. Following respiratory exposure, NAC is rapidly
absorbed and exists as the free species in plasma with
a concomitant increase both in plasma L-acetylcysteine levels
and in protein and nonprotein sulfhydryl concentrations.
Protein binding is approximately 83%. The volume of distri-
bution in humans is 0.337–0.47 l kg�1. Thirty percent of
intravenously administered NAC is renally cleared. NAC
elimination is not impaired in patients with severe liver
damage. The terminal half-life of NAC is 2–6 h and is increased
to 11 h in newborns. This may be increased to 13 h after an
intravenous injection.
Mechanism of Toxicity

Fatalities from normal doses and overdoses of intravenous
NAC have not been reported. This is most probably due to the
fact that the body produces this compound naturally and can
rapidly metabolize it in the liver. Toxicity is usually limited to
anaphylactoid reactions and nausea/vomiting. The average
time for the onset of adverse effects following commencement
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00485-1
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of the infusion of NAC was 30min (range, 5–70min). In vivo
and in vitro tests indicate that NAC is an inhibitor of allergen
tolerance by inhibition of prostaglandin E synthesis. Adverse
reactions are anaphylactoid in type and have been attributed to
cause histamine release.
Acute and Short-Term Toxicity (or Exposure)

N-Acetylcysteine is used primarily in the treatment of acet-
aminophen (paracetamol) overdose and/or toxicity. It is also
nebulized for mucolytic effects and less often used to treat
corneal ulcers. It has a very low potential to cause acute toxicity
in either animals or humans.
Animal

Oral formulations of N-acetylcysteine are used intravenously in
the clinical treatment of animals, although it has not been
approved for this use. The Registry of Toxic Effects of Chemical
Substances (RTECS) lists an acute oral, intravenous, and intra-
peritoneal LD50 in dogs of 1.0, 0.7, and 0.7 g kg�1 body weight,
respectively. For mice, RTECS lists an oral, intravenous, and
intraperitoneal LD50 of 4.4, 3.8, and 0.4 g kg�1 body weight,
respectively. For rats, RTECS lists an oral and intravenous LD50 of
5.05 and1.14 g kg�1 bodyweight, respectively. Acute effects cited
for mice include central nervous system depression and somno-
lence; rats showed gastrointestinal changes.
Human

The primary toxicity of NAC consists of nausea/vomiting,
particularly after oral therapy, and an anaphylactoid reaction,
particularly after IV administration, that may be life threatening.
Many cases of anaphylactic reactions have been reported with
symptoms primarily consisting of rash, nausea, hypotension,
bronchospasm, angioedema, tachycardia, and respiratory
distress. NAC may also have some neurological toxicity that
includes dizziness, intracranial hypertension, hypoactivity,
ataxia, and seizures. There have been reports of mucosal damage
with full strength (20%) NAC, which causes hyperemia and
hemorrhages of bowel mucosa. During inhalation therapy, irri-
tation or soreness of the mouth may occur. The RTECS cites
a ‘lowest published toxic dose’ reported for a child of 8.48 g kg�1

over a 3-day period. This is a relatively large dose and places this
substance in the acute category of ‘practically nontoxic.’
Chronic Toxicity (or Exposure)

Animal

NAC has not been shown to cause birth defects in rats or
rabbits. When administered to rabbits during the critical phase
of embryogenesis, no malformation resulted.
Human

Experience in 59 pregnant patients suggested that use of NAC in
pregnancy did not result in toxic effects on the fetus. In practice,
the risk to the mother and baby of paracetamol-induced liver
damage probably far outweighs any potential risk of N-ace-
tylcysteine, and pregnancy should not be considered a contra-
indication to the use of this agent.
In Vitro Toxicity Data

N-Acetylcysteine is negative in the Ames mutagenicity test and
also reduces the mutagenic effect of chemical carcinogens in the
same assay.
Clinical Management

Since 1974, it has been known, and generally accepted, that NAC
is hepatoprotective, especially for treating overdoses of acet-
aminophen. Basic and advanced life-support measures should be
utilizedasnecessary. For acetaminophenoverdose, a140 mg kg�1

dose followedby 70 mg kg�1 every 4 h for an additional 17 doses
should be administered. Since NAC has not been approved for
intravenous administration, assistance is available through the
Rocky Mountain Poison Center. NAC should not be mixed with
erythromycin lactobionate or tetracycline.
Environmental Fate

Because NAC is a natural compound that contains no halogen
atoms or substitutions, it would be expected to be easily
metabolized by microorganisms in the environment and thus
not present a risk from the standpoint of persistence or
bioaccumulation.
Ecotoxicology

NAC is produced naturally in the body and is therefore not
anticipated to be a hazard to ecological receptors.
Exposure Standards and Guidelines

There areno regulatory exposure standardsor guidelines forNAC.
Acute doses of 140 mg kg�1 are recommended for the initial
‘loading’ dose in humans (i.e., for paracetamol poisoning) and
1330 mg kg�1 can be tolerated by humans over a 72-h period.

See also: Acetaminophen; Aflatoxin; Alcoholic Beverages and
Health Effects; Carbon Tetrachloride; Chloroform; Carbon
Monoxide; Escherichia coli (Escherichia Coli); Ethanol;
Glutathione; Paraquat; Nitrite Inhalants.
Further Reading

Meredith, T.J., Jacobsen, T., Haines, J.A., Berger, J.C., (Eds.), 1995. IPCS/CES
Evaluation of Antidotes Series. Antidotes for Poisoning by Paracetamol, vol. 3
Cambridge University Press on behalf of the World Health Organization and of the
Commission of the European Communities.
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Relevant Websites

http://www.drugs.com/ppa/acetylcysteine-n-acetylcysteine.html – Drugs.com (Drug
Information Online)

http://www.intox.org – IPCS INTOX Data Bank.
http://www.rxlist.com – The Internet Drug Index.
http://chem.sis.nlm.nih.gov/chemidplus/ – US National Library of Medicine
http://www.fda.gov – US Food and Drug Administration.
http://www.webmd.com – WebMD.

http://www.drugs.com/ppa/acetylcysteine-n-acetylcysteine.html
http://Drugs.com
http://www.intox.org
http://www.rxlist.com
http://chem.sis.nlm.nih.gov/chemidplus/
http://www.fda.gov
http://www.webmd.com
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Introduction

Evolution of P450s: Cytochrome P450 proteins are one of the
largest superfamily of enzyme proteins. Genes encoding cyto-
chrome P450 (called CYP) are found in virtually all genomes.
Sequence comparisons indicate that the diverse superfamily
originated from a common ancestral gene some 3 billion years
ago. The origin of the P450 superfamily lies in prokaryotes,
before the advent of eukaryotes and before the accumulation of
molecular oxygen in the atmosphere. As a comparison, Myco-
bacterium tuberculosis has 20 P450 genes, Baker’s yeast has three
and the fruit fly Drosophila melanogaster has 83 genes. Humans
have 57different active P450 genes and a similar number (58) of
pseudogenes. There are particularly large number of P450 genes
in the plantswith 323 genes in the rice and 249 genes in the thale
cress genomes. In the human genome, the P450 genes are
arranged into 18 families and 42 subfamilies. The upregulation
of specific forms of CYPs is mediated by numerous xenobiotics,
steroid hormones, and their metabolites in addition to envi-
ronmental carcinogens, such as polyaromatic hydrocarbons.
Upon upregulation, cytochrome P450s biotransform the parent
compounds as well as the exogenous substrates into toxic
metabolites that increase the genotoxic and oxidative load on
the cell ultimately influencing cell signaling. This explains the
role of CYPs as to how they metabolize procarcinogens to
carcinogens, or nontoxic drugs to toxic compounds, occasion-
ally leading to neoplastic progression.
Biochemistry of P450 Enzymes

In vertebrates the liver is the richest source of P450 and is also
the most active organ in the oxidation of xenobiotics. P450
enzymes are expressed in the microsomal fraction (smooth
endoplasmic reticulum) of the cell where they are anchored in
the lipid bilayer. Some P450 isozymes are also localized in the
mitochondria. In addition to the liver, P450s are also ubiqui-
tously expressed in the lung, kidney, skin, nasal mucosa,
gastrointestinal tract, placenta, bladder, nervous system, blood
platelets, among other tissues. Although they are expressed in
a variety of tissues, the function of P450s seems to differ in each
case. The liver, lung, and small intestine carry out mainly
xenobiotic biotransformation. Placental P450s are devoid of
ability to metabolize any appreciable xenobiotics but function
mainly as a steroid hormone-metabolizing system. Kidney
P450s are involved in some metabolism of xenobiotics, but are
involved in cholecalciferol and salt balance regulation. Cyto-
chrome P450s are heme–thiolate proteins (iron-containing) of
the cytochrome b type and derive the name P450 from the
wavelength (450 nm) at which the carbon monoxide derivative
of the reduced cytochrome has an absorption maximum.
Cytochrome P450s, like other monooxygenases, carry out
oxidation reactions in which one atom of molecular oxygen
is reduced to water while another is incorporated into the
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substrate. Reducing equivalents are transferred fromNADPH to
P450 by a flavoprotein enzyme called the NADPH–cytochrome
P450 reductase (P450 reductase).

Reactions catalyzed by P450s: P450s catalyze a large
number of substrates which may be exogenous or endogenous
compounds. P450s carry out aliphatic and aromatic hydrox-
ylations, aromatic epoxidations (leading to stable epoxides
like dieldrin from aldrin, or arene oxides), O-, N-, and S-
dealkylations and oxidations, oxidative deaminations and
desulfurations, among other reactions. Although the primary
evolutionary role of the P450 enzymes is to convert hydro-
phobic xenobiotics into more hydrophilic compounds and
enhance their removal from the body, P450s also catalyze
reactions, which lead to more reactive (and hence toxic)
compounds. Several xenobiotics are converted into potential
carcinogens via the cytochrome P450 system.
Major CYP Families

P450 enzymes may be broadly classified into three classes,
tentatively designated by functional class (FC)-E, FC-S, and FC-
X, based on the characteristics of their substrates and products.
FC-E enzymes are essential for the synthesis and degradation of
endogenous compounds such as hormones, prostaglandins,
and vitamins. FC-X enzymes are directly involved in the
detoxication of xenobiotics, whereas FC-S enzymes participate
in the biosynthesis and catabolism of secondary metabolites.
This categorization is not strict, and the boundaries between
the functional classes are often ambiguous. For example,
mammalian CYP1–CYP4 are usually considered to be detoxi-
fication enzymes; however, they are also involved in the
metabolism of steroids and eicosanoids crucial for mammalian
life processes. Human cytochrome P450s that metabolize
xenobiotic compounds are almost exclusively in the CYP1–
CYP4 and to a some degree CYP (5, 8, 19, 21, 26) families.
Table 1 shows all possible forms of CYP450s reported in
humans compiled by Karolinska Institute (updated 2011).

TheCYP1 family consists of three genes and two subfamilies.
Genes in this family are controlled by the aryl hydrocarbon (Ah
receptor), which is activated most notably by components of
incineration products and cigarette smoke. CYP1A1 and
CYP1B1 are expressed in varying amounts in different tissues
and are most efficient in metabolizing polycyclic aromatic
hydrocarbons, while CYP1A2 preferentially metabolizes aryl-
amines and N-heterocyclics. In addition, CYP1A2 metabolizes
about 10–20 drugs, whereas CYP1B1 and CYP1A1 do not seem
to act mainly as drugs. The CYP2 family is the largest P450
family in humans containing 16 individual isozymes. Human
CYP2C8, CYP2C9, CYP2C18, and CYP2C19 together metabo-
lize to varying amounts greater than half of all frequently
prescribed drugs. Results from in vitro assays show that CYP2D6
metabolizes more than 75 drugs. CYP2E1, a prominent bio-
activator in toxicology, metabolizes several compounds
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Table 1 Human cytochrome P450s (CYP) allele nomenclature (Karolinska Institute)

Family name Name of the isozyme References

POR Cytochrome P450 oxidoreductase http://www.cypalleles.ki.se/por.htm
CYP1 CYP1A1; CYP1A2; CYP1B1 http://www.cypalleles.ki.se/cyp1a1.htm

http://www.cypalleles.ki.se/cyp1a2.htm
http://www.cypalleles.ki.se/cyp1b1.htm

CYP2 CYP2A6; CYP2A13; CYP2B6; CYP2C8; CYP2C9;
CYP2C19; CYP2D6; CYP2E1; CYP2F1; CYP2J2;
CYP2R1; CYP2S1; CYP2W1

http://www.cypalleles.ki.se/cyp2a6.htm
http://www.cypalleles.ki.se/cyp2a13.htm
http://www.cypalleles.ki.se/cyp2b6.htm
http://www.cypalleles.ki.se/cyp2c8.htm
http://www.cypalleles.ki.se/cyp2c9.htm
http://www.cypalleles.ki.se/cyp2c19.htm
http://www.cypalleles.ki.se/cyp2d6.htm
http://www.cypalleles.ki.se/cyp2e1.htm
http://www.cypalleles.ki.se/cyp2f1.htm
http://www.cypalleles.ki.se/cyp2j2.htm
http://www.cypalleles.ki.se/cyp2r1.htm
http://www.cypalleles.ki.se/cyp2S1.htm
http://www.cypalleles.ki.se/cyp2w1.htm

CYP3 CYP3A4; CYP3A5; CYP3A7; CYP3A43 http://www.cypalleles.ki.se/cyp3a4.htm
http://www.cypalleles.ki.se/cyp3a5.htm
http://www.cypalleles.ki.se/cyp3a7.htm
http://www.cypalleles.ki.se/cyp3a43.htm

CYP4 CYP4A11; CYP4A22; CYP4B1; CYP4F2 http://www.cypalleles.ki.se/cyp4a11.htm
http://www.cypalleles.ki.se/cyp4a22.htm
http://www.cypalleles.ki.se/cyp4b1.htm
http://www.cypalleles.ki.se/cyp4f2.htm

CYP>4 CYP5A1; CYP8A1; CYP19A1; CYP21A2; CYP26A1 http://www.cypalleles.ki.se/cyp5a1.htm
http://www.cypalleles.ki.se/cyp8a1.htm
http://www.cypalleles.ki.se/cyp19a1.htm
http://www.cypalleles.ki.se/cyp21.htm
http://www.cypalleles.ki.se/cyp26a1.htm
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including acetaminophen, benzene, chloroform, carbon tetra-
chloride, butadiene, vinyl chloride, etc. The CYP3 family has
four members and has the most abundantly expressed P450s in
the liver. CYP3A4 and CYP3A5 are known to metabolize more
than 120 frequently prescribed drugs. The CYP3A family is
regulated via the pregnane-X-receptor, a nuclear receptor which
can be induced by pregnenolone-related compounds.
Endogenous Functions of P450s

Following the sequencing of the human genome all the human
P450s have been identified. However, while the endogenous
physiological role of the majority of P450s remains unknown,
as a group P450s are essential for mammalian development.
Studies in mice lacking the microsomal NADPH–cytochrome
P450 oxidoreductase and hence devoid of P450 activity, reveal
a requirement for P450s around embryonic day 10.5, resulting
in embryonic lethality by day 13.5. Deletion of P450 activity in
the liver, on the other hand, does not lead to embryonic
lethality, suggesting that hepatic microsomal P450-mediated
steroid hormone metabolism is not essential for fertility.
However, endogenous lipid metabolism and the ability to
metabolize xenobiotics such as acetaminophen and pheno-
barbital are profoundly affected, highlighting the central role of
hepatic P450s. The biological roles of several individual P450
isozymes are now becoming clear with the use of gene
knockout and transgenic animals. Three important biological
systems that are highly dependent on P450 enzymes require
special mention.
Cholesterol Metabolism and Bile Acid Biosynthesis

At least seven cytochrome P450 enzymes play critical roles in
conversion of acetate into sterols and bile acids. Key among
these are the CYP51A1, CYP7A1, CYP7B1, and CYP39A1. The
roles of each of these enzymes are beyond the scope of this
article, but some excellent reviews and texts are available on the
topic.
Steroid Synthesis and Metabolism

Six P450s participate in steroid synthesis. CYP11A1 catalyzes
the synthesis of pregnenolone. CYP17A1 is required for the
biosynthesis of cortisol, testosterone, and estrogen. CYP19A1
converts androgenic steroids to estrogens. CYP11B2, CYP21A1,
and CYP21A2 are also involved in the intermediary steps in the
formation of corticosterone and aldosterone.
Vitamin D3 Biosynthesis and Metabolism

The vitamin D3 system which acutely controls calcium status, in
addition to a host of other physiological functions, is a classic
example of P450 in multiple tissues, and it is also involved in

http://www.cypalleles.ki.se/por.htm
http://www.cypalleles.ki.se/cyp1a1.htm
http://www.cypalleles.ki.se/cyp1a2.htm
http://www.cypalleles.ki.se/cyp1b1.htm
http://www.cypalleles.ki.se/cyp2a6.htm
http://www.cypalleles.ki.se/cyp2a13.htm
http://www.cypalleles.ki.se/cyp2b6.htm
http://www.cypalleles.ki.se/cyp2c8.htm
http://www.cypalleles.ki.se/cyp2c9.htm
http://www.cypalleles.ki.se/cyp2c19.htm
http://www.cypalleles.ki.se/cyp2d6.htm
http://www.cypalleles.ki.se/cyp2e1.htm
http://www.cypalleles.ki.se/cyp2f1.htm
http://www.cypalleles.ki.se/cyp2j2.htm
http://www.cypalleles.ki.se/cyp2r1.htm
http://www.cypalleles.ki.se/cyp2S1.htm
http://www.cypalleles.ki.se/cyp2w1.htm
http://www.cypalleles.ki.se/cyp3a4.htm
http://www.cypalleles.ki.se/cyp3a5.htm
http://www.cypalleles.ki.se/cyp3a7.htm
http://www.cypalleles.ki.se/cyp3a43.htm
http://www.cypalleles.ki.se/cyp4a11.htm
http://www.cypalleles.ki.se/cyp4a22.htm
http://www.cypalleles.ki.se/cyp4b1.htm
http://www.cypalleles.ki.se/cyp4f2.htm
http://www.cypalleles.ki.se/cyp5a1.htm
http://www.cypalleles.ki.se/cyp8a1.htm
http://www.cypalleles.ki.se/cyp19a1.htm
http://www.cypalleles.ki.se/cyp21.htm
http://www.cypalleles.ki.se/cyp26a1.htm
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the biosynthesis of a biologically active metabolite. Cholecal-
ciferol is hydroxylated at the 25th position by either CYP27A1
or CYP2D25, both of which are expressed in the liver. The
25-hydroxycholecalciferol undergoes another P450-mediated
hydroxylation at the 1-a position by the renal CYP27B1 to the
active 1,25-dihydroxycholecalciferol (vitamin D3). Most of the
biological function is attributed to this metabolite, although
recent studies suggest that even the 25-hydroxy metabolite may
be exerting certain biological effects. The degradation of the
active 1,25-vitamin D3 is catalyzed by the renal CYP24A1
enzyme, which catalyzes a third 24-hydroxylation leading to
1,24,25-vitamin D3 metabolite.

See also: Biotransformation; Mechanisms of Toxicity;
Vitamin A; Vitamin C (Ascorbic Acid); Vitamin D; Vitamin E.
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l Name: 2,4-Dichlorophenoxy acetic acid
l Chemical Abstracts Service Registry Number: 94-75-7
l Synonyms: 2,4-Dichlorophenoxyacetic acid; 2,4-Di-chlor-

ophenoxyacetic acid
l Molecular Formula: C8H6Cl2O3

l Chemical Structure:
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Background and Uses

2,4-D free acids, esters, amines, and salts are formulated in
water suspensions or solutions, or in various organic solvents,
for application as systemic herbicides that are used post-
emergence for selective control of broadleaf weeds. 2,4-D is
registered with the US Environmental Protection Agency (EPA)
for use on a variety of food/feed sites, turf, lawn, aquatic sites,
and forestry applications, and as a growth regulator in citrus
crops. Residents and professional applicators may use 2,4-D on
home lawns.
Environmental Fate and Behavior

2,4-D has a relatively short half-life and is rather immobile in
soil. Soil half-lives have been estimated at 10 days for the acid,
diethylamine, and ester forms. The half-life of 2,4-D in aerobic
aquatic environments was estimated at 15 days and >41 days
in anaerobic aquatic laboratory studies.

The acid, amine, and ester forms of 2,4-D are metabolized
to compounds of nontoxicological significance and ultimately
to forms of carbon. Therefore, 2,4-D is considered to be
a biodegradable compound. Under normal conditions, 2,4-D
residues are not persistent in soil, water, or vegetation.
Exposure

2,4-D may be encountered as a vapor, as a liquid, or in
mixtures. It may cause damage at the point of contact (skin,
eyes, lungs, or gastrointestinal tract (GI tract)). Occupational
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
exposure may occur through inhalation and dermal contact
when 2,4-D is produced or used.

Laboratory testing for 2,4-D is not widely available to
physicians. The literature has reported the use of high perfor-
mance liquid chromatography with tandemmass spectrometry
to detect 2,4-D.
Toxicokinetics

Rapid and complete absorption of chlorophenoxy compounds
from the GI tract has been reported. Nearly complete absorp-
tion of 2,4-D occurs within 24 h in humans. 2,4-D is primarily
metabolized by acid hydrolysis, and a minor amount is
conjugated. It is highly protein bound and widely distributed.
The primary organs of deposition are kidneys, liver, and the
central and peripheral nervous systems.

2,4-D is primarily excreted unchanged (90%) in the kidneys
via the renal organic anion secretory system. It may be conju-
gated to glycine or taurine. A minor fraction of 2,4-D is filtered
by the glomerulus. The estimated half-life of 2,4-D is w18 h.
Mechanism of Toxicity

2,4-D is a plant-growth regulator that appears to function by
causing uncontrolled cell division in vascular tissue. It stimu-
lates nucleic acid and protein synthesis and affects enzyme
activity and respiration. It is absorbed by plant leaves, stems,
and roots, and moves throughout the plant. It accumulates in
growing tips.
Acute and Short-Term Toxicity

Animal

2,4-D generally has low oral toxicity orally or dermally, or by
inhalation. The oral LD50 values range from639 to 1646mg kg�1

in rats depending on the chemical form of 2,4-D. Mice are more
sensitive to 2,4-D, with an LD50 of 138mg kg�1. Acute dermal
LD50 values are �1829mg kg�1 in rabbits, depending on the
chemical form tested.

Acid and salt forms of 2,4-D are severe eye irritants. The
ester and salt forms are considered slight skin irritants.

Dogs are more sensitive to chlorophenoxy acid herbicides
than other animals. Signs of toxicity in dogs include
4-3.00300-6 1129
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myotonia, vomiting, and weakness. Rats demonstrated lack of
coordination, central nervous system depression, and muscle
weakness.

Subchronic oral exposure in rats causes damage to the eye,
thyroid, kidney, adrenals, ovaries, and testes.
Human

Case reports and observational studies provide the majority of
the information regarding exposure (poisoning) in humans.
A 2004 report compiled medical cases of 69 people who
ingested 2,4-D and other chlorophenoxy herbicides; 23 died.
Symptoms of acute oral 2,4-D exposure include vomiting,
abdominal pain, diarrhea, headache, confusion, aggressive or
bizarre behavior, and hypotension. A peculiar breath odor is
sometimes noted. Neuromuscular effects including twitching,
weakness, and loss of tendon reflexes have lasted from several
weeks to permanently.
Chronic Toxicity

Animal

Chronic toxicity in the eye, kidney, thyroid, and liver of the rat
was comparable to the subchronic studies.
Human

No human data have been reported on chronic effects of 2,4-D
except epidemiological studies of cancer occurrence; see Car-
cinogenicity section for further information.
Immunotoxicity

Based on the effects observed on the thyroid and gonads, there
is concern about endocrine disruption potential. The US EPA
has requested additional studies and assessments including
immunotoxicity.
Reproductive Toxicity

Teratogenic effects of 2,4-D have been observed in the rat but
only when maximal renal clearance has been met or exceeded.
Developmental effects included increased incidence of skeletal
abnormalities.

In rats dosed orally with 100mg kg–1 day–1 2,4-D from
birth to 25 days of age had lower levels of acetylcholines-
terase in the olfactory bulb and the hippocampus region of
the brain. Monoamine neurotransmitters were also reduced.
These results may account for slower learning in rats that
were exposed to 2,4-D during postnatal development of the
brain.
Genotoxicity

2,4-D has been active in many different short-term genetic
assays, including DNA damage and repair, mutations in yeast
and humans cells, sex-linked recessive mutations in fruit flies,
and chromosome aberrations in vitro.
Carcinogenicity

No oncogenic effects were observed in mice or rats following 2
years of dietary exposure with 2,4-D.

The link between 2,4-D and non-Hodgkin’s lymphoma in
humans has been suggested based on epidemiologic data, but
despite reviews of the epidemiologic data by US EPA, 2,4-D has
been classified as ‘not classifiable as to human carcinogenicity.’
The most recent review in 2004 indicated that none of the
recent epidemiological studies definitively linked human
cancer cases to 2,4-D. The International Agency for Research on
Cancer (IARC) had not assigned 2,4-D a cancer rating as of
October 2011. However, in 1987, IARC placed the family of
chlorophenoxy herbicides in the group of compounds that are
‘possibly carcinogenic to humans.’

A confounding factor in determining the carcinogenicity of
2,4-D is the frequent use of 2,4-D in mixtures with other agents,
especially 2,4,5-T and its contaminant TCDD (dioxin). The
possibility that 2,4-D may be a human carcinogen will require
further assessment.
Clinical Management

No specific antidote is available. The patient must be moni-
tored for seizures, gastrointestinal irritation, possible liver,
kidney, or muscle damage, arrhythmias, acidosis, dyspnea,
headache, coma, hyperthermia, and hypotension. Gastric
lavage and activated charcoal/cathartic are probably more
useful decontamination methods.
Ecotoxicology

2,4-D is toxic to terrestrial and aquatic plants. 2,4-D is
considered to be moderately to practically nontoxic to birds
and slightly toxic to small mammals. 2,4-D acid and amine
salts are slightly to practically nontoxic to freshwater or marine
fish and aquatic invertebrates. 2,4-D esters are highly toxic to
fish and freshwater and marine invertebrates.
Other Hazards

To keep residues of 2,4-D out of meat or milk, dairy cattle
should not be grazed on treated areas for 7 days after
application. Also, hay should not be cut for 30 days and
meat animals should not be slaughtered for 3 days. Contact
with dried residues on vegetation is not expected to be
hazardous. Inert ingredients found in 2,4-D products may
include ethylene glycol, methanol, sequestering agents,
petroleum hydrocarbons, and surfactants. Ethylene glycol is
moderately toxic to humans; it may cause tearing, anesthesia,
headache, cough, respiratory stimulation, nausea or vomit-
ing, and pulmonary, kidney, and liver changes. Methanol is
moderately toxic to humans; it may cause damage to the
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optic nerve, tearing, headache, cough, difficult breathing,
other respiratory effects, nausea, or vomiting. Some com-
mercially formulated 2,4-D products have LD50 values that
are much higher than the 2,4-D acid. This indicates that these
formulations may have considerably less acute toxicity than
the acid form. However, exposure to these formulated
products may have other health effects similar to those
reported for 2,4-D alone or for inert ingredients in
commercial formulations. Some 2,4-D formulations may be
contaminated with halogenated dibenzo-p-dioxins (but not
TCDD), dibenzofurans, or N-nitrosamines. Dibenzodioxins
and dibenzofurans may cause disorders of the skin, blood,
and gastrointestinal tract; they may also cause headaches,
numbness, birth defects, or fetal toxicity. Nitrosamines are
carcinogenic.

The Material Safety Data Sheet should always be referred to
for detailed information on handling and disposal.
Exposure Standards and Guidelines

l Acceptable daily intake is 0.3mg kg�1 day�1

l Maximum contaminant level is 0.07mg l�1

l Reference dose is 0.01mg kg�1 day�1

l Permissible exposure limit is 10mgm�3 (8 h)
See also: Chlorophenoxy Herbicides.
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l Name: Dacarbazine
l Representative Chemical: Triazene Alkylating Agent
l Chemical Abstracts Service Registry Number: 4342-03-4
l Synonyms: (Dimethyltriazeno)imidazolecarboxamide; 1H-

imidazole-4-carboxamide, 5-(3,3-dimethyl-1-triazenyl);
4(5)-(3,3-Dimethyl-1-triazeno)imidazole-4-carboxamide;
4-(3,3-Dimethyl-1-triazeno)imidazole-5-carboxamide; 4-
(5)-(3,3-Dimethyl-1-triazeno)imidazole-5(4)-carboxamide;
4-(Dimethyltriazeno)imidazole-5-carboxamide; 4-(or 5)-
(3,3-Dimethyl-1-triazeno)imidazole-5(or 4)-carboxamide;
5-(3,3-Dimethyl-1-triazeno)imidazole-4-carboxamide; 5-
(3,3-Dimethyltriazeno)imidazole-4-carboxamide; 5-Dime-
thyltriazeno)imidazole-4-carboxamide; AI3-52825; Bio-
carbazine; Biocarbazine R; CCRIS 190; Carboxamide, 5-
(3,3-dimethyl-1-triazeno)imidazole-4; DIC; DTIC; DTIC-
Dome; Dacarbazine; Dacarbazino; Dacarbazino [INN-
Spanish]; Dacarbazinum; Dacarbazinum [INN-Latin];
Decarbazine; Deticene; Di-me-triazenoimidazolecarbox-
amide; EINECS 224-396-1; HSDB 3219; ICDMT; Imid-
azole-4-carboxamide, 5-(3,3-dimethyl-1-triazenyl); NCI-
C04717; NSC 45388; NSC-45388; UNII-7GR28W0FJI

l Molecular Formula: C6H10N6O
l Chemical Structure:
Background

Dacarbazine is a colorless to an ivory-colored solid belonging
to the alkylating class of antineoplastic medications. Alky-
lating agents were the first anticancer molecules developed.
Within this group of compounds, there are six major classes
of agents; with dacarbazine categorized as part of the tri-
azenes. The nitrogen mustards, the first of the alkylating
agents, were approved for clinical use in the 1940s; while the
triazene compound, dacarbazine, was not approved for use
in humans until 1975. DTIC, or 5-(3,3-dimethyltriazeno)
imidazole-4-carboxamide is an imidazole-carboxamide
derivative synthesized for the first time in 1959. In order to
synthesize the drug, nitrous acid was added to the 5-diazo-
imidazole derivative and this molecule was then treated in
a solution of dimethylamine in methanol. Dacarbazine is
used therapeutically primarily in melanoma and Hodgkin’s
disease.
1132 Encyclopedia of T
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Dacarbazine is used therapeutically to treat various oncologic
malignancies, typically in combination regimens. The primary
FDA-approved indication for this compound is in treatment of
metastatic malignant melanoma. In addition, it is approved as
a second line therapy in Hodgkin’s disease when used in
combination with other effective agents. Dacarbazine is also
commonly used off-label in soft tissue sarcoma. Dacarbazine,
like other chemotherapeutic treatment options, is being
researched for its antineoplastic effects in other malignancies.
In the future, dacarbazine may be useful as treatment for
various oncology-related diseases.
Environmental Fate and Behavior

Dacarbazine is a colorless to an ivory-colored crystalline solid
that must be reconstituted and administered as a parenteral
agent for intravenous injection. It is available as a dry powder in
100, 200, and 500mg vials that when reconstituted have
a standard concentration of 10mg dacarbazine per 1ml solution
and a pH of 3–4. Vials of dacarbazine should be refrigerated
(2–8 �C) and protected from light. When exposed to light,
dacarbazine is rapidly decomposed to 4-diazoimidazole-5-car-
boxamide. When exposed to high temperatures (250–255 �C)
dacarbazine decomposes explosively. Dacarbazine is slightly
soluble in water. Dacarbazine may be diluted in either normal
saline or dextrose 5% water. Reconstituted solution is stable for
24 h at room temperature (20 �C) and 96 h under refrigeration
(4 �C); however, it is recommended by the manufacturer to
use the product within 8 and 72 h, respectively. Dacarbazine
should not be used if it turns pink, as this is a sign of
decomposition.
Exposure and Exposure Monitoring

Exposure Routes and Pathways

Exposure to dacarbazine may occur through dermal contact,
inhalation, or accidental ingestion during its production,
preparation, administration, or cleanup of medical waste. In
addition, excretions of recipients who are administered dacar-
bazine also pose a risk of exposure to those who may clean up
this type of waste. Appropriate work practices play an impor-
tant role in avoiding occupational exposure.
Toxicokinetics

Oral absorption of dacarbazine is unpredictable and slow; and
therefore this compound is only given intravenously. The
volume of distribution following intravenous administration
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01213-6
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of dacarbazine is 0.63 l kg�1, which exceeds total human body
water content. This implies localization of the medication to
body tissue, most notably the liver. Dacarbazine is extensively
metabolized via the cytochrome P450 system and is a major
substrate of both CYP1A2 and CYP2E1. Dacarbazine is
primarily excreted renally via renal tubular secretion. The major
inactive metabolite, AIC, and unchanged drug are both
excreted renally. Dacarbazine exhibits a biphasic half-life with
an initial half-life of 19min and a terminal half-life of 5 h. In
the presence of renal and hepatic dysfunction, the half-life may
be extended up to 55min and 7.2 h, respectively.
Mechanism of Toxicity

The exact mechanism of action of dacarbazine is unknown;
however, several proposed mechanisms have been made
including inhibition of DNA synthesis by acting as a purine
analog, alkylating agent, and interference with sulfhydryl
groups. It is most commonly classified as an alkylating agent in
the triazene group. While the active compound of dacarbazine,
DTIC, is structurally similar to purines, its primary mechanism
of action precludes the agent from being classified as an anti-
metabolite. Dacarbazine is a synthetic compound that is
metabolically activated to the active alkylating metabolite
methyl-triazeno-imidazole-carboxamide (MTIC) via the cyto-
chrome P450 system, primarily CYP1A1, CYP1A2, and CYP
2E1. MTIC is rapidly tautomerized into an inactive derivative,
5-aminoimidazole-4-carboxamide (AIC), which is renally
excreted. The entire process of activating DTIC occurs within
15min of intravenous infusion. DTIC exerts its actions
throughout all phases of the cellular cycle. The antitumor
effects of this compound are related to the induction of methyl
adducts to DNA. The 70% of alkylation occurs at the N7

position of guanine. The cytotoxic and mutagenic effects of
MTIC are manifested through alkylation of DNA at the O6

guanine position, accounting for 6–8% of methylated bases
formed. This is primarily a result of generation of incorrect base
pairing, leading to DNA double strand breaks and apoptosis.
Short- and Long-Term Toxicities

Animal

The following LD50 values were determined in rats and mice for
oral, intravenous, and intraperitoneal administration, respectively:
2147mg kg�1, 411mg kg�1, and 350mg kg�1; 2032mg kg�1,
466mg kg�1, 567mg kg�1. Similar toxicity effects were observed
in both rats and mice including changes in motor activity and
antipsychotic behavioral effects.
Human

The primary toxicity to humans associated with dacarbazine is
gastrointestinal effects including nausea and vomiting. More
than 90% of patients will experience this effect within 1–3 h
after treatment. During treatment, a flulike syndrome may
occur including chills, fever, malaise, and myalgias. Upon
administration, irritation to skin may occur. Extravasation is an
additional risk of this medication which may lead to tissue
necrosis. Like other cytotoxic agents, myelosuppression with
both leukopenia and thrombocytopenia is an effect typically
occurring on days 5–7 after treatment, with recovery occurring
days 21–28. Severe, but rare toxicities with dacarbazine have
been reported relating to liver failure and death. Cases pre-
sented in the literature confirmed by autopsy patients devel-
oping hepatic vein thrombosis leading to hepatic necrosis and
ultimately death. Hepatic injury with dacarbazine is poorly
understood and warrants further research.

Immunizations (vaccines), either during or after treatment
with this drug can be harmful. Dacarbazine can influence the
immune system, making vaccinations ineffective. It can lead to
serious infections if a live virus vaccine is used during or soon
after treatment. Close contact with people who have recently
received a live virus vaccine must be avoided (oral polio
vaccine or smallpox vaccine). Doctors approval is required is
advised. Dacarbazine can make humans sensitive to sunlight or
bright ultraviolet light, with redness, rash, hives, itching, or
other symptoms. Because of the way this drug is administered,
humans have a higher long-term risk of getting a second type of
cancer, such as leukemia.
Reproductive Toxicity

Dacarbazine has been studied in animals for its reproductive
effects in both male and female rats as well as rabbits. When
male rats were given dosages up to 50mg kg�1 twice per week
for 9 weeks of dacarbazine, no effect was noted on fertility.
Similarly, no adverse effects were noted on fertility in female
rats given dacarbazine dosages up to 30mg kg�1 day�1 for 2
weeks prior to mating. However, when evaluating effects on
offspring of female rats administered dacarbazine, many
abnormalities were observed. Various timing during preg-
nancy and dosing of dacarbazine was evaluated for effects on
offspring. Administration of a single dose of dacarbazine (800
or 1000mg kg�1) to pregnant rats on day 11 or 12 of gesta-
tion produced skeletal reduction defects, craniofacial anoma-
lies, and encephaloceles. Intraperitoneal administration at
doses of 30mg kg�1 day�1 and higher throughout organo-
genesis was also related to skeletal defects. In addition,
decreases in litter size were also observed. When higher
dacarbazine doses of 50 and 70mg kg�1 day�1 were admin-
istered, major malformations occurred in rat offspring. When
intraperitoneally administered at the end of pregnancy,
tremors occurred. Rabbits were also evaluated for fetal
abnormalities. Dacarbazine produced abortion and increased
malformations when given at a dose of 10mg kg�1 day�1 in
pregnant rabbits. Skeletal abnormalities were also noted in the
offspring of rabbits when given a dose seven times the human
dose on days 6–15 of gestation. No adverse effects were noted
when the dacarbazine dose was 5mg kg�1 day�1. Dacarbazine
was studied in a group of pregnant women in 1997. Healthy
babies were born to these women; however, due to the effects
noted in animal studies and limited human data, this
compound should only be used in pregnancy if the potential
benefit outweighs the potential risk to the fetus. In addition, it
is not recommended to breast-feed while using dacarbazine
due to the potential for serious adverse reactions to the
nursing infant.
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Genotoxicity

Genotoxicity is a concern with antineoplastic agents, which
may go on to cause other malignancies in the host. Dacarba-
zine has been shown in vitro in rodent cell assays to interact
with the genetic material of normal cells. The mechanism by
which dacarbazine exerts genotoxic effects is not well under-
stood, though it may be due in part by themethylation of DNA.
The dacarbazine intermediary causes methylation at the N7 and
O6 positions, as previously discussed. Genotoxicity occurring
from the O6 methylation has been shown in one study to
account for approximately 12% of miscoding of DNA, sug-
gesting this may only be a secondary cause of genotoxicity by
dacarbazine. In addition, dacarbazine was shown in an in vitro
study in human lymphocytes to be an inducer of genotoxic
damage. Cytogenic assays were used to assess for chromosomal
aberrations, breakage, and loss. At higher dacarbazine
concentrations, higher levels of chromosomal aberrations were
observed.
Carcinogenicity

Dacarbazine has demonstrated carcinogenicity in experimental
cancer studies in both rats and mice. When given orally to either
male or female rats, or intraperitoneally in female rats only,
dacarbazine caused cancers of the mammary glands, spleen, and
thymus. In addition, brain tumors occurred following oral
administration in female rats. When administered intraperito-
neally to both male and female mice, lung tumors occurred.
Lymphoma and blood-vessel tumors occurred solely in male
mice; while uterine tumors developed in female mice. Further
study is needed to evaluate the carcinogenicity risk in humans
administered dacarbazine. To date, two studies have evaluated
this risk with no reported incidences. However, the first was
a retrospective cohort study with a small number of patients
evaluated. Dacarbazine is reasonably anticipated to be a human
carcinogen based on studies in experimental animals; however,
the human relationship between cancer and exposure to dacar-
bazine is inadequate at this time.
Clinical Management

The major limiting effect of dacarbazine is the nausea and vom-
iting induced within 1–3 h after infusion. Premedication
with antinausea medication is typically administered to patients
who receive dacarbazine in order to alleviate this side effect.
Dacarbazine should be used in caution in patients with renal or
hepatic impairment and monitored closely for toxicity. A
complete blood count with differential and liver function tests
should bemonitored prior to each treatment of dacarbazine and
throughout therapy.
Exposure Standards and Guidelines

As with other chemotherapeutic agents, handling of dacarba-
zine must take place in a separated, clearly marked working
area. Personal protective precautions should take place when
handling dacarbazine including respiratory, hand, eye, and
skin precautions. In cases of accidental spills, clean-up
measures should be in place including typical personal
protective procedures as well as methods for effective cleanup
and removal of the contamination. Dacarbazine should not
enter drains or waterways to avoid environmental exposure.
Waste materials should be disposed separately in containers
and disposed off as hazardous waste.

See also: Chromosome Aberrations; Toxicity, Acute; Toxicity,
Subchronic and Chronic; Cancer Chemotherapeutic Agents;
Cytochrome P450; Genetic Toxicology; Carcinogen–DNA
Adduct Formation and DNA Repair; Triazines.
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l Name: Dalapon
l Chemical Abstracts Service Registry Number: 75-99-0
l Synonyms: Alatex, Basinex P, Dalacide, Devipon, Ded-

Weed, Dowpon, Dalapon 85, Dowpon-M, Radapon liquid,
Revenge

l Chemical/Pharmaceutical/Other Class: Herbicide (haloge-
nated aliphatic)

l Molecular Formula: C3H4Cl2O2

l Chemical Structure:
Background

Dalapon is a commonly used herbicide for the control of
annual and perennial grasses in croplands. The US Envi-
ronmental Protection Agency (EPA) has listed dalapon as
a general use pesticide and categorized dalapon as a Class II
toxic agent (moderately toxic). As such, any product that
contains dalapon would be labeled with ‘warning.’ The
moderate toxicity associated with dalapon is confined
primarily to workers around dalapon and those individuals
who are applying dalapon. Contact with the herbicide can
be caustic to human skin, damaging to the conjunctiva of
the human eye, and irritating/damaging to the upper
respiratory system of humans. When used to control grasses
in cropland as well as noncropland, dalapon is distributed
via either aerial or ground equipment for foliage applica-
tion. Some of the common croplands that have benefitted
from dalapon application include corn, potatoes, legume
crops, citrus, fruit, and nut trees. It is used extensively in the
western United States to control a variety of grasses such as
Bermuda, Johnson, Crab, and Quack grasses. Dalapon is
translocated to the roots where it acts as a growth regulator.
Although highly soluble with the ability to readily move
through the environment, dalapon is relative safe and
instances of dalapon intoxication are rare. The primary
sources of toxicity are contact with the sodium or magne-
sium salt of dalapon, which is an irritant to the eyes, skin,
and respiratory system. Cases of elevated levels of dalapon
in drinking water or groundwater have also been rare, and
little toxicity has been reported following dalapon exposure
in water. Individuals who were exposed to high levels for
extended periods of time can experience kidney dysfunc-
tion. Collectively, dalapon is a relatively safe herbicide for
the control of many annual and perennial grasses.
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Dalapon is used as an herbicide primarily to control annual
and perennial grasses, including Bermuda grass and Johnson
grass. Use of dalapon on food crops is primarily with sugarcane
and sugar beets. Dalapon is also used on fruits, potatoes,
carrots, asparagus, alfalfa, and flax, and in forestry, home
gardening, and to control reed and sedge growth in aquatic
environments.
Environmental Fate and Behavior

Dalapon is somewhat persistent in soil but does not readily
adsorb to soil particles. It can remain active in soil for several
months when applied at high rates. In general, dalapon is
considered to have low to moderate persistence with detection
in soil for 2–8 weeks. Due to its inability to bind to soil
particles, dalapon has a relatively high mobility in soil, with
leaching possible. Microorganisms in the soil are very efficient
at degrading dalapon. The herbicide is usually not found below
the first 6 inches of soil layer. Breakdown is relatively rapid and
complete, leading to the production of compounds that are not
naturally occurring. Soil microorganisms are efficient at
degrading dalapon, however, such that dalapon is not typically
found in groundwater. High temperatures and increased
moisture accelerate dalapon degradation in soil. Dalapon can
also be degraded by ultraviolet light. In aquatic environments,
dalapon is degraded by microorganisms (most important),
hydrolysis, and photolysis. In the absence of microbial degra-
dation, the half-life of dalapon is several months or longer if
the water temperature is below 25 �C, with the primary
hydrolysis product being pyruvate. Dalapon is absorbed by
both plant roots and leaves followed by translocation. With
high applications, dalapon precipitates and leads to local
corrosive effects on plants. Due to the ability of dalapon to be
rapidly metabolized and degraded by microorganisms,
hydrolyzed to pyruvate, rapidly translocated to plants, and
quickly moved through the environment, it is not expected that
dalapon will constitute any bioaccumulation hazard.
Exposure and Exposure Monitoring

Dermal inhalation and ocular exposures of liquid or vapor are
the most common routes of exposure. If the chemical leaches
into groundwater, there is the possibility of ingestion, although
drinking water with levels in excess of the maximum contam-
inant level goal (MCLG) (0.2mg l�1) has been reported to
cause some kidney damages in a few people. Gas chromatog-
raphy is the best method for the determination of dalapon
exposure and for monitoring dalapon levels in humans (as well
as plants and groundwater). Two methods of detection have
4-3.00121-4 1135
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been described, both with high levels of detection. Gas chro-
matography with electron capture detection can detect dalapon
at 1 mg l�1 in water, whereas methods describing mass spec-
trometry have reported nearly a tenfold greater (0.13 mg l�1)
sensitivity in detecting dalapon in water.
Toxicokinetics

As an herbicide, dalapon is considered to have a very high
‘movement rating’ suggesting its ability to rapidly move been
environments such as soil and water. It has a relatively long
half-life in soil of approximately 30 days and a very high
solubility in water of 500–900 g l�1. Although dalapon appears
to readily move through the environment, it is a polar
compound that is not readily absorbed by tissues. It causes
irritation to the tissue with which it comes into contact. If
absorbed in the gastrointestinal tract, it is principally elimi-
nated as the parent compound in the urine.
Mechanism of Toxicity

The mechanism of action of dalapon is the same as for most
acids. The acid denatures tissue proteins upon contact. At lower
concentrations, the dalapon causes nonlethal yellowing of
sensitive plants, which clearly distinguished them from resis-
tant plants. The mode of action of chlorinated aliphatic acids is
not known but they probably affect many enzyme pathways.
Dalapon is readily absorbed into roots and leaves of plants and
then translocated. Lower concentrations will inhibit plant
growth and cause leaf chlorosis, followed by necrosis and
death. Higher concentrations of dalapon will result in signifi-
cant necrosis of areas of the plant in contact with dalapon.
Although the direct mechanism of these effects has remained
elusive, it is thought that dalapon may affect lipid, carbohy-
drate, and nitrogen metabolism as secondary effects. One
prevailing hypothesis for the primary dalapon affect is that
dalapon exerts direct effects on plant structural proteins leading
to these secondary metabolic outcomes.
Acute and Short-Term Toxicity

In animals, the oral LD50 values were 7.5–9.3 g kg�1 in male
and female rats. Relatively similar high oral LD50 values were
noted in rabbits and guinea pigs (3.9–4.6 g kg�1). Dalapon is
a moderate skin and eye irritant. The sodium salt of dalapon
caused irritation, severe conjunctivitis, and corneal injury in
rabbits, with recovery over several days. In humans, dalapon
can cause corrosive injury to tissues. Burning and irritation are
the predominant acute toxicities seen with acute exposure to
dalapon. Skin lesions are more likely with moistened skin. Eye
exposure can cause corneal destruction and conjunctiva edema
accompanied by pain and tearing. Permanent eye damage can
result from ocular exposure. Ingestion can lead to oral, throat,
and gastrointestinal irritation. Inhalation of vapors causes
irritation of the eyes, nose, and throat with destruction of
mucus membranes. Severe inhalation exposure can cause
respiratory distress accompanied by pulmonary edema. Some
other symptoms of high acute exposure to dalapon include
loss of appetite; slowed heartbeat; gastrointestinal distur-
bances such as vomiting, diarrhea, tiredness, and pain; and
irritation of respiratory tract. When significant exposure to
dalapon is not a consideration, there have been little to no
effects of dalapon reported in humans. When proper personal
protective equipment is worn to prevent ocular or respiratory
exposure, dalapon is relatively safe in short-term or acute
exposure.
Chronic Toxicity

In animals, the long-term feeding studies in dogs and rats
indicated increased kidney weights at high dosages. The no
observed adverse effect level (NOAEL) in a 2-year feeding study
in rats was 15mg kg�1 day�1. The NOAEL in a 1-year feeding
study in dogs was 50mg kg�1 day�1. In humans, long-term
exposure may cause increased kidney and liver weights.
Repeated or prolonged exposure to dalapon can cause irritation
to the mucous membrane linings of the mouth, nose, throat,
and lungs, and to the eyes. Chronic skin contact can lead to
moderate irritation or even mild burns. Dalapon was negative
in a variety of mutagenic test assays.
Immunotoxicity

There have been no reports of immunotoxicity following
dalapon exposure in any species.
Reproductive Toxicity

Effects of dalapon on reproduction are negligible except at
extremely high concentrations. The doses/concentrations
utilized in studies to elicit changes in reproduction are nearly
10 000-fold higher than what is acceptable. Female rats
receiving doses up to 2000mg kg�1 did not affect animal
fertility or the ability to reproduce. Offspring receiving up to
1500mg kg�1 resulted in reduced rates of weight gain and
lower weights. No other adverse effects have been reported.
Genotoxicity

There have been no reports of dalapon mutagenicity or tera-
togenicity. Rats receiving doses up to 2000mg kg�1 day�1 did
not demonstrate observable teratogenic effects. Mutagenicity
tests in variety of microorganisms suggest that dalapon does
not exhibit any effects on gene mutation.
Carcinogenicity

Chronic administration of dalapon to rats at 5, 15, or
50mg kg�1 day�1 for 2 years did not elicit any carcinogenic
effects. Microbial studies have also confirmed this finding with
dalapon concentrations up to 1000-fold higher than what is
considered acceptable.



Dalapon 1137
Clinical Management

In the event of dermal exposure to dalapon, contaminated
clothing should be removed quickly and the exposed area
should be flushed with copious amounts of water for 15min.
With eye exposure, the affected eye should be flushed with
water for 30min, occasionally lifting the upper and lower lids.
With inhalation exposure, the victim should be moved to fresh
air. If the victim is not breathing, artificial respiration should be
administered. If swallowed, vomiting should not be induced. If
the victim is conscious, he or she should drink plenty of water
or milk. If it is suspected that an individual has been exposed to
extremely high concentrations for extended periods of time,
kidney function tests should be performed at regular intervals
to determine that renal function is maintained within normal
values.
Ecotoxicity

The LC50 of dietary (5-day exposure) dalapon was more than
5000 ppm in mallards, ring-necked pheasants, and Japanese
quail. The acute oral LD50 of dalapon in chickens is
45–56 g kg�1. Reproduction may be affected in birds at
nonlethal exposures. Mallard ducks exhibited a reduced
reproduction rate at doses that were 25% of what is considered
lethal. Gold fish exposed to 100 ppm had a 0% mortality rate
after 24 h. This rate increased to 100% in the presence of
500 ppm dalapon. LC50 values for dalapon in a variety of fish
species were 100mg l�1. This would suggest that dalapon has
a low order of toxicity in most fish. Dalapon is only slightly
toxic to mollusks. Crustaceans and insects are most sensitive of
aquatic invertebrates. Dalapon is relatively nontoxic to
honeybees and terrestrial insects.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial Hygien-
ists TLV is 1 ppm; the MCLG is 0.2mg l�1, or 200 ppb; and the
RfD is 0.03mg kg�1 day�1. Both the Occupational Health and
Safety Administration and the National Institute on Occupa-
tional Safety and Health (NIOSH) have established TLV–TWA
levels of 1 ppm (5.8mgm�3 as the inhalable fraction over an
8-h work shift). The US EPA has set both theMCL and theMCLG
at 0.2mg l�1 or 200 ppb. These levels were established in 1974
when the US Congress passed the Safe Drinking Water Act and
later in 1994 following the passage of the Phase V Rule. If levels
of dalapon exceed these recommended levels, the concentration
in water can be reduced by the addition of activated granular
carbon.
See also: Common Mechanism of Toxicity in Pesticides; Methyl
Bromide; Environmental Risk Assessment, Pesticides and
Biocides.
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Table 1 Physical and chemical properties of danthron

Property Information

Molecular weight 240.2a

Specific gravity 1.54 g cm�3b

Melting point 193 �Ca

Boiling point Sublimesb

Log Kow 3.94a

Water solubility 9 mg l�1a

Vapor pressure 7.6 � 10�11 mm Hga

Vapor density relative to air 8.3b

Source: http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid¼2950.
l Name: Danthron
l Chemical Abstracts Service Registry Number: 117-10-2
l Synonyms: Altan, Antrapurol, Chrysazin, Dantrona, Dantron
l Molecular Formula: C14H8O4

l Chemical Structure:

Background

Danthron, a natural product, was originally extracted from
the roots and rhizome of Polygonaceae plant (Figure 1), also
called Da Huang in traditional Chinese herbal medicine.
Now it is synthesized in many countries, such as Germany,
India, Japan, Poland, the United Kingdom, and the United
States. Danthron is reasonably anticipated to be a human
carcinogen.

Danthron is an anthraquinone that exists at room temper-
ature as a red or orange crystalline powder. Some of the physical
and chemical properties of danthron are in Table 1. It is prac-
tically insoluble in water, but soluble in a variety of solvents
(acetone, chloroform, diethyl ether, ethanol) and alkaline
hydroxide solutions. The stability of danthron is generally
good. It is stable under room temperatures and normal pres-
sures. Structural analogs and metabolites of danthron include
1,3,8-trihydroxy-6-methyl-9, 10-anthracenedione (emodin), and
1,8-dihydroxy-3-hydroxy-9,10-anthracenedione (aloe-emodin)
(Figure 2). They share similar solubility properties as danthron.

Oral exposure to danthron caused tumors in two rodent
species and at several different tissue sites. Dietary adminis-
tration of danthron caused liver cancer (hepatocellular carci-
noma) in male mice and benign and malignant intestinal tract
tumors (adenoma and adenocarcinoma of the colon and
adenoma of the cecum) in male rats.
Figure 1 (a) Da Huang and (b) dried root of Da Huang.
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Uses

Danthron has been widely administrated as a laxative since
the 1900s. In the United States, danthron has been forbidden
to continual use as laxative because it is considered to be
a carcinogen. Food and Drug Administration (FDA) withdrew
danthron from the market for this purpose in 1987. However,
in the United Kingdom, it is only considered as a possible
carcinogen. Therefore, danthron is only restricted to patients
who have already been diagnosed as terminal cancer. Currently,
danthron is being used to a lesser extent as an intermediate in
the manufacture of alizarine and indanthrene dyes.
Environment Fate and Behavior

Danthron is discovered in several species of plants and insects.
It has been isolated from dried leaves and stems of Xyris semi-
fuscata harvested in Madagascar, and roots of Da Huang,
a Chinese traditional herbal medicine. Danthron also appears
to be biosynthesized by some insects. The presence of danthron
in insects may be a way of protection from predators. Danthron
can be manually synthesized by many countries. In the United
States, danthron was available from 12 suppliers.

If released to the atmosphere, danthron will exist in both
the vapor phase and the particulate phase. Vapor phase dan-
thron has an estimated half-life of 11 days. Particulate phase
danthron can be physically removed from air by wet and dry
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.01214-8
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Figure 2 Structures of emodin and aloe-emodin.
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deposition. It is expected to biodegrade with 68% degradation
within 3 months.

If released to water, danthron is expected to adsorb to the
surface of solid particle and sediment. Biodegradation is also
a major pathway processed in water. It was reported that 82%
of the added danthron was degraded by fresh water within
3 days. If added to seawater, 91% of danthron was reported as
degraded. Danthron may bioconcentrate in aquatic organisms,
such as fish and shrimps.
Exposure and Exposure Monitoring

Before danthron was withdrawn from the laxative market in
1987, this medicine was available from nine companies as 14
over-the-counter (OTC) products with the following trade
names: (Danivac, Doctate-P, Dorbane, Dorbantyl, Dorbantyl
Forte, Doxan, Doxidan, Magcyl, Modane, Tonelax, West-
Ward Dioctyl with danthron, and Valax)�. In these medi-
cines, tablet formulations contained 37.5, 50, or 75 mg
danthron; capsule formulations, 25, 40, or 50 mg; and
a liquid formulation, 37.5 mg per 5 ml. Occupational
exposure to danthron can also occur during its application as
a dye intermediate or as a catalytic agent in the paper pulping
process.

Generally, the primary route for the population ingesting
danthron is through drinking water and other related oral
administration. The primary route of potential human expo-
sure to danthron is oral administration. Potential occupational
exposure may also occur for workers in dye and paper pulping
companies, who use danthron as a dye intermediate or a cata-
lytic agent. The National Occupational Exposure Survey
(1981–83) indicated that 357 workers, including 187 women,
were potentially exposed to danthron. Thirty years later, these
numbers can only increase.
Toxicokinetics

After direct administration of danthron into the rat duodenum
via a nonrecirculating perfusion system was significantly
absorbed from rat duodenum, glucuronide and sulfate conju-
gates were formed. It is also considered that bacterial reduction
of danthron in the colon did not play a major role in danthron
metabolism. P450 is directly involved in the metabolism of
this compound.

Administrating danthron to pregnant women the evening
before the induction of labor, danthron was found in the
babies’ urine immediately after delivery. It was also found in
a much lower concentration detectable in the amniotic fluid.
The findings suggested that danthron was absorbed trans-
placentally and excreted via the fetal kidney into the amniotic
fluid. Danthron is also specifically considered as a chemical
with strong evidence of milk transfer in humans.
Mechanism of Toxicity

Danthron can cause DNA damage particularly at guanines in the
50-GG-30, 50-GGGG-30, 50-GGGGG-30 sequences in the presence
of Cu(II), cytochrome P450 reductase and the nicotinamide
adenine dinucleotide phosphate (NADPH)-generating system.
H2O2 and Cu(I) may also be involved because this DNA
damage can be inhibited by catalase and bathocuproine. The
further mechanism is danthron is reduced by P450 reductase
and generate reactive oxygen species through the redox cycle,
leading to extensive Cu(II)-mediated DNA damage. The DNA
damage also comes from similar topoisomerase II inhibitor
behavior of danthron.
Genotoxicity

Danthron is genotoxic to several prokaryotic, lower eukaryotic,
and mammalian in vitro species. Danthron induced gene
mutations in several strains of Salmonella typhimurium. The
Ames test revealed that danthron was mutagenic only toward
S. typhimurium strain TA102 in the presence of an exogenous
metabolic activation system (S9 mix). Various concentrations
of danthron (25, 50, and 100 mg ml�1) increased the
frequencies of micronuclear cells with or without S9 mix, and
the comet length, tail length, and Olive tail moment in comet
assays without S9 mix in a dose-dependent manner. Danthron
could also induce respiration-deficient mutations in the yeast
Saccharomyces cerevisiae and inhibit gap-junction intercellular
communication in Chinese hamster V79 cells. However, the
inhibition on gap-junction intercellular communication was
not proved in another V79 cell study as well as in human
fibroblasts.
Carcinogenicity

Danthron is defined to be a reasonably anticipated human
carcinogen based on evidence of carcinogenicity from studies
majorly in experimental animals.
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Oral administration of danthron caused tumors in two
rodent species, several different organs, and tissues, such as liver
cancer (hepatocellular carcinoma) in male mice and malignant
intestinal tract tumors (adenoma and adenocarcinoma of the
colon and adenoma of the cecum) in male rats. However, the
data available in human studies are not adequate to determine
how much the exposure to danthron affects the occurrence of
human cancer. There is only one case reported, the clinical
cancer case of the small intestine (leiomyosarcoma) in a female
teenager with a long history of exposure to danthron.

Danthron was also evaluated for its ability to promote the
induction of tumors by other chemicals. The incidence and
multiplicity of colon tumors (adenoma or adenocarcinoma)
and liver tumors (adenoma) were significant in male mice,
treated by danthron following 1,2-dimethylhydrazine as
a tumor initiator. However, no skin tumors were detected in
female 7 weeks ICR/Ha Swiss mice, administrated by 7,12-
dimethylbenz(a)anthracene and danthron, for up to 476 days.
Exposure Standards and Guidelines

FDA regulated that laxative containing danthronmay no longer
be marketed in the United States, on or after 28 March 1987.
Another final rule amends part 310 (21 code of Federal
Regulations (CFR) part 310) to include danthron by adding
new Sec. 310.545(a)(12)(iv)(B). This final rule, effective from
29 January 1999, shows “no over-the-counter drug products
that are subject to this final rule may be initially introduced or
initially delivered for introduction into interstate commerce
unless they are the subject of an approved application.”

See also: Toxicity Testing, Inhalation.
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l Chemical Abstracts Service Registry Number: 50-29-3
l Synonyms: 1-Chloro-4-[2,2,2-trichloro-1-(4-chlorophenyl)

ethyl]benzene; p,p’-DDT; Arkotine; Bovidermol; Chlor-
ophenothane; Clofenotane; Dicophane; Estonate; Para-
chlorocidum, Pentachlorin; CID 3036

l Classification: Synthetic organochlorine insecticide
l Molecular Formula: C14H9Cl5, molecular weight 354.48626
l Chemical Structure:
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Background

Dichlorodiphenyltrichloroethane (DDT) was used worldwide
as a potent insecticide and insect repellent, initially for the
control of insects that spread disease (e.g., mosquitoes for
malaria and lice for typhus) and later for agricultural and
domestic purposes. DDT typically remains effective for 6–12
months, not only causing insect death, but at lower exposures
having an irritant and spatial repellency effect that obliges
insects to avoid contact, limiting human exposure to disease
transmission. Due to low water solubility, DDT is retained
in soil fractions with a high organic content and may accu-
mulate with repeated applications extending the environ-
mental half-life. Although cheap to produce, stable, and with
low mammalian toxicity, concerns over environmental persis-
tence and bioaccumulation led to the widespread banning of
its use starting with Hungary in 1968 (reinforced in 2001 by the
Stockholm Convention on Persistent Organic Pollutants,
which has been ratified by most countries including the
United States).
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

DDT continues to be used in a permitted restricted capacity
for public health measures in some (mostly tropical and
developing) parts of the world and in a few nonsignatory
countries for agricultural purposes. Therefore, DDT continues
to be used in some countries for indoor residual spraying of
surfaces at 1–2 g m�2 (having a similar cost to implement as
pyrethroids, which, due to their higher potency, are sprayed at
0.02–0.3 g m�2). However, many insect populations have
begun to develop resistance by preventing DDT binding via
modifications to the sodium channel target site. There are
also continuing concerns over genotoxic, reproductive, and
developmental effects on human health. Synthetically
produced, total DDT is a mixture of p,p’-DDT, o,p’-DDT,
1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE), and
1,1-dichloro-2,2-bis(p-chlorophenyl)ethane (DDD). DDD is
used clinically as an adjunctive treatment in patients with
adrenocortical carcinoma after complete surgical resection.
Environmental Fate

DDT is persistent in the environment with a half-life of 2–30
years depending on conditions. Low solubility in water leads to
absorption and retention in soil with losses through runoff,
volatilization, photolysis, and biodegradation. DDT may
eventually leach from soil into groundwater, especially in soil
with little organic matter. DDT may reach surface water by
runoff, atmospheric transport, drift, or direct application
(e.g., to control mosquitoes). The reported half-life for DDT in
watercourses is 28 days in rivers and 56 days in lakes, with
losses through volatilization, photolysis, adsorption to water-
borne particles, and sedimentation. Aquatic organisms also
readily accumulate DDT and its metabolites.
Exposure

DDT exposure is most commonly through ingestion of
contaminated food. DDT is ubiquitous in the atmosphere but
present at such low levels that exposure via inhalation is
negligible unless in an area of intensive use. There is minimal
absorption of DDT through intact skin, even with high expo-
sure levels.
Toxicokinetics

DDT is hydrophobic and lipophilic requiring an organic
solvent (e.g., oil or fat) as a vehicle. Gastrointestinal absorption
is slow with symptoms taking several hours to develop. DDT is
metabolized slowly by liver microsomal enzymes initially
dehydrochlorinating DDT to DDE and reducing to DDD.
4-3.00122-6 1141
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In some rodents (rats and hamsters, but not mice) DDT
induces microsomal liver enzymes to promote metabolism.
DDD is converted to 2,2-bis(p-chlorophenyl)acetic acid (DDA)
via hydroxylation to an acyl chloride intermediate followed by
hydrolysis. DDA is the main route for DDT elimination, mostly
being excreted in bile and some in urine. Lactating mothers
may excrete up to 10% of DDT doses via breast milk. DDT
accumulates in all tissues but the highest levels are in adipose
tissue. Coexposure to DDT and dieldrin results in more DDT
storage and less dieldrin storage than individual exposures.
DDE is more strongly bound in tissue than DDT. The half-life
of DDT in humans is 3–6 years and twice as long for DDE.
Starvation mobilizes fat reserves, increasing nervous system
deposition and neurotoxic effects.
Mechanism of Toxicity

DDT is primarily a functional neurotoxin: DDT keeps sodium
ion channels open for longer peroid (acting at the same binding
site as pyrethroids) and prolongs the recovery phase of action
potentials, increasing excitability and inducing repetitive
neuronal discharges to stimuli that would otherwise elicit
a single response. The observed effects are muscle twitch and
tremors (so-called DDT jitters), leading slowly to excitatory
paralysis and death over hours–days. Insect knockdown rate
and lethality are improved by application at lower ambient
temperatures. Both DDT and pyrethroids also increase protein
kinase C-induced phosphorylation of the sodium channel
alpha subunit. The DDT metabolite o,p’-DDD decreases adre-
nocorticotrophic hormone-stimulated glucocorticoid secretion.
DDE is an anti-androgen and o,p’-DDT is weakly estrogenic.
Endocrine disruption has been linked to reduced reproductive
success, increased prematurity and neurobehavioral problems.
DDT is also both directly genotoxic and induces enzymes
producing genotoxic intermediates and DNA adducts.
Acute and Short-Term Toxicity

Animal

Acute effects are incoordination, ataxia, fine tremor, myoclonic
jerks, seizures, and death. The order of species susceptibility to
DDT from least to most susceptible is: bird, goat, sheep, pig,
monkey, dog, cat, rat, and mouse. Rat oral lethal dose 50%
(LD50) values are 113–800 mg kg�1 and mouse oral LD50

values are 150–300 mg kg�1. Dermal LD50 values are 3–20
times higher than oral LD50 values (e.g., the rat dermal LD50

value is 2500 mg kg�1).
Human

Single oral doses of 250 mg have no clinically measurable
effect. Above 250 mg, effects on sensory and motor nerves
develop: oral hyperesthesia, ataxia, fatigue, contact hypersen-
sitivity, oral paresthesia, dizziness, nausea, vomiting, confu-
sion, tremors, and seizures. Effects start after 0.5–6 h, with peak
effects after 6–10 h, and recovery over 1 day to 5 weeks. The
lowest exposures resulting in death are 50 mg kg�1 for DDT
and 500 mg kg�1 for DDD.
Chronic Toxicity, Immunotoxicity, Reproductive
Toxicity, and Carcinogenicity

Animal

Typical effects are weight loss, anemia, weakness, and tremors,
before paralysis and death ensue. Additional developmental
effects include impaired learning performance following
gestational and lactational exposures in mice. Reproductive
effects include sterility in rats and decreased fetal weight in
rabbits. Immune effects include decreased antibody production
in both chickens and mice. Cancer studies are equivocal. Liver
effects include hepatocyte hypertrophy, centrilobular necrosis,
and hepatoma in some rodent studies but not others. There is
clearer evidence for DDT disrupting endogenous hormone
action on ovary, oviduct, and uterine function, particularly for
birds in which o,p-DDT disrupts reproductive tract develop-
ment impairing eggshell quality. Furthermore, the DDT
metabolite p,p’-DDE inhibits calcium ATPase in egg shell gland
membranes and reduces the uptake of calcium carbonate from
the blood, resulting in a dose-dependent reduction in eggshell
thickness.
Human

DDT is routinely found in food and in blood samples. Normal
background levels are unlikely to cause any adverse effects.
Daily exposure to aerosolized DDT, sufficient to leave a white
deposit on nasal hair causes moderate irritation of the nose,
throat, and eyes. House spraying for several months has caused
anemia and thrombocytopenia. Continued exposure to high
doses can lead to nausea, vomiting, parasthesia, hypertonia,
exaggerated reflexes, muscular fasciculations, ataxia, seizures,
hyperpyrexia, and metabolic acidosis. There may be a link with
premature parturition and low birth weight in mothers with
high DDE blood levels. Infants may be exposed through breast
milk. p,p’-DDT has a five-fold higher breast cancer incidence
in the highest compared with the lowest exposure groups in
women exposed before puberty. Increased risks for many forms
of cancer have been reported, although causal effects have been
difficult to establish. The International Agency for Research on
Cancer has classified DDT as possibly carcinogenic to humans.
Clinical Management

With cases of ingestion, gastric decontamination with lavage and
activated charcoal may be of benefit within the first hour. If
systemic toxicity does occur, the central signs of poisoning can
be difficult to control and may be confused with intoxication by
other pesticides such as anticholinesterases, which also cause
hyperexcitability; although DDT does not inhibit acetylcholin-
esterase. Single short-lived seizures may not require treatment.
Since DDT does not produce morphological damage, only
symptomatic treatment is needed. Frequent or prolonged
convulsions may be controlled with intravenous diazepam or
lorazepam. If unresponsive, phenobarbital or phenytoin (before
thiopental or general anesthesia) may be considered. Respiratory
support may be needed and control of metabolic acidosis may
require sodium bicarbonate.
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Ecotoxicology

DDT accumulates through the food chain to apex predators.
DDT is toxic to aquatic invertebrates as well as insects. Early
developmental stages of invertebrates have been shown to be
particularly susceptible. The invertebrates are eaten by smaller
populations of fish, many species of which have been shown
to store the DDT from large numbers of invertebrates or other
fish. In turn, the fish are eaten by an even smaller population
of birds. The intensified DDT storage disrupts endocrine
function. Birds produce thinner eggshells in proportion to
their dose of DDT and have been reported to have altered
mating behavior.
Exposure Standards and Guidelines

For humans, the World Health Organization’s acceptable daily
intake is 0.01 mg kg�1, with a permissible exposure limit of
1.0 mg m�3 (over 8 h).

See also: Neurotoxicity; Organochlorine Insecticides;
Pesticides.
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carbon (C10)
l Molecular Formula: C10H22

l Chemical Structure:
Uses

Decane is a constituent in the paraffin fraction of petroleum
and is also present in low concentrations as a component of
gasoline. It is used as a solvent in organic synthesis reactions as
a hydrocarbon standard in the manufacture of petroleum
products, in the rubber industry, and in the paper processing
industry, and as a constituent in polyolefin manufacturing
wastes. Decane is a flammable liquid (at room temperature)
that is lighter than water.
Environmental Fate and Behavior

Decane has a molecular weight of 142.28 gmol�1. At 20 �C, n-
decane has solubility in water of 0.009 mg l�1, a vapor pressure
of 2.7 mm Hg, and a Henry’s law constant of 5.15 atm-
m3mol�1. The odor threshold is around 11 mgm�3. The log
octanol/water partition coefficient is 5.01. Conversion factors
for n-decane in air are as follows: 1 mgm�3¼ 0.17 ppm and
1 ppm¼ 5.82 mgm�3.

If released to air, n-decane will exist solely as a vapor in the
ambient atmosphere. Vapor-phase n-decane will be degraded
in the atmosphere by reaction with photochemically produced
hydroxyl radicals, the half-life for this reaction in air is
approximately 11.5 h.

Based on n-decane’s vapor pressure, it may volatilize from
dry soil surfaces. In biodegradation studies in soil, hydrocar-
bons with molecular weights equivalent to or lower than
decane disappeared from the soil in both active and sterile
treatments by the first sampling time (5 days), indicating that
evaporation was a major removal process. Decane is expected
to have low to no mobility in soil based on estimated organic
carbon partition coefficient (Koc) values in the range of 1700–
43 000. Volatilization frommoist soil surfaces is expected to be
an important fate process based on a Henry’s law constant of
5.2 atm m3mol�1, which is calculated from n-decane’s vapor
pressure and water solubility. Adsorption to soil, however,
would be expected to attenuate due to volatilization.

According to output using US Environmental Protection
Agency’s (US EPA) EPI Suite computer program, n-decane
would have a relatively short half-life in a river or open water
1144 Encyclopedia of T
body. Estimated volatilization half-lives for a model river and
model lake are 1.2 h and 113 days, respectively; however,
volatilization from water surfaces might be attenuated by
adsorption to suspended solids in the water column. Seawater
from Narragansett Bay, Rhode Island, was spiked with n-(1-
14C)decane. Mass balance was calculated after a 2.5-week
experiment and showed that 71–82% of the radiolabeled n-
decane had been mineralized to 14CO2. Hydrolysis is not
expected to occur since n-decane lacks functional groups that
hydrolyze under environmental conditions.

Although the predicted bioaccumulation and bio-
magnifications factors are moderate (w900), it would not be
expected to be found in the tissues of fish or wildlife as: (1) n-
decane contains no persistent functional groups (e.g., chlorine,
bromine); (2) exposure would be expected to be low based on
a low half-life in the environment; and (3) subsequent to
exposure, n-decane would be rapidly metabolized by the liver
(similar to what is seen with other organic compounds, such as
polycyclic aromatic hydrocarbons). This is apparently the case
as n-decane was not observed above the detection limit in most
fish samples taken from the wild. The average n-decane
concentration for oysters and clams, sampled from the Mis-
sissippi River near New Orleans, was 21 and 2.5 mg kg�1 of wet
weight, respectively.

As n-decane is a volatile petroleum compound, it would
have a propensity to migrate to the atmosphere following an
environmental release. Oil-oxidizing microorganisms will
degrade n-decane along with other alkanes, cycloalkanes, and
aromatics. In wastewater, rotating disk contact aerators will
remove >99% of the compound from the influent (Ver-
schueren, 1996).
Exposure and Exposure Monitoring

National Institute for Occupational Safety and Health
(NIOSH) has statistically estimated that >1600 workers are
potentially exposed to n-decane in the USA. Occupational
exposure to n-decane may occur through inhalation and
dermal contact with this compound at workplaces where n-
decane is used. Monitoring data indicate that the general
population may be exposed to very low levels of n-decane via
inhalation of ambient air, ingestion of food and drinking
water, and dermal contact with consumer products containing
n-decane.

Because n-decane can exist as a liquid and a vapor at normal
temperature and pressure, exposure could occur either by
dermal contact or by inhalation, and oral exposure would most
likely be either incidental or accidental. n-Decane can be
measured in air down to levels as low as 0.1 ppb. It has been
measured and detected in both indoor air (2–800 mgm�3) and
outdoor air (0.6–10 mgm�3) with the latter typically a result of
automobile emissions. A review of indoor air concentrations of
volatile organic compounds in North America found 0.44 ppb
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00486-3
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(2.56 mgm�3) in ‘existing’ residences and 3 ppb (17.5 mgm�3)
in ‘new’ homes.
Toxicokinetics

Inhaled n-decane is rapidly distributed from the blood to
different organs and tissues, particularly those with high fat
content. The concentration of n-decane in the brains of rats
exposed to 100 ppm, 12 h day�1 for 3 days, was 60.2 mmol kg�1.
Corresponding values for other tissues were 6.8 mmol kg�1 in
blood, 45.9 mmol kg�1 in liver, 77.7 mmol kg�1 in kidneys, and
1230 mmol kg�1 in fat.

Aliphatic hydrocarbons, such as n-decane, undergo
conversion to alcohols in liver cells, catalyzed by cytochrome P-
450monooxygenases. For n-alkanes with a carbon chain length
of eight or more, only oxidation of the terminal carbon has
been observed. After this conversion, conjugation of the
hydroxy group to a glucuronic acid or sulfate ester may occur.
Further oxidation to an aldehyde, ketone, or carboxylic acid by
other enzyme systems may take place. The fatty acids formed
from the n-alkanes can be degraded by b-oxidation.

Decane is oxidized by microsomes from the livers of
mouse, rat, rabbit, and other species. The metabolites of this
biochemical process, identified as excretion products in the
urine, were decanol, decanoic acid, and decamethylene glycol.
Decane hydroxylation took place in the liver, other organs, and
microsomes isolated from the kidneys and lungs. Phenobar-
bital pretreatment in rats markedly increased n-decane
hydroxylase activity in liver microsomes.

Decane has been shown to directly affect in vitro cytochrome
P-450 enzyme activity toward other substrates. Decane caused
reduced recovery of products of liver and lung 7-ethoxy-
coumarin deethylase and of lung benzo[a]pyrene hydroxylase
activities in microsome preparations from Sprague Dawley rats.
However, it did not reduce nicotinamide adenine dinucleotide
phosphate (NADPH) formation and did not affect cytochrome
P-450 reductase activity when the enzyme was assayed with the
substrate, cytochrome c.
Mechanism of Toxicity

The mechanism of toxicity is suspected to be similar to other
solvents that rapidly induce anesthesia-like effects, that is
a ‘nonspecific narcosis’ due to disruption (solvation) of the
integrity of the cellular membranes of the central nervous
system.

Decane is generally considered to be relatively nontoxic
compared to effects seen following exposure to other aliphatic
hydrocarbons. This is probably due to the fact that it is less
volatile than the shorter chain aliphatic hydrocarbons (e.g.,
pentane or heptane) and may not be as readily transferred
across either the pulmonary alveoli or the blood–brain
barrier. If it is aspirated into the lungs, however, n-decane will
cause adverse effects similar to those seen with petroleum
distillates.

Using in vitro and/or microbial systems, n-decane has been
shown to be metabolized to decanol and is thus thought to be
readily biodegradable in the natural environment.
Acute and Short-Term Toxicity (Animal/Human)

At very high concentrations involving acute exposure, n-decane
is an asphyxiant and narcotic. Decane has been shown to have
narcotic effects in both mice and rats, primarily in experiments
documenting acute exposure at high concentrations. One study
estimated a 2-h LC50 of 72 300 mgm�3 in rats. In mice, an
intravenous dose of 912 mg kg�1 is expected to cause death in
50% of the experimental animals.

Acute adverse effects to humans would be expected to be
similar to those seen in laboratory animals that are acutely
exposed to petroleum solvents. Humans who are acutely
exposed to hydrocarbon solvents show, in general, order of
increasing exposure, disorientation, euphoria, giddiness,
confusion, unconsciousness, paralysis, convulsion, and death.
There is currently no regulatory/industrial air standard for
occupational exposure to n-decane.

Human subjects exposed to n-decane (10, 35, or 100 ml l�1)
in a chamber for 6 h day�1, 1 day week�1 for 4 weeks
developed decreased tear film stability, increased number of
conjunctival polymorphonuclear leukocytes, and irritation
of mucous membranes of the eyes. Decane, in solutions as
strong as 30%, produced no skin irritation in human subjects
when applied for 24 h (NTP, 2002).
Chronic Toxicity (Animal/Human)

Dermal application of n-decane as an undiluted liquid to mice
(0.1–0.15 gmouse�1, three times per week for 50 weeks)
caused fibrosis of the dermis, pigmentation, and some ulcera-
tion. Kidney effects and lung hemorrhaging were also observed
in some of the animals.

A rat study showed that a concentration of 540 ppm in air
(18 h day�1, 7 days week�1, 8 weeks) had a significant positive
effect on weight gain. This exposure also caused some slight
adverse effects (e.g., decreased white blood cell count) but no
significant toxic effects overall.
Immunotoxicity

A comprehensive search on the adverse effects of decane on the
immune system could not find any studies in the public
domain. Pregnant women should, however, avoid inhalation
of any type of petroleum solvent vapors.
Reproductive Toxicity

A comprehensive search on the adverse reproductive effects of
decane could not find any studies in the public domain.
Pregnant women should, however, avoid inhalation of any
type of petroleum solvent vapors.
Genotoxicity

Decane was not mutagenic when tested (either with or without
known mutagens) in five strains of Salmonella typhimurium at
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concentrations of up to 10 mg plate�1. Mutagenicity was not
enhanced by rodent liver S-9. An NTP study reported results for
n-decane in Salmonella as ‘nonmutagenic’ and ‘inconclusive’
with no further details.
Carcinogenicity

No 2-year carcinogenicity studies of n-decane were identified in
the available literature. Decane has been shown to have
cocarcinogenic and tumor-promoting activities (skin painting)
in several studies.
Clinical Management

Persons who are exposed to high concentrations of n-decane in
air should vacate or be removed from the source and seek fresh
air. Upon oral ingestion, vomiting should not be induced as
pulmonary aspiration may occur, resulting in severe narcosis
and/or death. In areas of expected increased concentration,
extreme care must be taken to use explosion proof apparatus
and keep the areas free from ignition sources, such as sparks
from static electricity.
Ecotoxicology

TheUSEPAECOTOXdatabase has very few records for n-decane.
An acute (48–96 h) no observed effect concentration of
500 mg l�1 was recorded for the sheepshead minnow (saltwater
fish). An acute 96-h LC50 of 530 mg l�1 was reported for the
bluegill fish (Lepomis macrochirus). The no observed effect
concentration for thewater flea (Daphniamagna) was 1.3 mg l�1.
The 24 and 48 h LC50 were 24 and 18 mg l�1, respectively.
Other Hazards

Extreme care must be taken to keep areas of expected high
concentration free from ignition sources, for example,
sparks from static electricity. Only explosion proof equip-
ment should be used in these areas. The lower and upper
explosive limits for n-octane are 0.8 and 5.4% by volume,
respectively.

See also: Petroleum Distillates; Propane; Pentane; Hexane;
Heptane; Octane.
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l Chemical Abstracts Service Registry Number: CAS 134-62-3
l Synonyms: Detamide; Autan; I-Delphene; Meta-delphene;

Black Flag; Tabarad; Delphene; Dieltamide; Flypel; Muskol;
Naugatuck Det; Off; 612 Plus; Jungle plus; Pellit; DETA;
DET; N,N-Diethyl-3-methylbenzamide; N,N-Diethyl-m-
toluamide

l Chemical/Pharmaceutical/Other Class: Methyl benzamide
repellent

l Chemical Structure:

NO
History/Background

DEET was first developed and patented by the US Army in
1946. It was approved for general public use by the US Envi-
ronmental Protection Agency (EPA) in 1957 and was reregis-
tered in 1998. It has been estimated that more than
1.8million kg (w4million pounds) of DEET are used in the
United States every year in more than 225 registered products.
DEET is often sold and used in lotions or sprays with concen-
trations up to 100%. However, the Center for Disease Control
recommends only 30–50% DEET to reduce the incidence of
vector-borne disease transmission. Registered products must
contain at least 95% of the meta-isomer, but small amounts of
the more toxic ortho-isomer and the less toxic para-isomer are
permitted.
Uses

DEET is used as an insect repellent.
Environmental Fate

Little information is available on the environmental fate of
DEET. DEET is stable to hydrolysis at environmental pH levels.
The initial belief was that DEET was not likely to enter aquatic
ecosystems because it was first registered for indoor use. It has
been shown in several studies, however, that DEET is found in
many waterways in the United States and around the world,
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
such as groundwater, open water, sewage (influent and
effluent), surface water, and septic waste in concentrations
ranging from 30 ng l�1 to 13 mg l�1. A major source of intro-
duction to aquatic environments is via sewage following
washing and excretion by humans. The potential for DEET to
be transported through soil is unknown. Although, some
studies have shown that purification of water containing low
concentrations of DEET using a combination of sand filtration,
activated sludge treatment, and ozonation has a removal effi-
ciency less than 69% (ozonation being the most efficient step).
Sand filtration alone was inefficient, notably due to DEET’s
hydrophilic nature (Kow< 3). This evidence suggests that DEET
may not be retained in soil and other organic matter, but travels
with groundwater into larger bodies of water, and more
extreme measures than this must be taken to remove DEET
from natural and domestic waters. On the other hand, one
study noted that DEET ‘has an estimated Koc value of 536,
indicating potential for sorption to suspended solids and
sediment.’
Exposure and Monitoring

DEET is available in solutions, lotions, gels, aerosol sprays,
sticks, impregnated towelettes, and wristbands. Dermal and
ocular exposures are the most common exposure pathways.
Inhalation is possible when using sprays and also ingestion if
eating outdoors without proper hand washing.
Toxicokinetics

Approximately 50% of each topically applied dose of DEET is
absorbed within 6 h. Peak plasma levels are attained within 1 h.
DEET should not be applied to damaged skin or open wounds;
this will increase the rate of absorption. Ingestion of DEET can
result in symptoms within 30min, implying very rapid
absorption. Oxidative enzymes in the liver metabolize DEET.
Two major metabolic pathways in humans have been deter-
mined: oxidation of the methyl group giving a carboxylic
acid or methyl hydroxyl group on the benzene ring and deal-
kylation of the amide side chain. The two main metabolites
in humans are N-ethyl-m-toluamide (ET) and N,N-diethyl-m-
hydroxymethylbenzamide (BALC). The metabolites are
produced by separate Cytochrome P450 isoforms. People will
metabolize DEET differently based on the level of activity of
these isoforms in each individual.

Following movement through the skin, DEET is absorbed
and distributed rather rapidly. Some studies indicate, however,
that DEET and metabolites can remain in the skin and fatty
tissues for 1 or 2 months after topical application. About
3.8–8.33% of an applied dose is excreted in urine. Ingestion of
50ml of 100% DEET by adolescents or adults has resulted in
4-3.00123-8 1147
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severe toxicity and death. Ingestion of 25ml of 50% DEET by
a 1-year-old child resulted in severe toxicity.
Mechanism of Toxicity

Historically, it was thought that DEET worked via blocking of
insect olfactory receptors and that DEET masked the target to
the insect senses so the insect would not detect a food source.
Instead, however, recent evidence indicates that the odor of
DEET is what acts as the true repellent. A specific type of an
olfactory receptor neuron in the antennal sensilla of mosqui-
toes was identified, and this neuron is activated by DEET. This
activity is responsible for the properties that give DEET its
repellent ability.

DEET is also toxic to the central nervous system (CNS). DEET
acts as an inhibitor to the enzyme acetylcholinesterase which is
required for the proper functioning of the human nervous
system, other vertebrates, and insects. The enzyme acetylcho-
linesterase hydrolyzes acetylcholine, which is important to
muscle control. When this process is inhibited, acetylcholine
builds up in the synaptic cleft and causes neuromuscular paral-
ysis and death by asphyxiation.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute oral LD50 values were reported as 1800–2700mg kg�1

in male rats and 1750–1800mg kg�1 in females. Rats given an
LD50 dose showed signs of toxicity that included lacrimation,
chromodacryorrhea, depression, prostration, tremors, asphyxia
convulsions, and respiratory failure. Ocular administration of
DEET led to mild to moderate edema of the nictitating
membrane, lacrimation, conjunctivitis, and corneal injury. These
signs dissipated within 5 days. DEET is not a sensitizer in guinea
pigs.
Human

A toxic syndrome consisting of ataxia, hypertonicity, tremor,
and clonic jerking, and progressing to coma and seizures,
can occur after dermal or oral exposure. Ingestion can cause
gastrointestinal irritation with nausea, vomiting, and diar-
rhea. Symptoms can occur within 30 min after an acute
ingestion. Dermal exposure can cause irritation, sensitization,
and erythema. A study with volunteers using 75% DEET
showed that 48% had severe dermal reactions at the crease
of the elbow but not at other dermal application sites.
Ocular exposure can cause eye irritation. Inhalation can
cause respiratory tract irritation or irritation of the mucous
membranes.
Chronic Toxicity (or Exposure)

Animal

Dietary exposure to DEET for 200 days at 10 000 ppm led to
growth retardation. Relative increases in testes and liver weights
were noted in male rats, liver and spleen in female rats, and
kidneys of both sexes. No significant changes were noted at
500 ppm. Dermal application of DEET (1 g kg�1 day�1) led to
reproductive toxicity in rats. No teratogenic response was noted
in rabbits treated with dermal dosages as high as 5 g kg�1 day�1.
DEET can cause testicular and renal hypertrophy with repeated
dosing.
Human

Chronic application of 70% DEET solution caused paranoid
psychosis, pressurized speech, flight of ideas, and delusions
after 2 weeks of daily application for the inappropriate treat-
ment of a skin rash. Repeated application causes erythema.
Extensive daily dermal application of 10–15% DEET for
2 days to 3 months has resulted in encephalopathy in chil-
dren. Toxic encephalopathy has been associated with DEET in
children. Signs of toxicity included agitation, weakness,
disorientation, ataxia, seizures, coma, and in three cases,
death. As part of the Reregistration Eligibility Decision on
DEET released in 1998, however, the US EPA reviewed all
available data on the toxicity of DEET and concluded that
“normal use of DEET does not present a health concern to the
general US population.”
Immunotoxicity

Little is known about the immunotoxicity of DEET. The results
of one study suggested that DEET affects immune function at
exposure levels reported in the occupational and military
settings. In this study, the T-dependent IgM response was dose
responsively suppressed by DEET in B6C3F1 mice. It was
determined that when comparing the DEET doses used in this
rodent study, the half-life is similar to that reported in humans.
It is unclear if DEET is a potential health hazard for the general
population.
Reproductive Toxicity

Some claims have been made that the application of DEET by
pregnant mothers has cause some birth defects. At least two
controlled studies, however, have shown that DEET was
detected at concentrations up to 3.55 ngml�1 in amniotic fluid
and cord serum in pregnant women exposed, yet no clinical
abnormalities or aberrant birth outcomes were observed in the
newborns or up to 1 year after birth.
Genotoxicity

Little is known about the genotoxic effects of DEET. Although
DEET is considered to be noncarcinogenic, there is some
concern that it can cause some genotoxic effects. One study
showed a concentration-dependent increase in genotoxic
effects for DEET to middle turbinate human nasal mucosal
cells. Exposure of 1.0mM DEET (the highest dose given)
showed a mean percentage of undamaged cells of 20.4� 5.2%.
This result was compared to a positive control (MMNG)
showing 0% undamaged cells at a concentration of 0.75mM.
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Carcinogenicity

DEET is not listed as a carcinogen by the American Conference
of Governmental Industrial Hygienists (ACGIH), the Interna-
tional Agency for Research on Cancer (IARC), the National
Toxicology Program (NTP), or the California Proposition 65
(CA Prop 65). More recent research has found that DEET shows
a significant concentration-dependent genotoxic response with
human nasal mucosal cells, suggesting potential carcinogenic
properties.
Clinical Management

Basic life-support measures for respiratory and cardiovascular
function should be used. Dermal decontamination should be
accomplished by repeated washing with soap. Exposed eyes
should be irrigated with copious amounts of room-tempera-
ture water for at least 15min. If eye irritation persists after
irrigation, medical assistance should be sought. Ipecac-induced
emesis is not recommended in cases of accidental oral exposure
because coma and seizures can occur rapidly within 30min to
1 h of ingestion. Gastric lavage should be performed cautiously
with a small-bore soft nasogastric tube with small aliquots
of water or saline. Activated charcoal can also be used.
Initial control of seizure activity may be attempted with
a benzodiazepine. Respiratory depression, hypotension,
dysrhythmias, and the need for endotracheal intubation
should be monitored.
Ecotoxicology

A limited but increasing amount of data is available on the
ecotoxicology of DEET. A few studies show that it is slightly
toxic to birds, coldwater fish, and invertebrates, with typical
toxicity values about 100–200mg l�1, but little or no evidence
shows toxicity to small mammals. The acute LD50 in quail was
1375mg kg�1. The LC50 values for Oncorhynchus mykiss
(rainbow trout), Gammarus fasciatus (scud), Pimephales promelas
(fathead minnow), andGambusia affinis (western mosquitofish)
are 71.3mg l�1 96 h�1, 100mg l�1 96 h�1, 110mg l�1 96 h�1,
and 235mg l�1 48 h�1, respectively. The DEET LC50 forDaphnia
magna (water flea) is 160mg l�1 48 h�1. The LC50 values for
N,N-diethyl-m-toluamide-N-oxide (DEET metabolite) and
N-ethyl-m-toluamide (DEET metabolite) for D. magna are
>190mg l�1 96 h�1 and 109mg l�1 96 h�1, respectively. Addi-
tionally, phytoplankton (Chlorella protothecoides or green
microalgae) showed 20% inhibition in photosynthetic yield at
100mg l�1 DEET with an EC50 of 388mg l�1 24 h�1.
Miscellaneous

When combined with other agents such as carbamates and
other insecticides, DEET can interact with them to give
enhanced toxic effects. The dermal application of DEET and the
pyrethroid fenvalerate can cause hypersalivation, ataxia, leth-
argy, seizures, and death in cats within 4–6 h. In rats, it has
been shown that dermal exposure to DEET and permethrin
increases permeability of the blood–brain and the blood–testis
barrier compared to exposure to DEET alone.

DEET can also act as a solvent and should be not be used
near some plastics, synthetic fabrics such as rayon or spandex,
leather, or painted or varnished surfaces.
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l Name: DEF (butyl phosphorotrithioate)
l Chemical Abstracts Service Registry Number: 78-48-8
l Synonyms: Tributyl S,S,S-phosphorothioate; Butiphos; De-

Green; Tribuphos
l Molecular Formula: C12H27OPS3
l Chemical Structure:
Background

DEF is a cholinesterase-inhibiting organophosphorus pesti-
cide compound used as a cotton defoliant that was registered
in 1960. DEF is a colorless to pale-yellow transparent liquid
with a skunk-like odor. It has a molecular weight of 314.5,
water solubility of 2.3 ppm at 20 �C, melting point of
<�25 �C, and boiling point of 150 �C at 0.3 mm Hg, with
a relative density of 1.057. It is completely miscible with
n-hexane, dichloromethane, toluene, and 2-propanol and has
an octanol–water partition coefficient of 3.31 � 105 at 25 �C.
DEF toxicity is primarily attributed to inhibition of various
esterases, including acetylcholinesterase (AChE), butyr-
ylcholinesterase (BuChE), neuropathic target esterase (NTE),
and carboxylesterase, resulting in increased accumulation of
endogenous acetylcholine (ACh) in cholinergic nerve termi-
nals and related effector organs. Acute DEF toxicity leads to
muscarinic receptor stimulation characterized by increased
intestinal motility, bronchial constriction and bronchial
secretions, miosis, bladder contraction, and bradycardia.
Nicotinic receptor activation causes muscle weakness, twitch-
ing, cramps, and general fasciculations. Severe cases of DEF
poisoning may lead to slurred speech, tremors, ataxia,
convulsion, and depression of respiratory and circulatory
centers, eventually resulting in coma. DEF is also a potent liver
arylamidase inhibitor in vitro. Based on an exposure assess-
ment for DEF issued by the US Environmental Protection
Agency (EPA) in an Interim Reregistration Eligibility Docu-
ment in 2000, a reentry interval of 7 days was established to be
adequate for protection of cotton field workers exposed to
DEF. Some common names of DEF are tribufos, butifos,
merphos oxide, and Folex.
1150 Encyclopedia of T
Uses

DEF is an organophosphate chemical used as a cotton defo-
liant to facilitate mechanical harvesting. Recommended
application rate is w1–2.5 pints per acre per year applied as
a diluted spray. Two products containing DEF as their active
ingredient include DEF 6, manufactured by Bayer Corpora-
tion, and Folex 6 DC, manufactured by Amvac Chemical Co.
Used for pest control in industrial agriculture (tends to be
more toxic agents), organophosphates of low to intermediate
toxicity are used to control ectoparasites on farm and
companion animals and humans (head lice), and for home
and garden pest control.
Environmental Fate and Behavior

DEF is relatively stable in aqueous solutions (pH 5 and 7) up
to 32 days but slightly degraded at pH 9 with a half-life of
124 days. The hydrolytic breakdown product of DEF is known
as desbutylthio tribufos. DEF is stable up to 30 days in sandy
loam soil exposed to natural sunlight, but degrades in
aqueous solution upon exposure to natural sunlight for
30 days, with an estimated half-life of 44 days. The estimated
soil adsorption coefficient (Kd) for DEF ranges from 60.6 for
sandy loam soil to 106 for clay loam. The estimated soil
adsorption constant (Koc) for DEF ranges from 4870 for silt
loam to 12 684 for sand. DEF is highly persistent in soil with
biodegradation half-lives of 745 and 389 days in sandy loam
soil under aerobic and anaerobic conditions. Based on water
solubility, high soil adsorption, hydrolysis, and aerobic soil
metabolism data, DEF is not identified as a potential
groundwater contaminant. However, DEF is likely to become
airborne following aerial application or ground spraying.
Also, while DEF itself is not significantly volatile, its degra-
dation product, n-butyl mercaptan (nBM), is volatile and
accounts for a skunk-like odor near areas where DEF has been
applied. DEF is also formed via release of the defoliant mer-
phos, which undergoes rapid oxidation under environmental
conditions to tribufos. DEF has a vapor pressure of
5.3 � 10�6 mm Hg at 25 �C, suggesting its occurrence in both
vapor and particulate phases in ambient atmosphere. Vapor-
phase DEF degrades by interacting with photochemically
produced hydroxyl radicals; half-life for this reaction in air is
estimated to be 5 h. Particulate-phase DEF gets removed from
atmosphere by wet and dry deposition. Volatilization of DEF
from water surfaces is not an important fate process based on
its Henry’s Law constant of 2.9� 10�7 atmm3mol�1 at 20 �C.
Exposure Routes and Pathways

The major route of exposure to DEF is skin contact. It is readily
absorbed by oral exposure and rapidly metabolized.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00301-8
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Toxicokinetics

DEF is readily absorbed through the skin and orally. It is
metabolized to nBM in the gastrointestinal tract by hydrolysis.
The metabolite is excreted in the urine. A urinary metabolic
profiling following oral administration of DEF to a lactating
goat revealed that DEF is efficiently metabolized to many
metabolites. The amount of DEF in liver, kidney, and muscle
represented 0.1% of the total residue. A major metabolite,
3-hydroxybutylmethyl sulfone, was found in the tissue, milk,
and urine. The hydrolytic products of DEF, S,S-dibutyl phos-
phorodithioate and S-butyl phosphorothioate were identified
as minor components in urine, comprising 5 and 4% of the
total residue, respectively. Metabolism of DEF involves
hydrolysis to S,S-dibutyl phosphorodithioate and nBM, the
latter being converted to the fatty acid, butyric acid. S,S-dibutyl
is susceptible to further metabolism to nBM and phosphate.
Mechanism of Toxicity

DEF is a relatively weak inhibitor of AChE. The compound is
hydrolyzed to a large extent in the intestine to nBM, which is
responsible for the late acute effects of DEF. The putative
molecular target in neural tissue for initiation of delayed
neuropathy is neurotoxic esterase or NTE. Metabolism
proceeds by hydrolysis followed by methylation and successive
oxidation of butylmercaptan, yielding the main metabolite
(3-hydroxy)-butylmethylsulfone.

Several studies indicate that rodents metabolize and
excrete delayed neurotoxic organophosphorus esters with
great efficiency, whereas the adult chicken seems to have
difficulty carrying out these processes. The feline (cat model)
is intermediate between rodents and chickens. No human case
of O-ethyl-O-nitrophenyl phenylphosphonothioate-induced
delayed neurotoxicity has been reported despite the fact that it
has been in use for over a quarter of a century. Some inves-
tigators propose that the cat may be a better model to
extrapolate neurotoxicity results to humans. Analysis of
the metabolism and residue levels of the defoliant S,S,S-
tributylphosphorotrithioate in a goat model revealed that
majority of the metabolites were excreted in the urine,
although quantifiable amounts were recorded in the other
tissues (e.g., liver, kidney, muscle), milk, and feces. Major
metabolite was found to be 3-hydroxybutylmethyl sulfone,
and the two minor components in the urine were S,S-dibutyl
phosphorodithioate and S-butyl phosphorothioate.
Acute and Short-Term Toxicity (or Exposure)

Animal

DEF produces profound hypothermia in rats, mice, and guinea
pigs by inhibition of thermogenesis. Its actions on heat
conservation and motor control are, however, minimal. It is
effective against both shivering and nonshivering thermo-
genesis and completely blocks the increase in body tempera-
ture evoked by anterior hypothalamic stimulation. The
toxicological effect of DEF, the extent and permanence of
injury, and the progression or improvement of clinical signs of
toxicity depended on the dose, duration, and route of exposure.
The acute effects of DEF in experimental animals are primarily
attributed to inhibition of AChE, BuChE, NTE, and carbox-
ylesterase. Neurological effects are most predominant
following daily exposures ranging from 3 weeks to 3 months.
Other adverse effects in animals include anemia, impaired
renal function and reproductive toxicity such as reduced
fertility, increased number of stillbirths, reduced birth weights,
and increased postnatal deaths. LD50 values of DEF in different
experimental models are listed below:

Animal model Gender Route of administration Dose
Guinea pig
 Male
 Oral
 260 mg kg�1
Rabbit
 N/A
 Dermal
 97 mg kg�1
Mouse
 N/A
 i.p.
 290 mg kg�1
Mouse
 N/A
 Oral
 77 mg kg�1
Rat
 N/A
 i.p.
 210 mg kg�1
Rat
 N/A
 Dermal
 168 mg kg�1
Rat
 Male
 Oral
 435 mg kg�1
Rat
 Female
 Oral
 234 mg kg�1
Rat
 Male
 Inhalation
 4.65 mg l�1 per 4 h
Rat
 Female
 Inhalation
 2.46 mg l�1 per 4 h
Source: National Library of Medicine TOXNET.
Human

Late acute poisoning from DEF is related to the release of its
breakdown product, nBM. Signs of toxicity appear within 1 h
after exposure and include general weakness, malaise, sweating,
nausea, vomiting, anxiety, and drowsiness. DEF affects the
lymphocyte NTE in exposed workers. The most common clin-
ical manifestations include cholinergic toxicity (such as lacri-
mation, salivation, diarrhea, pupillary constriction, tremors,
convulsions, hypothermia), as well as delayed neuropathy such
as loss of coordination and paralysis.
Chronic Toxicity (or Exposure)

Animal

A subchronic administration of DEF caused three toxicologic
effects in hens, depending on the route of exposure: (1) an
acute cholinergic effect resulting from inhibition of AChE,
relieved by atropine, not associated with neuropathological
lesions; (2) a late acute effect in chickens resulting from nBM
toxicity 4 days after oral administration of daily large doses of
DEF resulting in darkening and drooping of the comb, loss of
appetite and weight, weakness, emaciation, paralysis, and
death, not relieved by atropine nor associated with histopath-
ological changes in nerve tissues; and (3) delayed neurotoxicity
after a delay period following topical application causing
axonal and myelin degeneration resulting in ataxia, paralysis,
and death. Other adverse effects observed in animals following
long-term (1–2 years) exposure to DEF include reduced body
weight, hypothermia, brain AChE inhibition, and anemia. In
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addition, numerous noncarcinogenic as well as potentially
precancerous microscopic changes have also been reported,
primarily affecting gastrointestinal tract, liver, lungs, adrenals,
and spleen.
Human

Both intensity and length of exposure play important roles in
determining the extent of inhibition of NTE in lymphocytes;
50% of preexposed values of NTE activity were obtained when
measured 3 or 4 weeks after the beginning of DEF exposure.
However, there is no direct evidence of a correlation between
a high level of lymphocyte NTE inhibition and development of
neuropathy in humans. Blood AChE and plasma BuChE levels
remained unchanged during the study period. There is no
available weight-of-the-evidence summary assessment for DEF
as a developmental or reproductive toxin.
In Vitro Toxicity Data

DEF has been reported to cause extensive alterations in
morphological features of erythrocyte and nuclear membranes
and affected the permeability properties of rat liver mito-
chondrial membrane. A reduction in the activity of
cytochrome-c-oxidase and NADPH-oxidase has also been
observed. Content of both DNA and RNA decreased in tissues
studied within 1 month of DEF intoxication and was usually
restored within 3 months. Histological study showed devel-
opment of necrodystrophy in liver tissue and of fibroplastic
glomerulonephritis in kidney. The deteriorating effect of DEF
on cellular genome functions relates not only to its cytotoxicity
but also to the cancerogenic and mutagenic properties of the
pesticide.
Clinical Management

Supportive and symptomatic treatment should be provided to
the patient following accidental or intentional exposure to
DEF. Airway protection along with administration of either
atropine sulfate (intravenous or intramuscular), pralidoxine, or
glycopyrolate is probably the best antidote to deal with DEF
poisoning.
Mutagenicity

All studies were negative.
Genotoxicity

Tribufos (98.5%) did not produce an increase in the mutation
frequency in a mutagenicity assay using Salmonella typhimurium
strains TA98, TA100, TA1535, TA1537, and TA1538 at
concentrations ranging from 667 to 10 000 mg per plate with
and without metabolic activation. No increase in chromosomal
aberrations was seen in Chinese hamster ovary cells exposed to
tribufos (98.5%) at concentrations of 0.007–0.1 ml ml�1 with
metabolic activation and at 0.004–0.05 ml ml�1 without acti-
vation. Other investigators did not find any increase in sister
chromatid exchanges in Chinese hamster V79 cells exposed to
tribufos (95.7%) at concentrations from 2.5 to 20 mg ml�1 with
and without metabolic activation. In an unscheduled DNA
synthesis assay, no increase in the average grains per nucleus
was observed in rat primary hepatocytes exposed to tribufos
(98.5%) at concentrations between 0.000 1 and 0.03 ml ml�1.
Carcinogenicity

US EPA classified tribufos as a likely high dose/not likely low
dose carcinogen under its new carcinogenicity classification
system. Their justification for this classification was that tumors
were only increased at the highest dose level where severe
toxicity occurred. Although not explicitly stated, this classifi-
cation treats tribufos as a threshold carcinogen because they use
a margin of exposure (MOE) approach to protect for oncoge-
nicity rather than calculate an oncogenic potency factor. The no
observed effect level (NOEL) they selected to calculate the
MOEs for oncogenicity was 0.1 mg kg�1 day�1 based on
plasma ChE inhibition in dogs, the most sensitive endpoint for
chronic exposure (i.e., the same NOEL used for evaluating the
chronic dietary exposure). US EPA had no concerns regarding
the acute or chronic exposure to tribufos through drinking
water.
Ecotoxicology (All Values Are at 95% Confidence
Limit/Interval)

LC50 Values

Oncorhynchus mykiss (rainbow trout) 660 mg l�1 per 96 h at
13 �C (560–750 mg l�1 per 96 h). Static conditions without
aeration.

Oncorhynchus mykiss (rainbow trout, weight 0.91 g)
1700 ppb per 96 h (1300–2300 ppb); flow-through, 96.2%.

Lepomis macrochirus (bluegill) 620 mg l�1 per 96 h at 18 �C
(390–975 mg l�1 per 96 h). Static conditions without aeration.

Menidia beryllina (inland silverside) 455 mg l�1 per 96 h.
Conditions of bioassay not specified in source examined.

Anas platyrhynchos (mallard duck, 7 days old) dietary
>5000 ppm per 8 days.

Colinus virginianus (northern bobwhite, 14 days old) dietary
1519 ppm per 8 days.

Americamysis bahia (opossum shrimp, <24 h old) 11.5 ppb
per 96 h (9.3–15.1 ppb); flow-through, 96.4% active ingredient
(AI) formulated product.

Bufo woodhousei fowleri (Fowler’s toad, tadpoles) 1200 mg l�1

per 24 h (900–2600 mg l�1); static formulated product.
Bufo woodhousei fowleri (Fowler’s toad, tadpoles) 760 mg l�1

per 48 h (460–820 mg l�1); static formulated product.
Bufo woodhousei fowleri (Fowler’s toad, tadpoles) 420 mg l�1

per 96 h (160–1100 mg l�1); static formulated product.
Cyprinodon variegatus (sheepshead minnow, weight 0.10 g)

767 ppb per 96 h (56–1370 ppb); flow-through, 98.6% AI
formulated product.

Lepomis macrochirus (bluegill, weight 1.9 g) 630 ppb per 96 h
(500–780 ppb); flow-through, 96.2% AI formulated product.
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Lepomis macrochirus (bluegill, weight 2.3 g) 610 ppb per
96 h; flow-through, 72.3% AI formulated product.
Exposure Standards and Guidelines

Children (1–6 years) have been reported to have the highest
potential for both acute and chronic dietary exposure to DEF.
DEF has an MOE that ranges from 40 to 11 000 for acute
systemic effects, and from 1500 to 37 000 for acute dermal
irritation. Allowable tolerances for residues of defoliant DEF in
or on food commodities are established at 0.002–0.02 ppm.
See also: Delayed Neurotoxicity; Pesticides.
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Relevant Websites

http://www.cdpr.ca.gov/ – California Department of Pesticide Regulation: search
for DEF.
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Protection Agency.
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l Name: Deferoxamine
l Chemical Abstracts Service Registry Number: 70-51-9
l Synonyms: Desferrioxamine, DFO, Desferral, Deferriox-

amine B, Propionohydroxamic acid
l Molecular Formula: C25H48N6O8

l Chemical Structure:
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Background

Deferoxamine was introduced in the 1960s for chelation of
iron. It is synthesized by removing a central iron molecule
from ferrioxamine B, a compound obtained from the
microorganism Streptomyces pilosus. Deferoxamine binds to
iron from ferritin and forms ferrioxamine, a very stable and
water-soluble chelate with a characteristic reddish color.

Uses

Deferoxamine is used for the treatment of both acute iron
intoxication and chronic iron overload due to transfusion-
dependent anemias. It has also been used in trials for malaria
treatment and for aluminum chelation in hemodialysis
patients. Studies of a rat model of intracerebral hemorrhage
have noted that deferoxamine treatment reduced oxidative
stress from iron release, indicating a possible role in preventing
damage associated with hemorrhagic strokes.
Exposure and Exposure Monitoring

Routes and Pathways of Human Exposure

In cases of acute iron toxicity, intravenous injection
and intramuscular injection are the approved routes of
1154 Encyclopedia of T
administration. Although it is no longer recommended, oral
administration of a deferoxamine lavage solution was
utilized at one time. Nightly subcutaneous infusions
combined with monthly intravenous infusions are used in
chronic iron overload.
Toxicokinetics

Deferoxamine alone is poorly absorbed from the gastroin-
testinal tract. When given orally in the setting of an iron
overdose, ferrioxamine is formed in the gastrointestinal tract
and seems to be well absorbed. The absorbed ferrioxamine
is then cleaved during first-pass metabolism resulting in
free iron capable of damaging the hepatic tissue. Deferox-
amine metabolism takes place in primarily the plasma,
where it is rapidly converted to multiple metabolites.
Other organs may also have some metabolizing capacity.
Deferoxamine has a very high affinity and specificity for the
ferric iron and chelates it in a 1:1 molar ratio; that is, 100 mg
of deferoxamine will bind to and eliminate 8.5 mg of
elemental iron. Its elimination half-life in human plasma is
between 10 and 30 min. With a volume of distribution of
0.6–1.2 l kg�1, deferoxamine mainly distributes in blood.
Renal clearance is the major elimination route of deferox-
amine in humans, accounting for about one-third of the total
body clearance; 0.296 and 0.234 l h�1 in healthy and
hemochromatotic adults, respectively. Once formed, ferriox-
amine is rapidly excreted unchanged in the urine, which may
acquire ferrioxamine’s brown or reddish ‘vin-rose’ color.
Its elimination half-life is 5.9 and 4.6 h in normal and
hemochromatotic adults, respectively. Bile excretion also
contributes to elimination.
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00721-1
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Mechanism of Toxicity

Localized infusion or injection site reactions may occur
with deferoxamine administration, such as pain, urticaria
and flushing of the skin. Hypersensitivity reactions have
been documented with both acute and chronic administra-
tion of deferoxamine. Some of the more serious side effects
include infusion rate-related hypotension, renal insuffi-
ciency, neurotoxicity, growth retardation, pulmonary
toxicity, and infections. Deferoxamine may induce venous
dilation when given at doses greater than 15 mg kg�1 h�1

leading to poor venous return, depressed cardiac output,
and eventually hypotension. Increased levels of histamine
have been noted during hypotensive episodes, although
pretreatment with antihistamines has not been shown to
stop the reaction. An acute decrease in glomerular filtration
rate and renal plasma flow secondary to hypotension is the
possible mechanism underlying the nephrotoxicity induced
by deferoxamine. Depletion of iron, translocation of copper,
and chelation of other trace elements including zinc may
interfere with critical iron-dependent enzymes, causing
oxidative damage within various tissues. These are possible
mechanisms thought to be responsible for deferoxamine-
induced neurotoxicity, growth retardation, and pulmonary
toxicity. In vitro studies have shown that deferoxamine
inhibits the synthesis of prostaglandin, hemoglobin, ferritin,
collagen, and DNA. The iron–deferoxamine complex, fer-
rioxamine, is a growth factor for many bacteria and fungi.
Deferoxamine has been associated with Yersinia enterocolitica
overgrowth and fatal cases of mucormycosis with prolonged
therapy.
Acute and Short-Term Toxicity

Animal

The LD50 of deferoxamine in mice and rats is greater than
280 mg kg�1 with intravenous administration and greater than
1000 mg kg�1 with oral administration. Deferoxamine-induced
hypotension, tachycardia, and renal insufficiency have also been
reported in rats and dogs.
Human

Rapid infusion of deferoxamine over 15 min results in hypo-
tension and tachycardia. An infusion rate of 15 mg kg�1 h�1 or
longer is recommended by the manufacturer. Intravenous
deferoxamine administration has been reported to cause renal
insufficiency indicated by a progressive increase in serum
creatinine and decrease in creatinine clearance. Patients treated
with deferoxamine chronically may develop neurotoxicity
manifested as visual and hearing losses, growth retardation,
and bacterial infections.
Chronic Toxicity

Animal

Dogs given subcutaneous injections of high-dose deferoxamine
developed lens opacities.
Human

Patients with inherited or acquired anemias that require
regular blood transfusions frequently have symptoms or
laboratory evidence of iron overload. Deferoxamine given
subcutaneously over 8–12 h has been the standard of
therapy for these patients. Patients receiving higher doses
(e.g., 125 mg kg�1) demonstrated ocular toxicity of blurri-
ness, loss of night vision, and optic neuropathy. Ototoxicity
has been noted as well, with up to 25% of patients on
chronic deferoxamine demonstrating some impairment of
high-frequency hearing. Impaired cardiac function has been
shown in patients receiving deferoxamine and high doses of
vitamin C (more than 500 mg daily), although smaller
doses (200 mg daily) seem to optimize efficacy of
deferoxamine.
Immunotoxicity

There are cases reported in which patients experienced
anaphylactic and/or anaphylactoid reactions.
Reproductive Toxicity

Deferoxamine is Food and Drug Administration Pregnancy
Category C. Studies with mice and rabbits showed delayed
ossification and skeletal abnormalities when doses more than
four times the maximum daily human dose were used. In vitro,
there seems to be little transfer of deferoxamine across the
placenta, so effects may be due to chelation of trace metals on
the maternal side. However, deferoxamine has been used safely
and without adverse effects in pregnant women with thalas-
semia as treatment of iron overload.
Carcinogenicity

Although long-term carcinogenicity studies have not been
performed with deferoxamine, it is possible that cytotoxicity
may occur due to DNA synthesis inhibition.
Clinical Management

For patients who develop hypotension secondary to deferox-
amine, the infusion should be discontinued and restarted
at a slower rate after recovery of the blood pressure. Fluid
resuscitation and vasopressors should be used as necessary to
support the patient. Treatment of pulmonary toxicity should
include ventilatory support and symptomatic care. Patients
experiencing anaphylactic reactions should discontinue defer-
oxamine and start treatment with antihistamines and steroids.
Patients who develop infections secondary to deferoxamine
use should be started on antibiotics or antifungals (e.g.,
sulfamethoxazole-trimethoprim or amphotericin B) while
cultures and sensitivities are pending. For patients receiving
chronic treatment with deferoxamine, periodic evaluation of
visual and auditory function is recommended; in patients
currently experiencing these neurologic complications,
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deferoxamine therapy should be discontinued and a neurolo-
gist should be consulted.
Exposure Standards and Guidelines

Deferoxamine is approved for intramuscular and intrave-
nous administration in the setting of acute iron intoxication.
Although the manufacturer states that intramuscular is the
preferred route for all patients not in shock, most clinicians
utilize intravenous infusions of deferoxamine as this is
a more reliable delivery method and chelates more iron than
intramuscular bolus dosing. The manufacturer recommends
a maximum of 6 g of deferoxamine per day and a maximum
infusion rate of 15 mg kg�1 h�1. Indications for
administering deferoxamine in these patients include clinical
evidence of iron toxicity, such as shock, altered mental
status, metabolic acidosis, or coma; laboratory indications of
toxicity – serum iron level greater than 500 mg dl�1 or
elevated anion gap; or radiologic evidence of a large number
of pills in the gastrointestinal tract.
Miscellaneous

Deferoxamine is commercially available as deferoxamine
mesylate (Figure 1).
See also: Iron.
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Relevant Website

http://www.pharma.us.novartis.com/product/pi/pdf/desferal.pdf – Novartis Pharma-
ceuticals Corporation.
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Background Information

In 1958, the Food, Drug, and Cosmetic Act (FD&C Act) was
amended to include a clause which essentially banned the use
of food additives and pesticides which were shown to cause
cancer in humans or animals. The Delaney Clause was con-
tained in Section 409 [348(c)(3)(A)] of the FD&C Act. Section
409 lays out requirements for the use of food additives,
including pesticide residues. The Delaney Clause states “no
additive shall be deemed to be safe if it is found to induce
cancer when ingested by man or animal, or if it is found, after
tests which are appropriate for the evaluation of the safety of
food additives, to induce cancer in man or animal.”

This clause regulates pesticide residues in processed foods to
mean that carcinogenicity potential is the only factor, and that
any benefits of the pesticide or food additive may not be
considered. In addition, it set up a ‘zero-cancer-risk’ standard
for food additives. If residues of carcinogenic pesticides are
found to concentrate in processed foods, the Environmental
Protection Agency (EPA) cannot set a tolerance or maximum
legal limit for that pesticide/food combination. Later, Congress
added the same zero-cancer-risk clause for amendments gov-
erning new animal drugs, and color additives (1960 Color
Additives Amendment).

The birth of the Delaney Clause can be traced back to a 1950
resolution in the US House of Representatives that charged
a House select subcommittee to investigate the use of chemicals
in foods. Among the subcommittee’s responsibilities was an
examination of the ‘nature, extent, and effect’ of ‘chemicals,
compounds, and synthetics’ on all facets of food production.
The subcommittee was chaired by James J. Delaney, a New York
Democrat.

While the Delaney Clause prevented the use of possibly
dangerous chemicals such as DES, some prospectively useful
substances were banned because improved analytical testing
procedures were able to detect very small quantities of possible
carcinogens. When the Delaney Clause was introduced,
analytical testing procedures detected substances in
Encyclopedia of Toxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-38645
concentrations of parts per million. It later became possible to
detect substances in concentrations of one part per billion or
trillion, making it far more probable that traces of a carcinogen
be detected. Worsening this problem was the fact that tested
substances are administered to animals at the maximum toler-
ated dose (MTD), far more than would be normally ingested.
The Delaney Clause was criticized by many scientists who
believed that its zero-tolerance standard was impossibly high.

The Delaney Clause was eventually replaced with a new law,
the Food Quality Protection Act (FQPA) of 1996, which
advanced a new standard of ‘reasonable certainty of no harm.’
Prior to the passage of the FQPA, the FDA had been employing
Delaney in the case of food additives and animal drugs in
a similar manner, i.e., ‘reasonable certainty of no harm.’ FDA
incorporated the idea of safety into its color additive regula-
tions. Currently, under 21 CFR 70.3(i), a color additive is ‘safe’
if ‘there is convincing evidence that establishes with reasonable
certainty that no harm will result from the intended use of the
color additive.’ The EPA was following the zero-tolerance
standard. The FQPA ended the application of the Delaney
Clause to pesticide tolerance levels. FQPA would allow EPA to
determine what level of risk will be adequate to protect the
public health as long as the dietary risk posed to food
consumers is negligible.

See also: The International Conference on Harmonisation;
Micronucleus Assay; Mouse Lymphoma Assay; Toxicity
Testing, Mutagenicity.
Relevant Websites

http://www.epa.gov – US Environmental Protection Agency.
http://www.fda.gov – US Food and Drug Administration.
http://nepis.epa.gov – US Environmental Protection Agency - National Center for

Environmental Publications: Search for Delaney Clause.
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l Chemical Abstracts Service Registry Number: 52918-63-5
l Synonyms: [(S)-cyano-(3-phenoxyphenyl)methyl] (1R,3R)-3-

(2,2-dibromoethenyl)-2,2-dimethylcyclopropane-1-carbox-
ylate, Crackdown, Decamethrin, Decamethrine, Deltacide,
Deltagran, Deltamethrine, Esbecythrin, Stricker, Suspend,
CID 40585

l Classification: Type II pyrethroid insecticide
l Molecular Formula: C22H19NO3

l Chemical structure:
Uses

Deltamethrin is a potent broad-spectrum insecticide used in
a range of agricultural, public health, and domestic applica-
tions. Deltamethrin is available as a powder, emulsion,
thermal fogging concentrate, or concentrate for ultralow
volume application. Deltamethrin is widely used particularly
in domestic settings to control mosquitoes. However, many
insect populations have begun to develop resistance. Tech-
nical deltamethrin is the single most active isomer (1R, cis,
alpha-S).
Environmental Fate

Deltamethrin is twofold more persistent in aquatic environ-
ments than in soil. Depending on conditions the environmental
half-life ranges from 2 days (for hydrolysis at pH 9) to 80 days
(for degradation in an aquatic environment).
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Exposure

Dermal, oral, and inhalational exposures can occur. Trace
quantities have been measured in human breast milk.
Toxicokinetics

Absorption of pyrethroids is poor through the skin and not
much more effective through the gastrointestinal tract. Pyre-
throids are rapidly metabolized through ester cleavage and
hydroxylation. Pyrethroids accumulate in adipose tissue.
Urinary excretion is the primary route of elimination.
Mechanism of Toxicity

Deltamethrin is a type II pyrethroid, a functional neurotoxin
slowing the inactivation of voltage-gated sodium channels
leading to a state of hyperexcitability which in turn causes fine
tremor, salivation, and choreoathetosis. Other proposed
contributory actions include antagonism of gamma-
aminobutyric acid A receptor inhibition and voltage-gated
chloride and calcium channels.
Acute and Short-Term Toxicity

Deltamethrin produces a syndrome in both insects and
mammals known as chorea salivation. The effects are hyper-
excitability, fine tremor, hypersalivation, choreoathetosis,
ataxia, seizures, and death. Humans experience the same effects
as other animals but are also able to report paresthesia after
dermal exposure and nausea after ingestion.
Chronic Toxicity

Chronic effects following deltamethrin exposure have been
reported in neither animals nor humans.
Clinical Management

Dermal exposure can be treated by washing the contaminated
skin with oils. Application of vitamin E cream preparations can
be used for both prophylaxis and treatment of paresthesia.
With cases of ingestion, gastric decontamination with activated
charcoal may be of benefit within the first hour. Gastric lavage
should be avoided where formulations contain solvents.
If systemic toxicity does occur, the central signs of poisoning
can be difficult to control and may be confused with
oxicology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-386454-3.00124-X
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intoxication by other pesticides such as anticholinesterases that
also cause hyperexcitability – although pyrethroids do not
inhibit acetylcholinesterase. Respiratory support may be
needed and control of metabolic acidosis may require sodium
bicarbonate. Atropine may be useful to control hypersalivation.
Single short-lived seizures may not require treatment. Since
pyrethroids do not produce morphological damage, only
symptomatic treatment is needed. Frequent or prolonged
convulsions may be controlled with intravenous diazepam or
lorazepam. If unresponsive, consider phenobarbital or
phenytoin (before thiopental or general anesthesia). Pento-
barbitone has been shown to be more effective than pheno-
barbitone in animal studies. Complete recovery usually occurs
following symptomatic treatment in cases of mild-to-moderate
intoxication.
Ecotoxicology

Bees, crustaceans, and fish are all highly susceptible to delta-
methrin under experimental conditions. However, environ-
mental factors such as sediment binding may reduce the actual
susceptibility of nontarget aquatic species.
Exposure Standards and Guidelines

The acceptable daily intake set by the Food and Agriculture
Organization/World Health Organization Joint Meeting on
Pesticide Residues (JMPR) for deltamethrin is 0–0.01 mg kg�1

body weight, with an acute oral reference dose of 0.05 mg kg�1

body weight.

See also: Cyfluthrin; Cypermethrin; Neurotoxicity; Permethrin;
Pesticides; Pyrethrins/Pyrethroids.

Further Reading

Barlow, S.M., Sullivan, F.M., Lines, J., 2001. Risk assessment of the use of
deltamethrin on bednets for the prevention of malaria. Food Chem. Toxicol. 39,
407–422.

He, F.S., Deng, H., Ji, X., Zhang, Z.W., Sun, J.X., Yao, P.P., 1991. Changes of nerve
excitability and urinary deltamethrin in sprayers. Int. Arch. of Occup. Environ.
Health 62, 587–590.

WHO/IPCS, 1990. Environmental Health Criteria 97: Tetramethrin, Cyhalothrin and
Deltamethrin. World Health Organization, Geneva.

Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Toxicology Data Network, National Library of
Medicine, Search for Deltamethrin.

http://www.who.int – World Health Organization, Search for Deltamethrin.

http://toxnet.nlm.nih.gov
http://www.who.int
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FOREWORD

Early humans must have developed, consciously or unconsciously, methods to recognize and avoid toxic plants
and poisonous animals, thus inadvertently establishing toxicology as among the earliest applied scientific
disciplines with a focus on the health and welfare of the human species. While toxicology’s additional emphasis
on the environment is more recent and related to population growth and industry, it is no less important.
Whatever the validity of this claim to origins in antiquity, toxicology’s rapid growth and diversification in
recent decades, particularly since the publication of the second edition of this Encyclopedia of Toxicology, is
undisputed.

Although the US Environmental Protection Agency and the National Institute for Environmental Health
Sciences had already initiated studies of new paradigms in risk assessment at the time, it was the 2007 publi-
cation of “Toxicity Testing in the 21st Century: a Vision and a Strategy” by the National Research Council which gave
rise to a huge interest and effort in molecular and cellular approaches to toxicology and their linkages to risk
assessment. Studying genome wide effects via microarray techniques and high throughput sequencing are but
two fairly recent outgrowths of this emphasis. Research into epigenetics is in its infancy as far as toxicology is
concerned but will doubtlessly grow rapidly in importance and application. An equivalent increase in attention
is being paid to nanotoxicology, and its practical consequences are now becoming evident. These are but a few
of the dramatic developments reflected in this new edition of the Encyclopedia of Toxicology, edited so ably by Phil
Wexler. We owe him a debt of gratitude for all of his efforts.

Despite many changes in the science of toxicology, what remains unchanged is the need for the toxicological
literature to serve many masters. The span from highly specialized researchers and academics in higher
education to those who use toxicology in its applied aspects such as clinical and forensic toxicology, agro-
medicine, risk assessment, consulting and media outreach, is both wide and deep. Clearly, the Encyclopedia of
Toxicology is a necessary resource for all of these professional groups. It functions as an important locus between
the short definitions of dictionaries and the highly detailed narratives of monographs devoted to a single aspect
of research. It is an essential work for all toxicologists interested not only in their own area of expertise but also
in toxicology as a broader interdisciplinary science and profession. I recommend it without reservation to
libraries, not only at institutions of higher learning but also at those of federal, state and private research
institutes, as well as to the chemical and related industries. Needless to say, it will be a valued and much used
addition to many personal bookshelves.

Ernest Hodgson
Distinguished Professor Emeritus

North Carolina Agromedicine Institute and Toxicology Program
Department of Applied Ecology
North Carolina State University
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PREFACE

It has been nearly a decade since the publication of this Encyclopedia’s second edition, and in that time
toxicology has continued to advance its scientific foundations. The “omics” revolution, along with advances in
systems biology, epigenetics, bioinformatics, and computational toxicology are driving toxicology from
a discipline dependent upon whole animal testing to one increasingly comfortable with in vitro and in silico
methodologies. This change is taking place both as a humane alternative and as a more practical and cost
effective way to deal with the vast number of chemicals for which toxicity data is nonexistent. Adverse outcome
pathways are being explored as a means to determine how a direct initiating event at the molecular level can
result in an adverse outcome in the biological organism. The 2007 National Research Council publication of
Toxicity Testing in the 21st Century: A Vision and a Strategy was a seminal event that outlined new technologies
in molecular biology and toxicology, and called for a “paradigm shift” to stimulate innovative approaches to
testing. The Committee (on Toxicity Testing and Assessment of Environmental Agents) responsible for the
report envisioned “a new toxicity-testing system that evaluates biologically significant perturbations in key
toxicity pathways by using new methods in computational biology and a comprehensive array of in vitro tests
based on human biology.” On July 11, 2013, the European Union’s cosmetic regulation, prohibiting animal
testing in the cosmetics industry, came into effect.

Nanotoxicology is another research area which, though certainly not brand new, has come to the fore. Given
the quantum size effects and large surface area to volume ratio, materials at this scale may have properties very
different from their larger scale counterparts. There remains considerable controversy about the toxic potential
of various nanoparticles and debate about how they should be regulated, particularly in products such as
cosmetics. Nanotoxicology will continue to be an active area of investigation in the foreseeable future.

Epigenetics, or the study of changes in gene expression over and above those resulting from alterations to
DNA proper, has made huge strides in the last several years. Thus, toxicants, behavior, stress and diet have all
been shown to play a role in regulating the epigenome. Epigenetic markers have, for example, been shown to
influence expression of genes associated with obesity. Epigenetic mechanisms are also being investigated as
a possible causative factor in asthma.

In clinical/medical toxicology, the human factor comes directly into play, as do veterinary concerns. This is
the branch of toxicology concerned with poisonings. Drugs usually containing a cathinone, marketed as “bath
salts,” started to be reported to US poison centers in large numbers in 2010. A wide range of effects were noted,
ranging from headaches and nausea to hallucinations and paranoia. In 2012, US President Obama signed a bill
to ban several types of synthetic drugs including bath salts. Whether this will actually curtail access and use
remains to be seen but, regardless, new designer drugs are always just around the corner. The research and
clinical communities are, happily, joining forces to probe what has come to be known as “translational toxi-
cology,” in which investigating mechanism of action will lead to a better understanding of treatment for people
intentionally or accidentally exposed to drugs and other chemicals, and biological agents.

Large scale accidents, regrettably, will continue to plague us. The explosion of the Deepwater Horizon drilling
rig in 2010 in the Gulf Coast resulted in the largest offshore oil spill in US history. The long-term effects on the
environment and human health, not only of the oil itself, but of the dispersants applied to clean up the oil are
still being investigated. After decades of factory pollution and neglect, Lake Tai in China was overtaken by a vast
algae bloom and major pollution with cyanobacteria in 2007. Despite a cleanup campaign the situation has
barely improved. Generating power from nuclear energy is another sensitive issue that divides even environ-
mental advocates, with some touting and others damning it. The 2011 nuclear accident in Fukushima, Japan,
triggered by a major earthquake and massive tsunami, caused over 150,000 residents to evacuate their homes
lxix
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for fear of nuclear contamination e its consequences are still being felt. Toxicologists are increasingly being
called upon to assess effects on humans, wild and domestic animals, and the environment, and to offer
solutions when such incidents arise. We will always have to contend with emergencies and disasters andmust be
prepared.

Climate change is another aspect of environmental toxicology which has seen its share of debate in the last
decade. Naysayers who deny its existence or reject the human factor, despite the science, may be lesser in
number and less vocal but are still being heard. Nonetheless, the Intergovernmental Panel on Climate Change
found, in its Fourth Assessment Report, in 2007, that “warming of the climate system is unequivocal”, and
“most of the observed increase in global average temperatures since the mid-20th century is very likely due to
the observed increase in anthropogenic greenhouse gas concentrations.” The Fifth Assessment Report should be
finalized in 2014. Meanwhile, the Doha Amendment to the Kyoto Protocol was adopted in 2012. Countries
which are Parties to the Protocol continue to commit to reducing their greenhouse gas emissions.

Energy production, be it via nuclear, coal, or gas, or even the supposedly more benign solar and wind can
result in consequences, expected and unexpected, which have to be dealt with. The continual search for new
energy sources and for devising means of extracting energy from existing sources has accelerated as the US and
other countries seek energy independence, and has resulted in environmental health dilemmas. Fracking, or
hydraulic fracturing, using sand and chemicals to create fractures in rock, has proven an economically viable
way to extract oil and gas from previously inaccessible locations. We still fall far short of consensus, though, on
fracking’s environmental risks. No doubt one of the next great debates on the energy front will be the potential
health and, particularly, environmental effects, including global warming, of commercial methane hydrate
extraction, once is becomes feasible in the near future.

Accidental and malicious tainting of food, and contamination of consumer products, are of ongoing
concern. In 2007, incidents of renal failure in dogs and cats were traced to contaminated pet food from China.
Recalls were widespread. The chemical culprit turned out to be melamine, which was added to the wheat
gluten to make the food appear higher in protein than it really was. Exported toys from China were found to
have high levels of lead in their paint in the same year. Mattel, for example, had to recall 800,000 Barbie
doll accessories. And, again in 2007, the head of China’s food and drug administration, Zheng Xiaoyu, who,
among other things took bribes from the manufacturers of substandard medicines, became the symbol of poor
quality control, and paid with his life, as he was executed by lethal injection.

Global security, which includes attentiveness to and curtailment of non-traditional weapons such as are
employed in chemical and biological warfare, is another issue which cannot be neglected in the 21st century.
Stockpiles of chemicals still exist in many countries. As recently as 2013, there have been allegations of chemical
weapons use in Syria. Looking toward the positive, in 2013, Somalia became the 189th State Party to the
Chemical Weapons Convention, overseen by the Organisation for the Prohibition of Chemical Weapons
(OPCW).

Beyond seeking to reduce and eliminate chemical weapons, managing chemicals on the global level remains
a challenge, but slow and steady progress continues to be made. In 2009, nine new chemicals were added to the
Stockholm Convention on Persistent Organic Pollutants. Synergies are developing among the Basel, Rotterdam,
and Stockholm Conventions, evidenced by a joint meeting of the conferences of the parties in 2013. The Geneva
Statement on the SoundManagement of Chemicals andWaste, an outcome of this meeting, reaffirmed the three
Conventions’ commitment to achieving the Millennium Development Goals by 2015 and the sound
management of chemicals and hazardous wastes by 2020. 2013 also saw the passage of another global, legally
binding treaty, The Minimata Convention on Mercury, which provides controls and reductions across a range of
products, processes, and industries where mercury is used, released, or emitted. The European Union’s regional
legislation, which entered into force in 2007, has worldwide implications for the control of chemicals.

Controversies, public concern (warranted and otherwise) and media shouting over whatever may be the new
“chemical of the day,” are still with us as, no doubt, they will always be. Whether we talk about phthalates,
bisphenol A, or halogenated flame retardants, the press will have a field day. Arsenic, mercury, and lead are sure
to fill cocktail party conversation when it goes slack. And the old standbys of tobacco, alcohol, and caffeine are
always great silence breakers.

Most of the above topics have been covered, to a greater or lesser extent, in this third edition of the
Encyclopedia of Toxicology. Since its first edition, the objective was to put toxicology in a larger societal and
cultural context. Thus, while the focus here has always been on the science, we have included, in keeping with its
encyclopedic nature, important organizations, laws, and history, narratives of accidents and intrigue, and more.
In addition, the broad scope of toxicology has been taken into account, and hazards related not only to
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chemicals, but also to biological agents and radiation, have been considered. The Encyclopedia represents an
amalgam of established principles and cutting edge investigations. With toxicology so much a moving target,
and the process of paper publication still a lengthy process, it is not possible to create a book which is absolutely
exhaustive or up-to-the-second in currency. Nonetheless, we hope it is comprehensive in a practical sense and as
timely as possible, and that the gaps are few and far between. The online version, on the other hand, will be the
best place to look, between editions, for late breaking developments. We hope you will find this third edition
useful.

Philip Wexler
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PREFACE TO THE SECOND EDITION

Time passes, but the need for toxicological understanding persists. As much as we might wish for the end of
poverty, ignorance, hunger, and exposure to hazardous chemicals, and as much as we work toward these goals,
the challenges are formidable, and the end is not in sight. Chemicals and finished products made from
chemicals continue to play an ever-present part in our lives. Although it is not evident that the benefits of
chemicals always outweigh their risks, there is little doubt that a wide spectrum of chemicals and drugs has
enhanced both the duration and quality of our lives. That said, certain of them, in certain situations, are clearly
harmful to certain people. Among the fruits of toxicologists’ labors is information on how best to eliminate,
reduce, or prevent such harm.

The discipline of toxicology has made considerable strides in the 7 years since the first edition of this
encyclopedia was published. The understanding of molecular toxicology continues to advance rapidly. Indeed,
it is often much easier to generate the data than to find the time to adequately evaluate it. Genomic, proteomic,
and other ‘omic’ technologies are helping us unravel the complex connection between exposure to environ-
mental chemicals and susceptibility to disease. The US National Center for Toxicogenomics, dedicated to
research on informatics and computational toxicology, was established in 2000. As a result of this and other
research, much more sophisticated approaches are now available for ascertaining chemical safety, and inves-
tigating structure–activity relationships. In addition, analytical instrumentation has becomemore highly refined
and sensitive, making it easier to detect and quantitate even smaller amounts of contaminants in biological
systems and the environment.

With greater consumer (especially Western) acceptance of complementary and alternative medicine, more
people than ever before are being exposed to a vast array of herbal and other plant-based medicinal products.
Although toxicologists have always recognized that ‘natural’ does not necessarily equate with ‘safe’, not much
has been done to assess the hazards of herbal supplements and their interactions with other chemicals. This is
beginning to change.

Chemical, biological, and nuclear warfare have always been subjects of interest, sometimes as practical
matters, and more often as academic ones. In the light of the events of September 11, 2001, there has been an
increased urgency in learning more about nonconventional warfare and its agents, how they operate, and how
to protect ourselves from their effects. Toxicology has found itself broadening its scope to deal with this
resurgent type of weaponry.

The scope of what constitutes hazards waste, an ever-present downside of the benefits we derive from the
manufacture, processing, and use of chemicals and their products, continues to expand as technology moves
forward. In the US two million tons of electronic products, including 50 million computers and 130 million
cellphones, are disposed of every year. According to the International Association of Electronic Recylers, this
number will more than triple by 2010. With such quantities in landfills and rivers, there are bound to be
consequences for our air and water. Potential toxicants include lead, cadmium, and beryllium.

Alternatives to animal studies no longer represent a toxicological sideline. While whole animal testing is
unlikely to disappear soon, if ever, other methods of determining hazard and safety are increasingly being
embraced by the toxicology community and becoming part of mainstream chemical evaluations. In vitro
approaches (e.g., using cell culture or skin irritation potential) and in silico approaches (i.e., using computer
programs to estimate toxic properties based on existing data for similar chemicals with or without supplemental
chemical and physical property data) are both generating increasing amounts of toxicity information.

The marketplace is seeing an increase in products utilizing nanotechnologies, and nanotechnology research
and development is on the upswing. The United States has had an official National Nanotechnology Initiative
lxxiii
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since 2001. A start has also been made by federal agencies and universities in assessing the environmental and
health effects of nanomaterials.

Greater insight into chemical exposures, both actual and anticipated, is helping to develop a more focused
picture of the risks these exposures present to humans and the environment. Growing cooperation between
toxicologists and exposure assessors is proving vital to strengthening the scientific basis of risk assessment, thus
giving risk assessors and managers more credible tools to address the control of chemical hazards.

At the global level, there have been important strides in the control and management of chemicals. The
10-year follow-up to the Rio Earth Summit, the World Summit on Sustainable Development, was held in 2002
in Johannesburg, South Africa. Among the targets it set was to use and produce chemicals by 2020 in ways that
do not lead to significant adverse effects on human health and the environment.

The Stockholm Convention to protect human health and the environment from persistent organic pollutants
(POPs) became binding on May 17, 2004. POPs tend to be toxic, persistent, accumulative, and capable of
traveling long distances in the environment. This Convention seeks to eliminate or restrict the production and
use of such chemicals. The Kyoto Protocol, designed to decrease greenhouse gas emissions, has now become an
international law, despite the resistance of several countries.

The United States hosts a vibrant and growing community of toxicology professionals who perform inno-
vative toxicological research, and scientists in other countries are making their presence felt equally. Global
information sharing and collaborations among these investigators are growing, facilitated by the increased
accessibility of the Internet and its enhanced technologies. Significant work is proceeding under the auspices of
multinational bodies such as Organisation for Economic Co-operation and Development, the European
Commission, and the International Program on Chemical Safety.

Efforts to harmonize and link data and information on toxic chemicals throughout the world have been
multiplying. The Globally Harmonized System (GHS) of classification and labeling of chemicals has been
adopted and is ready for implementation. This will provide a consistent and coherent approach to identifying
hazardous chemicals, as well as provide information on such hazards and protective measures to exposed
populations. Meanwhile in the European Union, a regulatory framework known as REACH (Registration,
Evaluation and Authorization of Chemicals) has been proposed for the registration of chemical substances
manufactured or imported in quantities greater than one ton per year.

Last, but not least, the role that poisons played in personal and political intrigues and vendettas, although it
may have peaked with Borgias, by no means ended there. A case in point was the 2004 presidential elections in
Ukraine. After a bitterly contested battle for the presidency of Ukraine, Viktor Yushchenko emerged victorious
and was inaugurated in January 2005, a happy day for democracy, but with a toxic twist. Yushchenko, according
to physicians, suffered severe facial disfigurement (chloracne) and other ailments by being poisoned with large
dose of dioxins, allegedly mixed in some soup he consumed. Fortunately he is recovering gradually. Although
the full story has not yet emerged, political motivations are suspected.

This second edition has grown from 749 entries submitted by 200 authors to 1057 entries contributed by 392
authors. Virtually all the entries from the first edition have been updated and in some cases entirely new versions
of these entries have been written. Among the 308 topics appearing for the first time in this edition are avian
ecotoxicology, benchmark dose, biocides, computational toxicology, cancer potency factors, metabonomics,
chemical accidents, Monte Carlo analysis, nonlethal chemical weapons, invertebrate ecotoxicology, drugs of
abuse, cancer chemotherapeutic agents, and consumer products. Many entries devoted to specific chemicals are
also brand new to this edition and the international scope of organizations included has been broadened.
Entries describing a number of well-known toxin-related incidents, e.g., Love Canal, Times Beach, Chernobyl,
and Three-Mile Island, have been added. In addition to the scientific-based entries, others focus on the societal
implications of toxicological knowledge. Among them are Toxicology in Culture, Environmental Crimes,
Notorious Poisoners and Poisoning Cases Chemical and Biological Warfare in Ancient Times, and a History of
the US Environmental Movement. Thus, this new edition has been expanded in length, breadth, and depth and
provides an extensive overview of the many facets of toxicology.

Philip Wexler
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There are many fine general and specialized monographs on toxicology, most of which are addressed to toxi-
cologists and students in the field and a few to laypeople. This encyclopedia of toxicology does not presume to
replace any of them but rather is intended to fulfill the toxicology information needs of new audiences by taking
a different organizational approach and assuming a middle ground in the level of presentation by borrowing
elements of both primer and treatise.

The encyclopedia is broad-ranging in scope, although it does not aspire to be exhaustive. The idea was to
look at basic, critical, and controversial elements in toxicology, which are those elements that are essential to
an understanding of the subject’s scientific underpinnings and societal ramifications. As such, the encyclo-
pedia had to cover not only key concepts, such as dose response, mechanism of action, testing procedures,
endpoint responses, and target sites, but also individual chemicals and classes of chemicals. Despite the strong
chemical emphasis of the book, we had to look at concepts such as radiation and noise, and beyond the
emphasis on the science of toxicology, we had to look at history, laws, regulation, education, organizations,
and databases. The encyclopedia also needed to consider environmental and ecological toxicology to some-
what counterbalance the acknowledged emphasis on laboratory animals and humans because, in the end, all
our connections run deep.

In terms of the chemicals, we the editors of this bookmade a personal selection based on our own knowledge
of those with relatively high toxicity, exposure, production, controversy, newsworthiness, or other interest. The
chemicals do not represent a merger of regulatory lists or databases of chemicals; they are what we consider to
be, for one reason or another, chemicals of concern to toxicology. The book was not intended as a large-scale
compendium of toxic chemicals, several of which already exist.

In the tradition of many standard encyclopedias, scientific and otherwise, the encyclopedia is organized
entirely alphabetically. Other than in a few useful but smaller scale dictionaries, this style of arrangement
has not been done before for toxicology. This organization, along with a detailed index and extensive cross-
references, should help the reader quickly arrive at the needed information.

Next, although this book should be of use to the practicing toxicologist, it is geared more to others who, in
the course of their work, study, or for general interest, need to know about toxicology. This would include the
scientific community in general, physicians, legal and regulatory professionals, and laypeople with some
scientific background. Toxicologists needing to brush up on or get a quick review of a subject other than their
own specialty would also benefit from it, but toxicologists seeking an in-depth treatment should instead consult
a specialized monograph or journal literature.

The encyclopedia is meant to give relatively succinct overviews of sometimes very complex subjects. Formal
references and footnotes were dispensed with because these seemed less relevant to the encyclopedia’s goals
than a simple list of recommended readings designed to lead the reader to more detailed information on
a particular subject entry. The entry on Information Resources leads readers to print and electronic sources of
information in toxicology.

First and foremost, thanks go to the Associate Editors and contributors, whose efforts are here in print. Yale
Altman and Linda Marshall, earlier Acquisitions Editors for the books, were of great assistance in getting the
project off the ground. Tari Paschall, the current Acquisitions Editor, and Monique Larson, Senior Production
Editor, both of Academic Press, have with great expertise and efficiency brought it to fruition. Organization and
formatting of the original entry manuscripts were handled with skill, patience, and poise by Mary Hall with the
help of Christen Bosh and Jennifer Brewster.
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My work on the Encyclopedia of Toxicology was undertaken as a private citizen, not as a government
employee. The views expressed are strictly my own. No official support or endorsement by the US
National Library of Medicine or any other agency of the US Federal Government was provided or should be
inferred.

Philip Wexler
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HOW TO USE THE ENCYCLOPEDIA
The chemical substances covered in the Encyclopedia
represent a highly selective and personal list of those
which the editors felt were most noteworthy. Clearly,
with around 1000 chemical entries, there was no
attempt to approach the 70 million or so unique
organic and inorganic chemicals, or even the more
than 80,000 chemicals in commerce (the vast
majority of which, incidentally, are absolutely barren
of toxicity data).
A Note about the format of Entries
Except for chemical substances, the format of entries
tends to be free form narrative. Chemical substance
entries, on the other hand, follow a loose template
including headers such as molecular formula, uses,
environmental fate and behavior, toxicokinetics,
chronic toxicity, etc. Depending upon the type of
chemical, e.g. industrial, pharmaceutical, etc. not
every header is relevant. Primary consideration, thus,
has been given to organizing the entry in a way that
makes sense for the agent in question and the avail-
able information on it, rather than adhering tightly to
an arbitrary format.

The Encyclopedia of Toxicology is a comprehensive
and authoritative study encompassing 1160 articles
on various aspects of this subject, contained in four
volumes. Each article provides a focused description
of the given topic, intended to inform a broad range
of readers, ranging from students, to research
professionals, and interested others.

All articles in the encyclopedia are arranged
alphabetically as a series of entries.

1. Contents
Your first point of reference will likely be the
contents. The complete contents list appears at the
front of each volume providing volume and page
numbers of the entry. We also display the article title
in the running headers on each page so you are able
to identify your location and browse the work in this
manner.

You will find “dummy entries” where obvious
synonyms exist for entries or for where we have
grouped together similar topics. Dummy entries
appear in the contents and in the body of the ency-
clopedia. For example:
Acrylates see Acrylic Acid, Ethyl Acrylate; Methyl Acrylate

2. Cross-references
The majority of articles within the encyclopedia have
an extensive list of cross-references which appear at
the end of each article, for example:

DECANE
See also : Heptane; Hexane; Octane; Pentane; Petroleum
Distillates; Propane.

3. Index
The index provides the volume and page number for
where the material is located, and the index entries
differentiate between material that is a whole article;
is part of an article, part of a table, or in a figure.

4. Contributors
A full list of contributors appears at the beginning of
each volume.

5. Glossary and Appendix
The Encyclopedia of Toxicology contains an extensive list
of terms (glossary) used in toxicology, drawn from
works produced by the International Union of Pure
and Applied Chemistry. The appendix provides
information about a selection of online chemical
compendia.
cix
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Introduction

The US Department of Energy (DOE) is primarily a national
security agency, with all of its missions related to its coremission
to support national security. The DOE is responsible for energy
security, maintaining the safety, security, and reliability of the
nuclear weapons stockpile, cleaning up the environment from
past practices during the Cold War, and advancing science and
technology. The DOE has been in existence for approximately
25 years, operates 24 research laboratories and facilities, and
manages the environmental cleanup related to nuclear defense
activities conducted over the last 50 years. The DOE has an
annual budget of approximately $26 billion and employs about
16 000 federal and 100 000 contractor employees.
History

The founding of the DOE can be traced to the Manhattan
Project and the race to develop the atomic bomb during World
War II. Following the war, there was much debate in Congress
regarding whether control of the atom should be under civilian
or military control. The Atomic Energy Act of 1946 settled the
debate by creating the Atomic Energy Commission, which took
over the Manhattan Project’s extensive scientific and industrial
complex.

The Atomic Energy Commission was specifically established
to maintain civilian government control over the field of
atomic research and development. During the early Cold War
years, the commission focused on designing and producing
nuclear weapons and developing nuclear reactors for naval
propulsion. The Atomic Energy Act of 1954 ended exclusive
government use of the atom and began the growth of the
commercial nuclear power industry, giving the Atomic Energy
Commission authority to regulate the new industry.

In the 1970s, the Atomic Energy Commission was abol-
ished and the Energy Reorganization Act of 1974 created two
new agencies: the Nuclear Regulatory Commission to regulate
the nuclear power industry and the Energy Research and
Development Administration to manage the nuclear weapon,
naval reactor, and energy development programs. As a result of
the prolonged energy crisis of the 1970s, the Department of
Energy Organization Act joined the federal government’s
agencies and programs into a single agency, the DOE. Estab-
lished on 1 October 1977, the DOE assumed the responsibil-
ities of the Federal Energy Administration, the Energy Research
and Development Administration, and parts and programs
from several other agencies.
Mission

Over its 35-year history, the DOE has changed its emphasis and
focus as the needs of the United States have changed. During
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the late 1970s, the DOE emphasized energy development and
regulation. In the 1980s, nuclear weapons research, develop-
ment, and production took a priority. Since the end of the
Cold War, the DOE has focused on environmental cleanup of
the nuclear weapons complex, nuclear nonproliferation and
nuclear weapons stewardship, reliable energy supplies and
delivery, energy efficiency and conservation, and technology
transfer. The current mission of the DOE is to ensure America’s
security and prosperity by addressing its energy, environ-
mental, and nuclear challenges through transformative science
and technology solutions.

The DOE in 2011 created a Strategic Plan that was organized
into four strategic goals:

1. Catalyze the timely, material, and efficient transformation
of the nation’s energy system and secure US leadership in
clean energy technologies,

2. Maintain a vibrant US effort in science and engineering as
a cornerstone of our economic prosperity with clear lead-
ership in strategic areas,

3. Enhance nuclear security through defense, nonproliferation,
and environmental efforts,

4. Establish an operational and adaptable framework that
combines the best wisdom of all department stakeholders
to maximize mission success.
Organization

The DOE is under the direction of the Secretary of Energy, who
is appointed by the President of the United States. A Deputy
Secretary of Energy is also appointed by the President, along
with three Under Secretaries to oversee the areas of Energy,
Science and Nuclear Security, with a variety of offices and
administrations to carry out DOE activities. Of particular
interest to toxicologists are the Office of Environmental
Management, managed by the Under Secretary of Energy for
Nuclear Security, and the Office of Science, managed by the
Under Secretary for Science.
Environmental Cleanup: The Office of Environmental
Management

The DOE has the responsibility, as the largest environmental
cleanup program in the world, with cleaning up 107 sites across
the United States. As of September 2012, cleanup was
completed in 90 of these sites, with 17 sites still active in 12
states. The cleanup efforts involve containment of radioactive
waste and remediation of the sites. One of the best examples of
these remediation efforts is Rocky Flats in Colorado, which
was a uranium processing and weapon creation site starting
in 1953 until weapons production stopped in 1992. Numerous
instances of environmental contamination occurred at the
site, coupled with site mismanagement and allegations of
4-3.00207-4 1
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governmental cover-ups. Following legal action, environ-
mental restoration and remediation began and in 1994 the site
was officially renamed the Rocky Flats Environmental Tech-
nology Site to reflect the new mission of the site. The Rocky
Flats National Wildlife Refuge Act of 2001 allowed the trans-
formation of the site into a wildlife refuge, which with the
completion of cleanup activities in 2005 allowed the creation
of the Rocky Flats National Wildlife Refuge on about 4000
acres in 2007.
Office of Science

The Office of Science within the DOE manages fundamental
research programs in basic energy sciences, biological and
environmental sciences, and computational science. The office
is the predominant US federal government sponsor for research
in the physical sciences, including physics, chemistry, computer
science, applied mathematics, materials science, nanoscience,
and engineering, as well as systems biology and environmental
sciences. In addition, the Office of Science supports important
parts of US research in climate change, geophysics, genomics,
life sciences, and science education. It is the single largest
supporter of basic research in the physical sciences in the
United States.

The Office of Science manages research through six inter-
disciplinary program offices: Advanced Scientific Computing
Research, Basic Energy Sciences, Biological and Environmental
Research, Fusion Energy Sciences, High Energy Physics, and
Nuclear Physics.

The Office of Science also manages the 10 laboratories
within the national laboratory system that was created over half
a century ago. Five of the laboratories are multiprogram facil-
ities: Argonne National Laboratory, Brookhaven National
Laboratory, Lawrence Berkeley National Laboratory, Oak Ridge
National Laboratory, and Pacific Northwest National Labora-
tory. The other five laboratories are single-program national
laboratories: Ames Laboratory, Fermi National Accelerator
Laboratory, Thomas Jefferson National Accelerator Facility,
Princeton Plasma Physics Laboratory, and the Stanford Linear
Accelerator Center.

The Office of Science funds research and development
projects conducted at the following national laboratories that
are overseen by other DOE offices: Idaho Engineering and
Environmental Laboratory (DOE’s Office of Nuclear Energy,
Science and Technology), Lawrence Livermore National Labo-
ratory (DOE’s National Nuclear Security Administration), Los
Alamos National Laboratory (DOE’s National Nuclear Security
Administration), National Energy Technology Laboratory
(DOE’s Office of Fossil Energy), National Renewable Energy
Laboratory (DOE’s Office of Energy Efficiency and Renewable
Energy), and Sandia National Laboratory (DOE’s National
Nuclear Security Administration).

The Office of Biological and Environmental Research (BER)
within the Office of Science is involved in developing envi-
ronmental and biomedical knowledge that is needed to iden-
tify, understand, anticipate, and mitigate the long-term health
and environmental consequences of energy production,
development, and use. As the founder of the Human Genome
Project in 1986, BER continues to play a major role in
biotechnology research and also invests in basic research on
global climate change and environmental remediation. As
noted in the DOE Strategic Plan for the Office of Biological and
Environmental Research, “the Genomic Science program is
central to realizing DOE’s mission goals in bioenergy research,
carbon management and environmental stewardship.”

The BER program has a Biological Systems Science Division
and a Climate and Environmental Sciences Division. BER funds
research at public and private research institutions and at the
DOE laboratories. BER also supports research facilities used by
public and private sector scientists across a range of disciplines,
including structural biology, DNA sequencing, functional
genomics, climate science, the global carbon cycle, and envi-
ronmental molecular science.

BER goals have been divided into near term (1–3 years),
midterm(4–6 years), and long term (7–10 years). These goals are
as follows:

l Near term: development of new tools, technology, and
models to study biological systems and processes; and
integrate research and training for biologists and physical
scientists.

l Midterm: test validate, prototype, and scale next genera-
tion tools, technologies, and models for use in studying
simple and complex systems; and enhance research
and cross-training programs for biological and physical
scientists.

l Long term: enabling tools/technologies for biology to be
fully integrated into the BER biological research portfolio.

The Biological Systems Science Division is further broken
down into the areas of Foundational and Analytical Genomic
Science, Computational Biosciences, Joint Genome Institute,
Radiochemistry and Imaging, Structural Biology Infrastructure,
Bioenergy Research Centers, Radiobiology Research, Metabolic
Synthesis and Conversion, and Human Subjects. The division
also supports Small Business Innovation Research (SBIR) and
Small Business Technology Transfer (STTR) grants in areas of
interest, including renewable biofuels. This division conducts
research to understand how biological systems work, interact
with each other, and can be manipulated to use their processes
and products. Scientific and technical developments along with
fundamental genomic research are combined into predictive
models of biological function of interest in helping to solve
DOE mission objectives in the areas of bioenergy, carbon
cycling, and biogeochemistry.

The Climate and Environmental Sciences Division is further
broken down into Atmospheric System Research, Earth System
Modeling, Regional Climate Modeling, Integrated Assessment,
Subsurface Biogeochemical Research, Atmospheric Radiation
Measurement Infrastructure, the Environmental Molecular
Sciences Laboratory, Terrestrial Ecosystem Science, Climate
Information and Data Management, BER General Plant
Projects and General Project Equipment, and support for SBIR
and STTR grants. This Division supports research on atmo-
spheric processes; terrestrial ecosystem processes; subsurface
biogeochemical processes involved in nutrient cycling, radio-
nuclide fate and transport, and water cycling; climate change
and environmental modeling; and analysis of impacts and
interdependencies of climatic change with energy production
and use. BER has taken a leadership role to advance an
understanding of the physics and dynamics governing
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clouds, aerosols, and atmospheric greenhouse gases, as these
represent the more significant weaknesses of climate prediction
systems. BER also supports multidisciplinary climate and
environmental change research to advance experimental and
modeling capabilities necessary to describe the role of the
individual (terrestrial, cryospheric, oceanic, and atmospheric)
component and system tipping points that may drive sudden
change. In tight coordination with its research agenda, BER
supports two major national user facilities, that is, the ARM
Climate Research Facility and Environmental Molecular
Sciences Laboratory, and significant investments are provided
to community data base and model diagnostic systems to
support research efforts. The division research programs aim to
create a predictive understanding of climate change, ecosystem
responses to climate change, and the fate and transport of
contaminants in the subsurface.
Contact Details

US Department of Energy, 1000 Independence Ave., SW
Washington, DC 20585, USA. Tel.: þ1-202-586-5575.
See also: Toxicology in the Us Department of Defense (DoD);
Environmental Exposure Assessment; Environmental Risk
Assessment, Terrestrial; How Toxicology Impacts Other
Sciences; Plutonium; Terrestrial Microcosms and Multispecies
Soil Systems; Uranium.

Relevant Websites

http://www.ornl.gov/sci/ees/gsd/gmis/ – Oak Ridge National Laboratory.
http://www.csrees.usda.gov/nea/technology/pdfs/11_off_sci.pdf – US Department of

Agriculture’s Cooperative State Research, Education, and Extension Service.
http://www.doe.gov – US Department of Energy.
http://science.energy.gov – US Department of Energy.

http://www.ornl.gov/sci/ees/gsd/gmis/
http://www.csrees.usda.gov/nea/technology/pdfs/11_off_sci.pdf
http://www.doe.gov
http://science.energy.gov
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Annex I of the European Union’s Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH; EC, 1907/
2006) regulation sets out how manufacturers and importers are
to assess and document that the risks arising from the substances
they manufacture or import are adequately controlled during
manufacture and their own uses and that others further down
the supply chain (i.e., downstream users) can adequately control
the risks. Annex I states that one objective of the human health
hazard assessment (which is one component of the chemical
safety assessment (CSA)) is “. to derive levels of exposure to
the substance above which humans should not be exposed. This
level of exposure is known as the Derived no-effect level
(DNEL)” (seeDerived No-Effect Level (DNEL)). Annex I (section
1.4.2) goes on to state that “if it is not possible to identify (i.e.,
derive) a DNEL, then this shall be clearly stated and fully
justified.”

DNELs may not be able to be derived for substances for
a number of valid reasons such as lack of available/appropriate
health hazard data for the substance, or that the substance is
a mutagen or carcinogen that acts via a ‘nonthreshold mode of
action.’ Regarding the latter instance, REACH Annex I states in
section 6.5 that “for those human effects. for which it was not
possible to determine a DNEL., a qualitative assessment of
the likelihood that effects are avoided when implementing the
exposure scenario shall be carried out.” Under the qualitative
(human health) assessment approach for nonthreshold muta-
gens and carcinogens, a semiquantitative approach may be
included whereby a derived minimal effect level (DMEL) is
developed, assuming that there are data allowing it.

A DMEL is a reference risk level that is considered to be of
very low concern. DMELs are generally expressed as external
dose/concentration values such as mgm�3 (for inhalation) and
mg kg�1-body weight (for dermal and oral exposure). Exposure
levels below a DMEL are judged to be of very low concern.
A DMEL derived in accordance with European Chemicals
Agency (ECHA) Guidance (2012) should be seen as a ‘toler-
able’ level of effects but not a level where no potential effects
can be foreseen. Although there is no European Union legis-
lation setting the ‘tolerable’ risk level for carcinogens, cancer
risk levels have been set and used in different contexts (both
applied within and outside the European Union). Based on
these observations, ECHA Guidance (2012) states that cancer
risk levels of 10�5 and 10�6 could be seen as indicative toler-
able risks levels when setting DMELs for workers and the
general population, respectively.

DMELs, as with DNELs, are derived as part of the human
health hazard assessment process of the CSA. For the deriva-
tion of DMELs, all available health hazard data for the
substance need to be reviewed and critically evaluated. As per
ECHA Guidance (2012), health hazard data that support the
derivation of DMELs may come from various sources,
including human studies (e.g., epidemiological studies),
experimental animal studies, read-across (analog or category
approach), and the use of the principle of the threshold of
toxicological concern. Based on the available, relevant health
4 Encyclopedia of T
hazard data, DMELs are derived for human exposure patterns
previously determined to be associated with an exposure
scenario for the mutagenic/carcinogenic substance. As per
ECHA Guidance (2012), human exposure patterns consist of
four elements:

1. The Exposed Population: Workers and/or the general pop-
ulation (includes consumers, persons liable to exposure via
the environment, and certain vulnerable subpopulations
such as children and pregnant women);

2. The Route of Exposure: Inhalation, dermal, and oral (inges-
tion) (in addition, if appropriate, combined routes of
exposure also may need to be addressed);

3. The Duration of Exposure: Acute (a single exposure or expo-
sure lasting from minutes to a few hours) and long term
(repeated, and in some cases, continuous exposure over
months to years); and

4. Effect: Local (effects observed at the site of first contact, even if
the substance is systemically available) and systemic (effects
observed at a site distant from the site of first contact – i.e.,
the substance is absorbed and becomes systemically
available).

The various combinations of these four elements could lead
to a number of human exposure pattern-specific DMELs. Some
examples of commonly encountered human exposure patterns
that would require the derivation of DMELs include Worker/
Inhalation/Long-Term/Systemic Health Effect (e.g., cancer);
Worker/Dermal/Long-Term/Systemic Health Effect (e.g.,
cancer); General Population/Oral/Long-Term/Systemic Health
Effect (e.g., cancer); and General Population/Inhalation/Long-
Term/Systemic Health Effect (e.g., cancer).

Current ECHA Guidance (2012) outlines a four-step process
for deriving DMELs from results of studies in experimental
animals. (Note: ECHA describes a nine-step/phase approach for
DMEL derivation using human data. This will not be outlined
here since it is still more common to use data from experimental
animals.) These steps are as follows: (1) Gather typical dose
descriptors from the available and relevant studies (i.e., human
epidemiological studies, experimental animal studies, etc.) for
the endpoint; (2) Decide on the mode of action (threshold or
nonthreshold); (3) Derive DMELs for the nonthreshold health
endpoints; and (4) Select the leading health effect and the cor-
responding DNEL or DMEL (used in the risk characterization
process of the CSA). Each of these four steps is described in the
following:

1. Gather typical dose descriptors. In REACH, the term ‘dose
descriptor’ designates the exposure level (dose or
concentration) that corresponds to a quantified level of
risk of a health effect in a study. Examples of common
toxicological values used as dose descriptor starting
points for the derivation of DMELs include relative risk
and odds ratio from human epidemiological studies and
the BMD/BMDL10 or BMCL10 from experimental animal
studies.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00549-2
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2. Decide on the mode of action (MOA). DMELs are derived for
substances that exert their effects (e.g., cancer) via a non-
threshold MOA.

3. Derive DMELs for nonthreshold health endpoints. There are two
semiquantitative approaches for DMEL derivation outlined
in ECHA Guidance (2012): The ‘Linearised’ approach and
the ‘Large Assessment Factor’ approach.

The ‘Linearised’ approach gives a DMEL that represents an
exposure level where the likelihood that effects, as assessed by
excess lifetime cancer risk, are avoided is appropriately high
and are, thus, considered to be of ‘very low concern.’ The T25
(i.e., the chronic daily dose in milligram per kilogram body
weight that will give 25% of the animal’s tumors at a specific
tissue site, after correction for spontaneous incidence, within
the standard life span of that species) is the preferred default
starting point; however, the BMD10 (i.e., the benchmark dose
associated with a 10% response adjusted for background) can
also be used under certain circumstances. In some cases, the
identified dose descriptors may need to be modified to the
correct ‘starting point.’ In brief, the need for the correction of
the study dose descriptors applies to situations where: (1)
There is a difference in the bioavailability of the substance
between experimental animals and humans, for the same route
of exposure at the relevant level of exposure; (2) Route-to-route
extrapolation is needed (i.e., for a given human exposure route,
there is not a dose descriptor for the same route in the selected
human or experimental animal studies); (3) The exposure
conditions for experimental animals in the study differ from
that of the target human population. For example, if experi-
mental animals inhaled the substance for 6 h day�1 and the
target population is workers who are assumed to be exposed for
8 h day�1, the selected study dose descriptor would be cor-
rected by multiplying by 6 h/8 h; (4) There is a need to correct
for respiratory differences between a worker at rest during an
8 h exposure (¼ 6.7 m3) and that for a worker during 8 h of
light activity (¼ 10m3) (in this case, the dose descriptor would
be corrected by multiplying by 6.7/10); and (5) Differences
exist between occupational and lifetime conditions of expo-
sure. For nonthreshold carcinogens, ECHA Guidance (2012)
states that lifetime risks for consumers and persons exposed
indirectly via the environment are associated with exposure
24 h day�1, 7 days week�1 for 75 years, which is considered to
be equivalent to lifetime exposure (1.5–2 years) in experi-
mental animal studies. However, for workers, ECHA Guidance
(2012) states that exposure time is 8 h day�1, 5 days week�1,
and 48 weeks year�1 for 40 years. Therefore, default correction
factors of 2.8 and 1.5 are used to modify lifetime oral and
inhalation animal carcinogenesis data, respectively.

Following correction of the dose descriptor, application of
assessment factors (AFs) is done, as necessary. AFs are numer-
ical values used to address the differences (uncertainties) in the
extrapolation of experimental (animal or human) data to the
relevant human exposure situation (i.e., the identified human
exposure patterns). However, in many cases, the data needed to
derive these substance-specific AFs are not available, so default
AFs are most often used in this step. ECHA Guidance (2012)
has identified the following four areas of differences/uncer-
tainties that need to be addressed as part of the DMEL deriva-
tion process via the ‘Linearised’ approach: (1) Interspecies
Differences: If no substance-specific data are available, the
ECHA default AF consists of a correction for differences in
metabolic rate (i.e., allometric scaling (AS) based on body
weight). For example, the AS used when starting with rat data is
4 and for mouse data it is 7. If human data are used as the
starting point, there is no need for this AF (i.e., AF for inter-
species differences¼ 1); (2) Intraspecies (Intraindividual)
Differences: ECHA recommends a default AF¼ 1 for both the
general and worker populations; (3) Duration of Exposure
Differences: The recommended ECHA default¼ 1 since life-
time exposure data are used as the starting point for DMEL
derivation; and (4) Quality of the Whole Database: An AF can
be applied, if justified, to compensate for the potential
remaining uncertainties in the derived DMEL. The selection of
an appropriate AF is highly dependent on the available data for
the substance (as well as data deficiencies/data gaps). The
ECHA default AF¼ 1. However, a larger AF can be applied on
a case-by-case basis, or when nontesting data are used, based
on professional judgment and experience when evaluating the
dataset.

The last step in the derivation of a DMEL (e.g., for non-
threshold carcinogens) using the ‘Linearised’ approach is to
apply a ‘high to low dose’ risk extrapolation factor (HtLF) to the
corrected dose descriptors to obtain the health endpoint-specific
DMELs for the relevant human exposure patterns. For workers at
an excess lifetime cancer risk¼ 10�5, the HtLF¼ 25 000 when
the starting dose descriptor is T25 and 10 000 when the starting
dose descriptor is BMD10. For the general population (including
consumers) at an excess lifetime cancer risk¼ 10�6, the
HtLF¼ 250 000 when the starting dose descriptor is T25 and
100 000 when the starting dose descriptor is BMD10. As an
example, for a worker at 10�5 excess lifetime cancer risk starting
with T25, the DMEL calculation would look like:

DMEL ¼ Corrected T25
AS� 25 000

The Large Assessment Factor approach results in DMELs
representing exposure levels where the likelihood that carci-
nogenic effects are avoided is appropriately high and, thus, of
low concern from a public health point of view. The BMDL10
(i.e., the corresponding lower limit of a one-sided 95% confi-
dence interval on the benchmark dose) is the preferred starting
point. As per ECHA Guidance (2012), the same dose-descriptor
modifications are to be applied, as necessary, as in the ‘Line-
arised’ approach. Following any modification of the dose
descriptor, AFs are applied to account for uncertainties/differ-
ences with respect to (1) Interspecies Differences: ECHA default
for systemic tumors¼ 10; (2) Intraspecies (Intraindividual)
Differences: ECHA recommends a default AF¼ 10 for the
general population and 5 for workers; (3) Nature of the
Carcinogenic Process (i.e., interindividual human variability in
cell cycle control and DNA repair): ECHA recommends
a default AF¼ 10; and (4) ‘Point of Comparison’ (i.e., the T25
and BMDL10 are not considered to be NOAELs): ECHA
recommends a default AF¼ 10. As an example, the DMEL
derivation for the general population (including consumers)
using this approach would look like:

DMEL ¼ Corrected BMDL10
10� 10� 10� 10
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DMELs are used in the semiquantitative risk characteriza-
tion step of the REACH CSA. The exposure of each human
population known to be, or likely to be, exposed to the
REACH-regulated chemicals is compared to the appropriate
DMEL. This comparison is termed the risk characterization
ratio (RCR):

RCR ¼ Exposure
DMEL

If exposure<DMEL, exposure is said to be controlled to
a risk level of low concern. If exposure>DMEL, risk is not
controlled.
See also: Chemical Safety Assessment and Reporting Tool
(Chesar), REACH; Derived No-Effect Level (DNEL); The
European Chemicals Agency; Predicted No Effect
Concentration (PNEC); Chemical Safety Assessment.
Further Reading

European Chemicals Agency, 2009. Guidance in a Nutshell: Chemical Safety
Assessment, Helsinki, Finland.

European Chemicals Agency, 2011. Guidance on Information Requirements and Chem-
icals Safety Assessment. Part B: Hazard Assessment, Helsinki, Finland. Version 2.1.

European Chemicals Agency, 2012a. Guidance on Information Requirements and
Chemicals Safety Assessment. Chapter R.8: Characterisation of Dose [Concen-
tration]–Response for Human Health, Helsinki, Finland. Version 2.1.

European Chemicals Agency, 2012b. Guidance on Information Requirements and
Chemicals Safety Assessment. Part E: Risk Characterisation, Helsinki, Finland.
Relevant Websites

http://echa.europa.eu/web/guest/publications – European Chemical Agency - Publications.
http://echa.europa.eu/documents/10162/13632/information_requirements_r8_en.

pdf – European Chemicals Agency Chapter R.8 – Primary ECHA guidance
document on DMEL derivation.

http://echa.europa.eu/ – European Chemicals Agency home page.
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Annex I of the European Union's REACH (Registration, Eval-
uation, Authorisation and Restriction of Chemicals; EC 1907/
2006) regulation sets out howmanufacturers and importers are
to assess and document that the risks arising from the
substance(s) they manufacture or import are adequately
controlled during manufacture and their own use(s) and that
others further down the supply chain (i.e., downstream users;
DU) can adequately control the risks. Annex I states that one
objective of the human health hazard assessment (which is one
component of the chemical safety assessment, or CSA) is “. to
derive levels of exposure to the substance above which humans
should not be exposed. This level of exposure is known as the
derived no-effect level (DNEL).” In subsequent European
Chemicals Agency (ECHA) REACH guidance, the DNEL has
been defined as “. the level of exposure above which humans
should not be exposed.”

The underlying assumption for DNELs is that they represent
an exposure level that is below ano-effect level. Therefore,DNELs
are established, based on the availability of relevant data, for
substances (i.e., chemicals andmixtures) that exhibit a threshold
dose–response relationship (i.e., substances described as having
a ‘threshold mode of action’). In a threshold dose–response
relationship, there are considered to be low doses/concentrations
of a substance that do not produce an observable/measurable
response (i.e., effect) in the exposedpopulation. A response is not
observed until the dose/concentration reaches a ‘threshold’; at
that threshold dose/concentration, and greater, one can detect an
observable/measurable response(s). For example, most noncar-
cinogens are assumed to follow a threshold dose–response
relationship. On the other hand, DNELs are not derived for
substances that exhibit a nonthreshold dose–response relation-
ship(i.e., substancesdescribedashavinga ‘nonthresholdmodeof
action’). Examples of these types of substances, as per REACH,
include mutagens and carcinogens (see Derived Minimal Effect
Level (DMEL)).

The derivationofDNELs is required as part of the REACHCSA
of substances manufactured/imported/used in quantities of
10 tons per year and greater. As already noted, DNELs are derived
aspartof thehumanhealthhazardassessmentprocessof theCSA.
For the derivation of DNELs, all available health hazard data for
the substance need tobe reviewed and critically evaluated.Health
hazarddata that support the derivationofDNELsmay come from
a variety of sources: human studies (epidemiological studies, case
reports, clinical studies, etc.), experimental animal studies (from
well-conducted acute, subacute, subchronic, and chronic general
toxicity studies and from ‘specialized’ toxicity testing such as for
dermal sensitization, neurotoxicity, and reproductive and devel-
opmental toxicity), in vitro studies, andnontesting sources suchas
quantitative structure-activity relationships (QSARs), and read-
across and chemical categories. The critical evaluation of this
health hazard information should focus on the identification of
each studys no observed adverse effect level (NOAEL), or other
relevant dose descriptor (see below), to be used as the basis for
DNEL derivation.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Based on the available, relevant health hazard data, DNELs
are derived for one (and oftenmore) human exposure pattern(s)
previously determined to be associated with an exposure
scenario for the substance. As per ECHA guidance, human
exposure patterns consist of four elements:

1. The Exposed Population: Workers and/or the general pop-
ulation (includes consumers, persons liable to exposure via
the environment, and certain vulnerable subpopulations
such as children and pregnant women);

2. The Route of Exposure: Inhalation, dermal, and oral (inges-
tion); in addition, if appropriate, combined routes of
exposure also may need to be addressed;

3. The Duration of Exposure: Acute (a single exposure or expo-
sure lasting from minutes to a few hours) and long term
(repeated, and in some cases, continuous exposure over
months to years); and

4. Effect: Local (effects observed at the site offirst contact, even if
the substance is systemically available) and systemic (effects
observed at a site(s) distant from the site of first contact –
i.e., the substance is absorbed and becomes systemically
available).

The various combinations of these four elements can lead to
a number of human exposure pattern-specific DNELs. While
DNELs for all possible combinations would rarely, if ever, be
needed, the following are considered to be some examples of
commonly encountered human exposure patterns that would
require the derivation of DNELs:

Worker/Inhalation/Long-Term/Systemic Health Effect;
Worker/Dermal/Long-Term/Systemic Health Effect;
Worker/Inhalation/Acute/Local Health Effect;
GeneralPopulation/Oral/Long-Term/SystemicHealthEffect; and
General Population/Inhalation/Long-Term/Systemic Health

Effect.

DNELs are generally expressed as external dose/concentra-
tion values. For systemic health effects, these units are mgm–3

(for inhalation) and mg kg–1 body weight (for dermal and oral
exposure) and for local health effects: mgm–3 (for inhalation)
and mg cm–2 skin or mg per person per day (for dermal expo-
sure). DNELs may also be expressed as internal biomarker values
for substances that have internal values (i.e., biomarkers) avail-
able which have been reliably associated with health effects.

DNELs are derived for both systemic and local adverse
health effects, depending on data availability. Current ECHA
Guidance (2012) outlines a four-step process for deriving
DNELs. These steps are as follows: (1) gather typical dose
descriptors from the available and relevant studies (i.e.,
human, experimental animal, etc.) on the different human
health endpoints; (2) decide on the mode of action (threshold
or nonthreshold); (3) derive DNELs for the threshold health
endpoints; and (4) select the leading health effect and the
corresponding DNEL (used in the risk characterization process
of the CSA). Each of these four steps is described as follows:
4-3.00550-9 7
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8 Derived No-Effect Level (DNEL)
1. Gather typical dose descriptors. In REACH, the term ‘dose
descriptor’ designates the exposure level (dose or concen-
tration) that corresponds to a quantified level of risk of
a health effect in a study. Examples of common toxicolog-
ical dose descriptors include NOAEL, no observed adverse
effect concentration (NOAEC), lowest observed adverse
effect level (LOAEL), lowest observed adverse effect con-
centration (LOAEC), BMCL10, BMDL10, EC3 (from the
mouse local lymph node assay, or LLNA), and relative risk
and odds ratio, the last two from human epidemiological
studies.

2. Decide on the mode of action (MOA). Does the substance exert
its adverse effect(s) by a threshold MOA or a nonthreshold
MOA? While ECHA Guidance (2012) provides a flowchart
to assist with this decision, it should be noted that this
question is not always easy to answer. If the substance is
NOT a nonthreshold mutagen or a nonthreshold carcin-
ogen, then the substance is assumed to exert its effect(s) by
a threshold MOA; if it is a nonthreshold mutagen or
a nonthreshold carcinogen, the substance is assumed to
exert its effect(s) either entirely or partly by a nonthreshold
MOA and a derived minimal effect level (DMEL) should be
derived.

3. Derive DNELs for the threshold health endpoints. This is a two-
step process. In the first step, the identified dose descriptors
for the health effect endpoint(s) are modified, when
necessary, to the correct ‘starting point.’ For example, in
some cases, it is necessary to convert the dose descriptor(s)
for the threshold effect into a correct starting point (i.e.,
need to correct the unit of exposure). After this correction,
the selected dose descriptor from the study is now referred
to as the ‘corrected’ dose descriptor. In brief, the need for the
correction of the study dose descriptor applies to situations
where the following applies: (1) There is a difference in the
bioavailability of the substance between experimental
animals and humans, for the same route of exposure at the
relevant level of exposure. (2) Route-to-route (RtR) extrap-
olation is needed for systemic adverse health effects (RtR is
not done for local health effects). (3) The exposure condi-
tions for experimental animals in the toxicity study differ
from that of the target human population. For example, if
experimental animals inhaled the substance for 6 h day�1

and the target population is workers who are assumed to be
exposed for 8 h day�1, the selected study dose descriptor
would be corrected by multiplying by 6 h per 8 h. (4) There
is a need to correct for respiratory differences between
a worker at rest during an 8 h exposure (¼6.7 m3) and that
for a worker during 8 h of light activity (¼10m3). In this
case, the dose descriptor would be corrected by multiplying
by 6.7/10.

In the second step of the DNEL derivation process, assess-
ment factors (AFs) are applied to the corrected dose descrip-
tor(s), when necessary, to obtain the health endpoint-specific
DNEL(s). AFs are numerical values used to address the differ-
ences (uncertainties) in the extrapolation of experimental
(animal or human) data to the relevant human exposure
situation (i.e., the identified human exposure patterns). Under
ideal circumstances, these differences are addressed using
substance-specific AFs derived from health hazard and/or
toxicokinetic information on the substance. However, in many
cases, the data needed to derive these substance-specific AFs are
not available, so default AFs are most often used in this step
(note: default AFs differ for systemic and local health effects –
please see ECHA, 2012 for specific details). ECHA Guidance
(2012) has identified the following five areas of differences/
uncertainties that need to be addressed as part of the DNEL
derivation process (ECHA defaults discussed below are used for
DNELs derived for systemic vs. local health effects):

1. Interspecies Differences: Data from studies in experimental
animals are most often used as a starting point for DNEL
derivation. Differences between responses observed in
experimental animals vs. humans due to chemical exposure
result from variation in the sensitivity of species due to
differences in toxicokinetics and toxicodynamics. If no
substance-specific data are available, the ECHA default AF
consists of a correction for differences in metabolic rate (i.e.,
allometric scaling based on body weight, or allometric
scaling (AS)) and then to apply an additional factor of 2.5 to
account for other interspecies differences. For example, the
AS used when starting with rat data is 4 and for mouse data
it is 7. Therefore, the total ECHA default AF used to correct
for interspecies differences¼ AS� 2.5. If human data are
used as the starting point, there is no need for this AF (i.e.,
AF for interspecies differences¼ 1).

2. Intraspecies (Intraindividual) Differences: Humans differ in
their sensitivity to chemical exposures due to many factors
such as genetic differences in absorption and metabolism,
age, gender, health status, and nutritional status. In order to
cover ‘sensitive’ subpopulations of the general population
who can vary significantly in these factors, ECHA recom-
mends a default AF¼ 10 for the general population. Since
the worker population generally does not have the very
young, the very old, or the very ill, ECHA recommends
a default AF¼ 5 for the worker population.

3. Duration of Exposure Differences: The AF accounts for differ-
ences in the duration of exposure in the experimental
animal study used and the duration of exposure for the
human population for which the DNEL is being derived.
The recommended ECHA defaults are as follows: from
subacute (28 days) to subchronic human exposure¼ 3;
from subacute to chronic human exposure¼ 6; and from
subchronic (90 days) to chronic human exposure¼ 2. No
AF (i.e. AF¼ 1) is needed to go from chronic animal study
duration to chronic human exposure.

4. Dose–Response Relationship: This AF is intended to account
for uncertainties in the selected (animal) dose descriptor as
a surrogate for the true human NOAEL and for the extrap-
olation to the NOAEL if the chosen dose descriptor is
a LOAEL. Because there are many considerations that go
into the selection of an appropriate AF, ECHA (2012) states
that it is difficult to provide exact guidance regarding the
magnitude of the default AF. However, if the LOAEL is used
as the dose descriptor, an AF¼ 3 is recommended in the vast
majority of cases to get to the NOAEL (preferred starting
point). No AF (i.e., AF¼ 1) is needed if the starting dose
descriptor is the study NOAEL.

5. Quality of the Whole Database: An AF can be applied, if
justified, to compensate for the potential remaining
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uncertainties in the derived DNEL. The selection of an
appropriate AF is highly dependent on the available data for
the substance (as well as data deficiencies/data gaps). The
ECHA default AF¼ 1; however, a larger AF can be applied
on a case-by-case basis based on professional judgment and
experience when evaluating the dataset.

The overall AF used in the derivation of DNELs is the product
of the AFs for each of these five areas: Overall AF¼ AF1�
AF2� AF3� AF4� AF5. The corrected dose descriptor and the
overall AF are used in the following way to derive each endpoint-
specific DNEL:

Endpoint � Specific DNEL ¼ “Corrected“ Dose Descriptor
Overall AF

Following the derivation of all endpoint-specific DNELs, the
leading health effect and the corresponding critical DNEL for
that effect should be selected for each relevant human exposure
pattern. The critical DNELs are generally the lowest DNEL
derived for each relevant human exposure pattern.

DNELs are used in the quantitative risk characterization step
of the REACH CSA. The exposure of each human population
known to be, or likely to be, exposed to the REACH-regulated
chemical is compared to the appropriate DNEL. This compar-
ison is termed the risk characterization ratio (RCR):

RCR ¼ Exposure
DNEL

Risk to the human population under consideration can be
shown to be controlled if the exposure is less than the DNEL
(i.e., RCR is <1). If exposure is greater than the DNEL (i.e.,
RCR> 1), the risk is not controlled.
See also: Chemical Safety Assessment and Reporting Tool
(Chesar), REACH; Derived Minimal Effect Level (DMEL); The
European Chemicals Agency; Predicted No Effect
Concentration (PNEC); Chemical Safety Assessment.
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Detergents are various surface-active agents (surfactants)
particularly effective in dislodging foreign matter from soiled
surfaces and retaining it in suspension. Soap, which is made
from fats or fatty acids, is a detergent. However, in common
usage the term ‘detergent’ applies to the synthetic nonsoap
substances, not to soap, and also to productsmade from synthetic
surfactants.

Surfactants and builders are the major components of
cleaning products, with the builders serving to enhance or
maintain the cleaning efficiency of the surfactants, primarily by
reducing the hardness in water. Other ingredients are added to
formulations to provide functions such as increasing cleaning
performance for specific soils/surfaces, ensuring product
stability, and supplying a unique identity to a product. Exam-
ples include foam stabilizers, optical brighteners or whiteners,
antiredeposition agents, bleaching agents (chlorine-releasing
agents) or bactericidal agents (mild concentrations of quater-
nary ammonium compounds), enzymes, fragrances, and dyes.
Water is likely to be the major component of a liquid version of
a detergent product.

Soaps and detergents are important for personal and public
health. The (US) Soap and Detergent Association has noted
that, through their ability to loosen and remove soil from
a surface, soaps and detergents can (1) contribute to good
personal hygiene, (2) reduce the presence of germs that cause
infectious diseases, and (3) extend the useful life of clothes,
tableware, linens, surfaces, and furnishings.

Soaps and detergents found in the home can be grouped
into four general categories: personal cleansing, laundry,
dishwashing, and household cleaning. The surfactants used
in detergents have been developed to perform well under
a variety of conditions and are less sensitive than soap to the
hardness minerals in water. Most surfactants will not form
a film. Detergent surfactants were developed in response to
a shortage of animal and vegetable fats and oils during World
War I and World War II. In addition, a substance that was able
to perform in hard water was desired to make cleaning more
effective. Petroleum was used for the manufacture of these
initial surfactants since it was widely available; however,
detergent surfactants are now made from a variety of
0 Encyclopedia of T
petrochemicals (derived from petroleum) and/or oleochem-
icals (derived from fats and oils).

Surfactants are usually classified by their ionic properties
in water. Anionic surfactants are used in laundry and hand
dishwashing detergents, household cleaners, and personal
cleansing products. Linear alkylbenzene sulfonate, alcohol
ethoxysulfates, alkyl sulfates, and soap are common anionic
surfactants. Nonionic surfactants are low sudsing and are
typically used in laundry and automatic dishwasher detergents
and rinse aids. The most widely used nonionic surfactants are
alcohol ethoxylates. Cationic surfactants are used in fabric
softeners and in fabric-softening laundry detergents. Other
cationics are the disinfecting/sanitizing ingredients used in
some household cleaners. Quaternary ammonium compounds
are the major cationic surfactants. Amphoteric surfactants are
used in personal cleansing and household cleaning products
for their mildness, sudsing, and stability. Imidazolines and
betaines are major amphoteric surfactants.

Even the different product types within a category of
detergents are formulated in different product forms and with
different ingredients selected to meet consumer desires for a
selection of product types, to perform a broad cleaning func-
tion, and to deliver properties specific to that product. For
example, laundry detergents and laundry aids are available as
liquids, powders, gels, sticks, sprays, pumps, sheets, and bars.
They have been formulated to meet a variety of soil and stain
removal, bleaching, fabric softening and conditioning, and
disinfectant needs under varying conditions of water, temper-
ature, and use. Further, the laundry detergents are either general
purpose or light duty, with general-purpose detergents being
suitable for all washable fabrics, and liquids working best on
oily soils, and for pretreating soils and stains. Light-duty
detergents are used for hand or machine washing lightly
soiled items and delicate fabrics.

Water alone will not remove oily, greasy soil on clothing
since the oil and grease repel the water molecules; however,
a surfactant’s hydrophobic end is attracted to the oil and the
hydrophilic end is attracted to the water molecules. These
opposing forces loosen the soil and suspend it in the water.
Warm or hot water helps dissolve grease and oil in soil. The
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00487-5
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agitation of the water and clothing in a washing machine, or
rubbing clothing with the hands or an implement helps to pull
the soil free from the clothing.

Exposure and risk assessors and the developers of consumer
products need to understand the reasonably foreseeable ways
that consumers will use the products. Even a task as simple as
dispensing a laundry detergent powder from its box into the
washing machine could be done in several different ways by
a consumer, resulting in different types and magnitudes of
potential exposures. For example, the laundry powder could be
poured from different heights above the washing machine,
directly into the washing machine from the box, from the box
into a measuring cup, etc. These and other possible differences
in just how the product is dispensed could lead to meaningful
differences in the types and magnitudes of inhalation and skin
exposures to the powder.

Further, exposure and risk assessors and the developers
of consumer products need to understand the reasonably
foreseeable ways that consumers will use a product in combi-
nation with other products. For example, laundry detergents
are often used in combination with other products that might
be useful for particular needs. For example, laundry aids
contribute to the effectiveness of laundry detergents and
provide special functions. Boosters enhance the soil and stain
removal, brightening, buffering, and water softening perfor-
mance of detergents and are used in the washing machine
in addition to the detergent. Enzyme presoaks are used for
soaking items before washing to remove difficult stains and
soils. Fabric softeners are added to the final rinse as a liquid or
to the clothes dryer on a nonwoven sheet. Prewash soil and
stain removers are used to pretreat heavily soiled and stained
garments. Starches, fabric finishes, and sizings are used in
the final rinse or after drying. Water softeners are added to
the wash or rinse to inactivate hard water minerals and
increase cleaning power since detergents are more effective in
soft water. Bleaches (chlorine and oxygen) are used to whiten
and brighten fabrics and help remove stubborn stains, and
liquid chlorine bleach (e.g., a sodium hypochlorite solution)
can disinfect and deodorize fabrics.

In addition to laundry products, detergents are used in
dishwashing products for hand and machine dishwashing.
They are available as liquids, gels, powders, and solids. Further,
many types of household cleaning products are available for
consumers because no single cleaning product can provide
optimum performance on all surfaces and soils. Thus, a broad
range of products has been formulated to clean efficiently and
easily, including liquids, gels, powders, solids, sheets, and pads
for use on painted, plastic, metal, porcelain, glass, and other
surfaces and on washable floor coverings.
Human Safety

Human safety evaluations begin with the specific ingredients,
and then move on to the whole product. The effects of all
ingredients are considered as the product is formulated.
Human safety-related data for a chemical used in a detergent
or soap product (or in another type of consumer product),
and for an entire formulation, can come from in silico data
(from computer programs that estimate toxic properties
based on data for similar chemicals and/or from the physical
and chemical properties of the chemical of interest), in vitro
data (from the results of ‘alternatives to animal’ tests, e.g.,
from cell cultures used to assess eye or skin irritation poten-
tial), animal (toxicological) studies (e.g., to assess eye or skin
irritation potential), and human data (examples are discussed
below).

The human data include premarketing (i.e., before a product
has begun to be sold to consumers) clinical and ‘controlled use’
studies of the entire formulation. Further, the human data
could include postmarketing (i.e., after a product has begun
to be sold to consumers) studies conducted by physicians or
dermatologists and epidemiological studies developed by
poison control centers, companies, academia, etc.

Examples of human testing that may be very useful in the
safety evaluation of detergents and other consumer products
include human clinical studies, e.g., patch tests to confirm the
absence of meaningful human skin irritation potential pre-
dicted from in vitro and any animal studies. Possible human
studies also include ‘controlled use’ studies, e.g., from studies
designed to assess the skin effects from wearing a type of fabric
laundered with a new detergent formula. Further, examina-
tions of the ‘real-world’ experiences consumers have had using
a product are very helpful in confirming the absence of
meaningful safety issues or could lead to changes in product
composition, labeling, package design, etc., if the risk assessor
judges that the data indicate a need to refine the product to
lower risks. As noted above, these real-world data can come
from human epidemiological studies and other studies
developed by poison control centers, companies, academia,
and others to look at the health effects associated with the
use of a consumer product under reasonably foreseeable
conditions.

Even though manufacturers formulate and package their
cleaning products to ensure that they are safe or have very low
risk, human health effects can still result from normal uses and
unintended exposures. To warn consumers about a specific
hazard, household cleaning products carry cautionary labeling
whenever necessary, e.g., CAUTION, WARNING, or DANGER,
along with first aid instructions. A laundry product label might
look like:

Caution. Eye irritant. Harmful if swallowed. KEEP OUT OF
REACH OF CHILDREN. If swallowed, give a glassful of water.
Call a physician. In case of eye contact, flush with water.

The manufacturer’s safety data and material safety data
sheet supporting this labeling might indicate the following:

Acute Health Effects
Inhalation: Transient irritation with prolonged exposure to

concentrated material.
Ingestion: May result in nausea, vomiting, and/or diarrhea.
Eye Contact: May cause stinging, tearing, itching, swelling,

and/or redness.
Skin: Prolonged contact with concentrated material may be

drying or transiently irritating to skin.

In addition, companies, marketing detergents, soaps, and
other products tend to work closely with poison control centers
to assure that, should an accidental exposure occur, treatment
information is available to health care providers and concerned
parents.
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While most laundry detergents are not strong enough to do
significant harm, some laundry products, automatic dish-
washing detergents, wall cleaners, drain or oven cleaners,
disinfectants, and ammonia can cause extensive injury. In
addition, extensive eye and skin exposure to some detergents
may also cause toxic effects. Further, product interactions
might occur. For example, the mixing of a toilet bowl cleaner
or any acid with a chlorine-type bleach may produce chlorine
gas, causing respiratory irritation with coughing, labored
breathing, and inflammation of the eyes and mucous
membranes, and the addition of ammonia to bleach produces
a toxic gas, chloramine. As the title of one risk communication
book states, ‘Read the label,’ especially if the product is a new
one for a consumer.
Occupational Safety

Occupational allergy and occupational asthma were safety
issues many years ago with the manufacture of detergents.
However, comprehensive preclinical, clinical, and industrial
hygiene programs have been developed to successfully control
allergy and asthma to enzymes used in the detergent industry.
The detergent industry has developed guidelines for the
safety assessment of enzymes, control of exposure to enzymes,
and medical surveillance of enzyme-exposed workers, and
occupational allergy and asthma to enzymes in the detergent
industry have become uncommon. The cases that have been
documented in some manufacturing sites have had poor
adherence to the guidelines. Those manufacturing sites that
have adhered to the guidelines have had few cases of allergy
and asthma to enzymes among exposed workers. Further,
reviews of medical data from these sites have shown that
workers who have developed IgE antibody to enzymes can
continue to work with enzymes and remain symptom free. The
basic principles of these programs can be applied to other
industries where occupational allergy and asthma to proteins
are safety issues.
Environmental Safety

Most household cleaning products are formulated to be used
with water and ‘go down the drain’ into wastewater treatment
systems (municipal sewage treatment plants or septic tank
systems). To ensure that these types of products are safe for
the environment, manufacturers evaluate the impacts of
product ingredients in wastewater treatment systems, streams,
rivers, lakes, and estuaries. Environmental risk assessment
considers the exposure concentrations and effects of indi-
vidual ingredients.

Two sets of information are used in these assessments. One
set enables industry scientists to predict the concentration
of the ingredient from all sources, including cleaning products,
at various locations in the environment (the predicted exposure
concentration). The other set is used to find the highest
concentration of the ingredient at which no harm will occur to
animals, plants, or microorganisms living in the environment,
i.e., the predicted no-effect concentration. Comparing the pre-
dicted exposure concentration and the predicted no-effect
concentration enables scientists to determine whether the use
of an ingredient is safe for the environment.

An example of an environment issue for detergents is the
finding that high levels of phosphates in detergents discharged
into water systems can lead to a buildup of nutrients that
results in a large amount of algae and water plant growth (a
complex process called eutrophication). Public, academic, and
government concerns have led to adverse publicity, to legisla-
tion banning the use of phosphate detergents, and to the
development of nonphosphate versions of products.
Environmental Quality

The (US) Soap and Detergent Association has noted that
manufacturers of cleaning products have been leaders in
reducing packaging waste and encouraging sound waste
disposal practices. For example, “Advances in technology have
resulted in products that are more concentrated, products that
combine two functions in one, products with refill packages
and packages that use recycled materials. Concentrated prod-
ucts need less energy to manufacture and transport and require
less packaging. Multifunctional products eliminate the need for
separate packages. Refill packages allow consumers to reuse
primary packages many times, decreasing the amount of
packaging used and the volume of trash generated. Plastic and
paperboard that would otherwise be thrown away become
usable materials through recycling.”

Finally, life cycle assessment (LCA) is being used to improve
the environmental quality of detergents. LCA provides
a ‘cradle-to-grave’ or ‘cradle-to-cradle’ evaluation of the envi-
ronmental impacts of a product and its package, usually all the
way from acquiring the raw materials, manufacture and
distribution, and consumer usage and disposal. The use of LCA
can help assess whether reducing an environmental impact in
one area, e.g., manufacturing, moves the impact to disposal or
another area. LCA also helps highlight where environmental
improvement efforts should be focused.

See also: Alkalies; Recalls, Drugs and Consumer Products;
Consumer Product Safety Commission; Recommended
Exposure Limits; Occupational Exposure Limits; Ecological
Exposure Limits and Guidelines; Environmental Life Cycle
Assessment; Poisoning Emergencies in Humans; Surfactants,
Anionic and Nonionic.
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The Problem of Birth Defects

Infant death is defined as occurring within the first year after
birth. Two-thirds of all infant deaths occur in the first 27 days of
life. Congenital malformations and chromosome abnormali-
ties account for 20% of all infant deaths, and infants born too
small (<2.5 kg) or too soon (<37 weeks gestation) have much
higher risk of death than those born at term.

Infant death statistics reported by the US Central Intelli-
gence Agency (2012 estimates) show great differences world-
wide, ranging from a low of 1.80 deaths per 1000 live births in
Monaco to 121.63 per 1000 births in Afghanistan. In the
United States, Southern states have higher rates, whereas rates
are lowest in Western and Northeastern states. Infant mortality
varies by race as well as region. Within the United States, non-
Hispanic Black and American Indians experience the highest
infant mortality rates, whereas Chinese have lower death rates.
According to the 2012 US National Vital Statistics Report, there
were 6.14 infant deaths among 1000 live births with rates for
blacks (11.61), more than twice that for whites (5.19). Other
well-known factors also contribute to elevated risk of infant
death. Death rates of infants born to teenage mothers and to
mothers who smoke during pregnancy are higher than in the
general population.

The science of teratology (a word coined in 1832 by Geof-
frey Saint-Hilares as literally ‘the study of monsters’) has
a history predating that of medicine as we know it today. The
contemporary definition of teratology is ‘the science dealing
with the causes, mechanisms, andmanifestations of a structural
or functional nature of abnormal prenatal development.’
Teratology can be considered a subdivision of developmental
biology. Developmental toxicology encompasses embryonic
and fetal death, reduced fetal growth, and other manifestations
of abnormal development brought on by exposure to xenobi-
otics (literally ‘foreign chemicals’). Virtually, all chemical
compounds (including common sugars such as glucose or
normal amino acids such as phenylalanine) can induce
embryotoxicity and fetotoxicity if the dose given is sufficiently
large and the time and duration of exposure in pregnancy are
appropriate. Maternal disease such as diabetes and phenylke-
tonuria can predispose a patient to an abnormal pregnancy
outcome. Nevertheless, a compound is not usually considered
a teratogen (a chemical that causes birth defects) if the dose
required causes maternal poisoning in animal studies. Human
teratogens can be seen where there is frank intoxication; there is
no better example of this than ethanol in alcoholic mothers
and their offspring, who exhibit features of the fetal alcohol
syndrome (FAS). Thus begins the dilemma for the clinician, the
teratologist, the government regulator, and the family of an
affected child – teratogens may seem to be everywhere, but on
close inspection they seem to be nowhere. The birth of a mal-
formed child has always been a matter of intense concern and
sorrow; the same question always follows: ‘What caused it?’
14 Encyclopedia of T
Ancient peoples formulated their own explanations on the
cause(s) of these diseases and some remnants of their
hypotheses are still with us today. As shown in the following
discussion, we have advanced from stoning or cremation of
mothers of infants with birth defects. However, we have
replaced the hypotheses of antiquity (termed superstition
today) with more subtle (but in some instances equally
preposterous) and damaging ideas in our search for respon-
sible agents and parties.

It is often said that the cause of a particular birth defect is
‘multifactorial,’ generally taken tomean that it is the interaction
of one or more environmental agents (a drug, a hazardous
waste site, or a drinking water contaminant) with the genetic
makeup (genotype) of the mother and her embryo. This notion
of multifactorial causation stems from the writings of the
French surgeon Ambroise Pare (1510–90) in Chyrurgery (1579)
recounting the influence of maternal impressions (see the
following), demonic intervention, and environmental or
mechanical factors. Actually, until the thalidomide tragedy of
the twentieth century, it was generally accepted that the embryo
was well protected and the placenta functioned as a ‘barrier’ that
insulated the conceptus from noxious agents. Today, the
multifactorial explanation is either applied correctly, when
describing the interplay between a susceptible genotype (e.g.,
inborn errors of metabolism) and exposures of interest, or out
of frustration on the part of teratologists, obstetricians, or
pediatricians, who cannot otherwise account for the case at
hand. This tendency taken together with the oft-held public
view that certain birth defects are inevitable, the result of
random chance, or ‘God’s will,’ leads to dismay that these
conditions can ever be ‘cured’ or prevented. In contrast, the
frequency of these conditions and the natural desire to ascribe
one or another particular factor or agent (e.g., a drug or
a workplace chemical or practice) as the cause leads today to
significant legal and financial consequences that, depending on
the particular circumstance, may or may not be warranted. The
science of teratology has at its core the emotional distress that
accompanies the birth of a malformed child. This factor is
neither lost in tort adjudication nor lost in the nation’s abortion
(right to life) debate. Professional scientific societies, such as the
Teratology Society and the American College of Obstetricians
and Gynecologists, are dedicated to the study and prevention of
birth defects. Over the past several decades, it has become clear
that a great many of these common, costly, and deadly condi-
tions can indeed be prevented. It is surprising that prevention
can sometimes be accomplished by simple and inexpensive
steps once the etiologic agent(s) has been identified.

Generally speaking, developmental toxicology focuses on
abnormal morphogenesis induced by xenobiotics; however,
a discussion of the extent or nature of birth defects must
consider other possible causes – infectious microbes, abnormal
chromosomes, radiation, hormones, maternal disease, and
nutritional status. These factors must be added to the ‘normal’
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00014-2
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or ‘background’ rate of embryonic demise known from the
classic studies of Hertig and Rock carried out during the middle
of the last century in couples of proven fertility under optimal
conditions for pregnancy. In these studies, 15% of the oocytes
failed to fertilize, 15% of the fertilized oocytes started cleavage
but failed to implant, and of the 70% that implanted 58%
survived. Of those surviving, 16% were abnormal.

Embryos die for any number of reasons (e.g., degeneration
of the corpus luteum or a defective trophoblast) and they are
aborted spontaneously with the next menstrual period –

usually without producing any of the maternal signs associated
with pregnancy. Thus, by the end of the first expectedmenstrual
period more than one-half of all human eggs exposed to sperm
under the best of conditions die for one reason or another.

The biological context of the word development covers the
changes from conception through birth, neonatal life to
adulthood, and to old age. The word is restricted here, however,
to embryonic and fetal life ranging from subtle changes
detectable only in studies of children or young laboratory
animals to embryonic or fetal death. A brief discussion of
functional delay or deficit (commonly referred to as behavioral
teratology) is presented. It is these functional or behavioral
deficits that represent insidious to overt manifestations of
developmental toxicology.

To understand the causes and pathogenesis of congenital
malformations, one must possess at least a working knowledge
of embryology as can best be gained from completion of
an undergraduate course in the subject or as is commonly
taught in medical school anatomy. For purposes of the current
discussion, a rudimentary understanding of biology and
mammalian embryology is assumed.
Historical Lessons

Although it may seem obvious, birth defects are not new. In the
vast majority of cases, birth defects and their causes cannot be
linked to modern consumer products, occupational exposures,
therapeutic or recreational drugs, or environmental pollutants.
Congenital defects are perhaps the greatest source to have
influenced the myths of antiquity (second only to belief in
divinity or the study of the heavens), fairy tales of Rumpel-
stiltskin and other dwarfs, elves, and hunchbacks or otherwise
twisted (arthrogryposis, torticollis, and scoliosis) trolls, or
contemporary book and film scripts of the macabre.

Cyclopes are first recorded as subterranean beings who serve
Hephaestus (Sanskrit Yavishta and the Vedic god of fire), the
Greek divine blacksmith. The sons of Uranus and Gaea (Arges,
Steropes, and Brontes) are all cyclopes. These cyclopes forged
the trident for Poseidon and the bronze helmet for Hades and
were then killed in furious revenge by Apollo. The cyclops of
Homer’s Odyssey (Polyphemus, who Ulysses blinded with
a sharpened, burning stake driven into his eye) inhabited the
southwest coast of Sicily and lived in caves, killing and
devouring any stranger who chanced upon them. According to
Callimachus, the cyclopes Brontes, Steropes, Acamas, and
Pyracmon, who lived on Mount Etna (the active volcano near
the Sicilian city of Taormina on the Ionian Sea), were

Enormous giants, big as mountains and their single eye, under
a bushy eyebrow, glittered menacingly. Some made the vast bellows
roar, others, raising one by one their heavy hammers struck great
blows at the molten bronze and iron they drew from the furnace.

One of the colonial American explanations regarding the
etiology of cyclopia was hybridization between species. The
birth of a cyclopic infant or farm animal (whose mother lived
near a person with features thought to resemble that of the
malformed newborn) was suspect. In the Records of the Colony
and Plantation of New Haven (1638–48), the story of one such
unfortunate neighbor is recounted, Mr. George Spencer, who
happened to live near a sow who gave birth to a cyclopic pig
that had “but one eye in the middle of the face.” The jury
concluded that Mr. Spencer who “had but one eye.the other
hath (as it is called) a pearle in it” was guilty of bestiality. The
‘pearle’ apparently bore some superficial resemblance to the
cyclopic pig’s eye. The sow was “slaine in his sight, being run
through with a sworde” and poor Mr. Spencer was put to death
for his crime on 8 April 1642.

Cyclopia is, of course, the most severe manifestation of
holoprosencephaly – a condition in which the embryonic
forebrain fails to separate into right and left hemispheres. The
etiologic agent(s) of human cyclopia is not known. In rumi-
nants (sheep, cattle, and goats), however, ingestion of the plant
Veratrum californicum on even a single day (e.g., day 14 in ewes)
reliably produces the condition. Subsequent investigations
confirmed the presence of a teratogenic alkaloid, 11-deox-
ojervine, in the plant. That compound is termed most appro-
priately cyclopamine. Cyclopamine illustrates one of the many
factors that must be taken into account for interspecies
extrapolation of teratology data. Cyclopamine and its conge-
ners cannot be held accountable for human cyclopia. Cyclop-
amine is not teratogenic in monogastric animals (e.g., rabbits)
because it is degraded by stomach acid to an inactive
compound (called veratramine). Nevertheless, when cyclop-
amine was fed to pregnant rabbits along with sufficient alkali
so as to reduce stomach acid, cyclopamine was definitely
teratogenic and, in fact, induced cyclopia.

Another example of historical explanations for birth defects
is the theory of maternal impression. For better or worse, such
theories find their way into laws, regulations, and even (in
a modified fashion) into litigation. The eighteenth-century
Philadelphia surgeon Dr. John Morgan described the birth of
a ‘piebald Negro girl with splotches all over her body’ –

a condition attributed to her mother’s habit of evening star
watching. Sirenomelia and pterygium colli were attributed to
the mother seeing a snake or cobra during pregnancy and
anencephalus to the mother looking at monkeys. Pregnant
Spartan women were legally required to concentrate on statues
and pictures of beautiful gods and warriors so as to ensure
strong and healthy babies. One historical account involves an
Italian nobleman whose wife happened to employ a black
male servant. One day during her pregnancy, she attended
a cultural exhibit at the local museum. After gazing at a portrait
of a Moor, she subsequently gave birth some time later to
a mulatto. The nobleman protested and the legislature
responded, of course, by passing a law to the effect that preg-
nant women were to be banned from visiting art museums.

Although it may seem odd to consider it so, even structur-
ally normal identical (monozygotic) twins can be considered
a developmental aberration. Thirty percent of the 1.08–1.36%
of the normal incidence of twin births in the United States are
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monozygotic. The factors responsible for splitting of the single
fertilized egg (zygote) into two blastocysts (each with its own
inner cell mass or embryo proper) are – like the vast majority of
other developmental anomalies – unknown, but maternal
genotype is a predominant contributor. The stage at which
splitting occurs determines whether the embryos develop each
with their own placenta and amniotic cavity, have a common
placenta and separate amniotic cavities, or share a common
placenta and a common amniotic cavity. Failure of complete
separation of the inner cell mass results in any of a variety of
conjoined (Siamese) twins (diploterata or ‘double monster’).

The term Siamese twins was first coined by the nineteenth-
century circus king, PT Barnum, in reference to Eng and Chang
Bunker, who were joined at the sternoxiphoid. (After retiring
from the circus, Eng and Chang farmed in North Carolina and
married at age 44, fathered a total of 22 normal children by two
sisters, and died of arteriosclerosis in 1874 at age 63 – within
2h of one another.)

Conjoined twins can be joined at the chest (thoracopagus),
lower spine (pygopagus), or skull (craniopagus), with the latter
being variable in fusion at the dorsal (occipital craniopagus),
parietal, or ventral (syncephalus frontalis) aspect. Symmetric
conjoined twins occur about once in every 50 000 births and
craniopagus twins are born about once in 3 million births (one
in every 58 cases of conjoined twins).

The most extreme occipital craniopagus (janiceps) is Janus,
the Roman god of gates and doorways represented artistically
with his double faces (Janus Bifrons) each in opposite directions
so as to observe the interior and exterior, the entrance and exit,
of public buildings. Janus arose from the god Chaos when
Figure 1 Anterior view of an anencephalic human fetus. Notice the low-set
the cervical vertebrae), and the prominent, protruding rudimentary brain. Rep
dysraphic disorders: embryology and pathology. Can. J. Neurol. Sci. 18, 153–
earth, air, fire, and water took form during the creation of the
world. His two faces represent his confusion in his initial state;
thus, not only was Janus the god of departure and return, but
he was also the god of daybreak and new beginnings. Janus was
revered even more than Jupiter and was honored on the first
day of every month. The first month of the year (Januarius) still
bears his name.

Dicephalic (double-headed) monsters populate not only
1950s matinee movies but also appear in sculpture, drawings,
and carvings throughout history – Catal Huyuk (6500 BC) in
southern Turkey and the South Pacific (dicephalus dibrachius),
clay figurines in Mexico and South America (500 BC–AD 800),
and figures on Babylonian clay tablets found near the Tigris
(cuneiform texts from Babylonian Tablets, British Museum,
London).
Neural Tube Defects

The belief that Satan, witches, sorcerers, and other diabolic and
demonic forces were responsible for congenital malformations
was prevalent during the fifteenth and sixteenth centuries, and
this belief found its way to the new world. Not that these
concepts were new – far from it. A mummified anencephalus –
a condition considered the most severe malformation
compatible with intrauterine life (Figure 1) –was discovered in
1825 at the Egyptian catacombs of the Hermopolis sarcoph-
agus. This individual’s area cerebrovasculosa (rudimentary
brain) had been ceremonially removed through the nose, as
was the custom. Based on the mummy’s location and
ears, elevated nose and maxilla, the short neck (caused by anomalies of
roduced from Marin-Padilla, M., 1991. Cephalic axial skeletal–neural
169, with permission.
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condition, and the inscription on the sarcophagus, the mal-
formed individual was considered the product of fornication
between the mother and an ape. This anencephalus was
brought to the Berlin Museum by the King of Prussia and was
unfortunately destroyed in World War II. By the 1600s,
mothers of anencephalics were condemned in ways not
dissimilar to the execution of witches in Salem, Massachusetts.
One theory as to the origin of anencephalics was consanguinity
with a troll – particularly dangerous being those who lived near
roadways or under bridges – whose sons and daughters
resembled their fathers.

Anencephalus is one of a constellation of malformations
known collectively as neural tube defects (NTDs). Anence-
phalus is the end result of failure of neural fold elevation and
fusion, a deficiency that can occur only in the most anterior
region (Figure 1), along the entire axis (craniorachischisis
totalis; Figure 2), or localized in areas along the spine (spina
bifida; Figure 3). Spina bifida is a common term used to
describe a range of defects of the axial skeleton, involving the
vertebrae and to various degrees the cord itself. If only
the vertebrae show incomplete spinous process fusion and the
subarachnoid space remains within normal limits, this is
a subclinical condition known as occult spina bifida. If the
vertebral arch is only rudimentary, the overlying tissues are
weak, and cerebrospinal fluid pressure contributes to expan-
sion of the subarachnoid space and the meninges herniate
dorsally, this condition is diagnosed as spina bifida meningo-
cele (cystica). If the vertebrae are so rudimentary that only the
body of the bones is thickened, the spinal cord itself is dis-
placed into the subarachnoid space (now a gross, protruding
meningeal sac), and the condition is classified as spina bifida
with myelomeningocele (Figure 3). If there is complete failure
of neural fold elevation in cranial, cervical, thoracic, and/or
lumbar regions and the neuroectoderm is left exposed on its
dorsal aspect, the spinal cord then develops with its ependymal
layer in open contact with amniotic fluid and its lumen cannot
be recognized. This latter condition (Figure 4) is termed spina
bifida aperta (rachischisis or myeloschisis). Thus, spina bifida
can range from a partial failure of neural tube closure, manifest
as a benign subclinical condition of no practical consequence,
to damage that is permanently disabling, affecting the patient’s
ability to walk and control normal bodily functions.

Just as partial failure of neural fold apposition and fusion
can occur along the spine, it can also occur in the skull.
Cephalic malformation can be complete in anencephalus (with
little or no involvement of the lower spine) or incomplete, as in
encephalocele and Arnold–Chiari malformation (Figure 5).
Encephalocele (Figure 5) is one such condition in which the
brain extends through dura and membranous bone and comes
into contact with the scalp.

From the early 1600s through the latter part of the nine-
teenth century, there was a great deal of interest on the part of
physicians and surgeons in describing and classifying NTDs as
well as in speculating on the cause(s) of NTDs and their
pathogenesis. Dissections of fetuses with spina bifida and
anencephaly were described in detail. These early studies
provided a basis for understanding the morphogenesis of these
malformations, but gave little indication as to the actual etio-
logic agent(s) responsible. The 1801–96 manuscripts by the
German authors Arnold J and Chiari H describe hindbrain
anomalies in spina bifida and provide for four different cate-
gories of herniation of the cerebellum into the foramen
magnum. In that case a cervical sac or encephalocele forms; in
others there is a simple cerebellar hypoplasia (termed collec-
tively Arnold–Chiari malformations). This condition often
results in hydrocephalus (accumulation of cerebrospinal fluid
followed by marked expansion and thinning of the skull with
subsequent compression and atrophy of the brain). Blockage of
the roof of the fourth ventricle and continued production of
cerebrospinal fluid by the choroid plexus leads to increased
intracranial pressure. As a result, the medulla oblongata is
forced into the cervical canal, the herniated cerebellum is
compressed, and interrupted cerebrospinal fluid flows into the
subarachnoid space, producing an extensive internal hydro-
cephalus (Figure 5). In those cases of Arnold–Chiari in which
the lumen of the spinal cord is open at some point (e.g.,
myeloschisis), hydrocephalus does not occur because cerebro-
spinal fluid either accumulates at another point (Figure 3) or,
in cases in which the cord is exposed on the surface of the skin,
cerebrospinal fluid drains to amniotic fluid and relieves
increased intracranial pressure. It is by this route that a-feto-
protein (a normal serum component synthesized in the
embryonic yolk sac to 12 weeks and then by the fetal liver)
escapes into the amniotic fluid. Radioimmunoassay of this
protein is used in routine management of high-risk pregnancy,
in which abnormally high concentrations are indicative of
NTDs. Acute hydrocephalus is also a consequence of Dandy–
Walker malformation, a condition characterized by defects of
the ventricular system and stenosis (constriction) of the
foramina of the fourth ventricle and it may present as a severe
occipital encephalocele.

Anencephalus is a relatively common condition, affecting
on average 1 in every 1000 births (or 5 or 6 embryos per 1000
pregnancies, given published studies of fetuses examined at 8
weeks gestation). Anencephalus occurs four times more often
in males than in females and four times more often in
Caucasians than in blacks. Even lower rates occur among North
American Indians (0.5 per 1000), Japanese (0.4 per 1000), and
Central and South Americans (0.1–0.3 per 1000). Spontaneous
early pregnancy abortion of anencephalic embryos ranges from
54% (London) to 87% (Japan).

Although the term anencephalic suggests a lack of all but the
bones of the face, in fact, all of the bones of the skull are present
(Figure 6). The anomalies of the facial bones and those of the
remainder of the skull are the consequence of early disruption
of the notochord, the mesoderm, and the neuroepithelium.
Early deficiency in neural tube closure exposes the developing
brain (neuroepithelium) to mechanical abrasion from the
fourth week of gestation until birth. The hindbrain (often
enclosed and therefore protected by the rudimentary neuro-
cranium) can remain intact – containing those structures
responsible for control of respiration. Thus, the newborn
anencephalic can survive hours to (at most) a few days in the
absence of mechanical ventilation and aggressive life support.
Anencephalic humans with larger skull bones (thus having
a more representative brain) can survive for as long as a few
weeks. The characteristic facial features of the anencephalus
(low-set ears, protruding tongue, short maxilla, and elevated
pointed nose; Figure 1) are direct consequences of the mal-
formations of the bones of the base of the skull. The base of the



Figure 2 External appearance of various types of human craniorachischisis totalis (total myeloschisis) illustrating the severity of the dysraphic
disorders. The first fetus (a) illustrates the severity of the lordosis and the shortness of the axial skeleton that can occur in these disorders. The exposed
areas of the central nervous system are totally destroyed. In (b), note the exencephalic brain (termed area cerebrovasculosa). (c, d) Lateral and posterior
view. Compare (c) with Figure 1. In (d), the destroyed areas of brain and spinal cord tissues have been removed to show the severity of the malformations
of the vertebrae. Reproduced from Marin-Padilla, M., 1978. Clinical and experimental rachischisis. In: Congenital Malformations of the Spine and Spinal
Cord. In: Handbook of Clinical Neurology, vol. 32. North-Holland, Amsterdam, with permission from Elsevier.
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Figure 3 Newborn infant with spina bifida. Note the large meningocele on this child’s back.

Figure 4 Posterior, anterior, and left lateral views of the entire skeletons of a 7-month-premature infant and a human anencephalic with cervical
myeloschisis. Note the severity of the skeletal defects in the anencephalus, the anomalous facial bones, the short cervical column, and the absence of
a proper skull. Reproduced with permission from Marin-Padilla, M., 1991. Cephalic axial skeletal–neural dysraphic disorders: embryology and pathology.
Can. J. Neurol. Sci. 18, 153–169.
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skull (which in reality is composed of modified vertebrae) is
small and, rather than forming a normal 90� angle with the
spine, can be tipped tow45�. The early collapse of the cephalic
neural folds leads to gross malformation of the base of the
skull. The normal sphenoid (with which all of these bones
articulate directly or indirectly) resembles a bird in flight
(Figure 7(a)), whereas the anencephalic sphenoid resembles
a bat with folded wings (Figures 7(b)–7(f)). Studies of dis-
assembled normal and anencephalic skulls (Figure 6) show
that it is the sphenoid malformations that precipitate the other
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Figure 5 (a) Midsagittal section of the head of a premature infant with Arnold–Chiari malformation and secondary hydrocephalus. H, hydrocephalus; s,
sphenoid; o, squama occipitalis; m, medulla; c, cerebellum; wg, weeks gestation. The cervical vertebrae are numbered. (b) Premature infant with partial
failure of the anterior neural tube closure and a large occipital encephalocele. (c) Glass slide section of the infant shown in (b). (d) Premature infant with
anencephalus, occipital schisis, and cervical rachischisis. The gross appearance of this infant is similar to that shown in Figures 1 and 3. (e) Arrow
indicates schematic ink drawing of the midsagittal section of a normal newborn’s head. For comparison to (a)–(d), locate the size and shape of the
cerebral cavity (CC), the location of the tentorium (T), its angle in relation to that of the spine (D), the size and shape of the posterior fossa (PF), and the
mouth (M), tongue (T), teeth (small arrows), and nasal passage (P), pharyngeal (PH), and laryngeal (large arrow) cavities. NB, newborn. The black and
white arrows in (a)–(d) point to the location of the epiglottis in relation to the base of the skull. The black arrows in (a) and (b) point to the bend in the
medulla caused by the downward displacement of the subtentorial central nervous system. Note in (a)–(c) the short base of the skull, its angle to the spine,
and the small posterior fossa. In (d), note the angle of the spine and relatively large facial skeleton compared to that shown in (e). Reproduced from Marin-
Padilla, M., 1991. Cephalic axial skeletal–neural dysraphic disorders: embryology and pathology. Can. J. Neurol. Sci. 18, 153–169, with permission.
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gross malformations of the skull. The sphenoid is a bone that
arises from mesodermal consolidation around the notochord
before closure of the anterior neuropore. Because there is inti-
mate communication between the embryonic brain (neuro-
ectoderm), face (originating principally from neural crest), and
the developing bones of the skull proper (neurocranium),
teratogens that act on neuroectoderm, mesoderm, or both can
initiate a cascade of abnormal events that ultimately give rise to
anencephalus.

The geographic distribution of NTDs is most remarkable.
The incidence among people living in Ireland is four times that
of people living in the United States (including those of Irish
descent living in New England). Such striking differences have
precipitated speculations and generated hypotheses on the
cause of NTDs. One such theory, advanced in the early 1970s,
was that the high incidence of anencephalus and spina bifida in
Ireland was caused by ingestion of potatoes containing
unidentified teratogens, potatoes infected with fungi (blighted)
after storage, or compounds produced by such potatoes in
response to blight. Subsequent epidemiologic studies failed to
support any of these theories. Nonetheless, numerous studies
have confirmed an excess number of NTD births in winter and
a slow (but steady) decline in NTD births over the past five
decades in the United States.

It is well known that the risk of NTDs is greatest in mothers
35 years or older (being particularly high in those who have
borne several children) and that there is a marked increase in
risk for mothers whose previous pregnancies ended in fetal or
neonatal death (relative risk ¼ 3.5–3.8). When one compares
population prevalence of anencephalus and spina bifida
(0.13–0.75% including New York, New England, British
Columbia, Hungary, London, and South Wales), it is clear that
recurrent risk is increased (from 0.1% in the general population
to 1.8–7.1%) for siblings of fetuses with NTDs. In some
families, as many as four anencephalics have been born to one
mother. Although rare, anencephalics have been born to sisters



Figure 6 Disassembled skull of a (a) normal and (b) anencephalic infant. The following bones, starting from the upper corner, are the parietals and the
squama of the occipital (which in the anencephalus are represented by two small fragments); the basilar portion of the occipital with its two lateral
portions; the temporals (note the rudimentary squamae in the anencephalus); the sphenoid (located in the center of each figure); ossicles, zygomatics, and
maxilla with the vomer and palatines; the lateral masses of the ethmoid and turbinate bones; and the frontals, lacrimals, mandible, and the two nasals. The
rudimentary bones of the cranium and the normal (but narrowed) bones of the face are obvious. Reproduced with permission from Marin-Padilla, M.,
1976. Morphogenesis of anencephaly and related malformations. In: Current Topics in Pathology, vol. 51, Springer, New York, pp. 145–174.
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who were daughters of women who had NTD pregnancies.
Although the risk is greater among monozygotic compared
with dizygotic twins, a simple genetic mechanism cannot be
held responsible for NTDs. (The reader is reminded of those
who advanced genetic causes for tuberculosis and Creutzfeldt–
Jakob disease – a disease first found in the Fore cannibals of
New Guinea.) More to the point, there is increased risk of NTDs
in families with two or more affected pregnancies, and this
increased risk for subsequent pregnancies is consistent ‘with
a causal role of an environmental agent to which certain
families are more exposed than others’ (Yen S and Macmahon
B as quoted in Elwood and Elwood, 1980). Indeed, one clue to
the etiology of NTDs came from the observations of increased
incidence in urban compared with rural areas – an observation
consistent with a lifestyle or dietary hypothesis.

In 1992, the results of a landmark study by Czeizel and
Dudas were published in the New England Journal of Medicine.
Using a carefully controlled double-blind protocol (considered
the gold standard by which clinical trials of new pharmaceu-
ticals are routinely conducted), these investigators found that
0.8mgday�1 of folic acid (a water-soluble B vitamin) in
a multivitamin preparation prevented spina bifida and anen-
cephalus in the Hungarian women in their study. A subsequent
study by Werler and associates of Boston University (published
in 1993) confirmed that folic acid supplementation of the diet
could have prevented a large proportion of spina bifida and
anencephalus that occurred in the United States from 1988
through 1991. These results also confirmed those published by
the United Kingdom Medical Research Council, which had
conducted a randomized controlled clinical trial among
women who had previously experienced an NTD pregnancy in
1991. The Hungarian trial was so successful that ethical
considerations dictated its prompt discontinuation and those
women who had been assigned to the placebo group were
given the vitamin. These studies were extensions of previous
trials on multivitamin supplements conducted in Europe and
the United States in the mid-1960s and 1970s. Although it had
been known since the 1950s that two cancer chemotherapeutic
drugs known to induce folate deficiency (methotrexate and
aminopterin) also induced terata in animals and in humans,
interpretation of those data was confounded by the fact that
folate antagonists have a number of pharmacologic actions,
NTDs are not produced uniformly after exposure to either of
these drugs, and NTDs are not the only malformations
produced. In previous prospective studies of serum and
erythrocyte folate, two important epidemiologic and clinical
observations emerged as indicators of maternal folate status:
(1) Folate deficiency can be documented in 66% of mothers of
NTD pregnancies and (2) low folate mirrors the woman’s
socioeconomic status. When matched with mothers of normal
children for age, parity, time of conception, and pregnancy,
69% of mothers with NTD pregnancies were folate deficient
compared with 17% of the referent controls.

In 1992, 1993, Australian, Scottish, and Welsh depart-
ments of health and social services recommended widespread
folic acid supplementation of breakfast cereals and breads. To
avoid possible excess folate in one’s diet, these groups rec-
ommended that some unfortified breads and breakfast cereals
continue to be available. These groups recommended that
women with spina bifida, or those who had a previous child
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Figure 7 (a) Anterosuperior aspect of the sphenoid bone of a normal newborn infant as shown in Figure 6 (a) (�1.8). A body of the sphenoid bone; B the
lesser wings; C the greater wings; D the pterygoid process; E the rostrum. (b) Anterosuperior aspect of the sphenoid bone of a newborn infant with partial
anterior cranioschisis (�2). (c) Anterosuperior aspect of the sphenoid bone of a newborn premature infant with complete (simple) cranioschisis (Figure 6)
(�2.5). (d) Anterosuperior aspect of the sphenoid bone of a newborn premature infant with anencephalus and cervical spina bifida (�2.5). (e) Ante-
rosuperior aspect of the sphenoid bone of a newborn premature infant with complete open spina bifida and anencephalus. The gross appearance of this
infant is shown in Figure 3 c, d (�3). (f) Anterosuperior aspect of the sphenoid bone of a newborn infant with complete open spina bifida, anencephalus,
a diaphragmatic hernia, and a large omphalocele (�3). Reproduced from Marin-Padilla, M., 1965. Study of the sphenoid bone in human cranioschisis and
craniorachischisis. Virchows Arch. Pathol. Anat. 339, 245–253, with permission.
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with an NTD, consume 5mg of folate each day if pregnancy
was possible and that supplementation continue through the
12th week of gestation. It was recommended that all other
women consume 0.4mg daily, increase their consumption of
folate-rich foods (fruit and vegetables), and avoid overcooking
these foods. The US Public Health Service recommended that
all women capable of becoming pregnant should consume
0.4mg of folic acid per day for the purpose of reducing their
risk of having a pregnancy affected by spina bifida or other
NTDs. Nevertheless, the debate on folate supplementation of
women’s diets continues. Money is not an issue, since forti-
fication of foods with folate is very inexpensive. Rather, the
benefits of folate supplementation are weighed against the
possibility of masking vitamin B12 deficiency. This debate
takes place in light of the fact that daily consumption of
vegetables and fruits containing naturally occurring folate is
low among low-income women and women of childbearing
age. To compound the problem, cigarette smoking reduces
blood folate levels. Cigarette smoking is increasingly popular
among young women and is found more often among lower
socioeconomic groups. Thus, numerous social considerations
confront the practical implementation of the prevention of
NTDs by folate. It is not known how folate prevents NTDs or
what precise role folate plays in early embryonic neural fold
elevation and fusion.

Although we are far from understanding why folic acid
plays such a significant role in preventing NTDs, some clues are
available. To understand the discussion that follows and why
clues are so hard to come by, it is necessary to appreciate the
complex pathways involving folate metabolism (see Figure 8).
For example, w150 genes and their respective proteins are
involved in folic acid metabolism and transport. Because gene
mutations are known to result in alterations in proteins that are
related to various diseases, scientists have focused on key genes
involved in folic acid metabolism and transport in an effort to
determine whether specific mutations (termed single nucleo-
tide polymorphisms) in ‘folic acid genes’ are causally related to
NTDs. The most extensively studied ‘folic acid genes’ include
folate receptor alpha (FRa), reduced folate carrier (RFC),
5,10-methylenetetrahydrofolate reductase (MTHFR), methio-
nine synthase (MTR), methionine synthase reductase (MTRR),
methylenetetrahydrofolate dehydrogenase (MTHFD), and
serine hydroxymethyltransferase (SHMT).

Folates are transported from the extracellular milieu to the
inside of cells by either receptor-mediated (FRa) or carrier-
mediated uptake (RFC). Because folates are essential for proper
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cellular function and necessary for neural tube closure, it is easy
to envision howmutations in these receptor genes could lead to
reduced levels of intracellular folates and thereby NTDs. Thus,
several groups have searched for nucleotide polymorphisms in
FRa and RFC to determine whether specific mutations are
associated with an increased risk for NTDs. Several poly-
morphisms were found in FRa (631T>C, 610A>G, and
762G>A); however, none of these alterations was associated
with increased NTD risk. In addition, other studies failed to find
any polymorphisms in RFC. Although studies completed to date
have not identified any polymorphisms in FRa or RFC associ-
ated with NTD risk, it is important to remember that complete
loss of the folate binding protein 1 gene (the mouse homolog of
human FRa) resulted in mice with NTDs. This leaves open the
possibility that specific mutations in FRa and/or RFC may play
a role in the genesis of NTDs.

Once inside the cell, folates participate in a number of
interconnected metabolic pathways involving (1) thymidine
and purine biosynthesis necessary for DNA synthesis,
(2) methionine synthesis via homocysteine remethylation,
(3) methylation reactions involving S-adenosylmethionine
(AdoMet), (4) serine and glycine interconversion, and
(5) metabolism of histidine and formate (see Figure 8). Via
these pathways, folates play an indispensable role in such
critical processes as DNA synthesis and gene expression, to
name a few. Because DNA synthesis and gene expression are
critical processes during embryogenesis, one can see how
alterations in these processes caused by limited folates could
negatively affect important developmental events such as
neural tube closure. Because methionine is such a critical
amino acid, researchers have focused considerable effort on
characterizing nucleotide polymorphisms in MTHFR, the rate-
limiting enzyme in the synthesis of methionine from homo-
cysteine. Mutations in MTHFR can result in elevated levels of
homocysteine, which in turn have been associated with an
increased risk for NTDs. The first and most well-studied
MTHFR polymorphism is the 677C>T, with TT homozygotes
exhibiting reduced MTHFR activity and increased homo-
cysteine. Although several research groups have reported
a threefold to sevenfold increased risk for NTDs associated with
the 677C>T mutation, other studies have reported either
a smaller or no associated risk for NTDs. More research is
required to determine the linkage between this mutation and
increased risk for NTDs; however, currently available infor-
mation confirms that this mutation is associated with an
increased risk. In addition to this mutation, complete
sequencing of the MTHFR coding sequence identified a second
common polymorphism, 1298A>C. The homozygous CC
allele is, like the TT allele, associated with decreased MTHFR
activity, but this CC allele is not associated with increased
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homocysteine or an increased NTD risk. Polymorphisms in two
other genes, MTR and MTTR, have also been studied. A poly-
morphism in the MTR gene 2756A>G was found; however,
this polymorphism is not associated with increased homo-
cysteine levels or increased risk for NTDs. In contrast,
a common polymorphism in MTTR, 66A>G, is associated with
increased risk for NTDs when the cobalamin (B12) levels are
low or the MTHFR 677 TT allele is present in the infant. Finally,
SHMT catalyzes the reaction of serine and tetrahydrofolate to
form glycine and 5,10-methylenetetrahydrofolate and is,
therefore, a major entry point for one-carbon units from serine
into folate-dependent metabolism. Because of this key role in
folate metabolism, SHMT could be a candidate gene involved
in NTDs. Two polymorphisms have been identified in the
cytosolic form of SHMT, 1181G>A and 1420C>T and two in
the mitochondrial form of SHMT, 850C>T and a 4 base pair
deletion (delTCTT); however, none of these alterations were
associated with an increased risk for NTDs.

Although there is little doubt that genetic factors are
involved in the etiology of NTDs, proving a causal link between
a specific gene (mutation) and an increased NTD risk remains
a challenge. Nonetheless, some putative genetic risk factors
have been identified. Hopefully, future studies in humans
taking advantage of information gained from animal studies
will identify not only genetic risk factors, but also environ-
mental factors that together culminate in an increased risk for
NTDs. Identification of genetic and/or environmental factors
contributing to an increased risk for NTDs is a critical step in
reducing the numbers of babies born with NTDs.
The Cause of Birth Defects

In the vast majority of cases, the cause of a birth defect is
unknown. It has been estimated by various authorities that
cytogenetics contributes to no more than 5% of all malformed
live births, Mendelian inheritance to no more than 15–20%,
maternal infections 3 or 4%, maternal disease 3 or 4%, prob-
lems of constraint in utero (amniotic bands) 2%, and all drugs,
chemicals, and radiation no more than 1% of the total load of
structural birth defects in human beings.

Maternal infections account for no more than 3 or 4% of
the total loadof congenitalmalformations. Themostwell known
of these infections is rubella (Germanmeasles). Infection during
various stages of gestation corresponds to the particular malfor-
mations produced. Malformation of the eye, including cataract
andmicrophthalmia (literally small to nearly absent eye), can be
inducedby infectionduring the sixthweek.Congenitaldeafness is
induced by infection during the ninth week. Malformations of
the heart (patent ductus arteriosus and ventricular septal defect),
teeth, and brain (resulting in profound mental retardation)
follow infection during weeks 5–10 and weeks 13–28, respec-
tively. As with all known teratogens, not all children exposed to
rubella in utero develop congenital defects, but the risk of mal-
formation is greatest (to at least 47%) when rubella exposure
occurs shortly after implantation.

Other infections clearly associated with increased risk of
terata include toxoplasmosis, cytomegalovirus, and herpes
simplex. Microphthalmia, blindness, hydrocephalus, and cere-
bral calcification can occur after infection with these organisms.
The contribution of genetic disorders is estimated to
account for no more thanw15% of the total load of congenital
malformations. Inherited conditions account for (at most)
20% of the total, and abnormal cytogenetics accounts for no
more than 5% of the total. An entire branch of the science of
genetics is concerned with abnormally high or low numbers of
chromosomes. Variable degrees of mental retardation, frank
structural malformation, and sterility are common conse-
quences of abnormal numbers of somatic chromosomes
(autosomes) or of sex chromosomes. Two well-known
syndromes arising from an abnormally high number of sex
chromosomes are Klinefelter’s (male only) and Triple
X (female only), which originate as failures in normal chro-
mosome number reduction (meiosis) during in spermatogen-
esis and oogenesis. A syndrome resulting from too few sex
chromosomes is Turner’s syndrome, a condition characterized
phenotypically by a webbed neck and congenital absence of the
ovaries.

An excess number of autosomes or the absence of one or
more autosomes can either be lethal to the embryo or result in
well-known conditions. For example, the risk of Down’s
syndrome (trisomy 21 or mongolism) increases with maternal
age – being 1 in 2000 for mothers aged 40 or more years. Extra
chromosomes 17 and 18 result in micro- or anophthalmia
(congenital absence of the eyeball), mental retardation, cleft
lip, cleft palate, and deafness; this condition occurs on average
once in every 5000 births.

Phenylketonuria is a genetic disease that results in abnor-
mally high concentrations of the amino acid phenylalanine in
the blood. Children of mothers with high plasma phenylala-
nine (>3mgdl�1) are at increased risk for microcephaly,
mental retardation, heart malformations, esophageal atresia,
tracheoesophageal fistula, and low birth weight. There is a clear
concentration–response relationship between plasma phenyl-
alanine and abnormal pregnancy outcome; head circumference
and low birth weight are inversely (and linearly) related to
maternal blood phenylalanine concentrations. Offspring of
mothers with plasma phenylalanine >20 mg dl�1 experience
a 92% incidence of congenital heart disease; those exposed
in utero to maternal plasma phenylalanine levels higher than
3 but lower than 11mgdl�1 experience a 21% incidence of
congenital heart malformation. These defects can be prevented
with adherence to a strict diet to control phenylalanine intake,
total energy, protein, and weight gain during pregnancy;
however, normal pregnancy outcome can occur only when
dietary control occurs at or before conception. Women who
consume a ‘relaxed diet’ experience a 0.6% malformation rate
in their children (compared with 0.0% for those on a strict
diet). Women placed on a phenylalanine-restricted diet after
conception (but before the second trimester) typically experi-
ence pregnancies with malformation rates on the order of
19–20%.

Maternal disease – not necessarily of either microbial or
genetic origin – can cause or contribute to adverse pregnancy
outcome. One common example is diabetes mellitus. If
uncontrolled, diabetes mellitus can result in mental retarda-
tion, congenital malformation, and embryonic death. Glucose
appears to be the teratogenic agent (perhaps potentiated by
acetone and b-hydroxybutyrate ketone bodies) in uncontrolled
diabetes. The extent of hyperglycemia is related directly to the
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risk of holoprosencephaly (also usually accompanied by
microcephaly, cleft lip and palate, mental retardation, and
epileptiform seizures), situs inversus (complete transposition
of the viscera), and ureteral duplex (complete or partial double
ureter). These risks are 400, 84, and 23 times that in uncom-
plicated pregnancy, respectively. Sacral, vertebral, and pelvic
malformation are also associated with elevated maternal
glucose levels. To illustrate that stage of development deter-
mines susceptibility to teratogenic insult, women who develop
diabetes relatively late in gestation (second or third trimester)
do not have an increased risk of adverse pregnancy outcome.
Only those women with uncontrolled diabetes before
conception and through the first 8 weeks of pregnancy are at
risk. Insulin control of maternal diabetes produces marked
reduction in neonatal mortality (from 33% in the decade
1920–30 to 6.5% from 1975 to 1979 after insulin use by dia-
betics became standard practice). By careful management of
these mothers, the number of diabetes-induced late fetal deaths
(stillbirths) and depressed or abnormally high birth weights
(macrosomia) have been reduced to the point that birth defects
are now the leading cause of death among offspring of diabetic
mothers.

Another example of a maternal condition that contributes
to birth defects is low circulating iodine. Cretinism is one of the
most profound, but completely preventable, syndromes of
malformation known. Characteristic consequences of prenatal
iodine deficiency include pervasive mental and physical retar-
dation, deaf-mutism (owing to primary malformation of the
inner ear), lack of muscle tone with a spastic or rigid walk, and
failure to attain a height at maturity of more than 1m. Today,
this condition (known as endemic cretinism) is most prevalent
in impoverished areas of African and East Asian countries.
Before implementation of a national program of iodized salt in
the early part of the twentieth century, endemic cretinism was
commonplace in Switzerland. After institution of iodized salt,
deaf-mutism declined 50% within 8 years and no cretins have
been born in that country since 1930.

Maternal disease in addiction contributes to infant
morbidity and mortality. Two of the most common agents,
ethanol and tobacco smoke, are illustrative. A host of clinical
and epidemiologic studies have confirmed a distinctive
pattern of congenital malformations in babies born to alco-
holic mothers. These malformations include microcephaly,
short palpebral fissures, epicanthal folds, maxillary hypo-
plasia, cleft palate, micrognathia, joint disease, cardiac
anomalies, capillary hemangiomata, anomalous genitalia,
and retarded fetal and neonatal growth and development
(a pattern referred to as fetal alcohol syndrome). FAS children
have abnormal motor and psychological development and
abnormal dermatoglyphic characters. Miscellaneous terata
also found among these children are arthrogryposis, limb
reduction defects, and gastroschisis. With ethanol, there is
a definite dose–response relationship: a 9%malformation rate
in light drinkers, a 14% rate for moderate drinkers, and a 32%
rate for heavy drinkers. In addition, as with almost all
teratogens, the severity of the malformations is greatest in
those infants born to mothers consuming the highest dose.
Some authors have argued that consumption of one type
of alcoholic beverage (e.g., wine, beer, and schnapps) was
no more or less dangerous than another; however, the
relationship holds true for all drinking. Pregnancy outcome is
directly related to the quantity of absolute ethanol consumed
per day. Ethanol doses consumed by these mothers range from
‘social’ (1 oz of absolute ethanol day�1 or 350 mg kg�1 day�1)
to ‘heavy’ (2.3–15 oz of absolute ethanol day�1 or
800–5600 mg kg�1 day�1). Statistically significant reductions
in birth weight (91 g for ethanol exposure before pregnancy
and 160 g for exposure in late pregnancy), decreased infant
length, increased stillbirth and second-trimester spontaneous
abortion (0.5–1 oz of absolute ethanol day�1), and increased
risk of early spontaneous abortion (1 oz of absolute ethanol,
twice per week) are well documented. Notwithstanding these
data, results from the National Institute of Child Health and
Human Development (NICHHD) study of drinking habits
and pregnancy outcome in 32 870 women who had two
drinks or less each day showed that those women had the
same overall risk of birth defects as pregnant women who did
not drink ethanol at all. NICHHD defined moderate drinking
for purposes of the study on a daily basis (e.g., wine with
a meal), but excluded binge drinking (foregoing drinking
during the week but consuming several drinks on the
weekend).

The most common addiction during pregnancy is tobacco
smoking. Some estimate that nearly one-third of all women in
the United States still smoke before and during pregnancy.
This practice continues despite the fact that the first reports of
adverse effects on the human fetus were published more than
80 years ago and despite the legally required warnings on
tobacco advertisements and product packaging. At least
19 major epidemiologic studies of more than 300 000 preg-
nancies have been published. The results of those studies lead
to the following dose–response conclusions. Smoking 10–20
cigarettes per day throughout pregnancy increases the risk of
early spontaneous abortion and reduces birth weight by as
much as 92–316 g. Women who cease smoking during the
early part of their pregnancy deliver babies with birth weights
near those of babies born to mothers who have never smoked.
The frequency of spontaneous abortion is directly related to
the number of cigarettes smoked; the frequency for pack-a-day
mothers is double that of nonsmoking mothers. The data hold
true after correcting for maternal age, race, height, weight gain
during pregnancy, socioeconomic status, gestational age, and
parity. It appears that it is the nicotine and carbox-
yhemoglobin content of maternal blood that is responsible for
decreased placental blood flow and anoxia leading to or
contributing to the low birth weight. Perinatal mortality
increases exponentially with decreasing birth weight; perinatal
mortality is increased 20% in offspring of mothers who smoke
less than one pack per day, and it is increased 35% in mothers
who smoke more than one pack a day. Tobacco use is the
single most important preventable determinant of low birth
weight and its associated perinatal mortality in the United
States. Of the 39 000 excess low-birth-weight babies in the
United States, 5900 could be prevented each year by smoking
cessation. The hospitalization and medical cost on a national
basis for these babies is enormous – so much so in fact that for
every $1 spent on smoking cessation during prenatal care, at
least $6 in hospitalization and related medical care costs can
be saved. This one intervention alone could double the cost
savings gained by prenatal care.
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Fear of Birth Defects

Two of the most questionable practices by those who are not
familiar with the principles of teratology are (1) making lists of
chemicals or other agents known or suspected to be teratogenic
or otherwise toxic to the embryo and fetus and (2) assuming
that the results of animal studies mimic those in human beings.

Perhaps the most obvious example of the first practice is
California’s Proposition 65, a set of laws enacted by public
vote in 1986 (known as the Safe Drinking Water and Toxic
Enforcement Act). Proposition 65’s list, like other similar lists,
includes chemical compounds ranging from known human
teratogens to compounds having adverse effects demonstrated
to occur only in laboratory animals. This list reinforces the
notion that compounds are either positive (teratogenic) or
negative (nonteratogenic) and that providing printed or other
warnings will prevent birth defects. This is simply not the case.
All compounds can cause the various manifestations of
developmental toxicity provided the exposure (dose) is large
enough, the route of exposure is appropriate, and the timing
of exposure occurs during a susceptible period of
development.

One clear example of a known teratogen for which warning
can be effective is ethanol, but warnings alone are not the
whole story. Alcohol consumption during pregnancy continues
to be a definite problem. The March of Dimes reports that
government surveys show that about 1 in 12 pregnant women
continue to drink during pregnancy, and about 1 in 30 preg-
nant women report binge drinking (five or more drinks on any
one occasion). Studies of children in the general population
indicate that from 0.1 to 0.2% show signs of FAS, but this figure
does not represent the true measure of this problem. Among
Native American tribes of the Great Plains or in northern British
Columbia, the Yukon, and the Southwest, studies found 5% of
the children affected. On the Pine Ridge reservation in South
Dakota, more than 25% of the children showed signs of FAS.
Many of these mothers can be so disabled by their own diseases
that they are unable to care for their children. These children are
difficult to place in foster homes because of their mental defi-
ciency and inability to develop appropriate emotional and
logical responses to everyday situations.

FAS rates in the United States have shown a steady increase
because of increased recognition and reporting of this condi-
tion by physicians and not necessarily because of increased
alcoholism among women of childbearing age.

In the case of compounds that are merely suspected
teratogens, however, there can be dark consequences. For
example, in August 1973, the US Consumer Product Safety
Commission (CPSC) banned the sale of spray adhesives and
published national warnings that these products caused birth
defects and chromosome abnormalities. The CPSC warned all
pregnant women who may have had contact with these sprays
to see their physician and inquire about the chromosomes of
their fetus. The minimum consequences of this regulatory
action were 1273 working days logged by 130 US diagnostic
and genetic counseling centers on spray adhesives, at least 380
chromosome studies, 11 amniocenteses, and at least 9 elective
abortions out of concern for exposure to spray adhesive. Eight
of these abortions were performed without first performing
diagnostic amniocentesis, and one was performed in a woman
who had chromosome breaks in her amniotic fluid. The genetic
counselor in the latter case had informed the mother that he
was unable to determine the health of her fetus with the
information he had on hand; she elected abortion because of
fear of possible birth defects and without telling the counselor
of her decision. The aborted fetus was fixed in formalin and
a detailed autopsy was performed: not only was there no
evidence for any congenital abnormality, but the chromosome
change first observed was also found to result from viral
contamination of her amniotic fluid sample. In those areas of
the country in which local newspapers had given the CPSC
warnings the greatest publicity, the greatest numbers of
inquiries to local genetic counseling services were made. Six
months later, the CPSC withdrew the ban on these sprays
because no toxicity of the substances in the spray could be
demonstrated and the original observations on chromosome
damage could not be confirmed.

The 1973 US CPSC action and its consequence is not an
isolated or rare example. Pregnant women are often very
worried about birth defects. Women not exposed to any tera-
togenic agent appearing on any lists believe they have a one in
four chance of having a child with major structural malfor-
mations – a risk equivalent to that after prenatal thalidomide
exposure. Single women have a significantly higher (proba-
bility of <0.05) tendency to terminate their pregnancy than do
married women; published studies demonstrate a greater
willingness on the part of single mothers to abort their fetus
when exposed to nonteratogens compared with married
women in similar circumstances. The data show that the
economic and social factors cited by single mothers in deci-
sions to continue their pregnancy are compounded by dis-
torted perceptions of teratogenic risk.

The young, minorities, and the educationally and
economically disadvantaged are placed in a particularly
vulnerable position with respect to this misinformation. Defi-
nite ethnic- and age-related disparities are seen in relative
percentages of pregnancies ending in live births, induced
abortions or early embryonic death. For example, rates of
induced abortion for US nonwhite women are significantly
greater than those for white women. The decline in teenage
pregnancies mirrors the decline in total number of teenagers;
however, pregnancy rates have increased because of the decline
in use of oral contraceptives and increased sexual activity.
Elective abortions have increased disproportionately for preg-
nant women aged 15–19 years.

Among the most problematic issues raising the specter of
death and disability is radiation. After the Hiroshima and
Nagasaki atomic bombs, spontaneous abortion in survivors
who were pregnant increased to the point that one-third of the
embryos died and of those that lived, at least 25%were afflicted
with a structural malformation of one type or another
(microcephaly, spina bifida, ocular defects, or oral cleft). There
is no question that exposure to radiation from atomic bombs,
or from X-rays or other medical procedures, has been respon-
sible for instances of human congenital malformation. Other
experience illustrates an ironic association between radiation
and abortion. Following the Chernobyl meltdown and disaster
in the former Soviet Union, fear and rumor were responsible
for the abortion of at least 2500 otherwise wanted pregnancies
in Greece. This occurred despite the fact that the radiation
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drifted north, to Scandinavia, and that effective exposure in
Greece was 100 mrem –much less than the amount that could
cause terata. In all of Western Europe, the total number of
panic-induced abortions resulting from that episode has been
estimated from hospital records at 100 000–200000.

The second questionable practice by those unfamiliar with
the principles of teratology concerns an overemphasis of
animal data. Several thousand compounds have been identi-
fied as developmentally toxic in animal bioassays, but only
relatively few are known human teratogens. There is a tendency
among those who have not actually conducted laboratory
studies, those who substitute a strength-of-evidence approach
for the weight-of-evidence approach, or those who are other-
wise unfamiliar with the principles of teratology to assume that
the effects seen in animal (including bird) studies do or could
occur in people. This is evident in (1) epidemiology studies in
which investigators focus on a specific malformation in human
populations after those defects have been observed in animal
studies and (2) laboratory studies in which investigators have
attempted to confirm or reproduce the human syndrome in
animals. Concordance between animal and human data is the
exception rather than the rule. Five teratogens are offered here
to illustrate this point: acetazolamide, aspirin, caffeine, lead,
and trypan blue. Finally, the retinoids (a large and diverse
number of compounds of which vitamin A is a member) are
presented to demonstrate the fact that although species
concordance is relatively rare, it does occur.

Acetazolamide (Diamox or Hydrazol), a prescription
diuretic, is a classic example of a teratogen that produces
malformations in a highly species-dependent fashion.
Administration of acetazolamide to pregnant mice, hamsters,
or rats causes right forelimb postaxial ectrodactyly (absent
digit) and only on very rare occasions is any other malforma-
tion induced. Acetazolamide is not teratogenic in monkeys
and, despite its widespread use in the 1950s in early and late
human pregnancy, there has been no evidence that acetazol-
amide caused developmental toxicity in humans.

Acetazolamide exerts its pharmacologic action through
inhibition of the enzyme carbonic anhydrase. It is believed that
inhibition of this enzyme in rodent placenta results in disrup-
tion of the normal potassium ion balance, producing the mal-
formation of the right forepaw. Replacement of the potassium
lost to acetazolamide inhibition of carbonic anhydrase prevents
the terata that would otherwise be induced by acetazolamide.
Because the rodent fetus remains in constant orientation in utero
with its right side against the placenta, it is thought that local
disruption of potassium in that area dictates the constant mal-
formation of only the right digit. In those rodent strains having
genetic situs inversus, only the corresponding left digit is
affected. In primate embryos, there is no detectable carbonic
anhydrase at the stage of development in which acetazolamide
would be expected to induce these malformations.

Aspirin is the most widely used of any medication in the
United States. Aspirin is a reliable, reproducible teratogen in
rodents, cats, dogs, ferrets, andmonkeys when 50–500mg kg�1

oral doses are administered on a susceptible day of gestation.
Malformations of all major organ systems, growth retardation,
embryonic/fetal death, and behavioral deficits in the survivors
are all consequences of prenatal aspirin exposure in common
laboratory animals. Epidemiologic studies have failed to
demonstrate any syndrome of terata; increased embryonic,
fetal, or neonatal mortality; or reduced birth weight that could
be attributed to in utero aspirin exposure. Some epidemiologic
data indicate that mothers of children with congenital mal-
formations actually consumed less aspirin during the first
trimester than did mothers of normal children. To be sure,
there are case reports of limb reduction defects, cardiac mal-
formations, and even cyclopia associated with prenatal aspirin
exposure. When circulating aspirin concentrations in the blood
of pregnant rodents or monkeys given teratogenic doses of
aspirin are compared with concentrations found in human
blood, the values in the animals are of the same order of
magnitude as (and in some instances even less than) those
found in human blood. Aspirin can be present in human
umbilical cord blood and in normal newborn blood at
concentrations of up to 10 times those associated with
embryotoxicity in animals.

It is acknowledged that, given aspirin’s widespread, unre-
stricted use among pregnant women, a great many adverse
pregnancy outcomes will have experienced aspirin exposures. It
is also acknowledged that, if aspirin were a newly developed
drug submitted today for regulatory evaluation, it is highly
unlikely that it would be approved for marketing. The data
published to date demonstrate that, at the aspirin doses usually
consumed and at doses less than those causing overt intoxi-
cation (salicylism), the risk of adverse pregnancy outcome is no
greater than the norm. Like acetazolamide, it appears that there
is a physiologic insensitivity on the part of the human embryo
compared to other species (which explains the differential
teratogenic potency).

Caffeine is, without question, teratogenic in common
laboratory animals. It is in the methylxanthine of chocolate
and cocoa (2–20mg/5 oz serving), coffee (74mg/8 oz serving),
soft drinks (30–58mg/12 oz serving), prescription drugs
(32–100mg), and over-the-counter drugs (30–200mg). In
rodents and rabbits, oral doses of 80–150mg kg�1 day�1

induce a consistent pattern of limb reduction defects and
delayed development (usually measured as reduced skeletal
ossification). A single, large oral bolus is more effective in
producing limb malformations than is the same total dose
given over several days. Many published epidemiologic and
clinical studies on thousands of pregnant women and their
caffeine consumption have failed to confirm any relationship
between caffeine and human congenital malformation. Some
studies have shown a possibility of increased risk (1.7 times
normal) of early spontaneous abortion in selected subgroups
consuming total doses in excess of 3 mg kg�1; however, these
studies failed to take into account covariates such as ethanol
and cigarette smoke or measured caffeine consumption before
(but not during) pregnancy. A study of offspring of 1529
women who consumed three, four, or six cups of coffee per day
(corresponding to 222, 296, and 444mg caffeine per day,
respectively) during early and mid-gestation at birth through
age 7 and adjusted for use of ethanol, tobacco, aspirin, acet-
aminophen, prescription drugs, and also dietary composition
found no evidence of functional deficit. There is no question
that caffeine crosses the rodent and human placenta and that
caffeine has been detected in human umbilical cord and
newborn blood. Here dose is the parameter that underlies the
differential response in humans and laboratory animals; it is
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theoretically possible that daily ingestion of caffeine at
concentrations equivalent to that of 75 cups of coffee, 125 cups
of tea, or 200 cans of a caffeine-containing soft drink could
induce terata in humans. Exposures to high doses such as these
occurred in the early 1980s from ingestion of mail-order
caffeine pills (each pill containing w500 mg caffeine). These
doses produced stroke, convulsions, tachycardia, coma, and at
least 12 deaths in acute cardiopulmonary arrest. None of the
individuals involved appear to have been pregnant at the time.

Lead is another example of an agent that induces terata in
laboratory animals that have no direct concordance in human
beings. When pregnant hamsters are given a sufficiently large
dose of a water-soluble lead salt early in gestation, the other-
wise normal young are born without tails. When first reported,
some advocated the position that because humans do not
normally grow tails, the observations in hamsters were only
a laboratory curiosity. Today, however, the effects of lead on
the developing human are well documented. There are at least
six major prospective epidemiologic studies on prenatal lead
exposure and postnatal cognitive development. Deficits in
Bayley Mental Development Index scores and problems with
language skills in young children are linked with maternal or
umbilical cord lead concentrations in the 20–30 mg dl�1 range.
In some children, slowed intellectual development has been
noted after exposure to umbilical cord lead concentrations of as
little as 10 mg dl�1 during gestation. (By comparison, back-
ground blood lead in healthy US adults without occupational
lead exposure ranges from 2 to 6 mg dl�1.) It is important to
note here that these studies also show that the early postnatal
delay in intelligence is not permanent and generally cannot be
detected at more than 5 years of age. These data have had
a profound influence on social policy worker protection and
reproductive health in the United States (Figure 9).

Trypan blue, a teratogenic azo dye, is yet another example of
a compound that produces malformations in a highly species-
specific fashion. Exposure of pregnant rodents to trypan blue
during early gestation produces a uniform lumbosacral spina
bifida in their offspring (Figure 10, Figure 11, and Figure 12).
These malformations are anatomically indistinguishable from
those in humans with spina bifida (Figure 2(d)). After trypan
blue treatment, the dye distributes to all maternal organs except
the brain because it is unable to cross the blood–brain barrier.
The embryo does not contain any of the dye, but the cells of the
trophoblast, the parietal and the visceral yolk sac, and deriva-
tives of the gut show visible accumulation of the compound.
The site of action of trypan blue is the visceral yolk sac and the
associated endoderm, where it inhibits pinocytosis, causes
increased mineral ion absorption, disrupts local osmotic
balance, uncouples oxidative phosphorylation, and ultimately
interferes with histotrophic nutrition. Trypan blue does not
reach or act on the embryo itself and there are no cellular or
subcellular pathologies that can be attributed to the temporal
presence of the dye. The interference with embryonic nutrition
results in accumulation of fluid (intercellular edema) in the
paraxial mesenchyme that is located above the affected endo-
derm. This is followed by extravasation from the blood islands
of the yolk sac placenta into these expanded intercellular
spaces, giving rise to failure of neural fold apposition and
fusion in that area leading to myeloschisis. The cell cycle in the
neuroepithelium of the affected area maintains normal
generation times and the neuroepithelium continues to grow,
only in a mechanically distorted fashion.

In rodents and rabbits, two placentas function during
organogenesis: the yolk sac (choriovitelline) and the chorio-
allantoic placenta. In humans, the chorioallantoic placenta is
the organ in which exchange between maternal and embryonic
blood takes place. The choriovitelline placenta of rodents and
lagomorphs is a selective adaptation in those species that have
a very high reproductive potential of short gestation
(hamster ¼ 17 days) and large (6 to 17 littermates) litters.
Trypan blue does not induce its teratogenic response in those
species that do not depend on the (comparatively primitive)
yolk sac placenta.

Retinoids (vitamin A and its congeners), on the other hand,
are agents capable of inducing terata across diverse species.
Excess retinoic acid (RA) in human, hamster, and macaque
embryos induces a nearly identical syndrome of craniofacial,
cardiac, and central nervous system (CNS) terata. The cranio-
facial defects are owing to disruption of the neural crest. The
gestational stage during which embryos must be exposed to
elicit craniofacial terata corresponds to a time when neural crest
cells are still associated with the neuroepithelium. Retinoid
teratogenesis displays a classic U-shaped dose–response rela-
tionship and has a definite structure–activity relationship.
Experimental (proprietary) retinoids have been synthesized
which are among the most powerful teratogens known, some
being as potent as the most active dioxin. Retinoid deficiency,
however, is also teratogenic. Retinoids related to RA (including
the 13-cis isomer and the oxidized and glucuronide metabo-
lites) are normal constituents of human and animal tissues;
thus, one can debate what constitutes a ‘safe’ dose.

The effects of retinoids on embryos occur through changes
in gene expression. Two families of nuclear receptors, termed
retinoic acid receptor (RAR) and the related RXRs, have two
endogenous retinoids, RA and its 9-cis isomer, as normal
ligands. These receptors mediate retinoid changes in gene
expression. When these receptors bind their particular ligand,
they induce transcription by complex with the promoter region
of the target genes (termed response element or RARE). The
nucleic acid sequence GGTCA is present in at least two parts of
the response element and this DNA sequence is the minimum
(termed half-site) for binding of one receptor molecule.
Subdivisions (RAR-a, RAR-b, and RAR-g) of each family are
recognized, each with a number of isoforms. Retinoid nuclear
receptors are subsets of the steroid/thyroid hormone super-
family of nuclear receptors, all of which recognize an AGGTCA
sequence, and it is the spacing of this sequence, which deter-
mines response element specificity for the cognate receptor. The
RXR receptor recognizes the AGGTCA half-site separated by one
base pair and the RXRs form heterodimers with those nuclear
receptors like RARs that bind to direct repeats of the half-site.
RARs require heterodimerization with RXRs for efficient DNA
binding; after RXR–RAR interaction, binding to the specific
DNA sequence is stabilized. The RAR–RXR heterodimers are
gene activators in the presence of ligand and are repressors in
the absence of ligand.

The expression of the retinoid nuclear receptors and related
proteins for cytosol retinoid transport, metabolism, and
control of local concentrations of free ligand (termed the
CRABPs and CRBPs) in developing embryos are carefully



Figure 9 Summary statement of the famous Johnson Controls decision by the US Supreme Court in the matter of lead and developmental toxicity.
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controlled in space and time. Embryonic CRABP is differen-
tially expressed in those structures sensitive to retinoid terato-
genesis (e.g., branchial arch mesenchyme and portions of the
embryonic CNS), but this cellular binding protein is not
directly involved in retinoid mechanism of action. The RAR-
a serves a common ‘housekeeping’ function, and it is present in
nearly all embryonic tissues. RAR-b is abundant in the lateral
nasal processes and hindbrain neuroectoderm. RAR-g
predominates in somitic mesoderm, frontonasal and pre-
cartilaginous mesenchyme, and skin. RAR-b does not colocalize
in embryos with RAR-g and neither does it occur in the limb,
except in the interdigital mesenchyme (which is doomed to die



Figure 10 Skeleton of a day 20 control rat fetus. The ossification in the
skull, vertebrae, ribs, and sternebrae is nearly complete. Endochondral
ossification of the pectoral and pelvic girdle and limbs is progressing
(�3.2).

Figure 12 Magnification of the thoracic, lumber, and sacral regions of
the spine of a rat fetus with trypan blue-induced spina bifida aperta on day
21 of gestation. Note the severe malformations of the vertebral column
when compared to the control (Figure 11). The vertebral arches and
bodies are so malformed that it is difficult to identify those structures.
Reproduced from Peters, P.W.J., Verhoef, A., De Liefde, A., Berkvens,
J.M., 1981. Development of the skeleton in normal rats and in rats with
trypan blue-induced spina bifida. Acta Morphol. Neerl. Scand. 19, 21–34,
with permission.
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in the formation of normal digits). RAR-b is expressed in inner
ear mesenchyme, which gives rise to structures damaged by
retinoids and producing deafness in those children who survive
(Figure 13).

It is the binding and transactivation by the retinoid nuclear
receptors on target genes in embryos that is held responsible for
retinoid teratogenicity. It is the disruption of normal embry-
onic segmentation and alterations of normal gene expression
by exogenous retinoid that leads to the defects (Figure 13).
Homeobox (Hox) gene expression is one of the targets. The
gene Hox 2.9 (found normally in rhombomere 4 during stages
sensitive to RA insult) is inappropriately expressed in rostral
areas, and Krox-20 (a gene found normally in rhombomere 3)
is suppressed after exposure to RA. Hox 2.9 expression is also
disrupted in neural crest and mesoderm – tissues that are
known targets in retinoid teratogenesis. Normal segmented
Figure 11 Higher magnification of the vertebrae, ribs, pelvic girdle,
and limbs of the fetus is shown in Figure 10. Note how the ossification
centers of the bodies and arches of the vertebrae are regularly oriented (�9).
patterns of temporal gene expression are either disrupted or
lost altogether in RA-treated embryos and it is these genes that
have roles in normal cardiac and craniofacial and CNS
morphogenesis.

The paradigm emerging is that of a cascade (a series of
biochemical steps using secondary, tertiary, or more
messenger molecules, each successive step amplifying those of
the preceding step). After retinoid absorption from the gut,
biotransformation in the liver, transport through the blood
and across the placenta, and sequestration in target cells in
the embryo, the first biochemical actions are triggered by
retinoid binding to their cognate nuclear receptor(s). The
retinoid–receptor complex binds as a heterodimer to specific
upstream regions of the clusters of Hox genes. Hox genes
contain the information for patterning of the vertebrae, brain,
and branchial arches (Hox codes). The proteins produced by
transcription of Hox genes are themselves transcription factors
(called homeoproteins). The homeoproteins have DNA-
binding domains that are remarkably consistent from
amphibians to birds, rodents, and primates – just as are the
highly conserved regions of the retinoid nuclear receptors.
(It is the highly conserved nature of the morphogenetic
mechanism of action of this cascade that forms the basis
for the similar teratogenic profiles of retinoids across diverse
species – a reflection of the most ancient of vertebrate pattern
formation maintained through prehistoric evolution.)
Abnormal expression of Hox codes in target cells precipitates
magnified local disruption of the ordinary careful control and
coordination in vertebrate body pattern formation. Once the
small window in space and time has closed and the affected
progenitor cells have not arrived at their appointed station in
sufficient numbers, all is lost. There is a cascade of abnormal
events at the next higher level of organization – when the
neural crest cells remain clustered together just under the
neuroepithelium instead of migrating down to the branchial
arches, insufficient numbers of these cells are available for
proliferation and differentiation into bone, muscle, cartilage,
thymic, and cardiac tissue and the syndrome is known as
retinoid embryopathy ensues.



Figure 13 Lateral view of a 2.8 kg newborn at 38 weeks gestation exposed to 80 mg day�1 isotretinoin (13-cis-retinoic acid) from days 0 through 42 of
pregnancy. Note the rudimentary pinna, imperforate external auditory canal, micrognathia, depressed nasal bridge, prominent occiput, and narrow sloping
forehead. This child is also afflicted with paralysis of the left side of the face, abnormal visual-evoked potential, hypertelorism, latent auditory brain stem
response, reduced muscle mass and tone in his legs, and eyes that cannot follow. This child also has a cleft palate, ventricular septal defect, aortic
stenosis, pulmonary stenosis, dysplastic pulmonary aortic arch, and at 2 months of age he required a tracheostomy and gastrostomy. This collection of
malformations is known as retinoid embryopathy. The syndrome is common in infants born to mothers ingesting from 20 to 50 mg day�1 isotretinoin in
treatment of acne from conception (day 0) or shortly thereafter (days 14–16) through the first trimester (days 35–84). Identical malformations can be
induced in fetal hamsters after isotretinoin exposure during equivalent stages of embryogenesis (early primitive streak stage in hamster occurs on day 8);
in humans, retinoid embryopathy occurs after exposure during implantation (day 7), the primitive streak stage (day 14), closure of the anterior neuropore
(at 10 somites or about day 25), and through appearance of limb buds (days 27 and 28). Thus, the most sensitive time for exposure occurs before the
mother knows she is pregnant (i.e., from the first missed menstrual period). Reproduced from Willhite, C.C., Hill, R.M., Irving, D.W., 1986. Isotretinoin-
induced craniofacial malformations in humans and hamsters. J. Craniofac. Genet. Dev. Biol. 2 (Suppl.), 193–209.
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For decades, it has been known that high levels of vitamin A
during pregnancy (on the order of 40 000–250 000 interna-
tional units (IU); 10 000 IU ¼ 3.3 mg retinol) cause structural
and behavioral disorders (termed functional deficits or
behavioral teratology) in rodents. Prenatal hypervitaminosis A
delays and disrupts motor coordination, activity, and learning-
related development. In fact, vitamin A has been used for years
as a reference teratogen or ‘positive control’ in the study of
potential behavioral teratology of drugs, workplace chemicals,
or other agents. After vitamin A doses that do not cause overt
structural malformation, neonatal survival and weight may not
be affected, but performance of the offspring on a variety of
tests designed to assess mental and physical ability (e.g.,
Rotorod balance, righting reflex and other reflex development,
running wheel, water T maze, active avoidance, open field, and
shock avoidance) is reduced. Thus, postnatal growth and
development can be affected by exposures (dose) to retinoids
less than those causing obvious structural terata. Behavioral
terata induced by retinoids in rodents mirror the human
experience. The risk for major craniofacial, cardiac, thymic, and
CNS malformations after prenatal isotretinoin (13-cis-retinoic
acid) exposure (Figure 13) is at least 25%, a value excluding
those spontaneously or otherwise aborted embryos and fetuses
exposed to the drug. Longitudinal follow-up of children who
were exposed to isotretinoin in utero and survived to 5 years of
age show that at least 20% are mentally retarded and that more
than 50% are of substandard intelligence (Figure 14). The
retinoids are an example of the principle that postnatal growth
and development can be the most sensitive endpoint in tera-
togenesis. Retinoids are perhaps the best example of species
concordance, dose–response in behavioral disorders at lower
exposures, structural terata and growth retardation at some-
what increased exposures, and increased embryonic/fetal death
at higher exposures. The abnormal transactivation of the reti-
noid nuclear receptors and subsequent molecular events
precipitate abnormal events at the level of the cell, leading to
abnormal anatomic or mechanical disorganization in tissues
(e.g., the cranial neural crest) precipitating abnormal
morphogenesis of whole organs and systems relating to or
surrounding those abnormal organ structures (e.g., malfor-
mation of the inner and external ear, the jaw, and CNS). As in
retinoid-induced or other CNS malformation (Figures 4–7),
malformation of the skeleton cannot be separated in the final
analysis from malformation of the brain.
Principles of Teratology

Evaluation of new pharmaceuticals, pesticides, and the like for
developmental toxicity is required by law. Such testing is
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Figure 14 Relationship between congenital malformation and functional
deficit in isotretinoin-exposed children at 5 years of age. All of the children
classified as mentally retarded (IQ <71) have major malformations. Of
those with marginal intellectual ability (full-scale IQ 71–85), 40% have
major structural malformations. Among all children with significant
intellectual deficits, 38% have no major malformations. Reproduced from
Adams, J., Lammer, E.J., 1991. Relationship between dysmorphology
and neuropsychological function in children exposed to isotretinoin in

utero. In: Functional Neuroteratology of Short-Term Exposure to Drugs,
Teikyo University Press, Tokyo, pp. 159–170.
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actually a special type of toxicity testing and the rules for these
studies are based on a few generally accepted principles and
a number of assumptions. The principles are listed in this
section and the assumptions implicit in these studies are dis-
cussed. The overall predictive ability of the animal studies to
give reliable indication of potential adverse effects in humans is
then presented.

There are four general principles of developmental toxicity
testing:

1. Developmental stage determines susceptibility to insult.
2. There is a dose–response continuum. The magnitude and

duration of the exposure determines the response, which
can range from subtle change to frank malformation to
death.

3. Genotype influences response.
4. Maternal systemsmay or may not be influenced by exposure

to the insult. Although the ultimate target in the conceptus,
the primary site of toxic action may be elsewhere.

Developmental toxicity testing is carried out using animal
bioassays. Guidelines published by domestic and international
regulatory agencies specify whole animal, mammalian systems.
A number of in vitro screening methods using invertebrate,
amphibian, chick, and cultured normal or neoplastic
mammalian cells have been developed, but none of these are
currently accepted by regulatory agencies as adequate measures
of potential developmental toxicity. These policies stem from
experience; as one moves away from whole animal mamma-
lian systems, prediction of teratogenic potential in humans
becomes tenuous. In vitro and other systems (nematodes
(Caenorhabditis elegans), fruit fly (Drosophila), amphibians
(Xenopus), and Hydra) are valuable in studies of teratogenic
mechanisms of action. Nearly all the basic work in under-
standing homeotic gene complexes, their arrangements in
tandem clusters, their segmented expression in anteroposterior
domains that determine position, and the basic tenet that
transcription of these genes in space and time is related to their
order on the chromosome comes from Drosophila. Using
homeobox and zinc finger probes developed in Drosophila,
research is underway to characterize homologous and related
genes in mammals, including those homeotic gene complexes
that control anteroposterior orientation and organization of
the neural tube. The examples discussed in the previous section
(aspirin, acetazolamide, caffeine, lead, trypan blue, and reti-
noids) illustrate that as knowledge of a mechanism is
increased, the accuracy of interspecies extrapolation of labora-
tory data to human beings is increased and one can extend with
confidence those conclusions to related compounds or expo-
sure situations. Because the genes involved in embryogenesis
have been conserved during evolution, alteration in homeobox
sequence and expression as measured in nematode worms, sea
urchins, mollusks, annelid worms, fish, chickens, and mice can
have similar consequences in human embryos.

There is no perfect animal model for accurate prediction of
human teratogenic sensitivity – not all primates respond to all
known or suspected human teratogens. Monkeys yield the
most predictive dose–response in no more than half of all
cases. New methods offer much promise in improving this
situation. Using homologous recombination to ‘knock out’
particular genes in embryos can yield chimeric offspring that
provide excellent models of phocomelia, osteogenesis imper-
fecta, and congenital degeneration of Purkinje cells; inappro-
priate gene expression is most often lethal but, in some cases,
the offspring are phenotypically normal. After insertion of
bacterial genes like that for b-galactosidase (lacZ) under control
of a weak constitutive promoter, those genes that fall near
a strong promoter region are transcribed and the mRNA is
translated into a functional enzyme detectable by histochem-
ical methods – producing an insoluble, blue salt in those
groups of cells (like neurons) expressing those DNA sequences
that can be isolated. Injecting lacZ constructs into fertilized eggs
and screening the transgenic embryos yields models like ‘Blue
mice,’ giving straightforward indications of disrupted genes.
The tools of molecular biology and the application of rigorous
interspecies dose scaling based on the principles of physio-
logically based pharmacokinetics (discussed in a following
section) are keys to accurate identification of those agents and
levels of exposure with which the public needs to be concerned.
The high degree of uncertainty currently associated with inter-
pretation of developmental toxicity data leads to marked
discord between the regulated community and those agencies
and groups charged with protecting the public health.

Recent developments in biomedicine promise to reduce this
uncertainty. One of these new developments involves the
completed human genome sequencing project. As a result of
this project, we now know, or will shortly know, all of the genes
that combine to orchestrate human development. This
knowledge, combined with similar information from a variety
of animals, has led to the development of a new field called
genomics, literally the study of the genome. Because of recent
developments, researchers have tools, for example, DNA
microarrays (so-called DNA chips), to study the thousands of
genes that must be turned on and off according to a precise
development schedule to ensure normal development.
Currently, these DNA chips, actually microscope slides, are
engineered to contain sequences representing 20 000 or more
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genes. In fact, it will not be long before all the genes for humans
and a variety of animal species will be contained on chips
smaller than the size of a microscope slide.

Why is this such a significant development? For an answer, we
must goback to the central dogmaofbiology; that is,DNAmakes
RNA makes protein makes phenotype. During development
from the fertilized egg to the newborn, the genes in the human
genome are temporally and spatially read out and translated into
their respective proteins. Subsequently, a complex interaction of
proteins culminates, in ways only dimly understood, in the
phenotype. Before the advent of genomics, investigators typically
studied genes one at a time, attempting to relate the expression of
a particular gene and its encoded protein with a particular
developmental phenotype, for example, the eye. Scientists used
techniques such as Northern blot analysis, in situ hybridization,
and immunohistochemistry to study one particular gene or at
most a small groupof genes. This approachwas takendespite the
knowledge that literally thousands of genes and proteins were
operative at anyparticular stage of development.With the advent
ofDNAmicroarray technology, scientists can nowstudy all genes
in the genome simultaneously. How is this capability of moni-
toring gene expression on a global scale going to reduce the
uncertainty in extrapolating developmental toxicity data from
animals to humans? One possibility is to use microarrays to
identify patterns of gene expression that are associated with
congenital defects in animal models (e.g., mouse, rat, rabbit)
induced by different individual or classes of developmental
toxicants. Such patterns of gene expression could then be used to
design appropriate experiments in nonhuman primates
todeterminewhether specific genes or groups of genes are related
to abnormal phenotypes. In the end, the hope is that gene
expression profiling using DNA microarrays will identify
biomarkers of exposure/effect/susceptibility so that data from
animal studies can be used to more accurately predict whether
a particular developmental toxicant poses a risk of causing birth
defects in humans. Gene expression profiling using DNA
microarrays has enormous potential; however, much research
needs to be completed before we know whether this hope is
realized.

Although genomics in general and gene expression profiling
in particular offer great promise, scientists are already looking
beyond genes and their messenger RNAs to the cellular mole-
cules that actually produce the phenotype, that is, proteins.
Although it is currently estimated that there are w20–30000
genes in the human genome, it is also estimated that there may
be an order of magnitude more proteins because of alternative
splicing of RNA and various posttranslational modifications of
proteins, for example, phosphorylation. Thus, the task of
monitoring changes in all cellular proteins, termed the pro-
teome, is daunting. Nonetheless, new developments in protein
analysis, particularly developments in mass spectrometry (MS),
have spawned a new field of research called proteomics. The
goal of proteomics is to develop high-throughput techniques for
the simultaneous analysis of all proteins (and their modifica-
tions) in the proteome. Although currently far from this goal,
exciting new developments are coming online frequently. One
example is ICAT analysis. ICAT stands for isotope-coded affinity
tag. ICATs are small molecules that consist of three elements: (1)
an affinity tag (biotin), which is used to isolate ICAT-labeled
proteins (peptides), (2) a linker region that can incorporate
stable isotopes (e.g., light ¼ hydrogen or heavy ¼ deuterium),
and (3) a reactive group that can form a covalent linkage with
cysteine residues in proteins. ICATs exist in two forms, heavy
(containing eight deuteriums) and light (containing no deute-
riums). Using these ICATs, two protein mixtures representing
two different states (e.g., embryos exposed to a developmental
toxicant compared to unexposed embryos or exposed embryos
of a sensitive strain of mice compared with exposed embryos of
a resistant strain) are treated with isotopically light and heavy
ICAT reagents (e.g., lysates from treated embryos labeled with
light ICAT compared with lysates from untreated embryos
labeled with heavy ICAT). In each lysate, any one protein is
covalently tagged at cysteine residues with either a heavy or light
ICAT. The two ‘labeled’ protein mixtures are then combined
and proteolyzed to peptides. ICAT-labeled peptides are isolated
using the biotin tag and then separated by microcapillary
high-performance liquid chromatography (LC). Each pair of
ICAT-labeled peptides is chemically identical, but can be
distinguished by LC–MS on the basis of the 8 Da mass differ-
ence between the heavy and light ICATs. Because the ratios of
the original amounts of proteins from the two lysates are strictly
maintained in the peptide fragments, the relative levels of any
protein in the two lysates can be determined from the ratio of
the peptide pairs. Every other scan is devoted to recording
sequence information about an eluting peptide (tandem mass
spectrum), which is subsequently used to identify the parent
protein by computer searching the recorded sequence infor-
mation against large protein databases. Although ICAT analysis
has not yet been used to identify specific proteins that play
important roles in developmental toxicity, this approach has
tremendous potential. Moreover, the combination of gene
expression profiling using DNA microarrays and protein
expression profiling using ICAT analysis offers the real possi-
bility of identifying genes and their respective proteins that
orchestrate the developmental processes that culminate in
structural and/or functional birth defects. It is the hope that such
information will lead to new strategies for preventing birth
defects.

Developmental toxicity testing in laboratory animals is
based on the assumption that those species are, in one way or
another, similar to humans in their reaction to the compound
or agent of concern. The apparent concordance between
human and animal data is quite poor – even when normal
maternal–placenta–embryo relationships remain intact. In
some cases, rodents are more sensitive to the particular chem-
ical insult than rabbits, monkeys, or humans; in other cases, the
converse is true. Drug registration, pesticide registration, and
other regulatory testing protocols make use of either articulated
or implicit assumptions. Two of the assumptions made in the
absence of rigorous data are that the metabolic fate and phar-
macokinetic parameters of the chemical in animals are similar
to those in humans, and that the embryonic and fetal structural
and metabolic development in animals is similar to humans.
Because no one species is always suitable, regulatory agencies
require testing inmore than one species in the hope that at least
one species will show some relevant adverse effect at a partic-
ular dose on which a regulatory decision can be based. In
practice, this is usually the no-observed-adverse-effect level
(NOAEL), the lowest-observed-adverse-effect level (LOAEL), or
a benchmark dose (BMD) in the most sensitive species tested.
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Two practical compromises occurred at the outset of these
testing protocols. First, the laboratory species used most
commonly (rodents and rabbits) are relatively inexpensive, can
be bred year-round, and are small, which allows for efficient
husbandry, dosing, and ease of handling and permits use of the
rather large numbers needed for statistical evaluation. Second,
dosing is carried out for a prolonged period of gestation
(usually days 6–15 of pregnancy in rats and 6–18 days in
rabbits) to cover organogenesis and early fetal life, even though
it is recognized that a single exposure during a critical period
can be sufficient to induce terata. The latter practice stems from
the fact that, at the outset, the investigator cannot be sure which
particular gestational stage will be most sensitive; however, this
approach is compromised by the possibility that some
compounds (like retinoic acid and cadmium) induce or
otherwise alter their own metabolism after repeated exposures
so that teratogenic potency can be altered.
Methods

Of the 50 or so mixtures, compounds, or agents known to elicit
human developmental toxicity under a particular regimen or
exposure, the majority were first identified by astute physicians.
Some human teratogens have been identified by epidemiologic
studies and were only later confirmed in animals. Only a few
were identified first in animal studies. Nonetheless, for every
known human teratogen, there is at least one animal model.
The only way the predictive ability of animal studies can be
evaluated is by epidemiologic studies of sufficient statistical
power. Some believe that the results of animal developmental
toxicity studies have little value in predicting human response;
others maintain the opposite point of view. This divergence is
caused by the physiologic and metabolic differences between
humans and common laboratory animals and the differences
in how the animal studies have been designed. For example,
scientists have generally been unable to reproduce folic acid
deficiency-induced NTD in wild-type rodents, probably not
because these animals are insensitive to the reproductive
consequences of inadequate dietary folate, but because rodents
practice coprophagy (feeding on dung) from which they obtain
microflora-produced nutrients. Recent studies with ‘knockout’
(genetically modified) mice lacking normal folate binding
and transport capabilities found craniofacial defects in these
animals.

The general application of epidemiologic methods to
developmental toxicity is described in the following and fol-
lowed by a discussion of laboratory studies in rodents and
rabbits. The bulk of data available in developmental toxicology
are based on these protocols. Because the difference in human
and animal response appears to rest in large part on differences
in behavior, physiologic parameters, xenobiotic absorption,
distribution,metabolic fate, and elimination, a brief description
of transplacental pharmacokinetics is also provided.
Human Studies

The major advantage of studies of humans is that we have the
data in the right species. The major disadvantage is that usually
we have no reliable quantification of exposure (dose). It is,
therefore, difficult if not impossible to construct a dose–
response relationship.
Clinical Data

Malformations like cyclopia occur on average 60 times more
often in early, aborted embryos than in infants at term. Cleft lip
and palate occur 10 times more often in early abortions than at
term. Study of early human embryos could be a very useful tool
in identification of developmental toxins, but tabulation of
anomalies in aborted embryos and fetuses is not routine.
Because the total malformation rate in these spontaneous
abortions ranges from 3% to 5%, it is difficult to sort out cause
and effect for the comparatively small contribution of exposure
to one compound or situation of relatively low teratogenic
potential. It is, by comparison, relatively straightforward to
identify potent, unique, or unusual teratogens in contrast to
a general or common effect (e.g., ventricular septal defect). In
some instances, the rarer the malformation (e.g., cyclopia), the
more difficult it is to correlate etiology because of the very small
number of affected infants at term. Conversely, a cluster of very
unique findings (e.g., thalidomide-induced phocomelia) has
been the best clue historically to identify human teratogens.
Epidemiology

Birth certificates are notoriously poor sources of information
because of unintentional and intentional deletion of important
data. Three descriptive approaches are useful for generating
hypotheses: case reports, correlation studies, and birth defect
registries. Four methods are useful in testing these hypotheses:
cohort studies, case–control studies, cross-sectional studies,
and intervention studies. The greatest limitation to all these
approaches is quantifying exposure and correcting for poten-
tially confounding factors (e.g., inherited disorders, maternal
parity, disease, age, prepregnancy weight, weight gain during
pregnancy, socioeconomic status, ethnicity, and diet).

Case reports can be very useful and have been the mainstay
in identification of human teratogens. Usually there is no
information on confounding variables, and the actual cause-
and-effect relationship cannot be established by the case report
alone. Many known human teratogens were established by
a consensus of case reports, later to be confirmed by epidemi-
ologic evaluation. Correlation studies seek relationships
between geographic location, time of exposure, personal
characteristics, and pregnancy outcome, but it is extremely
difficult to correct for those correlations that have no actual
influence on the malformation of interest. Birth defect moni-
toring programs (surveillance registers) can be conducted on an
area-wide basis (e.g., California Birth Defects Monitoring
Program) or an industry-wide basis (e.g., Finnish Occupational
Registry); however, dose estimation and comparison to control
populations are difficult. These programs can provide prom-
ising leads only through laborious, expensive follow-up of the
mothers with efforts to correct for recall bias. All these methods
rely on identification of subgroups placed at increased risk
because of their lifestyle, habits, occupations, or medical needs.
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Cross-sectional studies can identify prevalence rates based
on the distribution of a particular syndrome or malformation,
but the study design makes it difficult to identify cause–effect
relationships. Case–control protocols match the affected
pregnancy to an unaffected pregnancy but, again, it is difficult
to account for maternal recall bias and perhaps equally difficult
to control for bias (even unconscious) on the part of the
investigator. Cohort studies, although suffering from problems
of dose determination, are usually prospective, the largest, the
most expensive, the slowest, and usually the most statistically
powerful to detect reliable associations. Double-blind inter-
vention studies, like those conducted with folic acid and
prevention of NTD, usually yield the most conclusive data.

All these epidemiologic approaches are judged by the
following criteria:

1. Consistency with other epidemiologic findings
2. Specificity of risk with those having highest exposure
3. Strength of statistical association
4. Dose–response relationship
5. Biological plausibility
6. Temporal relationship between exposure and outcome
7. Statistical significance

Even when good epidemiology information is available, not
all studies necessarily agree on conclusions. It often comes down
to weight-of-evidence available at the time and balancing risks
with benefits. A current example of this is the use of antide-
pressant medications during pregnancy. Some studies have
linked use of selective serotonin reuptake inhibitors (SSRIs) and
other antidepressant drugs during pregnancy with adverse birth
outcomes; however, the incidence is usually relatively rare and
not all studies agree. Readers concerned about this issue are
advised to discuss the current status of reliable, peer-reviewed
researchon this subjectwith their physicians, andweigh the risks
of taking these drugs during pregnancy with the benefits.
Animal Bioassays

The first step in the laboratory study of developmental toxicity
is determination of the substance to be tested. This might be
straightforward in drug or pesticide registration studies because
only a single pure compound is of concern. In the case of
complex mixtures, however, selection of the test substance(s)
for the particular condition(s) and route(s) of exposure can be
very difficult. For example, gasoline, diesel fuel, or aviation fuel
each contain >250 diverse hydrocarbons, which change with
source of the crude oil, the products are formulated differently
by different refineries and the composition can change with the
season of the year. Although bioassays can be carried out with
complex mixtures or technical-grade materials, interpretation
or extension of those data to related or slightly altered materials
can be problematic.

The second step in the laboratory study of developmental
toxicity is selection of the test species and strain. International
(and even state) regulatory requirements differ; most look
favorably on data from outbred rats and rabbits from labora-
tories with cumulative and comprehensive histories of mal-
formation incidence in untreated or control animals. All
regulatory agencies recommend selection of a test species that
absorbs, distributes, and metabolizes the compound(s) of
concern in a manner similar to that of humans; however,
human pharmacokinetic data are rare and even those param-
eters in animals may be lacking. The animals should be housed
and treated in accordance with the Guide for Care and Use of
Laboratory Animals (US National Institutes of Health [NIH]
Publication No. 85-23; DHEW Publication No. 74-23). The
only difference between the treated and control groups should
be exposure to the agent of concern; both groups should be
provided with controlled humidity, temperature, light cycle,
and the same basic, nutritionally adequate diet.

The third step in the laboratory study of developmental
toxicity is the determination of dose, exposure route, and
number of animals to be studied. Most regulatory agencies
require at least three dose levels in addition to a sham or
vehicle control group. The highest dose is expected to produce
toxicity in either the offspring or the dams; a reduction in
maternal body weight gain or increased mortality (usually not
more than 10% maternal death) is accepted as the highest
required dose. Some agencies permit substitution of a ‘limit
test’; that is, if a dose of 1000 mg kg�1 fails to induce embry-
otoxicity or teratogenicity, then a full developmental toxicity
bioassay may not be necessary. The lowest dose should elicit no
adverse effect. Initial dose selection can be based on the
anticipated therapeutic dose (or multiple thereof), on results of
a range-finding toxicity study, or on an LD50 value in the same
or a closely related species. The route of administration should
be the same as the route by which humans are exposed. If the
compound is to be given orally, it is preferable that intubation
be used because incorporation into the feed can yield palat-
ability problems and it provides only an approximation of
dose. Regulatory agencies stipulate that 20 litters for rodents
and 8 to 12 litters for nonrodents per dose group are necessary.
Taking note that rodents can have as many as 15–18 offspring
per litter, large numbers of animals at each dose can be
required for statistical evaluation. It is the litter – not the
individual implantation site – that is considered the experi-
mental unit. However, when one encounters a potent
teratogen, as few as five litters per dose group may be sufficient
to provide meaningful results.

The fourth step in the laboratory study of developmental
toxicity is selection of duration of exposure. The reader should
be aware that different laboratories count the days of gestation
differently; some count the day after breeding as day 0 and
others count it as day 1. Regulatory agencies stipulate that
treatment begin on day 6 (first day counted as day 0) and
continue each day through day 15 in rodents and from days 6
through 18 in rabbits to cover organogenesis and early fetal life.
The animals should be weighed before dosing, regularly during
treatment, and at term. Careful daily inspection for clinical
signs of intoxication is needed. Just before term (e.g., day 18 in
mice and day 15 in hamsters), the fetuses are collected by
cesarean section. Conventional teratology study in rodents
requires that the dams and their fetuses be killed just before
term because malformed or otherwise defective offspring are
preferentially cannibalized by the mother. Regulatory require-
ments for sacrifice of the dam date from 1970 US Food and
Drug Administration (FDA) safety evaluation guidelines.
Cannibalism of malformed offspring occurs during the
immediate postpartum period perhaps precipitated by the
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pup’s inability to move about and/or nurse normally. If
the dams are disturbed during this period, this will also
precipitate cannibalism.

In contrast to primates, which abort dead embryos, dead
rodent embryos are resorbed and the implantation site is
recorded as a resorption site. The numbers of living and dead
fetuses, and the number of resorption sites, are counted, and
fetal weight, sex, and external malformations are recorded.
Fetuses can either be inspected fresh in evaluation of internal
soft tissues (known as the Staples technique) or can be placed
in a fixative (usually Bouin’s solution) and sectioned at a later
time (Wilson technique). Other fetuses are fixed in ethanol,
cleared in potassium hydroxide, and the cartilage and bone are
stained with Alcian Blue and Alizarin Red, respectively. The US
FDA recommends that one-third of the rodent fetuses be sub-
jected to visceral examination and that two-thirds be studied
for abnormalities of cartilage and bone. The US Environmental
Protection Agency (EPA) recommends that one-third to one-
half of each litter be examined for skeletal anomalies. For
rabbits, all fetuses are to be examined for both visceral and
skeletal malformations.

There is no rigid, universal definition of what constitutes
a malformation, deviation, retardation, aberration, or func-
tional disorder. Only death is unequivocal. All species show
anatomic variations, particularly in patterns of skeletal ossi-
fication. In some cases, delays in ossification can be
a reflection of retarded growth, often found in concert with
reduced fetal body weight; however, in other cases, these
changes may be a reflection of terata found after exposures
to higher doses.

Just as with an LD50 in adult animals in which, by defini-
tion, one-half of the animals die and one-half live after acute
chemical insult, and the reason(s) why one particular animal
that is apparently identical to the other members of the group
lives and another dies is not known. Some fetuses in a litter can
be grossly malformed and the neighboring fetus can be normal.
The ‘litter effect’ is a term applied to the finding that, at some
dose, different females treated in the same way vary in the
degree and even type of response.

Mention of in vitro methods is appropriate here. Study of
teratogens with chick embryos can be extremely valuable, as
illustrated by the elegant mechanistic studies of retinoids in
cultured wing bud; however, the chick embryo suffers from ill-
defined metabolic capabilities and the numbers of false
positives owing to the placement of the test substance directly
on the embryo and toxic surface actions are high. Two of the
more useful in vitro methods are cultured whole rat or mouse
embryos and cultured rat and mouse limb buds. For whole
embryo culture, the embryos can develop normally during
48 h of head-fold stage and precise control of exposure and
experimental conditions can be achieved. The technique is
inexpensive and it has been said that, with a little practice, one
skilled person can explant and culture 50 embryos in 1 day.
The embryos are placed in bottles containing culture medium
and the bottles are attached to a rotating drum; during incu-
bation, oxygen and 5% CO2 are bubbled continuously into
the bottle to maintain adequate oxygen and a steady pH. The
embryos are very sensitive to changes in temperature and
artifacts can be induced. Although novel approaches, such as
including human serum from patients being treated with
various drugs can help in relating the rodent culture results for
human health risk assessment, the patterns of malformation
induced in cultured rodent embryos can be quite different
from those seen in embryos exposed to the same compound
in vivo. A great many in vitro methods have been developed:
cultured ova, cultured embryonic pancreas, palate, teeth, lens,
kidneys, gonads, bone, thyroid, fish, sea urchin, dissociated
adult invertebrate cells, micromass (dispersed embryonic limb
and lung), and whole invertebrate or amphibian tail regen-
eration. None of these, however, have been accepted by
regulatory agencies in safety assessment. In vitro studies of
developmental toxicants are generally regarded as methods for
elucidation of mechanism of action and those data can be
used to explain and support conclusions reached from
conventional protocols.

It has become increasingly important to collect pharmaco-
kinetic and transplacental transfer data in studies of develop-
mental toxicants. These approaches require that quantification
of parent compound and metabolites be carried out in
a rigorous manner; measurements of total radioactivity from
labeled test compounds in blood and tissues are of little utility
here. The exception is use of autoradiography of early embryos,
in which one can obtain an approximation of compound
localization in tissues of developing embryos that cannot be
otherwise achieved. It may be very important to determine
species-specific plasma or erythrocyte binding of the active
compound because small differences here can make for large
differences in the concentration of free drug and can explain
what otherwise looks like a major difference in species sensi-
tivity to the teratogen.

Classical methods for analysis of pharmacokinetic data
(box models) fit sums of exponential functions for two or
three mathematical compartments, and these methods
usually have no identifiable compartment other than that
from which the data arise (e.g., plasma). These methods are
useful first steps, yielding concentration–time curves with
rates of uptake, the maximum concentration, the rates of
elimination, and total dose (measured as the area under the
concentration–time curve, AUC). Box models are not partic-
ularly useful in scaling dose between species as there are at
least four different kinds of doses: administered dose,
absorbed dose, metabolized dose, and delivered (or target
tissue) dose. Physiologically based pharmacokinetic (PBPK)
models have been developed to overcome these limitations
(Figure 15). These methods require anatomic information
(organ-specific blood flow and volume) and physiologic
information (rate of metabolism), whereas traditional
compartment models assume all input to a central compart-
ment (blood) and free distribution into other compartments.
The results from PBPK analyses show the influence of dose-
dependent changes in drug behavior and it may be that one
species appears most sensitive when compared using an
administered dose basis (mg kg�1 body weight), but these
species may be of equivalent sensitivity when one compares
the two on a target tissue (delivered) dose basis (e.g.,
embryonic AUC). Advantages of PBPK analyses include
considerations of blood flow and metabolic limitations,
anatomic volumes, and other characteristics (e.g., plasma
protein binding). These methods provide increased accuracy
for interspecies extrapolation of dose.
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Lessons

Three examples of mistakes known to every teratologist and the
major lessons learned from each are described below. These
lessons provide a warning and a caution to the reader. These
lessons demonstrate how data can be misinterpreted or missed
altogether and illustrate the responsibilities borne by those
who make mistakes in developmental toxicology.
Diethylstilbestrol

For a great many years, the only thought given to transplacental
carcinogenesis was the teratoma. Teratomas are – in a word –

bizarre. Ordinarily, the primitive streak mesenchyme degener-
ates at its caudal terminus, but in rare cases (and mostly in
female embryos and under unknown circumstances) some of
these cells can persist and can become malignant either in utero
or in infancy. In other cases, the primordial germ cells (which
migrate by amoeboid movements from the yolk sac along the
dorsal mesentery to the gonadal ridge at week 3 and normally
differentiate into male and female germ cells) remain and give
rise to teratomas in or on testes or ovaries. These uncommon
tumors can arise from all three germ layers, giving rise to
a disorganized mass or ball of pancreas mixed with teeth or an
eyeball, cartilage, and neural tube. Teratomas can also present
as an independent growth, as a partial ‘parasitic twin’ or ‘fetus
in fetu’.

Diethylstilbestrol (DES) changed forever the view of trans-
placental carcinogenesis. DES is a drug that was prescribed to 1
or 2 million pregnant women at doses ranging from 1.5 to
150 mg day�1 from 1945 to 1970 to reduce the risk of spon-
taneous abortion and premature delivery. Female offspring of
these women have risk for vaginal and cervical clear-cell
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adenocarcinoma of 1.4 per 1000. Latency is between 7 and
30 years and peak age of diagnosis is 19 years. These women
may also be afflicted with structural terata of the uterus, fallo-
pian tubes, cervix, and vagina, and may present with adenosis.
Male offspring experience an increased incidence of urogenital,
hypotropic, and capsular induration to testicular tissue and
have associated terata of the reproductive system. The total DES
dose in mothers of women with vaginal adenocarcinoma
ranges from 135 to 18 200 mg.

Conventional developmental toxicity protocols can be con-
ducted as independent studies or as part of a multigenerational
or continuous breeding reproduction toxicity test. The animal
bioassay for developmental toxicity has traditionally focused on
gross congenital malformations, usually induced by exposure
during early embryogenesis. By contrast, DES exposure late in
gestation by oral dosing or subcutaneous injection in pregnant
mice and rats (days 17–21), hamsters (days 14 or 15), and
rabbits (days 12–14) with 0.1–40mgkg�1 can increase embry-
onic mortality, induce cryptorchidism, and cause feminization
of male genitalia. Histologic examinations of female and male
mice or hamsters born to DES-treated dams reveal cystic meta-
plasia and neoplasia in segments of the reproductive tract. In
animals raised to maturity, reduced fertility, ovarian tumors,
endometrial hyperplasia, and uterine adenocarcinoma develop.
In female rhesus monkeys born to mothers given oral DES at
1mgday�1 from day 130 to term, vaginal ridging, cervical
hooding, and vaginal adenosis develop.

Three lessons are demonstrated by the DES experience:

1. Transplacental carcinogenesis can and does occur in
humans and animals.

2. To focus attention on gross terata is to miss important
manifestations of developmental toxicity.

3. Exposure during late gestation can have at least as great
a consequence as exposure during early embryogenesis.

As a result of lessons learned from DES, an in utero expo-
sure phase was added to the carcinogenicity testing require-
ments for food additives, drugs, and pesticides. The results of
multigenerational reproduction studies must be considered
together with those from carcinogenicity bioassays and
conventional developmental toxicity studies in hazard
evaluation.
Thalidomide

No discussion of developmental toxicity can be complete
without mention of the thalidomide epidemic of the 1950s and
early 1960s, which affected 10 000 children. Thalidomide ranks
with methylmercury as the most infamous of all teratogens.
Thalidomide was prescribed in Western Europe and Australia as
a sedative antiemetic in early pregnancy; it is still used today
under careful supervision in the treatment of Hansen’s disease
(leprosy) and other special situations. Thalidomide phocomelia
and associated limb reduction defects (oligodactyly and bone
fusions) usually of the radius, humerus, and ulna occurred in at
least 96% of those embryos exposed. These defects were usually
bilateral and symmetrical and occurred after consumption of
0.5–1.0 mg kg�1 day�1 (corresponding to maternal circulating
concentrations of 1 mg ml�1) from days 34–50 of pregnancy. Of
the children whose mothers received thalidomide only after day
50, 103 of 104 were normal. Of equal (but perhaps less
dramatic) importance were the drug-induced malformations of
the ear (anotia and microtia), the congenital deafness, epilepsy,
anophthalmia, and the eye muscle and facial paralysis. Nearly
one-half of these infants died in their first year, owing princi-
pally to patent ductus, aortic and ventricular septal defects, and
other cardiac malformations that occurred in at least 30% of
these infants.

Common laboratory rodents are refractory to thalidomide
embryopathy. Doses up to 4 g kg�1 increased the numbers of
abnormal rat and mouse fetuses in only a few of the more than
60 studies. Rabbits do show limb reduction defects (classified
as terminal incomplete longitudinal paraxial radial hemimelia)
after thalidomide administration, and it is this observation that
forms the basis for inclusion of rabbits in current animal testing
requirements. Many species have been studied, including the
armadillo, baboon (Papio cynocephalus), bonnet monkey
(Macaca radiata), bushbaby, cat, cynomolgus monkey (Macaca
fascicularis), dog, ferret, green monkey (Cercopithecus aethiops),
guinea pig, hamster, Japanese monkey (Macaca fuscata),
marmoset (Callithrix jacchus), mouse, pig, rabbit, rat,
rhesus monkey (Macaca mulatta), and stump-tailed monkey
(Macaca arctoides). However, only certain strains of rabbit
(given 150mg kg�1 day�1) and nonhuman primates (given
4–45mg kg�1 day�1) respond in a manner similar to that of
humans. Not all primates respond to thalidomide (e.g., Galago
crassi caudatus).

The mechanism of the species-specific action of thalido-
mide is not known. The compound crosses the placenta and
has similar pharmacokinetic parameters in susceptible species
(rabbit) and resistant species (rodent). The molecular struc-
ture of thalidomide and requirements for malformation are
very specific. Thalidomide decomposes rapidly in water to at
least 12 different products – all of which are inactive as
teratogens and all of which undergo biotransformation in vivo
to other products. These data prompted the suggestion that it
is the parent thalidomide molecule that is the ultimate
teratogen. Studies with supidimide analogs and other
members of the phthalimide family (Figure 16), including
side chain or phthalimide ring-modified analogs, show precise
structural requirements. Of the numerous phthalimides with
their in vivo metabolites and related compounds examined,
only thalidomide and its EM12 congener are teratogenic.
Using topological parameters, geometric parameters, elec-
tronic parameters, and physiochemical parameters, several
groups have attempted to derive generalized predictors for
structure–activity relationships of teratogens; the structure–
activity relationships with phthalimides point out the severe
limitations of this approach. Regulatory agencies use struc-
ture–activity relationships to guide recommendations for
collection of certain kinds of toxicity data; structure–activity
relationships (even for compounds like retinoids in which
these are well described) are no substitute for actual devel-
opmental toxicity data.

Four lessons are demonstrated by the thalidomide
experience:

1. Terata can occur in the offspring of apparently healthy
mothers.
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2. Human teratogens may have little or no such activity in
common laboratory animals.

3. Human terata can occur after exposures less than those used
in animal studies.

4. Just because a compound has a chemical structure that
appears closely related to an established teratogen does not
imply that the congener is teratogenic.
Mycotoxins

There is a common perception surrounding ‘chemicals’ that
somehow ‘naturally occurring’ substances are ‘safer’ than
anthropogenic materials. This phenomenon has been attrib-
uted to affective judgment as contrast to quantitative, evidence-
based consideration of empiric data. Mycotoxins that are
known to be teratogenic in animals include the chaetochromin,
chaeglobosin A, citrinin, deoxynivalenol (vomitoxin), mevi-
nolinic acid, ochratoxin A and secalonic acid. In this respect,
there are perhaps no better examples than the aflatoxins and
zearalenone.

Transgenerational carcinogenesis has been demonstrated
with a number of synthetic and naturally occurring chemicals.
Aflatoxins are hepatotoxic mycotoxins produced by Aspergillus
flavus and Aspergillus parasiticus molds that grow on peanuts,
corn, rice, and other grains stored under damp conditions.
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There are several variants (B1, B2, G1, and G2) that can be
distinguished by their differential blue (B) or greenish (G)-
yellow fluorescence under ultraviolet light. Aflatoxins are
substituted coumarins; the B series contains a fused cyclo-
pentanonellactone ring structure and the G series contains
a fused lactone ring. The AFB2 and AFG2 congeners are rela-
tively benign, but uponmetabolic oxidation to AFB1 and AFG1
in vivo and subsequent microsomal epoxidation at the 8,9
position on the furan ring. These epoxides react with DNA
in vivo, increase alfatoxin-N7-guanine adducts and produce A-
þ T transversions in the p53 gene (at exon 7 of codon 249ser).

Ingested aflatoxins are carcinogenic in rodents, trout, ducks,
rhesus monkeys, and human beings. It is the reactive epoxides
that are responsible for accumulation of DNA damage,
production of aflatoxicosis, and initiation of hepatocellular
carcinomas in humans and other animals. Aflatoxins cross both
the rodent and human placenta. Aflatoxin metabolites are
excreted in milk of rats, sheep, cattle, and humans and prenatal
and neonatal exposures can increase liver tumors later in life.
Dietary aflatoxin during pregnancy in rodents induces hepatic
inflammation and increases hepatocellular nodular hyperplasia
and neoplastic lesions in the offspring, but not in the dams.
Babies born to mothers who consumed aflatoxins have signifi-
cantly reduced bodyweights at birth, but to date there is no clear
epidemiological or clinical evidence – even fromareaswith high
exposures (e.g., Gambia, Kenya, Mozambique, Swaziland, and
Uganda) – to conclude that aflatoxin ingested by pregnant
women induces primary liver cancer in their offspring.

Zearalenone is one of the most common contaminants of
corn. It is a nonsteroidal resorcylic acid lactone mycoestrogen
produced by Fusarium gramirearium, Fusarium culmorum, and
Fusarium sporotrichiodes that thrive on barley, maize, wheat, soy
beans, rice, oats, and other grains stored under hot (350 e),
humid (>77%) conditions. Zearalenone is resistant to degra-
dation during cooking or milling and its residues accumulate in
bread, pizza, breakfast cereals, beer, and other foods produced
with colonized grains. Upon ingestion, it is rapidly and almost
(80–85%) completely absorbed. Zearalenone is an extraordi-
narily potent estrogen and feeding zearalenone-contaminated
feed to livestock (e.g., cattle, mink, sheep, and swine) induces
ovarian follicular and testicular atrophy, vulvovaginitis, endo-
metritis, prolonged estrus, anestrus, prolapsed uterus and
rectum, reduced conception, reduced fetal body weight, and
increased prenatal and neonatal death. Feeding it to mice
increases uterine weight, protein, and DNA, and feeding it at
doses that failed to elicit signs of hyperestrogenicity in sows
induced congenital malformations of the external genitalia in
their offspring. Zearalenone is structurally flexible and that
property allows it to bind and activate estrogen receptors (ER)
a and p and it stimulates transcriptional activity of human
ER subtypes at concentrations on the same order as that for
17p-estradiol. Moreover, zearalenone is reduced by mouse, rat,
rabbit, pig, cow, guinea pig, chicken, quail, duck, sheep, and
human hepatic microsomes to the isomer estrogens a- and
p-zearalenol and a- and p-zearalanol; the estrogenic potency of
a-zearalenol in immature mice is several times greater than that
of the parent compound. Zearalenone and its products are
conjugated and excreted in urine and in bile, but zearalenone is
also excreted in milk, where it has induced mycotoxicosis in
suckling piglets. Of interest here are the facts that zeranol and
a-zearalenol residues accumulate in the liver and skeletal
muscle and that as a result, synthetic zearalanol was banned by
EU Council Directive 96/221EC as an anabolic agent in cattle.
Zearalenone has been quantified in human endometrial cells at
ng/ml levels and at nM levels in (MCF-7) cell culture, it induced
CYP1A1 activity in the same manner as did 2,3,7,8-TCDD.
Those changes can be attenuated in vitro by tamoxifen – an
observation that confirms its estrogen-dependent mode of action.
There is little question that zearalenone and a-zearalenol have
been identified in the serum of young girls (at pg ml�1 levels)
and that early thelarche and/or precocious puberty can be
induced by fetal and/or prepubertal exposure to zearalenone
and other mycoestrogens. Although there are no direct data to
demonstrate that zearalenone is teratogenic or carcinogenic in
human beings, there are at least two epidemiologic studies that
found increased risk for late-term fetal death, cryptorchidism,
and hypospadia among offspring of grain farmers’wives during
periods in which climactic conditions favored fungal growth
and increased the concentrations of Fusarium spores and zear-
alenone in grain dust.

Four lessons are illustrated by this description of exposure
to carcinogenic and estrogenic mycotoxins:

1. Even very low level exposure to naturally occurring mate-
rials can represent far greater hazards to public health than
exposure to common synthetic materials.

2. One cannot extrapolate data in laboratory animals to
human beings without taking into account dose, frequency,
duration, and route of exposure.

3. One cannot extrapolate directly the results of in vitro studies
to in situ conditions unless comparable concentrations and
kinetic parameters are taken into account.

4. Humans often respond in ways that mirror those seen in
livestock and other animals provided exposures are similar
and the metabolic patterns and delivered dose to the target
issue are similar.
Bendectin

Bendectin (Debendox) was the name given to the 1:1:1 mixture
of dicyclomine hydrochloride, doxylamine succinate, and
pyridoxine hydrochloride, a prescription drug first marketed in
1956 used to control nausea and vomiting in pregnancy. In
1976, dicyclomine hydrochloride was dropped from the
formulation after large clinical trials showed that it did not
contribute to the efficacy of the drug. Bendectin use was very
common; from 20 to 25% of all expectant mothers used the
drug. Approximately 30 million pregnancies were exposed over
the 27 years that the drug was available. The customary daily
dose was one to four tablets per day, each containing 20 mg of
active ingredient (1 or 2 mg kg�1 day�1).

Bendectin is not teratogenic in laboratory animals
(including nonhuman primates), but developmental toxicity
(reduced fetal body weight and delayed skeletal ossification)
can be induced in animals after exposures (500–
800 mg kg�1 day�1) that also cause frank maternal intoxica-
tion and/or increased maternal death. There are six published
in vitro studies of Bendectin using cultured rodent embryos or
embryonic cells; of those, only one, of mesenchymal cells,
showed any indication of toxicity and that occurred after
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exposures to concentrations far greater than can be achieved in
humans after ingestion of therapeutic doses (25 mg or more).
There are at least 14 cohort and 18 case–control epidemio-
logic investigations on Bendectin and pregnancy outcome in
addition to one, by the NIH, in which the occurrence of
congenital malformations was prospectively studied in 31 564
newborns. The results of the NIH study, like those of others,
found that the odds ratio for any of 58 major categories of
malformation and Bendectin exposure was 1.0 – exactly that
expected by chance alone. Of those categories with trends or
suggestive positive associations, the magnitude of those
associations was as great as that from vomiting during preg-
nancy without Bendectin use as with Bendectin use. There was
no increase in malformation rate after exposure to Bendectin
in utero than would otherwise be expected by chance. There are
no objective data to conclude that exposure to Bendectin in
animals or humans has any adverse effects on embryonic or
fetal development at the doses used by these 30million
women.

By 1987, at least 300 lawsuits had been filed alleging that
Bendectin caused congenital malformations. The drug was
dropped from commerce not because of lack of efficacy, or
because it caused toxicity, or because there was no market
for the drug, but because of the excessive cost incurred by
the manufacturer in defending the drug in litigation. The
major focus here was the allegation that prenatal Bendectin
exposure caused phocomelia and assorted limb reduction
defects. Given the ‘background’ or ‘spontaneous’ rate of
major congenital malformation in the United States (3%), it
would be expected that 900 000 malformed children would
be born to those 30 million mothers even in the absence of
any drug use. Given the US background rate for limb
reduction defects (one per 3000 births), 10 000 such defects
would be expected to occur even in the absence of any
drug use.

How then can it be that a compound which has no
detectable teratogenic activity in either animal or human
studies be held responsible for human congenital malforma-
tions? The history of Bendectin can be traced to ignorance of
the principles of teratology, compounded by precedential case
law following the first erroneous decision and to two articles
appearing in the popular press. In the September 1979 issue of
the National Enquirer, the following was published:
Experts Reveal.Common Drug Causing Deformed Babies. In a monstrous
scandal that could be far larger than the thalidomide horror, untold
thousands of babies are being born with hideous defects after their mothers
took an anti-nausea drug (Bendectin) during early pregnancy.

At least seven women are known to have elected abortions
as a consequence. In the magazine,Mother Jones (The Bendectin
Coverup, November, 1980), the authors counseled women to
use – instead of Bendectin – ‘natural alternatives,’ including
100 mg of pyridoxine (a dose 10 times that of the same
compound in the Bendectin formulation).

The Bendectin lawsuits stem from the age-old question
that always follows the birth of a malformed child, ‘What
caused it?’ together with today’s substantial monetary rewards
that can befall successful litigation or out-of-court settlement,
particularly with a large, impersonal, and wealthy corporation.
Compounded by parental shock, denial, anger, and sadness, the
potential astronomical medical costs and social costs for the
child, the financial rewards offered by expert witness testimony,
the inadequate research and reporting necessary for sensation-
alization in the popular press, and successful settlement or
judgment in preceding cases all combine to perpetuate the
myth. Juries – being people – are by nature very sympathetic to
the plight of the child and his or her family who are through no
fault of their own in need of financial and other assistance to
address their situation. The desire to help can be overwhelming.
The original Bendectin lawsuits arose from failure to under-
stand proper interpretation of the animal data, the desire to
identify a responsible agent, and from substituting a strength-
of-evidence approach for the weight-of-evidence evaluation of
the data. Fundamental here was the failure to apply properly the
concept of dose response. Only after the accumulated weight of
many consistent epidemiologic findings of sufficient statistical
power, accounting for confounding factors and where expo-
sures are of sufficient magnitude and during appropriate
periods in gestation, can conclusions on excess risk be drawn. In
the strictest sense then, the best the science of teratology can
offer on the concept of safety is the statement that the exposure
of concern represents no measurable excess risk.

Three lessons demonstrated by the Bendectin experience are
the following:

1. Human teratogens can be confirmed only by consistent
findings in epidemiologic studies, recognizing that at the
95% confidence limit, the results in one of 20 studies of
equal statistical power can differ by chance alone.

2. Maternal intoxication in animal studies in and of itself can
contribute to abnormalities in the offspring.

3. Overall weight-of-evidence should be used in identification
of compounds, agents, and exposures of concern.
Data Interpretation and Regulatory Policy

Some have criticized those groups charged with protection of
the public health for failure to designate a code or notation that
can be assigned to a chemical showing it to be a reproductive or
developmental toxicant (see Further Reading, US EPA, 1991).
Developmental toxicity is usually not the only kind of toxicity
associated with exposures of concern. A 1985 US EPA reeval-
uation of 18 pesticides (avermectin, cacodylic acid, captafol,
captan, cyanazine, dinocap, EDBC, endrin, fenarimol, folpet,
fusilad, nitrofen, pentachlorophenol, 2,4,5-T, silvex, TPTH,
triadimefon, and warfarin) and 6 industrial chemicals (arsenic,
two glycol ethers, lead, chloromethane, and mercury) found
that in no case was embryonic or fetal toxicity the sole docu-
mented effect. Teratogenic activity almost always occurs in
tandem with other adverse effects on health, including muta-
genicity, male or female reproductive toxicity or carcinoge-
nicity. Gender-specific requirements like the protective work
clothing promulgated for women in the case of endrin and
silvex cannot be justified, not only on the basis of US Supreme
Court decisions (Figure 9) or because gender-specific regula-
tions concerning ‘women of child-bearing age’ restrict the
activities of those women who are not fertile but also because



42 Developmental Toxicology
such regulations carry with them high social costs. Regulations
concerning only pregnant women would most likely fail to
protect the embryo because it is exposures that occur before the
patient recognizes she is pregnant that are most likely to
damage her embryo. Correct determination of safe levels of
exposure rests with identification of the endpoint of toxicity
associated with the LOAEL, regardless of whether it is devel-
opmental toxicity or another expression of toxicity.

The conventional method for interspecies extrapolation of
developmental toxicity data involves empiric determination
of an NOAEL in the test species followed by application of an
uncertainty (or ‘safety’) factor to calculate the safe dose for the
species or individual of interest. These calculations are often
based on the administered dose and are usually expressed on
a body weight basis. The default safety factor used can range
from 100 to 1000 or more. Dose scaling on a body weight or
surface area basis is fraught with problems. For example,
scaling of a child’s sulfonamide dose to the adult by body
weight, surface area, age, or caloric expenditure (as a surrogate
for metabolic rate) yields an adult daily and grossly excessive
dose of 7 g. In the case of teratogens, the problem is even more
acute. The absorbed dose can be so small (e.g., cyclopamine)
or the site of drug action so restricted (e.g., trypan blue) that
the quantitative differences between the species are so great
that the result is judged an inherent qualitative difference. In
the case of vitamin A and its metabolites, the conventional
safety factor approach results in calculation of vitamin A doses
so small that the risk of vitamin A deficiency-induced terata is
increased.

Thirty years ago, Karnofsky listed the two basic tenets used
today in interpretation of animal developmental toxicity data.
All compounds can produce embryotoxicity if applied in
sufficient dosage at an appropriate stage of development, and
the purpose of evaluating chemicals for teratogenic potential is
not to eliminate from use, but rather to estimate the hazard its
use presents to the human embryo. Teratologists believe that
developmental toxicity can be viewed most accurately from the
threshold concept; that is, there exists an exposure below which
no adverse effect will occur. This belief arises from experience
with human teratogens, from pharmacokinetic considerations,
and because embryos – to a point – have the remarkable ability
to compensate for lost or damaged cells. For instance, early
rodent and rabbit embryos can develop quite normally after
surgical obliteration of at least 50% of the entire inner cell
mass. Implicit here is that one must distinguish between
theoretical risk and practical risk. Using statistics, arbitrary
safety factors, or subjective means, theoretical risk can always
be calculated and upper-bound confidence levels assigned.
Multiple and consistent epidemiologic studies of high quality
showing no association between developmental morbidity or
mortality and the exposure of concern can never prove that no
hazard exists. These data can be used only to demonstrate that
the risk, if any, is so small that for all practical purposes it can
be disregarded.

The weight-of-evidence evaluation takes into account the
human experience and the animal data. Interpretation of
human data depends on the design of the study, definition of
the cohort, quantification of exposure, validity of ascertain-
ment, control for confounding factors, size of the study pop-
ulation, and appropriate statistical methods. In practice,
identification of human teratogens has relied on answers to
two questions:

1. Is there a distinctive pattern of malformation that can be
associated with the exposure of concern?

2. Have there been sufficient numbers of cases to substantiate
the conclusion?

The principal disadvantage to using human data in this way
is, of course, that recognition occurs after the fact. Interpreta-
tion of the animal data is carried out with the following in
mind. Without exception – even with very odd, rare, or unique
malformation – there is no case in which the defect has not
occurred sporadically. There are no known examples of agents
which cause malformation that cannot also be caused by some
other agent. Some species are prone to particular types of
congenital malformation (e.g., cleft palate in mice), and
chemicals that are not teratogenic in animals (e.g., coumarin
anticoagulants) can be teratogenic in humans. Animal data can
only be used to provide an approximation of risk in humans.
Interpretation of the animal data rests on answers to these
seven questions:

1. Were the studies carried out in a species that handles the
compound in a manner similar to that in humans?

2. Were the studies carried out using a route of administration
applicable to anticipated human exposure?

3. Does the effect occur in more than one species?
4. Does the effect occur after doses less than those that elicit

other types of toxicity?
5. Was a significant increase in the numbers of litters con-

taining abnormal outcome observed?
6. Was a dose–response relationship identified?
7. What populations are at risk of exposure and what is the

magnitude of their exposure?

Of great concern are those teratogens, like thalidomide,
which are able to induce terata in the absence of any apparent
disturbance in maternal well-being. A large difference in the
dose required to cause embryotoxicity and a much higher dose
required to cause maternal toxicity can be key in identification
of those agents. Where maternal toxicity occurs after exposures
equivalent to those causing increased embryonic morbidity
and mortality, then estimates of safe exposure can be derived
using safety factors applied to the NOAEL for adults. Even
studies with low statistical power can contribute to the total
weight-of-evidence; a strength-of-evidence (picking and
choosing data to support one or another conclusion) approach
cannot be justified.

In summarizing the results of a risk assessment, it is
important that the reader look for the following three key
points: (1) a discussion of the quality of the studies supporting
the concern for risk of developmental toxicity, (2) the confi-
dence that one can place in the NOAEL derived, and (3) the list
of uncertainties in the assessment. Animal studies (like those
for aspirin and caffeine) usually employ doses much greater
than those to which humans are or could be exposed. When
extremely high doses are used, drug actions in the mother can
elicit systemic poisoning, which by itself may or may not be
responsible for the effects seen. Even very reliable animal
teratogens may have no counterpart in humans because the
human exposures are relatively small.



Developmental Toxicology 43
Conclusions

What is the solution to the problem of birth defects? If not
lists of chemicals causing developmental toxicity, printed and
electronic warnings, or new laws or judicial decree, then
what? Although answers to the question can be simple, true
solutions to the problem are complex. Only by reductions in
the numbers of infants with birth defects can significant
inroads to reducing infant mortality be made. The solutions
are complex and expensive, but not as expensive as the
cumulative charges for labor, postpartum care, surgery,
hospitalization, prostheses, lost wages, and the extra social
and educational services required by these patients. For every
dollar spent on research into the cause and prevention of
birth defects, published data show that at least 10 dollars can
be saved in public expenditure, insurance claims, and legal
and medical payments made by individuals to address or
attempt to rectify a problem.

Only by knowing the cause of a problem can an intelli-
gent solution be devised. Basic research into the approxi-
mately 80% of all birth defects that are of unknown cause
sponsored by groups like the March of Dimes, the Deutsche
Forschungsgemeinschaft, and the US Public Health Service is
key. This effort has two fronts: (1) the systematic collection
and evaluation of human data and (2) basic laboratory
investigation. These efforts include central birth defect
registries in Australia, California, Canada, Finland, Japan
(Ishikawa, Kanagawa, Osaka, Tottori, and the National
Association for Maternal Welfare), New York, Sweden, the
Commission on Professional and Hospital Activities (Mich-
igan), the US Centers for Disease Control (Georgia), and the
March of Dimes Nationwide Information Center (Massa-
chusetts). For example, the first indication of valproic acid
teratogenicity was detected by the Rhone-Alpes birth defect
registry.

Understanding how embryos grow is fundamental to
understanding and preventing birth defects. How does the
embryo know its back from front, top from bottom? How does
it control shape change from an initial ball of rapidly dividing
cells to form the segmented cylinder of the torso? It is
remarkable that the molecular biology ofDrosophila has a direct
bearing on understanding human embryonic development. Of
equal import is understanding what the animal data are trying
to tell us. As has been said by toxicologists on more than one
occasion, ‘The animals never lie’ – it is only our flimsy inter-
pretation of the results of the animal studies upon which doubt
can be cast. To make use of those data and develop credible
public health standards based on those data, fundamental
knowledge of control mechanisms in normal embryonic
development and rigorous methods for interspecies extrapo-
lation of animal and in vitro data are urgently needed. It makes
little sense to generate animal developmental toxicity data if in
the end we do not know how, if at all, those data relate to
human beings. Fortunately, progress in two areas of research
provides optimism that we may, in the not-too-distant future,
gain the information needed to make accurate predictions of
human risk. One advance comes from developmental biology,
a field of study that focuses on how the fertilized egg develops
into an adult capable of producing gametes of the next
generation. Over the past 25 years, research using roundworms
(C. elegans), fruit flies (Drosophila), fish (zebrafish), frogs
(Xenopus), birds (chicken), and mice has revealed several
revolutionary findings. First, research has shown that devel-
opment in these widely divergent organisms proceeds using
similar mechanisms of communication both within and
between cells of the embryo. Second, communication within
and between cells in embryos from the roundworm to the
mouse (and undoubtedly the human as well) involves a rela-
tively small number (estimated to be 17) of signal transduction
pathways. These pathways are used at different times and in
different contexts in different organisms; however, in all
animals these pathways orchestrate the complex processes that
facilitate development from the fertilized egg to the newborn.
Third, these signaling pathways are highly conserved from
roundworms to chordates. What is different between round-
worms and chordates is the way in which these pathways are
used. Different organisms use different combinations of path-
ways at different times and in different places in the embryo to
achieve species-specific gene expression patterns and thereby
normal development. Nonetheless, the study of how specific
signaling pathways are regulated during normal and abnormal
fruit fly development, for example, has direct relevance to the
study of human development and how developmental toxi-
cants cause birth defects. Thus, the addition of new informa-
tion from developmental biology continues to generate new
insights relevant to understanding human development and
preventing birth defects. Another avenue of great promise is the
development of accurate PBPKmodels (Figure 15) scaling dose
from rodent to rabbit to nonhuman primate to human. Only
on very rare occasions is there an opportunity to measure the
compound(s) of concern in human tissue after quantifiable
maternal exposure, but it has been done and every effort must
be made to use the results to confirm and validate the confi-
dence that can be placed in the PBPK results. Although PBPK
interspecies scaling of dose can be handled, these methods
cannot scale response.

Once one knows the problem and has devised a solution,
then the real job begins. Marked geographical, racial, and
ethnic disparities remain in infant mortality rates. Advances in
neonatal intensive care units and the introduction of synthetic
pulmonary surfactants have reduced death from acute neonatal
respiratory distress syndrome. Still, however, the rankings of
years of potential life lost because of birth defects, prematurity/
low birth weight, or sudden infant death syndrome show these
causes to be close to that of homicide and suicide. These causes
rank lower than unintentional injury, cancer, and cardiovas-
cular disease that still contribute more to years of life lost.

Aggressive public health efforts to combat cigarette smoking
during pregnancy can pay for themselves at least six times over.
Targeting low-income and other women to increase their
consumption of fruit and vegetables and improve their folate
status can prevent at least 50% to perhaps 80% of all cases of
anencephalus and spina bifida. Ethanol has without doubt
been responsible for congenital mental retardation for thou-
sands of years; compassionate and performance-driven inter-
vention is critical for Indian reservations in which whole towns
and villages are affected. Not that these measures are popular or
easy. They are not attractive high technology and they suffer
from the fact that one cannot identify a villain or other
responsible party upon which to place blame, extract
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compensation, and with whom one can take free journalistic
license. That these steps are not easy can best be illustrated by
iodine. Today’s residents of wealthy industrialized countries do
not give a second thought to iodized salt; supplementary die-
tary iodine in prevention of goiter and cretinism is so common
that these problems have disappeared. Why, then, does this
completely preventable problem persist in the Third World? In
impoverished countries, it is routine that a salt merchant
equipped only with sack, shovel, and camel, or mule should go
to the salt mine and return to the market to sell his wares. The
consumer, whose total annual income may be only a few
hundred or less US dollars and who is likely illiterate, faced
with the choice between the more expensive iodized variety
(which looks, tastes, and for all intents and purposes works just
as well as the ‘natural product’) and the less expensive native
rock salt, will select the less expensive item. The cultural resis-
tance and practical problems faced by the World Health
Organization and the United Nations in widespread dissemi-
nation of iodine or vitamin A supplements are legend, but their
successful introductions can make and have made tremendous
improvements in the quality of life and have reduced the
incidence of birth defects.

Although it remains important to identify anthropogenic
and iatrogenic contributions to the etiology of birth defects, it
must be recognized that despite all the resources devoted to
laboratory testing, regulation, banning, restricting or listing of
drugs, pesticides, industrial chemicals, and hazardous waste,
birth defects occurred long before these chemical products and
their wastes were introduced to our environment. Despite our
best efforts, only modest progress has been made in prevent-
ing congenital malformations. Embryogenesis is exceedingly
complex – after one observes the heart form from cardiac jelly
(literally by growing back on itself and tying itself into a knot),
the partitioning of aortic sac and conotruncus, migration of
neural crest to aorticopulmonary septum, and development of
associated circulation, it is a wonder things go as well as they
do as often as they do. In the final analysis, it is becoming
apparent that factors such as inadequate or improper nutri-
tion, ethanol, and other lifestyle factors contribute far more to
the load of human congenital malformations and other
manifestations of reproductive failure than has been appreci-
ated to date.

See also: Carcinogenesis; Chromosome Aberrations;
Dominant Lethal Assay; Dose–Response Relationship;
Environmental Hormone Disruptors; Epidemiology; Levels of
Effect in Toxicology Assessment; Molecular Toxicology:
Recombinant DNA Technology; Reproductive System,
Female; Reproductive System, Male; Risk Assessment,
Human Health; Toxicity Testing, Developmental; Toxicity
Testing, Reproductive; The History of Toxicology.
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l Name: Dextromethorphan
l Chemical Abstracts Service Registry Number: 125-71-3
l Synonyms: DM, Dextromethorphan hydrobromide,

Demorphan, 3-Methoxy-n-methylmorphinan, D-Methor-
phan, Drug store wine, Robowing

l Chemical/Pharmaceutical/Other Class: The methyl ether of
the dextrorotatory form of levor-phenol, an opiate analgesic

l Molecular Formula: C18H25NO
l Chemical Structure:

Uses

Dextromethorphan is used therapeutically as an over-the-
counter cough suppressant and antitussive. It is also commonly
abused particularly by adolescents because of its relative ease of
availability.
Exposure Routes and Pathways

Dextromethorphan is administered orally in tablet, orally dis-
integrating strips, or liquid form. Ingestion is the most
common route of both intentional and unintentional expo-
sures to dextromethorphan.
Pharmacokinetics/Toxicokinetics

Dextromethorphan is rapidly and well absorbed from the
gastrointestinal (GI) tract after oral administration. Erratic and
slower absorption may occur with high doses or in the face of
coingestants (e.g., antihistamines) that may slow GI motility.
Following therapeutic dosing, peak plasma concentrations
occur within 2.5 h. Dextromethorphan is metabolized in the
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
liver by cytochrome P450 2D6 isoenzyme to dextrorphan.
Genetic variations of the cytochrome P450 2D6 isoenzyme
result in variations of dextromethorphan metabolism. Up to
15% of Caucasians have genetic polymorphisms of cytochrome
P450 2D6. In this patient population, only a small amount,
if any, of the active metabolite is formed. The volume of
distribution of dextromethorphan is 5–6.4 l kg�1. The inactive
metabolites as well as a small amount of dextromethorphan are
renally eliminated. The plasma half-life of dextromethorphan is
about 2–4 h after therapeutic dosing. Dextrorphan’s half-life is
3–5 h.
Mechanism of Action/Mechanism of Toxicity

Dextromethorphan is the D-isomer of the codeine analog,
methorphan. Unlike the L-isomer, it has no analgesic or
addictive properties and does not act through the opioid
receptors. The exact mechanism for the antitussive effect by
dextromethorphan remains unclear and is likely multifactorial.
Dextromethorphan is known to be an N-methyl-D-aspartate
(NMDA) receptor antagonist; however, dextromethorphan
binding sites are not limited to the known distribution of
NMDA receptors.

Dextromethorphan’s main metabolite, dextrorphan, has
NMDA receptor antagonist properties similar to ketamine and
phencyclidine. This NMDA receptor antagonism is believed to
result in a decreased reuptake of catecholamines. Dextro-
methorphan also inhibits the reuptake of serotonin. These
properties make dextromethorphan have a high abuse and
misuse potential.

Dextromethorphan is a common ingredient in over-the-
counter cough and cold preparations, and is often combined
with other agents including concurrent antihistamines,
decongestants, analgesics, and ethanol. Patients may exhibit
toxicity due to these coingestants.
Acute and Short-Term Toxicity (or Exposure)

Life-threatening toxicity after dextromethorphan use is rare.
Doses of up to 10 mg kg�1 in children rarely cause any clinical
effects. Adults can tolerate doses of up to 14 mg kg�1 with
minimal adverse effects. Large ingestions result in central
nervous system (CNS) toxicity. Lethargy, nystagmus, ataxia,
euphoria, hallucinations, paranoia, disorientation, coma, and
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seizures have been reported. Symptoms may persist for 8–12 h
after a large overdose. Coingestants may result in significant
toxicity and patients need to be closely evaluated and treated
accordingly.
Chronic Toxicity

Chronic abuse of dextromethorphan has resulted in psychotic
behavior and hallucinations.
In Vitro Toxicity Data

Studies of rate mesencephalic neuron-glia cultures demon-
strated decreased glia-induced inflammatory response in the
presence of dextromethorphan.
Clinical Management

Basic and advanced life-supportmeasures should be instituted as
necessary. Close monitoring of airway, breathing, and circula-
tion is essential. Dextromethorphan does adsorb to activated
charcoal and the decision to initiate GI decontamination must
be decided based on the history of the ingestion, the product
involved, and the patient’s symptoms. CNS excitation,
particularly, agitation, paranoia, hallucinations, and seizures
should be treated with benzodiazepines. Though rare, few cases
in the literature describing respiratory depression in pediatric
patients after dextromethorphan use exist. Naloxone should be
considered in patients with respiratory depression and altered
mental status. Management of the toxicological consequences of
coingestants should be appropriate to the agent involved.
Plasma dextromethorphan levels are not rapidly available and
not clinically useful.

See also: Drugs of Abuse; Opium and the Constituent Opiates.
Further Reading
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l Name: Diacetyl
l Synonyms: 2,3-Butanedione, Biacetyl, Butadiene, Dimethyl

diketone, Dimethylglyoxal
l Chemical Abstracts Service Registry Number: 431-03-8
l Chemical Structure:
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Background (Significance/History)

Diacetyl is a water-soluble and volatile, alpha-diketone
compound that has a buttery odor. Diacetyl occurs naturally in
plants, fruits, coffee, honey, cocoa, and dairy products. It is
a natural by-product of fermentation and is found in beer and
wine. Diacetyl is also present in cigarette smoke.

Diacetyl can be synthesized by converting 2-butanone to an
isonitroso compound and then hydrolyzing it with hydro-
chloric acid. Other methods for producing diacetyl include
oxidation of 2-butanone over a copper catalyst at 300 �C and
dehydrogenation of 2,3-butanediol over a copper or silver
catalyst. In addition, diacetyl can be synthesized through the
acid catalyzed condensation of 1-hydroxyacetone and formal-
dehyde. Naturally occurring diacetyl is also available from
starter distillate, a by-product of dairy product fermentation.
Although diacetyl and starter distillates are liquids, they can be
converted to a powdered form by encapsulating them within
a solid material to prevent volatility. Diacetyl in powdered
form is also found in flavorings that have been spray dried. The
boiling point of diacetyl is 88 �C with a calculated vapor
pressure of 55 mmHg at 20 �C.
Uses

Diacetyl is widely used in food and beverage flavorings. The
principal types of flavorings that use diacetyl are dairy flavors,
particularly butter flavorings but also cheese, milk, and yogurt.
Diacetyl is sometimes an ingredient in the so-called brown
flavors such as caramel, butterscotch, and coffee flavors. The
diacetyl-containing flavors may be found in microwave
popcorn, snack foods, baked goods, and candies. Diacetyl was
evaluated and affirmed as a generally recognized as safe (GRAS)
direct food additive by the FDA in the early 1980s. At that time,
the FDA confirmed there was evidence that diacetyl was safe for
ingestion in food under the intended conditions of use.
Environmental Fate and Behavior

Diacetyl released to the environment is expected to be highly
mobile in soil and is not expected to adsorb to suspended
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
sediments and solids in water. Diacetyl is degraded by
a bacterium tentatively identified as Pseudomonas. Bio-
concentration of diacetyl by aquatic organisms is not likely.
Diacetyl is expected to volatilize from soil and water surfaces,
and diacetyl is likely to exist solely as a vapor in the ambient
atmosphere. In the atmosphere, diacetyl is degraded by
photochemically produced hydroxyl radicals and it undergoes
photolysis.
Exposure and Exposure Monitoring

The general public may be orally exposed to diacetyl through
ingestion of food products. Inhalation of diacetyl vapors and
powders occurs in workplaces where food flavorings and food
products that use these flavorings are produced. The highest
airborne levels are found when concentrated diacetyl flavorings
are heated and mixed in poorly ventilated areas. Occupational
exposures to diacetyl vapors are typically measured using gas
chromatography.
Toxicokinetics

Diacetyl is reduced to acetoin (2-hydroxy-3-butanone) by
NADPH-dependent oxidoreductase enzymes such as dicar-
bonyl/L-xylulose reductases (DCXRs). DCXRs are highly
expressed in liver and kidney and are also found in numerous
organs, such as lungs from humans, rats, mice, hamsters, and
guinea pigs. Another NADPH-dependent enzyme, AKR1C15,
an aldo-ketoreductase, reduced diacetyl and acetoin in vitro.
AKR1C15 is expressed in rat lung, stomach, and colon. Rat
respiratory tissues exposed to diacetyl and NADPH are able to
metabolize diacetyl in vitro. Therefore, inhaled diacetyl vapors
are likely metabolized within the respiratory tract of humans
and animals.

Diacetyl is taken up by the isolated upper respiratory tract of
rats. Uptake of 100 ppm diacetyl in the upper respiratory tracts
of rats ranged from 36 to 76% and decreased as flow rate
increased. Co-exposure of the respiratory tracts to 30 ppm
butyric acid, a potent diacetyl reductase inhibitor, reduced
upper respiratory tract uptake of diacetyl. Dosimetry modeling
of the respiratory tract indicates that a greater proportion of
inspired diacetyl likely reaches the lower airways in humans
than in rats.

With oral intake, low doses of diacetyl are likely metabo-
lized via cleavage and oxidation of the terminal carbon to form
carbon dioxide and pyruvate. At higher doses, diacetyl is
reduced to acetoin (2-hydroxy-3-butanone) and then 2,3-
butanediol. In vitro studies with livers or liver homogenates
demonstrated the metabolism of diacetyl to acetoin and 2,3-
butanediol. Studies of rodents orally exposed to diacetyl
demonstrated rapid absorption and distribution of diacetyl,
acetoin, and 2,3-butandiol. The compounds were detected in
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liver, kidney, and brain of rats at 1 h after oral exposure.
Excretion of diacetyl was rapid, with 87% of an oral dose
excreted in exhaled air, urine, and feces within 24 h after
exposure. In rodents, the majority of diacetyl is excreted
through expired air and urine, with the proportion excreted
through urine increasing according to dose.
Mechanisms of Toxicity

Mechanisms of diacetyl-induced toxicity are not known, but
some possible mechanisms of toxicity have been postulated.
The adjacent carbonyl groups on diacetyl make it a reactive
compound. In vitro studies have demonstrated that diacetyl can
bind to arginine and inactivate proteins. The electron affinity of
diacetyl suggests that it can undergo electron transfer activity,
which can lead to oxidative stress by oxygen redox cycling.
Redox cycling and oxidative stress may also be initiated during
metabolism of diacetyl by DCXR (dicarbonyl/L-xylulose
reductase). Reactive oxygen species are known to be produced
from metabolic activation of dicarbonyl substrates by related
carbonyl reductase enzymes in the presence of O2.
Acute and Short-Term Toxicity (Animal and Human)

Inhalation Studies

The LC50 for diacetyl was estimated to be between 640 and
1479 ppm in rats that inhaled vapors for 4 h.

In mice acutely exposed to diacetyl vapors, evidence of
respiratory tract irritation was apparent by an increase in time
of break between inhalation and exhalation and decreases in
respiratory rate. Other effects observed in the mice were
decreased tidal volume and mid-expiratory flow rate. Sensory
irritation effects subsided rapidly. The study authors concluded
that upper airway irritation in mice occurred at diacetyl
concentrations >149 ppm and pulmonary irritation occurred
at diacetyl concentrations >553 ppm. Extrapolation of the
findings to humans suggested that sensory irritation would not
likely occur in humans exposed to <20 ppm diacetyl.

In an acute inhalation exposure study that delivered diacetyl
as continuous or pulsed exposures for up to 6 h, nasal passages
of rats were most sensitive to diacetyl exposure. Mild epithelial
necrosuppurative rhinitis was first observed at time-weighted
average (TWA) concentration of �93–120 ppm diacetyl and
the effect became severe at �200 ppm diacetyl. At TWA expo-
sures of w224 ppm diacetyl, necrosuppurative lesions were
also observed in the epithelium of larynx (severe) and trachea
(mild to moderate). At TWA concentrations �295 ppm diace-
tyl, mild necrosuppurative bronchitis and suppurative bron-
chitis were observed in the mainstem bronchus and largest
non-cartilaginous airways.

The types and locations of epithelial injuries were similar in
rats exposed to a complex mixture of butter flavoring vapors
containing diacetyl continuously for 6 h or as pulsed (bolus)
doses. Injuries included necrosuppurative rhinitis in nasal
passages of rats exposed continuously to butter flavoring
vapors containing �202 ppm diacetyl. Necrotizing bronchitis
was observed in the bronchi of rats exposed continuously to
flavoring vapors containing�285 ppm diacetyl and in mid-size
bronchioles of rats receiving pulsed exposures to flavorings
containing 371 ppm diacetyl.

A series of studies examined effects in mice that inhaled
diacetyl at concentrations of 25–400 ppm, for 1 or 6 h a day, for
durations ranging from 5 days to 12 weeks. Regions of the
respiratory tract affected and severity of effects were dependent
on the exposure regimen. However, consistent with rats, the
greatest severity of effects in mice was observed in nasal
passages, followed by upper respiratory tract. For example,
peribronchiolar lymphocytic inflammation was the only effect
observed in bronchioles with inhalation exposure to 100 ppm
diacetyl vapors for 6 h per day for 6 or 12 weeks. In compar-
ison, the same exposure regimen caused epithelial active
inflammation, metaplasia, necrosis, and ulceration in nasal
passages, in addition to epithelial atrophy/denudation, regen-
eration and lymphocytic inflammation in bronchi. At diacetyl
concentrations as low as 25 ppm administered for 6 h a day
and 6 or 12 weeks, inflammatory changes were seen in nasal
and bronchial epithelium.

Mice were also exposed to diacetyl by pharyngeal aspiration
to bypass nasal scrubbing. Bronchiolar effects observed in those
mice included foci of fibrohistiocytic proliferation and collagen
proliferation. In rats that were exposed to 125 mg kg�1 diacetyl
by intratracheal instillation, airway epithelial injury, and
neutrophilic influx occurred. The injury was followed by
epithelial regeneration, development of bronchial and bron-
chiolar fibrosis, and increased airway resistance. Pharyngeal
aspiration and intratracheal instillation do not represent actual
human exposure routes, but the studies do suggest that bron-
chioles of rodents are sensitive to diacetyl exposure.

Workers exposed to diacetyl-containing flavorings reported
respiratory tract, skin, and eye irritation.
Oral Exposure Studies

Oral LD50 values were reported at 3000 mg kg�1 bw in female
rats and 3400 mg kg�1 bw in male rats exposed by gavage.

In rats thatwere gavage dosedwith diacetyl at 540mg kg�1 bw
per day for 90 days, ulcers were observed in the squamous and
glandular regions of the gastric mucosa. Rats dosed with diacetyl
of 540 mg kg�1 bw per day also experienced anemia and poly-
morphonuclear leukocytosis, which were attributed to hemor-
rhage, infection, and stomach ulcers.
Chronic Toxicity

There have been several reports of obstructive lung disease
among worker populations exposed to diacetyl during the
production of microwave popcorn, the manufacture of flavor-
ings that contain diacetyl, and chemical synthesis of diacetyl. In
2000, a cluster of nine cases with severe fixed airways
obstruction and other findings consistent with bronchiolitis
obliterans were reported among former workers of a single
microwave popcorn production plant. The former workers had
worked in a room in which butter flavoring was mixed in
heated soybean oil or in an adjacent packaging area. Further
study at the plant revealed that the prevalence of airway
obstruction was 3.3 times higher than expected among plant
employees when compared with national data, and among
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nonsmokers, was 10.8 times higher than expected. Diacetyl was
identified as a principal volatile butter flavoring constituent
contaminating the plant air and diacetyl concentrations were
highest near the mixing tanks. Increased risk of airways
obstruction and loss of pulmonary function was subsequently
documented among unprotected mixers and packaging
workers at several other microwave popcorn plants. Multiple
study authors concluded that microwave popcorn worker
inhalation of volatile butter flavoring ingredients that included
diacetyl was likely responsible for the occupational lung
disease.

Medical surveillance of flavoring manufacturing workers in
California identified nine cases of physician-diagnosed
moderate to severe airways obstruction among four different
companies. The occurrence of severe airways obstruction
among these workers was 2.7 times greater than compared with
the general population. Most of the affected workers mixed and
blended powder or liquid flavorings, some of which included
diacetyl. Three cases of bronchiolitis obliterans were also
reported among process operators at a chemical plant in the
Netherlands that produced diacetyl for food flavorings.
Immunotoxicity

After working at a microwave popcorn plant for 8 months, one
worker developed dystrophic nails and thick keratotic plaques
and fissures on his palms and soles. A skin biopsy indicated
mild acanthosis and spongiosis, with focal superficial
epidermal necrosis and subepidermal dense lymphohistiocytic
infiltrate. Patch testing with butter flavorings resulted in early
and late allergic reactions.

Diacetyl was found to be a skin sensitizer in a local lymph
node assay in mice. Based on findings from phenotyping of
lymph node cells, sensitization was likely mediated through T
cells.
Reproductive Toxicity

Diacetyl doses up to 1600 mg kg�1 day�1 that were delivered
by gavage to hamsters on gestation days 6–10 or mice and rats
on gestation days 6–15 caused no effects on maternal repro-
ductive endpoints, fetal survival, or appearance of fetal
external, soft, or skeletal tissues.
Genetic Toxicity

Some evidence of mutagenic activity was observed in in vitro
assays of diacetyl. No evidence of mutagenic activity was
observed in Salmonella typhimurium strains TA98, TA1535,
TA1537, or TA1538; Escherichia coli strain PQ37; or Saccharo-
myces cerevisiae.However, diacetyl did increasemutation rates in
S. typhimurium strains TA104, TA100, and TA102; E. coli strain
WP2 uvrA/pKM101; and L5178Y mouse lymphoma cells.

Although diacetyl increased sister chromatid exchanges in
Chinese hamster cells, no evidence of clastogenic activity was
observed with in vitro diacetyl exposure of S. cerevisiae or mouse
bone marrow cells. Similarly, micronuclei frequency was not
increased in rats exposed to �100 ppm diacetyl vapors for 13
weeks or mice intraperitoneally injected with diacetyl
�500 mg kg�1 bw per day for 3 days. Increased unscheduled
DNA synthesis was reported in stomach mucosa of rats orally
exposed to �300 mg kg�1 bw diacetyl.
Carcinogenicity

No studies examining cancer in humans exposed to diacetyl
were identified.

In the first of two study trials, primary lung tumors were
increased in mice that were intraperitoneally injected once
weekly with total diacetyl doses of 1700 or 8400 mg kg�1 bw
for 24 weeks. No tumor increases were observed in the second
trial.

Based on in vivo enzyme induction in rat glandular stomach
mucosa, diacetyl was reported to have tumor promotion
activity.
Clinical Management

Persons who are overexposed to diacetyl by inhalation should
be moved to fresh air immediately and should be examined by
a health care professional. Oxygen or ventilation support
should be given as needed. The exposed person should see
a health care professional if he or she develops symptoms such
as cough, shortness of breath, or wheezing after the exposure
incident. Treatment for ingestion of diacetyl depends on the
intake amount and should be determined by a health care
professional. If eye exposure to diacetyl occurs, rinse the eyes
with room temperature water for at least 15 min. Skin expo-
sures to diacetyl should be addressed by removing clothing and
washing with soap and water. A health care professional should
be consulted if skin or eye irritation persists.
Exposure Standards and Guidelines

ACGIH: TLV of 0.01 ppm as a TWA and 0.02 ppm as an
STEL, based on lung damage (bronchiolitis obliterans-like
illness).
See also: Food Safety and Toxicology; Occupational Toxicology;
Food and Drug Administration, US; National Institute for
Occupational Safety and Health; The National Institute of
Environmental Health Sciences; Occupational Safety and Health
Administration; Food Additives; Flavor and Extract
Manufacturers Association; ACGIH� (American Conference of
Governmental Industrial Hygienists); Occupational Exposure
Limits; Generally Recognized as Safe (GRAS); Toxicity Testing,
Inhalation.
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l Name: Diaminotoluenes
l Chemical Abstracts Service Registry Numbers: 2687-25-4;

95-80-7; 95-70-5; 823-40-5; 496-72-0
l Synonyms: 1,2-Diamino-3-methylbenzene; 2,4-Diamino-

1-methylbenzene; 2,6-Diamino-1-methylbenzene; 2-Methyl-
1,4-benzenediamine

l Molecular Formula: 2,3-Diaminotoluene: C7H10N2 (CAS
RN: 2687-25-4); 2,4-Diaminotoluene: C7H10N2 (CAS RN:
95-80-7); 2,5-Diaminotoluene: C7H10N2 (CAS RN: 95-70-
5); 2,6-Diaminotoluene: C7H10N2 (CAS RN: 823-40-5);
3,4-Diaminotoluene: CH3C6H3(NH2)2 (CAS RN: 496-72-0)
Table 1 Chemical structure, CAS RN, and molecular formula for diffe

Name Chemica

Toluene-2,3-diamine (2,3-diaminotoluene)

H3C

Toluene-2,4-diamine (2,4-diaminotoluene)

CH3

NH2

Toluene-2,5-diamine (2-Methyl-1,4-benzenediamine;
2,5-diaminotoluene)

H3C

Toluene-2,6-diamine (2,6-diaminotoluene)
H2N

3,4-Diaminotoluene (4-methyl-o-phenylenediamine

CH

NH
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l Chemical Structure: See Table 1 for all structural forms of
diaminotoluenes.
Background

Diaminotoluenes (DATs), including aromatic amines with
industrial importance, were commercially produced in the
United States since 1919 by nitration process of toluene into
the dinitrotoluene isomers, and consequent reduction of the
resultant mixtures to DATs (2,3-, 2,4-, 2,6-, and 3,4-DAT).
rent diaminotoluene molecules

l structure CAS RN Molecular formula

NH2

NH2

2687-25-4 C7H10N2

NH2

95-80-7 C7H10N2

NH2

NH2

95-70-5 C7H10N2

CH3

NH2
823-40-5 C7H10N2

3

2

NH2

496-72-0 C7H10N2
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Among them, 2,4-DAT was used as an ingredient of some
oxidative hair dyes until 1971. Toxicity of this substance was
established in rats as a hepatocarcinogen. Currently, 2,5-DAT is
used in commercial hair dyes, and it is one of the preferred
additives because it is less toxic. The compound 2,6-DAT (CAS
RN: 823-40-5) is reported to induce genotoxicity, while
2,4-DAT (CAS RN: 95-80-7) can cause both genotoxicity and
carcinogenicity in experimental animals. 2,4-DAT is reasonably
anticipated to be a human carcinogen based on sufficient
evidence of carcinogenicity from studies in experimental
animals. Additionally, fetal toxicity of 2,5-DAT was observed in
the pre-exposed pregnant mice.
Uses

DATs have been extensively used for industrial production of
toluenediisocyanate andpolyurethane foam. Furthermore, some
of them are also frequently used in the manufacture of dyes for
leather, textiles, and wood. Production of fungicides, plastics,
resins, photographic developers, and lubricant for various
applications also uses DAT derivatives. Moreover, 2,4-DAT has
been used to produce black, dark blue, and brown shades as well
as navy blue and black stain on leather. 2,5-DAT is used as
a common ingredient in oxidative hair dye formulations.
However, this compound showed mutagenic activity in Salmo-
nella testing and also was shown to penetrate into human skin
during hair dying. 2,5-DAT sulfate is employed in bleach-toner
formulations for silver (at levels of 0.1%), smoke (0.04%), and
platinum-blond (0.08%) shades. Both 2,5-DAT and its sulfate
are reported to be common ingredients of hair dyes in Japan.
Environmental Fate and Behavior

Partition Behavior in Water, Sediment, and Soil

DAT molecules usually break down in soil and water, and
consequently, small quantities enter into the atmosphere, where
they also break down quickly. 2,4-DAT is colorless to brown
needle-shaped crystal at room temperature, and it is stable in
normal temperature and pressure. The specific gravity, vapor
pressure, and vapor density of 2,4-DAT relative to air are
1.045 gm�3 at 20 �C, 5.52� 10�5mmHg, and 4.2, respectively.

Physicochemical Properties

DATs are fairly soluble in hot water and organic solvents,
including alcohol, ether, and benzene. Different physico-
chemical properties of these compounds are summarized in
Table 2.
Table 2 Physicochemical properties (in 25 �C) of different diaminotoluen

Physicochemical property Toluene-2,3-diamin

Melting point (�C) 63.5
Boiling point (�C) 255
Log P (octanol–water) 0.710
Water solubility (mg l�1) 2.46E þ 04
Henry’s law constant (atm-m3 per mole) 7.43E – 09
Atmospheric OH rate constant (cm3 per molecule-sec) 2.00E – 10
Environmental Persistency

From environmental standpoint, 2,4-DAT is the most signifi-
cant form. Its release into the environment is common during
its production. Once in the air, it can undergo photolysis and
react with hydroxyl radicals within an approximate half-life of
8 h. This compound can remain dissolved in the water and can
undergo biodegradation and photooxidation. Because 2,4-DAT
is easily soluble in water and has low soil adsorption, it
commonly penetrates to the upper layers of the soil but it does
not vaporize from water or soil.
Bioaccumulation and Biomagnification

There are no sufficient data about bioaccumulation of this
group of compounds.
Exposure and Exposure Monitoring

Exposure to these amine compounds mainly occurs in
the occupational environment, including textile, paper,
publishing, and transporting industries. These substances are
able to enter the human body via different routes such as
inhalation of contaminated air and ingestion of contaminated
water and foods. For example, boil-in bags due to prolonged
boiling, skin contact, and surgical implantation such as
polyurethane-covered breast implants are some of the prime
routes of leaching. 2,4-DAT was detected at levels of 6 ng ml�1

in urine and plasma of patients one month after surgery and
remained in measurable level up to 2 years.
Toxicokinetics

Among these amines, 2,4-DAT can bioaccumulate in high
quantities in the kidney and liver and to a lesser amount in
the lung. This molecule sustains oxidative metabolism via
oral consumption and then biotransforms via N-acylation
by the liver cytosols. The urinary metabolites of 2,4-DAT in
rat and mice have been assessed as acetylation and ring-
hydroxylation derivatives, along with the oxidation of
methyl group that were mutagenic in a Salmonella mutage-
nicity assay.
Mechanism of Toxicity

The principal targets of 2,4-DAT to induce toxicity are the liver
and mammary glands. In these tissues, it can bind to DNA and
es

e Toluene-2,4-diamine Toluene-2,5-diamine Toluene-2,6-diamine

99 64 106
292 273.5 260
0.14 0.160 0.160
7.48E þ 04 7.72E þ 04 7.25E þ 04
7.92E – 10 7.43E – 09 7.49E – 09
1.92E – 10 2.00E – 10 2.00E – 10
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lead to unscheduled DNA synthesis, ultimately causing
induction of proliferation. Similar events have been shown in
rat hepatocytes, leading to genomic changes. Many reports
suggested that it can covalently bind to proteins and riboso-
mal RNA. Additionally, 2,4-DAT has been shown to induce
morphological transformation in hamster embryo cell culture.
Interestingly, inducers of cytochrome P450 are known to
increase 2,4-DAT mutagenicity via increasing mutagenic
metabolites.
Toxicity in Animal and Human

Acute and Short-Term Toxicity

It has been reported that respiratory tract irritation and
breathing difficulties may occur through inhalation of DAT.
Digestion of these compounds can cause nausea, vomiting, and
diarrhea along with methemoglobinemia. Furthermore,
serious skin irritation, dermatitis, and skin blistering can
develop in the case of dermal contact with DAT, and also eye
irritation, tearing, corneal opacities, and permanent blindness
can occur upon ocular contact with DAT. Frequent adminis-
tration of 2,4-DAT for 14 days or longer in mice may induce
micronucleated hepatocytes in male rats together with
enhancement in liver weight coupled with a decrease in spleen
weight. Additionally, 2,4-DAT administration augmented
alanine aminotransferase enzyme activity as well as the number
of peripheral blood leukocytes up to 64%.
Subacute and Chronic Toxicity

Bibliography revealed that administration of various doses
(50–250 ppm) to the male and female rats for 40 weeks
caused weight loss, hepato- and nephrotoxicity, and signifi-
cant mortality in treated mice in comparison of control
groups. The incidence of hepatocellular carcinoma and
neoplastic nodules in male and female rats is not only dose
dependent but also associated with the incidence of liver
lesion. In addition, a high incidence of carcinoma and
adenoma in mammary glands is reported in female rats in
a dose-dependent manner. Male rats also showed a similar
pattern compared to control group. Subcutaneous fibroma in
the male rats was also observed with a dose-related pattern.
Hepatocellular carcinoma and lymphoma have been reported
in female mice in a dose-dependent manner. Other tumors,
including lung tumors, squamous-cell carcinomas of the skin
and the preputial gland, pancreatic acinar-cell adenomas,
subcutaneous fibromas and fibrosarcomas in both sexes, and
mesotheliomas in males, were observed through chronic
administration of 2,4-DAT. Chronic renal disease was found to
be vastly greater with earlier onset in treated rats, especially in
male rats. In the previous study, male rats were treated with
2,4-DAT and 2,6-DAT for 29 days, which in high dose
(2,4-DAT: 50 and 100 mg kg�1 bw per day; 2,6-DAT:
60 mg kg�1 bw per day) resulted in mortality as a result of
bleeding. Taking together, 2,4-DAT did not increase DNA
migration but showed proliferation of oval and duct cells,
whereas 2,6-DAT caused DNA migration at high dose
(60 mg kg�1 bw per day) without any biologic relevance.
Immunotoxicity

Exposure to the 2,4-DAT caused reduction in IgM and IgG
response to sheep erythrocyte in mice. High doses of 2,4-DAT
are reported to suppress complement component 3 and
splenic macrophage phagocytosis together with enhancement
of host resistant to bacteria. Additionally, 2,4-DAT exposure for
14 days in mice may lead to disturbance of leukocyte differ-
entiation and maturation.
Reproductive Toxicity

To the best of our knowledge, 2,4-DAT is unable to create
abnormalities in sperm head in male mice, but it was docu-
mented as a mutagenic compound in Chinese hamster ovary
(CHO) AT3-2 cells. Besides, a single subcutaneous adminis-
tration of 2,5-DAT (50 mg kg�1) to pregnant mice caused high
incidence of skeletal malformation with some abnormalities in
the fetus, along with exencephaly and prosoposchisis, whereas
a low incidence was observed in the group treated at eighth day
of pregnancy. However, vertebral and rib abnormalities have
rarely been reported in the groups treated at seventh and ninth
days of pregnancy.
Genotoxicity

Genotoxicity of 2,4-DAT was demonstrated in human hepa-
toma HepG2 cells by using the unscheduled DNA synthesis
test, micronucleus assay, and comet assay. On the basis of
structure activity relationship for 2,6-DAT compared to its
structural isomer, 2,4-DAT, a carcinogen and mutagen, the
former is considered an expected carcinogen. Studies revealed
that when methyl groups are placed in the ortho position with
amino groups, mutagenicity and carcinogenicity increased.
Although, 2,6-DAT does not induce tumors in animal tests, it
exhibited limited genotoxicity including morphological trans-
formation in embryonic cells of Syrian golden hamster. It does
not produce unscheduled DNA synthesis and proliferation of
liver cells, while weak genotoxicity in the Salmonella test is
reported.
Carcinogenicity

2,6-DAT does not induce proliferation in liver cells, which is
essential for initiation of carcinogenicity. Because of the evid
ence of carcinogenicity of 2,4-DAT in experimental animals,
reasonably this substance is classified as an anticipated
carcinogen in humans, but epidemiologic studies revealed no
relation between human carcinogenicity and exposure to
2,4-DAT. However, oral administration of 2,4-DAT in rats
induced liver cancer, and its subcutaneous injection might
cause sarcoma at the injection site. It is also reported that the
incidence of benign and malignant mammary gland tumors
can be enhanced along with lymphoma in female rats. Finally,
kidney cancer has been observed in the rats treated with
2,4-DAT via oral feeding.
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Clinical Management

During contact with DAT, adequate ventilation as well as cool
and dry area are required. Contact with skin, eye, or clothing
should be avoided. If contact occurs, the contaminated area
must be washed with plenty of water. It is essential to wear
splash goggles and chemical-resistant clothes including gloves
and apron. The importance of recurrent vomiting as
a symptom can rapidly lead to respiratory compromise. Emesis
must be avoided due to the risk of pulmonary aspiration.
Gastric lavage may be effective soon after ingestion, but
endotracheal intubation prior to lavage should be carried out
due to the possibility of laryngeal edema and airway obstruc-
tion. Exposed eyes should be washed with plenty of water at
room temperature for at least 15min. In case of irritation, pain,
swelling, lacrimation, or photophobia, the patient must be
moved immediately to receive health care aid. Death can occur
due to acute respiratory arrest.
Ecotoxicology

It is well documented that surface waters and air can be
generally polluted with different DAT metabolites during
industrial production of chemical compounds such as foams
and elastomers. Available literature does not confirm any
possible natural source for DAT metabolites. Although DAT
compounds do not persist in the nature, they are toxic to
wildlife, especially to aquatic organisms. Several reports suggest
that 2,5-DAT acts as an inhibitor to the growth of Pseudomonas
fluorescens and Streptococcus mitis. In addition, the growth of
Azotobacter vinelandii was suppressed by p-phenylenediamine
and 2,5-DAT in the well diffusion assay.
Exposure Standards and Guidelines

In case of explosion, the substance itself does not burn but may
decompose upon heating to produce corrosive and/or toxic
fumes. Containers may explode when heated. Runoff material
may pollute waterways. Individuals involved in production
should wear positive pressure self-contained breathing appa-
ratus in addition to chemical protective clothing that is specifi-
cally recommended by the manufacturer, although it may
provide little or no thermal protection. Structural firefighters’
protective clothing provides limited protection in fire outbreak
circumstances only; it is not effective in spill situations where
direct contact with the substance is possible. Containersmust be
removed from fire area and fire control water must dike for later
disposal; water spray or fog should be used instead of straight
streams. Firefighting must be performed from the maximum
distance possible, and/or use unmanned hose holders or
monitor nozzles. Water inside containers must be avoided.
Distance should be maintained from tanks engulfed in fire.
Individuals in charge of vessels or facilities are required to notify
the National Response Center immediately when there is
a release of this designated hazardous substance in an amount
equal to or greater than its reportable quantity of 10 lb or
4.54 kg. Section 8(a) of the US Toxic Substances Control Act
requires manufacturers of this chemical substance to report
preliminary assessment information concerned with produc-
tion, use, and exposure to these compounds.

See also: Cosmetics and Personal Care Products.
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Background

Diazinon was first registered as an insecticide in the United
States in 1956. Due to avian and aquatic toxicity, it is classified
as a Restricted Use Pesticide (i.e., it is not available to the
general public in the United States, it is restricted to use by
a certificated pesticide applicator or under the direct supervi-
sion of a certified applicator, and a license is required to
purchase and apply the product). Before 2004, diazinon was
used outdoors on lawns and gardens, indoors for fly control,
and in pet collars designed to control fleas and ticks. The US
Environmental Protection Agency (EPA) canceled all residen-
tial uses of diazinon in 2004. Diazinon is sold under the trade
names Basudin�, Dazzel�, Gardentox�, Kayazol�, Knox Out�,
Nucidol�, and Spectracide�.
Uses

Diazinon is used in agriculture to control soil and foliage insects
and pests on a variety of fruit, vegetable, nut, and field crops. It
is also used on nonlactating cattle as an insecticidal ear tag.
Environmental Fate and Behavior

Diazinon is degraded in the environment by hydrolysis and it is
degraded easily in acidic water and persists for a long time at
neutral pH. Microbial degradation in soils is the primary route
of diazinon dissipation from the environment. It has a half-life
of 2–4 weeks in soil.
Exposure and Exposure Monitoring

Common routes of diazinon exposure include dermal, inha-
lation, and ingestion. Diazinon is moderately persistent and
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mobile and its mobility in soil is generally poor; under certain
soil conditions it can effectively contaminate groundwater.
Toxicokinetics

Diazinon is readily absorbed through the skin, lungs, and
gastrointestinal tract. Like other phosphorothioate organo-
phosphorus insecticides, diazinon is bioactivated to diazoxon
by microsomal enzymes, primarily in the liver. Other major
metabolites in rats and cows include diethyl thiophosphate
and diethyl phosphate. Excretion of diazinon is rapid in
laboratory rats, with a half-life of w12 h. It is mainly excreted
in urine (80%), and <20% is excreted in feces.
Mechanism of Toxicity

Like other insecticides of this class, diazinon requires bio-
activation for its biological action. The active metabolite,
diazoxon, elicits toxicity by inhibiting the enzyme acetylcho-
linesterase (AChE) in the cholinergic synapse. AChE inhibition
leads to overstimulation of cholinergic receptors on post-
synaptic neurons, muscle cells, and/or end organs and conse-
quent signs and symptoms of cholinergic toxicity.
Acute and Short-Term Toxicity

Animal

Diazinon has a low acute oral toxicity in rats. The acute oral
LD50 was 1160 and 1340 mg kg�1 for female and male rats,
respectively. The inhalation LC50 (4 h) in rats was 3.5 mg l�1.
The dermal LD50 in rabbits was 3.6 g kg�1. Very low doses
(1 mg kg�1) can produce toxicity in calves.
Human

Acute exposure to diazinon may result in AChE inhibition in
the central and peripheral nervous systems. Severity of
poisoning varies with different formulations. Typical signs of
poisoning include weakness, headaches, tightness in the chest,
blurred vision, salivation, sweating, nausea, vomiting, diarrhea,
and abdominal cramps. Diazinon has been associated with the
intermediate syndrome, which is a delayed onset of muscular
weakness and paralysis following acute poisoning resulting in
organophosphate-induced delayed neuropathy.
Chronic Toxicity

Animal

Studies in laboratory animals have shown that body weight
gain is affected following chronic exposure to diazinon. The no
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observed adverse effect level (NOAEL) based on cholinesterase
inhibition in dietary exposure studies was 0.005, 0.0037, and
0.5 mg kg�1 day�1 in rats, beagle dogs, and rhesus monkeys,
respectively.
Human

Repeated exposure to diazinon can cause accumulation of
AChE inhibition and lower the threshold for subsequent
exposures. Chronic exposure has been reported to lower neu-
robehavioral scores in farm workers. NOAEL for humans is
0.025 mg kg�1 day�1.
Immunotoxicity

Acute studies have shown that diazinon has immunosuppres-
sive effects in the C57bl/6 mice at doses >2 mg kg�1 per dose
and it can modulate cytokines involved in the regulation of the
immune responses.
Reproductive Toxicity

Pregnant rats exposed to diazinon during gestation had
decreased body weight gain, increased fetal weights, decrease in
the number of live fetuses, and increased pre- and post-
implantation losses at the highest dose (100 mg kg�1 day�1).
Genotoxicity

The mutagenic potential of diazinon is not clearly understood.
Carcinogenicity

Diazinon is not carcinogenic to laboratory animals. Based on
the lack of evidence of carcinogenicity animal studies, the US
EPA has classified diazinon as ‘not classifiable’ as to human
carcinogenicity.
Clinical Management

General decontamination procedures should be initiated in
case of diazinon exposure. For skin decontamination, the
exposed area should be washed with plenty of water using soap
and shampoo. In case of eye exposure, the eyes should be
flushed with water repeatedly for several minutes. Contami-
nated clothing should be removed and the airway cleared. In
case of ingestion, gastric decontamination should be per-
formed immediately (within 30 min). Atropine treatment
should be initiated immediately to counteract muscarinic
effects. Atropine (adults and children >12 years: 2–4 mg;
children <12 years: 0.05–0.1 mg) treatment should be
repeated every 15 min until oral and bronchial secretions are
controlled and atropinization is achieved. The duration and
dosage of atropine treatment should be slowly reduced as the
condition of the patient improves. Pralidoxime should be
administered slowly at the recommended dosage (adults and
children >12 years: 1–2 g; children <12 years: 20–50 mg by IV
infusion in 100 ml saline atw0.2 g min�1). This dosage can be
repeated every 1–2 h intervals initially and at 10–12 h intervals
later depending on the condition of the patient.
Ecotoxicology

Diazinon is very highly toxic to birds, with acute oral LD50

values ranging from 1.44 (mallard duck) to 69.0 mg kg�1

(brownheaded cow bird). Diazinon has been reported to be
moderately to highly toxic to freshwater fish with an acute LC50

ranging from 90 to 7800 mg l�1. It is also moderately to highly
toxic to estuarine and marine fish with acute LC50 values for
marine and estuarine fish ranging from 150 to 1500 mg l�1.
Diazinon is known to be highly toxic to bees and other bene-
ficial insects with an acute LD50 of 0.22 mg bee�1.
Exposure Standards and Guidelines

Chronic oral reference dose (US EPA)¼ 0.000 2 mg kg�1 day�1.
Acceptable daily intake (World Health Organization) ¼

0–0.005 mg kg�1 body weight.
See also: Acetylcholine; Atropine; Biotransformation;
Cholinesterase Inhibition; Food Quality Protection Act;
Neurotoxicity; Organophosphorus Compounds; Pesticides.
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Relevant Websites

http://www.epa.gov/pesticides/reregistration/diazinon/ – Environmental Protection
Agency.

http://www.epa.gov/pesticides/reregistration/REDs/diazinon_red.pdf – Environmental
Protection Agency.

http://extoxnet.orst.edu/pips/diazinon.htm – Extension Toxicology Network.
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l Name: Diazoaminobenzene
l Chemical Abstracts Service Registry Number: CAS 136-35-6
l Synonyms: Anilinoazobenzene; Benzeneazoanilide;

Benzeneazoaniline; DAAB; Alpha-Diazoamidobenzol;
p-Diazoaminobenzene; 1,3-Diphenyltriazene;
1,3-Diphenyl-1-triazene; DPT; N-(Phenylazo)aniline;
Diazobenzeneanilide; p-Diazoaminobenzene

l Molecular Formula*: C12H11N3

l Chemical Structure*:
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*All from ChemIDplus.
Background

Diazoaminobenzene (DAAB) is an aromatic amine that is
a suspected carcinogen. It is harmful if inhaled, ingested, or
absorbed through the skin. It causes skin irritation and severe
irritation to eyes. DAAB can be made by diazotizing aniline
dissolved in hydrochloric acid with sodium nitrite and then
adding a concentrated solution of sodium acetate. DAAB is
listed in the US Environmental Protection Agency’s Toxic
Substances Control Act Inventory. DAAB has three major use
areas: intermediate, complexing agent, and polymer additive.
Use as an intermediate is reported in several industry sectors,
including organic synthesis, dye manufacture, and agrochem-
ical manufacture (insecticides). DAAB is also a versatile metal
complexing agent. A series of metabolism studies in rodents
and human liver slices, electron spin resonance spectroscopy
studies, short-term dermal toxicity studies in rodents, and acute
bone marrow micronucleus studies in mice demonstrated that
DAAB is metabolized and shares similar genotoxic and toxi-
cological properties to the known human carcinogen, benzene,
and the known rodent carcinogen, aniline.
Uses

DAAB is used as a chemical intermediate, a complexing agent,
and as a polymer additive. DAAB has been used to promote
adhesion of natural rubber to steel tire cords. It has also been
used as a blowing agent in the production of a foamed poly-
meric material. In addition, DAAB is used in the manufacture
of dyes and insecticides. DAAB is also an impurity in certain
color additives used in cosmetics, food products, and phar-
maceuticals. In addition, it has been reported to show semi-
conducting properties and to be useful as a dopant for poly
methylmethacrylate in semiconductor manufacture.
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Environmental Fate and Behavior

DAAB is an aromatic amine that exists as small golden yellow
crystals at room temperature. It is insoluble in water (water
solubility 0.5 g l�1) but freely soluble in ethyl alcohol, ethyl
ether, benzene, pyridine, and hexane. It is stable under normal
temperatures and pressures. DAAB melts at 98 �C, decomposes
at 130 �Cwith major decomposition at 188 �C, and explodes at
its boiling point of 150 �C. When heated to decomposition, it
emits toxic fumes of NOx. The decomposition products of
DAAB include benzene, o- and p-aminodiphenyl, diphenyl-
amine, and azobenzene.
Exposure and Exposure Monitoring

The presence of DAAB as a dye contaminant in cosmetics and
food products could result in low-level exposures via the oral
and dermal routes.

Occupational exposure may occur through inhalation
and dermal contact where these chemicals are produced or
used as a chemical intermediate and polymer additive.
DAAB is harmful to the respiratory tract, skin, and eyes.
DAAB is reported to be hazardous to handle due to the
potential for dangerous chemical reactions, including defla-
gration. A number of accidents in the chemical industry
caused by pressure rise associated with deflagration have
been reported. Although specific accidental exposures to the
chemical in these incidents were not addressed, DAAB was
cited as one of the chemicals involved in this kind of hazard
to workers.

However, exposure to the general population is typically
through consumption of food and use of cosmetics containing
DAAB impurities. DAAB has been identified as an impurity in
the monoazo color additive, D & C Red No. 33 (CI 17200), and
it has also been reported as a trace contaminant in FD&C
Yellow No. 5, which is reportedly used in dietary products,
including candy, beverages, frozen dairy desserts, and baked
goods.
Toxicokinetics

DAAB is well absorbed from the gastrointestinal tract but is
only minimally absorbed via the dermal route. Regardless of
the route of administration, the absorbed portion of the dose is
rapidly metabolized and primarily excreted in urine. Hence, in
disposition and metabolism studies, oral doses of 20 mg kg�1

to male and female rats and male mice were readily absorbed
and excreted mainly in the urine, with exhalation of volatile
organics accounting for about 1% of the dose. In fact, within
24 h, about 60% of an oral dose of DAAB was accounted for in
the urine of rats and mice as metabolites of benzene, a known
human and animal carcinogen, or aniline, a rat carcinogen.
High circulating levels of benzene, aniline, and their
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metabolites were detected in the blood of rats administered
20 mg kg�1 DAAB as early as 15 min after exposure. Other
metabolites of DAAB in the blood of rats and the urine of rats
and mice included hydroquinone, muconic acid, and phenyl-
mercapturic acid, which share benzene oxide as a common
intermediate, demonstrating that the metabolic pathway of
DAAB is similar to that of benzene. Benzene and aniline are
then metabolized by cytochrome P450 and conjugating
enzymes. Electron spin resonance studies have shown that in
rats, phenyl radicals are also produced as intermediates in
metabolism of DAAB to benzene. At 24 h after dosing, DAAB
was detected at low levels (<1%) in the adipose tissue, blood,
kidney, liver, muscle, skin, and spleen.
Mechanism of Toxicity

DAAB is a respiratory tract, skin, and eye irritant. DAAB yields
benzene and aniline as metabolites. The proposed metabolic
pathway forDAAB is that it is cleaved reductivelyby liver enzymes
or gut flora to form aniline, benzene, and nitrogen. DAAB
metabolism also results in the formation of a reactive phenyl
radical, which could account for an additional risk of toxicity or
carcinogenicity. The erythrocyte and lymphoid systems aremajor
targets of DAAB toxicity. Induction of lymphoid atrophy of the
thymus and other lymphoid tissues were observed, as well as
methemoglobin formation, accompanying anemia, increased
spleen weights, and regenerative hematopoiesis. Analysis of
organ weights indicated possible chemical-related effects in the
thymus, heart, spleen, kidney, and liver of rats and/or mice.
Increases in the incidences of several skin lesions, including
hyperplasia of the epidermis and hair follicles, and inflammation
in rats and mice and ulceration in female mice were observed.
Acute and Short-Term Toxicity

DAAB is considered explosive and is harmful to the respiratory
tract, skin, and eyes via dermal contact and inhalation. Results
from short-term animal toxicity studies suggest that DAAB has
toxic effects similar to those from exposures to benzene and
aniline. However, DAAB was observed to be more toxic at the
application site than these compounds. The mechanism that
accounts for the greater acute toxicity of DAAB has not been
determined. However, it may be attributable to properties of the
parent molecule or to free radicals formed in its metabolism.

Following dermal application of DAAB in a 16-day study,
animals exhibited symptoms that were similar to those from
exposures to benzene and aniline. These symptoms included
dose-related decreases in thymus weights in rats and mice and
increases in the heart weights of rats and mice, liver and spleen
in rats, and kidney in male rats and female mice. DAAB also
induced hematologic effects in rats and mice, including Heinz-
body formation and chemical-related methemoglobinemia.
Induction of lymphoid atrophy of the thymus and other
lymphoid tissues characteristic of benzene toxicity was also
observed. Nonneoplastic lesions were observed in both rats
and mice, which included hyperplasia and inflammation of the
skin, and hematopoietic cell proliferation in the spleen.
Nonneoplastic lesions in the heart, kidney, and liver were
also observed in mice. DAAB also induced toxicity not
observed for aniline or benzene, including skin lesions at the
application site.
Chronic Toxicity

DAAB induced a greater number of micronuclei than did
a combination of equimolar doses of benzene and aniline.DAAB
is predicted to be a carcinogen because one of its main metabo-
lites, benzene, is classified as a known human carcinogen. A
causal relationship between benzene exposure and leukemia has
been reported in numerous epidemiological studies.
Immunotoxicity

In 16-day toxicity studies in rats and mice, DAAB exposure was
related to atrophy of the thymus, mandibular and/or mesen-
teric lymph nodes, and white pulp of the spleen, as well as
splenic hematopoietic cell proliferation.
Reproductive Toxicity

DAAB is not listed in the European Union Prioritization List,
which establishes a priority list of substances for further eval-
uation of their role in endocrine disruption.
Genotoxicity

There is limited information in the available literature on the
genotoxicity of DAAB. DAAB was shown to be mutagenic in
Salmonella typhimurium strains (TA98, TA100, and TA1537)
when testing occurred in the presence of induced rat or hamster
liver S9 enzymes. In vivo, two gavage administrations of either
DAAB or benzene induced highly significant increases in
micronucleated polychromatic erythrocytes in bone marrow of
male B6C3F1 mice at all doses tested. In another study,
1250 ppm DAAB induced chromosome aberrations in Allium
cepa. No additional genetic toxicity data have been reported for
DAAB, but literature exists for benzene and aniline, the two
main metabolites. Although benzene and aniline are not
mutagenic in the Salmonella assay, they are active in other
assays, such as in those that detect chromosomal damage.
Carcinogenicity

The carcinogenicity of DAAB has not been specifically evalu-
ated. DAAB is reasonably anticipated to be a human carcinogen
based on evidence from experimental studies in animals and
human tissue demonstrating that DAAB is metabolized to
benzene and aniline, a known human carcinogen, and
evidence that DAAB causes genetic damage. In the late 1940s,
carcinogenicity studies revealed that dermal exposure to DAAB
resulted in skin and lung tumors in some mice. Oral exposure
to benzene induced multiple tumors at multiple sites in rats
and mice of both sexes. Rats exposed to aniline in the diet
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developed sarcomas of the spleen and other body organs. In
addition, transgenic mice developed skin tumors and leukemia
following dermal exposure to benzene. Therefore, DAAB is
considered to be carcinogenic in animals, based on its metab-
olism to benzene and aniline. In human, benzene is classified
as a known human carcinogen while aniline is not classified as
a human carcinogen based on its limited evidence of carcino-
genicity in animals and inadequate evidence in humans.
Clinical Management

Toxicological effects of chronic exposure to humans have not
been thoroughly investigated, but reported acute dermal effects
include eye and skin irritation and central cyanosis unrespon-
sive to oxygen therapy. Inhalation of DAAB causes irritation of
the mucous membranes and upper respiratory tract. Thus,
dyspnea and tachypnea may occur. Headache, weaknesses,
dizziness, breath shortness, cyanosis, rapid heart rate, uncon-
sciousness, and death may also occur. Ingestion can cause
irritation of the digestive tract, induce nausea and vomiting.
DAAB is reported to be capable of producing methemoglobi-
nemia following inhalation, skin absorption, or ingestion.
Methemoglobinemia, which is characterized by chocolate-
brown colored blood, is produced by oxidization of iron
in the hemoglobin ring to the ferric form and leads to the
inability of hemoglobin to bind or transport oxygen. Cyanosis
occurs when more than 1.5 g dl�1 of hemoglobin is in the
methemoglobin form, compared to 5 g dl�1 of deoxy-
hemoglobin to yield similar cyanosis.
Exposure Standards and Guidelines

The use of personal protective equipment, including National
Institute for Occupational Safety and Health (NIOSH)-
approved respirator, chemical-resistant gloves, safety goggles,
and other protective clothing, to ensure minimization and
control of human exposures has been recommended by the
several companies which produce it.

No standards or guidelines have been set by NIOSH, the
American Conference of Governmental Industrial Hygien-
ists, or the US Occupational Safety and Health Adminis-
tration for occupational exposure or workplace maximum
allowable levels of DAAB to date. The US Food and Drug
Administration regulates FD&C Yellow No. 5 and FD&C
Yellow No. 6 for use as color additives in foods, drugs, and
cosmetics and D&C Red No. 33 for use as a color additive
in drugs and cosmetics.
See also: Carcinogenesis; Food, Drug, and Cosmetic Act, US.

Further Reading

Ress, N.B., 2002. NTP technical report on the metabolism, toxicity, and predicted
carcinogenicity of diazoaminobenzene (CAS No. 136-35-6). Toxic. Rep. Ser. 1–23,
A1–C6.
Relevant Websites

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB – Hazardous Substances
Data Bank.

http://ntp.niehs.nih.gov – National Toxicology Program (United States Department of
Health and Human Services).
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l Name: 7-Chloro-3-methyl-4H-1,2,4-benzothiadiazine-
1,1-dioxide; (Diazoxide)

l Chemical Abstracts Service Registry Number: CAS 364-98-7
l Synonyms: 2H-1,2,4-Benzothiadiazine, 7-chloro-3-methyl-,

1,1-dioxide; Hyperstat; Mutabase; Proglicem
l Chemical/Pharmaceutical/Other Class: Antihypertensive

agent, Hyperglycemic agent
l Molecular Formula: C8H7ClN2O2S
l Chemical Structure:

Background

Diazoxide is a well-characterized low molecular weight (MW
230.7) drug that is a derivative of benzothiadiazine but that
possesses antidiuretic effects. It has been approved and used
since the 1970s for treating hypertension and hypoglycemia.
This compound is considered a reproductive toxin to humans
and several experimental animals.
Uses

Diazoxide has traditionally been used therapeutically for its
antihypertensive and hyperglycemic properties. It acts as
a potent arteriolar vasodilator in the short-term treatment of
acute hypertension, malignant hypertension, and occasionally,
in cases of pregnancy-induced hypertension. By relaxing
peripheral arterioles of smooth muscle cells, peripheral
vascular resistance is reduced. In rare cases, cardiac and
pulmonary effects have occurred in neonates and in infants. In
the treatment of hypertensive crisis with 300 mg of IV diazo-
xide, angina, myocardial and cerebral infarction, ischemia, and
optic nerve damage could ensue. Diazoxide is used also in the
management of hypoglycemia secondary to hyperinsulinism in
adults with inoperable islet cell adenoma or carcinoma, or
extrapancreatic malignancy; and in infants and children with
leucine sensitivity, islet cell hyperplasia, nesidioblastosis,
extrapancreatic malignancy, islet cell adenoma, or adenoma-
tosis. In the treatment of hypoglycemia due to hyperinsu-
linism, diazoxide is an oral agent that decreases insulin release
from the pancreas, enhancing glycogenolysis and inhibiting the
uptake of glucose. Diazoxide activates ATP-sensitive potassium
ion (KATP) channels in the smooth muscle of blood vessels and
pancreatic beta cells by increasing membrane permeability to
potassium ions. Diazoxide induced hyperpolarization of cell
membranes inhibits calcium influx via voltage-gated channels,
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producing vasorelaxation in the muscle cells and the inhibition
of insulin secretion from the pancreatic beta cells. By inhibiting
pancreatic insulin release, diazoxide yields prompt dose-related
increase in blood glucose. Diazoxide has also been utilized for
its off-label use in treating obesity.

More recently, diazoxide has been found to have several
other potential therapeutic benefits. Stem cell transplantation
therapy appears to have serious potential as a recovery of
injured myocardial tissue. A major impediment for this therapy
is the massive donor cell death that often occurs. Pre-
conditioning stem cells with diazoxide prior to transplant has
been found to significantly improve cell survival and angio-
myogenic potential in the infarcted heart. Micro-RNAs
(miRNAs) are critical regulators of many cellular processes,
including apoptosis, proliferation, and differentiation into
adipocytes, cardiac, neural, and hematopoietic lineages. Treat-
ment of mesenchymal stem cells with diazoxide markedly
increases miR-146a expression and enhances cell survival on
subsequent exposure to 16 h lethal anoxia.

In separate studies, diazoxide was shown to prevent
swelling and reduced contractibility of myocytes during expo-
sure to hypothermic hyperkalemic cardioplegia, myocardial
infarction, or hyperosmotic stress. These cellular disruptions
arise as a result of disturbed osmotic balance between the
intracellular and extracellular environments. Diazoxide
provides cellular volume homeostasis by preventing myocyte
swelling during the osmotic stresses. The exact mechanism for
this action is unknown.

Diazoxide has also been explored as a possible anti-
inflammatory agent in the treatment of multiple sclerosis.
Through their secretion of cytokines, and other neurotoxic
agents, activated microglial cells appear to play an important
role as effectors of demyelination and neurodegeneration.
Treatment of lipopolysaccharide/interferon-gamma (LPS/
IFNg) activated microglial cells with diazoxide, lead to activa-
tion of the KATP channels and subsequent reduction in the
production of nitrous oxide (NO), interlukin-6 (IL-6), and
tumor necrosis factor-alpha (TNFa), and of inducible nitric
oxide synthase (iNOS) expression. Diazoxide did not alter
cyclooxygenase-2 (COX-2) or phagocytosis activity.
Exposure and Exposure Monitoring

Routes and Pathways

Diazoxide is administered either intravenously for the treat-
ment of hypertension or orally for the treatment of
hypoglycemia.
Toxicokinetics

Diazoxide readily crosses the blood brain and placental
barriers. It is well absorbed orally but with less consistent
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effects. Maximum therapeutic effect is attained only when given
intravenously. Lowering blood pressure within 3–5 min after
rapid intravenous injection, diazoxide’s duration of action may
be 4–8 h, with the plasma half-life (26 h) vastly exceeding the
duration of action. The long half-life is due to at least 90% of
diazoxide binding to plasma proteins at therapeutic concen-
trations. Hypotensive effect does not correlate with plasma
levels of diazoxide; and repeated administration would result
in rapid accumulation of inactive, bound diazoxide. The
volume of distribution is 180 ml kg�1. Approximately 20–50%
of diazoxide is eliminated unaltered by the kidneys, while the
remainder undergoes metabolism via the liver into 3-carboxy
and 3-hydroxymethyl derivatives.
Mechanism of Toxicity

Diazoxide is a potassium channel activator, which causes local
relaxation in smooth muscles by increasing membrane
permeability to potassium ions. Consequently, voltage-gated
calcium ion channels are ineffective, inhibiting the generation
of an action potential. The primary mechanism by which
diazoxide lowers blood pressure is by direct relaxation of
medium sized blood vessels. The cardiac output and renin
secretion increases, resulting in elevated angiotensin II levels
and retention of salt and water. When used to treat low blood
sugar, diazoxide decreases insulin release from the pancreas.
Acute and Short-Term Toxicity (or Exposure)

Acute exposures include alterations of neonatal glucose levels,
fetal bradycardia, and in rare cases, severe diazoxide intoxica-
tion of infants could lead to diffuse edema, congestive heart
failure, pulmonary hypertension, respiratory failure, or neu-
tropenia. Diazoxide crosses the placenta, and may stop uterine
contractions in women treated intravenously. Diazoxide is
linked with angina and myocardial and cerebral infarction,
ischemia and optic nerve damage when 300 mg of IV diazoxide
is administered to rapidly reduce hypertensive emergencies. The
most frequently cited side effects are salt and fluid retention,
hypotension, hyperglycemia, dizziness, nausea, and vomiting.
Chronic Toxicity (Animal/Human)

Human

Commonly observed side effects include decreased urination,
swelling of feet or lower legs, and rapid weight gain. Chronic
exposure can lead to hypertrichosis. Occasionally, increased
tachycardia may be observed and on rare occasions fever, skin
rash, stiffness of arms or legs, trembling and shaking of hands
and fingers, unusual bleeding, or bruising, may be observed.
Exposure Standards and Guidelines

Diazoxide has been assigned to pregnancy category C by the
FDA and is regulated in the state of California as a Proposition
65 reproductive toxin.
Reproductive Toxicity

Reproduction studies with rats have revealed increased fetal
resorptions, delayed parturition, and fetal skeletal anomalies,
whereas in rabbits, teratogenic effects were noted in skeletal
and cardiac tissues. This compound can cross the placenta in
animals and cause beta cell degeneration in fetal pancreas.
Unfortunately, safety of this drug during human pregnancy has
not been established. If administered to the mother prior to
delivery of the infant, it appears in cord blood and may cause
cessation of uterine contraction. It can also produce fetal or
neonatal hyperbilirubinemia, thrombocytopenia, altered
carbohydrate metabolism. Alopecia and hypertrichosis lanu-
ginosa are additional consequences in infants whose mothers
received oral diazoxide during early to late pregnancy. Nursing
mothers are advised to consult a physician taking into account
the importance of the drug to the mother.
See also: Thiazide Diuretics; Potassium.
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l Name: Dibenz[a,h]anthracene
l Chemical Abstracts Service Registry Number: 53-70-3
l Synonyms: Benzo[a,h]anthracene; DB(A,H)A;

1,2:5,6-Benzanthracene; 1,2:5,6-Dibenz(a)anthracene;
1,2,5,6-Dibenzanthraceen (Dutch);
1,2:5,6-Dibenzanthracene; IUPAC name: Naphtho[1,2-b]
phenanthrene

l Molecular Formula: C22H14

l Chemical Structure:
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Background (Significance/History)

Dibenz[a,h]anthracene is an ‘alternant’ class of polycyclic
aromatic hydrocarbons (PAHs) with five fused benzene rings. It
has a molecular weight of 278.33, with a melting and boiling
point of 266 and 524 �C, respectively. It generally exists as
colorless crystalline plates or leaflets. Being a pure organic
compound, dibenz[a,h]anthracene is soluble in organic
solvents like petroleum ether, benzene, ether, and toluene but
insoluble in aqueous media. The measured log octanol/water
partition coefficient is 6.84. Dibenz[a,h]anthracene was the first
pure PAH demonstrated to be carcinogenic. Due to incomplete
combustion of organic matters, it is widespread in the
environment.

Uses

There is no report on the common use of dibenz[a,h]anthra-
cene and its commercial production.
Environmental Fate and Behavior

Dibenz[a,h]anthracene is largely associated with particulate
matters, soils, and sediments. Its presence in places distant
from primary sources indicates that it is reasonably stable in the
atmosphere and capable of long-distance transport.

Terrestrial Fate

Dibenz[a,h]anthracene can be adsorbed very strongly if
released to the soil. However, no leaching to the groundwater
or hydrolization or evaporation from soils surface is expected.
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With half-lives of 18 and 21 days, it is generally subjected to
biodegradation in soil systems. Volatilization of dibenz[a,h]
anthracene from wet soil surfaces is not expected to be an
important fate process based on an estimated Henry’s Law
constant of 7.3 � 10�8 atm-m3 mol�1. A biodegradation half-
life of 750 days at 20 �C after incubation with unacclimated
soil microcosms indicates that biodegradation is not an
important environmental fate process in soil.
Aquatic Fate

Dibenz[a,h]anthracene is adsorbed very strongly into sedi-
ments and particulate matter if released to water. As discussed,
it will not hydrolyze and volatilize. Rather, it bioconcentrates
in aquatic organisms that lack microsomal oxidase (enzyme
that enables the rapid metabolism of certain PAHs). Literally
no biodegradation of dibenz[a,h]anthracene would take place
in natural waters. Since dibenz[a,h]anthracene absorbs solar
radiation strongly, it may be subjected to direct photolysis in
natural waters; however, its experimental Koc values ranging
from 8.1� 105 to 3.1� 106 indicate that, if released into water,
this compound will adsorb to suspended solids and sediment
in the water column. A very high bioconcentration factor of
1.3 � 104 suggests that dibenz[a,h]anthracene efficiently bio-
concentrates in aquatic organisms. However, it may not bio-
concentrate in aquatic organisms that contain microsomal
oxidase, such as fish, as this enzyme enables the rapid metab-
olism of certain PAHs.

Atmospheric Fate

Dibenz[a,h]anthracene released to the atmosphere will likely
be associated with particulate matter and may be subjected to
moderately long-range transport, depending mainly on the
particle size distribution and climatic conditions, which will
determine the rates of wet and dry deposition. The estimated
vapor pressure of 9.5 � 10�10 mm Hg at 25 �C of dibenz[a,h]
anthracene indicates that this compound will exist solely in the
particulate phase in the ambient atmosphere if released into
air. Its presence in areas remote from primary sources
demonstrates the potential for this long-range transport as well
as dibenz[a,h]anthracene’s considerable stability in the air.
Dibenz[a,h]anthracene absorbs solar radiation strongly, sug-
gesting that it may be susceptible to direct photolysis in the
environment. The estimated vapor phase half-life in the
atmosphere is 1 day as a result of reaction with photochemi-
cally produced hydroxyl radicals.
Exposure and Exposure Monitoring

Routes and Pathways

Dibenz[a,h]anthracene is released in the environment from
both natural and anthropogenic sources through incomplete
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00303-1
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combustion or high-temperature pyrolytic processes of fossil
fuels (and other organic materials). It is formed as a by-product
of coal tars, shale oils, and soots. As an incomplete combustion
product, it has been detected in gasoline engine exhaust, coke
oven emissions, cigarette smoke, charcoal broiled meats,
vegetation near heavily traveled roads, surface water, and soils
near hazardous waste sites. Dibenz[a,h]anthracene is present as
a minor component of the total content of polynuclear
aromatic compounds in the environment. The substance can be
absorbed into the body by inhalation, dermal absorption, and
ingestion. Bioaccumulation of this chemical may occur in
seafood.
Human Exposure

Human exposure to dibenz[a,h]anthracene occurs primarily
through tobacco smoking, inhalation of polluted air, and
ingestion of food and water contaminated with incomplete
combustion products. Occupational exposure to dibenz[a,h]
anthracene may occur through inhalation of particulate matters
at workplaces where dibenz[a,h]anthracene is produced as
a product of incomplete combustion of fossil fuels. Dibenz
[a,h]anthracene has a dermal and gastrointestinal adsorption
fraction of 0.13 and 0.89, respectively, with a dermal perme-
ability coefficient of 2.7 cm h�1.
Environmental Exposure

Dibenz[a,h]anthracene was identified, but not quantified, in
finished drinking water. Dibenz[a,h]anthracene was detected
in river water from the Mackenzie River, Canada, in 1986 at
concentrations ranging from 0.049 to 0.061 mg l�1.
Seawater samples from the Baltic Sea collected in Nov 1993
at depths of 10–15 m were found to contain dibenz[a,h]
anthracene at concentrations ranging from 2.20 to
16.93 pg l�1. Dibenz[a,h]anthracene was also detected
and measured as 0.062–0.23 ppb in coal coking waste
waters and final effluent from biological oxidation process
discharged to river and in suspended solid as 2.0–2.9 ppb.
Dibenz[a,h]anthracene was detected in exhaust conden-
sate of gasoline engines: 96 mg g�1; coke oven emissions:
84–124 mg g�1 of sample. Dibenz[a,h]anthracene was
detected in soil samples taken from an existing petroleum
refinery land treatment site at concentrations of 310 and
47 mg kg�1 at depths of 0–6 and12–24 inches, respectively.
A survey of sewage sludge from wastewater treatment plants
in Beijing City, China, detected dibenz[a,h]anthracene in
four of the six different plants’ sewage sludge. The
concentrations in microgram per kilogram dry weight of
dibenz[a,h]anthracene detected were 735.87, 524.56,
1134.62, and 366.82. The likely origin is the effluent is
from a fuel plant discharge.
Toxicokinetics

Dibenz[a,h]anthracene is oxidized by liver enzymes to form
water-soluble derivatives that can be excreted in urine. It is
poorly absorbed from the gastrointestinal tract and is
primarily excreted via feces. Following absorption, dibenz
[a,h]anthracene is distributed to various tissues, with highest
accumulation in the liver and kidneys. Dibenz[a,h]anthracene
is metabolized by mixed-function oxidases to dihydrodiols.
Upon topical application of 1 mM per mouse to mouse skin,
dibenz[a,h]anthracene binds to DNA at the treated area in the
skin to the extent of 15 pmol mg�1 DNA. This compound
showed 72 h as a maximum level of binding after treatment,
compared to 19–24 h for other polycyclic hydrocarbons. Most
importantly, dibenz[a,h]anthracene or its metabolites can
cross the placenta.
Mechanism of Toxicity

Dibenz[a,h]anthracene is enzymatically attacked by the cyto-
chrome P450-dependent monooxygenase system at three
distinct molecular regions, that is, the bay, M, and K regions,
yielding the arene oxides at the 1,2; 3,4; and 5,6 positions. The
arene oxides may spontaneously aromatize to phenols or
undergo epoxide hydrolase-catalyzed hydration to trans-
dihydrodiols. The bay-region theory predicts that dibenz
[a,h]anthracene 3,4-diol-1,2-epoxide is an ultimate carcino-
genic metabolite of dibenz[a,h]anthracene. Because dihy-
drodiol formation precedes epoxidation at the adjacent
double bond, dibenz[a,h]anthracene 3,4-dihydrodiol is the
immediate metabolic precursor of the bay-region diol-
epoxide of dibenz[a,h]anthracene. The interaction between
such species and the nucleophilic centers in cellular DNA can
result in the formation of covalent DNA adducts, a process
generally considered to lead to an initiating event in
tumorigenesis.
Acute and Short-Term Toxicity (Animal/Human)

Animal

Dibenz[a,h]anthracene showed no subacute toxic effect in
marine animals, but showed some growth inhibition and
prenatal toxicity in rats. As an indicator of potential carci-
nogenic activity, high levels of sebaceous gland suppression
were seen when dibenz[a,h]anthracene was applied twice
daily on three consecutive days to the skin of mice.
Subcutaneous injections of 0.278 mg dibenz[a,h]anthracene
five times weekly in rats for several weeks exhibited path-
ological changes in the lymphoid tissues, which were char-
acterized by extravascular red blood cells in the lymph
spaces and by the presence of abnormally large pigmented
cells.
Human

The acute (short-term) health effects may occur immediately or
shortly after exposure to dibenz[a,h]anthracene. Contact with
dibenz[a,h]anthracene can irritate the skin and eyes. Prolonged
or repeated contact can cause a skin rash, dryness, and redness.
Exposure to sunlight can greatly aggravate these effects.
Inhaling dibenz[a,h]anthracene can irritate the nose and throat,
causing coughing and wheezing. Exposure to dibenz[a,h]
anthracene can cause headache, dizziness, nausea, and
vomiting.
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Chronic Toxicity (Animal/Human)

Animal Data

Dibenz[a,h]anthracene caused tumors at different tissue sites
of several species of experimental animals when administered
through various routes. A single dose of 0.05 mg kg�1 of
dibenz[a,h]anthracene in polyethylene glycol (PEG)-400
failed to induce tumors in male Swiss mice after 30 weeks.
However, forestomach papillomas were found in 10% of mice
administered a single dose of 0.05 mg kg�1 dibenz[a,h]
anthracene followed by 30 weekly doses of PEG alone, and in
21% of the mice when dibenz[a,h]anthracene treatment was
followed by 30 weekly doses of PEG plus 3% croton oil.
Treatment with croton oil alone resulted in 14–16% tumor
incidence. These results suggest that the carcinogenic activities
of croton oil and dibenz[a,h]anthracene are additive in the
mouse forestomach. Mammary carcinomas were observed in
5% of the female BALB/c mice treated with 0.5% dibenz[a,h]
anthracene after 15 weeks of dosing; however, no control
group was included. In another study, male and female rats
were administered an emulsion of aqueous olive oil and
dibenz[a,h]anthracene in place of their drinking water for up
to 200 days. Pulmonary adenomatosis, alveologenic carci-
noma, mammary carcinoma, and hemangioendotheliomas
were observed in these treated rats, whereas tumors were not
observed in the control animals. However, extensive dehy-
dration and emaciation occurred because the animals did not
tolerate the vehicle well, which led to early death and the need
to periodically remove the animals from the treatment vehicle.
Neither of these studies was adequately reported as they did
not perform appropriate histopathologic evaluations. The
treatment or study durations and the sample size were also
inadequate. Despite these methodological limitations, these
studies do provide some evidence of dibenz[a,h]anthracene’s
carcinogenicity by the oral route. Dibenz[a,h]anthracene
caused lung tumors in mice after a single intravenous or
subcutaneous injection.
Human

Although there are no such data of chronic toxicity of dibenz
[a,h]anthracene on humans, based on sufficient animal data, it
is considered as a probable human carcinogen.
Immunotoxicity

Animal

Carcinogenic PAHs can produce an immunosuppressive
effect. The immune response in mice following single or
multiple subcutaneous injections of dibenz[a,h]anthracene
using the antibody-forming cell response to sheep erythro-
cytes was evaluated. A single injection of 1 mmol dibenz[a,h]
anthracene resulted in a 71% depression of immune
response. Mice treated with high doses of dibenz[a,h]
anthracene exhibited a reduced serum antibody level in
response to antigenic challenge in comparison to controls.
The immunosuppressive effects of dibenz[a,h]anthracene
were studied in AHH-inducible mice (C57BL/6) and
AHH-noninducible mice (DBA/2N) by intraperitoneal (i.p.)
and oral administration. Immunosuppression occurred in
both strains, and the effect was more pronounced in the
C57BL/6 mice than in the DBA/2N mice following i.p.
administration. However, the DBA/2N mice were more
susceptible to immunosuppression following oral adminis-
tration with dibenz[a,h]anthracene.
Human

Dibenz[a,h]anthracene has moderate immunotoxicity toward
human T cells in culture. A population-based cross-sectional
study was conducted from 2008 to 2009 with coke oven
workers and steel-rolling workers as the exposed and control
groups, respectively. It has been observed that chronic expo-
sure to PAHs like dibenz[a,h]anthracene may cause immu-
nological alteration. Oxidative stress and lipid peroxidation
may be partly responsible for alteration of immunological
parameters.
Reproductive Toxicity

Animal

Acute i.p. administration of dibenz[a,h]anthracene in sesame
oil at a dose of 3–90 mg kg�1 body weight produced reduction
in growth rate of young rats that persisted for at least 15 weeks.
Dibenz[a,h]anthracene at dose of 5 mg per rat given subcuta-
neously daily from first day of pregnancy resulted in fetal death.
Some degeneration of spermatogenic cells and presence of
‘large’ corpora lutea in the ovaries were observed in mice
administered weekly subcutaneous injections of dibenz[a,h]
anthracene (0.05 ml of a 0.05% solution in gelatin) for
40 weeks.
Genotoxicity

Animals

Dibenz[a,h]anthracene was positive in differential survival
assays using DNA-repair-proficient/-deficient strains of bacteria
and was mutagenic to Salmonella typhimurium in the presence of
an exogenous metabolic system. Significant enhancement
of mutagenicity occurs with dibenz[a,h]anthracene when
3-methylcholanthrene-induced guinea pig liver S9 is
substituted for Arochlor-induced rat liver S9 in an Ames test
with S. typhimurium. Micronucleus (MN) formation in rat bone
marrow and spleen polychromatic erythrocytes (PCEs) were
determined following three intratracheal instillations with
dibenz[a,h]anthracene at the dose of 8.5 mg kg�1 or higher.
Within a 24-h period of treatment, significant increases in the
frequencies of MN in both bone marrow and spleen PCEs were
observed.
Human

There are no data regarding the genotoxicity of dibenz[a,h]
anthracene in human. However, in cultured mammalian
cells dibenz[a,h]anthracene was mutagenic and induced
unscheduled DNA synthesis in the presence of an exogenous
metabolic system. It was positive in assays for morphological
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transformation. In the one available study, it induced sister
chromatid exchange but not chromosomal aberrations in vivo.
The mutagenic activity of dibenz[a,h]anthracene increased
progressively with the substitution of a methyl group at one or
both non-benzo bay-region sites in cell-mediated assays with
human hepatoma cells, HepG2.
Carcinogenicity

Animal

Dibenz[a,h]anthracene caused tumors in several species of
experimental animals, at different tissue sites, through
different routes of administration. It caused lung tumors in
mice after a single intravenous or subcutaneous injection, in
newborn mice after i.p. injection, and in hamsters after
intratracheal instillation. In mice, oral exposure to dibenz
[a,h]anthracene-caused cancer of the lung (adenomatosis or
alveologenic carcinoma) and mammary gland (carcinoma),
benign or malignant tumors of the forestomach (squamous
cell papilloma or carcinoma), and tumors of the blood
vessels (hemangioendothelioma). Addition of dibenz[a,h]
anthracene to food for total doses of 9–19 mg over a period
of 5–7 months in mice led to appearance of tumors of
forestomach in 7/22 survivors after 1 year; one of these
tumors was a carcinoma. In another experiment, a backcross
mice receiving 0.4 mg dibenz[a,h]anthracene per day orally
in mineral oil emulsion that replaced drinking water devel-
oped two squamous cell carcinomas and 11 papillomas of
forestomach.

Human

Although there are no human data that specifically link expo-
sure to dibenz[a,h]anthracene to human cancers, based on
sufficient animal data, it is considered as a probable human
carcinogen.
Clinical Management

The list of treatments mentioned in various sources for prob-
able human carcinogen dibenz[a,h]anthracene includes the
following:

l Avoidance of exposure to carcinogen, including appropriate
legislation to control exposure, and appropriate workplace
procedures to ensure avoidance of exposure in industrial
settings;

l Acute first aid and medical management following acci-
dental exposure;

l Ongoing surveillance for cancer following exposure
dependent on type of carcinogen, degree of exposure, and
likely type of cancer resulting from exposure.
Ecotoxicology

Chronic toxicity studies with freshwater species are available
for crustaceans, aquatic plants, and algae. For Lemna gibba,
no effects at concentrations near the water solubility were
observed. No effect was observed at concentrations up to
0.032 mg l�1 in a 7-day study with Ceriodaphnia dubia. The
72-h EC10 for the growth rate of Pseudokirchneriella subcapitata
was 0.14 mg l�1. Injection of 0.3–0.5 mg dibenz[a,h]anthra-
cene in olive oil into kidney of frogs (Rana pipiens) produced
renal adenocarcinomas in 26% of survivors compared with
3% of controls. Among 121 pigeons that received intra-
muscular injections of 3 mg dibenz[a,h]anthracene in
benzene and were observed for 13 months, 14 developed
fibrosarcoma at injection site. No tumors were found among
32 untreated controls. Injection of 0.4% dibenz[a,h]anthra-
cene in lard induced sarcomas in 15/31 fowl within
45 months.
Other Hazard

Dibenz[a,h]anthracene is incompatible with strong oxidizers.
When heated to decomposition, it emits acrid smoke and irri-
tating fumes.
Exposure Standards and Guidelines

There may be no safe level of exposure to a carcinogen, so all
contact should be reduced to the lowest possible level. Dibenz
[a,h]anthracene falls in the category of coal tar pitch volatiles.
Hence, Occupational Safety and Health Administration’s
permissible exposure level for benzene soluble coal tar pitch
volatile in workplaces is 0.2 mg m�3. The National Institute for
Occupational Safety and Health has recommended that the
workplace exposure limit for PAHs be set at the lowest
detectable concentration, which was 0.1 mg m�3 for coal tar
pitch volatile agents at the time of the recommendation. The
US Environmental Protection Agency (EPA) has set the
maximum contamination level of dibenz[a,h]anthracene in
water to 0.0003 mg l�1.

The oral and dermal slope factors of dibenz[a,h]anthracene
are 7.30E þ 00 and 2.35E þ 01 (mg kg�1 day�1)�1, respec-
tively. The inhalation unit risk is 8.8E � 01 (mg m�3)�1. Based
on no human data and sufficient evidence for carcinogenicity
in animals, EPA has assigned dibenz[a,h]anthracene a weight-
of-evidence classification of B2, probable human carcinogen.
The US Department of Health and Human Services has
determined that dibenz[a,h]anthracene may reasonably be
anticipated to be a carcinogen. Dibenz[a,h]anthracene is
a California proposition 65 carcinogen and an International
Agency for Research on Cancer 2A confirmed animal
carcinogen.
See also: Anthracene; Benz[a]anthracene; Benzo(a)pyrene;
Dibenzofuran; Lipid Peroxidation; Mechanisms of Toxicity;
National Institute for Occupational Safety and Health; The
National Institute of Environmental Health Sciences;
Oxidative Stress; Society of Environmental Toxicology and
Chemistry; Carcinogen Classification Schemes; International
Agency for Research on Cancer; Polycyclic Aromatic
Hydrocarbons (PAHs); Environmental Protection
Agency, US.
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l Name: Dibenzofuran
l Chemical Abstracts Service Registry Number: 132-64-9
l Synonyms: 2,20-Biphenylene oxide; 2,20-Biphenylylene

oxide; Dibenzo(b,d)furan; Diphenylene oxide
l Molecular Formula: C12H8O
l Chemical Structure:

O

Background

Dioxins and furans, two well-known environmental pollutants,
are extremely toxic to humans and many other species. Diben-
zofurans are released into the air from combustion sources,
and are listed as pollutants of concern due to its persistence
in the environment, potential to bioaccumulate, and toxicity
to humans and the environment. These compounds, when
adsorbed on soils or other substrates, are highly persistent
under normal environmental conditions. The Office of Envi-
ronmental Health Hazard Assessment reviews risk assessments
submitted under the Air Toxics ‘Hot Spots’ Program (AB 2588)
in which chlorinated dibenzo-p-dioxins and dibenzofurans are
listed. Chlorinated dibenzofurans were calculated as total
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) equivalents in the
AB 2588 risk assessments. Dibenzofuran is cited in the Clean Air
Act 1990 Amendments – Hazardous Air Pollutants as a volatile
hazardous air pollutant of potential concern. The Superfund
Amendment Reauthorization Act Section 110 placed dibenzo-
furan on the revised Agency for Toxic Substances and Disease
Registry priority list of hazardous substances to be the subject
of a toxicological profile. Dibenzofuran is also listed in the
Massachusetts Substance List for Right to Know Law, the New
Jersey Department of Health Hazard Right to Know Program
Hazardous Substance List, the Pennsylvania Department
of Labor and Industry Hazardous Substance List, and the
California’s Air Toxics ‘Hot Spots’ List (Assembly Bill 2588).

Among approximately over 200 polychlorinated dibenzo-
dioxin and dibenzofuran isomers, all are not equally toxic nor
are they considered equally potent as carcinogens. Based on US
Environmental Protection Agency’s (EPA) concept of toxic
equivalent factors (TEFs) for assessing cancer risk associated with
these chemicals, TCDD is considered the most potent, in the TEF
scheme (Ref. range: TCDD’s TEF of 1.0). The cancer potency of
all other isomers chlorinated in the 2,3,7, and 8 positions is
related to TCDD and tetrachlorodibenzofuran (TCDF). It is
necessary to know the proportion of total dioxins and furans,
when calculating toxic equivalents. Depending upon the dose
and the length of exposure to these compounds, various health
conditions may develop, such as, coughing, severe respiratory
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
infections, chronic bronchitis, abdominal pain, muscle pain,
acne rash, changes in skin color, headache, increased blood
triglycerides, vomiting, diarrhea, leukocytosis, limb neuralgia,
peripheral neuropathy, paresthesia, weight loss, and liver
disease. They are also responsible for causing ‘Yusho’ disease
(common symptoms included dermal and ocular lesions,
irregular menstrual cycles and a lowered immune response.
In children, there were reports of poor cognitive development.)
Uses

Dibenzofuran is an industrial chemical or by-product, and is
used as an insecticide, in the production of PVC, industrial
bleaching and incineration.
Environmental Fate and Behavior

Dibenzofuran is a white crystalline solid. It is not soluble in
water, but soluble in organic solvents like alcohol, acetone,
ether, benzene, and acetic acid. Its boiling point is 287 �C,
melting point is 86 �C, and specific gravity is 1.0886. Its octa-
nol/water partition coefficient is 4.12.

Presence of dibenzofuran in coal tar, oil and its uses may
result in its release to the environment through various waste
streams. It has very low to no mobility in soil and degrades in
soil. It dissolves in water as well as volatilizes. As a gas phase in
the atmosphere, it reacts with photochemically produced
hydroxy radicals. It is biodegraded rapidly at contaminated
sites by the microorganisms present; otherwise its biodegra-
dation is relatively slow. It adsorbs very strongly to sediment
and particulate matter in the water column. It has a potential to
bioconcentrate in aquatic organisms.
Exposure and Exposure Monitoring

Dibenzofuran is a common environmental pollutant. It has
been found in air and groundwater. Some major sources of
exposure for the general population are combustion (munic-
ipal waste incineration and automobile exhaust), chemical
industry wastes, agricultural and industrial chemicals, and
aqueous chlorination. Dibenzofuran is present in cigarette ash
and is a by-product of processes in the pharmaceutical industry.
Exposure can also occur by ingestion of contaminated food.
Exposure of dibenzofuran can occur by various routes
including inhalation, dermal, and oral. However, inhalation is
the most common route of exposure.
Toxicokinetics

Dibenzofuran is absorbed following oral and intravenous
administration and quickly distributed to the liver, muscle,
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skin, and adipose tissue and metabolized. It accumulates in
adipose and liver tissues at a higher level, whereas muscle,
kidneys, spleen, lungs, brain, and blood have low accumulation.
It is cleaved at the first aromatic ring by the key enzyme 2,20,
3-trihydroxy biphenyl dioxygenase and degraded. The metabo-
lites may remain in the adipose tissue for a relatively long
period of time due to its lipophilic nature. The metabolites are
rapidly excretedmainly in bile, urine, and feces aswell as inmilk.
Mechanism of Toxicity

Dibenzofuran induces microsomal enzymes such as cyto-
chrome P450 1A1, 1A2, and aryl hydrocarbon hydroxylase in
rat liver, lung, and skin. Thus, toxicity and carcinogenicity may
result from its bioactivation through aryl hydrocarbon receptor
signal transduction pathway.
Acute and Short-Term Toxicity

Animal

The chlorinated derivative 2,3,7,8-TCDF of dibenzofuran cau-
ses wasting syndrome, thymic atrophy, and immune suppres-
sion in rodents, hair, and fingernail loss in monkeys, chloracne
formation in the rabbit ear, and hyperpigmentation in the
rhesus monkey. It is hepatotoxic and has profound effects on
both steroid and growth factor receptor systems. Its toxicity
depends on the type of animal species. The LD50 values for
TCDF in guinea pig, mouse, and monkey are 5–10,�6000, and
1000 mg kg�1 bw, respectively.
Human

Dibenzofuran is ubiquitous and persistent in the environment,
and tends to accumulate in human tissues. Its half-life in
humans is relatively long. Its exposure can occur through
inhalation, dermal, and oral routes. Its exposure can cause
dermal, liver, and gastrointestinal toxicities.
Chronic Toxicity

Animal

It is a liver tumor promoter, teratogenic, immunotoxic, and
affects natural killer cells.
Human

It is not classifiable as a human carcinogen.
Genotoxicity

Dibenzofuran is not genotoxic in Salmonella Ames assay.
Clinical Management

Measurement of dibenzofuran in human blood can serve as
a means of assessing person’s past exposure, since the chemical
has a long biological half-life. In case of contact, the eyes and
skin should be flushed immediately with water for at least
15 min. If inhaled, the victim should be removed to fresh air. If
the person is not breathing, artificial respiration should be
given; if breathing with difficulty, oxygen should be given. If
the patient is in cardiac arrest, cardiopulmonary resuscitation
should be given. In case of ingestion, the mouth should be
washed out with water provided the person is conscious. These
life-support measures should be continued until medical
assistance has arrived. Liquids should not be administered to
the victim and vomiting should not be induced in an uncon-
scious or convulsing person.
Other Hazards

When heated to decompose, it emits acrid smoke and irritating
fumes.
Exposure Standards and Guidelines

Engineering controls, standard work practices, and personal
protective equipment, including respirators are employed to
prevent worker exposure to dibenzofuran. After use, the
clothing and equipment should be placed in an impervious
container for decontamination or disposal. Preemployment
and periodic medical examination should focus on liver func-
tion. The US EPA is required to establish and phase in specific
performance-based standards for all air emission sources that
emit dibenzofuran as one of the listed pollutants.

See also: Carbofuran; Persistent Organic Pollutants;
Polychlorinated Biphenyls (PCBs); Dioxins; Furan; Combustion
Toxicology; PBT (Persistent, Bioaccumulative, and Toxic)
Chemicals; Polycyclic Aromatic Hydrocarbons (PAHs).
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Table 1 Physical properties of dibromochloropropane

Property Value(s)

Molecular weight 236.36 g mol�1

Physical state Liquid
l Chemical Abstracts Service Registry Number: CAS 96-12-8
l Synonyms: 1,2-Dibromo-3-chloropropane; Fumazone;

Nemagon; Dibromchlorpropan
l Molecular Formula: C3H5Br2Cl
l Chemical Structure:
Melting point 6 �C
Boiling point 196 �C
Density (14 �C) 2.093 g cm�3

Solubility in water (20 �C) 1230 mg l�1

Vapor pressure (20 �C) 0.8 mm Hg
Henry’s law constant (20 �C) 1.47� 10�4 atm m3 mol�1

Partition coefficient 2.69� 102

Odor threshold 0.3 mgm�3

EPA, http://www.epa.gov2, OSHA, http://www.osha.gov3, NIOSH, http://www.cdc.
gov/niosh/4, ACGIH, http://www.acgih.org/home.htm.
Uses

Dibromochloropropane (DBCP) was extensively used as
a pesticide on a wide variety of crops from the year it was
originally synthesized, 1955, until 1977. From that year until
1979, the Environmental Protection Agency (EPA) decided to
suspend all DBCP registrations except for its use on pineapples
in Hawaii. Finally, 1985 marked the year when the EPA termi-
nated all registrations for this chemical. DBCP is commonly
referred to as a nematocide because it was applied into soil in
order to control parasitic threadlike worms called nematodes
that damage the roots of crops and other plants. Although this
chemical is no longer produced in the United States to be used
as a pesticide, it can still be found as an intermediate in the
synthesis of organic chemicals, such as the brominated flame
retardant tris[(2,3-dibromopropyl)phosphate] and in research
laboratories intended for further research. DBCP still remains as
a groundwater contaminant in places that were subjected to
heavy fumigations. It must be noted that groundwater supplies
are sources of drinking water in some areas.
Environmental Fate and Behavior

DBCP in soil can volatilize from near-surface soil. Based on
estimated Koc values of 149 in Lincoln fine sand and 128 in an
unspecified soil, DBCP will be highly mobile in soil and has the
capacity to leach into groundwater. It is estimated that the
volatilization half-life for this chemical will vary between 0.6
days in dry soil with low soil organic content and 26.2 days in
a wet soil containing high values of soil organic content. It is
important to notice that fields treated with DBCP will present
a significant retardation in the volatilization loss from the soil
if plastic coverings are used.

Based on a vapor pressure value of 0.8mm Hg at 20 �C (see
Table 1), DBCP will exist primarily in the vapor phase in the
ambient atmosphere. It is expected that very small amounts of
this chemical will be present in the particulate phase, and this
could explain the fact that dry deposition to the earth’s surface
will not result in a significant removal process. DBCP presents
high water solubility, and then small amounts present in the air
can be removed by wet deposition. Very little experimental data
are available to predict how it is transported in the atmosphere;
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however, based on an expected half-life value of 36 days it
could be argued that it has the ability to be transported long
distances in the atmosphere.

If found in water, DBCP will volatilize quite rapidly to the
atmosphere; the estimated volatilization half-life from a pond
is 8 days. Using again the estimated Koc values of 128–149, this
chemical is not expected to adsorb significantly to sediment
and suspended organic matter. Based on an estimated bio-
concentration factor (BCF) of 11.2, it is not expected to bio-
concentrate in fish and other aquatic organisms. There is no
sufficient data to indicate that DBCP could be a potential risk in
terms of biomagnifications in different aquatic or terrestrial
food chains. However, some biodegradation of DBCP in
groundwater might ensue under anaerobic conditions.

In air, DBCP will degrade via a vapor-phase reaction with
photochemically producedhydroxyl radicals. Thephotolysis half-
life is 36 days. There is no possibility of having a direct photolysis
of this chemical in the atmosphere due to its lack of a chromo-
phore absorbing light at wavelengths greater than 290 nm.

The half-life of DBCP in an aquifer with a temperature of
15 �C is estimated at 141 years. Insufficient data are available to
predict the relative importance of biodegradation in natural
bodies of water. Before degrading in water, DBCP will actually
volatilize from the surface.

DBCP will be prone to a biodehalogenation process only in
the presence of an added nutrient. However, if DBCP residues
do not leach or get volatilized they will actually be found in soil
and could be detected almost a decade after its application.

DBCP photolyzes rapidly in aqueous solution; therefore,
photolysis is expected to occur on surfaces when exposed to
sunlight.
Exposure and Exposure Monitoring

The common exposure routes are inhalation (contaminated
air), skin contact, and ingestion through food and water.
All these routes have been considered important, especially
in workers exposed to the chemical during manufacture/
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01216-1
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packaging and during application. DBCP might enter the body
through the lungs if being subjected to breathe contaminated
air. It can also enter through the skin if it is put into contact
with it. Drinking water from areas where this chemical was
previously administered or eating food that was grown in such
areas could result in a potential source of exposure. It must be
mentioned that DBCP most likely will not be found in food
products today, so exposure should be minimal and not very
frequent.

Although DBCP could enter the environment during manu-
facture or being used in research, due to the fact that it is not
a widely used chemical it is estimated that minimal levels will
enter the environment. In areas where this substance was not
widely used, it is not expected to be found in air, surface water,
and soil. However, in areas where this chemical was applied or
discarded, it could still be found in groundwater and soil at very
low levels. No present studies have shownmeasurable quantities
of DBCP in air, soil, and surface water.

It has not been established amounts and rates in which this
chemical enters the body but studies in animals indicate that
most of it will enter the bloodstream quite rapidly.
Toxicokinetics

Toxicity studies in animals show that DBCP can be absorbed by
inhalation, although very little experimental data are available
in regards to distribution and excretion of this compound
following this route of exposure. A 24-h dermal exposure to
DBCP provoked the death of the animal. After an oral expo-
sure, DBCP is quickly and widely absorbed from the gastroin-
testinal tract. When a dose of 20mg kg�1 1,2-dibromo-3-
chloropropane-3-(14)C was given orally to male rats, only
traces (0.04%) of the 14C were excreted in the expired air
as unchanged 1,2-dibromo-3-chloropropane. Essentially all
(98.8%) was absorbed from the gut and 90% of the activity was
excreted in 3 days. The absorption follows first-order kinetics
and remainsmainly in the adipose tissues. Highest values in this
tissue happened after 6 h, still being measurable after 24 h.
Histopathological changes were also evident in liver and kidney.

Excretion of DBCP occurs through different routes,
including exhalation, and biliary, and urinary elimination.
Exhalation was produced as mainly CO2, whereas mercapturic
acid was the main urinary excretion product. Radioactivity
studies suggest that more than half of the radioactive chemical
was found in the urine.
Mechanism of Toxicity

No clear-cut human data are available. DBCP is converted to
epoxy derivatives; which, in turn, are hydrolyzed and debro-
minated. It is well known that bromides can accumulate in the
kidneys. Among several metabolites, epichlorohydrin and
epibromohydrin were detected. They can also be metabolized
to oxalic acid. It has been previously stated that mercapturic
acid was the main urinary excretion product. Metabolic inter-
mediates were found to react with nonprotein sulfhydryl
(NPS) groups. The epoxide intermediates can be conjugated
with NPS groups, primarily in the kidneys, liver, lungs,
stomach, and testes of rats. The reduction in hepatic NPS levels
indicated that the liver is the main site of glutathione (GSH)
conjugation with DBCP metabolites. This conjugation step was
confirmed to be a detoxifying mechanism in the liver.
However, studies suggest that conjugation with GSH in the
testes induce the formation of a more reactive metabolite;
hence, a toxifying mechanism seems to be implied. This
metabolism presented differences among the species being
tested. For instance, rats and guinea pigs showed testicular
deoxyribonucleic acid (DNA) damage.
Acute and Short-Term Toxicity

Animal

DBCP is carcinogenic to all the species tested in single bolus
dosage or multiple low doses. Primary target organs include
tongue, larynx, nasal cavity, lungs, stomach, adrenal glands,
and mammary glands. Rats exposed by inhalation of DBCP
(0.6 or 3 ppm) during 6 h day�1, 5 days week�1, for
84–103 weeks developed tumors in multiple sites. The LC50

values in the rat for DBCP are 103 ppm over 8 h, 154 ppm over
4 h, 232 ppm after 2 h, and 368 ppm after 1 h of exposure.
Following an oral exposure, LD50 values in rats and mice vary
from 170 to 300mg kg�1 and from 260 to 400mg kg�1,
respectively. The LD50 in rabbits for DBCP dermal exposure is
1420mg kg�1.

Elevated levels of exposure in rats produce CNS depression,
weight loss, and decreased spermatogenesis. High levels of
DBCP may lead to GI distress, which, in turn, will cause
significant liver damage (cloudy swelling). DBCP can also
cause kidney damage (nephritis), and dermal and subcuta-
neous tissue destruction (necrosis).
Human

Acute exposure to DBCP may invoke nausea, drowsiness,
vomiting, and irritation of the eyes, nose, skin, and throat.
However, it is not caustic to skin or eye. Enough amounts of
this chemical in humans may result in dizziness, confusion and
eventually coma and death.

Overexposure to DBCP can cause loss of sperm production
with sterility in human male workers. This was not reversible in
the most severely affected men.
Chronic Toxicity (Animal/Human)

Chronic exposure to DBCP (by any route) may be expected to
produce damage to liver, kidney, spleen, bone marrow
(pancytopenia or loss of red and white blood cells and plate-
lets), and testicles. It will also cause congestion or appearance
of fluids in the lungs and inflammation of the eyes and skin.

Work exposure has resulted in testicular toxicity with
sterility. Similar levels of exposure apparently do not affect
ovarian function. Among those males who recovered fertility
and fathered offspring, follow-up studies did not detect any
excess of birth defects associated with prior DBCP exposure.
DBCP damages chromosomes in a variety of test systems and
causes cancer in some animal studies.
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Immunotoxicity

When exposed to DBCP by inhalation, no immunological
effects were observed in humans. However, this chemical does
present immunotoxicity in animals. The main outcome after an
inhalation exposure to DBCP was hypocellularity of the bone
marrow, which was observed in rats exposed to 25 ppm for 13
weeks. Rats, rabbits, and monkeys also experienced severe lung
infections. No significant and representative number of studies
was found after dermal and/or oral exposures.
Reproductive Toxicity

Exposure to DBCP in working environments led to significant
and quantitative results. A decreased sperm count and testicular
atrophy were observed in rats exposed to 10 ppm DBCP for
10 weeks. A significant reduction in the number of litters was
observed after male and female mice were treated with
25mg kg�1 day�1 DBCP during 128 days. Same effect was
monitored in monkeys after a 45-day treatment with a dosage
of 650 ppm DBCP in drinking water.
Genotoxicity

No clear-cut effect on sex-ratios was observed after exposure to
DBCP by drinking contaminated water. This indicated that no
changes in birth rates were detected. However, there was
a detectable change in sex ratio among the progeny of exposed
workers. In vitro studies proved that DBCP was a very potent
genetic toxicant capable of inducing gene mutations.
Carcinogenicity

No significant studies were found related to carcinogenicity of
DBCP in humans. Nonetheless, animal studies demonstrated
that this chemical could produce cancer. Rats exposed to DBCP
by inhalation for a period of 84–103 weeks presented multiple
site neoplasms. Cancer was found in several organs and not
only at the initial site of contact, such as respiratory tract or
stomach. It is most likely that DBCP and its metabolites play
a crucial role in cancer processes. Based on these facts, it is
predicted that enough doses and long periods of exposure to
DBCP could result in a carcinogenic effect in humans.
Clinical Management

Affected individuals must be promptly removed from site of
exposure in order to prevent absorption into the bloodstream.
Removal of contaminated clothing is also required. If DBCP
comes in contact with eyes, repeated flushing with water is
required. A diluted solution of proparacaine hydrochloride can
also be used to aid eye irrigation. Following oral exposure water
or milk should be administered. Ingestion of activated charcoal
with packed tower aeration is also recommended if the
chemical was present in drinking water. Parts of the body that
were exposed should be decontaminated with soapy water.
Medical surveillance is necessary if occupational exposure to
DBCP is unavoidable. If the exposure levels are higher than
the proposed limits, the use of respirators will be mandatory.
Exposure Standards and Guidelines

According to the Occupational Safety and Health Administra-
tion (OSHA), DBCP could be considered as a potential cancer
hazard. The current OSHA permissible exposure limit (PEL) is
1 ppb as a time-weighted average over an 8-h work shift. It is
expected that the employer will make sure that employees will
not be exposed to DBCP. The National Institute for Occupa-
tional Safety and Health (NIOSH) also categorizes DBCP as an
occupational carcinogen, suggesting that exposure levels
should be kept at a minimum value. The International Agency
for Research on Cancer classified DBCP as a Group 2B
compound, carcinogenic classification. The EPA set the
permissible quantity limit (PQL) as 100 mg l�1 and its Office of
Drinking Water issued the following guidelines: One-day
Health Advisory values of 0.2mg day�1 and 1.4mg day�1,
children and adult, respectively; and a Ten-day Health Advisory
value of 0.05mg day�1 for children. It is important to notice
that the American Conference of Governmental Industrial
Hygienists (ACGIH) does not designate a threshold limit value
for this chemical. This could be attributed to the fact that DBCP
was banned as a soil fumigant decades ago and, currently,
production is somewhat limited to research.

See also: Reproductive System, Male; Toxicity, Acute; Toxicity,
Subchronic and Chronic; DDT (Dichlorodiphenyltrichloroethane);
Organochlorine Insecticides; Pesticides; Mechanisms of Toxicity;
Ecotoxicology.
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l Name: Dicamba
l Chemical Abstracts Service Registry Number: 1918-00-9
l Synonyms: Banlen; Banvel 480; Brush buster; Compound B

dicamba; Velsicol compound ‘r’; Velsicol 58-CS-11; Banvel
herbicide; Banvel 4WS; Banfel�; Banvel�; Banvel CST�;
Banvel D�; Banvel XG�; Mediben�

l Molecular Formula: C8H6Cl2O3

l Chemical Structure:
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Background

Dicamba has been classified by the US Environmental Protec-
tion Agency (EPA) as toxicity class III – slightly toxic. Products
containing dicamba must bear the signal word WARNING due
to its irritating and corrosive effect on skin and eyes.
Uses

Dicamba is mainly used as an herbicide to control weeds, dock,
bracken, and brush. Dicamba is frequently applied with other
herbicides, including atrazine, glyphosate, imazethapyr, iox-
ynil, and mecoprop.
Environmental Fate and Behavior

The half-life of dicamba is 1–4 weeks in soil. Dicamba is
moderately persistent in soil and is mainly metabolized by
soil microorganism. Dicamba is highly mobile in soil since it
does not bind to soil particles. It is highly soluble in water,
and therefore it may contaminate groundwater. Microbial
degradation is the primary pathway of loss of dicamba in
water. Dicamba is rapidly absorbed by plant leaves and roots,
and subsequently transported to other parts of the plant.
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Exposure and Exposure Monitoring

Dicamba is available as an odorless, white or brown, crystalline
solid. Exposure to dicamba may occur through oral, dermal, or
inhalation routes.
Toxicokinetics

Dicamba is known to be well absorbed orally. Minimal
absorption occurs through the skin. Following ingestion in
animals, dicamba is readily distributed in all organs and
systems. When given as a food supplement to rats, most
dicamba was excreted unchanged in the urine, while a small
part of dicamba was metabolized into glucuronic acid conju-
gate. The half-life of elimination in rats was estimated to be
0.83 h.
Mechanism of Toxicity

There is little evidence of dicamba toxicity in mammals. In
plants, its primary action is to act as a growth regulator.
Acute/Short-Term Toxicity

Animal

The oral LD50 value is 757 and 1414 mg kg�1 in male and
female rats, respectively. The intraperitoneal LD50 value is 80
mg kg�1 in male rats. The oral LD50 value is 1190 mg kg�1 in
mice, 2 g kg�1 in rabbits (566 mg kg�1 reported), and 3 g kg�1

in guinea pigs (566 mg kg�1 reported). Dermal LD50 value is
greater than 2 g kg�1 in rabbits.
Human

There have been very few incidences of dicamba poisoning
alone. Most exposures have occurred where it is in combi-
nation with other herbicides, especially chlorophenoxy
compounds. Dicamba has low acute toxicity, with clinical
signs of vomiting, bradycardia, shortness of breath, cyanosis,
depression, muscular weakness, and death. Exposure may
also cause mild skin, eye, gastrointestinal, and respiratory
tract irritation. No study has reported the chronic toxicity of
dicamba.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00127-5
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Chronic Toxicity

Animal

Enlargement of liver cells was noted in mice following chronic
exposures of dicamba. Consumption of dicamba in drinking
water at levels well above the EPA Lifetime Health Advisory
level of 200 mg l�1 for prolonged periods of time has been
shown to cause adverse effects in laboratory animals, including
changes in liver and decreases in body weights.
Reproductive Toxicity

In a three-generation study, dicamba did not affect the repro-
ductive capacity of rats. When rabbits were given doses of
0, 0.5, 1, 3, 10, or 20 mg kg�1 day�1 of technical dicamba from
days 6 through 18 of pregnancy, toxic effects on the mothers,
slightly reduced fetal body weights, and increased loss of
fetuses occurred at the 10 mg kg�1 dose. Data from the animal
studies suggest that dicamba is not likely to cause reproductive
effects in humans at usual exposure levels.
Carcinogenicity

Rats dosed with dicamba at up to 25 mg kg�1 day�1 for 2 years
did not show increases in incidence of tumors.
Clinical Management

There is no specific antidote; therefore, the treatment is symp-
tomatic and supportive. Skin decontamination should be done
with repeated washing with soap. Exposed eyes should be
irrigated with copious amounts of water (at room temperature)
for at least 15 min. Emesis can be induced if initiated within
30 min of ingestion. Emesis is not encouraged if the patient is
comatose or convulsing. In such cases, ipecac can be used to
induce emesis. Activated charcoal slurry with or without saline
cathartic and sorbitol may be used.
Ecotoxicology

In general, dicamba at usual exposure levels poses little toxicity
to wildlife. Dicamba causes low toxicity to fish and is not toxic
to birds or bees.
Exposure Standards

The US EPA has set an acute reference dose of 1 mg kg�1 day�1,
and a chronic reference dose of 0.45 mg kg�1 day�1.

See also: Pesticides; Pollution, Water.
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l Name: Dicarboxylic acids
l Chemical Abstracts Service Registry Number: See below:

C length (straight) Product CAS #
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C 2
 Oxalic acid (ethanedioic acid)
 144-62-7
C 3
 Malonic acid (propanedioc acid)
 141-82-2
C 4
 Succinic acid (butanedioic acid)
 110-15-6
C 5
 Glutaric acid (pentanedioic acid)
 110-94-1
C 6
 Adipic acid (hexanedioic acid)
 124-04-9
C 7
 Pimelic acid (heptanedioic acid)
 111-16-0
C 8
 Suberic acid (octanedioic acid)
 505-48-6
C 9
 Azelaic acid (nonanedioic acid)
 123-99-9
C 10
 Sebacic acid (decanedioic acid)
 111-20-6
C 11
 Undecanedioic acid
 1852-04-6
C 12
 Dodecanedioic acid
 693-23-2
C 13
 Brassylic acid (tridecanedioic acid)
 505-52-2
C 14
 Tetradecanedioic acid
 821-38-5
C 15
 Pentadecanedioic acid
 1460-18-0
C 16
 Thapsic acid (hexadecanedioic acid)
 505-54-4
C 18
 Octadecanedioic acid
 871-70-5
l Toxicity profile for three dicarboxylic acids: Succinic; adipic
and glutaric acids, representatives in this group have been
discussed in this article.

l Molecular Formulas: Succinic acid (C5H6O4); Adipic acid
(C6H10O4) and Glutaric acid (C5H8O4)

l Structure:
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Background

Dicarboxylic acids are organic compounds that contain two
functional carboxylic acid (–COOH) groups. The molecular
formula for dicarboxylic acids is HOOC (CH2)n COOH; where
n is 0 for oxalic acid, 1 for malonic acid, 2 for succinic acid, 3 for
glutaric acid, 4 for adipic acid, etc. They can yield two kinds of
salts or esters, as they contain two carboxyl groups in its
molecules. The range of carbon chain lengths is from two, but
the longer than C 24 is very rare.
Uses

Dicarboxylic acids have a wide range of industrial applications
directly or indirectly. The specific use depends on the specific
dicarboxylic acid. For example,

Succinic acid – In the food and beverage industry, suc-
cinic acid is used as an acidity regulator. In industrial
applications, they are used as a precursor to active pharma-
ceutical ingredients, as additives, polymers, polyamides, and
solvents.

Adipic acid – It is used in production of nylon. It is also used
as a gelling aid and as a leavening and buffering agent.

Glutaric acid – It is used in production of polyester, polyols,
polyamides, ester plasticizers and corrosion inhibitors. It is also
used in the synthesis of pharmaceuticals and surfactant
compounds.
Exposure Routes and Pathways

Occupational exposure to all these dicarboxylic acids may
occur through inhalation and dermal contact. The general
population may also be exposed to all these acids via inhala-
tion of ambient air, ingestion of food and drinking water, and
dermal contact with consumer products.

During fermentation of carbohydrates, succinic acid is
generated as a by-product. In plant and animal tissues, it is
endogenously produced as a biochemical intermediate and
is an important component of the Krebs cycle. Glutaric acid
occurs in green sugar beets and is found in water extracts of
crude oil.
Toxicokinetics

The toxicokinetics depends on the specific type of dicar-
boxylic acid. Succinic acid occurs normally in human urine
(1.9–8.8 mg l�1). It is readily metabolized in animals and
when administered in large doses it is partly excreted
unchanged in the urine. Adipic acid is partially metabolized
in humans and is eliminated unchanged in the urine to
certain extent.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01217-3
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Acute and Short-Term Toxicity (or Exposure)

Animal

Dicarboxylic acids mixture – The oral LD50 for dicarboxylic
acids (15% adipic acid, 60% glutaric acid, 25% succinic acid;
purity 99.5%) was 6829 mg kg�1 in Crl:CD rats. In this study,
an aqueous solution of dicarboxylic acid was administered to
four groups of 10 young adult male rats by intragastric intu-
bation in single doses. For the four groups, mortality was 0/10,
3/10, 5/10, and 6/10 at 5000, 6000, 6500, and 7500 mg kg�1,
respectively. All deaths occurred within 5 days after dosing.
Clinical signs noted included weight loss (all levels), stained
face (6000 mg kg�1), stained perineal area (6000 mg kg�1),
weakness (6500 mg kg�1), chromodacryorrhea (6000 and
7500 mg kg�1), and congestion (5000 and 6500 mg kg�1).

The inhalation LD50 for dicarboxylic acids (composition of
acid mixture not reported; purity �97%) in rats (strain not
specified) was >0.03 mg l�1 when exposed for 4 h.

Dermal LD50 for dicarboxylic acid (tested as a 40% aqueous
solution of concentrate; purity not specified) in New Zealand
White rabbits was >7940 mg kg�1. The estimate of minimum
lethal dose was based on a 24 h exposure, with an occluded
patch, and a 14 day observation period. Weight loss was
observed at 2–4 days on test and no effects on viscera were
observed. While the dermal LD50 for dicarboxylic acids
(composition of acid mixture not reported; purity �97%) in
rats (strain not specified) is >200 mg kg�1.

Succinic acid
In acute toxicity studies, oral LD50 in rats (strain not specified)
was 2260 mg kg�1. For this study, either three or five male and
female rats were gavaged with 400, 800, 1600, or 3200mg kg�1

of the test substance. After dosing, rats were weighed daily
during the 14 day observation period. Clinical signs of weak-
ness and diarrhea were observed in the rats. No inhalation and
dermal toxicity data are available.

Adipic acid
In male and female Sprague–Dawley rats, the oral LD50 for
adipic acid (tested as a 20% solution in corn oil; purity not
specified) was 5050 mg kg�1. Mortality ratios of 0/5, 2/5, 3/5,
and 5/5 occurred at 3160, 3980, 5010, and 6310 m kg�1. All
deaths occurred in 1–3 days. Toxic indications included reduced
appetite and activity (2–3 days in survivors), increasing weak-
ness, inactivity, and death. Necropsy findings on decedents
included hemorrhagic lungs, discolored livers, and acute
gastrointestinal inflammation. The survivors had normal
viscera on necropsy. In male and female mice (strain not
specified), the oral LD50 for adipic acid (purity not specified)
was 1900 mg kg�1. In this study, at 1500, 2000, and
2500 mg kg�1, mortality of the animals was 3/13, 8/13, and
9/13, respectively. Initial mortality developed overnight
and incidence continued throughout the first week, after which
survivors appeared normal. Autopsies of the mice revealed
marked distention of the stomach and small intestine, with
a spastic contraction of the cecum. Irritation and hemorrhage
of the intestines were also observed.

The inhalation LC50 for adipic acid (purity 99.8%) in male
and female Sprague–Dawley rats for 4 h exposure period was
>7.7 mg l�1. In male or female rats, no mortality observed at
analytical concentrations of 5.41 and 7.67 mg l�1 (nominal
concentrations of 29.9 and 43.8 mg l�1, respectively). Body
weights of test rats were similar to those of controls.

The dermal LD50 for adipic acid (tested as a 40% solution in
corn oil) in New ZealandWhite male and female rabbits at 24 h
exposure time was >7940 mg kg�1. No deaths occurred at
5010 mg kg�1 (0/1) or 7940 mg kg�1 (0/2). However, reduced
appetite and activity were noted for 1–2 days.

Glutaric acid
In male and female Sprague–Dawley rats, the oral LD50 for
glutaric acid (tested as a 50% aqueous solution; purity not
specified) was 2750 mg kg�1. The survival time was several
hours to 2 days. Mortality ratios were 0/5, 3/5, 3/5, and 5/5 for
the 2000, 2510, 3160, and 3980 mg kg�1 groups, respectively.
During first 2 h of dosing, tremors were observed, followed by
salivation, diarrhea, and increased weakness.

No inhalation toxicity data are available.
The dermal LD50 for glutaric acid (tested as a 50% aqueous

solution; purity not specified) in New Zealand White male and
female rabbits at 24 h exposure time was >10 000 mg kg�1.
No deaths and no appreciable toxic signs were noted.
Human

No data are available regarding acute toxicity in humans to
date.
Chronic Toxicity (or Exposure)

Animal

Repeated dicarboxylic acids mixture (4% adipic, 16% glutaric,
5% succinic, and up to 4% nitric; purity not specified) dose
toxicity. In Sprague–Dawley rats (15 male and 15 female),
repeated dose toxicity study performed for 90 day period with
daily treatment of 0, 3, 10, and 30% (0, 300, 1000, and
3000 mg kg�1) dicarboxylic acids levels. Rats received
10 ml kg�1 dose and the vehicle group received deionized
water. Results indicated that at the 30% test level, deaths of
2/15 male and 1/15 female rats were treatment related. Statis-
tically significant reductions in food consumption observed in
male rats only at 10 and 30% test level. At 30% test level, 10
and 5.5% reduction in body weight was observed in male and
female rats, respectively, along with increased leukocytes in
male rats, and reduced urine pH in 30% male and female
groups. At 10% test level, body weight gain was slightly reduced
(not statistically significant) in female rats only. No significant
effects observed at 3% dicarboxylic acid treatment level. There
were no histopathology or weight effects at any test level.

Repeated succinic acid dose toxicity – Monosodium succi-
nate at 0, 0.3, 0.6, 1.25, 2.5, 5, and 10% was administered in
drinking water ad libitum for 13 weeks to Fischer 344 (F344)
male and female rats (10 per group). Clinical signs were
recorded daily and body weights were measured every other
week. At the end of the study, gross and microscopic exami-
nation was performed on all survived animals. In the 10%
group, severe suppression of body weight occurred, and all the
rats in this group died during the first 4 weeks of the experi-
ment. These animals were severely emaciated. All animals in
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other groups survived to the end of the experiment. Suppres-
sion of body weight gain was observed at �2.5% doses. No
specific dose-related changes observed in hematological and
biochemical investigation parameters.

Repeated glutaric acid dose toxicity – In a subchronic oral
feeding study in Sprague–Dawley rats (15 male and 15 female)
for a 90 day period with daily treatment of 0, 0.5, 1.0, and 2.0%
glutaric acid, no treatment-related mortality was found. Food
consumption was normal in all groups. Significant reduction
in weight gain was observed in 2% female rats. No differences
were observed in hematology, clinical chemistry, or urinalysis.
Moreover, no histopathological or organ weight changes
observedwithglutaric acid.Onhistological examinationof testis,
seminal vesicles, ovaries, or uterus, no effects were observed.

Adipic acid – In a 2 year feeding study, rats fed adipic acid at
concentrations up to 5% in the diet exhibited only weight loss.
Humans

No data are available regarding chronic toxicity of dicarboxylic
acid to human to date.
Reproductive Toxicity

No significant changes in microscopic sections of the uterine
horn, cervix, and vagina were observed in the female rats
injected with succinic acid (purity not specified) 5 mg day�1 for
3 weeks.
Teratogenicity

No data identified.
Immunotoxicity

No data on immunotoxicity were found for dicarboxylic acids –
succinic, adipic, and glutaric acids.
Genotoxicity

Dicarboxylic acids mixture – Negative results were observed
with dicarboxylic acids (tested as a 50% aqueous solution) in
an in vitro bacterial reverse mutation assay in Salmonella typhi-
murium strains TA98, TA100, TA1535, TA1537, and TA1538 at
an exposure concentration of 0, 30, 100, 300, 1000, and
3000 mg plate�1. Negative results were observed with dicar-
boxylic acids (6–9% adipic acid, 30–35% glutaric acid, 9–11%
succinic acid, 0.5–3% nitric acid, 42–54.5% water) in F344 rat
hepatocytes, when in vitro DNA damage and repair assay was
performed at exposure concentrations of 10, 50, 100, 500,
1000, and 2500 mg ml�1. The cytotoxic concentration deter-
mined was 5000 mg ml�1.
Succinic Acid

In an in vitro reverse mutation assay, succinic acid was not
mutagenic to S. typhimurium TA92, TA1535, TA100, TA1537,
TA94, and TA98, with and without polychlorinated biphenyl
KC-400-treated rat liver S-9 at a maximum dose of
5.0 mg plate�1. No significant increases in the number of
revertant colonies were detected in any S. typhimurium strains at
the maximum dose.
Adipic Acid

Negative results were observed with adipic acid (purity not
specified) in an in vitro bacterial reverse mutation assay in
S. typhimurium TA98, TA100, TA1535, TA1537, TA1538 and
Escherichia coli strain WP2 at an exposure concentration of 0,
0.033, 0.10, 0.33, 3.3, and 10 mg plate�1. Adipic acid gave no
evidence of inducing increased revertant counts in any of the
bacterial strains used.
Carcinogenicity

As per the International Agency for Research on Cancer, Amer-
ican Conference of Industrial Hygienists, National Toxicity
Program, and Occupational Safety and Health Administration,
no component of succinic, adipic, and glutaric acid product
present at levels greater than or equal to 0.1% is identified as
a probable, possible, or confirmed human carcinogen.
Clinical Management

Exposure should be terminated as soon as possible by removal
of the patient to fresh air. If inhaled, move person into fresh air.
In case of skin contact, take off contaminated clothing and
shoes immediately. Wash with soap and plenty of water. In case
of eye contact, rinse eyes thoroughly with plenty of water for at
least 15 min. Consult a physician. Continue rinsing eyes during
transport to hospital. The skin, eyes, and mouth should be
washed with copious amounts of water. A 15–20 min wash
may be necessary to neutralize and remove all residual traces of
the contaminant.
Ecotoxicity

Dicarboxylic acids mixture (3.9% adipic acid, 16.43% glutaric
acid, 4.77% succinic acid, 3.9% nitric acid, 71% water) – The
LC50 (96 h static) determined in rainbow trout (Oncorhynchus
mykiss) was 240 mg ml�1. The LC50 (96 h static) in bluegill
sunfish (Lepomis macrochirus) was 340 mg l�1. In both fishes, all
results were based on the nominal concentrations of 100, 180,
320, 560, and 1000 mg l�1. The no observed effect concen-
tration level was 180 mg l�1 and it was based on mortality and
lack of abnormal behavior. The LC50 (48 h static) determined
in Daphnia magna was >1000 mg l�1. All results were based
on the nominal concentrations of 100, 180, 320, 560, and
1000 mg l�1 of dicarboxylic acids.
Succinic Acid

An acute 24 h toxicity study in Ptychocheilus oregonensis
(northern squawfish) Oncorhynchus tshawytscha (chinook
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salmon), Oncorhynchus kisutch (coho salmon, silver salmon)
has been performed at concentrations >10 or 15 ppm. Results
indicate that no deaths were reported. In P. oregonensis, loss of
equilibrium occurred in 4–8 h at 10 ppm, but was regained by
17 h. At 15 ppm neither loss of equilibrium nor death occurred.
In O. tshawytscha and O. kisutch, neither loss of equilibrium nor
death occurred at 10 or 15 ppm.
Adipic Acid

In an acute 96 h toxicity study in fathead minnow (Pimephales
promelas), LC50 is 97mg l�1. In a 48 h toxicity study inD. magna
and other aquatic invertebrates, EC50 is 85.7 mg l�1 (95%
confidence interval, 80.0–91.7 mg l�1), while in a 96 h toxicity
study in Scenedesmus subspicatus algae, EC50 is 26.6 mg l�1.
Glutaric Acid

In an acute 24 h toxicity study in bluegill sunfish (L. macrochirus),
LD50 is 300 mg ml�1.
Environmental Fate/Exposure

Succinic acid’s production and use in the manufacturing of
lacquers, dyes, and esters for perfumes and in foods as
a sequestrant, buffer, and neutralizing agent may result in its
release to the environment through various waste streams. If
released into water, succinic acid is not expected to adsorb to
suspended solids and sediments in the water column. The
potential for bioconcentration of succinic acid in aquatic
organisms is low. If released into the atmosphere, succinic acid
is expected to exist in both the particulate and vapor phases in
the ambient atmosphere. Vapor-phase succinic acid will be
degraded in the atmosphere by reaction with photochemically-
produced hydroxyl radicals with an estimated half-life of about
5.8 days.

Adipic acid – If released into water, adipic acid is not ex-
pected to adsorb to suspended solids and sediments in the
water column. If released into the atmosphere, it is expected to
exist in both the particulate and vapor phases in the ambient
atmosphere. Vapor-phase adipic acid will be degraded in the
atmosphere by reaction with photochemically-produced
hydroxyl radicals with an estimated half-life of 2.9 days. If
released to soil, adipic acid is expected to have very high
mobility. Biodegradation of adipic acid in both soil and water
is expected to be an important fate process; 90% degradation
occurred after 7 days in a river die-away test; 84% of adipic
acid’s carbon content was converted to carbon dioxide in soil
biometer flasks after 30 days. Adipic acid is not expected to
undergo hydrolysis in the environment due to the lack of
functional groups to hydrolyze.

Glutaric acid is not expected to volatilize from water
surfaces and is readily biodegradable and 100% degraded after
7 days. Vapor-phase glutaric acid will be degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals with an estimated half-life of 2.56 days.
Other Hazards

In rabbits, succinic acid produced a slight skin and severe eye
irritant, while adipic acid produced very slight to mild skin
irritation. Glutaric acid was irritating to the rabbit eye, when
100 mg powder was administered to the eye of three rabbits for
24 h. The method of testing was the Draize test. Succinic,
adipic, and glutaric acids may be harmful if inhaled, swal-
lowed, or absorbed through skin.

See also: Adiponitrile; Genetic Ecotoxicology; Sister Chromatid
Exchanges; Toxicity, Acute; LD50/LC50 (Lethal Dosage 50/
Lethal Concentration 50)
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l Chemical Abstract Service Registry Number: 117-80-6
l Synonyms: Dichloronaphthoquinone; 2,3-Dichloro-1,

4-naphthoquinone; Phygon; Algistat; Quintar; Sanquinon;
Miraclear

l Chemical Class: Naphthoquinone
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Background

Dichlone is primarily used as a fungicide. The pure form of
dichlone is yellow crystalline solid. Dichlone is no longer
produced or used in the United States.
Uses

As a fungicide, dichlone is mainly used on fruits, vegetables,
and crops. It is especially effective for brown rot of stone fruit
and scab on apples and pears. Dichlone is also used to control
blue algae in pond. The active ingredient of dichlone is no
longer contained in any registered products in the United
States.
Environmental Fate and Behavior

Dichlone is relatively immobile in soil. It does not volatilize
significantly from moist or dry soil surfaces. Dichlone adsorbs
to suspended solids and sediments. Volatilization from water
surfaces is not expected. Disappearance of dichlone in moist
soil, freshwater, and sewage is mainly abiotic with some biotic
involvement.

Dichlone exists in both the vapor and particulate phases in
the ambient atmosphere. Vapor-phase dichlone breaks down
in the atmosphere by reaction with photochemically produced
hydroxyl radicals as well as ozone. Dichlone is susceptible to
direct photolysis by sunlight because of its absorption at
wavelengths >290 nm. Particulate-phase dichlone may be
removed from the air by wet or dry deposition.
Exposure and Exposure Monitoring

Exposure to dichlone may occur through oral and dermal
routes. Dichlone can be analyzed by colorimetry, normal and
first-derivative spectrofluorometry, liquid chromatography, or
gas chromatography.
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Toxicokinetics

Toxicokinetics data for dichlone are limited. It has been
demonstrated that dichlone is poorly absorbed from the
gastrointestinal tract.
Mechanism of Toxicity

Exact mechanism of toxicity is not clear. In vitro studies sug-
gested that incubation of dichlone with normal human eryth-
rocytes induced rapid loss of intracellular potassium, increased
the osmotic fragility, and inhibited the Naþ-Kþ ATPase. Dietary
dichlone exposure caused inhibition of glycolysis in rat liver.
Dichlone was also reported to cause oxidative stress and
swelling of mitochondria.
Acute and Short-Term Toxicity

Animal

The oral LD50 value is 1320–1630 mg kg�1 in rats. The dermal
LD50 value 5000mg kg�1 in rabbits. Contact with dichlone
caused limited dermal and eye irritation in laboratory
animals.
Human

Dichlone has relatively low toxicity in humans. It is irritating to
the skin and mucous membranes. Irritation of the cornea may
occur. Ingestion of large doses usually results in prompt emesis.
Large doses may cause central nervous system depression,
coma, and death.
Chronic Toxicity

Rats fed for 2 years on a diet containing 1500 ppm showed
little toxicity.
Immunotoxicity

Little evidence of dichlone-induced human immunotoxicity
has been reported.
Reproductive Toxicity

Few investigations have been conducted to evaluate the
reproductive toxicity of dichlone.

In an experiment, dichlone disrupted the development of
the cephalic end of the Xenopus laevis embryo.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00128-7
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Genotoxicity

Dichlone was reported to be non-mutagenic.
Carcinogenicity

Dichlone has not been reported to be carcinogenic. No
evidence of carcinogenicity was found in rats fed on a diet of
1500 ppm for 2 years.
Clinical Management

If a poison is suspected, do not wait for symptoms to develop,
and immediate medical attention is needed. Emesis may be
indicated in recent substantial ingestion unless the patient is
or could rapidly become obtunded, comatose, or convulsing.
Emesis is most effective if initiated within 30 min. An acti-
vated charcoal cathartic may also be employed. Use of any fat
should be avoided since these agents may increase the irritant
effects. Wash with soap vigorously if contaminated with
dichlone. Contaminated clothing should be removed and
discarded.
Ecotoxicology

Dichlone is toxic to fish but not to honey bees. It is non-
phytotoxic if used as directed. When used as an algicide at
0.15 ppm, dichlone may cause a food chain hazard to micro-
fauna, as Daphnia magna are immobilized at an IC50 of
0.014 ppm.
Exposure Standards

Dichlone is not registered for current use in the United States.

See also: Pesticides.

Further Reading

Babich, H., Palace, M.R., Borenfreund, E., et al., 1994. Naphthoquinone cytotoxicity to
bluegill sunfish BF-2 cells. Arch. Environ. Contam. Toxicol. 27, 8–13.

Pritsos, C.A., Pisani, D.E., Pardini, R.S., 1985. Inhibition of liver glycolysis in rats by
dietary dichlone (2,3-dichloro-1,4-naphthoquinone). Bull. Environ. Contam. Toxicol.
35, 23–28.
Relevant Websites

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+313 –

National Institutes of Health Toxicology Data Network.
http://nepis.epa.gov – National Service Center for Environmental Publications (NSCEP):

Search for Dichlone.
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l Chemical Abstract Services Registry Number:
1,2-DCB: 95-50-1
1,3-DCB: 541-73-1
1,4-DCB: 106-46-7
l Synonyms:
1,2-DCB: Benzene1,2-chloro-, ortho-Dichlorobenzene,

1,2-Dichlorobenzene
1,3-DCB: Benzene1,3-chloro-, meta-Dichlorobenzene;

1,3-Dichlorobenzene
1,4-DCB: Benzene 1,4-chloro; para-Dichlorobenzene;

1,4-Dichlorobenzene; AI13-0050; p-Dichloricide; Evola;
Globol; Paracide; Para crystals; Parazene; Paradow; Para-
moth; Paranuggets; Paradi; PDC; PDCB; p-Dichlorobenzol;
Persia-parazol; Santochlor; p-Chlorophenyl chloride

l Chemical Class: Benzene, Dichloro-
l Molecular Formula: C6H4Cl2
l Chemical Structure:
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1,4-Dichlorobenzene
Background Information

There are three distinct compounds that are dichlorobenzenes
(DCBs):

1,4-Dichlorobenzene or para-dichlorobenzene (p-DCB)
1,2-Dichlorobenzene or ortho-dichlorobenzene (o-DCB)
1,3-Dichlorobenzene or meta-dichlorobenzene (m-DCB)
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1,4-Dichlorobenzene is produced by the chlorination of
benzene using ferric chloride as a catalyst. 1,2-DCB is chief
impurity polymer. The 1,3-DCB is uncommon because chlo-
rine, like all halogens, prefers an ortho–para directors in elec-
trophilic aromatic substitution.

1,4-Dichlorobenzene is a pesticide registered with US
Environmental Protection Agency (US EPA). It was first regis-
tered in 1947 with the United States Department of Agriculture,
the predecessor of the US EPA. No registration standard was
issued for 1,4-DCB until the 1990s. The US EPA approved its
reregistration as long as appropriate measures are adopted and
that labels are amended accordingly. Currently, there are 28
products registered with the US EPA.
Uses

The dichlorobenzenes are registered for use in the United
States against moth, carpet beetles, lice, and mites. Of the
28 products registered with the US EPA, 5 are used as
a chemical intermediate for the manufacture of other
products (e.g., manufacture of polyphenyl sulfide (PPS)
resin and 1,2,4-trichlorobenzene) while the remaining 23
are used by end consumers. It is also used in the control of
mold in tobacco seed beds and tree-boring insects and ants.
It is available as mothballs, flakes, cake, crystals, sachets,
impregnated strips, blocks, varpel rope and as a 100%
concentrate.

On average, approximately 5� 109 pounds of 1,4-DCB are
marketed in the United States every year, the majority of which
are used as mothballs. It is not registered for food or outdoor
use. In Japan, annual production of 1,4-DCB was reported at
28 845 tons in 1994. In the European Union (EU), EU-based
companies have produced a total of 300 000 tons per year as of
the beginning of 2010.
Environmental Fate and Behavior

The majority of the 1,4-DCB found in the environment is due
to its most common use as a toilet deodorizer and moth
repellant. 1,4-DCB turns into vapor once the packaging is
opened. Much of the DCBs are released into the air as a vapor
(sublimation). They do not dissolve easily in water. Those that
occur in water easily evaporate. If released into ground water,
they can find their way through to surface water.

The actinomycete,Rhodococcus phenolicus, has been reported as
a novel bioprocessorwith the ability todegradedichlorobenzene.
Exposure and Exposure Monitoring

Inhalation of vapors from mothballs and toilet deodorizer is
the most common route of exposure to 1,4-DCB. Most people
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00129-9
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will start to smell 1,4-DCB at a concentration of 0.18 ppm in
the air and 0.011 ppm in water.

The average daily adult exposure in homes and businesses
to 1,4-DCB is 35 mg via the inhalation route. People involved
with the production, application, and those who work or live in
buildings where 1,4-DCB-containing air fresheners, toilet block
deodorizers, or mothballs are extensively used have a relatively
higher exposure compared to the general public.

Skin and eye contact are the other most common routes of
exposure. It can cause a burning sensation in the skin even
without dermal irritation. However, skin absorption of 1,4-
DCB is slow, so systemic toxicity is less likely. Ingestion of large
amounts, either by accident or by pica, can cause liver damage.

The vapor is heavier than air and tends to concentrate or
collect in low areas. Children are potentially at risk of greater
exposure than adults in low-lying and poorly ventilated areas
because of their short stature, greater lung surface area to body
weight ratio and high minute volume to weight ratio.
Toxicokinetics

Gastrointestinal and lung absorption are rapid. The adipose
tissue contains the highest concentration of 1,4-DCB. It is
rapidly oxidized to phenolic compounds and metabolized to
sulfate and glucuronate conjugates. The major metabolite is
2,5-dichlorophenol, 91–97% of which is excreted in the urine
within 5–7 days.
Mechanism of Toxicity

The precise mechanism of action of 1,4-DCB to target organisms
is unknown. In nontarget organism, the toxicity may be due to
the binding of the oxidative metabolites such as the epoxide to
proteins within the cells of mammals. The major metabolite
dichlorophenol may be involved in nephropathy. Other
metabolites such as the quinones and hydroquinones may play
a role in the observed hepatotoxicity of 1,4-DCB. The accumu-
lation of the a2m-globulin protein in the kidneys of F344 rats
was reported to be the cause of the nephrotoxicity in this species.

Human lung epithelial cells (A549) exposed to nonacute
toxic concentrations of chlorobenzene and 1,2-dichloroben-
zene (2.2 ppm and 0.17 ppm, respectively) have enriched
pathways in cell death signaling, oxidative stress, and protein
quality control. Covalent binding also occurred when calf
thymus DNA was incubated with mouse and rat microsomes
from lung and liver in vitro. No mutagenic potential was
observed for 1,4-DCB in Salmonella typhimurium and mouse
lymphoma cells in vitro.
Acute and Short-Term Toxicity

Human

A boy who accidentally ingested 1,4-DCB mothballs developed
hemolysis and methemoglobinemia 3 days after exposure.
Exposure to high levels for a relatively short period of time can
potentially cause neurotoxic signs, dizziness, vomiting, upset
stomach, headaches, eye irritation, malaise, and burning
sensation in the skin. The Lowest Published Toxic Dose (TDLo)
in humans is 300mg kg�1. Acute inhalation or ingestion of
large doses can cause liver damage. It can also cause irritation of
the nose and throat, coughing, and difficulty breathing when
exposed to vapor concentrations as low as 50 ppm.
Animal

The US EPA reported no effects due to a single oral exposure.
Ophthalmic signs of toxicity include conjunctivitis and corneal
opacity, which cleared in 10 days and iritis, which cleared in
72 h. Dermal signs of toxicity include moderate to severe
erythema, which persisted for 48–72 h in most animals.
Chronic Toxicity

Human

Ingestion of 1,4-DCB mothballs over a long period of time
can lead to blood problems and a range of central nervous
system effects. A woman, who ate 99.99% para-dichloroben-
zene mothballs (pica) for 7 months developed depression,
and eventually stupor, and coma. Imaging revealed a diffuse
leukoencephalopathy. Another woman who ate mothballs
(pica) for 6 years showed a range of neurologic signs
including severe muscle incoordination, weakness in all
limbs, and decreased reflex response. Two girls, who inhaled
mothball fumes for 10 min for 4–5 months, developed
neurologic signs and ichthyosis-like dermatosis. Neurologic
signs due to withdrawal or abstinence have been reported as
well.
Animal

A 2-year gavage carcinogenicity study conducted by the US
National Toxicology Program (NTP) found an increased
frequency in hepatic tumors in both sexes of B6C3F mice.
Increased frequency in renal tumors in male F344 rats was also
noted. The kidney cancer observed in F344 rats was attributed
to a nongenotoxic, cytotoxic a2m-globulin pathway, which is
unique to this species.

A similar comparable 2-year inhalation bioassay conducted
by the Japan Bioassay Research Center also reported an increase
in frequency of liver tumors in BDF mice in both sexes. No
cancer in the kidney was observed in either sex of the F344 rats
via the inhalation route, however.
Immunotoxicity

There are no published studies reporting or confirming the
immunotoxicity effect of DCBs.
Reproductive Toxicity

Reproductive and development toxicities in humans have
not been reported. Published animal studies do not suggest
that 1,4-DCB is a reproductive or developmental toxicant.
Mature rat female offspring of dams fed with 25 ppm DCB



84 Dichlorobenzene
and 1,1-DDE (1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene)
during the perinatal period have decreased ovarian weights.
No obvious developmental effects on a 6-week old male
offspring were reported.
Genotoxicity

The DNA from the liver, lung, kidney, and stomach of male
BALB/c mice injected with 1,4-DCB intraperitoneally cova-
lently bonded to 1,4-DCB, but not in male Wistar rats 22 h
after. The DNA adducts in the mouse liver, however, are
repaired in 72 h. The binding to RNA and proteins from
different organs of the two species is low.
Carcinogenicity

The US Department of Health and Human Services (DHHS)
has determined that 1,4-DCB might be a human carcinogen.
The International Agency for Research on Cancer determined
that 1,4-DCB is possibly carcinogenic to humans (Group 2B).
The European Commission classifies 1,4-DCB as a Carcinogen
Category 3.

The US EPA classified 1,4 DCB as “Not Likely to be Carci-
nogenic to Humans” (Final Guidelines for Carcinogen Risk
Assessment, March 2007). This classification is based on the
evidence that 1,4-DCB has a mitogenic mechanism of causing
cancer in the liver instead of the mutagenic mechanism.
Mitogenic chemicals increase the number of clones of pre-
neoplastic cells by stimulating cell proliferation without cell
death or obvious cell toxicity. This mitogenic effect does not
persist over time, but rather resolves, and manifests in prolif-
erative areas called preneoplastic lesions. This is consistent with
the increased liver weights and liver hypertrophy observed in
mice that were exposed to 1,4-DCB. With continuous exposure,
these preneoplastic lesions develop into liver tumors.

Both IARC and the US EPA concluded that 1,2-DCB and
1,3-DCB are not classifiable as to human carcinogenicity.
Clinical Management

For eye exposure, immediately flush the eyes with plenty of
water for 15min, occasionally lifting the upper and lower
eyelids. Get medical attention immediately.

For skin exposure, gently wash the affected skin with soap
and water. Remove and wash contaminated clothing and
shoes.

If swallowed, DO NOT INDUCE VOMITING. If vomiting
occurs spontaneously, keep head below hips to prevent aspi-
ration to lungs. Activated charcoal slurry with or without saline
cathartic can be given.

For inhalation toxicity, immediately move to fresh air. If
breathing is difficult, give humidified oxygen. Loosen tight
clothing such as a collar, tie, belt or waistband.

If the victim is unconscious, do not give anything by mouth
as it may aspirate into the lungs. If not breathing, initiate the
chest compressions, airway and breathing and immediately
bring the victim to the hospital.
For chronic cases, treatment is supportive and symptomatic.
For neurologic effects due to withdrawal or abstinence, gradual
taper of 1,4-DCB might be a therapeutic option.
Ecotoxicology

The growth, reproduction, and bioenergetics of the amphipod,
Melita longidactyla were found to be affected by environmen-
tally relevant concentrations of 1,2-DCB. There were no adverse
effects on the growth and survival of juvenile Neanthes (poly-
chaete worm) exposed to a range of concentrations of 1,4-DCB
in soil sediments. 1,4-DCB may accumulate in plants. It was
detected in fish up to 470 ppb.
Other Hazards

Para-dichlorobenzene (1,4-DCB) is incompatible with alumi-
num and its alloys. It could react with plastics, rubber, or
coatings. It reacts violently with oxidizing agents like chlorine
and permanganate. When it is heated to decomposition, it
produces hydrogen chloride gas (HCl), which is a severe
pulmonary irritant. It should be stored at ambient temperature
in a well-ventilated area, away from heat, and sources of
ignition.

In cases of spills or leakage, the area should be immediately
isolated, cleared off of flammable substances, or other sources
of ignition to prevent fire. Keep unprotected and unnecessary
personnel from getting access to area. Contain and recover
liquid when possible. The spill should be removed by
absorbing liquid with vermiculite, dry sand or earth, and
disposed off in a chemical waste container.

Do not flush to sewer.
All contaminated clothing should be removed and washed

with 60–70% alcohol first followed by soap and water.
Exposure Standards and Guidelines

The US EPA has set maximum levels of 600 mg of 1,2-DCB and
75 mg of 1,4-DCB per liter of drinking water (Maximum
Contaminant Level Goal (MCLG). The Maximum Contami-
nant Levels (MCLs) for 1,2-DCB is 0.6 ppm and for 1,4-DCB is
75 ppb.

The National Institute for Occupational Safety and Health
(NIOSH) sets the recommended exposure limit (REL) to
1.7 ppm in an 8 h threshold limit value–time weighted average
(TLV–TWA).

The Occupational Safety and Health Administration
(OSHA) sets the permissible exposure limit (PEL) for 1,4-DCB
as 50 ppm for 1,2-DCB and 75 ppm and for an 8-h TWA.

The American Conference for Governmental Industrial
Hygienists (ACGIH) sets the TLV–TWA for 1,4-DCB at 10 ppm.

The US Regulations, Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA) requires
reporting spills and releases to soil, water, and air in excess of
reportable quantities.

The California Proposition 65 (formally known as the
Safe Drinking Water and Toxic Enforcement Act) lists
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p-dichlorobenzene as one of the chemicals known to cause
cancer or reproductive toxicity. All products containing p-DCB
are required to have this warning under this statute.

See also: Pesticides.
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l Name: 1,2-Dichloroethane (commonly known as ethylene
dichloride)

l Chemical Abstracts Service Registry Number: 107-06-2
l Synonyms: Ethylene dichloride; 1,2-Ethylene dichloride;

1,2-Bichloroethane; Dichloro-1,2-ethane
l Molecular Formula: ClCH2CH2Cl (Molecular Weight: 99)
l Chemical Structure:

CI

CI
Background

1,2-Dichloroethane is a clear, manufactured liquid that is not
found naturally in the environment. It evaporates quickly at
room temperature and has a pleasant smell and a sweet taste.
1,2-Dichloroethane burns with a smoky flame. The most
important use of 1,2-dichloroethane is to make vinyl chloride,
which is used to make a variety of plastic and vinyl products,
including polyvinyl chloride pipes and other important
construction materials, packaging materials, furniture and
automobile upholstery, wall coverings, housewares, and
automobile parts. 1,2-Dichloroethane is also used as a solvent
and is added to leaded gasoline to improve octane rating.

It is a central nervous system (CNS) depressant that
produces symptoms ranging from nausea, vomiting, headache,
lightheadedness, and weakness to stupor, disequilibrium,
coma, and respiratory arrest. Typically, in severe cases, CNS
signs appear first, followed by a quiescent period ultimately
leading to oliguria and hepatic transaminasemia. These
conditions may occasionally proceed to hepatorenal failure.
Severe ingestions produce widespread organ injury (especially
kidney, liver, and adrenal gland) as well as gastrointestinal
bleeding. Severe hepatorenal toxicity is often complicated
by hypoglycemia, hypercalcemia, hypoprothrombinemia,
reduced clotting factors, adrenal necrosis, and gastrointestinal
hemorrhage. High-level exposure leads to a bluish-purple
discoloration of the skin, dermatitis, and corneal abrasions.
Two distinct pathways metabolize 1,2-dichloroethane: the
first involves a saturable microsomal oxidation mediated by
cytochrome P450, producing 2-chloroacetaldehyde and
2-chloroethanol followed by conjugation with glutathione.
The second pathway entails direct conjugation with glutathione
to form S-(2-chloroethyl)-glutathione, which may be non-
enzymatically converted to a glutathione episulfonium ion
(a DNA-adduct-forming ion) responsible for gene mutations
and chromosomal aberrations. Epidemiological studies are
not conclusive regarding the carcinogenic effects of ethylene
dichloride in humans, due to concomitant exposure to other
chemicals.
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Uses

1,2-Dichloroethane is used as a solvent, pesticide, fumigant,
gasoline additive, degreaser, and paint remover and in the
synthesis of vinyl chloridemonomer. 1,2-Dichloroethane is also
used as a chemical intermediate in soaps and lead scavenger.
Environmental Fate and Behavior

1,2-Dichloroethane can enter the environment when it is made,
packaged, shipped, or used.Most 1,2-dichloroethane is released
to the air, although some is released to rivers or lakes.
1,2-Dichloroethane could also enter soil, water, or air in large
amounts in an accidental spill (evaporates into the air very fast
from soil and water). If released to air, a vapor pressure of
78.9mmHg at 25 �C indicates that 1,2-dichloroethanewill exist
solely as a vapor in the ambient atmosphere. Vapor-phase
1,2-dichloroethane will be degraded in the atmosphere by
reaction with photochemically produced hydroxyl radicals; the
half-life for this reaction in air is estimated to be 63days. Indirect
evidence for photooxidation of 1,2-dichloroethane comes
from the observation that monitoring levels are highest during
the night and early morning. It may also be removed from air
in rain or snow. Since it stays in the air for a while, the windmay
carry it over large distances. In water, 1,2-dichloroethane breaks
down very slowly and most of it will evaporate to the air. Only
very small amounts are taken up by plants and fish. Exact
longevity of 1,2-dichloroethane in water remains unknown.
It is thought that it remains longer in lakes than in rivers.

In soil, it either evaporates into the air or travels down
through soil and enters underground water. 1,2-Dichloroethane
has been found in the United States drinking water at levels
ranging from 0.05 to 64 ppb. An average amount of 175 ppb has
been found in12%of the surfacewater andgroundwater samples
taken at 2783 hazardous wastes sites. 1,2-Dichloroethane has
also been found in the air near urban areas at levels of
0.10–1.50 ppb and near hazardous waste sites at levels of
0.01–0.003 ppb. Small amounts of 1,2-dichloroethane have also
been found in foods. Small organisms living in soil and
groundwater may transform it into other, less harmful
compounds, although this happens slowly. Large amounts from
an accident, hazardous waste site, or landfill may likely reach
the underground and contaminate drinking water wells.
Biodegradation occurs slowly in water and soil surfaces. It is
not expected to undergo hydrolysis and photolysis. Humans
may get exposed to very low levels of 1,2-dichloroethane through
its use as a gasoline additive (leaded gasoline is no longer used
in the United States).
Toxicokinetics

Dichloroethanes are rapidly and extensively absorbed through
lungs, gastrointestinal tract, and skin in both humans and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01247-1
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experimental animals. The highest concentrations were found
in fat. Following absorption, dichloroethanes are distributed
throughout the body rapidly and are metabolized via a
biotransformation process mediated through cytochrome P450
and glutathione conjugation pathways. Following inhalation
exposure in rats, elimination occurred primarily via the excre-
tion of soluble metabolites and unchanged parent compound
in urine and carbon dioxide in the expired breath (less than
15%). Urinary metabolites accounted for 84% of the absorbed
dose, fecal accounted for 2%, and carbon dioxide accounted
for w7%. Following oral exposure, urinary metabolites
accounted for 60% of the administered 150 mg kg�1 dose.
A variety of metabolized products from dichloroethanes,
including chloroacetic acid, thiodiacetic acid, and thiodiacetic
acid sulfoxide, are very reactive species and are more toxic than
the parent compound.
Mechanism of Toxicity

The mechanism of action of dichloroethane-induced toxicity
is not fully elucidated. Toxicity and mutagenicity of
1,2-dichloroethane are supported by various genotoxicity
assays in various models. Direct evidence of 1,2-dichloroethane
genotoxicity was shown in a number of in vitro and in vivo
studies measuring effects such as mutations, sister chromatid
exchange frequency, recombination, micronuclei induction,
DNA-strand breaks, and DNA adducts. The 1,2-dichloroethane
data set encompasses multiple end points and routes of
exposure as well as activation via multiple metabolic pathways,
including hepatic glutathione transferases and microsomal
cytochrome P450 enzymes.
Acute and Short-Term Toxicity

Animal

Hepatic and Renal Effects
An acute oral LD50 of 680 mg kg�1 has been reported for rats.
In mice, the reported LD50 values for male and female were
480 and 410 mg kg�1, respectively. Both hepatotoxicity and
nephrotoxicity were observed in rats and mice.

Immunological Effects
In mice, 1,2-dichloroethane had immunosuppressive effects
following both acute inhalation and oral exposure. A single 3 h
inhalation exposure to 5–11 ppm increased susceptibility of
mice to bacterial infection, although no changes in bactericidal
activity or other immune function end points were found in
rats after a single 5 h exposure to 200 ppm or twelve 5 h
exposures to 100 ppm.

Neurological Effects
No acute neurological effects of 1,2-dichloroethane were
reported in animals.

Cardiovascular Effects
In laboratory animals, myocardial inflammation was reported
following acute inhalation of lethal concentrations.
Mutagenicity
1,2-Dichloroethane was mutagenic for Salmonella in assays
wherein excessive evaporation was prevented; exogenous
metabolism by mammalian systems enhanced the response.
Both somatic cell mutations and sex-linked recessives were
induced in Drosophila. Metabolites of 1,2-dichloroethane have
been shown to form adducts with DNA after in vitro or in vivo
exposures.
Humans

Hepatic and Renal Effects
Hepatotoxicity was indicated by an increase in levels of serum
markers of liver dysfunction, an enlarged liver, and extensive
centrilobular necrosis in humans who were exposed to concen-
trated 1,2-dichloroethane vapors for 30 min and subsequently
died. Necrosis and cirrhosis were reported in people following
acute high-level oral exposure to w570 mg kg�1 day�1. For
oral exposure, the lowest dose producing hepatic effects
was 18 mg kg�1 day�1 for intermediate-duration exposure.
For inhalation exposure, the lowest concentrations
producing hepatic effects were 400 ppm for acute-duration
exposure and 100 ppm for intermediate-duration exposure.
1,2-Dichloroethane is acutely nephrotoxic in humans following
inhalation and ingestion routes. Renal effects observed in indi-
viduals who died following acute high-level exposure were
diffuse necrosis, tubular necrosis, and kidney failure.
Immunological Effects
Immunological effects have not been reported in humans
acutely exposed to 1,2-dichloroethane.
Neurological Effects
Neurological symptoms and signs in people acutely exposed to
high levels of 1,2-dichloroethane by inhalation or ingestion
included headache, irritability, drowsiness, tremors, partial
paralysis, and coma. Autopsies of people who died revealed
effects in the brain, including hyperemia, hemorrhage, myelin
degeneration, diffuse changes in the cerebellum, shrunken
appearance and pyknotic nuclei in the Purkinje cell layer of
the cerebellum, and parenchymous changes in the brain and
spinal cord.
Cardiovascular Effects
Cardiac arrhythmia was considered to be the cause of death in
humans briefly exposed to 1,2-dichloroethane as a concen-
trated vapor. Autopsy revealed diffuse degenerative changes in
the myocardium (fragmentation, interstitial edema, loss of
nuclei from myocardial fibers). In addition, cardiovascular
insufficiency and hemorrhage were major factors contributing
to death in people following acute high-level oral exposure to
570 mg kg�1 day�1.
Carcinogenic Effects
Data pertaining to acute exposure of 1,2-dichloroethane are
inadequate for assessing carcinogenicity in humans.
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Chronic or Long-Term Toxicity

Animal

Hepatic and Renal Effects
No adverse clinical effects were noted in rats, rabbits, or guinea
pigs exposed to 1000 ppm 1,1-dichloroethane for 13 weeks,
which followed a prior 13 week exposure to 500 ppm;
however, renal injury was apparent in cats. Lowest reported
adverse effect levels for ingestion and inhalation were
49–82 mg kg�1 of body weight per day (increases in liver
weight in rats exposed for 13 weeks) and 202 mg m�3 (effects
on liver and kidney function in rats exposed for 12 months),
respectively.

Immunological Effects
Immunological effects were observed in mice following gavage
of 4.9 or 49mg kg�1 day�1 for 14 days, which included reduced
humoral immunity and cell-mediated immunity.

Neurological Effects
Clinical signs of neurotoxicity and mild necrosis in the
cerebellum were found in rats administered 240–
300 mg kg�1 day�1 of 1,2-dichloroethane by gavage for
13 weeks. In contrast, no clinical signs or neurological lesions
were seen in rats exposed through their drinking water up to
492mg kg�1 day�1 or mice exposed up to 4210mg kg�1 day�1

for 13 weeks, and no brain lesions were seen in rats inter-
mittently exposed to 50 ppm for 2 years.

Cardiovascular Effects
Fatty infiltration of the myocardium was observed in guinea
pigs that died following exposure to 200 ppm for 25 weeks and
in monkeys that survived the same exposure regimen.

Developmental Effects
Epidemiological studies regarding the acute carcinogenic
effects of 1,2-dichloroethane in rats and mice were consistently
positive for genotoxic activity.

Reproductive Effects
Results of animal studies indicate that 1,2-dichloroethane is
unlikely to cause reproductive impairment at doses that are not
maternally toxic. Some inhalation studies found that exposure
to 1,2-dichloroethane prior to mating and continuing into
gestation caused preimplantation loss and embryo lethality in
rats, although the study methods were not well reported and
the reliability of the data is uncertain. Reproductive toxicity
studies in animals would be useful particularly by the inhala-
tion route since this is the most likely route of human exposure.

Carcinogenic Effects
Osborne–Mendel rats were orally administered daily doses
of 1,2-dichloroethane that showed increases in the incidence of
tumors at several sites (including squamous cell carcinomas of
the stomach (males), hemangiosarcomas (males and females),
fibromas of the subcutaneous tissue (males), and adenocarci-
nomas and fibroadenomas of the mammary gland (females)).
These observations were of 78 weeks followed by an additional
observation period of 12–13 weeks for mice or 32 weeks for
low-dose rats. Likewise, when B6C3F1 mice were orally
administered daily doses of the same compound, increases in
the incidences of tumors at multiple sites including alveolar/
bronchiolar adenomas (males and females), mammary gland
adenocarcinomas (females), endometrial stromal polyp or
endometrial stromal sarcoma combined (females), and hepa-
tocellular carcinomas (males). Repeated dermal application of
1,2-dichloroethane significantly increased the incidence of lung
tumors (benign papillomas) in female mice. Concomitant
exposure to inhaled 1,2-dichloroethane and disulfiram in the
diet resulted in an increased incidence of intrahepatic bile duct
cholangiomas and cysts, subcutaneous fibromas, hepatic
neoplastic nodules, interstitial cell tumors in the testes, and
mammary adenocarcinomas in rats, compared to rats admin-
istered either compound alone or untreated controls. In this
study, time-weighted average (TWA) dosages were 47 and
95 mg kg�1 day�1 for rats, 97 and 195 mg kg�1 day�1 for male
mice, and 149 and 299 mg kg�1 day�1 for female mice. All
high-dose male rats died after 23 weeks of observation; the last
high-dose female died after 15 weeks. Inhalation exposure of
Wistar, Sprague–Dawley rats, and Swiss mice did not result in
increased tumor incidence.
Humans

Developmental Effects
The only studies regarding developmental effects in humans
are epidemiologic investigations of adverse birth outcomes that
found increased odds ratios for exposure to 1,2-dichloroethane
in public drinking water and major cardiac defects (but not
neural tube defects). Primary routes of exposure in these
epidemiologic studies may have been both oral and inhalation,
including inhalation of 1,2-dichloroethane volatilized from
household water.

Reproductive Effects
A single study on reproductive effects of exposure to
1,2-dichloroethane in humans is suggestive of a reduction in
gestation duration, but coexposure to other chemicals occurred
in most cases, and the adequacy of the study design could not
be evaluated because of reporting deficiencies. Decreased
fertility and increased embryo mortality have been observed in
inhalation studies of rats.

Carcinogenicity
Epidemiological studies regarding the carcinogenic effects of
1,2-dichloroethane are not conclusive in humans due to
concomitant exposure to other chemicals. There is inade-
quate evidence in humans for the carcinogenicity of 1,2-
dichloroethane. There is sufficient evidence in experimental
animals for the carcinogenicity of 1,2-dichloroethane. Overall
evaluation: 1,2-dichloroethane is possibly carcinogenic to
humans (Group 2B).

Mutagenicity
1,2-Dichloroethane was used to demonstrate a new assay to
detect mutants of the gene for haloalkane dehalogenase found
in Xanthobacter autotrophicus GJ10. Also, among 10 other
aliphatic halogenated hydrocarbons, 1,2-dichloroethane was
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evaluated in the mouse bone marrow micronucleus test for its
potential genotoxicity in vivo; all these results were negative.
Clinical Management

Respiratory and cardiovascular function should be supported,
and the victim should be moved to fresh air and given artificial
respiration; if breathing is difficult, oxygen should be given. In
case of contact with material, the eyes should be flushed
immediately with running water for at least 15 min; the skin
should be washed with soap and water. Contaminated clothing
and shoes should be removed and isolated from the site. In
case of oral exposure, emesis should not be induced. Charcoal
slurry, aqueous or mixed with saline cathartic or sorbitol,
should be administered.
Exposure Standards and Guidelines

Due to very high vapor pressure, inhalation mode is a major
route of exposure in humans along with oral route.

The US Occupational Safety and Health Administration
regulatory level in workplace air is 1 ppm for an 8 h day,
40 h week.

The US Environmental Protection Agency has set a limit in
water of 0.005 mg l�1.

The US National Institute for Occupational Safety and
Health recommends that it would be prudent to handle
1,2-dichloroethane in the workplace as if it were a human
carcinogen.
See also: Gasoline; Pesticides; Vinyl Chloride.
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Background

Chlorinated aliphatics as a class are known to cause central
nervous system (CNS) depression and respiratory tract and
dermal irritation when humans are exposed by inhalation to
sufficiently high concentrations. In the past, 1,1-dichloroethane
was used as an anesthetic; however, this use was discontinued
due to the risk of induction of cardiac arrhythmia in humans.
Crystal precipitations and obstruction in the renal tubule lumina
and increases in serum urea and creatinine were observed in cats
exposed to this compound for weeks. However, these effects were
not observed in rats, guinea pigs, or rabbits. However, kidney
effectswereobserved inmiceadministered a lethal intraperitoneal
injection; the effects included increased glucose and protein in the
urine and tubular swelling. The toxicological significance of the
nephrotoxicity observed in cats and the mice with regard to
human health is not known given the small number of animals
tested (cats).Thedetectionof1,1-dichoroethaneor itsmetabolites
in blood and urine cannot predict the type of health effects that
might develop from that exposure; because 1,1-dichloroethane
and its metabolites leave the body fairly rapidly, the tests need
to be conducted within hours to days after exposure.

The liver is the only other organ that has been examined in
multiple studies; no hepatic effects have been reported following
intermediate-duration inhalation exposure of rats, guinea pigs,
rabbits, or cats; intermediate-duration oral exposure of mice; or
chronic-duration exposure of rats and mice. The reproductive
immunotoxicity and neurotoxicity of 1,1-dichloroethane have
not been examined following inhalation, oral, or dermal expo-
sure. A single developmental toxicity study reported retarded
fetal development (delayed ossification of vertebrae) in rats at
6000 ppm (7 h day�1 on gestation days 6–15); an 11% decrease
in maternal body weight gain and a decrease in maternal food
consumption were also reported at this concentration. There is
inconclusive evidence that 1,1-dichloroethane may be carcino-
genic in rodents. A significant positive dose-related trend was
observed for the incidence of hemangiosarcomas and mammary
adenocarcinomas in female rats, hepatocellular carcinomas in
male mice, and endometrial stromal polyps in female mice.
However, only the incidence of endometrial stromal polyps in
female mice was significantly increased over the corresponding
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control animals. Limitations in this study, particularly the poor
survival in both treated and control animals, preclude the
consideration of these results as conclusive evidence of carci-
nogenicity. Based on the available carcinogenicity data for
1,1-dichloroethane and supporting data on 1,2-dichloroethane,
the US Environmental Protection Agency has classified 1,1-
dichloroethane as a possible human carcinogen (Category C).
Neither the Department of Health and Human Services nor the
International Agency for Research on Cancer has classified the
carcinogenic potential of 1,1-dichloroethane.
Uses

1,1-Dichloroethane has a number of uses: as a solvent for plas-
tics, oils, and fats; as a cleaning agent; as a degreaser; in rubber
cementing; as a fumigant and insecticide spray; in fabric
spreading; in fire extinguishers; in medications; and formerly as
an anesthetic. It also is an extractant for heat-sensitive substances;
it is used in the manufacture of high-vacuum rubber; as a
coupling agent in antiknock gasoline; as paint, varnish, and
finish remover; and in organic synthesis and ore flotation.
1,1-Dichloroethane itself is usually used as an intermediate in the
production of vinyl chloride and of 1,1,1-trichloroethane by
thermal chlorination or photochlorination.
Environmental Fate and Behavior

Production and use of 1,1-dichloroethane as a chemical inter-
mediate, in paint removers, and as a antiknock gasoline additive
may result in its release to the environment through various
waste streams. If released to air, it will exist solely as a vapor in
the ambient atmosphere. Vapor-phase 1,1-dichloroethane will
be degraded in the atmosphere by reaction with photochemi-
cally produced hydroxyl radicals (estimated half-life, 49 days).
1,1-Dichloroethane when released to soil is expected to have
very high mobility based on a Koc of 30. Volatilization from
moist soil surfaces is expected to be an important fate process of
this compound. 1,1-Dichloroethane may volatilize from dry
soil surfaces based on its vapor pressure. Halogenated aliphatic
hydrocarbons are generally considered to be resistant to
biodegradation. However, in water, 1,1-dichloroethane is not
expected to adsorb to suspended solids and sediments based on
the Koc. Estimated volatilization half-lives for a model river and
model lake are 3 h and 4 days, respectively. An estimated bio-
concentration factor of 5 suggests the potential for bio-
concentration in aquatic organisms is low. The environmental
hydrolysis half-life at 25 �C and pH 7 is 61 years.
Toxicokinetics

Studies related to toxicokinetics of 1,1-dichloroethane are very
limited. Much of the information regarding the disposition of
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00305-5
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1,1-dichloroethane is based on indirect evidence. Absorption
of 1,1-dichloroethane occurs following exposure via all routes.
The presence of a 1,1-dichloroethane metabolite in urine and
expired air and its binding to tissue macromolecules provide
evidence of its absorption. Studies regarding the direct analysis
of the extent and rate of 1,1-dichloroethane absorption are
lacking and would provide useful information on the potential
health hazards associated with exposure to 1,1-dichloroethane
via inhalation of contaminated air or ingestion of contami-
nated water.

Studies in humans and animals regarding tissue distribu-
tion of 1,1-dichloroethane are not available. Its lipophilicity
suggests that the compound would be well absorbed and
distributed to tissues according to their lipid content. Binding
studies conducted in rats following intraperitoneal injection
indicate that 1,1-dichloroethane localizes in the liver, kidney,
lung, and stomach. However, analysis has been limited to
these tissues. Distribution studies using routes of administra-
tion relevant to human exposure (inhalation, oral) would
provide useful information on potential target organs of
1,1-dichloroethane-induced toxicity in humans.
Mechanism of Toxicity

The mechanism of action of dichloroethane-induced toxicity is
not fully elucidated. By most criteria, 1,1-dichloroethane is
less toxic than 1,2-dichloroethane. In vivo studies of the
metabolism of 1,1-dichloroethane in humans and animals are
very limited. Elucidation of 1,1-dichloroethane’s metabolic
scheme to date is primarily based on in vitro studies. In general,
the identification of specific metabolites and the monitoring
of enzyme activities indicate that the biotransformation of
1,1-dichloroethane is mediated by hepatic microsomal cyto-
chrome P450 system.

The highest concentrations were found in fat. Following
absorption, dichloroethanes are distributed throughout the
body rapidly and are metabolized via biotransformation
process mediated through cytochrome P450 and glutathione
conjugation pathways. Following inhalation exposure in rats,
elimination occurred primarily via the excretion of soluble
metabolites and unchanged parent compound in urine and
carbon dioxide in the expired breath (less than 15%).
Urinary metabolites accounted for 84% of the absorbed dose,
fecal accounted for 2%, and carbon dioxide accounted for
w7%. Following oral exposure, urinary metabolites accoun-
ted for 60% of the administered 150 mg kg�1 dose. A variety
of metabolized products from dichloroethanes, including
chloroacetic acid, thiodiacetic acid, and thiodiacetic acid
sulfoxide, are very reactive species and are more toxic than
the parent compound.

1,1-Dichloroethane can covalently bind to macromole-
cules of rat and mouse organs in vivo, and binding was
enhanced in phenobarbital-pretreated microsomes and
suppressed by 2-diethylaminoethyl-2,2-diphenyl valerate.
Glutathione and/or cytosol addition to microsomal systems
caused reduced binding, indicating a role in detoxification.
Chronic oral dosing studies with B6C3F1 mice and Osborne–
Mendel rats with the maximum tolerated dose suggested the
metabolism of the compound (mmol kg�1) was 1.7–10 times
greater in mice than in rats. Hepatic protein binding (nano-
mole equivalent bound to 1 mg of liver protein) was 1.2–8.3
times higher in mice than in rats. The noncarcinogens
1,1-dichloroethane and 1,1,1-trichloroethane exhibited 2–18
times more binding in mice than did the carcinogens
1,2-dichloroethane and 1,1,2-trichloroethane. Urinary me-
tabolite patterns of the compound were similar in both
species. The biochemical parameters measured provided no
clue to differentiate carcinogens from the noncarcinogens.
Incubation of the dichloroethanes with hepatic microsomes
from phenobarbital-treated rats, NADPH-generating system,
and EDTA resulted in the conversion of 1,1-dichloroethane to
acetic acid, and to a lesser extent to 2,2-dichloroethanol, and
probably also mono- and dichloroacetic acid.
Acute and Short-Term Toxicity

Animal

LD50 rat oral: 725 mg to 14.1 g kg�1.

Renal Effects
Exposure to a dose of 500 ppm for 13 weeks followed by an
additional 13-week 1000 ppm dose had crystal precipitations,
obstructions in the renal lumina, and increase in serum urea
and creatinine levels. These effects were confined only to cats
and were not observed in rats, guinea pigs, or rabbits even at
a similar dose of 1,1-dichloroethane. However, a lethal dose of
1,1-dichloroethane administered via the intraperitoneal route
in mice had renal effects with increased glucose and protein
levels in the urine and tubular swelling. In another study,
cats were intermittently exposed to 1000 ppm of 1,1-
dichloroethane 6 h day�1 for 13 weeks followed by another
intermittent exposure of 500 ppm for next 13 weeks; 3 out of 4
cats developed histopathological lesions in the kidney tubules
at necropsy. Renal tubular degenerations, without preliminary
lumen displacement and periglomerular fibrosis, and tubule
destruction were also observed in these cats. Nephrotoxic
parameters such as serum urea nitrogen and creatinine were
also increased in these animals, with a progressive decrease in
body weight.

Hepatic Effects
An acute or intermediate-duration exposure of 1,1-
dichloroethane via inhalation and orally to mice, rats, guinea
pigs, rabbits, and cats had no hepatic effects. Serum chemistry
and liver enzyme profile remained unchanged even after
intermittent 6 h exposure to 500 ppm 1,1-dichloroethane for
13 weeks followed by another exposure to 6 h day�1 of
1000 ppm 1,1-dichloroethane. No histopathological lesions
were noted in the liver of these treated animals. A similar study
using female Sprague–Dawley rats (6000 ppm of 1,1-
dichloroethane 7 h day�1 for 10 days) showed only statisti-
cally significant slight increase in the weight of the liver
compared to control group in the absence of enzyme elevation.

Cardiovascular Effects
No studies were recorded concerning cardiovascular effects in
animals subsequent to inhalation, oral, or dermal exposure of
1,1-dichloroethane.
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Immunological and Lymphoreticular Effects
No studies were recorded concerning immunological and
lymphoreticular effects in animals subsequent to inhalation,
oral, or dermal exposure of 1,1-dichloroethane.

Neurological Effects
No studies were recorded concerning neurological effects in
animals subsequent to inhalation, oral, or dermal exposure of
1,1-dichloroethane.

Reproductive Effects
No studies were recorded concerning reproductive effects in
animals subsequent to inhalation, oral, or dermal exposure of
1,1-dichloroethane.

Developmental Effects
Only one study examined the developmental toxic potential
of 1,1-dichloroethane following inhalation in animals.
Sprague–Dawley rats exposed to 3800 or 6000 ppm of
1,1-dichloroethane 7 h day�1 on gestation days 6–15 had no
alterations in litter size, fetal resorptions, fetal growth, or
incidences of gross or soft tissue anomalies. Furthermore, at
the 6000 ppm dose, a significant increase in the incidence of
fetuses with delayed ossification of sternebrae was observed.
Maternal food consumption and body weight were signifi-
cantly decreased in the 1,1-dichloroethane-treated group but
returned to normal by day 21 of gestation.

Cancer
No studies were recorded regarding cancer in animals after acute
inhalation, oral, or dermal exposure to 1,1-dichloroethane.
Humans

Renal Effects
No studies were recorded concerning renal effects in humans
subsequent to inhalation, oral, or dermal exposure of 1,1-
dichloroethane.

Hepatic Effects
No studies were recorded concerning hepatic effects in humans
subsequent to inhalation, oral, or dermal exposure of 1,1-
dichloroethane.

Cardiovascular Effects
1,1-Dichloroethane was used as an anesthetic in humans,
and a relatively higher dose of 0.026 atm, which is approxi-
mately equivalent to 105 000 mg m�3, or 26 000 ppm, caused
cardiostimulatory effect resulting in arrhythmias, which
discontinued its use (Miller et al., 1965; Reid and Muianga,
2012).

Immunological and Lymphoreticular Effects
No studies were recorded concerning immunological and
lymphoreticular effects in humans subsequent to inhalation,
oral, or dermal exposure of 1,1-dichloroethane.

Neurological Effects
In view of the fact that 1,1-dichloroethane was once used as
a gaseous anesthetic, it can be inferred that it can cause CNS
depression on acute exposure. However, no information is
available on the short-term neurologic effects of inhaled
1,1-dichloroethane in humans.

Reproductive Effects
No studies were recorded concerning reproductive effects in
humans subsequent to inhalation, oral, or dermal exposure of
1,1-dichloroethane.

Developmental Effects
No studies were recorded concerning developmental effects in
humans subsequent to inhalation, oral, or dermal exposure of
1,1-dichloroethane.

Cancer
No studies were recorded concerning carcinogenic effects in
humans subsequent to inhalation, oral, or dermal exposure of
1,1-dichloroethane.

No studies were concerning respiratory, gastrointestinal,
hematological, musculoskeletal, or dermal/ocular effects in
humans following inhalation, oral, or dermal exposure to
1,1-dichloroethane.
Intermediate and Chronic Toxicity

Animal

Body Weight Effects
Administration of high doses (562 mg kg�1 day�1 in male rats
and 1780 mg kg�1 day�1 in female rats) 5 days week�1 for
6 weeks resulted in w16% decrease in body weight gain;
however, no alterations in body weight were observed in mice
similarly exposed to doses as high as 10 000 mg kg�1 day�1. In
another study, body weight did not decrease following 78 weeks
of exposure (5 days week�1; 764 and 950 mg kg�1 day�1,
respectively, to male and female rats) and (2885 and
3331 mg kg�1 day�1, respectively, to male and female mice) to
1,1-dichloroethane. Yet another mouse study found no weight
gain after 1,1-dichloroethane exposure in drinking water for
52 weeks.

Renal Effects
No studies were recorded concerning renal effects in animals
following chronic oral, inhalation, or dermal exposure to
1,1-dichloroethane. In the National Cancer Institute (NCI)
study, no treatment-related histopathological changes were
observed in the kidneys of rats, and also an intermediate-
duration drinking exposure of mice did not result in the occur-
rence of renal lesions. No effects were observed in the kidneys of
male mice that ingested high levels, up to 2500 mg l�1, of
1,1-dichloroethane in drinking water for 52 weeks.

Respiratory Effects
No histopathological alterations in lungs were recorded in
a mouse study exposed to a dose of 465 mg kg�1 day�1 for
52 weeks via drinking water. And also, as examined by the NCI
study in 1977, rats or mice administered with 764/950 or
2885/3331mg kg�1 day�1 1,1-dichloroethane, respectively, via
gavage 5 days week�1 for 78 weeks had no respiratory tract
lesions. The gavage doses were 764 and 950 mg kg�1 day�1 in
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male and female rats, respectively, and 2885 and 3331 mg kg�1

in male and female mice, respectively.

Hepatic Effects
Neither histopathological nor nonneoplastic alterations in liver
were recorded in mice exposed to 1,1-dichloroethane in the
above-mentioned condition.

Cardiovascular Effects
None of the studies including the NCI study in 1977 could find
significant alterations in the incidence of lesions in the
cardiovascular system in animals chronically exposed to
1,1-dichloroethane.

Gastrointestinal Effects
None of the studies reported gastrointestinal effects in animals
chronically exposed to 1,1-dichloroethane.

Hematological Effects
No histological changes were recorded in hematological tissues
of rats or mice chronically exposed to 1,1-dichloroethane;
however, the study did not examine the possible changes in
erythrocyte or leukocyte counts or hemoglobin levels.
Carcinogenicity

Using Osborne–Mendel rats and B6C3F1 mice, 1,1-
dichloroethane was administered by gavage, at either of two
dosages, to groups of 50 male and 50 female animals of each
species, 5 days week�1 for a period of 78 weeks, followed by an
observation period of 33 weeks for rats and 13 weeks for mice.
The high and low time-weighted average (TWA) doses of 1,1-
dichloroethane were, respectively, 764 and 382 mg kg�1 day�1

for male rats; 950 and 475 mg kg�1 day�1 for female rats; 2885
and 1442 mg kg�1 day�1 for male mice; and 3331 and
1665 mg kg�1 day�1 for female mice. Twenty animals of each
sex were placed on test as vehicle controls (corn oil), and 20
animals of each sex were placed on test as untreated controls for
each species. At the end of the experiment, there were dose-
related marginal increases in mammary adenocarcinomas and
hemangiosarcomas among female rats, and there was a statisti-
cally significant increase in the incidence of endometrial stromal
polyps among dosed female mice as compared to controls.
These findings are indicative of the possible carcinogenic
potential of the test compound. No conclusive evidence for the
carcinogenicity of 1,1-dichloroethane in Osborne–Mendel rats
or B6C3F1 mice was observed. Levels of evidence of carcinoge-
nicity are as follows: male rats: negative; female rats: equivocal;
male mice: negative; female mice: equivocal. Based on these
observations, 1,1-dichloroethane is classified as Category C
possible human carcinogen. In a separate study, no increased
incidences of lung, liver, or kidney tumors were identified in
mice treated with 155 or 465 mg kg�1 day�1 (male and female,
respectively) of 1,1-dichloroethane for 52 weeks in drinking
water. This study was designed to evaluate the ability of
1,1-dichloroethane as a tumor promoter. Neither
1,1-dichloroethane treatment alone nor treatment initiated with
diethylnitrosamine illustrated a significant increase in the inci-
dence of lung or liver tumors over their respective controls.
Humans

No studies were recorded concerning renal, hepatic, cardio-
vascular, immunological, neurological, reproductive, develop-
mental, and carcinogenic effects in humans following chronic
oral, inhalation, or dermal exposure to 1,1-dichloroethane.
Mutagenicity

1,1-Dichloroethane did not enhance reverse mutations in
Salmonella typhimurium strains with or without metabolic
activation in Ames assays. On the contrary, few investigators
reported positive mutagenic alterations in S. typhimurium
exposed to 1,1-dichloroethane vapor in a desiccator assay in
the presence and absence of S9 mix. Similarly, mutagenicity
testing in Saccharomyces cerevisiae was negative. Similarly,
negative genotoxicity results have been shown in mammalian
cell assays. However, 1,1-dichloroethane increased simian
adenovirus (SA7)-induced transformations in Syrian hamster
embryo cells. Additional experiments have shown that
a single intraperitoneal injection of 1,1-dichloroethane
(1.2 mg kg�1) in male rats and mice led to covalent binding
to the nucleic acids and proteins from liver, kidney, lungs, and
stomach. And this binding is mediated by the liver P450-
dependent microsomal mixed function oxidase system.
However, the fact that 1,1-dichloroethane binds to nucleic
acid advocates that it may have a potential to produce
mutation in a mammalian system.
Exposure Standards and Guidelines

US National Institute of Occupational Safety and Health
Recommendations

Recommended exposure limit – 10 h TWA: 100 ppm
(400 mg m�3).
US Occupational Safety and Health Administration Standards

Permissible exposure limit – 8 h TWA: 100 ppm (400mgm�3).
Threshold Limit Values (TLV)

8 h TWA: 100 ppm.
Excursion Limit Recommendation

Excursions in worker exposure levels may exceed 3 times the
TLV–TWA for no more than a total of 30 min during
a workday, and under no circumstances should they exceed 5
times the TLV–TWA, provided that the TLV–TWA is not
exceeded.
Immediately Dangerous to Life or Health

3000 ppm.

See also: Gasoline; Pesticides; Vinyl Chloride;
1,2-Dichloroethane.
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l Name: 1,2-Dichloroethylene
l Chemical Abstracts Service Registry Number: Mixture: 540-

59-0; Cis: 156-59-2; Trans: 156-60-5
l Synonyms: Ethene, 1,2-dichloro-; Ethylene, 1,2-dichloro-;

1,2-Dichloroethene; Acetylene dichloride; Dioform; sym-
Dichloroethylene; 1,2-DCE

l Molecular Formula: C2H2Cl2
l Chemical Structure:
H2C Cl
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Figure 1 Chemical Structure of 1,2-DCE (Left: Trans-form; Middle:
1,2-DCE; Right: DCE).
Background

Out of the two isomers of dichloroethylene (cis- and trans-), the
trans isomer is usedmore widely in industry than the cis isomer.
Both the cis and trans forms are used, usually a mixture, as
a solvent for waxes and resins; in the extraction of rubber; as
a refrigerant; in the manufacture of pharmaceuticals and arti-
ficial pearls; in the extraction of oils and fats from fish and
meat; and in making other organics. The major source of cis-
1,2-dichloroethylene (1,2-DCE) in drinking water is discharge
from industrial chemical factories. Liver problems are very
common with individuals who drink water containing cis-
1,2-DCE well in excess of the maximum contaminant level
(MCL) for many years. Congress passed the Safe Drinking
Water Act, which requires the US Environmental Protection
Agency (EPA) to determine the level of contaminants in
drinking water at which no adverse health effects are likely to
occur. The MCL goals for cis-1,2-DCE is 0.07 mg l�1 or 70 ppb.
EPA has set this level of protection based on the best available
science to prevent potential health problems. EPA has set an
enforceable regulation for cis-1,2-DCE, called an MCL, at
0.07 mg l�1 or 70 ppb. The Phase II Rule, the regulation for cis-
1,2-dichloroethylene, became effective in 1992. Orally
administered LD50 of 1,2-DCE has been found to be
770 mg kg�1 in rats and 2 g kg�1 in mice.

A federal law called the Emergency Planning and Commu-
nity Right to Know Act requires facilities in certain industries
that manufacture, process, or use significant amounts of toxic
chemicals to report annually on their releases of these chem-
icals. Generally, 70 mg l�1 has been set to be the MCL in
drinking water. The most commonly employed method to be
effective for removing cis-1,2-DCE to below 0.07 mg l�1 or
70 ppb is ‘granular-activated carbon in combination with
packed tower aeration.’ All drinking water suppliers are required
to routinely monitor cis-1,2-DCE levels and maintain at the
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MCL.Water suppliers are also required to notify their customers
within 30 days if the level exceeds the MCL. Additional actions,
such as providing alternative drinking water supplies, may be
required to prevent serious risks to public health. Trans-1,2-DCE
has negligible global warming potential and is not regulated as
an ozone-depleting chemical in the United States.
Uses

The trans isomer of 1,2-DCE is commercially available in the
United States. It has been used in the extraction of rubber, as
a coolant in refrigeration plants, and as a solvent for waxes,
resins, and acetyl cellulose. The trans-1,2-DCE is also used as
a degreasing agent and as a component of products that are
used to clean electrical equipment.
Environmental Fate and Behavior

Production and use as a solvent of 1,2-DCE in a variety of
settings may result in its release to the environment. 1,2-DCE
biodegrades under anaerobic conditions, but it does not
under aerobic conditions. Anaerobic conditions in landfills or
sediment generate 1,2-DCE. It can also be formed as a break-
down product from the reductive microbial dehalogenation of
trichloroethylene. If released to air, a vapor pressure of
201 mm Hg at 25 �C indicates that 1,2-DCE will exist solely as
a vapor in the ambient atmosphere. Vapor-phase 1,2-DCE will
be degraded in the atmosphere by reaction with photochemi-
cally produced hydroxyl radicals; the half-life for this reaction
in air is estimated to be 31 h. If released to soil, 1,2-DCE is
expected to have moderate mobility based on an estimated Koc

of 290. Volatilization from moist soil surfaces is expected to be
an important fate process based on an estimated Henry’s Law
constant of 7.3 � 10�3 atm-cu m mol�1. Based on its vapor
pressure, 1,2-DCE may volatilize from dry soil surfaces.
1,2-DCE is expected to adsorb to suspended solids and sedi-
ments based on the estimated Koc, when released into water.
Half-lives of field degradation range from 0.14 to 9.9 years for
cis-1,2-DCE. Cis- and trans-1,2-DCE, present at 2.6 and
2.3 mg l�1, respectively, reached 0% of their theoretical Bio-
logical Oxygen Demand (BOD) in 4 weeks using an activated
sludge inoculum and the Japanese MITI test. Biodegradation of
trans-1,2-DCE did not occur in a river die-away test. Volatili-
zation from water surfaces is expected to be an important fate
process based on this compound’s Henry’s Law constant.
Estimated volatilization half-lives for a model river and model
lake are 1.1 and 94 h, respectively. Potential for bio-
concentration in aquatic organisms is low based on an esti-
mated bioconcentration factor of 7. Hydrolysis is not expected
since chlorinated ethylenes hydrolyze very slowly at environ-
mental conditions.
4-3.00306-7 95

http://dx.doi.org/10.1016/B978-0-12-386454-3.00306-7


96 1,2-Dichloroethylene
Toxicokinetics

Both the cis and trans isomers of 1,2-DCE are lipid-soluble
compounds of relatively low molecular mass; therefore, they
are readily absorbed by the oral or dermal routes. Approxi-
mately, 75% of inhaled trans-1,2-DCE is absorbed through the
lungs in humans. 1,2-DCE may be preferentially distributed to
adipose tissue. Biodistribution studies on 1,1-dichloroethylene
have revealed that the highest concentrations might be ex-
pected to occur in the liver and kidneys. The first step in the
metabolism of both isomers of 1,2-DCE appears to be the
formation of the chloroethylene epoxide, which undergoes
rearrangement to form dichloroacetaldehyde and possibly
monochloroacetic acid. In vitro studies indicate that biotrans-
formation involves the hepatic microsomal cytochrome P450
system. The cis isomer is metabolized at a faster rate than the
trans isomer. High doses may saturate the P450 system and
exceed its metabolic capacity. If excretion is similar to that of
1,1-dichloroethylene, elimination would be expected to be
relatively rapid, so that most of a single dose would be excreted
in the urine within 24–72 h.
Mechanism of Toxicity

Primary metabolism of 1,2-DCE occurs in the liver by oxida-
tion of the double bond, then further oxidation to acid
metabolites with or without dechlorination. Dichloroethanol,
dichloroacetaldehyde, and dichloroacetic acid were detected
when 1,2-DCE was incubated with rat liver microsomes.
Similarities and differences have been observed in the metab-
olism of cis- and trans-1,2-DCE. Both isomers have been shown
to bind to the active site of hepatic cytochrome P450. This was
associated with competitive inhibition of the metabolism of
other cytochrome P450 substrates in rat liver. In addition, other
researchers have reported depletion and induction of various
liver enzymes. The cis isomer displayed a fourfold greater rate of
turnover in the hepatic microsomes in vitro than did the trans
isomer. The metabolic rates of formation of dichloroethanol
and dichloroacetic acid differ between the two isomers. Cis-
and trans-1,2-DCE are readily absorbed by the lungs to undergo
cytochrome P450-mediated biotransformation. Limited
experimental evidence in rats suggests that CYP2E1 is the
primary isozyme that mediates 1,2-DCE biotransformation.
The metabolism of both isomers leads to the spontaneous
formation of unstable epoxides. These epoxides rearrange to
form dichloroacetaldehyde, which is then readily converted to
dichloroacetate and 2,2-dichloroethanol. However, the fate of
2,2-dichloroethanol and dichloroacetate has not been studied
extensively.
Acute and Short-Term Toxicity

Animals

In an inhalation study, mature female specific pathogen-free
(SPF) Wistar rats (w200 g) and mature female nuclear
magnetic resonance imaging (NMRI) mice (w20 g) were given
either a single 8 h exposure at 200 ppm trans-1,2-DCE or an 8 h
inhalation dose at 200 ppm over five consecutive days for 1 or
2 weeks. Histopathological changes were observed in multiple
organs after single or repetitive doses of trans-1,2-DCE at
200 ppm, including slight to severe fatty degeneration of the
hepatic lobules and Kupffer cells over the controls. The most
important effects of DCE are central nervous system (CNS)
depression/irritation. Repeated exposures caused fatty degen-
eration of the liver. Cats and rabbits repeatedly exposed to trans
isomer showed loss of appetite and some respiratory irritation,
but no histopathological changes in organs.
Humans

Occupational exposure to trans-1,2-DCE may occur through
inhalation and dermal contact with this compound at work-
places where trans-1,2-DCE is produced or used. Water intake
should be assumed between 0 and 2277 mg l�1, 0 to 4554 mg
trans-1,2-DCE. The trans isomer is twice as toxic as the cis
isomer. In liquid form, 1,2-DCE can act as a primary irritant,
producing dermatitis and irritation of mucous membranes. It is
toxic by ingestion, inhalation, and skin contact; it is an irritant
and CNS depressant at higher concentrations. Inhalation cau-
ses nausea, vomiting, weakness, tremor, and epigastric cramps.
Contact with liquid causes irritation of eyes. Ingestion causes
slight to deep CNS depression. 1,2-DCE has been used as
a general anesthetic in humans. Exposure to the trans isomer at
2200 ppm caused burning of the eyes, vertigo, and nausea.
Based on a few cases of human poisoning and animal data, this
solvent (CASRN: 540-59-0) is considered to have toxic poten-
tial equivalent to that of trichloroethylene. The threshold limit
is 790 mg m�3. Individuals with conditions of the liver and
chronic respiratory disease may be at an increased risk from
exposure to 1,2-DCE.
Chronic and Long-Term Exposure

Animal

In female CD-1 mice, following an acute LD50 determination
(2122 mg kg�1 in males and 2391 mg kg�1 in females) and
a 14 day range-finding study, a 90 day drinking water study was
performed using varied levels of DCE (1/100, 1/10, and 1/5 the
LD50). Various toxicological assessments (body and organ
weights, hematology, serum chemistries, and hepatic micro-
somal activities) were made, but very few alterations were
observed in either sex following 90 days of exposure. Signifi-
cant changes (decrease in glutathione in males; significant
decrease in aniline hydroxylase activity in females) were noted
only at the highest level of DCE. Using trans-1,2-DCE, another
developmental toxicity experiment examined pregnant rats.
Trans-1,2-DCE was administered by inhalation 6 h daily on
days 7–16 of gestation (the day copulation was confirmed was
considered day 1 of gestation). The offspring were then
examined on day 22 of gestation. Overt maternal toxicity was
expressed as a significant reduction in weight gain at
12 000 ppm and in feed consumption at 6000 and
12 000 ppm. During the exposure period, lacrimation and
stained periocular hair, and signs of ocular irritation, were
observed in all groups. In addition, increased incidences of
alopecia, lethargy, and salivation were observed in the high-
dose dams. The mean combined and female fetal weights were
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significantly reduced in the litters of dams exposed to the
highest concentration, 12 000 ppm of trans-1,2-DCE. Thus,
marginal maternal toxicity was seen at 2000 ppm and expo-
sures to 6000 ppm trans-1,2-DCE or caused frank maternal
toxicity while the fetus was affected only at 12 000 ppm.

Hazard Potential
Limited information is available regarding the adverse effects
in humans after exposure to 1,2-DCE. Drowsiness, eye irrita-
tion, nausea, vertigo, narcosis, and death are among the acute
effects described following the inhalation of trans-1,2-DCE.
Several subchronic oral exposure studies have been conducted
in animals, such as a 90 day gavage study of the cis isomer in
rats and a 90 day feed study in rats and mice. Studies were also
conducted by exposing rats to the trans isomer via the inha-
lation route. Overall, changes in liver and kidney weight were
the most frequent adverse effects observed during the sub-
chronic oral exposure studies. However, it should be noted
that these adverse effects were not linked to any specific
pathological event.

Under the Guidelines for Carcinogen Risk Assessment (US
EPA, 2005a), there is ‘inadequate information to assess the
carcinogenic potential’ of cis- or trans-1,2-DCE. This descriptor
reflects the lack of human epidemiological investigations or
chronic animal bioassays.
Developmental/Reproductive Effects

Exposure orally to high levels (up to 1900 mg kg�1 day�1) of
1,2-DCE did not induce toxic changes to reproductive organs in
both sexes of rats. Inhalation exposure to 1,2-DCE at
12 000 ppm by pregnant rats resulted in reduced fetal body
weight. However, the fetal effect is believed to be a function of
reduced food consumption and reduced weight gain in the
mothers. There is no other report indicating the ability of 1,2-
DCE to alter developmental or reproductive functions.
Clinical Management

In order to prevent toxicity and adverse effects resulting from
exposure to 1,2-DCE, vital signs of patients who have been
exposed should closely be monitored. Heart function should
be monitored by EKG. Medications such as beta agonists
should be avoided because of increased risk of arrhythmias.
Epinephrine and other catecholamines should also be avoi-
ded. If kidney or liver injury is suspected, renal and liver
function tests should be performed and monitored. If symp-
toms of renal failure, liver injury, or pulmonary edema arise,
proper treatment and monitoring should take place. 1,2-DCE
has toxicities that can be related to those of trichloroethylene.
However, the data on plasma levels following exposure and
overdose of 1,2-DCE are not clinically useful.
Inhalation (Respiratory Route)

If adverse effects occur, remove to uncontaminated area. Give
artificial respiration if not breathing. Get immediate medical
attention.
Skin Contact (Direct Exposure)

Wash skin with soap and water for at least 15 min while
removing contaminated clothing and shoes. Get medical
attention, if needed. Thoroughly clean and dry contaminated
clothing and shoes before reuse.
Eye Contact

Flush eyes with plenty of water for at least 15 min. Then get
immediate medical attention.
Ingestion

If vomiting occurs, keep head lower than hips to help prevent
aspiration. If person is unconscious, turn head to side. Get
medical attention immediately.

Consider gastric lavage. Consider oxygen.
Genotoxicity

Neither cis-, trans-, nor cis,trans-1,2-DCE was mutagenic in
Salmonella typhimurium assays. In CHO cells in vitro, cis-
1,2-dichloroethylene induced sister chromatid exchanges
(SCEs) in the absence of S9; with S9, the single trial that was
performed yielded equivocal results. The cis,trans isomer
induced significant increases in SCEs in cultured CHO cells
with and without S9. In contrast to these positive results, trans-
1,2-DCE gave negative results in the SCE test, with and without
S9. Neither cis-, trans-, nor cis,trans-1,2-DCE induced chromo-
somal aberrations in cultured CHO cells, with or without S9.
In vivo, no induction of SCEs or Abs was noted in bone marrow
cells of male mice administered cis- or trans-1,2-DCE by intra-
peritoneal injection once, with sampling performed 23 h (for
SCE analyses) or 17 h (for Abs analyses) after injection. In
addition, negative results were obtained in a peripheral blood
micronucleus test in male and female mice administered trans-
1,2-DCE in microcapsules in feed for 14 weeks.
Exposure Standards and Guidelines

The EPA has set the maximum allowable level of cis-1,2-DCE in
drinking water at 0.07 mg l�1 and trans-1,2-DCE at 0.1 mg l�1.

The EPA requires that any spills or accidental release of
1000 pounds or more of 1,2-DCE must be reported to the EPA.

The Occupational Safety and Health Administration has set
the maximum allowable amount of 1,2-DCE in workroom air
during an 8 h workday in a 40 h workweek at 200 parts of
1,2-DCE ppm.

See also: 1,1-Dichloroethane; Tetrachloroethylene;
Trichloroethylene; Tetrachloroethane; Trichloroethane.
Further Reading
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Relevant Websites
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http://www.epa.gov/iris/subst/0314.htm – Environmental Protection Agency.
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l Name: Dichloromethane
l Chemical Abstracts Service Registry Number: 75-09-2
l Synonyms: Methane dichloride, Methylene bichloride,

Methylene chloride, Methylene dichloride
l Molecular Formula: CH2Cl2
l Chemical Structure:

Background

Dichloromethane (DCM; mol. wt. 93.328) was first prepared
in 1840 by mixing chloromethane and chlorine and exposed to
sunshine. It has been used as a versatile solvent to dissolve
various organic compounds in many chemical processes since
World War II. Currently, dichloromethane is manufactured by
two sets of processes, hydrochlorination of methanol and
direct chlorination of methane. Dichloromethane is considered
a carcinogenic material. The physicochemical properties of
dichloromethane are illustrated in Table 1. The analytical
detection limits are different in different media as indicated
in Table 2.

DCM is primarily metabolized in the liver forming carbon
monoxide (CO) and ultimately elevating blood carbox-
yhemoglobin levels. Carboxyhemoglobin levels may continue
to rise for several hours after exposure has ceased. CO is
Table 1 Physicochemical properties of dichloromethane

Molecular weight 84.9 Da
Boiling point (at 760 mm Hg) 40 �C (102.4 �F)
Freezing point �139 �F (�95 �C)
Melting point �95.1 �C
Solubility 1.38 g per 100 ml in water at 20 �C
Vapor pressure 349 mm Hg at 68 �F (20 �C)
Vapor density 2.93
log P 1.25
Specific gravity 1.33 (Water ¼ 1)
Flammability Combustible liquid
Flammable range 14–22% (concentration in air)
Water solubility Water soluble (2% at 68 �F) (20 �C)

Table 2 The analytical detection limitation is different in various
media

Media Detection limits

Food 7 ng per sample
Water 0.01 mg l�1

Air 1.76 mg m�3

Blood 0.022 mg l�1

Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
extremely fetotoxic. Children are more vulnerable to toxic
effects and their metabolites of DCM. Electrocardiographic
changes resembling those of carbon monoxide poisoning are
common after DCM exposure. Elevated carboxyhemoglobin
levels may cause insufficient oxygen supply to the heart in
persons who have preexisting coronary disease. Angina,
myocardial infarction, and cardiac arrest associated with
methylene chloride inhalation were reported in one patient,
but no adverse cardiovascular effects from methylene chloride
have been reported for occupationally exposed workers.
Nausea, vomiting, gastrointestinal ulceration, and bleeding
have been reported after ingestion. Liver dysfunctionmay result
from acute, high-level exposure to methylene chloride. The
National Institute for Occupational Safety and Health
(NIOSH) recommends that methylene chloride be regulated as
an occupational carcinogen.
Uses

Originally, dichloromethane was blended with other
compounds, such as alcohols, acids, amines and paraffin, in
paint strippers to be against specific coatings. From the middle
of 1980s, it was applied as a component of low-temperature
heat-transfer medium in the installations of air cooling
systems. In some food industries, dichloromethane can also be
utilized as an extraction solvent in food industries. It is used in
the production of photographic films, synthetic fibers, phar-
maceuticals, adhesives, inks, and printed circuit boards. It is
employed as a blowing agent for polyurethane foams and as
a propellant for insecticides, air fresheners, and paints.
Environmental Fate and Behavior

Dichloromethane is usually released to the atmosphere. It can
reactwithhydroxyl radicalswithahalf-lifeof about a fewmonths.
Dichloromethane released to water can be evaporated to atmo-
sphere with a half-life of 35.6 h at moderate mixing conditions.
Some of dichloromethane in water can be biodegraded
completely within several hours and a few days. Small part of
dichloromethane released to water can be degraded by hydro-
lysis. However, hydrolysis is not an important process under
natural condition and may take 18 months or more to degrade
completely. Dichloromethane released to soil will go to the soil
surface and then the atmosphere. Some part of dichloromethane
in soil will leak to the groundwater and water cycle.

DCM’s production and use as solvent, chemical intermediate,
grain fumigant, paint stripper and remover, metal degreaser, and
refrigerant may result in its release to the environment through
various waste streams. Vapor-phase DCM is expected to be
degraded in the atmosphere by reaction with photochemically
produced hydroxyl radicals; the half-life for this reaction in air is
estimated to be approximately 119 days (in the absence of direct
photolysis). If released to soil, DCM is expected to have very high
4-3.01218-5 99
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mobility based on an estimated Koc of 24. Volatilization
from moist soil surfaces is expected to be an important fate
process based on an estimated Henry’s law constant of
3.25 � 10�3 atm-m3 mol�1. DCM may volatilize from dry soil
surfaces based on its vapor pressure. Biodegradation in soil may
occur. DCM, when released into water, is not expected to adsorb
to suspended solids and sediment in water based on the esti-
mated Koc. Biodegradation is possible in natural waters but will
probably be very slow compared with evaporation.
Exposure and Exposure Monitoring

Dichloromethane can be acquired by inhalation, digestion, and
transdermal contact. The major route is inhalation of ambient
air, especially indoor air, because of administration of paint
removers. It was reported in 1988 that environmentally released
dichloromethane is nearly 139million pounds in total; in 2007,
it was down to only 5.9 pounds. Usually, the concentration of
dichloromethane can be 0.07–0.29 mgm�3 in rural area and less
than 2 mg m�3 in suburb area. If it is near hazardous-waste sites,
the concentrations can be up to 43 mg m�3. Although releases to
water are not the most important route for dichloromethane,
the level of this compound is still monitored strictly. Typically,
the concentration of dichloromethane is higher in groundwater
than surface water. It was shown that dichloromethane is
about 3% average in a study, which took about 5000 samples of
Table 3 Monitoring requirements

Methylene chloride airborne concentration (ppm) or condition of use Req

Below the action level (12.5 ppm) and at or below the STEL (125 ppm) No
Below the action level (12.5 ppm) and above the STEL (125 ppm) No
At or above the action level (12.5 ppm), at or below the PEL (25 ppm

TWA), and at or below the STEL (125 ppm)
Mo

At or above the action level (12.5 ppm), at or below the PEL (25 ppm
TWA), and above the STEL (125 ppm)

Mo
e

Above the PEL (25 ppm TWA), and at or below the STEL (125 ppm) Mo
Above the PEL (25 ppm TWA) and above the STEL (125 ppm) Mo

Source: https://www.osha.gov/Publications/osha3144.html – OSHA.

Table 4 Minimum requirements for respiratory protection for airborne DC

Methylene chloride airborne concentration (ppm) or condition of use Require

Up to 625 ppm (25 � PEL) Continu
Up to 1250 ppm (50 � PEL) 1. Full

mod
2. Full

pres
Up to 5000 ppm (200 � PEL) 1. Con

2. Pre
3. Pos

Unknown concentration, or above 5000 ppm (>200 � PEL) 1. Pos
2. Full

con
Firefighting Positive
Emergency escape 1. Any

2. Gas

Source: https://www.osha.gov/Publications/osha3144.html – OSHA.
groundwater in the United States from 1985 to 2002. Tables 3
and 4 describe exposure and ground rules for exposure
monitoring.
Toxicokinetics

Inhaled dichloromethane vapor can be rapidly absorbed
through lungs alveoli and quickly enter the systemic circu-
lation. Oral intake of dichloromethane can be absorbed
from the gastrointestinal tract at a slow rate. Transdermal-
obtained dichloromethane is absorbed through intact skin
in a slower speed. After absorption, dichloromethane can be
distributed to all tissues because it has good solubility in
both water and fat.
Mechanism of Toxicity

The mechanism is still unclear so far. The most possible
mechanism for dichloromethane toxicity is that this
compound can increase potassium ions current in certain types
of potassium channels. The correlation between biological
activity (toxicity and mutagenic effectiveness in Salmonella TA
100) and reactivity toward strong nucleophiles indicates that
reactions with nucleophilic groups of high reactivity in bio-
logical materials, possibly SH or amino groups in proteins, are
uired monitoring activity

8 h TWA or STEL monitoring required
8 h TWA monitoring required; monitor STEL exposures every 3 months.
nitor 8 h TWA exposures every 6 months

nitor 8 h TWA exposures every 6 months and monitor STEL exposures
very 3 months.
nitor 8 h exposures every 3 months.
nitor 8 h TWA exposures and STEL exposures every 3 months.

M

d monitoring activity

ous flow supplied-air respirator, hood, or helmet
facepiece supplied-air respirator operated in negative-pressure (demand)
e
facepiece self-contained breathing apparatus (SCBA) operated in negative-
sure (demand) mode
tinuous flow supplied-air respirator, full facepiece
ssure-demand supplied-air respirator, full facepiece
itive-pressure full facepiece SCBA
itive-pressure full facepiece SCBA
facepiece pressure (demand) supplied-air respirator with an auxiliary self-
tained air supply
-pressure full facepiece SCBA
continuous flow or pressure-demand SCBA
mask with organic vapor canister
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involved in dichloromethane’s mechanism of action. Increases
in the concentration of DCM lower the oxygen affinity of
human hemoglobin. DCM binds weakly to hemoglobin at four
different sites, but binding to only one site is responsible for
decreasing the oxygen affinity of hemoglobin.
Acute and Short-Term Toxicity

The acute toxicity of dichloromethane is low. The most
common effects are related to the liver and central nervous
system. LC50 (mice) has been determined to be 14 400 ppm per
7 h exposure.
Chronic Toxicity

Long exposure of dichloromethane in high concentration has
high risk in inducing lung, liver, and mammary tumors in rats.
Oral exposure seems to have lower risk than inhalation in
tumor induction.
Genotoxicity

Dichloromethane is considered to have genotoxic properties,
which are mainly related to the cytosolic glutathione
S-transferase metabolic pathway.
Reproductive Toxicity

Although dichloromethane can affect the reproductive system,
the changes are reversible. It is generally considered that DCM
does not powerfully impact embryo or reproductive organs.
Carcinogenicity

Dichloromethane is considered a carcinogenetic agent.
Exposure Standards and Guidelines

OSHA permissible exposure limit (PEL) ¼ 25 ppm (averaged
over an 8 h work shift).

OSHA short-term exposure limit (STEL) ¼ 125 ppm (over
a 15 min time period).

NIOSH immediately dangerous to life or health
(IDLH) ¼ 2300 ppm.

AIHA ERPG-2 (maximum airborne concentration below
which it is believed that nearly all persons could be exposed for
up to 1 h without experiencing or developing irreversible or
other serious health effects or symptoms that could impair
their abilities to take protective action) ¼ 750 ppm.

Inhalation, being the most important route of exposure,
provides optimal vapor absorption via the lungs. Odor is not
an adequate warning property for DCM; the odor threshold is
250 ppm, which is 10 times higher than the OSHA PEL
(25 ppm). Since DCM is heavier than air, it can cause
asphyxiation in enclosed, poorly ventilated, or low-lying areas.
Children exposed to the same levels of DCM vapor as adults
may receive larger doses. Exposure to high levels of methylene
chloride vapor can cause skin and eye irritation. Prolonged
dermal contact with liquid DCM may produce chemical burns
since it is absorbed slowly through intact skin but probably not
in quantities that cause acute systemic toxicity. Children are
more vulnerable to toxicants absorbed through the skin
because of their relatively larger surface area:body weight ratio.
Refer to Tables 3 and 4 for exposure limits and conditions of
exposure.
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Relevant Websites

http://www.atsdr.cdc.gov/toxprofiles/tp.asp?id¼234&tid¼42 – Agency for Toxic
Substances and Disease Registry.

http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_
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l Molecular Formula: C3H4Cl2

l Chemical Structure:

Cl Cl
Background

1,3-Dichloropropene is a chlorinated hydrocarbon used as soil
fumigant. It is classified as a nonfood use and restricted use pes-
ticide. Dow AgroSciences is the basic manufacturer. Commercial
available formulations are generally equal proportions of the
cis- and trans- isomers, and different formulations contain
different percentages of 1,3-dichloropropene.
Uses

Dichloropropene is used as a preplanting fumigant to control
nematodes and is registered for widespread use in the United
States on all precrop soils. Some dichloropropene products
contain chloropicrin, which increases herbicidal and fungicidal
activities. Based on annual amount used in agriculture,
dichloropropene ranked fourth to eighth annually in agricul-
tural pesticide use, with approximately 20–35million pounds
per year in the United States.
Environmental Fate and Behavior

Dichloropropene is mobile and persistent, particularly in
colder climates. When injected into the soil, its mobility is
controlled by temperature, soil type, and moisture. Even
though volatilization occurs from the soil surface, most
dichloropropene is degraded through hydrolysis to 3-dichlor-
oallyl alcohol. The overall half-life of the compound in soil
ranges from a few days to more than 9 weeks depending on
conditions. Adsorption to sediment and bioconcentration in
fish are not important.
Exposure and Exposure Monitoring

Most exposures occur through inhalation due to application
techniques and to its volatility. Dermal, ocular, and oral
exposures are also possible.
Toxicokinetics

Dichloropropene can be rapidly absorbed through the skin and
via the respiratory and gastrointestinal tracts. Blood levels of
a glutathione conjugate of 1,3-dichlororpropene reached steady
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state within 15min after oral exposure in rats, indicating rapid
absorption. The presence of N-acetyl-cysteine conjugates in the
recovered urine of field applicators suggested the chemical is
readily absorbed via inhalation. Dichloropropene has an elim-
ination half-life of less than 10min from the bloodstream.
Urinary elimination half-lives ranged from 5 to 6 h in rats, 7 to
10 h in mice, and average 9.5 h in humans. Dichloropropene
primarily undergoes conjugation with glutathione to form
a mercapturic acid and oxidation to carbon dioxide. An addi-
tional route of metabolism reported in mice involves stereo-
specific epoxidation to the corresponding 1,3-dichloropropene
oxide. The predominant route of excretion is via the urine (about
50 and 80% in rat and mouse, respectively) as mercapturic acid
conjugates. Lesser amounts are eliminated through feces.
Mechanism of Toxicity

As with other fumigants, dichloropropene is an asphyxiant.
Although there is substantial documentation regarding health
effects of 1,3-dichloropropene, little data concerning mecha-
nisms of toxicity are available. Dichloropropene acts as an
irritant and sensitizer. Macromolecular binding of this
compound may also contribute to its toxicity.

Using isolated rat hepatocytes, dichloropropene was shown
to be cytotoxic as measured by increases in phospholipid
hydroperoxides and lactate dehydrogenase. Dichloropropene
also exhibited nephrotoxicity in vitro using rat renal cortical
slices, where p-aminohippurate uptake was decreased.
Acute and Short-Term Toxicity

Animal

Dichloropropene is moderately toxic via oral or inhalation
routes, is a skin and eye irritant, and is potentially a skin sensi-
tizer. The oral LD50 of dichloropropene is about 470mg kg�1 in
rats and 640mg kg�1 in mice. The dermal LD50 in rabbits is
504mg kg�1. Inhalation LC50 in mice is 4650mgm�3 per 2 h.

Lung/tracheal congestion, fluid in the pleural cavity, atel-
ectasis, emphysema, and/or pulmonary edema and lung
hemorrhaging were observed in rats exposed to dichlor-
opropene through inhalation. Rabbits exhibited stomach and
intestinal hemorrhage after dermal exposure. Ocular or dermal
exposure may cause conjunctival and corneal irritation,
erythema, edema, necrosis, and subcutaneous or skeletal
muscle hemorrhage in rats, rabbits, and guinea pigs.
Human

Humans rapidly metabolize dichloropropene and excrete its
metabolites. Dichloropropene has moderate acute toxicity. The
health effects of dichloropropene may involve many organ
systems including liver, kidney, lung, gastrointestinal tract, and
mucous membranes. Vapor exposure is irritating to the eyes and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00130-5
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respiratory tract, possibly causing delayed pulmonary edema.
Individuals may experience eye, nose, and throat irritation,
nausea, vomiting, headache, and chest discomfort. Contact
dermatitis has been reported in farmers exposed to the
compound.
Chronic Toxicity

Animal

With high exposures in mice, urinary bladder was noted as
a sensitive tissue. Dogs showed hypochromic, microcytic
anemia with prolonged exposures.
Human

Chronic dermal exposure may cause skin sensitization.
Immunotoxicity

There was no effect of 1,3-dichloropropene in a mouse splenic
lymphocyte mitogenesis assay.
Reproductive Toxicity

1,3-Dichloropropene was not embryotoxic or teratogenic in
inbred rats or rabbits at doses that produced maternal toxicity.
No teratological or reproductive effects were noted following
inhalation exposures.

Genotoxicity

Sister-chromatid exchangeswere noted in human lymphocytes in
vitro, but genotoxicity studies have been confounded by low-
purity dichloropropene and impurities. Metabolism of the
congener 1,1-dichloropropene, by a specific glutathione trans-
ferase, GSTT1-1, appears important in the activation to a muta-
genic metabolite but is absent in the metabolism of
1,3-dichloropropene. A weight-of-evidence approach suggests
a lackof genotoxicity in vivo following dichloropropene exposure.

Carcinogenicity

Nonneoplastic and neoplastic changes have been reported in
a number of studies, including malignant and benign tumors
in the forestomach and liver (rats) and forestomach, lung, and
urinary bladder (mice). The mechanism for tumorigenesis in
laboratory animals is unclear.

Dichloropropenehasbeen classified inGroupB2as a possible
human carcinogen through both inhalation and oral exposures.
Clinical Management

Treatment is symptomatic and supportive.
Ecotoxicology

Dichloropropene is highly toxic to invertebrates and moder-
ately toxic to birds, mammals, and fish. Prolonged exposure to
the congener, 1,1-dichloropropene led to frameshift mutations
in Medaka fish.
Exposure Standards and Guidelines

l Inhalation reference concentration is 20 mgm�3.
l The ACGIH TLV is 5mgm�3.
l The oral reference dose is 30 mg kg�1 day�1.
See also: Pesticides; Carcinogenesis.
Further Reading

Bartels, M.J., Brzak, K.A., Mendrala, A.L., Stott, W.T., 2000. Mechanistic aspects of
the metabolism of 1,3-dichloropropene in rats and mice. Chem. Res. Toxicol. 13,
1096–1102.

Bartels, M.J., Hansen, S.C., Thornton, C.M., Brzak, K.A., Mendrala, A.L., Dietz, F.K.,
Kastl, P.J., 2004. Pharmacokinetics and metabolism of 14C-1,3-
dichloropropene in the Fischer 344 rat and the B6C3F1 mouse. Xenobiotica 34,
193–213.

Granville, C.A., Ross, M.K., Tornero-Velez, R., Hanley, N.M., Grindstaff, R.D., Gold, A.,
Richard, A.M., Funasaka, K., Tennant, A.H., Kligerman, A.D., Evans, M.V.,
DeMarini, D.M., 2005. Genotoxicity and metabolism of the source-water
contaminant 1,1-dichloropropene: activation by GSTT1-1 and structure-activity
considerations. Mutat. Res. 572, 98–112.

Kevekordes, S., Gebel, T., Pav, K., Edenharder, R., Dunkelberg, H., 1996. Genotoxicity
of selected pesticides in the mouse bone-marrow micronucleus test and in the
sister-chromatid exchange test with human lymphocytes in vitro. Toxicol. Lett.
89, 35–42.

Schneider, M., Quistad, G.B., Casida, J.E., 1998. 1,3-Dichloropropene epoxides:
intermediates in bioactivation of the promutagen 1,3-dichloropropene. Chem. Res.
Toxicol. 11, 1137–1144.

Secondin, L., Maso, S., Trevisan, A., 1999. Different effects of (CIS þ TRANS)
1,3-dichloropropene in renal cortical slices derived from male and female rats.
Hum. Exp. Toxicol. 18, 106–110.

Stebbins, K.E., Quast, J.F., Haut, K.T., Stott, W.T., 1999. Subchronic and chronic
toxicity of ingested 1,3-dichloropropene in dogs. Regul. Toxicol. Pharmacol. 30,
233–243.

Stott, W.T., Gollapudi, B.B., Rao, K.S., 2001. Mammalian toxicity of 1,3-dichlor-
opropene. Rev. Environ. Contam. Toxicol. 168, 1–42.

Winn, R.N., Norris, M.B., Lothenbach, D., Flynn, K., Hammermeister, D., Whiteman, F.,
Sheedy, B., Johnson, R., 2006. Sub-chronic exposure to 1,1-dichloropropene
induces frameshift mutations in lambda transgenic medaka. Mutat. Res.
595, 52–59.
Relevant Websites

http://ehp.niehs.nih.gov/roc/tenth/profiles/s067dich.pdf.
www.epa.gov/oppsrrd1/REDs/factsheets/0328fact.pdf.



Dichlorvos
S Karanth, Charles River Laboratories, Reno, NV, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Nikita Mirajkar and Carey N. Pope, volume 2, pp 13–15, � 2005, Elsevier Inc.
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l Chemical Structure:
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Background

Dichlorvos (DDVP) was first registered for use in 1948. The US
Environmental Protection Agency (EPA) initiated special
review in 1988 for carcinogenicity and liver effects and then
proposed cancellation of its uses on some products in 1995;
however, it is widely used in several developing countries.
DDVP is sold under the trade names Apavap�, Vaponite�,
Vapona�, and Verdisol�.
Uses

DDVP is mainly used as a fumigant in the control of insects in
closed spaces (e.g., warehouses, greenhouses, animal shelters,
homes, and restaurants). It is available in oil solutions,
emulsifiable concentrates, aerosols, and baits. Therapeutically,
DDVP is used as a broad-spectrum anthelmintic (for destroy-
ing or expelling intestinal worms). It is also used as a feed
through larvicide to control botfly larvae in the manure. It is
primarily used for insect control. DDVP is also a breakdown
product of the organophosphorus pesticide trichlorfon
(metrifonate).
Environmental Fate and Behavior

DDVP undergoes hydrolysis and biodegradation, and its
degradation in soil depends on pH, with more rapid break-
down under alkaline conditions. In soil, DDVP is generally not
active, and has low persistence, with a half-life of 7 days. In
general, it is not absorbed from the soil by plants. It adsorbs
very poorly to soil particles and is soluble in water, in which it
degrades primarily by hydrolysis.
Exposure and Exposure Monitoring

Because of its high volatility, the most common route of
DDVP exposure is via inhalation. DDVP has been detected at
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very low concentrations in outdoor air; however, higher
concentrations have been detected at indoor air due its use as
a fumigant pesticide in homes or during occupational
exposures in manufacturing and production facilities. The
half-life of DDVP in the atmosphere is estimated to be less
than 2 days.
Toxicokinetics

DDVP is rapidly metabolized and excreted in mammals. While
DDVP vapor is primarily absorbed through the respiratory
route, it can also be absorbed through the oral and dermal
routes. Following oral exposure, DDVP is rapidly detoxified in
the liver. Metabolites include O,O0-dimethyl phosphate,
monomethyl phosphate, O-methyl-O-2,2-dichlorovinyl
phosphate (desmethyldichlorvos), and inorganic phosphate.
It is not stored in tissues, it does not accumulate in secretions
(e.g., milk), and it is below detection levels in the blood of
various species at exposure levels in excess of 10 times those
effective for insect control. DDVP is rapidly metabolized and
excreted by mammals following any route of exposure. Des-
methyldichlorvos and dimethylphosphate are rapidly excreted
or further metabolized. The glucuronide conjugate of
dichloroethanol is excreted in the feces. Species differences
in elimination are common. For example, following oral
administration, the cow eliminates approximately 50%
through the feces, whereas the rat excretes only about 3% via
the feces.
Mechanism of Toxicity

DDVP is a direct inhibitor of cholinesterases and, therefore, it
does not require bioactivation. The toxicity of DDVP is due to
inhibition of acetylcholinesterase (AChE) and the signs of
toxicity are generally similar to those caused by other organo-
phosphorus insecticides. It elicits toxicity by inhibiting the
enzyme AChE in the cholinergic synapse. AChE inhibition
leads to overstimulation of cholinergic receptors on post-
synaptic neurons, muscle cells, and/or end organs and conse-
quent signs and symptoms of cholinergic toxicity. With
inhalation exposures, airway AChE inhibition is possible in the
absence of significant blood enzyme inhibition. At high doses,
DDVP may cause hyperglycemia and abnormal glucose
tolerance.
Acute and Short-Term Toxicity

Animal

DDVP is of moderately toxic with an acute oral LD50 in rodents
from 50 to 150 mg kg�1. While the in vitro potency for inhib-
iting mammalian brain AChE is similar between DDVP and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00131-7
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paraoxon (i.e., the active metabolite of parathion), the acute
LD50 values for these agents are considerably different, due in
part to the more rapid metabolism and elimination of DDVP.
Acute doses of DDVP were found to be a mild skin and eye
irritant in rabbits.
Human

Inhalation, dermal, or oral exposure to DDVP can result in
systemic toxicity through inhibition of AChE. Symptoms of
acute exposure to DDVP may include blurred vision, nausea,
headache, and shortness of breath. Persons with reduced lung
function, convulsive disorders, liver disorders, or recent expo-
sure to cholinesterase inhibitors are at increased risk of expo-
sure to DDVP.
Chronic Toxicity

Animal

Studies have shown that laboratory rats can tolerate dietary
doses as high as 62.5 mg kg�1 day�1 for 90 days with no visible
signs of illness, while a dietary level of 0.25 mg kg�1 day�1 for
only 4 days produced a reduction in cholinesterase levels.
Experimental studies suggest that relatively high exposures may
produce delayed neurotoxicity, whereas the dibutyl analog is
capable of inducing delayed neurotoxicity at relatively low
doses.
Human

In humans, the plasma cholinesterase appears more sensitive
than erythrocyte cholinesterase to inhibition by DDVP; thus,
discrimination between these two activities may be warranted
during assessment of exposures. Symptoms of chronic expo-
sure to DDVP are similar to those of acute exposure, in addition
to which there could be tension, insomnia, loss of appetite,
apathy, trembling, and confusion.
Immunotoxicity

Sufficient data are not available on the immunotoxicity
potential of DDVP.
Reproductive Toxicity

A three-generation reproduction study in rats was negative at
doses up to 235 mg kg�1 in the diet, and DDVP was not found
to be teratogenic in mice, rats, and rabbits at doses that caused
maternal toxicity.
Genotoxicity

In vivo genotoxicity assays using a range of cell types and
endpoints have shown no convincing evidence that DDVP has
significant genotoxic activity in vivo under exposure conditions
relevant to potential human exposures.
Carcinogenicity

Oral toxicity studies in rodents have shown forestomach
tumors, leukemias, and pancreatic acinar adenomas, and based
on these results, DDVP is classified as a probable human
carcinogen by the oral route by US EPA Integrated Risk Infor-
mation System (IRIS). The World Health Organization Inter-
national Agency for Research on Cancer classifies DDVP as
possibly carcinogenic (Group 2B).
Clinical Management

General decontamination procedures should be initiated in
case of DDVP exposure. In case of eye exposure, the eyes should
be flushed with water repeatedly for several minutes. For
exposure to skin, affected areas should be washed immediately
with soap and water. The victim should receive medical
attention if irritation develops and persists. For exposure
through inhalation, the victim should be removed to fresh air
and, if not breathing, given artificial ventilation, and the victim
should receive medical treatment as soon as possible. First aid
for ingestion victims would be to induce vomiting, keeping in
mind the possibility of aspiration of solvents. Gastric decon-
tamination should be performed within 30 min of ingestion to
be most effective. Initial management of acute toxicity is
establishment and maintenance of adequate airway and
ventilation.

Atropine sulfate in conjunction with pralidoxime chloride
can be administered as an antidote. Atropine treatment should
be initiated immediately to counteract muscarinic effects.
Atropine (adults and children >12 years: 2–4 mg; children
<12 years: 0.05–0.1 mg) treatment should be repeated every
15 min until oral and bronchial secretions are controlled and
atropinization is achieved. The duration and dosage of atropine
treatment should be slowly reduced as the condition of the
patient improves. Pralidoxime should be administered slowly
at the recommended dosage (adults and children>12 years: 1–
2 g; children <12 years: 20–50 mg by IV infusion in 100 ml
saline at w0.2 g min�1). This dosage can be repeated every 1–
2 h intervals initially and at 10–12 h intervals later depending
on the condition of the patient. If lavage is performed, endo-
tracheal and/or esophageal control is suggested.
Ecotoxicology

DDVP is highly toxic to aquatic invertebrates and bees, and
moderately toxic to fish. However, in the presence of UV light,
toxicity of DDVP to aquatic organisms can be increased
5–150-fold. It is low to moderately toxic to birds and
mammals. DDVP can be hazardous to endangered species.
Exposure Standards and Guidelines

Chronic dietary Reference dose (US EPA) ¼ 0.0005 mg kg�1

day�1.
Acceptable daily intake (World Health Organization) ¼ 0–

0.004 mg kg�1 body weight.
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See also: Acetylcholine; Atropine; Cholinesterase Inhibition;
Food Quality Protection Act; Neurotoxicity; Organophosphorus
Compounds; Pesticides; Trichlorfon.
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Background

l Chemical Abstracts Service Registry Number: CAS 60-57-1
l RTECS Registry Number: IO1750000
l Chemical Name: 1,2,3,4,10,10-Hexachloro-6,7-epoxy-1,4,4a,

5,6,7,8,8a-octahydro-1,4-endo,exo-5,8-dimethanonaphthalene,
abbreviated HEOD

l Molecular Formula: C12H8Cl6O
l Relative Molecular Mass: 380.91
l Chemical Structure:
l Registered Trade Names: Alvit; Dieldrix; Octalox; Quintox;
Red Shield

l Chemical/Pharmaceutical/OtherClass:Organochlorine insec -
ticide
Uses

Dieldrin was produced as an insecticide from the 1950s to
1970, and was widely used as pesticide for corn, cotton, and
citrus crops. Dieldrin was also used for mothproofing clothes
and carpets. In 1970, the US Department of Agriculture
canceled all uses of dieldrin. However, the US Environmental
Protection Agency (USEPA) approved the use of dieldrin as
a prophylactic treatment for timber against termite infestation
from 1972 to 1987. In 1987, dieldrin was banned for all uses,
and the manufacturer voluntarily canceled the registration for
use in controlling termites.
Environmental Fate and Behavior

Relevant Physicochemical Properties

Dieldrin is a crystalline solid with a melting point of
176–177 �C. It has a vapor pressure of 5.89� 10�6 mm Hg at
25 �C, a log organic carbon partition coefficient of 6.67, and is
practically insoluble in water (0.110mg l�1 at 20 �C). Dieldrin
has a log octanol–water partition coefficient of 6.2 and
a density of 1.75 g cc�1 at 20 �C.
Partition Behavior in Water, Sediment, and Soil

Consistent with its intended use on insects in soil, dieldrin is
not very water soluble. However, dieldrin readily binds to
sediment, but rarely leaches into deeper soil layers and
groundwater. It takes decades to break down in the
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environment, and past agricultural uses of dieldrin have
resulted in persisting soil residues and uptake in a wide range of
crops.
Environmental Persistence

The half-life of dieldrin in temperate soils is approximately
5 years, while it degrades faster (up to 90% in 1 month) from
tropical soils.
Long-Range Transport

Dieldrin may be volatilized from sediment and redistributed
by air currents, contaminating areas far from their sources.
Nationally, levels of dieldrin have declined since agricultural
uses were discontinued.
Bioaccumulation and Biomagnification

Dieldrin readily bioaccumulates in terrestrial and aquatic
organisms. Biomagnification factors ranging from 2.2 (in
rainbow trout) to 16 (in herring gulls) have been reported for
dieldrin. Bioconcentration factors for dieldrin in various
aquatic organisms range from 400 to 68 000, indicating that
dieldrin shows moderate to significant bioaccumulation in
various aquatic species.
Exposure and Exposure Monitoring

Routes and Pathways

The primary route of exposure to dieldrin by the general public
is dietary intake. Since dieldrin is no longer used throughout
most, if not all, of the world, inhalation exposure during
application is not a significant source of exposure for the
general public. Drinking water exposure is also not a significant
source of exposure for the general public.
Human Exposure

During the period of 1965–70, the US dietary intake was
reported to be �80 ng dieldrin per kg per day. Since 1970,
the use of dieldrin on food has been cancelled, and die-
tary intake has decreased. In 1988, on the basis of total
diet analyses, daily intake of dieldrin in adults in the
United States was estimated at �5 ng kg�1 day�1; a slightly
higher daily intake of �11 ng kg�1 day�1 was estimated for
infants.

In the Centers for Disease Control and Prevention’s Fourth
National Report on Human Exposure to Environmental
Chemicals, for sample years 2001–02, the 95th percentile value
for blood levels of dieldrin was 20.3 ng g�1 (lipid adjusted;
limit of detection¼ 10.5 ng g�1 lipid adjusted) and the 90th
percentile value was 15.3 ng g�1 for the 2159 individuals
4-3.00132-9 107
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sampled. For 2003–04, the 95th percentile value for blood
levels of dieldrin was 19.0 ng g�1 (lipid adjusted; limit of
detection¼ 7.8 ng g�1 lipid adjusted) and the 90th percentile
value was 14.4 ng g�1 for the 1952 individuals sampled.
Environmental Exposure

Regarding exposure of the general population through inha-
lation of contaminated air, air samples from several states
collected in 1970–72 revealed mean ambient concentrations
of 1.6 ngm�3 for dieldrin. In 1972, the estimated US average
daily intake of dieldrin plus its precursor, aldrin, from the
atmosphere was approximately 0.6 ng kg�1 body weight.

The main source of general population oral exposure
to aldrin and dieldrin is through the diet. In an FDA
Total Diet study conducted in 1982–84, mean dietary intake
of dieldrin in the United States was 0.5 mg day�1

(0.007 mg kg�1 day�1 assuming a 70-kg body weight), which
is approximately seven times lower than the dieldrin chronic
oral Minimal Risk Level (MRL).
Toxicokinetics

Dieldrin is absorbed via inhalation, oral, and dermal expo-
sure, though data are insufficient to estimate the current rate
and extent of uptake in humans. In mammals, two major
metabolism routes of dieldrin seem to be predominant: (1)
direct oxidation by cytochrome oxidases, resulting in
9-hydroxydieldrin and (2) the opening of the epoxide ring
by epoxide hydrases, resulting in 6,7-trans-dihydroxydihy-
droaldrin. Dieldrin is also hydroxylated to 9-hydroxydihy-
droaldrin by liver microsomal monooxygenases in rats.
Metabolism of dieldrin is three to four times more rapid in
male than in female rats, and species differences in rates of
metabolism have been observed in rats and mice. Oxidative
metabolites of dieldrin are conjugated as glucuronides and
excreted via urinary and biliary excretion. Dieldrin tends to
bioaccumulate in adipose tissue and can pass though the
placental barrier.
Mechanism of Toxicity

Dieldrin is a competitive inhibitor of binding to the
gamma-aminobutyric acid (GABA) receptor t-butylbicyclo-
phosphorothionate (TBPS) binding site and blocks the chlo-
ride channel in the GABAA-receptor complex. This leads to
stimulation of the central nervous system (CNS) causing
hyperexcitation and generalized seizures in humans at
high concentrations (120mg kg�1 in accidental exposure
scenarios).
Acute and Short-Term Toxicity

The main and best documented effect of acute high-level
exposure to dieldrin in humans is CNS excitation culminating
in convulsions. CNS stimulation is the cause of death in acute
poisoning.
No studies were located regarding endocrine, gastrointes-
tinal, musculoskeletal, ocular, or renal effects in humans or
animals after inhalation, oral, or dermal exposure to dieldrin.

Although a slight increase in serum hepatic enzymes (serum
alanine aminotransferase (ALT) and serum aspartate amino-
transferase (AST)) has been observed to correlate with serum
dieldrin levels in one study of pesticide-exposed workers, no
evidence of any hepatic effects of dieldrin exposure have been
observed in other studies of workers involved in either the
manufacture or the application of this pesticide.

Oral LD50 values for single doses of dieldrin range from 25
to 168mg kg�1 depending on species, age, and sex of the
animal.
Chronic Toxicity

Longer term exposure of humans in occupational settings has
also been associated with CNS intoxication, but other toxic
effects in workers routinely exposed to this pesticide have not
been conclusively established. A few case reports have attrib-
uted liver and kidney toxicity and hemolytic anemia to oral
exposure to dieldrin, but these effects were not observed in
larger occupational studies, suggesting that they are likely to be
quite rare.
Immunotoxicity

Limited data exist regarding dieldrin immunotoxicity in
humans. Two case reports suggest immunohemolytic anemia
resulted from dieldrin exposure in humans. A number of
studies in mice have reported immunosuppression by dieldrin.
Mice given a single oral dose (18mg kg�1) experienced an
increase in lethality from mouse hepatitis virus strain 3 and a
decrease in the antigenic response to the virus. Mice fed doses
as low as 0.13mg kg�1 day�1 dieldrin in the diet for 10 weeks
experienced an increase in lethality from Plasmodium berghei or
Leishmania tropica infections, as well as a decrease in tumor cell
killing ability. Decreases in antigen processing by alveolar
macrophages, decreases in splenic and alveolar macrophages,
depression of Kupffer cell antigen processing and depression of
peritoneal macrophage antigen processing have also been
observed in experiments with dieldrin in mice.
Reproductive Toxicity

While dieldrin has been detected in the placenta, amniotic
fluid, and in fetal blood, it has not been shown to cause
reproductive or developmental effects in humans. Decreased
fertility was observed in some animal studies at doses as low as
0.125mg dieldrin per kg per day administered orally. Repro-
ductive effects observed in vitro included inhibition of
5a-dihydrotestosterone binding to a protein fraction of the
prostrate.

Developmental effects of dieldrin have not been studied in
humans, though effects (external malformations, skeletal
anomalies, cleft palate, webbed foot, open eye) in mice and
hamsters occurred after exposure to >15mg kg�1. However,
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some developmental studies have failed to find these effects.
Decreased postnatal survival has also been observed in
offspring in a three-generation study in rats at doses as low as
0.125mg dieldrin per kg per day. Maternal mortality was not
seen in this study at this level. A similar decrease in postnatal
survival has also been seen in mice and dogs.
Genotoxicity

Dieldrin yielded mixed results in genotoxicity assays. It caused
chromosomal aberrations in mouse cells and in human lym-
phoblastoid cells, forward mutations in Chinese hamster V79
cells and unscheduled DNA synthesis in the rat. However, it
gave negative results in assays for gene conversion and back
mutation in yeast, as well as in assays for forward mutations in
Escherichia coli. Dieldrin also gave negative responses in reverse
mutation assays with six strains of Salmonella typhimurium with
or without metabolic activation in multiple studies, though
one study found positive responses.
Carcinogenicity

The International Agency for Research on Cancer (IARC) cate-
gorizes dieldrin as a Group 3 chemical – unclassifiable as to
human carcinogenic potential. The US Environmental Protec-
tion Agency (USEPA) classifies dieldrin as a probable human
carcinogen (B2), because of its carcinogenicity in mice.
However, the human relevance of the murine data is ques-
tionable. The available data indicate that dieldrin does not act
directly on DNA, but induces a carcinogenic response through
nongenotoxic mechanisms.

Retrospective cohort mortality studies, which have been
updated several times, have been conducted with workers at
two dieldrin manufacturing sites: one in Colorado (USA) and
one in the Netherlands. Cancer mortality findings from these
studies are inconclusive. Three epidemiology studies, which
verified dieldrin exposure through blood sampling, found
equivocal evidence for an association between dieldrin and
breast cancer.

Cancer bioassays in seven strains of mice have shown an
increase in the incidence of hepatocellular adenoma and/or
carcinomas with chronic exposure. Cancer bioassays in rats and
hamsters have produced mostly negative results, though some
of these studies had severe limitations. Dieldrin appears to act
as a liver tumor promoter in mice, inducing significant
increases in the number, volume, and DNA labeling index of
diethylnitrosamine-induced preneoplastic foci.
Clinical Management

Medical treatment in the case of exposure is symptomatic and
supportive. Convulsions and hypoxia are the symptoms most
likely to be observed. If dieldrin is ingested, careful gastric
lavage is recommended, being careful to avoid aspiration into
the lungs. If not in a hospital setting, vomiting should be
immediately induced, followed by administration of acti-
vated charcoal and magnesium or sodium sulfate. Milk is
contraindicated.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Dieldrin acute toxicity varies widely in aquatic species, ranging
from Daphnia species (magna, pulex, and cucullata) being
described as ‘relatively insensitive’ to fish species (mosquito
fish, bluegill, rainbow trout, medaka, flathead minnow, etc.)
being described as ‘very sensitive.’ As dieldrin was manufac-
tured as an insecticide, sediment-dwelling aquatic micro-
invertebrates (insects, e.g., midges) are very sensitive to
dieldrin. In species that are particularly sensitive to dieldrin, the
differences between concentrations causing acute lethality and
chronic toxicity are small, with acute–chronic ratios ranging
from 2.4 to 12.8 for three species. Bioconcentration factors for
dieldrin range from 400 to 68 000 in various aquatic species,
indicating that dieldrin will show moderate to significant bio-
accumulation in various aquatic species. Biota-to-sediment
accumulation factors in bivalves are reported to range from
1.12 to 7.13.
Marine Organism Toxicity

Marine mammals have historically exhibited high bio-
magnifications factors for dieldrin. As would be expected, fatty
tissues such as blubber, liver, brain, and milk fats contain
higher concentrations than other tissues. Dieldrin has been
found to be a risk factor for hepatic lesions in marine bottom
dwelling fish species.
Terrestrial Organism Toxicity

Lethality in herons, Caspian Terns, and White Ibis chicks has
been attributed to dieldrin. American Kestrels fed a diet of
3 mg g�1 dieldrin in feed exhibited a reduction of egg shell
thickness of 4.8–5%. Significant levels of dieldrin and other
organochlorine pesticides have been linked to decreases in
hatching success rate in ospreys. Dieldrin has been shown
to bioaccumulate in Red-winged Blackbirds and tree swallows.
Amphibians, including snapping turtles, alligators, and frogs,
have been shown to bioaccumulate dieldrin, as have mink.
Dieldrin has also been implicated in reduced phallus size
and sex reversal in alligators and in red snapping turtles,
respectively.
Other Hazards

Dieldrin is not explosive and does not have a flash-point.
Exposure Standards and Guidelines

The USEPA has developed an oral reference dose of
0.00005mg kg�1 day�1 for dieldrin, which was last revised in
1990. The USEPA has also developed an oral slope factor of
16 mg kg�1 day�1 and a drinking water unit risk factor of
0.00046 mg l�1 day�1, which was last revised in 1993. The
USEPA has not developed a drinking water Maximum
Contaminant Level and Maximum Contaminant Level Goal for
dieldrin. However, USEPA has a 10-day drinking water health
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advisory level of 0.5 mg l�1 and a lifetime drinking water health
advisory level of 0.002 mg l�1 for dieldrin. The Agency for Toxic
Substances and Disease Registry (ATSDR) developed an acute
oral MRL of 0.002mg kg�1 day�1 and a chronic oral MRL
of 0.00003mg kg�1 day�1 for dieldrin in 2002. The American
Conference of Governmental Industrial Hygienists (ACGIH)
set a threshold limit value as an 8 h time-weighted average of
0.25mgm�3 in 1996 and gave it a ‘skin’ notation, meaning
dieldrin can be absorbed in toxicologically relevant amounts
through the skin. The ACGIH gave dieldrin an A4 carcinoge-
nicity classification, not classifiable as a human carcinogen. The
Occupational Safety and Health Administration also has 8 h
time-weighted permissible exposure limit of 0.25mgm�3 and
a ‘skin’ notation, last reviewed in 1998. The National Institute
for Occupational Safety and Health has a recommended
exposure limit of 0.25mgm�3 as a 10 h time-weighted average
and a ‘skin’ notation and an immediately dangerous to life or
health level of 50mgm�3, both of which were last reviewed
in 2010.
Miscellaneous

Aldrin was manufactured by the Diels–Alder condensation of
hexachlorocyclopentadiene with bicyclo(2.2.1)-2,5-heptadiene.
Dieldrin was manufactured by the epoxidation of aldrin,
using either peracid or hydrogen peroxide, and a tungstic oxide
catalyst.

See also: Neurotoxicity; Organochlorine Insecticides;
Resistance to Toxicants.
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l
 Name: Diesel Exhaust
l Synonyms: Diesel engine emissions, Diesel particulate,

Diesel engine exhaust, Diesel particulate matter
Background

Diesel exhaust is the exhaust gas of a diesel engine. Diesel exhaust
is not a singular substance, but a complex mixture of gases and
particulatematter, the compositionofwhich varies dependingon
the type of engine (e.g., heavy versus light duty), operating
conditions (e.g., temperature, pressure, engine speed), lubricating
oil, additives, emission control systems, and fuel composition
(e.g., high sulfur versus low sulfur fuel). There are also emission
differences between on-road and non-road engines, and between
older and more modern engines because of difference in tech-
nology between the two. These differences in emission affect
toxicity, and adverse health effects associated with older diesel
engine emissions may differ substantially from that of modern
diesel emissions. The major components of diesel exhaust
include carbon dioxide, carbon monoxide, nitric oxide, nitrogen
dioxide, sulfur oxides, and particulates, whereas minor compo-
nents include hydrocarbons (e.g., acrolein, formaldehyde, acet-
aldehyde, benzene, 1,3-butadiene, chlorobenzene, ethyl
benzene, phenol, styrene, toluene, xylenes, and polynuclear
aromatic hydrocarbons [PAHs]) andmetals ormetal compounds
(e.g., arsenic, beryllium compounds, cadmium, cobalt
compounds, inorganic lead, manganese compounds, mercury
compounds, chromium compounds, nickel). More than 90% of
diesel exhaust particulates have diameters <1mm, with organic
and elemental carbon making up w80% of the total particular
matter mass; the remainder is composed mainly of sulfuric acid.
Because of their large and irregular surfaces, particulates of diesel
exhaust can adsorb large amounts of organic materials (e.g.,
PAHs) from the environment or from the engine exhaust itself.
The adsorbed components of diesel exhaust particulate impact
the toxic responses of the inhaled diesel particulate. The organic-
extractable fraction of diesel exhaust particulates is in the range of
20–30%, but may be as high as 90% depending on conditions
(e.g., operating conditions, engine type).
Uses

Diesel exhaust, as a whole, has no known uses. Individual
components (e.g., PAHs) that make up diesel exhaust may have
additional uses, but they are not discussed here.
Environmental Fate and Behavior

Upon release to the atmosphere, diesel exhaust undergoes
dilution and chemical and physical transformations. The
atmospheric lifetime of compounds present in diesel exhaust
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
ranges from hours to days. There are limited data concerning
the physical and chemical transformations of diesel exhaust in
the atmosphere, and the toxicological consequence of these
transformations is unclear because some of the compounds in
diesel exhaust may be changed to more toxic compounds,
whereas others to less toxic compounds.
Exposure and Exposure Monitoring

Exposure to diesel exhaust is widespread in the modern world,
and particularly so in occupational environments in which
diesel engine machinery is used. The primary route of exposure
is via inhalation, but incidental ingestion following deposition
on soil or vegetation is possible. Although diesel particulate
matter has historically been used as a marker of exposure to
diesel exhaust, uncertainty exists as to whether this parameter is
the most appropriate measure when assessing possible human
health effects of diesel exhaust. Substances associated with
diesel exhaust (e.g., particulates, hydrocarbons, metals) are not
unique to diesel engine emissions; thus, their occurrence in the
environment is not necessarily a measure of exposure to diesel
engine emissions.
Toxicokinetics

Clearance of diesel particulate matter from the alveolar region
of the lung varies from approximately 2 months in the rat to
almost 1 year in humans. The slower particle clearance rates in
humans may result in greater extraction of adsorbed organic
chemicals (e.g., PAHs). Exposure to high concentrations of
diesel exhaust in experimental animals may result in lung
particle overload, characterized by slowed particle clearance,
lung tissue inflammation, lung pathology, and eventually
a tumorigenic response. Although biological fluids are rela-
tively ineffective in extracting organic chemicals adsorbed to
the surface of diesel particulates, macrophage phagocytosis
appears to be capable of doing so, with a fraction of the
organics being eluted within hours and the more tightly bound
fraction eluted with a half-life of approximately 1 month.
Elution rates of organic chemicals from the surface of particu-
late matter are generally more rapid than particle clearance
rates; thus, most of the organic fraction of diesel particulate
matter is assumed to be bioavailable.
Mechanism of Toxicity

Studies conducted in experimental animals, wherein noncancer
health effects from exposure to whole diesel exhaust are
compared with that arising from exposure to filtered diesel
exhaust (free of diesel particulate matter), demonstrate that
diesel particulate is the primary toxicological component of
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diesel exhaust. Studies in experiment animals also provide
support that the mechanism by which diesel exhaust causes
adverse effects in the lung is analogous to that of other rela-
tively inert particles. The tumorigenic response seen in experi-
mental animals exposed to high concentrations of diesel
exhaust may be caused by a lung particle overload induced
inflammatory response because lung tumors were not observed
under non-particle-overload (noninflammatory) conditions.
Whether or not the animal studies demonstrate a threshold for
lung cancer is controversial because these studies may lack
sufficient sensitivity to determine if a threshold exists.

In humans, diesel exhaust particulate is also believed to be
responsible for lung cancer seen in exposed workers because
the particles are small enough to be able to reach the alveolar
region of the lung and because mutagenic and carcinogenic
chemicals (e.g., PAHs) have been extracted from these parti-
cles with organic solvents or a lipid component of mamma-
lian lung surfactant. Studies in experimental animals
(specifically, inhalation studies in rats) further support the
role of diesel particulate in the etiology of lung cancer in
exposed workers.
Acute and Short-Term Toxicity

Animal

Adverse effects in experimental animals as a result of acute
exposure to diesel exhaust are primarily the result of the
gaseous components (e.g., carbon monoxide, nitrogen
dioxide, aliphatic aldehydes) of the exhaust. Rats experience
minimal lung function impairment even at levels of exposure
to diesel exhaust associated with histological and cytological
changes in the lung. Short-term and chronic exposure studies
suggest that the toxic effects in animals are related to high
concentrations of particulate matter in the lungs. Effects in the
lung seen in laboratory animals following short-term expo-
sure to diesel exhaust include accumulation of particles in the
lungs, increase lung weight, increase in leukocytes and
macrophages, alveolar epithelium hyperplasia, and thick-
ening of the alveolar septa.
Human

Symptoms of acute human exposure to concentrations of diesel
exhaust above ambient environmental concentrations include
irritation of the eyes, nose, throat, and respiratory tract as
evidenced by early induction of an inflammation response in
healthy adults. Chest tightness, cough, phlegm, and wheezing
may occur. Neurophysiological symptoms include headache,
lightheadedness, nausea, heartburn, vomiting, weakness, and
tingling of the extremities. Exposure to diesel exhaust has been
associated with nausea, headaches, loss of appetite, exacerba-
tion of allergenic responses to known allergens, and asthma-
like symptoms. Studies conducted in workers indicated that
exposure to diesel exhaust can cause reversible changes in
pulmonary function, although it is not possible at this time to
relate these changes to specific exposure levels because of the
lack of adequate exposure-response information. Exposure to
diesel exhaust has been associated with acute coronary
syndrome and other thrombotic effects.
Chronic Toxicity

Animal

In experimental animals (e.g., rats, mice, hamsters, monkeys)
chronic inhalation exposure to diesel exhaust causes dose-
dependent inflammation and histopathological changes in the
lung. Changes observed in the lungs of experimental animals
exposed to diesel exhaust include accumulation of particles in
the lungs, increased lung weight, increased in the number of
macrophages and leukocytes, hyperplasia of alveolar epithe-
lium, and thickening of alveolar septa. A decreased resistance to
respiratory tract infections has been observed in mice exposed
to diesel exhaust. There are some data indicating that exposure
to diesel exhaust is associated with an alteration in liver
structure and function. In guinea pigs, acute exposure to diesel
particulate matter caused a negative inotropic effect, arrhyth-
mias, and sudden cardiac death.
Human

There are insufficient data in humans to adequately evaluate
whether exposure to diesel exhaust is associated with long-term
noncancerous adverse health effects. Studies that examined
whether pulmonary function or the prevalence of respiratory
symptoms (e.g., dyspnea, cough, sputum production) differed
between diesel exhaust-exposed and -unexposed workers have
yielded conflicting results. Based on data from experimental
animal studies, chronic exposure to diesel exhaust may cause
long-term adverse effects in the human respiratory system.
Immunotoxicity

There was no effect on the number of B and T lymphocytes, null
cells isolated from the tracheobronchial lymphnodes, spleen and
blood, or cell viability in guinea pigs exposed to diesel particulate
matter for up to 8 weeks. Likewise, no effect on humoral or
cellular immunity was observed in rats exposed to diesel partic-
ulate matter for up to 2 years. Studies in mice indicate that daily
exposure to diesel exhaust can enhance allergen-related respira-
tory diseases such as allergic asthma, airwayhyperresponsiveness,
and airway inflammation. Noninhalation exposure studies in
laboratory animals and in vitro cell systems derived from animals
indicate that diesel particulate matter can cause both inflamma-
tory and immunological changes and that these effects are related
to both the particulate matter itself and the adsorbed organics.
Reproductive Toxicity

Exposure to diesel particulate matter was not associated with
teratogenicity, embryotoxicity, fetotoxicity, or female repro-
ductive effects in mice, rats, and rabbits. Exposure to high doses
of diesel particulate matter caused adverse effects on sperm
morphology and number in mice and hamsters but not in
monkeys. Diesel particulate matter was not associated with
adverse effect on male rat reproductive fertility. The United
States Environmental Protection Agency has concluded that
based on the data, diesel exhaust does not appear to be
a reproductive or developmental hazard.
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Genotoxicity

Prolonged exposure to diesel exhaust is associated with DNA
adduct formation in rats and protein adduct formation in rats
and hamsters. Sister chromatid exchanges (SCE), but not germ-
cell mutations, micronuclei, or dominant lethal mutations,
were observed in rodents exposed to whole diesel exhaust.
Whole diesel exhaust induced micronuclei but not SCE or
structural aberrations in the bone marrow of male Chinese
hamsters exposed for 6 months; neither micronuclei nor
structural aberrations were increased in the bone marrow of
female Swiss mice. Whole diesel exhaust did not cause sex-
linked recessive lethal mutations in Drosophila melanogaster.
Diesel exhaust particulates or their extracts were associated with
somatic gene mutations and SCE in rodents in vivo but did not
induce micronuclei; they were also associated with cell trans-
formations, SCE, gene mutations, and DNA damage in rodent
cells in vitro and inhibition of intercellular communication.
Diesel exhaust particulate or their extracts induced mutations
and DNA damage in Salmonella typhimurium.

Exposure to diesel exhaust was associated with an
increased frequency of DNA adducts in lymphocytes of bus
maintenance and truck terminal workers. Exposure to diesel
exhaust was also associated with a statistically significant
increase in the levels of lymphocyte DNA adducts, hydrox-
yvaline adducts in hemoglobin, and 1-hydroxypryene in urine
of garage workers. Whole diesel exhaust induced SCE in
cultured human cells. Likewise, diesel exhaust particulate or
their extracts caused chromosomal aberrations, SCE, and gene
mutations in cultured human cells.
Carcinogenicity

In rats, exposure to whole diesel exhaust via inhalation caused
benign (adenoma) and malignant (adenocarcinoma and
squamous cell carcinoma) lung tumors. Because cancer of the
lung was not observed in animals exposed to the filtered
vapor phase of diesel exhaust, it is believed that the positive
lung cancer finding in rats is caused by the particulate
component of the whole diesel exhaust. The evidence for lung
tumors in other commonly used experimental animals (e.g.,
mice) following inhalational exposure to diesel exhaust or
diesel exhaust particulate is equivocal and for the most part
negative. Solvent extracts of diesel exhaust particulates caused
benign and malignant skin tumors when dermally applied to
male and female mice. Likewise, benign (adenoma) and
malignant (adenocarcinoma and squamous cell carcinoma)
lung tumors were observed in female rats following implan-
tation of wax pellets containing solvent extracts of diesel
exhaust particulates. Although whole diesel exhaust caused
lung cancer in rats, the relevance of this finding to humans is
uncertain, given that (1) the response in rats to diesel exhaust
does not differ from that seen with other inhaled particulates;
(2) the bioavailability of chemicals adsorbed to diesel
particulate is not known; and (3) the response in rats is
considered to result from an overload of particles in the lung
resulting from the high exposure level used in these studies,
and such an overload is not expected to occur in humans at
environmental exposure levels.
In some but not all studies, occupational exposure (partic-
ularly construction and transportation) to diesel exhaust has
been associated with a small (e.g., relative risks generally in the
range of 1.2–1.5, with a few studies showing overall relative
risks as high as 2.6) but statistically significant increased risk of
lung cancer. Although the evidence for an association between
occupational exposure to diesel exhaust and lung cancer is
considered to be strong, it is less than sufficient for diesel
exhaust to be considered as a known human carcinogen
because of the methodological limitations of the available
studies, including exposure uncertainties and an inability to
address all potential confounding factors. Some studies of
workers exposed to diesel exhaust have also reported increased
risks of cancer at other sites, in particular the urinary bladder,
but the evidence for cancer at these sites is less consistent than
that for lung cancer. Environmental (nonoccupational) expo-
sure to diesel exhaust and risk of lung cancer has not been
extensively studied.

Based on the available data, theNational Toxicology Program
(NTP) concluded that diesel exhaust is reasonably anticipated to
be a human carcinogen. Likewise, the United States Environ-
mental Protection Agency (USEPA) has concluded that diesel
exhaust is likely to be carcinogenic to humans. The International
Agency for Research onCancer (IARC) placed diesel exhaust is its
weight-of-evidence category Group 2A – probably carcinogenic
to humans – based on sufficient evidence for the carcinogenicity
of whole diesel exhaust and extracts of diesel exhaust in experi-
mental animals and limited evidence for carcinogenicity in
humans.
Clinical Management

There is no specific treatment of individuals exposed to diesel
exhaust. Adverse respiratory and cardiovascular events should
be treated by standard medical protocols.
Ecotoxicology

There are no data examining the ecotoxicity of diesel exhaust as
a unique substance. Individual components of diesel exhaust,
such as PAHs, may have adverse effects on ecological organisms
but are not discussed here.
Other Hazards

There are no other hazards associated with diesel exhaust.
Exposure Standards and Guidelines

There are currently no standards or guidelines for diesel exhaust
as a unique hazard.

See also: Great Smog of London; Aerosols; Donora: Air
Pollution Episode; Pollution, Air in Encyclopedia of Toxicology;
Polycyclic Aromatic Hydrocarbons (PAHs).
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l Name: Diesel fuel
l Chemical Abstracts Service Registry Numbers: 68334-30-5

(Diesel oil); 68476-34-6 (Diesel fuel no. 2)
l Synonyms: Diesel fuel (general); Auto diesel; Automotive

diesel oil; Diesel engine road vehicle; Diesel; Diesel fuel oil;
Gas oil; Diesel fuel no. 1, No. 1 diesel, Kerosene, Arctic
diesel, Diesel fuel oil no. 1, Diesel oil no. 1; Diesel fuel no.
2, Diesel fuel oil no. 2, Diesel oil no. 2; Diesel fuel no. 4,
Marine diesel fuel, Distillate marine diesel fuel

l Chemical/Pharmaceutical/Other Class: Hydrocarbon dis-
tillates. Complex mixture of aliphatic, olefinic, naphthenic
and aromatic hydrocarbons.

l Chemical Structure: Varies
l Molecular Formula: Varies
Background Information

Diesel fuel is a complex mixture produced by the fractional
distillation of crude oil at temperatures ranging from 200 �C
(392 �F) to 350 �C (662 �F). It consists of w64% aliphatic
hydrocarbons (carbon numbers predominantly in the range
of C9–C20), w35% aromatic hydrocarbons (including ben-
zene and polycyclic aromatic hydrocarbons), and w1–2%
olefinic hydrocarbons. It has a boiling point in the range
of w163–357 �C (325–675 �F). Diesel fuels are classified
according to the type of engine they are used to fuel and range
from 1-D (high speed, frequent load change engines) to 4-D
(low speed engines). This summary is limited to a discussion
of diesel fuel only and does not include a discussion of the
toxicity of the separate diesel fuel components (e.g., benzene,
toluene, xylene, polycyclic aromatic hydrocarbons) or
combustion products of diesel fuel.

Diesel fuel no. 1 is a straight-run middle distillate. It is an
oily liquid that is clear or yellow to red with a boiling range
consistent with that of kerosene. It contains branched-chain
alkanes (paraffins), cycloalkanes (naphthenes), aromatics, and
mixed aromatic cycloalkanes. The boiling point range of diesel
no. 1 largely eliminates the presence of benzene and polycyclic
aromatic hydrocarbons (PAHs). Kerosene contains less than
0.02% benzene and low levels of PAHs.

Diesel fuel no. 2 is a blend of straight-run and catalytically
cracked streams, including straight-run kerosene, straight-run
middle distillate, hydrodesulfurized middle distillate, and
light catalytically and thermally cracked distillates. Diesel fuel
no. 2 is similar in composition to fuel oil no. 2. Some of the
PAHs contained in fuel oil no. 2, and therefore probably
present in diesel fuel no. 2, include phenanthrene, fluo-
ranthene, pyrene, benz(a)anthracene, chrysene, and benzo(a)
pyrene.

Diesel fuel no. 4 is also called marine diesel fuel. It is the
most viscous of the diesel fuels and contains higher levels of
ash and sulfur compared to the other diesel fuels. Diesel fuel
no. 4 may contain more than 10% PAHs.
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Uses

Diesel fuel no. 1 is primarily used to fuel city buses. It is also
found in home heating fuel and is a component of some
solvents. Diesel fuel no. 2 is used to fuel railcars, trucks, and
boats. Diesel fuel no. 4 is used to fuel marine vessels.
Environmental Fate and Behavior

Fuel oil no. 2 is released to the environment during its produc-
tion, formulation, and use. Leaking storage tanks can also
contaminate soil and the water supply. Direct release to aquatic
environments occurs during its use in mosquito control as
a coating on breeding waters. If released into soil, fuel oil no. 2
will adsorb strongly to sediment. It may biodegrade in water
and soil or volatize from water (half-life of 4.4–4.8 h from
a model river) and moist soil surfaces, but adsorption may
attenuate the rate of these processes. In water, adsorption to
sediment is important. Bioconcentration in aquatic organisms
may be limited for the chief components due to metabolism. If
released to the atmosphere, photooxidation of vapor-phase
components of fuel oil no. 2 may occur. Certain bacteria and
fungi are known to metabolize and break down diesel fuel.
Exposure and Exposure Monitoring

The most common exposure pathway is dermal exposure from
handling during transfer, fueling, and repair of diesel-powered
vehicles. Although the constituents of diesel are not sufficiently
volatile for inhalation of vapors to be an exposure route of
concern, inhalation of diesel aerosols can occur. Ingestion of
diesel, often associated with aspiration into the lungs, can
occur as a result of accidental poisoning or suicide attempts.
Toxicokinetics

Since diesel fuel is a mixture of numerous individual
substances, absorption, metabolism, and excretion are very
complicated and have not been completely characterized.
Systemic effects following dermal and oral exposure and
inhalation of diesel aerosols have been demonstrated, indi-
cating that absorption can occur via all routes of exposure.

The alkanes, cycloalkanes, and aromatic compounds
present in diesel are lipophilic and tend to distribute to tissues
with higher adipose tissue content. The reversibility and short-
term nature of many effects observed during acute exposure
indicate that retention of the principal diesel fuel components
in body tissues is limited.

The alkanes and cycloalkanes in diesel fuel are generally not
readily metabolized, and are mostly excreted unchanged
through the lungs, with a very small fraction excreted in the
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urine. The aromatic constituents of diesel are subject to
oxidative metabolism and are typically excreted in the urine as
water-soluble metabolites. Dermal exposure of diesel fuel no. 2
in rats caused induction of cutaneous hydrocarbon hydroxylase
in rat skin microsomal preparations; it has been suggested that
cytochrome P-448 enzymes may play a role in the metabolism
of diesel fuels.
Mechanism of Toxicity

The mechanism of action for diesel fuels is not well charac-
terized due to the complexity of its petroleum hydrocarbon
mixture. The presence of additives that improve fuel combus-
tion or prevent microbial growth may contribute to toxicity.
Based on research conducted with individual components of
diesel fuels, the primary mechanism of action for central
nervous system (CNS) depression from diesel fuel is the
reversible, physical interaction of the aromatic and aliphatic
hydrocarbons with cell membranes. Renal toxicity is possibly
attributed to oxidative metabolites of some of the aromatic
constituents. Eye and skin injuries are attributable to direct
irritant action and the high lipid solubility that may dissolve
protective skin oils and allow penetration into the skin tissue.
The dermal carcinogenesis observed in rodents subjected to
chronic dermal exposure to diesel may be attributed to the
genotoxic activity of PAHs and the promoting activity of
repeated dermal injury. Pulmonary toxicity of diesel fuels is
thought to be caused by aspiration of the fuel into the lungs
rather than absorption from the gastrointestinal tract.
Acute and Short-Term Toxicity (or Exposure)

Animal

Diesel fuel has been demonstrated to have a low toxicity
in animals. The oral LD50 in rats ranges from 7500
to w9000mg kg�1. Acute dermal exposure to mice caused
deaths at doses of 20 000–40 000mg kg�1.

The principal toxicities observed in animals exposed acutely
or subacutely to diesel fuel include body weight loss, increased
water consumption, dermal irritation by the dermal route,
renal toxicity (acute renal failure; necrosis of the proximal and
distal tubular epithelium, tubular dilation), liver toxicity
(vacuolation of periportal hepatocytes), and CNS depression
by all routes (inhalation, oral, dermal) of exposure. Lung
damage can occur after inhalation of diesel fuel and also after
oral exposure (secondary to aspiration of the diesel fuel with
subsequent signs of chemical pneumonitis). Application of
marine diesel fuel (no. 4) to the skin of mice resulted in dermal
ulceration and increased numbers of chromosomal aberrations
in the bone marrow cells. In acute irritation tests in rabbits,
diesel fuel was only mildly irritating to the eyes but was severely
irritating to the skin.
Human

Inhalation or ingestion of diesel fuels can result in acute
and persistent lung damage characterized by bronchopneu-
monia, bronchitis, pneumonitis, lung infiltrates, cough, dyspnea,
tachypnea, and hypoxia. Symptoms such as lethargy, drowsi-
ness, restlessness, irritability, convulsions, and coma have been
reported. Acute inhalation of diesel fuel aerosols by humans
has been associated with the development of hypertension,
palpitations, gastrointestinal effects (nausea, cramps, vomiting,
diarrhea), ocular irritation, peripheral edema, thirst, and fatigue.
Kidney toxicity and hematological effects (subcutaneous
hemorrhage, decreased hemoglobin levels, increased erythrocyte
sedimentation rate) have been observed after dermal exposure in
individuals who used diesel fuel as a skin degreaser or as
a shampoo. In a suicide attempt, one woman ingested 1.5 l of
diesel fuel and developed lung toxicity and fever, which resolved
over the next 4months.
Chronic Toxicity (or Exposure)

Animal

Dermal exposure of up to 45.5mg per application of marine
diesel fuel (no. 4) three times per week for 40 weeks was not
lethal to mice.

Male and female mice dosed dermally with 2000–40 000
mg kg�1 of marine diesel fuel for 14 consecutive days demon-
strated skin lesions (acanthosis, parakeratosis, hyperkeratosis,
inflammatory infiltrates of the dermis). A dermal dose
of 420 000mg kg�1 was associated with 100% mortality.

No treatment-related mortality was observed in mice after
dermal administration of 250–4000mg kg�1 marine diesel fuel
(no. 4) 5 days week�1 for 13 weeks; the 4000mg kg–1 high-
dose group exhibited chronic dermatitis at the site of applica-
tion. No gross or microscopic changes were observed in the
cardiovascular, respiratory, gastrointestinal, reproductive, or
nervous systems of mice following chronic daily dermal
administration of 250 or 500mg kg–1 day–1 marine diesel fuel
(no. 4); however, extramedullary hematopoieses were observed
in the liver.

Rabbits exposed to diesel fuel no. 2 for 24 h day�1,
5 days week�1, for 2 weeks at doses of 1 and 4 ml kg–1 resulted
in 0 and 67% mortality, respectively. All animals that died
prior to study termination exhibited signs of chronic dermal
irritation, severe anorexia, and depression as the test pro-
gressed. The primary cause of death was anorexia. Dermal
irritation with infection occurred and some liver necrosis was
noted.

Rats dosed dermally with 1000ml kg–1 day diesel fuel,
5 days week�1, for 2 weeks resulted in significant body weight
loss, reduced liver weights, serum glucose, serum protein, and
serum cholesterol, as well as a reduction in hemoglobin,
hematocrit, red cell count, and blood lymphocyte count.
Marine diesel fuel produced lesions in the kidneys of mice
treated dermally with 50ml undiluted fuel three times per
week for 60 weeks. Kidney lesions were not observed in
a second dermal study in which B6C3F1 mice were treated with
up to 500ml kg–1of marine diesel fuel diluted in acetone five
times per week for 103 weeks. Rats exposed to an aerosol of
diesel fuel no. 2 at 100mgml–1 demonstrated very mild
histological changes in the liver and thyroid. No other
biochemical effects, hematological effects, or tissue changes
were observed in the exposed animals. Continuous 90 day
inhalation exposure to 50 or 300mg m–3 of marine diesel fuel
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produced hyaline droplet nephropathy and reduced body
weight gain in male rats. The hyaline droplet nephropathy is
unique to male rats and does not apply to humans.
Human

Dermal toxicity, including cutaneous hyperkeratosis, is one of
the most frequently cited adverse effects after acute or chronic
dermal exposure to diesel fuels. Other adverse effects include
dizziness, fatigue, headache, anorexia, and ataxia. One man
exposed to diesel fuel vapor for 10 days while driving a truck
reported abdominal cramps, vomiting, and diarrhea and
experienced some hematological effects (subcutaneous
hemorrhage, nose bleeds, low platelet count) and renal failure.
Immunotoxicity

Dermal sensitization did not occur in guinea pigs after repeat
dermal administration of diesel fuel over a 3 week period.
Chronic dermal exposure of mice to marine diesel fuel was
associated with cellular effects in the bone marrow, lymph
nodes, and thymus and decreases in the relative weights of the
lymph nodes and thymus. The toxicological significance of
these findings is unclear.
Reproductive Toxicity

Inhalation of diesel fuel aerosol (up to 1500mg kg–1 day�1) for
13 weeks to male rats caused no changes in relative testicular
weights and no microscopic changes in testicular morphology.

There was no evidence of fetotoxicity or adverse develop-
mental effects (soft tissue changes, skeletal abnormalities,
inhibition of fetal growth) in offspring from pregnant rats
exposed to 100 and 400 ppm diesel fuel no. 2 via inhalation on
days 6–15 of gestation. No developmental effects occurred in
the fetuses of pregnant female rats exposed to 401.5 ppm diesel
fuel vapor by inhalation during gestation days 6–15.

No information was located regarding the potential repro-
ductive or developmental toxicity of diesel fuel in humans.
Genotoxicity

Diesel fuel no. 2 was found to be mutagenic in an Ames assay
and also to mouse lymphoma cells. Another sample did not
induce mutation in bacteria or algae. A sample of marine diesel
fuel (no. 4) and aliphatic and aromatic fractions of an unspec-
ified diesel fuel were nonmutagenic to bacteria (Ames assay).
Carcinogenicity

Animal

Carcinogenicity responses are primarily dependent on the type
of diesel fuel applied. Diesel fuel no. 2 did not induce a signif-
icant increase in carcinogenesis in Swiss mice when applied at
0.05ml three times per week for 62 weeks, even in the presence
of extreme skin irritation. In another study, diesel fuel no. 2 did
not produce tumors by itself; however, it did promote the
development of skin tumors initiated by other chemicals. In
rats, a 90 day exposure to 300mg m–3 marine diesel vapor was
not associated with an increase in the types or frequency of
tumors compared to control, including renal tumors.

In contrast, chronic administration of marine diesel fuel
(diesel no. 4) produced a significant increase in the incidence of
dermal squamous cell papillomas and carcinomas and hepa-
tocellular adenomas and carcinomas when applied to the skin
of male B6C3F1 mice at doses of 250 (females only) and 500
(both sexes) ml kg�1, 5 days per week. The 500ml kg�1 group
was terminated at 84 weeks due to the development of severe
skin ulceration. The 250ml kg�1 group study was carried out
for 103 weeks. The marine diesel fuel tested was not completely
chemically characterized but consisted of a greater percentage
of aromatics and a lesser percentage of alkanes compared to
diesel fuel no. 2. It has been suggested that skin carcinogenesis
brought about by diesel fuels is probably promoted by chronic
dermal irritation and hyperplasia; however, the lack of carci-
nogenesis in the more refined diesel fuels even in the presence
of marked skin irritation indicates that high concentrations of
genotoxic PAHs in marine diesel fuel may be involved in the
carcinogenic mechanism.
Human

In a case–control multiple-site clinical study of cancer, there
was evidence of an increased risk of squamous cell carcinoma
of the lung in men estimated to have had substantial exposure
to diesel fuel. There was also an indication of an increased risk
of cancer of the prostate. No attempt was made to separate the
effects of combustion products from those of exposure to diesel
fuel itself. Overall, the International Agency for Research on
Cancer (IARC) Working Group has judged that there is inade-
quate evidence for the carcinogenicity of diesel fuels in
humans. Marine diesel fuel is possibly carcinogenic to humans
(group 2B). Distillate (light) diesel fuels are not classifiable as
to their carcinogenicity to humans (group 3).

The IARC has judged that there is limited evidence for the
carcinogenicity in experimental animals of marine diesel fuel.
There is limited evidence for the carcinogenicity in experi-
mental animals of straight-run kerosene and sufficient evidence
for the carcinogenicity in experimental animals of light vacuum
distillates, and of light catalytically cracked distillates and of
cracked residues derived from the refining of crude oil.
Clinical Management

Skin exposed to diesel fuel should be washed thoroughly with
soap and water to minimize local irritation and prevent further
absorption. Exposed eyes should be rinsed with large quantities
of water for at least 15min.

Diesel fuel may be aspirated into the lungs following
vomiting, causing aspiration pneumonia. Therefore, inducing
vomiting following ingestion is not indicated unless the threat
of severe renal, liver, or CNS toxicity outweighs potential
development of aspiration pneumonia. Inducing vomiting
may be indicated if large quantities were ingested or the fuel is
suspected to contain highly toxic additives. Vomiting may be
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induced by administering syrup of ipecac (30ml for adults
and 5 ml for children 1–12 years of age). Activated charcoal
may be considered for patients who have ingested another toxic
substance.
Ecotoxicology

Diesel fuels are insoluble, form an emulsion when in contact
with water, and have a low volatility (formation of vapors
limited). They adsorb strongly to soil particles andmigrate with
groundwater. Biodegradation of diesel fuels occurs very slowly
and is dependent on factors such as soil type, aeration, the
presence of microorganisms that are able to metabolize the
fuel, and the size of the components in the fuel (large
components degrade more slowly than smaller components).
Diesel fuels are oily liquids and tend to adhere to the surface of
plants and animals causing injury or death. Some of the
aromatic components of diesel fuel have the potential to bio-
accumulate. The aquatic and terrestrial toxicity of straight-run
middle distillates has been reported:

96 h LC50 Pimephales promelas: 35 mg l�1 (flow-through).
48 h EL50 Daphnia magna¼ 5.3 mg l�1 (static).
Exposure Standards and Guidelines

For straight-run middle distillates:

American Conference of Governmental Industrial Hygienists:
100mg m–3 time-weighted average (inhalable fraction and
vapor) (as total hydrocarbons)

Skin – potential significant contribution to overall exposure by
the cutaneous route.
Miscellaneous

CD-1 mice were exposed to 65, 135, or 204mg m–3 of diesel
no. 2 vapor 8 h day�1 for 5 days. They were then subjected to
a battery of neurobehavioral tests. Adverse effects occurred
primarily at the mid- and high-dose levels, including decreased
activity (square box test), decreased motor coordination
(rotarod test), increased sensitivity to heat (day 1 of exposure
only; hot plate assay), decreased body weight, food and water
consumption, ataxic gait, and tremors. There were no adverse
diesel fuel-related effects on corneal reflex or the inclined plane
assay. Deaths occurred at the high dose; however, all adverse
effects observed in surviving animals reversed within 24 h after
the final exposure.

Inhalation of diesel fuel aerosol 4 h day�1, 2 days week�1,
for 13 weeks at doses up to 1500mg m�3 did not produce any
histological changes in the nervous system tissues of rats;
however, there was an increase in time to response in the startle
assay. There were no signs of neurotoxicity in the landing foot
spread, tail flick, or forelimb grip strength assays.
See also: Polycyclic Aromatic Hydrocarbons (PAHs); Benzene;
Toluene; Xylene.
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Background

Dietary restriction (DR), also referred to as caloric restriction, is
defined as limitation in the amount of calories consumed by an
individual. DR refers to reduction in caloric intake without any
reduction in the daily requirement of vitamins and minerals.
DR has been traditionally defined in terms of percent reduction
in calories as compared to ad libitum caloric intake. Extensive
research in the past century has shown that reduction in food
consumption (and, in turn, reduction in calories) is associated
with a number of beneficial effects, such as increase in life span;
delay in aging processes; decrease in diseases such as cancer,
inflammatory disorders, and type-2 diabetes; and protection
from toxic effects of various toxicants. In recent years, DR has
been recognized as the only lifestyle modification that can be
used as a potential cure against metabolic syndrome, a combi-
nation of various obesity-related disorders such as type-2 dia-
betes, and cardiovascular problems. Although the most
common experimental DR paradigm in rodents and primates is
to restrict calories by 30–40%, in humans, reduction even as
low as 10% of normal caloric intake has been found to be
beneficial. An important finding of human and animal studies
is that DR has to be adopted as a continuous lifestyle change
rather than a ‘one-time’ treatment in order to derive full benefit.
Most of the positive changes brought about by DR are lost once
the individual starts consuming calories ad libitum.

The effects of DR have been studied in a range of models,
including yeast (Saccharomyces cereveacae), rotifers, worms
(Caenorhabditis elegans), flies (Drosophila), spiders, fish, rodents
(many strains of rats and mice), guinea pigs, primates (rhesus
monkeys and chimpanzees), and humans. The beneficial
effects of DR have been observed in all the species that have
been studied. While most of the mechanistic information
regarding the decrease in cancer incidences, delay in aging, and
protection against chemical-induced toxicities comes from
rodent models, human studies have demonstrated that DR can
bring about improvement in general health of an individual
and decrease the risk of metabolic syndrome and related
disorders such as heart disease.

The beneficial effects of DR can be broadly divided into
three categories: antiaging effects, prevention of disease inci-
dence including cancer, and protection from toxicant-induced
injury.
Antiaging Effects of DR

Effect on Animals

The most striking effect of DR is an increase in life span of diet-
restricted individuals. Longevity has been observed in all the
species studied, from yeast to rodents, and long-term studies on
primates are under way.

The antiaging effects of DR are best understood in rodent
species (Table 1). It is known that rats and especially mice
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subjected to DR starting either from early age or from middle
age accrue the benefits of increased life span. In one such study
C3B10F1 mice subjected to 40% DR had a 20% increase in life
span. Experiments with rats and mice indicate that the increase
in life span is pronounced in mice as compared to rats. The
mechanisms proposed for the greater increase in life expectancy
in mice include greater decrease in the energy expenditure by
mice on DR. On the other hand, the genetic predisposition of
rats to obesity makes them less sensitive to physiological
changes induced by DR.

There is substantial evidence suggesting that moderate DR,
lifelong or started in the middle age, prevents various age-
associated diseases. DR maintains the overall physiology in
a ‘young’ state and prevents age-associated diseases in the
cardiovascular system, brain, liver, muscles, and kidneys. The
most prominent effect of DR is the attenuation of inflammation
that leads to a variety of disorders. Moderate and long-term DR
prevents dysregulation of cytokine levels and cytokine-related
signaling, especially that of TNF-a, IL-6, and NF-kb. Decrease
in oxidative stress has been postulated as a mechanism behind
many of the antiaging effects of DR. Decrease in oxidative stress
results in lower age-associated dysregulation in inflammation-
related signaling and thus delays the aging process. This
notion is supported by the observation that DR decreases
8-hydroxydeoxyguanosine (8-OHdG), a marker of oxidative
stress, in brain and other tissues such as liver, heart, and skeletal
muscles.

It has been recognized that neurodegenerative lesions of
brain are one of the major complications in aging. A plethora of
studies have shown that DR modulates neurophysiology at the
molecular, cellular, and behavioral levels, thereby preventing
loss of nervous function associated with aging. DR prevents
aging-induced protein oxidative damage. This is evident from
the decreased accumulation of protein carbonyl and sulfhydryl
groups, which increasingly accumulate in aging animals.
Decrease in accumulation of these protein carbonyls has been
correlated to retention of sensorimotor coordination and
improvement in learning process in aged DR mice. DR rats and
mice have decreased deposition of lipofuscin granules, another
marker of aging in the brain. Similar results have been obtained
in skeletal muscles where DR mice did not exhibit the fourfold
increase in the levels of mitochondrial carbonyls and lipid
peroxides observed in aged ad libitum fed mice. DR leads to
induction of heat shock proteins (HSPs) and stress proteins in
the brain, which have been viewed as a potential mechanism
behind the decreased oxidative stress in aged DR brains. Apart
from oxidative stress, other relatively less investigated mecha-
nisms have been put forth to explain longevity due to DR.
These include changes in the neuropeptide Y levels, decrease in
glycation and glycoxidation, decrease in body temperature, and
altered gene expression and protein degradation.

The use of cDNA-basedmicroarray technology has improved
our understanding of gene expression changes behind the
antiaging effects of DR. The transcriptome of the DR rodents
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Table 1 Antiaging effects of dietary restriction

Effect Model

Prolongation of life span Male/female white rats
C3B10RF1 mice
S. cereveacae (yeast)
C. elegans

F344 � Brown Norway F1 rats
Attenuation of inflammatory disorders Sprague–Dawley, F344 rats, and Balb/c mice
Prevention of dysregulation of cytokines C57BL/6 mice
Decreased accumulation of protein carbonyls (markers of oxidative stress) in brain C57BL/6 mice
Decreased accumulation of protein carbonyls in skeletal muscles C57BL/6 mice
DR maintains ‘young’ gene expression profile in aged mice livers C3B10RF1 mice
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offers evidence and explanations for many of the antiaging
physiological modifications observed in these animals. The
gene expression profile of the aged mice indicated marked
inflammatory response, oxidative stress, and reduced neuronal
plasticity and neurotrophic support. DR selectively attenuated
the age-associated induction of the genes encoding inflamma-
tory and stress responses. These data also indicate a metabolic
shift toward lowered accrual of macromolecular damage due to
increased protein turnover. Aging was accompanied by changes
in gene expression of genes associated with increased inflam-
mation, cellular stress, fibrosis, reduced apoptosis, xenobiotic
metabolism, normal cell cycle, and DNA replication. DR
reversed the majority of these gene changes associated with
aging and shifted the ‘normo-aging’ genomic profile toward the
‘slow-aging’ profiles associated with DR mice.

The decreased oxidative stress in DR seems to be a combi-
nation of two events: a decreased production of reactive oxygen
species (ROS), especially at Complex I in the mitochondria,
and induction of antioxidant mechanisms, such as an increase
in glutathione and glutathione-s-transferase activity. Similarly,
increased expression of HSPs has been observed in DR and
postulated to play a role in decreasing oxidative stress. Thus the
two opposing forces, decreased production of ROS and
increased scavenging of the ROS, are both induced in DR,
leading to decreased oxidative stress. The antiaging effects of
DR are strongly linked to this decreased in oxidative stress. The
prevention of inflammatory disorders by DR may also be
directly linked to decreased oxidative stress, since it is known
that ROS mediates the production of proinflammatory cyto-
kines such as TNF-a and produces inflammation. Thus, the
literature evidence supports the antioxidation theory in the
light of antiaging effects of DR.
Effects on Humans

The limited but striking human evidence, from the biosphere
studies, indicates that DR improves human physiology, which
may eventually lead to increase in longevity. In these biosphere
studies, eight human volunteers (four male and four female)
stayed in a materially closed but energetically open (sunlight,
electric power, and heat) environment and were sustained on
food material grown inside the biosphere. These subjects
underwent a w30% calorie restriction during the 6 months of
stay in the biosphere. The clinical data obtained on the body
mass index, serum glucose, triglycerides, serum cholesterol,
blood pressure, and leukocyte counts indicated striking
improvement after the 6-month period. Although these data
from short-term experiments cannot predict the antiaging
effects of DR in humans, they indicate that DR in humans is
certainly possible and the beneficial effects that were observed
in animals under experimental conditions can be achieved in
humans.
Anticarcinogenic Effects of DR

Decrease in tumor incidence was one of the first observed
favorable effects of reduced food intake observed in experi-
ments conducted in early twentieth century. Since then
substantial evidence has shown that DR results in inhibition of
tumor promotion and decreases in both spontaneous and
chemical-induced cancer incidence.
Effect on Animals

DR has been shown to delay onset of a number of other
spontaneous tumors in rodents. This includes hepatomas,
breast tumors, pancreatic islet cell tumors, renal tumors, mam-
mary gland cancers, pituitary tumors, and pheochromocytomas.
Decrease in spontaneous appearance of preneoplastic foci in the
liver was observed in the SPF Wistar rats. Similarly, marked
reduction in spontaneous hepatoma was observed in B6C3F1
mice diet-restricted for 12 months. In rodents, DR has been
shown to decrease colon cancer incidence. Recently it has been
shown that DR prevents spontaneous sarcomas and lym-
phomas in p53�/� mice, which are genetically susceptible to
a number of neoplasms. The decrease in tumor incidence is
linked to the increase in life expectancy of DR animals, espe-
cially rodents, where the incidence of spontaneous tumors is the
leading cause of death in rodents.

The hallmark of the anticarcinogenic effect of DR is its
ability to prevent chemical-induced tumors. The first reports of
inhibition of chemical carcinogenesis came in the 1940s. Benzo
[a]pyrene-induced skin tumors were decreased in diet-restricted
ABC, C57, and Swiss strains of mice. Interestingly, it was
demonstrated that the decrease in tumor incidence is inde-
pendent of any particular source of calories. Contrary to the
popular belief of ‘low-fat’ or ‘low-carb’ diets, it was demon-
strated that decrease in cancers following DR depends mainly
on reduction in the total number of calories rather than
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decrease in calories coming from either only fat or carbohy-
drates. Since the first reports in the 1940s to 1950s, the anti-
carcinogenic effect of DR on chemical-induced tumors has
been extensively studied in various tissues and after exposure to
a variety of chemicals.

There are a plethora of reports indicating that DR can
prevent chemical carcinogen in a number of tissues. It has been
shown that 40% DR completely inhibits growth of mammary
tumors in female rats treated with 7,12-dimethylbenz(a)
anthracene. Colon tumors induced by 1,2-dimethylhadrazine
are also inhibited by 40% DR in rats. Short-term fasting
inhibits appearance of altered hepatic foci induced by the
initiation–promotion model of diethylnitrosamine and
phenobarbital. In a classic initiation–promotion model, 40%
DR during and following the promotion phase (promoted by
12-O-tetradecanoylphorbol-13-acetate) of skin tumors initi-
ated by 7,12-dimethylbenz(a)anthracene led to significant
reduction in skin papillomas. DR inhibited mammary tumors
induced by 1-methyl-1-nitrosourea in a dose-dependent
manner. Other cancers prevented by DR include
6-nitrochrysene-induced liver tumors in B6C3F1 mice, pre-
neoplastic foci and pancreatic tumors initiated by azaserine in
Lewis rats, decrease in azoxymethane-induced colonic cell
proliferation, a prerequisite to colon cancer, in F344 rats,
decreased tumorigenicity of 4-aminobiphenyl and 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine in CD1 mouse
bioassay by DR, and inhibition of whole-body radiation-
induced myeloid leukemia. Recently, it has been demonstrated
that 30–40% calorie restriction inhibits growth of syngenic CT-
2A malignant mouse astrocytoma by almost 80%.

The mechanism(s) by which DR inhibits cancer incidence is
not completely understood. Four hypotheses have gathered
substantial experimental evidence (Figure 1): (1) changes in
drug metabolizing enzymes (DMEs) lead to decreased bio-
activation of carcinogens thereby decreasing DNA adduct
formation and tumor formation; (2) decreased DNA damage
due to lower oxidative stress owing to DR leads to lower cancer
incidence; (3) selective removal of initiated and transformed
cells by DR animals; and (4) epigenetic changes that may
silence oncogenic changes resulting in decreased cancers.
Decreased bioactivation of carcinogens pertains only to inhi-
bition of chemical-induced carcinogenesis. According to this
theory the DR animals have decreased bioactivation of carcin-
ogens. DR decreases expression of sex-specific DMEs CYP 2C11
Figure 1 Proposed mechanisms of anticancer effects of DR. Four main mec
decreased oxidative stress, increased selective apoptosis of initiated cells, dec
(in males) and corticosterone sulfotransferase, which are
closely associated with bioactivation and tumor production by
carcinogens such as 2-acetylaminofluorene or aflatoxin-B1.
Similarly, decrease in CYP 2A1 in the testicular Leydig cells by
DR correlates with the decreased Leydig cell hyperplasia and
tumors. Despite the limited experimental evidence, the
decreased tumor incidence correlates well with decrease in
DMEs by DR.

It has been postulated that increase in DNA damage due to
ROS contributes heavily to carcinogenesis. The dividing cells
such as hepatocytes have a greater chance of fixing and multi-
plying the number of the mutations caused by DNA damage,
leading to transformation of cells. DR is known to decrease
oxidative stress, leading to fewer mutations. Decreased oxida-
tive stress in the DR animals is known to occur via decrease in
mitochondrial leakage of free radicals. This decrease is not due
to lower oxygen consumption but is due to decreased leakage
of the reactive species at Complex I in the mitochondrial
electron transport chain.

The third hypothesis put forth to explain the anticarcino-
genic effects of DR holds that selective removal of initiated cells
takes place in DR. It has been shown in the liver tumor model
that increased apoptosis and decrease in the rate of cell
proliferation in DR animals play an important role in
decreasing spontaneous and chemical-induced tumors. Similar
enhancement in apoptosis has been shown in a brain tumor
model. The increase in apoptosis is a mechanism devised by the
DR animals to cope with the decreased availability of food. The
damaged and weak cells are efficiently removed in the DR
animal, which also helps in efficient management of a tight
energy budget. Moreover, upregulated apoptosis also removes
the cells containing mutated DNA and transformed cells, which
are the precursors of tumorigenesis. The successful inhibition
of tumors by DR in the p53�/� mice, which are predisposed to
tumorigenesis due to deletion of proapoptotic gene p53,
suggests that the increased rates of apoptosis in DR animals are
independent of p53 activation.

The hunt for the mechanisms behind inhibition of chemi-
cally induced or spontaneous tumors by DR is still on. Certain
other mechanisms such as decreased signaling via the IGF
pathway have been postulated, specifically in colon cancer
inhibition by DR. Recent evidence suggests that change in
signal transduction is secondary to epigenetic changes induced
by DR. The details of epigenetic changes induced by DR are
hanisms proposed to explain the anticarcinogenic effects of DR include
reased metabolism of carcinogens, and epigenetic changes via Sirt1.
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discussed later in this article. It can be seen from the collective
evidence that decreases in cancer incidence in DR may be
a result of multiple mechanisms. DR induces a decrease in
oxidative stress mediated by decreased production of ROS,
which, in turn, leads to decreased DNA damage. Decreases in
DNA damage and lowered mutagenesis are a key for decreased
tumor production. On the other hand, increased apoptosis
removes those small numbers of cells that inherit the mutated
DNA, thereby providing a second line of defense. In the mitotic
tissues such as liver, kidney, and gastrointestinal (GI) tract, DR
has been shown to decrease the rate of cell proliferation
throughmore efficient management of energy budget. Decrease
in proliferation leads to decreased propagation of mutations as
higher cell division provides an opportunity to fix and propa-
gate mutations. A combination of decreased oxidative stress
and rate of cell division and increased apoptosis play signifi-
cant role in inhibition of cancer incidences by DR.
Effect on Humans

The data on anticancer effects of DR on humans are limited. It
has been shown in humans that obese persons subjected to DR
have decreased rectal cell proliferation, a biomarker related to
colon cancer. In a recent retrospective study in Swedish women,
it was noted that women with less caloric intake had substan-
tially lower incidence of breast cancer. These reports indicate
that the anticancer effects of DR observed in the experimental
models are reproducible in humans.
Protectionagainst Acute Toxicity byDietary Restriction

In spite of extensive research on the beneficial effects of DR, the
protection offered byDR against acute chemical toxicity has been
hardly studied. Nevertheless, there are a few substantial reports
indicating that DR can offer protection against acute exposure to
lethal doses of chemicals. These include protection against
ozone-induced lung toxicity, lipopolysaccharide (LPS)-induced
inflammatory liver damage, cardiotoxicity of isoproterenol, acute
toxicity of ganciclovir, aspirin (nonsteroidal anti-inflammatory
drug)-induced gastric damage, and thioacetamide-induced liver
injury (Table 2). In all these studies, short-term DR (up to
3 months) was employed. The mechanisms involved in protec-
tion from acute toxicities are as diverse as the chemicals inducing
the toxicity and the organs in which they produce damage. These
Table 2 Protection from acute toxicity by dietary restriction

Protection from Species

Ozone-induced lung damage Male F344 rats

Cardiotoxicity of isoproterenol (IPR) Male Sprague–Daw

Aspirin and acidified ethanol-induced gastric toxicity Male F344
Ganciclovir-induced gastrointestinal tract damage B6C3F1 mice
LPS-induced inflammation and liver toxicity Balb/c mice

Thioacetamide-induced lethal liver injury Male Sprague–Daw
studies indicate that long-term DR not only prevents age-
associated diseases but short-term DR also protects from acute
doses of chemicals.
Effects on Animals

It has been observed that 3 weeks of DR in F344 rats protects
the DR rats from ozone-induced (2 ppm) lung injury. Markers
of lung injury such as polymorphonuclear neutrophils
(PMNs), IL-6, ascorbate, total glutathione (GSH), a-tocoph-
erol, and fibronectin content, estimated 24 h of ozone exposure
in the bronchoalveolar lavage (BAL) fluid indicated lower
tissue damage in DR rats. This was accompanied by lower
secretion of IL-6 and fibronectin, and lower increase in infil-
tration of PMN. It was concluded that the protection offered by
DR is mediated by lower inflammatory response and higher
activation of anti-inflammatory mechanisms. This notion is
supported by the improved antioxidant status of DR lungs
illustrated by higher a-tocopherol, urate, and ascorbate in the
BAL. These results were confirmed by an independent study in
male Sprague–Dawley rats where 20% DR protected the rats
from acute exposure to ozone.

Moderate DR also protects from toxicant-induced liver
injury. Male Sprague–Dawley rats subjected to 35% DR for 3
weeks survived a lethal dose of a model hepatotoxicant, thio-
acetamide. This protection was in spite of a 2.5-fold higher
thioacetamide-induced, bioactivation-mediated liver injury
experienced by the DR rats. This increase in the initial liver
injury was due to induction of hepatic CYP2E1, an enzyme
involved in the bioactivation of thioacetamide. Further studies
indicated that the mechanism behind the protection offered by
DR against thioacetamide toxicity is timely stimulation of
compensatory liver tissue repair in the DR rats. It has been
demonstrated that when toxicants produce injury in the liver
(and other organs such as kidneys), a concomitant stimulation
of tissue repair occurs, initiated by intricate signaling via cyto-
kines, growth factors, and nuclear receptors. The compensatory
liver cell division starts much earlier in DR rats after thio-
acetamide treatment due to timely expression of signaling
molecules such as IL-6, TGF-a, HGF, and PPAR-a. This prompt
increase in cell division results in steady decline in liver injury
in the DR rats. In the ad libitum-fed controls, a delay in initiating
cell division was observed. These observations have shed light
on a new dimension of DR-mediated control of cell division,
where the signaling involved in compensatory cell division is
Proposed mechanism

Decreased inflammatory response combined with
increased antioxidant status

ley rats Decreased core body temperature of DR rats after IPR
treatment

DR prevents decline in GSH and ATP in the gastric tissue
Higher tissue repair and regeneration in DR rats
Increased levels of corticosterone leading to decrease in
inflammation

ley rats Enhanced compensatory liver tissue repair due to prompt
upregulation of promitogenic signaling
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stimulated but mitogenic signaling, which can lead to cancer, is
inhibited. During carcinogenesis, a decrease in cell cycle genes
is observed in DR animals while a prompt upregulation of
these cell division genes is observed during toxicant-induced
acute injury when a timely compensatory tissue repair is
necessary for survival.

In a recent study, DR mice exhibited lower inflammatory
damage induced by LPS. Balb/c mice were subjected to 40%DR
and challenged with 25 mg of LPS. The DR mice had attenuated
increases in the proinflammatory cytokines consistent with the
lower liver damage characterized by lower plasma alanine
aminotransferase, aspartate aminotransferase, and histopath-
ological analysis. The DR mice also had higher circulating
corticosterone, a mediator of anti-inflammatory action in DR,
after LPS treatment. The authors concluded that the protection
from LPS challenge in DR mice is mediated by increased
corticosterone, which leads to decrease in inflammatory res-
ponse. Although data from other DR experiments support the
author’s notion of increased anti-inflammatory action, a sharp
increase in liver cell division and repair that may play role in
long-term survival of the LPS-treated mice was not evaluated in
this study.

There are other examples of DR-mediated protection from
toxicant-induced injury. Forty percent DR for 12 weeks in male
Sprague–Dawley rats protected from cardiotoxicity of a widely
used b-adrenergic agonist, isoproterenol (IPR). It took a large
dose (300 mg kg�1 killed <10% of DR rats versus 15 mg kg�1

killed 50% of ad libitum-fed rats) of IPR to kill DR rats. The
underlying mechanisms are not clear. However, the authors
observed a rapid decrease in core body temperature in the DR
rats after IPR treatment. The decreased body temperature may
have led to decreased uptake of the parent compound and its
metabolites by heart, which may explain the protection
offered by DR. DR also protects from ganciclovir-induced GI
tract necrosis. Similar to protection from thioacetamide-
induced liver injury, the mechanism behind protection
against ganciclovir-induced GI tract injury models is the
enhanced tissue regeneration and repair in the DR animals.
Female B6C3F1 mice diet-restricted for 4 weeks (40% restric-
tion) are resistant to ganciclovir.
DR and Pharmaceutical Drug Safety Testing

Preclinical toxicology testing of pharmaceutical agents is a very
important component of the drug development process. Rodent
bioassays (using species such as Sprague–Dawley rats) recom-
mended by the US Food and Drug Administration have been
traditionally used by the drug industry to monitor toxicological
effects and carcinogenic potential of the candidate drug mole-
cules. During such long-term cancer bioassay studies, it was
observed that control animals suffer from spontaneous tumors
toward the end of the assays. This caused serious problems in
the final analysis of the data due to animal variation resulting in
decreased statistical significance. To overcome this problem, the
rodents used in the assay were moderately diet-restricted
(25–30% DR) for the duration of the assays. Moderate DR of
rodents has a number of advantages such as reduction in
animal-to-animal variation, decrease in occurrence of sponta-
neous tumors, and reduction in diet-related endocrine, renal,
and cardiac diseases. Interestingly, moderate DR did not affect
the activities of phase I and phase II DMEs and the tox-
icokinetics of the candidate drugs. However, larger doses of the
candidate drugs have to be used to produce significant toxico-
logical effects. These observations have led to the belief that
moderate DR of rodents used in bioassays will significantly
improve the quality and accuracy of long-term bioassays.
Calorie Restriction and Epigenetic Regulation
via Sirt1

Extensive technological advances in last decade have identified
the role of epigenetic regulation in pathophysiology, and
calorie restriction has not been an exception. Studies have
identified the role of mammalian nicotinamide adenine
dinucleotide-dependent deacetylase Sirt1 in the beneficial
effects of calorie restriction. Sirt1 is a histone deacetylase and
can influence gene expression via inducing epigenetic changes
in chromatin with the help of a number of transcription
factors and transcriptional coactivators. Studies indicate that
some of the hallmark effects of DR are driven by Sirt1,
including life span expansion and metabolic changes resulting
in better energy consumption.
Calorie Restriction Mimetics

Although extensive evidence has been generated supporting its
beneficial effects, DR is far from being adopted as a lifestyle
choice by people. Obesity remains a major health risk in the
United States at this time. Unlike experimental animals, DR in
humans is completely voluntary, and it has to be adopted as
a lifestyle and done consistently throughout the life to accrue
its beneficial effects. Both these conditions pose formidable
roadblocks in adoption of DR as a lifestyle choice. This has
given rise to research in identifying chemical that are ‘caloric
restrictionmimetics.’ It is argued that since people are less likely
to adopt DR as a lifestyle by their own choice, pharmacological
agents that induce similar type of effects can be developed,
which can help people to accrue the same benefits that long-
term DR can provide. Two compounds being investigated as
caloric restriction mimetics are 2-deoxy-glucose, a glucose
analog, and resveratrol, a well-known antioxidant.
Summary

Overall, extensive evidence suggests that DR is the most effec-
tive modulation that may result in substantial improvement in
quality of health via a number of mechanisms, including
overall decrease in oxidative stress, prompt tissue repair
following injury, decreased disease incidence including cancer,
and increased life span. The use of DR as a lifestyle modifica-
tion is more important than ever today, since obesity and
obesity-related disorders are number one public health
concerns in the United States.
See also: Carcinogenesis; Tissue Repair; Epigenetics.
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Introduction

The term ‘sugar’ refers to sucrose while ‘sugars’ refer to all
monosaccharides and disaccharides. ‘Free sugars’ refer to
mono- and disaccharides added to food by the manufacturing
industry. Examples of monosaccharides include glucose
(dextrose), fructose (levulose), galactose, xylose, and ribose.
Monosaccharides are the building blocks of disaccharides such
as sucrose and lactose, and polysaccharides such as cellulose
and starch. Sucrose, the sole focus of this Encyclopedia article,
is a disaccharide made up of glucose and fructose molecules in
a one-to-one ratio. Other disaccharides of relevance include
lactose (milk sugar) found in milk and dairy products. Lactose
comprises the monosaccharides glucose and galactose and
maltose, comprising two glucose molecules, which occurs in
barley, wheat, and malt.

Dietary sucrose, which is extracted from sugarcane or sugar
beet, is hydrolyzed to glucose and fructose in the presence of
the enzyme invertase or by a weak acid. Glucose is widely
distributed in nature, although it seldom occurs on its own as
a monosaccharide. Fructose is the sweetest of all the mono-
saccharides and is widely found in both fruits and vegetables,
with honey having the highest concentration of about 40%
fructose. Two compounds used often by the food industry are
corn syrup and high-fructose corn syrup (HFCS). Corn syrup is
a syrup made up of glucose that has been produced by
hydrolysis of corn starch. HFCS comprises a mixture of fructose
and glucose. HFCS is very sweet (about 1.73 times sweeter than
sucrose) and inexpensive, and hence is used extensively by the
food industry. For example, HFCS is added to canned and
frozen fruits and to soft drinks.

For about a quarter of a century (roughly from 1980 to
relatively recently), the spotlight had been on fats as the dietary
component that was seen as the largest single cause of non-
communicable diseases (NCDs). While a small number of
people going back to the 1960s had argued that sugar played
a major role, solid evidence linking that dietary component
with NCDs had not been available. However, much important
evidence has appeared in recent years. As a result, nutrition
scientists are now looking at sugar in a new light.

Much attention has been generated around the world by
the food industry, which uses enormous amounts of sugar in
its products. Until around 2003, sugar was still mainly asso-
ciated with dental caries and indirectly with obesity. The
emphasis was on total sugar intake. A high sugar intake was
also sometimes held responsible for micronutrient dilution,
resulting in a form of malnutrition in children. But over the
last several years, much new evidence has emerged linking
sugar intake, mainly in the form of sugar-sweetened beverages
(SSBs), with obesity, Type 2 diabetes, and cardiovascular
disease (CVD). We can now state that sugar is clearly associ-
ated with NCDs, not only because of its role in obesity but also
because of its role in micronutrient dilution. Since 2003, when
the World Health Organization published dietary guidelines
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
for the prevention of NCDs, sugar has received a great deal of
negative attention.

Sugar has over the years also frequently been blamed for
‘hyperactivity,’ attention-deficit hyperactivity disorder (ADHD)
in children. Many desperate mothers have placed infants and
small children on sugar-free diets and been convinced that this
is an effective remedy.

This article surveys the latest evidence available on sugar
and disease. Our focus here is on the direct health effects of
sugar (sucrose). There has been much speculation regarding the
specific role of fructose and whether this has a disruptive
metabolic action when intake is high. However, the objective
underlying this and many other aspects of the sugar question
are still too unclear and add far too much complexity so as to
be considered outside of the scope of a succinct and thoughtful
entry intended to address the known or at least very probable
health impacts of sugar (sucrose). Readers interested in an
expanded coverage of other sugars are encouraged to look for
other resources for the latest information currently available.
Sugar substitutes are also well beyond the scope of this
discussion. Some artificial sweeteners are discussed in other
Encyclopedia entries (e.g., Aspartame, Saccharin), and one of
the more reputable websites is provided for further informa-
tion on that topic.
Hyperactivity in Children

For many years, an association has been postulated between
sugar intake and ADHD in children.

In 1995, the Journal of the American Medical Association
published a review of 23 comparatively rigorous studies. These
were randomized, controlled, double-blind trials (RCTs), each
with two groups of children, one given sugar in their diet, the
other given a placebo (i.e., artificial sweetener). No discernible
relationship was seen between dietary sugar and behavior,
regardless of how much sugar the children consumed or their
age. One important lesson that we learn from the decades-long
controversy concerning the relationship between sugar-rich
foods and ADHD is that anecdotal evidence (such as the
observations made by parents when they manipulate the diets
of their children) has little credibility. Firm conclusions can
only be made based on the findings from RCTs that have been
carefully designed and have an adequate number of subjects.
Sugar and Dental Caries

Today, the sugar–dental caries association is generally accepted
by health professionals, although many argue that fluoridation
makes up for excesses of sugar intake. Dental caries is an
infectious disease where oral bacteria lower the substrate pH
below 5.5, thereby causing gradual demineralization of tooth
enamel. Bacteria such as Streptococcus mutans act on fermentable
4-3.01243-4 125
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carbohydrates in the diet, producing organic acids. These acids
increase the solubility of calcium hydroxyapatite in the enamel
and dentine, which leads to demineralization.

Over the past 60 years, there have been numerous studies
that have documented the strong causal link between sugar
intake and caries. Some of the best evidence coming from
studies around or just after World War II; these showed that
a high intake of sugar results in a high incidence of caries. In
1982, based on this impressive evidence, Sreebny proposed
that the upper limit of daily sugar intake should be 50 g, while
in 1991 Sheiham went further and recommended a maximum
of 41 g per day in the presence of fluoride (such as in the
drinking water) and one-third less in its absence.

Apart from total sucrose consumption, frequency of
consumption is also an important consideration. It appears
that the development of caries is markedly increased if
frequency of sucrose consumption exceeds four times a day.
Increased caries result when sugar is frequently consumed
between meals. Factors such as duration of exposure and
consistency of the item containing sugar, e.g., sticky items
adhere longer to the teeth, also play a role in caries
development.
Micronutrient Dilution

Surveys in several countries in Europe and North America
reveal that a substantial fraction of the population habitually
consume a diet with an inadequate content of various micro-
nutrients (vitamins and minerals). The major cause of this is
poor dietary quality. Many commonly eaten foods are energy
dense but low in protein and micronutrients. Sugar is a major
ingredient of many of those foods, such as donuts and cookies.
Soft drinks are the extreme case as they are empty calories: they
supply much sugar but no micronutrients. In children who eat
smaller quantities of food, with a deficient dietary intake of
micronutrients despite a relatively high energy intake can lead
to malnutrition.

The problem of micronutrient malnutrition may be partic-
ularly common in environments where there is a high intake of
energy-dense convenience foods, such as fast foods or street
foods. This is likely to be especially detrimental to those living
in poor communities with little access to nutrient-dense foods,
such as fruit and vegetables. This is closely linked to the fact
that sugar is a low-cost source of energy whereas healthy foods
cost far more.

There has been some controversy as to whether people
consuming a diet high in energy do in fact have a low intake of
micronutrients. Numerous researchers have reported that this
to be the case, while others have reported inconclusive findings,
which is thought to be due to methodological issues. Overall,
the bulk of the evidence favors the micronutrient dilution
viewpoint. Studies that have evaluated national dietary surveys
have shown that the nutrients most affected include magne-
sium, calcium, zinc, iron, and vitamins A, B12, and C. Findings
from a national study in South Africa showed that protein
intake was significantly lower in the highest tertile of sugar
intake.

These findings lead to the conclusion that diets rich in sugar
displace nutrient-dense foods such as fruit, vegetables, and fish.
This is more likely to occur with poorer people. As a result, the
intake of numerous micronutrients is decreased and this makes
people more vulnerable to disease.
Obesity

Strong evidence has emerged in recent years linking intake of
SSBs with obesity. The mechanism by which this is believed to
occur is that foods rich in sugar have poor satiating ability,
which therefore induces an excessive energy intake. This
hypothesis is supported by the findings from many RCTs. In
these short-term studies, subjects are given either sugar or
a food of very similar taste and appearance but containing
artificial sweetener to replace the sugar. Subjects are fed ad
libitum (i.e., they are free to eat or drink until full). These RCTs
mostly show that consumption of sugar, especially in the form
of SSBs, leads to an excessive energy intake.

Longer term RCTs have also been carried out. The design has
been similar to the above RCTs but the follow-up has been
much longer (weeks or months) so as to determine whether
sugar affects body weight. Important evidence has also come
from cohort (prospective) studies. A systematic review and
meta-analysis published in 2012 by Te Morenga and colleagues
combined the findings from 30 RCTs and 38 cohort studies.
The overall findings showed that the effects of sugar intake on
weight are due not only to SSBs but also to the effect of sugar
per se. The authors found that increased sugar intake is asso-
ciated with a 0.75 kg higher weight whereas a decreased sugar
intake is associated with a 0.80 kg lower weight. Findings from
cohort studies indicate that after 1 year follow-up the odds ratio
for being overweight or obese was 1.55 when comparing
groups having the highest and lowest intakes of SSBs. The study
authors concluded that intakes of free sugars or SSBs are
determinants of body weight and that this is the result of
increased energy intake.

Another important finding in that same 2012 publication
was that isoenergetic exchange of sugar with other carbohy-
drates is not associated with weight change. This indicates that
sugar causes weight gain as a result of increased energy intake
because sugar is somehow more harmful than other
carbohydrates.
Type 2 Diabetes

Type 2 diabetes accounts for approximately 90% of all cases of
diabetes. This prevalence of the disease has for some years been
increasing at a rapid rate, presumably as a result of the obesity
epidemic. There has been a great deal of research into the
dietary and other lifestyle factors that are responsible. Findings
from several cohort studies indicate that persons who have
a relatively high intake of SSBs are at increased risk of devel-
oping diabetes. Another meta-analysis in 2010 by Malik and
colleagues was carried out in which the findings from eight
cohort studies were pooled. These studies included 311 000
subjects, of whom 15 000 developed diabetes. The findings
revealed that people who habitually consume one to two
servings per day of SSBs have a 26% increased risk of devel-
oping the disease, compared to those who rarely drink SSBs.
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A prospective study by de Koning and colleagues that appeared
after the above meta-analysis was carried out gave supporting
results.
Cardiovascular Disease

Some evidence implicates SSBs as a factor in CVD. The stron-
gest supporting evidence came from a 2009 report from Fung
and colleagues discussing a cohort study of 88 000 American
women who were monitored for 24 years. Risk of developing
coronary heart disease was 35% greater for those who
consumed two or more SSBs per day compared with those
consuming SSBs less than once a month.

Studies have also been made of the relationship between
intake of SSBs and risk factors for CVD. Excessive consumption
of SSBs may detrimentally affect blood lipids: frequent
consumers of SSBs tend to have an elevated blood level of
triglyceride and a low level of HDL cholesterol. While the
findings lack consistency, there is also evidence that persons
consuming above-average amounts of SSBs may be at elevated
risk of hypertension.
Recommendations for Sugar Intake and Actual Intake

This association between sugar and obesity has major impli-
cations for the prevention of NCDs as obesity is an important
risk factor for numerous NCDs, including Type 2 diabetes,
CVD, several types of cancer (such as colon cancer and breast
cancer in postmenopausal women), infertility, and complica-
tions of pregnancy. There is also solid direct evidence linking
sugar intake with risk of Type 2 diabetes, CVD, and dental
caries. A strong case can be made that of all the harmful
substances in food (other than alcohol), sugar is the one that
causes the most harm to the most people. Based on this strong
evidence, in 2009 a report by Johnson and colleagues of the
American Heart Association recommended that sugar intake
should not exceed 37.5 or 25 g per day in men or women,
respectively. This is equivalent to about 5–6% of dietary energy.
While this can be viewed as an ‘ideal’ intake, it is probably too
low to be accepted by most people. Others recommend
a slightly higher limit for sugar intake of 10% of energy (WHO,
2003). This is close to that recommended as the maximum by
Sheiham in 1991 and by Sreebny in 1982 for the prevention of
dental caries, namely 41 and 50 g per day, respectively. This
translates to one can of SSB, which contains about 40 g of sugar
or to eight teaspoons of sugar.

A survey in the United States carried out in 2007–08 and
published in 2011 by Welsh and colleagues reported that sugar
consumption for persons aged over 2 years is 14.6% of energy
intake (or 77 g per day). This is a decrease from 1999 to 2000
when it was estimated to be 18.1% of energy (110.1 g per day).
Thus, while the downward trend for sugar consumption in the
United States appears encouraging, intake is still excessive. As
there is wide individual variation in intake, we can state with
confidence that a substantial part of the American population
consumes well in excess of 20% of energy as sugar. The same is
doubtless also true for many other populations. The ‘take
home’ message is that sugar is a major public health problem
and demands serious attention.

See also: Aspartame; Cardiovascular System; Saccharin.
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Background Information

Several federal agencies have jurisdiction over dietary supple-
ment products including the US Food and Drug Administra-
tion (FDA), US Department of Agriculture (USDA), Federal
Trade Commission (FTC), and National Institutes of Health
(NIH). The FDA’s Center for Food Safety and Applied Nutrition
is authorized to ensure that dietary supplements are safe,
sanitary, wholesome, and honestly labeled. The FTC enforces
against unsubstantiated advertising or false and misleading
advertising, focusing on health and nutritional benefits. The
USDA establishes dietary guidelines, including setting daily
nutritional values. The NIH’s Center for Complementary and
Alternative Medicine conducts research on alternative medi-
cines, including natural products, herbal remedies, and nutri-
tional supplements. The NIH Office of Dietary Supplements
conducts research on dietary supplements. The US Customs
Service monitors imported dietary supplements to make sure
they comply with US regulations.

Dietary supplements are defined in the Drug Supplement
Health and Education Act of 1994 (DSHEA) as a product (other
than tobacco) that includes one or more of the following die-
tary ingredients: a vitamin, a mineral, an herb or other botan-
ical, an amino acid, any other substance used to supplement
the diet by increasing total dietary intake, or a concentrate,
metabolite, constituent, extract, or combination of any of the
above. Dietary supplements are considered a special category of
food and are not considered to be drugs. They cannot previ-
ously have been the subject of an Investigational New Drug
Application, New Drug Application, or Biological License
Application filing. Nutraceuticals and functional foods are also
considered to be dietary supplements. A nutraceutical is a food
or food product that produces some type of physiological
benefit or provides protection against chronic disease. Func-
tional foods are foods that have been ‘enriched’ to provide
specific physiological benefits beyond the nutritional benefits
provided by the unmodified food. DSHEA legislation indicates
that dietary supplements should be taken by the oral route only
and specifies acceptable dosage forms (capsules, tablets,
liquids, powders/granules, and lozenges). Dietary supplements
should not be represented as a conventional food and are not
to be used as a sole item of a meal.

DSHEA requires manufacturers to include the words ‘die-
tary supplement’ on product labels. A Supplement Facts panel
is required on the labels of dietary supplements. The type of
information found on dietary supplement labels is mandated
by DSHEA and includes:

l statement of identity (e.g., ginseng);
l net quantity of contents (e.g., 60 capsules);
l structure–function claim (e.g., helps build strong bones)
l disclaimer stating: This statement has not been evaluated by

the Food and Drug Administration. This product is not
intended to diagnose, treat, cure, or prevent any disease;
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l directions for use (e.g., Take one capsule daily);
l supplement facts panel (serving size, amount, and active

ingredient);
l other ingredients in descending order of predominance and

by common name or proprietary blend;
l name and place of business of manufacturer, packer, or

distributor.

DSHEA requires manufacturers to include the words die-
tary supplement on product labels. The FDA as well as indi-
vidual states can take steps to restrict or stop the sale of
potentially harmful dietary supplements within their juris-
dictions. However, the FDA does not require supplement
manufacturers to submit safety and efficacy information
before marketing the supplement. The agency relies on
adverse event reports, product sampling results, consumer
complaint reports, manufacture site inspection findings,
marketplace surveys, and information from the public
domain to gauge the potential risk of a supplement and
determine whether it poses a ‘significant and unreasonable
risk.’ Any new dietary supplements (those introduced after
15 Oct. 1994) may be marketed only after a 75 day period in
which the FDA may review any safety data provided by the
manufacturer. Unlike pharmaceuticals, no warnings are
required to be placed on supplement labels to alert at-risk
populations of potential toxicity (e.g., pregnant/lactating
women, children, or those with preexisting medical condi-
tions such as hypertension, diabetes, liver or kidney disease).
Supplement labels are permitted to contain structure–
function claims (e.g., promotes gastrointestinal well-being);
however, they cannot contain claims pertaining to modifica-
tion of a disease (e.g., prevents gastric ulcers). Disease claims
are usually reserved for pharmaceuticals. A supplement
manufacturer is only allowed to make a disease claim if they
submit scientific evidence to support the claim and the FDA
finds the data acceptable.
Uses

Some of the more popular claims that are made for dietary
supplements include statements such as: improves nutrition,
supplements the amount of the substance found naturally in
the food supply, decreases the incidence or severity of a disease,
increases energy and/or enhances physical performance, aids in
building muscle mass, aids in weight reduction, stimulates the
immune system, and has antiinflammatory properties. For
example, power bars and energy drinks often contain dietary
supplements such as B vitamins (increased energy, tissue
repair), taurine (fat reduction, antioxidant, membrane stabi-
lizer), vitamin E (free radical scavenger), protein (build muscle
mass), and creatine (build muscle, increase energy during
exercise). There are numerous other claims, more than can be
enumerated in this brief summary.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00838-1
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Environmental Fate and Behavior

Environmental fate cannot be generalized to all types of dietary
supplements currently marketed, rather it depends on the
chemical and physical properties of each individual supple-
ment, an estimation of the amount manufactured per year and
the percentage of the amount manufactured that is estimated to
be released to the environment.
Exposure and Monitoring

Exposure and monitoring cannot be generalized to include all
types of dietary supplements. The analytical methods used to
estimate exposure in an individual or in the environment are
dependent on the physical and chemical nature of the
supplement.
Toxicokinetics

Following absorption, substances are distributed throughout
the body. The distribution of the supplement is dependent on
the physicochemical properties of the supplement. It may be
subject to energy-dependent influx or efflux by membrane
active transport systems. Many supplements may be highly
protein bound and may undergo metabolism to a less active
moiety (Phase I cytochrome P450 enzymes and Phase II
conjugation, often by sulfotransferases or glucuronyltrans-
ferases). The liver, kidney, and intestinal mucosa are primary
sites for metabolism and excretion. The rate of elimination
determines the half-life of the supplement and whether or not
it is likely to accumulate in the body over time. The
absorption, distribution, metabolism, and excretion are
dependent on the physicochemical characteristics of the
supplement.

Dietary supplements have the potential to interact
with coadministered medications by altering their meta-
bolism (pharmacokinetic interaction) or synergizing or antag-
onizing their pharmacological effects (pharmacodynamic
interaction).

St. John’s wort is known to induce the microsomal enzyme
CYP3A4, thereby causing an increased metabolism and
decreased exposure to drugs that are metabolized primarily
by CYP3A4. The immunosuppressant drugs cyclosporine and
tacrolimus are often administered to solid organ transplant
recipients to prevent graft-versus-host disease. Induction of
CYP3A4 by St. John’s wort could cause a decrease in circulating
levels of the immunosuppressant drugs and increase the risk
of organ rejection in solid organ transplant recipients.

Garlic supplements are thought to stimulate the immune
system. This immunostimulatory effect could act to antagonize
the effectiveness of immunosuppressive medications.
Mechanism of Toxicity

The mechanism of toxicity depends on the physicochemical
characteristics or the pharmacological activity of the supple-
ment. Some examples are given here.
l Blue green algae is a dietary supplement commonly
consumed in the United States, Canada, and Europe and is
claimed to aid in detoxification processes, increase energy
levels, elevate mood, and aid in weight loss. It is given to
children as a treatment for attention deficit hyperactivity
disorder. A toxic blue green algaewas found inwaters used for
drinking and recreational purposes. This algae produces
a hepatotoxin called microcystins. After oral ingestion of the
algae, the microcystins enter the portal circulation and then
are taken up via active transport into hepatocytes. Inside the
hepatocytes, microcystin binds to and inhibits protein phos-
phatase 1 and 2A. This results in hyperphosphosphorylation
of the cell proteins that help maintain the cell structure and
function. The cytoskeleton of the hepatocyte becomes
compromised and leads to hemorrhage and shock. Micro-
cystins are also thought to act as promoting agents in the liver,
eventually leading to an increased risk of primary liver cancer.

l Aconite is used in the treatment of inflammation, joint pain,
wounds, and gout. Some adverse effects associated with
aconite include nausea, vomiting, hypotension, respiratory
system paralysis, cardiac arrhythmias, and death. It is a
common cause of herbal poisoning in Hong Kong.

l Bitter orange is used for weight loss and nasal congestion
and to treat allergies. It has been associated with fainting,
cardiac arrhythmias, heart attack, stroke, and death.

l Comfrey (also known as blackwort) is used to treat cough,
menstrual pain, chest pain, and cancer. Comfrey contains
pyrrolizidine alkaloids. It is hepatotoxic (hepatic veno-
occlusive disease) and has been shown to be carcinogenic
in animals.

l Ephedra is used for weight loss, athletic performance
enhancement, relief of allergies, nasal decongestion, colds,
flu, fever, chills, headache, and joint pain, and as a diuretic.
Ephedra is a stimulant and has been associated with many
cases of heart attack, stroke, and death.

l Kava is used to relieve anxiety and is known to cause
hepatotoxicity.

l PC-Spes was used to promote prostate health and as an
alternative treatment for prostate cancer. Upon analysis,
PC-Spes was found to be contaminated with warfarin and
alprazolam. Warfarin is an anticoagulant that causes
decreased ability of the blood to clot and could result in
significant bleeding. Alprazolam is a central nervous system
(CNS) depressant, can exacerbate the depressant effects of
other drugs (e.g., alcohol, other CNS depressant medica-
tions), and may be habit forming.

l Yohimbe is thought to be an aphrodisiac and is used to
relieve chest pain, diabetic complications, depression, and
erectile dysfunction. It can cause high blood pressure,
tachycardia, severe hypotension, and death.
Acute and Short-Term Toxicity (or Exposure)

The time after consumption of a supplement to the develop-
ment of noticeable signs of toxicity varies; however, in some
cases, an adverse reaction can be detected after only limited
exposure (hours or days; acute exposure). Some examples of
the toxicity of dietary supplements after limited (acute) expo-
sure are given here.
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Chaparral is a desert shrub that has been promoted as
a natural antioxidant, cancer cure, and acne treatment.
Several cases of acute onset nonviral hepatitis have been
linked to consumption of chaparral. In some cases, the
liver toxicity was reversible after discontinuation of the
supplement; however, in other cases, the liver damage was
irreversible.

Jin Bu Huan is a Chinese herb that is used to treat pain,
insomnia, and cough. Case reports exist in which children
(1–2 years of age) consumed the herbal supplement, resulting
in acute onset of life-threatening bradycardia (slow heart rate)
and depression of the CNS and respiratory systems. Chemical
analysis of the herbal supplement revealed the presence of
tetrahydropalmatine, a chemical known to cause sedation,
analgesia, and paralysis.

Ma Huang (Ephedra) and guarana (contains caffeine) are
herbal supplements that are used to facilitate weight loss
and boost energy levels. Consumption of supplement
products containing both of these ingredients has been
reported to cause acute hepatitis, nephrolithiasis, hypersen-
sitivity, myocarditis, and sudden death within a few hours
of exposure. The US FDA banned supplements that contain
Ephedra in 2004, a decision that was upheld in Circuit Court
in 2006.

Herbal supplements that contain Griffonia seed extract
(5-hydroxytryptophane; 5-HT) are used to treat depression,
headaches, insomnia, and obesity. 5-HT is converted in the
body to serotonin and can cause clinical signs (gastrointestinal,
CNS, respiratory, and cardiovascular toxicity) and death within
hours of taking the supplement.
Chronic Toxicity (or Exposure)

Certain types of dietary supplements manifest their toxicity
primarily after repeated exposure. These types of supplements
accumulate in the body with time. Some examples of cumu-
lative toxicity after chronic exposure are given here.

Vitamin B6 is a water-soluble vitamin; however, when it is
consumed at high-dose levels (0.5–5.0 g) on a chronic basis, it
can cause signs of neurotoxicity.

The fat-soluble vitamins (A, D, E, and K) tend to accumulate
in the body over time. Chronic administration of high doses of
vitamin A can produce pseudotumor cerebri syndrome
(headache, blurred vision, and confusion caused by increased
intracranial pressure) and osteoporosis and bone fractures
(due to decreased bone formation coupled with increased
bone breakdown). Accumulation of vitamin D over time is
associated with hypercalcemia and nephrotoxicity. Accu-
mulation of vitamin E over time can cause excess bleeding (due
to its anticoagulant properties), exacerbate the anti-platelet
effects of other drugs, and counteract the effects of vitamin K.
Vitamin K3 (a synthetic form of vitamin K) was banned by the
FDA after reports of allergic reactions, hemolytic anemia, and
hepatotoxicity.

Cumulative arsenic toxicity occurred after daily ingestion of
kelp supplement tablets that were contaminated with arsenic.
The toxicity was characterized by symptoms such as progressive
alopecia, memory loss, rash, increasing fatigue, nausea, and
vomiting.
Immunotoxicity

Unfortunately, although there are many dietary supplements
that are claimed to ‘boost’ the function of the immune system,
few of the claims are supported by well-designed tests con-
ducted in animals or humans. In fact, dietary supplements have
been associated with both stimulation and suppression of the
immune system. Some examples are given here.

Epidemiological studies have indicated that vitamin E may
be useful in treating the symptoms of asthma. Studies were then
conducted in rats as well as in healthy human volunteers to
investigate the antiinflammatory potential of vitamin E. Rats
and humanswere treated orally with either placebo or a vitamin
E supplement and were then challenged by inhalation of lipo-
polysaccharide (LPS) to elicit inflammation in the bronchial
airways. Sputum samples (humans) and lung lavage samples
(rats) were collected 6 h after the LPS challenge and evaluated to
determine the number of neutrophils present. The data
provided scientific evidence that supplementation of the diet
with vitamin E caused a reduction in the number of neutrophils
that were recruited to the lung airways after challenge with LPS.

Echinacea purpurea (eastern purple coneflower) is native to
eastern North America and blooms during the spring and
summer. It has been used in the treatment of colds, flu, and
infections and is thought to stimulate the immune system. The
clinical efficacy of E. purpurea is currently being investigated by
several groups for use as an immunostimulant. Side effects that
have been reported after ingestion of E. purpurea include
allergic reactions (e.g., rashes, increased asthma, and even life-
threatening anaphylactic reactions in some individuals). Indi-
viduals who are allergic to the daisy flower and plants that are
related (e.g., ragweed, chrysanthemums, marigolds) are espe-
cially likely to develop an allergic reaction to E. purpurea.

Dimethylglycine is promoted to increase athletic perfor-
mance, and is used in the treatment of autism and as an
anti-convulsant. It has immunomodulatory properties, stimu-
lating both humoral and cell-mediated immune responses.
Reproductive and Developmental Toxicity

The risk of reproductive or developmental toxicity of a dietary
supplement is unique for each type of supplement and is not
required by the FDA to be tested for prior to marketing. Some
examples of dietary supplements that have caused reproductive
or developmental toxicity are shown below.

l Dehydroepiandrosterone (DHEA) is an endogenous steroid
hormone produced by the cortex of the adrenal gland, is
converted in the body to androgens and estrogens, and is
promoted for hormone replacement. DHEA has been
shown to cause both embryotoxicity and fetotoxicity in
pregnant rodents.

l Excessive intake of vitamin A during pregnancy has been
shown to be teratogenic to both rodents and humans.
Genotoxicity

The genotoxic potential of a dietary supplement is depen-
dent on the unique chemical properties of the supplement.



Table 1 Commonly used dietary supplements

Herb Suggested use Potential toxicity Potential drug interactions Comments

Black cohosh (Cimicifuga
racemosa)

Menopausal symptoms Gastrointestinal discomfort None known No long-term studies showing efficacy
or safety

Chaste tree berries (Vitex agnus-
castus)

Premenstrual syndrome,
mastodynia

Pruritus May have dopaminergic activity; therefore,
avoid use of dopamine-receptor antagonist
(e.g., neuroleptics)

Small, short-term studies suggest
efficacy

Cranberry (Vaccinium
macrocarpon)

Urinary tract infections Nephrolithiasis (with cranberry
concentrate tablets)

None known Treatment efficacy not proven; small
studies show possible efficacy for
prevention

Dong quai (Angelica sinensis) Menopausal symptoms Rash Increased international normalized ration in
patients taking warfarin

No clinical evidence of efficacy

Echinacea (E. purpurea, E. pallid,
E. angustifolia)

Upper respiratory infections Hypersensitivity reactions Theoretically, may antagonize the effect of
immunosuppressive drugs

Variations in plant species studied,
part of plant used, and extraction
methods make conclusion
regarding efficacy difficult

Ephedra (Ephedra sinica, ma
huang)

Asthma, congestion, weight loss Hypertension, arrhythmia,
myocardial infarction, stroke

Avoid use with monoamine oxidase inhibitors
and cardiac glycosides; potential for serious
toxicity when combined with other
symptoms

Probably effective for short-term
weight loss when combined with
caffeine; long-term data lacking

Evening primrose (Oenothera
biennis)

Eczema, irritable bowel syndrome,
mastalgia, premenstrual
syndrome, rheumatoid arthritis

Nausea, vomiting, diarrhea,
flatulence

Possible lowering of seizure threshold in
patients taking antiepileptic medications

Conflicting efficacy data for number of
conditions

Feverfew (Tanacetum parthenium) Migraine prophylaxis Hypersensitivity reactions Theoretical risk of increased bleeding when
combined with anticoagulants

Few studies support efficacy

Garlic (Allium sativum) Cardiovascular protection Gastrointestinal upset, bleeding Theoretical risk of increased bleeding when
combined with anticoagulants

Beneficial effects unproven

Ginger (Zingiberis rhizoma) Motion sickness, dyspepsia None known Theoretical risk of increased bleeding when
combined with anticoagulants

Has also been used for nausea and
vomiting of pregnancy and
osteoarthritis

Ginkgo biloba Dementia, claudication, tinnitus Gastrointestinal upset, headache,
dizziness, bleeding, seizure

Theoretical risk of increased bleeding when
combined with anticoagulants

May have modest effects on cognitive
performance and functioning in
patients with Alzheimer disease or
multi-infarct dementia; no evidence
to support prevention of memory
loss or dementia

(Continued)
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Table 1 Commonly used dietary supplementsdcont'd

Herb Suggested use Potential toxicity Potential drug interactions Comments

Ginseng (Panax species; Asian
ginseng, Korean ginseng,
American ginseng)

Fatigue, diabetes Generally considered safe; rare
reports of hypertension,
insomnia, headache, and
mastalgia

May interact with monoamine oxidase
inhibitors and warfarin (decreased
prothrombin time)

Currently, little data to support its use

Kava kava (Piper methysticum) Anxiety Rash, sedation, liver toxicity May potentiate effects of benzodiazepines;
best to avoid with other antioxidants or
alcohol because of risk of excess sedation

Studies suggest efficacy; no data on
addition potential

Kola nut (Cola nitida) Fatigue Irritability, insomnia Caution when used with other stimulants Contains caffeine
Saw palmetto (Serenoa repens) Prostatic hyperplasia Mild gastrointestinal effects None known Short-term studies show improvement

in symptoms; no evidence for
prevention of BPH or prostate
cancer

St. John’s wort (Hypericum
perforatum)

Depression, anxiety Headache, insomnia, dizziness,
gastrointestinal irritation

Can decrease levels of cyclosporine, digoxin,
oral contraceptives, theophylline, and
indinavir; serotonin syndrome can occur
when combined with prescription SSRIs

May be effective for mild to moderate
depression

Valerian (Valeriana officinalis) Insomnia Headaches Avoid use with benzodiazepines because of
sedation

Theoretical risk of addiction with
prolonged use
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Evaluation of the genotoxic potential of dietary supplements is
not required by FDA to be conducted prior to marketing.
However, genotoxic evaluation has been reported in the liter-
ature for several dietary supplements.

l Hoodia gordonii extract (promote) was shown to be non-
genotoxic in three different assays (Ames assay, mutation
assay in mouse lymphoma cells and an in vivo bone marrow
micronucleus assay in the mouse).

l Genistein is a phytoestrogen that is abundant in soy-based
products. It was negative in tests of mutagenicity but
produced clastogenic effects in the in vitro mouse lym-
phoma assay.
Carcinogenicity

Unlike pharmaceuticals, dietary supplements are not required
by the FDA to be evaluated for their carcinogenic potential in
rodents. However, several types of dietary supplements have
been shown to be carcinogenic after lifetime administration to
rodents. The risk of cancer in connection with ingestion of
dietary supplements is of concern since many of them are taken
chronically. Some examples of dietary supplements that have
been linked to carcinogenic effects in rodents are shown here.

l Coltsfoot is a liver carcinogen in rats.
l Comfrey contains a pyrrolizidine alkaloid called symphy-

tine. Symphytine is a known rodent carcinogen.
l Dimethylglycine is promoted to increase athletic perfor-

mance and is used in the treatment of autism and as an anti-
convulsant. It is metabolized (nitrosated) in the body to
produce nitrososarcosine, a weak carcinogen, and also to
dimethylnitrosamine, a potent carcinogen.
Clinical Management

Clinical management of the toxic effects of a dietary supple-
ment is unique for each type of supplement and cannot be
generalized.
Miscellaneous

Table 1 contains basic information for many of the most
popular dietary supplements.
See also: Food andDrug Administration, US; Vitamin A; Vitamin C
(Ascorbic Acid); Vitamin D; Vitamin E; Food Additives.
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Background

Diethylamine (Chemical Abstract Service Registry Number
(CASRN) 109-89-7) is a flammable, corrosive, colorless liquid
with a fishy, ammonia-like odor. Synonyms are: N,N-diethyl-
amine; (C2H5)2NH; DEA; DEN; diaethylamin; diethamine; die-
tilamina; dwuetyloamina; UN 1154; and N-ethylethanamine.
Uses

Diethylamine is used in the manufacture of rubber-processing
chemicals, selective solvents, dyes, flotation agents, resins,
pesticides, polymerization inhibitors, pharmaceuticals, and
petroleum chemicals. It is used as a corrosion inhibitor in the
metal industries and in electroplating. It is also used as
a solvent for removing impurities from oils, fats, and waxes and
as a polymerization inhibitor. Diethylamine also occurs natu-
rally in many foods and plants.
Environmental Fate and Behavior

Relevant Physicochemical Properties

l Molecular Weight: 73.14
l Log Octanol/Water Partition Coefficient: 0.58
l Solubility in Water: 1� 106 mg l�1 (25 �C)
l Henry’s Law Constant: 2.55� 10�5 atmm3mol�1 (25 �C)
Partition Behavior in Water, Sediment, and Soil

Diethylamine exists primarily in the cation form in the envi-
ronment, resulting in reduced potential for volatilization from
water surfaces and the surface of moist soil. Diethylamine is not
expected to adsorb significantly to suspended solids and sedi-
ment in water. When released into the soil, diethylamine is
expected to be highly mobile. Some volatilization from dry soil
is expected.
Environmental Persistence

Studies indicate that aerobic biodegradation may be an
important fate process in both soil and water. In water, dieth-
ylamine degrades rapidly; the half-life in stream water was 0.9
days in one study. Hydrolysis is not expected to be an important
environmental fate process since diethylamine lacks functional
groups that hydrolyze under environmental conditions. Dieth-
ylamine forms complexes with metallic ions in soil and water.
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When released into the air, diethylamine will exist solely as
a vapor and is expected to be readily degraded by reaction with
photochemically produced hydroxyl radicals. The half-life for
this reaction is approximately 5 h. Diethylamine is suscepti-
ble to direct photolysis by sunlight. In an outdoor cham-
ber, photooxidation by sunlight yielded diethylnitramine,
diethylformamide, diethylacetamide, ethylacetamide, ozone,
acetaldehyde, and peroxyacetylnitrate.
Long-Range Transport

Long-range transport in the atmosphere is not expected due to
abiotic degradation. Diethylamine may be transported in
groundwater.
Bioaccumulation and Biomagnification

Diethylamine has an estimated bioconcentration factor of 1.6–
3, suggesting that the potential for bioconcentration in aquatic
organisms is low.
Exposure and Exposure Monitoring

Routes and Pathways

The use of diethylamine as a chemical intermediate may result
in occupational exposure as well as exposure to residues
released in waste streams. Most exposure in the general pop-
ulation is from diet and tobacco use.

Diethylamine can be absorbed through oral, dermal, and
inhalation routes, as well as causing damage at the point of
contact (i.e., skin, eyes, lungs, and gastrointestinal tract).
Human Exposure

Occupational exposure to diethylamine may occur through
inhalation and dermal contact where it is produced or used.
The US National Institute for Occupational Safety and Health
estimates that, in the United States, approximately 28 360
workers are potentially exposed to diethylamine.

Diethylamine was found to be present in volatiles from
a cattle feedyard, the exhaust from a gasoline engine, furniture
coatings, and in textile floor coverings. It has been identified in
tobacco leaf at 0.1–35 ppm and in tobacco smoke at up to
0.4 ppm. Diethylamine is present in spinach (15 ppm), apples
(3 ppm), preserved and pickled food items (0.1–3.2 ppm),
herring (up to 5.2 ppm), cod roe (5.2 ppm), barley (5.7 ppm),
hops (3.1 ppm), and malt (0.6 ppm).
Environmental Exposure

Diethylamine has been detected in soil and in eight rivers in
Germany (up to 14 ppb). In Sweden, diethylamine was
detected at 14–410 pmol cum�1 in the atmosphere and at less
than 30–220 nmol l�1 in the rain.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00489-9
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Toxicokinetics

Diethylamine is rapidly absorbed from the gut and skin, with
the rate of skin absorption dependent on the size of the area
involved and the duration of contact. Diethylamine is
primarily excreted unchanged in the urine.
Mechanism of Toxicity

Diethylamine is a potent skin, eye, and mucous membrane
irritant. Contact may cause minor irritation to severe tissue
damage. Diethylamine has a moderate inhibitory effect on
monoamine oxidase and liver function.
Acute and Short-Term Toxicity

Animal

Diethylamine is a corrosive skin and eye irritant and severe
respiratory tract irritant.

Signs of toxicity observed after single oral doses of diethyl-
amine include sluggishness and reduced body temperature,
with gross necropsy revealing congestion of the lungs, liver, and
kidneys, necrosis and hemorrhage of the stomach, and a con-
gested, hemorrhaged, and opaque intestine. The oral LD50 was
reported to be 540–1000 mg kg�1 in rats and 500–649 mg kg�1

in mice.
The inhalation LC50 for diethylamine was reported to be

580–5700 ppm in rats for 4 h. Clinical observations included
gasping, nasal irritation, bloody nasal discharge, irritated
extremities, nasal irritation, poor coordination, convulsions,
wet noses, and partially closed eyes. Gross necropsy revealed
red lungs and yellowed, gas- and liquid-filled intestines.

Severe skin irritation has been reported after dermal contact
in rabbits. The LD50 by dermal exposure was reported to be
580–820 mg kg�1 in rabbits. Clinical observations included
necrosis, edema, and erythema of the skin and loss of coordi-
nation. Gross necropsy revealed mottled livers and dark
medullae in the kidney. Diethylamine was not found to be
a dermal sensitizer in mice.
Human

Diethylamine is a severe skin and eye irritant. Eye exposure to
diethylamine can cause burning discomfort, spasmodic blinking
or involuntary closing of the eyelids, redness, tearing, blue/gray
hazy vision, halos, and edema of the corneal epithelium,
generally without pain and clearing within a day. Five to 25 ppm
exposures result in slight visual disturbances. More intense eye
exposures cause blurring, photophobia, and discomfort from
the roughness of the corneal epithelium which clears in several
days. Conjunctival hemorrhages, corneal opacities, and keratitis
may occur with exposure to higher concentrations and may
result in permanent damage and impairment of vision.

Direct contact with skin has a corrosive effect, causing
erythema and blistering. If the skin is wet or moist, contact with
the gas or vapor can cause burning pain, inflammation, blisters,
and ulceration. The estimated fatal dermal dose of diethyl-
amine for a human is 20 g.
Inhalation exposure causes respiratory tract irritation with
rhinorrhea, coughing, dyspnea, upper airway obstruction,
bronchitis, and pneumonitis. Signs of pulmonary edema
(shortness of breath, cyanosis, expectoration) may occur with
higher exposures. After inhalation, transient headache, nausea,
faintness, and anxiety may occur. Changes in nasal volume and
nasal resistance were not evident when human volunteers were
exposed to 25 ppm for 15 min; however, in a subsequent
experiment, a moderate to strong olfactory response and
distinct nasal and eye irritation were observed when volunteers
were exposed to an average of 10 ppm for 60 min. Survivors of
severe inhalation injury, especially if pulmonary function
abnormalities are associated, may suffer residual chronic lung
disease.
Chronic Toxicity

Animal

Rabbits exposed by inhalation to 100 ppm for 6 weeks expe-
rienced irritation of the lung tissue with cellular infiltration and
bronchopneumonia, irritation of the cornea, nephritis, a slight
thickening of the vascular walls, parenchymatous degeneration
of the liver and multiple punctate erosions, and edema of the
cornea. Parenchymatous degeneration of the heart muscle has
been observed in rabbits at these concentrations but has not
been confirmed in other species. In rats, inhalation exposure of
up to 250 ppm for 24 weeks resulted in sneezing, tearing, and
reddened noses, as well as reduced body weight and lesions of
the nasal mucosa (squamous metaplasia, suppurative rhinitis,
and lymphoid hyperplasia).
Human

Chronic diethylamine exposure can aggravate existing respira-
tory diseases. Lungs may be affected by repeated or prolonged
exposure to the vapor. Diethylamine may have effects on the
teeth, resulting in dental erosion.
Genotoxicity

Diethylamine tested negative in the Ames test with Salmo-
nella typhimurium with and without metabolic activation.
Male Fischer 344 rats exposed via gavage to 500 mg kg�1

and sampled 12 h later did not exhibit unscheduled
DNA synthesis in their kidney cells. A variety of biochemical
mutants were induced by diethylamine in Streptomyces
scabies.
Carcinogenicity

The reaction of dietary amines with nitrite to produce
nitrosamines, which are potential carcinogens, has been
demonstrated both in vitro and in vivo. The acidic environment
of the stomach may facilitate this interaction. Infant mice
given diethylamine hydrochloride and sodium nitrite intra-
gastrically had significantly more liver tumors compared
to mice given only sodium nitrate or diethylamine
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hydrochloride. However, in Wistar rats administered
600 ppm diethylamine and sodium nitrite in the diet, dieth-
ylnitrosamine could not be detected.

A 2-year inhalation study in rats and mice resulted in no
evidence of carcinogenic activity in rats at concentrations up to
125 ppm or in mice at concentrations up to 62.5 ppm. There
was an increased incidence of nonneoplastic lesions of the nose
in male and female rats and mice and of the pleura and lung in
female rats.
Table 1 Exposure standards and guidelines for diethylamine

Organization Standard

Mine Safety and Health
Administration (MSHA)
STANDARD – air

Time-weighted average 25 ppm
(75 mgm�3), 1971

Occupational Safety and Health
Administration (OSHA)
Permissible Exposure Limit
(General Industry)

8-h time-weighted average 25 ppm
(75 mgm�3), 1994

Occupational Safety and Health
Administration (OSHA)
Permissible Exposure Limit
(Construction)

8-h time-weighted average 25 ppm
(75 mgm�3), 1994

Occupational Safety and Health 8-h time-weighted average 25 ppm
�3
Clinical Management

Exposed skin and eyes should be immediately irrigated with
copious amounts of tepid water.

After inhalation exposure, the victim should be moved to
fresh air and monitored for respiratory distress. Humidified
supplemental oxygen (100%) should be administered with
assisted ventilation as required. If coughing or breathing diffi-
culties are noted, the patient should be evaluated for irritation,
bronchitis, or pneumonitis, including chest X-rays and deter-
mination of blood gasses. The symptoms of pulmonary edema
often do not become manifest until a few hours have passed
and they are aggravated by physical effort. Rest and medical
observation is therefore essential. If pulmonary edema is
present, positive end expiratory pressure ventilation and
steroids should be considered.

For ingestion exposures, the use of diluents is controver-
sial. Emesis or lavage should be avoided. A fall in blood
pressure may indicate a delayed gastric or esophageal
perforation.
Administration (OSHA)
Permissible Exposure Limit
(Shipyards)

(75 mgm ), 1993

Occupational Safety and Health
Administration (OSHA)
Permissible Exposure Limit
(Federal Contractors)

8-h time-weighted average 25 ppm
(75 mgm�3), 1994

Occupational Exposure Limit –
Australia

Time-weighted average 10 ppm
(30 mgm�3), short-term
exposure limit 25 ppm, Jan. 1993

Occupational Exposure Limit –
Austria

MAK 10 ppm (30 mgm�3),
Jan. 1999

Occupational Exposure Limit –
Belgium

Time-weighted average 10 ppm
(30 mgm�3), short-term
exposure limit 25 ppm, Jan. 1993

Occupational Exposure Limit –
Finland

Short-term exposure limit 10 ppm
(30 mgm�3), skin, Jan. 1999

Occupational Exposure Limit –
France

VLE 10 ppm (30 mg m�3), Jan. 1999

Occupational Exposure Limit –
Germany

MAK 10 ppm (30 mgm�3),
Jan. 1999

Occupational Exposure Limit –
Hungary

Time-weighted average 30 mgm�3,
short-term exposure limit
60 mg m�3, Jan. 1993

Occupational Exposure Limit –
Japan

Occupational Exposure Limit 10 ppm
(30 mgm�3), Jan. 1999

Occupational Exposure Limit –
The Netherlands

MAC-TGG 15 mg m�3, skin, 2003

Occupational Exposure Limit –
Norway

Time-weighted average 10 ppm
(30 mgm�3), Jan. 1999
Ecotoxicology

Freshwater/Sediment Organisms

l Oncorhynchus mykiss (rainbow trout) LC50¼ 25–182 mg l�1

for 96 h
l Oryzias latipes (medaka) LC50¼ 1000 mg l�1 for 24 and

48 h
l Semotilus atromaculatus (creek chub) LC100¼ 100 mg l�1 for

24 h
l Poecilia reticulata (guppy) LC50¼ 100–180 mg l�1

l Pimephales promelas (fathead minnow) LC50¼ 855 mg l�1

for 96 h
l Daphnia magna (water flea) LC50¼ 32–100 mg l�1 for 48 h
l Anabaena subcylindrica (blue-green algae) EC50¼ 7.8�

10�8 mg cell�1 for 3 h (decreased nitrogen fixation, photo-
synthesis, and oxygen production)

l Chlorella pyrenoidosa (green algae) EC50¼ 56 mg l�1 for 96 h
(general growth)

l Pseudokirchneriella subcapitata (green algae) EC50¼ 20 mg l�1

for 96 h (general growth)
l Aedes aegypti (yellow-fever mosquito larvae) LC50¼

0.072 mg l�1 for 4 h

Marine Organisms

No data available.
Terrestrial Organisms

l Lactuca sativa (lettuce) EC50¼ 21.3 mol cum�1 for 3 days
Other Hazards

Diethylamine is highly flammable and forms explosive
mixtures with air. The lower explosive limit is 1.8%. It gives off
highly irritating fumes in a fire. Diethylamine is incompatible
with strong oxidizing agents, strong acids, and cellulose nitrate.
Exposure Standards and Guidelines

Table 1.
(Continued)
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Organization Standard

Occupational Exposure Limit –
The Philippines

Time-weighted average 25 ppm
(75 mgm�3), Jan. 1993

Occupational Exposure Limit –
Russia

Time-weighted average 10 ppm,
short-term exposure limit
30 mg m�3, skin, Jan. 1993

Occupational Exposure Limit –
Sweden

NGV 10 ppm (30 mgm�3), KTV
15 ppm (45 mg m�3), skin,
Jan. 1999

Occupational Exposure Limit –
Switzerland

MAK-week 10 ppm (30 mg m�3),
KZG-week 20 ppm (60 mg m�3),
Jan. 1999

Occupational Exposure Limit –
Turkey

Time-weighted average 25 ppm
(75 mgm�3), Jan. 1993

Occupational Exposure Limit –
United Kingdom

Time-weighted average 10 ppm
(30 mgm�3), short-term exposure
limit 25 ppm (76 mgm�3),
Sep. 2000

Occupational Exposure Limit in
Argentina, Bulgaria, Colombia,
Jordan, Korea

American Conference of
Governmental Industrial
Hygienists (ACGIH) Threshold
Limit Value, short-term exposure
limit 15 ppm (skin)

Occupational Exposure Limit in
New Zealand, Singapore,
Vietnam

American Conference of
Governmental Industrial
Hygienists (ACGIH) Threshold
Limit Value, short-term exposure
limit 15 ppm (skin)

Reference: National Institute for Occupational Safety and Health (NIOSH) (2004).
Diethylamine. Registry of Toxic Effects of Chemical Substances (RTECS). Retrieved
/31/2011. http://www.emedco.info/rtecs/hz8583b0.htm.
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Miscellaneous

Diethylamine odor is described as fishlike at 0.01–20 ppm and
ammoniacal at 100–200 ppm. Olfactory fatigue may occur
with prolonged exposure.

See also: Corrosives; Eye Irritancy Testing.

Further Reading

American Conference of Governmental Industrial Hygienists, 2001. Diethylamine. In:
Documentation of the Threshold Limit Values and Biological Exposure Indices.
Cincinnati, Ohio.

Clayton, G.D., Clayton, F.E., (Eds.), 1994. Patty’s Industrial Hygiene and
Toxicology, Volume II, Part B, fourth ed. John Wiley & Sons Inc, New York, NY,
pp. 1117–1118.

National Toxicology Program, 2009. NTP Technical Report on the Toxicology and
Carcinogenesis Studies of Diethylamine (CAS No. 109-89-7) in F344/N Rats and
B6C3F1 Mice (Inhalation Studies). http://ntp.niehs.nih.gov/ntp/about_ntp/BSC/TRRS/
2009/November/Board_Drafts/TR566_WEB.pdf NIH Publication No. 10-5908.
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l Name: Diethyl ether
l Chemical Abstracts Service Registry Number: 60-29-7
l Synonyms: Ether, Ethyl ether, Diethyl oxide, Ethyl oxide,

Ethoxyethane, Anesthetic ether
l Molecular Formula: C4H10O
l Chemical Structure: CH3CH2OCH2CH3

H3C CH3O

Background

Diethyl ether is a component of starting fluids and is used as
a solvent in the manufacture of synthetic dyes and plastics.
Because of its characteristics, diethyl ether was widely used in
many countries as an anesthetic agent, but was then replaced by
other substances in the 1960s.
Uses

Diethyl ether is used in the production of rubber, plastics,
paints, coatings, perfumes, and cosmetics. It is used as a solvent
or extractant for fats, waxes, oils, resins, dyes, and alkaloids. It is
also used as a fuel additive and alcohol denaturant as well as
a component of starting fluids in heavy engines. Although it
was the first successful surgical anesthetic agent, due to its
chemical properties and pharmacokinetic characteristics it is
not used anymore today.
Environmental Fate and Behavior

Inhalation is the main route of exposure to diethyl ether.
Occupational exposure to diethyl ether may occur through
inhalation and dermal contact with this compound at work-
places where diethyl ether is used. Exposure to this chemical
may also occur via inhalation of ambient air and ingestion
of contaminated drinking water. Although rare, intentional
(suicidal) exposure is also reported.

The industrial use of diethyl ether may result in its release to
the environment through various waste streams. In air, diethyl
ether will exist as a vapor and will be degraded in the atmo-
sphere after reacting with hydroxyl and nitrate radicals. Half-
lives of these reactions in air are estimated to be 1.2 and
5.8 days, respectively. In soil and water, diethyl ether is expected
to volatilize and biodegradation is likely to be a slow process.
Bioconcentration of diethyl ether in aquatic organisms is low.
Toxicokinetics

Diethyl ether is immediately absorbed from inhaled air into the
bloodstream and passes rapidly into the brain. More than 90%
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of a dose of ether is exhaled unchanged after cessation of
exposure. Another 1–2% is excreted in urine. A residual amount
may deposit in fatty tissue. Radiotracer studies in rats have
shown that diethyl ether can be degraded to carbon dioxide.
After 20 min, 90% of diethyl ether applied on skin is absorbed.
Mechanism of Toxicity

The mechanism and site of action of diethyl ether are
unknown. In the past, most solvents were thought to interfere
with the bulk properties of membranes such as membrane
fluidity and permeability, thus causing a generalized pertur-
bation to neuronal membranes. In recent years, it has emerged
that specific sites such as ion channels and other receptors are
the more likely targets.
Acute and Short-Term Toxicity (or Exposure)

Animal

Inhalation of high concentrations of ether produces central
nervous system (CNS) changes, such as behavioral effects,
excitation, depression, and unconsciousness. Male mice
exposed by inhalation to 13 300–30 000 ppm of diethyl ether
for 20min had decreased excitability, reduced muscle tone, and
reduced sensorimotor activity. Diethyl ether is a mild eye irri-
tant. The reported toxic doses for mice include the following:
LC50 (inhalation), 31 000 ppm per 30 min; LD50 (oral),
1.215 g kg�1.
Human

The target organ of ether is the CNS. Inhalation of high
concentrations may cause CNS effects including headache,
dizziness, unconsciousness, and coma. It is, however, rare to
find death due to an inhalation exposure. Ingestion poisonings
are of rapid onset, short duration, and clinically similar to
ethanol overdose. Diethyl ether is an irritant to the eye, skin,
and mucous membranes.
Chronic Toxicity (or Exposure)

Animal

Rats exposed orally to 3500 mg kg�1 per day for 13 weeks to
diethyl ether presented signs of toxicity characterized by
decrease in appetite, weight loss, and death.
Human

Repeated dermal exposure may cause the skin to become dry
and cracked due to oil extraction. Several reports have sug-
gested that long-term exposure to diethyl ether may have health
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00987-8
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effects, but there is not enough information available to draw
firm conclusions.
Genotoxicity

Mutagenicity studies in cultured mammalian cells are ambig-
uous. Positive and negative results have been reported. Bacte-
rial mutagenicity tests have been primarily negative. Aged ether
(containing peroxides) has been shown to be mutagenic.
Clinical Management

Contact with the skin should be minimized by thoroughly
washing affected areas for at least 15 min. Symptoms of
dermatitis should be treated if necessary. If ingested, vomiting
should not be induced since ether poses an aspiration hazard
and chemical pneumonitis may occur. CNS depression may
result from ingestion. Treatment should be symptomatic. There
are no known antidotes to diethyl ether.
Ecotoxicology

The LC50 for Poecilia reticulate (guppy) is shown to be
2138 ppm for 14 days. The LC50 for Pimephales promelas
(fathead minnow) is 2560 mg l�1 for 96 h.
Other Hazards

Diethyl ether is extremely flammable. Its volatility and low
ignition temperature make it one of the most dangerous fire
hazards in the laboratory. Ether vapor forms explosive mixtures
with air due to the formation of unstable peroxides. Diethyl
ether may react violently with halogens or strong oxidizing
agents.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit is set at 8 h time-weighted average of
400 ppm, which is equivalent to 1200mgm�3. Fifteen minutes
short-term exposure limit is 500 ppm (equivalent to
1520 mg m�3). The ‘immediately dangerous to life or health’
concentration is 1900 ppm and is based on 10% of the lower
explosive limit for safety considerations.
See also: Anesthetics; Volatile Organic Compounds.
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l Name: Diethylene Glycol
l Chemical Abstracts Service Registry Number: CAS 111-46-6
l Synonyms: Diethylene glycol; Diglycol; Dihydroxydiethyl

ether
l Chemical/Pharmaceutical/Other Class: Glycol
l Molecular Formula: C4H10O3

l Chemical Structure:
140
Uses

Diethylene glycol (DEG) is a commonly used solvent and
ingredient in numerous commercial products. It is used as
a dehydrating agent for natural gas processing; as a lubricating
and finishing agent for textiles; a constituent in brake fluids,
lubricants, antifreeze formulations, wallpaper strippers and in
artificial fog solutions; a solvent for printing inks and textile
dyes; and is used as an intermediate in the production of some
resins, triethylene glycol, surfactants, and diethylene glycol
esters and ethers.

Diethylene glycol is prepared commercially through heating
ethylene oxide and glycol forming two ethylene glycol mole-
cules joined by an ether bond. Once believed to be broken
down into two ethylene glycol molecules, it is now known that
diethylene glycol is metabolized to distinct metabolites
different than ethylene glycol.

Diethylene glycol has been implicated in mass poisonings
when substituted for diluents in pharmaceutical formulations.
The Massengill Tragedy of 1937 was a result of diethylene
glycol being used in place of glycerin as a diluent in sulfanil-
amide elixir. This resulted in numerous pediatric deaths. Most
recently, diethylene glycol has been implicated in numerous
mass poisonings by pharmaceutical formulations most notably
the acetaminophen elixir contamination in Haiti in the mid-
1990s; the Nigerian mass poisoning with 84 pediatric deaths
after a teething syrup was contaminated with diethylene glycol;
and the Panamanian disaster in 2006 that affected at least 119
adult patients after diethylene glycol was used in a prescription
liquid cough syrup.
Environmental Fate and Behavior

Diethylene glycol is miscible with water, has a low vapor
pressure of 0.008 hPa at 25 �C, a very low log Kow of�1.98, and
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also a low Koc. Consequently, water is the most relevant envi-
ronmental compartment. Calculation according to Mackay,
Level I indicates the following distribution among environ-
mental compartments: air 0.75%, water 99.25%, soil 0%,
sediment 0%; confirming the relevance of the pelagic systems.

The substance is readily biodegradable and the very low
log Kow suggests a low potential for bioaccumulation.
Exposure Routes and Pathways

Occupational exposure occurs through inhalation and dermal
contact. Mass poisonings by ingestion has resulted in signifi-
cant morbidity and mortality over the past 70 years.
Toxicokinetics

Diethylene glycol is rapidly absorbed and distributed to the
kidneys, brain, liver, spleen, and adipose tissue. The kidneys
receive most of the DEG. The volume of distribution of DEG is
unknown in humans but is approximately 1 l kg�1 in rats. Once
thought to be metabolized to ethylene glycol and further to
oxalic acid, it is now known that the ether bonds are relatively
stable and DEG is metabolized by alcohol dehydrogenase
(ADH) to 2-hydroxyethoxyacetic acid (HEAA) and diglycolic
acid (DGA). Diglycolic acid was recently identified to be the
primary nephrotoxic metabolite in DEG poisoning. The half-
life of DEG is dose dependent and doses of 6ml kg�1 and
12ml kg�1 in rats yielded a half-life of 8 and 12 h, respectively.
At higher doses (>17.5ml kg�1), DEG appears to follow first
order kinetics and has a half-life of 3.6 h.
Toxic Dose

The majority of information on the toxic dose of DEG is from
rat studies though there are limited data in humans after data
collected from mass poisonings. The minimum DEG dose
associated with morbidity and mortality remains unknown.
The median toxic dose from the Haiti mass poisonings was
1–1.5 g kg�1. DEG doses, however, of 0.5–1 g kg�1 have been
associated with renal toxicity. Doses as low as �0.09mg kg�1

resulted in toxicity in the Panama disaster.
The LD50 dose in rats has been previously described as

15 g kg�1.
Mechanism of Toxicity

Diethylene glycol is metabolized by alcohol dehydrogenase to
toxic metabolites predominantly, HEAA and DGA. DEG can
cause an anion gap metabolic acidosis, cortical necrosis
resulting in permanent renal failure and neurotoxicity. DGA,
not HEAA, was recently identified as being the primary
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00490-5
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nephrotoxic agent causing proximal tubule cell death. The
neurotoxicity seen after DEG poisoning is only recently
described. The neurotoxicity is delayed and has cranial and
peripheral demyelinating sensorimotor polyneuropathy
pattern. The exact mechanism of the neurotoxicity remains
unclear and in the cases described in the literature, it appears to
be prolonged but does show evidence of reversibility.
Acute and Short-Term Toxicity

Animal

Diethylene glycol is not irritating to the skin or eyes of exper-
imental animals. LD50 ranged from 7.7 g kg�1 in a rat intra-
peritoneal study to 26.9 g kg�1 in a rabbit oral study.
Symptoms of acute toxicity were similar for dogs, rats, rabbits,
mice, and guinea pigs and consisted of thirst, refusal of food,
diuresis followed several days later by decreased urine output,
proteinuria, dyspnea, bloating, coma, and death.

Human

Diethylene glycol is not highly irritating to mucus membranes
or by dermal exposure. Relatively low hazard has been associ-
ated with industrial use due to its low vapor pressure and low
dermal penetration. The average fatal dose after the elixir of
sulfanilamide tragedy was 1ml kg�1. The probable lethal dose
is 0.5–5 g kg�1.
Chronic Toxicity

Animal

Chronic exposure to DEG produces renal and liver lesions.
Degenerative kidney lesions occurred at dietary concentra-
tions of 1% of DEG for 30 days. Male rats administered
4000 ppm DEG in their diet had a higher incidence of bladder
stones and one had bladder tumor. These data suggest that
DEG is not a primary carcinogen. There was no maternal or
developmental toxicity in Swiss mice after administration of
1250mg kg�1 day�1 of DEG. However, 5000mg kg�1 day�1

produced significant maternal toxicity but no evidence of
developmental toxicity.
Reproductive Toxicity (see above)

Genotoxicity

Diethylene glycol was not shown to be mutagenic in Salmonella
microsome in tests reviewed. Negative results were also
obtained in tests for SCE and chromosome aberrations in
Chinese hamster ovary cells, reverse mutation tests in Saccha-
romyces cerevisiae D7, SOS chromotest in Escherichia coli PQ37.
Diethylene glycol is not genotoxic.
Carcinogenicity (see above)

Human

Clinical Effects
The signs and symptoms of DEG poisoning are dependent on
the dose ingested and the duration of toxicity. Patients with
underlying renal dysfunction tend to have a higher likelihood of
developing toxicity after small doses of DEG. DEG poisoning
can cause nausea, vomiting, abdominal pain, diarrhea, confu-
sion, and anion gap metabolic acidosis. The renal failure tends
to not be reversible after DEG poisoning and often, patients
require life-long hemodialysis. Patients can also have a wide
range of neurologic toxicity including cranial nerve dysfunc-
tions, peripheral neuropathy, encephalopathy, and coma. The
neurologic dysfunction generally is delayed in onset and can
persist for several months. It appears that renal failure after DEG
poisoning is a marker for impending neurologic dysfunction.

There are no studies demonstrating carcinogenicity after
diethylene glycol exposure in animal models.
Diagnostic Testing

Specific testing for diethylene glycol and its metabolites has
been identified; however, this is not routinely performed in
most hospitals. The diagnosis is often made based on clinical
suspicion with the addition of basic metabolic profile evalu-
ating acid–base status and renal function. Though nonspecific,
the osmolar gap may provide helpful information early after
exposure.
Clinical Management

Management of patients exposed to/poisoned by DEG may be
quite difficult. As seen in the mass poisonings, the presence of
DEG is often not known and numerous patients present with
clinical manifestations of toxicity including anion gap acidosis,
renal failure, and neurotoxicity of unknown etiology.

In patients with a known exposure to a diethylene glycol
containing product it is imperative to know if the ingestion was
intentional versus unintentional in nature; the percentage of
DEG in the product and the quantity ingested.

Gastrointestinal decontamination plays a limited role after
DEG exposure as DEG is rapidly absorbed from the GI tract.

DEG is metabolized by alcohol dehydrogenase to toxic
metabolites and therefore, alcohol dehydrogenase inhibitors
including fomepizole or ethanol should be employed. Fomepi-
zole is a competitive inhibitor of ADH and is generally well-
toleratedwithminimal adverse effects. It is the preferred antidote
over ethanol. The benefit of fomepizole appears to decrease over
time and perhaps with higher doses of DEG. Morbidity and
mortality appear to be reduced when DEG is identified as the
toxin early after exposure.

In patients with renal failure and/or anion gap acidosis,
hemodialysis must be employed and is often permanent.
Ecotoxicology

The available acute ecotoxicity data on fish, amphibians, aquatic
invertebrates, and algae indicate that diethylene glycol possesses
low toxicity for aquatic organisms, with acute L(E)C50 values
well above 100mg l�1. The read across from other glycols
suggest also low concern regarding chronic toxicity. There is no
information on sediment or soil dwelling organisms, but as
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already mentioned, the water column is the relevant environ-
mental compartment for this chemical substance.

See also: Ethylene Glycol; Methanol; Kidney.
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l Name: Diethylstilbestrol
l Chemical Abstracts Service Registry Number: 56-53-1
l Synonyms: 4,40-Dihydroxy-a,b-diethylstilbene; Comestrol;

Distilbene; Domestrol; Stilboestrol
l Molecular Formula: C18H20O2

l Chemical Structure:
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Background

Diethylstilbestrol (DES) is a nonsteroidal, synthetic stilbene
derivative with estrogenic activity. It is an odorless, white
crystalline powder, with a molecular weight of 268.36. Its cis-
isomer tends to revert to the trans-form.
Uses

Diethylstilbestrol is a synthetic nonsteroidal estrogen that was
formerly used in estrogenic hormone therapy (for menstrual
disorders, postpartum breast engorgement, postcoital contra-
ceptive, prevention of spontaneous abortion) and in chemo-
therapy of various cancers, including postmenopausal breast
cancer and prostate cancer. It was also used in biomedical
research and veterinary medicine (growth promoter for cattle
and sheep; veterinary drug to treat estrogen deficiency disor-
ders). In the past, diethylstilbestrol was prescribed during
pregnancy to prevent miscarriage or premature deliveries. An
estimated 5–10 million people in the United States were
exposed to diethylstilbestrol from 1938 to 1971. In 1953,
published research showed that diethylstilbestrol did not
prevent miscarriages or premature births. However, diethyl-
stilbestrol continued to be prescribed until 1971. In 1971, the
US Food and Drug Administration (FDA) issued a drug bulletin
advising physicians to stop prescribing diethylstilbestrol to
pregnant women. The FDA warning was based on a study
published in 1971 that identified diethylstilbestrol as a cause of
a rare vaginal cancer in girls and young women who had been
exposed to diethylstilbestrol before birth (in utero). The US
Department of Health and Human Services and FDA banned
the use of diethylstilbestrol as a growth stimulant in livestock
in the United States in 1979. Approximately 25% of males
exposed to diethylstilbestrol in utero exhibit genital lesions and
low sperm counts. Also, the FDA implemented regulations
(21 CFR Part 530.41) of the Animal Medicinal Drug Use
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Clarification Act of 1996 prohibiting the extra-label use of
diethylstilbestrol in livestock. It is occasionally used to treat
breast cancer in postmenopausal women and rarely used in
prostate cancer patients.
Environmental Fate and Behaviors

Diethylstilbestrol’s production and use in biochemical
research, medicine, and veterinary medicine may result in its
release to the environment through various waste streams. It
may also be released to the environment during transport,
storage, or disposal. If released to soil, diethylstilbestrol is
predicted to strongly adsorb to the soil. Volatilization from
the dry or wet soil surface would probably be unlikely. The
extent of biodegradation in soil is not known, although
diethylstilbestrol has been shown to be resistant to degrada-
tion in activated sludge. If released to water, diethylstilbestrol
may bioconcentrate in aquatic organisms and strongly adsorb
to suspended solids and sediments. Diethylstilbestrol is ex-
pected to be essentially nonvolatile on water surfaces.
Diethylstilbestrol would not be susceptible to hydrolysis. The
extent of biodegradation in natural waters is not certain,
although diethylstilbestrol has been shown to be resistant to
degradation in activated sludge. If released to the atmosphere,
diethylstilbestrol vapors should rapidly oxidize, primarily by
reaction with ozone. It is expected to exist solely in the
particulate phase in an ambient atmosphere. Particulate-
phase diethylstilbestrol may be removed from the air by wet
and dry deposition.
Exposure and Exposure Monitoring

Oral administration is the most common route of both acci-
dental and intentional exposures to diethylstilbestrol. A daily
oral dosage of 10–20 mg is prescribed to treat breast cancer in
postmenopausal women. Occupational exposure to diethyl-
stilbestrol may occur through inhalation and dermal contact
with this compound at workplaces where diethylstilbestrol is
produced or used.
Toxicokinetics

Diethylstilbestrol is readily absorbed through the gastrointes-
tinal tract. It is metabolized in the liver by oxidation and
conjugation with sulfuric and glucuronic acids. A certain
proportion undergoes enterohepatic circulation. The major
metabolites of diethylstilbestrol are the oxides, the sulfuric
conjugates, and the glucuronic conjugates. Diethylstilbestrol is
widely distributed throughout most body tissues, with major
concentrations in fat tissue. Protein binding is 50–80%. The
glucuronides and sulfates of diethylstilbestrol are excreted in
4-3.00449-8 143
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the urine. A portion is excreted in the bile but is mostly reab-
sorbed via the enterohepatic circulation.
Mechanism of Toxicity

Diethylstilbestrol is a known teratogen and carcinogen.
Experimental studies using transgenic estrogen receptor
knockout animals suggest that binding and activation of the
estrogen receptor is required to elicit diethylstilbestrol
toxicity. Hence, diethylstilbestrol lesions primarily appear in
tissues enriched with estrogen receptors. Diethylstilbestrol
binds to the estrogen receptor with a very high affinity and
forms a complex with the target tissue. The complex then
internalizes in to the cell and translocates to the nucleus. Once
in the nucleus, diethylstilbestrol may directly bind with the
cellular DNA and cause mutations and unscheduled DNA
synthesis. Diethylstilbestrol is also known to induce
aneuploidy.
Acute and Short-Term Toxicity (or Exposure)

Animal

In cases of diethylstilbestrol intoxication, treated pigs had
thickened bladder, with gross distention and acute inflamma-
tion, enlarged pelvic urethra, hemorrhages, thickening of
mucosa, enlarged prostate gland, and seminal vesicles. Large
doses of diethylstilbestrol administered to mice obliterated
medullary cavities on long bones, and extramedullary hema-
topoiesis occurred in the liver, spleen, and adrenal glands.
Human

Toxicity other than gastrointestinal effects is most common
following acute ingestion: nausea, vomiting, abdominal
cramps, bloating, and diarrhea. Fullness and tenderness of the
breast and edema were also observed. Severe migraine was re-
ported in some. Endometriosis and its attendant pain were
also seen.
Chronic Toxicity

Animal

As in humans, exposure to diethylstilbestrol was shown to
cause cancer in animals. Breast tumors were observed in animal
administered diethylstilbestrol in the diet. Male and female rats
fed with diethylstilbestrol in the diet were also shown to have
liver and pituitary cancer. Cancer of the cervix and vagina
occurred in female mice injected subcutaneously with dieth-
ylstilbestrol. Althoughmale mice did not show unusual tumors
in any organ, they developed single or multiple epididymal
cysts. Male golden hamsters injected with diethylstilbestrol
developed kidney tumors. Ovarian lesions and tumors were
found in female dogs that received diethylstilbestrol subcuta-
neously. Diethylstilbestrol was shown to be teratogenic to
rhesus monkeys. Cattle that had been implanted with dieth-
ylstilbestrol failed to conceive or had dead fetuses. Following
an oral administration of diethylstilbestrol, abortion was
observed in pregnant cattle; following subcutaneous implan-
tation, changes in pelvic morphology were observed.

Ovarian tumors were found significantly in the female
offspring of treated mice. A decrease in reproductivity was
observed in the female offspring of treated mice, where alter-
ation of reproductive tracts was observed in the male offspring.
Results from rodent studies also indicate that potent estrogenic
chemicals such as diethylstilbestrol can adversely affect sperm
counts and quality.

In laboratory animal studies of elderly, third-generation,
diethylstilbestrol-exposed female mice, an increased risk of
uterine cancers, benign ovarian tumors, and lymphomas was
found. Elderly, third-generation, diethylstilbestrol-exposed
male mice were at an increased risk of certain reproductive
tract tumors. Both the female and male mice studied were the
offspring of female mice exposed to diethylstilbestrol before
birth (in utero).
Human

According to the International Agency for Research for Cancer,
diethylstilbestrol is classified as a Group 1 human carcinogen
based on sufficient evidence to cause cancer in humans.

More than 30 years of research have confirmed that health
risks are associated with diethylstilbestrol exposure. However,
not all exposed persons will experience the following
diethylstilbestrol-related health problems.

The known health effect for women who are prescribed
diethylstilbestrol while pregnant is a modestly increased risk
(30%) for

l Breast cancer (this means that when considering breast
cancer risks across a lifetime, one in six women prescribed
diethylstilbestrol during pregnancy will get breast cancer. In
comparison, only one in eight unexposed women will get
breast cancer across their lifetime).

The known health effects for women exposed to diethyl-
stilbestrol before birth (in utero), known as diethylstilbestrol
daughters, are an increased risk for

l Clear cell adenocarcinoma (40 times more likely than
unexposed women), a rare kind of vaginal and cervical
cancer.

l Increased risk for clear cell cancer appears to be highest for
diethylstilbestrol daughters in their teens and early 20s.
However, cases have been reported for diethylstilbestrol
daughters in their 30s and 40s.

l Reproductive tract structural differences in the uterus and
fallopian tube (T-shaped uterus, small uterine cavity, and/or
uterine constrictions).

l Pregnancy complications, including ectopic (tubal) preg-
nancy and preterm (early) delivery.

l Infertility.

The known health effect for males exposed to diethylstil-
bestrol before birth (in utero), known as diethylstilbestrol sons,
is an increased risk for

l Noncancerous epididymal cysts (growths on the testicles),
hypotrophic testes, capsular induration of the testes, and
cryptorchidism.
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Although laboratory animal studies of mice exposed to
diethylstilbestrol before birth (in utero) suggested an increased
risk of autoimmune disease in female mice, studies among
humans have reported mixed results. One study indicated that
autoimmune diseases occurred more often in women exposed
to diethylstilbestrol before birth (in utero), known as diethyl-
stilbestrol daughters, than in the general population. However,
no one autoimmune disease (such as rheumatoid arthritis or
lupus) occurred more often than others. Researchers will
continue to explore this issue.

Third-generation children (the offspring of diethylstilbes-
trol daughters and sons) are just beginning to reach the age
when relevant health problems (such as reproductive tract
problems) have been studied.

A study of the health risks for the granddaughters of women
prescribed diethylstilbestrol while pregnant or third-generation
daughters were published in 2002. The researchers compared
findings of pelvic examinations of 28 diethylstilbestrol grand-
daughters with findings noted in their mothers (diethylstil-
bestrol daughters). Even though abnormalities were present in
more than 60% of diethylstilbestrol daughters, no abnormali-
ties were found in the diethylstilbestrol granddaughters.
Diethylstilbestrol grandsons are being studied at the Nether-
lands Cancer Institute. Early research reported that hypospa-
dias, misplaced opening of the penis, occurred 20 times more
frequently among sons of diethylstilbestrol daughters.

Purpura, edema, leg cramps, gynecomastia, porphyria
cutanea tarda, and chloasmamay be associated with the chronic
use of diethylstilbestrol. Various cancers in premenopausal
women have been shown to occur. Other chronic toxic effects
include thrombocytopenia, gynecomastia, and fluid retention.
Immunotoxicity

Studies in mice have shown that maternal administration of
DES during gestation led to suppression of cell- and humoral-
mediated immune function in the offspring. In humans, DES
exposure is associated with a hyperreactive immune response.
Reproductive Toxicity

Refer to section on Chronic toxicity.
Genotoxicity

Refer to section on Mechanism of Toxicity.
Carcinogenicity

Refer to section on Chronic toxicity.
Ecotoxicity

DES is highly toxic to aquatic organisms, and may cause long-
term adverse effects in the aquatic environment.
In Vitro Toxicity Data

Clastogenic activity was evaluated in three cultures of rat liver
cells. Neither chromatid aberrations nor chromosome aberra-
tions were increased significantly.
Clinical Management

Basic and advanced life-support measures should be utilized
as necessary. Gastrointestinal decontamination procedures
should be used as deemed appropriate to the patient’s level of
consciousness and the history of the ingestion. Activated
charcoal may be used to adsorb diethylstilbestrol or concom-
itant ingestants.
Other Hazards

Side effects noted after clinical administration were headache,
nausea, vomiting, and, sometimes, vaginal bleeding. Prom-
inent gynecomastia and other feminizing effects were produced
in males occupationally exposed to estrogens. Changes in
secondary sexual characteristics are fully reversible on cessation
of exposure.
Exposure Standards and Guidelines

The Comprehensive Environmental Response, Compensation,
and Liability Act reportable quantity for diethylstilbestrol is
1 lb or 0.454 kg when there is a release of this designated
hazardous substance. As stipulated in 40 CFR 261.33, when
diethylstilbestrol, as a commercial chemical product or
manufacturing chemical intermediate or an off-specification
commercial chemical product or a manufacturing chemical
intermediate, becomes a waste, it must be managed according
to federal or state hazardous waste regulations (Resource
Conservation and Recovery Act). The Florida drinking guide-
line for diethylstilbestrol is 100 mg l�1.
See also: Developmental Toxicology; Environmental Hormone
Disruptors; Reproductive System, Female.
Further Reading

IARC, 1972–Present (Multivolume Work). Monographs on the Evaluation of the
Carcinogenic Risk of Chemicals to Man, vol. 21. World Health Organization,
International Agency for Research on Cancer, Geneva, p. 205.

Kaiser, J., 2000. Endocrine disrupters. Panel cautiously confirms low-dose effects.
Science 290 (5492), 695–697.
Relevant Websites
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http://www.epa.gov/ – NIH/NIEHS. EDRI Federal Project Inventory: 06995-02 Toxicity

of Environmental Estrogens.
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l Name: Diflubenzuron
l Chemical Abstracts Service Registry Number: 35367-38-5
l Synonym: 1-(4-Chlorophenyl)-3-(2,6-difluorobenzoyl)urea;

1-(p-Chlorophenyl)-3-(2,6-difluorobenzoyl)urea; Dimilin;
Difluron

l Molecular Formula: C14H9ClF2N2O2

l Chemical Structure:
Background

Diflubenzuron is produced by the reaction of 2,6-difluor-
obenzamide with 4-chlorophenylisocyanate. Diflubenzuron
was first registered as a pesticide in the United States in 1979.
Environmental Protection Agency issued a Registration Stan-
dard for diflubenzuron in September 1985 (PB86-176500). In
1991, a Data Call-In was made to require additional residue
chemistry and ecological effects data. The current Reregistration
Eligibility Decision Document was issued in August 1997,
reflecting analysis of the new data.
Uses

Diflubenzuron is currently registered for use on cotton, citrus,
mushrooms, pastures, soybeans, and ornamentals. It is also
used in forestry, cattle, and in public health program. No
residential usage is registered. Its target species include many
leaf eating insects, such as grasshoppers, gypsy moth, forest tent
caterpillar, Nantucket pine tip moth, velvet bean caterpillar,
green cloverworm, beet armyworm, Mexican bean beetle,
mosquito larvae, aquatic midge, rust mite, boll weevil, citrus
root weevil, West Indian sugarcane rootstalk borer/weevil,
sciarid fly, and face fly. Formulations of diflubenzuron include
solution, suspension concentrate, flowable concentrate, bolus,
granules, and bait stations. Diflubenzuron is applied by air-
blast, aircraft, and hydraulic sprayers, bait stations, and
internal bolus.
Environmental Behavior, Fate, Routes, and Pathways

Diflubenzuron is an odorless, white, crystalline solid with
a melting point of 230–232 �C. It is almost insoluble in water
146 Encyclopedia of T
(0.2 mg l ) and poorly soluble in apolar organic solvents. In
polar to very polar solvents, the solubility is moderate to good,
e.g., in acetonitrile (2 g l�1) and in acetone (6.5 g l�1). Diflu-
benzuron is highly soluble in N-methylpyrrolidone
(200 g l�1), dimethyl sulfoxide, and dimethylformamide (both
120 g l�1). It is almost nonvolatile. It is relatively stable in
acidic and neutral media but hydrolyses under alkaline
conditions.

Diflubenzuron is difficult to be degraded in sterilized water
under neutral or acidic conditions. However, it is degraded
rapidly under field conditions. Application of diflubenzuron to
water resulted rapid partition to sediment; the parent
compound and 4-chlorophenylurea (CPU) may persist on
sediment for more than 30 days.

The rate of degradation of diflubenzuron in soil is strongly
dependent on the particle size. For larger particles
(10 microns), the half-life is 8–16 weeks and for smaller
particles (2 microns), it is 0.5–1 week. Almost all of the parent
compound breaks down to form 2,6-difluorobenzoic acid
(DFBA) and CPU. A very minor amount forms 4-chloroaniline
(PCA) which rapidly binds to the soil. Under field conditions,
diflubenzuron has very low mobility.

Very little diflubenzuron is absorbed, metabolized, or
translocated in plants. It also is not readily taken up from
treated soil.

Diflubenzuron has very low vapor pressure (<2� 10�7 Pa
at 25 �C) and its atmospheric half-life is only several hours.
Therefore, it is not expected that diflubenzuron will be present
in air for extended periods and the long-range transport and
redeposition of diflubenzuron is expected to be negligible.
Exposure and Exposure Monitoring

Diflubenzuron can be exposed to professional users through
dermal contact or inhalation. Ingestion is the main route of
intentional and accidental exposure of diflubenzuron to the
general population. There is no relevant information on
human exposure to diflubenzuron.

Diflubenzuron residues may be measured in water, bio-
logical samples, and soils using high-performance liquid
chromatography with ultraviolet detection or gas chromatog-
raphy with electron capture detector for analysis of the intact
molecule or following derivatization of the liberated 4-
chloroaniline with trifluoroacetic anhydride.
Toxicokinetics

Diflubenzuron is poorly absorbed from the gastrointestinal
tract and over a dose range of 5–100 mg kg�1 body weight in
the rat absorption decreases with increasing dose level. Non-
absorbed diflubenzuron is removed directly from the feces.
Absorbed diflubenzuron can be widely distributed in the
tissues, but it does not accumulate in any part or compartment
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00133-0
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of the body. Elimination rate of diflubenzuron after oral
administration differs from species to species but is generally
completed within 3 days. Excretion is primarily via bile and
urine. Low residues remained in liver and erythrocytes only.

The major metabolism route of diflubenzuron in mammals is
via hydroxylation. Hydrolysis of diflubenzuron may occur at any
of the three carbon–nitrogen bonds. The major metabolites in
sheep, swine, and chickens are 2,6-difluorobenzoic acid (DFBA)
and 4-chlorophenylurea (CPU); minor metabolites are 2,6-
difluorobenzamide and 4-chloroaniline (PCA). In rats and cattle,
80%of themetabolites are 2,6-difluoro-3-hydroxydiflubenzuron,
4-chloro-2-hydroxy-diflubenzuron, and 4-chloro-3-hydroxydi-
flubenzuron. Little or no PCA is formed in rats or cattle.

No literature is available on toxicokinetics of diflubenzuron
in human.
Mechanism of Toxicity

Diflubenzuron inhibits the enzyme chitin synthase, which is
required in the final step of chitin synthesis. Chitin is a poly-
saccharide and amajor constituent of the exoskeleton of insects.
In insects, the trachea is held open by rings of chitin. The
exoskeleton and waxy covering also prevent water loss. Inhib-
iting chitin synthesis therefore can provide an effectivemeans of
pest control. Vertebrates and most plants do not utilize chitin,
thus making diflubenzuron a target-selective pesticide.

After repeated dosing of diflubenzuron, 4-chloroaniline
concentration in erythrocyte can arrive at 392 ng g�1 which
may explain the occurrence of methemoglobinemia. Other
toxicological mechanisms may include increasing of the
activity of liver enzymes, increasing of organ weights, and
histopathological changes including hemosiderosis and mild
cell necrosis.
Acute and Short-Term Toxicity

The acute toxicity of diflubenzuron is low by any route of
exposure. The main effects are methemoglobinemia and liver
and spleen lesions. Diflubenzuron is not irritating to skin or
eyes and it is not a skin sensitizing substance. The acute oral
LD50 in rat and mouse are >4640 mg kg�1 body weight; acute
dermal LD50 in rat is >10 000 mg kg�1 body weight and in
rabbit is>4000 mg kg�1 body weight; acute inhalation LD50 in
rat is >2.49 mg l�1 and in rabbit is >3.75 mg l�1. The lowest
relevant oral no observed adverse effect level (NOAEL) based
on methemoglobinemia is 2 mg kg�1 body weight per day in
rats and dogs and 2.4 mg kg�1 body weight per day in mice.
The lowest relevant dermal NOAEL in rabbit is 150 mg kg�1.
The lowest relevant inhalation NOAEL in rat is 0.1 mg l�1.

No study has been reported on the acute toxicity of diflu-
benzuron in humans.
Chronic Toxicity

The chronic toxicity of diflubenzuron is low by ingestion in
experimental animals including mice, rats, and dogs. The main
effects are methemoglobinemia and liver and spleen lesions.
The NOAEL based on methemoglobin levels and sulfhemo-
globin levels in mice was 16 mg kg�1 feed equivalent to
2.4 mg kg�1 body weight in rats was 40 mg kg�1 diet equiva-
lent to 2 mg kg�1 body weight per day, and in dogs was
2 mg kg�1 body weight. There was no treatment-related effect
on tumor incidence in mice and rat.

No study has been reported on the chronic toxicity of
diflubenzuron in humans. Diflubenzuron does not bio-
accumulate in experimental animals.
Reproductive toxicity

In several reproductive toxicity studies on rats, mice, rabbits,
and three avian species, no effects were seen on reproduction
and there was no embryotoxicity.
Genotoxicity

The genotoxicity of diflubenzuron was investigated in a large
variety of in vitro and in vivo tests. Negative results were
obtained in all the studies. Therefore, diflubenzuron is unlikely
to be genotoxic.
Carcinogenicity

The carcinogenic potential of diflubenzuron was investigated in
one study in mice and two studies in rats. The incidences of
tumors were not increased in any of these studies, at dietary
concentrations equal to 840 mg kg�1 body weight per day in
mice and 470 mg kg�1 body weight per day in rats. Based on
this study, it is concluded that diflubenzuron is unlikely to be
carcinogenic to humans.
Clinical Management

Diflubenzuron has very low systemic side effects, if absorbed
through the skin. The exposed area should be thoroughly
washed with soap and water. If diflubenzuron is in the eyes, the
eyes should be flushed with copious amounts of clean water for
at least 5–10 min. If small amounts are ingested, no treatment
is needed. Low toxicity is seen in nontargeted species. There is
no specific antidote for diflubenzuron. Symptomatic treatment
is recommended when required. Unless the patient is vomiting,
rapid gastric lavage should be performed.
Ecotoxicology

The acute toxicity of diflubenzuron to fish is low. The 96-h LC50

value was >0.13 mg l�1 for fish. In rainbow trout, the no
observed effect concentration (NOEC) was 0.2 mg l�1 based on
mortality, growth rate, and a range of other sublethal effect
observations in a semi-static prolonged 21-day exposure to
diflubenzuron. Diflubenzuron does not bioaccumulate in fish.

Aquatic invertebrates show variable responses to diflu-
benzuron. Molluscs are insensitive and the LC50 is
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>200 mg l�1. LC50 for other invertebrates ranged from 1 to
>1000 mg l�1. Generally, their juvenile molting stages are more
susceptible to diflubenzuron. Aquatic insects are highly
susceptible to diflubenzuron at larval and juvenile stages. The
EC50 was 2.6 mg l�1 in water flea in a 48-h static toxicity tests.
Diflubenzuron has long-term and reproduction toxicity for
aquatic invertebrates. The NOEC in water flea based on
reproduction and parental mortality was 0.04 mg l�1.

The acute toxicity of diflubenzuron metabolites CPU and
DFBA is low. The 48-h EC50 values of CPU and DFBA in water
flea were 116 and >60 mg l�1, respectively.

Diflubenzuron and its metabolites CPU andDFBA have very
low acute toxicity to aquatic plants. The EC50 in green algae
based on biomass or growth rate at the exposure to diflu-
benzuron was >20 mg l�1. The EC50 values of metabolites
CPUandDFBA in greenalgaewere30and95 mg l�1 forbiomass
and growth rate for CPU and>100 mg l�1 for both biomass and
growth rate for DFBA, respectively. The EC50 in duck weeds was
>0.190 mg l�1 and the NOEC was 0.190 mg l�1.

Diflubenzuron is highly toxic to some marine organisms.
Diflubenzuron was toxic to brine shrimp embryos and larvae at
0.13 mg l�1. The LC50 was 0.37 mg l�1 for brine shrimp larvae
after 48 h exposure to diflubenzuron. The EC50 was
0.045 mg l�1 in mysid shrimps based on reproduction and
survival. The EC50 was 2.69 mg l�1 for the larvae of the sea
urchin during a 72 h exposure to diflubenzuron.

The acute toxicity of diflubenzuron and its metabolites to
soil organisms is low. In earthworm, the 14-day LC50 value of
diflubenzuron was >265 mg kg�1 dry weight soil, the NOEC
was 265 mg kg�1 dry weight. The 14-day LC50 values of CPU
and DFBA were 109 and >340 mg kg�1 dry weight soil,
respectively. There were no effects of diflubenzuron on the
short-term respiration of soil microflora up to 1.0 mg kg�1 dry
weight.

The toxicity of diflubenzuron to terrestrial plants and fungi
is low.

Information on the most sensitive group of terrestrial
insects to diflubenzuron is lacking. The oral and contact LD50

for honeybees is greater than 30 mg per bee. Honeybee colonies
were not affected after aerial application of 350 g ha�1

(1 ha¼ 10 000 m2) diflubenzuron. Diflubenzuron may have
a potential toxicity to honeybee larvae. Terrestrial nontarget
arthropods are highly sensitive to diflubenzuron. The estimated
predicted no-effect concentration was 5.7 mg kg�1 wet soil
using the equilibrium partitioning method.

Diflubenzuron has very low acute and short-term toxicity to
birds. The LD50 was >5000 mg kg�1 body weight and NOEC
was 42. mg kg�1 body weight per day.
Other Hazards

Diflubenzuron is not flammable. If diflubenzuron is involved
in a small fire, the fire should be extinguished with carbon
dioxide, dry powder, or alcohol resistant foam.
Exposure Standards and Guidelines

Diflubenzuron was classified by WHO (1992) as ‘a product
unlikely to present an acute hazard in normal use,’ on the basis
of an acute oral LD50 for rat greater than 4640 mg kg�1 body
weight. An acceptable daily intake for man for diflubenzuron
was estimated at 0–0.02 mg kg�1 body weight per day in the
FAO/WHO Joint Meeting on Pesticide Residues in 1985. A
guideline value of 22.5 mg l�1 for drinking water was recom-
mended, on the basis of allocation of the tolerable daily intake
of 0.0075 mg kg�1 body weight (WHO, 1991).

Different countries have different tolerances and maximum
residue limits for diflubenzuron in food and animal feed
products. For most countries, 0.05–2.0 mg kg�1 is the accept-
able residue limit.

See also: Pesticides.

Further Reading

EPA, 1997. Reregistration Eligibility Document: Diflubenzuron. Office of Pesticide
Programs, Washington, DC.

Fischer, S.A., Hall Jr., L.W., 1992. Environmental concentrations and aquatic toxicity
data on diflubenzuron (dimilin). Crit. Rev. Toxicol. 22 (1), 45–79.

Ishaaya, I., 1993. Insect detoxifying enzymes: their importance in pesticide synergism
and resistance. Arch. Insect Biochem. Physiol. 22 (1–2), 263–276.

US Department of Agriculture, 1977. Common Name for the Pest Control Chemical
N-[[(4-Chlorophenyl)Amino]Carbonyl]-2,6-Difluorobenzamide ‘Diflubenzuron’. American
National Standards Institute, New York.

WHO, 1995. Diflubenzuron: Health and Safety Guide. World Health Organization,
Geneva.

WHO, 1996. Diflubenzuron: Environmental Health Criteria, 184. World Health Orga-
nization, Geneva.

Relevant Website

http://www.inchem.org – Chemical Safety Information from Intergovernmental
Organizations.
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l Name: 1,1-Difluoroethylene
l Chemical Abstracts Service Registry Number: 75-38-7
l Synonyms: 1,1-Difluoroethene; NCI-C60208; Vinylidene

fluoride
l Molecular Formula: C2H2F2
l Chemical Structure:

H2C

F

F

Uses

1,1-Difluoroethylene is used in the manufacture of poly-
vinylidene fluoride for its use as a thermal, chemical, and
ultraviolet light–resistant agent, and as an anticorrosive agent.
The monofilament form is used as filter cloth in the pulp and
paper industry. Due to its high melting temperature, it can be
used as an insulator. Some of its copolymers are used for their
heat- and moisture-resistant properties, primarily in industrial,
aerospace, and automotive applications.
Environmental Fate and Behavior

1,1-Difluoroethylene is a colorless gas. It is slightly soluble in
water, but soluble in organic solvents such as alcohol and
ether. Its boiling point is �85 �C, melting point is �144 �C,
specific gravity is 0.617 g cm�3, and vapor pressure is
3.0 � 104 mm Hg. Its octane/water partition coefficient is 1.24
and Henry’s law constant is 0.4 atm-m3 mol�1.

Production and use of 1,1-Difluoroethylene result in its
release to the environment through various waste streams. It
has medium mobility in soil and degrades in soil. It volatilizes
from the contaminated water. Aquatic bioconcentration and
adsorption to sediment are not very significant. As a gas form in
the atmosphere, it reacts with photochemically produced
hydroxyl radicals and degrades.
Exposure and Exposure Monitoring

Exposure through inhalation is a major route of exposure.
Toxicokinetics

1,1-Difluoroethylene is absorbed very rapidly following inha-
lation. It reaches a steady-state blood level within a fewminutes,
followed by a rapid decline. However, its biotransformation is
very slow. Exposure of rats to 1,1-Difluoroethylene through
inhalation increases exhalation of acetone formed. Following
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
inhalation exposure of rats to concentration up to 16 000 ppm,
the tissue/air partition coefficients were determined to be 0.07,
0.18, 0.8, 1.0, and 0.29 for water, blood, liver, fat, and muscle,
respectively. 1,1-Difluoroethylene is eliminated as fluoride ions
in urine.
Mechanism of Toxicity

Oxidative metabolism of 1,1-Difluoroethylene is mediated by
the hepatic microsomal monooxygenase to form epoxide and
the inactivation of hemeprotein.
Acute and Short-Term Toxicity

Animal

1,1-Difluoroethylene is not acutely hepatotoxic at dose levels
up to 82 000 ppm by inhalation for 3.5 h in either fed or fasted
normal rats.

Human

No data are available for occupational exposure. Acute
exposure causes nausea, dizziness, and headache. 1,1-
Difluoroethylene is harmful if swallowed, inhaled, or absor-
bed through skin.
Chronic Toxicity

Animal

It is carcinogenic in long-term bioassays in rats by oral
administration.

Human

It may cause heritable genetic damage andmay cause tumors of
sense organs, skin, and appendages.
Genotoxicity

1,1-Difluoroethylene is not genotoxic in Salmonella strain.
Carcinogenicity

Insufficient data are available for the evaluation of
carcinogenicity.
Clinical Management

In case of dermal or ocular contact, the eyes and skin should be
flushed with water for 15–20 min. For inhalation exposure, the
4-3.00308-0 149
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patient should be moved to fresh air. If necessary, oxygen and
artificial respiration should be administered. If the patient is in
cardiac arrest, cardiopulmonary resuscitation should be
administered. Life-support measures should be continued until
medical assistance has arrived. Do not administer liquids to or
induce vomiting in an unconscious or convulsing person.
Other Hazards

1,1-Difluoroethylene is extremely flammable and explosive. It
is a fire hazard when exposed to heat or flame. It may poly-
merize violently under high-temperature conditions or upon
contamination with other products.
Exposure Standards and Guidelines

Engineering controls, standard work practices, and personal
protective equipment, including respirators, are employed to
prevent worker exposure to 1,1-Difluoroethylene. After use, the
clothing and equipment should be placed in an impervious
container for decontamination or disposal. 1,1-Difluoroethylene
is listed as a hazardous air pollutant.
See also: 1,2-Dichloroethylene; Pollution, Air in Encyclopedia of
Toxicology; Combustion Toxicology; Vinylidene Chloride
(VDC).
Further Reading
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Indices, seventh ed. Cincinnati, OH, pp. 1–3.
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Cambridge, UK, pp. 469–470.
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Hydrogen Peroxide, vol. 71. Cincinnati, OH, pp. 1551–1554.

Lenga, R.E., 1988. 1,1-Difluoroethylene. In: Lenga, R.E. (Ed.), The Sigma Aldrich
Library of Chemical Safety Data, second ed., vol. 1. Sigma Aldrich Corporation, St.
Louis, MO, p. 1247.
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Relevant Websites

http://toxnet.nlm.nih.gov/1,1-Difluoroethene – HSDB database.
http://www.cdc.gov/niosh – ‘NIOSH Pocket Guide’ Vinylidene fluoride.
http://scorecard.goodguide.com – ‘Pollution information site’ 1,1-difluoroethylene.
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l Name: Cardiac glycosides, Digoxin, Digitoxin
l Chemical Abstracts Service Registry Number: 20830-75-5
l Synonyms: (3beta, 5beta, 12beta)-3-((o-2,6-Dideoxy-beta-

D-ribo-hexapyranosyl-(1-4)-2,6-dideoxy-beta-D-ribo-hex-
opyranosyl-(1-4)-2,6-dideoxy-beta-D-ribo-hexopyranosyl)
oxy)-12,14-dihydroxycard-20(22)-enolide; 3beta-((o-2,6-
Dideoxy-beta-D-ribo-hexopyranosyl-(1->4)-O-2,6-dideoxy-
beta-D-ribo-hexopyranosyl-(1->4)-2,6-dideoxy-beta-D-ribo-hex-
opyranosyl)oxy)-12beta, 14-dihydroxy-5beta-card-20(22)-
enolide; Acygoxin; Card-20(22)-enolide, 3-[(o-2,6-dideoxy-
beta-D-ribo-hexopyranosyl-(1.fwdarw.4)-O-2,6-dideoxy-
beta-D-ribo-hexopyranosyl-(1.fwdarw.4)-2,6-dideoxy-beta-
D-ribo-hexopyranosyl)oxy]-12,14-dihydroxy-, (3.beta.,5.be-
ta.,12.beta.)-; Cardigox; Cardiogoxin; Cordioxil; Davoxin;
DGX; Digitalis glycoside; Digonix; Lanoxin; Lanoxin (TN);
Lanoxin PG; Lenoxicaps; Mapluxin; Novo-digoxin; Pur-
goxin; Rougoxin; Saroxin; SK-digoxin; Stillacor; Vanoxin

l Molecular Formula: C41H64O14

l Molecular Weight: Digitoxin, 764.96; Digoxin, 780.96
l Chemical Structures:
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Background

Cardiac glycosides are found in a broad array of plants and
animals and are used therapeutically as digoxin and digi-
toxin. There are two main types of cardiac glycosides: the
cardenolides, which include the therapeutic drugs digoxin
and digitoxin as well as natural glycosides from plants such
as lily of the valley (Convallaria majalis), yellow oleander
(Nerium oleander), and multiple other plants and the
bufadienolides, which were named after the Bufo genus
(the Bufo toad). Bufadienolides are found in both plants
and animals.
Uses

Digitalis glycosides are available as pharmaceuticals, and are
used therapeutically for their positive inotropic effects and rate
control of supraventricular tachycardias. Glycosides are also
found in several plants including foxglove, lily of the valley,
oleander, and Squill species.
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Environmental Fate and Behavior

Relevant Physicochemical Properties

Molecular weight: Digitoxin, 764.96; Digoxin, 780.96.
Cardiac glycosides have a characteristic chemical structure

called an aglycone ring. This is coupled with one or more
sugars. The aglycone portion of the glycoside includes
a steroid nucleus and a lactone ring at the C17 position.
Hydroxyl groups, oriented to the beta position, are present at
the C3 and C14 positions. Increases in numbers of hydroxyl
groups cause an increase in polarity and decrease in lipid
solubility. Increases in numbers of sugars also increase
polarity and reduce lipid solubility. Sugars are attached to the
steroid nucleus through a hydroxyl group at the C3 position
and influences solubility, absorption, toxicity, and other
pharmacological parameters.

Digoxin exists as odorlesswhite crystals that decomposewith
heating above 230 �C. It has a bitter taste. Digoxin has amelting
point of 235 �C at which it also starts to decompose. The octa-
nol/water partition coefficient (log Kow) is 1.26. Digoxin is
nearly insoluble in water and ether, slightly soluble in diluted
(50%) ethanol and chloroform, and freely soluble in pyridine.

Digoxin is a cardiac glycoside that is obtained from Digitalis
lanata orDigitalis orientalis. If released in air, an estimated vapor
pressure of 3.3� 10�30 mmHg at 25 �C indicates it will exist in
the particulate phase in ambient atmosphere. Digoxin partic-
ulates are removed from the atmosphere by wet and dry
deposition. In soil, digoxin is expected to have high mobility
based on an estimated Koc of 120. Volatilization is not expected
to be an important fate process based upon an estimated
Henry’s law constant of 4.7 � 10�27 atm m3 mol�1. If released
into water, digoxin is not expected to adsorb to suspended
solids and sediment based upon the estimated Koc. An esti-
mated bioconcentration factor of 2 suggests the potential for
bioconcentration in aquatic organisms is low as lactone func-
tional groups can undergo hydrolysis under both acid and
basic conditions.
Exposure Routes and Pathways

Ingestion is the most common exposure pathway for both
accidental and intentional ingestions for the general pop-
ulation. Occupational exposure to digoxin may occur through
dermal contact where the chemical is produced. Digoxin may
also be released into the environment through wastewater
streams from production facilities. Digoxin is also available in
parenteral administration. Poisoning and intoxication can
occur both from the oral and intravenous routes.
Toxicokinetics

Digoxin

Oral administration of digoxin tablets and liquid results in
60–85% absorption from the small intestine although liquid-
filled digoxin capsules are 90–100% absorbed. The presence
of food or other medications may delay absorption. Approxi-
mately 80% of digoxin is absorbed following intramuscular
administration. Minimal metabolism occurs. Cleavage of the
sugar moieties occurs in the liver and via bacteria in the large
intestine. Protein binding is 20–30%. Volume of distribution
approximates 4 l kg�1 in adults. Digoxin is excreted in the urine
largely unchanged, with a half-life of 34–44 h. Rates of elimi-
nation will be prolonged in renal failure.
Digitoxin

Oral absorption of digitoxin is rapid and complete. Digitoxin is
extensively metabolized in the liver to several active metabo-
lites including digoxin. Protein binding is 97%. The volume of
distribution ranges between 0.47 and 0.76 l kg�1. Renal,
biliary, and fecal eliminations occur. The half-life can range
from 4 to 14 days.
Mechanism of Toxicity

Digitalis glycosides inhibit the Na–K–ATPase pump, causing
increased intracellular sodium, and loss of intracellular potas-
sium and subsequent increase in intracellular calcium. This
results in a positive inotropic effect and decreased rate of
cardiac conduction through the sinoatrial and atrioventricular
nodes.
Acute Toxicity

Animal

Animals manifest toxic effects similar to those seen in humans.
Cases of cows ingesting large quantities of plants containing
cardiac glycosides demonstrate anorexia, weakness, diarrhea,
and dysrhythmias.
Human

Gastrointestinal effects such as nausea, vomiting, and abdom-
inal pain are common. Altered mental status may occur.
Hemodynamic effects may include bradycardia, tachycardia,
and hypotension. Cardiac dysrhythmias may be the only sign
of acute toxicity. Electrolyte abnormalities, specifically hyper-
kalemia, may be present. The degree of hyperkalemia may be
an important prognostic indictor. Prior to digoxin Fab therapy,
those with hyperkalemia between 5 and 5.5 mEq l�1 had 50%
mortality while those with potassium levels >5.5 mEq l�1

had 100% mortality rate. The therapeutic range for digoxin is
<1 ng ml.
Chronic Toxicity

Animal

Digoxin has been used in animals to treat congestive heart
failure as in humans. Some concern has been raised about
potential effects of drugs like digoxin causing toxicity in aquatic
animals from sewer effluent or landfill leachate.

Human

Gastrointestinal effects may be present in chronic toxicity.
Altered mental status or malaise may also occur. Visual changes
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including blurry vision, decreased visual acuity, or altered
perception of colors may occur. Occasionally cardiac
dysrhythmias may be the only sign of chronic toxicity. Many
different dysrhythmias can occur with toxicity, though
premature ventricular contractions are the most common.
Bidirectional ventricular tachycardia is rare but nearly patho-
gnomonic. In contrast, atrial fibrillation, atrial flutter, and
bundle branch blocks are rarely observed in toxicity. Chronic
digoxin toxicity may occur at lower serum levels than acute
toxicity due to chronic levels being more reflective of tissue
concentrations.
Genotoxicity

There have been no long-term studies in animals to evaluate
mutagenic effect of digoxin or digitoxin.
Reproductive Toxicity

Cardiac glycosides including digoxin and digitoxin are not
recommended unless absolutely needed in pregnant indi-
viduals. They are Food and Drug Administration pregnancy
category C. Digoxin is distributed into breast milk and reaches
concentrations similar to those in maternal serum. It is not
known whether digitoxin is distributed into breast milk.
Carcinogenicity

There have been no long-term studies performed in animals to
evaluate carcinogenic potential of digoxin or digitoxin.
Clinical Management

Basic and advanced life-support measures should be insti-
tuted as necessary. A 12-lead electrocardiogram should be
obtained and compared to a previous electrocardiogram, if
available. If there is evidence of increased automaticity and
impaired conduction, digitalis glycoside toxicity should be
considered. A digoxin level should be obtained in addition
to evaluation of electrolytes, specifically potassium and
magnesium. If a patient ingested a plant containing glyco-
sides, the digitalis concentration will not accurately reflect
the degree of poisoning, but may help confirm the exposure
if a level is detectable.

Gastrointestinal decontamination with activated charcoal
may be considered if history suggests a recent ingestion.
Hemodialysis or hemoperfusion is not indicated in digitalis
toxicity and not an effective therapy for digoxin due to the large
volume of distribution. Digoxin induced bradycardia due to
increased vagal tone may respond to atropine.

Antidotal therapy includes the administration of digoxin-
specific Fab. Indications for Fab fragments include life-
threatening dysrhythmia, serum potassium >5 mEq l�1,
symptomatic chronic digitalis toxicity, serum digitalis level
�15 ng ml�1 at any time or �10 ng ml�1 at 6 h postingestion,
>10 mg ingestion in an adult, or >4 mg ingestion in a child.
Dosing of digoxin Fab can be based on the amount ingested,
drug concentration, or empiric dosing. It is important to note
that after the administration of Fab fragments, the total
digoxin concentration is no longer reliable due to the Fab
fragments binding free digoxin in the intravascular and
interstitial space. If available, a free digoxin concentration
may continue to be useful to guide further treatment.
Complications after administering Fab fragments include
heart failure exacerbation, hypokalemia, and dysrhythmias,
specifically atrial fibrillation with rapid ventricular response
that was previously controlled. Antigen/antibody complexes
should be eliminated in 5 days after administration of Fab
fragments, but may be delayed in patients with renal
insufficiency.

Repletion of potassium in patients with chronic toxicity
should be performed with caution, as rapid increases in serum
potassium may have a propensity to precipitate conduction
disturbances. If dysrhythmias occur, they can be managed
with overdrive pacing and consideration for transvenous
pacing. Historically, administration of intravenous calcium in
patients with hyperkalemia and digitalis glycoside toxicity
was avoided due to the concern for development of a ‘stone
heart,’ although there is minimal contemporary evidence to
support this theory.
Exposure Standards and Guidelines

Digoxin is an extremely hazardous substance subject to
reporting requirements when stored in amounts that excess the
threshold limit quantity of 10 (10 000 pounds).
See also: Oleander; Poisoning Emergencies in Humans;
Red Squill; Antidotes.
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l Name: Dimethoate
l Chemical name: O,O-Dimethyl-S-2-(methylamino)-2-

oxoethyl phosphorodithioate
l Chemical Abstracts Service Registry Number: CAS 60-51-5
l Synonyms: Cygon, Chemathoate, Cymate, De-fend, Per-

fekthion, Dimethoate, Dimate, Rogor, Duragon, Roxion,
Dimetate, Devigon, Dicap, Dimet, Rogodan

l Molecular Formula: C5H12NO3PS2
l Chemical Structure:
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Background

Dimethoate is an organophosphorus insecticide–acaricide that
is effective against a wide range of insect pests on agricultural
crops and lawns, among other applications.
Uses

Dimethoate is a systemic and contact insecticide–acaricide used
on a range of insects including mites, flies, aphids, and plant
hoppers. All nonagricultural uses of dimethoate in the United
States were canceled in 2000. Dimethoate is used very
commonly in livestock for the control of botflies and mites.
Formulations include aerosols, dusts, granules, and emulsifi-
able concentrates. Dimethoate continues to rank in the top 10
of pesticides used in the United States based on pounds active
ingredient applied per year.
Environmental Fate and Behavior

Dimethoate has low persistence in soil. It is primarily dissi-
pated via microbial hydrolyses and oxidations in aerobic soils,
with a half-life of about 2–4 days. O-desmethyl dimethoate
and O,O-dimethyl thiophosphoric acid were noted under
aerobic conditions. Under some field conditions, omethoate
can be found in soils. This more toxic metabolite also shows
persistence. Although less prominent, anaerobic soil dissipa-
tion is also possible. Dimethoate does not exhibit significant
photodegradation in soils. It is highly soluble in water and
shows only weak adsorption to soil particulates, which suggests
the possibility of leaching. Dimethoate hydrolyzes rapidly
under alkaline conditions (half-life at pH 9 at 25 �C is about 4
days) leading to O-desmethyl dimethoate and O,O-dimethyl
thiophosphoric acid. In neutral to acidic conditions, greater
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persistence is noted. Dimethoate also shows little photo-
degradation in water. In surface waters, dimethoate and
O-desmethyl dimethoate are detected. Dimethoate is not
expected to persist in air or be substantially transported via the
atmosphere. Dimethoate is metabolized in certain crop plants,
with the potential for generating the more reactive metabolite,
omethoate.
Exposure and Exposure Monitoring

Dimethoate can be absorbed by the oral, dermal, and inhala-
tion routes. Dermal absorption ranges from 0.15% for
concentrate to 2% for the dilution. Because of its high vapor
pressure, inhalation exposure is more likely with dimethoate
than with many other organophosphorus insecticides. Appli-
cation of dimethoate in agricultural settings is done using
knapsack sprayers, tractor-mounted spraying devices, and air
blast-assisted sprayers. It has been observed that for all
methods of application, operators donning the appropriate
protective gear (gloves, coveralls, sturdy shoes) received a total
systemic exposure below the acceptable operator exposure level
(AOEL).
Toxicokinetics

Dimethoate is rapidly absorbed after any route of administra-
tion in mammals. It is rapidly and extensively metabolized in
the liver. Like other phosphorothioate pesticides, the parent
compound is activated by CYP450 to the active metabolite,
omethoate. A major route of detoxification of the parent
compound is hydrolysis of the C–N bond. In male rats,
approximately 60–80% of an orally administered dose of
dimethoate is eliminated via the kidneys within 24 h
of exposure. Elimination is almost complete within 48 h
of exposure. Female rats appear to eliminate dimethoate at
a slower rate. The rate of metabolism and elimination of
dimethoate varies in different species. Dimethoate produces
less toxicity in animals with high rates of dimethoate metab-
olism and animals with high liver-to-body weight ratios.
Mechanism of Toxicity

The acute toxicity of dimethoate is caused by inhibition of the
enzyme acetylcholinesterase. Dimethoate is an indirect inhib-
itor of cholinesterases. The active oxidative metabolite (i.e.,
omethoate) is two to three times more potent in inhibiting
acetylcholinesterase than the parent compound. The N-
demethylated omethoate may be the most potent metabolite.
The enzyme in red blood cells may be more sensitive to inhi-
bition than plasma enzyme following dimethoate exposure.
The signs of toxicity associated with exposure to dimethoate are
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generally similar to those caused by other organophosphorus
insecticides (see Cholinesterase Inhibition).
Acute and Short-Term Toxicity

Animal

Dimethoate shows moderate acute oral toxicity in rats and mice
(LD50 values from 160 to 245 mg kg�1). Dermal LD50 values in
rats are >2 g kg�1, whereas the inhalation LC50 is 1.68 mg l�1.
Dimethoate has not been reported to be a skin or eye irritant.
Inhibition of brain and erythrocyte cholinesterase activities is
the main finding in short-term toxicity studies with dimethoate.
Human

Dimethoate shows moderate toxicity after absorption through
oral, dermal, and inhalation routes. In the body, dimethoate is
converted to omethoate, an active anticholinesterase. Acute
toxicity following dimethoate exposure is associated with
characteristic signs of cholinergic toxicity, including breathing
difficulties, bradycardia, diarrhea, nausea, abdominal cramps,
sweating, excessive secretions, blurred vision, and muscle pain
and weakness, among others. Exposure to high doses of
dimethoate may be associated with a relapse, where the patient
stabilizes and then suddenly gets much worse. Dimethoate does
not cause delayed neurotoxicity but has been associated with
the intermediate syndrome of organophosphate poisoning.

The toxicity of dimethoate may be potentiated by factors
such as respiratory ailments, recent exposure to cholinesterase
inhibitors, impaired cholinesterase production, or liver mal-
function. Also, high environmental temperatures or exposure
of dimethoate to visible or UV light may enhance its toxicity.
Chronic Toxicity

Animal

Dimethoate does not appear to be a potent in vivo genotox-
icant. There is not enough evidence to suggest that dimethoate
has carcinogenic, teratogenic, reproductive, or developmental
toxicity potential.
Human

Chronic exposure to dimethoate in humans can produce disori-
entation, irritability, confusion, impaired memory and concen-
tration, severe depression, speech difficulties, delayed reaction
times, headache, nightmares, sleepwalking, and drowsiness or
insomnia. It may also produce nausea, weakness, malaise, and
loss of appetite.

Under normal conditions, there is little likelihood of
impaired reproductive function, teratogenic, mutagenic, or
carcinogenic effects in humans.
Immunotoxicity

Little is known regarding potential immunotoxicity of
dimethoate.
Reproductive Toxicity

There is little evidence suggesting dimethoate to be a repro-
ductive or developmental toxicant in animals or humans.
Genotoxicity

Little is known regarding mutagenic or genotoxic effects of
dimethoate.
Carcinogenicity

The US EPA classifies dimethoate as a possible human
carcinogen.
Clinical Management

For exposure of dimethoate through inhalation, the victim
should be moved to fresh air and, if not breathing, given
artificial ventilation. The victim should receive medical
attention as soon as possible. For exposure to skin, affected
areas should be washed immediately with soap and water. For
exposure to eyes, eyelids should be held open and the eyes
flushed with copious amounts of water for 15 min. The victim
should receive medical attention if irritation develops and
persists.

First aid for ingestion victims would be to induce vomiting,
keeping in mind the possibility of aspiration of solvents.
Gastric decontamination should be performed within 30 min
of ingestion to be most effective. Initial management of acute
toxicity is establishment and maintenance of adequate airway
and ventilation. Atropine sulfate in conjunction with prali-
doxime chloride can be administered as an antidote. Atropine
by intravenous injection is the primary antidote in severe
cases. Test injections of atropine (1 mg in adults and
0.15 mg kg�1 in children) are initially administered, followed
by 2–4mg (in adults) or 0.015–0.05mg kg�1 (in children)
every 10–15 min until cholinergic signs (e.g., diarrhea, sali-
vation, and bronchial secretions) decrease. High doses of
atropine over several injections may be necessary for effective
control of cholinergic signs. If lavage is performed, endotra-
cheal and/or esophageal control is suggested. At first signs of
pulmonary edema, the patient should be placed in an oxygen
tent and treated symptomatically. After effective intervention,
patients should be closely monitored for the possibility of
sudden relapse.
Ecotoxicology

Dimethoate is moderately to very highly toxic to birds and
moderately toxic to mammals, with both acute and chronic
risks. Because birds are unable to metabolize dimethoate as
rapidly as mammals, it shows greater toxicity in these
species. Dimethoate is highly toxic to honeybees with exte-
rior applications. Dimethoate can be toxic to some terrestrial
plants.
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Dimethoate is moderately toxic to freshwater fish and very
highly toxic to aquatic invertebrates. It appears to be only
slightly toxic to aquatic plants.
Exposure Standards and Guidelines

Australia recently set the acceptable daily intake (ADI) at
1mg kg�1 day�1 and acute reference dose (RfD) of 20 mg kg�1,
and suspended a number of uses of dimethoate including
home and garden uses. The European Union recently set an
ADI of 1mg kg�1 day�1 and acute RfD of 10mg kg�1.

See also: Cholinesterase Inhibition; Pesticides;
Organophosphorus Compounds.
Relevant Websites

http://www.apvma.gov.au/products/review/current/dimethoate.php – Australian Pesti-
cides and Veterinary Medicines Authority.

http://www.efsa.europa.eu/en/efsajournal/doc/84r.pdf – European Food Safety
Authority.

http://extoxnet.orst.edu – Extension Toxicology Network, Oregon State University.
http://www.regulations.gov/ – regulations.gov: search for “Dichlorvos”.
http://www.epa.gov – US Environmental Protection Agency.
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l Chemical Abstracts Service Registry Number: 60-11-7
l Synonyms: DMAB, 4-Dimethylaminoazobenzol, 4-Dime-

thylaminophenylazobenzene, Dimethyl yellow, Brilliant
fast oil yellow

l Chemical Formula: C14H15N3

l Chemical Structure:
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Background

Dimethylaminoazobenzene was used as a food-coloring agent
until 1918 when it was found that exposed workers developed
contact dermatitis. It is now used almost exclusively as a known
hepatocarcinogen in research laboratories. Dimethylaminoa-
zobenzene was the first carcinogen used in laboratory settings
to demonstrate chemical binding to cellular macromolecules.

The US Environmental Protection Agency has determined
that dimethylaminoazobenzene is a probable human carcin-
ogen. This classification is based on the fact that there is no
epidemiological evidence that links dimethylaminoazo-
benzene exposure to the development of human cancer, but
there is sufficient evidence from laboratory animal studies.
Uses

Dimethylaminoazobenzene was once used as a coloring agent
for butter and margarine. Dimethylaminoazobenzene was also
used as an intermediate in the production of dyes, photosen-
sitive polymers, and reusable films. Dimethylaminoazo-
benzene is no longer used as a dye and coloring agent.
Environmental Fate and Behavior

Dimethylaminoazobenzene may be released to the environ-
ment as a waste industrial product or from unintentional or
accidental releases. If released to soil, it is expected to adsorb
strongly to soil particles and not percolate down to ground-
water. However, the chemical exists mostly in its ionized form
in soils with neural and basic pH. Therefore, the degree of
water solubility and percolation is influenced by soil and
water pH. The chemical is soluble in organic solvents
(alcohol, ether, oil) and essentially insoluble in water (its
solubility is in the parts per million range). Therefore, if
released to water, it may bioconcentrate in aquatic organisms
and/or adsorb to organic matter in sediment. No information
is available regarding biodegradation rates for the chemical in
environmental media.
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Exposure and Exposure Monitoring

Workers exposed to dimethylaminoazobenzene should undergo
periodic medical examinations. The examinations should focus
on assessment of liver health and function.
Toxicokinetics

In laboratory animals, dimethylaminoazobenzene is
metabolized in the liver to 4-aminoazobenzene and N-
hydroxy-4-aminoazobenzene. The metabolites can then
either bind to liver cell macromolecules or are excreted in
the bile.
Mechanism of Toxicity

Metabolites of dimethylaminoazobenzene can bind to liver cell
macromolecules, which can then lead to hepatocarcinomas.
Diets high in riboflavin have been shown to reduce the binding
of dimethylaminoazobenzene to liver macromolecules. The
reduced binding was shown to result in a reduced incidence of
hepatocarcinomas.
Acute and Short-Term Toxicity

The oral lethal dose 50% (LD50) has been reported as
200mg kg�1 in rats and 300mg kg�1 in mice. Overexposure to
dimethylaminoazobenzene has been reported to produce skin,
lung, and blood damage. Sign and symptoms of overexposure
include contact dermatitis, difficulty breathing, coughing,
bloody sputum, bronchial secretions, methemoglobinemia,
bloody urine, and frequent and painful urination.
Chronic Toxicity

The only long-term effect reported for workers exposed to
dimethylaminoazobenzene was contact dermatitis.
Genotoxicity

Dimethylaminoazobenzene is mutagenic and teratogenic in
genotoxicity studies.
Carcinogenicity

Oral administration of dimethylaminoazobenzene has been
shown to produce liver cancer in rats and bladder tumors in
dogs. Carcinogenic effects have also been produced following
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00015-4
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dermal and subcutaneous applications in rats and mice. In
addition, in vivo and in vitro tests have shown dimethylami-
noazobenzene to be teratogenic and mutagenic.
Clinical Management

There is no special clinical treatment for overexposure to
dimethylaminoazobenzene. Implement basic life support
measures and the prevention of further chemical exposure and
absorption by removing contaminated clothing and washing
affected area. If ingested, the esophagus and digestive tract may
be irritated and may be burned. Therefore, perform a careful
examination and institute gastric lavage only if the esophagus is
not damaged and it is believed that lavage may be effective at
removing the ingested material. Medical examination should
look for signs of irritation, abnormalities, and hypersensitivity.
Ecotoxicology

Dimethylaminoazobenzene is currently used only in small
quantities in research laboratories where strict regulations
governing air and water emissions and hazardous waste
disposal would typically apply. An accidental release could
potentially be harmful to certain organisms much like it is to
humans if amounts were sufficiently high; however, that situ-
ation is unlikely given the current limited utility of this
chemical and applicable precautions and restrictions.
Exposure Standards and Guidelines

Dimethylaminoazobenzene is listed as a hazardous air
pollutant under the US Clean Air Act and, when released
to the environment, is a hazardous waste. The US Environ-
mental Protection Agency has classified dimethylaminoazo-
benzene as a probable human carcinogen. This classification
is based on the fact that, although there is no epidemiolog-
ical evidence that links dimethylaminoazobenzene exposure
to the development of human cancer, there is sufficient
evidence from laboratory animal studies. National Institute
for Occupational Safety and Health (NIOSH) considers
dimethylaminoazobenzene to be a potential occupational
carcinogen. Special precautions must be taken when
working with dimethylaminoazobenzene. Personnel
handling dimethylaminoazobenzene must follow industrial
hygiene and health protection requirements for handling
potentially carcinogenic substances. At minimum, dimethy-
laminoazobenzene exposure should be minimized through
the use of engineering controls, work practices, and personal
protective equipment, including impervious and disposable
gowns and gloves as well as eye and respiratory protection.
In addition, working area and working instruments must be
especially designed for handing potentially harmful
substances.

See also: Carcinogenesis; Carcinogen–DNA Adduct Formation
and DNA Repair; Dyes and Colorants; Food, Drug, and
Cosmetic Act, US; Polymers; Toxicity Testing, Carcinogenesis.

Further Reading

Hazardous Substances Database (HSDB), 2003. National Library of Medicine
(NLM), Specialized Information Service. Online Database. http://toxnet.nlm.
nih.gov/

Report on Carcinogens National Toxicology Program, Department of Health and Human
Services, twelth ed., 2011. http://ntp.niehs.nih.gov/?objectid=03C9AF75-E1BF-
FF40-DBA9EC0928DF8B15, 2011.

Rossoff, I.S., 2002. Encyclopedia of Clinical Toxicology. Parthenon Publishing, Boca
Raton, FL.
Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Dimethylaminoazobenzene.

http://www.epa.gov/ttnatw01/hlthef/di-benze.html – U.S. Environmental Protection
Agency’s Technology Transfer Network, Air Toxics Website.
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l Chemical Abstracts Service Registry Number: 115-10-6
l Synonyms: Methyl ether; Dymel
l Chemical/Pharmaceutical/Other Class: Ether
l Molecular Formula: C2OH6

l Chemical Structure: CH3eOeCH3
Uses

Dimethyl ether (DME) is used as a refrigerant, as a propellant
in aerosol products, as a starter for gasoline engines in cold
weather, as a rocket propellant, and as a specialty solvent in
chemical synthesis.
Exposure Routes and Pathways

Inhalation is the main exposure route of DME; dermal is
possible and ingestion is less likely. The potential human
exposures from use of a 10-s use of hairspray containing 50%
DME were on average 114 ppm with a peak concentration of
1577 ppm. Simulated salon use of a hairspray gave a calculated
value of 55 ppm DME for a stylist over an 8-h working period.
Toxicokinetics

DME is rapidly absorbed by the respiratory tract with steady-
state levels attained within 30 min. The material is cleared
rapidly with the mean biological half-life being 90 min.
Absorption was proportional to the DME concentration
breathed. No tissue storage, particularly in adipose tissue,
was seen.
Mechanism of Toxicity

Higher concentrations of DME act on the central nervous
system (CNS) to produce narcosis. The effects are rapidly
reversible which is consistent with the very rapid bio-
elimination of the molecule. DME has, in the past, been
considered for use as a human anesthetic. It should be noted
that this chemical can produce cardiac sensitization similar to
the effects of epinephrine.
Acute and Short-Term Toxicity (or Exposure)

Animal

Toxic effects on animals from inhalation exposure include
anesthetic effects and decreased blood pressure. The 4-h inha-
lation lethal concentration 50% value in rats is 164 000 ppm
(16.4%). Cardiac sensitization occurred in dogs exposed to
concentrations of 20% or greater.
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Human

The main effects of DME in humans have been related to its
depressant activity on the CNS. Depression of the CNS has
been reported at concentrations ranging from 6 to 10% in air.
Again, the rapid uptake and clearance of the chemical limit is
the possibility of other systemic damage in man. However,
inhalation of high concentrations of vapor may cause heart
irregularities, unconsciousness, and death. At 10% in air,
incoordination was seen after 21 min of exposure and at 1 h
subjects could no longer perform simple tasks. At 14.4% in air,
symptoms first occurred in 7 min and subjects lost conscious-
ness after 26 min. Inhalation of 20% caused unconsciousness
in 17 min. Vapor reduces oxygen available for breathing as it is
heavier than air. Direct contact with liquid DME may produce
frostbite.

Vapors of DME may produce eye irritation with discomfort,
tearing, or blurring of vision. Inhalation exposure may be
associated with nonspecific discomfort such as nausea, head-
ache, or weakness. Signs of CNS depression may include
dizziness, headache, confusion, incoordination, and loss of
consciousness. Abusers of this product could show increased
susceptibility to the cardiac arrhythmia effects of epinephrine
(cardiac sensitization).
Chronic Toxicity (or Exposure)

Animal

Repeated inhalation exposure to rats and mice caused
changes in white blood cell counts, anesthesia, and reduced
weight gain. Chronic exposure of rats to 20 000 ppm (2%)
caused liver weight reduction and alteration in enzymes
associated with liver damage. In another study, observations
included decreased red blood cell counts, spleen changes,
and decreased survival of males at 10 000 and 25 000 ppm.
Hemolysis and red blood cell destruction occurred at
25 000 ppm.

Tests in rats have shown no carcinogenic response
at concentrations up to 25 000 ppm. Developmental toxicity
including careful evaluations of fetal structural integrity was
unaffected in two rat studies, one employing inhalation
exposures up to 40 000 ppm and the other up to 20 000 ppm.
A host-mediated assay in which bacterial indicator organisms
incubated in the peritoneal cavity of mice being treated with
DME showed no increase in mutations.
Human

No information regarding the long-term effects of DME in
humans has been reported. Again, the first sign of response to
the chemical would be expected from the CNS and repeated
exposures would most likely behave like a series of acute
exposures.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00491-7
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In Vitro Toxicity Data

DME is inactive in genetic tests including the Salmonella assay
(with and without metabolic activation in at least four strains),
hypoxanthine-guanine phosphoribosyl transferase (HPRT)
reversion in CHO cells, DNA repair/synthesis in rat liver cells,
gene mutation with V79 Chinese hamster ovary cells, and the
sex-linked recessive lethal test in the fruit fly. No increase in
chromosome abnormalities was seen in human lymphocytes
exposed in culture to DME.
Clinical Management

If high concentrations are inhaled, immediate removal to fresh
air should be done. The person should be kept calm. Artificial
respiration should be employed on a nonbreathing individual.
If breathing is difficult, support oxygen should be given and
a physician called. For skin contact, the exposed area should be
flushed with water for at least 15 min. The skin should be
treated for frostbite if necessary by gently warming the affected
area. If irritation is present, it is recommended that a physician
be called. For eye contact, flushing should be done with plenty
of water for 15 min and a physician called. Ingestion is not
considered as a potential route of exposure.

It is important to note that because of possible disturbances
of cardiac rhythm, catecholamine drugs such as epinephrine
should be used with special caution only in situations of
emergency life support.
Environmental Fate

DME released to the atmosphere would be expected to exist
almost entirely in the vapor phase since the vapor pressure is
4450 mmHg at 25 �C. It is susceptible to photooxidation via
vapor phase reaction with photochemically produced hydroxyl
radicals. An atmospheric half-life of 5.4 days has been calculated.
It will also exhibit very highmobility in soil and, therefore, itmay
leach to groundwater. If DME is released to water, it will not be
expected either to significantly absorb to sediment or suspended
particulate matter, bioconcentrate in aquatic organisms, or
directly photolyze. No data concerning the biodegradation of
DME in environmental media were located but many ethers are
known to be resistant to biodegradation. DME would not be
expected to bioconcentrate in aquatic organisms.
Ecotoxicology

Acute toxicity to aquatic organisms is not particularly high with
48 h no-observed-effect concentrations greater than 4000 ppm
in both daphnids and guppies.
Exposure Standards and Guidelines

There are no exposure standards but one of the producers for
DME has an internal guideline that suggests airborne exposure
of 1000 ppm. Both 8 and 12 h time-weighted averages would
not be expected to result in adverse health effects. Residues of
DME are exempted from the requirement of a tolerance when
used as a propellant in accordance with good agricultural
practice as inert (or occasionally active) ingredients in pesticide
formulations applied to growing crops or to raw agricultural
commodities after harvest.

See also: Anesthetics.

Further Reading

American Industrial Hygiene Association, 1996. Workplace Environmental Exposure:
Dimethyl Ether.

Bohnenn, L.J.M., 1979. Dimethyl ether: alternative aerosol propellant. Drug Cosmetic
Ind. 125, 58–74.

Caprinol, T.G., 1975. Toxicological aspects of dimethyl ether. Eur. J. Toxicol. Environ.
Hygiene 8, 287–290.

Kirwin, C.J., Galvin, J.B., 1993. Ethers. In: Clayton, G.O., Clayton, F.E., Allan, R.E.
(Eds.), Patty’s Industrial Hygiene and Toxicology, fourth ed., vol. II, Part A. Wiley
Interscience, New York, pp. 445–525.

Relevant Website

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Dimethyl Ether.

http://toxnet.nlm.nih.gov


Dimethyl Sulfate
S Asha, Manchester University College of Pharmacy, Fort Wayne, IN, USA

� 2014 Elsevier Inc. All rights reserved.
l Name: Dimethyl sulfate
l ChemicalAbstracts ServiceRegistryNumber:CASNo.77-78-1
l Synonyms: Sulfuric acid dimethyl ester, Dimethyl mono-

sulfate, Dimethyl sulphate, Sulfate dimethylique, DMS
(methyl sulfate)

l Molecular Formula: (CH3O)2SO2

l Chemical Structure:
Background (Significance/History)

Dimethyl sulfate is a colorless, oily liquid with a faint, onion-
like odor. It is soluble in water, ether, dioxane, acetone,
benzene, and other aromatic hydrocarbons, miscible with
ethanol, and sparingly soluble in carbon disulfide. It is stable
under normal temperatures and pressures, but hydrolyzes
rapidly in water at or above 18 �C. Physical and chemical
properties of dimethyl sulfate are listed in the following table.

Property Information
162
Molecular weight
 126.1
Density
 1.33 g ml�1 at 20 �C
Melting point
 �27 �C
Boiling point
 188 �C with decomposition
Log Kow
 0.16
Water solubility
 28 g l�1 at 18 �C
Vapor pressure
 0.677 mm Hg at 25 �C
Vapor density relative to air
 4.35
Dimethyl sulfate has been produced commercially since at
least the 1920s. One productionmethod is continuous reaction
of dimethyl ether with sulfur trioxide. In 2009, dimethyl sulfate
was produced by 33 manufacturers worldwide, including 1 in
the United States, 14 in China, 5 in India, 5 in Europe, 6 in East
Asia, and 2 in Mexico, and was available from 44 suppliers,
including 16 US suppliers. There are no data on US imports or
exports of dimethyl sulfate. Reports filed from 1986 through
2002 under the US Environmental Protection Agency’s Toxic
Substances Control Act Inventory Update Rule indicate that US
production plus imports of dimethyl sulfate totaled 10–50
million pounds. The simplest way of synthesizing dimethyl
sulfate is by esterification of sulfuric acid with methanol as
follows:

2CH3OHþH2SO4/ðCH3Þ2SO4 þ 2H2O
Encyclopedia of T
Uses

The major use of dimethyl sulfate is as an alkylating agent. It is
used in the manufacture of dyes, pharmaceuticals, and
perfumes and in the extraction of aromatic hydrocarbons as
a solvent. It is also used as a sulfonating agent. In World War I,
it was used as a war gas. Dimethyl sulfate is used primarily as
a methylating agent to convert compounds such as phenols,
amines, and thiols to the corresponding methyl derivatives.
Compared to other methylating agents, dimethyl sulfate is
preferred by the industry because of its low cost and high
reactivity. It is also used as a methylating or sulfating agent in
the manufacture of methyl esters, ethers, and amines in dyes,
drugs, perfumes, pesticides, phenol derivatives, fabric softeners,
polyurethane-based adhesives, and other organic chemicals.
Dimethyl sulfate is also used as a solvent for the separation of
mineral oils, for the analysis of auto fluids, and with boron to
stabilize liquid sulfur trioxide.
Environmental Fate and Behavior

Absorption, Distribution, Metabolism, and Excretion

Dimethyl sulfate is rapidly absorbed by ingestion, by inhala-
tion, and through intact skin. It is slowly metabolized to
methanol and sulfuric acid. Studies with dimethyl sulfate have
shown that the lungs and brain exhibit a much higher degree of
nucleic acid alkylation than the liver and kidneys. Since the
lungs and brain receive a relatively larger proportion of the
cardiac output, it has been proposed that dimethyl sulfate does
not equilibrate throughout the body but breaks down in the
organs that it penetrates first, owing to its alkylating abilities.
The associated kidney damage suggests that dimethyl sulfate
may be eliminated by the renal route.
Genotoxicity

Genotoxic effects of dimethyl sulfate have been extensively
reviewed. There are many studies employing dimethyl sulfate.
The mutagenicity and carcinogenicity of alkylating chemicals,
and especially methylating and ethylating agents, are thought
to result partly from the formation and persistence of minor,
miscoding DNA adducts such as O6-alkylguanine and O4-
alkylthymine. The formation of O6-methylguanine following
dimethyl sulfate treatment of DNA in vitro represents less than
0.2% of the total alkylation products. Because they produce
little alkylation at oxygen sites, the mutagenicity of SN2 reac-
tants like dimethyl sulfate must be explained differently from
other alkylating agents. Indirect mutagenesis, in which the
occurrence of mutation depends upon errors in enzymatic
repair processes, is thought to contribute substantially to its
genetic activity.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01219-7
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Animal Studies

Dimethyl sulfate induced both structural and numerical chro-
mosomal aberrations in bone marrow cells of rats treated in
vivo and chromatid breaks in mouse embryos treated trans-
placentally. It alkylated DNA in rats treated in vivo and in
cultured rodent cells. It induced sister chromatid exchanges,
unscheduled DNA synthesis, and DNA strand breaks in human
and rodent cells in vitro, and chromosomal aberrations and
mutation in cultured rodent cells.
Human Studies

Two studies reported increased chromosome and chromatid
aberrations in lymphocytes of exposed workers. However, one
study was not available and in the second the workers were
exposed also to other chemicals. So no definitive conclusion
can be made about genotoxicity in humans.
Carcinogenicity

Dimethyl sulfate is reasonably anticipated to be a human
carcinogen based on sufficient evidence of carcinogenicity from
studies in experimental animals. Dimethyl sulfate was first
listed in the Second Annual Report on Carcinogens (1981).
Cancer Studies in Experimental Animals

Dimethyl sulfate caused tumors in rats at several different tissue
sites and by several different routes of exposure. Inhalation
exposure to dimethyl sulfate caused cancer of the nasal cavity
(squamous cell carcinoma) and other local tumors. Exposure
by subcutaneous injection caused cancer at the injection site
(sarcoma). Dimethyl sulfate administered to pregnant rats by
intravenous injection caused tumors of the nervous system in
the offspring.
Cancer Studies in Humans

The data available from epidemiological studies are inadequate
to evaluate the relationship betweenhuman cancer and exposure
specifically to dimethyl sulfate. At the time dimethyl sulfate was
listed in the Second Annual Report on Carcinogens, four cases of
bronchial cancer (carcinoma) had been reported in men occu-
pationally exposed to dimethyl sulfate. Since that time, two
additional cases of cancer inworkers exposed to dimethyl sulfate
have been identified. In one case, a man who had been exposed
to dimethyl sulfate for 6 years developed primary cancer of the
eye (choroidal melanoma). In the second case, a man who had
been exposed for 7 years to “small amounts” of dimethyl sulfate
but also to larger amounts of the known human carcinogens
bis(chloromethyl) ether and chloromethyl methyl ether devel-
oped lung cancer (pulmonary carcinoma).
Exposure

The routes of potential exposure to dimethyl sulfate are
inhalation, dermal contact, and ingestion. Dimethyl sulfate
enters air and water largely through various waste streams
resulting from its production and use. According to EPA’s
Toxics Release Inventory, environmental releases of dimethyl
sulfate from 1988 to 2002 ranged from a high of 14 300 lb in
1989 to a low of 5800 lb in 1993. Releases increased in 2003,
primarily because a large quantity was released to air as
fugitive emissions, mostly from a single facility. Since 2005,
annual releases have totaled about 3000 lb or less. In 2007,
2626 lb of dimethyl sulfate was released to the environment
from 11 facilities, primarily as air emissions. Dimethyl
sulfate released to air is likely to remain in the vapor phase
and be degraded by reacting with the water in the atmo-
sphere, with a half-life of over 30 min, or by reacting with
photochemically produced hydroxyl radicals, with a half-life
of over 32 days. Dimethyl sulfate is expected to hydrolyze in
moist soils or surface water, with a half-life in water of 1.2 h.
The rapid hydrolysis rate in surface water prevents significant
volatilization, adsorption to suspended solids or sediments,
or biodegradation and bioconcentration. Dimethyl sulfate
has been detected in remote rural air at a concentration of
58 ppt (299 ng m�3) and in urban air at concentrations
almost a million times greater (several milligrams per cubic
meter).

The National Occupational Exposure Survey (between 1981
and 1983) estimated that 10 500 workers, including 2500
women, potentially were exposed to dimethyl sulfate.
Toxicokinetics

Dimethyl sulfate is readily absorbed through mucous
membranes, the intestinal tract, and skin. Since dimethyl
sulfate has a half-life of 4.5 h in pH 7 buffered aqueous solu-
tion, it is assumed that dimethyl sulfate is rapidly metabolized
in mammalian tissues. Initial hydrolytic products are mono-
methyl sulfate and methanol; complete conversion to sulfuric
acid occurs more slowly.

As an alkylating agent, dimethyl sulfate reacts with DNA
by an SN2 mechanism and therefore alkylates DNA almost
exclusively at nitrogen sites; alkylation at oxygen sites is very
infrequent. It was found that after intravenous injection in
rats, the lung and the brain exhibited a much higher degree
of nucleic acid alkylation than the liver and kidney. It seems
likely that the compound does not equilibrate throughout
the body but breaks down in the first organs that it pene-
trates. It is possible that the hydrolysis of dimethyl sulfate
and the subsequent methylation of component molecules of
the cells and tissues, including DNA, are responsible for
the local effects, systemic toxic effects, and possibly
carcinogenicity.

The ultimate metabolites in the human body are sulfate and
carbon dioxide, which are excreted by the kidneys and released
by the lungs, respectively. However, no urinary metabolites
other than low levels of methanol have been reported.
Health Hazard Information

Acute Effects: Acute exposure of humans to the vapors of
dimethyl sulfate may cause severe inflammation and necrosis
of the eyes, mouth, and respiratory tract; severe damage to the



164 Dimethyl Sulfate
lungs may result. Acute oral or inhalation exposure to
dimethyl sulfate primarily damages the lungs but also injures
the liver, kidneys, heart, and central nervous system in
humans. Ingestion causes irritation to oral mucosa and throat
with subsequent ulcerations. Coma and death may result
from exposure to very high concentrations. Delayed appear-
ance of symptoms may permit unnoticed exposure to lethal
quantities of dimethyl sulfate. Dermal contact with dimethyl
sulfate may produce severe blistering in humans, since this
chemical has strong corrosive properties. This chemical has
a numbing effect, with no severe initial pain, and therefore
treatment may not be sought immediately. Effects of dimethyl
sulfate after dermal exposure can be delayed for up to 5 h.
Tests involving acute exposure of rats, mice, and guinea pigs
have demonstrated dimethyl sulfate to have high to extreme
acute toxicity from inhalation and high acute toxicity from
oral exposure.

Chronic Effects (Noncancer): No information is available on
the chronic effects of dimethyl sulfate in humans. Decreased
body weight and increased mortality have been observed in rats
and mice exposed to dimethyl sulfate by inhalation. EPA has
not established a Reference Concentration (RfC) or a Reference
Dose (RfD) for dimethyl sulfate.

Reproductive/Developmental Effects: No information is
available about reproductive or developmental effects of
dimethyl sulfate in humans. Dimethyl sulfate has been
reported to produce tumors in the offspring of rats exposed
intravenously.

Cancer Risk: Human data on the carcinogenic effects of
dimethyl sulfate are inadequate, with two studies available. The
first study did not report a statistically significant increase in
cancer among workers exposed to dimethyl sulfate, and the
second study lacked adequate exposure information. Tumors
have been observed in the nasal passages, lungs, and thorax of
animals exposed to dimethyl sulfate by inhalation. EPA has
classified dimethyl sulfate as a Group B2, probable human
carcinogen.
Ecotoxicology

No data identified.
Exposure Standards and Guidelines

Following are the exposure standards/limits set for dimethyl
sulfate:

OSHA Permissible Exposure Limit (PEL) for General Industry:
1 ppm, 5 mg m�3 time-weighted average (TWA); Skin

OSHA PEL for Construction Industry: 1 ppm, 5 mg m�3 TWA;
Skin

OSHA PEL for Maritime: 1 ppm, 5 mg m�3 TWA; Skin
American Conference of Governmental Industrial Hygienists

(ACGIH) Threshold Limit Value (TLV): 0.1 ppm,
0.52 mg m�3 TWA; Skin

National Institute for Occupational Safety and Health
(NIOSH) Recommended Exposure Limit (REL): 0.1 ppm,
0.5mg m�3 TWA; Skin. NIOSH Immediately Dangerous To
Life or Health Concentration (IDLH): 7 ppm
In-Field Treatment of Dimethyl Sulfate Exposure Prior
to Arrival at a Health Care Facility

All exposures should be transported to a health care facility,
even if symptoms are not present at the time.

l Ocular exposures: Use copious amounts of water, and irrigate
eyes for 15min prior to or during transport of the patient to
a health care facility.

l Dermal exposures: Remove all contaminated clothing care-
fully to avoid exposure to the chemical. Flood the patient’s
skin and hair with water, and follow up with soap and water
prior to transport.

l Inhalation exposures: Move the patient to fresh air. For
patients experiencing respiratory distress, administer
oxygen if available. Airwaymanagement may be necessary if
laryngeal edema is present.

l Ingestion exposures: Immediately give the patient 4–8 ounces
ofmilk orwater–nomore than 8 ounces or 240ml for adults
and4 ouncesor 120ml for children.Donot induce vomiting.
Special Note to First Responders

l Wear a positive-pressure self-contained breathing apparatus
(SCBA).

l Wear chemical protective clothing that is specifically
recommended by the manufacturer.

l Decontaminate all equipment, including personal protec-
tive gear.
Treatment of Exposures in a Health Care Facility

l Ocular exposures: Irrigate the eyes with sterile 0.9% saline
solution for at least 1 h or until the culs-de-sac are free from
particulate matter and the pH is neutral when tested with
pH paper. The full extent of injury to the eyes and vision
may not be apparent for up to 72 h postexposure. Patients
will need close follow-up care.

l Dermal exposures: Remove contaminated clothing carefully.
Irrigate the patient in a shower with copious amounts of
water, followed by soap and water washings for 20–30min.
Dermal effects may be delayed for hours. Dermal exposure
may lead to systemic effects.

l Inhalation exposures: Maintain ventilation and oxygenation.
Draw frequent blood gases. Early use of mechanical venti-
lation with positive end-expiratory pressure may be war-
ranted. Glottic and laryngeal edema may be present, and
airway management may be necessary.

l Ingestion exposures: Immediately administer water – no more
than 8 ounces or 240ml for adults and 4 ounces or 120ml
for children. Ipecac is contraindicated. If a large ingestion
has occurred, suctioning gastric contents may be of benefit;
however, this poses a high risk of mucosal injury. Since
most ingestions will warrant an endoscopy, activated char-
coal is not recommended. Due to the corrosive nature of
this chemical, activated charcoal should only be used under
the advice of the Poison Control Center.
See also: Toxicity Testing, Carcinogenesis; Methanol; Solvents.
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l Chemical Abstracts Service Registry Number: 67-68-5
l Synonyms: Methyl sulfoxide, DMSO, Dimexide
l Chemical/Pharmaceutical/Other Class: Sulfoxides
l Molecular Formula: C2H6OS
l Chemical Structure:
S

O

CH3H3C
Background (Significance/History)

First synthesized in 1866 by Alexander Zaytsev in the Russian
Empire, dimethyl sulfoxide is an organosulfur compound. This
colorless liquid is an important polar aprotic solvent that
dissolves both polar and nonpolar compounds and is miscible
in a wide range of organic solvents as well as water.
Uses

Dimethyl sulfoxide (DMSO)has excellent solvent properties and
acts as a skinpenetration enhancer fordrugs andother substances
by increasing the permeability of the barrier layer of the skin. It is
used in the topical administration of drugs, the production of
synthetic fibers, the application of pesticides, as an antifreeze,
hydraulic fluid, and in the manufacturing of industrial cleaners
and paint strippers. Its anti-inflammatory and analgesic effects,
and the ability to quench free radicals have been used by physi-
cians and others for various therapeutic purposes.
Environmental Fate and Behavior

DMSO is naturally released in the environment, primarily by
the oxidation of dimethyl sulfide that is biologically produced
in soil, water, and vegetation. It is produced by phytoplankton,
and may be released during its production, transport, disposal,
and use as a solvent, medicinal analgesic, and other uses.

If released in water, it should disproportionate to dimethyl
sulfide and dimethyl sulfone, and may be reduced by reducing
agents that may occur in natural waters. In soil, DMSO is
rapidly reduced to dimethyl sulfide. In the atmosphere, DMSO
will exist primarily in the vapor phase, and will react with
photochemically produced hydroxyl radicals with a half-life of
w7 h. It also may be released during its production, transport,
disposal, and use as a solvent and medical analgesic.

A bioconcentration factor (BCF) of <1 was observed for
dimethyl sulfoxide, using orange-red killifish (Oryzias latipes)
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which were exposed over an 8-week period. According to
a classification scheme, this BCF suggests that bioconcentration
in aquatic organisms is low.
Exposure Routes and Pathways

Exposure via dermal absorption and inhalation for hospital
and veterinary personnel is common due to the use of DMSO
in drugs. Industrial applications may lead to dermal and eye
contact, and inhalation, with oral exposure a less likely route.

The public may also be exposed via the use of DMSO in
drugs, inhalation of ambient air, ingestion of food and
drinking water contaminated with DMSO, and dermal contact
with consumer products containing DMSO.

DMSO’s production and use as an organic solvent and
medicine may result in its release to the environment through
various waste streams. DMSO is part of the global atmospheric
sulfur cycle and is produced when dimethyl sulfide is
photooxidized.
Toxicokinetics

DMSO is readily absorbed by animals and humans by dermal
and oral routes and enhances absorption of many other
chemicals by those routes. Higher concentrations of DMSO are
more readily absorbed than more dilute solutions of DMSO in
water. After dermal application, radiolabeled DMSO has been
detected in blood within 5 min, along with halitosis resulting
from a metabolite, dimethyl sulfide. Distribution to other
organs has been reported to occur within 20 min. Radiolabeled
DMSO was detected in bones and teeth of animals within 1h.
DMSO can affect ionic balance due to its facilitation of the
absorption of many other substances through biological
membranes. The major metabolites of DMSO in humans are
dimethyl sulfone and dimethyl sulfide. Following oral admin-
istration, about two-thirds of the dose is excreted in urine as
unchanged DMSO, w20% as dimethyl sulfone, and 5% is
exhaled as dimethyl sulfide. These metabolites have also been
identified in monkeys and rats. In the eyes, the highest levels
appear to accumulate in the cornea, and the lowest in the lens.
DMSO has a calculated half-life of 16h in blood; the corre-
sponding value for dimethyl sulfone is 38h. About 3% of oral
doses is exhaled as dimethyl sulfide in humans; the percentage
appears to be slightly higher in animals. DMSO can persist in
serum for more than 2 weeks after a single exposure.
Mechanism of Toxicity

Most physiological properties of DMSO appear to be related to
its penetration properties, its potential to inhibit or stimulate
enzymes and to act as a free radical scavenger, and its ability to
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00839-3
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cause histamine release from mast cells. These properties are
largely based on DMSO’s chemical characteristics, including its
hydrogen bonding behavior, water affinity, ability to inter-
change with water in membranes, and ability to react with
organic molecules.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute toxicity of DMSO is generally quite low in animals.
DMSO causes mild skin and eye irritation in rabbits at as low as
100 mg. Rat oral LD50 values range from 14.5 to 28 g kg�1 and
dermal LD50 values range up to 40 g kg�1. The intraperitoneal
(ip) and intravenous LD50 in mice, rats, and dogs exceeds
15 g kg�1. Acute lethal doses in experimental animals have been
shown to produce rapid breathing, restlessness, coma, hyper-
thermia, and rapid death, or death after several days caused by
renal failure. DMSO is an experimental teratogen and also
causes other reproductive effects in experimental animals.
Human

DMSO is an irritant of the eyes, skin, and respiratory system.
Absorption rapidly results in a garlic-like taste and odor. The
odor has also been described as an oyster – or onion – like
breath and body odor. Dermal application can produce
erythema, scaling, contact urticaria, and stinging and burning
sensations. Nausea, vomiting, abdominal cramps, chills, chest
pains, and drowsiness have been reported, along with erythema,
and itching, and transient hemolysis with hemoglobinuria.
Anaphylaxis has been said to be a rare occurrence, and transient
photophobia and color vision disturbances have been reported.
Chronic Toxicity (or Exposure)

Animal

Repeated exposures lead to renal and hepatic lesions. Pro-
longed eye contact causes corneal injury (opacities), and
repeated dermal application results in irritation and urticaria.
Human

Overexposure may result in urticaria, headache, lethargy,
nausea, and dizziness. In a few cases, eosinophilia and sulf-
hemoglobinemia have been reported following intravenous
administration of DMSO. The human TDLo is 1800mg kg�1

for skin, and 606mg kg�1 for intravenous administration. The
lenticular changes causing myopia seen in animals following
chronic use have not yet been reported in humans.
Reproductive Toxicity

DMSO has been reported to cause adverse reproductive effects
in animals. Teratogenic effects have been reported in hamsters,
rats, rabbits, and mice following oral, dermal, or ip adminis-
tration to maternal animals. Reported effects included delayed
ossification of ribs, exencephaly, rib fusions, microphthalmia,
limb abnormalities, and cleft lip.
Genotoxicity

DMSO has been shown to be negative for genotoxicity both
in vivo and in vitro. Because DMSO is so nonreactive as a
mutagen, it is widely accepted as a solvent in mutagenicity tests.
Carcinogenicity

DMSO has been reported as a questionable carcinogen based
on early experimental tumorigenic data.
Clinical Management

Eye exposure should be followed by irrigation with water for at
least 15 min; exposed skin should be washed thoroughly with
soapandwater. Resultingburnsor skin irritation shouldbe treated
with standard therapy. Cases of dermal sensitization reactions
may require topical antiinflammatory agents. If DMSO is swal-
lowed, vomiting should notbe induced.Charcoal inwater orwith
a cathartic should be administered to prevent absorption. Liver
and kidney function and blood parameters should bemonitored.
Ecotoxicity

Freshwater/sediment organisms toxicity

LC50(Pimephales promelas) Fatheadminnow34g l�196h�1; static.
LC50 (Lepomis macrochirus) Bluegill >40 g l�1 96 h�1; static.
LC50 (Salvelinus fontinalis) Brook trout 54 g l�1 24 h�1; static;
95% CI.
LC50 (Salvenilus namaycush) Lake trout 47.8 g l�1 24 h�1; static;
95% CI.
LC50 (Oncorhynchus mykis) Rainbow trout 53.0 g l�1 24 h�1;
static; 95% CI.
Marine organisms toxicity

LD50 for Chinook Salmon is 12.0 g DMSO kg body weight�1.
Other Hazards

Flammable Limits

Lower flammable limit: 2.6% by volume; Upper flammable
limit: 42% by volume.
Flash Point

95 �C (203 �F) (Open cup)
Exposure Standards and Guidelines

FIFRA Requirements

Dimethyl sulfoxide is exempted from the requirement of
a tolerance when used as a solvent or cosolvent for formu-
lations used before crop emerges from soil or prior to
formulation of edible parts of food plants in accordance with
good agricultural practice as inert (or occasionally active)
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ingredients in pesticide formulations applied to growing
crops only.
Atmospheric Standards

This action promulgates standards of performance for equip-
ment leaks of Volatile Organic Compounds (VOC) in the
Synthetic Organic Chemical Manufacturing Industry (SOCMI).
The intended effect of these standards is to require all newly
constructed, modified, and reconstructed SOCMI process units
to use the best demonstrated system of continuous emission
reduction for equipment leaks of VOC, considering costs, non-
air-quality health and environmental impact and energy
requirements. Dimethyl sulfoxide is produced, as an interme-
diate or a final product, by process units covered under this
subpart.
FDA Requirements

The Approved Drug Products with Therapeutic Equivalence
Evaluations List identifies currently marketed prescription drug
products, including dimethyl sulfoxide, approved on the basis
of safety and effectiveness by FDA under sections 505 of the
Federal Food, Drug, and Cosmetic Act.

See also: Sensory Organs.
Further Reading
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l Chemical Abstracts Service Registry Number: CAS 593-74-8
l Synonyms: Mercury dimethyl; Methylmercury; Methyl

mercury; Dimethyl mercury; Dimethylmercury
l Molecular Formula: CH3–Hg–CH3

l Chemical Structure:

H3C CH3

Hg

Background

The first indication of the extreme toxicity of dimethylmercury
(DMM) was documented in 1863 when two laboratory assis-
tants died of DMM poisoning while synthesizing DMM in the
laboratory of Frankland and Duppa. There are numerous reports
of people dying from alkyl mercury compounds including
a chemist who was preparing several thousand grams of DMM in
his laboratory in 1974. The extreme toxicity was revisited in
1997, when Karen Wetterhahn, an internationally renowned
researcher of the carcinogenic effects of heavy metals on DNA
repair proteins, died within a few months after a single exposure
of less than a milliliter of DMM on her latex-covered hand.
DMM is extremely toxic and lethal at a dose of approximately
400 mg of mercury (equivalent to a few drops) or about
5 mg kg�1 of body weight or as little as 0.1 ml
Uses

DMM has limited use because of its toxicity but can be used to
calibrate research equipment, as in its application as a standard
reference material for 199Hg NMR measurements.
Environmental Fate and Behavior

DMM is a colorless liquid that is volatile at room temperature
(vapor pressure 62.3 mmHg) and is slightly soluble in water
(water solubility 8860 mg l�1). There are no reports on the
partition behavior of DMM but it is known to readily evaporate
and is thus rarely found in sediment or soil. No reports were
found on the environmental persistence of DMM. While DMM
vaporizes, no studies were found on long range transport. The
lipophilicityofDMMresults in its accumulation inadipose tissue,
plasma proteins, and brain. DMM has not been found in fish.
Exposure and Exposure Monitoring

Human

The extensive lipophilicity of DMMallows the substance to pass
readily through biological membranes. This chemical property
facilitates its near instantaneous absorption by the skin, lungs,
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and gastrointestinal tract, and results in its accumulation in
depots of adipose tissue, plasma proteins, and brain. Approxi-
mately 10% of the body burden of organic mercury is localized
in the brain. Absorption of doses as low as 0.1 ml is fatal.
Environmental

DMM has been identified at hazardous waste sites in extremely
small amounts. DMM has not been found in fish.
Toxicokinetics

DMM differs significantly from its inorganic counterparts in its
toxicokinetics and health effects. The absorption, distribution,
metabolism, and excretion of DMM resemble that of other
organic mercuries, particularly the alkylated ones.

DMMis rapidly absorbed anddistributed, yet itsmetabolism
and excretion are relatively slow, with a half-life of approxi-
mately 75 days. The difference between its rate of uptake and
elimination could in part account for the severity of the toxic
effects ofDMM, its long latency period of severalmonths, and its
pronounced effects on the brain and nervous system.
Mechanism of Toxicity

In contrast to the white crystalline solids of the pure forms of
methylmercury (MMM) and phenylmercury, DMM exists as
a colorless liquid at room temperature with high volatility.
These physical qualities enable high concentrations of the
substance to be absorbed by exposure pathways of the skin and
lungs that circumvent first-pass elimination. Effectively, this
prolongs the systemic circulation of DMM, and extends its
residence time in the body.

The additional alkyl group flanking the mercury imparts
DMM with lipophilicity that exceeds its monoalkylated
counterpart, and allows DMM to be sequestered in lipid-rich
depots. The metabolic delay allows the neurotoxicity of DMM
to remain latent for months.

The gradual conversion into MMM results in the release of
DMM from depots such as lipid-rich tissues and plasma
proteins, and permits its movement through barriers such as
the blood–brain and placenta. A cysteine complex of the
monomethylated metabolite penetrates the endothelial cells of
the blood–brain barrier by mimicking methionine and using
the large neutral amino acid transporter.

Thus, the toxicity of DMM is mediated by its dealkylation.
Cleavage of the carbon–mercury bond generates MMM
metabolites, which can form covalent bonds with cellular
ligands with amphiphilic properties. The mercury center reacts
with sulfur and sulfur-containing thiol groups of enzymes
and thereby inhibits them, resulting in cellular dysfunction.
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The metal center of DMM acts as a soft acid, and binds tightly
to polarizable donor atoms in soft bases. An additional
mechanism of adverse effect is the disruption of the pro-
oxidant–antioxidant balance, causing oxidative damage to
biomolecules resulting cellular damage. Within cells, mercury
may interact with a variety of proteins, particularly microsomal
and mitochondrial enzymes. Recent studies demonstrated that
the combined administration of the antioxidants N-acetyl
cysteine, zinc, and selenium mitigated DMM acute and chronic
toxicity by reducing enzymatic and cellular dysfunction.
Acute and Short-Term Toxicity

Animal

The toxicokinetics and health effects of DMM closely resemble
that of MMM. Reports of toxicity due to organic mercury
compounds are largely based on the administration of the
monomethylated form. A single or multiple doses of DMM
have similar effects on liver, kidney, and brain function.
A single dose of DMM to male rats resulted in increases in
blood biochemical variables such as transaminases, alkaline
phosphatase, and protein in serum as well as other biochemical
affects. Rats exposed to DMM over a 21-day period had
increases in serum bilirubin concentration, g-GT activity,
serum protein, cholesterol, and triglycerides while as albumin
was depleted. Kidney function was also affected as demon-
strated by increase in blood levels of urea, creatinine, uric acid,
and blood urea nitrogen. Acetyl cholinesterase activity declined
in the brain. In addition, histopathological changes were
evident in the kidney and liver. Administration of N-acetyl
cysteine along the antioxidants zinc and selenium seemed to
have a protective effect.
Human

There is often a delayed effect on the nervous system with
symptoms including progressive deterioration in balance, gait,
and speech, walking, hearing, and vision (constricted visual
fields). Additional adverse effects may include tingling in
fingers and episodes of nausea, diarrhea, and abdominal
discomfort.

DMM is primarily a neurotoxicant, and lethality can result
from a single exposure to as little as 0.1 ml Immediate
adverse effects may include irritation to the eyes, respiratory
tract, and skin. However, symptoms of intoxication may
remain latent for months after the exposure. The earliest
clinical deficits include numbness and tingling sensation of
the lips, hands and feet, joint pain, narrowing of vision,
hearing difficulties, a wide-based gait, and emotional
disturbances. These symptoms arise from whole-blood
concentrations of mercury that exceed 200 mg Hg l�1 of
whole blood (general population concentration, 1–
8 mg Hg l�1). The progression of symptoms includes inco-
ordination, difficulty in pronouncing words, deafness,
emotional disturbances, and ultimately, death. The small
granule cells of the cerebellum are selectively vulnerable to
DMM. The cortex is also profoundly affected. Extensive
neuronal loss and gliosis occur bilaterally within the primary
visual cortex (especially at the calcarine fissure) and auditory
cortex, with milder loss in the motor and sensory cortices.
Chronic Toxicity

Chronic studies of DMM toxicity are rare with the longest being
in rats dosed with DMM for 12 weeks. Kidney, liver, and brain
damaged were similar to that observed in an acute and short-
term exposure and resulted in similar blood chemistry
alterations as discussed earlier.
Reproductive Toxicity

While no studies specifically focusing on DMM could be found
in the open literature, DMM would be expected to be
a teratogen, based on experience with MMM and should be
handled with extreme caution as it easily enters the body
through the lungs, skin, and contaminated hands.
Genotoxicity

DMM was reported to induce changes in structure and number
of chromosomes in human lymphocytes and cause DNA
damage and cytotoxicity in human and rat cells.
Carcinogenicity

No reports could be found on the carcinogenic potential of
DMM in animals or humans. In its overall evaluation for car-
cinogenicity, the International Agency for Research on Cancer
(IARC) classifies it as “Possibly Carcinogenic to Humans”
(Group 2B), based upon its similarity to MMM.
Clinical Management

Chelating agents for mercury, such as cysteine and penicilla-
mine, have been used as intervention measures to reduce the
concentration of inorganic mercury. However, chelation
therapy has yielded variable success in cases of alkyl mercury
poisoning. Studies of MMM suggest that chelators may reduce
brain and blood mercury levels if started within a few days after
exposure. Surgical gallbladder drains and oral administration
of a nonabsorbable thiol resin have been applied in order to
interrupt biliary excretion and reabsorption of mercury by the
intestine.

In the recent Wetterhahn case, the use of oral succimer
(2,3-dimercaptosuccinic acid) and exchange transfusion at the
initial onset of symptoms were successful in increasing urinary
excretion of mercury and decreasing whole-blood mercury
concentration. However, despite repeatedly normal CT
(computed tomography)andMRI (magnetic resonance imaging)
scans of the brain, the patient quickly became unresponsive to all
visual, verbal, and light-touch stimuli 22 days after the first
neurological symptoms developed, which was 176 days after
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exposure. This suggests that chelators have little clinical benefit if
begun after the onset of neurological symptoms.
Ecotoxicology

Most data are confined to MMM which can be generated from
inorganic mercurial wastes by plankton and then progressively
bioaccumulated. The final concentration in animals higher up
the food chain can be several orders of magnitude higher than
those present in the original water. Bacterial synthesis of DMM
also takes place in marine and estuarine environments. It is
present there at very low levels since it is rapidly hydrolyzed to
MMM or vented into the atmosphere.

There are no reports on the toxicity of DMM on freshwater
or marine organisms. There are also no reports on the adverse
effects of DMM on terrestrial organisms.
Other Hazards

DMM is highly flammable in the presence of strong oxidizing
agents. Elevated temperatures cause decomposition into
explosive hydrocarbon gases.
Exposure Standards and Guidelines

The following are standards for occupational exposure to DMM:
Threshold limit value (TLV) (American
Conference of Governmental
Industrial Hygienists, ACGIH)

0.01 mgm�3, as Hg

Short-term exposure limit (STEL) (ACGIH) 0.03 mgm�3, as Hg
Permissible exposure limit (PEL)

(Occupational Safety and Health
Administration, OSHA)

0.01 mgm�3
See also: Mercury; Mercury Tragedies: Incidents and Effects;
Methylmercury; Minamata; Neurotoxicity.
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Relevant Websites
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l Chemical Abstracts Service Registry Number:
l There are four isomeric forms of dinitroaniline: 2,3-

Dinitroaniline (602-03-9); 2,4-Dinitroaniline (97-02-9); 2,6-
Dinitroaniline (606-22-4); 3,5-Dinitroaniline (618-87-1)

l Synonyms: 2,3-Dinitroaniline: 2,3-Dinitrobenzenamine,
2,3-Dinitrophenylamine; 2,4-Dinitroaniline: 2,4-Dini-
trobenzenamine, 2,4-Dinitrophenylamine; 2,6-Dinitroani-
line: 2,6-Dinitrobenzenamine, 2,6-Dinitrophenylamine;
3,5-Dinitroaniline: 3,5-Dinitrobenzenamine, 3,5-
Dinitrophenylamine

l Molecular Formula: C6H5N3O4/C6H3(NH2)(NO2)2
l Chemical Structure:
Background

Dinitroanilines are aromatic amines that typically exhibit an
yellow color. Although used in the production of a variety of
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products, especially herbicides, relatively little toxicologic data
are available for dinitroanilines per se. Selected physical–
chemical properties of dinitroanilines are presented in Table 1.
Uses

Structural analogs of dinitroanilines are used as preemergence
herbicides such as trifluralin, oryzalin, and prodiamine. These
herbicides contain propylamino, fluoride, or sulfonamide
prosthetic groups. Dinitroanilines have also been used in the
production of azo dyes, corrosion inhibitors, and as interme-
diates in the synthesis of pharmaceuticals.
Exposure

Exposure to dinitroanilines is most likely to occur in occupa-
tional settings. Inhalation and dermal exposure are the primary
routes of exposure.
Environmental Fate and Behavior

Information is lacking regarding the environmental fate of
dinitroanilines. The dinitroaniline-based herbicides reportedly
exhibit very complex degradation that varies with the envi-
ronmental media. These pesticides strongly adsorb to soil
colloids and may persist for months.
Exposure and Exposure Monitoring

Little information is available regarding exposure to dini-
troanilines. Most exposures to dinitroanilines would be occu-
pational during the synthesis of the dinitroanilines or the
synthesis of products using dinitroanilines. Exposure via skin
contact and inhalation would be likely routes of exposure.

Both high-performance liquid chromatography and enzyme-
linked immunosorbent assays are reportedly available for the
detection of dinitroanilines in environmental media.
Toxicokinetics

Most of the information on the toxicokinetics of dinitroani-
lines pertain to 2,4-dinitroaniline. Dinitroanilines are generally
considered as highly toxic to humans and are assumed to be
well absorbed via all routes of exposure. Specific toxicokinetic
data come from studies in laboratory animals. Nine metabo-
lites were detected in rats administered [14C]2,4-dinitroaniline
orally or intravenously. 2,4-Dinitrophenylhydroxylamine was
the primary metabolite, and was excreted in the urine as the
sulfate conjugate and in bile as the glucuronide. Amine
hydroxylation and sulfonation of 2,4-dinitroaniline are
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00670-9
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Table 1 Selected Physical–Chemical Data for Dinitroanilines

Property 2,3-Dinitroaniline 2,4-Dinitroaniline 2,6-Dinitroaniline 3,5-Dinitroaniline

Molecular weight 183.12 183.12 183.12 183.12
Physical state Solid Solid Solid Solid
Odor – – – –

Water solubility @ 20 �C (mg l�1) – 1440 1570 1290
Log Kow – 1.84 1.79 1.89
Vapor pressure @ 25 �C (mmHg) – 2.68� 10�5 2.68� 10�5 2.68� 10�5

Henry’s law constant @ 25 �C (atm-m3 mol�1) – 1.5� 10�10 1.75� 10�7 2.96� 10�11

Melting/boiling point (�C) – 180/334 141.5/– 163/–
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probable detoxification processes both of which occur rapidly
and facilitate clearance from the body. In rats administered
[14C]2,4-dinitroaniline per kilogram orally or intravenously,
there was rapid distribution of the radiolabel to all major
tissues. Muscle, skin, and adipose tissue contained 65–70% of
the 14C activity in the body during the 45 min after dosing.
Approximately 70–85% of the aforementioned doses were
cleared frommost tissues within 6 h after administration. Three
days after administration, only residual levels of radioactivity
were detected in the major tissues.

Urinary excretion of 14C activity at 6 and 24 h after dosing
accounted for 30 and 63%, respectively, of the administered
dose. Fecal excretion over 3 days accounted for 23% of the
dose. Elimination of 2,4-dinitroaniline-derived 14C activity in
the bile accounted for 12.5% of the dose after 5 h.
Mechanism of Toxicity

Most of the toxicity associated with dinitroaniline exposure
appears to be a function of methemoglobin formation in
which the iron of the hemoglobin molecule is oxidized causing
a deficiency in the oxygen carrying capacity of the blood. This
produces the cyanosis and other signs of dinitroaniline-
induced toxicity.

Dinitroaniline-based preemergence herbicides interrupt
mitosis much like colchicines, thereby adversely affecting plant
growth. These herbicides, however, are more complex mole-
cules than are their dinitroaniline starting materials.
Acute and Short-Term Toxicity

Animal

Dinitroaniline oral LD50 values in laboratory species range
from 370 mg kg�1 (mouse) to 418 mg kg�1 (rat) and
1050 mg kg�1 (guinea pig). A 4 h inhalation LCLo of
17 mgm�3 is reported for the laboratory rat. No signs of
toxicity were observed in male Fischer 344 rats administered up
to 90 mmol [14C]2,4-dinitroaniline per kilogram orally or
10 mmol kg�1 intravenously. Animal studies have also shown
varying effects on thyroid function.
Human

Little definitive information is available regarding the toxic
effects of dinitroanilines in humans. Quantitative data
regarding exposure–response relationships in humans are not
available. Dermal and ocular exposure reportedly may result in
irritation and pain although dinitroanilines are not generally
considered contact irritants. Inhalation exposure to dini-
troanilines may cause coughing and throat soreness. The most
prominent effect resulting from exposure to dinitroanilines and
dinitroaniline-based herbicides is methemoglobinemia.

Aniline, a structurally similar compound, is a skin and eye
irritant and a mild dermal sensitizer. It is rapidly absorbed by
all routes of exposure and induces methemoglobinemia. Signs
and symptoms of methemoglobinemia include blue skin
(cyanosis), headache, dizziness, weakness, lethargy, loss of
coordination, coma, and death. Headache and confusion
occur early following poisoning. Restlessness, seizures, and
coma may occur following severe poisoning. Acute exposure to
3–5 mg kg�1 is associated with signs and symptoms of toxicity
that develop within a few hours following exposure. Liver and
kidney damage may ensue within 12–72 h postexposure and
are probably secondary, hemolysis-mediated effects. As little as
1 g of aniline has caused human fatalities. The mean lethal
dose for humans of the structurally related aniline has been
estimated to be in the range of 15–30 g.
Chronic Toxicity

Animal

Although toxicity studies are available for the more complex
dinitroaniline-based herbicides, data on the chronic toxicity of
dinitroanilines in animals are unavailable.
Human

Human data on the effects of chronic exposure to dinitroani-
lines are lacking. An increase in the severity of damage to the
organs reportedly affected by acute exposure would be expec-
ted. Additionally, the adverse health effects resulting from
prolonged methemoglobinemia are likely to be significant.
Reproductive Toxicity

Teratogenic and reproductive effects have been reported for rats
following short-term inhalation exposure to 2,4-dinitroaniline
at a concentration of 17 mg kg�1. Although some of the dini-
troaniline-based herbicides have produced fetal toxicity in rats
and rabbits, these effects occurred at doses exceeding those
producing maternal toxicity.
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Genotoxicity

Results of in vitro cytogenetics testing of 2,4-dinitroaniline were
negative for both sister chromatid exchanges and chromosome
aberrations. The compound also tested negative in mouse
lymphoma tests. Results of reciprocal translocation and sex-
linked recessive lethality tests with Drosophila were also negative.
Carcinogenicity

There are no carcinogenicity data for dinitroanilines. Results of
cancer bioassays of various dinitroaniline-based herbicides,
such as oryzalin, trifluralin, pendimethalin, ethalfluralin, and
benfluralin, are compound specific with some showing
evidence of tumorigenic potential while test results of other
compounds are negative.
Clinical Management

For inhalation exposures, the exposed individual should be
removed from the exposure environment and 100% humid-
ified supplemental oxygen should be administered with
assisted ventilation as required. Exposed skin and eyes should
be copiously flushed with water and thoroughly decontami-
nated to prevent further absorption. For oral exposure,
clinical management should focus on decreasing absorption.
Emesis may be indicated in recent substantial ingestion unless
the patient is or could rapidly become comatose or convul-
sive. Emesis is most effective if initiated within 30 min.
Gastric lavage may be indicated if performed soon after
ingestion or in patients who are comatose or at risk of
convulsing. If the patient is cyanotic and symptomatic, or the
methemoglobin level is greater than 30% in an asymptomatic
patient, measures should be taken to correct the
methemoglobinemia.

See also: Aniline; Nitroaniline; Azo Dyes; Pollution, Soil;
Pollution, Water; Dinitroaniline Herbicdes; Polycyclic Aromatic
Amines.

Further Reading

Kirk, R.E., Othmer, F. (Eds.), 2007. Kirk-Othmer Encyclopedia of Chemical Technology,
fifth ed. Wiley, New York, NY.

Sax, N.I., Lewis Sr., R.J. (Eds.), 1989. Dangerous Properties of Industrial Materials,
seventh ed. Van Nostrand Reinhold, New York, NY.
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l Chemical Abstracts Service Registry Number: CAS 99-65-0
l Synonyms: 1,3-Dinitrobenzene; m-Dinitrobenzene
l Chemical/Pharmaceutical/Other Class: Nitroarene
l Molecular Formula: C6H4N2O4

l Chemical Structure:

NO2
NO2

Uses

Dinitrobenzene (as a mixture of 1,2-dinitro- 1,3-dinitro- and
1,4-dinitro-isomers) is used in the manufacture of dyes and
explosives, and in organic syntheses.
Background Information

1,3-Dinitrobenzene (1,3-DNB) is an impurity present in the
manufacture of 2,4,6-trinitrotoluene. Workers in munitions
plants are at risk of exposure. While it does not bioaccumulate, it
persists in the environments (air, water, and soil) with slow rates
of degradation. Metabolism in animals (rabbits) results in
reduction of the nitro functionalities to amine functionalities to
produce 2,4-diaminophenol, m-nitroaniline, m-phenylenedi-
amine, and 2-amino-4-nitrophenol. Human exposure is gener-
ally dermal contact or inhalation of vapor.
Environment Fate and Behavior

Routes and Pathways

General release is in vapor form, which results in an inhalation
hazard. Other exposure is dermal.
Partition Behavior in Water, Sediment, and Soil

Terrestrial Fate
The mobility in soil is high, with a Koc value of 150, but there is
a strong affinity for clay. Mobility in clay soils will be decreased.
With a Henry’s law constant of 4.9� 10�8 atm-cu mmol�1,
volatilization from moist soil surfaces is not expected to be an
important fate process.

Aquatic Fate
Dinitrobenzene does not hydrolyze in water, as there are no
reactive functionalities. Biodegradation in water is very slow,
unless the water body is acclimated. Mobility to soil is low.
Environmental Persistency

Vapor of dinitrobenzene reacts with photochemically produced
hydroxyl radicals in the atmosphere, with a half-life of 256 days.
It can absorb ultraviolet light directly at wavelengths shorter than
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290 nm, but the kinetics of this reaction are not known. More
than 64 days were required to biodegrade 1,3-DNB in soil, which
suggests biodegradation will occur slowly in soil. If released into
water, 1,3-DNB is not expected to adsorb to suspended solids
and sediment based on the estimated Koc value. In acclimated
river water, the biodegradation half-life of 1,3-DNB was 1 day;
however, in nonacclimated river water there was no biodegra-
dation observed.
Bioaccumulation

Bioconcentration in aquatic organisms is low to moderate with
a BCF value of 2–75.
Exposure and Exposure Monitoring

Routes and Pathways

Dermal exposure is followed by absorption through the skin
leading to methemoglobinemia. Inhalation is also a major
route of exposure.
Human Exposure

It can be absorbed through skin, dermal contact, eye contact, or
inhalation of vapor.
Environmental Exposure

Due to slow rates of biodegradation in water, air, and soil,
exposure can be in any of these environments.
Mechanism of Toxicity

Cultured astrocytes and brain capillary endothelial cells were
exposed to 1 mM concentrations for 1 day in an in vitro
blood–brain barrier (BBB) model, resulting in cell death.
Acute and Short-Term Toxicity (or Exposure)

Animal

Oral (LD50): Acute: 59.5mg kg�1 (rat); 74.7mg kg�1 (mouse);
42mg kg�1 (bird). In animals, 1,3-DNB is rapidly absorbed by
the oral route; data from one study indicate that at least 70%
of a single oral dose was absorbed. In animals, depending on
the vehicle, 1,3-DNB can also be readily absorbed through
the skin. It appears that polar vehicles facilitate absorption.
Following oral exposure, the main route of excretion of 1,3-DNB
metabolites in animals is the urine. Rabbits treated with
randomly labeled 14C-1,3-DNB in arachis oil in single doses of
50–100mg kg�1 excreted 65–93% of the administered radioac-
tivity in the urine within 2 days of dosing. This indicated that at
least that amount was absorbed from the gastrointestinal tract.
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Similar results were reported in rats in which excretion data
suggested that at least 63% of a single oral dose was absorbed.
Human

The chemical is very hazardous in case of skin contact (irritant),
ingestion, or inhalation (lung irritant). Hazardous in case of
skin contact.
Chronic Toxicity (or Exposure)

Animal

Increased mortality was observed in prepubertal mice treated
with 40mg kg�1 day�1. Increased mortality is seen at a lower
dose of 6mg kg�1 day�1 for 11weeks or at a dose of
12–14mg kg�1 day�1 for 4 weeks. Both male and female rats
exposed for 8 wk to 4.7–6mg kg�1 day�1 in drinking water
showed significant weight loss.

Male F-344 rats were given a single oral or ip dose of 20 or
25mg kg�1 of 1,3-DNBor split ip doses of two10mg treatments
(separated by a 4 h interval) daily. Rats were divided into the
following groups of six individuals each: conventional, germ-
free, and germ-free repopulated with suspensions of bacteria.
After an oral dose of 25mg kg�1, the formation of methemo-
globin with time was similar for conventional and germ-free
rats. When administered (14)C-labeled 1,3-DNB, whole blood,
plasma, liver, kidney, testis, sciatic nerve, white and brown fat,
and brain stem of germ-free rats had higher concentrations of
radioactivity than the respective tissues of conventional rats.
Following administration of a single oral dose of 25mg kg�1,
whole blood of conventional rats had a peak mean concentra-
tion of the parent compound of 4.2 mgml�1 at 0.5 h. Half-life
was approx 10 h. In germ-free rats, the peak concentration was
7.5 mg ml�1 after 0.5 h (maintained for 6 h); half-life was 20 h.
Human

Exposure to dust or vapor for 9–18 months by workers in
munitions plants results in a spectrum of symptoms starting
with headache. Symptoms then progress to paresthesia in the
extremities, and peripheral nerve and vision disturbances.
Chronic exposure has caused anemia and liver damage.
Immunotoxicity

Exposure of mice for 7 days to 25mg kg�1 day�1 dinitroben-
zene caused a significant reduction in the IgM and IgG plaque-
forming cell response to sheep red blood cells.
Reproductive Toxicity

1,3-DNB treatment of male B6C3F1/J mice treated with
48mg kg�1 showed significant effect on testicular function.
Carcinogenicity

Not classifiable as a carcinogen to humans or animals.
Clinical Management

Dinitrobenzene has been shown to cause methemoglobi-
nemia. Therefore, a complete blood count should be per-
formed. Testing for liver function impairment is indicated.
Patients with blood disorders are at particular risk.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

For Pseudokirchneriella subcapitata (green algae), concentration
of 0.7mg l�1 was toxic as measured by cell multiplication
inhibition test.
Marine Organisms Toxicity

Pimephales promelas (Fathead minnow) shows acute toxicity to
1,3-DNB; however, the ortho and para isomers are consider-
ably more toxic.
Terrestial Organisms Toxicity

Several species have been tested. Oral, mouse: LD50¼
74 700 mg kg�1; Oral, rat: LD50¼ 59 500 mg kg�1; Skin, rabbit:
LD50¼ 1900 mg kg�1.
Exposure Standards and Guidelines

Dinitrobenzene is listed on the Toxic Substances Control Act
(TSCA) inventory. It is classified as a hazardous substance
under the Clean Water Act.
See also: Dinitrophenols; Dinitrotoluene; Nitrobenzene;
Trinitrotoluene.
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l Name: Dinitrophenols
l Chemical Abstracts Service Registry Number: 25550-58-7
l Synonyms: Several substituted 2,4-DNPs have been used

under different trade names, including DNOC, 2,4-dinitro-6-
methylphenol; Binapacryl, 2-sec-butyl-4,6-dinitrophenol-3-
methylcrotonate;Dinocap, 2,4-dinitro-6-(1-methy-n-heptyl)-
phenylcrotonate; and Dinoseb, 2,4-dinitro-6-sec-butylphenol

l Molecular Formula: C6H4N2O5

l Chemical Structure:
Background

Dinitrophenol (DNP) was first introduced in the United States
in 1933 as a treatment for obesity but was removed from the
market in 1938 due to several fatalities and occurrences of
cataracts.
Uses

DNPs are used as fungicides, herbicides, or insecticides. The
fungicidal, herbicidal, or insecticidal properties depend on
minor differences in the chemical structures of the different
DNP compounds, and several DNP compounds have more
than one pesticidal use. The pesticidal use of one DNP, Dino-
seb, was eliminated in the United States in 1986. While there
has been a cancellation of all United States registrations for the
fungicide/miticide Dinocap, it still has agricultural uses
worldwide. DNPs have also been used in the production of
dyes, explosives, and photographic developing fluids.
Environmental Fate and Behavior

The uses of DNPs indicate that they may be released into the
environment. DNPs are expected to have moderate to high
mobility in soil based on an estimated Koc value of 460.
Mobility will be particularly evident in moist soils, since DNPs
will exist primarily as anions. If released into water, DNPs will
largely remain in solution and not adsorb significantly to
particulate matter or sediment. Volatilization of DNPs from
soil or water is not expected to be a significant fate process due
to Henry’s law constants ranging from 2.8 � 10�8 to
8.6 � 10�8 m3 atm mol�1. DNPs are not known to undergo
hydrolysis in the environment, although photolysis may be an
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
important abiotic degradation process. Log Kow values ranging
from 1.37 to 1.75 and bioconcentration factors of <6.6 in fish
suggest that accumulation in aquatic organisms is low.
Exposure and Exposure Monitoring

DNPs may cause toxicity via inhalation, ingestion, and dermal
exposure routes. Occupational exposure may occur via inha-
lation or dermal exposure. The general population may be
exposed via inhalation, ingestion of food or water, or dermal
contact.
Toxicokinetics

DNPs are rapidly absorbed from the gastrointestinal tract,
respiratory tract, and intact skin. They can bind to plasma
proteins. After absorption, they are transported through the
blood to different organs and distributed in the liver, kidneys,
and eyes. DNPs undergo reduction in the presence of NADPH
and nitroreductase and conjugation takes place at the phenolic
site. Humans can slowly detoxify 2,4-DNP to 2-amino-4-
nitrophenol, 2-nitro-4-aminophenol, and 2,4-diaminophenol
and their glucuronic acid conjugates. The metabolism of DNPs
is temperature dependent (i.e., DNP metabolism is greatly
diminished at low temperatures). In mice, a reduced LD50 and
increased toxicity for DNPs were observed with an increase in
ambient temperature.

In humans, dogs, and rats, 2-amino-4-nitrophenol was
found to be the major excretory product. Humans can slowly
eliminate both the unchanged compound and the previously
mentioned metabolites. Urinary excretion is considered to be
the main route of elimination of DNPs. The half-life in the
serum of a severely poisoned farmer was calculated to be 13.5
days. The residence half-life in humans is estimated to be 5–
14 days. The elimination half-life for DNPs in mice was
about 6 h.
Mechanism of Toxicity

DNPs act as uncouplers of oxidative phosphorylation; these
compounds reduce the electrochemical (proton) gradient
necessary for oxidative phosphorylation by releasing phenolic
protons in the mitochondrial matrix. The energy produced due
to oxidation is not utilized for the synthesis of ATP but elevates
body temperature, which can lead to fatal hyperpyrexia.
Oxygen consumption, body temperature, breathing rate, and
heart rate are increased following exposure to toxic levels of
DNPs. Permeability of mitochondrial membranes to hydrogen
ions was found to be increased with the failure of conversion of
ADP to ATP. Inefficient circulation and respiration cannot meet
the increased metabolic demand, resulting in anoxia and
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acidosis. Fat serves as an alternative fuel for metabolism.
Weight loss occurs as a result of inhibition of lipogenesis from
pyruvate and lactate following exposure to DNPs.
Acute and Short-Term Toxicity (Animal/Human)

DNPs are extremely toxic to humans and are well absorbed
from all routes of exposure. Fatal cases of poisonings have been
reported as a result of dermal exposure to DNPs. Fever is a very
early sign of DNP toxicity. Hepatic and renal damage were
reported within 12–72 h following exposure to DNPs. Typical
signs of DNP toxicity were reported to occur within a few hours
following acute oral exposure to 3–5 mg kg�1 of DNP. Acute
signs of toxicity include elevation of blood pressure, heart rate,
and body temperature; headache; and mental confusion.
Severe poisoning may cause restlessness, seizures, and coma.
Cerebral edema was reported in two cases of fatal poisoning.
Typical gastrointestinal symptoms may include nausea, vom-
iting, and abdominal cramps.

The acute effects of DNP exposure in animals are very
similar to those seen in humans. The oral LD50s in rats, mice,
guinea pigs, and dogs are 30, 20–40, 65, and 30 mg kg�1,
respectively.
Chronic Toxicity (Animal/Human)

Some or all of the acute symptoms in humans are exhibited
following repeated oral exposures to as little as
1 mg kg�1 day�1 of DNP. Repeated low-level exposure to
2 mg kg�1 day�1 can cause peripheral nerve damage. DNPs
have been reported to cause cataracts after repeated exposure.
Reproductive Toxicity

Studies in experimental animals exposed to DNPs have
observed developmental toxicity involving the ophthalmic,
neurologic, urologic, and skeletal systems of offspring. Several
studies have reported testicular toxicities in laboratory rodents
exposed to Dinoseb and DNOC, but no such effects have been
observed for 2,4-DNP.
Carcinogenicity

Limited evidence of carcinogenicity is evident in animals. DNPs
are not listed as human carcinogens.
Clinical Management

Only symptomatic treatment is available. Adequate measures
should be taken to maintain fluid and electrolyte balance and
keep the body temperature within tolerable limits. Measures
should be taken to remove the poison from the body through
gastric lavage and saline cathartic. Gastrointestinal absorption
may be prevented by administering activated charcoal. Salicy-
lates, which contain a phenolic group, must not be used as
antipyretic agents during treatment of DNP poisoning. There-
fore, control of temperature should be restricted to physical
measures.
Ecotoxicology

Although there is very low bioaccumulation potential, DNPs
are highly toxic to birds, fish, and invertebrates. The 96-h LC50

in the fish species Notopterus notopterus was reported to be
1.36 mg l�1.
Exposure Standards and Guidelines

The oral reference dose for 2,4-DNP, based on development of
cataracts, is 0.002 mg kg�1 day�1. The European Food Safety
Authority reports an acceptable daily intake of
0.004 mg kg�1 day�1.

See also: Pesticides; Dinoseb.
Further Reading

Grundlingh, J., Dargan, P.I., El-Zanfaly, M., Wood, D.M., 2011. 2,4-Dinitrophenol
(DNP): A weight loss agent with significant acute toxicity and risk of death. J. Med.
Toxicol. 7, 205–212.

Hollingworth, R.M., 2001. Inhibitors and uncouplers of mitochondrial oxidative phos-
phorylation. In: Krieger, R. (Ed.), Handbook of Pesticide Toxicology, second ed.
Academic Press, San Diego, pp. 1169–1262.

Matsumoto, M., Hirose, A., Ema, M., 2008. Review of testicular toxicity of dini-
trophenolic compounds, 2-sec-butyl-4,6-dinitrophenol, 4,6-dinitro-o-cresol and
2,4-dinitrophenol. Reprod. Toxicol. 26, 185–190.

Relevant Website

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB – Hazardous Substances Data Bank.

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen%3FHSDB


Dinitrotoluene
RA Young, Knoxville, TN, USA

� 2014 Elsevier Inc. All rights reserved.
Table 1 Selected physical–chemical data for dinitrotoluenesa

Property 2,4-DNT 2,6-DNT

Molecular weight 182.1 182.1
Physical state solid solid
Odor slight Slight
Water solubility @ 20 �C (mg/L) 100 180
l Name: Dinitrotoluene
l Chemical Abstracts Service Registry Number: Dini-

trotoluene may occur as six isomeric forms: 2,3-DNT
(602-01-7); 2,4-DNT (121-14-2); 2,5-DNT (619-15-8); 2,6-
DNT (606-20-2); 3,4-DNT (610-39-9); 3,5-DNT (618-85-9)

l Synonyms: 2,3-DNT: 1-Methyl-2,3-dinitrotoluol;
2,3-Dinitrotoluol 60 Dinitrotoluene; 2,4-DNT: 1-Methyl-
2,4-dinitrotoluol; 2,4-dinitcrotoluol; 2,5-DNT: 1-Methyl-
2,5-dinitrotoluol; 2,5-Dinitrotoluol; 2,6-DNT: 2-Methyl-
1,3-dinitrotoluol; 2,6-Dinitrotoluol; 3,4-DNT: 1-Methyl-
3,4-dinitrotoluol; 3,4-Dinitrotoluol; 3,5-DNT: 1-Methyl-
3,5-dinitrotoluol; 3,5-Dinitrotoluol; Binitrotoluene

l Molecular Formula: C7H6N2O4

l Chemical Structure:

Background

Dinitrotoluenes (DNTs) do not occur naturally. They are
made by combining toluene and nitric acid. DNTs are used
as intermediates in chemical manufacturing, especially for
the production of toluene diisocyanate. They have also been
used in the syntheses of gelatinizing and waterproofing
agents in military and commercial explosives, and in the
production of polyurethane foams. They do not appear to be
ubiquitous environmental contaminants, but the full extent
of their occurrence and environmental effects are uncertain.
Most, if not all, information regarding manufacturing, envi-
ronmental release and fate, and toxicology pertains to 2,4-
DNT and 2,6-DNT, or the technical-grade mixture of these
two isomers. DNT typically occurs as a technical-grade
mixture of the 2,4-DNT and 2,6-DNT isomers (w76% 2,4-
DNT and w19% 2,6-DNT), and often contains up to 5%
impurities most of which are other DNT isomers. Thermal
decomposition of DNTs produces fumes of NOx. Selected
physical–chemical properties of 2,4-DNT and 2,6-DNT are
presented in Table 1.
Log Kow 1.98 w1.7
Vapor pressure @ 25 �C (mm Hg) 1 1
Henry's law constant @ 25 �C

(atm-m3/mol)
8.8 � 10�8 9.3 � 10�8

Melting/boiling point 71�C/300 �C 66 �C/285 �C

aData are limited to 2,4-DNT and 2,6-DNT which are the major components in
technical grade DNT. Little or no data are available for other isomers.
Uses

DNTs (primarily 2,4-DNT and 2,6-DNT) are intermediates in
the production of toluene diisocyanate, but are also used as
gelatinizing and waterproofing agents in commercial and
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military explosives such as trinitrotoluene, and in the produc-
tion of polyurethane foams.
Environmental Fate and Behavior

The synthesis and use of DNTs may result in their release into
the environmental via industrial wastewater. In soil, 2,4-DNT is
slightly mobile. Based on aqueous biodegradation tests,
2,4-DNT may biodegrade in both aerobic and anaerobic zones
of soil. Due to a low octanol–water partition coefficient (Kow)
(1.98), 2,4-DNT in water will not bioconcentrate significantly
(experimental bioconcentration factor¼ 204) and will have
a slight tendency to partition to suspended and sediment
organic matter. The low vapor pressure (1 mmHg@20 �C for
technical-grade mixture of DNTs) of 2,4-DNT renders its vola-
tilization from water insignificant. Photolysis is reportedly the
most important removal process for 2,4-DNT in water. Photo-
lytic half-lives for 2,4-DNT in river, bay, and pond waters were
2.7, 9.6, and 3.7 h, respectively, and the reaction was found to
be accelerated in the presence of humic material. The extent of
biodegradation in natural waters is unknown. In the atmo-
sphere, 2,4-DNT is estimated to have a half-life of 71 days. 2,4-
DNT has been detected in drinking water, seawater, river water,
and in wastewater from 2,4,6-trinitrotoluene production.
Exposure and Exposure Monitoring

DNTs may occur as a contaminant of various environmental
media including soil, surface water, and groundwater. Because
DNTs are of low volatility, exposure via the air is inconsequential.
The primary route of exposure to DNTs is through contaminated
groundwater and, due to their mobility, in surface water as well.
Toxicokinetics

Most of the toxicokinetic data for DNTs are for the 2,4-DNT
isomers and 2,6-DNT isomers. Data regarding the absorption
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of DNT following inhalation exposure are not available and is
likely to be minimal due to its low vapor pressure. Efficient
absorption of various DNT isomers following oral exposure has
been verified in several animal species. In animals, DNT
ingested via the diet was readily absorbed (55–90%) within
24 h. Limited data in humans suggest that dermal exposure
may result in significant absorption.

Information regarding the metabolism of DNT is available
from occupational exposure studies. Urine from workers
exposed to DNT contained 2,4-DNT and 2,6-DNT, 2,4- dini-
trobenzoic acid and 2,6-dinitrobenzoic acid, 2,4-dinitrobenzyl
glucuronide and 2,6-dinitrobenzyl glucuronide, 2-amino-4-
nitrobenzoic acid, and N-(acetyl)amino-4-nitrobenzoic acid.
The most prevalent metabolites were 2,4-dinitrobenzoic acid
and 2-amino-4-nitrobenzoic acid, collectively accounting for
74–86% of the DNT metabolites detected. Bioactivation
of DNT in the rat is thought to occur via cytochrome
P450-mediated oxidation of the methyl group to an alcohol.
The benzyl alcohol is then conjugated with glucuronic acid
and excreted in the bile. Intestinal microflora hydrolyze the
glucuronide and reduce one nitro group, forming an
aminonitrobenzyl alcohol, which can be reabsorbed from
the intestine. The amino group is oxidized to a hydroxyl-
amine by hepatic enzymes and conjugated with sulfate.
Decomposition of the sulfate ester yields a highly electro-
philic nitrenium (or carbonium) ion that can react with DNA
and other biological nucleophiles. Urinary excretion of these
metabolites peaked near the end of the work shift, but
declined to low or undetectable concentrations by the start of
work the following day. The calculated elimination half-lives
of total DNT-related material detected in urine ranged
from 1.0 to 2.7 h and those of individual metabolites from
0.8 to 4.5 h.

Data regarding the distribution of DNT are limited to
2,4-DNT studies in animals. Following oral administration of
2,4-DNT to various laboratory species, the greatest concentra-
tions of the chemical occurred in the liver, kidneys, and blood.
Only small amounts were found in the brain, heart, and spleen.
A biphasic increase in the levels of 2,4-DNT in the liver of rats
suggested that the chemical undergoes enterohepatic
circulation.

Excretion data are also available from occupational expo-
sures. Urinary excretion of DNT metabolites peaked near the
end of the work shift and declined to low or undetectable
concentrations by the start of work the following day. The
calculated elimination half-lives for total DNT-related material
detected in urine ranged from 1.0 to 2.7 h and those of the
individual metabolites from 0.8 to 4.5 h. Urinary excretion in
Fischer 344 rats given 2,6-DNT accounted for half of the dose
(10 mg kg�1) 72 h after administration of [

14

C]-2,6-DNT.
2,6-Dinitrobenzoic acid, 2,6-dinitrobenzyl alcohol glucuro-
nide, and 2-amino-6-nitrobenzoic acid accounted for 95% of
the urinary

14

C. Fecal excretion accounted for one-fifth of the
dose in 72 h.
Mechanism of Toxicity

The most prominent toxicologic effect of DNT is the
formation of methemoglobin and the subsequent effects
of reduced oxygen carrying capacity of the blood. This results
in cyanosis and fatigue, which are characteristics of DNT
poisoning. DNT and some of its metabolites produce this
effect by oxidizing the iron in the hemoglobin molecule. This
process also leads to the formation of Heinz bodies, granule-
like aggregates of precipitated hemoglobin, which serve as
sensitive indicators of toxic insult to the blood. Hepatotoxic
effects are due, in part, to cellular damage resulting in altered
hepatocytes and deficiencies in biliary excretion. DNT has
also been shown to disrupt Sertoli cell function, which may
partially explain DNT’s effect on the male reproductive
system.

Heating of DNTs to decomposition releases irritating and
potentially toxic fumes of NOx.
Acute and Short-Term Toxicity

Animal

Most of the toxicity data are for the 2,4-DNT and 2,6-DNT
isomers. Oral LD50 values for 2,4-DNT are extremely variable
ranging from 177 to 650 mg kg�1 day�1 for rats and from 390
to 1954 mg kg�1 for mice. Rat and mouse oral LD50 values of
216 and 607 mg kg�1, respectively, have been reported for 3,5-
DNT. Acute oral exposures of laboratory animals to 2,4-DNT
have produced hematologic disorders (methemoglobinemia)
and toxic effects in the male reproductive system. Longer-term
oral exposures also induce hematologic and reproductive
effects in addition to renal (especially in dogs) and neurologic
disorders. For 2,6-DNT, oral LD50 values of 665 and
714 mg kg�1 day�1 have been reported for rats and mice,
respectively. The toxicologic effects of 2,6-DNT in animals are
similar to those of 2,4-DNT.
Human

Most reports of human toxicity involve exposure to tech-
nical-grade DNT. Commercial-grade DNT is usually
a combination of 2,4-DNT (w76%) and 2,6-DNT (w19%),
with the remaining composition containing various other
isomers. The primary signs of toxicity regardless of the route
of exposure are headache, fatigue, nausea, vomiting, and
cyanosis resulting from methemoglobin formation. General
signs and symptoms may be similar to those of alcohol
intoxication. When methemoglobin levels approach 15%,
cyanosis appears; and when the methemoglobin levels
exceed 40%, weakness and dizziness occur. Methemoglobin
levels above 70% may produce muscle tremors, cardiovas-
cular effects, and death.
Chronic Toxicity

Animal

A wide range of effects has been reported for chronic dietary
exposure of rodents to 2,4-DNT. Rats given 2,4-DNT in the diet
for up to 2 years caused decreased survival rates in males
(3.9 mg kg�1 day�1) and females (5.1 mg kg�1 day�1).
Decreased body weight gain has been observed in dogs, rats,
and mice following long-term dietary exposure to 2,4-DNT.
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Hepatic toxicity, renal toxicity, and hematoxic effects (primarily
methemoglobinemia) have been reported for rats and mice
following 1- to 2-year dietary exposures to 2,4-DNT, generally
at doses exceeding 30 mg kg�1 day�1 although dose–responses
were highly variable across species. Dogs exhibited signs of
neurotoxicity when fed 2,4-DNT for 2 years at a dose of
1.5 mg kg�1 day�1 and at a dose 10 mg kg�1 day�1 were
moribund with 19 weeks of exposure. There appears to be
notable species-dependent variability in the toxic responses to
DNT. The effects of DNT on multiple systems are likely to
contribute to the decreased survival rate observed in test
animals.
Human

Long-term exposure to low levels of DNT causes methemo-
globinemia. Results of retrospective cohort studies of occupa-
tional exposure to DNT suggest a relationship between
ischemic heart disease and other circulatory system disorders,
but the findings were not definitive and lacked precise
exposure–response data.
Reproductive Toxicity

Although results of long-term studies in laboratory species have
shown some reproductive effects (decreased fertility and effects
on spermatogenesis), no reproductive toxicity has been
affirmed for humans exposed to DNT. In rats, reproductive
toxicity and developmental effects were detected following oral
exposure of 196 mg kg�1 and 1050 mg kg�1, respectively, for
the technical-grade mixture.
Genotoxicity

In mammalian cells in vitro, DNT-induced DNA strand breaks
gene mutations in mouse lymphoma cells (without meta-
bolic activation), but not in Chinese hamster ovary cells, and
a low frequency of sister chromatid exchange but not of
chromosomal aberrations in Chinese hamster ovary cells. It
inhibited intercellular communication but did not induce
cell transformation. Positive results without metabolic acti-
vation were obtained with 2,4-DNT in Salmonella typhimu-
rium test strains TA 98, TA 98 NR, TA 98/1,8-DNP, YG 1021,
and YG 1024.
Carcinogenicity

Although carcinogenic effects of DNT have been demonstrated
in animals, there is currently no evidence of DNT carcinoge-
nicity in humans. 2,4-DNT (40 mg kg�1 day�1) administered
for 2 years in the diet of rats produced liver tumors. At a dose of
97 mg kg�1 day�1 for 2 years, renal tumors were observed in
male mice. Increased incidences of hepatocellular carcinomas
occurred in male and female rats fed the technical-grade
mixture of 2,4-DNT and 2,6-DNT for 1–2 years. Available data
also indicate strain-dependent variability in the carcinogenic
response to several of the DNT isomers.
Clinical Management

For most cases of DNT poisoning, clinical management
involves correction of the methemoglobinemia. Support
therapy would be administered as necessary. Workplace
monitoring guidelines are provided by the Occupational Safety
and Health Administration (OSHA).
Ecotoxicology

Toxic effects of DNTs in the ecosystem are not fully defined.
Based on the estimated Henry’s Law Constants for DNTs,
volatilization from soil or water is unlikely. The potential for
bioconcentration is also low. Moderate solubility in water
could result in contamination of ground water and sedi-
ments in aquatic systems. Data regarding the ecotoxicity of
DNTs are limited to a few select aquatic organisms typically
used in ecotoxicity bioassays. The 96-h LC50 value for various
minnow species (22–31 mg l�1) is similar for 2,3-DNT,
2,4-DNT, and 3,5-DNT, while bluegills exhibit somewhat
greater sensitivity (96-h LC50 value of 0.3 mg l�1 for 2,3-
DNT). Adverse effects of 2,3-DNT on algal growth have been
demonstrated at water concentrations of approximately
400–1600 mg l�1.

Environmental contamination with DNTs may occur from
manufacturing waste streams and the leakage of DNT from
buried munitions. However, definitive studies regarding the
ecotoxicology of DNTs are lacking.
Exposure Standards and Guidelines

The chronic oral reference doses (RfDs) for 2,4-DNT and
2,6-DNT are 0.002 and 0.001 mg kg�1 day�1, respectively. There
is no RfD or reference concentration for the technical-grade DNT
mixture. The oral slope factor for the 2,4-DNT/2,6-DNT mixture
is 6.8� 10�1 (mg kg�1 day�1)�1 based on multiple benign and
malignant tumors at multiple sites in both male and female rats
of two strains. The United States Environmental Protection
Agency classifies the isomer mixture as a Group B2 carcinogen
(probable human carcinogen; sufficient evidence in animals but
inadequate or no evidence from epidemiologic studies). Simi-
larly, the International Agency for Research on Cancer classifies
2,4-DNT and 2,6-DNT as Group 2B carcinogens (possibly
carcinogenic to humans). The 3,4-DNT isomer and others are
not classifiable as to their carcinogenic potential. The American
Conference of Governmental Industrial Hygienists threshold
limit value for 2,4-DNT is 0.2 mgm�3, the National Institute for
Occupational Safety and Health (NIOSH) recommended expo-
sure limit for 2,4-DNT is 1.5 mgm�3, and the NIOSH imme-
diately dangerous to life or health is 50 mgm�3. Both of these
organizations categorize DNT as a suspected human carcinogen.
The OSHA lists an 8-h time-weighted average permissible
exposure limit for DNT of 1.5 mgm�3.

See also: Pollution, Soil; Trinitrotoluene; Toluene; Nitrogen
Dioxide (Formerly Nitrogen Oxides).
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l Name: Dinoseb
l Chemical Abstracts Service Registry Number: 88-85-7
l Synonym: 2,4-Dinitro-6-(1-methylpropyl)phenol
l Molecular Formula: C10H12N2O5

l Chemical Structure:
Background

Dinoseb, also known as dinitrophenol, can adversely affect the
energy generating reaction in a cell. No cell will live very long
under the influence of high concentrations of dinitrophenol. It
makes the body burn enough energy to result in weight loss.
During the 1930s, physicians unwittingly prescribed certain
types of dinitrophenol as diet pills.

Dow Chemical changed the basic structure of dinitrophenol
slightly to produce dinoseb, which was marketed in 1948.
Dinoseb was widely used as a contact herbicide against
broadleaf weeds.

Dinoseb causes toxicity the same way in plants,
animals, and fungi because all cells contain very similar
biochemical pathways for creating energy from the break-
down of sugars. Furthermore, photosynthesis in plants
relies on an energy transfer system that is also inhibited by
dinitrophenol.

Given the high toxicity, EPA concluded that the doses
causing the birth defects and the endocrine-disrupting effects
were close to worker exposure levels. Thus, under an emer-
gency order issued in 1986, EPA suspended dinoseb’s regis-
tration. In August 1990, the EPA banned the burying of
dinoseb-contaminated soils in EPA-approved landfills,
making incineration the only EPA-approved disposal method
for dinoseb-contaminated soil. Incineration is expensive and
incomplete, leaving a noncombustible residue as a further
hazardous waste and some combustion products that could
remain toxic. Therefore, an ex situ soil bioremediation process
was developed by the Sabre Processing company. This process
is known as the SABRE process; it uses an anaerobic consor-
tium and supplemental carbon source at the field scale to
successfully remediate contaminated soils.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Dinoseb is used as an herbicide, corn yield enhancer, insecti-
cide, andmiticide. It is used as a herbicide in soybeans, a variety
of vegetables, fruits, nuts, citrus trees, and with other field crops
for control of grasses and broadleaf weeds. It is used as an
insecticide in grapes.
Environmental Fate and Behavior

Dinoseb does not ordinarily persist in the soil, but in storage
areas or locations where it has been spilled, it persists as a soil
and groundwater contaminant. Additionally, release of dino-
seb may result primarily from its use as an herbicide on
a variety of weeds. Release of dinoseb to soil is expected to
result in biodegradation, and dinoseb only weakly adsorbs to
soils and therefore leaches to groundwater. However, it may
bind more strongly to clay soils, especially at acidic pH.
Photolytic degradation of dinoseb from soil surface may be
important. Volatilization is not expected to be significant. In
the absence of volatilization, the half-life of dinoseb in the
sandy loam soil was estimated to be about 100 days. Dinoseb
may photodegrade in surface water with a half-life of 14–18
days. Hydrolysis in water may not be important. It is unlikely to
undergo significant biodegradation in most natural waters.
Volatilization from water is expected to be slow and bio-
concentration is expected to be insignificant. Based on its vapor
pressure of 8.5� 10�2 mmHg at 20 �C, dinoseb may exist
entirely in the vapor phase in the atmosphere. The half-life for
the reaction of vapor phase dinoseb with photochemically
generated hydroxyl radicals in the atmosphere was estimated to
be 14.1 days. Wet deposition may remove some of the
compound from air.
Exposure Pathways

The use of dinoseb on farms could lead to exposure among
some populations. Oral, inhalation, and dermal routes are the
most common routes of exposure to dinoseb.
Toxicokinetics

Dinoseb is rapidly absorbed through the gastrointestinal tract,
respiratory tract, and intact skin. It undergoes oxidation of
either of the two methyl groups on the sec-butyl chain,
conjugation of the phenolic products, and formation of many
uncharacterized metabolites. Microsomal enzymes of rat liver
reduce the o-nitro group of dinoseb. The compound is highly
bound to plasma proteins. Hepatic and urinary excretions are
4-3.00136-6 183
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the primary routes of elimination. Breakdown products are
found in liver, kidney, spleen, blood, and urine. Dinoseb can
pass through the placenta and into the fetus of experimental
animals.
Mechanism of Toxicity

The basic mechanism of toxicity is by stimulating oxidative
metabolism in cell mitochondria, further uncoupling oxidative
phosphorylation and disrupting adenosine triphosphate
synthesis. An increase in oxidative metabolism leads to pyrexia,
tachycardia, and dehydration, ultimately depleting carbohy-
drate and fat stores. Body fat serves as the major fuel for the
extra metabolism.

In ruminants, dinoseb is reduced to an amine, which may
then cause the oxidation of hemoglobin to methemoglobin.
Acute or Short-Term Toxicity

Animal

Dinoseb is highly toxic after ingestion in studies conducted on
rats and mice. A number of fatalities have occurred both from
ingestion and from acute dermal exposure to workers handling
it. Symptoms in persons receiving accidental exposure include
fatigue, thirst, sweating, insomnia, weight loss, headache,
flushing of the face, nausea, abdominal pain, and occasional
diarrhea.

LD50 values in laboratory animals are as follows: (1) rabbit
percutaneous 80–200mg kg�1; (2) guinea pig acute dermal
100–200mg kg�1; (3) rat, adult male oral 27mg kg�1; and (4)
rat, adult female oral 28mg kg�1.
Human

Acute exposure to dinoseb is associated with signs and symp-
toms of toxicity that develop rapidly within a few hours
following exposure. Immediate increase in oxygen consump-
tion, breathing rate, and heart rate followed by hyperthermia
and profuse sweating are the early manifestations of toxicity.
Because circulation and respiration do not accelerate in
proportion to the metabolic demand, anoxia and acidosis will
develop. Liver and kidney damage may ensue within 12–72 h
postexposure. Early symptoms of dinoseb toxicity include
headache and confusion followed by restlessness, hyperac-
tivity, seizures, and coma following severe poisoning. The
respiratory rate is usually markedly increased. Sinus tachy-
cardia, ventricular tachycardia, and ventricular fibrillation may
occur. Following ocular exposure to dinoseb, cataracts,
secondary glaucoma, paresis of accommodation, and
nystagmus have been reported. Other signs and symptoms
following exposure to dinoseb include fatigue, thirst,
insomnia, weight loss, flushing of the face, nausea, vomiting,
abdominal pain, occasional diarrhea, methemoglobinemia,
and hemolytic anemia.

Dinoseb has the potential to cause damage to the immune
system, liver, kidneys, and spleen. Direct skin contact with
dinoseb results in irritation, yellow stains, burns, and
dermatitis.
Chronic Toxicity

Animal

Pregnant rats given 200 ppm dinoseb in their feed showed
reductions in fetal survival. Surviving fetuses exhibited lower
than normal birth weights. Morphologic abnormalities of the
kidney have been noted in the offspring of female rats given
dinoseb; however, renal function and morphology subse-
quently returned to normal. Dinoseb administered intraperi-
toneally to pregnant rats on gestation days 10–12 at a dose of
10.5 mg kg�1 day�1 caused a reduction in body weight in
offspring. The no-observed-adverse effect level of dinoseb for
developmental toxicity was 3mg kg�1 day�1. Maternal toxicity
and malformations of the eye have been observed among the
offspring of pregnant rats fed 200 ppm of dinoseb.
Human

Chronic exposure to dinoseb interferes with the production of
adenosine triphosphate (ATP) in the mitochondria of cells. In
rats it has been shown to decrease birth weight and litter size,
and cause reproductive abnormalities. Hence it is expected to
have similar toxicity effects in humans as well.
Immunogenicity

Studies in laboratory animals indicate that dinoseb has the
potential to cause damage to the immune system.
Reproductive Toxicity

Overexposure may cause reproductive disorders based on tests
with laboratory animals. Dinoseb has been reported to cause
decreased sperm count and abnormal sperm shape in male rats
and mice following 3 weeks of exposure at low levels of
approximately 10mg kg�1 day�1 for 30 days. Dinoseb is
a potential teratogen, low levels of which fed to rats and rabbits
have been found to cause birth defects in the fetuses of exposed
females.
Genotoxicity

Dinoseb was not genotoxic or mutagenic as assessed by
a number of in vitro assays.
Carcinogenicity

Human carcinogenicity data are not available and animal car-
cinogenicity data are inadequate to allow any further
conclusions.
Clinical Management

Exposure to dinoseb requires symptomatic treatment. Blood
glucose, liver function, and renal function tests should be
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monitored in symptomatic patients. Adequate ventilation and
oxygenation shouldbeprovidedwith closemonitoring of arterial
blood gases. The fluid and electrolyte balances should be main-
tained. The body temperature should be kept within tolerable
limits. Antipyretic drugs are, however, not effective because
dinoseb poisoning involves peripheral metabolism, not central
nervous system control of temperature. Diazepam is adminis-
tered to overcome the accompanying seizure and convulsions
following dinoseb exposure. In case of an oral exposure to
dinoseb, gastrointestinal absorption may be prevented by gastric
lavage and/or activated charcoal administration. Exposed eyes
and skin should be irrigated with copious amounts of water
following an ocular or dermal exposure to dinoseb.
Ecotoxicology

Dinoseb is highly toxic to birds, with oral LD50 values less than
10mg kg�1 and 5–8 day dietary LC50 values of around
500 ppm. Dinoseb is highly toxic to fish, with 96 h LC50 values
of 44–118 mg l�1. Dinoseb use can kill fish from runoff water
following rain. Dinoseb does not bioaccumulate. Dinoseb is
also toxic to bees. Reports mentioning dinoseb toxicity to
marine organisms are either scanty or not available.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit is 0.2mgm�3 for an 8 h time-weighted
average (TWA). The threshold limit value is 0.2 mgm�3 for
the 8 h TWA. The National Institute for Occupational Safety
and Health recommended exposure limit is 0.2mgm�3 for
a 10 h TWA.
See also: Dinocap; Dinitrocresol; Dinitrophenols.
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l Synonyms: 1,4-Diethylene dioxide; 1,4-Dioxacyclohexane;

Di(ethylene oxide); Diethylene dioxide; Diethylene ether
l Molecular Formula: C4–H8–O2

l Chemical Structure:
Background

1,4-Dioxane was first identified in 1863 and became available
for commercial use in the 1930s as a solvent in cellulose acetate
and plastics manufacturing. 1,4-Dioxane was used as a stabilizer
for chlorinated organic solvents, beginning in the 1950s.
Groundwater contamination has been an issue of concern near
hazardous waste sites contaminated with chlorinated solvents,
due to the high degree of mobility of 1,4-dioxane in soil and
water systems. 1,4-Dioxane is a contaminant of ethoxylated
surfactants, leading to additional concerns about the concen-
tration of this chemical in detergents, shampoos, and cosmetics.
There are many current industrial uses of this chemical as
a solvent or chemical intermediate, resulting in exposure to
occupational workers.
Uses

1,4-Dioxane is used as a solvent and solvent stabilizer,
degreaser, wetting and dispersing agent, liquid scintillation
medium, polymerization catalyst, in drug purification, and to
extract animal and vegetable oils. It is used as a solvent for
cellulose acetate, nitrocellulose, and other cellulose esters or
ethers; fats, oils, waxes, and mineral oil; natural and synthetic
resins; and polyvinyl polymers. 1,4-Dioxane is an ingredient
or chemical intermediate in the manufacture of cleaning
and detergent preparations, adhesives, deodorant fumigants,
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plastics, rubber, insecticides, herbicides, polishing composi-
tions, lacquers, paints, varnishes, paint and varnish removers,
printing compositions, and dye baths. It has been used in the
embedding process for the preparation of tissue sections for
histology. In addition, 1,4-dioxane is a contaminant of
ethoxylated surfactants such as polyethylene glycol (PEG) that
are used in personal care products and cosmetics. Vacuum
stripping processes intended to remove 1,4-dioxane are
generally applied prior to formulation of surfactants for use in
these products. In the past, a major use for 1,4-dioxane was for
the stabilization of chlorinated solvents, primarily 1,1,1-tri-
chloroethane (1,1,1-TCA). However, production of 1,1,1-TCA
was restricted in 1995 under the Montreal Protocol on
Substances that Deplete the Ozone Layer; therefore, current use
of 1,4-dioxane for this purpose is expected to be low.
Environmental Fate and Behavior

1,4-Dioxane is a colorless liquid that is miscible with water and
moderately volatile (vapor pressure of 38.1 mmHg at 25 �C).
In the atmosphere, 1,4-dioxane will exist in the vapor phase,
and will largely be degraded via photooxidation reaction with
hydroxyl radicals; the half-life for this reaction is estimated to
be 35 h. 1,4-Dioxane has a low log KOW (�0.27) and estimated
KOC (29). After release into the soil, it will exhibit highmobility
and little adsorption, leaching readily into deeper soil and
groundwater. Based on its vapor pressure, it is expected that
volatilization from dry soil surfaces may also occur. If released
to water, 1,4-dioxane is expected to volatilize from the surface
based on its Henry’s law constant of 4.8� 10�6 atm-m3mol�1.
As with soil, little or no adsorption to sediment or solids in
natural water systems is expected. 1,4-Dioxane is resistant to
hydrolysis and microbial degradation, and photolysis at water
and soil surfaces is unlikely to be significant. Oxidation of 1,4-
dioxane by aqueous hydroxyl radicals has been observed; the
half-life for this reaction was 336 days. Based on its KOW, this
chemical is not expected to bioaccumulate in the food chain,
and available bioconcentration factors are low (in the range of
0.2–0.7).
Exposure and Exposure Monitoring

Exposures to 1,4-dioxane may occur through inhalation, inges-
tion, and dermal contact. In the occupational setting, workers are
primarily exposed through inhalation of vapors and contact with
the skin. Monitoring data on occupational exposure levels of
1,4-dioxane are limited and may not reflect current conditions;
a time-weighted average concentration of 0.4 ppm was reported
in 1988 by Shell Oil Co., while a more recent survey from Japan
(1994–96) showed a median concentration of 0.5 ppm
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00492-9
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(maximumof 0.8 ppm). For the general population, 1,4-dioxane
may be ingested as a contaminant of drinkingwater, soil, or food,
inhaled as a low-level contaminant of ambient air, or may
penetrate the skin after exposure to contaminated water or
personal care products. The most recent information on levels of
1,4-dioxane in the air dates from the 1980s, when the average
ambient air concentration across the United States was
0.39 mgm�3 (0.1 ppb) and average indoor concentration was an
order of magnitude higher (3.7 mgm�3 or 1 ppb). Concentra-
tions of 1,4-dioxane in groundwater analyzed during the same
period ranged from <1 to 109 mg l�1, while surface waters typi-
cally contained <1–46 mg l�1. Higher concentrations of 1,4-
dioxane in groundwaters have been observed in aquifers
contaminated with 1,1,1-TCA. However, the discontinuation of
1,1,1-TCA use has likely reduced environmental concentrations
of 1,4-dioxane since these data were collected.

Data on levels of 1,4-dioxane in food are limited; a food
basket study in Japan showed concentrations ranging from
below the limit of detection up to 13 ppb. Estimates of average
1,4-dioxane intake from food among members of the general
populations of Japan and the United States are 0.44 and
0.6 mg day�1, respectively. Products that contain ethoxylated
surfactants such as PEG, including cosmetics, shampoos,
cleaning products and detergents, may be contaminated with
1,4-dioxane. As recently as 2007, measurements of 1,4-dioxane
in finished personal care products revealed concentrations
ranging from 1.5 to 12 ppm in baby and children’s products,
and concentrations from 2 to 23 ppm in adult products.
Toxicokinetics

1,4-Dioxane is absorbed rapidly and completely following oral
and inhalation exposure, with much less absorption occurring
from the dermal route. In both rats and humans, 1,4-dioxane is
primarily metabolized to b-hydroxyethoxyacetic acid (HEAA),
which is excreted in the urine. Themetabolism of 1,4-dioxane is
linear in humans at inhalation exposure levels up to 50 ppm
(180 mgm�3). Plasma data from rats given single intravenous
doses 1,4-dioxane demonstrated a dose-related shift from
linear, first-order to nonlinear, saturable metabolism of
1,4-dioxane between plasma levels of 30 and 100 mgml�1

1,4-dioxane. Oral gavage experiments in rats also showed
a decrease in urinary excretion and an increase in the concen-
tration of 1,4-dioxane in exhaled breath with increasing dose.
The half-life for elimination of 1,4-dioxane in humans is 1 h
at inhaled concentrations of 50 ppm (180 mgm�3) or less. A
similar half-life was observed in rats given low oral or intrave-
nous doses of 1,4-dioxane (10 mg kg�1). At oral or intravenous
doses of 410 mg kg�1 in the rat, however, plasma clearance and
HEAA excretion are reduced, and unchanged 1,4-dioxane
concentrations are increased in both urine and breath.
The biotransformation of 1,4-dioxane to HEAA is a saturable
process that is significantly altered by the magnitude of the
administered dose.Multiple daily oral doseswere excretedmore
rapidly than an equivalent single dose suggesting induction of
metabolism at high doses; 1,4-dioxane has been shown to
induce themixed function oxidase enzyme system in themouse
liver. Several physiologically based pharmacokinetic (PBPK)
models are available for 1,4-dioxane in rats and humans.
Mechanism of Toxicity

Eye and respiratory irritation occurs from direct contact of
1,4-dioxane with mucous membranes. Pharmacokinetic and
toxicological data indicate that liver and kidney toxicity
induced by 1,4-dioxane occurs only after doses large enough to
saturate processes for detoxification and elimination.
1,4-Dioxane is one of many carcinogens that have not been
demonstrated to react significantly with DNA. Its cancer mode
of action is not sufficiently well understood to permit assign-
ment to a specific class of epigenetic agents. However, the data
suggest a tumor promotion mechanism associated with tissue
injury and subsequent regeneration.
Acute and Short-Term Toxicity

Animal

The acute effects of oral and inhalation exposure to high
concentrations of 1,4-dioxane in animals include eye and
respiratory irritation, nervous system effects (CNS depression
and narcosis), pulmonary edema and congestion, liver and
kidney damage, and death. Oral lethal dose 50 percent (LD50)
values ranged from 5400 to 7120 mg kg�1 in the rat, 3150 to
4130 mg kg�1 in the guinea pig, and 5900 mg kg�1 in the
mouse. A 4-h inhalation lethal concentration 50 percent (LC50)
value in rats was reported as 51.3 mg l�1.
Human

Exposure to high concentrations of 1,4-dioxane may cause eye,
skin, and respiratory irritation, nervous system effects, and liver
and kidney toxicity. There were five cases of fatal poisoning in
men who inhaled excessive amounts of 1,4-dioxane while
working in a textile factory in 1933. Symptoms were irritation
of the upper respiratory passage, coughing, irritation of eyes,
drowsiness, vertigo, headache, anorexia, stomach pains,
nausea, vomiting, uremia, coma, and death. Autopsies revealed
congestion and edema of the lungs and brain and marked
injury to the liver and kidneys. In human volunteer studies,
exposure to 200 ppm 1,4-dioxane for 15 min was considered
tolerable, while exposure to concentrations >300 ppm caused
irritation of the eyes, nose, and throat.
Chronic Toxicity

Animal

1,4-Dioxane causes liver and kidney toxicity in rats and mice
following chronic oral and inhalation exposure. Kidney
damage is characterized by glomerulonephritis, cortical tubule
degeneration, and necrosis with hemorrhage. Liver effects
include degeneration and necrosis, hepatocyte swelling, cells
with hyperchromic nuclei, spongiosis hepatis, hyperplasia, and
clear and mixed cell foci of the liver. Nasal cavity lesions have
also been observed in rats exposed chronically via inhalation.
Nasal lesions include enlarged epithelial nuclei, atrophy,
vacuolic change, squamous cell metaplasia and hyperplasia,
respiratory metaplasia, inflammation, hydropic change, and
sclerosis.
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Human

Several fatal cases of hemorrhagic nephritis and centrilobular
necrosis of the liver were attributed to occupational exposure to
1,4-dioxane via inhalation and dermal contact. Prolonged and
repeated contact can cause eczema, and repeated inhalation
exposures have been associated with neurological changes
including headache, elevation in blood pressure, agitation and
restlessness, and coma. Autopsy findings in fatal cases included
perivascular widening in the brain, with foci of demyelination
in several brain regions.
Immunotoxicity

No studies were available to evaluate the potential for
1,4-dioxane to alter the immune system in humans or labo-
ratory animals.
Reproductive Toxicity

Limited data regarding developmental toxicity show maternal
and fetal effects at similar doses. A single gestational exposure
studywas available in rats exposed to 1,4-dioxane by oral gavage.
The highest dose (1000 mg kg�1-day) reduced maternal body
weight and fetal birth weight, and produced delayed ossification
of the sternabrae. No change from control was observed in the
number of implantations, live fetuses, or resorptions.
Genotoxicity

1,4-Dioxane has been described as either a very weak geno-
toxicant or not genotoxic. It produced negative results in most
in vitro and in vivo test systems including Salmonella assays
(Ames test), the mouse lymphoma forward mutation assay,
DNA alkylation and repair, hepatocyte unscheduled DNA
synthesis, and the Chinese hamster ovary chromosome aber-
ration and micronucleus assays. Positive findings were gener-
ally observed at toxic concentrations or dose levels. Hepatic
DNA damage was seen in the alkaline elution test and positive
findings were sometimes reported for the liver micronucleus
assay, although data for this parameter are inconsistent.
1,4-Dioxane was not demonstrated to bind covalently to DNA
in the presence of microsomal preparations.
Carcinogenicity

Several epidemiology studies on occupational exposure to 1,4-
dioxane are available in the literature. Very limited conclusions
can be drawn from the negative findings of these studies. All of
the studies lacked sufficient cohort size and number of cases to
enable quantification of low-level excess cancer risk. Several
carcinogenicity bioassays have been conducted for 1,4-dioxane
in mice, rats, and guinea pigs. With the exception of two
chronic vapor inhalation studies, drinking water was the
exposure medium used in all cancer bioassays. The primary
target organs for cancer in the oral studies were the liver and the
nasal cavity. Liver tumors were observed in both sexes and
multiple strains of both mice and rats, while nasal tumors were
present mostly in rats. One inhalation study was negative for
carcinogenicity, while the second study using higher exposure
levels resulted in benign liver tumors, nasal cavity cancers, and
mesothelioma of the peritoneum. US EPA characterized
1,4-dioxane as “likely to be carcinogenic to humans” based on
evidence of liver carcinogenicity in several 2-year bioassays
conducted in three strains of rats, two strains of mice, and in
guinea pigs. The National Toxicology Program (NTP) charac-
terized 1,4-dioxane as “reasonably anticipated to be a human
carcinogen” based on sufficient evidence of carcinogenicity
from studies in experimental animals.
Clinical Management

In cases of inhalation exposure to 1,4-dioxane, the victim
should be moved to fresh air and monitored for respiratory
distress. If cough or difficulty in breathing develops, the patient
should be evaluated for respiratory tract irritation, bronchitis,
or pneumonitis. Supplemental oxygen (100%, humidified)
should be administered with assisted ventilation as required.
Bronchospasm may be treated with an aerosolized broncho-
dilator. In the event that pulmonary edema develops, ventila-
tion and oxygenation should be maintained with close arterial
blood gas monitoring.

Activated charcoal (1 g kg�1) may be administered soon
after ingestion to decrease the systemic absorption of
1,4-dioxane. Gastric lavage may be indicated if performed
within 1 h after ingestion of a large dose or in patients who
suffer from oral lesions or gastric/esophageal discomfort;
however, gastric lavage is not recommended for children unless
performed with endoscopic guidance due to the risk of perfo-
ration. Prior to performing gastric lavage, seizures should be
controlled and the airway should be protected. Persons
exposed to 1,4-dioxane should be carefully evaluated before
ipecac alkaloid is used to induce emesis. If signs of oral,
pharyngeal, or esophageal irritation, a depressed gag reflex, or
central nervous system (CNS) excitation or depression are
present, emesis should not be induced. Large oral doses may
result in aspiration pneumonitis or renal failure, and victims of
such exposure should be admitted to a hospital for
observation.

First aid for dermal exposure to 1,4-dioxane involves
flushing with water for 20 min (taking care to avoid hypo-
thermia) followed by soap and water wash of the affected area
and thorough rinsing. When eyes are exposed, they should be
irrigated with copious amounts of tepid water for at least
15 min. If irritation, pain, swelling, lacrimation, or photo-
phobia persist after ocular exposure, the patient should be seen
by a health care provider.

At the conclusion of emergency treatment, the patient
should bemonitored for the development of any systemic signs
or symptoms, and supportive treatment provided as necessary.
Ecotoxicology

Ecological toxicity data for 1,4-dioxane are available for fish,
aquatic and terrestrial invertebrates, microorganisms, algae,
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and terrestrial plants. In fish species, 96-h LC50 values
for 1,4-dioxane are generally in the order of 6000
to >10 000 mg l�1. In Daphnia magna, 24-h EC50 values of
4700–8450 mg l�1 have been reported. The US EPA has
derived toxicity reference values, which represent benchmarks
for toxicity to all organisms in a particular ecosystem, for the-
following aquatic systems: 62 100 mg kg�1-day for freshwater;
2176 mg kg�1-day for freshwater bed sediment;
67 000 mg kg�1-day for marine/estuarine surface water; and
2348 mg kg�1-day for marine bed sediment.

While terrestrial wildlife can be exposed through direct
contact with 1,4-dioxane in water or soil, exposure through
food chain bioaccumulation does not occur. Toxicity reference
values for wildlife and livestock derived by the Ontario
Ministry of the Environment include the following:
0.28 mg kg�1-day for sheep, 0.53 mg kg�1-day for red fox,
1.68 mg kg�1-day for meadow vole, and 2.2 mg kg�1-day for
short-tailed shrew. 1,4-Dioxane may be taken up by the
vascular system of plants via hydrogen bonding with transpi-
ration water; experiments with phytoremediation have
attempted to take advantage of this uptake as a means of
mitigating soil contamination.
Other Hazards

1,4-Dioxane is a flammable liquid and a fire hazard. Toxic gases
and vapors (which may include carbon monoxide) may be
released in a fire involving dioxane. Prolonged exposure of this
compound to moist air and sunlight may lead to the formation
of dangerous peroxides.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit for 1,4-dioxane in air is 100 ppm
(360 mgm�3) for an 8-h work shift. The National Institute for
Occupational Safety and Health (NIOSH) recommended
exposure limit (REL) is 1 ppm (3.6 mgm�3), which should not
be exceeded in a 30-min period. NIOSH has also indicated that
500 ppm is immediately dangerous to life or health.
The American Conference of Governmental Industrial
Hygienists threshold limit value is 20 ppm averaged over an 8-
h work shift. The state of California has derived a drinking
water guideline of 3 mg l�1 for 1,4-dioxane.

See also: Biotransformation; Chromosome Aberrations;
Polyethylene Glycol; Toxicity, Acute; Toxicity, Subchronic and
Chronic; Cell Proliferation; Kidney; Mechanisms of Toxicity;
Absorption; Carcinogenesis; Pharmacokinetics; Chemicals in
Consumer Products; Hazardous Waste; Ecotoxicology; Aquatic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Ecotoxicology Terrestrial; Salmonella; ACGIH

�
(American

Conference of Governmental Industrial Hygienists); Liver;
Mode of Action; Epidemiology; LD50/LC50 (Lethal Dosage 50/
Lethal Concentration 50); Micronucleus Assay;
Dose–Response Relationship; Environmental Protection
Agency, US.
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l Chemical Abstracts Service Registry Number: 1746-01-6
l Synonyms: Tetrachlorodibenzo-p-dioxin; Chlorinated diben-

zodioxin; TCDD; 2,3,7,8-tetrachlorodibenzo-p-dioxin; 2,3,7,8-
TCDD; TCDBD

l Molecular Formula: C12H4Cl4O2 (tetrachlorodibenzo-
p-dioxin is often used as the representative structure
for dioxin; see Table 1 for congener-specific structural
formulae)

l Chemical Structure: 2,3,7,8-tetrachlorodibenzo-p-dioxon:
2,7-Dichlorodibenzo-p-dioxin:
Octachlorodibenzo-p-dioxin:
Background

The term dioxins refers to chlorinated hydrocarbons containing
a dibenzo-p-dioxin structure (two benzene rings conjoined at
their para carbons by two oxygen molecules). The nomencla-
ture for chlorinated dibenzodioxins (CDD) is based on the
number and position of the chlorine molecules and include
mono- (MCDD), di- (DCDD), tri- (TrCDD), tetra- (TCDD),
penta- (PeCDD), hexa- (HxCDD), hepta- (HpCDD), and octa-
chlorinated (OCDD) congeners. There are 75 congeners in
total. The 2,3,7,8-tetrachlorodienzo-p-dioxin (2,3,7,8-TCDD)
congener is the most familiar congener due in part to its toxicity
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in animal models, its widespread distribution and persistence
in the environment, its bioaccumulation potential, and
because most data pertain to this congener. Dioxins in pure
form are colorless solids and are formed as combustion prod-
ucts. Dioxins may be formed during the combustion of organic
material in the presence of halogens, especially chlorine (and
bromine), during waste incineration and forest fires. They also
occur as contaminants in herbicides.

Dioxin was a contaminant of Agent Orange and possibly
responsible for some of the adverse health effects associated
with exposure to the defoliant. Dioxin was the poisoning agent
in a high-profile political incident in 2004. Dioxin was ulti-
mately identified as the cause of the disfiguring acne-like skin
(chloracne) condition suffered by Ukrainian opposition leader
Viktor Yushchenko a few months prior to the first presidential
election. The suspicion was that the dioxin was placed into
soup consumed by Mr Yushchenko. The acne-like skin condi-
tion is a recognized hallmark of dioxin poisoning in humans.
The actual intake of dioxin in this incident is unknown.

Selected physical–chemical properties of dioxins are
presented in Table 1.
Uses

With the exception of its use in research, it is ironic that there are
no known uses for any of the dioxins. They are unintended by-
products of chemical manufacturing and combustion. There is
no commercial manufacture of these compounds. The limited
production of dioxins for use in research involves production by
condensation of polychlorophenol or, for a specific dioxin, by
chlorination of the parent dibenzo-p-dioxin.
Environmental Fate and Behavior

Dioxins are best known as environmental contaminants. They
are routinely found at very low background levels (parts per
trillion or less) in air, water, and soil. Their occurrence at higher
levels is the result of anthropogenic activities such as disposal
of industrial waste, application of contaminated herbicides,
and release as combustion products. Exposure via air is usually
due to dioxins formed during incineration or as the result of
accidental releases and explosions involving dioxin-containing
chemicals. Their occurrence in water is often the result of
deposition from the air or runoff from contaminated soil. The
low solubility of these chemicals results in their deposition in
sediment. The contamination of soil is primarily the result of
disposal of industrial and other waste and deposition from the
air. Due to their low vapor pressures, dioxin congeners are not
likely to move from water or soil to the air.

Being very lipophilic, most congeners, with their low vapor
pressure and low solubility in water, contribute to both the
environmental persistence of dioxins and the potential for
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00374-2
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Table 1 Selected physical-chemical data for dioxin congeners

Property

Dioxin Congener

MCDD DCDD TrCDD TCDD PeCDD HxCDD HpCDD OCDD

Mol. wt 218.6 253.1 287.5 322 356.4 390.9 425.3 459.8
Total isomers 2 10 14 22 14 10 2 1
Chemical formula C12H7ClO2 C12H6Cl2O2 C12H5Cl3O2 C12H4Cl4O2 C12H3Cl5O2 C12H2Cl6O2 C12HCl7O2 C12Cl8O2
Water solubility @ 25�C

(mg/L)a
0.28�0.417 3.8 � 10�3 �

1.7 � 10�2
5.0 � 10�4 �

0.8 � 10�3
4.7 � 104 �

7.9 � 10-6
1.2 � 10�4 4.4 � 10�4 1.9 � 10�3 �

2.4 � 10�6
0.4 � 10�9 �
7.4 � 10�8

Log Kowa 4.5�5.5 0.003�0.1 6.9�7.5 6.6�8.7 8.6�9.5 9.2�10.4 9.7�11.4 8.8�13.4
Vapor pressure @ 25�C

(mm Hg)a
9.0 � 10�5 �
1.3 � 10�4

9.0 � 10�7 �
2.9 � 10�6

6.5 � 10�8 �
7.5 � 10�7

7.4 � 10�10 �
4.8 � 10�8

6.6 � 10�10 3.8 � 1011 5.6 � 10�12 �
7.4 � 10�8

8.3 � 10�13

Henry’s law constant @ 25�C
(atm-m3/mol)

82.7 � 10�6 �
146.3 � 10�6

21 � 10�6 �
80.0 � 10�6

37.9 � 10�6 7.0 � 10�6 �
101.7 � 10�6

2.6 � 10�6 44.6 � 10�6 1.3 � 10�6 �
2.2 � 10�6

6.7 � 10�6

aValues represent range for multiple forms.
MCDD: monochlorodibenzo-p-dioxin; DCDD: diochlorodibenzo-p-dioxin; TrCDD: trichlorodibenzo-p-dioxin; TCDD: tetrachlorodibenzo-p-dioxin; PeCDD: pentachlorodibenzo-p-dioxin; HxCDD: hexachlorodibenzo-p-dioxin; HpCDD: hepta-
chlorodibenzo-p-dioxin; OCDD: octachlorodibenzo-p-dioxin. Adapted from ATSDR, 1998.
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bioaccumulation. The tendency of dioxins to partition into
sediments in aquatic environments results in exposure of verte-
brate and invertebrate species that dwell or feed in the sediment.
Bioconcentration factors for uptake from water generally
increase as the number of chlorine atoms increases for the
monochloro-, dichloro-, and tetrachloro dioxins, and then
decrease with the number of chlorine atoms for PeCDD,
HxCDD, HpCDD, and OCDD congeners. Logically, both the
potential for exposure and the potential for bioaccumulation are
functions of the contaminated media and the species of concern.
Exposure and Exposure Monitoring

Most nonoccupational exposure of humans is via food, often
the result of fruits and vegetable grown in contaminated soil,
contaminated feed with respect to meat and poultry
consumption, or contaminated water and sediment for fish and
shellfish. Occupational exposures generally involve higher
exposures and are the result of breathing airborne dioxin. Years
ago, occupational exposure to dioxin was known to occur in
workers manufacturing or applying trichlorophenol and
chlorophenoxy acid herbicides. Accidental and explosive
releases tend to generate the highest exposure levels.

A major issue of quantitatively assessing exposure–effect
relationships of dioxins is the fact that exposure is rarely to
a single form of dioxin. Exposure generally involves several
dioxin congeners as well as dioxin-like compounds such as
polychlorinated biphenyls (PCBs) and polychlorinated diben-
zofurans (PCDBs). In an effort to facilitate the toxic contribu-
tions of multiple compounds, toxic equivalency factors (TEFs)
were established whereby the potential toxicity of a dioxin or
dioxin-like compound is compared with 2,3,7,8-TCDD, which
appears to be the most toxic congener and for which most data
are available. In this system, 2,3,7,8-TCDD is assigned a TEF of
1.0 with other dioxin congeners and dioxin-like chemicals
assigned a TEF of 0.00001–1.0. The toxic potential of a mixture
is estimated by summing all the TEF values to obtain a 2,3,7,8-
TCDD toxic equivalency.
Major Incidents Resulting in Environmental
and Human Exposures

There have been several high-profile incidents involving dioxin
(specifically 2,3,7,8-TCDD) release into the environment.
Some of these are noted below. These incidents generated years
of health studies and environmental surveillance. Definitive
relationships between 2,3,7,8-TCDD exposure and adverse
health effects remain equivocal. It is important to note that
environmental contamination with dioxins is invariably
concurrent with other polychlorinated compounds such as
chlorinated dibenzofurans (CDFs). The incidents all involved
chemical waste resulting from the manufacture of the herbi-
cide, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T).

Agent Orange, a herbicide contaminated with 2,3,7,
8-TCDD (approximately 1–20 ppm), was used extensively
during the Vietnam conflict (1962–70) and was considered
a possible explanation for adverse health effects in Vietnamese
residents and Vietnam veterans. However, study results were
equivocal regarding the use of Agent Orange exposure as an
index to 2,3,7,8-TCDD exposure or the adverse health effects
that were reported.

Incidents of environmental contamination with dioxins in
the United States occurred at Love Canal near Niagara Falls,
New York, and at Times Beach, Missouri. At Love Canal, soil
and groundwater were contaminated by disposal of dioxin-
containing chemical waste. This resulted in high levels (several
hundred parts per billion (ppb)) of 2,3,7,8-TCDD and subse-
quent evacuation and closure of the site. The spreading of oil
contaminated with 2,3,7,8-TCDD in Times Beach, Missouri,
also resulted in the evacuation and closure of the community
due to high levels (4–317 ppb) of 2,3,7,8-TCDD. For both sites,
various adverse health effects were reported followed by
numerous studies with varying outcomes. Both sites underwent
extensive remediation.

In 1976, an explosive release of 2,3,7,8-TCDD-contaminated
material occurred in Seveso, Italy, resulting in soil contamina-
tion over approximately 3 km2. Residents of the most heavily
contaminated area were evacuatedwhile others were advised not
to consume locally grown produce. Definitive findings regarding
adverse health effects related to the event are equivocal.
Toxicokinetics

Dioxins are highly lipid soluble and are readily absorbed via
most routes of exposure. Dioxins accumulate in adipose tissue
and in hepatic lipid stores. There are, of course, some quanti-
tative differences among the various routes and for the different
dioxin congeners. Because dioxins are poor substrates for most
of the enzymes involved with biotransformation of xenobi-
otics, they tend to be poorly metabolized. Although metabo-
lism does occur, it tends to be limited and slow. However,
dioxins are known to be inducers of several phase I and phase II
enzymes.

Due to the propensity to accumulate in adipose tissue and
limited metabolism, dioxins tend to exhibit a very long half-life
once in the body. Half-lives of approximately 4–15 years have
been reported for humans, the values varying depending on the
specific dioxin congener.

Placental transfer of dioxins to the fetus is limited but may
be of concern if it occurs during critical windows of develop-
ment. Transfer of dioxins to breast milk is considerable due, in
part, to the lipophilic property of dioxins. Logically, concen-
trations in breast milk vary with exposure parameters. Based on
monitoring data in the United States, OCDD appears to exhibit
the greatest potential for transfer to milk.

A number of physiologically based pharmacokinetic
(PBPK) models are available for quantitatively assessing
absorption, distribution, metabolism, and excretion of dioxins.
Mechanism of Toxicity

Themechanismof toxicity for dioxins is not fully understood and
likely quite complex. Extensive research, primarily with 2,3,7,8-
TCDD affirms interaction with the Ah (aryl hydrocarbon)
receptor especially with respect to alteration of gene expression.
Many of the dioxin-induced cellular effects such as hyperplasia,
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hypoplasia, metaplasia, and dysplasia are thought to be initiated
via the Ah receptor. The variability in the toxicity of dioxin
congeners may be partially explained by the fact that affinity for
the Ah receptor is a function of the chlorine substitution pattern
of the specific congener; 2,3,7,8-TCDD is the most active. In
addition to interaction with the Ah receptor, the interaction of
2,3,7,8-TCDDwith the epidermal growth factor (EGF) receptor is
considered a possible mechanism for dioxin-induced tumor
promotion. There is also evidence that some tumorigenic activity
of 2,3,7,8-TCDD may be the result of effects on estrogen
receptors.
Acute and Short-Term Toxicity

The most prevalent effect of acute and short-term exposure of
humans to dioxins (most notably 2,3,7,8-TCDD) is chloracne.
This condition has been associated with a mean 2,3,7,8-TCDD
serum level as low as 185pg g�1.Other effects following acute or
short-term exposure include headache, fatigue, gastrointestinal
tract irritation, respiratory tract irritation, anddehydration.Most
effects in humans are assessed based on serum levels of dioxin.
Estimatedminimum toxic doses in the range of 0.1–100 mg kg�1

have been reported for humans. In animals, 2,3,7,8-TCDD is
highly toxicbutvariesconsiderablyamongthe testedspecies.The
oral lethal dose 50% (LD50) values for guinea pigs, dogs, rats,
mice, and hamsters are of 0.6, 1, 20, 114, and 1157 mg kg�1,
respectively. Effects on the liver, heart, thymus gland, adrenal
glands, and immunosuppressive effects have been reported for
a wide variety of animal species. Although toxic effects are wide-
ranging, species-dependent specificity is often observed. Lethal
doses andvariousbenchmarkdoses suchas theLD50mayvaryby
orders of magnitude across species.
Chronic Toxicity

Multiple adverse health effects are associated with chronic
exposure of humans to dioxins. Exposure to dioxins has been
associated with skin irritation, impaired hepatic function,
peripheral neuropathies, immune disorders, and altered blood
chemistry parameters. Additionally, dioxin exposure has been
implicated in chromosomal damage, heart attacks, reproductive
disorders, and cancer, although epidemiological data affirming
these effects are equivocal. Some effects appear to be reversible
following cessation of exposure. In animal studies, long-term
dietary exposure to TCDD also results in a wide variety of
responses with dose–response relationships varying among the
species tested. Generally, no observed adverse effect levels
(NOAELs) were less than 10 ng kg�1 body weight per day.
Immunotoxicity

Substantial data indicate that the immune system is a signifi-
cant target for dioxins. However, data showing a definitive
relationship between dioxin exposure and clinically defined
immunological effects have not been forthcoming. The mech-
anism by which dioxins affect immune function is apparently
quite complex but generally involves thymic effects resulting in
alteration in the numbers and types of lymphocytes. Although
immune-related conditions have been reported for people
exposed to dioxins, the conditions are often poorly defined or
not confirmed by follow-up investigations. In animal studies,
the most prevalent and universal immunologic effect of dioxin
exposure is thymic atrophy, which has been documented in
rats, mice, guinea pigs, and hamsters. The half maximal effec-
tive dose (ED50) for thymus atrophy varies more than 25-fold
among the tested species. Effects on T-cell cellular immunity as
well as B-cell humoral immunity have been documented in
studies with laboratory animals.
Reproductive Toxicity

Both reproductive and developmental toxicity are attributed to
dioxins. Developmental effects on prenatal growth, congenital
abnormalities, thymic hypoplasia, and endocrine disruption-
related effects have been reported in laboratory animals.
Women exposed to TCDD during an explosive release from
a manufacturing plant in Seveso, Italy, showed no statistically
significant increase in adverse birth outcomes associated with
increased TCDD serum levels. However, these findings were
not inclusive of younger women who had greater exposure and
had not yet become pregnant. Dioxin exposure appears to
adversely affect the development of the male reproductive
system, although the precise mechanism is unclear. There is
also evidence from studies in laboratory species that dioxin
may disrupt prostate development.
Genotoxicity

Genotoxicity data for dioxins are equivocal. Although various
chromosomal aberrations in humans exposed to dioxins have
been reported, the data are often incomplete, complicated by
confounding exposures, not statistically affirmed, or contradic-
tory. Based on the results of animal studies and in vitro tests, there
is no conclusive evidence for dioxin-induced mutagenicity.
Carcinogenicity

Data regarding the carcinogenicity of dioxins in humans
focuses primarily on 2,3,7,8-TCDD. Numerous studies of
various types have been conducted, most of which lack suffi-
cient exposure characterization and which have notable con-
founding factors. The overall body of data, however, suggests
that 2,3,7,8-TCDD may be a human carcinogen.

Results of studies in animals have affirmed the carcinoge-
nicity of 2,3,7,8-TCDD. Chronic exposure of rats to 2,3,7,
8-TCDD doses as low as 0.007 mg kg�1 resulted in thyroid
adenomas. Other neoplastic responses including hepatocel-
lular carcinomas, kidney adenocarcinomas, and lymphocytic
leukemia have also been reported. Results of gavage studies
using other dioxin congeners have also shown various carci-
nogenic responses similar to those seen with 2,3,7,8-TCDD.

The mode of action is uncertain but does not appear to
involve direct formation of DNA adducts. Data suggest mech-
anisms involving the Ah receptor and induction of cytochrome
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P450 enzymes, EGF receptors, uridine diphosphate (UDP)-
glucuronyltransferase (GT), and estrogen receptors (ER).

There is no information regarding the potential carcinoge-
nicity of dioxins following inhalation exposure.
Clinical Management

There are no procedures specific to the treatment of dioxin-
induced toxicity. Treatment is generally in response to various
signs and symptoms, and is often the same as that for treating
intoxication by dioxin-containing chemicals such as 2,4-
dichlorophenoxyacetic acid (2,4-D) and 2,4,5-T. Procedures
that decontaminate the gastrointestinal tract and skin, and
possibly alkaline diuresis, have been used regarding acute
poisonings.
Ecotoxicology

Dioxin is persistent in the environment and because of its
toxicity and potential for bioaccumulation, is a contaminant of
great concern. It occurs in all environmental media: air,
groundwater, surface water, sediments in aquatic environ-
ments, and soil. However, it is often difficult to accurately
assess its contribution in the field because of the presence of
other chemicals that cause similar effects. Dioxins are
frequently detected in fish and are present at the majority of
sampling sites. Fishes in early life stages seem to be especially
sensitive to the toxic effects of dioxin. In birds, dioxin exposure
has been responsible for decreased egg production, embry-
otoxicity, and fetal malformations.
Exposure Standards and Guidelines

Most standards and guidelines have been developed based on
data for 2,3,7,8-TCDD. Some guidelines and standards for
other dioxin congeners have been derived using the TEF
approach.

There are no current reference dose (RfD) or reference
concentration (RfC) values for any dioxin congeners. The
National Institute for Occupational Safety and Health
(NIOSH) considers dioxin to be a potential carcinogen and the
US Environmental Protection Agency (EPA) considers it a B2
(probable human carcinogen) carcinogen with unit risks of
1.3 mgm�3 (air) and 1.8� 10�1 (mg l�1)�1 (water). The US EPA
Office of Drinking Water has published a drinking water
maximum contaminant level goal (MCLG) of zero for 2,3,7,
8-TCDD and health advisories of 1.0 � 10�3 mg l�1 (1-day,
child), 1.0� 10�4 mg l�1 (10-day, child), 1.0 � 10�5 mg l�1

(longer term, child), 4.0� 10�5 mg l�1 (longer term, adult),
and 2.0 � 10�5 mg l�1 (10�4 cancer risk level). The US Food
and Drug Administration (FDA) has listed safe levels (no
serious health effects) and do-not-consume levels of 25 ppt and
>50 ppt, respectively. The European Food Safety Authority
(EFSA) proposed a tolerable weekly intake of 2 pg kg�1 body
weight.

See also: Polybrominated Diphenyl Ethers; 2,4,5-T; Toxic Torts;
Pollution, Air in Encyclopedia of Toxicology; Pollution, Soil;
Pollution, Water; Polychlorinated Biphenyls (PCBs).
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l Name: Diphenhydramine
l Chemical Abstracts Service Registry Number: 58-73-1
l Synonyms: Benadryl, Sominex, Dermarest, Q-Dryl, Uni-

som, Nytol, Diphen
l Chemical/Pharmaceutical/Other Class: An ethanolamine

derivative H-1 receptor antagonist
l Molecular Formula: C17H21NO
l Chemical Structure:
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Diphenhydramine
Background

Diphenhydramine is a first-generation antihistamine that
works at the H-1 receptors. It was first synthesized in 1943 by
Dr George Rieveschl of the University of Cincinnati. Diphen-
hydramine was the first antihistamine agent approved by the
Food and Drug Administration. In the 1960s, diphenhydra-
mine was found to have inhibitory properties on the reuptake
of neurotransmitters including serotonin. This prompted
a search for additional agents that might be used to treat
depression and other mood disorders.
Uses

Diphenhydramine is an H-1 receptor antagonist, which is
used to provide relief of allergic symptoms caused by hista-
mine release. Other uses include as a nonprescription night-
time sleep aid secondary to its sedative effects and as an
adjunctive agent with antipsychotics and other medications to
prevent and treat extrapyramidal symptoms. Diphenhydra-
mine can be used emergently to treat dystonic reactions and it
is also used as an antiemetic. The drug is used as an antitussive
and due to its anitmuscarinic properties, used as prophylaxis
and treatment for motion sickness. Topical application for
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
relief of pruritus and pain associated with various skin
conditions including minor burns, insect bites, and minor
skin irritation.
Environmental Fates and Behavior

Physicochemical Properties

Diphenhydramine hydrochloride has the appearance of
a white crystalline powder. It is odorless and has a bitter,
numbing taste. It is soluble in water and aqueous solutions are
acidic. It has a melting point of 166–169 �C and the boiling
point ranges from 150 to 165 �C at 2E0 mmHg. Diphenhy-
dramine has a water solubility of 3060 mg l�1 at 37 �C. Density
is 1.013–1.012. Log P is 3.27. The pKa is 8.98 and the Log S is
�3.5. Refractivity is 79.93 and polarizability is 29.

Diphenhydramine is fairly stable in the environment
although it does undergo photodegradation. Conjugates of
diphenhydramine such as diphenhydramine-N-glucuronide
may be converted back to the parent compound, diphenhy-
dramine, through enzymatic cleavage during sewage treatment
process. Diphenhydramine is removed poorly through waste-
water treatment processes and is found in significant concen-
trations in aquatic organisms downstream from such plants.

Diphenhydramine has significant risk for bioaccumulation,
particularly in water downstream from wastewater and sewage
treatment facilities.
Exposure Routes and Pathways

Ingestion, parenteral (intramuscular), parenteral (intrave-
nous (IV)), and topical application are the routes of both
accidental and intentional exposures to diphenhydramine.
Diphenhydramine has been found in aquatic environments
through the discharge of waste products from manufacturing
process and through sewage treatment facilities into streams
and rivers.
Toxicokinetics

Diphenhydramine is absorbed rapidly with peak plasma levels
achieved within 2–3 h after an oral dose. Although less studied,
the drug can also be absorbed through abraded skin resulting
in systemic toxicity. Diphenhydramine undergoes extensive
first-pass metabolism with 40–60% of an oral dose reaching
systemic circulation as unchanged drug. The drug is 98%
protein bound and has an apparent volume of distribution of
3–7 l kg�1. Approximately 96% of the dose of diphenhydra-
mine is excreted as metabolites in the urine. The serum half-life
is 4–8 h for children, 9–12 h for adults, and can be up to 17 h
for elderly.
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Mechanism of Toxicity

The toxicity of antihistamines is related to their anticholinergic
(antimuscarinic), antihistamine, and serotonergic activation.
The action of acetylcholine at the muscarinic receptors is
blocked, resulting in signs and symptoms of anticholinergic
poisoning. Diphenhydramine may produce direct toxicity
unrelated to its anticholinergic properties including inhibition
of cardiac fast sodium channels and at higher concentrations,
the drug may inhibit potassium channels, which can result in
QT prolongation. Diphenhydramine also blocks the reuptake
of serotonin and has been reported to cause serotonin
syndrome in some individuals during overdose. The action of
diphenhydramine at H-1 receptors causes sedation.
Acute and Short-Term Toxicity (or Exposure)

Animal

Central nervous system (CNS) changes including sedation or
hyperexcitability, paradoxical salivation, and vomiting have
occurred following relatively small exposures to antihista-
mines. Seizure and cardiac effects have occurred following
acute high exposures. Symptomatic and supportive care
followed by appropriate gastrointestinal decontamination
procedures should be administered.
Human

Symptoms of overdose generally occur within 30 min to 2 h
after ingestion. Diphenhydramine overdose results in signs and
symptoms of anticholinergic poisonings including dry mucus
membranes, fixed dilated pupils (mydriasis), flushed skin,
hyperthermia, urinary retention, diminished bowel sounds,
altered mental status, and hallucinations. CNS depression or
stimulation including hallucinations and seizures can be seen
in overdose. Cardiovascular effects including tachycardia,
hypertension, or hypotension related to arrhythmias caused by
prolongation of QRS and QT intervals can be seen in severe
toxicity. Fatalities have occurred in children at doses under
500 mg and seizures have been described after doses as low as
150 mg. A fatal adult dose is estimated to be between 20 and
40 mg kg�1.
Chronic Toxicity (or Exposure)

Animal

Chronic feeding studies of various concentrations of diphen-
hydramine in mouse and rat models have shown equivocal
evidence of carcinogenesis. Slightly increased rates of unusual
cancers were demonstrated (e.g., astrocytomas and alveolar/
bronchiolar neoplasms).
Human

Although first-generation antihistamines such as diphenhy-
dramine have been used for decades, they may produce dry
mouth, sedation, psychomotor impairment, urinary retention,
and may negatively impact sleep patterns.
Reproductive Toxicity

Diphenhydramine is in pregnancy category A – drugs which
have been taken by a large number of pregnant women and
women of child-bearing age without an increase in fetal mal-
formations or other direct harmful effects on the fetus. At high
doses, particularly during the third trimester, diphenhydramine
can cause uterine hyperstimulation. Complications from this
can include uterine rupture and placental abruption. In
mothers taking high doses of diphenhydramine for prolonged
periods, a withdrawal syndrome has been occasionally re-
ported in the newborn. Animal studies involving high doses of
diphenhydramine have shown fetal malformations can occur.
A single human case report and a single animal study involving
temazepam and diphenhydramine during pregnancy showed
an increased risk of stillbirth and sudden infant death shortly
after delivery. Diphenhydramine can be detected in the breast
milk. In two studies involving diphenhydramine use during
breast feeding, babies were irritable, slept more or less than
controls.
Genotoxicity

Diphenhydramine was studied in Chinese hamster ovary cells
and sister chromatid exchange was negative. Chromosome
aberrations were positive. Syrian hamster embryo cell trans-
formation testing was negative for diphenhydramine.
Carcinogenicity

Diphenhydramine has not been found to have carcinogenicity
in animal models.
In Vitro Toxicity Data

Histamine induces CD86 expression and chemokine produc-
tion in immature human derived monocyte-derived dendritic
cells that can be blocked by diphenhydramine and other H-1
receptor antagonists.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Patient’s vitals and mental status should be moni-
tored. Appropriate gastrointestinal decontamination proce-
dures should be administered based on the history of the
ingestion and the patient’s level of consciousness. Gastroin-
testinal decontamination may be useful, greater than 1 h from
the time of ingestion, because of impaired gastrointestinal
motility from anticholinergic effects of diphenhydramine that
has been already absorbed. Individuals should be connected to
a cardiac monitor. Treat evidence of sodium channel blockade
that prolongs the QRS interval along with hypotension with
boluses of sodium bicarbonate. Potassium channel blockade
resulting in QT prolongation and torsade de pointes have been
described in diphenhydramine toxicity. As more combination
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products including nighttime sleep aids are available, complete
evaluation for partner drugs such as acetaminophen toxicity in
products needs to be considered. Consider use of benzodiaz-
epines for CNS excitation, seizures, hallucinations, and move-
ment disorders. Aggressively treat hyperpyrexia with external
cooling such as cool mist and fans. Physostigmine may be
administered in selective cases to treat severe central and
peripheral anticholinergic symptoms refractory to conven-
tional therapy. Continual vital signs, electrocardiogram, and
oxygen saturation monitoring are essential during physostig-
mine administration. The IV rate should not exceed 2 or 3 min
at doses of 1–2 mg in adults and (0.02 mg kg�1 at
0.5 mg min�1) in children and may be repeated at 5- to 10-min
intervals if symptoms are not reversed. Contraindications for
physostigmine include bradycardia, wide QRS complexes,
asthma, seizures, preexisting bowel obstruction, and pulmo-
nary disease. It is recommended to have a dose of atropine
available for signs of cholinergic symptoms from physostig-
mine administration. If QRS widening or other signs of right-
ward axis deviation occur, 1–2mEq kg�1 of sodium bicarbonate
should be administered via IV bolus and repeated as necessary
for signs of sodium channel blockade. Seizures can be treated
with GABAergic agents. Diphenhydramine overdose with severe
toxicity may also respond to use of IV lipid emulsion (20%)
treatment. A dose of 1.5 ml kg�1, then infusion of 0.25 ml kg�1

min�1 if needed of 20% lipid emulsion can be given for severe
toxicity refractory to sedation, bicarbonate, and other treatment.
Ecotoxicology

Diphenhydramine is found in significant concentrations in the
environment, particularly in the aquatic environments down-
stream from wastewater and sewage treatment plants. In
aquatic plant and algae models, diphenhydramine even at very
high concentrations (>10 mg l�1) did not exert significant
effect. The acetylcholine, serotonin, and histamine receptors at
which diphenhydramine exerts effect are not found in the
plants and algae.

Fish and invertebrates, however, are influenced by diphen-
hydramine and significant exposure and accumulation can
occur, particularly in fish. Diphenhydramine has been found in
the muscle tissue and liver of fish living downstream from
wastewater treatment plants at concentrations of 1 mg kg�1

(range 0.2–8.0 mg kg�1). Behavioral effects are the most
prominent effect noted from diphenhydramine in fish;
however, growth is also influenced.
Exposure Standards and Guidelines

Diphenhydramine is not regulated by the Department of
Transportation.
See also: Anticholinergics; Poisoning Emergencies in Humans;
Antidotes.
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l Name: Diphenylamine
l Chemical Abstracts Service Registry Number: 122-39-4
l Synonyms: N-Phenylaniline; Anilinobenzene; N-Phenyl-

benzenamine; Anilinobenzene; N,N-Diphenylamine; N-
Phenylaniline; N-Phenylbenzenamine

l Chemical/Pharmaceutical/Other Class: Aromatic Amine
l Molecular Formula: C12H11N
l Chemical Structure:
H
N

Uses

Predominantly used as a stabilizer for single- or multi-base
propellants and nitrocellulose-containing explosives. It has the
function of binding degradation products, which develop
during long-term storage (e.g., NO, NO2, HNO3), in order to
prolong storage times. Another major use of diphenylamine is
treatment of apples to prevent a storage disorder known as
scald. Apples are treated preharvest and postharvest with
aqueous solutions of diphenylamine.
Background Information

Solutions of diphenylamine are used to treat apples a few days
before harvest. Residue on apples’ surfaces of 10 ppm is
permitted by regulation in Australia, Canada, and the United
States.
Environment Fate and Behavior

Routes and Pathways

Diphenylamine is present in waste water from industrial
processes. Diphenylamine has been detected in milk of
animals (cow, sheep, goat, water buffalo) raised in Italy and
France.
Partition Behavior in Water, Sediment, and Soil

Terrestrial Fate
Solubility in water is 25.8 mg l�1, while solubility in organic
solvents is considerably higher. Henry’s law constant has been
determined to be 2.29� 10�06. Koc value has been measured at
4104, which indicates that the compound is not particularly
mobile.
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Aquatic Fate
Pseudokirchneriella subcapitata (Algae) growth was inhibited
with a dose of 0.30mg l�1. Aquatic invertebrates Daphnia
magna showed an acute 48 h EC50 dose of 1.2mg l�1.
Environmental Persistency

The atmospheric degradation by OH radicals is calculated as
a half-life of approximately 1.5 h. From the spectroscopic data
available for diphenylamine, direct photolysis in atmosphere is
not to be expected.
Bioaccumulation

Diphenylamine is moderately bioconcentrating in fish. A BCF
fish of 155 was determined.
Exposure and Exposure Monitoring

Routes and Pathways

Diphenylamine can be absorbed through skin, by inhalation,
or ingestion. The biotransformation of diphenylamine was
studied in rats, and no more than 2.7% of the dose was
untransformed. The metabolites identified were 4,40-dihy-
droxydiphenylamine, 4-hydroxydiphenylamine, and other
hydroxylated products.
Human Exposure

Ingestion or skin exposure results in blue fingernails and skin.
Environmental Exposure

Diphenylamine is present in waste water from industrial
processes. Diphenylamine has been detected inmilk of animals
(cow, sheep, goat, water buffalo) raised in Italy and France.
Acute and Short-Term Toxicity (or Exposure)

Animal

Oral (LD50) – Acute: 1120mg kg�1 (rat); 1230mg kg�1

(mouse); 300mg kg�1 (guinea pig). Application of 0.5 g
diphenylamine undiluted to intact and abraded skin sites of
rabbits produced only very slight primary skin irritation.
Human

No information is available on human exposure, but an
inference from a wide variety of mammal studies is possible.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01221-5
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Chronic Toxicity (or Exposure)

Animal

Groups of CD-1 mice were exposed to varying levels of
diphenylamine for 78 weeks. Concentrations of 520, 2600, and
5200 ppm were administered by diet. Some animals were
sacrificed at 52 weeks and were observed for clinical signs,
deaths, body weight, food consumption, ophthalmological
and hematological end-points, organ weights, and gross and
histopathological appearance. At 52 weeks there were decreases
in hematocrit and erythrocyte counts at 2625 and 5250 ppm,
while mean corpuscular volume, mean corpuscular hemo-
globin, andmean corpuscular hemoglobin content increased at
these doses. At the interim necropsy, darkened spleens were
seen in most mice at 2625 ppm and in all those at 5250 ppm.
Darkened livers were seen in most mice at 5250 ppm and pale
kidneys in many. At terminal necropsy, the livers of some mice
at 2625 ppm and most at 5250 ppm were dark. The spleens of
most treated mice were dark and often enlarged.
Human

Diphenylamine may cause damage to the following organs:
blood, kidneys, liver, and bladder. However, a dose of
0–0.08mg kg�1 body weight in human is considered safe by
the World Health Organization.
Reproductive Toxicity

Pregnant New Zealand white rabbits were exposed to various
amounts of diphenylamine by gastric intubation on days 7
through 19 of gestation. Exposure at levels of 100mg kg�1 day�1

resulted in lower body weight, green urine, and lowered food
consumption. But no effects on litter size or implantation were
observed.
Genotoxicity

Negative results were obtained for mutation in bacteria and for
induction of micronuclei in mouse bone marrow in vivo. A
weakly positive response was observed for mutation in mouse
lymphoma cells in vitro at a dose range that was toxic. Although
diphenylamine has some genotoxic potential, it is unlikely to
be a human genotoxic hazard.
Clinical Management

Skin and eyes: Immediately flush area with excess water for
15min.
Ingestion: Call Poison Control immediately. Rinse mouth
with cold water. Give victim 1–2 cups of water or milk to drink.
Induce vomiting immediately.

Inhalation: Remove to fresh air. If not breathing, give arti-
ficial respiration.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Pseudokirchneriella subcapitata (green algae) growth was inhibi-
ted with a dose of 0.30mg l�1.
Marine Organisms Toxicity

Daphnia magna (Water flea) showed an acute 48 h EC50 dose of
1.2mg l�1.
Terrestrial Organisms Toxicity

Oral (LD50) – Acute: 1120mg kg�1 (rat); 1230mg kg�1

(mouse); 300mg kg�1 (guinea pig).
Exposure Standards and Guidelines

OSHA PEL: N/A; ACGIH TLV: 10mgm�3; STEL: N/A.

See also: Aniline.
Further Reading
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l Name: Diphenylhydrazine
l Chemical Abstracts Service Registry Number: 1,1-Diphe-

nylhydrazine: 530-50-7; 1,2-Diphenylhydrazine: 122-66-7
l Synonyms: Hydrazine diphenyl, 1,1-Diphenylhydrazine:

N,N0-Bianiline, 1,2-Diphenylhydrazine: Hydrazobenzene,
N,N0-Diphenylhydrazine, sym-Diphenylhydrazine

l Molecular Formula: C12H12N2

l Chemical Structure:
Background

Diphenylhydrazine is a man-made chemical that occurs in two
isomeric forms: 1,1-diphenylhydrazine and 1,2-diphenylh-
drazine. Diphenylhydrazine is produced by the reduction of
nitrobenzene. Little or no information is available for
1,1-diphenylhydrazine. Most toxicological and use data pertain
to 1,2-diphenylhydrazine. Selected physical–chemical proper-
ties of 1,1-diphenylhydrazine and 1,2-diphenylhydarzine are
presented in Table 1.
Uses

Previously, 1,2-diphenylhydrazine was used for producing
benzidine that was used in the synthesis of benzidine-based
dyes. However, these dyes are no longer produced in the United
States. The primary use of 1,2-diphenylhydrazine is in the
production of the anti-inflammatory agent phenylbutazone
and sulfinpyrazone, a uricosuric agent.
Environmental Fate and Behavior

Definitive information regarding the environmental fate and
behavior of diphenylhydrazine in environmental media is
extremely limited. No information is available affirming persis-
tence of diphenylhydrazine in the environment or definitive
pathways for its degradation. The low vapor pressure of diphe-
nylhydrazine precludes it being a significant air contaminant.
Diphenylhydrazine may be moderately absorbed into soil but it
would be quickly oxidized to azobenzene. The half-life of
diphenylhydrazine in water is reportedly less than 15 min and is
likely due to its oxidation to azobenzene and benzidine.
Exposure and Exposure Monitoring

Although there are methods such as high-performance liquid
chromatography for quantitative and qualitative analyses of
diphenylhydrazine, accurate detection of diphenylhydrazine in
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the environment is problematic. Analysis of environmental
samples appears to be confounded by rapid oxidation resulting
in oxidation products such as azobenzene. Detection of
diphenylhydrazine as an industrial contaminant in aquatic
biota may be confounded by the fact that it may result from the
hydrolysis of some pharmaceuticals occurring as water
contaminants.
Toxicokinetics

Studies specifically addressing the toxicokinetics of diphe-
nylhydrazine following any route of exposure are not available.
For oral and inhalation routes, some level of absorption may
be inferred by the detection of parent compound and
unidentified metabolites in the urine of rats.
Mechanism of Toxicity

The mechanism of action of diphenylhydrazine is not known.
It is possible that some toxic effects may be attributed to its
major metabolites, aniline and azobenzene, both of which are
known carcinogens. Results of metabolism studies reporting
aniline, benzidine, hyroxybenzidines, and aminophenols as
metabolites in rats following multiple routes of administration
suggest that the diphenylhydrazine metabolism may be similar
to that of azobenzene and aniline. It is also possible that
conversion of 1,2-diphenylhydrazine to aniline in the gastro-
intestinal tract may occur due to intestinal microflora and via
acid hydrolysis.
Acute and Short-Term Toxicity

Toxicity data following acute and short-term exposure in
humans for any exposure route are unavailable. For 1,2-
diphenylhydrazine, rat oral LD50 values of 301 and
959 mg kg�1 have been reported. Four-week exposure of rats
and mice to 1,2-diphenylhydrazine in the feed resulted in
death at doses of 54 and 390 mg kg�1 day�1, respectively.
Gastrointestinal hemorrhage was reported following 4-week
dietary exposure of rodents to 1,2-diphenylhydrazine at lower
doses. No information is available regarding the toxicity of
1,1-diphenylhydrazine following acute or short-term exposures
by any route.
Chronic Toxicity

Chronic (78 weeks) dietary exposure of rats and mice to
1,2-diphenylhydrazine showed no significant toxicity at doses
equivalent to 2 mg kg�1 day�1 for rats and 10 mg kg�1 day�1

for mice. Increased mortality was observed at doses equivalent
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00672-2
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Table 1 Selected physical–chemical data for diphenylhydrazine

Property 1,1-Diphenylhydrazine 1,2-Diphenylhydrazine

Mol. wt 184.241 184.241
Physical state Crystalline solid Crystalline solid
Odor No data No data
Water solubility@

20 �C (mg l�1)
No data 66.9

log Kow No data 2.94
Vapor pressure@

25 �C (mmHg)
No data 2.6� 10�5

Henry’s law constant@
25 �C (atm-m3 mol�1)

No data 9.4� 10�8

Melting point No data 124 �C
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to 5 and 52 mg kg�1 day�1, respectively, for rats and mice.
No oral toxicity dose–response data are available for
1,1-diphenylhydrazine.

No toxicity data for chronic inhalation or dermal exposure
to diphenylhydrazine are available.
Genotoxicity

There is no information regarding the genotoxicity of
diphenylhydrazine in humans. Results of assays in bacteria
showed positive activity in Salmonella typhimurium (plate
incorporation) but negative findings with Escherichia coli
(plate incorporation). Positive assay results were obtained in
tests using mammalian systems (chromosomal aberrations
and sister chromatid exchanges in Chinese hamster cells,
inhibition of testicular DNA synthesis in mice) with meta-
bolic activation.
Carcinogenicity

There are no data regarding the carcinogenicity of diphe-
nylhydrazines in humans.

Cancer bioassays in rodents affirmed the carcinogenic
potential of 1,2-diphenylhydrazine. Male and female rats were
fed 1,2-diphenylhydrazine (4 or 15 mg kg�1 day�1 for males;
2 or 5 mg kg�1 day�1 for females) and mice were fed 5–
52 mg kg�1 day�1 for 78 weeks. The treatment period was fol-
lowed by a treatment-free observation period of 28 or 30 weeks
(rats), and 17 or 18 weeks (mice) exhibited treatment-related
neoplastic responses.Male rats showed an increased incidence of
hepatocellular carcinomas at both doses, and an increased
incidence of squamous cell carcinomas of the Zymbal’s gland
and increased incidence of adrenal pheochromocytoma at
the high dose. Female rats showed an increased incidence of
mammary gland carcinomas at the 5 mg kg�1 day�1 but not
2 mg kg�1 day�1 dose. Female mice showed hepatocellular
carcinomas at a dose of 52 mg kg�1 day�1 but not at
5.2 mg kg�1 day�1. No neoplasms were detected in male mice.
Ecotoxicology

No ecotoxicological data are available for diphenylhydrazine.
Due to relatively rapid oxidation, the parent chemicals are not
likely to have significant impact although the degradation
products, azobenzene and aniline, would be of concern.
Exposure Standards and Guidelines

Although toxicological data on diphenylhydrazine are very
limited, several standards and guidelines have been estab-
lished. The United States Environmental Protection Agency (US
EPA) places 1,2-diphenylhydrazine in cancer classification B2
(probable human carcinogen) based on sufficient data in
animals (hepatocellular carcinomas and neoplastic liver
nodules in rats) and inadequate data in humans. The oral slope
factor is 8.0E� 1 mg�1 kg�1 day�1. The drinking water unit risk
is 2.2E � 5 mg�1 l�1 and the inhalation unit risk is 2.2E �
4 mg�1 m�3. Neither a reference concentration nor a reference
dose has been derived.

The US EPA Reportable Quantity for 1,2-diphenylhydarzine
is 1 lb (statutory) with a proposed Reportable Quantity of
10 lb.

See also: Aniline; Azobenzene; Benzidine; Hydrazine;
Dimethylhydrazine.

Further reading

Kirk, R.E., Othmer, F. (Eds.), 2007. Kirk-Othmer Encyclopedia of Chemical Technology,
fifth ed. Wiley, New York, NY.

Relevant Web Pages

http://www.atsdr.cdc.gov/toxprofiles/index.asp
http://www.epa.gov/iris/subst/0049.htm
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l Name: Diquat
l Chemical Abstracts Service Registry Number: 85-00-7

(dibromide)
l Synonyms: Diquat dibromide, Aquacide, Dextrone,

Reglone, Aquakill, Reglon, Weedtrine-D
l Chemical/Pharmaceutical/Other Class: Quaternary

nitrogen (bis-pyridinium) compound
l Molecular Formula: C12H12N2

l Chemical Structure:
Background

Diquat (DQ) is a bipyridyl herbicide that has been in use since
the 1950s. It is employed as a general use herbicide that is fast
acting and nonselective. Additionally, on average, 90% of DQ
consumption is reported in North America, Europe, Australia,
and Japan.
Uses

DQ is used in a manner similar to paraquat. It is found
predominantly as a mixture with paraquat, sold as Weedol and
Pathclear. The most widely used formulation of DQ alone,
Reglone, is an aqueous solution containing 200 g l�1 DQ
dibromide. Besides the use as a general weed control agent on
noncrop land, DQ is used as a preharvest desiccant on crops
such as cotton, flax, and alfalfa. Additionally, almost one-third
of all DQ sold is used to control emergent and subemergent
aquatic weeds.
Environmental Fate

DQ is strongly absorbed by soil and binds very strongly to clay
particles and organic material. This strong binding results in the
pesticide being biologically and chemically inactive. Because of
this property it is very unlikely that it will be leached from the
soil by seeping water, taken up by plants, broken down by
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microbes, or photodegraded. DQ residues have been found to
persist in soil for many years with very little degradation;
however, DQ does not penetrate below the first inch of soil.
DQ is applied to aquatic systems to control aquatic weed
growth and the half-life is less than 48 h in water. DQ will
photodegrade in surface waters in 1–3 weeks. This time will
increase if DQ becomes bound to suspended particles. Finally,
the Environmental Protection Agency requires a 14-day interval
between water treatment with DQ and the use of treated waters
for domestic, livestock, or irrigation purposes.
Exposure Routes and Pathways

The common routes of exposure to DQ include oral, dermal,
and inhalation. The most typical route is accidental or inten-
tional ingestion due to the transfer of the herbicide to unla-
beled beverage bottles. These solutions are then ingested either
by accident or in an attempt to commit suicide. It should be
noted, however, that over a period from 1968 to 1999, only 30
cases of DQ poisoning have been reported in the literature, of
which 13 resulted in mortality.
Toxicokinetics

DQ, similar to paraquat, is poorly absorbed by the gastroin-
testinal tract. For example, oral doses of 60 and 126 mg kg�1 in
rats showed that less than 10% of the dose was excreted in the
urine after 1–7 days. In contrast, doses given via subcutaneous
injection resulted in the majority of the dose excreted in the
urine within 24 h. After ingestion, absorption is rapid, resulting
in peak plasma concentrations only a few hours postdosing.
The skin is an effective barrier to DQ exposure and in one
human study it was found that only 0.3% of the applied dose
was absorbed. DQ is poorly metabolized in rodents, with the
bulk of the exposure excreted unchanged. In humans, two
different metabolites, DQ monopyridone and DQ dipyridone,
have been identified in both serum and urine. Metabolism is
relatively poor, with metabolites accounting for only 3–20% of
the original dose, depending on the initial dose level. Addi-
tionally, unlike paraquat, DQ does not accumulate in the lung
and has a half-life that is five times shorter than paraquat.
Mechanism of Toxicity

DQ is a dipyridyl compound that is capable of redox cycling.
DQ can become reduced to produce a free radical. It can then
transfer this electron to molecular oxygen to yield superoxide
anion. This redox cycling mechanism allows DQ to generate
reactive oxygen species (ROS) resulting in oxidative stress,
damage to cellular macromolecules and even cell death. Due to
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00137-8
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its standard redox potential (E0), DQ is more likely to accept an
electron compared to paraquat. Because of this property, DQ is
expected to generate greater amounts of ROS compared to
paraquat at equivalent concentrations. In vitro studies have
shown that DQ is dependent on mitochondrial complex I and
III in isolated mitochondria and primarily complex III in
midbrain neuronal cultures for ROS production. DQ treatment
can lead to NADPH depletion, lipid peroxidation, alteration in
intracellular redox status, and liberation of ferritin-bound iron
stores.
Acute and Short-Term Toxicity (or Exposure)

Animals

Few signs of toxicity are observed after rats are orally
administered an LC50 dose of DQ. Subsequently, animals
exhibited lethargy, loss of body weight, diarrhea, and
abdominal distention. Death in these animals occurred
within 2–14 days. LC50 concentrations for multiple species
range from 100 to 200 mg kg�1; however, cows appear to be
particularly sensitive (30–56 mg kg�1). DQ is not volatile;
therefore, toxicity is dependent on particle size. Because the
kidney is responsible for DQ elimination, renal damage and
subsequent renal failure can occur. If high doses are admin-
istered via injection (five times the LC50), neurological
symptoms will occur, such as labored breathing and muscle
twitching within the first hour postdose, leading to convul-
sions and death within a few hours.
Humans

DQ is a moderately toxic substance. Concentrated solutions
can cause irritation of the mouth, throat, esophagus, and
stomach. Exposure to the eyes via splashing can cause irritation.
Also, small amounts of DQ can cause skin irritation and sores
and can delay healing of existing cuts and wounds. Acute
poisonings in humans are rare compared to paraquat, but
ingestion of large amounts of DQ can result in death within
1–2 days. All organs are affected in fulminant poisoning. Initial
signs include extensive vomiting and diarrhea with massive
fluid loss. Patients will typically develop pulmonary edema,
acute liver and renal failure, along with cardiac arrhythmia and
coma.
Chronic Toxicity (or Exposure)

Animals

The primary target organ of chronic DQ exposure in laboratory
animals is the eye, resulting in cataracts. For example, daily
administration of up to 1000 ppm DQ in the diet for 2 years
did not cause any compound-related deaths in rats and only
resulted in decreased food consumption, body weight loss, and
cataracts. Dogs can tolerate 15 mg kg�1 per day for 2 years
without any pathology besides the development of cataracts.
Overall, acute, and chronic exposures show some toxicity in the
gastrointestinal tract, liver, kidney, and lung, but the major
target organ is the eye. Similar to paraquat, there are reports
that repeated exposures to DQ may result in neurotoxicity,
altered dopamine metabolism, and Parkinson’s disease
phenotype.
Humans

The effects of chronic DQ exposure in humans are relatively
unknown. There are no reports of DQ-mediated cataract
formation in humans and this may represent a species-specific
phenomenon. Additionally, due to the fact that DQ does not
accumulate in the lung, DQ does not cause pulmonary fibrosis
like paraquat. However, because of the similarity to paraquat, it
can be speculated that DQ may also be involved in the envi-
ronmental hypothesis of Parkinson’s disease.
Immunotoxicity

Data regarding the immunotoxic effects of DQ are rather scarce.
A study investigating lymphocyte growth inhibition reported
that DQ inhibited the proliferation of both B-cells and T-cells
in a dose-dependent manner. Additionally, chronic, low-level
ingestion of DQ can result in low-grade gastrointestinal
inflammation.
Reproductive Toxicity

DQ is reported to have no effect on fertility, is not teratogenic,
and only produces fetotoxicity at exposures that result in
maternal toxicity.
Genotoxicity

DQ has minimal to no genotoxic activity. This effect was
observed using a variety of tests, such as the Ames test, assays
for chromosomal aberrations, and in the mouse-dominant
lethal study. Some positive effects have been observed in
cellular models using yeast or mammalian cells, but many of
these effects can be attributed to cytotoxicity.
Carcinogenicity

DQ has been shown to be a noncarcinogen in both rats and
mice. For example, DQ was unable to induce tumor formation
in mice receiving DQ in the feed for 2 years. Additionally, a 2-
year rat study employing DQ in the drinking water failed to
induce tumors.
Clinical Management

Treatment of DQ poisoning is similar to that of paraquat.
Gastric lavage and administration of fuller’s earth, bentonite, or
activated charcoal are administered to bind free compound and
prevent absorption. A cathartic can also be administered to
speed fecal elimination, thus further preventing absorption.
Administration of absorbent materials should be used with
caution because intestinal paralysis may occur resulting in
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massive sequestration. Forced diuresis can also be used to
speed up elimination, but there is no conclusive evidence of
therapeutic value for this approach. In cases of moderate to
severe poisoning, the prognosis is often favorable provided that
complications with renal failure, gastrointestinal fluid loss, and
brain stem hemorrhage can be avoided or successfully
managed.
Ecotoxicology

Toxicity of DQ in birds is species dependent. For example, the
oral LD50 for DQ in young male mallard ducks was found to be
564 mg kg�1 while the equivalent toxic dose in hens was found
to be 200–400 mg kg�1. DQ is slightly toxic to fish and this
mechanism may be attributed to the ability of DQ to deplete
the oxygen level in water. Cows are particularly sensitive to DQ.
Lastly, DQ is not toxic to honey bees.
Exposure Standards and Guidelines

l Occupational Safety and Health Administration time
weighted average: 0.5 mg m�3.

l Acceptable daily intake: 0.005 mg kg�1.
See also: Pesticides; Paraquat; Mitochondrial Toxicity;
Neurotoxicity; Oxidative Stress.
Further Reading

Drechsel, D.A., Patel, M., 2009. Differential contribution of the mitochondrial
respiratory chain complexes to reactive oxygen species production by
redox cycling agents implicated in Parkinsonism. Toxicol. Sci. 112 (2),
427–434.

Gevao, B., Jones, K.C., 2000. Bound pesticides in soils: a review. Environ. Pollut. 108,
3–14.

Jones, G.M., Vale, A., 2000. Mechanisms of toxicity, clinical features and manage-
ment of diquat poisoning: a review. Clin. Toxicol. 38 (2), 123–128.

Karuppagounder, S.S., Ahuja, M., Buabeid, M., Parameshwaran, K., Adel-Rehman, E.,
Suppiramaniam, V., Dhanasekaran, M., 2012. Investigate the chronic neurotoxic
effects of diquat. Neurochem. Res. 37, 1102–1111.

Lock, E.A., Wilks, M.F., 2001. Diquat. In: Krieger, R. (Ed.), Handbook of Pesticide
Toxicology, second ed. Academic Press, San Diego, pp. 1605–1619.
Relevant Websites

www.epa.gov/iris/subst/0153.htm – Diquat Risk Information from US Environmental
Protection Agency.

http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00137-8/ref0030
http://www.epa.gov/iris/subst/0153.htm


Distribution
SA Saghir, Intrinsik Environmental Sciences Inc., Mississauga, ON, Canada; Aga Khan University, Karachi, Pakistan

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Jules Brodeur and Robert Tardif, volume 2, pp 81–83, � 2005, Elsevier Inc.
Introduction

Distribution is the process by which absorbed chemicals are
carried from the site of absorption to various organs of the
body where they may produce an effect, be stored, or elimi-
nated. After absorption, chemicals pass through the linings
(membranes) of the cells to reach interstitial fluid (fluid
surrounding cells) of the absorbing organ (e.g., gastrointestinal
tract, lungs, and skin). From the interstitial fluid, chemicals
then enter into the blood circulation through blood capillaries
or the lymphatic system and are transported to other organs.
Penetration of chemicals from the interstitial fluid to circula-
tion (i.e., blood or lymph) and tissues requires absorption
through a series of cell membranes (see Absorption for details)
and depends on the physicochemical properties influencing
their distribution to specific tissues.
Factors Influencing Distribution of Chemicals

Perfusion

One of the major factors regulating distribution of chemicals
throughout the body is the amount of blood perfused to
various organs. Brain and viscera (especially kidneys) are very
well perfused and are therefore exposed to large amounts of
chemicals. Blood circulation to resting skeletal muscle, skin,
and bone is low and to fat is poor. For the distribution of
chemicals, both the amount of blood reaching an organ and
the total mass of the tissue are important. For example, fatty
tissue can represent 30% of the body mass in certain individ-
uals and, despite a low perfusion rate, can become an impor-
tant repository for lipid-soluble chemicals.

Increasing or lowering blood perfusion will result in faster or
slower distribution of chemicals to their sites of action, storage,
or removal. Muscular activities (e.g., exercise) increase heart rate,
resulting in increased blood circulation to tissues/organs.
The influence of muscular activity on the overall perfusion of
blood to body organs is complex. For example, the fraction of
blood perfusing skeletal muscles is disproportionately increased
during muscular activities at the expense of most of the other
organs, including those responsible for elimination. Perfusion
of blood to skin is also markedly increased during muscular
activities. On the other hand, the fraction of blood perfusing
brain remains the same. Accordingly, distribution of chemicals
varies during muscular activities and processes of elimination
(e.g., through kidneys) remain less effective, allowing higher
concentrations of chemicals to reach target organs, including
brain. When the ambient temperature is elevated, the rate of
blood perfusion to skin increases: the skin appears red and feels
warm. Although skin is not an important route for transfer of
chemicals, increasing the local circulation is likely to facilitate
percutaneous exchange of chemicals between blood and the
environment, resulting in increased absorption of chemicals
through skin.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Affinity

Another major factor determining the distribution of chemicals
is their affinity for a given tissue. Affinity depends on the
physicochemical properties of a chemical, the biochemical
composition of various cells in organs, and the efficiency of the
cellular membrane as a barrier. Chemicals may penetrate into
cells by passive diffusion through the membrane, by special
carrier-mediated transport systems, or by filtration through
small water channels of the cell membrane. Lipid-soluble
neutral molecules easily diffuse across cell membranes and
tend to accumulate in lipid-rich tissues. Active transport
systems in the liver help remove certain chemicals for elimi-
nation into the bile. In addition to the specific active transport
sites within liver cell membranes, characteristics of the chem-
icals such as chemical structure, polarity, and molecular size
determine whether the chemical is a candidate for biliary
elimination. Distribution is therefore a dynamic process
enabling chemicals to reach their sites of action, storage, or
removal.
Storage

Sites of storage have considerable importance in modulating
the action of a chemical or its removal. These sites are usually
different from those of major action (e.g., toxicity), but they
could be located in organs responsible for removal (e.g., liver
and kidneys). While they are stored, most chemicals are
temporarily inactive; however, they remain available for release
and redistribution with the decrease in the concentration of
free circulating chemicals in blood. Storage prolongs the resi-
dence time of chemicals in the body and minimizes rapid
fluctuations in the concentration of circulating chemicals.
However, sites of storage can represent a threat as the deposited
chemicals may be rapidly released for further redistribution to
potential sites of action.

Fat can store relatively large amounts of highly lipid-soluble
chemicals such as chlorinated pesticides, polychlorinated
biphenyls, dioxins, furans, a number of organic solvents (e.g.,
benzene, trichloroethylene, and styrene), and certain drugs like
anesthetics. Biopsy to collect subcutaneous abdominal fat has
been used in the past to monitor exposure to chlorinated
pesticides in rural populations around the world. Now these
chemicals are monitored using blood lipids since the concen-
tration of chemicals in the blood lipids is in equilibrium with
that in fatty tissues. Volatile chemicals (e.g., benzene) are
temporarily stored in fatty tissues and slowly released into
blood for elimination through lungs and are more easily
monitored in the exhaled air. Chlorinated pesticides are also
largely stored in fatty tissues of birds during summer. When
birds migrate in winter, however, fat is extensively used as
a source of energy, mobilizing fat-stored pesticides and redis-
tributing to body tissues where concentrations may reach to
levels high enough to cause an adverse effect.
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Bone is also an important site of storage for certain metals
that possess physicochemical properties similar to calcium. For
example, lead toxicity is largely due to its ability to mimic
calcium. More than 90% of absorbed lead is incorporated into
bone. Lead stays in bones for years and slowly exchanges with
blood and other tissues. When the demand for calcium is high
(e.g., in women during pregnancy), lead may be rapidly
released from its deposit and may reach toxic concentrations in
target organs. Strontium is another metal with high affinity for
bone; deposition of radioactive strontium in bone may lead to
bone cancers. Fluorides, which are also deposited in bone, may
eventually cause skeletal fluorosis, a disease characterized by an
increase in the density and calcification of bone.

The affinity of liver and kidneys for a number of chemicals is
also considerable. A protein in the liver, ligandin, has a remark-
able affinity for organic acids and plays a role in the transfer of
these chemicals from blood into liver. Both liver and kidneys
may become storage depots for metals, like cadmium and zinc,
due to the presence of small binding proteins called metal-
lothioneins. When the binding capacity of these proteins is
exceeded, local toxicity may appear, as is the case for cadmium
toxicity to kidneys. Distribution of chemicals may be complex,
for example, 2,3,7,8-tetrachlorodibenzo-p-dioxin, which is
a highly lipophilic chemical, is preferentially distributed to liver
upon absorption due to its high affinity to aryl hydrocarbon
(Ah) receptor, and higher concentrations in fat than liver are
found only at concentrations saturating the binding sites in liver.

One of the most important storage depots in the body is
plasma protein. Albumin, the most abundant protein in blood
plasma and other plasma proteins may bind reversibly to a very
large number of chemicals. The protein-bound fraction of
a chemical exists in a state of equilibriumwith the unbound (also
called ‘free’) fraction, only the free form of a chemical is available
for biological effect and disposition. Plasmaprotein bindingmay
regulate the pharmacological and toxicological effects of chem-
icals by delaying their distribution to the sites of action and
slowing down their access to the elimination processes as a result
of sequestration of chemicals. The plasma-bound chemicals can
also be displaced by other chemicals of higher affinity to the
plasma protein. This process is of considerable therapeutic
importance as certain drugs can be displaced from their sites of
protein binding, which may result in undesirably high systemic
dose. Displacement of drugs from plasma protein that require
precise dosing to produce their therapeutic effect without toxicity
can lead to severe toxicmanifestations. For example, warfarin (an
anticoagulant) is highly protein bound (>95%) with a narrow
therapeutic index (relationship between therapeutic and toxic
dose) requiring precise dosing; displacement of warfarin from
plasma protein by another higher plasma protein affinity drug
such as a sulfonamide antibiotic could result in an increased
risk of bleeding. Other drugs with a narrow therapeutic index
include lithium, digoxin, phenytoin, gentamicin, amphotericin
B, 5-fluorouracil, and AZT (zidovudine).
Regulation of the Distribution of Chemicals

Blood–Brain Barrier

Distribution of chemicals to brain (a very sensitive organ) is
tightly regulated. The cells of the blood capillaries in brain have
tight junctions, contrary to what prevails with capillaries in
other tissues, leaving very little space between the cells for
filtration of small-size, water-soluble molecules. Additionally,
astrocyte (one type of glial cell in the central nervous system
(CNS)) forms a tight covering on the brain’s capillaries to
prevent or retard the entrance of large molecules into the brain,
and together they produce a ‘blood–brain barrier.’ Moreover,
the cells of brain capillaries possess very few endocytotic vesi-
cles, which in capillaries of other tissues engulf large molecules
and serve as a transfer mechanism resulting in exclusion of
many neurotoxins such as diphtheria and tetanus toxins. The
capillaries of the brain are also surrounded by prolongations of
certain brain cells, which forces lipid-soluble chemicals to cross
an additional lipid membrane before reaching the CNS. In
order to further reduce the movement of certain water-insol-
uble chemicals that are more easily transported when bound to
proteins, the intercellular fluid bathing the brain cells contains
lower concentrations of proteins. The blood–brain barrier also
contains efflux transport systems (e.g., P-glycoprotein and
organic anion transporters) facilitating active removal of
chemicals and other xenobiotics from the brain.

The existence of the blood–brain barrier does not preclude
the passage of chemicals into the brain. As is the case with all
other cellular membranes in the body, lipid-soluble non-
ionized chemicals enter the brain by passive diffusion. Anes-
thetics, ethanol, and other CNS depressants (e.g.,
benzodiazepines and barbiturates) rapidly diffuse into the
brain in a matter of few seconds or minutes. They also exit the
brain rapidly when the concentration gradient between blood
and brain is reversed. Elemental mercury, methylmercury, and
tetraethyl lead are examples of lipid-soluble forms of metals
that easily enter the brain, while the ionized, much less lipid-
soluble inorganic salts of mercury and lead penetrate poorly. In
newborn infants, the blood–brain barrier is not fully devel-
oped, and therefore certain chemicals like lead and some
endogenous substances like bilirubin may enter the brain more
easily.
Placental Barrier

Like the brain, embryo is very sensitive to exogenous chemicals
circulating in the maternal blood. The maternal blood and the
fetal blood do not have direct contact, and the placenta is the
only route by which the developing embryo and fetus exchange
with maternal blood. Its main physiological function is to
provide nutrients to the fetus and remove its waste products. In
humans, only three layers of cells separate maternal and fetal
blood and form what has been termed as the placental barrier,
which does not readily allow the passage of all chemicals,
thereby protecting the developing fetus.

The placental barrier is far from an absolute shield to the
passage of foreign chemicals into the fetal circulation. The free
form of lipid-soluble, nonionized molecules crosses the
placenta by passive diffusion and reaches equilibrium between
maternal and fetal circulations. Large molecules and micro-
organisms may traverse the placenta by endocytosis. Certain
differences between maternal and fetal tissue concentrations
of chemicals can be explained by, among other factors, lower
plasma concentrations of binding proteins, lower amounts of
body fat, and the absence of a fully developed blood–brain
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barrier in the fetus. Once delivered, most chemicals will
diffuse back into the maternal circulation, leaving the fetus
unharmed. A few chemicals and microorganisms, however,
may have a devastating effect, killing the fertilized egg,
inducing birth defects, or retarding the growth of the devel-
oping fetus.

For many years, it has been known that the rubella virus
(German measles) may cause human congenital anomalies.
Similarly, some chemicals known as teratogens may also
produce abnormalities in the development of the human fetus.
Among them are vitamins A and D taken at high dosages,
certain anticancer drugs, some steroid hormones, and thalid-
omide (used to treat morning sickness and certainly the best-
known teratogen).

Although less spectacular than birth defects like missing
limbs (characteristic of thalidomide teratogenicity) or cleft
palate, retardation in the functional development of the fetus
may be just as damaging. In this regard, the fetotoxicity of
excessive alcohol consumption and tobacco smoking is well
known. Governments now issue severe warnings to pregnant
women concerning the danger of these actions.
See also: Developmental Toxicology; Gastrointestinal System;
Musculoskeletal System; Neurotoxicity; Kidney; Absorption;
Excretion; Pharmacokinetics; Liver; Blood; Metallothionein.
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l Name: Disulfiram
l Chemical Abstracts Service Registry Number: 97-77-8
l Synonyms: Tetraethylthiuram disulfide, Teturamin, Alco-

phobin, Abstenyl, Antabuse
l Chemical/Pharmaceutical/Other Class: Thiuram derivative;

Ethanol abuse deterrent
l Molecular Formula: C10H20N2S4
l Chemical Structure:

(C2H5)2 CN(C2H5)2NC
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Background

Disulfiram was first synthesized in the 1800s to improve the
manufacturing process of rubber. A physician working in
a rubber factory plant first observed in 1937 that factory
workers who were exposed to disulfiram were intolerant to
ethanol. In the 1940s, two scientists rediscovered the disul-
firam–ethanol effects while researching antiparasitic therapies.
This finding eventually led to the approval of the medication to
be used as an ethanol deterrent by the Food and Drug
Administration in 1951.
Uses

Disulfiram is used as a deterrent to ethanol abuse. There are
also reports of it being used for the management of cocaine
dependence, and it is being investigated for its potential role in
cancer treatment and in HIV therapy.
Environmental Fate and Behavior

Physicochemical Properties

Disulfiram has a slight odor, a bitter taste, and a white or
slightly off-white appearance. Its molecular weight is
296.54 g mol�1, its boiling point is 117 �C at 17 mm Hg, and
its melting point is 69–72 �C. The density of disulfiram is 1.3
and the log oil/water patrician coefficient of 3.9 indicates that it
is more soluble in oil than in water.
Exposure Routes and Pathways

Disulfiram is available only in an oral form in the United States.
It is available as subcutaneous or intramuscular implants in
other countries. The National Institute for Occupational Safety
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and Health (NIOSH) has estimated that over 50 000 workers
may be exposed to disulfiram in the workplace in the United
States, out of which 6300 are women (National Occupational
Exposure Survey 1981–83). Exposure at the workplace may
occur through inhalation or dermal contact with this agent.
Toxicokinetics

Disulfiram is rapidly absorbed, although up to 20% is excreted
unchanged in the feces. Pharmacological effects usually occur
within 12 h after ingestion and can persist for up to 14 days.
Disulfiram has a large volume of distribution secondary to
its high lipid solubility. Its protein binding is w50–96%. It is
metabolized in the liver to produce diethyldithiocarbamate,
diethylamine, and carbon disulfide. Metabolites are excreted in
the urine although a small amount is excreted from the lungs as
carbon disulfide.
Mechanism of Toxicity

Disulfiram has multiple mechanisms of toxicity. Its most well-
defined action is inhibition of aldehyde dehydrogenase, which
thereby diminishes the breakdown of acetaldehyde. Accumu-
lation of carbon disulfide, a disulfiram metabolite, as well as
inhibition of dopamine-b-hydroxylase has also been associated
with its toxicity in particular related to use for cocaine
dependence.
Acute and Short-Term Toxicity (Animal/Human)

Animal

Disulfiram is not used therapeutically in domestic animals.
Its toxicity when ingested in overdose is undefined. The LD50

doses in rats, mouse, and rabbits are 500, 1980, and
1800 mg kg�1, respectively.
Human

Acute overdose of disulfiram, in the absence of concomitant
ethanol ingestion, may produce hypotension. When taken with
ethanol, a constellation of severe reactions including flushing,
vasodilation, pulsating headache, vomiting, and chest pain
may occur. Less commonly, severe reactions including hypo-
tension with shock, coma, seizures, and myocardial infarction
may occur. An ethanol level as low as 5–10 mg dl�1 may
produce this reaction with fully developed symptoms appear-
ing when ethanol concentrations exceed 50 mg dl�1. These
toxic manifestations correlate with increased serum concen-
trations of acetaldehyde and may persist for 1–2 weeks after
cessation of disulfiram use.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00725-9
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Chronic Toxicity (Animal/Human)

Animal

Large doses in laboratory animals produce advanced degener-
ative changes in liver and kidneys.
Human

In the absence of ethanol ingestion, chronic disulfiram use may
produce adverse effects including fatigue, impotence, headache,
dermatitis, and a metallic or garlic aftertaste. Hepatotoxicity
may also occur. Neurological complaints including vertigo,
irritability, insomnia, slurred speech, and personality changes
may occur. Less commonly, peripheral neuropathy, optic
neuritis, delirium, catatonia, and bizarre behavior may occur.
Hematologic and gastrointestinal toxicity include blood
dyscrasias and cholestatic hepatitis, respectively. Clinically
important drug interactions include impaired metabolism of
barbiturates, warfarin, and phenytoin; this may result in toxicity
from these agents. Patients taking 250 mg per day of disulfiram
may be at risk for development of peripheral neuropathy.
This is typically reversible upon cessation of the drug and
clinicians treating patients need to monitor for symptoms
suggesting the development of peripheral neuropathy.
Reproductive Toxicity

The safe use of disulfiram in pregnancy has not been estab-
lished. It is a pregnancy category C medication. Fetal malfor-
mations have been reported in case reports, and it is
recommended to avoid disulfiram use during pregnancy unless
the benefits outweigh the risks. Disulfiram may be particularly
toxic to the developing nervous system and liver.
Genotoxicity

The genotoxicity of disulfiram is undefined in humans. Disul-
firam has been found to be mutagenic in bacteria and yeast.
Carcinogenicity

Disulfiram is not believed to be carcinogenic in humans and is
not classified by the International Agency for Research on
Cancer. Disulfiram is classified by the American Conference of
Governmental Industrial Hygienists (ACGIH) as a carcinogen
in animals.
Clinical Management

Basic and advanced life-support measures should be utilized as
needed. In patients presenting within 1 h of ingestion, activated
charcoal should be administered. Supportive care should
be provided as needed. Fomepizole has been successfully
used for severe disulfiram–ethanol reactions when ethanol
concentrations are still present. Extracorporeal elimination is
not indicated for acute disulfiram poisoning but has been
effective in treating the acute disulfiram–ethanol interaction.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration has not set
a permissible exposure limit for disulfiram. NIOSH has estab-
lished a recommended exposure limit of 2 mg m�3 for disul-
firam as a time-weighted average (TWA) for a 10-h day over
a 40-h workweek. ACGIH has assigned disulfiram a threshold
limit value of 2 mg m�3 as a TWA for an 8-h day over a 40-h
workweek.

Disulfiram is listed as a toxic substance by several states
including: Illinois toxic substances disclosure to employees;
Rhode Island Right to Know (RTK) hazardous substances;
Pennsylvania RTK; Minnesota; Massachusetts RTK; New Jersey;
New Jersey spill list; California Director’s List of Hazardous
Substances.
See also: Alcoholic Beverages and Health Effects; Carbon
Disulfide; Dithiocarbamates; Mushrooms Coprine Containing.
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l Name: Disulfoton
l CAS RN*: 298-04-4
l Synonyms*: Phosphorodithioic acid, O,O-diethyl S-(2-

(ethylthio)ethyl) este
l Chemical Formula*: C8-H19-O2-P-S3
l Chemical Structure*:
210
*All from ChemIDplus.
Background

Disulfoton is a selective, systemic organophosphorus insecticide
and acaricide primarily used in agriculture for crop protection.
In 2009, all disulfoton product registrations in the United States
were canceled and the sale and distribution of disulfoton by
registrants were to cease on 31December 2010 or 30 June 2011,
depending on the product. The sale and use of disulfoton by
parties other than the registrants may continue until current
supplies are exhausted in the United States. As of 31 January
2010, disulfoton was registered for use in Australia and South
Africa. Disulfoton is a class 1 (highly toxic), restricted use,
pesticide that has been marketed under several trade names
including Di-Syston, Frumin AL, solvirex, and many others.
Uses

Disulfoton is used to control aphids, leafhoppers, beet flies,
thrips, spidermites, and other harmful pests on a variety offield,
vegetable, and ornamental crops. The majority of disulfoton
usage is for the protection of agricultural crops such as cotton,
tobacco, beets, corn, peanuts, wheat, cereal grains, and potatoes.
Small amounts are also used around homes to protect orna-
mentals and in swampy areas to control mosquitoes.
Environmental Fate and Behavior

Disulfoton has an estimated half-life of 7 days in river water
and 3.5–290 days in soil depending on soil type and climatic
conditions. Disulfoton binds to soil and is not expected to
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leach deep into the soil or into groundwater; however, leach-
ing, runoff, and absorption by plants are processes by which
disulfoton is transported from the soil to other locations in the
environment. Disulfoton has been detected infrequently in the
ground water in California and Virginia. In water, the primary
processes responsible for removal of disulfoton are biodegra-
dation, hydrolysis, and to a lesser degree oxidation. Biodegra-
dation and photosensitized oxidation are the major process
responsible for degradation of disulfoton in the soil. Disul-
foton is relatively resistant to hydrolysis at neutral and acidic
pH, but hydrolysis is enhanced in alkaline environments.
Exposure and Exposure Monitoring

The most common pathways for exposure are the oral and
dermal routes. However, exposure via inhalation of vapors or
dust may also occur. The reference dose for disulfoton is
0.043 mg kg�1 day�1.
Toxicokinetics

Following absorption, disulfoton and/or its metabolites are
well-distributed throughout the body. Disulfoton initially
undergoes bioactivation to the sulfoxide or sulfoxone metab-
olite before being further degraded into less toxic compounds.
Elimination occurs mainly via excretion in the urine. Animal
studies have shown within 10 days of oral dosing, the majority
of disulfoton and metabolites are excreted in the urine
(81.6%), feces (7%), and exhaled air (9.2%).
Mechanism of Toxicity

The primary organ of toxicity in both animals and humans is
the nervous system. Disulfoton is an organophosphorus
insecticide that can inhibit acetylcholinesterase activity in the
nervous system resulting in the accumulation of acetylcholine
within nerve synapses in nervous tissue, muscles, and secretory
organs. Cholinesterase activity in the blood is also inhibited
and could serve as a biomarker of exposure.
Acute and Short-Term Toxicity

Animal

In rats, the toxicity of disulfoton is greater in the female than in
the male. The oral amount of a substance or physical agent
that causes death in 50% of tested subjects (LD50) is
6.2–12.5 mg kg�1 in the male and 1.9–2.5 mg kg�1 in the
female. The dermal LD50 is 15.9 and 3.6 mg kg�1 for male and
female rats, respectively. The 1-h inhalation concentration of
a substance in an environmental medium that causes death in
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00138-X
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50% of the tested subjects following a certain period of expo-
sure (LC50) is 180 ppb in male rats and 90 mg l�1 in female rats.
Human

In humans, disulfoton is considered highly toxic and early
signs, regardless of route of exposure, may include headache,
fatigue, blurred vision, dizziness, salivation, lacrimation,
sweating, defecation, urination, fluid accumulation in the
respiratory tract, convulsions, and coma. High doses may result
in death. The rapidity at which signs occur is dependent upon
the route of exposure. Oral and respiratory exposure results in
a more rapid onset of signs than dermal. Signs following
dermal exposure may be delayed up to 12 h. Recovery from
clinical signs can take at least 1 week, and complete recovery of
cholinesterase activity will take longer time.
Chronic Toxicity

Animal

One study in Sprague–Dawley rats exposed to disulfoton for 1.5–
2 years reported a no observable adverse effect level (NOAEL) of
0.1 mg kg�1 day�1 in multiple organ systems. Another study in
Fischer 344 rats exposed to disulfoton for 104–106 weeks
reportedNOAELs ranging from0.06 mg kg�1 day�1for the ocular
system in females to 1.02 mg kg�1 day�1 for the hepatic, renal,
and endocrine systems in females. In another study, rats fed
0.5 mg kg�1 day�1 disulfoton for 90 days survived.
Human

Signs in humans associated with daily exposure include loss of
appetite, weakness, flu-like symptoms, and malaise. Some
studies have also reported anxiety, irritability, delayed reaction
times, and cognitive defects in workers continuously exposed
to disulfoton. Chronic exposure may also lead to ocular effects
such as cataracts in chronically exposed individuals.
Immunotoxicity

There were no treatment-related lesions in lymph nodes, spleen,
and bone marrow in rat subchronic and chronic studies.
Reproductive Toxicity

Disulfoton is not expected to cause reproductive effects, birth
defects, or cancer in humans at expected exposure levels.
Genotoxicity

Disulfoton has been shown to be mutagenic in some bacterial
systems.
Carcinogenicity

There was no evidence of carcinogenicity in 2-year studies in
rats, mice, and dogs.
Clinical Management

Clinical management consists of appropriate decontamination
procedures then symptomatic and supportive care. In the case
of dermal exposure, the skin should be washed repeatedly with
soap and water taking care to also remove any residues under
the fingernail. If ocular exposure occurs, the eyes should be
flushed with copious amounts of water for 15 min. Ophthal-
mologic consultation may be required if irritation continues
once decontamination has been completed. In cases of recent
oral exposure, induction of emesis and the use of activated
charcoal may aid in the prevention of disulfoton absorption.
Emesis should never be induced in a patient who has signs of
nervous system dysfunction, is comatose, or is convulsing.
Continued treatment should follow the recommendations for
treatment of organophosphorus pesticides.
Ecotoxicology

Disulfoton is highly toxic to fish, honeybees, and birds with an
acute LC50 of 692 ppm and 544 ppm in the mallard duck
and quail, respectively. It has an LC50 of 0.038, 0.25, 1.85, and
6.5 mg l�1 in bluegill sunfish, guppies, rainbow trout, and
goldfish, respectively. Disulfoton has a bioconcentration factor
of 460 indicating a low to moderate risk.

See also: Pesticides; Organophosphorus Compounds;
Cholinesterase Inhibition.

Further Reading

ATSDR, 1995. Toxicological Profile for Disulfoton. Department of Health and
Human Services, Public Health Service, Agency for Toxic Substances and
Disease Registry, Division of Toxicology/Toxicology Information Branch,
Atlanta, GA.
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l Name: Dithiocarbamates
l Chemical Abstracts Service (CAS) Registry Number: Thiram

(CAS: 137-26-8); Ziram (CAS: 137-30-4); Maneb (CAS:
12427-38-2); Zineb (CAS: 12122-67-7)

l Synonyms: Thiram: Arasan, Fernasan, Nomersan, Puralin,
Tersan, Thiosan; Ziram: Corozate, Fuclasin, Karbam White,
Milbam, Nibam, Zimate; Maneb: Dithane M-22, Manzate;
Zineb: Dithane Z-78, Lodacol, Parzate; Metal-
lobisdithiocarbamates; Ethylenebisdithiocarbamates; Dime-
thyldithiocarbamates; Diethyldithiocarbamates

l Molecular Formulas: Thiram: C6H12N2S4; Ziram: C6H12N2S4Zn;
Maneb: C4H6N2S4Mn; Zineb: C4H6N2S4Zn

l Chemical Structures:

Thiram

Ziram

Maneb

Zineb
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Background

Dithiocarbamates are a family of chemicals used primarily as
fungicides, although a variety of other uses have occurred
historically. They have been on the market since the 1940s and
are used throughout the world to control about 400 fungal
pathogens on more than 100 crops including grapes, citrus
fruits, potatoes, tomatoes, melons, and bananas. Dithiocarba-
mates can be classified according to their structure, which
includes methyldithiocarbamates, dimethyldithiocarbamates,
diethyldithiocarbamates, and ethylenebisdithiocarbamates.
This article will focus on four representatives of this chemical
family: the dimethyldithiocarbamates thiram and ziram and
the ethylenebisdithiocarbamates maneb and zineb.
Uses

Most dithiocarbamates are used as fungicides. Dithiocarba-
mates are also used as herbicides and at least one compound,
metham, is used as nematocide. Ziram is also used as an
accelerant in the rubber industry, as a biocide in water treat-
ment, and as an ingredient in adhesives.
Environmental Fate and Behavior

In general, dithiocarbamates have low to moderate mobility in
soils based on Koc values ranging from 240 to 1159. If released
into water, dithiocarbamates are expected to adsorb to parti-
culates and sediments. Volatilization from water or soils is not
expected to occur for most dithiocarbamates. If released into
air, low vapor pressures and Henry’s law constants for dithio-
carbamates indicate that they will be bound predominantly to
particulate matter in the ambient atmosphere. Environmental
degradation in air, water, and soil is relatively rapid due to
photolysis and/or hydrolysis. Bioconcentration factors ranging
from 3 to 90 suggest low accumulation of dithiocarbamates in
aquatic organisms.
Exposure and Exposure Monitoring

Occupational exposure to dithiocarbamates may occur
through inhalation and dermal routes, whereas the general
population may be exposed via ingestion of food and water
and through dermal contact with commercial fungicide
products. The widespread use of dithiocarbamates has resul-
ted in extensive exposure monitoring for the general
consumer population. Market surveys indicate that estimated
dietary intakes for consumer exposure are less than 1% of the
acceptable daily intake (see below), indicating negligible
exposure to dithiocarbamate residues in the general
population.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00139-1
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Toxicokinetics

Dithiocarbamates are absorbed from the gastrointestinal tract,
lungs, and skin. The absorption of ethylenebisdithiocarbamates
from the gastrointestinal tract may be altered by the presence of
cations occurring naturally in food.

Dithiocarbamates undergo rapid biotransformation and
excretion in humans, usually within hours or days following
absorption. The metal moiety of ethylenebisdithiocarbamates is
eliminated in the metabolic process. The initial metabolites of
these ethylenebisdithiocarbamates are not identical to those of
dimethyldithiocarbamates. A common metabolic product of all
dithiocarbamate fungicides is carbon disulfide. Carbon disulfide
may undergo further metabolism to form thiourea (an anti-
thyroid substance), which may partially explain the tendency of
differentdithiocarbamates toaffect thyroid function.Mammalian
biotransformation and environmental degradation of ethylene-
bisdithiocarbamates to ethylene thiourea (ETU) is of concern due
to the known antithyroidal and associated teratogenic properties
of this chemical in laboratory animals. ETU is reported to be
metabolized in vivo and in vitro to ethylene urea with release of
atomic sulfur. This sulfur atomcanbind tomacromolecules in the
liver and may alter the activity of certain enzymes in the endo-
plasmic reticulum. It is suggested that binding of this reactive
sulfur atom in the thyroid gland may cause a decrease in iodin-
ation of tyrosine leading to thyroid dysfunction.

Generally, dithiocarbamates are rapidly excreted through the
kidneys. One study reported that the elimination half-life for
ETU was approximately 100 h. However, the effect of thiram on
acetaldehyde dehydrogenase tends to persist for 10–14 days.
Mechanism of Toxicity

As mentioned above, in vivo biotransformation or environ-
mental degradation of ethylenebisdithiocarbamates to form
ETU is of toxicological significance due to the known
antithyroidal properties of this chemical. Indeed, thyroid
dysfunction and related parameters are the most sensitive
endpoints observed in laboratory animals. Neurotoxicity
following chronic exposure to maneb has been reported to
involve dopaminergic neurotransmission; however, a link to
parkinsonism remains unclear and may be related to manga-
nese content of maneb, to certain metabolites such as carbon
disulfide, and/or to the capacity of dithiocarbamates to bind
divalent metals and form more lipophilic complexes able to
enter the central nervous system. Thiram can precipitate an
antabuse (disulfiram) reaction in persons who have consumed
a substantial amount of alcohol by inhibiting the enzyme,
acetaldehyde oxidase. Ethylenebisdithiocarbamates have the
same potential. Several dithiocarbamates have been reported to
inhibit cytochrome P450-dependent monooxygenases in
animal models.
Acute and Short-Term Toxicity (Animal/Human)

All dithiocarbamates have moderate to low acute toxicity. In
contrast to carbamate pesticides, exposure to dithiocarbamates
does not precipitate symptoms of cholinergic crisis. The oral
LD50 values of dithiocarbamates vary from 285 to
7500 mg kg�1 (average>2500 mg kg�1). Large doses of thiram
caused ataxia and hyperactivity followed by clonic convulsion,
loss of muscle tone, and dyspnea in rats and mice.

Historically, systemic poisoning by dithiocarbamates in
humans has been rare. However, an antabuse-like reaction (flush-
ing, sweating, headache, weakness, hypotension, and tachycardia)
mayoccurwhenethanol is consumedfollowingexposure to thiram
and metallobisdithiocarbamates. Ataxia, weakness, hypothermia,
and ascending paralysis are possible neurological symptoms
following exposure to thiram and ethylenebisdithiocarbamates.
Gastrointestinal signs following dithiocarbamate exposure include
nausea, vomiting, and diarrhea. Renal failure has been reported
following maneb exposure. Exposure to sprays, solutions, suspen-
sions, and powders of these agents may cause allergic contact
dermatitis and mucous membrane irritation.
Chronic Toxicity (Animal/Human)

Decreased fertility and impaired thyroid function were reported
in cattle after repeated exposure to 200 mg kg�1 of zineb for 80
days. Dogs given ziram for 5–9 months (25 mg kg�1 day�1)
exhibited convulsions and some lethality.

Thiuram, the ethyl analog of thiram, was reported to cause
peripheral neuropathy in humans (characterized by pain,
numbness, and weakness in the extremities). In one case, coma,
seizures, and right hemiparesis have been reported following
exposures tomanebandzineb.Occupational exposure tomaneb-
containing fungicides caused extrapyramidal symptoms in two
agricultural workers. In addition to the previously mentioned
symptoms, mental confusion, drowsiness, lethargy, and flaccid
paralysis were reported to occur with thiram poisoning.
Immunotoxicity

Most dithiocarbamates appear to cause dermal sensitization,
although the evidence for an allergenic mechanism is not clear.
Reproductive Toxicity

Reproductive and developmental toxicity has been observed in
laboratory animals exposed to high doses of ethylenebis-
dithiocarbamates. Reduced fertility in males and a variety of
developmental abnormalities in offspring were themost common
effects observed. Developmental toxicity, predominantly neuro-
logical and cranial abnormalities, is believed to have an anti-
thyroidal etiology due to the in vivo biotransformation to ETU. In
contrast, exposure to dimethyldithiocarbamates does not consis-
tently produce reproductive toxicities. Since reproductive and
developmental toxicities only occur at high doses in laboratory
animals, reproductive toxicity is not likely to occur in humans.
Genotoxicity

The evidence for genotoxicity of dithiocarbamates is incon-
clusive and depends on the test system and other conditions
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used. The weight of evidence indicates that dithiocarbamates
are not mutagenic in mammalian systems.
Carcinogenicity

There are no data available for carcinogenicity in humans and
inadequate evidence for carcinogenicity in laboratory animals.
Thus, dithiocarbamates are not classifiable as to their carcino-
genicity to humans.
Clinical Management

Symptomatic treatment is recommended as there is no specific
antidote available for poisoning by dithiocarbamates. In case
of accidental oral poisoning, gastric lavage should be per-
formed soon after ingestion. Gastrointestinal absorption of
these compounds may be prevented by administering activated
charcoal slurry. Conventional anticonvulsant drugs may be
used to treat seizures.
Ecotoxicology

Dithiocarbamates are extremely toxic to aquatic species
including daphnids and fish, with acute LC50 values generally
less than 1 mg l�1. Maneb and zineb were observed to be
teratogenic to embryonic amphibians, reported to occur as
a result of the common metabolite, ETU.
Other Hazards

The potent antithyroidal properties of the ethylene-
bisdithiocarbamate metabolite, ETU, suggest a variety of
potential toxicities associated with thyroid endocrine function.
Exposure Standards and Guidelines

Acceptable daily intakes for dithiocarbamates range from 0.005
to 0.01 mg kg�1 day�1.

See also: Pesticides; Carbamate Pesticides.

Further Reading

Costa, L.G., 2008. Toxic effects of pesticides. In: Klaassen, C.D. (Ed.), Casarett and Doull’s
Toxicology: The Basic Science of Poisons, seventh ed. McGraw-Hill, New York, pp. 883–930.

Hurt, S., Ollinger, J., Arce, G., Bui, Q., Tobia, A.J., van Ravenswaay, B., 2001.
Dialkyldithiocarbamates (EBDCs). In: Krieger, R. (Ed.), Handbook of Pesticide
Toxicology, second ed. Academic Press, San Diego, pp. 1759–1779.

Meco, G., Bonifati, V., Vanacore, N., Fabrizio, E., 1994. Parkinsonism after chronic
exposure to the fungicide maneb (manganese ethylene-bis-dithiocarbamate).
Scand. J. Work Environ. Health 20, 301–305.
Relevant Website

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB – Hazardous Substances Data Bank.
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l Name: Diuron
l Chemical Abstracts Service Registry Number: 330-54-1
l Trade Names: N0-(3,4-Dichlorophenyl)-N,N-dimethylurea;

3-(3,4-Dichlorophenyl)-1,1-dimethylurea; DCMU; DMU;
Cekiuron; Crisuron; Dailon; Diater; Diurex; Duirol; Karmex

l Molecular Formula: C9H10Cl2N2O
l Chemical Structure:
Cl

O

Cl

NH

N

CH3

CH3

Background

Diuron (330-54-1) is used as an herbicide for weed control on
noncrop lands and agricultural crops such as asparagus, pine-
apple, cotton, and sugarcane. It is also used as a sterilant in soil,
a mildewcide in paints and stains, and an algicide in fish
production.
Uses

For decades, diuron has been one of the top 25 conven-
tional agricultural pesticides used in the United States, and it
is used extensively worldwide to control pre- and post-
emergence weeds. The annual usage of diuron in the US
agriculture has recently ranged from 2 to 6 million pounds
per year. It generally ranks in the top 5–7th pesticides in
usage in the United States for industrial and commercial
applications. Diuron is also used as biocide in antifouling
paints.
Environmental Fate and Behavior

Diuron is stable to hydrolysis (pH 5–9) and photolysis and is
therefore persistent in the environment. Diuron has generally
low adsorption to soils, but it is mobile, relatively persistent,
and capable of transport in surface runoff to groundwater.
Mobility of diuron in the soil is related to organic matter
content. It has the potential to leach into ground and to
contaminate ground and surface waters. Diuron, however, has
low water solubility (42 ppm). It has a low vapor pressure and
low probability of dispersal in air or volatilization from water
or soil.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454
Exposure and Exposure Monitoring

Dermal and inhalation routes are the primary exposure path-
ways in occupational settings. Ingestion usually occurs in acci-
dental exposure.
Toxicokinetics

Diuron is absorbed from the gastrointestinal and respiratory
tracts. There was no apparent tissue storage of diuron noted in
either rats or dogs after up to 2months of feeding. It undergoes
hydroxylation and dealkylation with the urea moiety generally
unchanged.

In rats and dogs, the predominant metabolite was
N-(3,4-dichlorophenyl)-urea, accompanied by small amounts
of N-(3,4-dichlorophenyl)-N0-methylurea, 3,4-dichloroaniline,
3,4-dichlorophenol, and unmetabolized diuron. In mouse liver
microsomes, eight metabolites were identified, with the
N-demethylated derivative being the major one, followed in
importance by three N-hydroxymethyl compounds. Metabo-
lites found in mammals are similar to those found in soil and
plants, wherein dealkylation and hydroxylation are also the
major metabolic pathways. The metabolites are mainly excreted
in urine and feces.
Mechanism of Toxicity

Diuron is a selective inhibitor of the Hill reaction in plant
photosynthesis. In some mammalian carcinogenic studies,
repeated high-dose exposure to diuron appeared to work as
a tumor promoter, and diuron may elicit tumor formation
by inducing cytotoxicity with subsequent sustained cell
proliferation.
Acute and Short-Term Toxicity

Animal

Diuron exhibits low acute toxicity. The oral LD50 in male rats
is >3 g kg�1. Dietary protein levels have been reported to
influence the acute toxicity of diuron in albino juvenile rats.
A high acute dosage of diuron (at LD50s) in young rats caused
drowsiness and ataxia; animals that survived were irritable and
hyperexcitable. Diarrhea and clinical signs of renal dysfunction
were reported. Subacute exposure of diuron may cause growth
and developmental retardation in various organs and increase
erythropoiesis. No signs of skin irritation or sensitization were
found in guinea pigs. Diuron was able to induce multiple
hepatic microsomal enzymes in rats.

Human

Diuron produces little acute toxicity in humans except for irri-
tation of the skin, eyes, and nose.
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No clinical signs were reported in a surveillance program
covering 22 years of manufacturing activities.
Chronic Toxicity

Animal

A 14month feeding study in female rats (0.5–1 g kg�1)
caused hemolytic anemia and methemoglobinemia. At high
subchronic dosages, male rats exhibited changes in spleen,
bone marrow, and blood chemistry; increased mortality; and
growth retardation. In a 24month dog study, higher dosages
(1250 ppm) led to hemolytic anemia and hemosiderin
deposition. When adverse effects were found, most long-
term exposure studies reported effects primarily on body
weight.
Human

Little is known regarding effects of long-term exposure to
diuron in humans.
Immunotoxicity

There is very little information available regarding the
immunotoxic potential of diuron. It was reported that splenic
white pulp was depleted and the hemosiderin deposition in
the red pulp was increased in rats after 28 days of feeding
with 1250 or 2500 ppm of diuron. A decrease in CD4þ cells
was also noted in these rats. Diuron was also shown to exert
immunosuppressant effects on the ascidian Botryllus
hemocytes.
Reproductive Toxicity

In pregnant female rats exposed to diuron (250mg kg�1 day�1)
during gestation days 6–15, birth defects such as wavy ribs,
extra ribs, and delayed ossification were reported in offspring.
Diuron showed no teratogenic activity in mice, however. There
were no changes in the male rat reproductive system following
gestational to peripubertal exposure.
Genotoxicity

Diuron lacked mutagenic potential in a number of bacterial and
mammalian cell assays.
Carcinogenicity

Diuron is considered as a ‘known/likely’ human carcinogen by
all routes. Administration of diuron in the diet (2500 ppm)
caused mammary gland adenocarcinomas in female NMRI
mice, urinary bladder carcinomas in both sexes of Wistar rats,
and kidney carcinoma in the male rats.

Clinical Management

Treatment is symptomatic.
Ecotoxicology

The acute LD50 of diuron in mallard ducks was >2 g kg�1. In
bobwhite quail, the LC50 (8 day) was 1730 ppm. Diuron is
moderately toxic to fish and aquatic invertebrates. In bluegill,
sheepshead minnow, and Daphnia, LC50 concentrations were
around 5–8 ppm. The LD50 in honeybees was about 0.15mg
per bee.
Exposure Standards and Guidelines

The US Environmental Protection Agency chronic oral reference
dose is 3 mg kg�1 day�1, and the European acceptable daily
intake is 7 mg kg�1 day�1. The American Conference of
Governmental Industrial Hygienists threshold limit value time-
weighted average is 10mgm�3.
See also: Pesticides; Pollution, Water.
Further Reading
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l Representative Chemicals: Deoxyadenosine benzoyl cya-
noethyl phosphoramidite; Deoxycytidine benzoyl cya-
noethyl phosphoramidite; Deoxyguanosine isobutyryl
cyanoethyl phosphoramidite; Thymidine cyanoethyl
phosphoramidite

l Chemical Abstracts Service Registry Numbers: 98796-53-3,
deoxyadenosine benzoyl cyanoethyl phosphoramidite;
102212-98-6, deoxycytidine benzoyl cyanoethyl phos-
phoramidite; 93183-15-4, deoxyguanosine isobutyryl cya-
noethyl phosphoramidite; 98796-51-1, thymidine
cyanoethyl phosphoramidite

l Synonyms: A phosphoramidite: Deoxyadenosine phosphor-
amidite; Adenosine, N-benzoyl-50-O-[bis(4-methoxyphenyl)
phenylmethyl]-20-deoxy-,30-[2-cyanoethyl bis(1-meth-
ylethyl)phosphoramidite]. C phosphoramidite: Deoxy-
cytidine phosphoramidite; Cytidine, N-benzoyl-50-O-
[bis(4-methoxyphenyl)phenylmethyl]-20-deoxy-,30-[2-cya-
noethyl bis(1-methylethyl)phosphoramidite];N4-Benzoyl-
50-O-(4,40-dimethoxytrityl)-20-deoxycytidine-30-O-[O-(2-
cyanoethyl)-N,N0-diisopropylphosphoramidite]. G Phos-
phoramidite: Deoxyguanosine phosphoramidite; Guano-
sine, 50-O-[bis(4-methoxyphenyl)phenylmethyl]-20-deoxy-
N-(2-methyl-1-oxopropyl)-,30-[2-cyanoethyl bis(1-methyl-
ethyl) phosphoramidite]. T Phosphoramidite: Deoxy-
thymidine phosphoramidite; Thymidine, 50-O-[bis(4-
methoxyphenyl)phenylmethyl]-, 30-[2-cyanoethyl bis(1-
methylethyl)phosphoramidite]

l Molecular Formulas: A phosphoramidite, C47H52N7O7P; C
phosphoramidite, C46H52N5O8P; G phosphoramidite,
C44H54N7O8P; T phosphoramidite, C40H49N4O8P

l Molecular Weight: A phosphoramidite, 857.93 gmol�1; C
phosphoramidite, 833.91 gmol�1; G phosphoramidite,
839.92 gmol�1; T phosphoramidite, 744.81 gmol�1
Figure 1 Step 1: deprotection of the 50 DMT group. Addition of
dichloroacetic acid in methylene chloride removes the 50 DMT group.
Uses

DNA phosphoramidites are used in the chemical synthesis of
DNA oligonucleotides. DNA phosphoramidites have been
referred to as building blocks for phosphorylating oligonucle-
otides. When activated with a weak acid, oligonucleotides
quickly assemble into a chain extension.
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
During chemical DNA synthesis with phosphoramidite
reagents, four steps are generally used for each addition of
a DNA base: (1) deportation of the growing DNA strand; (2)
coupling of the new base; (3) capping (termination) of failed
strands; and (4) oxidation. Once synthesis of the entire DNA
strand has taken place, the DNA molecule then undergoes
ammoniolysis (concentrated ammonium hydroxide), which
cleaves away any form of support leaving the DNA bases
unprotected. The synthesis of DNA begins with the attachment
of protected, single DNA bases at the 30 end, to a support such
as w70-mm beads made of either controlled pore glass or
polystyrene/divinylbenzene. A variety of other types of
support materials and sizes are suitable and available, such as
heat-labile and noncleavable beads. Due to the ability of
nucleophilic amine groups of natural DNA bases to undergo
coupling chemistry, the base attached to the bead, as well as
the phosphoramidites (which adhere to the bead later in the
process), have protecting groups attached on the bases for
ensuring that only phospho-based coupling reactions
occur. The majority of the phosphoramidites and initial
bases are additionally protected at the 50 oxygen atom by
4-3.00601-1 217
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Figure 2 Step 2: elongation of the DNA strand. Elongation of the DNA
strand is initiated by the introduction of tetrazole activator.
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a dimethoxytrityl group (DMT). The first step of DMT removal
takes place on loading the DNA beads into a DNA synthesizer.
Step 1: Deprotection of the 50 DMT Group

Because the 50-DMT group on the bead support is acid labile, it
can be quickly removed (w30 s) with the addition of
dichloroacetic acid in dichloromethane (Figure 1). Following
this procedure, the beads are then washed with acetonitrile to
minimize the loss of DNA base-protecting groups on the bead
and succeeding phosphoramidites. The DMT cation is flushed
away resulting in the formation of an orange color.

The coloring enables a spectrometric estimate tobemadeof the
coupling efficiency at the end of each of the base additions.
However, due to the variations in kinetics (i.e., reaction rates of
detritylation), the dG bases always provide a smaller signal than
other DNA bases. Detritylation of the final DNA base can be ach-
ieved using a number of methods, such as with 80% acetic acid.
Step 2: Elongation of the DNA

Elongation of the DNA strand is then initiated by introducing
an activator (usually tetrazole), a weak acid, and a phosphor-
amidite (Figure 2). The addition of a weak acid activates the
phosphorus atom of the phosphoramidite resulting in a rate
increase in the nucleophilic addition of unprotected 50 oxygen
atoms of the DNA strand to the P atoms. Compared with the
bead support, an excess of phosphoramidite ensures nearly
complete coupling (>99%). Once coupling is completed, excess
reagents are then flushed away with acetonitrile in order to
minimize any side reactions with the bases that may result.
During this stage of the procedure, the structure of the newly
formed linkage is that of an unstable trivalent phosphite triester.
Oxidation must then take place for stabilization to be achieved.
Step 3: Capping of the DNA

Capping of the DNA strand is performed next on failure
sequences to ensure that any deletion products are not
inadvertently synthesized. Should there be any DNA strand
left on a bead that is not elongated by the addition of the
phosphoramidite, an unprotected 50 oxygen atom would
remain, which would react in the next cycle of synthesis.
Capping is therefore a vital step in the process. Capping is
performed by forming an unreactive ester by combining
acetic acid anhydride in tetrahydrofuran (THF) and 1-meth-
ylimidazole in THF/pyridine. This combination results in the
termination of the DNA strand, thereby ceasing further
coupling reactions. Variations in the amounts of solvents
and reagents occur among the different synthesizer
manufacturers.
Step 4: Oxidation of the Trivalent Phosphite Trimester

The last step of each cycle is generally the oxidation of the
trivalent phosphite trimester to a trivalent phosphate
triester. The oxidation of the phosphate atom is achieved
through the addition of 0.02 M iodine in THF/water/pyri-
dine. The timeframe for this oxidation process is approxi-
mately 1 min. However, multiple oxidation steps can be
utilized to obtain the highest possible yield. This technique
is generally preferred when performing thio-oxidation
steps.
Step 5: Final Detritylation

In some cases, the 50-DMT group of the last base added may or
may not be removed. This is dependent on the chosen
purification method. In most cases, if high-performance
liquid chromatography/fast protein liquid chromatography
methods are selected, the DMT group remains attached. If
a gel purification procedure is used, however, the DMT group
is removed.
Chemical Constancy of the Phosphoramidite Moiety

DNA phosphoramidites are comparatively stable compounds.
The amidites are capable of enduring mild basic conditions but
will decompose when exposed to mild acids. Phosphor-
amidites tend to have long shelf lives when stored in the
absence of air and under anhydrous conditions at temperatures
below 4 �C.
Exposure Routes and Pathways

Exposure to DNA phosphoramidites is most likely to occur in
occupational settings. The primary routes of exposure are
inhalation and dermal exposure.
Acute and Short-Term Toxicity

Animal

DNA phosphoramidites were found to be nontoxic to rats at
a dose of 2000 mg kg�1 via the oral route. In studies involving
the rabbit model, DNA phosphoramidites were found to have
some slight eye irritation potential. However, no skin irritation
potential was observed.
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DNA phosphoramidites were tested for their capacity to
induce hypersensitivity responses in mice as measured by
the proliferation of lymphocytes in lymph node drainage.
They were not noted to induce hypersensitivity responses
and therefore are not considered to be potential sen-
sitizers.

In a 28-day oral toxicity study in rats, the major target
organ of toxicity was the liver; however, the trends or findings
might not necessarily be considered adverse in a 28-day
dosing regimen. No other significant toxic effects were
observed.

Human

Little information is available regarding the toxic effects of
DNA phosphoramidites in humans. Prolonged eye contact
with the solid form of DNA phosphoramidites may cause eye
irritation.
Disposal of Product

Federal and state regulations governing the disposal of phos-
phoramidite products should be consulted.
Further Reading
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Background

Many types of diseases and disorders originate from genes that
have been inherited from previous generations. Recessive gene
mutations are expressed only after the mutated gene has been
inherited from both parents. Dominant gene mutations can be
expressed after inheritance of the mutated gene from only one
parent (can manifest within a single generation). However,
it may take several generations before a recessive gene is
expressed since the same mutated gene must come from both
parents.

Germ cell mutagens interact with the genetic material of an
organism (e.g., spermatids, oocytes) causing a permanent
change that can be passed on to successive generations (heri-
table). The dominant lethal assay is one of several in vivo assays
that were developed to detect heritable germ cell mutagenicity.
Some other assays that were developed to detect germ cell
mutagens include the mouse heritable translocation test and
the mouse specific locus test. Dominant lethal mutations do
not affect the function of the gamete; however, they do cause
lethality to the fertilized egg or embryo. Induction of a domi-
nant lethal event after exposure to a test agent indicates that the
agent was able to reach the germinal tissue of the animal and
caused a mutation there.

The dominant lethal assay was conducted as early as 1927
when Herman Muller identified ionizing radiation as a germ
cell mutagen in the insect Drosophila (fruit flies). Subsequent
studies identified many other agents that were mutagenic to the
germ cells of animals (primarily the mouse; mouse spot test).
Experiments conducted to study the mutagenic effects of
ionizing radiation to mouse sperm cells demonstrated that
several factors can influence the experimental outcome and
need to be considered during the design of the experiment.
Sperm-cell stage, time of radiation exposure, the dose of radi-
ation administered, and sex of the test species are a few
examples of variables that can influence the frequency and
severity of genotoxic events (e.g., chromosome aberrations,
aneuploidy).

During the early 1970s, the dominant lethal assay
(together with the host-mediated assay and the in vivo cyto-
genicity assay) became part of a standard battery of tests that
were used to evaluate the potential mutagenicity of test
substances. Since that time, the dominant lethal assay has
fallen out of vogue, primarily due to advances in scientific
technology coupled with the desire to use fewer animals for
testing.
20 Encyclopedia of T
Assay Method

The objective of the dominant lethal assay is to detect heritable
dominant lethal mutations in sperm cells after single- or
repeat-dose administration of a test article to male rodents.
Although female germ cells could theoretically be used to
conduct the assay, male germ cells are preferred due to the
relative ease with which the various stages of germ cell matu-
ration can be isolated for study of their susceptibility to
mutagenic insult.

The standard protocol for conduct of the dominant lethal
assay specifies use of three groups of treated males (low-, mid-,
and high-dose levels of test article) and a control group of
males (vehicle). The high-dose should elicit some sign(s) of
toxicity (e.g., decreased body weight, abnormal clinical
signs); however, it should not be so toxic as to affect the group
size (i.e., signs of moribund condition, death prior to sched-
uled termination). Single-dose administration of the test and
control articles is used most frequently conducted; however,
limited repeat-dose administration (four consecutive days)
may also be used. A positive control (i.e., known mutagenic
agent) may be incorporated into the study design. Historical
positive control data generated by the laboratory conducting
the assay should also be used to validate that the assay is
adequately sensitive to detect mutagenicity in germ cells.
Following dose administration, each treated and control male
is mated with one or two naive nulliparous females once per
week for up to 12 consecutive weeks (approximate duration
of the sperm maturation cycle in the rat). The number of males
allocated to each group should be adequate to produce
approximately 30–50 pregnant females per mating interval
(the number of pregnant females per group andmating interval
necessary to adequately power statistical evaluation of the
data).

The mated females are sacrificed about half way through
gestation. The uterine contents are examined and the number
of corpora lutea, number of implants, and number of live and
dead embryos are recorded. The number of males, pregnant
females, and nonpregnant females is also recorded and
a fertility index is calculated.

Several parameters are calculated for each pregnant female,
including preimplantation loss (the number of corpora lutea
minus the number of implants) and postimplantation loss (the
ratio of dead to total implants). The fertility indices and
dominant lethal mutation events (preimplantation plus post-
implantation losses) undergo statistical analysis with
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00840-X
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comparison of treated to control groups for each parameter and
time interval.

Dominant lethal protocols can vary in the route and dura-
tion of exposure of the treated males, the number of males per
dose level, the number of females per male per mating interval,
and the number of mating intervals. However, it is necessary
that dominant lethal assays be conducted with sufficient
numbers of animals andmating intervals to maximize the test’s
sensitivity for detecting genomic mutational events and to
provide information on germ cell-stage sensitivity of any
mutagenic effects that may be observed.

The dominant lethal assay is not usually used as an initial,
or first-tier, screen for mutagenic potential largely because of
the time, expense, and large number of animals necessary to
conduct the test. There does not appear to be an advantage in
using germ cells versus somatic cells to screen for mutagenic
potential as it appears that most agents that prove to be gen-
otoxic to germ cells are also genotoxic to somatic cells.
However, an in vivo assay such as the dominant lethal assay
may be superior to study the mechanism of toxicity. The assay
takes into account the absorption, metabolism, distribution,
and excretion of the chemical substance. In addition, the
dominant lethal assay addresses the question of whether or not
a test compound is able to reach the germinal tissue in
a mammalian system in order for the mutational event(s) to
occur.
Uses

The in vivo dominant lethal assay in rodents is used to evaluate
potential heritable mutagenic effects on the male rodent sper-
matogonial process.
Mechanism of Toxicity

Test article induced mutation of germinal tissue.
Reproductive Toxicity

A dominant lethal mutation to germ cells does not affect the
function of the gamete but results in lethality to fertilized eggs
and embryos.
Carcinogenicity

The precursor to the development of cancer/cancerous tissues is
the occurrence of a mutation.

See also: Chromosome Aberrations; Genetic Toxicology;
Toxicity Testing, Reproductive; Toxicity Testing, Mutagenicity.
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Introduction

Donora, Pennsylvania, is located in a narrow valley along the
Monongahela River about 35 miles south of Pittsburgh. In the
first half of the twentieth century, it was the site of two US steel
corporation facilities: the Donora ZincWorks and the American
Steel and Wire Company. As was the case in many other towns
in which industrial facilities were sited during that era, the poor
air quality that was associated with these installations was
considered a fact of life. Although most people thought of it as
a nuisance, some health impacts of the pollution were recog-
nized as early as 1918 and in the 1920s farmers sued the
company for loss of crops and livestock. As a result of these
health concerns, air quality measurements were made regularly
from 1926 to 1935 but were then discontinued. The end of
monitoring was not due to great improvements in air quality.
Indeed, this remained poor especially when weather conditions
led to the accumulation of pollutants in the area.
Donora Air Pollution Incident

The attitude toward local air pollution changed in 1948, when
weather conditions led to a prolonged period of very poor air
quality which resulted in significant morbidity and mortality
among the residents. The incident, which lasted from October
26 to October 31, started as the result of cold anticyclone that
approached the area from the west. The cold ground, coupled
with the anticyclone, led to an elevated inversion layer that
trapped the pollutants in the air above Donora and the
surrounding area. This inversion layer lasted for 5 days due to
a high-pressure ridge that remained in the area, moving less
than a few hundred miles during this time.

As the days went by, visibility gradually decreased as the
chemical smog increased in intensity. By the third day of the
incident, the percentage of people becoming ill started to rise
precipitously despite the best efforts of the local emergency
response volunteers and medical personnel. An attempt was
made to evacuate citizens with heart or respiratory ailments but
the conditions made travel impossible. Volunteers brought
oxygen to those suffering respiratory distress but the smog
delayed the delivery of oxygen and supplies were limited.

The first death occurred on the third day and on the fourth
day, the number of deaths increased so that a temporary
morgue had to be set up. The town’s eight physicians were too
few in number to attend to all who were affected. All during
this period, the plants continued to spew pollution, containing
particulates, sulfur dioxide/sulfuric acid, zinc, lead, and
cadmium, into the air. It was not until the morning of the 30th
that the Donora Zinc Works shut down and later that after-
noon, rains finally arrived and washed the smog from the air.

The incidence of adverse health impacts decreased rapidly
as the smog disappeared. It appears from the time course of the
toxicity that it was a threshold phenomenon; that is, effects
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were related to the maximum pollution dose and abated
quickly when the dose decreased. Other air pollution episodes,
for instance, the 1952 London fog, followed a different
response pattern in that the effects were influenced mainly by
the total pollution dose (concentration averaged over time).

The toll from the Donora incident was very high; 20 people
died, about 50 were hospitalized, and about 6000 (out of the
population of 14 000) experienced some adverse effects from
the chemical smog. These adverse effects included nasal
discharge, constriction of the throat, sore throat, and symptoms
related to compromised lung function. As might be expected,
the older people were most affected; over two-thirds of those
hospitalized were over 55. These data reflect only the acute
effects of the episode and it is quite possible that some of those
who survived suffered chronic or delayed effects that decreased
their life expectancy. Indeed, a follow-up study 10 years after
the incident suggested that there was higher mortality in the
individuals who showed adverse effects during the episode.

This incident gained national attention when it was
mentioned in a national news broadcast by the well-known
Walter Winchell. The seriousness of the episode led to a collab-
orative investigation by local, state, and national agencies,
including theUS Public Health Service. This represented the first
organized attempt to document the health effects of air pollu-
tion in the United States. The Public Health Service recom-
mended warnings tied to meteorological conditions and better
air sampling to prevent future problems of this sort.

However, this episode did not remain in the public or
scientific consciousness long. By 1949, public attention turned
to a smog incident in Southern California where irritant effects
were of most concern. The lack of scientific interest in the effects
of smog was reflected in the absence of discussion of this
incident in technical conferences, such as the meetings of the
American Chemical Society.

However, the great London fog of 1952 that resulted in
about 4000 deaths refocused attention on the public health
consequences of air pollution and the lessons fromDonora. The
tremendous death toll in London made it clear that air pollu-
tion was more than just a nuisance and led to the enactment of
legislation at both the state and the federal level to control this
type of environmental insult. The Commonwealth of Pennsyl-
vania passed a state Clean Air Act in 1955, the first such law to
control air pollution. This was followed in 1970 by the passage
of the Federal Clean Air Act; hearings on this bill were marked
by references to the events that happened in Donora in 1948.
Summary

The Donora air pollution incident was an early warning of the
potential health impacts of industrial air pollutants and served
as an important contributor to the development of regulations
to control air pollution and also to increased public concern
about environmental contamination of all types. This concern
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00376-6
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intensified in the 1960s and culminated in the formation of the
Environmental Protection Agency in 1970. This was followed
soon after by the passage of a number of environmental
protection laws and regulations, including the Clean Air Act,
during the decade of the 1970s.
See also: Clean Air Act (CAA), US; Pollution, Air in Encyclopedia
of Toxicology; Great Smog of London; Lead; Cadmium; Sulfur
Dioxide; Zinc; Environmental Protection Agency, US.
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Introduction

The dose–response relationship is a central concept in toxi-
cology. It is a framework around which all hazard assessment
testing is performed and dose–response model extrapolations
are based and from which environmental regulations are
derived. In the area of toxicological mechanism research, such
investigations are also focused on attempting to clarify for the
underlying basis for dose-dependent transitions. Thus, the
dose–response relationship provides the principal focus about
which and from which toxicological research and applications
emerge. Based on the central role that the dose–response rela-
tionship has in the discipline of toxicology, it is not surprising
that their history is inseparable.
Historical Foundations

While the dose–response relationship is therefore central to
toxicology, the actual history of the dose response with toxi-
cology has been an area of considerable debate and dispute.
The first systematic thinking about the nature of the dose
response within toxicology and biomedical areas is seen in the
writings of Hugo Schulz in the 1880s. Schulz reported that
a broad range of chemical disinfectants that were toxic at high
doses to yeasts stimulated their metabolism at low doses.
While this reporting of a biphasic dose response should not
have been the cause of any unusual debate or controversy in the
field, it did become so since Schulz claimed that he had
discovered a key explanatory principal of homeopathy in this
research. The fact that Schulz linked the biphasic dose response
with homeopathy played a significant role in the rejection of
the acceptance of the biphasic dose response throughout most
of the twentieth century. It also led to the development and
acceptance of the threshold dose–response model in the early
decades of the twentieth century. From the 1880s and until the
end of the 1930s, intense disputes between what is now called
traditional medicine and homeopathy occurred. In the end,
homeopathy was strongly outcompeted by traditional medi-
cine, with this having a major impact on the acceptance of the
threshold dose–response model and the demise or lack of
acceptance of the biphasic dose response, which was to be
renamed in 1943 as hormesis by two American scientists,
Chester Southam and John Ehrlich. The threshold dose–
response model became incorporated in all regulatory actions
and provided the theoretical framework for hazard assessment
practices for the remainder of the twentieth century to the
present. The threshold dose response makes the assumption
that there is a dose above which effects occur, while below the
threshold there are no treatment-related responses, but just
random effects or noise. The threshold dose–response model
therefore has a built-in assumption that is both practical and
important. This assumption infers that exposures below the
threshold are without effect, that is, safe.
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Threshold vs Linearity at Low Dose

This threshold dose response was adopted widely and applied
to the fields of chemical toxicology and radiation health.
However, doubts began to emerge that radiation effects would
follow a threshold dose response, relatively soon after the
discovery that X-rays could cause mutations by Hermann J.
Muller, who was awarded the Nobel Prize in Biology and
Medicine in 1946 for his discovery that ionizing radiation
could cause mutation in fruit fly gonads in 1927. Over the next
30 years, Muller and his radiation geneticist colleagues argued
unsuccessfully to apply a linear at low dose model for germ cell
mutation via ionizing radiation. However, in 1956, the US
National Academy of Sciences Committee (US NAS) on the
Biological Effects of Atomic Radiation, of which Muller was
a member, made such a recommendation. This recommenda-
tion was soon adopted by many countries. Within a year
generalized to somatic cells, the US National Committee for
Radiation Protection was applying the linearity at low dose
concept for assessing cancer risks. Within a few years, this
concept was broadly accepted within the international
community.

The recommendation of the 1956 US NAS Committee
would prove to be the most influential dose response action of
the twentieth century. Not only was it important in the domain
of ionizing radiation for germ cell mutations and cancer risks
but it was to also provide the basis for the actions of the 1977
US Safe Drinking Water Committee of the National Academy
of Sciences. This committee adopted the linearity recommen-
dations of the 1956 committee for ionizing radiation and
applied them to the field of chemical carcinogens. The US
Environmental Protection Agency accepted these recommen-
dations and the concept of linearity to chemical carcinogens
from 1979 when it was first applied to the chemical mixture
called trihalomethanes, in which chloroform was the most
predominant, down to the present. As a result of these collec-
tive activities, the application of dose–response modeling
became truncated with the linearity at low dose model being
applied to carcinogen risk assessment whereas the threshold
dose response was applied to all other effects. The key inter-
pretational difference between the linearity at low dose and the
threshold dose response was that for the linearity model there
could be no safe dose, as was the case with the threshold. With
respect to the linearity at low dose model, safety had now been
replaced with the concept of acceptable risk. For example, it has
been common to observe various ‘acceptable’ levels of cancer
risk in 1 person affected in 100 000 people over the course of
a 70-year life span.
Dose–Response Validation

The estimation of cancer risk at low dose became a controver-
sial practice, since the adoption of the linearity at low dose
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00991-X
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model for cancer by regulatory agencies. This is because there
was considerable disagreement in the estimates of risk among
the most widely used and regarded predictive models. The
differences in risk estimates could be quite large depending on
the characteristics of the dose–response data with risk estimates
among various models differing with risk estimates at low dose
often differing by more than a 1000-fold. Besides the differ-
ences in model predictions, which was troubling, there was also
the lack of ability to validate model predictions in the low-dose
zone. The dose–response relationship concept therefore
became the object of considerable debate since about 1980 as
the cost of environmental regulations, clean-ups and litigations
rose, principally driven by risk assessment estimates based on
cancer risk estimates using dose–response models that were
applied to dose–response data from the hazard assessment
process.

There are several critical difficulties with the cancer risk
assessment process that have raised major concerns with the
reliability of the risk estimates. The first is one of validation. An
attempt to validate cancer estimates at low dose was made in
the mid-1970s to early 1980s by the US Food and Drug
Administration based on the so-called mega-mouse study in
which about 24 000 mice were used. The study was more
technically called the ED01 (effective dose) since it could only
reliably estimate risks down to the 1 per 100 range, a range far
greater than the normally used 1 per 100 000 or 1 in a million
over the course of 70 years. Thus, despite the expenditure of
huge resources the goal of the validation attempt could not be
achieved. A second concern associated with the validation
effort was that the findings provided evidence that a linearity
model could not account for the responses, especially the risk
of bladder cancer. Using a dose time–response model,
a 14-member US Society of Toxicology Expert Panel reported
not only the presence of a threshold but also the occurrence of
a zone in the low-dose area in which the risks were consistently
and significantly lower than in the controls, a response
consistent with the original biphasic dose response of Schulz,
and now referred to as an hormetic dose response. Thus, the
issue of validation of the cancer risk assessment has never been
resolved at the level of both the dose response modeling with
the species in which the testing was actually done nor in the
application of the findings to human populations.

In the case of validation of the threshold dose–response
model, it was adopted by the scientific and regulatory
communities without ever being vetted and confirmed or for
having failed such testing. It was therefore assumed since its
acceptance in the early 1930s that the threshold dose response
made correct predictions in the low-dose zone. The failure of
the scientific community to validate the threshold dose–
response model was discovered early in the first decade of the
twenty-first century and then tested with multiple data sets. In
each case, the threshold and the linearity at low-dose model
performed very poorly. In contrast, the hormetic dose response,
that is, the biphasic dose response of Schulz performed
very well.

Firstly, these activities have created not only controversy
concerning the dose response in the field of toxicology but that
this has occurred at a time when there have beenmajor changes
occurring within toxicology that are very relevant to the dose–
response issue. That is, over the past three decades, there has
been a profound shift to the use of cell cultures. Secondly, there
have been major developments in analytical chemistry, which
has resulted in being able to assess possible treatment-related
effects at doses that were not conceived of merely a few decades
before. Thirdly, the capacity to assess the mechanism of toxicity
or pharmacological action has come to dominant much of the
toxicological landscape.
Hormesis

During the decades of the twentieth century, the dose–response
research was typically conducted with two or three doses per
experiment with each of these doses being at extremely high
doses. It was common to estimate a maximum tolerable dose
and then a half of that dose and conduct the experiment. The
toxicology of that era was not designed to address the issue of
low-dose effects. It only did so via the use of unverified
extrapolation modeling and with models that have never been
validated. The extension of the testing range along with rela-
tively large numbers of concentration being tested has led to
observations that biphasic dose responses are common in the
pharmacological and toxicological domains. This is a critical
observation that was not appreciated 20 years ago. The devel-
opments of the dose–response area have therefore been very
dynamic with respect to research methods, mechanism-based
findings at the level of receptor and pathway analysis and in
terms of the nature of the findings themselves. What appeared
to be a very static toxicological concept several decades ago is
providing the vehicle for major advances in toxicology, phar-
macology, and risk assessment.
Summary

Thus, the present article has attempted to not only place the
concept of the dose response within a historical context, it is
also intended to provide the reader with a strong sense of the
dynamic changes that are occurring and that these new
understandings are likely to profoundly affect how chemicals
and drugs are tested, what the nature of the dose response is in
the low-dose zone, how these changes are related not only to
toxicity but also to adaptations, and how this information can
be integrated. These changes are occurring on multiple levels
with respect to the dose–response concept and these changes
are likely to affect not only our concepts of health and safety,
but also legislation, and how the profession of toxicology does
its research and hazard and risk assessments.
See also: Virtually Safe Dose; Hormesis; Reference Dose (RfD);
Maximum Tolerated Dose.
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Acceptability of Drinking Water: A Matter of Quality
in Terms of Safety and Purity

Water, other than the energy carrier oxygen, supports life
without changing its chemical properties. As such, apart from
its conceptual designation ‘water for human consumption/
drinking water,’ it refers also to specific uses of water in private
and public facilities for the purposes of personal hygiene and
for the production of food or comestibles. Indeed, on closer
inspection, it is not a comestible, but the most important
indigestible food constituent and (anthropogenic) food addi-
tive. This is why the central questions on the sustainability of
human behavior toward water and especially ‘drinking water’
are not so much with quantity but with the tolerable degree
and quality of water after its contamination by intended use, its
discharge as wastewater, and its eventual reuse. According to
theWorld Health Organization (WHO), theminimum amount
of drinking water to meet daily needs of personal hygiene and
physiology seems to vary between 20 l per person, if available
within 1 km of the user’s dwelling and up to about 100 l in case
of household connections.

According to a general rule of hygiene, food production from
raw materials should have the same chemical and microbio-
logical quality as the intended product, containing only tech-
nically inevitable contaminants or residues. This leads to rely,
wherever possible, on raw water that requires only minimal or
no treatment before its legal distribution as drinking water.

The only imperative quality requirement for any legal
drinking water is to strictly respect health-based quality
criteria. Therefore, from the point of microbiological quality,
unobjectionable drinking water is not necessarily sterile but
devoid of infectious concentrations of pathogens. Similarly,
unobjectionable chemical quality means not absolute purity
but as little contamination as reasonably achievable at and
from any source. The focus of which quality may be called
achievable is not only on hard criteria such as human health
but also on softer criteria like esthetics or pureness. These
aspects of precaution and sustainability that are not merely
scientific are best followed by applying the principle of ALARA
(‘as low as reasonably (mostly technically) achievable’) on any
nonfunctional load and overload of drinking water. It goes
with the following three essentials of drinking-water hygiene
(see box below): ‘avoid useless, optimize functional, and
prevent harmful exposure,’ resulting in limit values functional
on their side.

Only inevitable exposure, be it of unintended geogenic
(natural) or of intended functional (technical) origin, needs to
be limited or regulated eventually at higher-than-zero (and
sometimes even close below risky) levels. This is also the way to
minimize the number of consumers who might refuse
a subjectively unpleasant legal supply and replace it by a more
dangerous private one in his/her backyard or by a more costly
one from the hands of a street retailer.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.0
Three essential criteria of drinking-water (and environ-
mental) hygiene:

Avoid useless exposure,
Optimize functional exposure, and
Prevent harmful exposure.
Guidance to Discriminate Chemicals in Drinking Water:
Contaminants, Residuals, and Constituents

Exposure of human beings to drinking-water contaminants, best
called ‘new analytes’ or ‘traces’ of pesticides, industrial chemicals,
or pharmaceuticals is nonfunctional and per definitionem
unintentional. Such exposure is not acceptable but (temporarily)
just tolerable. Therefore, preventing primary pollution at the
beginning of any pipe is an everlasting challenge to safeguard
and support acceptability, not just tolerability of any legally
provided drinking water.

Avoidance of nonfunctional load is a basic requirement of an
approach that may be defined as ‘chemical drinking-water
hygiene.’Fromthispoint, exposureof consumers to residuals from
corrosion products, corrosion inhibitors, disinfectants, and their
byproducts (DBPs) from functional drinking-water treatment and
transport seems acceptable only if functionally inevitable at
hopefully lower than just health-based levels. Notwithstanding
this requirement of chemical drinking-water hygiene, in many
countries, DBPs and residualsmigrating frommaterials in contact
with drinking water represent for the time being the highest
proportion of xenobiotics at the consumers’ faucet.

Finally, geogenic constituents of raw water as a rule are of
inorganic nature and as such difficult to reduce. Their elimi-
nation down to a technical limit of avoidance would seem
reasonable only in case of possible adversity for human health
and/or the distribution system. Most prominent examples to
exhibit moderate-to-high human toxicity if not eliminated
below a health-based level are fluoride (F�), arsenic (III or V),
uranium (UO2

2þ), and selenium (Se2þ). Technical problems
from geogenic constituents may result from Mn(IV), Fe(III),
and hardness (Mg2þþCa2þ), the latter ones being of interest
also for their possible health and nutritional benefits. However,
minimal level goals for ‘desired’ natural mineral constituents as
a rule are undesired since such regulatory practice could
degenerate into general misuse of drinking water as a carrier of
involuntary medication and, since dosing may fail technically,
into acute hazard for public health.
Criteria for Health-Based and Stricter Chemical
Quality Standards

The high polarity of the water molecule is the reason why it
separates ionic molecular structures (salts) into cations and
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anions and is able to gather and transport easily an almost
innumerable variety of polar compounds from its adjacent
environments. Therefore, there is simply noway to get absolutely
pure water out of a natural drinking-water resource, waterworks
utility, or the end tap or faucet of any distribution system,
including domestic drinking-water installations or plumbing.

The Corpus Hippocratum by Hippocratus (400 BC) con-
tains some ancient but still valuable guidelines on the quality of
untreated drinking water provided by nature and recommends
the use of rain water, to prefer running to stagnating water, and
to judge its quality according to local circumstances as there are
geology, vegetation, staining of metals, and general health state
of the local population.

Unintentional strains on natural water resources can be
traced back at least as far as 2000 years from now to the Roman
Empire when local farmers were warned not to influence the
surroundings of virgin springs and aqueducts by agricultural
activity. But only in the course of the second half of the
nineteenth century did it become clear that penalizing was not
of any help to protect public water sources from unintentional
contamination. One of the concurrent consequences then was
to close the many private and public urban wells open for any
kind of poisoning, including unintentional ones, and instead
to offer everybody centrally provided and legally controlled
drinking water at reasonable cost.

Up to the first quarter of the twentieth century, due to the
pioneering microbiological and epidemiological work per-
formed by John Snow, Louis Pasteur, and Robert Koch, publicly
supplied water was thought to exhibit a potential only for
spreadingor transmitting infectious diseases but not of chemical
origin. However, already from 1914, technically basedmaximal
values for some chemical parameters occurring typically in
connection with central water supply and potentially detri-
mental for themwere decreed, such as the technical guide values
for copper and zinc by the Public Health Service in the United
States. Health-related permissible values for arsenic and lead,
and even a very low one (1 mg l�1) for phenols and bad taste
from chlorophenols as first known DBPs, joined them in 1942.
In Europe, especially Germany, principal weight was put not so
much on science-based maximal values but rather on technical
guiding rules to safeguard high-quality installation, operation,
and surveillance of ‘public water facilities to serve not only
technical purposes.’

Starting with the early 1970s, the detection plus assessment
of DBPs as formed from natural organic precursors during
disinfection of drinking water by chlorination became a mile-
stone in developing a system of health-related parametric
values for contaminants of drinking water.

Today, US EPA has national primary drinking-water regu-
lations for more than 90 contaminants. Moreover, the US Safe
Drinking Water Act (SDWA) describes a continuous process to
publish periodically a list of candidate contaminants (CC),
which may require a national drinking-water regulation in the
future. The list (L) from October 2009 (CCL 3) comprised 12
microbiological and 104 chemical parameters, two-thirds of
the latter being industrial and pesticidal compounds.

The European Union (EU), as another example of regu-
lation, is devoid of such continuous process. Instead, the EU
revises its Drinking-Water Directive every 10–20 years since
only a few of the almost 200 chemicals (not yet) regulated in
the United States are sometimes to be observed in EU’s
drinking water at levels higher than the low micrograms-per-
liter range or above any health-based lifetime tolerability.
Moreover, the EU limits the presence in drinking water of
agricultural pesticides and their (toxicologically) ‘relevant’
metabolites to a general precautionary value of only
0.1 mg l�1 and the one of DBPs by limiting their indicator
THM on 50 mg l�1 at the consumers’ faucet. ‘New analytes’
not contained in the EU Directive’s list of chemical param-
eters are subject to regulation in surface water by different
appendices of EU’s Water Framework Directive or are in
groundwater open to national regulations. In order to
minimize necessary treatment (of drinking water), national
authorities are allowed to set specifically for a given river
basin own, lower-than-health-based maximal values. In
drinking water, surveillance and local regulation of contam-
inants of the aquasphere not present than in EU’s parametric
list are asked for only if their possible presence there would
suggest any relevance for purity and health.

However, according to Article 4 of the EU’s 1998 Drinking-
Water Directive, all parametric values, independent of their
‘health relevance,’ are to be considered there as ‘minimum
quality’ levels. At least some of them, similar to the one for
pesticides, are hence lower than justifiable by toxicological
science. Similarly, the WHO, since its 1984 guidelines for
drinking-water quality, is far away from supporting any just
health-related ‘minimal’ quality approach as it had stated
already then and does this still today. ‘Although the guideline
values describe a quality of water that is acceptable for lifelong
consumption, the establishment of these guidelines should not
be regarded as implying that the quality of drinking water may
be degraded to the recommended level. Indeed, a continuous
effort should be made to maintain drinking-water quality at the
highest possible level.’

WHO’s (2011) concept ‘Water Safety Plan’ (WSP) of moni-
toring and surveillance comprises three components as there are
system assessment, monitoring, and management/communi-
cation. It considers compliance with any listed health-based
guide values only as a goal for minimum quality, thus bringing
together the strictly health-based ‘end of pipe’-side approach
with independent surveillance of treatment, the distribution
system, and water resources and sources ‘off the pipe.’ If a water
sample to assess compliance with a risk-based microbiological
guideline value would be too large for being collectible
routinely at the ‘end of pipe,’WHOrecommends tomanage and
control the three preceding stages of drinking-water supply to
avoid exceeding a loss of ‘disability-adjusted life years’ (DALY)
as predicted from waterborne infections within the exposed
population during lifelong plus multiple short-term exposures
at the end of the pipe. Likewise, multiples/aliquots of a unit risk
(UR) are not to be exceeded during lifetime and lower-than-
detectable exposure to genotoxic carcinogens may be calculated
under basic dogma 2 of regulatory toxicology (see below).

A resource or source with the main part of surveillance be
done by nature itself always is preferable to a resource where
nature-oriented control and production of drinkingwater are not
or just nearly achievable. In such preferable situations, continued
surveillance of drinking-water quality may easily concentrate on
such parameters, which in a given resource or technical context,
may give suspicion for or be subject of possible change.



Table 1 Points and parameters to monitor chemical and microbiological processing of drinking water. ‘Optional’ parameters are controlled preferably
after reasonable suspicion for their presence and/or noncompliance with health-based maximal or (legal) limit values

Processing

stage Point of surveillance

Parameters to control for compliance with health-based maximal values

or (legal) limit values

1. The raw water Drinking water before treatment a. Nontreated or hardly treatable geogenic constituents
b. Indicators for presence/absence of microbes and viruses
c. Optional: environmental contaminants

2a. Finished water I Drinking water directly after treatment
(exit of the waterworks facility)

a. Geogenic constituents possibly not properly eliminated by treatment
b. Residuals from inevitable chemical treatment steps and their technical
contaminants

c. DBPs from drinking-water disinfection or oxidation in the waterworks facility
d. Pathogenic microbes and viruses

2b. Finished water II Drinking water at the handover point
just before the water meter

a. Optional: delayed formation of DBPs in disinfected drinking water during its
transport and distribution

b. Optional: inputs from transport and distribution (corrosion products,
contaminants, etc.)

c. Optional: indicators for presence/absence of microbes and viruses

3. The tap water Drinking water at the consumer’s
faucet

Optional: corrosion products and contaminants from domestic plumbing and
armatures
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Guidance for Functional Surveillance of Drinking Water

In order to optimize legal compliance of drinking-water
standards, it is a good regulatory practice to allocate different
parameters to different points of surveillance where the
respective parameter(s) should not be exceeded (Table 1).

The legal concept of limit value is characterized not only by
its clear liability but also the fact that different parametric
values, depending on the chemical parameter under question,
can be allocated to very different goals of protection. Human
health is in fact an outstanding, but even within systems of
drinking-water supply, only one of the several supposable
protection goals. Depending on the parameters and the
protection goals, not only the option to protect human health
is to be stressed but also options for defining possibly lower-
than-health-based values as there are:

l indicators for optimal technical use and functioning of
functional chemicals,

l standards to ensure optimal technology for preventive
technical avoidance of residuals from functional chemicals,
and

l indicators and goals of esthetic quality (odor, taste, color,
and purity).

A prominent example of a lower-than-health-related yet
functionally optimal¼minimal concentration is that of active
disinfectants in drinking water, which (in Germany) for free
chlorine is 0.3 mg l�1. A prominent parameter in compliance
with the principle of ALARA to avoid useless contamination of
drinking-water resources is theEuropean0.1 mg l�1 limit value for
pesticides.

Guidance to find Health-Related Precautionary,
Scientific, and Remedial Standards for Drinking Water

Any numerical ‘standard’ in favor of whichever protection goal
may turn into the status of a limit value by a legal or political
decision.
Precautionary standards define drinking water as being ‘as
pure as naturally given or technically feasible.’ They describe an
optimal purity of drinking water hopefully far below health-
based maximal values and protect the distribution system at
a minimum of expenditure for continuous surveillance. They
allow for comparing desire and reality by reporting real
concentrations on the technical ALARA principle. The imple-
mentation of ALARA should be agreed upon by all stakeholders
on the basis of the three initially mentioned essentials of
drinking-water hygiene.

Scientific standards are designed to protect human health
or distribution network/installations from adverse chemical
and microbial effects or to protect consumers from unusual/
disgusting taste, odor, or color of drinking water.

Health-based standards are conceived by stressing either on:

1. basic dogma 1 of the regulatory toxicology, assuming the
presence of an effect threshold> 0 for unacceptable adverse
effects from chemical or microbial agents, or on

2. basic dogma 2 of the regulatory toxicology, assuming the
presence of an effect threshold¼ 0 with an accordingly
allocated and accepted additional risk or annoyance over
background at any dose or concentration of a chemical.

If the human toxicology database is too ‘patchy,’ viz. not
sufficient enough to either identify a threshold or quantify an
additional risk over background, surrogate, or default
approaches may help or provide practical support (see below).

If the health hazard from a chemical parameter was iden-
tified to be quantifiable under dogma 1, its health-based
guideline value is chosen in a way that it corresponds mostly to
an aliquot, mostly 10–20% in 2 l drinking water per day, of its
not-yet-effective dose in (groups of) individuals exhibiting
distinctly higher-than-average sensitivity during repeated,
preferentially lifelong exposure toward the chemical under
question. In the absence of human data, this dose, called
tolerable daily intake (TDI), is derived from a scientific ‘point
of departure’ (PoD). The PoD is the highest not yet effective
dose in highly sensitive experimental animal species, mostly
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rats or mice. If such data are sufficiently available and trans-
ferable to humans, derivation of the TDI is performed in terms
of up to four science-based extrapolation factors to apply
animal data on humans, and of possibly, one safety or uncer-
tainty factor to account for the uncertainties in data quality. All
these factors are used eventually to transform by division the
PoD into a TDI.

Drinking-water guideline values as published by WHO in
2011 under dogma 1 for hydrophilic organics spread out
between 0.4 mg l�1 (epichlorohydrin) and 3000 mg l�1 (mon-
ochloramine) and for inorganics between 3 mg l�1 (cadmium)
and 50.000 mg l�1 (nitrate).

The threshold concept of regulatory toxicology is rather
a pragmatic than a scientific concept insofar as it never aimed at
protecting individual cells as the smallest of all functional units
of life from environmental risks, but at protecting healthy
(‘functional’) individual persons as the smallest units of the
general population, including (groups of) those with higher-
than-average sensitivity.

Scientific regulatory levels under dogma 2 exist neither to
protect humans from taste and odor nor to protect materials in
contact with drinking water but only to protect human health.
In drinking water, such levels worldwide are generally accepted
to correspond with additional risks of 10E-5 to 10E-6 for
contracting an irreversible adverse effect over background
incidence in the course of 70 years’ exposure of a 70-kg person
to the contaminant under question as ingested with 2 l
drinking water per day. The increase of this risk is a number in
the unit [mg/l]�1 and usually called ‘unit risk’ (UR). The
handful of genotoxic contaminants that may be hydrophilic
enough for being able to intrude into drinking-water resources
exhibit, according to WHO, UR numbers between 1$10E-4
(N-nitroso-dimethylamine) and 17$10E-8 (bromodichloro-
methane), which makes a 600-fold difference.

For microbial agents, standards within WHO’s WSP usually
refer to the DALY approach. On the other hand, for routine
surveillance ofmicrobial agents,many countries still use proven
and tested indicator approaches since reliable indicators for
routine surveillance of some waterborne high-risk pathogenic
microbial agents are not yet available. Health-related long-term
and short-term standards for microbial agents in drinking water
are identical since there is no science-based regulatory approach
to assess risk from long-term exposure to microbial agents.

Remedial standards for drinking water are designed to apply
on shorter-than-lifetime exposure. They protect the goal of
protection from adverse effects or from a transiently higher-
than-accepted risk during that shorter time period only. In
principle, they can be derived not only to safeguard human
health but also to address hygienic and functional reliability of
materials and systems in contact with drinking water.

There are no special remedial standards for microbial agents
since their scientific standards routinely are designed as
maximal values not only for long-term but likewise for acute or
short-term exposure (see above). For chemicals, on the other
hand, even in those extremely rare situations where a drinking-
water limit value might be contaminated up to short-time toxic
level, its use for most purposes of personal hygiene may not
necessarily need to be excluded or delimited.

The rapid availability of remedial standards to assess
contaminated drinking water is critical for informed decisions
on whether the continuous access to a moderately and/or
short-term contaminated drinking-water supply would create
more or less risks for individual health and public hygiene than
disconnecting or closing such supply.

Acutely dangerous risks are most probably risks from
microbiological contamination above a limit value safe for
long-term, likewise, acute exposure. Therefore, especially if
weighing the risk from enhanced exposure to DBPs toward
those from neglecting necessary disinfection of the same water,
a correct decision will always vote in favor of continuing
disinfection, hence to support minimization of DBPs not by
challenging disinfection but by its technical optimization.

As far as human health goes, the concept of remedial stan-
dards for chemicals means to allow exceeding standards for
lifelong protection if sanitation, repair, or other remedies can
definitely be predicted to take place in distinctly less than 70,
for example, 10 years. With actual levels of chemical contam-
ination being distinctly higher than regarded (yet) safe for
lifetime exposure, the risk for the consumers’ health must be
reasonably excluded with equal dependability also in such
transitory situations.

While suggesting protective measures in the form of formal
water notices for the public during drinking-water contamination
incidents, compliance with such measures strongly depends on
clear and pragmatic semantics of such notices. Warnings such as
‘do not drink’ or ‘boil and drink tap water’ have been proven to
reveal a number of partially risky behaviors and several strange
correlations between independent behavioral patterns of one
and the same individual(s) or groups thereof.
Guidance for Regulatory Functional Drinking-Water
Standards

A holistic approach to define hygienically sustainable quality
goals or standards for drinking water not only has to include
considerations dealing with adverse or annoying effects of
chemicals on humans and their adverse effects on technical
systems. Below possibly adverse levels, such approach has also to
care for optimizing systemic functionality of intended exposure
on (the emission) site and for technical or procedural avoidance
of what can be called useless, albeit not necessarily risky pollu-
tion off site (¼the immission site) within the whole water basin.

Such precautionary approach starts best with controlling the
origin of a chemical to be regulated, the more as the origin of
a chemical in a raw water/drinking water informs there also on
its functional value indeed long before it may reach or exhaust
a health-based value (Table 2). Proceeding this way helps
decide whether the regulation should take place either on
a health-based or a technical maximal/minimal concentration
in the drinking water (system) itself or rather by remote
emission control.

The origins to be considered for each chemical are

(A) the raw water and its constituents,
(B) the drinking-water system with its residuals from func-

tional materials and additives, and
(C) remote emission sites of more or less hydrophilic and

persistent chemicals that may contaminate a drinking-
water source only after environmental loop ways and
transformations.



Table 2 An overview of the paths of special significance for exposure
to chemicals by drinking water, arranged according to the origin and
nature of constituents, residuals, or contaminants

Designation Name or Nature Origin

Acidification of raw
water

Al, Ni, heavy metals A

Agricultural activities Pesticides, nitrate C
‘New analytes’ Pharmaceuticals, cosmetics,

industrial and household-
use chemicals, additives,
and constituents of food

C

Disinfection
byproducts

Halogenated organic
compounds, bromate

B

Special risks from
small supplies

Mainly microbiological and
geogenic risks but also
nitrate and corrosion
products

A, B, C

Coatings and
armatures in contact
with drinking water

Organics to cause mainly
annoyance by smell and
odor

B

Corrosion of pipes Corrosion products containing
mainly lead, cadmium, or
copper

B

Domestic after faucet
(default) treatment
of drinking water

Mainly microbiological risks After B
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Some chemicals may emerge from two or even all three
origins, but each one usually can be traced back or identified at
a most significant one and be monitored there accordingly.
Optimal functionality of residuals (group B) or technical
avoidance of contaminants (group C) help to decide on their
principal tolerability or on tolerability in terms of (transiently)
tolerated levels of exposure, being present far below any health-
based level at ‘end of pipe.’ As a rule, only natural constituents
(group A) at the most may need regulatory allowance up to
strictly health-based levels.
Guidance for Practical Regulation
of Drinking-Water Quality

The whole system of drinking water comprises a huge potential
of irreversible failure and contamination, difficult to retrieve.
Any toxicological limit value put into force at the end of
(a drinking water) pipe would be of no help to force clearing
the underlying relationship between the cause and contami-
nation. This is why regulatory drinking-water toxicology is not
just a variant of scientific toxicology aiming to allocate by the
rule of three a certain proportion of a chemical’s TDI on the
daily amount of consumed drinking water and let the
management go how and where it wants.

The cooperation required between all stakeholders for
sustainable development of drinking-water resources goes far
beyond the formal responsibility of the water utility and
surveillance by public health authorities for and at the end of
the pipe. The most important part of regulatory toxicologists
within this cooperation is their openness to intelligent guess
and to formulate scientifically guided hypotheses on which
events or changes in a given drinking-water system might
give rise to toxicologically relevant change in future. Examples
are formation of transformation products from oxidative/
disinfective treatment, detection of new toxic endpoints, or
generation of new toxicological data giving rise to revised
established health-based guide values.

To achieve practically sustainable results, the preferable way
for all parties is to agree upon voluntary cooperation within
two compartments or control cycles I and II. Number I is closed
and is easy to regulate since it is confined on physical, technical,
and chemical processes within and along the pipes and facili-
ties for treatment of drinking water and its transport to the
consumers’ faucet. The compartment or control cycle II
comprises the whole catchment area and as such it is open. In
this compartment II, limit values by far do not have yet the
same regulatory potency as in compartment I. Much too often,
the question arises whether the limit values in compartment I
are (yet) safe enough or how ‘better’ maximal (or minimal)
values could be derived, whereas preferably the mechanisms to
control compartment II would need be strained for triggering
early causal or functional sanitation to avoid exhaustion of
control cycle I limit values.

For reliable and informative surveillance in control
compartment I, it is reasonable to take samples for measuring
parameters open to change during the transport or stagnation of
drinkingwater inaway that the analytical result represents indeed
the quality at the consumer’s tap andnot somewhere between the
waterworks utility and the handover point. Parametric values
therefore to be checked at either the outlet of the waterworks
utility or only at the consumer’s tap are listed in Table 3.

An additional recommendation for consumers is to drink or
prepare food as possible with a tap water of optimal quality,
thus having no stagnation or (as a rule) at most 4 h of stag-
nation in domestic pipes behind it.
Guidance to Parameters of the Highest Health Concern
and Possibly Present in Drinking Water

The following inorganic and organic parameters are possibly
relevant in drinking water and are the most important ones
from the health point of view. Table 4 lists all of them in the
alphabetical order.
Inorganics

Arsenic (As)
In Europe and USA, where the uptake of As with food is
reported not to be higher than 14 mg per day and person, the
actual WHO guideline value of 10 mg l�1 is a safe concentration
to protect from its noncarcinogenic and regarding dogma 2
(see above) also from its human carcinogenic effects.
At personal drinking-water intakes of distinctly more than 2 l
per day and high intakes of As from food, WHO’s guideline
value could easily be too high.

Bromate (BrO3
�)

WHO considers bromate to be assessed under dogma 2 (see
above) and recommends a guideline value ‘as low as analytically
achievable’ of 10 mg l�1. However, much higher threshold-based



Table 3 Parameters to check preferentially at either the outlet of the
waterworks utility or the consumer’s faucet or tap

Preferential place of surveillance

Outlet of the waterworks utility
Chemical parameters whose
concentration usually is
unsuspicious to increase in the
distribution network

Consumer’s faucet
Chemical parameters whose
concentration may increase in
distribution network including
domestic installation

Acrylamide Antimony

Benzene Arsenic

Borate Benzo(a)pyrene

Bromate Cadmium
Volatile chlorinated solvents Copper

Chromium Epichlorohydrin

Cyanide Lead

Fluoride Nickel

Mercury Nitrite

Nitrate Polycyclic aromatic
hydrocarbons

Plant protection products and their
metabolites

Trihalogenmethanes and other
DBPs

Selenium Vinyl chloride
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guide values are supported by recent toxico-mechanistic
information.

Copper (Cu)
The guideline value of WHO is 2 mg l�1 and was defined to
protect consumers from early gastrointestinal effects by
drinking water and from metallic taste by copper’s corrosion
products. The same value also protects babies from the risk to
contract liver cirrhosis by regular exposure to more than
2 mg l�1 Cu if corrosive water has been stagnating in copper
plumbing.

Fluoride (F �)
WHO recommends to allow for 1.5 mg l�1 (guideline value) if
there is no other fluoride source like mineral water or medical
supply of fluoride to protect children from caries. Some
countries even recommend not to exceed 1 mg l�1 because of
the steep dose/response curve of the fluoride ion in infants and
children. Adverse effects on teeth and osteoporosis are
observed from regular exposure toward more than 2 or
3 mg l�1.

Lead (Pb)
Babies on a regular basis should not ingest more than 10 mg l�1

Pb. Higher values are common in drinking water from
lead pipes. Blood levels above 35 mg l�1 indicate higher-than-
background exposure and the probability of (marginal)
neurotoxic damage.

Manganese (Mn)
For technical and esthetic reasons, manganese should not be
present in central drinking water. Its dark brown oxides are
insoluble and hardly toxic but may discolor the water and by
this way make it esthetically inacceptable. Soluble Mn2þ is
colorless and often presents in anoxic waters from private wells.
Its neurotoxic potential is higher for young animals and chil-
dren than for adults. The German Federal Environment Agency
(UBA) defends a maximal value of 0.2 mg l�1 Mn2þ for weaned
babies.

Natural Radionuclides (Except Uranium)
Under certain geologic conditions, activity concentrations
from radium and its decay products can lead to a biologically
effective dose for babies of more than 1 mSv/a. Filtration
of such waters over zeolithe could reduce high concentrations
if dilution or change of water source is not reasonably
feasible.

Nitrate (NO3
�)

Ingestion of more than 50 mg l�1 (WHO’s guideline value)
could be risky for babies suffering simultaneously from infec-
tions of the digestive tract and may disturb the transport of
iodide transport if iodide supply is below 100 mg per day.
Reducing intake of nitrate also prevents possible formation of
carcinogenic nitrosamines from reaction between nitrite and
amines in a low-acidity stomach.

Uranium (U)
The uranyl cation, UO2

2þ, is the highly mobile environmental
form of U and a kidney toxin. WHO’s guideline value is
30 mg l�1 U since 2011, whereas the Federal Environment
Agency (UBA) of Germany prefers to hold on a maximal value
of 10 mg l�1, allowing for similar daily intake (20 mg) of U with
food. Radiotoxicity of natural uranium is relevant for health
earliest from 60 mg l�1 on and more.
Organics

Byproducts from Disinfection (DBPs)
Some of them seem to have a relatively high potential for liver
toxicity and cancer. Their concentration should never be
minimized on the expense of disinfection capacity. The best
method to minimize DBP precursors is ozonation, followed by
biological filtration. Minimization of water loss during trans-
port and distribution down to 10% and less prevents microbial
contamination, minimizing also the need of ‘transport
chlorination’.

Nitroaromatic Compounds
Members of this class of compounds may be found in the
groundwater beyond military spaces and the production sites
of (abandoned) explosives. Many of them have a carcinogenic
potential or are proven carcinogens with health-based maximal
values between 0.05 and several micrograms per liter. Some are
detected by odor in the micrograms-per-liter range belowmuch
higher health-based levels.

Perfluoroalkyl Acids
‘Long-chain’ perfluoroalkyl acids (PFAAs) with six and more
perfluorinated carbons are very persistent in human body and
they cross the placenta. For this reason, sums of them should
not exceed 0.3 mg l�1 in drinking water. The less persistent



Table 4 Parameters of moderate (m) to high (h) significance for human health in concentrations found usually drinking water

Parameter functional surveillance

and management according to origin

A, B, or C (see text and Table 2) Main toxic endpoints Lowest health-based guide value(s)

Health significance (m or h) and

questions on risk regulation

Arsenic-III
Geogenic constituent (A)

Skin effects,
Skin cancer, others?

�10 mg l�1 h
Guide value too high for outside
EU and USA?

Bromate
Byproduct¼ residual (B) from

ozonation of drinking water

Kidney cancer? �10 mg l�1 m
[10 mg l�1 for nonthreshold

mechanism

Byproducts of disinfection, DBP
Residual (B) from disinfection

of drinking water

Liver toxicity,
bladder cancer

several micrograms per
liter/ several 100 mg l�1,
depending on single DBP

m
never minimize DBPs on the

expense of disinfection capacity

Copper
Byproduct¼ residual (B) from

corrosion of pipes

GI effects (acute),
liver (chronic)

2 mg l�1 m/ h
Weaned newborns could be at

special risk for liver toxicity if
regularly exposed to highly
corrosive drinking water from
new copper plumbing

Fluoride
Geogenic constituent (A)

Dental fluorose, osteoporosis 1.5 mg l�1 h
Small distance between doses for

intended beneficial and for
adverse effects

Lead
Residual (B) from corrosion of

outdated pipes

High neurotoxicity 10 mg l�1 h
Eliminate remaining (‘old’) lead

pipes

Manganese
Geogenic constituent (A)

Neurotoxic potential in infants 0.2 mg l�1 m/ h
Mn2þ is soluble and the toxic

species

Natural Radionuclides
Geogenic constituents (A)

Cancers 0.1 mSva� <m
Beware of natural hot spots

New analytes
Contaminants (C), emerging from

pharmaceuticals, cosmetics,
industrial and household use
chemicals, additives, and
constituents of food

Highly variable, usually low Asses along the concept of HRIV
or the more complex one of
‘TTC’ (see text)

(<m)
Hardly possible to regulate at end

of pipe due to diffusivity of
emission

Nitroaramoatic compounds
Contaminants (C) from military

waste and production sites

Liver toxicity and cancer 0.05/ several micrograms per
liter, depending on single
compound

m
One of the few classes of genotoxic

chemicals to reach drinking
water

Nitrate
Contaminant (C) from

agricultural input

Acute toxicity, goitrogenic,
precursor of nitrite and possibly
of carcinogenic nitrosamines

50 mg l�1 (m/ h)
Most common anthropogenic

contaminant of drinking water,
management often controversial

PFAAs
Contaminants (C) from

wastewater, sewage sludge, and
deliberate release of fire fighting
foams

Metabolism of fatty acids, toxicity
for and during reproduction

Between 0.3 and 7 mg l�1,
depending on chain length and
extent of fluorination

m/ h
PFAA with more than 7C atoms are

highly persistent in the
human body

Pesticides
Contaminants (C) from agricultural

input

Highly variable Highly variable, from below
1 mg l�1 up to several
100 mg l�1

m
Beware of mixtures and

contamination of large
groundwater bodies

Uranium, UO2
2þ

Geogenic constituent (A)
Nephrotoxicity �30 mg l�1 m/ h

Beware of natural hot
spots
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ones are considered to be safe up to several micrograms per
liter.

Pesticides
Pesticides are regulated in the EU by two precautionary values,
0.1 mg l�1 per single compound and 0.5 mg l�1 for sums of
more than five compounds. They describe a social ‘zero’
tolerance for pesticides in drinking water and exhibit high
regulatory functionality, the more as health-based guide
values for some highly toxic active ingredients may hardly fall
much higher than 0.1 mg l�1.

New Analytes
This is an ‘emerging’ regulatory class of anthropogenic
compounds, usually comprising traces (about 1 mg l�1 and
less) as emerging from pharmaceuticals, industrial chemicals,
nonrelevant pesticide metabolites, fragrances, cosmetics, or
environmental transformation products from all of them. Their
human toxicology database is often very patchy or absent and
requires ‘default’ assessment (see below).
Guidance to Assess Provisionally ‘New Analytes’
in Drinking Water with Patchy to Absent Database

The most prominent characteristic from the point of regu-
lation and drinking-water hygiene of new analytes is their
often very patchy or even absent human toxicology database.
Their presence in drinking water need then be assessed by an
empirical ad hoc or ‘default’ approach. One is used in
Germany relying on the so-called health-related indication
values (HRIVs) for chemicals in drinking water. HRIVs are not
general, but health-related precautionary maximal values.
Depending on the completeness and quality of any (patchy)
experimental database and the toxic endpoint(s) such data-
base may or may not cover, the HRIV approach recommends
maximal HRIVs between 0.01 and 3.0 mg l�1 for each single
new analyte. Compounds present below 0.1 mg l�1 need no
assessment except for structural alerts that might indicate
a high potential of direct (DNA-reactive) genotoxicity.

The international approach threshold of toxicological con-
cern (TTC) helps assess poorly described contaminants of food
mainly by qualitative structure–activity evaluation and statistical
considerations. The TTC approach leads to endpoint- specific
grouping of compounds very similar to the HRIV approach but
without considering their accumulative potential and relevance
for drinking water. Moreover, the latter seems simpler to use but
insofar is less ambitious from a scientific point.
Perception of Drinking Water as Part of an Esthetic
Natural Water Cycle

Public supply of drinking water is a task of social ethics. The
mode how consumers perceive tap water follows not only
more or less abstract health-related criteria but also esthetic
ones such as color, smell, taste, turbidity, and purity. The
degree of desired or relative purity of a water between
so-called ‘zero contamination’ and (not yet) adverse levels of
maximal exposure needs be negotiated and eventually defined
on a societal level in line with the initially mentioned three
essentials of drinking-water (and environmental) hygiene.
Stakeholders should use this way to arrive at an agreement in
answering the societal question ‘How much too much
(contamination of drinking water) is just about little enough’?

This sociopolitical discussion on acceptable and tolerable
contamination and risks caused by environmental contami-
nants in drinking water should go on. A possibility to put, on
a long-term scale, the required social contract into a number to
indicate (relative yet) high purity could be to use 0.1 mg l�1 as
a general precautionary quality goal for any of its anthropo-
genic contaminants if devoid of (structural alerts for) direct
genotoxic potential (see above).

In contrast to such a pragmatic concept, demands on an
absolute quality of the daily water provoke and support
situations in which unique water resources are bottled and,
although for horrendous prices, then sold down the river. This
process is possibly supported by publicities to perceive bottled
waters claimed absolutely pure even as ‘aquaceuticals’ for
which from this view more and more consumers are hoped to
be ready for paying (almost) any price per liter.

On the other hand, once the perception of drinking water
by the consumer would be confined to that of a ‘chemical
cocktail’ or even an abandoned sink for an unknown, albeit
not necessarily a toxic number of polar and persistent new
analytes, such water could quickly lose any present or given
acceptance.

Therefore, between these two extremes, the concept of
public drinking-water supply, if reasonably priced, is an espe-
cially efficient variety of social ethics since it is safe, sustainable,
and socially acceptable all around. Under the condition of
applying a multibarrier source protection approach, it opens
the way to use and reuse eternally the amount of publicly
accessible freshwater. Especially, the use of natural forces and
facts for replenishment of water bodies, their filtration, and the
natural degradation of xenobiotics unifies its economic,
ecologic, and social ethic perception.

Last but not the least, from the point of esthetics, the
concept called purity of drinking water may best be realized by
strengthening esthetics of natural aquatic life together with the
regional water cycle by artificial infiltration of groundwater and
the use of purified, microbiologically safe wastewater for
agricultural use.
See also: Food Safety and Toxicology; Toxicity, Subchronic and
Chronic; Uranium; Virtually Safe Dose; Pesticides; Acceptable
Daily Intake (ADI); Risk Communication; Risk Assessment,
Human Health; Threshold of Toxicological Concern (TTC); How
Toxicology Impacts Other Sciences; Pollution, Water; Risk
Assessment, Uncertainty; Uncertainty Factors; Ethics: Ethical
Issues in Toxicology; Fluoride; Arsenic; Copper; Manganese;
Risk Perception; Law and Toxicology; Nitrate.
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Introduction

Since the 1950s, drug and poison information centers have
operated as a 24-h poison emergency treatment information
service, providing assistance and expertise in the medical
diagnosis and management of human poisonings by tele-
phone. Drug and poison information centers, also commonly
referred to as poison control centers (PCCs) provide free,
timely advice, and information to parents, child care
providers, pharmacists, nurses, and doctors and play a signif-
icant role in reducing the cost of treatment and the severity of
poisonings. Most PCCs do not physically participate in the
bedside treatment of the poisoned patient. PCCs also serve as
training sites for healthcare professionals and state public
health officials by coordinating outreach and education
programs to increase awareness of poison prevention and first
aid. The US PCCs provide services to the entire US population
in all the 50 states and US territories. Most US PCCs can be
reached by dialing the toll-free number, 1-800-222-1222, or
by the region’s own local telephone number. If initial contact
with a PCC occurs within minutes of a poisoning, early
intervention measures may have the greatest impact by
appropriately assessing the patient’s need for care, especially
in cases where management can occur outside of the hospital
setting which is an important mechanism for reducing the
nation’s healthcare costs.
Figure 1 United States Poison Control Centers.
History

The development of the PCC movement was based on the
need to have available rapid access to helpful information on
the potential danger of an exposure to any of the thousands
of drugs, occupational and environmental chemicals, and
household products that are currently available. After World
War II, a new rise of chemicals and drugs submerged; both
medicinal suicide attempts and accidental pediatric drug
exposures were on the rise throughout the world. In the
1940s, hospitals in European cities such as Copenhagen,
Budapest, and the Netherlands began toxicology wards,
treating specifically to patients exposed to drugs and chem-
icals. These hospitals set up bedside and telephony services
for the hospital to use. This was the birth of drug and poison
information services. The first US PCC was started in Chicago
in 1953. Originally designed for healthcare professionals, the
PCC movement then spread throughout the country, not only
providing hospitals with timely advice on poisonings and
overdoses, but began to offer triage and prevention infor-
mation to people within the lay community. In order to
provide a coordinating agency for these centers, the then
Bureau of Product Safety in the Food and Drug Administra-
tion (FDA) established the National Clearinghouse for
Poison Control Centers in 1957 which enabled PCCs to
centralize poison information and statistics and served as
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a center for collecting and standardizing product toxicology
data. State health departments were given the responsibility
for identifying PCCs within their states. The great interest in
poison control and drug information services eventually
resulted in over 600 US centers by 1967. Unfortunately, many
of these PCCs had little means of providing sophisticated
information on the poisoned patient. Some of these recog-
nized PCCs handled as few as one call per week. The Amer-
ican Association for Poison Control Centers (AAPCC) was
developed in 1958 to help better standardize the PCC
movement. State and federal funds were more secured for
those centers that met accreditation criteria by the AAPCC;
PCCs then became regionalized. Today, there are now only 57
accredited PCCs in the United States (Figure 1), almost one
center per state, that renew their accreditation every 5 years
through the AAPCC. From the AAPCC, grew other toxicology
organizations such as the American Academy of Clinical
Toxicologists, the American College of Medical Toxicology
(ACMT), and the American Board of Applied Toxicology
(ABAT), all carrying similar objectives, which improve the
standard of care when treating the poisoned patient by
applying principles of clinical and medical toxicology with
experience and competence. European scientists and physi-
cians created the European Association of Poisons Centres
and Clinical Toxicologists (EAPCCT) in 1964. Their primary
aim was to collaborate with international organizations with
the goal of advancing knowledge and understanding of the
diagnosis and treatment of all forms of poisoning. The
EAPCCT is made up of 272 members from 56 countries in all
continents.
Poison Center Epidemiology

All PCCs maintain an electronic record of each exposure or
information call they receive and collect information which
include patient demographic information, geographic identi-
fiers, substances involved, clinical effects experienced, therapies
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00805-8
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provided, and medical outcomes. Recent data demonstrate that
unintentional poisoning is the second leading cause of unin-
tentional injury death behind motor vehicle crashes and
firearm use. In recent years, the existing US PCCs provided
assessment, triage, management, and monitoring on about
2.4 million human poisoned patients per year. As of 2010,
children younger than 3 years were involved in about 38% of
exposures and children younger than 6 years accounted for
approximately half of all human exposures (51%). The reason
for most human exposures was unintentional (81%). About
90% of all exposures happened within the patient’s home
setting. About 1.7 million or 70% of human poisonings were
managed at home over the phone with the help of PCC staff
and assumingly resulted in minor to no outcomes. While these
numbers serve as great epidemiological data regarding
poisonings in the United States, reporting bias cannot go
unrecognized. Underreporting and overreporting of human
exposures to a PCC must be recognized as data limitations by
researchers who use PCC data.
Impact

PCCs carry significant impact on reducing healthcare costs
through reduction of healthcare dollar utilization for emer-
gency room visits related to poisoning and through the
reduction of length of stay for patients hospitalized with
a poisoning. Several studies have examined PCC impact on
healthcare cost utilization for poisoning cases. For example,
following the closure of the Louisiana PCC in 1988, emergency
medical services for poisoning within the state increased by
more than $1.4 million per year, which represented a greater
than threefold increase above the operating cost of the center.
The Louisiana PCC reopened years later. Other cost analysis
studies have concluded that a range involving $16–$36 in
unnecessary healthcare charges is saved for each dollar in
funding support received by US PCCs, for a total annual
savings of over $33 million. Thus, state and federal govern-
ments are two primary beneficiaries of these cost savings due to
reduced Medicare, Medicaid, and children’s health insurance
program costs for the state.
Staffing

Staffing of PCCs typically consists of either full-time or part-
time nurses, pharmacists, physicians, or physician assistants
and possibly by health professional students. These opera-
tional staff members carry a title known nationally as
Specialist of Poison Information (SPI). To maintain accred-
itation through the AAPCC, PCCs must consist of at least
one full-time equivalent MD medical toxicologist-director
that is board eligible or board certified through the ACMT
and the managing director must be board eligible or board
certified in toxicology by the ABAT. Centers may include
consultant pharmacologists, emergency room physicians,
pediatricians, or other scientifically trained personnel. In
addition to basic nursing training, nurses usually have
emergency room, critical care, or pediatric backgrounds,
along with public health and toxicology experience.
All operational staff in PCCs must eventually be certified
through a national SPI certification examination adminis-
tered by the AAPCC. The successful completion of the
examination confers the title of ‘Certified Specialist in Poison
Information’ and must undergo recertification every 7 years.
Most PCCs also have available an extensive list of consul-
tants who can provide expertise in a wide range of selected
fields. These consultants are chosen from various fields and
typically include anesthesiologists, ophthalmologists, pul-
monologists, radiologists, nephrologists, botanists, herpe-
tologists, and mycologists.
Toxicology Information Resources

The first toxicological database by US PCCs was poorly
constructed and barely manageable. The National Clearing-
house for Poison Control Center distributed poisoning data
on 500 � 800 index cards to PCCs, containing the most up-
to-date toxicological information known during the time.
As computers and computerized-based research became
widely more available within US PCCs, the most compre-
hensive resource for listing product names and ingredients
in a rapidly accessible manner was discovered to be
POISINDEX (poison index), a Micromedex� System from
Thomson Reuters. POISINDEX is currently available as an
online or CD database that all US-certified PCCs rely on to
research potential poisonous exposures. POISINDEX
contains information on more than 850 000 separate prod-
ucts, which can be accessed by generic or trade name,
manufacturer’s name, or selected chemical constituents. The
CD and online versions are updated almost quarterly so that
it stays relevant. The system links the information directly to
management documents, which provide data on clinical
effects, range of toxicity, ingredients contained in the prod-
ucts, known mechanism of action/toxicity, and treatment
protocols for exposure. Although quite extensive and helpful
to most healthcare professionals, POISINDEX lacks the
ability to interpret patient information such as the physical
examination, vitals, laboratory parameters, and interpreta-
tion of patient’s symptomatology. PCCs across the country
started surveying their local hospitals when a decline of calls
was noted. It was discovered that healthcare professionals
with access to POISINDEX may not call PCCs for their
telephone-provided poison advice. Surveys showed that
more healthcare professionals were conducting their own
research without consulting the expertise of PCC workers.
Published toxicology references have the ability of being
applied incorrectly when PCCs are not consulted as well due
to the fact that these references do not adapt to ongoing
poisoning trends (i.e., regional differences in substance use,
new household product toxicity, consumer product recalls,
etc.). Just as important, when a PCC is not called, poisonings
can go significantly underreported, thus affecting epidemio-
logical interpretation of poisoning data. Other commonly
used references used by PCCs when assessing and managing
poisonous exposures include, but are not limited to, Gold-
frank’s Toxicologic Emergencies, Medical Toxicology by
Ellenhorn and Barceloux, and Poisoning & Drug Overdose by
Olson et al.
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Funding

PCCs are categorized as either for-profit or nonprofit organi-
zations. Currently, 57 PCCs accredited by the AAPCC are
nonprofit organizations. Funding for these PCCs typically
remains fragmented and includes a variety of monetary struc-
tures to provide services for their region. Most centers are
funded via state health departments through direct service
contracts, federal grants, host hospitals and universities,
donations, and other varieties of sources. Despite their proven
benefits, many PCCs are unstably funded and financially short.
National Poisoning Prevention Week

The US Congress established National Poison Prevention Week
(NPPW) on 16 September 1961. In 1962, President John F.
Kennedy responded to this request and proclaimed the third
week of March as NPPW. Shortly thereafter, the Poison Preven-
tion Week Council was organized to coordinate this annual
event and promote poison prevention. The first NPPW was
observed in March 1962. During this week, PCCs, public health
officials, and educators are encouraged to inform the public
about the risks associated with poisonings and what to do when
someone is poisoned. Communities wanting to participate in
NPPW typically consult and coordinate with their regional PCC.
Specific activities during this week typically include holding
a local NPPW poster contest for grade school children, hosting
poison first aid classes, PCC tours for healthcare professionals
and children, and setting up public service announcements via
local media and social media groups. The goal is to highlight the
dangers of poisonings for people of all ages and to promote
community involvement in poisoning prevention on a local and
national level. Knowing of the risks with medications, house-
hold products, plants, chemicals, and bites/stings aim to hope-
fully prevent these types of poisonings in the future.
Public Health Initiatives

Initial PCC public health initiatives involved enhancing
packaging and labeling of medication and household prod-
ucts to further prevent accidental poisonings. While this
matter still remains an important initiative, current events
have also increased PCC’s efforts toward emergency
preparedness for disasters resulting from biological, chem-
ical, or nuclear attacks. The emerging need for public health
and toxicosurveillance places PCCs in the forefront of local,
state, and national public health protection efforts. Because
of their 24-h availability, experienced staff, extensive toxi-
cology database, and electronic data entry of each call, PCCs
act as a broadly distributed and organized sentry. All US
PCCs use an electronic medical record, with initial and
follow-up data collected minute-by-minute. The National
Poison Data System (NPDS) is owned and operated by the
AAPCC; it is the only near real-time comprehensive
poisoning surveillance database in the United States, which
collects information and human exposure data from all US
PCCs’ electronic databases. This system, which is monitored
daily by the Centers for Disease Control, FDA, Environmental
Protection Agency, Consumer Product Safety Commission,
and the Drug Enforcement Agency has resulted in the detec-
tion of a number of aberrations and outbreaks. NPDS
contains over 50 million exposure case records and has been
used to monitor emergence of trends in cases of drug and
substance abuse, foodborne illness outbreaks or contamina-
tion, detection of adverse drug reactions, injuries from
commercial and consumer products, and pediatric poisoning
trends. The US PCCs may also participate in the Researched
Abuse, Diversion and Addiction-Related Surveillance System,
which collects timely product and geographically specific
data and measures rates of abuse, misuse, and diversion
throughout the United States. The information is then
primarily assessed by pharmaceutical companies to assist
their regulatory obligations in medication risk evaluation and
mitigation strategies. On a local level PCCs also work closely
with their local county and state health departments, assist-
ing to monitor and describe trends in new and old toxicities,
infectious outbreaks, food and product recalls, and by
providing rabies assessment and management services to the
public and healthcare professionals within their region.
Education for the Public and Health Professionals

Education services provided by PCCs serve a dual role of
promoting poison prevention behaviors and advertise PCC
services. PCC educational activities can be provided to the
public via community health fairs, hosting poison prevention
or poison first aid classes, and presenting grade school children
with poison prevention tips. Formal professional education in
the form of rotations, residencies, or fellowships may also be
provided by PCCs through toxicology training to physicians,
pharmacists, nurses, or other medical professional students.
Additionally, professional education is given to healthcare
providers and first responders through extensive training
programs and certifications, such as Advanced Hazmat Life
Support classes and Radiation Preparedness and Emergency
Response training. Other professional education services may
include symposiums, weekly case conferences, national toxi-
cology conferences, and grand round lectures. Informal
education occurs on a daily basis during toxicological consul-
tation requests from physicians, pharmacists, and nurses when
contacting a PCC.
Summary

Drug and poison information centers in the United States play
an influential role, functioning as part of the public health
infrastructure while offering poison treatment advice. Primary
key benefits of regional PCCs include accessible healthcare
services to lay public and healthcare professionals, healthcare
cost reduction, public health and toxicosurveillance initiatives,
and public and professional education.
See also: Emergency Response and Preparedness; American
Board of Toxicology; American College of Toxicology;
Toxicology, Education and Careers.
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Introduction

The whole process of drug production carried out from the
research development of new drugs, until they are finally mar-
keted, including further follow-ups, is subject to strict regula-
tion in the European Union (EU). This article focuses primarily
on the highlights from the point of view of the authorization
of drugs by different regulatory procedures, summarizing also
the aspects to be taken into account after such approval.
Medicinal Product

As a definition of medicinal product, Directive 2001/83/EC
(for human medicines), and Directive 2001/82/EC (for veter-
inary medicines) indicate the following:

l Any substance or combination of substances presented as
having properties for treating or preventing disease in
human beings (or in animals); or

l Any substance or combination of substances which may be
used in or administered to human beings (or to animals)
either with a view to restoring, correcting or modifying
physiological functions by exerting a pharmacological,
immunological or metabolic action, or to making a medical
diagnosis.

In the case of veterinary drugs, medicated feed has mostly
the same considerations as a medicinal product, as it contains
a premix of veterinary medicines and requires veterinary
prescription.
Types of Medicinal Products

Thus, medicinal products can be divided in two main large
groups: human and veterinary. But these can be further classi-
fied in different types of drugs:

l Pharmacological: medicinal products of natural, synthetic, or
semisynthetic origin, developed in accordance with a phar-
macological manufacturing procedure described by the
European Pharmacopoeia. Pharmacological medicinal
products are those which are commonly referred to as
‘drugs.0

l Immunological: medicinal products administered in order to
produce active or passive immunity or to diagnose the state
of immunity. These may consist of vaccines, toxins, serums,
or allergen products.

l Homeopathic: medicinal products prepared from substances
called homeopathic stocks in accordance with a homeo-
pathic manufacturing procedure described by the European
Pharmacopoeia.

l Advanced therapies: these include gene therapy medicinal
products (which contain or consist of a recombinant nucleic
acid used with a view to regulating, repairing, replacing,
adding, or deleting a genetic sequence), somatic cell therapy
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medicinal products (which contain or consist of cells or
tissues that have been subject to substantial manipulation
and are used for treating, preventing or diagnosing a disease
through the pharmacological, immunological, or metabolic
action of its cells or tissues), and tissue engineered products
(for regenerating, repairing, or replacing a tissue). Advanced
therapy medicinal products have their own specific legisla-
tion, Regulation (EC) No 1394/2007.

l Radiopharmaceuticals: medicinal products that, when ready
for use, contain one or more radionuclides (radioactive
isotopes) included for a medicinal purpose.

l Herbal: medicinal products exclusively containing as active
ingredients herbal substances or herbal preparations.
Traditional herbal medicinal products are specifically
addressed under Directive 2004/24/EC.

Furthermore, within these types of drugs, and regarding
legislative issues, there are several groups of medicinal products
that are ruled by specific Directives or Regulations, i.e., pedi-
atric medicinal products (Regulations (EC) No 1901/2006 and
1902/2006), orphan medicinal products (Regulations (EC) No
141/2000 and 847/2000), or products containing genetically
modified organisms (Directive 2009/41/EC, which compiles
the information from preceding legislation).
European Medicines Agency

The most important organization in the pharmaceutical field in
the EU is the European Medicines Agency (EMA). The EMA is
a decentralized agency based in London that acts as a hub for
a network comprising the nearly 40 national regulatory
authorities in the EU, the European Parliament, the European
Commission, and other EU decentralized agencies covering
areas related to EMA activities (food safety, environmental
safety, prevention and control of diseases and drug addictions).
Activities

The EMA main activities and responsibilities are the following:

l Scientific evaluation of applications for EU marketing
authorizations for human and veterinary medicines in the
centralized procedure.

l Coordination of the EU’s safety-monitoring or pharmaco-
vigilance system for medicines.

l Scientific assessment of referral procedures to resolve issues
such as concerns over the safety or risk–benefit balance of
a medicine or a class of medicines.

l Coordination of the inspections requested by its commit-
tees in connection with the assessment of marketing-
authorization applications or referrals. These inspections
may cover Good Manufacturing Practice (GMP), Good
Clinical Practice (GCP), Good Laboratory Practice (GLP),
and pharmacovigilance.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00583-2
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Structure

The scientific workload in the EMA is divided among several
committees, which are formed by independent professionals
nominated by the Member States (MS). These are responsible
for the scientific evaluation of marketing-authorization appli-
cation dossiers submitted by pharmaceutical companies, as
well as for providing opinions on referrals and other issues
affecting public health, at the request of the MS, the European
Commission, or the European Parliament. Within the different
committees, working parties are constituted for the assessment
of detailed and specific matters (Figure 1).
Related Organizations

The EMA is in direct and continuous contact with other inter-
national related organizations such as the World Health
Organization (WHO), Food and Agriculture Organization of
the United Nations (FAO), and other regulatory entities
outside the EU (currently US Food and Drug Administration,
Canada, Japan, Switzerland, Australia, New Zealand, Israel,
China, India, and Russia).

Other international or European relevant organizations:

l European Directorate for the Quality of Medicines and
Healthcare: responsible for the European Pharmacopoeia,
which is a single reference work for the quality control of
medicines during the development, production, and
marketing processes.

l Codex Alimentarius Commission: established by FAO and
WHO, develops harmonized international food standards,
guidelines, and codes of practice to protect the health of the
consumers and ensure fair practices in the food trade.

l Joint FAO/WHO Expert Committee on Food Additives:
evaluates the safety of food additives, processing aids,
Figure 1 EMA basic functional structure.
flavoring agents, residues of veterinary drugs in animal
products, contaminants and natural toxins.

l The International Conference on Harmonization of Tech-
nical Requirements for Registration of Pharmaceuticals for
Human Use (ICH) or for Veterinary Use (VICH): brings
together the regulatory authorities and pharmaceutical
industry of Europe, Japan, and the United States to discuss
scientific and technical aspects of drug registration.

l Organisation for Economic Co-operation and Development
(OECD): the OECD provides a forum in which govern-
ments can work together to share experiences and seek
solutions to common problems.
Regulation and Guidance

There are several organizations responsible for drafting and
approving all the European regulations, which are the Council
of the EU, the European Parliament, and the European
Commission. Within the latter, and in the case of drug regu-
lation, the Pharmaceutical Committee has great relevance in
advising the Commission itself and in studying the issues
related to European pharmaceutical legislation.
Legislation

Regarding the requirements for the marketing authorization of
medicinal products, currently the main legislation for their
authorization are the following Directives: Directives 2001/83/
EC, 2004/27/EC, and 2003/63/EC for medicinal products for
human use, and Directives 2001/82/EC, 2004/28/EC, and
2009/9/EC for veterinary medicinal products. Also, Regulation
(EC) No 726/2004 is of outstanding relevance for both human
and veterinary medicinal products, given that it lays down the
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steps to take during Community procedures, and establishes
the responsibilities and administrative structure of the EMA. As
previously mentioned, some specific groups of drugs are gov-
erned by their own particular rules, i.e., pediatric, orphan,
herbal, or advanced therapy medicinal products.

The body of EU legislation in the pharmaceutical sector is
compiled in Volume 1 (for medicinal products for human use)
and Volume 5 (for medicinal products for veterinary use) of the
publication ‘The rules governing medicinal products in the
European Union.’ The main legislation is collected on Table 1.
Guidance

These guidelines are intended to provide a basis for practical
harmonization of the manner in which the MS and the EMA
interpret and apply the detailed requirements for the demon-
stration of quality, safety, and efficacy contained in the Direc-
tives. Several guidelines have been harmonized among the EU,
Japan, and the United States through the ICH/VICH.

Some of these guidelines are also published in Volumes 2,
3, 4, 6, 7, 8, 9, and 10 of ‘The rules governing medicinal
products in the European Union.’ The EMA website collects in
a practical way most of these guidance documents.

l The human guidelines are classified by the EMA according
to the main general schedule: quality guidelines, quality of
medicines questions and answers: introduction, biological
guidelines, nonclinical guidelines, clinical efficacy and
safety guidelines, multidisciplinary guidelines, and ICH
guidelines.

l The veterinary guidelines are classified by the EMA in the
following groups: quality guidelines, quality of medicines
questions and answers: introduction, immunologicals,
safety and residues, and efficacy.
Marketing Authorizations

Procedures

There are different procedures available in the EU for the
authorization and marketing of a medicinal product in the MS.

The submission of the dossier can be made by a National
Procedure, in which the National Competent Authority (NCA)
issues a national authorization.

Once a national authorization is granted in one EU country
(designated as Reference Member State, RMS), the medicinal
product may be registered in one or more other EU countries
(Concerned Member States) through the procedure known as
Mutual Recognition Procedure, which is based on the prin-
ciple that the assessment criteria are harmonized throughout
the EU.

The Decentralized Procedure, applicable to the majority of
conventional medicinal products, is used in cases where the
applicant does not possess a marketing authorization for the
intended medicinal product in any of the MS. Through this
procedure, identical dossiers are submitted simultaneously to
all the MS in which the applicant claims to register the
medicinal product, one of them being chosen as RMS.

An authorization obtained through the Centralized Proce-
dure is assessed by the Committee for Medicinal Products for
Human Use (CHMP) or Committee for Medicinal Products for
Veterinary Use, and valid in the whole EU. This route of
licensing, as established in Regulation (EC) No 726/2004, is
mandatory for products derived frombiotechnology, for orphan
medicinal products, and for medicinal products containing
a new active substance for which the therapeutic indication is
the treatment of acquired immune deficiency syndrome, cancer,
neurodegenerative disorder or diabetes, autoimmune diseases,
and other immune dysfunctions and viral diseases. The
centralized procedure is also mandatory for zootechnical and
veterinary medicinal products intended primarily for use as
performance enhancers. The centralized authorization
procedure will be optional for other medicinal products con-
taining a new active substance and also for medicinal products
that constitute a therapeutic, scientific, or technical innovation
or are of interest at Community level. Applications for this
procedure are made directly to the EMA and the marketing
authorization obtained is valid throughout the EU.
Presentations of the Dossiers

An application dossier for the submission of a marketing
authorization consists of the administrative information and
technical documentation necessary for demonstrating the
quality, safety and efficacy of the medicinal product. The aim of
these data is to provide a basis for a favorable risk–benefit
balance, which is an essential requisite for granting a marketing
authorization.

Administrative Documentation
This part of the documentation contains the summary of the
dossier:

l Administrative data: product name, pharmaceutical form,
applicant’s information, manufacturer, importer, distrib-
utor, countries to be registered, etc.

l Summary of products characteristics, label, and package
insert: any application for a marketing authorization must
be accompanied by the Summary of product characteristics
(SPC), which is proposed by the applicant and approved by
the NCA. The SPC is the basis of information for healthcare
professionals on how to use the medicinal product safely
and effectively. Meanwhile, the Package Leaflet shall be
drawn up in accordance with the SPC.

l Expert reports: must be provided on the analytical docu-
mentation, the pharmacotoxicological documentation, the
residues documentation (for veterinary medicinal prod-
ucts), and the clinical documentation; consisting of a critical
evaluation of the various tests and or trials which have been
carried out and presented by the applicant.
Technical Documentation
The main part of the dossier is the technical section that can
be divided in three main parts, which may differ on some
aspects depending if the medicinal product is for human or
veterinary use:

1. Chemical, Pharmaceutical, and Biological Information

In this part of the dossier, the composition of the medicinal
product, including the container and closure system, should be



Table 1 Legislation

Topic Human use medicinal products Veterinary use medicinal products

MAIN LEGISLATION

Community procedures and
establishment
of a European Medicines Agency

Dir. 2001/83/EC (OJL 311, 28/11/2004, 67-128)
Dir. 2004/27/EC (OJL 136, 30/4/2004, 34-57)
Dir. 2003/63/EC (OJL 159, 27/6/2003, 46-94)

Dir. 2001/82/EC (OJL 311, 28/11/2001, 1-66)
Dir. 2004/28/EC (OJL 136, 30/4/2004, 58-84)
Dir. 2009/9/EC (OJL 44, 14/02/2009, 10-61)

Reg. (EC) 726/2004 (OJL 136, 30/4/2004, 1-121)
Reg. (EEC) 2309/93 (OJL 214, 24/08/1993 1-21)

COMPLEMENTARY LEGISLATION
Variations Dir. 2009/53/EC (OJL 168, 30/06/2009, 33-34)

Reg. (EC) 1234/2008 (OJL 334, 12/12/2008, 7-24)
Reg. (EU) 712/2012 (OJL 209, 4/08/2012, 4-14)
Reg. (EC) 1084/2003 (OJL 159, 27/06/2003, 1-23)
Reg. (EC) 1085/2003 (OJL 159, 27/06/2003, 24-45)

Pharmacovigilance Dir. 2010/84/EU (OJL 348, 31/12/2010, 74-99)
Dir. 2012/26/EU (OJL 299, 27/10/2012, 1-4)
Reg. (EU) 1235/2010 (OJL 348, 31/12/2010, 1-16)
Reg. (EU) 1027/2012 (OJL 316, 04/11/2012, 38-41)
Reg. (EC) 540/95 (OJL 55, 11/03/1995, 5-6)

Advanced therapy medicinal products Dir. 2009/120/EC (OJL 242 15/9/2009, 3-12)
Reg. (EC) 1394/2007 (OJL 348, 31/12/2010, 1-16)
Reg. (EC) 668/2009 (OJL 194, 25/07/2009, 7-10)

Genetically modified organisms Dir. 90/219/EEC (OJL 117, 08/05/1990, 1-14)
Dir. 98/81/EC (OJL 330, 5/12/1998, 13-31)
Dir. 2001/18/EC (OJL 106, 17/04/2001, 1-38)
Dir. 2009/41/EC (OJL 125, 21/05/2009, 75-97)

Orphan medicinal products Reg. (EC) 141/2000 (OJL 18, 22/1/2000, 1-9)
Reg. (EC) 847/2000 (OJL 103, 28/04/2000, 5-8)

Pediatric medicinal products Reg. (EC) 1901/2006 (OJL 378, 27/12/2006, 1-19)
Reg. (EC) 1902/2006 (OJL 378, 27/12/2006, 20-21)

Blood and blood components Dir. 2002/98/EC (OJL 33, 8/2/2003, 30-40)

Traditional herbal medicinal products Dir. 2004/24/EC (OJL 136, 30/4/2004, 85-90)

Good clinical practice Dir. 2001/20/EC (OJL 121, 1/5/2001 34-44)
Dir. 2005/28/EC (OJL 91, 9/4/2005 13-19)

Good manufacturing practice Dir. 2003/94/EC (OJL 262, 14/10/2003, 22 – 26) Dir. 91/412/EEC (OJL 228, 17/08/1991, 70-73).

Good laboratory practice Dir. 2004/10/EC (OJL 50, 20/02/2004, 44-59)

Experiments using animals Dir. 86/609/EEC (OJL 358, 18/12/1986, 1-28)

Pricing Dir. 89/105/EEC (OJL 40, 11/02/1989, 8-11)
Fees for the evaluation of medicinal

products
Reg. (EC) 297/95 (OJL 35, 15/02/1995, 1-8), and successive amendments
Reg. (EC) 2049/2005 (OJL 329, 16/12/2005, 4-7)

Financial penalties Reg. (EC) 658/2007 (OJL 155, 15/06/2007, 10-19)
Reg. (EC) 488/2012 (OJL 150, 09/06/2012, 68-70)

Falsified medicinal products Dir. 2011/62/EU (OJL 174, 01/07/2011, 74-87)

Decision-making procedures Reg. (EC) 1662/95 (OJL 158, 8/07/1995, 4-5)

Implementing powers conferred on
the Commission

Dir. 2008/29/EC (OJL 81, 20/03/2008, 51-52)

Scrutiny adaptation to the regulatory
procedure

Reg. (EC) 219/2009 (OJL 87, 31/03/2009, 109-154)

Transfer of a marketing authorization Reg. (EC) 2141/96 (OJL 286, 8/11/1996, 6-8)

Conditional marketing authorizations Reg. (EC) 507/2006 (OJL 92, 30/03/2006, 6-9)

Protection certificate for medicinal
products

Reg. (EEC) 469/2009 (OJL 152, 16/06/2009, 1-10) Reg. (EEC) 1768/92 (OJL 182, 2/07/1992, 1-5)

Coloring matters Dir. 2009/35/EC (OJL 109, 30/04/2009, 10-13) Dir. 78/25/EEC (OJL 11, 14/1/1978, 18-20)

(Continued)

Drug Regulations, Europe 243



Table 1 Legislationdcont'd

Topic Human use medicinal products Veterinary use medicinal products

Maximum residue limits Reg. (EC) 470/2009 (OJL 152, 16/06/2009, 11-22)
Reg. (EU) 37/2010 (OJL 15, 20/01/2010)

Exemptions from veterinary
prescription

Dir. 2006/130/EC (OJL 349, 12/12/2006, 15-16)

Medicated feeding stuffs Dir. 90/167/EEC (OJL 92, 07/04/1990, 42-48)
Treatment of equidae Reg. (EC) 1950/2006 (OJL 367, 22/12/2006,

33-45)

Dir. ¼ Directive; Reg ¼ Regulation; OJL ¼ Official Journal L.
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clearly stated. An account of the development pharmaceutics,
containing a justification of the dosage form, the selection of
the components, the manufacturing process, the container and
closure system, and the microbiological attributes, has to be
given. The manufacturing process has to be validated to show
that the process will consistently lead to a product of the
desired quality. The quality specifications of all raw materials
used for the manufacture of the medicinal product have to be
provided and justified. The information on the quality of the
active substance is of particular relevance and much more
detailed, including (for each of the proposed manufacturers)
information on the synthesis route and the manufacturing
process, the characterization, the quality specifications (list of
tests, acceptable limits, and analytical methods), and stability
data. In addition, the risk analysis and the measures taken to
minimize the risk of transmitting animal spongiform enceph-
alopathy and other adventitious agents have to be described in
this section. The dossier has to contain a clear statement of the
quality specifications stated for the release of the finished
product batches to the market, which include a list of the
proposed tests, acceptable limits for their results, and precise
reference to the analytical methods used. Finally, the protocols
and results of the stability studies supporting the proposal of
a shelf-life and storage conditions for the medicinal product
should also be included.

2. Nonclinical Reports (Human Use)/Safety and Residues
(Veterinary Use)

This section describes the pharmacological and toxicological
profile of the active substance or excipients used on the formu-
lation of the intended medicinal product. Pharmacological
studies in this section include pharmacokinetic and pharma-
codynamic trials conducted on laboratory animals. A complete
toxicological profile covers a large battery of studies: acute and
chronic toxicity, carcinogenicity and mutagenicity, genotoxicity
and reproductive toxicity, etc. All these trials must be conducted
in accordance with the standards laid down by the OECD.

For a veterinarymedicinal product authorization, this part of
the dossier incorporates various key areas, which are intended
to demonstrate the safety of the product for the environment,
for the person administering the product to the animals, and for
the consumers of animal foodstuffs. Regarding the latter, the
CVMP has established maximum residue limits (MRL) for each
of the active substances approved for animals that are destined
for human consumption.
These MRL are concentration levels that are considered to
be safe for the consumers, so that residue concentrations
found in animal foodstuffs must be below these MRL when
entering the food chain. Legislation about MRL and a complete
list of all the currently established MRL can be found on
Regulation (EC) No 470/2009 and Regulation (EC) No 37/
2010, respectively.

3. Clinical Reports and Efficacy

For both human and animal medicines, the applicant must
submit under this section the clinical documentation, which
shall demonstrate the effect of the product after its adminis-
tration at the recommended dosage, in order to specify its
indications, contraindications, and any adverse reactions that
it may have under normal conditions of use. A brief overview of
the clinical findings, including important limitations as well as
an evaluation of benefits and risks based on the conclusions of
the clinical studies, shall be provided. In the case of veterinary
medicinal products, the efficacy part of the dossier shall also
contain the preclinical information that establishes the phar-
macological activity and the tolerance of the product. This
information is collected on the nonclinical section in the case
of human medicines. Data on the emergence of resistant
organism are necessary in the case of products used for the
treatment of infectious or parasitic infestations in animals.
Types of Application

Depending on the type of application for a marketing autho-
rization, the specific requirements for each section of the
dossier may vary. Several types of these marketing authoriza-
tion applications are described in the European Regulation,
and are summarized here:

l Full or Complete

It consists of the results of physicochemical, biological, or
microbiological tests; pharmacological and toxicological tests;
and clinical trials.

l Bibliographical

If the constituents of a medicinal product have a ‘well-
established use,’ with recognized efficacy and an acceptable
level of safety, it is possible to replace the results of pharma-
cological and toxicological tests or clinical trials with detailed
references to published scientific literature.
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l Generic

The applicant shall not be required to provide the results
of the safety and residue tests or of the preclinical and clinical
trials if he can demonstrate that the medicinal product is
a generic of a reference medicinal product that is or has been
authorized.

Generic medicinal product shall mean a medicinal product
that has the same qualitative and quantitative composition in
active substances and the same pharmaceutical form as the
reference medicinal product, and whose bioequivalence with
the reference medicinal product has been demonstrated by
appropriate bioavailability studies, although these need not be
required if the applicant can demonstrate that the generic
medicinal product meets the relevant criteria as defined in the
appropriate detailed guidelines. These bioequivalence guide-
lines (CPMP/EWP/QWP/1401/98 Rev.1 for human medicinal
products and EMA/CVMP/016/00-Rev.2 for veterinary medic-
inal products) have become of great relevance in recent years
due to the fact that generic applications are greatly increasing in
number with respect to complete applications.

l Hybrid

In cases where the medicinal product does not fall under the
definition of a generic medicinal product, or where bio-
equivalence cannot be demonstrated through bioavailability
studies, or in the case of changes to the active substance, ther-
apeutic indications, strength, pharmaceutical form, or route of
administration vis-à-vis the reference medicinal product, the
results of the appropriate safety and residue tests and preclin-
ical tests or clinical trials shall be provided.

l Biosimilar

Where a biological medicinal product that is similar to
a reference product does not meet the conditions in the defi-
nition of generic medicinal products, owing to, in particular,
differences relating to raw materials or in manufacturing
processes, the results of appropriate preclinical tests or clinical
trials relating to these conditions must be provided.

l Combinations

In the case of medicinal products containing active
substances used in the composition of authorized medicinal
products but not hitherto used in combination for therapeutic
purposes, the results of new preclinical tests or new clinical
trials relating to that combination shall be provided, but it shall
not be necessary to provide scientific references relating to each
individual active substance.
Specific Legal Considerations

Apart from a specific legislation that applies to each of the parts
of the dossier, some other general requirements should be
taken into account. Some examples could be cited as follows:

l For medicinal products other than immunological, all
relevant monographs including general monographs and
the general chapters of the European Pharmacopoeia are
applicable with respect to part 2 of the dossier. Meanwhile,
for immunological, the monographs apply with respect to
the quality, safety, and efficacy.
l The manufacturing process should comply with the
principles of GMP, published by the Commission (Direc-
tive 2003/94/EC for human medicinal products and
Commission Directive 91/412 for veterinary medicinal
products).

l Pharmacological, toxicological, residue, and safety tests
should be conducted in conformity with the provisions
related to GLP laid down on Directive 2004/10/EC.

l Clinical trials as well should be conducted following
GCP, which is, described in Directives 2001/20/EC
and 2005/28/EC.

l Experiments using animals will be conducted in accor-
dance with Council Directive 86/609/EEC.
Post-Authorization Aspects

The post-authorization phase is as important as the above-
mentioned requirements, given that during this phase is when
the marketed medicinal products undergo various follow-up
procedures to ensure their quality, safety, and efficacy. In
addition, there are specific legal conditions that rule the
possession, distribution, and use of the medicinal products.
These aspects are summarized next.

Pharmacovigilance

Pharmacovigilance is the process of monitoring the safety of
medicines and taking action to reduce their risks and increase
their benefits. It has been defined by the WHO as the science
and activities relating to the detection, assessment, under-
standing, and prevention of adverse effects or any other
medicine-related problem. The pharmacovigilance system
represents a robust and transparent instrument to ensure a high
level of public health protection, constituting a key public
health function. Its main activities include:

l Collection and management of data on the safety of
medicines.

l Detection of ‘signals’ (any new or changing safety issue).
l Evaluation of the data and decision making with regard to

safety issues.
l Proactive risk management to minimize any potential risk

associated with the use of a medicine.
l Public health protection (including regulatory action).
l Communication with stakeholders and public information.
l Audits of both the outcomes of the actions taken and the

key processes involved.

To carry out these activities, there are different entities and
professional collectives directly involved: pharmaceutical
companies and companies importing or distributing medi-
cines, regulatory authorities, including EMA and those in the
MS responsible for monitoring the safety of medicines; doctors,
pharmacists, veterinary practitioners, nurses, and all other
health care professionals working with medicines; organiza-
tions representing consumers; and also patients and animal
owners that are the users of medicines. Each MS through its
NCA is obliged to administer a system for pharmacovigilance
in order to collect, collate, and evaluate the relevant informa-
tion for the risk–benefit balance of medicines and about
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suspected adverse reactions. In addition, NCA should ensure
that the pharmacovigilance data are shared between the MS
and the EMA via the data-processing network. On the other
hand, the marketing authorization holders (MAH) are obliged
to establish and maintain a pharmacovigilance system and to
acquire the services of a qualified person responsible for
pharmacovigilance for each marketing authorization.

Periodic Safety Update Reports (PSUR), which are intended
to provide an update of the worldwide safety experience of each
medicinal product to the NCA and the EMA, shall be submitted
by the MAH immediately upon request and at defined time
points following the initial placing on the market (each
6 months the first 2 years, annually for the subsequent 2 years,
and at 3-year intervals thereafter). PSUR assessment is neces-
sary to ascertain whether further investigations need to be
carried out or whether changes should be made to the SPC or
the product information. In order to harmonize these reports,
the causality or adverse reaction assessment should be carried
out using the ABON system, which has five categories:

l Category A ¼ Probable.
l Category B ¼ Possible.
l Category O ¼ Unclassifiable (events where insufficient

information was available to draw any conclusion).
l Category O1 ¼ Inconclusive (events where other factors

prevented a conclusion being drawn, but a product associ-
ation could not be discounted).

l Category N ¼ Unlikely to be product related. In the case of
veterinary medicines, particular information concerning post-
authorization safety studies is required, including information
regarding the validity of the withdrawal period, lack of
expected efficacy, or potential environmental problems that
may arise from the use of the veterinary medicinal product.

The main legal and regulatory pharmacovigilance aspects
are described on Volumes 9A and 9B of ‘The rules governing
medicinal products in the European Union’ for human and
veterinary medicines, respectively (Volume 9A has recently
been replaced by the Good Pharmacovigilance Practice guide-
lines, released by the EMA). These guidelines are drawn up in
accordance with Directives 2001/83/EC and 2001/82/EC, and
Regulation (EC) No 726/2004.
Variations

A fundamental premise behind the legislation is that small
alterations and improvements to medicinal products do not
need a new marketing authorization, due to their limited
impact on the product. These variations to the marketing
authorizations are classified and ruled by Regulations (EC) No
1234/2008 and (EC) No 712/2012, Directive 2009/53/EC, and
Communication from the Commission 2010/C 17/01.

Variations are divided into four types:

l Type IA (minor variations) are variations that have only
a minimal impact, or no impact at all, on the quality, safety,
or efficacy of the medicinal product concerned. Type IA
examples: change in the name or address of the MAH,
change in the active substance name, or submission of
a new or updated European Pharmacopoeia Certificate of
suitability for an active substance.
l Type II (major variations) means a variation that is not an
extension and which may have a significant impact on the
quality, safety, or efficacy of the medicinal product. Type II
examples: replacement or addition of a manufacturing site
for part or all of the manufacturing process of the finished
product; significant modifications of the SPC characteristics
due in particular to new quality, or preclinical, clinical, or
pharmacovigilance data.

l Extensions are major alterations that change one or more of
the following: the medicinal product’s active substance; the
strength, pharmaceutical form and route of administration;
or the target species in regard to veterinary medicinal
products to be administered to food-producing animals.
Technically, an extension means a variation that is listed in
Annex I of Regulation (EC) No 1234/2008.

l Type IB (minor variations) means a variation that is neither
aminorvariationof type IAnor amajor variationof type IInor
an extension. Type IB examples: change inmedicinal product
name, minor change in finished product manufacture.
Renewals

A marketing authorization may be renewed after 5 years on the
basis of a reevaluation of the risk–benefit balance by the NCA
of the authorizing MS. To this end, the MAH shall submit
a consolidated version of the file with respect to quality, safety,
and efficacy, including all variations introduced since the
marketing authorization was granted. Once renewed, it shall be
valid for an unlimited period, unless the NCA decides, on
justified grounds relating to pharmacovigilance, to proceed
with one additional 5-year renewal.
Distribution, Prescription, and Use

Distribution
Wholesale distribution of medicinal products can be defined as
all the activities consisting on procuring, holding, supplying, or
exporting medicinal products, apart from dispensing medicinal
products to the public. Such activities are carried out with
manufacturers or their depositories, importers, other wholesale
distributors, or pharmacists and persons authorized or entitled
to supply medicinal products to the public.

Regarding the requirements for the distribution authoriza-
tion of medicinal products, the MS shall take all appropriate
actions to ensure that only medicinal products for which a
marketing authorization has been granted in accordance with
Community law are distributed on their territory. Possession
of a manufacturing authorization for a medicinal product
includes authorization to distribute by wholesale such medic-
inal product.

Authorization holders can supply medicinal products only
to authorized person or entities to dispense them to the public.
Specific and stringent requirements are laid down by MS with
respect of the distribution of narcotic or psychotropic
substances, medicinal products derived from blood, immu-
nological medicinal products, and radiopharmaceuticals. The
holders must also have an emergency plan that ensures effec-
tive implementation of any recall from the market ordered by
the NCA, and the records of incoming and outgoing medicinal
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supplies in order to respond to the detailed audits that may be
carried out by the NCA.

Prescription
When a marketing authorization is granted, the competent
authorities shall specify if the medicinal product is subject or
not to medical prescription. Those that are available ‘on
medical prescription only’ may be further divided in subcate-
gories referring to the following classification:

1. Medicinal products on medical prescription for renewable
or nonrenewable delivery.

2. Medicinal products subject to special medical prescription.
3. Medicinal products on ‘restricted’ medical prescription,

reserved for use in certain specialized areas.

Medicinal products shall be subject to medical prescription
if they:

l are likely to present a danger either directly or indirectly, even
when used correctly, if utilized without medical supervision,

l are frequently and widely used incorrectly, and as a result are
likely to present a direct or indirect danger to human health,

l contain substances or preparations, the activity and/or
adverse reactions of which require further investigation, or

l are normally prescribed by a doctor to be administered
parenterally.

In addition, the rules for dispensing veterinary medicinal
products include special precautions to avoid any unneces-
sary risk to the person administering the products to the
animal, the consumer of foodstuffs obtained from the treated
animal (compliance with withdrawal periods) and the
environment.

Off-Label Use
The term off-label use refers to any use of an authorized
medicinal product that is not covered by the terms of its
marketing authorization, as could be its use for a different (i.e.,
nonauthorized) indication, at a different dose or dosage
frequency, or for a patient group not specified on the SPC.

This aspect is of particular relevance in the field of veterinary
medicine, where dose extrapolation is a common practice, even
at dosage rates other than those approved for the target species.
Article 10 of Directive 2001/82/EC (as amended by Directive
2004/28/EC) permits, under exceptional circumstances, the
extra-label use of veterinary (or even human) medicines by a
veterinarian when an authorized veterinary medicinal product
is not available. This is called the ‘cascade principle.’ The
veterinarian is, thus, responsible for the proper selection and
administration of the veterinary medicinal product and for
establishing an appropriate withdrawal period, when neces-
sary, in order to ensure the safety of the consumers of animal
foodstuff.
See also: Occupational Toxicology; Food and Drug
Administration, US; Good Clinical Practice (GCP); EU Risk
Assessment Committees; The European Medicines Agency
(EMA); Pharmaceuticals Effects in the Environment; European
Union and Its European Commission; Joint FAO/WHO Expert
Meetings (JECFA and JMPR); Drugs of Abuse; Good
Laboratory Practices; The International Conference on
Harmonisation; Investigative New Drug Application; United
States Pharmacopoeia (USP).
Further Reading

The rules governing medicinal products in the European Union:
Volume 1-EU pharmaceutical legislation for medicinal products for human use.
Volume 2-Notice to applicants and regulatory guidelines for medicinal products

for human use.
Volume 3-Scientific guidelines for medicinal products for human use.
Volume 4-Guidelines for good manufacturing practices for medicinal products

for human and veterinary use.
Volume 5-EU pharmaceutical legislation for medicinal products for veterinary use.
Volume 6-Notice to applicants and regulatory guidelines for medicinal products

for veterinary use.
Volume 7-Scientific guidelines for medicinal products for veterinary use.
Volume 8-Maximum residue limits.
Volume 9-Guidelines for pharmacovigilance for medicinal products for human and

veterinary use.
Volume 10-Guidelines for clinical trial.

Relevant Websites

http://www.clsi.org/ – Clinical and Laboratory Standards Institute.
http://ec.europa.eu/health/documents/eudralex/index_en.htm – EU Legislation – Eudralex.
http://www.ema.europa.eu/ema/ – European Medicines Agency.
http://mri.medagencies.org/Human – Human MRIndex.
http://www.vichsec.org/ – International Cooperation on Harmonisation of Technical

Requirements for Registration of Veterinary Medicinal Products.
http://pharmeuropa.edqm.eu – Pharmeuropa Online.
http://www.ema.europa.eu/ema/index.jsp?curl¼pages/regulation/general/general_

content_000173.jsp&mid¼WC0b01ac058002d89a– ScientificGuidelines (Veterinary).
http://www.ema.europa.eu/ema/index.jsp?curl¼pages/regulation/general/general_

content_000043.jsp&mid¼WC0b01ac05800240cb – Scientific Guidelines (Human).
http://www.whocc.no/atcvet/ – The ATCvet System.
http://www.ich.org/ – The International Conference on Harmonisation of Technical

Requirements for Registration of Pharmaceuticals for Human Use (ICH).
http://mri.medagencies.org/Veterinary/product-information – Veterinary MRIndex.

http://www.clsi.org/
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http://pharmeuropa.edqm.eu
http://www.ema.europa.eu/ema/index.jsp%3fcurl%3dpages/regulation/general/general_content_000173.jsp%26mid%3dWC0b01ac058002d89a
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Drug overdose and death is an epidemic in the United States.
The Center for Disease Control reports that there are nearly 11.9
deaths per 100 000 population in the United States, annually
totaling more than 34 000 deaths in 2008. Unintentional
poisoning deaths are leading cause of death in the United States
largely due to misuse and abuse of opioid analgesics.

Certain pharmaceuticals and other substances are classified
as ‘drugs of abuse’ because of the tendency for people to use (or
overuse) these substances for other than their intended
purpose. There are numerous substances that have no medical
use and are only used with the intent to become high. ‘Legal
highs’ have been increasing in popularity and their use has
exploded in the past 2 years. Legal highs are psychoactive
chemicals that are sold from the Internet, head shops, or
convenience stores intended to elicit a psychoactive response.
They are often structurally similar to controlled substances, but
are marketed as ‘not for human consumption’ and therefore are
not regulated by the Food and Drug Administration (FDA) and
Drug Enforcement Administration (DEA).

This article discusses major classes and provides specific
examples of drugs of abuse, their main adverse effects, treat-
ments available in overdose/toxicity scenarios, and withdrawal
symptoms as applicable.
Stimulants

Amphetamines

Amphetamines are a class of stimulants named after the
prototypical agent, amphetamine, a phenethylamine deriva-
tive. Available amphetamines include both prescription
and illicit chemicals. Prescription amphetamines are FDA
approved for conditions such as attention deficit hyperactivity
disorder and are popularly prescribed. They are controlled
substances due to their abuse potential. Examples include
methylphenidate and dextroamphetamine. Methamphetamine
is an example of an illicit amphetamine that is commonly
abused. Designer amphetamines (or synthetic amphetamines)
include analogues of amphetamine and a type of amphetamine
called a cathinone or a beta-keto amphetamine. Cathine or
beta-keto amphetamine is found in nature as a constituent
of the plant Catha edulis and it is chewed for its stimulant
properties.

The amphetamines exert their pharmacological effect by
increasing the release and decreasing the reuptake of cate-
cholamines (including norepinephrine and dopamine). This
mechanism is the reason for the clinical effects as well as the
addictive properties of these drugs.

The onset of effect and duration of effect after amphetamine
use depends on the route of administration as well as the
specific agent abused. Amphetamines can be smoked, inhaled,
injected, or ingested. Methamphetamine’s effect can last
12–24 h whereas immediate release oral methylphenidate may
only last for 6 h.
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Manifestations of toxicity include agitation, psychomotor
agitation, tachycardia, hypertension, seizures, hyperthermia,
and sequelae of prolonged agitation and hyperthermia
including rhabdomyolysis and multisystem organ dysfunction.
Management is aimed at controlling the sympathomimetic
effects including judicious use of benzodiazepines. Morbidity
and mortality are largely due to hyperthermia, and hence early
recognition and management of hyperthermia is essential.
Cocaine

Cocaine is a naturally occurring alkaloid that has both local
anesthetic properties as well as sympathomimetic properties.
Cocaine is contained in the leaves of Erythroxylum coca, a shrub
that is found in Peru, Columbia, the West Indies, and Indo-
nesia. Historically, coca leaves were chewed for social and
religious rituals. Cocaine is occasionally used therapeutically in
the United States for its local vasoconstrictive and anesthetic
effects for cutaneous lesions or for certain oropharyngeal
surgical procedures.

Cocaine is absorbed through all routes of administration.
Cocaine hydrochloride can be insufflated, applied topically to
mucus membranes, or dissolved in water and injected. Crack
is formed by dissolving cocaine hydrochloride in water and
adding a strong base. Crack is often referred to as ‘smokeable’
cocaine.

Cocaine inhibits the reuptake of biogenic amines, specifi-
cally serotonin, dopamine, norepinephrine, and epinephrine,
resulting in sympathomimetic toxicity. This is an excitatory
syndrome and includes central nervous system (CNS) stimu-
lation as well as increases in temperature, heart rate, and blood
pressure. In addition, cocaine has several other mechanisms
that better explain its clinical toxicity. Cocaine increases excit-
atory amino acids in the brain; this likely explains the increased
agitation, seizures, and hyperthermia that occur during over-
dose or with significant intoxication. Cocaine is an inhibitor of
tissue plasminogen activator thereby resulting in accelerated
atherosclerosis. Like other local anesthetics, cocaine inhibits
neuronal sodium channels. It also has the ability to inhibit
cardiac sodium channels with a resultant delay in ventricular
depolarization. Cocaine also has the ability to inhibit cardiac
potassium channels with a resultant prolongation of ventric-
ular repolarization.

Manifestations of toxicity include the classic sympathomi-
metic toxidrome including psychomotor agitation, dilated
pupils, tachycardia, hypertension, and hyperthermia. In addi-
tion, cocaine causes a multitude of other clinical effects
including seizures, myocardial ischemia/infarction, ventricular
dysrhythmias, rhabdomyolysis, and multisystem organ
dysfunction.

Treatment of cocaine intoxication is focused on controlling
the psychomotor agitation and temperature. Benzodiazepines
used judiciously should be the mainstay of therapy. Beta-
adrenergic antagonists should be avoided because they lead
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to an unopposed alpha effect with a resultant worsening of
hypertension. Sodium bicarbonate should be given for wide
QRS complex on the electrocardiogram (ECG).
Synthetics

Since late 2009, there has been an explosion of new, synthetic
drugs that are structurally similar to amphetamines. These
compounds have unique chemical structures and have resulted
in unique toxicity. Mephedrone was one of the first to become
available. It is a synthetic cathinone and has the basic structure
of an amphetamine, but with a ketone group in the beta
position. There are many cathinone derivatives as well as other
agents in this class, which is more commonly called the phe-
nethylamine class. In the United States, these drugs have been
commonly sold on the Internet, head shops, and convenience
stores and referred to as ‘bath salts,’ ‘pond cleaner,’ and even
‘plant food.’

These substances are analogues or derivatives of amphet-
amines and thereby their pharmacological mechanism is
similar in that they decrease the reuptake and increase the
release of catecholamines.

The onset of effect varies upon the route of administration.
The duration of effect varies among each individual substance;
however, prolonged effects for more than 24 h are not
uncommon. They can be smoked, insufflated, injected, or
ingested.

Manifestations of toxicity include the previously described
sympathomimetic toxicity with management focusing on
benzodiazepines aimed to sedation. More worrisome and
concerning is the psychological toxicity seen after exposures to
these synthetic substances. They have a high likelihood of
causing severe paranoia and psychosis that persists for several
days to weeks. Management is aimed at controlling the para-
noia and psychosis and often requires management with
antipsychotic agents. It remains unclear, the long-term effect
these substances have.

In addition to the stimulants described above, certain
amphetamines have both hallucinogenic or empathogenic
properties when ingested. MDMA or ‘Ecstasy’ falls into
this category as does mescaline or the newer, extremely
potent, designer amphetamines, the NBOME series (e.g., 25-C-
NBOME).
CNS Depressants

Benzodiazepines

Benzodiazepines are the most popularly prescribed anxiolytic
medication. Benzodiazepines bind to the gamma-aminobutyric
acid (GABA-A) receptor on the benzodiazepine receptor. They
enhance the function and binding of GABA. This results in CNS
depression.

Benzodiazepines rarely cause death in overdose when taken
alone. Respiratory depression and death occur only when it is
mixed with other centrally acting respiratory depressants.

Benzodiazepines are available in both oral and parenteral
dosage forms. Flunitrazepam (Rohypnol�) has been used
in drug-facilitated sexual assault because of its rapid onset of
effect and potency. The onset and duration of effects of
benzodiazepines vary among each specific agent; however, they
generally have rapid onset of effects.

Clinical manifestations of toxicity include CNS depression,
slurred speech, ataxia, amnesia, andmild decreases in heart rate
and blood pressure. The effects, including respiratory depres-
sion, are exacerbated when combined with alcohol. Treatment
is largely supportive with close monitoring of the airway. Flu-
mazenil, a benzodiazepine receptor antagonist, is commer-
cially available; however, in a tolerant patient, it can precipitate
acute benzodiazepine withdrawal. Benzodiazepine withdrawal
can manifest as delirium, tachycardia, hypertension, tremors,
and seizures.

The most common benzodiazepine that results in hospi-
talization in the United States is clonazepam, followed by
alprazolam. As designer stimulants have become popular,
certain designer benzodiazepines have been developed and
marketed for use over the Internet and other sources (e.g.,
phenazepam and etizolam).
Gamma Hydroxybutyrate

Gamma hydroxybutyrate (GHB) and its precursors, gamma
butyrolactone (GBL) and 1,4-butanediol (1,4-BD) have long
been identified as potential agents used in drug-facilitated
sexual assaults. GHB was first discovered in the 1960s and
became a popular drug for bodybuilders. It rapidly became
popular as a club drug because of its CNS depressant, anxio-
lytic, and euphoric properties. GHB is a precursor and degra-
dation product of GABA.

Clinical manifestations of toxicity include CNS depression,
respiratory depression, bradycardia, hypotension, hypothermia,
and myoclonus. GHB itself has a fast onset of effect and a short
duration of action with symptom resolution usually within 2–
4 h after ingestion. GBL and 1,4-BD require metabolic conver-
sion to GHB and thereby their clinical effects are somewhat
delayed in onset. Treatment is largely based on airway protec-
tion and supportive care. GHB withdrawal has been described
and is similar to benzodiazepine and ethanol withdrawal,
though it appears to have a longer duration.
Chloral Hydrate

Chloral hydrate is one of the oldest sedatives available. It is
still used therapeutically; however, its use has decreased over
time because of the availability of newer agents with less
toxicity.

Chloral hydrate, when mixed with alcohol, commonly
referred to as a Mickey Finn, has been used in drug-facilitated
sexual assault. Chloral hydrate has a fairly unique toxicity
profile as compared to other sedative-hypnotics.

Clinical manifestations of toxicity include CNS depression,
respiratory depression, nausea, vomiting, and gastritis. Cardiac
dysrhythmias are the major cause of death. Chloral hydrate is
a halogenated hydrocarbon and inhibits potassium channels in
the myocardium and prolongs ventricular repolarization. This
results in a prolonged QTc interval on ECG and subsequent,
persistent ventricular dysrhythmias. Beta-receptor adrenergic
antagonists are the treatment of choice for the ventricular
dysrhythmias.
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Other Sedative-Hypnotic Agents

Zolpidem is a sedative-hypnotic agent that binds at a subunit of
the benzodiazepine receptor (GABA-A subunit). Zolpidem and
the other ‘Z-drugs’ cause effects similar to benzodiazepines
during intoxication.

Other sedative-hypnotic agents include drugs such as car-
isoprodol, which turns into meprobamate after systemic
absorption, pregabalin, and gabapentin – which have become
more common agents of abuse and coingestants in individuals
hospitalized for drug overdose.
Opioids

Opioids are commonly used for the management of acute and
chronic pain syndromes. They are often widely abused and
recent statistics in the United States describe an alarming trend
for the prevalence of opioid misuse and abuse with a resultant
increase in mortality. There are several naturally occurring
opioids as well as synthetic opioids. Examples of opiates
include morphine and codeine. The semisynthetic opiates or
close chemical cousins to opiates include heroin, hydrocodone,
oxycodone, oxymorphone, hydromorphone, and buprenor-
phine. Synthetic opioids are chemicals that differ structurally
from morphine, codeine, and semisynthetic opioids such as
hydrocodone and oxycodone, and include tramadol, tapenta-
dol, fentanyl, and methadone. None of these synthetic agents
will give a positive reading on a standard opiate urine drugs
screen, which typically tests for morphine, codeine, and some
of the semisynthetic opioids.

Opioids are agonists at opioid receptors with the desirable
analgesic effects as well as the euphoria and toxicity seen.
The primary receptor responsible for the euphoria and anal-
gesia is called the mu receptor.

Clinical manifestations of toxicity include CNS depression,
respiratory depression, miosis, hypoactive bowel sounds, and
hyporeflexia. Respiratory depression can lead to hypoxia and
other sequelae that result in the high morbidity and mortality
with these agents.

Opioids are used orally, topically, or parenterally. The onset
and duration of effects vary among each agent and the partic-
ular dosage form used. Naloxone is an opioid receptor antag-
onist and should be given to patients with respiratory and CNS
depression. Opioid withdrawal manifests as flulike symptoms
with nausea, vomiting, piloerection, and possibly tachycardia
and hypertension.
Hallucinogens

Lysergic Acid Diethylamide

Lysergic acid diethylamide (LSD) is a well-known hallucinogen
that has been abused for many years. It is structurally similar to
serotonin and is a mood-altering hallucinogen. It is generally
ingested in tablet form, on blotter paper. Morning glory seeds
are also available on the Internet and contain LSD. These seeds,
when ingested in large quantities, can have LSD effects.

Clinical manifestations of toxicity include hallucination,
which is the desired effect, paranoid, mild tachycardia, and
hypertension. Flashbacks have been described after LSD use.
The onset of effects is relatively fast and the duration generally
lasts 4–6 h after use.

Treatment is supportive and there are no specific antidotal
therapies.
Psilocybin Mushrooms and Tryptamines

Psilocybin-containing mushrooms have been used for thou-
sands of years because of their hallucinogenic properties. Psilo-
cybin is similar to serotonin and results in the hallucinations
after ingestion. Psilocin and psilocybin are chemicals called
tryptamines. Additional tryptamine agents include dimethyl
tryptamine and alpha-methyl tryptamine among others.

Clinical manifestations of toxicity occur within the first
15–60 min after ingestion and produce CNS effects, mainly
visual illusions and hallucinations. Nausea and vomiting is not
uncommon after ingestion.

Treatment is supportive and benzodiazepines can be given
for hallucinations if necessary.
Salvia divinorum

Salvia divinorum is a member of the Mint family and has long
been identified to have hallucinogenic properties. It has been
used by the Mazatec Indians as part of religious rites.

Salvinorin A is the active component that causes halluci-
nations. S. divinorum is ingested (often as a tea), chewed, or
smoked.

Salvia is sold and marketed as a legal hallucinogen because
the Controlled Substances Act does not prohibit its use.
Dissociative Drugs

(Phencyclidine/Ketamine/Dextromethorphan/Methoxetamine)

Phencyclidine (PCP) and ketamine are dissociative anesthetics
that have been both therapeutically used and abused. Both
have been used therapeutically because of their ability to
provide analgesia and anesthesia. PCP was removed from the
US market due to a high incidence of postoperative emergence
reactions. Ketamine is still used therapeutically. Methoxet-
amine is a ketamine analogue and is often sold through the
Internet.

Because of their ability to cause CNS inebriation and ‘out of
body experiences,’ these drugs rapidly became popular as drugs
of abuse. PCP is still used occasionally and has gained popu-
larity by combining PCP with marijuana, referred to as
smoking ‘wets’ or ‘water.’ Ketamine has been associated in
drug-facilitated sexual assault cases.

Dextromethorphan is metabolized to dextrorphan, which
acts similar to PCP and ketamine.

PCP, ketamine, and dextromethorphan antagonize the
N-methyl-D-aspartate (NMDA) receptor and thereby func-
tionally and electrophysiologically dissociate the somatosen-
sory cortex from higher centers.

PCP, ketamine, and dextromethorphan can be ingested,
smoked, or injected.

Clinical manifestations of toxicity include psychomotor
agitation and consciousness; memory and motor activity are
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dissociated from one another. Tachycardia, hypertension, and
nystagmus are commonly seen.

Treatment is supportive with the aim focused on managing
the CNS excitation and agitation with judicious use of
benzodiazepines.
Synthetic Cannabinoids

The use and abuse of synthetic cannabinoids has exploded.
First described in Europe and Asia, it is now an epidemic in the
United States. Synthetic cannabinoids are marketed under
brand names like ‘K-2,’ ‘Spice,’ ‘Herbal Incense,’ and ‘Legal
Skunk.’ Synthetic cannabinoids were first created in the labo-
ratory and are potent agonists at the CB-1 receptor. The CB-1
receptor is the same receptor that tetrahydrocannabinol
(THC) exerts its psychoactive effects. Synthetic cannabinoids
also have an effect on the CB-2 receptor. These substances are
reported to be 10–100 times more potent at the cannabinoid
receptors than THC.

Synthetic cannabinoids are largely inhaled though there
have been reported cases of ingestion and insufflation. Clinical
manifestations of toxicity are unique and far more exaggerated
than THC. Tachycardia, hypertension, profound alterations in
mental status, psychosis, seizures, renal failure, and even ST
elevation myocardial infarction have been reported after use of
these synthetic cannabinoids. Standard urine toxicology drug
screens will not detect synthetic cannabinoids.

Treatment is largely supportive with close attention to
airway and breathing. Benzodiazepines should be given for
agitation and/or seizure activity.
See also: Amphetamines; Cocaine; Lysergic Acid Diethylamide;
Marijuana; Methylenedioxymethamphetamine; Mescaline;
Mushrooms: Psilocin and Psilocybin containing; Nutmeg;
Opium and opiates; PCP; Peyote; Poisoning Emergencies in
Humans; Sedatives and Hypnotics.
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Introduction

Dyes areusedprimarily to impart color to textiles, leather, paints,
photographs, cosmetic and pharmaceutical products, biological
stains, and food.Manynatural dyeshavebeen largely replacedby
synthetic dyes that were developed at the end of the nineteenth
century. Dyes should be safe, with no toxicity, carcinogenicity,
mutagenicity, or allergenicity. However, the most frequently
reported causes of unexpected side effects of garments are textile
dyes, and some dyes formerly used for food, such as Butter
Yellow, are known to be carcinogenic. It is difficult to routinely
detect the exact composition of dyes, because the chemicals used
are generally not declared in textiles, contrary to the case with
cosmetics or foods.
Classification of Dyes

There are thousands of dyes, marketed under different names
(more than 100 for some of them), so that it is sometimes
difficult to rapidly and accurately recognize a specific dye. There
are several classification systems for dyes, but the more popular
ones are based on the chemical structure, source, nuclear
structure, and industrial classification.
Color Index System

Colorants (both dyes and pigments) are indicated in the color
index (CI), using two systems: the CI constitution number and the
CIgenericname.TheCI constitutionnumber is afive-digitnumber
to identify an individual dye with a known structure (e.g., CI
11110) and the CI generic name indicates the chemical category,
the color, and an identification number (e.g., CI Disperse Red 1).
However, the CI does not contain all the information about the
dye and some textile dyes have no CI number.
Classification Based on Chemical Structure

According to their chemical structure, the nature of the
chromophores, and the CI system, dyes can be classified into
22 groups: nitroso, nitro, monoazo, diazo, stilbene, diaryl-
methane, triarylmethane, xanthene, acridine, quinoline,
methine, thiazole, indamine, indophenol, azine, oxazine,
thiazine, aminoketone, anthraquinone, indigoid, phthalocya-
nine, and inorganic pigments.
Classification Based on Source

There are two sources of dyes: (1) natural and (2) synthetic.
Natural dyes are from plant sources such as roots, bark, berries,
leaves, or from wood, fungi, and lichens. Natural dyes are
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divided into four subcategories: animal dyes (A), curcuminoid
dyes (C), natural phenol dyes (N), and plant dyes (P).
Classification Based on Nuclear Structure

Although this classification is not very common, in some
references and for particular purposes, dyes can be categorized
as cationic or anionic dyes.
Classification Based on Industrial Application

Dyes are mainly used in the textile industry, so classification in
the dyeing process is very popular. According to this method,
dyes can be divided into 10 groups: disperse, acid, base, direct,
vat, reactive, sulfur, mordant, solvent, and azoic dyes.
Characteristics of Dyes

Combination of Dyes

A final color often results from a subtle mixture of several dyes.
Because of this, a priori unexpected combinations of dyes can be
used such as yellow, red, orange, or red dyes for black or blue
garments. For example, Serisol Black L 1944, used to dye black
velvet clothes, contains five disperse dyes, namely Blue 124, Blue
106, Red 1, Yellow 3, and Blue 1. Moreover, a commercial pure
dye often comprises one or two major components, and
frequently other chemicals and/or impurities. Disperse Yellow 3
is generally pure, Disperse Red 153 or Disperse Blue 35 contain
two major fractions, and Disperse Red 1 comprises one major
compound and at least two other minor substances. These
impurities can also be responsible for sensitization. Moreover,
there can be mistakes and confusion between dyes with similar
names.
Conversion of Dyes in Humans

If they are ingested, dyes, and particularly those that have an
azo group, can be metabolized by the intestinal microflora or
by the liver enzymes. Their effects can occur in organs
responsible for metabolism or elimination, such as the liver
and urinary tract. Transformation of dyes may also occur via the
skin; for example, dyes from colored textiles can leach from the
fabric and migrate to the skin. Disperse Orange 3 is degraded
to p-phenylenediamine (PPD) and nitroaniline in the skin
(Figure 1). Direct Blue 14 (CI 23850), after azo reduction,
converts to the aromatic amine o-toluidine and other amines
when incubated with cultures of Staphylococcus aureus. The
manufacturing processes for textile fabrication are complex and
additional procedures such as bleaching can also lead to
allergenic products.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00602-3
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Figure 1 Degradation of Disperse Orange 3 into nitroaniline and p-phenylenediamine.
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Color Fastness

Color fastness shows how well the dyes attach to fiber and it is
the most important property for textile dyes. Fastness of the dye
measures the stability of dye against water, light, and perspi-
ration, and there are a number of tests used for color fastness
and for dyes. Mordants are applied to fix the dye to the fiber
and choice of mordant has a significant effect on the final color.
Chromium salts are commonly used as mordants during the
dyeing process.
Figure 3 Disperse Red 11.

Figure 4 Disperse Blue 3.
Industrial Application Categories

Disperse Dyes

Disperse (or plastosoluble) dyes are partially soluble in water
and are used to color synthetic fibers such as polyester, acrylic
and acetate, and sometimes nylon, particularly in stockings.
They are not used for natural fibers. These molecules are the
main sensitizers among the dyes. Women seem to be more
prone than men to become sensitized, but the data on this are
not consistent.

Anthraquinone dyes consist of substituted anthraquinones
(see Figure 2 for the structure of anthraquinone). They are plas-
tosoluble and used to stain synthetic fibers such as polyester,
acetate, or nylon. Among these substances, Disperse Red 11,
Disperse Blue 3, and Disperse Blue 35 have been reported as
causes of contact dermatitis from dresses, trousers, or nylon
stockings. Disperse Blue 35 is also a phototoxic compound.
DisperseBlue3has a structure close to thatofDisperseBlue7, and
was positive in several patients tested with a dye series (chemical
structures of these dyes are shown in Figures 3–6).WithDisperse
Orange76(anazodye),DisperseRed11was thought tobeoneof
the most common causes of dye allergy in men.

Azo dyes are characterized by an R1–NQN–R2 chemical
structure. They represent the majority of commercial colorants,
enabling a broad spectrum of shades and fastness properties.
They are suitable for coloring various substrates, including
Figure 2 Anthraquinone.
synthetic and natural fibers. Thesemolecules are trapped within
the fibers in which they are formed during the dyeing process.
Azo dyes, disperse type, are used in synthetic fibers. They are the
molecules most often implicated in textile dye dermatitis,
mainly in nylon stockings, socks, trousers, dresses, and under-
wear. Disperse Yellow 3, Disperse Orange 3, and Disperse Red 1
were the principal sensitizers in a retrospective study from 1940
to 1984. Today, Disperse Blue 124 and/or 106, Disperse
Figure 5 Disperse Blue 7.



Figure 6 Disperse Blue 35.

Figure 9 Disperse Orange 3.

Figure 10 Disperse Red 1.
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Orange 3, Red 1, or Yellow 3 are frequently encountered.
A recent classification divided them into four chemical
subgroups. The monoazoic compound Disperse Blue 124
(Figure 7) is the most frequent positive dye on patch testing
with a textile series, particularly in women. It is probably the
main cause of textile contact dermatitis today. It is closely
related to another azo dye, Disperse Blue 106 (Figure 8),
marketed since 1985, and both are frequently used together.
This latter dye seems to have stronger sensitizing potential and
can provoke infiltrated lesions. Concomitant positive reactions
to both Disperse Blue 106 and 124 are expected because of their
structural similarity. Disperse Orange 3 (Figure 9) was cited in
reports of stocking dermatitis, and is a frequent allergen.

An average of two-thirds of patients sensitized to Disperse
Orange 3 are sensitized to PPD, and primary sensitization to
Disperse Orange 3 seems to be acquired from PPD contained in
hair dyes. p-Aminoazobenzene (PAAB, Solvent Yellow 1) and
p-dimethylaminoazobenzene (PDMAAB or Butter Yellow) are
positive in about two-thirds of patients sensitized to Disperse
Orange 3.

Disperse Red 1 (Figure 10) was implicated in dermatitis
from stockings, and is frequently observed on patch testing,
Figure 7 Disperse Blue 124.

Figure 8 Disperse Blue 106.
especially in subjects under 12 years of age. Disperse Red 17
(Figure 11) gave positive patch test reactions in patients
sensitized to other azo dyes, and was cited as a stocking dye.
Disperse Brown 1 (Figure 12) is less frequently positive, as is
Disperse Brown 2. Disperse Orange 76 (Figure 13) is often
positive and was thought to be one of the main causes of dye
allergy inmen, together withDisperse Blue 3 (an anthraquinone
dye). Reactions to Disperse Yellow 3 (Figure 14) are frequent.
The first cases reported concerned nylon stocking dermatitis,
and this azo dye is still currently used to dye such garments.
Disperse Red 153 (Figure 15) is based on two structurally close
compounds. Disperse Black 1 and 2 are rarely positive.

Among the methine, nitro, and quinoline dyes, Disperse
Yellow 39, a methane dye that is no longer available, was
Figure 12 Disperse Brown 1.

Figure 11 Disperse Red 17.



Figure 13 Disperse Orange 76.

Figure 14 Disperse Yellow 3.

Figure 15 Disperse Red 153. R1]Cl or H and R2]H or Cl.

Figure 16 Acid Violet 17.

Figure 17 Basic Brown 1(Bismarck Brown Y).
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implicated in trouser dermatitis. The nitro dye Disperse Yellow
9 was cited in some reports.
Acid Dyes

These are used to color silk, wool, and other animal fibers, or
nylon (polyamide) when high wet-fastness is needed. Such
dyes include monoazoic, diazoic, triphenylmethane, and
anthraquinone compounds. Acid Yellow 23, Acid Black 48,
Acid Black 63, and Acid Violet 17 (triphenylmethane derived;
Figure 16) were reported in the literature, mainly before 1985.
Acid Yellow 61 (Supramine Yellow GW), Acid Red 359 (Neu-
trichrome Red SGN), and Acid Red 118 (Supramine Red GW),
each tested in 5% petrolatum and removed after 3 days, were
positive for skin reactions in 5, 2, and 1 of 1814 consecutive
patients, respectively. The relevance of the patch test results to
the dermatitis no longer available was considered possible in
four patients.
Figure 18 Direct Black 38.
Basic Dyes

These are mainly used to dye wool and silk, modacrylic, nylon,
and polyester. They can be applied to cotton with a mordant (a
substance used to set dyes). Basic dyes include monoazoic,
diazoic, and azine compounds. Basic Red 46, a monoazoic dye,
was implicated in a sweater-induced dermatitis. Basic Brown 1
(Figure 17), Basic Black 1, Brilliant Green, Turquoise Reactive,
and Neutrichrome Red have also been reported as allergens.
Direct Dyes

These dyes are directly applied on fibers, most often cotton,
wool, flax, or leather in a neutral or alkaline bath. They have low
wet-fastness, and frequently need after-treatments. Direct Black
38 (Figure 18), a triazoic compound dye used for cotton, wool,
and silk, has been implicated in patients wearing black clothes,
with concomitant immediate-type reactions in some cases.

Direct Orange 34 (Arancio Diazol Luce 7 JL), an azo dye,
was positive during systematic testing in 8 out of 1814 patients.
Vat Dyes

Such water-insoluble dyes are applied in a reduced soluble
form and then re-oxidized to the original insoluble form once
absorbed into the fiber. They have high wet-fastness and are
used to dye cotton, flax, wool, and rayon fibers. They most
commonly include Vat Blue 6, responsible for cosmetic
dermatitis, and Vat Green 1. Vat Blue 1 (Figure 19) is used to
dye Levi Strauss 501 shrink-to-fit blue jeans. Vat Green 1, an
anthraquinone derivative (Figure 20), has been reported as
a cause of clothing contact dermatitis from navy-blue uniforms
in nurses.



Figure 19 Vat Blue 1 (synthetic indigo).

Figure 20 Vat Green 1.
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Reactive Dyes

Reactive dyes were introduced at the end of the 1950s. These
synthetic dyes consist of a two-part, direct coloring agent. The
first moiety is a chromophore with an azo, anthraquinone, or
phthalocyanine derivative. This moiety is connected to a second
reactive group, which is able to form covalent bonds with the
amine or sulfhydryl groups of proteins in the textile fibers
(Figure 21). The main reactive structures are vinylsulfone,
monochlorotriazine, dichlorotriazine, difluoropyrimidine, and
dichloroquinoxaline. Such dyes are used for coloring cellulose
fibers (cotton and silk), wool, or polyamides, and are widely
used for the production of clothes. They account for more than
10% of the world’s production of dyes. Reactive dyes are used in
industry in a powdered or granulated form, or as liquids or
pastes. They are irritant and sometimes allergenic, and most
sources of sensitization are from occupational exposures.
Respiratory symptoms in the textile industry have been reported
in up to 10% of employees: rhinitis, dyspnoea, and asthma.
These dyes can be irritants, inducing nonspecific symptoms.
Figure 21 Reaction between textile fibers and the reactive dye.
Allergic cases due to a specific immunoglobulin E (IgE)
production are ascertained by positive prick tests and blood
serum IgE levels. Contact dermatitis may occur and may be
of irritant or allergic type. In allergic dermatitis, patch tests
realized with the dye are positive, proving a delayed-type
allergic reaction.

In a study of allergic contact dermatitis in consumers, 1813
consecutive patients were tested with an additional textile series
of 12 reactive dyes, and 18 patients (0.99%) were found to be
sensitized to reactive dyes. However, only five patients
had a history of intolerance to garments, and two of the four
patch tests performed with pieces of garment were positive. In
practice, reactive dyes in clothing should not be sensitizers.
If they can be extracted from fibers, they are in a hydrolyzed
nonsensitizing form.
Sulfur Dyes

Sulfur dyes are the most commonly used dyes manufactured
for cotton because they are very inexpensive, have good wash-
fastness, and are easy to apply. They are applied using a vat
technique to make the solubilized color substantive to cellu-
losic fibers. These colors are made by treating a wide variety of
organic compounds with sulfur and sodium sulfides. The
chemical structure of the final reaction products are not often
well known. These water-insoluble dyes are dissolved in alka-
line sodium sulfide solution, which serves both as reducing
agent and as a source of alkali. After the dye is applied in the
soluble leuco form, oxidation produces the insoluble dye on
the fiber.
Mordant Dyes

Mordant dyes have little or no affinity for certain substrates and
require a mordant in their application. The fixation of the color
is principally the result of a reaction with the mordant material,
which includes tannic acid, sumac, gall nuts, bark extracts, oleic
and stearic acids, and Turkey red oil; and metallic substances
such as various combinations or soluble salts of chromium,
aluminum, iron, copper, and tin. The metallic mordants are
used more than the acid mordants. These treatments may alter
the shade of the original dyeing; they may improve wash or
light fastness. These colors are also called adjective colors,
in comparison with the direct-dyeing substantive colors.
Basic dyes that are applied to cotton þmordant are commonly
still called basic colors, so that, in practice, the designation
mordant covers only acid-dye types and alizarin. The most
common mordant dye is hematein (Natural Black 1). Other
dyes used in industrial dyeing are Eriochrome Cyanine R
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(Mordant Blue 3) and Celestine Blue B (Mordant Blue 14),
both used as substitutes for alum hematoxylin but with a ferric
salt as the mordant. Alizarin Red S (Mordant Red 3) is valuable
for revealing the presence of calcium, particularly in embryo
skeletons.
Solvent Dyes

Solvent dyes are soluble in organic solvents such as benzene,
gasoline, alcohol, acetone, oils, fats, and waxes, and they are
usually used as a solution in an organic solvent. They are used
to color some organic solvents such as hydrocarbon fuels,
waxes, lubricants, plastics, and other hydrocarbon-based
nonpolar materials. They are often used for imitation gold and
other transparent metallic imitations and for coloring wood
stains and varnishes, lacquers, printing and writing inks, butter
and margarine, and plastics and resins. Some of the more
popular are Solvent Red 24, Solvent Red 26, Solvent Red 164,
Solvent Yellow 124, and Solvent Blue 35. The structure of red
and yellow solvent dyes is often the same as that of asazo dyes
and green and blue dyes have a structure similar to anthra-
quinone dyes.
Azoic Dyes

Azoic dyes are water-insoluble azo compounds that have been
formed within the substrate by chemical reaction of the inter-
mediate components. Generally, the dyeing operation
proceeds by dipping the cloth into a solution of one of the
components (a hydroxy or amino component), drying the
cloth without rinsing, and then treating it with a solution of
the other component (usually a diazo component, which must
be kept cold to prevent decomposition; hence, these colors are
often called ice colors). Because the product of the reaction,
which will then be deposited throughout the fiber, is a water-
insoluble color, it is actually a pigment instead of a dyestuff.
These colors are used for cotton and rayon, and in great
quantity in printing.
Table 1 Localization of dermatitis according to garment type

Type of garment Localization of the lesions

Socks Feet, legs
Stockings Lower legs, feet, toes, popliteal fossea
Blouses Back, chest, axillary borders
Dresses Back, neck, elbows, axillary borders, forearms, wrists
Jackets Dorsum of hands, wrists, forearms
Trousers Thighs, lower legs, dorsum of hands
Side Effects of Dyes

Allergic Contact Dermatitis

Allergic contact dermatitis is a skin inflammatory process
resulting from delayed and cell-mediated sensitization by skin
contact with exogenous agents. Dyes used in the textile industry
are responsible for most known cases of dermatitis due to
contact with garments. Sensitization to textile dyes in clothing
necessitates a transfer of the dye from the garment to the
skin, inducing sensitization and/or elicitation of an immune
response. The textile dyes that cause the most frequent sen-
sitizing reactions belong to the group of disperse dyes
(e.g., Disperse Orange 3, Disperse Blue 124, Disperse Blue 106,
Disperse Yellow 3, Disperse Red 1). The bonds that they make
with synthetic fibers have low stability and because they are
liposoluble, they can be easily absorbed by the skin. However,
bleeding of textile dyes, which induces skin discoloration, is
a nonallergic phenomenon. Sensitization occurs from the dye
itself, from intermediate products during the dying process or
after-treatments, or from metabolites arising in the skin.
Attributing an allergy to a textile dye is a difficult process and,
even if a textile dye is found to be positive on patch testing,
the precise identification of the sensitizer in the garment is
extremely difficult. Reports of clothing dermatitis are frequently
individual, with the exception of rare epidemics due to furs
dyed using PPD and its derivatives in the 1920s, from dyed
nylon stockings in the 1940s, or from black velvet clothing and
blouses in the 1980s.

Epidemiological studies on this topic are most often not
controlled, and often report positive patch tests to textile
additives, mainly dyes or finishes. Thus, the prevalence of
sensitization to substances potentially implicated in textile
dermatitis is w1–5% of patients who are patch-tested, but the
clinical relevance of such tests is sometimes questionable. For
example, a study of 1012 patients indicated that 31 patients
(3%) reacted to at least one clothing dye, but that only 10
reactions were relevant. It is difficult to determine its exact
incidence for these reasons, but some data suggest that clothing
dermatitis is not rare.

Contact dermatitis from clothing has the clinical features of
a typical eczema, although dry rather than vesicular. The lesions
can progress and be severe, generalized, or even erythrodermic,
as long as contact with the allergen is not avoided. Pigmented
contact dermatitis arises mainly in patients with a high photo-
type (IV or V), and has also been described from Naphthol AS.
In some instances, the lesions can be monomorphic and
infiltrated, and can even simulate cutaneous lymphoma. They
may imitate an atopic dermatitis in popliteal areas, demon-
strate a persistent erythematous or urticarial-type dermatitis, or
even present solely as diffuse itching. Purpuric clothing
dermatitis, described during World War II, was due to textile
finishes in British soldiers’ uniforms. This rare instance
occurred with rubber compounds such as isopropyl-phenyl
p-phenylenediamine and with the azo dye Disperse Blue 85, or
another azo dye, Disperse Yellow 27, available as Serisol Fast
Yellow GDW. Cockade lesions are rarely described.

The dermatitis generally occurs on the sites of intimate
contact with the garment, and the lesions are sometimes
symmetrical. Friction or perspiration sites are preferentially
involved, and a clinical pattern of textile dermatitis is generally
described: neck, major skin folds, and inner thighs. The areas
protected by underclothing or the lining of a skirt are often free
of symptoms. The face can be involved from the handling of
the dyes. Some peculiar localization in accordance with the
form of the garment can occur ( Table 1). The delay necessary
for the diagnosis may be long, and some patients may have
difficulties in understanding the role of an invisible although
colored substance in their allergy.



Table 2 Main textile dyes reported as allergens and carcinogens

Generic name CI number Registry number

Dyestuffs classified as being carcinogenic
Acid Red 26 16 150 3761-53-3
Basic Red 9 42 500 569-61-9
Basic Violet 14 42 510 632-99-5
Direct Black 38 30 235 1937-37-7
Direct Blue 6 22 610 2602-46-2
Direct Red 28 22 120 573-58-0
Disperse Blue 1 64 500 2475-45-8
Disperse Orange 11 60 700 82-28-0
Disperse Yellow 3 11 855 2832-40-8
Dyestuffs classified as being allergenic
Disperse Blue 3 61 505 2475-46-9
Disperse Blue 7 62 500 3179-90-6
Disperse Blue 26 63 305
Disperse Blue 35 12222-75-2
Disperse Blue 102 12222-97-8
Disperse Blue 106 12223-01-7
Disperse Blue 124 61951-51-7
Disperse Orange 1 11 080 2581-69-3
Disperse Orange 3 11 005 730-40-5
Disperse Orange 37 11 132
Disperse Orange 76 11 132
Disperse Red 1 11 110 2872-52-8
Disperse Red 11 62 015 2872-48-2
Disperse Red 17 11 210 3179-89-3
Disperse Yellow 1 10 345 119-15-3
Disperse Yellow 9 10 375 6373-73-5
Disperse Yellow 39
Disperse Yellow 49
Additional dyestuffs classified as being allergenic by Oeko-Tex
Disperse Blue 1 64 500 2475-45-8
Disperse Brown 1 23355-64-8
Disperse Yellow 3 11 855 2832-40-8

Figure 22 Molecular structure of aniline derivatives.
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The labeling of the garment indicates the fiber composition
and can guide the practitioner to specific dyes or textile finishes.
The practitioner can examine the different parts of the fabric
and take samples of different colors or textures for patch testing
or for further chemical analysis. The main reported allergens
and carcinogens are indicated in Table 2. However, all allergens
have not been identified and no published data are available
on them.
Figure 23 Molecular structure of naphthylamines.
Mutagenesis and Carcinogenesis

Monoarylamines

Monoarylamines, more or less substituted, can have weak
carcinogenic potential. The prototype of these single ring
aromatic amines is aniline (Figure 22), which can induce
splenic carcinomaby feeding at highdoses for a long time.Other
monoarylamines (substituted anilines), such as o-toluidine,
o-anisidine, and p-cresidine, are genotoxic on metabolic activa-
tion and induce carcinomas of the spleen or urinary balder.
Figure 24 Structure of xenylamine and benzidine.
Polycyclic Amines

Several polycyclic arylamines have carcinogenic potential.
However, (even slight) molecular modifications can influence
solubility, bioavailability, and metabolism, and the mutagenic
and carcinogenic potential of molecules.

Naphthylamines
The dicyclic arylamine, 2-naphthylamine (Figure 23), has
demonstrated carcinogenicity in several species, including
humans. On the other hand, 1-naphthylamine has not revealed
carcinogenic potential in experiments, but the process for its
production can generate 2-naphthylamine and other possibly
carcinogenic aromatic amines.

Diphenylamines
The biphenyl series comprises molecules with two phenyl
rings joined by a carbon–carbon bond and an exocyclic amino
group. The prototype is 4-aminobiphenyl (xenylamine) and
one of the most well known is 4,40-diamino-diphenyl
(benzidine) (Figure 24). Case reports and follow-up studies of
workers provide evidence that occupational exposure to
benzidine is strongly associated with an increased risk of
bladder cancer. In animals, when administered in the diet or
by intraperitoneal injection, benzidine induces urinary
bladder carcinomas, mammary carcinomas, and hepatocel-
lular carcinomas.

Benzidine derivatives
Benzidine derivatives, such as 3,30-dimethylbenzidine and
3,30-dimethoxybenzidine (o-dianisidine) (Figure 25), are used



Figure 25 Structure of 3,30-dimethylbenzidine and 3,30-
dimethoxybenzidine.
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as dyes or intermediates for dyestuffs or pigments (e.g., Trypan
Blue, Acid Red 14, Direct Blue 1, 8, 15, 76, 98, 218, and
Pigment Orange 16), coatings, plastics, or in chemical studies.
They are currently suspect carcinogens. Carcinogenicity studies
in animals have shown induction of several neoplasms and
carcinomas (intestine, lung, mammary, liver, and skin).
No adequate studies have been reported in humans. Dyes
metabolized into such amines are also reasonably anticipated
to be human carcinogens.

Azo compounds
Azo dyes are widely used in the food, pharmaceutical, cosmetic,
textile, and leather industries. They are synthetic compounds
characterized by one (monoazo) or several intramolecular
NQN bonds. Azo dyes, if they are systemically absorbed, can be
metabolized via azoreductases of intestinal microflora by liver
cells and skin surface bacteria. This metabolism leads to
aromatic amines that can be hazardous. In the 1930s, some
azo derivatives such as 4-dimethyl aminoazobenzene
(Butter Yellow, CI Solvent Yellow 2, CI 11020) and o-amino-
azotoluene were found experimentally to be directly carcino-
genic to the liver and bladder after feeding. Other complex
azo dyes such as Direct Black 38 or Direct Blue 6 (Figure 26)
release the aromatic amine, benzidine. Some examples of azo
dyes metabolized in benzidine and benzidine congeners are
listed in Table 3.
Figure 26 Structure of Direct Blue 6.

Table 3 Benzidine and benzidine congener-based dyes

CI name CI number CAS number

Benzidine-based Direct Red 28 (Congo) 22120 573-58-0
Direct Blue 6 22610 2602-46-2
Direct Brown 95 30145 16071-86-6
Direct Black 38 30235 1937-37-7

o-Toluidine-based Direct Red 2 23500 992-59-6
Direct Blue 14 (Trypan) 23850 72-57-1

o-Dianisidine-based Direct Blue 8 24140 2429-71-2
Direct Blue 15 24400 2429-74-5
Anthraquinone derivatives
2-Aminoanthraquinone (Chemical Abstracts Service Registry
Number (CAS) 117-79-3) (Figure 27) is used as an interme-
diate in the industrial synthesis of anthraquinone dyes:
Vat Blue 4, 6, 12, and 24, and Pigment Blue 22. It is a carcin-
ogen in animals, inducing hepatocellular carcinomas and
lymphomas. 1-Amino-2-methylanthraquinone (CAS 82-28-0)
is used as a dye and a dye intermediate, for example, for Solvent
Blue 13 and Acid Blue 47. It is a liver and kidney carcinogen in
animals. Disperse Blue 1, used for semi-permanent hair
coloring and for coloring fabrics and plastics, induced urinary
bladder carcinomas and sarcomas in rats. They are reasonably
anticipated to be human carcinogens.

Other compounds
Magenta and Basic Red 9 (CAS 569-61-9), a common constit-
uent of Magenta, have been used to dye textile fibers, prepare
printing inks, and in biological stains. There was a marked
excess of urinary bladder cancer in workers engaged in the
manufacture of Magenta. It is possible that the workers were
also exposed to o-toluidine. CI Basic Red 9 (Figure 28) was,
however, an inducer of hepatocellular carcinoma in mice and
rats after oral administration, and induced local sarcomas after
subcutaneous administration.
Legislation

Following the introduction in 1994 of the German Consumer
Goods Ordinance that restricted the use of certain azo dyes in
consumer goods, several other European Union (EU) member
states introduced similar but different regulations. In the
interests of transparency and the maintenance of the single
market, the European Parliament accepted the nineteenth
amendment of Council Directive 76/769/EEC relating to
restrictions on the marketing and use of certain dangerous
substances and preparations, namely azo dyes. Azo dyes, which
can release any of a group of defined aromatic amines, are
prohibited from use in consumer goods that are considered to
have direct and prolonged skin or mouth contact. Such dyes
may not be detectable in textiles and leather that can be in
contact with the skin or mouth (i.e., at a level lower than
30 ppm). The EU Directive was published in September 2002
and, since September 2003, all EU countries have been
required to prohibit the manufacture and sale of those defined
consumer goods that on chemical analysis are found to contain
the listed aromatic amines (Table 4). Since most colored textile



Figure 28 Structure of Basic Red 9 monohydrochloride.

Figure 27 Structure of 2-aminoanthraquinone, 1-amino-2-methylanthraquinone, and Disperse Blue 1.
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and leather articles are treated with azo dyes and pigments, it is
important to underline that only a few azo dyes are affected
(w4% of known azo dye structures, a total of w300 dyes, and
these are mainly direct dyes). Articles colored with other azo
dyes can be manufactured and sold without restriction.
In addition, all European dye manufacturers have now stopped
Table 4 List of aromatic amines forbidden in the European Union

CAS number Index number EINECS number Substan

92-67-1 612-072-00-6 202-177-1 Biphen
92-87-5 612-042-00-2 202-199-1 Benzidi
95-69-2 202-441-6 4-Chlor
91-59-8 612-022-00-3 202-080-4 2-Naph
97-56-8 611-006-00-3 202-591-2 o-Amin
99-55-3 202-765-8 5-Nitro
106-47-8 612-137-00-9 203-401-0 4-Chlor
615-05-4 210-406-1 4- Meth
101-77-9 612-051-00-1 202-974-4 4,40-Me
91-94-1 612-068-00-4 202-109-0 3,30-Dic
119-90-4 612-036-00-X 204-355-4 3,30 -D
119-93-7 612-041-00-7 204-358-0 3,30-Dim
838-88-0 612-085-00-7 2l2-658-8 4,40-Me
120-71-8 204-419-1 6-Meth
101-14-4 612-078-00-9 202-918-9 4,40-Me
101-80-4 202-977-0 4,40-Ox
139-65-1 205-370-9 4,40-Th
95-53-4 612-091-00-X 202-429-0 o-Tolui
95-80-7 612-099-00-3 202-453-1 4- Meth
137-17-7 205-282-0 2,4,5-T
90-04-0 612-035-00-4 201-963-1 o-Anisi
60-09-3 611-008-00-4 200-453-6 4-Amin

EINECS, European Inventory of Existing Commercial Substances.
manufacturing such azo dyes and test institutes report that
the vast majority of samples tested today comply with the
EU Directive.

Based on the US Food and Drug Administration (FDA)
classification, colors can be broken down into two categories:
exempt colors (21CFR Part 73 Subpart A) and certified colors
(21CFR Part 74 Subpart A). The first group includes color
additives exempt by the FDA from batch certification.
Examples of colors in this category include vegetable juice,
fruit juice, beta-carotene, etc. The industry loosely
terms these colors as natural because most are derived from
natural sources. The second group of color additives
requires batch certification by the US FDA. This category
includes colors for foods, drugs, and cosmetics (FD&C). The
industry refers to these colors as synthetic or artificial colors.
The US FDA updated the list of Color Additives for use in the
United States in foods, drugs, cosmetics, and medical devices
in January 2011 and tables are available on the US FDA web
site.

The European Commission also announced in February
2010 that 179 substances were banned for use in hair dye
ces

yl-4-ylamine (4-aminobiphenyl xenylamine)
ne
o-o-toluidine
thylamine
oazotoluene (4-amino-20,3-dimethylazobenzene (4-o-tolylazo-o-toluidine)
-o-toluidine
oaniline
oxy-m-phenylenediamine
thylenedianiline (4,40-diaminodiphenylmethane)
hlorobenzidine (3,30-dichlorobiphenyl-4,40-ylenediamine)
imethoxybenzidine (o-dianisidine)
ethylbenzidine (4,40-bi-o-toluidine)
thylenedi-o-toluidine
oxy-m-toluidine (p-cresidine)
thylene-bis-(2-chloroaniline) (2,20-dichloro-4,40-methylene-dianiline)
ydianiline
lodianiline
dine (2-aminotoluene)
yl-m-phenylenediamine
rimethylaniline
dine (2-methoxyaniline)
o azobenzene
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products; a list of these is available on European Commission
web site.

See also: Carcinogenesis; Cosmetics and Personal Care
Products; European Union and Its European Commission; Food
Additives; Food and Drug Administration, US; Food, Drug, and
Cosmetic Act, US; Toxicity Testing, Sensitization; Toxicity
Testing, Carcinogenesis; Toxicity Testing, Dermal; Toxicity
Testing, Mutagenicity.
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Relevant Websites
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(ETAD)’ www.etad.com/lang-en/publications

‘Food and Drug Administration (FDA)’ www.fda.gov/downloads/ScienceResearch/
Special Topics

‘Food and Drug Administration (FDA)’ www.fda.gov/forindustry/coloradditives/ color
additive inventories /ucm115641.htm

‘European Commission’ http://eu.europa.eu/consumers/sector/cosmetics/files /doc/
179_ banned _substances _en.pdf

‘Wikipedia website’ http://en.wikipedia.org/wiki/Dye
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179 banned substances en.pdf
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The European Chemicals Agency

The European Chemicals Agency (ECHA) is one of the special-
ized and decentralized European Union (EU) bodies that have
been established to support the EU Member States and their
citizens. It is governed by European public law but operates
independently from the EU Institutions (Council, Parliament,
andCommission). It ismanaged autonomously andhas its own
staff with the full legal capacity to act in its own name. It is,
however, the EU Institutions who exercise financial control over
the Agency. The European Commission and Parliament also
have representatives in ECHA’s Management Board.
History

The Agency was founded by the EU’s new chemicals regulation
– Registration, Evaluation, Authorisation, and Restriction of
Chemicals (REACH). It started its operations in Helsinki,
Finland, on 1 June 2007, the day on which the REACH Regu-
lation entered into force. Since 2009, the Agency has also been
responsible for the classification, labeling, and packaging
(CLP) Regulation that introduces the United Nations’ Globally
Harmonized System into the EU.

During 2013–14, the Agency will take on two new
regulations concerning biocidal products and prior-informed
consent. The former will transfer the operation of the EU
biocides legislation from the European Commission to ECHA,
with a new EU level authorization scheme for biocidal prod-
ucts. The latter will transfer the implementation of the export
and import notifications of certain very hazardous chemicals
from the Commission to the Agency.
Mission

ECHA is the driving force among regulatory authorities in
implementing the EU’s groundbreaking chemicals legislation
for the benefit of human health and the environment as well as
for innovation and competitiveness. ECHA helps companies to
comply with the legislation, advances the safe use of chemicals,
provides information on chemicals, and addresses chemicals of
concern.

The Agency is responsible for ensuring consistency in the
implementation of the above-mentioned legislation across the
EU for the benefit of human health and the environment as
well as for innovation and competitiveness by:
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
l Helping companies to comply with the legislation.
l Advancing the safe use of chemicals by ensuring efficient

management of the regulatory processes.
l Providing and distributing information on chemicals.
l Addressing chemicals of concern (e.g., substances that are

carcinogenic, mutagenic, or toxic to reproduction).
Organization

The Agency comprises:

l AManagement Board, responsible for adopting the financial
planning, work program, and annual reporting of theAgency.

l An Executive Director, the legal representative of the Agency,
responsible for the day-to-day management and administra-
tion of the Agency, including responsibility over its finances.
The Executive Director reports to the Management Board.

l A Member State Committee, to resolve differences of
opinion on draft decisions proposed by the Agency or
Member States and to make proposals for the identification
of substances of very high concern.

l A Committee for Risk Assessment, to prepare opinions on
evaluation, on applications for authorization, on proposals
for restrictions and on classification and labeling.

l A Committee for Socioeconomic Analysis, to prepare
opinions on applications for authorization, on proposals
for restrictions and on questions relating to the socioeco-
nomic impact of proposed legislative action.

l A Forum on enforcement matters, to coordinate a network
of Member State competent authorities responsible for
enforcement.

l A Secretariat, under the leadership of the Executive
Director, to support the Committees and Forum, and to
undertake work on various regulatory processes as well as
the preparation of guidance, maintenance of databases, and
provision of information.

l A Board of Appeal, to decide on appeals against decisions
taken by the Agency.

l A Committee for Biocidal Products will be established
when the Agency takes over the biocidal products regulation.
Work of ECHA

TheAgency plans its activities through3-yearmulti-annualwork
programs and annual work programs. It provides an account of
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the Agency’s achievements in a general report published annu-
ally. The REACHRegulation stipulates that ECHA also produces
regular reports focused on specific issues such as evaluation,
animal testing, and the operation of the legislation.

While the Agency operates in a coordinating role tomanage the
regulatory processes, close cooperation between ECHA, the
competent authorities working within the Member States and
stakeholders is crucial. The cooperation andpublic consultations at
various stepswithin theprocesses ensure that the scientificopinions
of the Committee for Risk Assessment and the Committee for
Socioeconomic Analysis provided to the European Commission
are based on the broadest possible scientific and technical expertise
and thus provide a solid base for decision making on the authori-
zation and restriction of chemical substances.

The Agency is not directly involved in the enforcement of
the legislation but the Forum on enforcement matters provides
the Member States with a platform to exchange information on
and to coordinate their activities to ensure harmonized and
efficient enforcement of the REACH and CLP legislation.

The Agency is largely financed by fees paid by the industry.
The remaining balance will be covered by the EU budget as
approved by the European Parliament and Council.

See also: Chemical Safety Assessment; REACH; REACH-IT;
EU Risk Assessment Committees.
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Relevant Websites

http://echa.europa.eu – the website of the European Chemicals Agency is a one-stop-
shop for information about the Agency and its work.
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definitions in 22 EU languages.
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Chemical Abstracts Service Registry Numbers
Echinacea angustifolia, ext.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.10
84696-11-7
Echinacea purpurea, ext.
 90028-20-9
Echinacea pallida, ext.
 97281-15-7
Echinacea angustifolia, tincture
 129677-89-0
Synonyms: Black Sampson, Purple Coneflower.
Background

Echinacea spp. were used by North American Indians of the
Midwestern plains for a variety of maladies, ironically other
than for prevention of the common cold. Its subsequent use as
a folk medicine in the United States by European settlers and in
eclectic medicine continued until the early twentieth century
when several of its indications were instead treated with the
newly introduced antibiotics. Development of Echinacea as
a herbal medicine continued in Germany through the twen-
tieth century and it is again popular as a dietary supplement in
the United States and herbal medicine in Europe. Recent
conduct of well-controlled clinical trials with standardized
Echinacea preparations and more recently mechanistic studies
on bioactive constituents, many funded by the National Insti-
tutes of Health (NIH) National Center for Complementary and
Alternative Medicine, attests to a renewed effort to provide
evidence for substantiating beneficial effects and addressing
safety concerns of Echinacea products.
Uses

Echinacea is one of the more frequently consumed dietary
supplements, mainly for immunomodulatory effects. Annual
sales in the United States are estimated to exceed $130 million,
and it is the most commonly used nonvitamin, dietary
supplement in children. Echinacea dietary supplements are
usually marketed as encapsulated, dried above-ground plant
(aerial parts) or roots, or tablets, extruded substance from
pressed plant or ethanol extracts. All are complex mixtures that
differ in constituent composition depending on species and
plant parts used. Products are most often derived from any of
the medicinal species, Echinacea purpurea, Echinacea angustifolia,
and Echinacea pallida, or may be a blend of these. Echinacea has
also been formulated for topical application on inflammatory
conditions of skin and wounds. In Europe, Echinacea prepa-
rations are approved for therapeutic use in upper respiratory
infection and wound healing.
16/B978-0-12-38645
Suggested oral daily intakes of Echinacea dietary supple-
ment for adults are typically w3 g of dried plant or root as per
product label. Phytochemicals that dominate the dietary
supplements include caffeic acid derivatives (CADs) echina-
coside, chicoric acid, and caftaric acids (w2% wt per dry wt in
roots) and various isobutyl and 20-methylbutyl amides of
olefinic and acetylenic fatty acids usually of C11–12 chain
length (w1% in roots). The latter alkylamides are members of
the so-called ‘tingle compounds’ that impart a sharp flavor to
several plant products. Echinacoside is present in roots of
E. angustifolia, but not E. purpurea, while chicoric and caftaric
acids are characteristic of E. purpurea roots and aerial parts. The
most abundant Echinacea alkylamides are the isomeric pair,
dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide. Roots
of E. palllida contain 2-keto-alkenes and -alkynes, a rarity in the
other medicinal species. These and alkylamides are enriched in
ethanol (�75%) extracts. CADs partition in both aqueous and
hydroalcoholic fractions. Small glycoproteins (<30 000 Da) of
high arabinose content and 35-kDa 4-O-methyl-glucuronoar-
abinoxylan and large (450 kD) acidic arabinorhamnogalactan
polysaccharides are components of aqueous fractions and
pressed juice from E. purpurea herb. Standardization with
respect to major constituents, e.g., CADs (chicoric acid, echi-
nacoside, or total phenolics atw4%), is useful for validation of
plant source and detection of adulteration.
Exposure Routes and Pathways

The most prevalent route of human exposure to Echinacea is
through oral consumption of dietary supplement preparations.
Some dermal exposure results from products formulated into
ointments to be used on skin. Therapeutically, intramuscular
injection is used in Europe, but parenteral injection has been
discontinuedbecauseof associationwith severe allergic responses.
Toxicokinetics

Measurement of principal constituents in blood after intake of
Echinacea dietary supplement has shown thatmajor alkylamide,
dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, isw50%
bioavailable, appears in blood of humans and experimental
animals within minutes of intake, and rapidly distributes to
lipophilic tissues. Metabolism to hydroxyl, epoxide, and
N-dealkylated products is catalyzed by CYP1A1, 2C9, and 2E1.
Echinacea CADs have poor oral bioavailability as indicated in
human studies and with a cell culture model for intestinal
absorption. However, significant, absorption of caftaric acid
from rat stomach has been observed with accumulation of
O-methylated product in urine seen after 20 min. Instability of
CADsdue tooxidation andester hydrolysis byphytoenzymes can
technically limit kinetic determinations of these compounds.
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Effects of principal constituents on metabolic enzymes and
transporters described in vitro suggest interactions with drugs
and other xenobiotics may be a concern. Studies in humans on
metabolism of substrate probes suggest CYP3A4 induction
upon ingestion of dietary supplement, but suppression of liver
expression has been seen with rats. Inhibition of enzyme
activity has been reported for CYP3A4 and 2E1 by Echinacea
alkylamides. Inhibition of phase II UGT1A1 activity by
hydroalcoholic extracts from E. purpurea roots and P-glyco-
protein transport by 2-keto-alkenes and -alkynes from E. pallida
roots have been observed.
Mechanism of Toxicity

Hypersensitivity to Echinacea is attributed to cross-reactivity in
individuals sensitized to plants of the genus Asteraceae (e.g.,
chrysanthemums, daisy, marigolds, and ragweed). Immuno-
globulin E-mediated responses may occur immediately after
exposure, while contact dermatitis is a delayed effect. Sesqui-
terpene lactones are predominant allergens common to these
plants. Atopic individuals are at a higher risk for developing
Echinacea hypersensitivity. Echinacea is contraindicated in
patients with autoimmune disorders.

Theoretically, toxicity could result from overstimulation of
targets medicating putative immunomodulatory action.
Mechanism of Echinacea immunomodulation is not known
with certainty nor have active principle(s) and their targets
been identified. However, several interactions of Echinacea
constituents with biomolecular entities with roles in immune
function have been described. Activation of cultured macro-
phages by polysaccharide-enriched fractions from Echinacea
has been attributed to interaction of phytochemicals with
surface receptors for endotoxin of infectious microbes but may
also result from co-isolated endotoxin from plant endophytes.
Symptoms of toxicity from parenterally administered Echi-
nacea were consistent with acute, systemic inflammation.
Increased systemic phagocytosis in response to Echinacea
polysaccharide administered orally to mice also supports
innate immune activation by plant heteroglycans.

An acetylenic constituent, namely, pentadeca-(8Z,13Z)-
dien-11-yn-2-one obtained from E. pallida roots has been
shown to exhibit concentration-dependent cytotoxicity on
several human cancer cell lines.

Activities of Echinacea alkylamides currently identified at
specific molecular receptors generally yield anti-inflammatory
responses; hence, toxicity is not anticipated from these actions.
These include inhibition of COX-2 activity and cytokine
secretion mediated by CB2R and peroxisome proliferator-
activated receptor, type g. Echinacea CADs chicoric acid and
echinacoside have given positive results as inhibitors of
3-hydroxyacyl-CoA dehydrogenase type II in a high-throughput
screen by the NIH Chemical Genomic Center; however, the
toxicological significance of this effect is unknown.
Acute and Short-Term Toxicity

A low incidence of adverse event reports to the Food and
Drug Administration (FDA) and calls to Poison Control
Centers associated with Echinacea dietary supplements
indicate that acute toxicity is minimal. Transient gastroin-
testinal symptoms and dermal inflammation are the most
frequent symptoms reported. Limited testing in rodent acute
and subchronic protocols has reported no toxic effects. For
E. purpurea, the oral LD50 for rodents exceeds 15 g kg

�1. Tests
for genotoxicity of Echinacea dietary supplements in in vitro
and in vivo systems have been negative. More comprehensive
determinations, including immunotoxicity, are forthcoming
from National Toxicology Program (NTP) trials in progress.
Chronic Toxicity

Echinacea dietary supplement is overwhelmingly used
episodically to treat upper respiratory infections. Long-term use
is not indicated and hence recorded experiences of chronic
toxicity in humans are rare. One case study suggests that
leukopenia may be associated with chronic Echinacea use.
Determination of chronic toxicity in test animals, including
carcinogenicity, is planned by the NTP.
Developmental Toxicity

One small prospective trial of consumption of Echinacea die-
tary supplement by pregnant women found no effect on fetal
abnormalities or survival. However, one study in mice has
described prevention of expansion of erythropoiesis in the
dams’ spleen, which normally occurs during pregnancy, by
dietary E. purpurea and fetal loss at midterm.
Clinical Management

Treatment for immediate hypersensitivity due to Echinacea is
symptomatic as for any sensitizer. Similarly, contact dermatitis
is treated with topical corticosteroid.
Exposure Standards and Guidelines

Echinacea dietary supplements are regulated in the United
States by the FDA under the Dietary Supplement Health
Education Act (DSHEA) of 1994. Unlike drugs, dietary
supplements do not require manufacturers to provide
premarketing evidence of efficacy and safety from preclinical
and clinical trials. Safety is evidenced from uneventful prior
use for products marketed prior to 1994, while documenta-
tion supporting expectation of safety for newer or modified
products to the FDA is a provision of the 2011 Food Safety
Modernization Act. Manufacturers and distributors of dietary
supplements must be registered with the FDA and are
required to inform FDA of adverse events reported for their
products. DSHEA prohibits the manufacturers from making
therapeutic claims for specific diseases and requires that
product labels identify all ingredients. A recent DSHEA
amendment mandates that dietary supplements be prepared
using current good manufacturing practices. FDA has
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authority to restrict or withdraw use of a dietary supplement
if adverse events are determined for marketed products.
Echinacea is the second most frequent botanical supplement
named in FDA’s Adverse Event Reporting System. However,
symptoms have not been significant enough to warrant FDA
action to limit access. FDA has issued a letter to several
Echinacea marketers for noncompliance with DSHEA
prohibition of making therapeutic claims on product labels
and in marketing literature.

In Europe, herb and root of E. purpurea are registered under
the European Union Traditional Herbal Medicinal Products
Directive. Registration is granted by the EMA once review has
indicated safety and plausibility of efficacy for indicated
conditions.

See also: Dietary Supplements; Natural Products.
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Introduction

Exposure limits and guidelines represent the maximum level
of a chemical substance that is considered to be safe or
acceptable in a specific circumstance, e.g., in a particular envi-
ronment or product. Exposure limits are usually the outcome
of a risk assessment for that particular chemical and circum-
stance and a following risk management decision weighting
the identified risk with the feasibility and socioeconomic
considerations. There are two main distinctive elements when
considering exposure limits and guidelines, covering the regu-
latory and scientific perspectives, respectively. From a regula-
tory viewpoint, the main distinction is between mandatory
values and recommendations. Mandatory values are legally
binding and subject to punishment and/or compulsory actions
when exceeded. Nonmandatory values are recommended
limits not legally enforceable intended to guide decisions and
voluntary actions.

From a scientific perspective the main difference is if the
value is the direct outcome of a risk-based safety assessment, or
if it is based on a risk management decision weighting risks vs
socioeconomic benefits or on other policy-based factors. The
first case is applicable to substances with a toxicity threshold;
the exposure limit or guideline value represents the higher level
of exposure at which the toxicity threshold is not expected to be
exceeded, taking into account the available information and
uncertainty in the assessment. It is based on the dose–response
hazard evaluation of the risk assessment, through an assess-
ment that can be named as ‘reverse risk assessment method-
ology,’ e.g., instead of identifying the actual risk, the method
focuses on the identification of the maximum exposure level
that would not exceed the estimated toxicity threshold. The risk
management approach takes into account additional elements
on top of the risk assessment. This approach is needed for
nonthreshold substances, or when it is not technically or
economically feasible to achieve exposure values below the
estimated threshold. In this case, risk managers must weight the
competing evidence drivers, e.g., using risks vs benefits or risks
vs cost estimations, and establish an exposure limit which
assumes a certain level of risk that is considered outweighed by
the benefits or socioeconomic considerations. In some cases,
policy considerations can be used in the opposite direction,
and the exposure limits are established at level well below
those that could be considered if based on risk assessment
estimations. A typical case regarding environmental limits are
those referring to the levels of pesticides in water. Based on
specific concerns and perceptions for these substances, many
jurisdictions have established generic acceptable exposure
levels for these substances that in same cases may be orders of
magnitude below those corresponding to their toxicological
and ecotoxicological profile.

Usually the exposure limit or exposure standard refers to
mandatory values, while the term ‘exposure guidelines’ is
reserved for nonmandatory recommendations. It should be
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noted that the terms ‘exposure limits’ or ‘exposure guidelines’
are typically used for humanhealth, particularly in occupational
assessments, but not in the ecological arena. Nevertheless, the
concept has been widely used, although under different termi-
nologies, both in regulatory and voluntary frameworks.

The application of the exposure limit or guidance concept to
the ecological assessment requires some specific adaptations;
some are generic while others are specific for each environ-
mental compartment. The first element is to consider if the
limits are related to emission or immission settings. Emission
exposure limits establish maximum acceptable or recom-
mended levels in the discharges or materials to be released to
the environment, such as effluents, atmospheric emissions, or
wastes to be used as soil amendments. Immission exposure
limits establish maximum acceptable or recommended
concentrations in the receiving environment compartments
such as water, sediment, soil or air, or directly in biota.
Emission Exposure Limits and Guidelines

Exposure limits established for environmental emissions
represent a similar conceptual approach than environmental
exposure limits in occupational settings. Based on a reverse risk
assessment for a particular activity and setting, using general-
ized use patterns and operational conditions, the concentra-
tions or levels of a particular substance or substances in the
discharge or emission are established in order to guarantee that
the risk for the receiving ecosystem would not exceed the
acceptable value. As discussed above, the acceptability can be
based on not exceeding the estimated threshold or on a pre-
defined level of risk based on risk management decisions,
balancing risks with feasibility and benefits. Also as in occu-
pational frameworks, these exposure limits are to be imple-
mented by and enforced to individual companies or activities.

The methodology and characteristics depend on the kind of
emission andcharacteristics of the source aswell as the regulatory
framework. Most regulatory frameworks are based on permits
that establish the maximum level of emission of each facility in
a way that can be implemented by the facility owners and
enforced by the authorities. These permits may focus on specific
environmental compartments or use and integrated approach.
Two complementary examples are presented below, the US
National Pollutant Discharge Elimination System (NPDES)
controlling effluent discharges into water bodies, and the Euro-
pean Union (EU) integrated approach regulated by the directive
on industrial emissions (IED), which is the follow up of the
integrated pollution prevention and control (IPPC) system.
Compartment Specific Approaches: US Effluent Discharge
System

Many authorities have established discharge limits or permits
to control the emission of pollutants to the aquatic systems.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01050-2
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The aim is to control water pollution by regulating point
sources that discharge pollutants into water bodies. In the
United States, any facility that discharges wastewater directly to
surface water must obtain a NPDES permit from Environ-
mental Protection Agency (EPA) or the state.

Effluent limitations permits and controls are the primary
mechanism for controlling discharges of pollutants to receiving
waters. When developing effluent discharge limits in the regu-
latory context, the authorities should consider the protection of
the water body and the technological feasibility. Consequently,
the NPDES permit system considers two main categories; the
technology-based effluent limits and the water-quality-based
effluent limits.

Technology-based limits require a minimum level of
treatment of pollutants for point source discharges based on
available treatment technologies, allowing the discharger to use
any available control technique to meet the limits. For indus-
trial (and other nonmunicipal) facilities, technology-based
effluent limits are derived by using the national effluent limi-
tations guidelines and standards established by EPA, or best
professional judgment on a case-by-case basis in the absence of
national guidelines and standards.

Effluent limitations guidelines and performance standards
characterize the best control technology for different indus-
trial activities; US EPA has established guidelines and stan-
dards for more than 50 different industrial categories. The
guidelines are based on the degree of pollutant reduction
attainable by an industrial facility of a particular sector
through the application of control technologies, irrespective
of the facility location. Using these factors, similar facilities
are regulated in the same manner by requiring all equivalent
facilities to meet the same technology-based limitations,
unless these limits could not be sufficient due to special site-
specific issues.

Effluent limitations guidelines and standards are generated
using best conventional pollutant control technology for
conventional pollutants; best practicable control technology
currently available for conventional, toxic, and nonconven-
tional pollutants; or best available technology economically
achievable (BAT) for toxic and nonconventional pollutants in
the case of existing dischargers. New source performance
standards are applied for conventional pollutants in the case of
new sources.

Water-quality-based limits consider the potential impact
of every proposed surface water discharge on the quality of the
receiving water. If technology-based effluent limits are not
sufficient to ensure that water-quality standards, designed to
protect the water quality, will be attained in the receiving
water, more stringent, water-quality-based effluent limits
must be developed to ensure that water-quality standards are
attained.

These limits are based on the water-quality standards and
developed using a site-specific evaluation of the discharge and
its effect on the receiving water. Water-quality criteria set
ambient levels of individual pollutants or parameters, or
describe conditions of a water body that, if met, will generally
protect the designated use of the water. Water-quality criteria
are developed to protect aquatic life and human health,
and, in some cases, wildlife from the deleterious effects of
pollutants.
The enforcement and implementation of these limits
requires an integrated approach which includes three elements:
a chemical-specific approach, a whole effluent toxicity (WET)
approach, and a biological criteria or bioassessment approach.

The chemical-specific approach uses the chemical-specific
criteria for protection of aquatic life, human health, and
wildlife adopted into the water-quality standard. The criteria
are used as the basis to analyze an effluent, decide which
chemicals need controls, and derive permit limits that will
control those chemicals to the extent necessary to achieve
water-quality standards in the receiving water. This approach
allows for the control of individual chemicals before a water-
quality impact has occurred or to assist in returning water
quality to a level that will meet designated uses.

The WET approach protects the receiving water quality
from the aggregate toxic effect of a mixture of pollutants in
the effluent. WET tests measure the degree of response, acute,
and/or chronic, of exposed aquatic test organisms to an effluent.
It is useful for complex effluents where it may be infeasible to
identify and regulate all toxic pollutants in the discharge or
where synergistic effects are suspected to be problematic.

The biological criteria or biological assessment approach
is used to assess the overall biological integrity of an aquatic
community. The biocriteria describe the reference biological
integrity of aquatic communities inhabiting waters of a given
designated aquatic life use. Once biocriteria are developed,
the biological condition of a water body may be assessed
through the evaluation of the biological condition of a water
body using biological surveys and other direct measure-
ments of resident biota in surface waters. The community
structure and function is determined through a biological
survey, collecting, processing, and analyzing representative
portions of the resident aquatic community. The results of
biosurveys are compared to the reference water body to
determine if the biocriteria for the designated use of the
water body are met.

When assessing point source discharges to determine
whether controls based on water-quality standards are
necessary, an NPDES permitting authority should conduct
an analysis to determine whether the discharge causes, has
the ‘reasonable potential’ to cause, or contributes to an
excursion of any water-quality criteria in the receiving water.
Where effluent limits based on water-quality standards are
necessary, wasteload allocations are identified and then
effluent limits in NPDES permits are based on those waste-
load allocations.

Point source effluent monitoring allows the NPDES
authority to assess compliance with the required controls and
take enforcement actions where necessary. In order to cover the
combined risk of different effluents, watershed-based NPDES
permits are needed. These watershed-based permits consider
all stressors within a hydrologically defined drainage basin,
rather than addressing individual pollutant sources on a
discharge-by-discharge basis. The process develops total
maximum daily loads (TMDLs) for the watershed. A TMDL
identifies the amount of a specific pollutant or property of
a pollutant, from point, nonpoint, and natural background
sources, including a margin of safety that may be discharged to
a water body and still ensures that the water body attains water-
quality standards. The loadings are then allocated to point



270 Ecological Exposure Limits and Guidelines
sources in the wasteload allocation process to establish the
effluent limits in NPDES permits.
Integrated Approaches: EU Industrial Emissions and IPPC
System

In Europe, the relevant legislation has been recently updated
through the IED (Directive 2010/75/EU), adopted on 24
November 2010. The IED will replace in 2013 the previous
IPPC Directive and between 2014 and 2016, the sectoral
directives which specify minimum requirements, including
emission limit values (ELVs) for certain industrial activities
(large combustion plants, waste incineration, activities using
organic solvents and titanium dioxide production). The IPPC
system covers all type of emissions with additional support
from other legislations, for example, in the specific case of
effluents there are links with the water framework directive and
other water control legislation.

The IED is aimed on minimizing pollution from industrial
sources, focusing on those that have been prioritized throughout
the EU. Operators of over 50 000 industrial installations, those
operating activities covered by the directive, are required to
obtain an integrated permit from the authorities in the EU
countries. The basic principles are (1) an integrated approach
covering all environmental emissions and other relevant envi-
ronmental performance considerations; (2) based on the best
available techniques; (3) allowing the required flexibility; (4)
setting the basis for enforcement through inspections; and (5)
taking into account public participation.

The integrated approach means that the permits must take
into account the whole environmental performance of the
plant, covering e.g., emissions to air, water, and land, genera-
tion of waste, use of raw materials, energy efficiency, noise,
prevention of accidents, and restoration of the site upon
closure. If the activity involves the use, production, or release of
relevant hazardous substances, the IED requires operators to
prepare a baseline report before starting an operation of an
installation or before a permit is updated, having regard to the
possibility of soil and groundwater contamination, ensuring
the integrated approach. Additional regulatory frames may
complement the IED requirements, for example, in the case of
chemical substances the Regulatory Framework for the
Management of Chemicals (REACH) regulation establishes
additional obligations for manufacturers, importers, and
downstream users. The Environmental Liability Directive may
impose additional requirements.

The permit conditions and ELVs must be based on the Best
Available Techniques (BAT), as defined in the IPPC Directive.
To facilitate the work, the European Commission publishes the
BAT conclusions and BAT reference documents and organizes
an exchange of information between experts from the EU
member states, industry, and environmental organizations
through the European IPPC Bureau of the Institute for
Prospective Technology Studies at the EU Joint Research Centre
in Seville (Spain).

The IED flexibility allows the licensing authorities to set less
strict ELVs in specific cases. Such measures are only applicable
where an assessment shows that the achievement of emission
levels associated with BAT as described in the BAT conclusions
would lead to disproportionately higher costs compared to the
environmental benefits due to geographical location or the
local environmental conditions or the technical characteristics
of the installation.

The IED contains mandatory requirements on environ-
mental inspections. Member states shall set up a system of
environmental inspections and draw up inspection plans
accordingly. The IED requires a site visit to take place at least
every 1–3 years, using risk-based criteria.

Finally, the Directive ensures that the public has a right to
participate in the decision-making process, and to be informed
of its consequences, by having access to:

1. permit applications in order to give opinions,
2. permits,
3. results of the monitoring of releases, and
4. the European Pollutant Release and Transfer Register

(E-PRTR). In E-PRTR, emission data reported by member
states are made accessible in a public register, which
provides environmental information on major industrial
activities. E-PRTR has replaced the previous EU-wide
pollutant inventory, the so-called European Pollutant
Emission Register.
Immission Exposure Limits and Guidelines

Environmental exposure limits and guidelines have been
derived for all environmental compartments, including fresh
and marine waters and sediments, soil, air, and biota. The term
‘environmental exposure limit’ is rarely used in the legislation,
although there are some examples, e.g., the New Zealand
Hazardous Substances (Classes 6, 8, and 9 Controls) Regula-
tions 2001 (SR 2001/117), other equivalent terms, such envi-
ronmental or ecological quality criteria, standards, objectives or
guidance values are much more common, and frequently the
term directly reflects the environmental compartment or media,
e.g., water, sediment, soil, or air, to which the level refers.

These limits and guidelines are related directly to the levels
measured in the affected compartment or media, and therefore
are integrated in nature, covering all possible sources without
referring to particular emissions, and have large spatial and
temporal variability. The limits and guidelines may be estab-
lished for three complementary protection goals: human
health, the resource or its use for generic or certain specific
technologies, and ecosystems. The protection goal or goals
determine the kind of risk assessment that should be conducted
for setting the limit or guideline. Usually, the ecologically
based limits and standards tend to be stricter than, and there-
fore protective for, the human health limits and standards, but
there are some exceptions.
Water Exposure Limits and Guidelines

Water exposure limits and guidelines have been developed
since the early 1990s. The initial development was for drinking
water, with the US Public Health Service drinking water stan-
dards set in 1914, and in 1958 World Health Organization
published the first international drinking water standards.
The specific chapter on drinking water-quality standards pres-
ents detailed information.
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Ecological water exposure limits were developed in the
1970s in North America and Europe. The first comprehensive
set was by the US EPA with ‘The Red Book’ compiling the
quality criteria for water published in 1976 implementing the
CleanWater Act of 1972; and was followed by the water-quality
objectives developed in Europe under the Dangerous
Substances Directive 76/464/EEC. Both have been updated
regularly; in the case of the EU with an in-depth regulatory
change through the water framework directive. The specific
chapter on ecological criteria presents detailed information.

In addition to those aiming to the protection of drinking
water and aquatic ecosystems, there are also exposure standards
with complementary goals, such as those for recreational and
bathing waters and for protecting particular agricultural or
industrial uses, or particular biological resources.
Soil Exposure Limits and Guidelines

The development of soil exposure limits and guidelines has
additional complexities, not only due to scientific reasons but
also from legal perspectives. Soil criteria have been mostly
developed for managing the risks of contaminated sites. The US
Comprehensive Environmental Response, Compensation, and
Liability Act of 1980, known as Superfund, was enacted to
address abandoned hazardous waste sites in the United States.
In Europe, the soil framework directive is still under discussion,
due to the different views and opposition of a number of
member states regarding the proposal discussed during 2007.
In absence of an EU-wide legislation, several European coun-
tries have developed national regulations. Other countries,
including Canada and Australia, have also developed soil
standards.

The first criteria developed by the US Superfund program
and other initiatives focused in the protection of human health.
Later, the criteria were expanded for considering ecological
protection. The criteria are developed through a reverse risk
assessment process, estimating the concentration of the
chemical in the soil that represents unacceptable levels of
exposure to the receptors. The exposure is based on assump-
tions, which must be adapted to specific human subpopula-
tions and ecological receptors. For example, direct soil
consumption is particularly relevant for small children due to
their behavioral pattern. The bioavailability of the chemicals in
soil is largely associated to the soil characteristics and in
addition changes with time, through the so-called aging
process creating additional uncertainties. Consequently, the
risks associated to the soil exposure are better addressed using
site-specific risk assessments. The development of generic soil
criteria is complex and the results adequate to a particular case
can be over- or underprotective in other situations. Some
regulatory programs have covered the local variability and
uncertainty by setting screening and definitive values, or even
sets of criteria associated to particular management actions,
such as further investigation, contention or other risk reduction
measures, and cleaning or restoration.

Groundwater standards can be derived in association to the
soil standards and usually focus on the human consumption as
drinking water.

The ecological standards may be developed exclusively for
soil dwelling organisms or using wider approaches covering the
terrestrial ecosystems as a whole. The specific article on
ecological criteria presents detailed information.

See also: Drinking-Water Criteria (Safety, Quality, and
Perception); Ecotoxicology; Aquatic Ecotoxicology;
Ecotoxicology Terrestrial; Ecological Quality Standards (EQS)
Global; Environmental Exposure Assessment; Integrated
Pollution Prevention and Control (IPPC); Risk Assessment,
Ecological.
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Introduction

Despite the technological revolution, humans are still getting
most of our resources from the exploitation of nature. During
the past century, the concept of environmental protection
moved from the basic protection of the resources for human
use to a broader perspective for protecting the ecosystems as
a whole, within the concept of sustainable development. An
essential element for achieving a proper balance is to identify
the level of environmental alteration that still allows a proper
ecological situation and functioning.

Ecological Quality Standards (EQS) are regulatory estima-
tions of threshold levels at which no adverse effects on the
structure and functioning of the ecosystems are expected. Due
to ecological redundancy and resilience, effects at the indi-
vidual or even population level can be compensated, resulting
in no alterations of the community structure and the overall
ecosystem functioning. This is a main difference when
comparing ecological and human health effects; health
thresholds should protect individuals, while ecosystems
thresholds do not exclude effects on particularly sensitive
organisms; the aim is limiting, not avoiding, those effects, for
ensuring that the alteration does not affect the overall pop-
ulation role, or that this role is assumed by less sensitive
species, and at the end, the community structure and function
are not adversely affected. A second difference concerns the
assessment of adversity. Ecosystems are complex systems based
on interrelationships among organisms within and between
populations, covering different taxonomic, functional, and
trophic levels. Stressors resulting in a favorable effect on
a particular organism or population may misbalance these
relationships, resulting in adverse ecological effects. A typical
example is the emission to water of algal nutrients such as
phosphorous and nitrogen, increasing algal growth and
resulting in algal blooms with severe ecosystem distress.

EQS are frequently associated to specific chemicals, such as
metals or pesticides. However, these thresholds can be estab-
lished for other stressors, such as microbial pollutants; as well
as for a combination or group of related stressors, e.g.,
a chemical category or a pollution indicator such as the sum of
PAHs or the total level of organic matter pollution. In addition,
the EQS may refer directly to a parameter or environmental
indicator that directly measures the status of an abiotic or biotic
component of the ecosystem such as temperature, pH, or
ecological bioindicators including chlorophyll index, the
abundance of a particular taxonomic group, or stress-specific
biomarkers.

In principle, the EQS should refer exclusively to the
ecosystem status, in terms of ecosystem structure, function, and
biodiversity. However, the ecological QSs can be integrated in
broader Environmental quality standards which cover as well
effects on human health, and the conservation and manage-
ment of environmental resources for current or future use.
However, this principle has not always been consistently fol-
lowed in the regulatory developments worldwide. The term
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EQS has been used as abbreviating for both ecological and
environment thresholds, adding additional ambiguity. In
addition, terms such as standards, criteria, objectives, guidelines,
etc. have been used in different jurisdictions and even in
different regulatory contexts within the same jurisdiction, not
always in a consistent way, creating even more complexity. The
terms can be associated to a particular regulatory aim and may
have specific connotations. Thus, the first element when refer-
ring to and using EQS in the regulatory context is to clarify the
specific aims, scope, and connotations under that particular
piece of legislation.

Within this chapter, we cover the Ecological QS, indepen-
dent of their regulatory terminology, which can be defined by
the following elements: (1) the scope covers exclusively
ecosystem protection; (2) the basic aim is to establish
a threshold which, if exceeded, is expected to result in adverse
ecological effects; and (3) is based exclusively on a scientific
assessment of the ecological and ecotoxicological informa-
tions, without taking into account technical feasibility, socio-
economic or other considerations.

For individual chemicals, the ecological threshold tends to
be the most sensitive, and therefore the environmental and
ecological QS are equal. However, there are some exceptions,
for example, for highly potent carcinogens the ecological QS
may be insufficient for protecting human health effects. In
addition, some substances produce, at levels below their eco-
toxicological and toxicological thresholds, effects that do not
affect the health of the exposed organisms but affect its
commercial value. Typical examples are natural and anthro-
pogenic compounds producing organoleptic alternations such
as changes in taste or odor of fish and shellfish flesh; these
changes do not affect the ecosystem functioning but represent
an anthropogenic concern for the use and exploitation of the
environmental resources.

EQS should not be confounded with emission ecological
exposure limits and guidelines, as EQS represent levels
measured directly in the environment, e.g., in river water, while
emission standards are measured at the dumping or release
level, e.g., in the effluent from the industrial facility. EQS are
linked but are not always equal to immission ecological
exposure limits and guidelines. The immission values represent
the maximum levels of a chemical substance or stressor that is
considered to be safe or acceptable in a specific environmental
compartment. For setting the acceptability, risk managers may
weight the competing evidence drivers, e.g., using risks vs.
benefits or risks vs. cost estimations, establishing an exposure
limit that assume a certain level of risk that is considered out-
weighed by the benefits or socioeconomic considerations. In
some cases, policy considerations can be used in the opposite
direction, and the exposure limits are established at levels well
below those that could be considered if based on risk assess-
ment estimations. Typical cases regarding environmental limits
are those referring to the levels of pesticides in water. Based on
specific concerns and perceptions for these substances, many
jurisdictions have established generic acceptable exposure
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levels for these substances, which in some cases may be orders
of magnitude below those corresponding to their toxicological
and ecotoxicological profile. The EQS concept is also broader
than the emission ecological standard, as EQS can be based on
exposure indicators, e.g., the pollutant’s concentration in water,
soil, or air, but also on nonexposure indicators such as those
measuring status or effects, the only limitation is their mon-
itorability. However, when the exposure limits are exclusively
based on the scientific assessment of a threshold value, and
EQS are based on exposure indicators, EQS and immission
exposure limits are basically similar.

Once again, it should be noted the lack of harmonization
and even coherence in the regulatory terminology employed in
this field; the reader is encouraged to check the scope, aim, and
definition adopted by each specific regulatory action.

When referring to a specific chemical pollutant or chemical
category, there is also a link between the exposure-based EQS,
eco-based immission ecological standard, and the Predicted No
Effect Concentration (PNEC) used in some environmental
assessments. All are estimated nowadays through similar
methodologies based on the dose–response hazard evaluation
of the risk assessment, through an assessment that can be
named ‘reverse risk assessment methodology,’ e.g., instead of
identifying the actual risk of a particular activity, the method
focuses on the generic identification of the maximum exposure
level at which the toxicity threshold is not expected to be
exceeded, taking into account the available information and
uncertainty in the assessment. Although in the case of chem-
icals the PNEC and the QS for the same compartment/receptor
may be considered equivalent for substances for which suffi-
cient information is available, there are significant conceptual
differences in the process and consequences. PNECs are esti-
mated as part of an iterative risk assessment process that
intends to decide on the risk using as little information as
possible, not to derive real noneffect thresholds for the
substance. Consequently, PNEC values allow further refine-
ment, generating additional information as needed before
concluding on unacceptable risks. In contrast, EQS are regula-
tory-based limits for decision making not allowing further
refinement of the value itself and imposing legal obligations.

EQS have been derived for all environmental compart-
ments, including fresh and marine waters and sediments, soil,
and wildlife, in many cases integrating ecological and human
health effects for the derivation of Environmental QS. The
terms used in the different regulatory and nonregulatory
processes are highly variable: environmental or ecological
quality criteria, standards, objectives, guidance values, or
exposure limits have been frequently used, but other equiva-
lent expressions can also be found. Frequently, the term directly
reflects the environmental compartment or media, e.g., water,
sediment, or soil, to which the level refers.

These limits and guidelines are related directly to the levels
measured in the affected compartment or media, and therefore
are integrated in nature, covering all possible sources without
referring to particular emissions, and have large spatial and
temporal variability. The protection goal or goals determine the
kind of risk assessment that should be conducted for setting the
limit or guideline. The methodology for setting the threshold
has significant differences regarding the protection goal:
ecosystems, human health, or the use of the natural resource.
Thus, when setting multiscope environmental standards, a set
of complementary assessments must be conducted. The strict-
est value is then selected as standard; this is usually the
ecologically based standard but there are some exceptions. In
any case, independently of the finally selected environmental
value it is possible in most cases to identify the specific value
selected as ecological threshold.
Ecological Water Quality Standards

Ecological quality criteria were developed in the 1970s in
North America and Europe. The first comprehensive set was
published by the US EPA as The Red Book, compiling the
Quality Criteria for Water. It was published in 1976, imple-
menting the Clean Water Act of 1972. The first main revision
occurred 10 years later with the publication of The Golden Book
in 1986, and since then, new criteria have been developed and
the old ones revised and updated as needed. Currently, the US
EPA table contains acute and/or chronic ecological criteria for
about 44 chemicals, covering fresh and salt water, com-
plemented with additional criteria for general water quality
parameters, human health protection, and organoleptic effects
(taste and odor). The methodology for developing the national
criteria was based on the methods initially developed for the
Great Lakes and was later extended and continuously updated
and is adapted to each chemical and situation. The latest
adopted aquatic life criteria is for the pesticide carbaryl; its
reference document explaining the development of this criteria
offers a perfect example on how the methodology is currently
applied for the derivation of these criteria.

The US initiative was followed by the Water Quality
Objectives developed in Europe under the Dangerous
Substances Directive 76/464/EEC. The EU system was updated
with an in-depth regulatory change through the Water Frame-
work Directive, which covers the development of Environ-
mental Quality Standards as well as ecological status
indicators. Many other countries and jurisdictions worldwide
have developed standards covering the ecological protection of
continental and marine waters during the last two decades of
the last century.

Water standards can be classified in three main groups:
those referring to toxic chemicals (either individually or as
groups), those referring to nutrients and general water quality
abiotic conditions, and those based on biotic indicators.

Ecological aquatic standards for toxic chemicals are derived
directly from the hazard characterization (dose–response
assessment) as the toxicity for aquatic organisms is directly
expressed as the tested concentration in the assay. The meth-
odologies for the criteria derivation depend on the data avail-
ability as well as regulatory approaches, but basically cover
methods based on the application of assessment factors to the
lowest reliable laboratory data, the use of species sensitivity
distributions if a sufficient number of species is covered by the
database, or the case-by-case assessment of mesocosms or other
higher tier data. Acute toxicity data are usually employed for
setting criteria for short-term exposures (e.g., to be compared
with maximum measured concentrations) while chronic data
are used for long-term exposures (e.g., to be compared with
annual or seasonal measured average concentrations); acute-to-
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chronic ratios can be used as surrogates or for complementary
assessments. The toxicity of metals as well as other pollutants
depends on water quality parameters, requiring the adaptation
of the QS value to the conditions of the monitored water
bodies. This variability can be covered by quantitative models,
by ranges, or by simplified assumptions, depending on the
available knowledge on the interaction. For some chemicals,
natural background concentrations should be considered; the
use of ‘added risk approaches’ requires a good knowledge on
these natural backgrounds as well as on their temporal and
spatial variability. The criteria are mainly developed for
pollutant concentrations measured in the water, but for certain
pollutants the criteria are directly referred to the measured
concentrations in sediment or biota.

The derivation of ecological QS for nutrients requires
specific techniques, based on the water body typology. In
addition, different higher risk assessment approaches have
been recently developed on both sides of the Atlantic for setting
nutrient stressor–response relationships in order to derive
quantitative nutrient criteria.

The third group of water quality standards is linked directly
with the status of the biological community. Due to the huge
diversity of aquatic communities, this approach requires
grouping aquatic bodies in similar types; this is typically ach-
ieved by establishing ecoregions and ecotypes. Ecoregions are
geographical areas relatively homogeneous in terms of
ecological conditions, defined by similarity of climate, land-
form, soil, potential natural vegetation, hydrology, or other
ecologically relevant variables. Ecotypes represent the typolo-
gies of the water bodies within the ecoregion, e.g., main and
tributary rivers, ponds, lakes, and estuaries.

The US EPA biological criteria system is based on the
combination of biological assessments and biological
criteria. Biological assessments or bioassessments evaluate
the biological condition of a water body using biological
surveys and other direct measurements of resident biota in
surface waters. The outcome is compared with that expected
for the reference condition, which is defined by a set of
selected measurements or conditions of unimpaired or
minimally impaired water bodies characteristic of a water
body type in a region. The comparison is based on biolog-
ical criteria or biocriteria, which are narrative or numeric
expressions that describe the biological condition (structure
and function) of aquatic communities inhabiting waters of
a designated aquatic life use and serve as the standard
against which assessment results are compared. Biocriteria
are based on the numbers and kinds of organisms present
and are regulatory based biological measurements. The EU
system under the Water Framework Directive is based on
a similar approach, defining five alternative conditions for
the ecological status of a water body, from high to bad.
‘High status’ is defined as the biological, chemical, and
morphological conditions associated with no or very low
human pressure; it is equivalent to the reference condition
and used as the benchmark for the comparison. Assessment
of quality is based on the extent of deviation from these
reference conditions. ‘Good status’ means slight deviation,
‘moderate status’ means moderate deviation, ‘poor status’
means major deviation, and ‘bad status’ means severe
deviation. The definition of ecological status takes into
account specific aspects of the biological quality elements,
for example ‘composition and abundance of aquatic flora’ or
‘composition, abundance, and age structure of fish fauna.’
The regulatory objective is to achieve at least good status in
all EU water bodies, unless specific exceptions could be
justified.
Ecological Soil Quality Standards

The development of soil EQS has been mostly associated with
the management of contaminated sites risks. The development
of soil criteria is much more complex than the development of
water criteria, and has also additional legal complexities. The US
Comprehensive Environmental Response, Compensation and
Liability Act of 1980, known as Superfund, was enacted to
address abandoned hazardous waste sites in the United States.
In Europe, the Soil Framework Directive is still under discus-
sion, due to the different views and opposition of a number of
Member States regarding the proposal discussed during 2007. In
absence of an EU-wide legislation, several European countries
have developed national regulations. Other countries, including
Canada, Australia, and New Zealand, have also developed soil
standards.

The first criteria developed by the US Superfund program
and other initiatives focused on the protection of human
health. Later, the criteria were expanded for considering
ecological protection. The criteria are developed through
a reverse risk assessment process, estimating the concentration
of the chemical in the soil that represents unacceptable levels of
exposure to the receptors. The exposure is based on assump-
tions, which must be adapted to specific ecological receptors.
The bioavailability of the chemical in soil is largely associated
to the soil characteristics and in addition changes with time,
through the so-called aging process, creating additional
uncertainties. Consequently, the risks associated with the soil
exposure are better addressed using site-specific risk assess-
ments, and complemented with biological indicators and
direct soil toxicity testing.

The development of generic soil criteria is complex and the
results adequate to a particular case can be over- or under-
protective in other situations. Some regulatory programs have
covered the local variability and uncertainty by setting sets of
criteria associated to particular management actions, such as
further investigation, contention or other risk-reduction
measures, and cleaning or restoration. As a minimum the
criteria usually include two complementary values, one for
screening purposes, triggering additional investigations, and
then definitive values, triggering restoration, confination, or
risk management measures.

The US EPA Superfund system includes the development
of Ecological Soil Screening Levels (Eco-SSLs). These
screening levels represent the concentrations of contaminants
in soil that are protective of soil ecological receptors. These
cover soil dwelling invertebrates and plants, as well as
terrestrial wildlife. Plant and soil invertebrate Eco-SSL values
are derived directly from an evaluation of available plant and
soil invertebrate toxicity test data. The process for deriving
mammalian and avian wildlife toxicity is more complex and
requires a full reverse risk assessment with an estimation of
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the level of exposure of wildlife associated to a certain soil
concentration. A generic food chain model is used to estimate
the relationship between the concentration of the contami-
nant in soil and the dose reaching the receptor. These values
are used to identify those contaminants of potential concern
in soils requiring further evaluation in a baseline ecological
risk assessment.

In Europe, soil quality is not yet covered at the commu-
nity level, and therefore nonharmonized national legisla-
tions have been used to develop national soil quality criteria.
A large majority of EU countries have developed soil stan-
dards for human health protection, but just a few have
included ecological standards. The Netherlands was the first
EU country to set ecological soil standards, followed by
others including Austria, Finland, Germany, and Spain. The
fundamental methodology is similar to that described for the
US Superfund, although the assessment factors and param-
eters are different and frequently linked to the basic EU
regulatory principles for chemical risk and safety assessment.
The Spanish approach is particularly innovative, as it
includes a combination of chemical and direct toxicological
assessments. The screening values triggering further investi-
gations are numerical concentrations for prioritized pollut-
ants, but the definitive conclusion is always based on a direct
toxicity assessment of a representative soil sample, in order
to cover the real bioavailability of the contaminants present
in the soil and to quantify the combined effect of the
pollutants cocktail.
See also: Drinking-Water Criteria (Safety, Quality, and
Perception); Ecotoxicology; Aquatic Ecotoxicology;
Ecotoxicology Terrestrial; Ecotoxicology; Wildlife; Ecological
Exposure Limits and Guidelines; Environmental Exposure
Assessment; Risk Assessment, Ecological.
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Introduction

The term ‘ecotoxicology’ was first used by Truhaut in 1969
who defined this science as ‘the branch of Toxicology con-
cerned with the study of toxic effects, caused by natural or
synthetic pollutants, to the constituents of ecosystems, animal
(including human), vegetable and microbial, in an integral
context.’ This definition has evolved in order to cover a much
broader ecological perspective. The study of the different living
organisms which constitute the ecosystem’s community is just
the first step to understand the effects of chemicals on the
natural assemblage of the different populations and their
function, including long-term threatens on biodiversity.

An actual definition of ecotoxicology could be as the science
devoted to the study and prevention of the adverse effects of
anthropogenic emissions of chemical substances on ecosys-
tems structure, functions, and biodiversity. Obviously, eco-
toxicology covers both, manmade and natural chemicals, but
the latest only from the perspective of human actions that
create new environmental releases or enhance their toxicity/
bioavailability increasing the environmental exposure of pop-
ulations and communities.

As a practical simplification, an ecosystem can be defined as
a geographical unit composed by a biological community
living in association with its abiotic environmental compart-
ment. The biological community is the overall group on living
organisms within the ecosystem, and it is composed by
organisms from different species. The groups of organisms
from the same species living in a particular ecosystem are
named populations. Each organism within the population and
each population within the community play a specific role or
‘function’ and are part of the overall ecosystem structure.
Ecosystems are characterized by two essential properties:
redundancy and resilience. Redundancy means that, in general,
there are several species playing the same or similar roles and
that individuals/species have a much higher potential capacity
for reproduction/development than that actually expressed.
Resilience is the capacity to keep the ecosystem’s stability by
resisting to external stressors and recovering from changes and
perturbations. Redundancy and resilience are directly con-
nected, e.g., in general, as toxicity is species specific, in the case
of a chemical stress the less sensitive species may take the role
and maintain the overall function until the most sensitive ones
can recover.

According to its aims, ecotoxicology focuses on population/
community effects. The effects on individuals are used as both
starting points and methodological approaches, selecting those
endpoints which maymeasure/predict effects at the population
level: typically, lethality, biomass production capacity
measured as growth rate, and reproduction. The interpretation
of these effects should be connected to the role, trophic level,
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and species characteristics. Traditionally, it was considered that
due to ecosystem redundancy and resilience, the effects on
individuals were expected to be reduced when moving up in
the ecosystem level, and consequently, the level of protection
was not set at the individual level but at the population or even
community level. Although this is still the general situation,
some exceptions to this general rule have been recently iden-
tified. The first is related to the new role of biodiversity
protection as part of the sustainability concept. The concern on
the extinction of numerous species at the regional and even
global level has extended the protection goal from ecosystem
structure and function to cover also biodiversity. Biodiversity
protection requires, obviously, protection at the population
level and for some endangered species even at the individual
level, requiring a case-by-case assessment. The second is even
more complex as refers to population effects at levels at which
no effects on individuals are observed. This possibility has been
observed for chemicals defined as ‘endocrine disrupters,’ with
specific mechanisms of action affecting the endocrine system.
Typical examples are those substances which change the sex of
the exposed individuals, producing feminization (males
become females) or masculization (the opposite). For those
species that have sufficient physiological adaptation, the
resulting individual is even sexually functional and conse-
quently no effects are observed at the individual level except
through specific techniques to differentiate genotypic from
phenotypic sexual characteristics. However, at the population
level, the male/female ratio can be heavily affected, challenging
the overall population reproductive capacity.

There are many different branches of ecotoxicology, such as
those related to specific environmental compartments or
specific groups of substances, which are covered in specific
chapters. At the generic level, three main divisions, with
different aims and methodologies, can be considered and are
briefly introduced below.
Field ‘Diagnostic’ Ecotoxicology (Including Forensic
Ecotoxicology and Ecoepidemiology)

The direct assessment of adverse environmental effects
observed in the field constitutes one of the aims of ecotox-
icology. When an adverse effect is observed in a particular
ecosystem or region, there is an obvious need to identify its
origin and source as soon as possible, and to take the proper
action. Conceptually, this branch of ecotoxicology is equivalent
to a combination of clinical and forensic toxicology with
epidemiological studies. In fact, Elliot et al. have recently
developed the concept of forensic ecotoxicology, but limiting
its application to the investigation of effects on wild vertebrates
for regulatory and nonregulatory actions.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00494-2
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Due to the complexity of the environmental and ecological
relationships, the investigation of observed or presumed
ecological problems requires in most cases a combination of
different tools.

Environmental adverse effects can be observed as a conse-
quence of accidents, continuous or sporadic point releases,
aggregation of disperse emissions, and combinations of the
above. In general, the assessment and diagnosis includes three
main steps: (1) the confirmation of the chemical origin (direct
poisoning) or association (other etiological factors or stressor
acting secondary to a chemical exposure) of the effects; (2) the
identification of the chemical or chemicals responsible for the
effects; and (3) the identification of the pollution source.
Depending on the case, some of these elements can be easily
identified, e.g., in case of identified chemical accidents or point
releases, while in other circumstances sophisticated methods
are required.

Direct toxicity assessment (DTA) methods are particularly
suitable for identifying the chemical nature of the stress
when lethality or other very clear and severe ecosystem
disturbances are observed. The basic idea is to measure
directly the toxicity of environmental samples such as water,
sediment, or soil. For less evident effects, or when a large
number of cofounder factors and additional stressors must
be considered, ‘epidemiological type’ tools have been adap-
ted and developed for ecosystem assessments. Extraction/
concentration methods can also be used to concentrate
chemical families with specific properties/characteristics and
then conduct standard or screening low/cost DTAs on the
concentrates. Biomarkers of exposure to certain chemical
groups could be also highly valuable and, in addition to
identify the chemical nature, offers also valuable information
for moving to the identification of the relevant chemicals
under step (2).

Biomarkers and bioindicators may offer relevant infor-
mation for identifying some chemical groups under step (2);
however, chemical analysis is by far the typical approach.
Analytical screening methods, alone or in combination with
toxicological detection through toxicity identification evalu-
ation techniques (toxicity driven selective fractionation), are
very powerful tools providing that a proper sample can be
obtained. For aquatic systems, sampling is particularly diffi-
cult in episodic and accidental emissions; suspended matter,
sediment, or even biota can be used for chemicals with strong
binding and/or bioaccumulation potential. The progress in
environmental analytical chemistry has resulted in detection
limits for many substances far below the levels of environ-
mental concern. Detecting a chemical in an environmental
sample or even in biota does not necessarily confirm associ-
ations or cause–effect relationships between the chemical and
the observed adverse effects. Thus, once a chemical or group
of chemicals has been identified as potentially associated with
the observed effect, diagnosis methods should be used for
confirming the relationships or associations. Depending on
the available information on the chemical, confirmatory
experimental studies may be needed.

Once the toxic chemical has been identified, the final step is
to discover the release source, in order to take the proper
management measures and to consider liability issues. As the
diagnosis phase, this step can be done in very different ways
depending on the chemical in question and the available
information.

It should be considered that the order of these generic steps
can be changed and adapted to each case. For example, for
major accidents, identified and isolated point release sources,
large spills, etc., step (3) and even steps (3) and (2) may be self-
evident, and then the focus of the assessment should be to
confirm that/which of the environmental observed effects can
be soundly associated to the pollution problem.

As chemical pollution is rarely the only ecological stress in
an ecosystem, the assessment and diagnosis of nonlethal
chemical effects, particularly at the supraspecies level such as
population or community sifts, are particularly difficult.
Biomarkers of exposure or effects are particularly useful in these
situations, but unfortunately are currently limited to a very
narrow group of chemicals. If information on the potential
sources/level of chemical pollution is available, risk assessment
methods can be used in these cases, at least for establishing the
likelihood of the observed effects to be related to chemical
pollution.

The capacity to conduct realistic assessments for combined
effects associated to nonpoint or widely dispersed sources is
still to be developed. Certainly, we should assume that some of
the main ecological problems related to aquatic ecosystems
distress or biodiversity lost, such as the observed dramatic
effects on amphibians’ populations, have a component of
chemical pollution, but with the current state of the art we are
far from being able to address properly these effects by iden-
tifying cause–effects relationships.
Experimental Ecotoxicology

Similarly to toxicology, experimental methods are the basic
tool in ecotoxicology, supporting all other branches. The basic
principle is also shared with toxicology, and the overall aim is
to identify, under controlled conditions, the relationships
between the exposure to a chemical or group of chemicals and
the effects observed in living organisms. However, the methods
and final goals are very different.

Three main types of bioassays are used in ecotoxicology:

l Single-species toxicity tests, conducted on selected species of
aquatic and terrestrial organisms, with a broad coverage of
trophic and taxonomic groups such as algae; aquatic and
terrestrial plants; aquatic, benthic and soil invertebrates,
fish, amphibians, or birds.

l Functional toxicity tests, measuring directly effects on
ecosystem functions such as carbon or nitrogen
mineralization.

l Multispecies assays, investigating the effects of chemicals on
simplified natural or artificial assemblages (e.g., micro-
cosms) or on large complex communities (e.g., mesocosms
and semi-field simulations).

The endpoints generally used in the single-species toxicity
tests are those considered as ecologically relevant, normally
mortality, growth rate/biomass production, and reproduction.
Exposure is done through a relevant environmental media,
such as water, sediment, soil, or food, and median lethal or
effective concentrations, L(E)C50s, and no observed effect
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concentrations (NOECs) are generally used as toxicity
endpoints in the short- and long-term tests, respectively.

The functional and multispecies bioassays require more
specific endpoints, in the large mesocosms and semi-field
simulations, the community and ecosystem status are directly
checked through similar techniques than those used in field
ecology.

As the final goal of ecotoxicology is to identify effects on
the top levels of biological organizations such as communities
and ecosystems, mechanistic approaches to identify the
specific mode of action are much less common than in toxi-
cology. Nevertheless, there are some exceptions, as the iden-
tification of the mode of action at the species level can be
relevant in certain cases, e.g., for selecting the most suitable
endpoint to be measured, for the identification of effect
biomarkers, or for identifying taxonomic or functional groups
of species that could be particularly sensitive due to selective
mechanisms of action.

Three main lines of further development can be currently
identified in experimental ecotoxicology. The most ‘traditional’
line focuses on the design and standardization of new test
protocols covering new species and taxonomic groups, as well
as new endpoints, to be added to the battery of available eco-
toxicity tests. Efforts can be observed in almost all taxonomic
groups and compartments. In the case of vertebrate testing and
particularly fish, this line is complemented with the develop-
ment of alternative bioassays and the modification of the
existing protocols in order to reduce the number of experi-
mental animals. The second line is to connect to the develop-
ments in the molecular and -omics sciences, which are
incorporated in some test designs, developing more mecha-
nistic approaches. A particular case is the use of the non-
mammalian species typically used in ecotoxicology for
understanding modes of actions and effects that are muchmore
relevant in human toxicology than in ecotoxicology such as
carcinogenicity. The third line, and old aspiration of ecotox-
icology, is also mechanistic but in the opposite direction, trying
to assess the mechanisms at the supraspecies level. The
sophisticated experimental approaches, multispecies and semi-
field studies, are combined with targeted simplified assays and
the results are then used for constructing population and
community models.
‘Predictive’ Ecotoxicology for Hazard Assessment

The third main branch of ecotoxicology is directly connected
with regulatory and protection purposes, focusing on the use of
the experimental ecotoxicological results for identifying the
hazards and predicting the risk of chemicals for the ecosystem
structure, function, and biodiversity.

Obviously, it is impossible to obtain ecotoxicity data on
over a million species already identified or even on a statisti-
cally representative fraction. Therefore, the assessment of eco-
toxicity data is mostly based on the extrapolation of the effects
observed on a very limited number of species. It should be
noted that the extrapolation should consider two comple-
mentary steps, the interspecies extrapolation and the extrapo-
lation of the effects observed in organisms to the expected
effects on populations and communities.
For regulatory purposes, a so-called minimum data set has
been developed. The aim of this minimum data set is to
provide the minimum level of information that is considered
necessary for setting ‘regulatory acceptable levels.’ Although
there are differences among the different jurisdictions, basi-
cally, the minimum data set for industrial chemicals consist in
three acute aquatic toxicity data, on algae, crustaceans, and fish.
A larger data set is required for pesticides and biocides. The
information requirements can also be adapted to the produc-
tion volume, use patterns, potential for exposure, etc., as well as
identifiers of specific concerns. The Registration, Evaluation,
Authorization, (and Restriction) of Chemicals (REACH)
Regulation presents the rationale for testing and waiving
applied in Europe for the registration of all chemicals above 1
ton per year.

The minimum data set is used to establish levels of no
regulatory action/concern, using a set of application factors to
cover the uncertainty. The term predicted no effect concentra-
tion (PNEC) was introduced in Europe in the 1990s and is
gaining acceptance in other jurisdictions. The aquatic ecotox-
icity data are also used through extrapolation techniques based
on the so-called equilibrium partitioning method to derive
levels of no regulatory action/concern for the sediment and
soil. Basically, the steady-state partitioning of the chemical
between the water/solids in the sediments and between the
water/solids/air in the soil is calculated based on the physical–
chemical properties of the chemical, and the levels corre-
sponding to the concentration in an ‘standard’ sediment or soil
resulting in a concentration in the water phase equal to the
aquatic PNEC are used as PNEC values for sediment and soil,
respectively.

The PNEC derivation can be refined for the three compart-
ments if additional information is obtained. The typical
uncertainty factors applied on the minimum data set vary
between 100 and 1000. These factors are reduced if additional
information is available. Further refinement can be obtained by
higher tier approaches such as species sensitivity distributions
or micro/mesocosm studies. These high-tier methods are
described in other chapters and can further reduce the factor to
1, meaning that the no effect higher tier value is consider
directly as the threshold of no concern.

A methodologically related but conceptually different
approach is required for those regulatory frames based on the
establishment of thresholds for regulatory action, e.g., the
establishment of environmental/ecological quality criteria. The
conceptual difference is that the derived value becomes
a regulatory limit not further refinable, and exceedances of this
limit would not trigger additional ecotoxicological assays, but
regulatory control actions and/or high cost ‘clean-up’ processes.
The consequences of overweighted precautionary measures
may represent a huge cost not compensated by the expected
benefits. Consequently, even based on the same ecotoxicity
data set, the values used for setting the ‘regulatory threshold of
no action’ may differ from those setting the ‘regulatory
threshold of action, as the uncertainty is treated under different
conceptual approaches. Several regulatory frameworks have
implemented both approaches as consecutive steps, imple-
menting different limits, triggering different kind of actions,
from just prioritization for refinement through further studies
to high cost control or cleaning actions. As discussed below, all
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these processes require a very clear and targeted communica-
tion to the users and the general public.

Ecotoxicology is also expected to predict the type and
magnitude of the effects on individuals, populations, and
ecosystems expected when the thresholds are exceeded.
Although these predictions require a case-by-case assessment,
some simplified methods using indicators of concern have
been developed. These indicators may assess if acute lethality
is or not expected, and the type of organisms, e.g., only
sensitive species or a large proportion of the community, to be
affected.

Obviously, the minimum data set offers very little infor-
mation for realistic predictions of the expected ecotoxicological
hazard above the noneffect threshold. There is however a main
exception, which in fact covers a large number of chemicals.
The comparison of the basic data set with quantitative struc-
ture–activity relationship estimations for chemicals with no
specific mode of action, the so-called narcotic type chemicals,
can be used to confirm that the molecule does not present
specific reactivity on living organisms. If this is confirmed, the
toxicity can be predicted on the basis of the calculated internal
concentrations: the level of effect, for the internal dose on
a molar basis, for narcotic chemicals is expected to be inde-
pendent of both the chemical and the species; therefore,
quantitative effect predictions can be done on the sole basis of
the expected exposure and toxicokinetic estimations for
particular species.
Ecotoxicology and Hazard Communication

In the early 1990s, the idea of using ecotoxicological data for
the communication of environmental hazards was intro-
duced in the European regulatory frame. Since then, eco-
toxicity data have been used to communicate to the users
the environmental hazard of chemical substances as part of
the classification and labeling system. The system was further
developed at the United Nation (UN) level as part of
the Global Harmonized System (GHS), for classification
and labeling, which is currently under worldwide
implementation.

The current system is also based on the minimum data
set, using chronic toxicity data if available for communicating
the long-term hazards. The current system only covers the
aquatic compartment, although efforts at the UN and Orga-
nization for Economic Cooperation and Development level
have been done for extending the system to the terrestrial
compartment.

Many regulatory and nonregulatory programs are con-
ducting additional efforts for communicating not only the
environmental classification of the chemicals but also
specific concerns. As indicated above, the communication of
the levels of no regulatory concern, such as the PNECs, and
levels of regulatory action, such as the ecological quality
criteria, is particularly problematic. Studies conducted by the
authors of this chapter have confirmed the interest of the
general population in receiving sufficient information for
properly understanding the meaning of these ecological
thresholds and criteria. When several options with different
complexity were offered, a large majority opted for tools with
medium to high complexity but offering a sufficient under-
standing of the expected environmental/ecological effects,
requesting at the same time sufficient information for
understanding the meaning of these complex methods.

An additional difficulty in the case of the ‘PNEC type’
approaches is that these levels do not present the estimation of
the ‘real threshold of no effect,’ but a level that is considered
sufficiently low and that can be refined, normally leading to
a higher value, if additional information is available. In other
words, these levels are always expected to be below the level at
which relevant effects could be expected, but can be very close
to or far below the threshold. Consequently, there may be
several values for the same substance, and all can be correct
within the regulatory context, requiring a very clear commu-
nication strategy. For example, the information generated
through REACH and disseminated by the European Chem-
icals Agency includes the PNEC values estimated by each
company. Different manufactures and importers of the same
substance may have access to different levels of information.
For those using the substance in closed systems and for low
dispersive uses, the minimum data set can be sufficient to
demonstrate a safe use, and may present a very low PNEC
value as they do not have the need for refinement. In contrast,
companies with more dispersive uses may have to refine the
PNEC using higher tier assessments for demonstrating a safe
use. The consequence is that two very different PNEC values
are presented for the same substance; and both are correct
because are based on different levels of information and
simply the lower one includes a much higher level of
precaution, due to the uncertainty of the scarce database,
which is not longer needed for the higher value due to the
additional information.

In addition, opposite to the easily understandable health
effects measured in toxicology, which only require the use of
not technical layman language, the kind of effects measured
and predicted in the ecotoxicological assessment requires much
more sophisticated communication strategies. The selected
species and endpoints are just subrogates for assessing and
predicting complex interactions and consequences at higher
levels of complexity. Some effects, such as fish kills, are obvious
and easy to communicate while others, such as effects on soil
invertebrates or microorganisms, are not so evident and the
communication requires a clear indication of the very negative
environmental consequences associated to these effects.

The hazard communication process associated to the clas-
sification and labeling is expected to improve the handling of
hazardous chemicals by the general population, including
workers and consumers. Two key elements are considered: (1)
to alert that the substance or mixture is particularly dangerous
and should be handled with care and (2) to offer clear
instructions. It is not sufficient just to present the information;
the users should also be informed on why the substance is
classified and what could be the consequences if the substance
reaches the environment.

In the case of ecotoxicological thresholds, presenting just
the values is not enough. Sufficient information should also
be provided on the purpose of the values, the regulatory
context, and how the values have been calculated. In addition,
ecotoxicological thresholds are frequently exceeded in highly
populated/industrialized areas. The regulatory aims usually
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focus on the medium or long-term recovery of these areas,
through a combination of measures for minimizing new
emissions and recovering the hot spots. In these cases, the
current status and the expected recovery should also be part of
the hazard communication strategy.

See also: Aquatic Ecotoxicology; Avian Ecotoxicology; Genetic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Ecotoxicology Terrestrial; Ecotoxicology; Wildlife; Risk
Assessment, Ecological; Chemicals of Environmental Concern;
Environmental Processes; Environmental Toxicology; Society
of Environmental Toxicology and Chemistry.
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Definition and Scene Setting

As described in detail in the article ‘Ecotoxicology’, ecotox-
icology is the science of studying the effects of stressors on
the structure, functions, and biodiversity of ecosystems.
Although these stressors can be physical, chemical, biological,
or a combination of these, the scope of ecotoxicology is often
narrowed down to the effects of (synthetic or released by
humans) chemicals. Aquatic ecotoxicology encompasses eco-
toxicology in both the pelagic and benthic environment and is
historically the most widely studied field of ecotoxicology.
Although the distinction between the pelagic and benthic
environment is somewhat artificial, the pelagic zone is defined
as the part of a freshwater or saltwater environment that is not
in close contact with the bottom, while the benthic zone
includes the sediment and some of the overlaying water layers.
It is interesting to note that the pelagic environment is the
largest environment on earth, mainly due to the volume of the
marine pelagic environment.

Ecotoxicology is derived from toxicology, and therefore the
basic principles of toxicology also apply to aquatic ecotoxicology.
The main commonality between human health toxicology and
ecotoxicology is the dose–response approach used to assess or
predict effects of chemicals on organisms. Historically, the theo-
retical ecological principles played a somewhat smaller role in the
development of ecotoxicology, especially in the earlier phases.

Aquatic ecotoxicology often distinguishes between fresh-
water and marine ecotoxicology. Although the very same prin-
ciples apply to both fresh- and saltwater ecosystems, saltwater
ecosystems behave somewhat differently. For instance, the high
salt concentrations, different mixing zones, and water depths
can have a profound influence on both the fate of chemicals and
the ecology of saltwater species. Furthermore, food chains in the
marine environment are generally believed to contain more
trophic levels than freshwater ecosystems. Marine environ-
mental risk assessment is dealt with in Article Environmental
Risk Assessment, Marine.
Link with Risk Assessment and the Impact of the
Protection Goals

Although this article deals with aquatic ecotoxicology in
a rather strict sense, it is important to note that in a broader
context the protection goal of ecological risk assessment
(departing from ecotoxicology) and human health risk assess-
ment (using toxicology) are essentially different. This is
particularly true in a regulatory context. Human health risk
assessment aims to protect the individual, whereas ecological
risk assessment focuses on protecting ecosystems or ecosystem
functions, although in some cases, the focus of ecological risk
assessment might be on specific species, for instance, the
protection of honey bees. The protection goal has an impact on
how effects are studied in a regulatory context. For human
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
health studies, data are often available for individual animals
or humans investigated at a tissue level (e.g., kidney, liver,
blood parameters). Such data are rarely available for regulatory
purposes when environmental aquatic toxicology is concerned.

Other articles (e.g., aquatic environmental risk assessment)
focus on the concepts of estimating risks on the basis of hazard
and exposure information, using statistical analyses. Therefore,
the focus in this article is on the hazards and effects studied in
aquatic ecotoxicology.
Examples and History

Often, the most infamous examples of aquatic ecotoxicology
are attributed to substances with a so-called Persistent,
Bioaccumulative and Toxic or PBT-like profile: persistent,
bioaccumulative, and toxic substances. The effects of such
substances can be unpredictable, especially if they are not very
toxic acutely, with effects visible only after chronic exposure or
even only in offspring. The unpredictability of PBT(-like)
substances is exemplified by (1) effects that occur at long
distances fromwhere the release of the substance has taken place,
(2) effects becoming apparent only at a higher trophic level (e.g.,
if the substance has a capacity tobiomagnify throughout the food
chain, which means increasing concentrations throughout the
food chain), and (3) effects that are long-lasting and persist long
after the release of the substance has ceased. These properties lead
to treating PBT(-like) substances with more care.

The early developments of (aquatic) ecotoxicology as a disci-
pline separate from toxicology took place in the 1960s. As
mentioned, the field of ecotoxicology that has been developed
earliest and in most detail is aquatic ecotoxicology. Many of the
earlier pollution cases that received scientific,media, andpolitical
attention dealt with the aquatic environment. A good example of
this development is the work described in Rachel Carson’s Silent
Spring (1962), which described the effects of (PBT-like) pesti-
cides, DDT (dichlorodiphenyltrichloroethane) in particular, on
wildlife. DDThas been verywidely used as an effective and cheap
insect pesticide, especially against (disease-carrying) insects since
the early 1940s. Already at the endof the 1940s, however, a severe
decline in a number of birds of prey was observed in different
parts of the world. The species that received most attention were
the peregrine falcon and fish-eating birds like ospreys. The
clearest effect observed apart from mortality was eggshell thin-
ning and eggs breaking under the weight of the parents. In the
years to follow, it was shown that DDT was responsible for these
effects. In 1962, these effects were described in Silent Spring.
Essential for the novel approach used by Rachel Carson is that
extrapolations were made from single-species observations
toward effects on ecosystems. As explained, such an approach
made by ecotoxicologists is essentially in opposition to what
human toxicologists attempt. In human toxicology, a number of
test species or testmethods are used to describe, clarify, or predict
potential effects on humans. The protection of the individual is
4-3.00495-4 281
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key. In ecotoxicology, typically a number of model species are
tested to describe, clarify, or predict effects on ecosystems or
ecosystem functioning, with little importance of the individual.

An example of effects on aquatic organisms that remained
unpredicted and unnoticed for a long time is endocrine
disruption at low exposure concentrations in fish, snails, and
other aquatic species. This is because test systems are by default
simplifications of reality and at the time did not cover the
effects caused by endocrine disrupters. Examples of such effects
are the masculinization of saltwater snails, increased occur-
rence and severity of intersex, and reduced fecundity that might
only become apparent in offspring. In the last two decades, the
study of endocrine disruption has developed to a great extent,
with the most emphasis on aquatic species. The 1996 book by
Colborn et al. Our Stolen Future: Are We Threatening our Fertility,
Intelligence, and Survival? A Scientific Detective Story has facili-
tated an initial boost in research in this field.
Experimental Approaches

The focus on the effects of chemicals on aquatic organisms,
species, or ecosystems, shows that bioavailability of chemicals
is key to aquatic ecotoxicology. The study of bioavailability of
chemicals includes studying the fate of substances, which is
generally controlled by a variety of complex physicochemical
processes in the water, sediment, terrestrial, and air compart-
ments and in biota itself. Therefore, aquatic ecotoxicology
cannot be seen as a self-standing discipline of ecotoxicology,
but is linked to other compartments. Therefore, the fate of
a substance in the aquatic environment has to be taken into
account when designing experiments for testing aquatic eco-
toxicology and even more when risk assessment is concerned.

Often, in order to simplify, the effects of chemicals on the
aquatic ecosystem are described by using model species that
represent different trophic levels. The trophic level of an aquatic
organism is its position in the food chain. Typically, these
include primary producers (plants, algae), primary consumers
(plant/algae-eating species), secondary consumers (species that
eat primary consumers), and top predators (e.g., tertiary
consumers such as large predatory fish or birds of prey). Fish-
eating birds are therefore usually considered as part of the
aquatic food chains. Finally, an important place is also occu-
pied by decomposers such as bacteria and fungi. Typically, to
assess the effects of a single substance on the aquatic environ-
ment, highly simplified approaches for the aquatic environ-
ment similar to the following are used:

l Representative species of different trophic levels are selected
(e.g., bacteria, algae, invertebrates, fish, and fish-eating
birds).

l These model species are exposed in well-defined and stan-
dardized laboratory studies to different concentrations of
the substance in order to derive dose–response curves.

l From these dose–response relations, LC50, EC50, NOEC,
and LOEC are derived.

l These effect concentrations are then used in modeling
approaches (which can be simply the application of
assessment factors) to estimate a no effect level for the
aquatic ecosystem as a whole.
The idea is that by investigating effects on different repre-
sentative species of each trophic level, an estimation of the
impact of a stressor on a given theoretical or real-life aquatic
ecosystem can be made. It is important to note that only about
100 species are more or less routinely used in aquatic ecotox-
icology and the results of studies of these species are extrapo-
lated to a very large number of aquatic species. Furthermore,
not all trophic levels and ecosystem functions are routinely
investigated. The scope of regulatory testing is even more
limited by costs, the need for standardized testing, and practical
feasibility of experiments. In aquatic ecotoxicology, however,
studies range from genomics through to sublethal effects
on single species, multispecies, multichemical experiments,
micro-, meso-, or macrocosm studies, including even whole
lake ecosystems that have been used for studying effects of
chemicals in controlled experiments (e.g., in Canada).

Similarly, the sediment part of the aquatic environment is
investigated with a limited number of species and extrapola-
tions to the other sediment species are then made. Although
there is less experience in sediment testing, the sediment is the
ultimate sink for a large number of chemicals. It is indeed likely
that many chemicals that have a high potential for sorption will
end up in the sediment compartment, and extrapolations from
pelagic to sediment toxicity are not always easy to make.
Furthermore, resuspension of some of these chemicals is
possible over time. Different strategies of sediment species lead
to different sensitivities toward different types of chemicals. For
instance, a distinction is often made between endobenthic
species (burrowing in the sediments and ingesting particles)
and epibentic species (foraging above or just under the surface
and feeding mainly on deposited organic matter). Obviously,
such differences can influence the sensitivity toward chemicals.
The most frequently used species in sediment testing are
insects, oligochaetes, and crustaceans.

There are many different ways of designing, defining, and
describing aquatic experiments. Apart from the different orga-
nizational scales (molecular to ecosystem level), different time
scales, for instance, can be used: short-term experiments (such
as a 96-h mortality test on fish) up to long-term monitoring
that can last for decades. The number of stressors investigated
can also vary considerably. One can study the effects of a single
chemical on organisms, or combine the effects of a single
chemical with variation of the physicochemical parameters in
experiments. The latter is often done in experimental set-ups
investigating the bioavailability of metals by covarying
parameters such as pH, hardness, and Ca, Mg concentrations.
Furthermore, the effect of binary mixtures of chemicals can be
investigated, or the effects of multiple similarly or differently
acting chemicals. Linked to the classifications of experiments is
the possibility of performing experiments in the laboratory,
closely controlled indoor or outdoor micro-, meso-, or
macrocosms up to field experiments or observations.
Reducing Uncertainties, Recent Developments

Many factors lead to uncertainties in estimating potential
effects of stressors on aquatic ecosystems: Only a fraction of the
existing species are tested, fate and behavior influence aquatic
ecotoxicology, multigeneration and multispecies studies are
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not often conducted, and interactions between biota
compartments are simplified. Therefore, a number of
approaches are being developed and refined in order to mini-
mize these uncertainties in aquatic ecotoxicology. A few
examples are as follows:

1. The most important development is the incorporation of
more ecological realism and relevance in testing. Stan-
dardization of mesocosm studies, for instance, in the
interpretation and statistical analysis of the results, can be of
great help for this. Accounting for the variability in space
and time of exposure is another way of increasing the
ecological aspect in aquatic ecotoxicology testing.

2. Improving aquatic ecosystem modeling is a very promising
way of increasing the ecological relevance of aquatic eco-
toxicology studies. It will most probably, however, still take
many years before such models can be fully used in aquatic
ecotoxicology and risk assessment.

3. Further research into mixture toxicity continues.
4. An approach to assess the effects of stressors on aquatic (and

other) communities is pollution-induced community
tolerance (PICT). Shifts in the tolerance (adaptation or
acclimation) of aquatic communities or changes in
community composition have been applied in aquatic
ecotoxicology (freshwater and marine). An approach such
as PICT is, however, currently not yet applicable in a regu-
latory context due to its complexity (microcosms are used)
and the limited experience gained with it.

5. Aquatic ecotoxicology of metals is advanced by describing
and predicting the effects of a number of metals in the real
world. Such approaches take into account the relatively large
amount of aquatic toxicity data (sometimes both pelagic
and benthic) available for some metals. This allows for
advanced approaches such as species sensitivity distributions
to be developed (see Article Species Sensitivity Distribu-
tions). Further, the main factors affecting the bioavailability
of some metals – which in turn governs their toxicity – are
well described and can be modeled using bioavailability
models. In a number of cases, such approaches allow far
better site-specific descriptions and predictions of the
toxicity of metals to aquatic organisms to be made.

6. As mentioned before, the principles of aquatic ecology have
not been used extensively or applied in aquatic ecotox-
icology. There is increasing awareness, however, that pop-
ulation dynamics and ecosystem dynamics should be
combined with emerging techniques such as genomics,
proteomics, and bioinformatics to come to a more funda-
mental understanding of the ecotoxicology of stressors to
the aquatic environment and to a more realistic risk
assessment.

Although the ultimate goal in ecological risk assessment
is generally the protection of ecosystems, aquatic ecotox-
icology studies all aspects, ranging from effects on a molec-
ular or cellular level, through to effects on tissues and
organs, effects on individuals or species, and effects on
different species and even whole ecosystems. In summary,
although aquatic ecotoxicity is the most studied field of
ecotoxicity, linking changes at a very low level of organiza-
tion (in individuals) to higher level effects (in ecosystems) is
necessary to increase the ecological relevance of aquatic
ecotoxicology.
See also: Toxicity Testing, Aquatic; Ecotoxicology;
Environmental Risk Assessment, Aquatic; Environmental Risk
Assessment, Marine; Species Sensitivity Distributions.
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Introduction

Numerous examples, during the last century have created
awareness on the adverse consequences of chemical pollu-
tion on marine and freshwater environment. Consequently,
great issues in ecotoxicology focus on the impact of xeno-
biotics on aquatic ecosystems. The huge biodiversity of
invertebrates, their key position in ecosystem functioning,
their high suitability for experimental approaches in labo-
ratory and on field, the existing knowledge on invertebrates
ecology and communities assemblages, and growing
genomic data availability on several species made inverte-
brates as major targets to be considered in ecotoxicology.
Thus, beside vertebrates, in particular fish and amphibians,
freshwater and marine invertebrates have been widely used
for many decades to study the toxicity of inorganic and
organic compounds on living organisms in aquatic ecosys-
tems, at both individual and population level, as well as on
field communities.
Biodiversity of Ecotoxicological Responses
in Invertebrates

Invertebrates gather the overwhelming majority of animals
living in ecosystems, both in terms of biomass and number of
species. They are characterized by an extraordinary ecological
diversity, being present in nearly all biotopes, where they are
living in most ecosystem habitats. Concomitantly, they
present a wide variety of biological traits (e.g., body size,
mode of development, reproduction, etc.), giving a large
variety of life histories within invertebrates communities. The
default definition of this group, which does not rely on
a criterion of species monophyly, partly explains this diver-
sity: indeed, any animal that is not vertebrate is invertebrate.
This results in a disparate and heterogeneous composition of
this paraphyletic group. From an evolutionary point of view,
three major sets of invertebrates lineages can indeed be
distinguished in the tree of animal life: first, several sister
groups of vertebrates (e.g., tunicates, cephalochordates) and
little more distant lineages (e.g., echinoderms), forming with
vertebrates, the group of deuterostomes; second, the huge
group of protostomes, including on a side, lophotrochozoan
lineages (e.g., mollusks, annelids), and on the other side,
ecdysozoans (e.g., arthropods, nematods); third, few meta-
zoan lineages that diverged before the emergence of bilaterian
animals (e.g., cnidarians). As highlighted in comparative
evo–devo approaches, these evolutionary relationships
between invertebrates taxa are reflected in their modes of
regulation of important biological functions (development,
metabolism, homeostasis, reproduction). This puzzling
diversity of biological functioning between these major
evolutionary lineages constitutes not only the interest but also
284 Encyclopedia of T
the difficulty of studying the biological disruption by xeno-
biotics in invertebrates. With a population point of view,
determinants of species ecological vulnerability toward
contaminants have been proposed to be grouped into three
components: external exposure, inherent sensitivity, and
population sustainability. This scheme allows to formalize
how the great phylogenetic and ecological diversity of inver-
tebrates results in an incredible disparity between species
in their responses to the presence of environmental
contaminants.

First, invertebrates phylogenetic diversity gives rise to
molecular diversity. For instance, compared to vertebrates, the
molecular divergence in protein sequences between inverte-
brate lineages is greater due to higher evolution rates and
longer evolutionary times (more ancient last common
ancestor). This molecular diversity explains disparities in
inherent sensitivities to chemical compounds with specific
modes of action (e.g., enzyme or receptor inhibition through
the fixation to specific sites of action). Differences between
invertebrates sensitivity to insecticides, or to endocrine dis-
ruptors identified in vertebrates, clearly exemplify this issue. As
illustrated by the steroid hormone signaling pathway, modern
endocrine systems in metazoans result from a complex evolu-
tion of molecular players, like hormone receptors or enzymes
implicated in hormone synthesis. This diversifying biological
evolution gave rise to endocrine systems with specific modes of
hormonal regulation, divergent between extant invertebrates
lineages. Consequently, as pointed with endocrine disruptors,
modes of action of chemical compounds, and thus their
toxicity among invertebrates, are limited to more or less narrow
groups of phylogenetically related species. Because of their
extraordinary molecular diversity, surprising toxicities related
to unexpected side modes of actions of chemicals could also
occur in specific groups of invertebrates (e.g., photosynthesis
inhibitors in crustaceans, tributyltin (TBT) in gastropods).
Furthermore, inherent sensitivity to chemicals not only
depends on the presence of target sites of action. It also
depends on toxicokinetic features and detoxification abilities,
which control internal concentrations of toxicants. For these
processes of bioaccumulation, here again, the diversity of
molecular systems in invertebrates gives rise to disparity
between species. For instance, xenobiotic-metabolizing
enzymes, like cytochrome P-450 proteins, present intricate
evolutionary histories with specific expansion or specialization
in some invertebrates lineages. Similarly, as demonstrated
between insects lineages, toxicokinetic features correlate with
phylogeny and with susceptibilities to metals. Thus, the
phylogenetic signal in uptake, excretion, or metabolic capa-
bilities can explain how invertebrates phylogenetic diversity
results in variability of inherent sensitivity to toxicants with or
without highly specific modes of action.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00498-X
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Next, some studies have highlighted empirically how
phylogeny is effectively predictive of the disparity in toxico-
logical sensitivities in invertebrates. But once applied to the
impacts observed within natural communities, this explana-
tory power can appear insufficient and can be improved by
considering variability in biological and ecological traits. This
reveals the link between some of these traits (extremely
diversified in invertebrates) and the three components of the
vulnerability as defined above. First, environmental contam-
ination is heterogeneous in time and space in ecosystems
(between compartments, between phases). Thus, behind
the diversity of invertebrates ecological types (habitat,
phenology), the large diversity of traits like alimentary,
respiratory, or reproductive modes leads to highly different
levels of exposure to chemicals between species within
ecosystems (first component). Second, different studies
supplied illustrations of the link between the diversity of
biological traits and inherent sensitivity (second component)
by correlating biological macroscopic traits with the sensi-
tivity of species toward chemicals. These traits are related to
uptake capability (e.g., body size and body shape), as it has
also been more specifically pointed in insects. Third, consid-
ering population sustainability (last component), population
modeling has permitted to decipher how invertebrates
diversity in life history traits (survival pattern, reproductive
strategy, etc.) can explain differences in species susceptibilities
to toxic stress. Experimental works in invertebrates also
revealed this influence of life histories in the emergence of
demographic effects. In addition, variability in life history
traits related to population recovery potential (e.g., genera-
tion time, migration ability) has been put forward to under-
stand the difference in response to contamination observed
within freshwater communities.

In summary, invertebrates are characterized by a great
disparity in ecotoxicological responses. This disparity is
explained by their phylogenetic complexity and their ecological
diversity. Indeed, these two features give rise to high variability
in exposure, inherent sensitivity, and population sustainability
of species facing chemical stress. Thus, especially for inverte-
brates, advances toward a mechanistic understanding of the
processes which determine sensitivity to chemicals will require
an eco-evolutionary framework.
Risk Assessment of Chemicals

Invertebrates are key phyla in ecosystems as intermediate
consumers in the pelagic as well in the benthic food chain of
aquatic ecosystems. In pelagic food chain, crustacean and
rotifers are main primary consumers; in the benthic grazing and
detrital food chains, insect larvae, crustaceans, and molluscs are
intermediate converters of living as well as of dead biomass.
In addition, they have a relatively short life cycle, small sizes,
and depending on species are relatively easy to culture and to
test in laboratory with small volume of water. Consequently,
numerous laboratory test methods, either monospecies or
plurispecies (microcosms) tests have been developed with
a large range of invertebrates (as insects, crustacean (copepods,
ostracods, cladocerans), rotifers, annelids, molluscs) to assess
the effects of chemicals and mixtures, both in freshwater or
marine water and in sediment. Some of these laboratory
methods are standardized and international test guidelines are
available (e.g., International Organization for Standardization,
Organization for Economic Cooperation and Development).
Moreover, invertebrates raise less ethical concern than verte-
brates (fish, amphibian) in testing the impact of xenobiotic on
aquatic organisms, although cephalopods have been specifi-
cally included in the European Union regulation through
Directive 2010/63/EU.

To estimate potential impacts on populations, the most
commonly used adverse effect end points are survival, growth,
and reproduction. These end points measured at individual
levels are likely to bring useful information to derive effect at
higher biological organization level, and have been widely
adopted in a range of national and international ecotoxicity test
guidelines. A variety of statistical techniques (including
regression analysis and hypothesis testing) are used to derive
simple endpoints such as the EC50, EC10, and no observed
effect concentration for use in risk assessment. In addition to
dose–response relationship, appropriated modeling has been
developed to infer measured effect at individual level to pop-
ulation level (see Linking Toxicological Effects and Ecological
Scales).

Irrelevant to measurements of life traits which indicate
fitness impairment of organisms faced with chemicals, more
specific end points dealing with hormones regulation, protein
expression, molt impairment, morphological abnormalities,
copulatory behavior, or sex ratio are explored in laboratory
tests with marine and freshwater crustaceans, insects, molluscs,
and annelids, aiming mainly to identify mechanisms of action
and model the impacts of high concern substances, such as
endocrine-disrupting chemicals (EDCs), which received
particular attention over the last 10 years.

It should be taken into account that biological diversity is
one of the main challenges for the hazard assessment of
chemicals. Due to the growing concern of pollutants with
specific mechanisms of action in the framework of chemicals
risk assessment, as recently EDCs or pharmaceuticals exempli-
fied, a traditional practice in ecotoxicology such as the extrap-
olation of data collected from tests involving individuals of
a species to predict potential impacts to other species has been
challenged. For risk assessment purposes and to derive
threshold concentrations of contaminants that protect species
diversity and functional attributes of communities in ecosys-
tems, the species sensitivity distribution (SSD) concept was
developed. This statistical distribution estimated from a sample
of toxicity data is used to calculate the hazardous concentration
(HCp) at which a specified proportion of species (p%) will be
affected, generally HC5 or HC10 are thus estimated. One
assumes that the interspecies variability of sensitivity measured
in laboratory experiment can be used to predict a fraction of
species potentially affected by a chemical or a mixture in
a community. Nevertheless, attention must be given to the
selection of species used to construct the SSD, especially for the
diversity encompassed by invertebrates, because species
taxonomy, phenotypic attributes, and habitat can be critical for
the outcome. Thus, to improve ecological risk assessment of
chemicals to invertebrate species, selection should be made on
the basis of both their inherent sensitivity and their potential
vulnerability to chemicals as defined above.
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In Situ Monitoring

Biomarkers

In environmental risk assessment, identifying changes in
ecological systems in relation to the contamination level is
a crucial step. However, ecological indicators, as structural
metrics, although can detect the degradation of surface waters
they are not reliable indicators of impairments caused by
contaminants. Therefore, it is necessary to develop biological
measures that may serve as descriptors of cause–effect, diag-
nose sublethal physiological effect and low level of ecological
impairment, and may inform about further degradation or
improvement of benthic communities.

Biochemical and cellular responses can detect early
disruption of organisms homeostasis due to chemical stressors.
They are expected to be sound indicators for assessing the
impact of anthropogenic contaminants in freshwater ecosys-
tems and studying cause–effect relationships in laboratory and
field studies. Numerous biomarkers, with variable specificity
and sensitivity, have been used for several decades in terrestrial
and aquatic invertebrates. A lot of attention has been given to
molecular and biochemical targets as enzymatic activities and
proteins involved in defense metabolism of invertebrates
(gluthatione-S-transferase, metallothioneins, stress, multi-
xenobiotic resistance proteins), linked to detoxification of
reactive oxygen species (such as catalase, superoxide dismutase,
glutathione peroxidase), and in markers of oxidative tissue
damage (lipid peroxidation). More specific biomarkers are also
widely used to assess the impact of chemicals mechanisms of
action in invertebrates, as by example, cholinesterasic activity
or vitellogenin (Vg) and vitellin-like protein. Markers of gen-
otoxicity and immunotoxicity have been also developed in
marine and freshwater macroinvertebates.

The implementation of molecular end points to provide
information on chemical impacts is now particularly relevant
in regard to the rapid development of proteomic and genomic
approaches, offering many opportunities to identify and use
molecular responses highly specific and directly related to
a type of contaminants. Invertebrates ecotoxicology should
benefit from this increasing availability of relevant molecular
tools for toxicity assessment, which has been still limited up to
now in nonvertebrates species.
Biotests

Invertebrates community-based measures are essential in
assessing the functional biodiversity of aquatic ecosystem
exposed to multiple stressors. Nevertheless, they failed in most
cases to identify the causes of impairments; as one moves to
higher level of biological organization, the capacity to diagnose
stressors actually responsible for impact diminishes.

In situ tests with invertebrates are useful alternative to field
surveys based on resident biota, when local sentinel species are
not present. But particularly, they allow exposure to be
controlled and manipulated yet still occur under natural
environmental conditions. In situ tests with well-known
(biology, life history) ecologically relevant species offer the
possibility to measure life traits on sensitive life stages or
periods (as reproduction), which are crucial to infer impacts at
population level. Caged organisms may be sampled over time
to detect temporal patterns of end points. Biomarkers can be
measured along with apical end points to detect stress pattern
and, in some cases, to help identify exposure to specific
contaminants in accordance with their mode of action. At last,
because confounding biological factors are controlled, when
biochemical endpoints are measured, the use of such stan-
dardized organisms (with known origins, sex, size, life stage,
food supply, exposure duration, etc.) helps to improve the
reproducibility and the reliability of biomarkers to give infor-
mation on the presence of chemical stressors. Indeed, in the
aim of chemical environmental biomonitoring, molecular
biomarkers should ideally be affected only by contaminants;
however, they are influenced by numerous biotic factors. For
example, in gammarids (Gammarus fossarum), size of organisms
is one of the biotic factors that highly influence the basal level
of acelycholinesterasic activity, and spermatogenesis status has
a strong effect on the sensitivity and DNA damage levels
observed on sperm by Comet assay in male G. fossarum.

Moreover, in situ monitoring improves exposure realism
compared to laboratory approaches, as it integrates complex
site-specific conditions likely to change over time and to
influence toxicity of contaminants, which cannot easily be
replicated in laboratory (e.g., temperature, hardness, organic
carbon, etc.). Furthermore, in situ tests limit artifacts related to
sampling, transport, and storage of contaminated water and
sediment intended for laboratory-based toxicity assessment
and finally reduce the need for laboratory-to-field extrapolation
and provide improved diagnostic ability.

Selection of species is crucial in the deployment of caged
organisms. As a rule, selection should be guided by the need to
preserve natural habitats. In the same way, the use of invasive
species should be avoided or limited to sites where these
species are already present. Among species used for in situ
caging, macroinvertebrates offer the better compromise. They
are found in high density in aquatic systems and are easy to
collect in large quantities or to culture under laboratory
conditions; due to short life cycle, relevant exposure with short
duration can be managed (from days to month). Moreover, the
stream enclosures are easy to handle thanks to their small size
in comparison with systems for fish exposure.
Endocrine Disruption in Invertebrates

Endocrine disruptions (EDs) are chemicals able to impair
hormone synthesis or interfere with normal hormonal
signaling pathway and lead to alteration of the reproductive
capacity. Despite their obvious ecological importance, the
impact of endocrine disruptors on reproductive function of
invertebrates did not receive as much attention as that on
aquatic vertebrates (fish or amphibians), mainly due to lack of
knowledge on the regulation of the endocrine process in
species which are routinely used in ecotoxicology, such as
branchiopods, copepods, isopods, amphipods, and mysids.
Yet, one of the clearest and most interesting examples of ED on
field was provided by prosobranch gastropods on which the
pseudohermaphrodism or imposex phenomena due to expo-
sure to TBT used in antifouling paint has been demonstrated.
This biocide is responsible for abnormal development of the
genital tract with masculinization of females in numerous
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species of prosobranch gastropods. Imposex is characterized by
the presence of a penis and/or vas deferens in females, and the
extent of masculinization is strictly correlated with seawater
TBT content. In field experiment, correlation between TBT
contamination level and reproductive performances of clam
Mya arenaria (sex ratio, gonadosomatic index, Vg content) has
also been established.

Several observations led to suspecting the occurrence of ED
within wild invertebrate populations. The incidence of intersex
individuals is certainly the most convincing observation, with,
for example, intersex occurrence up to 24%within a G. fossarum
population. Intersex is also commonly observed in bivalves
Scobicularia plana living in European estuaries. Some physio-
logical perturbations in bivalves and gastropods could also be
linked to hormone-like contaminants such as estrogenic or
antiestrogenic compounds. However, very few specific and
molecular biomarkers are available in mollusks or crustaceans
for exposure assessment to ED compounds. By analogy to the
approach developed in fish, the measurement of Vg-like
proteins has been proposed as a molecular biomarker of
androgenic gland hormone pathway disruption in crustaceans.
In this phylum, the use of specific methods for Vgmeasurement
in ecotoxicological studies has been limited to the measure-
ment of gene expression encoding this protein in only a few
freshwater or marine species, such as Daphnia magna, Tigriopus
japonicus, and G. fossarum. As regards mollusks or crustaceans,
Vg production was more commonly assessed at the protein
level, but mainly in measuring indirect methods such as the
alkali-labile phosphate proteins content. Among the studies
using Vg as a specific ED molecular biomarker, most were
performed on females showing that Vg synthesis was suscep-
tible to contaminants. However, females display natural fluc-
tuations of Vg levels during their reproductive cycle. Therefore,
accurate use and reliable interpretation of data using Vg
measurements in females require detailed knowledge of their
reproductive cycle to discriminate between natural fluctuations
from chemical-induced variations; however, this is rarely
published in the literature. In addition, Vg is a protein naturally
produced in females, consequently a modulation of its
synthesis cannot be directly related to an exposure to ED
compounds. To our knowledge, only the studies with shrimps,
Neocaridina denticulate and Palaemon elegans, and amphipods
G. fossarum have used Vg measurement (i.e., protein or tran-
script) as an ED molecular biomarker in male crustaceans.
However, these studies do not clearly conclude on the rele-
vance of Vg measurement in crustacean males as a specific ED
molecular biomarker. The vertebrate point of view leading to
the interpretation of the induction of Vg in males as biomarker
of ED could be debated in invertebrates because of pleiotropic
functions of Vg proteins (e.g., oxidative stress). Furthermore,
due to the diversity of endocrine systems throughout metazoan
phylogeny, this critical position should be defended for any
transposition of findings or methodological developments
from vertebrates to invertebrates.
Linking Toxicological Effects and Ecological Scales

Populations and communities constitute the target levels of
protection in ecological risk assessment. But spatial and time
scales make difficult the observation of chemical effects
directly at these integrated levels. In that context, invertebrates
are of great interest in order to permit ecotoxicological studies
at these levels: Because of their small body size and short life
span, experimental approaches can be conducted with inver-
tebrate populations in micro- and mesocosms, because spatial
range of invertebrate populations are often limited, and
because of their high abundance in ecosystem, they supply
case studies in the field, propitious to establish the links
between ecological impacts and contamination pressure,
which is often heterogeneous in space and time. This is why
invertebrates ecotoxicology covers broad ecological and
evolutionary aspects. For example, in parallel to demographic
impacts, most of the studies addressing microevolution
processes occurring under selective pressure induced by toxi-
cants have been performed with soil or aquatic invertebrates.
These studies can be either in situ investigations of pop-
ulations historically exposed to contaminated environments
or multigeneration experiments in controlled conditions,
thanks to the short generation times of these species.

The second difficulty for addressing ecological impacts of
chemical contaminants arises from the fact that populations
and communities alterations are the outcomes of multiple
types of environmental influences (natural perturbations or
anthropogenic pressures). This is because these levels consti-
tute integrated levels of biological organization. In a priori
ecological risk assessment, this integrative aspect limits the
predictive potential of results obtained with experimental
populations, due to the impossibility to test chemical expo-
sure effects in all the combinatory of possible biotic and
abiotic conditions encountered in ecosystems. For the diag-
nosis of ecological impacts, it also leads to a lack of specificity
of populations and communities responses toward toxic
pressure (e.g., influences of biotic interactions, modification
of habitats, changes in temperature or other abiotic environ-
mental conditions, etc.). In order to gain in specificity to
chemical stressors, and to enhance the robustness of predicted
impacts, inferring toxic effects at the population level from
bioassays carried out at the subindividual or individual levels,
is proposed complementary to the studies directly performed
at these integrated ecological levels. In that scheme, the
ecological relevance of toxicity assessment relies on the
extrapolation by modeling techniques from lower tier toxicity
tests to sensitivity of populations and communities. Mecha-
nistic population modeling allows to bridge the gap between
alteration of individual fitness traits and populations.
Demographic techniques are applied in ecotoxicology to
a variety of invertebrates species. Indeed, invertebrates are
well suitable for this demographic approach, because they
offer a series of potential end points to be used for measure-
ments in organisms recorded not only during (partial) life
cycle tests in controlled conditions but also during in situ
bioassays thanks to caging techniques in environmental
monitoring. Hence, using population dynamics models,
alterations of life history traits related to organism fitness, can
be translated into demographics impacts through different
population indicators, such as intrinsic or asymptotic pop-
ulation growth rate, equilibrium densities, age structure,
generation time, net reproductive ratio, recovery time, or
population extinction risk.
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This demographic approach using population models is well
adapted in invertebrates, because some species offer the oppor-
tunity to confront simultaneous measurements of life history
traits with follow-up of population dynamics, either in
controlled conditions or in natural populations. Next, the links
between population alterations and changes in communities are
still to be deciphered. Nevertheless, invertebrates constitute
promising models to draw these relationships. Indeed micro-
and mesocosm studies conducted with invertebrates under
toxicant exposure, already tackle the processes which control
the composition of communities (e.g., interspecies interaction,
spatial dynamics). Conclusions from such experimental
approach can be compared with information frombioindication
implemented in diagnostic framework. Bioindication is indeed
well developed for macroinvertebrate communities inhabiting
streams for instance. In addition, invertebrates play a key role in
different food webs, they are important secondary and tertiary
consumers in ecosystems, and they take part in the decompo-
sition of organic matter. Hence, based on the advances in the
understanding of impacts of chemical exposure on their pop-
ulations and communities, they should provide a useful material
for better assessing the consequences of environmental
contaminants on ecosystems functioning.

See also: Toxicity Testing, Aquatic; Ecotoxicology; Aquatic
Ecotoxicology; Genetic Ecotoxicology; Ecotoxicology; Wildlife;
Pollution, Water; Environmental Risk Assessment, Aquatic;
Aquatic Mesocosms and Microcosms; Multispecies
Environmental Testing Designs; Ecotoxicology Terrestrial;
Species Sensitivity Distributions.
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Ecotoxicology is an interdisciplinary science that studies the
movement of environmental contaminants through ecosys-
tems and their harmful effects on biota. Therefore, avian
ecotoxicology is the subset that concerns itself with birds as
part of the ecosystems. Avian ecotoxicology forms part of the
lowest level into this hierarchical science, organismal eco-
toxicology, which explores toxicant effects to individual and,
where possible, links them to population and communities.
For this purpose, avian ecotoxicology, as the other branches of
ecotoxicology, is built on sciences such as toxicology,
analytical chemistry, ecology, physiology, pathology, behav-
ioral sciences, etc.

Avian ecotoxicology probably began in the late nineteenth
century with the early references about wildlife toxicology
concerning pheasant and waterfowl mortality related to
ingestion of lead pellets. In the following century, by the 1930s,
this fact was recognized as a common cause of death in
waterfowl. Also in the early twentieth century, the first experi-
mental studies with fowls, both domestic and wild, were con-
ducted. However, it was later, in the 1940s, when the first
studies of environmental contaminants using captive water-
fowl were carried out. Lead, arsenic, strychnine, and white
phosphorous were the first toxic compounds studied and
analyzed in avian tissues. At the same time, in the late 1930s,
during the Third North American Wildlife Conference, appli-
cation of pesticides was also acknowledged as a potential
inductor of adverse effects to wildlife, especially to birds. In
those days, the insecticidal properties of dichlorodiphenyltri-
chloroethane (DDT) had not been still discovered. During the
second part of the 1940s and the early 1950s, the first reports
about the DDT effects on avian species were written. These
reports related an increase of dead birds to applications of high
concentrations of DDT in agricultural practices. Convincing
evidences emerged worldwide about population declines of
raptors and fish-eating birds induced by DDT and its degra-
dation product, DDE (1,1-dichloro-2,2-bis-(p-cholorphenyl)-
ethene). Nevertheless, organochlorine compounds were not
the only toxic products sprayed on the earth: organophos-
phorous pesticides (e.g., schradan, parathion), and rodenti-
cides such as compound 1080 were also widely used during the
1940s and later on. Actually, after World War II, reduced
numbers of some species of birds and mortality episodes were
noted in the areas where different pesticides such as DDT,
parathion, aldrin, dieldrin, schradan, chlordane, heptachlor,
toxaphene, and others had been widely used. Some of them
(e.g., aldrin or dieldrin) used as seed dressings were found to be
highly hazardous to passerine and game birds. For this reason,
widespread applications of DDT had also unacceptable
consequences to birds of prey populations. Therefore, early
problems involving pollutants focused not only on conse-
quences for individuals or organisms, but also on conse-
quences for populations. Toxic effects in individuals are able
to explain some changes observed in field populations; for
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
example, DDT-induced change in calcium-dependent ATPase
in the eggshell gland is an individual sublethal effect with
consequences on bird population failure. Controversial reports
regarding the relationship between pesticide use and wildlife
mortalities, especially bird populations, prompted experi-
mental studies and controlled field studies relying on tissue
concentrations as one of the most relevant measurement
endpoint. Measuring tissue residues of pollutants in birds is
relevant to ecotoxicology, both for understanding the exposure
and kinetics of contaminants within organisms and their
movements through food chains, and for understanding the
adverse effects in organisms and their populations. In this
sense, in the early 1950s, both acute and chronic exposure
studies were carried out on captive game birds reporting rele-
vant information on signs of intoxication, lethality, and accu-
mulation of contaminants in tissues. The most frequent
approach was a combined laboratory–field approach in which
concentrations of contaminants found in dead or intoxicated
birds were compared with those obtained in experimental
studies conducted on dosed animals.

In 1962, Rachel Carson’s Silent Spring was published and
issues that had only been debated by experts and scientists in
specific meetings began to be discussed in all sectors of the
society. Although the society was moderately aware on the
hazards and risks associated to toxic compounds, especially
pesticides, a new conception and other viewpoints regarding
the risks associated to chemicals were clearly highlighted in
Carson’s book. The effects of pesticides on nontarget organ-
isms, the chemical persistence in the environment, the resis-
tance to the effects of pesticides, and the most alarming issue,
the human safety concerns, were now in the center of the public
scene. A few years later, new legislation was published and
governmental agencies, such as US Environmental Protection
Agency (US EPA), were established to deal with environmental
contamination.
Birds as Sentinels of Environmental
and Human Health

The value of birds as biomonitors of environmental quality has
been broadly recognized as an important tool for environ-
mental management and several government established
monitoring programs are a proof of this. Among the multitude
of aims of monitoring using sentinel animals, comes the
collection of data in order to estimate human health risks,
identify food chain contaminants, determine levels of envi-
ronmental contamination, and identify adverse effects on the
animals themselves.

In the last two decades, evidence has been accumulated
indicating that humans and wildlife, and specially wild birds,
may be affected by industrial chemicals and pesticides that
interfere with hormones affecting reproduction via nonspecific
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morbidity or increased stress, provoking cessation of egg-
laying, interruption of incubation, or reduced care of chicks.
In 1991, the Committee on Animals as Monitors of Environ-
mental Hazards, from the National Research Council, puts
forward some recommendations for the use of sentinel animals
in risk assessment, and finally concluded that the imple-
mentation of these recommendations would greatly enhance
and improve human risk assessment. Also in 1991, during the
Wingspread Conference ‘chemically-induced alterations in
sexual development,’ five facts were included as certain state-
ments by consensus: (1) a large number of artificial chemicals
that had been released into the environment, have the potential
to disrupt the endocrine system of animals, including humans,
(2) many wildlife populations (wild birds included) are
already affected by these compounds, (3) the pattern for effects
vary among species and among compounds, (4) laboratory
studies corroborate the abnormal sexual development
observed in the field and provide biological mechanisms to
explain the observations in wildlife, and (5) humans have also
been affected by compounds of this nature. Finally, a major
conference on endocrine disrupting chemicals was held
between 2 and 4 December 1996, in Weybridge, England. This
conference was organized by several European organizations
and national environmental agencies. Numerous recommen-
dations were identified during the workshop and some of them
directly concerned wildlife, especially wild birds. Some exam-
ples are the need to conduct field studies at locations where
endocrine disruption may occur, the need to identify which
species should be studied in order to determine whether the
environment was being affected (sentinel animals), and the
need to look for biomarkers to predict detrimental effects on
reproduction.

Among birds, raptors, other top predators, and scavengers
(carrion-feeders) are especially suitable for monitoring persis-
tent and bioaccumulative contaminants. These bird species,
located at the top of food chains, are able to integrate
contaminant exposure both over time and relatively large
spatial areas. Moreover, they are relatively easily captured and
censed (especially nestlings), which facilitates collection of
nondestructive samples (blood, feather, preen gland oil,
unhatched eggs, or pellets). Many species of birds, especially
top predators, are also known to have measurable responses to
persistent contaminants, ranging from residue accumulation to
population decline. Actually, it was the dramatic population
decline noted in the bald eagle (Haliaeetus leucocephalus) in the
USA, or in several species in the UK, such as Peregrine falcon
(Falco peregrinus), Eurasian sparrowhawk (Accipiter nisus) and
golden eagle (Aquila chrysaetos), which clearly demonstrated the
high value of birds of prey as powerful sentinels of environ-
mental quality.
Persistent Organic Pollutants

According to the Stockholm Convention, persistent organic
pollutants (POPs) are toxic, resistant to degradation, can bio-
accumulate, and are transported through air, water, and
migratory species across international boundaries and depos-
ited far from their releasing areas, where they accumulate in
terrestrial and aquatic ecosystems. Many species of birds have
migratory habits, being this fact to take into account when
exposure to these compounds and environmental quality are
being evaluated or monitored. POPs encompass an array of
anthropogenic organic and elemental substances, and their
degradation and metabolic by-products that have been found
in the tissues of exposed birds, especially POPs are categorized
as organohalogen compounds (OHCs). These are global
contaminants which are widely distributed within ecosystems
and include organochlorine compounds such as poly-
chlorinated biphenyls (PCBs), organochlorine pesticides (OC),
hexa- and penta-chlorobenzenes, and polychloro dibenzo-
p-dioxins (PCDDs) and polychloro-dibenzo-furans (PCDFs);
brominated flame retardants such as polybrominated diphenyl
ethers (PBDEs) and polybrominated biphenyls; and per-
fluorinated compounds such as perfluorooctane sulfonate and
perfluorooctanoic acid. Many of these have been synthesized
for industrial use (e.g., PCBs, PBDEs) or as agrochemical
products (e.g., DDT, lindane, chlordane), but there are also
compounds such as PCDDs and PCDFs that are unintention-
ally released to the environment.

Exposure to OHCs in birds has frequently been associated
with toxic effects (e.g., embryotoxicity, eggshell thinning, or
behavioral alterations) that have impaired reproductive
success. The population consequences of DDT or DDE
inhibition of Ca-ATPase in the eggshell gland of birds,
resulting in thin-shelled eggs that break before full devel-
opment and hatching are probably the most studied and
cited effect in the literature in this regard. As a consequence,
several bird species have suffered declines in their pop-
ulations. Such environmental risks have led to the ban or
restrictions of use of most of these compounds and a subse-
quent decrease of their concentrations both in the environ-
ment and bird tissues. However, due to their high persistence
and ability to bioaccumulate and biomagnificate through the
trophic chain, environmental concentrations of these
compounds may still be important and exert potential risks
in bird populations.

Recent studies have demonstrated that accumulation of
these compounds is not uniform among bird species, but it
varies according to differences in diet and biotransformation
abilities. Frequently, OC concentrations detected in different
bird tissue samples are not considered directly responsible for
organism death. Nevertheless, these compounds are able to
produce chronic effects that lead them to be considered
hormone disruptors, immunosuppressants, and the cause of
adverse effects on the nervous and reproductive systems, as
mentioned above. Moreover, interactions with other environ-
mental pollutants may occur and thus be indirectly responsible
for detrimental health effects. For example, it has been shown
that PBDEs can interact with PCBs to cause developmental
neurotoxic effects in mice when exposed during a critical period
of neonatal brain development.

Apart from the species, other factors such as sex, age,
feeding habits, body condition, migratory habits, etc. influ-
ence the exposure and kinetics of these compounds into the
organisms, and consequently the accumulation in tissues,
fluids, and bird products. Several studies have concluded that
females have lower organochlorine concentrations than
males, probably due to the transfer of these compounds from
mother to egg. The higher levels in the fat tissues of older birds
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may reflect a longer period of exposure in these individuals
and a low elimination rate of these compounds. Organo-
chlorine concentrations in birds depend, among other factors,
on trophic level and feeding habits of each species. In studies
with birds of different feeding habits, the highest OC levels
were found in piscivorous birds, followed by insectivores,
omnivores, and herbivores. Changes in feeding behavior can
also influence OC exposure. Furthermore, body condition is
also a determining factor in OC levels. The mobilization of
organochlorines from depleting fat stores related to higher
concentrations of these compounds in body organs (e.g., the
liver). During periods of distress, such as migration or
breeding, the stored body fat is metabolized and the lipo-
philic OC are mobilized and distributed through the blood-
stream to highly active organs, i.e., the liver, which exhibits
only a modest change in lipid content. In the case of migra-
tion, this is a period of exceptional energy demand. Thus,
before migration, birds deposit substantial fat stores to meet
this high demand, which may reach 50% of the total body
mass in long-distance intercontinental migrants.
Other Nonhalogenated Pesticides

In the late 1960s and 1970s, many OCs were replaced in
industrialized countries by compounds that were less persistent
in the environment and less bioaccumulative into the organ-
isms, such as organophosphorus and methyl carbamates. In
spite of this, the high toxicity showed by some of them, their
massive and uncontrolled use in some cases, and their
nonspecific mechanism of toxicity (inhibition of acetylcholin-
esterase provoking alteration in nerve transmission and func-
tioning of neuromuscular junctions) led to massive songbird
mortalities all around the world. Moreover, many of them have
been widely used in poisoned baits to deliberately kill large
birds of prey and other ‘undesirable’ wild and domestic
animals. On the other hand, these compounds are often
involved in secondary poisonings in nontarget predatory
wildlife, mainly large birds of prey and carrion-feeders, such as
vultures.

Pesticide coated seeds are commonly used in agriculture,
and may be an important source of food for some birds in
times of scarcity, as well as a route of pesticide ingestion.
Mortality episodes of birds related to ingestion of treated seeds
have been widely reported during the last four decades, and
today is still a matter of less concern in comparison to other
type of intoxications or poisonings. Recently, an experimental
study on a game bird species, the Red-legged partridge (Alectoris
rufa) fed with seeds coated with difenoconazole (fungicide),
thiram (fungicide), or imidacloprid (insecticide) found both
direct and indirect effects on the body condition, physiology,
immunology, coloration, and subsequent reproduction of
exposed partridges. Thiram and imidacloprid produced
mortalities at the highest doses, and all pesticides provoked
sublethal effects such as altered biochemical parameters,
oxidative stress, and reduced carotenoid-based coloration. In
addition, detrimental effects on size of eggs, fertilization, and
chick survival were reported. Therefore, pesticide-treated seeds
should be considered when declining bird populations in
agricultural environments are being assessed.
Cadmium

Environmental pollution caused by heavy metals has been
responsible for numerous pathologies in wild species.
Cadmium (Cd) is widely distributed in the environment and
has been described as highly toxic for living beings, affecting
the survival and reproduction of birds. Birds are exposed to Cd
primarily throughout their diets, but its intestinal absorption is
very low (less than 7% of ingested). Cadmium levels in bird
tissues are influenced by many factors such as feeding habits
and diet, age, physiological status, ecosystem use, etc. Signifi-
cant differences exist among species regarding Cd accumula-
tion in tissues. In fact, pelagic species accumulate more Cd
than other seabirds, terrestrial birds, freshwater birds, and
shorebirds.

Diverse alterations in birds have been reported after field or
experimental exposure to Cd, such as intestinal damage and
altered nutrient uptake; kidney damage with alteration of
vitamin D metabolism; skeletal effects such as osteomalacia,
osteoporosis, or osteopenia; effects on osmoregulation, and
energy metabolism; effects on reproductive organs and repro-
duction, such as atrophied testes, reduced egg production, or
experimental eggshell thinning; endocrine disruption; anemia;
behavioral alterations; and immune deficiencies.
Lead

Lead (Pb) ammunition is probably the most relevant source of
Pb poisoning in birds, not only in waterfowl, but also in top
predators and scavengers or carrion-feeders. Waterfowl and
other bird species ingest directly Pb shotgun pellets, presum-
ably as grit of food particles, in areas that are hunted over,
including wetlands, farmland, and terrestrial game shooting
areas. Moreover, some species of waterbirds, mainly diver
species, also ingest metallic Pb with the angler’s Pb weights
representing a serious problem in areas where recreational
fishing is practiced. The other group of birds affected by
ingestion of ammunition includes those birds that prey upon
or scavenge the flesh of game species, which is formed by
raptors, vultures, and other scavenging birds. Lead pellets in the
preys can be present in their gizzards or embedded in their
body. Avian mortalities due to ingestion of Pb ammunition
have been described in all parts of the world for over a century,
and therefore the use of Pb ammunition has been restricted in
almost 30 countries around the world. The restriction depends
on the countries: while in some countries the restriction is only
for shooting waterfowls in wetlands, it has been banned in all
hunting activities in other countries.

In addition to Pb shotgun pellets, birds are exposed to Pb
from other sources, such as ingestion of sediments containing
Pb at locations surrounding mines and smelters, atmospheric
lead in urban environments from airborne sources, ingestion of
material with lead-based paints, etc.

Similarly to mammals, lead accumulation follows a multi-
compartmental kinetic model once it has been absorbed and is
transported through the bloodstream. Probably the most rele-
vant differences between birds and mammals are related to the
type of lead ingested (diet) and the absorption rate. In birds,
lead absorption greatly varies due to several factors including
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age, gender, breeding condition, feeding habits and diet,
anatomy and physiology of digestive tract, etc. In healthy
adults, lead is poorly absorbed in the gizzard in the metallic
form, while the absorption rate is slightly greater when lead is
biologically incorporated to food (e.g., birds of prey that ingest
preys highly exposed to lead). In any case, only a small fraction
of lead ingested arrives to the bloodstream, because it is mainly
eliminated with feces. In general, lead in bone is more
frequently accumulated in females than in males, and in laying
females more than nonlaying ones. This is probably due to
mobilization of calcium from medullary bone for eggshell
formation, and to an increase of intestinal absorption of
calcium (and concurrently lead). On the other hand, anatom-
ical differences of the stomach among species can also influ-
ence the retention of metallic lead objects. In this sense,
granivorous and insectivorous birds have a gizzard adapted to
digest hard diets, while carnivores, fish-eating birds, and scav-
engers are adapted for a softer diet. As mentioned above, diet
could be the most important factor influencing both lead
absorption and its deposition in tissues. In this sense, nutri-
tional, physical, and chemical characteristics of diet should be
taken into account when assessing the risks associated to lead
poisoning in birds.

Bone concentration is an indicator of chronic exposure and
thus less useful for the evaluation of toxicity at the time of
sampling. However, threshold concentrations in blood, liver,
and kidney have been associated with subclinical, toxic, and
compatible-with-death classifications in Falconiformes. In
general, birds chronically exposed to environmental lead do
not usually display blood and tissue concentrations above the
threshold concentrations associated with clinical toxic effects.
In spite of this, blood lead level is able to offer information on
recent exposure of interest in risk assessment.

Lead can cause mortality in cases of acute poisoning or can
indirectly affect avian populations by altering reproductive
success, behavior, immune response, and physiology in cases
of chronic exposure. As in mammals, lead inhibits the activities
of certain enzymes participating for the synthesis of heme
group of hemoglobin, such as d-aminolevulinic acid dehy-
dratase (d-ALAD) and heme synthetase. In birds, the inhibition
of erythrocyte d-ALAD activity is the first measurable
biochemical change after lead absorption, and its inhibition
persists for several weeks to several months, depending on
blood lead concentrations. This biochemical parameter has
been widely used as biomarker of exposure and effect in several
bird species.
Mercury

Mercury (Hg) is a persistent, toxic, and nonessential heavy
metal of special concern due to its bioaccumulation and bio-
magnification through the food chains. Inorganic Hg is con-
verted into organic forms (methylmercury, MeHg), especially
in aquatic ecosystems, being this organic form the most
harmful and bioaccumulative in food chains. Aquatic envi-
ronments are especially at high risk of Hg contamination since
much of the atmospheric deposition and all industrial water-
runoff culminates in these ecosystems. This is the reason for
the fact that much of the effort involving Hg investigations has
disproportionately focused on seabirds and other piscivorous
birds, which have been frequently used as biomonitors of
marine ecosystem health quantifying mercury concentrations
in tissues, feathers, eggs, and blood. Furthermore, it is generally
assumed that seabirds can tolerate higher Hg concentrations,
considering the range of processes which may contribute to Hg
detoxification, such as the molting process, induction of
synthesis and binding to metallothionein, as well as deme-
thylation and the formation of Se–Hg complexes. Some studies
have found that in large predators such as some seabirds Hg
levels are 10 times higher than in medium-sized fish, the latter
being components of the former’s diet. It has been considered
that up to 90% of a bird’s total Hg body burden may be
sequestered into feathers during the feather growth, where Hg
binds with feather keratin in the form of MeHg. Results indicate
that feathers are an excellent nondestructive tool for moni-
toring mercury levels in several seabird species. Although fish-
eating birds generally exhibit higher exposure to dietary MeHg
than terrestrial animals, evidence suggests that methylation
may also occur in certain terrestrial food chains in forest
habitats. Therefore, some studies have found large accumula-
tions of this contaminant in birds of prey that feed at the top of
terrestrial trophic chains. In this sense, significant differences in
feather Hg concentrations were found in relation to trophic
level in 18 bird species from southwest Iran, and raptors that
feed from vertebrates (except fish) showed the highest level of
Hg. Finally, mercury historically used in pesticide seed treat-
ments caused severe mortality in seed-eating bird species and
their predators. Sublethal toxic effects in birds related to dietary
exposure and tissue concentrations of Hg have been reported,
such as effects on growth, development, reproduction, immune
system, metabolism, nervous system, and behavior. Although
these effects have been widely described in fish-eating
birds, additional studies are required to better understand the
significance of elevated MeHg concentrations in terrestrial
food webs.
Selenium

Selenium (Se) is a metalloid trace element that birds and
animals need in small amounts for good health, being food the
main source of Se accumulation for birds. In some parts of the
world, Se deficiencies must be corrected by addition of Se to
the diet. In spite of being an essential element, Se is very
embryotoxic at high doses. The most drastic incident of Se
poisoning in wild birds occurred in California, at Kesterson
Reservoir (Kesterson National Wildlife Refuge), during the
early and mid-1980s. Se salts from soil naturally dissolved with
the water used to irrigate crops were drained from agricultural
fields into Kesterson Reservoir, and plants accumulated Se in
amounts that were toxic to birds. The most likely effects in field
studies are reproductive impairments, which have been widely
documented, including poor hatching success due to embry-
otoxicity, poor survival of hatched eggs, and high incidence of
developmental abnormalities with visible malformations in
embryos and chicks (small or missing eyes, absence of legs or
toes, incomplete beak development, etc.). In spite of this, Se is
also able to cause toxicosis and mortality in adult birds when
exposed to high doses. However, significant interspecies
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differences have been described between Black-winged stilt
(Himantopus himantopus) and American avocet (Recurvirostra
americana).
Anticoagulant Rodenticides

Anticoagulant rodenticides (ARs) have been extensively used
for rodent control, allowing secondary exposure and poison-
ings in nontarget predatory wildlife species, such as birds of
prey that mainly feed on rodents or small birds. In spite of this,
ARs have not been routinely included in biomonitoring
studies. In those countries where monitoring schemes include
these compounds (e.g., UK, USA), a high frequency of detec-
tion has been reported in bird samples. However, in those
countries where there is not a monitoring scheme for these
compounds, data regarding rodenticide levels in raptors are
only restricted to cases of suspected poisoning or after use to
eradicate plagues.

There are two generations of ARs called the first generation
anticoagulant rodenticides (FGARs) and the second generation
anticoagulant rodenticides (SGARs). The FGARs group includes
the coumarin compounds: coumatetralyl and warfarin and the
1,3-indandiones; chlorophacinone and diphacinone. On the
other hand, the SGARs group was introduced in the 1970s to
avoid the rodent resistance to FGARs. They are more toxic and
persistent than FGARs, and are based on derivatives of
4-hydroxycoumarins and include difenacoum, brodifacoum,
difethialone, flocoumafen, and bromadiolone among others.
SGARs have a greater affinity to binding sites in the liver and
consequently display greater acute toxicity (approximately
100–600 times), accumulation, and persistence. The secondary
exposure and poisoning is more common in predators feeding
on rodents poisoned by SGARs, which is due to their longer
tissue half-lives and accumulation after repeated sublethal
exposures. SGARs bind and inhibit vitamin K epoxide reduc-
tase and persist for at least 6 months in organs and tissues
containing this enzyme, such as the liver. Therefore, these
compounds act as vitamin K antagonists disrupting normal
blood clotting processes, and causing lethal hemorrhage. Prior
to death, birds show typical clinical symptoms that include
anemia, dyspnea, and lethargy. However, it is also known that
a sublethal dose of rodenticides can produce significant clot-
ting abnormalities and hemorrhages without causing death,
which may increase the likelihood of death due to other causes
or environmental stressors, such as food shortage or predation.
The liver concentrations of SGARs associated with adverse
effects and/or mortality in birds markedly vary among both
individuals and species, and have not been defined for most
raptor species. In the same manner, avian acute toxicity also
varies between species. For example, brodifacoum LD50 values
of 0.31, 0.72, and 19 mg kg�1 bw were calculated for mallard
duck (Anas platyrhynchos), laughing gull (Leucophaeus atricilla),
and Japanese quail (Coturnix coturnix japonica), respectively.
Veterinary Pharmaceutical Residues

Population declines of three species of vultures endemic to
South Asia were first noticed in India in the early to mid-1990s.
Nowadays, these species are listed as in danger of extinction.
Observed rates of population decrease are probably the highest
recorded for any bird species, leading to total declines of 99.9%
for the Oriental White-backed vulture (Gyps bengalensis), and
97% for Long-billed (Gyps indicus) and Slender-billed (Gyps
tenuirostris) vultures, between 1992 and 2007. In 2003, the
cause of these declines was discovered: diclofenac, a non-
esteroideal anti-inflammatory drug (NSAID), whose manufac-
ture and import for veterinary use was banned in India, Nepal,
and Pakistan in 2006 and in Bangladesh in 2010. The
poisoning was due to consumption of contaminated domestic
livestock carcasses. The likelihood of exposure to veterinary
pharmaceuticals used to treat domestic livestock is higher in
South Asia (India, Pakistan, Nepal) due to the unique situation
of large numbers of livestock carcasses left in the field to be
ingested by vultures. Studies in India indicate that 10% of
carcasses (the main food source of vultures in Asia) were
contaminated with diclofenac.

It has been proven that diclofenac is highly toxic to at least
six of the eight Gyps vulture species. However, some studies
suggest that it is likely to be toxic to all eightGyps species. In this
sense, one experimental study on Cape Griffon (Gyps cop-
rotheres) vulture from Africa showed that this species is as
sensitive to diclofenac as the other Gyps species. Because
toxicity to diclofenac is genus specific, not just species specific,
it is possible to think in a potential risk to a wide variety of
birds. On the other hand, some scavenging species appear to
tolerate high levels of diclofenac, such as the Turkey vulture
(Cathartes aura) or Pied crow (Corvus albus), supporting the
hypothesis of species or genus specificity.

Experimental studies in four Gyps vulture species have
shown the high lethality of diclofenac within a few days as
consequence of an extensive visceral gout and kidney damage
in all of these species. These findings were similar to those
described in the majority of vulture carcasses collected from the
wild since declines began. The NSAIDs different from diclofe-
nac, most commonly found in carcasses available to vultures
are meloxicam, ibuprofen, and ketoprofen. However, the list
of NSAIDs that may be toxic to scavenging bird species,
includes ketoprofen, aceclofenac, carprofen, flunixin, and
acetaminophen.
Avian Toxicity Tests

Risk assessment for effects on birds is based on the same
principles that are used for all ecological risk assessments, i.e., it
involves a comparison of the ratio between estimated toxicity
and estimated exposure in order to predict risk. Both the US
EPA, and the Organization for Economic Co-operation and
Development (OECD) have validated three test guidelines
(TG) that use birds as experimental animals: Avian Acute Oral
Toxicity Test (EPA850.2100, OECD223), Avian Dietary
Toxicity Test (EPA850.2200, OECD205), and Avian Repro-
duction Test (EPA850.2300, OECD206). These TG are included
in the Office of Chemical Safety and Pollution Prevention
(OCSPP) Series 850 (Ecological Effects TG), Group B from
EPA, and in the OECD-TG Section 2 devoted to ‘Effects on
Biotic Systems.’OECD-TG are the most relevant internationally
agreed test methods used by government, industry, and
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independent laboratories to determine the safety of chemicals
and chemical preparations, including pesticides and industrial
chemicals. These tests are applicable to evaluate the hazards
and risks of industrial chemicals and pesticides to terrestrial
wildlife, directly or indirectly exposed. The information and
data obtained from these tests are used in ecological risk
assessment of pesticides, in assessments of potential off-target
injury to endangered and threatened wildlife species, and
when toxicity concerns arise from incidents.

In ecological risk assessment of pesticides, long-term
toxicity studies to evaluate failures in reproduction are
needed. In these tests, only studied species are recommended,
such as Bobwhite quail (Colinus virginianus), mallard duck (A.
platyrhynchos), or Japanese quail (C. coturnix japonica). In this
sense, differences among species should be taken into account.
In these long-term tests, it is important to obtain relevant data
and information on feed consumption, and the caloric value of
the food and its composition. The measurement of eggshell
breaking strength, as well as the standard thickness measure-
ment is important. Data on fertility, early embryo death, gross
examination of the gonads, sex determination of all F1 chicks,
and examination of adults (clinical signs during the test and
necropsy and gross examination at the end of the study) are
needed.
See also: Organophosphorus Insecticides; Carbamate
Pesticides; Organochlorine Insecticides; DDT
(Dichlorodiphenyltrichloroethane); Lead; Cadmium, Mercury;
Selenium; Pesticides; Polybrominated Diphenyl Ethers;
Polychlorinated Biphenyls (PCBs); Polycyclic Aromatic
Hydrocarbons (PAHs); Pharmaceutical Effects in the
Environment.
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Introduction

This chapter studies the impact of toxicants and radiations on
the genetic material of living beings, and the effects of this
impact on natural populations and communities. In short, this
discipline assesses the human impact on the genetic heritage of
the biosphere.

The genetic material may become damaged by both physi-
cal and chemical agents. Physical agents include ionizing
radiations, like X-rays, gamma, and beta emissions or neutron
sources, whereas reagents able to modify DNA (mustard gas,
dimethyl sulfate) are examples of genotoxic chemicals. In
addition, there is a more diffuse (and larger) category of agents
that can promote chemical reactions within the cells resulting
in DNA damage and the induction of genotoxic effects.
Oxidative stressors (including some metals and organic
substances) and some nonionizing radiations (like long-wave
ultraviolet (UV) radiation) are included on this category.

The integrity of the double-stranded DNA molecule is
a prerequisite for the viability of cells, the survival of individ-
uals, and the evolutive success of the species. Severe structural
alterations (like the breakage of one or both strands of the
DNA double helix) or modifications or alterations in the
coding DNA base pairs have a negative impact in the viability
of the affected cells and in the fertility of exposed individuals.
Finally, a subtler effect on the genetic makeup of a population
occurs when pollution exerts an artificial selective pressure that
favors specific resistance traits. This effect may displace other
alleles that would have been otherwise beneficial for the
evolutive success of the species.

Genotoxicity has been profusely linked to radiation damage
and carcinogenesis in humans. Ionizing radiationwas related to
carcinogenesis in the early twentieth century, when skin cancers
and leukemia were attributed to the contact with radioactive
materials. Studies on workers professionally exposed to radia-
tions, on survivors of atomic bombs, and on human pop-
ulations exposed to massive nuclear power plant accidents,
demonstrated that ionizing radiation are universal carcinogens,
with important public health and economical implications.
Chemical genotoxic reagents (from tobacco smoke to heavy
metals or dioxins) have also been linked to similar effects.
However, these implications are out of the scope of this chapter,
which focus on environmental effects of genotoxicants and on
their effects on natural populations and communities.
DNA Damage: A Mechanistic Overview

Genotoxic agents may alter DNA in several potentially delete-
rious ways. Simultaneous breaks on both DNA strands
(double-strand breaks (DSBs)) occur rarely, and only under the
effect of extremely strong DNA-damaging agents. DSBs are
serious events that sever chromosomes and become lethal
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when unrepaired. Discontinuities in one of the two DNA
strands (single-strand breaks (SSBs)) are much more common
and occur in physiological conditions during transcription and
replication processes; however, when they occur at rates over-
coming the repairing capacity of the cell, they can lead to
deleterious effects. Finally, substitution of a base for another or
chemical modification of bases in one or both strands leads to
mutations on the DNA sequence. Mutations alter the primary
structure, the properties, and/or the abundance of proteins,
and, therefore, they may lead to specific phenotypic alterations.
Whereas this process is at the core of the evolution of all
species, a large increase of its rate reduces the viability of the
offspring and, ultimately, the stability of the species in an
ecosystem. Conversely, a reduction on the number of different
variants (alleles) present in a given population may be equally
deleterious for the species’ success, as it reduces its ability to
accommodate to an ever-changing environment.

The consequences of DNA damage strongly depend on its
magnitude. Cells have many different enzymatic mechanisms
to repair DSBs and SSBs with minor or no genetic information
losses. The intrinsic redundance of the double-stranded DNA
molecule and the presence, in most eukaryotes, of two copies
of the genome in every somatic cell (diploid complement)
constitute a double backup for the precious genetic informa-
tion. It is only when the rate of damage exceeds the repair
capacity of the cells when physiological consequences arise.
Nonconservative DSB repairs, when broken DNA ends from
nonhomologous sites are joined, result in changes on the
chromosome large structure (chromosomal translocations),
preserving their functionality (or at least part of it), but
generating chromosomal variants that may affect the sequence
or the expression of the genes placed on or close to the original
breaking points. The same mechanism also produces dicentric
or acentric chromosomes, which block replication and induce
new mutagenic processes (chromosomal breaks and losses).
Cell division cannot proceed when chromosomes are incom-
pletely replicated or unpaired, or until all SSBs and DSBs are
repaired. A cell that detects a DNA damage beyond repair
switches on a suicidal process called apoptosis, a programmed
cell death. While apoptosis is fundamental for many develop-
mental and physiological processes, its generalization in
somatic tissues as a consequence of a massive DNA damage
results on their degeneration and loss of functionality. This is
especially severe in tissues in continuous cell proliferation,
intrinsically more sensitive to delays and discontinuities on the
cell division process than nonproliferating tissues. Gonads, for
example, which should produce massive amounts of gametes
in many species, are very sensitive to this effect that results in
poor gamete production and, ultimately, in sterility (Figure 1).

Mutation occurs spontaneously in all living cells as a result
of either mistakes during DNA duplication and repair or as
a consequence of chemical modification of the DNA bases
by endogenous or external agents. Cells possess different
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Figure 1 Mechanisms of action of genotoxicants. The graph shows the proposed lesions on DNA for different toxicants (top) and their final outcomes.
From left to right: DSBs, thymidine dimers, insertions, and base modifications (oxidation, alkylation, or adducts). Chromosomal aberrations are shown
in schematic representations of aberrant (a), acentric (b), or dicentric (c) chromosomes.
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mechanisms to correct these alterations on their genetic infor-
mation; when they fail, these mutations propagate to daughter
cells and, when occurring in the germ line, to the descendants,
increasing the genetic variability of the population. A variety of
exogenous agents are able to modify DNA. For example, UV
light induces chemical cross-links between adjacent thymidine
residues, causing a bend in the DNA double helix that prevents
the adequate repair of the damage. As a result, many of the
previous T residues become replaced by an A, originating what
it is called a transversion, the substitution of a base by its
complementary one. This is the acknowledged mechanism for
skin-cancer induction by excessive exposure to solar irradia-
tion, and it may have damaging consequences for marine fauna
(Figure 1).

Chemicals able to react withDNAbases represent a potential
hazard for the genetic material. Methylation (or alkylation in
general) of bases may alter their pairing to their complementary
base and induce mutations if the alteration persists during
replication or repair. Chemical cross-link between DNA strands
generates irresoluble structures that have to be either excised out
or repaired, often through nonconservativemechanisms. Bulky,
reactive compounds can generate DNA adducts by their chem-
ical link with a DNA base and also induce mutations during
replication. Finally, some planar molecules are able to non-
covalently intercalate between consecutive base pairs of DNA,
distorting the structure of the double helix. These alterations
induce errors to the replication machinery, which introduces
an extra base pair.When thismutation occurs in a coding region,
it alters its reading frame and produces an interrupted or
nonfunctional protein (a frame-shift mutation, Figure 1).

Reactive oxidative species (ROS) are probably the most
aggressive chemical agent for DNA. They originated within all
aerobic cells, as mitochondria and peroxisomes transfer elec-
trons to molecular oxygen and/or to water to form superoxide
ion (O,�

2 ) and hydrogen peroxide (H2O2). These oxidative
species are rapidly decomposed by the cellular oxidative
defense mechanisms; superoxide dismutase acts on superoxide,
whereas H2O2 is decomposed by catalase and glutathione
peroxidase. The coordinate action of these enzymes transforms
ROS to molecular oxygen and water. Unchecked H2O2 can
generate hydroxyl radical groups, HO$, by the Fenton reaction,
catalyzed by iron and other metals. Hydroxyl radicals are able
to oxidize many biological structures, including DNA and its
bases (Figure 2). The most relevant modification is the oxida-
tion of guanine groups to 8-hydroxyl-deoxiguanidine
(8OHdG), which pairs to A, instead of to C, its natural
complementary base, and therefore induces mutations during
replication. Exogenous agents can disrupt the balance between
ROS generation and destruction, either by stabilizing radical
species, by facilitating their reaction with DNA, or by becoming



Figure 2 Formation and fate of ROS in the cell. The figure shows the
origin and fate of superoxide ion (O,�

2 ), hydrogen peroxide (H2O2), and
hydroxyl radical (HO$), as well as the intervening enzymes, superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX).
GSH and GSSG stand for reduced and oxidized glutathione, respectively,
a necessary cofactor for GPX.
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activated by ROS and forming DNA adducts. By either mech-
anism, ROS are the prevalent genotoxicants both for humans
and for environmentally exposed biota.
Microevolutionary Consequences of Pollution:
An Overview

Several studies have emphasized the importance of (micro-)
evolutionary processes in population responses to toxicants as
well as of the evolutionary consequences of population expo-
sure to toxicants. Arguments have also been provided for the
need to account for evolutionary impacts in the assessment of
ecological risk. Firstly, evolutionary processes may affect the
accuracy of the estimation of toxicity or effects. Adaptation may
bias toxicological expectations, in terms of the dose–response
curve. Moreover, toxicity tests performed without accounting
for genetic diversity are likely to lead to uncertainty when used
to extrapolate effects from the laboratory to the field. Figure 3
Figure 3 Changes in concentration–response curves and estimations of
ecological risk due to microevolution due to pollution. Solid and dashed
lines indicate the group’s performance of a life-history trait at the begin-
ning (a) and after the polluting event (b), respectively. The EC50 represents
the concentration that generates a 50% reduction in the performance of
the trait. Due to an increase in the average resistance of the exposed
group, the probability of having expected environmental concentrations
that exert a negative effect on the exposed group (predicted no effect
concentration (PNEC)) is reduced (A/ B). Here PNEC was estimated as
the concentration that protects 95% of the population.
shows the effects of pollution-related microevolution on the
tolerance distribution in an affected group that results in distinct
mean values and variability of tolerance trait responses across
concentrations. Thus, the comparison of their corresponding
‘Predicted No Effect Concentration’ with the distribution of
possible ‘Predicted Environmental Concentration’ will under-
estimate or overestimate risks based on that particular pop-
ulation before the occurrence of microevolution. A second
argument is related to ecological risk assessment and to the
ability to detect and quantify interactions between toxicants
and evolutionary forces (random genetic drift, inbreeding,
selective processes): decreased genetic diversity and reduced
ability of populations to cope with other environmental
changes, accumulation of spontaneous deleterious mutations
(genetic load), mutational meltdown and extinction risk,
potentially negative impacts of adaptation (loss of genetic
variability, fitness cost), and mutagenesis, in the case of toxi-
cants affecting the germ line (transmission to next generations).
Methodological Approaches

DNA Damage

Analysis of the damage to genetic material can be assessed at the
cytological, biochemical, and population levels. Genotoxicity
markers for environmental samples should be compatible with
sampling strategies and should cope with the natural variation
of the wild populations. In many times, the evaluation of this
natural variability is at least as crucial as the assessment of the
presumed environmental impact. It is also important to differ-
entiate exposure and effects’ markers, which monitor the actual
damage in natural populations, from analyses that characterize
the potential for genotoxic damage of substances and environ-
mental samples in model animals in the laboratory. Here we
will focus on the former category of assays.

Extensive DNA damage can be observed by the presence of
aberrant chromosomes, either during metaphase and anaphase
of mitosis or during the interphase. Metaphase and anaphase
plate analyses rely on the direct observation of chromosomes,
using standard cytological techniques (colchicine treatment for
metaphase preparations, fixation, and staining). These tech-
niques have been more profusely used for human health
assessment than for environmental genotoxic effects, although
there are some reports for rodent bone marrow cells. Chro-
mosome breakage can be also assessed in nondividing, inter-
phasic cells. In this case, chromosomal fragments are excluded
from the nuclei and appear as small, nucleus-like structures
called micronuclei. The micronuclei index, i.e., the percentage
of cells showing micronuclei, has been widely used for human
genotoxic exposure, although it is also relatively used in animal
natural populations. Whereas the standard methodology to
determine the micronuclei index is based on microscopic
examination, flow cytometry techniques have recently been
applied to improve the throughput of the method.

The comet assay is a widely used and standardized method
to detect single and double DNA strand breaks. It is based on
the principle that intact double-stranded DNA of high molec-
ular weight is much more resistant to denaturation (i.e., sepa-
ration of the two strands) than molecules with single-strand
breaks (nicks) or broken to short fragments. In the comet assay,
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cells are embedded in agarose on slides, lysed, and electro-
phoresed under alkaline conditions. Cells with damaged DNA
appear as ‘comets’ upon fluorescence staining and microscopy,
as DNA fragments migrate from the nucleus to the adjacent
agarose gel. This assay has been used in essentially all forms of
life worldwide; it requires small numbers of cells (around
10 000), and it is able to detect very low levels of DNA damage,
up to one break for each 10 millions of DNA base pairs.

Direct evaluation of chemically modified DNA bases has
been traditionally brought about by 32P-indirect end labeling
method. It involves the isolation and hydrolysis of DNA,
radioactive labeling of 3’-nucleoside monophosphates
(NMPs), and separation of normal and adducted NMPs with
appropriate methods, as TLC chromatography, gel electro-
phoresis, or high-pressure liquid chromatography. Oxidative
damage of DNA can be also assessed with immunoassay-based
methods, mainly focused on detection of 8OHdG, whereas
mass-spectrometry-based methods are developing as prom-
ising tools to directly evaluate modification of DNA bases in
living organisms.
Microevolutionary Effects

Population genetic alterations can be determined assessing
changes in genetic diversity often using neutral markers or
assessing changes in traits affected by selection using quanti-
tative genetic procedures. Changes on neutral markers are
based on the presence of polymorphisms, for example, of
DNA loci with a very high variability among individuals of
a same species. Microsatellites, short DNA sequences repeated
in tandem, are one of the most utilized classes of poly-
morphisms, as the number of repeats in a given locus is highly
variable. Detection of these and other types of polymorphisms
is done mainly by polymerase chain reaction (PCR)- and gel
electrophoresis-based techniques, like restriction fragment
length polymorphisms, amplified fragment length poly-
morphisms, and randomly amplified polymorphic DNAs.
Direct sequencing of variable loci at large extent is now facil-
itated by the recent development of new-generation
sequencing methods, like the pyrosequencing reaction, which
are now massively used to explore diversity of biological
populations.

Quantitative genetic approaches are often used to study
evolutionary processes in ecotoxicology. The evolution of
resistance can be studied assessing whether a contaminant-
exposed population has an increased resistance relative to
a control population, using either spatial or temporal
comparisons. The heredability of the observed changes in
resistance can be assessed in controlled laboratory experiments.
The amount of genetic variation for a trait is generally referred
to as the trait’s heritability. The heritability of resistance to
a stressor indicates how well a population can respond to
selection by the stressor, since such a response requires the
presence of genetic variation. The term ‘heritability’ usually
denotes the ‘narrow-sense heritability’ (or h2 – though it is not
a squared value), which is defined as the proportion of the total
phenotypic variance in a population that is made up by the
additive genetic variance. Thus, h2 ¼ VA/VP. The additive
genetic variance is the variance of breeding values; an indi-
vidual’s breeding value for a trait is the sum of the average
effects of the genes it carries, summed over the pair of alleles at
each locus and over all loci contributing to the trait. More
simply put, breeding value is the value of an individual as
measured by the mean value of its progeny. The narrow-sense
heritability is the best predictor of a population’s response to
selection. Heritabilities are usually determined using labora-
tory populations, with individuals separated by family. To
estimate heritabilities from resemblances among relatives,
various family relations can be used, such as offspring – father;
offspring – mother; mean offspring – mid-parent, full sibs, or
half-sibs.
Genotoxicity in an Environmental Perspective

Environmental Effects of Ionizing Radiations

While devastating for human health and well-being, radio-
active emissions seem to have unequal effects on ecosystems. A
prototypic case is the analysis of mammal populations heavily
impacted by the major nuclear power plant accident in Cher-
nobyl in 1994. These studies revealed relatively mild (if any)
effects on the genetic variability or life conditions of many
animal species, including voles and bigger mammals, like wild
boars or elks. On the contrary, bird populations appear more
heavily impacted, with heavily increased (20-fold) mutation
rates than can represent a menace for their future survival.
Fortunately, such accidents are rare and constrained to exten-
sive, but nevertheless limited areas (200 000 km2 in the case of
Chernobyl). More general effects are those from the increasing
worldwide UV irradiation linked to the diminishing ozone
layer, which represent a hazard not only for humans but also
for many marine species.
Genotoxic, DNA-Modifying Substances in the Environment

Almost by definition, substances able to modify DNA are
reactive and, therefore, it can be assumed to be of short half-life
when liberated into the environment. Only those being
continuously released or becoming activated by the metabo-
lism may constitute a potential hazard. However, there is
a growing concern for the increasing release of pharmaceutical
drugs specifically designed to modify DNA and/or to block cell
cycle progression. These drugs, called cytostatics or cytotoxic,
are powerful anticancer remedies, but their presence in waste-
waters (particularly, in those from hospitals or large cities) may
constitute an environmental hazard.
Oxidative Stress and Environmental Genotoxicity

A wide spectrum of environmentally relevant substances are
considered both oxidant stressors and genotoxicants. This list
includes metals and metalloids (As, Cd, Cr(VI), among others),
polycyclic aromatic hydrocarbons (PAHs), dioxins, poly-
chlorinated biphenyls (PCBs), and many pesticides. Metals and
metalloids can induce themselves the formation of ROS or
participate in the reactions leading to DNA modifications by
endogenously generated ROS. PAHs, likely the largest family of
pollutants with genotoxic effects, require activation by the
endogenous metabolism to become reactive and modify DNA.
This activation is brought about by the so-called Phase I
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detoxifying enzymes, like the cytochrome P-450A1 or CYP1A,
able to hydrophylate hydrophobic substrates. Whereas this
reaction normally facilitates the excretion of the modified
substance, some PAHs, like benzo[a]pyrene generate semi-
stable epoxides that can ultimately react with DNA forming
mutagenic adducts. A crucial player in this process is the so-
called aryl hydrocarbon receptor (AhR), the main regulator of
phase I metabolism in vertebrates. Some PAHs, dioxins, and
some PCBs (the so-called coplanar congeners) bind and acti-
vate AhR and increase expression of phase I enzymes, including
CYP1A, by several fold. This increased oxidative metabolism
enhances the toxic effects of the substances, in a vicious circle
that increase notably the carcinogenic and genotoxic effects
(Figure 4). As gonads are relatively poor on CYP1A activity,
these effects rarely have inheritable consequences, but their
impact on animal and human populations is considerable.
Tobacco and indoor stove smoke and traffic pollution are rich
on genotoxic PAHs, whereas the persistent dioxin and PCB
pollution are present in essentially all compartments of the
environment. It is known that some pesticides have similar
toxic properties.
Pollution Impact to Genetic Diversity: Genetic Erosion

Pollutants do not need to interact with DNA to modify the
genetic variability of impacted population. Exposure to
pollutants often results in a drastic reduction in population size
(a typical ‘bottle neck’), which can lead to the loss of genetic
variability through genetic drift. This reduction of genetic
variation has been called the ‘genetic erosion hypothesis.’
Whereas this process is common to both natural and
Figure 4 Metabolism and genotoxicity of benzo[a]pyrene (B[a]Pyr) in a typi
hydrocarbon receptor (A). The complex enters into the nucleus, associates to
specific DNA sequences on the promoter of regulated genes, including CYP1A
migrate to the cytoplasm which serves as a template for the synthesis of the cor
a chemically active epoxy derivative (E), which initiates a series of reactions t
anthropogenic stressors, the extreme selective pressure due to
pollutants often facilitates the establishment of resistance
forms, subpopulations with specific genetic setups that made
themmore resistant to specific stressors. Antibiotic resistance in
microbial populations exposed to hospital wastewaters is an
obvious example, but many examples exist in invertebrates and
fish. For example,Daphnia populations exposed to pesticides or
heavy metals acquire resistance to these stressors, whereas wild
killifish populations from a site heavily contaminated by PAHs
become refractory to induction of cytochrome P-4501A by AhR
agonists. While these phenotypes can be taken as examples of
adaptation, it may be pointed out that they may compromise
the overall fitness of the population. Daphnia populations
tolerant to metals show a loss of feeding rates and clonal
survival, whereas loss of the AhR response may increase the
accumulation and toxicity of many pollutants that would
otherwise be excreted by the phase I/phase II detoxification
metabolism. In general, the establishment of populations
that require pollutants to keep their evolutive advantage can
be considered as detrimental for the global status of the
ecosystem.
Conclusion

Environmental genotoxicity increases as a result of human
actions. Radioactive fallouts, chemical pollution, and ozone
layer damage are the main reasons for this increment. Whereas
increase of mutation rates and loss of viability and fertility may
undermine impacted populations, the continuous selective
pressure linked to the presence of pollutants (genotoxicants or
cal vertebrate cell. B[a]Pyr enters into the cytoplasm and binds to the aryl
the AhR nuclear translocator (ARNT), and the tertiary complex binds to
(B). This binding activates transcription of the corresponding mRNAs that
responding proteins (D). As an enzyme, CYP1A is able to modify B[a]Pyr to
hat lead to the formation of DNA adducts, among other reactions (F).
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not) represents a potential menace for the adaptability of
species to the changing environment at the global scale.

See also: Benzo(a)pyrene; Cancer Chemotherapeutic Agents;
Chernobyl; Chromosome Aberrations; Genetic Toxicology;
Oxidative Stress; Comet Assay; Polycyclic Aromatic
Hydrocarbons (PAHs); Radiation Toxicology, Ionizing and
Nonionizing; Ultraviolet A.
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Introduction

Terrestrial systems are characterized by two main features. First
there are built up around the soil/air interface, with most
living organisms associated to both compartments. Second in
large areas of Earth, have being profoundly modified by
human interventions, being natural undisturbed terrestrial
ecosystem an exception instead of the norm. Agriculture,
including livestock production and forest management, has
been traditionally the main large scale modifying factor;
however, the population increase and new behavioral patterns
have lead to an exponential increase in the contribution of
urban development. The modifications are directly and indi-
rectly associated to the intended use conditions, and range
from relatively minor changes, e.g., in the case of a sustainable
exploitation of a natural forest, to a full destruction of the
habitat and biodiversity in the case of urban and industrial
settings.

The aim and methods for terrestrial ecotoxicology studies
are directly linked to the level of disturbance, and terrestrial
ecotoxicology focuses on the assessment of the adverse and
unintended effects of chemicals on living organisms and
remaining ecological functions. In general, three main options,
related to the alternation level, should be considered. For
natural and slightly modified terrestrial systems, where
a natural ecosystem or an ecosystem-like community is still
maintained, an ecosystem-based approach, characterized by
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the assessment of effects on the community structure, function,
and biodiversity, taking into account, redundancy and resil-
ience, should be considered. In the case of forest and agricul-
tural areas, the so-called agrobiosystems, heavily modified for
improving the productivity of particular species, the intended
modifications usually include severe alterations of the
community structure and biodiversity reduction; these inten-
ded changes should be excluded from the assessment, and the
focus moves to the unintended effects which may affect
the remaining biotic community as well as the ‘services’ the
system is expected to provide to humans, e.g., in terms of
production of food and other resources and their quality.
Finally, when the use patterns are not linked to the use of
natural resources but to technological development, the bio-
logical community tent to be fully destroyed, and replaced by
few species which have adapted their biological niche to share
urbanized environments; then, the aim and methods of
terrestrial ecotoxicology studies must be adapted and restricted
to the residual biological structure and soil functions.

In practice, the complexity of terrestrial systems, always
involving at least two compartments, soil and air, requires
independent assessments for different communities, groups,
and functions, which are later on integrated as needed. Figure 1
presents a standard conceptual model, based on the comple-
mentary assessment of soil functions, terrestrial plants, inver-
tebrates, and vertebrates, which will be used for structuring this
chapter.
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The assessment of effects on terrestrial ecosystems was
reviewed by the European Union Scientific Committee on Toxi-
cology, Ecotoxicology, and the Environment in 2000. According
to the Committee, the assessment of general adverse effects on
the terrestrial environment should include the following:

l Effects on soil functions, and particularly on the capacity of
soil to act as substrate for plants including effects on seed
germination, and those on organisms (invertebrates,
microorganisms) important for proper soil function and
nutrient cycle conservation.

l Effects on plant biomass production, related to contami-
nation of soil or air including deposition on plant surfaces.
Plants are the source of food for the whole system
(including humans) and have additional roles in terms of
land protection, nutrient cycles, equilibrium of gases in the
atmosphere, etc.

l Effects on soil, above-ground, and foliar invertebrates,
which represent food for other organisms, and cover
essential roles as pollinators, detrivores, saprophages, pest
controller, etc.

l Effects on terrestrial vertebrates exposed to contaminated
food, soil, air, water, or surfaces, with obvious economic
and/or social consequences. Poisoned birds and mammals
probably constitute the highest social concern, while
reproductive effects, although less evident, represent
a higher ecological hazard.

l Accumulation of toxic compounds in food items and
through the food chain. Is a typical exposure route for
animals within the contaminated ecosystem and represents
an additional concern related to the consumption of this
food by humans and domestic animals.

These concerns combine human interest and ecological
services/conservation goals and can be also applied tomodified
agrobiosystems. Direct human interests include not only
managed species (cultivated plants and trees, bees, domestic
animals) but also wild species essential as source for supplies
(e.g., forest, pasture), landscape conservation (e.g., vegetation
cover), or even for leisure (from hunting to bird watching).
From an ecological point of view, any of these effects will
provoke a dramatic alteration of the structure and functioning
of the ecosystem and would alter the overall biodiversity which
are considered the basic protection goals in the case of natural or
semi-natural systems, assessed through their ecological values.
Assessing Soil Microbial Functions in Ecotoxicology

Soil constitutes the basis and foundation for any terrestrial
system, independently of the level of anthropogenic alteration.
It provides not only a physical support but also a large range of
abiotic and biotic functions supporting the terrestrial
community.

The microbial community plays a key role in soil func-
tioning and therefore constitutes one of the ecological receptors
to be assessed in terrestrial ecotoxicology. Due to the huge
diversity, variability in time and space, and nature of soil
microbial communities, the soil effect assessment has focused
on functional measurements, as those are both, more relevant
and easier to measure than changes in the community structure.
The most typically measured endpoints are the mineralization
of carbon (respiration) and of nitrogen (nitrification); standard
Organization for Economic and Cooperation Development
(OECD) test guidelines are available for obtaining concentra-
tion/response curves in the laboratory and differentmethods for
field measurements are also available. Carbon mineralization
measures the release of carbon dioxide; it is a very general
function measuring the outcome of the aerobic metabolism of
all kind of macro- and microorganisms. On the contrary,
nitrogenmineralization is muchmore specific, and is a function
of particular species of the soil microbial community; it covers
two steps, the transformation of ammonia into nitrite and the
further oxidation of nitrite to nitrate, each conducted by a very
limited number of species, such as Nitrosomonas and Nitrobacter
for the first and second steps, respectively.

In addition, several methods have been developed for
measuring total soil biomass. These methods can be combined
with methods based on the ‘sole carbon source’ concept, using
a large number of substrates as sole carbon source for obtaining
‘metabolic fingerprints’ of the soil microbial communities.
These methods have been developed to characterize soil
microbial communities combining functional and structural
information and have been adapted for measuring the effects of
chemical pollution. Other methods obtaining generic struc-
tural information are based on DNA extraction. Spore germi-
nation can be measured for studying mycorrhizal fungi.

Other functional assays are based on the direct assessment
of the breakdown of organic matter under realistic conditions.
The litter-bag method constitutes a typical example of these
methods that measure the combined effects of microbial and
microfauna activities. Defined amounts of organic material
(e.g., leaf litter, straw, or cellulose paper) are enclosed in net
bags of nondegradable, flexible material which are left exposed
on the soil surface or buried into the soil, and the mass lost is
measured at defined times.

Soil microcosms and soil multispecies systems offer
combined assessment of soil microbial functions and effects on
soil macroorganisms.
Assessing Effects on Terrestrial Plants

Plants constitute the main group of primary producers, trans-
forming the soil energy into organic matter, and therefore are
essential elements in any terrestrial ecotoxicological study. As
already indicated, human development has been associated to
the modification of natural ecosystems into agrobiosystems in
order to increase the productivity of species of particular interest
in terms of the production of food, feed, or other materials such
as wood or more recently biocombustibles. The modifications
include not only physical alterations, such as deforestation, but
also the use of agrochemicals, which may have unintended
effects on the valuable crop and on nontarget species.

Due to the key role of terrestrial plants as primary
producers, biomass production is considered an essential
endpoint in plant ecotoxicology. It is measured as elongation
or weight, and frequently combined with seed germination.
Other phytotoxicity effects include macroscopic alterations and
reproductive effects, the later measured in terms of flowering or
seed production. Two main exposure routes should be
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considered, soil exposure through the roots, with or without
subsequent translocation of the chemical within the plant, and
exposure through the leaves in the case of gases, volatile
compounds, atmospheric emissions with dry or wet deposi-
tion, and intended applications such as pesticide spray appli-
cations and drift. The toxicity and type of effects may be very
different depending on the exposure route, and consequently,
the studies should be designed accordingly. Regarding stan-
dardized laboratory studies based on soil applications, three
main experimental designs can be observed. The first is a sort-
term design focusing on seed germination and root elongation;
the second, and more frequently used for regulatory purposes
and general toxicity estimations, is a medium-term assay
combining seed germination and emergence plus biomass
production measured as weight and length; and finally, a more
long-term study covering all developmental phased from seed
germination to flowering and seed production. Vegetative vigor
including the direct observation of leaves alterations consti-
tutes the standard endpoints in the case of direct leaves expo-
sure via air or deposition.

As expected, a large interspecies variability is frequently
observed, particularly in the case of dicotyledonous plants. The
information on the mechanism of action of chemicals on
plants and their specific sensitivity to different taxonomic
groups is basically limited to herbicides and a limited number
of atmospheric pollutants such as sulfur dioxide, nitric oxides,
fluoride, some metals, and ozone, which have been associated
with large-scale forest damage worldwide.
Assessing Effects on Terrestrial Invertebrates

Invertebrates are essential constituents of all terrestrial ecosys-
tems. The huge diversity of this group, in terms of taxonomy,
habitat, roles, and relevance requires particular considerations
in terrestrial ecotoxicology. The communities are better
assessed by refereeing to specific habitats, compartments, and
subcompartments, which can be associated with specific
chemical exposure routes and patterns.
Soil-Dwelling Invertebrates

The in-soil community covers a large number and variety of
macro- and microinvertebrates which expend most of their
time within the soil compartment. Four main taxonomic
groups have been considered as standard species for effect
assessment and have available OECD test guidelines: earth-
worms, enchytraeids, springtails, and mites.

Earthworms are the largest in individual size and play an
essential role in keeping the soil structure through its burrow-
ing action as well as by the ingestion of soil and organic matter
particles that are then transformed into humus. A particular
group of earthworms, e.g., Eisenia fetida or E. andrei, are litter-
dwelling organisms associated to the organic matter–rich
surface layer, and are used for compost production, and in
standardized ecotoxicity tests. Semi-field studies with
controlled applications of the chemical are conducted for
a more realistic assessment of the ecological effects. In these
studies, the earthworm population density and species distri-
bution are assessed at several times after the application, e.g.,
up to 1 year, and compared with a control population. Addi-
tionally, the chemicals and its metabolites can be measured in
earthworm samples, and compared with soil concentrations for
assessing the bioaccumulation potential. Similarly, field studies
can be conducted in order to identify the impact of existing and
previous activities, and due to the large number of soil physical
and chemical factors influencing earthworm, populations’
density and diversity, the identification of a control uncon-
taminated site with similar characteristic may constitute a main
challenge. The use of biomarkers has been considered as
a potential alternative; biomarkers typically used in earth-
worms include metallothioneins, acetylcholinesterase,
biotransformation and antioxidant enzymes, cellular (e.g.,
lysosomal membrane stability) and genotoxicity markers in
coelomocytes, or haematoglobin oxidation; however, the
capacity of biomarkers for detecting effects at the population
level is limited. Field studies using transplanted organisms
allow in situ assessments and can be very useful in some cases;
organisms are collected from a population in one location and
translocated to the monitoring sites ensuring comparable
biological samples. Typical designs are the translocation of
control organisms from uncontaminated sites to potentially
affected sites and the opposite, translocating individuals
collected in the study area to unpolluted zones to study their
recovery.

Enchytraeids are also annelids of smaller size than the
earthworms described above and are also important to the
food web and to organic matter decomposition in most soils.
Their abundances range between 103 and 105 m2 in the organic
horizons. Their food preferences include macrodetritus and
microdetritus, especially if it has been partly digested and
softened by fungal activity. They can be found in soils where
earthworms are absent and can be used in laboratory test, semi-
field and field studies. A standardized test guideline with the
species Enchytraeus albidus Henle has been developed by the
OECD. They have been less used than earthworms but some
studies with biomarkers are available. Enchytraeids are essen-
tial in field ecological studies and have been used as
bioindicators.

Arthropods is one of the larger and more diverse inverte-
brate groups and require attention in all terrestrial habitats, not
only due to their relevance and diversity but also due to their
specific sensitivity for some chemical groups. Two soil-dwelling
arthropod species have received specific attention regarding
their use in laboratory studies: springtails and mites. Springtails
(Collembola) are a group of hexapods and are related to insects.
They are smaller than the worms described above, few milli-
meters long, and primarily detritivores and microbivores, and
are distributed worldwide with large densities in almost all
soils. The parthenogenetic species Folsomia candida is the rec-
ommended species for use in the OECD test guideline, while
the alternative sexually reproducing species Folsomia fimetaria
should be considered for testing chemicals with endocrine
disrupting activity or when the assessment of sexual repro-
duction is essential. Mites are a highly diverse group of acari
from the class Arachnida, that exploits many habitats or live as
parasites. The predatory soil mite Hypoaspis (Geolaelaps) acu-
leifer Canestrini is used in the OECD test. This species is slightly
less than 1-mm long, lives in all kind of soils and feeds on other
mites, nematodes, enchytraeids, and collembolans. Other tests
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are based on the effects of insect larvae. An International
Organization for Standardization test has been developed with
the larvae of the beetle Oxythyrea funesta; the adults are fito-
phagus and considered an insect pest as do not just feed on
pollen, but rode the floral organs, while the larvae are soil-
dwelling organisms feeding on plant roots.
Ground and Foliar Invertebrates

The ecotoxicological assessment of the thousands of ground
and foliar invertebrate species is mostly done by focusing on
specific roles and services, both at the ecosystems level and
from an anthropogenic perspective in the case of agro-
biosystems. The selection and identification of the relevant
groups is linked to specific groups of chemicals, in particular
pesticides, biocides, and more recently veterinary medicines,
as well as industrial activities resulting on ground/soil
pollution.

The sustainable use of pesticides requires an assessment
of the potential risk for nontarget species, and the assessment
of effects on nontarget arthropods is particularly relevant in
the case of insecticides. Two main groups are considered in
most regulatory schemes as well as in everyday practice: polli-
nators and the so-called natural pest enemies or beneficial
arthropods.

Bees, butterflies, and other insects play a key role by polli-
nating natural and crop plant species. The honeybee, Apis
mellifera, can be considered as the reference species within this
group. A set of laboratory, semi-field, and field study protocols
have been developed for measuring the effects of chemicals and
particularly insecticides on this species. However, the capacity
of the traditional studies on bees for detecting long-term
colony relevant effects is currently questioned due to the
controversial results associating the use of neonicotinoid
insecticides with the observed bee population decline in recent
years. Nonlethal neurological effects such as impaired foraging
behavior and homing failure have been observed at levels that
could be considered safe based on the traditionally measured
endpoints. These effects may put a colony at risk of collapse
and have been associated with the so-called colony collapse
disorder, which has decimated honeybee colonies in North
America and Europe.

The ‘natural pest enemies or beneficial arthropods’ can be
distributed in two main groups, predators and parasitoids. The
predators, such as ladybirds, spiders, predatory mites, and the
larvae of some species such as lacewings or hoverfly, prey on
pest invertebrates such as aphids, mites, and caterpillars. The
parasitoids, such as the parasitoid wasps, lay eggs in or on pest
invertebrates and the larval stage kills the host as it feeds on it.
Most parasitoids are highly host specific, laying their eggs on or
into a single developmental stage of only one or a few closely
related host species.

Simplified laboratory studies with some selected species,
such as Aphidius rhopalosiphi and Typhlodromus pyri, have been
developed based on exposure through a glass plate sprayed
with the chemical formulation. More realist laboratory tests can
be conducted using natural substrates and aged residues.
Protocols for conducting semi-field and field species on pred-
ators and parasitoids are also available and frequently used for
the assessment of insecticides.
For veterinary medicines, and particularly endo- and ecto-
parasiticides excreted in dung, the assessment of dung fauna,
such as dung beetles and dung fly larvae, has received signifi-
cant attention recently. OECD guidance for the dung beetle
Aphodius constans and a test guideline for the dung flies Sca-
thophaga stercoraria L. (Scathophagidae) and Musca autumnalis
De Geer (Muscidae) are available.

Regarding industrial chemicals and soil pollution, in addi-
tion to the studies presented above on soil-dwelling inverte-
brates there is also a need for studying specifically the effects on
ground-dwelling species in the case of pollutants deposited on
the soil surface. Gastropod molluscs such as snails and slugs
can be particularly relevant due to the combination of exposure
through the cutaneous and oral routes. An ISO test on growth
and survival of young snails of Helix aspersa aspersa Müller is
available.
Assessing Effects on Terrestrial Vertebrates

Birds and mammals are traditionally considered in terrestrial
ecotoxicology studies, while reptiles and the terrestrial stages of
amphibians are often dismissed.

The effects on birds are in general the most frequently
observed terrestrial ecotoxicological effects and include both
bird kills and population declines. This is not only related to
size but also to the biology, with a large number of species
living in proximity to humans and human activities, as well as
the specific human interest in bird populations for both
scientific and recreational purposes, which facilitates the
observation of population declines. In fact, birds and particu-
larly raptor species have suffered many of the well-diagnosed
population-level disasters, which include the effect of chlori-
nated pesticides on many different bird species including
raptors, the effect of lead on not only aquatic but also terrestrial
birds including the critically endangered California condor
(Gymnogyps californianus), or more recently the decline associ-
ated to diclofenac of Asian vulture populations with three
species now critically endangered. The exposure of birds to
environmental chemicals is mostly through the oral route, but
not exclusively linked to bioaccumulation. In addition to
secondary poisoning and food chain bioaccumulation, the
direct consumption of treated seeds and baits and the contact
with contaminated surfaces (ground, plants, etc.) followed by
the secondary ingestion of the contaminants during the
cleaning process of the feathers are additional sources.

A relatively large number and diversity of avian ecotox-
icology laboratory tests have been developed and standardized,
including single dose oral studies, repeated dose dietary
studies, reproduction tests, and avoidance tests. In the regula-
tory context, they are mostly used for pesticides and some
chemicals of particular relevance, while for most chemicals, the
assessment for birds is assumed to be covered by the assess-
ment for mammals.

For most chemicals, the largest laboratory toxicity infor-
mation is based onmammalian studies. However, these studies
are not designed for assessing ecotoxicological effects but for
assessing human health relevant effects. Consequently, many
of the studies are directly of low relevance in ecotoxicology and
those relevant must be reassessed in order to identify the results
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and study outcomes relevant for the assessment of wild
mammalian populations. Basically, oral studies, or studies
based on internal dose for systemic effects, are reevaluated to
consider population-related endpoints, in particular survival,
growth, and reproduction.
Hazard and Risk Communication in Terrestrial
Ecotoxicology

The communication of effects and risk for terrestrial systems is
much more complex than for the aquatic environment due to
the complexity of exposure routes. In fact, and although several
efforts have been done in Europe and at the United Nation
level for extending the classification and labeling system to the
terrestrial environment, not regulatory agreement for a hazard-
based system has been achieved.

In the communication to risk managers, stakeholders, and
citizens, it is insufficient and ineffective to present just the
effects and risk assessment outcomes for the studied endpoints.
Instead, the role of the affected functions and observed/esti-
mated consequences on the environment should be commu-
nicated. For example, the observed effects on soil nitrification
should be interpreted and communicated in terms of potential
yield effects due to the decrease in available nitrogen as a key
nutrient for plants, while the effects on enchytraeids repro-
duction should be presented in terms of their function as
organic matter breakers and facilitators of the soil structure.
This is essential for a proper assessment of the relevance of the
effects by the receiver as well as for avoiding confusions and
misinterpretations (e.g., a nonexpert may assume that
decreasing soil microorganisms and worms is basically good if
the consequences of these reductions are not communicated).

In addition to the magnitude of the effects on the different
relevant groups, the space scale is also particularly relevant.
Depending on the pollution source and the pollutant charac-
teristics, the distribution of the chemical within the affected
area can be very different and obviously this distribution is
critical for assessing the environmental impacts and should be
communicated. Typically, the distribution of the chemical
within the affected area can be uniform, e.g., after the appli-
cation of a pesticide, soil amendment, or due to long/medium-
range atmospheric transport and deposition; based on
a gradient from the pollution source; or characterized by
irregular hot spots surrender by almost uncontaminated areas
in the case of some industrial activities or accidental/intended
spills.
Risk communication strategies for contaminated sites have
been developed in the United States, mostly through the
Superfund federal program to clean up the uncontrolled
hazardous waste sites, Europe, e.g., through the Network for
Industrially Contaminated Land in Europe (NICOLE) network,
and other parts or the world, e.g., the Site Contamination
National Environment Protection Measures (NEPM) in
Australia. Most communication strategies not only focus on
human health risks but also inform on environmental conse-
quences. A similar approach is observed for risk communica-
tion programs for pesticides where human health risks are
presented as the main issue and environmental effects on the
agrobiosystem and surrounding ecosystems are considered at
a second step.

See also: Ecotoxicology; Avian Ecotoxicology; Ecotoxicology;
Wildlife; Risk Assessment, Ecological; Environmental
Risk Assessment, Pesticides and Biocides; Environmental Risk
Assessment, Secondary Poisoning; Environmental Risk
Assessment, Terrestrial; Terrestrial Microcosms and
Multispecies Soil Systems; Soil Pollution Remediation.
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Introduction

The specific interest in wild animals protection and in the
identification of effects on birds, mammals, and other verte-
brates has lead to the development of a specific branch of
ecotoxicology, focusing on wildlife populations. The main
target for wildlife ecotoxicology is the population, not the
structure and function of ecosystems, and consequently this
branch has a different conceptual approach, resulting in
significant methodological differences. Wildlife ecotoxicology
covers mostly two complementary areas. The first focuses on
the study and diagnosis of effects observed in vertebrate
populations associated to chemicals exposure. As in many
other areas of toxicology, the study should cover not only the
identification of the chemical or chemicals responsible for the
effects, but also the source of those chemicals, in order to find
solutions, applying control measures, and assess liabilities.
The second is of predictive nature, aiming to identify in
advance the potential adverse toxicological effects of chemical
on vertebrates, in order to prevent adverse effects through the
regulation of its use/emission patterns, usually on the basis of
risk-based tools. Both areas have a direct connection with the
protection goal and regulatory frameworks. In fact, the iden-
tification of wildlife effects led to the establishment of control
measures and environmental regulations already in the
nineteenth century, such as the British River Pollution
Control Act passed in 1876, and through the whole twentieth
century.

Elliot et al. have recently developed the concept of forensic
wildlife ecotoxicology, defined as “the investigation of causal
linkages between source(s) and presence of a chemical or
mixture, and biological effects, with the goal of reducing
impact via regulatory or nonregulatory interventions”; this
concept links the scientific assessment of effects observed in the
field with the final aim of avoiding, controlling, or minimizing
the effects.

The first reported field studies, already in the nineteenth
century, were related to inorganic substances, including lead
poisoning in birds due to shoot ingestion and arsenic
poisoning in deer in a silver foundry. Progressively, additional
episodes connected to industrial and mining facilities were
studied. Nevertheless, the initial development of wildlife
ecotoxicity should be predominantly associated to the use of
chemicals for pest control, particularly with the massive use of
synthetic pesticides after World War II, and with oil spills
and other accidents involving chemicals. The increasing
concern on sublethal effects, less obvious, more complex,
and potentially leading to much more dramatic conse-
quences at the population level, resulted in significant scien-
tific developments, adapting forensic and epidemiological
methodologies.
306 Encyclopedia of T
Examples of Field Effects and Investigations

As already indicated, lead poisoning due to shoot ingestions by
birds was one of the first effects observed in the field and
diagnosed already in 1842 in Germany, but is still of actual
relevance. Primary and secondary exposures of particulate lead
are well-documented causes of mortality for a broad array of
avian species. Primary exposure is particularly relevant for
waterfowl species, due to the accumulation of lead shoots in
the aquatic systems because of intensive hunting in this area
(up to 399 shoots per square meter have been detected in some
sediments) and the dedicated consumption of shoots as grit by
aquatic species. The estimated lead poisoning mortality in
waterfowl wintering in Europe is about 1 million birds per
year, with mortality rates exceeding 30% in some species. An
association between lead poisoning and population reduction
trends has also been observed, and, for example, lead poisoning
is considered a main concern regarding the endangered White-
headed duck (Oxyura leucocephala). Secondary poisoning is
obviously relevant for raptor species, a high prevalence has
been observed in different species worldwide. The more clear
case associating lead poisoning with population decline and
biodiversity lost is for the critically endangered California
condor (Gymnogyps californianus), where the primary obstacle
for the population recovery is reported to be lead poisoning
from the ingestion of lead from spent ammunition. Specific
regulations have been implemented in North America, parts of
Europe, and other regions, particularly for protecting water-
fowls; the efficacy of these measures when implemented has
also been confirmed.

Pesticide-related effects have been also frequently reported
since mid-twentieth century. The kind of effects and population
consequences are obviously associated to its toxicodynamics
and toxicological profile. Organochlorine and organophos-
phate insecticides offer two good complementary examples.
Dichlorodiphenyltrichloroethane (DDT) and related chlori-
nated insecticides do not usually produce bird kills except
under severe misuse overexposure. Rather, these compounds
are biomagnified through the thropic chain, reaching high
concentrations in predatory species which alter the bird’s
calcium metabolism in a way that results in thin eggshells,
reducing dramatically the reproduction rate. The decimation of
several ictivorous and prey species is well documented; and
the confirmation of the long-term population effects led to the
strict control of DDT and related substances through the
Stockholm Convention and national legislations. By contrast,
organophosphorus insecticides have no biomagnification
potential but a high acute toxicity and their use has been
associated with pesticide-related mortality events. The US
Geological Survey National Wildlife Health Center has diag-
nosed, from 1980 to 2000, 335 avian mortality events occurred
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00500-5
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in 42 states caused by organophosphorus and carbamate
pesticides, leading to a total of 8877 bird causalities, covering
103 avian species distributed in 12 taxonomic orders. The true
magnitude of avian mortality associated with the reported
events was probably considerably greater, because a variety of
factors prevent complete and accurate counts of the total
number dead in wildlife die-offs. The real number of events
should also be considered much higher than those reported
and diagnosed, as pesticide-related mortality events may go
altogether undetected, particularly if few animals are involved.
Flocking species, such as waterfowl and blackbirds, may be
more likely to be observed than more solitary species, such as
raptors. Even if the bird kill is noticed, the identification and
confirmation of organophosphorus and carbamate pesticides
as the etiological agent require a complex process and the
appropriate samples. This comparison is also very useful to
exemplify that the evidence of the effects is not necessarily
related to its ecological relevance. The hidden sublethal effects
of DDT and related chlorinated insecticides are very relevant in
terms of population dynamics and in fact were only noticed
when linked to the population decline in some top predatory
species, while the more obvious mortality effects of the
organophosphorus insecticides may be irrelevant at the pop-
ulation and community levels for species with r-type repro-
ductive strategies (large number of offspring).

Accidental spills are also clear cases for wildlife ecotoxicol-
ogy. Oil spills due to accidents in the production site or during
transport constitute notorious examples. Black tides associated
to oil tankers tragedies such as Torrey Canyon (1967), Sea Star
(1972), Jakob Maersk (1975), Urquiola (1976), Hawaiian
Patriot (1977), Amoco Cadiz (1978), Atlantic Express and
Independenta (1979), Irenes Serenade (1980), Castillo de
Belver (1983), Nova (1985), Odyssey (1988), Exxon Valdez
and Khark 5 (1989), ABT Summer and Haven (1991), Aegean
Sea and Katina P. (1992), Braer (1993), Sea Empress (1996),
Erika (1999), Prestige (2002), or Tasman Spirit (2003) have
reached the media with images of oiled birds, marine
mammals, reptiles, and fish worldwide. However, this is just
the peak of the iceberg. From 1989 to 2009, the US Coast
Guard reported over 100 notable spills in US waters, six of
them associated to the hurricane Katrina. Spills are also asso-
ciated to extraction facilities. In fact, the largest accidental
disaster until now has been the so-called Deepwater Horizon or
BP oil spill occurred in 2010 in the Gulf of Mexico. The spill
stemmed from a sea-floor oil gusher that resulted from an
explosion on 20 April 2010, in Deepwater Horizon, which
drilled on the BP-operated Macondo Prospect. The leak could
only be stopped on 15 July 2010 after it had released about 4.9
million barrels (780 000 m3) of crude oil. A huge area,
including zones of high ecological and biodiversity value, was
affected and thousands of birds and hundreds of turtles and
marine mammals including dolphins were reported dead.
Wildlife ecotoxicology plays a key role in these disasters. The
origin and initial consequences in terms of direct mortality are
clear in the case of the major disasters, but the identification of
the medium- and long-term effects requires specific research
activities. Crude oils and fuels are unknown variable compo-
sition (UVC) substances; they are identified by the production
methods and some physical–chemical and technological
properties, and their composition is variable and only partially
known (e.g., described as ranges for main hydrocarbon
groups), the characterization of the environmental fate and
toxicity of the different components and fractions is, therefore,
essential. The use of surfactants and dispersants modifies the
environmental fate, facilitating the dilution/dispersion of the
oil but increasing the bioavailability of the different compo-
nents. The estimation of the consequences of the spills at the
population level and the expected time for recovery is one of
the key issues to be addressed. The population relevant effects
are not at all limited to the death of the oiled animals. Suble-
thal effects on the reproductive capacity or on the immune
system, increasing the susceptibility to diseases, can be detected
far away, in terms of space and time, from the area visible
affected by the black tide, and particularly for vertebrate species
with r-type reproductive strategies, are the only relevant
endpoints in terms of population assessments.

The investigation of effects in the vicinity of industrial and
mining facilities is also a frequent source of wildlife case studies.
Atmospheric emissions with local deposition, discharges of
effluents, run-offs and drainages, or the disposal of solid and
liquidwastes in the facility surroundings release large amounts of
toxic chemicals and may result in high-load local immissions,
impacting wildlife. All developed countries have established
regulatory measures for controlling these activities, demand
emission permits, and request environmental impact assess-
ments prior to the construction of new facilities. Fish and bird
kills can be observed in some cases, but the most frequent
evidence for potential wildlife impacts are ecological or chemical
surveys. Ecological surveys may identify population declines,
reproductive failures, increase in disease outbreaks, changes in
the structure of the biological community, and many other
clearly relevant effects, however, the association and subsequent
confirmation of cause effects relationship with particular toxi-
cants and the ultimate identification of the pollution source may
be relatively easy or extremely difficult. The key element is the
amount of available information. Very rarely the symptoms
observed in the animals allow the identification of the causal
chemical agent. If the potential source is relatively isolated and
the industrial processes and composition of the emission are
known, a chemical monitoring programme can provide the
information on the actual exposure levels and in some cases
a rapid diagnosis after a confirmatory study. In highly industri-
alized andpopulated areas,with thousands of potential emission
sources and many other anthropogenic stressors, very complex
situations should be expected, and a multi-causal origin of the
observed effects should be anticipated.

Both human and veterinarian pharmaceuticals have also
been associated with wildlife events. Specific examples are oral
contraceptives and diclofenac. The reported feminization of
aquatic species has been linked to the anthropogenic release of
estrogens, including among others oral contraceptives. A clearer
causal link has been observed between diclofenac and the
decline in Asian vulture populations. Diclofenac is a nonste-
roidal anti-inflammatory drug initially developed as human
pharmaceutical but that has been extensively used in veterinary
practice in India and Pakistan to treat domestic livestock. Pop-
ulations of three species of vultures endemic to South Asia, the
Oriental white-backed (Gyps bengalensis), the long-billed (Gyps
indicus), and the slender-billed vulture (Gyps tenuirostris) have
declined bymore than 95% since the early 1990s and are now in
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grave danger of extinction (critically endangered according to
International Union for Conservation of Nature (IUCN)). After
years of investigation diclofenac was identified as the causing
agent; and the mortality caused by diclofenac was confirmed as
the main cause of the population declines. Vultures are exposed
through the consumption of carcasses of treated animals, and
die from kidney failure within days of exposure to diclofenac-
contaminated tissues. The population decline of Asian vultures
has been one of the steepest declines observed in any bird
species, and one of the clearest associations between the intro-
duction of a new chemical/use pattern and a rapid adverse effect
at the population level.
Investigation Methods and Models in Wildlife
Field Ecotoxicology

Like other areas of field ecotoxicology, the study of wildlife
field cases requires two complementary approaches, each
requiring specific methods and tools: one focuses on the
identification of the pollution source, the other in the identi-
fication of the chemical agent(s) responsible for the effects.

The available tools for the identification of the pollution
source did not differ from those employed in other ecotoxico-
logical field investigations. However, a set of specific tools has
been developed for the study and confirmation of cause–effect
relationships between specific chemicals and the observed effects.

Recent advances in environmental analytical chemistry have
changed the relative roles of chemical versus biological tools.
Getting analytical tools with a sufficiently low level of detection
used to be the main problem in the past, but nowadays is not
longer an issue as for a large number of chemicals modern tools
may detect levels orders of magnitude below those of ecotox-
icological relevance. Many of the so-called emerging pollutants,
including pharmaceuticals and personal care products, have
been in the environment for decades, but only now we have the
possibility to measure them at very low levels. As a conse-
quence, detecting a chemical in environmental and biological
samples is not sufficient to consider potential associations with
a particular effect. Direct measurements of levels in biota can
provide much more relevant information, particularly when
the data can be compared with control or reference groups and/
or historical data establishing spatial and temporal trends.
Wildlife specimen banks are particularly useful for allowing
comparisons and setting historical trends; nonintrusive tech-
niques, such as collection and measurements on faces, can be
very useful, particularly in combination with toxicokinetic
information to estimate internal levels.

Biomarkers, defined as biochemical, physiological, or
histological indicators of exposure to chemicals and/or of the
effects of chemicals were considered in the 1990s as a prom-
ising tool but their capacity and development have not ach-
ieved the expectations. Certainly, some biomarkers have
proved to be essential tools in specific cases; for example,
investigating the effects of organophosphate insecticides in
wildlife without measuring the cholinesterase levels would be
difficult to justify; but in general, the use of biomarkers is
limited to some specific chemical groups, and mostly in
combination with other tools; through the classical integrated
assessment, based on the comparison of the effects observed in
the field with those observed under controlled exposure
conditions; but these comparisons require standard dose–
response studies on relevant species.

In this sense, it should be recognized that the largest amount
of standard dose–response toxicological information focuses on
mammals and fish. Intraspecies extrapolations are particularly
difficult between taxonomic groups, and may require confirma-
tory experimental dose–response studies on related species. Egg
injection studies and egg swap studies, switching eggs between
locations to separate effects intrinsic to the egg from those related
to parental behavior, have confirmed to be very relevant but also
extremely complex tools. In many cases, chemical pollution is
associated to other anthropogenic disturbances, and the investi-
gations should consider a myriad of cofounding factors. Basic
ecological techniques based on intensive observation of indi-
vidual animal behavioral patterns may be essential to identify
other relevant factors and the role of indirect effects.

In conclusion, the steps in wildlife field investigations are
basically the typical ones for any field study, first to identify co-
occurrences between observed effects and possible pollution
sources and or chemicals, second to move to more concrete
associations, either direct or indirect, between the observed
effects and some chemical groups, and finally, to try to confirm
causal links in order to conclude on the diagnosis of the process.
However, the specific methodological approaches and tools to
be used in each investigation should be basically established
case-by-case and adapted to the preliminary results during the
investigation process. Despite the advances achieved during the
last decades, it should be recognized thatmost processes are very
complex and potentially multi-causal, and definitive conclu-
sions are only achieved in a limited number of cases.
Predictive Risk-Based Assessments

The need to proactively intervene to avoid adverse effects and
the difficulties in getting definitive confirmatory conclusions
have led, like in other areas of (eco)toxicology, to the devel-
opment of risk-based predictive tools.

Risk assessment tools are based on associations and there-
fore cannot be considered confirmatory tools; however,
through the use of sets of well-defined hypothesis and
scenarios, may become extremely powerful tools offering
quantitative estimations of the likelihood of these associations
for each type of expected/observed effect. In fact, risk-based
tools have been introduced in the regulatory context all over
the world. A particularly relevant issue of risk-based methods is
that they can be applied not only to the association of the
effects with a particular chemical or group of chemicals but also
with a concrete emission source. The association of potential
cause–effect relationships between a particular activity and
observed/predicted effects in the environment is considered
sufficient for taking regulatory actions if the likelihood for this
relationship is high enough. In addition, in the case of multi-
cause complex events, risk-based tools can associate, using
probabilistic estimations, each observed effect with one or
more stressors and specific sources, allowing priority setting
and cost-effective assessments.

Environmental/ecological risk assessment methods are
described in other chapters; the main difference is that in
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wildlife ecotoxicology the problem formulation is set at the
population level, and in the case of risk tools applied to field
observations, even to particular species. The methods become
closer to those used in human and animal health risk assess-
ments, focusing on the extrapolation of the toxicokinetic and
toxicodynamic information from the studied to the assessed
species, complemented with the estimation and refinement of
the exposure patterns, based on the particular behavior and
ecological characteristics of the assessed species.
Communicating Wildlife Hazards and Risks

The communication of wildlife chemical hazards is immedi-
ately associated with Rachel Carson and her book Silent Spring
published in 1962. This book is considered as the trigger in
launching the environmental movement and in the changes in
the social perception of chemicals and their environmental risks
leading to the social movement that resulted in revolutionary
regulatory changes including thebanningofDDT. Thebook is in
fact associated with the development of ecotoxicology as
a science for supporting the identification of environmental
problems and the assessment of the appropriate actions.

Effects on wildlife tend to be of particular concern for the
general public and are, in general, easily perceived and
understood, facilitating the communication of the effects and
the expected or observed consequences. These events also call
the attention of the media, and images of oiled birds, fish kills,
etc. can be frequently found in the first page of newspapers and
as highlighted news.

Nevertheless, the public interests and concern is not
necessarily linked with the real magnitude of the ecological
disaster, and hazard and risk communication strategies are
needed for presenting the real environmental impact. The
diclofenac associated decline in Asian vulture populations
has offered a clear example of this need. Vultures are not
‘particularly attractive’ for most people although provide
a crucial ecosystem service through the disposal of carcasses;
consequently, the decline did not become a general public
concern until the indirect effects, such as accumulation of
uneaten carcases and exponential increase in feral dogs, ach-
ieved a huge social impact.

The communication is particularly difficult for complex
cases where only associations, without confirmation of causal
links, can be identified. A clear and transparent communication
of the facts and uncertainties, presenting the outcomes of
quantitative probabilistic assessments if available, should be
considered as a basic element of the study. The pollution source,
release pattern (e.g., intended use, misuse, accidental emission,
etc.), adopted measures (voluntary, regulatory, or others), and
potential direct or indirect consequences in terms of human
health should also be part of the communication strategy.

See also: Ecotoxicology; Aquatic Ecotoxicology; Avian
Ecotoxicology; Genetic Ecotoxicology; Ecotoxicology
Terrestrial; Risk Assessment, Ecological; Environmental
Biomarkers; Chemicals of Environmental Concern;
Environmental Processes; Environmental Toxicology; Society
of Environmental Toxicology and Chemistry; Ecotoxicology;
Aquatic Ecotoxicology; Avian Ecotoxicology; Genetic
Ecotoxicology; Ecotoxicology Terrestrial; Risk Assessment,
Ecological; Environmental Biomarkers; Chemicals of
Environmental Concern; Environmental Processes;
Environmental Toxicology; Society of Environmental
Toxicology and Chemistry.
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l Name: EDTA (Ethylenediaminetetraacetic Acid)
l Chemical Abstracts Service Registry Number: 60-00-4
l Synonyms: Ethylenedinitrilotetraacetic acid; Celon A;

Cheelox; Edetic acid; Nullapon B Acid; Trilon BW; Versene
l Molecular Formula: C10H16N2O8
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Background

Ethylenediaminetetraacetic acid (EDTA) was developed by Franz
Munz inGermanyduring the 1930s as an alternative to citric acid.
About the same time, Frederick Bersworth synthesized EDTA
in the United States using a different technique. He obtained
aUSpatent for this technique in1945. EDTAwas approvedby the
US Food and Drug Administration (FDA) as a food additive in
1947. Since the early 1950s, EDTA has been used in chelation
treatment for lead poisoning. EDTA is a white, odorless, and
crystalline (sugar or sandlike) material. It has a molecular weight
of 292.28 and its melting point is 2401 �C. It is water insoluble.
Uses

EDTA is used as a food additive, in herbicides, in pharmaceu-
ticals, and in a variety of consumer products. EDTA is used as
a blood preservative by complexing free calcium ion (which
promotes blood clotting). EDTA’s ability to bind to lead ions
makes it useful as an antidote for lead poisoning. Furthermore,
EDTA is often used to treat various cardiovascular diseases.
Environmental Fate and Behavior

EDTA can be very persistent in water, including wastewater-
treatment plants. EDTA is often found in the receiving waters of
many industrial areas, thus being classified as one of the major
organic pollutants discharged in waters. The available ecotoxicity
data for EDTA indicate that these compounds are slow to
degrade under typical environmental conditions but are not
expected to bioconcentrate. EDTA compounds range from
practically nontoxic to moderately toxic on an acute basis,
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depending on the salt. Algae and invertebrates are among the
most sensitive species based on predictive modeling for acute
and chronic endpoints for EDTA, depending on the compound.
EDTA and its salts also do not appear to be very toxic for
terrestrial wild mammals, and adverse effects from reasonably
expected agricultural uses are not expected.

According to ChemIDPlus, EDTA has the following physi-
cochemical properties: melting point¼ 245 �C, pKa dissocia-
tion constant¼ 0.26, log P (octanol–water)¼�3.860, water
solubility¼ 1000mg l�1, vapor pressure¼ 4.98E-13mm Hg,
Henry’s law constant¼ 1.17E-23 atm-m3mol�1, and atmo-
spheric OH rate constant¼ 1.82E-10 cm3molecule-s�1.

Based on its physicochemical properties, EDTA is not
expected to volatilize from soil or water. When released to the
atmosphere, EDTA should sorb to particulate matter, and
appears to have the potential to photolyze.
Exposure and Exposure Monitoring

Exposure to EDTA may be through FDA-approved uses as food
additives, in sanitizing solutions, in pharmaceutical products,
or through their use in soaps, shampoos, or cosmetics. EDTA
has also been administered safely under medical supervision as
treatment for heavy metal poisoning.

The most probable routes of human exposure to EDTA
would be ingestion and dermal contact. Workers involved in
the manufacture or use of EDTA may be exposed by inhalation
and dermal contact. In chelation therapy, EDTA is administered
via intravenous infusion.

According to the US Environmental Protection Agency,
EDTA is of low risk to humans, since absorption through
ingestion is of lower toxicity, especially with sufficient trace
minerals within the daily diet. There is no reason to expect that
reasonable use will constitute any significant hazard.
Toxicokinetics

EDTA is essentially not metabolized by the human body, and it
is rapidly excreted in the urine. About 50% of EDTA adminis-
tered intravenously is excreted within 1 h and 90% within 7 h.
EDTA and its metal chelates do not permeate the cellular
membrane to a significant extent; thus, most of the EDTA
remains in the extracellular fluid until excreted in the urine.

EDTA is eliminated from the body, 95% via the kidneys and
5% by the bile, along with the metals and free ionic calcium
that was bound in transit through the circulatory system. The
binding of divalent and trivalent cations by EDTA can cause
mineral deficiencies, which seem to be responsible for all of the
known pharmacological and toxicological effects. Sensitivity to
the toxic effects of EDTA is, at least in part, related to the
deficiency of zinc.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00309-2
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Mechanism of Toxicity

The principal toxicity of EDTA relates to the metal chelate,
especially in lead poisoning. Lead may be released from the
chelate in the kidneys, and then the lead may affect the tubules
and glomeruli of the kidneys.
Acute and Short-Term Toxicity (or Exposure)

Animal

In rats, more live fetuses resulted when calcium disodium
EDTA was used to treat lead poisoning. However, in rats that
were not lead poisoned, increases in submucous clefts, cleft
palate, syndactyly, adactyly, abnormal ribs, and abnormal
vertebrae occurred. Furthermore, the doses of EDTA in the
study were comparable to those used in humans and without
noticeable changes in the mother. Since zinc calcium EDTA did
not cause teratogenicity at low levels in rats, zinc calcium EDTA
should be available for use in pregnancy.

Human

Cases of anuria have been reported when EDTA was adminis-
tered to treat lead poisoning. Such kidney injury is reversible
and is probably not due to the chelate directly, but to the
reabsorption of the metal in the tubules. Of 130 children that
received dimercaprol and EDTA, 3% developed acute renal
failure and 13% had biochemical evidence of nephrotoxicity.
However, lead poisoning can cause kidney injury without
EDTA therapy. In another study, 122 patients were given EDTA
and none showed posttreatment increases in plasma creatinine.

Reversible mild increases in plasma hepatic aminotrans-
ferase activities are frequently reported after use of EDTA.
Furthermore, extravasation may result in the development of
painful calcinosis at the injection site.

In a workplace setting, the following acute health effects
may occur immediately or shortly after exposure to EDTA:
Contact may irritate the skin, causing a rash or burning feeling;
contact with high concentrations may irritate the eyes; and
inhalation of EDTA dust may irritate the nose and throat.
Chronic Toxicity (or Exposure)

Animal

Laboratory studies on various animal species as well as reports
from veterinary practices have revealed that long-term therapy
with EDTA may cause deficiencies in zinc and vitamin B6.

Human

Prolonged systemic therapy with EDTA has resulted in zinc
and vitamin B6 deficiencies. Furthermore, febrile reactions
with headache, myalgia, nausea, vomiting, lachrymation, nasal
lesions, glycosuria, hypotension, and electrocardiographic
(ECG or EKG) changes have been reported.
In Vitro Toxicity Data

All known pharmacological effects of EDTA result From
formation of chelates with divalent and trivalent metal ions in
the body. Also, the effects on rat liver glucocorticoid receptor in
vitro have been studied. At 41 �C, 10mmol EDTA had a stabi-
lizing effect on unbound hepatic glucocorticoid receptors.
Apparently, endogenous metal ions are involved in the
processes of glucocorticoid–receptor complex stabilization and
transformation. Furthermore, EDTA increases the absorption of
a number of agents. This effect is nonspecific because EDTA
increases the absorption of bases, acids, and neutral
compounds. It appears that by chelating calcium, EDTA causes
a general increase in membrane permeability.
Clinical Management

In case of contact with EDTA, the eyes should be flushed
immediately with running water for at least 15min. Affected
skin should be washed with soap and water. Contaminated
clothing and shoes should be removed and isolated at the site.
Exposure Standards and Guidelines

EDTA is designated as a hazardous substance under section
311(b)(2)(A) of the Federal Water Pollution Control Act and
further regulated by the Clean Water Act Amendments of 1977
and 1978. These regulations apply to discharges of this
substance. This designation includes any isomers and hydrates,
as well as any solutions andmixtures containing this substance.

The Food and Agriculture Organization/World Health
Organization acceptable daily intake for calcium disodium
edetate as a food additive is 2.5mg kg�1 body weight.

See also: Lead.
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Introduction

Water quality management generally involves the authoriza-
tion of discharges of dangerous substances for which moni-
toring of discharges of effluents to surface water is essential. On
a national and regional level, countries have issued several
regulations and directives related to water management and
pollution control, including the prescription of monitoring
activities.

The aquatic environment is affected by different types of
chemicals that originate from both natural and anthropogenic
sources which were proved to be toxic to the organisms.
Effluents are the main source of direct and continuous input of
pollutants into the aquatic ecosystems. According to the US
Environmental Protection Agency (EPA) – effluent is defined as
“wastewater - treated or untreated - that flows out of a treat-
ment plant, sewer, or industrial outfall. Generally refers to
wastes discharged into surface waters.” The Compact Oxford
English Dictionary defines effluent as “liquid waste or sewage
discharged into a river or sea.”
Pollutants in Effluents

An increase in urbanization and industrial activities and higher
exploitation of cultivable land has brought a huge increase in
the quantity of discharges and wide diversification in types of
pollutants that reach rivers and other aquatic environments.
Thousands of dissolved inorganic (toxic metals such as arsenic,
lead, cadmium, and mercury), as well as dissolved organic
pollutants (such as polychlorinated biphenyls (PCBs), organ-
ochlorine pesticides (OCs), polyaromatic hydrocarbons
(PAHs), polychlorinated benzofurans, and dioxins) contami-
nate water reserves. Therefore, specific requirements for effluent
monitoring vary depending on the type of industry, receiving
stream, and water law. In some cases, continuous monitoring
will be required before discharge. Other situations will require
monitoring over a specific period of time (i.e., monthly or
quarterly). Water quality monitoring is a complex subject.
Chemical Versus Biological Monitoring

Monitoring of the water quality can be performed in many
ways, depending on the reasons and the objectives of a partic-
ular monitoring program. Due to the enormous number of
potentially polluting substances, a chemical-specific approach
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is insufficient to provide the information to protect surface
waters from pollution effects. Very few chemical/physical
parameters are capable of being monitored on a continuous
basis. Moreover, chemical/physical monitoring has not been
very reliable in predicting the ultimate toxicological effects that
a discharge could have on the biota of a receiving system.
Biological monitoring is a necessary element of the concept of
chemical/physical monitoring, which has played a most
dominant role in the pollution control. Generally, bio-
monitoring is a scientific technique for assessing environment,
including living organisms’ exposures to natural and synthetic
chemicals, based on sampling and analysis of an individual
organism’s tissues and fluids. This technique takes advantage of
the knowledge that chemicals that have entered the organisms
leave markers reflecting this exposure. The integrated moni-
toring will be reserved for coordinated monitoring activities
comprising chemical and biological measurements in a variety
of environmental media. Biological monitors would detect
a toxicity problem, but chemical/physical techniques would be
required to define the nature of the problem and the corrective
action.

Conventionally, environmental-related toxicological
studies (i.e., whole effluent toxicity (WET) testing) are con-
ducted independently of ecological considerations (in the
laboratory), thereby neglecting the functioning of populations.
WET tests were developed by the US EPA as a means to
implement the Clean Water Act’s prohibition of the discharge
of toxic pollutants in toxic amounts. WET tests determine the
total effect of an effluent and is measured directly employing
living organisms/biological material (called toxicity test/
bioassays/biotests). It has been used to evaluate suitability of
toxic effluents for discharge into receiving waters by exposing
organisms to different dilutions of the effluent in order to
manage the discharge of effluent into receiving waters. There-
fore, there is a necessity of laboratory-to-field extrapolations of
bioassays. In situ biomonitoring assesses toxicity under field
conditions. The performance of organisms in in situ bio-
monitoring tests can be used to directly assess the biological
quality of waters that receive industrial or other effluents.
Biomonitoring Techniques

Biomonitoring uses biological responses at different biological
organization levels (biomarkers and bioindicators) to indicate
significant environmental changes. Biomarkers are biological
responses at lower levels of biological organization (molecular,
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01008-3
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biochemical, and physiological responses) that can provide
direct evidence of exposure to stressors relatively sensitive
(short-term response) to stressors serve as early warning indi-
cators of impaired organism health. Bioindicators are biolog-
ical responses at higher levels of organization (individuals,
populations, communities) relatively insensitive (long-term
response) to stressors but have higher ecological relevance.

The common biomonitoring techniques are classified as
bioaccumulation, biochemical alterations, morphological and
behavioral observation, population- and community-level
approaches, and modeling. Bioaccumulation is an important
process through which chemicals can affect living organisms.
An increase in the concentration of a chemical in a biological
organism over time may occur compared to the chemical
concentration in the environment. Bioaccumulation occurs
when an organism absorbs a toxic substance at a rate greater
than that at which the substance is eliminated. Biochemical
alterations focus on the interaction between the pollutants and
biological macromolecules such as protein, enzyme, and
nucleic acid. Many biomarkers have currently been developed,
such as metallothionein, oxidative stress, and cytotoxicological
responses. Suitable selection of biochemical biomarkers
should be made based on specific conditions such as target
pollutants, tested organisms, investigated areas etc. Morpho-
logical and behavioral observations provide the most direct
effects of toxicant on the organisms, which can be commonly
noticed. Other histopathological techniques and ultrastructural
observations based on the optic microscope and the electric
microscope may be involved in this aspect as well. As
the nonspecific approaches, they may effectively provide the
information on the target tissues, cells, and organelles in the
organisms exposed to the chemicals, which helps us under-
stand the potential toxicological mechanisms. Population-level
(density, size distribution) and community-level (species-
richness metrics, multivariate analysis of community compo-
sition) responses of the aquatic organisms to metal pollution
in aquatic ecosystems are of much significance for the evalua-
tion of the ecological balance induced by water qualities in the
studied area. Modeling in biomonitoring is based on the
experimental results or published data, from which it is
possible to develop mechanistic models for the understanding
the various biological alterations under the stress of environ-
mental pollution.
Biomonitoring Tests

In biomonitoring studies, two types of tests can be distin-
guished. Acute biomonitoring tests are conducted to determine
immediate or short-term toxic effects. The mortality of test
organisms is observed and recorded when organisms are
exposed to a specified concentration of the waste effluent (i.e.,
100, 50, and 25%). The duration of an acute test is normally
96 h for fish and 48 h for most invertebrates. Acute tests using
algae can be completed in even less time, and the biolumi-
nescent bacteria test takes only 10 min to perform. For
purposes of determining the acute toxicity of effluents, the
following criteria apply. An effluent is considered to be acutely
toxic when its 48 h LC50 or EC50 (as determined from acute or
chronic toxicity testing) is 100% or less. An effluent is generally
considered not acutely toxic when its 48 h LC50 or EC50 (as
determined from acute or chronic toxicity testing) is greater
than 100%.

Chronic tests provide information on long-term effects of
the effluent on growth, reproduction and mortality of the test
organism. Chronic tests normally involve a critical portion or
the entire life cycle of the test organism. The duration of
a chronic test can range from 6 to 12 months for fish and from
3 to 4 weeks for invertebrates. Chronic toxicity testing is
broadly defined as the ability of a substance to cause delete-
rious effects to living organisms during a long-term exposure.
In practice, chronic toxicity testing of effluents usually involves
the measurement of survival, growth, reproduction, and
hatchability of aquatic organisms exposed to several effluent
dilutions for time periods lasting up to 7 days. Generally, the
‘sublethal’ endpoints of growth, reproduction, and hatchability
are more sensitive indicators of chronic toxicity than survival.
Because chronic toxicity tests involve the measurement of more
sensitive endpoints over longer exposure periods compared to
acute tests, chronic tests are considered to be more sensitive for
measuring effluent toxicity.
Suitable Bioindicator

A very important role in the biomonitoring plays a suitable
bioindicator that indicates the long-term interaction of several
environmental conditions, but also reacts to a sudden change
of the important factor(s). According to the aim of bio-
indication, three types of bioindicators can be distinguished:
compliance, diagnostic, and early warning indicators.

A bioindicator is expected to have the following properties:
(1) can accumulate high levels of pollutants without death; (2)
lives in a sessile style, thus definitely representing the local
pollution; (3) is abundant and widely distributed for the
repetitious sampling and comparison; (4) lives long enough for
the comparison between various ages; (5) can afford suitable
target tissue or cell for the further research at microcosmic level;
(6) easy sampling and easy cultivation in the lab; (7) keeps
alive in water; (8) occupies the important level in food chain;
and (9) well dose–effect relationship can be observed.

Organisms used in aquatic toxicity tests range from fish and
protozoans to bacteria and algae, i.e., fish (fathead minnow,
rainbow trout, bluegill sunfish, channel catfish), invertebrates
(water fleas, crayfish, snails, shrimp), bacteria (bioluminescent
bacteria), algae (green algae, blue-green algae), macrophyte,
zooplankton, and insect. Among these organisms, special
attention is paid to fish. Fish are the top of the aquatic food web
and are consumed by humans, which makes them important
for assessing contamination. Due to their relatively long life
cycle and mobility, they can be good indicators of long-term
(several years) effects and broad habitat conditions. Fish
communities respond significantly and predictably to almost
all kinds of anthropogenic disturbances, including eutrophi-
cation, acidification, chemical pollution, flow regulation,
physical habitat alteration and fragmentation, human exploi-
tation, and introduced species. For example, Lakehead
University in Canada has developed a new biomonitoring
system that utilizes rainbow trout (Oncorhynchus mykiss)
behavior to rapidly detect acute levels of toxicity in industrial
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effluent: The Toxicity Early Warning System (TEWS). In another
system, SYMBIO Biomonitoring System (PROTE Technologies
for our Environment, Ltd.), eight specimens of the freshwater
mussels (Unio tumidus) are placed in the SYMBIO flow-through
tank. Their natural reaction to sudden changes of environment
parameters is shell closing. This reaction is fast and unambig-
uous – a group of mussels close their shells. What is more, the
mussels live a sedentary lifestyle, which makes it easy to
monitor them. Mussels’ reaction does not provide information
on the type or concentration of pollutants, but their sudden
shell closing indicates changes in the environment – changes in
water parameters – that they consider as harmful and
dangerous. Another organism that is frequently used in bio-
monitoring studies is algae, which are found in polluted and
unpolluted water. The algae species and amounts can directly
reflect the water quality. Heavy metal exposure can cause the
disturbance of normal metabolism and biological function,
inhibition of photosynthesis, reduction of cytochrome, cellular
mutation, putrescence, and even death in algae. More impor-
tantly, once heavy metal pollutants are accumulated in these
organisms, they enter the food chain and may pose serious
threat to animals and human health through biomagnification.
A big potential for the use in the biomonitoring of industrial
effluents is also phytotoxicity tests with higher plants (seed
germination tests) because of their simplicity, sensitivity, and
cost-effectiveness.
Advantages and Disadvantages of Biomonitoring

The use of biomonitoring methods in the control strategies for
chemical pollution has several advantages over chemical
monitoring. First, these methods measure effects in which the
bioavailability of the compound(s) of interest is integrated
with the concentration of the compounds and their intrinsic
toxicity. Second, most biological measurements form the only
way of integrating the effects on a large number of individual
and interactive processes. Often biomonitoring methods are
cheaper, more precise, and more sensitive than chemical
analysis in detecting adverse conditions in the environment.
This is due to the fact that the biological response is very
integrative and accumulative in nature, especially at the higher
levels of biological organization. This may lead to a reduction
of the number of measurements in both space and time.

A disadvantage of biological effect measurements is that
sometimes it is very difficult to relate the observed effects to
specific aspects of pollution. In view of the present chemical-
oriented pollution abatement policies and to reveal chemical-
specific problems, it is clear that biological effect analysis will
never totally replace chemical analysis. However, in some
situations the number of standard chemical analyses can be
reduced by allowing bioeffects to trigger chemical analysis
(integrated monitoring).
Applications of Biomonitoring

The potential applications of biomonitoring are proposed to
mainly include evaluation of aquatic metal pollution, biore-
mediation, toxicology prediction, and research on toxicological
mechanisms. Therefore, the application of biomonitoring can
be interesting for effluent dischargers, regional and national
water quality control agencies, and water users. Effluent
dischargers can use biomonitoring techniques for testing the
toxicity of their effluents. For this application, it is essential that
discharge permits contain criteria for ecotoxicity. Furthermore,
discharges can use biotesting for evaluating the effectivity of
technology-based pollution control measures, and as an alarm
notification for process failure.

Water quality control agencies can use biomonitoring for
the formulation and validation of ecological water quality
objectives, as well as checking their targets. In addition, they
can make use of biomonitoring data for tracing hidden
sources of pollution, for setting permit criteria for the
discharge of effluents, for checking the compliance of
effluent dischargers, and for determining the effectivity of
pollution control measures. Water supply agencies and
other users of surface waters (i.e., fish farmers) can use
biomonitoring techniques for indicating the presence of
hazardous concentrations of unspecified pollutants in their
intake. Furthermore, biomonitoring data can also be used
by the public and the government to monitor the perfor-
mance of water regulators, to ensure that they are using
their powers to the advantage of water users and the water
environment.
Regulations

For effluents, the general framework is laid down in Directive
76/464/EEC on pollution caused by certain dangerous
substances discharged into the aquatic environment of the
European Community, and is worked out in several daughter
directives. In addition, regulations concerning new chemicals
(Directive 93/67/EEC) and existing chemicals (Regulation
793/93/EEC), as well as biocides (proposed Directive) and
plant protection products (Directive 94/43/EC) may require
effluent and ambient water monitoring. In general, both
European and national directives prescribe the monitoring
effort in terms of sampling frequency, analytical methods, and
reporting.

The Water Framework Directive (Directive 2000/60/EC of
the European Parliament and of the Council of 23 October
2000 establishing a framework for Community action in the
field of water policy) is a European Union directive that
commits European Union member states to achieve good
qualitative and quantitative status of all water bodies
(including marine waters up to one nautical mile from
shore) by 2015. It is a framework in the sense that it
prescribes steps to reach the common goal rather than
adopting the more traditional limit value approach. The
Directive aims for ‘good status’ for all groundwater and
surface waters (rivers, lakes, transitional waters, and coastal
waters) in the European Union. According to the Water
Framework Directive, the ecological status of surface waters is
to be assessed in accordance with the following quality
elements: biological quality elements (fish, benthic inverte-
brates, aquatic flora) in conjunction with the following
elements that support the biological elements: (1) hydro-
morphological quality elements such as river bank structure,
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river continuity, or substrate of the river bed; (2) physico-
chemical quality elements such as thermal, oxygenation, and
nutrient conditions; and (3) chemical quality elements that
refer to environmental quality standards for river basin
specific pollutants. These standards promulgate maximum
concentrations for specific water pollutants. If even one such
concentration is exceeded, the water body will fail ‘good
ecological status.’

In the ecological status assessment, biological quality
elements have a particular role. Fish fauna are particularly
susceptible to hydromorphological factors – that is, river bank
constructions, inadequate root shelter, barriers, inadequately
structured water beds – and pollutants. In addition, salmon
and many other fish that migrate from the sea to river head-
waters to spawn are dependent on river continuity. Numerous
in vivo studies going back decades have been realized on
benthic invertebrates (fauna such as aquatic insects, crabs,
snails, and worms), using, inter alia, the saprobic index,
which is probably the best known method for assessing water
body deoxygenation. Benthic invertebrates are also used to
assess the water body hydromorphology and acidification.
Water body flora are particularly susceptible to elevated water
body nutrient concentrations, particularly phosphorus. Water
body flora include free-floating microscopic algae (phyto-
plankton); small algae that are visible with the naked eye and
that grow upon rocks and other substrates (phytobenthos);
and large aquatic plants (macrophytes, large algae, and
angiosperms).
See also: Biomonitoring; Clean Water Act (CWA), US; Algae;
Toxicity, Acute; Toxicity, Subchronic and Chronic.
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Introduction

Electromagnetic fields (EMFs) are part of the physical electro-
magnetic spectrum ranging from the extreme low of static
magnetic fields to the extreme high of gamma rays. EMFs as
discussed here focus on frequencies of 0 Hz–300 GHz, which
are part of the spectrum considered to be nonionizing
(Table 1). Examples of the frequencies that are part of the
spectrum are electric power generation and transmission, radio
frequencies (RF), and microwaves (Table 1).

Scientific and public attention focusing on the potential
human health hazards of these fields has intensified over the
past 30 years, initially with the belief that electric power
generation and transmission were related to the development
of human leukemia; the more recent focus has been on radio
frequency EMF (RF-EMF), particularly the frequencies used
for cellular telephones and their transmission towers.
The frequencies around and above 1015 Hz approach and
surpass the energy required to cause atomic ionization. The
frequency at which EMF changes from nonionizing to
ionizing is not strictly defined, but approximates the upper
ultraviolet frequency range (Table 1). The energy contained
within the 0 Hz–300 GHz frequencies is not sufficient to
create ionization or usually even a thermal change (unless
this is specifically induced), and it is this fact that has driven
much of the controversy over the existence of health effects of
non ionizing EMF (NIEMF). Energy contained in EMF is
occasionally presented as electronvolt energy, and it is
helpful to use this as a general measure to compare energy
presented by ionizing and nonionizing radiation. Table 2
shows representative electronvolt energies as a function of
frequency.

The proliferation of devices that generate NIEMF, recently
cellular mobile phones and mobile smart devices, has resulted
in an increase in the number of humans exposed to these fields,
and an increase in the constancy of exposure to these fields.
Human reaction to NIEMF exposure varies from no reaction
(the majority) to what is believed to be human hypersensitivity
to NIEMF, a claimed reaction to NIEMFmanifested by multiple
medical signs and symptoms. The terms NIEMF and nonion-
izing electromagnetic radiation (NIEMR) are often used
Table 1 Electromagnetic spectrum

Use Frequency Nonionizing/ionizing Wavelength

Electric power 60 Hz Nonionizing 106 m
AM radio 1 MHz Nonionizing
FM radio 100 MHz Nonionizing 3 m
Cell phones 1900 MHz Nonionizing w17 cm
Microwave oven 2450 MHz Nonionizing
Visible light 1014 Hz Nonionizing w500 nm
UV light 1015 Hz Nonionizing 10�7 m

Ionizing
X-rays 1018 Hz Ionizing 10�10 m
Gamma rays 1020 Hz Ionizing 10�12 m
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interchangeably, and this can cause confusion and misunder-
standing when discussing human health effects. As NIEMF
moves away from its source, it is radiating (becomes NIEMR).
The public perception of the term radiation is often negative,
and there is a tendency to assume that all radiation and its
effects, whether ionizing or nonionizing, are the same and
harmful. Most individuals are familiar with the consequences
of coming into contact with an electric current, which if strong
enough generates an unpleasant sensation. When we are dis-
cussing electromagnetic fields here, we are generally referring to
an insensible physical force.
Electromagnetic Fields

The EMF has two components, the electric field (E) and the
magnetic field (H); these vary in time and move together in
space. The two quantities are vectors and have magnitude and
direction. The electric field is generated by the presence of an
electric charge, and when there is flow of electric charges (an
electric current), a magnetic field is generated. Electric fields
and magnetic fields are strongest close to their sources, and are
reduced in strength rapidly with increasing distance from the
source. Unlike E fields, which can be attenuated by both
organic and inorganic materials, most materials commonly
used to shield E fields do not attenuate H fields. An electro-
magnetic field is characterized by its frequency (F) and its
wavelength (W) and are related mathematically as F � W ¼ C
(C ¼ speed of light). Frequency is the number of wave oscil-
lations per second and is termed Hertz; wavelength is the
distance between two consecutive wave amplitude maxima or
minima. The E field is measured in volts per meter, and the H
field is measured in amperes per meter. The other measure of
magnetic fields is magnetic flux density (B), which is expressed
in Tesla or Gauss (1 T ¼ 10 000 G). Static magnetic fields
(SMF ¼ 0 Hz) are non-time varying fields associated with
permanent magnets and direct (non-time varying) electric
current. The Earth, by way of its rotation and iron core,
generates an SMF at the Earth’s surface with an average strength
of 0.5 G (w0.05 mT). SMF in the Tesla range are very high for
most magnetic field situations; they are more likely to be mil-
liTesla or microTesla. Diagnostic medical magnetic resonance
imaging (MRI) equipment is typically 1.5–3 T.
Table 2 Approximate electronvolt energies of some EM frequencies
and the relationship to ionization

Frequency use Frequency – Hz eV

Radio waves 106 10�10 (Nonionizing)
Visible light 1014 1.5–3 (Nonionizing)
Ionization 10–12
Hydrogen atom ionization 13.6
X-ray 1017 103 (Ionizing)
Gamma rays 1019 105 (Ionizing)
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The strength of NIEMF is also designated as power density
(S), in watts per square meter. The use of S in the area far from
the radiating source can be used to specify exposure and safety
limits. Close to the source, the physical relationships are more
complex, and the specific absorption rate (SAR) is more helpful
in determining safe exposure limits. Resonance, as applied to
humans, is a term used to describe the frequency at which the
human body is believed to absorb RF energy maximally. For
humans, there are two frequencies felt to be resonant
frequencies: approximately 35 MHz if the individual has
a connection to ground, and approximately 70 MHz if there is
no connection to ground. Different areas of the human body
may demonstrate different resonances, and it is important to
recognize that body habitus has an effect on the resonant
frequency. It is not known what the exact application of reso-
nance is to the question of human health effects of nonionizing
radiation.
Health Effects/Toxicology

Thermal Effects and Nonthermal Effects

The harmful thermal effects of exposure to high levels of
NIEMR are well known and include: microwave-induced cata-
racts, thermal burns from RF and microwaves, muscle and
nerve damage, and changes in testicular function. However, it
should be noted that thermal generation is also used inmedical
practice for the treatment of human disease, including heart
disease and malignant tumors. Guidelines for exposure to
NIEMR are often based on energy levels causing thermal effects,
and applying those levels to determine safe exposure. Studies
have not established, with scientific certainty, that NIEMF
exposure below accepted limits and not generating thermal
injury is associated with adverse human health effects. For
example, despite the concern that there may be harmful effects
from exposure to RF, including frequencies associated with
cellular mobile telephones and smart devices (e.g., primary
brain malignancy), the data remain inconclusive. There are
some non thermal effects that are established and include (1)
The interaction of radio frequencies with cardiac pacemakers
and defibrillators. Newer models of these devices are equipped
to reduce interference. (2) The microwave auditory effect
(microwave hearing ¼ Frey effect) at RF of specific frequency
and power. Those under study were able to hear pulsed
microwave radiation but also noted headache and other
symptoms. (3) Indirect effects such as sensing electric currents
while in contact with a metallic structure exposed to an electric
field. (4) US Food and Drug Administration approved pulsed
magnetic field devices that are used in orthopedic practice for
bone growth stimulation.

One of the most controversial of the nonthermal effects of
nonionizing EMF is a medical condition known as electro-
magnetic hypersensitivity (EMH). In the sense of a medical
condition, the signs and symptoms of this condition are re-
ported to be an identifiable physiologic response of an indi-
vidual’s exposure to EMF. Affected individuals describe
multiple symptoms, including headache, fatigue, muscle and
nerve pain, and physical signs often manifested by skin rashes.
There is considerable variation in the number and severity of
the signs and symptoms described by individuals who believe
they have EMH, and for some, the constellation of these
manifestations is disabling. Based on what is known about
EMF, it has been difficult for medical specialists to create
a reproducible set of diagnostic criteria that could be applied to
this group of individuals to diagnose a specific malady or group
of maladies related to EMH. The World Health Organization
(WHO) has conducted workshops on EMH and has published
information on what is known about this potential medical
condition. Among the factors that complicate the analysis and
description of EMH as a specific human disease is that it has
been reported in very different electromagnetic frequency
ranges, including mobile phones and electric power. There is
no constellation of signs and symptoms that is pathognomonic
for EMH.

Other reported nonthermal effects are the possible inter-
actions of EMF with genetic material (genotoxic and carci-
nogenic effects, e.g., DNA damage, chromosome aberration,
gene mutation), effects on cell membranes, effects on the
thermoregulatory system, behavioral and cognitive disorders,
and various effects on physiological systems or organ. They
are at the center of the debate on nonthermal health effects of
NIEMF at RF, but there is agreement among experts that
supporting evidence for such reported effects is still insuffi-
cient or inconclusive or contradictory and requires further
study. Essentially, though there may be reproducible
nonthermal effects of biological systems in humans, this does
not automatically translate into human disease. The question
of short- and long-term effects of these fields on children
(primary brain malignancy and cognitive disorders) remains
an area of concern.

Individuals who require medical diagnosis using MRI are
often unaware of the differences in risk between technology
using ionizing radiation (e.g., chest X-ray; computed axial
tomography) and MRI using nonionizing technology. In
addition, health care providers ordering these tests are often
equally unaware of these differences, and therefore are not able
to explain them to the individuals being tested. MRI uses
magnetic fields and the atomic nuclear property of nuclear
magnetic resonance. It is generally thought that for imaging
human tissue with MRI, these units take advantage of the large
volume of the human body that is water. Scans generated by
the MRI are often referred to as weighted using the terms T1,
and T2. These designations refer to tissue relaxation time and
are used in the application and results of an MRI. Modern MRI
scanners used magnetic field strengths of 0.5–3.0 T (the
equivalent of 5000–30 000 G), although some MRI devices
used in research may have much higher magnetic field
strengths. The inherent danger of MRI scanners is that their
magnetic fields can attract metal objects, which can become
airborne or otherwise dangerous. A common requirement prior
to performing an MRI scan is to check for metal embedded in
the body (particularly around the eyes) that might migrate
during the scan and cause tissue injury. The magnetic field of
the MRI may also affect devices such as cardiac pacemakers or
stimulators for pain control, although steps have been taken to
reduce this risk.

With increasing airport security, scanners have been devel-
oped which use millimeter wave (mmw) technology for
imaging of the whole human body. These wavelengths are
approximately Terahertz frequencies and are nonionizing.



Table 4 Representative recommended restrictions ICNIRP
guidelines – 1998

Whole body

average

SAR w kg�1

Localized SAR

(head and trunk)

w kg�1
Localized SAR

(limbs) w kg�1

Occupational exposure
100 KHz–10 MHz 0.4 10 20
10 MHz–10 GHz 0.4 10 20
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There has been significant public anxiety about repeated
scanning in these units, although the data suggest there is
minimal risk in repeated exposure. The International
Commission on Non-Ionizing Radiation Protection (ICNIRP)
has reviewed pertinent data concerning human response to
mmw technology and has published guidelines for limiting
exposure, which indicate that human exposure to the mmw
technology power densities result in exposure at one-tenth that
recommended for the general public.
General public exposure
100 KHz–10 MHz 0.08 2 4
10 MHz–10 GHz 0.08 2 4
The Question of Carcinogenicity

The International Agency for Research on Cancer (IARC) of
the WHO met in 2011 to review the data on the relationship
between RF-EMF and carcinogenesis. The RF-EMF considered
were: (1) Occupational exposure to radar andmicrowaves; (2)
Environmental exposures associated with transmission of
signals for radio, television, and wireless communication; and
(3) Personal exposures associated with the use of wireless
telephones. This working group concluded that RF-EMF
should be categorized as Group 2B (possibly carcinogenic to
humans) based on the information available for gliomas
(primary human brain tumors) (Table 3). The question of
a causal relationship between extremely low frequency
magnetic fields and childhood leukemia remains. According
to the IARC classification, this connection is possible but
more evidence is needed (limited evidence; classified as
Group 2B).
Strategies Designed to Reduce Risk

Reducing the risk of thermal injury from NIEMF in the
workplace, especially RF, is part of the safe exposure stan-
dards established by federal (i.e., US Occupational Safety
and Health Administration), state, and other agencies.
However, exposure of the general public to NIEMF cannot be
controlled or measured in the same way. Many of the
scientific questions concerning health effects of NIEMF
remain unresolved, and the general public has been unset-
tled in their acceptance of scientific claims that major
nonthermal effects of NIEMF are unproven. There are those
who feel that due to this uncertainty, any risk is unaccept-
able. To address public concerns, the concepts of prudent
avoidance and precautionary principle have been applied to
this uncertainty. The essence of prudent avoidance is that
individuals should develop a rational thought process and
plan to reduce personal exposure to NIEMF, and that this
plan should be at a reasonable cost. This mitigation
Table 3 IARC human carcinogenesis classification

Group 1 Carcinogenic

Group 2A Probably carcinogenic
Group 2B Possibly carcinogenic
Group 3 Not classifiable as to carcinogenicity
Group 4 Probably not carcinogenic
technique relies on the individual to consider the risks posed
to them by NIEMF and decide which interventions are best
for them. The precautionary principle is a risk management
policy developed by decision-making bodies and applied in
circumstances where there is a high degree of scientific
uncertainty, reflecting the need to take action for a poten-
tially serious risk to human health without awaiting the
results of further scientific research. Kheifets has said that the
precautionary principle is equivalent to better safe than sorry
(see Further Reading). Despite the existence of prudent
avoidance and the precautionary principle as applied to
NIEMF, it has been said that it is difficult to apply preventive
measures when risk is hypothetical.
Exposure Limits and Guidelines

ICNIRP guidelines for limiting the development of human
health problems related to exposure to NIEMR are accepted by
many countries and decision-making entities. As a function of
the frequency, in general, limits are based on the potential of
low frequency electric and magnetic fields, as well as RF radi-
ation, to cause illness or injury through, respectively, the
induction of currents or the heating of body tissues. Some of
the relevant guidelines are shown in Table 4. This shows that
after developing guidelines for occupational exposure, the
calculation for the general public included an additional safety
factor.

Some of the other groups determining guidelines include:
The Institute of Electrical and Electronics Engineers, which
includes their Committee on Man and Radiation; the American
National Standards Institute; and the Federal Communications
Commission (FCC). The known danger to humans of absorp-
tion of electromagnetic energy is heating and electric current
induction, and guidelines usually reflect those endpoints.

The questions of health effects posed by exposure to NIEMF
would appear to be the basis for further research, but support
for further research is mixed. Without further investigation, it is
difficult for entities like ICNIRP to produce recommendations
on exposure limits. In 2012, both the American Academy of
Pediatrics and the Government Accounting Office asked the
FCC to review their standards established in 1996.

See also: Radiation Toxicology, Ionizing and Nonionizing;
Cell Phones.
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Overview

The US Emergency Planning and Community Right-to-Know
Act (EPCRA) establishes requirements for federal, state, and
local governments, Indian tribes, and industry regarding
emergency planning and Community Right-to-Know reporting
on hazardous and toxic chemicals. The Community Right-to-
Know provisions help to increase the public’s knowledge and
access to information on chemicals at individual facilities, their
uses, and releases into the environment. States and commu-
nities, working with facilities, can use the information to
improve chemical safety and protect public health and the
environment.

EPCRA was passed in response to concerns regarding the
environmental and safety hazards posed by the storage and
handling of toxic chemicals. These concerns were triggered by
the disaster in Bhopal, India, in which more than 2000 people
suffered death or serious injury from the accidental release of
methyl isocyanate. To reduce the likelihood of such a disaster
in the United States, Congress imposed requirements on both
states and regulated facilities.
Key Provisions of the EPCRA

Sections 301–303. Emergency Planning

Local governments are required to prepare chemical emergency
response plans, and to review plans at least annually. State
governments are required to oversee and coordinate local
planning efforts. Facilities that maintain Extremely Hazardous
Substances (EHSs) on site in quantities greater than corre-
sponding Threshold Planning Quantities must cooperate in
emergency plan preparation.
Section 304. Emergency Notification

Facilities must immediately report accidental releases of EHS
chemicals and ‘hazardous substances’ in quantities greater than
corresponding Reportable Quantities defined under the
0 Encyclopedia of T
Comprehensive Environmental Response, Compensation, and
Liability Act to state and local officials. Information about
accidental chemical releases must be available to the public.
Sections 311 and 312. Community Right-to-Know
Requirements

Facilities manufacturing, processing, or storing designated
hazardous chemicals must make Material Safety Data Sheets
(MSDSs) describing the properties and health effects of these
chemicals available to state and local officials and local fire
departments. Facilities must also report, to state and local
officials and local fire departments, inventories of all on-site
chemicals for which MSDSs exist. Information about chem-
ical inventories at facilities and MSDSs must be available to the
public.
Section 313. Toxics Release Inventory

Facilities must complete and submit a Toxic Chemical Release
Inventory Form annually for each of the more than 600 Toxic
Release Inventory chemicals that are manufactured or other-
wise used above the applicable threshold quantities.
Section 322. Trade Secrets

Facilities are allowed to withhold the specific chemical iden-
tity from the reports filed under sections 303, 311, 312, and
313 of EPCRA if the facilities submit a claim with substanti-
ation to EPA.

See also: Emergency Response and Preparedness.
Relevant Website

http://www.epa.gov/osweroe1/content/lawsregs/epcraover.htm – Emergency Planning
and Community Right-to-Know Act (EPCRA).
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01228-8

http://www.epa.gov/osweroe1/content/lawsregs/epcraover.htm
http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.01228-8
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Introduction

Every day throughout the world millions of tons of hazardous
chemicals or petroleum products are produced, transported,
stored, used, and disposed. Citizens live and work among
a wide variety of what are considered hazardous chemicals.
These chemicals or products, including radioactive and bio-
logical materials, are transported by trucks, trains, pipelines,
and ships and are used on farms and in fixed facilities such as
chemical plants. Hazardous substances also are found in many
consumer products and services that were used everyday,
including household cleaners, paints, batteries, dry-cleaning
processes, pesticides, andmany others. Petroleum products like
gasoline, diesel, crude oil, etc. are also used extensively in the
daily lives. Under normal conditions, these substances are
controlled and pose no threat to human life and the environ-
ment. But when they enter the environment through an acci-
dental release, they can adversely affect human health,
contaminate the land the water, and the air, with potentially
disastrous results. Nobody expects an emergency or disaster in
their community or at their workplace. However, the simple
truth is that emergencies and disasters happen everyday, at
anytime, and in any location. For example in the United States,
during 2010, there were 14 783 releases of hazardous materials
(hazmats) while in transportation, of which eight resulted in
fatalities. On average, over the last 5 years, there are more than
40 hazmat-related transportation incidents each day in the
United States. For 2010, the monetary damages from these
incidents exceeded $71 million. If oil spills are included, the
costs for 2010 are in the billions.

The US Department of Transportation (DOT) defines
a hazardous material (hazmat) as a substance or material that
has determined is capable of posing an unreasonable risk to
health, safety, and property when transported in commerce.
The term ‘Dangerous Goods’ is synonymous with hazardous
material and is used by the United Nations, Transport Canada,
the International Maritime Organization, the International Air
Transport Association, and other governmental originations
and international associations.

Emergency response and preparedness for hazardous
materials has continually shifted from hazmat releases being
the result of accidents to hazmat releases being used as
weapons of mass destruction (WMDs). Current discussions of
hazmat have identified a real potential for hazmat to be used
as weapons of mass effect, which takes into account the
potential effect on the public consciousness. Outside the
United States, WMD are known by many different abbrevia-
tions and acronyms, including CBRNE (chemical, biological,
radiological, nuclear, explosive), B-NICE (biological, nuclear,
incendiary, chemical, explosive), COBRA (chemical, ordi-
nance, biological, radiological agents), and NBC (nuclear,
biological, chemical).
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
In the United States, the governmental organization tasked
with preparedness, protection, and countermeasures from
WMDs is the Department of Homeland Security.

European countries currently do not have a ministry or
department equivalent to the US Department of Homeland
Security. In most of these countries, responsibility for different
aspects of homeland security and counterterrorism is scattered
across several ministries, and intergovernmental cooperation
plays a key role in addressing threats and challenges to domestic
security. In some countries, such as the United Kingdom,
Germany, and Belgium, responsibility for homeland security
affairs is also split among federal and regional or state govern-
ments. Whereas in Japan, the Japanese Defense Ministry is
responsible for homeland security. It is important to review the
applicablepolicies, rules, regulations, and recommendations that
are published relating to preparing for and responding to releases
of WMDs.

The following entry outlines current best practices to
prepare for and respond to a release of hazmat, irrespective of
whether the release is an act of terrorism or an accident. The
basic tenets of response to both are consistent. These basic
tenets include the following: the hazards are the same, the
equipment employable for material detection and moni-
toring will still work, the modeling software of plume
dispersion remains valid, and the personal protective equip-
ment (PPE) will continue to function as designed. Two
important distinctions need to be made. If the release is an
intentional act, responders should be aware of the possibility
of secondary devices that could be targeted at emergency
responders. In addition, if the release is an intentional act,
a crime scene will be established to gather and process
evidence. The crime scene and secondary devices will not be
discussed in this article.
Emergency Preparedness

Emergency Response Plan

An emergency response plan should be developed in order to
delineate how a facility responds to an emergency. The first
aspect of the plan is an inventory of the chemical, physical, and
biological hazards associated with the facility. The list could
include the storage, use, or transportation of hazardous mate-
rials, hazardous wastes, and hazardous substances. The US
Occupational Safety and Health Administration (OSHA), the
US Environmental Protection Agency (EPA), Transport Canada,
and the US Federal Emergency Management Agency (FEMA)
provide regulations and guidance in developing emergency
response plans. OSHA requires that the plan be developed and
implemented for anticipated emergencies. The plan must be
written and available for OSHA’s inspection. However, if the
facility’s procedures are to evacuate and have no employee
4-3.00084-1 321
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assistance during the emergencies, the facility is exempt from
having a written plan.

The written plan should include the following: (1) pre-
emergency planning and coordination with outside parties;
(2) personnel roles, lines of authority, training, and commu-
nication; (3) incident command; (4) emergency recognition
and prevention; (5) safe distances and places of refuge; (6) site
security and control; (7) evacuation routes and procedures;
(8) decontamination; (9) emergency medical treatment and
first aid; (10) emergency alerting and response procedure;
(11) critique of response and follow-up; (12) PPE and emer-
gency equipment; (13) coordination with local fire and police
personnel and the Local Emergency Planning Committee; and
(14) post-incident remediation and recovery.

When developing the emergency response plan, it is imper-
ative to determine the capabilities of the local civil responders,
including whether they are full or part-time, have hazardous
material training and to what level, and have knowledge of
facilities hazards and processes, and what response equipment is
available. Upon completion of the emergency response plan, the
plan should be evaluated through training including periodic
full-scale or tabletop exercises.

The National Fire Protection Association (NFPA) has pub-
lished internationally recognized standard for emergency
responders and emergency response planning. NFPA’s Stan-
dard 471 is the “Recommended Practice for Responding to
Hazardous Materials Incidents” and provides minimum
requirements that should be considered when dealing with
responses to hazardous materials incidents and to specify
operating guidelines for responding to hazardous materials
incidents. This recommended practice applies to all organiza-
tions that have responsibilities when responding to hazardous
materials incidents and recommends standard operating
guidelines for responding to such incidents. Planning proce-
dures, policies, and application of procedures for incident
levels, PPE, decontamination, safety, and communications are
specifically covered in this recommended practice.
Creating the Emergency Response Team

The emergency response plan will establish the need for an
emergency response team. The emergency response team can
either be staffed by in-house employees or by outside contractors
or a combination of both. When outside contractors are chosen
to provide a hazardous materials emergency response, they
should be evaluated for their training, regulatory compliance,
capabilities, equipment, and response times. In order to allow
the contractor to provide the best service, they should be
provided with the emergency response plan along with a list of
the chemical, biological, and physical hazards, including their
physical state, temperature, associated process, or package. In-
house responders can be full-time, part-time, or additional-duty
responders. The emergency response plan will establish the
responder’s required level of training and expectations.

A medical surveillance program must be developed that
complies with OSHA’s regulation (CFR 1910.120 (q) (9)),
which requires physical exams to be offered when an
employee becomes a responder. Physical exams are given
yearly, sometimes after exposure or upon termination from
the team.
If it is anticipated that responders will need the use of
respirators while responding, a respiratory protection program
must be developed in compliance with OSHA’s regulations
(29 CFR 1910.134).
Training the Emergency Response Team

When establishing a hazardous materials response team,
OSHA’s regulation for hazardous waste operations and emer-
gency response operations and emergency response, also called
HAZWOPER, must be followed. Under Title 29 CFR 1910.120,
OSHA includes hazardous waste operations and emergency
response, which have separate training requirements.

OSHA defines hazardous waste operations as facilities that
conduct treatment, storage, and disposal of hazardous wastes,
cleanup sites required or recognized by federal, state, and local
governments, and cleanup operations at uncontrolled
hazardous waste sites. Workers at these defined facilities or
locations are either general workers or occasional workers.
General workers, such as equipment operators, general
laborers, and supervisors, must have 40 h of initial training
with 3 days of supervised field experience. Workers who are at
the site only occasionally for a specific task, such as ground-
water monitoring and land surveying, must have 24 h of initial
training and 1 day of supervised field experience. In addition to
the initial training, general and occasional workers must be
provided with an annual 8-h refresher class. Initial and
refresher training should be on aspects of site safety and health
plan, hazards present at the site, PPE needed, and work practice
that can minimize risks from hazards. In a Spill of National
Significance (SONS) like the Deepwater Horizon oil spill,
a very large number of workers had to be trained in a very short
period of time. Consequently, training was conducted for
specific job duties and was typically completed in 4–8 h.

OSHA (1910.120 (q)) defines an ‘emergency response to
a hazardous substance release’ as employees engaged in
emergency response no matter where it occurs. OSHA separates
individuals who respond to these incidents into six levels, each
having its own training requirement. OSHA’s responder levels
are first responder – awareness level; first responder – opera-
tions level; hazardous material technician; hazardous materials
specialist; incident commander; and skilled support personnel.

A responder at the first responder – awareness level is in the
position to witness or discover a release. They can only initiate
an emergency response sequence. They cannot take offensive or
defensive actions. Their training consists of the following:
(1) to identify the hazardous substances and risks associated
with the materials; (2) to anticipate the potential outcome of
an incident; (3) to recognize the presence of a hazardous
substance; (4) to understand their role as being trained to the
awareness level; (5) to understand site security and the Emer-
gency Response Guidebook; and (6) to know when additional
resources are needed.

A responder at the first responder – operations level can
respond to the initial release to protect nearby persons, prop-
erty, or the environment. They can take defensive actions,
without trying to stop the release. They can also contain the
release from a safe distance. They should have had at least 8 h of
training or have had sufficient experience to objectively
demonstrate competency at the first responder – operation
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level. The employer shall certify that the First responder oper-
ations have the following: (1) knowledge of basic hazards and
risk assessment; (2) proper PPE selection; (3) understanding of
basic hazardous material terms; (4) understanding of basic
control, containment, and confinement; (5) knowledge of basic
decontamination procedures; and (6) understanding of relevant
standard operating and termination procedures.

A hazardous materials technician can take more aggressive
action toward hazardous materials incidents than an opera-
tions level first responder. They can plug, patch, and stop
a release. Their training is of at least 24 h, equal to that of the
first responder at the operation level; in addition, the techni-
cian must have competency and the employer shall certify that
competency in the following areas: (1) function of the Incident
Command System (ICS); (2) proper PPE selection; (3) hazard
and risk assessment techniques; (4) advanced control,
containment, and confinement operations; (5) decontamina-
tion procedures – or lack of decontamination; (6) termination
procedures; and (7) basics of chemical and toxicological
terminology and behavior.

A hazardous materials specialist can respond to and support
the hazardous materials technicians. They may have direct or
specific knowledge of various substances and can act as
a liaison between the federal, state, and local governments.
Their training is of at least 24 h, equal to that of the technician;
in addition, the hazardous materials specialists must have
competency and the employer shall certify that competency in
the following areas: (1) proper PPE selection; (2) specialized
control, containment, and confinement operations; (3)
decontamination procedure; (4) ability to develop site safety
and health plan; and (5) understanding of chemical, radio-
logical, and toxicological terminology and behavior.

The On-Scene Incident Commander (IC) assumes control
of the incident. Their training is of at least 24 h, equal to that of
the first responder at the operation level; in addition, they must
have competency and the employer shall certify that compe-
tency in the following areas: (1) knowledge and ability to
implement the employer’s ICS and emergency response plan;
(2) knowledge and understanding of the hazards and risks
associated with workers working in chemical protective
clothing; (3) knowledge and understanding of the state,
federal, or regional emergency response plan; and (4) knowl-
edge and understanding of the importance of decontamination
procedures.

Skilled support personnel are proficient in the operation of
certain equipment, such as earth moving or heavy lifting, which
is needed temporarily to provide immediate emergency
support which cannot reasonably be provided in a timely
fashion by an employer’s own employee or a contractor. Skilled
support personnel are not required to be trained. However,
they must receive an initial briefing at the site on the proper
use, function, and limitation of PPE, the chemical and physical
hazards involved, and the duties to be performed. All other
appropriate safety and health precautions that are provided to
the employer’s own employees should be used to ensure the
safety and health of these personnel.

All hazardous material responders shall receive annual
refresher training of sufficient content and duration to main-
tain their competency or demonstrate competency to the
employer yearly.
Trainers who instruct any of the responder levels shall have
satisfactorily completed a training course for teaching the
subjects they are expected to teach, such as at the US National
Fire Academy, and possess training and/or academic creden-
tials, instruction experience necessary to demonstrate compe-
tent instructional skills, and good command of the subject
matter of the course they are to teach.

NFPA’s Standard 472: Standard for Competence of
Responders to Hazardous Materials/Weapons of Mass
Destruction Incidents, which is an Internationally recognized
standard, that identifies the minimum levels of competence
required by responders to emergencies involving hazardous
materials/WMD. Similar to OSHA’s regulation, the NFPA
standard covers the competencies for awareness level
personnel, operations level responders, hazardous materials
technicians, incident commanders, hazardous materials offi-
cers, hazardous materials safety officers, and other specialist
employees.
Equipping the Emergency Response Team

In order to provide the proper equipment to the emergency
response team, a complete review of the chemical and physical
hazards and the function to be performed by the hazardous
materials responder should be done. This review will allow the
selection of the proper PPE and response equipment. OSHA, in
29 CFR 1910.120 Appendix A, describes four basic levels of
protection for the hazardous materials emergency responder:

l Level A: Positive-pressure self-contained breathing appa-
ratus (SCBA) or supplied air, totally encapsulated suit – gas
tight, inner and outer gloves, chemical-resistant boots with
protective toe, and hard hat.

l Level B: Positive-pressure SCBA or supplied air, hooded
coveralls or two-piece splash clothing, inner and outer
gloves, chemical-resistant boots with protective toe, and
hard hat.

l Level C: Full-face or half-face air-purifying respirator, splash
clothing or chemical-resistant coveralls, inner and outer
gloves, chemical-resistant boots with protective toe, and
hard hat.

l Level D: Coveralls, gloves, boots with protective toe, safety
glasses or splash goggles, and hard hat.

When selecting the type and manufacture of the PPE, the
purchaser should understand the functions being preformed by
the responder and the chemical and physical hazards associ-
ated with the operation. They must also know how the oper-
ation and chemical will effect the degradation of the suit,
gloves, and boots and the tactility and dexterity needed by the
responder. Especially when Levels A and B equipment is in use,
it is important not to overlook nonchemical hazards, such as
heat stress, cold stress, slip, trip and falls, moving equipment,
and lifting.
ICS and Structure

The ICS was developed in the 1970s after southern California
wildfires caused the destruction of 600 000 acres and 772
structures and 6 fatalities. Congress funded a study to analyze
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the problems and found a lack of common organization, poor
on-scene and interagency communications, inadequate joint
planning, lack of valid and timely intelligence, inadequate
resource management, and limited prediction capabilities. The
ICS was developed as a tool for command, control, and coor-
dination of resources at the scene of an emergency. Incident
command consists of procedures for organizing personnel,
facilities, equipment, and communication.

The United Nations recommended the use of ICS as an
international standard and ICS is widely used by agencies in
Canada and the United Kingdom. New Zealand has imple-
mented a similar system, known as the Coordinated Incident
Management System, Australia has the Australasian Inter-
Service Incident Management System. In Brazil, ICS is also used
by The Fire Department of the State of Rio de Janeiro (CBMERJ)
in every emergency or large scale events.

As a direct result of the National Commission on Terrorist
Attacks Upon the United States (i.e., 911 Commission) and the
leadership failures found during Hurricane Katrina, On 28
February 2003, President George W. Bush issued Homeland
Security Presidential Directive (HSPD)-5, Management of
Domestic Incidents, which directed the Secretary of Homeland
Security to develop and administer the National Incident
Management System (NIMS). NIMS was released by the
Homeland Security Secretary on 1 March 2004.

HSPD-5 required all federal agencies to adopt the NIMS and
to use it in their individual domestic incident management
and emergency prevention, preparedness, response, recovery,
and mitigation programs and activities. The directive also
required federal departments tomake adoptionofNIMSby state,
tribal, and local organizations a condition for federal prepared-
ness assistance beginning in Fiscal Year 2005. In addition, all
state, tribal, and local emergency personnel with a direct role in
emergencypreparedness, incidentmanagement or responsewere
to have completed NIMS training by 1 October 2005. All state,
tribal, and local personnel with any type of emergency assign-
ment must complete NIMS training by 1 October 2006.

The NIMS is intended to provide a consistent, flexible, and
adjustable national framework to enable federal, state, local,
and tribal governments and private sector and nongovern-
mental organizations to work together effectively and effi-
ciently to prepare for, prevent, respond to, and recover from
domestic incidents, regardless of cause, size, or complexity,
including acts of catastrophic terrorism. Based upon this goal,
the NIMS consists of the following components:

l Command and Management (ICS)
l Preparedness
l Resource Management
l Communications and Information Management
l Supporting Technologies
l Ongoing Management and Maintenance

One of the most important aspects of ICS is the span of
control. In an effort to minimize overtasking and to help ensure
good decision making, planning, and execution, no person
within the incident command has more than seven direct
reports, with the optimum number being five. The IC is
responsible for all aspects of the emergency. This includes, but is
not limited to, hazard mitigation, remediation, safety, evacua-
tions, and restoration. A public information officer provides
press releases and briefings in order to provide information on
the incident to the public and to minimize misinformation. A
safety officer is responsible for the safety of the incident and
always has the authority to shut down the site due to safety
issues. The liaison has the responsibility to work with other
agencies working outside the incident command. Operations
are responsible for the mitigation of the incident. Teams,
sections, or groups that could work under operations are entry,
decontamination, environmental remediation, and fire
suppression. Planning has the responsibility of developing the
operations for the response. The planning group looks hours or
days in the future and provides operations with their work plan.
Logistics is responsible for obtaining all of the materials needed
for the response and staging the resource(s) upon their arrival.
Upon receiving the operation plan from the planning section,
logistics ensures that the right materials are available to support
the response. Finance is responsible to know what has been
spent andwhatwill be spent and to start paying for the response.

The incident command should not be a means to obtain
control or authority for other agencies or departments, a way to
subvert the normal chain of command within a department or
agency, too big and cumbersome to be used in small everyday
events, or restricted to use by government and departments.
Similarly, the location of the command center should be as
close as practical to on-site operations.
Incident Analysis and Initial Response

Accidents involving hazardous materials or petroleum prod-
ucts must be evaluated and approached with great care.
Absence of visible warning labels, placards, etc., does not
guarantee that the material is harmless. An incident may
present such a high degree of hazard that the only safe course is
to evacuate or shelter in place. If you are the first on scene, your
first step is to call for help, and make appropriate notifications
to local, state, and federal emergency response personnel.
Provide as many details as possible, such as name, location,
and telephone number, location of the incident, type of vehicle
or container involved, wind direction and speed, identification
of any injuries, presence of smoke, fire, or fumes, presence of
marking, labels, or placards, carrier or facility name, etc. After
the initial report, attempt to ensure that all unnecessary people
are cleared from the site. Do not smoke, use flares, shut off
engine(s), and resist the urge to ‘run’ to the accident site and
rescue injured personnel until after the materials are identified
and the nature and severity of the hazard is assessed.

Remain a safe distance upwind. Use binoculars to survey the
area. Make notes such as location of the injured, the
surrounding hazards, location of threatened people, markings,
labels, or placards, note the number and types of vehicles, the
containers involved, and any visible damage and/or leakage.
Note the accessibility to the site and the possible escape routes
along with the weather conditions and any notable topo-
graphical features such as water bodies.

To be able to make rapid and sound decisions for appro-
priate resource allocation, there must be an understanding
of the hazards present, location of the incident, availability
of equipment, training and capabilities of the personnel,
and potential for the incident to ‘grow.’ To illustrate the
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interdependencies of these criteria, one has to look at a couple
of scenarios involving the same material and quantity released.
In scenario 1, you have a 1000 gal diesel fuel spill in the
parking lot of a truck stop, the parking lot is asphalt, and the
parking lot runoff is to a storm water collection pond. For
scenario 2, you have all the same incident facts, except that the
parking lot runoff is to a stream, livestock use the stream for
water, and 1000 ft downstream the water utility has an intake
for the potable water system. It is evident that analysis of
a response to these scenarios would not be the same. However,
the initial incident report from the truck stop or truck driver
may only be of a 1000 gal spill and the location of the incident.
It is through planning, training, and communication that the
additional information that is pivotal to making an appro-
priate and adequate analysis will be gained.

The IC must analyze the incident based on the facts and be
prepared to change the response tactics and allocated resources
as the situation reports mandate. The IC is a decision maker
and a delegator. To be effective, the IC must assign sector officer
responsibilities to qualified staff, encourage ideas and opinions
to be voiced through the command structure, insist on key
stakeholder participation, seek the input of experts and prac-
titioners alike, continually reevaluate the tactics and strategy,
and develop alternate plans.

An incident creates a dynamic environment, the decisions
made in the initial analysis and the corresponding responses are
critical to a desirable outcome. The continued thoughtful
consideration of the interdependencies between the hazards,
location, equipment, personnel, and cascading effects will make
for sound decision-making and appropriate resource allocation.
Response Actions

The method of accident mitigation is directly dependent on the
type of material involved and the interaction of that material in
the environment. The chemicals must be identified in order to
develop a prudent response. Failure to correctly identify
a material prior to mitigation may result in injury or exacer-
bating the incident. To help in the initial stages of an incident,
Ludwig Benner developed the DECIDE Process to guide
responders through this stage as follows:

DECIDE Process.
D – Determine if there is a hazard present by looking for

placards, signs, labels, or shipping papers.
E – Estimate likely harm without intervention: Identify the

possible damage if the incident is allowed to run its course
without intervention. There may be less danger to personnel,
equipment, and the environment by choosing this option.

C – Choose response objectives: Select the harm you want
to prevent (the exposures you want to protect against) before
you act.

I – Identify action options: With your objective in mind,
identify the options available to accomplish it. You must
consider your practical options before you act.

D – Execute the best option: When you have multiple
options, you should pick the option that provides a solution
with the greatest gain and the least loss.

E – Evaluate progress: Once you have decided on a course of
action, you must constantly monitor your progress.
If at all possible, the leak should be contained with dams,
dikes, or secondary containment. When applicable the leak
may be capped or the container can be patched. In order to
minimize secondary contamination, responders’ personal
protective clothing should be decontaminated prior to doffing.
Decontamination is also conducted on response tools and
equipment.
Chemistry and Toxicology

Chemistry

When responding to hazmat incidents, the general public and
first responders often have difficulty in accurately determining
the exact chemical(s) released. Confusion occurs because
chemicals are often identified by product or trade names,
placards, labels, or identification numbers, or have different
synonyms. Thus, one must first ensure the exact chemical
identification (ID). Product or chemical ID can best be deter-
mined by referencing the chemical’s Chemical Abstract Services
number (CAS#).

After identifying the exact chemical(s) for the incident, the
responder needs to obtain critical information about the
chemical’s physical/chemical properties in order to determine
the chemical’s principle hazards and environmental fate (e.g.,
how will it behave and move in the environment).

1. Physical state at 20 �C (68 �F) is used to determine the
nature of the chemical, in other words, if it is a solid,
liquid, or gas at a defined, typically ambient temperature.
Changing temperature may alter the physical state.

2. Boiling point is the temperature at which a liquid changes
to a gas under standard atmospheric pressure and is used to
determine if the chemical will become a gas during an
incident.

3. Vapor pressure is a measure of the relative volatility of
a chemical. A chemical with a high vapor pressure ‘gives off’
more vapors than a substance with a low vapor pressure at
the same temperature and thus would require consider-
ation as gas as well as a liquid or solid in a spill situation.

4. Vapor density is used to determine if a gas is heavier than
air and thus will accumulate in low spots. A vapor density
of less than 1 indicates that the vapor will be buoyant and
rise in air, and vice versa. Heavy vapors present a particular
hazard in the way they accumulate. If toxic, they may
poison workers or responders; if nontoxic, they may
displace air and cause suffocation; if flammable, they
represent a fire or explosion hazard. Examples of gases
heavier than air include chlorine, hydrogen sulfide, and
sulfur dioxide.

5. Water solubility is used to determine if the chemical will
mix with water, which is important in the handling and
recovery of spilled material.

6. Specific gravity (SG) of a liquid is used to determine
whether a spilled material that is insoluble will float or
sink. Materials heavier than water have SGs greater than 1
and materials lighter than water have SGs less than 1.

7. Flash point is the lowest temperature at which a chemical
gives off enough vapor to form an ignitable mixture with
air near the surface of the liquid when exposed to an
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ignition source. Flash point values are used to rate the
flammability or combustibility of a substance.

8. Autoignition temperature is the temperature at which
ignition occurs without an ignition source and the material
continues to burn without further heat input.

9. Flammable or explosive limits are the upper and lower
vapor concentrations at which a mixture will burn or
explode. LEL is the lower explosive limit and UEL is the
upper explosive limit.

10. Odor data or odor threshold values are used to help
determine the warning properties of the chemical (e.g., if it
can be smelled at concentrations below health guidelines
or standards).

Consideration should also be given to chemical incom-
patibilities (whether it will react with other chemicals),
combustion or decomposition products (hazardous gases),
and impurities or other chemicals or additives in the product.
Toxicology

Regardless of the specialization within toxicology, or the types
of toxicities of major interest to the toxicologist, essentially
every toxicologist performs one or both of the two basic
functions of toxicology, which are (1) to examine the nature of
the adverse effects produced by a chemical or physical agent
(hazard identification function) and (2) to assess the proba-
bility of these toxicities occurring under specific conditions of
exposure (risk assessment function). Ultimately, the goal and
basic purpose of toxicology is to understand the toxic proper-
ties of a chemical so that these adverse effects can be prevented
by developing appropriate handling or exposure guidelines.

Toxicologists typically divide the exposure of animals or
humans to chemicals into four categories: acute, subacute,
subchronic, and chronic. Of these four types of exposure, the
general public, emergency responders, or nearby workers typi-
cally involve a situation in which potential exposure exists on an
acute (<24 h) or subchronic (days to months) basis. Chronic
(months to years) exposure scenarios are unlikely because the
majority of the release of hazardous materials is typically con-
tained, neutralized, or remediated in a relatively short period of
time. For most hazardous materials, the toxic effects that follow
a single exposure are quite different from those produced by
repeated exposures. For example, the primary acute toxic
manifestation of benzene exposure is central nervous system
(CNS) depression but repeated exposures over a long period of
time can cause leukemia. Acute exposure to hazardous materials
that are rapidly absorbed into the body in most cases is likely to
produce immediate toxic effects. Conversely, in chronic expo-
sure scenarios, some immediate effects may occur after each
dose received in addition to the long-term, low-level, or chronic
effects of the toxic substance. Thus, emergency responders must
understand the specific type of exposure scenario they are
responding to in order to identify the potential type of toxicity
a chemical may cause in humans.

The major routes (pathways) by which hazardous materials
solids, liquids, gases, or vapors gain access to the body are the
gastrointestinal tract (ingestion), lungs (inhalation), skin
(topical, percutaneous, or dermal), and other parental (other
than intestinal canal) routes. Toxic agents generally produce the
greatest effect in the shortest period of time when given directly
into the bloodstream. However, rarely, if ever, does this route
of exposure occur during incidents involving hazardous
materials. During a hazmat incident, toxic agents most
frequently result from breathing contaminated air (inhalation)
and/or direct and prolonged contact of the skin with the
substance (dermal exposure). Comparison of the lethal dose
(LD) of a hazardous material often provides useful information
about its extent of absorption. For example, if the LD for an
agent by the oral or dermal route is similar to the LD after an
intravenous dose, the assumption is that the toxic agent is
absorbed easily and rapidly into the body. Thus, emergency
responders should evaluate the LD50 data (lethal dose to 50%
of the test organisms) for an agent using available information
such as Material Safety Data Sheets, toxicology literature, or the
DOT guidebook to help understand the most important routes
of exposure they want to protect against. Emergency responders
should also look for the concentration of the hazardous
material, they are dealing with and determine whether the
hazardous material is a single chemical or a mixture that
contains one or more chemicals at various concentrations.

The pathway by which a substance enters the body deter-
mines how much of it enters (rate and extent of absorption)
and which organs are initially exposed to the largest concen-
tration of the substance. For example, the water and lipid
solubility characteristics of a chemical affect its absorption
across the lungs (after inhalation), the skin (after dermal
application), or the gastrointestinal tract (after oral ingestion),
and the effect differs for each organ. Furthermore, the rate and
site of absorption (organ) may in turn determine the rates of
metabolism and excretion. So, changing the route of exposure
may alter the dose required to produce toxicity, and it may also
alter the organ toxicity that is observed.

Some toxic effects of hazardous materials are reversible, and
others are irreversible. If a chemical produces injury to a tissue
or cell, the ability of that tissue to regenerate largely determines
whether the effect is reversible or irreversible. For example,
most toxic injuries to a tissue such as the liver, which has a high
ability to regenerate, are reversible, whereas the injury to the
CNS is usually irreversible because the cells of the CNS cannot
divide and be replaced.

The general site in the body for toxic action of a hazardous
material can be local or systemic. Local effects refer to those
that occur at the site of first contact between the hazardous
material and the biological system. For example, chlorine gas
reacts with lung tissue at the site of contact, causing damage
and swelling of that tissue, and depending upon dose may be
fatal even though very little of the chemical is absorbed into the
bloodstream. Systemic effects of a hazardous material require
absorption into the blood, then distribution of the agent from
its entry point to a distant site in the body where adverse effects
are produced. Most chemicals (except for highly reactive
chemicals) cause systemic effects. Further, most hazardous
materials that cause systemic effects do not cause a similar
degree of toxicity in all organs. These agents typically elicit
a toxic response in only one or two organs. These organs or sites
are referred to by toxicologists as the target organs of toxicity.
The CNS is the most frequently affected by toxicity from
hazardous materials followed by the circulatory system, the
blood and hematopoietic system, visceral organs such as the
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liver, kidney, and lung and the skin. Muscle and bone are the
least frequent target tissues for hazardous materials.
Exposure Limits Used by Emergency Responders

Perhaps the greatest danger faced by the public, workers, or
emergency responders is inhalation of gases and vapors caused
by the release of hazardous materials to the environment. One
of the key tasks in responding to an incident involves identi-
fying, measuring, notifying, evacuating, sheltering, or otherwise
protecting populations that may be exposed to such gases or
vapors. To accomplish this task, the emergency responder must
identify, first, what chemical or chemicals are a human health
concern from the spilled product and, second, what are the
acceptable levels of these chemicals for workers, the public, etc.
Thus, the emergency responder must have a working knowl-
edge of the source and nature of available exposure limits for
airborne contaminants as well as an understanding of the
strengths and limitations of these exposure limits for their
intended use. The following are some recognized sources for
toxicology data for airborne contaminants:

1. American Conference of Governmental Industrial Hygien-
ists (ACGIH), threshold limit values (TLVs) time-weighted
average (TWA).

2. OSHA, permissible exposure limits (PELs) TWA.
3. National Institute for Occupation Safety and Health

Administration (NIOSH), immediately dangerous to life or
health (IDLH) levels. (These values were recently updated
2011.)

4. American Industrial Hygiene Association (AIHA), work-
place environmental exposure limits (WEELs).

5. AIHA emergency response planning guidelines (ERPGs)
and temporary emergency exposure limits (TEELs).
Currently, ERPGs are the only active internationally recog-
nized emergency exposure levels.

6. National Academy of Sciences (NAS)/National Research
Council (NRC) emergency exposure guidance levels
(EEGLs) and short-term public emergency guidance levels
(SPEGLs).

7. EPA National Advisory Committee for Acute Exposure
Guideline Levels (AEGLs) for Hazardous Substances.

The ACGIH, through its TLV committee, reviews available
data on chemicals to establish exposure limits for employees
working in the presence of airborne chemicals/substances. The
committee publishes a list of several hundred compounds and
recommended exposure limits in a booklet entitled Threshold
Limit Values and Biological Exposure Indices. The primary
purpose of the exposure limits is to protect healthy workers
in chronic exposure situations. Even though these limits are
intended to prevent toxicity from chronic exposures, they
nonetheless provide valuable guideposts for identifying expo-
sure limits that will usually be decidedly safe for short-term
acute exposures. Exposure limits established and published by
ACGIH are of several different types:

l TLV–TWA: The TWA concentration for a normal 8-h workday
and a 40-h workweek, to which nearly all workers may be
repeatedly exposed, day after day, without adverse effects.
l TLV–STEL: The TWA concentration to which workers should
not be exposed for longer than 15 min and which should
not be repeated more than four times per day, with at least
60 min between successive exposures. This limit supple-
ments the TLV–TWA where there are recognized acute
effects from a substance whose toxic effects are primarily of
a chronic nature. STELs are recommended only where toxic
effects have been reported from high short-term exposures
in either animals or humans.

l TLV-Ceiling (TLV-C): The concentration in air that should
not be exceeded at any point of the workplace exposure.
Ceiling limits may supplement other limits or stand alone.

In addition, the ACGIH occasionally enters the notation
‘skin’ after listed substances. This notation indicates the
potential for absorption of the chemicals through the skin,
eyes, or other mucous membranes and that such exposure may
contribute to the overall exposure. For emergency responders,
this notation indicates the need for special protective measures.

The OSHA sets safe and healthy workplace standards. When
OSHA was formed, they adopted the current ACGIH TLV–
TWAs and TLV-Cs as occupational exposure limits and made
them federal standards. However, instead of calling them TLV–
TWAs, OSHA called them PELs. OSHA has both TWA and
ceiling values for various chemicals. PELs are listed in Title 29
of the Code of Federal Regulations (CFR), Part 1910, Subpart Z,
General Industry Standards for Toxic and Hazardous
Substances. Emergency responders should understand that
ACGIH and OSHA values are not always the same for each
chemical.

NIOSH defines IDLH levels as the maximum airborne
contaminant concentration ‘from which one could escape
within 30 min without any escape-impairing symptoms or any
irreversible health effects’. Since, IDLH levels are only intended
for emergency situations, their concentration for a particular
chemical is considerably higher than OSHA and ACGIH values.

AIHA established a committee to develop WEELs for
chemicals which have no current exposure guidelines estab-
lished by other organizations. There are two WEEL limits for
most materials. The first is an 8-h TWA value similar to ACGIH
TLV–TWA values. The second, which is only available for
a limited number of cases, is a short-term TWA for exposure of
either 1- or 15-min duration.

AIHA ERPG values were developed for selected chemicals
by a task force made up of several major chemical companies.
The results of the task force for ERPG values have three limits
for each material:

l ERPG-3: The maximum airborne concentration below
which, it is believed, nearly all individuals could be exposed
for up to 1 h without experiencing or developing life-
threatening health effects.

l ERPG-2: The maximum airborne concentration below
which, it is believed, nearly all individuals could be exposed
for up to 1 h without experiencing or developing irrevers-
ible adverse or other serious health effects or symptoms
which could impair an individual’s ability to take protective
action.

l ERPG-1: The maximum airborne concentration below
which, it is believed, nearly all individuals could be exposed
for up to 1 h without experiencing or developing health
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effects more severe than sensory perception or mild irrita-
tion, if relevant.

In addition, TEELs are provided for 676 chemicals. The TEEL
is an interim, temporary, or equivalent exposure limit for
which official ERPGs have not yet been developed.

NAS/NRC has published a list of EEGLs and SPEGLs as
guidance in advance planning for the management of
emergencies.

SPEGLS are concentrations whose occurrence is expected to
be rare in the lifetime of any one individual. These values
‘reflect an acceptance of the statistical likelihood of a non-
incapacitating reversible effect in an exposed population while
avoiding significant decrements in performance’. They are
considered concentrations acceptable for public exposure
during emergencies.

EEGLs differ from SPEGLs in that they are intended to apply
to defined occupational groups.

The National AEGLs for hazardous substances has devel-
oped AEGLs on an ongoing basis to assist federal and state
agencies and private sector organizations with their need
for short-term hazardous chemical exposure information.
However, this committee has recently been stood down. AEGLs
represent short-term threshold or ceiling exposure values
intended for the protection of the general public, including
susceptible or sensitive individuals, but not hypersusceptible or
hypersensitive individuals. AEGLS represent biological refer-
ence values for this defined human population and consist of
three biological end points for each of four different exposure
periods of 30 min and 1, 4, and 8 h.

l AEGL-1 is the airborne concentration (expressed as ppm or
mgm�3) of a substance at or above which it is predicted
that the general population, including susceptible but
excluding hypersusceptible individuals, could experience
notable discomfort. Airborne concentrations below AEGL-1
represent exposure levels that could produce mild odor,
taste, or other sensory irritations.

l AEGL-2 is the airborne concentration (expressed as ppm or
mgm�3) of a substance at or above which it is predicted
that the general population, including susceptible but
excluding hypersusceptible individuals, could experience
irreversible or other serious long-lasting effects or impaired
ability to escape. Airborne concentrations below AEGL-2
but at or above AEGL-1 represent exposure levels that may
cause notable discomfort.

l AEGL-3 is the airborne concentration (expressed as ppm or
mgm�3) of a substance at or above which it is predicted
that the general population, including susceptible but
excluding hypersusceptible individuals, could experience
life-threatening effects or death. Airborne concentrations
below AEGL-3 but at or above AEGL-2 represent exposure
levels that may cause irreversible or other serious, long-
lasting effects or impaired ability to escape.

In addition to the above emergency response toxicity values
for various hazardous materials, various states have developed
their own values for acute and chronic situations. In some
emergency situations like the Deepwater Horizon crude oil
spill where the operation period was likely to be ongoing for an
extended period of time (i.e., months), longer term toxicity
values such as EPA’s Integrated Risk Information System (IRIS)
reference concentrations, EPA screening values, FDA’s accept-
able daily intakes (ADIs) or Agency for Toxic Substances and
Disease Registry (ATSDR) intermediate or chronic minimal risk
levels (MRLs) are often times used. It is important to remember
that RfCs, MRLs, ADIs, and screening standards are health
protective not health predictive toxicity values and definitely
not threshold values for the onset of toxicity. Too often these
values are construed as rigid threshold levels above which
toxicity is expected to occur. However, the truth is that these
values represent toxicity levels that are highly unlikely to be
a threat to human health over a particular/specified duration of
daily exposure.
Monitoring and Detecting Hazardous Substances

Detecting and quantifying gases, vapors, aerosols, and partic-
ulates during a chemical emergency are essential to protect
both response workers andmembers of the community. Proper
air monitoring/sampling can be used to determine a multitude
of key questions during a chemical incident including the
following: (1) Can workers safely perform their necessary tasks?
(2) Does PPE need to be upgraded or can it be downgraded?
(3) Do evacuation zones need to be expanded or can they be
reduced?

There are essentially two types of methods used to detect
and quantify hazardous chemicals – air monitoring and air
sampling. Air monitoring involves the use of direct-reading
instruments or real-time instruments. These instruments can
be used to obtain nearly instantaneous concentrations of a
hazardous substance in the field. Direct-reading instruments
generally have a short response time from seconds to minutes,
depending on the type of instrument. Results are usually dis-
played on an LCD screen or a color change can be compared
with a calibrated scale as in the case of colorimetric detector
tubes. Many direct-reading instruments are capable of data
logging, which alleviates the need for the user to hand log every
reading and allows more detailed statistical analyses down-
stream. There are many different subclasses of real-time
instrumentation such as photoionization detectors (PIDs),
flame ionization detectors, combustible gas instruments,
infrared spectrophotometers, ultraviolet (UV) spectrophotom-
eters, electrochemical sensors, and colorimetric devices. Direct-
reading instruments are powerful tools in the field because
important decisions can be made in a relatively short time
frame.

Direct-reading instruments can be used to monitor
a specific chemical or can be used to monitor multiple
chemicals. All direct-reading instruments are designed to
operate in a specific detection range, which depends on the
manufacturer and the properties of the chemical. All direct-
reading instruments should be calibrated prior to performing
any type of analysis regardless of the circumstances in which
they will be used. It is also important to pay close attention to
the particular manufacturer’s technical notes regarding the
instrument. For example, every PID operates on the same
fundamental principle; however, correction factors for
a specific chemical could vary greatly between instruments by
different manufacturers.
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As opposed to air monitoring, air sampling involves col-
lecting an air sample for subsequent analysis by a laboratory
using one or multiple methods such as ion chromatography,
gas chromatography, or high-performance liquid chromatog-
raphy. Air sample collection can be performed using several
methods and mediums. These mediums include sorbent tubes,
filter cassettes, Summa� canisters or mini-cans, and impingers.
The method used to collect an air sample depends on the
properties of the chemical being studied and the goal of the
study. With the exception of the Summa� canister, a sampling
pump is used to pull air through a medium, such as a sorbent
tube, at a determined flow rate. The sampling pump is cali-
brated both before and after the sampling event and an average
flow rate is obtained. The flow rate along with the total
sampling time is used to determine the volume of air that has
passed through the medium and thus a concentration can be
determined.

Summa� canisters are evacuated cylinders that allow the
attachment of regulators that collect air over a preset time
period. Common regulators are instantaneous (grab), 8 h, and
12–8 h regulators.
Industrial Hygiene Issues

Emergency personnel responding to an incident are gener-
ally focused on a variety of concerns such as controlling
a leaking or venting container, evacuating the area, or
assessing the situation. When performing these activities,
they are often exposed to a variety of hazards. These hazards
can be classified as chemical, physical, radiological, or
biological.

Hazards associated with exposure to chemicals are usually
the primary concern. However, other hazards may be more of
a concern than the potential effects from short-term exposure
to a chemical. Physical hazards include thermal stress, noise,
fire and explosion, fatigue, and general safety concerns such as
slips, trips, and falls, fall protection, and moving vehicles.
During the Deepwater Horizon crude oil spill, heat stress was
the number one hazard to cleanup workers. Thermal stress
(heat more so than cold) is almost always a concern for
responders, particularly when working in protective clothing
designed to shield them from skin contact with chemicals. In
warm weather, moderate work activity in protective clothing
can cause a rapid increase in the core temperature. In cold
weather, the protective clothing often traps heat and insulates
the responder from the cold. If the protective clothing is
removed outdoors, perspiration can lower the core temperature
and lead to hypothermia and frostbite. Noise from heavy
equipment and remediation activities can exceed occupational
levels. When working around chemicals, there are always
concerns about fire and explosion. Responders are typically
confronted with walking on uneven, wet, and slippery terrain.
This coupled with carrying equipment and wearing protective
clothing increases the likelihood of a fall. It is common for
responders to work at elevated heights or below grade tasks.
These conditions increase the chances of injuries to personnel
or from falling objects. During most incidents, the amount of
vehicle and equipment traffic increases and responders must
always be concerned about these potential hazards.
Additionally, responders often work long hours without
adequate rest between shifts and fatigue has the potential to
magnify each of these potential hazards.

Air monitoring should be performed on hazmat personnel
to ensure that workers are not overexposed to chemicals and to
comply with applicable regulations such as the OSHA stan-
dard. Note that some chemicals have substance-specific stan-
dards that need to be followed during an incident. The OSHA
has established substance-specific standards for 30 chemicals
that they have identified as unique and in need of specific
guidance. Employees potentially exposed to a chemical with
a specific standard must be monitored and protected in
accordance with that chemical’s specific standard. A substance-
specific standard may require integrated air monitoring for 8-h
TWA exposure, STEL monitoring, real-time air monitoring, or
various forms of biological monitoring.

Regulations regarding the use and transport of ionizing
radioactive material help to minimize the likelihood of
encountering radioactive materials during an incident.
However, responders should be familiar with the radiation
symbol and ask if there is any potential for exposure to ionizing
radioactive materials. A more likely hazard is exposure to
nonionizing radiation, in particular UV radiation from the sun
that can cause sunburn to unprotected skin and eye damage in
a short amount of time. Other nonionizing radiation activities
that responders may encounter include welding and the use of
devices that use lasers.

Because of recent events, the awareness of responders to
biological hazards associated with WMD has increased.
These biological agents are certainly a matter of concern, but
other biological hazards exist that responders are more likely to
encounter. These include poison plants, biting and stinging
insects, reptiles, and infections of cuts and scrapes. Responders
who administer first aid should be trained in universal
precautions for protection against blood-borne pathogens.
Additionally, responders should practice good personal
hygiene to protect themselves from exposure to infectious
agents in water and on surfaces typically transmitted by hand-
to-mouth contact.
Overview of Consequence Analyses for Emergency
Planning and Response

Mathematical models provide emergency planners and emer-
gency responders a tool to effectively evaluate hazards, plan for
emergencies, and respond appropriately to incidents. With
constant improvement in computer speed and network access
speed, this field is one which has been experiencing tremen-
dous growth over the last 5 years, and one which will likely
continue to morph rapidly for years to come.

Consequence analyses for emergency planning generally
take the form of risk assessments. Risk assessments utilize time-
averaged data or probability curves to determine the likelihood
that a situation poses a hazard. For example, to determine the
hazard posed by a chemical facility to the surrounding area,
one would compile meteorological data for the area, assess the
chemical hazards stored at the facility, locate sensitive pop-
ulation zones, identify potential evacuation routes, and so on –

defining as many variables as possible based on available data.
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Variables that fluctuate over time, such as wind speed or
direction, can be defined by time-averaging data or by gener-
ating a probability distribution, and utilizing values from the
distribution proportionally over a number of model runs.
Monte Carlo model simulations combine probability distri-
butions of multiple variables and account for all combinations
of those variables by running multiple scenarios, and essen-
tially averaging the result.

Due to the wide range of variables present in emergency
planning, computer models used for emergency planning
require a great deal of time for development of input param-
eters. Examples of EPA-approved models which can be used for
long-term planning are the Industrial Source Complex (ISC),
CAL-PUFF, SCREEN3, ROADS, and MOBILE5. Each of these
models is designed to address specific nuances of potential
hazards. For example, it is possible to model the dispersion of
biological agents (particulate matter) with ISC, while some
other models do not have that capability.

Consequence analyses for emergency response address
specific issues resulting from an incident. This type of conse-
quence analysis includes what-if scenarios (e.g., what if a railcar
experiences a boiling liquid expanding vapor explosion due to
an impinging fire) and hazard assessment during the early
minutes of an incident. The goal of emergency response
modeling is to aid the first responder in critical decision
making, such as when to shut down roads or stand down
evacuations.

Unlike modeling for emergency planning, emergency
response modeling utilizes on-site information specific to an
ongoing incident. On-site information such as maps, meteo-
rological data, topographical data, and others must be readily
available to the model and easy to input. Time is of the essence
when modeling during an emergency. Models that are used for
this purpose include ALOHA, DEGADIS, and SLAB (dense gas
models), SAFER STAR� (for mobile sources), SAFER REAL-
TIME� (for fixed facilities), SEVEX, and others.
Establishing and Managing Hazard Zones

In establishing a hazardous materials emergency response,
three hazard zones should be established, namely, the exclu-
sion, contamination reduction, and support zones. In the
exclusion zone, a high level of contamination is present and
overexposure, without the use of PPE, is likely. Therefore, PPE
is typically required. Personnel, with the exception of skilled
support personnel, must be trained. The exclusion zone may be
activity specific for operations that can generate high levels of
contaminants.

The contamination reduction zone is the area between the
highly contaminated area and the noncontaminated area.
Reasonably, the decontamination area is often located in the
contamination reduction zone. PPE in the contamination
reduction zone is usually one level of protectionbelow that of the
worker in the exclusion zone. Because airborne levels within the
contamination reduction zone can be unpredictable and can
change quickly, evacuations within this area is recommended.

The support zone is where the majority of the incident
command structure is located. No exposures are likely in the
support zone. No training or PPE is required in the support zone.
The zones are determined by using air monitoring and by
identifying the type of operations to be conducted. Natural
barriers, such as roads, building, and trees, are a good way to
define where the zones should be located. If natural barriers are
not available, barrier tape can be used to demarcate the
different zones.
Triage and Medical Case Management

Sorting and prioritizing patients for treatment is referred to as
triage. Triage establishes the organizational framework to
provide the greatest good for the greatest number of casualties.
The word triage comes from the French word ‘trier’ meaning to
sort or to cull. Triage is not a static process but one that occurs
at every level of medical care and preferably several times. The
first triage performed will be at the scene of the incident, the
second upon arrival at a medical facility and subsequently with
each patient encounter in the medical treatment process.

In order for healthcare providers to triage chemically
exposed casualties effectively and appropriately, they must be
provided with accurate and timely information about the
chemical release. This information should include a descrip-
tion of the chemical of concern including synonyms, physical
properties, and applicable exposure standards. In addition,
healthcare providers will need pertinent toxicological infor-
mation on the potential routes of exposure involved, target
organ systems, dose–response relationships, potential exposure
sequelae, the risk, if any, of secondary exposure to healthcare
staff and facilities, and recommended medical procedures to be
followed for exposed individuals.

An important component of responding to a significant
chemical incident is to prepare and provide a Public Health
Statement/Patient Information Sheet to the healthcare facility.
The healthcare provider can then disseminate this objective
toxicological information to all treated individuals and the
community at large to both educate and allay fears within the
local population.

Healthcare facilities need to expect that in case of a chemical
event, many people are likely to self-evacuate and present to
medical facilities. In order to maintain some control, it is rec-
ommended that all access and egress at treatment facilities be
controlled and monitored to prevent contamination of non-
contaminated individuals and facility areas. It is helpful to have
law enforcement involved to provide security and crowd
control.
Crisis Communication

Communicating with the general public after a chemical
release (often referred to as ‘crisis or risk communication’) is
a vital component of emergency response. The public needs to
know information important to their health and safety and
they usually have questions regarding the extent of the chem-
ical release and response efforts being conducted. In addition,
the Responsible Party has a desire to effectively communicate
to the public. Communication efforts that are truthful, timely,
well-planned, and quickly delivered can effectively address
residents’ concerns and convey the important information that
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competent and effective work is being done to solve the
problem. In addition, good communication can help the
public understand potential health impacts of chemicals. On
the other hand, poor communication or no communication by
response officials usually compounds or creates problems,
resulting in confusion, anger, the misperception that ‘nothing
is being done’, and loss of trust and credibility, issues that may
have impacts long after the response is over.

Knowledge gained from previous chemical releases shows
the need to:

l Identify the local stakeholders and understand their
concerns, so that educational efforts are focused on topics
considered relevant by the public, in addition to informa-
tion that is necessary to protect public health.

l Distill complex information into three main points and
provide supporting factual information for each main point
in an understandable way.

l Provide information in a timely manner before rumors and
misinformation become established in people’s minds. If
there is a lack of information, people usually assume the
worst.

l Identify and contact local agencies or other credible groups
that can help educate the public, such as poison control
centers, local health departments, and emergency room
physicians and nurses. Then, ‘educate the educators’ with
facts regarding the response.

l Provide perspective and context to information found on
the Internet or other public sources.

Experience with previous chemical releases shows that it is
helpful to have a crisis communication team consisting of
a toxicologist and other professionals experienced in commu-
nicating with stakeholders as part of the response.
Site Remediation

Site remediation is the environmental cleanup of the site after
the emergency has been completed. Gross contamination
should be removed and properly disposed in accordance with
applicable state and federal regulations. Cleanup standards are
negotiated with the applicable state or federal agencies.
Post-Response Recovery

Before an incident is stood down and people return to their
homes and businesses, incident command needs to be
prepared to address questions such as: What was the
chemical(s)? How can it affect my health? Is the air safe? Is my
drinking water safe? Is my food safe (there may have been
a power outage)? What about food left out on the table? Do
I need to clean my house? What about my pet? Is it okay to
turn on my air conditioner and return to normal household
activities? This information can be provided in a handout or at
a public meeting. Also, consider providing a list of contacts
and phone numbers for people to call in case they have
questions regarding their health and property. After the
emergency incident has been mitigated and people have
returned to their homes, it is important also to address
medical concerns and public relations, including risk
communication. The command’s public information team
should continue to provide information to the public on the
risks associated with the type and quantity of the material
released during the incident, the status of the environmental
remediation, and the amount of material still in the environ-
ment. Following the above guidelines can help restore the
community to normal operations with minimal disruption to
people’s lives.

See also: Chemical Hazard Communication and Safety Data
Sheets; Environmental Protection Agency, US; Flavor and
Extract Manufacturers Association; Hazard Identification;
Hazardous Waste; Occupational Safety and Health
Administration.

Further Reading

CHEMM (http://chemm.nlm.nih.gov).
Disaster Information Management Research Center (http://disaster.nlm.nih.gov).
REMM (http://www.remm.nlm.gov).
WISER (http://wiser.nlm.nih.gov).
Relevant Websites

http://www.bt.cdc.gov – Emergency Preparedness and Response (from the US Centers
for Disease Control and Prevention).

http://www.epa.gov – Emergency Response (from the US Environmental Protection
Agency).

http://hazmat.dot.gov – Emergency Response Guidebook (from the Office of Hazardous
Materials Safety, US Department of Transportation).

http://bookstore.gpo.gov – Emergency Response Publications (from the US Govern-
ment Printing Office).

http://www.fema.gov – Federal Emergency Management Agency.
http://www.cdc.gov/niosh/topics/emergency.html – National Institute for Occupational

Safety and Health (NIOSH).
http://www.osha.gov/SLTC/emergencypreparedness/ – Occupational Safety and Health

Administration (OSHA) Emergency Preparedness and Response.
http://www.nrc.uscg.mil/nrsinfo.html – United States Coast Guard National Response

Center.
http://www.csb.gov – US Chemical Safety and Hazard Investigation Board.

http://chemm.nlm.nih.gov
http://disaster.nlm.nih.gov
http://www.remm.nlm.gov
http://wiser.nlm.nih.gov
http://www.bt.cdc.gov
http://www.epa.gov
http://hazmat.dot.gov
http://bookstore.gpo.gov
http://www.fema.gov
http://www.cdc.gov/niosh/topics/emergency.html
http://www.osha.gov/SLTC/emergencypreparedness/
http://www.nrc.uscg.mil/nrsinfo.html
http://www.csb.gov
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Endocrine System Overview

In order to survive, grow, and reproduce, a multicellular
organism, including human, must have effective coordination
between tissues, organs, and organ systems to meet physio-
logical demands and environmental challenges. The endocrine
system responds to internal and external conditions and
communicates via hormones produced by secretory cells in
ductless organs and tissues. Hormones, as biological messen-
gers in the forms of glycoproteins, polypeptides, peptides,
steroids, or modified amino acids, travel through blood and
lymphatic circulations to target organs and tissues in other
parts of the body. Endocrine secretory cells are primarily
located in the hypothalamus, pituitary, thyroid, parathyroid,
brown and white adipose tissues, pancreas, adrenal glands,
ovaries, and testes (Figure 1). Other hormone secretory cells
can be found in the placenta, liver, kidneys, and cells of the
gastrointestinal tract. In target cells, the binding of a hormone
to receptors modulates a sequence of cellular responses that are
both hormone and receptor-type specific.

Mammary glands, reproductive organs, bones, muscle, and
adipose tissue are considered the major targets of endocrine
regulation; however, the functions of almost all cells in the
body are modulated by multiple hormones. Hormones also
modulate the activities of the immune system and central
nervous system, and dysfunction of the latter can have
profound impacts on behavior and an organism’s sense of well-
being.

One of the basic functions of the endocrine system is to
maintain a relatively stable cellular environment when faced
with internal and external challenges. Internal physiological
challenges include reproduction, growth, stages of develop-
ment, and other stresses. External environmental challenges
include light cycles, temperature, nutrient availability, and
exposure to pathogens and toxicants. A single challenge may
alter the synthesis and secretion of multiple hormones, and
each hormone may elicit responses from multiple target cells,
depending on the presence of hormone-specific receptors.
Hormones that have broad impacts on cellular activities and
energy metabolism, such as glucocorticoids, thyroid hormone,
and leptin, have receptors present in almost all organs and
tissues in the body.
Figure 1 Major endocrine organs in the body.
Receptors as Signal Translators

Hormones identify target cells by the presence of specific
receptors. A receptor is a signal translator, capable of binding to
a specific hormone and relaying its message to increase or
decrease certain biochemical reactions. The intensity of
a cellular response depends on the concentration of a hormone
that is available to the target cells, the number of receptors
present, and the receptors’ binding affinity for the hormone.

Receptors are proteins and can be found in various locations
throughout a cell. In general, receptors for protein and peptide
332 Encyclopedia of T
hormones are transmembrane proteins on the cell surface,
while steroid and thyroid hormone receptors are found in the
cytoplasm or in the nucleus. Once a hormone binds to
a receptor, the resulting hormone–receptor complex can elicit
cellular responses either by triggering nongenomic signaling
events, such as through protein phosphorylation and enzyme
activation, or by regulating transcriptional activity through
genomic mechanisms. The nongenomic signaling pathways
are usually faster than the nuclear genomic pathways. These
responses can have impacts on nutrient utilization, energy
metabolism, growth, and differentiation, including pro-
grammed cell death. Hormones can also modulate the
synthesis and secretion of other hormones when the targets are
other endocrine secretory cells.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00377-8
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Negative Feedback Mechanism

Negative feedback is a major control mechanism for the
maintenance of homeostasis. When there has been an adequate
amount of hormone in circulation or sufficient cellular
responses in the target organ, this information is transmitted
back to the source of the regulatory factors that have stimulated
the hormone production. This type of feedback mechanism,
when it negatively impacts on the further production of the
regulatory factors, prevents overstimulation of target tissues
and promotes cell state stability. For example, testosterone
production in the testes is regulated by a circular chain of
regulatory commands (Figure 2). The hypothalamus, located
in the base of the brain, produces gonadotropin-releasing
hormone (GnRH), which travels through capillary blood
vessels to the pituitary gland to stimulate the production of
luteinizing hormone (LH). Once released, LH travels through
the general circulation to the rest of the body. In the testes,
LH binds to the LH receptors on the surfaces of Leydig cells
to stimulate the production of testosterone, which is essential
for sperm production and secondary sexual characteristics.
Testosterone produced in the testes travels through testicular
veins into the general blood circulation, which will deliver it to
the rest of the body, including the hypothalamus and the
pituitary gland. Sufficient amounts of testosterone in the blood
of a male animal, as well as a human male, will send negative
feedback signals to the hypothalamus and the pituitary gland.
The result is the reduced production of GnRH and LH, thus
decreasing the stimulus for further testosterone production in
the testes.
Environmental and physiolo

Hypothalamu

GnRH

Pituitary gland
FSH

Ovaries

Follicle  
development

InhibinEstrogens

Uterus
Proliferation phase 

Figure 2 Chain of command and feedback regulation of sex hormones in fe
Positive Feedback Mechanism

In female animals, including women, estradiol exerts both
a negative feedback and a positive feedback mechanism in the
hypothalamus, depending on the stage of the estrus cycle.
During diestrus, the initial low production of estradiol has
a negative feedback effect on GnRH and LH production,
a mechanism similar to the negative feedback mechanism of
testosterone on GnRh and LH. On the contrary, during proes-
trus, at its peak concentration, estradiol stimulates the release
of GnRH, which in turn induces a surge of LH in the pituitary
gland (Figure 3). This positive feedback-induced LH surge,
timed for oocyte maturation, is an essential trigger for ovula-
tion. The switch from the negative feedback to the positive
feedback action, after prolonged priming of the female hypo-
thalamus by estradiol, appears to be dependent on the
synthesis of progesterone and the induction of the proges-
terone receptors in the hypothalamus. In males, estrogens
function with testosterone to promote testicular development
and sperm production. However, no LH surge can be elicited
by estrogens in males. Rather, the release of LH in normal
males is primarily under the negative feedback regulation by
testosterone.
Major Endocrine Axes and Pathways

In scientific literature, description of major endocrine pathways
are often simplified and referred to as individual axes or
systems. The most frequently encountered examples are
the hypothalamic–pituitary–gonadal axis, the hypothalamic–
gical challenges  

Negative feedback
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Figure 3 Chain of command and feedback regulation of sex hormones in males.

Table 1 Major neurohormonal axes of endocrine feedback control
pathways

Hypothalamic–pituitary–gonadal axis
Hypothalamus

GnRH
Pituitary gland

LH
FSH

Ovaries
Estrogens
Progesterone
Inhibin
Androgens (a small amount)

Testes
Androgens
Inhibin
Estrogens (a small amount)

Hypothalamic–pituitary–thyroid axis
Hypothalamus

TRH
Pituitary gland

TSH
Thyroid gland

Thyroid hormones
T4
T3

Hypothalamic–pituitary–adrenal axis
Hypothalamus

CRH
Anterior pituitary of pituitary gland

ACTH
Adrenal cortex of adrenal glands

Adrenocortical hormones
Glucocorticoids (mainly cortisol)
Estrogens (a small amount in both sexes)
Androgens (a small amount in both sexes)
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pituitary–adrenal axis, the hypothalamic–pituitary–thyroid
axis (Table 1), the renin–angiotensin–aldosterone system
(Table 2), and the hypothalamic–pituitary–adipose axis
(Table 3).

The hypothalamic–pituitary–gonadal axis refers to the
interactive relationships among GnRH, produced in the
hypothalamus; LH and follicle-stimulating hormone (FSH),
produced in the pituitary gland; and the sex hormones, which
are primarily produced in the ovaries and testes. Estrogens,
the primary female sex hormones, include estrone (E1), estra-
diol (E2), and estriol (E3). Androgens, the primary male
sex hormones, include testosterone, dihydrotestosterone, and
androstenedione. Despite the sex-specific prefix, testosterone is
also produced and required in females for reproductive func-
tions and metabolic homeostasis, as is estradiol in males.

The hypothalamic–pituitary–adrenal axis refers to the rela-
tionships among corticotropin-releasing hormone (CRH),
produced in the hypothalamus; the adrenocorticotropic
hormone (ACTH), produced in the pituitary gland; and the
glucocorticoid hormones, produced in the adrenal glands.
Glucocorticoid hormones are modulated in response to
physical and emotional stress, as well as by the sleep/wake
cycle. Through the hypothalamic–pituitary–adrenal axis, the
frequencies and duration of different types of stress stimuli
convey differential impacts on immune function and mental
health. Glucocorticoids also play vital roles in fetal develop-
ment, especially in lung, liver, kidney, and brain tissues.

The hypothalamic–pituitary–thyroid axis refers to the rela-
tionships among thyrotropin-releasing hormone (TRH),
produced in the hypothalamus; thyroid-stimulating hormone
(TSH), produced in the pituitary gland; and the thyroid
hormones. Thyroid hormones include thyroxine, 3,5,30,50-
tetraiodothyronine (T4) and 3,5,30-triodothyronine (T3),
produced in the thyroid gland. While T4 is the predominate



Table 3 Hypothalamic–pituitary–adipose axis

Hypothalamus
NPY
Alpha-melanocyte-stimulating hormone
Orexins

Pituitary gland
Pituitary hormone production under the influence of leptin

Pancreas, beta cells of the islets of Langerhans
Insulin

Adipose tissue
Leptin
Adiponectin

Gastrointestine
Ghrelin
Cholecystokinin
Peptide YY

Table 2 Renin–angiotensin–aldosterone system

Hypothalamus
Preprohormone of vasopressin

Posterior pituitary
Vasopressin

Liver
Angiotensinogena

Kidney
Renin

Capillaries (mostly in the lungs)
ACE

Red blood cells and vascular beds of most tissues
Angiotensinases

Adrenal cortex
Mineralocorticoids (mainly aldosterone)

aAngiotensinogen is also produced in cardiac myocytes, proximal tubular cells of the
kidneys, and adipocytes.
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form of thyroid hormone found in the blood, T3 is much more
active than T4. Most T4 circulating in the blood is bound to
transport proteins, which serve as a reservoir for T3, as needed.
In target cells, T4 is converted to the active form T3 by either
type I or type II deiodinase, depending on the tissue. Type I and
type III deiodinases can also convert T4 to reverse triiodothy-
ronine (3,30,50-triiodothyronine or rT3), which acts as a strong
inhibitor of T4 to T3 conversion. Thyroid hormones, in general,
regulate the rate of basal metabolism, cell differentiation,
neuronal maturation, long bone growth, and heat generation.
However, various physiological or environmental challenges
can elicit different responses at the target tissues, depending on
the type of deiodinase enzymes activated.

The renin–angiotensin–aldosterone system is a highly
coordinated hormonal cascade that governs blood pressure
and electrolyte balance through the activities of vasopressin,
aldosterone, and angiotensins (Table 2). Vasopressin, also
known as antidiuretic hormone, is secreted from the posterior
pituitary, in response to elevated plasma osmolarity in the
hypothalamus and reduced blood volume. Vasopressin
restores the osmolarity and body fluid volume by increasing
water resorption in the kidneys and maintains blood pressure
by contracting arteriolar smooth muscle. Aldosterone is
produced by the adrenal cortex, in response to angiotensin II
and angiotensin III, concentrations of which are elevated when
blood volume and serum sodium levels are low. Aldosterone
promotes sodium retention in the renal tubules, thus indirectly
increasing water retention.

Angiotensins are a series of peptides produced stepwise,
with each shorter than the previous one, from the precursor
protein angiotensiongen. Angiotensinogen is a 452-amino acid
serum globulin secreted mostly from the liver. Angiotensin I is
10 amino acids long, cleaved from angiotensinogen by the
enzymatic hormone renin. Renin is produced in the kidneys in
response to low sodium ion concentrations and decreased
blood pressure in the kidneys. Angiotensin I has no biological
activity but is hydrolyzed by angiotensin-converting enzyme
(ACE), produced in capillaries throughout the body, to form
angiotensin II, a powerful 8-amino acid peptide that constricts
blood vessels and elevates blood pressure. Angiotensin II also
increases the feeling of thirst and stimulates aldosterone
secretion from the adrenal cortex. Furthermore, angiotensin II
exerts a positive feedback effect on angiotensinogen synthesis
in the liver, to insure the supply of precursor molecules, and
exerts a negative feedback effect on renin production, to
prevent overstimulation. Most, if not all, locally produced
angiotensin II is hydrolyzed to the 7-amino acid angiotensin III
by angiotensinases, another proteolytic enzyme produced in
vascular beds. Angiotensin III, although it has biological
activities similar to that of angiotensin II, is further hydrolyzed
by aminopeptidases to less active products. The short half-lives
of both angiotensin II and III, measured in seconds, help to
minimize the spillover of local reactions to the rest of the body.

The discoveries of leptin and adiponectin, two protein
hormones secreted from adipose tissue, and their effects on
eating behavior, energy metabolism, and insulin resistance,
have prompted researchers to advocate for a new endocrine
axis, the hypothalamic–pituitary–adipose axis, to highlight the
relationship between the hypothalamus, insulin, and adipose
tissue in maintaining the homeostasis of energy intake and
metabolism (Table 3). For instance, in the hypothalamus, the
production of neuropeptide Y (NPY), a potent stimulator for
food intake, is suppressed by leptin and induced by ghrelin.
High blood concentrations of leptin, a hormone produced in
quantities proportional to the mass of body fat, indicate a state
of high-energy storage in the body, while ghrelin, a hormone
produced by the lining of the fundus of the stomach during
fasting, signals a lack of recent food intake but not necessarily
a reflection of overall energy balance. High serum levels of
leptin have been implicated in insulin resistance and type II
diabetes, while elevated expression of adiponectin has been
shown to increase insulin sensitivity.

The above-mentioned neuroendocrine axes, as well as the
renin–angiotensin–aldosterone system, may appear to be
distinct, with each beginning in the central nervous system and
ending with hormones being produced in a major peripheral
endocrine organ, but none are independent entities. Hormones
function through interconnected signaling pathways across and
beyond an arbitrarily defined axis or system. Many of the
crossover communications are fostered by having receptors in
shared target organs or neuroendocrine cells. In addition, most
pathways are formations of multiple cyclic and interactive
loops, and none is isolated from the others.
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Endocrine Disruptors

Overview of Endocrine Disruption

The term ‘endocrine disruptor’ first appeared in scientific
literature in 1992. In 1996, the US Environmental Protection
Agency (EPA) convened a panel called the Endocrine Dis-
ruptors Screening and Testing Advisory Committee to make
recommendations to EPA concerning endocrine disruptors,
with focuses on estrogenic, androgenic, and thyroid hormone
systems. The term has been used interchangeably with
‘hormonally active agents’ and ‘endocrine modulators’.

Many exogenous substances can disrupt hormone–receptor
interactions, feedback mechanisms, or hormone synthesis,
release, and metabolism. Dysfunction of the endocrine system
can result in either hyperfunction or hypofunction. Environ-
mental chemicals that have the potential to perturb the
endocrine system are known as endocrine disruptors or,
synonymously, as hormone disruptors.

Previously, the study of endocrine disruptors was primarily
focused on disruptions by xenobiotics. Recent epidemiological
and laboratory studies have provided ample evidence that
excessive exposure to some nutritional and metabolic compo-
nents, at dietary relevant concentrations, disrupts endocrine
pathways associated with the production and sensitivity of
insulin, leptin, and adiponectin. In light of the rising concerns
over the obesity and type II diabetes in the modern world, the
examples of endocrine disruption provided below have been
expanded to include nutritional components.

As the term is used now, an endocrine disruptor may be
a substance that affects the synthesis, secretion, transport,
binding, action, inactivation, metabolism, or elimination of
natural hormones in the body. Excessive amounts of hormones
in circulation may be due to overproduction of hormones in
the endocrine organs, rapid release of hormones from storage,
increased expression of synthetic enzymes, decreased hormone
metabolism, or decreased rate of clearance and excretion of
hormones. On the other hand, hormone deficiency may be
caused by cell injury in hormone-producing tissues, inhibition
of synthetic enzymes, suppressed expression of synthetic
enzymes, and/or induction of metabolic enzymes.

Because of the differences in the control mechanisms of
endocrine regulations between sexes, an endocrine disruptor
often impacts males and females differently. Similarly, the
biochemical and physiological presentation of endocrine
disruption can also be influenced by developmental stages,
length of exposure, and the presence of other internal or
external challenges.

Fluctuations of endocrine components, with the ability to
mediate physiological changes, do not necessarily result in
immediate or measurable health effects in the body. In fact,
animals, including humans, are constantly exposed to
substances in food and other environmental media that
interact with the endocrine system. Because of the well-
monitored and adaptable control mechanisms, moderate
effects on hormones seldom compromise normal physio-
logical functions. These control mechanisms result in fluctua-
tions of hormone concentrations and receptor activity that
work to mitigate environmental and physiological challenges,
thus preserving a functional equilibrium in the body. Only
when the equilibrium control mechanisms are overwhelmed
do deleterious effects become observable. Altered hormone
concentrations alone, therefore, may not be a sufficient indi-
cator of toxicity. Nonetheless, an altered endocrine balance,
even in the absence of a disease state, may result in diminished
capacity to tolerate further chemical or physical challenges.
Examples of Endocrine Disruption

Examples in this section are categorized to illustrate the
mechanisms of hormonal regulation that are vulnerable to
disruption. The list represents the major mechanisms that have
been studied. The categories are not mutually exclusive and
that many endocrine disruptors exert multiple mechanisms of
action. Furthermore, for many known endocrine disruptors,
existing evidence is not sufficient for drawing a distinction
between the primary mechanism of action and secondary
responses or compensatory reactions.

Although the purpose is to illustrate the mechanisms of
endocrine disruption, the examples are chosen with consid-
erations of relevance to human health, when information is
available. Human studies and animal studies that resemble
the exposure scenarios in the human environment, i.e., low
doses delivered through noninvasive routes, are selected
preferably. Nonetheless, a significant number of human
studies used here are based on high doses of therapeutic
drugs or populations exposed through accidental incidences.
A biological mechanism observed at high doses may not be
measurable at low doses. In some cases, it is not even
applicable because many substances that are toxic at high
doses may have beneficial effects at low doses. In addition,
because of the interactive nature of many hormonal actions
in the body, direct evidence of mechanism-specific relation-
ships is scarce in human and whole animals. Many of the
examples, therefore, are drawn from in vitro studies conducted
in cell or tissue cultures. In vitro testing systems have the
advantage of providing clear evidence for narrowly defined
mechanism of toxicity but, when standing alone, these
observations do not necessarily implicate health impacts in
whole. As for extrapolating an effective dose from animal
studies to potential human health impacts, the uncertainty
may range from 2-fold to 10-fold, depending on the
difference between the human and the animal model in
susceptibility to the test substance. Ultimately, while
a demonstrable mechanism of disruption makes a health
impact more likely, it is not sufficient on its own and may
not be necessary either.

Size and Population of Secretory Cells
The magnitude of production of hormones depends on the size
and population of the secretory cells. Cytotoxicity and cell
death therefore can decrease hormone production, while
hypertrophy of endocrine tissues has been associated with
increases in hormone production.

Examples of disruption by changes in cell size and
population:

l Substances that decrease the number or size of adipocytes
would, as expected, decrease leptin production. 20,30-Di-
dehydro-30-deoxythymidine, a synthetic thymidine nucle-
oside analog, and 20,30-dideoxyinosine, a guanosine
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nucleoside analog, both used in antiretroviral therapy
against HIV, cause lipoatrophy, and can therefore decrease
leptin production in treated patients.

l Exposure to low levels of tributyltin, an antifouling and
antifungal pesticide, also increases leptin production
accompanied with elevated body weight gain in laboratory
animals, through induced lipogenesis and adipocyte
differentiation. The doses tested are in accord with the
butyltin intake estimated for humans.

l Bisphenol-A (BPA) is a component in polycarbonate plas-
tics and epoxy resins. BPA has been shown to induce
differentiation of preadipocytes into adipocytes in vitro and
to increase the mass of adipose tissue in vivo. In laboratory
animals, perinatal and postnatal exposure to low levels of
BPA that are relevant to environmental levels increases
blood leptin levels. In addition, BPA alters the number
and type of neurons in the hypothalamus of developing
animals. As discussed previously, estradiol-induced LH
surge, a positive feedback mechanism, is a normal response
only in female animals (Figures 1 and 2). After exposure to
BPA during fetal development, however, the hypothalamus
from male rats produces an atypical LH secretion in
response to estrogen stimulation.

l Fructose, at high yet commonly encountered levels of
exposure, is a potent inducer of adipose tissues in human
and laboratory animals. In rats, high fructose isocaloric
diets have been shown to increase the size of adipocytes and
the volume of abdominal adipose tissue over a span of only
3 weeks. During this period, blood leptin and adiponectin
concentrations nearly doubled. In addition, long-term
exposure to fructose has been associated with leptin and
insulin resistance, high concentrations of ghrelin, elevated
food consumption, and significant increases in visceral fat
deposition.

l Alloxan, a raw material for the production of the purple dye
murexide, selectively destroys the beta cells of the islets of
Langerhans, thus reducing the capacity for insulin produc-
tion. A single high dose of alloxan is used in laboratories to
produce rat and mouse models for type I diabetes. In vitro
studies showed that human beta cells are more resistant to
alloxan induced necrosis than laboratory rodents.
Hormone Synthesis in Secretory Cells
Many factors can have significant impacts on the rate of
hormone synthesis in secretory cells. The rate of hormone
production depends primarily on the activity of synthesizing
enzymes and the availability of precursors and cofactors. For
example, the rate-limiting enzymes in steroid hormone
synthesis include steroidogenic acute regulatory protein (StAR),
which delivers cholesterol to the inner membrane of the
mitochondria as the precursor molecule for steroid hormones;
the P450-cholesterol side-chain cleavage enzyme (P450scc),
which facilitates the first step of synthesis for all steroid
hormones by converting cholesterol to pregnenolone; and
aromatase, which catalyzes the conversions of androgens to
estrogens (i.e., androstenedione to estrone and testosterone to
estradiol). Altered activities of these rate-limiting enzymes
could have a significant impact on the production of steroid
hormones.
Examples of disruption by changes in hormone synthesis:

l Methoxychlor is an organochlorine insecticide. In female rats,
2,2-bis-(p-hydroxyphenyl)-1,1,1-trichloroethane, a methoxy-
chlor metabolite, decreases progesterone production in
luteal cells by inhibiting the activity of P450scc. Inmale rats,
methoxychlor reduces serum testosterone levels as a result
of diminished testosterone synthesis in the Leydig cells. The
dose used in the male rats is likely to be a thousand times
higher than the reasonable maximum estimate of human
exposure among nonoccupationally exposed populations.

l Cadmium, a metal used in soldering alloys, nickel–
cadmium batteries, and pigments for textile, paint, and
plastic, is recognized as a metalloestrogen because of its
ability to activate estrogen receptors and estrogen-associated
gene expression. In male mice, cadmium diminishes
testosterone production by suppressing the expression of
StAR, P450scc, and P450-17alpha. Cadmium also decreases
testosterone production in the ovary of young female rats.
On the contrary, in postmenopausal women, cadmium
increases serum testosterone levels.

l In addition to the previously mentioned effects on the
growth and differentiation of endocrine tissues, BPA also
increases the expression of P450scc and aromatase in the
urogenital sinus of neonatal mice. On the other hand, in
postweaning and prepubescent rats, it decreases the
expression of aromatase in the Leydig cell. In humans,
exposure to BPA has been associated with elevated total
testosterone concentrations in men and in women with
polycystic ovary syndrome (PCOS).

l Amiodarone is a potent antiarrhythmic drug. Hypothy-
roidism is one of the side effects of amiodarone therapy.
Studies have shown that amiodarone and its main metab-
olite desethylamiodarone inhibit the activity of type II
50-deiodinase (D2), the enzyme that converts T4 to T3. In
addition, amiodarone contains 37% iodine. The large dose
of iodine could also have an inhibitory effect on the activity
of D2. These mechanisms may explain the hypothyroidism
caused by the therapeutic dose of amiodarone.

l Phthalates are used in a wide variety of plastics and personal
hygiene products, thus having a constant presence in the
modern human environment. Several phthalate esters have
been shown to induce malformation of male reproductive
organs in laboratory animals. In humans, exposure to di(2-
ethylhexyl) phthalate (DEHP), one of the most important
phthalates in plastic products, decreases the serum
concentration of testosterone. It has been linked to crypt-
orchidism, decreased anogenital distance, and low sperm
quality in men. In laboratory animals, in utero exposure to
DEHP suppresses the expression of steroidogenic enzymes
and decreases testosterone production during early devel-
opmental stages and in adulthood. Dibutyl phthalate,
another environmental phthalate, also decreases the
production of steroid hormones, by inhibiting the synthesis
of cholesterol.
Storage and Release of Hormone from Secretory Cells
Regulated exocytosis is a major control mechanism for endo-
crine balance at the cellular level. Protein hormones are
synthesized in large quantities and stored in secretory vesicles
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so that they can be released in a timely manner to meet
physiological demands. Many regulated releases of hormones
are calcium dependent, while others are not. Insulin release
evoked by elevated blood glucose concentrations is an example
of calcium-dependent exocytosis of secretory vesicles.

Steroid hormones, however, are not subject to interruptions
by storage and release because they are released into the blood
as soon as they are synthesized. Examples shown in this
section, therefore, are limited to disruptions associated with
protein and peptide hormones.

Examples of disruption by changes in hormone storage and
release:

l Thyroid dysfunction has been associated with exposure to
polybrominated biphenyls and polychlorinated biphenyls
(PCBs) in humans and animals. Prenatal exposure to the
PCB hydroxy metabolite 4-OH-20,3,30,40,50-penta chlori-
nated biphenyl (4-OH PCB106) upregulates the expression
of genes related to exocytosis in several regions of the brain.

l Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
has been implicated in diabetes and hyperinsulinemia in
nondiabetic individuals. Using pancreatic cell lines, studies
have shown that TCDD induces calcium influx and
enhances insulin secretion.

l Short-term exposure of insulin secretory cells to free fatty
acids enhances glucose-induced insulin secretion in animal
models and in healthy human subjects. Prolonged exposure
to excessive amounts of free fatty acids, however, decreases
glucose-induced insulin secretion, as demonstrated in
in vitro and animal models. The prolonged exposure
decreases insulin secretion by several mechanisms, one of
them being a decrease in insulin exocytosis by disruption of
the calcium ion influx normally elicited by glucose.

l Bromocriptine is a dopamine agonist used to treat hyper-
prolactinemia. It functions by preventing the release of
prolactin from the secretory cells in humans and animals by
decreasing the content of prolactin in secretory vesicles and
perhaps also by decreasing the rate of exocytosis.
Transport Proteins in Blood Circulation
Most lipid-soluble hormones in the blood are bound to
hormone-specific transport proteins, while a smaller portion
are bound to serum albumin. Testosterone-estrogen-binding
globulin (SHBG) is a sex hormone-binding globulin that binds
to testosterone and estradiol in the blood. Other known
steroid-binding globulins are transcortin, primarily associated
with progesterone and cortisol, and the afore-mentioned
thyroxine-binding globulin (TBG), for transporting T4. Binding
globulins are secreted by the liver under the influence of
hormones and nutritional factors.

The capacity of a hormone to meet physiological demands
depends on total concentration and relative concentration of
the bound and free forms. Protein-bound hormones are not
readily available for biological functions but rather serve as
reservoirs from which free hormones can be replenished.
Binding proteins also protect hormones against metabolic
degradation. A lack of binding proteins could, therefore,
increase the clearance rate of a hormone. Excessive amounts of
transport proteins, on the other hand, may diminish the
availability of the free hormones.
Examples of disruption by changes in transport proteins:

l Several estrogenic chemicals, including tamoxifen (an
antiestrogenic drug used for breast cancer prevention and
treatment), genistein (a phytoestrogen in soybeans and
several other foods), and mitotane (o,p0-DDD; an antineo-
plastic drug for treatment of adrenocortical carcinoma),
stimulate the production of SHBG in the liver. Androgenic
chemicals, on the other hand, appear to have inconsistent
effects. Danazol, a synthetic androgen previously used to
treat endometriosis, significantly inhibits SHBG produc-
tion. Under physiological conditions, blood testosterone
concentration is inversely related to SHBG concentration.
Studies have also shown that insulin and nutrients that
increase insulin secretion, such as glucose and fructose,
decrease SHBG production in the liver.

l BPA is an endocrine disruptor that has multiple
mechanisms of actions with remarkable differences
between the sexes. Among women with PCOS, urinary BPA
is associated with decreased concentrations of SHBG and
increased concentrations of androgens. On the other hand,
in men, urinary BPA is associated with increased SHBG and
decreased free androgens in the blood.

l Estrogenic and androgenic chemicals have differential
effects on TBG production. Oral estrogen administration in
women increases TBG concentration, while androgen
administration decreases TBG. Similarly, drugs with estro-
genic properties, such as tamoxifen, increase the levels of
serum TBG, while androgens and danazol decrease the level
of serum TBG.

l Phenytoin and carbamazepine, two antiepileptic drugs,
bind to serum thyroid hormone-binding proteins and result
in decreased total serum T4 and T3, while free T4 and free
T3 concentrations may not be affected. Other drugs that
bind to TBG include furosemide (a diuretic), phenylbuta-
zone (a nonsteroidal anti-inflammatory drug), and fenclo-
fenac (an anti-inflammatory drug which was withdrawn
due to side effects).
Ligand–Receptor Interactions
Endocrine disruptors are often structural analogs of endo-
genous hormones, allowing them to bind to or otherwise
interfere with hormone receptors. Hormone analogs may act as
endogenous hormones if the analog–receptor complex in the
target cell mimics the function of the natural hormone–
receptor complex. On the other hand, hormone analogs act as
antagonists if they compete with endogenous hormones at the
receptor-binding site but elicit no cellular response. Endocrine
disruptors may also act as antagonists by altering the binding
properties of the receptors or by intercepting intracellular
signaling pathways. Because many endocrine disruptors bind
to more than one type of receptor, they can potentially affect
multiple hormonal activities. In addition, due to their struc-
tural similarities with steroid hormones, many endocrine dis-
ruptors are phenol-containing compounds.

Examples of disruption by changes in ligand–receptor
interactions:

l Dichlorodiphenyltrichloroethane (DDT) is a mixture of
isomers of p,p0-DDT and o,p-DDT. The o,p-DDT isomer and
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several of its metabolites have been shown to bind to
estrogen and progesterone receptors, as agonists or antag-
onists, depending on animal species and assay methods.
In recombinant yeast assays, the antiprogesterone activity
of DDT’s major metabolite, 1,1-dichloro-2,2-bis(p-chlor-
ophenyl)ethylene (p,p0-DDE), binds to androgen receptors
and elicits antiandrogen effects. In this assay, at the levels
that induce 20% of the maximum effect, the anti-
progesterone activity of p,p0-DDE is 1400 times more
potent than its antiandrogen activity and at least 5000
times more potent than its estrogenic (receptor alpha)
activity. Furthermore, comparing with p,p0-DDT, the anti-
progesterone activity of p,p0-DDE is 4000 times more
potent. The metabolite p,p0-DDE has been shown to cause
abnormalities in sexual development in male rats. It is not
clear which of the agonistic or antagonistic properties
contribute to the observed abnormalities.

l Nonylphenol is a mixture of degradation products of non-
ylphenol ethoxylates, which are used in the production of
pesticides and household detergents. Many of the non-
ylphenol isomers can bind to multiple steroid hormone
receptors, including estrogen, progesterone, and androgen
receptors. The relative estrogenic potencies of nonylphenol
is extremely low when compared with the 50% of
maximum effect of E2, range from 0.000002, tested with the
human breast cancer cell line (MVLN) assay, to 0.0012,
tested with the ovarian somatic index assay. In rats, non-
ylphenol increases plasma insulin levels with a concomitant
decrease in blood glucose. The dosage that is required to
increase blood glucose, in consistency with its relative
estrogenic potency values, is much greater than that of E2.

l Diethylstilbestrol (DES), a synthetic estrogen, binds to both
androgen and estrogen receptors. Its relative estrogenic
potency is in the same range as E2. DES is implicated in
cervicovaginal adenosis, cervicovaginal clear-cell adenocar-
cinoma, squamous cell carcinoma, infertility, and other
reproductive problems in women exposed to DES in utero.
High incidences of reproductive tract abnormalities are also
observed in men exposed in utero.

l Hydroxytamoxifen, the active metabolite of tamoxifen
(previously mentioned for its effects on elevated serum
SHBG and TBG concentrations), binds competitively to the
estrogen receptor and alters the effectiveness of the
estrogen–receptor complex in regulating gene expression.

l Vinclozolin, a dicarboximide fungicide, is an androgen
antagonist. Its metabolite blocks the androgen receptor.
Exposure to vinclozolin reduces testosterone secretion and
fertility in laboratory animals.

l Many of the PCB congeners and their hydroxy metabolites
have shown various degrees of antiestrogenic, anti-
androgenic, and antithyroidal activities. In general, less
chlorinated congeners are weak estrogen receptor agonists,
while more chlorinated ones are weak estrogen receptor
antagonists. Some PCBs also bind to the thyroid hormone-
binding protein, transthyretin, as demonstrated in labora-
tory animals.

l Salsalate is a nonsteroidal anti-inflammatory drug. Salsalate
and its metabolite salicylate inhibit thyroid hormone
binding to serum transport proteins and significantly reduce
serum total T3 and T4 in vivo. These effects have been
observed in patients, at therapeutic doses, as soon as 1 day
after the treatment.

l Spironolactone is a potassium-sparing diuretic drug that
also has antiandrogenic effects. The common side effects of
spironolactone (muscle weakness, abnormal heartbeat, and
severe discomfort) are associated with elevated concentra-
tions of potassium in the blood caused by its aldosterone
antagonistic property on the aldosterone receptor. The
additional side effects, loss of sexual potency in men,
menstrual irregularity, and amenorrhea in women, as well
as breast enlargement in both sexes, are likely caused by its
antiandrogenic effects.

l The previously discussed multifaceted mechanisms of BPA
are further underscored by its interaction with estrogen
receptors, through which BPA increases beta cell insulin
content with a potency similar to E2. On the contrary, at the
dosages that induce 50% of the maximum uterine vascular
permeability in mice, the relative potency of BPA is 0.0001,
i.e., four magnitudes lower than that of E2. This example
demonstrates that the biological meaning of relative
potency is effect specific, depending on the mechanism of
actions, and is strictly confined by the design of the model/
system used for the study.
Hormone Inactivation and Clearance
In the body, hormones are inactivated through breakdown of
their active forms and by excretion. Protein and peptide
hormones are inactivated by hydrolysis of peptide bonds,
through the actions of peptidase enzymes. Steroid hormones are
inactivated by hydroxylation, oxidation, reduction, and conju-
gation with water-soluble compounds, through the activities of
the cytochrome P450 superfamily, flavin monooxygenase
family, and various conjugating enzymes. Overall, these enzy-
matic reactions increase the solubility of steroid hormones, thus
increasing the rate of elimination in urine. The adaptable rate of
synthesis and activity of hormone degradation enzymes are
a part of the regulatory mechanism for hormonal balance, by
design, but they can be altered inadvertently by drugs and
environmental contaminants. Enzyme inducers that have a high
potential for accumulating in the body, such as PCBs, DDT, and
butylated hydroxytoluene, are of special concern because they
have the propensity to result in long-term adverse effects.

The rate of hormone clearance in blood is also affected by
binding to transport proteins and serum albumin. Protein-
bound hormones, in general, are not available for enzymatic
degradation. Free hormones, therefore, are degraded at a faster
rate than protein bound hormones. Substances that are struc-
turally similar to hormones can compete with endogenous
hormones for the binding sites of the metabolic enzymes and
limit the enzyme’s availability for normal hormone degrada-
tion. This would lead to a decreased rate of clearance and
prolonged action of endogenous hormones.

Examples of changes in hormone inactivation and
clearance:

l DDT and DDT metabolites are potent inducers of cyto-
chrome P450-dependent monooxygenases, enzymes that
oxidize lipophilic chemicals, including many steroid
hormones. This explains, in part, the broad impacts of DDT
on steroid hormones.
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l Lindane (gamma-hexachlorocyclohexane), an organochlo-
rine insecticide, decreases the amount of circulating
estrogen by increasing rate of clearance. The agricultural use
of lindane has been banned because of its toxicity and
persistence in the environment, while pharmaceutical uses
for the treatment of lice and scabies are exempt from
the ban.

l UDP-glucuronosyltransferase, an enzyme that conjugates
UDP-glucuronic acid with T4 and steroid hormones, can be
induced by TCDD via an aryl hydrocarbon receptor-
dependent mechanism. In rats, TCDD exposure has been
shown to increase the rate of T4 clearance from the body.
This may explain, in part, the elevated concentrations of
blood thyroid-stimulating hormone observed among chil-
dren in Seveso, Italy, where TCDD was released in the
environment during an industrial accident.

See also: Tamoxifen; DDT (Dichlorodiphenyltrichloroethane);
Methoxychlor; Organotin Compounds; Polychlorinated
Biphenyls (PCBs); Bisphenol A; Nonylphenol; Polybrominated
Biphenyls (PBBs); Diethylstilbestrol; Amiodarone;
Carbamazepine; Phenytoin; Cadmium; TCDD (2,3,7,8-
Tetrachlorodibenzo-p-dioxin); Phthalates; Environmental
Hormone Disruptors; Estrogens I: Estrogens and Their
Conjugates; Estrogens V: Xenoestrogens.
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l Chemical Abstract Service Registry Number: CAS 115-29-7
l Endosulfan Composition: 70% a-isomer plus 30%

b-isomer
l Chemical Name: 6,7,8,9,10,10-Hexachloro-1,5,5a,6,9,9a-

hexahydro-6,9-methano-2,4,3-benzodioxathiepin-3-oxide
l Trade Names: Thiodan, Thionex
l Chemical Class: Cyclodiene insecticide/miticide
l Molecular Formula: C9H6Cl6O3S
l Chemical Structure:
Background

Endosulfan is a cyclodiene contact insecticide/miticide that
became widely used beginning in the 1950s. Currently, its uses
and international trade have been curtailed or eliminated in
most countries, following Annex A (elimination) listing by the
Stockholm Convention and subsequent bans or phase-out
programs in over 80 countries. These actions have been
primarily based on the conclusion that endosulfan could not
be risk managed in a sustainable way due to its persistence in
the environment and potential hazard to humans and other
living organisms.
Uses

Endosulfan is a colorless to brown crystalline solid that may be
found in liquid formulations. It has been used on a wide
variety of foods, commodities, and feed crops as well as
ornamental and noncrop uses such as materials protection. Use
of this pesticide continues in India, China, and a few other
countries due to its low cost, effectiveness in controlling pests,
and usefulness in resistance and integrated pest management
programs.
Environmental Fate

Endosulfan is a relatively persistent, semivolatile compound
that has been detected in soil, sediment, and water, even in
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
areas where it is not used. Endosulfan is degraded readily by
soil microorganisms. The rate of degradation depends mainly
on soil type, pH, microbiological activity, and temperature.
Half-lives of the alpha and beta isomers range from hours
to months, depending on the pH alone. Under acidic condi-
tions, both isomers are stable to hydrolysis, and microbial
degradation in soils becomes the predominant route of
degradation.

Dissipation rates observed in field studies suggest that
endosulfan may persist in the surface soil for weeks to months
after application. Field dissipation rates are similar to those
reported in laboratory soil metabolism studies (T1/2 <30–170
days). Available data suggest that endosulfan sulfate may be
more persistent than the parent. This metabolite is also of
toxicological concern.

Endosulfan demonstrates a high affinity for sorption onto
soil and is not expected to be highly mobile in the soil.
Leaching potential from soil into groundwater is considered
low; however, endosulfan may contaminate surface waters
through spray drift and transport in runoff and may move to
targets beyond its use area through atmospheric transport (via
volatilization, transport on dust particles, or a combination).
Reports of the potential for long-range transport of endo-
sulfan residues have been published, some indicating that it
can be found in the Arctic at trace levels in water (pg l�1), air
(ng m�3), and biota (ng g�1). Studies have reported bio-
accumulation in different aquatic species and in natural
habitats. These studies have also shown that endosulfan
bioaccumulation is offset by its moderate depuration rate.
Exposure

Among consumers, the primary route of exposure is via resi-
dues on food crops. Occupational exposures have mostly
occurred by dermal and inhalation routes. The risk assessments
for occupational handlers (mixer-loaders and applicators) as
well as reentry workers have generated calculated margins of
exposure that caused concern for human health and safety and
contributed to the removal of endosulfan from general use in
some countries.
Toxicokinetics

In mammalian studies, the biological half-life is about 2 days
after a single dose of endosulfan and about 7 days following
repeated administration. Total residues decline after admin-
istration is terminated. The highest concentrations are
generally found in the liver and kidney following oral expo-
sures. Toxicokinetic studies in laboratory animals do not
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indicate accumulation of endosulfan residues. Approximately
80–90% is absorbed and biologically available through the
oral route, and there is less than 20% systemic availability via
the dermal route. Liver enzyme induction has been observed
in several studies. Microsomal enzymes contribute signifi-
cantly to the degradation of endosulfan. Excretion occurs
through both urine and feces, but fecal elimination is
predominant. Elimination may also occur via breast milk, as
a minor pathway.
Mechanism of Toxicity

The toxic effects of endosulfan are primarily due to its hyper-
stimulatory effects on the central nervous system. It acts by
inhibiting the activation of GABA (alpha) receptors, reducing
GABA-induced Cl� flux within the neuron. It has also been
shown to affect cell membrane permeability and glucose
metabolism.
Acute and Short-Term Toxicity

Animal

Piloerection, salivation, hyperactivity, respiratory distress,
diarrhea, tremors, renal failure, convulsions, and death have
occurred in animals following acute or short-term exposures to
endosulfan. Oral and inhalation toxicity is high due to its
neurotoxicity. The acute neurotoxicity no observed adverse
effect level (NOAEL) following bolus oral administration in
male and female rats is 12.5 and 1.5 mg kg�1, respectively. The
oral LD50 in rats is 82mg kg�1 (males) and 30mg kg�1

(females). The LC50 in rats exposed for 4 h via inhalation is
0.16–0.5mg l�1. The dermal LD50 is ~500mg kg�1.
Human

Endosulfan can be lethal to humans if sufficient amounts are
inhaled, swallowed, or absorbed through the skin. Contact may
cause burning or irritation to the skin and eyes. Endosulfan is
not a dermal sensitizer. Depression, disorientation, headache,
vomiting, dizziness, convulsions, and tremors are the first signs
of toxicity, occurring within 20min to 12 h after ingestion of
endosulfan. Seizures may also occur. Respiratory arrest and
renal failure appear to contribute to death.
Chronic Toxicity

Animal

Long-term exposures in animals have demonstrated damage to
kidneys, testes, and liver. Abnormal hematological parameters
have also been observed.
Human

There are no data to verify that the chronic effects seen in
animals are also seen in humans. No epidemiological studies
have reported a link to cancer, and laboratory studies indicate
endosulfan is not a human carcinogen.
Endocrine Disruption

Evidence from long-term studies in animals and some in vitro
studies suggest the potential for endosulfan to affect the
endocrine system. These studies have not established endo-
sulfan’s ability to produce endocrine-mediated adverse
outcomes such as reproductive or developmental impairment.
No endocrine-related effects have been reported in humans
where a link between endosulfan exposure and adverse
outcome (reproductive, developmental, or carcinogenic) has
been determined.
Reproductive and Developmental Toxicity

A developmental neurotoxicity study in rats reported reduced
pup body weight gains during the period of nursing from
endosulfan-treated dams. Other dose-related effects on pup
development were not demonstrated; however, the reduction
of pup body weight during nursing from endosulfan-treated
dams had been previously reported. In standard develop-
mental toxicity and two-generation rat studies, no reproductive
or developmental effects with endosulfan were reported in the
absence of maternal toxicity.
Genetic Toxicity and Carcinogenicity

Endosulfan is not genotoxic. It is not mutagenic in the Ames
test or mammalian mutagenicity assays. It is negative in clas-
togenicity and micronucleus assays, both in vitro and in vivo.
Endosulfan is not carcinogenic.
Clinical Management

In the event of direct contact with endosulfan on the skin or
eyes, flush with running water immediately for at least 15min.
Remove and isolate contaminated clothing and shoes.
Convulsions or seizure may occur with exposures via mouth,
skin, or when inhaled. IV administration of diazepam is the
treatment of choice for convulsion. Phenobarbital may also be
used. If convulsions persist, a neuromuscular blocking agent
may be used, but only if complete control of respiration is
attainable. Epinephrine derivatives are contraindicated. In case
of inhalation, move to fresh air and call emergency medical
care immediately. If not breathing, artificial respiration should
be administered.
Ecotoxicity

Endosulfan is moderately toxic to honey bees, highly toxic
to birds and mammals, and very highly toxic to freshwater
and estuarine/marine fish and invertebrates. In view of its
high toxicity in fish, it is considered very important to
minimize exposure by spray drift and runoff. Endosulfan is
highly toxic to mallard ducks on an acute exposure basis and
moderately toxic to bobwhite quail on a subacute dietary
basis.
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Other Hazards/Storage Instructions

Use of personal protective clothing and appropriate engi-
neering controls during handling (or any potential exposure) is
necessary for personal safety. Endosulfan is combustible and
should be protected from ignition sources. Storage areas
should be cool, well ventilated, and protected from high heat
and sunlight. Endosulfan is not compatible with strong
oxidizing or reducing agents. Decomposition products include
sulfur dioxide, hydrogen chloride, and aldehyde compounds.
International Trade and Regulatory Status

Risks to human health and to other living organisms in the
environment have been characterized with the use of endo-
sulfan. Over time, numerous risk mitigation measures were
added to registered uses in the United States and other regions.
The increasing need for mitigation measures together with the
growing concern around environmental persistence of endo-
sulfan ultimately contributed to the conclusion that risks
could not be mitigated in a sustainable way and to the deci-
sion to ban the future sale, distribution, and uses of endo-
sulfan. In July 2010, the US EPA signed a Memorandum of
Agreement with endosulfan registrants in the United States for
the voluntary cancelation and phase-out of all existing uses by
July 2016. Similar action has been taken by PMRA in Canada,
by member states of the European Community, and by
APVMA in Australia. With decreased use and the withdrawal of
endosulfan from the market, exposures (occupational, dietary,
and environmental) and their associated risks will continue to
decrease.
See also: Food Safety and Toxicology; Cyclodienes;
Neurotoxicity; Organochlorine Insecticides; Pesticides;
Persistent Organic Pollutants; Environmental Risk Assessment,
Pesticides and Biocides; PBT (Persistent, Bioaccumulative,
and Toxic) Chemicals; Bioaccumulation; Environmental Fate
and Behavior.
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Background

l Chemical Abstracts Service Registry Number: 72-20-8
l Registry of Toxic Effects of Chemical Substances Registry

Number: I01575000
l Chemical Name: (1aa,2b,2ab,3a,6a,6ab,7b,7aa)-3,4,5,6,9.9-

hexachloro 1a,2,2a,3,6,6a,7,7a-octahydro-2,7:3,6-dimetha-
nonaphth[2,3-b]oxirene

l Stereoisomer of dieldrin
l Empirical Formula: C12H8Cl6O
l Relative Molecular Mass: 380.93
l Chemical Structure:
Uses

Endrin is a synthetic organochlorine insecticide, rodenticide,
and avicide, used primarily on cotton, rice, sugar cane, maize,
as well as other crops. All uses of the pesticide in the United
States and Canada have been canceled. It is no longer manu-
factured in the United States.
Environmental Fate and Behavior

Relevant Physicochemical Properties

Endrin is a crystalline solid with a melting point of 226–
230 �C. It has a vapor pressure of 36� 10�6 Pa at 25 �C, a log
organic carbon partition coefficient of 4.53, and is practically
insoluble in water (0.23 mg l�1 at 25 �C). Endrin has a log
octanol–water partition coefficient of 5.34 and a density of
1.64 gml�1 at 20 �C.

Partition Behavior in Water, Sediment, and Soil

Endrin adsorbs quickly and strongly to organic matter in soil.
Soil cultivation and crop rotation facilitate the reduction of
endrin soil concentrations.

Environmental Persistence

Depending on soil conditions, the half-life of endrin can range
up to 12 years. Under anaerobic conditions in the presence of
appropriate fungi and/or microorganisms, microbial degrada-
tion of endrin can occur. Photodecomposition also removes
endrin from the environment. The major transformation
344 Encyclopedia of T
product from both photodecomposition and biodegradation is
d-ketoendrin.

Long-Range Transport

Based on its low vapor pressure and high organic carbon
partition coefficient, endrin is expected to be bound with
particulate matter in air which would facilitate long-range
transport. Wet and dry deposition would be expected to
remove particle bound endrin from the atmosphere.

Bioaccumulation and Biomagnification

Endrin readily bioaccumulates in terrestrial and aquatic
organisms. Bioconcentration factors of 14–103 have been
calculated for soil invertebrates such as slugs and earthworms.
Blue-green algae species have exhibited bioconcentration
factors of 140–222. Bioconcentration factors of 10 000 or more
have been measured in fathead minnows (Pimephales promelas)
and flag fish (Jordanella floridae) and 49 000 in pouch snails
(Physa sp.). However, biomagnification of endrin is relatively
low compared to other organochlorine pesticides.
Exposure and Exposure Monitoring

Routes and Pathways

The primary route of exposure to endrin by the general public is
dietary intake. Since endrin is no longer used throughout most
of, if not all, the world, inhalation exposure during application
is not a significant source of exposure for the general public.
Drinking water exposure is also not a significant source of
exposure for the general public.

Human Exposure

In the Center for Disease Control and Prevention’s Fourth
National Report on Human Exposure to Environmental Chem-
icals, the 95th percentile value for endrin detections in blood
samples was less than the limit of detection (<7.8 ng g�1 lipid
adjusted) for sample years 2003–04 in 1825 sampled people. For
sample years 2001–02, the 95th percentile value was 5.10 ng g�1

(lipid adjusted; limit of detection¼ 5.09 ng g�1 lipid adjusted)
and the 90th percentile value was less than the limit of detection
in 2187 sampled people.
Environmental Exposure

In 1993, the US Food and Drug Administration revoked the
action levels for endrin tolerances on food and animal feed,
concluding that endrin is no longer present in the environment
to the extent that it may be contaminating food or feed at levels
of regulatory concern.

From 2007 until 2009, the Texas Commission on Envi-
ronmental Quality conducted a special ambient air monitoring
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00142-1
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program for pesticides that included endrin. Twenty-four-hour
ambient air samples were collected every sixth day at five
locations across Texas, including agricultural areas. Of the 854
samples collected, none had a concentration above the detec-
tion limit of 0.5 ng (m3)�1.

Very little recent information is available on concentrations
of endrin in water or soil. Unlike other organochlorines, endrin
was not used extensively in urban areas and is rarely detected in
drinking water or urban soils. Endrin is also found infrequently
and at relatively low concentrations in cropland soils in the
United States.
Toxicokinetics

Endrin is absorbed via inhalation, oral, and dermal exposure,
though data are insufficient to estimate the rate and extent of
uptake in humans. Once absorbed, it is relatively rapidly
metabolized primarily via oxidation of the methylene bridge,
followed by dehydrogenation to 12-ketoendrin. Oxidative
metabolites of endrin are conjugated as glucuronides and
sulfates and excreted via urinary and biliary excretion. Even
after massive overdoses, endrin can be detected in the blood for
only 1 or 2 days afterward. Endrin tends to bioaccumulate in fat
and can pass through the placental barrier.
Mechanism of Toxicity

Endrin produces a noncompetitive inhibition of g-amino-
butyric acid (GABA)-regulated chloride transport, blocking the
stimulation of chloride influx into the neuron, causing hyper-
excitability of the central nervous system.
Acute and Short-Term Toxicity

Central nervous system toxicity is the primary acute effect
associated with lethality in humans and animals. While
0.2–0.25 mg kg�1 is sufficient to cause convulsions in humans,
a lethal dose in humans has not been identified. Symptoms of
central nervous system toxicity include jerking of arms and legs,
twitching facial muscles, tonic and clonic contractions,
convulsions, and sudden collapse. Changes in electroenceph-
alogram patterns have been observed in poisoned humans.
Endrin has caused deaths in humans from suicides and from
the accidental ingestion of contaminated foods. In animals,
endrin can cause central nervous system effects including
muscle contractions, hyperexcitability, convulsions, and death.
In animals exposed to lethal doses, investigators observed
nonspecific degeneration of the liver, kidney, and brain. Oral
LD50 values in laboratory animals range from 1.3 to
43 mg kg�1, depending on species, age, and sex of the animal.
Chronic Toxicity

Very little data are available on chronic effects of endrin in
humans. No cardiovascular lesions or renal effects were found
in one study in rats and mice exposed chronically to endrin,
though dermatitis was noted in rats and alopecia was observed
in both rats and mice. Chronic exposure to endrin also caused
degenerative changes in the livers of rats, as well as renal
histopathologic effects in rats, mice, and hamsters. Rats, but not
mice, exhibited thyroid hyperplasia and pituitary cysts after
chronic exposure to endrin in their feed. The adverse effects
observed in livers, kidneys, hearts, and brains of rats and mice
in chronic studies occurred at very high exposure levels or levels
that caused death. Beagle dogs fed endrin in their diet for
2 years experienced changes in rate of growth and food
consumption, convulsions, vacuolation of hepatic cells, and
a slight increase in the weight of their livers at concentrations
above 0.05 mg kg�1 day�1.
Immunotoxicity

Endrin has not been shown to cause immunotoxicity in
humans. Rats administered a single oral dose of 1.5–6 mg kg�1

endrin exhibited time- and dose-related increases in spleen-to-
body weight ratios while relative thymus weights decreased.
Reproductive Toxicity

Endrin has not been shown to cause reproductive or develop-
mental effects in humans. Reproductive studies in mice did not
show effects in offspring though significant parental mortality
and reduced litter size occurred. Multigenerational reproduc-
tive studies in rats did not show effects in offspring, though
reduced litter size occurred in the high-dose group. Develop-
mental effects including fused ribs, cleft palate, exencephaly,
delayed ossification, and open eyes occurred in rats, hamsters,
and mice at doses that caused maternal toxicity. The relevance
of these effects to humans is not known.
Genotoxicity

The available data suggest that genotoxicity of endrin is not
a concern in humans. Endrin has not been shown to be
mutagenic in in vitro microbial assays with or without meta-
bolic activation nor in the mouse lymphoma cell assay.
Neither has endrin caused unscheduled DNA synthesis or
repair in primary rat, mouse, or hamster hepatocytes. Endrin
did not cause significantly increased frequencies of sister
chromatid exchange in activated and nonactivated human
lymphoid cells.
Carcinogenicity

The US Environmental Protection Agency (USEPA) classified
endrin as Class D, not classifiable as to carcinogenicity for
humans, as both human and laboratory animal data are
inadequate to make a carcinogenicity classification. The Inter-
national Agency for Research on Carcinogens categorizes
endrin as Group 3, unclassifiable as to carcinogenicity in
humans. Several animal bioassays have indicated that endrin is
not carcinogenic to laboratory animals.
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Human epidemiology studies conducted to date have not
shown an association between occupational exposure to endrin
and cancer, though the studies have not been rigorous (e.g.,
small cohort size, limited follow-up time, lack of exposure
data). Endrin did not produce carcinogenic effects in either sex
of two strains of rats and three strains of mice in oral studies,
although the bioassays had several inadequacies. A bioassay
conducted by the National Cancer Institute (NCI) produced
suggestive carcinogenic responses in male and female rats
although NCI did not conclude that the responses were
carcinogenic.
Clinical Management

Medical treatment in the case of exposure is symptomatic and
supportive. Convulsions and hypoxia are the symptoms most
likely to be observed. If endrin is ingested, careful gastric
lavage is recommended, being careful to avoid aspiration into
the lungs. If not in a hospital setting, vomiting should be
immediately induced, followed by administration of acti-
vated charcoal and magnesium or sodium sulfate. Milk is
contraindicated.
Ecotoxicology

Endrin is acutely toxic to wildlife species and has been impli-
cated in both bird and fish kills. Scant information is available
on the toxicity of endrin metabolites, including endrin ketone
and endrin aldehyde, in wildlife.
Freshwater/Sediment Organism Toxicity

Aquatic species are particularly sensitive to toxic effects of
endrin. The most common effects after acute lethality (most
96-h LC50s for aquatic species are below 1 mg l�1) were
decreased survival and reduced growth, with some species
exhibiting decreased reproductive capacity (fewer eggs
spawned, reduced survival and/or growth of progeny). The
acute criteria maximum and chronic criterion continuous
concentrations set by USEPA to protect freshwater aquatic
species are 0.086 and 0.036 mg l�1, respectively. Due to its low
solubility in water, endrin is more commonly found and more
persistent in soil and sediment (half-life of over 14 years) than
water (half-life of over 4 years). Therefore, USEPA has set
a protective concentration (termed the equilibrium partition-
ing sediment benchmark) of 5.4 mg endrin g(OC)

�1 (grams of
sediment has been normalized for organic carbon content) for
freshwater sediments, based on 104 acute toxicity studies in
42 freshwater species.
Marine Organism Toxicity

As with freshwater species, acute lethality (most 96-h LC50s for
aquatic species are below 1 mg l�1), reduced growth, and
decreased reproductive capacity (fewer eggs spawned, reduced
survival and/or growth of progeny) in some species has been
observed. Mysid shrimp (Mysidopsis bahia) appear to be the
most sensitive organism, with a lowest observed adverse effect
level of 30 ng L�1 noted in a 20-day life cycle study. USEPA’s
acute criteria maximum and chronic criterion continuous
concentrations to protect saltwater aquatic species are 0.037
and 0.0023 mg l�1, respectively. The USEPA’s equilibrium
partitioning sediment benchmark for marine/estuarine sedi-
ments is 0.99 mg g(OC)

�1, based on 37 acute toxicity studies in
21 saltwater species.
Terrestrial Organism Toxicity

Terrestrial mammals and birds are less sensitive to endrin
lethality, with LD50 values ranging from 1 to 10 mg kg�1 body
weight. Limited information is available on the effects of
endrin in nonlaboratory mammals. Shrews had LD50s above
87 mg kg�1 and deer mice showed little toxicity at concen-
trations up to 2 mg kg�1 (though study limitations were
significant). Unenclosed field populations of meadow voles
and deer mice exhibited significant mortality following
a single application of 8.0 ounce acre�1 of endrin. The vole,
but not the deer mice, population was able to recover without
long-term effects.

Both laboratory and field experiments and anecdotal
observations indicate sudden death without other symptoms
that were common in birds at higher doses. Common sublethal
effects in birds included decreased feed consumption, lack of
coordination, and decreased reproductive capacity (reduced
egg production, embryo survival, and progeny survival) in
some species. Mallard ducks exhibited only a slight drop in
embryo survival when fed up to 3 mg kg�1 endrin in food.
There is evidence that some aquatic and terrestrial organisms
can develop a resistance to endrin over time.

Endrin is minimally toxic to soil microorganisms, fungi,
and plants.
Other Hazards

Endrin is not explosive and does not have a flash point.
Exposure Standards and Guidelines

The USEPA developed an oral reference dose of
0.0003 mg kg�1 day�1 for endrin, which was last revised in
1991. The USEPA also developed a drinking water Maximum
Contaminant Level and Maximum Contaminant Level Goal of
0.002 mg l�1, which was last reviewed in 2010. The Agency for
Toxic Substances and Disease Registry developed an interme-
diate oral minimal risk level (MRL) of 0.002 mg kg�1 day�1

and a chronic oral MRL of 0.0003 mg kg�1 day�1 for endrin in
1996. The American Conference of Governmental Industrial
Hygienists have a threshold limit value – 8-h time-weighted
average of 0.1 mg (m3)�1 in 1996 and gave it a ‘skin’ notation,
meaning endrin can be absorbed in toxicologically relevant
amounts through the skin. The Occupational Safety and Health
Administration also has 8-h time-weighted permissible expo-
sure limit of 0.1 mg (m3)�1 and a ‘skin’ notation, last reviewed
in 2000. The National Institute for Occupational Safety and
Health has a recommended exposure limit of 0.1 mg (m3)�1 as
a 10-h time-weighted average and a ‘skin’ notation and an
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immediately dangerous to life or health level of 2 mg (m3)�1,
both of which were last reviewed in 1997.

Miscellaneous

The last approved use for endrin in the United States was as an
avicide on bird perches. This use was canceled in 1991.

See also: Dieldrin; Neurotoxicity; Organochlorine Insecticides;
Resistance to Toxicants.
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Introduction

More than 50 years ago, under growing public awareness of
threats to the environment, governments began to manifest
their concern and introduced regulations to combat pollution
of inland waters, ocean, and air, and to safeguard certain cities
or areas. Parallel, special administrative organs, ministries, or
environmental agencies were established to more effectively
manage environmental and health legislations. The crucial
moment in the forming phase of the European environmental
policy was 1972, when the United Nations General Assembly
convoked a world conference on the human environment in
Stockholm. As a result, the Declaration on the Human Envi-
ronment and the ‘Action Plan’ containing 109 Recommenda-
tions were adopted. In 1982, the World Charter for Nature was
elaborated by the General Assembly, when the United Nations
reaffirmed and developed the general principles of the Stock-
holm Declaration. In 1992, in Rio, the second global meeting
covered by the United Nations took place, known as the United
Nations Conference on Environment and Development
(UNCED). As an outcome of this meeting, two documents
were established: the Declaration on Environment (whose
main concept is sustainable development, integrating devel-
opment and environmental protection), and an action
program called Agenda 21 (which indicates the specific action
to be taken to achieve more sustainable types of development).
In 2002, in Johannesburg, another important conference was
held. As a consequence, the participating governments accepted
the Declaration on Sustainable Development. These confer-
ences and other conventions and legal agreements resulted in
establishing key principles of environmental and health law by
giving meaning to the not yet formalized legal instruments,
being fundamental to create the most important European
environmental and health legal systems.

Environmental law is recognized as a wide category of laws,
which includes laws that specifically address environmental
issues, and more general laws, having a direct impact on envi-
ronmental issues. According to the modern definition of the
environment in the context of sustainable development, this
term covers all the physical and social factors of the surround-
ings of human beings, including land, water, atmosphere,
climate, sound, odor, taste, energy, waste management, coastal
and marine pollution, the biological factors of animals and
plants, cultural values, historical sites, and monuments and
aesthetics. As a consequence, environmental law can be gener-
ally defined as the bodyof law that encompasses all the elements
to control human impacts on the Earth and public health.

According to UNCED, environmental priorities can be
classified into two categories. One of them is related to the
protection and conservation of various environmental media,
such as protection of the atmosphere, halting of deforestation,
protection of land resources, conservation of biological diver-
sity, protection of freshwater resources, and protection of
oceans and seas and marine living resources. The second
category identified includes the priorities related to the
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regulation of particular activities or products and by-products
of human technological and industrial innovation considered
particularly environmentally harmful; the following priorities
can be distinguished: biotechnology, toxic chemicals and their
trade, agricultural practices, hazardous wastes and their trade,
radioactive wastes, solid wastes, and sewage-related issues.

Collaterally to environmental law, health law was devel-
oping. Health law is defined as a set of rules regulating the
promotion and protection of health, health services, the equi-
table distribution of available resources, and the legal position
of all parties concerned (namely, patients, health care providers,
health care institutions, and financing) and monitoring bodies.
As a discipline, health law concerns both social human rights
such as the right to health care and individual human rights.
Health law is nowadays used especially as an instrument of
monitoring and surveillance of population health status,
communicable disease control, health protection, prevention of
ill health, improvement of health and quality of life, promotion
of positive health, and prolonging of life expectancy.
European Legislation

The progress in developing the international acts is a direct
response to particular incidents (e.g., the Chernobyl accident)
or the availability of new scientific evidence that action is
required to prevent environmental damage. All categories of
environmental or health issues require international regula-
tions, which are extremely complex, comprising thousands of
rules that aim to protect the Earth’s living and nonliving
elements and its ecological processes. The view of the European
Union as an independent regulatory organization covers the
idea of the European Community (EC) as a regulatory state, in
a way to create the regulations that can be adopted all across
different environmental and health policies and all across
various sectors of economy, which includes the application of
horizontal legislation. The main purpose of the European
legislation is to develop standards at a European level and to
regulate related environmental matters among countries within
Europe, which makes it possible to better carry out, within
a single institutional framework, the tasks related to environ-
mental and health issues, in accordance with the principle of
subsidiarity and the principle of sustainable development
(which says that any activity shall be taken as to the rational
and sustainable use of natural resources in order to guarantee
that present generation social and economic needs and needs
for healthy environment will be satisfied without jeopardizing
the rights of future generations to satisfy their own needs). For
example, the European Economic Community (EEC) is
a pioneer of crucial environmental standards such as Directive
67/548 (connected with the Classification, Packaging and
Labeling of Dangerous Preparations) or Directive 70/157
(related to the Permissible Sound Level and the Exhaust System
of Motor Vehicles); and following the adoption of the
REACH Regulation (Registration, Evaluation, Authorisation,
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00582-0
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and Restriction of Chemicals) the EEC has the most advanced
regulation on chemicals in the world, which generates infor-
mation for facilitating the implementation of the environ-
mental and health regulations related to chemicals’ safety.
Basic Principles of the Environmental Law

In 1973, the declaration on the Programme of Action of the
European Communities on the Environment was adopted. The
participating member countries initiated the first common
environmental policy frameof theEEC. Because the EECwasnot
able to establish a legal basis for common environmental
protection actions, the Commission was responsible for the
development of the first Communication on Action of the
European Communities on the Environment (EAP). The EAP
was accepted by the Council and held 1973–76. The first EAP
was a guideline rather than a formal legal act, but it was a crucial
document for the following community’s environmental policy
actions. In the first EAP, four basic principles for the community
environmental policy were elaborated. The principle of
prevention (1) says that the prevention is amore effectiveway of
environmental protectionmanagement than ex post facto cure of
pollution and that all measures and activities should be taken
prior to the occurrence of adverse effects. The polluter pays
principle (2) assumes that the polluter should compensate the
costs associated with the elimination of the danger of the envi-
ronment pollution, bear the cost of pollution and pay for the
damage caused to the environment, and restore the environ-
ment to the condition before the damage as close as possible.
According to the subsidiary approach (3),municipalities should
undertake on their territories all measures and activities of
environmental protection and improvement that are not under
the exclusive competence of state authorities. The last rule says
that member states are given the power to enact more stringent
national measures than those provided by the community (4).
Environmental Regulations Addressing Protection
and Conservation of Various Environmental Media

In 2010, the text containing the basic law and encompassing the
Consolidated Versions of the Treaty on European Union and the
Treaty on the functioning of the European Union (2010/C 83/
01) was adopted. This document includes the annexes and
protocols, as a consequence of the amendments introduced by
the Treaty of Lisbon (signed in 2007 in Lisbon), the declarations
annexed to the Final Act of the Intergovernmental Conference
(which accepted the Treaty of Lisbon), and the Charter of
Fundamental Rights of the European Union (proclaimed in
Strasbourg in 2007). This and other decisions, texts and
numerous directives are responsible for the regulation of envi-
ronmental law on the territory of Europe. Some selected Euro-
pean legislation acts adopted and addressing the protection and
conservationof various environmentalmedia are describedhere.

In 2004, Directive 2004/35/EC on environmental liability
with regard to the prevention and remedying of environmental
damage was established. This act regulates a framework for envi-
ronmental liability according to the rule called polluter pays, in
a concept of preventing and remedying environmental damage.
In terms of the pure air strategy, in 2005, the Communi-
cation (COM (2005) 446) was released. The elaborated strategy
assumed improvement of the environmental legislation and
integration air quality issues into linked policies. In 2008,
Directive 2008/50/EC on ambient air quality and cleaner air for
Europe was established. This directive describes the system of
air quality evaluation concerning sulfur dioxide, nitrogen
dioxide and oxides of nitrogen, particulate matter (PM10 and
PM2.5), lead, benzene, carbon monoxide, ozone, promoting
the reduction of the level of air pollutants to the levels mini-
mizing the toxic effects on human health and environment.
The daughter directives include, e.g., Directive, 1999/30/EC
(setting the limit values for SO2, NO2, NOx, PM, and lead);
Directive, 2000/69/EC (setting the limit values for benzene and
CO2); Directive, 2002/3/EC (setting the objectives and
thresholds for concentrations of O3); Directive, 2004/107/EC
(setting the target values for concentrations of As, Cd, Ni, and
benzo(a)pyrene); Integrated Pollution Prevention and Control
Directive (IPPC) 96/61/EC (enforcing the need to control the
pollutant releases from certain industrial activities to air, water,
and land); Large Combustion Plant Directive 2001/80/EC
(regulates emissions of SO2, NOx, and dust from large
combustion plants in order to reduce acidification by estab-
lishing emission limit values); Solvent Emissions Directive
1999/13/EC (limits of emissions of VOCs in the environment);
Petrol Vapour Recovery Directive (control of emissions from
motor vehicles); Paints Directive 2004/42/EC (controls of
emissions of VOCs in certain paints); Sulphur Control of
Liquid Fuels Directive 1999/32/EC (to reduce emissions of SO2

from combustion of heavy fuel oil and gas oil by limiting sulfur
content in these oils); and Waste Incineration Device (WID)
2000/76/EC (regulates the standards for incineration of waste).

The climate change issue is regulated by many legislative
acts. On the basis of an analysis of the effects of climate change,
among other documents, three Commission Communications
were released. Communication on EU policies and measures to
reduce greenhouse gas emissions toward a European Climate
Change Programme (COM (2000) 88), from 2000, intends to
help all stakeholders participate in preparatory work on poli-
cies and measures to reduce greenhouse gases. In 2005,
a communication entitled “Winning the Battle against Global
Climate Change” (COM (2005) 35) was published. It assumes
the enhancement of international cooperation and the elabo-
ration of new measures in coordination with other European
policies. In 2007, a communication entitled “Limiting Global
Climate Change to 2 degrees Celsius – The Way Ahead for 2020
and Beyond” (COM (2007) 2) was established.

Water protection and management issues are mainly regu-
lated by Directive 2000/60/EC from 2000, establishing
a framework for EC action in the field of water policy. Its main
goal is to ensure good ecological and chemical status for all EC
waters by 2015 (including inland surface waters, groundwater,
transitional waters, and coastal waters). In 2008, Directive
2008/56/EC, introducing a framework for EC action in the field
of marine environmental policy, was adopted. The Marine
Strategy Framework Directive defines the general principles for
the protection, conservation, and restoration of the marine
environment to achieve good ecological status of the marine
ecosystems, including the Baltic Sea, the northeast Atlantic, the
Mediterranean, and the Black Sea.
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Regarding soil regulations, the “Thematic Strategy for Soil
Protection” communication was published by the Commission
(COM (2006) 231) along with a proposal setting out a legis-
lative framework for the protection of soil and sustainable use
of soil and amending Council Directive 2004/35/EC, both in
2006. The objective of the directive is to create the background
for measures to identify problems, prevent soil degradation,
and remediate polluted or degraded soil.

In 1992, Council Directive 92/43/EEC on the conservation
of natural habitats and wild fauna and flora (known as the
Habitats Directive) was elaborated, aiming to maintain biodi-
versity by conserving natural habitats and wild fauna and flora
in the territory of the Member States. In the framework of the
Habitats Directive, the so-called NATURA 2000 network (the
biggest ecological network in the world) of special conservation
areas and protected areas was established. Additionally, in
2009, Directive 2009/147/EC on the conservation of wild birds
was elaborated to reverse declining wild bird species by form-
ing a system prohibiting practices such as killing or capturing
birds, etc. The conservation and exploitation of marine
resources are regulated by Council Regulation (EC) No 2371/
2002 on the conservation and sustainable exploitation of
fisheries resources under the Common Fisheries Policy, adop-
ted in 2002. This regulation is a fundament of the Common
Fisheries Policy (CFP), entering the basic rules of the sustain-
able exploitation of living aquatic resources (including the fish
stocks and marine ecosystems, access to waters and resources
and the fleet).

Lately, European attention has been focused on directives
concerning the biofuels market and the market of genetically
modified products. EU strategy of using biofuels is regulated by
two acts: Directive 2003/30/EC on the promotion of the use of
biofuels or other renewable fuels for transport (from 2003) and
the Commission Communication from 2006 entitled “An EU
Strategy for Biofuels.” According to the first document, the
framework created by the EU promotes an increasing share of
biofuels in order to decrease the greenhouse gas emissions (the
plan of action assumes that biofuels will have constituted more
than 20% of European petrol and diesel consumption by
2020). The second act is intended to promote the use and
production of biofuels in the EU and in the developing coun-
tries on a large scale.

The EU strategy of using genetically modified products is
controlled by Regulation 1829/2003/EC, from 2003, on
genetically modified food and feed, which supplements Regu-
lation 1830/2003/EC concerning the traceability and labeling
of genetically modified organisms, or GMOs (defines the rules
of placing on a market GMOs and foodstuffs containing them),
and Directive 2009/41/EC, from 2009, on the contained use of
genetically modified microorganisms, or GMMs (aiming to
protect from the contained use of GMMs possessing the nega-
tive consequences).
Environmental Regulations Addressing Particular
Activities or Products

The waste issue is controlled by general Directive 2008/98/EC
on waste and repealing certain earlier directives; this is a legal
framework dedicated to the whole waste cycle and treatment
of waste from production to disposal. Its main goal is to
protect the human health and environment from the negative
effects caused by waste generation and waste management.
The landfill strategy is regulated by Council Directive 1999/
31/EC on the landfill of waste, which assumes the most
effective reduction of the possibility of the harmful impact on
the environment, mainly on the surface water, groundwater,
soil, air, and human health. The waste incineration strategy
was described in Directive 2000/76/EC on the incineration of
waste, from 2000, in which EU introduced the measures and
technical requirements on waste incineration plants and
waste coincineration plants to limit the risk of pollution and
danger to human health. Moreover, the following documents
were elaborated; e.g., in 2005, Commission Communication
entitled “Taking Sustainable Use of Resources Forward: A
Thematic Strategy on the Prevention and Recycling of Waste,”
COM (2005) 666 (guidelines for the limitation of the pres-
sure of the waste production and management on the envi-
ronment and for the promotion of the effective recycling);
Green paper from the European Commission on the
management of biowaste in the European Union, COM
(2008) 811 (strategy of the management of biowaste, which
includes biodegradable garden or park waste, food or kitchen
waste from households, restaurants, caterers or retail prem-
ises, and waste from food processing plants). The waste issues
are also regulated by documents relating to the different
groups of waste, naming:

l hazardous waste, includes documents such as:
B Council Decision 93/98/EEC and Council Decision 97/

640/EC, a set of rules of controlling transboundary
movements of hazardous wastes and their disposal

B Commission Decision 2000/532/EC containing a list
of waste and hazardous waste

l waste from specific activities, such as:
B Directive 2010/75/EU on industrial emissions
B Management of waste from extractive industries, Direc-

tive 2006/21/EC
B Communication on removal and disposal of disused

offshore oil and gas installations, COM(98) 49
B Council Directive 86/278/EEC on the use of sewage

sludge in agriculture
B Directive 2000/59/EC for ship-generated waste and

cargo residues
B Directives on the titanium dioxide waste: disposal

(Council Directive 78/176/EEC), surveillance and
monitoring (Council Directive 82/883/EEC), and
reduction of pollution caused by waste from the tita-
nium dioxide industry (Council Directive 92/112/
EEC)

l radioactive waste and substances, including acts such as:
B Communication on the present situation and prospects

for radioactive waste management in the European
Union, COM(98) 799

B Council Directive 2011/70/Euratom establishing a
Community framework for the responsible and safe
management of spent fuel and radioactive waste

l waste from consumer goods, such as:
B Disposal of polychlorinated biphenyls and polychlori-

nated terphenyls, Directive 96/59/EC
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B Disposal of spent batteries and accumulators, Directive
2006/66/EC and repealing Directive 91/157/EEC

B The reusing, recycling and recovering of motor vehicles,
Directive 2005/64/EC

B Waste electrical and electronic equipment, Directive
2002/96/EC and Directive 2002/95/EC
Common Policies Connected with Public Health

The European health strategy involves all programs, policies,
and initiatives that aim to attain a higher level of health
protection. One of the fundamental programs proposed by EC
is presented in the Proposal for the Regulation of the European
Parliament and of the Council on establishing the Health for
Growth Programme, the third multiannual programme of EU
action in the field of health for the period 2014–20, COM
(2011) 709, from 2011. The main purpose of this strategy is to
improve citizens’ health and the sustainability of health care
systems. European health policies are also realized by the
following programs and initiatives: Communication on the
health strategy of the European Community, COM (2000) 285,
from 2000 (contains general and integrated health strategy and
public health framework); Communication on the precau-
tionary principle (which says that in the case of any rational
doubt that a certain activity may cause harmful environmental
effects, all the measures for protection of the environment shall
be undertaken, before scientific evidence becomes available);
COM (2000) 1, from 2000 (it applies the precautionary prin-
ciple to elaborate guidelines on the increasing level of envi-
ronmental protection through preventative actions taken in the
face of risk); Communication on Action against Cancer: Euro-
pean Partnership, COM (2009) 291, from 2009 (actions
against cancer covering the period 2009–13); Decision No
1350/2007/EC establishing a second programme of Commu-
nity action in the field of health (2008–13), from 2007 (draws
the outcomes of the first programme of Community action in
the field of public health in the years 2003–08); European
environment and health strategy, COM (2003) 338, from 2003
(the aim of this initiative is to establish a framework that helps
to understand the complex relations between the environment
and health).

Health law in Europe also deals with different fields of
health security and monitoring, and this issue is regulated by,
e.g., Council Recommendation 2009/1019/EU on seasonal
influenza vaccination, from 2009; Communication on coop-
eration in the European Union on preparedness and response
to biological and chemical agent attacks (Health security),
COM (2003) 320, from 2003, or Decision No 2119/98/EC,
setting up a network for the epidemiological surveillance and
control of communicable diseases in the Community, from
1998. The HIV/AIDS question is discussed in Communication
Combating HIV/AIDS in the European Union and neighboring
countries, 2009–13, COM (2009) 569, from 2009. The
recommendations about blood, blood components, and
human tissues are contained in regulations such as Directive
2002/98/EC, setting standards of quality and safety for the
collection, testing, processing, storage, and distribution of
human blood and blood components, from 2003 and
amending Directive 2001/83/EC; Council Recommendation
on the suitability of blood and plasma donors and the
screening of donated blood in the European Community, from
1998; Directive 2004/23/EC, on setting standards of quality
and safety for the donation, procurement, testing, processing,
preservation, storage, and distribution of human tissues and
cells, from 2004; or Directive 2010/53/EU, on standards of
quality and safety of human organs intended for trans-
plantation, from 2010. The EU also ensures the protection of
citizens against the dangers related to certain medical treat-
ments and rare diseases. The recommendations are found in
the following documents: Council Recommendation 2009/C
151/02, on an action in the field of rare diseases, from 2009;
Council Directive 97/43/Euratom, on health protection of
individuals against the dangers of ionizing radiation in relation
to medical exposure, and repealing Directive 84/466/Euratom,
from 1997 or Council Directive 89/618/Euratom on informing
the general public about health protection measures to be
applied and about steps to be taken in the event of a radio-
logical emergency, from 1989. European health law also
comprises issues such as exposure to environmental tobacco
smoke (Proposal for a Council Recommendation on smoke-
free environments, COM (2009) 328, from 2009); ban on
smoking in public places (Resolution, from 1998); European
strategy to reduce alcohol-related harm (Communication COM
(2006) 625); healthy diet for a healthy life (Commission
Recommendation, 2010/250/EU); Alzheimer’s and other
dementias (Communication COM (2009) 380); or combating
stress and depression-related problems (Council conclusions,
from 2001).
See also: Risk Assessment, Human Health; Environmental
Exposure Assessment; Environmental Risk Assessment,
Cosmetic and Consumer Products; Environmental Risk
Assessment, Pesticides and Biocides; EU Risk Assessment
Committees; European Food Safety Authority (EFSA); The
European Medicines Agency (EMA); REACH; Occupational
Exposure Limits; Acute Health Exposure Guidelines; Toxicology
and Global Public Health; Law and Toxicology; Environmental
Toxicology.
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“Advancing environmental health research offers us the best opportunity for
preventing disease – because you can’t change your genes, but you can
change your environment.” –Dr Linda Birnbaum, Director, NEIHS and
the National Toxicology Program

Background

The environmental health movement concerns itself with those
environmental factors that affect the health and well-being of
humans and wildlife, e.g., air pollution, water contamination,
and the impacts of industrial waste. The environmental health
movement incorporates many different actors from workers
and unions, to health practitioners, to environmental activists.
While Rachel Carson’s Silent Spring is said to have ushered in the
modern-day environmental movement in the United States,
community awareness and action on chemicals and pollution is
much older. The international environmental healthmovement
began in the 1860s with the rise of industrialization and its
associated pollution. The early examples of mercury and lead
poisoning, and the terrible impacts for asbestos-exposed
workers, helped shape the modern environmental health
movement.
Mad Hatters, Minamata, and Miners – The Story
of Mercury

Mercury poisoning awoke the world to the health effects of
a material that was in common use and that the forces of
development were reluctant to give up, even today. The toxic
effects of mercury in the hat-making industry were evident by
the early 1800s and discussed in the medical literature by the
1860s. The mercury solution used in the felt-making process
accumulated in the ‘hatters’ bodies, resulting in trembling, loss
of coordination, slurred speech, loosening of teeth, memory
loss, depression, irritability, and anxiety: the Mad Hatter
Syndrome. After the great strike of 1909, when over 18 000
hatters went on strike against the National Fur Felt Hat
Manufacturers Association, workers mobilized (The Daily
People. Vol. 9, No. 201. New York. Sunday, 17 January 1909.
Editorial. The Hatters Strike. By Daniel De Leon) as they
became aware of the reduction in their symptoms when not
exposed to the mercury vapors.

The process was finally banned in the middle of the twen-
tieth century, but mercury went on to poison another genera-
tion and their children through industrial waste dumping in
Japan in the 1950s. The residents of Minamata Bay were
exposed to mercury through eating local fish contaminated by
wastes from a factory using mercury in the production of
acetaldehyde. Their symptoms included numbness in their
hands and feet, loss of coordination and effects on their vision,
hearing and swallowing. In 1959, high concentrations of
mercury in fish, shellfish, and sludge in the bay were
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
acknowledged as the cause of the many deaths, illness, and
birth defects. The mercury releases were eventually stopped
after a decade of campaigning by residents, supported by
a handful of local activists and Dr Masazumi Harada, who
committed his life to helping Minamata disease sufferers
(Harada, Masazumi. (1972). Minamata Disease. Kumamoto
Nichinichi Shinbun Center & Information Center/Iwanami
Shoten Publishers). Over 2000 victims of Minamata disease
have now been officially recognized by the Japanese govern-
ment and over 10 000 people have received some financial
compensation. The horrendous intergenerational effects of
mercury are still being felt by many of their children and many
still fight for official recognition, adequate compensation and
the global end to the anthropogenic sources of mercury. The
battle for environmental justice for the Minamata victims has
stretched over 65 years but is not over yet. A global mercury
treaty is to be completed in 2013, but despite the activities and
campaigns of nongovernment organizations (NGO) networks
(NGO mercury activities are outlined at http://www.ipen.org
and http://www.zeromercury.org), it is unlikely that the treaty
will ensure the cleanup of Minamata Bay or environmental
justice for all the affected individuals and communities.

Mercury now threatens the lives and health of artisanal
small-scale gold miners in Indonesia, Philippines, South
America, and Africa, as well as contaminating their waterways.
Miners use mercury to separate out the gold ore, exposing
themselves, and often their families to the terrible intergener-
ational effects of mercury poisoning. NGO networks are
actively campaigning to replace the use of mercury with safer
alternatives.
Lead and Asbestos: Century Long Campaigns

Like mercury, lead was long seen as a quintessential industrial
material in the fast developing economies. Yet, its poisonous
effects had long been in public knowledge, as evident in Ben
Franklin's famous letter on lead poisoning. (Available at: http://
www.ledizolv.com/LearnAbout/LeadHazards/benfranklin.asp.)
Written in 1786, it cited the toxic effects of lead both through its
use in rum distilleries (lead has since been implicated in the
downfall of Rome via lead lined pots used in making wine) and
in certain professions like plumbers, glaziers, and painters.
Public concerns for the health of children and workers were
evident by the early twentieth century and in 1921 the Third
International Labor Conference of the League of Nations rec-
ommended that lead paints for interior use be banned. (Nick
Wilson, John Horrocks. Lessons from the removal of lead
from gasoline for controlling other environmental pollutants:
A case study from New Zealand. Environmental Health 2008, 7: 1
doi:10.1186/1476-069X-7-1.) Still, the inclusion of lead in
paint continued unabated for many years, and today is the
subject of the NGO-initiated Global Alliance to Eliminate Lead
Paint (GAELP). (http://www.unep.org/hazardoussubstances/
LeadCadmium/PrioritiesforAction/LeadPaints/tabid/6176/Default.
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aspx.) The popularity of lead additives (e.g., tetraethyl lead) in
gasoline persisted for decades, distributing lead pollution far
and wide. With the release of new medical research in the
1970s, which linked low-level lead exposure to decreases in
children's intelligence and later to behavioral disturbances, the
phase-out of lead in gasoline began. The phase-out was
completed in most countries by 2000, but leaded gasoline is
reported to be still available in Burma, Afghanistan, Algeria,
Iraq, North Korea, and Yemen. (Countries where Leaded Petrol
is Possibly Still Sold for Road Use as at 17 June 2011. Compiled
by Robert Taylor, Researcher, The LEAD Group Inc. and Zac
Gethin-Damon, Administrator, The LEAD Group Inc. http://
www.lead.org.au.)

Asbestos was yet another environmental health tragedy that
was fostered by the Industrial Revolution. Asbestos was widely
used as insulation for steam pipes, turbines, boilers, and ovens,
(Asbestos Resource Center http://www.asbestosresource.com/
history/) and by the turn of the twentieth century, deaths and
lung problems were evident in asbestos mining towns. The first
diagnosis of asbestosis was made in 1924. In 1931, the UK
government introduced laws to increase ventilation and recog-
nize asbestosis as a work-related disease, after studies showed
that a quarter of asbestos workers had asbestos-related lung
disease. At the same time, a blue asbestos mine started up in
Western Australia. (http://www.australianasbestosnetwork.org.
au/AsbestosþHistory/AsbestosþatþWittenoom/default.aspx.)
Thriving in the time of the Great Depression, Witternoon
became a symbol of the environmental injustice that affects
vulnerable workers and their families. Triggered by even
minimal exposure, lung cancer and mesothelioma may mani-
fest decades later. Despite awareness of its terrible effects,
asbestos continued to be mined and used in manufacturing and
construction across the world.

While the first legal battle against the asbestos companies
took place in 1929–30, the claims were settled out of court and
the general public’s knowledge of asbestos products and
dangers remained limited. In the 1960s, asbestos-related
disease in workers using asbestos products started to emerge,
prompting litigations in the UK, Australia and the United
States. Organizations representing sufferers of asbestos-related
diseases have been active in the asbestos battle for decades, but
now the fight to end asbestos use is global, with much of the
focus shifting to India, where old asbestos mine tailings remain
and uncontrolled ship-breaking exposes workers and their
families to asbestos.

The Ban Asbestos Network of India (BANI), whose
members include occupational health doctors, researchers, and
activists, works for an asbestos-free India. After campaigning by
NGOs in Canada and across the globe, in September 2012,
Canada finally withdrew its long opposition to the listing of
chrysotile asbestos in the Rotterdam Convention on the Prior
Informed Consent Procedure for Certain Hazardous Chemicals
and Pesticides in International Trade 1998. Activists, health
groups, and workers from around the world have cooperated to
create a new social media based effort called the Global Ban
Asbestos Network (GBAN). (http://banasbestosindia.blogspot.
com.au/.) Still, with many of the buildings constructed in the
postwar asbestos building boom coming to the end of their
lifespan, builders, workers, renovators, and their families in all
countries are once again at risk from asbestos.
Lessons Learnt

The history of mercury, lead, and asbestos provided important
lessons for toxic activists. Simply communicating unambig-
uous scientific information on serious adverse health effects of
a material does not ensure the protection of environmental
health, let alone justice for workers and their families. The story
of asbestos reinforced that even if the science is absolute and
the impacts known and terrible, this is still not enough to win
the day, and depending on the law is a long and frustrating
wait. As with other issues such as tobacco, the fight to protect
environmental health must be won in the medical journals, the
courts, legislation, the media, and most important, the
consciousness and actions of the general public.
Postwar Pesticides and Chemical Weapons

World War II (WWII) marked a new era in the development of
synthetic chemicals and while it brought many technological
and industrial advances brought back fears of the devastating
effects of chemical weapons. These had been outlawed by the
1925 Geneva Protocol for the Prohibition of the Use of
Asphyxiating, Poisonous or Other Gases, and Bacteriological
Methods of Warfare. The protocol was later replaced by the
Convention on the Prohibition of the Development, Produc-
tion, Stockpiling, and Use of Chemical Weapons, and on Their
Destruction, now commonly referred to as the Chemical
Weapons Convention (CWC), which entered into force in 1997
with 87 State Parties and became binding international law.
Nevertheless chemical weapons were used inWWII by Japanese
and Italian forces. While major powers, including the United
States, UK, Germany, and the Soviet Union developed chemical
weapons programs as a deterrent. (Chemical and Biological
Weapons of World War II by Sok Tea, Alex Smyth, and Nathalie
de Leon http://www-cs-faculty.stanford.edu.) The results of
these programs would be felt for decades to come; napalm was
one.

Inorganic pesticides and plant-derived insecticides had been
used for centuries, but the postwar period brought a revolution
in pest control. Chemical intensive, monocrop, irrigated agri-
culture was introduced first in the global north and substan-
tially expanded in most developed countries. While this
initially boosted crop yields, the costs in health and ecological
damage soon became apparent, and before long some of the
pests grew resistant to these new pesticides. Commercial
production and use of DDT (dichloro-diphenyl-trichloro-
ethane) begun in earnest in 1943 to treat a typhus outbreak in
Naples in Italy. The use of DDT quickly expanded, including its
use against the malaria vector in the Pacific theatre of war, and
by 1946, resistance was already being seen in the common
housefly. (Gips, T. Breaking the Pesticide habit, International
Alliance for sustainable, Agriculture Pub. 1990. International
organisation of Consumer Unions. p. 19.) While the detri-
mental effects of DDT in the environment were known to
researchers and farmers, and the effects on humans revealed as
early as 1951, the public remained largely unaware until 1962
and the publication of Silent Spring.

Organophosphate insecticides (OPs) were another result of
WWII and the development of nerve gases. The acute toxicity of
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OPs led to a dramatic rise in the poisoning of farm workers. As
awareness grew of the impacts that many of the new synthetic
pesticides were having on the environment and people,
community groups organized around pesticide issues and
called for the return to more sustainable farming practices. The
Soil and Health Association of New Zealand, which had been
established in 1941 to promote organic food and farming
in New Zealand and the link between healthy soil and
healthy people, had established branches in the Pacific Islands
by 1947. (http://www.organicnz.org; Also see http://www.
ifoam.org/about_ifoam/standards/index.html. IFOAM reports
that regional groups of organic farmers and their supporters
began developing and disseminating organic standards as early
as the 1940’s.) Reports of serious contamination of food, such
as happened in Turkey, where residents were poisoned over
4 years (1955–59) with flour contaminated with the fungicide
hexachlorobenzene (HCB), (Gocmen A, Peters HA, Cripps
DJ, Bryan GT, Morris CR. Hexachlorobenzene episode in
Turkey. Biomed. Environ. Sci. 1989 Mar; 2(1): 36–43.) increased
community concerns over the growing industrialization of
food production.
The Green Revolution

The development of agricultural technologies that started in
Mexico in the 1940s spread worldwide in the 1950s and 1960s,
substantially increasing the use of fertilizers, pesticides, and
high-yield hybrid crops. While countries’ agricultural output
grew, so did their dependence on fertilizers, pesticides, and
irrigation, bringing their own environmental and human
health problems. Importantly, the introduction of a limited
number of high-yield varieties meant very few species of rice
and grain were cultivated, leaving the way open to increased
risks of disease and pests, through lack of biodiversity.
Agent Orange, Dioxin, and the Politicizing
of the Environmental Health Movement

The Vietnam War in the 1960s significantly increased public
awareness of toxic chemicals. The use of Agent Orange as
a ‘weapon of war’ in a highly political conflict against a devel-
oping country population was simply unacceptable to many.
From 1962 to 1971, 80 000 000 litres of herbicides and defo-
liants mixed with diesel fuel were sprayed in Vietnam, Laos,
and Cambodia. Agent Orange, a 50:50 mixture of 2,4,5-T and
2,4-D, had been manufactured for the U.S. Department of
Defense by Monsanto and Dow Chemicals. The 2,4,5-T was
later found to be contaminated with the very toxic 2,3,7,8-
tetrachlorodibenzodioxin, and this was estimated to have
caused birth defects in at least 500 000 children. (Children of
Vietnam Veterans Health Alliance http://covvha.net/category/
agent-orange-birth-defects/#.UF53xEKCi2c.) Agent Orange
became a rallying point for toxic activists and politicized much
of the environmental health movement in Australia, New
Zealand, and parts of Asia. While many groups actively
opposed the war, alliances were formed between chemical
campaigners and returned Vietnam veterans whose health
problems were being ignored by their governments. The
resistance to the use of pesticides and herbicides grew as
consumers realized that their food crops were being exposed to
the same compounds that had caused the terrible health effects
seen in the affected Vietnam population and Vietnam veterans.

In 1972, the International Federation of Organic Agriculture
Movements (IFOAM) formed with a worldwide appeal for
people working in alternative agriculture to come together to
ensure a future for organic agriculture and the production of
food without the use of pesticides (http://www.ifoam.org).

Some of the student political protesters of the 1960s
became the environmental campaigners and community
activists of the 1970s. Much had been learnt from their student
activist days, as well as from the intense antinuclear mobili-
zations of earlier decades and the ongoing actions of the anti-
nuclear groups, especially in France and Germany. As local
environmental health groups formed, networks followed.

The World Federation of Public Health Associations
(WFPHA) was formed in May 1967, during the 20th World
Health Assembly. Delegates representing 32 national public
health associations convened to discuss the concept of
a nongovernmental civil society voice for public health. The
WFPHA developed into an international NGO, composed of
multidisciplinary national public health associations with
a mission to promote and protect global public health.

In 1971, Friends of the Earth International (FoEI) was
founded by four organizations from France, Sweden, England,
and the United States. The current federation of 76 groups grew
from annual meetings of environmentalists from different
countries who agreed to campaign together on certain crucial
issues such as nuclear energy and whaling (http://www.foei.
org/en/who-we-are/about/history). The first FoE group in
Australia was formed in 1972, and FoE Australia was formally
established in 1974 at a meeting in Westernport Bay, Victoria,
which was the site for a proposed nuclear reactor. Set up at the
height of alternative lifestyle counterculture where women’s
and gay liberation movements were prominent and the
indigenous land rights movement growing in strength, FOE
identified themselves as a radical ecology group that recognized
the need to move to sustainable and equitable social systems to
be able to protect the environment in the long term (http://foe.
org.au/history). FoE’s concept of radical grassroots environ-
mental action was an attractive alternative to the often hierar-
chical structures of established national environment or nature
conservation groups.

Friends of the Earth, Germany or BUND had it origins in the
nature conservation and antinuclear protest movements of the
1970s. Officially founded in 1975, it was a federation for existing
regional groups with a shared objective of ensuring the right to
an equitable existence for people living in both the developed
and developing world. Today, they are committed to foster the
use of renewable energies, a ban on the production of genetically
modified organisms, and a reduction in the amount of toxic
chemicals in everyday life. The European Environment Bureau,
now Europe’s largest coalition of grassroots environmental
organizations, was also set up in 1974 (http://www.eeb.org).

European NGOs had long campaigned to protect the North
Sea and Baltic Sea from toxic pollution and in 1974, the Oslo
Convention against dumping was broadened to cover land-
based sources and the offshore industry by the Paris Convention.
The two conventions unified to become the 1992 Convention
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for the Protection of the Marine Environment of the North-East
Atlantic (OSPAR Convention) (http://www.ospar.org). It
became the focal point in addressing priority issues of pollution,
maritime activities, climate change, nuclear energy, and oil and
gas extraction. Later, in 1998, the convention committed to
action on toxic, persistent, and bioaccumulative chemicals,
setting 2020 as the target year for ending all discharges, emis-
sions, and losses of hazardous substances. (A guide to SAICM. A
Framework for Action To Protect Human Health and the Envi-
ronment From Toxic Chemicals, Jack Weinberg, International
POPs Elimination Network.)

By 1982, with increasing evidence of the harms of pesti-
cides, particularly in developing countries, the Pesticide Action
Network (PAN) (http://www.panap.org) was formed in
Penang, Malaysia. Its members committed to ensuring the
health and safety of not just people but also ‘Mother Earth.’
PAN has grown into a global network of over 600 participating
NGOs, institutions, and individuals in over 60 countries in
Asia, Africa, Europe, Latin America, North America, and the
Pacific, working together to replace the use of hazardous
pesticides with ecologically sound alternatives. PAN has led the
campaign to eradicate highly hazardous pesticides, starting
with the ‘Dirty Dozen’ in the 1980s, and more recently the now
globally banned pesticide endosulfan. Endosulfan is respon-
sible for the contamination of communities and poisoning of
workers in Africa, Asia, Latin America, and the United States,
with particularly horrific congenital effects in India. PAN
continues to campaign to ban imidacloprid and other neon-
icotinoid insecticides, thought to be responsible for mass die-
off of bees in Europe and the United States. (Pesticides:
Germany bans chemicals linked to honeybee devastation, Ali-
son Benjamin, Friday 23 May 2008. www.guardian.co.uk/
environment/2008/may/23/wildlife.) PAN has also devel-
oped and implemented community monitoring tools aimed at
empowering communities to stand up for their rights in the
face of industrial agriculture, to recognize the problem of
pesticide poisoning, and to help them move toward biodiver-
sity-based ecological agriculture. (Communities in Peril:
Global report on health impacts of pesticide use in agriculture.
http://www.panap.net/en/p/post/pesticides-cpam/78.) PAN
has also played an important role in promoting the United
Nations Food Agriculture Organization (FAO) International
Code of Conduct on the Distribution and use of Pesticides
1985, and its 2002 revision, which promotes practices that
minimize adverse effects on humans and the environment
associated with handling pesticides.

In 2011, PAN won an indictment against six agrochemical
transnational corporations for gross abuses of human rights
at a hearing of the Permanent People’s Tribunal in Bangalore,
India. (PPT, 2011. Permanent People’s Tribunal Session on
Agrochemical Transnational Corporations, Bangalore; 3–6
December 2011. http://agricorporateaccountability.net/sites/
default/files/tpp_bangalore3dec2011.pdf.)
Industry Response – SLAPP Suits

The1980s experiencedan increasinguseof ‘SLAPP suits’ (Strategic
Lawsuit Against Public Participation) against chemical
campaigners and even medical professionals. One of the most
notorious was the multinational chemical company Hoechst
$814 000 lawsuit against Dr Romeo Quijano, a physician at the
General Philippine Hospital and a professor of pharmacology
and toxicology. Dr Quijano had said that the pesticide Thiodan
containing endosulfanmay cause cancer. The case was eventually
dismissed in 1994. The publication by Dr Quijano of an article
about dozens of families suffering from pesticide poisoning in
a village adjoining a large banana plantation on the island of
Mindanao resulted in a further libel action by the owner of the
plantation against both the doctor and his daughter, who had
helped write the article. Local and international public interest
lawyers from the Environmental Defender Law Center (EDLC)
came to their aid in an international effort to stop the use of
defamation laws to intimidate and penalize environmental
campaigners. Many years later in 2007, a Philippine’s judge ruled
in favor of Dr Quijano and his daughter, finally dismissing
the case.
Industrial Chemicals

While industrial chemicals have not received the same atten-
tion as pesticides, for some communities and workers the
reality of their harmful effects was undeniable. In 1964,
Swedish researcher Dr Soren Jensen found that the very toxic
industrial PCBs (polychlorinated biphenyls), used widely in
electrical transmission systems and heat applications, had
contaminated wildlife and humans. (Jensen, S. Report of a new
chemical hazard. New Sci 1966, 32: 612. Reported in Alexander
Suvorov and Larissa Takser. Facing the challenge of data
transfer from animal models to humans: the case of persistent
organohalogens. Environmental Health 2008, 7: 58. http://dx.
doi.org/10.1186/1476-069X-7-58.) In 1968, high levels of
PCBs were detected in Japanese food, which was sourced back
to the use of PCBs to heat and deodorize rice bran oil. The
contamination was responsible for the death of 142 people and
poisoning (Yusho disease) of at least another 1800. (Reich, M.
Toxic Politics – Responding To Chemical Disasters, Cornell Univ.
Press, New York, 1991.) Despite 20 years of legal action and
community lobbying, no one at the Kanemi Company or in the
government was ever held accountable.

In July 1976, the ICMESA pharmaceutical and perfume
factory in Seveso released a chemical cloud over one of the
most prosperous but densely packed parts of Italy. The chem-
ical trichlorophenol (TCP) was contaminated with the very
toxic dioxin, TCDD/2,3,7,8-tetrachlorodibenzodioxin (ibid.).
The company’s response was slow and secretive until the media
disclosed dying trees and hospitalized children. Fifteen days
after the accident, an evacuation was ordered. In 1979, official
health figures showed a significant increase in the number of
serious congenital birth defects. By 1982, the company had
paid nearly $20million in damages to farmers, local industry,
and individuals.

Yet, it was in Bhopal on 3 December 1984 that the most
terrible industrial chemical disaster occurred. The release of
40 tons of methyl isocyanate from a Union Carbide plant
near Bhopal in India killed at least 3800 people immediately,
and injured up to 200 000, causing significant morbidity
and premature death. (Edward Broughton. The Bhopal
disaster and its aftermath: a review. Environ. Health. 2005; 4: 6.
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http://dx.doi.org/10.1186/1476-069X-4-6.) NGOs quickly
organized to provide medical help and in 1986, the Bhopal
Group for Information and Action was set up. Union Carbide
agreed to a financial settlement with the Indian government in
1989, yet most victims did not get enough to cover even their
medical expenses. In 1992, the Permanent Peoples Tribunal on
Industrial and Environmental Hazards and Human Rights in
Bhopal was established. The site of the facility and the associ-
ated groundwater, has never been fully remediated. Infants in
the affected communities are still born with congenital defects
and cerebral palsy while residents drinking the contaminated
groundwater have high rates of skin, respiratory, and gastro-
intestinal diseases. No other chemical incident has equaled it in
human tragedy, or matched the impact it had on the world’s
media, regulators and the general population.
Economic Growth and the Environmental
Justice Movement

Following the Bhopal disaster, there was a global push for new
national environmental legislation, which provided opportuni-
ties for NGOs and communities to participate to varying degrees
in developing environmental policy and management. The
1980s saw economic growth at record levels, and the subsequent
development spurrednumerous local andnational conflicts over
the siting of hazardouswaste facilities, incinerators and landfills,
toxic dumping, and contaminated sites. The groups that formed
around toxic issues were often concerned for the health of
humans and the environment as well as social and environ-
mental justice. Disillusioned with regulators’ ability to protect
the environment and public health, regional and national
groups formed to campaign for state and national legislative
reform.Theenvironmental justicemovement had truly emerged.

In some regions, the growing movement of ecofeminism
contributed to environmental health and justice movement,
arguing that women’s low status and social roles made them
bothmore aware of threats to the environment andmore at risk
of their adverse impacts. Women and children disproportion-
ately suffered the impacts of toxicwaste dumping, contaminated
water, and exposure to pesticides, particularly in developing
countries. As development pressures increased, the community
reactions to environmental and pollution threats were regularly
dismissed as the NIMBY response: ‘not in my backyard.’

News of pollution and contamination appeared to continue
unabated throughout the 1980s. In 1986, a catastrophic fire at
the Sandoz chemicals factory near Basel, Switzerland, sent tons
of toxic chemicals into the nearby Rhine River. Within 10 days
the pollution had reached the North Sea and killed an esti-
mated half a million fish. Organochlorine compounds like
dieldrin, heptachlor, and PCBs were regularly being detected
and reported in foodstuff globally traded, and the contami-
nation of dolphins, seals, and other marine mammals received
widel press coverage.
Toxic Waste Trade

The international campaigns by Greenpeace on industrial
effluent and toxic waste dumping inspired and supportedmany
domestic NGOs working on the growing issue of wastes. The
subsequent tightening of environmental regulations in indus-
trialized countries in the late 1980s, while a positive result of
lobbyingby civil society, also led to a rise in the cost of hazardous
waste disposal. ‘Ships of shame’ carrying hazardous wastes from
developed economies sailed the high seas seekingports to accept
their waste cargo. International outrage over toxic dumping in
developing countries led to the development and adoption in
1989 of the Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal. The Basel
Convention was designed to reduce the movements of
hazardous waste between countries and specifically, to prevent
transfer of hazardous waste from developed to less-developed
countries. The NGO Basel Action Network (BAN) (http://www.
ban.org) formed to stop the trade in toxic wastes, toxic products,
and toxic technologies from rich to poorer countries. BAN
worked to ensure national self-sufficiency in wastemanagement
through clean production and toxic use reduction, and sup-
ported global environmental justice. BAN’s current campaigns
focus on the equitable management and disposal of hazardous
electronic wastes (e-waste) and successfully stopping the scut-
tling of toxic US navy ships for artificial reefs.
Trade in Toxic Chemicals

In 1989, the UN Environment Programme (UNEP) and FAO
introduced a voluntary prior informed consent procedure to
ensure countries had adequate information to decide whether
or not to accept hazardous chemical imports. The Rotterdam
Convention on the Prior Informed Consent Procedure for
Certain Hazardous Chemicals and Pesticides in International
Trade was completed in 1998 and entered into force in 2004. It
established a process where countries could, based on an
information dossier, inform other nations that they would or
would not accept certain chemical imports.
The Montreal Protocol

In 1989, what has been called the “single most successful
international agreement to date,” the Montreal Protocol on
Substances That Deplete the Ozone Layer, a protocol to the
Vienna Convention for the Protection of the Ozone Layer
1989, entered into force. Now ratified by 196 states, the treaty
was designed to phase out the production of substances
responsible for ozone depletion. If adhered to, the ozone layer
was predicted to recover by 2050. The apparent rapid accep-
tance of the protocol gave many NGOs confidence that UN
processes could provide an effective pathway to chemical
reform.
Agenda 21, Precaution and Community Right to Know

The 1990s began with optimism. Environmental health was
firmly on the agenda and NGOs had a growing presence at
international chemical discussions. The International Society of
Doctors for the Environment (ISDE) was set up in 1990 with
member organizations in 35 countries. It comprised of doctors,
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researchers, and specialists who were very aware of the
ecological problems affecting the health of people. ISDE’s
purpose was to help defend the environment both locally and
globally to prevent illnesses and ensure the necessary condi-
tions for health and quality of life.

By the 1992 Rio Earth Summit, expectations were high.
Approximately 2400 NGO representatives participated, with
another 17 000 attending the parallel NGO Global Forum.
Discussions were positive and the important Convention on
Biological Diversity was opened for signature and agreement on
the need for a climate change convention was reached. The
subsequent Rio Declaration on Environment and Development
(Rio Declaration on Environment and Development, United
Nations Conference on Environment and Development
(UNCED) 3–14 June 1992, Rio de Janeiro, Brazil. Available
at: http://www.un.org/documents/ga/conf151/aconf15126-
1annex1.htm. Also see Agenda 21: Programme for Action for
Sustainable Development Rio Declaration on Environmental Devel-
opment) established the principles of precaution, intergenera-
tional equity, right to know, participation, and polluter pays,
which soon became the international tenets of sound chemical
management. Chapter 19 of Agenda 21, concerned with Envi-
ronmentally Sound Management of Toxic Chemicals, included
activities to disseminate chemical information and strengthen
the capacity of developing countries. Chapter 19 also contained
reference to the right of communities to chemical information
and the obligations on industry and governments to provide
that information. Principle 10 of the Rio Declaration recognizes
the public’s right to information on environmental matters.
Support for the community’s right to know about chemical
hazards had grown following the Bhopal tragedy, and both
governments and communities saw the benefit of companies
publicly reporting the chemicals they stored, used, and released,
particularly in light of what had been achieved with the U.S.
Toxic Release Inventory. Agenda 21 provided a timely
acknowledgment that it was in the public interest for the
community to be informed, to exercise their right to understand,
to make informed choices, and to participate meaningfully in
informed decision-making.
Sustainable Development NGOs

Following the Rio Earth Summit, many new NGOs formed in
developing and transitional countries with a shared aim of
achieving sustainable development. This would inevitably
involve addressing the growing problems of pollution, waste,
and increasing chemical use in their regions.

In Russia, the Center for Environment and Sustainable
Development (ECO-Accord) (http://www.ecoaccord.org) was
established in 1992 as a not-for-profit citizens’ organization.
The founders of ECO-Accord had been activists at the Moscow
University Youth Council for Environmental Protection. Their
main goal was to contribute to the transition to sustainable
development with new approaches and solutions for environ-
mental, economic and social problems at global, national and
local levels. ECO-Accord worked with organizations from
Russia and other countries of the former Soviet Union in
Eastern Europe, Caucasus and Central Asia (EECCA) to raise
public awareness on issues of ECO-Accord, including the
environmental damage and serious health risks associated with
toxic waste. They fought to ban the transportation and burial of
hazardous chemicals in former Soviet Republic, and provided
information to government decision-makers to encourage
policy change. Dr Olga Speranskaya, head of ECO-Accord
Program on Chemical Safety, received a Goldman Environ-
mental Prize in 2009 for the successful campaign to tackle the
Soviet legacy of hazardous chemicals.

In Pakistan in 1992, the Sustainable Development Policy
Institute (SDPI) (http://www.spdi.org) was founded on the
recommendation of the Pakistan National Conservation
Strategy. Pakistan’s Agenda 21 committee highlighted the need
for an independent nonprofit organization to serve as a source
of expertise for policy analysis and development, and program
advisory services. SDPI had a mandate for public education, the
dissemination of research findings, the strengthening of civil
society, and the facilitation of civil society–government inter-
action. Its goal was to transition Pakistan toward sustainable
and just development.

In Tanzania, the NGO called AGENDA for Environment and
Responsible Development (http://www.agenda-tz.org) was
established by the Danish Development Agency in 1994, as part
of a project to promote environmentally responsible, trans-
parent, and accountable business practices. In 1997, AGENDA
registered as an autonomous NGO with an aim to ensure
socioeconomic development without causing adverse effects to
human health and the environment. Many African NGOs face
the onslaught of illegally dumped e-waste, much of which
comes from the developed world, highly hazardous pesticide
use, and the DDT used in malaria vector control. Some also
have the added burden of dealing with contamination from
leftover ‘aid’ in the form of stockpiles of unwanted pesticides
like the persistent organic pollutants (POPs). (International
POPs Elimination Project (IPEP), Hotspot report for
a Contaminated Site: Old Korogwe DDT Site in Tanzania,
AGENDA for Environment and Responsible Development
www.ipen.org/ipepweb1/library/ipep_pdf_reports/2urt%
20tanazania%20old%20korogwe%20ddt%20site.pdf.)

In New Delhi, India, the NGO Toxics Link, (http://www.
toxicslink.org) dedicated to bring toxics-related information
into the public domain was established and engaged in on-the-
ground campaigns in the areas of municipal, hazardous, and
medical waste management, e-waste, pesticides, and food
safety as well as working with NGOs from around the globe on
international chemical reform.

These new NGOs brought both a national and international
focus to their work, and while in their countries they undertook
community outreach, public education, policy analysis,
research, training, and program development, they also partic-
ipated in international chemical reform activities. New envi-
ronmental health NGOs were also established or expanded in
developed countries inspired by the Rio Earth Summit and the
growing campaigns for right to knowand environmental justice.

In Australia and the Pacific, the National Toxics Network
(NTN) (http://www.ntn.org.au) formed in 1993 around the
NTN Community Information System, which mapped
community issues around contaminated sites, landfill conflicts,
wildlife residues, and birth defects thought to be associated
with chemical use. NTN worked with other NGOs, unions, and
industry to develop national management plans for hazardous
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wastes, which were accepted by the state and national
governments and assisted in the project to collect POPs from
12 Pacific Islands for destruction in Australia. NTN now
campaigns to remove toxic chemicals from products, to elim-
inate hazardous pesticides, and to address the chemicals used
and released by unconventional gas activities.

In 1994, Women in Europe for a Common Future (WECF)
registered as a foundation in the Netherlands following an
initiative of European women at the Rio Earth Summit. They
committed to work together for sustainable development, to
implement projects together, to share experiences, and to learn
from each other. WECF advocated for nonchemical alternatives
based on the principles of polluter pays, reversal of the burden
of proof, and the precautionary principle. They highlighted the
gaps and inadequacies in legislation and raised awareness
among consumers about toxic chemicals in consumer products.
In Armenia, Kazakhstan, and Ukraine, WECF member groups
cooperated with local and national authorities to manage or
remove old pesticide stockpiles, which poses serious threats to
the environment and to public health. WECF campaigns on
asbestos dangers, working for a worldwide ban on asbestos and
the inclusion of chrysotile asbestos in the Annex III list of prior
informed consent of the Rotterdam Convention.
Intergovernmental Forum on Chemical
Safety and POPs

The Rio Earth Summit resulted in a new international process to
address chemical management issues. Established in 1994, the
Intergovernmental Forum on Chemical Safety (IFCS) aimed to
promote effective environmentally sound chemical manage-
ment through information dissemination and capacity building.
It was based on the participation of all stakeholders, including
NGOs and industry, to address urgent chemical problems. One
of these was the challenge of POPs. POPs were recognized as
toxic chemicals that are very persistent, bioaccumulative, and
capable of transboundary movement, traveling far from their
original place of use or release. A global response was urgently
needed. While POPs affected all living things, vulnerable pop-
ulations like indigenous peoples, women and children, peasant
workers, and the poor were most at risk from their insidious
effects. The IFCS process opened the door to international
discussions for many national and regional NGOs campaigning
on hazardous pesticides, PCBs, dioxin pollution from incinera-
tion, toxic waste disposal, contaminated sites and right to know.
Endocrine Disruption – Stealing Our Future

The 1990s also saw an increase in the national and interna-
tional Greenpeace campaigns to stop industrial pollution, end
waste dumping, and protecti-marine wildlife from chemical
contamination. These campaigns influenced the growing
awareness among NGOs and the research community of the
impacts of exposure to mixtures of chemicals, including POPs
and their endocrine-disrupting impacts on marine mammals.
The ability of chemicals to stimulate or inhibit enzymes was
well understood by the late 1960s. (Conney, A.H, Welsh, R.M.,
Kuntzman, R., and Burns, J.J. Effects of Pesticides on drug and
steroid metabolism. Vol. 8: No.1 Pharmacological Therapy, 1967
(Welcome Research Laboratories, U.S.A.).) By the 1970s,
research was demonstrating that DDT and PCBs in the bodies of
seals was reducing their chance to reproduce, and by the early
1990s, evidence of endocrine impacts on cetaceans was clearly
apparent. Female Baltic ringed seals exposed to POPs were
experiencing narrowing or closure of the uterine passage and
hormonally induced softening of the bone, while in male Dall
porpoises, as concentrations of PCBs and DDT increased, the
level of male hormone testosterone decreased. (See Reijnders, P.
& Donovan, G.P., April 1995. Report of the Workshop on
Chemical Pollution and Cetaceans Scientific Committee,
International Whaling Commission; Moscrop, A. and Sim-
monds, M.P., 1995. The Significance of Pollution for Marine
Cetaceans, Scientific Committee, International Whaling
Commission Review SC/46/0 14.) By March 1995, the Inter-
nationalWhaling Commission noted that “whenever endocrine
disrupting chemicals were sought in cetacean tissue, they were
found” (ibid.). Endocrine impacts in other marine species were
also being seen in increasing numbers, e.g., in the imposex and
the masculinization of female mussels exposed to tributyltin
(TBT) evident in many countries. (See State of the Environment
Report, Western Australia 1991; Rejinders, Peter J.H., 1994.
Toxicokinetics of chlorobiphenyls and associated physiological
responses inmarine mammals, with particular reference to their
potential for ecotoxicological risk assessment. Sci. Total Environ.
154; 229-236; Edyvane, K., 1995. Issues in the South Australian
Marine Environment, State of the Marine Environment Report
for Australia. SA Research & Development Institute.)

In 1996, the landmark book Our Stolen Future (Colborn,
Theo;DianneDumanoski; and JohnPetersonMyers.Our Stolen
Future: Are We Threatening Our Fertility, Intelligence, and
Survival? A Scientific Detective Story. New York: Dutton, 1996.)
was published. It compiled a substantial body of evidence
showing the impacts on reproduction from the increasing
amount of endocrine-disrupting chemicals that wildlife was
exposed to. Importantly, it showed that humans were not
immune and that human sperm counts were dropping and
women’s reproductive disorders were increasing. The book
received global attention and increased calls for more infor-
mation about chemicals in products and for toxic use reduction.
Community Right to Know and Industry Obligation
to Report

In 1996, the IFCS recommended that the international
community take global action to address POPs. Traveling on air
and water currents, POP contamination showed no respect for
country borders, and a global response was now well overdue.
Negotiations for a POP treaty began in 1998, the same year that
a convention was held to ensure information access and envi-
ronmental democracy was completed in Europe.

The Aarhus Convention on Access to Information, Public
Participation in Decision-making and Access to Justice in
Environmental Matters (1998) had been robustly supported by
European NGOs, and although primarily a convention signed
by European countries, nevertheless the Aarhus Convention
inspired many national NGOs to demand similar right to know
provisions from their governments. Many also lobbied their
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countries to introduce industry pollution reporting systems
similar to the U.S. Toxics Release Inventory (TRI). In 1998,
NGOs from India, Asia, Australia, Europe, and the UK met in
Tokyo to ensure governments attending the Organization for
Economic Co-operation and Development (OECD) special
meeting on pollutant release transfer registers (PRTRs) would
actively support their introduction across the world. PRTRs
were subsequently introduced in Australia, Canada, EU and
Mexico.

Yet, many NGOs saw community right to know as much
broader than pollutant release registers. For civil society,
community right to know encompassed the right to access
information on hazardous chemicals in manufacturing, use,
storage, handling, disposal and transport as well as emergency
planning and contaminated sites. NGOs called for information
on the toxic chemicals in consumer products and for full
product labeling. (Adams, P. and Ruchel, M. Unlocking the
Factory Door! The Community Demands the Right-to-Know.
Report to the Coode Island Review Panel by the Hazardous
Materials Action Group, March 1992.)
The Formation of Toxic Specific Global Networks

The discussions at the IFCS, the negotiations for the Stockholm
Convention, as well as ongoing involvement in the Basel and
Rotterdam Conventions provided impetus for development of
a growing number of international environmental health
networks. Today, their member organizations number in the
thousands and form the backbone of modern toxic activism.
Environmental justice, precautionary principle, right to know,
intergenerational equity, and substitution are the important
principles that guide them.

Health Care Without Harm (HCWH) (http://www.noharm.
org) was one of the first of the global environmental health
networks formed, and it initially focused on medical waste
incineration as a leading source of dioxins. Since 1996, HCWH
has grown into a broad-based international coalition of
hundreds of organizations in 52 countries. The network has
had a significant impact on health systems, health care workers,
medical device manufacturers, and government regulators.
Working with thousands of hospitals across Latin America,
Asia, and Africa, HCWH facilitates the phase-out of mercury
and the switch to safer alternatives and has also helped to close
polluting medical waste incinerators. HCWH initiated a Green
Building program specifically geared to hospitals.

In 1998, the International POPs Elimination Network
(IPEN) (http://www.ipen.org) was established in response to
the global need to eliminate toxic POPs and, with the financial
support of Physicians for Social Responsibility. (http://www.
psr.org.) Since IPEN’s inception at the first session of the
UNEP Intergovernmental Negotiating Committee (INC1) for
a POPs treaty, it has grown to a global network of over 700
public interest NGOs from more than 100 countries united
in support of the common goal of a ‘toxics-free future.’
Throughout the POPs negotiations, IPEN worked in alliance
with other networks to effectively mobilize and coordinate the
participation of more than 350 environmental, public health,
and consumer NGOs as well as indigenous peoples from
40 countries, including many from developing and transition
countries. After the negotiations concluded in 2001, IPEN
continued to work with NGOs to ensure national ratifications
and implementation of the Stockholm Convention and IPEN
completed the two-year IPEP project, which encompassed 290
projects implemented by 350 NGOs in 65 developing and
transitional countries. IPEN works through its eight regional
hubs in Francophone Africa, Anglophone Africa, Latin America,
Asia-Pacific, Asia, EECCA, and the Middle East to address
priority chemical issues. IPEN groups participate in the
ongoing work of the POPs Review Committee (POPRC), which
assesses new POPs nominations, recommends their listing, and
provides guidance on non-POPs alternatives. With the active
support and involvement of environmental health NGOs,
manymore POPs have been added to the convention. IPEN has
helped build the capacity of its member organizations to
implement on-the-ground activities and work at the interna-
tional level to set priorities and achieve new policies. Thanal
(http://www.thanal.co.in), a small IPEN participating organi-
zation from Kerala, played a key role in the listing of the
pesticide endosulfan on the Stockholm Convention, ensuring
its international elimination. IPEN has held skillshare work-
shops on toxic chemicals in many countries, including those in
Africa, India, Brazil, Hungary, and China, where over 60
Chinese NGOs attended. IPEN’s publications have helped
educate NGOs and civil society about the dangers of chemicals
across the globe.

With a growing focus on the unsustainable levels of waste
produced by both developed and developing countries, GAIA,
the Global Alliance for Incinerator Alternatives (http://www.
no-burn.org), formed in South Africa in December 2000. It
has grown to more than 650 members in over 90 countries.
GAIA focuses on incineration as a significant health threat to
communities and a major obstacle to environmental justice
and campaigns on resource conservation and zero waste poli-
cies. The GAIA Secretariat is based in the Philippines, a country
under great pressure to better manage its waste and pollution.
In 2000, the Philippines achieved a national ban on incinera-
tion. Zero waste legislation was introduced in Buenos Aires and
parts of India, and GAIA members have undertaken actions in
Brazil, Malaysia, South Africa, and Australia to stop hazardous
waste and municipal waste incinerators from being built.
Importantly, in India, GAIA supported community-based
economic development projects to demonstrate how the
principles of reuse can build sustainable livelihoods. GAIA now
has organizations in Africa, Australia, Asia and Pacific, Europe,
Latin America and the Caribbean, Middle East and North
Africa, the United States, and Canada.
Environmental Justice and Human Rights

In 2001, the Stockholm Convention on POPs opened for
signature. In the same year, the United Nations Human Rights
Council (UNHRC) declared that “living in a pollution-free
world is a basic human right” (Press Release, 27 Apr 2001.
Living In A Pollution-free World A Basic Human Right. Avail-
able at: http://www.grida.no/news/press/2150.aspx) and that
those who pollute, violate these rights. They warned that “the
fundamental right to life is threatened by exposures to toxic
chemicals, hazardous wastes, and contaminated drinking
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water,” and argued that “human rights cannot be secured in
a degraded or polluted environment.” Previously in 1980, the
UNHRC (Communication No. 67/1980: Canada. 27/10/82.
CCPR/C/17/D/67/1980. (Jurisprudence)) had found that the
large-scale dumping of nuclear waste threatened the lives of
local residents and amounted to a clear violation of the right to
life. In 1994, Spanish residents had sued (Case of Lopez
Ostra v Spain, Application no. 16798/90 (1994) ECHR 46
(9 December 1994)) over a wastewater treatment plant that
had caused serious health problems. The European Court of
Human Rights concluded that the state had a positive duty to
protect human rights by adequately regulating facilities.

The human rights of indigenous people have been badly
affected by chemicals that they have never even used. The
ongoing contamination of the Arctic food chain via long-range
transport of POPs seriously threatens indigenous peoples’ need
to consume traditional foods, a right that is protected under the
Declaration on the Rights of Indigenous People of 2007. (See
United Nations Declaration on the Rights of Indigenous
Peoples, GA Resolution 61/295, UN Doc A/61/L.67 (2007) at
article 5, 9 and 11.) In the Stockholm Convention’s preamble,
Arctic people were given special consideration acknowledging
that the Arctic ecosystems and indigenous communities are
particularly at risk because of the biomagnification of POPs in
their traditional foods. The POPs ‘grasshopper effect’ resulted
in these contaminants moving toward the colder areas of the
globe. The acknowledgment of impacts on human rights from
chemical contamination underpinned and further justified
NGO campaigns for environmental justice.
REACH for Right to Know

In 1998, environment ministers of EU member states
responded to growing community and NGO pressure and
accepted the need for a new policy on chemicals to address the
majority of industrial chemicals in use that had never been
properly assessed for their human and environmental safety.
New regulations aimed at protecting human health and the
environment through better information and earlier identifi-
cation of hazardous properties of chemicals were proposed
(http://ec.europa.eu/environment/chemicals/reach/pdf/2007_
02_reach_in_brief.pdf ). The new regulatory system quickly
became the focus of many European NGOs looking for an
effective response to their demands for environmental
protection from toxic chemicals and community right to
know. European NGOs worked together to influence the
outcome in a coalition that included the European Environ-
mental Bureau (EEB), Friends of the Earth Europe (FoEE),
Greenpeace, Health and Environment Alliance (HEAL), WECF,
WWF European Policy Office, BEUC, the European
Consumers' Organisation and Eurocoop, the European
community of consumer cooperatives. On 1 June 2007,
REACH, which stands for Registration, Evaluation, Authori-
zation and Restriction of Chemical substances, came into force
(Regulation (EC) No. 1907/2006 Regulation concerning the
Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH), establishing a European Chemicals
Agency). It set out a new approach for the control of the
manufacture, import, and use of chemicals in the EU. The
provisions, to be phased in over 11 years, required manufac-
turers and importers to gather and provide information on the
properties of their chemicals. They would need to notify the
European Chemicals Agency (ECHA) of substances of very
high concern (SVHC) in articles and some uses of SVHCs were
to be subject to prior authorization. Substitution plans were
required to ensure the replacement of SVHCs with safer
alternatives. REACH places “the burden of proof onto the
producers to show that their chemicals are safe, allows the
public to get information about the use of some substances of
concern in products and provides for some of the most
hazardous chemicals to be substituted when there are safer
alternatives.” (Navigating REACH: an Activists Guide to Using
and Improving the New EU Chemicals Legislation at: http://www.
wecf.eu/cms/download/2007/navi_reach.pdf.)

Some of the NGOs working on REACH formed the Inter-
national Chemical Secretariat or ChemSec in 2002 with the
goal of a toxics-free environment by 2020 based on the
principles of precaution, substitution, polluter pays, and right
to know. ChemSec released the SIN (Substitute It Now!)
(http://www.chemsec.org) List to increase the pressure to
substitute the most hazardous chemicals still in use. Their list
consisted of 378 chemicals that were identified as SVHC based
on the criteria established by REACH. Some on the SIN list
can cause cancer, alter DNA, or damage reproductive systems,
while others are very persistent, build up in nature, and have
the potential to cause serious and long-term irreversible
effects. In 2012, many of these chemicals are still being used
in consumer products from detergents and paints to
computers and toys, yet consumers remain unaware. The SIN
List provides progressive companies with a list of hazardous
chemicals to avoid.
Consumers, Toxics, and Toys

The second decade of twenty-first century has been marked by
growing consumer activism based on an increasing awareness
of the link between low-level chemical exposure, including
exposure to toxics in products, and chronic disease. While the
exact number of chemicals on the global market today is not
known, the Global Chemical Outlook cites the 143 835
chemical substances that have been preregistered under the EU
REACH as a reasonable guide to the approximate number of
chemicals in commerce globally. (Global Chemicals Outlook,
Toward Sound Management of Chemicals, United Nations
Environment Programme, 2012.) The rise of chronic diseases
such as cancer, heart disease, reproductive and developmental
disorders, asthma, diabetes, degenerative diseases, and mental
health has been shown to have links to pollution of air, water,
food and consumer products, and wastes. (Pruess-Ustun, A.,
Vickers, C., Haefliger, P., and Bertollini R. Knowns and
unknowns on the burden of disease due to chemicals: a
systematic review. Environmental Health 2011. 10: 9.) The
World Health Organization (WHO) has stated that almost
a quarter of all diseases is caused by environmental exposure,
which can be averted. (WHO Media Release. Almost a quarter
of all disease caused by environmental exposure. 16 June 2006,
Geneva. Available at: http://www.who.int/mediacentre/news/
releases/2006/pr32/en/index.html.) Low-level exposure to
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real-world mixtures of chemicals in products became the focus
for many NGO campaigns around the world.

In 2003, the Health and Environment Alliance (HEAL)
(http://www.env-health.org) formed, becoming a leading
European not-for-profit organization addressing environment
health. Members include both international and Europe-wide
organizations as well as national and local groups. With the
support of its over 70 member organizations, HEAL brought
together independent expertise from the health community to
the different decision-making processes, including the Chil-
dren’s Environment and Health Action Plan for Europe. By
2000, it was acknowledged that babies were being born ‘pre-
polluted’ with synthetic toxic chemicals present in their small
bodies. The developing fetus was being contaminated by
chemicals in the mother’s body that cross the placental barrier,
and then as newborns, take in more chemicals through breast
milk or formula. As they grow, children are exposed to
hazardous chemicals through residues in their food, indoor
and outdoor air pollution, and household products and
contaminated house dust. (Lloyd-Smith, Mariann; Sheffield-
Brotherton, Bro. Children’s environmental health: intergener-
ational equity in action – a civil society perspective. Annals of
the New York Academy of Sciences, Vol. 1140, No. 1; October
2008, pp. 190–200(11).)

The unique vulnerability of children to hazardous chem-
icals was formally recognized by the WHO, the UN Interna-
tional Children’s Fund (UNICEF), and UNEP in 2002. (UNEP,
UNICEF & WHO, 2002. Children in the New Millennium:
Environmental Impact on Health. Available at http://www.
unep.org, http://www.unicef.org and http://www.who.int.) It
is accepted that children are not little adults, their bodies are
still developing, their detoxification systems are immature,
and their protective biological barriers such as the blood–
brain barrier are far from complete. An increasing number
of adverse health impacts from children’s exposure to
hazardous chemicals were being identified, including asthma,
birth defects, hypospadias, behavioral disorders, learning
disabilities, autism, cancer, dysfunctional immune systems,
neurological impairments, and reproductive disorders (ibid.).
More recently, obesity and diabetes have been added to the
list. Research also showed that babies and children experience
particular ‘windows of susceptibility’ in their development
(Olin, S. R. and Sonawane B.R., 2003. Workshop to develop
a framework for assessing risks to children from exposure to
environmental agents, September 2003. Environmental Health
Perspectives 111/12: 1524–1526), and if exposures occur
during these critical times, it could contribute to health
problems much later in life. For example, exposure to dioxin
in utero can produce disabilities in neurological function and
learning ability well into childhood. (Pluim, H. J., Koppe, J.G.,
Olie K., van der Slikke, J.W., Slot, P.C., and van Boxtel, C.,
1994. Clinical laboratory manifestations of exposure to
background levels of dioxins in the perinatal period. Acta
Paediatrica 83: 583–587; OIlsen A., Briët J.M., Koppe J.G.,
Pluim H.J., and Oosting J., 1996. Signs of enhanced neuro-
motor maturation in children due to perinatal load with
background levels of dioxins. Chemosphere: 33(7), 1317–1326;
Weisglas-Kuperus, N., Sas T.C.J., Koopman-Esseboom C.,
Vanderzwan, C.W., Deridder, M.A.J., Beishuizen, A., Hooij-
kaas, H., and Sauer, P.J.J., 1995. Immunologic effects of
background prenatal and postnatal exposure to dioxins and
polychlorinated biphenyls in Dutch infants. Pediatric Research
38(3): 404–410.)

Early exposure to endocrine disruptors may affect an indi-
vidual’s immune function or ability to reproduce, and studies
suggested that early exposure to carcinogens increases the risk
of developing cancer later in life. (Barton, H. A., Cogliano, V.J.,
Flowers, L., Valcovic, L., Setzer, R.W., and Woodruff, T.J., 2005.
Assessing susceptibility from early-life exposure to carcinogens.
Environ. Health Perspect. 13(9): 1125–1133.) The Convention
on the Rights of the Child 1989 opened for signature in
November 1989, and entered into force 2 September 1990. The
CRC specifically mentions pollution when it described a child’s
right to health, adequate food, and clean water. (Article 24 2(c)
taking into consideration the dangers and risks of environ-
mental pollution.)

The International Network on Children’s Health, Environ-
ment and Safety (INCHES) (http://www.inchesnetwork.net)
had been initiated in 1998 at an Amsterdam workshop prior to
the International Conference on Children’s Environment and
Health and had grown to a global network of people and
organizations committed to the protection of children from
environmental and safety hazards. Biomonitoring studies
released in 2005 by the U.S. Environmental Working Group,
Greenpeace Netherland, and Greenpeace International
confirmed that a wide range of hazardous chemicals were
commonly present in umbilical cord blood. (Environmental
Working Group, Body Burden – The Pollution in Newborns; A
benchmark investigation of industrial chemicals, pollutants
and pesticides in umbilical cord blood, 14 July 2005. Available
at: http://www.ewg.org/reports/bodyburden2/execsumm.php;
A Present for Life; Hazardous Chemicals in Umbilical Cord
Blood. A Report Compiled for Greenpeace Nederland, Green-
peace International & WWF-UK September 2005(ISBN: 90-
73361-87-7).) This focused the work of INCHES and inspired
many national campaigns on children’s health and intergen-
erational equity. NGOs argued that all children have a right to
a healthy, toxic-free environment with clean air, clean water,
and food free from chemical residues, as well as safe and toxic-
free toys. National NGOs and international networks advo-
cated for the better regulation and labeling of consumer
products and for the right of consumers to know what ingre-
dients were contained in everyday products, especially toys and
women’s products. WECF focused on the indoor environment
of babies and children and undertook awareness raising among
parents, caregivers, medical personnel, and decision makers to
the threats to children from hazardous chemicals. The Safe Toys
Coalition, set up by WECF, and now with 33 member organi-
zations from around the world, aims to protect children’s
health by striving for a world free of toxic and unsafe toys. The
coalition carries out activities to lobby decision makers,
producers and retailers and increase public awareness at
national, regional, and international level, thereby helping
consumers make informed consumer decisions.
Climate and Chemicals

As the impacts of climate change grew more apparent, many
NGOs working on the toxic impacts of coal and oil came
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together to form the Climate Action Network (CAN) (http://
www.climatenetwork.org). It became clear that some pollut-
ants not only were toxic but also were greenhouse gases, e.g.,
perfluorobutane (PFB) and carbon tetrafluoride used in the
semiconductor industry and produced as a byproduct of
aluminum production. Both have been found in the off-gases
of overheated Teflon cookware. The CAN is now a worldwide
network of over 700 NGOs in more than 90 countries, working
to promote government and individual action to limit human-
induced climate change to ecologically sustainable levels.

In 2011, UNEP acknowledged that chemical reform needed
to be undertaken in the context of the growing interaction of
climate change with chemical releases, transport, degradation,
exposure, and toxicity. (Climate change and POPs: Predicting the
Impacts, Report of the United Nations Environment Program
(UNEP)/Arctic Monitoring and Assessment Programme
(AMAP) Expert Group, January 2011. Available at: http://chm.
pops.int.) The report by UNEP and the Arctic Monitoring and
Assessment Programme (AMAP) Expert Group, Climate
Change and POPs: Predicting the Impacts, concluded that
higher temperatures increase primary emissions and secondary
releases of POPs from materials, products, and stockpiles. The
evidence of increased remobilization of POPs and heavy metals
from glacial and permafrost melt is a significant blow to
indigenous peoples already under stress from transboundary
POPs. Temperature was also shown to affect POP toxicity, and
other climate change impacts on salinity, ocean acidification,
eutrophication, and water oxygen levels could (either alone or
in combination) enhance the toxic effects of POPs. IPEN’s
cochair was a coauthor of the report and the network has hel-
ped disseminate its findings.
A Toxics-Free Future – Strategic Approach
to International Chemical Management

In 2006, governments, NGOs, workers, indigenous peoples,
and industry representatives met in Dubai, UAE, to launch the
Strategic Approach to International Chemical Management
(SAICM). SAICM was an outcome of the 2001 World Summit
on Sustainable Development and its 2020 toxics-free goal.
NGO participants from HCWH, IPEN, ISDE, PAN, WECF, and
WFPHA joined with other stakeholders to commit to the
overall toxics-free objective of SAICM to “achieve the sound
management of chemicals throughout their life-cycle so that,
by 2020, chemicals are used and produced in ways that lead to
the minimization of significant adverse effects on human
health and the environment.”

To attain this, fundamental change (Para 7: Dubai Decla-
ration on International Chemicals Management, Strategic
Approach to International Chemicals Management Dubai,
2006. http://www.saicm.org) would be needed in the way
chemicals were designed, used, managed, and disposed of.
While most governments maintained a risk management
approach to regulation of chemicals, SAICM acknowledged
that some chemicals are simply unmanageable and their
hazards cannot be controlled over their life cycle. It became
apparent that a global phase-out of unmanageable chemicals
was essential, and this would need to include highly
hazardous pesticides, persistent bioaccumulative toxins (PBTs),
genotoxins, carcinogens, endocrine disruptors, and substances
that undergo long-range transport. International action was
needed to avoid banned chemicals from one country being
sold or dumped in another, particularly in those that did not
have the capacity to ensure sound management of chemicals.
SAICM also reaffirmed the right of consumers to information
about chemicals throughout their life cycle, including chem-
icals in products (SAICM Overarching Policy Strategy, para
15 (b) (i)). While it did recognize some confidentiality of
commercial business information (CBI), information relating
to the health and safety of humans and the environment
was not to be regarded as confidential (SAICM Overarching
Policy Strategy, para 15 (c)). NGOs set about ensuring SAICM
was implemented through the International SAICM
Implementation Project (http://www.ipen.org/ipenweb/saicm/
implementation.html).
Health Aspects of the Strategic Approach

At the second session of the International Conference on
Chemicals Management (ICCM2) inMay 2009, a resolution on
the health aspects of the sound management of chemicals was
moved by a number of the governments together with Physi-
cians for Social Responsibility and the World Federation of
Public Health Associations. The resolution, endorsed by the
conference, acknowledged that the health sector is central to
the sound management of chemicals and emphasized the need
to fully engage the health sector in national, regional, and
international SAICM activities. It called on the WHO to
intensify its activities in the sound management of chemicals.
Emerging Policy Issues

At ICCM2, four emerging policy issues were chosen for further
work: lead in paint, chemicals in products, hazardous
substances within the life cycle of electrical and electronic
products, and nanotechnologies and manufactured nano-
materials. Public interest NGOs were already working in all
four areas. (For full details of the following projects see Citi-
zens’ Report Implementation of the Strategic Approach to
International Chemicals Management (SAICM) by IPEN
Participating Organizations 2009–2012. September 2012.
Prepared by IPEN. Available at: www.ipen.org.) In Jordan,
Tunisia, Nepal, and Uganda, NGOs were carrying out activities
to help eliminate lead in paint. NGOs across the world
cooperated to complete the first study of brominated flame
retardants in recycled foam carpet backing (http://ipen.org/
cop5/wp-content/uploads/2011/04/POPs-in-recycled-carpet-
padding-23-April-20111.pdf).

Large-scale studies of toxic metals in children’s products
were carried out in China and the Philippines. In 2011,
Greenpeace East Asia and IPEN, using portable X-ray fluores-
cence analyzer (XRF), found one-third of children’s products
contained at least one toxic metal at levels of concern and
nearly 10% containedmore than one. It did not matter whether
it was branded or nonbranded, cheap or expensive. In the
Philippines, the EcoWaste Coalition found toxic heavy metals
in 30% of 435 children’s products purchased in major

http://www.climatenetwork.org
http://www.climatenetwork.org
http://chm.pops.int
http://chm.pops.int
http://www.saicm.org
http://www.ipen.org/ipenweb/saicm/implementation.html
http://www.ipen.org/ipenweb/saicm/implementation.html
http://www.ipen.org
http://ipen.org/cop5/wp-content/uploads/2011/04/POPs-in-recycled-carpet-padding-23-April-20111.pdf
http://ipen.org/cop5/wp-content/uploads/2011/04/POPs-in-recycled-carpet-padding-23-April-20111.pdf
http://ipen.org/cop5/wp-content/uploads/2011/04/POPs-in-recycled-carpet-padding-23-April-20111.pdf


364 Environmental Advocacy (Non US)
Philippine cities (http://ipen.org/toxicproducts/). Toxics Link
also found high levels of lead in children’s jewelry sold in
Delhi, and Korean NGOs also investigated lead, cadmium, and
phthalates in children’s products.

NGOs in Armenia, China, Philippines, and Thailand tested
skin-whitening products for mercury, while in China, Green
Beagle and IPEN collaborating with NGOs in ten provinces
showed that 23% of 500 products had high levels of mercury.
Market analysis of mercury-containing products and alterna-
tives was also carried out by NGOs in Brazil, India, Kenya,
Kyrgyzstan, Mexico, Russia, and Senegal. NGOs also worked on
projects addressing e-waste in Belarus, Bulgaria, Cameroon,
Kazakhstan, Bangladesh, and Kenya, raising awareness among
computer users about hazardous chemicals in computers and
the problem of e-waste. In Korea, Supporters of Health and
Right of People in Semiconductor Industry (SHARPS) con-
ducted an investigation that documented more than a hundred
workers who developed cancer and other serious illnesses as
a result of their work in electronics plants.

SAICM provided many opportunities for the environmental
health movement to cooperate and participate in a wide range
of international projects to improve chemical management and
environmental health, from the Global Alliance for the Elimi-
nation of Lead in Paint to international NGO working groups
on nanotechnology to improving human rights and sustain-
able production for workers in the electronic industry.
Rio D 20 – A Missed Opportunity

Nevertheless, when the UN Conference on Sustainable Devel-
opment met in Rio de Janeiro in 2012, despite global
consensus on the urgent need for chemical reform, and despite
strong NGO and community lobbying and involvement,
expectations and subsequently the outcomes were very limited.
(IPEN Report on Rio þ 20 Chemical and Waste commitments,
United Nations Conference on Sustainable Development, Rio
de Janeiro, Brazil, 20 June 2012. Available at: www.ipen.org.)
The Chemicals and Waste text adopted at the conference did
reaffirm government commitments to SAICM and to the 2020
goal. It also encouraged the development of environmentally
sound and safer alternatives to hazardous chemicals in prod-
ucts and processes, giving special mention to life-cycle assess-
ment and extended producer responsibility. Although the text
urged countries to take all possible measures to prevent illegal
dumping of hazardous waste, no new projects to address
priority chemical problems were discussed. However, the text
did ‘commit’ governments to environmentally sound
management of chemicals and waste with particular mention
of the challenges of e-waste and plastics, and to the use of
sustainable agricultural practices, including maintaining
natural ecological practices that support food production,

Later that year, as countries and NGOs prepared for the
third International Chemical Conference Meeting (ICCM3),
the theme chosen was again chemical safety for sustainable
development. At ICCM3, many of the urgent and familiar
issues of environmental health and justice were evident:
developing countries and communities shouldering the burden
of international toxic waste; workers exposed to hazardous
chemicals in electronics and nanotechnology; consumers
demanding right to know and safe products; children and
future generations under threat from endocrine-disruptive
chemicals; and indigenous peoples whose way of life is
endangered by the transboundary movement of persistent,
bioaccumulative toxic chemicals contaminating their food
chain and environment. Endocrine disruptors were at last
added as an emerging issue and a work plan devised, in part at
least because of the concerted efforts of NGOs. Over 50 public
interest NGOs from 31 countries participated in ICCM3,
the only international chemicals instrument in which they have
equal rights with other participants. ICCM3 also made
a number of significant health-related decisions, including
the adoption of a formal strategy to strengthen the role of the
health sector in implementation of SAICM.
Current and Future Challenges

In 2012, 50 years after Silent Spring and over a century since the
harms of mercury, lead, and asbestos were recognized, many
urgent and serious chemical issues have still not been
addressed, and the environmental health of vulnerable groups
continues to deteriorate. The dramatic growth in the chemical
industry has seen global output climb from $171 billion in
1970 to over $4.1 trillion today (Global Chemicals Outlook,
Toward Sound Management of Chemicals, United Nations
Environment Programme, 2012), with a significant shift in
production from developed to developing countries. The 2012
Global Chemicals Outlook (GCO) noted that health and
environmental effects of chemicals are serious and escalating
and that the financial costs of chemical exposure are often
unrecognized and substantial. The costs of injury from pesti-
cide poisoning alone in sub-Saharan Africa is conservatively
estimated as US$6.2 billion for 2009 (exceeding the total
overseas development assistance for healthcare), and is pro-
jected to rise to US$90 billion for the 2015–20 period. The
GCO also highlighted 5.7million metric tons of pollutants
being released by North American countries alone, 2million of
which are chemicals that are persistent, able to accumulate in
humans and animals, and toxic, while a further million tons
are linked with cancer.

The costs of endocrine-disrupting chemicals on current
populations and future generations are incalculable as evermore
commonly used chemicals are linked with global chronic health
problems like obesity and diabetes. (Shankar, A., Teppala, S.,
Sabanayagam, C. Urinary bisphenol a levels and measures of
obesity: results from the national health and nutrition exami-
nation survey 2003–2008. ISRN Endocrinol. 2012; 965243. Epub
2012 Jul 18; Also see Frederick, S., vom Saal, John Peterson
Myers. Bisphenol A and Risk of Metabolic Disorders, Editorial j
September 17, JAMA. 2008; 300(11): 1353–1355.) The human
health costs linked to chemical production, consumption, and
disposal are not borne by chemical producers, or shared down
the value chain, but are borne by countries, communities, and
individuals who can ill afford to pay. One of the most enduring
issues affecting sound chemical management, pollution reduc-
tion, and the protection of human health has been the lack of
adequate financial resources. Despite the Global Environmental
Facility (GEF) commitment to POPs and the SAICMQuick Start
Program, effective action on chemical management continues
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to be severely hampered by lack of funds. The SAICM Secretariat
remains extremely underresourced, impeding effective SAICM
implementation. Nowmore than ever, a polluter pays approach
is crucial, as countries can no longer tolerate the burgeoning
externalized costs of chemical damage to their people and
environment.

Today, marine plastic debris, dumping of e-waste, the
polluting impacts of mining and extractive industries, and the
generation of ever-increasing volumes of waste as well as toxic
products are priority environmental health issues. The growth
of unconventional gas extraction (shale, coal bed methane, and
tar sands) in many countries, including the United States and
Australia, has seen community mobilization on a massive
scale. Concerns over contamination of surface and ground-
water, of air and soil from these unconventional gas activities
has resulted in community groups, NGOs, and researchers
focusing on the vast array of toxic chemicals used and released
in drilling and hydraulic fracturing operations. As the industry
turns it attention to the large, untapped, unconventional gas
reserves of China, concerns over global impacts on air and
water quality grow. And as the impacts of climate change on
secondary chemical releases from environmental sinks grow,
thereby increasing the exposure of both humans and wildlife,
the urgency of addressing chemical management becomes even
more apparent. (Climate change and POPs: Predicting the
Impacts 2011. Report of the UNEP/AMAP Expert Group.
Available at: http://www.pops.int.)
Conclusion

Still, so much has been achieved of which the environmental
health movement can be proud. The Stockholm Convention
has seen some of the most hazardous chemicals removed and
has identified many more for urgent action. Notorious pesti-
cides like endosulfan, which had contaminated and harmed
communities in both developing and developed countries,
have been banned and the old industrial chemical, lead, is
finally being phased out of paint in developing countries. There
have been successful moves internationally to implement green
design, green chemistry, sustainable procurement policies, and
zero waste policies while new chemical regulatory regimes like
REACH have been introduced. NGOs have successfully high-
lighted that a sustainable chemical industry is essential to
a toxics-free future, one that pays the true cost of its products
throughout their life cycle while striving to eliminate all
pollution.

The international environmental health movement is now
strong, effective, and equitable, with NGOs from every conti-
nent and in nearly all countries participating. While its fiscal
resources are limited in comparison with other aspects of
environmental campaigning, its resources in people and
commitment are huge and continue to grow. Many in the
movement, aware of the personal impacts on their families,
communities, and environment, have realized that a toxics-free
future is both possible and essential. There can be no turning
their backs on the task ahead.
See also: Minamata; Chemical Interactions; DDT
(Dichlorodiphenyltrichloroethane); Imidacloprid; Global
Climate Change and Environmental Toxicology; Persistent
Organic Pollutants; Mixtures, Toxicology, and Risk
Assessment; Chemicals in Consumer Products; Risk
Assessment, Human Health; Toy Safety and Hazards; The
Seveso Disaster and the European Seveso Directives;
Hazardous Waste; Candidate List of Substances of Very High
Concern (SVHC), Reach; Chemical Safety Assessment and
Reporting Tool (Chesar), REACH; E-Waste Dissanayake;
REACH Trouth; Cumulative (Combined Exposures) Risk
Assessment; Intergovernmental Forum on Chemical Safety;
A History of the US Environmental Movement (Revised 10
January 2012); Low Dose Effects of Environmental Chemicals;
Fracking; SAICM.
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Definition

While exposure to human beings is generally evaluated by
considering a variety of ways in which exposure could take
place, such as at the workplace (occupational exposure), from
use of consumer products (consumer exposure), and indirectly
via the environment, the environmental exposure of the
organisms in the ecosystems is generally assessed by evaluating
the concentration of a specific chemical in the main environ-
mental media (air, soil, water, sediment) and in biota as food
source for other organisms (predators) by secondary
poisoning. Exposure is therefore derived by considering that
the organism is living in or interacting with such media, in lieu
of considering the internal concentrations as resulting from the
exposure. This makes the study apparently simple, but poten-
tially complicated if the variety of environments (and ecosys-
tems) in which the huge multiplicity of organisms live and
interact is considered.

As an example, biomagnification (accumulation of a
chemical through the food chain) can occur for certain types of
molecules, and its intensity depends on the type and length of
the food chain, which could be considerably different in
different ecosystems.

Environmental exposure assessment (EEA) is also one
component of the phases of risk assessment and in particular it
is usually compared with the effect assessment in order to
characterize the ecological risk in ecological risk assessment
(ERA) (Figure 1).

The concentrations reached in one specified compartment or
environmentalmedium(air, water, soil, sediment) are compared
with their corresponding concentrations which are considered
as thresholds (no effect concentrations) for not causing any
observable adverse effect to the ecosystem. This is usually per-
formed by comparing a predicted environmental concentration
(PEC), generally produced using environmental fate models
(EFMs) and referred to a particular phase or compartment, with
a predicted no effect concentration (PNEC), generally calculated
starting from toxicological data such as acute toxicity (LD50 or
Exposure assessment Effect assessment

Risk characterization

igure 1 Exposure assessment in environmental risk assessment.
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LC50) or measured no observable effect concentration (or levels)
(no-observed-effect concentration (NOEC) or no-observed-effect
level (NOEL)) and referred to the same phase or compartment.
When the ratio (also called risk quotient) is higher than 1, risk
may occur and measures should be taken.
Ecosystem Complexity and Exposure

EEA is a complicated task because it deals with the evaluation
of the exposure of the ecosystems, which are many and involve
a high degree of diversity. Therefore, EEA should balance the
desire of completeness and overall protection with the need to
simplify and streamline the processes. The first point in
complexity regards the biodiversity of organisms: for example,
the high number and variety of species of organisms. More than
1.5 million species have been classified (mostly insects, sper-
matophytes, molluscs, fungi), which are adapted to living in
a multiplicity of environments, at different spatial scales. At
global level, this is evident observing the very different condi-
tions which determine the main terrestrial biomes at the
different latitudinal regions, from average annual air tempera-
ture (and its annual, seasonal, daily variation) to rainfall
abundance and pattern, together with the variability of the
abiotic substrate. Spatial variability can be therefore observed
at the different continental, regional, local, and even at much
smaller scale (e.g., a single lake, river, or environment charac-
terized by peculiar characteristics). When observing temporal
scales, the wide variety of life cycles of the organisms is rather
important in considering the effect of the duration of the
exposure: as an example, generation times can be less than
a day for bacteria to years for plants and animals. The inter-
action of such spatial and temporal issues with organism life
cycles determines the complexity of the exposure which cannot
be in principle obtained knowing only the external exposure
(or the concentration in the environmental media or
compartment where the organism lives). The internal dose,
which is the real amount of the chemical reaching the organism
and capable of determining the effects, is dependent on the
interaction between the organism and a number of factors,
such as the exposure time, the homogeneity of the chemical
distribution in the environmental phase, its bioavailability,
a number of abiotic factors, and a number of biotic factors
(surface to volume ratio, feeding and growth rates, life history,
behavior, etc.). Exposure time can be very different because of
the organism life cycle and duration of each phase (juvenile or
larval stages vs adult stage) or because the chemical can be
emitted with different temporal patterns: for example, the
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00553-4
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discharge of chemicals into the environment can be constant,
determining steady state or time invariant conditions, such as
the effluents of a wastewater treatment plant in normal oper-
ating conditions (without a flood event) or can be rapidly
changing, such as the pesticide pulses in surface water deter-
mined, for example, by rainfall over treated fields and conse-
quent runoff. Also chemical distribution in the environmental
media can be rather inhomogeneous, depending in part on the
poor mixing of certain phases (soil, sediment vs air or water)
and on the movement of chemical in the compartment: for
example, cracks and macropores in soil could facilitate the
vertical movement of waterborne chemicals, while in zones
without cracks or macropores chemical moves more slowly.
Bioavailability of the chemical is also important in soil, sedi-
ment, or water environments: the bioavailable fraction of
a chemical in an environmental medium (e.g., water) can be
defined as the fraction of the chemical which is available for
organism uptake and therefore capable of determining an
effect. Such fraction (truly dissolved) could be a small quantity
compared to the total (bulk) concentration present (and
measured) in water. The bioavailable fraction of a chemical can
be influenced by the sorption of the chemical onto the organic
carbon in suspended solids and to dissolved organic carbon, or,
by other environmental conditions, such as pH, salinity, and
cation exchange capacity. Abiotic factors include climatic
conditions (such as temperature, insulation, wind speed, and
rainfall) or substrate characteristics such as texture and struc-
ture in soil. Their variations depend on both spatial and
temporal issues and may greatly influence the exposure of the
organisms. Among the biotic factors, surface to volume ratio of
the organisms is important when the chemical must diffuse
through a surface as a cuticle; and the higher surface to volume
ratio for small organisms will make diffusion much faster and
therefore may enhance the exposure of small and not mobile
organisms. Feeding and growth rates are specific parameters
regulating how an organism would grow according to the
availability of food, its intake, and the efficiency of its trans-
formation in new body structures. These two parameters are
very variable among the species and of course could regulate
the intake of chemical through the diet and/or its accumulation
or dilution in the body. Life histories and life cycles are indeed
important in the exposure because many organisms can change
type of exposure medium (aquatic vs terrestrial) or type of food
during their development through the larval and adult stages.
The sensitivity to the chemical could also change during the
evolution through these stages, so that the same exposure
concentration could produce very different effects in different
larval stages of the same species. Last but not least, organism
behavior can influence the exposure because the organism may
be rather mobile through the environment, or migrate, hiber-
nate, or possess resistant structures, which could reduce the
exposure.
Environmental Chemicals

Registered chemical substances are nowadays about 60
millions, as recorded in the Chemical Abstracts Service (CAS)
database. Among those, chemicals in commerce produced at
a rate which could make them significant for the environment
are probably a factor of 100 less, so in the order of tens of
thousands. In order to characterize their identity, their prop-
erties in order to evaluate their fate and behavior as well as the
toxicological profile, many initiatives were devised to collect
and classify information on new and existing chemicals, such
as Toxic Substances Control Act (TSCA) in the United States,
Canadian Environmental Protection Act (CEPA), and more
recently Registration, Evaluation, Authorisation and Restriction
of Chemicals (REACH) in European Union. A number of
priority lists were created in the past to handle substances for
which undesired and initially unrecognized effects were found:
from chemicals capable of altering pH of rain water, generating
acid rain (such as sulfate oxides and nitrogen oxides) to the
so-called persistent organic pollutants (POPs) and persistent,
bioaccumulative, and toxic (PBT) chemicals. POPs and PBTs
are organic chemicals that, according to the Stockholm
Convention, a global agreement adopted in 2001 to ban or
regulate the use of a number of POP chemicals, possess
a particular combination of physical and chemical properties
such that, once released into the environment, they remain
intact for exceptionally long periods of time (many years);
become widely distributed throughout the environment as
a result of natural processes involving soil, water, and, most
notably, air; accumulate in the fatty tissue of living organisms
including humans, and are found at higher concentrations at
higher levels in the food chain; and are toxic to both humans
and wildlife. The chemical families initially 12 and 9 were later
included. Among those families some organochlorine pesti-
cides can be found, such as aldrin, chlordane, DDT, dieldrin,
endrin, heptachlor, hexachlorobenzene, mirex, toxaphene;
industrial chemicals such as polychlorinated biphenyls (PCBs);
and by-products, such as polychlorinated dibenzo-p-dioxins
and polychlorinated dibenzofurans (dioxins and furans). More
recently, a number of chemicals recognized were being capable
of interfering with the endocrine system in animals and they
are generally known as endocrine disruptors or environmental
hormone disruptors. Some of the POPs listed above are
considered endocrine disruptor chemicals. Other chemicals of
environmental relevance are pesticides, biologically active
substances which are deliberately emitted into the environ-
ment at relevant rates. They are designed to eliminate animal
pests and weeds in order to protect crops but could escape from
treated fields and reach surface and groundwaters as well as not
treated fields and natural areas due to drift and air transport of
their vapor phase. Among the most recently recognized envi-
ronmental chemicals, there are many human and veterinary
pharmaceutical substances, which, because of their character-
istics, may travel through the wastewater treatment plants with
no or little reduction in amount and end up in surface waters or
in soils through the sewage sludge, when used as biosolids to
restore soil fertility.
Assessment of Concentrations in Environmental Media

Environmental exposure can be assessed by evaluating the
multimedia path of a chemical in order to establish the pre-
vailing concentrations in the compartment by means of
measurements or modeling approaches. Both approaches have
advantages and disadvantages and they are often both required
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to obtain an adequate level of insight into the understanding of
environmental exposure.
SoilSoil

AirAir

WaterWater

SedimentSediment

Figure 2 Multimedia environment, with the four main compartments
(air, water, soil, sediment). Arrows represent exchange fluxes between
compartments. Emission of chemical, advection, and degradation not
depicted.
Monitoring

Environmental monitoring generally provides data on average
concentrations in environmental media (air, water, soil, sedi-
ment). Peak concentrations are obtained when the measure-
ment is performed at the point of discharge (air, water). While
these data are important to estimate the order of magnitude of
emissions, they generally do not allow to portrait a complete
picture of the concentrations in the environment, because the
chemical can undergo a series of transformations and transfer
among media before reaching the point of measurement.
Monitoring implies a number of activities in order to capture
concentrations in the environmental compartments: from the
preparation of a statistically sound sampling scheme to the
selection of a sampling method, transport, storage, analytical
and laboratory requirements for the analysis, as well as data
quality and reporting issues.

Samplesof air,biota,water, soil, and sediment canbe takenby
employing several techniques: for example, air canbe collected in
a cartridge using a pump and a flowmeter to obtain the volume
of air measured, water with sampling bottles or automatic
sampling devices, soil with a core sampler, and sediment with
a grab sampler such as a dredge. Passive sampling techniques can
alsobeused to record concentrations in a certain phase suchas air
with shielded polyurethane foam (PUF) devices, or water with
semipermeable membrane devices (SPMDs) or solid-phase
micro extraction (SPME) techniques. Artificial passive samplers
have advantages over the ‘natural’ passive samplers (such as
leaves) in a way that they can be standardized and cleaned up
before sampling inorder toobtain comparable initial conditions.
Passive samplers can also be used to sample a phase (e.g., air)
for relatively long time (weeks, months) and therefore detecting
chemicals present at very low concentrations. However, their
sampling ratedependsonanumberof environmental conditions
(suchas temperature, andwind speed, for someair samplers) and
specific physical–chemical properties; therefore, they generally
provide order of magnitude estimates. Current passive devices
also have the disadvantage of generally providing average
concentrations of the sampling period and missing the infor-
mation on peak concentrations.

Planning a monitoring program raises a series of questions,
such as those related to which parameters and chemical should
be included; and where and when they should be measured.
Additionally, it may be inconsistent and produce no results
without prior knowledge of the environmental fate of a chem-
ical. Data obtained without a properly selected sampling and
statistically sound sampling scheme may produce a poor
representation of the spatial and temporal characteristics of
the contamination. This means that they can seldom catch the
variability of concentration change in a territory in time and
the relative spatial gradient. Sometimes, when the amount of
spatial data is sufficient, geostatistical techniques can be used to
reconstruct a spatial trend (e.g., in soil) but they are usually
limited to static representations of contamination at a certain
point in time. Finally, environmental monitoring is an a pos-
teriori approach, in other terms the contamination needs to
be in place to be measured, while it would of course be
preferable to act before a contamination (and a potential
damage) has occurred. Finally, monitoring data can be used
to gather a picture of the contamination of a certain compart-
ment or a certain ecosystem and later used to ‘calibrate’ or
‘validate’ EFMs.
Modeling

Modeling is an a priori approach and represents the only
possibility of generating information for predictive purposes
and for estimating potential exposure before a new chemical is
used. On the other hand, models cannot be calibrated and
validated without experimental data. In order to avoid
mistakes when applying predictive models, the proper model
for the specific environmental situation must be carefully
selected.

EFMs are nowadays among the most used tools to evaluate
the fate of chemicals in the environment, due to their general
predictive nature and the substantial ease of implementation.
EFMs can be physical dispersion models, used to calculate
concentrations in a phase (air, water, soil) in the proximity of
a point source or partitioning or compartmental models, also
known as multimedia fate models (MFMs). Among them, the
fugacity-based models, developed by Don Mackay and
coworkers, can be found. They are also called ‘Mackay’s type’
models. Fugacity is an equilibrium criterion which can be used
to define the partition of nonpolar chemicals between phases
(instead of concentration as in other models). Other equilib-
rium criteria were adopted later to deal with polar and/or
dissociated chemicals: the aquivalence first and, more recently,
the concept of activity. Many MFMs are called box models
because they divide the environment in well-mixed boxes or
compartments which can exchange chemicals among them;
chemicals can enter the environment through direct emission
or passively carried by advective fluxes in air and water
(Figure 2).

Chemicals could also disappear from the modeled envi-
ronment due to advection or degradation and can move
through the environment due to compartment exchange which
in turn depends on substance and environmental characteris-
tics. MFMs generally require data on chemical properties,
environment conditions, and rates or quantities of chemical
discharges and produce a picture of the environmental fate of
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a chemical, often in the form of a mass balance. More specifi-
cally the data required are the following:

l physical–chemical properties and half-lives;
l chemical emissions and temporal/spatial patterns;
l environmental compartment characteristics; and
l mass transfer coefficients between compartments.

The relevant physical–chemical properties for chemicals
(water solubility, vapor pressure, octanol/water partition
coefficient (Kow), other solids/water partitioning coefficients,
octanol/air partitioning coefficient, Henry’s Law Constant or
air/water partitioning coefficient, pKa, etc.) and the half-lives in
the various environmental compartments (air, particles, water,
soil, sediment, suspended solids, vegetation, animals) are the
basic parameters needed to simulate the behavior of nonpolar
organic chemicals in the environment.

These basic parameters are used in the models to calculate
partitioning parameters of the selected chemical between the
phases of the compartments: vapor pressure and water solu-
bility are used to calculate Henry’s Law Constant and air/water
partitioning coefficient (Kaw), Kow is used to calculate the bio-
concentration factor in aquatic biota, partitioning to organic
carbon (Koc) and to solid phases in suspended solids, soil, and
sediment (Kp), and, together with Kaw, the octanol/air parti-
tioning coefficient, which can be used to calculate the parti-
tioning in particulate matter in air and plant leaves. Half-lives
are sought for themain compartments and used to calculate the
degradation losses.

Chemical emissions are key factors for the calculations of
the fate of chemicals because they determine the amount
introduced in the modeling environment. In steady state
approaches (e.g., European Uniform System for Evaluation of
Substances (EUSES) or the fugacity model, equilibrium crite-
rion (EQC) model) they can be annual emissions (kg year�1),
while in dynamic approaches a temporal pattern should be
specified (e.g., 2 kg ha�1 for the first 2 h). Very often the
temporal pattern is ignored or unknown. This is generally true
also for the spatial pattern. Emission can be estimated by
evaluating monitoring data, using estimation techniques based
on population or employee density or using existing national
and international emission databases such as the US Environ-
mental Protection Agency (US EPA), Toxics Release Inventory
(TRI) Program or the European Pollutant Release and Transfer
Register (EPTR).

The environmental compartment characteristics regard their
composition and their temporal and spatial variabilities.
Models require sizes and volumes as well as volume fractions
of solids, air, water, etc. in subcompartments for each box.

In most of the regulatory approaches, these are fixed
parameters characterizing ‘average’ characteristics. Environ-
mental temperature is usually considered among these
parameters, as well as organic carbon fraction, fraction of air/
water/solids/lipids, soil texture, etc. Compartments can be
discretized vertically or horizontally: in the vertical discretiza-
tion each compartment can bemade as one box or layered (e.g.,
soil, air, water, sediments), while horizontal compartments can
be described with regionally averaged properties (organic
carbon, texture, hydrological data, etc.) vs distributed (typical/
spatially explicit) properties (often supported by a geographic
information system (GIS)).
Mass transfer coefficients are specific intercompartmental
velocities used in box models to predict the rate of transfer
among phases. They are generally implemented in nonequilib-
riummodels and are referred to fixed environmental conditions.

Environmental models require calibration/verification/
validation procedures to assure their adequacy and datasets of
environmental/measured chemical concentrations in order to
proceed in such direction.
Environmental Fate Models

Many EFMs have been developed in the past 30 years. Most are
steady state models (in which chemical discharge is constant in
time), such as the EQC and ChemCAN models or the EUSES
model. Some were later developed as unsteady state or dynamic
models (historically in terms of chemical discharge, now also in
terms of environmental scenario changes). The steady state
models are better suited to situations in which chemical emis-
sion does not vary significantly during a certain period of time
(e.g., sewage treatment plant (STP) discharges). They are gener-
ally adopted for the simple mass balance equations obtained in
such situations and because they do not oblige the user to
provide a time-varying emission profile (at hour, day, week,
month, year level). Dynamic models are better suited to handle
episodic discharges, such as pulse discharges (e.g., pesticides) or
mass movement of chemical caused by some environmental
phenomena (such as a runoff event triggered by rainfall). Models
can be built with different types of spatial resolution, presenting
large compartments (regional) or smaller or site-specific
descriptions (local), sometimes nested (a local model into
a regional one), such as in the EUSES model, for which global,
continental, regional, and local scenarios are present. Other
approaches include different models (e.g., EQC, ChemCAN,
SoilFug) which are used to calculate the fate of chemicals from
regional to site-specific (local) sizes in a tiered approach. Some
models were developed to predict the fate of agrochemicals
applied to soil at specified times, some of those are suited to
predict the fate of pesticides leaching toward groundwater (e.g.,
MACRO, PEARL, PRZM models), while others are used to
predict surface and subsurface runoff of chemicals reaching
surface waters such as streams and rivers. When the chemical has
the potential for long-range transport, regional or continental
scales are not adequate and global models were developed to
handle such situations. Most of these models are created linking
regional models which simulate a number of latitudinal sectors
connected via air and water. In another approach, existing
meteorological models are connected to MFM to better handle
the transport in the troposphere. Recently, many modeling
efforts are devoted to introduce more ecological realism in
predictive approach of exposure, including a higher degree of
temporal and spatial dynamics, in order to follow the variability
of the fate of a chemical.
Bioaccumulation Models

While EFMs are generally employed to obtain PECs in the main
environmental compartments, they fall short in predicting
accumulation in biota, especially when bioaccumulation is
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important. Therefore, bioaccumulation models are predictive
tools designed to evaluate the concentrations that a chemical
could reach in an organism (aquatic or terrestrial) from
the concentrations in environmental media (e.g., air, water,
sediment, soil). The knowledge of the concentration reached in
the organism or in certain tissue or organ is important to
interpret the toxicological response of organisms. These levels
usually depend on the interaction between the organism and
the environmental media directly, but sometimes (when the
chemical possesses certain physicochemical characteristics and
adequate metabolic half-life, such as PBTs) a trophic enrich-
ment could be observed.
Aquatic Organism Models

For the aquatic organisms three main phenomena can be cited:
bioconcentration (process in which the chemical concentration
in an aquatic organism exceeds that in water as a result of
exposure to waterborne chemical, usually where the chemical is
taken up only from water via the respiratory surfaces such as
gills and/or the skin), biomagnification (process in which the
chemical concentration in an aquatic organism exceeds that in
the organism’s diet, due to dietary absorption), and bio-
accumulation (which sums up all possible routes of exposure).
For terrestrial ecosystems similar concepts are adopted for
terrestrial animals, while plants are generally considered in
terms of accumulation from the chemical present in soil or in
the air compartments. For the aquatic organisms, initial
approaches were simple correlations (Kow based) mainly to
predict bioconcentration in fish. Then more complex models
appeared and several processes, detailing uptake and clearance
of chemicals, were introduced. These were gill ventilation, food
uptake, egestion, and metabolism, as well as reproductive and
growth dilution losses. The organism was considered a single
compartment. A fullmass balance could be compiled, usually in
steady state formulations. Mechanistic explanations were found
to describe the process of bioaccumulation, separating its two
components, bioconcentration and biomagnification. Role of
food vs gill uptake was shown, especially for POPs, so that the
importance of the biomagnification processes in determining
the uptake of POPs in the trophic chains was shown. Bioavail-
ability of chemicals in the environmental media (such as air,
water, sediment, soil) and food was then investigated, and it
was shown to influence the fraction available for uptake. The
mechanism of uptake and release in aquatic air–breathing
organism was later understood, showing that water-respiring
organisms were more efficient in clearing chemical than air-
respiring organisms. Therefore, air-breathing warm-blooded
animals, which require more food, found were being subject to
greater bioaccumulation and biomagnification from food.
Other models were later developed for other aquatic organisms,
such as benthic invertebrates, birds, and up to marine
mammals. Some of the models were physiologically based
toxicokinetic (PBTK) models, similar to those developed for
pharmacokinetic studies in toxicology.

These single-species models were then sometimes inte-
grated into more complex food web models, allowing to
reconstruct chemical accumulation through food chains or
webs. The increase in complexity required a consequent
increase in species-specific parameters (which are seldom
available) forcing the models to be based on ‘generic’ physio-
logical parameters (such as egestion or metabolic rates) and
relying on the available specific parameters (such as lipid
fraction or ventilation rate).
Terrestrial Organism Models

While most of the efforts were put in aquatic food web
modeling, a consistent lack of approaches exists for terrestrial
animals, both for single organism model and food webs. As an
example, models can be found for earthworms, or some species
of birds (such as seagull) and are generally scarce for other
terrestrial species. Recent models are available for agricultural
food chains, such as employed to investigate the uptake process
in cows. When dealing with uptake in plant biomass, it has to be
considered that vegetation uptake was mostly investigated in the
past 25 years, and several models are now available to predict
root uptake and translocation to the aerial part and in the air to
leaf path, especially for nonpolar chemicals. While root uptake is
generally proportional to Kow, translocation is mostly limited to
low-range Kow chemicals (in the vicinity of log Kow¼ 2) and
therefore uptake of more hydrophobic chemicals in leaves is
generally driven by the air to leaf partitioning. An exception was
found for some species of the Cucurbitaceae family, which were
capable of accumulating dioxins in the aerial parts from
contaminated soil via root uptake. The accumulation of chem-
icals from air to leaves in canopies of existing forests was recently
developed to quantify the so-called forest filter effect which
depicts the forest leaf’s capability to sequester chemical from air
and transfer it to the soil environment and therefore to influence
the soil ecosystem. Forest filter was measured in a variety of
forest types (from mixed broadleaf woods to pure conifer
woods) and parameters were devised to describe the uptake
from air (in which Koa is the main chemical descriptor of the
uptake). The role of some ecological parameters was also
investigated, showing the relationship with leaf area index (LAI)
(m2 of leavesm�2 of soil) and specific leaf area (SLA) (m2 kg�1).
LAI gives an indication of the amount of foliar surface per soil
unit area and is a measure of leaf stratification or foliar density,
while SLA represents the amount of surface for unit of weight of
leaf. SLA is a characteristic of each species, even if it is influenced
by the canopy density, in other terms from LAI. The ratio of LAI
to SLA (and its variation in time) gives the amount of leaf
biomass per square meter of soil, parameter which can be used
in the accumulation models.

See also: Risk Assessment, Ecological; Environmental
Processes; PBT (Persistent, Bioaccumulative, and Toxic)
Chemicals; Persistent Organic Pollutants; Pesticides; Predicted
No Effect Concentration (PNEC); REACH; Toxic Substances
Control Act.
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Theoretical Concepts

Chemicals introduced to the environment as a result of an
(human) activity or discharge may include an important
number of toxic substances. Toxic substances generally exert
their effects on organisms through direct toxicity and the extent
of the effect is dependent on the chemical form of the
substance, the concentration, and the period of exposure.

In order to assess the occurrence and the extent of exposure
of a chemical in the environment and possibly its effect on the
environment and living organisms, it is necessary to evaluate
the chemical’s fate and its behavior in specific environmental
compartments. While the amount and frequency of a chem-
ical’s release into the environment, as well as the environ-
mental compartment – air, water, or soil – into which it is
released are important factors, the environmental fate is
determined by what happens after the chemical has been
released.

Consequently, the fate and behavior of a chemical is gov-
erned by its physicochemical properties (such as vapor pres-
sure, water solubility, water–octanol partition coefficient (Kow),
soil organic carbon–water partitioning coefficient (Koc), etc.).
However, the concentration and time of exposure to the
chemical and its biological and chemical transformations are
affected by a number of important processes in the receiving
environment.

Environmental fate is based on three main factors:

1. The partitioning of the chemical between environmental
media. The tendency of a substance to partition to – or
concentrate in – a particular environmental compartment
can be determined from the physical and chemical prop-
erties of the substance. These properties can be measured or
estimated.

2. The transport properties of the media. The tendency for
environmental transport of a substance depends on the
transport properties of the medium into which the
substance is released or partitions. It also depends on its
lifetime in the medium. Substances that migrate to envi-
ronmental media responsible for transport (e.g., air and
water) will be more widely distributed.

3. The transformation rate of the chemical into other
substances. Environmental transformation describes
a chemical’s lifetime in the environment until it is converted
to substances naturally found in the environment, or until
its fate can be described in some other way. Environmental
transformation is highly dependent on the medium. In air,
transformation is by abiotic chemical reactions; in soil and
water, biodegradation may also be an important contrib-
utor. Substances that persist in the environment will build
to higher concentrations and may be more widely
distributed.

The assessment of the environmental fate and behavior
of chemicals in the environment is a critical part in the
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classification of these chemicals under Registration, Evaluation,
Authorization and Restriction of Chemicals or by United States
Environmental Protection Agency and hence in the regulatory
evaluation process.
Testing Approaches for Environmental Fate

Information developed during laboratory experiments,
through field testing, and by use of environmental modeling
characterizes the persistence (e.g., how long does it last?),
transformation (e.g., which byproducts may be formed upon
breakdown?), movement (e.g., where might it move?), and
environmental burden (e.g., what concentrations may occur in
soil, air, or water?) associated with the use of a chemical. In
turn, this information is used to develop estimates of the
magnitude and likelihood of exposures to wildlife and people
and the potential for contamination of environmental
resources (e.g., groundwater).
Laboratory Testing

Laboratory testing seeks to characterize the transformation
and persistence of a chemical in soil, water, and air. The rate
of breakdown is determined under various conditions and
the breakdown products are identified. Factors examined
under laboratory conditions include the influence of soil
type, soil moisture, soil and water temperature, presence or
absence of oxygen, and the impact of sunlight on degrada-
tion. The potential uptake and transformation of the pesti-
cide from soil by crop plants and from water by fish is also
examined.

Such tests related to abiotic and biotic degradation can be
standardized and thus results obtained for different chemicals
can be easily compared. The Organisation for Economic Co-
operation and Development guidelines for the testing of
chemicals can be used for such purpose. They are divided into
five sections that relate to physical–chemical properties, effects
on biotic systems, degradation and accumulation, health
effects, and other test guidelines.
Field Testing

Field-scale experiments under actual use conditions are con-
ducted to confirm and expand upon laboratory findings.
Sensitive methods of analysis for the chemical and breakdown
products identified in laboratory studies are used to track their
behavior in real-life situations. Depending on persistence of the
chemical, studies may last to a single growing season or several
seasons. In addition to sampling of soil and crop plants,
analyses may also be performed to understand chemical resi-
dues, which may evaporate into the air, leach into groundwater
with percolating rainfall, or wash off from field surfaces with
runoff water or eroding sediment.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01041-1
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Computer Modeling

Laboratory and field studies are conducted under a variety of
conditions, including worse-case situations, but it is not
possible to do a new experiment for every combination of
environmental situations, soil type, rainfall, etc. that may
occur. To expand upon available data and answer ‘what if.?’
questions from a predictive standpoint, scientists use sophis-
ticated computer modeling programs that simulate the
behavior of a pesticide under varied conditions that might be
encountered. For example, based on the observed behavior of
a pesticide in soil under a small set of climate conditions,
computer models may simulate how the persistence and
movement of a pesticide would be affected by using 100 years
of recorded weather conditions.

Predicted environmental concentrations (PEC) for sub-
stances in each environmental compartment (soil, groundwater,
surface water, and air) are calculated to provide the basic
exposure values used in the environmental risk assessment. PEC
values can also be compared with measured environmental
concentrations (MECs) to assess the reliability of the models
used for theoretical calculations and the applicability of this
approach for chemicals for which environmental monitoring is
lacking.

Residue Monitoring

Routine environmental monitoring data may also be used to
corroborate and compare conclusions about chemical’s
behavior that were based on observations from laboratory or
field studies. Environmental monitoring generates MECs and
involves analysis of soil, water, or air samples for chemicals on
an ongoing basis either as part of general government envi-
ronmental monitoring programs or as part of a specific
program by government or industry. For example, govern-
mental sponsored programs have been monitoring pesticide
and fertilizer residues, which may reach streams and rivers
within farm areas. Also, in selected cases, a pesticide registrant
may be required to sponsor regular monitoring of a pesticide as
a condition of registration approval.
Environmental Fate and Behavior of Glyphosate

Glyphosate is one of the most widely used herbicides with
applications in agriculture, forestry, industrial weed control,
lawn, garden, and aquatic environments. Sites with the
largest glyphosate use include soybeans, field corn, pasture,
and hay.

Glyphosate binds very tightly to most soils and sediments
in the environment (Koc varies between 300 and 20 000) and
therefore it is generally not available for uptake by roots of
nearby plants. For the same reason, glyphosate residues are not
likely to leach into groundwater and only limited amounts of
glyphosate are found in surface water as a result of runoff
(concentrations are typically <100 ng l�1). Studies examining
the fate of glyphosate over several years found that typically,
less than 1% of the glyphosate amount applied was lost as
runoff from agricultural fields.

Glyphosate that reaches surface water is rapidly adsorbed to
sediment and degraded to aminomethylphosphonic acid
(AMPA). Subsequently, AMPA is further degraded to naturally
occurring substances such as carbon dioxide and phosphate.
Consistent with peer-reviewed published literature data
submitted to EU regulatory agencies show that glyphosate is
readily degraded in soil under standard laboratory conditions
and in the field. For laboratory studies, the median degradation
half-life was 5.8 days, with a range from 1 to 60.2 days. Under
a wide range of climatic conditions in the field, the median
dissipation half-life was 16.5 days with a range from 2.3 to
143.3 days. Inmost conditions, over 90% of the applied amount
of glyphosate dissipates within 180 days. The glyphosate and
AMPA levels that have been detected in surface waters are much
lower than the acute and chronic aquatic toxicity levels.
Environmental Fate of Polybrominated Diphenyl
Ethers

Polybrominated diphenyl ethers (PBDEs) are used as additive
flame retardants in a wide range of products including ther-
moplastics. Currently, all PBDE technical mixtures are sched-
uled for phasing out, but their constituents continue to be
found in the environment. The technical decabromodiphenyl
ether (DeBDE, CAS: 1163-19-5) was the most widely used
PBDE worldwide.

Due to its low vapor pressure (2 � 10�8 mmHg), DeBDE
will exist solely in the particulate phase in air and will be
removed from the atmosphere by wet and dry deposition.
Direct photodegradation can also be expected based upon
studies with sunlight irradiation, albeit at low rates. If released
to soil, DeBDE is expected to be immobile based upon an
estimated Koc of 692 000. Similarly, if released into water,
DeBDE is expected to adsorb to suspended solids and sedi-
ments. Volatilization from moist soil surfaces or water surfaces
is expected to be a negligible fate process based upon an esti-
mated Henry’s law constant of 1.2 � 10�8 atm3 mmol�1.

Primary degradation half-lives in sediment and soil signif-
icantly exceeded 180 days, indicating that DeBDE is ‘very
persistent.’ On the basis of the available data, it was concluded
that DeBDE can be transformed in soil and sediments to form
substances which either have PBT/vPvB properties, such as
PBDE congeners with a lower number of bromine atoms
(ranging from 4 to 9), e.g., tetrabromodiphenyl ether (TeBDE,
CAS: 40088-47-9), pentabromodiphenyl ether (CAS: 36483-
60-0), and hexabromodiphenyl ether (HexBDE, CAS: 32534-
81-9) or act as precursors to substances with Persistent,
Bioaccumulative, and Toxic / very Persistent, very Bio-
accumulative (PBT/vPvB) properties, such as polybrominated
dibenzodioxins and dibenzofurans.

The fate of DeBDE in the environment needs further study;
in the absence of sunlight, the compound persists in soils and
sediments, while in sunlight, DeBDE may degrade to lower
brominated congeners, such as TeBDE through HexBDE,
which readily bioaccumulate. These lower PBDEs have
a higher water solubility and vapor pressure and will thus be
present also in the dissolved or gas phase in water and air,
respectively.

Transformation to such substances within biota provides
an additional pathway for the exposure of organisms.
High persistence combined with wide distribution in the
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environment creates a high potential for lifetime exposure and
uptake in organisms, and a pool of the substance in many
locations that will act as a long-term source of degradation
products through both abiotic and biotic transformation.

See also: National Center for Environmental Health-ATSDR;
The National Institute of Environmental Health Sciences;
Environmental Exposure Assessment; Environmental Risk
Assessment, Aquatic; Environmental Risk Assessment,
Cosmetic and Consumer Products; Environmental Risk
Assessment, Marine; Environmental Risk Assessment,
Pesticides and Biocides; Environmental Risk Assessment,
Terrestrial; Multispecies Environmental Testing Designs;
Chemicals of Environmental Concern.
Further Reading

Yue, C., Li, L.Y., 2013. Filling the gap: estimating physicochemical properties of
the full array of polybrominated diphenyl ethers (PBDEs). Environ. Pollut. 180,
312–323.
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Potentially harmful agents in the environment include bio-
logical, physical, and chemical agents. Harmful biological
agents, or pathogens, may include bacteria, viruses, and para-
sites. Pathogens spread by person-to-person contact are some-
times included in the field of environmental health, but more
often they are limited to those spread by environmental
contamination as a result of human activities, such as sewage
disposal and livestock production. Environmental health often
addresses diseases caused by noncontagious pathogens and
biotoxins. Noncontagious diseases are contracted directly from
the environment rather than spread person-to-person, such as
anthrax and Escherichia coli infections. Biotoxins are poisons
produced by bacteria or fungi, and may be taken up by inges-
tion or inhalation. Examples include botulinum toxin, afla-
toxins (produced by fungi), and toxins produced by black
mold growing in houses. Diseases spread by arthropod vectors
(mosquitoes, flies, ticks, mites, and fleas) and zoonoses may
also be included under environmental health. Zoonoses are
diseases that are contracted from animals, either by direct
contact (Ebola, hantavirus, rabies, monkey pox, etc.) or via
arthropod vectors (e.g., west Nile virus, St. Louis encephalitis).
In this case, wild or domestic animals may provide a reservoir
for the disease. Within the context of environmental health,
interest in these diseases is often focused on anthropogenic
(artificial) environmental disturbances, for example, global
warming and agriculture affect the spread of such diseases.

Physical agents in the environment that may cause illness
include solar ultraviolet radiation, ionizing radiation
(produced by radioactive materials and X-rays), extreme
temperatures, noise, vibrations, and particulates. The most
famous particulates inducing adverse health effects include
asbestos and silica dust. Other physical agents, such as electric
or magnetic fields and microwaves, may also cause adverse
health effects, but there is yet not enough solid evidence to
support or refute this hypothesis.

Effects of environmental chemical agents on human health
perhaps represent the bulk of environmental health research.
People may be exposed to harmful chemicals in the outdoor
air, surface water (lakes, rivers, oceans, etc.), soil, indoor air, at
the workplace, in food, or from consumer products. Exposures
to chemicals (or other agents) in the workplace are called
‘occupational exposures.’ Food exposure to chemical or bio-
logical agents may occur as a result of agricultural applications,
environmental pollution, or are formed when foods are
cooked. Effects of food additives, chemicals produced by
plants, and organisms associated with spoilage usually come
under the subject of food safety or food toxicology. Consumer
products include objects that may give off gases or vapors or
leach chemicals into the water (e.g., carpeting, upholstery, and
plastics), items that may contain hazardous materials (e.g.,
batteries), or chemicals used in the home, yard, garden, or
garage. Also, exposure to biological or chemical agents as
a result of warfare or terrorist attacks has recently become
a prime concern of environmental health workers.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure to environmental agents may be through the skin,
lungs, or digestive system. Effects from environmental expo-
sures to harmful agents depend upon duration, frequency, and
severity of exposure, as well as susceptibility of the individual.
Susceptibility may depend upon age, nutritional status, sex, or
genetic makeup (heredity). The duration, frequency, and
severity of exposure depend upon many factors including
locality, occupation, behavior, socioeconomic status, and
population density.

Effects of exposures may encompass environmentally
induced diseases and syndromes such as cancer (including
leukemia), birth defects, neurobehavioral disorders, autoim-
mune diseases, acquired allergies, multiple chemical hyper-
sensitivity, infections, and ‘chronic fatigue syndrome.’ Other
effects of particular concern include effects on the immune,
reproductive (including sterility and fertility), and endocrine
(hormone) systems, nerve toxins, and brain development.
Disorders of various organs that are routes of exposure or
function in detoxification of chemicals – including lungs, skin,
digestive tract, liver, and kidney – are also common. Organs
with high rates of cell division, such as the skin, bone marrow,
gonads, and developing embryo/fetus, are often highly
susceptible to environmental agents. Also, some organs tend to
accumulate (bioaccumulate) toxic chemicals. For example, fat-
soluble chemicals may bioaccumulate in fatty organs such as
liver, brain, and breasts, while certain metals and radioactive
materials may accumulate in bone.
Monitoring

In cases where people may be exposed to hazardous agents on
a regular basis, environmental surveillance may be carried out.
This may consist of regular medical checkups, environmental
monitoring, biomonitoring, and dosimetry. Environmental
monitoring includes collection of environmental media (air,
water, soil) for chemical analysis, or may include real-time
monitoring using devices that detect exposures to hazardous
agents immediately or nearly so. Biomonitoring includes
collection of biological samples, usually fluids or expired air,
for determination of chemical concentrations or biomarker
analysis. Finally, dosimetry is often determined using small
devices worn on the person that give an indication of the dose
of hazardous agents to which people were exposed.

Protecting the public from hazardous agents depends upon
knowledge of the health effects of such exposures. One method
of gathering information on the health effects of environmental
chemicals is by using toxicity tests on animals’ (usually
rodents) in vitro systems (cultured cells or cellular components
in flasks or test tubes). A second method of determining health
effects of hazardous agents is by clinical challenge studies,
clinical observations, and case studies. Challenge studies are
when volunteers are exposed to low levels of chemicals or other
agents under carefully controlled clinical settings. Clinical
4-3.01009-5 375
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observations involve identifying clusters of disease associated
with toxic exposures. Case studies are indices where individuals
or a small group of people are exposed to high doses of
a contaminant as a result of accidental poisonings or industrial
accidents.

Another tool used by environmental health professionals to
determine health effects of environmental agents is the field of
epidemiology, which studies the incidence and progression of
diseases in populations. Epidemiological studies may be
prospective or retrospective. Prospective studies predict the
scope and magnitude of diseases that have not yet been man-
ifested, while retrospective studies assess the cause and/or
magnitude of disease that had already occurred. Epidemio-
logical studies may also be descriptive or analytical. Descriptive
epidemiology uses vital statistics (birth and death rates),
patterns of disease, or incidence of disease in exposed and
unexposed populations at a single point in time (‘cross-
sectional’ studies). Analytic epidemiology calculates risk factors
for hazardous agents by either identifying exposed and unex-
posed segments of the population and comparing their disease
frequencies (‘cohort’ or ‘longitudinal’ studies), or by identi-
fying diseased and healthy individuals and determining their
exposure histories (‘case–control’ studies). Another branch of
epidemiology is molecular epidemiology, which incorporates
biomarkers into descriptive or analytical studies in order to
determine individual susceptibility to environmental hazards.

Unfortunately, however, assigning a cause to environmen-
tally induced diseases is often difficult for the following
reasons: (1) there is often a latency period of months, years, or
decades between exposure and onset of disease; (2) there are
often multiple causes of each disease; (3) there are few diseases
that are specific to any one agent; and (4) there are usually
a host of confounding factors (e.g., age, gender, socioeconomic
status, and behavioral factors such as smoking and consump-
tion of caffeine or alcohol) that may influence incidence of
disease. For these reasons, epidemiological studies often
employ an established set of criteria for establishing causality
for any environmental disease.

Determination of exposure and toxic effects of chemicals
also requires knowledge of toxicokinetics. Toxicokinetics is the
study of changes in the levels of toxic chemicals and their
metabolites over time in various fluids, tissues, and excreta of
the body, and determines mathematical relationships to
explain these processes. These processes depend upon uptake
rates and doses, metabolism, excretion, internal transport, and
tissue distribution. Methods for determining these processes
include studies with laboratory animals, volunteer human
subjects, persons accidentally exposed to high doses of chem-
icals, and experiments with tissue or organs cultured in the
laboratory. Computer simulations of such processes are often
formulated using complex mathematical equations.

Protection of the public from exposures or effects of
chemicals involves constructing safety standards, regulations,
and exposure limits. This process usually relies upon human
health risk assessment, which is a process of quantifying the
likelihood, magnitude, and duration of human health effects
from hazardous environmental agents. Human health risk
assessment of hazardous chemicals consists of the following
steps: (1) hazard definition and identification: establishing
cause and effect relationships using animal or in vitro toxicity
studies, clinical studies, epidemiology, and quantitative struc-
ture activity relationships (prediction of a chemical’s toxicity
from its molecular structure); (2) establishing dose–effect
relationships (i.e., what is the magnitude and duration of an
effect for a given degree of exposure); (3) exposure assessment
includes environmental chemistry and surveillance, mathe-
matical and computer simulation modes of environmental
behavior of chemicals, toxicokinetics, and identification of all
likely exposure pathways (intentional ingestion of contami-
nated food or water; accidental ingestion of soil; inhalation of
gases, vapors, and particles; and absorption through the skin);
and (4) risk characterization, which involves integration of the
above three steps. Like epidemiology, risk assessments may be
prospective (or predictive) or retrospective. Prospective studies
assess possible occurrence and severity of health risks in which
environmental exposure is hypothetical, but likely to occur. In
retrospective studies, humans are environmentally or occupa-
tionally exposed to hazards and the potential for health risks
(and how to mitigate them) is assessed.

Environmental health professionals, policy makers, and
government officials use the outcome of risk assessments for
risk communication (informing the public of possible risks and
how to avoid them) and risk management (weighing policy
alternatives and selecting appropriate regulatory action).
Regulatory actions may include establishing exposure limits for
certain chemicals, setting emission standards for environ-
mental pollutants, or taking protective actions. Protective
actions may include: (1) isolation: prohibiting the public from,
or advising against, entering certain areas; (2) shielding: using
physical shields or protective clothing to prevent exposures; (3)
time: limiting the time people may spend in hazardous areas;
(4) treatment: treating environmental media to reduce or
eliminate toxic or infectious agents; and (5) prevention strat-
egies, such as vaccination against infectious agents or eating
antioxidants to prevent toxic effects of certain chemicals.

To an increasing degree, environmental management
programs are integrating protection of the environment and
protectionof humanhealth. Thismay include integrating human
health and ecological risk assessments. This also includes inte-
gration of effects of pollutants on ecosystem and human health.
For example, an algal bloom caused by fertilizer pollution may
deplete dissolved oxygen in the water and affect the natural
ecosystem, and produce chemicals that are toxic to humans. Such
integrated assessments are a practical means of reducing effort
and money used in environmental management and protection.
See also: Asbestos; Biomarkers, Human Health; Biomonitoring;
Botulinum Toxin; Chemicals of Environmental Concern;
Ecotoxicology; Epidemiology; Pharmacokinetics.
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Background

The idea that exposure to small amounts of certain chemicals in
the environment might disrupt normal endocrine function in
wildlife and humans garnered widespread attention in the mid-
1990s and debate over the importance of this phenomenon
continues today. Effects that have been potentially linked to
these chemicals include feminization of males in various
aquatic and avian species; declines in sperm quality; increased
incidence of abnormal or incomplete genital development in
human males; and increases in certain endocrine-mediated
cancers such as breast, testicular, and prostate cancer. Concern
for compounds that could cause such adverse effects initially
focused on chemicals with estrogenic activity, and thus, they
were commonly referred to as environmental estrogens or
xenoestrogens. The initial focus on xenoestrogens has since
expanded to include compounds with androgenic activity, as
well as thyroid-active chemicals. Thus, today these compounds
are commonly referred to as endocrine disrupting chemicals
(EDCs). Compounds that have been implicated as EDCs
include certain chlorinated organic compounds, principally
some pesticides such as dichlorodiphenyltrichloroethane
(DDT) and chlordecone, as well as polychlorinated biphenyls;
some plasticizers and breakdown products of plastic, such as
phthalates and bisphenol A (BPA); and some pharmaceutical
agents such as diethylstilbestrol (DES). It is noteworthy that
endocrine disruption is defined in terms of a mode of action –

the interaction with and interference with the normal mecha-
nisms of hormonal control – and it is not itself a toxicity
endpoint. A variety of apical toxicity effects might be attribut-
able to such underlying mechanisms, but any observed effects
on such endpoints should be considered endocrine disruption
only if interference with hormonal control is the means for
their causation. This said, an exact technical definition of
endocrine disruption has proved elusive, but definitions are
being crafted by such international bodies as the Organization
for Economic Cooperation and Development (OECD), as well
as by various national and supranational regulatory authorities.

The endocrine system comprises glands located throughout
the body, hormones synthesized by these glands, and special-
ized receptor molecules in target tissues that recognize and
bind with these hormones. Naturally occurring hormones in
the human body, such as the sex hormones estrogen and
testosterone, thyroid hormone, and insulin (among others),
are involved in a variety of processes including growth and
development, sexual differentiation and behavior, metabolism,
and reproductive function. Appropriately timed changes in the
circulating concentrations of hormones exert control over these
processes by binding with specific receptor molecules in target
tissue and thus eliciting the appropriate biological effects. At
least in the laboratory, some EDCs, in sufficient concentrations,
act as agonists, by binding with hormone receptors to trigger
the receptor’s biological actions. Other EDCs act as antagonists,
by binding with hormone receptors in a way that prevents
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access of the naturally occurring hormones to their receptor,
without triggering the receptor’s biological actions. EDCs can
also alter either the production or the metabolism of certain
hormones. The concern with EDCs is that they could poten-
tially produce hormonal stimuli that are of inappropriate
timing, magnitude, or biological context, which could thus
result in unwanted biological effects such as feminization of
males or increases in endocrine-mediated cancers. Because only
very small amounts of naturally occurring hormones in the
body are required to elicit their effects, some scientists believe
that likewise only very small quantities of environmental EDCs
would be required to elicit inappropriate endocrine effects.
There is particular concern for exposures occurring during
development, when timing and magnitude of hormone signals
are critically important for many developmental processes.
History

Several lines of evidence helped to focus attention on the
phenomenon of endocrine disruption. One was the observa-
tion, beginning in the 1950s, of reproductive problems in
various wildlife populations, including reptiles, birds, and
mammals. Some decades later, it was proposed that a common
factor underlying these effects might be that environmental
chemicals were affecting sex hormone-controlled processes.
Then, in the late 1980s, there was the discovery that very low
concentrations of the chemical 4-nonylphenol, which is used
in the manufacture of plastics, were leaching out of plastic test
tubes and causing extensive cell proliferation in laboratory
cultures of estrogen-sensitive breast cancer cells, even in the
estrogen-free control cultures. At about the same time, in vivo
studies in mice indicated that traits such as aggressiveness in
females and prostate gland size in males could be influenced by
intrauterine position. In these studies, female mice in which
fetuses were situated in utero between two males were more
likely to be aggressive, while male mice that had been situated
in utero between two female fetuses were more likely to have
enlarged prostate glands. These studies demonstrated that even
small variations in concentrations of hormones in the uterus
could affect subsequent development.

Observations of modestly enlarged prostate glands, similar
to those observed in male mice situated in utero between two
female mice, were subsequently observed inmale mice exposed
in utero to low doses of DES, BPA (which is widely used in food
and beverage containers), and the pesticide methoxychlor.
Other effects also included increased weight of preputial
glands, decreased daily sperm production, and decreased
epididymal weight. Not all studies, however, have shown
effects with in utero exposure to low doses of EDCs. For
example, additional studies with DES and BPA, several of
which used the same study design and strain of mice as the
initial studies, did not show any effect on the prostate gland,
sperm production, or other organs. Several government and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01010-1
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international agencies have undertaken reviews in response to
claims of low-dose BPA toxicity, in part based on studies that
include in utero exposures. Thus far, no such review has
concluded that adverse effects reported to occur below the
widely accepted no-effect level of about 5 mg kg-d�1, based on
traditional analysis, are sufficiently plausible to constitute
a health threat. Possible reasons for the discrepancies among
studies include differences in intrauterine position, diet, living
conditions (e.g., type of bedding and type of housing, and
animals per cage), within-strain differences, seasonal variation,
chance fluctuations and imprecisely defined control states.
Relevance to Human Health

In addition to the question of whether in utero exposure to low
doses of environmental EDCs is actually associated with specific
adverse effects in laboratory animals, there is also the question
of whether effects observed in laboratory animals, such as rats
and mice, are relevant for humans. Although there are definite
similarities between laboratory animals and humans in terms of
the key hormones that are involved during gestation
(e.g., estrogens and progestins), there are several differences that
could play a role in relative susceptibility to environmental
EDCs. One key difference relates to both the types and the levels
of estrogens observed in the fetus. Whereas pregnant rats and
mice produce estradiol and estrone, pregnant humans also
produce estriol, in addition to estradiol and estrone. Moreover,
estrogen concentrations are greater in the human fetus as
compared to themouse and rat, and the proportion of unbound
(i.e., biologically active) estrogen is also greater in the human
fetus. As a consequence of the greater concentration of biolog-
ically active estrogens, the human fetus may be less sensitive to
low concentrations of EDCs than rats or mice.

Although many chemicals are suspected of being potential
EDCs, based, for example, on their ability to bind to hormone
receptors, very few chemicals have been clearly established as
endocrine disruptors in vivo. This is because data are currently
insufficient to establish causal relationships between exposure
to many suspected EDCs, particularly at the low concentrations
typically found in the environment, and effects potentially
associated with endocrine disruption. In humans, the only
chemical that has been clearly established as causing endo-
crine-mediated adverse health effects is the synthetic estrogen
DES. DES was given to pregnant women in the 1940s–60s to
prevent miscarriages, thus resulting in relatively high exposure
to the developing fetus. The primary effect of in utero DES
exposure was abnormal development of the uterus and vagina
as well as vaginal cancer in daughters whose mothers had taken
DES. These effects, which were clearly associated with DES
exposure, are not indicative of effects for most environmental
EDCs, as the magnitude of exposure to DES far exceeded levels
of concern for environmental EDCs. In addition, most other
estrogenic substances, including the naturally occurring estra-
diol, are much less potent than DES. In fact, most estrogenic
EDCs are far less potent than naturally occurring estradiol, thus
requiring much greater concentrations of EDCs as compared
with estradiol to elicit an effect.

Outside of the experience with DES, there is no direct link
between exposure to environmental EDCs and specific
endocrine-mediated effects in humans, although some
observers have attributed several temporal trends to exposure
to EDCs. These include reports of declines in sperm quality
(generally referring to sperm quantity but also to morphology
and motility in some cases), as well as increases in hypospadias
(abnormal location of the urethral opening in males), crypt-
orchidism (undescended testes), and testicular cancer. Many of
these studies lack information on actual exposure to environ-
mental EDCs, however, and associations between chemical
exposure and effect are only speculative. For many of these
endpoints, there are alternative and equally plausible factors
that could explain the observed trends, including changes in
diet, a more sedentary lifestyle, changes in diagnosis, or
changes in collection methods (for declines in sperm quality).
In some cases, the observed trend is not temporally consistent
with exposure to EDCs. For example, incidence of testicular
cancer began to increase after World War I, while exposure to
environmental EDCs increased most dramatically after World
War II. Thus, exposure to environmental EDCs cannot neces-
sarily be implicated as the primary cause for the observed
increase in rates of testicular cancer. In other cases, such as for
breast cancer, most studies indicate that there is no correlation
with actual tissue concentrations of EDCs.

When likely exposure concentrations are taken into account,
the most important EDCs to consider, in terms of potential
effects in humans, are not industrial chemicals but rather
phytoestrogens, such as the isoflavones that are abundant in
dietary soy products. Exposure to EDCs in the environment
(e.g., through exposure to contaminated soil, water, or air) is
typically dwarfed by the intake of these naturally occurring
phytoestrogens. Soy products, which have long been consumed
as part of the typical Asian diet, are increasingly consumed in
Western diets. Few data exist for humans regarding potential
effects of phytoestrogens, particularly for in utero exposures,
although data in animals indicate that exposure to phytoes-
trogens at high enough levels may be associated with devel-
opmental abnormalities. Most notably, infertility has been
observed in sheep grazing on clover with high concentrations
of isoflavone precursors and in captive cheetahs following
addition of soy meal to their diet. On the other hand, iso-
flavones may offer protection against breast cancer, particularly
for postmenopausal women. Studies in animals also suggest
that early exposure to soy products protects against formation
of breast tumors later in life.
Relevance to Wildlife

Evidence linking exposure to EDCs with specific effects is
perhaps more convincing in wildlife than in humans, particu-
larly for aquatic wildlife. For example, reduced genitalia in
male alligators in Florida’s Lake Apopka has been attributed to
a DDT spill. There is also evidence that natural and synthetic
estrogens in effluent from wastewater treatment plants are
causing male fish to produce elevated levels of the female egg
yolk precursor protein vitellogenin, although the significance
of vitellogenin production in male fish for overall population-
level health remains uncertain. While such observations are
certainly important in terms of their significance for aquatic
populations, their significance for humans and other mammals
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is less certain, due to differences in physiology and metabo-
lism. For example, although there is a high degree of similarity
of the hormones and their receptors between aquatic species
and mammals, there are also significant differences in
hormone function and regulation. In addition, most effects
that have been well established in wildlife are generally
associated with localized exposure to relatively high concen-
trations of chemicals, such as DDT in Lake Apopka, or effluent-
associated natural and synthetic estrogens from sewage
treatment plants.
Mixture Toxicity

Concern remains regarding potential interactive effects of EDCs,
in keeping with the broader active interest in mixture toxicity
and cumulative exposure in all areas of toxicology. There is
a lively debate, but at this point, there is no scientific consensus
regarding the relative importance of mixture toxicity for EDCs. It
is important to consider not only the potential tomimic but also
to block the effects of endogenous hormones. Weak estrogens,
for example, can act as antiestrogens in the presence of
(endogenous) estrogen. A better understanding of both agonist
and antagonist interactions would seem paramount to obtain-
ing meaningful predictions of potential effects in the real world.
Regulation

In response to heightened concern for exposure to potential
EDCs in the environment, the United States Environmental
Protection Agency (US EPA) chartered the Endocrine Disruptor
Screening and Testing Advisory Committee (EDSTAC) in 1996,
with the charge of recommending a screening and testing
strategy for potential EDCs. EDSTAC proposed an Endocrine
Disruptor Screening Program (EDSP) focusing on estrogen,
androgen, and thyroid hormone systems for both humans and
wildlife. The EDSP consists of a Tier 1 screening battery
(intended to screen for the qualitative ability of compounds to
interact with elements of hormonal control) to be followed, as
needed, by Tier 2 testing (aimed at producing more definitive
characterization of hormone-mediated adverse effects and their
dose–response relationship, suitable for use in risk assess-
ment). Test orders for a first list of chemicals were issued
starting in 2009 and screening results have been submitted to
US EPA for most chemicals on the first list; a second list of
further chemicals slated for test orders has recently been
released. The EDSP has not been without controversy, amid
concerns that testing costs are substantial, that several of the
tests have not been fully validated, and that the means are ill-
defined and unclear for interpreting screening assays and for
triggering appropriately targeted further Tier 2 testing. In
addition to regulatory efforts in the USA, EDCs are considered
substances of very high concern and will require specific
authorization for use in the EU under the Registration, Evalu-
ation, Authorisation and Restriction of Chemical (REACH)
substances regulation, implemented in 2007. Building on two
earlier programs (i.e., SPEED’98 and ExTEND2005), Japan is
also developing a new test framework for endocrine disruptors
(i.e. EXTEND 2010).
Conclusions

Apart from the number of chemicals that need to be evaluated,
evaluating potential EDCs for their ability to cause endocrine
disruption presents several unique challenges to toxicologists. As
illustrated by conflicting results from studieswith BPA, the ability
to detect effects at very low doses may depend on a variety of
factors seemingly unrelated to exposure, such as diet, living
conditions, and specific animal strain. In addition, it will be
important to consider cross-species physiological differences in
order todetermine the relevanceoffindings in laboratory animals
for humans or wildlife. Thus, one challenge will be to define the
precise conditions under which laboratory responses can predict
the existence and magnitude of true risks for humans or wildlife
exposed to low levels of environmental EDCs. Another challenge
is thepossibility thatEDCsmaydisplay eitheraU-typeor inverted
U-type dose–response curve (i.e., a dose–response curve for
which low doses may be more potent than high doses). This
means that the dose range for studies evaluating EDCs may need
to be extended below doses at which no adverse effects are
observed.Considering these challenges, itwill likelybe some time
before there is a general consensus among scientists as to the
relative importance of endocrine disruption as amode of toxicity
compared to other modes, particularly for low-dose exposures.

See also: Developmental Toxicology; Endocrine System;
Estrogens I: Estrogens and Their Conjugates; Estrogens IV:
Estrogen-Like Pharmaceuticals; Reproductive System, Female;
Reproductive System, Male; Toxicity Testing, Developmental;
Toxicity Testing, Reproductive.
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Introduction

Five population groups are traditionally considered by envi-
ronmental health scientists to be especially vulnerable to the
adverse effects of environmental stressors: pregnant women,
fetuses, children, the sick, and the elderly. Since the early 1990s,
it has become apparent that a sixth group deserves to be added
to the list – those who are socioeconomically disadvantaged;
a disproportionate fraction of whom are African American and
Hispanic. Under the rubric of ‘environmental justice,’ this
subject has become a prominent public policy issue, an
ongoing risk assessment challenge, a contentious legal matter,
and a pressing research question. Despite its significance, for
many the term ‘environmental justice’ remains a vague and
abstract notion that is difficult to define in practical, real-world
terms. The US Environmental Protection Agency (EPA) defines
environmental justice as “the fair treatment and meaningful
involvement of all people regardless of race, color, national
origin, or income with respect to the development, imple-
mentation, and enforcement of laws, regulations, and policies.
Fair treatment means that no group of people, including racial,
ethnic, or socioeconomic group should bear a disproportionate
share of negative environmental consequences resulting from
industrial, municipal, and commercial operations or the
execution of federal, state, local, and tribal programs and
policies.”

In the twenty-first century, environmental justice is
increasingly seen as a global issue because of existing
inequalities between relatively rich, industrialized countries in
the northern hemisphere (e.g., North America, Western
Europe) and relatively poor, developing countries in the
southern hemisphere (e.g., Africa, South America, Southeast
Asia). Growing economic globalization and concomitant
liberalization of trade rules and the rise of multinational
corporations have contributed to a shift of polluting industries
and hazardous wastes from the North to the South. Further-
more, the adverse effects of climate change, deforestation, and
declining biodiversity fall disproportionately on developing
countries and poor populations around the world. Today,
attempts by rich countries to exploit poorer countries as
a source of raw materials, a sink for waste disposal, or as
a preserve for natural ecosystems and biodiversity (i.e., ‘coer-
cive conservation’) are frequently described as examples of
environmental injustice.

Although many different definitions have been proposed,
there is general agreement that the concept of environmental
justice emphasizes the underlying principles of fairness and
equality that must be brought to bear as part of society’s efforts
to protect all of its members from the harmful effects of envi-
ronmental pollution. Thus, environmental justice can be
broadly defined as the societal goal of achieving adequate
protection from the adverse effects of stressors in the environ-
ment for everyone, regardless of age, culture, ethnicity, gender,
race, or socioeconomic status. But no matter how it is defined,
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environmental justice directs attention to important questions
about whether economically and politically disadvantaged
communities bear a disproportionate burden of environmental
hazards, and whether past environmental practices, programs,
and policies have been fair and equitable? How one answers
these questions and what one does in response depends, to
a large extent, on a person’s attitudes, beliefs, opinions, and
values. Consequently, apropos the old adage –where you stand
on an issue depends on where you sit – there is a diversity of
viewpoints about how to put environmental justice principles
into practice.
Environmental Health Perspective

From an environmental health sciences perspective, it is
important to have a clear and workable definition so that
questions of environmental justice (or injustice) can be
examined empirically by stating hypotheses upfront and then
testing them in a rigorous and scientific manner. A practical
(testable) definition for environmental justice needs to answer
five fundamental questions.

l How is fairness/equity/justice defined? In terms of proce-
dural fairness or outcome (substantive) fairness, or both?

l What is the scope of concern? Which sources and hazards
over what geospatial scale are included in the analysis?

l How is unfairness/inequity/injustice characterized? Which
deviations from ‘fair/equitable’ are defined as ‘unjust’ or
‘unfair’?

l Which individuals or groups are the focus of concern? Are
there certain individual or group attributes (e.g., race/
ethnicity, lower socioeconomic strata) that are shared by
those who systematically and involuntarily suffer a dispro-
portionate burden of pollution?

l What is the likely root cause of unfairness/inequity/injus-
tice? Are disparities caused by intentional discrimination,
political expediency, utilitarian policy decisions, or neigh-
borhood transition and other voluntary decisions?

The critical point is not that any particular definition is correct,
but rather that choosing a definition has direct ramifications for
the formulation, implementation, and evaluation of environ-
mental justice policies and related decision-relevant research.

Within the field of environmental health sciences, the issue
of environmental justice is usually framed in terms of health
risks – where a primary goal is to identify and evaluate those
populations and individuals at higher comparative risk so that,
if necessary, appropriate mitigating action can be taken. Groups
are deemed to be at potentially greater risk when they are
exposed to environmental stressors above some health-related
benchmark or when they are more biologically susceptible to
stressor-linked effects. Those who are both more exposed and
more susceptible are likely to be at highest relative risk. A
growing body of evidence suggests that people in lower
4-3.01062-9 381
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socioeconomic strata, a disproportionate percentage of whom
are people of color, tend to be both more exposed to many
environmental pollutants and more susceptible to related
health effects than the general population.

Numerous scientific studies conducted over the past two
decades have shown that low-income groups, especially poor
blacks and Hispanics, are more likely than affluent whites to
live near environmental hazards, such as industrial facilities
and waste disposal sites, reside in urban areas with elevated
levels of air pollution, eat significantly greater amounts of
contaminated fish, and be employed in potentially dangerous
occupations, such as migrant farm work. Moreover, substantial
evidence indicates that these same groups are likely, on average,
to be more vulnerable to environmentally induced discomfort,
dysfunction, disability, disease, and death. Poor people and
people of color are known to be more likely to lack knowledge
about environmental health issues, eat a substandard diet, live
in inadequate housing located in dilapidated and crime-ridden
neighborhoods, lack access to adequate health care, smoke
cigarettes, drink alcohol and, in general, to live more stressful
and less healthful lives.

In the context of this discussion, ‘susceptibility’ is defined as
the combination of intrinsic and acquired characteristics of an
individual or group of individuals that alters biological
response to environmental stressors. It refers to the totality of
susceptibility attributes and their interactions that cause some
people to be more vulnerable to the adverse health effects of
exposure than others. The most susceptible groups are those
who respond biologically at the lowest levels of environmental
insult.

‘Susceptibility factors’ are risk factors related to suscepti-
bility, such as genetic predisposition, smoking, obesity, or poor
nutrition, which increases the likelihood of illness or injury
from environmental exposures. Susceptibility factors can affect
the magnitude of response (e.g., level of enzyme activity), type
of response (e.g., reproductive versus developmental effects), or
both. There are two basic types of susceptibility factors –

intrinsic and acquired. Intrinsic susceptibility factors are
inherent, fixed characteristics in an individual or population at
a point in time, such as gender, age, genetic makeup, race, and
ethnicity. Acquired susceptibility factors are variable charac-
teristics of individuals and groups connected to real-world
realities, like preexisting disease, exposure to environmental
agents, stressful living and working conditions, lifestyle
choices, and access to health care.
Risk Assessment Issues

Despite their potential importance, intrinsic and acquired
susceptibility factors are not explicitly addressed in most risk
assessments because data are inadequate or lacking altogether.
In 1995, the EPA provided guidance for risk characterization,
which states that agency risk assessors are expected to address
and provide descriptions of risk to important populations, such
as highly exposed and highly susceptible groups. The EPA
recommends that “If a full description of the range of suscep-
tibility in the population cannot be presented, an effort should
be made to identify subgroups that, for various reasons, may be
particularly susceptible.” The EPA guidance document goes on
to state that “Generally, selection of the population segments is
a matter of either a priori interest in the subgroup (e.g., envi-
ronmental justice considerations), in which case the risk
assessor and riskmanager can jointly agree on which subgroups
to highlight, or a matter of discovery of a sensitive or highly
exposed subgroup during the assessment process.” But beyond
these general guidelines, the EPA provides no direction on how
to actually incorporate susceptibility factors into quantitative
risk assessments.

There are generally three methods for incorporating
susceptibility into health risk assessments. First, risk can be
measured or estimated in the group with identified suscep-
tibility factors. Second, risk can be measured or estimated in
the general population and then divided by a scaled uncer-
tainty factor. And third, risk can be measured or estimated in
the general population and then divided by a default uncer-
tainty factor. Selecting a specific approach depends on the
purpose of the assessment, the type of susceptibility factors
under consideration, the nature of the relationship between
exposure, susceptibility, and health outcome, and the
adequacy of the available scientific information. In practice,
data deficiencies typically preclude use of the first approach,
which means that if susceptibility factors are considered at
all, they are accounted for through the use of uncertainty
factors.

Historically, data insufficiencies, methodological chal-
lenges, and technical problems associated with incorpo-
rating susceptibility issues into quantitative health risk
assessments have precluded explicit consideration of class
and race/ethnicity. Some observers have expressed concern
that EPA risk assessments give more credence and weight to
tangible, relatively easy-to-measure variables at the expense
of less-tangible, less easy-to-measure, though not necessarily
less important variables. As a result, risk-based decisions are
likely to be biased in favor of hard, quantifiable evidence
and against soft, nonquantifiable aspects of risk. In the
critics view, there is a built-in systematic bias to the current
risk assessment–risk management paradigm that hinders
recognition of the disproportionate burden of environ-
mental health risk borne by economically disadvantaged
groups.

In its 2009 report, Science and Decisions: Advancing Risk
Assessment, the National Research Council (NRC) commented
on this problem, noting that there is increasing concern among
stakeholders, especially poor, minority communities affected
by obvious sources of pollution, that past risk assessments have
been overly narrow, and that neither they do capture the
cumulative risks from exposure to multiple chemical and
nonchemical stressors nor do they incorporate other factors
that could affect vulnerability. The NRC stated that unless
cumulative risks are taken into account, risk assessment was in
jeopardy of becoming irrelevant in many decision contexts and,
moreover, that continued application of restricted assessments
that ignore combined health effects from chemical and
nonchemical stressors could exacerbate long-standing credi-
bility and communication gaps between risk assessors and
many stakeholders.

Efforts are currently underway at the EPA to develop and
apply innovative methods to assess cumulative health risk,
where ‘cumulative risk’ refers to the combined threats from
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exposures via all relevant routes to multiple environmental
factors, including both chemical and nonchemical stressors. A
new tool called ‘cumulative risk assessment’ is being developed
to organize and analyze pertinent scientific information with
the goal of examining, characterizing, and possibly quantifying
the combined adverse effects on human health from a combi-
nation of diverse environmental attributes. The application of
cumulative risk assessment to real-world problems is meant to
broaden the extent of scientific analysis to incorporate acquired
susceptibility factors, like psychosocial sources of stress. The
objective is to make risk assessment more (1) realistic – in the
sense of embodying actual, real-life situations, and circum-
stances, (2) reliable – as input to informed risk management
decisions, (3) relevant – to problems confronting elected offi-
cials and regulatory decision makers, and (4) responsive – to
the concerns of affected communities and other stakeholders.
Because cumulative risk assessments aim at answering difficult
and formerly unaddressed questions regarding combined risk
burdens and disproportionate environmental impacts, they are
more theoretically complex, methodologically complicated,
and computationally challenging than traditional risk
assessments.

Although there is currently no scientific consensus about
appropriate conceptual models and implementation frame-
works, a variety of methods and approaches are available to
assess cumulative health risks. The Cumulative Environmental
Hazard Inequality Index, which was developed by scientists
at the University of California, Berkeley, creates an index
summarizing racial, ethnic, and socioeconomic inequalities
arising from the cumulative effects of multiple environmental
hazards. The World Health Organization constructed the
Urban Health Equity Assessment and Response Tool (Urban
HEART), which can be used to identify and analyze health
disparities between people living in different sections of a city
or between different socioeconomic groups within or across
cities. The Community-Focused Exposure and Risk Screening
Tool (C-FERST) is a web-based tool with links to EPA infor-
mation and methods that is being developed for use by
communities to identify and prioritize cumulative health risks.
The EPA’s Office of Enforcement and Compliance has created
the Environmental Justice Strategic Enforcement Screening
Tool (EJSEAT) to analyze environmental justice issues at the
community level.

The challenges inherent in conducting a cumulative risk
assessment are formidable, and explicit consideration of
background exposures and synergistic disease processes, along
with other aspects of susceptibility, can quickly become
analytically intractable. Nonetheless, applications of cumula-
tive risk assessment, even if they are incomplete and uncertain,
focus attention on questions of why and how differential
cumulative exposures occur, the conditions under which they
give rise to divergent health risks, and the mechanisms by
which they translate into health disparities. In the end, cumu-
lative risk assessment can help to answer some of the important
scientific questions underpinning evaluation of environmental
justice. But even under the best of circumstances, it can only
provide limited information on one aspect of a complicated
public policy question that requires decision makers to weigh
a variety of germane factors, including economic issues, legal
precedents, political realities, bureaucratic impediments,
ethical and moral principles, societal values, and cultural
beliefs and attitudes.
Summary and Conclusions

There is compelling evidence indicating that rates of disease
and death vary significantly by social class and race/ethnicity.
The question for environmental health scientists is whether
environmentally induced risks also vary by class and race/
ethnicity and, if so, to what extent do differential risks
contribute to higher rates of morbidity and mortality among
socioeconomically disadvantaged groups? An underlying
premise of the environmental justice movement is the belief
that environmental health risks are systematically higher for
poor people and for people of color. In principle, therefore,
the risk assessment–risk management paradigm is a useful
construct for framing important questions and analyzing
available data in order to define the dimensions of the
problem, understand root causes, and identify effective, effi-
cient, and equitable solutions.

To be successful, however, traditional risk assessment must
expand beyond a narrow focus on individual chemical stressors
and single sources, pathways, routes of exposure, and related
health outcomes. A more holistic approach is necessary, one
involving analysis of combined effects of cumulative exposures to
complex combinations of both chemical and nonchemical
stressors via all relevant pathways and routes. Cumulative risk
assessment is emerging as a potentially valuable tool for orga-
nizing and analyzing scientific information so as to examine,
characterize, and possibly quantify combined adverse health
effects from exposure to multiple stressors, including not just
pollution but also psychosocial factors like poverty and
discrimination. This approach formally acknowledges that
class (e.g., low income, inadequate education, blue-collar job)
and race/ethnicity (e.g., African American, Native American,
Hispanic) are risk factors for both elevated environmental expo-
sures and increased susceptibility to certain pollution hazards.

Cumulative risk assessment is a promising science policy
procedure that necessarily incorporates science-based assump-
tions and expert opinions to estimate combined health risks
from multiple environmental stressors. Its shortcomings are
apparent to supporters and critics alike, but its potential value as
a formal structure for evaluating issues of environmental justice
are also evident. Conducting a cumulative risk assessment does
more than generate a risk estimate; it also makes explicit critical
underlying assumptions and associated scientific uncertainties.
Moreover, it provides a vehicle for framing important envi-
ronmental justice issues and structuring the debate about how
to address them. We do not need a cumulative risk assessment
to tell us what should already be obvious; that environmental
health risks tend to be higher for socioeconomically disadvan-
taged populations. But we do need cumulative risk assessment
to understand which environmental stressors are most impor-
tant from a public health perspective, determine the nature and
magnitude of relevant cumulative exposures, and delineate key
interactions and related health consequences for constituents of
high-priority mixtures. In the end, the goal is to assess health
risks realistically for all members of society, and cumulative risk
assessment will be successful to the extent that it fosters more



384 Environmental Justice
informed, equitable, and reasonable decisions about environ-
mental justice.

See also: Resistance to Toxicants; Risk Characterization; Risk
Communication; Mixtures, Toxicology, and Risk Assessment;
Risk Assessment, Human Health; Risk Management;
Cumulative (Combined Exposures) Risk Assessment; A History
of the US Environmental Movement (Revised 10 January 2012).
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Background

Environmental processes include fate and transport of pollut-
ants in the environment, which are components in the field of
environmental chemistry. The fate of pollutants in the envi-
ronment depends upon the ‘compartment’ in which they occur:
air, water, soil, sediment (the ‘mud’ at the bottom of water
bodies), or living organisms. The water compartment may
include groundwater, surface water (water bodies such as rivers,
streams, lakes, ponds, oceans, etc.), or pore water (water in
between soil or sediment particles). Within each compartment,
the chemical (or environmental contaminant) may remain
unaltered, but more often is altered by biotic (living) or abiotic
(nonliving) components of the environment.
Alterations of Pollutants

Alterations of pollutants may include transformation and
degradation. Transformation occurs when a contaminant is
chemically altered by the addition of oxygen, hydrogen, or
nitrogen, or is combined with or bound to another chemical.
Abiotic transformations may include chemical oxidations or
reductions in aerobic or anaerobic environments, respectively.
Biotic transformations may be carried out by bacteria and fungi
in the environment, or may take place within the bodies of
plants and animals. Transformations may make the chemical
either more or less toxic, depending on the reaction involved.
Degradation involves the breakdown of a chemical into smaller
molecules. Abiotic degradation may occur through reactions of
the chemical with oxygen, acids, alkalis, other chemicals, or by
exposure to sunlight (‘photolysis’ or ‘photodegradation’).
Biotic degradation (‘biodegradation’) may be carried out by
plants or animals, but bacteria and fungi accomplish the bulk
of the biodegradation in natural systems. If a chemical resists
biotic and abiotic degradations, it is termed a ‘persistent’
chemical. Some especially persistent chemicals, dichlor-
odiphenyltrichloroethane, for example, may remain in soils
and sediments for decades.

Many chemicals can also exist as various species or states of
ionization. For example, nitrogen can exist as nitrate, nitrite, or
ammonia; arsenic can exist as arsenate or arsenite; and lead can
exist as lead nitrate or lead chloride. The species or ionization
state may depend upon abiotic variables such as soil or water
pH, amount of dissolved oxygen in the water, and the presence
of other chemicals. Alternatively, bacteria and fungi may
change the species or ionization state of a chemical. For
example, bacteria can convert arsenite to arsenate and add
methyl groups to ionic mercury to produce methylmercury.
Chemicals may also be taken up by plants and animals from
the environment. Plants can take up pollutants through roots
or leaves, while animals can take in pollutants by ingestion of
contaminated food or water, absorption through skin or gills,
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or inhalation into the lungs. Chemicals can be absorbed from
the lungs by inhaled vapors or gases, particulate matter (e.g.,
dust), or aerosols (tiny droplets suspended in the air). Animals
may also ingest from soil or sediment and absorb chemicals
through the skin from air, water, soil, or sediment. Chemicals
may also be passed along in the food chain (‘trophic transfer’).
Certain chemicals that are lipophilic (i.e., accumulate in fat)
may reach greater and greater concentrations in animals higher
and higher in the food chain. Such a process is called
‘biomagnification.’
Bioavailability

The degree to which a pollutant is taken up, which also
determines its potential toxicity, is determined by its bio-
availability. Bioavailability refers to the ability of a chemical to
move from the environment into a living organism. It depends
upon the ionization state and speciation of a chemical. Because
certain organic compounds and clays can strongly bind various
hydrocarbon chemicals and metals, the amount of organic
carbon and clay in the soil, sediment, and water determines the
bioavailability of these compounds. Bioavailability of metals is
also dependent on the amount of sulfur precipitates of other
metals in soils and sediments.
Fate and Transport

The fate of chemicals in the environment depends not only on
processes taking place within compartments, but also by
chemical partitioning between compartments. For example,
there may be exchange of chemicals between air and water or
soil. Movement from the water or soil into the air is accom-
plished by volatilization and evaporation of volatile or semi-
volatile compounds. Movement of chemicals from the air to
water or soil is accomplished by deposition or diffusion into
the water. Chemicals can also move from water to soil or
sediment and vice versa. If a solid chemical in the soil or
sediment dissolves into the water, this is called ‘dissolution,’
while the opposite is called ‘precipitation.’ If a chemical dis-
solved in water attaches to a soil or sediment particle, this is
called ‘adsorption,’ while the opposite is called ‘desorption.’
The fugacity of a chemical, that is, its tendency to remain within
a compartment, is affected by the properties of that chemical, as
well as the chemical and physical properties of the environ-
ments such as temperature, pH, and the amount of oxygen in
water and soil. Wind or water currents, wave action, water
turbulence, or disturbance of soil or sediment (through the
action of air or water currents, animals, or human activities)
may also affect partitioning of chemicals.

Chemicals can be transported within and between com-
partments. Transport may be via convection, diffusion, or
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bulk transport. Convection occurs when environmental
contaminants dissolved or dispersed in air or water are
carried along by air or water currents. Diffusion through air
or water occurs relatively slowly, and is of importance only
over small distances. However, diffusion (as well as evapo-
ration and volatilization) may be enhanced by convection,
and diffusion, convection, and volatilization may act in
concert to promote transport of contaminants between
compartments. The third type of transport, bulk transport,
occurs when pollutants are adsorbed to soil or sediment
particles and are carried along by wind or water currents.
Bulk transport of contaminated dust by the wind may
transport the contaminants from the soil to the air
compartments. Bulk transport from air to water or soil
compartments may also occur when rain forms around
contaminated dust particles or suspended particulate
pollutants, or when gaseous pollutants dissolve in rain
droplets and fall onto the soil or water surfaces.

Chemicals may also be transported from water to air or soil
compartments when strong waves or waterfalls produce
aerosols that are carried away by the wind. Flooding may also
transport contaminants from the water to the soil, either due
to contaminants dissolved or dispersed in the water or from
bulk transport of contaminated sediment particles. In addi-
tion, when rainwater falls on contaminated soil, it may flow
overland and carry dissolved or dispersed contaminants or
contaminated soil particles to surface waters, or percolate
through the soil to carry pollutants to ground water or surface
water. Finally, plant growth and activities of animals and
humans may facilitate transport or contaminants within and
between compartments.

Transport and fate of pollutants also depend upon the
source of pollutants. Contaminants that originate from
a definable source, for example, a smokestack or effluent
(wastewater discharge) pipe, are known as ‘point sources.’
Sometimes, however, the source of the pollutant is more
diffuse; for example, when pesticides are carried by runoff from
a large area into a river. These sources are called ‘nonpoint
sources.’ Often, point and nonpoint sources may be combined
or interconverted; for example, if nonpoint runoff from a city is
channeled into a discharge pipe via storm sewers.

There are also several methods to determine patterns of
fate and transport of pollutants in the environment. In some
cases, microcosms and mesocosms are used to study fate,
biodegradability, bioavailability, and transport within
compartments. Field surveys may also be used to study fate
and transport of pollutants in contaminated environments.
Such studies involve collection and analysis of biota, water,
air, soil, or sediment. In some cases, radioactively labeled
contaminants (tracers) may be introduced in mesocosms or
noncontaminated environments in order to determine their
fate and patterns of transport. Finally, mathematical models
are often used to produce computer simulations to study
fate and transport on a large scale. Often, these models rely on
the ‘mass balance’ concept, which asserts that the total mass
of a contaminant introduced into an ecosystem must be
accounted for by summing the masses present in each
compartment.

See also: Biotransformation; Chemical Interactions;
Environmental Fate and Behavior.
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In July 1970, the White House and Congress worked together
to establish the US Environmental Protection Agency (EPA) in
response to the growing public demand for cleaner water, air,
and land. The EPA was officially established on 4 December
1970. Before the establishment of the EPA, the federal
government was not structured to make a coordinated attack
on the pollutants that harm human health and degrade the
environment. The EPA was assigned the daunting task of
repairing the damage already done to the natural environment
and establishing new criteria to guide Americans in making
a cleaner environment a reality. EPA’s mission is to protect
human health and to safeguard the natural environment – air,
water, and land – upon which life depends.

The EPA employs 18 000 people across the country,
including the headquarters offices in Washington, DC, 10
regional offices, and more than a dozen national laboratories.
EPA’s staff is highly educated and technically trained; more
than half are engineers, scientists, and policy analysts. In
addition, a large number of employees are legal, public affairs,
financial, information management, and computer specialists.
The Administrator who leads EPA is appointed by the President
of the United States.
EPA Mission

The mission of EPA is to protect human health and the
environment.

EPA’s purpose is to ensure that

l all Americans are protected from significant risks to human
health and the environment where they live, learn, and
work;

l national efforts to reduce environmental risk are based on
the best available scientific information;

l federal laws protecting human health and the environment
are enforced fairly and effectively;

l environmental protection is an integral consideration in US
policies concerning natural resources, human health,
economic growth, energy, transportation, agriculture,
industry, and international trade, and these factors are
similarly considered in establishing environmental policy;

l all parts of society – communities, individuals, businesses,
and state, local, and tribal governments – have access to
accurate information sufficient to effectively participate in
managing human health and environmental risks;

l environmental protection contributes to making our
communities and ecosystems diverse, sustainable, and
economically productive; and

l the United States plays a leadership role in working with
other nations to protect the global environment.
EPA Offices

Each of the EPA’s offices is responsible for specialized areas
involved with the protection of the environment and human
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health. The Office of the Administrator (AO) provides executive
and logistical support for the EPA Administrator and the staff
offices that directly support the Administrator. The Administrator
is responsible to the President, and is assisted by the Deputy
Administrator and staff offices. TheAOsupports the leadershipof
EPA’s programs and activities to protect human health and
safeguard the air, water, and land upon which life depends.

The mission of the Office of Administration and Resources
Management is to provide management, infrastructure, and
operations support to EPA’s w150 offices and laboratories
nationwide. EPA strives to make its buildings as energy efficient
and sustainable as possible to serve as models of healthy
workplaces with minimal environmental impacts. From the
award winning Science and Technology Center in Kansas City,
Kansas, and New England Regional Laboratory in Chelmsford,
Massachusetts, to green power purchases at the Region 2 Office
in New York City, EPA facilities are demonstrating the princi-
ples of sustainable design.

The Office of Air and Radiation oversees the air and radia-
tion protection activities of the Agency, including national
programs, technical policies, and regulations.

The American Indian Environmental Office (AIEO) coor-
dinates the Agency-wide effort to strengthen public health and
environmental protection in Indian Country, with a special
emphasis on building tribal capacity to administer their own
environmental programs.

The Office of the Chief Financial Officer manages and coor-
dinates EPA’s planning, budgeting, analysis, and accountability
processes as well as provides financial management services.

The Office of Enforcement and Compliance Assurance
delivers compliance with US environmental laws while
inspiring the regulated community to employ methods that
focus on pollution prevention.

The Office of Environmental Justice serves as a focal point
for ensuring that communities comprised predominately of
people of color or low-income populations receive protection
under environmental laws.

The Office of Environmental Information is responsible for
establishing an innovative center of excellence that advances
the creation, management, and use of information as a strategic
resource at EPA. The History Office preserves the Agency’s
institutional memory and provides background information
and publications to the public.

The Office of General Counsel (OGC) provides legal service
to all organizational elements of the Agency with respect to
Agency programs and activities. The OGC provides legal
opinions, legal counsel, and litigation support. In addition, the
OGC assists in the formulation and administration of the
Agency’s policies and programs as legal advisor.

The Office of Inspector General conducts audits and inves-
tigations of Agency programs and operations.

The Office of International and Tribal Affairs (OITA)
manages Agency involvement in international policies and
programs that cut across Agency offices and regions. It provides
leadership and coordination on behalf of the Agency and acts
as the focal point on international environmental matters.
OITA also includes the AIEO, which leads and coordinates the
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Agency-wide effort to strengthen public health and environ-
mental protection in Indian Country, with a special emphasis
on helping tribes administer their own environmental
programs.

The Office of Prevention, Pesticides, and Toxic Substances
develops national strategies for toxic substance control and
promotes pollution prevention and the public’s right to know
about chemical risks.

TheOfficeofResearchandDevelopment is responsible for the
research and development needs of the Agency’s operating
programs and the conduct of an integrated research and devel-
opment program for the Agency. The Science Policy Council is
responsiblewithin theAgency toaddress and resolve cross-media,
cross-program, and cross-disciplinary science policy issues. The
Deputy Administrator chairs the Science Policy Council.

The Office of Solid Waste and Emergency Response
provides policy, guidance, and direction for the land disposal
of hazardous wastes, underground storage tanks, solid waste
management, encouragement of innovative technologies,
source reduction of wastes, and the Superfund Program.

The Office of Water is responsible for the Agency’s water
quality activities, including development of national programs,
technical policies, and regulations relating to drinking water,
water quality, groundwater, pollution source standards, and
the protection of wetlands, marine, and estuarine areas.
EPA Activities

EPA leads the nation’s environmental science, research,
education, and assessment efforts.
Develop and Enforce Regulations

EPA works to develop and enforce regulations that implement
environmental laws enacted by Congress. EPA is responsible for
researching and setting national standards for a variety of envi-
ronmental programs, and delegates to states and tribes the
responsibility for issuing permits and for monitoring and
enforcing compliance. Where national standards are not met,
EPA can issue sanctions and take other steps to assist the states
and tribes in reaching the desired levels of environmental quality.
Offer Financial Assistance

In recent years, between 40 and 50% of EPA’s enacted budgets
have provided direct support through grants to state environ-
mental programs. EPA grants to states, nonprofit organizations,
and educational institutions support high-quality research that
will improve the scientific basis for decisions on national
environmental issues and help EPA achieve its goals. EPA
provides research grants and graduate fellowships. The Agency
supports environmental education projects that enhance the
public’s awareness, knowledge, and skills to make informed
decisions that affect environmental quality. The Agency also
offers information for state and local governments and small
businesses on financing environmental services and projects.
EPA also provides other financial assistance through programs
as the Drinking Water State Revolving Fund, the Clean Water
State Revolving Fund, and the Brownfields program.
Perform Environmental Research

At laboratories located throughout the nation, EPA works to
assess environmental conditions and to identify, understand,
and solve current and future environmental problems. Further,
it integrates the work of scientific partners such as nations,
private sector organizations, academia, and other agencies; and
provides leadership in addressing emerging environmental
issues and in advancing the science and technology of risk
assessment and risk management.
Sponsor Voluntary Partnerships and Programs

The Agency works through its headquarters and regional
offices with over 10 000 industries, businesses, nonprofit
organizations, and state and local governments on over 40
voluntary pollution prevention programs and energy conser-
vation efforts. These partners set voluntary pollution-
management goals; examples include conserving water and
energy, minimizing greenhouse gases, slashing toxic emis-
sions, reusing solid waste, controlling indoor air pollution,
and getting a handle on pesticide risks. In return, EPA provides
incentives like vital public recognition and access to emerging
information.
Further Environmental Education

EPA advances educational efforts to develop an environmen-
tally conscious and responsible public, and to inspire personal
responsibility in caring for the environment.
Contact Details

Environmental Protection Agency (EPA), Ariel Rios Building,
1200 Pennsylvania Avenue, NW, Washington, DC 20460, USA.
Tel.: þ1 202 272 0167 (National Response Center to report oil
and chemical spills: þ1 800 424 8802). Website: http://www.
epa.gov.

See also: Federal Insecticide, Fungicide, and Rodenticide Act,
US; Love Canal; Regulation, Toxicology and; Silent Spring;
Food Quality Protection Act; Clean Air Act (CAA), US; Clean
Water Act (CWA), US; Pollution Prevention Act, United States;
Proposition 65, California; Safe Drinking Water Act; Toxic
Substances Control Act; Chemicals of Environmental Concern;
Resource Conservation and Recovery Act (USA); Standards
and Guidelines for Toxicity Testing; Environmental Justice; US
Chemical Safety Board.
Relevant Websites

http://actor.epa.gov/actor/faces/ACToRHome.jsp – ACToR, Aggregated Computational
Toxicology Resource.

http://cfpub.epa.gov/ecotox/ – US Environmental Protection Agency Ecotoxicology
database.

http://www.epa.gov – US Environmental Protection Agency website (for more infor-
mation about EPA or specific EPA offices).

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?TRI – US Environmental Protection
Agency Toxics Release Inventory.

http://www.epa.gov/
http://www.epa.gov/
http://actor.epa.gov/actor/faces/ACToRHome.jsp
http://cfpub.epa.gov/ecotox/
http://www.epa.gov
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?TRI
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Introduction

The definition of risk assessment given by the OECD
Glossary of statistical terms reads: “Risk assessment (of
pollution) refers to the quantitative and qualitative evalua-
tion of the risk posed to human health and/or the environ-
ment by the actual or potential presence of and exposure to
particular pollutants.”

Many chemicals greatly benefit our daily lives and our
health. However, at the same time, they might also possess
hazardous properties and a number of manufactured chemicals
persist in the environment once they have been released.
Throughout the last century, the use of chemicals and the
importance of the chemical industry have increased signifi-
cantly. As a consequence, more and more toxic substances are
released into the environment.

By the second half of the nineteenth century, the toxic
effects of some widely used chemicals on wildlife were already
being observed. However, until the 1960s there was no
systematic approach toward research and regulation of
chemical pollutants in the environment. Together with the
development of analytical chemistry, the ability to detect low
concentrations of substances in various matrices (including
biological) allowed the establishment of a link between the
use and releases of chemicals and their effects on organisms in
wildlife. This led to a change in mindset whereby the regu-
lation became more and more proactive instead of only
responding to the observed incidents. Risk assessment became
the tool that enabled researchers, industry, and authorities to
predict the probability of negative effects on receptors in the
environment, including humans, of anthropogenic pollut-
ants. On the basis of the results of a risk assessment, different
interested parties are able to make necessary decisions and
take actions in restricting and controlling the use and/or
release of chemicals.
Steps of Environmental Risk Assessment

In general terms, environment is a physical surrounding, which
includes air, water, soil, and biota. As such, an environmental
risk assessment would cover all receptors, including humans,
which may be exposed through these media. However, risk
assessment of individual humans exposed via consumer
products or at workplaces is not a part of environmental risk
assessment and is normally performed separately according to
other objectives and principles.

The traditional risk assessment paradigm, published by the
National Research Council of the National Academy of Science
(NAS) in 1983, is based on four main steps:

l Hazard identification – to identify whether a chemical can
induce negative (health) effects.
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l Dose–response evaluation – to determine the functional
relationship between the dose of the chemical and the
response of the target receptor to this dose.

l Exposure assessment – to determine the level of the chem-
ical to which the receptor is exposed.

l Risk characterization – to determine the level of risk posed
by exposure of the chemical to the target receptor, i.e., by
comparing the (non-)effect concentration of the chemical
(following dose–response evaluation) and the levels of the
chemical exposing target receptor (following exposure
assessment).

This paradigm was traditionally designed to be used for
human health risk assessment of chemicals. In this respect,
environmental risk assessment as a tool to protect target
receptors in the environment has a different structure. Whereas
human health risk assessment is associated with different
human health endpoints and aims to protect individuals (in
some cases defining the group of the most relevant individ-
uals), environmental risk assessment has to deal with different
endpoints of various environmental receptors, which can be
populations, communities, or ecosystems in different envi-
ronmental media: air, water (fresh and marine), sediment, and
soil.

The four steps described previously are explained in more
detail in the following sections.
Scope of Risk Assessment

The initial step in risk assessment is hazard identification and
problem setting. This step aims to identify whether the chem-
ical has the potential to cause effects on receptors in the envi-
ronment. The scope of risk assessment is based on both hazard
and exposure dimensions of the problem. Testing systems
(described in the aquatic/terrestrial toxicity testing articles of
this Encyclopedia) enable the identification of hazards on
various biological organization levels, e.g., populations,
communities, and ecosystems. Considering the results of
hazard identification, an initial analysis of the (potential)
receptors in the environment is made and possible pathways of
chemicals toward these receptors are analyzed. This screening
level assessment is used to focus the following risk assessment
exercise.

For the purpose of risk assessment, different environmental
compartments are treated somewhat separately, often with an
emphasis on the aquatic and terrestrial environments.
Depending on the scope of environmental assessment and the
jurisdiction over where it is applied, a further subdivision of
these main compartments takes place. For aquatic risk assess-
ment, fresh water and marine environments can be considered
separately. The marine environment differs from freshwaters
by its abiotic characteristics, e.g., the presence of dissolved
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compounds, especially salts, in the water and by the compo-
sition of the ecosystems present in these environments. In the
aquatic compartments, further division is made between
the water column and the sediments. These compartments
differ by the living conditions, e.g., density of the present solid
particles to which substances may be adsorbed. This leads to
differences in possible exposure pathways of organisms and the
availability of the chemical to these organisms. The types of
organisms living in the water column and in the sediment layer
also differ. These physical–chemical and biological differences
lead to potentially very different dose–response characteristics
for any given chemical. Many of the chemicals that partition
significantly to the sediments have one or more of the
following properties: poor water solubility, slow degradability,
low volatility, and high potential for adsorption. Sediments
may act as a sink for chemicals and once the layer of sediments
is disturbed some accumulated chemicals might be released
back into the water column.

For some chemicals, higher-level predators, i.e., fish-eating
predators, should be addressed separately because these
organisms can be exposed via their prey. Historically, it is
known that severe effects can arise after exposure of animals via
their food. Thus, the potential of the chemical to bio-
concentrate, bioaccumulate, and biomagnify in food chains
needs to be considered.
Dose–Response Evaluation

There are a number of inherent uncertainties in risk assessment,
in both the hazard and exposure sides of assessment. In the
hazard assessment, this is due to the extrapolation of labora-
tory data, e.g., results of the test on individual species to the
ecosystems in the environmental compartment. This inherent
uncertainty is addressed in the derivation of predicted no effect
concentration (PNEC). The derivation of the PNEC depends on
the available data. As indicated in the ECHA's Guidance on
Information Requirements and Chemical Safety Assessment,
Chapter R.10, two different methods for PNEC derivation are
commonly used: the uncertainty/assessment factor method
and the species sensitivity distribution method.

A PNEC is most often estimated dividing the no-observed
effect concentration (NOEC)/the lethal concentration (LCx) or
the effect concentration (ECx) of the most sensitive species
tested in the dose–response assays, which are generally char-
acterized by a nonlinear relationship between the concentra-
tion of the tested chemical and the response in the tested
receptor, by a so-called assessment factor (AF). Such an AF
should take different uncertainties at the hazard side into
account. This method is more frequently used for PNEC deri-
vation than the species sensitivity distribution method because
of the limited toxicity data available for most chemicals. The
sparser the available toxicity data, the higher the uncertainty/
assessment factor will be. For example, according to the
Guidance document addressing the requirements and princi-
ples of European chemicals regulation REACH, an uncertainty/
assessment factor of 1000 should be applied for the PNECa-
quatic derivation when at least one short-term L(E)C50 from
each of three trophic levels (fish, invertebrates, and algae) is
available. An uncertainty/assessment factor of 10 would be
applied to the substance when long-term results (e.g., EC10 or
NOECs) are available for at least three species (fish, inverte-
brates, and algae) representing three trophic levels. An AF
addresses a number of uncertainties arising from extrapola-
tion from single-species laboratory data to a multispecies
ecosystem. These areas comprise:

l Intra- and interlaboratory variation of toxicity data
l Intra- and interspecies variations (biological variance)
l Short-term to long-term toxicity extrapolation
l Laboratory data to field-impact extrapolation

The species sensitivity distribution method can be applied to
data-rich,well-studied substances,whereby the dataon toxicityof
the chemical to the extensive number of receptors from different
taxonomic groups in the environmental (e.g., aquatic) compart-
ment can be used to derive a statistically calculated PNEC. These
statistical methods aim to calculate the concentration of the
chemical that is anticipated to be protective against toxic effects
for a certain percentage (e.g., 95%) of the species in the
compartment. The methods assume that the distribution of
species’ sensitivities (NOEC values) follows a theoretical distri-
bution function and that the group of species tested in the labo-
ratory is a random sample of this distribution that can be applied
to other taxonomic groups of species in this compartment.

The PNECaquatic derived by one of the above-mentioned
methods is assumed to be protective for all types of pelagic
organisms living in water. This PNEC can be used for the risk
assessment of chemicals with constant exposure; for example,
arising from a constant or frequent release. In the cases of
infrequent release, exposure of the aquatic environment will be
limited in time and organisms of the local ecosystem can – for
most chemicals – tolerate higher concentrations than when
there is long-lasting exposure. Therefore, for such cases a lower
assessment factor is sometimes applied.

Sediments integrate the effects of surface water contamina-
tion overtime and space and may thus present a hazard to
aquatic communities (both pelagic and benthic), which is not
directly predictable from concentrations in the water column.
Effects on benthic organisms are of concern because they
constitute an important link in the aquatic food chain and play
an important role in the recycling of detritus material. The
PNECsediment can be derived by applying an assessment
factor to the lowest available effect concentrations for different
species. For example, according to the Guidance document
addressing the requirements and principles of the European
chemicals regulation REACH, an uncertainty/assessment factor
of 10 should be applied for the PNECsediment derivation
when three long-term tests (NOEC or EC10) with species rep-
resenting different living and feeding conditions are available.

When the toxicity data for sediment-dwelling organisms are
not available, the equilibrium partitioning method is often
used for the PNECsediment derivation from the PNECaquatic.
This method is based on the assumption that sediment toxicity
expressed in terms of the freely dissolved substance concen-
tration in the pore water is the same as aquatic toxicity. When
other exposure pathways of soil or sediment organisms are
relevant for the chemical, the equilibrium partitioning method
should be used with caution (e.g., additional uncertainty/
assessment factor may be applied) or the method may even not
be suitable.
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Exposure Assessment

To predict the possible risks of a chemical present in the
environment, the levels of the chemical to which receptors can
be exposed have to be determined. One of the possible ways to
determine environmental concentrations can be the use of
measured environmental concentrations. For some chemicals,
an extensive data set of measured concentrations in different
environmental matrices is available. These data should be
critically assessed and, if relevant, used for the exposure
assessment purposes together with calculated environmental
concentrations when deciding on the environmental concen-
trations to be used in the exposure estimation. If the measured
values have passed the procedure of critical, statistical, and
geographical evaluation, a high degree of confidence might be
attributed to those data and they could overwrite the calculated
values. For most chemicals, however, concentrations of the
chemical in the environment need to be predicted by estima-
tion because of the absence of measured data needed for
exposure assessment purposes.

Exposure assessment can be divided into three main steps:

l Release estimation, where the amount of the chemical
released to the environment is determined; often the site-
specific measured data on the releases of the chemical from
the industrial processes are available.

l Characterization of the fate and behavior of the released
chemical.

l Estimation of exposure levels of the chemical in different
environmental media.

It should be noted that the route of exposure is important
for all steps of the risk assessment: for hazard identification,
when the relevant receptors are identified, for dose–response
determination, when the toxicity testing is conducted, and for
exposure assessment, when the exposure levels for the identi-
fied receptor via all relevant routes are summed up.

There are a number of possible pathways for a chemical to
enter the environment. When the environmental exposure
concentrations are predicted, it is important to correctly iden-
tify the levels of the chemical entering various environmental
media throughout the whole lifecycle of the chemical. In
addition to the life cycle of the chemical, the tonnage of use,
diversity of uses, information on the conditions of the use, risk
management measures applied, and release factors need to be
taken into account in the release estimation.

Depending on the objectives of a specific risk assessment
exercise, the geographical boundaries of the exposure assess-
ment have to be determined. For regulatory purposes, bound-
aries are often seen as the borders of the country or region. For
naturally occurring substances, the natural background
concentrations of the chemical in the environment should be
considered and taken into account when estimating exposure
levels to the receptors. For example, under the REACH regula-
tion, regional exposure concentrations in different environ-
mental media should be taken into account when the local
exposure concentrations of the receptors in target media are
estimated. In this case, the local concentration represents the
concentration of a chemical to which the local ecosystem in the
environmental medium is exposed. The exposure targets are
assumed to be exposed in, or at the border of, the site. In
general, concentrations during a release episode are calculated.
They represent the concentrations expected at a certain distance
from the source on a day when the release occurs.

Taking into account the released quantities, the distribution
of the chemical in the environment can be estimated. When
estimating the chemical quantities in the environment, not
only spatial boundaries but also the temporal dimensions are
taken into account. Exposure to the receptor via various routes
as determined in the hazard identification and scope of risk
assessment should be assessed. Various physical and chemical
processes for predicting the fate and behavior of chemicals in
the environment through the time span are taken into account
within fate and transport models. Multimedia models
describing the movement of chemicals within and between
environmental media allow determination of environmental
concentrations based on emission levels. Concentrations of the
chemical in the aquatic environment can be affected by
the direct releases of the substance to the water column and by
the physical transport processes (e.g., precipitation from the
air). Direct releases to one of the environmental media obvi-
ously have a large influence on the local concentrations of the
substance in this medium. On the other hand, the amount of
chemical released to and transferred from other environmental
media mainly affects the background level of the chemical in
the medium. Both the local concentration and the background
level of the chemical need to be taken into account in risk
assessment.

When the substance is released into a water body, the
following main processes can affect the substance: dilution,
volatilization, degradation (abiotic and biotic), and removal
from the aqueous medium by adsorption to suspended matter.
In the local assessments, volatilization, degradation, and sedi-
mentation are ignored because of the short distance between
the point of effluent discharge and the exposure location, and
because of the short duration between the release of a chemical
and the availability of it in the local environment. Sometimes,
it is possible to identify specific release points that would allow
the use of more precise (if available measured), site-specific
information regarding the emissions, distribution, and fate
processes. In such cases, this available information will be used
in the site-specific risk assessment.

For some chemicals, the estimated concentrations in surface
water are higher than the water solubility limit of the substance.
In such cases, the estimated concentrations in the water column
should be used and interpreted for the risk assessment
purposes with great caution.

In situations in which the chemical can be released to the
same water body (e.g., river) from the different processes at the
same site or from the different sites, the released amounts of
a chemical should be summed up and respective cumulative
concentrations in the environment should be taken into
account in the exposure assessment exercise.

Chemicals entering the aquatic environment may them-
selves form, or be particles, or may bind to matter suspended in
the water. Adsorption to suspended matter and sedimentation
are the main processes that drive the partitioning of chemicals
from the water column to the sediments. The concentration in
bulk sediment can be derived from the corresponding water
body concentration, assuming a thermodynamic partitioning
equilibrium. This means that the concentration of chemicals in
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sediments would be estimated on the basis of the concentra-
tion of the chemical in the water column, the bulk density of
the suspended matter, and the suspended matter-water parti-
tioning coefficient. However, for highly adsorptive substances,
this approach may not be adequate because there is often no
equilibrium distribution between water and suspended matter
owing to their cohesion to the suspended matter. When
a chemical is released to the surface water predominately in the
form of solid particles, the calculations may underestimate the
sediment concentration. If such processes are expected, these
should be considered in the further evaluation (e.g., when
comparing environmental concentrations with monitoring
data and in risk characterization).
Iterative Risk Characterization

Quantitative risk characterization is the step of risk assessment
in which the quantitative information on hazard and exposure
is combined in a risk characterization ratio (e.g., the risk is
present if estimated concentration in environmental medium is
higher than relevant PNEC). For some chemicals or hazards,
qualitative risk characterization can be more relevant than the
quantitative. As previously indicated, both the hazard and the
exposure assessments contain uncertainty that needs to be
assessed in order to decide on the robustness of the risk
estimate.

When a risk is identified in a first tier of the risk character-
ization, both the hazard and exposure assessments may be
refined – the risk assessment becomes an iterative process. By
obtaining additional toxicity data, the uncertainty/assessment
factor and derived PNEC can potentially be reduced. On the
other hand, the exposure assessment can also be refined. This
can be done by using measured data or higher-tier fate and
behavior models or by applying risk management measures to
control/reduce the risk identified.

Different options for environmental risk management
measures are known. In Figure 1, the hierarchy of chemical
risk management measures is provided. Risk management
measures have an impact on the amount of the chemical
released and the resulting exposure. The reduction of the
release factor depends on the efficiency of the risk manage-
ment measure applied. Examples of risk management
measures for reducing emission to the surface waters can be
filters, biological or physicochemical wastewater treatment
plants, etc.
Chemicals with Specific Consideration
for Risk Assessment

For some chemicals, because of their specific profile of prop-
erties, traditional quantitative risk assessment might not be
applicable. In these cases, qualitative or semiquantitative risk
characterization could be performed to prove controlled use of
the chemical. For example, in the REACH Regulation, it is
clearly indicated that a hazard assessment addressing all the
long-term effects and the estimation of the long-term exposure
of humans and the environment cannot be carried out with
sufficient reliability for substances satisfying the PBT (P –

persistent, B – bioaccumulative, and T – toxic) and vPvB (vP –

very persistent, vB – very bioaccumulative) criteria. Thus,
exposure of the environment by this kind of substance should
be eliminated or minimized, i.e., all potential points of the
chemical emissions to the environment should be identified
and controlled. Similar principles of strict control and emission
minimization are identified in the Stockholm Convention and
Aarhus Protocol for unintentionally produced persistent
organic pollutants (e.g., dioxins), which in addition to the PBT
properties are known as mobile chemicals, i.e., can be trans-
ported long distances in the air, water, and by migrating species
from the emission sources.

Metals are another group of chemicals that require special
consideration in environmental risk assessment. Natural
chemical and physical processes occurring in the environment
have implications for both the environmental exposure and the
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effects assessment of metals. The specific physicochemical
properties of metals should be considered carefully when
defining the conditions of aquatic toxicity tests. For example,
test media containing chelators (e.g., EDTA) should be
excluded or for sparingly soluble metals, measured data on the
dissolved fraction are always required in order to obtain reli-
able toxicity test data. Special consideration should also be
given to the exposure assessment of metals and metal
compounds. Because of the natural background, speciation,
adsorption/desorption behavior, and bioavailability differ-
ences, specific adaptations are required when performing the
exposure assessment of this type of chemical.

For complex mixtures (e.g., hydrocarbons), often of variable
composition, it may be difficult to predict risk by the tradi-
tional tools/models. If the main constituents that drive the risk
can be determined, risk assessment might be justified for and
based on these constituents only. Grouping of the substances
in categories, depending on the physicochemical and toxico-
logical profile of the chemicals, can also be applied. For
example, for petroleum hydrocarbons the use of the hydro-
carbon block method for grouping structurally similar chem-
icals is proposed. The hydrocarbons block method is based on
the assumption that these chemicals can be grouped in blocks
and treated as single compounds without introducing serious
errors.

See also: Toxicity Testing, Aquatic; Aquatic Ecotoxicology;
Environmental Exposure Assessment; Risk Management
Measures (RMM); Site-Specific Environmental Risk
Assessment.
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Introduction

Cosmetics and personal care products are usually considered
part of the ‘heavily regulated’ chemicals, with legislations
requiring a safety assessment, based on authorization processes
prior to marketing or positive/negative lists, in most jurisdic-
tions. However, until recently the regulatory requirements
covered exclusively the health risk for the user, and no assess-
ment of the possible environmental risks, including the risks for
humans exposed via the environment, was considered. In
Europe, the REACH(Registration, Evaluation, (Restriction), and
Authorization of Chemicals) regulation has changed this situ-
ation. Chemical substances used as cosmetic should be regis-
tered under REACH, the human health assessment is covered by
the specific regulation for cosmetics, while the environmental
risk are covered by REACH. Other jurisdictions are considering
the environmental risks of these substances on a case-by-case
basis; biologically active substances such as the chlorinated
aromatic antimicrobial triclosan (2,4,40-trichloro-20-hydrox-
ydiphenyl ether) and the use of nanomaterials in sunscreen
products are receiving particular attention.

Other consumer products may also require environmental
risk assessments. In fact, the REACH regulation requires
environmental (and health) safety assessment for all chem-
icals manufactured or imported above one tonne per year. This
assessment is part of the registration process conducted by
manufacturers and importers, and starts with a hazard
assessment. If the substance requires classification as
hazardous and/or is identified as persistent, bioaccumulable,
and toxic (PBT) or very persistent and very bioaccumulable
(vPVB), the assessment should continue with the exposure
estimation and the risk characterization. If the annual tonnage
reach or exceeds 10 tonnes, the conclusions are reported in
a Chemical Safety Report and the Exposure Scenarios are
annexed to the extended Safety Data Sheets. Although there is
no obligation to provide these Safety Data Sheets to
consumers, the providers are responsible for communicating
the potential risk and required risk management measures to
the consumers. This obligation is not limited to chemical
products, and is also applicable to consumer articles for which
a potential environmental risk has been identified either
during use or at the end of life of the product. In Europe as
well as in many other areas, there is also specific information
alerting and informing consumers on the risk associated to
some categories of articles, such as batteries, electronic
equipment, and paints and solvents, particularly related to
recycling and waste management.

The environmental risk assessment of chemicals in
consumer products is usually conducted as a complement to
industrial and professional uses, and based on generic
scenarios, local and regional, and default assumptions. The
release estimation tend to be the most critical and uncertain
part of the assessment, due to not only the limited amount of
available information but also the real variability linked to
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individual consumers’ behavior. Pharmaceuticals, pesticides,
and biocides require specific assessments, which have been
described in other articles and therefore are not covered here.
Exposure Assessment

The exposure assessment is usually the most complex part of
the environmental risk assessment of chemicals used in
consumer products, including cosmetics. Basically, there are
three main scenarios that should be considered, although there
are also additional release routes that should be sporadically
considered. The first group of scenarios are use specific,
covering uses linked to implicit or explicit environmental
releases. The second group covers generic scenarios associated
to indirect releases to sewers and wastewater, mostly during the
use phase. The third group also covers generic scenarios, but
associated to municipal waste management and mostly linked
to the disposal of the products and containers at their end of
life. Other routes include releases to the atmosphere, although
for obvious reasons most efforts in this field have concentrated
on indoor exposure to humans, and the environmental emis-
sions in urban areas associated with traffic, heating systems,
and related activities, also with a focus on human health effects.
Specific Use-Related Scenarios

The most relevant, specific, and obvious situation is linked to
uses with implicit environmental release, such as chemicals in
sunscreens, cleaning agents, hair dyes, soaps, shampoos, and
detergents. Due to the specific use patterns, these substances
require the development of use-targeted exposure scenarios.
The environmental exposure estimation includes two basic
processes, first the estimation of the expected release to each
environmental compartment associated with each stage of the
life-cycle of the product, from manufacturing to disposal and
waste management, and second, the estimation of the envi-
ronmental fate and behavior of the released chemical, with the
estimation of the predicted environmental concentrations.

The use patterns and conditions are the main elements
triggering the environmental release, followed by some chem-
ical properties. The specific scenarios related to outdoor uses
frequently include direct releases into environmental
compartments, for example, sunscreens used at beaches or
paints used outdoor; for indoor uses the most important
release pathway is through wastewater.

In general, the amount used by a single or few consumers is
insufficient for creating an environmental concern, but the
combined release from many consumers in urban areas and
densely populated regions may represent a major ecological
threat, and thus indoor release scenarios are mostly based on
emissions to municipal sewer systems and include the addi-
tional fate in the wastewater treatment facilities. Deterministic
release estimations are available for some cosmetics and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00555-8
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consumer products of particular relevance such as detergents.
The specific environmental release categories (SPERCS)
developed under the European REACH regulation by European
associations such as International Association for Soaps,
Detergents, and Maintenance Products (AISE) or Cosmetics
Europe offer good examples for these use-targeted scenarios.
Basically, these SPERCS have been developed for replacing the
screening worst-case assumptions suggested as first tier in the
European Chemicals Agency (ECHA) guidance documents, and
are directly compatible with the quantitative estimation
methods developed for REACH, including the REACH-specific
IT tools such as Chesar. It should be noted that some of these
SPERCS are based on specific information related to specific
European conditions, and therefore its use in other jurisdic-
tions should consider the need for adapting those conditions if
significantly different from the European situation.

After the environmental release, the fate and behavior of
a chemical does not depend on its intended use but on the
physical–chemical properties, and thus the generic scenarios
and default values described in the following sections for
wastewater releases and emission during disposal and waste
management are also applicable.

Higher tier assessments, when required, usually follow two
complementary approaches. One is the use of georeferenced
models such as the Geography-Referenced Exposure Assess-
ment Tool for European Rivers, or GREAT-ER. The second is the
use of probabilistic estimations, accounting for the variability
and uncertainty in individual use patterns, market penetration,
and the additional factors governing the release process and
environmental fate.
Generic Scenarios for Emissions through Wastewater
Treatment Plants

Local and regional generic emission scenarios applicable to
chemicals used in consumer products have been developed
under REACH. They are presented as wide disperse environ-
mental release categories (ERC). A wide disperse use is by
default associated with a point source release of a local
Table 1 Summary of default emission factor to wastewater (before the tr
consumer uses

Code

Main category

and subcategories

Default

to wast

ERC 8 Wide dispersive use of processing aids,
reactive substances, and uses resulting
in inclusion onto a matrix

1–100%

ERC 9 Wide dispersive use of substances in
closed systems

5%

ERC 10 Wide dispersive outdoor use of long-life
articles and materials

3.2–100

ERC 11 Wide dispersive indoor use of long-life
articles and materials

0.05–10

Modified from ECHA, 2012a. Guidance on Information Requirements and Chemical Safety
Helsinki, p. 137.
municipal wastewater treatment plant of a standard town with
10 000 inhabitants that collects the releases to water from that
use. The assumption is that the substance is used by consumers
or by many users in the public domain, including small,
nonindustrial companies. The principle is that a quantitative
generic exposure assessment can be done using exclusively the
use descriptors and the tonnage of the substance used for that
particular use. ERCs are linked to conservative default release
factors to be used as a starting point for a first-tier environ-
mental exposure assessment.

The local tonnage used by consumers or by many users in
the public domain (including small companies) is calculated
from the manufactured tonnage. As a default, the ECHA
guidance suggests distributing the annual amount employed
for that use among the overall population and the whole year
to estimate the use per inhabitant and day, and multiplying the
result by a safety factor of 4 to take into account geographical or
temporal peaks in the use and the release of a substance. Since
the releases of the substance by all consumer uses will by
default enter into the same sewage system, the need for
combining the different emissions should be considered.
Default release fractions have been associated with the different
use descriptors (see Table 1). The scenario for both indoor and
outdoor wide dispersive uses is based on the assumption that
they occur in the urban infrastructure, are collected in a central
public sewage system, and are then treated by a wastewater
treatment plant. For outdoor uses, this scenario can be
considered as a reasonable worst case, as although the
assumption that all releases occur on a paved surface of an
urban infrastructure and are collected in a sewage system may
be conservative, it is balanced by the assumption that all
releases to water are treated in a wastewater treatment plant.
The release factor for outdoor use of long-life articles with a low
release also takes into account the service lifetime of the article.

Once the release to the sewage system has been determined,
the next step is to consider the fate processes in the wastewater
treatment plant and the final dilution into the receiving aquatic
compartment. The degree of removal in a wastewater treatment
plant can be determined by the physicochemical and biological
eatment plant) for the environmental release categories relevant for

emission

ewater Comments

Covers direct use of substances and mixtures except in
close systems, with additional differentiation for indoor
and outdoor uses.

Covers the uses in closed equipment, indoors, i.e., cooling
liquids in refrigerators, and outdoors, i.e., in automotive
motors, breaks, and other closed circuits.

% Covers materials with low release, i.e., metals and plastic
in building materials, and with high/intended release
such as tires, brake pads, or treated wooden products
and textiles.

0% Covers materials with low release, i.e., electronic
equipment, and with high/intended release such as
textile washing.

Assessment Chapter R.16: Environmental Exposure Estimation. ECHA-10-G-06-EN,



396 Environmental Risk Assessment, Cosmetic and Consumer Products
properties of the substance (biodegradation, adsorption onto
sludge, removal due to sludge withdrawal, volatility, and the
operating conditions of the plant). The ECHA guidance
recommends the use of the model SimpleTreat 3.10. The
default dilution factor for sewage from municipal treatment
plants emitted to a freshwater environment is 10. A default
dilution factor for discharges to a coastal zone (marine envi-
ronment) of 100 is assumed to be representative for a realistic
worst case.

The sludge of the treatment plant is assumed to be spread
on agricultural soil as fertilizer, resulting in the secondary
release of the chemical to soil.

The regional assessment is conducted for a standard region
represented by a typical densely populated EU area located in
Western Europe (about 20million inhabitants, distributed in
a 200� 200 km2 area). The fate of substances at the regional
scale differs from the fate at the local scale in the sense that
more time is available for transport and transformation
processes. The distribution and fate of the substance are taken
into account, considering that intermedia transport and
degradation become relatively more important. A multimedia
fate-modeling approach is used (e.g., the SimpleBox model) for
quantitative estimations. All releases to each environmental
compartment for each use, assumed to constitute a constant
and continuous flux, are summed and averaged over the year,
and steady-state concentrations in the environmental
compartments are calculated.

Secondary wastewater treatment is not extended to all
municipalities. The exposure estimations for releases to water
bodies from untreated or primarily treated sewage can be
modeled as described previously, excluding the wastewater
treatment processes. Releases to septic tanks are more complex
to model as drainage and leaching are highly related to local
conditions.

All estimations described above assume a significant dilution
of the effluent into the water body. A default dilution factor of
10 is used in the EU. The mixing zone, the area between the
dumping site and the point at which total dilution is achieved, is
not covered by these estimations. In highly populated areas with
scarce water resources, the emission of wastewater may represent
a significant part or even the main contributor to the total flow.
In those cases it is not sufficient to reduce the dilution factor, but
also to consider that the mixing zone may cover a large area that
should be included in the assessment.
Generic Scenarios for Emissions through Municipal Solid
Wastes

The emission through municipal solid waste represents the
complementary environmental release pathway for indoor and
urban uses by consumers, covering disposal after use and
emissions during the service life of substances in articles. The
level of development and standardization of these scenarios in
the ECHA guidance is not comparable to those for wastewater
treatment plants, but nevertheless include recommendations
for both local and regional scenarios.

The assessment of municipal wastes should cover all
substances, regardless of the types of mixtures, articles, and uses
they end up in, except intermediates and substances exclusively
used in processing aids. Two main processes, landfilling and
incineration, are covered with default settings for the first-tier
generic assessment.

There is no commonly accepted model available to predict
substance specific releases from landfills, and thus only
a generic approach is offered, using generic release factors to
soil and water as well as to air for volatile organic substances.
For landfilling, the substance is continuously entered and
accumulates in the landfill body until its closure. Thus, the
release estimation from landfill considers the residence time of
the substance in the landfill body. An average residence time of
20 years is proposed as default.

The default release factors for the municipal waste inciner-
ation scenario covers emissions to air and water. Emissions to
soil are considered negligible. The emissions factors distinguish
between organic substances and metals. The default emission
factors to air for metals are further subdivided for mercury,
cadmium, thallium, antimony, and tin, and for other metals.

Additional default scenarios and emission factors have been
developed in other parts of the world. Examples of these
developments are the Australian manual for emission estima-
tions from landfills and the US Environmental Protection
Agency compilation of air pollutants emission factors and the
Landfill Air Emissions Estimation model.
Effect Assessment and Risk Characterization

For substances in general consumer products, no links can be
established between the use of the substance and specific
environmental concerns. Therefore, the effect assessment
follows the general principles for industrial chemicals. As a first
step, the structural alerts and the information on related
substances are used for assessing specific concerns triggering the
assessment on particular taxonomic groups and endpoints. If
no particular issues are identified, a generic effect assessment
covering representative taxonomic groups, i.e., fish, crusta-
ceans, and algae for the aquatic environment, is conducted and
the most sensitive species is selected for the risk characteriza-
tion, e.g., using risk characterization ratios based on predicted
no effect concentrations or hazard quotients.

For cosmetics and personal care products, the situation is
different, as this group includes some categories of biologically
active substances such as disinfectants (e.g., triclosan and tri-
clocarban), insect repellants (e.g., N,N-diethyl-m-toluamide
and 1,4-dichlorobenzene), and preservatives (e.g., alkyl-p-
hydroxybenzoates, commonly referred as parabens). In addi-
tion, for other categories such as fragrances and UV filters,
specific concerns exist regarding the potential for endocrine
effects and for bioaccumulation and biomagnification. In fact,
the environmental risk assessment of these substances has
received a significant attention in the last decade, associated
also with environmental concern for human pharmaceuticals.
Both aspects, the likelihood of a generic mode of action linked
to the use and the concerns observed for some groups, should
be considered in the effect assessment phase, regarding both
the selection of the species to be tested and the selection of the
endpoints to be measured. Typical recommendations for
linking the ecotoxicological testing strategy with generic mode
of actions connected to the intended use are the specific
considerations for blue–green algae in the case of
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antimicrobials or the assessment of sublethal long–term effects
on arthropods in the case of insect repellents. If the main
concern is related to the potential for endocrine disruption, the
new test guidelines covering fish reproduction and amphibian
metamorphosis developed by the Organisation for Economic
Co-operation and Development and the overall strategy for
testing these substances should be considered.
See also: Risk Assessment, Ecological; Environmental Risk
Assessment, Pesticides and Biocides; Environmental Exposure
Assessment; REACH; Chemical Safety Assessment and
Reporting Tool (Chesar), REACH.
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Background

About 71% of the planet surface is covered by the oceans. They
provide us goods (food, energy, and water) and sustain the
livelihoods of most of the human population; they are the
main highway for international trade, the main stabilizer of
the climate, and the ultimate sink for waste discharges from
land-based sources and for operational or accidental spills of
chemicals (e.g., oil). There is hence an increasing concern to
manage and protect the marine environment through global,
international, national, and regional legislation and regula-
tions. For these purposes, a science-based environmental risk
assessment for the marine ecosystems is pivotal.

The Law of the Sea Convention, the central regime for ocean
governance, includes a series of global actions: (a) Food and
Agricultural Organization of the United Nations pursues the
sustainable management of marine living resources, including
seafood safety controls; (b) International Maritime Organiza-
tion deals with shipping and marine pollution control; (c)
United Nations Environment Programme is aimed at protecting
the marine environment; and (d) Intergovernmental Oceano-
graphic Commission (IOC) of United Nations Educational,
Scientific and Cultural Organization (UNESCO) supports
scientific research and associated ocean services and manage-
ment. At the international, regional, and national scales,
a remarkable body of legislation has been developing during the
last 15 years: Chinese Sea Water Quality (1997), South African
National Water Act (1998), and Coastal Management Act
(2008); Australian Oceans Policy (1999); European Water
Framework Directive (2000), Registration, Evaluation, Autho-
rization, and Restriction of Chemicals EU Regulation (2006),
and Marine Strategy Directive (2008); USA Ocean Policy
(2000); and Canadian Oceans Strategy (2002). This legislation
refers to a variety of approaches aimed at achieving the envi-
ronmental risk assessment of chemical pollutants in marine
ecosystems: Toxicity Identification Evaluation (TIE); Weight-of-
Evidence (WOE); Biological Effects Monitoring; Ecological Risk
Assessment (ERA); and Integrative Biomarker or Ecosystem
Health Indices. These approaches are supported by analytical
chemistry of environmental matrices, bioconcentration and
bioaccumulation tests, biomarkers, and toxicity tests.
Biotools in Marine Environment Risk Assessment

Bioconcentration and Bioaccumulation Tests

Bioconcentration tests are single route laboratory experiments
designed to obtain information concerning the ability of
aquatic species to accumulate chemicals directly from water;
the duration depends on the time for reaching a steady-state
condition. The data obtained provide information to predict
the concentrations likely to occur in aquatic organisms in field
situations, and to compare between species regarding their
potential to accumulate chemicals. This information is useful
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for modeling in marine risk assessment as well as for assessing
hazard to higher trophic level consumer species. Bio-
accumulation tests in contrast, are mid-to-long term (10–28
days) laboratory experiments designed to identify all the
potential uptake pathways, including food and waterborne
sources of exposure, and to determine the bioavailability of
chemical pollutants to the biota. Particularly, sediment bio-
accumulation tests are commonly used to determine the
bioavailability of sediment contaminants and to assess their
hazard through the trophic chain. Special care is taken at
designing the experiments and interpreting the results because
intricate site-specific factors (e.g., sediment organic carbon,
particulate organic matter, particle size distribution, and other
chemicals) and biological traits of the test organisms (age,
physiological condition, sexual maturity, and reproductive
condition) may influence the results obtained in these tests.
Biomarkers

A biomarker can be defined as a biological response that can be
quantitatively related to exposure to or toxic effects of envi-
ronmental chemicals. Thus, biomarkers of exposure or effect
can be applied in marine fish and invertebrates to assess the
health status of organisms and to obtain early-warning signals
of environmental risks.

Biomarkers for assessing exposure to a chemical are based
on the measurement of levels of chemicals and their metabo-
lites in target cells, tissues, body fluids or excreta; or on the
measurement of chemical-specific biological responses in
the exposed individuals (e.g., biotransformation enzymes).
The accumulation of chemicals into subcellular compartments,
such as lysosomes can be quantified in mollusks and fish after
the application of advanced histochemical techniques (e.g.,
autometallography for metals and immunohistochemistry for
polycyclic aromatic hydrocarbons (PAHs)) in combination
with image analysis. Biotransformation is the enzyme-cata-
lyzed conversion of a chemical compound into a, generally,
more water-soluble form that can be more easily excreted than
the parent compound. Exposure to rapidly metabolized
compounds, such as PAHs and chlorinated phenols, is assessed
by measurement of biliary metabolite levels. In marine
animals, the activity of biotransformation enzymes (e.g.,
ethoxyresorufin-O-deethylase (EROD) and cytochrome P450
1A (CYP1A) in liver of fish and sea mammals and in crustacean
midgut gland) is induced or inhibited upon exposure to
different chemical compounds; the levels of biotransformation
products (e.g., biliary PAH metabolites in fish) raise; and
covalent adducts are formed between metabolites of biode-
gradable chemicals and cellular macromolecules (e.g., fish liver
DNA adducts). Chemical-specific biological responses are also
employed as exposure biomarkers. A depressed acetyl cholin-
esterase activity in fish brain is considered a biomarker of
exposure to organophosphates and carbamate pesticides, albeit
various other organic trace pollutants may cause the same
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00556-X
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effects. The activity of essential enzyme, d-aminolevulinic acid
dehydratase, is markedly inhibited by Pb in a variety of marine
organisms from bacteria to vertebrates. Metallothioneins,
a special group of stress proteins, are inducible by both
essential and toxic heavy metals in marine animals. The
P-glycoproteins of the multixenobiotic resistance mechanism
may be induced or inhibited by a wide variety of chemicals.

Chemical pollutants and their metabolites exert toxic effects
as a result of oxidative stress; which can be defined as the set of
injurious effects due to cytotoxic reactive oxygen species (ROS).
The reduction products of molecular oxygen may react with
critical cellular macromolecules, leading to enzyme inactivation,
lipid peroxidation, DNA damage and, ultimately, cell death.
Antioxidant enzymes (catalase, superoxide dismutase, gluta-
thione reductase, etc.) defend the organisms against ROS. Their
induction constitutes an early signal of oxidative stress in
a variety of marine animals. Likewise, chemical pollutants may
provoke DNA damage and its subsequent expression in mutant
gene products and diseases (e.g., cancer), which are employed as
biomarkers of exposure and effect in marine animals exposed to
genotoxic substances. A large number of environmental chem-
icals have the potential to impair components of the immune,
reproductive, and endocrine systems in marine invertebrates,
fish, and mammals. This may have a serious impact at pop-
ulation level. Finally, the severity of adverse effects can be
determined histopathologically (tissue-level biomarkers) by
identifying and scoring lesions, alterations or neoplasms in
target tissues (e.g., gills, liver, and blood) of fish and mollusks.

Biomarkers cannot be applied individually but in a suite
covering the exposure and/or early effects of the entire spec-
trum of potentially toxic substances which may be present in
the marine environment. In order to design numerical stan-
dards for biomarkers, the relationships between biomarkers
and effects on pathology, survival, growth, or reproduction at
the level of individual organisms must be demonstrated and
standardized sampling, sample treatment, and assay condi-
tions must be applied in carefully selected sentinel species.
Toxicity Tests

Water and sediment toxicity tests with algae, invertebrates, and
fish are regularly conducted in the laboratory under strictly
controlled conditions using standard protocols. Although these
laboratory bioassays provide an oversimplification of the risk,
they have provided marine scientists and environmental
managers with valuable data for decades. Acute toxicity tests
measure short-term lethality to marine organisms through
a variety of tests including static, static-renewal, and flow-
through designs. Test duration varies from 2 to 8 days. The fish
larval survival and growth tests are static-renewal tests that last
for 7 days and measure the survival and increase in weight of
larvae. Commonly used static acute toxicity tests employ larvae
of fish (silversides and sheepshead minnow) to evaluate
mortality or bivalve molluscs to evaluate abnormal shell
development after 48-h exposure to chemicals in seawater.
Embryo toxicity tests with molluscs and echinoderms have
been particularly useful, especially for TIE procedures; they
require relatively short-term exposures (<96 h) and incorpo-
rate sensitive, sublethal endpoints that represent critical life
stages of ecologically important species. Chronic toxicity tests
are used to measure both lethal and sublethal effects over the
whole or partial life cycle of marine organisms; they provide
information about long-term effects. The sheepshead minnow
embryo-larval survival and teratogenicity test uses the static-
renewal design and lasts for 9 days, beginning as embryos and
extending to the larval stage, recording both the survival of the
fish and developmental malformations. The mysid survival,
growth, and fecundity test uses the static-renewal design and
last for 7 days, beginning as juveniles and extending through
their sexual maturation, to evaluate survival, weight gain, and
egg production. The sea urchin fertilization test evaluates the
percent fertilization after exposing sperm (120 min) and eggs
(20 min) to series of dilutions of chemical pollutants in
seawater. The algal sexual reproduction test uses a static design
and lasts 5–7 days, exposing amixture of male and female algae
to the sample for 2 days and then transferring them to
a nontoxic medium. At the end of the test, the production of
fertilized cystocarps is scored. Chronic marine sediment toxicity
tests use amphipods to measure emergence from a highly toxic
sediment and the inability to reburrow into clean sediment at
the termination of a 10-day bioassay. Toxicity tests are also
carried out in situ by deploying cages with selected test organ-
isms (larval, juvenile or adults of fish, polychaetes, amphipods,
mysids, cladocerans, bivalves, and echinoderms) in field loca-
tions. Recently, sensitive laboratory in vitro toxicity tests have
been developed on the basis of biomarkers (e.g., CYP1A
responses in EROD or Chemical Activated Luciferase gene
eXpression assays with model cell lines). The use of biomarkers
in toxicity tests has been suggested as an attempt to link
biomarker responses to effects on life-history characteristics
(e.g., survival and reproduction), which will provide a further
foundation for the use of biomarkers in environmental risk
assessment in the oceans. Both in vivo and in vitro toxicity tests
are successfully used for comparing the relative toxicity of
specific chemicals or samples in marine water and sediments.
Toxicity Identification Evaluation

Current risk assessment procedures essentially rely on the
correlation of toxicity and contaminant concentrations to
suggest causes of observed effects. Although this approach is
used internationally it has many limitations: the compounds
causing the observed toxicity may not be included in the survey
of chemicals; the concentration of toxic chemicals may vary in
space and time; the available fractions of the contaminants are
difficult to determine in complex environmental matrices such
as sediments; and the possible interactions of chemical in
mixtures (e.g., synergistic, antagonistic, or additive effects) are
easily overlooked. Methods such as TIE allow for the identifi-
cation of bioavailable fractions of chemicals, address multiple
toxicant interactions, and establish direct relationships
between toxicity and analytical outputs. TIE combines toxicity
testing with a suite of chemical and physical fractionation
procedures and analytical chemistry to identify specific
constituents responsible for toxicity. TIE procedures involve
three phases: (i) characterizing the class or classes of contami-
nants contributing to the toxicity; (ii) identifying specific
toxicants that could be responsible; and (iii) confirming that
the toxicants identified are the cause of the toxicity. Despite of
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its potential, TIE is not still widely employed for marine risk
assessment or regulatory purposes.
Biological Effects Monitoring

When released into the environment, substances are subject to
transport and transformation processes. These processes
together with emission patterns, environmental parameters,
and physico-chemical properties of the substances will govern
their distribution and concentration in environmental
compartments such as water, air, soil, sediment, and biota.
Organic trace contaminants, such as polychlorinated biphenyls
(PCBs), organochlorine pesticides (OCPs), (PAHs), poly-
chlorinated dibenzofurans (PCDFs), and polychlorinated
dibenzo-p-dioxins are ubiquitously present in the aquatic
environment; however, the partition behavior of these hydro-
phobic chemicals in sediment, water, and biota is determined
by the lipid and organic carbon contents of the environmental
matrices. It is virtually impossible to monitor all chemical
contaminants that form a potential threat to the environment.
In contrast, the use of biological monitoring (a regular,
systematic use of living organisms to evaluate changes in
marine environmental status) has several advantages over
chemical monitoring for marine risk assessment and regulatory
compliance. Firstly, biomonitoring methods measure effects in
which the bioavailability of the compounds of interest is
integrated with the concentration of the compounds and their
intrinsic toxicity. Second, biological measurements form the
only way of integrating the effects on a large number of indi-
vidual and interactive processes. Unfortunately, at present it is
still difficult to relate the observed effects to specific pollutants
or to effects on the level of populations, communities, or
ecosystems; biomarkers do not respond always in a predictable
manner to increasing exposure; and the potential impact of
confounding factors has to be taken into account. Conse-
quently, biomarker-based biomonitoring is performed in
concert with chemical monitoring. This so-called integrated
biomonitoring consists of a combination of biological and
chemical monitoring strategies (chemical, bioaccumulation,
biological effect, health, and ecological) that results useful to
identify potential environmental threats derived from the
presence of chemical pollutants in the marine environment.
Chemical monitoring deals with exposure assessment by
measuring levels of a selected set of well-known contaminants
in abiotic environmental compartments. Bioaccumulation
monitoring assesses exposure by measuring contaminant levels
in biota or determining the critical dose at a critical site. Bio-
logical-effect monitoring pursues the exposure and effect
assessment by applying biomarkers alone or in combination
with toxicity tests. Health monitoring is aimed to assess dele-
terious effects by examining the occurrence of irreversible
diseases, tissue damage, or changes in growth and reproduction
in organisms. Finally, ecological monitoring deals with the
ecosystem integrity assessment by determining, e.g., pop-
ulation density, age and genetic structure, community diversity,
etc. Examples of biological effect–based integrated monitoring
programs are the WOE Approach, the ERA, and the Integrative
Biomarker Indices, also referred to as Environment or
Ecosystem Health Indices.
Weight-of-Evidence

WOE is the quantitative estimation of probability of impair-
ment for individual and multiple lines of evidence. A line of
evidence is a set of information that pertains to an important
aspect of the environment. In sediment risk assessment, the
best known example, three lines of evidence (chemistry, toxi-
cology, and benthos ecology) are integrated into a single
measure for decision-making, which constitutes the so-called
Triad Method Approach. Although there is no standardized
method for whole sediment manipulations, information on
the sampling methods, the handling of samples, the chemical
and toxicological measurements, the structure of benthic
community and its measurements, and practical and technical
methods of decision-making is provided in commonly used
handbooks, compendia, and guidelines.
Ecological Risk Assessment

At present, most routine programs on ERA are based upon
measurement of a selected group of chemicals in various
environmental compartments, and on comparing the results
with legislative toxicity threshold values or safety standards.
Since sensitivity varies between methods and there is no
consistent pattern, it has been recommended that toxicity
screening phase in marine ERA must be conducted with
a minimum of three species representing a variety of groups
including invertebrates, fish, and plants. Subsequent testing can
then be done with the most sensitive species; and com-
plemented with in situ ecological quality status assessment (i.e.,
biomass or biodiversity measurements). Selection of appro-
priate protocols for use in effect characterizations depends on
the chemicals of concern identified in the problem formulation
stage of the risk assessment. For instance, two ERA modalities
are commonly applied to sediment risk assessment. In situ risk
assessment is performed at sites where sediment quality and
related management actions are to be considered. Ex situ risk
assessment of dredged sediments is accomplished in order to
select sediment management options (e.g., free and confined
disposal or treatment options). In both modalities, it must be
kept in mind that sediment environmental risk depends upon
many factors, some intrinsic (e.g., age, sex, health, and nutri-
tional status of the organism) and others extrinsic (e.g., dose,
duration, route of exposure to the contaminant, and the pres-
ence of other chemicals). The inability of direct toxicity
assessment procedures to satisfactorily evaluate chronic,
sublethal risks increased the interest in using in situ biomarkers
for the fingerprinting of stress-response properties as a means
of diagnosing ERA for integrated marine environment
management. Indeed, biomarkers have been recently incorpo-
rated as endpoints of the toxicity assays employed in ERA; they
help to determine whether or not, in a specific environment,
organisms are physiologically normal. Since many of the
biomarkers are short-term indicators of long-term adverse
effects, these data may permit intervention before irreversible
detrimental effects become inevitable. However, more infor-
mation is still needed about the relationships between
biomarkers and the health and fitness of marine organisms,
and between biomarkers and the risks for the ecosystem. Thus,
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the application of biomarkers for risk assessment at the
community and ecosystem level is still at its dawn and, in any
case, complementary ecological (e.g., species abundance) and
chemical data are essential.
Integrative Biomarker Indices

During the recent last years, biomarkers have been integrated
in ecosystem health indices that provide comprehensive
information about the biological effects of pollution in marine
organisms and may, therefore, serve as useful tools for envi-
ronmental managers. In 2005, the Bioeffects Assessment Index
(BAI) was designed by Broeg and coworkers, as a modification
of the ‘Health Assessment Index’ (1993), for the assessment of
multifactorial contamination in coastal areas using fishes as
sentinels. BAI is defined as a ‘general health’ index because it
comprises biomarkers of nonspecific toxic effects and
responds to a variety of different contaminants. BAI has been
applied to flatfish, eelpout, and mussels as sentinel organisms.
The Health Status Index (HSI) is computed by an expert
system designed and developed in 2007 to evaluate and
integrate (effect and exposure) responses of biomarkers
(recorded at different levels of biological organization in
mussels) to natural and contaminant-induced stress. HSI
provides a clear indication of the stress syndrome in mussels.
The Integrated Biological Response (2002) index is based on
biochemical biomarkers measured in sentinel flatfish, eelpout,
and mussels. The Ecological Health Condition Chart was
designed to integrate biomarker and chemical data collected
from a suite of sentinel fish and invertebrate species. The
approach consists of a graphic representation of the degree of
environmental damage in a matrix chart according to a graded
scale (from green to red) based on the reference and critical
values existing for each biomarker. The Integrative Biomarker
Index (IBI) was recently developed (2009) to integrate
biomarker data recorded in mussels after the Prestige oil spill
in Galicia and the Bay of Biscay. IBI is based on the calculation
of five specific indices of deleterious effects at different levels
of biological complexity: Molecular/Metabolic Response
Index; (sub)Cellular Response Index; Tissue Response Index;
Systemic Response Index; and Disease Response Index. Exist-
ing reference and critical values are taken into consideration.
The use of integrative indices describing pollution-induced
stress provides a useful tool for environmental managers and
scientists. However, due to their still limited degree of devel-
opment the results they provide cannot be taken at present as
‘face value’ but rather as tools to direct further actions in the
attempt to resolve causes of the differences observed in
ecosystem health status.

See also: Risk Assessment, Human Health; Toxicity Testing,
Aquatic; Aquatic Ecotoxicology; Pollution, Water; Risk
Management; Environmental Risk Assessment, Aquatic;
Integrated Pollution Prevention and Control (IPPC).
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Introduction

Pesticides and biocides are chemicals or organisms used to
control pests, such as harmful or unwanted animals, plants,
fungi, viruses, or bacteria, which cause damage. Pesticides are
mainly used in agriculture to protect plants and include
insecticides, fungicides, herbicides, and plant growth regula-
tors. Biocides are intended for nonplant uses and include
disinfectants, wood preservatives, rodenticides, insecticides,
and antifouling agents.

Both pesticides and biocides can have a wide array of
possible target organisms. However, while pesticides are
mainly applied by overspray, biocides can have different types
of applications, such as sprays, granules, coils, paints, fumi-
gants, and sticky strips.

Pesticides and biocides can cause significant water pollution
and land contamination, if there is an accident or they are not
used in a responsible way. If they enter surface water or
groundwater, even in very small amounts, they can have
devastating effects. Therefore, before new pesticides or biocidal
products can be placed on the market, their potential impact to
non-target organisms must be evaluated. Existing products
must be periodically re-evaluated to ensure that they continue
to meet the appropriate safety standard. A risk assessment must
be conducted to determine that the substances will not pose
any unreasonable risks to wildlife and the environment. If
a risk is identified, there is a need to mitigate or manage the
risk. Management options may range from changing the use of
a substance, or reducing its use, to completely banning it to
protect the environment.
The Environmental Risk Assessment Process

The risk assessment process evaluates the likelihood that
adverse environmental effects may occur, or are occurring, as
a result of exposure to the biocide or pesticide (active ingre-
dients and transformation products). The harmful effects can
be direct (fish die from a contamination of the waterways) or
indirect (secondary poisoning). In this process, both exposure
to the environment and the impact on the viability of exposed
non-target organisms need to be assessed. In practice, the
environmental risk assessment is carried out separately for each
environmental compartment (water, sediment, soil, and air).

The risk assessment is performed for each active substance or
substance present in the biocidal or pesticide product, or any
other substance of concern present in the product where relevant
for its use. The results of these separate risk assessments are then
integrated to produce an overall assessment for the product itself.

The risk assessment covers the proposed normal use of the
product together with a realistic worst-case scenario including
any relevant production and disposal issue either of the
product itself or any material treated with it.

The assessment process combines all the information from
the toxicity tests (ecological effects), the exposure information,
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assumptions, and uncertainties. It helps the risk assessor to
understand the relationship between harmful effects and the
substances and helps the risk managers supporting the deci-
sion-making process. The risk assessment is often an iterative
process which involves identification and filling data gaps in
order to develop a more refined assessment of the risk. Risk
assessors and risk managers might need to refine the scope of
the risk assessment further, triggering the need for more data or
new assumptions.

The risk assessment process consists of four main steps
discussed below: hazard identification, effect assessment,
exposure assessment, and risk characterization.
Hazard Identification

The hazard identification is the step in which the adverse effects
inherently caused by a substance are identified. The chemical is
tested to determine what kind of harmful effects it has and how
the effects change depending on the amount of exposure. This
allows establishing the dose–response relationships for each
effect. The hazard identification typically allows to determine
the concentration with a specific effect relevant for the envi-
ronment, but measured under experimental conditions (no
observed effect concentration, 50% lethal concentration
(LC50), or 50% effective concentration (EC50)).

The effect assessments for the aquatic compartment consist
in measuring the toxicity of a pesticide or a biocide (e.g.,
mortality or effects on growth or reproduction) in laboratory
tests with individual species belonging to three trophic levels,
fish, daphnia, and algae. For the sediment compartment, tests
are performed with sediment dwelling organisms or derived
from the aquatic organisms using the equilibrium partitioning
method.

The effect assessment on microorganisms is performed in
sewage treatment plant, which is a major exposure pathway, as
well as an important degradation pathway. Also for the
terrestrial compartment, three trophic levels are investigated:
plants (producer), earthworms (feeder), and microorganisms
(decomposer).

In the air compartment, only a qualitative assessment of the
effects can be performed because of lack of toxicity data. The
secondary poisoning (e.g., uptake through contaminated fish
or earthworms) is assessed through treated target species (mice,
rats) eaten by predators (birds and mammals).

The effect assessment for pesticides includes additional
studies on species particularly relevant due to the mode of
action or the application route. For example, studies on aquatic
plants are required for the assessment of herbicides, and studies
on bees and foliar arthropods, including beneficial predatory
and parasitoid species, are essential for insecticides, andmay be
relevant for fungicides and other pesticides particularly in the
case of foliar spray applications.

The hazard identification also involves the characterization of
the fate and behavior of the substance when it is introduced
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into the environment (potential for adsorption, mobility, and
persistency).

Some physicochemical properties such as water solubility,
partition coefficient, adsorption to soil, and vapor pressure
determine the mobility of a pesticide or a biocide. If the
adsorption potential is high, the pesticide will tend to adsorb to
soil and will not volatilize easily, and will not be very mobile in
water that infiltrates to ground water or in run-off water.

Pesticides and biocides that break down quickly do not
offer much opportunity for exposure. In this case, the metab-
olites are more relevant. It is important to establish how fast
and by what means the pesticide or biocide degrades, what are
the breakdown chemicals, how much of the pesticide or its
breakdown products will travel from the application site, and
where they will accumulate in the environment. This infor-
mation is needed to develop estimates of pesticides or biocide
concentrations in the environment.
Effect Assessment

Effect assessment entails the establishment of appropriate pre-
dicted no-effect concentrations (PNECs) for each environmental
compartment of relevance (water, sediment, soil, and air).

The basis for such estimation is the derivation of the rela-
tionship between dose and level of exposure to a substance and
the incidence and severity of the effects observed.

The PNEC is calculated applying an assessment factor (AF)
to the lowest reliable ecotoxicity value observed for the test
substance.

The AF is an expression of the degree of uncertainty in
extrapolation from tests data on short-term toxicity data on
a limited number of species to the real environment. In risk
assessment, it is assumed that ecosystem sensitivity depends on
the most sensitive species. Since for most substances the pool
of data are very limited, it is recognized that, while having no
strong scientific validity, these factors are necessary. If no AFs
would be applied, then a large part of the ecosystem will
remain unprotected. Laboratory tests cover only a small part of
the variety of responses that may occur in ecosystems. These
factors cover a number of uncertainties when extrapolating
from single-species laboratory data to multispecies ecosystems,
such as intra- and interlaboratory variations of toxicity data,
intra- and interspecies variations, extrapolation from short-
term to long-term toxicity, and laboratory data to field. The AF
varies from 1000 (high degree of uncertainty) to 1 (low degree
of uncertainty) and decreases with increasing information on
the effects of the substances, the number of species tested or
trophic level covered, and the longer the duration of the tests.

Different tiers of testing can be performed if there is a need
to refine the effect assessment.

The first tier consists of simple, short-term, and low-cost
single-species standard test performed in a laboratory setting.
These kinds of tests are performed under assumed worst-case
conditions. They allow to determine the effects of one or more
repeated applications of the substance over a range of
concentrations.

The second tier consists of standardized tests performed in
a more natural setting (for instance, mesocosm studies). High-
tier testing includes field studies. The tiered testing strategy
aims at ensuring that only substances with high potential for
causing adverse effects in the environment are tested in
complex and resource demanding tests. With increasing of
realism, the AF will decrease.
Exposure Assessment

The environmental exposure assessment estimates the potential
exposure of plants, animals, and water resources to pesticides
residues/biocides in the different environmental compartments.
This includes the characterization of how often, how long, and
the amount of substance to which an organisms might be
exposed. It is based on environmental fate and transport data as
well as modeling and monitoring data.

The exposure assessment for pesticide spray applications
covers three main exposure pathways. The first one is linked
to the direct overspray application of foliar or soil surfaces,
and is relevant for foliar dwelling organisms and some
secondary exposure routes for birds and mammals. The
second covers the spray drift to other areas, and it is relevant
for aquatic systems and vegetation located in the proximity
to the treated field. The third covers the environmental
processes after the spray application, leading to the exposure
of soil and then the potential exposure of groundwater and
surface water due to leaching, draining, and run-off
processes.

The exposure assessment for biocides and nonspray appli-
cations of pesticides is highly dependent on the specific use
patterns and is carried out for each environmental compart-
ment in order to predict the concentration likely to be found of
each active substance, or substance of concern, present in the
biocidal product, the so-called predicted environmental
concentration (PEC).

With the aim to help gathering exposure information, the
Organization for Economic Cooperation and Development
is developing Emission Scenario Documents (ESD). ESD
provides a methodology to establish the conditions on use
and releases of the chemicals that are the bases for estimating
the concentration of chemicals in the environment during
the various stages of the life cycle of a substance. ESD
describes the sources, production processes, pathways, and
use patterns for the different product types with the aim of
quantifying the emissions (or releases) of a chemical into
water, air, soil, and/or solid waste. The aim of the ESD is to
present realistic worst-case emission scenarios that are the
basis for emission estimation. The generic version of the ESD
provides substantial differentiation to take into account the
climatic/husbandry differences. The default values presented
may be overwritten by the user with more locally relevant
data, or as soon as better (or more representative) data
become available.

The exposure estimation is provided for all scenarios of
exposure to the environmental compartments that can be
expected to occur as a consequence of the proposed uses
of a biocide (e.g., depending on the use pattern of the
product).

The exposure estimation includes three steps: assessment of
chemical fate and pathways, emission estimation, and esti-
mation of exposure levels.

The characterization of possible degradation, transformation,
or reaction processes and an estimation of environmental
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distribution and fate are usually performed already during the
hazard identification step.

The emission estimation step is required in order to
achieve a quantitative exposure estimation. It requires two
pieces of information, the quantity of substance used in the
scenario under consideration and the potential for environ-
mental release associated with the scenario (emission frac-
tion to air, soil, water, and wastewater). The use rate of
a substance can be determined with the tonnage or appli-
cation rate/consumption data approaches. In the application
or consumption rate approach, the quantity of substance
used in a single application or treatment is the application or
dose rate� treatment area or volume. This approach is suited
to point sources (where exposure is highly localized), it is
a standard approach for ESDs (where default treatment
areas/volumes or use rates are provided), and it is usually
applied for emission to soil. However, there is no direct
relation with actual volume for application and it is not
useful for the cumulative assessment.

In the tonnage approach, the emission is related to the
volume used. This approach is more applicable to wide
dispersive use, and less certain for point sources uses, and it is
an option in some biocides ESDs (such as personal care prod-
ucts, consumer use of disinfectants, and indoor use of paints).

The estimation of the exposure levels is performed under
the assumption that the risk management measures and
operational conditions at the basis of the exposure scenario
have been implemented.

Such estimation takes into account the form in which the
product is marketed, the type of biocidal product, the appli-
cation method and application rate, frequency and duration
of exposure, the physico-chemical properties, breakdown/
transformation products, likely pathways to environmental
compartment, potential for adsorption and degradation, and
the geographical scale (usually only local as regional assess-
ment is usually not performed).

If adequately measured representative exposure data are
available, they should be taken into consideration when con-
ducting the exposure assessment. Relevant monitoring data from
substances with analogous use and exposure patterns or analo-
gous properties can also be considered.

Appropriate calculation methods can be used for the esti-
mation of exposure levels. They should take into account
realistic parameters and assumptions, be reliably validated with
measurements carried out under circumstances relevant for the
use of the model, and they should be relevant to the conditions
in the area of use. In some cases only, a qualitative estimate of
exposure is possible.

It should be noted that this exposure assessment is also the
basis for the health risk assessment for humans exposed via the
environment.
Risk Characterization

The risk characterization step is the phase in which exposure
and effects characterization are integrated into an overall
conclusion, the risk estimation. In this step, the levels of
exposure (PECs) expected in the environment are compared
to the PNECs. The ratio PEC/PNEC is called risk character-
ization ratio (RCR) and it should be calculated for each
environmental compartment. If the RCR is equal to or less
than 1, no further information and/or testing is necessary.
The risk is under control and the substance can be placed on
the market.

If the RCR is higher than 1, the risk is not under control.
Further information or testing might be necessary to clarify the
concern identified. Alternatively, risk reduction measures are
necessary or the product cannot be granted an authorization to
be marketed.

This approach is particularly relevant for assessments based
on the extrapolation of single-species toxicity data (low-tier
assessments). When the effect assessment has been restricted to
the production of a validated list of toxicity data, the usual
approach is to estimate the ratio between the toxicity endpoint
and the predicted exposure, the so-called toxicity exposure ratio
(TER)¼ toxicity end point/exposure concentration (PEC). TERs
are then compared with acceptability conditions that must be
established. TER is the standard approach for pesticides, while
biocides use PEC/PNEC ratio.

By definition, the PNEC or equivalent value integrates all
the available information for the relevant receptors in the
compartment considered in each risk characterization. Thus,
there is a single PNEC for each environmental compartment,
which incorporate acute and long-term toxicity. However, in
the TER approach, each toxicity endpoint is considered in
a separate way, and therefore for the same compartment, this
results in several TERs.

Each approach has advantages and disadvantages. The TER
comparisons may be easier to use in the assessment of multiple
simultaneous exposure (combined assessment) and it can
identify specific areas of concern for further refinement allow-
ing expert judgment for the ecological relevance of the identi-
fied potential risk. On the other hand, a simplified comparison
such as the PEC/PNEC ratio can usually produce more trans-
parent decisions by decision makers and allows a simple risk
communication, which reflects a basic ecological principle:
a risk for a key element of the ecosystems means a risk for the
ecosystem as a whole.

The risk characterization can only be a very preliminary
assessment when the information provided by the effect
assessment has not adequately addressed the magnitude of the
hazard. This aspect is particularly relevant when the effect
assessment is based on a limit test instead of on a full dose/
response assay. Although the use of quantitative PEC/PNEC
ratios is the preferred procedure for carrying out an environ-
mental risk assessment, there may be cases where a quantitative
risk characterization using a PEC water/PNEC water ratio
cannot be carried out. This is the case when the PNEC water
cannot be calculated because no effects are observed in short-
term tests. However, an absence of short-term toxicity does not
necessarily mean that a substance has no long-term toxicity,
particularly when it has low water solubility and/or high
hydrophobicity. For such substances, the concentration in water
(at the solubility limit) may not be sufficient to cause short-term
effects because the time to reach a steady state between the
organism and the water is longer than the test duration. In these
cases, a qualitative evaluation of the likelihood that an effect
will occur under the expected conditions of exposure is needed.

Regarding the risk refinement, the possibilities obviously
depend on the kind of risk characterization conducted in each
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case. Both aspects of the risk analysis, exposure and effect, can be
refined. For the exposure assessment, the refinement can incor-
porate aspects such as using real emission data instead of default
values, moving from worst case to realistic scenarios, or pre-
senting the exposure as a probability function for the PEC.
Specific risk management measures, such as imposing the use of
low-drift spray application tools, may also be considered. For the
effect assessment, several possibilities can also be mentioned.
In the PNEC approach, the clearest refinement is by incorpo-
rating chronic toxicity data (the safety factor can then be reduced
by two orders of magnitude). In all cases, when the basic data set
is available (acute and chronic toxicity data on key species for all
relevant groups), the main options are producing more infor-
mation to incorporate species–distribution curves in the assess-
ment, to consider more realistic bioassays, i.e., incorporating
changes in the bioavailability, or to enhance the ecological
relevance of the effect assessment using multispecies and field
studies.
Challenges

Due to this variety of uses, target organisms and application
types, the environmental risk assessment of biocides and pesti-
cides is a complex task requiring interdisciplinary approaches.

The compounds are emitted into the environment and may
become part of complex mixtures with other environmental
pollutants creating exposure scenarios from constant steady-
state pollution to very short, but repeated pollution pulses.
High-tier studies (e.g., mesocosms and (semi)field studies)
may be helpful in making the risk assessment more realistic.
However, uncertainties remain due to the complexity of
community responses and various hazard situations.

Cumulative risk assessment is designed to evaluate the risk
of a common toxic effect associated with concurrent exposure
by all relevant pathways and routes of exposure to a group of
chemicals that share a common mechanism of toxicity, that
is, when they cause the same toxic effect by the same sequence
of biochemical events. At present, no agreed methodology
exists on how to perform cumulative risk assessment, although
the basic principles for chemicals with similar and dissimilar
modes of action are well established.

Many other challenges are still ahead for environmental
risk assessors, such as the application to biocides of high-tier
studies designed for plant protection products, harmoniza-
tion of default parameters within product types, the devel-
opment of missing scenarios, exclusion and substitution
criteria, and the risk assessment for nanobiocides. Recently,
newer approaches in the filed of pesticides and biocides are
being implemented, to get maximum yield without affecting
the environment. Nanopesticides are under development
using nanotechnology, and they can be a better option for
pest control and better agriculture than conventional chem-
ical pesticides.

See also: Ecotoxicology; Environmental Exposure Assessment;
Environmental Risk Assessment, Aquatic; Environmental Risk
Assessment, Marine; Environmental Risk Assessment,
Secondary Poisoning; Environmental Risk Assessment,
Terrestrial; Cumulative (Combined Exposures) Risk
Assessment; Environmental Fate and Behavior.
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Background

Secondary poisoning covers the unintended effects on organ-
isms entering into contact and/or consuming other organisms
exposed to and affected by toxic chemicals. This general
definition is reduced in practice to the consumption of prey
organisms by vertebrate predatory species.

The initial concern focused on pesticides and biocides, and
particularly rodenticides, and covered the observed evidence
that the residues in the killed/poisoned pest were sufficient in
some cases to poison nontarget predators feeding on the
moribund or death animals. The approach was then extended
to cover the generic assessment of predatory species exposed
through the consumption of contaminated prey species,
focusing on the transfer and accumulation of chemicals
through the food chain.

The assessment of secondary poisoning follows the stan-
dard paradigm for risk assessment, with a parallel assessment
of the exposure and the effects (starting with hazard identifi-
cation and moving to dose–response assessment) which are
later combined in the risk characterization and whose outcome
is communicated. These main steps have been considered for
structuring this chapter.
Exposure Assessment in Secondary Poisoning
Assessment

The exposure assessment requires the estimation of the expected
concentration in the prey organisms. The route of exposure of
the prey is therefore the starting point, and two main situations
can be considered: first, the prey is exposed as a consequence of
an intended use of the chemical resulting in the contamination
of the prey species; and second, the prey is contaminated due to
the potential of the chemical substance to bioaccumulate in
living organisms.

As already mentioned, the use of chemicals as rodenticides
has been considered a particular concern. The exposure assess-
ment in these cases is based on the concentration of the chemical
in the moribund rodents and in the carcases. These concentra-
tions can be measured in the toxicity studies used for assessing
the efficacy of the rodenticide or estimated from the concentra-
tion in the baits and food consumption. The toxicokinetic and
toxicodynamic characteristics of the chemical should be
considered, but taking into account that exposure is not limited
to the absorbed dose and that the amount remaining in the
gastrointestinal track would be also consumed by the predator
in most cases. Simplified worst-case exposure estimations can be
done on the basis that the predator only consumes contami-
nated preys/carcases. However, in most cases, this estimation is
unrealistic for long-term assessment and may require refine-
ment. The application pattern and the predator and prey bio-
logical and ecological characteristics can be used for estimating
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the likelihood and time window for the exposure of the predator
to contaminated preys.

A similar kind of assessment may be required for other
pesticides and, although more rarely, for other chemicals
intentionally used such as veterinarymedicines. For example, the
exposure assessment of birds and mammals to plant protection
products must consider not only the bioaccumulation potential
but also the direct consumption of preys (e.g., target and
nontarget invertebrates) directly sprayed during the application.
In the case of veterinary medicines, the risk for secondary
poisoning in food animals is generally triggered by the human
health assessment of the residues, and similar exposure assess-
ment methods can be used for nonfood animals if needed.

The second route of exposure is related to the bio-
accumulation of chemical substances released into the environ-
ment. Both the aquatic and terrestrial compartments are relevant.
The primary and most assessed route is the bioconcentration of
lipophilic compounds on aquatic organisms, particularly fish.
At steady state, this bioconcentration process is mostly regulated
by physical–chemical properties, e.g., the partition of the chem-
ical between water and the organism’s tissues with affinity for the
substance, and by the metabolism of the substance by the living
organism. Other toxicokinetic parameters and the exposure
concentration affect the timingbut tend tohave little influenceon
the relative bioconcentration level acquired at the steady-state
conditions. Consequently, the bioconcentration factor (BCF) or
ratio between the concentration in the organism and the
concentration inwater at steady state canbemeasuredand tend to
be independent of the exposure concentration. As a result, for the
exposure assessment, once the expected concentration in water
has been calculated, the expected concentration in biota can be
simply calculated by multiplying the water concentration by the
BCF. This approach has been extrapolated to the sediment and
soil, and biota-sediment and biota-soil bioaccumulation factors
can be found in the literature for several chemicals. However,
these factors can vary significantly with the exposure concentra-
tion, and consequently the exposure estimations are not so
straightforward. A similar approach can also be used for quanti-
fying the exposure via food. The ratio between the concentration
in the food and the concentration in the organisms at steady state
is named the Biomagnification Factor. Depending on the trophic
level and biological characteristics of the prey, several of the
above-mentioned processes may occur and therefore should be
combined, e.g., a fish can be exposed via water and via food and
both processes may be relevant and contribute to the overall
bioaccumulation.

Simplified exposure assessment can be conducted using
these factors and the predicted environmental concentration in
the different compartments. However, more refined estima-
tions may be needed and there are several methods and
proposals available. There are two main refinement options for
increasing the realisms of the exposure estimations. First,
considering several steps of the food chain, e.g., a fish exposed
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00559-5
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from water and from the consumption of prey species, some
feeding on pelagic organisms and others feeding on sediment
organisms, and that constitute the prey for a predatory marine
bird or mammal, which is the main food source for a top
marine predatory mammal such as the killer whale (Figure 1).

Second, considering that the concentration in the abiotic
compartment (e.g., water, sediment, or soil) changes with time
or is not homogeneously distributed. In these cases, the BCFs
and related factors become ineffective and kinetic constants
(e.g., absorption, metabolism, and elimination rates) are
needed to construct bioaccumulation models expressing
the time dependency. In general, models based on (pseudo)
first-order kinetics provide sufficient predictive capacity, taking
into account the variability and uncertainty of these types of
assessments.

It should be noted that similar estimations should be con-
ducted for the environmental exposure assessment of humans
exposed via food. However, these assessments must be refined
for considering the edible parts by humans.

Figure 2 presents the simplified assessment conducted for
industrial chemicals in the European Union under Registration,
Evaluation, Authorization of Chemicals.

Similarly to the wildlife assessment, more complex and
realistic models have been developed and may be used for
refinement as needed.
Figure 1 Simplified marine food-web scheme used in the European Union for
poisoning. Source: ECHA 2008. Guidance on Information Requirements and C
documents/guidance-on-information-requirementsand-chemical-safety-assess

Figure 2 Simplified environmental human exposure assessment scheme used
and including secondary poisoning from terrestrial and aquatic organisms. Sourc
Assessment. http://echa.europa.eu/web/guest/guidance-documents/guidance-on
Effect Assessment in Secondary Poisoning
Assessment

The effect assessment for secondary poisoning is mostly based
on the reevaluation of the mammalian toxicity data primarily
developed for the assessment of human health. Nevertheless,
the studies must be reassessed from an ecological perspective,
considering the relevance of the exposure route and of the
observed effects. Oral studies are preferred as the ingestion of
contaminated food is usually the key exposure pathway.
Dermal and inhalation studies can be used if systemic effects
have been observed and the dose can be corrected to the
equivalent oral dose. Although dermal contact may be relevant
in some very specific occasions, it should be noted that the
dermal animal studies have been designed for simulating
human conditions, and may be of low relevance for assessing
wildlife effects due to the contribution of hair and feathers.

Regarding the relevance of the observed effects, the differ-
ence in the protection goal should be considered. The human
health assessment is based on the protection of individuals
while the ecological assessment is based on the protection of
populations, communities, and ecosystems. The main ecolog-
ically relevant effects are those affecting survival, growth, and
reproduction. Other effects, such as the impairment of the
immune system, may be relevant but are muchmore difficult to
industrial chemicals under the REACH Regulation for assessing secondary
hemical Safety Assessment. http://echa.europa.eu/web/guest/guidance-
ment.

in the European Union for industrial chemicals under the REACH Regulation
e: ECHA 2008. Guidance on Information Requirements and Chemical Safety
-information-requirementsand-chemical-safety-assessment.

http://echa.europa.eu/web/guest/guidance-documents/guidance-on-information-requirementsand-chemical-safety-assessment
http://echa.europa.eu/web/guest/guidance-documents/guidance-on-information-requirementsand-chemical-safety-assessment
http://echa.europa.eu/web/guest/guidance-documents/guidance-on-information-requirementsand-chemical-safety-assessment
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use in risk assessments as the risk does not depend only on
the chemical exposure but also on the concurrency of the
contaminant with a pathogen that may take advantage of the
immunodeficiency. Biochemical or physiological alterations
that may be relevant in the human health assessment but do
not lead to effects on growth, reproduction, immunotoxicity, or
other ecologically relevant endpoints are disregarded and a new
no observed effect level (NOEL) should be derived for each
relevant study. The effect can be estimated as dose (mg/kg bw)
although in some occasions it is transformed into food
concentrations to facilitate the comparison with the exposure
estimations. In these cases, the energetic content of the exper-
imental and natural diets should be considered and the food
consumption corrected as appropriate.

The effect assessment for secondary poisoning requires an
interspecies extrapolation as the assessment focuses on preda-
tory species and in particular top predators. Twomain methods
are used in low-tier effect estimations, one based on setting
acceptable concentrations for the predatory species (the term
‘predicted no-effect concentration,’ introduced in the European
Union guidance is getting a wider acceptance), or setting the
reference toxicity dose/concentration to be used in the risk
characterization. High-tier assessment may include a species-
specific extrapolation, where the interspecies variability is
particularly assessed on the basis of the biological and
ecological characteristics of the tested species and the predator.
More complex models can be used for particular species.
Among the recent efforts, those modeling the population
dynamics can be particularly valuable as they offer the basis for
estimating the likelihood for population effects and even for
the population extinction during the risk characterization
phase.

Some regulatory regimes requires specific studies on birds,
but in low-tier effect assessments, the information is limited to
mammalian effects and, consequently, the extrapolation may
need to cover nonmammalian vertebrate species and particu-
larly birds. This extrapolationmay be particularly complex if no
mechanistic information or data from similar substances, to be
used for read-across or for the identification of structural alerts,
are available. It has been demonstrated that birds can be much
more sensitive that mammals for some particular compounds,
increasing the uncertainty of these extrapolations.
Secondary Poisoning Risk Characterization

As expected, the risk characterization depends on the kind of
assessment to be conducted. For the assessment of rodenticides
and other intentionally used poisons, the risk characterization
methodology covers two main elements. The first element is
a generic assessment of the expected effects on predatory
species based on the comparison of the estimated residues
and the observed toxicity in experimental species. Typically,
this assessment covers acute single effects, and particularly
lethality, following the consumption of a single-prey indi-
vidual; short-term effects associated to the consumption of
several prey organisms during a short-term period, and the
long-term assessment for chronic effects associated to
a continuous or sporadic consumption of contaminated prey
organisms during weeks or months.
The relevance of these three assessments depends on the
treatment characteristics, e.g., the long-term assessment may be
of low relevance if the treatment is conducted during a short
period and the baits are collected after the treatment. These
assessments are based on the comparison of the expected
exposure dose and the observed single dose, repeated dose, and
chronic toxicity. In low-tier assessments, the calculations are
done for a generic ‘reference’ predatory species, using default
values for food consumption and food energetic content.
In practice, two conceptually related risk characterization
methods are frequently used, the risk ratio and the exposure
quotient approaches. The risk ratio method requires the
establishment of generic acceptable exposure levels during the
effect assessment phase. These levels are determined by
dividing the relevant toxicity data (LD50 for the acute estima-
tions and ecologically relevant NOEL or no observed effect
concentration (NOEC) for the repeated and chronic studies) by
predefined factors which account for the intra- and interspecies
variability as well as other extrapolation needs (e.g., interroute
and overtime) and the overall uncertainty. The risk ratios are
simply estimated by dividing the estimated exposure by the
acceptable level, any value lower than 1 is considered accept-
able, while values higher than 1 require refinement. The
exposure quotient method starts directly with the relevant
LD50s, NOECs, and NOELs, which are divided by the estimated
exposure. The obtained quotient is then assessed to consider if
it is sufficient or not for assuming low risk, and this can be done
on a case-by-case basis considering specifically if the margin is
sufficient to cover the uncertainty of the assessment, or using
predefined acceptability criteria; in this second case, the
approach is conceptually similar to the risk quotient method.

For many rodenticides, this initial risk assessment usually
results in the identification of a potential risk, and then risk
refinement methods should be considered. The refinement
intends to assess the real likelihood for relevant key wild or
domestic predators. This is based on the specific use patterns,
including the identified risk management measures to reduce
the accessibility of predators to the contaminated preys and
carcases. The biology and ecology of the prey and the relevant
predators are considered to produce probability estimations of
the expected consumption of contaminated individuals.
A recently introduced possibility is the incorporation of the
toxicity data in population models for the relevant predators,
estimating the population extinction risks.

A similar approach may be needed for other biocides than
rodenticides, and for some pesticides, pharmaceuticals, and
other substances with intended use in prey animals. A recent
relevant example is the use of diclofenac in cattle in India and
other Asiatic countries. This pharmaceutical is particularly toxic
for birds and the level in the carcases was high enough to result
in secondary poisoning of vultures feeding on the carcases. The
use has been so massive that has led to a dramatic decline in
the population of three Asiatic vulture species.

The risk characterization associated to the bioaccumulation
potential is a long-term assessment focusing on chronic effects
such as those on growth or reproduction. It is particularly
relevant for chemicals which, in addition to bioaccumulable,
are persistent in the environment. The low-tier assessments are
based on the comparisons of the exposure estimations for
generic food chains with the relevant toxicity data. The risk
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ratio and the exposure quotient methods mentioned above are
the typical approaches, usually based on predatory birds and
mammals feeding on fish or small mammals. As indicated in
the exposure assessment, the structure and complexity of these
generic food chains can be very different. For chemicals with
a very high BCF, the most relevant step is the bioconcentration
from water into fish, and a simplified assessment, e.g., an
ictivorous bird or mammal eating on fish, can be sufficient for
assessing the secondary poisoning risk. However, for very
lipophilic substances, the water solubility can be so low that
exposure via food may be more relevant even for aquatic
species; then, more sophisticated food chains are needed. These
complex food chains create additional difficulties and uncer-
tainties, not only at the exposure level but also in the effect
assessment, partly, due to the need to extrapolate the observed
effects in experimental animals to a large variety of species.

The high-tier assessmentsmove fromgeneric to realistic food
chains, selecting key species for each trophic level. The use of
isotopes of nitrogen and carbon in field studies allows
the identificationof trophic relationships among species and the
relative trophic status of each species even in complex ecosys-
tems, allowing the use of these realistic food chains not only for
site-specific studies but also in high-tier risk assessments. Two
basic modeling approaches can be used. Fugacity-based models
focus on the concept of fugacity as a thermodynamic equilib-
rium criterion applied to chemical fate in environmental
systems and consider that the bioconcentration phenomenon is
essentially a result of the chemical seeking equifugacity between
the respiring organism and its environment. Toxicokinetic
models consider directly the process of uptake, distribution,
metabolisms, and elimination of the substance in each
organism through the food chain, both simplistic (pseudo)first-
order compartimental models and more complex physiologi-
cally based pharmacokinetic models can be used depending on
the amount of available information. The estimation of the
internal concentrations for the different species also allows risk
characterizations based on the comparison of internal doses. As
for rodenticides, the expected toxic effects can be incorporated
into population dynamic models, estimating the likelihood for
population relevant effects such as the extinction risk.

The risk characterization for chemicals combining bio-
accumulationwith persistence is particularly difficult. The terms
persistent, bioaccumulable, and toxic (PBT) and very Persistent
and very Bioaccumulable (vPvB) have been introduced in
several regulatory frameworks to identify the particular concern
of these substances. Several of these substances have also the
potential for long-range transport, moving from the release
areas to very remote areas such as the Artic regions. These
chemicals are defined as persistent organic pollutants (POPs)
and can be regulated worldwide according to the United Nation
Stockholm convention. Despite the complexity of the risk
assessment for POPs, several examples demonstrating concern
in remote areas have been conducted for some POP substances.
Risk Communication for Secondary Poisoning

Despite the general complexity of secondary poisoning assess-
ments, the risk communication is favored by the kind of effects,
which are also relevant for humans and easily understood. The
strategies for communicating the risks of rodenticides and other
substances intentionally used are obviously different than that
for bioaccumulable substances.

The communication of the secondary poisoning risk for
rodenticides and related substances covers three key potential
targets, humansandparticularly children, domestic animals, and
wild species. The risk for these three targets should be explained
simultaneously, explaining very clearly the potential conse-
quences of not following the risk management measures. The
communication strategy canbe constructed on the hazard versus
risk approach: explaining the high toxicity of the substance, its
capacity to result in dramatic consequences including lethality in
humans and animals if the bait or the treated animals are
consumed, and the need to follow very restrictive risk manage-
mentmeasures in order to avoid such hazards to become reality.
Particular attention should be considered in the communication
schemes for rodenticides used by general consumers, in order to
ensure that the user reads carefully the safety measures and
follows strictly the instructions.

Regarding the assessment of bioaccumulable substances,
the communication of these risks usually focused on top
predators, which are generally considered by citizens as
particularly valuable and vulnerable. The communication
strategy can also be combined with human health issues, in
particular with the assessment of the environmental risks via
food. In fact, humans are at the top of technological food
chains, and in this sense an equivalent risk than for predators in
the natural food chains can be expected. The complexity and
uncertainties should be part of the communication strategies.
Quantitative risk assessment are particularly difficult for PBT,
vPvB, and POP substances and this complexity and the long-
term concern have resulted in several regulations focusing on
exposure minimization regardless its toxicity when dealing
with these kind of substances. The European Union Regulation
REACH is a typical example, and considers PBT and vPvB
substances as nonthreshold chemicals, requiring a reduction
in the emissions at the maximum achievable level despite
the outcome of the risk characterization. However, these ap-
proaches do not avoid the need to communicate the residual
risk remaining from the minimized emissions.

See also: Ecotoxicology Terrestrial; Ecotoxicology; Wildlife;
Environmental Risk Assessment, Pesticides and Biocides; Risk
Assessment; Ecological.
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Background

The terrestrial environment covers the soil and soil/air interface
and the associated biological communities. Most living
organisms are directly associated to the interface between the
soil and the above soil compartment, being simultaneously
and/or alternatively in contact with both compartments.

The methodological development of risk assessment
protocols covering the terrestrial environment can be described
as a compilation of a set of parallel developments; in particular
the development of risk assessment methods for the evaluation
of pesticides and agrochemicals; the specific methodologies
developed for the identification and management of polluted
soils; and the extrapolation to the soil compartment of the
generic risk assessment methods developed for the aquatic
compartment.

In addition, the assessment of the risk associated to
secondary poisoning through the food chain has been tradi-
tionally associated to the terrestrial risk assessment, as most
methods focus on mammals and birds which are predomi-
nantly terrestrial species. However, secondary poisoning is also
relevant for purely aquatic ecosystems and for those eco- and
agrobiosystems which include aquatic and terrestrial species.

A typical simplification for addressing the complexity of
terrestrial systems has been to distinguish between two main
divisions, the soil compartment and the above soil compartment.
In this simplification, the assessment of the ‘soil compartment’
mimics the simplified methods developed for the aquatic
compartment, being based on ‘soil-dwelling organisms’ exposed
to chemicals present in the soil. The ‘above soil compartment’
coversmostly deposition on the vegetation and the assessment of
the risk for vertebrates and in some cases ground and foliar
invertebrates. Although this simplification can be useful in some
cases as a starting point for lower tier risk assessment, it should be
noticed that the distinction is mostly artificial, as in reality most
organisms and food chains are directly associated to the interface
between the soil and the above soil compartment and may be
exposed through several routes.
Terrestrial Risk Assessment for Pesticides
and Other Agrochemicals

The development of ecological–environmental risk assessment
methods in the early 1990s considered the assessment of
pesticides as a clear priority. The obvious reason is that pesti-
cides are biologically active substances, normally highly toxic
for at least some living organisms, and that their use requires
a controlled environmental release in the field. As the release is
mostly on terrestrial systems, e.g., crops or agricultural land,
there is an evident need to cover the risk associated to the
exposed terrestrial organisms.
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Pesticides are normally used on heavily modified agro-
biosystems and are expected to produce a clear effect on the
‘pest’ or on crop competitors. Consequently, instead of a ‘pure’
ecological risk assessment, e.g., assessing the likelihood for
effects on the structure and function of the ecosystems, a partial
environmental risk assessment, focused on nontarget organ-
isms, is required. The effects on the crop itself, e.g., for herbi-
cides, are also usually excluded, as they are part of the cost/risk/
benefit evaluation considered when judging the efficacy of the
product and the need for a treatment.

The targeted partial risk assessment of pesticides usually
covers a set of complementary but independently assessments.
The application patterns and the pesticide properties establish
the relevance and conditions for each partial assessment.
Basically, the following terrestrial nontarget groups are
considered in the problem formulation:

l Soil-dwelling invertebrates, traditionally earthworms
although currently other taxonomic groups, such as col-
lembola and enchytraeids, are receiving more attention.

l Soil microbial functions such as soil respiration (mineraliza-
tion of carbon) and nitrification (mineralization of nitrogen).

l Nontarget terrestrial plants in some schemes.
l Ground and foliar invertebrates, and particularly bees and

those species considered as ‘beneficial’ from an agronomical
viewpoint.

l Terrestrial vertebrates, usually focusing on birds and
mammals, exposed directly during the application of the
pesticide, by contact with treated surfaces, through the
consumptionof sprayed items, or due to secondary poisoning
in the case of pesticides with potential for bioaccumulation.

The exposure assessment is based on the application
conditions. As the environmental release is intentional and
follows well-defined patterns, the exposure assessment is based
on the application rate (mass of pesticide per surface area) and
number/timing of applications, considering the decay between
applications in the different compartments. Risk assessment
protocols supporting regulatory process, such as Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) in the
United States or the EU regulations on plant protection prod-
ucts, are usually supported by technical guidance documents
describing a set of default assumptions and conditions for
quantifying the expected exposure for each nontarget group. A
set of equations and models based on the use patterns/condi-
tions and a limited set of physical–chemical and environ-
mental fate properties, easily measured under laboratory
conditions, are used at the lower tier level to quantify the
expected level of exposure. Lower tier assessments are usually
based on worst-case conditions. For birds and mammals,
different exposure routes should be considered, from direct
overspray during the application to long-term repeated expo-
sure through the food chain. The likelihood, relevance, and
4-3.00560-1 411

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00560-1


412 Environmental Risk Assessment, Terrestrial
time frame of each exposure route depend on a myriad of
factors including the application conditions, pesticide proper-
ties, and species feeding and nesting behavior. Secondary
poisoning assessments are required for bioaccumulable pesti-
cides; but even for nonbioaccumulable pesticides, the exposure
via food can be very relevant due to the consumption of strayed
food items. As the species and exposure timings are expected to
be different for exposures during the application and for food
chain bioaccumulation exposures, these assessments are
usually conducted independently from each other.

The hazard identification and quantification require ad hoc
toxicity tests. Organisation for Economic Co-operation and
Development (OECD) Guidelines for the Testing of Chemicals
are available for most species and microbial functions with the
main exception of beneficial arthropodswhich are covered by the
International Organisation for Biological and Integrated Control
(IOBC)/West Palaearctic Regional Section (WPRS) Guidelines
and the Society of Environmental Toxicology and Chemistry
(SETAC) Escort II Document.

Risk characterization approaches for soil-dwelling organ-
isms and oral exposures of vertebrates can be conducted using
the standard comparisons of exposure levels, in soil or food,
with laboratory measured toxicity endpoints, using default
assessment factors or margins of exposure estimations. Quan-
tifying the exposure level in bees and beneficial arthropods is
much more difficult and uncertain, and alternative methods,
e.g., based on default values directly obtained from field
studies, can be used for low tier assessments while field or
semifield studies are required for risk refinement.

Risk assessment protocols have also been developed for
other agrochemicals, such as fertilizers or soil amendments,
and for veterinary pharmaceuticals.

The main environmental concern for fertilizers is the pres-
ence of metals, such as cadmium in phosphorous fertilizers and
copper, zinc, and other metals in manure. Due to the repeated
application of the fertilizer in the same agricultural soil, the risk
assessments must consider the time dimension and are based on
repeated applications estimating the steady-state concentrations
or the long-term accumulation patterns. Many jurisdictions
worldwide have regulated maximum levels of several metals in
fertilizers in order to minimize their environmental risks. The
substance or substances used as fertilizer may also be of envi-
ronmental concern independently of the presence of impurities.
In the European Union, these substances are covered by the
general regulatory frame of the REACH Regulation and, there-
fore, subjected to a generic risk assessment as further described in
this chapter. In addition to the potential for ‘side effects’ related
to their toxicity for some taxonomic groups, the properties
associated to the intended use may also require an environ-
mental evaluation, which serves as a complement to the efficacy
and agronomic assessment. A typical example is chelated fertil-
izers, a complex of a metal ion bound to an organic molecule
such as EDTA, DTPA, or EDDHA, widely used in agriculture as
micronutrient fertilizers to supply plants with essential metals
such as copper, iron, manganese, or zinc. These molecules may
change the equilibrium and bioavailability of essential and
nonessential metals in the soil, and these changes become
essential elements when addressing their environmental risk.

Soil amendments are materials intentionally added to the
soil to improve its agronomic properties, either by increasing
the organic matter content or by enhancing specific properties,
such as water retention, permeability, water infiltration,
drainage, aeration, and structure. Typical organic soil amend-
ments are manure, peat, sphagnum, straw, and more recently
compost and biosolids. Inorganic amendments include
vermiculite, perlite, gravel, or sand. The environmental risk
assessment of soil amendments is conceptually similar to that
described for fertilizers, with three main concerns. The presence
of hazardous impurities is usually the main issue while the
toxicity of the components and the assessment of indirect
nontoxic effects can also be relevant in some cases. The main
difference is related to the complexity of the matrix and
variability in the composition and impurities, particularly in
the case of some organic amendments obtained from waste
recycling such as compost from municipal wastes or biosolids
from wastewater treatment plants. Direct toxicity testing can be
a very useful tool, complementary, or alternative to chemical
analysis for detecting impurities.

The environmental risk of veterinary pharmaceuticals has
received a significant attention in this newmillennium. Similarly
to pesticides, the agrobiosystem compartments are main
elements to be considered in their risk assessment due to the use-
pattern conditions. Two standard release scenarios are normally
considered: (1) the ‘pasture scenario’ where the dung and urine
of treated animals are naturally dispersed among the pasture
land and (2) the ‘manure scenario’ where the pharmaceuticals
reach the arable land due to the application of manure as
fertilizing amendment. Pharmacokinetic studies play a key role
in identifying the expected concentrations of the parent drug and
metabolites to be released. It should be noted that Phase II
conjugation processes such as glucuronidation should be
expected to be reverted after the environmental release, liber-
ating the parent drug. The development of environmental risk
assessment models for veterinary pharmaceuticals has created
new conceptual and methodological challenges and generated
new tools for terrestrial risk assessment. For example, developing
scenarios to consider specifically the ecological role of dung
fauna, which is highly sensitive to some antiparasitic drugs.
Risk Assessment for Polluted Soils and Site-Specific
Risk Assessments

Historically, the assessment of soils affected by abandoned
hazardous waste and other industrial activities resulting in
local soil pollution has been a complementary priority for
developing terrestrial environmental risk assessment methods.
The US Comprehensive Environmental Response, Compensa-
tion, and Liability Act (CERCLA), commonly known as
Superfund, enacted in 1980, can be considered the starting
point followed by other regulations in European countries and
elsewhere. The ecological–environmental assessment was
introduced in the US regulatory process during the 1990s, as
part of the general development of ecological risk assessment
methods. Similar developments for identifying and assessing
polluted sites, within or outside a formal regulatory context,
could be observed in Europe and other regions.

These assessments have produced two types of methodo-
logical developments, one at the local scale and the other at the
generic scale.
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The developments at the local scale are related to site-
specific risk assessment methodologies. Tiered approaches are
usually considered in these cases, starting with a generic
screening level assessment and moving to refined assessments
adapted to the local conditions as needed. The lower tier
assessments tent to use generic methodologies but using
measured values instead of predicted concentrations if avail-
able. The refinement, however, should consider the specific
characteristics of the assessed site, both in terms of exposure
estimations and effect assessments. Opposite to the aquatic
environment, the distribution of the contaminant(s) in the
soil is far from being homogeneous. Exposure levels within
the site tent to be highly heterogeneous, and the distribution
depends on the pollution source and dispersion patterns, e.g.,
with one or several hot spots and gradient distributions
associated to the main dispersion processes. Ideally, the
pollution pattern should be identified, and the monitoring
program targeted for allowing a three-dimensional represen-
tation of the pollutant distribution within the soil, to be
represented in a pollution map which can be geo-referenced
using geographical information system (GIS) models. The
exposure refinement should also consider bioavailability and
associated factors such as aging, as well as the likelihood for
soil and associated organisms to be in contact with the
polluted area. For plants and soil-dwelling invertebrates, the
ecotoxicity assays are expected to offer an integrated assess-
ment of all relevant exposure routes. For birds and mammals
including humans, the experimental designs typically
consider each exposure route independently. Three main
routes are expected, oral exposure due to soil ingestion and
secondary poisoning through the consumption of other
species collected in the area, dermal exposure associated to
direct contact with the contaminated soil, and inhalation
exposure to gases, vapors, or dust. The relevance of each route
depends on the physical–chemical properties of the contam-
inant(s), soil, weather, and other environmental characteris-
tics, as well as the species behavior. The effect assessment can
be refined by moving from the typical generic species/taxo-
nomic groups to the specific assessment of the ecological
values of the site, including key species, in terms of biodi-
versity or relevance, as well as key functions.

The generic risk assessments for contaminated soils and
associated activities usually focus on the identification of
acceptable/intervention soil levels. Typically, these assess-
ments are based on the ‘backward risk characterization
approach.’ The first assessment phase focuses on the hazard
characterization, defining the exposure levels considered to be
below the toxicity threshold or to represent a low risk. Then,
the concentrations in soil that are not expected to represent
a level of exposure above the threshold for no hazard or low
risk are calculated. These calculations are based on the
expected exposure patterns, usually using default soil, envi-
ronmental, and biological/ecological conditions; in other
words, similar approaches to those employed in conventional
risk assessments, but starting by setting which risk level can be
considered as acceptable, then addressing the maximum
acceptable exposure levels of the organisms, and ending with
the soil concentration associated to each particular level of
risk. These generic assessments are frequently used for setting
regulatory limits. The uncertainty is very large, and for
regularity purposes, several assessment levels are usually
considered, leading to complementary regulatory values, e.g.,
the acceptable level, the level requiring a refined (site specific)
assessment, and the level requiring direct intervention for
reducing/avoiding clearly unacceptable risks.

The development of soil remediation/restoration tech-
niques for recovering polluted soils has lead to specific risk-
based methods for assessing the efficacy/effectiveness of these
techniques and their possible ‘side effects,’ e.g., due to the
toxicity of the employed substances or to the temporal increase
in the bioavailability and mobility, and therefore of the risk,
prior to the aimed degradation, dissipation, or elimination of
the pollutants.
Terrestrial/Soil Risk Assessments as Part
of Generic Approaches

The third parallel advancement in soil risk assessments was
associated to the development of methods for generic
comprehensive risk assessments of industrial chemicals. As
a comprehensive assessment must provide coverage for the
main environmental compartments, the methods developed
for the aquatic compartment were extrapolated and adapted for
covering the soil compartment. The above soil compartment
was basically covered through the assessment of secondary
poisoning (both for humans and other terrestrial vertebrates in
particular mammals).

The basic approaches for this extrapolation can be iden-
tified using as example the EU guidelines on risk assessment
for industrial chemicals, now adapted to the REACH Regu-
lation. Two main soil exposure routes are considered: (1)
wet/dry atmospheric deposition following emissions to the
atmosphere and (2) the application of sewage from waste-
water treatment plants to soil as organic fertilizing amend-
ment. The relevance of each exposure route is targeted by
partitioning and environmental fate properties. The effect
assessment is similar to that developed for the sediments
and offers two complementary possibilities. If ecotoxico-
logical information on soil-dwelling organisms is available,
the information is used in combination with assessment
factors for setting soil levels assumed to be low enough for
representing a low/acceptable risk. If the information is not
available, the so-called equilibrium partitioning method is
used to estimate the total soil concentration which will result
in a soil pore–water concentration equal to the value
considered safe/acceptable for aquatic organisms based on
aquatic ecotoxicity assays.

No main conceptual improvements in these soil generic risk
assessments have been observed during the last decade. The
current lack of criteria for the identification and classification of
hazards for the terrestrial/soil compartment creates some
additional difficulties, e.g., regarding the justifications for data
waiving. Nevertheless, the list of available standardized
methods and the species/groups coverage has been enhanced
with new proposals, particularly for soil-dwelling invertebrates.
Basically, these generic assessments are suitable for confirming
a low generic level of risk or the need for refinement; however,
if a potential risk is identified, these generic methods will not
allow estimations of the type, severity, and likelihood of the
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expected effects. Site-specific local assessments would be
needed.
Risk Communication for Terrestrial Effects

The risk communication phases must also be formulated
accordingly to the type of the assessment. Some risk commu-
nication elements, such as the communication between the risk
assessors and risk managers, do not have particular specificities,
thus this section focuses on the specific communication
approaches regarding environmental terrestrial risks for pesti-
cides and contaminated sites.

The labeling and use instructions are the most relevant risk
communication tool for the pesticide users. Opposite to the
aquatic compartment, the key effects tend to be directly asso-
ciated to the agronomic environment. In line with the risk
assessment methodology, specific information on the risk for
bees, nontarget (beneficial) arthropods, soil organisms, and
wildlife (mostly birds and mammals) is presented. Three time
frames are usually presented: (1) during or shortly after the
application; (2) delayed effects; and (3) long-term effects due
to repeated annual applications of persistent substances.
Pesticides are broadly regulated and standard labeling condi-
tions have been developed in different jurisdictions including
the United States and Europe. The UN hazard classification and
labeling system does not cover the terrestrial environment, and
the outcomes of the pesticide terrestrial risk assessments are
usually communicated as precautionary statements. These
statements combine the identified hazards, the exposure route,
and the risk management recommendations. An example of
a precautionary statement related to the identified risk for bees
is presented below:
“This product is highly toxic to bees exposed to direct treatment or
residues on blooming crops or weeds. Do not apply this product or
allow it to drift to blooming crops or weeds if bees are visiting the
treatment area.”

It should be noted that these precautionary statements are
mostly written for professional applicators and farmers, who
are expected to have knowledge on the environmental and
agronomic consequences associated to impacts on bees, other
beneficial arthropods, soil organisms, etc. However, many
pesticide products are also commercialized and used by
consumers; and these statements may not be sufficiently
informative.

The communication of the outcome of polluted soil and
site-specific assessments is particularly complex as should be
targeted to a large number of concerned parties and actors
including among others:

l Residents and landowners
l Community organizations
l Local authorities
l Community ‘councilors’ and educators
l Health professionals

Consequently, the message should be targeted to different
audiences with a broad dispersion in terms of knowledge and
interests. In addition, the outcome of the risk assessment alone
is usually insufficient as the audience also request information
on the source and origin of the contamination, the real
consequences for the polluted area (an aspect particularly
difficult in the case of the terrestrial environment), the adopted
measures, the expect recovery and timelines, and other related
issues including socioeconomic considerations such as poten-
tial consequences for the land price. The outcome of the risk
assessment for humans and ecosystems should be integrated in
the communication exercise; nevertheless, it should be noted
that risk management measures may be very different. When
the regulatory frame is based on multilevel assessments, each
level requiring a different action, it is essential to present
clearly the meaning of each level, the scientific basis and
uncertainty, and the additional socioeconomic or cost/benefit
elements that were used by risk managers and policy makers to
decide which action is expected for each level of risk and
uncertainty.

See also: Ecotoxicology; Wildlife; Ethanolamine; Pollution,
Water; Environmental Risk Assessment, Pesticides and
Biocides; Environmental Risk Assessment, Secondary
Poisoning; Soil Pollution Remediation; Species Sensitivity
Distributions.
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Introduction

The field of toxicology has expanded enormously in recent
decades and the input of toxicology into the environmental
studies has become increasingly important. It is considered that
the publication of Rachel Carson’s book, The Silent Spring, in
1962, played an important role in initiating the modern era of
environmental toxicology. It resulted in a rapid development
and change from a primarily descriptive science to one that
utilizes an extensive range of methodology to study the
mechanisms involved in toxic events. Environmental toxi-
cology can be broadly defined as the study of fate and effects of
environmental contaminants (pollution) on living organisms.
This definition encompasses mainly contaminants, which are
of anthropogenic origin (‘man-made,’ e.g., pesticides, poly-
chlorinated biphenyls, dioxins, polycyclic aromatic hydrocar-
bons, petroleum) but also to a lesser degree chemicals naturally
found in the environment (i.e., animal venom, microbial and
plant toxins). Thus, the environmental toxicology is the study
of the pollutant’s influence upon the structure and function of
ecological systems. The broad scope of the environmental
toxicology and its application as a management tool make this
field a basic as well as applied science. Studies that have more
of a basic research slant may include, e.g., investigations of the
mechanism of action of a particular chemical on a particular
organism. Research in the more applied direction may include
biomonitoring, toxicity tests, or ecological risk assessments
(ERAs). The diverse field of environmental toxicology may
include effects on the level of biological organization (from the
subcellular to the individual organisms), effects on humans, or
effects at higher levels of biological organization (population,
community, ecosystem). The fundamental interaction of
environmental toxicology is at the molecular level. Despite the
fact that statistical methods and chemometric tools have
extended the environmental toxicology to the population level,
the emphasis has been mainly put on the human population.
Therefore, environmental toxicology is often divided into two
subcategories: ecotoxicology and environmental health
toxicology.

According to the first definition, ecotoxicology was
described as a natural extension of toxicology to include the
ecological effect of pollutants. It employs ecological parameters
to assess toxicity. In a more wide sense, ecotoxicology focuses
upon the toxicity testing on one or more components of any
ecosystem. The term ecotoxicology was further expanded as the
science of predicting effects of potentially toxic agents on
natural ecosystems and nontarget species (involving studies of
the adverse effects of toxicants on myriad of organisms which
compose ecosystems ranging from microorganisms to top
predators). One of the crucial tools of modern ecotoxicology is
an ERA, which determines the likelihood that adverse ecolog-
ical effects occur as a result of exposure to one or more stressors.
The ERA covers two elements: characterization of exposure and
characterization of effects. The whole process includes data,
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information, assumptions, and uncertainties in order to
understand and predict the relationship between chemical,
physical, or biological stressors and ecological effects. The risk
assessment studies as applied to environmental toxicology can
create the framework to guide research and develop scientific
testable hypotheses. Comprehensive insight into the effects of
environmental chemicals requires assessments such as fate of
the chemical in the environment, and toxicant interactions
with abiotic components of ecosystems (process of transport
and transformation in the environment). Therefore, the main
goal of any assessment is not only elucidating the adverse
effects of chemicals that are present in the environment
(retrospective hazard assessment), but also predicting any
adverse effects of chemicals before they are discharged into the
environment (prospective hazard assessment).

Environmental health toxicology has been primarily regar-
ded as the study of the adverse effects of environmental
chemicals on human health. Assessing the toxic effects of
various chemicals on humans includes the use of standard
animal models (such as mice and rats) and also epidemio-
logical evaluations of exposed human populations (‘occupa-
tional exposure’ – insulation, battery, health care, and plant
workers, ‘environmental exposure’ – nonwork environment, in
the general environment, e.g., the place of residence). In the
human health toxicology management, the process of pre-
dicting the effects of toxic agents in animals seems to be crucial.
Human health risk assessment involves a systematic scientific
characterization of potential adverse health effects following
the exposure to the hazardous agents as well as their identifi-
cation, description, and quantitative measurements. Basic to
understanding human toxicities is the assumption that infor-
mation gathered from animal models can be extrapolated to
analogous human models and a critical point of such an
extrapolation is the specification of the effects that will serve to
test the validity of the model. The process of making decisions
regarding human safety is based on the results of the integra-
tion of the animal data with the relevant information coming
from other scientific disciplines as epidemiology studies or
clinical research. The application of variety of tools can provide
a new insight into the relationships between chemicals and
ecological structures. For the purpose of this text, the emphasis
will be placed upon the individual-level effects on organisms,
which may include overt toxic responses (e.g., acute and
chronic toxicity) or sublethal effects.
Acute and Chronic Toxicity

Among the contaminants affecting the living organisms we can
distinguish the so-called xenobiotics. This term refers to
chemical compounds that are alien to the organism. In order to
examine the effects of xenobiotics on living organisms under
controlled laboratory conditions, different toxicity tests have
been introduced as a result of a large variety of species and
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ecosystems that have been investigated. The tests can be clas-
sified according to the length of the experiments relative to the
life span of the organism and the complexity of the biological
community. The three types of toxicity studies in animals are
carried out including determination of acute toxicity, sub-
chronic toxicity, and chronic toxicity. ‘Acute toxicity’ concerns
the adverse or undesirable effect which is manifested within
a relatively short time interval ranging from almost immedi-
ately to within several days following exposure (or dosing),
while ‘chronic toxicity’ relates to the permanent or lasting
adverse effect after exposure to a toxicant. ‘Subchronic toxicity’
is defined as toxicity due to chronic exposure to such quantities
of a toxicant that do not cause any evident acute toxicity for
a time period that is extended but is not so long as to constitute
a significant part of the life span or the species in question.

Acute toxicity tests are typically short-term tests (most
commonly, 96 h in duration) and measure such end points as
growth and mortality. In species with short generation times,
reproductive end points may also be used. For terrestrial and
aquatic plant species, the rate of photosynthesis or chlorophyll
content may also be measured. Toxic effects are typically re-
ported as LD50 for terrestrial species and LC50 for aquatic
species (lethal dose or lethal concentration 50, the dose or
concentration that is lethal to 50% of the test organisms).
Nonlethal end points, such as growth or reproduction, may be
expressed as ED50 or EC50 (effective dose or concentration, e.g.,
the concentration required to inhibit growth or reproduction
by 50%). Toxicity tests are commonly determined using fish,
crustaceans, insects, birds, algae, aquatic and terrestrial plants,
and rodents. Alternative tests may use microorganisms such as
bacteria. The duration of exposure is usually included in
reporting acute toxicity, e.g., 96 h LC50. Chronic toxicity tests
may span the entire life cycle of the organism (i.e., from zygote
to age of first reproduction). However, chronic tests are often
difficult to perform because of their long duration (9–
30 months for fish tests) and are very expensive, which
makes their routine use prohibitive. For this reason, three
alternatives to full life-cycle tests include partial life-cycle tests,
early life-stage tests, and short-term chronic tests. Partial life-
cycle tests were developed for organisms that require
412 months to reach reproductive maturity. They are typically
long enough to span a period from gonadal maturation until
the first reproduction. Early life-stage tests expose organisms
from the embryonic through juvenile stages, because these life
stages are thought to be most sensitive to effects of environ-
mental toxicants. Short-term chronic assays last from 4 to
7 days. Results of the chronic tests are usually expressed as
lowest observed effects level or lowest observed effects
concentration (LOEL and LOEC, respectively) and the no
observed effects level or no observed effects concentration
(NOEL and NOEC, respectively). The LOEL and LOEC are
defined as the lowest toxicant level or lowest toxicant level
concentration causing an effect which is statistically signifi-
cantly different from the control (no toxicant present), while
NOELs and NOECs are the highest toxicant levels or concen-
trations for which the effect is not significantly different from
the control.

Subchronic toxicity studies involve repeated dosing over an
extended period, but not as long as to constitute a significant
portion of the expected life span of the species tested. Typical
testing period is from 30 to 90 days. In general, they are applied
as the basis for the determination of the NOEL and NOEC. That
kind of tests can be useful in delivering information on target
organs as well as on the potential of the test chemical to
accumulate in the organism.

Testing in the field study is the most difficult and cost
consuming. This kind of experiments can be observational or
experimental and include all levels of biological organization,
affected by temporal, spatial, and evolutionary heterogeneity,
which exists in natural systems.

There are various factors that can affect the toxicity of
chemicals to living organisms. These include organism-related
factors such as: route of exposure (the exposure pathway by
which a substance comes in contact with the living organism
determines how much of this substance enters basing on e.g.,
the rate and extent of absorption, and which organs are initially
exposed to the largest concentration of the substance), sex,
species, age, effects and modes of chemical interaction, genetic
makeup, health, and nutritional status. This can also include
chemical-specific factors associated with the form of the
chemical or the exposure conditions, which may affect the
predicted response. The physical (e.g., particle size) and
chemical (e.g., volatility, solubility) properties of the toxic
substance may have any influence on their absorption or alter
the exposure. Exposure conditions under which exposure
occurs including concentration, type of exposure (e.g., inges-
tion, inhalation), exposure medium (e.g., soil, water, air, food),
and duration (e.g., acute, chronic) can all affect the applied or
absorbed dose.

The presence of other chemicals can also affect the toxicity
of a particular chemical and produce various types of interac-
tion. Depending on the effect of one or two chemicals, the
chemical interactions can cause the following effects: additivity,
synergism, potentiation, or antagonism. As a result of an
‘additivity response’ the toxicity of two substances used in
combination produces a total toxicity, the same as the sum of
their individual toxicities (toxicity of chemical A þ B ¼ toxicity
of chemical A þ toxicity of chemical B, e.g., organophosphate
pesticides). A ‘synergistic effect’ is when both chemicals
produce the toxicity of interest, and when combined, the
presence of both chemicals causes a greater-than-additive
effect in the anticipated response (toxicity of chemical
A þ B > toxicity of chemical A þ toxicity of chemical B, e.g.,
cigarette smoking þ asbestos). ‘Potentiation interaction’
defines the situation when a chemical not producing a specific
toxicity can increase the toxicity caused by another chemical
when both are present (toxicity of chemical A þ B > toxicity of
chemical A þ toxicity of chemical B and toxicity of B ¼ 0, e.g.,
alcohol þ carbon tetrachloride). ‘Antagonist reaction’ occurs
when chemicals can diminish another chemical’s measured
effect (toxicity of chemical A þ B < toxicity of chemical
A þ toxicity of chemical B, e.g., toluene þ benzene;
caffeineþ alcohol; or dimercaptopropanolþmercury). We can
distinguish four modes of chemical interaction. ‘Function
mode’ means that both chemicals affect the same physiologic
function. ‘Chemical mode’ occurs when a chemical interaction
between the two compounds affects the toxicity of one of the
chemicals. According to the ‘dispositional mode,’ the absorp-
tion, metabolism, distribution, or excretion of one of the
chemicals is altered by the second chemical. ‘Receptor-
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mediated way’ of chemical interaction is when two chemicals
bind to the same tissue receptor, the second chemical, which
differs in activity, competes for the receptor and thereby alters
the effect produced by the first chemical. In fact, humans and
other organisms are usually exposed to complex mixtures of
chemicals in the environment, and the effect of such mixtures
on living systems still have to be completely understood.
Sublethal Effects

Except in extreme cases (oil or chemical spills, over application
of pesticides, etc.), environmental contamination does not
result in acute toxicity in field situations. Thus, in the natural
environment, pollution generally induces sublethal responses.
Sublethal responses may include growth and reproductive
indices, embryo/fetal development, larval metamorphosis,
hormone and endocrine functions, immune function, bioen-
ergetics and metabolic rate, and overall health of the organism.
Such sublethal responses can be determined during chronic or
subchronic toxicity tests in the laboratory or in field surveys of
indigenous organisms. Sublethal end points are generally
associated with chronic toxicity. Sublethal effects of toxicants
may be reversible. Reproductive and developmental toxicity
tests have also been developed using sea urchins, frogs, algae,
chickens, rodents, and the aquatic organisms known as Hydra.
Although they may not directly affect survival, such responses
may affect the fitness of organisms and eventually growth and
sustainability of populations. Another type of sublethal effect
includes the so-called biomarkers of environmental contami-
nation, which can be defined as alterations of physiological,
cellular, biochemical, or molecular structures or processes
which are indicative of contaminant exposure and effects. The
term biomarker has been introduced to describe any biological
response to an environmental chemical at or below the level of
the individual demonstrating a deviation from the normal
status. Exposure can be assessed at different levels of biological
organization including molecular, cellular, organ system,
organismal, population, or every biotic community. In an ideal
situation, any response will end up with the contaminant dose-
and exposure time–dependent phenomena. Effects at the
population level are related to the bioindicator response, while
changes at the community and ecosystem level are referred to
as ecological indicators. Biomarkers are used in various appli-
cations, e.g., to evaluate the chemical exposure and the
cumulative, adverse effects of toxicants on biota in situ, to
estimate the ecosystem’s integrity in ERA or the effectiveness of
remedial action to alleviate pollution. In the process of select-
ing appropriate biomarkers, many important factors should be
taken into account such as species sensitivity, physiological
condition, behavioral traits or time, rate and frequency of
chemical exposure.

Sublethal effects may also include behavioral traits of
exposed organisms. Such altered behaviors may include simple
behaviors or more complex behaviors. Simple behaviors
include a general activity level, abnormal or disoriented
behavior, and avoidance of contaminated media (air, water,
soil, etc.). These may occur at earlier or lower exposure levels
than overt mortality, and may be used as an early warning of
toxic effects. More complex behaviors may include alterations
or feeding, foraging, or predator–prey relationships, schooling
in fish, migration, and homing, or reproductive behaviors. In
general, simple behaviors are easier to standardize in labora-
tory tests, but may be less relevant to effects on ‘fitness
components’ (survival, growth, and reproduction) or ‘ecolog-
ical end points’ (effects on populations, communities, and
ecosystems) that are more complex behaviors.
Toxicokinetics

Toxicokinetics refers to the uptake, excretion, metabolism, and
distribution of environmental contaminants within the body
of organisms. This discipline was derived from pharmacoki-
netics, which focuses on pharmacologic drugs rather than
toxicants. Processes involved in toxicokinetics include uptake,
elimination, and biotransformation (defined as the chemical
alteration of substances by reactions in the living organism).
Uptake of contaminants can occur from ingestion of contam-
inated food, water, soil, or sediment, by absorption from air
and water through respiratory surfaces such as lungs or gills, or
absorption through skin when organisms come into contact
with contaminated water, soil, or sediment. Elimination from
various organs can occur through excretion of the toxicants,
metabolic conversion into other chemicals, or total metabolic
breakdown of the contaminants (biodegradation). Elimination
from all possible organs and tissues is known as ‘depuration.’
Metabolic conversion of contaminants results in a less toxic
product and the process is known as ‘detoxification,’ but
sometimes metabolic conversion results in a more toxic
product, a process known as ‘bioactivation’ and some of such
products are ‘mutagenic’ (changing the genetic material) and/
or ‘carcinogenic’ (causing cancer). Therefore, the result of the
metabolism process of a toxicant may be the formation of
a nontoxic metabolite, creation of a toxic metabolite which is
subsequently detoxified or generation of a toxic metabolite
which is not rendered harmless by detoxification before cellular
and tissue injuries have ensued. Thus, the balance between
bioactivation and inactivation (detoxification) is crucial in
establishing if a chemical is toxic (i.e., leading to any cell
damage resulting in modified cell function, not necessarily
causing cell and tissue death) to cellular systems.

The rates of uptake, excretion, and metabolism and the
equilibrium (or steady state) concentration of chemicals in the
body (body burden) rely on characteristics of the chemical,
environment, and animal. (Note: equilibrium or steady state
refers to a condition when body burden does not change over
time.) Characteristics of the chemical include its water or fat
solubility, its volatility, stability, and how rapidly it can be
metabolized. Characteristics of the environment include
temperature, soil or water pH, and presence of other chemicals
or contaminants. Characteristics of the animal include age, sex,
breeding condition, species, and health condition. Because
a chemical must be taken up to be toxic, and because body
burden affects toxicity, characteristics of the chemical,
organism, and environment also affect the toxicity of chem-
icals. These characteristics also determine whether or not
a chemical ‘bioconcentrates’ (body burden concen-
tration > environmental concentration due to absorption from
skin or respiratory organs) or ‘bioaccumulates’ (body burden
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concentration > environmental concentration due to all routes
of uptake). Therefore, if a chemical goes up the food chain, the
concentration of the chemical increases as a result of increased
storage. Thus, we can conclude that humans, typically being at
the top of the food chain, will be the recipients of the highest
doses. Moreover, increased doses of a chemical can be delivered
to the fetus and to the nursing child from the mother due the
ability of some toxicants to concentrate in fat. On the other
hand, during repeated low-dose lifetime exposure chemicals
can be released continuously from fat even when external
exposure has ceased. Similarly to toxicity tests, bio-
accumulation tests are laboratory exposures designed to assess
the potential for bioaccumulation or bioconcentration for
a chemical.

See also: Environmental Exposure Assessment;
Biocompatibility; Bioaccumulation; Biomonitoring;
Ecotoxicology; Acute Health Exposure Guidelines.
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Introduction

During the summer and fall of 1989, an epidemic of an
apparently new disease occurred throughout the United States.
The illness was characterized by blood eosinophilia, myalgias,
fever, joint pain, rash, itching, and generalized swelling, and
was termed the eosinophilia–myalgia syndrome (EMS). It was
initially recognized in October 1989 when physicians in New
Mexico identified three women with similar clinical findings;
all had consumed L-tryptophan in food supplements prior to
onset of illness. Soon after, additional cases were recognized
throughout the United States and in several other countries.

Epidemiological studies initiated in November 1989 by the
health departments of New Mexico and Minnesota demon-
strated a strong association between antecedent tryptophan
consumption and EMS. A national surveillance program to
investigate the new disease was initiated by the US Centers for
Disease Control and Prevention (CDC). On November 11,
1989 the US Food and Drug Administration (FDA) issued
a nationwide warning that advised consumers to discontinue
use of tryptophan food supplements. Six days later, the agency
requested a nationwide recall of all dietary supplements that
would provide a daily dose of more than 100 mg of trypto-
phan. The recall was expanded on March 22, 1990 to include
all products containing tryptophan at any dose (with the
exception of protein supplements, infant formulas, and intra-
venous solutions that incorporated small amounts of trypto-
phan for nutritional requirements).

With the removal of tryptophan from the consumermarkets,
the number of new EMS cases diminished rapidly. Nevertheless,
more than 1500 persons were affected by the illness in the
United States, with 37 known deaths. While the epidemiolog-
ical and chemical investigations indicate that the epidemic of
EMS was caused by contaminated L-tryptophan, the precise
impurity(ies) or metabolites causing the disease remains
uncertain.
Prevalence and Reasons for L-Tryptophan Usage

L-Tryptophan usage was widespread in the United States in
1989. In Oregon and Minnesota, approximately 2% of
surveyed household members used tryptophan at some time
between 1980 and 1989. The most common reasons for tryp-
tophan use were insomnia, premenstrual syndrome, and
depression; other reasons included anxiety, headaches, behav-
ioral disorders, obesity, and smoking cessation. Although most
consumers purchased tryptophan for therapeutic use, it was
marketed as a food supplement and widely available in the
United States without a prescription. This product was not
approved or regulated by the FDA.

L-Tryptophan is an essential amino acid; however, sufficient
quantities are present in thediet ofmostNorthAmericanswithout
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
the need for supplements. The typical dailyUSdiet contains 1–3 g
of tryptophan, which satisfies the recommended daily dose of
3 mg kg�1 body weight (or 210 mg (70 kg)�1 individual). It is
metabolized to serotonin and therefore theoretically might have
sedative and antidepressant properties.
Eosinophilia–Myalgia Syndrome National
Surveillance Data

More than 1500 cases of EMS have been reported to the US
CDC, including 37 deaths. The case definition developed by
the CDC in 1989 for epidemiological surveillance included
(1) blood eosinophil count greater than 1000 ml�1, (2) gener-
alized debilitating myalgia, and (3) no evidence of infection or
neoplasm that would explain the clinical findings. National
surveillance data of July 1990 revealed that 84%of patients were
female, 97% were non-Hispanic white, and 86% were older
than 34 years (median age, 49 years). One-third of the patients
required hospitalization. Ninety-seven percent of the patients
with EMS had reported tryptophan use before onset of the
disease, in doses ranging from 10 to 15 000 mg day�1 (median,
1500 mg day�1). The prevalence of EMS was higher in the
western United States than in other parts of the country,
apparently paralleling the higher rate of tryptophan consump-
tion in those states. The true prevalence of EMS was most likely
underestimated because persons with mild disease were
excluded by the surveillance case definition. In 2001, a panel
expert proposed revised diagnostic criteria for EMS that
acknowledged the importance of broader exclusionary condi-
tions. Unlike the 1989 case definition, which was developed for
surveillance rather than for clinical diagnosis, the revised diag-
nostic criteria were shown to be 97% specific for EMS.

In 2005, the FDA lifted the tryptophan import alert. A search
of the FDA passive surveillance system called the Center for
Food Safety & Applied Nutrition Adverse Event Reporting
System (CAERS) for single-ingredient tryptophan product
adverse event reports from January 1, 2003 to August 31, 2010
yielded two reports of possible EMS (one in 2005 and one in
2008) and two reports of myalgias. In 2011, the first clear-cut
case of L-tryptophan-associated EMS was reported since the
reintroduction of tryptophan to the US market. The patient
satisfied both the 1989 CDC surveillance criteria for EMS and
the 2001 revised diagnostic EMS criteria. In addition, she
harbored the HLA-DRB1*04 allele, a genetic risk factor among
tryptophan users for the development of EMS (see below).
Unfortunately, the tryptophan consumed by this patient was
not available for analysis and the manufacturer was not
known. However, multiple contemporaneous samples from the
same implicated batch were subjected to high-performance
liquid chromatography (HPLC) with mass spectrometry. No
impurities, including 1,10-ethylidenebis[L-tryptophan] (EBT) or
3-(phenylamino)-L-alanine (PAA), were detected (see below).
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Epidemiological Studies

After initial studies implicated the consumption of tryptophan
as a major risk factor for EMS, US state and federal health
agencies began investigations to further examine this associa-
tion. Consumers of tryptophan were classified as either case
(EMS patients) or control (non-EMS tryptophan users), and the
lots of tryptophan consumed by each group were traced back to
determine the tryptophan source. Before the epidemic, L-tryp-
tophan had been manufactured by six companies, all in Japan.
Analysis of the tryptophan sources for case patients and controls
demonstrated a strong association between EMS and con-
sumption of tryptophan manufactured by a single company,
Showa Denko K.K. (Tokyo), a large petrochemical company.

In the Oregon study, 98% of case patients had consumed
tryptophan manufactured by Showa Denko compared with
44% of controls. In the Minnesota study, 29 (97%) of the 30
case patients consumed tryptophan that was traced back to
Showa Denko, compared with 21 (60%) of the 35 controls
(odds ratio (OR) 19.3; 95% confidence interval (CI),
2.5–844.9). All later trace-back studies support the association
between tryptophan manufactured by Showa Denko and the
occurrence of EMS.

Data from a cohort of tryptophan users in a South Carolina
psychiatric practice provide an estimate of the rate of occur-
rence of EMS (attack rate) in persons exposed to the etiologic
agent. Of 157 people who consumed a single brand of tryp-
tophan (comprising only three lots of tryptophan manufac-
tured by Showa Denko), 29% were diagnosed as definite cases
of EMS, and an additional 23% were classified as possible cases
because they had some clinical findings of EMS (such as
eosinophilia without myalgia) but did not meet the strict CDC
surveillance case definition. Thus, the pooled attack rate was
52% among persons exposed to the etiologic agent. Among
those taking more than 4 g of this brand of tryptophan per day,
the definite EMS attack rate was 59% and the pooled (definite
and possible EMS) attack rate was 84%. These data suggest
a dose–response relationship between EMS and L-tryptophan
exposure.
Risk Factors

Age and Tryptophan Dose

The amount of tryptophan consumed and the age of the
individual have been shown to be risk factors for EMS. The risk
of developing EMS increased with larger dosages of trypto-
phan and with increasing age. The tryptophan dosage most
likely reflects the degree of exposure to the etiologic agent. The
reason for the increased risk of EMS with age is unclear; it may
be due to age-dependent physiological changes in renal or
hepatic function that delay the metabolism or clearance of
a toxic substance, or to age-dependent changes in the immune
system.
Immunogenetics

Polymorphisms in immune-response genes may contribute to
the development of tryptophan-associated EMS. In 1991, HLA
class II typing collected in a small group of tryptophan-
associated EMS cases revealed a weak association with HLA-
DR4. In 2009, HLA-DRB1 and -DQA1 allele typing were
performed on 94 subjects with documented tryptophan
ingestion. Multivariate analyses compared tryptophan dose,
age, and immunogenetics among groups of subjects who
ingested tryptophan and subsequently developed EMS or an
EMS-like disorder and those who ingested tryptophan, and
were unaffected. Blood samples were initially collected during
the 1989 epidemic period. As had previously been recognized,
higher tryptophan dose (OR 1.4; 95% CI 1.1–1.8) and
increasing age (>45 years) (OR 3.0; 95% CI 1.0–8.8) were risk
factors for the development of EMS. The genetic analysis
revealed that HLA-DRB1*04 (OR 3.9; 95% CI 1.1–16.4) and
DQA1*0601 (OR 13.7; 95% CI 1.3–1.8) were risk factors for
the development of implicated tryptophan-associated EMS,
whereas DRB1*07 (OR 0.12; 95% CI 0.02–0.48), DQA1*0501
(OR 0.23; 95% CI 0.05–0.85), and DQA1*0201 (OR 0.08;
95% CI 0.003–0.64) were protective. When all sources of
tryptophan were considered, HLA-DRB1*03 (OR 3.9; 95% CI
1.2–15.2) in addition to HLA-DRB1*04 and DQA1*0601 were
risk factors for the development of EMS, and DRB1*07 and
DQA1*0501, but not DQA1*0201, were protective. These
findings suggest that immunogenetic background is a risk
factor for the development of EMS following tryptophan
exposure.
Diagnostic Features

Clinical Features

EMS is a syndrome with multiple clinical presentations and
variable severity. The clinical course consists of an early (acute)
phase and a long-lasting (chronic) late phase. During the early
phase, most patients have severe myalgias, in conjunction with
weakness, joint pain, rash, shortness of breath, cough, head-
ache, swelling, numbness, or paresthesias. Complete blood
count (CBC) classically reveals profound eosinophilia (as high
as 30 000 cells ml�1; normal <5 cells ml�1). In different EMS
cohorts, the median eosinophil count has been reported to be
4000–6000 cells ml�1.

The majority of patients also have an elevated leukocyte
count with modestly elevated levels of aldolase, a marker of
muscle injury; however, creatine phosphokinase (CK), another
indicator of muscle injury, is generally normal. Approximately
one-half of patients have mildly abnormal liver function tests.
The erythrocyte sedimentation rate, rheumatoid factor, and
levels of immunoglobulin E, complement, and cryoglobulin
(all markers of immune dysfunction) are normal in most
patients.

For some patients, cessation of tryptophan ingestion led
to resolution of the symptoms; in other patients the use of
high-dose corticosteroids appeared to be helpful. However, for
most patients the disease evolved into a chronic phase, with
persistent cutaneous, neuromuscular, pulmonary, cardiac, and
cognitive involvement. The most common features of chronic
EMS are fatigue, muscle cramping, myalgia, paresthesias,
numbness, chronic joint pain, scleroderma-like skin changes,
and proximal muscle weakness. In one study, 88% of EMS
patients continued to manifest more than three of these clinical
symptoms after 3 years.
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The most commonly observed disease complication asso-
ciated with death of patients with EMS was progressive poly-
neuropathy and myopathy that produced complications of
pneumonia and sepsis or respiratory failure due to weakness.
Two-thirds of EMS-related deaths were due to these compli-
cations. Other causes of mortality were cardiomyopathy,
primary pulmonary disease, arrhythmia, and stroke.

The response to therapy has been disappointing. Multiple
therapeutic interventions have been suggested, but no clearly
effective treatment has been identified. In the acute phase,
glucocorticoid therapy (usually prednisone) was generally
helpful in treating pneumonitis, myalgias, and edema, and in
reducing the eosinophil count. However, some patients have
not responded to high doses of prednisone, and others have
had an exacerbation of symptoms when the dose was tapered.
There is no evidence that prednisone therapy alters the
natural history of the disease or the risk of neuropathy. Other
treatments that have been used include nonsteroidal anti-
inflammatory drugs, cyclophosphamide, hydroxychloroquine,
D-penicillamine, methotrexate, octreotide, and plasmapheresis.
Many of these therapies have been tried in patients with severe
illness, but insufficient information is available to assess their
efficacy.
Histopathological Features

Pathological studies have demonstrated a perivascular inflam-
matory cell infiltrate within the dermis, fascia, and skeletal
muscle. Although intact eosinophils are uncommonly seen in
affected tissues, deposition of the eosinophil-derived proteins,
major basic protein and eosinophil-derived neurotoxin, may
be prominent. The perivascular inflammation may be accom-
panied by thickening of the capillary and arteriolar endothe-
lium in dermal, fascial, muscle, and nerve vessels. The frequent
occurrence of microangiopathy in biopsy specimens suggests
that ischemia may contribute to tissue injury. The severe
myalgias common in EMS may be related to inflammation of
nerves in the fascia or muscle, peripheral nerve injury caused by
direct toxicity of eosinophil degranulation products, or
ischemia of nerves caused by occlusive microangiopathy.

The histopathological examination of affected skin showed
thickening of the fascia, deep dermal fibrosis, and accumulation
ofmononuclear cells and eosinophils. In situ hybridization and
immunohistochemical studies have demonstrated evidence of
local fibroblast activation, increased production of type I and
type VI collagens in the extracellularmatrix of the affected fascia,
and elevated levels of transforming growth factor b (TGF-b).
Gene expression profiling of lesional skin in one case showed
upregulation of multiple genes associated with extracellular
matrix production and remodeling, as well as activated TGF-
b and interleukin (IL)-4 signaling, suggesting that EMS is likely
due to stimulation of collagen synthesis by fibroblasts and that
TGF-b and IL-4 may drive the fibrotic response.

Muscle biopsies showed a characteristic histopathological
picture. Extensive perimysial and epimysial inflammation
(fasciitis) along with perimysial connective tissue fibrosis
surrounding the muscle were usually the most prominent
findings. Endomysial inflammation was sparse and, when
present, concentrated in perivascular areas. Muscle fiber
atrophy and necrosis were less commonly observed.
Neuropathy is a common manifestation in chronic EMS.
Although frequently of moderate severity in the context of
a multisystem disease, in some patients severe peripheral
neuropathy was the most prominent clinical feature. In most
individuals, electrophysiological testing andnervehistopathology
revealed evidence of axonal degeneration. Biopsy of affected nerve
has also revealed epineural and perivascular inflammatory infil-
tration with evidence of an inflammatory vasculopathy, as
described above. Less commonly electrophysiological and nerve
histopathology has revealed a demyelinating neuropathy.

Lung biopsies performed in a small number of patients
revealed a vasculitis and perivasculitis with a chronic interstitial
pneumonitis. Disturbances of cardiac rhythm and conduction
have also been documented. Examination of cardiac autopsy
specimens has demonstrated neural lesions throughout the
conduction system, similar to the neuropathology seen in
skeletal muscle. Inflammatory lesions of the small coronary
arteries were also present. The prevalence of cardiac abnor-
malities among all patients with EMS is unknown, although
life-threatening rhythm disturbances appear to be uncommon.
Gastrointestinal abnormalities, including pancreatitis, malab-
sorption, and cholangitis, have been reported as well. Tissue
analysis has revealed eosinophil infiltration within the bowel
mucosa in some patients.
Manufacture of L-Tryptophan

The L-tryptophan produced by Showa Denko was manufac-
tured by fermentation using the bacterium Bacillus amylolique-
faciens. Several new strains (I–V), each modified slightly to
increase the biosynthesis of tryptophan, were introduced
sequentially during the years preceding the outbreak of EMS.

In December 1988, the company introduced a new strain
of B. amyloliquefaciens (strain V), which had been genetically
modified to increase the synthesis of 5-phosphoribosyl-1-
pyrophosphate, an intermediate in the biosynthesis of tryp-
tophan. After fermentation, tryptophan was extracted from the
broth and purified. The purification procedures included
contact with powdered activated carbon and then granulated
activated carbon. The amount of powdered activated carbon
in each batch was usually 20 kg through 1988. In 1989, the
amount of powdered activated carbon used to purify some
batches of tryptophan was reduced to 10 kg. From October
1988 to June 1989, a portion of some fermentation batches
also bypassed a filtration step that employed a reverse-osmosis
membrane (ROM) filter to remove chemicals with a molecular
weight of more than 1000 Da. According to the company,
these changes did not significantly alter the purity of the
tryptophan powder, which was maintained at 99.6% or
greater.

Univariate analysis of retail lots of tryptophan consumed by
case patients and controls demonstrated an association between
development of EMS and the ingestion of tryptophan processed
with 10 kg of powdered carbon per batch (OR 9.0; 95% CI
1.1–84.6; p¼ 0.014) and the use of B. amyloliquefaciens strain
V (OR 6.0; 95% CI 0.8–51.8; p¼ 0.04). Thus, both a reduction
in the amount of powdered activated carbon and use of B.
amyloliquefaciens (strain V) were significant manufactur-
ing changes, but the independent contribution of each
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manufacturing change could not be assessed because of the high
correlation between them. Bypass of the ROM filter was not
significantly associated with the case lots. Studies carried out by
Showa Denko suggested that the “biochemical and physiolog-
ical characteristics” of B. amyloliquefaciens (strain V) did not
differ from those of earlier strains.
Impurities Associated with EMS

Once the link between EMS and manufactured L-tryptophan
had been established, chemical analyses of bulk tryptophan
lots were performed by researchers at the Mayo Clinic
(Rochester, MN), FDA (Washington, DC), CDC (Atlanta, GA),
and the Japanese National Institute of Hygienic Sciences
(Tokyo) to determine whether any impurities were associated
with EMS. High-performance liquid chromatography was used
to separate the impurities in tryptophan, and revealed that each
manufacturer’s tryptophan produced a unique chromato-
graphic pattern. The chromatographic pattern consisted of
multiple peaks, each of which represented a trace chemical
constituent other than tryptophan. L-Tryptophanmanufactured
by each of the six companies contained impurities. The chro-
matogram for Showa Denko tryptophan included five signa-
ture peaks that were present in all tryptophan manufactured by
this company. Initial comparison of individual peaks in case
and control lots of Showa Denko tryptophan revealed a single
peak (called ‘peak E’ or ‘peak 97’) that was significantly asso-
ciated with case lots. The chemical structure of peak E was
subsequently determined to be EBT. Two other impurities were
subsequently reported to be associated with case lots of tryp-
tophan manufactured by Showa Denko. One of these, labeled
UV-5, eluted before tryptophan and was determined to be PAA.
The other peak (UV-28) eluted much later than EBT and is as
yet uncharacterized.

Subsequent HPLC studies revealed more than 60 trace
impurities in Showa Denko tryptophan, six of which are asso-
ciated with EMS. These case-associated impurities were labeled
as peaks E, UV-5, 200, C, FF, and AAA. The structures of five are
known peak E (EBT), peak UV-5 (PAA), peak 200 (2[3-indo-
lylmethyl]-L-tryptophan), peak C (3a-hydroxy-1,2,3,3a,8,8a-
hexahydropyrrolo-[2,3-b]-indole-2-carboxylic acid), and peak
FF (2-(2-hydroxyindoline)-Trp). The remaining uncharacterized
impurity, peak AAA, was that most significantly associated
with EMS.

The amount of EBT present in Showa Denko tryptophan
varied markedly in the period 1987–89, presumably reflecting
alterations in the manufacturing conditions. There is some
evidence to implicate EBT in the pathogenesis of EMS (see
below). Variable impurity levels (including EBT) recorded
during the 1980s are consistent with the hypothesis that an
impurity(ies) in tryptophan may be responsible for EMS.
Nonetheless, the specific putative component(s) of tryptophan
that causes EMS has still not been determined.

Investigation into the origin of contaminant PAA reveals
that it can be formed from aniline and serine by heating at
80 �C for 6 h under alkaline conditions. Although aniline was
not used in the biosynthesis of tryptophan (Figure 1), small
amounts of aniline are formed from anthranilic acid,
a biosynthetic precursor of tryptophan, after heating at 80 �C
for 6 h under acidic conditions. The industrial process used by
Showa Denko to purify tryptophan from the fermentation
broth consisted of an anion exchange at pH 10.5, cation
exchange at pH 11, and heat treatment at 80–90 �C. Thus, the
fermentation and purification processes used to produce tryp-
tophan may have led to the formation of PAA as a by-product.
It has been suggested that PAA may play an important role in
the pathogenesis of EMS. It is of interest that PAA shares
chemical properties with 3-(N-phenylamino)-1,2-propanediol
(PAP), which is linked to the 1981 toxic oil syndrome (TOS)
epidemic in Spain.
Similarities with the TOS and Other Fibrosing Disorders

The clinical and pathological findings of EMS bear a striking
resemblance to those of the 1981 Spanish TOS epidemic. Over
20 000 persons were affected, and several hundred deaths have
been attributed to TOS. Unlike EMS, respiratory symptoms
were prominent and severe in TOS during the first week of
illness (acute phase). In some patients, the disease progressed
to an intermediate and chronic phase that resembled EMS
more closely. The intermediate phase (2–8 weeks) was char-
acterized by eosinophilia and leukocytosis. Patients whose
illness progressed to the late phase developed muscle cramps
and severe myalgias, peripheral edema, scleroderma-like skin
changes, and polyneuropathy. These syndromes also share
histopathological changes, limited treatment responses to
corticosteroids, and mortality rates (approximately 2.5%).
Immunogenetic studies in TOS have found that, as in EMS, the
HLA-DR4 allele influences disease susceptibility.

Epidemiological investigations implicated ingestion of
adulterated rapeseed oil that had been imported from France.
The oil had been denatured with aniline as required by law.
However, the oil was then illegally de-denatured in Spain by
a refining process that removed almost all of the aniline andwas
subsequently mixed with other seed oils, animal fats, poor-
quality olive oil, or chlorophyll to produce the desired color. The
resulting adulterated oil was sold as pure olive oil. Chemical
analyses revealed that free aniline and aniline derivatives were
significantly associated with case-related samples. Another
contaminant, PAP, has been isolated from implicated oil and is
chemically similar to the tryptophan contaminant PAA. The
discovery of a chemically related aniline derivative in trypto-
phan preparations implicated in causing EMS suggests a related
etiology. PAP has been demonstrated to undergo biotransfor-
mation to PAA by both rat hepatocytes and human liver tissue
in vitro, linking the two diseases to a common chemical, namely
PAA (see below). Furthermore, it has recently been shown that
PAA and PAP are both converted by human liver microsomes
into quinoneimine intermediate metabolites by similar bio-
activation pathways. This reactive and unstable metabolite is
then rapidly hydrolyzed to 4-aminophenol, thus potentially
linking the two diseases by a final toxic metabolite.

In addition to TOS, EMS shares clinical and histopatholog-
ical features with other fibrosing disorders including eosino-
philic fasciitis (EF), systemic sclerosis (SS), and chronic graft
versus host disease (cGVHD). EF is a scleroderma-like syndrome
characterized by swelling and induration of the subcutaneous
tissue, primarily in the arms and legs. Although some cases of EF
were associated with tryptophan ingestion, few cases occurring
before 1986 can be attributed to tryptophan ingestion.
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Compared with EF, myalgias, fever, neuropathy, and other
visceral organ involvement are more common in EMS. EMS
appears to be a more severe disease than EF in terms of hospi-
talization rate, duration of symptoms, and mortality. Most
patients with EF improve following corticosteroid treatment.

Both SS and EMS demonstrate skin thickening, tightening,
and induration. SS is further characterized by sclerodactyly,
Raynaud phenomenon, clinically visible mat-like telangiecta-
sias, and SS-related autoantibodies. Muscle involvement in
those with SS is estimated to be at least 14%, but usually affects
those with multisystem disease and is accompanied by elevated
CK levels. Furthermore, peripheral eosinophilia (of at least
1000 cells mm�3) has been shown to occur in only 1% of
patients with SS and 8% of patients with localized scleroderma.
cGVHD is an alloimmune and autoimmune complication of
hematopoietic stem cell transplantation, which can be compli-
cated by myositis in up to 8% of patients. A sclerodermatous
formoccurs in up to 10%of individuals with cGVHDand shares
many clinicopathological features with EMS, including skin
edema and induration, fasciitis, and poor treatment outcome.
Peripheral eosinophilia has been recognized as a risk factor for
the development of skin sclerosis in cGVHD.
EMS is Not Apparently Associated with L-Tryptophan

Some patients with EMS reported no history of tryptophan
ingestion, and other cases antedated the 1989 epidemic. One
postepidemic pharmacoepidemiological study reported that
19 per 100 000 persons fulfilled the CDC surveillance criteria
for EMS despite no apparent exposure to tryptophan. An
EMS-like syndrome has also been associated with use of
L-5-hydroxytryptophan (5-HTP). HPLC analysis of the 5-HTP
that might have caused the symptoms revealed the presence of
an impurity (so-called peak X) not present in 5-HTP prepa-
rations that did not cause symptoms. One group subsequently
reported that peak X was actually a family of components, the
main constituent of which was the neurotoxin 4,5-tryptophan-
dione (Trp-4,5D). Others, however, showed that animals fed
5-HTP that was believed to contain the peak X impurity did
not develop any adverse clinical reactions or laboratory
changes. The association between 5-HTP, peak X, or Trp-4,5D
and an EMS-like disorder remains unclear. Nonetheless, these
reports raise the possibility that factors other than tryptophan
ingestion can lead to the induction of EMS or EMS-like
diseases.
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Investigations of Etiology and Pathogenesis

Animal Models

Several studies of EMS using animals have been performed;
however, the results have been inconclusive and have lacked
reproducibility. Initially, the Lewis rat showed promise as
a model for EMS. Muscle biopsies of Lewis rats given either
implicated tryptophan (containing EBT) or US Pharmacopeia
(USP)-grade tryptophan (without EBT) demonstrated peri-
mysial inflammation in seven of nine animals receiving
implicated tryptophan, compared with none of 10 receiving
USP-grade tryptophan. A significant increase in fascial thick-
ening was also observed in rats receiving implicated tryptophan.
However, leukocyte counts and eosinophil counts remained
normal in both groups. A subsequent study with Lewis rats
showed that animals administered control L-tryptophan alone
also developed mild myofascial thickening, alterations in
peripheral blood mononuclear cell (PBMC) phenotypes, and
pancreatic pathology – suggesting that tryptophan itself may
play a role in EMS and other fibrosing diseases. Another study
using C57BL/6 mice found that EBT caused inflammation and
fibrosis in the dermis and subcutis, including fascia and peri-
mysial tissues, mimicking some of the clinical hallmarks of
EMS. Eosinophilia was not observed. Furthermore, as was
reported in the Lewis rat study, even those animals that received
tryptophan alone developed some increases in fascial thickness.

In contradistinction to the initial animal studies, subse-
quent studies failed to demonstrate EMS-like histopathological
abnormalities. F-344 and Lewis rats as well as BALB/c mice
treated with feed or food-grade L-tryptophan, tablets containing
L-tryptophan, isopropanol extracts from L-tryptophan, synthetic
EBT or PAA, and 1-methyl-1,2,3,4-tetrahydro-b-carboline-3-
carboxylic acid (a breakdown product of EBT) showed no EMS-
like symptoms in any of the animals tested. A toxicological
study using PAA supports the negative findings; PAA (1, 10,
and 100 mg kg�1 day�1) was administered by gavage to Spra-
gue–Dawley rats for up to 13 consecutive weeks. No EMS-like
symptoms were observed. Overall, the animal studies suggest
that Lewis rats and C57BL/6 mice may be useful in replicating
only certain aspects of EMS.
In Vitro Models

In vitro investigations to clarify the mechanism of immune
activation have provided limited insight. Studies testing the
hypothesis that implicated tryptophan or EBT can trigger
PBMCs to release cytokines have been equivocal, although one
study found that EBT activates eosinophils and induces IL-5
production from T cells. Another study found that certain
lots of L-tryptophan could stimulate PBMCs to release gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF); this
response, however, was caused by endotoxin contamination
and was not associated with case lots of tryptophan.

Chemokines and cytokines may play a role in the patho-
genesis of EMS. In particular, IL-3, IL-5, and GM-CSF can each
induce eosinophil production and enhance in vitro survival. In
one study, EMS patients had significantly elevated serum levels
of IL-5 and a higher proportion of hypodense eosinophils
compared with normal controls. Elevated levels of IL-3 and
GM-CSF were not observed. The mechanism responsible for
elevation of serum IL-5 levels is undefined. TGF-b is an
important eosinophil-derived inducer of fibrogenesis that is
upregulated in EMS, and may be implicated in the develop-
ment of the chronic lesions.
Possible Pathogenic Mechanisms

The pathogenesis of EMS is thought to involve exposure to
certain preparations of tryptophan in a genetically susceptible
host that triggers acute inflammation with eosinophil activa-
tion and degranulation, resulting in chronic tissue fibrosis. The
etiologic agent(s) may act directly on mononuclear cells,
possibly mediated via the toll-like receptor innate immune
receptors, leading to production of inflammatory cytokines and
chemokines, which could then activate tissue eosinophils and
convert them to a hypodense phenotype. Effector functions
would be augmented with release of cytotoxic molecules from
eosinophils. Once activated, eosinophils can release additional
cytokines such as IL-3, GM-CSF, IL-5, and TGF-b. This xeno-
biotic triggered immune response may account for the early
clinical and histological inflammatory features of EMS.

The chronic disability that many patients with EMS expe-
rience may represent an abnormal fibrogenic process. Increased
transcription of several genes known to be involved in fibro-
genesis has been recorded in patients with EMS. Recent gene-
expression profiling of lesional skin in one EMS patient
exposed to tryptophan free of previously implicated impurities
showed upregulation of multiple collagen genes associated
with extracellular matrix production and remodeling, as well as
activated TGF-b and IL-4 signaling. Of note, EMS has been
reported in individuals who have never consumed tryptophan
and in individuals consuming tryptophan free of the previously
implicated impurities. These cases suggest that xenobiotics
other than tryptophan may trigger a similar pathological
process, and call attention to the importance of immunoge-
netic variability in xenobiotic-induced diseases.

An alternative hypothesis of pathogenesis of EMS involves
incorporation of the etiologic agent into metabolic or biosyn-
thetic pathways that utilize chemically related compounds. EBT
and PAA are amino acids with structural similarities to tryp-
tophan and phenylalanine, respectively, and might function as
an analog with adverse immunological effects. If EBT, PAA, or
one of their metabolites is recognized by an analogous transfer
RNA, it might be incorporated into a nascent protein molecule,
stimulating an autoimmune response.

The biotransformation of the toxic oil impurity PAP to the
L-tryptophan impurity PAA may link TOS and EMS to
a common chemical agent, namely PAA. Both PAP and PAA are
metabolized to the p-hydroxylated forms, HPAP and HPAA.
These compounds readily autoxidize to benzoquinoneimines,
which are reactive toward nucleophiles such as the sulfhydryl
and amino moieties present on many biological molecules.
Upon oxidization, HPAA and HPAP may react with macro-
molecules as a hapten to form immunogenic targets with
subsequent T-cell activation. Alternatively, PAA may be
metabolized to another undetermined molecule, perhaps
4-aminophenol, which reacts with biological targets and facil-
itates the pathological process.

It is possible that any one of the intermediate PAP metab-
olites, in the presence of hepatocytes, can be metabolized to
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PAA. Thus, many molecules related to PAP (e.g., phenylamino
compounds) may be channeled down this pathway to give
PAA. This model suggests that numerous molecules with
chemical structures similar to that of PAP will give rise
to PAA and other potentially toxic compounds, such as
4-aminophenol. If PAA indeed plays a role in the pathogenesis
of EMS and TOS, the model predicts that an entire class of
molecules can cause EMS/TOS-like diseases, consistent with the
reports of EMS cases not associated with tryptophan ingestion.
Summary

EMS occurred as an epidemic in the United States during
1989–90, with occasional sporadic cases occurring before and
after the major epidemic. Most epidemic cases occurred
following ingestion of L-tryptophan manufactured by one
company. EMS is a multisystem disease characterized by
subacute onset of myalgias and peripheral eosinophilia with
chronic muscle, nerve, fascia, and skin involvement. The illness
shares some clinical and pathological features with the TOS.
EMSmay be triggered by one or more impurities in tryptophan,
although the exact etiologic agent responsible is yet to be
identified. Impurities of interest include EBT and PAA, although
other uncharacterized impurities may likewise be responsible.
Consumption of high tryptophan doses and increased age have
been identified as risk factors. Polymorphisms in immune
response genes may also contribute to the development of EMS
following tryptophan ingestion. HLA-DR typing has revealed
both risk and protective HLA alleles, highlighting the impor-
tance of genetic susceptibility in xenobiotic-triggered diseases.
The pathogenesis of EMS likely involves acute inflammation,
activation of innate immune pathways, and eosinophil activa-
tion, followed by chronic tissue fibrosis triggered by tryptophan
exposure in genetically susceptible individuals. Activated TGF-
b signaling and upregulation of multiple collagen and extra-
cellular matrix genes may drive the sustained fibrotic response.
Alternatively, biotransformation of PAP to PAA and the recog-
nition of a final toxic metabolite in PAA and PAP metabolism
suggest that both EMS and TOS may share a common etiology.
Ongoing research is focused on identification of impurities in
implicated tryptophan, establishing an animal model of the
disease, and exploring the factors that mediate the chronic
fibrotic response. Success in these endeavors would greatly
increase our understanding of eosinophilic diseases and, it is
hoped, prevent the outbreak of future epidemics.

See also: Neurotoxicity; Food and Drug Administration, US;
Immune System; Blood; CERCLA; Revised as the Superfund
Amendments Reauthorization Act (SARA); Epidemiology;
Chemicals of Environmental Concern.
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l Name: Ephedra
l Chemical Abstracts Service Registry Number: None NLM’s

ChemIDplus Number: OM54525000 (for Ephedra sinica)
l Chemical Abstracts Service Registry Numbers: 299-42-3 (for

ephedrine), 134-72-5 (for ephedrine sulfate), 50-98-6 (for
ephedrine hydrochloride)

l Common Names: Ephedra sinica family (Ephedraceae),
Chinese ephedra, and Ma huang

l Related Species: Ephedra distacha (European ephedra),
Ephedra trifurca or Ephedra viriditis (desert tea), Ephedra
nevadensis, Ephedra americana (American ephedra), Ephedra
gerardiana (Pakistani ephedra)

l Synonyms (Ephedrine): Benzenemethanol, Biophedrin,
Eciphin, Efedrin, Ephedral

l Molecular Formula: Ephedra does not have any structure.
C10H16ClNO (ephedrine hydrochloride);
(C10H15NO)2H2SO4 (ephedrine sulfate)

l Chemical Structure: Left: Ephedrine hydrochloride (CASRN:
50-98-6); Right: Ephedrine sulfate (CASRN: 134-72-5)
Background Information

Ephedra plants are erect, branching shrubs found in desert or
arid regions throughout the world. The 1.5–4 ft shrubs typically
grow on dry, rocky sandy slopes. The many slender, yellow-
green branches of Ephedra have two very small leaf scales at
each node. The mature, double-seeded cones are visible in
the fall.

Ephedra is one of the plants that are a source of ephedrine
alkaloids, including ephedrine and pseudoephedrine. Chemi-
cally synthesized, ephedrine and pseudoephedrine are regu-
lated under the US Federal Food, Drug Cosmetic Act as drugs.
In contrast, the Dietary Supplement Health Education Act
(DSHEA) regulated dietary supplements that contain ephed-
rine alkaloids the safety and effectiveness of drug products
containing ephedrine alkaloids have to be proven by the
manufacturer.
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There are 45 known species of Ephedra found worldwide,
but Ephedra sinica’s origin is China, where it was first used
therapeutically. E. sinica has a strong pine odor and astringent
taste, which accounts for its Chinese name –Ma huang –which
can be translated as ‘yellow astringent’ or ‘yellow hemp.’ Ma
huang is purported to increase mental acuity and to improve
sexual performance, increase circulation decrease weight
through an increase in sympathetic nervous system activity and
thermogenesis. It is also used for allergies, allergic rhinitis,
colds, flu, fever, chills, nasal congestion, bronchospasm
asthma. The active ingredient of ma huang appears to be
ephedrine and other related sympathomimetic alkaloids,
which probably account for its therapeutic efficacy as well as its
adverse effects. Not all Ephedra species contain ephedrine
alkaloids, particularly those native to the United States.
Ephedrine was a component of many herbal weight loss and
body building products (such as those sold under the names
Ma huang, Herbalife Hydroxycut). The typical dose was 1.5–9 g
of the decocted herb daily or as herbal tea prepared by boiling
dried green stems in water. Side effects are not uncommon and
include nervousness, anxiety, palpitations, tachycardia,
gastrointestinal upset, nausea, diarrhea, headache dizziness.
Ephedrine has also been implicated in an increased risk for
myocardial infarction, stroke sudden death and was banned
from sale in the United States in April 2004.

Within the last 10 years, the use of dietary supplements
containing ephedrine alkaloids was extensively promoted in
the United States for aiding weight control and boosting
sports performance and energy (Table 1). Drinks like ripped
fuel claimed to give athletes a quick jolt of energy and gained
substantial popularity not only in just athlete also in those
wanting to get a better workout in health clubs. Ephedra
contains a natural alkaloid ephedrine, similar to the hormone
epinephrine (adrenaline), a stimulant that acts on the central
nervous system (CNS), dilates the bronchial tubes in the
lungs, elevates blood pressure, and increases heart rate,
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00310-9
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Table 1 Facts about ephedra

Proposed indications

Popular products containing

ephedra extracts

Label ingredient indicating

ephedra compounds Adverse effects

Weight loss Metabolife Ephedra Nervousness
Asthma Ripped fuel Ma huang Dizziness
Common cold Diet fuel Ephedrine Tremor
Hay fever/allergies Stacker 3 E. sinica Alternations in blood pressure or heart rate
Increasing energy Natural TRIM Sida cordifolia Headache
Congestion Hydroxycut Epitonin Gastrointestinal distress
Weightlifting formula Xenadrine RFA-1 Pseudoephedrine Chest pain

Metab-O-Lite Methyl ephedrine Myocardial infarction
Metabolift Hepatitis
Up Your Gas Stroke
Truckers Luv It Seizures
Yellow Jackets Psychosis

Death

Ephedra 427
thereby giving a feeling of jolt of energy. The use of ephedra
can also increase feelings of alertness and reduce or suppress
appetite.

In 1994, the US Food and Drug Administration (FDA)
and Centers for Disease Control collected reports of over
100 deaths and 500 reports of adverse events associated
with ephedrine-containing dietary supplements over a 2 year
period. The National Collegiate Athletic Association (NCAA)
banned the use of ephedra-containing products in 1997, and
the IOC banned the use of ephedra over a decade ago.

Scientists have conducted several studies the totality of the
available data showed little evidence of the effectiveness of
ephedra except for modest, short-term weight loss without any
clear health benefit, while confirming that the substance raises
blood pressure and otherwise stresses the circulatory system.
These effects are linked to significant adverse health outcomes,
Table 2 Federal and state regulatory actions against ephedra and ephedri

Date Action

November 1989 Ephedrine and pseudoephedrine placed on a list of
controlled substances used in the manufacture of
drugs on a list of controlled substances used

1991–94 State regulations controlling sale of ephedrine and/
ephedra

1993 Exemptions for ma huang products with less than 2
of total ephedrine alkaloids

August 1994 Ephedrine placed in Schedule V of Ohio’s Controlle
Substance Act. Sale of ephedra banned in Ohio

June 1996 Proposed warning and dose limitations on dietary
supplements containing ephedra

January 1997 Texas withdraws proposed regulations to ban ephe
March 1997 Ban on ephedra sales amended in Ohio. Bill permits

natural products stores to sell the herb containin
limited alkaloid levels

February 2000 Withdrawal of proposed ephedra rules
February 2004 Final rule prohibiting the sale of dietary supplement

containing ephedrine alkaloids (ephedra) because
supplements present an unreasonable risk of illn
injury
including heart attack and stroke. On 6 February 2004, the
FDA issued a final rule prohibiting the sale of dietary supple-
ments containing ephedrine alkaloids (ephedra) because such
supplements present an unreasonable risk of illness or injury
(Table 2).
Uses

The medicinal use of E. sinica in China dates from w2800 BC.
Ma huang (the stem and branch) was used primarily in the
treatment of common cold, asthma, hay fever, bronchitis,
edema, arthritis, fever, and hypotension urticaria. Ephedra has
been used to treat bronchoconstriction for centuries, because of
its activity at b2-adrenergic receptors. It contains pseudoephe-
drine, ephedrine, and other similar alkaloids. These are
ne-containing alkaloids

Authority

illegal
Drug Enforcement Agency

or Arizona, Arkansas, California, Florida, Hawaii, Idaho,
Missouri, Nevada, New Mexico, Ohio, Oklahomaegon,
Texas, Virginia, Washington

5 mg Arizona, Nevada, Washington

d Ohio’s Drug Laws Board

FDA

dra Texas Board of Health

g
Ohio’s Drug Laws Board

FDA
s
such

ess or

FDA
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sympathomimetics that either directly or indirectly stimulate a-
and b-adrenergic receptors. It has become less extensively used
with the advent of more selective agonists.
Exposure Routes and Pathways

Herbal medicines are widely perceived by the public as being
healthful and innocuous. An estimated three billion servings of
ephedra are reportedly consumed yearly, making it an
extremely popular stimulant contained in diet pills and sports
drinks. The quantity of ephedrine in dietary supplements, as
reported on package labels, is typically about 20 mg per
serving the usual dose frequency is two to three times per day.
However, these products may contain larger or smaller
amounts of ephedra alkaloids than are listed on the product
label. For example, 11 of 20 supplements tested either failed to
list the alkaloid content on the label or had greater than a 20%
difference between the amount listed on the label and the
actual amount. Therefore, even in the absence of simultaneous
ingestion of other known or unknown stimulants, consumers
of ephedra are often overdosed.
Toxicokinetics

Ephedrine is rapidly absorbed after oral, intramuscular
subcutaneous administration. It is strongly bound to human
saliva binding is independent of pH. L-ephedrine-(14)c injec-
ted intraperitoneally in rats was metabolized to L-norephedrine
and 4-hydroxy-l-ephedrine plus minor products. The average
half-life is 6 h, although acidifying the urine will decrease the
half-life considerably and alkalinization will increase the half-
life. The major route of elimination of ephedrine is as the
unchanged drug in the urine.
Mechanism of Toxicity

The basic pharmacological action of ephedrine is that of
a sympathomimetic. It does not contain a catechol moiety and
is effective after oral administration. The drug stimulates heart
rate and cardiac output and variably increases peripheral
resistance; as a result, ephedrine usually increases blood pres-
sure. Stimulation of the a-adrenergic receptors of smooth
muscle cells in the bladder base may increase resistance to the
outflow of urine. Activation of b-adrenergic receptors in
the lungs promotes bronchodilation. Ephedrine stimulates the
cerebral cortex and subcortical centers to produce its effects in
narcolepsy and depressive states.

Ephedra can produce the same side effects as ephedrine,
that is, increased blood pressure and heart rate, insomnia
anxiety. A highly potent CNS stimulant, ephedrine may even
induce toxic psychosis at high dosages. The FDA advisory
review panel on nonprescription drugs recommended that
ephedrine not be taken by patients with heart disease, high
blood pressure, thyroid disease, diabetes, or difficulty in
urination due to the enlargement of the prostate gland. Nor
should ephedrine be used in patients on antihypertensive or
antidepressant drugs. Ephedrine administered to chick
embryos has resulted in cardiovascular teratogenicity and
embryotoxicity at doses as low as 1 mmol per egg. The tera-
togenic effect of ephedrine is potentiated by caffeine.
Acute and Short-Term Toxicity (or Exposure)

Animal

There are very few animal studies conducted investigating the
toxic effects of ephedra. Studies using ephedrine in animals
suggest that if it is given in excessive amounts, it produces
symptoms of sympathetic stimulation, manifested by anxiety
and restlessness. If the dosage is large, muscular tremors and
even convulsions may occur. Most animal experiments were
conducted using ephedrine hydrochloride or ephedrine sulfate;
therefore, depending on the route of exposure LD50 values re-
ported in the literature showed a wide range of variations.
Generally, 125–800 and 50–1200 mg kg�1 ranges are
extremely toxic and fatal to mice and rats, respectively.
Human

Probable lethal dose in man is 50 mg kg�1.
Chronic Toxicity (or Exposure)

Animal

The only chronic carcinogenicity data available are for ephed-
rine sulfate, which state that there was no evidence of carci-
nogenicity for F344/N rats or B6C3F1 mice of either sex
receiving 125 or 250 ppm ephedrine sulfate in the diet for
2 years. Ephedrine sulfate was not mutagenic in four strains of
Salmonella typhimurium (TA100, TA1535, TA97, TA98), with or
without Aroclor 1254 induced male Sprague–Dawley rat or
Syrian hamster liver S9 activation. Ephedrine sulfate did not
induce sister chromatid exchanges or chromosomal aberrations
in Chinese hamster ovary cells.
Human

Many cases of serious adverse effects and even fatalities have
been reported that were linked with ephedra or ephedrine
administration over the last 10 years. Haller and Benowitz
published a review of 140 reports of adverse events related to the
use of ephedra alkaloids that were submitted to the FDA
between June 1997 andMarch 1999. Using a standardized rating
system for assessing causation, 31% of the cases were considered
to be definitely or probably related to the use of ephedra
alkaloid–containing supplements another 31% were deemed to
be possibly related. Among these adverse events, 47% involved
in cardiovascular symptoms and 18% involved the CNS.
Hypertension was the most frequent adverse effect, followed by
palpitations, tachycardia both stroke and seizures. Ten events led
to death and 13 cases produced permanent disability.

The CNS-simulating effects of ephedrine may result in
nervousness, anxiety, apprehension, fear, tension, agitation,
excitation, restlessness, weakness, irritability, talkativeness, or
insomnia. Dizziness, lightheadedness, and vertigo may occur,
especially with large doses. Tremor or tremulousness and



Ephedra 429
hyperactive reflexes have also been reported. Large parenteral
doses of ephedrine may cause confusion, delirium, hallucina-
tions, and euphoria. Ephedrine may deplete norepinephrine
stores in sympathetic nerve endings tachyphylaxis to the
cardiac and pressor effects of the drug may develop. In addi-
tion, after several doses of ephedrine are administered, hypo-
tension more severe than that originally being treated may
result from direct cardiac depression and vasodilation.

The overall conclusions drawn from all these studies are
that the adverse effects of ephedra may be amplified, some-
times culminating in death, for the following reasons:

l Individual susceptibility: Individuals undergoing very stressful
situations such as athletes/football players who practice in
very hot temperatures, people performing extensive workouts
for muscle building, and people who fast to achieve weight
loss are particularly susceptible. Ephedra puts an undue stress
in these individuals by increasing blood pressure and causing
additional stress on the cardiovascular system and causing
additional stress on the cardiovascular system and blood
supply in the brain, whichmay result in heart attack or stroke.

l Additive stimulant effects of caffeine: Caffeine is present in
many products that contain ephedra alkaloids. Those taking
these products might also be consuming considerable
quantities of caffeine in coffee, tea, and soft drinks. Caffeine
can enhance the undesirable effects of ephedrine on the
heart, blood supply system, and brain function.

l Variability in contents: The quantity of ephedrine in dietary
supplements, as reported on package labels, is typically
w20mg per serving the usual dose frequency is two to three
times per day. However, these products may contain larger
or smaller amounts of ephedra alkaloids than are listed on
the product label. For example, 11 of 20 supplements tested
by Bill Gurley, PhD, an associate professor in the College of
Pharmacy at the University of Arkansas for Medical
Sciences, either failed to list the alkaloid content on the
label or had greater than a 20% difference between the
amount listed on the label and the actual amount. There-
fore, even in the absence of simultaneous ingestion of other
known or unknown stimulants, consumers of ephedra are
often overdosed.

l Preexisting medical conditions: The likelihood of adverse
effects of ephedrine is heightened in individuals with
a history of high blood pressure, heart or thyroid disease,
diabetes, kidney disease or difficulty urinating, glaucoma,
a seizure disorder, depression, and prostate enlargement
history of stress in those involved in stressful activities.

l Taking ephedra along with other drugs: If taken with other drugs
simultaneously, ephedra may cause serious complications.
Antidepressants; allergy, asthma coldmedications containing
ephedrine, pseudoephedrine phenylpropanolamine;
caffeine-containing drugs; or soft drinks are known examples
of substances that exaggerate the adverse effects of ephedra.
Clinical Management

Vital Signs

The clinical effects following overdose depend on the receptor
selectivity (alpha and/or beta effect). Most patients require only
observation for a period of 4–8 h. Pharmacologic intervention
is required only in severely symptomatic patients (cardiac
arrhythmias, hypertensive crisis, seizures, hyperthermia).
Severe overdose effects may most commonly result in hyper-
tension, tachycardia followed by bradycardia, arrhythmias,
seizures, cerebral hemorrhages and ischemia or vasoconstric-
tion, and psychosis hyperthermia.
Antidote and Emergency Treatment

This includes protecting the patient’s airway and supporting
ventilation and perfusion, monitoring and maintaining, within
acceptable limits, the patient’s vital signs, blood gases serum
electrolytes, besides monitoring an electrocardiogram contin-
uously. In alert patients, treatment involves removing ephed-
rine from the stomach by inducing emesis with ipecac,
followed by activated charcoal (as long as ileus is not present);
in depressed or hyperactive patients, ephedrine should be
removed by airway-protected gastric lavage. For supraventric-
ular or ventricular tachycardia, administering a b-adrenergic
blocker, such as propranolol by slow intravenous administra-
tion, is necessary to control cardiac arrhythmias; however, in
asthmatic patients, a cardioselective b-adrenergic blocker
(acebutolol, atenolol, metoprolol) may be more appropriate.
The b-blocker should be used with caution in asthmatic
patients because it could induce severe bronchospasm or an
asthmatic attack. Nitroprusside or phentolamine infusion may
be used for marked hypertension, if necessary. For ‘true’
hypotension, administration of intravenous fluids, elevation of
legs administration of an inotropic vasopressor, such as
norepinephrine, should be considered. To control convulsion
administer diazepam. For refractory seizures, general anes-
thesia with thiopental or halothane and paralysis with
a neuromuscular blocking agent may be necessary. Pyrexia can
be controlled by cool applications and by slow intravenous
administration of 1 mg dexamethasone per kilogram of body
weight.

See also: Dietary Supplements; Pseudoephedrine.
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l Chemical Abstracts Service Registry Number: CAS 106-89-8
l Synonyms: 1-Chloro-2,3-epoxypropane; 3-Chloro-1,2-

epoxypropane; Epichlorohydrin; Chloromethyloxirane;
Chloropropylene oxide; Glycerol epichlorohydrin; Glycidyl
chloride; NCI-C07001; Propane, 1-chloro-2,3-epoxy-;
SKEKhG; g-Chloropropylene oxide; 3-Chloro-1,2-propylene
oxide; (DL)-a-Epichlorohydrin; ECH; RCRA waste number
U041

l Chemical/Pharmaceutical/Other Class: Solvent
l Chemical Formula: C3H5ClO
Background

Epichlorohydrin is manufactured from allyl chloride and is
widely used as a chemical intermediate. A major use is in the
synthesis of bisphenol A diglycidyl ether, which is a component
of epoxy resins.
Uses

Epichlorohydrin (106-89-8) is a chlorinated epoxy compound
mainly used in the manufacture of glycerol and epoxy resins. It
is also used in the manufacture of elastomers, glycidyl ethers,
cross-linked food starch, surfactants, plasticizers, dyestuffs,
pharmaceutical products, oil emulsifiers, lubricants, and
adhesives; as a solvent for resins, gums, cellulose, esters,
paints, and lacquers; as a stabilizer in chlorine-containing
substances such as rubber, pesticide formulations, and
solvents; and in the paper and drug industries as an insect
fumigant.
Environmental Fate and Behavior

Environmental contamination by epichlorohydrin mainly
occurs through air ducts and waste disposal of heavy ends in
industries that produce or use epichlorohydrin. Epichlorohy-
drin can also be lost to the environment through discharge of
industrial water, during transport and storage, by volatilization
during use, and by inadvertent industrial production.
Epichlorohydrin is relatively volatile, and therefore readily
evaporates from near-surface soils and other solid surfaces. If
released into water, it is lost primarily by evaporation (half-life
is 29 h in a typical river) and hydrolysis (half-life is 8.2 days). It
does not adsorb appreciably to sediment. If spilled on land,
it evaporates and leaches into the groundwater where it
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
hydrolyzes. In the atmosphere, epichlorohydrin degrades by
reaction with photochemically produced hydroxyl radicals
(estimated half-life is 4 days). It does not bioconcentrate
appreciably in aquatic organisms.

These properties make epichlorohydrin of relatively little
concern from the perspective of ecotoxicity and potential for
harming wild species in aquatic and terrestrial environments.
Exposure and Exposure Monitoring

Exposure routes for humans are by inhalation, skin absorption,
ingestion, and skin and eye contact.

Workplace levels should be monitored, and the National
Institute for Occupational Safety and Health (NIOSH) recom-
mends that epichlorohydrin be treated in the workplace as if it
were a human carcinogen. Engineering and work practice
controls are important to reduce exposure. Skin exposure in
particular should be avoided.
Toxicokinetics

In rats, epichlorohydrin is rapidly absorbed by oral or
inhalation routes. Most of the compound is eliminated in
urine as a metabolite or exhaled through the lungs, with
a small percentage appearing in feces. Concentrations are
highest in liver, kidney, and stomach. The compound is
likely metabolized by chemical conjugation of the epoxide
with glutathione followed by hydration of the epoxide by
epoxide hydrolase. The major metabolites in urine are N-
acetyl-S-(3-chloro-2-hydroxypropyl)-L-cysteine (36% of the
dose) and 3-chloro-1,2-propanediol (a-chlorohydrin) (4%).
The same hemoglobin adduct has been detected in humans
and rats. Epichlorohydrin is distributed widely throughout
the body. The highest tissue concentrations in rodents were
found in the nose after inhalation and in the stomach after
ingestion. In rats, regardless of the route of exposure, most
absorbed epichlorohydrin is metabolized rapidly, part being
eliminated as carbon dioxide through the lungs and part as
water-soluble compounds excreted in urine.
Mechanisms of Toxicity

Epichlorohydrin is an alkylating agent that is mutagenic. It
may induce DNA interstrand cross-links, chromosomal
aberrations, and breaks. It is also an irritant, sensitizer, and
corrosive.
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432 Epichlorohydrin
Acute and Short-Term Toxicity (Animal/Human)

Animal

The oral lethal dose 50% (LD50) is 90 mg/kg in rats and
236 mg/kg in mice. The inhalation lethal concentration 50%
(LC50) is 250 ppm per 8 h in rats. Epichlorohydrin caused
reproductive toxicity (testicular damage) in male rats exposed
by inhalation to concentrations as low as 50 ppm for 6 h/day
over 50 days. Pathological lesions in the nasal turbinates of rats
and mice exposed by inhalation appear to be one of the earliest
signs of toxicity at low levels of exposure.
Human

The lowest published single toxic dose is 20 ppm by inhalation.
The kidneys and respiratory tract are the target organs after
acute epichlorohydrin exposure. Symptoms include nausea,
vomiting, and abdominal distress. It can also cause facial
swelling, eye and nasal mucosal irritation, respiratory tract
irritation, bronchitis, dyspnea, central nervous system depres-
sion, hepatomegaly, and kidney lesions.
Chronic Toxicity (Animal/Human)

Animal

There is sufficient evidence in experimental animals for the
carcinogenicity, reproductive toxicity in males, and teratoge-
nicity of epichlorohydrin exposure by oral and inhalation
routes. Epichlorohydrin was tumorigenic in rats exposed by
inhalation to concentrations as low as 100 ppm per 6 h/day
over 30 days.
Human

Epichlorohydrin has been shown to cause chromosomal
aberrations in humans, and is classified as a probable human
carcinogen (group 2A). Epichlorohydrin has also caused
allergic skin reactions in humans and is therefore classified as
a skin sensitizer.
Clinical Management

Emesis is not recommended. Activated charcoal slurry with or
without saline cathartic and sorbitol can be used after oral
ingestion. In case of inhalation exposure, good ventilation
should be maintained. Skin decontamination should be
performed with repeated washing with soap. Exposed eyes
should be irrigated with copious amounts of water at room
temperature for at least 15 min. Liver and kidney function
should be monitored. Consult a physician as soon as possible.
Exposure Standards and Guidelines

Occupational Safety and Health Administration (OSHA)
permissible exposure limit (PEL): time-weighted average
(TWA) 5 ppm (19 mgm�3) [skin].

See also: Glycerol.

Further Reading

Giri, A.K., 1997. Genetic toxicology of epichlorohydrin: a review. Mutation Research
386 (1), 25–38.

Hindsq Landin, H., Grummt, T., Laurent, C., Tates, A., 1997. Monitoring of occu-
pational exposure to epichlorohydrin by genetic effects and hemoglobin adducts.
Mutation Research 381 (2), 217–226.

Kolman, A., Chovanec, M., Osterman-Golkar, S., 2002. Genotoxic effects of
ethylene oxide, propylene oxide and epichlorohydrin in humans: update review
(1999–2001). Mutation Research 512 (2–3), 173–194.
Relevant Websites

http://www.epa.gov/iris – Integrated Risk Information System (IRIS) health assessment
information.

http://www.inchem.org – INCHEM website.
http://ntp-server.niehs.nih.gov – National Toxicology Program.
http://www.cdc.gov/niosh – The National Institute for Occupational Safety and Health

(NIOSH).

http://www.epa.gov/iris
http://www.inchem.org
http://ntp-server.niehs.nih.gov
http://www.cdc.gov/niosh


Epidemiology
SC Gad, Gad Consulting Services, Cary, NC, USA

� 2014 Elsevier Inc. All rights reserved.
Epidemiology looks at the association between adverse effects
seen in humans and a selected potential ‘cause’ of interest, such
as the use of or exposure to a chemical, disease agent, radiation,
drug, or a medical device. Epidemiology is sometimes simply
defined as the study of patterns of health in groups of people.
Behind this deceptively simple definition lies a surprisingly
diverse science, rich in concepts and methodology. For
instance, the group of people might consist of only two people,
such as the case of a father suffering from rheumatoid arthritis
and his daughter with vertigo. In both father and daughter, the
pattern of affected areas was remarkably similar, which might
suggest that the distribution of joint lesions in rheumatoid
arthritis is genetically determined. At the opposite extreme,
studies of the geographic distribution of diseases using
national mortality and cancer incidence rates have provided
clues about the etiology of several diseases, such as cardiovas-
cular disease and stomach cancer. The patterns of health
studied are also wide-ranging andmay include the distribution,
course, and spread of disease. The term disease also has a loose
definition in the context of epidemiology andmight include ill-
defined conditions, such as organic solvent syndrome and sick-
building syndrome, or consist of an indirect measure of
impairment, such as biochemical and hematological parame-
ters or lung function measurements.

Epidemiology and toxicology differ in many other ways, but
principally in that epidemiology is essentially an observational
science, in contrast to the experimental nature of toxicology.
The epidemiologist often has to make do with historical data
that have been collected for reasons that have nothing to do
with epidemiology. Nevertheless, the availability of personnel
records, such as lists of new employees and former employees,
payrolls and work rosters, and exposure monitoring data
collected for compliance purposes has enabled many epide-
miological studies to be conducted in the occupational setting.
Thus, the epidemiologist has no control over who is exposed to
an agent, the levels at which they are exposed to the agent of
interest, or the other agents to which they may be exposed. The
epidemiologist has great difficulty in ascertaining what expo-
sure has taken place and certainly has no control over lifestyle
variables, such as diet and smoking.

Despite the lack of precise data, the epidemiologist has one
major advantage over the toxicologist. An epidemiological
study documents the actual health experiences of human
beings subjected to real-life exposures in an occupational or
environmental setting. The view has been expressed that
uncertainty in epidemiology studies resulting from exposure
estimation may be equal to or less than the uncertainty asso-
ciated with extrapolation from animals to humans. Regulatory
bodies, such as the US Environmental Protection Agency (EPA)
are starting to change their attitudes toward epidemiology and
recognize that it has a role to play in the process of risk
assessment. However, there is also a complementary need for
epidemiologists to introduce more rigor into the conduct of
their studies and introduce standards akin to the Good
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Laboratory Practices standards under which animal experi-
ments are performed.
Measurement of Exposure

Epidemiologists have placed much greater emphasis on the
measure of response than on the measure of exposure. They
claim that this is because most epidemiologists have been
trained as physicians and are consequently more oriented
toward measuring health outcomes. It is certainly true that
a modern textbook of epidemiology says very little about what
the epidemiologist should do with exposure assessments.
However, this is probably as much a reflection of the historical
paucity of quantitative exposure information as a reflection on
the background of epidemiologists. Nevertheless, it is
surprising how many epidemiological studies do not contain
even a basic qualitative assessment of exposure. The contrast
between epidemiology and toxicology is never more marked
than in the area of estimation of dose response. The toxicolo-
gist can carefully control the conditions of exposure to the
agent of interest. Moreover, the toxicologist can be sure that the
test animals have not come into contact with any other toxic
agents. An industrial epidemiologist conducting a study of
workers exposed to a hepatotoxin certainly has to control for
alcohol intake and possibly for exposure to other hepatotoxins
in the work and home environments. Nevertheless, it can be
argued that epidemiological studies more accurately measure
the effect on human health of ‘real-life’ exposures.

If an exposure matrix has been constructed with quantita-
tive estimates of the exposure in each job and time period, then
it is a simple matter to estimate cumulative exposure. It is
a more difficult process when, as is common, only a qualitative
measure of exposure is available (e.g., high, medium, and low).

Even when exposure measurements are available, it may not
be sensible to make an assumption that an exposure that
occurred 20 years ago is equivalent to the same exposure
yesterday. The use of average exposures may also be ques-
tionable, and peak exposures may be more relevant in the case
of outcomes, such as asthma and chronic bronchitis. Noise is
a good example of an exposure that must be carefully charac-
terized and where the simple calculation of a cumulative
exposure may be misleading.
Study Designs

This section provides a brief introduction to the most impor-
tant types of studies conducted by epidemiologists. It is an
attempt to briefly describe the principles of the major types of
epidemiological studies to provide insight into the reporting of
epidemiological studies and the assumptions made by epide-
miologists. The next section discusses the similarities and
differences between the methodologies of toxicology and
epidemiology.
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Cohort Studies

Historical Cohort Study

When the need arises to study the health status of a group of
individuals, there is often a large body of historical data that
can be used. If sufficient information exists on individuals
exposed in the past to a potential workplace hazard, then it
may be possible to undertake a retrospective cohort study. The
historical data will have been collected for reasons that have
nothing to do with epidemiology. Nevertheless, the availability
of personnel records, such as registers of new and former
employees, payrolls, work rosters, and individuals’ career
records, has enabled many epidemiological studies to be con-
ducted, particularly mortality studies.

The principles of a historical cohort study can also be
applied to follow a cohort of workers prospectively. This
approach is discussed further in the next section, although it
should be emphasized that many historical data studies have
a prospective element insofar as they are updated after a further
follow-up period. The discussion of historical cohort studies in
this section concentrates on mortality and cancer incidence
studies. However, there is no reason why hearing loss, lung
function, or almost any measure of the health status of an
individual should not be studied retrospectively if sufficient
information is available.

Mortality and cancer incidence studies are unique among
retrospective cohort studies in that they can be conducted using
national cancer andmortality registers even if there has been no
medical surveillance of the work force. A historical cohort study
also has the advantages of being cheaper and providing esti-
mates of the potential hazard much earlier than a prospective
study. However, historical cohort studies are beset by a variety
of problems. Principal among these is the problem of deter-
mining which workers have been exposed and, if so, to what
degree? In addition, it may be difficult to decide what an
appropriate comparison group is. It should also be borne in
mind that in epidemiology, unlike animal experimentation,
random allocation is not possible and there is no control over
the factors that may distort the effects of the exposure of
interest, such as smoking and the standard of living. The
principles of historical cohort studies are described in the
following subsections.
Cohort Definition and Follow-Up Period

A variety of sources of information are used to identify workers
exposed to a particular workplace hazard, construct an occu-
pational history, and complete the collection of information
necessary for tracing (see the following). It is essential that the
cohort be well defined and that criteria for eligibility are strictly
followed. This requires that a clear statement be made about
membership of the cohort so it is easy to decide whether an
employee is a member or not. It is also important that the
follow-up period be carefully defined. For instance, it is readily
apparent that the follow-up period should not start before
exposure has occurred. Furthermore, it is uncommon for the
health effect of interest to manifest itself immediately after
exposure, and allowance for an appropriate biological induc-
tion (or latency) period may need to be made when inter-
preting the data.
Comparison Subjects

The usual comparison group for many studies is the national
population. However, it is known that there are marked
regional differences in the mortality rates for many causes of
death. Regional mortality rates exist in most industrialized
countries but have to be used with caution because they are
based on small numbers of deaths and estimated population
sizes. In some situations the local rates for certain causes may
be highly influenced by the mortality of the patients being
studied. Furthermore, it is not always easy to decide what the
most appropriate regional rate for comparison purposes is, as
many employees may reside in a different region from that in
which the plant is situated.

An alternative or additional approach is to establish
a cohort of unexposed workers for comparison purposes.
However, workers with very low exposures to the workplace
hazard often provide similar information.
Analysis and Interpretation

In a cohort study, the first stage in the analysis consists of
calculating the number of deaths expected during the follow-
up period. To calculate the expected number of deaths for the
cohort, the survival experience of the cohort is broken down
into individual years of survival, known as ‘person years.’ Each
person year is characterized by the age and sex of the cohort
member and the time period when survival occurred. The
person years are then multiplied by age-, sex-, and time period-
specific mortality rates to obtain the expected number of
deaths. The ratio between observed and expected deaths is
expressed as a standardized mortality ratio (SMR) as follows:

SMR ¼ observed deaths
100� expected deaths

Thus, an SMR of 1.25 represents an excess mortality of 25%.
An SMR can be calculated for different causes of death and for
subdivision of the person years by factors, such as the level of
exposure and time since the first exposure.

Interpretation of cohort studies is not always straightfor-
ward; there are a number of selection effects and biases that
must be considered. Cohort studies routinely report that the
mortality of active workers is less than that of the population as
a whole. It is not an unexpected finding because workers
usually have to undergo some sort of selection process to
become or remain workers. Nevertheless, this selection effect,
known as the ‘healthy worker’ effect, can lead to considerable
arguments over the interpretation of study results, particularly
if the cancer mortality is as expected but the all-cause mortality
is much lower than expected. However, even an experimental
science, such as toxicology is not without a similar problem of
interpretation, namely, the problem of distinguishing between
the effects of age and treatment on tumor incidence.
Proportional Mortality Study

There are often situations in which one has no accurate data on
the composition of a cohort but does possess a set of death
records (or cancer registrations). In these circumstances,
a proportional mortality study may sometimes be substituted
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for a cohort study. In such a mortality study, the proportions of
deaths from a specific cause among the study deaths is
compared with the proportion of deaths from that cause in
a comparison population. The results of a proportional
mortality study are expressed in an analogous way to those of
the cohort study with follow-up corresponding to the observed
deaths from a particular cause; it is possible to calculate an
expected number of deaths based on mortality rates for that
cause and all causes of death in a comparison group and the
total number of deaths in the study. The ratio between
observed and expected deaths from a certain cause is expressed
as a proportional mortality ratio (PMR) as follows:

PMR ¼ observed deaths
100� expected deaths

Thus, a PMR of 125 for a particular cause of death represents
a 25% increase in the proportion of deaths owing to that cause.
A proportional mortality study has the advantage of avoiding
the expensive and time-consuming establishment and tracing
of a cohort but the disadvantage of little or no exposure
information.
Prospective Cohort Study

Prospective cohort studies are no different in principle from
historical cohort studies in terms of scientific logic, the major
differences being timing and methodology. The study starts
with a group of apparently healthy individuals whose health
and exposure are studied over a period of time. As it is possible
to define in advance the information that is to be collected,
prospective studies are theoretically more reliable than retro-
spective studies. However, long periods of observation may be
required to obtain results.

Prospective cohort studies or longitudinal studies of
continually changing health parameters, such as lung function,
hearing loss, blood biochemistry, and hematological measure-
ments, pose different problems from those encountered in
mortality and cancer incidence studies. The relationships
between changes in the parameters of interest and exposure
measurements have to be estimated and, if necessary,
a comparison made of changes in the parameters between
groups. These relationships may be extremely complicated,
compounded by factors such as aging, and difficult to estimate
because there may be relatively few measurement points.
Furthermore, large errors of measurement in the variables may
be present because of factors, such as within-laboratory varia-
tion and temporal variation within individuals. Missing obser-
vations and withdrawals may also cause problems, particularly
if they are dependent on the level and change of the parameter of
interest. These problems may make it difficult to interpret and
judge the validity of analytical conclusions. Nevertheless,
prospective cohort studies provide the best means of measuring
changes in health parameters and relating them to exposure.
Case–Control Study

In a case–control study (also known as a case–referent study),
two groups of individuals are selected for study, of which one
has the disease whose causation is to be studied (the cases) and
the other does not (the controls). In the context of the chemical
industry, the aim of a case–control study is to evaluate the
relevance of past exposure to the development of a disease. This
is done by obtaining an indirect estimate of the rate of occur-
rence of the disease in an exposed and an unexposed group by
comparing the frequency of exposure among cases and
controls.
Principal Features

Case–control and cohort studies complement each other as
types of epidemiological study. In a case–control study, the
groups are defined on the basis of the presence or absence of
a given disease and, hence, only one disease can be studied at
a time. The case–control study compensates for this by
providing information on a wide range of exposures that may
play a role in the development of the disease. In contrast,
a cohort study generally focuses on a single exposure but can be
analyzed for multiple disease outcomes. A case–control study is
a better way of studying rare diseases because a very large cohort
would be required to demonstrate an excess of a rare disease. In
contrast, a case–control study is an inefficient way of assessing
the effect of an uncommon exposure, when it might be possible
to conduct a cohort study of all those exposed.

The complementary strengths and weaknesses of case–
control and cohort studies can be used to advantage. Increas-
ingly, mortality studies are being reported that utilize ‘nested’
case–control studies to investigate the association between the
exposures of interest and a cause of death for which an excess has
been discovered. However, case–control studies have tradition-
ally beenheld in low regard, largely because they are oftenpoorly
conducted and interpreted. There is also a tendency to over-
interpret the data and misuse statistical procedures. In addition,
there is still considerable debate among leading epidemiologists
themselves as to how controls should be selected.
Analysis and Interpretation

In a case–control study, it is possible to compare the
frequencies of exposures in the cases and controls. However,
what one is really interested in is a comparison of the
frequencies of the disease in the exposed and the unexposed.
The latter comparison is usually expressed as a relative risk
(RR), which is defined as

RR ¼ rate of diseaseðexposed groupÞ
rate of diseaseðunexposed groupÞ

It is clearly not possible to calculate the RR directly in
a case–control study because exposed and unexposed groups
have not been followed so as to determine the rates of occur-
rence of the disease in the two groups. Nevertheless, it is
possible to calculate another statistic, the odds ratio (OR),
which, if certain assumptions hold, is a good estimate of the
RR. For cases and controls, the exposure odds are simply the
odds of being exposed, and the OR is defined as

V ¼ cases with exposure ¼ controls with exposure
cases without exposure ¼ controls without exposure

An OR of 1 indicates that the rate of disease is unaffected by
exposure of workers to the agent of interest. An OR >1 indi-
cates an increase in the rate of disease in exposed workers.
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Matching

Matching is the selection of a comparison group that is, within
stated limits, identical with the study group with respect to one
or more factors (e.g., age, years of service, and smoking
history), which may distort the effect of the exposure of
interest. The matching may be done on an individual or group
basis. Although matching may be used in all types of study,
including follow-up and cross-sectional studies, it is more
widely used in case–control studies. It is common to see case–
control studies in which each case is matched to as many as
three or four controls.
Nested Case–Control Study

In a cohort study, the assessment of exposure for all cohort
members may be extremely time consuming and demanding of
resources. If an excess of incidence of death has been discovered
for a small number of conditions, it may be much more effi-
cient to conduct a case–control study to investigate the effect of
exposure. Thus, instead of all members being studied, only the
cases and a sample of noncases would be compared with regard
to exposure history. Thus, there is no need to investigate the
exposure histories of all those who are neither cases nor
controls. However, the nesting is only effective if there are
a reasonable number of cases and sufficient variation in the
exposure of the cohort members.
Other Study Designs

Descriptive Studies

There are large numbers of records in existence that document
the health of various groups of people. Mortality statistics are
available for many countries and even for certain companies.
Similarly, there is a wide range of routine morbidity statistics,
in particular, those based on cancer registrations. These health
statistics can be used to study differences between geographic
regions (e.g., maps of cancer mortality and incidence presented
at a recent symposium), occupational groups, and time
periods. Investigations based on existing records of the distri-
bution of the disease and of possible causes are known as
descriptive studies. It is sometimes possible to identify hazards
associated with the development of rare conditions from
observation of clustering in occupational or geographical areas.
Cross-Sectional Study

Cross-sectional studies measure the cause (exposure) and the
effect (disease) at the same point in time. They compare the
rates of diseases or symptoms of an exposed group with an
unexposed group. Strictly speaking, the exposure information
is ascertained simultaneously with the disease information. In
practice, such studies are usually more meaningful from an
etiological or causal point of view if the exposure assessment
reflects past exposures. Current information is often all that is
available but may still be meaningful because of the correlation
between current exposure and relevant past exposure.

Cross-sectional studies are widely used to study the health of
groups of workers who are exposed to possible hazards but do
not undergo regular surveillance. They are particularly suited to
the study of subclinical parameters, such as blood biochemistry
and hematological values. Cross-sectional studies are also rela-
tively straightforward to conduct in comparison with prospec-
tive cohort studies and are generally simpler to interpret.
Intervention Study

Not all epidemiology is observational, and experimental
studies have a role to play in evaluating the efficiency of an
intervention program to prevent disease (e.g., fluoridation of
water). An intervention study at one extreme may closely
resemble a clinical trial with individuals randomly selected to
receive some form of intervention (e.g., advice on reducing
cholesterol levels). However, in some instances it may be
a whole community that is selected to form the intervention
group. The selection may or may not be random.
Veterinary Epidemiology

Humans are in close association with their pets and other
animals (e.g., local wildlife and animals on a farm). Veterinary
epidemiology, like human epidemiology, looks at the associ-
ation between adverse effects and a selected potential ‘cause’ of
interest, such as exposure to a chemical or a disease agent. For
example, veterinary epidemiology can play a key role in
emerging and global disease outbreaks, helping in the under-
standing and prevention of infections and other emerging
diseases, including those transmitted from an animal to other
animals, and those possibly transmitted from animals to
humans. An example of a veterinary epidemiological study was
one investigating the transmission of Salmonella typhimurium
from cattle that had received no growth-promoting antibiotics
to humans who had direct contact with the sick animals.
Another example is severe acute respiratory syndrome (SARS).
In the investigation of the origins of the SARS outbreak in
China, viruses associated with SARS were isolated from
Himalayan palm civets found in a live-animal market in
Guangdong, China, and evidence of virus infection was also
detected in other animals and humans working at the same
market. The detection of these viruses in small, live wild
mammals in a retail market helped identify at least one means
of the interspecies transmission; that is, infected animals sold
in that market to human customers.
Meta-Analysis

The pooling of data from smaller studies to increase potential
power of clinical and epidemiological studies has become
popular in the last 10 years. Care must be taken, however, to
ensure that all studies for which the data are pooled are
adequately comparable.
Conclusion

Epidemiological studies can be the most powerful and
persuasive tools for establishing the hazards associated with
chemical exposures or personal actions (e.g., cigarette
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smoking). However, because of all the factors discussed
previously, such studies also tend to be somewhat insensitive.
Unless one can clearly establish the symptoms and signs of
a disease for which there is a causal connection, such studies
lose the desired specificity.

See also: Analytical Toxicology; Carcinogen Classification
Schemes; Carcinogenesis; International Agency for Research
on Cancer; Medical Surveillance; National Institute for
Occupational Safety and Health.
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Background

An individual’s DNA sequence is essentially a ‘map’ of one’s
genes, and provides useful information regarding particular
alleles, and various genetic possibilities. Sequence data can
identify particular mutant variants genes that play a role in
disease, or what someone’s eye color is likely to be. However,
just as a driver’s route through a town cannot be traced simply
by looking at a copy of the town’s map, DNA sequence alone
does not provide a complete picture of which of the possible
genes are expressed, and to what degree. And that is where
epigenetics comes in – this field of research investigates how
the expression of particular genes is controlled. Epigenetic
studies can help to explain why one identical twin can be
schizophrenic while the other is not, how tissue-specific
patterns of gene expression are controlled throughout devel-
opment, and how genes can become up or down regulated in
a manner that encourages or protects against carcinogenesis.

In 1942, C. H. Waddington defined the field of epigenetics
as, “the branch of biology which studies the causal interactions
between genes and their products which bring the phenotype
into being.” Although the field of epigenetics remained rather
dormant for the next several decades as our knowledge of
genetics expanded, and the DNA sequence was determined, it is
interesting that on a general level the importance of epigenetics
has long been recognized. In recent years in particular, it has
became evident that there is more to how genes are expressed
than simply the sequence. The field of epigenetics has recently
experienced a surge in interest and research. Now that the DNA
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‘map’ has been deciphered, epigenetics is taking center stage to
define the factors involved with exactly how that map is
followed.

The current working definition of epigenetics is the study of
non-genotoxic, reversible, heritable, genetic mechanisms by
which a gene’s phenotype is altered without changing the
underlying DNA sequence. The two best understood epigenetic
mechanisms are currently DNA methylation and histone
modifications (particularly histone acetylation and methyla-
tion). Recent studies have investigated the importance of
MicroRNAs and RNA methylation in epigenetics, which will
likely open whole new subfield of investigation.
Epigenetic Mechanisms

DNA methyltransferases mediate the addition of methyl
groups from the 1-carbon metabolic pathway to DNA. In
eutherian mammals, DNA methylation occurs at the 50 site of
the cytosine base of DNA, predominantly at the cytosine–
phosphate–guanine (CpG) dinucleotide. The CpG dinucleo-
tide is under-represented in most of the genome, with the
exception of CpG islands, which are stretches of DNA about
200 bp or longer, found in the promoter region of about 60%
of mammalian genes. Methylation of CpG islands is associated
with decreased levels of gene transcription, either because
transcription factors are directly blocked or by recruiting CpG
binding proteins (such as MeCP2) that then block transcription
factor binding (see Figure 1).
High levels of transcription

Low levels of transcription

ated cytosine

lcytosine binding protein

can inhibit levels of gene transcription either by directly or indirectly
nscribed as the promoter region, has a low level of DNA methylation, and
inhibited due to direct steric interference of transcription factor binding or
n here) inhibits binding.
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Histone modifications alter the structure of the chromatin
in a manner that facilitates or impedes transcription. In the
euchromatin conformation, DNA is more loosely wrapped
around histones, so that RNA polymerase and various tran-
scriptional factors can easily bind, and conditions for tran-
scription are favorable. In contrast, in the heterochromatin
conformation, the DNA is tightly wound around the histones
and transcriptionally repressed. Histone conformation can be
altered by histone acetylation and histone methylation. When
the lysine residues of amino terminal histone tails are acety-
lated, the positive charge on the lysine is reduced, thereby
decreasing the affinity of the histones for negatively charged
DNA, encouraging euchromatin. Histone methylation adds
one to three methyl groups to lysine or arginine residues of the
histone amino terminal tails. The effect may be to enhance or
suppress levels of transcription of the surrounding DNA,
depending on the location (see Figure 2).
Normal Biological Processes Mediated by Epigenetics

Development

The epigenome undergoes pronounced changes during devel-
opment. Prior to fertilization, genes possess sex-specific epige-
netic marks, with sperm somewhat more heavily methylated
than the oocyte. Soon after fertilization, the epigenome begins
reprogramming for the next generation – the paternal genome
is actively demethylated by demethylase enzymes prior to the
first cellular division, while the maternal genome is passively
demethylated (through a lack of maintenance methylation as
cells proliferate). The wave of demethylation is thought to be
complete prior to implantation, and allows for the existence of
inner cell mass cells with a pluripotent status, as few genes are
silenced. Following implantation, de novo methylation begins,
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as cells become more differentiated and tissue-specific patterns
of gene expression are established. X-inactivation, the process
whereby one of the X chromosomes each cell of a female
mammal is silenced, is mediated by DNA methylation and/or
histone conformation. During development, one of the X
chromosomes in a cell is randomly silenced by epigenetic
marks. The descendents of that cell then express only one copy
of the X chromosome. This underlies the appearance of calico
cats, which are almost exclusively female – the black and
orange patches signify where different X chromosome alleles
black or orange fur are expressed (see Figure 3).

However, there are some regions which appear to be exempt
from the waves of demethylation and methylation occurring
during development. Epigenetic marks controlling the expres-
sion of imprinted genes (genes that are expressed in a maternal
or paternal-specific fashion), as well those located within
certain transposable elements are thought to remain relatively
static through development. Transposable elements are typi-
cally silenced by epigenetic marks, which are thought to
maintain genomic integrity by prohibiting the expression of
moveable genetic elements. These remaining epigenetic marks
are of particular interest, as these are thought to be what makes
transgenerational inheritance possible.
Imprinting

Imprinted genes are expressed in non-Mendelian, maternal or
paternal-specific fashion. In general, paternally expressed
imprinted genes are growth-promoting (potentially at the
expense of maternal resources), while maternally expressed
imprinted genes are growth-inhibiting (conserving resources
for the mother and subsequent offspring), so these genes
effectively represent a parental tug of war on available
resources. Epigenetic marks underlie how allele-specific
Ac
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ormation plays a key role in regulating the level of transcription. As shown
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Figure 3 X-Inactivation and the calico cat. The orange and black patches
on this female calico cat result from the epigenetic X-inactivation of black
or orange coat color genes during early development, followed by
differentiation of those cells with the orange or black or coat phenotype.
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expression is accomplished, and often these marks establish
allele-specific transcription in more complex fashion than
simply varying the methylation status at the promoter region of
a gene. Igf2 (insulin-like growth factor 2) is a classic example of
an imprinted gene that is paternally expressed. DNA methyla-
tion at an imprint control region (ICR) on the paternal allele
blocks the binding of the vertebrate enhancer blocking protein
(CTCF), which would otherwise inhibit access of an enhancer
protein to the Igf2 promoter region. On the maternal allele, the
ICR DNA is not methylated, so CTCF binds and blocks access of
enhancer proteins to the Igf2 promoter regions.

The expression of imprinted genes is functionally designed
to be haploid, negating the protection usually in place from
diploid gene expression. Perhaps because of this, a loss of
imprinting has been linked with certain diseases. For instance,
abnormal Igf2 imprinting (typically Igf2 overexpression) is
associated with various types of cancers (including breast,
hepatoblastoma, lung, cervical, rhabdomyosarcoma, chorio-
carcinoma, and testicular). In addition, 25–50% of patients
with Beckwith–Wiedemann Syndrome (BWS) have been found
to have aberrant biallelic expression of Igf2.
Disorders Associated with Aberrant Epigenetics

Cancer

Cancer originates from abnormal patterns of gene expression,
which may result from genotoxic or non-genotoxic
phenomena. Aberrant epigenetic marks, associated with
changes in gene transcription and subsequently gene expres-
sion, are frequently seen in neoplastic and pre-neoplastic
tissue. Four common mechanisms by which aberrant epige-
netics can contribute to carcinogenesis are (1) decreased
expression of tumor suppressor genes due to increased DNA
methylation and/or heterochromatin at the promoter regions
of genes, (2) increased expression of transposable elements or
oncogenes that compromise genetic integrity due to decreased
DNA methylation and/or euchromatin, (3) alterations to
normal patterns of gene imprinting, and/or (4) an increase in
cytosine-to-thymine transitions secondary to increased inci-
dence of deamination of 5-methylcytosine to thymine
compared to unmethylated cytosine. Neoplastic lesions are
typically characterized by a decrease in overall levels of gene
expression (including all CpG sites), with regional DNA
methylation increases with histone acetylation decreases at
CpG islands. Epigenetic silencing of the tumor suppressors
such as p16, E-cadherin, O6-methylguanine methyltransferase
by increased DNA methylation and/or histone deacetylation
has been reported in various cancers. The reason for why
epigenetic marks undergo opposing changes at different
regions throughout the genome is poorly understood, but may
be associated with sequence-specific activity of methyl-
transferases and/or histone modifying enzymes.

Studies have shown that in mice, tumor susceptibility is
inversely related to the ability to maintain normal patterns of
DNA methylation. Despite receiving the same diet, C3H/He
mice have been shown to be more susceptible to the tumor-
promoting activity of phenobarbital compared to C57/BL6
mice. When the DNA methylation patterns were assessed
following treatment with a non-overtly toxic dose of pheno-
barbital, the tumor-sensitive C3H/H3 mice were observed with
lower levels of global DNA methylation, but higher levels of
CpG island specific DNA methylation compared to the C57/
BL6 mice.

Epigenetic mechanisms may be particularly important
during the promotion stage of the initiation–promotion–
progression model of cancer. In this model, initiation involves
an irreversible, heritable alteration to a cell that confers a grown
advantage over the surrounding cells. The promotion stage,
defined in part by its reversible nature, provides a favorable
environment for the initiated cell to clonally expand. Epige-
netic changes can easily accomplish this by decreasing tumor
suppressor expression, leading up to progression, which is
defined bymalignant conversion. The reversibility of epigenetic
effects was illustrated in studies with SENCAR (sensitive to
mouse carcinogenesis) mice initiated by DMBA (dime-
thylbenzanthracene) and promoted with varying doses of
cigarette smoke condensate (CSC). Dose and time-dependent
increases in DNA methylation at CpG-rich regions were
observed. However, when the CSC was withdrawn for 6 weeks,
levels of DNA methylation at these regions were decreased,
suggesting that without the promotion agent, the epigenetic
mechanism reversed.
Developmental Disorders

Epigenetic abnormalities are also involved in certain neuro-
logical/developmental disorders including Rett syndrome,
Prader–Willi Syndrome (PWS), Angelman Sydrome (AS), and
BWS. Rett syndrome is an X-linked form of mental retardation
that mainly affects females and is linked to mutations in the
methylcytosine binding protein MeCP2. Interestingly, MeCP2
expression is also reduced in autistic patients compared to
neurotypicals. PWS and AS, both associated with significant
mental and development deficits, are associated with alter-
ations in a region of DNA where several imprinted genes are
clustered. PWS is associated with deletions within this region
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on the paternal allele, and AS is associated with microdeletions
on the maternal allele. As previously touched upon, BWS,
characterized by developmental growth disorders and an
increased risk of Wilms tumor, is frequently associated with an
increase in Igf2 expression due to alterations to normal patterns
of imprinting.
Epigenetics and Nutrition

For DNA methylation in particular, there is a distinct link to
nutrition. Several components of the 1-carbon metabolic
pathway (presented in Figure 4), including choline, methio-
nine, zinc, B12, betaine, and folic acid are predominantly
obtained through the diet, particularly leafy green vegetables,
eggs, and meats. Deficiencies in these nutrients can lead to
health problems, perhaps in part due to alterations in normal
patterns of DNA methylation and subsequent DNA expression
changes. A choline- and/or methionine-deficient diet is linked
to global hypomethylation of liver DNA and an increase in
spontaneous hepatocarcinoma, perhaps due to the increased
expression of transposable elements and/or oncogenes that are
typically silenced. Similarly, folic acid deficiency has been
associated with increased colon cancer risk. Although there are
fewer studies addressing the impact of too many methyl donor
nutrients on health, there have been epidemiological reports
indicating that women who consume �400 mg day�1 have
a 20% or more increase in breast cancer risk compared to
unsupplemented women.
Twin Studies

Studies on monozygous twins provide a unique opportunity to
determine the effect of sequence versus epigenetics. In an
investigation of twin pairs ranging from 3 to 74 years of age,
methylcytosine content, acetylation of histones H3 and H4,
and lymphocyte gene expression patterns were most similar in
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Figure 4 The 1-carbon metabolic cycle and DNA methylation. Components
younger versus older twin pairs, indicating that epigenetic
marks develop and are maintained over time. Very recent twin
studies at the Institute of Psychiatry at King’s College have
investigated the potential role of epigenetics on behavior using
monozygotic twins in which one twin suffered from schizo-
phrenia or bipolar disorder, and the other did not. Investigators
found that the ST6GALNAC1 gene, a gene previously linked
with schizophrenia, was significantly more hypomethylated,
and thus, more prone to be expressed, in the twins with
psychiatric disorders compared to those that did not suffer
from these disorders.
Transgenerational Epigenetics

Likely the most attention-grabbing topic within epigenetics
pertains to transgenerational inheritance. Although it is true
that a good deal of the epigenetic marks of the parents are
erased early in development, there are imprint control areas
and transposable element at which the parental epigenetic
mark is not erased. Mice fed a diet with supplemental methyl
group donor nutrients or genistein during gestation gave birth
to offspring with a more methylation at the transposable
element governing the expression of the coat color. The
methylation patterns remained in the mice through adulthood,
despite receiving an unsupplemented diet postweaning. The F1
and F2 generations of rats fed a protein restricted diet during
gestation exhibited a hypomethylated glucocorticoid receptor,
the expression of which has been associated with stress and
anxiety. Exposure of pregnant rats to vinclozolin or methoxy-
chlor has been associated with decreased spermatogenic
capacity in the F1–F4 generations and altered DNA methyla-
tion patterns in the germ line. Most recently, it has been shown
that 15-day-old rats exposed to novel objects, social interac-
tions, and voluntary exercise demonstrated an increased in
long-term potentiation, which was also seen in their future
offspring through early adolescence, even if the offspring were
never exposed to a similarly enriched environment.
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In the human, epigenetic changes are thought to underlie
the health of the offspring of people living through times of
famine as well as times of food overabundance. From 1944
through 1945, daily rations provided to the Dutch in German
occupied Netherlands ranged from 500 to 1000 kcal. In
comparison to siblings conceived after the famine, individuals
conceived during the famine had reduced glucose tolerance,
hypercholesterolemia, increased blood pressure, and increased
rates of obesity as adults. An overabundance of food may also
have untoward transgenerational effects. Studies in Norrbotten,
Sweden, a remote area characterized by drastic periods of food
scarcity and overabundance, have shown that an over-
abundance of food from ages 9 to 12 (a slow growth period in
humans) is associated with a decrease in longevity and
increased diabetes risk in male children and male grand-
children. In contrast, the grandsons of people with a scarcity of
food during this age range had a decreased risk of cardiovas-
cular disease and diabetes. When these phenomena are better
characterized and understood, this may allow us to fine-tune
nutritional recommendations to reduce the risk of various
diseases for future generations. For the time being, this infor-
mation may at least provide some insight into the long-term
implications of dietary choices.
Chemically Modified Changes in DNA Methylation

Other than methyl group donor nutrients, there are several
other xenobiotics that have been shown to alter the epigenome.
Drugs designed specifically to alter epigenetic marks for ther-
apeutic purposes are slowly gaining ground (see Table 1). 5-
Azacytidine (azacitidine) incorporates into DNA or RNA and
irreversibly binds methyltransferase, and is a useful chemo-
therapeutic for myelodysplastic syndromes and has been in
clinical trials for acute myeloid leukemia. A similar drug, 4-aza-
2-deoxycytidine (decitabine), which incorporates into DNA
only and inhibits methyltransferase, has been shown to extend
the life span of patients with myelodysplastic syndromes from
15 to 24 months. Suberoylanilide hydroxamic acid (vorino-
stat) is a histone deacetylase inhibitor, which has been FDA
approved to treat patients with cutaneous T-cell lymphoma. 2-
Chloro-20deoxyadenosine (cladribine), which was synthesized
Table 1 Chemicals shown to alter epigenetic mechanisms

Chemical Association with altered epigen

Bisphenol A Dietary bisphenol A is associa
A particle of the rodent

Chromium Associated with increased DN
Cigarette smoke condensate Linked to increases DNA meth
Nickel Associated with increased DN
Phenobarbital Associated with decreased glo

regions
Soy products (genistein, soy protein

isolate, lunasin)
Associated with increased me

during gestation
Associated with decreased DN

Trichloroethylene, dichloroacetic acid,
trichloroacetic acid

At high doses, these chemical

Valproic acid Associated with a decrease in
Vinclozolin Associated with transgeneratio
as a purine analog drug that inhibited adenosine deaminase
and which has been used to treat hairy cell leukemia, has been
shown to influence epigenetic marks, inhibiting S-adeno-
sylhomocysteine hydrolase and subsequently DNA methyla-
tion. This may in part underlie the efficacy of this drug, which
has recently shown promise for multiple sclerosis, hematologic
malignancies, and autoimmune conditions.

On the other hand, for many chemicals, there has been
a link made between drug exposure and epigenetic change, but
the precise mechanism underlying this change is poorly
understood (see listing in Table 2). This is the case for vin-
clozolin, which increases DNA methylation, and for bisphenol
A, which has been shown to decrease DNA methylation at the
murine intracisternal A particle. Other chemicals found to alter
epigenetic marks for unknown reasons include chromium,
nickel, CSC, phenobarbital, tricholoroethylene, dichloroacetic
acid, and trichloroacetic acid.
The Future of Epigenetics

Future work in epigenetics can improve several dimensions of
human health. For instance, an enhanced understanding of
early epigenetic changes in the promotion stage of carcino-
genesis may help develop early screens to test for the risk of
developing cancer prior to metastasis. In the same vein, animal
or in vitro experimental models that can help predict how
a xenobiotic may influence the epigenome could potentially
screen for compounds that would be expected to influence gene
expression patterns, in harmful or helpful ways. Pharmaceuti-
cals targeting epigenetic mechanisms to treat various disease
states are expected to be more prevalent in the next couple
decades. Furthermore, mapping of the human epigenome is
currently underway. The NIH has launched the Roadmap Epi-
genomics Project which aims to publish the epigenetic blue-
print of the genome so that researchers will soon have an
additional resource with which the role of epigenetics in
human health can be further investigated. And now that it is
well established that gestational and childhood diets can
influence future generations, investigation into the ideal
amounts of micronutrients and calories during these sensitive
times can help preserve the health of future generations.
etic mark(s)

ted with a decrease in the amount of DNA methylation in the intracisternal

A methylation and condensed chromatin conformation
ylation at CpG-rich regions
A methylation and condensed chromatin conformation
bal DNA methylation status, but increased DNA methylation at CpG-rich

thylation status at intracisternal A products when administered to mice

A methylation status in the promoter regions of tumor suppressor genes
s reduce DNA methylation of oncogenes, increasing their expression
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Table 2 Drugs targeting epigenetic mechanisms

Chemical name (CAS) Market name Mechanism Disease targets

4-Aza-2-deoxycytidine Decitabine Purine analog that integrates into DNA and
irreversibly binds (and thereby inactivates)
methyltransferase

Myelodysplastic syndromes

5-Azacytidine Azacytidine Purine analog that integrates into DNA and
RNA and irreversibly binds (and thereby
inactivates) methyltransferase

Myelodysplastic syndromes; under
investigation for acute myeloid
leukemia that is resistant to other
therapies

2-Chloro-20deoxyadenosine Cladribine Purine analog that inhibits an enzyme in the
1-carbon metabolic cycle, thereby
decreasing DNA methylation

Multiple sclerosis; hairy cell leukemia

Suberoxylanilide hydroxamic acid Vorinostat Histone deacetylase inhibitor Cutaneous T-cell lymphoma
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In conclusion, recent epigenetic research has demonstrated
that we are not simply passive recipients of our genes; we and
much more in control of our genetic future, as well the futures
of our children and grandchildren, than has previously been
appreciated.

See also: Carcinogenesis; Developmental Toxicology.
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l Name: Ergot
l Chemical Abstracts Service Registry Number: 12126-57-7
l Synonyms: Bromocriptine, Dihydroergocornine, Dihy-

droergocristine, Dihydroergosine, Dihydroergotamine,
Dihydroergotaxime, Ergobasine, Ergocornine, Ergocristine,
Ergocryptine, Ergometrine, Ergonovine, Ergosine, Ergota-
mine, Ergotamine tartrate, Ergotaxime, Lergotrile, Lisuride,
Lysergol, Metergoline, Methylergonovine, Methysergide
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Background

The ergot alkaloids are found within the sclerotium of the
fungus Claviceps purpurea. The sclerotium is the hard tuberlike
resting stage of this fungus and is a dark gray, purple, or black
cylindrical structure measuring 1.5 cm in length and 0.5 cm in
width. Claviceps purpurea may be found on a number of
different grains, with rye contamination most often reported.
A cold winter followed by a wet spring favors germination. If
the sclerotia are not removed from contaminated grain by
beating or sieving, humans or animals may accidentally ingest
them.

The earliest documented case of ergotism occurred in AD
857 in the Rhine Valley. The symptoms were called ‘Holy Fire’
because of the burning sensation in the extremities and the
belief that it was a punishment from God. It later became
known in the Middle Ages as St. Anthony’s Fire after the monks
of St. Anthony’s order began providing treatment with some
success. The cause remained unknown and widespread
epidemic of ergotism continued to erupt every 5 to 10 years for
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00726-0

http://dx.doi.org/10.1016/B978-0-12-386454-3.00726-0


Ergot 445
several millennia. However, in 1670, a French physician
proposed that the symptoms of St. Anthony’s Fire were due to
the consumption of ergot-infected rye. With this discovery,
harvesting methods became more adept at removing the scle-
rotia of C. purpurea. While ergotism has since become rare,
recent outbreaks have occurred in Germany (1879–81), Russia
(1926–27), and Ethiopia (1977–78).
Uses

Ergot was used as early as the sixteenth century to strengthen
uterine contractions. Currently, ergotamine tartrate is
combined with caffeine and administered to relieve migraine
headaches. Ergonovine has been used to treat postpartum
hemorrhage. Derivatives of ergots are used to manage amen-
orrhea and as an adjunct in the treatment of Parkinson’s
disease. Hydrogenated ergot alkaloids have been used for
symptoms of idiopathic mental decline in elderly patients, but
have also been linked to an increased risk of leaky heart valves.
Environmental Fate and Behavior

Certain ergot alkaloids are not heat stable and exposure to high
temperatures such as in baking bread will reduce concentra-
tions significantly. Inactive ergot alkaloids are more resistant to
heat and may survive processing. Prior to preparation, milling
of the grain will remove the sclerotia as well so that most
prepared foods have very low levels of ergot alkaloids.
Physicochemical Properties

Ergot alkaloids include over 40 different specific chemicals
found in the fungus C. purpurea. Ergotamine, a representative
alkaloid, is a solid compound with a melting point of 213.5 �C.
It is slightly soluble in water. The log P of ergotamine is 2 and
it has a refractivity of 160.17 and polarizability of 61.69.
Exposure Pathways

Historically, exposure occurred by consumption of contami-
nated grain, especially rye flour. Acute poisonings in humans
are rare and generally associated with overdosage of ergota-
mine tartrate medication. Poisoning by ergot-containing
mixtures has been associated with attempts to induce abor-
tion. Animal poisonings result from consumption of contam-
inated pasture grasses and grains. The last diagnosed human
fatalities associated with consumption of ergot-containing
grains occurred in Ethiopia in 1977–78.
Toxicokinetics

The degree of oral absorption of ergots varies depending on the
specific agent. For example, ergotamine is poorly absorbed
orally and a considerable amount is eliminated by first-pass
metabolism in the liver. On the other hand, ergonovine is
rapidly and more completely absorbed following ingestion.
Suppositories increase ergotamine bioavailability nearly 20
times that of ingested doses. Peak plasma levels are reached
within 2 h. Symptoms typically appear within 4 h after intake.
The volume of distribution is estimated to be 2 l kg�1. Ergots
are primarily metabolized by the liver and 90% of metabolites
are eliminated in the bile. The elimination half-life varies
depending on which ergot is ingested: ergotamine’s half-life is
3 h whereas dihydroergotamine’s half-life is 13 h. However,
these elimination half-life values were determined at thera-
peutic doses. In overdose, the half-life of these agents would
be expected to prolong.
Mechanism of Toxicity

The pharmacological mechanisms associated with ergot toxicity
are complex and have not been fully delineated. Ergotamine
interacts with serotonergic, dopaminergic, and a-adrenergic
receptors. In the central nervous system, ergots have a sympa-
tholytic effect. They also stimulate serotonergic receptors, which
contributes to its hallucinogenic activity. Peripherally, ergots act
as a-adrenergic agonists resulting in peripheral vasospasm. The
vasoconstrictive action of ergots can produce widespread arterial
spasm. Endothelial injury associated with arterial spasm may
cause local thrombosis and subsequent gangrene.
Acute and Short-Term Toxicity

Human

Acute early symptoms of toxicity include nausea, vomiting,
diarrhea, skin paresthesias, and chest pain. Headache, fixed
miosis, hallucinations, delirium, hemiplegia, and convulsions
may occur. Historically, ‘ergotism’was divided into gangrenous
and convulsive ergotisms. St. Anthony’s Fire was one descrip-
tive name given to ergotism in Europe during the Middle Ages
due to the burning pain of the extremities associated with ergot
toxicity. Peripheral ischemia most commonly manifests in the
lower extremities, although ischemia of cerebral, mesenteric,
coronary, and renal vascular beds may also occur. Legs may
become pulseless, pale, and cyanotic. Hemorrhagic vesicula-
tions, pruritus, and gangrene can occur.
Animal

Acute early symptoms of toxicity include vomiting, colic, and
diarrhea followed by muscular trembling, discoordination,
convulsions, and painful muscle contractions. Hyperexcit-
ability, belligerence, and ataxiamay also beobserved. Peripheral
vasoconstriction, particularly of the hind limbs, forelimbs, and
tail, can produce hemorrhagic vesiculations that may progress
to gangrene. Ergot-induced embryotoxicity has been reported
with associated fetal malformations and growth retardation.
Ergotismmay also result inmiscarriages. Stillbirths and reduced
pregnancy rate occur in animals exposed to ergot. The LD50 of
ergotamine for intravenous administration in amousemodel is
265 mg kg�1. The oral LD50 for ergotamine in a mouse model
is 3200 mg kg�1. The LD50 varies substantially by route of
administration aswell as by specific alkaloid andanimal species.
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Chronic Toxicity

Human

The highest rate of ergot alkaloid exposure occurs in toddlers
through dietary intake. Toddlers have the highest rate of food
ingestion per kg and thus higher rates of ergot alkaloid expo-
sure. Exposure is 0.173–0.335 mcg kg�1 day�1 for toddlers
(95th percentile). Toxicity varies depending upon the amount
and persistence of exposure. Human exposure is significantly
less than most animal exposure.
Animal

Reduced prolactin secretion and subsequent agalactia can occur
in animals chronically exposed to ergot alkaloids. In poultry
fed with a continuous diet of ergot, 300 mg kg�1 day�1, poor
feathering as well as gangrenous lesions developed on the feet.
Food and water intake decreased substantially in particular as
the ambient temperature increased. Egg production drops
dramatically due to feed intake decrease as well as hormonal
and endocrine effects including the reduction in prolactin
secretion and reductions in concentrations of circulating
gonadotropins.
Immunotoxicity

Natural ergot alkaloids (ergopeptines) exert an inhibitory effect
on antibody response while synthetic compounds derived from
lysergic acid do not.
Genotoxicity

Most studies of genotoxicity involving ergot alkaloids have
been carried out using ergotamine. In a study on mutagenicity
of ergotamine tartrate in Salmonella typhimurium, ergotamine
was not found to be mutagenic. Ergotamine was not found to
be mutagenic in mouse lymphoma cells either. Ergotamine and
ergometrine are inducers of sister chromatid exchange in
hamster ovary cells.
Reproductive Toxicity

Reproductive toxicity from ergot exposure includes abortion,
high neonatal mortality, reduced lactation, and reductions
in circulating gonadotropins. Ergot-induced embryotoxicity is
also associated with fetal malformations and growth retarda-
tion. In a study involving injection of ergocornine in rats, 1 mg
injected subcutaneously inhibited ovulation.
Carcinogenicity

In a study involving the feeding of crude ergot to rats over
a 2-year period, a high incidence of neurofibromas was
observed on the ears. The neurofibromas regressed when the
ergot administration was stopped and resumed when it was
reintroduced in the diet. No long-term exposure studies for
specific ergot alkaloids (i.e., ergotamine, ergocorinine, ergo-
cryptine, ergometrine, or ergosine) are available.
Clinical Management

Acute poisoning may be treated with decontamination using
oral activated charcoal. Arterial spasms may be relieved
by administration of vasodilators, such as nitroprusside,
nitroglycerin, and phentolamine. Benzodiazepines should be
administered to halt seizures and may be used to alleviate
agitation associated with hallucinations. Anticoagulants such
as heparin may be administered in cases of extreme vasocon-
striction. Reaction to the ergot alkaloids is highly variable and
clinical progress should be monitored carefully.
Exposure Standards and Guidelines

Due to the deleterious effects of ergot and ergot alkaloid
exposure to animals, some countries have set exposure limits
for these substances in food or feed. In the USA the tolerance
level for ergot in grain is 0.3% crude ergot alkaloid. Levels of
0.1% ergot in feeds may have deleterious effects on livestock,
and the effects, in the UK standards, are lower at 0.001% ergot
by weight for the feed grain; however, tolerance was not found
at any level of ergot in other grains.

In a rat model of ergotamine exposure and toxicity the
no-observed-effect-level was 4 mg kg�1 ergotamine in the diet,
which was equal to 0.3 mg kg�1 by weight per day of ergota-
mine for the rats. In ruminants a no-observed-effect-level has
not been determined; however, it is thought that levels below
9 mcg kg�1 by weight per day are not concerning.
See also: Poisoning Emergencies in Humans.
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l Chemical Name: Erionite refers to a group of minerals:
erionite-Ca, erionite-K, and erionite-Na

l Chemical Abstracts Service Registry Numbers: 66733-21-9;
12510-42-8

l Synonyms: Erionite-Ca; Erionite-Na; Erionite-K
l Classifications: Erionite-Ca: International Mineralogy

Association (IMA) status, approved; Strunz ID, 8/J.26-94.
Erionite-Na: IMA status, approved; Strunz ID, 8/J.26-90.
Erionite-K: IMA status, approved; Strunz ID, 8/J.26-92
where 8¼silicates, J¼tectosilicates, 26¼zeolite group,
Wilhendersonite–Chabazite–Perlialite series

l Chemical Properties: The chemical composition of erio-
nite is approximately represented by the molecular
formula Al2O18Si71/2Ca7H2O1/2Na, AlCa30H2OKNaO5-

Si2O, AlCa30H2OKNaO5Si2O. Erionite has a hexagonal,
cage-like structure composed of a framework of linked
(Si,Al)O4 tetrahedra. It consists of white prismatic crystals in
radiating groups of crystal fiber. Erionite absorbs up to 20%
of its weight in water, has a specific gravity of 2.02–2.13,
and has gas absorption, ion exchange, and catalytic prop-
erties that are highly selective and depend on the molecular
size of the absorbed compounds. Zeolites, in general, have
good thermal stability, rehydration kinetics, and water
vapor adsorption capacity.

l Chemical Formulas: Erionite-Ca (composition of the type
specimen is from Maze, Niigita Prefecture, Japan),
(Ca2.28K1.54Na0.95Mg0.86)Al8.83Si26.90O72$31.35H2O (Mg
>0.80). Erionite-Na (composition of the type specimen
is from Cady Mountains, CA, USA), (Na5.59K2

Ca0.11Mg0.18Fe
2þ

0.02)Al7.57Si28.27O72$24.60H2O. Erionite-K
(composition of the type specimen is from Ortenberg,
Germany), (K3.32Na2.31Ca0.99Mg0.06Ba0.02)Al8.05Si28.01
O72$31.99H2O

l Chemical Structure:
Relationship to Other Species

Belbergite, chabazite-Ca, chabazite-K, chabazite-Na, chabazite-
Sr, gmelinite-Ca, gmelinite-K, gmelinite-Na, levyne-Ca, levyne-
Na, mazzite, offretite, perlialite, tschernichite, wilhendersonite,
and other erionite species.
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Analcime, chabazite, clinoptilolite, heulandite, mordenite,
phillipsite, offretite, levyne, smectite, cristobalite, quartz,
opal, pyrite, thenardite, celandonite, herschelite, calcite, dolo-
mite, halite, gypsum, amicite, ammonioleucite, cowlesite,
dachiardite, edingtonite, boggsite, goosecreekite, faujasite,
harmotome, chiavennite, epistilbite, gaultite.
Erionite Characterization Rules

The toxicity of the mineral is such that quantitative character-
ization of erionite is extremely important. Samples should be
characterized by using one or more of the following tech-
niques: (1) powder X-ray diffraction, (2) electron probe
microanalysis or inductively coupled plasma-mass spectros-
copy, (3) scanning electron microscopy equipped with wave-
length dispersive spectroscopy (WDS) and/or energy dispersive
spectroscopy (EDS), (4) transmission electron microscopy
equipped with WDS and/or EDS and selected area electron
diffraction, and (5) similar or better analytical techniques.

The crystal chemistry of erionites should be computed
based on the guidelines of the IMA Zeolite Report of 1997.
The reliability of the crystal chemistries of these erionites
should be evaluated using the new modified E% formula,
E¼ [(Alþ Fe3þ)� (Naþ K)þ 2(CaþMg)]/(Naþ K)þ 2(Ca
þMg)]� 100. The results of chemical analyses of erionite
are only considered to be reliable if the balance error (E%)
is within �10%.

In the crystal structure of erionite, Mg cations can be present
up to 0.8 atom per cell. Siþ Al (þFe3þ) should be approxi-
mately equal to 36 atoms based on 72 oxygen atoms in the
erionite formula, although the Si/Al ratio alone cannot be used
for identification.

Erionite specimens were often incompletely or incorrectly
characterized throwing doubt on the results of the work. Such
experiments should only be performed with erionite minerals
that have passed the quantitative characterization tests (both E
% and Mg content) and the type of erionite (-Ca, -Na, -K) must
be identified properly. Failure to do so makes the results of the
experiments problematic. Correct identification of the mineral
is imperative and the characterization guidelines described
above must be followed.
Background Information

Erionite was first described in 1898. Erionite is a naturally
occurring fibrous mineral usually found in volcanic ash and
rarely in pure form. Its name originates from the Greek word
erion meaning wool due to its white, fibrous, wool-like
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00604-7
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appearance. The basic structure of erionite is that of a hexagonal,
cage-like framework composed of linked tetrahedra, each con-
sisting of a configuration of four oxygen atoms encircling
a cation. The framework consists of open cavities in the form of
channels and cages usually occupied by water molecules and
various extra framework cations that are generally interchange-
able. The channels are of sufficient size to enable the passage of
guest species. During the hydrated phases, dehydration tran-
spires at temperatures primarily below 400 �C and is generally
reversible. Erionite is known to occur only in a fibrous form, as
single needles, or in clusters. In 1997, three different types of
erionite structures were identified: erionite-Na, erionite-K, and
erionite-Ca. The variations in the structures are associated with
their most abundant extra framework cation.
Erionite-Ca

Ca is the most abundant extra framework cation. TSi, the
proportion of tetrahedron sites occupied by Si atoms, is in the
range of 0.68–0.79. Erionite-Ca from Shourdo (GA, USA),
Beach Creek (OR, USA), Montresta, Nuoro, and Faedo (Vice-
nza, Italy), British Columbia (Canada), Jindivick and Merriwa
(Australia), Ballyclare, Bog Hill Quarry, Lady Hill Quarry
(Northern Ireland), Isle of Skye (Scotland), and Nizhnyaya
(Tunguska, Russia) passed the balance error and Mg content
test and reclassified as erionite-Ca. A new universal formula
(Ca2þ3.56K

þ
1.95Naþ0.27Mg2þ0.30)(Si25.78Al10.28Fe

3þ
0.01)O72 is

presented for erionite-Ca.
Erionite-Na

Na is the most abundant extra framework cation. TSi is in
the range of 0.74–0.79. Erionite-Na from Cady Mountains
(CA, USA), Lake Natron (Tanzania), Crooked Creek (OR,
USA), Campbell Glacier and Mt. Adamson (Antarctica),
Dunseverik (Northern Ireland), Cairns Bay (Australia), and
Tuzkoy (Turkey) passed the balance error and Mg content
test and reclassified as erionite-Na. A new general formula
(Naþ4.00K

þ
2.40Ca

2þ
1.13Mg2þ0.24)(Si26.69Al9.11Fe

3þ
0.22)O72 is

proposed for erionite-Na.
Erionite-K

K makes up 58% of extra framework cations; significant Na, Ca,
andMg are also present. TSi is in the range of 0.74–0.79. Erionite-
K from Rome (OR, USA), Yaquina Head (OR, USA), Reese River
(NV, USA), Ortenberg Quarry (Germany), and Karain, Old
Sarihidir, Karlik (Turkey) passed the balance error and Mg
content test and reclassified as erionite-K. A new general formula
(Kþ

2.80Naþ1.66Ca
2þ

1.03Mg2þ0.51)(Si28.21Al7.39Fe
3þ

0.41)O72 is
proposed for erionite-K.
Localities

Type of Localities

l Erionite-Ca: Maze, Niigita Prefecture, Chubu Region, Hon-
shu Island, Japan
l Erionite-Na: Cady Mountains, San Bernandino County, CA,
USA

l Erionite-K: Rome, Marion County, OR, USA
Other Localities

Large numbers of erionite deposits have been reported from
many countries including Antarctica (North Victoria Land),
Australia (New SouthWales), Bulgaria, Spain, Canada (British
Columbia, Québec), China, France (Pays de la Loire),
Germany (Baden-Wurttemberg, Bavaria, Hesse), Hungary,
Iceland (Breidhdalur-Brufjordur, Hofsa, Hvalfjordur), France
(Auvergne), Italy (Latium, Sardinia), Japan, Korea, Mexico,
New Zealand (South Island), Romania, Russia (Eastern
Siberia), South Africa, Turkey (Cappadocia), UK (Northern
Ireland, Scotland), USA (Arizona, California, Nevada, New
Mexico, Oregon, Utah, Washington, Wyoming, North
Dakota).
Uses of Erionite and Zeolite

Erionite is not known to be currently mined or marketed for
commercial purposes. Natural erionite has been replaced
by synthetic nonfibrous zeolites. However, erionite was used
as a noble-metal impregnated catalyst in hydrocarbon
cracking process, and erionite-rich blocks were also used for
house building materials. Its use in increasing soil fertility
and controlling odors in livestock production has been
studied.

Since 1978, the use of zeolites to solve environmental
pollution and energy conservation problems showed
promise and was expected to increase. Natural zeolites have
many commercial uses in coal gasification and natural gas
purification, selective adsorbtion of molecules from water or
air, purification of sludge effluents to potable standards,
extraction of trace amounts of heavy metals so that existing
water supplies may be reused, extraction of radioactive
species from nuclear plant wastes, retaining their ion
exchange capacities, and they are resistant to nuclear degra-
dation. In addition, they are used in agriculture to decrease
ammonia released from animal wastes and retain the
nitrogen in the solid wastes, which increases the fertilizer
value of the solid material; reduce noxious fumes of
ammonia and hydrogen sulfide when spread in chicken
houses; increase egg production when used in chicken
houses; absorb liquid waste and reduce odors when spread
on the floors of pig farms; increase the feed conversion value
feed supplements; control aquaculture environments and
fish culture recirculating water systems; and they appear to
exhibit antibiotic properties that reduce illness and death
rates among farm animals. Zeolites are also used in air/
water/soil pollution to remove sulfur dioxide from coal and
oil-burning power plant emissions; they are especially suited
to low pH and high-temperature exhaust systems, and can
absorb oil spills and neutralize low pH soils; they are used
in oxygen production in enclosed and poorly ventilated
spaces; for river and pond aeration; reoxygenation of
downstream waters of paper and pulp plants; and in
secondary sewage treatment. Zeolites also have
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miscellaneous uses in paper products, construction products,
fluoride toothpaste, recycle dialysis systems, solar energy
collection, and dehydration and rehydration resulting in the
exchange of several hundred joules per kilogram (British
thermal units per pound).
Exposure Routes and Pathways

Inhalation is the exposure route for humans. Animal studies
have used inhalation exposure and intrapleural or intraperi-
toneal injections. The current potential occupational exposure
to erionite appears to be the result of mining and production
of other natural zeolites, some of which may contain erionite
fibers. Environmental and residential exposure can occur via
dusts containing erionite. In Arizona, the total exposure of
dust for miners in an open-pit zeolite mine containing levels
of erionite ranged between 0.01 and 13.7 mgm�3. In the
mining area, the respirable dust ranged between 0.01 and
1.4 mgm�3.
Toxicokinetics

Erionite has been shown to be responsible for malignant
mesothelioma. Mesotheliomas are aggressive tumors of the
mesothelial cells lining the body cavities for which there is no
cure and for which current therapies to reduce the effects of
the disease are unsatisfactory. The source of exposure may be
occupational or environmental. Two to three thousand cases
of mesothelioma are diagnosed per year in the United States,
many of which are associated with (amphibole) asbestos and
erionite. High incidences of mesotheliomas were found in
studies exposing rats to erionite by injection or inhalation
(intrapleural or intraperitoneal).

Erionite is also listed as a group I known human carcinogen.
The International Agency for Research on Cancer (IARC)
Working Group reported that there is sufficient evidence for
carcinogenicity based on descriptive studies of three villages in
Turkey. Erionite fibers were found in the lung tissues of patients
with pleural mesothelioma from the villages of Karain, Tuzkoy,
and Sarihidir. Erionite in the Cappadocian region of Turkey is
believed to be responsible for the majority of the extremely
high number of cases of mesothelioma observed in that
country.
Mechanism of Toxicity

The tumorigenesis of mineral fibers is governed by the
dimensions and inherent differences in the physicochemical
properties of the fibers (intrinsic fiber potencies), for example,
studies of carcinogenic fibers have found that fiber geometry
and length seem to be the most important factors, with long
thin fibers having a greater proliferative and tumorigenesis
capability than short fibers. Although the biological mecha-
nisms are complex and there is little understanding of how
durable mineral fibers cause mesothelioma, the association of
erionite with mesothelioma is well established. Recently,
a more complex relationship involving erionite plus a genetic
component has been proposed to cause mesothelioma. It has
been postulated that the genotoxic effects of fibrous particu-
lates, such as asbestos, are partially the result of generation of
reactive oxygen species (ROS) from iron coupled with the
particulates. However, this molecular mechanism of mineral
particulates inducing ROS and resulting in genotoxicity
remains unclear.

Work in progress may yet give a greater understanding of the
biological mechanisms involved. What is clear is that erionite is
one of the most carcinogenic minerals in the world and it
requires the utmost care in handling.
Carcinogenicity

Erionite was first listed for its carcinogenicity in 1987 in the
Seventh Annual Report on Carcinogens from IARC because
there was sufficient evidence of the carcinogenicity in experi-
mental animals. On inhalation, erionite fibers travel to the
lungs and deposit. While in the lungs, they can potentially
stimulate mesothelioma. The development of mesothelioma
occurs through the amalgamation of iron into a crystalline
structure via ion exchange. The iron (which is initially
obtained by proteins from an erionite-Fe3þ complex) is then
reduced via antioxidants in the lungs to an erionite-Fe2þ

complex. This reduction results in the production of toxic
hydroxyl radicals, which are detrimental to the body.
Acute and Short-Term Exposure

Animal

There is sufficient evidence for the carcinogenicity of erionite
in experimental animals. A number of experiments have been
conducted on the intrapleural and intraperitoneal administra-
tion of erionite in mice and rats. These experiments have all
been positive, showing a very high yield of mesothelioma
(90% or more) for amounts of erionite above 0.5 or 1 mg. For
higher doses, the time to appearance of tumors was decreased.
Other tumors at the site of inoculation as well as lymphomas
have occasionally been reported.

Inhalation of natural erionite, synthetic nonfibrous zeolite
with the composition of erionite, and crocidolite-type
asbestos was tested at a concentration of 10 mgm�3 in rats.
Pleural mesotheliomas were found in 27 of 28 rats exposed to
erionite; one pulmonary tumor and one pleural tumor were
found in 28 rats exposed to synthetic zeolite, and one lung
carcinoma was reported in rats exposed to crocidolite.
Additional studies have demonstrated that erionite disrupts
cell proliferation by upsetting the balance between cell
proliferation and apoptosis. Studies have also shown that
only small amounts of erionite (compared with crocidolite
asbestos) are necessary to stimulate c-jun proto-oncogene
expression (an established mechanism of fiber carcinogen-
esis). It was reported that erionite transforms human meso-
thelial cells into highly proliferating tumor cells.

The relative carcinogenic potency of erionite and asbestos
have been compared. In experiments based on intrapleural
inoculation, erionite was 300–800 times more active than
chrysotile, and 100–500 times more active than crocidolite.
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In intraperitoneal experiments, erionite was 20–40 times
more active than chrysotile and 7–20 times more active than
crocidolite.
Chronic Exposure

Animal

No animal studies of chronic exposure are available; the
long-term effects of short-term exposure have been studied
as part of the evaluation of the carcinogenic potential of
erionite.
Human

There is sufficient evidence for the carcinogenicity of erionite
to humans. Most of the data on the carcinogenicity of erionite
in humans come from the experience of the inhabitants of the
erionite-contaminated villages in the Cappadocia region of
Turkey. It is reported that in the village of Karain between
1970 and 1994, at least 150 cases of malignant pleural
mesothelioma (MPM), seven cases of malignant peritoneal
mesothelioma (MPEM), six cases of gastroesophageal cancer,
four cases of lung cancer, and three cases of leukemia
lymphoma occurred.

The incidence or mortality from mesothelioma was above
1% per year, a rate that is more than 10 000 times higher than
the rate seen among populations that were not exposed to
occupational hazards from asbestos, such as those of Western
Europe or North America.

Several cases of mesothelioma were reported in persons
who emigrated to Sweden but used to live in one of the Cap-
padocian villages (Karain). In this group of about 100 men
who presently live in Sweden, seven cases of mesothelioma
were observed. The incidence was approximately 1% per year.
In another study, there were 14 deaths due to MPM among 162
Turkish emigrants from Karain. In addition, there were five
patients with mesothelioma (four MPM and one MPEM) who
were still alive at the time of the study. Thus, it is calculated that
risk of mesothelioma is 135 times and 1336 times greater than
for men and women, respectively, in the same age groups in
Sweden.
In Vitro Toxicity Data

Various in vitro studies have examined erionite in noncel-
lular systems and the effects of erionite on isolated cells,
mainly to attempt to understand how erionite induces
chromosomal aberrations and carcinogenicity via cytotoxic
effects and other possible mechanisms. Asbestos fibers can
stimulate a myriad of signaling and survival pathways in
epithelial cells, mesothelial cells, and target cells of malig-
nant mesothelioma and lung cancers. These pathways are
frequently upregulated in malignant mesothelioma, which
aids in the development of tumors and homeostasis, and in
resistance to chemotherapies. The numerous pathways can
be activated in various ways, such as by direct interaction
with the asbestos fibers via receptors on the cell surface, after
partial phagocytosis, or by interaction with integrins.
Inflammation caused by the interaction of asbestos fibers
with various cell types such as macrophages may also be
involved in the upregulation of these pathways and cytokine
enhancement. It was reported in in vitro dose–response
mutagenicity studies that erionite was mutagenic at
concentrations greater than 6 mg cm�1. Erionite’s mutagenic
potential was also found to increase significantly with the
addition of ferrous ions.

No data were available to evaluate the reproductive or
prenatal toxicity of erionite in experimental animals.
Clinical Management

It takes 20–30 years for erionite to induce mesothelioma.
However, there is no cure for malignant mesothelioma. In
some cases, life may be extended by aggressive surgery or
through various multimodality approaches.
Environmental Fate

Most of the nonoccupational data on exposure to erionite
refer to an agricultural area of Central Anatolia, Cappadocia,
Turkey. Limited data are available from the United States,
suggesting little exposure to fibers. People and animals must
be prevented from contacting erionite; a responsible person/
group should take the necessary precaution and must not
permit people to work or live in an area contaminated with
erionite.
Ecotoxicology

Since erionite has been used in laboratory animals for carci-
nogenicity experiments and tests positive, it could be harmful
to other animals if it is inhaled.
Other Hazards

Erionite is not known to be flammable or explosive.
Exposure Standards and Guidelines

Erionite is listed as a group I known human carcinogen by IARC
because there is sufficient evidence of its carcinogenicity in
experimental animals. The US Occupational Safety and Health
Administration regulates erionite under a Hazard Communi-
cation Standard, and as a chemical hazard in laboratories. The
US Environmental Protection Agency regulates erionite under
the Toxic Substances Control Act as a chemical substance for
which there are significant new uses, and specifies procedures
for manufacturers, importers, or processors to report on those
significant new uses.
See also: Asbestos.
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l Name: Erythromycin
l Chemical Abstracts Service Registry number: ERY: 114-07-8,

ERY estolate: 3521-62-8, ERY lactobionate: 3847-29-8
l Synonyms:

(3R*,4S*,5S*,6R*,7R*,9R*,11R*,12R*,13S*,14R*)-4-
((2,6-Dideoxy-3-C-methyl-3-O-methyl-alpha-L-ribo-hex-
opyranosyl)oxy)-14-ethyl-7,12,13-trihydroxy-
3,5,7,9,11,13-hexamethyl-6-((3,4,6-trideoxy-3-(dimethyla-
mino)-beta-D-xylo-hexopyranosyl)oxy)oxacyclote-
tradecane-2,10-dione;
E-mycin;
Ery-Tab;
Ilosone (estolate);
Tiprocin

l Molecular Formula: ERY: C37H67NO13 (Mol. Wt.: 733.9);
ERY estolate: C40H71NO14$C12H26O4S (Mol. Wt. 1056.39);
ERY Lactobionate: C37H67NO13$C12H22O12 (Mol. Wt.
1092.22)

l Chemical Structure:
(Left: ERY; Middle: ERY estolate; Right: ERY Lactobionate)
Background

Erythromycin (ERY) was originally discovered in soil sampled
by Dr Abelardo, a scientist residing in the Philippines. After
sending the sample to Eli Lilly, Dr James McGuire and
colleagues were able to isolate ERY in 1949, leading to a patent
of the Streptomyces erythraeus (i.e., Saccharopolyspora erythraea)
product in 1953 (US patent number 2,653,899). One of the
first marketed drugs, Ilosone, was named after the city in the
Philippines where Dr Aguilar collected the sample (Ilonggo).

Macrolides are lipid-soluble, deep-tissue penetrable
compounds, and thus widely distributed well into most tissues,
including bronchial, prostatic, middle ear, and bone. ERY
diffuses readily into intracellular fluids, achieving antibacterial
activity in essentially all sites except the brain and cerebrospinal
fluid. Absorption of orally administered ERYs occurs mainly in
the duodenum. Concentrations found in various tissues are
w40% in plasma and prostates, and w50% in middle ear
exudate. Protein binding of this compound is approximately
70–80% and even higher, 96%, for the estolate form. ERY easily
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
crosses the placenta, and drug concentrations in fetal plasma are
about 5–20% of those in the maternal circulation. Breast milk
concentrations have been found to bew50% of those in serum.
Macrolides mostly concentrate in the liver, and high levels are
normally excreted into the bile; some drug is demethylated. A
small portion of an oral dose is eliminated in the feces (w2–5%
in the urine); it may reach up to 15% if exposed via intrave-
nously. Azithromycin, another macrolide, stimulates antral
activity similar to ERY, and moreover has a longer duration of
effect. In addition, azithromycin does not have significant drug–
drug interactions (DDI) unlike ERY; therefore, it has been sug-
gested as a potential new medication for the treatment of gas-
troparesis and gastrointestinal dysmotility.

Uses

Clinical

Antibiotic
ERY is indicated for topical or oral treatment of infections
caused by ERY susceptible bacteria. It is provided as the free
base or as a salt, and when intended for oral administration
can be enteric coated to dampen inactivation from gastric
acidity and increase absorption in the duodenum. Due to its
mechanism of action, many varieties of bacteria are suscep-
tible to ERY, most of which are Gram-positive as their cell wall
permeability permits higher intracellular exposure (Table 1).
It is contraindicated for patients with hepatic dysfunction or
preexisting liver conditions. Concomitant administration
with CYP3A inhibitors should be avoided to prevent life-
threating cardiac adverse events (see section Mechanisms of
Toxicity).

CYP3A4 Function
ERY is also used as a clinical tool to study individual metabolic
capacity in patients. It can be used as a surrogate to genomic data
for understanding if a patient is naturally an ultra-rapid or poor
metabolizer, and is also used to monitor alterations in CYP3A4
activitywhenadministering newxenobiotics. Radiolabeled (C14

N-methyl) ERY is injected intravenously and 20 min after
exposure, the de-alkylated C14 can be detected in expired CO2.
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Table 1 ERY clinically relevant for treatment of microorganisms

Gram-positive bacteria

Gram-negative

bacteria Other microorganisms

Corynebacterium diphtheria Bordetella pertussis Chlamydia trachomatis

Corynebacterium

minutissimum

Legionella

pneumophila

Entamoeba histolytica

Listeria monocytogenes Neisseria

gonorrhoeae

Mycoplasma

pneumonia

Staphylococcus aureusa Treponema pallidum

Streptococcus pneumonia Ureaplasma

urealyticum

Streptococcus pyogenes

aStrain may become resistant to therapy during treatment.
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Other Therapeutic Uses

ERY is a frequent drug of choice in veterinary medicine. It is
used in the treatment of clinical and subclinical mastitis in
lactating cows, for the treatment of infectious diseases due to
ERY-sensitive bacteria (cattle, sheep, swine, and poultry), and
for the treatment of chronic respiratory diseases due to myco-
plasma in poultry.

ERY is often considered the best alternative antibiotic in the
treatment of anthrax. Although parenteral penicillins generally
have been the drugs of choice for the treatment of naturally
occurring or endemic anthrax, ERY is considered an effective
alternative to penicillin G in patients hypersensitive to peni-
cillins. Acne vulgaris (caused by Staphylococcus epidermidis) is
often treated with ERY and it is particularly effective when used
in combination with benzoyl peroxide or topical retinoids.
Macrolides (ERY, azithromycin, clarithromycin) are used in the
treatment of community-acquired pneumonia (CAP), and they
are the finest choice for treating Mycoplasma pneumonia and
chlamydial infections. A fixed-combination preparation con-
taining ERY ethylsuccinate and sulfisoxazole acetyl is used in
children for the treatment of acute otitis media caused by
susceptibleHaemophilus influenza (ERY alone is often ineffective
for the treatment of H. influenza infections). Parenteral ERY is
indicated for penicillin-hypersensitive women who contract
perinatal group B streptococcal diseases. Similarly, patients
allergic to penicillins and sulfonamides are prescribed ERY as
an alternative to IM penicillin G benzathine, oral penicillin V
potassium, and oral sulfadiazine or sulfisoxazole for preven-
tion of recurrent attacks of rheumatic fever. ERY is used topi-
cally for prophylaxis of gonococcal ophthalmia neonatorum
and for the treatment of pharyngitis and tonsillitis caused by
Streptococcus pyogenes (group A b-hemolytic streptococci). Oral
ERY base is used in conjunction with oral neomycin sulfate as
an adjunct to mechanical cleansing of the large intestine for
intestinal antisepsis prior to elective colorectal surgery. Mac-
rolides (ERY, azithromycin, or clarithromycin) are frequently
used in the treatment of early Lyme disease (caused by spiral
form bacteria Borrelia burgdorferi). ERY is considered the drug of
choice for the treatment of pertussis (whooping cough caused
by Bordetella pertussis bacteria) and for prevention in contacts of
patients with pertussis.

ERY has been used as an alternative for the treatment of
coexisting chlamydial infections in adults and adolescents
receiving treatment for gonorrhea. ERY is used as an adjunct to
diphtheria antitoxin in the treatment of respiratory tract
infection caused by Corynebacterium diphtheria (diphtheria).
ERY is also used for prevention of diphtheria in close contacts
of patients with diphtheria and to eliminate the diphtheria
carrier state. This drug is used as an alternative to doxycycline
for the treatment of genital, inguinal, or anorectal infections
caused by lymphogranuloma venereum serotypes of Chlamydia
trachomatis. ERY treatment is common in adult males to deal
with urethritis caused by Ureaplasma urealyticum; however, it is
also used for the treatment of uncomplicated urethral, endo-
cervical, or rectal infections caused by C. trachomatis in adults in
whom tetracyclines and azithromycin are contraindicated or
not tolerated.
Mechanism of Action

The mechanism of action is common among the macrolide
antibiotics, as they function by competitively inhibiting the
50S ribosomal subunit found in microorganisms. The drug
blocks protein synthesis by compromising peptidyl transferase
activity as it prevents movement of tRNA from the ribosomal
acceptor site to the peptidyl donor site, which interferes and
disrupts proper elongation of the nascent peptide, resulting in
cytotoxicity.
Research Tool

Due to its mechanism of action, ERY can be used in the labo-
ratory as a competitive CYP3A4 inhibitor to look for DDI
in vitro. It has also been used to study the effects of bacterial
resistance and to understand ribosomal structure via X-ray
crystallography.
Environmental Fate and Behavior

ERY is produced naturally by a strain of Streptomyces erythreus
(i.e., S. erythraea), which is found in soil. If released to air, it is
estimated to exist solely in the particulate phase, which can be
removed from the atmosphere by wet or dry deposition. ERY
absorbs light at wavelengths >290 nm and therefore may be
susceptible to direct photolysis by sunlight inducing photo-
toxic dermatitis. If released to soil, it is expected to have low
mobility and to exist almost entirely in the cation form. ERY
biodegradation in soil is both temperature and carbon
dependent, and in water is expected to combine with sus-
pended solids and sediment. Volatization from moist soil or
water is not expected. The pKa of ERY is 8.9, indicating that this
compound will exist almost entirely in the cation form in the
environment, and cations generally adsorb more strongly to
soils containing organic carbon and clay than their neutral
counterparts. ERY biodegradation in soil is dependent on both
temperature and addition of a readily biodegradable source of
organic carbon, as suggested by 0, 75, 100% biodegradation in
30 days at 4, 20, and 30 �C, respectively, in a sandy loam soil
plus cattle feces. ERY, upon its release into water, is expected to
adsorb to suspended solids and sediment based on the esti-
mated Koc.
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Exposure and Exposure Monitoring

Ingestion is the most common route of both accidental and
intentional exposures to ERY. Numerous salt preparations
are available in tablet, capsule, or liquid preparations for
oral administration. Other available forms include intrave-
nous, topical (acne), and ophthalmic preparations. Occu-
pational exposure may occur through inhalation or dermal
contact where ERY is produced or used. Monitoring data
reportedly indicate that general population exposure occurs
via ingestion of contaminated water and from consumer
products via the just-mentioned occupational routes of
exposure.
Toxicokinetics

Absorption

Enteral
The ester and ester salts of ERY are variably absorbed (<50%)
from the small intestine (mostly duodenum) into the systemic
circulation. Overall, ERY bioavailability (F) depends on the
formulation administered with higher F observed with the salt
forms than base formulations. The majority of ERY formula-
tions are more completely absorbed in the gastrointestinal (GI)
tract when administered in the fasting state, whereas the eth-
ylsuccinate salt is better absorbed when given with food.
Enteric coating enhances GI absorption as it prevents drug
degradation due to GI acidity.

Parenteral
Intravenous administration of ERY enhances systemic
bioavailability as first-pass effects are eliminated. However, this
route may lead to inadvertent cardiotoxicity (see section
Cardiotoxicity).

Topical
Using an intact in vitro model, ERY was shown to be absorbed
into the stratum corneum. However, it does not appear to be
absorbed systemically from dermal application (2%, BID).
Table 2 Examples of ERY drug–drug interactions

Class of medication Example

Anticonvulsants Phenytoin
Antiepileptics Carbamazepine
Acid reflux/GI Cisapride
Antifungals Ketoconazole
Antihistamines Astemizole, Fexofenadine, Terfenadine
Antipsychotics Pimozide
Benzodiazepines Midazolam
Cardiac related Digoxin, Warfarin
Calcium channel blockers Felodipine
Immunosuppressants Cyclosporin
Oncology Etoposide
Steroids Ethinyl estradiol, methylprednisolone
Distribution

Once in systemic circulation, ERY is widely distributed with an
estimated volume of distribution (Vd) of w1.5 l kg�1. Hence,
elderly patients may require a lower dose due to lower Vd. The
drug is>70% bound to plasma proteins, depending on the salt
form, and free concentrations of macrolides (as a class) have
been reported to be 10-fold higher in epithelial lung fluid than
in serum. The vast majority of the drug is found in the intra-
vascular space, reflecting its widespread clinical use for the
treatment of intracellular pathogens. There is limited to no
exposure of ERY in cerebrospinal fluid, yet in cases of menin-
gitis or when there is injury to the blood–brain barrier, central
nervous system exposure can increase. As would be expected,
peak serum ERY concentrations are variable, occur w2–4 h
after oral administration, and are dependent on which
formulation was ingested (e.g., estolate> ethylsuccinate). Peak
plasma concentrations after intravenous administration of
the lactobionate or gluceptate salts occur within 1 h of
administration.
Metabolism and Excretion

The drug undergoes hepatic metabolism, predominantly
through demethylation, with only w2–5% being excreted
unchanged (i.e., active form) in the urine. There are sex differ-
ences as a modest fraction of ERY is excreted into breast milk,
which may necessitate a higher efficacious dose in lactating
females. The majority of the drug is excreted by hepatocytes
into the bile, while a modest fraction has been reportedly
eliminated via expiration. ERY’s half-life in healthy uncom-
promised individuals after oral administration is w1.6–2 h.
Mechanisms of Toxicity

Drug–Drug Interactions

ERY is a substrate for the cytochrome P450 (CYP) 3A4 isoen-
zyme. Once bound, ERY stimulates its own metabolism via
demethylation and oxidation to nitrosoalkane metabolites.
These nitrosoalkanes appear to form stable complexes with the
iron of the CYP3A4, decreasing its functional capacity.
Depending on the ERY dose and duration of therapy, CYP3A4
activity could be completely inhibited and serve as the basis
for ERY-associated metabolic based DDI. Table 2 lists
common medications that may cause life-threatening DDIs.
Overall, prodrugs that are CYP3A4 substrates will be less effi-
cacious when coadministered with ERY, while direct-acting
CYP3A4-substrate therapies will be more toxic.

In a population-based study, concomitant use of oral ERY
and drugs that inhibit CYP3A (i.e., diltiazem, verapamil) was
associated with an increased incidence of sudden death from
cardiac causes. There was no increase in sudden cardiac death
when oral ERY was used with calcium-channel blocking agents
that do not inhibit CYP3A to a clinically important extent (e.g.,
nifedipine). Concomitant use of ERY and diltiazem or verap-
amil presumably increased plasma ERY concentrations,
resulting in an increased risk of QT prolongation and serious
ventricular arrhythmias. In addition, ERY (a CYP3A inhibitor)
is likely to increase plasma concentrations of diltiazem or
verapamil, leading to an increased risk of adverse effects
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associated with these drugs. Concomitant use of ERY and dil-
tiazem or verapamil, therefore, should be avoided.
Gastrointestinal Toxicity

The GI hormone motilin is responsible for maintaining the
normal, rhythmic peristaltic activity of the intestines. ERY
possesses high affinity for the motilin receptor, which accounts
for the drug’s poor tolerability with routine clinical dosing
(abdominal cramping, diarrhea, etc.) and accounts for the
primary acute toxicity observed after oral overdose.
Cardiotoxicity

Very high plasma ERY concentrations, which may be obtained
after rapid administration of the IV formulation or after
aggressive ERY dosing in metabolically deficient (and hepatic/
renal impaired) patients, can induce life-threatening cardiac
arrhythmias. In a concentration-dependent manner, ERY will
interfere with the potassium rectifier channels within the
myocytes of the heart leading to QT prolongation on ECG and
arrhythmia. Blockage of the cardiac IKr channel produces
a depressed peak in the voltage and a decrease in potassium
cellular outflow, predisposing the myocardium to early
repolarization, which, when sizable, results in dysrhythmia
and most notably, Torsades de Pointes.
Ototoxicity

Reversible hearing loss has been reported in some cases.
Acute and Short-Term Toxicity

Animals

ERY is regularly used in veterinary practice and seems to be
tolerated well by many animal species. Like humans, animals
can suffer from acute GI effects, which is the predominant acute
adverse effect. LD50 values have been reported for several
rodent species.
Animal Route of exposure Dose

Rat Oral 9272 mg kg�1

Mouse Intraperitoneal 463 mg kg�1

Mouse Subcutaneous 1800 mg kg�1

Mouse Intramuscular 426 mg kg�1

Guinea pig Intraperitoneal 413 mg kg�1

Hamster Oral 3018 mg kg�1

Source: NLM-HSDB.
Human

Acute ERY exposure alters the normal flora of the colon, leading
to overgrowth of Clostridium difficile, which can lead to C.
difficile associated diarrhea. Serious cardiac effects, including
prolongation of the QT interval and arrhythmias, may be
observed after rapid IV administration, though they are rare
after acute exposure.

Adequate attention is needed prior to administration of
neonates with powder form ERY lactobionate for injection
containing benzyl alcohol as a preservative to avoid potential
toxicity. Administration of large amounts (i.e., about
100–400 mg kg�1 daily) of benzyl alcohol to neonates could
be highly toxic. Neonates who received IV administration of
ERY lactobionate for U. urealyticum infection may discern
adverse cardiac effects (e.g., bradycardia, hypotension, cardiac
arrest, arrhythmias) requiring cardiopulmonary resuscitation.
This macrolide crosses the placenta in high doses to fetal level
24% of maternal and breast milk concentrations may exceed
maternal serum concentration. ERY is considered as US Food
and Drug Administration Pregnancy Category: B.
Chronic Toxicity

Animals

Animals have been reported to develop similar symptoms to
those seen in humans when chronic dosing regimens are used.
Horses are particularly sensitive to ERY-induced GI effects
(i.e., colitis). At doses of >5 mg kg�1 day�1, dogs have been
reported to develop ventricular arrhythmias.
Humans

Patients undergoing routine antibiotic use with oral ERY
generally tolerate the drug well. GI complaints are common.
However, more serious effects have been noted, including
profound cardiovascular toxicity (see section Cardiotoxicity),
hepatic damage, and reversible ototoxicity with hypoacusis
(>2 g day�1). ERY-induced hepatotoxicity is seen more with
the estolate form due to cholestasis, and effects are expected to
be exacerbated in compromised or elderly patient populations.
Prolonged or repeated use of ERY may result in an overgrowth
of non-susceptible bacteria or fungi.
Immunotoxicity

The estolate form has been shown to induce type II cytotoxicity,
and ERY is known to decrease inflammatory cytokines such as
IL-6, TNF-alpha, IL-8, and MIP-1. Immunomodulatory activity
of ERY has been shown to impact ERK signaling, affect tran-
scription factors (NF-kB), and impair co-stimulation (CD80)
and adhesion molecules necessary for proper immune function
(ICAM).
Reproductive Toxicity

There have been reports of increased risk for congenital mal-
formations, specifically infantile hypertrophic pyloric stenosis,
when exposed early in pregnancy. However, there are benefits
as macrolide administration during the second trimester has
been shown to decrease the number of infection-related
preterm births. In rats, ERY at up to 0.25% of diet has not
been shown to be teratogenic prior to and during mating,
during gestation, and through weaning of two successive litters.
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Genotoxicity

The stearate form was found negative for mutations in
a Salmonella reverse mutation assay, negative for chromosomal
aberrations and sister chromatid exchanges in mammalian cells
(CHO), and equivocal in a mouse lymphoma assay (L5178Y
cells). Additionally, exposing repair-deficient Escherichia coli
PolA cultures to ERY did not induce cellular death (rec-assay).
Hence, all data indicate that ERY is not mutagenic or clasto-
genic, which is supported by the carcinogenicity data.
Carcinogenicity

No evidence of tumor induction was noted in 2-year studies
where ERY was given in food, with either sex of F344/N rats or
B6C3F1 mice, up to 10 000 or 5000 ppm, respectively.
Clinical Management

Administer activated charcoal orally if conditions are appro-
priate. Gastric lavage is not necessary after small to moderate
ingestions if activated charcoal can be given promptly. Though
the clinical need for such measures would be expected to be
rare, basic and advanced life-support measures as well as
aggressive decontamination should be instituted as clinically
necessary. Gastric decontamination may be performed depen-
dent on the symptomatology of the patient and history of the
exposure. GI discomfort may be treated symptomatically or by
reducing the dosage, if appropriate. Specific attention to
maintaining normal fluid and electrolyte homeostasis should
be addressed in significant overdoses involving young infants.
Liver function tests should be monitored if hepatotoxicity is
suspected. ERY blood levels are not clinically useful as most is
protein bound and it is not removed by peritoneal dialysis or
hemodialysis. Most antibiotics are excreted unchanged in the
urine, so maintenance of adequate urine flow is important.
Ecotoxicology

Livestock growth, decreased mortality, and fertility benefits,
coupled with decreasing costs of ERY over the last half century,
have been attributed to its widespread use in the agriculture
industry. Specifically, swine and poultry producers have steadily
increased use of ERY as a food additive while it was still routinely
being used for medicinal purposes. The large amount of ERY
released into the environment from these new waste streams
could expedite selection of ERY-resistant bacterial strains. Envi-
ronmentally relevant concentrations of antibiotic mixtures in
effluent, as well as ERY alone, were found to be immunotoxic to
Elliptio complanatamussels in vitro. An EC50 of 0.037mg l�1 was
reported for ERY after treating green algae (Selenastrum capri-
cornutum) in vitro. This is approximately 15 times the maximum
estimated concentration of ERY in wastewater effluent.
Exposure Standards and Guidelines

Various standards are in place to ensure patient safety while
maximizing treatment efficacy. A detailed history including the
number of infections within close proximity of the first re-
ported infection is generally good practice. Prior to adminis-
tering ERY chemoprophylaxis, immediacy to uninfected
vulnerable contacts (i.e., children, elderly) should be consid-
ered to prevent unnecessary use of antibiotics, which could
lead to selection of resistant microorganisms. Ideally the
ERY-susceptible pathogen(s) should be identified by PCR or
other analytical methods prior to initiating treatment. Unin-
tended exposures, which can occur during the manufacturing
process, has workplace environmental exposure levels (WEEL)
set at 3 mg M�3 in air (USA).
See also: Cardiovascular System; Gastrointestinal System.
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Escherichia coli is a member of the bacterial family, Enter-
obacteriaceae, the enteric bacteria. Members of the Enter-
obacteriaceae are among the most important bacteria
medically. A number of genera within the family are human
intestinal pathogens (e.g., Salmonella, Shigella, Yersinia). Sev-
eral others are normal commensals of the human gastroin-
testinal tract (e.g., Escherichia, Enterobacter, Klebsiella), but
these bacteria, as well, may occasionally be associated with
diseases of humans. Escherichia coli is a facultative anaerobic,
motile, and Gram-negative rod. It colonizes the gastrointes-
tinal tract of most warm-blooded animals within hours or
a few days after birth. A symbiotic relationship exists under
normal conditions, as the enteric flora provide for a source of
vitamin K and B-complex vitamins. Once established, a strain
may persist for years, but shifts in resident populations tend
to occur over long periods of time, and more rapidly after
enteric infection or antimicrobial chemotherapy that perturbs
the normal flora. In general, most strains of E. coli are aviru-
lent; however, there are strains that cause an impressive
variety of different types of diseases in humans, which can be
classified as: intestinal diseases (gastroenteritis); urinary tract
infections (UTIs); and neonatal meningitis. On the other
hand, there exist a few probiotic E. coli strains, of which the
strain Nissle 1917 from fecal origin is the best known, which
are used for prophylactic purposes. Up to now, the under-
standing of which genetic determinants differentiate a viru-
lent from an avirulent strains remains rather limited, but at
least we know that some serotypes are more associated with
disease than others.

Besides these disease related aspects of E. coli, this bacterium
is also used beneficially in toxicology and environmental
monitoring. Thanks to the unraveling of the genetic informa-
tion and the in-depth study of E. coli since the 1950s, the
plethora of information did lead to some interesting applica-
tions. Risk assessment of chemical compounds could be
assessed based on E. coli toxicological response profiles (TRPs),
as well could E. coli be used as a bioreporter in (eco)toxicology
as an early warning system.
Health Related Aspects of E. coli

Typing of E. coli

A strain of E. coli associated with a particular disease is due to
the acquisition of a set of virulence genes from other sources
(bacteriophages, plasmids, etc.). There is a considerable
exchange of virulence genes within the E. coli community,
which often leads to strains carrying a mosaic of such genes.
Before the advent of molecular biology and the identification
of virulence factors, surface antigens were a convenient method
for ‘fingerprinting’ E. coli. At least 700 serotypes have been
identified based on the different variants of the O antigens for
lipid polysaccharides, H antigens for flagella, and K antigens for
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
capsulated strains. The serotype is to some extent associated
with the virulence potential, but without a causal relationship.
The current phenotypic typing method is still used, but is
complemented with genotypic methods, which have higher
discriminatory power or the ability to detect virulence genes.
Pulsed field gel electrophoresis represents the golden standard
for typing of E. coli, whereas virulence genes are generally
detected using polymerase chain reaction.
Pathotypes of E. coli

The extraintestinal pathogenic E. coli (ExPEC) pathotype,
includes uropathogenic E. coli (UPEC), neonatal meningitis
E. coli (NMEC), and septicemic E. coli. UPEC cause 90% of the
UTI. The bacteria colonize from the feces or perineal region and
ascend the urinary tract to the bladder. With the aid of specific
adhesins (pyelonephritis-associated pili), they are able to colo-
nize the bladder. UPEC is resistant to complement-dependent
bactericidal effect of serum which is associated with the pres-
ence of a capsule; this capsule decreases the ability of antibodies
and/or complement tobind to the bacterial surface,which in turn
prevents the phagocytes from recognizing and engulfing the
bacterial cells. NMEC can cause severe neurological lesions and
lead to the death of 20–40% infected newborns. The K-1 antigen,
a capsular homopolymer of sialic acid, and S-fimbriae are
considered amongst others as major determinants of virulence
among E. coli strains that cause neonatal meningitis.

Contrary to ExPEC, disease caused by intestinal pathogenic
E. coli often occurs in outbreaks. A classification scheme divides
the intestinal pathogenic or diarrheic E. coli into seven patho-
types, based on virulence factors (virotyping), patterns of
bacterial attachment to host cells, effects of attachment on host
cells, production of toxins, and invasiveness. Shiga toxin
producing E. coli (STEC), also called verocytotoxigenic E. coli, is
a heterogeneous group of E. coli and contains the enter-
ohemorrhagic E. coli (EHEC) as a highly pathogenic subset.
STEC or EHEC harbor a wide spectrum of virulence factors
which are correlated with more or less severe human disease,
including gastroenteritis, bloody diarrhea, and the hemolytic
uremic syndrome (HUS), the latter being mostly caused by
EHEC strains. The majority of the E. coli associated with these
gastrointestinal illnesses are of serotype O157:H7. However,
cases of non-O157 infections displaying the same clinical
manifestations have increasingly been reported. Children,
elderly, and immune-compromised patients are most likely to
develop HUS. Principal virulence factors are the Shiga toxins 1
and 2 (Stx1 and Stx2) and the locus of enterocyte effacement.
STEC and EHEC are zoonotic pathogens, which are asymp-
tomatically carried by ruminants, mainly cattle, which are
considered their principle reservoir. Other categories of diar-
rheic E. coli include enterotoxigenic E. coli (ETEC) which is the
major cause of travelers’ diarrhea, enteropathogenic E. coli
which is the leading cause of diarrhea among infants from
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developing countries, enteroinvasive E. coli which is respon-
sible for watery diarrhea, enteroaggregative E. coli (EAEC)
which cause a persistent watery and mucoid diarrhea, and
diffusely adherent E. coli of which its significance is still ques-
tioned. Recently, a new category of diarrheic E. coli has been
assigned as a result of the outbreak of E. coli O104:H4 in
Germany in the early summer of 2011. The outbreak strain was
described as an enteroaggregative hemorrhagic E. coli and
constitutes a hybrid pathotype which harbor the phage-
mediated Shiga toxin in a background of EAEC.

Also in production animals, economic important patholo-
gies caused by E. coli strains occur. Colibacillosis (edema disease
or E. coli enterotoxemia, and postweaning diarrhea) in piglets is
caused by ETEC strains, but also by stx cursief zetten (stx2e)
carrying STEC strains. These strains have the capacity to adhere
to the wall of the small intestine of pigs by means of different
types of pili or fimbriae such as K88 and F18. Extraintestinal
colibacillosis inpoultry is causedby avianpathogenicE. coli, and
bovine mastitis is caused by ExPEC. Some of these E. coli strains
causing animal disease might also have zoonotic potential.
Control

Fecal contamination of foodstuffs or direct contact with infected
animals or humans or even contact with fecal contaminated
environmental niches (playing fields) can cause human infec-
tions. Measurements that improve hygienic conditions aid in
the establishment of human health. In this respect, microbio-
logical criteria indicating maximum numbers of E. coli are often
used for certain foodstuffs (e.g., milk products, minced meat,
shellfish) to guarantee a hygienic safe product. Escherichia coli
food poisoning can lead to hospitalization but antibiotic
therapy is contraindicated in the case of EHEC infections.
Use of E. coli in Environmental Toxicology

Thanks to genetic engineering, E. coli – the working horse of
molecular biology – can be provided with different DNA
constructs leading to different application in several fields. The
currently used nonpathogenic E. coli lab strains are also of
significance in environmental toxicology. Escherichia coli can be
used as a general indicator of toxicity. Its survival or growth rate
are the parameters correlated with the amount of a toxic
compound whereby the concentration leading to a 50%
reduction in effect or survival is designated as EC50 (concen-
tration causing 50% effect reduction) and LC50 (concentration
causing 50% lethality), respectively. The optical density of an
E. coli culture can be a measure for these parameters, however
in its more advanced form, E. coli is equipped with the lux
genes responsible for light emission from the naturally lumi-
nescent Vibrio fisheri. Hereby the 50% reduction of light emis-
sion is used to assess EC50 values fast and efficiently. This
‘lights-off’ assay is a basic application.

Further advances in genetic technologies allow the
construction of bioreporters, often called whole cell biosensors
(‘lights-on’ application). Thanks to the in-depth knowledge of
the E. coli genetics, different promoters are well characterized for
their specific inductions or responses for a type of stress (like
mutagenic stress, oxidative stress, etc.). The combination of
these specific promoters with a gene coding for an easy to detect
protein (luciferase, green fluorescent protein amongst others)
leads to a specific bioreporter. When well designed a complete
battery of E. coli’s could be created that are responsive to
different specific toxic effect (e.g., genotoxic effect, oxidative
effect, etc.). The use of such a battery of E. coli cells could be used
for the assessment of the TRP of chemical compounds. Such
a three-dimensional profile allows the determination of the
dose-dependent responsiveness for the different effects and will
lead to a more fine-tuned chemical risk assessment compared
with general assays as survival, LC50 or EC50.

According to a similar design, specific bioreporters or early
warning systems could also be used as an alert system for the
presence of toxic compounds (or effects) in environmental,
food, or other matrices.

Reporters also allow the assessment of the general toxico-
logical status of a matrix without the need to analyze the
different toxic compounds (via analytical methods like Gas
chromatography–mass spectrometry (GC-MS), Liquid chro-
matography–mass spectrometry (LC-MS)) what is advanta-
geous considering the impossibility to analyze the complete list
of different compounds in complex samples as found in
environment, food. Moreover, thanks to the effect measure-
ment of such bioreporters, they allow the integration of
complex phenomena in mixed toxicology like addition effects,
synergistic effects, and antagonisitic effects what is a big
concern in nowadays chemical risk assessment and what
cannot be done via chemical analytical methods. With all the
further developments in different disciplines like nanobiology,
surface chemistry, and microfluidics, and thanks to the in-
depth knowledge of this bacterium, E. coli will further play
a central role in future applications.
See also: Toxicity Testing, Aquatic; Bacillus thuringiensis;
Ecotoxicology; Salmonella; The European Chemicals Agency;
Ames Test.
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l Name: Estrogens
l Representative Chemicals: Estradiol-17b, Estrone, Estriol
l Chemical Abstracts Service Registry Numbers*: Estradiol-

17b (RN: 50-28-2), Estrone (RN: 53-16-7), Estriol (RN: 50-
27-1)

l Synonyms*:
l Estradiol-17b: Estra-1,3,5(10)-triene-3,17-diol (17beta)-;
l Estrone: Estra-1,3,5(10)-triene-17-one, 3-hydroxy-; and
l Estriol: Estra-1,3,5(10)-triene-3,16,17-triol, (16alpha,

17beta)-
l Chemical/Pharmaceutical/Other Class: Steroid hormones
l Molecular Formulas*:

l Estradiol-17b: C18H24O2,
l Estrone: C18H22O2, and
l Estriol: C18H24O3

l Chemical Structures*:
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l Name: Estrogen conjugates, physiological
l Representative Chemical: 17b-Estradiol-3-glucuronide; 17b-

Estradiol-17-glucuronide; Estradiol-3,17-disulfate; Estradiol-
3,17-diglucuronide; Estrone-3-sulfate

l Chemical Abstracts Service Registry Numbers*: Estradiol-
3-glucuronide (RN: 15270-30-1); Estradiol-17b-glucuronide
(RN: 1806-98-0); Estradiol-3,17-disulfate (RN: 3233-70-3);
Estrone hydrogen sulfate (RN: 481-97-0)

l Synonyms*:
l Estradiol-3-glucuronide: Beta-D-glucopyranosiduronic

acid, (17beta)-17-hydroxyestra-1,3,5(10)-trien-3-yl-;
l Estradiol-17b-glucuronide: Beta-D-glucopyranosiduronic

acid, (17beta)-3-hydroxyestra-1,3,5(10)-trien-17-yl;
l Estradiol-3,17-disulfate: Estra-1,3,5(10)-triene-3,17-diol

(17beta)-, bis(hydrogen sulfate); and
l Estrone hydrogen -3-sulfate: 3-Hydroxyestra-1,3,5(10)-

trien-17-one hydrogen sulfate
l Chemical/Pharmaceutical/Other Class: Steroid hormones
l Molecular Formulas*:

l Estradiol-3-glucuronide: C24H32O8;
l Estradiol-17b-glucuronide: C24H32O8;
l Estradiol-3,17-disulfate: C18H24O8S2; and
l Estrone hydrogen sulfate: C18H22O5S

l Chemical Structures*:
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01014-9
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Uses

Estrogens exert a profound influence on the physiology of
numerous organs and systems of vertebrates, including the
reproductive tract, breast, skin, liver, gastrointestinal tract, and the
central nervous system (CNS). The production and circulating
concentrations of estrogens serve as clinical analytes for assessing
a woman’s developmental and reproductive health status.
Estrogens, their derivatives, andmimics have been used formany
therapeutic purposes, including as a contraceptive when in
conjunction with a progestin and as treatment for menopausal
symptoms. Naturally occurring estrogens, including those of
equine origin (Premarin�), are also employed in hormone
replacement therapy to prevent osteoporosis, hot flushes,
sweating, and atrophic vaginitis, and provide some protection
against cardiovascular disease by increasing high-density lipo-
protein and decreasing low-density lipoprotein cholesterol levels
in blood. Estrogens and their conjugates have been used in the
treatment of developmental delays or hypogonadism, atrophic
vaginitis during menopause, as well as certain estrogen-
dependent neoplasms in women, such as breast carcinomas.
Previously, some patients with prostate cancer were treated with
compounds that exhibited female sex hormone activities. An
increasing number of cosmetic creams and preparations contain
micronized natural estrogens. Certain types of estrogenic
substances (e.g., mycoestrogens) have been used in animal feeds
to increase muscle mass in livestock for greater meat production.
Background Information

Ovarian estrogens are steroid hormones that are synthesized
from androgenic precursors, e.g., testosterone and androste-
nedione, as the result of aromatase action. Estradiol-17b, which
is the most potent estrogenic hormone produced by granulosa
cells of the ovary, is also the precursor of estrone produced
primarily in adipose tissues of postmenopausal women. Theca
and corpus luteum also contain the enzymes necessary to
synthesize any of the three principal estrogens. Estriol, the
weakest estrogen of the three, is also synthesized by the
placenta and secreted during pregnancy.

In the early 1920s, the studies of Allen and the team of Long
and Evans demonstrated that surgical removal of ovaries from
prepubertal rodents terminated development of the uterus,
vagina, and mammary gland. Following this observation, the
influence of administered estrogen on stratification and
subsequent quantification of vaginal epithelium was devel-
oped as a highly sensitive measure of female sex hormone
action. From conception and the earliest stages of embryonic
development, through adolescence, to later stages of growth
and aging, hormones play a vital role in human life. Estrogens
are essential for differentiation, development, and functioning
of many target organs in women; however, recent evidence
indicates that female sex hormones are also important in male
development, particularly of bone and related tissues. Cardio-
vascular development and health are also influenced by
estrogen in males and females, but the extent is controversial.

At various stages of a woman’s reproductive cycle, different
types of estrogens are synthesized in distinct organ sites,
beginning with the formation of estradiol-17b in the ovary.
However, in pregnancy, the fetoplacental unit produces the less
potent substance estriol as a major estrogen. After menopause,
the androgens, androstenedione, and dehydroepiandrosterone,
are synthesized by the adrenal glands, and serve as precursors
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that are converted to estrone in peripheral tissues (e.g., adipose
cells) by the action of the enzyme aromatase.

Throughout a woman’s life, the naturally occurring estrogens
are conjugated with either sulfate or glucuronide (see Chemical
Structures), which increases their solubility for excretion in
urine. These conjugates are weakly estrogenic. Interestingly,
a preparation of similar compounds from pregnant mares’ urine
called Premarin� is used in the treatment of perimenopausal
symptoms. Other naturally occurring estrogens in humans
include the catechol estrogens discovered in the CNS. Although
the concentrations of these highly active estrogenic substances
are low relative to those of the ovarian estrogens, they appear to
play an important role in the evolvement of sexual behavior and
possibly in the development of cancer. It is well documented
that estrogens and many of their metabolites play dual roles in
the body in that ovarian and CNS estrogens primarily support
normal physiological processes such as differentiation and
development of the reproductive tract, while their metabolism to
reactive species, such as the catechol estrogen quinones, appear
to be carcinogenic.
Mechanism of Action

Two isoforms of estrogen receptors, ERa (encoded by the gene
ESR1) and ERb (encoded by ESR2), have been detected in
numerous organs that are targets for estrogen’s action (e.g., uterus
and breast). In addition, a membrane-bound estrogen receptor
(GPR30, encoded by the gene GPER) has been described. The
primarymechanismof estrogenaction in target cells is to enhance
transcriptional activity (gene expression) as a result of high
affinity association with an isoform of the estrogen receptor
protein. Hormone-independent activation is also known to
occur. In the hormone-dependent transcriptional activation, ER
proteins are generally maintained inactive (unliganded) when
bound to chaperone proteins; upon ER recognition of an estro-
genic ligand, the chaperone proteins are dissociated. The ligand-
binding domain of the estrogen receptor consists of 12 a-helices
that form a hydrophobic binding site. Binding of ligand, which
causes a dissociation of the ER–chaperone complex, reveals the
domains for receptor dimerization, nuclear localization, associ-
ation with estrogen response element sequences (EREs) in DNA,
and recruitment of other transcription factors or coactivators
necessary for transcription of target gene. Coactivator and core-
pressor proteins may, in fact, play a larger role in the estrogen
receptor protein–mediated responses to estrogen mimics exhib-
iting low affinities. In contrast, hormone-independent activation
of the estrogen receptor involves translational modifications,
such as phosphorylation, acetylation, methylation, or sumoyla-
tion. Signal transduction by epidermal growth factor receptor via
MAP kinase or Akt has been shown to activate ERa in a ligand-
independent manner by phosphorylation of serines 118 and
167; however, it is unclear if phosphorylation itself is sufficient
for hormone-independent activation of ER.
Physiological Roles and Levels

Estrogens are essential for the multifarious processes involved
in reproduction and development of secondary sexual charac-
teristics of the female. As described, they provoke these
physiologic responses in hormone-target tissues such as breast
and uterus by first associating with specialized intranuclear
proteins called estrogen receptors. Estrogen receptor proteins
not only bind naturally occurring estrogens (of human, animal,
and plant origin) with high affinity and specificity, they possess
the ability to associate with a diverse group of xenoestrogens,
which may elicit endocrine-disrupting consequences. Thus,
estrogen receptor proteins are cellular prerequisites for
response to an estrogen or its mimic. Furthermore, if ER
proteins are not expressed in a target cell or if their structures
are severely altered due to gene mutations, female sex
hormones will be unable to promote developmental responses
required for normal reproductive processes. Both a and b iso-
forms of estrogen receptors, when bound to naturally occurring
estrogens, play critical roles in normal cell differentiation and
proliferation, including of the CNS.

Although many of the steps involved in the physiological
roles of estrogen are well understood, current investigations are
directed in diverse areas such as (1) the design and develop-
ment of therapeutic estrogen mimics for the management of
osteoporosis, cardiovascular disease, and certain cancers using
quantitative structure–activity relationship (QSAR) modeling
and advanced informatics-based approaches (e.g., data from
ligand binding and protein crystallography) and (2) a greater
understanding of the molecular basis by which certain
environmental substances (so-called endocrine-disruptor
compounds, or EDCs) may severely alter normal hormone
response mechanisms and pathways.

Premenopausal, nonpregnant women produce 100–300 mg
of estradiol-17b and 100–200 mg of estrone per day,
while postmenopausal women exhibit diurnal fluctuations in
estradiol-17b blood levels. Blood levels of estradiol-17b in
prepubescent females are 4–12 pg ml�1 while those of women
in the early follicular phase of the menstrual cycle range from
30 to 150 pg ml�1, and in the late follicular phase the levels
are 100–400 pg ml�1 estradiol, with concentrations of
30–200 pg ml�1 in the luteal phase. Although postmenopausal
women exhibit circulating levels of 5–30 pg ml�1 of estradiol,
the principal circulating estrogen is estrone formed in periph-
eral adipose tissues. Prepubertal males exhibit 2–8 pg ml�1

circulating estradiol, while normal adult males exhibit blood
levels of 5–20 pg ml�1 estradiol, although the levels may
increase in certain pathophysiological conditions.

The excretion profile of estrogens in menstruating women
with normal cycles is reflected in either plasma or urinary
estradiol-17b levels. However, with clinical problems such as
polycystic ovarian disease, the extraovarian production of
estrogens is best evaluated using urine specimens.
Exposure Routes and Pathways

Estrogens (female sex steroid hormones) are synthesized from
cholesterol using the parent ring structure, cyclopentano-
perhydrophenanthrene of the estrane series as a result of the
metabolic activities of a series of cytochrome P450-linked
enzymes and hydroxysteroid dehydrogenases. The steroido-
genic pathway includes the production of the androgenic
precursors, dehydroepiandrosterone and androstenedione, the
latter of which is converted to testosterone, then to estradiol-17b.
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This requires aromatization of these androgenic precursors by an
aromatase enzyme complex. The major source of estrogen in
postmenopausal women is the conversion of androstenedione
to estrone by aromatase activity in adipose tissue, liver, and skin.
The A-ring is aromatic and cis–trans isomerism is not possible at
carbon 5 and carbon 10. Naturally occurring estrogens are
produced in the ovaries and placenta, and in small amounts in
the CNS of mammals, affecting the reproductive system and
secondary sexual characteristics as well as the health of bone and
vascular systems. Estradiol in the male is derived from direct
secretion from the testes and primarily by conversion in
peripheral tissues from precursors secreted by both the testes and
the adrenal glands. Certain estrogenic compounds such as the
catechol estrogens also may be genotoxic in females and males
when converted to their quinones and semiquinones, allowing
reactions with DNA resulting in damage and mutagenesis.

Naturally occurring or synthetic estrogens are prescribed to
the majority of women for use as oral contraceptives or as
hormone replacement therapy for symptoms of menopause.
Oral contraceptives (birth-control pills) have been developed
as various combinations of an estrogen and a progestin, which
collectively prevent pregnancy by inhibiting the release of eggs
from the ovaries (ovulation) and altering the cervical mucus
and the lining of the uterus (the endometrium). While oral
contraceptives are a very effective method of birth control, they
do not prevent the spread of AIDS and other sexually trans-
mitted diseases. Plant estrogens (phytoestrogens) are also
ingested at relatively low levels with certain foods such as soy
and corn. Additional environmental estrogens (xenoestrogens)
may be ingested as a result of consuming unwashed vegetables
and fruit that was sprayed with various pesticides and herbi-
cides. Other estrogen mimics classified as industrial pollutants
(e.g., polychlorinated biphenyls, polybrominated diphenyl
ethers, and bisphenol A) may be ingested, absorbed, or inhaled
upon exposure to a contaminated site.
Toxicokinetics

Ovarian thecal cells are stimulated by luteinizing hormone to
increase the conversion of cholesterol to androstenedione. The
enzyme aromatase (CYP 19) catalyzes the conversion of
androstenedione to estrone and of testosterone to estradiol-17b,
which are then released into the bloodstream where they are
bound to the serum proteins, sex-hormone-binding globulin,
testosterone-estradiol-binding globulin, and albumin. Estrone
and estradiol-17bmay be interconverted by 17b-hydroxysteroid
dehydrogenase. In cycling females, ovarian secretion rates of
estrogens reach a peak in the late follicular phase (preovulatory
peak). In the liver, estrogens are conjugated to sulfate or glucur-
onate to increase their water solubility for urinary excretion.
Mechanism of Toxicity

To initiate toxic effects of estrogens and their mimics, tissue
absorption, serum transport either protein bound or in the
unbound state, metabolism, and affinity for the various estrogen
receptor proteins must be considered. In vivo, naturally occurring
estrogen suppresses ovulation by feedback inhibition at the
hypothalamus and pituitary. Additionally, estrogens and
progestins induce cervical mucosa thickening altering the success
of implantation. Abnormal levels of estrogens or their mimics
binding to the estrogen receptors, and subsequently to ERE
sequences in the 50-flanking regions of target genes (e.g.,
progestin receptor and prolactin), may lead to altered transcrip-
tion. This increase in target gene products may lead to symptoms
or phenotypes associated with overexposure to estrogens (e.g.,
feminization). The distribution of estrogen receptors in organs
throughout the body in the reproductive tract, neuroendocrine
system, and visceral organs clearly suggest the broad possibilities
for altering physiologic responses by hyperestrogenization or
administration/consumption of estrogen mimics.
Toxicity (or Exposure)

One of the largest controlled studies of the effects of estrogen
exposure was conducted by the Women’s Health Initiative
(WHI), which launched a series of clinical trials and observa-
tional studies in more than 150 000 healthy, postmenopausal
women. The principal emphasis was to test the effects of post-
menopausal hormone therapy, either an estrogen-plus-progestin
regimen in women with a uterus or an estrogen-alone study of
women without a uterus, on heart disease, bone fractures, and
breast and colorectal cancers. Details may be found on the WHI
Scientific Resources website.

Accumulating evidence indicates major roles for estrogens
either in diminished or elevated levels in a wide variety of
human diseases, such as cardiovascular disease, breast carci-
noma, and osteoporosis. For every 10 000 individuals, the
average annual mortality of women ages 65–74 due to
cardiovascular disease is 59, to breast carcinoma is 10, and to
osteoporotic hip fractures is six. The risks associated with
estrogen use include carcinoma of the uterus and breast, gall-
bladder disease, and abnormal blood clotting. Women who
started menstruating at an early age (before age 12) and/or
went through menopause at a later age (after age 55) have
a slightly higher risk of breast cancer. This may be related to
a longer lifetime exposure to the hormones estradiol, estrone,
and progesterone. Some of the side effects of overexposure to
estrogens include nausea, vomiting, migraine headaches, and
the exacerbation of endometriosis. Other clinical conditions
associated with estrogen imbalance include anovulation,
hirsutism, and primary amenorrhea. In addition, estrogens and
certain estrogen mimics are reported to interfere with normal
embryonic development in animals and humans.
In Vitro Toxicity Data

In June 1993, the National Institute of Environmental Health
Sciences was directed by Public Law 103-43 (National Insti-
tutes of Health Revitalization Act of 1993) to develop and
validate alternative methods for acute and chronic toxicity
testing. To implement this, they established an Interagency
Coordinating Committee on the Validation of Alternative
Methods in 1997. The report published in 2002 summarizes
their findings for both estrogen and androgen receptor testing
of a large, chemically diverse series of compounds suspected



466 Estrogens I: Estrogens and Their Conjugates
to exhibit either estrogen/androgen mimicry or endocrine-
disruptor activities. The ligand-binding affinity of a suspected
estrogen or estrogen mimic is highly dependent upon the
receptor test system used to assess the activity (see Estrogens V:
Xenoestrogens). In general, the binding affinities of the three
naturally occurring estrogens are used as references for assess-
ing estrogen mimics. It is widely accepted that the relative
binding affinity for estradiol-17b is set at 100, that of estrone is
15–60, and that of estriol is 0.2–30, depending on the source of
the estrogen receptor used in the analyses.
Environmental Fate

Naturally occurring estrogens, their conjugates, and those used
as therapeutics result in their release into the wastewater supply
due to urinary excretion. Most wastewater is highly filtered and
treated prior to release into the consumable water supply of
developed countries. However, in some undeveloped coun-
tries, certain estrogens and their mimics (e.g., ethynylestradiol)
may not be completely removed from the drinking water
supply. Compounds exhibiting estrogenic activities are also
present in various pesticides and herbicides, increasing the
likelihood of exposure. Although many of the xenoestrogens
are degraded by soil microbes, increased use of these chemicals
may lead to greater uptake in foodstuffs as well as contami-
nation of the groundwater supply, as in the case of water runoff
from fields or golf courses heavily fertilized and treated with
herbicides. This is an area of controversy, and better methods
for assessing levels and activities of estrogens and their mimics
in water, soil, and foodstuffs are needed.
Ecotoxicology

Reproductive and developmental abnormalities in certain
wildlife and the occurrence of compounds which mimic
hormones appear to be related. For example, between 1995
and 1997more than half of the counties in Minnesota reported
the presence of malformed frogs in sites with no prior history of
mutations. Using a Xenopus (FETAX) assay and an evanescent
field fluorometric biosensor, substances exhibiting estrogenic
activity were detected in pond water samples from which frogs
with malformations were collected. Furthermore, downstream
of pulp paper mills, the sex ratio of certain fish was altered,
presumably due to released agents with xenoestrogen activities.
Although these compounds are unlikely to be of human origin,
they appear to be exhibiting estrogen mimicry. A number of
estrogen receptor-based assays for xenoestrogens are discussed
in ‘Estrogens V: Xenoestrogens.’
See also: Androgens; Estrogens II: Catechol Estrogens;
Estrogens III: Phytoestrogens and Mycoestrogens; Estrogens
IV: Estrogen-Like Pharmaceuticals; Estrogens V:
Xenoestrogens; Reproductive System, Female; Toxicity
Testing, Reproductive.
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l Name: Estrogens II: catechol estrogens
l Chemical Abstracts Service Registry Numbers:

2-Hydroxyestrone (RN: 362-06-1), 2-Hydroxyestradiol
(RN: 362-05-0), 4-Hydroxyestrone (RN: 3131-23-5),
2-Methoxyestrone (RN: 362-08-3), 2-Methoxyestriol
(RN: 1236-72-2)

l Synonyms:
2-Hydroxyestrone: Estra-1,3,5(1)-trien-17-one, 2,3-
dihydroxy-
2-Hydroxyestradiol: Estra-1,3,5(10)-triene-2,3,17-beta-triol
4-Hydroxyestrone: Estra-1,3,5(10)-trien-17-one, 3,4-
dihydroxy-
2-Methoxyestrone: 3-Hydroxy-2-methoxyestra-1,3,5(10)-
trien-17-one
2-Methoxyestriol: Estra-1,3,5(10)-triene-3,16,17-triol,
2-methoxy-, (16alpha, 17beta)-

l Molecular Formulas:
2-Hydroxyestrone: C18H22O3

2-Hydroxyestradiol: C18H24O3

4-Hydroxyestrone: C18H22O3

2-Methoxyestrone: C19H24O3

2-Methoxyestriol: C19H26O4

l Chemical Structures (from ChemIDplus):
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

In addition to the critical roles that ovarian estrogens exert
in the normal development of reproductive organs and phys-
iological processes of the female, the catechol estrogens,
particularly 2- and 4-hydroxyestrogens, participate in the
mechanisms controlling gonadotropin secretion in mammals.
Although the majority of studies on catechol estrogens have
focused on their activities in vivo, the therapeutic potential of
the methoxyestrogens have been explored, with preliminary
results suggesting an antiproliferative effect that appears to
involve disruption of microtubule function, induction of
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apoptosis, and inhibition of angiogenesis. Catechol estrogens
act as potent inhibitors of the methylation of catecholamines
apparently by competitive binding to catechol-O-methyl-
transferase (COMT). Furthermore, 2- and 4-hydroxy catechol
estrogens are readily O-methylated by COMT. It is suggested
that catechol estrogens influence the secretion of luteinizing
hormone (LH) and prolactin in rodents and man, as well as
sexual behavior in lower mammals. To our knowledge, there
are no clinical uses of catechol estrogen administration directly
to patients.
Background Information

Existence of catechol estrogens was postulated as early as the
late 1930s from observations such as those made by Dinge-
manse and Laqueur, who reported the rapid disappearance of
estrogen biologic activity in vivo. In 1940, Westerfield sug-
gested this resulted from the hydroxylation of the aromatic
A-ring of the estrogen cyclopentanoperhydrophenanthrene
nucleus, which formed an O-dihydroxyphenol (a catechol).
Catechol estrogens are derivatives of the parent estrane series.
Chemical synthesis was completed in the 1950s, allowing the
first studies of catechol pharmacology.

Catechol estrogens are formed from the naturally occur-
ring estrogens (estradiol-17b and estrone) in the central
nervous system (e.g., hypothalamus and cerebral cortex) and
the anterior pituitary and to a lesser extent in other organs.
17b-Oxidoreductase and cytochrome P450 (CYP1A1 and
CYP1B1) are enzymes that convert estrogens to catechol
metabolites. CYP1A1 preferably hydroxylates estrone and
estradiol-17b at the 2-position, while CYP2B1 catalyzes the
formation of 4-hydroxyestrone or 4-hydroxyestradiol. Both
2- and 4-hydroxy catechol estrogens are O-methylated by
COMT.
Exposure Routes and Pathways

Exposure to catechol estrogens is largely internal as the
result of metabolism of ovarian estrogens by organs of the
host. However, prolonged use of estrogens unopposed by
a progestin is accepted as a risk factor for developing carci-
noma of the endometrium. For decades it has been docu-
mented that the naturally occurring estrogens, estradiol-17b
and estrone, may be carcinogenic in experimental rodent
models and humans. Various catechol estrogens are secreted
in high amounts in urine due to formation in measurable
quantities in different organs, such as the adrenal, heart,
hypothalamus, kidney, liver, pituitary gland, placenta,
prostate, and testes, implying the presence of both
2-hydroxylase and 4-hydroxylase. Estrone is metabolized by
two alternative pathways, of which the 2-hydroxylation
pathway leads to the formation of the catechol
estrogens, primarily 2-hydroxyestradiol, 2-hydroxyestrone,
2-hydroxyestriol, and their corresponding methoxy deriva-
tives. The 16a-hydroxylation pathway leads predominantly
to estriol. Direction of estradiol-17b metabolism is depen-
dent on the pathophysiologic state of the individual.
Although catechol estrogens may play an antiestrogen role
under some circumstances, they evoke a variety of pharma-
cologic activities.
Physiological Roles and Levels

Because catechol estrogens are highly unstable in solution,
being easily decomposed by oxidation especially under alka-
line conditions, accurate measurements in serum, urine, and
tissue extracts have been difficult. In the second half of human
pregnancy, concentrations of 2-hydroxyestrone range from 110
to 2100 mg per 24 h, those of 2-hydroxyestradiol are in the
range 20–180 mg per 24 h, and those of 2-hydroxyestriol are in
the range 35–240 mg per 24 h. Levels of catechol estrogens in
postmenopausal women, children, and men are below that
required for conventional assays, and more sensitive proce-
dures such as a double isotope derivative method based
on enzymatic methylation of the catechol estrogen must be
employed.

Although the half-lives of catechol estrogens in sera appear
to be too short (less than a minute) for consideration as
circulating hormones, it appears that they are locally active in
certain tissues as a result of interaction with estrogen receptor
proteins, a and b isoforms. It is known that catechol estrogens
exhibit a potent influence on gonadotropins in that they induce
ovulation and an LH surge in immature rats. Neurophysiologic
data suggest that 2- and 4-hydroxylated estrogens also play an
important role in the activation of lordosis behavior in rats.
Binding Affinities

Although a wide variety of female sex hormone target tissues
contain estrogen receptor proteins, it has been proposed that
there are neuronal cell receptors that also bind catechol estro-
gens, allowing them to function as neurotransmitters. Affinities
of catechol estrogens are highly dependent on the source of the
receptor proteins. Relative binding affinities (RBAs) of catechol
estrogens compared to that of estradiol-17b (RBA of 100) were
100–150 for 2-hydroxyestradiol and 4-hydroxyestradiol, and
0.1–0.7 for 4-methoxyestradiol, 2-methoxyestrone, and
2-methoxyestradiol using cell-free preparations of human
estrogen receptors. Using rat uterine estrogen receptors,
4-hydroxyestradiol had an RBA of 45, 2-hydroxyestradiol of 24,
4-hydroxyestrone of 11, and 2-hydroxyestrone of 2, while
4-methoxyestradiol, 2-methoxyestrone, and 2-methoxyestradiol
were less than 0.1–1. Collectively, 2-hydroxyestradiol and
4-hydroxyestradiol may be considered highly potent estrogens
relative to that of estradiol-17b.

There is growing evidence that catechol estrogens are also
recognized by membrane-associated receptors in responsive
tissues. Investigations suggest that catechol estrogens may
exhibit competitive inhibition of catecholaminergic agonists
and antagonists binding to dopaminergic and noradrenergic
receptors in brain tissues. Other studies suggest catechol
estrogens react directly with specific estrogen receptors. There is
also evidence that catechol estrogens associate with sex-
hormone binding globulin, testosterone estradiol binding
globulin with RBAs of 200 for 2-hydroxyestradiol, 75 for
2-hydroxyestrone, and 1 for 2-hydroxyestradiol compared to
testosterone.
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Toxicokinetics

Catechol estrogens are metabolized by three principal revers-
ible reactions, including methylation and demethylation,
catalyzed by the enzyme COMT, and conjugation with either
glucuronic or sulfuric acid (see Chemical Structures). Two
irreversible reactions involved in metabolism to products with
diminished activities, include additional hydroxylations
leading to tetrahydroxylated, highly water-soluble compounds
and the irreversible binding to amino acids and proteins,
including the formation of thioesters.
Mechanism of Toxicity

The association between the ovaries and breast cancer has been
recognized for more than a century, and a plethora of investi-
gations since have supported the role of estrogens in the
development and progression of breast cancer in experimental
animal models and humans. Carcinogenesis induced by
estrogens has been proposed to be mediated by activated
catechol metabolites, which are known to react covalently with
protein and nucleic acids. Although the reactive 16a-hydroxy,
2-hydroxy, and 4-hydroxy estrogens are inactivated by COMT
to species that are excreted, these compounds can also be
oxidized to semiquinones and quinones, in particular catechol
estrogen-3,4-quinones, which appear to be the principal
metabolites of estrogens that are carcinogenic. The metabolites
are reactive with DNA, forming depurinating adducts. It is re-
ported that the apurinic region of the DNA sequence, which is
often left unchanged by DNA repair enzymes, is the origin of
mutations that contribute to the initiation of cancer. Mutagenic
potential of both oxidative activities and estrogen DNA adducts
has been implied. Results such as these suggest the complexity
of the mechanism of estrogen carcinogenesis and assessing the
risks of estrogen therapy. Breast cancer risk also appears to be
associated with genotype polymorphism of the catechol
estrogen-metabolizing genes.
Toxicity (or Exposure)

There is growing evidence that estrogens and their metabolites
play multiple roles in physiological homeostasis, which can be
extended to pathophysiologic conditions (e.g., acting as direct
mutagens/carcinogens and as inducers of carcinoma prolifera-
tion). The phenolic A-ring and the oxygen function at C-17 are
essential for biological activity, and substitutions at other
positions in the molecule reduce their estrogenicity (feminizing
potency). Thus, 2-methoxyestrone and 2-methoxyestradiol
exhibit very little activity. Actions of catechol estrogens
include the following: (1) 2-hydroxyestradiol appears to interact
with dopamine receptor, (2) interference of catecholamine
synthesis at high local concentrations of the compounds, (3)
inhibition of catecholamine degradation via competitive inhi-
bition of COMT, and (4) ability to bind to estrogen receptors in
brain and act either as an agonist or as an antagonist depending
on the pathway.

Chronic alcoholism is frequently associated with alterations
with sex-steroid hormonemetabolism and clearance. Symptoms
of hyperestrogenism in males include gynecomastia, palmar
erythema, and spider angiomata. Furthermore, catechol estrogen
metabolites are genotoxic in that they are reported to form DNA
adducts, resulting in apurinic sites and damage. Metabolites of
equine estrogens, such as those administered in therapeutics
such as Premarin�, have been implicated in breast cancer
development by associating with the estrogen receptor, which
stimulates cell proliferation and gene expression.

Specific oxidative metabolites of estrogens, particularly cate-
chol estrogen-3,4-quinones, react with DNA and generate
mutations that lead to the initiation of cancer. If catechol estro-
gens are not conjugated, they are readily oxidized to semi-
quinones andquinones,which reactwithDNA-forming adducts.
Error-prone repair of theDNA can lead to specificmutations that
may initiate breast, prostate, and other types of cancer.
In Vitro Toxicity Data

Catechol estrogens are potent inhibitors of tyrosine kinase
activity in vitro. High concentrations of catechol estrogens are
necessary to cause measurable inhibition, but the physiologic
role of this interaction remains uncertain. Catechol estrogens
have also been shown to be potent inhibitors of the
COMT-mediated inactivation of catecholamines. Since cate-
chol estrogens exhibit high affinities for the estrogen receptor
protein, it is assumed that the majority of their non-DNA
reactive activities are mediated in a mechanism similar to
that evoked by ovarian estrogens. Although there are few
studies of the ability of catechol estrogen bound estrogen
receptors to recruit coactivators and corepressor proteins, recent
evidence clearly suggests the most active catechol estrogens
alter gene expression in certain target cells.
Environmental Fate

Because of the chemical instability of catechol estrogens, it is
unlikely they exist in an active form after excretion. However,
this has not been evaluated conclusively.

See also: Estrogens I: Estrogens and Their Conjugates;
Estrogens III: Phytoestrogens and Mycoestrogens; Estrogens
IV: Estrogen-Like Pharmaceuticals; Estrogens V:
Xenoestrogens.
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l Name: Phytoestrogens and Mycoestrogens: 1. Diosgenin;
2. Genistein; 3. Resveratrol; 4. Zearalenone

l Chemical Abstracts Service Registry Numbers: 1. Diosgenin
(RN: 512-04-9); 2. Genistein (RN: 446-72-0); 3. Resveratrol
(RN: 501-36-0); 4. Zearalenone (RN: 17924-92-4)

l Synonyms: 1. Diosgenin: (20R,25R)-Spirost-5-en-3beta-
ol; 2. Genistein: 5,7-Dihydroxy-3-(4-hydroxyphenyl)-
4-benzopyrone; 3. Resveratrol: t-3,40,5-Trihydroxystilbene;
4. Zearalenone: (S-(E))-3,4,5,6,9,10-Hexahydro-
14,16-dihydroxy-3-methyl-1H-2-benzoxacyclotetradecin-
1,7(8H)-dione

l Molecular Formulas: 1. Diosgenin, C27H42O3; 2. Genistein,
C15H10O5; 3. Resveratrol, C14H12O3; 4. Zearalenone:
C18H22O5

l Chemical Structures:
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Background

For decades, the consumption of soybean-derived products by
Asians living in China, Japan, and Korea has been thought to
be related to their lower incidence of certain cancers and
cardiovascular disease compared to that of populations
consuming a western diet. Observations such as the appear-
ance of higher plasma and urine concentrations of iso-
flavonoids in individuals eating a largely vegetarian diet
compared to that of omnivores suggested a role for phytoes-
trogens in lowering disease incidence, but the contributions of
red meat and fat consumption were unclear in these types of
comparisons.

More than 20 different compounds have been identified as
either phytoestrogens or mycoestrogens in at least 300 unique
plant and fungus species, based on their abilities to either bind
to estrogen receptors and/or stimulate estrogen-like activities in
cell cultures or in vivo. There are numerous chemical classes of
phytoestrogens, including coumestans, dihydroxychalcones,
isoflavones, prenylated flavonoids, stilbenes, and resorcylic
acid lactones. Representative examples are coumestrol for
coumestans, phloretin for dihydroxychalcones, genistein for
isoflavones, 8-prenylnaringenin for prenylated flavonoids,
resveratrol for the stilbenes, and zearalenone for resorcylic acid
lactones. Certain phytoestrogens, such as coumestrol, genis-
tein, and naringenin, exhibit greater affinities for estrogen
receptor-b than for estrogen receptor-a using ligand competi-
tion assays.
Uses

In general, xenoestrogens in the environment are classified into
those occurring naturally (synthesized by either plants or fungi)
and those produced commercially (e.g., insecticides, herbicides,
estrogen-like therapeutics, and industrial by-products).
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Phytoestrogens and mycoestrogens are found in various plants,
such as soy (genistein), yams (diosgenin), and grapes (resvera-
trol), and in fungus species such as Fusarium molds (zear-
alenone and its conjugates). The compounds associated with
these classes of molecules bind to estrogen receptor proteins
with a variety of affinities, sufficient to label them as estrogen
mimics. Thus they have the capacity to replace native estrogenic
molecules on the ligand binding sites of the estrogen receptor
proteins, which may allow alterations in hormone mediated
pathways.

Although exposure to synthetic endocrine disruptor
compounds is generally believed to have negative physiological
effects, phytoestrogens are viewed largely as beneficial by the
general public. Various phytoestrogens are present in common
foodstuffs (e.g., corn and soy-based) and are ingested by
humans and animals on a frequent basis. Preliminary epide-
miological studies suggest protective effects of consuming
foodstuffs containing certain isoflavones and, to a smaller
degree, those containing lignans (i.e., cereals, flaxseed, and
fruits) in altering the development of osteoporosis, cardiovas-
cular disease, and certain cancers. These investigations, as well
as traditional and alternative medicine practices, have elevated
the interest in using dietary supplements containing extracts or
the purified compounds as part of a healthy diet and for
problems associated with menopause, prevention of bone loss,
and cardiovascular disease. Furthermore, certain mycoes-
trogens (e.g., zearalenone) and chemical derivatives have been
used as additives to livestock feeds to increase muscle mass for
greater meat production. Advances in the techniques of
molecular endocrinology are exploiting the molecular basis of
Table 1 Phytoestrogens and mycoestrogens with suspected
endocrine-associated effects

Compound Common source RBAa for estrogen receptor

Artemisinin Wormwood
Biochanin A Soy 0.004
Coumestrol Red clover and alfalfa 0.7–5
Curcumin Turmeric
Daidzein Soy 0.02–1
Diosgenin Yams
Diosmin Limes and citrus
Formononetin Soy NA
Genistein Soy 0.5–45
Glycitein Soy 0.001
Naringenin Grapefruit and citrus 0.01–0.2
Phloretin Apples and pears 0.07–0.7
Prunetin Soy 0.000 1–0.002
Resveratrol Muscadine grapes 0.001–0.05
Sarsasapogenin Sarsaparilla root
Zearalanone Fusarium molds 2–15
Zearalenone Fusarium molds 5–18
a-Zearalanol Fusarium molds 25–36
a-Zearalenol Fusarium molds 36–70
b-Sitosterol Soy NA
b-Zearalanol Fusarium molds 0.6–16
b-Zearalenol Fusarium molds 0.2–23

aRBA, relative binding affinity (% of estradiol-17b activity).
Refer to ICCVAM report for most RBAs (see report for various estrogen receptor
sources).
phytoestrogen action at the genomic and proteomic as a means
of resolving their role in health and disease.

A list of representative chemicals is shown here with source
and relative binding affinities for the estrogen receptors.
Environmental Fate and Behavior

Similar to the routes of release of mammalian estrogens,
ingested phytoestrogens and mycoestrogens may appear in the
environment as a result of intestinal metabolism and excretion
in urine and feces. In addition, decomposition of botanicals
containing these compounds may be released in soil and water.
Little is known regarding their biotransformation by soil and
water organisms. It is generally accepted that the concentra-
tions of these compounds existing free in the environment pose
few health concerns.
Exposure and Exposure Monitoring

Human and animal exposures to phytoestrogens usually
occurs by two routes, ingestion of food products (berries,
seeds, grains, nuts, fruits, soy, and legumes) containing the
agents or as over-the-counter nutritional supplements.
However, a number of cosmetic preparations contain certain
of these natural, plant-based estrogens that may be absorbed
through the skin. Medical problems associated with admin-
istration of hormone replacement therapy, as described in the
report of the Women’s Health Initiative, have motivated many
women to seek nonmedical means of post-menopausal
endocrine replacement, such as phytoestrogen supplements.

Most exposures to mycoestrogens result from consumption
of food products, e.g., corn, that have been contaminated with
Fusarium molds. Studies of the activities of phytoestrogens and
mycoestrogens clearly indicate that these compounds bind to
the estrogen-receptor proteins with variable affinities, displac-
ing native estradiol-17b. Details of the signaling transduction
pathways are poorly understood, but appear to involve alter-
ations in target gene expression, which may alter various
signaling pathways such as those involved in reproductive
organs.
Toxicokinetics

It is generally accepted that the assessment of actual risks or
benefits of exposure to or consumption of phytoestrogens and
mycoestrogens by humans and animals is controversial. The
complexity of the estrogen signaling network, involving
multiple forms of the receptor proteins and the cross talk with
the other pathways (e.g., growth factor–induced), limits our
current understanding regarding the mechanisms by which
these estrogen mimics act as agonists or antagonists. Further-
more, the biological role for the presence of phytoestrogens in
plants or mycoestrogens in fungi is unknown.

In plants, isoflavones are found as glucoconjugates, which
are biologically inactive. However, they are hydrolyzed to
active forms by intestinal bacteria. Although many phytoes-
trogenic compounds are metabolized in the mammalian gut by
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enzymes such as b-glucosidases, significant quantities are
present in urine and feces. For example, lignans may be
metabolized to enterodiol and enterolactone while isoflavones
may be metabolized to equol and O-desmethylangolensin by
intestinal microflora prior to urinary excretion. There is
significant estrogenic potential of certain phytoestrogens,
especially for interactions with estrogen receptor-b, which
may trigger similar biological responses to those of physio-
logical estrogens. However, the biological roles of estrogen
receptor-b remain unclear.
Mechanism of Toxicity

Ingestion of either phytoestrogens or mycoestrogens may result
in alterations in physiological processes controlled by native
estrogens, since these types of compounds either mimic or
compete with natural estrogens for the estrogen receptors, with
relatively low affinity. While these structurally diverse
compounds collectively exhibit estrogen mimicry, they also
share common properties such as retention in adipose tissues
due to their lipophilic properties and ability to cross the
placental barrier. These properties, particularly estrogen receptor
association, may lead to an alteration of expression of target
genes (e.g., progestin receptor, prolactin receptor) containing an
estrogen response element sequence. Since estrogens are
essential in most vertebrate species for normal differentiation,
development, and function, primarily in females of the species,
interference with or enhancement of related pathways may
adversely affect or enhance the health of the host and offspring.
For example, certain phytoestrogens at the low concentrations
consumed in a typical American-style diet appear to be associ-
ated with a reduced risk of endometrial carcinoma.

Certain phytoestrogens have also been suggested to inhibit
enzymes involved in estrogen biosynthesis and metabolism as
well as thyroid biosynthesis. Preliminary studies suggest iso-
flavones inhibit protein tyrosine kinases and topoisomerases as
well as influence the cell cycle and subsequent proliferation,
differentiation, and apoptotic pathways. Interest in phytoes-
trogens, such as those classified as isoflavones, has increased
since they are reported to exhibit critical nonhormonal effects
such as antioxidation.
Acute and Short-Term Toxicity

The body of experimental and epidemiological evidence sug-
gesting phytoestrogens may alter human health continues to
expand to cover a wide range of exposures. Effects of trans-
generational exposure to unrecognized agents that may be
present in foodstuffs, drinking water, and other consumables,
including medications and cosmetics, are of particular concern.
Using either animal-derived estrogen receptor preparations or
recombinant human estrogen receptors-a and -b and highly
purified preparations of these compounds as standards, expo-
sure and risk assessment may be improved for environmental
estrogen mimics, and a quantitative analysis of their occurrence
in the environment may be determined.

Once bound to estrogen receptors, phytoestrogens can
initiate transcription of estrogen target genes, similar to those
induced as a result of estradiol-17b association with estrogen
receptor proteins. Isoflavones are dissimilar to traditional
estrogen agonists, but instead behave like selective estrogen
receptor modulators, which have differing effects (either
agonist or antagonist) in various estrogen target tissues.
Chronic Toxicity

Livestock ingestion of large quantities of phytoestrogens in
certain clovers and alfalfas, and mycoestrogens in moldy
grains, has been reported to adversely affect fertility, leading to
concerns that similar effects may occur in humans, particularly
with infants fed soy-based formulas. However, other studies on
populations that traditionally consume diets rich in phytoes-
trogens (i.e., Japanese and Chinese) suggest that these
compounds may have a beneficial effect regarding the
prevention and development of osteoporosis, cardiovascular
disease, and some cancers.
Exposure Standards and Guidelines

The US National Institute of Environmental Health Sciences
was directed by Public Law 103-43 to develop and validate
alternative methods for acute and chronic toxicity testing.
To implement this, they established an Interagency Coor-
dinating Committee on the Validation of Alternative
Methods in 1997.

Dietary supplements containing various combinations of
phytoestrogens neither are controlled by federal agencies such
as the US Food and Drug Administration nor have exposure
standards and guidelines been established. This is due to the
paucity of data regarding their clinical safety and efficacy.
See also: Estrogens I: Estrogens and Their Conjugates;
Estrogens II: Catechol Estrogens; Estrogens IV: Estrogen-Like
Pharmaceuticals; Estrogens V: Xenoestrogens; Mycotoxins.
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l Name: Estrogen IV Chemicals include: 1. Diethylstilbestrol;
2. Equilin; 3. Ethynyl estradiol; 4. Raloxifene; 5. Tamoxifen

l Chemical Abstracts Service Registry Numbers: 1. Diethyl-
stilbestrol (RN: 56-53-1); 2. Equilin (RN: 474-86-2);
3. Ethinyl estradiol (RN: 57-63-6); 4. Raloxifene (RN:
84449-90-1); 5. Tamoxifen (RN: 10540-29-1)

l Synonyms: 1. Diethylstilbestrol: 4,40-Stilbenediol, alpha,
alpha’-diethyl-, (E)- (8CI) -, DES; 2. Equilin: Estra-
1,3,5(10),7-tetraen-17-one, 3-hydroxy-; 3. Ethinyl estradiol:
19-Nor-17-alpha-pregna-1,3,5(10)-trien-20-yne-3,17-diol,
ethynylestradiol; 4. Raloxifene: Methanone, (6-hydroxy-2-
(4-hydroxyphenyl)benzo(b)thien-3-yl)(4-(2-(1-piperidinyl)
ethoxy)phenyl)-, Evista�; 5. Tamoxifen: Ethanamine,
2-(4-((1Z)-1,2-diphenyl-1-butenyl)phenoxy)-N,N-dimethyl-,
Nolvadex�

l Molecular Formulas: 1. Diethylstilbestrol: C18H20O2;
2. Equilin: C18H20O2; 3. Ethinyl estradiol: C20H24O2;
4. Raloxifene: C28H27NO4S; 5. Tamoxifen: C26H29NO

l Chemical Structures:
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Background

Oral contraceptives have been used widely by women since the
1960s, and most contraceptive pills contain various types and
ratios of estrogenic and progestomimetic substances. Hormone
replacement therapy (HRT) has evolved considerably in the
composition and doses utilized in the treatment of post-
menopausal women during the past four decades. Estrogen
therapies for both perimenopausal and postmenopausal
women are a controversial issue as a result of two randomized
clinical trials, the Heart and Estrogen/Progestin Replacement
Study (HERS I/II) and the Women’s Health Initiative (WHI),
which concluded that hormone therapy should not be
prescribed to prevent cardiovascular disease. While pharma-
ceutical compounds exhibiting estrogen mimicry are structur-
ally diverse, they share common properties such as their
retention in body fat deposits, their ability to cross the placental
barrier, their transport in blood usually bound to serum
proteins, and their affinity for the estrogen-receptor proteins.
When associated with estrogen-receptor proteins, estrogen-like
pharmaceuticals either disrupt native hormone action or
communicate activities similar to those of native estrogens.
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Selective estrogen-receptor modulators (SERMs) represent
a major therapeutic advance for the treatment of a variety of
conditions. Unlike estrogens, which are uniformly agonists, or
anti-estrogens, which are classified as antagonists, SERMs exert
selective agonist or antagonists effects on various target tissues.
The selectivity and specificity of responses to a particular SERM
therapy appear to be related to the types of coactivator or
corepressor proteins recruited to the transcriptional complex
assembled at the promoter of an estrogen-responsive gene.
A number of SERMs are used clinically in the management of
infertility (Clomiphene), reduction of breast cancer risk, i.e.,
chemoprevention (Tamoxifen), breast cancer treatment
(Tamoxifen and Toremifene) and prevention and treatment of
osteoporosis (Raloxifene).
Uses

Estrogen-like pharmaceuticals have a variety of clinical uses,
including treatment of hot flushes and other menopausal
symptoms, as fertility enhancing therapeutics (Clomiphene),
contraceptives (ethinyl estradiol), for prevention and treat-
ment of osteoporosis (equilin/Premarin�, Raloxifene) and
as an anticancer agent for estrogen-receptor positive breast
cancers (Tamoxifen). These pharmaceuticals exhibit a variety
of affinities for estrogen-receptor-protein isoforms a and b,
which may either activate (agonist) or inactivate (antagonist)
estrogen-receptor-associated signaling pathways. In general,
Table 1 Common estrogen-like pharmaceuticals

Compound Clinical use

Clomiphene (Clomid™) Fertility therapeutic
Diethylstilbestrol Sustaining pregnancy (di

therapeutic (discontinu
Droloxifene Cancer therapeutic
Ethinyl estradiol Oral contraceptive and re
Equilenin Osteoporosis prevention

Premarin™)
Equilin Osteoporosis prevention

Premarin™)
17a-Dihydroequilenin Osteoporosis prevention

Premarin™)
17b-Dihydroequilenin Osteoporosis prevention

Premarin™)
ICI 164,384 Cancer therapeutic
ICI 182,780 Cancer therapeutic
Idoxifene Cancer therapeutic
Nafoxidine Oral contraceptive and ca
Norethynodrel Oral contraceptive
Raloxifene (Evista™) Osteoporosis prevention

(postmenopausal wom
(under investigation)

Tamoxifen (Nolvadex™) Cancer therapeutic and c
Toremifene (Fareston™) Cancer therapeutic and H

aRBA, relative binding affinity (% of estradiol binding activity); ER, e
bSee ICCVAM report for various estrogen receptor sources.
Refer to Blair, R.M., Fang, H., Branham, W.S., et al., 2000. The e
xenochemicals: structural diversity of ligands. Toxicol. Sci. 54, 138–
activity relationships for a large diverse set of natural, synthetic and
RBAs (using rat uterine estrogen receptor).
most estrogen-like pharmaceuticals produce beneficial
effects. However, as a result of a major clinical trial con-
ducted by the National Institutes of Health WHI, an
increased risk of invasive breast cancer was observed in
women using HRT containing both estrogen and progestin.
In contrast, SERMs such as Tamoxifen and Raloxifene are
approved by the US Food and Drug Administration (FDA)
for breast cancer prevention of high-risk women.

Representative examples of these pharmaceutics are listed in
Table 1with their relative binding affinities (RBAs) for estrogen
receptors; however, the RBA values are highly dependent upon
the tissue and species source of the receptor protein used in the
in vitro binding assay.
Environmental Fate

Waste water from pharmaceutical industries producing these
therapeutics may allow introduction of these endocrine dis-
ruptors into the ecosystem if proper filtration is not
employed. Moreover, the conjugated products excreted in
urine and feces from individuals receiving these pharmaceu-
ticals can also be introduced into the waste water supply.
Notably, their increased aqueous solubility potentially may
extend their distribution into the ecosystem. There are few
published results regarding bioaccumulation and biotrans-
formation of estrogen-like pharmaceutics released into the
ecosystem.
aRBA for ER

b0.1–12
scontinued) and cancer
ed)

400

b0.2–15.2
productive medicine therapy 100–200
and therapeutic (HRT with b8

and therapeutic (HRT with b24

and therapeutic (HRT with

and therapeutic (HRT with

14.5
37.5

ncer therapeutic 0.7
0.2

and therapeutic
en) and cancer therapeutic

b16–69

ancer chemoprevention 0.06–16
RT (under investigation) 1.4

strogen receptor.

strogen receptor relative binding affinities of 188 natural and
153 and Fang, H., Tong, W., Shi, L.M., et al., 2001. Structure–
environmental estrogens. Chem. Res. Toxicol. 14, 280–294 for
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Exposure and Exposure Monitoring

Estrogen-like therapeutics, prescribed to patients for cancer
treatment, menopausal symptom relief, and osteoporosis, are
ingested orally. However, because of the risk for venous
thromboembolism, transdermal estrogen therapy is being
considered as a safer exposure route for treatment of meno-
pausal symptoms. Most estrogen-like substances used in oral
therapies are absorbed easily through the gastrointestinal tract,
mucous membranes, and the skin, then transported in the
bloodstream in the unbound state or associated with albumin.
Only those organs and tissues containing estrogen receptors
have the capacity to sequester and retain estrogen-like phar-
maceuticals in a specific manner. However, because of their
lipophilic and charge properties, estrogen-like pharmaceuticals
may be retained by a variety of cells and tissues. The specific
molecular mechanisms by which SERMs act to alter cell
differentiation and growth are largely unknown. There are
emerging technologies for associating such therapeutics with
liposomal carriers.
Toxicokinetics

Overdoses of either contraceptives or hormone replacement
therapeutics are uncommon. For the majority of hormonal-
based drugs, doses are frequently selected irrespective of
a patient’s weight. Dose-limiting toxicity is usually a less
important consideration. A variety of dermatologic effects have
been observed, including photosensitivity, alopecia, and
bullous eruption following oral contraceptive overdoses.
Neurologic effects of estrogen-containing contraceptives in the
presence of a progestin include increased risk of ischemic stroke
in generally healthy postmenopausal and occasional exacer-
bation of migraine headaches. Well-documented serious
hematologic effects include increased risk for venous throm-
boembolism. The primary mode of clinical management is
essentially symptomatic and supportive. The primary concern
is the ingestion of large doses of estrogen-like pharmaceuticals
by children, although few acutely serious ill effects have been
reported.

The hormone-like substances in HRT, which reach a peak
level in 4–5 h after oral absorption, are strongly bound to
serum proteins. Since many estrogen-like pharmaceuticals have
been reported to enter breast milk, breastfeeding is not rec-
ommended. Furthermore, the use of either HRT or cancer
treatment with a SERM such as Tamoxifen during pregnancy is
also not recommended because of the risk to fetal
development.

Because of the broad chemical diversity of estrogen-like
pharmaceutics, it is difficult to categorize the pathways for
metabolic conversion and excretion. However, the majority
of these reactions occur in the liver, where they are inactivated
by various hydroxylation and oxidation reactions, although
the major pathways involve conjugation and excretion in the
urine and feces as sulfates and glucuronates. Endoxifen,
a metabolite of Tamoxifen, appears to be a substrate for
P-glycoprotein, also known as multidrug resistance trans-
porter, which is a transporter of a variety of xenobiotic
compounds. This molecular interplay between tissue
retention, metabolism, and exclusion of estrogen-like drugs
from cells contributes significantly to the level of host resis-
tance to the therapy.
Mechanism of Toxicity

These compounds have relatively high affinities (Kd values of
10�8

–10�10 M) for estrogen receptors, which can lead to
altered regulation of estrogen-responsive genes, thereby influ-
encing proliferation and differentiation of cells in target organs.
Detailed studies of their binding specificity for estrogen-
receptor-isoforms a and b suggest alternative mechanisms in
different tissues. In addition, at low doses in the range of
physiological levels of native estrogens, many of the estrogen-
like pharmaceuticals may act as agonists, while at supra-
physiological doses they act as estrogen antagonists.
Although the specific mechanisms of action of synthetic
compounds such as the SERMs are poorly understood,
genomic and proteomic approaches are helping decipher the
exact pathways that are altered to bring about inhibition of
cellular differentiation and proliferation.
Acute or Short-Term Toxicity

Animal

In both rats and mice, the possible toxic side effects of ethinyl
estradiol include convulsions/seizure activity, ataxia, and
changes in kidney and bladder functions. The oral lethal dose
reported is 950 mg kg�1 for mice and 960 mg kg�1 for rats. The
intraperitoneal lethal dose reported is 250 mg kg�1 for mice
and 471 mg kg�1 for rats.

Exposure to SERMs such as Tamoxifen and its metabolites
has been associated with an increase in the incidence of
hepatocellular cancer in female rodents. Tamoxifen also
exhibits teratogenicity and genotoxicity as a result of its
conversion to highly reactive a-hydroxylated intermediates
that are capable of forming DNA adducts. Prenatal and
neonatal exposures of experimental animals to Tamoxifen
have been reported to lead to variable degrees of reproductive
toxicity.
Human

The majority of patients exposed to estrogen-like pharmaceu-
ticals ingest these compounds at carefully controlled doses and
duration under a physician’s care. However, increased interest
in studying the established compounds and the synthesis and
testing of new generations of compounds with broad clinical
applications (e.g., SERMs) has prompted guidelines for
reducing occupation exposure hazards. For example, occupa-
tional exposure of a researcher to Tamoxifen may occur from
aerosol inhalation, accidental needle sticks, or transdermal
adsorption during investigation. Tamoxifen is listed as a
Group I carcinogen, carcinogenic to humans, by the Interna-
tional Agency for Research on Cancer (IARC) and is classified as
a reportable hazardous chemical.

In a dose-dependent manner, estrogen-like pharmaceuticals
exhibit potent activities in a variety of estrogen-target tissues,
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many of which are related to naturally occurring estrogens
(agonistic). However, they also exhibit antagonistic activities
on a variety of physiologic pathways. The ability of the human
estrogen-receptor proteins to recognize a diverse group of
compounds represents another example of promiscuity of the
ligand binding sites. Risks associated with these compounds
include endometrial carcinoma, breast carcinoma, gall bladder
disease, and abnormal blood clotting as well as a variety of
others related to a particular agent. Because of the structural
diversity of these compounds and their pharmacology, repre-
sentative examples are described.

Hexestrol and diethylstilbestrol (DES) are synthetic,
nonsteroidal estrogenic compounds, derived from stilbene,
that were used earlier in the treatment of breast cancer in
women and prostate carcinoma in men. Furthermore, in the
1950s and 1960s, DES was administered as treatment of
pregnant women who threatened premature delivery.
However, a serious medical complication arose in the progeny
of these mothers in that daughters were at high risk of devel-
oping clear cell adenocarcinoma of the vagina as well as cervical
and uterine deformities. Male offspring of DES-treated mothers
also developed genital tract abnormalities. Surprisingly, there
appears to be an increase in the incidence of hypospadias in
grandsons of DES-treated women. Clinical symptoms of DES
administration include arterial and venous thrombosis, fluid
retention, and nausea in women as well as gynecomastia and
impotence in men.

Currently, ethynyl estradiol represents the most common
estrogenic component in combination oral contraceptives (i.e.,
an estrogen and a progestin). Ethinyl estradiol, a derivative of
estradiol-17b with the substitution of the ethinyl group at
C-17, is one of the most potent analogs with estrogenic activity
equal to or greater than that of the parent compound. Similar
to other compounds in this class, ethynyl estradiol is orally
activity being rapidly absorbed by the gut mucosa and liver.
Detoxification involves hydroxylation and conjugation to glu-
curonate or sulfate forms prior to excretion in the urine or feces.

Ethinyl estradiol can cause nausea or vomiting, body
temperature increase, and other menopausal symptoms, and
blood clotting. The lowest published toxic dose is 21 mg kg�1

(21 day)�1 intermittent.
Raloxifene (Evista�) is another example of a nonsteroidal

SERM that belongs to the triphenylethyene-based group of
therapeutics. Raloxifene’s primary pharmacologic activity is as
an agonist used in the prevention and treatment of osteopo-
rosis with complementary activities on the liver and serum
lipid profiles. The SERM increases bone mineral density, and
decreases total and low-density lipoprotein cholesterol while
acting as an estrogen antagonist in uterine and breast tissue via
interaction with the estrogen receptor. Raloxifene is primarily
absorbed upon oral administration and rapidly metabolized by
conjugation with glucuronic acid prior to excretion in the urine
and feces.

Raloxifene side effects include bloody or cloudy urine;
painful urination; pain in chest, arm, or leg (rare); coughing
blood (rare); sore/dry throat; trouble in swallowing; body
aches; cramping; skin rash; vaginal itching; migraine headache
(rare); and loss of speech, vision, or coordination (rare). There
is also an increased risk of blood clot formation (i.e., deep vein
thrombosis, pulmonary embolism, and retinal embolism) in
patients with a history of these conditions if treated with
raloxifene.

Amajor clinical trial, published by the National Institutes of
Health WHI, was terminated in 2002 because an increased risk
of invasive breast cancer was observed from HRT with estrogen
and progestin. Furthermore, an increased risk of ischemic
stroke was noted. Women participating in this study took either
a placebo or a combination hormone therapy that contained
conjugated equine estrogens andmedroxyprogesterone acetate,
most commonly prescribed as Premarin� or Prempro�. These
pharmaceutics contain estrogens extracted from pregnant
mare’s urine, of which almost one-half are equilin and equi-
lenin. The increased risk of breast cancer was first observed after
4 years of HRT; and after 5 years, the risk of breast cancer
showed a 26% increase. Although early results suggested
a protective effect of HRT in lowering risk of coronary artery
disease, later, more thorough studies have revealed an
increased risk of heart disease, stroke, and venous thrombo-
embolism. As a result of the WHI, HRT with a conjugated
estrogen alone or an estrogen/progestin combination, previ-
ously considered first-line therapy for osteoporosis, is now
considered a second-line agent that should be used only when
benefits outweigh risks. In general, acute and chronic toxicity of
HRT is uncommon. One of the consequences of the WHI has
been an increased interest in SERMs because of the potential to
retain most of the beneficial effects of estrogen while avoiding
some of the adverse effects. Currently, raloxifene is the only
SERM on the market for the treatment and prevention of
osteoporotic fractures and reduction in risk of invasive breast
cancer.

Tamoxifen, prescribed clinically as Nolvadex�, is an
estrogen-receptor antagonist used in the treatment of estrogen-
receptor-positive breast cancer, and to a lesser extent of other
cancers of the female reproductive system. A therapeutic
dose of Tamoxifen (20 mg day�1) results in a range of
0.5–0.6 mg l�1, although the concentration associated with
acute toxicity is unknown. Historic studies from the National
Surgical Adjuvant Breast & Bowel Project established Tamox-
ifen as a chemopreventive therapy for women at high risk for
the carcinoma. Later the results of the STAR Trial comparing
Tamoxifen to Raloxifene showed a 50% reduction in the inci-
dence of invasive, ER positive breast cancer in high-risk women.
In 2007, these results prompted the US FDA to also approve
Raloxifene as a chemopreventive therapy for women at high
risk for breast carcinoma.

Serious side effects of Tamoxifen include increased risk of
venous thromboembolism, strokes, and endometrial cancer.
Additional side effects that have been reported include
menopause-like symptoms such as hot flashes, leg cramps and
swelling, as well as headaches, depression, stomach irritation,
vaginal discharge, constipation, shortness of breath (rare), and
loss of vision (rare). Clomiphene citrate (Clomid� or
Serophene�) is a fertility drug used in the treatment of
ovulatory failure in women desiring pregnancy. Clomiphene,
a nonsteroidal antiestrogen, is a triphenylethylene-derived drug
related to Tamoxifen and Raloxifene. Representative clinical
doses of 50 mg day�1 for 5 days (day 3–day 7 of the cycle),
administered orally, are used to induce ovulation by acting
upon the hypothalamus. Women with either abnormal or
irregular uterine bleeding should not be treated with
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clomiphene unless the absence of endometrial or cervical
abnormalities has been confirmed. Furthermore, women with
either liver disease or ovarian cysts should not be given this
therapeutic. Although there is a paucity of information
regarding fetal damage, estrogen-like pharmaceuticals should
not be administered to women who may be pregnant unless
treatment by a physician is recommended.
Clinical Management

Fluid replacement may be necessary after nausea/vomiting.
There are few published results indicating benefit of gastric
lavage in the case of a massive overdosage. Therapy to enhance
elimination will most likely not be effective due to the tissue
distribution of these compounds.
Exposure Standards and Guidelines

The National Institute of Environmental Health Sciences was
directed by Public Law 103-43 to develop and validate alter-
native methods for acute and chronic toxicity testings. To
implement this, they established an Interagency Coordinating
Committee on the Validation of Alternative Methods in 1997
(refer to Reports in 2002 and 2010). RBAs for the estrogen
receptor vary considerably based on the species and tissue
source of the estrogen-receptor-protein isoforms (a or b).
Generally, if the RBA for estradiol-17b is set at 100, that of
estrone is 15–60 and that of estriol is 0.2–30.

For clinical use, administration of 20–40 mg day�1 of
Tamoxifen is accepted as a safe range for patients, as is
60 mg day�1 of raloxifene. It should be noted that Tamoxifen is
given orally as a chemopreventive treatment for women at high
risk for breast carcinoma, in addition to its use as an anticancer
drug. Raloxifene is used primarily for prevention and treatment
of osteoporosis in women without cancer, and was recently
approved for use as a chemopreventive for women at high risk
for breast cancer. Skin exposure is usually not dangerous,
although some estrogen-like pharmaceuticals may be absorbed
through the skin. When handling these compounds in powder
form, gloves, eyewear, and facemasks should be worn to avoid
contact, since many are classified as carcinogenic by the IARC.

See also: Diethylstilbestrol; Environmental Hormone
Disruptors; Estrogens I: Estrogens and Their Conjugates;
Estrogens II: Catechol Estrogens; Estrogens III:
Phytoestrogens and Mycoestrogens; Estrogens V:
Xenoestrogens; Tamoxifen.
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l Name: Xenoestrogens: 1. Bisphenol A; 2. DDE; 3. DDT; 4.
Dibutyl phthalate; 5. Methoxychlor; 6. Simazine

l Chemical Abstracts Service Registry Numbers: 1. Bisphenol
A (RN: 80-05-7); 2. DDE (RN: 72-55-9); 3. DDT (RN: 50-
29-3); 4. Dibutyl phthalate (RN: 84-74-2); 5. Methoxychlor
(RN: 72-43-5); 6. Simazine (RN: 122-34-9)

l Synonyms: 1. 4,40 Isopropylidinediphenol; 2. 2,2-Bis(p-
chlorophenyl)-1,1-dichloroethylene; 3. 1,1,1-Trichloro-2,2-
bis(p-chlorophenyl)ethane; 4. 1,2-Benzenedicarboxylic acid,
1,2-dibutyl ester; 5. Benzene, 1,10-(2,2,2-trichloroethylidene)
bis(4-methoxy); 6. 1,3,5-Triazine-2,4-diamine, 6-chloro-
N,N0-diethyl

l Molecular Formulas: 1. Bisphenol A: C15H16O2; 2. DDE:
C14H8Cl4; 3. DDT: C14H9Cl5; 4. Dibutyl phthalate:
C16H22O4; 5. Methoxychlor: C16H15Cl3O2; 6. Simazine:
C7H12ClN5
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Background

While compounds exhibiting estrogen mimicry are structurally
diverse, they share common properties such as retention in
body fat deposits (highly lipophilic), ability to cross the
placental barrier, transport in blood usually unbound to
specialized serum proteins (e.g., steroid hormone binding
globulin, SHBG/TeBG), and their affinity for the estrogen-
receptor protein. If the environmental compound impersonates
estrogen sufficiently, it associates with the estrogen-receptor
protein and either disrupts the action of the native hormone or
communicates activities similar to estrogen (i.e., antagonistic or
agonistic activities). Association between a xenoestrogen and
the estrogen receptor (ER), characterized by a wide range of
affinities, is reversible and saturable. No metabolism of the
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01018-6
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ligand occurs when it is bound to the receptor protein. In
addition to the phenotypic expression of gender, estrogens and
their mimics may influence development and physiological
processes in many organs of the body, particularly the repro-
ductive tract, as well as the central nervous system and skeleton.
It is obvious that fragile, biological events occurring during
ovulation, pregnancy, fetal development, and lactation could
easily be influenced by xenoestrogens with endocrine disruptor
compound (EDC) activities, which mimic naturally occurring
hormones.

With a variety of sensitive, rapid assays, xenoestrogens now
may be detected and activities assessed by ER proteins. The
range of techniques available includes both cell-free and
whole-cell-based assays:

1. Rat uterine cytosol preparations containing ERs (a cell-free
assay using radiolabeled ligand);

2. Recombinant human ER proteins produced by a bacteria,
yeast, or baculovirus-infected insect cell system (cell-free
assays using radiolabeled ligand);

3. A yeast cell system containing recombinant human ER and
a reporter gene (yeast whole-cell assay);

4. The LUMI-CELL
�

ER transcriptional activation assay
(BG1Luc ER TA, a mammalian whole-cell assay); and

5. MCF7 cell proliferation assay (E-SCREEN assay) and modi-
fications of this method (mammalian whole-cell assay).

Additionally, certain investigations are focused on differ-
ential recognition of EDCs by ER isoforms separated by high-
performance liquid chromatography.
Uses

Xenoestrogens are used widely in a number of cosmetic prod-
ucts such as plasticizers, perfume fixatives, and solvents (e.g.,
dibutyl phthalate); and industrial chemicals and pollutants
such as insecticides (e.g., methoxychlor, DDT, and DDE),
epoxy resins, polycarbonate (e.g., bisphenol A), other plastics
(e.g., butyl benzyl phthalate (BBP)), and herbicides (e.g.,
simazine). Compounds in this group exhibit a broadmolecular
and structural diversity, often mimicking the activities of
naturally occurring hormones, since they are recognized by the
hormone’s cognate receptor protein. Many compounds in this
group of chemicals have been classified as environmental
EDCs, defined by the US Environmental Protection Agency
(EPA) as “an exogenous agent that interfere with synthesis,
secretion, transport, metabolism, binding action, or elimina-
tion of natural blood-borne hormones that are present in the
body and are responsible for homeostasis, reproduction and
developmental processes.”However, not all EDCs are classified
as xenoestrogens. A list of representative chemicals based on
commercial usage is shown in Table 1.

Although relative binding affinities (RBAs) of a number of
compounds exhibiting xenoestrogenic activities are shown in
Table 1, it should be noted that the values appearing here and
in the reports listed under Further Reading are highly depen-
dent on the type of ER-based assay used and the concentration
of the compound tested. In addition, caution should be exer-
cised in interpreting the results from assays performed in vitro
compared to effects observed in vivo. Duration of exposure and
dose in vivo, which are likely influenced by the lipophilic
properties of many of the agents, should be considered in
health risk assessment.

In summary, the body of experimental and epidemiological
evidence suggesting that many substances in the environment
may disrupt human health continues to expand to cover a wide
range of exposures. Of greatest concern are the effects of
transgenerational exposure to unrecognized agents, which may
be present in foodstuffs, drinking water, and other consum-
ables, including medications and cosmetics. Using hormone
receptor-based technology and highly purified preparations of
EDCs as standards, there is an opportunity to improve expo-
sure and risk assessment for environmental estrogen mimics, as
well as the quantitative analysis of their occurrence in the
environment. However, discussions continue regarding the
relationships between assessment in vitro of xenoestrogen
activities and their effects in vivo resulting in a risk to health.
Environmental Fate and Behavior

Xenoestrogens, regardless of their molecular diversity, have the
ability to leach into groundwater and contaminate the water
supply if not removed by various methods of water purifica-
tion. In addition, they may pollute foodstuffs as a result of
exposure to contaminated water. Prior to 1973, when DDT was
banned, it entered the air, water, and soil during its production
and use as an insecticide. DDT has been detected at many waste
sites, and its release may continue to contaminate the envi-
ronment. Most of the DDT in the environment of developed
countries is a result of its current use in other areas of the world
where it is not banned. DDE is found in the environment only
as a result of contamination or breakdown of DDT.

DDT and DDE are rapidly degraded when exposed to
sunlight, with a half-life of 2 days, but in soil, they are bio-
degraded much more slowly, with a half-life of 2–15 years,
depending on the type of soil organisms. Small amounts of
DDT and DDE one each into the groundwater supply,
polluting plants, and aquatic species (e.g., microorganisms,
crustaceans), and accumulate in the fatty tissues of fish, birds,
and other animals. Of growing concern is the degradation of
plastic products in waste dumps resulting in the release of
xenoestrogens such as bisphenol A (BPA), which may impact
reproductive processes in adjacent animal populations.
Exposure and Exposure Monitoring

Xenoestrogens are particularly dangerous to animal and human
health because they are persistent, ubiquitous chemicals in the
environment that bioaccumulate and may even be activated
further as a result of biotransformation. An environmental
EDC is defined as a man-made compound that interferes with
one or more steps in the signal transduction pathway of natural
hormones in the body responsible for the maintenance of
homeostasis, reproduction, development, and behavior. In
addition to direct exposure, xenoestrogen effects of exposure
to a female or male fetus during development are irreversible.
The enormous chemical complexity of xenoestrogens (e.g.,
more than 200 possible congeners of polychlorinated biphenyls



Table 1 Examples of environmental chemicals with suspected endocrine-disrupting effects

Compound aRBA for ER aRBA for ER

Herbicides Insecticides
2,4-D b-HCH
2,4,5-T Carbaryl
Alachlor Chlordane
Amitrole Dicofol
Atrazine b0.000 3 Dieldrin b0.000 5
Metribuzin DDT and metabolites 0.001
Nitrofen a-Endosulfan b0.012
Simazine Heptachlor and H-epoxide
Trifluralin Lindane (g-HCH)

Fungicides Methomyl
Benomyl Methoxychlor b0.01–0.1

(0.001-Blair)
Hexachlorobenzene Mirex
Mancozeb Oxychlordane
Maneb Parathion
Metiram-complex Synthetic pyrethroids
Tributyltin Toxaphene b0.000 32
Zineb Transnonachlor

Ziram Nematocides
Aldicarb
DBCP

Industrial chemicals
Bisphenol A 0.008
Cadmium
Dioxin (2,3,7,8-TCDD)
Lead
Mercury
PBBs
PCBs 0.000 2–0.228
Pentachlorophenol (PCP)
Penta-to nonylphenols 0.019–0.037

(4-nonylphenol)
Phthalates (dimethyl, diethyl and dibutyl)
Styrenes

aRBA, relative binding affinity (% of estradiol activity); ER, estrogen receptor.
bSee report for various estrogen receptor sources.
(Refer to Blair, R., Fang, H., Branham, W.S., et al., 2000. The estrogen receptor relative binding affinities of 188 natural and xen-
ochemicals: structural diversity of ligands. Toxicol. Sci. 54, 138–153 and Fang, H., Tong, W., Shi, L.M., et al., 2001. Structure–activity
relationships for a large diverse set of natural, synthetic, and environmental estrogens. Chem. Res. Toxicol. 14, 280–294.) for RBAs
(using rat uterine estrogen receptor) and to the ICCVAM report for RBAs listed with.
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(PCBs)) as well as variations in the degree of modification
(e.g., extent of chlorination) preclude the establishment of
common routes of accumulation and mechanisms of both
biotransformation and biodegradation. Exposure to xenoes-
trogens occurs mainly by ingesting contaminated foods and
liquids, although small amounts may be inhaled or absorbed
through the skin and mucous membranes in the body. In the
case of the developing fetus, the circulation connecting
maternal, placental, and fetal tissues may transport a xenoes-
trogen to a variety of organs and tissues.
Toxicokinetics

Because of the broad chemical diversity of compounds in this
group, metabolism, detoxification, and excretion pathways are
quite variable; therefore, the reader should refer to information
for a particular compound. As an example, methoxychlor and
bisphenol A in low doses have been shown to be rapidly elim-
inated from the body as conjugated forms by the liver and have
efficient metabolic clearance. Only excessive doses may lead to
accumulation if the detoxification pathways are saturated. Once
absorbed, they are readily distributed via the lymph and blood
to all body tissues and are stored in these tissues generally in
proportion to organ tissue lipid content. Excretion of DDT in the
form of its metabolites (e.g., DDE and its conjugates) is largely
via the urine, regardless of route of exposure, but DDT excretion
may occur via feces, semen, and breast milk.
Mechanism of Toxicity

With regard to estrogen-associated toxicity, the primary
mechanism appears to be via association with the estrogen
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receptor proteins (ERa and ERb) and subsequent alteration in
the signal transduction pathway. While largely acting as
estrogen antagonists, some xenoestrogens (e.g., diethylstilbes-
trol (DES)) may act as agonists at low doses and antagonists at
elevated doses. Furthermore, compounds such as DES are
classified as an EDC since it may promote transgenerational
effects, including development of clear cell adenocarcinoma of
the vagina in daughters of mothers administered DES as
a therapeutic.

Many studies of toxicokinetics suggest the difficulty in
extrapolating quantitative structure–activity relationships
(QSARs) of particular compounds with their influence on
biological responses (e.g., reproduction, neuroendocrine be-
havior). Several compounds classified as xenoestrogens (BPA
and BBP) are reported to have estrogenic activity, although the
concentrations required in vitro for the effects and those doses
given in vivo to animal models are significantly higher than the
estimated doses observed in human exposure. The variety of ER-
based tests for assessing QSARs of diverse xenoestrogens cannot
address the effects of long-term exposure to low doses of these
compounds. In addition, factors such as age at exposure and
mixtures of compounds influence latent effects of chronic
exposure. However, QSAR models using results from ER-based
tests are used for chemical risk management and development
of regulatory practices.
Acute and Short-Term Toxicity

Due to variability in toxicity of this large group of compounds,
no pattern of exposure symptoms has been observed, related to
estrogenic or non-estrogenic activities. In animal studies, short-
term exposure to large amounts of DDT in food affected the
nervous system and may affect reproduction (e.g., embryonic
survival in bald eagles). Exposure to EDCs has also been shown
to affect thyroid function in birds and fish. Humans exposed to
simazine at high levels for a relatively short period of time can
experience weight loss and changes in liver enzymes in the
serum.
Chronic Toxicity

The large number of compounds with highly diverse molec-
ular properties precludes listing individual symptoms of
chronic toxicity. Based on dose–response relationships in
a variety of organs, toxicities are largely due to non-estrogenic
activities. As an example, animals exposed to high levels of
methoxychlor experience tremors, convulsions, and seizures.
Also, high doses of methoxychlor may cause damage to the
human nervous system. Exposure to large doses of DDT had
a negative effect on the metabolic function in the liver of
experimental animals.

High exposure to simazine, classified as a xenoestrogen,
has been associated with tremors, gene mutations, cancer, and
damage to testes, kidneys, liver, and thyroid. It is reported that
exposure to high PCB concentrations may increase heart size
and blood pressure, two factors known to elevate the risk of
heart disease. Laboratory tests have been developed to detect
DDT and DDE in fat, blood, urine, semen, and breast milk.
These tests may indicate low, moderate, or excessive exposure
to these compounds, but cannot provide results assessing
extent of exposure or whether there will be adverse biological
effects in subjects. BPA and other compounds used as the
basis for certain polycarbonate plastics and epoxy resins have
been reported to leach from containers and promote adverse
health effects. BPA exhibits a higher affinity for ERb than for
ERa, but is recognized by both isoforms and appears to be the
molecular basis for its estrogenic activity in experimental
animals.
Exposure Standards and Guidelines

The National Institute of Environmental Health Sciences was
directed by Public Law 103-43 to develop and validate alter-
native methods for acute and chronic toxicity testing. To
implement this, they established an Interagency Coordinating
Committee on the Validation of Alternative Methods (ICC-
VAM) in 1997. As listed below, two ICCVAM reports have been
released describing evaluation of suspected EDCs exhibiting
either estrogenic or androgenic activities.

No general set of guidelines has been established for regu-
lating exposure to compounds in the category of xenoestrogens
based upon estrogenic activity. However, exposure assessment
of a particular class of xenoestrogens (e.g., phthalates) requires
determinations of the parent compound and derivatives. As an
example, the US EPA has set a reference dose for methoxychlor
at 0.005 mg day�1. This is the highest daily oral exposure
humans can be exposed to without resulting in harmful side
effects. The EPA has also set a limit of 0.04 ppm of methoxy-
chlor in water. Children should not drink water containing
more than 0.05 ppm for more than 1 day, while adults should
not drink water containing more than 0.2 ppm for up to
7 years. The Occupational Safety and Health Administration
(OSHA) has established a workplace exposure limit for
methoxychlor at 15 mg m�3 for an 8 h workday and 40 h work
week.

The EPA has set a maximum contaminant level for simazine
at 4 ppb, because it is believed that exposure to this level of
herbicidal compound has not induced health problems. OSHA
has set a limit of 1 mg m�3 of DDT in the workplace for an
8 h shift, 40 h workweek.

The quandary in establishing exposure guidelines is that the
results from the variety of ER-based in vitro testing methods do
not always reflect a xenoestrogen’s activity in vivo suitable to
predict a health risk. Improved QSAR models using results
from ER-based tests are being developed for more accurate
predictions of a compound’s safety for chemical risk manage-
ment and development of regulatory practices.
See also: Bisphenol A; Environmental Hormone Disruptors;
Estrogens I: Estrogens and Their Conjugates; Estrogens II:
Catechol Estrogens; Estrogens III: Phytoestrogens and
Mycoestrogens; Estrogens IV: Estrogen-Like Pharmaceuticals;
Methoxychlor; Organochlorine Insecticides; Pesticides;
Polybrominated Biphenyls (PBBs); Polybrominated Diphenyl
Ethers; Polychlorinated Biphenyls (PCBs); Xenobiotics.
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l Chemical Abstract Service Registry Number: 74-84-0
l Synonyms: Bimethyl; Dimethyl; Ethyl hydride; Methyl

methane; Ethane, compressed (UN 1035, DOT); Ethane,
refrigerated liquid (UN 1961, DOT)

l Chemical/Pharmaceutical/Other Class: Aliphatic hydro-
carbon

l Molecular Formula: C2H6

l Chemical Structure:
Background

Ethane is derived from crude oil by fractionating lowmolecular
weight gases recovered during the refining process. Ethane is
listed as a high production volume (HPV) chemical. Chemicals
listed as HPV were produced in or imported into the USA in>1
million pounds in 1990 and/or 1994. The HPV list is based on
the 1990 Inventory Update Rule (40 CFR part 710 subpart B;
51FR21438).
Uses

Ethane is used in the production of ethylene by high-temper-
ature thermal cracking; as a feedstock in the production of vinyl
chloride; in the synthesis of chlorinated hydrocarbons; as
a refrigerant; and as a component of fuel gas (so-called bottled
gas or suburban propane) which generally contains 5% ethane,
90% propane, and 5% butane. Ethane is also used as a raw
material in the manufacture of synthetic organic chemicals
(e.g., pharmaceutical and chemical industry).
Environmental Fate and Behavior

Ethane is a two-carbon aromatic hydrocarbon compound that is
a minor component of natural gas (w1–13%). It is a colorless,
flammable gas that has a very mild gasoline-like odor. Ethane
has a molecular weight of 30.07 gmol�1. At 25 �C, ethane
has solubility in water of 60.2 mg l�1, an estimated vapor
pressure of 31459 mm Hg, and Henry’s Law Constant of
0.5 atmm3mol�1 (HSDB, 2011). The log octanol/water parti-
tion coefficient is 1.81. Conversion factors for ethane in air are
as follows: 1 mgm�3¼ 0.81 ppm; 1 ppm¼ 1.23 mgm�3.

If released to air, the very low boiling point and
(�36 �C) and high vapor pressure predicts ethane will exist
solely as a vapor in the ambient atmosphere. Vapor-phase
ethane will be degraded in the atmosphere by a reaction
with photochemically produced hydroxyl radicals; the half-
life for this reaction in air is estimated to be 50–70 days
(USEPA, 2011). Ethane does not contain chromophores that
absorb at wavelengths >290 nm and therefore it is not
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
expected to be susceptible to direct photolysis by sunlight
(HSDB, 2011).

If released into water, liquid ethane would boil off. Any
residual ethane would only moderately adsorb to suspended
solids and sediment based on an estimated Koc 37. Volatili-
zation from water surfaces is expected to be the dominant fate
process based on the estimated Henry’s Law Constant.
Estimated volatilization half-lives for a model river and model
lake are 0.5 h and 2.2 days, respectively (USEPA, 2011).
Ethane was oxidized to ethanol in lake water and soil within
24 h using cell suspensions from over 20 methyltrophic
organisms. This suggests that biodegradation may be an
important fate process. However, ethane is a gas and therefore
volatilization is expected to be the most important fate
process (HSDB, 2011).

If released to soil, ethane would be expected to rapidly
volatilize. Any ethane that migrated to the subsurface would
have high to moderate mobility in the subsurface based on
the relatively low Koc values. Volatilization of ethane from
moist soil surfaces is expected to be an important fate process
(HSDB, 2011).

Using a measured log Kow of 1.81, the USEPA’s EPI Suite
computer program estimates both a bioconcentration factor
and a bioaccumulation factor of 6.9. These predicted bio-
accumulation and biomagnifications values are very low.
Ethane would therefore not be expected to be found in the
tissues of fish or wildlife as (1) ethane contains no persistent
functional groups (e.g., chlorine and bromine) and (2) expo-
sure would be expected to be low based on a low half-life in the
environment.
Exposure and Exposure Monitoring

Because ethane is volatile and exists as a gas at normal
temperature and pressure, exposure occurs by inhalation and
is most likely to occur near its principal sources, for example,
in the exhaust of diesel (w1.8%) and gasoline (1.3–2.0%)
engines. Concentrations of ethane in natural gas range from 5
to 10%. Small amounts of ethane, along with other C1 and
C4 alkanes and alkenes, have been detected in mined coal
samples. Ethane emissions from cigarettes have been
measured at 1600 mg per cigarette. It is possible to spill liquid
ethane from a refrigerated tank, causing frostbite upon contact
with the skin due to rapid evaporation and loss of heat.
Ethane is has a mild gasoline-like odor with a reported
threshold of 899 ppm (1105 mgm�3).

A study by Goldstein et al. (1995) measured rural concen-
trations of ethane in central Massachusetts, with means ranging
from 1.2 (1.48 mgm�3) to 3.2 (3.94 mgm�3) ppb. Seasonal
variations, with the maximum concentrations occurring in the
winter and the minimums occurring in the summer, were
mainly due to the different rates of degradation by hydroxyl
radicals in the atmosphere.
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Toxicokinetics

Absorption of ethane occurs primarily through the lung. Over
a concentration range of 0.5–5000 ppm, there is no saturation
of elimination processes in rats. In contrast to n-pentane,
ethane is eliminated at a much slower rate in rats. Ethane
appears to be mainly eliminated unchanged in expired air. The
metabolism of ethane to ethanol does not occur to any
significant extent in rat liver microsomal preparations, perhaps
because ethane is a poor substrate for the cytochrome P450
enzyme system. Lipid perioxidation processes can, however,
generate ethane as an end product of degradation.

The elimination half-life of ethane in rats is w0.95 h.
Some studies have shown that certain microorganisms are

able to use ethane as a nutrient, while other types of bacteria are
inhibited by its presence.
Mechanism of Toxicity

Ethane acts as an asphyxiant at concentrations that are high
enough to displace oxygen.
Acute and Short-Term Toxicity (Animal/Human)

Animal

Guinea pigs exposed to 2.2–5.5% of the gas for 2 h have shown
slight signs of irregular respiration that were readily reversible
on cessation of exposure. As in humans, ethane acts as a simple
asphyxiant at high concentrations.

Cardiac arrhythmia was studied in dogs following inha-
lation of ethane at high concentrations. Although the criteria
used for cardiac arrhythmia may have differed between
studies, all exposures resulted in responses indicative of
cardiac arrhythmia. In one study, cardiac arrhythmia,
observed as multifocal ventricular tachycardia, occurred in
dogs exposed to ethane (two of four dogs). The specific
exposure was not defined for the hydrocarbon gases studied;
however, a range of 150 000 to 900 000 ppm for gaseous
compounds was cited.
Human

Other than the fact that high concentrations of ethane are able
to act as an asphyxiant by displacing oxygen in air, no studies
were identified in which humans were exposed to ethane gas
and adversely affected.
Chronic Toxicity

Human

Ethane is not toxic to humans; studies have shown no adverse
effects at air concentrations of up to 50 000 ppm. Ethane
is, however, a simple asphyxiant. Concentrations that are
high enough to displace oxygen would be expected to cause
lightheadedness, loss of consciousness, and possibly death.
No studies could be found on the chronic toxicity of ethane
to humans.
Reproductive Toxicity

No studies addressing the immunotoxic effects of ethane were
identified in the literature. Pregnant women should, however,
avoid inhalation of any type of chemical vapors.
Carcinogenicity

Ethane is not currently listed as a carcinogen by the National
Toxicology Program, the Occupational Safety & Health
Administration, or the International Agency for Research on
Cancer (see Animal under section Chronic Toxicity).
Clinical Management

Persons who are exposed to high concentrations of ethane in
air should vacate or be removed from the source and seek fresh
air. Oral ingestion of the liquid is not possible due to its
colligative properties. In areas of expected increased concen-
tration, extreme care must be taken to use explosion-proof
apparatus and keep the areas free from ignition sources, such as
sparks from static electricity.
Other Hazards

The lower explosion limit is 3% by volume and the upper limit
is 12.5% by volume. Extreme care must be taken to keep areas
of high concentration free from ignition sources, such as sparks
from static electricity. Explosion-proof equipment should also
be used in these areas.

Ethane is extremely flammable. It will be easily ignited by
heat, sparks, or flames and will form explosive mixtures with
air. Vapors from liquefied gas are initially heavier than air and
spread along ground. Vapors may travel to source of ignition
and flash back. Cylinders exposed to fire may vent and release
flammable gas through pressure relief devices. Containers may
explode when heated. Ruptured cylinders may rocket.
Exposure Standards and Guidelines

Industrially, ethane is handled similarly to methane, and the
American Conference of Governmental Industrial Hygienists
suggests an 8 h workplace threshold limit of 1000 ppm (C1–C4
alkanes). Many states regulate ethane as a hazardous substance
based on its flammable properties (typically over 10 000 lbs).

See also: Decane; Gasoline; Hexane; Heptane; Octane;
Petroleum Distillates; Petroleum Hydrocarbons; Pollution, Air
in Encyclopedia of Toxicology; Sensory Organs; Skin; Toluene.
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l Name: Ethanol
l Chemical Abstracts Service Registry Number: 64-17-5
l Synonyms: Ethyl alcohol, Grain alcohol, Methyl carbinol,

Ethyl hydrate, Cologne spirit, EtOH, Potato alcohol
l Chemical/Pharmaceutical/Other Class: Alcohol
l Molecular Formula: C2H6O
l Chemical Structure:

H3C

OH
Uses

Ethanol is one of the largest volume organic chemicals used in
industrial and consumer products. The primary industrial uses
of this aliphatic alcohol are as an intermediate in the produc-
tion of other chemicals and as a solvent. Ethanol is used in the
manufacture of drugs, plastics, lacquers, polishes, plasticizers,
and cosmetics. Ethanol is used in medicine as a topical anti-
infective, and as an antidote for ethylene glycol or methanol
overdose. Commercial products containing ethanol include
beverages, perfumes, aftershaves and colognes, medicinal
liquids, mouthwashes, liniments, and some rubbing alcohols.
Environmental Fate

If released to the environment from natural or anthropogenic
sources, ethanol will preferentially partition to the soil, water,
and air. Bioconcentration and bioaccumulation potential
is anticipated to be low based upon the estimated bio-
concentration factor and experimental octanol/water partition
coefficient. If released into water, ethanol’s half-life is less than
10 days. The half-life upon release to air is less than 5 days,
where wet deposition removal predominates. Biodegradation
and volatilization are expected to be important fate and
transport processes for ethanol.
Exposure Routes and Pathways

Most exposures to ethanol for the general population are
through ingestion. Occupational exposure to ethanol occurs
principally via inhalation and dermal contact. Ethanol is well
absorbed via inhalation, but not via intact skin.
Toxicokinetics

Ethanol is readily absorbed upon inhalation or ingestion.
Absorption from the gastrointestinal tract is by simple
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diffusion with 80% of an oral dose being absorbed in the small
intestine. About 80–90% of ethanol is absorbed within
30–60 min, although food may delay complete absorption for
4–5 h. Inhalation of ethanol vapors in the range of
5000–10 000 ppm by human volunteers indicates absorption
from lungs to be 62%.

Ethanol is both water- and lipid-soluble, and therefore
distributes into total body water and readily penetrates the
blood–brain barriers and placenta. Ethanol has been found in
the amniotic fluid of animals after a single oral dose.

Metabolism and disappearance from the blood is linear,
with a 70-kg male metabolizing 7–10 g of alcohol per hour.

The metabolism of ethanol occurs predominantly in the
liver. This metabolism is carried out by several enzymes,
including alcohol dehydrogenase, aldehyde dehydrogenase,
microsomal ethanol-oxidizing system (MEOS) or CYP2E1, and
peroxisomal catalase. Initially, ethanol is broken down into
acetaldehyde by alcohol dehydrogenase, and then it is further
metabolized to acetic acid by aldehyde dehydrogenase. Acetic
acid is released into the blood where it is available for normal
intermediary metabolism, and eventually oxidized to carbon
dioxide and water.

Normally, 90–98% of the ethanol that enters the body is
completely oxidized, predominantly in the liver, eventually
entering the citric acid cycle or utilized in anabolic synthetic
pathways. The kidney and lungs excrete only 5–10% of an
absorbed dose unchanged. The rate of ethanol metabolism
varies between individuals, by age, and is under genetic control.
Mechanism of Toxicity

Upon acute exposure ethanol is a central nervous system (CNS)
depressant that initially and selectively depresses some of the
most active portions of the brain (reticular activity system and
cortex). The mechanism of action most likely involves inter-
ference with ion transport at the axonal cell membrane rather
than at the synapse, similar to the action of other anesthetic
agents. Ethanol can bind directly to the gamma-aminobutyric
acid receptor in the CNS and cause sedative effects. Ethanol
may also have direct effects on cardiac muscle, thyroid tissue,
and hepatic tissue.

Chronic and excessive ethanol ingestion has been associ-
ated with a wide range of adverse effects. At the cellular level
these effects can be attributable to metabolic intermediates.
Ethanol is metabolized differently at low and high concentra-
tions. At low ethanol blood levels ethanol is metabolized very
efficiently by alcohol dehydrogenase to acetaldehyde and then
by aldehyde dehydrogenase to acetate producing nicotinamide
adenine dinucleotide (NADH) in both reactions.

Chronic high ethanol intake induces the cytochrome P450
mediated MEOS, which can be predominant. Under these
conditions ethanol is metabolized to acetaldehyde without
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00379-1
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reducing NADH. The MEOS pathway utilizes nicotinamide
adenine dinucleotide phosphate thus producing an oxidative
environment, which decreases the reducing equivalents present
in the cell, increasing oxidative stress. This pathway has been
associated with the release of highly reactive oxygen species in
addition to acetaldehyde, which contributes to the hepatic
damage observed in chronic alcohol abuse.

Acetaldehyde has been implicated as one significant
contributor to the toxicity observed in chronic ethanol over-
exposure (see Acetaldehyde). Acetaldehyde is highly reactive
and can interact with DNA and proteins to form stable adducts.
These DNA adducts may induce mutations, although there is
an absence of direct evidence that they are in fact the initiators
of cancers associated with alcohol ingestion. Acetaldehyde and
malondialdehyde, a product of ethanol-induced lipid perox-
idation, can form protein adducts which have been found in
the serum of alcoholics and rats fed ethanol. These adducts are
capable of eliciting an immune response believed to be
important in the inflammatory processes observed in alcoholic
liver disease and possibly neurotoxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute oral, inhalation, and dermal toxicities of ethanol in
animals are low. Oral LD50s in rats, mice, guinea pigs, rabbits,
and dogs range from 6 to 18 g kg�1. Inhalation LC50s range
from 12 000 to 50 000 ppm in studies of mice, guinea pigs, and
rats. Animals exposed to ethanol in air may manifest the
following signs of intoxication including irritation of the
mucous membranes, drowsiness, CNS depression, and
possibly respiratory failure. Ethanol is not significantly irri-
tating to the skin of rabbits, although it does produce eye
irritation. A drop of concentrated ethanol placed on the eyes of
rabbits causes reversible injury, whereas repeated applications
to rabbit eyes may cause loss of corneal tissue function.
Human

Ethanol is an irritant of the eyes and mucous membranes and
causes CNS depression at very high levels of exposure. The
major acute toxic effect of ethanol is neuronal dysfunction.
Ethanol acts principally on the brain whether ingested or
inhaled, first as an inhibitor of the higher functions and then as
an anesthetic. It has been observed that animals as well as
humans can develop tolerance to chronic ethanol exposure.

In general, inhalation concentrations up to 3500 ppm cause
neither irritation nor any subjective symptoms. Exposures of
humans to 5000–10 000 ppm cause transient eye and nose
irritation as well as cough. Exposures at 15 000 ppm produce
continuous lacrimation and cough, and levels of 25 000 ppm
and above were judged as intolerable.

Mild ethanol intoxication is observed at blood alcohol
levels in the range of 0.05–0.15%. Symptoms of exposure
include impairment of visual acuity, muscular incoordination,
decreased reaction time, and changes in mood, personality, or
behavior. At blood alcohol levels of 0.15–0.3%, visual
impairment, sensory loss, muscle incoordination, slowed
reaction time, and slurred speech are observed. At levels of
0.3–0.5% blood alcohol, there is severe intoxication charac-
terized by muscular incoordination, blurred or double vision,
and sometimes stupor, hypothermia, vomiting, nausea, and
occasionally hypoglycemia and convulsions. At 0.4% and
above, symptoms include coma, depressed reflexes, respiratory
depression, hypertension, hypothermia, and possibly death
from respiratory or circulatory failure, often as a result of
aspiration of stomach contents in the absence of a gag reflex.
The fatal concentration in whole blood is usually considered to
be >0.4%. The lethal dose for male is 8–10 ml kg�1 bw.
Chronic Toxicity (or Exposure)

Animal

Subchronic and chronic toxicity testing in animals indicate that
the liver is the primary site of action. Effects upon the liver
observed in animals parallel those observed in humans and
include fatty degeneration, focal necrosis, inflammation, and
fibrosis leading to cirrhosis.

Ethanol has been studied extensively in rats, mice, and
hamsters for carcinogenicity. While the majority of these results
were negative for carcinogenicity, three mice studies and one
finding in rats reported an increased incidence of tumors in
alcohol-exposed animals. The International Agency for
Research on Cancer (IARC) concluded from these results that
there was sufficient evidence in experimental animals for the
carcinogenicity of ethanol. In addition there are numerous data
from animals indicating that ethanol consumption may
enhance the carcinogenic activity of other known carcinogenic
agents. In the same report, IARC also found sufficient evidence
in experimental animals for the carcinogenicity of acetalde-
hyde, the principle ethanol metabolite, thought to be one of
the reactive species responsible for ethanol toxicity.

In contrast, the National Toxicology Program, based upon
its studies onmale and female mice concluded that the evidence
for ethanol carcinogenicity is inadequate. Similarly the American
Conference of Governmental Industrial Hygienists concluded
that ethanol is ‘not classifiable as a human carcinogen.’

Ethanol has been investigated for reproductive toxicity in
male mice and rats, and while producing effects upon testes
and other reproductive tissues, has generally not been shown to
affect reproductive outcome or performance.

Rats, mice, and rabbits have been used to examine the
developmental toxicity of ethanol via several routes of expo-
sure. Inhalation of ethanol by pregnant rats at up to
20 000 ppm for 7 h per day on gestational days 1–19 produced
no treatment-related effects on uterine implantation or
embryonic development. Similarly, 15% ethanol in drinking
water of rats, mice, and rabbits, while eliciting maternal toxicity
and reducing fetal weights, failed to elicit teratogenic effects.
Effects were noted in the offspring of female mice maintained
on liquid diets containing 15–35% ethanol dry calories for at
least 30 days before and during gestation until day 18.
Human

Chronic exposures to ethanol vapors can result in irritation of
mucous membranes, headache, and symptoms of CNS
depression, such as lack of concentration and drowsiness.
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Chronic ethanol ingestion has been shown to produce liver
damage, which can eventually lead to cirrhosis of the liver and
possibly death. Signs include enlarged liver, elevated serum
enzymes, and jaundice.

Infants and toddlers have a clinical course different from
that of adolescents and adults. Ethanol ingestion and intoxi-
cation can lead to a marked hypoglycemic state, respiratory
depression, and hypoxia in infants and young children.
Neurotoxicity

In addition to the liver, the brain is also a major target organ in
chronic ethanol overexposure. Ethanol affects the neurotrans-
mitter networks (membrane proteins, receptors, ion channels,
and signaling pathways) of the brain, which results in a diverse
assortment of behavioral effects observed in chronic alco-
holism. Ethanol is neurotoxic and can have lasting effects upon
cognitive functions. Ethanol-related dementia has been esti-
mated to account for approximately 10% of all cases of
dementia, and postmortem studies of alcoholics have shown
reduced brain weight when compared to nondrinking controls.
Alcohol-related peripheral neuropathy is another complication
of chronic alcoholism, and is believed to be the result of the
direct toxic effect of ethanol upon the CNS.

More recent investigations have begun to reveal that the
adolescent, developing brain is particularly sensitive to the
effects of ethanol overexposure. Heavy ‘binge’ drinking of
alcohol appears to be on the rise in many countries, which has
heightened concerns and increased the focus of scientific
investigations into the adverse effects of ethanol upon brain
function and development. Magnetic Resonance Imaging
(MRI) studies have helped to recognize the significant changes
that occur in the physical architecture and neurochemistry of
the neural networks and cells of the developing cortical and
subcortical regions of the brain. Gray matter proliferation and
‘pruning’ (reordering and creation of synaptic connections)
and the myelination of axons (which increases white matter
volume) are the major cellular level processes occurring during
adolescent brain development. It appears that this period of
restructuring and refinement of the connections between
neurons and glial cells is much more susceptible to the adverse
effects of ethanol than during adulthood. Adolescent binge
drinking has been associated with reduced academic perfor-
mance, decrease in cognitive function, and memory problems
among other behavioral and psychological endpoints. Imaging
studies have similarly identified prefrontal cortex structural
abnormalities in these populations.
Immunotoxicity

Ethanol’s effect upon the immune system has been noted in the
medical literature for over a century. Excessive alcohol use has
been associated with an increased incidence of a number of
infectious diseases, but the strength of these correlations has
been complicated by other concomitant factors often seen in
chronic alcoholism (nutritional deficiencies, compromised
hepatic function, socioeconomic status). Conversely several
studies have reported that moderate alcohol consumption may
decrease risk for upper respiratory infection and that light to
moderate alcohol consumption may impart both ‘cardio’
and ‘neuro’ protection, possibly through promoting ‘anti-
inflammatory’ processes.

The type of alcoholic beverage consumed has been noted as
a possible contributing factor in results from human epide-
miological as well as several animal model studies. Poly-
phenols and antioxidants present in wine and other fermented
ethanol containing beverages are known to exert protective
effects against reactive oxidants and free radicals thought to be
an underlying mechanism in many disease states.

Animal studies have demonstrated that ethanol does affect
both the innate and adaptive immune response. Acute ethanol
exposure inhibits the ability of cells of the innate immune
system (macrophages, monocytes, etc.) to respond to patho-
gens, while chronic alcohol exposure appears to promote this
inflammatory response. The adaptive immune response (i.e.,
antibodies and lymphocytes, often called the humoral response
and the cell-mediated response) appears to be inhibited by both
acute and chronic ethanol exposures.
Reprotoxicity

Overexposure to ethanol in utero produces a wide spectrum of
effects in exposed offspring. These effects range from sponta-
neous abortion to subtle neurological effects now collectively
termed ‘fetal alcohol spectrum disorders’ (FASD).

Fetal alcohol syndrome is one set of symptoms resulting
from prenatal ethanol exposure characterized by mental defi-
ciency and microcephaly. Affected infants typically are small,
demonstrate poor muscle coordination, have impaired
immune systems, and exhibit various other abnormalities.
These abnormalities may be due, at least in part, to a direct
action of ethanol that inhibits embryonic cellular proliferation
early in gestation. The severity of the effects is related to the
extent and timing of alcohol consumption by the mother
during pregnancy. This syndrome has been associated with
alcoholic women who drink heavily and chronically during
pregnancy. There have been no reports of fetal alcohol
syndrome resulting from industrial exposure.

FASD encompass effects beyond visible physical malfor-
mations, most notably those involving CNS functions. These
reported effects include neurobehavioral disorders such as
learning, memory, and attention deficits as well as motor
function dysfunction (tremors, hand/eye coordination,
balance). A variety of neuroimaging studies have provided
insights into the changes in brain structure and function
accompanying these deficits. Reductions in brain volume and
surface area, abnormal cortical thickness, and differences in
gray and white matter distribution and density have been
observed when comparing individuals with FASD to controls.
Carcinogenicity

Alcohol consumption and its relationship to the occurrence of
human cancers has been the subject of numerous epidemio-
logical investigations. From these studies, the IARC (2010 IARC
Volume 96) has concluded that there is sufficient evidence for
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the carcinogenicity of alcoholic beverages in humans. IARC
stated that malignant tumors of the oral cavity, pharynx, larynx,
esophagus, liver, colorectum, and female breast are causally
related to the consumption of alcoholic beverages. Further-
more, dose–response relationships have been demonstrated
between the amount of alcohol consumed and the risk for
hepatocellular carcinoma, breast cancer, and colorectal cancer.
Clinical Management

The mainstay of medical treatment of patients with acute
ethanol toxicity is supportive care. In general, a conservative
approach is recommended for ethanol intoxication. Supportive
therapy for overdose may include treatment for respiratory
depression, hypotension, and altered glucose or thiamine
levels. If the ingestion occurred within 1 h of presentation,
placing a nasogastric tube and evacuating the stomach contents
can prove helpful. In patients with chronic ethanol abuse,
therapy may include administration of thiamine to prevent
neurological injury. The administration of medications to
cause emesis is not recommended because of the rapid onset of
CNS depression as well as aspiration risks.

Pathologic effects of chronic ethanol exposure on hemato-
poietic tissue can result directly from alcohol ingestion or from
secondary nutritional deficiencies or hepatic disease. The clini-
cian will often confront an array of overlapping syndromes in
the alcoholic patient, which involves abnormalities of immune
system cells. Hemodialysis efficiently clears ethanol from the
blood (removing 50–100%) but as an invasive procedure its use
is not routinely recommended unless the patient’s condition is
deteriorating, or the patient has impaired hepatic function, or is
nonresponsive to standard therapeutic intervention.
Ecotoxicology

The ecotoxicity of ethanol at environmentally relevant
concentrations is believed to be low. Limited toxicity testing in
nematodes indicates LC50 values of 9.5–10.8%. Inmarine algae
96-h growth no observed effects concentrations (NOECs) of
14–10 000 mg l�1 have been reported for several species, while
an NOEC of 9.6 mg l�1 was determined for Daphnia magna
survival. Ethanol LC50 to embryos of the grass shrimp Palae-
monetes pugio over a 12-day exposure was 3630 mg l�1 and
ethanol exposure at 100 ml l�1 for 163 days produced no effect
on the reproduction of Japanese medaka (Oryzias latipes).
Exposure Standards and Guidelines

Occupational exposure standards and guidelines for ethanol
include the following:

(1) American Conference of Governmental Industrial
Hygienists (1000 ppm TWA); (2) Argentina (1000 ppm TWA);
(3) Australia (1000 ppm TWA); (4) Belgium (1000 ppm TWA);
(5) Brazil (780 ppm TWA; for a 48-h work week); (6) Canada
(1000 ppm TWA); (7) Chile (800 ppm TWA); (8) Denmark
(1000 ppm TWA); (9) Finland (1000 ppm TWA); (10)
Germany – DFG (1000 ppm peak limitation); (11) Mexico
(1000 ppm TWA); (12) Sweden (500 ppm TLV; LLV); (13)
United Kingdom (1000 ppm TWA); and (14) US OSHA
permissible exposure limit (1000 ppm TWA).
Miscellaneous

Ethanol is a colorless, flammable, volatile liquid that has
a characteristic odor and burning taste. Odor is generally
detected at concentrations ranging from 100 to 180 ppm.

See also: Acetaldehyde; Developmental Toxicology;
Neurotoxicity; Poisoning Emergencies in Humans.
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l Name: Ethanolamine
l Chemical Abstracts Service Registry Numbers: Ethanol-

amine (CAS 141-43-5), Diethanolamine (CAS 111-42-2),
Triethanolamine (CAS 102-71-6)

l Synonyms: Monoethanolamine, 2-Aminoethanol; Dieth-
anolamine, 2,20-Iminodiethanol; Triethanolamine, 2,20,200-
Nitrilotriethanol, ETA, MEA, DEA, TEA

l Chemical/Pharmaceutical/Other Class: Alcohol amines
l Molecular Formulas: C2H7NO2 (Monoethanolamine),

C4H11NO2 (Diethanolamine),C6H15NO3 (Triethanolamine)
l Chemical Structures:
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Background Information

Ethanolamines (ETAs) are a widely used and produced classes
of organic chemicals, and have a characteristic odor of
ammonia. These amino acids are also frequently found in
biological membranes.
Uses

ETAs are variously used in the synthesis of ethyleneamines; to
remove carbon dioxide and hydrogen sulfide from natural
gases and other gas streams; as corrosion inhibitors in metal
removal fluids; to produce surfactants used in a variety of
industrial, consumer, and personal care products; as dispersing
agents for agricultural chemicals; and in the manufacture of
cosmetics and pharmaceuticals.
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Environmental Fate and Behavior

ETAs released to the environment will partition primarily to the
water due their relatively low volatility and high water solu-
bility. Bioconcentration factors range from �1.23 to �1.56,
reflecting the very low potential for ETAs to bioaccumulate in
the environment. All three ETAs reportedly undergo near
complete degradation in the presence of ‘acclimated’ micro-
flora under standardized testing conditions, and microbial
degradation pathways have been elucidated. Environmental
persistence and bioaccumulation data do not identify any of
the ETAs as potentially either persistent or bioaccumulative
environmental contaminants under criteria used by the United
Nations, European Union and Canadian Environmental
Protection Agency (EPA).
Exposure and Exposure Monitoring

The uses and relatively low vapor pressures of di- (0.004 73
Torr, 0.63 Pa) and tri- (0.000 18 Torr, 0.0239 Pa) ETAs result in
primarily dermal exposure of humans. However, the somewhat
higher vapor pressure of monoethanolamine (0.75 Torr,
100 Pa) indicates the potential added exposure for this ETA via
inhalation. The inhalation of any of the ETAs may also occur
when respirable aerosols are generated during the use of
consumer products or in occupational settings.
Toxicokinetics

Absorption may occur via the oral, inhalation, or dermal
routes, resulting in systemic toxicity. Dermal absorption can
vary greatly depending on species and whether applied neat or
as a component of a formulation. Acute toxicity data suggest
that monoethanolamine, a potentially corrosive chemical,
exceeds that of the less irritating and higher molecular weight
ETAs. In vitro skin studies have demonstrated a relatively high
rate of absorption of mono- and diethanolamines (DEAs)
through mouse skin relative to rabbits (2–6-fold), rats (13–
15-fold), or humans (18–23-fold). Other studies have shown
that less than 2% of di- or triethanolamines as aqueous solu-
tions or complex mixtures are absorbed through rat or human
skin. Once absorbed, the active uptake of monoethanolamines
and DEAs by tissues, primarily liver, and their metabolic
incorporation into phospholipids dictate the pharmacokinetics
of these compounds. Monoethanolamine is a naturally occur-
ring precursor of phospholipid metabolism, and DEA
competes for the same metabolic pathways. More than 50% of
monoethanolamine underwent metabolic incorporation into
lipids of treated rats while w12% was excreted as CO2 in 8 h.
Likewise, w70–75% of DEA was retained in tissues, primarily
liver and kidneys and remaining carcass, with only 22–35%
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00501-7

http://dx.doi.org/10.1016/B978-0-12-386454-3.00501-7


Ethanolamine 493
excreted unchanged via urine in rats 96 h postdosing. In
contrast, triethanolamine was excreted by mice almost entirely
via the urine unchanged within 24–48 h postdosing. Reflective
of this, di- and triethanolamines were eliminated from blood
with terminal-phase half-lives of w170 and 10 h, respectively.
Mechanism of Toxicity

The mechanism of toxicity differs significantly between the
ETAs. The toxicity of monoethanolamine is primarily dictated
by its irritant properties as a base (pKa ¼ 9.7), which limits
toxicity primarily to portal-of-entry tissues. Systemic effects of
DEA appear related to competition with ethanolamine for
incorporation into phospholipids and with cellular choline
uptake processes, which together may result in severe choline
deficiency in treated rodents. Chronic choline deficiency is
believed to be responsible for DEA-induced tumor formation
in mice via this relatively well-characterized nutrition-based
mode of tumorigenicity, to which humans are relatively
refractory. As a secondary amine, DEA also has the potential
to undergo nitrosation to form the carcinogen N-nitro-
sodiethanolamine in the acidic stomach if ingested with high
levels of a nitrosating agent such as nitrite. In contrast, effects of
triethanolamine on tissues appear more related to adaptation
to high dosages than frank toxicity. However, triethanolamine
may also inhibit cellular uptake of choline resulting in choline
deficiency in liver and resultant toxicity, including tumor
formation, when administered to mice. Though sharing
a choline deficiency mode of action, triethanolamine is less
potent than DEA and does not appear to compete with etha-
nolamine for metabolic incorporation into phospholipids.
Acute and Short-Term Toxicity (or Exposure)

Animal

In general, skin and ocular irritation potential of ETAs is
directly related to their strength as bases and inversely with
molecular weight. Neat monoethanolamine can cause a chem-
ical burn within a few hours, while triethanolamine is a rela-
tively weak irritant after prolonged contact. Oral and dermal
lethal dosages also vary considerably. Oral LD50 values re-
ported for mono-, di-, and triethanolamine in rats are 1.1–2.7,
0.7–2.8, and 5.5–11.3 g kg�1, respectively. Dermal LD50 values
reported for mono-, di-, and triethanolamine in rabbits also
vary widely: 1.0–2.5, 8.1–12.2, and greater than 20 g kg�1,
respectively. Inhalation acute lethality data (LC50) are not re-
ported and no lethality has been reported at saturated atmo-
spheres of any of the ETAs, w520, 0.37, and 0.004 7 ppm for
mono-, di-, and triethanolamine, respectively. Short-term
repeated dosing of animals with relatively high dose levels of
ETAs via inhalation, oral, and/or dermal routes results in effects
generally reflected in longer-term testing discussed below.

Human

No reports of significant acute toxic responses to the ETAs were
noted; however, it would be expected that severe skin and eye
irritation could result from contact with concentrated mono-
ethanolamine and, to a much lesser extent, DEA.
Chronic Toxicity (or Exposure)

Animal

The toxicity of monoethanolamine, a product of normal
metabolism, is largely limited to its irritant effects, and their
sequelae, at the site of contact. Exposure of rats, guinea pigs,
and dogs to vapors in excess ofw50 ppm resulted in significant
skin irritation, respiratory distress, and changes in respiratory
tract, liver, and kidney tissues. The toxicity of DEA is primarily
dictated by its disruption of phospholipid synthesis and an
induced deficiency in the nutrient choline. Administration of
DEA to rats and mice via oral or dermal route resulted in
a species-dependent spectrum of effects, generally at dosages
ofw150–200 mg kg�1 day�1 or higher. Organs affected in rats
included liver, kidney, central nervous system, and testes, and
in mice liver, kidneys, heart, and salivary glands were affected.
The most sensitive systemic effect was a microcytic, normo-
chromic anemia, which occurred in female rats at dosages
as low as 15 mg kg�1 day�1. Repeated inhalation of DEA
aerosol by rats resulted in laryngeal irritation at w8 mg m�3

or higher concentration. Lifetime dermal administration of
40 mg kg�1 day�1 or higher DEA to mice resulted in an
increased incidence of liver tumors in males and females and
an increased incidence of kidney tumors in 160 mg kg�1 day�1

males. No tumors were observed in lifetime dermal rat bioas-
says at up to 250 mg kg�1 day�1 or in a dermal transgenic
mouse (TG.AC) bioassay at w1000–1200 mg kg�1 day�1.

Administration of triethanolamine to rats and mice via
dermal application resulted in only minimal effects on body
weights at 250–2000 mg kg�1 day�1 and changes in liver and/
or kidney weights with or without histopathologic changes at
500–1000 mg kg�1 day�1. Aerosolized triethanolamine has
also been reported to cause irritation of the larynx of rats
exposed to 20–100 mg m�3 or higher. Lifetime oral adminis-
tration of up to 1000–2000 mg kg�1 day�1 triethanolamine to
rats and up to 3000 mg kg�1 day�1 to mice or dermal
administration of up to 250 mg kg�1 day�1 triethanolamine to
rats and 2000 mg kg�1 day�1 to male mice has revealed no
evidence of carcinogenic potential. However, lifetime dermal
administration of 100 mg kg�1 day�1 triethanolamine to
female mice resulted in an increased incidence of liver tumors.
No tumors were observed in a dermal transgenic mouse
(TG.AC) bioassay at a dose of w1000–1200 mg kg�1 day�1.

ETAs have not been found to be developmental toxins in
standard or screening assays nor was DEA found to be neuro-
toxic in a standard neurotoxicity test following subchronic
inhalation exposure up to 400 mg m�3.
Human

Standardized animal and human tests of allergic sensitization
to the ETAs have been negative, but sporadic case reports of
human sensitization and a low incidence of sensitization in
specific work groups of dermatitis patients have been reported.
Immunotoxicity

While there is no information regarding the immunotoxicity of
monoethanolamine or triethanolamine, there are results from
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testing in DEA. DEA has been evaluated in immunotoxicity
studies using female B6C3F1 mice. The erythroid elements
erythrocytes (16%), hemoglobin (17%), hematocrit (18%),
and reticulocytes (59%) in the mice were all dose dependently
decreased. Exposure to DEA increased the number of B-cells
(30%), and decreased the number of CD4þCD8- (18%)
T-cell subsets. Total T-cells and the other T-cell subsets were not
affected. DEA produced a dose-dependent decrease (58%) in
the antibody-forming cell response to sheep erythrocytes at an
800 mg kg�1 exposure level. The proliferative response to
mitogens, both Concanavalin A and lipopolysaccharide, was
not affected. Furthermore, the proliferative response to F(ab)
2þ BSF-1 was not affected nor was the proliferative response to
allogeneic cells as evaluated in the MLR. Overall, the natural
killer cell response was not affected; however, a dose-
dependent decrease was observed in the cytotoxic T lympho-
cyte (CTL) response (14%) when evaluated at the highest
(25:1) effector/target ratio. Peritoneal cell differentials were not
affected following DEA exposure. In three host resistance
studies conducted, host resistance to Listeria monocytogenes was
not affected, while a decrease in host resistance was observed to
Streptococcus pneumoniae and in the B16F10 melanoma tumor
model. A no-effect level for DEA in the female B6C3F1 mouse
could not be established since the lowest dose administered
significantly decreased the CTL activity, and produced an
increase in tumor burden following challenge with the B16F10
melanoma tumor.
Genotoxicity

None of the ETAs has been found to be genotoxic in a variety of
assays in the absence of added nitrosating substances.
Reproductive Toxicity

There are no available studies on the reproductive toxicity of
ethanolamine in humans; however, testing in rats has revealed
no reproductive or developmental effects on fetuses even at
high maternally toxic levels.
Carcinogenicity

Triethanolamine has been evaluated by the International
Agency for Research on Cancer (IARC) as carcinogenicity group
3, not classifiable as to its carcinogenic potential in humans.
DEA has been evaluated by the American Conference of
Governmental Industrial Hygienists (ACGIH) as group A3,
a confirmed animal carcinogen with unknown relevance in
humans. Monoethanolamine has not been listed by carcino-
genicity regulatory agencies.
Clinical Management

Clinical management involves removal from exposure and
symptomatic treatment.
Ecotoxicology

The toxicity of the ETAs has been extensively studied in aquatic
species. LC50 values for several species of fish ranges from 150
to 2100 mg l�1 for monoethanolamine, from greater than
100–47 000 mg l�1 for DEA, and from 1800 to greater than
10 000 mg l�1 for triethanolamine. LC50 values for the inver-
tebrate Daphnia magna were in the range of 140 mg l�1 for
monoethanolamine, 55–306 mg l�1 for DEA, and 1390 mg l�1

for triethanolamine in one set of tests. The most sensitive
assay system studied appears to be algae and cyanobacteria,
whose growth has been reportedly inhibited in the range of
1–10 mg l�1 for monoethanolamine, 3–20 mg l�1 for DEA,
and 2–715 mg l�1 for triethanolamine.
Exposure Standards and Guidelines

International occupational exposure limits for most major
industrialized regions list 2–3 ppm as an 8 h time-weighted
average (TWA) and 6 ppm in Sweden as a short-term expo-
sure level (STEL) (15 min) for monoethanolamine;
15 mg m�3 (United Kingdom is 3 mg m�3 while United States
does not list a value) as a TWA and 30 mg m�3 as an STEL for
DEA; 5 mg m�3 as a TWA and 10 mg m�3 in Sweden as an
STEL for triethanolamine. Additional occupational exposure
values for monoethanolamine include a US Occupational
Safety and Health Administration permissible exposure limit
of 3 ppm or 6 mg m�3, a National Institute of Occupational
Safety and Health (NIOSH) recommended exposure limit
(REL) of 3 ppm or 8 mg m�3, a German MAK (Maximum
Workplace Concentration) level of 2 ppm or 5.1 mg m�3, and
an ACGIH 8 h TWA value of 3 ppm or 7.5 mg m�3 and an
STEL of 6 ppm or 15 mg m�3. Additional values for DEA
include an ACGIH threshold limit value (TLV) of 0.46 ppm or
2 mg m�3 and an NIOSH REL of 3 ppm or 15 mg m�3. The
only additional value for workplace triethanolamine exposure
is an ACGIH TLV of 5 mg m�3. Neither an integrated risk
information system value nor other ambient, nonworkplace
guidance values have been established. The US Food and Drug
Administration advises cosmetics manufacturers to avoid
using any secondary amines, including DEA, along with
nitrosating agents due to the risk of nitrosamine formation.
The US EPA has promulgated a rule prohibiting the use of
nitrites in DEA-containing metal removal fluids for this same
reason. Mono- and triethanolamines are listed as potential
indirect additives in foods.

Di- and triethanolamines are listed by the IARC as group 3,
‘not classifiable as to its carcinogenicity to humans.’ None of
the ETAs is identified as a carcinogen by the US EPA, National
Toxicology Program Report on Carcinogens, ACGIH, or the
MAK Commission. ACGIH and the MAK Commission provide
a notation that significant skin absorption is possible, while the
MAK Commission identifies all three ETAs as potential dermal
sensitizers.
See also: Carcinogenesis; Eye Irritancy Testing; Nitrosamines;
Skin.



Ethanolamine 495
Further Reading

Cosmetic Ingredients Review (CIR), 1983. Final report on the safety assessment of
triethanolamine, diethanolamine, and monoethanolamine. J. Am. Coll. Toxicol. 2,
183–235.

Davis, J.W., Carpenter, C.L., 1997. Environmental assessment of the alkanolamines.
Arch. Environ. Contam. Toxicol. 149, 87–137.

International Agency for Research on Cancer (IARC), 2000. Monographs on the
Evaluation of Carcinogenic Risk of Chemicals to Humans. In: Some Industrial
Chemicals, vol. 77. IARC Press, Lyon, France.

Knaak, J.B., Leung, H.-W., Stott, W.T., Busch, J., Bilsky, J., 1997. Toxicology of
mono-, di-, and triethanolamine. Arch. Environ. Contam. Toxicol. 149, 1–86.

Lehman-McKeeman, L.D., Gamsky, E.A., Hicks, S.M., 2002. Diethanolamine induces
hepatic choline deficiency in mice. Toxicol. Sci. 67, 38–45.

National Toxicology Program (NTP), 1999. Toxicology and Carcinogenesis Studies of
Diethanolamine (CAS No. 111-42-2) in F344/N Rats and B6C3F1 Mice (Dermal
Studies). Technical Report No. 478. National Toxicology Program, Research
Triangle Park, NC.

Stott, W.T., Radtke, B.J., Linscombe, V.A., Mar, M.-H., Zeisel, S.H., 2004. Evaluation
of the potential of triethanolamine to alter hepatic choline levels in female B6C3F1
mice. Toxicol. Sci. 79, 242–247.
Relevant Websites

http://www.echemportal.org/echemportal/page.action?pageID¼9 – OECD - The Global
Portal to Information on Chemical Substances: Search for Ethanolamine.

http://toxnet.nlm.nih.gov/ – Toxnet homepage, search for individual CASRNs.
http://www.epa.gov/ – US Environmental Protection Agency homepage, search for

individual CASRNs.
http://www.fda.gov/ – US Food and Drug Administration homepage, search for indi-

vidual CASRNs.

http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00501-7/ref0040
http://www.echemportal.org/echemportal/page.action%3fpageID%3d9
http://www.echemportal.org/echemportal/page.action%3fpageID%3d9
http://toxnet.nlm.nih.gov/
http://www.epa.gov/
http://www.fda.gov/


Ethene
HM Bolt, Leibniz Research Centre for Working Environment and Human Factors (IfADo), Dortmund, Germany

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Patricia J. Beattie, volume 2, pp 271–273, � 2005, Elsevier Inc.
l Chemical Abstracts Service Registry Number: CAS 74-85-1
l Synonyms: Ethylene, Acetene, Elayl, Olefiant gas
l Chemical/Pharmaceutical/Other Class: Aliphatic alkene
l Chemical Formula: C2H4

l Chemical Structure: H2C]CH2
Background

Ethene is an important intermediate in the petrochemical
industry. In addition, it is produced physiologically both in
animals and plants. Physiological homeostasis is an important
aspect in toxicological safety considerations.
Uses

Ethene is used primarily as a feedstock in the production of
polymers and industrial chemicals. Approximately 80% is used
for production of derived chemical products (e.g., poly-
ethylene, ethylene oxide/ethylene glycols, ethylene dichloride/
vinyl chloride). Additionally, ethene is a plant hormone and as
such used for the controlled ripening of citrus fruits, tomatoes,
bananas, other fruits, vegetables, and flowers.
Environmental Fate and Behavior

Emitted ethene is distributed primarily into the atmosphere
and reacts with photochemically reactive hydroxyl radicals,
ozone, and nitrate radicals, with half-lives ranging from 1.9,
6.5, and 190 days, respectively. Biodegradation in water occurs
with half-lives in the range of 1–28 days, or under anaerobic
conditions, 3–112 days. Bioaccumulation in aquatic organisms
is not expected to occur, based on ethene’s high vapor pressure
and log octanol/water partition coefficient.
Exposure Routes and Exposure Monitoring

Ethene is a volatile gas. Hence, the relevant route of human
exposure is by inhalation. Exposure monitoring can be per-
formed by measurements of ethylene in the ambient air.
Toxicokinetics

The inhalation toxicokinetics of ethene have been investigated
in human volunteers at atmospheric concentrations of up to
50 ppm (57.5 mg m�3). The majority (94.4%) of ethene
inhaled into the lungs is exhaled unchanged without becoming
systemically available via the bloodstream. The remaining
ethene is metabolized to ethene oxide, which then reacts to
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form complexes with hemoglobin, N-(2-hydroxyethyl)histi-
dine, and N-(2-hydroxyethyl)valine. The biological half-life is
w0.65 h, with ethene being exhaled, and metabolites excreted
in urine and feces and exhaled as CO2. The toxicokinetics of
ethene in humans and experimental animals appears to be
similar.
Mechanism of Toxicity

Ethene is classified as a simple asphyxiant. In sufficient
concentrations, ethene causes central nervous system depres-
sion and unconsciousness by displacing oxygen in air, which
reduces the oxygen available to support cell function.
Acute and Short-Term Toxicity

Animal

The acute toxicity of inhaled ethene is low, with very high
concentrations causing asphyxia due to oxygen displacement.
The lethal concentration 50 percent (LC50) for mice is esti-
mated to be 950 000 ppm (1093 g m�3). Ethene has been
tested in both rats and dogs in short-term inhalation exposure
studies. Exposure to skin and eyes does not cause irritation. The
anesthetic properties reported in humans have also been
observed in experimental animals. Ethene is not a cardiac
sensitizer in dogs.
Human

In humans, ethene is a relatively nontoxic gas. No adverse
effects are observed at concentrations of less than 2.5%. At
higher concentrations, ethene exhibits the anesthetic properties
associated with oxygen deprivation. Humans exposed to
ethene may experience subtle signs of intoxication, resulting in
prolonged reaction time. Exposure to 37.5% ethene for 15 min
resulted in memory disturbances, and concentrations at 50%
resulted in unconsciousness. If oxygen is deprived for a suffi-
cient amount of time, death can occur. Ethene has been used as
an anesthetic and has some advantages over those more typi-
cally used in that its effects are rapid in onset and recovery with
minimal effect on other organ systems.
Chronic Toxicity (or Exposure)

Animal

The toxicity and carcinogenicity of inhaled ethene were studied
in Fischer-344 rats. The animals were exposed to 300, 1000, or
3000 ppm for 6 h day�1, 5 days week�1 for 24 months. These
exposures resulted in no toxicity or carcinogenicity. Rats
exposed by inhalation to ethene 6 h day�1, 5 days week�1 for
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00380-8
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13 weeks at 0, 300, 1000, 3000, or 10 000 ppm exhibited no
adverse effects, with 10 000 ppm considered to be the no-
observed-adverse-effect level (NOAEL).
Human

The International Agency for Research on Cancer has
concluded that there is inadequate evidence in humans and
experimental animals for the carcinogenicity of ethene.
Reproductive Toxicity

Ethene was tested in rats for reproductive effects as well as
impacts on growth and development of the offspring following
head-only inhalation exposure to 200, 1000, or 5000 ppm for
6 h day�1 2 weeks prior to mating, during the mating period,
and until the day prior to necropsy of the males or until day 20
of gestation for the females. No adverse effects were observed on
male or female reproductive performance, fertility, pregnancy,
maternal and suckling behavior, and growth and development
of the offspring. The highest dose was determined to be the
NOAEL for reproductive and developmental effects in rats.
Genotoxicity

Ethene at atmospheric concentrations up to 20% was not
mutagenic to one strain of Salmonella typhimurium with and
without liver metabolic activation system (S9). In other strains
of Salmonella in the presence and absence of S9, ethene was
also negative. Ethene has shown no genotoxic activity in
Escherichia coli. In non-bacterial tests, ethene did not induce
chromosome aberrations in cultured Chinese hamster ovary
cells exposed to 280.5 mg l�1 in the presence and absence of
S9, and did not induce micronuclei formation in bone marrow
cells of rats or mice exposed up to 3000 ppm for 6 h day�1,
5 days week�1 for 4 weeks. Although ethene is biologically
transformed to ethene oxide (oxirane), which is directly gen-
otoxic and carcinogenic in animals, there has been no direct
proof of genotoxicity and/or carcinogenicity of ethane, due to
the low conversion rate of about 1%.
Carcinogenicity

The carcinogenicity of inhaled ethene was determined in
Fischer-344 rats (see “Chronic Toxicity”). There was no differ-
ence in mortality between groups during the 2-year study. A
carcinogenic effect was not detected in this long-term assay.
Clinical Management

Overexposure to ethene is treated by simply moving the victim
to fresh air. Recovery is usually rapid and complete.
Ecotoxicology

Ethene is a natural plant hormone and plays a role in flowering,
fruit ripening, senescence, and abscission. Exposure to high
concentrations, however, can adversely impact photosynthesis
and growth, resulting in leaf curling and shedding of flowers
and leaves. Commonly impacted plants are peas, potatoes, and
oats where retardation effects were observed at concentrations
ranging from 8 to 50 mg m�3. Other sensitive plants include
African marigolds and Cattleya orchids. Aquatic plants and
algae do not exhibit similar sensitivity. Calculated LC50 values
for various fish species following 4 days of exposure range from
50 to 120 mg l�1. The calculated no-observed-effect concen-
tration for fish (fathead minnow) after 28 days of exposure is
13 mg l�1.
Exposure Standards and Guidelines

The primary hazard associated with use of ethane is its flam-
mability and explosivity.

The American Conference of Governmental Industrial
Hygienists (ACGIH) threshold limit value (TLV): simple
asphyxiant – inert gas or vapor. A4: not classifiable as a human
carcinogen.

Switzerland: time-weighted average: 11 500 mg m�3.

See also: Polymers; Propene.
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Background
Unless someone like you cares a whole awful lot, nothing’s going to
get better. It’s not.

A changed Once-ler from Dr. Seuss’s children’s book, The Lorax
The importance of considering a toxicologist’s ethical responsi-
bility has expanded with the impact that toxicological informa-
tion has on decisions related to environmental and human
health. These responsibilities are magnified by the financial
implications of decisions based on toxicology study results. For
example, establishing the acceptable level of contaminants in air,
water, or soil can greatly influence the costs and extent of cleaning
up or restoring contaminated sites. Another example is the role
toxicological studies and results play in the success or failure of
new drugs or pesticides. Ethical issues also extend to study
design, data interpretation, and the communication of results.
The rapid advances in knowledge can improve decision making
but a strong vision of human and environmental health is
essential. A toxicologist must adhere to the highest ethical stan-
dards to maintain public trust and respect. To achieve this stan-
dard a toxicologist must be a thoughtful practitioner of science as
we strive for a more just, equitable, and sustainable world.

One vision or ethical perspective is that “all living things have a right
to an environment in which they have the best opportunity to reach
and maintain their full genetic potential.”

S.G. Gilbert (2005).
98 Encyclopedia of T
Historical Perspective

A toxicologist perspective on ethical considerations borrows
from themedical approach to treating patients andmany lessons
learned. The Greek physician Hippocrates (460–377 BC), who
studied the effects of food, occupation, and climate on causation
of disease is credited with the basic medical tenet of ‘do no
harm.’ Later, this became the bases of the precautionary prin-
ciple. Subsequently, Bernardino Ramazzini (1633–1714), an
Italian physician, examined the health hazards of chemicals,
dust, metals, and other agents encountered by workers in 52
occupations, which he documented in his book De Morbis Arti-
ficum Diatriba (Diseases of Workers). Alice Hamilton, MD (27
February 1869–22 September 1970) was one of the first to do
research in the field of industrial toxic substances and then
advocate for fair worker’s compensation laws and fought for
workplace environments free of dangerous chemicals.

Aldo Leopold (11 January 1887–21 April 1948), arguably
America’s first bioethicist, summarized ethical responsibilities
in a simple statement in 1949.

A thing is right when it tends to preserve the integrity, stability, and
beauty of the biotic community. It is wrong when it tends otherwise.

Sand County Almanac (Leopold, 1949).
From a toxicological perspective, this ethical statement implies
that exposing people to harmful substances, particularly chil-
dren, robs them of their ‘integrity, stability, and beauty,’ indeed
their potential, and is therefore wrong. Health, ecological, and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01070-8
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ethical concerns about chemical exposures were highlighted by
Rachel Carson (27 May 1907–14 April 1964) in Silent Spring
(Carson, 1994), first published in 1962. Carson sounded one
of the first alarms about the effects of environmental contam-
inants and catalyzed numerous regulatory changes related to
chemical use.
It is the public that is being asked to assume the risks . the public
must decide whether it wishes to continue on the present road and it
can only do so when in full possession of the facts .

Rachel Carson (1994).

Another important book focused on the reproductive and
developmental effects of synthetic chemicals and really raised
awareness and concern about endocrine disruptors was Our
Stolen Future by Theo Colborn, Dianne Dumanoski, and John
Peter Meyers, first published in 1996.

Broader statements on decision making and ethical
approaches on health effects of chemicals have also been
articulated. The Earth Charter was first proposed in 1987 as an
approach to creating a broad ethical statement with goal of
establishing a global civil society. In 1992 at the Earth Summit
in Rio de Janeiro, also known as the Rio Summit, produced the
27 Principles of the Rio Declaration. Principle 15 identified the
precautionary approach as a way to ensure protection human
health and the environment (http://www.unep.org/Documents.
multilingual/Default.asp?DocumentID¼78&ArticleID¼1163).
In January 1998, Wingspread Conference on the Precautionary
Principle was held in Racine, Wisconsin to define the precau-
tionary principle.
When an activity raises threats of harm to the environment or human
health, precautionary measures should be taken even if some cause
and effect relationships are not fully established scientifically.

Wingspread Statement on the Precautionary Principle, January
1998.

Societal Considerations

Starting centuries ago, laws and regulations were used to shape
the role of toxicology in society. One of the first laws dealing
with toxicology, passed in 82 BCE by the Roman Emperor
Sulla, was intended to deter intentional poisonings because
women were poisoning men to acquire their wealth. In 1880
food poisonings spurred Peter Collier, chief chemist, US
Department of Agriculture, to recommend passage of
a national food and drug law. The Federal Food, Drug, and
Cosmetic Act was adopted in 1938, following an incident in
which the Elixir Sulfanilamide, containing the poisonous
solvent diethylene glycol, killed 107 persons, many of whom
were children. Following the tragic fetal deformities caused by
pregnant women using Thalidomide the FDA was given
expanded regulatory authority to ensure the efficacy and safety
of drugs. The need to control chemical contamination was
recognized in the 1976 when the US Congress passed the Toxic
Substances Control Act (TSCA) to “prevent unreasonable risks
of injury to health or the environment associated with the
manufacture, processing, distribution in commerce, use, or
disposal of chemical substances.” Unfortunately, TSCA became
largely ineffective following court decisions and there is now an
effort to pass chemical policy reform legislation at a national
level. Mean while Europe has moved forward with REACH –

Registration Evaluation and Authorization of Chemicals,
a system that requires testing and evaluation of chemicals
before their introduction into commerce.
Professional Considerations

A toxicologist must also address issues of conflict of interest,
integrity, and honesty in the conduct and interpretation
of toxicological studies. It is essential to examine and
acknowledge conflicts of interests in the conduct and reporting
of toxicology studies. In addition, toxicologists must adhere to
rules and regulations regarding the use of animals and humans
in scientific studies. The conduct of studies involving humans
has a rich history that has become increasingly well defined and
regulated to ensure adequate knowledge and consent of
subjects involved. A toxicologist must not only adhere to
applicable rules and regulation but also appreciate the under-
lying ethical principles. Intuitional animal care committees
review study designs and facility issues to insure proper and
ethical care of animals used in research. There is a similar
requirement that studies involving human be approved by an
institutional review committee. Researchers have also advo-
cated for greater community involvement in concept referred to
as community-based participatory research.

Toxicology associations as well as state, federal agencies,
nonprofit organizations and universities have statements and
guidelines on conflict of interest and disclosure. The US
Society of Toxicology was established in 1961 and went on to
establish a comprehensive code of ethics that covers financial
conflicts as well as encouraging toxicologists to be thoughtful
public health advocates (http://www.toxicology.org/ms/
ethics.asp). The Society of Environmental Toxicology and
Chemistry (SETAC) also has a strong code of ethics (http://
www.setac.org/node/18). Societal codes of ethics are impor-
tant guidelines for society members on a range of issues and
standards of conduct.
Ethical Implications of Epigenetics

The concept of epigenetics, meaning something acting above
or in addition to genes, is both old and new. Epigenetics is
now defined as changes in gene expression other than
changing (‘above’ or ‘in addition to’) the DNA sequence. Our
expanding appreciation of the influence of development for
epigenetic changes will have profound effects on risk assess-
ment and really argues for a precautionary approach to
chemicals during development. Much of our basic ethical
construct has been based around ‘do no harm.’ But is this
simple approach good enough now that we are aware of
epigenetic changes? In rodents, maternal grooming or lack of
grooming results in significant epigenetic changes. This means
that it is not just enough to have a developmental environ-
ment free of chemical contaminants but there must be a loving
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and supportive environment during development. We must
move beyond just ‘doing no harm’ to ‘doing good.’ The
concept of epigenetics provides the scientific and biological
foundation for the necessity of ‘doing good.’ This concept is
called ‘epiprecaution’ to signify the need to move above and
beyond preventing exposures to harmful material but to one
that is nurturing and supportive. Our expanding appreciation
of the influence of development on epigenetics will have
profound effect on our ethical thinking. We have an ethical
responsibility to ensure that our children have an environment
in which they can reach and maintain their full potential, not
just free of exposure to chemicals but an environment that is
supportive and nurturing. Epiprecaution moves beyond just
doing no harm to one of creating a positive and supportive
environment for our children.
Summary

The purist of ethical behavior and decision making requires the
thoughtful development and articulation of fundamental
principles upon which to base any action. The ethical toxicol-
ogist must consider and integrate basic ethical principles into
the decision making process. This approach moves beyond
what is legally required. An ethical approach requires ongoing
discussion and considerations as the toxicological sciences and
society evolve. Toxicologists must not only be familiar with the
rules and regulations regarding the ethical conduct of research
but also the underlying ethical principles. The challenge is to
move beyond a purely legal adherence to the rules toward an
ethical approach grounded in carefully considered and articu-
lated ethical principles that drive the responsible conduct and
application of research in modern societies.
Codes of Ethics – Examples

Society of Environmental Toxicology and Chemistry (SETAC) –
code of ethics http://www.setac.org/node/18.

Society of Toxicology (SOT) – code of ethics http://www.
toxicology.org/ms/ethics.asp.
Journals Devoted to Ethics

Public Health Ethics (PHE) is a peer-reviewed international
journal with a focus on the systematic analysis of the moral
problems that arise in public health and preventive medicine.
PHE combines theoretical and practical work from many
different fields, notably philosophy, law, and politics, but also
epidemiology and the medical sciences. http://phe.
oxfordjournals.org/

See also: Chemicals in Consumer Products; REACH;
Environmental & Health Laws, Europe; The History of
Toxicology; A History of the US Environmental Movement
(Revised 10 January 2012); Children’s Environmental Health;
Ancient Warfare and Toxicology; Chemical Warfare;
Environmental Advocacy (Non US); Environmental Justice.
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Relevant Websites

http://www.abih.org/ethics – ABIH: American Board of Industrial Hygiene - Ethics.
http://www.aaalac.org/ – Association for Assessment and Accreditation of Labora-

tory Animal Care International (AAALAC International). AAALAC is a “private,
nonprofit organization that promotes the humane treatment of animals in science
through voluntary accreditation and assessment programs” (accessed
23.01.10).

http://toxipedia.org/display/toxipedia/EthicalþConsiderations – Ethical Considerations
– Toxipedia – address a wide range of issues related to ethics in toxicology,
environmental and human health.

http://www.bioethics.org.uk/ – European Bioethical Research – Edinburgh EH6 8NX,
Scotland, UK. European Bioethical Research encourages and promotes research
and discussion in bioethics amongst academics (accessed 22.01.10).

http://ec.europa.eu/bepa/european-group-ethics/bepa-ethics/index_en.htm – European
Commission: BEPA (Bureau of European Policy Advisers) Ethics.

http://www.unep.org/Documents.multilingual/Default.asp?DocumentID¼78&ArticleID¼
1163 – Rio Declaration on Environment and Development. The United Nations
Conference on Environment and Development, 3 June, 1992.

http://www.toxicology.org/ai/asot/Code_of_Ethics.pdf – Society of Toxicology. Code of
Ethics. Example of professional code of ethics (accessed 24.08.09).

http://www.earthcharterinaction.org/ – The Earth Charter – A Universal Expression of
Ethical Principles to Foster Sustainable Development.

http://www.hhs.gov/ohrp/ – US Department of Health & Human Services – Office for
Human Research Protections (OHRP). OHRP “provides leadership in the protection
of the rights, welfare, and wellbeing of subjects involved in research” (accessed
23.01.10).

http://www.epa.gov/OSA/phre/ – US Environmental Protection Agencies – Office of
the Science Advisor (OSA) – Program in Human Research Ethics (PHRE). PHRE
supports “the ethical conduct and regulatory compliance of human subjects
research (HSR) conducted, supported, or regulated by EPA” (accessed:
23.01.10).

http://www.epa.gov/OSA/phre/ – US Environmental Protection Agencies – EPA Science
Advisory Board Staff – Ethics for Advisory Committee Members. Provides ethical
guidelines for EPA committee members (accessed: 23.01.10).

http://bioethics.od.nih.gov/ – US National Institutes of Health – Bioethics Resources on
the Web. Provides a broad range of resources related to ethics (accessed
23.01.10).

http://www.sehn.org/precaution.html – Wingspread Conference on the Precautionary
Principle. The Science and Environmental Health Network.
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Chemical Profile

l Chemical Name: 2(S)-2-amino-4-ethylsulfanylbutanoic
acid

l Chemical Abstracts Services Registry Number: L-Ethionine
(CAS 13073-35-3), D-Ethionine (CAS 535-32-0), DL-Ethio-
nine (CAS 67-21-0)

l Synonyms: L-Ethionine, S-Ethyl-L-homocysteine, a-amino-
g-(ethylmercapto)butyric acid, ETH, NSC 82393, S-Ethyl-
ether-homocysteine, L-Homocysteine, S-ethyl-(9CI)

l Chemical/Pharmaceutical/Other Class: Alkyl sulfates,
Carcinogen

l Molecular Formula: C6H13NO2S; Molecular Weight:
163.24 gmol�1

l Chemical Structure: Extracted from http://pubchem.ncbi.
nlm.nih.gov/
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Background

Ethionine is a nonproteinogenic amino acid and is an analog of
methionine that has an ethyl group in the place of the methyl
group. It is an antimetabolite and antagonist of methionine
that prevents amino acid incorporation into protein and
inhibits cellular ATP utilization.
Uses

There is no known commercial use for this compound and is
not produced commercially in the United States according to
US Trade Commission (1994).
Environmental Fate and Behavior

There are no hazardous decomposition products that have
been identified. Ethionine is a white crystalline solid. It is very
soluble in water and ethanol, and insoluble in nonpolar
solvents. The melting point is 280 �C (L-form).
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure Routes and Pathways

There are multiple routes of entry including skin contact,
inhalation, and ingestion.
Toxicokinetics

Ethionine can be absorbed readily through the gastrointestinal
tract. This compound can transmit through the placenta from
pregnant mother to embryo in rats.
Mechanism of Toxicity

Ethionine is the ethyl analog of the amino acid methionine.
L-Ethionine is the active form and is highly toxic to most
organisms. It acts as an antagonist of methionine that competes
with methionine for adenosyl groups from ATP to yield
S-adenosylethionine instead of S-adenosyl-L-methionine,
a universal methyl donor in prokaryotes and eukaryotes. As
a consequence of the formation of the S-adenosylethionine,
proteins and RNA become ethylated instead of being methyl-
ated. The deficiency of S-adenosylmethionine results in
impairing all transmethylation reactions in the various cellular
processes of organism, including DNA, RNA, protein,
and phospholipid methylation, and causes damage on
cellular growth, differentiation, and function. The decrease of
S-adenosyl-L-methionine level in animals can cause hypo-
methylation and DNA damage which may lead to the devel-
opment of cancer. However, the L-ethionine induced ATP
depletion and protein synthesis impairment can be reversed in
rats by the administration of methionine and adenine, the ATP
precursor. Ethionine is also known to be a carcinogen and
a teratogen. However, in animal study, it acts synergistically
with methionine depletion to inhibit growth of methionine-
dependent tumor.
Acute and Short-Term Toxicity

Ethionine is an acutely toxic compound that targets the liver and
pancreas in animals, and possibly in humans. Ethionine inhibits
intracellular S-adenosylmethionine-mediated methylation, and
causes widespread liver and pancreatic necrosis. This chemical
may cause irreversible, nonlethal, mutagenic effects if swallowed.
Ethionine may bind to the N-methyl-D-aspartate neuroreceptor
and interfere with ion channel regulation in the membrane.
Animal

Induction of acute hemorrhagic pancreatitis has a 100%
mortality rate in young female mice when fed with a choline-
deficient diet containing 0.5% ethionine. However, neither
4-3.01019-8 501

http://pubchem.ncbi.nlm.nih.gov/
http://pubchem.ncbi.nlm.nih.gov/
http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.01019-8


502 Ethionine
mortality nor pancreatitis was reported when ethionine was
eliminated from the diet.

Ethionine was detected in the liver, plasma, kidney, small
intestine, and red blood cells (in the order of decreasing
concentration) of rats after 8-h oral administration with radi-
olabeled L-(1-14C ethyl)-ethionine.

Human

This compound can cause eye irritation, skin inflammation, if
contacted, and cause respiratory irritation, if inhaled.
Chronic Toxicity

Ethionine-induced teratogenesis has been reported in rats and
chicks. Both mice and rats demonstrate significant strain
difference to the carcinogenic effects that are caused by ethio-
nine. In addition to cancer, the ethionine-induced abnormal
methylation may also have pathological effects leading to birth
defects, neurological disorder, and liver and pancreatic toxicity.

Animal

Tumors were formed in the lung, thorax, respiratory tract, and
liver in mice study after 2-year oral administration with high
dosages. Low chronic doses of ethionine exposure result in
irreversible testicular lesions in rats.

Ethionine-induced hepatocellular carcinoma was reduced
from 89 to 36% by adding phenobarbital to the 0.1% ethio-
nine diet in F344 rats during an 18-month carcinogenicity
study. A different study showed that vitamin E protects rat liver
mitochondria from ethionine toxicity. Ethionine has been
demonstrated to inhibit amylase secretion from the AR42J
pancreatic cell line in vitro, and it also inhibits amylase secre-
tion in vivo from freshly isolated rat acini.

Human

Ethionine has been shown to significantly increase sister
chromatid exchange frequency in human lymphocytes. Long-
term exposure may cause mutagenic effects in man based on
in vivo study on mammalian somatic cells. In addition, it may
cause pneumoconiosis, an occupational lung disease, which
results from breathing in dust from ethionine over time.
Genotoxicity

Ethionine may cause heritable genetic damage.
Carcinogenicity

Ethionine has not been identified as carcinogen or potential
carcinogen by International Agency for Research on Cancer,
American Conference of Governmental Industrial Hygienists,
National Toxicology Program, and Occupational Safety and
Health Administration (OSHA). However, experimental data
suggested it has carcinogenic and tumorigenic effect on the
animal.
Clinical Management

Treatments for skin exposure include removal of contaminated
clothing and wash exposed area with soap and water thor-
oughly. For eye exposure, immediately rinse with plenty of
running water, at room temperature, for at least 15 min. If
swallowed, wash out mouth and drink plenty of water, and
induce vomiting. For inhalation exposure, move victim to fresh
air area and provide oxygen or artificial respiration as necessary.
L-Methionine is antagonistic to the effect of ethionine.
Exposure Standards and Guidelines

Do not breathe the aerosol and avoid prolonged or repeated
exposure. All laboratory work should be conducted in a fume
hood, glove box, or ventilated cabinet. Use water to dissolve
ethionine if a spill occurs. Under the OSHA’s inert or nuisance
dust regulation (Standards – CFR29, 1910.1000 Table Z-3), the
permissible exposure level is 15 mgm�3 for total dust, and
5 mgm�3 for respirable fraction.

Use polyethylene or polypropylene container for storage.
Avoid store with strong oxidizing agents due to ignition may
occur.
Other Related Topics

Combustion products include carbon oxides (CO/CO2),
nitrogen oxides (NOx), and sulfur oxides (SOx).

D-Ethionine has been used as an antiinflammatory
compound in albino rats. Water spray, foam, carbon dioxide,
and dry chemicals are suitable extinguishing media.

Further Reading

Farber, E., 1967. Ethionine fatty liver. Adv. Lipid Res. 5, 119–183.
Guo, H., et al., 1996. Methionine depletion modulates the antitumor and antimetastatic

efficacy of ethioine. Anticancer Res. 16, 2719–2724.
Searle, C.E. (Ed.), 1976. Chemical Carcinogens, ACS Monograph, vol. 173. American

Chemical Society, Washington, DC.
Zimmerman, H.J., 1999. Hepatotoxicity: The Adverse Effects of Drugs and Other

Chemicals on the Liver. Lippincott Williams & Wilkins, Philadelphia, PA, p. 255.

Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET.
http://pubchem.ncbi.nlm,nih.gov.
http://www.osha.gov.
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l Chemical Abstracts Service Registry Number: 110-80-5
l Synonyms: Ethyl ethylene glycol, Ethylene glycol mono-

ethyl ether, Ethylene glycol ethyl ether, Cellosolve, Ethyl
Cellosolve

l Chemical Formula: CH4H10O2

l Chemical Structure:
Background

2-Ethoxyethanol is a stable, colorless, flammable liquid,
synthetically produced throughout the world. It belongs to
a larger group of glycol ether solvents. 2-Ethoxyethanol is
commercially referred to as Ethyl Cellosolve or Cellosolve,
a trademark registered by Union Carbide in 1924. It was first
synthesized to have the same chemical properties of both alco-
hols and ethers (hydrophilic and lipophilic) but less volatile,
which improves production characteristics. The glycol ethers are
made by reacting anhydrous alcohols with ethylene oxide.
Uses

2-Ethoxyethanol is widely used as an industrial solvent and
production intermediate. It is produced by the reaction of
ethylene oxide with ethanol. The glycol ethers are miscible in
polar and nonpolar solutions, which make them useful
solvents in paints and surface coatings, stains, lacquers, inks,
and dyes. Additional uses include industrial deicing,
hydraulic fluids, and cleaning agents. 2-Ethoxyethanol was
once used in cosmetic products but is no longer used due to
toxicity associated with dermal absorption. Global produc-
tion has been on the decline in recent years based on
demonstrated toxicity through oral, dermal, and inhalation
routes of exposure. The use of ethylene glycol ethers has
largely been replaced by relatively safer substitutes, primarily
propylene glycol ethers; however, their use as a solvent and
chemical process intermediate poses potential for release into
the environment.
Environmental Behavior, Fate, Routes, and Pathways

There are no natural occurrences of 2-ethoxyethanol in the
environment. Industrial production and processing can result
in release to the environment through air emissions and
wastewater discharge. The environmental fate of 2-ethox-
yethanol is relatively short-lived due to degradation by
microorganisms in soil, sewer sludge, and water. In the absence
of degradation, accumulation in water could occur due to the
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
solubility of 2-ethoxyethanol in water and its relatively low
vapor pressure. Degradation to carbon dioxide and water
occurs under aerobic conditions, while anaerobic degradation
yields methane and carbon dioxide. The environmental half-
life under aerobic conditions is an estimated 1–4 weeks. It is
somewhat more persistent under anaerobic conditions.
Atmospheric emissions from use as evaporative solvents result
in the greatest environmental exposure, although rapid
photolytic degradation occurs. 2-Ethoxyethanol reacts with
hydroxyl radicals in the air and has a half-life of 0.2–4 days. The
majority remains suspended, although a proportion partitions
to water and to soil. 2-Ethoxyethanol has a very low octanol/
water partition coefficient (log Kow � 0.10) and is therefore not
expected to bioaccumulate. 2-Ethoxyethanol has a vapor
pressure of 5.5 mm Hg at 25 �C and is moderately volatile
(Henry’s law constant of 0.048 Pam3mol�1) and not expected
to readily release from surface waters. Negligible amounts of
2-ethoxyethanol are found in air or soil, with the greatest
concentrations likely to be found in water.
Exposure and Exposure Monitoring

Exposure occurs via inhalation, ingestion, and eye and skin
contact. The physiochemical properties are both hydrophilic
and lipophilic, which make the glycol ethers versatile solvents
and allow them to be easily absorbed via inhalation and the
skin. Occupational exposure from production of 2-ethox-
yethanol or processing 2-ethoxyethanol as an intermediate is
the most prevalent pathway for inhalation and dermal expo-
sures. Exposure can also occur through the use of cleaning
compounds and liquid soaps. The potential indoor exposures
include paints and other coatings, inks, adhesives, nail polishes,
cosmetics, and household cleaning supplies. As described in the
previous section, there is limited risk from environmental
exposure; however, there is potential for exposure fromdrinking
water through industrial discharge into surface waters and
leachate of industrial andmunicipal landfills into groundwater.
The most likely route of exposure to the general public occurs
from living in close proximity to industrial emissions.
Toxicokinetics

2-Ethoxyethanol is readily absorbed through the skin, lungs,
and gastrointestinal tract. Once absorbed, it is rapidly metab-
olized through the same path regardless of exposure route. The
metabolic pathway involves dehydroxylation by alcohol
dehydrogenase to ethoxyacetaldehyde. An aldehyde dehydro-
genase quickly reduces the aldehyde to ethoxyacetic acid, the
primary and most toxicologically active metabolite. Further
conjugation occurs in rodents to form the secondary metabo-
lite, ethoxyacetyl glycine; however, the glycine conjugate has
not been observed in humans. Ethoxyacetic acid is rapidly
4-3.00020-8 503
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detected in blood and mucous membranes. Addition of
ethanol slows the process as a result of competitive inhibition
of alcohol dehydrogenase. Alternately, ethoxyacetic acid is
dealkylated by P450 monooxygenase and metabolized to an
aldehyde and ethylene glycol. Elimination is primarily through
urine but total excretion is relatively slow and appears to be
biphasic, suggesting evidence of accumulation.
Mechanism of Toxicity

The toxicity associated with 2-ethoxyethanol is likely caused
more by the primary metabolite, ethoxyacetic acid, than by the
parent compound. The metabolites have a longer half-life
implying a higher accumulation following repeated exposures.
Both in vitro and in vivo studies have shown toxic effects from
administration of the metabolites that were not seen at higher
doses of the parent. Developmental and male reproductive
toxicity has been widely documented for several compounds in
the glycol ether family, and potency is associated with the
length of the hydrocarbon chain: the shorter the chain, the
more potent the developmental and reproductive effects.
Despite the vast collection of toxicity studies conducted inter-
nationally, the exact mechanism of developmental and repro-
ductive toxicity is not well understood. A potential mechanism
for the male reproductive toxicity is direct action on Sertoli
and/or germ cells by ethoxyacetic acid. The testes have relatively
high levels of cytochrome P450 and are an active site of
metabolism. Investigators have found that ethoxyacetic acid
can cause degeneration of spermatocytes in vitro, and damage
to spermatocytes seen in vivo can be suppressed when metab-
olism of 2-ethoxyethanol is inhibited.
Acute and Short-Term Toxicity (Animal/Human)

The oral lethal dose 50% (LD50) of 2-ethoxyethanol in
various species range from 1400 to 5450 mg kg�1, indicating
low to moderate acute toxicity following a single dose. It also
has low acute toxicity from dermal or inhalation routes of
exposure with an LD50 (dermal) of 3300 mg kg�1 and a lethal
concentration 50% (LC50) (inhalation) of 7400 mgm�3.
Single exposures to sufficiently high doses can cause hema-
topoietic toxicity, hepatotoxicity, and renal toxicity in
animals; however, these effects tend to be reversible. In
humans, high acute exposures can cause narcosis, pulmonary
edema, and liver and kidney damage, whereas low acute
exposures can cause conjunctivitis, upper respiratory tract
irritation, headache, and nausea. 2-Ethoxyethanol is not
a skin sensitizer and is a mild skin and eye irritant following
single exposures. Repeated or prolonged exposures can cause
severe skin irritation.

The same toxicological profile is seen following repeated
doses in mice, rats, and dogs with the addition of testicular
degeneration or atrophy. The critical targets in subchronic oral
studies are male reproductive organs and blood with the severity
of the effect increasing with duration of exposure. Repeated
airborne exposures have been shown to irritate the nose and eyes
of rats and rabbits. The critical target in subchronic inhalation
exposure studies is the kidney; male reproductive and blood
toxicity is not as prevalent via inhalation.
Chronic Toxicity (Animal/Human)

High doses administered in chronic animal studies caused
developmental toxicity, male reproductive toxicity, and hema-
totoxicity. Testicular changes included testicular enlargement,
interstitial edema, atrophy, seminiferous tubule degeneration,
abnormal sperm morphology, and motility and disruption
of spermatogenesis. Reproductive toxicity is covered in greater
detail in the Reproductive and Developmental Toxicity section.
2-Ethoxyethanol affects bone marrow to suppress red blood cell
formation, and hemolytic anemia; leukopenia, and abnormal
histology in hematopoietic tissues have been observed in
rodents.

Epidemiological studies have been conducted for occupa-
tional exposures but the results cannot be attributed exclusively
to 2-ethoxyethanol as there have typically been confounding
exposures with additional organic solvents. The potential effects
from occupational exposure include anemia, leukopenia, bone
marrow hypoplasia, and reduced sperm production.
Immunotoxicity

There were very few studies found showing an adverse effect on
the immune system. Decreased thymus weight has been
observed in some studies but 2-ethoxyethanol is generally not
considered to be immunotoxic.
Reproductive and Developmental Toxicity

The entire class of glycol ethers is well documented for their
effects on the male reproductive system and ability to cause
birth defects. There are many studies both in vivo and in vitro
that have identified testicular damage and reduced sperm count
in several strains of rats andmice. Oral and inhalation exposure
studies in male rabbits, mice, and rats resulted in testicular
atrophy and altered sperm count. Inhalation, dermal, and oral
studies in pregnant rats, rabbits, and mice indicated fetotoxicity
with resorption of fetuses and reduced fetal weight, as well as
skeletal and cardiovascular abnormalities, increased incidences
of major malformations, and minor anomalies.

Several epidemiology studies have been conducted after
occupational exposure that indicates impaired reproductive
capability in men and women. Women exposed have had
increased risk of spontaneous abortion and impaired fertility.
Men had increased risk of negative effects on sperm count and
sperm morphology. Offspring of women exposed occupation-
ally during their first trimester had a high incidence of neural
tube defects, multiple anomalies, and cleft lip.
Genotoxicity

Studies on cultured testicular Sertoli cells and germ cells found
DNA lesions following exposure to the primary reactive
metabolite of 2-ethoxyethanol (ethoxyacetic acid), while lower
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concentrations of 2-ethoxyethanol yielded no such changes.
Ethoxyacetic acid has been shown to cause an increase in chro-
mosomal aberrations and micronuclei in genetic toxicity studies
and to induce perturbations in the cell cycle, consistent with the
DNA lesions observed in the germ cells. On the other hand, 2-
ethoxyethanol was negative in all nonmammalian tests and
mammalian mutation tests. In vitro chromosomal aberration
and sister-chromatid exchange tests showed positive results
but only after extremely high doses. To summarize, in general
there is low potential for 2-ethoxyethanol to be genotoxic to
mammalian cells in vitro, and a negative in vivomicronucleus test
indicates low likelihood of genotoxicity in vivo.
Carcinogenicity

Little to no data currently exist on carcinogenicity of 2-ethox-
yethanol in animal models or epidemiological evidence in
humans. The few long-term rodent students that have been
performed did not find an increased incidence of tumor
formation. As a result of the lack of evidence, the US Environ-
mental Protection Agency (EPA) has classified 2-ethoxyethanol
as a group D chemical, meaning the carcinogenicity data are
insufficient.
Clinical Management

There is no specific treatment for exposure to glycol ethers.
Intensive care, consisting of treatment of metabolic acidosis
and general supportive care, should be used for acute intoxi-
cation. Ethanol treatment may be effective as a competitive
inhibitor to alcohol dehydrogenase, which could lessen the
toxicity associated with the formation of 2-ethoxyacetic acid.
Ecotoxicology

No information is available on terrestrial organism toxicity
aside from the data presented above in laboratory animals.
There is limited evidence of acute toxicity in invertebrates and
fish, but the studies found an LC50 that was greater than the
doses used. Considering the environmental fate characteristic
of 2-ethoxyethanol discussed in that section, the potential
levels in the environment have a low probability of causing
adverse effects to terrestrial or aquatic organisms.
Exposure Guidelines and Standards

Exposure limits have been determined for occupational and
environmental exposures. Occupational exposure limits (OEL)
can vary depending on the critical toxic end point selected for
OEL determination. The range of OELs in Europe is mostly
between 18 and 19 mgm�3 with a skin notation. There are also
different OELs published within the United States. The Amer-
ican Conference of Governmental Industrial Hygienists
(ACGIH) threshold limit value is 18 mgm�3 with skin nota-
tion based on reproductive toxicity and the National Institute
for Occupational Safety and Health (NIOSH) Recommended
Exposure Limit (REL) is 1.8 mgm�3 based on both reproduc-
tive and developmental toxicity. The US Occupational Safety
and Health Administration (OSHA) permissible exposure limit
(PEL) is 740 mgm�3; however, it should be noted that the
OSHA PEL is outdated and does not consider all of the current
data available in the literature.

Environmental exposure limits are published by the US
EPA. The reference concentration is 0.2 mgm�3 and the US
EPA reference dose is 0.4 mg kg�1 day�1 (provisional).

See also: Developmental Toxicology; Occupational Toxicology;
Propylene Glycol; Reproductive System, Male; Glycol Ethers;
Immune System; Methoxyethanol; Diethylene Glycol;
Oral/Dermal Reference Dose (RfD)/Inhalation Reference
Concentration (rfc); Reference Dose (RfD).
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l Name: Ethyl acetate
l Chemical Abstracts Service Registry Number: 141-78-6
l Synonyms: Acetic ester, Ethyl ethanoate, Ester of ethanol,

Ethyl ester
l Molecular Formula: C4H8O2

l Chemical Structure:

Background (Significance/History)

Ethyl acetate is the ester of ethanol and acetic acid. It is widely
produced all over the world with an estimation of more than
1 million tons per year. Ethyl acetate is synthesized for indus-
trial uses mainly via the classic Fischer esterification reaction
of ethanol and acetic acid. This mixture converts to the ester
in about 65% production at room temperature. This reaction
can be accelerated by acid catalysis and the equilibrium can be
shifted to the right by removal of water:

CH3COOH þ CH3CH2OH # CH3COOCH2CH3 þ H2O

It is also prepared in industry using the Tishchenko reaction,
by combining two equivalents of acetaldehyde in the presence
of an alkoxide catalyst:

2CH3CHO / CH3COOCH2CH3

Ethyl acetate is classified for its hazard on the basis of the
Global Harmonized System (GHS) developed by United
Nations in the EU Regulation for its flammable properties, eye
irritation and as it may cause drowsiness or dizziness (Table 1).
Uses

Ethyl acetate is widely used across diverse industries for different
applications. It is one of themost frequently used solvents and it
is used for surface coating and as a thinner in themanufacture of
nitrocellulose lacquers, varnishes, and paints. In the pharma-
ceutical industry ethyl acetate is an important component in
extractants for the concentration and purification of antibiotics.
It is used as well as an intermediate in the manufacture of
Table 1 Carbon tetrachloride classification according to the Globall

Hazard class and category code(s) Hazard statem

Flam. liq. cat 2 (flammable liquid category 2) H225: highly fl
Eye irrit. cat 2 (eye irritation category 2) H319: causes
STOT SE 3 (specific target organ toxicity-single

exposure category 3)
H336: may ca

Source: Annex VI. Table 3.1 of European Regulation 1272/2008.
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various drugs. It also finds a wide application in the preparation
of synthetic fruit essences, flavors, and perfumes as an artificial
flavor and aroma enhancer. A considerable amount of ethyl
acetate is used for the production of flexible packaging and for
the production of bioriented polypropylene and polyester films.
It is additionally used for the treatment of aluminum foils.

Ethyl acetate has many other uses in the industry of adhe-
sives, printing inks, polish removers, cleaning fluids, photo-
graphic films and plates, artificial leather, and explosives.
Environmental Fate and Behavior

Physicochemical Properties

Ethyl acetate is a colorless liquid. It is soluble in ethanol,
acetone, diethyl ether, and benzene. Some of the most relevant
physicochemical properties are indicated in Table 2.
Routes and Pathways

Ethyl acetate is a natural product of fermentation and can be
found in products such as animal waste, plant volatiles, and
microbes. Its production and use as a flavoring solvent or in
artificial leathers might product a release to the environment
via different waste streams.
Partition Behavior in Water, Sediment, and Soil

The organic carbon partition coefficient (Koc) of ethyl acetate is
estimated to be 59. This value suggests that this substance is
expected to have high mobility in soil. The Henry’s law
constant (Table 2) indicates that ethyl acetate is expected to
volatilize from water surfaces. This also suggests that its vola-
tilization from moist soil surfaces may occur. The potential for
volatilization of ethyl acetate from dry soil surfaces may exist
based on a vapor pressure of 93 mmHg.
Environmental Persistency (Degradation/Speciation)

If released to air, ethyl acetate vapor pressure indicates that
ethyl acetate will exist solely as a vapor in the ambient atmo-
sphere. This vapor phase is degraded in the atmosphere by
reaction with photochemically produced hydroxyl radicals; the
half-life for this reaction in air is estimated to be 9.4 days.
y Harmonized System of Classification and Labeling of Chemicals

ent code(s) and meaning Pictogram signal word code(s)

ammable liquid and vapor GHS08
serious eye irritation Dgr
use drowsiness or dizziness

oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00502-9
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Table 2 Relevant physicochemical properties of ethyl
acetate for its environmental fate and behavior

Molar mass 88.105 g mol�1

Vapor pressure 93 mmHg
Density 0.897 g cm�3

Melting point �118 �F, �83.6 �C, 190 K
Boiling point 171 �F, 77.1 �C, 350 K
Viscosity 0.426 cP at 25 �C
Solubility in water 0.083 g ml�1 at 20 �C
Refractive index (nD) 1.372
Log Kow 0.73
Vapor pressure 93 mmHg at 25 �C
Henry’s law constant 1.3410�4 atm m�3 mol�1
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If released to soil, ethyl acetate is expected to have high
mobility and potential for volatilization from dry soil surfaces.
Biodegradation is expected to be an important process in both
soil and water, based upon some biodegradation in aqueous
screening studies.
Bioaccumulation and Biomagnification

The estimated bioaccumulation factor of 3.2 suggests that the
potential for bioconcentration in aquatic organisms is low.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

The primary route of absorption responsible for the toxicity of
ethyl acetate is inhalation.
Human Exposure

Occupational exposure to ethyl acetate may occur through
inhalation and dermal contact with this compound at work-
places where it is produced or used or where adhesives, thin-
ners, degreasers, paints, inks, and dome reagents are used. The
general population may be exposed to ethyl acetate via inha-
lation of ambient air, ingestion of food and drinking water, or
dermal contact with consumer products containing this
compound.
Environmental Exposure (Monitoring Data
in Air, Water, Sediment, Soil, and Biota)

The presence of ethyl acetate in different environmental
compartments has been identified. It has been detected in
kiwifruit flowers and aquatic organisms (i.e., at concentrations
of 97.1 mg g�1 in mussel). It has also been identified in
household, kitchen, and garden waste at different concentra-
tions. Ethyl acetate has been found in shoe factories.
Toxicokinetics

Absorption

Ethyl acetate is readily absorbed following oral, dermal, or
inhalation exposures. It is rapidly hydrolyzed to ethanol and
acetic acid prior to absorption in the gastrointestinal tract
following oral administration, and in the upper respiratory
tract following inhalation exposure.
Distribution

Absorbed ethyl acetate is also quickly hydrolyzed in blood to
ethanol and acetate. Blood concentrations of ethanol can
increase if the production of ethanol, following absorption and
hydrolysis of ethyl acetate, exceeds metabolism and elimina-
tion of ethanol.
Metabolism

Ethyl acetate is rapidly hydrolyzed to ethanol and acetic acid.
When ethyl acetate was injected intraperitoneal at 1.6 g kg�1,
hydrolysis to acetic acid and ethanol occurred rapidly. The
biological half-life value of the conversion of ethyl acetate to
ethanol was found to be between 5 and 10min. At doses higher
than 1.6 g kg�1 in rats the rate of hydrolysis exceeded the
ethanol oxidation leading to the ethanol accumulation in the
vascular system.
Excretion

The ethanol produced in the metabolism of ethyl acetate is
excreted in exhaled air and urine.
Interactions

The interaction of ethyl acetate with toluene decreases its
toxicity while the combination with ethyl alcohol, ethylene
glycol, morpholine, propylene oxide, propylene glycol, or
formalin decreases the LD50 value of ethyl acetate.
Acute and Short-Term Toxicity (Animal/Human)
(to Include Irritation and Corrosivity)

Effects on Animals

A summary of some studies is showed in Table 3. Ethyl
acetate is a respiratory tract irritant and at high concentra-
tions it causes narcosis and depression of heart function. The
oral LD50 for acute exposure to ethyl acetate is 4935 mg kg�1

for rabbits and 5620 mg kg�1 for rats; and the LC50 for 8-h
inhalation for rats is 1600 ppm. Cats exposed to 9000 ppm
for 8 h suffered from respiratory irritation and labored
breathing. Cats exposed to 20 000 ppm for 45 min showed
deep narcosis, while exposure to 43 000 ppm for 14–16 min
was lethal; at autopsy, pulmonary edema, hemorrhage, and
hyperemia of the lungs were noted. Repeated 4-h exposures
to 2000 ppm were well tolerated by experimental animals;
no changes in the cellular components of the blood
were noted.

Conjunctival irritation without corneal damage occurred
in rabbits exposed chronically to ambient ethyl acetate
concentrations that were intolerable to humans (Table 3).
Liquid ethyl acetate instilled into the eyes of rabbits caused
orbital irregularities of the cornea that completely resolved
within 2 days.



Table 3 Summary of acute and short-term studies with ethyl acetate

Study Species Observations

Oral LD50 for acute exposure Rabbit LD50: 4935 mg kg�1

Oral LD50 Rat 5620 mg kg�1

Inhalation LC50 during 8 h Rat 1600 ppm
Acute inhalation exposure (8 h) Cat At 9000 ppm, respiratory irritation and labored breathing
Acute inhalation exposure (45 min) Cat At 20 000 ppm, deep narcosis
Unacclimated volunteers Human At 400 ppm, nose and throat irritation
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Effects on Humans

Ethyl acetate is an irritant of the eyes and upper respiratory tract
at concentrations above 400 ppm. Unacclimated human
volunteers experienced nose and throat irritation at 400 ppm.
Ethyl acetate occasionally causes sensitization, with inflam-
mation of the mucous membranes and eczema of the skin
(classified as H319, eye irritant).
Chronic Toxicity (Animal/Human)

Effects on Animals

On repeated or prolonged exposures, it causes conjunctival
irritation and corneal clouding. Repeated inhalation exposure
of rabbits to 4450 ppm caused liver damage and secondary
anemia, with elevated white blood cell counts (Table 4).

An inhalation study performed in rat during 90 days caused
an increase in the number of leukocytes after 30 days of
exposure, a decrease in the cholinesterase activity during the
whole exposure period, and pathological changes in the liver,
cerebral cortex, thyroid gland, and adrenal gland at doses
higher than 10 mg l�1.
Effects on Humans

There are no studies performed in humans. However, data from
occupational studies with exposure to ethyl acetate are avail-
able (Table 4). A study conducted in an industrial facility where
30 workers were exposed chronically to 15–50 mg l�1 air did
not show any abnormality in cornea or conjunctiva.

A different study performed at doses of 400 ppm showed
irritating properties of ethyl acetate vapor, so the subjects were
excluded from the study and were not remaining in the study at
such high concentrations.

A study performed in acclimated workers and then exposed
several months to 375–1500 ppm ethyl acetate did not show
Table 4 Summary of chronic and medium-term studies with ethyl ace

Study Species Observ

Repeated inhalation exposure (1 h day�1

during 40 days)
Rabbit At 445

cou
90-Day inhalation study Rat At dos

a de
Workers Human At con

con
Workers Human At con
adverse symptoms. Workers exposed chronically to ethyl acetate
concentrations ranging from 0.015 to 0.05 mg m�3 and 0.02 to
0.08mgm�3 in air showed redness of the conjunctiva.One death
ascribed to the use of a lacquer solvent containing 80% ethyl
acetatehasbeen reported ina tankpainter, butnodetails are given.
Reproductive Toxicity

Some studies on teratogenicity and developmental effects of
ethyl acetate have been performed. A study inwhich ethyl acetate
was injected into chicken eggs at doses of 25 mg in each egg
during the incubation period did not show teratogenic effects.
Genotoxicity

Genotoxicity tests in vitro and in vivo have been performed.
Ethyl acetate was negative for mutagenicity in Salmonella
typhimurium assays at doses up to 5.0 mg plate�1. When tested
with Chinese hamster ovary cells, the induction test was posi-
tive with activation (up to 5020 mg l�1) and negative without
activation (up to 1510 mg l�1).

An in vivo genotoxicity test was conducted with the micro-
nucleus assay in Chinese hamsters orally administered
2500 mg kg�1 ethyl acetate. After 72 h from the single admin-
istration, there was no increase in the number of micronuclei in
bone marrow polychromatic erythrocytes. Therefore, there is no
evidence of genotoxic potential of ethyl acetate to humans.
Carcinogenicity

A carcinogenicity study conducted in mouse assessed the
potential of ethyl acetate to increase the number of tumors in
animals. This study did not observe an increase in the frequency
of lung tumors after the 16-week postexposure period.
tate

ations

0 ppm, liver damage, secondary anemia, and elevated white blood cell
nts
es higher than 10 mg l�1, increase in the number of leukocytes,
crease in cholinesterase activity, and pathological changes
centration from 0.015 to 0.05 mg m�3, no abnormalities in cornea or
junctiva
centration from 0.02 to 0.08 mg m�3, redness in the conjunctiva



Table 5 Summary of ecotoxicological studies performed in ethyl acetate

Study (species, duration) Effects

Acute toxicity in soil worms LC50: 760 mg l�1 at 48 h
Acute toxicity in fish (Oncorhynchus mykiss) LC50: 484 mg l�1 at 96 h
Acute study in arthropod (Culex pipiens) LC50: 3950 mg l�1 at 48 h
Acute study in conifers Decrease in dry weight and increase in photosynthetic CO2

uptake at 40 mg l�1

Acute study in dicotyledons Decrease of net photosynthesis to 61%
Chronic toxicity in fish (Pimephales promelas) Growth inhibition: 19.4 mg l�1 at 32 days
Chronic toxicity in Daphnia magna Mortality: 19.5 mg l�1 at 21 days
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This substance is not classified by International Agency for
Research on Cancer according to its carcinogenic properties.
Clinical Management

No specific antidotes or treatments are available. It is suggested
to monitor patients with a large amount ingest for detection of
possible central nervous system or respiratory depression and
decreased cardiac contractility. In case of a large inhalation, the
patient should be assessed for respiratory tract irritation,
bronchitis, or respiratory distress. If exposure is produced in
skin or eye, the patient should be examined in case irritation or
pain remains.
Ecotoxicology

Aquatic Organisms Toxicity

The acute toxicity of ethyl acetate has been studied in a large
variety of aquatic species, including algae, protozoa, oligochaeta,
crustaceans, insects, coelenterates, mollusks, amphibians, and
fish (Table 5). The LC50 for these organisms was established to
be above 100 mg l�1 in all cases indicating low acute toxicity for
aquatic organisms. Chronic studies and quantitative structure–
activity relationship (QSAR) estimations suggest chronic no
observed effect concentration (NOEC) values in fish and crus-
taceans above 1 mg l�1 confirming the low toxicity of ethyl
acetate to aquatic species.
Terrestrial Organisms Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, and Terrestrial Vertebrates)

In terrestrial plants, a study performed in conifer plants
decreased the dry weight and increased the photosynthetic
CO2 uptake at concentrations of 40 mg l�1. However, the
test in another terrestrial plant (dicotyledonous) the net
photosynthesis was reduced to 61% of the control after 15-
min treatment at the same concentration.
Exposure Standards and Guidelines

Occupational Exposure Limits

The permissible exposure limit established by the US –

Occupational Safety and Health Administration (OSHA) for
General Industry, the threshold limit value by the American
Conference of Governmental Industrial Hygienists (ACGIH),
and the recommended exposure limit by the National Institute
for Occupational Safety and Health (NIOSH) are the same
value: 400 ppm, 1400 mg m�3 total weight average.

The ACGIH limit is based on the risk of adverse health
effects and irritation. The NIOSH limit is based on the risk of
eye and respiratory irritation.

In the European guidelines for occupational exposure, the
occupational exposure limit is established at 1460 mg m�3 for
8-h exposure.
Personal Hygiene Procedures

If ethyl acetate contacts the skin, workers should immediately
wash the affected areas with soap and water.

Clothing contaminated with ethyl acetate should be
removed immediately, and provisions should be made for the
safe removal of the chemical from the clothing. People laun-
dering the clothes should be informed of the hazardous
properties of ethyl acetate, particularly its potential for causing
eye, skin, and respiratory tract irritation.

Workers should not eat, drink, use tobacco products, apply
cosmetics, or take medication in areas where ethyl acetate or
a solution containing ethyl acetate is handled, processed, or
stored.
Storage

Ethyl acetate should be stored in a cool, dry, well-ventilated
area in tightly sealed containers that are labeled in accor-
dance with OSHA’s Hazard Communication Standard (29 CFR
1910.1200). The storage area must meet OSHA requirements
for Class 1B flammable liquids. Electrical service in storage
areas must be explosion proof. Containers of ethyl acetate
should be protected from physical damage and ignition sour-
ces, and should be stored separately from nitrates, strong
oxidizers, strong alkalies, or strong acids, chlorosulfonic acid,
lithium aluminum hydride, 2-chloromethyl furan, oleum, and
potassium t-butoxide.
See also: Vinyl Acetate; Volatile Organic Compounds; The
Globally Harmonized System for Classification and Labeling of
the GHS; ACGIH

®

(American Conference of Governmental
Industrial Hygienists); Solvents.



510 Ethyl Acetate
Further Reading

Thurman, R.G., Kaufmann, F.C. (Eds.), 1992. Ethel Browning’s Toxicity and Metabo-
lism of Industrial Solvents. Alcohols and Esters, second ed., vol. 3. Elsevier,
Amsterdam, p. 237. ISBN 0-444-81317-9.
Relevant Websites

http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances –

European Chemicals Agency (ECHA): Registered Substances.
http://esis.jrc.ec.europa.eu/ – European Chemical Substances Information System.
European Commission.

http://toxnet.nlm.nih.gov/ – Toxicology Data Network. Toxnet. National Library of
Medicine.

http://refhub.elsevier.com/B978-0-12-386454-3.00502-9/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00502-9/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00502-9/ref0010
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances
http://esis.jrc.ec.europa.eu/
http://toxnet.nlm.nih.gov/
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l Chemical Abstracts Service Registry Number: 140-88-5
l Synonyms: 2-Propenoic acid, ethyl ester; Acrylic acid, ethyl

ester; Ethyl 2-propenoate
l Molecular Formula: C5H8O2

l Chemical Structure:
Background

Ethyl acrylate is a chemical intermediate manufactured and
processed almost entirely within closed systems to produce
homopolymers and copolymers with little remaining mono-
mer (<0.1 wt%). Ethyl acrylate readily polymerizes upon
standing and typically contains inhibitors to prevent sponta-
neous polymerization during storage. Ethyl acrylate is a volatile
component of pineapple and Beaufort cheese.
Uses

Ethyl acrylate monomer is used to make acrylic resins as well as
emulsion (water-based) and solution (solvent-based) poly-
mers. Water-based ethyl acrylate polymers are used in latex
paints, caulks, leather finishing base coats, floor polishes, and
textile finishes.

Solvent-based ethyl acrylate polymers are used in lacquers,
enamels, and lubricating oils.
Environmental Fate and Behavior

Ethyl acrylate is a volatile (40 hPa at 20 �C) liquid under
normal environmental conditions. At equilibrium in the
environment, ethyl acrylate will partition primarily to air
(88%) with the balance to water (12%). In air, ethyl acrylate
will be removed by reaction with photochemically produced
hydroxyl radicals (35.4 h half-life) and ozone (6.5 days half-
life). In water, ethyl acrylate is relatively stable to hydrolysis at
acidic and neutral pHs, but will volatilize to air (Henry’s law
constant of 12.5 Pam�3 mol�1) or be biodegraded (57–90%
removal in 28 days). Based on its relatively low octanol–water
partition coefficient (log Kow of 1.18) and rapid metabolism in
biological systems, ethyl acrylate does not pose a significant
bioaccumulation hazard.
Exposure and Exposure Monitoring

Exposures to ethyl acrylate monomer are most likely to occur in
an occupational environment via inhalation and skin contact.
However, the closed systems used during manufacture and
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
transportation will limit worker exposures to those that may
occur during routine process maintenance, periodic plumbing
leaks, and the collection of quality control samples. Under
these conditions, exposures are further limited by the use of
industrial hygiene controls and personal protective equipment.
The acrid odor of ethyl acrylate, which can be detected at
0.001–0.005 ppm, also serves to limit exposure. Studies of
monomer production workers have indicated that mean
exposures to ethyl acrylate are typically <1 ppm. The general
population does not receive a significant exposure to ethyl
acrylate due to low concentrations of residual monomer in
consumer products.
Toxicokinetics

Data in experimental animals indicate that ethyl acrylate is
readily absorbed from the gastrointestinal tract and the
respiratory tract. Absorption of ethyl acrylate through the skin
occurs less readily and may be limited by evaporation of ethyl
acrylate if the applied dose is unoccluded. The primary route
of ethyl acrylate metabolism is its rapid (seconds in the
respiratory tract; minutes in the blood) hydrolysis by tissue
and circulating carboxylesterases to acrylic acid and ethanol
that undergo further metabolism to CO2. In the rat, it has
been estimated that >50% of the ethyl acrylate that passes
through the upper respiratory tract is hydrolyzed by carbox-
ylesterase in the nasal mucosa before entering the blood.
Another route of ethyl acrylate metabolism is conjugation
with the sulfhydryl group of glutathione followed by the
excretion of conjugation products in the urine and feces. Both
pathways serve to detoxify ethyl acrylate. Ethyl acrylate and its
metabolites are rapidly distributed throughout the body and
can be detected in all organ systems, with the highest
concentrations in fat, blood cells, liver, and the organ of entry
(i.e., stomach, upper respiratory tract, and skin). Metabolites
of ethyl acrylate are excreted primarily via the lungs (as carbon
dioxide) and the kidneys. Approximately 60% of an orally
administered dose of ethyl acrylate is eliminated from the
body as CO2 within 8 h.
Mechanism of Toxicity

The toxic mode of action for ethyl acrylate is unknown.
However, the parent compound may play a significant role
since pretreatment of rats with a carboxylesterase inhibitor
enhances the respiratory irritation and lethality produced by
the inhalation of ethyl acrylate. The enhanced toxicity could be
a direct effect of methyl acrylate on surrounding tissues and/or
a secondary effect due to the increased conjugation of methyl
acrylate with glutathione that occurs under these conditions
which in turn can result in toxicity due to the depletion of local
glutathione stores.
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Acute and Short-Term Toxicity

Animal

Toxicological studies in animals indicate that ethyl acrylate
exposures do not generally result in systemic toxicity at
sublethal doses. Ethyl acrylate toxicity is largely limited to
irritant effects, and their sequelae, at the site of application.
Ethyl acrylate can produce an allergic contact dermatitis that
may cross-react with other acrylic esters. The acute oral and
dermal LD50 values in rats are 1120 and 3049 mg kg�1,
respectively. The 4-h LC50 for ethyl acrylate vapor is 2180 ppm
(rat).
Human

Ethyl acrylate can be highly irritating to the skin, eyes, gastro-
intestinal tract, and the respiratory tract. Ethyl acrylate may
cause an allergic contact dermatitis and may cross-react with
other acrylate esters.
Chronic Toxicity

Animal

In a chronic inhalation study, rats and mice were exposed
to ethyl acrylate concentrations of 0, 25, 75, and 225 ppm
for 6 h day�1, 5 days week�1 for either 6 months (high
dose) or 27 months (mid and low doses, and control). The
high dose was terminated due to significant loss in body
weight. In both species, body weight was reduced at
75 ppm and dose-dependent degenerative changes to the
olfactory epithelium and nasal turbinates were noted at all
three concentrations. The histopathology of the sex organs
was normal. In a follow-up study by the same laboratory,
male and female rats and mice were exposed for 24
months to 5 ppm ethyl acrylate for 6 h day�1, 5 days
week�1. No adverse effects on the nasal mucosa or body
weight were observed, thereby establishing an inhalation
NOAEC of 5 ppm in rodents.

In a 13-week gavage study by the National Toxicology
Program (NTP), rats were exposed to ethyl acrylate at doses of
0, 7, 14, 28, 55, and 110 mg kg�1 for 5 days week�1. Toxicity
was limited to the high dose and consisted of changes
in the stomach and duodenal mucosa. The histopathology
of other organs, including the sex organs, was normal.
The no observable adverse effect level (NOAEL) was
55 mg kg�1 day�1. Studies of gastrointestinal lesions in rats by
other investigators demonstrated the key role of nonprotein
sulfhydryl (e.g., glutathione) binding to the detoxification of
ethyl acrylate, that this detoxification process was over-
whelmed at doses greater than 50 mg kg�1 day�1, and that the
lesions regressed in the absence of continued exposure to
ethyl acrylate.
Human

A study of olfactory function of workers at a chemical facility
manufacturing a variety of acrylates and methacrylates reported
a dose–response relationship between olfactory dysfunction
and cumulative scores (semiquantitative) to the acrylates and
that the effects may be reversible.
Immunotoxicity

There are no data indicating ethyl acrylate is an
immunotoxicant.
Reproductive Toxicity

As presented above, reproductive function in rodents, as evi-
denced by the absence of histopathological changes in sex
organs, was not affected by inhalation exposures of 75 ppm for
27 months or oral exposures of 110 mg kg�1 for 13 weeks. In a
two-generation study on a surrogate chemical, rats were
exposed to 0, 5, 25, and 75 ppm methyl acrylate vapor for
6 h day�1, 7 days week�1, with the exception that maternal rats
were not exposed from gestational day 20 through lactational
day 4. Parental body weights and feed consumption were
decreased at 75 ppm and nasal lesions were seen at 25 and
75 ppm. Reproduction function and pup survival were not
affected at any concentration, although pup body weights at
75 ppm were decreased on postnatal days 14–28. The parental
and pup effects were likely secondary to the stress associated
with nasal irritation. In a developmental study, pregnant rats
were exposed to ethyl acrylate at concentrations of 0, 25, 50,
100, or 200 ppm on days 6–20 of gestation. The highest dose
produced a decrement in maternal body weight gain. Decre-
ments in fetal body weight were observed only at 200 ppm; and
decreases in embryonic survivals and increases in fetal mal-
formations were not observed at any concentration. The
NOAELs for maternal toxicity, developmental toxicity, and
teratogenicity were 100, 100, and 200 ppm, respectively. The
absence of effects on reproductive function in animals at
parentally toxic exposures combined with the occurrence of rat
fetotoxicity only in the presence of maternal toxicity suggests
that ethyl acrylate does not pose a significant reproductive and
developmental hazard to humans.
Genotoxicity

Data on the in vitro mutagenicity (Salmonella reverse mutation
assay) are negative. Positive responses in some in vitro assays of
clastogenicity occurred but only in the presence of significant
cytotoxicity. Ethyl acrylate was not clastogenic in in vivo mouse
micronucleus assays.
Carcinogenicity

Animal

In the chronic inhalation study described above, tumor inci-
dences were not increased in rats and mice exposed to ethyl
acrylate at concentrations of 0, 25, 75, and 225 ppm for
6 h day�1, 5 days week�1 for either 6 months (high dose) or 27
months (mid and low doses, and control). The NTP reported
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forestomach tumors in rats and mice gavaged 5 days week�1

for a lifetime with 100 or 200 mg kg�1 day�1 ethyl acrylate.
However, the NTP subsequently determined that these tumors
resulted from localized irritation and cellular proliferation
produced by high tissue concentrations of ethyl acrylate and
did not provide an adequate basis for classifying ethyl acrylate
as a potential human carcinogen. This conclusion is consistent
with results from an earlier study in which neoplastic effects
were not observed in rats when ethyl acrylate was administered
continuously via drinking water at concentrations up to
2000 ppm (w150 mg kg�1 day�1).
Human

Limited epidemiology data exist for exposure to ethyl acrylate.
Mortality from cancer of the colon and rectum was elevated in
workers from plants manufacturing and polymerizing ethyl
acrylate prior to 1946; however, the findings were confounded
by co-exposure to other chemicals. Currently, there is inade-
quate evidence to link human exposures to ethyl acrylate with
cancer.
Clinical Management

Clinical management involves removal from exposure and
treatment of symptoms.
Ecotoxicology

Ethyl acrylate is acutely toxic to aquatic organisms. In a series of
studies with analytically measured concentrations, ethyl acry-
late exhibited 96-h LC50 of 4.6 mg l�1 in freshwater fish
(Oncorhynchus mykiss, flow-through) and 2.0 mg l�1 in marine
fish (Cyprinodon variegatus, flow-through), a 48-h LC50 (mo-
bility) of 7.9 mg l�1 in freshwater invertebrates (Daphnia
magna, flow-through), and a 96-h EC50 (cell number) of
5.5 mg l�1 in algae (Pseudokirchneriella subcapitata, static). In
a 21-day flow-through study in D. magna, the EC50 (mobility)
and no observed effect concentration (reproduction) were 0.5
and 0.19 mg l�1, respectively. Ethyl acrylate is not anticipated
to have a significant effect on soil microflora since the 28-day
EC50 (glucose-induced respiration rate) for a chemical surro-
gate (methyl acrylate) was >1000 mg kg�1dry soil, the highest
concentration tested.
Other Hazards

Ethyl acrylate is flammable with lower and upper explosive
limits of 1.8 and 14% by volume in air, respectively.
Exposure Standards and Guidelines

International occupational exposure limits (OELs) for ethyl
acrylate range from 5 to 20 ppm as an 8-h time-weighted average
(TWA), with 5 ppm being the predominant value as in the case
of the TWA OEL established by the American Conference of
Governmental Industrial Hygienists (ACGIH). International
short-term exposure limits (STELs) range from 10 to 80 ppm,
with 15 ppm being the predominant value as in the case of the
STEL established by the ACGIH. The USOccupational Safety and
Health Administration lists a permissible exposure limit of
25 ppm for ethyl acrylate (8-h TWA). The National Institute of
Occupational Safety and Health indicates that 300 ppm ethyl
acrylate is immediately dangerous to life or health. Ethyl acrylate
has been delisted by the US NTP as reasonably anticipated to be
a human carcinogen because: (1) rat forestomach tumors were
seen only when ethyl acrylate was administered by gavage at
high concentrations that resulted in marked local irritation and
cellular proliferation, (2) animal studies by other routes of
exposure, including inhalation, were negative, and (3) chronic
exposure of humans to such high concentrations of ethyl acrylate
is unlikely. Based on the same data considered by the NTP,
International Agency for Research on Cancer has classified ethyl
acrylate as possibly carcinogenic to humans (group 2B).

See also: Acrylic Acid; ACGIH
�
(American Conference of

Governmental Industrial Hygienists); Ames Test;
Carboxylesterases; Chromosome Aberrations; Developmental
Toxicology; Dose–Response Relationship; Aquatic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Environmental Exposure Assessment; Environmental
Protection Agency, US; Gastrointestinal System; Genetic
Toxicology; Glutathione; International Agency for Research on
Cancer; LD50/LC50 (Lethal Dosage 50/Lethal Concentration 50);
Mechanisms of Toxicity; Methyl Acrylate; Mode of Action;
National Institute for Occupational Safety and Health; The
National Toxicology Program; Occupational Exposure Limits;
Occupational Safety and Health Administration; Respiratory
Tract Toxicology; Risk Assessment, Human Health; Toxicity
Testing, Aquatic; Toxicity Testing, Carcinogenesis; Toxicity
Testing, Developmental; Toxicity Testing, Mutagenicity;
Toxicity Testing, Reproductive; Toxicity, Acute; Toxicity,
Subchronic and Chronic; Pharmacokinetics.
Further Reading

Sweeney, L.M., Andersen, M.E., Gargas, M.L., 2004. Ethyl acrylate risk assessment
with a hybrid computational fluid dynamics and physiologically based nasal
dosimetry model. Toxicological Sciences 79, 394–403.

Williams, G.M., Iatropoulos, M.J., 2009. Evaluation of potential human carcinogenicity
of the synthetic monomer ethyl acrylate. Regulatory Toxicology and Pharmacology
53, 6–15.
Relevant Websites

http://apps.echa.europa.eu/registered/registered-sub.aspx – European Chemicals
Agency. Information on Ethyl Acrylate

http://webnet.oecd.org/Hpv/UI/SIDS_Details.aspx? – Organization for Economic
Cooperation and Development OECD) Existing Chemicals Database. SIDS Initial
Assessment Report for Ethyl Acrylate

http://apps.echa.europa.eu/registered/registered-sub.aspx
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l Name: Ethylamine
l Chemical Abstracts Service Registry Number: CAS 75-04-7
l Synonym: Aminoethane
l Molecular Formula: C2H5NH2

l Chemical Structure:

H3C HH2

l Chemical/Pharmaceutical/Other Class: Alkyl amine,
Organic solvent, Volatile organic compound
Uses

Ethylamine is a colorless, flammable liquid or gas (depending
on the ambient temperature) that has an ammonia-like odor
with an odor threshold of 0.95 ppm. Ethylamine is used in
solvent extraction, in organic synthesis, as a dye intermediate,
as a stabilizer for rubber latex, in petroleum refining, and in the
manufacture of detergents, photographic dyes, emulsifying
agents, and medicinal products. It is also used in the produc-
tion of triazine herbicides.
Environmental Fate and Behavior

Ethylamine will exist solely as a gas in the atmosphere. It will
degrade by reaction with hydroxyl radicals with a half-life of
14 h. Ethylamine is expected to have very high mobility
through soil and will exist in the cation form in the environ-
ment. Volatility from the soil may be expected, and biodegra-
dation is an important fate process in both soil and water. In
water, ethylamine is not expected to absorb to suspended
solids and sediments. The potential for bioaccumulation in
aquatic organisms is low, and hydrolysis is not expected to be
an important fate process.
Exposure and Exposure Monitoring

Ethylamine is a natural product found in fruits and vegetables,
grains, coffee, cheeses, and seafood. It is also a component of
tobacco smoke. Decomposition of amino acids also leads to
the production of ethylamine in the environment. In the
industrial setting, the relatively high vapor pressure (400 torr at
2 �C) results in exposures being primarily to the vapor by
inhalation. Depending on the temperature (it boils at 16.6 �C),
the chemical can exist as a colorless liquid or a gas with an
ammonia-like odor perceived at an odor threshold of 0.95 ppm.
Contact via the skin and to a lesser extent the eye is also
possible. The main hazard of ethylamine is due to its flamma-
bility as it is a dangerous fire hazard. The general population
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is exposed to low levels of ethylamine from dietary sources and
the metabolism of amino acids and to a lesser extent through
ambient air.
Toxicokinetics

Ethylamine is not as easily metabolized as is methylamine,
with portions excreted unchanged from the lung and into the
urine. Metabolism occurs first by dehydrogenation of the
amino group, which reacts then with water to form acetalde-
hyde and ammonia. The ultimate metabolic products of acetic
acid and urea are excreted in the urine. Ethylamine is a normal
constituent of mammalian and human urine.
Mechanism of Toxicity

The effects of ethylamine appear due primarily to its corrosive
action at all points of contact with the body.
Acute and Short-Term Toxicity

Ethylamine is extremely irritating to all points of contact,
including the skin, eyes, and respiratory tract. Extended contact
with any of these tissues leads to corrosive damage.
Animal

Ethylamine is quite toxic acutely with an acute oral LD50 in the
rat of 400mg kg�1. Dermal exposure can also lead to death
following relatively low doses with an LD50 of 270mg kg�1 in
the rabbit. The inhalation LC50 in rats following a 1-h exposure
is 5540 ppm (3010mgm�3). A 70% aqueous solution rapidly
produced skin burns leading to necrosis when applied dermally
to the guinea pig. After 2 h, deep scarring and necrosis were
seen. Severe eye irritation occurred in rabbits following instil-
lation of 0.5ml of a 1% aqueous solution of ethylamine.
Corneal irritation was produced in rabbits following short-term
inhalation of 50 ppm.
Human

Reports of eye irritation and corneal edema have come
following industrial exposures. Exposure to elevated
concentrations of the related chemical triethylamine have
resulted in transient visual disturbances called glaucopsia
(often referred to as halo vision or blue haze), but it is not
clear that ethylamine can produce the same effect. Exposure
to ethylamine at all points of contact, skin, eyes, and respi-
ratory tract, would be expected to produce irritation, with
the severity depending on both the amount and the dura-
tion of contact.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00504-2
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Chronic Toxicity

Animal

Rabbits exposed to 50 ppm ethylamine showed lung damage
and corneal injury, with a higher exposure of 100 ppm also
producing kidney damage. Rats were less responsive, with
only minor irritation seen at concentrations of up to
100 ppm. Nasal irritation and damage were seen only at
500 ppm following 24 weeks of exposure. No studies of
longer duration, in which long-term effects including carci-
nogenic potential would be evaluated, have been conducted.
No reports were found in which the effects on the developing
fetus were examined.
Human

No reports could be found in the literature concerning the
potential human health effects of chronic ethylamine exposure.
Genotoxicity

No evidence of genotoxicity was seen in bacterial screening
studies, in vitro studies in cultured cells produced positive
results, and DNA synthesis were not altered in vivo in rodents by
ethylamine treatment.
Clinical Management

For basic treatment, establish a patent airway, using suction if
necessary. Watch for signs of respiratory insufficiency and assist
ventilation, using oxygen supplementation, if necessary.
Monitor for pulmonary edema and shock and treat if necessary.
Following eye contact, flush eyes immediately with water and
irrigate each eye continuously with saline. For ingestion, do not
use emetics but rinse mouth with water for dilution if the
patient can swallow, has a strong gag reflex, and does not drool.
Copious water should be used following skin contact and
neutralization should not be attempted. Following decon-
tamination, skin burns should be covered with dry sterile
dressings.
Ecotoxicity

LC50 values of 40–1000 ppm were reported for goldfish
exposed for 24–96 h. Invertebrates such as Daphnia magna
showed EC50 values of from 100 to 200 ppm for 24-h expo-
sures. These values indicate moderate to low concern for acute
environmental effects.
Other Hazards

High airborne concentrations of ethylamine can form with the
potential for severe eyes, nose, and respiratory tract irritation,
escape impairment, and possible death. The immediately
dangerous to life or health concentration for ethylamine is
600 ppm. Anhydrous ethylamine is a flammable gas; aqueous
ethylamine is a flammable liquid. Vapors can travel a consid-
erable distance to an ignition source and flash back because
ethylamine vapor density is heavier than air.
Exposure Standards and Guidelines

US Environmental Protection Agency: Listed as a hazardous air
pollutant under the Clean Air Act of 1990.

Occupational exposure standards and guidelines for ethyl-
amine include the following:

United States: National Institute for Occupational Safety
and Health (NIOSH) recommended exposure limit: TWA:
10 ppm (18mgm�3).

United States: NIOSH immediately dangerous to life or
health: 600 ppm.

United States: American Conference of Governmental
Industrial Hygienists threshold limit value of 5 ppm
(9mgm�3) with a short-term exposure limit of 15 ppm
(28mgm�3) based on upper respiratory tract irritation (skin
notation).

Australia: 10 ppm workplace standard.
Federal Republic of Germany: 10 ppm, short-term level

20 ppm, 10min, four times per shift workplace standard.
Sweden: 10 ppm, short-term value 15 ppm, 15min, skin,

workplace standard.
United Kingdom: 2 ppm, workplace standard, with a short-

term exposure level of 6 ppm.

See also: Clean Air Act (CAA), US; Methylamine.

Further Reading

American Conference of Governmental Industrial Hygienists,
Inc. (ACGIH) Documentation of the threshold limit values
and biological exposure indices. sixth ed. vols. I, II, III.
Cincinnati, OH: ACGIH, 1991., p. 577.
Relevant Website

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Ethylamine.

http://toxnet.nlm.nih.gov
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l Chemical Abstracts Service Registry Number: 100-41-4
l Synonyms: Phenylethane
l Molecular Formula: C8H10
l Chemical Structure:
H3C
Uses

Ethylbenzene is primarily used as an intermediate in the
production of styrene and styrene products (polymers, copol-
ymers) with minor use as a process solvent. Ethylbenzene also
occurs as a natural component of petroleum products (gaso-
line, mixed xylenes). Additional sources of ethylbenzene are
the incomplete combustion of natural materials (wood and
other fuels) from incinerators burning hydrocarbon-containing
waste streams and from tobacco smoke.
Exposure Routes and Pathways

The primary route of exposure to ethylbenzene is via inhala-
tion. Exposures may also occur from skin contact and dietary
intake. Ethylbenzene also crosses the placenta and may be
present in breast milk.
Toxicokinetics

Ethylbenzene is readily absorbed by oral exposure or respira-
tion, but absorption through the skin is expected to be low with
estimated uptakes of 65, 100, and 4%, respectively. Once
absorbed, it is rapidly distributed in the body, metabolized
primarily via hydroxylation of the two carbons of the side-
chain, and then further oxidized to a range of metabolites that
are excreted principally in the urine. In humans exposed via
inhalation, the major metabolites are mandelic acid and phe-
nylglyoxylic acid, which are excreted in the urine.
Mechanism of Toxicity

Ethylbenzene acts by a variety of toxic mechanisms in affected
tissues/organs. Acute CNS depressive or narcotic effects occur
nonspecifically and likely result from unmetabolized ethyl-
benzene’s disruption of neuronal membranes. Ototoxicity
also appears to result from unmetabolized ethylbenzene
damage to hair cells of the cochlea. Both of these toxicities are
relevant to humans. Other ethylbenzene toxicities appear to be
linked to metabolism or metabolites, and hence, differences are
expected between laboratory animals and humans. Induction
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of cytochrome P450E1 is postulated to contribute to liver
changes in mice and kidney changes in rats. Rat kidney toxicity
is demonstrated to be associated with alpha-2u-globulin
nephropathy and exacerbation of chronic progressive
nephropathy, conditions that are not relevant to human health.
Lung toxicity is postulated to arise from mouse specific lung
enzyme (cytochrome P450F2) metabolism to cytotoxic
metabolite(s) and associated chronic cell proliferation in lung
target cells.
Acute and Short-Term Toxicity (or Exposure)

Animal and human data demonstrate that ethylbenzene has
low acute toxicity. High doses are required to produce neuro-
logical signs and symptoms and death. Acute lethality concen-
trations/dosages for inhalation, oral, and dermal exposures in
animals are 4000 ppm (4 h LC50), 3500 mg kg�1 body weight
(LD50), and 15400 mg kg�1 body weight (LD50), respectively.
Many substances, including aromatic hydrocarbons, increase
the sensitivity of the myocardium to endogenous catechol-
amines that may result in potentially fatal cardiac arrhythmias.
This phenomenon is termed as cardiac sensitization. In the
absence of evidence to the contrary, it appears possible that
ethylbenzene may provoke this response. Ethylbenzene is also
an aspiration concern. Pulmonary injury resulting in chemical
pneumonitis may result following oral exposure to ethyl-
benzene. High vapor concentrations can be irritating to the
respiratory tract and liquid can cause irritation to the skin and
eyes. Vapor concentrations of 400 ppm and greater caused signs
of respiratory tract irritation in animals, whereas 100 ppm
ethylbenzene has been associated with reports of subjective
sensory irritation in sensitive humans. Limited human test data,
but a long history of worker use, indicate that ethylbenzene is
not a concern for skin sensitization.
Chronic Toxicity (or Exposure)

There are no reliable human studies or reports on chronic
toxicity for ethylbenzene. There are a number of human studies
or reports on health effects associated with hydrocarbon
mixtures (paints, gasoline) that contained ethylbenzene as
a component; however, these studies cannot be used to reliably
assess ethylbenzene.

The repeated exposure (noncancer) toxicity of ethylbenzene
has been evaluated in inhalation and oral studies in animals.
These studies indicate ethylbenzene is a moderate chronic
exposure toxicity hazard with targeted effects to the liver,
kidney, and hearing (discussed later with neurotoxicity).
Chronic exposure to rats to �75 ppm ethylbenzene resulted in
decrease in survival and body weight and an increase in kidney
pathology (renal tubule hyperplasia and nephropathy). Liver,
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00311-0
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lung, thyroid, and pituitary pathology was observed in mice
that inhaled �250 ppm ethylbenzene for 2 years. As with
inhalation exposure, liver and kidney effects were observed in
a subchronic (90-day) oral study conducted in rats at dosages
of �250 mg kg�1 body weight per day ethylbenzene. These
effects were more pronounced than were observed in sub-
chronic inhalation studies, as indicated by greater increases in
organ weights and secondary changes in clinical chemistry
enzymes, minerals, and electrolytes. The subchronic oral
study also detected minimal blood changes of questionable
significance.

Consistent with the known effects of organic solvents,
which cause a general and nonspecific depression of the
nervous system, acute exposure to high concentrations of eth-
ylbenzene can induce acute nervous system effects. However, in
an oral repeated exposure study specifically designed for the
detection of neurotoxic effects in rats, dose levels up to
500 mg kg�1 body weight per day did not produce any
behavioral or nervous system structural changes indicative of
specific, persistent, or progressive damage to the nervous
system. Specialized investigations of effects on hearing indicate
that ethylbenzene can cause ototoxicity. Alterations in brain-
stem auditory evoked responses and outer hair cell structure
were found in rats exposed to �200 ppm ethylbenzene.
Ethylbenzene is not selectively toxic to the developing nervous
system. In a developmental neurotoxicity study conducted in
rats, no exposure-related effects were observed on neuro-
behavioral observations, movement activity, startle responses,
learning and memory evaluations, and nervous system struc-
ture at up to 500 ppm ethylbenzene.
Immunotoxicity

There is no evidence that ethylbenzene is toxic to the immune
system. An immunotoxicity screening study conducted in rats
found no evidence of adverse effects on the functional ability of
the humoral component of the immune system for 28 days of
exposure up to 500 ppm ethylbenzene.
Reproductive Toxicity

Ethylbenzene is not a teratogen or toxic to reproduction.
Ethylbenzene did not produce fetotoxicity in animal toxicity
studies at 500 ppm or lower concentrations in which maternal
toxic effects were absent; however, at higher exposures
(�1000 ppm) in which maternal clinical, body weight, and
organ weights were affected, fetotoxicity was evident as
decreases in fetal body weights and skeletal variations. Ethyl-
benzene administered up to 500 ppm to rats also did not
adversely affect reproductive performance or offspring devel-
opment in a two-generation reproductive toxicity study.
Genotoxicity

Ethylbenzene is not a concern for genotoxicity. It is negative for
genotoxicity in all in vivo studies that were conducted and
predominantly negative for genotoxicity in in vitro studies.
Carcinogenicity

Ethylbenzene is carcinogenic in rats and mice following life-
time exposures to high vapor concentrations. In long-term
cancer studies, increases in tumors were found at 750 ppm in
the kidney (male and female rats), testes (male rats), lung
(male mice), and liver (female mice). Tumors occurred only at
dose levels in the nonlinear portion of the dose–response curve
in which normal metabolic pathways are saturated. At
250 ppm, there was no difference between exposed and control
animals. The strongest evidence of cancer was kidney tumors
found in male rats, and there was some evidence of kidney
tumors in female rats. Exacerbation by ethylbenzene of chronic
progressive nephropathy, a pathway that is not considered
relevant to humans, is postulated as the mode of action
underlying the development of the rat kidney tumors. Male rats
also appeared to have an exacerbation in testicular tumors,
a type of tumor that occurs in nearly all aged rats of this strain.
There was some evidence at 750 ppm ethylbenzene of liver and
lung tumor increases in mice. Increases in regenerative cell
proliferation are postulated to be key in the mouse tumor
findings. Styrene similarly produces lung tumors in mice and
not rats. Studies on styrene using knockout and transgenic mice
for a specific enzyme (cytochrome P450F2) demonstrate lung
toxicity; hence, possibly lung tumorigenicity is dependent on
metabolism by this mouse specific enzyme. The mode of
action information for laboratory animal carcinogenicity,
taking into account the high spontaneous incidence of some of
the tumor types and that genotoxicity data do not demonstrate
a direct DNA damaging effect indicate that ethylbenzene’s
carcinogenicity is unlikely to present a significant risk to human
health at current environmental and occupational exposure
concentrations.
Clinical Management

General life support should be maintained, symptoms treated,
and decontamination undertaken if necessary. Epinephrine
and other sympathomimetic drugs may initiate cardiac
arrhythmias (irregular beating) in persons exposed to this
material. Aspiration may cause pulmonary edema and pneu-
monitis. Vomiting should not be induced. In case of ingestion,
the stomach should be emptied by gastric lavage under quali-
fied medical supervision.
Environmental Fate

Ethylbenzene has high vapor pressure (954 Pa at 20 �C) and
low water solubility (200mg l�1 at 25 �C); therefore, if
released to water, it will partition to air. In air, ethylbenzene
undergoes photodegradation (indirect photolysis) with a half-
life in air of 2 days. Ethylbenzene has low to moderate
potential for adsorption to soil or sediment (predicted
log Koc ¼ 2.71). It is readily biodegradable and hence is not
expected to be persistent in the environment. The log Kow

value of ethylbenzene is low suggesting a low tendency to
partition to organic phases and therefore a low potential for
bioaccumulation.



518 Ethylbenzene
Ecotoxicity

Ethylbenzene has a moderate ecotoxicity hazard based on
results of acute and chronic studies. Three trophic levels of
aquatic species, including freshwater and marine organisms,
have been tested. For fish, reported 96-h LC50 values are 4.2
and 5.1 mg l�1 for rainbow trout (Oncorhynchus mykiss) and the
Atlantic Silverside (Menidia menidia), respectively. Acute
toxicity to the freshwater invertebrate, Daphnia magna, is
reported as a 48-h EC50 of 1.8 mg l�1 ethylbenzene, whereas
the marine invertebrate, mysid shrimp, gave a 96-h LC50 of
2.6 mg l�1. Chronic toxicity testing with Ceriodaphnia dubia
gave an NOEC of 1 mg l�1, which represents the lowest toxicity
endpoint available for ethylbenzene. The lowest EC50 value for
algae was determined for Selenastrum capricornutum (now
known as Pseudokirchneriella subcapitata) and was reported as
3.6 mg l�1 with an NOEC of 3.4 mg l�1.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit for ethylbenzene is 100 ppm
(435mgm�3) (8 h time-weighted average), based on irritation.
The National Institute for Occupational Safety and Health
short-term exposure limit (15 min exposure limit) is 125 ppm
(543 mg m�3), based on irritation. The American Conference
of Governmental Industrial Hygienists has assigned ethyl-
benzene a threshold limit value (8 h time-weighted average) of
20 ppm (87 mg m�3), based on irritation, kidney damage, and
cochlear impairment and, for carcinogenicity, classified as an
A3 carcinogen (confirmed animal carcinogen with unknown
relevance to humans). The odor threshold is 8.7 ppm
(38mgm�3). Ethylbenzene’s hazardous waste number is F003.
The EPA oral reference dose (RfD) and inhalation reference
concentration (RfC) for ethylbenzene are 0.1 mg kg�1 body
weight per day and 1 mg m�3, respectively. Ethylbenzene is
listed under Section 111/112 of the Clean Air Act and is listed
under Section 304/307/311 of the Clean Water Act. The
International Agency for Research on Cancer has classified
ethylbenzene as a Category 2B (possibly carcinogenic to
humans, based on inadequate human data and sufficient
animal data). The comprehensive environmental response,
compensation and liability act (CERCLA) reportable quantity is
1000 lb. Ethylbenzene is listed under emergency planning and
community right to know act (EPCRA) under Section 313. The
present European Union classifications according to Regulation
(EC) No. 1272/2008 on the Classification, Labelling and
Packaging of Substances andMixtures (CLP) Annex VI, Table 3.1
for ethylbenzene are Flammable Liquid Category 2 and Acute
Toxicity Category 4. Additional CLP classifications under
consideration include Aspiration Hazard Category 1 and Specific
Target Organ Toxicity – Repeated Exposure (STOT RE) Category
2 for hearing organs.

See also: Petroleum Hydrocarbons; Styrene; Volatile Organic
Compounds.
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l Name: Ethyl Bromide
l Chemical Abstracts Service Registry Number: 74-96-4
l Synonyms: Bromoethane, Bromic ether, Monobromo-

ethane, Halon 2001
l Molecular Formula: C2H5Br

l Chemical Structure:

Background

Ethyl bromide is a colorless to yellow liquid that becomes a gas
at temperatures above 101 �F (38 �C). Ethyl bromide has an
etherlike odor and a burning taste. Ethyl bromide is miscible
with alcohols, ether, chloroform, and organic solvents; its water
solubility is 9000 mg l�1 at 25 �C. Ethyl bromide’s vapor
density relative to air is 3.76.
Uses

Ethyl bromide is primarily used as an ethylating agent in organic
chemical synthesis and as a solvent in the chemical and phar-
maceutical industries. Ethyl bromide has also been used as
a refrigerant and as a grain and fruit fumigant. Ethyl bromide was
once used in humans as an anesthetic (dermal and inhalation)
but widespread use for this purpose has been discontinued.
Environmental Fate and Behavior

Ethyl bromide may be released to the environment through
various waste streams as a result of its use in chemical
synthesis and as a refrigerant. Ethyl bromide is also released
naturally to the environment as a result of volcanic eruptions
and polar algae. Because of a vapor pressure of 467 mm Hg at
25 �C, ethyl bromide released to the atmosphere will
exist solely as a vapor. In the atmosphere, ethyl bromide is
degraded by hydroxyl radicals with a half-life of approximately
46 days. Ethyl bromide released to soil is reported to
have moderate mobility owing to an estimated Koc of 179.
Hydrolysis of ethyl bromide can occur in moist soil
conditions. Volatilization from moist soil is expected to be an
important fate process based on Henry’s law constant of
7.41 E�3 atm m3mol�1. Volatilization from dry soils is also
expected. In water, ethyl bromide is not expected to adsorb to
suspended solids or to sediment. Again, due to its Henry’s law
constant, volatilization of ethyl bromide from water surfaces is
expected to be an important fate process. The potential for
bioaccumulations of ethyl bromide in aquatic organisms is
reported to be low.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Exposure to ethyl bromide occurs primarily in the workplace.
Individuals living in the vicinity of facilities using ethyl
bromide may also be exposed to this chemical via release
into the atmosphere. The primary routes by which humans
would likely be exposed to ethyl bromide are dermal and
inhalation.
Toxicokinetics

Ethyl bromide is rapidly metabolized in mice and rats
following intraperitoneal injection and does not accumulate
following repeated administration. Ethyl bromide may be
hydrolyzed to a significant degree resulting in the formation of
inorganic bromides. Ethyl bromide undergoes dehalogenation
in vitro in rat liver extracts. In rats, ethyl bromide undergoes
glutathione S-transferase-mediated conjugation as evidenced
by decreased levels of glutathione after administration and the
appearance of ethylmercapturic acid in rat urine. Ethyl bromide
has been shown to reduce cytochrome P450 activity by
degradation of the enzyme’s heme group. Ethyl bromide can
cross the placenta. Unchanged ethyl bromide accounted for
approximately 70% of the dose in the expired air of rats
exposed orally (gavage). Ethyl bromide has been shown to be
absorbed through the skin of rabbits following dermal expo-
sure. Given that some patients had a lingering garlic odor on
their breath for several days, it is suspected that ethyl bromide
may be converted to ethyl sulfide in humans following expo-
sure to anesthetic concentrations of ethyl bromide.
Mechanism of Toxicity

Ethyl bromide is an irritant to mucous membranes, is a central
nervous system depressant, and causes histopathological
changes in the liver, renal tissue, and heart.
Acute and Short-Term Toxicity

Animal

Ethyl bromide is moderately toxic following oral adminis-
tration and intraperitoneal injection and mildly toxic by
inhalation. It is an eye, skin, and respiratory tract irritant.
Adverse effects reported in experimental animals (e.g.,
guinea pigs) exposed to very high concentration of ethyl
bromide via inhalation include unconsciousness, death,
pathological changes in the lungs, liver, and spleen, dizzi-
ness, congestion of the lung and liver, centrolobular necrosis
of the liver, diffuse nephritis, and central nervous system
depression.
4-3.00381-X 519
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Human

Ethyl bromide is markedly irritating to the eyes and respiratory
tract and moderately toxic by ingestion. Bromide poisoning
following acute ingestion of ethyl bromide is rare. Adverse
effects reported in humans following acute exposure to
ethyl bromide include central nervous system depression,
coma, hypotension, somnolence, ataxia, nystagmus, weakness,
vertigo, numbness, tachycardia, nausea, vomiting, and respi-
ratory paralysis. Ethyl bromide can cause acute congestion,
edema, and liver and kidney damage. Serum bromide
concentrations >50–100mgdl�1 are usually associated with
signs of toxicity, whereas bromide levels >200mgdl�1 are
uniformly associated with signs of toxicity. Aftereffects from
severe exposure to ethyl bromide may occur up to 30h after
termination of exposure.

Acute or chronic exposure to ethyl bromide may cause
redness of the face, dilation of the pupils, and tachycardia.
When used in the past as an anesthetic in humans, ethyl
bromide produced respiratory irritation and some fatalities,
either immediately from respiratory or cardiac arrest or from
delayed effects as evidenced at autopsy by pulmonary edema
and fatty degeneration of the liver, kidney, and heart.
Chronic Toxicity

Animal

Adverse health effects observed in mice and/or rats exposed to
400ppm ethyl bromide for 2 years included conjunctivitis,
pulmonary inflammation, decreased body weight, and an
increased incidence of nasal and alveolar epithelial hyper-
plasia. No effects were observed at lower concentrations (100–
200 ppm) of ethyl bromide.
Human

Chronic ingestion of excessive amounts of ethyl bromide may
produce a toxic syndrome known as ‘bromism.’ The symptoms
of this syndrome include behavioral changes, irritability,
headache, confusion, anorexia, weight loss, lethargy, muscular
weakness, and slurred speech. Incontinence may develop with
chronic intoxication. Chronic intoxication usually develops
over 2–4 weeks or longer and the condition is of long duration,
with symptoms disappearing slowly. It has been reported that
dermal exposure to ethyl bromide can result in an erythema-
tous, nodular, or acneiform rash (called bromoderma) over the
face and possibly the entire body.
Reproductive Toxicity

In humans, bromides cross the placenta and may be detected
in the milk of nursing mothers. Case reports suggest that
prenatal exposure to ethyl bromide may cause growth
retardation, craniofacial abnormalities, and developmental
delay. Concentration-related testicular and uterine atrophy
have been observed in rats exposed to ethyl bromide via
inhalation, although these effects are likely caused by ethyl
bromide-related loss in body weight rather than a direct effect
of ethyl bromide on these tissues. Atrophy of the uterus and
involution of the ovary was observed in female mice exposed to
high concentrations of ethyl bromide via inhalation.
Genotoxicity

Ethyl bromide has been shown to be a direct acting mutagen in
certain tester strains (TA 1534, TA 100) of Salmonella typhimu-
rium and in Chinese hamster ovary (CHO) cells in vitro. It is
also mutagenic in Escherichia coli WP2 and in yeast. Ethyl
bromide caused an increase in sister chromatid exchanges, but
not of chromosomal aberrations, in cultured mammalian cells.
Carcinogenicity

The results of a 2-year National Toxicology Program bioassay,
in which rats and mice were exposed to ethyl bromide via
inhalation, indicated that there was some evidence of carci-
nogenicity in male rats, equivocal evidence of carcinogenicity
in female rats and male mice, and clear evidence of carcino-
genicity in female mice. In male rats, exposure to ethyl bromide
was associated with an increased production of pheochromo-
cytomas of the adrenal medulla, granular cell neoplasia of the
brain, and pulmonary adenomas and carcinomas, the inci-
dences of which were not related to dose and not statistically
significantly different from unexposed (control) animals. In
female rats, exposure to ethyl bromide was associated with
a marginal, statistically insignificant increase (compared to
control animals) in granular cell tumors of the brain and lung
adenomas. In male mice, exposure to ethyl bromide was
associated with an increase in lung adenomas and carcinomas.
Finally, in female mice exposure to ethyl bromide was associ-
ated with a statistically significant increase in adenomas,
adenocarcinoma, and squamous cell carcinoma of the uterus.
There are no epidemiological data relevant to the carcinoge-
nicity of ethyl bromide in humans.

Based on the available data, the American Conference of
Governmental Industrial Hygienists (ACGIH) has placed ethyl
bromide in their weight-of-evidence category A2 (suspect
human carcinogen). The International Agency for Research on
Cancer (IARC) concluded that there was limited evidence of
carcinogenicity in experimental animals and no evidence of
carcinogenicity in humans, placing ethyl bromide in its weight-
of-evidence category Group 3 (unclassifiable as to carcinoge-
nicity in humans).
Clinical Management

The clinical management of individuals who have received
a harmful dose of ethyl bromide is not specific and directed to
management of symptomatology. Acute oral exposure is
generally treated by emesis and is most effective when initi-
ated within 30min of ingestion. Chronic overexposure is
treated with rehydration until symptoms are alleviated.
Rehydrating in conjunction with the use of diuretics may
enhance bromide elimination. Severe overexposure may
require hemodialysis.
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Other Hazards

Ethyl bromide liquid can attack some forms of plastic, rubber,
and coatings.
Exposure Standards and Guidelines

The US Occupational Safety and Health Administration
(OSHA) has established an 8-h time-weighted average air
concentration of 200 ppm for ethyl bromide. The American
Conference of Governmental Industrial Hygienists’ (ACGIH)
8-h time-weighted average threshold limit value for ethyl
bromide is 5 ppm, with a skin notation, indicating that the
cutaneous route of exposure (including mucous membranes
and eyes) contributes to overall exposure.

See also: Federal Insecticide, Fungicide, and Rodenticide Act, US.
Further Reading
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Background

Ethyl methanesulfonate (EMS) is a clear colorless to faint
yellow liquid, which boils at 213–213.5 C (761 mm Hg)
and has a density of 1.1452 at 22 �C. It decomposes in air
and the rate of decomposition increases in the presence of
moisture.

It should be emphasized that its reaction with strong alkali
may produce flammable gas. EMS can be toxic if ingested, and
fatal if inhaled or absorbed through the skin.
Uses

EMS is used as an ethylating reagent in several chemical reac-
tions. The mechanism of the reaction is described with nucle-
ophile attack to the CH2 group. Due to the electron
withdrawing properties of oxygen atom, the CH2 group is
electron deficient and therefore has a partially positive charge.
This site is a good target for some nucleophiles same as negative
ions, for example OH�, or a nitrogen atom that has
a nonbinding paired electron. In this reaction, the leaving
group is CH3–SO2–O

�, and the structure of the product is
nucleophile–N(R)–CH2CH3. EMS has been also produced for
research purposes, but there is no large-scale production of this
chemical.
Environmental Fate and Behavior

EMS is soluble in water and stable at normal temperature. It
is also soluble in polar solvents such as methanol, ethanol,
and acetone. EMS will be decomposed by water in a long-
time exposure and high temperature. Ethanol and meth-
anesulfonic acid are products in hydrolysis pathway. When
EMS is heated to decomposition, toxic gases (SO2 and SO3)
are released. The physical properties are presented in the
following table.
522 Encyclopedia of T
Physical properties Value
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Molecular weight
 124.2
Melting point
 <�25 �C
Boiling point
 213–214 �C
Specific gravity
 1.15 at 22 �C/4 �C
Water solubility
 135 g l�1 at 25 �C
Exposure and Exposure Monitoring

There are no available human toxicity data on EMS; however,
in rats and mice, EMS was shown to be a carcinogenic agent
when administered by intraperitoneal, intravascular, or oral
route. Lung, brain, kidney, and liver tumors, primary thymic
lymphomas were found in those animals after administration
in high doses.
Mechanism of Toxicity

EMS owes its biological activities to its ethyl group that can be
transferred to a variety of cellular, nucleophilic sites. This
transfer of the ethyl group can be accomplished through either
a substitution nucleophilic unimolecular (SN1) or a substitu-
tion nucleophilic bimolecular (SN2) mechanism related to the
nature of nucleophile.

Generally, DNA is believed to be the most important
target of mutation by chemical agents and many studies
have focused on the interactions between DNA and chemical
mutagens. When DNA is treated in vitro or in vivo with
chemical mutagens, a number of reactive sites have been
identified. These include the N-7, O6, N-3, and N-2 of
guanine; the N-1, N-3, and N-7 of adenine; the O2, O4, and
N-3 of thymine; the O2, O4, and N-3 of thymine; the O2
and N-3 of cytosine; and the phosphate groups on the
backbone of DNA. Due to more nucleophilic property of
the N7 of guanine, it was the first site demonstrated to be
alkylated by EMS in vitro experiments. However, because
EMS can react by mixed SN1/SN2-type mechanisms, alkyl-
ation of the other sites of DNA is expectable. The ethylation
of double-stranded DNA was studied in an in vitro experi-
ment that showed a 65% of ethylation in N7. For O6 and
N3, the percentages of ethylation were 2 and 0.9, respec-
tively. Other sites that were detected for reaction with EMS
are the following: N3-adenine (4.9%), N1-adenine (1.7%),
N7-adenine (1.7%), N3-cytosine (0.6%), and phosphate
group (13%).

Therefore, the biological toxicity including mutagenic,
teratogenic, and carcinogenic could be attributed to DNA
ethylation.
12-386454-3.01124-6
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Acute and Short-Term Toxicity

In spite of the fact that genotoxicity of EMS has been studied
a lot, there are only limited published data about its acute
toxicity. The available data suggest a generally low potential
for systemic organ toxicity. European Council Directive 67/
548/EEC has classified EMS as a harmful substance that
means EMS may involve limited health risks if inhaled
(R20), or taken internally (R21), or if penetrated into skin. In
a biological system, EMS degrades to ethyl alcohol and
ethylated product. EMS in high dose can alkylate some
nucleophilic sites of proteins and enzymes and may cause to
interfere with physiological functions of them and conse-
quently lead to cell toxicity.
Chronic Toxicity

There are no available human toxicity data for EMS; however,
data for methyl methanesulfonate (MMS) could be used for the
prediction of EMS in general being toxic. In human, doses of
25 mg kg�1 of MMS were tolerated when administrated intra-
venously over at least 5 days. For higher doses (400 mg kg�1

oral over 40 days), gastrointestinal tract disturbances and
hepatic toxic effects were observed. The hepatotoxicity was
confirmed by determination of liver-related enzymes levels in
plasma and also histological evaluation of biopsies.

The chemical activity of methyl group in MMS could be
expected to be more than that of ethyl group due to the
hindrance effect. Therefore, the toxicity of EMS is similar to or
lower than MMS.

Overall, it could be conducted that systemic toxic effects of
EMS occur at higher doses and after longer exposure. Due to
only research usage of EMS and no special industrial usage,
exposure to EMS is limited to laboratory researchers.
Reproductive Toxicity

There are no available data on human reproductive toxicity of
EMS, while effects of EMS in mutagenicity of prokaryotes,
fungi, plants, insects, and mammals were well studied.
Effects of EMS in Viruses and in Prokaryotes

EMS was discovered to induce mutation in bacteriophage T2
treated in vitro. The LD50 reported for EMS is about 0.4 M for
60 min and an increase of 100-fold over the spontaneous
mutant frequency was found in the remaining phage. The high
mutagenic activity of EMS has been demonstrated in a wide
variety of bacterial genera, species, and strains including Escher-
ichia coli, Salmonella typhimurium, Proteus mirabilis, Haemophilus
influenzae, Staphylococcus aureus,Mycobacterium, andmany others.
Effects of EMS in Fungi, Plants, and Insects

There is voluminous literature dealing with the effects of EMS
in different fungi and plant systems and also in many kinds of
insects. A large number of papers deal primarily with creation
of new mutant varieties.
Effects of EMS in Human Cells

Most studies were carried out in human lymphoblast or lym-
phocytoid cells. The EMS increased the frequency of mutants
resistant to 6-thioguanine more than 100-fold, to about
2 � 10�4. In a comparative study between EMS and its methyl,
propyl, butyl homolog, it was found that human diploid
lymphoblasts were more sensitive to killing by MMS, followed
by EMS, propyl methanesulfonate (PMS) and buthyl meth-
anesulfonate (BMS).
Genotoxicity

In mammals, EMS induces high frequencies of dominant
lethal mutations, gene mutation, and translocations in post-
meiotic male germ cells. In the mouse, the frequency of
EMS-induced dominant lethal mutations reaches a peak in
early spermatozoa to late spermatid stages sampled 7–10 days
posttreatment. In a comparative study between MMS and
EMS, the researchers found that MMS was effective in inducing
dominant lethal in germ cells of male mice at a dose of
50 mg kg�1 while an EMS dose of 200 mg kg�1 was required
to be effective.

A change in sperm morphology after exposing mice to EMS
was reported. EMS given to pregnant rats at a dose of
200 mg kg�1 resulted in a high frequency (w62%) of limb
defects in the embryos. There are also significant increases in
head defects and cleft palate.
Carcinogenicity

EMS induced tumors in kidney, brain, abdominal wall, lung,
heart, and mammary glands in rat. It is well known that
pulmonary adenomas in the mouse were induced by EMS. It is
interesting to note that EMS is not effective in producing liver
tumor in the rat, even after partial hepatectomy to induce cell
division, since the liver appears to have high level of DNA
repair enzymes.

In the aspect of carcinogenicity of EMS, none of the pub-
lished studies present experimental data or exposure data in
humans. Data on teratogenicity and mutagenicity are sufficient
for presenting a dose–response relationship. It is generally
proposed that the genotoxicity properties of EMS are at the base
of the teratogenicity and carcinogenic effects.

Finally, EMS can be considered both a dangerous mutagenic
and carcinogenic agent.
Clinical Management

First Aid Procedures

If Inhaled
Remove from contaminated area. Lay the patient down. Keep
him/her warm and rested.

In Case of Skin Contact
Immediately flush the skin with plenty of water for at least
15min while removing contaminated clothing and shoes. Cold
water may be used. Get medical attention immediately.
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In Case of Eye Contact
Check for and remove contact lenses. In case of contact,
immediately flush eyes with plenty of water for at least 15 min.
Cold water may be used. Get medical attention immediately.

If Swallowed
Prefer medical attention without delay.
Exposure Standards and Guidelines

Recommendation of Protective Equipment and Handling Notice

All recommendations for MMS could be considered in EMS
exposures.
Personal Protective Equipment

Respirator Protection
Where risk assessment shows that air-purifying respirators are
appropriate, use a full-face respirator with multipurpose
combination respirator cartridge.

Lab personnel intending to use/wear a respirator mask must
be trained and fit-tested by environmental health and safety.
This is a regulatory requirement.

Hand Protection
PVC or neoprene gloves are recommended.
Eye Protection
Safety glasses or chemical splash goggles are preferred.

Skin and Body Protection
Lab personnel working with the chemical needs to wear full-
length pants or their equivalent, closed-toe footwear with no
skin being exposed, and a lab coat.

See also: Standard Operation Procedure, Ethyl
methanesulfonate, UCMERCED, environmental health and
safety, written 9/18/2012; Methyl Isocyanate; Acrolein; Methyl
Isothiocyanate; Dimethyl Sulfate.
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l Name: Ethylene glycol
l Chemical Abstracts Service Registry Number: 107-21-1
l Synonyms: 1,2-Dihydroxyethane; 1,2-Ethanediol; Ethane-

1,2-diol; Ethylene alcohol; Glycol alcohol
l Chemical Formula: C2H6O2

l Chemical Structure:
Background

Ethylene glycol was first synthesized in 1859; however, it did
not become a public health concern until after World War II. In
fact, the first published series of deaths from ethylene glycol
consumption involved 18 soldiers who drank antifreeze as
a substitute for ethanol. Despite the early recognition that
patients who drank ethanol in addition to ethylene glycol had
prolonged survival when compared to those drinking ethylene
glycol alone, antidotal treatment of ethylene glycol toxicity
with ethanol was not evaluated until the 1960s. Today,
ethylene glycol poisoning continues to be a public health
problem, particularly in the southeastern United States. In
2009, US poison control centers received 5282 calls about
possible ethylene glycol exposures, and the toxicology
community believes these exposures are underreported.
Uses

Ethylene glycol has numerous industrial and commercial
applications. A major use is in antifreeze–coolant mixtures. It is
also used in airport deicing fluids, hydraulic brake fluids,
printers’ inks, wood stains, polishes, adhesives, pesticides, and
solvents, and as a heat-transfer fluid for some solar energy
systems. Ethylene glycol is also used as a vehicle for pharma-
ceutical preparations, food extracts, and flavoring essences and
as a component of skin lotions.
Environmental Fate and Behavior

Routes and Pathways

Ethylene glycol is considered an inert ingredient in pesticides. It
typically enters the environment through waste streams after
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
use of deicing products, where it is highly mobile in soil and
contaminates groundwater. Ethylene glycol is considered
‘readily biodegradable.’ It biodegrades relatively quickly; its
half-life (t1/2) is 2–12 days in soil.

Ethylene glycol is biodegraded in water under both aerobic
and anaerobic conditions within a day to a few weeks. In the
atmosphere, ethylene glycol photochemically degrades with
a t1/2 of approximately 2 days.
Exposure and Exposure Monitoring

Accidental or intentional ingestion of ethylene glycol in anti-
freeze is the primary route of exposure. Inhalational exposure
in workplace air and dermal exposures in the workplace or
from touching ethylene glycol when using antifreeze are
common. Background concentrations of ethylene glycol in air,
surface water, groundwater, drinking water, soil, and sediment
have not been reported. Exposure to ethylene glycol in air,
drinking water, or soil is not expected.
Toxicokinetics

Following ingestion, ethylene glycol is rapidly absorbed and
distributed. The volume of distribution is 0.5–0.8 l kg�1. The
ethylene glycol elimination t1/2 is 3–9 h. This t1/2 is prolonged
to 11–18 h during ethanol and fomepizole therapy. Metabo-
lism occurs primarily in the liver and kidneys. Ethylene glycol is
first metabolized by alcohol dehydrogenase (ADH) to glyco-
laldehyde. Glycolaldehyde is then metabolized by aldehyde
dehydrogenase to glycolic acid. Glycolic acid is converted to
glyoxylic acid, the rate-limiting step in metabolism. Glyoxylic
acid is then metabolized to oxalic acid, a-hydroxy-b-ketoadipic
acid (in the presence of thiamine), or glycine (in the presence
of pyridoxine). Ethylene glycol and its metabolites are subse-
quently excreted in the urine.
Mechanism of Toxicity

Ethylene glycol has low toxicity but it is metabolized to
a variety of toxic metabolites. Ethylene glycol and glyco-
laldehyde have an intoxicating effect on the central nervous
system that can lead to ataxia, sedation, coma, and respiratory
arrest similar to ethanol intoxication. However, the profound
metabolic acidosis reported in toxicity is secondary to accu-
mulation of acid metabolites, especially glycolic acid. The
oxalic acid metabolite complexes with calcium and precipitates
as calcium oxalate crystals in the renal tubules, leading to acute
renal injury. Further, oxalate’s ability to chelate calcium may
cause clinically relevant serum hypocalcemia.
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Acute and Short-Term Toxicity (Animal/Human)

Animal

Ethylene glycol causes toxicity in animals similar to the toxicity
seen in humans. The clinical management is similar.
Human

Acute exposure to ethylene glycol usually occurs after inges-
tions, either accidentally or during suicide attempts. Ethylene
glycol ingestion may initially lead to a state of central nervous
system depression similar to ethanol intoxication. This is
associated with ataxia, slurred speech, nystagmus, somnolence,
coma, and apnea. Elevated serum ethylene glycol concentra-
tions may lead to an elevated osmol gap. However, a low or
‘normal’ osmol gap does not exclude ethylene glycol toxicity.
As conversion of parent compound to acid metabolites occurs,
the osmol gap diminishes and an anion gap metabolic acidosis
becomes more pronounced.

Renal effects include oliguria, acute tubular necrosis, and
renal failure. Other reported clinical effects include focal nerve
palsy, seizure, cardiac disturbances, and cerebral and pulmo-
nary edema. Hypocalcemia may result in tetany, hyperreflexia,
QT prolongation on electrocardiography, and dysrhythmias.
Inhalation or eye contact with ethylene glycol vapor may cause
upper respiratory tract and eye irritation.
Chronic Toxicity

Animal

Rats fed 1–2% ethylene glycol in their diets over 2 years
demonstrated decreased life span, calcium oxalate bladder
stones, plus renal and hepatic injuries.
Human

Human volunteers exposed via inhalation to ethylene glycol
concentrations of 1.4–27 ppm, 20–22 h a day for 30 days,
developed only mild symptoms of throat irritation, mild
headache, and low backache.
Immunotoxicity

Ethylene glycol polymers with large carbon chains may
stimulate the human immune system; however, ethylene glycol
itself demonstrates no effect on the human immune system.
Reproductive Toxicity

Ethylene glycol polymers with large carbon chains may be
reproductive toxins, but ethylene glycol itself exhibits no
developmental toxicity or detrimental effects to reproductive
health in humans. Mice exposed to >1000 mg m�3 of ethylene
glycol for 6 h day�1 during gestational days 6–15 were found to
have reduced number of offspring per litter. However, these
studies were confounded by concomitant ethylene glycol
ingestion during grooming. Pure inhalational exposure was not
associated with adverse reproductive effects. Oral exposure to
ethylene glycol can affect fertility and fetal viability at high
doses in rodents.

Ethylene glycol crosses the placenta and enters the devel-
oping fetus. Available studies indicate that malformations,
especially skeletal malformations, occur in both mice and rats
with oral exposure during gestation; mice are apparently more
sensitive to the developmental effects of ethylene glycol. It has
been suggested that differences in placental morphology result
in rodents being more sensitive than humans to the develop-
mental effects of ethylene glycol.
Genotoxicity

Studies in Ascomycete fungi, fruit flies, and hamsters have
revealed no mutagenic effects. No evidence of mutagenicity has
been noted during Ames testing.
Carcinogenicity

The International Agency for Research on Cancer, the US
National Toxicity Program, the American Conference of
Governmental Industrial Hygienists (ACGIH), and the US
Environmental Protection Agency (EPA) have not classified
ethylene glycol as a human carcinogen.
Clinical Management

In all cases of confirmed or suspected exposures to ethylene
glycol, consultation with a regional poison control center is
strongly recommended. Basic and advanced life-support
measures should be utilized as necessary. Because of the
rapid absorption of ethylene glycol, gastrointestinal decon-
tamination procedures are rarely indicated. Activated charcoal
is not indicated. Ethylene glycol serum concentrations are
useful in guiding management but are often only available at
referral laboratories. Administration of ethanol or fomepizole
should be considered in any symptomatic patient or any
patient with a suspicion of ingestion if confirmatory testing will
be delayed. Both ethanol and fomepizole competitively inhibit
ADH, preventing metabolism of ethylene glycol to its toxic
metabolites. Careful correction of fluid and electrolyte abnor-
malities is essential. Antidotal management with ethanol is
associated with more respiratory depression, fluid/electrolyte
abnormalities, and hypoglycemia than is treatment with
fomepizole, making fomepizole the preferred antidote in
ethylene glycol poisoning. Once ADH conversion of ethylene
glycol to its toxic metabolites is blocked with either ethanol or
fomepizole, patients with normal renal function will eliminate
unmetabolized ethylene glycol in their urine. Clinicians should
ensure adequate urine output to facilitate elimination, but
forced diuresis is unnecessary. Administration of thiamine and
pyridoxine should be considered as these agents potentially
enhance metabolism of ethylene glycol to a-hydroxy-
b-ketoadipic acid and glycine, respectively; both of these
metabolites are significantly less toxic than oxalic acid.
Administration of sodium bicarbonate infusions may be
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considered in patients manifesting metabolic acidosis in
concert with nephrology consultation for consideration of
hemodialysis.

Hemodialysis effectively increases ethylene glycol clearance
and improves fluid balance, acid–base abnormalities, and
electrolyte disturbances. However, many intoxicated patients
with intact renal function will generally do well with fomepi-
zole alone. Hemodialysis should be considered in patients with
evidence of renal injury or significant metabolic acidosis.
Serum concentrations of ethylene glycol are dependent on the
amount ingested and time interval between exposure and
blood draw. Serum concentrations are inadequate to guide
need for hemodialysis in isolation of the patient’s clinical
condition. Inhalational exposures to ethylene glycol mist
should be monitored for respiratory tract irritation for at least
6 h. Humidified supplemental 100% oxygen should be
administered. Exposed skin and eyes should be treated with
irrigation and supportive care.

Ecotoxicology

One study found the freshwater green algae Selenastrum capri-
cornutum sensitive to ethylene glycol at extremely high
concentrations. However, after evaluating toxicity in at least 16
species of fish, amphibians, invertebrates, algae, and aquatic
plants, the EPA determined ethylene glycol is ‘practically
nontoxic’ to the aquatic environment. Because ethylene glycol
is not lipophilic, bioaccumulation is not observed.
Occupational Exposure Standards and Guidelines

ACGIH’s threshold limit value (TLV) ceiling is 100 mg m�3 for
ethylene glycol aerosol. No ACGIH TLV (8-h time-weighted
average (TWA)), National Institute of Occupational Safety and
Health recommended exposure limit (10-h TWA), or Occupa-
tional Safety and Health Administration permissible exposure
limit (8-h TWA) has been established.

The Agency for Toxic Substances and Disease Registry has
derived a minimal risk level (MRL) of 2 mg m�3 for acute-
duration inhalation exposure, an MRL of 0.8 mg kg�1 day for
acute duration oral exposure, and a 0.8 mg kg�1 day MRL for
intermediate-duration exposure.

The EPA assigned ethylene glycol an oral reference dose of
2 mg kg�1 day. EPA has not derived an inhalation reference
concentration for ethylene glycol.

See also: Occupational Exposure Limits; American Association
of Poison Control Centers; Isopropanol; Methanol.

Further Reading

Brent, J., 2009. Fomepizole for ethylene glycol and methanol poisoning. N. Eng. J.
Med. 360 (21), 2216–2223.

Staples, C.A., Williams, J.B., Craig, G.R., Roberts, K.M., 2001. Fate, effects, and
potential environmental risks of ethylene glycol: a review. Chemosphere 43,
377–383.
Relevant Website

www.atsdr.cdc.gov/toxprofiles/tp96.pdf – ATSDR’s webpage offers an in-depth review
of toxicological studies pertaining to ethylene glycol.
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l Name: Ethylene glycol mono-n-butyl ether
l Chemical Abstracts Service Registry Number: 111-76-2
l Synonyms: 2-Butoxyethanol, Butyl cellosolve, EGBE, Butyl

glycol, Butyl oxitol
l Chemical/Pharmaceutical/Other Class: Glycol ether
l Molecular Formula: C6H14O2

l Chemical Structure:

HO
O CH3

Uses

Ethylene glycol mono-n-butyl ether (EGBE) is a widely used
solvent present in many surface coatings, lacquers, enamels,
varnishes, varnish removers, inks, and latex paints. It is also
used in metal cleaning formulas, commercially available
household cleaners, and herbicide components.
Environmental Fate

If released to the environment, EGBE is expected to prefer-
entially partition to water and remain in a dissolved state.
Bioconcentration and bioaccumulation potential are expected
to be low, based on the estimated bioconcentration factor and
experimental octanol water partition coefficient. EGBE is
readily biodegraded, exhibiting a calculated biochemical
oxygen demand half-life from 2 to 16 days, which has been
supported by studies of EGBE degradation utilizing domestic
sewage microorganisms. The vapor pressure of EGBE is
0.76mmHg at 20 �C, and volatilization from water would be
slow, with very little of the compound expected to partition to
suspended solids and sediments in water. In air, EGBE exists
predominantly in the vapor phase, it is not directly photo-
chemically reactive, and it has an air half-life of <1 day, being
removed from air primarily by wet deposition. If released to
soil, and because of its low Koc value of 67, EGBE is antici-
pated to be highly mobile. This appears to be supported by
several studies of groundwater aquifers and municipal
drinking water supplies that have detected the presence of
EGBE.
Exposure Routes and Pathways

Exposure to EGBE can occur via inhalation, ingestion, or skin
absorption. Inhalation is the primary route of human exposure.
Exposure of the general population can also occur from dermal
absorption during the use of consumer products containing
EGBE.
528 Encyclopedia of T
Toxicokinetics

EGBE is rapidly absorbed, distributed, metabolized, and
eliminated in humans following all routes of exposure. Skin
absorption can be significant, either by direct contact or by
whole body vapor exposure. The uptake and elimination of
EGBE is expected to be linear. The urine is the primary route of
excretion followed by expiration in the form of the metabolite
CO2. The carboxylic acid, 2-butoxyacetic acid (BAA), is the
major urinary metabolite of EGBE. Butoxyacetic acid is
formed by oxidation of the alcohol moiety of EGBE through
alcohol dehydrogenase (forming butoxyacetaldehyde) and
aldehyde dehydrogenase sequentially. Alternate pathways
include O-dealkylation to ethylene glycol and conjugation
to EGBE glucuronide and/or EGBE sulfate. In human,
but not animal studies, the amino acid conjugate of EGBE,
N-butoxyacetylglutamine, has been identified.

Rats administered EGBE in drinking water excrete 50–60%
of the consumed dose in the urine as BAA and exhale 8–10% as
CO2. As dose increases, the proportion of EGBE conjugated
with glucuronic acid also increases. Similarly, oxidative deal-
kylation of EGBE to form ethylene glycol also becomes a more
prevalent route of metabolism as dose increases.

The relatively high clearance rate and low mean residence
time of EGBE suggest that accumulation potential in the
body is low. Elimination of EGBE and BAA following
repeated inhalation exposure or dermal uptake appears to be
dependent on species, age, time of exposure, sex, and exposure
concentration.
Mechanism of Toxicity

The principal toxicological effect observed upon overexposure
to EGBE is the destruction of red blood cells (RBCs) (i.e.,
hemolysis). BAA, the predominant oxidative metabolite of
EGBE, appears responsible for this hemolytic activity. It has
been speculated that BAA may interact with RBC membranes,
disrupting erythrocyte osmotic balance, leading to cellular
swelling, loss of deformability, and eventually hemolysis. In
studies with male rats, treatment with alcohol dehydrogenase
inhibitors protected against EGBE-induced hematotoxicity and
inhibited EGBE metabolism to BAA. Another event in the
sequelae following EGBE exposures is compensatory erythro-
poiesis, where as a response to the loss of erythrocytes, the bone
marrow increases production of young RBCs.

In vitro studies have indicated that the RBCs of rats, mice,
rabbits, and baboons are susceptible to hemolysis by BAA,
whereas blood from pigs, dogs, cats, guinea pigs, and humans
are resistant. A number of other studies have confirmed these
results in vitro, in RBCs from a large cross-section of the
human population, including those with hereditary red cell
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00382-1
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disease (i.e., sickle cell and spherocytosis) and the aged. These
studies indicate that human cells are not as susceptible to
hemolysis as rat cells tested under similar conditions. These
findings suggest that humans exposed to equivalent doses of
EGBE would not be expected to exhibit the same spectrum or
severity of hematotoxic-related effects as those produced in
rats. In vitro experimental results also suggest that RBCs are
more sensitive to hemolysis by BAA than to hemolysis by
EGBE.
Acute and Short-Term Toxicity (or Exposure)

Animal

EGBE acute toxicity has been studied in numerous species via
all routes of exposure. In general, overexposed animals
exhibited inactivity, weakness, and difficulty breathing, while
autopsies revealed congested lungs and kidneys. The prin-
cipal effect observed leading to death in these acute toxicity
studies was damage to the kidneys. Kidney, hematologic, and
central nervous system effects have been observed in experi-
mental animals exposed to EGBE, with hemolysis as an
initial and sensitive indicator of overexposure. Rats are the
most sensitive species, and older rats are more sensitive than
younger animals to the hemolytic effects of EGBE and its
metabolites.

Oral LD50 values ranged from 900mg kg�1 in rabbits to
250mg kg�1 in rats; dermal LD50 values were 1500mg kg�1 in
rabbits; and inhalation LC50 values (4–8 h exposures) were in
the vicinity of 500 ppm for cats, guinea pigs, and rats. Dermal
LD50 values range from w500mg kg�1 for rabbits to
2000mg kg�1 guinea pigs.
Human

EGBE is of low to moderate acute toxicity in humans. It is
irritating to the skin and eyes but is not a skin sensitizer.
Clinical tests and reports from occupational exposures indicate
EGBE is an irritant when inhaled. EGBE is considered a skin
absorber, with the possibility of significant uptake through the
skin. Metabolic acidosis, hypokalemia, and hemoglobinuria
paralleled by progressive erythropenia have been reported in
individuals poisoned through ingestion of materials contain-
ing EGBE. Human volunteers exposed to 98–200 ppm EGBE
for 4–8 h reported nasal and ocular irritation and disturbed
taste (e.g., metallic taste). No abnormalities were detected in
blood pressure, pulse rate, erythrocyte fragility, urinary glucose,
or albumin.

Dermal absorption kinetics have been the subject of several
human studies. Direct skin contact results in rapid absorp-
tion with a 50% EGBE aqueous solution showing greater
diffusion rates (3.5mg cm�2 h�1) than a 90% solution
(2.4mg cm�2 h�1). In vitro studies with human skin and whole
animal skin absorption studies confirm the increased perme-
ability of EGBE in aqueous solutions, which has been proposed
to be the result of modification of the lipid bilayers of the
stratum corneum. EGBE vapor can also be absorbed through
the skin; human volunteer studies that indicate the contribu-
tion of dermal absorption from whole-body EGBE exposure is
w 11% of the total absorbed dose.
The estimated immediately dangerous to life or health air
concentration is 700 ppm. Severe toxicity has been described in
adults who ingested 30–60ml of pure EGBE; symptoms
include metabolic acidosis and subsequent secondary effects
such as hemolytic, central nervous system, and kidney effects.
The estimated lethal oral dose is w1.4ml kg�1.
Chronic Toxicity (or Exposure)

Animal

The subchronic toxicity of EGBE has been examined in
animals via oral, inhalation, and dermal routes of exposure.
The lowest observed adverse effect level in a 13 week drinking
water study of rats and mice was 69–82mg kg�1 producing
a decrease in RBC counts and hemoglobin concentration.
Inhalation exposure of rats for 13 weeks, 6 h day�1,
5 days week�1 to EGBE vapors at 25–77 ppm indicated a no
observed effect level (NOEL) of 25 ppm for RBC and hemo-
globin effects. Single application of EGBE to the shaved backs
of rats produced hemolytic effects at 500mg kg�1 and an
NOEL of 200mg kg�1. In a 90 day dermal study of rabbits,
EGBE was applied 6 h day�1, 5 days week�1 at doses up to
150mg kg�1. There was no evidence of systemic toxicity or
skin irritation at the site of application at any of the dose levels
tested.
Human

There have not been comprehensive studies of populations
occupationally exposed to EGBE or reports of other epidemi-
ological investigations involving possible environmental or
consumer product EGBE exposure. In one cross-sectional
survey of 31 male workers employed from 1 to 6 years, and
exposed to low levels of EGBE (averagew 0.6 ppm) in
a beverage packing production plant, were observed to have
minor changes in hematocrit (decrease 3.3%) and in
mean corpuscular hemoglobin concentration (increase 2.1%)
when compared to controls. It is believed, based largely
on animal study results, that long-term or repeated expo-
sure to EGBE may have effects on the hematopoietic
system, resulting in blood disorders. The hematotoxicity
observed in acute poisonings in humans is characterized by
decreased hemoglobin content, progressive erythropenia, and
hemoglobinuria.
Reproductive Toxicity

The reproductive toxicity of EGBE in both male and female
animals has been the subject of numerous investigations. EGBE
has been found to have no adverse effects on the male repro-
ductive systems of mice or rats exposed orally at doses ranging
from 222 to 2000mg kg�1, 5 days week�1 for 5 or 6 weeks.
Similarly, inhalation exposure of rats for 3 h produced
no observed effects on gross macroscopic postmortem
examination.

EGBE has also been tested for effects on the female
reproductive system and the developing embryo. In general,
fetal toxicity has only been observed in animals at maternally
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toxic doses. Mice, rats, and rabbits have been exposed
during gestation at doses of 4000mg kg�1 day�1 (oral),
424mg kg�1 day�1 (dermal), and 25–200 ppm 6 h day�1

(inhalation). No teratogenic effects were observed in the
litters of dams exposed to EGBE. Signs of maternal toxicity,
including decreased body weight and body weight gain, were
observed. At the maternal LD20, EGBE did induce fetal deaths
in rats. BAA, the metabolite of EGBE, was also studied and
found to have no adverse effect on the developing embryo
in vitro.

Similarly, in a two generation drinking water reproductive
study in mice, effects on fertility were only observed at mater-
nally toxic doses (1300 and 2000mg kg�1).
Genotoxicity

EGBE has been tested for genotoxicity in both in vitro and in vivo
bioassays. In vivo bone marrow micronucleus tests in rats and
mice after intraperitoneal injection of EGBE, as well as DNA
adduct and DNA methylation assays in orally dosed rats, have
been negative for genotoxicity. A host of in vitro mutagenicity
studies have yielded somewhat mixed results. EGBE was not
mutagenic is Salmonella typhimurium strains TA1535, TA1537,
TA97, TA100, and TA102; however, there was one report of
mutagenicity in strain TA97a with and without metabolic
activation while another in the same strain reported no
mutagenicity.
Carcinogenicity

Studies on male and female rats and mice conducted by the
National Toxicology Program (NTP) have yielded mixed results
on carcinogenic potential: male rat (no evidence of carcinoge-
nicity); female rat (equivocal evidence); male mice (some
evidence); and female mice (some evidence). The relevance of
these studies to humans is uncertain. The American Conference
of Governmental Industrial Hygienists (ACGIH) classifies
EGBE as a confirmed animal carcinogen with unknown rele-
vance to humans.

The International Agency for Research on Cancer (IARC)
evaluated EGBE in 2005. In review of the NTP carcinogenicity
study results, they noted the proposed link between hemolysis
and induction of mouse liver neoplasia. Upon EGBE over-
exposure, RBC hemolysis results in iron accumulation in both
liver hepatocytes and Kupffer cells of mice and rats. This is
believed to result in the generation of reactive oxygen inter-
mediates, which can produce oxidative DNA damage. Rats
appear to have greater capacity than mice to detoxify reactive
oxygen species, which may explain the mixed results from the
NTP carcinogenicity study. It was also noted that human
erythrocytes appear less susceptible to the hemolytic effects of
EGBE and that human liver has higher concentrations of the
antioxidant vitamin E, which is known to have a protective
effect against oxidative stress, acting as a free-radical scavenger.
The IARC working group concluded that EGBE is not classi-
fiable as to its carcinogenicity to humans (group 3), with
limited evidence in experimental animals and inadequate
evidence in humans.
Clinical Management

Management of individuals overexposed to EGBE begins with
removing those individuals from the source of exposure,
flushing eyes and skin with water, and removing contaminated
clothing. The treatment of choice for acute and severe hemo-
lytic anemia, which may result from overexposure to EGBE, is
exchange transfusion. If renal failure develops as a consequence
of RBC hemolysis, hemodialysis is the treatment of choice. In
general, monitoring of blood counts, electrolytes, urine
hemoglobin, urinary BAA levels, and blood gases may prove
useful in assessing overexposure. Administration of ethanol as
well as charcoal as a slurry have proven useful in therapeutic
intervention after EGBE overexposure.
Ecotoxicology

Aquatic toxicity studies indicate that EGBE has low toxicity to
aquatic organisms. In fathead minnow, the 4 day
LC50¼ 2137mg l�1; sheepshead minnow LC50¼ 100mg l�1;
7 day guppy LC50¼ 983mg l�1. Twoday acute toxicity testing of
the aquatic invertebrate Daphnia magna indicated an
LC50¼ 835mg l�1; green algae 7 day EC50¼ 1000mg l�1

(growth inhibition). Terrestrial organism toxicity data are not
available, but due to the significant biodegradation of EGBE by
microorganisms in general, terrestrial toxicity would be expec-
ted to be minimal at nonpoint source reported levels of envi-
ronmental contamination.
Exposure Standards and Guidelines

Occupational exposure standards and guidelines for EGBE
include the following:

l ACGIH (20 ppm time-weighted average (TWA));
l Argentina (20 ppm TWA);
l Australia (20 ppm TWA);
l Belgium (20 ppm TWA);
l Brazil (39 ppm TWA; for a 48 h workweek);
l Canada (20 ppm TWA);
l Chile (20 ppm TWA);
l Denmark (20 ppm TWA);
l Finland (20 ppm TWA);
l Germany – DFG (20 ppm peak limitation);
l Mexico (26 ppm TWA);
l Sweden (10 ppm threshold limit value; lowest limit value);
l United Kingdom (25 ppm TWA); and
l US Occupational Safety and Health Administration

permissible exposure limit (50 ppm TWA).
Miscellaneous

EGBE is a colorless liquid with a mild ether odor. Odor is
generally detected at concentrations from 0.1 to 0.35 ppm.
See also: Glycol Ethers.
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l Name: Ethyleneimine
l Chemical Abstracts Service Registry Number: 151-56-4
l Synonyms: Aziridine, Azocyclopropane, Dimethylenimine
l Molecular Formula: C2H5N
l Chemical Structure:

NH

Background

Ethyleneimine is a volatile liquid at room temperature and is
widely used and produced as an industrial chemical.
Uses

Ethyleneimine has a broad range of applications that stem
from its high reactivity. Ethyleneimine is used in the manu-
facture of triethylenemelamine (i.e., a precursor in plastic
synthesis) and the polymer polyethyleneimine. It is also used
in textile chemicals, adhesives, binders, petroleum refining
chemicals, fuels, lubricants, coating resins, varnishes, lacquers,
agricultural chemicals, cosmetics, ion exchange resins, photo-
graphic chemicals, surfactants, and as an alkylating agent.
Environmental Fate and Behavior

Ethyleneimine may be released to the environment as emis-
sions or in wastewater connected with its manufacture and use.
It is a reactive molecule; however, there are no data on its fate in
environmental media. In the atmosphere, it should react with
hydroxyl radicals (the estimated half-life is 1.5 days). If released
in water, it will hydrolyze at neutral pH in about 5 months but
it is apt to be lost much faster by evaporation or chemical
reactions with metal ions. While it should rapidly evaporate
from soil, it may also leach into the soil or complex with metal
ions in the soil.

Ethyleneimine may volatilize from dry soil surfaces based
on its vapor pressure. If released into water, ethyleneimine is
not expected to adsorb to suspended solids and sediment.
Biodegradation data are not available in literature.
Exposure and Exposure Monitoring

Contact with skin or mucous membranes (eyes and nasal) and
inhalation are the routes of exposure. Other probable routes of
human exposure are percutaneous absorption and ingestion.
The National Institute for Occupational Safety and Health
(NIOSH) has statistically estimated that 1093 workers are
potentially exposed to ethyleneimine in the United States via
inhalation and dermal contact.
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Toxicokinetics

Ethyleneimine is absorbed readily by the oral, dermal, and
inhalation routes. It penetrates the skin so quickly that its
toxicity is not decreased even if the area of contact is washed
1 min after contact. Urinary excretion accounts for w50% of
administered doses.

When 14C ethyleneimine of 0.30–0.42 mg kg�1 body
weight was injected intraperitoneally into rats, approximately
one-half of the 14C was excreted in urine and a small amount of
3.5% was present in the feces and expired in the air after 96 h.
The major part of 14C was detected as unknown metabolites.
The 14C was distributed throughout the rats with a slight
accumulation in liver, intestine, cecum, spleen, and kidneys.

Ethyleneimine reacted with guanosine in aqueous medium
to yield two identified products of imidazole-ring-opened
7-alkylaguanosine (80%) and intact 1-alkylaguanosine (14%).
The half-life of imidazole ring opening of 7-alkylguanosine was
11, 5, and 2.8 min at pH-values 7.0, 7.7, and 8.0, respectively,
as measured fluorometrically at 25 �C. The respective half-life
of alkylated deoxyguanosine was 21 min at pH 7.7.
Mechanism of Toxicity

Ethyleneimine is an extremely reactive alkylating agent that
undergoes ring-opening reactions with cellular nucleophiles.
Acute and Short-Term Toxicity (or Exposure)

Animal

The inhalationLC50 (1hexposure)was185ppminrats, 150ppm
in mice, and 170 ppm in guinea pigs. The oral LD50 was
15mgkg�1 in rats andmice. Ethyleneimine exposure can result in
extensive degeneration of the tissues but not sensitization. In vivo
studies inmammalian systems have shown that ethyleneimine is
strongly mutagenic to murine bone marrow cells in vivo.
Human

Breathing vapors causes nausea and vomiting, accompanied
by a characteristic swelling of the face (mouth, eyelids, and
throat). These symptoms disappear when the exposure ceases.
Ethyleneimine can be very irritating to the skin, eyes, or
mucous membranes. It is mildly corrosive to skin and mucous
membranes. Fatal intoxication caused mainly by skin absorp-
tion has been observed.
Chronic Toxicity (or Exposure)

Animal

A study of rats receiving subcutaneous injections of ethyl-
eneimine over 540 days found local (i.e., site of injection)
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00842-3
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sarcomas in some animals. Studies of mice receiving ethyl-
eneimine by stomach tube for 2–4 weeks after birth, and then in
the diet for 77–78 weeks, found hepatomas and pulmonary
tumors in many of the mice, and lymphomas in a small
percentage of the mice. Another subcutaneous injection study in
mice over 48 weeks of injections found sarcomas at the site of
injection, along with some hepatomas, pulmonary tumors, and
Harderian gland tumors over the 2 years of total observation.
Human

There are no results from chronic testing in humans, and there
are insufficient long-term exposures on record to characterize
definitively the effects of long-term exposure to ethyleneimine.
Many of the short-term exposure effects are long-lasting, and
could intensify with protracted exposures.
Immunotoxicity

There is no known immunotoxic action resultant from
exposure to ethyleneimine; however, there are also no
immunotoxicity-specific studies on record.
Reproductive Toxicity

Gonadotoxic effects are likely to be specific for ethyleneimine.
At doses that cause no toxic effect, it produces and maintains
sterility in male and female rodents and interrupts pregnancy.
Ethyleneimine is shown to interfere with the process of RNA
synthesis in the testes. Except for a limited Soviet study sug-
gesting embryo and maternally toxic effect during a 20 day
inhalation exposure at 10 mg m�3, no other development
toxicity studies or studies to evaluate reproductive performance
in mammals have reported for ethyleneimine.
Genotoxicity

Studies in viruses, prokaryotes, fungi, and algae were discussed.
These systems have shown ethyleneimine to be strongly
mutagenic. For example, studies in Drosophila have shown that
ethyleneimine induces mitotic or meiotic chromosome aber-
rations and dominant or recessive lethal mutations. Ethyl-
eneimine is strongly mutagenic to Chinese hamster ovary cells
in vitro. Further, ethyleneimine has been shown to induce large
numbers of chromatid type aberrations in vitro in humanWI-36
cells and leukocytes. The DNA in cultivated lymphocytes is
degraded, indicating that ethyleneimine inhibits the DNA
repair system.

The Working Group took into consideration that ethyl-
eneimine is a direct-acting alkylating agent that is mutagenic in
a wide range of test systems and forms DNA adducts that are
promutagenic.
Carcinogenicity

The carcinogenicity of ethyleneimine was evaluated in two
strains of mice, and both gave positive results. Group of 18
male and 18 female mice, B6C3F1 and B6AKR strains, were
treated orally from age 7 days through 77–78 weeks. The time-
weighted average (TWA) dose is about 1.8 mg kg�1 day�1. The
incidence of hepatomas and lung adenomas was significantly
elevated in both strains and sexes.

In rats treated by subcutaneous injections, ethyleneimine
was associated with an increase in injection site tumors, but no
pulmonary or liver tumors were reported. Subcutaneous
injections of 4, 1.3, or 0.4 mg kg�1 weekly into mice for
48 weeks and held for 2 years produced sarcomas at the site of
injections in 10/85 treated with the highest dose. There were
Harderian gland tumors in 15 cases. Lung tumors and malig-
nant hepatomas were more often found in treated mice than in
controls.

From these carcinogenicity studies and its mutagenic
potential, the US Occupational Safety and Health Administra-
tion (OSHA) considered ethyleneimine as a ‘cancer-suspect’
agent. The International Agency for Cancer Research placed
ethyleneimine in the Group 3 category – the agent is not
classifiable as to its carcinogenicity to humans. The American
Conference of Governmental Industrial Hygienists (ACGIH)
calls ethyleneimine an A3 carcinogen – confirmed animal
carcinogen with unknown relevance to humans. Lastly, US
NIOSH reported it as a ‘potential human carcinogen.’
Clinical Management

In acute situations, the skin should be washed thoroughly with
soap and water. If ingested, an emetic should be administered
or gastric lavage performed. Oxygen should be provided
if breathing is difficult. If severe blood poisoning occurs,
1% methylene blue solution should be given at 1 ml kg�1

intravenously.
Ecotoxicology

There is no bioconcentration or bioaccumulation; however,
it would not be expected to bioconcentrate in fish.
Other Hazards

Ethyleneimine does not have adequate warning properties to
avoid overexposure. However, industrial exposure to ethyl-
eneimine is rigidly controlled by OSHA regulations and/or
ACGIH, and the exhaust fans’ threshold limit value limits its
exposure during a 40 h week to an 8 h TWA of 0.05 ppm, with
a ‘skin’ notation to alert against cutaneous absorption. Manu-
facturer recommendations are very explicit and suggest that one
should not attempt to handle ethyleneimine until fully
acquainted with the dangers involved.

The US Environmental Protection Agency (EPA) lists eth-
yleneimine as a hazardous air pollutant generally known or
suspected to cause serious health problems. The Clean Air Act,
as amended in 1990, directs the EPA to set standards that
require major sources to sharply reduce routine emissions of
toxic pollutants. EPA is required to establish and phase in
specific performance-based standards for all air emission
sources that emit one or more of the listed pollutants.
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Exposure Standards and Guidelines

US OSHA has categorized ethyleneimine as a carcinogen, and
has stated that worker exposure to ethyleneimine is to be
controlled through the required use of engineering controls,
work practices, and personal protective equipment, including
respirators. Ethyleneimine is listed by the US EPA as a
hazardous air pollutant generally known or suspected to cause
serious health problems. NIOSH usually recommends that
occupational exposures to carcinogens be limited to the lowest
feasible concentration.

See also: Carcinogenesis; Toxicity Testing, Mutagenicity.
Further Reading

Bingham, E., Corhssen, B. (Eds.), 2012. Patty’s Toxicology, sixth ed. Wiley, New York.
International Agency for Research on Cancer (IARC), 1999. Aziridine. In: IARC

Monographs on Evaluation of Carcinogenetic Risks in Humans, vol. 71, 337–344.

Relevant Websites

http://www.echemportal.org/echemportal/page.action?pageID¼9 – eChem Portal
Substance search page, search for: ‘ethyleneimine.’

http://toxnet.nlm.nih.gov/ – Toxnet homepage, search for: ‘ethyleneimine’.
http://www.epa.gov/ – US Environmental Protection Agency homepage, search for:

‘ethyleneimine.’
http://www.fda.gov/ – US Food and Drug Administration homepage, search for:

‘ethyleneimine.’
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Background

Ethylene oxide is a strong alkylating agent that can readily react
with cellular nucleophiles to inactivate a variety of cellular
macromolecules. Ethylene oxide occurs naturally in the body
due to its conversion from ethylene, which results from normal
metabolic processes and the consumption of plants where it is
a natural hormone. Ethylene oxide can also be detected in
background air due to the combustion of fossil fuels, its pres-
ence in tobacco smoke, and the decay of organic material.
These air emission sources are expected to be negligible relative
to the fugitive emissions from industrial and medical facilities.
As an antimicrobial, ethylene oxide reacts more strongly
against bacteria than yeast and fungi. Its sterilant properties are
similar to those of heat except that the effects are largely
superficial due to limited penetration. Ethylene oxide is typi-
cally manufactured by the oxidation of ethylene in the presence
of silver catalyst.
Uses

Most ethylene oxide (65%) is produced and consumed in the
production of ethylene glycol (antifreeze). It is also used in the
production of nonionic surfactants, polyester resins, soaps, and
detergents as well as specialty solvents. Due to its antimicrobial
activity, a small percentage of ethylene oxide (<0.1%) is used
as a sterilant for heat-sensitive medical devices and pharma-
ceuticals as well as for stored foods such as herbs and spices.
Environmental Fate and Behavior

Ethylene oxide released to the environment partitions primarily
to the atmosphere due to its high volatility (vapor pressure
146 kPa at 20 �C). Although the high water solubility of
ethylene oxide suggests it can be extracted from air by rainfall, its
rapid volatilization from water (half-life of 1 h) argues against
this process being a significant factor in its environmental fate.
In the atmosphere, ethylene oxide reacts with hydroxyl radicals
resulting in a half-life of 2–5 months. In freshwater, ethylene
oxide is hydrolyzed to ethylene glycol (half-life w1 week); in
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
salt water, it is hydrolyzed to ethylene glycol and ethylene
chlorohydrin (half-life w2 weeks). In unacclimated aqueous
media, ethylene oxide is also subject to biodegradation with
estimated half-lives of 1–6 months (aerobic) and 4–24 months
(anaerobic). However, in the presence of activated sludge,
ethylene oxide is readily biodegradable. Due to its high volatility
and water solubility, ethylene oxide is not expected to persist in
soil or sediments. The low log Kow (�0.30) for ethylene oxide
indicates little potential for bioaccumulation.
Exposure and Exposure Monitoring

Ethylene oxide is a gas at room temperature and pressure;
therefore, inhalation is the primary route of exposure. Dermal
exposures to liquid ethylene oxide that exists at temperatures
below 11 �C may occur; however, rapid evaporation minimizes
the opportunity for absorption. Although there are few data on
the background levels of ethylene oxide in the environment,
estimates based on measured and modeled data suggest the
mean and maximum ambient air concentrations are �0.2 ppb
and �2 ppb, respectively. In the vicinity of ethylene oxide
production and sterilization facilities, the predicted annual
average concentrations are �6 ppb. The highest ethylene oxide
concentrations are seen in production and sterilization facilities.
In the 1960s, long-term worker exposures were estimated to be
5–10 ppm. However, due to the advent of engineering controls
and new work practices introduced around 1980, current
exposures have been reduced to an 8 h time-weighted average
(TWA) of 0.1–3 ppm, although operational upsets can result in
short-term exposures (minutes to several hours) as high as
50 ppm. Due to its ability to alkylate nucleophilic groups,
exposures to ethylene oxide can be monitored by measuring the
levels of N-(2-hydroxyethyl)valine in hemoglobin and N7-(2-
hydroxylethyl)guanine in the DNA of peripheral lymphocytes.
Due to the endogenous production of ethylene oxide in animals
and humans, hydroxyethyl adducts in hemoglobin and DNA
occur in the absence of known exposures to ethylene oxide.
These background adduct levels must be considered when
assessing exposures to ethylene oxide in ambient air.
Toxicokinetics

Ethylene oxide is rapidly absorbed through the respiratory
tract. Due to its high solubility in blood, uptake is largely
dependent on the ventilation rate and the concentration of
ethylene oxide in the inspired air. Studies in mice indicate that
at 0.5 ppm,w100% of the inspired ethylene oxide is absorbed.
At higher concentrations, the percentage absorbed decreases
from 90% (10 ppm) to 68% (100 ppm) and falls to 36%
at 1000 ppm. Humans exposed to ethylene oxide at levels
ranging from w0.1 to 10 ppm absorb 75–80% of the inspired
ethylene oxide. Absorbed ethylene oxide is rapidly distributed
4-3.00021-X 535
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throughout the body. In mice exposed by inhalation to radi-
olabeled ethylene oxide, distribution was essentially imme-
diate, with the highest postexposure concentrations of ethylene
oxide or its metabolites observed in the liver, kidneys, and
lungs. By 4 h after exposure, levels in the liver and kidney had
decreased and were comparable with those detected in the
lungs, testes, spleen, and brain. Ethylene oxide is metabolized
by either conjugation with glutathione or hydrolysis via both
enzymatic (epoxide hydrolase) and nonenymatic pathways.
Metabolites from both pathways are excreted primarily in the
urine, although some are further metabolized to CO2 and
exhaled via the lungs along with a small amount of unchanged
ethylene oxide. While the metabolism of ethylene oxide is
qualitatively similar among species, the glutathione pathway
appears to predominate in mice (w80%) and rats (w60%)
while epoxide hydrolase is the primary metabolic pathway in
larger species. In humans, hydrolysis to ethylene glycol is the
predominant metabolic pathway (w80%). Despite the quan-
titative metabolic differences among species, when differences
in uptake and metabolism are considered, modeled ethylene
oxide blood levels in all three species are comparable at
concentrations used in the rodent cancer bioassays
(�100 ppm). The half-life of ethylene oxide in the blood of
mice (3–12 min), rats (9 min), and humans (42 min) is rela-
tively short.
Mechanism of Toxicity

The mechanisms of toxicity are not yet understood; however, it
is likely that, in general, the toxic effects of ethylene oxide are
due to its ability to react with cellular molecules, altering
function. Attempts to link the carcinogenicity of ethylene oxide
noted in experimental animals to ethylene oxide-induced DNA
adducts, including the major adduct formed (N7-hydroxyethyl
guanine), have been unsuccessful. Research on the mode of
action for ethylene oxide-induced carcinogenicity includes
work focused on the potential role of glutathione depletion
and the resulting oxidative stress, events that can occur after
exposure to high levels of ethylene oxide.
Acute and Short-Term Toxicity

Animal

Acute 4-h inhalation lethal concentration 50% (LC50) values
range from 835 ppm in mice to 1740 ppm in rats, with an
intermediate value of 960 ppm in dogs. Oral exposures of rats,
mice, and guinea pigs to ethylene oxide in water have lethal
dose 50% (LD50) values of 270–365 mg kg�1. For both routes
of exposure, the dose–response curve for mortality is steep.
Effects associated with overexposure via inhalation include eye
and respiratory tract irritation, central nervous system (CNS)
depression, salivation, vomiting, incoordination, and convul-
sions. Mortality shortly after exposure is typically associated
with pulmonary edema, while later deaths are thought to result
from secondary lung infections with a potential contribution
from systemic toxicity. Study survivors may exhibit bronchitis,
pneumonia, dyspnea, and muscle paralysis, particularly of the
hind legs. Histopathological examinations show damage to the
lung, liver, kidney, spleen, and brain. Aqueous solutions of
ethylene oxide are irritating to the skin but have not been
definitively associated with sensitization. Corneal opacities
have been noted in some species.
Human

At high concentrations (�200 ppm), ethylene oxide acts as an
eye and respiratory irritant as well as a CNS depressant.
Symptoms of overexposure include nausea, vomiting, and
neurological effects. Pulmonary edema may result several days
after an acute exposure. Contact with liquid ethylene oxide or
its solutions may result in irritation and burns as well as
frostbite from evaporative cooling.
Chronic Toxicity

Animal

Nonneoplastic effects associated with long-term exposures to
ethylene oxide have not been extensively investigated. In life-
time studies, rats were exposed to airborne ethylene oxide
concentrations of 10, 33, or 100 ppm for 6 h day�1, 5 day-
s week�1. Body weight gain was depressed at 33 and 100 ppm;
mortality was increased at 100 ppm. In a 2-year study, no
noncancer effects were observed in mice exposed to ethylene
oxide vapor at concentrations of 50 and 100 ppm for
6 h day�1, 5 days week�1. Neurological effects (abnormal
posture during gait and decreased locomotor activity) were
observed in mice after 10 weeks of exposure to ethylene oxide
concentrations �50 ppm; paralysis and axonal degeneration
have been noted in rodents exposed for several months to
higher concentrations (250–500 ppm). Although demyelin-
ation and histological alteration of axons were initially repor-
ted in monkeys exposed to 50 and 100 ppm ethylene oxide for
2 years, the final report stated there were no treatment-related
differences between exposed and control monkeys.
Human

Studies of chronically exposed populations suggest that
ethylene oxide may cause allergic contact dermatitis and cata-
racts at high concentrations. Neuropsychological, peripheral,
and CNS deficits have been reported among hospital workers
exposed to ethylene oxide prior to the advent of engineering
controls and better work practices. However, a dose–response
relationship for this effect is difficult to establish due to
multiple confounders, including the observation that exposed
workers frequently reported smelling ethylene oxide (i.e.,
exposures exceeded 500 ppm).
Immunotoxicity

Repeated exposures of mice to 200 ppm ethylene oxide for
14 weeks, an exposure level at which nonlinear kinetics result in
a disproportionately higher blood level of ethylene oxide in the
mouse, resulted in lymphocytic hypoplasia of the thymus in
males and lymphocytic necrosis of the thymus in both sexes at
600 ppm. Blood parameters related to immune function (e.g.,
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lymphocyte counts and activation, immunoglobulin levels)
were not affected in ethylene oxide production workers exposed
for up to 10 years to airborne concentrations that ranged from
<0.05 ppm (typical) to an occasional peak of 8 ppm.
Reproductive Toxicity

Ethylene oxide is a reproductive and developmental toxicant in
rodents at concentrations approximating those associated with
neoplastic effects. In two reproduction studies, male and
female rats were exposed to ethylene oxide vapor at concen-
trations of 10, 33, and 100 ppm 6 h day�1, 5 days week�1 for
10–12 weeks prior to mating and then daily during mating.
After mating, females were exposed 6 h day�1, 7 days week�1

from gestation day 0 to 19 and then from lactation day 5 to
day 21–28 postpartum. Fetotoxicity (i.e., increased post-
implantation loss and decreased fetal body weight gain) was
observed at �33 ppm, resulting in a no observable adverse
effect level (NOAEL) for reproduction of 10 ppm. Adverse
effects in the parental animals were not observed. In a two
developmental studies, pregnant rats were exposed to ethylene
oxide at concentrations between 10 and 225 ppm for 6 h day�1

on days 6–15 of gestation. The developmental NOAELs were
33–50 ppm based on the significant decrement in fetal body
weight seen on gestational day 20 at �100 ppm; the incidence
of malformations was not increased at any concentration. Very
high exposures (>1200 ppm) can produce teratogenicity.
Ethylene oxide causes comparable effects in mice. There are
limited data in humans that suggest occupational exposures to
ethylene oxide during pregnancy may result in reproductive
effects (e.g., spontaneous abortions).
Genotoxicity

Ethylene oxide is regarded as a direct-acting mutagen and/or
clastogen in a wide range of organisms from bacteria to
mammalian cells. In vivo, ethylene oxide is considered weakly
genotoxic.
Carcinogenicity

Animal

Cancer is generally considered the critical end point for chronic
exposures to ethylene oxide. In lifetime studies, male and female
rats exposed to airborne concentrations of 10, 33, or 100 ppm
for 6 h day�1, 5 days week�1 exhibited several treatment-related
tumors including mononuclear cell leukemia, peritoneal
mesothelioma, and brain tumors. Ethylene oxide also produced
carcinogenic responses in multiple organs (lung, Harderian
gland, immune system, uterus, and mammary gland) of mice
exposed to ethylene oxide for 102 weeks at concentrations of
50 and 100 ppm for 6 h day�1, 5 days week�1.
Human

A few early epidemiological studies suggested that ethylene
oxide exposures were associated with lymphohematopoietic
tissue cancers (i.e., myeloid and lymphocytic leukemia, non-
Hodgkin lymphoma, multiple myeloma) as well as cancers
of the breast, stomach, pancreas, and brain. However,
subsequent studies are either inconclusive in this regard or
do not support the earlier observations. Indeed, a recent
analysis of pooled studies of over 19 000 industrial and
hospital workers failed to detect an association between
ethylene oxide exposures and any of the purported carci-
nogenic effects. Although acknowledging the limited
evidence for carcinogenicity in humans, the International
Agency for Research on Cancer (IARC) has classified ethylene
oxide as a known human carcinogen based primarily on
sufficient evidence in experimental animals and mechanistic
considerations.
Clinical Management

If contact with the liquid or its solutions occurs, affected
areas should be flushed thoroughly with water for at least
15 min. The areas should be observed for burns or resulting
irritation. In case of inhalation of ethylene oxide, the victim
should be moved to fresh air, an airway should be estab-
lished, and respiration should be maintained as necessary.
The victim should be monitored for irritation, bronchitis,
and pneumonitis. If excessive exposure occurs, hospitaliza-
tion and monitoring for delayed pulmonary edema is
recommended.
Ecotoxicology

The 24-, 48-, and 96-h LC50 values for fish range from 84 to
90 mg l�1. For aquatic invertebrates, the 48-h LC50 values are
137–300 mg l�1 (freshwater flea) and 490–1000 mg l�1 (brine
shrimp). The 16-h half-maximal inhibitory concentration
(IC50) for ethylene oxide on activated sludge organisms is
10–100 mg l�1. The breakdown products of ethylene oxide in
water, ethylene glycol and ethylene chlorohydrin, appear to be
less acutely toxic than ethylene oxide. The 24-h LC50 values in
fish, freshwater flea, and brine shrimp for ethylene glycol
and ethylene chlorohydrin are >10,000–>20,000 mg l�1 and
675–>1000 mg l�1, respectively.
Other Hazards

Ethylene oxide vapor is extremely flammable at concentrations
ranging from 3% to 100% and subject to explosive decompo-
sition. Being heavier than air, ethylene vapors can travel
undetected along the ground. Although liquid ethylene oxide is
relatively stable, contact with acids, bases, or heat, particularly
in the presence of metal chlorides and oxides, can lead to
violent polymerization.
Exposure Standards and Guidelines

International occupational exposure limits (OELs) generally
range from 0.1 to 39 ppm as an 8-h TWA, with 1 ppm being
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the most common value. The US Occupational Safety and
Health Administration (OSHA) and the American Conference
of Governmental Industrial Hygienists (ACGIH) have estab-
lished an 8-h TWA OEL for ethylene oxide of 1 ppm. OSHA
has also established a 15-min excursion limit of 5 ppm as
well as an action level of 0.5 ppm, which if met or exceeded
as an 8-h TWA for 30 or more days per year triggers addi-
tional requirements. Ethylene oxide has been judged
a potential/suspected (ACGIH, National Institute for Occu-
pational Safety and Health (NIOSH)) or known (IARC,
National Toxicology Program (NTP)) human carcinogen. For
this reason, NIOSH recommends workplace exposure to be
maintained below 0.1 ppm as an 8-h TWA. NIOSH also lists
a concentration of 800 ppm ethylene oxide as immediately
dangerous to life or health.

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); Biomarkers, Human Health;
Biomonitoring; Carcinogen Classification Schemes;
Carcinogen–DNA Adduct Formation and DNA Repair;
Carcinogenesis; Chromosome Aberrations; Developmental
Toxicology; Dose–Response Relationship; Aquatic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Environmental Exposure Assessment; Environmental
Protection Agency, US; Genetic Toxicology; Glutathione;
International Agency for Research on Cancer; LD50/LC50 (Lethal
Dosage 50/Lethal Concentration 50); Mechanisms of Toxicity;
Mode of Action; National Institute for Occupational Safety and
Health; The National Toxicology Program; Neurotoxicity;
Occupational Exposure Limits; Occupational Safety and Health
Administration; Oxidative Stress; Toxicity Testing, Aquatic;
Toxicity Testing, Carcinogenesis; Toxicity Testing,
Developmental; Toxicity Testing, Mutagenicity; Toxicity
Testing, Reproductive; Toxicity, Acute; Toxicity, Subchronic
and Chronic; Pharmacokinetics.
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l Name: Eugenol
l Chemical Abstracts Service Registry Number*: 97-53-0
l Synonyms*: 1,3,4-Eugenol; 1-Hydroxy-2-methoxy-4-

allylbenzene; 1-Hydroxy-2-methoxy-4-prop-2-enylbenzene;
1-Hydroxy-2-methoxy-4-propenylbenzene; 2-Methoxy-1-
hydroxy-4-allylbenzene

l Molecular Formula*: C10H12O2

l Chemical Structure*:
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*All from ChemIDplus.
Background

Eugenol is a volatile, colorless to yellowish liquid, and is
mainly found in essential oils. Eugenol is a primary compound
of essential oils such as clove oil, which is extracted from dried
flower buds, leaves, and barks of the trees Syzygium aromaticum
and Eugenia caryophyllata (Family. Myrtaceae). In addition to
the clove tree, eugenol is widely distributed in various plants
and its products. Other sources of eugenol include cinnamon
leaf and bark oil, basil oil (Ocimum gratissimum L.), and sweet
basil oil (Ocimum basilicum L.), pimento, bay, sassafras, massoy
bark oils, and oil of camphor. Commercially available clove oil
and cinnamon oil contain highest concentrations of eugenol
(47–92%). In 1929, eugenol was isolated from clove oil, and
the extraction method was employed for commercial produc-
tion in 1940s in the United States. Eugenol is extracted from
essential oils by the steam distillation process, and then
concentrated to yield pure eugenol (>95%). The technical
product contains 95–100% eugenol. Eugenol was also
synthesized chemically by allowing allyl chloride to react with
guaiacol. However, enough quantity of eugenol is extracted
from essential oils, which is cheaper than industrial synthesis.
Very recently, biosynthesis of eugenol glycoconjugate, named
eugenol a-D-glucopyranoside, has been reported. This glyco-
sylated compound has been found to be superior to eugenol
for all pharmacological actions tested.
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Since ancient times, clove has been used as a spice and
fragrance in Asian countries. A medicinal property (dental
analgesic) of clove oil was also reported in Europe in the
seventeenth century. Clove oil usage has been increased in the
last three centuries. Its oil was included in many consumer
products such as soaps and detergents, and as an intermediate
ingredient for synthesis of vanillin in the United States since the
nineteenth century. Clove oil is a natural food flavoring agent
and is extensively used in fragrance and flavor formulations
throughout the world. Clove cigarettes (kreteks) contain 60%
tobacco and 40% cloves, and were popular in Australia and
United States in the 1970s and 1980s. Following reports of acute
respiratory symptoms, clove cigarette usage declined drastically.
Uses

Clove oil, the main source of eugenol, has been used in tradi-
tional Chinese medicine to treat gastrointestinal disorders as an
antispasmodic, and as a carminative to remove excessive gas
from the intestine. In addition, significant antioxidant, anti-
inflammatory, and cardiovascular properties and antimicro-
bial, antiparasitic, and insect – repellent properties, have also
been reported. Generally speaking, eugenol is natural
compound with versatile pharmacological actions on almost
all systems. It is also used as an analgesic and anesthetic for
amphibians (fishes and frogs).

A recent study demonstrated the mosquito-repellent prop-
erty of clove oil against three mosquito species that lasted for
2–4 h compared to other essential oils. In addition to some of
the functions listed in background section, it is widely used in
dentistry as an analgesic for toothache, in mouthwashes and in
zinc oxide-eugenol cements to fill the dental cavities; as an
antioxidants in inks; as an insect attractant; and as a pesticide
and a fungicide in drugs and cosmetics. The US Food and Drug
Administration categorizes clove oil and eugenol as generally
recognized as safe to use in dentistry and as a food additive, and
it is available over-the-counter in the United States. Currently,
252 eugenol-containing products are listed in a cosmetic
database as cosmetics and personal care products, which
contain low levels of eugenol varying from 0.05 to 0.1% (v/v).
Environmental Fate and Behavior

Eugenol is a weakly acidic phenolic compound, and a volatile,
colorless to yellowish liquid. It is moderately soluble in water
4-3.01125-8 539
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(2460 mg l�1 at 25 �C), and also soluble in glacial acetic acids.
It can be mixed with ethanol, ether, oils, and chloroform.
Eugenol has a low to moderate potential for bioaccumulation,
has moderate mobility in soils, and adsorbs to soils and sedi-
ments. Eugenol levels have been estimated in various envi-
ronmental compartments and anticipated to be short lived.
Water and soil compartments contribute to the environmental
fate; however, the data for biodegradation and half-life in these
compartments are limiting. It is not hydrolyzed in water in
anaerobic conditions; it is readily degraded from the applica-
tion site by volatilization and degraded by reacting with ozone
and hydroxyl radicals present in atmosphere (atmospheric
decomposition).

Eugenol is readily degraded by microbes present in the soil,
specifically bacterial activity. Laboratory methods demon-
strated Pseudomonas fluorescens bacteria mediated degradation
of eugenol. This process was exploited commercially to
synthesize vanillin from eugenol. Further, microbial degrada-
tion of eugenol prevents potential contamination of water.
Groundwater and soil contamination of eugenol occurs
through spray drift from the application site.
Exposure and Exposure Monitoring

In general, workers were potentially exposed to eugenol in their
occupational settings such as manufacturing units or applica-
tion sites through inhalation, accidental ingestion, and direct
contact with essential oils or eugenol. This includes dentists,
technicians, and nurses in dental clinics where zinc oxide and
eugenol cement are handled. The National Institute for Occu-
pational Safety and Health has estimated that approximately
190 000 workers including women were exposed to eugenol in
United States. People were also exposed to eugenol by inha-
lation of perfumes containing eugenol, smoking of clove
cigarettes, smoke of wood burning, and living in the vicinity of
application sites; intentional ingestion of oils/eugenol present
in food as a flavoring agent/food additives and plant products;
direct dermal and eye contact with cosmetics or oils; and as
patients who treated for dental cavity problems.

Potential exposure to eugenol is monitored by the presence
of eugenol in blood, which is considered as a biomarker of
exposure.
Table 1 LD50/LC50 values of eugenol and its relative toxicity in
laboratory animals

Species Dose LD50/LC50

Rat LD50 oral: 1190–2680 mg kg�1

Mice LD50 oral: 3000 mg kg�1

Mice LD50 intraperitoneal: 500–630 mg kg�1

Guinea pig LD50 oral: 2130 mg kg�1
Toxicokinetics

Few case studies reported the ingestion of clove oil by different
age groups, including infants, children, and adult women. In
general, eugenol is rapidly absorbed from the gastrointestinal
tract, and high concentrations are detected in blood when
ingested orally compared to other routes such as inhalation and
dermal. The mean half-life of oral dose of 14 h in the blood of
clove cigarette smokers reported to inhale 7 mg of eugenol per
cigarette. Workers in manufacturing units are exposed to
eugenol by inhalation and by dermal contact. Absorbed eugenol
is mainly metabolized in liver, and 95% of absorbed eugenol is
excreted in urine as conjugated form within 24 h. The formation
of metabolites depends on the dose rate, mainly glucuronic acid
at higher dose rate (>500 mg kg�1 day�1). In vitro studies
utilizing hepatocytes also demonstrated the formation of
sulfate, glucuronic, and glutathione conjugates.
Mechanism of Toxicity

Lung, liver, and to some extent the nervous system are mainly
affected by eugenol or clove oil toxicity. Case reports involving
human subjects, especially infants and young children, of
accidental ingestion of 5–10 ml of clove oil, reported necrosis
of liver, liver failure, depression of nervous system, serious
toxicities including seizures, coma, and metabolic acidosis. In
addition, intravenous injection of clove oil induced severe
dyspnea and pulmonary edema in human adults. Clove ciga-
rette smokers had acute respiratory symptoms, including
bronchospasm, aspiration pneumonia, hemoptysis, and
edema of lung. Similar to human studies, inhalational expo-
sure of eugenol induced the acute respiratory symptoms,
interstitial hemorrhage, and pulmonary edema in rodents.
Acute and Short-Term Toxicity

Eugenol chemical structure is related to phenol. However, the
toxicity does not include corrosive activities of phenol; inges-
tion results in vomiting, gastroenteritis, and secretion of mucin,
and the resulting systemic toxicity is similar to phenol in some
extent. There is no study demonstrating acute toxic effects of
eugenol by occupational exposure. There are few studies in
humans reported with accidental ingestion of eugenol; toxic
effects were observed in liver, lung, and nervous system as
discussed in mechanisms of toxicity. Overall, acute toxic effect
of eugenol in mammals is low, and the US Environmental
Protection Agency has classified eugenol as category 3; the oral
LD50 value is >1930 mg kg�1 in rodents.

Signs of acute toxicity induced by high doses of eugenol
were sloughing of gastric mucosa, capillary bleeding, and
congestion of liver in canines, and gastritis and discoloration of
liver in rats. The LD50/LC50 values of eugenol and relative
toxicities for laboratory animals are listed in Table 1.
Chronic Toxicity

Chronic toxicity of eugenol in humans is discussed below.
Chronic animal studies using 87 mg per kg of body weight or
up to 1% eugenol in diet did not induce toxicity in rats; at
higher doses (4000 mg per kg of body weight) mortality and
enlargement of liver and adrenal gland were reported. Doses of
10% eugenol in diet for 14 days resulted in death of one male



Table 2 LD50/LC50 values of clove oil and eugenol and its relative
toxicity in other species

Species Dose LD50/LC50
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and all female rats; and 1.25% eugenol in diet for 90 days
resulted in reduction in weight gain in rats. Similar results were
reported in mice; 10% eugenol was toxic and all mice died;
a low dose (0.6%) did not induce toxicity in mice.
Snails LC50: 22–28 mg l�1

Fishes LC50: 9 mg l�1 for 12 h, 81 mg l�1 for 10 min
Aquatic invertebrates LC50: 30 mg l�1 for 24 h
Tiger prawn LC50: 130 mg l�1 for 1 h, 30 mg l�1 for 24 h
Mosquitos (Aedes

species)
LC50: 33 mg l�1 (duration unknown)

Dust mites LD50: 3.7–12 mg cm�2

Lice LD50: 0.25 mg cm�2
Immunotoxicity

Eugenol or clove is weak sensitizer; sensitized individual
exhibited systemic reactions such as urticaria, stomatitis, and
ulceration when exposed to eugenol-containing products.
Chronic exposure resulted in contact dermatitis in persons at
dental clinics where products of eugenol are handled
frequently. A single case report described induced or existing
hypersensitivity reactions to eugenol when exposed to eugenol-
containing products.
Reproductive Toxicity

There is no reported reproductive toxicity. However, one in vitro
study demonstrated the spermicidal action of clove oil and
eugenol.
Genotoxicity

Human data on genotoxic effects are lacking. In vitro studies
demonstrated some effect on mutagenesis and chromosomal
aberrations. Eugenol induced chromosomal aberrations in
Syrian hamster embryo cells, and V79 cells without (3.5%
aberrant cells) and with S9 fractions of the liver (15% aberrant
cells). Eugenol inhibited the DNA helix unwinding enzyme
topoisomerase II.
Carcinogenicity

There is no study demonstrating the carcinogenic potential of
eugenol in humans, and animal studies are also limited.
Eugenol did not produce cancer in rats, but it produced liver
tumor in mice. In addition, mutagenesis tests were mixed type.
Based on these results, the International Agency for Research on
Cancer classified eugenol as a Group 3 compound for carci-
nogenicity (not classifiable), and the US National Toxicology
Program does not list eugenol as reasonably anticipated to
cause cancer.
Clinical Management

There is no antidote for eugenol toxicity. Therefore, patients are
treated with supportive care for hepato- and pulmonary
toxicity, and treated based on the symptoms such as seizures or
coma. In addition, administration of N-acetyl cysteine is rec-
ommended to prevent hepatotoxicity.
Ecotoxicology

There is no study of clove oil or eugenol toxicity to birds and
honeybees; its effects are highly variable to insects, and
highly toxic to microbes. Low-dose clove is used as an
anesthetic for most fishes; longer duration of exposure or
higher doses cause mortality in fishes. Eugenol can be effec-
tively applied to control mites, termites, and mosquitos.
Caterpillars and lice are not sensitive to eugenol. LD50 values
of clove oil and eugenol for some nonmammalian species are
listed in Table 2.
Exposure Standards and Guidelines

There are no established occupational exposure limits, time-
weighted average, or other guidelines for eugenol or clove oil.
However, World Health Organization recommended accept-
able dietary intake for humans is 2.5 mg kg�1 day�1, based on
a rat study.
See also: Common Mechanism of Toxicity in Pesticides;
Safrole.
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Introduction

The scientific advisory corpus supporting the decision-making
processes regarding the risk of chemicals in the European
Union is composed by a set of Scientific Committees and
Panels established under the European Commission and
several European Agencies.

The experts advising through the Scientific Committees and
Panels are not part of the staff, but independent experts
appointed on the basis of their expertise. The structure, compo-
sition, and appointment mechanisms are different for each
Committee, and the rules of procedure anddaily practice are also
adapted to the specific needs of each scientific advisory body.

In general, each Committee or Panel has a set of tasks
directly related to its involvement in one or several regulatory
processes, complemented with specific mandates from the
Commission or Agency on additional issues related to its field
of competence. The general role is to adopt scientific opinions
which are used later for making the decisions; the system
establishes a clear distinction between the scientifically based
risk assessment process, handled by the scientific advisory
bodies, and the risk management and decision-making
process of the Commission and some Agencies. The excel-
lence, independence, and impartiality of the members are the
basic principles of the European Union (EU) scientific advice;
complemented with the transparency of the risk assessment
process respecting as appropriate the confidential nature of
the information used in certain cases. The appointment body
offers a Scientific Secretariat for supporting each Committee
or Panel.

The general coordination among the scientific advisory
bodies has been facilitated by a set of meetings of the Chairs
and Scientific Secretariat of the European risk assessment
scientific bodies. Specific procedures for identifying and solving
possible scientific divergences between the different Commit-
tees have also been established.
European Commission Scientific Committees

The European Commission holds three risk assessment
Scientific Committees (Scientific Committee on Consumer
Safety (SCCS), Scientific Committee on Health and Environ-
mental Risks (SCHER), and Scientific Committee on
Emerging and Newly Identified Health Risks (SCENIHR))
under the Directorate General for Health and Consumers (DG
SANCO), and one on occupational health (Scientific
Committee on Occupational Exposure Limit Values (SCOEL))
under the Directorate General for Employment, Social Affairs,
and Inclusion.

The ‘SANCO Committees’ provide the European Commis-
sion with sound scientific advice when preparing its policy and
proposals relating to consumer safety, public health, and the
542 Encyclopedia of T
environment, and draw its attention to new and emerging
problems. The current structure started in March 2009, has been
renewed in 2013, and is based on three Committees, and the
Inter-Committee Coordination Group, composed of the chairs
and vice-chairs of the three Committees, which helps coordinate
the Committees:

The SCCS provides opinions on health and safety risks
(chemical, biological, mechanical, and other physical risks) of
nonfood consumer products (e.g., cosmetic products and their
ingredients, toys, textiles, clothing, personal care, and house-
hold products) and services (e.g., tattooing and artificial sun
tanning).

The SCHER provides opinions on health and environ-
mental risks related to pollutants in the environmental media
and other biological and physical factors or changing phys-
ical conditions which may have a negative impact on health
and the environment (e.g., in relation to air quality, waters,
waste, and soils). It also provides opinions on life cycle
environmental assessment. It shall also address health
and safety issues related to the toxicity and ecotoxicity of
biocides.

The SCENIHR provides opinions on emerging or newly
identified health and environmental risks and on broad,
complex, or multidisciplinary issues requiring a comprehensive
assessment of risks to consumer safety or public health and
related issues not covered by other Community risk assessment
bodies.

Regarding DG Employment, the SCOEL was set up in 1995
to advise the European Commission on Occupational Expo-
sure Limit Values (OELVs) for chemicals in the workplace.
European Agencies Scientific Committees

The European Food Safety Authority (EFSA) holds a Scientific
Committee, which provides general advice in the area of new
and harmonized approaches for risk assessment of food and
feed and strategic advice to EFSA’s Executive Director, and 10
specific Scientific Panels for:

l Additives and products or substances used in animal feed
(FEEDAP)

l Animal health and welfare (AHAW)
l Biological hazards (BIOHAZ), including Bovine Spongi-

form Encephalopathy-Transmisible Spongiform Encepha-
lopathy (BSE-TSE)-related risks

l Contaminants in the food chain (CONTAM)
l Dietetic products, nutrition, and allergies (NDA)
l Food additives and nutrient sources added to food (ANS)
l Food contact materials, enzymes, flavorings, and processing

aids (CEF)
l Genetically modified organisms (GMO)
l Plant health (PLH)
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00561-3
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l Plant protection products and their residues (PPR)

The structure of the European Chemicals Agency (ECHA)
includes three Committees, two Scientific Committees
dealing in parallel with the assessment of the risks and the
analysis of the socio-economic impacts, and a Committee of
experts representing the Competent Authorities of each
Member State:

l The Committee for Risk Assessment (RAC), responsible for
preparing the opinion of the Agency on evaluations, appli-
cations for authorization, proposals for restrictions and
proposals for classification and labeling, and any other
questions that arise from the operation of the Registration,
Evaluation, Authorization of Chemicals (REACH) Regulation
relating to risks to human health or the environment.

l The Committee for Socio-Economic Analysis (SEAC),
responsible for preparing the opinion of the Agency on
applications for authorizations, proposals for restrictions,
and on any other questions that arise from the operation of
the REACH Regulation in relation to the socio-economic
impact of possible legislative actions on chemicals.

l The Member State Committee, responsible for seeking
agreement on testing proposals, evaluation decisions, and
the identification of substances to be included on the
candidate list for eventual inclusion in Annex XIV (list of
substances subject to authorization) and for providing
opinions for establishing the Community Rolling Action
Plan (CoRAP) for substances which could constitute a risk
to human health or the environment and for recom-
mending priority substances to be included in Annex XIV.
A new committee, the Biocidal Products Committee, has
been established by ECHA in 2013 for dealing with
biocides.

In the European Medicines Agency (EMA), the scientific
evaluation on applications from pharmaceutical companies is
carried out by six Scientific Committees which determine
whether or not the medicines concerned meet the necessary
quality, safety, and efficacy requirements in accordance with
EU legislation, ensuring that medicines have a positive risk-
benefit balance in favor of patients/users of these products once
they reach the marketplace.

l Committee for Medicinal Products for Human Use
(CHMP)

l Committee for Medicinal Products for Veterinary Use
(CVMP)

l Committee for Orphan Medicinal Products (COMP)
l Committee on Herbal Medicinal Products (HMPC)
l Paediatric Committee (PDCO)
l Committee for Advanced Therapies (CAT)

The European Environmental Agency (EEA) holds
a Scientific Committee which is responsible for delivering
opinions on the EEA multi-annual and annual work pro-
grammes; giving opinions to the Executive Director for the
purposes of recruitment of the Agency’s scientific staff; and
providing advice and/or opinion on any scientific matter
concerning the Agency’s activity to the Management Board
and the Executive Director.

Additional targeted scientific support is available from other
institutions such as the European Centre of Disease Prevention
and Control (ECDC), European Agency for Safety and Health
at Work (EU-OSHA), and European Monitoring Centre for
Drugs and Drug Addiction (EMCDDA).

See also: European Union; European Commission; EFSA; ECHA;
EMA.
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Relevant Websites

http://ec.europa.eu/social/main.jsp?catId¼153&langId¼en&intPageId¼684 – Direc-
torate-General Employment Committee.

http://ec.europa.eu/health/scientific_committees/index_en.htm – Directorate-General
for Health and Consumer Protection Committees.

http://echa.europa.eu/about/organisation/committees_en.asp – European Chemicals
Agency Committees.

http://www.eea.europa.eu/about-us/governance/scientific-committee – European
Environment Agency Scientific Committee.

http://www.efsa.europa.eu/en/efsawho/scpanels.htm – European Food Safety
Authority Scientific Committees and Panels.

http://ec.europa.eu/health/scientific_committees/links – European Commission
Scientific Committees.

http://www.ema.europa.eu/ema/index.jsp?curl¼pages/about_us/general/general_
content_000217.jsp&mid¼WC0b01ac0580028c77 – European Medicines
Agency Committees.
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Introduction

During the 1950s and initially in the United States, poisons
information services were gradually established across the
Western World, with poisons centres (PCs) operational in a few
European countries by the end of that decade and more
opening in the years that followed.

The main driver for development of these centres was the
substantial postwar development and widespread use of new
chemical products, pesticides, and pharmaceuticals, both in
professional and household settings. Both the general public
and the medical profession needed somewhere to turn to get
advice about toxicity, possible clinical effects, and relevant
therapy following suspected exposures.

The obvious demand for this type of service was quickly
apparent, and in the early 1960s many new PCs were
established in Europe. In many smaller countries there was
just one centre, so the need of collaboration and mutual
support became desirable at an early stage. Admirably, in
1960 a French association of PCs was established. Just a few
years later, in 1964, the fledgling European Association of
Poison Control Centres (EAPCC) was established at
a congress in Tours, France; this meeting is considered the
first congress of the association. The name was formalized
shortly thereafter and retained for many years. At the General
Assembly in Milan in 1990, it was changed to the European
Association of Poisons Centres and Clinical Toxicologists
(EAPCCT) (Figure 1). This reflected changes in the
membership to include not only PC staff but also clinicians
specialized in the treatment of poisoning, representatives of
regulatory bodies, and toxicologists working in industry,
who were not necessarily formally connected with a poisons
information service.

Although a number of people were involved in the orga-
nization of the congress in Tours, it is generally agreed that
Louis Roche, a professor of forensic medicine, from Lyon,
Figure 1 The European Association of Poisons Centres and Clinical
Toxicologists (EAPCCT).
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France, was the enthusiast and true promoter of the association.
In France at that time, there was a strong link between forensic
medicine and PC activities. Louis Roche’s pivotal role in the
creation of the association has been commemorated since
1999, the year after his death, by an annual honorary Louis
Roche Lecture during the EAPCCT congress. Louis Roche
lecturers are invited by the current president and are interna-
tionally recognized major contributors to the science of toxi-
cology. Louis Roche was anxious to promote research into all
aspects of poisoning and introduced the term ‘toxicovigilance’
in order not only to develop and optimize treatment of
poisoning, but also to prevent poisoning with life-threatening
agents.
Development and Widening of the Scope

The introduction of PCs was successful from the very begin-
ning. The creation of a PC association promoted collaboration
and exchange of experience over the national borders, not only
in Europe, but worldwide.

Whereas the EAPCCT congresses for many years were
organized mainly on the local level with some input and
advice from the board, a formal scientific committee was
introduced within the board in the early 1990s. Later on,
a special scientific and meetings committee, with members
not necessarily from the board, was instituted and tasked
with the full responsibility for the scientific content of the
congresses. However, the EAPCCT Board remains responsible
for administrative aspects such as finances, location, and
other practical arrangements. Sometimes also a local group
with an established relation to the board is identified to
facilitate contacts and help in administering the arrangements
on site.

Following the foundation of the association, a formal
congress was organized every second year, with smaller
scientific meetings held in the years in between. Since 1998,
congresses have been arranged annually. So far the EAPCCT has
organized 31 congresses, 10 smaller scientific meetings, and
numerous technical meetings.

To date the congresses have, in chronological order, taken
place in Tours, Copenhagen, Madrid, Basko Polje, Mainz,
Ischia, Oslo, Utrecht, Thessaloniki, Brighton, Stockholm,
Brussels, Edinburgh, Milan, Istanbul, Vienna, Marseille, Zürich,
Dublin, Amsterdam, Barcelona, Rome, Strasbourg, Berlin,
Prague, Athens, Seville, Stockholm (second time), Bordeaux,
and Dubrovnik.

The small-scale scientific meetings were held in Copenha-
gen (three times), Utrecht (twice), Münster, Lyon, Birmingham,
Oslo, and Kraków. Technical meetings were organized in
several locations, e.g., in Lille, France, where a series of gath-
erings were held, related to the introduction of suitable IT
technology in PCs. Other meetings have occurred sporadically
related to specific projects and collaborations.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01102-7
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Aims and Objectives

The purpose of the association is the study of problems related
to all forms of poisoning.

The current objectives are to:

1. Foster a better understanding of the principles and practice
of clinical toxicology in order to prevent poisoning and to
promote better care for the poisoned patient, particularly
through poisons information centres and poisons treatment
centres

2. Unite into one group individuals whose professional
activities are concerned with clinical toxicology, whether in
a poisons centre, university, hospital, or government or
industry

3. Encourage research into all aspects of poisoning
4. Facilitate the collection, exchange, and dissemination of

relevant information among individual members, PCs, and
organizations interested in clinical toxicology

5. Promote training in, and set standards for the practice of,
clinical toxicology and to encourage high standards in PCs
and in the management of poisoned patients generally

6. Collaborate with international and integrational organiza-
tions including the World Health Organization (WHO) and
the European Commission

7. Establish and maintain effective collaboration with
governments, governmental organizations, professional
bodies, and other groups or individuals concerned with
clinical toxicology, particularly those working in PCs in all
countries in Europe
Members

Members are professionally involved with clinical toxicology,
whether in a poisons centre, university, hospital, governmental
or regulatory body, or industry. Qualification is normally
focused in medicine, pharmacy, related science, or nursing. The
EAPCCT has more than 270 individual members from
56 countries from all continents of the world.
The Scientific and Academic Profile

Over the last few decades, a significant improvement in the
scientific quality of the EAPCCT meetings has taken place. The
ambition to raise the scientific standardsof the congress programs
has been a priority. The scientific committee proposes special
themes and topics and consults the membership for suggestions
and feedback.Anongoingprocess is to identify learning gaps (gap
analysis); this is necessary to accredit for continuing medical
education in some countries. This process ensures that the themes
of the congresses are chosen following a dialogue between the
scientific committee and the membership.

In recent years, the congresses have been enhanced by an
increasingly popular, one-day, precongress educational
program.

Evidence of the quality of EAPCCT congresses is the level of
participation of colleagues from other parts of the world. Non-
European representatives at the congresses originate
predominately from North America; their experience and
contribution have been invaluable. However, over time,
a notable expansion of the international attendance and
contribution to the meetings has developed. So, clinical toxi-
cologists and poisons information staff from Africa, South
America, and, in particular, Australasia also regularly attend the
congresses. The Australian presence and input into the meet-
ings has over the years increased considerably and is highly
appreciated.
Special Projects and Relations

In addition to congresses and scientific meetings, the EAPCCT
has been involved in a number of different projects, especially
since the late 1980s.
Position Statements

An initiative to create a series of evidence-based position
statements on some of the key issues in the treatment of
poisoning was developed during the 1990s. This endeavour
was undertaken jointly by the EAPCCT and the American
Academy of Clinical Toxicology (AACT). Topics included in
the first series of position statements were gastric lavage, use of
ipecac syrup, whole bowel irrigation, single-dose activated
charcoal, multidose activated charcoal, cathartics, and urine
alkalinization. The statements were subsequently updated and
are currently being updated a third time. This is essential to
ensure that the position statements continue to reflect the
latest published evidence and to ensure that they remain fresh
and useful.

The relevance of a systematic development, review, and
evaluation of this type of documents cannot be under-
estimated. The position statements are available on the website
(www.eapcct.org, Joint Activities).
Standardization Efforts

Standardization of case data recorded by PCs and harmoniza-
tion of annual reports were subject to some serious attempts in
the late 1980s, but national, institutional, and linguistic
barriers to implementation meant that these never became
sufficiently widespread to allow direct comparison of data
between countries.

On the other hand, contacts established with the chemical
industry to allow a harmonized way of providing information
to PCs on the composition of chemical products has resulted in
an ongoing process, implementing rational and useful routines
for provision of reliable product data to be used in PCs.

For cosmetics, the producers (COLIPA – “Comité de la lia-
sion de la parfumerie” now “Cosmetics Europe - The Personal
Care Association”) were approached by the EAPCCT in the
early 1990s with the aim of harmonizing data provision on
the composition of cosmetic products. Despite a protracted
process, this collaboration produced documentation that stood
the test of time.

Today both these latter projects have been revised and
extended, and are now also based on the European Classifica-
tion, Labelling and Packaging (CLP) Regulations and the
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European Cosmetics Regulations. Recently, a new web-based
portal has been launched, making it possible for manufacturers
to upload cosmetic product information. This database is
available to governmental authorities and PCs.

In collaboration with the International Programme on
Chemical Safety (IPCS) and the Commission of the European
Communities (CEC), EAPCCT started a project to develop
a system for severity grading of poisonings. The aim was to find
a simple but relatively reliable qualitative method of evalua-
tion. The project involved a number of PCs from different parts
of the world. This work resulted in a Poisoning Severity Score
(PSS), which was published in Clinical Toxicology in 1997. This
continues to be widely used in PCs and clinical settings.

The association also undertook a project to scrutinize
quality criteria for PCs and define minimum and optimum
standards. This undertaking has proven most useful, not least
for new centres both in Europe and in other parts of the world
where new PCs just have started and are planning their activi-
ties. In fact, this could become a first step in a formal accredi-
tation process for PCs and their staffs.
Other International Collaboration

The founder of EAPCCT, Professor Louis Roche, considered
that the WHO should contribute to the development and
support of PCs and clinical toxicology worldwide and estab-
lished contact with them. So when the IPCS started to operate
in the 1980s, collaboration with EAPCCT was soon initiated.
Professor Ad van Heijst, President of EAPCCT from 1974 to
1986, arranged a series of meetings in collaboration with the
WHO during the 1980s.

EAPCCT is also a member of both the International Union
of Toxicology (IUTOX) and the Federation of European Toxi-
cologists and European Societies of Toxicology (EUROTOX).
With IUTOX, EAPCCT participated and contributed with
lectures and workshops on an ad hoc basis at some IUTOX
congresses (e.g., Brighton, 1989; Rome, 1992; Paris, 1998;
Guilin, China, 2003). This collaboration continues to this day
with EAPCCT routinely proposing and preparing symposia for
IUTOX congresses. More recently a permanent partnership with
EUROTOX has also been initiated.
Clinical Toxicology : –The Official Journal of the Association

This journal, with its long history, provides an indispensable
resource containing updated information and scientific articles
across a vast field of topics related to clinical toxicology and PC
activities. In the 1990s, it became the official journal of the
AACT and subsequently the EAPCCT. Later the American
Association of Poison Control Centers (AAPCC) became the
third sponsoring organization. The journal’s impact factor has
risen markedly in recent years. Membership in the EAPCCT
includes a subscription to the journal.
Other Publications

Apart from the journal Clinical Toxicology, the association also
communicates with the membership through a regular news-
letter, EAPCCT News. The association has also a website (www.
eapcct.org) providing a membership list, information about
upcoming important events (as clinical toxicology congresses
in Europe and elsewhere), a list of poisons information centres
in Europe, and other important documents such as the position
statements endorsed by the association. The UK National
Poisons Information Service (Birmingham Unit) also distrib-
utes the Current Awareness bulletin to EAPCCT members on
a monthly basis. This provides a listing of the most important,
recently published articles on topics relevant to PCs and clinical
toxicology.
Support for Young Toxicologists

The EAPCCT also actively supports membership and congress
attendances for young clinical toxicologists and PC staff
through various awards.
Events of Historical Importance

A dark era of European history ended in 1989 when the Iron
Curtain was lifted. Half of Europe was again open to normal
contact with the rest of the world. This meant a normalization
of all kinds of collaboration; exchange of experiences in
medicine – including clinical toxicology – could now embrace
all Europe.

Certainly, this was of enormous importance and benefit to
all. Gradually, more and more colleagues from Central Euro-
pean countries that had previously belonged to the former
Eastern European bloc could now attend EAPCCT meetings
and share their considerable experience with colleagues to the
benefit of all. So far three splendid congresses have been
organized in Krakow, Prague, and Dubrovnik, cities once
restricted for international access, and have proven their
excellence.
See also: Environmental Risk Assessment, Secondary
Poisoning; American Association of Poison Control Centers;
Poisoning Emergencies in Humans.
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History

European Centre for Ecotoxicology and Toxicology of Chem-
icals (ECETOC) was established in 1978 as a scientific,
nonprofit making, noncommercial association and counts as
its members the leading companies with interests in the
manufacture and use of chemicals. An independent organiza-
tion, ECETOC provides a scientific forum through which the
extensive specialist expertise of manufacturers and users can be
harnessed to research, evaluate, assess, and publish reviews on
the ecotoxicology and toxicology of chemicals, biomaterials,
and pharmaceuticals.

ECETOC’s main objective is to exploit the knowledge
existing in the member companies to work together on scien-
tific topics relevant to the toxicology and ecotoxicology of
chemicals. To achieve this, ECETOC facilitates the networking
of suitably qualified scientists from its member companies and
cooperates with international agencies, government authori-
ties, and professional societies.

The outputs of its work program are published reports,
papers, and the proceedings of specialized workshops. The
aims of the association are:

l promoting the use of sound science in both industry and
regulatory decision-making and reporting on the results;

l providing a forum for regulators, academic and industrial
scientists for the evaluation of the safe use of chemicals and
their associated products;

l contributing to understanding of the societal issues associ-
ated with health assessment and environmental safety of
substances; and

l identify emerging issues that are of importance to ECETOC
member companies.

ECETOC is a registered nonprofit organization with
cooperating Non-Governmental Organization status recog-
nized by the World Health Organization. It is governed by
a Board of Administration comprising up to 12 senior
executives from member companies. The Board is respon-
sible for the overall policy and finance of the organization
and appoints the members of the Scientific Committee
which defines, manages, and peer reviews the ECETOC work
program. The Scientific Committee is made up of senior
scientists from member companies and from eminent
academic scientists with expertise and interest in the science
of risk assessment.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Science Strategy

ECETOC pursues its vision and mission according to a science
strategy that was launched in 2007 and revised in 2011. It is
divided into 10 science areas that are grouped according to five
main themes:

l Presence of chemicals in humans.
l Presence of chemicals in the environment.
l Effects in humans and ecosystems.
l Methods.
l Science of risk assessment.

Within these main themes, ECETOC has 10 strategic science
areas which cover a broad range of topics that are relevant to
the risk assessment of chemicals in humans and the environ-
ment. The work program is developed according to this strategy
with input from the membership.

ECETOC taskforces are generally required to review pub-
lished and proprietary literature in the context of specific
science questions or chemicals. These data are then the subject
of critical analysis and, according to the question, conclusions
or recommendations. These reports are peer reviewed by the
scientific committee prior to publication and remain the
conclusions of the task force.

Workshopreports represent amultipartiteproductwhich,while
initiated andmanaged by an ECETOC organizing committee, seek
the input of knowledgeable scientists from academia, public
research institutions, and the regulatory community. These work-
shops are normally held to discuss topical subjects in risk assess-
ment and to capture a range of scientific opinion. These reports
strive to capture thepresentations anddiscussionswhich tookplace
during theworkshopand to identify recommendationswhere there
is agreement among the participants.

Membership Criteria

Membership is based on the principle of scientific participa-
tion. Membership is open to companies involved in the
manufacture and use of chemicals (this includes, but is not
limited to, pharmaceuticals, industrial chemicals, consumer
products, agrochemicals, petrochemicals, etc.) or are involved
in research in areas which are directly relevant to the environ-
mental or human risk assessment of such materials.

Illustration
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Permissions

ECETOC logo: � ECETOC 2011

See also: Food Safety and Toxicology; EUROTOX; Society of
Environmental Toxicology and Chemistry; Genetic Toxicology;
International Union of Toxicology; Toxicology; Mixtures,
Toxicology, and Risk Assessment; Ecotoxicology; Aquatic
Ecotoxicology; Avian Ecotoxicology; Genetic Ecotoxicology;
Ecotoxicology, Aquatic Invertebrates; Ecotoxicology
Terrestrial; Ecotoxicology; Wildlife; Chemical Safety
Assessment and Reporting Tool (Chesar), REACH; Derived
Minimal Effect Level (DMEL); Derived No-Effect Level (DNEL);
The European Chemicals Agency; Environmental Exposure
Assessment; Environmental Risk Assessment, Aquatic;
Environmental Risk Assessment, Cosmetic and Consumer
Products; Environmental Risk Assessment, Marine;
Environmental Risk Assessment, Pesticides and
Biocides; Environmental Risk Assessment, Secondary
Poisoning; Environmental Risk Assessment, Terrestrial;
EU Risk Assessment Committees; European Food Safety
Authority (EFSA); Children’s Environmental Health; Acute
Health Exposure guidelines; Environmental Toxicology;
Nanotoxicology; Systems Biology Application in Toxicology;
Nonmammalian Models in Toxicology Screening.

Further Reading

ECETOC Publications can be downloaded from: http://www.ecetoc.org/publications.

List of Relevant web pages

ECETOC Website: www.ecetoc.org

http://www.ecetoc.org/publications
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The European Classification and Labeling (C&L) Inventory is
a database containing basic classification and labeling infor-
mation on more than 100 000 substances notified under
Regulation (EC) No. 1272/2008 (the CLP Regulation) or
registered under Regulation (EC) No. 1907/2006 (the REACH
Regulation). It also contains the list of European Union (EU)
harmonized classifications (as listed in Annex VI to the CLP
Regulation). The inventory is established and maintained by
the European Chemicals Agency (ECHA) and is publicly
available on the ECHA website (http://echa.europa.eu). The
creation of the C&L Inventory is stipulated in the CLP Regu-
lation and the inventory constitutes a new database on classi-
fications of chemicals which did not exist under previous
European legislations.
The Legal Basis of the European C&L Inventory

The CLP Regulation introduces the criteria of the Globally
Harmonized System (GHS) of Classification and Labeling of
Chemicals in the EU. The GHS criteria for classification and
labeling have been developed within the United Nations (UN)
with the aim to facilitate worldwide trade while protecting
human health and the environment. Overall, the classification
criteria are hazard based and require the identification of
properties of substances andmixtures leading to a classification
as hazardous. Such properties include physical hazards, human
health hazards, hazards to the aquatic environment, and
hazards to the ozone layer.

Article 40 of the CLP Regulation requires manufacturers and
importers of hazardous substances placed on the EU market
(either by themselves or in mixtures and irrespective of
production/import volume) and of all substances subject to
registration under the REACH Regulation to notify the classi-
fication and labeling information of their substances to ECHA
within 1 month of placing them on the EU market. The clas-
sification information should be based on the criteria con-
tained in the CLP Regulation, which are in line with those of
the UN GHS. ECHA in turn holds all the notified information
and maintains a classification and labeling inventory, which is
publicly accessible via its website (the C&L Inventory).

The publication in 2012 of the information in the C&L
Inventory revealed multiple classifications and labeling for the
same substance notified by different companies. The CLP
Regulation stipulates that when different classifications for the
same substance have been notified, the notifiers shall make
every effort to come to an agreement on the classification to be
included in the inventory and shall then inform ECHA
accordingly (Article 41 of the CLP Regulation). The publication
of the C&L Inventory was intended to make differences in the
classification and labeling of the same substance transparent
and to launch a process within industry to agree on the clas-
sification of substances (or identify cases where there are
legitimate reasons for different classifications).
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Substances Included in the European C&L Inventory

The majority of substances in the inventory are self-classified
substances. This means that the obligation to classify lies with
the manufacturer or importer of the substance, where they need
to apply the most appropriate classification based on all
available information, and notify ECHA. For about 8000
substances, an EU-harmonized classification has been agreed
upon in the past decades, and this must be applied by the
notifiers of the substance.
Notified Self-Classified Substances

Notification under the CLP Regulation refers to the obligation
on EU manufacturers and importers to submit certain classifi-
cation and labeling information of substances they are placing
on the EU market.

The following substances have to be notified to the C&L
Inventory:

l Substances classified as hazardous under the CLP Regula-
tion, which are placed on the EU market, irrespective of the
tonnage;

l Substances classified as hazardous under the CLP Regula-
tion, which are present in a mixture above the concentration
limits specified in Annex I of CLP or as specified in Directive
1999/45/EC, where relevant, which results in classification
of the mixture as hazardous, and where the mixture is
placed on the EU market, irrespective of the tonnage;

l Substances – also nonclassified substances – subject to
registration under the REACH Regulation, i.e., substances
manufactured or imported in volumes at or above
1 ton year�1, which are placed on the EU market. When the
substance is registered under REACH, the C&L information
from the registration will be transferred to the C&L
Inventory.

In addition to hazardous substances, the inventory there-
fore contains information on the most common nonhazardous
substances as well. However, the obligation to notify does not
apply to a number of substances and mixtures in the finished
state and intended for the final user or for uses for which there
is specific legislation in place. For example, radioactive mate-
rials, medicinal products, cosmetic products, and food and
feeding stuffs are not subject to notification.

Notification to the C&L Inventory is a continuous process.
Substances must be notified within 1 month of placing on
the market. Substances already on the EU market on 1
December 2010, when the CLP criteria had to be applied, had
to be notified by 3 January 2011. More than 3.5million noti-
fications were received at that time by ECHA, covering more
than 100 000 substances, and the database grows every day.
Thus, the inventory should include nearly all hazardous
substances on the market in the EU today. About a third of the
substances currently notified have previously been listed in
the EC inventory. Figure 1 shows a detailed breakdown of
4-3.00562-5 549
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Figure 1 A breakdown of available substance identifiers for substances included in the C&L Inventory. Only about a third of substances were previously
on the EC inventory while the majority (>90%) are included on the CAS registry. A small minority (<4%) are identified only by the notified IUPAC name.
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the substances included in the C&L Inventory, by available
substance identifiers.
Substances with an EU-Harmonized Classification
and Labeling

A process of harmonization of classification and labeling of
certain substances at the EU level has been ongoing for several
decades. The current list of substances with a harmonized C&L
can be found in Annex VI to the CLP Regulation. The C&L
Inventory displays the EU-harmonized classification and
labeling of a notified substance where available. Annex VI
currently includes more than 4000 entries for over 8000
substances. The classification and labeling included in this list
is legally binding within the European Union, but notifiers
should self-classify for hazard classes that are not included in
the substance entry on Annex VI.

Substances which have been identified as carcinogenic,
mutagenic, toxic to reproduction, or a respiratory sensitizer
normally require an EU-harmonized classification. In addition,
active substances in a biocidal or plant protection product
should also be considered for harmonization. For all other
substances for which a harmonization of classification at EU
level is sought, a justification for why action at community
level is required is needed.
Information Made Publicly Available in the Inventory

The European C&L Inventory contains information from all
notifications for substances for which there is at least one
hazardous notification (as defined in Article 119(1) of the
REACH Regulation). In addition, it contains all notifications
for substances previously included on the EC Inventory. The
following information is included:

l Substance identifiers: EC number, CAS number, IUPAC
name and/or EC name

l Classification information: Hazard Class and Category
Code(s), Hazard Statement Code(s), SCLs (Specific
Concentration Limits), M-Factors (Multiplying factors), and
Notes

l Labeling information: Hazard Statement Code(s), Supple-
mentary Hazard Statement Code(s), Pictograms and Signal
Word Code(s)

The information is made available per substance by
grouping the information provided by all notifiers for the same
substance (as identified by the same numerical identifiers
(EC number or CAS number)). If a harmonized classification
and labeling exists for the substance, all C&L information from
Annex VI to the CLP Regulation is displayed, along with the
Annex VI Index number and name.

Certain information from the notifications is not made
publicly available. This includes the contact details of the
notifiers and the composition and impurity profile of the
substances. In certain cases, the IUPAC name of the substance
may fall under a confidentiality claim and is therefore not
published.
Searching the Inventory

The C&L Inventory can be searched on the ECHA website, in
the section> Information on Chemicals> Search the C&L
Inventory Database. Searches can be made using both
substance identifiers and classification (Hazard Class and
Category Code(s) and Hazard Statement Code(s), see
Figure 2). Filling in both the classification options and
substance identifiers will further refine the search results.

The search results are displayed by substance. The list of
matching substances contains the Annex VI Index number, EC
number, CAS number, and substance name in separate
columns (see Figure 3). The search results can be sorted by all
columns.

For each substance in the inventory, there is an overview
page and detail pages. By clicking on the ‘View’ icon for
a substance in the search results, the user is directed to the
overview page for that substance. The overview page shows the
harmonized classification and labeling (if any), followed by
a consolidated view of selected information submitted in
notifications and REACH registrations (see Figures 4 and 5).

For display purposes, all notifications and REACH regis-
trations which classify and label the same substance in the
same way have been consolidated. The overview page indicates
for each C&L the number of notifiers having submitted this
C&L as well as a summary of the notified C&L (see Figure 5).
The overview page also indicates – with a tick in the ‘Joint
entries’ column –whether the classification is submitted as part
of a joint submission for this substance under the REACH
Regulation. REACH registration dossiers, including study
summaries supporting the derivation of the C&L, are publicly
available elsewhere on the ECHA website.

In many cases, there are multiple classifications notified for
the same substance. This could be due to, for example, different
composition, form or physical state of the substance placed on
the market, or different information available to the notifiers.
By clicking the ‘View’ icon for a particular C&L on the overview
page, the user is directed to the details page. This page details



Figure 2 A screenshot of the search functionalities included in the C&L Inventory. Searches can be made using substance identity or classification
or a combination of both.

Figure 3 The search results are displayed at the bottom of the search page and are substance based. All columns can be sorted for easy identification
of the substance of concern.
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the reason for no classification within a certain hazard class, the
physical state and form of the substance, and any additional
hazard statements.

The C&L Inventory can also be searched using the general
‘Search for Chemicals,’ available on the ECHA main webpage,
using a numerical substance identifier or substance name. In
addition to showing results in the C&L Inventory, this general
search also shows whether further information on a particular
substance has been made available to ECHA, such as infor-
mation submitted as part of a registration dossier under
REACH, a proposal for harmonization of C&L, or a dossier for
a Substance of Very High Concern.
Summary and Outlook

The European C&L Inventory represents the largest database of
self and harmonized (within the EU) classified substances
today and is unique in the world in terms of its scope. Its
publication constitutes an important first step in hazard
communication and may in the long term help improve the
safe use of hazardous substances by consumers, professional
users, and industrial workers. The C&L Inventory serves
multiple purposes; it is a tool for hazard communication and
a source of basic information on classified substances and on
nonclassified substances subject to registration which are
placed on the market, for the general public, EU Member State
Competent Authorities, and suppliers under CLP and REACH.
The inventory also reveals disagreement on the classification
and labeling of the same substance, thus promoting further
discussion, evaluation needs, or the need for harmonization of
a particular classification and labeling of a substance. Lastly, it
is an important tool for risk management, e.g., when EU
Member State Competent Authorities assess the need
for potential authorizations and restrictions of hazardous
substances under REACH.

While most of substances in the C&L Inventory only have
one classification, several have multiple classifications and



Figure 4 When a substance is included on Annex VI to the CLP Regulation, the harmonized classification and labeling is displayed at the top of the
overview page for that substance. The harmonized classification is legally binding within the EU.

Figure 5 All identical notifications are consolidated for ease of use. A summary of the consolidated notifications is displayed in the overview page for
each substance. The number of notifiers behind each aggregation is indicated, as well as whether the C&L originates from a joint submission to the REACH
registration process.
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labeling supplied by different notifiers and registrants. Industry
is encouraged to use the information included in the inventory
as a common ground for discussions between companies to
reach agreement on the self-classification and labeling of
hazardous substances. In general, improvement of the quality
of the content of the C&L Inventory is only possible with the
joint effort of the concerned parties.

In order to support notifiers in fulfilling their obligations
under CLP (Article 41), ECHA will implement a web-based
discussion platform (the ‘C&L Platform’) to allow notifiers to
come into contact with each other and to agree on a common
classification and labeling, where appropriate. Once agreement
is reached, notifiers and registrants would then update their
notifications which will be reflected in the C&L Inventory on
ECHA website. This should increase the reliability of infor-
mation published in the inventory.

Authorities and other stakeholders will be able to follow
the developments with regard to the agreement on the classifi-
cation of substances and – where found necessary – proposals
for a legally binding harmonized classification in Annex VI of
the CLP Regulation can be submitted in accordance with Article
36(3) of the CLP Regulation.
See also: Candidate List of Substances of Very High Concern
(SVHC), REACH; The European Chemicals Agency; The
Globally Harmonized System for Classification and Labeling
of the GHS; REACH; REACH-IT.

Further Reading

ECHA, 2009. Introductory Guidance on the CLP Regulation. ECHA-09-G-01-EN.
Available from: http://echa.europa.eu/documents/10162/13562/clp_introductory_
en.pdf.

UN, 2011. Globally Harmonized System of Classification and Labeling of Chemicals
(GHS, Rev. 4) ST/SG/AC.10/30/Rev. 4. Available from: http://www.unece.org/
trans/danger/publi/ghs/ghs_rev04/04files_e.html.
Relevant Websites

www.echa.europa.eu – European Chemicals Agency website.
http://www.unece.org/trans/danger/publi/ghs/ghs_welcome_e.html – United Nations

Globally Harmonized System website.

http://echa.europa.eu/documents/10162/13562/clp_introductory_en.pdf
http://echa.europa.eu/documents/10162/13562/clp_introductory_en.pdf
http://www.unece.org/trans/danger/publi/ghs/ghs_rev04/04files_e.html
http://www.unece.org/trans/danger/publi/ghs/ghs_rev04/04files_e.html
http://www.echa.europa.eu
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Introduction

The European Food Safety Authority (EFSA) is one of the inde-
pendent European agencies. Funded by the European Union
(EU) budget as a decentralized agency, it operates separately
from the European Commission, the European Parliament, and
the EU Member States. EFSA was created as part of a compre-
hensive program to improve the EU food safety, following
a series of food crises in the late 1990s. The proposal was raised
in the European Commission White Paper on Food Safety
published in 2000, which suggested transferring the competen-
cies related to the risk assessment and risk communication to
a European Authority, while the legislative and risk management
task should be retained by the Commission.

The EFSA was set up in January 2002, through Regulation
(EC) No 178/2002 of the European Parliament and of the Council of
28 January 2002 laying down the general principles and requirements
of food law, establishing the EFSA, and laying down procedures in
matters of food safety. The aim was to ensure a high level of
consumer protection and restore andmaintain confidence in the
EU food supply. EFSA produces scientific opinions and advice to
provide a sound foundation for European policies and legisla-
tion and to support the European Commission, the European
Parliament, and the EU Member States in taking effective and
timely risk management decisions. Despite the formal name of
Authority, EFSA does not have regulatory or legislative compe-
tences; it is an independent source of scientific advice and
communication on risks associated with the food chain. In this
way, EFSA supports the decision-making process, which is done
by the European Commission and the Member States.

A large part of EFSA’s work is undertaken in response to
specific requests for scientific advice. Requests for scientific
assessments are received from the European Commission, the
European Parliament, and the EU Member States. EFSA also
undertakes scientific work on its own initiative, so-called self-
tasking. EFSA advice gives a solid scientific foundation for
adopting or revising the European legislation on food or feed
safety, deciding whether to approve regulated substances such
as pesticides and food additives, or developing new regulatory
frameworks and policies, for instance, in the field of nutrition.
EFSA’s remit covers food and feed safety, nutrition, animal
health and welfare, plant protection, and plant health. In
carrying out its work, EFSA also considers the possible impact
of the food chain on the biodiversity of plant and animal
habitats. The Authority performs environmental risk assess-
ments of genetically modified crops, pesticides, feed additives,
and plant pests. In developing its scientific opinions, EFSA
follows a workflow that runs from the moment EFSA receives
a request for scientific advice or initiates its own activity to the
moment it publishes and communicates its scientific findings.
EFSA has developed a comprehensive body of risk assessment
practices to guide its Scientific Panel and Committee experts to
help ensure EFSA opinions respect the highest scientific stan-
dards. EFSA implements a quality assurance system to contin-
ually review and strengthen the quality of its scientific work.
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EFSA’s most critical commitment is to provide objective and
independent science-based advice and clear communication
grounded in the most up-to-date scientific information and
knowledge. EFSA also works with the EU Member States to
gather, share, and analyze the EU-wide scientific data sup-
porting the risk assessments on food safety issues. Public
consultations and calls for data are also launched to gather
information from external sources.
Organization

EFSA is governed by an independent Management Board
whose members are appointed by the Council, in consultation
with the European Parliament, from a list drawn up by the
Commission. The 15-member Board sets EFSA’s budget,
approves the annual work program, and is responsible for
ensuring that EFSA functions effectively and efficiently, delivers
its mandate as defined in the founding Regulation, and meets
the expectations of European and national institutions, stake-
holders, and the public.

The legal representative of the Authority is the Executive
Director (ED). The ED is responsible for all operational
matters, staffing issues, and drawing up the annual work
program in consultation with the European Commission, the
European Parliament, and the EU Member States.

An Advisory Forum connects EFSA with the national food
safety authorities of all 27 EU Member States, Iceland and
Norway, and observers from Switzerland. The Forum consti-
tutes a mechanism for exchange of information on potential
risks and the pooling of knowledge. Members use the Forum to
advise EFSA on scientific matters, its work program, and prior-
ities, and to address emerging risk issues as early as possible. The
Advisory Forum members are supported by Focal Points acting
as interfaces between EFSA and the national food safety
authorities and facilitating outreach in the Member States.
Scientific Activities: EFSA Scientific Committee and
Panels

The Scientific Committee and the Panels are responsible for
EFSA’s risk assessment work, including delivering scientific
opinions. They are composed of independent scientific experts
with a thorough knowledge of the risk assessment from
universities, research institutions, and national food safety
authorities. All members are appointed through an open
selection procedure on the basis of proven scientific excellence,
including experience in risk assessment and peer-reviewing
scientific work and publications.

Each Scientific Panel focuses on a different area of the food
and feed chain as follows:

l Additives and products or substances used in animal feed
(FEEDAP)
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00563-7
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l Animal health and welfare (AHAW)
l Biological hazards (BIOHAZ), including Bovine Spongiform

Encephalopathy-Transmisible Spongiform Encephalopathy
(BSE-TSE)-related risks

l Contaminants in the food chain (CONTAM)
l Dietetic products, nutrition, and allergies (NDA)
l Food additives and nutrient sources added to food (ANS)
l Food contact materials, enzymes, flavorings, and processing

aids (CEF)
l Genetically modified organisms (GMO)
l Plant health (PLH)
l Plant protection products and their residues (PPR).

The Scientific Committee has the task of supporting the
work of the Panels on crosscutting issues and scientific matters
of a horizontal nature. It focuses on developing harmonized
risk assessment methodologies in fields where the EU-wide
approaches are not yet defined.

The activity of the Scientific Committee and the Panels is
supported by three Science Directorates.

The Science Strategy and Coordination Directorate takes
strategic leadership of EFSA’s scientific activities and the
implementation of the Authority’s science strategy. It coordi-
nates, together with the two operational scientific Directorates,
EFSA’s risk assessment activities and manages crosscutting
scientific issues. The Directorate organizes and relies on the
work of the Scientific Committee and the Advisory Forum. It
also fosters cooperation with national and international part-
ners by supporting cooperation with the EUMember States and
at the international level, as well as by consolidating dialog
with stakeholders.

The Risk Assessment and Scientific Assistance Directorate
carries out risk assessments on general health and safety
priorities in areas such as biological hazards, chemical
contaminants, plant health, and animal health and welfare. Its
units focus on the following specific areas:

l Animal health and welfare, including support to the AHAW
Panel

l Biological hazards, including support to the BIOHAZ
Panel

l Biological monitoring
l Contaminants, including support to the CONTAM Panel
l Dietary and chemical monitoring
l Plant health, including support to the PLH Panel
l Scientific assessment support
l Scientific Evaluation of Regulated Products.

The Scientific Evaluation of Regulated Products Directorate
supports EFSA’s work in the evaluation of substances, prod-
ucts, and claims intended to be used in the food chain in
order to protect public, plant, and animal health as well as the
environment. Its units focus on the following specific areas:

l Feed, including support to the FEEDAP Panel
l Food ingredients and packaging, including support to the

ANS Panel and CEF Panel
l GMO, including support to the GMO Panel
l Nutrition, including support to the NDA Panel
l Pesticides, responsible for the EU peer review of active

substances used in pesticides, scientific advice on setting
Maximum Residue Levels, and support to the PPR Panel.
The EFSA Scientific Strategy has identified four key strategic
objectives for the period 2012–16:

l further develop excellence of EFSA’s scientific advice;
l optimize the use of risk assessment capacity in the EU;
l develop and harmonize methodologies and approaches to

assess risks associated with the food chain; and
l strengthen the scientific basis for risk assessment and risk

monitoring.

The EFSA Journal, an open-access, online scientific journal,
publishes the scientific outputs of the EFSA. In addition, EFSA
can publish supporting publications, including technical
reports, external scientific reports, and event reports on its
website.
EFSA Communication Activities

Communicating on risks associated with the food chain is a key
element of the EFSA’s mandate. By communicating on risks in
an open and transparent way based on the independent
scientific advice of its scientific expert panels, EFSA contributes
to improving food safety in Europe and to building public
confidence in the way risk is assessed.

One of EFSA’s key responsibilities is to communicate the
food and feed safety advice to its principal partners, stake-
holders, and the public at large in a timely, clear, and helpful
way, to help bridge the gap between science and the consumer.

Scientific results cannot always be easily converted into
simple guidelines and advice that nonscientists like the public
or the media can easily understand or follow. EFSA seeks to
raise awareness and further explain the implications of its
scientific assessments by:

l Analyzing the public perception of risks linked to food;
l Explaining and contextualizing risk, supported by the

insights from the Authority’s Advisory Group on Risk
Communications;

l Working with key actors including national authorities,
stakeholders, and media (see the Advisory Forum Working
Group on Communications and Stakeholder Consultative
Platform) to relate messages to different audiences; and

l Ensuring consistency by coordinating communications
with other risk assessment bodies and risk managers such as
the European Commission and the EU Member States.

To meet this responsibility, EFSA uses online and offline
communications tools, including the corporate website, web-
casting, participation in events and conferences, a variety of
hard copy publications and information materials, press
events, and information for the media such as press releases
and news alerts. These tools are employed within a coherent
and periodically reviewed strategic framework that underpins
the Authority’s overall work plan.

Since 2006, EFSA’s overall approach to communications
activities has been defined in its Communications Strategy.
The Communications Strategy sets out the following key
priorities:

l Simplicity and transparency – increase relevance and
understanding of EFSA communications for key target
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audiences and informed lay audiences, in cooperation with
the Member States.

l Independence – augment proactive communications on the
independence of EFSA’s risk assessment advice.

l Visibility and outreach – enhance outreach, in the EU and
beyond, by increasing awareness and recognition of EFSA
and its role and work as risk assessor.

l Coherence – further increase the coherence of risk
communications across the EU and beyond.

l Dialog – enhance dialog with stakeholders and increase
audience interactivity.

In support of these priorities, EFSA is implementing its
communications activities in key thematic areas, thereby
increasing their impact and effectiveness. The choice of themes
and timeframes should reflect both European consumer
concerns and public health priorities. Cooperation with the
Member States and stakeholders both in identifying themes
and implementing the related communications activities is
a crucial success factor.

In July 2012, EFSA published the risk communication guide-
lines entitledWhen Food Is Cooking Up a Storm – Proven Recipes for
Risk Communications. The publication, a joint initiative with
national food safety agencies, was designed tomeet a recognized
need for a practical guidance on communicating risk.

One of the priorities of EFSA’s overall Strategic Plan for
2009–13 is “.to reinforce confidence and trust in EFSA and
the EU food safety system through effective communications
and dialogue with partners and stakeholders.”Working toward
this goal, the 2010–13 Communications Strategy builds on
past experience, learning from consumer research and quali-
tative research carried amongst EFSA’s target audiences, as well
as changes in organizational vision, strategy, and working
practices at EFSA. It also responds to external challenges based
on the known food safety concerns and priorities of the
Authority’s partners, stakeholders, and the general public.

The Communications Directorate is responsible for the
implementation of the communications strategy and the risk
communication activities. The directorate is structured into
two units: the Editorial and Media Relations unit and the
Communications Channels unit. The Editorial and Media
Relations unit defines communications approaches, key
messages, and content for dissemination through integrated
communications activities developed and implemented by
the Channels unit across all communications channels
and tools.
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efsa.europa.eu/en/keydocs/docs/commstrategyperspective2013.pdf.

EFSA Risk Communication Guidance: When food is cooking up a storm proven recipes
for risk communications. Available at: http://www.efsa.europa.eu/en/corporate/
doc/riskcommguidelines.pdf.

EFSA Scientific Strategy. Available at: http://www.efsa.europa.eu/en/corporate/doc/
sciencestrategy12.pdf.
Relevant Websites
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The European Medicines Agency (EMA) is a decentralized body
of the European Union, located in London. Its main respon-
sibility is the protection and promotion of public and animal
health, through the evaluation and supervision of medicines
for human and veterinary use.

l The Agency is responsible for the scientific evaluation of
applications for European marketing authorizations for
both human and veterinary medicines (centralized proce-
dure). Under the centralized procedure, companies submit
a single marketing-authorization application to the Agency.
Once granted by the European Commission, a centralized
(or ‘Community’) marketing authorization is valid in all
European Union (EU) and EEA-EFTA states (Iceland,
Liechtenstein, and Norway).

l All medicines for human and animal use derived from
biotechnology and other high-tech processes must be
approved via the centralized procedure. The same applies to
all advanced-therapy medicines and human medicines
intended for the treatment of HIV/AIDS, cancer, diabetes,
neurodegenerative diseases, auto-immune and other
immune dysfunctions, and viral diseases, as well as to all
designated orphan medicines intended for the treatment of
rare diseases. Similarly, all veterinary medicines intended
for use as performance enhancers in order to promote the
growth of treated animals or to increase yields from treated
animals have to go through the centralized procedure.

l For medicines that do not fall under any of the above-
mentioned categories, companies can submit an applica-
tion for a centralized marketing authorization to the
Agency, provided the medicine constitutes a significant
therapeutic, scientific or technical innovation, or is in any
other respect in the interest of patient or animal health.

l The Agency constantly monitors the safety of medicines
through a pharmacovigilance network, and takes appro-
priate actions if adverse drug reaction reports suggest that
the benefit-risk balance of a medicine has changed since it
was authorized. For veterinary medicines, the Agency has
the responsibility to establish safe limits for medicinal
residues in food of animal origin.

l The Agency also plays a role in stimulating innovation and
research in the pharmaceutical sector. The Agency gives
scientific advice and other assistance to companies for the
development of new medicines. It publishes guidelines on
quality-, safety, and efficacy-testing requirements. A dedicated
small- and medium-sized enterprise (SME) Office, estab-
lished in 2005, provides special assistance to SMEs.

l Seven scientific committees, composed of members of all
EU and EEA-EFTA states, some including patients’ and
doctors’ representatives, conduct the main scientific work
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
of the Agency: the Committee for Medicinal Products for
Human Use (CHMP), the Pharmacovigilance Risk Assess-
ment Committee (PRAC), the Committee for Medicinal
Products for Veterinary Use (CVMP), the Committee for
Orphan Medicinal Products (COMP), the Committee on
Herbal Medicinal Products (HMPC), the Pediatric
Committee (PDCO), and the Committee for Advanced
Therapies (CAT).

l The Agency works with a network of European experts who
serve as members of the Agency’s scientific committees,
working parties or scientific assessment teams. These experts
are made available to the Agency by the national competent
authorities of the EU and EFTA states.

l The Agency can be considered as the ‘hub’ of a European
medicines network comprising over 40 national competent
authorities in 30 EU and EEA-EFTA countries, the European
Commission, the European Parliament, and a number of
other decentralized EU agencies. The Agency works closely
with its European partners to build the best possible regu-
latory system for medicines for Europe and protect the
health of its citizens.

l In view of the continuing globalization of the pharmaceu-
tical sector, the Agency works to forge close ties with partner
organizations around the world, including the World
Health Organization and the regulatory authorities of non-
European nations. The Agency is continually involved in
a wide range of cooperation activities with its international
partners, designed to foster the timely exchange of regula-
tory and scientific expertise and development of best prac-
tices in the regulatory field.

l The Agency is also involved in referral or arbitration
procedures relating to medicines that are approved or under
consideration by Member States in noncentralized autho-
rization procedures.

l The Agency is headed by an executive director and has
a secretariat of approximately 551 full-time staff (2011
figure). The Management Board is the supervisory body
of the Agency, responsible, in particular, for budgetary
matters.

See also: The National Library of Medicine and Its Toxicology
and Environmental Health Information Program; Veterinary
Toxicology.
Relevant Website

http://www.ema.europa.eu
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The European Union (EU) is a unique economic and political
partnership between European countries. Since May 1, 2004, it
consists of 27 member states including Austria, Belgium,
Bulgaria, Czech Republic, Denmark, Germany, Estonia, Greece,
Spain, France, Ireland, Italy, Cyprus, Latvia, Lithuania,
Luxembourg, Hungary, Malta, the Netherlands, Poland,
Portugal, Romania, Slovenia, Slovakia, Finland, Sweden, and
the United Kingdom.

The EU was created in the aftermath of the World War II.
The first steps were to foster economic cooperation: countries
that trade with one another are economically interdependent
and will thus avoid conflict.

Since then, the union has developed into a huge single
market with the euro as its common currency. What began as
a purely economic union has evolved into an organization
spanning all areas, from development aid to environmental
policy.

The EU actively promotes human rights and democracy and
has the most ambitious emission reduction targets for fighting
climate change in the world. With abolition of border controls
between EU countries, it is now possible for people to travel
freely within most of the EU countries. It has also become
much easier to live and work in another EU country.
EU-Wide Decision-Making Institutions

There are five EU-wide institutions, each with a specific role:

l The European Parliament (EP) is elected by the people
within member states every five years. The EP’s principal
roles include examining and adopting European legislation
(where the codecision procedure applies, the EP shares this
power equally with the Council of Ministers)

l Approving the EU budget
l Exercising democratic control over the other EU institutions
l Assenting to important international agreements such as the

accession of new EUmember states and trade or association
agreements between the EU and other countries

The EP has parliamentary committees to deal with par-
ticular issues, for example, foreign affairs, budgets, and the
environment.

l The European Council, representing the governments of the
member states, is the main legislative and decision-making
body in the EU. It brings together the heads of state or prime
ministers of the member state governments or their repre-
sentatives. It is the body in which the representatives of
member state governments can express their interests and
can reach decisions, including compromises. The Council
prepares its decisions at the level of ambassadors and
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working groups under the ambassadors. The Council,
together with the EP, sets the rules for all the activities of the
EU. It seeks to cover the single market and most of the EU’s
common policies, and guarantees freedom ofmovement for
goods, persons, services, and capital. In addition, the
Council is the main EU institution responsible for inter-
governmental cooperation on common foreign and security
policy and on justice and home affairs.

l The European Commission, the driving force and executive
body of the EU, is the institution where much of the EU’s
day-to-day work is done. It drafts proposals for new Euro-
pean laws, which it presents to the EP and the Council. The
Commission has the right of initiative for European
instruments and supervises the way EU funds are spent. It
also sees that all countries abide by the European treaties
and European law. The president is chosen by the govern-
ments of the EU member states and must be approved by
the EP. Other members are nominated by the member
governments in consultation with the incoming president
and their nomination must also be endorsed by the EP.

l The Court of Justice ensures compliance with the common
rules in the EU, and settles disputes over how the EU treaties
and legislation are interpreted. Member state courts may ask
the Court of Justice when they are in doubt about how to
apply EU rules. Individual persons can also bring proceed-
ings against EU institutions before the Court.

l The Court of Auditors controls the sound and lawful
management of the EU-wide budget. The funds available to
the EU must be used legally, economically, and for the
intended purpose.
Addressing Environmental and Safety Needs
and Issues Within the EU

Many environmental and safety issues in Europe could not be
tackled without joint action by all EU countries. For example,
the EU’s European Environment Agency gathers information
on the state of the EU environment, enabling protective
measures and laws to be based on solid data, and the European
Chemicals Agency (ECHA) has been created to work on and
implement the EU regulation that covers rules for the human
and environmental safety of the uses of and exposures to
chemicals, called the Registration, Evaluation, Authorization of
Chemicals (REACH).

In all, the EU has adopted over 200 environmental protec-
tion directives that are applicable in all member states. Most of
the directives are designed to prevent air and water pollution
and to ascertain sound waste disposal. Other major issues
include nature conservation and the supervision of dangerous
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00605-9
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industrial processes. The EU wants transport, industry, agri-
culture, fisheries, energy, and tourism to be organized in such
a way that they can be developed without destroying natural
resources and leading to sustainable development. For
example, the EU air quality has improved of the EU decisions
in the 1990s to put catalytic converters into all cars and to get
rid of the lead added to gasoline.
The General Product Safety Directive

The safe uses of chemicals in consumer products and articles
(e.g., in toys, clothing, and furniture) are covered in part by the
General Product Safety Directive (GPSD), revised in 2004. The
GPSD includes a rapid exchange (RAPEX) notifications system
to quickly share suspected or known safety issues about
nonfood consumer products between member states. The
European Commission typically receives several safety alerts
each week via RAPEX. Among the dangers presented are the risk
of choking and suffocation, electric shock and fire. The types of
products most often found in these alerts are toys, followed by
electrical appliances. The EU has a separate rapid alert system
for food safety, which also makes available weekly summaries
of alerts.
The European Commission’s Joint Research Center

The European Commission’s Joint Research Center (JRC) is
a source of independent scientific and technical reference for
European policy makers, serving the European Commission,
the EP, the Council, and the member states. The JRC’s seven
scientific institutes carry out research of direct concern to EU
citizens, working with industry, universities, other research
institutes, and member states. The JRC is among the European
Commission’s 33 Directorates General (DGs). The seven JRC
institutes are the Institute for Health and Consumer Protection
(IHCP), the Institute for Environment and Sustainability (IES),
and the Institute for Protection and Security of the Citizen
(IPSC) in Ispra, Italy, the Institute for Reference Materials and
Measurements (IRMM) in Geel, Belgium, the Institute for
Transuranium Elements (ITU) in Karlsruhe, Germany, the
Institute for Energy (IE) in Petten, the Netherlands, and the
Institute for Prospective Technological Studies (IPTS) in Seville,
Spain.

The JRC’s IHCP includes the European Centre for the Vali-
dation of Alternative Testing Methods (ECVAM), an interna-
tional reference center for the development and scientific
acceptance of alternative testing methods to replace, reduce,
and refine the use of laboratory animals. IHCP also includes
the Physical and Chemical Exposure (PCE) Unit providing
scientific understanding, information, and assessment tools to
support the Commission’s services in evaluating and quanti-
fying exposure and risk assessments for environmental stressors
such as chemicals, biological contaminants, radiation, and
noise. The PCE’s work includes a new European information
system on risks of exposures to chemicals in consumer prod-
ucts and articles (EIS-ChemRisks). This effort serves as a Euro-
pean-wide expert and stakeholders network of networks to
systematically exchange and assess information on risks from
chemicals released from consumer products/articles. EIS-
ChemRisks supports the GPSD and may provide technical
support to the relevant aspects of REACH.

Furthermore, as part of EIS-ChemRisks, the PCE is estab-
lishing a single web-based gateway to all major European
initiatives in the field of human exposure to chemicals con-
tained and released from products/articles. This gateway is
being designed to act as an interactive EU-wide information
source and a common communication tool for the user society
to develop and continuously update reference data and tools,
and includes the European Exposure Assessment Toolbox as
a set of tools and reference data to enable harmonized exposure
assessment procedures within the EU. Working areas of the
previous European Chemicals Bureau (ECB) have now been
transferred to the ECHA. They include providing scientific and
technical support to the development, implementation, and
monitoring of EU policies on dangerous chemicals. It also
supports the development and harmonization of testing
methods such as quantitative structure–activity relationships,
the legal classification and labeling of substances; the
management of risk assessment of substances; the notification
of substances; the authorization of biocides; and information
exchange on the import and export of dangerous substances.

The European Chemical Substances Information System
(ESIS) serves as a portal to the existing chemicals data sets
maintained by ECB. ESIS includes information related to the
European Inventory of Existing Chemicals (EINECS), the
European List of Notified Chemical Substances (ELINCS), High
Production Volume Chemicals (HPVCs) and Low Production
Volume Chemicals (LPVCs), Classification and Labeling,
IUCLID (International Uniform Chemical Information Data
Base) Chemical Data Sets, and the EU’s chemical risk assess-
ment process. IUCLID is the basic tool for data collection and
evaluation within the EU Risk Assessment Programme, as well
as under the Organisation for Economic Cooperation and
Development (OECD) Existing Chemicals Program. The risk
assessment reports are extensive documents written in first draft
by EU member states, and the ECB also mediates meetings that
attempt to reach consensus on the conclusions of the risk
assessments. Furthermore, the IHCP’s Biomedical Materials
and Systems (BMS) Unit conducts applied and exploratory
research studies in the area of bioengineering, materials and
surface sciences, medical photonics, and nuclear technology for
health applications. The IHCP’s Biotechnology and Genetically
Modified Organisms (GMOs) Unit provides scientific and
technical support to EU legislation in biotechnology through
the development, validation, and harmonization of detection
methods of GMOs and genetically modified foods.
The European Pollutant Emission Register

Another example of an EU-wide database is the European
Pollutant Emission Register (EPER), developed in 2004 as the
first European-wide register of industrial emissions into air
and water. Member states have to produce a triennial report on
the emissions of industrial facilities into the air and waters,
and the report covers 50 pollutants. EPER gives access to
information on the annual emissions of thousands of indus-
trial facilities in the member states as well as Norway. It gives
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easy access to information on uses, by pollutant, activity
(sector), air and water (direct or via a sewerage system), or by
country. In addition, it is possible to see detailed data on
individual facilities by searching by name or by clicking on
a map. Users can also look for the sources of a particular
pollutant. The European Commission has made these data
publicly accessible on a website hosted by the European
Environment Agency (EEA).
Support of Research

The EU has been increasingly active in helping European
research to achieve scientific excellence. In a variety of sectors
covering the whole spectrum of modern technology, the EU
finances projects undertaken by research centers, universities,
and industry. The emphasis is on putting research and inno-
vation to work for precise socioeconomic objectives, such as
job creation and improved quality of life. Current research
priorities include, among others, life sciences, nanotechnology,
space, food quality, sustainable development, and the knowl-
edge-based society. The European Commission has multiyear
Framework Programs for Research, for example, the 7th
Framework Program (2007–13), which supports research in
toxicology, risk assessment, technological development, and
numerous other areas. The 8th Framework Programme,
horizon 2010, is currently (early 2012) in preparation.

See also: EU Risk Assessment Committees; The European
Classification and Labeling (C&L) Inventory; European Food
Safety Authority (EFSA); EUROTOX; Food Safety and
Toxicology; International Union of Toxicology; National Center
for Environmental Health-ATSDR; National Center for
Toxicological Research, US; The National Institute of
Environmental Health Sciences; National Institutes of Health;
National Institute for Occupational Safety and Health; Society of
Environmental Toxicology and Chemistry; Society of
Toxicology; The European Chemicals Agency.

Further Reading

European Commission, See index pages of The European Union at a Glance, EU
News, Environment Directorate-General, Food Safety, Health and Consumer
Protection Directorate-General, Health and Consumer Protection Directorate-
General, Calls for Research Tenders, Risk Assessment Activities. http://
europa.eu

European Commission, European Chemicals Agency, all information on the REACH
regulation and its technical and supporting instruments. http://echa.europa.eu.

7th European Framework Programme. http://ec.europa.eu/research/fp7/index_en.cfm

Relevant Websites

Joint research Centre: http://esis.jrc.ec.europa.eu/ European Commission, Institute for
Health and Consumer Protection (IHCP) website. http://ihcp.jrc.it

European Pollutant Emission Register (EPER). http://www.eper.cec.eu.int

http://europa.eu
http://europa.eu
http://echa.europa.eu
http://ec.europa.eu/research/fp7/index_en.cfm
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Introduction

EUROTOX is the Federation of European Toxicologists and
European Societies of Toxicology, which together have
approximately 7000 members. In addition, EUROTOX counts
more than 200 individual members from 50 countries.

Historically, EUROTOX has its roots in the European
Society for the Study of Drug Toxicity, which was founded in
1962 in Zurich. The first annual scientific meeting was held in
1963 in Paris, at which occasion also the statutes of the new
society were adopted. As the interests of the society started to
extend into toxicology areas other than drug toxicology, it was
decided to change the name into European Society of Toxi-
cology (EST). This was done at the scientific meeting in 1974 in
Carlsbad.

In the late 1970s and early 1980s, national toxicology
societies grew rapidly, both in number and in membership.
Thus, 14 national societies of toxicology (Finland, France, the
German Federal Republic, the German Democratic Republic,
Hungary, Ireland, Italy, The Netherlands, Norway, Poland,
Spain, Sweden, Switzerland, and the United Kingdom) and EST
decided to establish the Federation of European Societies of
Toxicology (FEST), which was done at the EST congress in
Kuopio, 1985.

As this soon turned out to create unnecessary duplications,
EST changed its statutes, adopted the name EUROTOX, and
EST and FEST merged at the fifth IUTOX Congress in Brighton,
1989. In the years thereafter, EUROTOX grew steadily, now
encompassing also Austria, Belgium, Bulgaria, Croatia, Czech
Republic, Denmark, Estonia, Greece, Latvia, Former Yugoslav
Republic of Macedonia, Portugal, Romania, Russia, Slovak
Republic, Slovenia, Turkey, Ukraine, and Serbia.
Statutes

The EUROTOX Statutes were first approved at the Business
Meeting of the European Society of Toxicology and at the
Council Meeting of the Federation of European Societies of
Toxicology during the EUROTOX’88 Congress in Munich.
A second revision was further approved by the Individual
Members in the Spring, 1996, and the Business Council
Meeting on 24 September 1996, in Alicante (Spain). The third
revision was approved by the Business Council Meeting on 17
September 2002, in Budapest (Hungary), while the fourth
revision was approved by the Business Council Meeting on 13
September 2006, in Dubrovnik/Cavtat (Croatia). The fifth
revision, which is now valid, was approved by the Individual
Members in the Spring in 2007.

According to Article 8 of EUROTOX Statutes, the powers of
EUROTOX are vested in the following bodies:

The Business Council
The Executive Committee
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
The Auditors
The Nomination Committee
Only members of EUROTOXmay be appointed to one or more

of these bodies.

The Business Council (article 11.1) is competent to:

l Approve the minutes of previous Business Council Meetings
l Decide upon organizers and locations of annual EUROTOX

congresses
l Approve the annual statement of the account
l Set the annual fees
l Elect the Officers of the Executive Committee
l Elect Honorary Members
l Elect the Auditors
l Admit and exclude Members
l Elect the Nomination Committee
l Change the Statutes
l Approve the Operational Guidelines
l Raise any question and prepare any recommendation that

Members of EUROTOX wish to convey to the Business
Council or the Executive Committee.

The Executive Committee comprises (article 12.1) at least
seven and not more than 11 members: the President, the Vice-
President, the Past-President, the Secretary-General, the Trea-
surer, and at least two other members and is responsible,
according to article 12.2, for the conduct of the affairs of
EUROTOX. The President, the Secretary-General, and the
Treasurer shall represent EUROTOX in its dealings with third
parties. Members of the Executive Committee cannot act as
delegates at Business Council Meetings (article 12.4.)

The functions of the Executive Committee (article 14.1) are
to administer the affairs of EUROTOX in accordance with its
Statutes and Operational Guidelines, such as:

l Propose organizers, locations, and topics of annual
congresses of EUROTOX

l Convene Business Council Meetings
l Prepare reports for Business Council Meetings
l Supervise elections
l Draw up the annual accounts
l Implement resolutions passed by the Business Council
l Keep a register of the membership
l Appointment of Corporate Members

The Auditors (article 16.1) study the financial records of the
past year made available by the Treasurer and decide whether
these are a true reflection of the financial situation of EUROTOX
in that year. The report of the Auditors on the past financial year
shall be made available at the next Business Council Meeting.

The Nomination Committee (article 18.1) is responsible for
proposing candidates (up to two for each position) to hold
office in the Executive Committee. They pay appropriate
attention to a balanced geographical distribution of the
proposed officers within Europe. Proposals are made known to
4-3.00312-2 561
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the Secretary-General at least 2 months before the scheduled
Business Council Meeting at which the election is to take place.
The Nomination Committee is responsible for proposing
Delegates to represent the Individual Members.
Organization and Activities

EUROTOX aims to foster toxicology, both scientifically and
educationally, in all countries of Europe. To this, EUROTOX
organizes an annual scientific congress, workshops, and post-
graduate training courses. For that purpose, several subcom-
mittees are in force in order to assist the Executive Committee
in its tasks, namely:

l The Communication Subcommittee
l The Education Subcommittee
The Registration Subcommittee

The Corporate Subcommittee: The aim of this committee is to
promote the corporate membership, a new category of insti-
tutional membership designed for bodies having an expertise
in the chemical industry, pharmaceutical industry, health care,
food, cosmetics, agriculture, and environment.

According to EUROTOX Code of Ethics, all EUROTOX
members should conduct the work with high objectivity and
integrity; communicate the information concerning health,
safety, and toxicity in a timely and responsible manner with
regard to the significance and credibility of the available data;
abstain from professional judgments influenced by the conflict
of interest, economic as well as ‘academic,’ i.e., connection with
special interest groups; observe the spirit as well as the letter
of law, regulations, and ethical standards with regard to the
welfare of humans and animals involved in experimental
procedures; and practice high standards of occupational health
and safety.
European Register of Toxicologists – ERTs

EUROTOX is actively harmonizing toxicology education and
training, having established the European Register of Toxicolo-
gists in 1994. The European Register of Toxicologists is a service
of EUROTOX and constitutes a list of toxicologists, who excel by
high standards of education, skills, experience, and professional
standing. The intention is to foster competence in practice and
science and to provide to the public an authoritative source
of information on toxicological competencies. Individuals who
want to be registered and are found to comply with the
requirements defined by EUROTOX and National Societies
of Toxicology, and are accepted, are qualified to use the title
European Registered Toxicologist, ERT, with their name.

Registration is performed by a two-step procedure. First, the
National Registration boards in Europe evaluate applications
of candidates according to a consensual process described in
the ERT Guidelines for Registration, Sections A, B, and C, and
admit successful applicants to the national register. The
requirements for becoming ERT are summarized as follows: an
academic degree in a science linked to toxicology, further
theoretical training, practical training and expertise in
toxicology (overall at least 5 years), current active professional
participation in the field of toxicology.

The present Guidelines for Registration is an update of the
‘Expectations of a European Registered Toxicologist’ first pub-
lished by EUROTOX in 1995. This first description of common
requirements and regulations for registration of toxicologists in
Europe was derived by harmonization of three founder
schemes (Germany, the Netherlands, the United Kingdom,
1994). The ‘Guidelines for Registration’ accommodate scien-
tific and conceptual progress in toxicology in the years passed
and experience made with the existing registration schemes.

Candidates for registration will have demonstrated a high
standard of critical ability and communication skills, for
example, by authorship of reports, assessments, and/or pub-
lished papers.

At a second step, upon request, EUROTOX will certificate
these individuals as ERT. The title ERT is accorded by EURO-
TOX to individuals who have been nominated by their
National Register. EUROTOX does not directly register indi-
vidual toxicologists.

Applications for recognition as ‘ERT ’ must be directed
to a National Registry. Table 1 compiles the countries with
National Registers that are presently recognized by EUROTOX
as setting andmaintaining the standard expected for ERT, along
with addresses and some criteria. Application details for regis-
tration and reregistration are based on Guidelines for Regis-
tration, sections A and D, and can be obtained from national
registries. Several registries admit individuals not adhering to
their country’s National Society, such as individual members
of EUROTOX or of other societies (Table 1). EUROTOX,
Registration Subcommittee will give advice in identifying an
appropriate registry, or a route to eventual registration.

Once registered, on a 5-yearly basis toxicologists must
reaffirm their registration credentials and document their
continued professional awareness and education as well as
their current activity in the subject.

ERT toxicologists are listed by EUROTOX according to their
country and date of registration or reregistration. Currently,
EUROTOX lists almost 1500 toxicologists as ERT. Almost 20%
of the EUROTOX members are ERT toxicologists. Qualified
toxicologists recognized as ERT are nowworking in a wide array
of different fields (drug, nutritional, chemical and environ-
mental safety, risk assessment and risk management, basic
research, clinical and occupational toxicology, etc.).

Being an ERT toxicologist bears certain advantages, such as
high-quality training courses with harmonized programs are
available in many European countries and institutions. High
professional competence of ERTs is recognized Europe-wide/
worldwide. Many employers prefer ERTs for specific jobs.
Therefore, more job opportunities are available for ERTs.
EUROTOX strives for official recognition of ERT by govern-
mental authorities and other institutions.
Educational Activities

To cope with the diverse needs in these different fields, the
Guidelines for Registration envisage training in the basic topics
of toxicology, and in addition offer numerous options for
specialization.



Table 1 Countries with National Registers that are currently recognized by EUROTOX as setting and maintaining the standard expected for ERT, with
contact information and some criteria for application

National register Who may apply Must live in area Must be member of society Notes

Austria Anyone No Yes, or IUTOXa, EUROTOXa

Belgium Anyone No No
Bulgaria Anyone No No Fee is higher if not a member
Finland Anyone No Yes
France Anyone No Yes
Germany Anyone* No Yes *Must have trained in part in Germany
Greece Anyone No No Fee is higher if not a member
Ireland Anyone No* EUROTOXa *Must have some Irish connection
Italy Anyone No EUROTOXa

The Netherlands Anyone No No
Norway Anyone No Yes* *Must have some Norway connection
Poland Polish citizens No Yes, or EUROTOXa

Spain Anyone No No
Switzerland Swiss* Yes* Yes *Or working in Switzerland
Turkey Anyone* No No *Must hold doctorate, fee is higher if not a member
UK Anyone No No Fee is higher if not a member

aMember societies or individual members.
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Appropriate ERT courses are available in various European
countries. On 8 March 2012, upon request from the EUROTOX
subcommittees for education and registration, all national
registers have notified relevant courses that have been evaluated
on a national level. After approval by the EUROTOX Subcom-
mittees for Education and for Registration, these courses are
presented in a table at the EUROTOX website. However,
national requirements for registration show some variation and
course contents may not cover a specific national requirement.
Candidates who wish to undertake a course for the purpose of
registration are, therefore, advised to check with their national
register in advance whether the chosen course is suitable for this
purpose and for any special conditions which may apply.

In the framework of continuing education, training activi-
ties are provided in connection with the Annual Congresses (1–
2 days) typically dealing with emerging toxicological topics,
such as epigenetics for toxicologists, chemical hazard assess-
ment, modeling human exposure to chemicals, and risk
assessment of combined exposure, immunotoxicity, and
regulatory toxicology (REACH and CLP Regulations).

In addition, every year, EUROTOX funds basic and
advanced toxicology courses in collaboration with Member
Societies to promote both basic and advanced trainings in
toxicology and educational resources available to countries of
Central and Eastern Europe at a minimal cost.

For the basic toxicology courses, preliminary experience or
knowledge of toxicology is not required, but willingness of
learning/evidence of an interest in the subject, or an occupa-
tional necessity should be stated. Capability of understanding
English is of importance as the language of the course is
English. Topics of recent basic toxicology courses have dealt
with dose response and basic concepts, factors affecting
toxicity, xenobiotic metabolism, role of metabolism in drug
toxicity, chemical carcinogenesis, immunotoxicity, liver and
kidney toxicity, toxicity testing and regulatory toxicology, and
risk and exposure assessment.
However, for the advanced toxicology course, a background
in toxicology is required. A graduate-level qualification in
pharmacy, pharmacology, medicine, biochemistry, biology, or
chemistry is needed. In advanced toxicology courses, topics
such as risk assessment andmanagement, exposure assessment,
risk characterization, the use of human data in chemical risk
assessment, risk perception and communication, risk–benefit
analysis, regulations for industrial chemicals, classification, and
labeling of chemicals, data requirement for REACH registra-
tion, toxicity tests, and alternative methods in toxicology, tools,
and techniques for physiologically based pharmacokinetic
(PBPK) modeling, alternative methods in immunotoxicology,
nanoparticles/nanomaterials, and pesticides have been
presented.

The courses consist of 10 lectures, 9 problem-solving/
discussion sessions in small groups, and 4 plenary meetings.
The lecturers are from different countries of the EUROTOX
organization as well as from local host societies. They are
selected according to their experience in teaching basic and
advanced toxicology and options to spend this week together
with course participants. There will be a written examination
at the end of the course and those participants who pass the
exam will be given a certificate. Other participants will be given
a certificate of attendance.

Recent EUROTOX Basic Toxicology Courses were held in:

2009 – Tirana (Albania)
2010 – Crete (Greece)
2011 – Belgrade (Serbia)
2012 – Bucharest (Romania)

Recent EUROTOX Advanced Toxicology Courses were
held in:

2010 – Sofia (Bulgaria)
2011 – Kusadasi (Turkey)
2012 – Porto (Portugal)
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Eurotox Initiatives

On top of all the above, the EUROTOX annual congress orga-
nized each year in collaboration with EUROTOX and
a National Toxicology Society, offers a unique opportunity for
toxicologists with different backgrounds, coming from a variety
of countries, to meet and network with friends, colleagues,
exhibitors, and leaders in the various different disciplines of
toxicology.

The official journal of EUROTOX is Toxicology Letters and
all abstracts of EUROTOX congresses are published therein.
Furthermore, EUROTOX honors annually a distinguished
European toxicologist by its Merit Award. Young toxicologists
are recognized for their work by the annual Young Scientist
Award, which is awarded every year to the best presentation at
the EUROTOX Congress. EUROTOX awards also fellowships
for attendance at ERT courses.

See also: Academy of Toxicological Sciences; American
Academy of Clinical Toxicology; American Association of
Poison Control Centers; American Board of Toxicology;
American College of Medical Toxicology; American College of
Toxicology; ACGIH

®

(American Conference of Governmental
Industrial Hygienists); American Industrial Hygiene
Association; Asia Pacific Association of Medical Toxicology
(APAMT); The European Chemicals Agency; Environmental
Protection Agency, US; EU Risk Assessment Committees; The
European Association of Poisons Centres and Clinical
Toxicologists (EAPCCT); European Centre for Ecotoxicology and
Toxicology of Chemicals; Food and Agriculture Organization of
the United Nations; Food and Drug Administration, US; Food
Quality Protection Act; Food Safety and Toxicology; Food, Drug,
and Cosmetic Act, USFDCA; International Life Sciences Institute
Health and Environmental Sciences Institute (ILSI-HESI);
Intergovernmental Forum on Chemical Safety;
International Agency for Research on Cancer; The International
Conference on Harmonisation; International Fragrance
Association (IFRA); International Labor Organization (ILO);
International Organization of the Flavor Industry; World Health
Organization/International Programme on Chemical Safety
(WHO/IPCS); The International Society for the Study of
Xenobiotics; International Society of Exposure Science;
International Union of Pure and Applied Chemistry;
International Union of Toxicology; National Center for
Environmental Health-ATSDR; National Center for Toxicological
Research, US; National Environmental Policy Act, USA; National
Institute for Occupational Safety and Health; The National
Institute of Environmental Health Sciences; National Institutes of
Health; The National Library of Medicine and Its Toxicology and
Environmental Health Information Program; The National
Toxicology program; Occupational Exposure Limits;
Occupational Safety and Health Act, US; Occupational Safety
and Health Administration; Organization for Economic
Cooperation and Development; Social Media and Toxicology;
Society for Chemical Hazard Communication (SCHC); Society of
Environmental Toxicology and Chemistry; Society for Risk
Analysis; Society of Toxicology; The European Medicines
Agency (EMA); The Hamner Institutes for Health Sciences.
Further Reading

Dybing, E., MacGregor, J., Malmfors, T., et al., 2005. Past challenges faced: an
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Relevant Websites

http://echa.europa.eu/home – ECHA-European Chemicals Agency.
http://www.eurotox.com – Eurotox-Federation of European Toxicologists & European

Societies of Toxicology.
http://www.iutox.org – IUTOX-International Union of Toxicology.
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Introduction

The phrase evidence-based toxicology was first introduced in
2005 in an attempt at translating concepts of evidence-based
medicine (EBM) to toxicology.Guzelian et al. used the termin the
context of causation in toxicology, while Hoffmann andHartung
focused on similarities of toxicological tests assessment and
evidence-based evaluation of diagnostic procedures. Building on
this, it was proposed that toxicology would also benefit from
deeper systematic implementation of the core principles of EBM,
namely, transparency, objectivity, and consistency.

To serve its purpose, EBM relies on key tools, which have
been little used in toxicology:

l Systematic reviews (to be distinguished from narrative
reviews, which are the common form in science).

l Evidence assessment by quality appraisal tools.
l Meta-analysis, statistical tools especially useful or designed

for diagnostic test assessment purposes such as predictive
values, likelihood ratios receiver operation characteristic
(ROC) curve (reflects the relationship between sensitivity
and specificity for a given test), and associated measure as
the area under the ROC curve and solutions for diagnostic
accuracy assessment with an imperfect or missing reference
standard.

l Formalized group decision-making processes, such as the
Delphi method or the nominal group technique.

A first international forum in 2007 in Como, Italy, explored
the potential of an evidence-based toxicology and elaborated
defining principles (Table 1). It also endorsed The Declaration
of Como: “We, the undersigned participants of the First
Table 1 Ten defining characteristics of EBT

l Promotes the consistent use of transparent and systematic processes
to reach robust conclusions and sound judgments

l Addresses societal values and expectations and is socially responsible
l Displays a willingness to check the assumptions upon which

current toxicological practice is based to facilitate continuous
improvement

l Recognizes the need to provide for the effective training and devel-
opment of professional toxicologists

l Acknowledges a requirement for new and improved tools for critical
evaluation and quantitative integration of scientific evidence

l Embraces all aspects of toxicological practice, and all types of
evidence of which use is made in hazard identification, risk assess-
ment, and retrospective analyses of causation

l Ensures the generation and use of best scientific evidence
l Includes all branches of toxicological science: human health assess-

ment, environmental and ecotoxicology, and clinical toxicology
l Acknowledges and builds upon the achievements and contributions of

Evidence-Based Medicine/Evidence-Based Health Care
l Fosters the integration of expert judgment with best possible external

evidence

Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
International Forum Towards EBT, commit to the further
development, refinement and application of Evidence Based
Toxicology (EBT) as described in the Defining Characteristics
agreed during the Forum. We invite the scientific community
and other stakeholders to join with us in this effort.” However,
only few have ventured to transfer EBM approaches to toxi-
cology. One of the rare examples is the development of a scoring
tool for the reliability of toxicological studies by Schneider et al.

In the context of the vision ‘Toxicity Testing for the 21st
Century – a Vision and a Strategy,’ the concepts of evidence-
based toxicology are expected to provide a framework to
objectively assess the new methods and support their imple-
mentation. The conference ‘21st century validation for 21st
century tools’ led to the creation of the Evidence-Based Toxi-
cology Collaboration (EBTC, http://www.ebtox.com) in the US
and Europe that will foster, develop, and apply EBT. The first
conference was held in 2012.
EBM as the Role Model for EBT

EBM, which later was expanded to evidence-based health care
(EBHC), was born in the 1970s from the need to cope with the
wealth of information in medicine and to extract the available
evidence in a structured and objective manner. Today, per year
at least two million articles related to medicine are published,
an amount simply overwhelming for individual physicians. In
particular, MedLine (http://www.ncbi.nlm.nih.gov/pubmed/)
alone covers over 5000 journals with more than 1000 citations
entered daily. Although on a smaller scale, toxicologists are also
facing an ever-growing amount of published information. For
example, a simple search in PubMed for term ‘toxicology’
restricted to the year 2011 resulted in more than 6000 hits. As
a consequence, unstructured evidence retrieval by individuals is
prone to be subjective and incomplete often resulting in biased
and non-transparent conclusions.

As a remedy of this, one of the core tools of EBM has
evolved: the systematic review. This review approach differs
considerably from the narrative review that is still very abun-
dant in toxicology. In order to minimize subjectivity in selec-
tion, systematic reviews require the up-front definition of the
research question, the sources to be searched and the search
terms to be used. Before the actual collection of articles, the
procedure for information analysis is defined. Ideally, these
search and analysis strategies are peer reviewed to safeguard
objective and efficient processes. The analysis of the collected
evidence requires sorting of individual pieces of evidence
according to evidence levels (another pivotal tool of EBM) and
summarizing these as objectively as possible. The latter often
involves a third tool of EBM: meta-analysis. Meta-analysis
statistically integrates individual results from several ‘combin-
able’ studies into one overall answer. The need for such
systematic approaches in toxicology becomes, for example,
4-3.01060-5 565
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apparent from the work of Rudén on trichloroethylene and
Golden et al. on polychlorinated biphenyls. Both studies are
related to risk assessment of chemicals, and demonstrate that
incomplete evidence, biases in evidence collection, and non-
transparent weighing may easily result in inconsistent and even
contradictory decisions.

The data appraisal component of systematic reviews relies on
a harmonized scheme to assess the quality of the data included
within the review. An explicit and widely accepted assessment
scheme is essential to consistently rank data according to their
quality or conversely, their potential for bias. EBM typically
distinguishes five levels of evidence quality ranging from ‘expert
opinion’ to high-quality studies, such as randomized clinical
trials, and systematic reviews thereof. A variety of appraisal tools
exist for all clinical fields and evidence levels. Such tools usually
provide a list of questions to be answered for each piece of
evidence. An overview of evidence levels for various fields, e.g.,
diagnosis or prognosis, can for example be found on thewebsite
of The Center for Evidence Based Medicine (CEBM). Examples
of such tools are the STARD (STAndards for the Reporting of
Diagnostic accuracy studies) checklist for reporting of diag-
nostic accuracy or the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) statement for reporting
of systematic reviews and meta-analyses.

EBM has grown to a widely accepted approach to carefully
review clinical interventions, especially in diagnosis, prognosis,
and treatment, on the basis of research evidence, a physician’s
clinical expertise and the individual patient’s circumstances
and values, in order to identify the best practice for each
patient. In essence, this approach aims to provide the best and
latest available research evidence for the physician and patient’s
consideration.

The need for objective assessment tools has been recognized
in toxicology and ecotoxicology. However, the few proposed
methods for data appraisal either fall short of providing an
objective tool (e.g., Klimisch et al. do not require a justification
of the assessment) or they have not yet reached a broader
audience. Schneider et al. specifically place their work in the
context of EBT. They developed and improved appraisal tools
for in vitro and in vivo methods by means of two rating exper-
iments assessing a range of toxicological papers. Their approach
has not been used to anymajor extent, although it is potentially
useful as a tool for the assessment of (eco-)toxicological studies
and publications. Such assessments are required, for example,
according to the European chemical regulation REACH
(Registration, Evaluation, and Authorization of Chemicals)
when submitting data. The lack of uptake is unfortunate as
a transparent and comparable quality assessment of data
would have been beneficial for the exploration of the vast
amount of toxicological test data revisited under REACH,
which is made accessible to some extent by the European
Chemicals Agency (ECHA).

Moreover, EBM has much to offer to toxicological test
method assessment. Methodology and methods have been
developed in the field of evidence-based evaluation of diag-
nostic tests and these have considerable potential for toxi-
cology. Some features of a toxicological test method that are
crucial to understanding its performance are rarely considered,
so that in most cases the parameters driving the test’s assess-
ment are focused on sensitivity (a test’s ability to detect
positives in a population of positives) and specificity (a test’s
ability to detect negatives in a population of negatives). This
limited assessment follows, in part, from formal requirements
themselves, such as those defined in the Organization for
Economic Cooperation and Development’s “Guidance docu-
ment on the validation and international acceptance of new or
updated test methods for hazard assessment.” This approach
largely neglects the fact that sensitivity and specificity are
mutually dependent. Their balance can be adjusted by moving
the threshold that is used to discriminate the positives from the
negatives. In contrast, receiver operation curves, which allow
this interdependency to be taken into account, are a standard
tool in EBM diagnostics. In addition, sensitivity and specificity
are often assessed in a balanced experimental design with the
same number of positive and negative reference test samples, in
order to produce reliable estimates of the two. This is equivalent
to a prevalence of 50% positives. One still has to plug the
resulting sensitivity/specificity information into a real life situa-
tion with possibly very different prevalences. To adequately
assess performance in non-experimental settings, other param-
eters, such as predictive values or odd ratios, are helpful.

Regardless of what parameters are used to assess a toxico-
logical test method, one still has the problem of an imperfect
reference standard. Typically in toxicology, an established test is
used to define ‘true’ positives and negatives. Established tests –
often animal based – are only models for the actual human
toxicity and hence are not perfect. Notwithstanding this
discordance, the established test is, by default, considered as
a perfect predictor in the absence of any corrective approaches.
By contrast, diagnostic test assessment has developed (via EBM)
several approaches to remedy this situation, someofwhich have
already been proposed for use in toxicology.

At least a partial solution to the reference standard problem
canbe found in theemergingfieldofpathway-based toxicologyas
proposed in the National Academy of Sciences’ 2007 report on
“Toxicity Testing for the 21st Century, A Vision and a Strategy.”
Pathway-based tests can be referenced to human biology, which
would minimize or eliminate extrapolations from an animal
model to humans and their inevitable species differences.

The development of pathway toxicology could be greatly
facilitated by the application of evidence-based approaches.
Pathway-based methods should be developed according to
transparent and objective quality standards. Evaluating their
performance is complicated, as most pathway-based methods
are high throughput, generating vast quantities of data. This
evidence should be reviewed systematically, appraised, and
synthesized in the contexts of both performance assessment
and later, in routine use. Furthermore, the integration of the
evidence into toxicological practice will require computational
tools, which although complex, usually are consistent and can
be made transparent. This contrasts with the current practice of
weight of evidence (WoE) approaches in toxicological decision-
making, which are often subjective and not transparent and
thus difficult or impossible to reproduce.
The Key Applications of EBT

Four areas of application of EBT have been identified. These are
method assessment, quantitative integration of heterogeneous
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studies on a given substance, causation of a health effect, and
clinical toxicology adopting EBM.

1. Similar to the evaluation of therapeutic options or even
closer diagnostic means (see the article by Hoffmann and
Hartung on the similarity of clinical diagnostics and toxi-
cology), various tools of toxicology need to be evaluated to
identify their usefulness, their limitations, and to compare
options.

2. The need to combine, possibly quantitatively, information
from various sources, e.g., as required for risk assessment
purposes, is challenging.

3. Causation was the starting point for Guzelian and
colleagues for suggesting an EBT approach. This addresses
the question whether we can trace a certain health effect,
back to a toxicant.

4. A field that is embarking on EBM independently is clinical
toxicology, where guidance for the treatment of intoxicated
patients, etc., has to be found. Some guidance documents
exist, which intend to be EBM based.
Conclusion

The concepts of an EBT have begun to be adapted and adopted
from the fields of EBM and health care. EBT constitutes a plea
for systematic, transparent, and objective approaches in toxi-
cology. EBT critics claiming that practices have always been
based on evidence are not convincing. A transition to the
principles of EBT is highly warranted in the light of toxicology’s
heavy reliance on (1) animal models (which have to a large
extent never been systematically evaluated), (2) narrative and
thus subjective review practices, and (3) expert-based WoE.
Such a transition will advance toxicology and thereby facilitate
the full exploitation of new technologies and the ever
increasing wealth of information. In addition, EBT is antici-
pated to serve as a quality assurance tool when implementing
the vision of toxicology for the twenty-first century.

To date, only limited work has been carried out to explore
and apply the tools proposed under EBT. Some systematic
reviews addressing individual chemicals and the associated
human, animal, and in vitro data are available, but systematic,
transparent, and objective reviews of test methods as under-
taken in clinical diagnostics are still lacking. Few approaches to
systematically assess the quality of (eco-)toxicological evidence
have been proposed. Similarly, some groundwork on funda-
mental problems of test assessment has been presented.

In contrast, the EBT component of evidence synthesis has
attracted considerable attention. Fueled by European policy,
novel approaches to integrating evidence from a variety of
information sources are being developed. Building on mecha-
nistic knowledge, the fundamental properties of these
emerging frameworks are largely consistent with an evidence-
based approach. However, the problems faced in toxicology
have different facets than those inmedicine. The heterogeneous
information that may be relevant in toxicology represents
a variable and complex evidence base that cannot be handled
simply by adopting EBM methodology. EBM tools need to be
expanded and combined with sophisticated methodologies of
evidence synthesis.

EBT may provide essential methodological tools and
approaches for twenty-first century toxicology, especially in
light of the widely accepted pathway/mode-of-action-driven
vision for a new toxicology. Systematic reviews would allow an
evidence-based evaluation of pathways and their mapping. The
resulting (in vitro) tests would be made comparable to tradi-
tional and competing novel approaches if assessed with
appropriate and comprehensive evidence-based tools. Simi-
larly, evidence synthesis methodologies that allow accounting
in detail for pathway/mechanism knowledge and are
compliant with the core principles of EBT can provide the
urgently needed twenty-first century tools to help implement
the vision of a new toxicology.

See also: Analytical Toxicology.
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Background

Electronic waste (e-waste) or waste electronic and electrical
equipment (WEEE) is considered the fastest growing waste
stream in the developed world. The waste is the result of
advancing technology that leaves behind old computers,
laptops, televisions, and other electronic devices that require
specialized methods of recycling because of toxic by-
products. A major concern regarding end-of-life products
(EOL) is environmental contamination and seepage into the
food chain. The high expense of recycling responsibly has
made e-waste an expensive venture for industrialized coun-
tries. As a result, the burden of recycling has been transferred
to the developing world, where environmental protection is
lax and the necessary technologies to safely extract material
do not exist. Stockpiles of high-tech trash are open to the
public for scavenging by low-income families and their
children. The result is environmental contamination and
negative health effects. Guiyu, China, the e-waste capital of
the world, receives the majority of technological refuse, but
there are many other cities that have become WEEE havens,
including Wenqiao in China; Accra in Ghana; Bangalore,
Chennai, Delhi, and New Delhi in India; Lagos in Nigeria;
and Karachi in Pakistan.
Products

WEEE has been defined by the European Union (EU) as “[e]
quipment which is dependent on electric currents or electro-
magnetic fields to work properly and equipment for the
generation, transfer, and measurement of such currents and
fields . designed for use with a voltage rating not exceeding
1000 V for alternating current and 1500 V for direct current.”
The EU has also specified categories for organizing WEEE so
that the waste stream can be better discussed on political and
legislative terms. Many items consistent with this definition
include televisions, computers, laptops, mobile telephones,
printers, power tools, and appliances of various sizes. A more
comprehensive list is provided on the UK website Environment
Agency, listed at the end of this article.

In the United States, there are no federal regulations
regarding e-waste disposal, and many states have adopted their
own laws, basing their definition of e-waste on toxic content. As
such, many of the items on the EU list of WEEE are not
included in US state regulations, such as radios, telephones,
and certain household appliances.
Trends in Production of WEEE

WEEE is of concern not only due to the hazardous dismantling
process taking place in developing nations, but also because it
is growing at alarming rates. In the 1980s, computers had a life
span of approximately 10 years, but with the advancement of
568 Encyclopedia of T
technology and the increased number of newer products on the
market, computers now last about 3 years before they reach
their end of life. Mobile phones are even worse, with replace-
ment occurring on average every 2 years. The UN Environment
Programme stated in 2005 that 20 to 50 million tons of WEEE
are generated worldwide, with 4 million personal computers
being disposed of every year in China alone. Many countries
have stepped up their legislation to address the concerns of
increasing production of e-waste, implementing laws that
require manufacturers to take back their electronic products
at the end of life. However, the majority of e-waste is not
taken back, and continues to form stockpiles in countries such
as the United States, awaiting responsible recycling or expor-
tation to developing countries. In fact, 50–80% of e-waste
collected for recycling is not domestically recycled, but is sent
overseas.

To estimate how much of a burden e-waste exacts on the
entire solid waste stream, one can estimate the total amount of
e-waste by eqn [1], where E is annual e-waste production, M is
the mass of the item,N is the number of units, and L is the total
life span of the item.

E ¼ MN=L [1]

Available data report that e-waste was being produced at
about 13.9 million tons per year around 2005; however, this
figure has grown since then. With development, low-income
countries have shown an increasing trend in computer
procurement and they have begun to demonstrate faster turn-
over of products, similar to the United States and other
developed countries. As a result, the rate of e-waste production
is expected to rise into the future.
Chemical Composition

Electronic equipment at the end of life provides a source of
valuable raw materials for the production of newer electronic
products. All elements from the periodic table are found in
e-waste; however, studies have focused on toxic metals. Arsenic,
cadmium, copper, lead, and mercury are commonly retrieved
from computers, CRT, LCD and plasma displays, data tapes,
floppy disks, mobile phones, CD drives, motherboards,
batteries, and printed wiring boards. If these electronic goods
are dismantled by crude methods, particulate matter from
heavy metals, polybrominated diphenyl ethers (PBDEs), pol-
ybrominated and polychlorinated biphenyls (PBBs/PCBs),
dioxins, furans, and polycyclic aromatic hydrocarbons (PAHs)
are released into the environment. Many of these become
persistent organic pollutants (POP) that unfortunately remain
in the environment for long time.
Exposure Routes and Pathways

Countries that have the financial means to responsibly recycle
e-waste utilize biometallurgical techniques that promote the use
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00565-0
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of bacteria and fungi to recover metal without polluting
processes. However in developing countries, e-waste is
commonly demolished in acid baths (hydrometallurgical), open
fire-burning (pyrometallurgical), and bare-hand disassembly,
where hazardous chemicals are released into the air for imme-
diate human absorption via inhalation. For example, circuit
board baking emits copper (Cu) into the air, which is a catalyst
for the production of brominated flame retardants such as
PBDE. Commonly, families live surrounded by piles of e-waste,
increasing the risk of toxic substances traveling into the home
and contaminating food. E-waste workers do not have access to
protective clothing or gloves, increasing their risk of exposure
through ingestion during mealtime as well.

After the e-waste items undergo various stripping treat-
ments, the remainder is dumped, further contaminating the
soil, surface water, and ultimately groundwater. Many of these
toxins are consumed by organisms in the food chain where
they bioaccumulate before they reach humans through inges-
tion. Children are especially at risk of absorption because they
are commonly employed to manage more menial tasks such as
sorting scrap components. Additionally, heavy metals and POP
pass through the placenta and enter breast milk, endangering
the health of fetuses and infants.

An evaluation of Guiyu, China, demonstrates many of the
challenges of e-waste recycling and resultant environmental
contamination. Guiyu has a population of about 150 000, and
80% of families are involved in the e-waste recycling trade.
These village and migrant workers use unsafe work practices,
resulting in significant particulate air pollution within the town
that is carried farther by wind to the Pearl River Delta Region,
home to more than 45 million people. In addition, water and
soil contamination from dumping of acid baths rich in heavy
metals has resulted in aquatic ecosystem disruption. Nearby
waterways such as the Lianjiang river have been found to
contain elevated levels of silver (Ag), chromium (Cr), lithium
(Li), molybdenum (Mo), antimony (Sb), and selenium (Se),
while another study found eightfold higher levels of lead (Pb)
in the downstream river water of Guiyu. Aquatic fish and
predators have significantly elevated levels of POP such as
PBDEs and PCBs.

Particulate matter in workshop dust has made the air in
Guiyu quite polluted; in 2007, Guiyu made history as being the
town with the highest recorded dioxin level known to man
between 65 and 2765 pgm�3. In addition, ambient PBDE
concentrations are elevated, exceeding 11 000 pgm�3 at night
and 5000 pgm�3 during the day. Particulate PAH and heavy
metal contamination of the air is also a problem. E-waste
workshop dust has concentrations of Pb, Cu, and zinc (Zn) that
arefivefold higher than surrounding roaddust.Most concerning
is the soil contamination in surrounding farms and countryside.
PAHs, PBDEs, PCBs, dioxins, and furans have been found in
high levels in farm soil, and edible plants contain high levels of
PBDE and PCB. In addition, another e-waste town in China,
Taizhou, has 2–4 times excess Pb and cadmium(Cd) inpolished
rice than is allowable in China. In the same town, chicken meat
contains significantly high levels of PBDE – evidence that bio-
accumulation up the food chain does take place, and easily may
move upward to humans as well.

Table 1 lists potential contaminants, in addition to those
that are covered in this article that are released by crude e-waste
recycling methods. For more in-depth toxicity information
regarding each of these toxins, please refer to the corresponding
articles cross-referenced at the end of this article.
Chronic Toxicity (or Exposure)

Heavy Metals

Multiple studies have been conducted to evaluate and compare
heavy metal levels in Guiyu with neighboring cities that are not
involved in the recycling trade.
Cadmium

A study on Cd levels in placental tissue and umbilical cord
blood in mothers living in Guiyu revealed elevated Cd levels
and a correlation with parental involvement in the e-waste
trade. Mean blood Cd levels were significantly higher in Guiyu
than in the neighboring town of Chaonan. The confounder of
passive smoking was also evaluated and determined to not
correlate with Cd levels. Another study found that Cd exposure
in cord blood resulted in an intelligence quotient drop of at
least four points after adjustment was made for umbilical cord
blood lead levels in the sample.
Chromium

Only a few studies have evaluated blood Cr levels in e-waste
disassembly sites. One study evaluated umbilical cord blood Cr
levels in both Guiyu and Chaonan and found a significantly
higher mean cord blood Cr level of 99 mg l–1 vs. 32 mg l–1,
respectively. In addition, this study determined that a higher
level of DNA damage among lymphocytes was taking place in
the Guiyu sample when compared to the control group, which
correlated with blood Cr levels. Another study discovered that
the biomarker for oxidative DNA damage, urinary 8-hydroxy-
20-deoxyguanosine, was significantly higher and correlated
with blood Cr levels within a Guiyu cohort when compared to
its counterpart in Chaonan. Oxidative DNA damage may occur
due to exposure to other chemicals; a different study found that
this biomarker is also elevated in e-waste recycling workers
with exposure to PCDDs, PCDFs, PBDEs, and PCBs as well.
Lead

Blood Pb levels were found to be significantly higher in Guiyu
children when compared to their counterparts in the neigh-
boring town of Chendian, a town that does not take part in e-
waste recycling but is otherwise similar in population, traffic
density, cultural factors, lifestyle, and socioeconomic status. In
all, 81.8% of Guiyu children have levels greater than 10 mg dl–1

versus 37.7% of Chendian children. Interestingly, the mean
blood Pb levels of children in Chendian were significantly
higher than the national average, signifying that Pb contami-
nation is potentially affecting neighboring towns as well. A
retrospective analysis of children born in Guiyu between 2001
and 2008 demonstrated worse birth outcomes compared to
their counterparts in a control city, Xiamen, such as low birth
weights, lower APGAR scores, and higher stillbirth rates. Higher
umbilical cord blood Pb levels that were statistically significant



Table 1 Potential environmental contaminants arising from e-waste disposal or recycling

Contaminants Relationship with e-waste

Typical e-waste

concentration

(mg kg�1)a

Annual global

emission

in e-waste (tons)b

Polybrominated diphenyl ethers (PBDEs), polybrominated
biphenyls (PBBs), tetrabromobisphenol-A (TBBPA)

Flame retardants

Polychlorinated biphenyls (PCB) Condensers, transformers 14 280
Chlorofluorocarbon (CFC) Cooling units, insulation foam
Polycyclic aromatic hydrocarbons (PAHs) Product of combustion
Polyhalogenated aromatic hydrocarbons (PHAHs) Product of low-temperature combustion
Polychlorinated dibenzo-p-dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs)

Product of low-temperature combustion of
PVCs and other plastics

Americium (Am) Smoke detectors
Antimony Flame retardants, plastics (Ernst et al., (2003)) 1700 34 000
Arsenic (As) Doping material for Si
Barium (Ba) Getters in cathode ray tubes (CRTs)
Beryllium (Be) Silicon-controlled rectifiers
Cadmium (Cd) Batteries, toners, plastics 180 3600
Chromium (Cr) Data tapes and floppy disks 9900 198 000
Copper (Cu) Wiring 41 000 820 000
Gallium (Ga) Semiconductors
Indium (In) LCD displays
Lead (Pb) Solder (Kang and Schoenung, (2005)), CRTs,

batteries
2900 58 000

Lithium (Li) Batteries
Mercury (Hg) Fluorescent lamps, batteries, switches 0.68 13.6
Nickel (Ni) Batteries 10 300 206 000
Selenium (Se) Rectifiers
Silver (Ag) Wiring, switches
Tin (Sn) Solder (Kang and Schoenung, (2005)),

LCD screens
2400 48 000

Zinc (Zn) 5100 102 000
Rare earth elements CRT screens

aMorf LS, Tremp J, Gloor R, Schuppisser F, Stengele M, Taverna R. 2007. Metals, non-metals and PCB in electrical and electronic waste – actual levels in Switzerland. Waste
Manag. 27:1306–1316.
bAssuming a global e-waste production of 20 million tones per year.
Adapted from Robinson, B.H., 2009. E-waste: an assessment of global production and environmental impacts. Sci. Total Environ. 408, 183–191.
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existed in the sample of mothers from Guiyu when compared
to those of their counterparts in Xiamen. However, the study
does not state how similar Guiyu and Xiamen are in terms of
potential confounding factors.
Mercury

Insufficient studies have been conducted on maternal and
fetal exposure to mercury (Hg) through the e-waste trade;
however, there is concern that Hg plays a role in neuro-
developmental toxicity as it has been found to be an envi-
ronmental contaminant where e-waste disassembly takes
place.
Persistent Organic Pollutants

Multiple studies have shown a correlation between ambient
concentrations of POP and human concentrations in Guiyu.
Elevated levels of dioxins were not only found in ambient air in
Guiyu, but were also found in humans with levels as high as
15–56 times the World Health Organization maximum limit.
Dioxins have pervaded human life, with high concentrations
found in human hair, milk, and placentas, suggesting that fetal
life is impacted prior to birth as well. In addition, PBDE, PBB,
and PCB have followed similar routes of exposure, graduating
up the food chain and arising as elevated levels in human
serum and hair. Women living near an e-waste town in Viet-
nam more recently demonstrated elevated PCB and PBDE in
breast milk, which may cause problems with fetal neuro-
development. Also, higher levels of PAHs have been found in
umbilical cord blood in Guiyu when compared to Chaonan,
resulting in adverse birth outcomes in neonatal height and
gestational age.
Clinical Management

As with most occupational hazards, it is essential to educate
workers on the hazards involved with e-waste recycling and
disposal and the importance of wearing protective gear to
prevent inhalational exposure. Surveillance systems may be
helpful to facilitate the provision of health care to these
vulnerable groups. Although these communities are averse to
stopping their trade, by facilitating preventive strategies
and providing continued monitoring and education, the risks
of toxicity might not be obliterated, but may be minimized.
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Acute poisonings require removing the patient from the
offending agent, and providing supportive care such as ensuring
airwayprotection and hydration. A variety of exposures can occur
through e-waste recycling, and much of how a patient presents
clinically has to do with their exact behaviors on the job. Ques-
tions regarding themethods bywhich a personwas extracting the
metals are essential in understanding the route of exposure. Most
likely, inhalational exposure is the cause of toxicity. Itmay not be
possible to determine exactly what toxin the patient was exposed
to, but it ismore important to ensure that symptoms are properly
evaluated and treated. In the caseof cadmiumfumes andmercury
vapors, it is essential that a long observation period is utilized to
ensure that latent respiratory distress does not occur. Providing
high-flow oxygen and supportive care will usually ensure that
most acute symptoms resolve.

Chronic exposure to the toxins released from e-waste recy-
cling is more of a concern because of the symptomless yet
ongoing toxicity that may result from daily exposure at work,
not only for workers but also for their families and children.
This is why it is important that workers are provided education
regarding toxins, prevention strategies, risk assessment, and risk
communication and that their governing bodies adopt worker
safety regulations.
Policy

In 1992, the Basel Convention on the Control of Trans-
boundary Movements of Hazardous Wastes and their Disposal
came into full force as an international treaty focused on pre-
venting human and environmental contamination by banning
e-waste transport to developing countries. As of yet, 175 parties
to the convention have ratified it, but Afghanistan, Haiti, and
the United States have signed but not ratified the treaty.
Although countries such as China, India, Pakistan, and Nigeria
have ratified the treaty, shippers have found ways to send
e-waste labeled as used goods or for re-export, evading
enforcement of the ban. In addition, local enforcers at the
docks of the recipient countries are easily swayed by monetary
compensation, and do not view prevention of import as
a priority. Although e-waste recycling ultimately costs human
health, the more immediate economic benefits are felt not only
by industry actors but also by the families involved. This is
further evidenced by the Bamako Convention, which was
passed by the African Union in 1998, that contained more
stringent importation limits in an attempt to curb toxic imports
into Africa, but has proved to be difficult to enforce as well.
Legislation enforced in source countries has been helpful in
curbing e-waste exportation.

The EU and Japan have been leaders in promoting e-waste
regulation, and Switzerland is known to be the first country to
develop a comprehensive and sustainable e-waste management
program. The EU has implemented the EU WEEE directive,
which instituted the principles of producer take-back and
collection systems for e-waste, and the Restriction of
Hazardous Substances (RoHS) Directive, which limits the
amounts of toxic substances (Pb, Hg, Cd, Cr, PBB, PBDE) that
are used in the manufacture of electronic equipment. In 2007,
United Nations agencies brought forth the Solving the E-waste
Problem (StEP) program where governmental and academic
institutions in partner countries research methods to promote
reuse of recycled products, and place limits on the production
of contaminants from e-waste.

E-waste management systems have been successfully
implemented in Australia, much of the EU, Canada, Japan,
Korea, Norway, and Switzerland, and are based on a three-
pronged program: a national registry, a collection system, and
logistics. Japan appears to have the most successful program
when evaluating consumer and producer compliance. Recy-
cling laws have been in effect since 2001, and consumers are
accustomed to recycling fees that range from US $20 to $55.
There are various points of collection in retail outlets for
producers or other assigned industrial actors to take back
e-waste for recycling. As a result, 74% of goods are recycled
domestically following best practices that prevent toxin release,
as compared to only 12.5% in the United States.
Legislation

To fill the policy void in the United States regarding e-waste
exportation, 25 of the 50 states have enacted their own laws
limiting e-waste local contamination, but as a result international
trade has not been prohibited. These EOL are not easily traced,
and thus it is believed that up to 80% of products sent to state
recycling programs are sent overseas. Nongovernmental organi-
zations such as the Basel Action Network (BAN), Silicon Valley
Toxic Coalition (SVTC), and Electronics TakeBack Coalition
(ETBC)haveplayeda significant role inproducingdocumentaries
and conducting research on the hazards of toxic exportation of e-
waste, toensure that theUSgovernment, industry, and thegeneral
public are educated about the current e-waste problem.

To combat the concerning e-waste exportation trend, a bill
known as The Responsible Electronics Recycling Act (HR
2284), introduced to the Senate on June 22, 2011 and spon-
sored by Raymond Green, D-Rep., Texas, has been referred to
the House of Energy and Commerce. If passed, this bill will
amend the Solid Waste Disposal Act by restricting exportation
of toxic electronic devices to developing countries and by
promoting research on improved recycling practices for the
betterment of the environment and human health. Many key
proponents include manufacturers and retailers such as Apple,
Best Buy, Dell, Hewlett-Packard, and Samsung. BAN, ETBC,
and the Campaign for Recycling support passage of the bill.
Social

The social implications of e-waste recycling are complex.
Recycling is a source of revenue for local families in impov-
erished towns such as Guiyu. Prior to 1995, Guiyu was a rice
paddy village with families that were barely farming enough to
eat and were regularly fined for not paying government taxes.
Migrant farmers that now work in the e-waste field recall that
their livestock were taken away from them, and their children
were taken out of school because taxes were not paid on time.
Now, they live in a highly polluted town and are fearful for
their health, but they are more financially stable than before.
This story is a similar one for other e-waste recycling towns
around the world, where farmers are forced to take on
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hazardous work due to climate change. In order to stop the
ongoing negative health risks associated with informal e-waste
recycling, employment opportunities need to be addressed.

The digital divide is another factor that is not commonly
discussed. Computers promote societal development
economically and socially, and are an important source of
education for all levels of society. Although in the United States
used or refurbished computers are easily rejected for state-of-
the-art products fresh off the shelves because of nominal price
differences, purchasing new products is prohibitive for those
living in developing countries. Since cost is the primary
obstacle for underresourced nations, the educational,
commercial, and societal benefits associated with computer use
are never realized. The e-waste trade provides an avenue to send
used electronic equipment to these countries, as many EOL are
not broken or dysfunctional, but are merely outdated. Yet, at
this time, the trade has not utilized this potential advantage.

It will likely take domestic and foreign legislation and
policy changes for improvements to occur within the e-waste
recycling trade. Without these protections in place, the families
involved in unsafe recycling will suffer the negative health
effects of toxic exposure. Although the financial benefits are
apparent for these communities, the cost of human health is
a heavy price to pay.

See also: Persistent Organic Pollutants; Dibenzofuran;
Polychlorinated Biphenyls (PCBs); Dioxins; Polybrominated
Diphenyl Ethers; Pollution, Air in Encyclopedia of Toxicology;
Pollution, Soil; Pollution, Water; Cadmium; Chromium; Lead;
Mercury; Polycyclic Aromatic Hydrocarbons (PAHs); TCDD
(2,3,7,8-Tetrachlorodibenzo-p-dioxin).
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Introduction

Excretion is the process by which endogenous waste products
and absorbed exogenous materials (e.g., chemicals) are elimi-
nated from the body. For the ease of elimination, most
absorbed chemicals, which are mostly lipophilic in nature,
undergo metabolism to become more water soluble prior to
excretion. Biotransformation/metabolism and excretion are
therefore the main processes involved in the elimination of
endogenous and exogenous chemicals. The most important
routes for excretion are urine, feces, and exhaled air. Other
minor routes of excretion include milk, sweat, saliva, tears, hair,
and nails.

The mechanism responsible for excretion of chemicals is
usually (but not exclusively) passive diffusion. Lipophilic,
electrically neutral chemicals pass through cellular membranes
by solubilizing within the lipids of the membrane (see
Absorption for details). The concentration gradient of the
chemicals between each side of the membrane acts as a driving
force for this process, directing the movement from the side of
the membrane with a high concentration to the side with a low
concentration. Other mechanisms for excretion include filtra-
tion through pores in cell membranes and active transport
provided by specialized carrier proteins (see Absorption for
details).
Urinary Excretion

This is the most important route for excretion. The organs
involved in urinary excretion include two kidneys, two ureters,
the bladder, and the urethra. Kidneys play the key role in
urinary excretion and are made of many functional units
called nephrons. The initial segment of the nephron is a tuft-
like structure called the glomerulus, which acts as a filter for
plasma. Once filtered under the driving force of circulating
blood pressure, plasma fluid becomes diluted urine. During
the process of filtration, some of the endogenous substances
that are dissolved in the plasma can also filter freely with
plasma water. The next segment of the nephron is a long
tubular structure (proximal tubule) that allows exchange of
water and solutes between the newly formed urine and the
blood circulating in the kidney. Proximal tubules are divided
into S1, S2, and S3 segments reabsorbing filtered salts, water,
and organic solutes, concentrating urine prior to excretion.
In the process of urine concentration, certain chemicals (e.g.,
calcium, oxalate, phosphate) can be precipitated, resulting in
kidney stones.

Chemicals behave as endogenous solutes; they may filter
through the glomerulus and then undergo exchange along the
tubular segment to be partially reabsorbed into the blood or
excreted. Electrically neutral molecules are reabsorbed from
urine into blood by simple passive diffusion along the
concentration gradient. For weak electrolytes, urinary pH has
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
a considerable influence on excretion. At a moderately alkaline
pH, weak organic acids remain mostly as ionized or electrically
charged molecules, which prevents their diffusion from urine
back into blood and facilitates their elimination with urine.
The same occurs with weak organic bases at a moderately acidic
pH. Altering the pH of urine is routinely used to enhance
elimination of chemicals in certain drug poisonings (e.g.,
salicylates and phenobarbital).

Passive diffusion is not the sole mechanism by which
chemicals are exchanged between urine and blood in the
tubular segment of the nephron. For some chemicals, active
transport is another means by which molecules may be trans-
ferred from urine to blood, even against a concentration
gradient, but much more often from blood to urine. There are
at least two types of specialized transport systems by which
chemicals can be actively secreted in the urine. One is for weak
organic acids like penicillin, certain diuretics, and 2,4-dichlor-
ophenoxyacetic acid (a herbicide); another is for weak organic
bases like quinine. Like most active transport systems, these
systems can be saturated at high concentrations of the trans-
ported chemicals and can also be blocked by other chemicals
sharing the same transport system. For example, the transport
of penicillin into urine can be prevented by concomitant
administration of probenecid.

In patients with kidney failure, kidney function can be
effectively substituted by using an artificial kidney or dialysis
machine to remove endogenous waste materials and excess
water from the blood, exploiting the properties of semi-
permeable membranes. The same principle is also used to help
remove certain freely diffusible chemicals in severe cases of
poisoning (e.g., bromides, ethylene glycol, isopropyl alcohol,
and lithium). This procedure is called hemodialysis.
Fecal Excretion

This is the second most important route for excretion. Chem-
icals present in feces are mainly those excreted in the bile but
also, to a much smaller extent, those diffusing passively
through the intestinal wall. And, of course, chemicals that are
not absorbed during their passage through the gastrointestinal
(GI) tract are also present in the feces. All chemicals absorbed
in the GI tract first reach the liver through hepatic portal vein,
where they normally undergo metabolism to more water-
soluble molecules. Some of these metabolites are then excreted
in the bile. Thus, bile, in addition to playing an important role
in the digestion, is also involved in the elimination of chem-
icals from the body.

Bile is formed by liver cells and is collected and transported
in the biliary system comprising of a series of ducts, from
extremely small ones to larger ones, branching like a tree
throughout the liver. In contrast to pressure of the circulating
blood in kidney, the driving force for bile secretion is a drawing
pressure that is generated within the system of ducts by the
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presence of various solutes in the bile. This osmotic pressure
creates a passive movement of fluids from liver cells and
intracellular spaces. Solutes that contribute to create such
pressure are bile acids and also smaller molecules like sodium,
chloride, and bicarbonate ions. The smallest bile ducts, present
next to each single liver cell, are later merged to make larger
ducts, and bile moves through these ducts by the processes of
reabsorption or secretion of electrolytes and water. Ultimately,
bile empties into gallbladder, where it is stored for release into
the first segment of the small intestine (the duodenum) via the
cystic duct, which combines with hepatic duct making
a common bile duct.

Some endogenous and foreign chemicals, usually mole-
cules with a molecular weight larger than 325 Da, appear in
bile at concentrations exceeding that in plasma by a factor of
10–1000, making biliary excretion an important route of
elimination for such chemicals. Bilirubin, an important end
product of endogenous metabolism of red blood cells, is an
example of chemicals that are normally excreted in bile. The
excretion of foreign chemicals is supported by various active,
carrier-mediated, and saturable transport systems, enabling
selective removal of organic acids (dyes like sulfobromoph-
thalein and indocyanine green and various glucuronide
conjugates of chemicals), organic bases, and neutral substances
(ouabain, a cardiac stimulant). Lead (the metal) is also actively
transported into bile.

A significant portion of the more water-soluble metabolites
secreted in bile is ultimately excreted in the feces. Some
metabolites, however, may undergo further enzymatic modi-
fication by the intestinal microflora to a state of greater lipid
solubility. This metabolic step may facilitate reabsorption of
such chemicals and extends their life in the body. The process is
known as the enterohepatic circulation. An example of enter-
ohepatic circulation is the extensive initial biliary elimination
of monochloroacetic acid, almost all of which is reabsorbed
and eventually excreted through urine after further metabo-
lism, leaving a negligible amount in the feces of rats.
Exhaled Air

Chemicals present in blood that are gases or possess a high
degree of volatility diffuse passively into the alveolar air of the
lung until they reach equilibrium. The concentration of these
chemicals in the air phase is directly proportional to their
concentration in blood, which is in equilibrium with the
concentration of the chemicals in the tissues. This phenom-
enon can be applied to noninvasively monitor the presence
and the concentration of gases and volatile substances in
blood. A practical example of such application is the indirect
measurement of alcohol present in blood by analyzing ethanol
in exhaled air with a Breathalyzer.

In industrial settings, exhaled air is used to monitor expo-
sure to volatile organic solvents. Major drawbacks of this
approach are the need of very high sensitivity of the analysis
and rapid changes in exposure concentrations; such changes are
rapidly reflected by parallel fluctuations in the concentrations
of exhaled air. Under these conditions, point measurements
represent exposure poorly over an entire work shift. When
exposure concentrations fluctuate, as is usually the case during
a work shift, it is recommended to analyze exhaled air the
morning after exposure. At this time, blood concentrations of
solvents are in equilibrium with concentrations in fatty tissues
determining the previous day exposure independent of the
pattern of exposure. Point measurements of solvents in exhaled
air the morning after exposure are therefore proportional to
exposure during the entire previous work shift.
Milk

Milk is essentially a solution of sugars and minerals forming
a suspension medium for other important nutrients like fat
globules and proteins. Normal milk components are derived
from maternal blood. Any extraneous chemical that enters
blood circulation may also appear in milk.

The transport of foreign chemicals from maternal blood
into breast milk can proceed by a number of different mecha-
nisms. Uncharged lipid-soluble molecules may diffuse
passively through membranes, whereas small water-soluble
and small charged molecules may cross membranes through
minute pores or water channels. In addition, lactating cells may
secrete nutrients like proteins and fat droplets; both can carry
foreign chemicals, either bound to proteins or dissolved into
fat droplets.

Nursing mothers taking medications can expect to transfer
minute amounts of drugs to their child. However, at maternally
therapeutic doses, the amounts transferred are too low to
produce pharmacological effects. Over-the-counter analgesics
like aspirin, acetaminophen, and nonsteroidal anti-inflamma-
tory agents (like ibuprofen), at usually recommended doses for
the mother, should not represent a risk for the nursing infant.
However, it is strongly recommended that nursing mothers ask
a physician or pharmacist for all prescription drugs about the
compatibility of medication with breast-feeding.

Caffeine, a central stimulant found in commonly consumed
beverages, like coffee, tea, and certain soft drinks, is excreted in
breast milk. Although newborn infants eliminate caffeine very
slowly, normal consumption of caffeine is not contraindicated
during nursing. Heavy coffee drinking, of course, is not
recommended.

Ethanol diffuses readily in the water fraction of breast milk.
Nursing mothers should refrain from chronic consumption of
alcoholic beverages since such action is conducive to adverse
effects on the intellectual and psychological development of
the infant.

Drugs of abuse, like cocaine and heroin, are also excreted in
breast milk in amounts that may be harmful to the breast-fed
infants. Although no adverse effects in the infant have been
reported in the case of mothers using marijuana, caution
should be exercised.

Finally, lipid-soluble chemicals like the insecticide DDT,
polychlorinated biphenyls, and methylmercury are excreted
readily as dissolved chemicals into milk fat droplets. Lead is
secreted into milk using the same transport system as calcium.
Nursing mothers may therefore transfer environmental
contaminants to their infants – not to the point, however, of
negating the well-established benefits of breast-feeding,
provided the milk is not too heavily contaminated with these
chemicals.
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Saliva

Saliva is not an important route of excretion since most of the
chemicals present in saliva eventually reach the GI tract to be
reabsorbed or eliminated in the feces. The unbound fraction of
several therapeutic drugs may diffuse passively from plasma
into saliva. This provides a noninvasive means of indirectly
monitoring plasma concentrations of drugs like lithium,
phenytoin, and theophylline. Metals like lead, cadmium, and
mercury are also present in saliva.
Hair/Nail

Hair is an unexpected and only minor route of elimination for
certain chemicals, especially metals. However, the presence of
metals in hair has been used as a practical means of monitoring
exposure to such chemicals.

Hair is formed from matrix cells present in a bulb-shaped
follicle located in the dermis (see Absorption for details).
During growth, hair is exposed to circulating blood and
extracellular fluids; certain chemicals can then diffuse into cells
producing the hair root and eventually the hair strand, where
they will be fixed. The interesting aspect about monitoring
exposure to metals using hair is the fact that metals will
distribute along the hair strand exactly in the sequence of
deposition while hair is growing. Knowing that human hair
grows at a rate of w1 cm per month makes it possible to
monitor retrospectively exposure to certain toxic elements, like
arsenic, cadmium, mercury, and lead as well as determine
history of many drugs of abuse during the past several months
and to establish the duration of exposure/use.

Part of the evidence that Napoleon Bonaparte suffered
poisoning during his exile at St. Helena Island rests upon
finding increased concentrations of arsenic in hair samples
taken from the emperor’s scalp.

In 1971, consumption of homemade bread prepared with
flour containing a mercurial fungicide in Iraq led to severe
intoxication. The degree of exposure to mercury was monitored
using hair as the biological sample and the mean peak hair
mercury level was 136 mg g�1 in those who consumed bread
prepared with flour containing mercury but not hospitalized
for acute mercury poisoning.

Currently, hair is used routinely to monitor exposure to
methylmercury in fish-eating native populations of northern
Canada. The objective is to adjust consumption of fish, an
important yet contaminated nutritional source, so as not to
exceed concentrations above the health guidelines for general
adult population and fertile women as methylmercury readily
crosses placenta and causes neurotoxic effects in developing
fetuses.

Analysis of metals in hair is of limited practical value for
monitoring exposure to metals in occupational settings due to
the very distinct possibility of hair contamination with exoge-
nous metals present in the ambient air.

Some chemicals reach the nail via incorporation into the
keratin matrix by diffusion from the nail bed even when given
orally or intravenously, for example, itraconazole to treat
fungal nail infections, which then eliminates very slowly, over
months, with the regrowth of the nail.
See also: Biotransformation; Gastrointestinal System; Kidney;
Absorption; Distribution; Pharmacokinetics; Respiratory Tract
Toxicology; Liver; Skin; Metals.
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Introduction

There is wide consensus in the scientific community that most
of the noncommunicable chronic diseases including cancer,
cardiovascular diseases, and neurological conditions such as
Parkinsonism have an environmental origin. Studies in
migrant populations and other investigations show that the
environment clearly plays a much bigger role than genetics in
producing chronic disease, but characterizing the environ-
mental risk factors is currently far more challenging than
identifying the genetic factors. Recognizing that environ-
mental factors were poorly characterized in epidemiological
studies, Christopher Wild defined the ‘exposome’ as repre-
senting the totality of environmental exposures from concep-
tion onward, and considered it likely a key determinant of
chronic diseases.
Characterizing the Exposome

Although characterizing the exposome as defined above is
a daunting challenge that may never be fully achieved, strate-
gies and methods can be developed for getting ‘snapshots’ of
important portions of the exposome at different times. To
achieve this goal, first choose between ‘bottom-up’ and ‘top-
down’ exposomic strategies. A bottom-up strategy involves
sampling of air, water, and dietary sources of exposure, fol-
lowed by quantitation of all potential analytes and represents
an exposomic approach to external exposure assessment. This
would require developing many new sensors of external envi-
ronmental exposures but would miss essential components of
the internal chemical environment; for example, contributions
from the microbiome, infection, inflammation, and stress. In
contrast, a top-down exposomic strategy would employ bio-
logical monitoring of subjects, most likely via blood sampling
or use of archived blood specimens. This approach requires
only a set of biological specimens from the subjects, and it
relates directly to the internal chemical environment as well as
the external one.

Thus, the human exposome may be characterized by
measuring important constituents of the body’s internal
chemical environment arising from both exogenous and
endogenous sources. This ‘top-down’ approach would use
omic technologies with biological fluids/tissues to characterize
the exposome. All toxicologically relevant chemicals would be
measured including those generated endogenously from the
gut flora (microbiome) and through biological processes such
as inflammation and oxidative stress. From a toxicological
viewpoint, it is the chemicals present in biological fluids, such
as the plasma, that the body’s cell and tissues encounter that
then cause aberrant health conditions. Hence, it is the internal
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exposome that represents the total target dose of chemical
agents in the body, no matter what their source or how they are
derived.

In characterizing the exposome, the focus is to ascertain
global quantitative measurements in the individual subject and
thereby to discover associations between omics profiles and
disease incidence that can guide identification of important
exposures. If biological samples are available at different key
stages of life, then snapshots of the human exposome can be
generated, allowing an overview that spans one’s critical stages
of life.
Example of Exposome Characterization
to Identify Disease Etiology

Some authors have referred to this internal exposome as the
‘envirome.’ Patel and coworkers performed a prototype expo-
some study which they referred to as an environment-wide-
association study. They used data from the National Health
and Nutrition Examination Survey to test for associations
between type 2 diabetes and 266 chemicals measured in blood
or urine. The authors showed that exposure to the pesticide
heptachlor epoxide, g�tocopherol, b-carotenes, and poly-
chlorinated biphenyls produced strong associations with the
risk of type 2 diabetes, with effect sizes comparable to the
strongest loci reported in genome-wide-association studies.
Thus, exposome approaches to finding the environmental
causes of disease are in progress.

See also: Biomarkers, Human Health; Epidemiology; Exposure;
Exposure Assessment; Genomics and Toxicogenomics;
‘Omics’; Risk Assessment.
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Introduction

Nearly 70 years have elapsed since publication of the Draize
eye irritation method, but even today it is common practice to
call all acute eye irritation tests performed in rabbits the ‘Draize
eye test.’ The in vivo evaluation of the potential for irritation or
corrosion to the eye following accidental or intentional expo-
sure to a substance was pioneered by Friedenwald, followed by
Draize et al. both in 1944. Major strides have been made since
the 1940s to improve eye irritation testing methods, including
standardization of test methods, a reduction and refinement of
the use of animals, and a change in philosophy in which in vivo
testing is reserved as a last resort in a ‘tiered’ testing approach.
A decision to test in animals is now preceded by a thorough
review of all available animal and human eye irritation data
and also takes into consideration the physical and chemical
characteristics of the test substance. A tremendous amount of
research has been conducted over the last several decades to
identify and validate alternative in vitro methods to predict eye
irritation potential. Test substances that are likely to produce
severe irritation or corrosion to the eye as indicated by vali-
dated in vitro tests or physicochemical characteristics can now
be eliminated from eye irritation testing in animals.
Background

During the early 1930s, an eyelash dye containing the chemical
p-phenylenediamine (‘Lash Lure’) was brought to market in the
United States. This product was responsible for corneal ulcera-
tion and subsequent loss of vision in several individuals and
had not previously been tested for eye irritation potential prior
to beingmarketed. This occurrence led to a revision of the Food,
Drug and Cosmetic Act of 1938. A number of test methods were
subsequently proposed for the evaluation of eye irritation in
animals. The first standardized test design is referred to as the
Draize eye test. J. H. Draize, G. Woodard, and H.O. Calvery first
described the method in 1944 in a paper entitled “Methods for
the study of irritation and toxicity of substances applied topi-
cally to the skin and mucous membranes.” Draize (head of the
Dermal and Ocular Toxicity Department at the US Food and
Drug Administration (FDA)) modified a method in 1944 first
published by Friedenwald earlier in 1944 and made the
significant addition of implementing a summary scoring system
(i.e., both individual and group mean irritation scores were
tabulated and reported). Damage to the iris, cornea, and
conjunctiva was observed following instillation of 0.1 ml or
100mg of a test substance into the conjunctival sac of one eye of
rabbits. The other eye served as a control. The treated eyes of two
groups of three rabbits were washed with 20 ml of warm water
several seconds after administration of the test substance. The
treated eyes of a third group of three rabbits were not washed.
All treated and control eyes were scored for signs of irritation
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
at 24, 48, and 72 h and at 4 and 7 days post-dose. If irritation
was still apparent on Day 7, ocular scoring was extended as long
as the injury was evident. The design introduced by Draize et al.
in 1944 still serves as the basic foundation for current study
designs.

In 1964, the Draize method was incorporated into the FDA
regulations that deal with the safety of drugs and cosmetics. In
1972, the assay was incorporated into the guidelines of the
Consumer Product Safety Commission (CPSC) and applied to
household products. The assay was subsequently modified to
use fewer animals (six rather than nine), was incorporated into
the Federal Hazardous Substances Act, and was applied toward
agricultural and industrial chemicals. The CPSC published an
‘Illustrated Guide for Grading Irritation Caused by Hazardous
Substances’ to reduce interlaboratory and intralaboratory
variability in scoring eye irritation. In 1978, the US Environ-
mental Protection Agency (EPA) proposed ocular irritation
testing guidelines for pesticides in the Federal Insecticide,
Fungicide, and Rodenticide Act. Subsequently, EPA proposed
guidelines for ocular irritation testing of industrial chemical
substances and mixtures in the Toxic Substances Control Act.
With so many ‘guidance documents’ in existence, the Inter-
agency Regulatory Liaison Group was created and subsequently
published a more unified guideline in the early 1980s.

Animal welfare considerations prompted improvements in
testing methodology that have helped reduce or eliminate pain
and distress to test animals. The use of topical ocular anes-
thetics as well as systemic analgesics prior to ocular dose
administration of a test substance has helped minimize
potential for pain and distress that may be experienced by test
animals; however, their use has been shown to potentially
exaggerate the ocular response. Substances that are extremely
acidic (pH �2.0) or caustic (pH �11.5) or have demonstrated
signs of severe irritation or corrosion in validated in vitro
alternative assays are no longer required to be tested in animals
for eye irritation. The use of quantitative structure–activity
relationship databases sometimes enables prediction of the
potential for a substance to be severely irritating or corrosive
and can provide a sufficient rationale to forego testing in
animals. The EU 7th Amendment to the Cosmetics Directive
prohibits testing of cosmetics and cosmetic ingredients in
animals (including eye irritation) and bans the sale of products
that have been tested in animals (since 2004).

There are significant differences in the anatomy and physi-
ology of the eye of rabbits compared to humans (thinner
cornea, well-developed nictitating membrane (third eyelid),
presence of hair around the eye and on the eyelid, less frequent
blink reflex). The non-human primate eye is more similar to
the human eye than that of a rabbit; however, testing in
primates is reserved for those infrequent instances where
a confirmatory assay is required in addition to the rabbit assay
or alternative tests. Most historical data have been generated
using the albino rabbit model, and therefore it remains the
4-3.00843-5 577
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current preferred in vivomodel for evaluating eye irritation. The
rabbit eye appears to be at least as sensitive as the human eye,
and in many cases it is more sensitive (i.e., there is a tendency
to overpredict irritation potential to humans).
Initial Considerations Prior to Testing in Animals

1. All available in vivo human and animal eye irritation data for
the test substance or mixture should be reviewed. There may
be sufficient existing information to rationalize no further
testing in animals.

2. A quantitative structure–activity relationship literature
search should be conducted for the test substance to
determine if there are any structural alerts for irritation.
The test substance may also belong to a class of substances
that are known to produce severe irritation or corrosion of
tissues. There may be sufficient information to rationalize
no further testing in animals.

3. If the pH of the test substance is �2 or �11.5, it can auto-
matically be classified (labeled) as severely irritating or
corrosive and no further testing in animals is required.

4. A primary dermal irritation (PDI) test in rabbits can be
conducted prior to consideration of testing for eye irritation
test in rabbits. If the test substance is a severe dermal irritant
(PDI of 5–8 on a scale of 0–8) or causes corrosion of the
skin, no in vivo eye irritation testing is required. The sub-
stance is assumed to be severely irritating or corrosive and is
labeled accordingly. The potential for injury to the eye is
assumed to be greater than injury to the skin after admin-
istration of a similar dose of the test substance.

5. The test substance should be evaluated in one or several
validated in vitro alternative methods of eye irritation
potential. Results indicative of severe irritation and/or
corrosion obviate the need for testing in animals.

6. A weight of evidence approach is applied to determine if the
test substance is likely to be severely irritating or corrosive to
the eyes. If the test substance is likely to be a nonirritant or
mild/moderate irritant and there is insufficient information
to classify the test substance properly, testing in animals
should be considered.

7. If animal testing is necessary, it is recommended that
a single animal be tested and observed before proceeding
with test substance administration to the remaining animals
in the group to ensure that the test material is not severely
irritating or corrosive.
Current Testing Procedure

1. Healthy young adult animals of either sex (�2 kg body
weight) with no evidence of preexisting injury to the eye (as
evidenced by lack of corneal staining after ocular adminis-
tration of 2% sodium fluorescein) may be selected for the
study.
Dose Application

1. Liquids – 0.1 ml instilled into the conjunctival sac (formed
by gently pulling the lower eyelid away from the eyeball).
2. Solids – volume of 0.1 ml or a weight of no more that
100 mg instilled into the conjunctival sac. The test
substance should be ground to a fine powder.

3. Aerosol – liquid from pump sprays and aerosol containers
should be collected and 0.1 ml of the liquid instilled into
the conjunctival sac. For pressurized aerosols, attempt to
collect the liquid by spraying the aerosol into a cool
container and dose as for a liquid. If unsuccessful, the eye
may be held open and the test substance administered as
a 1 s spray burst at a distance of about 10 cm from the eye.

4. The treated eyes should not be rinsed until 24 h post-dose
unless severe damage to the eye is seen immediately after
dosing and/or if the particle size of a solid test substance
causes physical trauma to the eye if not rinsed out. Liquids
and aerosols may be rinsed at 24 h post-dose.
Observation Period and Grading of Ocular Lesions

1. Animals are normally observed for up to 21 days post-dose
if it is necessary to determine the reversibility ocular injury.
Scoring for eye irritation is limited to observations made at
1, 24, 48, and 72 h post-dose.

2. The experiment may be terminated at any time between
3 and 21 days post-dose if reversibility is evident in all
animals.

3. The grades of ocular irritation for the cornea, iris, and
conjunctiva should be scored at every interval (1, 24, 48,
and 72 h post-dose) in accordance with the modified Draize
scale (see Table 1).

4. Ocular examination is facilitated by use of a hand slit-lamp
or other suitable device. Sodium fluorescein (2%) may be
used after recording the 24 h post-dose observations to aid
in visualizing corneal lesions.

5. Animals will be humanely euthanized if any of the
following are observed at any time: corneal perforation,
significant corneal ulceration (including staphyloma),
presence of blood in the anterior chamber of the eye, grade
4 corneal opacity that persists for 48 h, absence of a light
reflex that persists for 72 h, ulceration of the conjunctival
membrane, necrosis of the conjunctivae or nictitating
membrane, or sloughing (all generally considered irrevers-
ible changes).
Alternative Methods

A number of validated in vitro alternative methods have been
developed and approved to aid in the identification of
substances that are likely to produce severe irritation or
corrosion to the eye.
Organotypic Methods

1. Bovine Cornea Opacity Test: Excised bovine cornea.
Endpoints include changes in opacity (reflecting protein
denaturation and corneal injury) and increased fluorescein
permeability (reflecting damage to the corneal epithelium).

2. Isolated Chicken Eye Test and Isolated Rabbit Eye Test: The
enucleated eye is placed in a perfusion apparatus and



Table 1 System for grading ocular lesions

Reaction Numerical grading

1. Cornea
Degree of opacity (most dense area)
No opacity 0
Scattered or diffuse areas, details of iris clearly visible 1a

Easily discernible translucent areas, details of iris slightly obscured 2a

Opalescent areas, no details of the iris visible, size of pupil barely discernible 3a

Opaque, iris visible 4a

Area of cornea involved
One-quarter (or less), not zero 0
Greater than one-quarter, but less than half 1
Greater than half, but less than three-quarters 2
Greater than three-quarters, up to whole area 3

2. Iris
Normal 0
Folds above normal, congestion swelling, circumcorneal injection (any or all or combination of these), iris still
reacting to light (sluggish reaction is positive)

1a

No reaction to light, hemorrhage, gross destruction (any or all of these) 2a

3. Conjunctivae
Redness (refers to palpebral and bulbar conjunctiva excluding cornea and iris)
Vessels normal 0
Vessels definitely injected above normal 1
More diffuse, deeper crimson red, individual vessels not easily discernible 2a

Diffuse beefy red 3a

Chemosis
No swelling 0
Any swelling above normal (include nictitating membrane) 1
Obvious swelling with partial eversion of lids 2a

Swelling with lids about half-closed 3a

Swelling with lids about half-closed to completely closed 4a

Discharge
No discharge 0
Any amount different from normal (does not include small amounts observed in inner canthus of normal animals) 1
Discharge with moistening of the lids and hairs just adjacent to lids 2
Discharge with moistening of lids and hairs, and considerable area around the eye 3

aPositive result.
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exposed to a test substance for 10 s. Endpoints: slit-lamp
examination of the cornea; corneal thickness, corneal
opacity, and fluorescein dye uptake.

3. The enucleated eye is mounted in a chamber that mimics
physiological conditions.

4. Hen’s Egg Chorio-Allantoic Membrane: Fertilized chicken
egg (10–14 days of development). Endpoints: hemody-
namic effects, anti-angiogenic effects to the membrane
microvasculature.
Cytotoxicity/Cell Function-Based Methods

1. Keratinocyte/Fibroblast Viability Assay (neutral Red or
MTT): Human or mouse primary epidermal keratinocytes or
fibroblasts. Cells are considered representative of the eye
epithelium. Endpoints: cytokine expression or release
(prostaglandins, interleukins) and cell enzyme leakage
(e.g., lactate dehydrogenase).

2. Fluorescein Leakage: This is an in vitro test performed on
confluent MDCK CB997 tubular epithelial cells grown on
a semipermeable insert and models the in vivo corneal
epithelium. Sodium fluorescein dye is applied to the apical
side of the insert (allowing cellular uptake) followed by
a short (30 min) exposure to the test substance. Damage
caused by the test substance to the tight junctions of the
cells is detected spectrophotometrically by leakage of the
absorbed dye from the cells.

3. Cytosensor Microphysiometer: In vitro cellular toxicity test
used to detect the extracellular changes in pH in L929
(mouse fibroblast) cells after exposure to a test substance.
Toxic insult to the cells results in a reduction in metabolism
and release of acidic byproducts of metabolism.
Reconstructed Human Tissue Models

1. EpiOcular� (MatTek Corporation, US) and SkinEthic�
(SkinEthic Laboratories, France): A three-dimensional
construct of normal human epidermal keratinocytes with an
upper and central layer of squamous cells and a lower layer
of rounded cells grown on a membrane tissue culture insert
with air (apical) and liquid (basal) interface. Cell viability
(assumes correlation with in vivo ocular irritation potential)
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is measured by MTT reduction after topical administration
of the test substance. Cell viability must be >60% for clas-
sification as a nonirritant.

Alternative in vitro tests are useful to screen out severe irri-
tants and corrosive materials from being tested in animals.
They are not able to completely replace the rabbit eye irritation
test. They are limited in that they cannot predict the complex
physiology of the intact eye in a living animal or human.
See also: Consumer Product Safety Commission; Federal
Insecticide, Fungicide, and Rodenticide Act, US; Food and Drug
Administration, US; Good Laboratory Practices; In Vitro Tests;
In Vivo Tests; Sensory Organs; Toxicity, Acute; Toxicity Testing,
Alternatives.
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The Federal Insecticide, Fungicide, and Rodenticide Act, or
FIFRA, is the statute that regulates the use and sale of pesticides
in the United States. This law traces its origin to the pesticide
control law called the Insecticide Act of 1910. For nearly four
decades, the Insecticide Act served the basic purpose of pro-
tecting consumers from adulterated or ineffective products and
from deceptively labeled products. However, there were no
provisions in this Act for monitoring safety standards of the
pesticides and the environmental damage that resulted from
the use of these chemicals.

After 37 years, in 1947, a new act, FIFRA, replaced the Insec-
ticide Act. Under the US Department of Agriculture, FIFRA
assumed much more responsibility of ensuring registering of
pesticides and providedprovisions for labeling. This law required
that any pesticide intended to be sold or distributed in any state
be registered. However, this law still did not regulate pesticide
use. During the tenure of President Nixon, the US Environmental
Protection Agency (EPA) was created. As the years passed, FIFRA
underwent many changes as amendments were made as per the
demand of circumstances. In 1972, FIFRA was amended by the
Federal Environmental Pesticide Control Act (FEPCA). The
responsibility of FIFRA changed hands from the Department of
Agriculture to the EPA. The EPA’s Office of Pesticide Programs is
in charge of regulating pesticides. After 1972,many amendments
followed, in the years 1975, 1978, 1980, 1988, 1990, 1996,
2004, and 2007. In 1996, FIFRA underwent a major amendment
with the enactment of the Food Quality Protection Act (FQPA).
This amendment was a historic event regarding FIFRA. FQPA
brought stricter safety requirements into existence. In addition,
the safety of the infants and children was given more attention
than before. The amendment mandated a reassessment of the
tolerances of all pesticides in use.

Section 3 of FIFRA deals with the registration of pesticides.
Currently, under this law, all pesticide uses are specific to the
crop or to sites where a pesticide will be used. The support of
research data for each use is required for registration. The
applicant has to provide extensive information on the ingredi-
ents, the pesticide’s expected use, the amount and frequency of
use, and any residue remaining after the use. Additional data on
the chemical nature of the pesticide, how it is biodegraded, and
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
its possible hazard to humans, animals, and other nontarget
animals are required at the time of application. The standard
nontarget organism used for testing is the honeybee. The
toxicity studies required by FIFRA include descriptive toxicity
testing such as acute, subchronic, and chronic toxicity studies
and testing for the effects of exposure of pesticide through
various routes: skin irritation test, eye irritation test, develop-
mental toxicity test, two-generation reproductive toxicity, and
long-term oncogenicity tests. These studies have to be con-
ducted under Good Laboratory Practice (GLP) conditions.

EPA requires that toxicity studies mentioned are done to
ensure the safety of pesticide to humans. The statistical analysis
employed in these toxicity studies provides the researchers with
the no observed effect level (NOEL) for noncarcinogenic
pesticides and cancer potency factor (denoted as q1*) for
carcinogenic pesticides. Applying an ‘uncertainty factor’ to
NOEL generates another significant dose level known as the
reference dose (RfD). This is the daily allowed dose of
the pesticide that could be consumed by a human being for the
entire life term without undergoing any adverse effect. The
uncertainty factor usually includes a 10-fold ‘intraspecies
uncertainty factor’ and another 10-fold ‘interspecies uncer-
tainty factor.’ The former uncertainty factor accounts for the
difference between the humans and the test animals, and
the latter factor accounts for the differences among the global
human population.

FIFRA places considerable emphasis on environmental
safety, and therefore the pesticide registration requires meeting
two criteria related to environment safety among the total four
criteria set by the EPA. The applicant has to make sure that the
pesticide will serve its function without any unreasonable
adverse effects on the environment and it will not produce any
unreasonable adverse effects on the environment. Similar to
the NOEL and RfD described previously, the EPA uses risk
quotient (RQ) to assess the environmental safety of a pesticide.
This is the ratio of predicted environmental concentration
(PEC) to predicted no effect concentration (PNEC). A lower
PEC compared to its PNEC tells that the compound is safe at
the dose used. FIFRA assumes that pesticides might have some
adverse effect. However, it aims at keeping the risk at
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a minimum while the society gets maximum benefit from the
use of these pesticides to meet its needs. The law provides for
the consideration of the social and environmental costs viz
a viz the benefit of the pesticides.

Once a pesticide is registered, it is valid for 15 years unless
any adverse environmental effect of the pesticide is brought to
the attention of the EPA. The law also provides for exemption
of registration. Only in an emergency situation, as determined
by the Administrator of this law, that there could be an
exemption granted to this prerequisite of registration. Some
categories of pesticides like antimicrobial pesticides have
different registration requirements. FIFRA is a federal law, and
so the registration of pesticide is required in the respective
agency in each state also. In California, for instance, the regis-
tration process is stricter than that of EPA. After the initial
registration period is over, the pesticides can be reregistered
under Section 4. This can happen only if these products meet
the safety and labeling standards set by FIFRA.

The whole application process for registration can last for
many years, costing many millions of dollars for the applicant,
including the fee for registration. FIFRA has set a fee structure
for the registration of a pesticide. The latest amendments
concerning FIFRA deal with the fee for pesticide products. The
Pesticide Registration Improvement Act of 2003 (PRIA I)
brought about improvements in collection andmaintenance of
fees and streamlined the evaluation process. In 2007, the
Pesticide Registration Improvement Renewal Act (PRIA II)
extended the enactments of PRIA I until 2012.

Starting 1 October 2009, to increase the overall trans-
parency of Agency’s pesticide registration process, the public
was granted permission to review and comment on the regis-
tration process for certain pesticides. Also, keeping pace with
technology, EPA has recently taken the initiative to gather
information on nanoscale ingredients contained in pesticides.
The need for the regulation of pesticides that use nanotech-
nology arose after EPA received many public inquiries. EPA will
assess the potential effect of any nanoscale material present in
the pesticide on humans and environment. EPA’s approach
toward this issue will be announced once it gathers adequate
information about these ingredients.

FIFRA is thus a statute that has been modified and adapted
to the needs of the time. The government, the lawmakers, and
the public have contributed to its current form. This Act will
remain as one of the major milestone in our journey for
ensuring a safer world.
See also: Food Safety and Toxicology; American Association of
Poison Control Centers; Chemicals of Environmental Concern;
Common Mechanism of Toxicity in Pesticides; Environmental
Risk Assessment, Pesticides and Biocides; Environmental
Protection Agency, US; Good Laboratory Practices; Pesticides;
Risk Assessment, Human Health; Standards and Guidelines for
Toxicity Testing.
Further Reading

Culleen, L.E., 1994 Sep. Pesticide registration in the United States: overview and new
directions. Qual. Assur. 3 (3), 291–299.

Fenner-Crisp, P.A., 1996 Feb. Impact of the Delaney Clause in the EPA. Exp. Toxicol.
Pathol. 48 (2–3), 199–200.

Hoang, T.C., Pryor, R.L., Rand, G.M., Frakes, R.A., 2011 Apr. Use of butterflies as
nontarget insect test species and the acute toxicity and hazard of mosquito control
insecticides. Environ. Toxicol. Chem. 30 (4), 997–1005.

Jones, R.L., Mangels, G., 2002 Aug. Review of the validation of models used in
Federal Insecticide, Fungicide, and Rodenticide Act environmental exposure
assessments. Environ. Toxicol. Chem. 21 (8), 1535–1544.

Plunkett, L.M., 1999 Feb. Do current FIFRA testing guidelines protect infants and
children? Lead as a case study. Federal Insecticide, Fungicide, and Rodenticide
Act. Regul. Toxicol. Pharmacol. 29 (1), 80–87.

Shurdut, B.A., Barraj, L., Francis, M., 1998 Oct. Aggregate exposures under the Food
Quality Protection Act: an approach using chlorpyrifos. Regul. Toxicol. Pharmacol.
28 (2), 165–177.

Sterner, R.T., Fagerstone, K.A., 1997 Jul–Sep. FIFRA-88, GLP, and QA: pesticide
registration. Qual. Assur. 5 (3), 171–182.

Stevens, J.T., Tobia, A., Lamb 4th, J.C., Tellone, C., O’Neal, F., 1997 Apr. FIFRA
subdivision F testing guidelines: are these tests adequate to detect potential
hormonal activity for crop protection chemicals? Federal Insecticide, Fungicide, and
Rodenticide Act. J. Toxicol. Environ. Health 50 (5), 415–431.

Straub, J.O., 2002 May. Environmental risk assessment for new human pharma-
ceuticals in the European Union according to the draft guideline/discussion paper of
January 2001. Toxicol. Lett. 131 (1–2), 137–143.
Relevant Websites

www.epa.gov



E

Female Reproductive System see Reproductive System, Female
Fenthion

VC Moser, US Environmental Protection Agency, Research Triangle Park, NC, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Andrew M Geller, 2nd edition, pp 325–328, 2005.
The views expressed in this article are those of the author and do not necessarily reflect the views or policies of the US Environmental Protection Agency.
l IUPAC Name: O,O-dimethyl O-[4-methyl-thio)-m-
tolylphosphorothioate

l Synonyms: Lebaycid, Baycid, Baytex, Fenthion, Spotton,
Mercaptophos, Sulfidophos, Phenthion, Figuron

l Chemical Structure:
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Background

Fenthion has been used since the 1950s as a contact and
systemic acaricide, for lice control on cattle and hogs, and for
bird control. Its use as a mosquitocide justified its categoriza-
tion as a public health pesticide, and in the United States it was
used primarily in Florida for this purpose. Its use in the United
States as an avicide ended in 1999, and its use as livestock
treatment was voluntarily withdrawn by the registrant (Bayer)
effective 2003. All tolerances in the United States have now
expired. Uses of fenthion were also withdrawn in the European
Union, phased out through 2007. There are remaining uses of
fenthion on cherries, peaches, citrus fruit, and olives in other
parts of the world.
Uses

Fenthion is a systemic insecticide with broad-spectrum
activity against sucking and biting pests. It has been used on
various crops such as rice, cotton, and citrus, and to control
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
dragonfly larvae in aquaculture, spiders, and other insect
pests. It had been considered an important pesticide for
public health programs due to its adult mosquitocide
activity. Veterinary applications include its use on livestock
(cattle, swine) to control lice, flies, and ticks, via impregnated
ear tags or as a pour-on treatment, and in flea and tick
treatments for domestic animals. Fenthion is an effective
avicide, and has been used to control birds considered to be
pests.
Environmental Fate and Behavior

The persistence of fenthion in the environment is dependent
on several factors, including photolysis, metabolism in plants
and insects, and microbial degradation. Fenthion’s use as
an insecticide releases the compound directly to the environ-
ment through applications in sprays, dusts, and other
mechanisms. Fenthion dissipates in various media by photo-
transformation, photodegradation, biotransformation, and
sorption to sediment. It is relatively insoluble in water and
binds tightly to soil, and is therefore relatively immobile; the
transformation products have higher mobility in soil. The US
Department of Agriculture Pesticide Properties Database lists
a soil half-life of 34 days for fenthion. Fenthion degrades by
aerobic microbial metabolism with a half-life of <1 day in
aerobic soil and 11 days under anaerobic aquatic conditions.
Half-lives for aquatic degradation range from 2.9 to 21.1 days
for various ocean, river, swamp, or lake aquatic conditions.
Sunlight accelerates degradation 20-fold in river water and
5-fold in seawater.
Exposure and Exposure Monitoring

Dietary exposure could occur from consumption of treated
crops or in beef or pork with fenthion residues. When fen-
thion is used for mosquito control over large areas, exposure
to adults and children can occur from aerial and ground
applications, even at ultralow volume application rates. Water
contamination would only be expected following widespread
applications for mosquitos, but drinking water is not
considered to be a significant source of exposure. There is
concern for children if they are exposed to repeated levels at
the maximum allowed rate.
4-3.00143-3 583
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Occupational exposure to fenthion could occur through
dermal contact and inhalation of dust and sprays, especially to
workers applying the compound as an insecticide. As with all
cholinesterase-inhibiting pesticides, worker monitoring should
include measurement of plasma or erythrocyte cholinesterase
activity.
Toxicokinetics

The toxicokinetics of fenthion is similar across various species
(rat, pig, cow, goat, rabbits) and routes of administration (oral,
dermal, subcutaneous, intraperitoneal). Fenthion is quickly
absorbed into the bloodstream through the digestive tract and
lungs; dermal absorption has been calculated as low.
Maximum plasma concentrations are achieved in 2–3 h in rats
and 10 h in rabbits. It is extensively distributed, particularly to
lipid stores. It is mostly eliminated through excretion in the
urine and to a lesser extent in feces. While the parent chemical
is eliminated within a few days, acetylcholinesterase inhibition
is protracted (days to weeks).

The desulfurated, oxon metabolite is the form that
inhibits acetylcholinesterase. Studies in rats report as many
as 14 urinary metabolites. The major metabolites are the
sulfoxide and sulfone forms of the chemical, which, along
with their oxygen analogs, are also active against acetyl-
cholinesterase and have insecticidal properties. Four des-
methyl metabolites with the sulfoxide forms have also been
identified.
Mechanisms of Toxicity

The oxon metabolite of fenthion binds and inhibits acetyl-
cholinesterase, the enzyme responsible for metabolizing the
neurotransmitter acetylcholine at cholinergic nerve terminals.
The resultant accumulation of acetylcholine in synaptic
regions disrupts cholinergic transmission in the central and
peripheral nervous systems. This leads to the clinical signs of
cholinergic crisis, including sweating, nausea, dizziness,
miosis, blurred vision, abdominal pain, vomiting, and diar-
rhea, progressing to tremors, convulsions, and death at high
levels of inhibition. Fenthion toxicity does not cause organ-
ophosphorus-induced delayed neuropathy (OPIDN) in hens
and other species but has been reported to lead to the inter-
mediate myopathy syndrome in rats. Older studies showed
that the ChE inhibition is not well reactivated by 2-PAM or
other drugs in vivo.

Recent in vitro and in vivo studies have suggested that fen-
thion also has antiandrogenic activity and can produce oxida-
tive stress in target organs produced by reactive oxygen species.
The extent to which these mechanisms may play an additional
role in its toxicity is not known.
Acute and Short-Term Toxicity

Animal

Signs of acute exposure in animals are due to acetylcholines-
terase inhibition and mirror effects of other organophosphorus
insecticides. Oral LD50 values range from about 150 to
600mg kg�1 in mouse, rat, and rabbit. Fenthion is not a skin
irritant and does not cause dermal sensitization.

The signs of acute exposure to fenthion in animals are
consistent with dose-dependent cholinergic stimulation. High-
dose exposures produce frank acute toxicity and cholinergic
signs, whereas lower exposures result in more subtle physio-
logical (e.g., heart rate), neuromuscular (e.g., motor function),
and behavioral (e.g., cognition) changes. Very high acute doses
also produce liver and kidney damage, which may be mediated
through reactive oxygen species.
Human

Humans poisoned with fenthion show the same toxic signs and
symptoms as seen with experimental animals. A 28-day study
in human subjects reported marginal plasma cholinesterase
inhibition and no clinical cholinergic signs at a dose of
0.02mg kg�1 day�1.
Chronic Toxicity

Animal

Chronic toxicity studies on fenthion are available in the rat,
mouse, dog, and monkey. Only ongoing cholinesterase inhi-
bition was evident with the dog and monkey, but one rat study
reported pathology in the epididymis, nasolacrimal duct, and
ocular tissue. Retinal dysfunction and degeneration were
reported in rats during a 1-year chronic study. This ocular effect
may be related to long-lasting effects of fenthion on bio-
chemical function in the retina.
Human

Studies of pesticide applicators who sprayed OPs, especially
fenthion, showed some adverse effects on cognitive function
and an increased incidence of retinal (macular) degeneration
compared to controls or applicators using other pesticides. The
ocular toxicity, reported mostly in Japan, was termed “Saku
Disease.”
Immunotoxicity

One study of immune markers reported increased myeloper-
oxidase, but no change in adenosine deaminase, activities
following short-term exposures to fenthion in frogs. No studies
have directly measured immune system function.
Reproductive Toxicity

A two-generation reproduction study in rats and prenatal
developmental toxicity studies in rats and rabbits show no
increased sensitivity or abnormalities in fetuses or offspring at
nonmaternally toxic doses. At higher maternotoxic doses,
decreased litter size and fertility were observed in rats as well as
increased resorptions and minor skeletal variations in rats and
rabbits.
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Genotoxicity

Mutagenicity assays were mostly negative for fenthion. There is
some suggestion of genotoxicity with positive results in
unscheduled DNA and sister chromatid exchange assays, but
negative findings in dominant lethal assays in vivo or chro-
mosomal aberration tests in vitro. Results in mouse micronu-
cleus tests were mixed. It is generally considered to be
nongenotoxic.
Carcinogenicity

One test of carcinogenicity in mice suggested that fenthion
may be a carcinogen in male mice, but further studies in mice
and rats did not support this finding. Thus, there is no
convincing evidence that fenthion induces cancer, and it is
classified as group E, evidence of noncarcinogenicity in
humans.
Clinical Management

Persons providing medical assistance should avoid contact
with contaminated clothing, which should be removed and
discarded. Exposed dermal areas should be cleaned thor-
oughly with soap and water, and eyes should be flushed with
generous amounts of clean water for at least 15 min. Emer-
gency management should not be delayed. Support for the
airway, breathing, and circulation of the patient is most
important. Patients may have excessive secretions, bronchor-
rhea, bronchospasm, and weakness of respiratory muscles;
intubation and mechanical ventilation may be necessary.
Muscarinic effects (e.g., salivation, lacrimation) may be
reduced by administration of atropine, with repeated high
doses until pulmonary secretions dissipate. Benzodiazepines
may be used to control seizure. The use of pralidoxime is
typically indicated for organophosphate exposures, but
animal studies suggest this may not be as effective as with
fenthion.
Ecotoxicity

Fenthion is very highly toxic to birds, with LD50 ranging from
as low as 1mg kg�1 in mallards to 26mg kg�1 in ducks. The use
of fenthion for control of mosquitos has been implicated in
several bird kills, including recent incidents in Florida. The
major metabolites, fenthion phenol sulfoxide and fenthion
phenol sulfone, have very low toxicity to birds.
Fenthion is also highly toxic to estuarine/marine inverte-
brates, and moderately toxic to fish, bees, and wildlife. It is
poisonous to certain plant species, including American linden,
hawthorn, and sugar maple trees, and to certain rose varieties.
Exposure Standards and Guidelines

The US EPA reference doses for fenthion are 0.0007mg kg�1

(acute) and 0.00007mg kg�1 (chronic), based on plasma
cholinesterase inhibition occurring at early and later time
points in a chronic study in monkeys. The Joint FAO/WHO
Meeting on Pesticide Residues established an acceptable daily
intake of 0.007mg kg�1 based on erythrocyte cholinesterase
inhibition in a 4-week study in human volunteers.

See also: Cholinesterase Inhibition; Common Mechanism
of Toxicity in Pesticides; Neurotoxicity; Organophosphorus
Compounds.
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l Name: Fenvalerate
l Chemical Abstract Service Registry Number: 51630-58-1
l Synonyms: Sumicidin; Pydrin; (þ)-alpha-Cyano-3-phenoxy-

benzyl-(þ)-alpha-(4 chlorophenyl)isovalerate; (Cyano
(3-phenoxyphenyl)methyl-4-chloro-alpha-(1-methylethyl)
phenylacetate).

l Molecular Formula*: C25H22ClNO3

l Chemical Structure*:
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Background

Fenvalerate is a potent insecticide that has been in use since
1976. It is an ester of 2-(4-chlorophenyl)-3-methylbutyric acid
and alpha-cyano-3-phenoxybenzyl alcohol, but lacks a cyclo-
propane ring. However, in terms of its insecticidal behavior, it
belongs to the pyrethroid insecticides. It is a racemic mixture of
four optical isomers with the configurations [2S, alphaS], [2S,
alphaR], [2R, alphaS], and [2R, alphaR]. The [2S, alphaS]
isomer is the most biologically active, followed by the [2S,
alphaR] isomer.

Fenvalerate production and use as an insecticide had
resulted in its direct release to the environment. Occupational
exposure to fenvalerate may occur through inhalation and
dermal contact with this compound at workplaces where fen-
valerate is produced or used. Monitoring and use data to
indicate that the general population may be exposed to fen-
valerate via ingestion of food and via inhalation and dermal
contact with consumer products containing this compound.
Uses

Fenvalerate is a synthetic pyrethroid insecticide that is used to
control a wide range of pests, including strains resistant to
organochlorine, organophosphorus, and carbamate insecticides.
It acts against insects and related organisms, mollusks, fouling
organisms, and miscellaneous invertebrates on agricultural
(including control of chewing, sucking, and boring insects in
fruit, vines, olives, hops, nuts, vegetables, cotton, oilseed rape,
sunflowers, lucerne, cereals, maize, sorghum, potatoes, beet,
groundnuts, soya beans, tobacco, sugar cane, ornamentals,
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forestry, and on noncrop land), pet care, domestic home and
garden (domestic), and commercial/industrial/food and
nonfood/mosquito abatement (commercial) sites. In veterinary
medicine, fenvalerate is formulatedmainly as a solution to dilute
in water in 6% concentration.
Environmental Fate and Behavior

Technical-grade fenvalerate is a yellow or brown viscous liquid
with a specific gravity of 1.175 at 20 �C. The vapor pressure is
0.037MPa at 25 �C and it is relatively nonvolatile. It is prac-
tically insoluble in water (approximately 2 mg l�1), but soluble
in organic solvents such as acetone, xylene, and kerosene. It is
stable to light, heat, and moisture, but unstable in alkaline
media due to hydrolysis of the ester linkage. Hydrolysis of
pyrethroid compounds is restricted to alkaline pH and gener-
ally results in polar products such as acids and aldehydes; these
are expected to be more soluble than the neutral parent
compounds.

In general, the degradative processes that occur in the
environment lead to less toxic products. In soil, degradation
occurs via ester cleavage, diphenyl ether cleavage, ring hy-
droxylation, hydration of the cyano group to amide, and
further oxidation of the fragments formed to yield carbon
dioxide as a major product. Studies showed that very little
fenvalerate downward movement will occur in soils. In water
and on soil surfaces, fenvalerate is photodegraded by sunlight.
Thus, it is unlikely that the compound will attain significant
levels in the aquatic environment.

Respectively, half-lives of the degradation of fenvalerate in
the environment are 4–15 days in river water, 8–14 days on
plants, 1–18 days by photodegradation on soil, and 15 days to
3 months in soil.

A bioconcentration factor range of 570 to 1100 suggests
bioconcentration in aquatic organisms is high to very high,
provided the compound is not metabolized by the organism.
Exposure and Exposure Monitoring

Occupational exposure to fenvalerate may occur through
inhalation and dermal contact with this compound at work-
places where fenvalerate is produced or used. With reasonable
work practices, hygiene measures, and safety precautions, fen-
valerate is unlikely to represent a hazard to those occupation-
ally exposed to it. The general population may be exposed to
fenvalerate via ingestion of food and via inhalation and dermal
contact with consumer products containing this compound.
That exposure is expected to be very low.

Under laboratory conditions, fenvalerate is highly toxic to
fish, aquatic arthropods, and honey bees. However, lasting
adverse effects are not likely to occur under field conditions
provided it is used as recommended.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00506-6
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Toxicokinetics

Fenvalerate is readily absorbed following ingestion, dermal
exposure, or inhalation. Fenvalerate undergoes ester cleavage to
alcohol followed by rapid hydroxylation to give 20- or 40-
hydroxylated phenoxy esters and hydrolysis to give 3-phenox-
ybenzoic acid and its hydroxy derivatives (free and conjugates),
3-(4-chlorophenyl)-isovaleric acid and its hydroxy derivatives
(free, lactones, and conjugates), thiocyanate, and CO2. Fenval-
erate is distributed to lipid-rich tissues, including the brain.

Elimination from body fat is slow, with a half-life of 7–10
days; elimination from brain is faster, with a half-life of 2 days,
presumably due to the more effective perfusion of brain and
the presence of esterases in brain tissue. Fenvalerate is elimi-
nated through urine.
Mechanism of Toxicity

It acts directly on nerve axons by prolonging sodium channel
openings in cell membranes. The ability to hydrolyze the
pyrethroids rapidly to their inactive acid and alcohol compo-
nents could be responsible for the relative resistance of
mammals to the pyrethroids. Besides, some additional resis-
tance of homeothermic organisms can also be attributed to the
negative temperature coefficient of action of the pyrethroids,
which are thus less toxic at mammalian body temperatures, but
the major effect is metabolic. In intact locusts and neuromus-
cular preparations of locusts, fenvalerate caused (1) prolonged
firing in the crural nerve without associated muscle contrac-
tions; (2) sustained muscle contractions; and (3) a block of
neurally evoked muscle contractions at low concentrations.
However, fenvalerate did not cause repetitive firing and after-
discharges with associated muscle contractions.

The effects of pyrethrins on the insect nervous system
closely resemble those of DDT, but are apparently much less
persistent. The primary target of pyrethrins seems to be the
ganglia of the insect central nervous system, although some
pyrethrin-poisoning effect can be observed in isolated legs.

Metabolic disposal of the pyrethroids is very rapid, which
means that toxicity is high by the intravenous route, moderate
by slower oral absorption, and often unmeasurably low by
dermal absorption. Coadministration of pyrethroids with
piperonyl butoxide, or an organophosphorus insecticide, or
both, increases insecticidal efficacy but also toxicity.
Acute and Short-Term Toxicity

Fenvalerate has moderate to low acute oral toxicity. However,
LD50 values differ considerably (82 to >3200mg kg�1)
according to animal species and vehicle of administration. Rats
fed fenvalerate at 2000mg kg�1 diet for 8–10 days showed
typical signs of acute intoxication. Reversible morphological
changes in the sciatic nerve were observed in rats administered
fenvalerate at 3000mg kg�1 diet. Histopathological changes in
sciatic nerves were also observed in rats and mice treated with
a single oral dose of fenvalerate at lethal or sublethal levels.
Hens administered fenvalerate orally at 1000mg kg�1 per day
for 5 days did not show any clinical or morphological signs
of delayed neurotoxicity. The acute intraperitoneal toxicity of
fenvalerate metabolites in mice was no greater than that of
fenvalerate itself.

Fenvalerate as technical Pydrin is mildly irritating to the
skin, but the emulsifiable concentrate is corrosive. One
notable form of toxicity associated with synthetic pyrethroids
has been a cutaneous paresthesia observed in workers
spraying esters containing alpha-cyano substituent (delta-
methrin, cypermethrin, fenvalerate). The paresthesia devel-
oped several hours following exposure, being described as
a stinging or burning sensation on the skin that, in some
cases, progressed to a tingling and numbness. These effects
lasted some 12–18 h.
Chronic Toxicity

In subacute and subchronic toxicity studies, mice, rats, dogs,
and rabbits were treated with fenvalerate by oral, dermal, and
inhalational routes for 3 weeks to 6 months. In 4-week mouse
and rat inhalation studies, a no observed effect level (NOEL) of
7mgm�3 was established in both species. The NOEL in
a 90-day rat study was 125mg kg�1 diet, in a 2-year feeding
study 250mg kg�1 diet (12.5mg kg�1 body weight), and in
a 24–28 month study 150mg kg�1 diet, (7.5 mg kg�1 body
weight). The NOEL in a 2-year mouse study was 50mg kg�1

diet, corresponding to 6.0mg kg�1 body weight, and
30mg kg�1 diet, corresponding to 3.5 mg kg�1 body weight, in
a 20-month feeding study.

For dogs, the NOEL was 12.5mg kg�1 body weight in
a 90-day feeding study. Some fenvalerate formulations have
caused skin and eye irritation. However, technical-grade fen-
valerate is a nonirritant and has no sensitizing effects.

In long-term toxicity studies, microgranulomatous changes
were observed inmice, specifically when treated with the [2R, aS]
isomer of fenvalerate (125mg kg�1 diet) for 1–3 months. These
changes were reversed when fenvalerate was eliminated from the
diet. The causative agent for this change was the cholesterol ester
of 2-(4-chlorophenyl)isovaleric acid, a lipophilic metabolite of
fenvalerate from the [2R, aS] isomer. The NOEL for these
microgranulomatous changes in mice was 30mg kg�1 diet. In
a long-term toxicity study, microgranulomatous changes were
also observed in rats at a dose level of 500mg kg�1 diet, the
NOEL for these changes being 150mg kg�1 diet.
Immunotoxicity

Mice exposed for 12 months or longer reportedly showed
evidence of an inflammatory response in the liver, lymph
nodes, or spleen. The response was characterized by giant cell
infiltration and/or multifocal microgranulomas, typical of
a ‘foreign-body’ type of response. A similar response has been
reported in dogs exposed to 250, 500, or 1000mg kg�1 diet
technical-grade fenvalerate for 6 months. Under similar
conditions, hamsters showed slight hepatocyte hypertrophy at
80 and 160mg kg�1 but no microgranulomas at any dose level.
The causative agent of these changes has been reported to be
the metabolite cholesteryl(2R)-2-(4-chlorophenyl) isovalerate
(CPIA-cholesterol ester).
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In humans, sudden bronchospasm, swelling of oral and
laryngeal mucous membranes, and anaphylactic reactions have
been reported after pyrethrum inhalation. Hypersensitivity
pneumonitis characterized by cough, shortness of breath, chest
pain, and bronchospasm may be noted.
Reproductive Toxicity

Studies indicate that the perinatal exposure to fenvalerate
during the critical periods of male brain sexual differentiation
has long-term effects on the reproductive physiology and
behavior of male rats. However, these effects on sperm pro-
duction or fertility did not persist into adulthood. There was no
apparent evidence that fenvalerate altered testosterone levels or
produced a disruption in male endocrine functions. On the
other hand, under some experimental conditions, fenvalerate
may impair reproductive development of female offspring,
manifested as reduced fecundity and ovulation number, re-
sulting from the impairment in corpora lutea counting and an
antiestrogenic effect of perinatal exposure to fenvalerate during
the critical periods of rat female brain sexual organization.

Fenvalerate was found to be nonteratogenic in several
studies carried out on mice or rabbits nor did it show any toxic
effects (at up to 250mg kg�1 diet) on reproductive parameters
in a three-generation rat reproduction study.

At the time of this review, no reproductive studies were
found for pyrethrum in humans.
Genotoxicity

Fenvalerate or its metabolites inducedmorphologic abnormality
and genotoxic defects of spermatozoa among fenvalerate-
exposed workers by causing numerical chromosome aberrations
in spermatogenesis as a special and potential genotoxic agent.

In others studies, fenvalerate induced a significant increase
in the frequency of micronuclei, indicating clastogenic, and/or
aneugenic activity.

However, fenvalerate was not found to be mutagenic in
Salmonella typhimurium in the presence or absence of a rat liver
activation system.
Carcinogenicity

Fenvalerate was not carcinogenic to mice, when fed at dietary
levels up to 3000mg kg�1 for 78 weeks or 1250mg kg�1 for 2
years. It was alsonot carcinogenic to ratswhen fed at dietary levels
up to 1000mg kg�1 for 2 years. There is inadequate evidence for
the carcinogenicity of fenvalerate in experimental animals. No
data were available from studies in humans. Fenvalerate is not
classifiableas to its carcinogenicity tohumansby IARC(Group3).
Clinical Management

The acute clinical signs of poisoning rapidly appear, but
survivors become asymptomatic within 3–4 days. It is classified
as a Type II pyrethroid.
In humans, fenvalerate can induce numbness, itching,
tingling, and burning sensations in exposed workers; these
develop after a latent period of approximately 30min, peak by
8 h, and disappear within 24 h. Some poisoning cases have
resulted from occupational exposure, owing to overexposure
due to neglect of safety precautions.

Hypotension and tachycardia, associated with anaphylaxis,
may occur after acute exposure. Besides, hypersensitivity reac-
tions characterized by pneumonitis, cough, dyspnea, wheezing,
chest pain, and bronchospasm may occur. Rare cases of respi-
ratory failure and cardiopulmonary arrest have been reported.
Paresthesias, headaches, and dizziness are common.

Massive exposure may result in hyperexcitability and
seizures, but this is rare.

Nausea, vomiting, and abdominal pain commonly occur
within 10–60min following ingestion. Irritant and contact
dermatitis may develop. Erythema that mimics sunburn has
also been noted after prolonged repeated exposure.

There is no antidote for fenvalerate. Treatment is primarily
supportive.

In pets, cats are more likely than dogs to develop pyre-
throid toxicosis as the feline liver is inefficient at glucuronide
conjugation. It is demonstrated that cats are highly susceptible
to poisoning by excessive application of a flea and tick
product (spray can) containing 0.09% fenvalerate and 9.0%
diethyl-toluamide (the total amount of product in each can
amount to 198 g). Nevertheless, animals with small body
mass and high hair density are more susceptible to poisoning
due to the great surface area created by the hair. In dogs, if
accidentally sprayed in the mouth, the risk of poisoning
increased 60–150-fold.
Ecotoxicology

In laboratory tests, fenvalerate is highly toxic for aquatic
organisms. The LC50 values range from 0.008 mg l–1 for newly
hatched mysid shrimps to 2 mg l–1 for a stonefly. The NOEL in
life-cycle tests using Daphnia galeata mendotae is less than
0.005 mg l–1 (48-h LC50¼ 0.16 mg l–1). Fenvalerate is also
highly toxic for fish. The 96-h LC50 values range from 0.3 mg l–1

for larval grunion to 200 mg l–1 for adult Tilapia. The NOEL,
over 28 days, for early-life stages of the sheepshead minnow is
0.56 mg l–1. Fenvalerate is less toxic for aquatic algae and
mollusks, with 96-h LC50 values >1000 mg l–1.

In field tests and in the use of the compound under practical
conditions, the potentially high toxicity to aquatic organisms is
not manifested. Some aquatic invertebrates are killed when
water is oversprayed, but the effect on populations is tempo-
rary. There have been no reports of fish kills. This reduced
toxicity in field use is related to the strong adsorption of the
compound to sediments.

Fenvalerate is highly toxic to honey bees. The topical LD50

is 0.41 mg per bee, but there is a strong repellent effect of
fenvalerate to bees, which reduces the effect in practice. There
is no evidence of significant kills of honey bees under normal
use.

Fenvalerate is more toxic to predator mites than to the
target pest species. Fenvalerate has very low toxicity to birds
when given orally or applied to the diet. LD50 values are
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>1500mg kg–1 body weight for acute oral dosage and an LD50

value for dietary exposure of Bobwhite quail has been reported
at >15 000mg kg–1 diet.

Fenvalerate is readily taken up by aquatic organisms. Bio-
concentration factors ranged from 120 to 4700 for various
organisms (algae, snail, Daphnia, and fish) in model ecosystem
studies. The fenvalerate taken up by aquatic organisms is
rapidly lost on transfer to clean water. The compound can,
therefore, be regarded as having no tendency to bioaccumulate
in practice.
Other Hazards

Fenvalerate has an anxiolytic effect on rats. This pyrethroid
reduced locomotion and rearing frequencies and increased
immobility duration in rats orally treated with 1, 10, or
30mg kg–1. Besides, 10 and 30mg kg–1 of fenvalerate reduced
social interaction.

Exposure to fenvalerate is likely to cause central nervous
system stimulation with symptoms of nervousness, anxiety,
salivation, tremors, and convulsions. Nerve damage was
observed in rats given high doses.
Exposure Standards and Guidelines

Maximum residue limits have been recommended by the Joint
Food and Agricultural Organization/World Health Organiza-
tion Meeting on Pesticide Residues (JMPR). An acceptable daily
intake of 0–0.02mg kg–1 body weight was established for
fenvalerate by JMPR in 1986. The US Environmental Protection
Agency developed an oral reference dose of 0.025mg kg–1

based on a 13 week feeding study in rats.
The American Conference of Governmental Industrial

Hygienists threshold limit value, time weighted average, is
5mgm�3. The minimal lethal dose is probably in the range of
10–100 g.

See also: Biocides; Pesticides; Pyrethrins/Pyrethroids; Federal
Insecticide, Fungicide, and Rodenticide Act, US; Neurotoxicity;
Environmental Risk Assessment, Pesticides and Biocides.
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Background

While alcohol has been consumed for centuries, the damaging
effects of alcohol on the developing fetus were first recognized
only four decades ago. The term fetal alcohol syndrome (FAS)
was originally coined in 1973 by Jones and Smith in their
seminal article describing the common dysmorphic and
developmental problems of children born to mothers known
to have consumed alcohol during pregnancy. It is now widely
recognized that the toxic effects of in utero alcohol exposure are
manifested by a constellation of physical, behavioral, and
cognitive abnormalities persisting into adulthood, over a spec-
trum of conditions commonly referred to as fetal alcohol
spectrum disorder (FASD) of which FAS represents the most
severe outcome. Also within this spectrum are partial FAS and
alcohol-related birth defects, which are diagnoses that require
confirmation of maternal alcohol intake and specific birth
defects attributable to alcohol. The term fetal alcohol effects
was used previously to describe children with some but not all
the features of FAS. Despite considerable knowledge and
awareness regarding its teratogenic effects, alcohol continues to
be the most common malformation-causing chemical ingested
during pregnancy. One of every 29 women who know they are
pregnant report alcohol consumption. FASD is considered to
be the most common preventable cause of mental retardation.
In addition to mental retardation, in utero exposure to alcohol
results in increased rates of miscarriage, reduced birth weight,
growth retardation, and teratogenic effects including birth
defects. The annual cost of FASD according to the 10th Special
Report to the US Congress on Alcohol and Health was esti-
mated to be $2.8 billion. The prevalence rates of full FAS case
definition in the general US population range from 0.2 to 1.5
cases per 1000 live births annually, which still is a surprisingly
small proportion given the number of children exposed to
alcohol during fetal development. However, estimates for the
entire spectrum range from 3 to 10 times the prevalence of full
FAS, resulting in thousands of children born affected by
prenatal alcohol each year.
Clinical Assessment of FASD

Most experts agree on three diagnostic criteria for the clinical
assessment of FASD: (1) prenatal or postnatal growth restric-
tion; (2) central nervous system (CNS) effects, including
insufficient development of the brain such as microcephaly,
agenesis of corpus callosum; and (3) specific craniofacial dys-
morphic features. While earlier studies examining neuro-
developmental changes focused on those individuals most
affected by prenatal alcohol, recent studies have examined the
range of FASD using novel methodologies. Noninvasive
imaging studies have revealed and confirmed structural
changes, including reduced brain size and disproportionate
reductions in basal ganglia and the cerebellum in affected
590 Encyclopedia of T
individuals. Further, recent studies using diffusion tensor
imaging, magnetic resonance spectroscopy, and functional
magnetic resonance imaging have shown that prenatal alcohol
disrupts development of both gray and white matter, and
results in alterations in cerebral blood flow, neurotransmitters,
and neuronal activity even in the absence of structural changes
in the brain. Most importantly, this research has revealed that
brain function anomalies can exist in individuals even in the
absence of tell-tale facial dysmorphology present in children
and individuals with FAS. Hence, in addition to the classical
features defining FAS, more sensitive tools including behav-
ioral and neurodevelopmental tools are needed to diagnose
FASD. Estimating the true incidence of FASD has proved to be
a major challenge, especially when a reliable history of alcohol
ingestion is absent. Screening for such alcohol exposure
information has been aided by a number of brief question-
naires such as the T-ACE, TWEAK, and 10-question AUDIT.
More recently, there has been an effort to identify biomarkers
that can reflect alcohol exposure, as have been used for tobacco
and other drugs of abuse. However, alcohol is mainly metab-
olized into carbon dioxide and water via oxidative metabolism.
Nevertheless, nonoxidative metabolites of alcohol elimination,
leading to metabolites such as fatty acid ethyl esters, ethyl
glucuronide, and phosphatidyl ethanol, have some potential to
reflect alcohol exposure over short periods of time. Newer
methodologies, including proteomics and metabolomics, are
being leveraged to identify such markers of exposure.
Risk Factors for FASD

Several risk factors determine the toxic outcome of in utero
alcohol exposure. Risk factors suggested include genetic
predisposition, marital status, smoking, use of prescribed or
over-the-counter drugs and medications, concomitant usage of
other drugs of abuse, occupational or environmental exposure
to chemicals, socioeconomic status, and adequate nutrition.
Models of FASD

Research using animal models has shown that each of the
major characteristics of human FASD, including craniofacial
abnormalities, growth deficiency, and abnormalities of the
central nervous system, occurs in one of these animal models:
mice, rats, chicks, and primates. Because different species and
even strains within species show different degrees of vulnera-
bility to alcohol, experimental results must be interpreted with
caution. However, most common animal models of FASD (rats
and mice) are very similar to humans and their biochemical
processes are virtually the same. Research from animal models
has also revealed critical time periods of vulnerability that leads
to certain FASD abnormalities. For example, in the mouse and
chicken embryos, exposure to alcohol during cranial neural
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00313-4
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crest cells development corresponding to the first 3–4 weeks of
human gestation resulted in patterns consistent with observed
dysmorphologies of cranial structures and craniofacial defects.
How Much Alcohol Is Safe in Pregnancy?

There is no safe drinking level of alcohol during pregnancy.
Significant controversy surrounds the amount of alcohol that
presents a risk to the fetus and whether a single exposure is of
greater consequence than a pattern of exposure during devel-
opment. Results from clinical and animal studies demonstrate
that lower levels of alcohol are needed to produce behavioral
anomalies than are needed to produce physical effects and that
some brain regions are more susceptible than others. FASD is
completely preventable by abstinence to alcohol. The American
Academy of Pediatrics recommends counseling women of
childbearing age about the effects of alcohol on the fetus. In
addition, government-required warning labels about the health
effects of alcohol are displayed on alcoholic beverages. A study
found almost 80% of 7334 women interviewed were aware of
the detrimental effects of alcohol, including the high-risk
drinkers. However the warning labels had only a modest
effect on personal risk perceptions and drinking behaviors,
clearly stressing the need for other effective strategies to
decrease alcohol consumption during pregnancy. Considering
the cost in economic and human suffering imposed by FASD
on the child and the family, prevention via abstinence seems to
be the most effective way to reduce the incidence of FASD.
Identifying high-risk drinkers is an important first step in this
process.
Mechanisms of Induction of FASD

The mechanisms leading to FASD remain elusive. A single
mechanism for the entire spectrum of FASD is unlikely.
However alcohol can (1) trigger cell death in a number of ways,
causing different parts of the fetus to develop abnormally; (2)
disrupt the way nerve cells develop, travel to form different
parts of the brain, and function; (3) constrict the blood vessels
resulting in interference with blood flow in and out of the
placenta, which can hinder the delivery of nutrients and oxygen
to the fetus; and (4) form toxic byproducts after its metabolism
(such as acetaldehyde and free radicals), which may become
concentrated in the brain and contribute to the development of
an FASD. Influences of genetic susceptibility and nutrition may
be of critical importance. Clearly, simultaneous or prior expo-
sure to other chemicals may influence the mechanisms and the
nature and extent of effects. Several mechanisms involving the
direct effects of alcohol on neural development and organo-
genesis have been explored in animal models. Among them are
alcohol-induced changes in neural cell proliferation, reduced
growth and neurotropic factors, inhibition of cell adhesion
molecule L1, increased oxidative stress and production of free
radicals, fetal zinc deficiency, altered vitamin A and folate
function, impaired placental function, and disruption of reti-
noic acid. Of special note is the mechanism of alcohol-induced
inhibition of the cell adhesion molecule L1, which is involved
in neural cell migration. Recent animal studies have shown that
NAPVSIPQ, an active fragment of the glial-derived activity-
dependent neuroprotective protein that antagonizes the
alcohol-induced inhibition of L1, also protects from alcohol-
induced fetal growth retardation and demise. These studies
open an exciting area of potential pharmacological interven-
tion for FASD; however, the efficacy of any such treatments
remains unknown in human subjects.
Interventions for Children with FASD

The most desirable approach to prevent FASD is eliminating
alcohol consumption during an entire pregnancy. A three-
level model of prevention involving components targeted to
the general population, to high-risk communities, and to
specific individuals at greatest risk, including women who
have already given birth to a child with FASD, has been
developed. Of these, targeted prevention efforts have been
most promising. Despite prevention efforts, many women
continue to consume alcohol during pregnancy, leading to
children with FASD. Hence, it is critical to identify interven-
tions that reduce the impact of FASD. The CNS disabilities
associated with FASD range from affected individuals pre-
senting combinations of deficits in memory, information
processing, academic and social impairments, attention and
motor deficits, and executive functioning. Early diagnosis and
introduction of interventions in children are associated with
decreased long-term adverse outcomes. Recent research has
evaluated pharmacological interventions (with stimulant
medication), educational and learning strategies, and social
communication and behavioral strategies to limit the conse-
quences of FASD. Many of these strategies, including virtual
reality training, mathematics intervention, neurocognitive
rehabilitation, and parent education and training, have been
shown to improve learning, cognitive, and behavioral
disabilities in children with FASD.
See also: Alcoholic Beverages and Health Effects;
Developmental Toxicology; Mechanisms of Toxicity;
Neurotoxicity.
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l Chemical Name: (7)-p-[1-Hydroxy-4-[4-(hydroxydiphenyl-
methyl)piperidino]butyl]-a-methylhydratropic acid, carboxy-
terfenadine, terfenadine carboxylate, a-dimethyl benzeneacetic
acid hydrochloride

l Chemical Abstracts Service Registry Number: CAS 83799-
24-0

l Synonyms: Fexofenadine hydrochloride (generic name);
ALLEGRA; ALLEGRA-D; Telfast; Terfenadine carboxylate
hydrochloride; Carboxyterfenadine hydrochloride

l Chemical/Pharmaceutical/Other Class: Pharmaceutical;
Antihistamine (H1-receptor antagonist)

l Molecular Formula: C32H39NO $ HCl
Uses

Fexofenadine hydrochloride, an antihistamine drug, is
a white to off-white crystalline powder. It is soluble in
methanol and ethanol, slightly soluble in chloroform and
water, and insoluble in hexane. It is the active ingredient of
ALLEGRA and acts as a histamine H1-receptor antagonist.
Fexofenadine is a selective antihistamine used to relieve
allergic rhinitis (seasonal allergy) symptoms including
sneezing, runny nose, itching, and watery eyes that come with
hay fever. It is also used to relieve symptoms of urticaria
(hives), including itching and rash in adults and older chil-
dren. It will not cure these conditions. Fexofenadine was
developed as a successor of and alternative to terfenadine
(trade names include Triludan and Seldane), an antihista-
mine which caused QT interval (the time between the start of
the Q wave and the end of the T wave in the heart’s electrical
cycle) prolongation, potentially leading to cardiac
arrhythmia. Its effect begins in 1 h and lasts 12 h, peaking
around the second or third hour. ALLEGRA is one of the new
types of antihistamines that rarely cause drowsiness. In
addition to the antihistamine in ALLEGRA, ALLEGRA-D also
contains the nasal decongestant pseudoephedrine.

Exposure Routes and Pathways

ALLEGRA is a drug that is prescribed to be taken in pill form or
as an oral suspension, so exposure would only be expected to
occur orally.

Toxicokinetics

In laboratory animals, no anticholinergic, a1-adrenergic, or b-
adrenergic-receptor blocking effects were observed. No sedative
or other central nervous system effects were observed. Radio-
labeled tissue distribution studies in rats indicated that
fexofenadine does not cross the blood–brain barrier. Fex-
ofenadine hydrochloride was rapidly absorbed following oral
administration of a single dose of two 60 mg capsules to
healthy male volunteers with amean time tomaximum plasma
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concentration occurring at 2.6 h postdosing. After administra-
tion of a single 60 mg capsule to healthy subjects, the mean
maximum plasma concentration was 131 ngml�1. Following
single-dose oral administrations of either the 60 or 180 mg
tablet to healthy, adult male volunteers, mean maximum
plasma concentrations were 142 and 494 ngml�1, respectively.
The tablet formulations are bioequivalent to the capsule when
administered at equal doses. Fexofenadine hydrochloride
pharmacokinetics is linear for oral doses up to a total daily dose
of 240 mg (120 mg twice daily). The administration of the
60 mg capsule contents mixed with applesauce did not have
a significant effect on the pharmacokinetics of fexofenadine in
adults.

Antacids containing aluminum or magnesium reduce the
absorption of fexofenadine. Fexofenadine is not to be taken
with fruit juices as this may decrease the absorption of the drug.
Grapefruit juices can significantly reduce plasma concentration
of fexofenadine. Fexofenadine hydrochloride is 60–70%
bound to plasma proteins, primarily albumin and a1-acid
glycoprotein. The mean elimination half-life of fexofenadine
was 14.4 h following administration of 60 mg, twice daily, in
normal volunteers. Human mass balance studies documented
a recovery of w80 and 11% of the [14C] fexofenadine hydro-
chloride dose in feces and urine, respectively. Because the
absolute bioavailability of fexofenadine hydrochloride has not
been established, it is unknown whether the fecal component
represents unabsorbed drug or the result of biliary excretion.
Approximately 5% of the total oral dose was metabolized.
Only a small percentage is metabolized in the liver, mainly to
the methyl ester and to azacyclonol; both are pharmacologi-
cally irrelevant.

Special population pharmacokinetics (for geriatric subjects,
renal, and hepatic impairment), obtained after a single dose of
80 mg fexofenadine hydrochloride, were compared to those for
normal subjects from a separate study of similar design. While
subject weights were relatively uniform between studies, these
adult special population patients were substantially older than
the healthy, young volunteers. Thus, an age effect may be
confounding the pharmacokinetic differences observed in
some of the special populations.

In older subjects (>65 years old), peak plasma levels of
fexofenadine were much greater than those observed in normal
volunteers (<65 years old). Mean elimination half-lives were
similar to those observed in normal younger volunteers.

Cross-study comparisons indicated that fexofenadine
hydrochloride distribution in the body of 7–12-year-old
pediatric allergic rhinitis patients following oral administration
of a 60 mg dose was 56% greater compared to healthy adult
subjects given the same dose. Plasma concentrations in pedi-
atric patients given a dose that is one-half of what an adult
would receive (30 mg fexofenadine hydrochloride in child
versus 60 mg for adult) is comparable to adults.

In patients with mild to moderate and severe kidney
impairment, peak plasma levels of fexofenadine were 87 and
4-3.00507-8 593
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111% greater, respectively, and mean elimination half-lives
were 59 and 72% longer, respectively, than observed in normal
volunteers. Peak plasma levels in patients on dialysis were 82%
greater and the half-life was 31% longer than observed in
normal volunteers. Based on increases in bioavailability and
half-life, a dose of 60 mg once daily is recommended as the
starting dose in patients with decreased renal function. The
pharmacokinetics of fexofenadine hydrochloride in patients
with hepatic disease did not differ substantially from that
observed in healthy patients.
Acute and Short-Term Toxicity (Animal/Human)

Most drugs are proved to be safe through a series of short-
(acute) and long-term (chronic) tests. No drugs that show
adverse toxic effects when tested as single-dose study will make
it into the long-term study programs.
Animal

In acute toxicity studies with laboratory animals, clinical signs
of toxicity and effects on body weight or food consumption
were not observed in several animal species administered
fexofenadine by oral lavage at doses up to 2000 mg kg�1. In
in vitro (bacterial reverse mutation, Chinese Hamster Ovary/
Hypoxanthine guanine phosphoribosyl transferase (CHO/
HGPRT) forward mutation, and rat lymphocyte chromosomal
aberration assays) and in vivo (mouse bone marrow micro-
nucleus assay) tests, fexofenadine hydrochloride revealed no
evidence of mutagenicity. No deaths occurred at oral doses of
fexofenadine hydrochloride up to 5000 mg kg�1 in mice (110
times the maximum recommended daily oral dose in adults
and 200 times the maximum recommended daily oral dose in
children based on mg m�2) and up to 5000 mg kg�1 in rats
(230 times the maximum recommended daily oral dose in
adults and 400 times the maximum recommended daily oral
dose in children based on surface area). Additionally, no
clinical signs of toxicity or gross pathological findings were
observed. In dogs, no evidence of toxicity was observed at oral
doses up to 2000 mg kg�1 (300 times the maximum recom-
mended daily oral dose in adults and 530 times the maximum
recommended daily oral dose in children based on surface
area).

Human

Most reports of fexofenadine hydrochloride overdose contain
limited information. However, dizziness, drowsiness, and dry
mouth have been reported. Single doses up to 800 mg and
doses up to 690 mg twice daily for 1 month were studied in
healthy subjects without the development of clinically signifi-
cant adverse events.
Chronic Toxicity (Animal/Human)

All drug studies require chronic animal tests before they can be
tested in primates or humans. Fexofenadine is now on the
market and is therefore considered ‘safe’ by standards set by the
US Food and Drug Administration.
Animal

The carcinogenic potential and reproductive toxicity of fex-
ofenadine hydrochloride were assessed using terfenadine studies
with adequate fexofenadine hydrochloride exposure (based on
plasma area under the concentration versus time area under the
curve (AUC) values). No evidence of carcinogenicity was
observed in an 18-month study inmice and in a 24-month study
in rats at oral doses up to 150 mg kg�1 of terfenadine (which led
to fexofenadine exposures thatwere, respectively,w3 and5 times
the exposure from the maximum recommended daily oral dose
of fexofenadine hydrochloride in adults and children). In rat
fertility studies, dose-related reductions in implants and increases
in post-implantation losses were observed at an oral dose of
150 mg kg�1 of terfenadine (which led to fexofenadine hydro-
chloride exposures that were w3 times the exposure of the
maximum recommended daily oral dose of fexofenadine
hydrochloride in adults).

There was no evidence of teratogenicity (category C) in rats
or rabbits at oral doses of terfenadine up to 300 mg kg�1

(which led to fexofenadine exposures that were w4 and 31
times, respectively, the exposure from the maximum recom-
mended daily oral dose of fexofenadine in adults). Dose-
related decreases in pup weight gain and survival were observed
in rats exposed to an oral dose of 150 mg kg�1 of terfenadine
(w3 times the maximum recommended daily oral dose of
fexofenadine hydrochloride in adults based on comparison of
fexofenadine hydrochloride AUCs).
Human

There are no adequate and well-controlled studies in pregnant
women. Fexofenadine should be used during pregnancy only if
the potential benefit justifies the potential risk to the fetus.
Clinical Management

Medication is used to cause a desired biological effect. When
used, other effects such as side effects may also occur. Thesemay
be mild or serious. If side effects develop, a physician should be
consulted to determine whether the use of the drug should be
discontinued. Side effects of ALLEGRAmay include colds or flu,
drowsiness, fatigue, indigestion, menstrual problems, and
nausea. Side effects of ALLEGRA-D may include abdominal
pain, agitation, anxiety, back pain, dizziness, dry mouth,
headache, heart palpitations, indigestion, insomnia, nausea,
nervousness, respiratory tract infection, and throat irritation.

Generally, ALLEGRA-D should not be used by patients who
have glaucoma, urination problems, or severe high blood
pressure or heart disease. Use is not recommended for children
below 12 years. ALLEGRA-D should not be taken within 2
weeks of using an MAO (monamine oxidase [an enzyme])-
inhibitor drug (e.g., Marplan, Nardil, or Parnate). Some indi-
viduals may be allergic to ALLEGRA or ALLEGRA-D. Rare cases
of hypersensitivity reactions with manifestations such as
angioedema, chest tightness, dyspnea, flushing, and systemic
anaphylaxis have been reported.
See also: Immune System; Respiratory Tract Toxicology.
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Meeves, S.G., Appajosyula, S., 2003. Efficacy and safety profile of fexofenadine HCl: A
unique therapeutic option in H1-receptor antagonist treatment. Journal of Allergy
and Clinical Immunology 112 (supplement 4), S69–S77.

Relevant Websites

http://chem.sis.nlm.nih.gov/chemidplus/ – US National Library of Medicine
http://www.rxlist.com – The Internet Drug Index.
http://www.fda.gov – US Food and Drug Administration.
http://www.drugs.com/pro/fexofenadine.html – Drugs.com (Drug Information Online)
http://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0001008/ – PubMed Health
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l Name: Fipronil
l Chemical Abstracts Service Registry Number*: 120068-37-3
l Synonyms*: (RS)-5-Amino-1-(2,6-dichloro-4-trifluoromethyl

phenyl)-4-(trifluoromethylsulfinyl)pyrazole-3-carbonitrile;
Fipronil; HSDB 7051; M & B 46030; MB 46030; RM 1601;
Regent; UNII-QGH063955F

l Molecular Formula*: C12H4Cl2F6N4OS
l Chemical Structure*:
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Background

Fipronil is a nonsystemic, chiral, phenylpyrazole insecticide
with broad-spectrum activity against numerous insect pests.
Since 1993, fipronil has been marketed under numerous trade
names such as Frontline, Combat, Maxforce, Goliath, Termi-
dor, and Over’n Out for use in agriculture, nonagriculture, and
residential settings. It is available in numerous dry and wet
forms, as impregnated materials and ready-to use-concentrates.
Uses

Fipronil is widely used to control insect pests, including fleas,
ticks, ants, beetles, cockroaches, termites, thrips, and many
others. Numerous products containing fipronil are currently
available for use in agricultural, nonagricultural, and residen-
tial settings. In agriculture, fipronil is used on both agricultural
and horticultural crops to protect against lepidopteron and
orthopteran pests. It is registered for outdoor use, seed treat-
ment, soil treatment, in-furrow treatment, and bait treatment.
Nonagricultural uses of fipronil include control of coleopteran
larvae in soils on golf courses and other commercial turf
grasses, and control of insects in food-handling establishments.
Fipronil is used residentially to control fleas, ticks, andmites on
domestic animals and as a mound treatment to control ants.
Environmental Fate and Behavior

Fipronil exhibits low tomoderate persistence, and its dissipation
is the result of photodegradation, hydrolysis, and volatilization.
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Photolysis of fipronil results in the production of several degra-
dates, includingfipronil-sulfone,fipronil-desulfinyl, andfipronil
sulfide. In plants, fipronil is rapidly metabolized to fipronil-
sulfone and the half-life on treated vegetation is 3–7months,
depending on substrate and habitat. Fipronil binds to soil; it is
expected to have low soil mobility and little potential for
groundwater contamination. Fipronil persists in aerobic envi-
ronments for longer periods of time than in anaerobic or alkaline
environments. At a pH of 12, the half-life of fipronil is 2.4 h.
Exposure and Exposure Monitoring

Exposure to fipronil may occur through the dermal, respiratory,
or oral route. Fipronil and its metabolites can be measured in
both blood and gastric fluids. Methods for detection include
ELISA and LCMS.
Toxicokinetics

Following oral exposure, fipronil is well absorbed from the
gastrointestinal tract and rapidly metabolized by cytochrome
P450 in the liver and other tissues. Both fipronil and its major
metabolite fipronil-sulfone are well distributed in the tissues.
Fipronil has a half-life that ranges from 150 to 245 h, and
residues may remain in the tissues for some time. The major
pathways for excretion are the feces (45–75% in rat) and urine
(5–25% in rat). Dermal absorption of fipronil is poor. In the
rat, less than 1% of the dose is absorbed after 24 h.
Mechanism of Toxicity

Fipronil has a high selective toxicity to insects and wide margin
of safety in mammals. In insects, fipronil acts on the central
nervous system through a putative mechanism of noncom-
petitive blockade of gamma-aminobutyric acid (GABA) and
glutamate-gated chloride channels. These channels are
responsible for the inhibition of neural activity and when
inhibited cause overexcitation and death. Toxicity in mammals
is believed to be the result of blockade of GABAA receptor
chloride channels the nervous system, although with a lower
potency than the GABA blockade in insects. This higher
potency for insect GABA-regulated chloride channels and it’s
inhibition of invertebrate-specific glutamate-gated chloride
channels not present in higher organisms are likely responsible
for fipronil’s wide margin of safety.
Acute and Short-Term Toxicity

Fipronil has a low to moderate toxicity via the dermal and
inhalational routes and is moderately toxic via the oral route.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00144-5
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The oral LD50 is 97 and 95mg kg�1 in rats and mice, respec-
tively. It has a dermal LD50 of >2000mg kg�1 in rats and
354mg kg�1 in rabbits. The 4 h LC50 of fipronil in rat is
0.390–0.682mg l�1. Fipronil was not a skin sensitizer in
rabbits but may cause mild skin and eye irritation. Signs of
toxicity seen in the rat include reduced food consumption,
anuria, increased excitability, and seizures. Affected organs
include the liver, kidney, and thyroid. The desulfinyl fipronil
metabolite isw10 times more toxic to mammals than fipronil.
In humans, reported signs of toxicity include sweating, nausea,
vomiting, headache, abdominal pain, dizziness, agitation,
weakness, and tonic-clonic seizures.
Chronic Toxicity

An increased incidence of thyroid follicular cell tumors
occurred in rats receiving 300 ppm fipronil, and neurotoxicity
was seen in rats and dogs.
Reproductive Toxicity

In the rat, the lowest observable effect level for reproductive
toxicity was 26.03 and 28.4mg kg�1 day�1 in males and
females, respectively. The clinical signs of toxicity included
decreased litter size, decreased body weights, reduced fertility
index, and reduced postimplantation survival and offspring
survivability.
Genotoxicity

Fipronil was negative in Salmonella, micronucleus, and human
lymphocyte cytogenic assays at 500 mg per plate, 386, 300, and
300 mgml�1, respectively.
Carcinogenicity

Fipronil is classified as a group C, possible human carcinogen,
and has been shown to have reproductive effects in rats.
Clinical Management

There is no specific antidote for fipronil and treatment is based
on appropriate decontamination and symptomatic and
supportive care. If exposure to the eyes or skin occurs, any
contaminated clothing should be removed and the skin or eyes
should be rinsed with copious amounts of water for 20min. If
exposure occurs via inhalation or ingestion, the person should
be moved to fresh air and a poison control center or physician
should be contacted immediately for advice. Clinical treatment
is based on anticonvulsant therapy using phenobarbital or
diazepam. Fipronil is eliminated from the body slowly;
therefore, treatment may need to continue for several days
based on clinical response.
Ecotoxicology

The toxicity of fipronil on nontarget species is variable. Fipronil
is highly toxic to fish, aquatic invertebrates, bees, and some
land game birds, but nearly nontoxic to certain waterfowl,
earthworms, soil microorganisms, and aquatic plants. The 96 h
LC50 of fipronil is 42, 85, 248, and 430 mg l�1 in African tilapia,
blue gill sunfish, rainbow trout, and European carp, respec-
tively. The LD50 is 1120 and >2150mg kg�1 in field sparrows
and mallard duck, respectively. The low water solubility and
high sediment binding of fipronil may explain this reduced
toxicity in aquatic wildlife. The metabolites of fipronil have
increased toxicity to birds and fresh water invertebrates
compared to fipronil itself and should be used according to
label directions with accompanying environmental, ecotox-
icological, and human health monitoring.
Other Hazards

Certain formulations of fipronil are flammable and have
a flammability class of ‘will burn.’
Exposure Standards and Guidelines

The chronic reference dose for fipronil is 0.0002mg kg�1 day�1

based on the no observable adverse effect level for chronic
toxicity (0.019mg kg�1 day�1) and an uncertainty factor of
100.

See also: Pesticides; Neurotoxicity.
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National Pesticide Information Center, Oregon State University.
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Introduction

In the United States, it was discovered in the early 1970s that
fish tissue sometimes contains trace levels of environmental
contaminants that may be harmful to humans if the fish are
eaten too frequently. In response to this discovery, state, terri-
torial, and tribal governments developed fish consumption
advisories to protect the public from potentially harmful effects
linked to eating fish. In addition, temporary fisheries closures
have been issued by state and federal governments in response
to oil spills, sewage overflows, or harmful algal blooms. Advi-
sories are often targeted at the protection of women of child-
bearing age, the fetus, and young children since these
population groups are considered to be most sensitive to the
adverse effects of many of the contaminants. The goal of
advisories is to create public awareness of the potential dangers
as well as the benefits of fish consumption while recognizing
the cultural importance of regular fish consumption for
particular segments of the population.

Fish consumption advisories have historically been aimed at
sport fish anglers and people who eat sport-caught fish.
Consumers of fish sold commercially in markets or restaurants
are protected by the US Food and Drug Administration (FDA),
which has the authority to remove fish from the market that
exceed FDA tolerance or action levels for chemical contami-
nants. However, in recent years, the FDA has also issued
consumption advice to sensitive populations who may be
consuming large amounts of certain commercially purchased
fish (e.g., shark, swordfish, king mackerel, and tilefish). Many
state, territorial, and tribal governments are now including some
commercial fish species, such as these, in their consumption
advisories for anglers. Similar advisories have been published by
the European Food Safety Authority’s Scientific Panel on
Contaminants in the Food Chain.

Balancing the risks and benefits of fish consumption is
becoming more and more complex as an ever-increasing
amount of research has shown that regular fish consumption
can play a role in reducing cardiac disease, diabetes, arthritis,
asthma, and certain forms of cancer. The benefits are, in large
part, due to the high-quality protein, omega-3 fatty acids, vita-
mins (e.g., vitamins A, B, C, andD), andminerals (e.g., calcium,
zinc, and selenium) found in fish. Fish consumption advisories,
by providing information on risk-reducing behaviors such as
fishing less contaminated bodies of water, targeting fish species
and sizes lowest in contaminants, and using fish preparation
and cooking methods that reduce contaminant levels, can help
consumers achieve the health benefits of fish while minimizing
any potential health threats from contaminants.
History of Advisories

The first fish consumption advisories were issued in the United
States in the early 1970s in response to the discovery of mercury
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in fish in waters of southeast Michigan downstream of an
industrial discharge of mercury. As more and more states tested
fish for contaminants over the last 30 years, consumption
advisories spread to nearly every state in the nation. Since 1993,
the US Environmental Protection Agency (EPA) has published
the National Listing of Fish Advisories (NLFA). In 2010, the
NLFA included 4598 advisories coverings 42% of the US total
lake acreage and 36% of the total US river miles. Advisories
have been increasing. For example, in 2002, the NLFA included
2800 advisories, covering only 33% of the nation’s total lake
acreage and 15.3% of the total river miles. The US EPA has also
been encouraging states to include information about safe
sources of fish in their consumption advisories. In response,
more and more states are informing the public about specific
species of fish and fish from specific bodies of water that have
been tested and have been shown to contain very low levels
of contaminants. This information promotes the continued
enjoyment of recreational fishing and the inclusion of fish as
part of a healthy diet.
Bioaccumulative Pollutants

The US EPA identifies a total of 39 chemical contaminants that
have triggered fish consumption advisories in the United
States. Most advisories, however, have involved five primary
contaminants: mercury, polychlorinated biphenyls (PCBs),
chlordane, dioxins, and DDT. Chemicals of greatest concern are
ones that accumulate in fish tissue at levels many times higher
than those in the water, in some cases, more than 1million
times higher.

These chemicals are typically ones that are very persistent
in the environment and remain biologically available in the
sediments where they can be passed up the food chain from
bottom-dwelling organisms to fish. As a result of biomagni-
fication, the highest contaminant levels are found in top-
predator fish species such as bass, walleye, pike, or muskellunge
in freshwater environments and in sharks, swordfish, tuna, king
mackerel, or bluefish in marine systems. This is true particularly
for mercury. Elemental mercury can be converted by microor-
ganisms in the sediment and water column to its most toxic
form, methylmercury, and is predominantly stored in this form
in fish tissue.

Salmon, lake trout, and fatty, bottom-dwelling fish species
such as carp and some catfish species tend to accumulate high
levels of the lipophilic (fat-soluble) organic contaminants like
PCBs, chlordane, DDT, and dioxins. Fish consumers can reduce
their exposure to these lipophilic compounds by trimming the
belly flaps, subcutaneous and dorsal fat, dark muscle, gills, eye,
brain, and internal organs before cooking the fish. In addition,
cooking the fish in ways that allow the fats to drip away further
reduces the potential exposure to these contaminants. Figure 1
illustrates proper fish cleaning and preparation methods.
Studies have shown that proper preparation and cooking can
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00385-7
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Figure 1 Recommended fish preparation method.
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eliminate 50% or more of the organic contaminants. However,
these methods do not significantly reduce mercury from
the portion eaten since the mercury is not stored predomi-
nantly in fat.
Potential Health Effects of Eating Contaminated Fish

Surveys have clearly shown that sport anglers tend to eat more
fish (two- to threefold higher on average) than the general US
population. Consequently, human body burdens of mercury
and persistent organic contaminants that are typically found in
fish also tend to be higher in sport anglers than in the general
population. Because the body burden level increases with the
amount of fish eaten, subsistence anglers (persons who depend
on fishing for sustenance) or populations who eat large
amounts of fish for cultural reasons (e.g., native Americans and
certain immigrant groups) usually have the highest exposures
to contaminants and therefore may be at higher risk of adverse
effects.

Epidemiological studies have examined effects of persis-
tent contaminants on the immune system, the nervous
system, prenatal and postnatal development, fertility, and
the development of cancers. Methylmercury is known to be
a neurotoxin, and the developing fetus is considered to be
the most sensitive life stage. The adverse developmental
effects of methylmercury were first recognized in the 1960s
through studies of a poisoning epidemic linked to fish
consumption in Minamata, Japan, and investigation of an
incident linked to mercury-contaminated grain in Iraq. In the
Japanese poisoning incident, some children born to mothers
who consumed heavily contaminated fish developed infan-
tile cerebral palsy and other neurological deficits. Symptoms
of mercury poisoning in adults include impairment of
hearing and peripheral vision, numbness in extremities,
uncoordinated movements, impaired speech, and mental
disturbances.

Effects of exposure to PCBs were noted in the United States
within populations consuming fish from the Great Lakes and
St. Lawrence River basins in the early 1980s. High-level expo-
sure to PCBs can cause adverse health effects ranging from
neurodevelopmental effects in children to increased risk of
developing cancer. Children born to exposed mothers have
exhibited long-term adverse effects on cognitive development.
Sources of Contamination

Mercury and persistent organic pollutants in the environment
come from a variety of sources. Mercury, for example, is a toxic
metal that comes from both natural and synthetic sources.
Coal-fired power plants, municipal waste incinerators, medical
waste incinerators, and cement kilns that burn hazardous waste
or coal are currently among the major anthropogenic sources
of mercury. Natural sources of atmospheric mercury include
gases released from the Earth’s crust by geysers, volcanic erup-
tions, and forest fires. PCBs are industrial chemicals used
widely in the United States from 1929 until 1978 as coolants
and lubricants and in electrical equipment. The manufacture
of PCBs in the United States stopped in 1977, and use was
restricted in 1979. Although PCBs are not produced in the
United States, they may be released through ineffective
containment. Dioxins and furans are unwanted by-products of
various industrial processes, including production of certain
pesticides. DDT is an insecticide that was widely used in the
United States from 1946 until 1972. DDT is still used in other
countries and, by special permit, in the United States. Chlor-
dane is a pesticide that was once used broadly in the United
States but was banned in the 1980s. It is still used in some
countries.
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Oil spills have resulted in fishery closures. Fisheries across
most of the Gulf of Alaska were closed for an entire season after
the Exxon Valdez spilled approximately 11 000 000 gallons and
oiled over 700 km of shoreline in 1989. These closures most
acutely affected Native American subsistence fishers, but also
had lasting economic effects for commercial fisheries. In 2010,
the Deepwater Horizon blowout resulted in fishery closures
covering 37% of the Gulf of Mexico. All federal closures were
lifted within a year (May 2013) of the blowout, although some
state closures are still in effect at the time of this writing.
Contamination of fisheries with polycyclic aromatic hydro-
carbons, some of which are known human carcinogens, is the
primary human health concern following an oil spill.

Fisheries may also be closed due to contamination from
harmful bacterial agents and algal blooms. Particularly after
heavy rainfall, effluents and waste from varied sources may
enter into fishing areas and contaminate fish and shellfish.
Usually, state and local watershed management officials use
established correlations between rainfall and coliform counts
to issue advisories or closures when rainfall warrants concern.
Rainfall closures are a common occurrence across the United
States while fishery closures and advisories due to harmful algal
blooms occur mainly in summer months in coastal areas.

A potential new and emerging source of contamination in
fishmay come from pharmaceutical and personal care products
(PPCPs). A pilot study by the US EPA in 2006 in streams near
wastewater treatment plants has shown that PPCPs may be
a source of contamination in fish. The US EPA has initiated
a larger study at 150 urban river sites around the United States
to further investigate PPCP levels in fish in its National Rivers
and Streams Assessment.
Content and Dissemination of Consumption
Advisories

The core of a fish consumption health advisory is a set of fish
consumption recommendations based on risk assessment and
risk management considerations. There are three basic types of
recommendations:

l Advisories for ‘unlimited consumption’ (no restrictions) are
issued to inform the public that fish from specific water
bodies have been tested for chemical contaminants and the
results have shown that specific species of fish are safe to eat
without a consumption limit.

l Advisories for ‘no consumption’ are issued when contami-
nant levels in fish pose a potentially serious health risk to
the general population or sensitive subpopulations (such as
children and pregnant women). These types of advisories
recommend that members of the identified population or
subpopulations not eat any amount of certain types of
locally caught fish.

l Advisories for ‘restricted consumption’ are issued when
contaminant levels in fish may pose a health risk to the
general population or sensitive subpopulations if too much
fish is consumed over a specific time period. Examples of
recommended time intervals between fish meals include:
no more than one meal per week, one meal per month, or
six meals a year.
The advisories are meant to help people make a decision on
what type of fish to eat, how often, and how to prepare the fish
so as to reduce possible exposure to contaminants.

Fish advisories and closures are usually based on the calcu-
lationof the concentrationof the substance that if found infishor
shellfish that would be considered unsafe for human consump-
tion. This is often referred to as the level of concern (LOC).

For example, calculating the LOC for cancer risk relies on
the use of the equation:

LOC ¼ ðRL � BW � ATÞOðCSF� CR � EDÞ
where

RL is the acceptable risk level and is usually set between 1� 10�4

and 1� 10�6, meaning 1 in 10 000 to 1 in a million in-
creased risk is considered acceptable.

BW is the average body weight for the population of concern,
AT is the averaging time, usually set at the average life

expectancy,
CSF is the cancer slope factor, which is derived from toxicity

studies and describes the dose–response relationship of the
contaminant,

CR is the consumption rate, and it is determined from studies
that estimate the amount of fish that is eaten by the pop-
ulation of interest, and

ED is the exposure duration.

In addition to the specific recommendations in the advi-
sories, as described, risk communicators generally try to include
supplemental information that supports the recommendations
and provides alternative consumption options that can also be
used to minimize the risk. Information on the potential health
effects of the chemicals triggering the advisory is often
provided. Similarly, the health benefits of fish consumption are
also commonly included. Ideally, advisories will identify ways
fish consumers can reduce any potential risks while still gaining
the health benefits. These methods include fishing cleaner
water bodies, eating smaller fish, avoiding certain fish species,
and/or trimming and cooking the fish in ways that remove fatty
tissues where some fish contaminants are concentrated.

In the past, the most commonmethod of disseminating fish
consumption advisories has been in conjunction with fishing
regulations issued to sport anglers. Although surveys of anglers
have shown a general awareness of advisories in a majority of
this population, the messages may not be reaching segments of
the population at highest risk, such as women of childbearing
age and young children, subsistence anglers, members of tribes
and other ethnic groups for which fish has a strong cultural
significance, and non-English speaking populations. More
effective outreach programs to better educate at-risk pop-
ulations have been developed cooperatively between regulators
and communication partners at the local level who are familiar
with and sensitive to the needs of the at-risk populations in
specific locales. The US EPA has developed guidance for state,
territorial, and tribal governments on the most effective risk
communication methodologies.

See also: Bioaccumulation; Chlordane; DDT
(Dichlorodiphenyltrichloroethane); Dioxins; Mercury;
Methylmercury; Polycyclic Aromatic Hydrocarbons (PAHs);
Polychlorinated Biphenyls (PCBs).
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Relevant Websites

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
Toxicological Profile for Fish Consumption Advisory.

http://www.epa.gov – Environmental Protection Agency website. For further informa-
tion about the safety of locally caught fish and shellfish, visit the Environmental
Protection Agency's Fish Advisory Website.

http://www.efsa.europa.eu/en/efsajournal/pub/236.htm – European Food Safety
Authority safety assessment of wild and farmed fish.

http://oceanservice.noaa.gov/hazards/hab/ – For further information about harmful
algal blooms and seafood safety.

http://www.cfsan.fda.gov – For further information about the risks of mercury in
commercial fish and shellfish, visit the US Food and Drug Administration's Food
Safety Website.
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Association (FEMA) is an organization consisting of flavor
manufacturers, flavor users, flavor ingredient suppliers, and

possible.

Established in 1909, the US Flavor and Extract Manufacturers

others with an interest or stake in the flavor industry.
A founding member of the Swiss headquartered International
Organization of the Flavor Industry, FEMA is committed to
assuring that flavoring substances are safe. Much of its work in
this sphere is accomplished through its generally recognized as
safe concept. According to its website, its critical objectives in
the area of science are:

l Achieve and maintain a consistent, scientifically valid
approach to safety evaluation of flavor ingredients.

l Continue to support the ongoing role of the FEMA Expert
Panel for independent evaluation of the safety-in-use of
flavor ingredients.
2 Encyclopedia of T
l Assist FEMA members in having the safest workplace
Contact Details

Flavor and Extract Manufacturers Association (FEMA),
1620 I Street NW, Suite 925, Washington, DC 20006, USA.
Tel.: þ1 202 293 5800.
Relevant Website

http://www.femaflavor.org – Flavor and Extract Manufacturers Association.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00450-4

http://www.femaflavor.org
http://dx.doi.org/10.1016/B978-0-12-386454-3.00450-4


Fluometuron
EM Udarbe Zamora, A.E.Z.R. Pet Hospital, Petaluma, CA, USA; and Santa Rosa Junior College, Santa Rosa, CA, USA

� 2014 Elsevier Inc. All rights reserved.
l Chemical Abstract Services Registry Number: 2164-17-2
l Synonyms: N,N-Dimethyl-N0-(3-(trifluoromethyl)phenyl)

urea. Trade names include C-2059, Ciba-2059, Cotoran,
Cotorex, Cottonex, Flo-Met, Higalcoton, Lanex, Pakhtaran

l Chemical Class: Urea, Phenyl herbicide
l Molecular Formula: C10H11F3N2O
l Chemical Structure:
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Background

Fluometuron was first registered in 1974 in the United States
for use on cotton and sugarcane. At present, the US Environ-
mental Protection Agency (US EPA) registers it exclusively for
use on cotton. Fluometuron was one of the pesticides reviewed
by the US EPA in compliance with the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA). The FIFRA was passed
to ensure that pesticides meet current scientific and regulatory
standards. In 2005, the US EPA approved the reregistration of
fluometuron as long as risks are mitigated and the registration
and labeling requirements are updated accordingly.

The European Food Safety Authority (EFSA) conducted a peer
review of the pesticide risk assessment of the active substance
fluometuron. In 2011, the European Commission (EC)
approved the inclusion of fluometuron in the ‘positive’ list of
active substances (Annex 1 of Directive 91/414/EEC) that were
authorized for use in plant protection products within the
European Union. It required member states to implement risk
mitigation measures to protect operators and workers, ground-
water, and nontarget organisms. It also required monitoring
programs to verify leaching of fluometuron and its soil
metabolites desmethyl-fluometuron (CGA 41686) and tri-
fluoromethylaniline (CGA 72903) in vulnerable areas, where
appropriate. The EC required registrants to submit toxicological
information of the metabolite as well as analytical methods for
air monitoring of fluometuron. These data must be submitted to
the EC on or before 31 March 2013.

The EC also required confirmatory information on the
analytical methods for the monitoring of the soil metabolite
trifluoromethylaniline (CGA 72903) in soil and water. If clas-
sified as “suspected of causing cancer,” the Member States
should require their respective registrants to submit within 6
months after classification further information on the relevance
of the soil metabolites to groundwater.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Fluometuron is a selective urea herbicide that acts on suscep-
tible plants like barnyard grass, crabgrass, crowfoot grass, fall
panicum, foxtail, goosegrass, ryegrass, and signal grass as well
as broadleaf weeds such as buttonweed, cocklebur, Florida
pusley, groundcherry, jimsonweed, lambsquarters, morning
glory, pigweed, prickly sida, purslane, ragweed, sesbania, sick-
lepod, smartweed, and tumbleweed. Fluometuron’s mecha-
nism of action is through inhibition of photosynthesis and
carotenoid biosynthesis. Fluometuron is registered by the US
EPA exclusively for use on cotton. It can be applied before or
after planting for weed and grass control. Fluometuron is
available in liquid, dry-flowable, and wettable powder formu-
lations. It is labeled for aerial and ground spray applications.

Based on the compilation conducted by the National Center
for Food and Agricultural Policy (NCFAP) in the United States,
the total amount of fluometuron used from 1990 to 1993 and
in 1995 was 4.5� 109 pounds. However, the National Agri-
culture Statistics Service (NASS) reported a decreasing trend in
the use of fluometuron from 1990 to 2001. It also reported
a substantially lower rate of application (0.78 lb ai per acre)
compared to the label rate (6 lb per acre per year, or three
applications of 2 lb per acre). From 1998 to 2002, a screen-level
estimate reported approximately 2.4� 109 pounds of fluome-
turon used per year in the United States. The decrease in usage
appears to be a result of the use of cotton that is glyphosate
resistant.
Environmental Fate and Behavior

The US EPA concluded that several residues impact plants,
animals, the soil, and drinking water after fluometuron is
metabolized. In plants, the residue of concern consists of the
parent fluometuron and trifluoromethylaniline (TFMA); in
animals, the residue of concern consists of the parent fluo-
meturon, TFMA, and hydroxylated metabolites and their
conjugates. Fluometuron and its metabolites are nonvolatile,
highly mobile in the soil, and stable to hydrolysis and to
photolysis. Soils that have high organic carbon or clay content
increase the adsorption of fluometuron. Because of these,
fluometuron and its metabolites can potentially reach
groundwater and persist in the environment. The primary
breakdown of fluometuron and its main degradate CGA-
41686, is via microbial metabolism. Parent fluometuron is
also very stable to aerobic and anaerobic soil metabolism and
anaerobic aquatic metabolism with half-lives of 181, 378, and
177 days respectively.
Exposure and Exposure Monitoring

The major routes of exposure are through the skin and inha-
lation. Protective clothing must be worn to prevent skin
4-3.00145-7 603
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exposure. Eating contaminated cotton leaves or cotton gin trash
can also expose animals to fluometuron.

Based on EPA’s risk assessment and environmental fate
report for fluometuron, use of the typical application rate (2 lb
per application for three applications) at low boom height level
would potentially lower the toxic effects nontarget plants and
animals.
Toxicokinetics

Gastrointestinal absorption of fluometuron is slow. Rats gav-
aged with fluometuron excreted the chemical unchanged in the
feces and urine after 3 days. Fluometuron and its metabolites
were detected in organ systems (liver, kidneys, and spleen),
with the highest concentration detected in red blood cells.
Mechanism of Toxicity

Fluometuron is considered as amild inhibitor of cholinesterase.
Acute and Short-Term Toxicity

Human
Signs of poisoning include dizziness and vomiting.

Animal
Guinea pigs appear to be sensitive to fluometuron. It causes skin
sensitization and cholinesterase inhibition after inhalation expo-
sure (0.6mg l�1 for 2 h) in this species. It takes a largedose to cause
toxicity in rats and rabbits. There is moderate to low toxicity
through the inhalation route (LD50of2mg l�1). It causes slight eye
and skin irritation in rabbits. In rats, it causes watery eyes, extreme
exhaustion, muscle weakness, and collapse. Oral drenching
of healthy sheep with Cotoran in Sudan led to teeth grinding,
difficultybreathing,dilationof thepupils, paresisof front andhind
limbs, staggering, and eventually become recumbent.
Chronic Toxicity

Human
It is suggested that fluometuron does not cause reproductive
problems in humans and that teratogenic, mutagenic, and
carcinogenic effects seem unlikely.

Animal
A 103-week bioassay was conducted to determine the possible
carcinogenicity of fluometuron to laboratory rats andmice. The
concentration of fluometuron used ranged from 125 to
1000 ppm. It was reported that male mice fed with the test
chemical had increased incidence of dose-related hepatocel-
lular carcinomas or adenomas. There was none reported for the
rats (male and female) and female mice.
Immunotoxicity

No studies were published on the immunotoxic effect of
fluometuron. Rats and mice fed with the test chemical ranging
from 125 to 1000 ppm for 103 weeks were found to have no
splenic effects.
Genotoxicity

Fluometuron appears to have little genotoxic effect based on
Ames assay, micronucleus test, DNA damage, and rat DNA
repair inhibition tests. No studies were published on the gen-
otoxic effect of fluometuron in humans.

Fluometuron did not cause a mutagenic effect in the mouse
lymphoma cell forward mutation assay. One study reported
that fluometuron (cotoran) was able to bind specifically with
nonhistone proteins of the rat liver chromatin by decreasing
template activity of chromatin and thereby decreasing the
chromatin’s sensitivity to the action of nucleases. This study
suggested cotoran’s ability to cause conformation changes in
template RNA synthesis. The same authors reported that
cotoran disrupted RNA biosynthesis, resulting in a decrease in
RNA transport from nuclei to cytoplasm in the rat liver.
Carcinogenicity

There are no published studies reporting the carcinogen effects
of fluometuron in humans. In animals, the studies published
do not provide adequate results to classify fluometuron to
cause cancer. The US EPA classifies fluometuron as Group C,
possible human carcinogen. This was based on studies
reporting statistically significant increases in combined
adenomas/carcinomas of the lung of male mice and malignant
lymphocytic lymphomas in female mice.
Clinical Management

If exposed orally, administer charcoal as a slurry: 25–100 g in
adults/adolescents; 25–50 g in children (1–12 years), and 1 g per
kg in infants less than 1 year old. Seekmedical help immediately.

If inhaled, bring victim to fresh air and seekmedical attention
immediately. If it gets in contact with the eyes, splash/flush the
eyes with plenty of water for at least 15min, opening the upper
and lower eyelids occasionally. Get medical attention right away.

Contaminated clothing must be immediately removed,
then washed with soap and water before reuse.

For skin exposure, wash all affected areaswith soap andwater.
Treatment is primarily symptomatic and supportive.
For emergencies, call the National Pesticide Information

Center (NPIC)
Contact information: Tel.: þ1 800 858 7378 (outside

the United States þ1 541 737 6094). Fax: þ1 541 737 0761. E-
mail: npic@ace.orst.edu

Hours: 6:30 a.m. to 4:30 p.m.
Pacific time 7 days per week excluding holidays.
Ecotoxicology

The EPA classifies fluometuron as relatively nontoxic to honey-
bees. Acute and chronic risks of toxicity exist for small and large

mailto:npic@ace.orst.edu
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mammals that feed on treated weeds, grasses, and small insects.
Only acute toxicity was reported for avian species. Plants in
terrestrial and semiaquatic areas are also at risk of exposure.

The LD50 in Proisotoma minuta (Collembola) is 250mgml�1.
The LC50s: 30mg l�1 in rainbow trout, 48mg l�1 in bluegill
sunfish, 170mg l�1 in carp, and 55mg l�1 in catfish. There is low
potential for bioaccumulation.
Other Hazards

Fluometuron is reported to be stable under normal pressures
and temperatures. However, if it is exposed to excessive heat or
flame, the container can explode. Keep fluometuron away from
strong oxidizers as it poses an explosion hazard. It is also
incompatible with acids and bases. Exposure to too much heat
could lead to its decomposition, thereby releasing highly toxic
fumes of fluorides and oxides of nitrogen and carbon. Do not
use water in case of fire as it can further spread the flames. Water
runoff from controlling fires can emit toxic gases. In case of
spills, limit the spread by putting absorbent material and
cleaning it with detergent and water.
Exposure Standards and Guidelines

No occupational exposure limits have been established for
fluometuron by the Occupational Safety and Health Adminis-
tration (OSHA), the National Institute for Occupational Safety
and Health (NIOSH), or the American Conference of Industrial
Hygienists (ACGIH).

The National Fire Protection Association (NFPA) considers
fluometuron as moderately hazardous (rating of 2).

The following tolerances are established for fluometuron
and its metabolite TFMA:

l Cotton, gin byproducts – 3.5 ppm
l Cotton, undelinted seed – 1.0 ppm
See also: Cholinesterase Inhibition; Common Mechanism of
Toxicity in Pesticides; Mouse Lymphoma Assay; Urea;
Herbicide.
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l Name: Fluoride
l Chemical Abstracts Service Registry Numbers: CAS 16984-

48-8; CASR # 7664-39-3; CASR # 7681-49-4
l Synonyms: Fluoride ion; Fluoride ion (F�); Fluorine ion;

Fluoride(1�); Hydrofluoric acid (HF); Hydrofluoride;
Sodium fluoride (NaF); Fluorosilicic acid (H2SiF4) and
Sodium hexafluorosilicate (Na2SiF6); Calcium fluoride
(CaF2); Sulfur hexafluoride (SF6); Stannous fluoride(SnF2)

l Molecular Formula: F�

l Chemical Structure:

F–

Background (Significance/History)

Statistics in the United States show nearly 20 000 cases of
fluoride toxicity annually. A majority of them (90%) are chil-
dren who use fluoridated toothpastes or mouthwashes, and,
while most are asymptomatic, some require medical interven-
tion. Traditionally, fluoride has been used as a pesticide to kill
cockroaches and accidental ingestions occurred when individ-
uals used it by mistake as salt, sugar, and baking soda. From
1933 to 1955, 607 fatal cases of fluoride toxicity were reported
in the United States. In 1940, sodium fluoride (NaF) was
accidentally added to pancakes at a Salvation Army center in
Pittsburgh, Pennsylvania; 40 persons were affected and 12
individuals died. In the advent of other pesticides, however,
most current cases of fluoride toxicity are due to overingestion
of fluoride from dental mouthwashes and toothpaste.
Uses

Hydrogen fluoride (HF) is used in the industrial production of
fluorine-containing chemicals like fluorocarbons that are used
as refrigerants or polymers such as chlorofluorocarbons and
their substitutes, and polymers such as Teflon, aluminum
fluoride, sodium fluoride, and other fluoride salts. In uranium
chemicals production, hydrogen fluoride is used to separate
uranium isotopes. Moreover, in aqueous solution, HF is used
in stainless steel pickling; etching of ceramic, brick, and stone;
and rust removal. In humans, fluoride plays a substantial role
in the prevention and control of dental caries. First, it was
believed that fluoride had to be ingested to increase intake of
fluoride during tooth formation in order to develop caries
resistance. The idea of an important pre-eruptive preventive
effect of fluoride influenced caries prevention and research in
this area for a long time. It was thought that fluoride had to be
taken systemically through fluoridation of drinking water or
ingestion of supplements. In this context, the risk associated
with ingestion of fluoride in children was linked to acute and
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chronic toxicity of fluoride and caries prevention had to be
balanced against increasing dental fluorosis. The ‘topical’
preventive effect of fluoride was, for a long time, thought to be
minor compared with the ‘systemic’ effect; however, a new
paradigm emphasizing on the post-eruptive preventive effect
of fluoride evolved based on research findings conducted in
the 1970s.

Laboratory studies showed that fluoride is able to influence
chemical exchanges between the tooth mineral and the
surrounding plaque fluid even at very low concentrations.
Emphasis was then made on topical fluoride treatments such
as fluoridated toothpastes. Today, fluoride is considered to
be a key protective factor that works directly on the tooth
surface. The post-eruptive effect is now considered to be major
compared to the pre-eruptive one.

Fluoride supplements are available in the form of tablets,
drops, lozenges, or chewing gums using two types of fluoride
agents: acidulated phosphate fluoride and sodium fluoride
(NaF). Many countries or international institutions recom-
mend the use of fluoride supplements for children who are at
high caries risk. The effect of the different supplementation
regimens proposed (doses, age at start, level of risk, modalities
of administration) is currently unknown.

Another form of fluoride, HF, is involved in the production
procedure of fluorine-containing chemicals like fluorocarbons
that are used as refrigerants or polymers. In uranium chemicals
production, hydrogen fluoride is used to convert uranium
oxide to UF4. Moreover, in aqueous solution, HF is used in
stainless steel pickling and glass etching.
Environmental Fate and Behavior

Routes and Pathways

Relevant Physicochemical Properties
Fluoride is the F�, attributed to the reduced form of fluorine
when it presents as anion and when bonded to another
inorganic element. Its compounds often have properties that
are distinct relative to other halides. From a chemical and
structural viewpoint, the fluoride ion resembles the hydroxide
ion. The word fluorine and fluoride are often used inter-
changeably in the literature. Fluoride is the first member of
group 17 (VII) of periodic table. The molecular weight of
hydrogen fluoride is 20.006. It is a colorless gas with a melting
point of �83.36 �C. It is highly soluble in organic solvents and
in water, in which it forms hydrofluoric acid. Calcium fluoride
(CaF2) is a colorless solid that is partially insoluble in water
and dilute acids and bases. Sodium fluoride (NaF) is a color-
less to white solid that is moderately soluble in water. Sulfur
hexafluoride (SF6) is a colorless, odorless, nonflammable,
greenhouse gas, that is, slightly soluble in water and readily
soluble in ethanol.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00730-2
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Partition Behavior in Water, Sediment, and Soil

Present gaseous or particulate forms of fluoride can be trans-
ported over large distances due to wind or atmospheric
turbulences. The transport rate of fluoride in water is influenced
by pH, water hardness, and presence of ion exchange materials.
The transport and transformation of fluoride in soil are deter-
mined by pH and the existence of mostly aluminum and
calcium compounds. Adsorption to the soil of solid phase is
more active at slightly acidic pH values (5.5–6.5). Fluoride is
not readily leached from soils.
Environmental Persistence

Fluoride compounds, with the exception of sulfur hexafluoride,
do not persist in the troposphere for very long or migrate to the
stratosphere. SF6 has an atmospheric residence time ranging
from 500 to several thousand years.
Bioaccumulation and Biomagnification

The bioconcentration factor of 23 for fluoride, measured on
brown trout as the most sensitive species, indicates that it is not
bioaccumulative. The uptake of fluoride by biota is identified
by the route of exposure, the bioavailability of the fluoride, and
the uptake/excretion kinetics in the organism. Soluble fluorides
are bioaccumulative by some aquatic and terrestrial biota;
nevertheless, no information was reported concerning the
biomagnification of fluoride in aquatic or terrestrial food
chains.
Exposure and Exposure Monitoring

Routes and Pathways

Fluorine, from which fluoride is derived, is the 13th most
common element in the earth. It is released into the environ-
ment naturally in both water and air. Fluoride compounds are
released into the environment through the weathering of rocks
and through atmospheric emissions from volcanoes and
seawater.
Human Exposure

Fluorides may enter the body by inhalation, ingestion, or skin
contact. Workers in the industries that utilize or produce fluoride
compounds are at greatest risk of exposure. Consumers are most
likely to be exposed to fluoride compounds when using prod-
ucts containing fluoride compounds, including toothpaste,
special dyes, pesticides, ceramic polishing, and metal polishing
and etching, and drinking fluoride-enhanced water. Accidental
exposure to rust removers or cleaners could also occur for HF.
Residents close to production and processing facilities using
fluoride compounds may also be exposed to low levels of
fluorides. In the past, most cases of acute fluoride toxicity have
followed accidental ingestion of sodium fluoride-based insecti-
cides or rodenticides. In contrast, currently, most cases of fluo-
ride exposure are due to the ingestion of dental fluoride
products. Malfunction of water fluoridation equipment has
occurred several times, including a notable incident in Alaska.
Environmental Exposure

Fluorine is a naturally present element in the earth, but
elemental fluorine is too reactive to be found alone in nature;
instead, it is found as part of the mineral fluorspar. Water in
rivers or streams that flow over rocks rich in fluorine-containing
minerals such as fluorspar may naturally contain dissolved
fluoride. Volcanoes, weathering of minerals, and marine aero-
sols are considered to be natural sources of hydrogen fluoride.
Toxicokinetics

After oral ingestion, water-soluble fluorides such as sodium
fluoride, hydrogen fluoride, and fluorosilicic acid are swiftly
and almost completely absorbed in the gastrointestinal tract.
Fluoride is mainly absorbed in the form of hydrogen fluoride
after interaction with the acidic environment of the stomach.
Absorbed fluoride is transferred into blood and rapidly
distributes into teeth and bone. The plasma peak usually occurs
within 30 min to 1 h and returns to normal after approximately
3–5 h. The height of plasma peak is proportional to the initial
taken dose. Usually, continuous intake of fluoride from
drinking water leads to the same concentrations in the blood as
those in drinking water; the threshold for this association
remains valid up to a concentration in drinking water of
10 mg l�1. Fluorides can pass the placenta, and there is a direct
relationship between the serum fluoride concentration of
mother and fetus. Nearly 50% of ingested fluoride is excreted in
the urine. A small amount is excreted in the feces, sweat, and
saliva. Fluoride accumulates in patients with renal insuffi-
ciency, and its retention is affected by the acid–base balance.
Diets rich in meat protein will result in formation of acidic
renal filtrate and cause more fluoride to be retained. Most of
retained fluoride is incorporated reversibly into developing
bones and teeth. Fluorapatite (FA) is formed when fluoride
exchanges with the hydroxyl groups of present hydroxyapatite
crystals in the bone, which is less soluble in acid. Tooth enamel
with more FA is more resistant to acid erosion from dietary
acids and the weak acids produced by oral bacteria that cause
dental decay. Similarly, FA in bone makes it more resistant to
osteoclasts, which use protons to dissolve the mineral. Fluoride
in inhaled particles is also absorbed, the extent of absorption
depending on the size of the particles and the solubility of
fluoride compounds present.
Mechanism of Toxicity

In human and animal models, repeated exposure to fluoride
may involve metabolic pathways associated with lipid, carbo-
hydrate, bone, and energy metabolism and signal transduction
pathways. Because of its extreme electronegative property,
fluoride has a tendency for binding to many cations essential to
homeostasis. This may cause severe hypocalcaemia and resul-
tant inhibition of normal blood coagulation. As a metabolic
poison, it stimulates some enzymes, such as adenylate cyclase,
although it also inhibits other enzymes like Na(þ)-K(þ)-
ATPase and the enzymes of carbohydrate metabolism. Fluoride
inhibits cell proliferation through inhibition of synthesis of
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DNA proteins. Fluoride, through inhibiting the action of
phosphotyrosine protein phosphatase, can also stimulate
osteoblast proliferation.
Acute and Short-Term Toxicity (Animal/Human)

Animal

The acute exposure of laboratory animals tofluoride and fluoride
compoundsproduces lacrimation, salivation, vomiting,diarrhea,
respiratory arrest, depression, nephrotoxic effects, and also
adverse effects on gastric mucosa. Hydrogen fluoride is acutely
toxic when administered via inhalation. LC50 values range from
4065 to 14 400 mg fluoride m�3 for 5 min exposure of rats to
hydrogen fluoride. The inhalation exposure of laboratory
animals to levels of hydrogen fluoride near the LC50 produces
severe ocular and nasal irritation, pulmonary congestion, edema,
respiratory distress, and erythematic skin. A number of studies
have assessed the short-term impact of exposure to high amounts
of fluoride and described effects such as inhibition of bone
mineralization and formation and delayed fracture healing as
well as a reduction in bone density and collagen synthesis. Most
of these studies were conducted on rats with a dosage of more
than 16 mg l�1 for periods of 3–5 weeks. Bone fragility was re-
ported to be increased at concentrations more than 64 mg l�1.
Dosage of 85.5 mg fluoride l�1 in drinking water for a period of
21 days induced inhibition of endosteal bone formation and
reduction in cancellous bone volume in male Holtzman rats. In
subchronic studies, altered bone healing, hepatic megalocytosis,
nephrosis, mineralization of the myocardium, and necrosis or
degeneration of the seminiferous tubules in the testis were
observed in mice administered fluoride in drinking water
(>4.5mgkg�1ofbodyweightperday)over aperiodof6months.
Human

Acute symptoms occur at a dose of 5 mg fluoride kg�1 and
symptoms include excess salivation, tremors, weakness, vom-
iting, convulsions, shallow breathing, nausea, abdominal
pain, and diarrhea. Uncommon symptoms include headache,
itching, weakness, numbness or tingling of an extremity,
shortness of breath, and fatigue. Severe tissue damage, respi-
ratory effects, cardiac arrest, and death have been reported in
individuals exposed accidentally to hydrofluoric acid through
dermal contact. The lethal dose of sodium fluoride in the
average adult is between 5 and 10 g (32–64 mg fluoride kg�1

body weight). A single exposure to 5 mg fluoride kg�1 body
weight has been reported to be the minimum that might lead
to adverse health effects. Serum fluoride level of 9.1 mg l�1

is reported as a lethal dose.
Chronic Toxicity (Animal/Human)

Animal

By administration of drinking water containing 22.7 and
36.3mg fluoride l�1 in the form of sodium fluoride for a period
of 250 days, bone mineralization was inhibited in male and
female rats. Mineralization of aorta, morphological changes
within the duodenum and renal glomerulus, and alteration in
skin metabolism have been observed in rabbits received
4.5 mg fluoride kg�1 body weight per day for 6–24 months.
Reduced bone remodeling has been reported in pigs received
2 mg fluoride kg�1 body weight per day orally and dogs for the
dosage of 0.32 mg fluoride kg�1 body weight per day both as
sodium fluoride over a period of 6 months.
Human

Symptoms of chronic toxicity from fluorides include severe
joint pain, increased osteosclerosis, and changes in bone
density in radiographic findings. For establishing a diagnosis,
24 h urine fluoride levels should be below 0.3 ppm. Normal
serum levels are less than 0.02 ppm. Excessive fluoride in
drinking water (maximum 1.5 ppm) may cause chronic fluo-
ride toxicity. The only generally accepted adverse effect of
fluoride at levels used for water fluoridation is dental fluorosis,
which can changes the appearance of children’s teeth during
tooth development; this is considered to be mild although it
may be of aesthetic concern.

Broadly speaking, dental fluorosis is not common in
temperate areas at concentrations below 1.5–2 mg fluoride l�1

of drinking water. In contrast, in warmer areas, due to greater
amounts of water consumed, dental fluorosis can occur at
lower concentrations in drinking water. In other areas where
environmental exposure is increased, dental fluorosis may
develop at concentrations in drinking water below 1.5 mg l�1.

Although necessary for dental health in low dosage, chronic
exposure to fluoride in large amounts interferes with bone
formation and may cause skeletal fluorosis. Skeletal fluorosis is
defined as skeletal changes due to long-term ingestion of exces-
sive fluoride and it may include hyperostosis and osteoporosis.
This phenomenon is detectable when drinking water contains
3–6 mg fluoride l�1. The most severe form of skeletal fluorosis is
known as crippling skeletal fluorosis, which may lead to calcifi-
cation of ligaments, immobility, muscle wasting, and neurolog-
ical problems related to spinal cord compression. Crippling
skeletal fluorosis usually exists only where drinking water
contains at least 10–20 mg fluoride l�1 and the exposure occurs
over a long period of time, for example, more than 10 years.

In 2011, the Health and Human Services Department rec-
ommended lower level of fluoride as 0.7 mg l�1 of water, the
lower limit of the current recommended range of 0.7–1.2 mg.

Excessive amount of fluorides may have suppressive effects
on the thyroid, especiallywhen iodine is deficient, andfluoride is
associated with lower levels of iodine. Thyroid effects in humans
were associated with fluoride levels of 0.05–0.13 mg kg�1 day�1

when iodine intake was sufficient and 0.01–0.03mg kg�1 day�1

when iodine intake was insufficient. Four epidemiological
studies have reported a correlation between increased fluoride
and low IQ. Although the methodology of these articles are
questionable and some important details are missing, the
National Research Council speculates that effects on the thyroid
function could lead to poor test results.
Immunotoxicity

Sodium fluoride increased T cell mitogenesis and reduced B cell
activity in female C57BL/6N mice when administered
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intragastrically at 13.6 mg g�1 body weight per day for
10 weeks. Antibody production was inhibited in female rabbits
via orally administered 4.5 mg kg�1 body weight per day over a
6- to 9-month period.
Reproductive Toxicity

No evidence of an association of fluoridated mother’s
drinking water was found with spontaneous abortion, adverse
pregnancy outcome, congenital malformation, and Down
syndrome.
Genotoxicity

Mutagenicity tests of sodium fluoride showed negative result
in insects and bacteria. However, fluoride has been shown to
increase the frequency of mutations at the thymidine kinase
locus in cultured mouse lymphoma and human lympho-
blastoid cells. In mammalian cells in vitro, fluoride induces
chromosomal aberrations at cytotoxic levels (�10 mg l�1);
the mechanism for this effect is suggested to be an indirect
effect on the synthesis of proteins involved in DNA synthesis.
It appears that this dosage is not in the range of human
exposure.

According to an analysis of the frequency of sister chromatid
exchange in lymphocytes of peripheral blood sampled from
groups of approximately 100 male and female Chinese adults
whom were exposed to 0.11–5.03 mg fluoride l�1, it was not
genotoxic at this level.
Carcinogenicity

Several studies showed that there is no carcinogenicity effect for
fluoride in humans and rats.
Clinical Management

The first step of management in acute poisoning with fluoride
is based on preventing the absorption of fluoride by incorpo-
rating it into insoluble fluoride compounds. Second is
enhancing fluoride tolerance by maintaining normal blood pH
and electrolytes, and aggressive general support of the toxic
patient. The last step would be manipulating renal excretion or
removing fluoride with dialysis and hemoperfusion. If the
poisoned patient can survive for 24 h, the recovery improves
substantially. In some cases, however, delayed toxicity can
occur. Although the diagnostic of acute fluoride poisoning is
not complicated, chronic fluoride poisoning is more difficult to
be recognized and managed. Patients who consume large
amounts of water or who have renal insufficiencies should
avoid fluoridated water. Some case of joint pain complaints
and dental fluorosis may be result of exposure to too much
fluoride and these individuals must develop a strategy to
reduce fluoride intake.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Because most of the fluoride in the soil is insoluble, it is less
available to plants; however, fluoride that is present in soil solu-
tion is absorbed through the root and accumulates in leaves.

The most common route of fluoride uptake in aquatic
organisms is via water or to a lesser extent via food. Fluoride
accumulates in their hard tissue. Mean fluoride concentrations
of more than 2000 mg kg�1 have been reported in the
exoskeleton of krill while in aquatic mammals, such as seals
and whales, mean bone fluoride concentration ranges from
135 to 18 600 mg kg�1 dry weight.
Terrestrial Organism Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, and Terrestrial Vertebrates)

Level of fluoride in terrestrial animals and plants depends on
their distance from fluoride emission sources. Lichens, which
have been used broadly as biomonitors for fluorides, usually
contain less than 1 mg fluoride kg�1 (background level), but
at a distance of 2–3 km from fluoride sources, mean concen-
trations range from 150 to 250 mg kg�1. Fluoride tends to
accumulate in the bone tissue of terrestrial vertebrates as
determined by diet and the proximity of fluoride emission
sources. For instance, mean fluoride concentrations of
7000–8000 mg kg�1 have been reported in the bones of small
mammals living near an aluminum smelter.
Exposure Standards and Guidelines

The US Occupational Safety and Health Administration
(OSHA) permissible exposure limit for hydrogen fluoride is
3 ppm as an 8-h time-weighted average (TWA) concentration.
The US National Institute for Occupational Safety and Health
has set a recommended exposure limit for hydrogen fluoride of
3 ppm (2.5 mg m�3) as a TWA for up to a 10-h workday and
a 40-h workweek and a short-term exposure limit of 6 ppm
(5 mg m�3). The American Conference of Governmental
Industrial Hygienists has assigned hydrogen fluoride a ceiling
limit value of 3 ppm (2.6 mg m�3), which should not be
exceeded during any part of the working exposure.

Emergency medical procedures include removing an inca-
pacitated worker from further exposure and implementing
appropriate emergency procedures (e.g., those listed on the
Material Safety Data Sheet required by OSHA’s Hazard
Communication Standard).
See also: Occupational Toxicology; Toxicity, Acute; Toxicity,
Subchronic and Chronic.
Further Reading

Barbier, O., Arreola-Mendoza, L., Del Razo, L.M., 2010. Molecular mechanisms of
fluoride toxicity. Chem. Biol. Interact. 188 (2), 319–333.

Fawell, J.K., 2006. Fluoride in Drinking-Water. World Health Organization.

http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0015


610 Fluoride
Jha, S.K., Singh, R.K., Damodaran, T., Mishra, V.K., Sharma, D.K., Rai, D., 2013.
Fluoride in groundwater: toxicological exposures and remedies. J. Toxicol. Environ.
Health B Crit. Rev. 16 (1), 52–66.

Prystupa, J., February 2011. Fluorine–a current literature review. An NRC and ATSDR
based review of safety standards for exposure to fluorine and fluorides. Toxicol.
Mech. Methods 21 (2), 103–170.

Tressaud, A., Haufe, G., 2008. Fluorine and Health: Molecular Imaging, Biomedical
Materials and Pharmaceuticals. Elsevier. June 6.

Tylenda, C.A., 2011. Toxicological Profile for Fluorides, Hydrogen Fluoride, and
Fluorine (Update). DIANE Publishing.

Relevant Websites

http://environment.gov.ab.ca/info/library/8026.pdf – Assessment Report on Hydrogen
Fluoride for Developing Ambient Air Quality Objectives.
http://www.cdc.gov/niosh/hhe/reports/pdfs/2008-0241-3113.pdf – CDC Workplace
and Health: Evaluation of Chemical and Particle Exposures During Vehicle Fire
Suppression Training.

http://cfpub.epa.gov/ecotox – ECOTOX Database: Search for Fluoride.
http://whqlibdoc.who.int/ehc/WHO_EHC_227.pdf – Environmental Health Criteria 227:

Fluorides
http://www.greenfacts.org/en/fluoride/fluoride-greenfacts-level2.pdf – Green Facts:

Scientific Facts on Fluoride.
http://www.inchem.org – International Programme on Chemical Safety.
http://www.inchem.org/documents/ehc/ehc/ehc227.htm – PCS INCHEM: Fluorides.
http://toxnet.nlm.nih.gov – Toxicology Data Network, US National Library of Medicine.
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus

Advanced: Search for: Fluoride.
http://vceenviroscience.edublogs.org/category/resources/ – VCE Environmental Science
http://www.who.int/water_sanitation_health/dwq/chemicals/fluoride.pdf – WHO: Fluo-

ride in Drinking-water

http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00730-2/ref0035
http://environment.gov.ab.ca/info/library/8026.pdf
http://www.cdc.gov/niosh/hhe/reports/pdfs/2008-0241-3113.pdf
http://cfpub.epa.gov/ecotox
http://whqlibdoc.who.int/ehc/WHO_EHC_227.pdf
http://www.greenfacts.org/en/fluoride/fluoride-greenfacts-level2.pdf
http://www.inchem.org
http://www.inchem.org/documents/ehc/ehc/ehc227.htm
http://toxnet.nlm.nih.gov
http://chem.sis.nlm.nih.gov/chemidplus
http://vceenviroscience.edublogs.org/category/resources/
http://www.who.int/water_sanitation_health/dwq/chemicals/fluoride.pdf


En
Fluorine
RW Kapp, Jr., BioTox, Monroe Township, NJ, USA

� 2014 Elsevier Inc. All rights reserved.
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l Chemical Abstracts Service Registry Number: 7782-41-4
l Synonyms: Bifluoriden, Fluor, Fluoro, Fluoruri acidi, Saeure

fluoride
l Molecular Formula: F2
Background

‘Fluorine’ is derived from an invented Latin term for the main
source mineral – fluorite – which was first mentioned in 1529
by Georgius Agricola who described it as an additive used to
enhance melting during smelting operations and coined the
term fluores from the latin verb ‘fluo’ meaning ‘flow.’ Hein-
rich Schwanhard is thought to have first produced hydro-
fluoric acid in 1670 for use with his glass etching business;
however, Andreas Sigismund Marggraf made the initial
recorded preparation of hydrofluoric acid in 1764 by heating
fluorite with sulfuric acid. Sir Humphry Davy originally sug-
gested the name ‘fluorine,’ taking the root from the name of
‘fluoric acid’ and the -ine suffix, similarly to other halogens,
such as chlorine which he also named in 1810. Others sug-
gested the Greek name 4qório2 (phthorios), meaning
‘destructive.’ Because fluorine was particularly destructive and
dangerous, several chemists were tragically severely blinded
and some were killed in early experiments trying to generate
elemental fluorine.
Uses

Two grades of mined fluorite exist: Acidspar is at least 97%
CaF2 andmetspar which has less CaF2. Metspar is used for iron
smelting, while acidspar is primarily converted to hydrofluoric
acid (HF). The resulting HF is mostly used to produce orga-
nofluorides and synthetic cryolite. About 1% of mined fluorite
is converted to elemental fluorine. Fluorine gas is used in
cleaning of steel, cracking of alkanes in the petrochemical
industry, and etching of glass and making certain chemical
compounds, such as uranium hexafluoride, which is used in
separating isotopes of uranium for use in nuclear reactors and
nuclear weapons; it is also used in the production of Lipitor�

and Prozac� and polytetrafluoroethylene (Teflon�). Fluorine
is also used in the production of hydrofluorocarbons refrig-
erants. Metspar grade fluorite is added to molten cast iron and
steel to lower the melt temperature and viscosity, and to
remove sulfur and phosphorous, fluorosilicate is formed from
HF and is used for water fluoridation for drinking water
systems for prevention of cavities and is as an intermediate for
synthetic cryolite, cobalt difluoride (for organofluorine
synthesis), nickel difluoride (electronics), lithium and potas-
sium fluoride (fluxes), and ammonium fluoride. Over 40% of
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
hydrofluoric acid is used to produce organic fluorides for
refrigerants.
Environmental Behavior, Fate and Routes and
Pathways

Fluorine is the lightest element of Group 17 of the periodic
table called halogens. This group includes chloride, bromine,
iodine, and astatine. It has an atomic number of 9 and a density
of 1.5127 g cm�3 at �188.13 �C. As with the other halogens,
fluorine occurs as a diatomic molecule, F2, in its elemental
form. It has one stable isotope with a valence of�1. Fluorine is
the most reactive of all the elements and is a strong oxidizer
primarily because of its high electronegativity. It reacts at room
temperature or elevated temperatures with all almost all
elements. Both hydrogen fluoride and particulate fluorides are
transported in the atmosphere and deposited on land or in
water. Fluorides released into the atmosphere from volcanoes,
power plants, and high-temperature processes are hydrogen
fluoride gas or attached to very small particles. Fluorine
combines with other chemicals in minerals forming primarily
fluorspar, fluorapatite, and cryolite. Fluorine gas reacts with
most organic and inorganic substances; with metals, it forms
fluorides and with water, it forms hydrofluoric acid.

Fluorine remains persistent in the environment. In water,
fluorides attach to aluminum in freshwater and calcium and
magnesium in seawater and settle into the sediment. Fluo-
rides may be taken up from soil and accumulate in plants or
they may be deposited on the upper parts of the plants. The
amount of fluoride taken up by plants depends on the type of
plant, the nature of the soil, and the amount and form of
fluoride in the soil. Levels of fluorides in surface water
average about 0.2 ppm, while well water levels range from
0.02 to 1.5 ppm. The 15 000 water systems serving about 162
million people in the USA are fluoridated in the range of
0.7–1.2 ppm.

The concentration of fluorides in soils ranges between 200
and 300 ppm. However, levels may be higher in areas con-
taining fluoride-containing mineral deposits and where phos-
phate fertilizers are used, where coal-fired power plants or
fluoride-releasing industries are located, or in the vicinity of
hazardous waste sites.

Inorganic fluorides tend to accumulate preferentially in the
skeletal and dental hard tissues of vertebrates, exoskeletons of
invertebrates, and cell walls of plants. Soluble fluorides are
bioaccumulated by some aquatic and terrestrial biota. Aquatic
invertebrates and fish tend to accumulate fluoride in the
exoskeleton and in bone, respectively. However, there is no
evidence of biomagnification of fluoride in aquatic or terrestrial
food chains. Bioconcentration factors >10 were reported in
both aquatic plants and animals following exposure to
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fluoride. Terrestrial plants may accumulate inorganic fluorides
following airborne deposition and uptake from the soil
depending on soil type and pH.
Exposure and Exposure Monitoring

Airborne fluoride exists in gaseous (hydrogen fluoride, carbon
tetrafluoride (CF4), hexafluoroethane (C2F6), and silicon
tetrafluoride) and particulate forms (cryolite, chiolite
(Na5Al3F14), calcium fluoride, aluminum fluoride, and sodium
fluoride) emitted from both natural and anthropogenic sour-
ces. Fluorides are normally found in very small amounts in the
urban air <1 mg m�3.

Below pH 5, fluorine is almost entirely complexed with
aluminum and consequently, the concentration of free fluorine
is low. As the pH increases, Al–OH complexes dominate over
Al–F complexes and the free fluorine level increases. Fluoride
levels in surface waters vary according to location and prox-
imity to emission sources. Surface water concentrations
generally range from 0.01 to 0.3mg l�1, while seawater
contains more fluoride than freshwater, with concentrations
ranging from 1.2 to 1.5mg l�1.

Fluoride levels in terrestrial biota tend to be increased in
areas with high fluoride levels due to both natural and
anthropogenic sources. Fluoride is found in most types of soil,
ranging from 20 to 1000 mg g�1 in areas without natural
phosphate or fluoride deposits and up to many thousand
micrograms per gram in mineral soils with deposits of fluo-
ride. Airborne gaseous and particulate fluorides tend to be
deposited within the surface layer of soils and the soluble
fluoride content is biologically important to plants and
animals.

While food generally contains low levels of fluoride, it can
be higher in areas where phosphate fertilizers have been used.
The average daily fluoride intake by adults from food and water
ranges from 1 to 2.7mg depending on whether the water is
fluoridated.
Toxicokinetics

Fluoride, hydrogen fluoride, and fluorine are all rapidly
absorbed following inhalation, oral, or dermal exposure. In
humans and laboratory animals, the absorption of ingested
fluoride into the general circulation occurs primarily in the
stomach and intestine and is dependent on the relative
aqueous solubility of the form consumed. Soluble fluorides are
almost completely absorbed from the gastrointestinal tract
within 30–60 min; however, the extent of absorption may be
reduced by complex formation with aluminum, phosphorus,
magnesium, or calcium. Fluoride is rapidly distributed by the
systemic circulation to the intracellular and extracellular water
of tissues. Fluoride is believed to replace the hydroxyl ion
(OH�) and possibly the bicarbonate ion (HCO3) associated
with hydroxyapatite – a mineral phase during formation of
bone – producing hydroxyfluorapatite. Once absorbed,
a portion of the fluoride is deposited in the skeleton and
teeth where it becomes incorporated into the crystal lattice.
Subchronic inhalation exposure of rats to fluorine shows
adsorption rates and distribution patterns similar to that of
fluoride. Fluoride is eliminated from the body primarily in the
urine; however, it crosses the placenta in pregnant females. In
infants, about 80–90% of a fluoride dose is retained, while in
adults, w60% is retained.
Mechanism of Toxicity

Fluorine-containing compounds are diverse and the specifics of
toxicity depend upon their reactivity, structure, and ability to
release fluoride ions. Ingested fluoride initially acts locally on
the intestinal mucosa, where it forms hydrofluoric acid. Once
released, fluoride ions combined with blood calcium forming
calcium fluoride producing hypocalcemia. Fluoride at high
doses can stimulate osteoblasts and inhibit osteoclasts. Inor-
ganic fluoride inhibits enzymes requiring metal ion cofactors
which inhibit ATP production in the mitochondrial electron
transport chain system of the cell.

Although the exact mechanism of dental fluorosis is
unknown, it is generally believed to be due to a fluoride-
induced delay in the hydrolysis and removal of the enamel
amelogenin matrix proteins during enamel maturation and
subsequent effects on crystal growth. In one proposed mecha-
nism, fluoride indirectly inhibits amelogeninase, a calcium-
dependent metalloenzyme, by binding to calcium thereby
decreasing the calcium availability and the activation of
amelogeninases.
Acute and Short-Term Toxicity

Acute toxicity of fluorine in humans, rats, mice, rabbits, guinea
pigs, and dogs showed fluorine was irritating to the respiratory
tract, skin, and eyes. In addition to these direct contact effects,
exposure to fluorine also resulted in liver (necrosis and cloudy
swelling) and kidney (necrosis) effects. Acute exposure to
fluorine gas causes respiratory, ocular, and dermal irritation in
humans. Fluorine gas is extremely irritating and more toxic
than hydrogen fluoride; human and animal data suggest that
the primary health effects of acute fluorine inhalation are nasal
and eye irritation (at low levels), diffuse lung congestion, and
death due to pulmonary edema (at high levels). Reported LC50

values for hydrogen fluoride in rats are generally at least 3.5
times higher than the value for fluorine. In the rats, the LC50

values for exposures of 5, 15, 30, and 60 min were 700, 390,
270, and 185 ppm, respectively. Similar values for the LC50

have been calculated for different species. In animals, renal and
hepatic damage have also been observed. Both hydrogen
fluoride and fluorine can cause lethal pulmonary edema. Acute
(15min) exposures to human volunteers at concentration of
10 ppm was not irritating to the respiratory tract; however,
slight nasal irritation was reported following a 3-min exposure
to 50 ppm, and exposure to 100 ppm for 0.5 or 1min was
very irritating to the nose. Ocular exposure to 100 ppm was
extremely irritating and became uncomfortable after a few
seconds with the subjects reporting that the eyes burned. Skin
irritation and damage have been observed in humans and/or
animals exposed to fluoride, hydrogen fluoride, hydrofluoric
acid, or fluorine.
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Chronic Toxicity

Subchronic toxicity of fluorine reveals eye, nose, and mouth
irritation in rats and dogs and lung damage in rats, rabbits, and
dogs. The major health effect of chronic inhalation exposure to
fluoride is skeletal fluorosis, which has been reported in cases
of exposure to fluoride dusts and hydrogen fluoride, either
individually or in combination. Repeated exposures of rats,
mice, guinea pigs, and rabbits to 0.5, 2, 5, or 18 ppm fluorine
were conducted for 35 days. Guinea pigs and rats were less
sensitive to lethal effects than were rabbits or dogs. All rabbits
and dogs exposed to 5 ppm and mice exposed to 18 ppm died,
while only half of the rats and guinea pigs exposed to 18 ppm
died. Severe pulmonary irritation was observed in the surviving
rats exposed to 18 ppm. Most animals exposed to 2 ppm
survived showing no effects in rats, pulmonary hemorrhage
and edema in dogs, and mild bronchial inflammation in
rabbits. In mice, administered fluoride in drinking water at
>4.5mg kg�1 day�1 over a period of 6 months showed altered
bone remodeling, hepatic megalocytosis, nephrosis, minerali-
zation of the myocardium, necrosis, and/or degeneration of the
seminiferous tubules in the testis. Repeated inhalation expo-
sure up to 31 ppm showed no hematological changes in dogs,
rabbits, or rats. The overall animal data indicate that repeated
inhalation exposure to sufficiently high levels of hydrogen
fluoride or fluorine can cause severe pulmonary irritation,
edema, and kidney and liver damage, but the relevance to
human health and the potential nephrotoxic/hepatotoxic levels
cannot be determined because of a paucity of human and
animal data. Tolerance levels developed for dairy cattle are
30mg kg�1 feed and 2.5 mg l�1 drinking water. Symptoms of
fluoride toxicity include emaciation, stiffness of joints,
abnormal teeth and bones, lowered milk production, and
decrease in the reproductive index.
Immunotoxicity

A mouse inhalation study showed a decrease in bactericidal
activity following exposure to sodium fluoride; a study in
rabbits found a decrease in antibody titers following an
18-month oral gavage exposure to sodium fluoride and
immunization with transferrin. These studies provide some
suggestive evidence that the immune system is a target of
fluoride toxicity.
Reproductive Toxicity

There have been no published studies regarding reproductive
effects in humans after inhalation exposure to fluoride,
hydrogen fluoride, or fluorine, and no studies were available
regarding reproductive effects in animals after inhalation
exposure to fluoride. Rats exposed to 18 ppm fluorine,
6 h day�1 for 5 weeks showed testicular degeneration. Studies
of rats or rabbits exposed to sodium fluoride in drinking water
have not found adverse developmental effects in the offspring;
however, fetal mortality and abnormalities were observed at
maternally toxic doses. Histopathological changes in repro-
ductive organs have been reported in male rabbits orally
administered 4.5mg fluoride kg�1 day�1 for 18–29 months, in
male mice orally administered �4.5mgfluoride kg�1 day�1

for 30 days, and in female rabbits injected subcutaneously
with �10mg fluoride kg�1 day�1 for 100 days. Adverse effects
on reproductive function have been reported in female mice
orally administered �5.2 mgfluoride kg�1 day�1 on gestation
days 6–15 and in male rabbits orally administered
�9.1 mgfluoride kg�1 day�1 for 30 days. No inhalation studies
on developmental effects of fluoride, hydrogen fluoride, or
fluorine have been published in humans or animals.
Genotoxicity

There is a significant database on the genotoxicity of fluoride
compounds in several species and several cell types. The
results have been inconsistent in many instances. However,
fluoride is generally not mutagenic in prokaryotic cells.
Fluoride has been shown to be clastogenic in many cell types.
It is believed that the mechanism of clastogenicity has been
attributed to the effect of fluoride on the synthesis of proteins
in DNA synthesis and/or repair rather than direct interaction
between fluoride and DNA. Therefore, the increase in the
frequency of mutations at specific loci in cultured mouse
lymphoma and human lymphoblastoid cells is likely due to
chromosomal damage rather than point mutations. No effects
were noted in sperm morphology or the incidence of chro-
mosomal aberrations, micronuclei, sister chromatid
exchanges, or DNA strand breaks. In general, at toxic levels
>10 mgml�1, there may be a general inhibition of enzymes,
including the DNA polymerases.
Carcinogenicity

There is no consistent evidence of an association between the
consumption of controlled fluoridated drinking water and
increased morbidity or mortality due to cancer. In epidemi-
ological studies of workers occupationally exposed to fluoride,
an increased incidence of lung and bladder cancer has been
observed; however, there is no consistent pattern linking the
cancer to fluoride exposure. No studies were published
studying cancer in animals after inhalation exposure to fluo-
ride, hydrogen fluoride, or fluorine. There are no data on the
carcinogenicity of fluorine; the carcinogenicity of absorbed
fluorine is expected to be similar to fluoride.
Clinical Management

The focus of mitigation in all cases of acute high-level exposure
to fluoride, hydrogen fluoride/hydrofluoric acid, or fluorine is
limiting further absorption and complexing or removing fluo-
ride ions from the blood while maintaining the proper elec-
trolyte balances. Most acute high-level exposure situations for
which mitigation information is available involve dermal or
inhalation exposure to hydrofluoric acid or hydrogen fluoride.
Some information is also available regarding mitigation of
chronic oral exposure to fluoride. Inhalation exposure to fluo-
rine is treated very similarly by removing the source and water
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used to decontaminate the patient. Eyes are washed with saline
if necessary, and magnesium oxide paste can be applied. For
hydrogen fluoride and fluorine, mitigation includes removal
from the area, irrigation of skin and eyes, and application of
magnesium, calcium, or quaternary ammonium compounds to
limit further dermal absorption. There is evidence that a diet
high in calcium will reduce the fluoride body burden.
Ecotoxicology

Fluoride does not affect growth or chemical oxygen demand
degrading capacity of activated sludge at concentrations of
100mg l�1. The EC50 for inhibition of bacterial nitrification is
1218mg fluoride l�1. Forty-eight-hour LC50s for aquatic
invertebrates range from 53 to 304mg l�1. The most sensitive
of freshwater invertebrates is the fingernail clam with an LC50

of 2.8 mg fluoride l�1 in an 8-week flow-through study. Ninety-
six-hour LC50s for freshwater fish range from 51mg l�1 in
rainbow trout to 460mg l�1 in three-spined stickleback. Inor-
ganic fluoride toxicity to freshwater fish appears to be nega-
tively correlated with water hardness and positively correlated
with temperature.

All 96-h acute toxicity tests on marine fish gave results
greater than 100mgfluoride l�1. At fluoride concentrations
ranging from 50 to 300mg l�1, the survival time of leopard
frogs decreased with increasing exposure concentration with
frogs dying within 30 days at both 250 and 300mgfluoride l�1
Regulating body Standard Classification

International
IARC Carcinogenicity – fluoride and sodium fluoride) Group 3
WHO Drinking water guideline – fluoride 1.5 mg l�1

USA
ACGIH TLVa – fluorine 1.0 ppm

STELb (ceiling) fluorine 2.0 ppm
Carcinogenicity (fluorides) TLV-A4

NIOSH RELc – fluorine 0.2 mg m�3

IDLHd – fluorine 25 ppm

OSHA PELe – fluorine – all industries 0.2 mg m�3

EPA Food residue tolerance – fluorine compounds – most vegetables and fruits 7 ppm
Health-based fluorine residue concentration limit for hazardous waste 4 mg kg�1

RfCf No data
RfDg 0.06 mg kg�1 day�1

aThreshold limit value (TLV).
bShort-term exposure limits (STEL).
cRecommended exposure limit (REL).
dImmediately dangerous to life or health (IDLH).
ePermissible exposure limit (PEL).
fReference concentration (RfC): an estimate of a continuous inhalation exposure concentration to people (including sensitive subgroups) that is likely to be without risk of
deleterious effects during a lifetime.
gReference dose (RfD): an estimate of a continuous oral exposure level to people (including sensitive subgroups) that is likely to be without risk of deleterious effects during
a lifetime.
thought to be caused a delay in metamorphosis and reduced
the activity of the thyroids.

Airborne fluoride can also affect plant disease development,
although the type and magnitude of the effects are dependent
on the specific plant–pathogen combination. Studies on
terrestrial plants concluded that calcium and magnesium play
a central role in the response of plants to fluoride. Signs of
inorganic fluoride phytotoxicity, such as chlorosis, necrosis, and
decreased growth rates, occur in the young, expanding tissues of
plants. Aluminum smelters, brickworks, phosphorus plants,
and fertilizer and fiberglass plants have all been shown to be
sources of fluoride that are correlated with damage to local plant
communities. Average levels of fluoride in vegetation ranged
from 281mgkg�1 in severely damaged areas to 44mgkg�1 in
lightly damaged areas. Growth rates were significantly reduced
in European starlings at 13 and 17mg fluoride kg�1 day�1. The
lowest dietary level observed to cause an effect was with white-
tailed deer which showed dental mottling characteristic of
dental fluorosis at the 35mg kg�1 day�1 in the diet.
Exposure Standards and Guidelines

Minimal Risk Levels

Inhalation
l A minimal risk level (MRL) of 0.01 ppm was derived for

acute-duration inhalation exposure to fluorine (�14 days).
l No intermediate- or chronic-duration MRLs were derived

for fluorine.

Oral
l No oral MRLs were derived for fluorine.
See also: Chlorine; Bromine; Iodine.
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Further Reading

Agency for Toxic Substance and Disease Registry (ATSDR), 2003. Toxicological Profile
for Fluorides, Hydrogen Fluoride, and Fluorine. US Department of Health and
Human Services, Public Health Services, Atlanta, GA.

Prystupa, J., 2011. Fluorine – a current literature review. An NRC and ATSDR based
review of safety standards for exposure to fluorine and fluorides. Toxicol. Mech.
Methods 21 (2), 103–170.
Sodium Fluoride – Toxicological Review. Health Protection Agency, UK (undated).
World Health Organization (WHO), 2002. Fluorides, Environmental Health Criteria 227,

Geneva.
Relevant Website

http://www.atsdr.cdc.gov/; http://www.epa.gov/

http://www.atsdr.cdc.gov/
http://www.epa.gov/
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l Name: Folic acid
l Chemical Abstracts Service Registry Number: 59-30-3
l Molecular Formula: C19H19N7O6

l Chemical Structure:
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Background (Significance/History)

In the 1930s, brewer’s yeast was found to prevent anemia. Folic
acid was later discovered to be the nutrient responsible for this
effect and was purified in 1941 by Mitchell and coworkers
(Mitchell et al., 1941). Folate is needed for biosynthesis of
purines and thymidine for DNA and RNA synthesis in all cells.
It is also involved in metabolism of some of the amino acids
needed for protein synthesis, especially the conversions of
serine to glycine and homocysteine to methionine. This makes
the nutrient especially important during periods of rapid cell
division, such as in pregnancy. Folate is also involved in
transfer of one-carbon groups for methylation reactions. The
role of folate in cell division was capitalized upon in the
synthesis of aminopterin, a folate antagonist, which was one of
the first anticancer drugs produced.
Uses

Folic acid is a vitamin that is used as a nutrient. Since 1
January 1998, fortification of enriched cereal-grain products
with folic acid has been mandatory in the United States if the
products are labeled as enriched. Such fortification is either
6 Encyclopedia of T
voluntary or mandatory in a number of other countries
around the world. The primary reason for such supplemen-
tation is to decrease the risk of neural tube defects in offspring
from pregnant women.
Exposure and Exposure Monitoring

Folate is present naturally in many foods, including spinach,
lettuce and broccoli, beans, lentils, and liver. Synthetic folate or
folic acid is added to certain other foods such as breakfast
cereals, corn grits, infant formulas, medical foods, food for
special dietary use, and meal-replacement products as well as
being available in tablet form. The Institute of Medicine set
a tolerable upper intake level of 1 mg day�1 of folic acid from
fortified foods or supplements for adults. A folate level of
140 ng ml�1 or lower in red blood cells is indicative of inad-
equate folate. Red cell folate levels are more indicative of tissue
folate status than are serum levels. Soon after fortification
began in the United States, median serum folate levels
increased nearly threefold and red cell folate nearly doubled in
women of childbearing age (Centers for Disease Control and
Prevention, 2000).
Toxicokinetics

Folic acid is nearly completely and rapidly absorbed from the
proximal portion of the gastrointestinal tract. Peak serum
levels occur 30–60 min after oral administration. Only trace
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00731-4

http://dx.doi.org/10.1016/B978-0-12-386454-3.00731-4
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amounts of folate are usually found in the urine, but large
doses of the vitamin may exceed renal reabsorption allowing
excess folate to be excreted unchanged in the urine. Bioavail-
ability of dietary folate is less than folic acid because the
naturally occurring polyglutamate form of dietary folate has to
be hydrolyzed to the monoglutamate form in the intestinal
tract before absorption. Generally, folate monoglutamate is
metabolized in the liver to 5-methyltetrahydrofolate, which is
the form usually found in blood and the form taken up by
tissues.
Mechanism of Toxicity

Generally folic acid is nontoxic.
Acute and Short-Term Toxicity (Animal/Human)

Acute toxicity is not expected.
Chronic Toxicity (Human)

One of the major concerns regarding high chronic levels of folic
acid involves the interaction of folate and vitamin B12. Defi-
ciency of vitamin B12 results in megaloblastic anemia. There is
concern that high folic acid intake (over 5 mg day�1; Food and
Nutrition Board, 1998) can mask the effects of B12 deficiency
by correcting the megaloblastic anemia without correcting the
neurological damage that may also occur. There is also concern
that high levels of folate could exacerbate megaloblastic
anemia and worsen the cognitive symptoms in certain
populations.

Due to the enhanced requirement for purines, thymidine,
and amino acids, many cancer cells appear to require high
levels of folate. Anticancer drugs such as aminopterin and
methotrexate were developed to target this need for folate.
Folinic acid or 5-formyltetrahydrofolate may be administered
to help reduce some of the toxic effects produced by anti-
cancer drugs such as methotrexate. Folate deficiency usually
results in elevated serum levels of homocysteine due to the
role of 5-methyltetrahydrofolate in the conversion of homo-
cysteine to methionine. High levels of homocysteine have
been associated with increased risk for cardiovascular disease.
There was also no positive effect of supplementation on
cardiovascular disease.

Folate appears to interact with anticonvulsant drugs, such as
phenytoin and barbiturates although the mechanism for this
interaction is unknown. Elevated intake of alcohol may result
in folate deficiency. Additionally, drugs that reduce intestinal
acidity, such as antacids, may interfere with the absorption of
folic acid from the intestine.
Immunotoxicity

Although allergic reactions to folic acid have been reported,
such instances are rare.
Reproductive/Developmental Toxicity

Several clinical studies in Great Britain in the 1960s suggested
that a multivitamin containing folic acid might be associated
with the prevention of adverse pregnancy outcomes, espe-
cially neural tube defects. In 1991, results of a large multi-
national study were published which specially examined the
role of folic acid in preventing recurrence of neural tube
defects (MRC Vitamin Study Research Group, 1991). Since
fortification began, epidemiological studies have indicated
that the incidence of neural tube defects has decreased. The
incidences of orofacial clefts and cardiovascular defects have
also been suggested to be decreased (Hansen, 2009).
However, the mechanism for the protective effect of folic acid
is unknown.
Carcinogenicity

Several epidemiological studies have suggested that indi-
viduals with diets high in folate have decreased risks of
various types of cancer. However, the current evidence for
an association between folic acid and an increased or
decreased cancer risk is equivocal. For example, a recent
meta-analysis indicated that folate supplementation did not
decrease the overall incidence of cancer. Additionally, folate
deficiency has not been associated specifically with any type
of cancer.
Disclaimer

This article reflects the views of the authors and should not be
construed to represent FDA’s views or policies.
See also: Vitamin A; Vitamin C (Ascorbic Acid); Vitamin D;
Vitamin E; Developmental Toxicology; Carcinogenesis;
Methanol; Nitrous Oxide.
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Relevant Websites

http://www.dsm.com/markets/foodandbeverages/en_US/products/vitamins/folic-acid.
html – DSM in Food, beverages & dietary supplements: Folic acid.
http://www.inchem.org – International Programme on Chemical Safety: INCHEM:
Search for Folic Acid.

http://toxnet.nlm.nih.gov/ – Toxnet (Toxicology Data Network): search for Folic Acid.

http://www.dsm.com/markets/foodandbeverages/en_US/products/vitamins/folic-acid.html
http://www.dsm.com/markets/foodandbeverages/en_US/products/vitamins/folic-acid.html
http://www.inchem.org
http://toxnet.nlm.nih.gov/
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l Name: Folpet
l Chemical Abstracts Service Registry Number: CAS 133-07-3
l Synonyms: Folpan; Folpel; Fungitrol 11; Phaltan; Phthal-

tan; Thiophal; Vinicoll
l Chemical/Pharmaceutical/Other Class: N-(trichloromethyl

[thio]phthalimide) fungicide
l Chemical Structure:
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Background

Folpet (CAS 133-07-3) is an N-(trichloromethyl[thio]phtha-
limide) fungicide/biocide that has been in use since the 1950s.
Folpet is a contact fungicide with a broad spectrum of action.
It is used in treatments of agricultural products (food, feed,
and ornamental plants) and noncrop uses, including materials
protection in paints, coatings, and plastics. Folpet is
effective for prevention of fungal growth due to its fungicidal
properties.
Uses

Folpet is a contact fungicide with a broad spectrum of action.
It is used in treatments of agricultural products (food, feed,
and ornamental plants) and noncrop uses, including mate-
rials protection in paints, coatings, and plastics. Folpet is
effective for prevention of fungal growth due to its biocidal
properties.
Environmental Fate

Folpet rapidly degrades in both aquatic and terrestrial envi-
ronments, with a reported half-life ranging from 2.6 h to
2 days. The dissipation of folpet in the environment is
considered to be dependent on its hydrolysis in water and on
microbial-mediated degradation. Its rate of hydrolysis is greatly
influenced by pH, with more rapid hydrolysis observed at
higher, more alkaline pH levels.
Exposure Routes and Pathways

Folpet is available as water-dispersible granules and wettable-
powder formulations. Agricultural workers may be exposed
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
dermally during mixing, loading, or applying folpet and via
inhalation if not sufficiently protected. The same exposure
routes would apply to workers in manufacturing, handling,
and application of industrial biocides containing folpet. Folpet
is not absorbed in significant amounts through the skin.
Ingestion of residues on food products is considered a minor
route of exposure.
Toxicokinetics

Folpet is degraded following oral administration, because it
reacts rapidly with thiol groups. Folpet’s initial metabolites are
phthalimide and thiophosgene. Thiophosgene, a reactive
intermediate, quickly reacts with available thiols and other
functional groups such as imides, amines, amides, and alco-
hols. Thiophosgene may also decompose to form hydrogen
sulfide, hydrogen chloride, and carbonyl sulfide gases. In
contrast, phthalimide is relatively stable, but can be further
metabolized to produce phthalamic acid and phthalic acid,
which are not considered to be of toxicological concern. Due to
its rapid hydrolysis and degradation, folpet is not found in the
blood. Its half-life in human blood is less than 5 s, and the half-
life of thiophosgene in blood is less than 1 s. Systemic exposure
following dermal deposition is extremely low due to its reac-
tivity and degradation. Folpet’s stable metabolites are excreted
primarily via the urine.
Mechanism of Toxicity

Both folpet and its reactive metabolite, thiophosgene, interact
with thiol groups and denature proteins. This reaction is
responsible for its fungicidal/biocidal activity and its cellular
toxicity in mammals. Due to the toxicokinetics of this degra-
dation, folpet toxicity in mammals is generally limited to local
irritation effects at the site of contact.
Acute and Short-Term Toxicity

Animal

The oral LD50 in rats is greater than 5000mg kg�1. The dermal
LD50 in rabbits is also greater than 5000mg kg�1. The acute 4 h
inhalation LC50 is between 0.34 and 0.48mg l�1 in rats. Folpet
elicits low skin irritation but can be severely irritating to the
eyes. It is a skin sensitizer in the guinea pig.
Human

When folpet comes into direct contact with the eyes, skin, or
respiratory tract, it may produce localized irritation. Exposures
to folpet have been associated with eye and skin irritation and
4-3.00146-9 619
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a low incidence of skin rash and conjunctivitis. It has been
suggested that it may contribute to contact dermatitis.
Chronic Toxicity

Animals and Humans

In long-term rodent carcinogenicity studies, mice exposed to
folpet develop duodenal tumors but rats do not. Prior to 2010,
the US Environmental Protection Agency (EPA) classified it as
a B2 (probable human carcinogen). This classification was
revised in accordance with the EPA’s cancer guidelines of 2005,
to ‘not likely to cause cancer in humans at levels that do not
produce cytotoxicity and regenerative proliferation.’ The cancer
reclassificationwas based onmode of action studies that showed
duodenal tumors inmice develop only after prolonged exposure
to high dietary levels of folpet. The tumors observed in mice
were due to irritation of the intestinal villi, subsequent cyto-
toxicity and loss of villi cells, and compensatory increases in cell
proliferation in the duodenal crypts. Proliferative pressure in the
crypts resulted in adenomas and eventually carcinomas in mice
only. Similar responses did not occur in rats or dogs and would
not be expected in humans, due to interspecies differences and
to the absence of sufficient exposure levels above the threshold
dose for cytotoxicity and regenerative cell proliferation.
Immunotoxicity

A T-cell dependent antibody response study has not been
conducted with folpet; however, subchronic and chronic
rodent studies have not given indications of possible immu-
notoxic effects. Thymus weights and spleen weights have not
been affected, and decreased survival rates, due to opportu-
nistic bacteria or viruses, have not been seen. This is consistent
with the rapid systemic degradation of folpet that results in
exposure to phthalimide only.
Reproductive Toxicity

Folpet is not a frank developmental or reproductive toxicant.
Genotoxicity

Folpet is mutagenic in the Ames assay as well as in other in vitro
studies but is nongenotoxic in vivo, due to rapid degradation of
its reactive moieties. Other in vitro findings may not be relevant
for risk assessment of folpet in the intact animal due to its rapid
degradation in the presence of thiols and other functional
groups.
Carcinogenicity

Prior to 2010, the USEPA classified folpet as a B2, but this
classification was revised in accordance with the EPA’s cancer
guidelines of 2005, to ‘not likely to cause cancer in humans at
levels that do not produce cytotoxicity and regenerative
proliferation.’
Clinical Management

Flush the eyes with water if folpet comes into contact with the
eyes. If dermal exposure occurs, remove contaminated clothing
and wash the skin completely with soap and water. Ingestion of
large amounts of folpet is not expected; however, in the case of
accidental ingestion, the main hazard is gastrointestinal irrita-
tion. Medical treatment should be requested if ingestion
occurs. If inhalation occurs, remove the individual from the site
of contamination into fresh air. Supportive medical care may
be needed.
Ecotoxicology

Folpet is practically nontoxic to birds. The acute oral LD50 for
bobwhite quail is greater than 2.5 g kg�1 and the subacute
dietary LC50 is greater than 5000 ppm. The acute oral LD50 in
mallard ducks is greater than 2.0 g kg�1, and the subacute
dietary LC50 is greater than 5000 ppm. Prior to its hydrolytic
degradation, folpet is very highly toxic to fish. The 96 h LC50

in bluegill sunfish (warm water) is 47 ppb (active ingredient)
and 15 ppb (active ingredient) for rainbow trout (cold water).
The reported 48 h EC50 values in Daphnia magna indicate
effects in a range of moderately toxic to very highly toxic to
freshwater invertebrates. Folpet is relatively nontoxic to
honeybees.
Exposure Standards and Guidelines

The acceptable daily dietary intake is 0.1mg kg�1 day�1 based
on a no observed adverse effect level of 10mg kg�1 in a 2-year
rat study assessing chronic noncancer dietary risk with an
added uncertainty factor of 100. Based on the mode of action
of folpet in mice and the lack of relevance to humans regarding
the excessive dosing in the mouse cancer studies, the US EPA
adjusted the cancer classification in 2010 to reflect the absence
of risk to humans. The high threshold for oral exposure that is
necessary to initiate duodenal tumors will not be exceeded over
a lifetime of dietary residue exposures.
See also: Biocides; Captan; Pesticides; Food Safety and
Toxicology; Gastrointestinal System; Cell Proliferation;
Mechanisms of Toxicity; Carcinogen Classification Schemes;
Carcinogenesis; Mode of Action.
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Pesticide Toxicology. Elsevier, New York, pp. 1915–1949.

Cohen, S.M., Gordon, E.B., Singh, P., Arce, G.T., Nyska, A., July, 2010. Carcinogenic
mode of action of folpet in mice and evaluation of its relevance to humans. Crit.
Rev. Toxicol. 40 (6), 531–545.

Arce, G.T., Gordon, E.B., Cohen, S.M., Singh, P., July, 2010. Genetic toxicology of
folpet and captan. Crit. Rev. Toxicol. 40 (6), 546–574.



Folpet 621
Relevant Websites

http://ec.europa.eu/food/plant/protection/evaluation/existactive/list_folpet_rev5.pdf –

European Commission Health & Consumers Directorate-General:Review report for
the active substance Folpet.

http://www.inchem.org – International Programme on Chemical Safety: INCHEM:
Folpet.
http://www.epa.gov/oppsrrd1/REDs/0630red.pdf – Environmental Protection Agency.
http://www.efsa.europa.eu/en/efsajournal/doc/2391.pdf – European Food Safety

Authority.
https://www.federalregister.gov/articles/2003/03/05/03-5192/folpet-pesticide-

tolerance – Federal Register.
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Food additives are substances or ingredients, which are incor-
porated into the final food product, either as a result of direct
addition to achieve a desired effect (functionality or technical
effect) or indirectly as a result of production or processing.
Direct additives include antioxidants, leavening agents,
texturizing agents, preservatives, colors, flavors, and, more
recently, a wide range of ‘functional’ ingredients for purported
health benefits above and beyond basic nutrition. The levels of
these agents in food are usually low, with the levels of colors
and flavors usually the lowest. Direct food additives may
increase stability and prolong shelf life, improve the organo-
leptic qualities (appearance, texture or mouthfeel, aroma, and/
or flavor) of food, and increase market penetration. The
number of additives used in processing foods has been
increasing due to advances in food technology and consumer
expectations. These additives are identified on the food label.

These increases in the use of food additives and/or their
improper use may pose potential health hazards to the
consumer, such as with individuals with various protein aller-
gies, gluten or lactose intolerances, or introduce an element of
deception, disguising unpalatable/unhealthy food with colors
or flavors. It is appropriate and necessary that food additives be
safe and suitable for their intended use. This is assured by
governmental oversight and regulations that establish safety
and conditions of use. The term ‘food grade’ and the assurance
that the ingredient being used and consumed is appropriate for
its intended use are dependent upon the quality of the ingre-
dient. Quality includes authenticity (is the ingredient what it
purports to be) and purity and limit on impurities (is enough
of the intended ingredient present and is there an appropriate
limit on anticipated unwanted constituent(s)). There is no
universally agreed upon definition for ‘food grade,’ but
a number of voluntary approaches may be used by the
manufacturers and users of food ingredients. These include
public quality standards, for example, as provided by the Food
Chemicals Codex (Food Chemicals Codex (2010), US Phar-
macopeial Convention (USP), Rockville, MD), Codex Ali-
mentarius (http://www.codexalimentarius.net/web/index_en.
jsp), etc. The bases of a public standard should encompass
full and rigorous specifications, appropriate and sensitive
analytical methods to discern the ingredient, acceptance
criteria based on good metrology, authenticated reference
materials to calibrate instrumentation, and qualify and quan-
tify the desired ingredient and any unwanted or minimized
impurities.
22 Encyclopedia of T
This section will focus primarily on the regulatory principles
and practices in the United States, and these will be compared
with the European and the United Nations (UN) Codex Ali-
mentarius Commission.
Definitions

Definitions of food additives (direct food additives,
ingredients added to foods for a specific purpose) vary among
government agencies and organizations and include the
following:

l US Food and Drug Administration (FDA): The term ‘food
additive’ means “any substance the intended use of which
results or may reasonably be expected to result, directly or
indirectly, in its becoming a component or otherwise
affecting the characteristics of any food (including any
substance intended for use in producing, manufacturing,
packing, processing, preparing, treating, packaging, trans-
porting, or holding food; and including any source of
radiation (21 CFR 179 is the primary regulation that covers
irradiation in the production, processing, and handling of
food and describes radiation and radiation sources, which
include gamma ray, e-beam, and X-ray, as well as the
general provisions for food irradiation also list other radi-
ation processes, including radio frequency radiation, ultra-
violet, and pulsed light intended for any such use), if such
substance is not generally recognized, among experts qual-
ified by scientific training and experience to evaluate its
safety, as having been adequately shown through scientific
procedures (or, in the case as a substance used in food prior
to 1 January 1958, through either scientific procedures or
experience based on common use in food) to be safe under
the conditions of its intended use, except that such term
does not include (1) a pesticide chemical in or on a raw
agricultural commodity or processed food or (2) a pesticide
chemical or (3) a color additive or (4) any substance used in
accordance with a sanction or approval granted prior to the
enactment of this paragraph pursuant to this Act, the
Poultry Products Inspection Act (21 U.S.C. 451 and
the following) or the Meat Inspection Act of 4 March 1907
(34 Stat 1260) as amended and extended (21 U.S.C. 71 and
the following); (5) a new animal drug; or (6) an ingredient
described in paragraph (ff) in, or intended for use in,
a dietary supplement (US FFDCA x201 (s)).”
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00386-9

http://www.codexalimentarius.net/web/index_en.jsp
http://www.codexalimentarius.net/web/index_en.jsp
http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00386-9
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l European Economic Community (EEC): A food additive is “any
substance not normally consumed as a food in itself and not
normally used as a characteristic ingredient of food whether
or not it has nutritive value, the intentional addition of
which to food for a technological purpose in the manufac-
ture, processing, preparation, treatment, packaging, trans-
port, or storage of food results or may be reasonably
expected to result, in it or its by-products becoming directly
or indirectly a component of such foods.” 89/107/EEC.

l World Health Organization (WHO): Food additive means
“any substance not normally consumed as a food by itself
and not normally used as a typical ingredient of the food
whether or not it has nutritive value, the intentional addi-
tion of which to food for a technological (including
organoleptic) purpose in the manufacture, processing,
preparation, treatment, packing, packaging, transport, or
holding of such food results or may be reasonably expected
to result (directly or indirectly), in it or its by-products
becoming a component of or otherwise affecting the char-
acteristics of such foods.” The term does not include
contaminants or substances added to food for maintaining
or improving nutritional qualities. Codex Alimentarius,
second edition (revised 1995), volume 1A (General
Requirements), p. 11.
Principles

Several principles are common to the use of food additives
including the following:

l A food additive must be safe and suitable, it must present no
risk to the health of the consumer at the levels of intended
use, and it must not be used to deceive the consumer
(wholesomeness and stability must not be compromised).

l A food additive must be used in accordance with the prin-
ciples of current good manufacturing practice, which
dictates that the lowest possible amount necessary to
accomplish the desired technical effect be used and that the
preparation and handling of the food additive to be the
same quality as food itself.

l A food additive may serve one or more technological
functions (functionality) listed in Table 1. US Regulations
may include broader generalizations and finer subcate-
gories. For example, Section 172 of 21 CFR includes the
following broad categories:
B food preservatives,
B coatings, films, and related substances,
B special dietary and nutritional additives,
B anticaking agents,
B flavoring agents and related substances,
B gums, chewing gum bases, and related substances,
B other specific usage additives, and
B multipurpose additives.

Whereas some of the subcategories that are also listed in
Section 172 of 21 CFR on a case-by-case basis include the
following:

B antigushing agent,
B bleaching agent,
B cure accelerator agent,
B malting agent,
B pesticide surfactant agent,
B retard struvite (innocuous magnesium ammonium

phosphate crystals) formation agent, and
B wetting agent.
Regulations – USA

United States food law is codified in the Federal Food Drug
Cosmetic Act (FFDCA) with amendments and further clarifi-
cation in the Code of Federal Regulations (CFR), Title 21. This
deals with food and food additives.

Product categorization (e.g., food or drug) determines the
nature and extent of testing. More rigorous and restrictive
requirements, including premarket approval by the FDA, are
applied to a drug than to a ‘food.’ There may be distinct
advantages for classifying a product as a dietary supplement
instead of a conventional food and this will be discussed in
more detail in the section entitled ‘Dietary Supplements
Ingredients.’ Inconsistent regulatory treatments of similar (or in
some cases, identical) products can lead to a blurring of the
lines between different ‘intended use’ FDA categories. Place-
ment in a category depends in part on how the manufacturer
positions the product for consumer use. A soluble fiber found
in conventional breakfast cereals may be a food or a food
additive; it also may be used as a dietary supplement and as an
over-the-counter drug, with concomitant allowable health
benefit claims.

Premarket clearance (clearance prior to marketing) may
be required by the FDA in some instances but not in others.
The prevailing legal principle in the FFDCA is the prohi-
bition of the use of “any poisonous or deleterious
substance which may render . [the food] injurious to
health .”.

The following seven categories will be briefly described: (1)
traditional foods used as food ingredients; (2) prior-sanctioned
ingredients; (3) generally recognized as safe (GRAS) ingredi-
ents; (4) direct food additive ingredients; (5) indirect food
additive ingredients; (6) dietary supplement ingredients; and
(7) bioengineered food ingredients.
Traditional Foods Used as Food Ingredients

Common or traditional foods that have a history of safe use
(e.g., most vegetables, fruits, grains, meats, and poultry) are
recognized as safe for human consumption. They are an inte-
gral part of the final food that is consumed.
Prior-Sanctioned Ingredients

When the key amendments were made to the FFDCA in 1958, it
was recognized that some exceptions were needed to the food
additive category, such as ingredients previously established as
safe and already listed in FDA regulations. Some of the prior-
(1958)-sanctioned ingredients include gum guaiac, calcium
propionate, linseed oil, and sodium nitrate. A complete listing
appears in 21 CFR Section 181.



Table 1 Technological functions of a food additive

Technical effect Notes Example USa JECFA EU

Acidity regulators Buffer acid/base Ammonia solution U*1 J
Acids pH change, tartness Lactic acid J E
Adjuvants Polyvinylpyrrolidone J
Adsorbents Remove moisture Activated carbon U*2 J
Anticaking agents Prevent clumping Aluminum silicate U J E
Antifoaming agents Prevent foaming Polydimethylsiloxane J E
Antioxidants Prevent oxidation Ascorbic acid U J E
Bulking agents Add bulk Ethyl cellulose J E
Carrier solvents Dissolve Ethyl alcohol J
Clouding agents Add opacity Brominated vegetable oils J
Color retention agents Preserve color Cupric sulfate U*3 J
Colors Add color Canthaxanthin U J E
Curing and pickling agents Add unique color/flavor U
Dough strengtheners Modify starch, improve dough U E*1
Emulsifiers Modify surface tension Lecithin U, U*4 J E, E*2
Enzyme preparations Improve food processing Avian pepsin U J E
Extract solvents Dissolve Acetone U J
Filtering aids Remove sediment Polyvinylpolypyrrolidone J
Firming agents Add firmness Calcium sulfate U J E
Flavor enhancers Modify original flavor Disodium 50-guanylate U J E
Flavoring agents Add flavor Citral U J
Flour treatment agents Improve milled flour Stearyl tartrate U J E
Foaming agents Add foam Methyl ethyl cellulose J
Formulation aids Produce texture U
Freezing agents Freeze Nitrogen J
Fumigants Control pests U
Gelling agents Gel Sodium alginate J E
Glazing agents Glaze, surface treat Beeswax U*5 J E
Humectants Add/retain moisture Xylitol U J E
Lubricants/release agents Prevent sticking, including molds Castor oil U J*1
Miscellaneous Helium, gelatin, carbon dioxide J
Nonnutritive sweeteners Noncaloric sweeteners Sucralose U
Nutrient supplements Add vitamins/minerals Potassium gluconate U J E
Nutritive sweeteners Caloric sweeteners Sucrose U
Oxidizing and reducing agents Improve stability U
Preservatives Prevent microorganisms growth Hydrogen peroxide U*6 J
Processing aids Enhance food U*7
Propellants Discharge pressurized foods Argon U*8 J E
Raising agents Enable dough to rise Ammonium carbonate U*9 J E
Reduced-energy fat and oil replacement Low-fat oil Salatrim J
Sequestrants Form soluble metal complexes Stearyl citrate U J E
Stabilizers Improve dispersions Gellan gum U J E
Sweetenersb Sweetening capacity Aspartame J E
Synergists React with another ingredient Sodium percarbonate U J E
Texturizers Affect mouthfeel, appearance U
Thickeners Produce viscosity, body Carob bean gum U J
Yeast foods Urea J

aUS 21 CFR170.3(o).
bUSA splits sweeteners into nutritive and nonnutritive (see appropriate spaces in Table 1). U*1, pH control agents; U*2, drying agents; U*3, coloring adjuncts; U*4, emulsifiers
and emulsifier salts; U*5, surface-active and surface-finishing agents; U*6, antimicrobial agents; U*7, clarifying, clouding, filtering, etc.; U*8, propellants, aerating agents, and
gases; U*9, leavening agents; J*1, release agents; E*1, modified starch; and E*2, emulsifiers and emulsifier salts.
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GRAS Ingredients

Also in 1958, it was recognized that expertise other than that in
the FDA could be utilized to determine the safety of foods and
food ingredients. Statutory language states that a substance is
generally recognized as safe (GRAS) and thus outside the scope
of the food additive definition if it is “recognized, among
experts qualified by scientific training and expertise to evaluate
its safety, as having been adequately shown through scientific
procedures . to be safe under conditions of its intended
use..” Over the years, the Agency has continued to modify
this process. There are currently two approaches, the GRAS
self-determination (usually managed by the interested
company) and the GRAS Notification (managed by the
FDA). This latter regulatory process allows a company to
submit the details of their successful GRAS self-determina-
tion to the FDA, which will critically evaluate all aspects
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within a predetermined time period. The FDA will then
issue a letter to the petitioner and post it publicly on the
FDA’s webpage (http://www.cfsan.fda.gov). The letter with
the best outcome for the submitter may be interpreted as
an affirmation of GRAS, but it is a ‘no objection letter,’ that
is, the FDA had no objections to the GRAS self-determina-
tion. For example, the public letter may read, “Based on the
information provided by Company X, as well as other
information available to FDA, the Agency has no questions
at this time regarding the conclusion of Company X that
Ingredient Y is GRAS under the intended conditions of use.
The Agency has not, however, made its own determination
regarding the GRAS status of the subject use of Ingredient Y.
As always, it is the continuing responsibility of Company X
to ensure that food ingredients that they market are safe
and are otherwise in compliance with all applicable legal
and regulatory requirements.” An alternative response from
the FDA is an ‘objection letter,’ which clearly identifies
deficiencies in the submitted GRAS Notification.
Direct Food Additive Ingredients

If a candidate substance is to be used directly in/on food and is
not already covered under prior sanction or GRAS categoriza-
tion and is not bioengineered nor a dietary supplement, then it
is most likely a bona fide food additive/ingredient and stringent
premarket (i.e., FDA approval before marketing) approval is
mandated by a ‘petition process’ (Food Additive Petition, FAP).
If successful, official regulations will be published and codified
in the 21 CFR and there are likely to be specific conditions of
use including food categories in which it may be used and
appropriate levels of use.
Indirect Food Additive Ingredients

If a substance is found in food but was not directly added to the
food and if it does not have a technical effect in the food, it is
considered an indirect food additive. This category includes
food contact materials, such as packaging. Originally, these
ingredients were subjected to similar, rigorous regulations
comparable to direct food additive ingredients, but this has
been significantly simplified into a premarket notification
instead of premarket approval.
Dietary Supplement Ingredients

Dietary supplement ingredients were removed from the FDA’s
food additive regulations in 1994 with the passage of the
Dietary Supplement Health and Education Act creating a more
favorable, less onerous process (FDA premarket notification)
with the advantage that labels and labeling were permitted to
provide ‘statements of nutritional support,’ but these materials
are prohibited from being ‘represented for the use as
a conventional food.’
Bioengineered Food Ingredients

Although controversial, bioengineered foods, genetically modi-
fied organisms, and products of biotechnology are not required
to undergo food additive scrutiny by the FDA as long as there are
no significant changes in composition, nutrient value, allerge-
nicity (beyond the conventional ‘version’), or other safety
concerns compared to the familiar, conventional, and traditional
food. The bioengineered food ingredient should be substantially
equivalent to the conventional/traditional food. FDA does
expect a premarket consultation to review safety and any other
potential concerns.
Regulations – Europe

European Union (EU) countries regulate food additives
through a number of key directives that are approved by the
members. The legislative processes are very complex and
beyond the scope of this discussion. Suffice, the EU is ‘run’
by a number of institutions, including the European
Commission (EC), the Council of Europe, and the European
Parliament (EP). The EC initiates proposals for legislation, is
guardian of treaties, and ensures that EU legislation is applied
correctly by member states and manages EU policies and
international trade relations. The EC is further subdivided
administratively into departments referred to as Directorate-
Generals (DGs), one of which, the DG for Health and
Consumer Protection, is the most important in the area of
food law. A number of advisory Scientific Committees, most
critically, the Scientific Committee for Food prepares scientific
opinions and risk assessments. The three types of European
legislation are (1) directives, (2) regulations, and (3)
decisions. Directives express obligatory objectives but do
allow the members flexibility in the translation of the direc-
tive into their national law. Regulations are inflexible, apply
to all members, are binding, and circumvent the member’s
national legislation. Decisions are binding but are more
specifically addressed to discrete member states, companies,
or individuals.

The European Food Safety Authority (EFSA) is the
keystone of EU risk assessment regarding food and feed
safety. In close collaboration with national authorities and in
open consultation with its stakeholders, EFSA provides
independent scientific advice and clear communication on
existing and emerging risks. EFSA was set up in January 2002
via European Regulation 178/2002 and it is based in Parma,
Italy. In the European food safety system, risk assessment is
done independently from risk management. As the risk
assessor, EFSA produces scientific opinions and advice to
provide a sound foundation for European policies and
legislation and to support the EC, EP, and EU Member States
in taking effective and timely risk management decisions.
EFSA’s remit covers food and feed safety, nutrition, animal
health and welfare, plant protection, and plant health. In all
these fields, EFSA’s most critical commitment is to provide
objective and independent science-based advice and clear
communication grounded in the most up-to-date scientific
information and knowledge (http://www.efsa.europa.eu/en/
aboutefsa.htm).

The key Directive, 89/107/EEC, provides the framework for
general regulatory and safety aspects of food additives,
including the aforementioned definition of food additive “.
any substance not normally consumed as food . addition
of which . for a technological purpose . becoming . a

http://www.cfsan.fda.gov
http://www.efsa.europa.eu/en/aboutefsa.htm
http://www.efsa.europa.eu/en/aboutefsa.htm
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component of food.” This definition does not include pro-
cessing aids (similar to the US indirect food additive ingre-
dients), plant health products, flavorings, and substances
used as nutrients. Additional directives have been promul-
gated that address several specific subcategories including
among others, ‘sweeteners,’ ‘colors,’ and ‘flavorings.’ Autho-
rized food additives, conditions of use, limitations, purity
criteria, etc. are listed in the directive. The process can occur in
stages, as there are provisions for temporary use, specific
national (member country specific) marketing of a nonlisted
additive as well as suspension or restriction of an authorized
food additive in their country on grounds of suspected
danger to health or erosion of ‘traditional national foods,’
such as Greek feta cheese, German beer (Reinheitsgebot),
and Spanish ‘lomo embuchado.’ Authorized additives are
listed in one of the newer directives (94/35/EC (sweeteners);
94/36/EC (colors); 89/107/EEC (flavors); and 95/2/EC
(amended 96/85/EC, 98/72/EC, 2001/5/EC; for all other food
additives)).
Regulations – Codex Alimentarius

The Codex Alimentarius (CA; Latin for ‘food law’ or ‘food
code’) Commission (CAC) is an intergovernmental subsidiary
to the FAO and WHO of the UN with the aim to formulate and
implement internationally accepted food safety standards for
the protection of consumer health and to ensure fair trade
practices in the food industry. The principal result has been the
publication of food commodity standards, hygiene, and tech-
nical codes of practice, guidelines, and other recommenda-
tions. The CAC professes to take into account the individual
concerns of governments, nongovernmental organizations,
industry, and the consumer. The CAC issues CA standards,
which are requirements aimed at providing consumers with
a ‘sound, wholesome food product’ free from adulteration,
correctly labeled and presented, and CA codes of practice as
advisories to member nations providing flexibility in trans-
lation and implementation.

The adoption of standards is a multistep process requiring
the involvement of appropriate expert committees charged
with preparing the ‘proposed draft standard,’ which undergoes
a series of circulations to governments and other interested
international organizations for comment.
Safety – USA

Recognizing that the establishment of safe food (and color)
additives would be predicated upon appropriate and respon-
sible safety assessments, the FDA issued ‘Guidelines’ in 1982
entitled “Toxicological Principles for the Safety Assessment of
Direct Food Additives and Color Additives Used in Food
(termed the ‘Redbook’)” and currently has a web-based
dynamic version entitled “Redbook 2000: Toxicological
Principles for the Safety Assessment of Food Ingredients”
(http://www.cfsan.fda.gov). Safety is defined by the Agency as
“a reasonable certainty that a substance is not harmful under
the intended conditions of use.” The Redbook guidelines
are an attempt to ‘delineate the sensitivity and rigor of
toxicological and other information needed to make safety
determinations’ for these additives. The guidelines outline
a ‘tiered’ approach linking the level (and therefore financial
and temporal costs) of effort to the chemical structure of the
ingredient and to the potential exposure. Sample protocols are
provided to ensure consistency in study design facilitating
Agency and/or other expert evaluation. The FAP process
requires the submission of appropriate data derived from
animal and/or human safety studies such as described in the
Redbook. The animal toxicity data must supply substantive
information that addresses (1) the identification of any
hazards inherent to the use of the substance; (2) the indica-
tion of a dose–response relationship for those identified
hazards; and (3) the extrapolation of these data to establish
a safe exposure for consumers (e.g., an acceptable daily
intake, ADI).

Safety studies that are consistent with other internationally
accepted guidelines (e.g., those of the Organization for
Economic Cooperation and Development) may be acceptable
to the FDA.
Safety – Europe

The original and overriding Directive, 89/107/EEC, mandates
that food additives can be approved only provided that “.
they present no hazard to health of the consumer at the level of
use proposed, so far as can be judged on the scientific evidence
available ..” Further, to assess the possible harmful effects of
a food additive, “it must be subjected to appropriate toxico-
logical testing and evaluation. The evaluation should also
consider, for example, any cumulative, synergistic, or poten-
tiate effect of its use and the phenomenon of human intoler-
ance to substances foreign to the body.” And the EU did not
consider this to be a once and done activity as the regulation
further stipulates that “all food additives must be kept under
continuous observation and must be reevaluated whenever
necessary in the light of changing conditions of use and new
scientific information.”
Safety – Codex Alimentarius

The CAC has emphatically stated that all CA standards, codes of
practice, and other texts shall be firmly anchored in sound
scientific analysis and evidence, involving a thorough review of
all relevant information so that the issued standards ensure the
objective, safe food. An instrumental expert committee, the
Joint Expert Committee on Food Additives (JECFA), serves as
a scientific advisory body to FAO, WHO, the UN member
country governments, and CAC. JECFA is charged with evalu-
ating the safety of food additives (as well as contaminants,
naturally occurring toxicants and the residues of veterinary
drugs in food derived from animals used for human food).
JECFA evaluations provide impartial advice and technically
rigorous science-based risk assessments. There is another
committee, the Joint Meeting on Pesticide Residues, which
critically evaluates data on pesticides and recommends ADIs
and residue levels. It is also an advisory body to FAO, WHO,
and the UN member countries.

http://www.cfsan.fda.gov
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Evaluation Steps

The evaluation of the safety of food ingredients can be resource
intensive depending on the chemical nature of the ingredient
and the extent and conditions of exposure. The following is an
outline of the process:

1. Initial evaluation
1.1. Clear definition of the issues
1.2. Test material characterization
1.3. Exposure assessments (assume 100% replacement)
1.4. Critical evaluation of the literature
1.5. Initial safety assessment
1.6. Issues to be addressed

1.6.1. Safety testing must simulate human exposure
conditions

1.6.2. Absolute versus relative safety
1.6.3. Animal versus human; animal and/or human;

and sensitive subsets of population
1.6.4. History of use (USA and other countries)
1.6.5. Nature of material, extent of exposure (levels

(dose), duration)
1.6.6. Initial sensory evaluation (‘sip and spit’)

2. Primary evaluation
2.1. Acute toxicity test(s)

2.1.1. Oral (dermal, ocular, and inhalation)
2.2. Repeated dosing tests (7–30 days)
2.3. Initial genotoxicity tests (short-term tests)
2.4. Initial sensory evaluation (‘sip and spit’)
2.5. Comparative (animal, human) ADMEK (absorption,

distribution, metabolism, excretion, kinetics) (single-
dose human study)

2.6. Special studies
3. Secondary evaluation

3.1. Subchronic tests (>1/2 lifetime of the animal, usually
90 days)

3.2. Repeated human dosing tests
3.3. Reproductive/developmental toxicity tests
3.4. Genotoxicity tests
3.5. Special studies

4. Definitive evaluation
4.1. Chronic toxicity (lifetime) tests (several species, in utero

exposure)
4.2. Long-term human dosing tests
4.3. Special studies
4.4. ADI

5. Risk assessment
6. Postmarketing surveillance PMS

6.1. Active versus passive

See also: European Union and Its European Commission; Food
and Agriculture Organization of the United Nations; Food and
Drug Administration, US; Food, Drug, and Cosmetic Act,
USFDCA; Organization for Economic Cooperation and
Development.

Further Reading

Committee on Food Chemicals Codex Institute of Medicine, 2003. Food Chemicals
Codex (FCC), Seventh ed. United States Pharmacopeial Convention (USP), Rock-
ville, MD.

Food additives and contaminants (a journal from Taylor and Francis – ISSN Print 0265-
203X ISSN Online 1464-5122) (http://www.tandf.co.uk).

Food Chemicals Codex (2010), US Pharmacopeial Convention (USP), Rockville, MD,
Codex Alimentarius (http://www.codexalimentarius.net/web/index_en.jsp).

Joint Expert Committee on Food Additives – Monographs and Evaluations Joint WHO/
FAO Expert Committee on Food Additives (JECFA) (http://www.inchem.org).

Omaye, S.T., 2004. Food and Nutritional Toxicology. CRC Press, Boca Raton, FL.
US FFDCA x201(s), United States Federal Food Drug and Cosmetic Act (1938

enaction, as amended), Section 201 ‘Definitions’.
Relevant Website

http://www.cfsan.fda.gov – Food and Drug Administration, Red book.

http://www.tandf.co.uk
http://www.codexalimentarius.net/web/index_en.jsp
http://www.inchem.org
http://www.cfsan.fda.gov
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Food Additives: Joint FAO/WHO Expert Committee see Joint FAO/WHO Expert Meetings (JECFA and JMPR)
Food and Agriculture Organization of
 the United Nations
A Wennberg, Nutrition and Consumer Protection Division, Food and Agriculture Organization of the United Nations, Viale delle
Terme di Caracalla, Rome, Italy

Published by Elsevier Inc.
This article is a revision of the previous edition article by Manfred Luetzow, volume 4, pp 511–516, � 2005, Elsevier Inc.
The Food and Agriculture Organization of the United Nations
(FAO) was established on 16 October 1945, with the goal to
promote global sustainable development of agriculture, fish-
eries, forestry, food production and security, quality, and safety
as well as the related socioeconomic issues in the member
countries. The Mandate of FAO is to raise levels of nutrition,
improve agricultural productivity, better the lives of rural
populations, and contribute to the growth of the world
economy.

FAO has 191 Member Nations plus one Member Organi-
zation, the European Union and two Associate Members, The
Faroe Islands and Tokelau (as of 2011). The headquarters of
FAO is located in Rome and is organizationally divided into six
technical departments (Agriculture and Consumer Protection,
Economic and Social Development, Fisheries and Aquaculture,
Forestry, Natural Resources Management, and Environment),
the offices of the Director General and the two Deputy Director
Generals, Knowledge and Operations, and the Corporate
Services, Human Resources, and Finance Department. There are
also 5 regional, 13 subregional, 5 liaison, and more than 130
country offices with functions dealing with regional and in-
country activities and projects.

Within the FAO headquarters, the Nutrition and Consumer
Protection Division and the Plant Production and Protection
Division, both within the Agriculture and Consumer Protec-
tion Department, have responsibilities that include toxicology-
related activities, in particular in relation to food safety in the
international context. The Nutrition and Consumer Protection
Division also houses the Secretariat of the Joint FAO/WHO
Food Standards Program established in 1962 and imple-
mented through the Codex Alimentarius Commission (CAC).
CAC is an intergovernmental body that meets alternately in
Rome and Geneva at the headquarters of the two parent
organizations, FAO and World Health Organization (WHO),
annually. The aims of CAC are to protect the health of the
consumer and facilitate international trade through the
harmonization of national legislation and regulations through
establishing international codes of practice, general standards
for food additives and contaminants, including maximum
limits (MLs), food commodity standards, MLs for residues of
pesticides and residues of veterinary drugs in foods (maximum
residue level/limit (MRL)), food labeling standards, methods
of analysis, etc. The preparatory work for these activities is
accomplished by the CAC subsidiary bodies, the Codex
General Subject, and Commodity Committees. Four of
these Codex Committees are especially important in this
28 Encyclopedia of T
connection: the Codex Committee on Food Additives (CCFA),
the Codex Committee on Contaminants in Foods (CCCF), the
Codex Committee on Residues of Veterinary Drugs in Foods
(CCRVDF), and the Codex Committee on Pesticide Residues
(CCPR).

The Nutrition and Consumer Protection Division
provides the FAO Secretariat of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA). JECFA is an inter-
national expert scientific committee that is administered
jointly by the FAO and the WHO. It has been meeting since
1956, initially to evaluate the safety of food additives. Its
work now also includes the evaluation of contaminants,
naturally occurring toxicants and residues of veterinary drugs
in food.

When the CAC was formed, it decided to utilize the expert
scientific advice provided by JECFA on matters relating to the
toxicological evaluations and preparation of specifications for
food additives. A system was established whereby the then
Codex Committee on Food Additives and Contaminants,
which has later been split into CCFA and CCCF due to the
heavy workload of these two subject areas, identified food
additives that should receive priority attention, which were
then referred to JECFA for assessment before being considered
for inclusion in Codex food standards. JECFA’s advice and
evaluations are used by several Codex committees (e.g., CCFA,
CCCF, CCRVDF). JECFA also provides scientific advice
directly to FAO, WHO, and their member states. JECFA
cooperates very closely with Codex but is not a component of
the CAC.

The interaction between both scientific bodies and the
Codex Committees has been formalized by the adoption of the
risk analysis paradigm. The use of a structured risk analysis
process facilitates consistent, science-based decision making in
the area of food safety. Risk analysis has been defined by CAC
as “a process consisting of three components: risk assessment,
risk management and risk communication” (Codex Procedural
Manual, available at: http://www.codexalimentarius.org/
procedures-strategies/procedural-manual/en/). The expert
committees and meetings provide the risk assessment, while
the CAC is the risk manager at international level, and both
entities are responsible for risk communication activities.

Persons invited to serve as expert members of JECFA and as
experts of the JECFA Secretariat are independent scientists who
serve in their individual capacities as experts and not as
representatives of their governments or employers. They also
understand that the discussions at the meetings are
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00988-X
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confidential. The goal is to establish health-based guidance
values, such as acceptable daily intakes (ADIs), provisional
tolerable daily, weekly, or monthly intakes (provisional
maximum tolerable daily intake or tolerable daily intake,
provisional tolerable weekly intake, provisional tolerable
monthly intake), or develop other appropriate recommenda-
tions on the safety of chemical used or present in food. For the
safety assessment of food additives, defined specifications for
identity and purity for food additives are developed. As part of
the assessment of veterinary drug residues, MRLs are recom-
mended for residues control purposes. FAO and WHO have
complementary functions in selecting members for JECFA. FAO
is responsible for selecting experts to develop and revise spec-
ifications for the identity and purity of food additives and
perform risk assessments of residue of veterinary drugs in food.
WHO is responsible for selecting members to deal with the
toxicological evaluations of the substances under consider-
ation. Both FAO and WHO invite members who are respon-
sible for assessing dietary exposure. Experts invited by FAO also
prepare Chemical and Technical Assessments for the food
additives assessed, containing information on the physical and
chemical characteristics of the additive, on the raw material(s)
and method(s) of manufacturing, impurities including inter-
mediates, functional use(s) with the technological purpose for
using the additive, the use levels in relevant food categories,
reactions and fate in food, and effects on nutrients. In the case
of contaminants, FAO experts are responsible for gathering
information on their occurrence in food and methods for their
analyses.

As of mid-2011, a total of 74 meetings of JECFA have been
held and over 2500 food additives including more than 2000
flavoring agents, 40 contaminants, and 95 veterinary drugs
evaluated. The reports are published in the WHO Technical
Report Series. The comprehensive toxicological evaluations,
which review the data that serve as the basis for the safety
assessments, are published in the WHO Food Additives Series.
The specifications for food additives and residue evaluations of
veterinary drugs are published in the FAO JECFA Monograph
Series.

JECFA meetings are normally convened twice a year, with
one session devoted to the evaluation of food additives and the
other to the evaluation of either contaminants or residues of
veterinary drugs in foods. The meetings are open only to the
invited experts and the Joint Secretariat. JECFA can hold hear-
ings during the meeting in which those who have submitted
data for evaluation are invited to answer specific questions by
the committee to clarify the submission. The JECFA procedures
do not permit the committee to discuss the substances under
review when the nonmembers are present during these
hearings.

JECFA is one body: the discussions are held and decisions
made in plenary sessions. The drafting, however, is done in
separate groups. In the case of food additives, the FAO experts
are responsible for proposing specifications of identity and
purity for food additives. The three main objectives of the
specifications prepared by the committee are to identify the
substance that has been subjected to biological testing, to
ensure that the substance is of the quality required for safe use
in foods, and to reflect and encourage good manufacturing
practice. Thus, the health-based guidance values only apply to
those substances in the market that comply with the
specifications.

The Plant Production and Protection Division hosts the
FAO Secretariat of the Joint Meeting of the FAO Panel of
Experts on Pesticide Residues in Food and the Environment
and the WHO Toxicological and Environmental Core
Assessment Groups, otherwise known as the Joint FAO/WHO
Meeting on Pesticide Residues (JMPR). JMPR was established
following the resolution of the FAO Conference in 1962 by
the CAC to recommend MRLs for pesticide residues and
environmental contaminants in specific food products,
including methods of sampling and analysis to ensure safety
of food containing residues. The cooperation between the
JMPR and the CCPR is close. CCPR identifies those
substances that require priority evaluation. After the JMPR
evaluation, CCPR discusses the recommended MRLs and
forward them, if they are acceptable, to the CAC for adoption
as Codex MRLs.

The JMPR meetings are closed to nonmember participation
and are held annually, alternately in Rome and Geneva. WHO-
invited members are responsible for proposing ADIs for the
substances on the agenda. FAO-invited members draft MRLs
for substances under evaluation based on findings in super-
vised field trials conducted in various countries worldwide.
The ADI and MRL proposals are discussed, examined, and the
decisions are made in the plenary session when all the
committee members are present. The report of the meeting and
the Evaluations, Part I – Residues are published in the FAO Plant
Production and Protection Paper Series and the Evaluations, Part
II – Toxicology as a WHO/IPCS publication.

FAO and WHO have recently concluded a 10-year project
aimed at updating the principles and methods for the risk
assessment of chemicals in food. JECFA and JMPR follow the
same general principles and methods for chemical risk assess-
ments, which are published in the reports of both committees.
In the 1980s, the International Programme on Chemical Safety
sponsored the preparation of Environmental Health Criteria
(EHC) monographs on Principles for the Safety Assessment of
Food Additives and Contaminants in Food (EHC 70) and
Principles for the Toxicological Assessment of Pesticide Resi-
dues in Food (EHC 104).

Although much of the guidance set out in EHC 70 and
EHC 104 remains valid, there have been significant advances
in chemical analysis, toxicology, dietary exposure assess-
ment, and risk assessment approaches for chemicals in food
since these monographs were prepared. Accordingly, FAO
and WHO initiated a project to update, harmonize, and
consolidate principles and methods used by JECFA and
JMPR for the risk assessment of food additives, food
contaminants, natural toxicants and residues of pesticides,
and veterinary drugs. The monograph EHC 240: principles
and methods for risk assessment of chemicals in food is the
outcome of that project. The monograph addresses the key
issues considered by JECFA and JMPR in their food chemical
risk assessments.

The committees follow in its work modern principles of risk
assessment; however, such different chemicals occurring
intentionally or unintentionally in food as flavors and indus-
trial contaminants pose different questions. Therefore, a set of
guidelines which have been developed by the joint secretariats
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and the committees are available. These documents provide
guidance to the secretaries, members, and experts, and to
interested parties that submit data or intend to follow JECFA’s
and JMPR’s recommendations. Both joint secretariats maintain
separate and complementary sets of guidelines.

In addition, FAO convenes other ad hoc expert and tech-
nical consultations, mostly jointly with WHO, to provide
guidance and advice to Codex and national governments on
specific food-safety-related issues. Examples of such issues are
risks associated with animal feed, antimicrobial resistance,
nanotechnology, benefits and risks of the use of disinfectants in
food production and processing, and benefits and risks of fish
consumption.
Contact Details

Food and Agriculture Organization of the United Nations
Viale delle Terme di Caracalla
0153 Rome, Italy
Tel.: JECFA þ390657053282
JMPR þ390657054246
URL: http://www.fao.org
See also: Joint FAO/Who Expert Meetings (JECFA and JMPR);
Common Mechanism of Toxicity in Pesticides; Pesticides;
Acceptable Daily Intake (ADI); Food Additives;
Pharmacokinetics; Risk Characterization; Risk Communication.
Further Reading

WHO, 2009. Environmental Health Criteria 240: Principles and Methods for the Risk
Assessment of Chemicals in Food. ISBN 978 92 4 157240 8.
Relevant Websites

ftp://ftp.fao.org/docrep/fao/010/a1296e/a1296e00.pdf – FAO/WHO – Framework for
the provision of scientific advice on food safety and nutrition.

http://www.fao.org/ag/agn/agns/jecfa_index_en.asp – Joint FAO/WHO Expert
Committee on Food Additives.

http://www.fao.org/agriculture/crops/core-themes/theme/pests/pm/jmpr/en/ – Joint FAO/
WHO Meeting on Pesticide Residues.

http://www.who.int/foodsafety/chem/principles/en/index1.html – European Haemophilia
Consortium 240.

http://www.codexalimentarius.net/web/index_en.jsp – CODEX.
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Introduction

The US Food and Drug Administration (FDA) protects the
public by assuring the safety of cosmetics, dietary supplements,
food, and radiation-emitting products; assuring the safety and
effectiveness of biological products, human and veterinary
drugs, medical devices, and vaccines; regulating tobacco prod-
ucts; promoting product innovation; and providing scientific
information. A key aspect of FDA regulation is approving
prescription drug labeling; in 2009, the structure of FDA-
approved prescribing information was standardized across
products. Section 6 of the prescribing information describes
adverse reactions; section 10 describes overdose experience; and
section 13 describes nonclinical toxicology. The FDA does not
regulate advertising (with the exception of prescription drugs,
medical devices, and tobacco), alcoholic beverages, consumer
products (e.g., household appliances, paint), health insurance,
illegal drugs, meat and poultry, or restaurants and grocery stores.

The FDA was first established as a federal consumer protec-
tion agency in 1906with the passage of the Pure Food andDrugs
Act banning passage of misbranded and adulterated food and
drugs through interstate commerce. The Act was originally
enforced by the Bureau of Chemistry within the US Department
of Agriculture (USDA). The FDAwas reorganized under the 1938
Food, Drug, and Cosmetic Act, which required new drugs to be
proved safe and approved by the FDA; the Act also expanded the
FDA’s scope to include cosmetics and medical devices. Drugs
were not required to be proved effective until passage of the
Kefauver–Harris Amendment of 1962. The recent Food and
Drug Administration Modernization Act of 1997 established
new procedures intended to speed the availability of safe drugs
and devices, especially for those intended for serious or life-
threatening diseases.
Organization

The FDA is an operating division of the Department of Health
and Human Services made up by the Office of the Commis-
sioner and four directorates: Operations, Food, Medical Products
and Tobacco, and Global Regulatory Operations and Policy. In
2009, there were 11516 full-time employees at the FDA with
a fiscal year 2012 budget of US$3.8 billion. The following
product-oriented centers execute the mission of the FDA:

l Office of Foods
B The Center for Food Safety and Applied Nutrition

(CFSAN) serves consumers and industry by supporting
field programs, conducting scientific analysis, and
addressing critical issues relating to food and cosmetics.

B The Center for Veterinary Medicine (CVM) regulates
food additives, devices, and drugs given to animals
intended for human consumption or companionship.

l Office of Medical Products and Tobacco
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B The Center for Biologics Evaluation and Research (CBER)
regulates biological products, including vaccinations,
intended for human use in order to ensure they are safe,
effective, and available for patients in addition to
providing information about these products.

B The Center for Devices and Radiological Health
(CDRH) regulates the manufacture, repackaging,
relabeling, and importation of medical devices and all
electronic radiation-emitting products (e.g., color tele-
visions, lasers, x-ray systems).

B The Center for Drug Evaluation and Research (CDER)
regulates nonprescription and prescription drugs and
ensures their safety, effectiveness, and availability.

B The Center for Tobacco Products (CTP) sets performance
standards, reviews premarket applications, develops
warning label requirements, and regulates advertising
and promotion of tobacco-containing products.

The National Center for Toxicological Research (NCTR)
supports the product-oriented centers of the FDA by conduct-
ing peer-reviewed research and developing new scientific tools
in order to address potential toxicological problems and
improve the regulation of food, drug, and cosmetic products.
Research staff at NCTR are experts in the areas of biochemical
toxicology, genetic and molecular toxicology, microbiology,
neurotoxicology, personalized nutrition and medicine, systems
biology, and veterinary services. In addition to working across
the organizational structure of the FDA, the NCTR collaborates
with the National Institute of Environmental Health Sciences/
National Toxicology Program (NIEHS/NTP), and nongovern-
mental organizations.
Reporting to the FDA

The FDA encourages consumers, health care professionals, and
industry to report problems, including incidents potentially
involving toxicity, in a timely fashion so that action canbe taken.
The following avenues may be used to report such problems:

l Blood transfusions: transfusion or donation-related deaths
can be reported by telephone to 301 827 6220, by e-mail to
fatalaties2@fda.hhs.gov, or by fax to 301 827 6748. In
addition, the reporting facility must submit a report of the
investigation by mail within 7 days of the event.

l Food for animal consumption: consumer and professional
problemswith food intended for animal consumption should
be reported to the local district office. Contact information
is located at http://www.fda.gov/Safety/ReportaProblem/
ConsumerComplaintCoordinators/default.htm.

l Food for human consumption: if the problem involves
meat or poultry, it should be reported to the USDA
at 1 8005354555. If the problem involves other foods,
it should be reported to the local district office. Contact
4-3.00314-6 631

mailto:fatalaties2@fda.hhs.gov
http://www.fda.gov/Safety/ReportaProblem/ConsumerComplaintCoordinators/default.htm
http://www.fda.gov/Safety/ReportaProblem/ConsumerComplaintCoordinators/default.htm
http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00314-6


632 Food and Drug Administration, US
information is located at http://www.fda.gov/Safety/Reporta-
Problem/ConsumerComplaintCoordinators/default.htm.

l Medical products: serious problems, including adverse
events, quality problems, and use errors, associated with
biologics, blood products, cosmetics, drugs, medical
devices, and special nutritional products should be reported
to MedWatch, the FDA Safety Information and Adverse
Event Reporting Program, online at https://www.accessdata.
fda.gov/scripts/medwatch/medwatch-online.htm, by tele-
phone to 1 800 FDA 1088, or by mailing in a downloadable
form located at http://www.fda.gov/Safety/MedWatch/
HowToReport/DownloadForms/default.htm.

l Vaccinations: adverse reactions and vaccination problems
should be reported to the Vaccine Adverse Event Reporting
System (VAERS), a collaboration between the FDA and
the Centers for Disease Control and Prevention (CDC),
online at https://vaers.hhs.gov/esub/step1, by telephone to
1 8008227967, or by faxing or mailing in a downloadable
form located at http://vaers.hhs.gov/esub/index#Online.

l Veterinary medical products: consumer and health care
professional problems with veterinary drugs and devices
should be reported to the manufacturer and may also be
reported by telephone to 1883328387 or by mailing in
a downloadable form located at http://www.fda.gov/Animal
Veterinary/SafetyHealth/ReportaProblem/ucm055305.htm.

The FDA predominantly regulates via federal rule making;
however, it also frequently publishes informal guidance docu-
ments in order to clarify laws or regulations. The FDA relies on
the expertise of both internal and external scientific authorities,
in the form of FDA Advisory Committees, for regulatory decision
making. The FDA also inspects a variety of facilities including
foreign and domestic product manufacturers, facilities con-
ducting human or animal research, and border crossing sites.
Inspections may be done prior to product approval, during
routine inspection following approval, or in response to
a reported problem. Identification of defective or potentially
harmful products may be pursuant to action by the manufac-
turer or the FDA. All imported products over which the FDA has
jurisdiction are subject to examination on importation and are
held to the same standards as domestically produced items.

See also: Cosmetics and Personal Care Products; Toxicology in
the US Department of Defense (DoD); Department of Energy,
US; Environmental Protection Agency, US; Electronic Waste;
Food, Drug, and Cosmetic Act, US; Food Additives; Food
Quality Protection Act; Food Safety and Toxicology; Law and
Toxicology; National Center for Environmental Health-ATSDR;
National Center for Toxicological Research, US; National
Institute for Occupational Safety and Health; National Institutes
of Health; Radiation Toxicology, Ionizing and Nonionizing;
Regulation, Toxicology and; Risk Assessment, Human Health;
Safety Pharmacology; Toxicity Testing, Reproductive;
Toxicology; Veterinary Toxicology.

Further Reading

Abood, R.R., 2011. Federal regulation of medications: development, production, and
marketing. In: Abood, R.R., Gartside, M. (Eds.), Pharmacy Practice and the Law.
Jones and Barlett Publishers, Sudbury, MA.
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Background

The first activities concerning food regulations in the United
States were initiated by Dr Harvey W. Wiley on his appoint-
ment as the chief chemist of the Bureau of Chemistry in 1883.
He championed food adulteration studies while campaigning
for a federal law to control abuses. The modern Food and Drug
Administration (FDA) considers Dr Wiley the ‘Father of the
Pure Food and Drugs Act.’ In 1902, Wiley studied chemical
preservatives and colors which brought attention to the
problem of widespread food adulteration. This attention
gained momentum resulting in the passage of two significant
laws passed by the US Congress on 30 June 1906. The Pure
Food and Drugs Act of 1906 (Public Law 59–384) dealt with
oversight of food and drug distribution while the Meat
Inspection Act was aimed at cleaning up the meat industry
under the jurisdiction of the US Department of Agriculture. In
addition to Wiley’s studies, both of these laws were precipi-
tated, in part, by the Upton Sinclair Novel entitled The Jungle
(Doubleday, Page & Company, New York, 1906). This book
was an expose of unsanitary conditions in meat packing plants
in America. This early legislation prohibited interstate
commerce in misbranded and adulterated foods, drinks, and
drugs and permitted inspections of meat packing facilities. The
disclosures of unsanitary meat packing plants conditions,
the use of poisonous dyes and preservatives in foods, and
the ‘cure-all’ claims for ineffective and toxic medicines set the
stage for this early food and drug legislation. In 1907, the US
Department of Agriculture issued Food Inspection Decision
(FID) 76, which contained a list of seven straight colors
approved for use in food. Subsequent FIDs in the early part of
the century established a voluntary certification program and
listed new colors. The Sherley Amendment was passed in 1912
to prohibit labeling of medicines with false therapeutic claims
intended to defraud the public. In 1913, the Gould Amend-
ment was passed which required that food packages be ‘plainly
and conspicuously marked on the outside of the package for
weight, measure, or numerical count.’ In 1914, the Supreme
Court issued its first ruling on food additives (US v. Lexington
Mill and Elevator Company). The ruling found that the mere
presence of a toxic ingredient was not sufficient to render the
food illegal. The burden of having to prove a relationship
between the chemical additive and the harm it allegedly caused
in humans was now on the government. Also in 1914, the
Harrison Narcotic Act was passed that required increased
record keeping for physicians and pharmacists who prescribed
medications that exceeded the allowable limit of narcotics. In
another Supreme Court ruling in 1924 –US v. 95 Barrels Alleged
Apple Cider Vinegar – it was determined that the Food and
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Drugs Act condemns every statement, design, or device on
a product’s label that may mislead or deceive, even if techni-
cally true. The Food, Drug, and Insecticide Administration was
renamed the FDA in 1931. The FDA recommended a complete
revision of the 1906 Food and Drugs Act in 1933 launching
a 5-year legislative battle. In 1937, Elixir of Sulfanilamide
marketed by the S.E. Massengill Company, containing the
poisonous solvent diethylene glycol, killed 107 persons, many
of whom were children, dramatizing the need to establish drug
safety before marketing and to enact the pending food and drug
law. Finally, Senator Royal S. Copeland of New York sponsored
and engineered the passage of the Federal Food, Drug, and
Cosmetic Act (FDCA) of 1938 (Public Law 75–717).
Overview of FDCA

This was originally passed in 1938 andmodified the 1906 Food
and Drugs Act to extended control to cosmetics and therapeutic
devices, prohibited false advertising, required informative
labeling, eliminating the Sherley Amendment requirement to
prove intent to defraud in drug misbranding cases, authorized
definitions and standards for foods and drugs, required that
new drugs could not be introduced into interstate commerce
without documentation that the drug was safe before
marketing – starting a new system of drug regulation, provided
that safe tolerances be set for unavoidable poisonous
substances, authorized the operation of plants under federal
permit, and increased criminal penalties and authorized
seizures and prosecutions where necessary. Numerous
amendments and supplemental food and drug laws have been
passed since 1938 including the following critical items:

l 1939 – First food standard issued for canned tomatoes,
tomato puree, and tomato paste.

l 1940 – FDA transferred from the Department of Agriculture
to the Federal Security Agency and Walter G. Campbell was
appointed as the first Commissioner of Food and Drugs.

l 1941 – Insulin Amendment required the FDA to test and
certify purity and determine the efficacy and potency of
insulin.

l 1943 – In US v. Dotterweich, the Supreme Court rules that
the responsible officials of a corporation, as well as the
corporation itself, may be prosecuted for violations. It need
not be proven that the officials intended, or even knew of,
the violations.

l 1944 – Public Health Service Act is passed, covering a broad
spectrum of health concerns, including regulation of bio-
logical products and control of communicable diseases.

l 1945 – Penicillin Amendment required FDA to test and
certify safety and determine the efficacy and potency of
penicillin products.

l 1948 – Miller Amendment affirmed that the FDCA applies
to goods regulated by the agency that have been
4-3.00845-9 633
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transported from one state to another and have reached the
consumer.

l 1949 – FDA first published the ‘Black Book’ containing
industry guidance entitled ‘Procedures for Appraisal of the
Toxicity of Chemicals in Food.’

l 1950 – In Alberty Food Products Co. v. US, a court of appeals
ruled that the directions for use on a drug label must
include the purpose for which the drug is offered. Therefore,
a worthless remedy cannot escape the law by not stating the
condition it is supposed to treat.

l 1951–Durham–HumphreyAmendment defined the types of
drugs that could only be used with medical supervision and
restricted their sale by prescription of a licensed physician.

l 1952 – In US v. Cardiff, the Supreme Court ruled that the
factory inspection provision of the 1938 FDC Act was too
vague to be enforced as criminal law.

l 1953 – Factory Inspection Amendment required FDA to
give manufacturers written reports of conditions noted
during inspections.

l 1954 –Miller Pesticide Amendment clarified procedures for
setting safety limits for pesticides on raw agricultural
commodities.

l 1958 – Delaney Food Additives Amendment required
manufacturers of new food additives to establish safety and
prohibited the approval of any food additive shown to
induce cancer in humans or animals.

l 1958 – Publication of the first list of substances Generally
Recognized as Safe (GRAS). This list contained about 200
substances.

l 1960 – Color Additive Amendment required manufacturers
to establish safety of color additives in foods, drugs, and
cosmetics and prohibited the use of any color additive
shown to induce cancer as per the 1958 Delaney Amend-
ment noted above.

l 1962 – Kefauver–Harris Drug Amendments passed to
ensure drug efficacy and greater drug safety in response to
the thalidomide birth defects disaster. Under this legisla-
tion, the Drug Efficacy Study Implementation (DESI)
program was established with the intent of classifying all
pre-1962 drugs that were already on the market as either
effective, ineffective, or needing further study.

l 1965 – Drug Abuse Control Amendments enacted to deal
with problems of abuse of depressants, stimulants, and
hallucinogens.

l 1966 – Fair Packaging and Labeling Act required all
consumer products in interstate commerce to be honestly
and informatively labeled, with FDA enforcing provisions
on foods, drugs, cosmetics, and medical devices.

l 1968 – Animal Drug Amendments consolidates all regula-
tions of new animal drugs under Section 512 making
approvals more efficient.

l 1968 – Reorganization of federal health programs places
FDA in the Public Health Service.

l 1969 – TheWhiteHouseConferenceon Food,Nutrition, and
Health recommended systematic review of GRAS substances
in light of FDA’s ban of the artificial sweetener cyclamate.
President Nixon ordered FDA to review its GRAS list.

l 1970 – FDA requires the first patient package insert with
oral contraceptives that provides patients with risk/benefit
information.
l 1970 – The Comprehensive Drug Abuse Prevention and
Control Act replaced previous laws and categorized drugs
based on abuse and addiction potential compared to their
therapeutic value.

l 1972 – Over-the-Counter Drug Review begun to enhance
the safety, effectiveness, and appropriate labeling of drugs
sold without prescription.

l 1973 – Consumer Product Safety Commission was created
and took over administration of the Federal Hazardous
Substances Labeling Act duties originally assigned to the
FDA and accident prevention activities for safety of toys,
home appliances, etc., from the Public Health Service.

l 1973 – Low-acid food processing regulations issued, after
botulism outbreaks from canned foods, to ensure that low-
acid packaged foods are not hazardous.

l 1976 – Medical Device Amendments required manufac-
turers to register with the FDA and follow quality-control
procedures with some products needing premarket
approval and others needing to meet performance stan-
dards before marketing.

l 1976 – Vitamins and Minerals Amendments known as the
‘Proxmire Amendments’ stopped FDA from establishing
standards limiting potency of vitamins andminerals in food
supplements or regulate them as drugs based on potency.

l 1977 – Saccharin Study and Labeling Act passed by
Congress to stop FDA from banning the chemical sweetener
but requiring a label warning that it has been found to cause
cancer in laboratory animals.

l 1977 – Bioresearch Monitoring Program initiated as an
agency-wide initiative to ensure the quality and integrity of
data submitted to FDA and provided for the protection of
human subjects in clinical trials by focusing on preclinical
studies on animals, clinical investigations, and the work of
institutional review boards.

l 1980 – Infant Formula Act amended the FDCA to establish
special FDA controls to ensure necessary nutritional content
and safety.

l 1980 – The Prescription Drug Marketing Act of 1987 was
enacted to ensure that drug products purchased by
consumers are safe and effective and to avoid the unac-
ceptable risk to American consumers from counterfeit,
adulterated, misbranded, or expired drugs.

l 1982 – FDA published the ‘Red Book’ entitled Toxicological
Principles of the Safety Assessment of Direct Food Additives and
Color Additives Used in Food. This document was the
successor to the 1949 ‘Black Book.’

l 1982 – Tamper-resistant Packing Regulations issued by FDA
to prevent future poisonings in the wake of the Tylenol
cyanide poisonings.

l 1983 – Orphan Drug Act amended the FDCA thus enabling
FDA to promote research andmarketing of drugs needed for
treating rare diseases.

l 1984 – Fines Enhancement Laws of 1984 and 1987 amen-
ded the code to increase penalties for federal expenses to
a maximum of $100 000 for each offense and $250 000 if
the violation is a felony or causes death.

l 1984 – Drug Price Competition and Patent Term Restora-
tion Act amended the FDCA to expedite the availability of
generic drugs by permitting FDA to approve applications to
market generic versions of brand-name drugs without
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repeating the research done to prove them safe and effective.
Additional patent protection was also enacted for the new
medicines developed to make up for time lost while prod-
ucts were going through FDA’s approval process.

l 1987 – Investigational drug timeline regulations revised to
expand access to experimental drugs for patients with
serious diseases with no alternative therapies.

l 1988 – Food and Drug Administration Act established FDA
as an agency of the Department of Health and Human
Services with a Commissioner of Food and Drugs appointed
by the President.

l 1988 – Generic Animal Drug and Patent Term Restoration
Act was enacted amending the FDCA to authorize abbrevi-
ated applications for the approval of a new animal drug.

l 1988 – The Prescription Drug Marketing Act amended the
FDCA to ban the diversion of prescription drugs from
legitimate commercial channels.

l 1990 – Anabolic Steroid Act of 1990 enacted which iden-
tified anabolic steroids as a class of drugs and specified over
two-dozen items as controlled substances.

l 1990 – Nutrition Labeling and Education Act amended the
FDCA to authorize all packaged foods to bear nutrition
labeling and all health claims for foods to be consistent
with terms defined by the Secretary of Health and Human
Services.

l 1990 – Safe Medical Devices Act of 1990 amending the
FDCA to require the reporting of any device that has caused
or contributed to a death, illness, or injury.

l 1991 – Regulations published to accelerate the review of
drugs for life-threatening diseases.

l 1992 – Prescription Drug Amendments of 1992 and the
Prescription Drug User Fee Act of 1992 enacted requiring
drug and biologics manufacturers to pay fees for product
applications and supplements and other services.

l 1992 – Medical Device Amendments of 1992 amended the
Safe Medical Devices Act of 1990 extending the deadline for
the FDA to issue final regulations under the FDCA with
respect to medical device tracking until 28 November 1992.

l 1992 – The Nutrition Labeling and Education Act of 1990
was enacted requiring basic per-serving nutritional infor-
mation on food labels.

l 1994 – Animal Medicinal Drug Use Clarification Act of
1994 amended the FDCA permitting veterinarians to
prescribe extralabel use of veterinary drugs for animals
under specific circumstances.

l 1994 – Dietary Supplement Health and Education Act
amended the FDCA and established specific labeling
requirements, regulatory framework, and authorized FDA
to promulgate good manufacturing practice regulations for
dietary supplements.

l 1995 – FDA declares cigarettes to be ‘drug delivery devices’
and restricts the marketing and sales to reduce smoking by
adolescents.

l 1996 – Food Quality Protection Act amended the FDCA to
eliminate the application of the 1958 Delaney amendment
to pesticides.

l 1996 – FDA Export Reform and Enhancement Act of 1996
amended the FDCA by simplifying the requirements for
exporting unapproved human drugs, biological products,
and devices. In addition, this Act substantially reduced the
requirements for exporting unapproved new animal drugs
and provided a new option for exporting unapproved
devices.

l 1996 – Saccharin Notice Repeal Act repealed the saccharin
notice requirements of 1977.

l 1996 – Animal Drug Availability Act amended the FDCA to
improve the process of approving and using animal drugs.

l 1997 – Food and Drug Administration Modernization Act
amended the FDCA and mandated many of the reforms in
agency practices since 1938 including accelerated reviews of
devices, regulated advertising of unapproved drug and
device uses, and regulated health claims for foods.

l 1998 – Pediatric Rule enacted to require manufacturers of
selected drug and biological products to conduct studies to
assess their safety and efficacy in children.

l 2000 – The US Supreme Court ruled 5-4 that FDA does
not have the authority to regulate tobacco as a drug.

l 2000 – Publication of rules for dietary supplements defining
the type of statement that can be labeled regarding the effect
of supplements on the structure or function of the body.

l 2002 – The Best Pharmaceuticals for Children Act amended
the FDCA and improved safety and efficacy of patented and
off-patent medicines for children.

l 2002 – Public Health Security and Bioterrorism Prepared-
ness and Response Act of 2002 is enacted to improve the
country’s ability to prevent and respond to public health
emergencies in response to the events of 11 September 2001.

l 2002 – The Medical Device User Fee and Modernization Act
amended the FDCA to assessed fees from sponsors of
medical device applications to help offset expenses for the
evaluation and approval process.

l 2003 – FDA announced the requirement of food labels to
include trans-fat content.

l 2003 – The Animal Drug User Fee Act amended FDCA
permitting FDA to collect fees for the review of certain
animal drug applications from sponsors, analogous to
laws passed for the evaluation of other products FDA
regulates.

l 2003 – Pediatric Research Equity Act amended the FDCA to
require sponsors to conduct clinical research into pediatric
applications for new drugs and biological products.

l 2004 – Project BioShield Act of 2004 authorized FDA to
expedite its review procedures for vaccines that may be used
to counteract a terrorist attack against the United States.

l 2004 – Food Allergy Labeling and Consumer Protection Act
enacted requiring proper label warnings for the vast
majority of food allergies including peanuts, soybeans,
cow’s milk, eggs, fish, crustacean shellfish, tree nuts, and
wheat.

l 2004 – Anabolic Steroid Control Act of 2004 passed
banning over-the-counter steroid precursors and increasing
penalties for violations.

l 2004 – FDA banned dietary supplements containing
ephedrine alkaloids based on an increasing number of
adverse events linking to these products and the known
pharmacology of these alkaloids.

l 2004 – Minor Use and Minor Species Animal Health Act of
2004 amended the FDCA to provide for special procedures
to allow the lawful use andmarketing of certain new animal
drugs for minor species and minor uses that take into
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account these special circumstances and that ensure that
such drugs do not endanger animal or public health.

l 2006 – The Dietary Supplement and Nonprescription Drug
Consumer Protection Act amended the FDCA with respect
to serious adverse events reporting for dietary supplements
and nonprescription drugs.

l 2007 – The FDA Amendments Act of 2007 represented
a very significant addition to FDA authority and reauthori-
zation and expansion of a number of previous laws and
amendments.

l 2009 – The Family Smoking Prevention and Tobacco
Control Act amended the FDCA to give the FDA the power
to regulate the tobacco industry and imposed new warnings
and labels on tobacco packaging and their advertisements
with the goal of discouraging minors and young adults from
smoking.

l 2010 – The Patient Protection and Affordable Care Act set
new federal requirements for nutrition labeling for foods
sold at certain chain restaurants and similar retail food
establishments with 20 or more locations and also requires
vending machine operators who own or operate 20 or more
vending machines to provide calorie content for certain
food items.

l 2011 – The FDA Food Safety Modernization Act amended
the FDCA with a legislative mandate to require compre-
hensive, prevention-based controls across the US food
supply thereby shifting the focus from responding to
contamination to preventing it.

The FDCA as directed by the FDA has the authority to control
the introduction of human and animal drugs, direct and indi-
rect food additives, and the components of cosmetics. Both the
safety and efficacy of any new drugs must be clearly established
before FDA approvals can be obtained to market the drug in the
United States. Both animal (preclinical and nonclinical) and
human clinical data must be submitted as part of the new drug
application. There are no formal testing guidelines on which
industry can rely to perform adequate studies; however, there
are informal guidance documents that indicate what types of
studies should be conducted at various stages of the clinical
investigations. The FDA subsequently issued the Good
Laboratory Practice Regulations in 1976 that govern the
conduct of animal studies.

Industry must also show that any chemical intended to be
added to the food (i.e., as a preservative, coloring, or flavoring
agent) or any material used in packaging (i.e., plastic wrapping
or can coating) that could possibly leach into the food must be
documented as safe for its intended use. These study results are
submitted to the FDA as part of a food additive petition which
the FDA reviews, and, if the data sufficiently demonstrate that
the additive is safe, a regulation is published in the Federal
Register that states that the direct and/or indirect additive is
approved for a particular purpose. The FDA has published
guidelines for the types of toxicity studies that must be con-
ducted to support a food additive petition in the ‘Redbook’
(see above, originally published in 1982).

The FDA currently has no specific testing guidelines or
requirements for cosmetic formulations for safety or efficacy
prior to marketing. The FDCA states that the cosmetics must be
free of ‘poisonous and deleterious’ substances.

See also: Consumer Product Safety Commission; Delaney
Clause; Dietary Supplements; Import/Export of Hazardous
Chemicals; Food Additives; Food and Drug Administration, US;
Generally Recognized as Safe (GRAS); Good Laboratory
Practices; Investigative New Drug Application; Toxic Torts.
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The US Environmental Protection Agency (EPA) regulates
pesticides under the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) and the Federal Food, Drug, and
Cosmetic Act (FFDCA). Under the FIFRA, the US EPA registers
pesticides for use in the United States and prescribes labeling
and other regulatory requirements to prevent unreasonable
adverse effects on human health or the environment. Under the
FFDCA, the US EPA also establishes tolerances (maximum
legally permissible levels) for pesticide residues in food.
Tolerances for the most foods are enforced by the Department
of Health and Human Services/Food and Drug Administration
(FDA). The US Department of Agriculture/Food Safety and
Inspection Service implements tolerances for meat, poultry,
and some egg products.

For more than 20 years, efforts were made to update and
resolve inconsistencies in the two major pesticide statutes, but
consensus on necessary reforms remained elusive. The Food
Quality Protection Act (FQPA) amended both major pesticide
laws to establish a more consistent, protective regulatory
scheme, grounded in sound science. The FQPA mandated
a single health-based standard for all pesticides in all foods. It
also provides special protection for infants and children. The
FQPA expedites approval of safer pesticides, which creates
incentives for the development and maintenance of effective
crop protection tools for US farmers requiring periodic
reevaluation of pesticide registrations and tolerances to ensure
that the scientific data supporting pesticide registrations
remains up to date in the future.

Title IV of the FQPA, which significantly amended the
FIFRA, relates to the establishment of a single health-based
standard for setting pesticide residue tolerances. This elimi-
nated the longstanding problems posed by different standards
for pesticides in raw and processed foods. The provision
removed the requirement of food additive tolerances for pro-
cessed foods and instead regulates them all under the same
tolerance provision. A tolerance (or exemption from tolerance)
for a pesticide residue on a raw agricultural commodity (RAC)
also applies to residues in a processed food derived from the
RAC that are not higher than the RAC tolerance. If the levels in
the processed food are higher, a separate tolerance must be set
for that processed food. Residue levels in both the RAC and the
processed food must be determined by the US EPA to be safe.

Section 408 (b) (2) (A) (ii) of the FQPA is a reasonable
certainty of no harm standard for aggregate exposure using
dietary residues and all other reliable exposure information.
The US EPAmust now focus explicitly on exposures and risks to
children and infants to explicitly determine that the tolerance,
or exemption from tolerance, is safe for children; considering
the need for an additional safety factor of up to 10-fold to
account for uncertainty in the data base relative to children
unless there is evidence that a different factor should be used;
and considering children’s special sensitivities and often
unique exposure patterns to pesticides.
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The US EPA must consider other nonoccupational
sources of pesticide exposure when performing risk assess-
ments and setting tolerances when determining that certain
pesticide will cause no harm. This includes dietary exposure
from drinking water from pesticides that share a common
mechanism of toxicity as well as other exposure scenarios.
When setting new or reassessing existing tolerances and
tolerance exemptions, the US EPA must also evaluate the
potential for endocrine disruption. The new law directs the
US EPA to use its authority to require specific tests and
information on estrogenic effects for all pesticide chemical
residues.

The US EPA has worked hard to make FQPA provisions
a reality by explaining its goals and immediate plans, which
were sent to all current pesticide manufacturers, grower and
other pesticide user groups, industry, environmental,
consumer, and public interest groups. However, additional
time was needed to adequately review certain applications to
ensure compliance with the new law’s provisions to protect
against pesticide uses that may pose unacceptable risks to
children.

The highlights of the FQPA requirements and the US EPA’s
achievement in their implementation are as follows:

l New safety standard. Reasonable certainty of no harm,
which must be applied to all pesticides used on food
commodities. All pesticide tolerances now meet the strin-
gent health standard set by FQPA.

l Reassess all existing tolerances by EPA. Pesticide toler-
ances that were in place in August 1996, when the FQPA
was signed, are subject to reassessment under the new
safety standards of FQPA. Notably, this work resulted in
revocation or modification of almost 4000 food
tolerances.

l Risks to infants and children. When setting tolerances, the
US EPA has canceled the use of several organophosphorus
pesticides on many children foods, such as apples, and
utilizes an additional 10-fold safety factor as appropriate in
setting and reassessing tolerances.

l Aggregate risk.Development of aggregate exposure and risk
assessment methods for exposure to a pesticide by multiple
sources including food, drinking water, residential, and
other nonoccupational sources when assessing tolerances.
The US EPA developed and refined complex models that
evaluate multiple exposures from each source via oral,
dermal, and inhalation routes.

l Cumulative exposure risk assessment. The US EPA has
developed methodology to conduct cumulative risk
assessment. Pesticides that share a common mechanism of
toxicity are evaluated together. This approach combines the
estimates of aggregate exposure for individual chemicals
with the same toxic effect and generates a cumulative risk
assessment. The US EPA has conducted these assessments
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for four pesticide groups including organophosphate
insecticides, carbamate insecticides, triazine herbicides, and
chloracetanilide herbicides.

l Limitations on benefits considerations. Indicate the limits
on the benefits of using pesticides.

l Tolerance reevaluation. Review of tolerance every 10 years
to make sure pesticides meet the requirements of the new
health-based safety standard.

l Endocrine disruptors. To test the potential effect of
chemical manufacture on the endocrine system.

l Enforcement. Authorizes the FDA to impose civil penalties
for tolerance violations from pesticide residues.

l Right to know. Requires distribution of a brochure in
grocery stores on the health effects of pesticides, how to
avoid risks, and which foods have tolerances for pesticide
residues based on benefits considerations.

l Uniformity of tolerances. National uniformity enforced for
the tolerance levels unless a state petitions the US EPA for an
exception, based on state-specific situations.
FIFRA Provisions

l Pesticide reregistration program. Allocated the budget to
review older pesticides to ensure they meet current stan-
dards. This requires the tolerances to be reassessed as part of
the reregistration program.

l Pesticide registration renewal. Requires the US EPA to
periodically review pesticide registrations to ensure updated
safety standards.

l Registration of safer pesticides. Expedites review of safer
pesticides to help them reach the market sooner and replace
older and potentially more risky chemicals.

l Minor use pesticides. Provides incentives to foster coor-
dination on minor use regulations and policy, and
provides for a revolving grant fund to support develop-
ment of data necessary to register minor use pesticides.

l Antimicrobial pesticides. Expedite the review and regis-
tration of antimicrobial pesticides.
The FQPA encourages the harmonization of tolerances with
international standards, as established by Codex. Working with
other North American Free Trade Agreement (NAFTA) coun-
tries through the Technical Working Group, the US EPA has
been able to standardize many of the scientific tools used
among NAFTA countries in pesticide review, registration, and
setting of standards. Much of this common set of tools,
including the maximum residue limit calculator, has also been
adopted by the Codex Alimentarius Commission, a joint Food
and Agriculture Organization/World Health Organization
Food Standards Program, and are now used on a much larger
international scale. As a result of this international harmoni-
zation of regulatory programs, pesticide tolerances are now
more consistent across borders, and standards for the protec-
tion of human health and the environment have been raised. In
addition, international harmonization has increased the
benefits from shared scientific and technical expertise, lessened
the resource burden on governments and the regulatory
community, and minimized trade problems.

See also: Federal Insecticide, Fungicide, and Rodenticide Act,
US; Food and Drug Administration, US; Food Safety and
Toxicology; Food, Drug, and Cosmetic Act, US; Pesticides; Risk
Assessment, Human Health; Toxic Torts.
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Background

The Federal Food Safety Program resides in part under the
authority of the US Food and Drug Administration. The specific
statutory authority is the Federal Food, Drug, and Cosmetic Act
(FFDCA). The areas of responsibility include the consideration
of the safety or risk of food and color additives, both direct
and indirect, and food-borne contaminants, both natural and
anthropogenic. The FFDCA prescribes somewhat different
standards of safety/risk for intentional food additives that
undergo premarket assessment of safety, specifically, versus
those dietary constituents that are found in food as contami-
nants because they occur naturally or because they arise from
anthropogenic sources.

The prototypical safety assessment for food-borne
compounds is the acceptable daily intake (ADI) methodology,
which was first documented in 1954, and has come to be
employed throughout the world. This paradigm has also been
codified in the consideration of food (e.g., aspartame) and
color additives (e.g., Red Dye No. 2) and pesticides (e.g.,
atrazine). It is also routinely used in the consideration of
incidental food-borne chemical contaminants (e.g., lead),
particularly as a tool for screening out trivial incidents of
exposure. This procedure specifies that an acceptable dose of
a chemical may be calculated with the following equation:

ADI ¼ NOEL=SF

where ADI is the acceptable daily intake, NOEL is the no-
observed-effect level, and SF is a safety factor. In subsequent
considerations, an identical methodology has been imple-
mented where new terms have been substituted for those
originally described for the ADI safety assessment method-
ology. These terms are the reference dose (RfD), minimal risk
level (MRL), and tolerable daily intake (TDI) for the ADI. In
these methodologies, NOEL has been further defined to be the
no-observed-adverse-effect level (NOAEL) and the SF is called
an uncertainty factor (UF). These alternative terms have sup-
planted the ADI in considerations of food-borne contaminants
because unlike food additives, ‘acceptance’ is not an applicable
term for chemical contaminants that do not have a premarket
approval evaluation, and therefore, these alternative terms were
devised. Since contaminants are not deliberately added, and for
some are fairly widespread in the environment and the food
chain, it is often much more difficult to achieve population
exposures that are below an RfD/MRL/TDI.

As a general rule, the NOEL/NOAEL is a dose from
a controlled animal experiment where no adverse effect
(i.e., an effect not considered harmful) is noted. The experi-
ment does not establish that no effect can possibly occur at
that dose under any conditions – it only denotes that none of
the effects looked for in the experiment was observed. Since
a statistical significance test is typically used to establish
whether or not an effect occurred, the NOEL/NOAEL will tend
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
to diminish as the sensitivity of the measurement or the
number of observations increases. Since the burden of proof is
on science to show that an effect has occurred, greater
uncertainty tends to raise the level of exposure that is deemed
acceptable/tolerable. The selection of the effect that is
considered adverse is a matter of societal values (i.e., local-
ized, reversible, mild discomfort versus frank, and irreversible
systemic toxicity). That is, establishing that an effect has
occurred is a separate consideration from howmuch one cares
if it will occur or not.

In the original safety assessment paradigm, a single SF of
100 was used to derive an ADI from an NOEL. The justification
of the SF (also called a UF) was based on scientific consider-
ations as well as a judgment about how to manage the inherent
uncertainty associated with the assessment. Scientific issues
raised included the notion that humans may be more sensitive
to chemicals than rodents used in a laboratory test and that
there may be substantial variability among individuals in
a population. The necessity of managing uncertainty was
acknowledged through the recognition that it is impossible to
demonstrate that no adverse affect could not occur under any
circumstances. As the ADI approach evolved, the single SF was
replaced by two or more SF/UFs of 10, with each factor applied
as a response to a particular scientific issue. For example, an
NOEL/NOAEL from an animal experiment is normally divided
by a factor of 10 as a matter of policy in response to the
supposition that humans may be more sensitive than labora-
tory animals and by another factor of 10 to account for vari-
ability of response in the population of concern. SF/UFs dictate
the impact of uncertainty of some quantity on the decision.
Although the magnitude of the uncertainty is not precisely
described, the general idea is that the greater the uncertainty,
the larger the SF/UF needs to be. Thus, uncertainty in SF/UFs
and uncertainty in the derivation of the NOAEL push in
opposite directions. As a matter of practice, the uncertainty
underlying an SF/UF application is not quantified, so that
a factor of 10 is almost always employed. Even if the uncer-
tainty were quantified, the magnitude of the UF would still
depend on some judgment about what degree of risk adversity
is appropriate.

One outcome of the dependence of the NOEL/NOAEL on
the statistical significance test is that it tends to penalize
chemicals for which there is more or better data. To remedy this
problem, the benchmark dose (BMD) concept was introduced
as an alternative approach. The BMD depends on the specifi-
cation of a low-level effect that would typically be unobserv-
able. The end point may be the specified percentage (5 or 10%)
above background of a population for an end point deemed to
be adverse. Since the end point is defined, determinations for
different chemicals and different data sets tend to be more
comparable.

Other efforts have endeavored to give SF/UFs a scientific
basis by assembling a range of observations that are analogous
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Figure 1 A dietary public health decision paradigm.
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to the occasions for SF/UF application. As indicated previously,
while the RfD/MRL/TDI methodology is essentially the same as
for the ADI derivation, the end point has been recast as
a threshold estimate. However, the ADI/MRL/RfD/TDI inter-
pretation of the product of an NOAEL as a threshold presents
some difficulties. First, since the number generated is partly
a product of the management of the uncertainty, it does not
make sense to say that threshold of safety itself is uncertain.
Second, there is always some uncertainty about whether or not
there is a threshold, especially when considering subpopula-
tions of individuals who may already be ill. Perhaps more
importantly, even if the NOAEL/UF procedure is considered as
a rough estimate of a threshold dose, it only provides infor-
mation about what may happen at that particular dose; there is
no indication about the likelihood or frequency of an adverse
effect at higher doses.

An important part of the safety assessment process lies in
establishing the impact of scientific uncertainties on the
eventual decision. This is typically done by making conser-
vative estimates that deliberately err on the side of safety.
Since scientists are more familiar with the scientific issues, the
responsibility for this is often delegated to them. There are
two potential difficulties with this. The first problem is that
the technical person is entrusted with a decision that is partly
a social/political one. This is particularly true if there is an
interaction between degree of uncertainty and degree of harm.
For example, a larger degree of uncertainty may be tolerated
when the adverse effect is relatively trivial than when it
is severe. However, if the technical person is not aware of all
the competing dietary and nondietary risks that impinge on
the decision, then they may not be in a position to judge the
relative importance of a particular risk. The second problem is
that a technical person may dictate the impact of the uncer-
tainty for only part of the problem, without being aware of the
other uncertainties involved. There is therefore no way to
judge the ‘appropriate’ degree of conservativeness for the
particular problem. Because the safety assessment process
may have many steps, the decision process may be fragmented
to a degree that no one can judge whether or not a decision is
reasonable.

From an administrative standpoint, a great benefit of the
safety assessment process is its relative simplicity. It deals with
a broad spectrum of dietary public health issues that may be
quite complex both socially and scientifically with a few short
rules. For small problems, the benefit of either more carefully
considering the scientific issues or encouraging widespread
participation in the decision process may not justify the effort
that must be expended to do so. The efforts to improve
the scientific basis of safety assessment often result in the
complexity that may result from a risk assessment without the
benefit of clarity of purpose. There are occasions where
the safety assessment process may prove to be too simple.
The bigger the problem is economically and politically, the
less comfortable the general public may be with delegating
important social/political decisions to scientists. As a result,
the safety assessment process is more useful for identifying
small problems, than it is in dealing with large problems. For
food additives, the safety assessment process ensures that any
risk from a compound that is intentionally added to food is
trivial.
As with food additives, the safety assessment process for
contaminants is helpful in identifying chemicals that pose
a trivial risk. However, the safety assessment process may not
be useful for those contaminants where the level of exposure in
a population already exceeds what has been identified as the
threshold of safety. The level specified by the safety assessment
process may be unattainable in all circumstances, and control
may best be directed at reducing exposure in general rather
than attaining a particular level. Considering the best options
available may require better information than the safety
assessment process can deliver. In this case, a formal risk
assessment is required, where the goal is to provide an estimate
of the probability of harm for a public health threat. A key
difference between safety and quantitative risk assessment
(QRA) is that while the former is a decision process in and of
itself, a QRA is intended to provide information as part of
a larger decision process – this view of risk assessment is
illustrated in Figure 1.

Since QRA is an applied analysis, the goal is to describe
what is known in response to a particular question. Where
matters of degree of exposure and risk are involved, numbers
provide more precise descriptions than words, particularly for
exposures that exceed the threshold of safety. In QRA, numbers
may be used to describe both empirical quantities and, for the
purpose of describing uncertainty, degrees of knowledge. As
these are two fundamentally different purposes, the benefits of
using quantitative tools are somewhat different. For describing
empirical quantities (e.g., body weight and heart rate),
numbers are useful because they are more accurate in that they
provide a more precise statement of what is known. On the
other hand, when describing uncertainties, the primary
advantage of quantitative methods is that they are more
transparent, thereby allowing more people to participate in the
decision process.

QRA models constructed for dietary risks typically have
two main components: an exposure assessment and a dose–
response assessment. The exposure assessment determines the
amount of a chemical contaminant that consumers will be
exposed to from the diet, and sometimes may include expo-
sure from other sources as well. The dose–response assess-
ment characterizes the causal relationship between dietary
exposure and one or more adverse health outcomes. The
interactions with risk management occur at the beginning
(formulating the question) and end (making the decision) of
the risk assessment process (Figure 1). In particular, risk
managers often have an interest in identifying the toxic effect
that a QRA model is designed to address. The end result is the
risk assessment model that explicitly states how a particular
adverse effect is causally related to a particular dietary expo-
sure to a contaminant.



−7

−6

−5

−4

−3

−2

−1

0

−6 −5 −4 −3 −2 −1 0 1

Log dose (mg kg−1)

Lo
g 

po
pu

la
tio

n 
fr

eq
ue

nc
y

One hit

Multistage

Weibull

Logit

Probit

Data

Figure 2 Model uncertainty in cancer risk assessment.
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Uncertainty

Public health risk assessments used in considerations of food
safety are intended to make predictions, particularly quan-
titative, of plausible negative impacts. Obviously depending
on the underlying scientific information, some predictions
are more reliable than others, and the extent to which
predictions are reliable should be taken into account in the
public health decision process. Since risks of chemical
contaminants in food are generally small and are often
difficult to observe and measure, the uncertainties associated
with estimating the occurrence of potential adverse effects
can be large relative to the estimated effects. Therefore,
consideration of uncertainty is very often an inherent part of
the risk assessment process.

In discussing uncertainty, it is important to distinguish
efforts to quantify uncertainty from the somewhat related
activity of characterizing the nature and extent of frequencies in
a population or series. Although uncertainties may often be
reasonably calculated or based on frequencies (i.e., statistical
uncertainty), frequencies may be of interest on their own
(e.g., population variability), while some uncertainties are not
frequency based (e.g., model uncertainty). The difference
between probability and frequency is often a matter of context.
The same distribution might be used to describe the frequency
of an event when the question is about a population or serve as
the basis for a quantitative probability statement when the
question is about an individual. Consider two examples. First,
a distribution describing the variability of a scientific instru-
ment over time may be used to describe the uncertainty of
individual measurement made by the instrument. Second,
a distribution describing body weight could be used to predict
the frequency of values expected in a population or the
uncertainty of the value in a particular individual for whom
a measurement is unavailable.

When mathematical models are used to draw inferences,
the values of the model parameters may reflect uncertainties
arising from other sources. In particular, traditional statistical
methods often place confidence intervals on parameter
estimates that reflect the potential influence of sampling
error (i.e., the data may not be representative of the pop-
ulation or series that an estimate is needed for). Bootstrap
methods can be used to include other sources of uncertainty
in model parameter estimates, which involve repeating the
modeling process many times using different assumptions
about either the data or the mathematical form of the
models or both.

Model uncertainty arises from the availability of alterna-
tive mathematical expressions with which an inference or
prediction might be made. As a practical matter, model
uncertainty is often not an important issue. In particular, so
long as there are a number of observations to guide the
model that come from similar circumstances as the problem
that the analysis is concerned with, then any plausible model
should yield very similar results. However, when models are
used to extrapolate values, model uncertainty can be an
important source of uncertainty. Prime examples are the use
of models to predict outcomes at low doses (see Figure 2)
and the use of distributions to estimate the frequency of
occurrence of rare events.
Dose–Response Models

Dose–response models describe a cause–effect relationship.
There are a wide range of mathematical models that have been
used for this purpose. The complexity of a dose–response
model can range from a simple one-parameter equation
to complex multicompartment toxicokinetic/toxicodynamic
models. Many dose–response models, including most cancer
risk assessment models, are population models that predict the
frequency of a disease in a population. Such dose–response
models typically employ one or more frequency distributions
as part of the equation. Dose–response may also operate at an
individual level and predict the severity of a health outcome as
a function of dose. Particularly, complex dose–response
models may model both severity of outcome and population
variability and perhaps even recognize the influence of
multiple causal factors.

Since the estimation of an adverse effect at doses consistent
with exposures normally seen in human populations generally
involves high to low extrapolation, uncertainty will arise from
the fact that different plausible models may result in very
different estimates (see Figure 2). Model uncertainties may be
represented by constructs that are commonly referred to as
probability trees. The basic idea behind a probability tree is that
the sum of the probabilities of all the models under consid-
eration is one. Selecting and assigning probabilities to the
nodes of a probability tree are accomplished by an evaluation
of the weight-of-the-evidence. To some extent, this generally
involves some reliance on expert opinion. If a more formal
process is necessary or desired – possibly to enable the evalu-
ation to be carried out by a computer – an algorithm may be
used. Since presumably the same considerations are involved,
the same criteria that are used to select a ‘best’ model may also
be used to weight them.
Statistics and Public Health

Food safety of chemical contaminants is a public health
problem where the goal is to evaluate the toxicological



Table 1 A methylmercury risk mitigation scenario via the use of a fish
advisory. Estimated IQ increases, relative to baseline, in a population after
a proposed fish consumption advisory

Percentile IQ point change

Average 0.023 (0.009, 0.041)
25th 0.000 (0.000, 0.002)
Median 0.007 (0.003, 0.014)
75th 0.025 (0.009, 0.043)
95th 0.057 (0.023, 0.100)
99th 0.091 (0.036, 0.167)
99.5th 0.218 (0.086, 0.401)
99.9th 0.294 (0.116, 0.573)
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impact in a population rather than an individual. This adds
a statistical dimension to the assessment. Population vari-
ability is especially important for exposure assessment to
chemical contaminant since the amount of a particular food
consumed and the amount of chemical contaminant in
a food will vary, sometimes to a fairly extensive degree.
Variability in dose–response relationships may also be
important in some cases.

Frequency distributions may be used to represent or draw
inferences about the variation in a particular value among
a population or series (i.e., a single set of values such as body
weight). There are a number of ways of fitting or estimating
the parameters for a frequency distribution. The popularity of
the normal distribution may be at least partly attributed to the
fact that estimates for the parameters (with a particular set of
assumptions about the relationship between the model and the
data) can be calculated directly. There are a large number of
frequency models to choose from. Although there is some
theoretical basis for many of them, the theory is at best only
loosely applicable to describing variability in biological pop-
ulations – the biology is almost certainlymore complicated than
the model. It is often a good idea to use several models.

It is also often possible to use empirical distributions to
represent variation in exposure. In particular, simulations are
often constructed with food consumption surveys as the start-
ing point. The simulation model can then add other sources of
variation to produce a risk estimate for a larger population.
Empirical distributions may also be used for other components
of an exposure assessment (e.g., the occurrence of a chemical
contaminant in a food). On the other hand, since dose–
response relationships are always theoretical (i.e., they are not
directly observed), variability in population susceptibility must
be modeled as well.
Distribution value
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Figure 3 A probability density curve.
Risk Characterization and Simulations

Once the overall risk assessment model is constructed, it may
be used to make predictions. Running a large risk assessment
model that includes exposure and a dose–response function
collecting the results is often referred to as a simulation. If there
are statistical components to the model, the model may be run
repeatedly using different random numbers to select values
from the statistical distributions each time. This process is
known as Monte Carlo simulation. In public health models,
distributions can be used to describe variability in populations
or the uncertainty in a value, parameter, or model. Since
uncertainty is ever present, the presence of distributions in the
model that are intended to describe variability usually results in
a two-dimensional (2D) distributional model, where one
dimension represents population variability and another
represents uncertainty in the outcome.

Whether it is 1D or 2D, Monte Carlo simulation produces
many individual estimates – one per iteration. While these
numbers are the end result of the risk assessment, no one can
look at all these numbers and make sense of them. Therefore,
they need to be sorted and tabulated and summarized.
However, deciding how to do this involves considering how
the results are going to be used and by whom. For example,
reporting a distribution as a mean entails that the mean is what
will be used in making a decision. It is important to inform the
decision maker on the summary process so that they under-
stand that a distribution lies behind the single number. The
simplest way to do this is to simply display a list of percentiles
along with the summary statistics. The results of a 2D simula-
tion will necessarily be more complicated.

Simulations may also be constructed to estimate the impact
of potential risk mitigation procedures. If simulations are being
run for a number of different scenarios (e.g., expected values
with and without public health intervention), it is preferable to
generate a table of summary statistics as percentiles such as
shown in Table 1. At each percentile, an IQ change is given
along with the corresponding confidence limits.

Although they may allow for quick comparisons, tables
inherently compare one value at a time. Graphing or visuali-
zation can be a better way of presenting the entire distribution.
A 1D simulation will produce a frequency (when simulating
variability) distribution or a likelihood distribution (when
representing uncertainty). There are two ways of plotting
frequency or likelihood curves: the first is to plot density versus
value (Figure 3), which emphasizes the values which are the
most common or likely, and the second is to plot cumulative
percentiles versus value (Figure 4), which allows the percentile
corresponding to a particular value to be read from the plot.
Either plot can be used to represent either a frequency distri-
bution or an uncertainty that has a statistical origin.
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Two-dimensional results are more difficult to display. Two
strategies for adding an extra dimension are illustrated in
Figures 5 and 6. The first uses 3D perspective to portray the
third dimension (Figure 5). The second uses shading, where
darker hues are used to represent either higher density or more
central values (Figure 6). This is particularly useful for dis-
playing uncertainty, as the more probable parts of a curve are
more defined.
Identifying Data Gaps and Planning Research

Putting a formal QRA together will inevitably raise areas of
uncertainty that can be addressed through further research.
Since it has identified the issues that are important for the
decision, a risk assessment can be useful in planning the
research that will have the most impact on future decisions.
Research proposals are justified on the basis of an expectation
that they will reduce uncertainty. There are three general
purposes that additional research may be designed to address:

1. Measurement of values used directly in risk assessment (e.g.,
in empirical distribution functions).

2. Collection of data that will allowmore accurate estimates of
model parameters.

3. Collection of data that will allow discrimination among
models or influence weight-of-the-evidence evaluations.
Summary

Although contaminants are not intentionally added, the
assessment of contaminants typically begins with the applica-
tion of the same safety assessment process that is used for the
evaluation of food additives. In most instances, such an
assessment is sufficient in providing the assurance of safety of
the potential exposure to many dietary contaminants. There
are, however, other instances where the environmental
contaminant is so ubiquitous, and therefore difficult to avoid,
that a more informative analysis needs to be considered. The
output of such an assessment is intended to describe the degree
of harm expected in the population and the degree of uncer-
tainty associated with the estimates. Specific areas of uncer-
tainty can also be identified that will inform and suggest
meaningful areas of research.

See also: Cumulative (Combined Exposures) Risk Assessment;
Monte Carlo Analysis; Safety Pharmacology; Uncertainty
Analysis; Uncertainty Factors.
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The foreign body reaction to biomaterials (e.g., implanted
medical devices) results in foreign body giant cells and the
components of granulation tissue. These consist of macro-
phages, fibroblasts, and capillaries in varying amounts,
depending on the form and topography of the implanted
material. Relatively flat and smooth surfaces such as those
found on breast prostheses invoke a foreign body reaction of
a layer of macrophages one to two cells in thickness. Relatively
rough surfaces such as those found on the outer surfaces of
expanded poly(tetrafluoroethylene) vascular prostheses have
a foreign body reaction of macrophages and foreign body giant
cells at the surface. Fabric materials typically generate a surface
response of macrophages and foreign body giant cells, with
varying degrees of granulation tissue subjacent to the surface
response.

Thus, the form and topography of the surface of the
biomaterial determines the composition of the foreign body
reaction. With biocompatible materials, the composition of the
foreign body reaction in the implant site may be controlled by
the surface properties of the biomaterial, the form of the
implant, and the relationship between the surface area of the
biomaterial and the volume. Implants such as fabrics or porous
materials have higher ratios of macrophages and foreign body
giant cells in the implant site than smooth surface implants,
which cause fibrosis at the implant site.

The foreign body reaction consisting mainly of macro-
phages and/or foreign body giant cells may persist at the tissue
implant interface for the lifetime of the implant. Generally,
fibrosis (i.e., fibrous encapsulation) surrounds the biomaterial
or implant with its interfacial foreign body reaction, isolating
the implant and foreign body reaction from the local tissue
environment. Early in the inflammatory and wound-healing
response, the macrophages are activated on adherence to the
material surface.

Although it is generally considered that the chemical and
physical properties of the biomaterial are responsible for
macrophage activation, the subsequent events regarding the
activity of macrophages at the surface are not clear. Tissue
macrophages, derived from circulating blood monocytes, may
coalesce to form multinucleated foreign body giant cells con-
taining large numbers of nuclei on the surface of biomaterials.
Although these foreign body giant cells may persist for the
lifetime of the implant, it is not known if they remain activated,
releasing their lysosomal constituents, or become quiescent.

The end-stage healing response to biomaterials is generally
fibrosis of fibrous encapsulation. However, there may be
exceptions to this general statement (e.g., porous materials
inoculated with parenchymal cells or porous materials
implanted into bone). As stated, the tissue response to
implants is in part dependent on the extent of injury or defect
created in the implantation procedure.

Repair of implant sites can involve two distinct processes:
regeneration, which is the replacement of injured tissue by
parenchymal cells of the same type, or replacement by
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
connective tissue that constitutes the fibrous capsule. These
processes are generally controlled by either (1) the proliferative
capacity of the cells in the tissue or organ receiving the implant
and the extent of injury as it relates to the destruction, or (2)
persistence of the tissue framework of the implant site.

The regenerative capacity of cells allows them to be classi-
fied into three groups: labile, stable (or expanding), and
permanent (or static) cells. Labile cells continue to proliferate
throughout life; stable cells retain this capacity but do not
normally replicate; and permanent cells cannot reproduce
themselves after birth. Perfect repair with restitution of normal
structure can theoretically only occur in tissues composed of
permanent cells and may give rise to fibrosis and fibrous
capsule formation with very little restitution of the normal
tissue or organ structure. Tissues composed of permanent cells
(e.g., nerve cells, skeletal muscle cells, and cardiac muscle cells)
most commonly undergo an organization of the inflammatory
exudates, leading to fibrosis. Tissues composed of the stable
cells (e.g., parenchymal cells of the liver, kidney, and pancreas);
mesenchymal cells (e.g., fibroblasts); and vascular endothelial
and labile cells (e.g., epithelial cells and lymphoid and hema-
topoietic cells) may also follow this pathway to fibrosis or may
undergo resolution of the inflammatory exudates, leading to
restitution of the normal tissue structure.

The condition of the underlying framework or supporting
stroma of the parenchymal cells following an injury plays an
important role in the restoration of normal tissue structure.
Retention of the framework may lead to restitution of the
normal tissue structure, whereas destruction of the framework
most commonly leads to fibrosis. It is important to consider
the species-dependent nature of the regenerative capacity of
cells. For example, cells from the same organ or tissue but
different species may exhibit different regenerative capacities
and/or connective tissue repair.

Following injury, cells may undergo adaptations of growth
and differentiation. Important cellular adaptations are atrophy
(decrease in cell size or function), hypertrophy (increase in cell
size), hyperplasia (increase in cell number), and metaplasia
(change in cell type). Other adaptations include a change by
cells from producing one family of proteins to another
(phenotypic change), or marked overproduction of protein.
This may be the case in cells producing various types of colla-
gens and extracellular matrix proteins in chronic inflammation
and fibrosis. Causes of atrophy may include decreased work-
load (e.g., stress-shielding by implants) and diminished blood
supply and inadequate nutrition (e.g., fibrous capsules
surrounding implants).

Local and systematic factors may play a role in the wound
healing response to biomaterials or implants. Local factors
include the site (tissue or organ) of implantation, the adequacy
of blood supply, and the potential for infection. Systematic
factors may include nutrition, hematologic derangements,
glucocorticosteroids, and preexisting disease such as athero-
sclerosis, diabetes, and infection.
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Finally, the implantation of biomaterials or medical devices
may be best viewed at present from the perspective that the
implant provides an impediment of hindrance to appropriate
tissue or organ regeneration and healing. This reflects our
current inability to control the sequence of events after injury in
the implantation procedure, and restitution of normal tissue
structures with function is rare. Current research is directed
toward developing a better understanding of the modification
of the inflammatory response, the stimuli providing for
appropriate proliferation of permanent and stable cells, and
the appropriate application of growth factors. This may provide
keys to the control of inflammation, wound healing, and
fibrous manipulation of biomaterials or implanted devices. For
example, one area of recent research is in understanding the
functions of extracellular matrix (ECM) proteins as modulators
of cell–matrix interactions. ECM proteins include thrombo-
spondin (TSP)-1, TSP-2, secreted protein acidic cysteine-rich
(SPARC), tenascin-C, and osteopontin, and they have been
shown to participate in a number of processes related to tissue
repair. Specifically, studies in knockout mice have indicated
that a deficiency in one or more of these proteins can alter the
course of wound healing, and TSP-1, TSP-2, and SPARC have
also been implicated in the foreign body response.

See also: Biocompatibility; Implant Studies.
Further Reading
Anderson, J.M., Rodriguez, A., Chang, D.T., 2008. Foreign body response to
biomaterials. Semin. Immunol. 20 (2), 86–100.

Kyriakides, T.R., Bornstein, P., 2003. Matricellular proteins as modulators of wound
healing and the foreign body response. Thromb. Haemost. 90, 986–992.

Lemperle, G., Morhenn, V.B., Pestonjamasp, V., Gallo, R.L., 2004. Migration studies
and histology of injectable microspheres of different sizes in mice. Plast. Reconstr.
Surg. 113, 1380–1390.

Spector, M., Cease, C., Tongi-Li, X., 1989. The local tissue response to biomaterials.
Clinical Reviews in Biocompatibility 5, 269–295.

Ward, W.K., Slobodzian, E.P., Tiekotter, K.L., Wood, M.D., 2002. The effect of
microgeometry, implant thickness and polyurethane chemistry on the foreign body
response to subcutaneous implants. Biomaterials 23, 4185–4192.

Relevant Websites

http://www.fda.gov – Food and Drug Administration homepage. Search for `Foreign
Body Response.'

http://toxnet.nlm.nih.gov/index.html – Toxnet homepage. Search for `Foreign body
response.'

http://www.fda.gov
http://toxnet.nlm.nih.gov/index.html


Forensic Toxicology
FK Adatsi, Office of Forensic Toxicology Services, Washington, DC, USA

� 2014 Elsevier Inc. All rights reserved.
Introduction

Forensic toxicology is the branch of science that applies the
principles and knowledge of toxicology to issues and problems
in the field of law. To achieve this, techniques of analytical
chemistry are combined with principles of toxicology to
address issues related to the toxic effects of substances on
humans that are germane to judicial proceedings. Analytical
chemistry deals with techniques and methods for determining
the identity and relative amounts of unknown components in
a sample of matter. Toxicology has been defined as the study of
poisons. A frequently used definition of a poison is one
provided by the physician/alchemist, Paracelsus (1493–1541).
He noted that “all substances are poisons; there is none which
is not a poison. The right dose differentiates a poison from a
remedy.” For this reason, forensic toxicology involves the
use of proper chemical or analytical techniques to identify and
characterize any unknown substances in biological systems
and examine the adverse effects of these substances on
humans.

Today, the practice of forensic toxicology encompasses three
major subdivisions: postmortem forensic toxicology, forensic
drug testing, and human performance toxicology. Of these
three subdivisions, postmortem forensic toxicology probably
bears the closest relationship to the historical perception of
forensic toxicology; one that was replete with vivid imagery of
intricate homicidal poisonings. Postmortem forensic toxi-
cology is used primarily in death investigation cases, or when
drug intoxication is suspected as a proximate cause of death
and yet is undiagnosed at autopsy. Forensic drug testing arose
primarily as a method of detecting drug use among individuals
and as a way to curb or deter contemplated or further use. Drug
use is a major medical and socioeconomic problem worldwide.
In the United States, large amounts of financial and human
resources are used to combat the problem. This subdivision of
forensic toxicology has wide application in areas such as,
workplace testing, testing of athletes, compliance with drug-
related probation, and screening of new job applicants.
Human performance toxicology is concerned with the rela-
tionship between the presence of a drug in an individual and
changes in the behavior or performance on assigned tasks. This
subdivision of forensic toxicology forms the major scientific
cornerstone upon which law enforcement agencies build to
enforce laws dealing with driving under the influence of drugs.
The discipline has also been referred to as behavioral toxi-
cology and utilizes concepts in modern psychology to deter-
mine the dose–response relationships between drugs and their
behavioral changes elicited. Frequently, the forensic toxicolo-
gist is called upon to analyze biological specimens from indi-
viduals suspected of drug use and to connect the results to
complex human activities such as driving. For some drugs,
notably alcohol, pharmacological data exist on the principal
target organs affected and the generally accepted performance
impairing effects in humans. The forensic toxicologist can
apply some of these generally accepted effects, vis-à-vis the
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analytical results obtained, to assist law enforcement agencies
in human performance toxicology cases.

Prior to its general classification into the three subdivisions,
forensic toxicology activities were defined mainly by post-
mortem forensic toxicology, and directed at investigating
fatalities arising from homicides, accidental, or any manner of
unnatural or suspicious deaths. However, the current practice
of forensic toxicology also includes investigations of the
consequences of drug abuse on the individual and society, and
the role of drugs in modifying the behavior of the individual. In
spite of the expanded application of forensic toxicology, the
basic responsibility of the forensic toxicologists still remains
one of assisting the judicial system in deciding whether
a particular substance could have a clinical or toxicological
impact on the outcome of a legal matter. To this end, the
forensic toxicologist must first establish the presence and exact
identity of the chemical substance (prescription or illicit drug
or poison) in either a decedent, or living individual and
establish a relationship between exposure and the occurrence
of an injurious effect, behavior, or death.

Poisonings, particularly those with homicidal intent, are
usually acts contrived of evil intentions. The poisoner seeking
the death of another individual is often very discreet about the
manner in which a poison is introduced into the body of
a victim. Great precaution is often taken to conceal the steps or
events leading to the completion of this activity. Therefore,
establishing that the cause of death of an individual is due to
poisoning, whether by accident, suicide, or homicide, is
a difficult task requiring the application of a vast amount of
knowledge. For the forensic toxicologist, this may involve
knowledge of a number of factors and reliance on the exper-
tise of other professionals. The forensic toxicologist must have
an inquisitive mind, be familiar with a wide variety of
chemicals and poisons, and be conversant with current
knowledge regarding the ‘drug culture,’ including the flow,
distribution, and patterns of use of illicit drugs. In the normal
course of their duties, forensic toxicologists work closely with
other professionals. From the scene of a crime or death,
through the laboratory to finally testifying in court, the
forensic toxicologist would probably work with crime scene
investigators, police officers, nurses, a medical examiner,
a team of scientists, and other law enforcement personnel.
The knowledge and information provided by each of
these professionals can assist the forensic toxicologist,
either individually or collectively, in resolving the mysteries
surrounding a crime or death.
Collection of Forensic Specimens

A typical forensic toxicology investigation to determine a cause
of death or the presence or absence of a drug or poison in an
individual begins necessarily with the collection of an appro-
priate biological specimen. The biological specimens usually
collected from living individuals are peripheral blood and
4-3.00387-0 647
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urine. Blood is of particular usefulness to the forensic toxicol-
ogists because the presence of a drug or poison in blood
indicates that absorption has taken place. Additionally, good
correlations exist between the blood levels of most drugs and
poisons and their pharmacological and/or behavioral effects
exerted on humans. Urine drug levels, on the contrary, only
indicate that a subject had past exposure to the drug in question
without definitive information as to the exact time of exposure
or probable physiological effects. Nevertheless, the acquisition
of a urine sample provides a noninvasive method of gaining
valuable information regarding the presence or absence of
a drug in the body of an individual. Additional advantages in
the use of urine as a toxicological specimen include ease of
testing, the presence of high concentrations of parent drug and/
or metabolites, and the relatively low cost of testing. In the
United States, for example, the mandatory guidelines for
workplace drug testing require the use of urine as the specimen
of choice.

Occasionally, gastric contents, saliva (oral fluid), and hair
samples may also be collected from living individuals. The case
is reported of an arresting police officer who saw a man sus-
pected of possessing and distributing a white powder believed
to be cocaine. However, before the arrest could be made, the
suspect stuffed the white powder and its plastic wrapper into
his mouth and swallowed the crucial evidence. Upon finally
arresting the man, part of the forensic investigation involved
toxicological analysis of available body fluids. In this instance,
acquisition of gastric or stomach contents from the suspect is
indicated and despite the risks involved, a gastric lavage must
be performed. By analyzing a sample of the stomach contents,
the toxicologist may be able to answer questions about the
chemical identity of the white powder. The use of oral fluid is
also gaining acceptance as a specimen of choice in certain
forensic toxicological investigations. Its use is predicated on the
fact that there is generally good agreement between oral fluid
drug concentrations and the pharmacological effects of the
drug. Additionally, oral fluid collection is simple, noninvasive,
and works well for individuals with ‘shy bladder syndrome’
and have difficulty or unable to provide urine specimens on
demand. Oral fluid specimens have a short detection window
of drugs. While this property may be considered a disadvantage
in certain forensic toxicological investigations, it can be used
effectively to spot check individuals accepted into drug courts
within the criminal justice system since it is effective in ascer-
taining abstinence or how recent a drug may have been used.
Finally, a biological specimen that has received prominence in
certain parts of the world in forensic toxicology testing is
human breath. It is sampled for the measurement of the bodily
alcohol content of an individual and the result compared with
the legal definition of intoxication in driving related offences. It
may also be sampled for the presence or absence of inhalants,
most of which are volatile organic solvents that are not easily
detected in blood.

For deceased subjects, the specimens should be collected
before embalming the body. Embalming may cause a dilu-
tion, destruction, or false indication of the presence of
a drug or chemical in the decedent’s body. The specimens
collected from a decedent will include samples from other
body fluids and organs since drugs and other chemicals
distribute themselves in body fluids and organs with varying
affinities. Whenever possible, a portion of the liver and
whole kidneys should be obtained from deceased persons
suspected of dying from a drug overdose or chemical
toxicity. The liver is the organ primarily responsible for the
detoxification of foreign substances such as drugs and
chemicals in the body and tends to sequester most of them
in high concentrations. The kidneys are the major organs
responsible for the excretion of most drugs and poisons,
particularly the heavy metals, and are also expected to
contain high concentrations of these poisons. Additionally,
depending on the case history presented, the forensic toxi-
cologist should request and analyze samples from specific
tissues and organs collected from a decedent. For instance,
the eye fluid or vitreous humor may be the preferred spec-
imen to be analyzed for the presence of alcohol in the driver
of a fatal accident whose blood or other bodily fluids
become contaminated by stomach alcohol as a result of
injuries received. The vitreous humor is preferred because it
is anatomically well isolated from the stomach and is well
protected from microbiological degradation. Certain toxi-
cants, such as the organometallic compounds (methylmer-
cury and trimethyltin), and drugs, such as the anticancer
drug doxorubicin, have great affinities for the nervous
system, and sampling of brain tissue may be indicated if
they are suspected in a death investigation.

The specimens should be collected by qualified personnel
and each container into which a specimen is placed must bear
a label with the name of the subject, the type of specimen in the
container, the date and time of the collection of the specimens,
and the signature of the person collecting the specimen. Forms
and labels are usually developed to take inventory of the
specimens collected and to document the activities at the
collection site. Frequently, a police officer is at the scene of
the collection of the specimen and that officer should also
append his or her signature on the labels and forms. The
specimens collected should be properly packaged with the
proper documentation and case history if available and trans-
ferred to a forensic laboratory for analysis. From a legal
perspective, the specimens are part of the evidence that can be
introduced in legal proceedings, as is any analysis to be per-
formed by a forensic toxicologist. For this reason, the processes
involved in the transfer of the specimens from the collection
site to the forensic laboratory must be carefully documented to
establish a credible and intact ‘chain of custody.’ The chain of
custody ensures that only authorized personnel handle the
specimens and thereby ensuring their integrity.
Analysis of Forensic Specimens

Once in the laboratory, the types of toxicological analyses to
be performed on the specimens will depend on several
factors. In fact, the types of drugs or poisons to which any
population of people are exposed will vary with the pre-
vailing social, political, economic, and religious climate.
Sometimes a specimen may arrive in a toxicology laboratory
with a request for the analysis of a specific drug or poison.
Other times, however, the type of analysis to be performed
will be determined largely by the case history or other
factors associated with the specimen. For example, the
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analysis performed on biological specimens taken from the
driver of a vehicle involved in a traffic accident may involve
first and foremost the determination of the presence or
absence of alcohol and/or other commonly abused drugs
such as marijuana or cocaine, primarily because of the
overwhelming involvement of these drugs in traffic fatalities.
However, the type of analysis to be performed on a decom-
posed body will involve searching for drugs and poisons
other than alcohol. During decomposition, certain drugs
initially present at death may be destroyed and others
produced either by virtue of bacterial activity or by changes
in the ambient environment.

To the untrained individual, determining both the presence
and amount of an unknown drug or poison in an individual is
a daunting task. However, systematic and well-standardized
methods aimed at detecting the largest possible number of
commonly encountered toxic substances have been developed
over the years to assist the forensic toxicologist. Generally these
methods have focused on the type of biological matrix being
analyzed and the chemical class to which a drug or poison
belongs. Thus, the method used in analyzing for a poison such
as arsenic in hair will be different from that used in analyzing
for alcohol in blood. Regardless of the type of toxicological
analysis eventually performed on a biological specimen, it is
essential to follow specific and well-established scientific and
good laboratory procedures. Needless to say, the quality of the
analytical result is only as good as the quality of the overall
process governing the analysis. A clean laboratory environment
should be maintained and only chemicals of the highest grade
and purity should be used for analysis. Instruments and
equipment should be properly calibrated and maintained in
proper working condition.

A classification scheme that is commonly employed in the
analytical process, involves placing poisons in the following
groups: corrosive agents, gases and volatile agents, metallic
poisons, nonvolatile organic agents, and miscellaneous
poisons. Corrosive agents include the mineral acids and bases.
This group of poisons also includes a number of household
products formulated with caustic compounds. These poisons
can be analyzed using basic chemical and clinical techniques,
which take advantage of physical properties, such as solubility,
acidity, or basicity and observable color changes of the poisons.
Gaseous and volatile poisons include several compounds, such
as acetone, acetaldehyde, carbon monoxide, cyanide, ethanol,
methanol, and several other organic solvents. This class of
poisons can generally be determined using gas–liquid chro-
matography techniques. Metallic poisons include arsenic,
mercury, lead, and other heavy metals. The method of choice in
analyzing for metallic poisons is atomic absorption (AA)
spectrometry. The nonvolatile organic group contains by far the
largest number of prescription and illicit drugs. Drugs such as
the antipsychotic agents, antidepressants, amphetamines,
central nervous system (CNS) stimulants, and hallucinogens
belong to this group. Extraction techniques such as solid-phase
extraction, which take advantage of the acidic, basic, neutral, or
amphoteric nature of these drugs, are combined with appro-
priate instrumental methods to analyze for these compounds.
Miscellaneous poisons will include agents such as plant and
animal toxins and any other chemical substance whose detec-
tion from biological specimens will involve the application of
some or all of the techniques described including immuno-
assay techniques.

Today, the forensic toxicologist has available modern
techniques of analytical chemistry and is able to rely on a wide
variety of procedures and instruments to determine the pres-
ence of many poisons in biological specimens. Usually, the first
line of tests performed includes a protocol of immunoassay
screening tests designed to determine the presence or absence
of a class or group of drugs. The most common immunoassays
currently in use include, cloned enzyme donor immunoassay
(CEDIA; Microgenics Corporation), enzyme-linked immuno-
sorbent assay (ELISA), enzyme-multiplied immunoassay tech-
nique (EMIT; Behring Diagnostics), fluorescence polarization
immunoassay (FPIA), kinetic interaction of microparticles in
solution (KIMS; Roche Diagnostic Systems), and radioimmu-
noassay (RIA). If a positive result is obtained with these tests,
a second test based on physicochemical principles, which are
different from the first, is performed to identify and confirm the
particular drug. Some of the current instruments and tech-
niques commonly used for the unequivocal identity of most
drugs or chemicals include AA spectrometry, gas chromatog-
raphy/mass spectrometry (GC/MS), high-performance liquid
chromatography (HPLC), liquid chromatography/mass spec-
trometry (LC/MS), and tandem mass spectrometry (MS/MS).
Interpretation and Reporting of Results

Following the analysis, a written report detailing the outcome
of the test must be prepared and reviewed for technical and
administrative accuracy. In some toxicology laboratories, such
reviews are performed by the laboratory director, a certifying
scientist, or a peer of the forensic toxicologists. The results
should be presented and interpreted in accordance with defi-
nitions and framework established by the legal system of the
particular state or country prior to submission to the agency or
party requesting the analysis. Usually, this report will conclude
any further involvement of the toxicologist in the issues
surrounding the specimens or case. For example, a test result of
‘0.08 g of ethanol per 100 ml of blood’ that is reported in a case
of a motorist suspected of operating his vehicle under the
influence of alcohol may be all that is needed by the arresting
agency to charge and successfully prosecute the motorist for
‘driving while intoxicated’ (DWI). This is because some juris-
dictions adopt ‘per se’ limits for alcohol in blood and an
individual is presumed to be DWI at or above this level. These
types of ‘per se’ considerations also exist for drugs other than
alcohol in some countries and are similarly used for prosecu-
torial purposes without further involvement of the forensic
toxicologist.

However, instances arise when the forensic toxicologist will
have to provide detailed interpretation of the result of the
analysis. The relevance and importance of the toxicological
analysis to the overall forensic investigation resides in the
correct interpretation of the test results. To this end, the forensic
toxicologist must bring his or her knowledge of human
anatomy, biochemistry, pathology, pharmacology, physiology,
general toxicology, and concepts in other basic sciences to bear
on the test results. Generally, the objectives of the forensic
toxicologists are to answer the following questions. Are drugs
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or poisons present in the subject? When did exposure to the
drug occur? How much did the subject take? Is the drug
responsible for a specific type of behavior or prompt a partic-
ular type of behavior? In fatal cases, was the drug the cause of
death?

Ethanol, the active ingredient in alcoholic beverages, is
perhaps the most widely studied drug in terms of its effects,
disposition, and fate in humans. It is so common in many
societies that it is usually considered a social beverage and its
classification as a drug comes as a surprise to some when it is
implicated in legal matters. For this reason, forensic alcohol
analysis is the most frequently performed analysis in many
forensic toxicology laboratories. Similarly, it is also often in the
support of a blood or breath alcohol analysis that the forensic
toxicologist comes face to face with the legal community. In the
majority of cases involving alcohol and driving, the judiciary is
concerned with establishing the following facts: (1) Whether
a motorist’s alcohol result exceeded an established statutory
alcohol level of intoxication. (2) Whether the measured
alcohol level may have been responsible for the bad driving or
accident. (3) Whether at the time of the incident the alcohol
level may have been higher or lower than what is presented in
evidence.

The disposition, fate, and intoxicating effects of alcohol
have been extensively studied in humans and animal models in
laboratories and are well documented. A large body of scientific
evidence exists on the correlation between blood alcohol levels
and their corresponding effects in humans. Alcohol is a CNS
depressant and is expected to adversely influence the correct
execution of tasks, such as driving an automobile. The forensic
toxicologist may rely on these and other data and factors to
provide an interpretation of the results presented, however,
bearing in mind that different individuals may respond
differently to different levels of alcohol. In some instances, the
scientific expectation of the outcomemay be different from that
which is actually observed. In order to establish if the alcohol
level of a driver may be higher or lower at the time of driving
than that measured when an arrest is made, the forensic toxi-
cologist may rely on concepts of retrograde extrapolation.
Retrograde extrapolation, or relating back, requires the use of
basic principles of the pharmacokinetics (absorption, distri-
bution, metabolism, and excretion) of alcohol in humans to
arrive at an estimate of the alcohol level of an individual at
a time in the past, when knowledge of the alcohol level at the
current time exists. The acceptability of this type of calculation
has been legally challenged because of different scientific
opinions on the subject. However, the forensic toxicologist,
using proper assumptions, can still provide an estimated value
of the alcohol level and the use of the result in judicial
proceedings goes to the weight of the evidence presented.

The interpretation of postmortem toxicology results prob-
ably constitutes the greatest challenge to the forensic toxicol-
ogist. This is because of many factors that affect drugs in
postmortem cases. For example, many drugs are unstable in
vivo and in vitro and a search for a particular drug during an
investigation of a drug-related fatality using information from
the case history presented may be futile. An important factor
affecting the interpretation of postmortem drug concentration
is the phenomenon of postmortem redistribution. Postmortem
redistribution is a complex phenomenon that is believed to
account for the observation that blood concentrations of a drug
may be higher at autopsy than those documented immediately
after death. For this and other reasons, the forensic toxicologist
attempting to interpret postmortem toxicology results should
do so after gaining a thorough understanding of every available
aspect of the circumstances surrounding the case. Mere reliance
on tables of therapeutic, toxic, and lethal concentrations of
a drug may result in misinterpretation. Another complicating
factor in the interpretation of postmortem toxicology results is
the phenomenon known as postmortem production. This
phenomenon is most applicable to blood alcohol levels after
a fatality has occurred. Postmortem production can account for
measurable blood ethanol levels in a decedent after a fatality
that may have no connection whatsoever to prior exposure to
alcohol by the deceased. Postmortem ethanol production can
result from a number of sources which include the existence of
large numbers of appropriate microorganisms in improperly
preserved bodies, availability of ethanol producing substrates
such as glucose, or from bodies that suffered severe trauma
at death. It has been reported that favorable conditions of
temperature as well as presence of glucose promote the bacte-
rial postmortem production of ethanol in deceased and
improperly preserved bodies. These facts should be carefully
considered when rendering an opinion or interpreting these
results.

If the presence of the metabolite or biotransformation
product of a drug was detected in the body of an accused
individual, the forensic toxicologist will have to rely on several
factors such as age, weight, gender, and health status of the
accused as well as relevant concepts in toxicology to aid in the
interpretation of the result. A 45-year-old female was charged
with operating her vehicle under the influence of drugs, causing
the death of another individual. The accused reportedly failed
to obey a traffic signal and drove her vehicle through a red light
into an oncoming vehicle, killing its occupant. She fled the
scene of the accident but was later apprehended. In her defense,
she stated that she was being treated by her physician for
depression and had consumed her medication after the acci-
dent but prior to her arrest. Toxicological analysis showed the
presence of the prescribed drug in addition to two major
metabolites of the parent drug. In this case, simply sending out
a toxicology report without interpretation or a summary of
what the results mean is unlikely to assist the court in adjudi-
cating the matter fairly. Because there is an admission by the
defendant in this case to the consumption of the drug, it is in
answering the question of whether the presence of the drug
may have been responsible for the defendant’s behavior at the
time of operating her vehicle that the toxicologist’s expert
knowledge can assist the court in an impartial ruling on this
case. If the prescribed medication is a short- or long-acting
drug, the toxicologist may be able to use information on the
relative half-life (time required to break down half of the
original dose) of the medication and the amount of metabolite
detected upon analysis to ascertain the approximate time of
drug intake. The toxicologist should be ready to provide this
type of information to assist in the resolution of the matter.

An area within the legal system, which also depends on
forensic toxicology for the fair administration of justice, is Drug
court. Drug courts provide an alternative to traditional case
processing for drug-addicted individuals within the criminal
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justice system. Eligible drug-addicted individuals are provided
intensive treatment and other services they require to become
clean and remain clean and sober. Monitoring of the sober state
of these individuals requires regular and random drug testing
to determine their status. The forensic toxicologists plays a vital
role in this engagement by providing critical scientific infor-
mation to the courts to determine the body burden and drug
status of these individuals almost in real time. In general, the
drug-addicted defendant submits to a randomized drug-testing
regimen. The result of the test is combined with the pharma-
cokinetic half-lives of the drug(s) detected. By combining this
random drug test result with generally accepted pharmacoki-
netic data on the drug(s) identified, the forensic toxicologist is
able to offer an opinion on whether the detected drug is
a residue from previous use or if it constitutes a new drug use
by the defendant. This information is combined with that
provided by caseworkers and presented to the courts for their
rulings.
The Forensic Toxicologist as Witness

Historically, courts have relied on testimonies from several
professionals including architects, engineers, physicians,
psychologists, and scientists in the fair administration of
justice. By tradition, the reception accorded these experts by
the courts has generally been cordial and carried varying
degrees of reverence for them and their profession. With
changing times, so also has the perception of some of these
experts changed. Now more than before, expert witnesses
stand to face risks associated with incompetence in their fields
if their opinions in courts of law are substandard or inaccu-
rate. The forensic toxicologist also is not immune to these
risks and must be aware that each trip to the court as an expert
witness may be a promenade into a hostile arena. The toxi-
cologist must carefully note the constraints and demands
imposed by the judicial system and ensure that the techniques
and procedures used in the laboratory are based on a firm,
well-established, and generally accepted scientific foundation
as well as satisfying the criteria of admissibility established by
the courts. Historically, in the United States, most courts
deferred to the landmark ruling of Frye vs United States of
America in 1923 as a criterion for judging whether a scientific
principle or method is ‘generally accepted’ by those expected
to be familiar with its use. Recently, the ‘Frye test’ has
undergone a change in US federal courts in order to allow the
introduction of valid scientific data or information gathered
from rapidly advancing scientific techniques or novel tests
into evidence. In 1993, the US Supreme Court held that the
general acceptance test was too restrictive and incompatible
with modern rules of evidence in the case involving Daubert v.
Merrell Dow Pharmaceuticals, Inc. The Daubert ruling was
later expanded to include expert testimonies from engineers,
scientists, and other experts who are not scientists. Although
the new rules were initially applied in federal courts, some
state courts have adopted the general requirements of the
Daubert ruling and expect expert witnesses to satisfy the vital
elements of Daubert.

A forensic toxicologist may be subpoenaed as a witness to
offer two distinct types of testimony pertaining to the results
of an analysis. First, he or she may testify only to the results of
the analysis. This type of testimony is generally known as
objective testimony. Objective testimony usually involves
furnishing the court with information such as the identifica-
tion and description of the specimen analyzed, the manner in
which the specimen was received in the laboratory, the loca-
tion of the laboratory, a description of the methods used for
analysis, and education and training which qualify the toxi-
cologist to perform the tests used. The second type of testi-
mony offered by the toxicologist is known as expert
testimony. For this type of testimony, the toxicologist is pre-
sented as an expert witness and can offer interpretive opinions
on his or her own results as well as those obtained by other
scientists. To be accepted by the court as an expert witness, the
forensic toxicologist must be qualified, usually in the presence
of a jury. As an expert witness, the forensic toxicologist should
be very well prepared in his or her area of expertise and be
aware that every trip to court is an engagement in a potentially
hostile arena. Opposing counsels will seek to present differing
points of view on the same subject and attempt to reach
different conclusions through their own experts. All conclu-
sions must be based on sound scientific knowledge and the
information presented to the court with impartiality, integ-
rity, and honesty. It is only by providing the court with
scientific knowledge in this manner that the forensic toxicol-
ogist truly functions in his or her role as one who applies the
principles and knowledge of toxicology to the resolution of
problems in the field of law.
Summary

The role of the forensic toxicologist continues to be pivotal to
society, particularly when it comes to the administration of
justice. The results from a forensic toxicological analysis can
be combined with those from a medical examiner or forensic
pathologist to establish the cause or causes of death and the
information used in judicial proceedings. So also can the
results of a forensic drug testing program or human perfor-
mance toxicological analyses be used to determine abstinence
from drug use and/or law enforcement. Today, the usefulness
of forensic toxicology is further highlighted by its role in
clarifying the cause(s) of suspicious or unnatural deaths
among certain notable celebrities. It is a truism that the
administration of justice has become a multidisciplinary
mosaic of law, science, and modern technology. In this regard,
toxicology as a whole and forensic toxicology in particular,
will continue to offer exceptional value to the truth-seeking
goal of the judicial process because of its long tradition of
evolving according to new legislation and advances in science.
As long as society strives to ensure that justice is properly
carried out for all and sundry, reliance on the activities of the
forensic toxicologist in cases involving human exposure to
chemicals and their probable role in causing injury or death
will be expected to continue. A society in which the unfortu-
nate reliance on drugs (prescription and illicit) has become
a way of life for some is bound to have its share of sudden
unexplained deaths, traffic accidents, and other serious
outcomes of drug exposure and toxicity. The forensic toxi-
cologist will continue to contribute to the overall knowledge
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gained about drugs as society continues to grapple with the
identity and toxicity of new drugs, particularly ‘designer drugs’
and their analogs.

See also: Analytical Toxicology; Behavioral Toxicology; Ethanol;
Law and Toxicology; Social Media and Toxicology; Toxicology;
Toxicology, Education and Careers; The History of Toxicology;
Toxic Torts.
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l Name: Formaldehyde [USAN]
l Chemical Abstracts Service Registry Number: 50-00-0,

Other Registry Number: 112068-71-0, 8005-38-7, 8006-07-
3, 8013-13-6

l Synonyms: AI3-26806, Aldehyd mravenci, Aldehyde for-
mique, Aldeide formica, BFV, CCRIS 315, Caswell No. 465,
Dormol, EINECS 200-001-8, EPA Pesticide Chemical Code
043001, FYDE, Fannoform, Formalaz, Formalin, Formalin-
loesungen, Formalina, Formaline, Formalith, Formic alde-
hyde, Formaldehyde, Gas, Formol, HSDB 164, Karsan,
Lysoform, Methaldehyde, Methanal, Methyl aldehyde,
Methylene oxide, Morbicid, NCI-C02799, NSC 298885,
Oplossingen, Oxomethane, Oxymethylene, Paraform,
RCRA waste number U122, Superlysoform, UN 1198, UN
2209 (formalin), UNII-1HG84L3525.

l Molecular Formula: CH2O
l Structure:

Background (Significance/History)

Discovered in 1859, formaldehyde was found to come from the
aldehyde family of chemicals. Despite the fact that formalde-
hyde is the simplest aldehyde in terms of chemical structure, it
was the last one of the group to be identified. Because form-
aldehyde is quickly broken down by photooxidation, it is
difficult to isolate it. In view of its widespread use, exposure to
formaldehyde is a significant consideration for human health
because of its toxicity.
Uses

Formaldehyde is used in the production of formaldehyde
resins, particleboard, paper, plywood, and urea-formaldehyde
foam. It is an important precursor to other chemical
compounds, especially polymers. Formaldehyde is used
extensively in the cabinet-making industry as well as wood-
working. The major industrial consumers of formaldehyde
resins are molded plastic parts, decorative laminates, plywood
paneling, and photographic film. Particleboard is used in
plastic laminate and underneath wood veneer. Urea-formal-
dehyde is used in the glues that join particleboard together.
Commercial solutions of formaldehyde in water, generally
called formalin, were formerly used as disinfectants and for the
preservation of biological specimens. In drug testing, formal-
dehyde along with 18 M (concentrated) sulfuric acid comprises
the Marquis reagent, which can be used to identify alkaloids
and other compounds.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Routes, Pathways, and Relevant Physicochemical Properties
(e.g., Solubility, Pow, Henry Constant)

At room temperature, formaldehyde is a colorless gas with
a pungent odor. It is highly reactive, readily undergoes poly-
merization, is highly flammable, and can form detonative
mixtures in air. It decomposes at temperatures >150 �C. The
theoretical solubility of formaldehyde in water is 95% (w/w) at
120 �C and is readily soluble in water, alcohols, and other polar
solvents. The calculated vapor pressure at 25 �C is 5176 hPa. The
partition coefficient log POW is determined to 0.35 at 25 �C that
indicates a low potential for bioaccumulation. The density of
liquid formaldehyde is 0.8153 g cm�3 at –20 �C. Boiling point
and melting point of the substance are –19.2 and –92 �C,
respectively. The Henry’s law constant for formaldehyde
(3.4� 10–7 atm-cu m mol�1) indicates that formaldehyde is
expected to be essentially nonvolatile from water surfaces. But
volatilization of formaldehyde from dry soil surfaces occurs
because it is a gas under ambient conditions.
Partition Behavior in Water, Sediment, and Soil

A Koc value (soil organic carbon–water partitioning coefficient)
of 37 suggests that formaldehyde is expected to have very high
mobility in soil, and therefore it is not expected to adsorb to
suspended solids and sediment. Formaldehyde gas adsorbs on
clay minerals to a degree at high gas concentrations, which is
a substantial quality in its use as a soil fumigant.
Environmental Persistency (Degradation/Speciation)

Gas-phase formaldehyde is degraded in the atmosphere by
reaction with photochemically produced hydroxyl radicals
with an estimated half-life of 41 h. Formaldehyde absorbs
ultraviolet radiation at wavelengths of >360 nm and may
directly photolyze in sunlight with a half-life of 6 h in simu-
lated sunlight. Formaldehyde is not expected to undergo
hydrolysis in the environment because of the lack of hydro-
lyzable functional groups. Formaldehyde is not expected to
adsorb to suspended solids and sediment. Volatilization of
formaldehyde from moist soil surfaces is not expected to be an
important process, but volatilization of formaldehyde from dry
soil surfaces occurs because it is a gas. Formaldehyde easily
biodegrades under both aerobic and anaerobic conditions in
the environment, which suggests that these processes may be
important in soil. Formaldehyde in aqueous effluent was
degraded by activated sewage and sludge in 48–72 h.
Long-Range Transport

In terrestrial system, a Koc value of 37 suggests that formalde-
hyde has very high mobility in soil.
4-3.00388-2 653
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Bioaccumulation and Biomagnification

An estimated bioconcentration factor (BCF) of 3 for formal-
dehyde indicates that the potential of bioconcentration in
aquatic organisms is low.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Formaldehyde is formed primarily by the combustion of
organic materials and several natural and anthropogenic
actions. Secondary formation of formaldehyde happens in the
atmosphere through oxidation of natural and anthropogenic
volatile organic compounds. Formaldehyde’s production and
use in the manufacture of resins, preservatives, disinfectants,
and a variety of other chemicals may cause its release into the
environment through various waste streams. Formaldehyde’s
production and use as a fertilizer cause its direct release into the
environment.
Human Exposure

Humans are exposed to formaldehyde through a variety of
sources. Combustion processes, specifically auto emissions and
photooxidation of hydrocarbons in auto emissions, are the
major sources of atmospheric discharge. Additional exposure
to formaldehyde emissions comes from its use as a fumigant
and sterilant and its use as an embalming fluid in anatomy
labs, morgues, and so on. Cigarette smoke is another important
source of formaldehyde in human exposure. Occupational
exposure to formaldehyde may occur during manufacture,
processing, and administration of formaldehyde containing
products, mainly via the inhalation and dermal routes.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

The atmospheric half-life of formaldehyde, based on hydroxyl
radical reaction rate constants, is 7.1–71.3 h. In water, form-
aldehyde is rapidly hydrated to form a glycol and is not
detected in surface waters. In normal water usage rates in
occupied dwellings, the formaldehyde concentration in water is
w20 mg l�1. In general, formaldehyde concentrations in
drinking water are expected to be <100 mg l�1. In solids and
sediments, because of its high water solubility and low Koc

value, formaldehyde is not expected to significantly absorb to
suspended solids and sediments from water. No data were
determined on concentrations of formaldehyde in sediments
and biota, in view of the very low BCF, formaldehyde is not
expected to bioaccumulate. No data were determined on
concentrations of formaldehyde in biota in Canada.
Toxicokinetics

Formaldehyde is an essential metabolic intermediate in all
cells. It is formed endogenously during the metabolism of
xenobiotics and amino acids. Formaldehyde is rapidly metab-
olized, with a half-life in the blood of about 1.5min.
Formaldehyde is metabolized to formate by the enzyme
formaldehyde dehydrogenase (FDH) associated with gluta-
thione, which occurs in the initial site of contact. Rapid
oxidation of formaldehyde into formate is followed by further
oxidation to carbon dioxide or incorporation into thymidine,
purines, and amino acids via tetrahydrofolate-dependent one-
carbon biosynthetic pathways. Therefore, formaldehyde can
cross-link proteins and single-stranded DNA. Exogenous
formaldehyde appears to be readily absorbed from the respi-
ratory and GI tracts, and to a much lesser degree from the skin.
Because of rapid metabolism, neither formaldehyde nor
formate is stored to any significant extent in any tissue of
the body. Therefore, storage is not a factor in its toxicity.
The elimination of formate is slower than its formation from
formaldehyde. Little or no formaldehyde is excreted unme-
tabolized. No increase in metabolism occurs in response
to formaldehyde exposure because FDH activity does not
increase.
Mechanism of Toxicity

The carbonyl atom is the electrophilic site of formaldehyde,
making it react easily with nucleophilic sites on cell membranes
and in body fluids and tissues such as the amino groups in
protein and DNA. Higher concentrations of formaldehyde
precipitate protein. It is probable that formaldehyde toxicity
occurs when intracellular levels saturate formaldehyde dehy-
drogenase activity, allowing the unmetabolized intact molecule
to exert its effects locally. Formaldehyde is a very strong cross-
linking agent even in the low concentration range. The reaction
mechanism of this agent is the initial addition of formaldehyde
to a primary amine on either an amino acid residue or DNA
base to yield a hydroxymethyl intermediate. Then the hydrox-
ymethyl group condenses with a second primary amine to yield
a methylene bridge.
Acute and Short-Term Toxicity (Animal/Human)
(To Include Irritation and Corrosivity)

Animal

The inhalation LC50 for formaldehyde in rat and mice is 471
and 405 ppm per 4 h, respectively. Mice exposed to formal-
dehyde by inhalation at 0.5 ppm developed irritation of the
nose, throat, and eyes. In rats exposed to formaldehyde at
concentrations >2–6 ppm, severe irritation and damage to the
epithelium of the nasal cavity have been observed. The oral
LD50 for formaldehyde in rats is 800 mg kg�1. However, signs
of toxicity were not reported in experimental animals following
acute oral exposure. The dermal LD50 for formaldehyde in
rabbit is 270mg kg�1. Mild to moderate skin irritation has
been shown following a 4 h application of a 37% solution of
formaldehyde. Formaldehyde is an eye irritant in rabbits.
Human

The median lethal dose for formaldehyde has been determined
to be w523 mg kg�1 based on ingestion of a 37% solution.
The predominant effects after acute inhalation exposure to
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formaldehyde are irritation and burning of the mucous
membranes of the mouth, nose, and upper respiratory tract.
Acute inhalation exposure to large amounts of formaldehyde
may also give rise to weakness, nausea, vomiting, pneumonia,
headache, dyspnea, coughing, wheezing, laryngeal and
pulmonary edema, laryngeal spasm, bronchospasm, respira-
tory depression, obstructive tracheobronchitis, central nervous
system depression, convulsions, and coma. Inhalation of
significant amounts of formaldehyde caused by the onset of
pulmonary edema or respiratory failure may be fatal. Acute
ingestion of formaldehyde, mostly resulting from a suicide
attempt, leads to irritation and burns of the mouth and throat
and burns and ulceration of the gastrointestinal tract, chest or
abdominal pain, nausea, vomiting, diarrhea and gastrointes-
tinal hemorrhage, metabolic acidosis, tachypnea, jaundice,
proteinuria, hematuria, and acute renal failure. Exposure to
gaseous formaldehyde or splashes of solutions containing
formaldehyde is corrosive and can cause irritation and burns to
the skin and irritation of the eyes, which may result in
permanent alterations to vision or blindness.
Chronic Toxicity (Animal/Human)

Animal

Inhalation exposure of formaldehyde at concentrations up to
15 ppm for 6 weeks in rats has been investigated. At doses
>6 ppm a dose-dependent increase in lesions of the nasal
passages and significant increase in cell proliferation in the
nasal cavity was reported. Furthermore, reduction in body
weight, labored breathing, listlessness, and hunched posture
have been reported in mice administered up to 40 ppm of
formaldehyde for 13 weeks.
Human

Based on epidemiologic studies, chronic inhalation exposure to
formaldehyde causes irritation of the mucous membranes of
the eyes, nose, mouth, and upper respiratory tract. However,
this exposure does not lead to respiratory sensitization, but can
cause symptoms of asthma in susceptible individuals because
of respiratory irritation. Occupational exposure to formalde-
hyde vapor causes temporary reversible decreases in lung
function.
Immunotoxicity

Formaldehyde is a sensitizing agent that can cause an immune
system response on first exposure. Some animal studies have
indicated that formaldehyde may enhance their sensitization to
inhaled allergens. Based on a North American study, <10% of
patients presenting with contact dermatitis may be immuno-
logically hypersensitive to formaldehyde.
Reproductive Toxicity

Studies of formaldehyde’s reproductive and developmental
toxicity in mice, rats, rabbits, and dogs following ingestion,
inhalation, or dermal exposure have not identified any feto-
toxic, embryotoxic, or teratogenic effects at doses below those
causing significant maternal toxicity. There is no significant
evidence that formaldehyde has an effect on sperm
morphology or causes spontaneous abortions in humans.
Therefore, formaldehyde is not considered to be a reproductive
or developmental toxicant.
Genotoxicity

An increase in sister chromatid exchanges in cultured human
lymphocytes treated with formaldehyde and positive results for
unscheduled DNA synthesis and chromosomal aberrations in
the absence of metabolic activation have been reported. In vivo
studies in rats and monkeys exposed to formaldehyde by
inhalation have reported positive results for DNA-protein
cross-links in the nasal mucosa and positive results for chro-
mosomal aberrations. Overall, formaldehyde possesses signif-
icant direct acting mutagenic potential in vitro and in vivo;
therefore, it is considered to be mutagenic at the site of contact.
There is some evidence to show that formaldehyde may be
genotoxic in humans. Studies of workers occupationally
exposed to formaldehyde showed increases in DNA-protein
cross-links and significant increases in chromosomal aberra-
tions and chromosomal breakage.
Carcinogenicity

The International Agency for Research on Cancer (IARC) has
determined that there is sufficient evidence for the carcinoge-
nicity of formaldehyde in humans and experimental animals.
Based on the findings from animal studies, formaldehyde may
cause malignancies such as lymphoma, leukemia, and testic-
ular interstitial-cell adenomas. Sufficient evidence showed that
formaldehyde causes nasopharyngeal cancer, sinonasal cancer,
and leukemia in human.
Clinical Management

Clinical management is limited to inhalation and/or dermal/
ocular exposure of formaldehyde resulting from environ-
mental/occupational exposure. Management is symptomatic
and supportive. Removal from inhalational exposure is the first
treatment. Supportive care with oxygen or bronchodilators can
be administered. If there is evidence of upper airway edema,
altered mental status, or coma, the patient requires mechanical
respiratory support and early orotracheal intubation. Decon-
tamination includes removal from exposure and contaminated
clothing by washing exposed skin with soap and water and
exposed eyes with water or saline. There is no antidote for
formaldehyde toxicity. In cases of severe or worsening acidosis,
hemodialysis efficiently removes formaldehyde and formic
acid for enhanced elimination. Folate can also be administered
to augment elimination of formic acid. After ingestion of
formaldehyde, decontamination with milk or water followed
by a bolus of charcoal (1 g kg�1) and a mild saline cathartic is
useful.
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Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Freshwater algae may be more tolerant against formaldehyde
based on a cell multiplication inhibition test. Other freshwater
microorganisms, such as protozoa and bacteria, were similarly
sensitive in analogous cell multiplication studies. The sensi-
tivity to formaldehyde of freshwater invertebrates, such as
shrimp (Cypridopsis sp.) and snail (Helisoma sp.), varies widely.
Formaldehyde toxicity for fish is also variable. Striped bass
(Roccus saxatilis) fingerlings are the most sensitive freshwater
fish. It has been shown that formaldehyde causes disruption of
normal gill function. The sensitivity of amphibians to formal-
dehyde is the same as for fish.
Marine Organisms Toxicity

The aquatic toxicities of formaldehyde are numerous. The most
sensitive aquatic effects identified were observed for marine
algae, but older organisms are more tolerant.
Terrestrial Organisms Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, and Terrestrial Vertebrates)

The most sensitive effect for terrestrial organisms as a result of
exposure to formaldehyde in air was an increase in the growth
of plant shoots, but not roots. Other sensitive effects on
terrestrial vegetation include a significant reduction of the
pollen tube length. Formaldehyde at relatively high concen-
trations is an effective disinfectant that kills microorganisms
such as bacteria, viruses, fungi, and parasites. For terrestrial
invertebrates, nematodes in peat were killed by fumigation of
370 g l�1 formaldehyde solutions. Solutions of 37% formal-
dehyde destroyed the eggs of the cattle parasites Ostertagia
ostertagi and affected larvae of Cooperia oncophora in liquid cow
manure. No acute or chronic toxicity data were determined for
birds, wild mammals, reptiles, or terrestrial invertebrates.
Other Hazards

Histopathological changes within the nasal epithelium in
surveys of workers occupationally exposed to formaldehyde
vapor have been examined. The increased prevalence of meta-
plasia of the nasal epithelium and occasionally dysplastic
changes were reported in those exposed to formaldehyde.
There is little evidence that formaldehyde is neurotoxic in
occupationally exposed populations, although it has been
found as the responsible agent in the development of neuro-
behavioral disorders such as lack of concentration, memory
loss, insomnia, and mood and balance alterations, as well as
loss of appetite.
Exposure Standards and Guidelines

Based on OSHA standards, permissible exposure limit: 8 h,
time-weighted average: 0.75 ppm; 15min STEL: 2 ppm.
Threshold limit values: ceiling limit: 0.3 ppm, sensitization.
Based on NIOSH recommendations, recommended exposure
limit: 10 h, time-weighted average: 0.016 ppm; 15 min ceiling
value: 0.1 ppm. Immediately dangerous to life or health:
20 ppm. Emergency response planning guidelines (ERPG) for
up to a 1 h exposure: ERPG(1) 1 ppm (transient effects, no
more than mild); ERPG(2) 10 ppm (without serious adverse
effects); ERPG(3) 25 ppm (not life threatening).
Miscellaneous

Formaldehyde is a common component with many uses, as
described.

See also: Solvents; Acetaldehyde; Persistent Organic Pollutants;
Acids.
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l Molecular Formula: C–H3–N–O
l Structure:
Encyclopedia of Toxico
Uses

Formamide is a good solvent for proteins and salts owing to its
high dielectric constant. Its main applications are as a solvent in
the chemical industry, as a softener for paper, as an interme-
diate for the manufacturing of formic acid and esters and
hydrocyanic acid, and as a reaction medium.
Environmental Behavior, Fate, Routes, and Pathways

If released to air, formamide will exist solely as a vapor in the
ambient atmosphere. Vapor-phase formamide will be degraded
in the atmosphere by reaction with photochemically produced
hydroxyl radicals. The half-life for this reaction in air is estimated
to be 8.0 days. If released to soil, formamide is expected to have
very high mobility. Volatilization from moist soil surfaces is not
expected to be an important fate process. If released into water,
formamide is not expected to adsorb to suspended solids and
sediment. Several biodegradation screening studies have
observed significant biodegradation of formamide, which
suggests that biodegradation may be important. Volatilization
from water surfaces is not expected to be an important fate
process based upon this compound’s estimated Henry’s law
constant.
Exposure and Exposure Monitoring

Occupational exposure to formamide may occur through
inhalation and dermal contact with this compound at work-
places where formamide is produced or used. Formamide,
a physiological product of N,N-dimethylformamide, was
detected in the urine of synthetic leather factory workers.
Formamide may be inhaled, swallowed, or absorbed through
the skin. The chemical is moderately irritating to the skin and
can produce from mild to severe irritation to the eye. In its
usual application, inhalation is the most common route of
exposure; although dermal contact is always possible.

Toxicokinetics

Formamide is reported to be a minor metabolite from deme-
thylation of the solvent dimethylformamide. The molecule is
logy, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
relatively difficult to metabolize with the amide group hydro-
lyzed to a slight extent by liver extracts at pH 7.4. The dog, cat,
and rat excrete a large proportion of an oral dose of formamide
unchanged in the urine.
Mechanism of Toxicity

The mechanism of toxicity of formamide is not known; the
response profile is quite different from the better studied
dimethyl derivative.
Acute and Short-Term Toxicity

The oral lethal dose 50 percent (LD50) in rodents ranges from
3.2 to 6 g kg�1 with intravenous LD50 in rodents ranging from
5.1 in mice to 5.6 in rats. The dermal lethal dose in rabbits is
6 g kg�1 and the inhalation lethal concentration for rats
exposed for 6 h is 1500 ppm.

Formamide is moderately irritating to the skin and mucous
membranes. No other reports could be found in the literature
concerning the potential acute human health effects of
formamide.
Chronic Toxicity

Repeated oral administration to rats caused tissue changes at
a number of sites including the gastrointestinal tract, spleen,
testes, and blood. Multiple dermal or inhalation exposures
induced blood effects, changes in organ weights, and testes
damage in rats.

No reports could be found in the literature concerning the
potential human health effects of chronic exposure to
formamide.
Reproductive and Developmental Toxicity

Reduced fertility at the highest dose tested was seen in
a continuous breeding study of formamide in the mouse.
This effect was apparently mediated through the female as no
effects on spermatogenesis, testicular tissues, or accessory sex
organs were detected. In a recent inhalation toxicity experi-
ment, no evidence of change in the male reproductive system
was observed. In a number of early studies in rats and rabbits
using both the oral and the injection route of exposure and
relative high doses, embryotoxicity (increased resorptions
and reduced fetal weights) was seen but there was no
increase in structural abnormalities. A more recent study
using developmental guideline protocols showed that higher
doses of formamide could produce fetal weight changes both
with and without concurrent maternal weight effects without
affecting offspring viability or the incidence of fetal
malformations.
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Genotoxicity

No evidence of mutagenicity was seen in Ames bacterial tests.
Chromosome damage was reported in rats treated with form-
amide. In other test systems involving plants, formamide has
been shown to possess some genetic activity.
Carcinogenicity

In a 2-year oral study, male mice showed an increase in liver
tumors. No increase was seen in female mice or both sexes
of rats.
Clinical Management

Exposed persons should be removed to fresh air and get
medical attention as needed for any breathing difficulty.
If swallowed, several glasses of water should be given to dilute
the chemical and again medical attention is needed if large
amounts are ingested. For skin contact, the exposed area should
be washed with soap and water, and medical attention should
be sought if irritation develops. For eye contact, the eyes
should be flushed with water for at least 15 min by lifting the
lower and upper eyelids occasionally and immediate medical
attention should be obtained.
Ecotoxicology

An estimated bioconcentration factor of 3 suggests that the
potential for bioconcentration in aquatic organisms is low.
Hydrolysis is expected to be slow.
Exposure Standards and Guidelines

Occupational Safety and Health Administration (OSHA)
standards: Vacated 1989 OSHA permissible exposure limit
time-weighted average (TWA) 20 ppm (30 mgm�3); short--
term exposure limit 30 ppm (45 mgm�3) is still enforced in
some states. American Conference of Governmental Industrial
Hygienists threshold limit values (TLVs): 8 h TWA 10 ppm,
skin. Excursions in worker exposure levels may exceed three
times the TLV–TWA for not more than a total of 30 min during
a workday, and under no circumstances should they exceed five
times the TLV–TWA, provided that the TLV–TWA is not
exceeded.

Atmospheric Standards: There is a standard of performance
for equipment leaks of formamide and other volatile organic
compounds (VOCs) in the Synthetic Organic Chemical
Manufacturing Industry (SOCMI). The intended effect of these
standards is to require all newly constructed, modified, and
reconstructed SOCMI process units to use the best demon-
strated system of continuous emission reduction for equip-
ment leaks of VOCs, considering costs, nonair quality health
and environmental impact, and energy requirements.

Food and Drug Administration Classification: Formamide
is an indirect food additive used only as a component of
adhesives.

See also: Acetamide; The National Toxicology Program.
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Myrmicyl
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Background

Formic acid is a clear, colorless liquid with a pungent odor.
Formic acid was first isolated from certain ants and was named
after the Latin formica, meaning ant. It is made by the action of
sulfuric acid on sodium formate, which is produced from
carbon monoxide and sodium hydroxide. It is also produced as
a by-product in the manufacture of other chemicals such as
acetic acid.

It can be anticipated that use of formic acid will continu-
ously increase as it replaces inorganic acids and has a potential
role in new energy technology. Formic acid toxicity is of
a special interest as the acid is the toxic metabolite of methanol.
Uses

Formic acid is principally used as a preservative and antibac-
terial agent in livestock feed. It is usually sprayed on animal
feed or fresh hay to reduce the rate of decay and is also used as
a pesticide to treat and control mites that infest honeybee hives.
In the manufacturing industry, it is used as an acidulating agent
for dying and finishing textiles, in tanning leather, and elec-
troplating. Formic acid is also used as a coagulating agent for
rubber latex. It is an important precursor for synthesis of
chemicals and pharmaceuticals and a valuable pH regulator in
resin manufacturing.

Formic acid has great potential as an in situ source of
hydrogen for fuel cells, because it offers high energy density
and can be handled in aqueous solution. Ag nanoparticles
coated with a thin layer of Pd atoms as well as iron can
significantly enhance the production of H2 from formic acid at
ambient temperature. Therefore, formic acid might play a key
role in the future in renewable energy technologies as a poten-
tial secondary energy vector because it would enable clean
energy storage and transduction.
Environmental Behavior, Fate, Routes, and Pathways

Formic acid is a volatile compound with strong reductive
properties.
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Formic acid is found in nature as it is produced by plants,
insects, and bacteria. However, it is also used in industries for
the manufacture of numerous consumer products. Therefore,
the chemical may be released to the environment as a waste
product or from unintentional, accidental releases. If released
to soil, it is expected to biodegrade and has a short half-life. If
released to water, it is expected to biodegrade and hence not
likely to bioaccumulate in aquatic organisms. If released to air,
it is expected to react with hydroxyl radicals contained in water
vapor.

Silage as animal diet in north European countries is
a source for urinary formic acid to get to the environment
from animals.

In industry, exposure to formic acid can occur through the
oral, dermal, and inhalation routes. Formic acid can also be
produced in the mouth and stomach from ingested formalde-
hyde. Metabolism of methanol and formaldehyde in the liver
produces formic acid, and blood and urinary concentrations
might be high in severe poisoning cases.

Stings by bees, wasps, and ants may result in the subcuta-
neous injection of formic acid.
Exposure and Exposure Monitoring

Exposure to formic acid can occur in occupations mentioned in
the Uses section.

Inhalation exposure to formic acid can be monitored by
sampling air in silica gel tubes and analyzing the acid
concentrations after derivatization with a liquid chromato-
graph. For biomonitoring, urine samples should be taken after
15–18 h from the end of exposure period because of slow
excretion of the acid.

Highest exposures have been reported at silage making,
rubber coagulation, and leather tanning.
Toxicokinetics

Inhaled and ingested formic acid is absorbed almost totally, as
seen in the cases of accidents. The acid is distributed in the
body water compartment with the volume of distribution of
0.5 l kg�1.

Two pathways are possible for the disposition of formic
acid: oxidation either through the catalase-peroxidative system
or through the one-carbon pool. The catalase system appears to
be poor in rat and monkey probably due to the low level of
peroxidative capacity of the hepatic systems and the low
activity of peroxidative-generating oxidases. The metabolic
acidosis is apparently due to formic acid accumulation in
humans and monkeys, a feature not seen in lower animals.
The accumulation of formic acid is due to a deficiency in
formate metabolism, which is, in turn, related, in part, to low
hepatic tetrahydrofolate. A clear correlation between hepatic
4-3.00989-1 659

http://dx.doi.org/10.1016/B978-0-12-386454-3.00989-1


660 Formic Acid
tetrahydrofolate and formate oxidation rates has been shown
within and across species. Humans and monkeys possess low
hepatic tetrahydrofolate levels, and low rates of formate
oxidation and accumulation of formate. In addition to low
hepatic tetrahydrofolate concentrations, monkeys and humans
also have low hepatic 10-fortetrahydrofolate dehydrogenase
levels, the enzyme that is the catalyst for conversion of formic
acid to carbon dioxide.

Only some percentage of formic acid is excreted unchanged
in the urine, but the slow clearance takes 40–48 h.
Mechanism of Action

Formic acid toxicity is based on the inhibitory capability of the
cytochrome oxidase, a terminal member of the eukaryotic
mitochondrial electron transport chain and an integral protein
complex of the inner mitochondrial membrane. This enzyme
participates in the four-electron reduction of oxygen molecule
to water with concomitant synthesis of ATP. Formic acid
inhibits the activity of cytochrome oxidase by binding at the
sixth coordination position of ferric heme iron. The cyto-
chrome oxidase inhibition by formic acid increases with
decreasing pH, suggesting that the active inhibitor is the
undissociated acid. The acid is permeable through the inner
mitochondrial membrane only in this form. Acidosis may
potentiate the inhibition of cellular respiration and hasten the
onset of cellular injury. Also the progressive acidosis will
induce circulatory failure. This leads to tissue hypoxia and lactic
acid production, both of which further increase the acid load,
in turn increasing undissociated formic acid. This cycle is
termed ‘circulus hypoxicus.’

The acidosis causes, e.g., dilatation of cerebral vessels,
facilitation of the entry of calcium ions into cells, loss of
lysosomal latency, and deranged production of ATP. The last
effect seems to impede parathormone-dependent calcium
reabsorption in the kidney tubules. Besides, urinary acidifica-
tion is affected by formic acid. Its excretion causes continuous
recycling of the acid by the tubular cell chloride/formate
exchanger, which may partially explain an accumulation of
formate in urine.
Acute and Short-Term Toxicity

Formic acid is slightly toxic by the inhalation route. The LC50

for the rat and mouse has been estimated to be 15 g m�3 per
15 min and 6.2 g m�3 per 15 min, respectively. Rats
consuming a diet containing 0.5–1.0% formic acid for
6 weeks experienced reduced organ and total body weight
compared with controls. The same response was noted when
rats were given formic acid in their drinking water at
a concentration of 0.5–1.0%. The oral LD50 for mice and rats
has been reported to be 1076 and 1830 mg kg�1,
respectively.

Exposure to formic acid may produce irritation and acid
burns at the site of contact. Oral exposure may produce sali-
vation, vomiting (may contain blood), diarrhea, gastritis,
and pain. Dermal contact produces dermal irritation, der-
matitis, and ulceration of membranes. Accidental splashes
in the eyes may result in irritation, lacrimation, and pain.
Inhalation of vapors, mists, or aerosols may result in in-
creased nasal discharge, cough, throat discomfort, and pul-
monary edema.

Systemic absorption of large doses of formic acid may result
in damage to the liver, kidneys, and eyes. Acute ingestion of
high doses may result in shock, breathing difficulties, circula-
tory collapse, and death.

Several studies have revealed that the ocular lesion in
methanol poisoning essentially represented a toxic optic
neuropathy, not retinal edema, and that it was produced by
formate.
Chronic Toxicity

Organs with high energy consumption like central nervous
system, kidneys, and heart are targets in chronic formic acid
toxicity and exposure. Renal ammonia genesis in the proximal
tubule cell is highly increased by chronic metabolic acidosis. It
has been reported that chronic intake may result in albumin-
uria and hematuria.
Immunotoxicity

Formic acid may produce severe damage to natural killer cell
(NKC) and decrease its functional activity. Formic acid as
a metabolite of methanol can affect sulfhydryl and amino
groups of enzymes and inhibit tissue respiration and oxidative
phosphorylation in NKC. This leads to inactivation of NKC and
suppressed secretion of interleukin-2 and interferon-g by
T-helper cells and other lymphocytes.
Reproductive and Developmental Toxicity

Reproductive and developmental toxicity has been reported in
cell cultures and animal studies after methanol exposure, but
results have not been evaluated considering causes of methanol
metabolism to formic acid.
Clinical Management

If ingested, formic acid should be diluted with milk or water in
alert patients. Careful gastric aspiration with a nasogastric tube
may be attempted to limit systemic absorption. Acid–base
balance, electrolytes, and kidney function should be monitored
closely.

In cases of formic acid ingestion or methanol poisoning,
administration of folic acid is necessary to enhance formate
oxidation to carbon dioxide. Dialysis should be continued for
a longer period of time to eliminate formic acid completely.
Alkalinization of urine would also hinder the recycling of for-
mic acid. An anion-exchange-inhibiting drug, e.g., furosemide,
may be of potential benefit. By blocking the formate chloride
exchanger, the gradient of formic acid nonionic diffusion may
be reserved favoring the excretion of formic acid rather than its
resorption.
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Ecotoxicology

Formic acid is found in nature as it is produced by plants,
insects, and bacteria. However, it is also used in industries for the
manufacture of numerous consumer products. Therefore, the
chemical may be released to the environment as a waste product
or from unintentional, accidental releases. If released to soil, it is
expected to biodegrade and has a short half-life. If released to
water, it is expected to biodegrade and hence not likely to bio-
accumulate in aquatic organisms. If released to air, it is expected
to react with hydroxyl radicals contained in water vapor.

No studies were found specially documenting unexpected
toxicity to nonhuman terrestrial species or farm animals even
after feed with formic acid-treated silage. This is obviously due
to different metabolism capacity in animals compared to
metabolism in human.
Exposure Standards and Guidelines

Food

Formic acid is a food additive permitted for direct addition to
food for human consumption as a synthetic flavoring
substance and adjuvant in accordance with the following
conditions: (1) the quantity added to food does not exceed the
amount reasonably required to accomplish its intended
physical, formic acid nutritive, or other technical effect in
food, and (2) when intended for use in or on food, it is of
appropriate food grade and is prepared and handled as a food
ingredient.

Formic acid may be safely used as a preservative in hay crop
silage in an amount not to exceed 2.25% of the silage on a dry
weight basis or 0.45% when direct-cut. The top foot of silage
stored should not contain formic acid and silage should not be
fed to livestock within 4 weeks of treatment.
US Occupational Safety and Health Administration Standards

Permissible exposure limit: 8 h time-weighted average (TWA):
5 ppm (9 mg m�3).

Threshold limit values: 8 h TWA: 5 ppm; 15 min short-term
exposure limit: 10 ppm.

National Institute for Occupational Safety and Health
recommendations: recommended exposure limit: 10 h TWA:
5 ppm (9 mg m�3).

Occupational exposure limits are of the same level in most
countries. Occupational exposure to 5 ppm of formic acid
produces 90 mg g�1 creatinine in urinary biomonitoring
samples.

See also: Formaldehyde; Acids.

Further Reading

Formic acid toxicity is described in detail in several book chapters of clinical toxicity of
methanol as formic acid is the metabolic end product of methanol.

Larsen, S.T., Nielsen, G.D., 2012 Feb. Acute airway irritation of methyl formate in
mice. Arch. Toxicol. 86 (2), 285–292. Epub 2011 Oct 4.

Methanol. Environmental Health Criteria 196, 1997. World Health Organization,
Geneva.
Relevant Website

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Formic Acid.

http://refhub.elsevier.com/B978-0-12-386454-3.00989-1/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00989-1/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00989-1/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00989-1/ref0010
http://toxnet.nlm.nih.gov
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Introduction

Hydraulic fracturing or fracking is a drilling process by which
natural gas or oil can be extracted from geological formations
impervious to conventional methods. It is a technology that
was first developed in the 1970s and is now widely used in
multiple countries. The process of fracking uses multiple
potentially toxic chemicals. The risks these agents pose and
clinical effects they may cause are difficult to assess for multiple
reasons.
The Process

Fracking begins with the drilling of a vertical well often 1 km
deep or more. This well is then turned such that it eventually
runs 90� to the initial well, a process called horizontal
drilling. It may then extend horizontally for several more
kilometers. Drilling is facilitated by the use of a drilling
solution or mud. Upon completion of drilling, a mixture of
water, sand, and various other chemicals, called fracking
solution, is injected into the well under tremendous pres-
sure. This fractures the natural gas/oil containing structure,
most commonly shale, and creates innumerable fracture
lines. Sand or other items act as proppant and serve to keep
these fractures open once the pressure begins to decrease.
The remaining solution, known as flowback solution, is then
drawn back and natural gas or oil flows out of the fractures
and is collected.
Toxicological Risks

The potential toxicological risks associated with fracking are
multiple. The drilling solution, fracking solution, flowback
solution, and emissions from the well are all possible sources
of toxic exposures.
Drilling Solution

The drilling solution or mud functions to facilitate the dril-
ling of the well. It helps lubricate the drill bit, control
corrosion, and transport cuttings produced by drilling. Dril-
ling solutions are often proprietary and thus their exact
composition is not known. Most are water-based mud solu-
tions with various chemicals added to modulate viscosity and
other properties. Among the chemicals used are esters,
olefins, paraffins, ethers, hydrocarbons, metals, acrylic poly-
mers, organic polymers, surfactants, and biocides. Some
drilling solutions are oil based and can have significant
amounts of benzene and other potentially toxic hydrocar-
bons. Drilling solutions have the potential to contaminate
soil, air, and water both while being used and afterward when
they must be disposed of.
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Fracking Solution

Fracking solution is the complex mixture of water, sand, and
other chemicals used to fracture the natural gas/oil source.
Identifying the risk associated with fracking solutions remains
difficult because the exact components of fracking solutions
are frequently not available; they are proprietary and compa-
nies do not have to detail their compositions. The exact
chemicals added will depend on the desired viscosity, the
need to protect the integrity of the well, and the need to
maximize oil/gas collection. Along with water and sand,
fracking solutions can contain, among other chemicals,
methanol, 2-butoxyethanol, hydrochloric acid, ethylene
glycol, dimethylformamide, and glutaraldehyde. A major
concern with fracking solution is the possible contamination
of underground drinking water supplies. This is thought to be
unlikely considering the depth that most fracking takes place.
However, slow migration of the fracking solution through
natural fracture lines cannot be dismissed. This remains an
area of intense controversy, as the potential negative impact of
contaminating drinking water sources is tremendous.
Currently, an accurate risk assessment is difficult due to the
paucity of literature. Fracking solution also has the potential
to contaminate soil and water while being moved to drilling
sites or being mixed. In addition, the handling of crystalline
silica, which is the most common sand used in fracking
solution, is a major occupational health exposure potentially
leading to silicosis.
Flowback Solution

Once the natural gas/oil source has been fractured, the
fracking solution is drawn back. This used fracking solution
is referred to flowback solution, and its composition is made
more complex by contamination from the naturally occur-
ring hydrocarbons and radioactive elements present under-
ground. Benzene, toluene, naphthalene, and multiple other
potentially toxic hydrocarbons can contaminate the flow-
back solution. Radioactive elements such as radon and
radium are frequently found. Surface contamination is
a significant toxicological risk from flowback solution.
Frequently millions of gallons of fracking solution are used
per well. In many areas limited resources exist to properly
process it. As a result, flowback solution may be improperly
disposed of and potentially contaminate soil and water
supplies.
Well Emissions

Natural products released from the well can potentially have
significant toxicological impact. Hydrocarbons such as
benzene, toluene, and xylene can be emitted from the well. In
some cases, excess natural gas or oil must be burned off,
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01229-X
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a process called flaring, which can produce multiple chem-
icals of toxicological concern, including benzene, polycyclic
aromatic hydrocarbons, formaldehyde, acrolein, propylene,
acetaldehyde, and hexane. Methane from wells has been
alleged to contaminate well water, though the exact rela-
tionship to fracking and the clinical significance are
controversial.
Clinical Manifestations

The clinical manifestations from exposure to any of the
potentially toxic components of the fracking process will
depend on which chemical, the amount, and the duration of
exposure. Some of the potential exposures, such as benzene
and radon, are well described and the effects can be predicted.
Effects from other chemicals may not be as well defined.
Furthermore, it is not possible to generalize any specific
clinical manifestation, considering the large number of and
variability in the chemicals involved. Multiple chemical
exposures will be the rule and further complicates the clinical
picture. Further research is needed to determine the true
toxicological risk posed by fracking to both humans and the
environment.

See also: Radon; Benzene; Gasoline; Petroleum Hydrocarbons.
Further Reading

Gregory, K.B., Dzombak, D.A., Vidic, R.D., 2011. Water management challenges
associated with the production of shale gas by hydraulic fracturing. Elements 7,
181–186.

Osborn, S.G., Vengosh, A., Warner, N.R., Jackson, R.B., 2011 May 17. Methane
contamination of drinking water accompanying gas-well drilling and hydraulic
fracturing. Proc. Natl. Acad. Sci. USA. 108 (20), 8172–8176.

Rozell, D.J., Reaven, S.J., 2012 Aug. Water pollution risk associated with natural gas
extraction from the Marcellus shale. Risk Anal. 32 (8), 1382–1393.

Waxman, H., Markey, E., Degette, D., April 2011. Chemicals Used in Hydraulic
Fracturing. US House of Representatives. http://democrats.energycommerce.
house.gov/sites/default/files/documents/Hydraulic%20Fracturing%20Report%204.
18.11.pdf. Retrieved 21 September 2012.

Witter, R., et al., 2008. Potential Exposure-Related Human Health Effects of Oil and
Gas Development: A Literature Review (2003–2008). Colorado School of Public
Health, University of Colorado, Denver. http://docs.nrdc.org/health/files/hea_
08091702b.pdf.
Relevant Websites

http://www.api.org/policy/exploration/hydraulicfracturing – American Petroleum Insti-
tute: Hydraulic Fracturing.

http://water.epa.gov/type/groundwater/uic/class2/hydraulicfracturing/hydraulic-fracturing.
cfm – Hydraulic Fracturing Under the Safe Drinking Water Act.

http://www.epa.gov/hydraulicfracture/ – Natural Gas Extraction – Hydraulic Fracturing.

http://democrats.energycommerce.house.gov/sites/default/files/%20documents/Hydraulic%20Fracturing%20Report%204.18.11.pdf
http://democrats.energycommerce.house.gov/sites/default/files/%20documents/Hydraulic%20Fracturing%20Report%204.18.11.pdf
http://democrats.energycommerce.house.gov/sites/default/files/%20documents/Hydraulic%20Fracturing%20Report%204.18.11.pdf
http://docs.nrdc.org/health/files/hea_08091702b.pdf
http://docs.nrdc.org/health/files/hea_08091702b.pdf
http://www.api.org/policy/exploration/hydraulicfracturing
http://water.epa.gov/type/groundwater/uic/class2/hydraulicfracturing/hydraulic-fracturing.cfm
http://water.epa.gov/type/groundwater/uic/class2/hydraulicfracturing/hydraulic-fracturing.cfm
http://www.epa.gov/hydraulicfracture/
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l Name: Freons
l Chemical Abstracts Service Registry Number: Compound

specific
l Synonyms: Halons; Halocarbons; Freon 11 (CAS No.

75-69-4; fluorotrichloromethane; CFC-11; R-11); Freon 12
(CAS No. 75-71-8; dichlorodifluoromethane; CFC-12;
R-12); Freon 22 (CAS No. 75-45-6; chlorodifluoromethane;
R-22; HCFC-22); Freon 113 (CAS No. 76-13-1;
trichlorotrifluoroethane; CFC-113; R-113). The particular
Freons listed (and their synonyms) represent only some of
the members of this class of chemicals

l Molecular Formula: CCl3F (Freon 11), CCl2F2 (Freon 12),
CHClF3 (Freon 22), C2Cl3F3 (Freon 113)

l Chemical Structures:

Fluorotrichloromethane
Dichlorodifluoromethane
Chlorodifluoromethane
Trichlorotrifluoroethane
Background

The chlorofluorocarbons are synthetically derived organic
compounds containing chlorine and fluorine and are more
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commonly known by the name Freons, a registered trademark
of DuPont. They are produced by halogen exchange starting
from chlorinated methanes and ethanes. Because of their
reported ability to deplete stratospheric ozone, many nations,
including the United States, signed the Montreal Protocol,
a treated designed to eliminate the use these compounds
by 2000.

Chlorofluorocarbons are clear colorless liquids or gases.
They are nearly odorless but have a slight etherlike odor at
high concentration. The vapor densities of the chlorofluoro-
carbons, including Freon 11, Freon 12, Freon 22, and Freon
113, are >1 (ranging from 2.9 to 6.5, relative to air) and thus
may accumulate in low-lying areas. The chlorofluorocarbons
are volatile and their vapor pressures vary with specific
compounds. For example, the vapor pressure of Freon 11 is
690 mm Hg at 20 �C (it is a gas at temperatures above 24 �C);
the vapor pressure of Freon 12 is 4886 mm Hg at 25 �C,
whereas the vapor pressure of Freon 113 is 334 mm Hg at
25 �C (it is a gas at temperatures above 48 �C). Water solubility
is low and varies with specific compounds. For example, the
water solubility of Freon 11, Freon 12, Freon 22, and Freon
113 are 0.1% (24 �C), 0.03% (25 �C), 0.3% (25 �C), and
0.02% (25 �C), respectively.
Uses

Chlorofluorocarbons have been used as refrigerants, fire
extinguishing agents, local anesthetics, aerosol propellants,
blowing agents for foams, chemical intermediates, and heat
transfer mediums. Member of this group of compounds have
also been used as solvents, degreasing of metal surfaces, and for
dry-cleaning.
Environmental Fate and Behavior

When released to air chlorofluorocarbons will only exist as
a gas. Wet deposition may result in some loss from the atmo-
sphere, but revolatilization into the atmosphere is likely.
Because of their high vapor pressure, volatilization from water
surfaces is expected to be an important fate process if chloro-
fluorocarbons are released to water, with volatilization half-
lives for a model river and a model lake being approximately
4 h and 5 days, respectively. Hydrolysis is not expected to occur.
The potential for bioaccumulation in aquatic organisms is
considered low to moderate, with bioconcentration factors
ranging from 11 to 86. Biodegradation, abiotic degradation,
and adsorption to suspended solids and sediment are not
expected to occur. When spilled onto soil some of the released
chlorofluorocarbon will evaporate from the surface and the
remainder will leach downward into the soil, because they do
not bind well to soil. Chlorofluorocarbons are very resistant to
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00389-4
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chemical and biological degradation and will persist in soil
and, if reached, groundwater.
Exposure and Exposure Monitoring

The primary route of exposure to chlorofluorocarbons is via
inhalation. Dermal and ocular exposure may also occur. Oral
ingestion of chlorofluorocarbons is possible but would likely
only be seen in cases of intentional administration with intent
to do harm.
Toxicokinetics

Dermal absorption of chlorofluorocarbons is possible but low.
Based on studies in animals, absorption of inhaled chloro-
fluorocarbons is slow. Chlorofluorocarbons are concentrated in
adipose tissue and slowly released into the blood; significant
accumulation occurs in brain, liver, and lung tissues. Chloro-
fluorocarbons are poorly metabolized and are eliminated
almost entirely by the respiratory tract.
Mechanism of Toxicity

The exact mechanism of central nervous system depression has
not been determined but is believed to be caused by a change in
membrane fluidity and altered neural transmission. Toxicologi-
cally significant histological damagehas notbeenobserved in the
brains of experimental animals exposed to lethal concentrations
of chlorofluorocarbons. Repeated or prolonged dermal contact
with liquid chlorofluorocarbons may cause skin damage and
irritation as a result of a defatting action on the skin. Ventricular
fibrillation is caused by the direct sensitization of the myocar-
dium to endogenous catecholamines (i.e., norepinephrine).
Acute and Short-Term Toxicity

Animal

Adverse health effects seen in experimental animals (e.g., rats,
mice, rabbits, dogs, and monkeys) following acute exposure
include irritation of the skin, eyes and respiratory tract, rapid
breathing, lung congestion, vomiting, lethargy, nervousness,
tremors, microscopic changes in the liver, and central nervous
system depression. Death due to asphyxia (via displacement of
air) is possible at high concentrations. Cardiac arrhythmias and
mild chemical conjunctivitis have also been reported. Chloro-
fluorocarbons have not been shown to be skin sensitizers in
experimental animals. Species sensitivity to the adverse effects
of chlorofluorocarbons has been demonstrated, with rabbits
being more sensitive (lower LD50) than mice following oral
administration.
Human

In general, chlorofluorocarbons have a low potential for toxicity.
Irritation of the eye, skin, and respiratory tract have been
observed following exposure to chlorofluorocarbons. Corneal
opacity has not been noted following exposure to these agents
but frostbite of the eyelids can occur and may be severe. Dermal
contact with chlorofluorocarbons in liquid form is likely to
cause a sensation of coldness and possibly frostbite caused by
rapid evaporation. Inhalation of high concentrations of chlo-
rofluorocarbons may produce a high, followed by agitation,
fear, and sudden collapse. Central nervous system depression,
bronchial constriction, chest tightness, cough, difficulty
breathing, pulmonary edema, dizziness, headache, confusion,
and incoordination are also associated with exposure to high
concentrations of chlorofluorocarbons (�2500ppm in air).
Exposure to very high concentrations of chlorofluorocarbon
vapor especially in confined spaces may reduce the availability
of oxygen and possibly lead to asphyxia. Ingestion of chloro-
fluorocarbons can result in frostbite in the upper airway and
gastrointestinal tract, aspiration into the lungs resulting in
pneumonia, perforation and necrosis of the stomach, dizziness,
headache, confusion, incoordination, coughing, shortness of
breath, loss of consciousness, coma, and seizures. Chlorofluo-
rocarbon compounds are cardiac sensitizing agents, sensitizing
the myocardium to endogenous catecholamines (e.g., norepi-
nephrine), and can lead to sudden death.
Chronic Toxicity

Animal

Chlorofluorocarbons are acutely toxic at high concentrations
but do not appear to cause chronic toxicity in experimental
animals. No adverse effects in the liver were observed in rats
exposed to chlorofluorocarbons for 2 years via inhalation.
Human

Chlorofluorocarbons are acutely toxic but do not appear to
cause chronic toxicity.
Reproductive Toxicity

No reproductive or embryotoxic effects have been observed in
experimental animals exposed to chlorofluorocarbons. Gener-
ally, no changes in offspring were noted when doses (via oral
and inhalation exposure) of chlorofluorocarbons were below
those associated with maternal toxicity.
Clinical Management

Frozen eye tissue requires immediate medical attention and
may require the use of water bath rewarming until vasodilatory
flush has occurred. Nonfrozen eye tissue can be treated by
irrigation of large amounts of water for at least 15min. Skin
frostbite can be treated with warm water. Oral exposures to
liquid chlorofluorocarbons are rare but have resulted in severe
frostbite to the upper respiratory system and gastrointestinal
tract. Necrosis and perforation of the stomach have been
reported, and because of the potential of aspiration, emesis,
activated charcoal, and gastric lavage are not recommended.
Following inhalation exposure, individuals should be moved
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to fresh air immediately. Care should be taken to avoid an
endogenous adrenalin surge. Oxygen can be given to persons
having difficulty breathing.
Ecotoxicology

There are no data concerning the ecotoxicology of chlorofluo-
rocarbons. As noted above, chlorofluorocarbons, including
Freons, have been eliminated from use via international treaty
because of their reported ability to deplete stratospheric ozone.
When release to air, chlorofluorocarbons rise to the strato-
sphere where they are converted by the sun’s ultraviolet rays
into chlorine compounds. These chlorine compounds in turn
react with stratospheric ozone (O3), converting the ozone to
oxygen molecules (O2), thus deleting stratospheric ozone.
Other Hazards

Although chlorofluorocarbons are stable under normal condi-
tion and are generally nonflammable and noncombustible,
they can decompose when involved in a fire or in contact with
heated surfaces (above 482 �C) forming hazardous decompo-
sition products, including hydrogen chloride, hydrogen
fluoride, phosgene, and chlorine. Chlorofluorocarbons are
incompatible with perchloric acid, chromium trioxide, nitric
acid, and various metals (e.g., aluminum, beryllium, calcium,
magnesium, sodium, potassium, and zinc).
Exposure Standards and Guidelines

Exposure standards and guidelines for chlorofluorocarbons are
compound specific. For Freon 11 (fluorotrichloromethane),
the American Conference of Governmental Industrial Hygien-
ists (ACGIH) and the National Institute of Occupational Safety
and Health (NIOSH) have set a ceiling limit of 1000 ppm. The
Occupational Safety and Health Administration’s (OSHA)
time-weighted average permissible exposure limit (PEL) and
Deutsche Forschungsgemeinschaft (DFG), Federal Republic of
Germany, Commission for the Investigation of Health Hazards
of Chemical Compounds in the Work Area’s time-weighted
average maximum concentration value (MAK) are both
1000 ppm. For Freon 12 (dichlorodifluoromethane), ACGIH’s
time-weighted average threshold limit value (TLV), OSHA’s
PEL, NIOHS’ time-weighted average recommend exposure
limit (REL), and DFG’s MAK are all 1000 ppm. For Freon 22
(chlorodifluoromethane), ACGIG’s TLV and NIOSH’s REL are
both 1000 ppm while the DFG’s MAK is 500 ppm. For Freon
113 (trichlorotrifluoroethane), ACGIH’s TLV, OSHA’s PEL, and
NIOSH’s REL are all 1000 ppm while DFG’s MAK is 500 ppm.
Additionally, for Freon 113, ACGIH and NIOHS have set
a short-term exposure limit (STEL) of 1250 ppm.

See also: Volatile Organic Compounds.

Further Reading

Salocks, C., Kaley, K.B., 2003. Technical Support Document: Toxicology Clandestine
Drug Labs/Methamphetamine, Vol. 1, Number 11. The Office of Environmental Health
Hazard Assessment (OEHHA). Available at: www.OEHHA.ca.gov.

Relevant Website

http://www.inchem.org – Fully Halogenated Chlorofluorocarbons; Environmental Health
Criteria 113 from the International Programme on Chemical Safety.
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l Chemical Abstracts Service Registry Number (some repre-
sentative): 70892-10-3 (fuel oil no. 1), 8008-20-6 (kero-
sene), 68334-30-5 (fuel oil no. 1-D), 68476-30-2 (fuel oil
no. 2), 68476-34-6 (fuel oil no. 2-D), 68476-31-3 (fuel oil
no. 4), 77650-28-3 (fuel oil no. 4-D), fuel oil no. 6 (68553-
00-4), 68476-33-5 (fuel oil, residual)

l Synonyms: Fuel oil no. 1 is a synonymofkeroseneand jet fuel
1. Fuel oil no. 1-D is a synonymof diesel oil no. 1. Fuel oil no.
2 is a synonym of home heating oil. Fuel oil no. 2-D is
a synonym of diesel oil no. 2. Fuel oil no. 4 is a synonym of
light residual fueloil. Fueloil no. 5 is a synonymof residualoil
no. 5 and bunker B. Fuel oil no. 6 is a synonym of bunker C.
Background

Fuel oils are yellowish to light brown liquid mixtures produced
from crude petroleumby different refining processes, depending
on their intended use. They generally have a kerosene-like odor
and are flammable. Fuel oils are composed of complex and
variable mixtures of aliphatic (alkanes, alkenes, cycloalkanes)
and aromatic hydrocarbons, containing low percentages of
sulfur, nitrogen, and oxygen compounds. The exact chemical
composition of each of the fuel oils may vary somewhat,
depending on the source, the refinery involved, the presence of
additives or modifiers, and other factors. The composition can
be further affected byweathering and/or biologicalmodification
on release to the environment. Fuel oils differ from one another
primarily by their hydrocarbon compositions, boiling point
ranges, chemical additives, and uses.

Fuel oils may be generally classified into two main types:
distillate fuel oils and residual fuel oils. Distillate fuel oils are
vaporized and condensed during a distillation process and thus
have a definite boiling range and do not contain high-boiling
constituents. Residual fuel oils contain residues from crude
distillation of thermal cracking, and are generally more
complex in composition and impurities than distillate fuel oils.
The American Society for Testing and Materials (ASTM) D396
standard divides fuel oils into several classes, from fuel oil no.
1 to fuel oil no. 6, based on boiling range, composition, and
other physical properties. Usually, fuel oils nos. 1 and 2 are
distillate fuels; fuel oils nos. 5 and 6 are residual fuels, and fuel
oil no. 4 is a blend of distillate and residual fuels. Fuel oils have
a moderately broad range of volatility and solubility; thus, fuel
oils nos. 1 and 2 are moderately soluble and volatile, while fuel
oils nos. 4, 5, and 6 are not very soluble. All diesel oils are
considered types of fuel oils. Fuel oils no. 1-D and no. 2-D
(diesel oils) are similar in chemical composition to fuel oils no.
1 and no. 2, respectively, with the exception of the additives.
Uses

Fuel oils are used mainly in industrial and domestic heating, as
solvents, to run many types of internal combustion engines,
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
and in the production of steam and electricity in power plants.
The terms distillate and residual fuel oils are losing their
significance, since fuel oils are now made for specific uses and
may be either distillates or residuals, or mixtures of the two.
The terms domestic, diesel, and heavy fuel oils are more
indicative of the uses of fuel oils. Domestic fuels are distillate
fuel oils that are used primarily in the home. This category
includes kerosene, stove oil, and furnace fuel oil. Diesel fuel
oils are also distillate fuel oils that distill between 180 and
380 �C. Several grades are available depending on uses: diesel
oil for diesel compression ignition (cars, trucks, and marine
engines) and light heating oil for industrial and commercial
uses. Heavy fuel oil comprises all residual fuel oils (including
those obtained by blending). In general, they usually contain
cracked residual, reduced crude, or cracking coil heavy product
which is mixed (cut back) to a specified viscosity with cracked
gas oils and fractionator bottoms.
Environmental Fate and Behavior

Fuel oils may be released to surface waters, soils, and air as
a result of accidental spills during use or transportation or from
leaking underground storage facilities or pipelines. The trans-
port and dispersion of fuel oils are dependent on the water
solubility and volatility of the aliphatic and aromatic hydro-
carbon fractions. The more volatile components of fuel oils
(lowmolecular weight alkanes) evaporate from the water or soil
and enter the atmosphere where they are degraded by reacting
with sunlight (e.g., photooxidation), or other chemicals in the
air. The higher molecular weight aliphatic components have
very low water solubility and do not volatilize from soils or
surface waters. Consequently, these heavier components remain
on the soil or in the water column where they may be adsorbed
to particulate organic matter or settle to the sediment. Chem-
icals that attach to soil or other matter may remain in the
environment for more than a decade. They are eventually bio-
degraded by microorganisms in the soils and sediments,
primarily bacteria and fungi. The rate and extent of biodegra-
dation are dependent on the ambient temperature, the presence
of a sufficient number of microorganisms capable of degrading
these hydrocarbons, the amount of aromatic species in a given
oil, and the concentration of fuel oil; this may take up to a year
to occur, if ever. Aromatic components are the most susceptible
to biodegradation in warm water or soil, although some vola-
tilization may occur in colder waters. Aromatics, however, are
also water soluble and therefore are the most likely fuel oil
components to leach through soil into groundwater.
Exposure and Exposure Monitoring

In general, inhalation and dermal exposure to fuel oils may
occur during their production, storage, distribution and use,
4-3.00024-5 667
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maintenance of heating equipment, and during the cleaning of
fuel oil tanks.

l Inhalation exposure: people can breathe fuel oil vapors
when filling tanks or after a spill. Other situations include
using fuel oil heaters, or using fuel oil to clean machinery or
paint brushes. If water supplies are contaminated, inhala-
tion of the vapors can occur while bathing, doing laundry,
or using the water for other household purposes. Fuel oil
spills in basements or attached garages can seriously
contaminate the air inside homes.

l Dermal contact: some fuel oil can pass through the skin
when people use it as a solvent, spill it on their skin, or use
contaminated water. Since some of the chemicals in fuel oil
attach to soil particles, children can be exposed as they play
in contaminated soil.

l Oral exposure: low level exposure can occur when
contaminated water is used for drinking and/or for
preparing food. Most accidental poisonings involve chil-
dren who drink fuel oil kept in soft drink bottles.

Although no standard procedures exist for identifying and
quantifying exposure to fuel oils in general, procedures do exist
for identifying and quantifying some of the hydrocarbon
components of fuel oils in blood, urine, and stomach content,
although neither the route of exposure nor the origin can be
determined.
Toxicokinetics

As fuel oils are mixtures of chemicals, there is no definitive
ADME (absorption, distribution, metabolism, and excretion)
data. Fuel oil vapor is absorbed following pulmonary expo-
sure, and individual components of fuel oils are known to
undergo dermal absorption after skin contact, and gastroin-
testinal absorption after ingestion. The extent of pulmonary,
dermal, and gastrointestinal absorption is dose- and time-
dependent. Nevertheless, no quantitative data are available
regarding the absorption, distribution, metabolism, or excre-
tion of fuel oils following inhalation, oral, or dermal exposure
in humans. Very limited animal data indicate that kerosene is
poorly absorbed from the gastrointestinal tract and is distrib-
uted to various tissues, although accumulation is low, and that
fuel oils are efficiently removed from the circulation by the
liver and lungs.
Mechanisms of Toxicity

The primary risk from ingestion of fuel oils is aspiration during
emesis, which may cause chemical pneumonitis. The
biochemical mechanism of the bronchoconstriction has been
suggested to be related to action on the parasympathetic
nervous system and to changes in ionic flow across the cellular
membranes of the sarcoplasmic reticulum vesicles.

The biochemical mechanism of central nervous system
effects induced by fuel oils, common to many organic solvents,
has not been completely elucidated yet. Still, it has been sug-
gested to be mediated by interaction with membrane-bound
integral proteins.
The mechanism of carcinogenesis associated with various
formulations of fuel oils is unknown. Although the mechanism
underlying leukemogenesis induced by benzene, the most
carcinogenic compound in fuel oils, is not fully understood,
direct DNA damage, production of oxidative stress, and reac-
tions of metabolites with essential enzymes such as top-
oisomerase II have been reported.
Acute and Short-Term Toxicity

The most toxic components of fuel oils are the aromatics, such
as benzene, toluene, xylenes, naphthalene, and others. These
aromatics are relatively highly soluble in water. After the
aromatic fraction, toxicity decreases from alkenes to cyclo-
alkanes to alkanes. Within each of these groups, the lower
molecular weight hydrocarbons tend to be more acutely toxic.
Short-term toxicity decreases as the type of fuel oil becomes less
volatile; thus, fuel oils nos. 1 and 2 are moderately toxic, while
toxicity decreases through fuel oils no. 4, no. 5, and no. 6.

The main hazard associated with fuel oils is chemical
pneumonitis, a delayed onset and potentially fatal lung
disorder characterized by cough, dyspnea, cyanosis, fever, and
opacities on chest radiographs, resulting from aspiration of
vomit following ingestion or inhalation of fuel oil liquid or
contaminated water.

Inhalation exposure to some fuel oils for short periods may
cause mild central nervous system symptoms such as dizzi-
ness, nausea, headache, loss of appetite, poor coordination,
light-headedness and difficulty concentrating, and increased
blood pressure and eye irritation. However, exposure within
a confined space at elevated temperature may induce narcotic
effects such as narcolepsy, cataplexy, and confusion. Spray
applications may result in exposure to high aerosol concen-
trations, which may provoke signs of pulmonary irritation such
as coughing and dyspnea, in addition to mild central nervous
system depression. As already mentioned, aspiration of fuel oil-
contaminated vomit is a secondary source of pulmonary
exposure that may lead to chemical pneumonitis.

Ingestion of small amounts of kerosene may cause nausea,
vomiting, diarrhea, coughing, stomach swelling and cramps,
drowsiness, restlessness, painful breathing, irritability, and
unconsciousness. Ingestion of large amounts of kerosene may
cause convulsions, coma, or death.

Acute dermal exposure may result in local irritation
(erythema, pruritis) but is not considered to be a skin sensi-
tizer. Fuel oil is a mild, transient, ocular irritant that may
produce conjunctivitis, hyperemia, and lacrimation.
Chronic Toxicity

Studies in animals chronically exposed to fuel oils have
reported pulmonary pathology, cardiovascular changes, and
nephropathy after inhalation exposure, and dermatitis after
dermal exposure.

The most common human health effect associated with
chronic/repeated exposure to fuel oils is dermatitis, usually
associated with insufficient or inappropriate use of personal
protective equipment in occupational environments. Long-
term exposures to low concentrations of fuel oils have also
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been reported to produce nonspecific central nervous system
effects such as nervousness, loss of appetite, and nausea that are
not related to hypoxia.

There are currently no unequivocal studies to relate
chronic or repeated exposure to fuel oils to long-term
pulmonary dysfunction. There is limited evidence to suggest
that chronic exposure may be associated with tightness in the
chest and breathing difficulties, but not with asthmatic
respiratory effects.
Immunotoxicity

Cellular effects in the bone marrow, lymph nodes, and/or
thymus, and decreases in the relative weights of the lymph
nodes and thymus, resulting from acute dermal exposure to
kerosene and chronic dermal exposure to JP-5 and marine
diesel fuels have been reported in mice. Chronic oral expo-
sure of American minks to a low concentration of bunker C
fuel oil caused increases in the absolute numbers of specific
peripheral blood lymphocyte subsets and monocytes, in the
level of expression of functionally significant cell surface
proteins, and in mitogen-induced mononuclear cell prolif-
erative responses.

No information was found regarding immunotoxicity in
humans from inhalation, oral, or dermal exposures to fuel oils.
Reproductive and Developmental Toxicity

Several studies have tested the developmental effects of fuel oils
in animals after inhalation exposure. No developmental effects
were found in the fetuses or female rats exposed to heating oil,
fuel oil, or diesel fuel vapors during gestation days 6–15. In
another study, no pathological effects on reproductive organs
or excessive anomalies in the first generation of pups after
dermal exposure of rats to kerosene were observed following
the Organization for Economic Cooperation and Development
(OECD) Guideline 421.

There is not enough information to assess the human
reproductive toxicity of fuel oils by oral, inhalation, or dermal
exposures. Nevertheless, current evidence seems to indicate that
kerosene does not have a measurable effect on human repro-
duction or development.
Genotoxicity

Different fuel oils have been assessed for mutagenic and
genotoxic activity in bacterial assays, rodent and human cell
assays, and animal models. The inconsistent data reported
do not allow definite conclusions to be reached, and
preclude their use for the prediction of genotoxic hazards to
humans.

No genotoxicity studies involving human controlled expo-
sure to fuel oils were identified. A few works assessed geno-
toxicity biomarkers in humans exposed to accidental fuel oil
spills from tankers. They reported positive results in individuals
exposed for several months as a consequence of participating in
the cleanup work.
Carcinogenicity

The International Agency for Research on Cancer (IARC), on
the basis of the evidence for the carcinogenicity of fuel oils in
experimental animals and in humans, classified residual
(heavy) fuel oils (fuel oils nos. 4, 5, 6) as possibly carcinogenic
to humans (Group 2B), and distillate (light) fuel oils (fuel oils
nos. 1, 2) as not classifiable as to their carcinogenicity to
humans (Group 3). IARC also classified occupational expo-
sures to fuel oils during petroleum refining as probably
carcinogenic to humans (Group 2A), distillate (light) diesel
fuels as not classifiable as to their carcinogenicity to humans
(Group 3), and marine diesel fuel as possibly carcinogenic to
humans (Group 2B).
Clinical Management

Inhalation: remove person to fresh air as soon as possible. If
breathing has stopped, apply artificial respiration. If necessary,
provide additional oxygen once breathing is restored. Keep the
affected person warm and at rest. Seek medical attention
immediately.

Ingestion: do not induce vomiting. Do not give liquids.
Obtain immediate medical attention. If spontaneous vomiting
occurs, lean victim forward in order to reduce the risk of aspi-
ration. Monitor for breathing difficulties. Small amounts of
material that enter the mouth should be rinsed out until the
taste is dissipated.

Skin: remove contaminated clothing.Wash contaminated skin
areas thoroughly with soap and water or waterless hand cleanser.
Obtain medical attention if irritation or redness develops.

Eyes: remove contact lenses. Immediately flush with clean,
low-pressure water for at least 15 min. Hold eyelids open to
ensure adequate flushing. Seek medical attention.
Ecotoxicology

Following accidental spillage, potential acute toxicity to aquatic
life in the water column (especially in relatively confined areas)
as well as potential inhalation hazards are included among the
short-term hazards of some of the lighter, more volatile and
water-soluble compounds (such as toluene, ethylbenzene, and
xylenes) in fuel oils. Oil coating of birds, sea otters, or other
aquatic organisms that come in direct contact with the spilled
oil is another potential short-term hazard, since in the short
term spilled oils tend to float on the water surface. The heavy
fraction becomes attached to the substrate or sequestered in the
sediments. Little long-term impact has been observed in the
supralittoral, littoral, or pelagic zones following a spill.
However, the tar-like residue persists for many years in the
sediments with possible resuspension and continued impact on
benthic organisms. Some of the chemicals found in fuel oils are
known to bioconcentrate significantly in plants and animals.
Exposure Standards and Guidelines

The Agency for Toxic Substances and Disease Register (ATSDR)
established a minimal risk level (MRL) of 0.01 mgm�3 for
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intermediate inhalation exposure to fuel oil no. 1, based on
decreased blood glucose levels noted in rats. An MRL of
0.02 mgm�3 has been derived for acute inhalation exposure to
fuel oil no. 2, based on dose-related neurobehavioral effects
(mild transient ataxia and central nervous system depression)
in mice.

The Occupational Safety and Health Administration
(OSHA) set a permissible exposure limit (PEL) of 500 ppm
(approximately 2000 mgm�3) time-weighted average (TWA)
of petroleum distillates in the workplace air.

The National Institute for Occupational Safety and Health
(NIOSH) recommended exposure limits (REL) for petroleum
distillates are 350 mgm�3 TWA and 1800 mgm�3 short-term
exposure limit (STEL) (15 min). The REL for kerosene is
100 mgm�3 TWA.

The American Conference of Governmental Industrial
Hygienists (ACGIH) threshold limit values (TLV) are
200 mgm�3 TWA for kerosene, and 100 mgm�3 TWA for fuel
oil no. 2 and diesel fuels.

Although there are no drinking water standards for fuel oils,
there are standards for some of their components: benzene,
5 ppb; toluene, 1 ppm; and xylene, 10 ppm.
See also: Otto Fuel II; Jet Fuels; Diesel Fuel; Kerosene.
Further Reading
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l Name: Methyl tertiary-butyl ether l Chemical Structure:

l Chemical Abstracts Service Registry Number: 1634-04-4
l Synonyms: 2-Methoxy-2-methylpropane; EINECS 216-653-1;

MTBE; Propane, 2-methoxy-2-methyl
l Molecular Formula: C5H12O

l Chemical Structure:
l Name: Ethyl tertiary-butyl ether
l Chemical Abstracts Service Registry Number: 637-92-3
l Synonyms: 1,1-Dimethylethyl ethyl ether; 2-Ethoxy-2-

methylpropane; EINECS 211-309-7; ETBE
l Molecular Formula: C6H14O

l Chemical Structure:
l Name: tertiary-Amyl methyl ether
l Chemical Abstracts Service Registry Number: 994-05-8
l Synonyms: 1,1-Dimethylpropyl methyl ether; 2-Methoxy-2-

methylbutane; EINECS 213-611-4; Methyl tert-pentyl ether
l Molecular Formula: C6H14O

l Chemical Structure:
l Name: Butane, 2-ethoxy-2-methyl-
l Chemical Abstracts Service Registry Number: 919-94-8
l Synonym: 2-Ethoxy-2-methylbutane; Ethyl tert-amyl ether;

Ethyl tert-pentyl ether
l Molecular Formula: C7H16O

l Chemical Structure:
l Name: Isopropyl ether
l Chemical Abstracts Service Registry Number: 108-20-3
l Synonyms: 2,20-Oxybis-propane; 2-Isopropoxypropane;

Diisopropyl ether; EINECS 203-560-6; Ether isopropylique
l Molecular Formula: C6H14O
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
l Name: Alcohol [USP]
l Chemical Abstracts Service Registry Number: 64-17-5
l Synonyms: 1-Hydroxyethane; EINECS 200-578-6; EtOH;

Ethyl alcohol
l Molecular Formula: C2H6O
l Chemical Structure:
Background

Internal combustion engines of high compression ratio require
petrol with octane ratings that are sufficiently high to ensure
efficient combustion. An economical way of achieving this
property has been the use of anti-knock additives, such as tet-
raethyl and tetramethyl lead at concentrations up to 0.84 g l�1.
It was increasingly recognized, however, that lead is toxic and
nondegradable, so its use in this way was gradually phased out.
This action, which has been to the benefit of human health
and the environment, required the reformulation of fuels to
provide the desired high-octane ratings by the use of oxygen-
ates. Fuel oxygenates are oxygen-rich compounds that act as
octane enhancers, bringing the additional benefit of making
petrol burn more completely, thereby reducing exhaust emis-
sions. Oxygenates can be blended into petrol in two forms:
alcohols (such as methanol or ethanol) or ethers.

The fuel oxygenate first used in reformulation was methyl
tertiary-butyl ether, Chemical Abstracts Service Registry Number
(CAS RN) 1634-04-4 (MTBE). It had been recognized during
World War II that MTBE had particularly good octane-
enhancing properties, allowing octane numbers of 115–135
(Research Octane Number (RON)) and 98–120 (motor octane
number) to be achieved, but it was not until 1973, spurred by
the global oil crisis, that the first commercial plant given to the
production of MTBE was opened in Italy. The introduction of
lead-free fuels led to the development of three-way catalytic
converters, which are based on platinum. Lead poisons the
platinum catalyst, so such converters had been hitherto
unusable. Catalytic converters allow a more nearly complete
combustion of fuel, thereby reducing exhaust emissions such
as carbon monoxide, unburned hydrocarbons, polycyclic
aromatics, nitrogen oxides, and particulate carbon. These
substances contributed significantly to the formation of smog,
a phenomenon that is no longer a feature in the urban areas of
those countries in which leaded petrol is prohibited.
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Table 1 Basic properties of chemicals used as fuel oxygenates

Properties DIPE ETBE EtOH MTBE TAEE TAME

CAS RN 108-20-3 637-92-3 64-17-5 1634-04-4 919-94-8 994-05-8
Molecular weight 102.2 102.2 46.1 88.2 116.2 102.2
Boiling point (�C) 69 73.1 78.5 55.3 108.3 86
Melting point (�C) �60 �94 �114 �108 �60 �80
Density (g cm�3) 0.73 0.74 0.79 0.74 0.76 0.77
Vapor pressure (hPa at 20 �C) 200 128 65–75 270 NDa 90
Water solubility (g l�1) 3.11 23.7 Miscible 42 3.92 11
Log Pow 2.4 1.28 0.20–1.21 1.06 2.95–3.35 1.55
Odor detection in water (average, mg l�1) ND 49 ND 95 ND 194
Taste detection in water (average, mg l�1) ND 47 ND 134 ND 128
Henry law constant (Pa m3 mol�1) ND 140 ND 43.8 ND 83

aND, no data found.
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In the 1990s, the production of other fuel oxygenates began,
with the appearance of ethyl tertiary-butyl ether, CAS RN 637-
92-3 (ETBE), first produced in France in 1992, and tertiary-amyl
methyl ether, CAS RN 994-05-8 (TAME). To their number
others have been added, such as diisopropyl ether, CAS RN
108-20-3 (DIPE) and, most recently, tertiary-amyl ethyl ether,
CAS RN 919-94-8 (TAEE), which is being produced in
Germany; however, the use of these oxygenates is currently
small scale. Alcohols, such as ethanol, CAS RN 64-17-5 (EtOH)
and methanol, may also be used as fuel oxygenates, but
methanol is not used as such, although it is used in China as
a liquid fuel for passenger cars and for synthesis of dimethyl
ether as an alternative to diesel fuel for trucks and buses. Ethers
have the advantage over alcohols in currently designed engines
because alcohols in petrol tend to make the blend very volatile
and water soluble, possibly creating problems in the fuel-
distribution system and vehicle engine. Perhaps the larger-scale
use of ethanol in fuel oxygenation is in the production of ETBE
or coblending with ETBE. Some basic properties of fuel
oxygenates are given in Table 1.
Uses

In western Europe, the second largest market for petrol in the
world, concentrations of MTBE in petrol vary from 0 to 15%,
depending on petrol grade, oil company, and country. As
examples, 98–99 RON petrol grade (high performance, super,
super plus) may typically contain 5–13% MTBE, whereas
92–95 RON grade (premium) contains 0.5–8% MTBE.

The use of MTBE as an octane enhancer in the United
States began in 1979. By 1990, the Clean Air Act Amendments
in the United States required fuel oxygenates, such as MTBE at
15% and ethanol, to be added to petrol in some metropolitan
areas heavily polluted by carbon monoxide to reduce carbon
monoxide and ozone concentrations. Areas that exceeded the
national ambient air-quality standard for carbon monoxide
were required to use oxygenated fuels by November 1, 1992.
Despite the clear benefits of using oxygenates, there have
been restrictions placed on its use in many areas of the
United States because of growing numbers of detections of
MTBE in drinking water resulting from leaking underground
petrol tanks.
In 2006, because of litigation and liability fears, the
blending (but not the production) of MTBE into petrol in the
United States was discontinued, whereas the European Union
(EU) has continued its use of ethers in blending. Other global
producers and consumers of fuel ether oxygenates are the
Middle East, South America (excluding Brazil), Mexico, and
a large portion of Asia. The current global production capacity
is estimated to be approximately 18 Mton year�1. The expected
demand for MTBEþ ETBE in Asia is 11.9 Mton. In 2010, China
was the world’s largest producer of MTBE (6.8 Mton year�1),
yet was also importing MTBE at 740 kton in the same year. In
Japan, Bio-ETBE is the biofuel of choice for petrol. It is preferred
over alcohols in Japan on the basis of emission benefits, vehicle
performance, and existing regulations.
Environmental Fate and Behavior

MTBE is a potential concern to groundwater in view of its
low taste and odor thresholds. These properties can render
groundwater unsuitable for consumption, not because of
health concerns but palatability. For this reason, it is impor-
tant to avoid spillage and leakage from underground fuel
storage tanks. If petrol/gasoline that contains fuel oxygenates
has leaked and entered groundwater, the ether oxygenates tend
to migrate faster and further than the hydrocarbon compo-
nents because of their higher water solubility and non-
adherence to soil particles. When they move through soil
faster, they become the leading edge of any groundwater
contaminant plume. Biodegradation is very slow and reme-
diation of contaminated waters is difficult. The properties of
ETBE are somewhat different, although taste and odor
thresholds appear to be even lower than for MTBE, and ETBE is
also expected to have high mobility in soils; it is, however,
expected to volatilize more rapidly from surface waters than
MTBE. In the case of TAME, taste and odor thresholds are
higher, but they remain issues of concern, and it is less soluble
in water than MTBE or ETBE. None of these compounds is
expected to bioaccumulate.

MTBE, ETBE, and TAME are not readily biodegradable in
aquatic environments. There are, however, possibilities for all
of these ethers being biodegradable in the presence of certain
microorganisms. This is a vigorous area of research.
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Exposure and Exposure Monitoring

According to the circumstances, human exposure to fuel
oxygenates can occur through multiple routes. During ether
synthesis and formulation operations, these are likely to be
minimal, if at all, because the high risk of fire and explosion are
such that complete containment is essential. Once formulated
in petrol, however, there will be the possibility of exposure to
fuel oxygenates by inhalation and percutaneous contact during
transport, and briefly and intermittently by the end users
(during refueling and in traffic). Should a drinking-water
source become contaminated as a result of leakage of petrol
from underground storage tanks, it is clearly necessary to
take account of internal exposure to the contaminant not
only by the oral route, but in addition the exposure due to
dermal penetration while washing and bathing, and exposure
due to inhalation while washing, bathing, or showering,
because of the volatility of the oxygenates. A commonly
applied maximum contaminant level (MCL) for drinking water
promulgated within the United States is 13 mg l�1. In addition,
there is frequently a secondary maximum contaminant level
(SMCL) of 5 mg l�1 imposed in the case of MTBE for esthetic
(taste and odor) reasons. No matter how the contaminant
enters the body, however, internal exposure without interac-
tion with body chemicals is without significance. In the case of
MTBE, about 75% is retained following oral ingestion and
about 40% is retained upon inhalation. The high volatility of
the fuel ethers, in particular, strongly limits their skin absorp-
tion because of competition between penetration and an effi-
cient loss by evaporation. Under occluded conditions (i.e.,
experimentally, when evaporation loss is prevented artificially),
absorption over 6 h sustained exposure of shaved skin of rats
has been found to vary according to the dose, between about
16% of a low (40 mg kg�1 body weight (bw)) dose and 34% of
a high (100 mg kg�1 bw) dose. Skin is likely the least efficient
route of absorption and retention under practical conditions,
particularly since there appears to be a direct relationship
between exposure concentration and percentage absorbed.

Although measurement of specific ethers in blood is a reli-
able way of identifying the substance to which exposure has
occurred, it is not a good indication of the quantity, because of
the rapid metabolism of the parent ethers. The half-life of one
of the primary metabolites in blood (tertiary-butyl alcohol
(TBA) in the case of MTBE and ETBE) is considerably longer
than that of the parent molecule, and if it is known which ether
is in most prominent use in a particular locality, then the origin
of a metabolite is a reasonable assumption to make. In early
studies (1993–95) within the United States, some MTBE
concentrations measured in blood were as follows. Workers in
Alaska, including service station attendants, garage workers,
drivers, and mechanics, had a median of 1.8 mg l�1 (range 0.2–
37 mg l�1) in an early phase of oxygenated fuel implementa-
tion, and a median of 0.24 mg l�1 (range 0.05–1.4 mg l�1) in
a later phase of the program. In Connecticut, gasoline service
station attendants had median values of 15 mg l�1 (range 7.6–
29 mg l�1), car repair workers 1.7 mg l�1 (range 0.17–37 mg l�1),
and commuters 0.11 mg l�1 (range 0.05–2.6 mg l�1). Equivalent
measurements are not available for the other oxygenates.

Atmosphericmeasurements, e.g., personal and area sampling,
entail collection onto activated charcoal or (rarely) cryogenic
condensation prior to gas chromatography or, less frequently,
reversed-phase liquid chromatography. Many personal time-
weighted average (TWA) (8 h) samplingmeasurementsmade on
operators during MTBE production in Europe have provided
values between 1990 and 2000 in the range (mgm�3 geometric
mean� standarddeviation)0.01� 1.5up to0.1� 2.0.However,
tankerdriversmayexperiencehigher concentrations; for example,
in two groups in Finland, geometricmeans for the breathing zone
while loading the tankers were 4.3 mgm�3 and 6.4 mgm�3.
Toxicokinetics

The more studied fuel-oxygenate ethers are MTBE, ETBE, and
TAME, all of which are rapidly taken up and rapidly eliminated
by both rats and human beings after inhalation and ingestion.
Clearance from blood by exhalation (even after ingestion) and
biotransformation to urinary metabolites occurs with half-
times of <7 h in rats and human beings. All metabolites are
eliminated with half-times of <20 h. The biotransformation
and excretion of MTBE and ETBE are very similar, the major
urinary metabolite being 2-hydroxyisobutyrate, which also
occurs endogenously as a product of metabolism of branch-
chain amino acid degradation and ketogenesis not involving
ethers. Urinary excretion of 2-methyl-1,2-propanediol also is
significant after exposure to MTBE or ETBE. The biotransfor-
mation of TAME is also quantitatively similar in the two
species, but the urinary metabolites are different, i.e., 2-methyl-
2,3-butanediol, 2-hydroxy-2-methyl butyrate, and 3-hydroxy3-
methyl butyrate are the major metabolites in human urine,
whereas free and conjugated 2-methyl-2,3-butanediol are the
major metabolites in rat urine. In each case, the primary
metabolic step is oxidation by cytochrome enzymes, the prin-
cipal one in human liver being CYP2A6 for all three ethers;
however, high-activity cytochrome enzymes also occur in the
nasal epithelium of rats. The more persistent primary metab-
olite of both MTBE and ETBE is TBA, from which all other
major metabolites of these ethers are derived. The corre-
sponding primary metabolite from TAME is tertiary-amyl
alcohol. While these alcohols are definitely measurable and
are useful in biomonitoring studies, the other products of
this primary oxidation, formaldehyde or acetaldehyde, are
extremely rapidly and efficiently detoxified by dehydrogenase
enzymes. Changes in the normal concentrations of formalde-
hyde and acetaldehyde in blood have not been reported after
ether exposure. Acetaldehyde is also the primary metabolite of
the only nonether oxygenate that has seen any significant
usage: EtOH. No direct information is currently available for
TAEE, but it is reasonable to make an interim toxicokinetic
conclusion that TAEEmetabolism will be to TAME as ETBE is to
MTBE. Based on quantitative structure–activity relationship
(QSAR) predictions, a 2% dermal absorption is estimated for
TAEE. There seems to be little toxicokinetic information avail-
able for DIPE, but the properties and fate of EtOH have been
studied in great detail over many years.

After oral exposure, EtOH is rapidly absorbed and rapidly
eliminated. Almost all absorption occurs in <1 h and mostly
from the small intestine, but food resulting in a delay in gastric
emptying may delay complete absorption for 4–6 h. Metabo-
lism by gastric and liver alcohol dehydrogenase enzymes leads



Table 2 Acute toxicity, irritation, and sensitization potential of fuel oxygenates

DIPE ETBE EtOH MTBE TAEE TAME

Oral LD50 (mg kg�1) >4600 >5000 10 470 4000 >2000b 2152
Dermal LD50 (mg kg�1) >2000 No data >10 000 >2000c >2000
Inhaled LC50 >30 000 ppm >5.88 mg l�1 125 mg l�1 100 mg l�1 >23.2 mg l�1 >5.40 mg l�1

Skin irritation No No Noa Yes Yes (rabbit) No
Eye irritation Yes (in vitro) No Yes (EU Cat. A) No Yes (in vitro) No
Sensitization No No No No No No

aThere is evidence that under repeat dose exposure, skin irritation can eventually occur.
bLimit test.
cRead-across evaluation; no test conducted with TAEE itself.
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to lower blood alcohol levels than would be obtained if the
same dose was inhaled. EtOH, which is probably produced in
the intestinal tract at an average level of 1.5 mg l�1, is conse-
quently an endogenous substance in human blood. About 95%
of absorbed EtOH is metabolized to acetaldehyde as the
primary product and the remainder is excreted unchanged in
the breath, urine, sweat, and feces.
Mechanism of Toxicity

Generalizations are difficult to make for all of these different
compounds. The transient neurological effects of the ethers at
high doses may have amechanistic commonality with others of
this class, but this topic has not been studied in any detail. Even
the mechanisms of ethanol neurotoxicity are not fully under-
stood, despite years of research. The increase in renal tubule cell
adenomas in male rats appears to be related in part to the male
rat-specific a2u-globulin nephropathy in the case of TBA
exposure, but more generally exacerbation of chronic progres-
sive nephropathy (CPN), a naturally occurring disease that is
specific to rats, seems to be a strong risk factor. It is not
understood how this change in disease status occurs, but unlike
a2u-globulin nephropathy there is no known biochemical basis
for CPN exacerbation. Some of the few attempts to understand
the mechanisms of toxicity can be found in Further Reading
section.
Acute and Short-Term Toxicity

Animals

In single-exposure tests, very high oral or inhalation fuel-
oxygenate exposures are normally required to produce lethality
in rodents. In more recent determinations, the Organization for
Economic Cooperation and Development (OECD)-approved
limit tests have been used, in which a single oral dose level of
2000 mg kg�1 bw is applied and, if no lethality is found, the
lethal dose of 50 percent value (LD50) value is said to be in
excess of this level, the objectives being (1) to reduce the use of
animals in an experiment that although required for trans-
portation regulations, gives little information and, more
importantly, (2) to reduce the level of suffering for those
animals that are used. All of the fuel oxygenates have low
toxicity, irrespective of exposure route. Irritation to the eyes or
skin is often nonexistent or, if observed, usually transient and
of minor significance. The exceptions are eye irritation by EtOH
and skin irritation by MTBE. TAEE exposure also produces
irritation to the skin of rabbits, but this oxygenate has not been
subjected to risk assessment, and no effect was observed in
in vitro predictive tests. There has been no indication of sensi-
tization potential by any fuel oxygenate (Table 2).

In rodent studies of up to 3 months’ duration, the critical
effects of MTBE, ETBE, TAME, TAEE, andDIPE were on liver and
kidney at relatively high exposure levels, e.g., for MTBE,
�3000 ppm by inhalation and 300 mg kg�1 bw by the oral
route, and always included increases in organ weight. In addi-
tion, TAME and TAEE exposure at concentrations close to these
critical levels induced increases in the weight of the adrenal
glands. While no histopathology was associated with the
adrenal weight increases, liver weight increases were associated
with hypertrophy of the liver cells, e.g., for DIPE liver weights
were increased, at �3000 ppm, but hepatocellular hypertrophy
was not observed until the next dose level, 7100 ppm, and even
then only in male rats. Such change in the liver is often an
adaptation to the increased metabolism of chemicals to which
the rats have been exposed. In addition, however, the diffuse
enlargement of hepatocytes by TAEE was accompanied by
increased activity of the enzyme alanine transaminase (ALT) in
blood, which is a diagnostic indicator of liver injury and has
been the driving factor in a short-term no-observed-adverse-
effect-level (NOAEL) for TAEE of 100 mg kg�1 day�1.

The increases in kidney weight were associated with
a number of microscopic changes including hyaline droplet
accumulation in some but not all studies and the development
of exacerbated CPN, which is a rat-specific disease that occurs
spontaneously at high incidence in some strains of rats. Its
severity can be increased by many factors, including dietary
changes and exposure to certain chemicals. Exacerbation of CPN
is also a feature of short-term exposure to TBA, the more
persistent, primary metabolite of MTBE and ETBE, but it is
unclear whether tertiary-amyl alcohol (TAA), the corresponding
metabolite of TAME and TAEE, can induce similar effects. These
two pathological entities are significant in the interpretation of
rat kidney pathology in long-term studies, including those on
carcinogenicity. In the case of high-severity CPN, there is an
increased risk of renal tubule cell adenoma. There is also
increased risk of such tumors if it can be shown that the hyaline
droplets are accumulating because of their content of a particular
male rat-specific protein, a2u-globulin; however, there have been
reliability problems with the antibodies that are used for the
immunohistochemical demonstration of this protein, although
there has been some success in some studies of MTBE- and
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ETBE-exposed male (but not female) rats. Accumulation of
hyaline droplets containing a2u-globulin is a weak but predis-
posing factor in the development of a2u-globulin nephropathy.
An indicator of this nephropathy that is more reliable than
immunohistochemistry is linear mineralization of the (renal)
papillary tubules (LPM). LPM appears to be the outcome of
accumulating cellular debris from granular casts formed higher
up the nephron but, unlike the casts, LPM is persistent.

Other reported effects of short-term exposure to ETBE at
�1750 ppm are degenerative changes in the seminiferous
tubules of the testes in one report (but this has not been
confirmed in other studies) and increased congestion in bone
marrow of female rats. Neurological effects of these ethers, such
as ataxia, are normally not seen until much higher concentra-
tions, e.g., 8000 ppm in the case of MTBE, although central
nervous system (CNS) depression was observed at 1000 ppm
in one rat study, while no clinical signs were reported for rats
exposed to DIPE up to 7100 ppm.

To summarize, based on these effects of exposure on liver
and kidney by all the ethers, on adrenal by some others and,
rarely, on other organs, a robust overall NOAEL for short-term
exposure would be about 250 ppm by inhalation.
Humans

Following promulgation of the Clean Air Act Amendments
(CAAA) of 1990, a widespread Oxygenated Fuels Program
(OFP) was introduced in the United States in 1992–93. At
that time, a number of studies were instigated in response to
complaints from the public in certain parts of the country
(Alaska in particular) of effects they experienced during
fueling their vehicles. These exploratory studies raised
concerns about oxygenated fuels and their principal
oxygenate, MTBE, although other studies did not necessarily
support them; for example, no untoward health effects were
clearly attributable to MTBE among healthy garage workers in
New Jersey. It also seemed anomalous that complaints
surfaced only at the time of the CAAA, while oxygenated fuels
had been in use for at least a decade beforehand, and
complaints seemed to be coming from a few OFP regions
rather than all of them. Interpretation of the events in Alaska
was possibly confounded by several factors, including a lack
of representative sampling and changes in the cost of gasoline
that may have contributed to public attitudes. Furthermore,
in Europe there seem to have been no similar complaints,
despite fuels in certain countries (e.g., Finland, with a climate
not dissimilar to that of Alaska) containing high concentra-
tions (15%) of MTBE.

In the early 1990s, a preliminary study in Connecticut of
people either occupationally exposed to MTBE or exposed to it
while commuting found a statistically significant correlation
between subjects with highest concentrations of MTBE in their
blood (>3.8 mg l�1) and the reporting of one or more of seven
key symptoms said to be associated with MTBE (headaches,
irritated eyes, burning of the nose and throat, cough, dizziness,
spaciness or disorientation, and nausea). However, a telephone
questionnaire study conducted in Wisconsin found no rela-
tionship between reported health effects and MTBE exposure.
At about the same time, a study in Finland of potentially MTBE-
exposed tanker drivers and milk-delivery drivers found no
statistically significant differences between these groups and the
occurrences of neuropsychological symptoms. In the loading
and delivery phases of their work, the MTBE-exposed tanker
drivers were exposed to mean MTBE concentrations of 13–
91 mgm�3 (3.6–25 ppm) between 10 and 44 min.

Controlled exposures of volunteers in chambers have also
been conducted. In one such study in the United States of
healthy volunteers exposed to clean air or 1.39 ppm MTBE for
1 h, the only confirmed difference was an appreciation among
the women that clean air was of better quality than MTBE-
contaminated air. There were no health-effect differences.
Similar results were obtained in another study in which
men and women were exposed to clean air, 1.7 ppm MTBE, or
a 7.1-ppm mixture of 17 volatile organic compounds for 1 h.
In chamber studies in Sweden in which men were exposed to
either MTBE or ETBE at 5, 25, and 50 ppm for 2 h while exer-
cising, the ratings of solvent smell increased greatly upon entry
to the exposure chamber for both compounds. No effect on any
of the eye measurements was associated with MTBE and,
although some nasal changes were reported and there were
significant increases in nasal airway resistance after exposures,
they were not related to MTBE concentration. There was a slight
impairment of pulmonary function (<5%) on exposure to 25
and 50 ppm ETBE, but self-reported effects of ETBE (discomfort
of eyes and nose, difficulty breathing, fatigue, nausea, dizzi-
ness, intoxication) were not significantly different from the
controls and rated as between ‘not at all’ and ‘hardly at all’ at
50 ppm. A study in Finland of six men exposed to TAME at 0,
15, or 50 ppm for 4 h, with light exercise, reported minimal
symptoms consisting of slight irritation of the eyes, nose, and
throat in two subjects, but while one reported these only at
50 ppm exposure, the other also reported them on a no-
exposure day. Other reports of symptoms were also inconsis-
tent and no strong conclusions can be drawn from this study,
but the results seem to indicate that TAME causes some mild
acute toxic effects at 15 and 50 ppm.

It was proposed that a difficulty in showing a response in an
objective study was because people are not equally sensitive to
the effects of MTBE. The most searching attempt to relate MTBE
exposure to effects and symptoms was a chamber study in New
Jersey of self-reported sensitives (SRS). SRS are people who have
reported themselves as being sensitive to MTBE. The SRS and
control subjectswere exposed for 15 minon each test occasion to
clean air, gasoline, gasoline þ 11% MTBE, and gasoline þ 15%
MTBE. The main criticism that could probably be made of this
study is the short exposure times. On the other hand, it includes
co-exposurewith gasoline, a situation that ismore representative
of actual human exposures. The main conclusions from this
study were (1) there were no significant differences in exposure-
related neurobehavioral or psychophysiological scores, (2) SRS
symptom scores were higher after exposure to gasoline þ 15%
MTBE in comparison with clean air, (3) SRS symptom scores
were no different after exposure to gasoline þ 15% MTBE in
comparison with gasoline alone, and (4) the existence of MTBE-
specific key symptoms was not confirmed.

The instillation of MTBE into the gallbladder of patients to
dissolve gallstones involves extremely high concentrations
within the liver and blood of the patients. Other fuel-oxygenate
ethers have not been used in this way. Blood concentrations of
MTBE can reach approximately 40 000 mg l�1, falling to about
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15 000 mg l�1 5 h later and to trace amounts 12–18 h later,
and similar subsequent concentrations of TBA, its primary
metabolite, have been reported. Despite these extremely high
blood concentrations of MTBE and TBA, there were no deaths,
no case of treatment having to be stopped because of compli-
cations or complaints, no observation of hemolysis, no dete-
rioration of renal function, and no other alterations that might
have been indicated by blood chemistry measurements.
Occasionally, when an overflow of MTBE during instillation
occurred (i.e., less MTBE aspirated from the gallbladder than
was introduced), there was reversible sedation. The largest
accumulation of patients (803) undergoing gallstone dissolu-
tion treatment by MTBE, from around Europe, found no
adverse effects attributable to MTBE.
Neurotoxicity

Transienthypoactivity andataxia (indicatingnarcosis) have been
common observations in rats and mice during inhalation
exposure to MTBE at 8000 or 3000 ppm, ETBE at 4000 or
5000 ppm, and TAME at 1500 and 3500 ppm. The effects of
TAMEafter a single exposure includeddepressionof theCNSand
impairment of the neuromuscular junction, but these effects
wereno longer evident after 6or 24 hand theywerenot seen after
repeated exposure. In the 1500-ppm TAME dose group, these
effects were only seen in male rats. In a 13-week study in rats,
signs of dose-related CNS depression were recorded over 250–
1000 ppm MTBE. More usually, very much higher concentra-
tions were required to produce neurotoxic effects, and 13-week
exposure of rats to 4000 or 8000 ppmMTBE demonstrated that
the effects rapidly disappeared and were neither persistent nor
cumulative. An inhalation NOAEL of 800 ppm MTBE has been
identified. No clinical signs were reported for rats inhaling
7100 ppm DIPE. After oral exposure, profound anesthesia was
observed in rats dosed orally to MTBE at 1200 mg kg�1 bw.

The in vitro binding of fuel oxygenates and some of their
major metabolites to the g-aminobutyric acidA-receptor in rat
brain preparations showed that for molecules with the same
number of carbons, the alcohols inhibited the binding more
potently than the ethers. The rank of descending binding
potency was as follows: TAA, TAME, ETBE, TBA, MTBE, and
EtOH. No comparable data are available for TAEE or DIPE. This
activity is of interest because potentiation of this receptor by
volatile compounds correlates with their ability to induce
general anesthesia.
Chronic Toxicity

Animals

There have been five long-term studies ofMTBE in rodents, three
of ETBE, one of TAME, and one of DIPE. No long-term study has
been performed on TAEE. To these may be added two studies of
TBA, because this is a chemical to which the MTBE- and ETBE-
treated animals alsowould have been exposed as a result of ether
metabolism. While the main objectives of these experiments
have been the identification of carcinogenic hazard (see below),
nonneoplastic effects were also recorded in some of them. The
MTBE studies consisted of (1) an inhalation study in rats, (2) an
inhalation study in mice, (3) an oral (gavage) administration
study in rats, (4) a drinking-water study in rats, and (5) a vapor-
inhalation study in rats in which MTBE was formulated in
unleaded gasoline. In the context of fuel oxygenates being used
as such, these two latter studies are also the most relevant. They
cover the issue of water contamination and personal exposure
during refueling. By contrast, the gavage-administration study of
MTBEhasbeen criticized on anumber of counts. The TBA studies
involved drinking-water exposure of rats and of mice.

The drinking-water study (listed 4 above) in Wistar rats
involving continuous exposure to MTBE concentrations of up
to 7.5 mgml�1 for males and 15 mgml�1 for females was
reported to have produced no treatment-related nonneoplastic
effects of human significance. A NOAEL of human significance
is 7.5 mg MTBEml�1, the highest concentration tested, in male
rats that delivered an average dose of 330 mg MTBE kg�1 bw
day�1. Adverse effects that were observed were either secondary
to reduced water consumption (probably due to palatability
issues) or a modest exacerbation of CPN in males.

The MTBE report (listed 5 above) compared effects devel-
oping over a 24-month period in rats while inhaling vapor of
unleaded gasoline condensate (GVc) or vapor of unleaded
gasoline containing MTBE (GMVc). Exposure of groups of 50
male and 50 female F344-strain rats was by inhalation in
whole-body exposure chambers for 6 h day�1, 5 days week�1

for 24 months to GVc or GMVc concentrations of 0, 2, 10, or
20 gm�3. The high concentrations were selected on the basis of
being 50% of the explosive limit. The MTBE content was 2.7%
oxygen by weight (14.9% MTBE by volume), mimicking the
maximum type of blend to which people would have been
exposed while refueling their vehicles in the 1990s. The MTBE
concentrations in GMVc groups were 0.4, 2, and 4 gm�3. No
effects of GVc or GMVc on survival or clinical signs of toxicity
were found. Treatment-related nonneoplastic effects observed
at high concentrations of GVc and GMVc were: reduced body-
weight gain in both sexes, kidney-weight increases in females,
degeneration of the nasal respiratory and olfactory epithelia in
both sexes, but less so after GMVc than GVc, and increased
severity of CPN in males. Thus, both of these studies (4 and 5)
have in common exacerbation of CPN, which is a pathological
process specific to rats that has no human significance. This was
also a feature in (1), an inhalation study of MTBE itself, where
CPN was diagnosed as of sufficient severity to be a cause of
death at 3000 and 8000 ppm. This same study (1) gives the
long-term inhalation NOAEL of MTBE as 400 ppm, equivalent
to approximately 40 mg kg�1 bw day�1 based on clinical signs
of toxicity in rats at 3000 ppm, equivalent to approximately
310 mg kg�1 bw day�1.

Three studies of 2 years’ duration have been conducted
with ETBE, but one of them (an oral, gavage study) shares the
same limitations as the gavage study with MTBE. In the other
two studies, F344 rats were exposed either (1) by inhalation
for 6 h day�1, 5 days week�1 for 104 weeks to ETBE concen-
trations of 0, 500, 1500, and 5000 ppm (0, 2120, 6360 or
21 200 mgm�3) or (2) via drinking water ad libitum for
104 weeks to ETBE concentrations of 0, 625, 2500, or
10 000 ppm. Based on the measured drinking-water intakes,
the average ETBE intakes, calculated for the whole treatment
period, were 0, 28, 121, and 542 mg kg�1 day�1 in males and
0, 46, 171, and 560 mg kg�1 day�1 in females.
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In the inhalation study of ETBE, final rates of survival were
reduced in male rats from 88% in the controls to 60% at
5000 ppm, and in females from 76% in the controls to 60% at
1500 ppm and 60% at 5000 ppm. Survival reductions at the
highest dose appeared to be related to CPN. Body-weight gains
were reduced in male rats to 75% of the control value at
5000 ppm, and in females to 91% at 1500 ppm and 78% at
5000 ppm. Treatment-related nonneoplastic lesions were
observed in the kidney, stomach, and arteries. In the kidney,
the degree of CPN was increased in both sexes of the 5000-ppm
group, as was that of urothelial hyperplasia in the renal pelvis
of males exposed to 1500 ppm or more, and that of mineral
deposition in the papilla at 5000 ppm. In addition, incidences
of mineral deposition in the stomach and arteries were signif-
icantly increased in males of the 5000-ppm group. It is known
that mineral deposition occurs in digestive organs andmedia of
large vessels as a secondary change to chronic nephropathy.

In the drinking-water study of ETBE, palatability was
anticipated to be (but was not) a problem for exposure of the
rats, and reductions in food consumption in all ETBE groups
were not dose related. There were no significant reductions
in survival, but there were several organ-weight changes and
non-neoplastic microscopic changes. Absolute kidney weights
were increased at 2500 and 10 000 ppm. Treatment-related
nonneoplastic lesions observed in the kidneys of rats in this
study included significant enhancement of CPN in both sexes
of the 10 000-ppm group, increased incidences of mineral
deposition in the renal papilla, and urothelial hyperplasia in
the renal pelvis in males at �2500 ppm. An increase in spleen
weight relative to both body and brain weight in the 10 000-
ppm group was generally accompanied by mononuclear cell
leukemia, which is common in this strain of rat and originates
in spleen, but leukemia incidence was not increased. Organ
weights (relative to body weights) of certain other organs,
including liver, were increased, but this appeared to be an effect
of reduced body weight. Thus, brain weights were not affected
and liver weights relative to brain weights also were unaffected.

The available chronic toxicity studies of TAME and DIPE
were inadequately reported, and no such study of TAEE
currently exists.
Humans

There have been no human studies of long-term exposure on
any of the ethers that are used as fuel oxygenates, whereas
a large number of human studies have focused on EtOH
exposure, although almost always in the context of alcoholic
beverages. Long-term, high-level consumption of EtOH causes
toxicity in almost all human organ systems, but this has little
relevance to the use of EtOH as a fuel oxygenate.
Immunotoxicity

No evidence has emerged of immunotoxicity in laboratory
animals or in volunteers resulting from exposure to any of the
ethers used as fuel oxygenates. A report of observations on
human population groups in Philadelphia has claimed increases
in asthma associated with MTBE in petrol, while reports from
California have claimed evidence for immunotoxicity as
a result of exposure to MTBE-contaminated drinking water. In
neither instance can bias and confounding be ruled out. Patients
with alcoholic liver disease have shown reduced immune
responsiveness, but interpretation of such studies on the
immune system is complicated by the hepatic disease state.
Reproductive Toxicity

EtOH and acetaldehyde have been found in fetal tissues of
rodents exposed to EtOH, and both compounds can cause
abnormalities during embryonic development in vitro. In mice
and rats, EtOH can cause teratogenic effects as well as feto-
toxicity, manifest as intrauterine deaths and reductions in fetal
body weight; it also perturbs behavioral development
following intrauterine exposure, according to some studies.
EtOH is recognized as toxic to human development, in which
excessive consumption of alcoholic beverages may lead to the
fetal alcohol syndrome characterized by physical and mental
deficits. These features of EtOH exposure have been generally
absent at low exposure levels and are unlikely to be adverse
outcomes of exposure to EtOH use as a fuel oxygenate.

Toxicity of MTBE to reproduction has been studied twice:
(1) in a single-generation study in which rats were exposed by
inhalation to 0, 250, 1000, and 2900 ppmMTBE, 6 h day�1 for
12 weeks (males) or 2 weeks (females) before mating on two
consecutive occasions with exposure continuing throughout;
and (2) a later two-generation study with exposure concen-
trations of 0, 400, 3000, and 8000 ppmMTBE, 6 h day�1 for 10
weeks (both sexes) before mating once in each of the two
generations. Toxic signs similar to those described earlier were
observed in the parental animals in the 3000- and 8000-ppm
groups, but there were no significant changes in reproduction
parameters. There were significant increases in dead pups in
one of the generations in experiment (2), although this was due
to the death of an entire litter of 16, pointing to a problem with
a particular female rather than treatment. It is reasonable to
conclude that MTBE does not cause significant toxicity to
reproduction in rats. Studies on effects of MTBE on develop-
ment have been studied in rats, mice (two studies), and rabbits
exposed by inhalation during gestation in the periods of organ
development at MTBE concentration of up to 2500 ppm (mice
in one study) or 8000 ppm 6 h day�1 for mice, rats, and
rabbits. No effects on development were observed in experi-
ments on rats or rabbits, or in one of the mouse experiments.
Only in the mouse experiment at 8000 ppm were any adverse
effects observed. These effects were mainly fetotoxicity except
for increased incidences of cleft palate at 8000 ppm. This
finding was most likely due to maternal stress. Previous studies
had shown that MTBE produces markedly increased blood
concentrations of cortisone in mice, which is known to induce
cleft palate during development in this species. Two oral
(gavage) exposure study reports are available in which effects of
MTBE on testes were examined following doses of 0, 400, 800,
and 1600 mg kg�1 day�1 for 2 or 4 weeks. According to one of
these reports irregular and disorderly arrangement of cells and
shedding of cellular material were found, and there was an
increase in deformed sperm. The report lacks important detail
that would have strengthened its conclusions (scoring of
testicular lesions was not undertaken and ‘deformed’ was not
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defined). In the second report, changes in blood measurements
of testosterone, luteinizing hormone, and follicle-stimulating
hormone were reported at 2 and 4 weeks. However, there was
little consistency with time or dose relationships and
measurement variations were wide, suggesting that the changes
may have been random. Overall, it can be concluded that
MTBE does not induce any significant toxicity that is specific to
reproduction in these species.

ETBE has been tested in a two-generation study for toxicity to
reproductionbyoral (gavage) dosing at doses of 0, 250, 500, and
1000 mg kg�1 day�1 for 10 weeks before mating, continuing
throughmating, gestation, and lactation. Systemic toxicity to the
adult rats was limited to weight-gain reductions at 500 and
1000 mg kg�1 day�1. No reproductive toxicity effects were
observed up to and including 1000 mg kg�1 day�1. A develop-
mental toxicity study in rats has also been reported in which the
same doses as were used in the reproduction study were
administered. The only effects were reduced body-weight gain in
adult rats of the two higher dose groups. No adverse effects of
treatment specific to development were observed at any dose
level. A study of the effects on the in vitro fertilization of rat
oocytes following in vivo exposure of rats for 2 weeks to
drinking water containing 0.3% ETBE or 0.3% 2-methyl-
1,2-propanediol (a TBA-derived metabolite of both ETBE and
MTBE) found no significant change in oocyte fragility or
fertilization.

TAME has been studied for toxicity to reproduction in a two-
generation study in rats exposed by inhalation to 0, 250, 1500,
or 3000 ppm TAME, 6 h day�1 for 10 weeks before mating.
Exposure continued throughout mating, gestation, and wean-
ing. Exposure of selected rats from the F1 generation continued
until they were mated and produced the F2 generation. Ataxia
and reduced body-weight gains were recorded for the 1500- and
3000-ppm groups and the effects of treatment described earlier
(increases in weights of liver, kidney, and adrenal) repeated. At
TAME concentrations of 1500 and 3500 ppm, there were
increased incidences of pup mortality during lactation and
malformations at 3000 ppm (delayed acquisition of preputial
separation in F2 males; delayed acquisition of vaginal patency
in F1 and F2 females). In addition, there was reduced anogenital
distance in both sexes and reduced body weights at 3000 ppm.
The acquisition of vaginal patency and preputial separation and
reduction in anogenital distance are features that cannot be
interpreted as endocrine disruption, because they are not
consistent with TAME being androgenic, antiandrogenic,
estrogenic, or antiestrogenic. Consistency would require one of
the landmarks being delayed while the other was accelerated or
not affected, depending on the particular activity and the sex.
Increases in abnormal sperm were reported at 1500 and
3000 ppm in F0 males, but these changes were of uncertain
significance, since they were within historical ranges. No effects
on development were observed at 250 ppm (1063 mgm�3).

TAEE has been subjected to OECD Guideline 422
(combined repeated dose toxicity study with a reproduction/
developmental toxicity screening test) in rats. The rats were
treated orally (gavage) at dose levels of 0, 100, 375, or
750 mg kg�1 bw day�1 for up to 8 weeks (males) or 6 weeks
(females). Clinical signs of toxicity were intermittent and
reversible changes in activity, including ataxia, at the two higher
dose levels. There were also increases in liver and adrenal
weights, increases in plasma ALT activity in female rats, and
diffuse enlargement of hepatocytes without the normal zonal
pattern in male rats of the 375- and 750-mg kg�1 day�1 groups.
There were no effects of treatment on mating parameters or on
the pups at any dose level. The results of the screening aspects
of this study have been supplemented by read-across from
TAME, for which a two-generation study of toxicity to repro-
duction exists (summarized above).

There are no studies of DIPE toxicity to reproduction, but it
has been tested for developmental toxicity in female rats
exposed to 0, 430, 3100, or 6700 ppm DIPE, 6 h day�1 during
gestation days 6–15. Maternal weight gain was reduced by
treatment and clinical signs such as lacrimation and salivation
were noted at 6700 ppm. Reproductive parameters and fetal
development, including intrauterine deaths, viable litter size,
and day-20 fetal body weights were unaffected. Effects on the
fetal skeletal development were confined to an increase in
rudimentary 14th ribs in the 3100- and 6700-ppm groups. No
soft-tissue anomalies or malformations were reported. In
a separate toxicity study of DIPE, sperm numbers were unaf-
fected by treatment, but the number of abnormal sperm
(broken or altered head morphology) was significantly greater
after exposure to 7100 ppm DIPE than in the controls (2.8%
versus 5.3%). The significance of thefinding is unclear, however,
because no specific type of abnormality was present and the
percentage of abnormal sperm was within the historical range
(2.8–5.6%). Thus, within the limitations of the current data-
base, DIPE produces no adverse effects on reproduction.

In conclusion, the fuel-oxygenate ethers that are currently
produced generally exhibit low toxicity to reproduction in the
experiments that have been conducted. Furthermore, the doses
or exposure levels required for adverse responses are high.
Therefore, as a consequence of the margins of exposure
involved, neither the ethers nor EtOH is likely to induce
adverse responses during human reproduction as a conse-
quence of their use as fuel oxygenates.
Genotoxicity

The vast majority of genotoxicity assays involving fuel
oxygenates have been performed on EtOH, followed by
MTBE. In the case of EtOH, an overall evaluation would be
that it does not induce mutations or DNA damage in bacteria,
whereas in yeast and fungi it induces gene mutation, recom-
bination, and aneuploidy, but at very high concentrations.
Almost all of the large number of tests of EtOH in mammalian
cells for structural chromosomal aberrations in vitro and in vivo
produced null responses; however, several tests for aneu-
ploidy in mice and dominant lethal effects in mice and rats
have produced significant results. Aneuploidies have been
observed in the peripheral blood lymphocytes of alcoholics;
however, smoking and other confounding factors were infre-
quently controlled in these studies. The important EtOH
metabolite, acetaldehyde, is mutagenic in bacteria and
produces structural chromosomal aberrations in mammalian
cells in vitro and in vivo. Surprisingly, it does not seem to have
been tested of aneuploidy induction.

Tests conducted on MTBE have included gene mutation
assays in bacteria and mammalian cells in vitro, tests for DNA
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damage and repair in mammalian cells in vitro and DNA
adduct formation, DNA damage and repair, gene mutation,
and chromosomal aberrations in vivo. Hardly, any significant
responses have been obtained with these assays and, where
they have occurred, they are generally nonreproducible. The
most prominent significant responses were for induction of
gene mutation in mammalian cells in vitro under conditions
of metabolic activation with rat-liver preparations. Investiga-
tion of these results strongly suggests they were due to
formaldehyde generated as a result of metabolism. While this
would also occur in vivo, there are highly effective detoxifying
mechanisms present in vivo that were not functional in the
in vitro tests. Studies for DNA adduct formation that briefly
caused much interest cannot be interpreted because of
problems with the methods used: distinction cannot be made
between true adducts, metabolic incorporation of the radio-
label used into normal molecules, or contamination by
radiolabeled nontarget molecules. No evidence has emerged
for ETBE, TAEE, or DIPE inducing genotoxicity in bacteria or
mammalian cells in vitro or, in the case of ETBE, in vivo,
the other two compounds not having been subjected to any
tests in vivo.

There is no evidence of induction of gene mutation in
bacterial or Chinese hamster ovary (CHO) cells for TAME,
whereas it caused a clear, dose-related increase of aberrations in
CHO cells when metabolic activation was present. This effect
was not confirmed in a mouse bone marrow cell micronucleus
test and its homolog, TAEE, did not induce chromosomal
aberrations in human lymphocytes in vitro.

The weight of evidence for all of these ethers used as fuel
oxygenates suggests they are not genotoxic compounds.
Carcinogenicity

At least 21 experiments testing the carcinogenicity of EtOH in
rodents have been conducted, but unfortunately the majority is
not suitable for evaluation for a number of reasons, prominent
among them being small numbers of animals, lack of adequate
histopathology, lack of a control group, low EtOH doses, short
duration, or inadequate reporting. Nevertheless, some studies
have yielded results that are surprising, given the evidence for
drinking alcoholic beverages (which is different from EtOH
alone) being carcinogenic to humans. In one such study, rats
were given 25% EtOH as their only drinking fluid for 5 days
week−1 from 3 months of age for life, yet their survival was
slightly better than for the controls and there was no significant
increase in tumor incidence.

In one of the rare, well-conducted long-term studies of
EtOH, mice were provided drinking water containing 5% EtOH
for 2 years. There were no increased incidences of tumors in
females (including mammary tumors). In male mice, there was
a dose-related increase in hepatocellular adenomas, but the
interpretation of this result is not easy, because the mouse
strain used was one in which there is a high and variable
spontaneous incidence of liver tumors. Also, the highest
incidence observed in any EtOH-treated group was within
the historical control range. Statistical analysis using the
Benchmark Dose method provided a BMDL10 value of
1400 mg kg�1 day�1 for the hepatocellular adenomas in males.
Dosing characteristics of five long-term studies of MTBE in
rodents with exposures for up to 2 years are outlined above
(in the Chronic Toxicity section). The gavage administration
study of MTBE in rats (study 3) has been criticized, and it is
notable that the same laboratory that reported increased
incidences of hemolymphoreticular neoplasms as caused by
MTBE also reported them as induced by ETBE, TAME, and
DIPE. Lymphomas were not increased in the other studies in
rats of MTBE (studies 1, 2, 4, 5) or ETBE (studies 1, 2), and
they were not increased in the study of TBA in rats. These
hemolymphoreticular neoplasms were particularly prevalent
in lung, yet differentiation of pluripotent stem cells to
lymphoid progenitor cells occurs in bone marrow. A pub-
lished analysis suggests that infections may have led to
difficulties for diagnostic histopathology in some of these
studies. Increased incidences of Leydig cell adenomas were
also reported by the same laboratory in rats exposed to MTBE,
TAME, and DIPE, although there was certainly absence of
statistical significance in the case of DIPE. A high incidence of
Leydig cell adenomas in an inhalation study of MTBE in rats
(study 1) was likely a result of an unusually low incidence in
the control group. In view of the uncertainties surrounding
some of these studies from the same laboratory, their signif-
icance is doubtful and they will not be considered further
in the context of carcinogenicity testing of any of the fuel
oxygenates.

The MTBE studies 4 and 5 would appear to be the most
relevant in terms of human exposure. They cover the issue of
water contamination (study 4) and personal exposure during
refueling (study 5). This is not to reduce the significance of
MTBE studies 1 and 2 that involved inhalation of the fuel
oxygenate in the absence of petrol/gasoline. Although there
were higher incidences of some types of tumors in treated
groups than in controls in all of these studies, there was little
consistency that might indicate a confirmation of any obser-
vation. The only clearly reproducible effect was in increased
incidences of renal tubule cell adenomas in male rats at high
MTBE dose levels.

In the MTBE drinking-water study (4), CNS tumor (diag-
nosed as astrocytoma) incidence was higher in the 7.5 mgml�1

groupmales (highest concentration), but not in the 15 mgml�1

group females (highest concentration). This is likely a chance
observation: the statistical significance was marginal and,
although the incidence was probably higher than any relevant
historical control range, the associated dose was lower than at
least one of those used in each of the other studies of MTBE, in
which no increased incidences of brain tumor were recorded.
The higher incidence is not likely to be related to MTBE expo-
sure. This was the only neoplasm with increased incidence in
this study. The absence of increases in either renal tubule cell
adenomas or Leydig cell tumors could be grounds for
concluding that the top dose level was not high enough. If so, it
is a further argument against the increased astrocytoma inci-
dence being toxicologically significant.

In the MTBE study (5) that compared the effects of GVc or
GMVc, no treatment-related neoplastic effects of human
significance were found, but renal tubule cell tumors were
increased in male rats after 10 gm�3 of both GVc and GMVc,
and the incidences were not different in these two groups. Their
occurrence was associated with high-severity CPN.
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Besides these reproduced increases in renal tubule cell
tumors, other MTBE studies have reported increases in Leydig
cell adenomas in rats, and hepatocellular adenomas in the only
chronic study in mice with any fuel-oxygenate ether. The Leydig
cell adenomas are not clearly a result of exposure in study 1,
because of an unusually low control incidence. The mouse liver
cell tumors were increased in males only, and at 8000 ppm.

ETBE was tested for carcinogenic potential in F344/
DuCrlCrlj rats exposed by (1) inhalation 6 h day�1, 5 days
week−1 for 104 weeks or (2) via drinking water ad libitum for
104 weeks. In the inhalation study of ETBE (1), the incidence of
hepatocellular adenomas was increased in males of the 5000-
ppm group, as were the incidences of acidophilic and baso-
philic cell foci. Treatment-related increases in incidences of
neoplastic lesions were not found in females. Although not
carcinogenic itself, ETBE has tumor-promoting potential for the
thyroid and forestomach at dose levels of 300 mg kg�1 day�1

and more, and for the colon, liver, kidney, and urinary bladder
at 1000 mg kg�1 day�1. Such high doses are unlikely to be
problems for human exposure to a nongenotoxic chemical.
These activities were demonstrated in two-stage experiments in
which the rats were treated with low doses of known carcino-
gens before exposure to ETBE. These known carcinogens
were N-nitrosodiethylamine (intraperitoneally), N-nitroso-N-
methylurea (intraperitoneally), 1,2-dimethylhydrazine$2HCl
(subcutaneously), N-n-butyl-N-butan-4-ol-nitrosamine (in
drinking water), and diisopropanolnitrosamine (in drinking
water).

In the drinking-water study of ETBE (2), there were
moderate, dose-related body-weight gain deficits in both male
and female rats. There were no changes in liver weight relative to
brain weight. No treatment-related significant increased inci-
dence of neoplastic lesions was found in either male or female
rats of any of the treated groups of the drinking-water study.

The report on which any possible carcinogenic properties of
TAMEandDIPEmaybeconcluded is inadequate for thispurpose,
because much essential information is lacking. It refers to single
studies of uncertain reliability in which there were reported to be
increased incidences of a number of neoplasms. On the only
occasion that a regulatory authority has evaluated the study on
TAME, it concluded, “Due to lack of confidence on the study
results, risk characterization is not performed on the carcinoge-
nicity end-point.” Since the DIPE study was part of the same
publication, it canbe reasonablyassumed that itwouldhavebeen
treated in the sameway in a risk assessment.Nodata are available
on which the assessment of TAEE carcinogenicity can be based.
Clinical Management

Individuals overcome by exposure to fuel-oxygenate ethers
should be moved to fresh air and administered 100% humidi-
fied supplemental oxygen. Skin should be thoroughly washed
with water after removal of contaminated clothing. Following
ingestion, the potential risk of aspiration outweighs the benefit
of inducing vomiting, because the risk of toxicity by the oral
route is low. Following contamination of the eyes, they should
be irrigated with copious amounts of water for at least 15 min.
Medical attention must be sought if any ill effects or irritations
develop.
Environmental Fate

The biodegradability of MTBE in soil under aerobic and
anaerobic conditions is very slow, and favorable conditions
for degradation are difficult to attain. Degradation of ETBE
also is expected to be slow; however, a comparison of
degradation rates in soil of MTBE, ETBE, and TBA under
anaerobic conditions found MTBE to be the most recalcitrant.
MTBE and TAME are not readily biodegradable in the aquatic
environment according to standardized aerobic biodegrada-
tion tests, but at least some microbial species are capable of
degrading MTBE and TAME and are able to use MTBE as their
sole carbon source. Under anaerobic conditions and in
specific sulfate-reducing conditions, the release of TAA from
TAME has been demonstrated; however, these potential
microbial TAME degraders are extremely rare in the aquatic
environment.
Ecotoxicology

MTBE is expected to be nonhazardous to aquatic species, the
lowest EC50/96-h toxicity value being between 136 and
187 mg l�1 for the marine invertebrate Americamysis bahia
(formally Mysidopsis bahia). For ETBE the value is between 10
and 100 mg l�1 for A. bahia, and for TAME the 96-h lethal
concentration 50% (LC50) test result was 14 mg l�1. ETBE
test results and QSAR calculations also give values above
100 mg l�1 for freshwater fish, algae, and Daphnia. EtOH is not
classified as harmful or toxic to fish, algae, or higher aquatic
plants.
Exposure Standards and Guidelines

National occupational exposure limits (OELs) (TWA over 8 h)
for MTBE vary from 90 mgm�3 (25 ppm) (Health and Safety
Executive (HSE), UK) to 180 mgm�3 (50 ppm) (most other
European countries and American Conference of Govern-
mental Industrial Hygienists (ACGIH), USA).

For ETBE, 5 ppm (21.2 mgm�3 ) is a common threshold
limit value (TLV) for ACGIH, OEL (Italy), and Valores
Limite Ambientales (VLA) (Spain). There are no European
OELs for TAME, but ACGIH has set a limit of 20 ppm
(84.8 mgm�3).

For DIPE, there is a permissible exposure limit (Occupa-
tional Safety and Health Administration, USA) of 500 ppm
(2100 mgm�3).

For EtOH, OELs vary from 500 ppm (950 mg m�3)
(Maximum Allowed Concentration, the Netherlands; Exposure
Limit Value (ELV), Norway; TLV, Sweden; Schweizerische
Unfallversicherungsanstalt, Switzerland) to 1000 ppm (1900
mgm�3) (Maximale Arbeitsplatzkonzentrationen (MAK),
Austria; OEL, Belgium; MAK, Denmark; ELV, Finland; Institut
National de Recherche et de Sécurité, France; ELV, Ireland; OEL,
Italy; VLA, Spain; HSE, UK; ACGIH, USA).

See also: Butyl Ether; Persistent Organic Pollutants; Kidney;
Carcinogenesis; Ethanol; Formaldehyde; Gasoline; Toxicity
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Testing, Aquatic; Drinking-Water Criteria (Safety, Quality, and
Perception); Aquatic Ecotoxicology; Toxicity Testing, ‘Read
Across Analysis’; Clean Air Act (CAA), US; Safe Drinking Water
Act; Acetaldehyde.
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Background

Furan occurs naturally in oils distilled from rosin containing
pinewood. In addition, many natural foods contain the furan
ring structure and substituted furans may be formed through
cooking of simple carbohydrates. Furan is also found in
tobacco smoke as well as wood smoke and gas emissions from
gasoline and diesel engines. Furan has also been detected in
industrial effluents and can be emitted to the air from petro-
leum refineries and coal-mining and gasification plants.
Uses

Furan is a solvent used in the organic synthesis of pyrrole,
tetrahydrofuran, and thiophene. It is also used as a solvent for
resins and in the production of lacquers, agricultural chemicals,
and stabilizers.
Environmental Fate and Behavior

Furan may be released to the environment as a waste industrial
product or from unintentional or accidental releases. If released
to soil, it is expected to volatilize. If released to water, furan is not
expected to adsorb to suspended particles and sediment and is
likely to volatilize to ambient air. Sulfate-reducing bacteria can
degrade furan. However, under nonsulfate-reducing conditions,
biodegradation in soil and water is expected to be slow. In the
air, furan will exist as a vapor and will be subject to degradation
by reacting with hydroxyl radicals.
Exposure and Exposure Monitoring

The most significant route of exposure for furan is via inhala-
tion. However, oral and dermal exposures may also occur in
industrial settings.

Furan may occur in food due to heating. The US Food and
Drug Administration (FDA) has found furan in a wide range of
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foods, particularly foods subjected to retorting in cans and jars,
and low-moisture foods, including crackers, potato chips, and
tortilla chips. The levels detected by the FDA range from <0.2
parts per billion (ppb) to over 170 ppb, and the FDA has esti-
mated the average intake for US consumers to be around
0.2 mg kg�1 day�1. In Europe, the 2011 European Food Safety
Authority’s (EFSA) report estimated mean furan exposure to
range between 0.03 and 0.59 mg kg�1 day�1 for adults, between
0.02 and 0.13 mg kg�1 day�1 for adolescents, between 0.04 and
0.22 mg kg�1 day�1 for younger children, between 0.05
and 0.31 mg kg�1 day�1 for toddlers, and between 0.09
and 0.22 mg kg�1 day�1 for infants.
Toxicokinetics

Animal studies suggest that furan is readily absorbed via all
routes of exposure. Furan is oxidized by the cytochrome P450
enzymes in the liver and other tissues and may form epoxide
intermediates; however, intermediates of furan may include
enedials and dialdehydes, which are metabolized to CO2 and
eliminated through the lungs. Examination of urinary output
following furan administration in animals revealed a complex
mixture of mercapturate metabolites of furan.
Mechanism of Toxicity

Furan can cause eye, skin, and mucus membrane irritation,
burning sensation and, in severe cases, corrosion. If inhaled,
furan may produce pulmonary edema and bronchiolar
necrosis. When absorbed, furan can cause central nervous
system (CNS) depression to the point of narcosis and tonic
seizures.

Furan is metabolized by the cytochrome P450 enzymes
in the liver and other tissues. Furan is metabolized to cis-2-
butene-1,4-dial. This active metabolite is acutely toxic to
liver cells. The furan ring undergoes oxidative cleavage and
forms highly reactive furan radical cations or epoxides,
which react directly with cellular nucleophiles. These reactive
metabolites may react directly with deoxyribonucleic acid
(DNA) or with cellular proteins to produce disruption of
cellular functions and cell death. Chronic cell death and
regeneration produced by chronic furan exposure may be
a significant factor in the carcinogenicity potential of the
chemical. In addition, there is some evidence to suggest that
the reactive metabolites of furan may induce mutations in
cellular genes.
Acute and Short-Term Toxicity

In humans, inhalation of furan vapors may produce CNS
depressant effects including headache, nausea, dizziness,
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00508-X
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drowsiness, and confusion. Acute exposure to high concentra-
tions may produce gastrointestinal congestion, liver, and kidney
damage, low blood pressure, unconsciousness, and/or death
from respiratory arrest. Direct contact with vapors or liquid will
irritate or burn skin and eyes. Oral ingestion may be associated
withCNS-depressant effects similar to those following inhalation
exposure.

Furan has been shown to be highly toxic by inhalation
to laboratory animals. Reported symptoms of inhalation
overexposure include increased respiratory rate, drop in
blood pressure, convulsions, anesthesia, and death from
paralysis of the medulla and asphyxia. Furan also has an
irritating and corrosive effect on mucous membranes and
the digestive tract.

The inhalation LC50 in mice was reported as 120 mgm�3

(acute pulmonary edema). The oral lowest published lethal
dose (LDLo) in dogs has been reported as 234 and
140 mg kg�1 (convulsions or effect on seizure threshold). The
inhalation lowest published toxic concentration (TCLo) in rats
has been reported as 200 mgm�3 per 4 h, 500 mgm�3, and
5 mgm�3 per 4 h�3 (CNS disturbance).
Chronic Toxicity

Very little epidemiological information is available concerning
the chronic toxicity of exposure to furan. Industrial use of
furan is confined to closed systems due to the volatility of the
compound; therefore, the potential for direct exposure to
furan is limited. The public exposure to commercial furan is
minimal.

Furan has been shown to be cytotoxic in animal models and
may cause cell damage in tissues and organs, which show
cytochrome P450 oxidase activity. Furan was evaluated for
carcinogenicity in rats and mice in a 2-year study by the
National Toxicology Program. The primary toxic effects of
furan were observed in the liver of treated animals. Chol-
angiocarcinoma of the liver was observed in all dosed rats and
was detected as early as 9 months into the study. The incidence
of combined liver carcinomas and adenomas in male rats
showed a significant dose-related increase. A significant
increase in liver adenomas was observed in treated females. The
incidences of combined liver adenomas and carcinomas were
also increased for all treated groups of mice.

Several types of nonneoplastic liver lesions were observed in
treated mice and rats. Toxic hepatitis of dose-related severity
was noted in all dosed rats, in male mice at doses larger than or
equal to 8 mg kg�1, and in female mice at doses larger than or
equal to 15 mg kg�1. Doses of 2 and 4 mg kg�1 day�1 did not
produce hepatitis.

Repeated exposure to furan vapors at various concentrations
resulted in histopathological liver changes and structural or
functional changes in the trachea or bronchi of laboratory
animals.
Genotoxicity

Furan is considered to be a nongenotoxic hepatocarcinogen.
Furan is metabolized in the liver to cis-2-butene-1,4-dial. This
active metabolite is acutely toxic to liver cells and the resulting
cell death is followed by tissue repair and cell proliferation
which, in turn, increases the likelihood of carcinogenesis.
Mutagenicity studies conducted using the Salmonella/micro-
some incubation assays gave negative results for furan. The
same results were observed when Salmonella typhimurium
strains were incubated in the presence or absence of rat and
hamster liver S-9 fractions.

In vitro treatment of rat or mouse hepatocytes did not
induce unscheduled DNA synthesis. However, furan treat-
ment induced gene mutation in mouse lymphoma cells in the
absence of metabolic activation. Furthermore, furan was
shown to induce sister chromatid exchange and chromosomal
aberrations in Chinese hamster ovary cells both with and
without metabolic activation. In a similar study, furan was
shown to induce chromosomal aberrations only at compar-
atively high doses and in the presence of a live activation
system.
Carcinogenicity

The International Agency for Research on Cancer (IARC) has
classified furan as a Group 2B chemical. According to this
classification, there is sufficient evidence in experimental
animals for the carcinogenicity of furan. However, there is
inadequate epidemiological evidence.
Clinical Management

If inhalation exposure occurs, the source of contamination
should be removed or the victim should be moved to fresh
air. Artificial respiration should be administered or, if the
heart has stopped, cardiopulmonary resuscitation should be
administered if necessary. If dermal contact has occurred, the
contaminated clothing should be removed and the affected
area washed with water and soap for at least 5 min or until
the chemical is removed. Contaminated eyes should be
flushed with lukewarm, gently flowing water for 5 min or
until the chemical is removed. If ingestion occurs, vomiting
should not be induced. Water should be given to dilute the
compound. If vomiting occurs naturally, have the victim
lean forward to reduce the risk of aspiration. Aspiration of
compound into the lungs may produce chemical pneumo-
nitis, requiring antibiotic treatment and administration of
oxygen and expiratory pressure.

Employee exposure to furan should be minimized to the
maximum extent possible. Employees exposed to furan at
potentially hazardous levels should be enrolled in a medical
monitoring program. Initially, the employee should
undergo a medical examination to establish his/her baseline
health conditions. The initial evaluation should include
a complete history and physical examination. Examination
of the skin, eyes, liver, and kidneys should be included.
Following initial examination, the employee should be
scheduled to undergo annual medical examinations and the
abovementioned tests and examinations should be
included.
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Ecotoxicology

The limited ecotoxicity data suggest moderate toxicity for fish.
TC50 for fathead minnow (Pimephales promelas) in a flow-
through bioassay was reported as follows: 29–31 days,
61 mg l�1 per 96 h�1, at 23.2 �C at a water pH of 8.0 and
hardness of 44.5 mg l�1.

Feeding or abdominal injection of furan to Drosophila mel-
anogaster flies did not induce sex-linked recessive lethal
mutations.
Other Hazards

Furan is highly flammable. It can ignite in the presence of
flames, heat, and sparks.
Exposure Standards and Guidelines

Given the toxicological properties of furan, the American Indus-
trial Hygiene Association recommends that worker exposure to
furan should be minimized to the maximum extent possible.

See also: Tobacco Smoke.
Further Reading

Hamadeh, H.K., Jayadev, S., Gaillard, E.T., et al., 2004. Integration of clinical and gene
expression endpoints to explore furan-mediated hepatotoxicity. Mutation Research
549 (1–2), 169–183.

Hazardous Substances Database (HSDB), 2011. National Library of Medicine (NLM),
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Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Furan.

http://ehp.niehs.nih.gov – Furan (Substance Profile from the National Toxicology
Program's Eleventh Report on Carcinogens, 2005).

http://www.fda.gov/Food/FoodSafety/FoodContaminantsAdulteration/
ChemicalContaminants/Furan/default.htm
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l Chemical Abstracts Service Registry Number: CAS 98-01-1
l IUPAC Name: Furan-2-carbaldehyde
l Synonyms: 2-Furanaldehyde, 2-Furancarboxaldehyde,

2-Furfural, Artificial ant oil, EPA Pesticide Chemical Code
043301, Fural, Furaldehyde, Furancarbonal

l Chemical Class: Furan aldehyde
l Chemical Structure: http://pubchem.ncbi.nlm.nih.gov/

image/structurefly.cgi?cid¼7362&width¼400&height¼400

l Molecular Formula: C5H4O2

l Molecular Weight: 96.08 gmol�1

l Density: 1.16 g cm�3 at 20 �C
l Vapor Pressure: 2.6 mmHg (0.35 kPa) at 20 �C
l Boiling Point: 162 �C
l Melting Point: 37 �C
l Flash Point: 62 �C
l Conversion Factor: 1 ppm¼ 3.93 mgm�3 at 25 �C
l Appearance: Colorless to yellow oily liquid; turns black in air
l Odor: Almond-like pungent odor
Background

Furfural (CAS Reg. no. 98-01-1) is a naturally occurring furan
aldehyde in many unprocessed and processed foods (e.g.,
fruits, vegetables, beverages, bread, grain products). As
a natural component in dietary sources, furfural is considered
by the US Food and Drug Administration as Generally Recog-
nized As Safe (GRAS) flavoring agent in foods. Therefore, it is
not required to go through the same regulatory scrutiny as
other man-made additives. Nevertheless, because of its wide
usage, furfural has been subjected to safety evaluation by the
US Environmental Protection Agency (USEPA) and other
international authorities including the European Food Safety
Authority, International Program on Chemical Safety, Cana-
dian Ministers of the Environment and of Health, and Inter-
national Agency for Research on Cancer (IARC).
Uses

Commercially, furfural is produced through hydrolysis of
pentosan in agricultural byproducts (e.g., crop wastes). It has
a diverse applications which include as a solvent in various
manufacturing industries (e.g., petroleum and automotive
products), accelerant for vulcanization of rubber, raw material
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
for manufacturing furan derivatives (e.g., tetrahydrofurfuryl
alcohol) and synthetic resins, wetting agent, flavoring ingre-
dient for foods (e.g., roasted coffee), fragrance in consumer and
personal care products (e.g., fragrance cream, bath products,
toiletries), and pesticides for controlling unwanted microor-
ganisms, fungi, weeds, insects, and nematodes. The application
methods for pesticidal use include drip irritation, spray boom,
sprinkler, and low-pressure back-pack spray.
Environmental Fate and Behavior

Furfural is released into the air, water, and soil through human
activities. It is not expected to persist in the environment. The
lower end of furfural odor threshold is 0.024 mgm�3 (6 ppb).
The half-life of atmospheric oxidations (e.g.,OHandNO3 radical
reactions) of furfural vapor is less than 5 h. Furfural readily
dissolves in water (solubility at 79.4 g l�1) and is resistant to
hydrolysis (<10% loss over a 30-day period at pH 7 and 20 �C).
The estimated Henry’s law constant of approximately 1.5� 10�4

(dimensionless) indicates that furfural has low volatilization
potential. The log Kow of 0.41 and the estimated log Koc of
approximately 1.6 suggest that furfural has low potential for
bioaccumulation and sorption to sediment and soil, but has the
potential of leaching. Aerobic and anaerobic microbial degrada-
tionsof furfural are themajorprocessesof loss fromwater andsoil
(half-life is <182 days in both cases).
Exposure and Exposure Monitoring

Occupational exposures associated with the production and
use of furfural occur mainly through inhaling furfural vapor
and dermal contact with vapor or liquid which can result in
nasal and throat irritations and irritant dermatitis. Furfural may
be released into the environment through waste streams from
commercial activities. Environmental monitoring data indicate
that the potential pathways to furfural exposure for the general
public include inhalation through indoor and outdoor
ambient air, ingestion of food and contaminated drinking
water, and dermal exposure to furfural-containing personal
care products. Some known sources of furfural exposures are
breast milk, smoke from burning woods (e.g., wildfire, stove, or
fireplace), automobile exhaust, and tobacco smoke. At a given
exposure concentration, children generally have higher body
burden due to their higher intake (inhalation volume, amount
of food intake) or contact on a per body weight basis.
Toxicokinetics

Studies with [Carbonyl 14C] furfural showed that the oral
absorption in rats and mice was rapid and virtually
4-3.00147-0 685
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complete. Limited data from human adult males exposed to
7–30 mgm�3 (28–120 ppm) furfual vapor for 7.5 h indi-
cated significant dermal absorption, at 20–30% of the
pulmonary retention of 78%. This relative proportion from
the dermal route is greater at higher ambient temperature
and humidity.

Radiolabel studies showed widespread tissue distribution of
furfural in male F344 rats after an oral dose of 12.5 mg kg�1

day�1. Liver and kidneys had the highest level, to a lesser extent
thymus, adipose tissue, lungs, spleen, heart, skeletal muscle,
blood cells, plasma, and the brain the lowest. Furoic acid and
its glycine conjugates were the major metabolites in rats and
mice through oral exposure and in humans through inhalation
exposure, suggesting that the metabolic process is qualitatively
similar among these species.

Furfural is rapidly eliminated, mainly in the urine. In rats,
61–96% radiolabel was recovered within 24 h of oral exposure.
At 48–72 h, 1–7% was found in the feces and 5–7% was
exhaled as CO2. Based on the total urinary furoic acid, the
estimated half-life in humans was 2–2.5 h after inhalation
exposure to 30 mgm�3.
Mechanism of Toxicity

The limited data in animals are insufficient for deriving
a plausible mechanism of toxicity. Nevertheless, aldehyde
functional group is intrinsically reactive and low molecular
weight aldehydes such as formaldehyde are known to interact
with biologically important macromolecules such as DNA,
structural proteins, and enzymes. This supposition is consistent
with the toxic effects observed at multiple sites, i.e., respiratory
system, nervous system, liver, and kidneys.
Acute and Short-Term Toxicity

Animal

Furfural is a USEPA Category II (moderately toxic) oral toxicant
with the LD50 of �102 mg kg�1 in rats, 400–500 mg kg�1 in
mice, and 950 mg kg�1 in dogs. It is a Category I (highly toxic)
dermal toxicant with the LD50 of 192 mg kg�1 in rats, and
a Category III (slightly toxic) inhalation toxicant with the LC50

of 756–4075 mgm�3 (1 h) and 540–1630 mgm�3 (4 h) in
rats, 1500 mgm�3 (6 h) in dogs, and 13000 mgm�3 (4 h) in
hamsters.

In lethality studies in rats, gross observations that accom-
panied overt clinical signs of toxicity included lung hemor-
rhage and edema from both oral and dermal exposures,
intestinal mucus exudation from oral exposure, and spleen
enlargement, thymus petechia, distended urinary bladder and
uterus hydrometra from dermal exposures.

At nonlethal dose levels, scattered necrosis and regeneration
of hepatocytes occurred in rats that received a single oral dose
of 50 mg kg�1 furfural. Respiratory tract irritation and lung
edema and congestion occurred in rats after 1-h inhalation
exposure at 95 ppm (373 mgm�3). The severity of these effects
increased with repeated exposures.

The target tissues from repeated dosing at low dose levels
are liver and spleen (oral), kidneys (oral and inhalation), nasal
passage and lung (inhalation), and nervous system (oral).
Hepatocyte cytoplasmic vacuolization were found in rats that
received 40–90 mg kg�1 day�1 orally for 13 weeks. Increased
kidney and spleen weights were noted at 90–120 mg kg�1

day�1 orally for 28 days. In addition, pregnant rats exposed to
�50 mg kg�1 day�1 exhibited bilateral exophthalmia, tremors,
and their heads held low. Nasal effects in rats after 28 days of
inhalation exposure to furfural for 3 or 6 h per day, 5 days per
week, included respiratory squamous epithelial metaplasia and
atypical hyperplasia at �20 mgm�3, and olfactory epithelial
disarrangement at �80 mgm�3. Lung effects in rats after 30
days of inhalation exposure at 160 mgm�3 (1 h per day, 5 days
per week) included hampered energy metabolism, parenchyma
lysosomal damage, and regenerative proliferation of Type II
pneumocytes.

Furfural is a skin, mucous membrane, and respiratory irri-
tant. The RD50 established in two strains of mice was 918–
1126 mgm�3. In rabbits, neat furfural induced severe eye irri-
tation (corneal opacity, iritis, and conjunctivitis) and slight
skin erythema and edema.
Human

Skin and mucous membrane irritations are the most common
effects associated with furfural exposure. Irritations of the eye
and throat were reported in workers exposed to 200 mgm�3

(50 ppm) furfural vapor for �12 min. Eye and nasal irritation
were also reported among workers at 20–64 mgm�3

(5–16 ppm). Symptoms of eye irritation included itching,
burning, tearing, and redness, whereas the nasal irritation
included stuffiness, dryness, and soreness. Workers in a furfural
manufacturing facility exhibited periodic headache, dizziness,
general weakness, increased irritation, and symptoms of
dyspepsia wherein the vapor-phase furfural concentrations
ranged from <10 to 70 mgm�3 (2.5–17.5 ppm) over an
unspecified short period. Furfural induced irritant dermatitis
and may lead to eczema in some cases.
Chronic Toxicity

Animal

Liver and bile ducts are the most prominent target sites of
furfural toxicity reported in a National Toxicology Program
103-week gavage studies in rats (30–60 mg kg�1 day�1, 5 days
per week) and mice (50–175 mg kg�1 day�1). A dose-related
increase in centrilobular necrosis and bile duct dysplasia with
fibrosis, and a rarely occurring cancer, cholangiocarcinomas
were found in rats. A dose-related increase in chronic inflam-
mation and hepatocellular adenoma and carcinoma were
found in mice. Forestomach papillomas were additionally
reported in mice.
Human

Workers chronically exposed to furfural vapor (duration and
concentration unspecified) were reported to have headache,
fatigue, throat irritation (i.e., itching), lacrimation, loss of sense
of taste, numbness of the tongue, and tremor. However, these
symptoms disappeared after removal from exposure.
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Immunotoxicity

Amaximization study in guinea pigs produced no sensitization
when a topical application of neat furfural was challenged by
a 25% solution in acetone. However, a modified maximization
test showed that furfural was capable of inducing an allergic
reaction when the initial 7-day treatment of 1% solution was
followed by an injection of 0.25–1% solution 3 weeks
afterward.
Reproductive and Developmental Toxicity

No data are available on reproductive toxicity and develop-
mental neurotoxicity evaluation in laboratory animals and
humans. In the twoprenatal developmental toxicity studieswith
gavage dosing, pregnant rats received up to 150 mg kg�1 day�1

furfural during gestation days 6–15 and rabbits received
225 mg kg�1 day�1 during gestation days 0–28. No effects were
reported for themean numbers of corpora lutea, implantations,
live fetuses per dam, premature deliveries, dead fetuses,
complete litter resorptions, number of resorptions (early or
late), postimplantation loss, fetal weights, sex ratio, and treat-
ment-related external and visceral or skeletal malformations or
variations in the fetuses.
Genotoxicity

Furfural was tested negative in Drosophila heritable trans-
location assay and in multiple strains of Salmonella reverse
mutation tests except for a mild positive with TA100. However,
positive results were reported in several in vitro assays with
mammalian cells in the absence of metabolic activators. These
include thymidine kinase gene mutation in mouse lymphoma,
chromosomal aberrations in Chinese Hamster Ovary and V79
cells, and spindle fiber damage in cultured human blood cell.
Furfural was found to induce breakage in calf thymus DNA
in vitro by reacting primarily with the adenine–thymine base
pairs. In addition, furfural induced nonspecific DNA damage in
rec-assay with Bacillus subtilis and sister chromatid exchange
(SCE) in human lymphocytes in the absence of metabolic
activation.

In vivo, intraperitoneal injection did not result in SCE and
chromosomal aberrations in mouse bone marrow cells.
However, ras oncogene activation was found in liver tumors of
furfural-treated B6C3F1 mice.
Carcinogenicity

Results from animal bioassays suggestive of furfural carcino-
genicity include rare cholangiocarcinomas in male rats, hepa-
tocellular adenomas and carcinomas and rare renal cortical
adenomas or carcinomas in male mice, and hepatocellular
adenomas and forestomach squamous cell papillomas in
female mice.

The carcinogenic mode-of-action of furfural is unknown;
however, oncogene activation may have been involved in
the liver tumorigenesis of mice. In a two-stage mouse
skin model, application of furfural (two times per week for 5
weeks) prior to treatment with promoter 12-O-tetradecanoyl-
phorbol 13-acetate (two times per week for 47 weeks) resulted
in significant increase in skin squamous cell papilloma and
carcinoma.

No data on carcinogenicity in humans are available. The
1995 weight of evidence evaluation by IARC considered animal
data limited, and classified furfural as a Group 3 carcinogen
(not classifiable as to its carcinogenicity to humans). The car-
cinogenicity evaluation by USEPA is pending.
Clinical Management

Actions for terminating exposure include removing contami-
nated clothing, transfer to uncontaminated area, eye irrigation
for ocular exposure, and soap and water washing of skin
contact areas. Gastric lavage can be helpful in ingestion
poisoning if administered in time. Supportive care (e.g.,
respiratory distress, convulsion) and treatment of symptoms
(e.g., skin and eye irritation) should be administered as needed.
Ecotoxicology

Furfural is moderately acutely toxic to aquatic species. The LC50

for Daphnia (water flea) is 29 mg l�1 for 24 h and 13 mg l�1 for
72 h. The 96-h LC50 for freshwater fish varies, e.g., 10.5 mg l�1

for guppy and 32 mg l�1 for fathead minnow. For a longer
exposure period, toxic effects may be elicited at lower concen-
trations, as indicated by the no observed effect concentration
�1 mg l�1 in some test species. For example, the fry of fathead
minnow exhibited growth retardation, morphological abnor-
malities, and lethargy at �0.5 mg l�1 for 33 days.

Furfural is relatively nontoxic to honeybees (LD50>

0.1 mg kg�1) and moderately toxic to soil-dwelling inverte-
brates (LD50 of approximately 54 mg kg�1 dry weight for
springtail, 406 mg kg�1 dry weight for earthworm) and birds
(LD50 of 85 mg kg�1 for Northern bobwhite, 360 mg kg�1 for
mallard duck). Toxicities to rodents and other mammals are
presented in the acute and chronic toxicity sections.
Other Hazards

Furfural is a combustible liquid at room temperature. Explosive
vapor–air mixture may be formed above the flash point of
60 �C. Flammable limits in air ranged from 2.1% to 19.3% (by
volume). Fire and explosion may result when contact with
strong acids and oxidizing materials.
Exposure Standards and Guidelines

l American Conference of Governmental Industrial Hygien-
ists (ACGIH) Recommended Limit: 2 ppm (7.9 mgm�3)
(8-h Threshold Limit Value (TLV)–Time-Weighted Average
(TWA)); (Skin) potential for dermal absorption; (A3 –

Confirmed animal carcinogen with unknown relevance to
humans)
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l National Institute for Occupational Safety and Health
(NIOSH) Immediately Dangerous to Life or Health
Concentration (IDLH): 100 ppm (393 mgm�3)

l Occupational Safety and Health Administration (OSHA)
Permissible Exposure Limit (PEL) (Total dust): 20 mgm�3

(5 ppm) (8-h TWA); [Skin] – potential for dermal
absorption

l USEPA Reference Dose (RfD) 0.01 mg kg�1 day�1 (dietary
exposure; for both acute and chronic exposures)

See also: Food Safety and Toxicology; Pesticides; Food and
Drug Administration, US; National Institute for Occupational
Safety and Health; Carcinogen Classification Schemes;
Carcinogenesis; Federal Insecticide, Fungicide, and
Rodenticide Act, US; Food Additives; Genetic Toxicology;
International Agency for Research on Cancer; Regulation,
Toxicology and; Risk Characterization; Flavor and Extract
Manufacturers Association; Risk Assessment, Human Health;
Furan; European Food Safety Authority (EFSA); ACGIH

�

(American Conference of Governmental Industrial Hygienists);
Reference Dose (RfD); Children’s Environmental Health; Food,
Drug, and Cosmetic Act, US; Generally Recognized as Safe
(GRAS); Environmental Fate and Behavior.
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l Name: Galactosamine
l Chemical Abstracts Service Registry Number: 7535-00-4
l Synonym: Chondrosamine, D-Galactosamine, D-Chon-

drosamine, D-2-Amino-2-deoxygalactose, D-Galactose, 2-
Amino-2-deoxy-, 2-Amino-2-deoxy-D-galactose

l Molecular Formula: C6H13NO5

l Molecular Weight: 179.17112
l Chemical Structure:
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Background

Galactosamine is a model hepatotoxicant, induces hepatitis
characterized by neutrophilic infiltration, and kills the animal
by fulminant hepatic failure. Galactosamine, an amino deriv-
ative of sugar galactose, has been used as a model hepatotox-
icant since the first reports of hepatotoxicity in late 1970s by
Keppler and associates. Galactosamine-induced hepatitis has
been a model of choice to study various aspects of liver disease,
including mechanisms of toxicant-induced apoptosis and
necrosis, liver tissue repair, neutrophil infiltration and trans-
migration, and the role of endotoxin or lipopolysaccharide
(LPS) in initiating liver injury.

Humans and animals synthesize galactosamine in the body.
Galactosamine (a type of hexosamine) is formed when an
amino group replaces one of the hydroxy groups of a six-
carbon sugar, or hexose. The human body utilizes uridine
diphosphate (UDP)-N-acetyl-D-glucosamine or glucosamine as
a precursor to synthesize this compound, and is most often
found in the form N-acetyl-D-galactosamine (often referred to
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
as N-acetylgalactosamine). Most importantly, galactosamine is
a constituent of hyaluronic acid, a powerful water-binding
agent. Many different types of tissues in human body contain
hyaluronic acid, which acts as a lubricating agent in the syno-
vial fluid of joints and in connective tissues. Hyaluronic acid
also acts as a lubricating agent in the vitreous humor of the
eyeball. Hyaluronic acid has considerable medicinal value; it is
often used in wound healing, burn dressings, osteoarthritis
treatment, cataract or corneal transplantation surgery, and
various types of plastic surgeries.
Mechanism of Toxicity

Galactosamine induces liver injury by interferingwith the uridine
pool in the cell, which is essential for RNA and protein synthesis.
Galactosamine ismetabolized via the Leloir pathway of galactose
metabolism, which leads to the generation of uridine derivatives
of galactosamine. The two enzymes of the Leloir pathway,
galactokinase and UDP-galactose uridyltransferase, convert
galactosamine into galactosamine-1-phosphate and UDP-galac-
tosamine, respectively, due to their lowsubstrate specificity.UDP-
galactosamine blocks the final enzyme in Leloir pathway, the
UDP-galactose-40 epimerase, resulting in the accumulation of
UDP-galactosamine in the cells. This results in the depletion of
uridine triphosphate (UTP), UDP, uridine monophosphate
(UMP), and the sugar derivative of uridine such as UDP-glucose
and UDP-galactose essential for RNA and protein synthesis.
Orotate, a precursor of the hexosamine biosynthesis pathway,
has been used as an antidote to galactosamine toxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

The LD50 in mice is 2660mg kg�1 (intraperitoneal exposure).
Galactosamine induces depletion of UTP, a form of high-energy
molecule needed for conducting high-energy requiring proce-
dures selectively without interfering with other nucleotides such
as adenosine triphosphate (ATP), cytidine triphosphate (CTP),
or guanosine triphosphate (GTP). Galactosamine treatment
results in the depletion of important uridine derivatives such as
UDP-glucose and UDP-galactose, which play a critical role in
glycogen synthesis and RNA production in the cell. Thus, the
main mechanism behind galactosamine-induced hepatotox-
icity is the depletion of cellular uridine uridyl derivatives.
4-3.00315-8 689

http://dx.doi.org/10.1016/B978-0-12-386454-3.00315-8


690 Galactosamine
In the last decade, extensive evidence has gathered sug-
gesting involvement of Kupffer cell–mediated inflammatory
reactions in galactosamine-induced liver injury. It is known
that galactosamine leads to activation of Kupffer cells, resulting
in the secretion of proinflammatory cytokines such as tumor
necrosis factor (TNF)-a. Increased levels of TNF-a lead to
neutrophilic infiltration and cytotoxicity in the liver. Depletion
of both Kupffer cells by glycine and gadolinium chloride and
neutrophils by antineutrophil antibodies protect from galac-
tosamine-induced liver damage. The role of LPS has also been
implicated in galactosamine-induced hepatitis. Galactosamine
administration has been shown to increase LPS levels in portal
circulation, which has been implicated in the neutrophilic
infiltration following galactosamine treatment. In recent years,
galactosamine in combination with LPS has been extensively
used to study inflammatory reactions and neutrophil-mediated
liver injury.

Galactosamine and galactosamineþ LPS–induced hepatitis
are highly reproducible and well-studied models of experi-
mental hepatitis in rodents. A dose of 400–1000mg kg�1 of
galactosamine alone or a dose of 300–700mg kg�1 of galac-
tosamine in combination with 0.1mg kg�1 of LPS has been
successfully employed to induce experimental hepatitis in
rodents. In the 1950s and 1960s, galactosamineþ LPS–induced
hepatitis was considered to represent the experimental model
for viral hepatitis, but investigations since then have revealed
that it is pathologically different from viral hepatitis. In addi-
tion to the experimental hepatitis models, galactosamine
(300mg kg�1) has been used in medium-term cancer bioas-
says as a promoting agent instead of partial hepatectomy.

Galactosamine is one of the hepatotoxicants known to
have age-dependent hepatotoxicity (carbon tetrachloride–
chlordecone combination, chloroform, and thioacetamide are
other examples). It has been reported that neonatal (5 days
old) and old rats (24months old) are less susceptible to
galactosamine-induced liver damage as compared to adult rats
(5months old) due to increased liver tissue repair. It is also
known that primary hepatocytes isolated from old rats
exhibited higher basal levels of UTP, UDP, and UMP in the
liver, which may play a role in the protection observed by the
old rats. Although the major organ affected by galactosamine is
the liver, reports of low to moderate kidney and lung injuries
are also available in the literature.
Chronic Toxicity (or Exposure)

Animal

Galactosamine has been classified as an ‘equivocal tumorigenic
agent’ by the Registry of Toxic Effects of Chemical Substances
and is a known mutagen in liver cells at high doses. In one
study, chronic exposure to galactosamine produced liver tumors
after 77 weeks of exposure. Three to four months of exposure
to galactosamine induces chronic progressive hepatitis,
while 8–10months of exposure leads to hepatoma and
cholangiofibrosis.
See also: Liver; Mechanism of Injury, Regeneration.
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Background

Gallium is the 32nd most abundant element and constitutes
0.0005% of the Earth’s crust. It is found most commonly in
association with zinc, germanium, and aluminum and is found
primarily in the mineral germanite. Gallium(III) is the primary
oxidation state for gallium compounds; its chemistry resembles
that of aluminum(III).
Uses

Gallium and gallium compounds have numerous uses in
optoelectronics (e.g., LEDs), telecommunication, aerospace,
and many commercial and household items, for example,
alloys, computers, and DVDs. In addition, gallium is used in
special high-temperature thermometers, in place of mercury,
and in arc lamps.

Medically, gallium alloys are used in dental prostheses,
radioactive gallium has been used to locate bone lesions, and
nonradioactive gallium has been used as an antitumor agent.
Gallium has been used experimentally as an adjunct to cis-
platinum cancer chemotherapy. It has also been used to treat
hypercalcemia and inhibit bone resorption. Gallium maltolate
is under development as a treatment for Paget’s disease.
Environmental Fate and Behavior

Gallium compounds cannot be oxidized, and atmospheric
transformations would not be expected to occur during trans-
port. Particulate-phase gallium will be removed from the
atmosphere by wet and dry depositions. Gallium compounds
are expected to exist as ions in the environment and therefore
volatilization from water surfaces is not expected to be an
important fate process.
Exposure and Exposure Monitoring

The most common route of intended exposure to gallium is
parenteral injection. Occupational exposure to gallium
compounds can occur through inhalation of dust (e.g., gallium
arsenide) and dermal contact with these compounds. In
semiconductor and solar cell production, indoor gallium
arsenide emission losses are relatively high. Because of
increased use of gallium compounds in new and developing
technologies, exposure to gallium compounds is expected to
increase in the future. The many uses of gallium can result in its
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
release to the environment through various waste streams.
Gallium is present in parts per million (ppm) concentrations in
coal, and it may be released into the atmosphere. If released to
air, gallium compounds are expected to exist solely in the
particulate phase in the ambient atmosphere.
Toxicokinetics

Gallium is not readily absorbed orally, but when administered
parenterally it is easily taken up by various tissues. Once
absorbed, gallium concentrates in the bone (where it appears
to be quite stable). Gallium also concentrates in the liver,
kidneys, and spleen but is soon released and excreted in the
urine. There is no information on the effects of gallium on
enzymes, either as an agonist or as an antagonist.
Mechanism of Toxicity

Gallium can interfere with the structural integrity of transferrin,
the ircin-binding protein that transports iron in the serum.
Gallium is believed to bind in the protein methionine. In
microorganisms like Escherichia coli, gallium suppresses the
synthesis of low-molecular-weight polypeptides. It also concen-
trates on the surface of the cell envelope.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute doses of gallium to rats and mice have led to respiratory
effects, skin irritation, and in rare cases pulmonary edema.
Human

When used as a diagnostic tool, gallium has produced
dermatitis in some patients. Gallium can also lead to gastro-
intestinal distress. There are not any reported cases of gallium
toxicity from occupational exposure.
Chronic Toxicity (or Exposure)

Animal

Gallium is a mutagen; in different species of animals, gallium
was responsible for renal damage, blindness, and paralysis.
Gallium concentrates in tumors in experimental animals.
Human

Reported bone marrow depression may result from radioac-
tivity and not from gallium itself. Gallium nitrate has signifi-
cant activity as a single agent in the treatment of advanced
4-3.00847-2 691
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bladder cancer, especially since it causes minimal myelosup-
pression, and has activity in patients who did not respond to
other treatments. Gallium nitrate is also active in combination
regimens for advanced bladder cancer. Evaluation of gallium
nitrate in combination with newer agents such as the taxanes or
gemcitabine may also be warranted given its activity, different
mechanism of action, and nonoverlapping toxicity profile.
Immunotoxicity

Blood samples from workers in semiconductor production
showed both lowered white blood cell counts and a signifi-
cantly higher prevalence of leukopenia, 30% as compared to
6% in control.
Reproductive Toxicity

There is evidence supporting gallium as the cause for sponta-
neous abortions in semiconductor workers, but there are con-
flicting data, and the issue has not been investigated deeply
enough; also, male fertility has also not been examined in
enough detail to make determinations as to the reproductive
effects of gallium.
Genotoxicity

There is limited information available on the genotoxicity of
gallium; however, it has been found that concentrations of
480 mM cause DNA inhibition in human lymphocytes. Gallium
is currently undergoing additional research to determine its
genotoxic potential.
Carcinogenicity

Gallium has been classified as Class 1, carcinogenic to humans,
by the IARC. Its arsenic compound, gallium arsenide, while
there are not enough data as of yet for classification as
a carcinogen, is broken down in the body and the arsenic acts
as inorganic arsenic on humans, which has been classified as
a carcinogen as well. Gallium has been shown to alter several
cellular defense mechanisms involved in carcinogenesis.
Clinical Management

Experimentally, deferoxamine mesylate has been effective in
treating gallium toxicity. Ethylenediaminetetraacetic acid and
meso-2,3-dimercaptosuccinic acid have not been effective.
Ecotoxicology

Gallium is widespread in low concentrations around the world,
with higher concentrations occurring in bauxite ore or coal.
There are no minerals containing high levels of gallium, and it
is therefore only seen in higher concentrations around ore
processing facilities or in the air around coal fires. There are
insufficient data to generate ecotoxicological trends.
Exposure Standards and Guidelines

No exposure limits have yet been set by regulating agencies for
galliummetal, though several salts have had limits set for them.
Miscellaneous

As the use of gallium increases in coming years, much more
information on its toxicological potential will become avail-
able. Exposure levels will increase as well, and more workers
will be exposed in an industrial setting.
See also: Food Additives; Food and Drug Administration, US;
Food, Drug, and Cosmetic Act, US.
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Introduction: Gap Junctional Intercellular
Communication (GJIC): Regulator of Cellular
Homeostasis

Humans are composed of w100 trillion cells, each of which
originates from a single fertilized egg but end up unique and
organized in subgroups of similar cells (tissues) that perform
the functions necessary for the maintenance of the whole
organism. The fertilized egg from which each human grows
contains a unique set ofw22 000 genes (although the number
is still debated) that are inherited from the parents and provide
the foundation on which development and functioning rest. As
the egg develops into the complex human organism and the
organism matures, cells must respond and adapt to the envi-
ronment. This requires cells to proliferate, differentiate, repair
damage, die, or change in other ways. These response processes
must be highly organized for organisms to grow and function
properly, and for this to happen, the cells that make up that
organism must be able to communicate with one another
rapidly and effectively. Considering the importance of these
processes, it is not too surprising that there is more than one
type of cell–cell communication and that the interactions
among these types have become increasingly sophisticated over
evolutionary time.

There are three types of cell communication: extracellular,
intracellular, and junctional. Extracellular communication
occurs when cells release ions and molecules (growth factors,
neurotransmitters, hormones, etc.) into the surrounding milieu
that are sensed by nearby cells or into the blood, where they are
carried throughout the body and sensed by more distant cells.
Usually receptors on cell membranes serve as sensors for these
extracellular chemical signals although receptor-independent
signaling factors such as nitric oxide are also known. The acti-
vated receptor elicits a signal cascade within the cytoplasm to
activate a cellular response. The functioning of this cascade of
signals within cells is known as intracellular communication.

A third form of cell communication involves contact
between cells through various types of junctions and cellular
appendages. These include chemical synapses of nerve and
muscle, ‘adhesive’ junctions (tight, adherens, desmosomes)
that also function in communication, and gap junctions that
allow for the direct cell–cell exchange of molecular and ionic
signals and information between the interiors of neighboring
cells. This type of communication, also known as gap junc-
tional intercellular communication (GJIC), allows cells to
synchronize their responses with neighboring cells, shares
nutrients and metabolites for homeostatic buffering, and serves
as low-resistance pathways for electrical synapsing in nerve and
muscle.

Figure 1 illustrates the relationships among the three forms
of cell communication in a tissue containing a stem cell,
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progenitor cells coupled by gap junction channels, and
a terminally differentiated cell. The stem cell communicates
with the progenitor cell through the extracellular substrate,
triggering intracellular signals inside the latter cell. Because the
progenitor cell is in surface contact with the stem cell,
communication can also occur through cell-adhesion mole-
cules. All progenitor cells also communicate intracellular
signals to their sister progenitor cells via gap junction inter-
cellular channels. These intracellular signals stimulate the
progenitor cells to secrete extracellular communication factors
that can enter the bloodstream and communicate with distant
cells that have receptors for those specific factors, for example,
hormones and growth factors. The progenitor cell can also
communicate with its terminally differentiated daughter cell
via gap junctions. Last, the terminally differentiated cell, by
receiving signals through both the extracellular substrate and
the GJIC signal, is stimulated to secrete a signal that is sent back
to the original stem cell.

Figure 2 provides a general picture of the interplay among
the three types of cell–cell communication. The three cells
represent gap junction coupled cells in a tissue communi-
cating with a cell in a distant tissue via an extracellular-
secreted factor, for example, hormones and growth factor. The
extracellular signaling molecules then trigger intracellular
signals in the target cell. These intracellular signals can
subsequently be transferred to the neighboring cell via gap
junctions. Depending on the nature of the extracellular
stimulus, the intracellular communication can lead to either
an increase or decrease in the cell’s ability to transfer the
signals via gap junctions to a contiguous cell. These increases
and decreases in GJIC impact the cell’s ability to proliferate,
senesce, terminally differentiate, or die by programmed cell
death (apoptosis).
The Structure of Gap Junctions

The cells in a human body are organized into tissues; in turn,
groups of tissues make up organs. Cells are attached to each
other and to the human skeleton by several kinds of cell–cell
junctions. These junctions not only hold cells together, but also
form barriers to other cells and molecules and, in some cases,
act as sensors that detect signals from other parts of the
organism. Gap junctions are unique types of cell–cell junctions
because they have pores or channels that connect the cyto-
plasms of contiguous cells; other junctions do not have such
channels.

As can be seen in Figure 3, gap junctions are made up of
‘hemichannels’ or connexons consisting of six proteins called
connexins that are coded by an evolutionarily conserved family
of genes. When two hemi-channels or connexons unite across
4-3.00390-0 693
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Figure 2 General picture of how 100 trillion cells of the body commu-
nicate with each other to maintain homeostatic control of cell functions.
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Figure 1 Illustration of how three different kinds of cells within a tissue –
the stem cell, progenitor cells coupled by gap junction channels, and the
terminally differentiated cell – communicate with each other via signals
from the substrate, cell-adhesion molecules, soluble secreted factors, and
gap junctions.

Figure 3 Components of a gap junction linking the cytoplasm of
contiguous cells. Reproduced from Yamaski H (1990) Gap junction
intercellular communication in carcinogenesis. Carcinogenesis 11:
1051–1058, with permission from Oxford University Press.

Figure 4 Freeze-fracture micrograph illustrating the gap junction plaque
in the membrane between two cells.
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the extracellular space between two neighboring cells, they
form a complete channel that allows ions and small molecules
to move directly from one cell to the other without having to
enter the extracellular space. The connexons on opposite cells
are strongly attracted to each other and connect or ‘dock’ tightly
together. In most gap junctions, several complete channels
cluster in one small region of the cell membrane resulting in
a gap junction ‘plaque.’

Figure 4 is an electron micrograph depicting a portion of
a coupled pair of cells in which a cross section of a plaque, or
island of hundreds of coupled connexons aggregate to form
a gap junction. Each cell can have varying numbers and sizes of
these gap junction plaques, depending on the physiological
state of the tissue.

Gap junction channels are very small – approximately
1.5 –2 nm in diameter. As illustrated in Figure 3, two
connexons and 12 connexins make up one complete gap
junctional channel. The human genome contains genes for
21 different kinds of connexins so there are many potential
combinations of connexins that can make up gap junction
channels.
Physiological Role of GJIC

Once two connexons are docked properly, the complete
channel will open and ions and molecules will be able to move
freely between contiguous cells. However, gap junction chan-
nels allow only very small molecules to pass through (although
larger, linear molecules may also pass; see the following). The
permeability cut-off of gap junction permeants is approxi-
mately 1000 Da. Amino acids, water, simple sugars, ions (e.g.,
Naþ, Kþ, Ca2þ), cytoprotective molecules such as glutathione,
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nucleotides (e.g., adenosine triphosphate [ATP]), and second
messengers (e.g., cyclic adenosine monophosphate [cAMP],
IP3) freely move through gap junction channels, but larger
molecules, such as proteins and fats, cannot. However, gap
junctions vary in their permeability characteristics depending
upon which connexin(s) make up the gap junction channel.

This cell–cell movement of ions, water, and other molecules
through gap junction channels is known as gap junctional
intercellular communication (GJIC). It is critical to the health
of cells and the entire organism. This GJIC helps balance and
maintain cellular levels of critical ions and nutrients, supplies
neighboring cells with raw materials needed for synthesis of
macromolecules, and coordinates cellular functioning. Within
most tissues, several gap junction plaques, each composed of
hundreds to thousands of channels, connect the cells. In cells
that are well connected by gap junctions, ions and molecules
move rapidly between cells so that within tissues, groups of
cells respond more like a functional unit than individual cells.
This GJIC provides for the rapid, direct flow of molecular and
ionic information between cells that serve to synchronize the
functions of multicellular tissues. Interestingly, linear mole-
cules such as peptides and microRNA much larger than
1000 Da have recently been reported to traverse gap junction
channels. Presumably they do so much like a worm through its
tunnel. The importance of this molecular exchange is not fully
understood, but especially in the case of microRNAs, such
exchange can modulate gene expression in recipient cells and
induce differentiation of stem cells.

Cells typically express several types of connexins. Because
gap junction channel permeability varies depending upon the
connexin(s) expressed and thus the composition of the gap
junction channel, cellsmayhave the ability to select ormodulate
molecular traffic through gap junctions by altering connexin
expression. The regulation of expression of the 20þmammalian
connexin genes and thus the composition of gap junctions is not
well understood and only a few connexin genes (e.g., GJA1 and
GJB1, which encode human connexin43 and connexin32,
respectively) have been well studied. For example, at the tran-
scriptional level, the GJA1 promoter is regulated in a positive
manner by AP1, SP1, and estrogen-response elements and GJB1
is controlled by HNF-1 and YY-1 factors. Promoter methylation
of these and other connexin genes has also been implicated in
their control under normal physiological conditions and in
cases in which expression may be reduced, such as cancer cells.
Connexin proteins are also relatively short-lived, with half-lives
on the magnitude of a few hours for those that have been
studied. In addition, connexins are phosphorylated by many
kinases, principally on their cytoplasmic carboxyl tail. This
phosphorylation is thought to alter connexin stability and gap
junction channel permeability and serves as a way for cells to
regulate GJIC. Connexins also interact with other proteins,
such as the tight junction protein ZO-1, again principally via
their carboxyl tail, and this may result in a variety of GJIC-
independent effects and physiological functions in cells. Con-
nexins have been found in the nucleus, where theymay function
as transcription factors, and at the mitochondrial membrane,
where they may function in bcl-2 activation and apoptosis.
Finally, there is a substantial body of literature demonstrating
that gap junction hemichannels (i.e., connexons that are not
docked with another on the opposing cell) may open and close
under certain physiological and pathological conditions to
allow the entry and export of ions and signaling molecules into
and out of the cell. Thus, the biology of connexins and gap
junctions is quite complex.

GJIC and connexins have been implicated in all of the five
basic fates that cells may have: remaining quiescent, prolifer-
ating, differentiating, committing programmed cell death
(apoptosis), and, in already differentiated cells, adaptively
responding. Each of these fates is critical for the development
and maintenance of organismal structure and function. Both
proliferation and differentiation are needed during growth and
repair. Terminally differentiated cells must be able to adapt to
changing conditions, for example, insulin cells responding to
blood sugar levels. Cells in solid tissues must undergo
apoptosis to facilitate tissue modeling or replacement of old
cells with new, healthier ones. Last, some cells are destined to
senesce and become nonproliferating, low activity, end-stage
cells. One example of the role of GJIC in determining the fate of
cells is the importance of gap junctional communication
between sperm cells and Sertoli cells. This communication
triggers the differentiation process of the spermatocyte into
a mature sperm.

The situation in an organism is even more dynamic than
might be suggested by the preceding summary. Cells
uncouple and recouple with each other continuously as part
of normal cellular functions. When cells are stimulated to
divide by an extracellular growth factor, gap junction chan-
nels close. The reason may be to block passage of molecular
signals that normally keep the stimulated cell inactive. Once
the cell divides, and there is no longer any growth stimulus,
the daughter cells form active gap junctions with contiguous
cells.

Figure 5 illustrates several physiological functions in
which GJIC has been implicated. These functions include
embryogenesis, sexual and adolescent maturation, and func-
tioning of both electrically coupled tissues (e.g., heart and
muscle) and non-electrically coupled (e.g., liver and
pancreas).

The importance of GJIC in the performance of these
physiologic functions is a reflection of its critical role in the
proper functioning of multicellular organisms. GJIC helps
control the rates of cell births and deaths so that tissue size and
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activity remain constant. It also helps regulate cellular differ-
entiation. The passage of intracellular signals from stimulated
to nonstimulated cells increases the overall response of the
tissue to a stimulus. In addition, gap junctions serve as elec-
trical pathways to connect skeletal muscle, smooth muscle,
and neural tissue. Thus, GJIC is critical for the normal heart-
beat, birth, digestion, brain activity, and other functions. Gap
junctions are also important pathways for the interchange of
nutrients and waste products in tissues that are not well
supplied with blood vessels, such as the lens of the eye and
hardened bone. Most important, GJIC plays a critical role in
physiologic processes of the organism and its individual cells
throughout life. From fertilization and development of the
embryo, to growth, differentiation, and adaptation of the
young organism and adult, and finally in loss of function and
senescence with aging, GJIC is involved in balancing,
signaling, and coordinating cells and their fundamental
molecular components and processes.
Epigenetic Toxicity as a Result of Inappropriate
Modulation of Gap Junction Function

As might be expected from the range of activities and functions
associated with gap junctions, abnormalities in GJIC can lead
to a variety of adverse effects. When an individual inherits
a mutated form of a connexin gene, the cells that express that
gene will be unable to form normal gap junction channels.
Human diseases that are linked to the inheritance of a mutant
connexin gene include forms of nerve degeneration, deafness,
diabetes, cataracts, cancer, birth defects, and skin disorders.
These mutations are found in gene regulatory elements leading
to altered connexin expression and also in protein coding
sequences leading to aberrant types of proteins with altered
stability, trafficking, and channel permeability. Adverse effects
can also result if exposures to environmental chemicals alter
the number or function of gap junctions. Most environmental
agents that have been shown to affect GJIC are non-mutagenic
and alter the expression of connexins or regulation of gap
junction formation and permeability. Figure 6 illustrates some
of the diseases associated with defective gap junctions.
Diseases associated with defective GJIC

Cardiac
arrhythmia

Hereditary
deafness

Peripheral
neuropathy

Cataracts
Diabetes

Dysfunctional
labor

Infertility

Teratogenesis

Cancer

Figure 6 Diseases related to defective gap junction function.
Understanding the adverse impacts of gap junction
defects has increased with the availability of modern genetic
techniques. For example, a variety of mice have been
produced that have one or more of their connexin genes
inactivated (‘knocked out’) in the entire organism or in
a tissue-specific manner. The phenotypes of these mice
include embryonic or fetal death, neonatal death, or full
maturity. However, these latter mice may develop cataracts,
peripheral neuropathy, skin disorders, and cancer depending
on the type of knock-out.

Epigenetic alterations of GJIC by toxic synthetic and natural
agents have also been linked to human disease. Traditional
toxicologic studies on adverse effects of a variety of chemicals in
the laboratory setting have shown that birth defects can occur
from exposure to drugs that affect gap junctions (e.g., retinoids,
alcohol, and thalidomide). In addition, many carcinogenic
agents alter GJIC in cell- and connexin-specific ways. These
include natural chemicals such as Croton oil; pollutants such as
polybrominated biphenyls; drugs such as phenobarbital; nutri-
ents such as unsaturated fatty acids, retinoids, and carotenoids;
pesticides such as DDT; metals such as cadmium and arsenites;
hormones such as estrogens; and growth factors such as
epidermal growth factor. These agents affect GJIC by altering gap
junction channel permeability, gap junction formation and
connexin stability, and the expression of connexin genes.

Equally important to note is the ‘good news/bad news’
phenomenon associated with epigenetic modulators of GJIC.
Thalidomide is a good example.Originally, it was developed and
used as a tranquilizer or sedative. Yet pregnant women who took
the drug at critical timesduring thedevelopment of the fetus gave
rise to offspring with birth defects of the limbs. More recently, it
has been shown that the samemechanismbywhich thalidomide
leads to teratogenesis seems to be the reason it has anticancer
properties, because in both cases it blocks angiogenesis. Inter-
estingly, at the cellular level, it causes increased GJIC.

These examples do not prove that chemical alteration of gap
junctions is the causative factor of a disease, because correlation
does not mean causation. However, as several hereditary
human diseases are known to be caused by the inheritance of
a mutant connexin gene, it is very likely that chemical alteration
of GJIC contributes to non-inherited forms of these and other
diseases.

Last, GJIC has also been shown to affect the cytotoxic
response of populations of cells through a phenomenon
known as ‘the bystander effect.’ When cells are exposed to
radiation or toxic agents, nonexposed neighboring cells may
also be affected. Depending on the toxic insult, these naïve cells
may acquire mutations, alter gene expression, or even undergo
apoptosis. The bystander effect has been shown to enhance
cytotoxicity in radiation-exposed cells and some forms of
cytotoxic gene therapy such as the Herpes simplex virus thymi-
dine kinase system.
Measuring Gap Junctional Communication

Techniques have been developed to determine the degree to
which cells are communicating with each other via gap junc-
tions. One of these is called the scrape load/dye transfer assay
and it is illustrated in Figure 7. The lower right panel is a phase



Figure 7 Utility of the scrape loading/dye transfer assay to detect a toxic agent’s ability to modulate gap junctional intercellular communication.
The last two images (6 ng ml�1 TPA) illustrate both the epifluorescent and phase images, respectively, of the same cells to show that the complete
inhibition of GJIC was not associated with the death of cells.

Figure 8 Use of the scrape loading/dye transfer assay to screen for agents that can prevent inhibition of gap junction function.
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contrast micrograph of normal rat liver cells through which
a razor blade cut a path while the cells were immersed in
a fluorescent dye solution. When the cells along the cut line
were cut, they transiently opened and took up the fluorescent
dye. The dye then diffused to neighboring cells through gap
junction channels. The panel at the top left shows dye trans-
ferred to several neighboring cells when the cells were not
treated with any chemical. In a period of 5 min, the dye went
from the cells along the cut edge to w10 cells away from
the edge. This demonstrates that normal, control rat liver
cells communicate extensively via gap junctions. In the sub-
sequent panels labeled with increasing concentrations of TPA
(a powerful skin tumor promoter derived from Croton oil),
one sees a dramatic dose-related reduction in the movement of
the fluorescent dye from the cells along the cut edge.

Figure 8 illustrates how this technique can be used to show
that some chemicals can protect against the inhibition of GJIC.
The top left panel shows that normal, control liver cells
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transferred the fluorescent dye to about 10 cells away from the
cut edge. The top right panel shows that treatment of these cells
with noncytotoxic concentrations of another tumor promoter,
dicumyl peroxide, completely inhibited the transfer of the
fluorescent dye. The bottom panel demonstrates that cells
treated with dicumyl peroxide and an antioxidant found in
grapes and red wine, resveratrol, had higher levels of GJIC than
cells treated only with dicumyl peroxide. This shows that
resveratrol protected against the reduction of GJIC and suggests
that it might be a cancer chemopreventive agent.

Other techniques to evaluate GJIC have been developed.
Microinjection of fluorescent dye into cells and observation of
dye spread to neighboring cells is frequently used. Preloading
of cells with fluorescent dye followed by photobleaching of
a cell using a microlaser and measuring dye return into the cell
has also been used widely and is known as fluorescent recovery
after photobleaching (FRAP). One of the earliest techniques to
measure GJIC was electrical coupling in which current passage
between adjacent cells was measured using microelectrodes.
GJIC can also be assessed in tissues, most often with fluorescent
dyes in a manner similar to scrape loading. The tissue is
immersed in dye and cut through with a razor blade, then fixed
and sectioned similar to a histologic specimen. The dye can be
seen under a fluorescent microscope as spreading away from
the cut edge.

All of these techniques have been used to determine
whether agents alter GJIC and could be used to prescreen agents
for potential toxicity and protection in human cells and tissues.
Importantly, such measurements would be made at sub-
cytolethal concentrations and might be a better indicator of
potential toxicity to physiologic processes than cell death
assays.
Gap Junctions as Evolutionary Structures
to Regulate Stem Cell Functions

One of the interesting observations made with regard to adult
stem cells that exist in a protected ‘niche’ in any tissue (brain,
liver, breast, etc.) is that they do not seem to express connexins
or exhibit GJIC. This might seem to contradict known functions
of GJIC, namely, the regulation of cell proliferation as seen in
differentiated cells, and instead suggests that stem cells should
behave more like cancer cells with unregulated proliferation.
Because adult stem cells do not proliferate in an uncontrolled
fashion, they are under other forms of growth control such as
negative growth factors secreted by neighboring cells. Impor-
tantly, however, following mitosis of a stem cell, one of the two
daughter cells will begin to differentiate, express connexins,
and establish GJIC with neighbors. This cell ‘joins’ the
community of cells within the tissue and terminally differen-
tiates. The other daughter cell does not establish GJIC and
remains an undifferentiated stem cell.

Alteration of these processes and regulatory controls may
occur during development because of poor maternal nutrition
and exposure to toxic agents. This could lead to abnormal
numbers of stemcells (too fewor toomany) in the offspring. This
might contribute to proliferative diseases such as cancer, degen-
erative diseases such as osteoarthritis, and aging in the adult. In
contrast, an abundance of stem cells might also be beneficial by
serving as a source for tissue renewal after injury or toxicity.
Dietary factors, hormones, and other agents that modulate GJIC
(inhibition or enhancement) in the developing fetusmight affect
the ability of daughter cells to terminally differentiate and
increase or decrease stemcell numbers, respectively. For example,
genistein, a compound found in soybeans, enhances GJIC,
induces the differentiation of human breast stem cells, and has
been suggested to protect against breast cancer.

Clearly, alterations of stem cell pools in the developing
organism by nutrition and environmental agents could alter
the risk to many types of disease and affect aging. This
modulation of the stem cell pool might be the mechanistic
explanation for the Barker hypothesis (prenatal nutrition and
environmental exposures affect the offspring’s risk for diseases
later in life).
Summary

In summary, GJIC enables cells to rapidly share ions and
molecules that influence whether cells remain active, prolif-
erate, differentiate, commit apoptosis, or adapt in response to
external stimuli. In addition to effects on individual cells, this
form of intercellular communication synchronizes the activi-
ties of cells within a tissue. Thus, when gap junctions are altered
in inappropriate ways by endogenous or exogenous factors or
conditions, a variety of toxic outcomes and diseases might
result.

Although extracellular and intracellular communications
have long been studied, GJIC is a relatively new area of
research in toxicology. Thus, it is expected that as new
research findings are produced, it will be possible to iden-
tify the mechanisms by which disease-causing agents alter
GJIC and develop techniques to prevent or correct the
resultant adverse effects. It is also likely that in the near
future these techniques will be viewed as important tools
for identifying toxic and protective agents and improving
human health.

The central role of GJIC in normal physiology and disease
necessitates that toxicologists understand if and how toxic
agents affect intercellular communication to fully understand
toxic processes and mechanisms. It is certainly important and
appropriate to determine how a toxic agent impinges on
a specific molecule or intracellular process, but one cannot
fully understand toxic mechanisms in a multicellular
organism without studying GJIC and other forms of cell–cell
communication. Within the past decade, toxicologists have
begun to move away from the investigation of single mole-
cules and discrete pathways to study global changes in gene
expression, protein activities, and signaling cascades. Advances
in genomics, proteomics, and metabolomics, for example,
have greatly facilitated this. Still, however, there has been
relatively less study of GJIC in toxicology. Clearly, toxic agents
alter GJIC, and it is likely that investigation of such actions
will lead to a much greater holistic understanding of toxic
mechanisms and risk.

See also: Stem Cells; Epigenetics; Cell Cycle; Cell Proliferation.
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Background

Gasoline is a product of petroleum refining that varies in
composition and often includes additives such as antiknock
agents, antioxidants, lubricants, and detergents. Tetraethyl lead
was one of these additives, and use of leaded gasoline as fuel
was responsible for much of the human body burden of this
metal for a number of years. However, the phase out of lead
from gasoline during the past three decades (in the United
States and Europe) has led to an over 90% reduction in human
blood lead levels. More recently, other additives such as
methylcyclopentadienyl manganese tricarbonyl and methyl
t-butyl ether have been foci of concern because of possible
adverse environmental impacts of these compounds.
Uses

Gasoline is used almost exclusively as a fuel for automobile
and other internal combustion engines.
Environmental Fate and Behavior

Routes and Pathways

Since gasoline is a mixture, no simple summary can address
the fates of all of the components. However, many of the
toxicologically significant components are volatile and so are
lost to the atmosphere after being released to surface soil or
surface water. These compounds are then subject to photo-
chemical oxidation.

In addition, these components can leach through the soil
and contaminate groundwater where they may remain for long
periods of time. Under aerobic conditions, biodegradation of
gasoline components can occur in soil and surface water.

Relevant Physicochemical Properties

Gasoline is insoluble in water but soluble in absolute alcohol,
ether, chloroform, and benzene. Its Log Kow is from 2.13 to
4.87; its Log Koc is from 1.81 to 4.56, and its vapor pressure at
41 �C is 773 mmHg.
Exposure and Exposure Monitoring

The major route of population exposure to gasoline compo-
nents and their combustion by-products is inhalation. Skin
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exposure may also occur during handling of gasoline. Ingestion
of contaminated groundwater is another potential route of
exposure but is generally not toxicologically significant since
only very low levels of gasoline components have been found
in drinking water.
Toxicokinetics

Since gasoline is a mixture, relevant toxicokinetics information
must reflect not only the characteristics of the individual
gasoline components but also any interactions among them.
Thus, the toxicokinetics of various components of gasoline are
not sufficient to understand the mixture. Some information on
gasoline, itself, is available; e.g., percutaneous absorption is
slow and absorption from the respiratory tract is more efficient
than absorption from the gastrointestinal tract. However, many
other pieces of toxicokinetic data are lacking so that the tox-
icokinetics of gasoline are presently poorly characterized.
Mechanism of Toxicity

Little information is available on most of the mechanisms of
toxicity of gasoline. It has been suggested, however, that renal
effects in rats are mediated by alpha-2-urinary globulin and
thus of little relevance to humans who do not produce this
protein.
Acute and Short-Term Toxicity

Animal

Gasoline is an irritant. The 5-min LC50 (concentration that is
lethal to 50% of exposed animals) in rats is 30 000 mg m�3.

Human

Gasoline is an eye irritant and may also cause damage to the
skin, lungs, and the intestinal mucosa at high exposure levels.
At such levels, it may also cause neurotoxic effects such as
dizziness, nausea, and headache as well as adverse effects on
the cardiovascular system. At high enough levels, e.g., adult
ingestion of several hundred grams, it may cause coma or even
death. The 1-h TCLo (the lowest concentration in air that causes
toxicity in a 1-h exposure) is 900 ppm based on irritation.
Chronic Toxicity

Animal

In laboratory studies, chronic gasoline exposure has been
linked to renal tumors in male rats and liver tumors in female
mice. However, the applicability of these results to humans is
questionable.
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Human

Although there have been numerous epidemiological studies
of workers exposed to gasoline, the results are inconclusive
with regard to a link to cardiac toxicity, neurotoxicity, or any
form of cancer. However, some of the components of gaso-
line, e.g., benzene, are classified as known human carcino-
gens. In addition, intentional excessive exposure, e.g., from
gasoline sniffing, can lead to adverse neurological and renal
effects.
Genotoxicity

Studies of bacterial and mammalian cells in culture as well as
in vivo experiments indicate that gasoline is not mutagenic.
Clinical Management

Victims exposed only to gasoline vapors are not contamination
risks; however, those whose clothing has been contaminated
with liquid gasoline are. To decontaminate victims, exposed
skin and hair should be flushed with plain water for 2–3 min
and then washed with mild soap. Thorough rinsing with water
should be undertaken. Exposed or irritated eyes should be
irrigated with plain water or saline for 15 min. If gasoline has
been ingested, emesis should not be induced or gastric lavage
and activated charcoal should not be used. Catharsis with
magnesium or sodium sulfate is acceptable.

If vomiting occurs, pulmonary aspiration should be
watched for. In cases of respiratory compromise, airway and
respiration should be secured via endotracheal intubation.
Patients who have bronchospasm should be treated with
aerosolized bronchodilators. Epinephrine or related substances
should not be administered. There is no antidote for gasoline.
Treatment should support respiratory and cardiovascular
functions.
Other Hazards

Gasoline is flammable at room temperature. It also poses
a danger from explosion.
Exposure Standards and Guidelines

The permissible exposure limit time-weighted average for
gasoline in workplace air is 900 mg m�3 (300 ppm). Federal
limits for gasoline in drinking water and air have not been
promulgated although such limits exist for some gasoline
components; e.g., benzene. However, some states and munic-
ipalities have promulgated acceptable ambient air concentra-
tions for gasoline.

See also: Petroleum Distillates; Manganese; Petroleum
Hydrocarbons.
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Introduction

This article provides an overview of the anatomy, physiology,
and potential toxic effects that can affect the gastrointestinal
(GI) system. TheGI system consists of a luminalGI tract lined by
mucous membranes and associated digestive organs, including
the liver, exocrine pancreas, and gallbladder. The liver and
endocrine pancreas (e.g., endocrine system) are discussed in
other sections of this encyclopedia.

The primary function of the GI tract is digestion and
absorption of nutrients, ions, and water from food and liquids.
Digestion involves the breakdown or hydrolysis of food into
smaller molecules for absorption. Absorption refers to the
transport of nutrients, ions, and water across intestinal cells
into the body for metabolism.

The autonomic nervous system innervates the GI tract via
direct and indirect pathways. Increased parasympathetic tone
leads to enhanced GI function, favoring digestion and peri-
stalsis. Increased sympathetic tone results in a fight or flight
type response and inhibition of peristalsis and digestion.

The humanGI tract or tube forms the largestmucosal surface
in the body. The tract consists of (1) an inner mucosal layer
containing mucus-secreting and other specialized cells; (2)
a submucosal layer consisting of loose connective tissue with
blood and lymphatic vessels, inflammatory cells, and nerve
fibers; (3) a muscular layer containing smooth muscles, which
produce peristalsis; and (4) a serosal layer or covering that
encloses the tube. The GImucosal cells have very rapid turnover
rates, making them especially susceptible to ionizing radiation
and cancer chemotherapeutic agents. About 60–75% of small
intestinal cells and 10% of colonic mucosal cells turnover daily.

The tract tube consists of five segments, each with various
specialized cell types that perform unique functions described
next.
Oral Cavity, Hypopharynx, and Esophagus

Theoral cavity andhypopharynx initiate the process of digestion
by mechanically breaking down and mixing food with salivary
enzymes, including amylase, which breaks down starch.

The esophagus propels food and liquids from the hypo-
pharynx to the stomach. The esophagus has two sphincters
(i.e., areas of increased pressure) that prevent reflux of gastric
contents. During swallowing the sphincters relax to enable food
propulsion. Aspiration of gastric contents can result in signi-
ficant lung damage.
Stomach

The stomach further digests food by several processes. Food is
mechanically churned into smaller sizes through peristaltic
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action. Chief cells secrete the proteolytic precursor enzymes
pepsinogen 1 and 11, which further digest foods. Pepsinogen is
activated by the stomach’s low pH environment and inacti-
vated by the high pH (�6) in the duodenum mast cells and
enterochromaffin-like cells release histamine, which acts on
parietal cell H2 receptors to release hydrochloric acid. H2
blockers such as cimetidine are widely used to treat gastric
hyperacidity.

The factors associated with the regulation of gastric acid
secretion are complex and involve chemical, neural, and
hormonal influences. The stomach and small intestine contain
several endocrine cells that affect gastric acid release. A principal
factor that stimulates hydrochloric acid release is gastrin,
a hormone released into the circulation by G cells located in the
epithelial lining in the stomach, duodenum, and proximal
jejunum. Gastrin is released in response to food in the stomach
and small intestine. Stimulation of the vagus nerve results in
hydrochloric acid release via muscarinic cholinergic receptors
located on parietal cells. Vagal stimulation is also thought to
stimulate gastrin release and lower the threshold for gastrin
release.

Gastric acid secretion is inhibited by several mechanisms,
including increased gastric acidity (pH of 3 or less inhibits
gastrin release), acid in the duodenum, hypertonic fluids, and
hyperglycemia. Somatostatin, a hormone produced by gastric
mucosal endocrine cells (D cells), inhibits gastrin release.

Gastric acid secretion is not the primary cause of peptic ulcer
disease except in conditions that result in extreme over-
production, such as the Zolinger–Ellison syndrome. Infection
withHelicobacter pylori, a small, flagellated, gram-negative spiral
bacillus that produces urease, which serves to neutralize acidity
in the gastric mucus, is primary cause for peptic ulcer. Peptic
ulcers are now routinely treated with antibiotics directed
against H. pylori. H. pylori infection is also associated with an
increased risk gastric carcinoma. H. pylori is a common infec-
tion worldwide, especially in many developing countries.
Small Intestine

Theprimary functionof the small intestine,which is composedof
three segments, duodenum, ileum, and jejunum, is nutrient
absorption. Pancreatic enzymes, including amylase, lipase, and
trypsin, are secreted into the proximal small intestine
(duodenum), where they break down nutrients into smaller
molecules that can be directly absorbed. Bile acids are secreted
through the bile duct into the duodenumandhelp formmicelles,
which emulsify fats and facilitate lipid absorption. Most nutrient
absorption occurs in the jejunum and ileum.

A characteristic feature of the small intestine is a mucosal
lining that is principally composed of enterocytes, which
contain numerous villi that serve as absorptive areas. The villi
extend into the lumen and appear as fingerlike projections
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00026-9
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covered with epithelial cells. The villi also contain microvilli,
which are also composed of microfilaments that form a brush
border. Absorption of nutrients is also enhanced by motility of
the small intestine and direct movement of villi, which place
food in proximity to capillaries and lymphatic lacteals, which
serve as absorptive channels.

Several types of absorptive mechanisms exist for nutrients,
including active transport, passive diffusion, facilitated diffu-
sion, and endocytosis. Endocytosis occurs when the outer
plasma cell membrane surrounds a soluble or particulate
nutrient and engulfs the contents. This process is similar to
phagocytosis.

Complex polysaccharides, i.e., carbohydrates, or starches,
are hydrolyzed to oligosaccharides and disaccharides by
pancreatic amylase. Disaccharides, including lactase, sucrase,
and maltase, are enzymatically split by enzymes contained in
microvilli of enterocytes. Glucose and other monosaccharides
are absorbed by an active transport mechanism that is coupled
to energy derived from a sodium pump mechanism.

Proteins are initially broken down in the stomach by
pepsins, but completion of digestion occurs in the duodenum
by pancreatic enzymes trypsin and chymotrypsin. This results
in the formation of oligopeptides, dipeptides, and amino acids.
Dipeptides are broken down by dipeptidases located on
microvilli. Amino acids are absorbed rapidly in the duodenum
and jejunum by active transport mechanisms.

Most dietary fat is composed of long-chain triglycerides,
which contain saturated and unsaturated fats. Hydrolysis of
triglycerides occurs in the duodenum, through the action of
pancreatic enzymes, including lipase, colipase, and bile salts. Bile
salts, which are synthesized by the liver, have detergent properties
and enable the formation of micelles, which are emulsions of
triglycerides or fats with bile salts. The micelles enable lipase
enzyme to access the water–fat insoluble phase. Colipase,
a pancreatic enzyme, acts to place the pancreatic lipase in close
proximity to the surface of a triglyceride droplet and is necessary
for the action of lipase. Lipase hydrolyzes the triglyceride to form
2-monoglycerides and fatty acids. Monoglycerides released from
micelles come into contact with cell surfaces, where they are
absorbed by diffusion. Once inside the cell, metabolism is
dependenton chain length. Long-chain fatty acids are esterified to
triglycerides by enzymes in the endoplasmic reticulum and
interact with cholesterol phospholipids and apoproteins to form
chylomicrons and very low-density lipoproteins. Medium-chain
fatty acids are not reesterified and enter the portal venous system,
where they are transported and bound by albumen. Other
nutrients absorbed in the small intestine include fat-soluble
vitamins, iron, calcium, water, and sodium.

Bile salts are absorbed from the ileum or terminal portion of
the small intestine and are recirculated via the portal vein. If the
ileum is diseased, as in Crohn’s disease, bile salts may not be
absorbed, and fat absorption, including absorption of fat-
soluble vitamins, may be impaired.

Endocrine cells are scattered among walls of the small intes-
tine, including the villi. The cells release a large array of secretory
products into the bloodstream. Products include gastrin,
somatostatin, secretin, cholecystokinin, neurotensin, enter-
oglucagon, vasoactive intestinal polypeptide, GI polypeptide,
and other agents that can act by neurocrine and paracrine
mechanisms and play a key role in digestion.
The small intestine, in addition to other portions of the
mucosa and submucosa of theGI tract, contains a large numbers
of T and B cells, macrophages, and plasma cells. This lymphoid
tissue forms unencapsulated nodules in the ileum, which are
macroscopically visible and known as Peyer’s patches. M or
microfold cells are specialized cells found in epithelial tissue
overlaying the GI tract that function to transport macromole-
cules by transcytosis from the intestinal lumen to intraepithelial
macrophages and lymphocytes and play a key role in defense
against external pathogens. Other mucosal epithelial surfaces in
the body (e.g., respiratory tract and genitourinary tract) contain
similar populations of lymphocytes that serve to protect path-
ogenic organisms.
Large Intestine

The principal function of the colon is to reabsorb water and
electrolytes that are present inside a liquid luminal stream. In
contrast to the small intestinal mucosa, the lining of the colon
is composed of columnar absorptive cells that have shorter, flat
epithelial cells with no villi, although some absorptive cells
have microvilli. The mucosa is punctuated by tubular crypts
that extend to the mucosal layer and contain goblet cells, which
secrete mucus; Paneth cells, which secrete lysozyme; endocrine
cells; and undifferentiated goblet cells. Cellular proliferation is
confined to the crypts, and cells differentiate and migrate to the
surface to replace superficial epithelial cells lost to surface
abrasion or degeneration. Lymphoid tissue is found in the
mucosa and submucosa.
Intestinal Flora

The GI tract is colonized by endogenous bacteria or host flora
that include over 40 types of bacteria. There are approximately
10 times more bacteria in the gut than human cells in the body.
Host flora perform metabolic functions and serve to ferment
undigested carbohydrates in the colon into short-chain fatty
acids, which can be used for energy by colon cells. Host flora also
play a role in immunity, including growth repression of harmful
microorganisms and growth of epithelial cells. Intestinal bacteria
may contain several enzymes, including b-glucosidase, which are
involved in the biotransformation of xenobiotics.

Loss of intestinal flora following antibiotic therapy can lead
to overgrowth of pathogenic organisms. Probiotic formula-
tions of bacteria that are nonpathogenic and part of the human
flora may be used as prophylactics or therapeutic agents for
certain GI conditions Some bacteria, like Lactobacilli, may serve
to decrease the risk of cancer.
Exocrine Pancreas

The pancreas contains cells that have endocrine and exocrine
functions. The gland is largely formed of acinar cells, which
secrete digestive enzymes or their precursor into the
duodenum. Exocrine function is subject to hormonal and
neural regulation. The islets of Langerhans contain strands of
cells, including B and A cells that secrete insulin and
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glucagon, respectively, and form the endocrine portion of the
gland.
Toxicant Effects on the GI System

Toxic effects can be mediated in the GI system by several
mechanisms, which are discussed next.
Direct Mucosal or Cellular Injury

Xenobiotics that contact the mucosal or other cells of the GI
tract produce irritation characterized by inflammation, degen-
eration, and/or proliferation. The type of toxic effect that is
manifest is dependent on several factors, including chemical
characteristics of the agent, dose or magnitude of exposure, and
type of tissue involved.

Erosions or a superficial ulceration of the mucosa can occur
focally or diffusely. Erosions are due to focal necrosis of the
epithelium and associated stroma and are restricted to the
superficial layers. Diffuse irritation accompanied by an
inflammatory reaction is called enteritis. Ulcers, in contrast, are
deeper lesions extending beyond the mucosa and penetrating
into the adjacent tissue layers. Chronic irritation can lead to
proliferative lesions, including dysplasia, which potentially can
become malignant.

Ingestion of strong alkali and acids has the potential to
produce severe tissue destruction or liquefaction necrosis. Alkali
with a pH of �11.5–12 and acids with a pH <2 can produce
significant corrosive injury. Other substances such as phenol
may not be highly alkaline but can still produce corrosive injury.
Alkali are found in many commercial products, such as house-
hold and industrial cleaners, dishwasher soaps and drain
openers, and low-phosphate detergents. Factors affecting the
degree of tissue injury or destruction include the amount
ingested, the duration of contact with tissue, concentration, pH,
physical form, titratable alkaline, and acid reserve.

A frequent injury following alkali ingestion is esophageal
burns. Diffuse circumferential esophageal burns are more
common in patients ingesting concentrated liquid alkaline
corrosives, while granular forms tend to produce patchy or
streaky oral and esophageal burns. Ingestion of capsules con-
taining liquid alkaline corrosives or solids can result in gastric
injuries. From a clinical perspective, the absence of visible oral
burns does not reliably exclude the presence of esophageal
burns, and persons ingesting such formulations may need to
undergo endoscopy todetermine the extent of esophageal injury
to enable proper patient care.

Complications of caustic ingestion include trache-
oesophageal and aortoesophageal fistulae; strictures of the
mouth, esophagus, and stomach; and esophageal carcinoma.
In severe cases, GI bleeding or perforated viscus with media-
stinitis or peritonitis may develop and can be fatal. Strictures
are more likely to develop after second- or third-degree or
circumferential burns.

GI tract irritation can occur when xenobiotics interfere with
the gastric mucosal barrier. Gastric ulcers have been associated
with anti-inflammatory medications, including aspirin and
nonsteroidal anti-inflammatory drugs. The mechanism is
thought to be the inhibition of cyclooxygenase, which is
required for prostaglandin secretion. Prostaglandins play a key
role in maintaining mucosal defenses of the stomach. Other
agents that can cause severe injury to the GI tract include
salicylates, heavy metals, and iron.

Acute pancreatitis is an inflammatory disorder that results in
abdominal pain and elevated blood levels of pancreatic
enzymes. The condition can be mild, but about 15–25%
cases are severe, with 5% mortality from multiorgan failure.
Chronic alcohol abuse accounts for about 30% of cases in the
United States. Drug-induced pancreatitis is thought to be an
uncommon cause of pancreatitis, with an estimated incidence
of 0.1–2%.Awide array ofmedications has been associatedwith
pancreatitis, but the scientific literature is limited and consists
primarily of case reports. Medications commonly reported to
cause pancreatitis include didanosine, sulfonamides, thiazide
diuretics, tetracycline, azathioprine, estrogens, and valproic
acid. Potentialmechanisms vary for different agents, but include
direct toxic effects, ischemia, immunologic reactions, intravas-
cular thrombosis, and altered viscosity of pancreatic juices.
Interaction with GI Tract Receptors

Gastrointestinal function can be affected by interaction with
cellular receptors. Stimulation of cholinergic muscarinic
receptors by agents such as cholinesterase inhibitors (e.g.,
organophosphate pesticides) and nicotine can lead to nausea,
vomiting, and diarrhea. Similarly, the administration of drugs
that block with cholinergic muscarinic receptor functioning
(e.g., atropine, tricyclic antidepressants, opiates, and sedative
hypnotic medications) can slow motility and lead to con-
stipation. Opioid withdrawal can lead to an increase in motility
and secretions of the GI tract.
Indirect Effects

Vomiting can occur as a consequence of the interaction of
a chemical with the central chemoreceptor zone or vomiting
center in the fourth ventricle of the brain. Glycosides, opiates,
nicotine, and possibly carbon monoxide may act in this
manner. Vomiting can also occur as a consequence of local GI
tract stimulation from a wide array of agents, including soaps,
detergents, solvents, metals (including arsenic and thallium),
and toxins associated with several types of food poisonings.
Allergic Reactions

The GI tract can be a site of hypersensitivity reactions. Angioe-
dema of the mouth, including the pharynx, can occur following
use of several medications such as angiotensin-converting-
enzyme (ACE) inhibitors. The reaction is mediated via IgE.
Carcinogenesis

GI tract cancers comprise about 20% of all cancer death in the
United States. Epidemiological studies provide strong evidence
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that GI tract cancers are affected by environmental factors.
Migration studies demonstrate that immigrants and to a degree
their offspring begin to experience the cancer rates similar to
the population of the host country rather than their country of
origin for cancers of the same organ. The incidence of GI tract
cancers demonstrates considerable geographical variation for
the same organ, supporting the conclusion that environmental
factors play a causal role.

Colorectal cancer is the second most common malignancy
in the United States, accounting for about nearly 10%, of all
cancer death. Although genetic factors play a role, including
family polyposis and familial cancer syndrome, environmental
risk factors, including ionizing radiation exposure, high dietary
fat and meat intake, nitrosamines, and limited physical activity,
provide evidence for an environmental cause. Fat intake has
been postulated to increase cancer risk by changing the
composition of intestinal flora, which can affect metabolism of
xenobiotics, or by increasing concentrations of bile salts.
Cancer of the rectum shares some risk factors with the colon
cancer but also has distinct characteristics possibly related to
sexually transmitted infections, chronic inflammation, and
cigarette smoking.

Gastric neoplasms were among the most frequent malig-
nancies at the turn of the century, but the incidence has
decreased in the past 50 years. Risk factors include nitrate
ingestion and persons with hypochlorhydria who have a rela-
tive lack of stomach acid. This may be secondary to the pres-
ence of bacteria, which are normally killed in an acidic gastric
environment and that transform nitrates to nitrites, which can
eventually form carcinogenic nitrosamines.

Oral cavity cancers have been associated with cigarettes,
alcohol, and chewing tobacco or snuff or betel nut quid
(popular in parts of Asia) and infection with human papilloma
virus. Cancer of the oral cavity is not common in the Western
world, but is frequently found in some developing countries,
including India, where it accounts for approximately 8% of all
malignancies. Other factors include a history of ionizing radi-
ation exposure and nutritional deficiencies including iron in
association with Plummer–Vinson syndrome.

Esophageal cancer is associated with the use of alcohol and
nitrosamines, ingestion of alkaline corrosive agents, and
possibly chewing betel nut (popular in parts of Asia). Nutri-
tional deficiencies have also been linked to this type of
malignancy.
See also: Absorption; Acids; Alkalies; Carbamate Pesticides;
Carcinogenesis; Corrosives; Endocrine System; Liver; Metals;
Organophosphorus Compounds; Poisoning Emergencies in
Humans.
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Generally Recognized as Safe (GRAS) is a regulatory category
created for a group of food additives that were exempted from
themore rigorous regulatory requirements for food additives in
the 1958 Food Additives Amendment to the (US) Food, Drug,
and Cosmetics (FD&C) Act of 1938. If a substance was accor-
ded GRAS status, it was generally recognized by experts quali-
fied by scientific training and experience to evaluate its safety,
as having been adequately shown through scientific procedures
or experience based on common use in food, to be safe under
the conditions of its intended use. This determination was
originally made by panels assembled by an organization
formed by FASEB (LSRO). Simply put, a substance that is GRAS
under conditions of its intended use is not a food additive and
does not require premarket approval by the Food and Drug
Administration (FDA).

The statutory definition of food additive covers only
a substance that “is not generally recognized to be safe under
the conditions of its intended use.” Thus, in the peculiar
meaning of the term as it is used in the statute, a substance that
becomes a component of a food (even as an ingredient) would
not be a food additive if it is generally recognized as safe.
Congress further defined GRAS as requiring that a substance
used in food be generally recognized, among experts qualified
by scientific training and experience to evaluate its safety, as
having been adequately shown through scientific procedures
(or, in the case of a substance used in food before 1 January
1958, through either scientific procedures or experience based
on common use in food) to be safe under the conditions of
its intended use.

Thus, GRAS status may exist if some level of scientific
agreement about a substance’s safety exists based either on
appropriate testing or common use in food before 1958.

The GRAS exception obviously raises a number of
serious interpretive difficulties. The statute provides little
further elaboration about the required degree of scientific
agreement, the types of scientific procedures that could
provide the necessary predicate for such agreement, or, in
the case of substances in widespread use before 1958, the
required nature and extent of such prior use. For instance,
how could a substance be GRAS without experience based
on common prior use? Did Congress thereby intend to give
manufacturers of new food-use substances the option of
submitting test results to non-FDA scientists for their
evaluation and possible stamp of approval? At least one
witness at the 1957 congressional hearings apparently
thought so, suggesting that a company could seek the
advice of private or academic consultants on the question
of whether there was general recognition of safety based on
existing data. As discussed in the following, this has
become a common practice.

Because the GRAS exception became a common feature of
every one of the numerous bills on the subject considered
by Congress, the legislative history sheds some additional light
on these and other questions. Although not technically
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a ‘grandfather clause’ (which would permanently exempt from
coverage all substances used in food before the enactment
date), the GRAS exception attempts tominimize the potentially
significant and unnecessary burden that would otherwise be
placed on both the industry and the FDA if the agency had to
evaluate and formally approve common substances used in
food. In addition, for substances that were not regarded as
GRAS and therefore subject to regulation as food additives,
Congress initially provided a transitional period of up to
30 months for compliance with the new premarket approval
requirements, but it subsequently extended this phase-in
period by almost five additional years.

The FD&C Act included similar GRAS language in defining
the term new drug, as did the Pesticide Residues Amendment of
1954. Although conceding during the congressional hearings
that the language was inherently ambiguous, the agency
thought that it could apply this flexible GRAS exception to food
additives in a sensible manner (interestingly, just 2 years after
enacting the Food Additives Amendments). As subsequently
construed by reviewing courts, the exception applicable to
drugs is quite narrow, in part because the statute requires that
a drug be both GRAS and GRAE (generally recognized as
effective). In 1973, the Supreme Court held that the exception
in the definition of new drug required an ‘expert consensus’ of
both safety and effectiveness.

Both the FDA and reviewing courts sometimes have strug-
gled to make sense of the GRAS exception. All agree that there
must be a fairly high level of scientific agreement. The FDA’s
implementing regulations, finally promulgated almost two
decades after passage of the Food Additives Amendment,
provide as follows:

l Generally, recognition of safety based on scientific proce-
dures requires the same quantity and quality of scientific
evidence as is required to obtain approval of a food additive
regulation for the ingredient. General recognition of safety
through scientific procedures is ordinarily based on pub-
lished studies that may be corroborated by unpublished
studies and other data and information.

l Evidence of GRAS must relate to the conditions of inten-
ded use. General recognition of the safe use of a substance
in a different product or at a different level would not
suffice to escape the food additive definition. The excep-
tion turns not on safety itself so much as on recognition of
safety by scientific experts. Testimony of an absence of any
evidence of a health hazard would not suffice to establish
GRAS status, at least not unless coupled with evidence of
common prior use. If GRAS status is premised on common
use before 1958, then such use must have been fairly
extensive.

Originally, the FDA categorically refused to recognize use
outside of the United States. This policy did not, however,
survive a subsequent judicial challenge. The revised regulations
provide that prior foreign use may support GRAS status, but
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00848-4
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only if the information about such use is readily available and
corroborated. In addition, GRAS status based on prior foreign
use must satisfy domestic conceptions of safety. If GRAS status
is based on prior foreign use, the FDA urges the manufacturer
to seek its concurrence. Other sections of the regulations
continue to define eligibility for GRAS status by reference to
common use in the United States.

During the congressional hearing leading up to enactment
of the Food Additives Amendment, the FDA submitted
a ‘partial’ list of what it would regard as GRAS substances,
including items such as butter, coffee, cream, gelatin, lard,
lemon juice, margarine, molasses, mustard, olive oil, paprika,
pepper, salt, sugar, vinegar, and wine. During the first several
years after enactment of the Food Additives Amendment, the
FDA listed in its regulations hundreds of ingredients as GRAS.
The original GRAS lists included, for example, ascorbic acid,
calcium chloride, caramel, and sodium phosphate.

Because these inventories emerged without any detailed
scientific assessment of the original safety data, much less of the
data subsequently generated with constantly improving
detection and safety assessment methods (as underscored by
the discovery of evidence linking an artificial sweetener mixture
containing cyclamate to cancer), the FDA initiated a systematic
review in 1969 to settle the GRAS or food additive status of
a number of substances commonly added to food. The agency
designated several categories of food ingredients for this review:
substances of natural biological origin that were widely
consumed as food before 1958 but subsequently were modi-
fied in certain respects by new production processes or selective
breeding; distillates, isolates, extracts, and reaction products of
GRAS substances; and substances not of natural biological
origin or intended for consumption for other than their
nutrient properties.

The (US) National Academy of Sciences (NAS) undertook
ingredient usage surveys, and in 1972, the Life Sciences
Research Office (LSRO) of the Federation of American Socie-
ties for Experimental Biology (FASEB) established a Select
Committee on GRAS Substances (SCOGS) to conduct reviews
of the available scientific literature. Over a period of 10 years,
SCOGS forwarded to the FDA detailed reports on 468 food
substances (of which 422 were direct ingredients). The Select
Committee first created an array of five standardized recom-
mendations, and it concluded that 72% of the food
substances under review should remain GRAS and only 1%
should immediately become subject to food additive
requirements. Although the FDA planned to review each of
these reports and pursue appropriate rulemaking, it has not
completed its GRAS list review many years after receiving the
last SCOGS report.

A number of substances currently appear on the GRAS
affirmation list that emerged from the FDA’s comprehensive
review. At present, almost 200 separate ingredients are
included as GRAS for direct use in food. The FDA concedes,
however, that its GRAS lists are not exhaustive: “Because of the
large number of substances the intended use of which results
or may reasonably be expected to result, directly or indirectly,
in their becoming a component or otherwise affecting the
characteristics of food, it is impracticable to list all such
substances that are GRAS.” Thus, a substance “of natural
biological origin that has been widely consumed for its
nutrient properties in the United States prior to 1 January
1958, without known detrimental effects, which is subject
only to conventional processing will ordinarily be regarded as
GRAS without specific inclusion” in one of the GRAS lists.
More specifically, “by way of illustration, the Commissioner
regards such common food ingredients as salt, pepper,
vinegar, baking powder, and monosodium glutamate as safe
for their intended use.”

GRAS status does not free a substance of FDA controls. At
a minimum, a GRAS substance must comply with any appli-
cable food grade specifications appearing in the FOOD
CHEMICAL CODEX, and it must perform an appropriate
function (and be used at a level no higher than necessary to
achieve its intended purpose) in the food or food-contact
article in which it is used. In addition, a substance must comply
with any specific usage limitations appearing in any GRAS
affirmation regulation. If no specific limitation applies, GRAS
status is lost only if the conditions of use differ significantly
from those providing the basis for eligibility. Finally, ‘new
information,’ and any revision of an existing GRAS regulation
would be accomplished by the FDA through notice-and-
comment rulemaking procedures. In contrast, any revision of
a food additive regulation would require more cumbersome
procedures.

Unless the FDA previously has decided otherwise, a person
may take the position that a particular food-use substance is
GRAS and, therefore, exempt from food additive approval
requirements. In fact, there is no present requirement that the
agency be advised of such private GRAS determinations. A few
manufacturers have commissioned safety reviews by reputable
scientific organizations, and FASEB has conducted a handful
of private GRAS reviews during the last several years. For
example, the Procter & Gamble Company asked the Federa-
tion to review the safety of caprenin, a reduced calorie fat
substitute. On the basis of FASEB’s report, the company
determined that this substance was GRAS, filed a GRAS affir-
mation petition with the FDA, and began selling it to food
processors. Similarly, Nabisco Foods sought a FASEB review of
salatrim, another fat substitute subsequently brought to
market on the basis of a GRAS self-determination. Some have
suggested that the National Center for Food Safety and
Technology, an organization recently established in the Chi-
cago area with private and government support, might play
a similar role in the future.

Whether undertaken for the FDA or a private entity, FASEB’s
LSRO assembled an ad hoc panel of experts from several
different scientific disciplines to conduct the requested reviews.
These experts usually are drawn from among FASEB’s 4 more
than 40 000 members, and they are hired by LSRO to serve as
independent consultants. The expert panels prepare study
reports that are “peer-reviewed by an independent internal
FASEB committee for clarity, objectivity, and scientific integrity,
[and] the reports of each study are published in scientific
journals or are made available publicly.”

Similarly, a few industry associations have created their
own expert panels to review the possible GRAS status of food
ingredients, as the Flavor and Extract Manufacturer’s Associa-
tion (FEMA) has done for the last few decades. FEMA’s project
began in 1959, initially surveying the industry about the usage
of different flavoring substances. The association then
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established a permanent panel – composed of six to eight
recognized and independent experts from various disciplines,
including toxicology and biochemistry – to evaluate scientific
literature reviews (SLRs) assembled for its consideration, and
then assess the GRAS status of those flavoring substances.
Over the last 30 years, the expert panel’s reports have been
published periodically in the journal Food Technology.
Furthermore, the SLRs underlying the Panel’s GRAS determi-
nations were made available to the public and forwarded to
the FDA.

In the case of a new flavoring substance, a company
seeking an opinion about the flavor’s potential GRAS status
must submit an application form and literature search to
FEMA’s staff, which, after a preliminary check for complete-
ness, forward the request and information to the expert panel
for consideration at its next regularly scheduled meeting. The
available literature is evaluated against FEMA’s published
criteria, and a GRAS designation requires a unanimous vote by
the panel; otherwise, the flavoring substance will be placed in
a hold category for further study or be designated as not
GRAS.

Since the inception of this project, FEMA has considered
42 000 flavoring substances. The expert panel’s initial set of
reviews identified 1118 substances as GRAS based on prior
safe use and six more as GRAS based on the available
scientific information. The FDA incorporated only 277 of
these flavors in its own GRAS list, but it also designated
another 846 of these FEMA-reviewed substances as approved
food additives on the strength of the existing safety data and
without the need for filing separate petitions. In 1985, FEMA
finished a comprehensive reevaluation aimed at updating its
original GRAS determinations, dropping three flavoring
substances from the list. In 1993, FEMA began a second
reevaluation process, coupled with an effort to update and
reformat all existing SLRs, which it hopes to complete in
5 years.

The FDA has not challenged the marketing of flavors the
FEMA had identified as GRAS, whether or not it has incorpo-
rated them into its own lists of GRAS substances or approved
food additives. In extending the date by which persons would
have to comply with its bulk flavoring requirements, the agency
described the FEMA list as one of the ‘reliable industry associ-
ation GRAS lists.’ The FDA also occasionally refers to FEMA’s
GRAS listing of a flavor to support a GRAS affirmation
proposal.

Another potentially important source of food safety exper-
tise resides in the Joint Expert Committees on Food Additives
(JECFA), first organized in 1956 by the United Nations Food
and Agriculture Organization (FAO) and the World Health
Organization (WHO) and now associated with these organi-
zations’ Codex Alimentarius Commission. JECFA reports have
influenced decisions by the FDA and other regulatory bodies,
and its recommendations concerning particular additives
might be relied upon by companies in making GRAS self-
determinations. Under the FDA’s GRAS criteria, a report by
JECFA or a comparable group certainly could qualify as ‘general
recognition’ of safety, even if a substance has never before been
used in food.

Although nothing prevents such GRAS self-determinations,
the strategy carries obvious regulatory risks. On occasion, the
agency has pursued enforcement proceedings, disagreeing with
a company’s belated claim that a substance is GRAS.

By 1997, the FDA concluded that it could no longer devote
substantial resources to the GRAS affirmation petition process
and published a proposed rule outlining a replacement for the
process. Shortly thereafter, an interim procedure known as the
GRAS notification program was established, affording compa-
nies a mechanism by which they may inform FDA of a deter-
mination that the use of a substance is GRAS. Currently the
FDA has received and responded to approximately 200 GRAS
notices for a variety of substances, including carbohydrates,
lipids, proteins, as well as chemicals such as gases, inorganics,
and organics.

Notifications are sent to the FDA’s Office of Food Additive
Safety and typically include a succinct description of the
substance, applicable conditions of use, basis for the GRAS
determination, physical and chemical properties, and
a discussion of the reasons why the substance is GRAS for its
intended use.

The FDA then makes a determination on whether or not the
substance is GRAS based on the information in the notice and/
or other information available to the FDA. Following the
evaluation, the FDA responds to the notifier with a letter stating
that: (1) the FDA does not question the basis for the notifier’s
GRAS determination; (2) the notice does not provide a suffi-
cient basis for GRAS determination (because of a lack of
appropriate data or information, or because the available data
and information raise questions about the safety of the
substance); or (3) that the agency, at the notifier’s request, has
ceased to evaluate the GRAS notice.

FDA has an EAFUS Food Additive Database website. This is
an informational database maintained by the FDA Center for
Food Safety and Applied Nutrition (CFSAN) under an ongoing
program known as the Priority-based Assessment of Food
Additives (PAFA). It contains administrative, chemical, and
toxicological information on >2000 substances directly added
to food, including substances regulated by the US Food and
Drug Administration (FDA) as direct, ‘secondary’ direct, and
color additives, and Generally Recognized as Safe and prior-
sanctioned substances. In addition, the database contains only
administrative and chemical information on <1000 such
substances. The >3000 total substances together comprise an
inventory often referred to as Everything Added to Food in the
United States (EAFUS). This list of substances contains ingre-
dients added directly to food that the FDA has either approved
as food additives or listed or affirmed as GRAS. Nevertheless, it
contains only a partial list of all food ingredients that may in
fact be lawfully added to food, because under federal law some
ingredients may be added to food under a GRAS determination
made independently from the FDA. The list contains many, but
not all, of the substances subject to independent GRAS
determinations.

The Research Institute for Fragrance Materials (RIFM) uses
an expert panel of academic dermatologists, toxicologists,
and environmental scientists safe use determinations of
fragrance materials. The expert panel uses a decision tree
approach to assessing the dermal, systemic, and environ-
mental endpoints. Conclusions of the Expert Panel on safe
use, drawn from critical evaluation of all available hazard
data, and exposure information provided by industry, form
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the basis for industry-wide standards issued by the Interna-
tional Fragrance Association.

See also: Flavor and Extract Manufacturers Association; Food
Additives; Food and Drug Administration, US; International
Fragrance Association (IFRA); Joint FAO/WHO Expert Meetings
(JECFA and JMPR); Research Institute for Fragrance Materials;
Food, Drug, and Cosmetic Act, US; Regulation, Toxicology and;
World Health Organization/International Programme on
Chemical Safety (WHO/IPCS).
Further Reading

Adams, T.B., Doull, J., Feron, V.J., et al., 2002. The FEMA GRAS assessment of
cinnamyl derivatives used as flavor ingredients. Food Chem. Toxicol. 40, 429–451.

Bickers, D.R., Calow, P., Greim, H.A., et al., 2003. The safety assessment of fragrance
materials. Regul. Toxicol. Pharmacol. 37, 218–273.
Burdock, G.A., Carabin, I.G., 2004. Generally recognized as safe (GRAS): history and
description. Toxicol. Lett. 150, 3–18.

Frankos, V.H., Rodricks, J.V., 2001. Food additives and nutrition supplements. In:
Gad, S.C. (Ed.), Regulatory Toxicology, second ed. Taylor and Francis, Philadelphia,
PA, pp. 133–166.

Hallagan, J.B., Hall, R.L., 2009. Under the conditions of intended use – new devel-
opments in the FEMA GRAS program and the safety assessment of flavor ingre-
dients. Food Chem. Toxicol. 47 (2), 267–278.
Relevant Website

http://www.fda.gov/Food/FoodIngredientsPackaging/default.htm – US Food and Drug
Administration (FDA) Food Ingredients and Packaging (includes a list of direct food
additives affirmed as generally recognized as safe). See also the link to the `EAFUS'
Food Additive Database.

http://www.fda.gov/Food/FoodIngredientsPackaging/default.htm


Genetically Modified Food/Organism
M Rabiei, Food and Drug Laboratories Research Center, Food and Drug Organization, Tehran, Iran
S Sardari, Drug Design and Bioinformatics Unit, Biotechnology Research Center, Tehran, Iran

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by William Frez, volume 2, pp 432–438, � 2005, Elsevier Inc.
Introduction

Genetically modified foods (GMFs) are foodstuffs derived from
genetically modified organisms (GMOs) (other terminologies
used for ‘genetically modified’ are ‘transgenic,’ ‘genetically
engineered,’ and ‘products of recombinant DNA (rDNA)
technologies’), whose genetic material has been manipulated
by incorporating a gene that will express a desirable trait.
Genetic engineering allows animals, plants and microorgan-
isms to be genetically modified with novel characteristics
beyond what happens through traditional breeding. The use of
GMOs for enhanced crop yield and reduced production
expenses was started in the mid-1990s. Since then, a wide
variety of traits have been expressed through modern biotech-
nology, including traits that aid in the growing of plants and
traits that are assumed to be beneficial for consumers. To date
the majority of existing approved genetically modified crops
have been designed to express transgenic proteins, introducing
traits for improved crop production such as insect resistance
and herbicide tolerance.

The global area dedicated to GM crops has increased
yearly since their commercialization in 1996. However, the
public perception has not accompanied that growth in the
same manner and there is considerable public concern that
GM products may cause potential risks both to human
health and the environment.
Technologies Used in Genetic Modification of GMF

Around 5000 BC humans started to use traditional biotech-
nology to overcome a number of production constraints. Since
improving crops through traditional plant breeding has been
time consuming due to requiring successive rounds of crossing
and selection, modern biotechnology has been developed
to produce faster and more dramatic results such as crop
resistance to insects and pathogens, tolerance to herbicide,
increased nutritional value, production of plant-manufactured
pharmaceuticals, increased animal growth, and enhanced
reproductive capacity. Manipulation of microorganisms for
improving process control, yield, and quality in food process-
ing is another application of genetic modification.

Recombinant DNA technologies to make a GMO include
isolation of the coding gene of interest, cloning it into an
appropriate host, and improving its expression by using special
regulatory genes, to achieve the desired characteristics in
a relatively rapid period of time.
Plant Transformation Techniques

Genetic transformation is a change in a cell through which the
insertion then integration of the introduced DNA into the host
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genome happens and the DNA becomes a permanent addition
to the genome. Numerous physical or biological plant trans-
formation techniques for the production of transgenic plants
with different efficiencies, applications, and limitations have
been developed. The most widely used methods are vector-
mediated transformation (via Agrobacterium) and direct gene
transfer (DGT). The Agrobacterium method, which relies on
biological vectors for the transformation process, utilizes
‘disarmed’ (nontumor-inducing) vectors modified by genetic
engineering to insert the foreign DNA into the host genome.
This is the method of choice for most plant species especially
dicots, and because of its advantages it has recently been
practiced in monocots as well. The advantage of this method
over the other forms of transformation techniques is the ability
to introduce relatively larger fragments of DNA with minimal
rearrangement, higher efficiency, and lower costs.

DGT or the transfer of naked DNA to plant cells has been
achieved with numerous methods such as particle bombard-
ment, electroporation, macro- and microinjection, ultra-
sonication, polyethylene glycol (PEG)- and laser-mediated
uptake, silicon carbide whiskers, and floral dip. Each technique
has its inherent benefits and drawbacks. Some of these
methods such as electroporation and PEG transformation have
been most successful using protoplasts. Although protoplast
transformation can be very efficient, because the cell wall as
a major barrier is removed before DNA delivery into the plant
cell, many problems arise in the regeneration of the whole
plants from these single cells. Particle bombardment (other
terms used for ‘particle bombardment’ are ‘Biolistics,’ ‘micro-
projectile bombardment,’ and ‘particle acceleration’) as
a purely physical method utilizes high-velocity microscopic
heavy metal particles to deliver the DNA into a suitable target
tissue. This method avoids complications from biological
interactions with the plant, though its limitations are the
randomness of DNA integration and the complex insertion loci
increasing the possibility of gene silencing. Moreover, most
DGT systems require expensive instruments.

Selectable Marker Genes

Following all the methods of transformation the target cell is
then cultured in vitro, leading to the selection and production
of mature transformed plants. Because only a small percentage
of the recipient plant cells are targeted successfully in the
transformation process, a selectable marker gene is required to
be introduced along with the gene of interest to enable the
selection of the transformed cells. The most widely used marker
genes encode resistance to an antibiotic or a herbicide is NPT-II
or bar/pat. Only the transformed cells are able to proliferate in
the presence of the toxic selective agents assuming that these
cells also possess the transgene of interest. Because of the
concerns over the possible risk of horizontal and vertical gene
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00509-1
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transfer, alternative benign marker, and excision systems have
been developed. A gene that codes for phosphomannose
isomerase (PMI) and converts mannose to the useful form of
fructose is one of the most widely used benign marker genes.
On the other hand, excision systems enable the removal of the
selectable marker gene from the plant before its commerciali-
zation. Reporter genes as another subset of marker genes allow
identifying transformed cells and their physical isolation from
nontransformed cells through coding for products that can be
either chemically analyzed or visually detected.
Common GM Products

GM products have been developed by means of the technolo-
gies mentioned above, because of some perceived advantages
for food quality, nutrition and agricultural practice. A variety of
GMOs are currently used and possibly more will be produced
in the future. The term GMO may be applied to cover all life
forms, but it is commonly used for GM plants and animals.
Genetically Modified Crops

The main goals of research and development in genetic
modification of plants have been developing crops with both
enhanced agronomic input traits that yield quality products
and output traits such as improved nutritional value. However,
genetic modification is mostly applied to confer resistance to
both biotic and abiotic stresses. Biotic stress includes weeds,
pests, and pathogens, whereas abiotic constraints are drought,
salinity, heat, and nutrient deficiencies. Because most of the
crop losses are caused by biotic stress, genetic modifications to
confer resistance to this kind of stress have occupied a high
percentage of GM crops so far. Moreover, several approaches
have been developed to improve quality traits such as delayed
fruit ripening, modified oil composition, andmodified vitamin
and mineral profiles.

The first GM crop that was approved for human consump-
tion was the FlavrSavr� tomato, which was modified to ripen
without softening characterized by extended shelf life. Since
1996, the field area dedicated to cultivation of GM crops has
increased dramatically. To date, GMOs are produced by both
industrial and developing countries with USA, Brazil, Argentina,
India, and Canada being the lead producers. The principal
transgenic crops are soybean, maize, cotton, and canola fol-
lowed by sugar beet, papaya, potato, tomato, and alfalfa being
the minor ones, which are commercially grown on a very small
area. During the 15-year period, 1996 to 2011, herbicide toler-
ance has steadily been the dominant trait modified in biotech
crops available on the international market, with insect resis-
tance in the next rank followed by virus resistance. Soybean,
maize, canola, cotton, sugar beet, and alfalfa are themajor crops
containing herbicide tolerance trait. Herbicide tolerant soybean
(Roundup Ready�) was one of the first GM crops to be
approved and used in a large scale. During the growing season,
this plant tolerates herbicides used to eliminate weeds. The
second major problem that growers face is insect damage to
their crops, which causes significant losses in both yield and
quality despite using chemical pesticides. The problem has
almost been circumvented by growing insect resistant GM crops
that contain genes derived from several varieties of bacterium,
Bacillus thuringiensis spp. (Bt). The cry genes encode the
production of naturally occurring insecticidal proteins known as
delta endotoxins, which have toxic effects on certain species of
Lepidoptera (moths and butterflies). The Bt endotoxin inhibits
insect digestion, which results in starvation and death. This
protein does not seem to have detrimental effects on beneficial
insects, humans, and other vertebrates. A large part of global
biotech area is dedicated to insect resistant Bt crops including
maize, soybean, cotton, and potato in addition to the products
with stacked or multiple traits, particularly crops with both
herbicide tolerance and insect resistance traits. Many of the GM
varieties currently authorized as food and/or feed are stacked
gene varieties, mostly cotton and maize.
Genetically Modified Animals

Different kinds of applications for genetic modification in
animals include enhanced animal growth and reproduction
capacity; production of novel products, especially therapeutic
proteins for human health care; and improved animal
health. Such applications are being experimented in some
countries, but GMF-producing animals are yet to be
routinely used. To date, transgenic animals that have been
generated include mouse, rat, rabbit, fish, cow, sheep, pig,
goat, and chicken; many of them are still in the early stages
of research and development. Among these, the first geneti-
cally modified animal on the food market has been
enhanced growth Atlantic salmon containing a growth
hormone gene.
Genetically Modified Microorganisms

Several microbial recipients of transgenes as biological control
agents known as biopesticides and biofertilizers are safe alter-
natives to chemical pesticides and fertilizers respectively. Other
work aims at improving process control, yield, efficiency, and
quality through genetic modification of microorganisms. An
example is the recombinant chymosin, a cheese making
enzyme that was approved in 1990 in the United States. Until
now, several genetically modified microorganisms to produce
food processing aids have been commonly used and it is
anticipated that more will be employed in the future.
Safety Issues of GMOs

With the transition from traditional agriculture to the application
of modern biotechnology in food production, development of
GMOs is expected to expand. Because all technologies carry risks,
the production of biotech crops has been accompanied by
considerable international concern for safety of GMOs and their
potential risks to human health and the environment.
Risks of GMOs to Human Health

Introduction of one or more genes from related or totally
unrelated organisms to a recipient may result in a variety of
outcomes including potential direct and indirect effects on
human health. The intended effects of genetic modification
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happen directly owing to the presence of new genetic materials
and proteins. Yet, genetic modification may also result in
unintended effects including altering the levels of toxins,
allergens, nutrients, or antinutrients in foods. Allergens or
toxins might be produced from the transgene itself or the
process of the insertion of the gene; moreover specific genetic
modifications may alter the nutritional quality of the product
in a manner that may adversely affect human health. The
potential toxicity of the introduced protein and a probable
activation of a natural toxin by the process of genetic manip-
ulation are the possible toxicity risks associated with GMOs.
Delayed effects in addition to cumulative long-term effects may
be observable at a later stage as a direct or indirect effect.

According to the World Health Organization (WHO), one
of the main issues of concern for human health is allergenicity.
Normally, allergic reactions happen after exposure of sensitized
individuals to certain compounds. Almost all food allergens are
proteins. Potential allergenicity of GM compounds has been
the main concern regarding food safety. For example, increased
allergenicity was observed during clinical experiments of GM
soybean modified with Brazil nut protein. The aim of its
production was to improve the nutritional value of animal feed
by increasing levels of methionine by introducing methionine-
rich 2S albumin from the Brazil nut, which is a known aller-
genic food. This soybean never reached the market. To avoid
the allergenicity of GM food, the Food and Agriculture Orga-
nization of the United Nations FAO/WHO expert panels have
discouraged the transfer of genes from known allergenic foods
unless it can be demonstrated that the protein product of the
transferred gene is not allergenic.

In addition, selectable markers such as antibiotic resistance
genes have been widely used in the production of GMOs,
therefore pathogenic microorganisms may become resistant to
antibiotics through transfer of antibiotic resistance genes from
GMOs to them. It should be noted that the movement of genes
from GM crops to their conventional products or related
species known as outcrossing, along with mixing of conven-
tional plants with GM crops, may have indirect, adverse effects
on food safety. In order to reduce mixing some countries have
strategies such as a clear separation of the GM and conventional
crop fields.

Because of the potential risks and unknown long-term
impacts of GM crops to human health, in response to
increasing public concerns over consuming these products, the
application of modern biotechnology in food production
systems has triggered new regulations requiring the risk
assessment of GMOs in many countries.
Environmental Impact and Gene Flow

Unintended effects on nontarget organisms, ecosystems, and
biodiversity are the main potential risks posed by GMOs to
the environment. Outcrossing or undesired transfer of genes
from the GM crop to nontarget crops or weeds may create
superweeds and therefore a new problem such as new weed
control arises. Another consequence would be adverse effects
on beneficial insects that are nonpests or a faster introduction
of resistant pests. For instance, recent research has
demonstrated the rise of secondary pests following cultivation
of Bt cotton.
Risk Assessment of GMOs

Risk assessment, the primary and crucial part of the risk anal-
ysis, is a structured, science-driven process by means of which
the potential hazards are identified. Through this step-by-step
process, which should comply with high specific standards,
both qualitative and quantitative estimates of risk are obtained.
Generally, risk assessments are done to ensure that no major
difference between GM food and its conventional counterpart
exists. Each GM organism has its own specific gene introduced
in a particular way, so GMOs differ from each other by the type
of gene inserted to them, and consequently each GM food and
its safety should be assessed separately on a case-by-case basis;
hence, it is difficult to make general assumptions or explana-
tions over the potential risks posed by all GMOs. For instance,
in the crops of stacked traits there is a possibility of interactions
between the proteins of the multiple traits together with
unintended effects caused by the interaction of the multiple
genomes; therefore, their assessment is more complicated.

As previously discussed, selectable markers such as antibi-
otic resistance genes have been widely used in the production
of GMOs. Whereas gene transfer from GM foods to bacteria in
the gastrointestinal tract may pose potential risks on human
health, the consequences of horizontal gene transfer should be
considered in a safety assessment program despite the low
probability of transfer.

Rapid advancements in modern biotechnology together
with commercialization and release to the environment of GM
products have created the need to establish a regulatory system
to assess the safety of GM products. Several protocols and
guidelines have been developed worldwide; those of theWHO/
FAO and Codex Alimentarius commission (CAC) along with
the European Union are the best and most reasonable refer-
ences. To ensure biosafety through national systems of risk
assessment, the Cartagena Protocol on Biosafety (CPB), an
international multilateral agreement, was adopted in 2000 and
came to force in 2002.
Substantial Equivalence

There exist a number of concepts and approaches that can
provide estimates of potential risks to human health and the
environment. Substantial equivalence (SE) is a basic concept
and starting point for the safety evaluation of GMOs used as
food or feed, though it is not a decision threshold. SE is based
on the comparison of the GMOs with their conventional
counterparts with an established history of safe use. This
concept is applied to identify similarities and potential differ-
ences between the GMO and its non-GM counterpart. Food
composition, molecular, agronomic, and morphological char-
acteristics of the organism in question are all investigated and
compared with its traditional counterpart. SE usually provides
assurance that the GMO may be as safe as or presents no new
risks compared with its conventional counterpart. Application
of this concept may result in three distinguished cases. The new
GM food may demonstrate (1) SE to the conventional coun-
terpart, (2) SE to the conventional counterpart except for
defined differences, in this case any significant difference trig-
gers further safety assessments, or (3) not SE to the conven-
tional counterpart, in this case the SE cannot be applied and



Table 1 Major components usually taken into account for the risk
assessment of GMOs considering food safety aspects

Important points to be

considered Focus of risk assessment process

Potential toxicity of the
novel protein

Toxicity of the source of the novel protein
Amino acid sequence homology by bio-

informatic comparisons with known toxins
Acute toxicity testing

Potential allergenicity
of the novel protein

Allergenicity of the source of the novel protein
Amino acid sequence homology by bio-

informatic comparisons with
known allergens

In vitro digestability and processing stability
(pepsin resistance)

Testing the reaction of antisera from allergic
patients with the novel protein (cross-
reactivity with allergen linked antibodies)

Animal testing of the novel protein or the
whole GM product

Potential changes in the
nutritional value

Compositional analysis on macro and micro-
nutrients, antinutrients, toxins,
and allergens
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comprehensive toxicological and nutritional tests should be
applied. It should be noted that SE establishes relative and not
absolute level of safety. One of its limitations may be the lack
of an appropriate comparator.

Precautionary Principle

In the case of unavailable or insufficient scientific data to assess
a possible risk associated with a GM crop, ‘cost-effective’
preventive measures to protect human health and the environ-
ment should not be postponed. In fact the precautionary prin-
ciple as a part of riskmanagement is used to address uncertainties
in GM risk assessment. Becoming an important decision-making
tool in Europe, precautionary principle considers scientific as
well as cultural, economic, and social aspects of the potential risk
and deals with prevention of damage.

Principles for the Risk Assessment of GM Food

Numerous data is required in the risk assessment process
including information on identity, characterization and history
of use of the organism that is going to be genetically modified.
Several safety and nutritional aspects of GM foods should be
addressed to undertake the safety assessment of GM products.

Internationally several organizations are involved in devel-
opingmethods for risk assessment of GM food, includingWHO
and FAO of the United Nations; they provide advice to Codex
and the Organization for Economic Co-operation and Devel-
opment (OECD). The codex has adopted safety principles and
guidelines for risk assessment of GM foods derived from
modern biotechnology. In general, some food safety factors that
are usually taken into account in the safety assessment of GMOs
are outlined briefly in Table 1. As noted earlier, factors including
detailed description of the recipient, donor, and the GMOs,
together with both description and characterization of the
genetic modification should also be addressed in the safety
assessment of GMOs. Briefly, themain components of the safety
assessment are agronomic evaluation, compositional analyses,
allergenicity and toxicity assessments, andfinally in case, animal
feeding trials with whole GM product.
Detection Approaches for GMO Testing

With the introduction of new GM traits of a variety of crops to
the food supply chain, continuous monitoring of both the
presence and the amount of GMOs in the product by vali-
dated qualitative and quantitative methods is highly required.
Various detection methods are utilized in different stages of
research, development, release, and regulation of a GMO. The
characteristics of the inserted DNA sequences, the gene product
and the resulting GMOs are examined by the detection and
identification methods to provide necessary information for
risk assessment process. With regard to the specificity, sensi-
tivity, costs and ease of use, each method has its own advan-
tages and disadvantages. Generally, GMO analysis is based on
three distinct steps including detection, identification, and
quantitation. Detection and screening methods deal with the
presence/absence of any GMO in the product. The screening
methods target genetic control elements that are commonly
introduced to many GM crops. Following a positive result from
the initial screening method, the identification of the GM
varieties is carried out. This step is based on target sequences
specific to each GMO and determines how many different
GMOs exist in the product and discriminates between autho-
rized and unauthorized material. Quantitation as the next step
of GMO analysis is to determine the amount of the GMO
present in the product, in order to reveal compliance with
specific threshold levels stated in the regulations. Particular
attention should be given to validity and reliability of the
methods of GMO detection.

Molecular methods for GMO testing are primarily DNA-
based assays which are mostly based on polymerase chain
reaction (PCR) technology involving amplification of specific
DNA sequences that are unique to GMOs and also protein-
based assays, mainly immunological, which are based on the
specific binding between the expressed transgenic protein and
an antibody. PCR with greater analytical sensitivity and high
specificity has become the method of choice for GMO detec-
tion used by various food control laboratories. Alternative
methods such as chromatography and near infrared spectros-
copy can be applied to detect differences in the chemical
profile. Biosensors and microarrays are other rapid, specific,
and sensitive methods developed for detection of GMOs.

The mentioned methods form the technical backbone of
risk assessment, which is a step to be performed in the GMO
approval process. Identification and prevention of potential
adverse effects are achieved through detection and evaluation
of intended and unintended changes in a GMO. Analytical
methods used in the risk assessment are divided into targeted
and nontargeted approaches. Measurement of specific and
known compounds, which are nutritionally and toxicologically
important, is the main way to detect predictable unintended
effects through comparative compositional analysis. Nonethe-
less, it is not possible to detect any changes in the concentra-
tions of unknown toxicants and antinutrients resulted from the
genetic modification through targeted approach. These
limitations are important, particularly for the plants with
limited or no history of safe use and for plants that have been
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rigorously modified through multiple gene insertions. There-
fore, nontargeted approaches based on profiling methods have
been developed. Profiles such as a chromatogram or spectrum
of the compounds of a crop are compared between the GM
plant and its comparator without any need to identify all
compounds analyzed. Analysis of a GM crop at different levels
of cellular organization by profiling methods is possible at the
level of DNA known as genomics, at the level of mRNA
expression famous as transcriptomics such as DNA microarray
technology, at the level of protein translation known as pro-
teomics by MALDI-TOF technique, and finally metabolomics
to analyze the chemical substances including metabolites by
different techniques such as GC-MS, LC-MS, and NMR. Because
profiling methods generate massive amounts of data, appro-
priate statistical methods are necessary for interpretation of
results. If significant differences are detected following the
comparison between the GM plant and the comparator, their
biological relevance is assessed by comparing the obtained
results with specific databases. All the above mentioned
information is gathered and assessed for its potential toxico-
logical and nutritional relevance. Clearly, before utilizing the
profiling methods on a routine basis for GMO detection as an
important part of safety assessment of these crops, validation
and standardization of these techniques is highly required. To
overcome the remaining uncertainties in the risk assessment of
GM crops, toxicologically important unintended effects may be
assessed through animal feeding trials.
Conclusion

The global use of modern biotechnology has increased
dramatically and steadily since 1996 especially in response to
population growth and food production demands. Because all
new technologies pose unexpected potential risks, genetic
modification techniques are no different. This has created the
need for stringent regulations employed by governments to
scrutinize the potential risks associated with GM products.
Therefore, the detection and identification of GMOs in food
have become important issues for all the subjects
involved in food control. Clearly, reliable monitoring and
detection of GMOs in food and feed based on proper
selection of valid methods in accordance with internationally
harmonized protocols is essential for implementation of
regulatory frameworks. In fact, commercialization of GMOs
and public acceptance greatly depend on food safety issues and
proper regulatory, ethical, social, and environmental consid-
erations. So far, regulatory issues and biosafety associated
solutions to minimize risks have been developed for the safe
use of GMOs around the world. Although results of experi-
mental investigations performed currently indicate that GM
products which are currently on the international market do
not seem to show short-term toxicities, yet particular attention
should be given to possible unpredicted and also long-term
adverse effects posed by GM technology in toxicological
studies.

See also: Toxicity, Acute; Toxicity, Subchronic and Chronic;
Transgenic Animals; Risk Assessment, Human Health; Omics
and Related Recent Technologies; Analytical Toxicology;
Toxicity Testing, Carcinogenesis.
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Overview of Genetic Toxicology

Genetic toxicology is the study of the toxic effects of chemicals
and radiations on the hereditary material, or the DNA, of cells.
Genetic toxicology, therefore, involves the study of chemically
induced or radiation-induced DNA single-strand breaks and
double-strand breaks, damage to DNA bases, mutations in
DNA, and recombinational events in DNA mediated by exo-
genous agents (chemicals and ultraviolet [UV] and ionizing
radiations) in bacteria, yeast, cells of the fruit fly, plant cells,
and mammalian cells. Genetic toxicology also encompasses
micronucleus formation, chromosomal aberrations, chromo-
somal aneuploidy, and morphological and neoplastic trans-
formation of mammalian cells. In addition, genetic toxicology
also includes chemical carcinogenesis in lower animals and in
humans, because this often involves mutations in proto-
oncogenes, activating them to oncogenes, and deleterious
mutations in tumor suppressor genes, inactivating them. The
importance of genetic toxicology is that it allows investigators
to measure the DNA-damaging, mutagenic, and carcinogenic
effects of chemical carcinogens and UV and ionizing radiations
and it also allows investigators to study genetic damage and
mutations in lower animals and humans.
DNA Damage

Many chemicals, and UV and ionizing radiations, can cause
damage to DNA bases. This can result in a labilization of the
DNA base–sugar phosphate bond. Bases can then depurinate or
dissociate from the sugar phosphate backbone of DNA. This can
leave that DNA strand which is lacking a DNA base, susceptible
to attack by endonucleases, leading to cleavage of that strand by
endonucleases. This will result in a break in a single strand of
DNA. Single-strand breaks in DNA are easily recognized by
centrifugation in alkaline sucrose gradients. The alkali separates
the DNA strands, allowing a differential sedimentation of the
longer from the shorter pieces of DNA. This separates the DNA
strands and also allows visualization of the separated and
broken strands. Using gel electrophoresis and specific plasmids
treated with chemical mutagens or radiations also allows
investigators to detect single-strand breaks in DNA. If these DNA
single-strand breaks are not repaired correctly by DNA repair
enzymes, this can lead to a cytotoxic event.

Similarly, a number of chemical agents and ionizing radia-
tions can lead to one or more breaks in both strands of DNA
simultaneously. This is called a DNA double-strand break.
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Ionizing radiations, such as X-rays and neutrons, are very effec-
tive in depositing a sufficient amount of energy into DNA to
result in DNA double-strand breaks. DNA double-strand breaks
are easily recognized by centrifugation in neutral sucrose. These
types of breaks of the DNA strands are difficult to repair by the
DNA repair machinery of the cell. If they are not repaired
correctly, these DNA double-strand breaks can lead to
cytotoxicity.

UV light (254 nm) and certain chemical mutagens can also
efficiently induce cross-links in DNA. These can be manifested
as either intrastrand DNA cross-links, that is, occurring within
one strand of DNA, or interstrand DNA cross-links, which occur
between two strands of DNA. These types of DNA cross-links
can inhibit DNA replication and transcription. This can cause
the cell to remain in a static state, where it is trapped and cannot
proceed through mitosis. In such a state, a cell can become
degraded by nucleases and proteases, leading to cell death.
Hence, it is very important for the cell to repair these types of
DNA cross-links, so the cell can complete DNA synthesis and
mitosis, commence transcription, and survive. Examples of
agents that are efficient at inducing DNA cross-links are UV light
of 254 nm, nitrogen mustard, and psoralen plus UV light.

In addition, ionizing radiations (X-rays and gamma rays)
and certain chemicals (such as bleomycin and adriamycin) or
ionizing radiations that generate active oxygen species, such
as superoxide, can cause oxidative damage to DNA bases.
Bleomycin and adriamycin are examples of chemicals that can
generate superoxide. Superoxide can then dismutate in the
presence of the enzyme, superoxide dismutase, which can lead
to the generation of hydrogen peroxide. The reaction of
hydrogen peroxide and additional superoxide in the presence
of ferrous iron can then lead to generation of hydroxyl radicals.
Hydrogen peroxide and hydroxyl radicals can oxidize DNA
bases, and this can then generate mutations and cytotoxicity.

A fifth type of DNA damage results from the covalent binding
of chemical mutagens and mutagenic chemical carcinogens to
DNA bases. An example of this is the chemical mutagen
and mutagenic chemical carcinogen, N-methyl-N0-nitro-N-
nitrosoguanidine (MNNG). MNNG is thought to generate
methyl carbonium ions, which can bind covalently to the O-6
position of guanine, and to the N-7 position of guanine in
DNA, leading to mutations, cytotoxicity, and carcinogenesis.
The chemical carcinogen, benzo(a)pyrene (BaP), is metabolized
to diol epoxide metabolites. One of the metabolites, the anti-
benzo(a)pyrene 7,8-dihydroxydiol-9,10-epoxide, can bind cova-
lently to the exocyclic amine of guanine in DNA, leading to
a covalent adduct. Covalent mutagen/carcinogen–DNA base
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adducts are very stable and can lead to cytotoxicity, mutation,
or carcinogenesis if they are not repaired properly.
DNA Repair

DNA Repair in Bacteria

It was now known that in bacteria, yeast, and mammalian cells,
there are enzymatic systems that can repair damaged DNA.
These systems are known as DNA repair systems. Much of the
DNA repair that takes place in bacteria and in mammalian cells
whose DNA has been damaged by chemical mutagens or by
ionizing radiations, proceeds with a high degree of fidelity, and
repairs the DNA damage correctly. However, a certain small
fraction of this DNA repair proceeds incorrectly, and this
misrepair leads to mutations. While some of this misrepair
generates mutations and can be cytotoxic, a fraction of this
misrepair is beneficial by generating mutations that can lead to
genetic diversity in organisms and hence provides new organ-
isms that can lead to evolution of various species.

In bacteria, a number of DNA repair systems are now recog-
nized. Thefirst repair system,whichhasbeen themost intensively
studied and the best understood, is the system of photoreactiva-
tion repair or direct repair. This repair system is very efficient at
repairing thymine dimers containing a cyclobutane ring formed
between thymine bases in DNA by absorption of UV light of
254 nm by the thymine bases. In photoreactivation repair, an
antenna pigment, methylene tetrahydrofolate (MTHF), absorbs
near UV light of wavelength 350 nm. MTHF then transfers the
energy of this photon by Forster resonance energy transfer to
reduced flavin adenine dinucleotide (FADH). FADH then trans-
fers an electron to the thymine dimer, which decomposes it,
returning it to its original state of two separate thymine bases in
DNA. This repair takes place in the presence of the photoreacti-
vating enzyme, which contains a pocket that binds to and holds
the thymine dimer in place. Since this repair system returns the
thymine dimer to its original separate thymine bases in DNA, no
mutations occur during this process. Hence, this repair is said to
be ‘error free,’ and it does not induce mutations. The gene that
encodes the photoreactivating enzyme has been cloned and
sequenced, and the photoreactivating protein has been purified
and sequenced. X-ray crystallographic analysis of the photoreac-
tivating enzyme has revealed the structure of this enzyme. It
contains two globular domains, an NH2 domain and a COOH
domain, connected by a bridge consisting of 71 amino acids. The
MTHF antenna pigment and the FADH cofactor fit above and
below the amino bridge connecting the two globular domains.
The cyclobutane pyrimidine dimer flips out from the DNA and
binds to a ‘pocket’ in the photoreactivating enzyme. This structure
easily allows the MTHF to absorb light of 340 nm, to pass the
energy of this light to the FADH cofactor by Forster resonance
energy transfer, and for the resultant FADH* to pass an energetic
electron to the cyclobutane pyrimidine dimer, causing this
structure to rearrange back into two separate thymine bases,
which is the original structure before thymine dimer formation.

A second DNA repair system in bacteria is designated
excision repair. This repair system efficiently repairs DNA
strands that have been irradiated with UV light or ionizing
radiations, oxidatively damaged, or that have chemical–DNA
base covalent adducts in them. This system involves the steps of
incision by an incision endonuclease proximate to the site of
the damage, followed by excision of the damaged DNA bases
by DNA polymerase I. Next, DNA polymerase I (the Arthur
Kornberg enzyme) fills in the resulting nucleotide gaps by
adding nucleotides complementary to the undamaged strand,
using the undamaged strand as a template, and synthesizing
DNA in a 50 to 30 direction. Finally, DNA ligase seals the
phosphodiester chain. This repair proceeds with a high degree
of fidelity, and, therefore, only induces a very low frequency of
mutations. Some authors refer to this as ‘error-free’DNA repair,
although a low frequency of mutations is created by this repair
system. As noted before, a low frequency of mutations is
beneficial to evolution and is therefore acceptable.

A third type of DNA repair is called the SOS response. The
SOS response involves the induction of two different types of
DNA repair. In this situation, where there are thymine dimers
in DNA due to UV irradiation of the DNA or other DNA
damage, a normally quiescent molecule, called the rec A
protease, binds to the site of this DNA damage. The binding of
rec A to damaged DNA causes the rec A protease to become
catalytically active, and this active rec A was designated as
rec A*. The rec A* protease then binds to Lex A repressor
molecules that are already bound to various genes of the
bacterial genome. Lex A repressor molecules normally bind to
the SOS boxes of genes in the genome that encode endonu-
cleases, exonucleases, helicases, DNA polymerases, and other
molecules important in SOS repair and in postreplication
recombination DNA repair. When the activated rec A protease
binds to the Lex A repressors, this causes the Lex A repressors to
autocatalytically cleave themselves. This results in the induc-
tion of the synthesis of w50 protein molecules involved in
DNA repair, among them an error-prone DNA polymerase.
This error-prone DNA polymerase is composed of two umuD0

molecules and one umuC molecule, with the formula,
umuD20C. This error-prone DNA polymerase causes nucleotide
synthesis to occur opposite the thymine dimers, with a low
degree of fidelity. This leads to high frequencies of mutations in
the DNA, on the order of 1/1000 nucleotides. This, however, is
acceptable, because otherwise, failure to repair UV-damaged
DNA at the replication fork before the cell divides can kill the
cell. In addition, during the SOS response, postreplication,
recombination repair is simultaneously induced. In post-
replication, recombination repair, the rec A* protease also acts
as a recombinogenic enzyme. In this case, at a replication fork
containing a thymine dimer, rec A-mediated recombination
can occur to generate a situation in which there is at least one
good template for DNA synthesis on each strand of the repli-
cation fork. While allowing DNA repair and hence DNA
synthesis to proceed, rec A-mediated recombination is also
a process that proceeds with a low degree of fidelity, with error
rates of 1/1000, leading also to mutations.
DNA Repair in Mammalian Cells

DNA repair systems similar to those in bacteria also exist in
mammalian cells.

The first type of DNA repair in mammalian cells is base
excision repair. A situation arising in which this type of DNA
repair is utilized occurs when a DNA base is chemically
damaged. In this situation, a DNA glycosylase removes the
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damaged DNA base from the DNA. This results in an apurine
site or in an apyrimidinic site. The next step is that DNA
polymerase fills in the apurinic site or the apyrimidinic site
with the correct base. DNA polymerase b fills in short patches
in the DNA. DNA polymerase 3 fills in longer patches of DNA.
Then, the next step is that DNA ligase connects the DNA
parental strands.

The second type of DNA repair in mammalian cells is
nucleotide excision repair (NER). In NER, the cell can remove
bulky lesions from DNA. The NER repair system utilizes 30
proteins to remove damaged bases from DNA. The five steps in
NER are recognition of DNA damage, incision, excision, DNA
repair synthesis by DNA polymerase g or 3, and ligation by
DNA ligase I. In this repair, the damaged DNA base blocks
transcription, and stalled RNA polymerase provides a signal to
initiate repair of the transcribed DNA strand.

A third type of DNA repair in mammalian cells is DNA
double-strand break repair. There are two types of double-strand
repair: homologous recombination and nonhomologous
recombination. In homologous recombination, either exonu-
cleases or helicase produce a 30-ended, single-stranded tail, and
this tail then invades an undamaged homologous DNA, and
with DNA synthesis, a ‘Holliday junction DNA complex’ is
formed. This junction is then cleaved to produce two undam-
aged DNA molecules. A second type of double-strand break
repair is called nonhomologous end joining (NHEJ). In NHEJ,
a DNA-dependent protein kinase (DNA-PK) aligns broken DNA
ends, which facilitates their ligation, which is performed byDNA
ligase IV. DNA-PK also is believed to act as a signal molecule to
help recruit other proteins involved in NHEJ.

A fourth type of DNA repair in mammalian cells is
mismatch repair. This type of repair fixes mismatched bases
formed during DNA replication, genetic recombination, and
DNA damage caused by chemical agents and radiations. The
steps in mismatch repair include damage recognition by
proteins that bind to the site of the damage, stabilizing the
binding by adding more proteins, cutting the DNA at a distance
from the mismatch, excision past the mismatch, resynthesis of
DNA, and ligation.

There is also a fifth type of DNA repair called O-6-methyl-
guanine-DNA methyltransferase repair. In this type of repair,
a methyl group is transferred from an O-6-methylguanine in
DNA to O-6-methylguanine-DNA methyltransferase.
Mutagenesis

Overview of Mutagenesis and Its Biological Significance

What is mutagenesis and why it should be concerned with this
process? Mutations are changes in the hereditary material of
cells, their DNA, that cause observable changes in hereditary
traits in offspring. These changes are transmitted to the RNA,
which is synthesized according to the instructions carried by
the DNA, and then to proteins, which conduct chemical
(enzymatic) reactions in the cell or serve as structural materials,
giving a cell its shape. Mutagenesis is the process by which
mutations are induced in the cells of organisms.

Mutations can have beneficial effects, deleterious effects, or
no consequences in organisms. Certain mutations have a posi-
tive effect on the organism. The sickle cell mutation in the
hemoglobin gene and hence the hemoglobin protein molecule,
for instance, is thought to give humans in Africa an ability to
survive malaria better. The resulting mutated hemoglobin
aggregates in the red blood cells, leading them to assume
a sickled shape, which makes it difficult for the malarial para-
site to enter and infect the red blood cells. Many mutations are
neutral and have no significant effect on the organism at all.
However, certain types of mutations can have deleterious
consequences in organisms. An example of a deleterious
mutation in humans is one that destroys the activity of an
enzyme called adenosine deaminase, leading to a deficient
immune system and a consequent inability to fight disease,
as occurred in the famous ‘bubble boy.’ Other deleterious
mutations, such as mutations in the germ cells (sperm or
egg cells), can lead to a predisposition to cancer, such as the
Li–Fraumeni syndrome, or the condition predisposing persons
with a mutation in one of the retinoblastoma (Rb) genes to
incur a tumor of the eye called retinoblastoma at high
frequencies. Still other mutations can be lethal and result in
nonviable offspring. Mutation is an inevitable process, and it is
occurring all the time spontaneously. Mutations that lead to
beneficial traits in an organism will be selected for, and
mutations that lead to defects in critical cellular properties or to
the death of the organism will be selected against, during the
course of evolution.

During the past 100 years, a significant amount about the
nature and effects of mutations on cell growth and survival and
on the growth and survival of various organisms was learned.
Mutations have been most intensively studied in bacteria
because bacteria grow very rapidly, and themutations are rapidly
expressed. From experimental studies, it is now known that UV
and ionizing radiations and specific chemicals called mutagens
can induce mutations in bacteria, in yeast, in plants, in the fruit
fly Drosophila, in single mouse cells in culture, in mice, in single
human cells in culture, and in humans, although the last has
been less well studied. A significant amount concerning muta-
tions in the fruit fly, Drosophila melanogaster, and a significant
amount concerning the effects of mutations in mice are known.
Using recently developed assays to detect mutations in humans
by analyzing the white blood cells of humans, a knowledge
concerning the induction of mutations in humans caused by
ionizing radiations (e.g., the atomic bomb survivors in Hir-
oshima and Nagasaki), mutations caused by mutagenic cancer
chemotherapeutic agents, and mutations caused by cigarette
smoke was acquired. With current methods using techniques of
molecular biology, the presence of certain mutations believed to
be deleterious in humans was detected, and genetic counseling
can occasionally help certain families.

Scientists have also learned a substantial amount regarding
cancer induction by mutagenic chemical carcinogens and
mutagenic UV and ionizing radiations. A very important finding
in this field is that UV and ionizing radiations and specific
chemical mutagens induce mutations in specific cellular genes
called proto-oncogenes, which activate them to oncogenes.
Chemical mutagens and ionizing radiations can also cause
amplification of these proto-oncogenes, leading to higher steady
state levels of the protein products of proto-oncogenes. These
agents can also cause chromosomal breakage and translocation
of a part of the chromosome(s) bearing proto-oncogenes to
other chromosomes, where the proto-oncogenes can be placed
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under the control of different promoters of gene expression or
fused with other genes, leading to aberrant proto-oncogene
products. Mutagens also induce deleterious or inactivating
mutations in other genes called tumor suppressor genes, inac-
tivating them, or cause partial or full deletions of these genes,
leading to loss of the tumor suppressor gene protein products.
Combinations of activating mutations in proto-oncogenes and
inactivating mutations in tumor suppressor genes, on the order
of 15 or more such mutations, in somatic (non-germ line) or
germ line cells play a key role in carcinogenesis, or the process of
cancer induction caused by mutagenic chemical carcinogens, in
humans. Specific details of the types of mutations that occur in
organisms and their biological significance are as follows.
Definition and Description of Mutations

As has been well known since the pioneering experiments of
Griffith, Avery, MacLeod, McCarty, Watson, and Crick, DNA is
the genetic material of bacterial and mammalian cells. DNA
encodes information in a triplet code which specifies the
sequence of amino acids in proteins. Proteins are the enzymatic
and structural polymers of cells. DNA consists of two antipar-
allel chains of nucleotides. Hydrogen bonds between bases on
one strand and bases on the opposite strand constitute in the
aggregate sufficient bond strength to keep the double helix of
DNA intact. However, even at room temperature, sufficient
energy is deposited in the DNA helix that the hydrogen bonds
constantly break and reform, leading the DNA base pairs to
occasionally separate, and the DNA structure to ‘breathe.’ DNA
is replicated in a semiconservative fashion, as shown by the
original experiment of Drs. Meselson and Stahl, such that each
original strand serves as a template on which a new comple-
mentary strand is replicated. In this replication, complementary
DNA bases are added to bases on the original strand, such that
guanine pairs with cytosine and thymine pairs with adenine, as
accomplished by DNA polymerases. In bacteria, DNA poly-
merase III accomplishes a large fraction of DNA synthesis, aided
by DNA polymerase I, which works on the lagging strand.

The sequence of DNA is specified very precisely. A mutation
is any change in the sequence of DNA bases from the original
sequence of DNA bases. In the simplest form, during replica-
tion, the DNA polymerase enzymes can accidentally substitute
an adenine for a guanine opposite a cytosine during DNA
replication. This simple kind of mutation would be called
a transition mutation, in which one purine, guanine, was
instead replaced by another purine, an adenine base. Similarly,
if during replication a pyrimidine base, such as thymine, was
supposed to be inserted opposite an adenine base on the
template strand, but instead a cytosine was inserted opposite
the adenine, this would also be called a transition mutation.
A transversion mutation is one in which a purine base substi-
tutes for a pyrimidine base (guanine for thymidine) or
a pyrimidine base substitutes for a purine base (cytosine for
adenine). These types of mutations are also more generically
called base substitution mutations.

The next more complex type of mutation is referred to as an
addition or deletion mutation. In a deletion mutation, one or
more bases are removed from the DNA. In an addition muta-
tion, one or more bases are added to the DNA. Addition
mutations are also called insertion mutations. Deletion muta-
tions are called small deletions if only a few bases are deleted
from the DNA or large deletions if many bases are deleted from
the DNA. The same considerations hold for small addition and
large addition mutations.

So far, mutations in which the genetic code is kept in strict
register were only considered. As is commonly known, the
genetic code is read in triplets, such that three nucleotides are
read together to specify one specific amino acid. With base
substitution mutations, only one base is changed, so the amino
acid specifiedby thenew triplet nucleotide specifies a newamino
acid. However, the rest of the nucleotide sequence remains the
same, so the protein specified only has one amino acid changed
in it. This situation is similar in the case of addition and deletion
mutations, provided the addition or deletion is three bases or
amultiple of three bases. Of course, in this situation, there is gain
or loss of one or more amino acids, and this can have severe
consequences for the resultant protein, depending on where in
the protein the amino acids are inserted or deleted. However,
beyond the site at which the three base addition or deletion is
induced, the genetic code remains in register, and the rest of the
protein, beyond the addition or deletion mutation of three or
a multiple of three nucleotides, will remain normal.

A special circumstance arises when one or two bases, or any
multiple of one or two bases, but not three bases, are deleted or
inserted into a DNA sequence. In this case, the sequence of bases
encoding amino acids is now shifted out of register. The original
amino acids in the encoded protein are changed, and the code is
shifted out of register at and beyond the site of this type of
mutation. Hence, a new or ‘scrambled’ protein is produced from
the site of themutation onward. Such a special type of mutation
is called a frameshift mutation, since the coding frame is shifted
out of its original alignment. In this case, the structure of the
protein is ‘scrambled’ from the site of the deletionor insertion on
through the rest of the protein. In this case, the protein can have
an altered structure, and if the protein is an enzyme, the enzy-
matic activity of the protein may be decreased or abolished.

Another simple type of mutation that needs to be consid-
ered is gene amplification. In this case, a gene is copied into
many more replicas of that same gene. The extra copies of this
gene are then inserted into the DNA. A further type of mutation
is due to a translocation of a gene sequence. In mammalian
cells, there is the additional complication that the DNA and its
genes are arranged on discrete chromosomes. These chromo-
somes can be broken, and pieces from one chromosome
attached to another chromosome, to form a structure known as
a translocation. This can result in a deletion mutation if the
sequences are not joined correctly and can also result in the
translocated gene being placed next to a strong promoter
element, which can cause the gene to be read more frequently,
affecting expression of this gene.
Consequences of Specific Types of Mutations

The consequences of transition mutations and transversion
mutations depend on where they occur in a gene coding for
a protein. If they occur in a site that does not significantly
change the shape of a protein used to maintain the structural
integrity of a cell, or in a site that does not affect the structure of



Genetic Toxicology 719
an enzyme or its active site, then they do not have a significant
effect on the structure of the cell or on the enzymatic activity of
a protein. If, however, the transition or transversion mutation
occurs in a part of the protein that significantly changes its
structure or alters the structure of its active site, decreasing its
enzymatic activity, then the mutation can have severe negative
consequences for the survival of the cell.

Three base additions and deletions similarly may not have
severe consequences if they occur in a region of the protein that
does not affect the structure of the protein or does not affect the
active site of the enzyme, and hence does not affect its enzy-
matic activity. Of course, if these deletions and additions occur
in critical parts of the protein that affect its structure, or in the
active site of an enzyme, they can have significant effects on cell
survival and the phenotype of the cell.

The frameshift type of mutation is one in which one, two, or
a multiple of two bases are added or deleted. This is called
a ‘frameshift mutation’ because the genetic code of this gene
product is shiftedoutof register, andhence the resultingprotein is
‘scrambled’ from the site of the frameshift mutation toward the
end of the protein. Frameshift mutations are usually deleterious
to protein structure and enzymatic activity. Such mutations
‘scramble’ the structure of the protein downstream from the
mutation and hence destroy the structural integrity of structural
proteins and destroy the enzymatic activity of enzymes.
General Types of Mutagens: The Concept
of Metabolic Activation

Broadly speaking, there are six general types of mutagens. First,
there are mutagens that are ‘fraudulent’ DNA bases. These are
bases whose structures are similar to but somewhat different
in structure than the normal bases. An example of such a base is
5-bromouracil, which is similar in structure to the normal base
thymidine and can substitute for thymidine in DNA, but which
has different hydrogen bonding properties and hence different
base-pairing properties than thymidine. Approximately 33 base
analogs have been synthesized and their mutagenic properties
studied.

Second, there is a group of mutagens called frameshift
mutagens. These mutagens are, in general, large, planar
aromatic molecules that can intercalate into the DNA. In the
process of intercalation, the intercalators slip into the DNA and
lie flat between two adjacent base pairs, with the plane of the
intercalator lying flat upon the planar aromatic rings of the base
pairs. New bonds are formed between the II electron clouds of
the DNA bases and the II electron clouds of the intercalating
aromatic molecules, which stabilize the new intercalated
structure. Treatment of cells with this type of mutagen increases
the frequency of occurrence of frameshift mutations. Examples
of such mutagens include acridine orange, acriflavine, and
ethidium bromide. These molecules are highly fluorescent and
are commonly used to stain DNA in agarose gels, due to their
intercalating and fluorescent properties.

The third group of mutagens are the direct alkylating agents.
These mutagens generate methyl and ethyl carbonium ions,
which are chemically reactive and readily bind covalently to
nucleophilic groups on the bases of DNA, including but not
limited to, the O-6 atom of guanine and the N-7 atom of
guanine. Examples of these alkylating mutagens are MNNG,
methyl methanesulfonate (MMS), ethyl methanesulfonate
(EMS), and epoxides such as ethylene oxide. There are also
alkylating agents that have two reactive groups on the same
molecule, such as nitrogen mustard. Nitrogen mustard and
similar molecules can bind to both strands of DNA, leading to
a cross-link between them, or to two places within one strand of
DNA, leading to an intrastrand cross-link. UV light can also cause
formation of intrastrand and interstrand cross-links in DNA.

Fourth, there is a large group of mutagens referred to as
premutagens or promutagens. These compounds are chemi-
cally inert and usually very hydrophobic. All organisms must
metabolize these hydrophobic compounds to make them
sufficiently water soluble for excretion from the cell membrane
and from the organism. Otherwise, these hydrophobic mole-
cules will bioaccumulate in the hydrophobic regions of
membranes of cells, causing inhibition of the functioning of
enzymes in membranes, inhibition of membrane transport
functions, and damage to the integrity of the membrane, which
delineates the cell from its environment. Examples of such
hydrophobic molecules are the polycyclic aromatic hydrocar-
bons (PAHs), such as the ubiquitous environmental pollutant
and carcinogen, benzo(a)pyrene (BaP). BaP is formed when
organic matter is burned in a paucity of oxygen, because its
aromaticity places it in a low-energy state. In order to remove
these hydrophobic molecules from cells, organisms utilize
cytochrome P450 enzymes plus atmospheric oxygen, plus
reducing equivalents such as reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and reduced nicotinamide
adenine dinucleotide (NADH), to epoxidate the hydrophobic
molecules, in the case of PAHs, activating them to epoxides,
which are mutagens. The epoxides can be attacked by water and
epoxide hydrolase to form dihydrodiols. A second attack of the
cytochrome P450 enzyme upon the dihydrodiols can lead to
dihydrodiol epoxides. These two steps result in the generation
of an active mutagen, in the form of a dihydrodiol epoxide.
This active mutagen can react with DNA bases to cause
formation of DNA base–BaP dihydrodiol epoxide adducts,
which can be repaired incorrectly, leading to mutations in the
cells, although many of these reactive molecules will subse-
quently react with water via the enzyme epoxide hydrase or
with glucose, sulfate, or glutathione via enzymatic processes to
form water-soluble conjugates that can be excreted in the urine.
Examples of such promutagens or premutagens are the PAHs
(e.g., benzo[a]pyrene) and the aromatic amines (e.g., b-naph-
thylamine). An additional unique and powerful promutagen is
an epoxide metabolite of the fungus, Aspergillus flavus, called
aflatoxin B1. Aflatoxin B1 serves as a biocide against other
microorganisms to preserve the ecological niche of A. flavus.
Other examples of promutagens include the large group of
nitrosamines. Dimethyl-nitrosamine, or DMN, is one example
of a potent mutagenic, carcinogenic nitrosamine.

Fifth, it must be pointed out that the PAHs can intercalate
into DNA and also are metabolized to active alkylating agents
such as epoxides. Hence, PAH and similar promutagens form
a fifth set of complex mutagens that can intercalate into and
alkylate DNA bases, therefore inducing base substitution and
frameshift mutations. Other compounds that bind specifically
to DNA in a physical sense, such as aflatoxin, and are meta-
bolically activated to epoxides that bind covalently to DNA
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bases, are also included in this group of complex mutagens,
which can both bind to DNA and generate alkylating moieties
upon metabolism by cytochrome P450 enzymes.

A sixth group of bacterial mutagens that are active at the
DNA level are metal salts. These include compounds of the
elements nickel, chromium, and arsenic (a metalloid). Some
metal salts are carcinogenic when inhaled by lower animals,
cause chromosomal damage in cultured murine and human
cells, and are carcinogenic to occupationally exposed humans.
Soluble hexavalent chromium compounds are mutagenic and
clastogenic. Particular insoluble chromium compounds con-
taining hexavalent chromium induce lung tumors when
inhaled by lower animals. Specific insoluble chromium
compounds can also be inhaled by humans in the chrome
plating or chromium-manufacturing industries and can induce
lung cancer. Specific insoluble nickel compounds, such as
nickel subsulfide and black and green nickel oxides, are carci-
nogenic in animals. In nickel refinery operations in the past,
humans have inhaled aerosols of mixtures of soluble and
insoluble nickel compounds and have also smoked cigarettes
and have shown increased incidences of nasal and lung cancer.
Specific insoluble nickel compounds are phagocytosed into
cultured murine and human cells and cause oxygen radical
generation, chromosomal breakage, and enhancement of DNA
methylation in these cells. Arsenic compounds are also carci-
nogenic in humans. This occurs when copper ores containing
arsenic are smelted. Roasting copper ores leads to generation of
arsenic trioxide, which induces lung cancer in humans.
Drinking water contaminated with arsenic compounds also
leads to lung cancer and bladder cancer in humans in Taiwan,
where the artesian wells are contaminated with arsenic
compounds. Arsenic compounds induce lung cancer, urinary
bladder cancer, skin cancer, liver cancer, and leukemias.
Methylated metabolites of inorganic arsenic compounds,
including mono-metyl arsenous acid (MMA) and dimethyl
arsenous acid (DMA) are believed to generate oxygen radicals,
which can induce DNA damage, leading to cancer in mammals.
Molecular Mechanisms of Mutagenesis

Mechanistically, the simplest type of mutagenesis occurs when
the enzyme DNA polymerase III is copying one strand of DNA
into its complementary strand and places the incorrect nucle-
otide into the newly synthesized strand of DNA. Although it is
thermodynamically favored that the correct base will be
inserted, there is a lesser but real probability that the incorrect
base will be inserted during DNA replication. An example
would be placement of the wrong base, adenine (A), opposite
the DNA base cytosine (C), instead of inserting the correct base
guanine (G) opposite the base C. This results in what is
described as a G/C to A/T transition mutation, and it is called
a spontaneous mutation.

A second type of induced mutagenesis occurs when an
alkylating agent, such as MNNG, reacts with the base guanine
in DNA and places a methyl group on the oxygen in position
6 of guanine to form an ether linkage. During the normal
replication of the DNA, guanine pairs with cytosine, with
which it makes three hydrogen bonds. When guanine is
methylated on the oxygen in position 6, due to treatment with
MNNG, this methylated guanine still frequently pairs with
cytosine, but it now incorrectly pairs with an incoming thymine
at an increased frequency, instead of the cytosine with which
a normal guanine would pair. This results in a G/C to A/T
transition mutation.

Deletion and addition mutations are caused when the DNA
‘breathes’ or opens its structure and occasionally a piece of this
DNA loops out. This occurs because the energy of room
temperature (kT, where k is the Boltzmann constant and T is the
temperature) is sufficient to dissociate some of the hydrogen
bonds which hold the two DNA strands together. When part of
a DNA strand loops out, and when an intercalator molecule,
such as acridine orange or ethidium bromide, subsequently
intercalates into the DNA strand at a looped out structure, it can
stabilize this looped out structure. Intercalation occurs when
the intercalator molecule (acridine orange, acriflavine, or
ethidium bromide) inserts into the DNA and binds to a set of
DNA bases by aligning parallel to them. Intercalation is driven
when the II electrons of the intercalator molecular bind to the II
electrons of the DNA base. DNA repair enzymes can then
recognize this looped out structure in DNA as an aberrant
structure and can then excise this structure out of the DNA by
use of incision endonucleases and DNA polymerase I. This
process would then result in a deletion mutation. Addition
mutations may be caused by insertion of extra DNA bases
during DNA replication. This can happen spontaneously. It is
also thought to happen when a DNA polymerase either slips
along runs of GC base pairs or when the polymerase incorrectly
recognizes the intercalator molecule as a DNA base.

As mentioned previously, the planar PAHs are very complex
molecules. They can intercalate into DNA. In addition, by virtue
of their being metabolized into epoxides, they can also simul-
taneously covalently bind to DNA bases. Hence, they can cause
base substitutionmutations (transitions and transversions) and
can also cause frameshift mutations when they are copied by the
DNA polymerase incorrectly and incorrect nucleotides are
inserted into the DNA, leading to mutations in the DNA. PAH
bound to DNA also cause a labilization of the DNA base–sugar
bond, leading to depurination of the PAH-adducted base.
During DNA repair, the DNA polymerase occasionally adds the
correct base back at the depurinated site, but often adds an
incorrect base, leading to frequent transversionmutations at the
depurinated site.
Bacterial Mutagenesis Detection Systems

Two assays in bacteria are commonly used to detect and study
the molecular mechanisms of mutation in bacteria and also to
screen chemicals to determine whether they are mutagenic to
bacteria. The most commonly employed assay is that of rever-
sionofmutantSalmonella typhimuriumbacteria back towild-type
or normal bacteria, developed by Professor Bruce Ames and
colleagues at the Department of Biochemistry of the University
of California at Berkeley in Berkeley, California. In this assay,
suspect mutagens plus a source of metabolic activation in the
form of S-9 are added to and incubated with S. typhimurium
bacteria. S-9 is a preparation of rat liver, inwhich the rat liver has
been homogenized, then centrifuged at 9000 g, and the super-
natant is utilized, while the pellet is discarded. Rat liver S-9
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contains cytochrome P450 and other xenobiotic metabolizing
enzymes. The specific Ames0 strains of S. typhimurium contain
mutations in the genes encoding enzymes that biosynthesize
histidine, inactivating them, such that these mutant bacterial
strains cannot grow unless exogenous histidine is provided. In
this assay, the investigator counts the number of mutated
bacteria that can now grow in medium lacking histidine and
scores these as reverted mutant bacteria. This assay is very
effective at detecting the mutagenicity of chemicals. Since
reversion is very specific, it is common for investigators to
use twoAmes0 strains to detect base substitutionmutations, two
Ames0 strains to detect frameshift mutagens, and one strain of
bacteria to detect mutagens that generate oxygen radicals. This
assay also identifies 50% of all chemical carcinogens that are
mutagenic carcinogens by detecting their mutagenicity. This
assay is commonly used by industrial firms such as pharma-
ceutical companies, by governmental agencies charged with
regulating the containment of carcinogenic substances, and by
researchers interested in identifying new chemical mutagens
and in understanding the molecular mechanisms of chemical
mutagenesis. It is a rapid assay that takes only 2 or 3 days to
complete and is relatively inexpensive ($500 or less per assay in
the commercial sector).

A second bacterial mutagenesis assay, formulated by
Dr William Thilly and colleagues at the Massachusetts Institute
of Technology, is based on the Ames‘ assay. In this assay, the
Ames‘ Salmonella bacterial strains are used, but the assay is
a forward mutation assay, in which bacteria are treated with
chemical mutagens plus or minus S-9 metabolic activation.
Then, the number of bacterial colonies resistant to the toxicity
of 8-azaguanine are scored as mutant colonies. This assay has
been claimed to be more sensitive than the original Ames‘ assay
because the entire genes should be the targets for mutagenesis,
as opposed to small parts of histidine-synthesizing genes
(usually single nucleotides) in the Ames0 reversion assay.
However, the forward mutation assay of Thilly and colleagues
is employed far less frequently than the Ames0 assay. A large
body of work has been done to characterize and understand the
molecular bases by which the Ames0 assay functions, and a very
large number of mutagens have been detected and studied in
the Ames‘ assays. Hence, today, the Ames‘ assay remains the
assay of choice to detect bacterial mutagens.

In both bacterial mutagenesis assays, one plots the number
of mutant colonies on the ordinate (y-axis) versus the concen-
tration of test compound on the abscissa (x-axis). The plots are
usually linear up to the point at which cytotoxicity overwhelms
mutation induction, and the number of mutants passes through
a maximum and then declines. Hence, bacterial mutagenesis
studies are usually conducted with low concentrations of
chemical compounds or radiations that induce a linear
frequency of mutations but do not cause significant cytotoxicity.
Mammalian Cell Mutagenesis Assays

In mammalian cells, it is common to utilize mutagenesis assays
that measure induction of mutants that are resistant to the
cytotoxicity of toxic drugs. One of the most frequently employed
mutation assays in mammalian cells is the assay detecting
mutation conferring 6-thioguanine resistance. This assay is
most frequently employed in the Chinese hamster ovary (CHO)
cell line or in the V79 Chinese hamster lung fibroblast cell line.
In this assay, the original or ‘wild-type’ cells are killed by the
cytotoxic drug 6-thioguanine or its closely related analog,
8-azaguanine. These drugs enter mammalian cells and react
with the cellular metabolite, 50-phosphoribosyl-pyrophosphate
(PRPP), to form a toxic nucleotide which is incorporated into
DNA and RNA, leading to cell death. In the assays to detect
mutation, the cells are treated with the suspect mutagen plus and
minus S-9 (cytochrome P450) metabolic activation. Next, the
treated cells are reseeded into new cell culture medium
containing 6-thioguanine or 8-azaguanine, which is called
a mutant-selective agent. 6-Thioguanine or 8-azaguanine
(they have similar effects) kills all the wild-type cells at
sufficiently high concentrations and therefore selects against
the wild-type cells. However, both spontaneous and mutagen-
induced mutant cells are resistant to the cytotoxicity of
6-thioguanine and continue to grow and form discrete
colonies. Once the mutant colonies have reached sufficient
size to be visible by eye and under the microscope, the
medium is removed from the dishes, the colonies are rinsed
with phosphate-buffered saline, and then these mutant
colonies are then fixed to the dishes with methanol or 70%
ethanol, stained with the nuclear stain, Giemsa, or crystal
violet, and then scored following examination under a dis-
secting microscope. The investigator then plots the mutant
frequency (number of viable mutants/cell culture dish)/
(plating efficiency of cells � number of cells seeded per dish)
on the ordinate (y-axis) versus the concentration of the
mutagen on the abscissa (x-axis). For a strong mutagen, there
is usually a dose–response effect, that is, the mutant frequency
increases, usually linearly, as a function of increasing
concentration of mutagen added to cells.

The mutant colonies are resistant to the cytotoxicity of
6-thioguanine, because they have been mutated at the gene
encoding the enzyme, hypoxanthine-guanine phosphoribosyl-
transferase (HGPRT), such that the activity of this enzyme is
decreased or abolished. This enzyme carries out a reaction
between the DNA bases hypoxanthine or guanine and PRPP to
form inosine and guanosine, which are then incorporated into
DNA and RNA. In mutant cells, the gene encoding the HGPRT
enzyme, hence the enzyme, itself, is mutated. Therefore, the
enzyme has a substantially reduced ability, or no ability, to carry
out this condensation. The mutant cells consequently cannot
react toxic 6-thioguanine with PRPP to form a toxic nucleotide
and are therefore resistant to the cytotoxicity of 6-thioguanine/
8-azaguanine. They therefore survive and form colonies even in
the presence of 6-thioguanine or 8-azaguanine. Plotting the
mutation frequency versus the concentration ofmutagen added
yields linear curves. This is a general assay and, as a forward
mutation assay, it detects base substitution, addition, deletion,
and frameshift mutations. It is one of the most widely used
mutation assays in mammalian cells.

A similar assay is one in which L5178Y mouse lymphoma
cells containing one active and one inactive gene encoding
thymidine kinase are selected in trifluorothymidine. This
treatment is lethal to wild-type cells. However, spontaneous
mutants, and those induced by mutagens, have mutations in
the second copy of the thymidine kinase gene, hence do not
phosphorylate trifluorothymidine, and are resistant to the
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toxicity of this drug. This mutation assay is very valuable,
because it detects point mutations, and it also detects muta-
tions involving large amounts of damage to the chromosome,
measured as resistant colonies with a small size.

A third assay that has been used to detect mutations in
mammalian cells induced by chemical carcinogens and UV and
ionizing radiations is that of mutation to ouabain resistance.
Ouabain is a cardiac glycoside that binds specifically to the
large subunit of the enzyme, sodium, potassium adenosine
triphosphatase [(Na,K) ATPase]. The (Na,K) ATPase is an
enzyme located in the plasma membrane of mammalian cells.
This enzyme hydrolyzes ATP and uses the resultant energy
liberated to drive electrogenic transport of sodium ion out of
the cell and transport of potassium ion into the cell. The
transport is not equal, and three sodium ions are transported
out of the cell, while two potassium ions are transported into
the cell. The resultant electrogenic gradient is used to drive
the transport of glucose and certain types of amino acids
into the cell and to regulate cell volume, which are all crucial
for cell survival. When cells are treated with the cardiac
glycoside – ouabain, ouabain binds to a specific binding site on
the large subunit of the (Na,K) ATPase and inhibits the activity
of this enzyme. As a result of this binding, the enzymatic
activity of the (Na,K) ATPase is inhibited, and the transport of
glucose and certain amino acids and the regulation of cell
volume, which are dependent on the activity of the (Na,K)
ATPase, are inhibited, and cells die. Hence, ouabain at
a concentration of 3mm will kill murine fibroblasts down to
spontaneous mutant frequencies (one mutant/one million
wild-type cells). Treating murine fibroblasts, such as C3H/
10T1/2 Cl 8 mouse embryo cells, with mutagens such as
MNNG or BaP, induces mutations in the gene encoding the
large subunit of the (Na,K) ATPase, such that the ouabain
binding site is mutated. Hence, ouabain will no longer bind to
the large subunit of the (Na,K) ATPase, and these mutant cells
are resistant to the cytotoxicity of ouabain and will form
mutant colonies in the presence of ouabain. This assay detects
a restricted set of base substitution mutations which will
mutate the ouabain binding site but not affect the other
enzymatic properties of the (Na,K) ATPase. It is thought that
frameshift mutagens produce ouabain-resistant mutants but
that these frameshifted mutants have a sufficiently damaged
(Na,K) ATPase that these mutants are not viable.
Chromosome Breakage and Micronucleus Formation

In mammalian cells, the genes are arranged on discrete chro-
mosomes. There are many assays that have been developed in
mammalian cells to measure the ability of specific chemicals
and ionizing and UV radiations to induce damage to these
chromosomes, referred to as chromosomal aberrations. In
these assays, the cells are seeded, treated with the chemical or
radiation of interest, then treated with colcemid to arrest the
cells in metaphase. The cells are then swelled in hypotonic
potassium chloride. The swelled cells are then dropped onto
microscope slides, which bursts the cells and produces what is
called a metaphase spread or display of chromosomes. The
chromosomes in these metaphase spreads are then stained with
the nuclear stain, Giemsa stain, and examined by microscope
to quantitate the numbers of chromosome aberrations present
in the treated cells. Typical chromosomal aberrations that are
scored include gaps, breaks, dicentrics (where parts of two
chromosomes fuse, such that the resultant structure bears two
centromeres), satellite associations, and ring chromosomes.
Most mutagenic chemical carcinogens and ionizing and UV
radiations have the ability to induce chromosome aberrations
in mammalian cells. Translocations, in which one chromo-
some is broken and one or more parts of it are fused to another
chromosome, can also be recognized with this assay. At suffi-
ciently low concentrations, where cytotoxicity exerted by
a chemical is sufficiently low, the induction of chromosome
aberrations by chemical mutagens is linear as a function of the
concentration of the chemical mutagen tested. Chemicals and
radiations that can induce chromosome aberrations are
referred to as clastogens.

A second type of damage that can be induced by chemical
mutagens and ionizing and UV radiation is called micronu-
cleus formation. In this assay, cells are treated with the chem-
ical or radiation of interest, and then the cells are treated
with cytochalasin B to inhibit cytokinesis. The cells are then
visualized by staining with acridine orange. Micronuclei can be
visualized under the microscope. Micronuclei are vesicles
containing one or more whole chromosomes or pieces of
chromosomes. The implication of observing micronuclei is
that on further rounds of cell division, these micronuclei
containing chromosomes or pieces of chromosomes, and
hence the genetic information that they contain, can be lost
from cells. Hence, formation of micronuclei indicates that large
amounts of genetic material can be lost from cells, as much as
that contained on an entire chromosome.
In Vivo Genetic Toxicology Assays

Assays to detect gene mutations and chromosome aberrations
can also be conducted in yeasts, fungi, plants, and insects. In
the fruit fly, Drosophila, chemical mutagenesis has been
studied since l941. The sex-linked recessive lethal test in
Drosophilameasures the presence of recessive lethal mutations
in 600–800 different loci on the X chromosome. In this assay,
the presence or absence of wild-type males in the offspring of
specifically designed genetic crosses is screened for. Genetic
and cytogenetic assays in plants are also used to detect
mutations and chromosomal aberrations in plants. In
mammals, mutations can be detected by treating intact
animals and assaying various tissues to determine whether
mutations or cytogenetic effects have occurred. The mouse
spot test is a very widely used assay to detect in vivo genetic
damage. In this assay, the investigator detects visible spots of
altered pigment in mice that are heterozygous for genes
encoding coat color, which indicates that there are mutations
in the precursor cells of the altered regions. Cells can also be
collected from animals (or humans) that have been exposed
to mutagens or carcinogens and analyzed to determine
whether they have mutations. For instance, an important
assay is the harvesting of human peripheral blood lympho-
cytes from animals or humans exposed to chemical mutagens,
the selection of cells mutated in the hypoxanthine-guanine
phosphoribosyl transferase (HGPRT) gene, and the
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sequencing of this gene to determine which exact mutations
have occurred. Cells can also be harvested from animals or
humans exposed to chemical mutagens or radiations, and
these cells can be assayed for micronucleus formation, for
chromosome aberrations, or for chromosomal aneuploidy.
These assays are particularly useful in demonstrating that
when humans are exposed to genotoxic chemicals, actual
genotoxic damage in the form of mutations, micronuclei, or
chromosome aberrations occurs in the human.
Induction of Morphological and Neoplastic
Transformation in Mammalian Cells: Cell Culture
Models for Chemically Induced Cancer Proceeding
through Mutagenesis

There is a group of mammalian cell-based assays that can be
utilized to study the ability of chemical carcinogens, UV or
ionizing radiations, or minerals such as asbestos to convert
normal cells into morphologically transformed cells (cells
whose morphology or shape is transformed or changed), when
normal cells are grown in cell culture and treated with
these carcinogens. One property of normal cells, particularly
fibroblasts (connective tissue cells), is that they divide, grow,
and eventually fill a surface such as that of a tissue culture dish,
and then stop growing when they contact each other. This is
because fibroblastic cells in contact transmit signals through
their membranes, to the cytoskeleton (cell skeleton, consisting
ofmicrotubules andmicrofilaments), and on to the cell nucleus.
When these signals reach the cell nucleus, this triggers induction
of a negative feedback signal, which forces cells to stop growing.
This property is referred to as ‘contact inhibition of cell division.’
In cell culture, this property is manifested when the cells grow
and fill the cell culture dish with a layer of cells one cell thick.
The number of cells that are present in the dish when the cells
have filled the dish is termed the ‘saturation density.’

However, when fibroblastic cells are treated with a chemical
carcinogen that is already activated to an electrophile (electron-
loving chemical species that canbind toDNAbases covalently) or
that can be activated by the specific types of cytochrome P450
enzymes the cell possesses to an electrophile, then this electro-
philic species binds covalently to the DNA bases of the cells,
forming ‘DNA–carcinogen covalent adducts.’ There is a high
probability that these carcinogen–DNA covalent adducts will be
repaired incorrectly, leading tomutations in the cell. When these
mutations occur in proto-oncogenes, activating them to onco-
genes, and in tumor suppressor genes, inactivating them, and
approximately 15 suchmutations occur, thiswill degrade control
of global gene expression, such that the cell becomes degraded,
loses contact inhibition of cell division, and becomes morpho-
logically transformed. For amutagenic carcinogen, there is a dose-
dependent induction of morphological transformation, and
then, 1% or less of the cells are ‘morphologically transformed’ or
their cell shape is transformed or changed. They have lost contact
inhibition and now grow on top of one another in arrays, where
the cells ‘crisscross’ over one another. Since the fibroblastic cells
are changed in shape or morphology, it was referred to as
‘morphological transformation’ or change in cell shape. This
change in cell shape manifests itself as an overgrowth of the cells
above the monolayer, in small piles, referred to as ‘foci’ of
morphologically transformed cells. Foci are easily seenwhen cells
are stained with specific dyes, such as Giemsa stain, which
stains the nuclei of cells. The stained foci can then be scored and
counted under a dissecting microscope. Scoring foci is an assay
for detecting chemical carcinogens, because this detects one of
the five steps that must be accomplished for fibroblastic cells to
become able to form tumors when injected into immuno-
suppressedmice. Thesefive steps are inductionof (1) aneuploidy,
(2) cellular immortality, (3) morphological transformation,
(4)anchorage-independent cell transformation, and(5)neoplastic
cell transformation or tumorigenicity.

A second property of most normal cells is that they need to
anchor to a surface, such as that of a tissue culture dish, in order
for them to replicate their DNA and divide. This property is
referred to as ‘anchorage dependence.’Most normal cells cannot
grow in suspension in liquid medium. An exception to this is
white blood cells, which can grow in liquid suspension because
this is their normal environment when they are circulating in
the blood of mammals. However, most normal types of cells,
particularly connective tissue cells like fibroblasts and also
epithelial cells, cannot grow in liquid suspension and are
referred to as ‘anchorage dependent’ for cell growth. When
fibroblasts are treatedwith chemical carcinogens that are already
activated to alkylating agents or if the cells themselves have the
cytochrome P450 enzymes to activate the carcinogens they are
treatedwith, then a small fraction, on the order of 1 in 1million,
of the normal cells will be converted into anchorage-
independent cells in a manner that is dose dependent upon the
amount of carcinogen added to the cells. Anchorage-indepen-
dent cells can grow and form colonies in liquid suspension, in
a semisolidmedium such as 0.3%agar or agarose, which has the
approximate consistency of jello. Anchorage independence is
another property thatmust be acquired by fibroblasts, and often
by epithelial cells, before they can become tumorigenic.

Normal cells also have a finite life span and undergo w60
population doublings, then senesce or die through a process of
programmed cell death. When cells are treated with chemical
carcinogens or UV or ionizing radiations, a small fraction of
them (1/1000 in mouse cells and on the order of 1/1 million in
human cells) can become transformed to immortality, such
that they now grow forever in cell culture, as also presumably in
the organism from which they were derived. Acquisition of
cellular immortality is a third step on the road to tumorige-
nicity and can be acquired when cells are treated with chemical
carcinogens or UV or ionizing radiations. Cellular immortality
is relatively easy to induce in cultured murine cells, but much
more (approximately 100 000-fold more) difficult to induce in
cultured human cells, likely due to the greater stability of the
chromosomal complement of human cells compared to that of
murine cells.

A final step on the route to development of tumor cells
involves conversion of fibroblastic cells that have become
immortal, morphologically transformed, and anchorage inde-
pendent, into tumor cells. This can occur spontaneously or
upon treatment of cells with chemical carcinogens or UV or
ionizing radiations.

What changes in the DNA result in the induction of the
changes in cell properties (phenotypes) that were referred to as
morphological transformation, anchorage independence, cellular
immortality, and tumorigenicity? There are two broad classes
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of genes that control cell growth in a positive way: the proto-
oncogenes, which control cell growth and signal transduction,
and the tumor suppressor genes, which inhibit cell growth.
Mutagenic chemical carcinogens either already are electrophiles
or can be converted to electrophiles by cytochrome P450
enzymes. These electrophilic metabolites of mutagenic carcin-
ogens can then covalently bind to DNA bases to form DNA
base–carcinogen adducts. Misrepair of these DNA base–
carcinogen adducts, when they occur in proto-oncogenes, can
cause mutations in, amplification of, or translocation of proto-
oncogenes, converting them into active cell-transforming genes
known as activated oncogenes. There arew50 proto-oncogenes
that can be converted into activated oncogenes.

There are four broad classes of proto-oncogenes. One class of
proto-oncogenes encodes protein products localized in the cell
nucleus which act as factors that activate transcription of specific
genes. This group is exemplifiedby genes such as c-myc and c-jun.
A second group is located in the cellmembrane or the cytoplasm
and transfers biochemical signals in the cell. A prominent
example of this group is the c-Ha-ras proto-oncogene. The
protein product of this gene binds the high-energy molecule
guanosine triphosphate, which activates this protein such that it
transfers signals to other proteins and eventually toward the
nucleus. The protein products of the last two groups of proto-
oncogenes are located at the membrane and are growth factors
and receptors for these growth factors. The c-sis gene is an
example of this typeof proto-oncogene. The significanceof these
genes is that mutational or other types of activations of two or
more of these genes play a role in inducing transformed
phenotypes and contribute to formation of a tumor cell.

There are w50 tumor suppressor genes that have been
identified to date. Chemical carcinogens causemutations in these
genes to inactivate themor canbreak the chromosomes onwhich
these genes are located or can cause loss of an entire chromosome
bearing a tumor suppressor gene from the cell. Some chemical
carcinogens, such as insoluble carcinogenic nickel compounds,
including green nickel oxide, black nickel oxide, crystalline nickel
sulfide, and nickel subsulfide, can inactivate tumor suppressor
genes by causing a condensation of chromatin around actively
transcribed tumor suppressor genes, leading to methylation and
transcriptional inactivation of these tumor suppressor genes.
Inactivationof the two copiesof a tumor suppressor geneby these
mechanisms renders them functionally inactive in the cell.
Inactivation by chemical carcinogens of two or more tumor
suppressor genes, in concertwith activationof twoormore proto-
oncogenes into oncogenes, cumulatively degrades the control of
global gene expression in the cell, leading to formationof a tumor
cell. Examples of tumor suppressor genes include the retino-
blastoma (Rb) gene and the p53 tumor suppressor gene. Inacti-
vations of tumor suppressor genes and activations of specific
oncogenes have been found in all human and mouse tumors
that have been studied intensively to date.
Tier Concept of Screening and Detecting Chemical
Mutagens and Mutagenic Chemical Carcinogens

Genetic toxicology, the science by which chemicals and agents
that cause mutation and other changes to DNA are studied,
has evolved substantially during the past 60 years. It is now
a standard practice to detect chemical mutagens by utilizing the
Ames‘ bacterial mutagenesis assay and other bacterial muta-
genesis assays, both with and without S-9 metabolic activation,
and to utilize assays detecting mutation to 6-thioguanine
resistance in CHO or V79 mammalian cells. There are also
assays that detect the ability of chemicals to cause chromosome
breakage and micronucleus formation in Chinese hamster V79
cells or CHO cells by treating these cells with specific chemicals
or UV or ionizing radiation, then treating the cells with colce-
mid to arrest the cells in S phase, treating the cells with hypo-
tonic saline solution to swell them, and dropping the cells from
a pipette onto microscope slides to prepare metaphase spreads
of the chemically or radiation-treated cells. One can then
examine the chromosomes of these cells under a microscope
and determine whether there are chromosome aberrations in
the forms of gaps, breaks, fragments, dicentrics, and satellite
associations.

Assays that detect the ability of chemical carcinogens or UV
or ionizing radiations to induce unscheduled DNA synthesis,
or DNA repair, are also commonly used in the tier concept
to identify DNA interaction as an indication for genotoxic
carcinogenicity. However, it should be pointed out that DNA
damage often but not always leads to mutation or carcinoge-
nicity. Much of this DNA damage is repaired correctly. Further,
carcinogenicity is a multistep process, and some steps may not
be mutations. In addition, some carcinogens cause phenotypic
alterations by inducing epigenetic effects, affecting the silencing
of tumor suppressor genes by methylating their promoters, or
causing expression of proto-oncogenes by removing methyl
groups from their promoters, not by causing mutations. In one
of these DNA repair assays, the cells are treated with chemicals
or radiations, then with tritiated thymidine, and autoradio-
graphy is used to measure the incorporation of tritiated
thymidine into the DNA of cells treated with these agents while
the cells are in G1 or G0 phases of the cell cycle. This guarantees
that no normal DNA synthesis is occurring, so that any DNA
synthesis that does occur is due to the repair of damaged DNA,
called ‘unscheduled DNA synthesis.’ The autoradiographic
procedure then allows the investigator to determine whether
the cells have taken up tritiated thymidine and incorporated
tritiated thymidine into DNA.

All the assays mentioned above are commonly used
simultaneously to detect the genotoxic properties of chemicals
or radiation in what is referred to as a ‘battery’ of tests. This
battery of tests usually constitutes what is termed a primary
screen for mutagens and is used to determine whether a specific
chemical is a mutagen.

These methodologies can be used to detecting chemical
mutagens. In addition, these methodologies can also be used to
detect mutagenic chemical carcinogens by detecting the muta-
genicity of these carcinogens, since approximately 50% of all
carcinogens are mutagenic carcinogens and can be detected as
mutagens in the Ames‘ Salmonella mutagenicity assay. The most
certain way to detect chemical carcinogens, of course, is to
administer the chemical carcinogens to lower animals. This can
be done (1) by painting the skin of animals with solutions or
suspensions of carcinogens, (2) by feeding carcinogens to
animals or adding the carcinogens to the animals‘ stomachs by
a gavage procedure, or (3) by adding carcinogens to the animals‘
drinking water and then observing whether the animals develop
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tumors. Usually, the chemical carcinogens are administered to
the animals by the chosen route of administrationmany times in
order to induce formation of benign and malignant tumors.
Unfortunately, treating mice or rats with chemical carcinogens
and assaying for tumor induction takes 2 years and costs
approximately US $10 million per chemical tested. These whole
animal carcinogenicity assays are still widely used to determine
whether specific chemicals are carcinogens.

However, the cost of carcinogenicity testing is simply too large
and the time it takes too long to permit scientists to use animal
bioassays to screen widely, rapidly, and routinely for the carci-
nogenicityof thehundredsof thousandsof chemicals thatneed to
be studied.During the past 20years, an alternate strategy todetect
carcinogenshas therefore arisen. This strategy is referred toas a tier
screening strategy and relies on the fact thatw50% of the known
chemical carcinogens are also mutagens and therefore cause car-
cinogenicity in part by causing mutations in proto-oncogenes,
activating them tooncogenes, andby causingmutations in tumor
suppressor genes, inactivating them. Hence, the current strategy
relied on by most government, regulatory, and academic labo-
ratories is to use inexpensive, rapid, in vitro assays to test the large
number of chemicals in use today in what is referred to as
a primary screen using a battery of genetic toxicology assays, as
outlined above. In this primary screen, one would use the Ames‘
bacterial mutagenesis assay, an assay for chromosome breakage,
occasionally an assay to detect micronucleus formation, an assay
to detect induction of DNA repair, and a mammalian cell muta-
genesis assay. Chemicals that cause mutagenesis, chromosome
breakage, or DNA repair in these assays would be considered
suspect carcinogens. The more of these primary screening tests
that the suspect chemical is positive in, the greater the confidence
of the investigator that the chemical is a mutagen, and hence
a likely carcinogen. If the chemical causes positive results in
a number of these primary screening assays, then further product
development on these chemicals would likely be halted or the
chemicals would be modified in their structure by chemical
synthesis, to attempt to abrogate the mutagenicity of the original
chemical. Chemicals negative in this primary screen that were
proposed to be used for human applications, such as food
additives or cosmetics, would then be tested in cell trans-
formation assays for the ability to induce morphological or
anchorage-independent transformation, in what is considered
a secondary screen. Chemicals positive in cell transformation
assays are then eliminated from further development or chemi-
cally modified so they no longer cause cell transformation.
Finally, chemicals to be marketed as cosmetics or food additives
would thenbe tested inwhole animal carcinogenesis assays.Only
those that were not carcinogenic would ideally then bemarketed
to the public or used in commercewhere largenumbers of people
would be exposed to them.

See also: Ames Test; Analytical Toxicology; Carcinogen
Classification Schemes; Carcinogen–DNA Adduct Formation
and DNA Repair; Carcinogenesis; Cell Proliferation;
Chromosome Aberrations; Cytochrome P450; Dominant Lethal
Assay; Host-Mediated Assay; Micronucleus Assay; Molecular
Toxicology: Recombinant DNA Technology; Mouse Lymphoma
Assay; Radiation Toxicology, Ionizing and Nonionizing;
Reproductive System, Female; Reproductive System, Male;
Sister Chromatid Exchanges; Toxicity Testing, Developmental;
Toxicity Testing, Reproductive.
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Background (Significance/History)

Cyclosarin was the fourth of the G-series of nerve agents to be
described following the development of tabun (GA), the first
G-agent to be discovered in 1938. Cyclosarin was given the
designation GF, reflective of the order in which it was
discovered.

As with the other G-agents, after learning of its properties
the German Ministry of Defense began studying cyclosarin
along with the United States and United Kingdom following
World War II. Cyclosarin, unlike other G-agents, was not
selected for mass production by any nations at that time
possibly due to the cost of reagents required for cyclosarin
production. After the Gulf War, it was discovered that Iraq
had stockpiled G-agents including cyclosarin. Rockets con-
taining both sarin and cyclosarin were found and destroyed
by the US forces at the Khamisiyah weapons depot resulting
in exposure to these two agents. One possible reason why
Iraq stockpiled cyclosarin despite the fact that no other
nation had done so, is that the precursor chemicals for sarin
production, but not cyclosarin were embargoed making it
a more desirable selection. Additionally, cyclosarin is the
most persistent of the G-agents potentially making it
a greater threat.

In 1997, the Chemical Weapons Convention (CWC) was
enacted that banned the production, stockpiling, and use of
chemical weapons (including cyclosarin) and called for the
y Deceased.
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destruction of existing chemical weapons stockpiles. The CWC
is administered by the Organisation for the Prohibition of
Chemical Weapons, of which nearly all world nations are
a part.
Uses

Cyclosarin is a synthetic organophosphate (OP) compound
used in chemical warfare and terrorism.
Environmental Fate and Behavior

The chemical and physical properties of cyclosarin are
summarized below:

Molecular weight: 180.16 g mol�1.
Physical state: clear and colorless liquid when pure or brown

liquid when impure.
Odor: odorless or faintly fruity.
Boiling point: 239 �C.
Melting point: �30 �C.
Liquid density: 1.13 g ml�1 at 25 �C.
Vapor density (air ¼ 1): 6.2.
Vapor pressure: 0.093 mm Hg at 25 �C.
Volatility: 600 mg m�3.
Octanol/water partition coefficient (log Kow): 1.6.
Exposure and Exposure Monitoring

Casualties from exposure to cyclosarin can be caused by
inhalation or following percutaneous and ocular exposure.
Cylosarin is the least volatile of the G-series of agents and hence
presents the greatest percutaneous threat (evaporates approxi-
mately 20 times more slowly that water). As cyclosarin mixes
less readily with water than other G-agents, it presents less of
a hazard for ingestion of contaminated food or water. Diag-
nosis of cyclosarin exposure is primarily based on clinical signs
and symptoms.
Toxicokinetics

Cyclosarin is readily absorbed through skin, eyes, and respira-
tory tract with inhalation and dermal routes of exposure posing
significant threats. Solubilities of cyclosarin in water are 3.7 g
GF per 100 g and 5.1 g GF per 100 g at 20 and 0 �C, respec-
tively. Toxic manifestations of exposure to cyclosarin vapor or
aerosols occur within seconds to minutes of inhalation, while
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00608-4

http://dx.doi.org/10.1016/B978-0-12-386454-3.00608-4


Cyclosarin (GF) 727
signs and symptoms of percutaneous exposure to liquid
cyclosarin may take a minute to hours. Cyclosarin is hydro-
lyzed by OP hydrolases such as paraoxonase 1, at approxi-
mately the same rate as that of other nerve agents tabun, sarin,
soman, and diisopropyl fluorophosphates.
Mechanism of Toxicity

Cyclosarin and other nerve agents are irreversible cholines-
terase inhibitors. Clinical effects of exposure result primarily
from inhibition of acetylcholinesterase (AChE) and butyr-
ylcholinesterase (BuChE). Normally, AChE is responsible for
the degradation of neurotransmitter acetylcholine, in both
the peripheral and central nervous systems (CNS). Acetyl-
choline stimulates contraction of skeletal muscles and
hydrolysis by AChE prevents continual overstimulation of
the acetylcholine receptors. Inhibition of AChE blocks
degradation of acetylcholine, resulting in an accumulation of
acetylcholine and cholinergic overstimulation of the target
tissues. AChE inhibition can have muscarinic, nicotinic, and
CNS effects resulting in a variety of symptoms including
involuntary muscle contractions, seizures, and increased
fluid secretion (e.g., tears, saliva). The cause of death is
typically respiratory dysfunction resulting from paralysis of
the respiratory muscles, bronchoconstriction, buildup of
pulmonary secretions, and depression of the brain’s respi-
ratory center.

Cholinesterases in the blood are often used to approximate
AChE tissue levels following exposure to a nerve agent. Red
blood cell cholinesterase (RBC-ChE) is found on erythrocytes
and BuChE in blood plasma. Affinities of cholinesterase
inhibitors for BuChE or RBC-ChE vary. The turnover rate for
RBC-ChE enzyme activity is the same as that for red blood cell
turnover at w1% per day. Tissue AChE and plasma BuChE
activities return with synthesis of new enzymes, the rate of
which differs between plasma and tissues as well as between
different tissues.

Binding of nerve agents to AChE is generally considered to
be irreversible unless removed by therapy. Oximes are used as
therapeutics to reactivate the enzyme prior to ‘aging’ or the
point at which the agent–enzyme complex is covalently linked
and the enzyme cannot be reactivated. Spontaneous reac-
tivation in the absence of oximes is possible but is unlikely to
occur at a rate sufficient to be clinically important. The time
required for 50% of the enzyme to become resistant to reac-
tivation varies by nerve agent. For cyclosarin, the t1/2 for AChE
is w7 h and for RBC-ChE is w2.2 h.

It is known that OP cholinesterase inhibitors exert their
toxic effects through mechanisms other than AChE inhibition.
A 1978 study by Van Meter, Karczamar, and Fiscus showed
that administering a second dose of sarin to rabbits still
induced seizures even though the brain AChE was already
inhibited by the previous dose of sarin. Further, pretreatment
protection of AChE with physostigmine still resulted in death
upon high dose treatment with nerve agent. Finally, it has been
shown that mice lacking AChE are actually more sensitive to
OP poisoning (including sarin) than wild-type mice, sup-
porting the fact that inhibition of AChE is not the only cause of
toxic effects.
One of the noncholinergic effects that results from treatment
with OP nerve agents is changes in the levels of neurotransmit-
ters other than acetylcholine. These include g-amino-butyric
acid, dopamine, serotonin, and norepinephrine. While the exact
mechanism by which nerve agent exposure alters the levels of
these neurotransmitters is not known, it is thought that these
changes may be due to a compensatory mechanism in response
to overstimulation of the cholinergic system, direct action of the
OP on the proteins responsible for noncholinergic neurotrans-
mission, or perhaps both. Nerve agents have also been shown to
inhibit a family of enzymes called serine esterases, which play an
important role in the metabolism and persistence of neuro-
peptides such as endorphins and enkephalins. Neuro-
inflammation as a result of nerve agent exposure is another
possible mechanism for noncholinergic toxicity effects. OPs
have also been shown to have direct toxic effects on cells via
induction of cellular oxidative stress and mitochondrial
dysfunction. Specifically, OP-induced disruption of mitochon-
drial oxidative phosphorylation occurs through a variety of
mechanisms including reduction of electron transport chain
enzyme complexes, reduction in ATP synthesis, increased
hydrolysis of ATP, and disruption of the mitochondrial
membrane potential. Accumulation of reactive oxygen species
induces oxidative damage and cell death via caspase-induced
apoptosis.

The pharmacological and toxicological effects of the nerve
agents are dependent on their stability, rates of absorption by
the various routes of exposure, distribution, ability to cross the
blood–brain barrier, and rate of reaction.
Acute and Short-Term Toxicity (Animal/Human)

Toxic effects of cyclosarin exposure occur within seconds to
minutes of vapor or aerosol inhalation. The muscarinic effects
include ocular (miosis and blurred vision), nasal discharge,
respiratory (bronchoconstriction and increased bronchial
secretion), gastrointestinal (GI) (vomiting, abdominal cramps,
and diarrhea), sweating, salivation, and cardiovascular
(bradycardia and hypotension) effects. The nicotinic effects
include muscular fasciculation and paralysis. CNS effects can
include ataxia, confusion, slurred speech, coma, and paralysis.
The acute clinical effects of sarin exposure in humans are
summarized in Table 1.

In humans, miosis and rhinorrhea are among the first signs
of exposure to cyclosarin and other nerve agent vapors occur-
ring within seconds to minutes after initial exposure. Similarly,
respiratory distress occurs rapidly after exposure to cyclosarin
vapor or aerosols. In general, signs and symptoms of exposure
and severity of symptoms are dependent both upon the route
of exposure and the dose/concentration. Cyclosarin is esti-
mated to be more toxic than sarin via dermal exposure likely
due to its increased persistence. High concentrations of nerve
agent elicit a general increase in secretions including saliva,
tears, sweat, and nasal discharge while ocular exposure can
result in miosis, blurred vision, and pain in or around the eyes.
Inhalation of small amounts of sarin vapor typically cause
a feeling of tightness in the chest while exposure to higher doses
can result in severe respiratory distress and apnea resulting in
death. Nerve agent effects on the cardiovascular system may



Table 1 Acute clinical effects of cyclosarin exposure in humans

Organ or system Common effects Notes

Eye Miosis (pinpoint pupils), pain, blurred vision, tearing Occurs rapidly after vapor exposure but may be absent
following exposure via other routes.

Nose Rhinorrhea (runny nose) Occurs rapidly after vapor exposure.
Mouth and throat Excessive salivation, throat pain
Pulmonary tract Tightness of chest, dyspnea (difficulty breathing) due to

bronchoconstriction and increased secretions,
coughing, respiratory paralysis, apnea

Signs and symptoms of exposure occur rapidly (seconds
to minutes). For lethal doses, death can occur within 1–
10 min due to cessation of breathing. The onset of signs
and symptoms occurs more rapidly via inhalation than
by percutaneous exposure.

Skin Diaphoresis (excessive sweating) Initially localized to the site of exposure following dermal
exposure. Signs of exposure occur within minutes to
hours depending upon dose.

Skeletal muscles Twitching, jerking, staggering, convulsions, muscle
weakness, paralysis

Initially localized to the site of exposure following dermal
exposure.

Central nervous system Headache, confusion, drowsiness, loss of consciousness,
coma

Effects may persist for years after exposure.

Gastrointestinal Tract Nausea, vomiting, cramps, loss of bladder and bowel
control

System effects of liquid dermal exposure can manifest first
in the GI tract.

Cardiovascular Changes in heart rate and blood pressure, arrhythmia Bradycardia and tachycardia, hypertension and
hypotension have all been reported.

Table 2 Acute toxicities of cyclosarin (GF) in various species by
various routes of exposure

Species

Inhalation Subcutaneous Intramuscular

LCt50 (mg min m�3) LD50 (mg kg�1) LD50 (mg kg�1)

Cat ND 30–35 ND
Dog 60 ND ND
Guinea pig 100–200 30 ND
Hamster ND 95 ND
Monkey 74 ND ND
Mouse 240–380 60 440
Rabbit 120 30 ND
Rat 150 103 108

LCt50 ¼ median lethal concentration; LD50 ¼ median lethal dose.
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cause bradycardia due to vagal stimulation or it may often
cause the reverse tachycardia due to fright, hypoxia, and
adrenergic stimulation secondary to ganglionic stimulation.

Following inhalation of cyclosarin, the median lethal
concentration (LCt50) in humans has been estimated to be
35 mg min m�3 assuming a respiratory minute volume of
15 l min�1. For percutaneous liquid exposure to cyclosarin, the
median lethal dose (LD50) has been estimated as 5 mg kg�1

body mass. For oral exposure to cyclosarin, the LD50 has been
estimated as 0.14 mg kg�1 body mass. The ECt50 for mild
effects (miosis and rhinorrhea) is estimated to be
0.4 mg min m�3. The permissible worker population limit
(WPL) airborne exposure concentration of sarin for an 8-h
workday is 3 � 10�5 mg m�3.

Similar to humans, the cause of death in animals is attrib-
uted to anoxia resulting from a combination of central respi-
ratory paralysis, severe bronchoconstriction, and weakness or
paralysis of the accessory muscles for respiration. Following
nerve agent exposure, animals exhibit hypothermia resulting
from the cholinergic activation of the hypothalamic thermo-
regulatory center. In addition, plasma concentrations of pitui-
tary, gonadal, thyroid, and adrenal hormones are increased
during OP exposure.

Table 2 lists the LCt50 and the LD50 values reported
following the inhalation of cyclosarin as well as acute toxicities
by other routes of exposure in various animal species.
Chronic Toxicity (Animal/Human)

Since cyclosarin is acutely toxic in small doses, there is less
available information about the chronic effects of exposure.
OP-induced delayed neuropathy (OPIDN) is a collection of
neuropsychological symptoms associated with repeated OP
pesticide exposure as well as nerve agent exposure. OPIDN
symptoms can appear weeks after OP exposure and include
muscle weakness, anxiety, depression, psychosis as well as
cognitive and memory deficits. The mechanism by which
OPIDN occurs is not fully understood but inhibition of
neuropathy target esterase (NTE) is thought to play a role.
While there is little information on the role of GF in OPIDN,
GF has been shown to be a potent inhibitor of NTE in vitro.
Intermediate syndrome, which may occur 24–96 h after OP
poisoning, is another chronic toxicity resulting from OP
exposure. Symptoms include motor nerve paralysis, respiratory
paralysis, and proximal muscle paralysis. The effects of inter-
mediate syndrome are thought to be due to prolonged AChE
inhibition, though it remains unclear if this occurs upon nerve
agent exposure.
Immunotoxicity

The immunotoxicity of cyclosarin has not been extensively
assessed.
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Reproductive Toxicity

The reproductive cytotoxicity of sarin has not been extensively
assessed.
Genotoxicity

The genotoxicity of cyclosarin has not been extensively
assessed.
Carcinogenicity

The carcinogenicity of cyclosarin has not been extensively
assessed.
Clinical Management

Management of nerve agent intoxication consists of decon-
tamination to terminate the exposure, ventilation, and
administration of drugs and supportive therapy. Drug
therapy for treatment of nerve agent intoxication typically
includes an anticholinergic drug, an oxime, and an anti-
convulsant. The anticholinergic drug atropine is a musca-
rinic receptor antagonist that is effective in blocking the
effects of excess acetylcholine at peripheral muscarinic
receptors. The usual dose is 2 mg given intravenously (IV)
or by intramuscular (IM) injection, which may be repeated
at 5–10 min intervals until secretions and shortness of
breath subside. Atropine may also be applied topically
directly to the eye to relieve miosis (constricted pupils), dim
vision, and eye pain that are often caused by nerve agent
intoxication. Pralidoxime chloride (2-PAM Cl) is an oxime
used to break the agent–cholinesterase bond and restore the
normal activity of the enzyme. The usual starting dose is
600 mg given orally, IV, or IM. This may be repeated two or
three times as long as no more than 2000 mg is given in
1 h, due to the undesirable hypertensive effects of 2-PAM
Cl. Cyclosarin has been shown to be resistant to treatment
with 2-PAM Cl in animal and in vitro models. Diazepam, an
anticonvulsant benzodiazepine drug, is used to decrease
convulsive activity and reduce brain damage that may occur
from prolonged seizures. The usual starting dose of diaz-
epam is 10 mg (IM), which may be repeated one or two
times at 10 min intervals until convulsions/seizures cease.

Respiratory supportive therapy may include ventilation via
an endotracheal airway and suctioning of excess secretions in
the airways. Supportive care should also include monitoring
patients for cardiac arrhythmias, which are not uncommon in
Table 3 AEGLs for cyclosarin agent exposure in humans

AEGL 10 min 30 min 1

AEGL-1 0.003 5 ppm 0.002 0 ppm 0
AEGL-2 0.044 ppm 0.025 ppm 0
AEGL-3 0.38 ppm 0.19 ppm 0
patients who have been exposed to an OP cholinesterase
inhibitor and subsequently treated with atropine. Patients
who exhibit arrhythmia may require treatment with a beta-
adrenergic antagonist (i.e., beta blocker) or other antiar-
rhythmatic agent.
Ecotoxicology

Cyclosarin is not considered to be a serious water hazard due to
the fact that it degrades rapidly (w2 days) in water to relatively
nontoxic breakdown products. Persistence of cyclosarin in the
environment would depend greatly on a number of factors
including, but not limited to, the method of release, the
weather conditions and the type of surface affected. Highly
porous and permeable materials may act as a sink for cyclosarin
to increase persistence.
Other Hazards

Other hazards have not been extensively studied or described.
Exposure Standards and Guidelines

US Public Law 91-121 and 91-441 (50 U.S.C. 1512) mandates
the implementation of measures to protect human health prior
to the destruction of chemical warfare agents. As a result, the
Centers for Disease Control have issued the following airborne
exposure limits for sarin:

Immediately dangerous to life or health: 0.05 mg m�3

Short-term exposure limit: 0.000 05 mg m�3

WPL: 0.000 03 mg m�3

General population limit: 0.000 001 mg m�3

In addition to these exposure limits, acute exposure
guidelines (AEGLs) have been established for a large
number of chemicals including cyclosarin. These have been
established through a collaborative effort between the
public and private sectors worldwide. The AEGL-1 is the
airborne concentration above which the general population,
including sensitive individuals, could experience notable
discomfort, irritation, or certain asymptomatic nonsensory
effects. The effects are not disabling and are transient and
reversible upon cessation of exposure. AEGL-2 is the
airborne concentration at which the same population
experiences irreversible or other serious, long-lasting adverse
health effects or an impaired ability to escape. AEGL-3 is the
airborne concentration predicted to cause life-threatening
health effects or death (Table 3).
h 4 h 8 h

.001 4 ppm 0.000 70 ppm 0.000 50 ppm

.018 ppm 0.008 5 ppm 0.006 5 ppm

.13 ppm 0070 ppm 0.051 ppm
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Drinking water contamination with nerve agents is a serious
concern for deployed US troops. Guidelines have been estab-
lished for the consumption of drinking water contaminated
with chemical agents including cyclosarin. These guidelines
establish levels of agent that should not result in deleterious
effects on the health and performance of soldiers when
consumed in drinking water. For soldiers consuming 5 l of
water per day, the threshold for cyclosarin contamination is
12 mg l�1 over the course of 7 days. Under particularly stren-
uous situations, a soldier may consume up to 15 l of water per
day, in which case the threshold for cyclosarin agent contam-
ination is 4 mg l�1 over the course of 7 days.

See also: Nerve Agents; Tabun; Soman; Sarin (GB); VX.
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Background Information

A delayed neurotoxicity, primarily induced by organophos-
phates, produces a syndrome called ginger jake paralysis. It got
its name from the first major epidemic in the United States
resulting from the consumption of a bootlegged alcohol,
Jamaica ginger jake. The organophosphate ester triorthocresyl
phosphate (TOCP), a gasoline additive, was used as a substi-
tute for alcohol in the prohibition days in the 1920s (Woolf,
1995). At that time, TOCP was thought to be nontoxic, as it did
not produce any acute effects. Over time, the TOCP caused an
axonal dying-back neuropathy affecting mainly large muscle
groups (called ascending neuropathy). Jake poisoning struck
about 20 000–50 000 mostly poor adult males. TOCP was also
a contaminant in cooking oil in Morocco in the late 1950s.
Exposure Pathways

TOCP can be absorbed after ingestion, through the skin, and
inhaled.
Mechanisms of Toxicity

TOCP produces a delayed neurotoxicity by inhibiting
a nonspecific neuronal carboxylesterase and neuropathic target
esterase. The neuropathic target esterase appears to have a role
in neuronal lipid metabolism. Neuropathic target esterase
enzymatic activity is the highest in nervous tissue.
Animal Toxicity

Species differ in responses to TOCP. The chicken and cat have
been used extensively especially because the responses in those
species are very similar to those of man. Rabbit, dog, monkey,
and guinea pig react inconsistently while rats and mice are re-
ported to be resistant to paralysis although they still have
nervous tissue damage.

Histological examination of hens exposed to TOCP revealed
a Wallerian ‘dying-back’ degeneration of the larger diameter
axons and myelin sheaths. If the neuropathic target esterase is
inhibited by 70%, the typical organophosphorus ester-induced
delayed neurotoxicity (OPIDN) will follow after an approxi-
mate 7–14 days delay.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Human Toxicity

Ingestion of TOCP causing ginger jake paralysis may also lead
to abdominal pain, nausea, and vomiting. Symptoms may be
delayed (ICSC, 1993).

Main symptoms of ginger jake paralysis involve the nervous
system. The initial symptoms are characterized by muscle
weakness in the arms and legs that may occur days or weeks
after exposure. Eventually, symptoms include symptoms of
spinal cord injury, including a clumsy shuffling gait, spasticity,
hyperreflexia, and permanent damage to the pyramidal tracts
and upper motor neuron syndrome (Ecobichon, 1996). This
syndrome is also known as OPIDN.
Clinical Management

No specific therapy is known as a treatment for victims pre-
senting signs of ginger jake paralysis; as this is a delayed
neurotoxic effect. It would be prudent to determine the cause of
exposure to ensure that the victim is no longer exposed to
TOCP and provide supportive care. The victim should be
moved to a hospital for evaluation.

See also: Neurotoxicity; Organophosphorus Compounds.
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Global Chemicals Policy is a framework of goals, targets,
strategies, instruments, and agreements. Over several decades,
a large number of goals have been defined, many instruments
developed, and a number of organizations entrusted with tasks
in support of the many elements of the framework. The result is
visible in the many policy documents and international
agreements that have been published and adopted are still the
subject of international negotiations.
Background

Global Chemicals Policy started at the International Confer-
ence on Human Environment in Stockholm in 1972. Aware-
ness of problems with chemicals for health or the environment
was emerging, alongside other environmental issues, and the
international community agreed to work together to address
the main challenges. In specific areas such as pesticides,
international cooperation began in the early 1960s, with
common programs and the work of the Food and Agriculture
Organization (FAO) and the World Health Organization
(WHO). The member countries of the Organization for
Economic Cooperation and Development (OECD) had started
to work on environmental issues, including chemicals, in
1971, 10 years after its creation. But the Stockholm conference
can be seen as the birthplace of global work on an environ-
mental agenda.

Shortly after the Stockholm conference, The United Nations
Environment Programme (UNEP) was created, and set up its
headquarters in Nairobi. This was followed in 1975 by the
creation of the International Register of Potentially Toxic
Chemicals (IRPTC), the chemicals branch of UNEP, in Geneva.

Gradually over the years, cooperation shifted from scientific
work on individual chemicals toward support for policies and
their implementation, in countries, regions, and worldwide.
Several instruments were developed in the 1980s. Since the
United Nations (UN) Conference on Environment and Devel-
opment in 1992 in Rio de Janeiro, the development of common
goals, policies, and instruments has greatly intensified.
UN Conference on Environment and Development,
1992, Agenda 21

The UN Conference on Environment and Development in
1992 in Rio de Janeiro for the first time adopted goals in major
environmental fields, as well as proposed instruments to ach-
ieve those goals. The goals have been laid down in Agenda 21,
32 Encyclopedia of T
the common agenda for the twenty-first century. Chapter 19
(Environmentally Sound Management of Toxic Chemicals,
Including Prevention of Illegal International Traffic in Toxic
and Dangerous Products) and Chapter 20 (Environmentally
Sound Management of Hazardous Wastes, Including Preven-
tion of Illegal International Traffic in Hazardous Wastes) have
formed the basis for most of the work in the area of chemicals
and hazardous waste in the decades since then. Many of the
instruments that were developed in these years find their origin
in Agenda 21, although some predate this conference. Among
the instruments that were proposed were those that later
became the Rotterdam Convention (1998) and the Stockholm
Convention (2001), both came into force in 2004, and the
Globally Harmonised System for Classification and Labeling of
Chemicals (GHS) (2002).
Agenda 21 Chapter 19, Toxic Chemicals

Chapter 21 recognizes that chemical contamination can be
a source of ‘grave damage to human health, genetic structures
and reproductive outcomes, and the environment.’ This
chapter specifically addresses the special challenges and needs
of developing countries in managing toxic chemicals. Addi-
tionally, the chapter acknowledges that many countries lack
national systems to cope with chemical risks, and/or the
scientific means of collecting evidence of misuse and of judging
the impact of toxic chemicals on the environment.

It sets out six program areas: expanding and accelerating
assessment of chemical risks, harmonization of classification
and labeling of chemicals, information exchange on toxic
chemicals and chemical risks, establishment of risk reduction
programs, strengthening of national capabilities and capacities
for management of chemicals, and prevention of illegal inter-
national traffic in toxic and dangerous products. It can easily be
seen how these program areas translate in the various instru-
ments developed after the conference.
Agenda 21 Chapter 20, Hazardous Waste

Chapter 20 (Environmentally Sound Management of
Hazardous Wastes, Including Prevention of Illegal Interna-
tional Traffic in Hazardous Wastes) recognizes that effective
controls over the generation, storage, treatment, recycling and
reuse, transport, recovery, and disposal of hazardous wastes are
critical for the protection of human health, environment,
effective natural resource management, and sustainable devel-
opment in general. Chapter 20 promotes integrated life cycle
management and states that “the overall objective is to prevent
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00677-1
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to the extent possible, and minimize, the generation of
hazardous wastes, as well as to manage those wastes in such
a way that they do not cause harm to health and the environ-
ment”, through an integrated approach to hazardous waste
management.

Among other things, Chapter 20 highlights the importance
and need for international cooperation in a variety of areas,
including but not limited to the dissemination of information
on risks and new technologies for reducing production of
hazardous wastes, improvement of methods for handling and
disposal of hazardous wastes, design and development of
individual nations’ hazardous waste programs and centers, and
the importance of cooperation in controlling transboundary
shipping. Indeed, the impetus for this chapter came in no small
part from concern about illegal international movement of
hazardous wastes, in contravention of existing national legis-
lation and international legal instruments, and thus it includes
specific recommendations for reducing illegal traffic in toxic
and dangerous wastes. In response to these concerns, Chapter 6
proposes a ban on the export of wastes to nations that cannot
demonstrate the capacity to deal with them in an environ-
mentally sound way.
Multilateral Environmental Agreements

In the late twentieth century, the focus of the international
discussions gradually shifted to agreements, first of a more
voluntary nature, later also of a legally binding nature, Multi-
lateral Environmental Agreements (MEAs). In the 1980s,
instruments were to a large extent voluntary in nature, such as
the London Guidelines, which later developed into the Rot-
terdam Convention. The Vienna Convention (1985) for the
protection of the Ozone Layer and the Basel Convention
(1989) on the Control of Transboundary Movements of
Hazardous Wastes and Their Disposal are among the first
legally binding multilateral agreements and predate the UN
Conference on Environment and Development (Earth
Summit) in Rio de Janeiro in 1992.

By the time of the Earth Summit, the UN Conference on
Environment and Development in Rio de Janeiro in 1992,
countries supported the development of legally binding
instruments for management of environmental situations. A
large number of MEAs had their origin at this conference.

Among the instruments in the area of sound management
of chemicals that have their origin in the Rio Conference are the
Rotterdam Convention on the Prior Informed Consent Proce-
dure for Certain Hazardous Chemicals and Pesticides in
International Trade (1998) and the Stockholm Convention on
Persistent Organic Pollutants (POPs) (2001) and nonlegally
binding instruments such as the GHS (2002).

Work is currently under way for a convention on mercury
with the possibility of including other hazardous metals and
possibly other hazardous chemicals.

UNEP Chemicals and the Governing Council of UNEP have
played key roles in the development and adoption of the
conventions. The Convention Secretariats are legally separate
entities; their work is to a large extent coordinated not only by
their respective Conferences of Parties but also on a daily basis
in close collaboration with UNEP Chemicals.
For several years, the issue of creating more explicit synergies
between the various conventions, especially those of Basel,
Rotterdam, and Stockholm, has been discussed many times.
This has not yet resulted inmerging the governance structures or
the technical support bodies of these conventions. Collabora-
tion at the level of the secretariats of these conventions has
increased, but differences in mechanisms of operation still exist.
Vienna Convention and Montreal Protocol

The Vienna Convention for the Protection of the Ozone
Layer (1985) and the Montreal Protocol on Substances
that Deplete the Ozone Layer stand at the center of inter-
national policy to protect stratospheric ozone. They are
characterized by strong rules and global participation, and
are considered a historical success for international capacity
to address large, complex, and difficult global environ-
mental problems.
Basel Convention

The Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal (1989;
http://www.basel.int/) has become the normative instrument
for all transboundary movements of hazardous waste. Among
its strengths is that, through its regional centers, it is active close
to the areas that are most at risk of such hazardous waste
practices.
Rotterdam Convention

The Rotterdam Convention on the Prior Informed Consent
Procedure for Certain Hazardous Chemicals and Pesticides in
International Trade (1998; http://www.pic.int/), which devel-
oped from an earlier voluntary instrument, the London
Guidelines, covers chemicals that are listed in the Convention
because of their very hazardous nature and their prohibition or
restriction in a number of countries. Exporting countries are
obliged to inform importing countries that are parties to the
Convention of the hazards of such chemicals and to ask for
their explicit consent prior to import. A number of extremely
hazardous pesticide formulations are also covered by the
Convention. For several years, economic and political argu-
ments have prevented some very hazardous chemicals being
listed in the Convention.
Stockholm Convention

The POPs (2001; http://www.pops.int/) originally covered the
12 substances generally considered as being among the most
hazardous in international trade, the so-called dirty dozen.
Their use is prohibited, or, in a few cases, very seriously
restricted in view of their total prohibition as soon as suitable
alternatives have become available. In 2009, a new series of
compounds has been added to the list of substances covered
by the Convention. Although considered a rich Convention

http://www.basel.int/
http://www.pic.int/
http://www.pops.int/
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compared to most others, funds for phasing out of chemicals
and in particular the disposal of chemicals present in stocks or
equipment fall far short of what would be needed if the goals
of the Convention are to be reached in the agreed time
schedule.
Ratification of Conventions

Most Conventions mentioned have been ratified by large
numbers of countries and have come into force within a few
years after their adoption. The major exception to the general
ratification of these legally binding instruments is the United
States of America, which, after the Vienna Convention and the
Montreal Protocol, has not ratified any of the MEAs, notwith-
standing promises from consecutive governments.
Globally Harmonised System for Classification
and Labeling

The GHS (2002; http://www.unece.org/trans/danger/publi/
ghs/ghs_welcome_e.html), voluntary in nature, was devel-
oped after Rio in 1992 to harmonize the many existing
national and regional labeling systems with different criteria
and pictograms. It is based on hazards, the intrinsic properties
of chemicals and their preparations or products. It includes all
phases of the life cycle of chemicals, although transport has
different pictograms, and the criteria applied in this sector are
mainly for acute hazards.
International Code of Conduct on Distribution
and Use of Pesticides

The Code (http://www.fao.org/docrep/005/y4544e/y4544e00.
htm), voluntary in nature, was first adopted in 1985 and has
since been modified a number of times to take into account
global developments and needs of countries. It also has
broadened its scope from originally agricultural pesticides only
to include all types of pesticides. An important number of
policy and technical guidelines offer support for implementa-
tion by countries.
Mainstreaming

Work on sound management of chemicals involves many areas
of activity, as chemicals are vital in most areas of human
activity. Nevertheless, sound chemicals management has
essentially developed separately from the general sustainable
development agenda. Many attempts to address this, especially
in the Intergovernmental Forum on Chemical Safety (IFCS),
have not produced the desired effect to include chemicals in
broader agendas. Especially since the Strategic Approach to
International Chemicals Management (SAICM) was adopted,
mainstreaming of chemicals management in the overall
sustainable development agenda has become an important
issue. During the Earth Summit in 2012, chemicals will be
prominent on the agenda.
Millennium Development Goals

In the broader UN framework, the Millennium Development
Goals (MDGs) were adopted in 2000 (http://www.un.org/
millenniumgoals/), giving key directions for the main devel-
opment goal of significantly reducing poverty. These MDGs
show several interesting links to the SAICM agenda and envi-
ronmental management, including management of chemicals
and waste. Both the positive role of industrial development and
the positive and negative roles that chemicals can play for
sustainable development and eradication of extreme poverty,
including access to sufficient food and clean drinking water and
appropriate sanitation, are closely linked to sound manage-
ment of chemicals.
Johannesburg 2002

TheWorld Summit on SustainableDevelopment (Johannesburg,
2002) adopted a recommendation to develop a strategy “aiming
toachieve, by2020, that chemicals areusedandproduced inways
that lead to the minimization of significant adverse effects on
human health and the environment, using transparent science-
based risk assessment procedures and science-based risk
management procedures, taking into account the precautionary
approach, as set out in principle 15 of the Rio Declaration on
Environment and Development, and support developing coun-
tries in strengthening their capacity for the soundmanagement of
chemicals and hazardous wastes by providing technical and
financial assistance.”
SAICM 2006

The strategy agreed in Johannesburg in 2002 was later called the
Strategic Approach to International Chemicals Management
(SAICM; http://www.saicm.org), and its development was
undertaken by UNEP Chemicals in collaboration with other
international organizations involved in the soundmanagement
of chemicals, collaborating in the Inter-Organization Pro-
gramme for the SoundManagement of Chemicals (IOMC). The
UNEP Government Council was very instrumental in the
negotiations that led to the adoption of SAICM at the Inter-
national Conference on Chemicals Management (ICCM) in
Dubai in February 2006.

SAICM consists of a high level (ministerial) declaration, an
overarching policy strategy, and a global plan of action. The
Declaration confirms the unwavering ministerial support to
working together toward sound chemicals management and
stresses the importance of international cooperation and the
need to support less developed countries. The Overarching
Policy Strategy highlights concrete aims and goals, priority
areas of work, instruments to be further developed and applied,
and the ways to achieve the goals. The Global Plan of Action
(GPA) provides a list of 273 voluntary activities by stakeholders
in order to pursue the commitments and objectives expressed
in the Dubai Declaration and the Overarching Policy Strategy.
The GPA is composed primarily of a table separated along 36
work areas consistent with the 5 categories of objectives defined
in the Overarching Policy Strategy. For each activity, possible

http://www.unece.org/trans/danger/publi/ghs/ghs_welcome_e.html
http://www.unece.org/trans/danger/publi/ghs/ghs_welcome_e.html
http://www.fao.org/docrep/005/y4544e/y4544e00.htm
http://www.fao.org/docrep/005/y4544e/y4544e00.htm
http://www.un.org/millenniumgoals/
http://www.un.org/millenniumgoals/
http://www.saicm.org
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actors, targets and timeframes, indicators of progress, and
implementation aspects are suggested.

SAICM holds its ICCM regularly to monitor progress and
see to adequate implementation. Its next session is scheduled
in Nairobi, Kenya, September 2012.
Rio Earth Summit 2012

The next milestone in strengthening Global Chemicals Policy
will be the Earth Summit in 2012. Major issues will be
funding in support of the implementation of the international
conventions, restructuring the complex governing structures of
the various global instruments, strengthening the goals as
agreed and the instruments in support of achieving those goals,
and possibly sanctions. Sanctions, however, so far have
received very little attention from policy makers.

The number of industrialized countries capable of fully
implementing adequate management systems has increased
since the previous Earth Summit, but at the same time the gap
in implementation of such instruments between these coun-
tries and less or nonindustrialized countries has widened even
more. And even a number of industrialized countries fall short
of adequate implementation. Moreover, support to other
countries for strengthening their implementation remains
extremely limited.
International Organizations in Support of the Global
Chemicals Policy

A number of international organizations work in support of the
implementation of the Global Chemicals Policy. Most of them
collaborate under the umbrella of the IOMC (http://www.who.
int/iomc/en/), consisting of the FAO, the International Labor
Organization (ILO), the OECD, the UNEP, the United Nations
Industrial Development Organization (UNIDO), the United
Nations Institute for Training and Research (UNITAR), and the
WHO. The United Nations Development Programme (UNDP)
and the World Bank participate as observers.
Intergovernmental Forum on Chemical Safety

Shortly after Rio 1992, the IFCS was created, a place where
all stakeholders, not only governments, could meet regu-
larly and discuss matters of common interest and develop
further ideas for the development of strategies and instru-
ments and see to their implementation. The Forum played
a major role in preparation of the Johannesburg summit in
2002.

The Forum also developed the grounds for what later
became SAICM. The Bahia Declaration, adopted in Salvador de
Bahia, Brazil, 2000, contains the main ideas that were elabo-
rated in SAICM (see above). After the adoption of SAICM and
its ensuing periodic Ministerial Conferences, countries have
focused more on this framework and IFCS has lost most of its
importance. In practice, IFCS is no longer operational, and
although it has not formally been merged with the SAICM and
the ICCM, IFCS has ceased to play the active role that had up
to 2005.

See also: Import/Export of Hazardous Chemicals;
Hazardous Waste; High Production Volume (HPV) Chemicals;
Inter-Organization Programme for Sound Management of
Chemicals; Persistent Organic Pollutants; Risk Management;
UNEP Chemicals.
Further Reading
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Environment, Health, A Global Management Perspective. CRC Press, Boca
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Relevant Websites

http://www.chem.unep.ch/
http://www.saicm.org
www.unep.org
www.unitar.org/cwm
http://www.who.int/iomc/en/

http://www.who.int/iomc/en/
http://www.who.int/iomc/en/
http://www.chem.unep.ch/
http://www.saicm.org
http://www.unep.org
http://www.unitar.org/cwm
http://www.who.int/iomc/en/


Global Climate Change and Environmental Toxicology
ABA Boxall, University of York, Heslington, York, UK

� 2014 Elsevier Inc. All rights reserved.
Background

The world is changing rapidly and over the next century alter-
ations are predicted in climate, land use, demographics, phys-
icochemical properties of the environment (e.g., acidification),
water availability, and the degree of urbanization (including
a move toward megacities) across the world. Global climate
change (GCC), for example, is predicted to result in different
weather characteristics in different regions. The world is pre-
dicted to become warmer with greatest increases in temperature
occurring over land at most high northern latitudes, while
temperature increases in the Southern Ocean and Northern
North Atlantic will be lower; snow cover area is projected to
contract; sea ice is projected to shrink; it is likely that future
tropical cyclones will become more intense; extra-tropical
storm tracks are projected to move toward the poles, changing
wind, precipitation, and temperature patterns; and increases in
the amount of precipitation are very likely in high latitudes,
while decreases are likely in most subtropical land regions;
some regions will experience prolonged periods of drought.
The global population size is also rising with the world pop-
ulation projected to exceed nine billion by 2050, with most of
the increase occurring in developing nations. Developed
countries are likely to experience a significant change in the age
structure of their populations with the proportion of the elderly
increasing. In some regions of the world, increasing demands
on water resources alongside water scarcity is altering the ways
in which water is managed and used. All of these changes are
likely to affect the risks of chemicals in the natural environment
to ecological and human health by altering (1) the types and
quantities of chemicals that are released to, or formed in, the
environment; (2) transport, accumulation, and fate of chem-
icals in the environment; (3) sensitivity of receptors (including
ecosystems, livestock, and humans) to a particular contami-
nant; and (4) human behavior (e.g., Figure 1). Most work to
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date has explored the implications of climate change on
chemical exposure and risks with less research done on other
future drivers. Therefore, the following sections focus on the
implications of GCC and summarize how human and
ecosystem exposure to chemicals might change in the future,
how sensitivity to chemicals might change, and the potential
impacts on chemical risk.
Implications of Future Changes for Formation
and Use of Chemicals

Future changes will impact how different societies use chem-
icals and the amounts used as well as how chemicals are
formed in the natural environment. To illustrate this,
a summary of potential changes in chemical inputs is given for
agricultural systems in Table 1. For some classes of chemical
contaminant, such as pesticides, biocides, and pharmaceuti-
cals, use will likely increase. Climate change will affect the
abundance and seasonal activity of agricultural pests and
diseases which will have direct effects on the effectiveness of
pesticides. The use of pesticides, and other biocides could
therefore increase in the future and more effective pesticides
will be required in some instances. GCC will also cause changes
in farming practice. Higher temperatures will facilitate the
introduction of new pathogens, vectors, or hosts in some
regions, leading to increased use of biocides, and human and
veterinary medicines. An aging population will likely require
more use of pharmaceuticals resulting in greater emissions of
these substances to the natural environment. As the generation
of many natural toxins (e.g., algal, fungal, and phytotoxins) is
partly governed by temperature and moisture, GCC will also
affect the rates of formation of these substances in the envi-
ronment as well as the geographical distribution of natural
toxins. Increases in the production of allergens are also
gical 
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Table 1 Impacts of climate change on the inputs of chemicals to agricultural systems

Contaminant source Contaminant type Effect of climate change on input Other drivers

Effect on

input

Plant protection products Herbicides, insecticides, fungicides Increased use due to increased abundance
and activity of plant diseases

Move to organic farming will
reduce inputs

Move to biofuels will increase
inputs

High

Fertilizers NO3, PO4 Intensification of cropping will increase use
Decreases in soil organic carbon will increase use
Increased leaching may increase use
More efficient plant uptake will reduce use

Increased manufacturing costs
may reduce use

Medium

Sewage sludge Heavy metals, pharmaceuticals, industrial
contaminants, pathogens, nutrients

Intensification of cropping will increase use
Decreases in soil organic carbon

Increased economic value of
biosolids may lead to lower
inputs

Medium

Veterinary medicines Antibacterials, parasiticides Intensification of livestock production will
increase use

Increase in disease pressures will increase use

Movement of farm animals may
decrease

High

Irrigation water Pathogens, heavy metals, pesticides,
other organic contaminants

Irrigation of crops likely to increase during dry
periods

– High

Flooding Heavy metals, dioxins, PCBs Increased flooding may mobilize legacy
contaminants and transport them onto
agricultural land

– Medium

Aerial deposition Pesticides Increased aerial transport of volatile pesticides
between sites increased soil blow

– Medium

Changes in bioavailability Dioxins, mercury, nutrients – – High
Compost Heavy metals, dioxins/PCBs – Move to recycling increases

inputs
High

Contaminants from plants and bacteria Pollen, mycotoxins Affects distribution, quantity, and quality
of autollergens

Increases production of mycotoxins

– High

Taken with permission from Boxall, A.B.A., et al., 2009. Environ. Health Perspect. 117 (4), 508–514.
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Figure 2 Predicted impacts of climate change on major environmental pathways for exposure to chemicals in agricultural systems. Letters indicate
which contaminant classes are likely to be transported via an individual pathway (S¼ soluble contaminants; V¼ volatile contaminants; PA¼ particles
associated contaminant; P¼ particulate contaminant). The size of the arrow indicates the impact that climate change is predicted to have on the transport
pathway and the size of the letters indicates the importance of a pathway for a particular class of contaminant (a large letter indicates that the transport
pathway is important for the contaminant class whereas a small letter indicates that the pathway is less important). Reproduced with permission from
Boxall, A.B.A., et al., 2009. Environ. Health Perspect. 117 (4), 508–514.
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expected in some areas. For legacy contaminants, such as
mercury, that have been released to the environment in the past
and reside in soil and sediments, GCC may alter the environ-
ment in such a way that the speciation of the contaminant is
altered meaning that the contaminant can be released more
rapidly. For example, temperature increases would be expected
to accelerate the conversion of mercury to methyl mercury
and the volatilization of persistent organic pollutants such as
polychlorinated biphenyls (PCBs) at contamination sources
such as buildings and electrical equipment.

For some chemical contaminants, GCC may indirectly
result in a reduction in emissions to the environment. As
many fossil fuel combustion processes that generate
greenhouse gases also emit other harmful air pollutants,
decreases in fossil fuel use, resulting from greenhouse gas
mitigation policies, will reduce ground-level air pollution by
particulate matter and ozone in urban areas. Conversely,
shifts to some types of biofuels may increase levels of air
pollution in rural areas.
Implications for Fate and Transport

Both transport pathways and fate processes for chemicals and
pathogens will be affected by changes in climate conditions
and this will affect the exposure level. The significance of
a particular pathway or process depends on the underlying
properties (e.g., solubility, volatility, and hydrophobicity) and
forms of the contaminant (e.g., Figure 2). The extent of aerial
transport of chemicals is dependent on the surface tempera-
ture, air temperature, and wind speed, all of which are pre-
dicted to change as a result of climate change. Increases in
temperature resulting from GCC will therefore result in
increased volatilization, increasing long-range transport of
persistent organic chemicals, such as PCBs and dioxins, and
increasing local bystander exposure to other chemicals whose
volatilization following release to the environment will be
increased (e.g., pesticides). Alterations in soil characteristics
such as reductions in soil organic carbon content and
increases in dustiness and changes in soil hydrology will alter
how contaminants are sequestered in soil systems and trans-
ported around rural catchments. The dilution potential of
contaminants in rivers and streams will also be changed due
to GCC-driven changes in river flows at certain times of year.
Increases in the occurrence of extreme weather events, such as
floods and droughts will alter the mobility of contaminants,
providing pathways by which chemicals can move from
contaminated areas such as contaminated land sites and
sediments to uncontaminated area. In agricultural areas,
changes in irrigation practices and more reliance on re-use of
wastewater, in response to GCC, could also move contami-
nants from waterbodies and sewer systems onto land. Societal
responses to climate change, greater water demands, and
increased urbanization will also be important in determining
the degree of exposure of ecosystems and humans to chemical
contaminants.

As well as an affecting environmental transport processes,
GCC will also alter the fate of chemicals. Increases in
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temperature and changes in moisture content are likely to alter
the persistence of chemicals. Biodegradation is generally faster
at higher temperatures and moisture contents, so faster
degradation of organic chemicals would be expected in hotter
and wetter regions. Rates of photolysis are also expected to
increase in some regions due to reduced cloud cover meaning
that photosensitive chemicals will be exposed to higher
intensities of UV light. Changes in the degree and duration of
ice cover may affect the degradation of contaminants in some
regions.

All of these different changes in fate and transport can have
both positive and negative implications for contamination of
air, surface waters, soils, food, and drinking water supplies
and hence environmental and human exposure. The relative
changes in exposure will likely vary depending on the region
and the physicochemical properties of the chemical itself.
Other future drivers (including technological developments,
land-use changes, urbanization, and industrialization), some
of which are indirectly related to GCC, may well be much
more important in terms of exposure. It is therefore important
that when considering how chemical exposure will change
in the future, GCC-driven changes are not considered in
isolation.
Impacts of GCC on Toxicity of Chemicals to Aquatic
and Terrestrial Organisms, Including Humans

GCC may alter the toxicological impact of chemical contami-
nants on aquatic and terrestrial organisms and humans by
altering uptake into organisms, changing the sensitivity of
organisms to a toxicological stressor, and by changing the
structure of natural ecosystems. There is a strong evidence base
(primarily for metals, persistent organic pollutants (POPs), and
pesticides) that toxicity of chemicals can be enhanced by
increasing temperatures. One reason for this is that increased
temperatures will increase metabolic rates of organisms which
in turn increases uptake, bioaccumulation, biomagnification,
and toxicity of contaminants. For some substances, it could
conversely increase detoxification processes. Temperature-
related increases in the uptake, bioaccumulation, and toxicity
of metals have been reported for several marine organisms,
including crustaceans, echinoderms, and molluscs, although
this is both species and contaminant specific. Climate change
stressors such as temperature and hypoxia can increase the
toxicity of contaminants to biota, or contaminants themselves
can alter the ability of organisms to respond to climate change
stressors, ultimately leading to thresholds that trigger syner-
gistic effects. Ectotherms, including fish, amphibians, and
reptiles, are likely to be particularly sensitive to the combined
effects of temperature and chemical contaminants as will
organisms which are living at the edge of their physiological
tolerance range. GCC is predicted to increase salinity in some
regions and decrease salinity in other areas. This will affect the
bioavailability of organic molecules which are generally more
bioavailable at higher salinities. In areas where salinity
increases are seen, organisms are expected to become more
sensitive to toxicants due to not only the increased uptake of
chemicals but also the higher physiological costs that the
organisms will need to expend on osmoregulation.
GCC will also affect the structure and functioning of
ecosystems. In aquatic systems, an increase in primary
productivity, as a result of a longer growing season, increased
temperature, and higher levels of nutrient availability is
expected in some areas as well as a shift in the timing and
magnitude of the spring bloom of phytoplankton which can
have adverse effects on the macroinvertebrate community in
terms of food availability and quality. Zooplankton abundance
will increase but a decline in the average species body size is
predicted. Therefore, if a community has an absence of fish and
is dominated by large zooplanktons, it is likely to be much
more severely affected by climate change. There will be
a reduction in available habitat for cool water species and
species with a high oxygen demand. The competitive balance
within a community may change and there will be an increased
risk from invasive species. Changes in flow will severely impact
fish reproductive strategies.

Human vulnerability to chemical exposure will also be
altered. It is well known that heat makes humans more
vulnerable to adverse effects of air pollutants such as ozone and
particulate matter of <10 mm (PM10) so anticipated tempera-
ture increases under GCC could increase sensitivity to aerial
contaminants. Chemical exposure may also make humans
more vulnerable to GCC-driven changes, for example impair-
ment of the human immune system resulting from chemical
exposure could increase vulnerability to vector-borne diseases
which are predicted to increase under GCC. Human behavior
will also be affected by GCC and this will have implications for
exposure. For example, the amounts of time humans spend
indoors and outdoors will probably change as populations
adapt to temperature increases, this will influence exposure
to both indoor and outdoor contaminants. In areas of high
predicted temperature increases, this will give rise to greater
exposure to indoor pollutants.
What Will All This Mean in Terms of Chemical Risks?

It is becoming clear that exposure and toxicity of chemicals to
human and ecological health will change in the future and
that these changes will affect the degree of risk compared to
today. The changes will however be very region and chemical
specific. For some regions and chemical classes (e.g., some of
the natural toxins and legacy pollutants), risk is anticipated to
increase and this could have important implications for the
health of the environment and human populations. Less
developed countries are likely to be more vulnerable to these
changes as they will be less able to adapt to adverse changes in
risk. As there are so many factors that drive exposure, toxicity,
and vulnerability that could change in the future, it is a very
complex task to quantify how chemical risks might change
under GCC. It is also very important to recognize that GCC
will not be the only driver of chemical risk in the future and
that the impacts of other drivers such as technological devel-
opments, urbanization, and demographic changes need to be
considered alongside GCC. Environmental chemists, toxicol-
ogists, ecotoxicologists, climate modelers, ecologists, and
social scientists therefore need to be working much more
closely to begin to understand this complex issue so that
adaptation and mitigation strategies can be developed where
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necessary and so that long-term monitoring programmes can
be developed.

See also: Bioaccumulation; Chemicals of Environmental
Concern; Ecotoxicology; Environmental Fate and Behavior;
Environmental Toxicology; Mercury; Mycotoxins; Pesticides;
Polychlorinated Biphenyls (PCBs); Global Chemicals Policy;
Toxicology and Global Public Health; Environmental Exposure
Assessment.
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Introduction

Classification and labeling systems have been developed
separately by many countries. Until recently, at the global level,
only classification and labeling for the different transport
systems (road, rail, and international water) were harmonized.
At the Rio UN Conference on Environment and Development
in 1992, it was decided to seek the development of a global
system for classification and labeling intended to replace all
national schemes. This was adopted as part of Agenda 21.

Subsequently, three technical focal points were designated
for developing the system. The organization for Economic
Cooperation and Development (OECD) was assigned the work
of health and environmental hazards, the UN Committee of
Experts on the Transport of Dangerous Goods (UNCETDG) in
cooperation with the International Labour Organization (ILO)
took the lead in developing the system for physical hazards,
and the ILO was the lead for hazard communication.

To fulfill the role of overall management of the develop-
ment of the GHS, the UN Economic and Social Council
(ECOSOC) enlarged the mandate of UNCETDG to also include
the work of the GHS, renaming it the United Nations
Committee of Experts on the Transport of Dangerous Goods
and on the Globally Harmonized System of Classification and
Labeling of Chemicals (UNCETDGGHS).

Responsibilities of the UNCETDGGHS include:

l Manage the harmonization process.
l Keep the system up-to-date; introduce changes if and where

necessary.
l Promote understanding of the system worldwide.
l Facilitate application by developing suitable guidancematerial.

The United Nations Institute for Training and Research
(UNITAR) and ILO were nominated as focal points for capacity
building to support GHS implementation.

Basic Principles

Starting the work on of the development of the GHS, a number
of basic principles were agreed on:

l The level of protection offered by the new system would not
be diminished in comparison with previous systems.

l The system would be based on intrinsic properties
(hazards) of chemicals.

l All types of chemicals would be covered.
l All previously existing systems would have to be changed.
l All stakeholders would be involved in the development.
l Issues of comprehensibility would be addressed.

These principles are reflected in the system as it has evolved.

Scope

The scope of the GHS includes all chemicals in all phases of
their life cycle, including substances and mixtures from
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
production to waste. It includes all types of hazards, health,
environment, physical, and chemical hazards. It allows the use
of existing data to classify substances and mixtures and
provides the format for pictograms and labels. If adequate test
data exist, no further testing is required within the GHS.

The GHS does not cover testing of chemicals or test
methods. It allows scientifically sound test methods to be used,
irrespective of their background and origin.

It also comprises a system of communication of hazard
information.

The GHS is a system based on scientific information and in
most instances experts are needed to apply it correctly.
Steps in Classification and Labeling, Labels,
and Safety Data Sheets

The first step in the GHS is classification of a chemical as either
a substance or a mixture. The system is developed for self-
classification by the producer of the chemical or any other
person placing the product on the market, including for export.
The chemical is classified on the basis of its intrinsic properties
and hazards.

The second step is translating the hazard classification into
a hazard label, including one or more pictograms and signal
words, representing the main hazards and precautionary
statements.

The next step is developing a Safety Data Sheet, which
includes all relevant information for the chemical for all hazard
categories if applicable.

For consumers, the label is the main medium for conveying
the necessary message. For industrial workplaces and transport,
in which products may be handled under professional super-
vision, the Safety Data Sheet contains essential additional
information.
Hazard Classes and Categories

GHS hazard classification is based on the intrinsic properties of
substances or mixtures of chemicals. It has 16 hazard classes for
physical hazards, 10 classes for health hazards, and 2 classes for
environmental hazards. Most classes also have subclasses or
categories, depending on the severity of the hazard.
Physical Hazards

l Explosives
l Flammable gases
l Flammable aerosols
l Oxidizing gases
l Gases under pressure
l Flammable liquids
l Flammable solids
l Self-reactive substances and mixtures
l Pyrophoric liquids
4-3.00453-X 741
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l Pyrophoric solids
l Self-heating substances and mixtures
l Substances andmixtures that emit flammable gases when in

contact with water
l Oxidizing liquids
l Oxidizing solids
l Organic peroxides
l Corrosive to metals
Health Hazards

l Acute toxicity
l Skin corrosion/irritation
l Serious eye damage/eye irritation
l Respiratory or skin sensitization
l Germ cell mutagenicity
l Carcinogenicity
l Reproductive toxicity
l Specific target organ toxicity – single exposure
l Specific target organ toxicity – repeated exposure
l Aspiration hazard

Environmental Hazards

l Hazardous to the aquatic environment
l Hazardous to the ozone layer

Within each of these classes, the GHS requires the identifi-
cation of the hazard category; that is, the severity of each
hazard. The number of categories and how they are divided
depend on the type of hazard class.
Labeling Provisions

The GHSA label comprises a pictogram, a signal word
describing the primary hazard, for each hazard class a hazard
statement and precautionary statements. The hazard class,
therefore the pictogram, depends on the severity of the hazard.

The pictogram has to be accompanied by the corresponding
signal word reflecting the hazard class that is appropriate.

However, transport pictograms may be different in shape
and color and in cases of a transport container that is also
a delivery or use container, the pictograms in Figure 1 may be
replaced with the equivalent transport pictogram (Figure 2). A
few examples of these appear in the following.

The label has to mention the relevant pictogram(s) and
signal word(s), indicating the hazard class(es) and cat-
egory(ies) as well as standard hazard and precautionary state-
ments, and specifies measures that should be taken to
minimize damage.
Safety Data Sheets

The label contains the primary information regarding the
hazard of a chemical.

Detailed information must be included in a Safety Data
Sheet (SDS).

The GHS has developed a format for SDS that must be
followed. The GHS provides guidelines on when SDSs should
be used. For the GHS SDSs, the system requires a 16-heading
format in the specific order listed in the following:

1. Identification
2. Hazard(s) identification
3. Composition/information on ingredients
4. First aid measures
5. Fire-fighting measures
6. Accidental release measures
7. Handling and storage
8. Exposure controls/personal protection
9. Physical and chemical properties
10. Stability and reactivity
11. Toxicological information
12. Ecological information
13. Disposal considerations
14. Transport information
15. Regulatory information
16. Other information

Sectors Considered by the GHS and Implementation
in Different Sectors: Building Blocks

The GHS distinguishes four sectors: transport, industrial
workplace, agriculture, and consumers, together covering the
full life cycle of chemicals. Basically, the same criteria and
elements apply for all sectors, but countries may decide to
implement the GHS in a limited set of sectors or not to
implement all hazard classes for all sectors. The GHS consists of
a number of so-called building blocks. This allows countries to
select those building blocks that are considered most adequate
for implementation, given their national situation, or to grad-
ually implement an increasing number of building blocks until
possibly complete implementation is reached.

Although the GHS covers all sectors, some countries have
chosen to only implement it in certain sectors, such as the
industrial workplace (e.g., the United States). Others have opted
for application to all sectors, although with minor modifications
(e.g., the EU). Certain countries have chosen to apply it for the
transport sector but only for acute hazards. A full overview of
implementation in different countries can be found at http://
www.unece.org/trans/danger/publi/ghs/implementation_e.html.
Legal Status of the GHS

The GHS is a nonlegally binding instrument. It is not a convention
that countries have to sign and ratify. Countries have flexibility to
implement the GHS completely or partially as they consider
adequate for their country (see building blocks discussion above).

Therefore, the system allows the flexible implementation of
all or a part of the GHS, including its building blocks, hazard
classes, and categories. However, in implementing the GHS it is
necessary to keep to the same basic elements of classification,
and especially of labeling.

The GHS was formally adopted in 2003, with a recom-
mendation that countries implement it by 2008. Although this
goal was not achieved, many countries and regions, including
regional trade communities, have implemented GHS or are in
the process of wholly or partially implementing it (see the
preceding).

http://www.unece.org/trans/danger/publi/ghs/implementation_e.html
http://www.unece.org/trans/danger/publi/ghs/implementation_e.html


Unstable explosives  
Explosives of Divisions 1.1, 1.2, 1.3, 1.4  
Self reactive substances and mixtures, Types A,B 
Organic peroxides, Types A,B 

Flammable gases, category 1 
Flammable aerosols, categories 1,2 
Flammable liquids, categories 1,2,3 
Flammable solids, categories 1,2 
Self-reactive substances and mixtures, Types B,C,D,E,F  
Pyrophoric liquids, category 1  
Pyrophoric solids, category 1  
Self-heating substances and mixtures, categories 1,2 
Substances and mixtures, which in contact with water,  
emit flammable gases, categories 1,2,3  
Organic peroxides, Types B,C,D,E,F 

Oxidizing gases, category 1  
Oxidizing liquids, categories 1,2,3  

Gases under pressure:  
- Compressed gases  
- Liquefied gases  
- Refrigerated liquefied gases  
- Dissolved gases 

Corrosive to metals, category 1 
Skin corrosion, categories 1A,1B,1C 
Serious eye damage, category 1  

Acute toxicity (oral, dermal, inhalation), categories 1,2,3 

Acute toxicity (oral, dermal, inhalation), category 4  
Skin irritation, category 2  
Eye irritation, category 2  
Skin sensitization, category 1  
Specific target organ toxicity – single exposure, category 3

Respiratory sensitization, category 1 
Germ cell mutagenicity, categories 1A,1B,2  
Carcinogenicity, categories 1A,1B,2  
Reproductive toxicity, categories 1A,1B,2  
Specific target organ toxicity –  
      single exposure, categories 1,2  
Specific target organ toxicity –  
     repeated exposure, categories 1,2  
Aspiration hazard, category 1  

Hazardous to the aquatic environment  
- Acute hazard, category1  
- Chronic hazard, categories 1,2  

Figure 1 GHS pictograms.
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Figure 2 Examples of transport pictograms.
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Comprehensibility

The GHS introduces a series of new pictograms (see Figures 1
and 2). Although to a certain extent they are comparable with
what has been used for decades in a number of countries, they
have not all been widely applied globally. It is vital in
conveying the message of the hazard and how to handle the
substance or mixture, to pay critical attention to under-
standing the messages, of pictograms and signal words, as well
as hazard and precautionary statements. It has been recom-
mended that before formally introducing the GHS, a country
should carry out comprehensibility testing of a range of labels
by different target audiences. The results of such comprehen-
sibility testing can assist in targeting awareness campaigns to
increase the understanding of the message conveyed by the
label’s information.

Capacity Building in Support of GHS Implementation

Implementation of the GHS is a major undertaking for all
countries. Many countries, especially those that did not
previously have their own classification and labeling systems,
lack skills to implement the GHS. Therefore, at the request of
many countries, it was agreed at an early stage of GHS devel-
opment that UNITAR and ILO together develop a program in
support of countries intending to implement the GHS. This
program was initiated in 2001, and support was provided to
almost 100 countries or regions on most continents. This has
included the development of methodology for implementation
and different kinds of guidance material in support of the
implementation by countries, including methodology for
comprehensibility testing. An e-learning course on the GHS,
developed under the UNITAR/ILO program, is intended for
a wide audience.

Transition from Previous Systems to the GHS

The GHS was formally adopted by UNECE in 2003. It was
recommended that it would be implemented worldwide by
2008. Although this goal has not been fully met, imple-
mentation of GHS is an ongoing process in many countries and
regions (see the preceding discussion).

The GHS has no provisions for transition from previous
systems. Both at the national and international levels, the
transition from previous classification and labeling to those of
the GHS must be organized.

In the international context, one system is of particular
reference, the WHO system for classification of pesticides by
hazard. The WHO classification, to which reference is made in
the Guidelines under the International Code of Conduct for
the Distribution and Use of Pesticides, under the umbrella of
FAO and WHO, makes explicit reference to this classification
system.

The WHO classification for pesticides has recently been
brought into line with the GHS, but it will take several years
before all classifications under the previous system have been
replaced with equivalent classification under the GHS and the
new WHO classification.
Differences Between Classifications
and Solving Problems

Because the GHS is based on self-classification and does not
require testing in most cases, the producer labels his or her
product according to available information. Not all producers
have access to the same database during classification. This may
result in different classifications for the same chemical. Several
countries have taken measures to harmonize such different
classifications. This is either done by introducing classification
of the chemical under the responsibility of government, such as
in Japan, or by a common mechanism, such as that in the EU,
resulting in a harmonized list of classifications. The EU Clas-
sification & Labeling (C&L) Inventory is a database that will
contain basic classification and labeling information on noti-
fied and registered substances received frommanufacturers and
importers. It will also contain the list of harmonized classifi-
cations. The Inventory will be established and maintained by
the ECHA.

The result of these efforts will be that there will be several
lists available containing either the same or more or less
different classifications for a large number of substances. GHS
foresees no mechanism to harmonize among nationally agreed
lists of classifications.

See also: Carcinogen Classification Schemes; Chemical Hazard
Communication and Safety Data Sheets; The European
Classification and Labeling (C&L) Inventory; Hazard
Identification; Import/Export of Hazardous Chemicals; World
Health Organization/International Programme on Chemical
Safety (WHO/IPCS); LD50/LC50 (Lethal Dosage 50/Lethal
Concentration 50); National Institute for Occupational Safety
and Health; Organization for Economic Cooperation and
Development; Regulation, Toxicology and; Toxicity, Acute;
Toxicity, Subchronic and Chronic; Toxicity Testing.
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Introduction

When technologists begin to describe the role of toxicology in
global public health (sometimes referred to as simply global
health), the sheer volume and complexity of the questions
addressed would suggest that the reader extend his or her
studies well beyond this article. To obtain a reasonable treat-
ment of the problem, the reader is directed to the cross-
references to other suitable articles within the encyclopedia.

The authors address the following questions in this article:
(1) what is the size of this problem of toxicology and public
health and (2) what are some of the unique problem areas
toxicologists deal with as far as ‘toxicology and global public
health’ are concerned?
Scope of the Problem

The World Health Organization (WHO) determined that
approximately 24% of the global burden of disease (GBD) and
nearly one-third of the GBD for children, and 23% of deaths are
due to modifiable environmental factors. Furthermore, as
much as 94% of diarrheal disease is linked to unsafe drinking
water and poor sanitation that can be attributed to environ-
mental factors. Significant environmental factors also include
indoor air pollution due to use of solid fuels, exposure to
secondhand smoke, and outdoor air pollution, which also
contribute to respiratory illnesses. This list of environmental
health challenges also points out the significance of economic
disparities in the impact of environmental factors on GBD.

A conventional measure used to measure GBD is the
disability-adjusted life year (DALY). This measure summarizes
the impacts of illness, disability, and mortality in a population,
including premature deaths. Usually, DALYs are derived from
estimates of morbidity andmortality and categorized according
to disease etiologies and/or diagnoses. When deriving DALYs,
the diseases caused specifically by toxic exposures are more
difficult to ascertain compared with infectious disease etiolo-
gies. Among the primary reasons cited for this disparity are the
lack of dose–response data for chemical substances, and the lack
of epidemiologic data that link exposures to health outcomes.

In an effort to estimate the GBD from chemicals, one study
derived DALYs from toxic exposures to 14 chemicals, chemical
groups, or mixtures thereof. These chemicals included only
those with solid scientific evidence of disease causation, and for
chemicals where exposures can be reduced or eliminated
through environmental and occupational management. With
such stringent selection criteria, the authors acknowledged their
results significantly underestimate the true GBD from toxic
exposures. Even with the use of a highly conservative estimate,
the GBD of disease and death from toxic chemicals derived
by the authors is significant. They estimate that at least
4.9 million deaths (or 86 million DALYs) per year are attrib-
uted to environmental exposures and inadequate management
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of the selected chemicals. This estimate does include exposure
to polluted sites, chronic exposure to pesticides, exposure to
certain metals (notably, Hg, As, and Cd), and exposure to
occupational carcinogens. Hence, in the absence of reliable
exposure, morbidity, and mortality data, other approaches are
necessary to estimate the potential magnitude of global health
problems from toxic exposures.

Even as attention to and resources for health problems in
poor countries grow, the lack of coherence in and among
global health institutions may undermine efforts to forge
a comprehensive and effective response. The WHO is still
woefully underfunded despite the ever-growing need to engage
a wider and more complex range of health issues. In another
instance of paradoxical impact, the rapid growth of the Gates
Foundation, which is clearly one of the most important
developments in the history of public health, has led other
foundations to question the wisdom of continuing their more
modest resource in the area of global public and to focus their
research, development, and logistical and training efforts into
their specific target disease. Clearly, these proliferating and
powerful organizations must work together to design an
effective architecture to address GBD. Conversely, the
combined resources of these public health institutions have
allowed for the emergence of smaller, targeted foundations for
addressing rare diseases in children, such as spinal muscular
atrophy (Werdnig–Hoffman disease).

As a discipline, toxicology is regarded as critically important
to public health organizations, but the pervasive nature of
chemicals and the complex nature of managing risks from toxic
hazards require the involvement of many nonpublic health
entities. This is especially true at the international level of
involvement, where the globalization of commerce and
markets has presented many challenges to public health and
toxicology. Generally speaking, the organizations involved
with global public health and toxicology can be categorized as
national (i.e., sovereign states); intergovernmental organiza-
tions (IGOs); nongovernmental organizations (NGOs); and
corporate, industrial, or trade organizations. Figure 1 describes
a life cycle approach to the management of industrial and
hazardous chemicals. Global public health comprises the
center ‘bubble’ and will be the central focus of this article.
A review of Figure 1 would suggest that while better controls or
safeguards in areas like manufacturing or disposal are impor-
tant, significant exposure to hazards occurs during transport.
Attempts at Solutions: I: International Agreements

The current regimes for controlling substances on a global
scale evolved from the environmental movement of the 1960s
and 1970s. An added impetus for international control of
toxic substances has been attributed to infamous incidents
and industrial disasters, such as the Seveso dioxin disaster
in Italy (1976; 3300 animals dead, 447 human cases of
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00806-X
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Figure 1 Life cycle approach to management of hazardous and industrial chemicals. Global public health comprises the central ‘bubble’ of this figure.
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chloracne, 15 children hospitalized), the Bhopal methyl
isocyanate disaster in India (1984; various but the state of
Madhya Pradesh reported 3787 deaths), and numerous other
accidents/incidents involving chemicals. A number of inter-
national conventions and summits have ensued over the
years, which have resulted in many agreements to control
chemical hazards. In general, the obligatory nature of inter-
national agreements on controlling toxic substances ranges
from binding to nonbinding. Treaties ratified by individual
countries represent a binding instrument on one end of the
spectrum. Such binding agreements include the type adopted
by member states of the Organization for Economic Cooper-
ation and Development (OECD). Nonbinding agreements
include the ‘International Code of Conduct on the Distribu-
tion and Use of Pesticides,’ adopted by the Food and Agri-
culture Organization (FAO, 2005) of the United Nations. This
code is voluntary among public and private entities that are
either engaged in or associated with the distribution and use
of pesticides. At the vanguard is the OECD. For more than
40 years, the OECD has been working to protect human
health and the environment by promoting chemical safety
worldwide.

The most comprehensive of current agreements designed to
control toxic substances on a global scale is the Strategic
Approach to International Chemicals Management (SAICM).
Adopted by delegates from over 100 organizations that met
in Dubai, February 2006, the SAICM provides a policy frame-
work that is essentially a global political commitment. In other
words, the SAICM is not legally binding but rather is voluntary.
Nevertheless, the SAICM does represent a commitment by all
countries to the sound management of agricultural and
industrial chemicals in a manner to minimize harm to human
health and the environment. Unlike previous strategies aimed
at global control of toxic substances, the SAICM emphasizes
a comprehensive ‘cradle-to-grave’ or life cycle approach. This
includes minimizing the risks of toxic exposures (and chemical
safety in general) associated with the production of chemicals,
the products containing or comprising potentially toxic
substances, and ultimately the disposal of toxic (i.e.,
hazardous) wastes. The SAICM also encourages the participa-
tion and involvement of all stakeholders, including NGOs.

Nine critically important IGOs that formally endorsed the
SAICM are also members of the Inter-Organization Program for
the Sound Management of Chemicals (IOMC). The objectives
of the IOMC are to strengthen international cooperation,
increase the effectiveness of programs, and promote coordina-
tion of policies and activities aimed at the sound management
of chemicals. Additional information and details about the
IOMC are provided in article Inter-Organization Programme
for Sound Management of Chemicals of this volume.
Attempts at Solutions: II: The Role of Technical
Societies

The appropriate technical societies are actively engaged in
promulgating global toxicological initiatives. As an example,
the Society of Toxicology (SOT) is reaching out to scientists
from developing countries to encourage them to share research
and engage with a global initiative. These initiatives are linked
closely to key toxicological expertise and skills needed in
developing countries. These SOT initiatives include
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l SOT/ASTRA ZENECA/endowment funds/IUTOX travel
fellowships

l Membership dues discounts
l Education resources
l Global Senior Scholar Exchange Program
l Global Toxicology Scholar
l Global Initiative Funds
Attempts at Solutions: III: Procedural and Technical
Solutions

These include health hazard assessments, referring to an exist-
ing or potential condition that can result from system design,
the environment, or imprudent use that results in a negative
health effect. These effects can range from temporarily reduced
job performance to death. The next element is the exposure
assessment. Exposure assessment is a branch of environmental
science that focuses on the processes that take place at the
interface between the environment containing the contami-
nant(s) of interest and the organism(s) being considered. These
are the final steps in the path to release an environmental
contaminant, through transport to its effect in a biological
system. It tries to measure how much of a contaminant can be
absorbed by an exposed target organism, in what form, at what
rate, and how much of the absorbed amount is actually avail-
able to produce a biological effect. Although the same general
concepts apply to other organisms, the overwhelming majority
of applications of exposure assessment is concerned with
human health, making it an important tool in public health.
In the public health sphere, exposure assessment also includes
a dose–response characterization, viz., determining the rela-
tionship between dose and the probability or the incidence of
effect (dose–response assessment). In simplest terms, it is the
dose–response curve of the health hazard independent of any
assumptions of exposure. This process may very often involve
extrapolation from lower organisms while scientifically
accepted ‘safety factors’ are applied.

The overall processes in the risk analysis are risk assessment,
risk communication, and risk management. In the case of risk
communication, the message itself may shape the risk assess-
ment. For example, clear and simple directions give confidence
to the affected community and result in greater support for the
risk management plan. Likewise, risk management shapes the
risk assessment. Protective gear, robotics, and improvements in
sensors add layers of protection to first responders or workers
in hazardous occupations, albeit primarily workers in devel-
oped countries.
Attempts at Solutions: IV: Standardization

Traditional approaches to toxicity characterization rely on
extensive animal testing, costing millions of dollars, which can
also take many years per chemical, engender questions about
animal use, and have significant uncertainty factors. For these
reasons, one has dose–response or exposure criteria data for
a limited number of chemicals and industry is loathe to ‘refresh’
old data in the face of daunting challenges in terms of new
entities to study. A number of strategies have been developed:
(1) A US National Research Council (NRC) report argues for
transition from in vivo models to in vitro or in silico methods
that rely on advances in technology and computational biology,
and (2) standardization of toxicity test procedures and sup-
porting efforts that cut across pharmaceutical quality guidelines,
safety guidelines (ICH has produced a comprehensive set of
safety guidelines to uncover potential risks like carcinogenicity,
genotoxicity, and reprotoxicity. A recent breakthrough has been
a nonclinical testing strategy for assessing the QT interval
prolongation liability: the single most important cause of drug
withdrawals in recent years.), efficacy guidelines (The work
carried out by ICH under the Efficacy heading is concerned with
the design, conduct, safety, and reporting of clinical trials. It also
covers novel types of medicines derived from biotechnological
processes and the use of pharmacogenetics/genomics tech-
niques to produce better targeted medicines.), and ‘multidisci-
plinary’ guidelines. In this regard, one can see standardization of
toxicity testing taking place on two fronts: (1) general guidelines
for conduct of drug and medicinal safety studies, and (2)
general guidelines for conduct of safety studies of chemical
products. Correspondingly, the regulatory/oversight structure in
these areas is parallel but different. More on this later.

Progress has been made on both strategies. Authors have
argued that with the support of the NRC it appears that in vitro/
in silico methods are feasible. These current methods capitalize
on the advances in technology and computational biology to
more efficiently predict human health risk. An additional,
nontrivial advantage is the fact that these methods reduce
time and cost of testing. However, these models must be
population based and demonstrate a genetically defined vari-
ability in order to derive more meaningful uncertainty factors
at the very least. It is also important to note that these stan-
dardization efforts extend beyond ‘pharmaceutical toxicology’
to environmental assessments as discussed above. Standardi-
zation of biomarkers, detection assays, and ‘action levels’ are
currently being addressed. Biomarkers and biomonitoring are
viewed as important in the future to estimate GBD from toxic
exposure and epidemiological studies.

One example of a biomarker, rubidinium chloride, is used
as a radioactive isotope to evaluate perfusion of the heart
muscle – an antibody associated with the radioisotope may be
indicative of a disease state. The Holy Grail of biomarker work
is to find and develop a marker such that a reading on the
biomarker may indicate exposure or an effect of xenobiotics in
the environment and within an organism (dose–response
association). The most complete studies in this area are the
National Health and Nutrition Examination Surveys. Released
between 1981 and 2000, these studies aim to help scientists,
physicians, and health officials to prevent, reduce, and treat
environmentally induced illnesses. Additionally, the Centers
for Disease Control intends to release these reports periodically
into the future. However, it is important to remember that
detecting a chemical in a person’s blood, hair, or urine, does
not by itself mean that the exposure causes diseases. Separate
scientific studies in animals and humans are required to
determine which levels are likely to do harm. For most chem-
icals, one does not yet have this information (Table 1).

In ecotoxicology, a positive reading on a biomarker may
indicate exposure or an effect of xenobiotics and within an



Table 1 Chemicals or their groups or mixtures with published
estimates of disease burden

Chemicals in acute poisonings

Chemicals (including drugs) involved in unintentional acute poisonings
(methanol, diethylene glycol, kerosene, pesticides, etc.)

Chemicals involved in unintentional occupational poisonings
Pesticides involved in self-inflicted injuries

Chemicals in occupational exposures (longer term effects)

Asbestos
Occupational lung carcinogens (arsenic, asbestos, beryllium, cadmium,

chromium, diesel exhaust, nickel, and silica)
Occupational leukemogens (benzene, ethylene oxide, and ionizing

radiation)
Occupational particulates – causing chronic obstructive pulmonary

disease (COPD) (dusts and fumes/gas)
Occupational particulates – other respiratory diseases than COPD

(silica, asbestos, and coal mine dust)

Air pollutant mixtures

Outdoor air pollutants (particulate matter, sulfur dioxide, nitrogen oxides,
benzo[a]pyrene, benzene, and others)

Outdoor air pollutants emitted from ships (particulate matter, sulfur
dioxide, nitrogen oxides, benzo[a]pyrene, benzene, and others)

Indoor air pollutants from solid fuel combustion (carbon monoxide,
nitrogen oxides, sulfur oxides, benzene, formaldehyde, polyaromatic
compounds, particulates, and others)

Secondhand smoke (nicotine, formaldehyde, carbon monoxide, phenols,
nitrogen oxides, naphthalenes, tar, nitrosamine, polycyclic aromatic
hydrocarbons (PAHs), vinyl chloride, various metals, hydrogen
cyanide, ammonia, and others)

Single chemicals with mostly longer term effects

Lead
Arsenic in drinking water

Source: Prüss-Ustün, A., Vickers, C., Haefliger, P., Bertollini, R., 2011. Knowns and
unknowns on burden of disease due to chemicals: a systematic review. Environ.
Health 10, 9.
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organism (or, optimally, a dose–response association).
Substantial efforts have been devoted to developing and
applying biomarkers for ecotoxicology. The intent was to find
early warning indicators of potential health effects on individual
populations in an ecological niche. Early efforts to develop
biomarkers focused on measures of organism biochemistry or
physiology, more recent efforts have exploited the ‘genomics
revolution’ to extend these markers to the levels of genes. Thus
far, these efforts have been only partially successful. Ecotox-
icologists assume that, although biomarkers can be helpful in
describing the mechanism of chemical effects on whole
organism performance, they have not yet provided useful
predictions about ecological effects. Thus, these scientists feel
that biomarkers are best used in comprehensive mechanistic
models in controlled experiments (See also note The New York
Academy of Sciences (NYAS), in conjunction with the Global
Medical Excellence Cluster, and the Center for Integrative
Mammalian Physiology and Pharmacology at Imperial College,
London, published proceedings of a conference entitled ‘Animal
Models: Their Value in Predicting Drug Efficacy and Toxicity
(Boston, 2011; Annals of NYAS, #1245).’ Suggesting that animal
models have historically played a role in target validation, effi-
cacy, and toxicity, the conference added that ‘new paradigms for
drug discovery and development will require a greater emphasis
on animal models of mechanisms’ to get a sense of the perva-
siveness of this phenomenon). Nonetheless, efforts to develop
and validate biomarkers for biomonitoring programs will
continue due to the public health needs to detect and/or predict
adverse chemical effects on populations, communities, and
ecosystems. Finally, standardization is taking place with respect
to nomenclature, databases, and toxicity testing procedures.
With regard to the safety of industrial chemicals, the OECD has
compiled nearly 150 harmonized methods for testing of chem-
icals, along with standards for Good Laboratory Practice. The
OECD guidelines are a collection of internationally agreed test
methods by the 34 member countries of the OECD.

For clinically important compounds, the International
Conference on Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH) has
been pivotal for several cross-cutting efforts such as ICH
medical terminology (MedDRA), the Common Technical
Document, and the development of Electronic Standards for
the Transfer of Regulatory Information. For a more complete
picture, the reader is directed to articles The Globally Harmo-
nized System for Classification and Labeling of the GHS, Iuclid
(International Uniform Chemical Information Database),
eChemPortal – The Global Portal to Information on Chemical
Substances, World Health Organization/International Pro-
gramme on Chemical Safety (WHO/IPCS), and Organization
for Economic Cooperation and Development.
Attempts at Solutions: V: Case Study: Food Toxicology
and Food Protection

The increasing demand for food worldwide to feed a growing
population presents new challenges to food safety and protec-
tion. This section focuses on food-borne and waterborne illness
due to exposure to toxins. The authors limit the discussion to
naturally occurring fungal or bacterial toxins of either wide-
spread or severe toxicity (i.e., important contributors to GBD).
Food toxins are usually secondary metabolites, produced by
organisms of the fungal or bacterial kingdoms. These microor-
ganisms generally consume organic matter when temperature
and humidity rise too high in crops in silage. Several toxins are
also potent carcinogens. For example, the hepatocarcinogenicity
of aflatoxin B1 is associated with its biotransformation to
a highly reactive, electrophilic epoxide, which forms covalent
adducts with DNA, RNA, and proteins. Damage to DNA is
thought to be the initial biochemical lesion resulting in the
pathologic lesion growth. In regions of Africa and China where
both aflatoxin B1 and hepatitis B virus are found, the instances
of hepatocellular cancer are correspondingly high.

With respect to the bacterial contamination of foods, lack of
knowledge of proper food handling and bacterial contamina-
tion of foods during preparation are manifest by a number of
problems – such as inadequate reheating or preparation in
contaminated cookware. Bacterial protein and marine algal
toxins are among the most powerful human poisons known
and many retain their toxicity even when boiled. Members of
this class also include toxins produced by Staphylococcus aureus,
Clostridium botulinum, various other bacterial species, and
dinoflagellate algae.
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During recent years, concern about bioterrorism has resul-
ted in a focus on two toxins – the fungal mycotoxin, aflatoxin
B1, and the botulinum toxin, produced by the bacteria
C. botulinum. Most commonly, however, exposures to these
toxins still are through accidental ingestion.

There are eight distinct types of toxin described for botu-
lism: A, B, C1, C2, D, E, F, and G. All except C2 are neuro-
toxins. C2 is a cytotoxin whose role is as yet poorly defined.
The toxins enter the bloodstream by whatever route, and are
transported to peripheral cholinergic nerve terminals and
their sites.

However, since the abortive use of botulinum toxin against
unsuspecting Japanese civilians in the early 1990s, the spector
of bioterrorism has cast a shadow over attempts to develop
countermeasures to these toxins. Moreover, to the surprise of
some Western Intelligence organizations the Iraqi Chemical
Service had a modest program to develop aflatoxin as a military
weapon. Fears of technology transfer have permeated the
community of agencies charged with protecting their fellow
citizens from such misadventure.

The area of food protection is fueled by the needs to
preserve and extend current food crops to meet the needs of
rapidly growing populations and the need to protect pop-
ulations from malfeasance. Thus, this is an area of increasing
research activity and increased governmental oversight. Hope-
fully these combined emphases will result in significant
improvements in food safety.
Toxicology and Global Public Health: Summary

The WHO determined that approximately 24% of the GBD is
due to modifiable environmental factors. Furthermore, as
much as 94% of diarrheal disease is linked to unsafe drinking
water and poor sanitation that can be attributed to environ-
mental factors. Significant environmental factors also include
indoor air pollution due to use of solid fuels, exposure to
secondhand smoke, and outdoor air pollution. This list of
environmental health challenges also points out the diversity
of challenges, disciplines, and agencies encountered in a posi-
tive approach to problem solutions. A life cycle approach to
management of chemicals provides a useful depiction of the
tasks involved in a successful public health approach, including
the diversity of task elements, inputs, agency-required
capabilities, authorities, and charters. The inclusion of the food
protection studies suggests that in some instances, public
health scientists, toxicologists, and even law-enforcement or
defense research personnel may be involved in food protection,
a truly comprehensive health problem, indeed.
See also: Global Climate Change and Environmental Toxicology;
Aflatoxin; International Agency for Research on Cancer;
Hazardous Waste; The Globally Harmonized System for
Classification and Labeling of the GHS; IUCLID (International
Uniform Chemical Information Database); eChemPortal – The
Global Portal to Information on Chemical Substances;
International Labor Organization (ILO); World Health
Organization/International Programme on Chemical Safety
(WHO/IPCS); Inter-Organization Programme for Sound
Management of Chemicals; UNEP Chemicals; Global Chemicals
Policy; The International Conference on Harmonisation; Food
and Agriculture Organization of the United Nations; Indoor Air
Pollution.
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Relevant Websites
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http://www.who.int/iomc – Inter-Organization Programme for the Sound Management

of Chemicals (IOMC).
http://www.toxicology.org/ai/eo/toxscholar.asp – SOT’s Education and Outreach.
http://www.saicm.org – Strategic Approach to International Chemicals Management
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Glutathione, also referred to as GSH, is an endogenous
component of cellular metabolism, a tripeptide composed of
glycine, cysteine, and glutamic acid. It is normally present in
the liver at a concentration of ~10 mmol l�1. It is an integral
part of the biotransformation of xenobiotic substances, and
serves to protect the body from reducing agents.

Unlike amino acids, glutathione conjugation involves
electrophilic substrates. Some of this is done non-enzymati-
cally. Glutathione S-transferases aid the enzymatic conjugation
by catalyzing the reaction, converting GSH to GS�. Glutathione
S-transferases comprise ~10% of total cellular protein and
comprise three families of enzymes (cytosolic, mitochondrial,
and microsomal). Glutathione can conjugate with xenobiotics
in many ways. It may displace an electron-withdrawing group,
putting GS� in its place. It may add itself (GSH) to the
substrate. It may also respond to a substrate formed from
earlier metabolism. A xenobiotic may stereoselectively conju-
gate, removing one or more of the peptides.

Glutathione conjugation helps contribute to detoxification
by binding electrophiles that could otherwise bind to proteins
or nucleic acids, resulting in cellular damage and genetic
mutations. The exaggerated presence of glutathione S-trans-
ferase may indicate resistance to chemical toxicity. Different
glutathione S-transferase responses to different chemicals
between species may add to differences in susceptibility to toxic
effects. Glutathione S-transferases are a superfamily of enzymes
that provide protection against many electrophilic compounds
by catalyzing the conjugation of these compounds with gluta-
thione to excretable water-soluble forms.

On the other hand, glutathione conjugation may activate
the toxic moiety within a xenobiotic. Activation mechanisms
involving glutathione include:

l Toxic metabolites released from conjugation with hal-
oalkanes, organic thiocyanates, and nitrosoguanides

l Electrophilic sulfur mustards formed from conjugation with
vicinal dihaloalkanes

l Conjugates of halogenated alkenes activated by enzymatic
activity in the kidney

l Toxic metabolites produced from g-glutamyltranspeptidase
degradation of quiriones, quinoneimines, and
isothiocyanates

A classic example of glutathione-related toxicity is acetamino-
phen. Phase 1 metabolism of acetaminophen by P450 results
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
in a toxic metabolite. Glutathione conjugation breaks down
and detoxifies the metabolite and excretes it as mercapturic
acid. Sufficient glutathione is a key player in this protective
biotransformation. If as much as 70% of endogenous gluta-
thione is already consumed, toxic activation may take place. It
takes only 15.8 g of acetaminophen to reduce glutathione
levels to the point where hepatotoxicity may occur.

Glutathione conjugates have two routes of excretion – via
bile or via urine. Conjugates eliminated in the urine are first
converted to mercapturic acids in the kidney. Mercapturic acid
is defined as N-acetylated, substituted cysteine conjugates
arising from conjugation of a xenobiotic with glutathione. Its
biosynthesis involves conjugation of the GSH itself. Glycine
and glutamic acid are removed; then cysteine is conjugated
further by interaction with N-acetyltransferase. This last step
converts the substance to mercapturic acid.

Conjugation with mercapturic acid may also activate hep-
atotoxins. It may cleave with g-glutamyltranspeptidase, an
enzyme implicated in the degradation quinones, quinonei-
mines, and isothiocyanates. Acetaminophen also increases the
urinary excretion of mercapturic acid and cysteine conjugates,
enabling the formation of its own hepatotoxic metabolites.
Treatment with mercaptamine, a synthetic mercapturic acid,
can reduce acetaminophen intoxication.

It has been reported that binding sites provided with true
specificity for GSH exist in the central nervous system, and
this satisfies the main requisite for considering GSH as
a neuromediator in addition to its functions noted in the
preceding.

See also: Biotransformation; Kidney; Metallothionein; Oxidative
Stress.
Further Reading
Bingham, E., Cohrssen, B. (Eds.), 2012. Patty’s Toxicology, sixth ed. Wiley, New York.
Parkinson, A., Oglivie, B.W., 2008. Biotransformation of xenobiotics. In: Klaassen, C.D.

(Ed.), Casarett and Donell’s Toxicology, seventh ed. McGraw Hill Medical, New
York, pp. 284–304.

Pompella, A., Visvikis, A., Paolicchi, A., Tata, V.D., Casini, A.F., 2003. The changing
face of glutathione, a cellular protagonist. Biochem. Pharmacol. 66, 1499–1503.
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l Chemical Abstracts Service Registry Number: 367-47-5
l Synonyms: DL-Glyceraldehyde; 2,3-Dihydroxypropanal; a,b-

Dihydroxypropionaldehyde; Glyceric aldehyde; Glycerose;
2,3-Dihydroxypropionaldehyde

l Chemical Formula: C3H6O3

l Chemical Structure:

Glyceraldehyde can exist as two different isomers (enantio-
mers), D-glyceraldehyde and L-glyceraldehyde, which are
‘mirror images’ of each other.
Background

Glyceraldehyde is a simple sugar (monosaccharide) compound
with chemical formula C3H6O3. It is an intermediate
compound in the metabolism of carbohydrates, principally
when a molecule of fructose (a common sugar in fruits) is
hydrolyzed by enzymes to form one molecule of dihydroxy-
acetone phosphate and one molecule of glyceraldehyde. The
word glyceraldehyde is derived from glycerine and aldehyde,
as glyceraldehyde is merely glycerine with one hydroxy-
methylene group.

Uses

Glyceraldehyde is a sweet colorless crystalline solid with
a molecular weight of 90.08 gmol�1. The solubility in water is
29 200 mg l�1. It is used in nutrition; in the preparation of
polyesters and adhesives; as a cellulose modifier; and in the
tanning of leather. It is also used in biochemical research as the
‘D’ stereoisomer is used as ‘reference’ chemical because it is one
of the simplest molecules to compare against other molecules,
such as sugars and amino acids. The conformation of the
alcohol and aldehyde groups around the central carbon of D-
glyceraldehyde helps scientists evaluate the structure and
nomenclature (identity) of other simple sugars, such as
glucose. This makes glyceraldehyde an important tool and
reference standard for the biochemist.

Environmental Fate and Behavior

Because this chemical is a metabolic intermediate and could
easily be utilized by microorganisms, a release or spill of this
compound into the general environment would not be
expected to have any long-term adverse effects as the half-life in
soil or water would be expected to be very brief.

Exposure and Exposure Monitoring

Only persons involved in the manufacture and production
of glyceraldehyde would be expected to be exposed to
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significant concentrations of this compound. Because it
is a solid at room temperature, exposure would be antici-
pated to occur only through contact with the skin or by
inhalation of airborne dust. Skin exposure may also
occur from contact with aqueous solutions (40%) of
glyceraldehyde.
Toxicokinetics

As glyceraldehyde is a normal metabolic intermediate in
humans, it cannot be readily categorized as a ‘toxic’ chemical.
Given a large enough exposure or dose, any chemical can result
in toxic injury. As with any aldehyde/alcohol, very high air
concentrations or accidental ingestion of large amounts would
be expected to overwhelm the body’s natural defenses and
produce an adverse effect (e.g., eye, nose, and lung irritation
from airborne dust).

Glyceraldehyde is a chemical that occurs naturally in
living organisms, including humans. It is an intermediate in
the metabolism of fructose. In the liver, fructose is con-
verted to fructose-1-phosphate by the enzyme fructokinase.
Fructose-1-phosphate is then converted to two three-carbon
molecules, glyceraldehyde and dihydroxyacetone phosphate,
by the enzyme fructose-1-phosphate aldolase. Glyceralde-
hyde is then converted into glyceraldehyde-3-phosphate by
the enzyme glyceraldehyde kinase. Glyceraldehyde-3-phos-
phate is a high-energy intermediate that provides the body
with a way of extracting energy to make ATP, which can
then be used to power other metabolic functions, such as
muscle contraction. Following exposure and absorption of
small to moderate doses, glyceraldehyde would be
easily assimilated via this normal carbohydrate metabolic
capacity.
Mechanism of Toxicity

Glyceraldehyde has only been shown to be toxic in cell cultures
where excess concentrations apparently interfere with normal
mechanisms of carbohydrate metabolism, possibly by forming
by-products induced by reactive oxygen species.
Acute and Short-Term Toxicity (Animal/Human)

The median lethal dose (LD50) for glyceraldehyde in rats is
2 g kg�1, which places it in the category of slightly to moder-
ately toxic. The chemical is also slightly toxic by the intraperi-
toneal route. No other data are available on animal toxicity.
Chronic Toxicity (Animal/Human)

No studies were found that documented chronic toxicity
following prolonged exposure to elevated levels of
glyceraldehyde.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00393-6
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Immunotoxicity

A comprehensive search on the adverse immunotoxic effects
of glyceraldehyde on the immune system could not find any
studies in the public domain.

Reproductive Toxicity

A comprehensive search on the adverse reproductive effects of
glyceraldehyde could not find any studies in the public
domain.
Genotoxicity

A comprehensive search on the adverse genotoxic effects of
glyceraldehyde could not find any studies in the public
domain.
Carcinogenicity

Glyceraldehyde is not listed as a carcinogen by the National
Toxicology Program, the Occupational Safety and Health
Administration, or the International Agency for Research on
Cancer.
Clinical Management

Persons who are exposed to high concentrations of glyceral-
dehyde dusts/powder in air should vacate or be removed from
the source and seek fresh air. Medical attention should be
sought. Treatment should be similar to first aid following any
high-level chemical exposure; irrigation of the eyes with
copious amounts of water, washing of exposed skin with soap
and water, and supportive therapy following ingestion.
Ecotoxicology

No records are available in the US Environmental Protection
Agency ECOTOX database for glyceraldehyde. An environ-
mental spill of glyceraldehyde would not be anticipated to
adversely affect soils, vegetation, water bodies, or wetlands as
the compound would be quickly assimilated by native organ-
isms (principally bacteria and algae).
Other Hazards

As pure glyceraldehyde is a powder and a carbohydrate, in areas
where glyceraldehyde dusts might be expected, care should be
taken to keep these areas free from ignition sources, such as
sparks from static electricity.
Exposure Standards and Guidelines

There are no regulatory exposure standards or guidelines
published for glyceraldehyde.

See also: Butyraldehyde; Formaldehyde; Food Additives; Food
Safety and Toxicology; Glycerol.

Further Reading
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l Chemical Abstracts Service Registry Number: 56-81-5
l Synonyms: Glycerin; Glycerine, Glyceritol, 1,2,3-Pro-

panetriol;1,2,3-Trihydroxypropane; Glycyl alcohol
l Molecular Formula: C3H8O3

l Chemical Structure:
Background

Glycerol, the simplest trihydric alcohol, is a colorless, odorless,
sweet-tasting syrupy liquid. Glycerol occurs naturally, and is
present in the form of it esters (glycerides) in all animal and
vegetable fats and oils. Glycerol can be obtained commercially
as a by-product from the hydrolysis of fats and oils to yield
fatty acids or their metal salts (soaps) or synthesized from
propylene.
Uses

Glycerol has many industrial, food, consumer, and medical
uses. It is used in the manufacture of products such as soaps
and detergents, glycol esters, alkyd resin surface coatings,
nitroglycerine, polyester polyols for urethane foams, lubricants,
antifreeze, propellants (nitroglycerol), and printing and
copying inks. Glycerol is also used to keep fabrics pliable and
cellophane and special quality paper flexible and tough. In
foods, glycerol is used as a solvent for flavors and food colors,
as a sweetener, as a smoothing agent, and as a humectant.
Similarly, glycerol is used in cosmetics and personal care
products (e.g., toothpaste, mouthwash, skin care products, hair
care products, and liquid soaps) as a humectant, solvent, and
lubricant. Medically, glycerol is used to decrease the viscosity of
bronchial secretions, as a demulcent, as an osmotic diuretic, as
a hyperosmotic laxative (suppositories), to reduce intraocular
pressure in glaucoma and before cataract surgery, to reduce
intracranial pressure in conditions such as stroke, meningitis,
encephalitis, Reye syndrome, pseudotumor cerebri, and central
nervous system trauma and tumors, and intraocularly to clear
an edematous cornea in order to facilitate ophthalmoscopic
examination. Other reported uses of glycerol include weight
loss, improving exercise performance, and helping the body to
replace water loss during diarrhea and vomiting.
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Environmental Fate and Behavior

Glycerol is completely miscible with water. When exposed to
moist air, it absorbs water (hydroscopic) as well as gasses such
as hydrogen sulfide and sulfur dioxide. Glycerol has low
volatility, with a vapor pressure of 0.000106 hPa at 25 �C; the
calculated Henry’s law constant (maximum solubility) is
9.75E�6 Pam3mol�1. The calculated photodegradation half-
life of glycerol in air is 6.8 h. Glycerol is readily biodegrad-
able. When released to the environment, glycerol is distrib-
uted to water, with negligible amounts distributed in air, soil,
or sediment. Based on a log Kow of �1.76, glycerol has
a low bioaccumulation potential and is not expected to
bioaccumulate.
Exposure and Exposure Monitoring

Exposure to glycerol occurs mainly through ingestion of foods
(glycerol is approved for use as a direct and indirect food
additive and is recognized as generally safe for use in food) or
medications in which it is used or direct dermal or ocular
contact as a result of the use of consumer products containing
it. Inhalation of mists of glycerol is possible in occupational
settings. Since it is used in tobacco products, inhalation of
glycerol may occur as a result of exposure to tobacco smoke.
Toxicokinetics

Studies in humans and experimental animals demonstrate that
glycerol is rapidly absorbed through the gastrointestinal tract
and distributed throughout the extracellular space. Peak serum
concentrations occur approximately 60–90 min following an
oral dose. Glycerol is metabolized by glycerol kinase in the liver
(80–90%) and kidneys (10–20%) to alpha-glycerophosphate
and utilized in glucose or glycogen synthesis or further
metabolized to carbon dioxide and water. Glycerol may also be
combined with free fatty acids to form triglycerides that are
distributed to the adipose tissue; most glycerol taken into the
body is incorporated into the body fat. Seven to fourteen
percent of a dose of glycerol is excreted unchanged in the urine
within 2.5 h of ingestion. The biological half-life of glycerol is
approximately 30–40 min.
Mechanism of Toxicity

The medicinal actions of glycerol are due to osmotic action;
orally, 75 ml of glycerol is equivalent to 996 mosmol. Large
intravenous doses of glycerol can cause hemolysis, hemo-
globinuria, and subsequent renal failure. The osmotic effect
of glycerol can lead to tissue dehydration and decreased
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00510-8
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cerebrospinal fluid pressure. Certain medical conditions
such as cardiac, renal, or liver disease and/or diabetes
mellitus may be exacerbated by shifts in body water as
a result of oral, intravenous, or rectal (suppositories)
administration of glycerol. No systemic effects have been
reported following the application of large amounts of
glycerol to the skin.
Acute and Short-Term Toxicity

Animal

Glycerol has low acute toxicity to experimental animals, with
oral lethal dose 50% (LD50) values ranging from >4000–
38 000mg kg�1, intraperitoneal LD50 values ranging between
4420 and 10 100 mg kg�1; and intravenous LD50 values
ranging between 4250 and 6700 mg kg�1. Signs of toxicity
following oral administration include muscle spasms,
convulsions, hyperemia of the pylorus, small intestine and
cerebral meninges, lung congestion, and pale spleen. Glycerol
appears to be more toxic following subcutaneous adminis-
tration with LD50 values ranging between 90 and
100 mg kg�1; hemolysis was the key adverse effect. No deaths
were observed in rabbits following dermal application of
natural or synthetic glycerol at doses of 18 700 mg kg�1. No
information is available on the acute inhalational toxicity of
glycerol.

Glycerol applied to rabbit’s skin did not cause irritation.
Transient eye irritation has been reported in some but not all
studies following instillation of undiluted glycerol into the eyes
of rabbits. There are no data indicating that glycerol is a skin
sensitizer in experimental animals.
Human

Glycerol has low acute oral and dermal toxicity in humans.
Toxicity following acute ingestion of excessive amounts of
glycerol-based laxatives is generally minimal and limited to the
gastrointestinal tract. Pneumonitis may result following aspi-
ration. Adverse effects following oral administration of glycerol
include headache, dizziness, nausea, vomiting, thirst, and
diarrhea. Undiluted glycerol instilled into the eye causes
a strong burning and stinging sensation with tearing and
dilation of conjunctival vessels, but no clear signs of injury.
Hemolysis, hemoglobinuria, and renal failure may occur
following very large oral or parental doses of glycerol and is
a function of concentration. Severe dehydration, cardiac
arrhythmias, and hyperosmolar nonketotic coma, which may
be fatal, have been reported.
Chronic Toxicity

Animals

Chronic oral (gavage) exposure to glycerol may cause local
irritation of the gastrointestinal tract. In a 2-year rat feeding
study, no systemic or local effects were reported at a dose of
10 000 mg kg�1 (20% in diet). Inhalation (nose-only) of
glycerol aerosols caused irritation of the upper respiratory tract
in exposed rats but no systemic toxicity.
Human

No signs of toxicity were observed in humans when glycerol
was administered intravenously to control cerebral edema.
Chronic ingestion of glycerol can increase levels of triglycerides.
Reproductive Toxicity

Glycerol does not have any adverse effects on reproductive
parameters and there is no evidence of teratogenicity.
Genotoxicity

There are no in vitro or in vivo data indicating that glycerol is
genotoxic or mutagenic. Glycerol was negative in Ames tests
with and without metabolic activation and did not induce
chromosomal effects in mammalian cells. No statistically
significant findings were observed in a chromosome aberration
test or a rat dominant lethal assay.
Carcinogenicity

There are few studies assessing the carcinogenicity of glycerol in
experimental animals, and those that have been done were not
performed using current regulatory guidelines. No increase in
tumor formation was observed in rats exposed to diets con-
taining up to 20% natural or synthetic glycerol for 12–24
months. Likewise, no increase in tumor-bearing animals rela-
tive to controls was observed in mice exposed to 5% glycerol in
drinking water for up to 20 weeks.
Clinical Management

Clinical management of individuals who have received a high
dose of glycerol is nonspecific and may require management of
fluid and electrolyte imbalance, hyperglycemia, acidosis, or
alkalosis. Excessive diarrhea associated with laxative use may
require increased fluid intake and monitoring of electrolyte
status. Because of the potential for aspiration, emesis is not
generally recommended following ingestion of excessive
amounts of glycerol.

Ecotoxicology

Glycerol is of low acute and/or chronic toxicity to fish, aquatic
invertebrates, algae, and bacteria. Studies on frog and carp
embryos demonstrate some effect on growth and hatching
rates, respectively, at very high (>7000 mg l�1) concentrations
of glycerol, but the ecological relevance of these findings is not
clear. There are no terrestrial or sediment effect data but, since
glycerol is not expected to partition to either soil or sediment,
exposure is likely to be low.
Other Hazards

Glycerol is combustible and results in the formation of carbon
monoxide and carbon dioxide. Compressed air or oxygen
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apparatus and a gas-tight suit may be needed if glycerol is heated
or combusted. Glycerol reacts violently with strong oxidizing
agents such as chromium trioxide, potassium chlorate, and
potassium permanganate and may present a fire or explosion
hazard.
Exposure Standards and Guidelines

The United States Occupational Safety and Health Adminis-
tration’s (OSHA) permissible exposure limit (PEL) for
glycerol mist is 15 mgm�3 for total dust and 5 mgm�3 for the
respirable fraction. The American Conference of Governmental
Industrial Hygienist (ACGIH) has a threshold limit value (TLV)
for glycerol mist of 10 mgm�3. Belgium, the Netherlands,
Ireland, and the United Kingdom also use an exposure limit of
10 mgm�3 glycerol as a mist.

See also: Food Safety and Toxicology; Food and Drug
Administration, US; Food Additives.

Further Reading

Roberts, P.R., Black, K.W., Zaloga, G.P., 1997. Enteral feeding improves outcome and
protects against glycerol-induced acute renal failure in the rat. American Journal of
Respiratory and Critical Care Medicine 156 (4 Pt 1), 1265–1269.

Relevant Website

www.chem.unep.ch/irptc/sids/oecdsids/56815.pdf

http://www.chem.unep.ch/irptc/sids/oecdsids/56815.pdf
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l Name: Glycidol
l Chemical Abstracts Service Registry Number: 556-52-5
l Synonyms:2,3-Epoxy-1-propanol;1,2-Epoxy-3-hydroxypropane;

Epihydrin alcohol; 3-Hydroxypropylene oxide; 2-(Hydrox-
ymethyl)oxirane; Oxiranemethanol; Allyl alcohol oxide;
Glycide; Glycidyl alcohol; 1-Hydroxy-2,3-epoxypropane; 3-
Hydroxypropylene oxide

l Molecular Formula: C3H6O2

l Chemical Structure:

O

OH
Background

Glycidol is a chiral molecule with epoxide and primary alcohol
functional groups. It is racemic mixture and exists in the
dextrorotatory and the levorotatory enantiomeric forms.
Several synthetic methods are available for preparation of gly-
cidol. However, it is commercially prepared from the epoxi-
dation of allyl alcohol with hydrogen peroxide and a catalyst
(tungsten or vanadium), or from the reaction of epichlorohy-
drin with caustic. Glycidol has been used in the industrial
synthesis of pharmaceutical products since the 1970s.
However, its use for research purposes has been reported since
1956. Available information indicates that glycidol is manu-
factured by several companies in Japan, Germany, and the
United States.
Uses

Glycidol has become an important key intermediate for the
preparation of chemicals, pharmaceuticals, and bioactive
compounds. It was used for the preparation of compounds
containing epoxide functionality. For example, reaction of
glycidol with isocyanates yields glycidyl urethanes as
commercially important materials. A part of the reactivity
of glycidol depends on the oxiran ring and acts as an
alkylating agent. Moreover, it was used in the produc-
tion of flavoring and sweetening agents. Glycidol is used
as a stabilizer in the production of vinyl polymers and
natural oils.

Although the glycidol scaffold is found in two commercially
important groups of derivatives, glycidyl ethers and glycidyl
esters, glycidol is not directly used in the preparation of these
compounds. Glycidol is also used as a diluent in some epoxy
resins, as an additive for synthetic hydraulic fluids, and as
a dye-leveling agent.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Behavior, Fate, Routes, and Pathways

Glycidol is a colorless and slightly viscous liquid with
logP ¼ �0.95 that is miscible with water and polar organic
solvents such as alcohols, esters, ethers, and ketones. It is
insoluble in aliphatic hydrocarbons.

Glycidol is an odorless liquid that freezes at �45 �C and
boils at 166 �C. At 25 �C, it has a 0.9 mm Hg vapor pressure
and a 1.1143 g cm�3 density. Glycidol is combustible with
a flash point of 72 �C. Decomposition may occur when glycidol
is exposed to moisture. It reacts vigorously with caustic soda,
sulfuric acid, and anhydrous metal halides such as stannic and
ferric chlorides. Glycidol is also incompatible with nitrates. It
burns or explodes when heated or in the presence of strong
oxidizers. Accordingly, glycidol should be stored in a cool, dry,
and well-ventilated area in tightly sealed containers. Containers
should be protected from physical damage and should be
stored separately from strong acids, bases, and salts. In a fire
involving glycidol, carbon monoxide and other toxic gases and
vapors may be released.

Glycidol is not known to occur as a natural product. High
production of glycidol and its broad applications in the
chemical, petrochemical, and pharmaceutical industries may
result in its release into the environment through various
products and waste streams. Glycidol attacks some forms of
plastics, rubber, and coatings.

Dehydration of glycerol or sugars by heating results in gly-
cidol formation; however, the quantities formed during cook-
ing are assumed to be low.
Exposure and Exposure Monitoring

The possible routes of human exposures to glycidol are
inhalation, contact with eyes or skin, and ingestion. Glycidol
is a lung, eye, and skin irritant. In general, the primary health
hazard to humans is respiratory irritation, stimulation of the
central nervous system (CNS), and depression. The occupa-
tional exposure to glycidol occurs through inhalation during
its production and use. Potential exposure also occurred
during the use of trade name products known to contain
glycidol.

The detection and quantitative analysis of glycidol may be
accomplished by gas chromatography (GC), GC–mass spec-
troscopy (GC–MS), and other instrumental analysis tech-
niques. Determination of airborne glycidol is performed using
a charcoal tube (100/50 mg sections, 20/40 mesh) for col-
lecting test samples. A maximum collection volume of 100 l air
is required which is collected at a maximum flow rate of
1 l min�1. The absorbed sample is then extracted with tetra-
hydrofuran. Analysis is conducted by GC using a flame ioni-
zation detector.

Besides air sampling and monitoring, no biological moni-
toring test involving sampling and analyzing body tissues or
4-3.01126-X 757
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fluids acceptable for routine use has yet been developed for
glycidol.
Toxicokinetics

No data related to the absorption, distribution, metabolism,
and excretion of glycidol in humans were available. However,
some in vitro and in vivo kinetics studies were reported in the
literature.

After oral administration of glycidol (37.5 or 75 mg kg�1

body weight) in male Fischer 344 rats, approximately 87–92%
is absorbed. About 7–8% of administrated dose was remained
in the tissues after 72 h.

The metabolism of glycidol was investigated in the rat after
intraperitoneal injection. The proposed metabolic pathway of
glycidol is presented in Figure 1. Chemically, due to the reac-
tivity of epoxide group, glycidol undergoes nucleophilic attack.
Spontaneous reaction of water with glycidol at neutral pH and
37 �C results in slow ring opening of epoxide and glycerol
formation. In the presence of 0.1 M hydrochloric acid as
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Figure 1 Proposed metabolic pathway of glycidol.
catalyst, glycidol is hydrolyzed to glycerol and a-chlorohydrin
(3-chloro-1,2-propanediol) (97.2 and 2.8%, respectively). The
acid-catalyzed hydrolysis of glycidol occurs rapidly and half-life
is about 10 min.

Glycidol may also act as direct alkylating agent for
various biomolecules or cellular components. For example,
glycidol reacts with the thiol group of glutathione to form
an adduct, namely S-(2,3-dihydroxypropyl)glutathione.
This reaction is also pH dependent and rapidly occurs at
pH 7–8.

The enzymatic transformation of glycidol to glycerol by
epoxide hydrolase has been demonstrated using experiments
with rat liver and lungmicrosomalpreparations.Asdescribed, the
nonenzymatic direct conversion of glycidol to a-chlorohydrin is
possible in the acidic condition of stomach. Subsequently,
a-chlorohydrin is reacted with glutathione catalyzing by gluta-
thione transferase to produce S-(2,3-dihydroxypropyl)gluta-
thione. On the other hand, a-chlorohydrin can completely
oxidize to b-chlorolactic acid. The latter reaction is mediated by
the action of alcohol dehydrogenase and aldehyde dehydroge-
nase, respectively.
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The experimental data demonstrated that S-(2,3-
dihydroxypropyl)glutathione, S-(2,3-dihydroxypropyl)cyste-
ine, and b-chlorolactic acid are the main metabolites isolated
from rat urine after intraperitoneal administration of glycidol.
Glycidaldehyde is a potential metabolite of glycidol that is
produced via oxidation by alcohol dehydrogenase. However,
this metabolite was not detected in the accomplished
experiment.

Interestingly, 3-chloropropane-1,2-diol (a-chlorohydrin) is
found in many foods and food ingredients, including soy sauce
and hydrolyzed vegetable protein. Glycidol was detected as
a metabolite of 3-chloropropane-1,2-diol in rats and mice.
These finding showed that a-chlorohydrin and glycidol can be
converted to each other in vivo.
Mechanism of Action

Glycidol is a small molecule possessing a chemically reactive
epoxide group. Therefore, it acts as a direct alkylating agent.
Nucleophilic bioactive compounds such as glutathione react
readily with glycidol. Glycidol decreases glutathione content in
rat liver by direct binding to the glutathione. In vitro experi-
ments revealed that glycidol reacts with purified DNA to form
the DNA adducts. This is likely to be responsible for the gen-
otoxic activity of the compound without a requirement for
metabolic activation.
Acute and Short-Term Toxicity

Experimental toxicity studies in animal models revealed that
a single oral dose of glycidol is associated with adverse effects in
rats and mice. The LD50 value of glycidol after intragastric
administration was 450 mg kg�1 body weight in mice and
550 mg kg�1 body weight in rats.

Pneumonia and emphysema were observed in rats andmice
that exposed to glycidol vapor in a short term. The LC50 value
(8 h) for the rat was 500 ppm, and the LC50 value (4 h) for the
mouse was 450 ppm.

Glycidol showed irritant effects on the eye, skin, and
mucous membranes of experimental animals. A single appli-
cation of glycidol on the rabbit skin caused moderate irritation,
while repeated doses after 4 days led to severe irritation. After
exposure of rabbits to glycidol for 7 h, the dermal LD50 of the
compound was 1980 mg kg�1 body weight. Application of
pure glycidol caused severe, but reversible corneal damage in
the rabbit eyes.

Moreover, neurotoxicity was observed with glycidol in
animal models. Glycidol caused progressive CNS depression
and death due to the respiratory arrest in the LD50 experiment
with rabbits.
Chronic Toxicity

The US National Toxicology Program (NTP) performed toxi-
cological studies of glycidol in rats (F344/N) and mice
(B6C3F1). Animals were orally treated with gavage doses of
37.5, 75, 150, 300, or 600 mg kg�1 for 16 days (5 days
per week). All the rats that were treated with the high dose of
600 mg kg�1 died after 3–13 days. The male rats that received
300 mg kg�1 of glycidol exhibited atrophy of the testis,
degeneration of the epididymal stroma, and granulomatous
inflammation of the epididymis. By treating with the doses of
�150 mg kg�1, the body weights of the male rats were reduced.
The groups of mice that received 600mg kg�1 of the compound
died in the first week. After doses of 300 mg kg�1 body weight,
three males and two females died (from five animals in each
group). All female mice in this group showed focal demyeli-
nization of the medulla and the thalamus.

In 13 week studies conducted by NTP, glycidol was
administrated by gavage at the doses of 25, 50, 100, 200, or
400 mg kg�1 in F344/N rats and at the doses of 19, 38, 75, 150,
or 300 mg kg�1 in B6C3F1 mice. All rats died during the second
week when receiving 400 mg kg�1 of glycidol. Also, three male
and one female rat given 200 mg kg�1 died during weeks
11–12. The body weights of rats were significantly reduced at
this dose. Necrosis of the cerebellum, demyelination in the
medulla, tubular degeneration, necrosis of the kidney, and
lymphoid necrosis of the thymus were observed in rats
administered 400 mg kg�1. The administration of 300 mg kg�1

in mice resulted in 100% mortality by 2 weeks. At the doses of
150 mg kg�1, 4 of 10 males and 3 of 10 females were died.
Histopathologic lesions including demyelination of the brain
and atrophy of the testes were observed at the doses of 150 and
300 mg kg�1. Moreover, tubular cell degeneration in the
kidneys of male mice was found after doses of 300 mg kg�1.
Immunotoxicity

The effect of glycidol on the immune systemwas investigated in
female B6C3F1 mice. The animals were given the gavage doses
of 25, 125, and 250 mg kg�1 for 14 days. The immunosup-
pressive effects resulting from glycidol exposure were observed
at the doses of �125 mg kg�1. However, several parameters,
including erythrocyte number, hemoglobin, and spleen cell
number, were significantly altered in lower doses.
Reproductive and Developmental Toxicity

The 13 week experiments of glycidol conducted by NTP in
1990 on F344/N rats revealed that the sperm count and sperm
motility were reduced at doses of 25, 100, or 200mg kg�1. After
13 weeks and at the dose of 200 mg kg�1, testes of male rats
were atrophied significantly. The 13 week toxicity study of
B6C3F1 mice demonstrated that 75 or 150 mg kg�1 doses of
glycidol reduced sperm counts and sperm motility. Also,
testicular atrophy was observed in mice that received glycidol at
the doses of �75 mg kg�1. Glycidol did not show reproductive
effects on the female rats or mice.

The developmental toxicity of glycidol has been studied by
intra-amniotic injections of glycidol (10, 100, 1000 mg per
fetus) on day 13 of gestation in pregnant Sprague–Dawley rats.
At the dose of 1000 mg per fetus, embryonal deaths or increase
in the incidence of malformations of the fore- and hindlimbs
and changes of the pinnae in the surviving fetuses were
observed.
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The experiments with pregnant CD-1 mice treated with
glycidol by gavage at doses of 100, 150, or 200mg kg�1 on days
6–15 of gestation revealed that there was no evidence of tera-
togenic effects on day 18 of gestation.
Genotoxicity

The genotoxic effect of glycidol was demonstrated by several
in vitro and in vivo tests. Glycidol has been shown to be muta-
genic in several strains of Salmonella typhimurium (such as TA97,
TA98, TA100, TA1535, and TA1537) in the absence and in the
presence of liver S9 activation enzymes. The Salmonella muta-
genicity test in strain TA100 revealed that the (R)-stereoisomer
of glycidol was more mutagenic than its (S)-stereoisomer.

In the mammalian cell gene mutation assays of glycidol,
induction of chromosomal aberrations and sister chromatid
exchanges were observed in human lymphocytes and Chinese
hamster cells. Also, glycidol induced unscheduled DNA
synthesis in human WI 38 cells.

An in vivo assay withDrosophila melanogaster has been shown
that glycidol induced reciprocal translocations and sex-linked
recessive lethal mutations in germ cells. The intraperitoneal
injections of glycidol in B6C3F1 mice at doses of
37.5–150 mg kg�1 body weight increased the incidence of
micronuclei in bone marrow erythrocytes. Also, the intraperi-
toneal injection of glycidol induced chromosomal aberrations
in bone marrow cells of Wistar rats.

Glycidol is a reactive alkylating agent due to the presence of
epoxide moiety in its structure. A number of in vitro studies have
demonstrated that glycidol may alkylate DNA. For example, in a
study by Segal et al., the DNA adducts 3-(2,3-dihydroxypropyl)-
dUrd and 3-(2,3-dihydroxypropyl)-dThd were detected after
incubation of purified calf thymus DNA with glycidol. These
evidences revealed that glycidol can act as a genotoxin without
a requirement for metabolic activation.
Carcinogenicity

Oral administration of glycidol increased tumor incidences at
many different organs in mice and rats.

After 2 year oral gavage in B6C3F1 mice, glycidol produced
increases in tumors of the Harderian gland in both sexes, of the
liver, lung, forestomach, and skin in males, and of the
mammary gland and subcutaneous tissue in females.

The oral gavage of glycidol in F344/N rats increased the
incidence of forestomach tumors and gliomas of the brain in
both males and females. The male rats developed mesotheli-
omas of the tunica vaginalis/peritoneum. In addition, tumors
of the intestine, thyroid gland, Zymbal gland, and skin were
increased in male rats. Oral administration of glycidol induced
the mammary gland, clitoral gland, and oral mucosa tumors as
well as leukemia in female rats.

In a 40 week gavage study by NTP, glycidol was tested in
genetically modified haploinsufficient p16Ink4a/p19Arf mice
that lack two tumor suppressor genes. The results of this study
showed that glycidol caused increased rates of histiocytic
sarcomas in male mice. Female mice treated with the highest
dose of glycidol had alveolar/bronchiolar adenomas of the
lung and squamous cell papillomas of the forestomach.
Orally administrated glycidol (100 mg kg�1 body weight
twice a week for 60 weeks) did not significantly induce tumors
in Syrian golden hamsters. However, there was a marginal
increase in the incidence of splenic hemangiosarcomas in male
hamsters.

In a skin painting test in ICR/Ha-Swiss mice, the application
of 100 mg glycidol as a 5% solution in acetone three times per
week did not induce skin tumors after 520 days.

Based on the carcinogenicity of glycidol in mice and rats,
it is reasonably anticipated that it may potentially be
a human carcinogen. However, no adequate data on the
relationship between glycidol and cancer in humans were
available.
Clinical Management

Exposure to glycidol can occur through inhalation, ingestion,
and skin or eye contact. If inhaled large amounts of glycidol,
the exposed person should move to fresh air. If breathing has
stopped, artificial respiration is necessary. When glycidol has
been ingested, induce vomiting and get medical attention
immediately. If glycidol contacts the skin, flush the affected
areas immediately with plenty of water, followed by washing
with soap and water. If glycidol soaks through the clothing,
remove the clothing immediately. In the case of contact with
eyes, wash eyes with large amounts of water, occasionally lift-
ing the upper and lower eyelids.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit for glycidol is 50 ppm (150 mg m�3) as an
8 h time-weighted average (TWA) concentration.

The American Conference of Governmental Industrial
Hygienists has assigned glycidol a threshold limit value – TWA
(TLV-TWA) of 2 ppm (6.1 mg m�3).

The National Institute for Occupational Safety and Health
(NIOSH) has established a recommended exposure limit value
for glycidol equal to 25 ppm (75 mg m�3) as a TWA for up to
a 10 h workday and a 40 h workweek. Based on NIOSH
recommendation, the immediately dangerous to life and
health limit for glycidol is 150 ppm.
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l Name: Glycol ethers.
l Synonyms: They are categorized in two main groups:

ethylene glycols and propylene glycols.
l Chemical/Pharmaceutical/Other Class: Glycol ethers.
Uses

Glycol ethers are extensively used in industrial processes as
solvents to produce lacquers, varnishes, resins, printing inks,
and textile dyes. Moreover, glycol ethers have been used as anti-
icing agents in brake fluids and water. In addition, they are used
in latex paints and cleaners.
Background

Glycol ethers are colorless and flammable polar liquids that can
be readily miscible with alcohol, liquid esters, ether, acetone,
and water. They can dissolve many oils, resins, and waxes. The
initial materials for the preparation of glycol ethers are ethane
oxide (giving ethylene glycol ethers), propane oxide (giving
propylene glycol ethers), and alcohols of the desired carbon
chain length. The reaction always results in a mixture of mono-,
di-, and triglycol ethers, which are then distilled to the required
purity. In order to increase their volatility, the free hydroxyl
group of the ether can be esterified, usually with acetic acid.
Glycol ethers have several applications in industry as lubri-
cants, colorants, and plasticizers. They are extensively used as
solvents in industrial processes and manufacturing and as
thinner and viscosity improving agents in coating processes.

Due to the formation of highly explosive peroxides in the
air (not in the solution), they should be protected from heat
and other ignition sources. If they catch on fire, toxic gases such
as carbon oxides may be produced.

Glycol ethers are metabolized to the corresponding alde-
hyde and alkoxyacetic acid by cytosolic alcohol dehydrogenase
(ADH; EC 1.1.1.1) and aldehyde dehydrogenase (ALDH;
1.2.1.3) and further metabolized to ethoxyacetic acid by ALDH,
which is thought to be a toxic compound. Ethoxyacetic acid can
be further metabolized to carbon dioxide by O-deethylation or
glycine conjugated analogs. Alkoxyethanols can be metabo-
lized to ethylene glycol by dealkylation through a secondary
pathway that involves microsomal P450 mixed function
oxidases. They also can directly conjugate with glucuronic acid
or sulfate. Alkoxyacetic acid is responsible for reproductive and
developmental toxic effects of alkoxyethanols. Alkoxyethanols
are mainly eliminated as alkoxyacetic acid via urine.

Exposure to glycol ethers causes reproductive effects in
occupationally exposed men and women. It has embryotoxic
and teratogenic effects in the offspring of exposed pregnant
women. Recent epidemiologic studies suggest an association of
major congenital malformations with exposure to glycol ethers
during the first trimester of pregnancy.
762 Encyclopedia of T
Environmental Behavior, Fate, Routes, and Pathways

Glycol ethers are released to both air and water from chemical
industries, where it is produced as a by-product or used as
solvent. Glycol ethers are not found naturally in the environ-
ment and they would not be produced in situ in any known
reactions.

They usually are degraded by microorganisms in soil, sewer
sludge, and water; nevertheless, accumulation in water could
occur due to their solubility in water and their relatively low
vapor pressure. Under aerobic conditions, they are converted to
carbon dioxide and water, while anaerobic degradation yields
methane and carbon dioxide.

Atmospheric discharge results in the greatest environmental
exposure, although rapid photolytic degradation occurs in such
a way that glycol ethers react with atmospheric hydroxyl radi-
cals in the air. The octanol/water partition coefficient of glycol
ethers is very low, and therefore they do not bioaccumulate in
great quantities. There is little information available on the
biodegradation of glycol ethers in soil; nevertheless, it was
found that 2-ethoxyethanol is converted to 2-ethoxyacetic acid
(EAA) by soil bacterium via bio-oxidation pathway. Pseudo-
monas sp. 4-5-3, Xanthobacter autotrophicus EC1-2-1, and
a bacterium identified only as ‘strain MC2-2-1’ can also use
2-ethoxyethanol as a source of carbon for aerobic growth.

Glycol ethers are not very toxic to aquatic organisms,
including microorganisms, invertebrates, and fish, in which the
LC50 values were above the highest tested concentrations. The
possibility for bioconcentration in aquatic organisms is low
due to the estimated bioconcentration factor of 3.

Volatilization of glycol ethers from dry soil surfaces may
occur based on their vapor pressure. They will be essentially
nonvolatile from water surfaces based on their Henry’s Law
constant. Hydrolysis is not an important fate since these
compounds do not have functional groups that undergo
hydrolysis under environmental conditions.

Occupational contact to glycol ethers may occur during
inhalation and dermal contact with this compound at work-
places where they are produced or used. The general pop-
ulation may be exposed to glycol ethers through the inhalation
of ambient air. For the ethylene series, the ratio of the oral LD50

to the dermal LD50 is w1, indicating that an equivalent
amount of material can be absorbed by either route. The
differences in toxicity between the ethylene series and the
propylene series appear to be due to the metabolites produced.
Exposure and Exposure Monitoring

The main routes of exposure are inhalation, ingestion, and eye
or skin contact. The potential indoor exposures include paints
and other coatings, inks, adhesives, nail polishes, cosmetics, and
household cleaning supplies. Exposures can also occur
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00729-6
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accidentally by an industrial release. High vapor concentrations
of glycol ethers can cause irritation of eyes and respiratory tracts.
They may cause headaches, asthma, drowsiness, unconscious-
ness, dizziness, anesthesia, and other central nervous system
(CNS) effects, and possibly death. Also, ingestion can cause
nausea, gastrointestinal irritation, vomiting, and diarrhea. Small
amounts aspirated into the respiratory system during ingestion
may cause mild to severe pulmonary injury.
Clinical Management

If ingestion has occurred, emesis or gastric lavage may be useful
if initiated within 30 min. If acidosis is present, it can be treated
with intravenous sodium bicarbonate as needed. Hemodialysis
may be indicated in cases of severe acid–base and/or fluid–
electrolyte abnormalities or in cases of renal failure. Animal
data suggest that ethanol therapy may inhibit the formation of
toxic metabolites.
Monitoring and Analysis Methods

l Method: Occupational Safety and Health Administration
(OSHA) 79; Procedure: Gas chromatography using flame
ionization detector; Analyte: Glycol ethers; Matrix: Air;
Reliable quantization limit: 2.1 ppb (7.8 mg m�3).

l Method: National Institute for Occupational Safety and
Health (NIOSH) 1403; Procedure: Gas chromatography
with flame ionization detector; Analyte: 2-Ethoxyethanol;
Matrix: Air; Detection level: 0.01–0.02 mg per sample.
Clinical Laboratory Methods

Alkoxyacetic acids as a metabolite are formed and excreted in
urine after exposure to ethylene glycol monoalkyl ethers
(alkoxyethanols) or their acetate esters. Some sensitive
methods have been developed for determination of alkoxy-
acetic acids in urine. One of these methods is based on
extractive alkylation. Alkoxyacetate ions were extracted using
methylene chloride, with tetrabutylammonium acting as
a counterion, and then reacted with pentafluorobenzyl
bromide. Afterward the solvent was evaporated and the resi-
dues in n-hexane were dissolved, yielding the esters, which were
analyzed by fused silica capillary column gas chromatography
and electron capture detection. The limit of the detection was
estimated to 2 mM (corresponding to an injected amount of
2 pg) for methoxyacetic acid and EAA in urine. The corre-
sponding values for butoxyacetic acid (BAA) were 4 mM and
5 pg, respectively. Second alkoxyacetic acid derivative, EAA,
BAA, or 2-pentoxyacetic acid, was used as an internal standard.
Toxicokinetics

Because of the amphiphilic nature of glycol ethers, they cross
membranes and are distributed in the aqueous and lipid
compartments. They are strongly absorbed via different pene-
tration routes (oral, cutaneous, pulmonary), and they are
distributed through most biological tissues, including fetal
tissues. Glycol ethers may be absorbed through the inhalation,
skin and eye contact, and ingestion. Glycol ethers are distrib-
uted particularly through the liver, kidneys, and bone marrow.
Glycol ethers are converted to water-soluble compounds by
enzymatic reactions. The parent glycol ethers are substrates for
ADH. Further conversion by ALDH produces alkoxyacetic
acids. Conversion by ADH can be inhibited by pyrazole,
alcohol, and other ADH inhibitors. Higher molecular weight
glycol ethers are also partially metabolized by P450 isozymes.
Ethylene glycol is the major metabolite of glycol ethers in the
urine. Oxalic acid was also found in animal experiments as
a metabolite of glycol ethers that was produced via cleavage of
ether bond. Evidence from experimental studies in animals
indicates that glycol ether degradation could be inhibited by
ethanol. In the case of 2-ethoxyethanol, it mainly is excreted
from urine and a very small percentage of the dose is exhaled
via the lung as CO2. The half-life for the excretion of EAA in
humans lies between 21 and 57 h based on the exposure
conditions (experimental or workplace conditions) and only
7–12.5 h in rats. After 2-ethoxyethanol exposure via inhalation,
only�4% of the total body uptake is eliminated via exhalation.
The amount of absorption after oral and dermal exposure is
presumed to be 100% for risk characterization purposes. An
absorption extent of 64% is estimated for inhalation in
humans depending on the duration of the exposure and
the concentration in the ambient air. The toxic effects of
ethoxyaldehyde and ethoxyacetic acid as metabolites of
2-ethoxyethanol are attributed to their mechanism of action.
Administration of the metabolites has shown toxic effects in
both in vitro and in vivo studies but not seen in the parent
compounds.
Mechanisms of Action

Apoptotic mechanisms induced by glycol ethers are responsible
for reproductive toxicity at the testicular level and during
gestation and development. The alkoxyacid metabolites appear
to be responsible for the toxic effects reported in the testes,
bone marrow, and embryo. The testes, bone marrow, and
embryo contain large numbers of rapidly dividing and differ-
entiating cells, and it is possible that one or more processes of
cell division and differentiation are affected. It has been
hypothesized that alkoxyacetic acids may be introduced into
the Krebs cycle by formation of methoxy- or ethoxyacetyl-CoA
and by formation of methoxy- or ethoxycitrate by mitochon-
drial enzymes.

The metabolites have a longer half-life, implying a higher
accumulation following repeated exposures. Both in vitro and
in vivo studies have shown toxic effects from administration of
the metabolites that were not seen at higher doses of the parent.
Acute Toxicity

Animal

Developmental toxicity potential was shown after dermal,
inhalation, and oral exposure of mice, rats, and rabbits to
glycol ethers in the absence of significant maternal toxicity.
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Inhalation exposure to high concentrations of compounds in
the ethylene series can cause lethality. However, exposure to
compounds in the propylene series was not lethal to rodents
even at nearly saturated concentrations. Reduced cytoplasmic
density, disruption of lobular structure, elevated plasma
fibrinogen, reduced serum proteins, and elevated liver weights
have been reported in rats, mice, and rabbits.

Laboratory animals treated with 2-methoxyethanol (EGME)
were observed to develop testicular atrophy and bone marrow
hypoplasia (pancytopenia),with secondary effects on red blood
cell and white blood cell indices. 2-Methoxyethanol was tera-
togenic, embryotoxic, and fetotoxic in pregnant animals. In one
study, a 24 h exposure with 2-ethoxyethanol (EGEE) at
1000 ppm killed one out of six guinea pigs, and it caused acute
lung congestion and edema as well as kidney congestion. On
the other hand, a 16 h exposure at 500 ppm failed to produce
any gross pathology or death. According to these findings, the
LC50 was estimated to be about 1400 ppm. Another study
shows that a 4 h exposure at 4000 ppm or an 8 h exposure at
2000 ppm of 2-ethoxyethanol killed one-half of the rats.

Ethylene glycol monopropyl ether and ethylene glycol
monobutyl ether (EGBE) caused hemolysis and embryotox-
icity/fetotoxicity without causing teratogenicity or effects on
the bone marrow and testes. Therefore, it appears that the
testicular and bone marrow effects decrease with increasing size
of the alkoxy group, with the maximal effects observed for
EGME. In general, the hemolytic effects appear to increase with
the size of the alkoxy group. In addition, the hemolytic effects
are more pronounced in mice, rats, and rabbits compared to
dogs and humans, which are less affected. The testicular effects
have been observed in mice, rats, rabbits, and dogs, and the
hematological effects have been observed in mice, rats, rabbits,
cats, dogs, and human. However, propylene glycol ethers do
not cause the testicular or hematological effects and are not
teratogenic, although fetotoxicity has been reported in some
studies at concentrations that also produced maternal toxicity.
There are also reports that EGEE and EGBE cause kidney
enlargement without functional impairment.

EGME has been reported to affect conditioned avoidance
behavior in trained rats, and propylene glycol monomethyl
ether (PGME) has been reported to cause CNS depression. In
general, the acetates derived from the glycol ethers have the
same toxicological activity as the parent glycol ether. However,
the acetate of PGME does appear to have teratogenic potential
in rabbits, in contrast to the parent compound PGME. In rats,
EGME and its metabolite have also been reported to cause
thymic involution in the absence of effects on body weight or
spleen weight, reduced response to T cell mitogens, depressed
production of interleukin-2, and altered response to primary
antibody plaque-forming cells. Mice were not affected.
Human

Human acute (short-term) exposure to high levels of
2-ethoxyethanol may cause mucosal irritation, pulmonary
edema, lung congestion, lung edema, narcosis, and severe liver
and kidney damage. Respiratory absorption of 2-ethoxyethanol
at 6000 ppm for a few seconds resulted in moderate eye irri-
tation and an extremely unpleasant odor, causing a wish to
avoid similar exposures.
Exposure at low levels led to headache, conjunctivitis,
nausea, upper respiratory tract irritation, and temporary
corneal clouding. An oral dose reported to cause lethality was
3 g kg�1. There have been a number of reports in which workers
were exposed to glycol ethers in the workplace. Fatigue,
weakness, lethargy, anemia, bone marrow hypoplasia, and
other abnormalities of hematological parameters (immaturity
of neutrophils with some abnormal cells and low platelet
concentration) have been reported in workers at exposure
concentrations ranging fromw60 to 4000 ppm. There does not
appear to be an association between exposure to glycol ethers
and adverse effects on human testes.

According to the results quoted in the literature, acute
toxicity in humans has been observed after oral uptake of
50–200 ml 2-ethoxyethanol, which is equal to a range of about
1–30 mg kg�1 of body weight.
Repeated Dose Toxicity

It was found that chronic exposure to glycol ethers in humans
led to fatigue, lethargy, nausea, anorexia, tremor, and anemia.
In animals, anemia, reduced body weight gain, and irritation
of the eyes and nose could be seen after inhalation exposure.
Moreover, after oral exposure in animals, anemia and effects
to the thymus, spleen, bone marrow, liver, and kidneys could
be observed. The metabolites of glycol ethers are responsible
for the toxic and health-damaging effects on the fetal tissue in
uterus, the germinal tissue of the testes, and the blood-
forming tissue of the bone marrow. In addition, genotoxic
effects under the present occupational hygiene conditions
could be observed. 2-Methoxyethanol and 2-ethoxyethanol
can damage the liver and the kidneys. The reference concen-
tration for 2-methoxyethanol is 0.02 mg m�3 according to
the testicular effects in rabbits; it is 0.2 mg m�3 for
2-ethoxyethanol.
Human

Reproductive effects have been mentioned in men and women
occupationally exposed to 2-ethoxyethanol. Embryotoxic and
teratogenic effects in the offspring of exposed pregnant women
were discussed. A 44-year-old female ingested about 40 ml of
the substance accidentally, and became vertiginous and
unconscious shortly after exposure. She was found to be
cyanotic and had tachypneumonary edema and repeated
tonic–clonic spasms, and acetone was detectable on her breath.
Oligospermia, azoospermia, and an increased odds ratio of low
sperm count were observed in 73 painters who were exposed to
0–80.5 mg m�3 of ethoxyethanol.

Increased oligospermia (low sperm counts) and azoo-
spermia (dead sperm) in male shipyard workers were observed
with repeated exposure, but there has been some uncertainty
about these reports owing to small sample size. Significant
ethoxyacetic acid was found in infertile men; therefore,
2-ethoxyethanol might damage the testes (male reproductive
glands) and decrease fertility.

Chronic exposure causes kidney injury that is manifested by
albuminuria or hematuria. Damage of blood cells and subse-
quently a low blood count (anemia) was reported in
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individuals exposed to 2-ethoxyethanol for a long time, which
resolved when the chemical was no longer used.

2-Ethoxyethanol has not been tested for its potential carci-
nogenic effects, but some evidence indicates that it has repro-
ductive and toxic effects after dermal absorption. Therefore, it is
undesirable for use in cosmetic formulations.
Animal

In experimental animals, the hematopoietic system and the
male reproductive organs were most affected by repeated
exposures to glycol ethers. In addition, adverse effects in the
other organs (tubular degeneration of kidneys, adrenal gland
hypertrophy, thymus atrophy, liver cell degeneration) were
seen.

After oral exposure of 2-ethoxyethanol in mice, increased
mortality rates as well as deformities and decreased weight gain
of the fetuses were found. Exposure of pregnant rats to
2-ethoxyethanol can cause complete resorption of fetuses and
reduced fetal weight, as well as skeletal and cardiovascular
abnormalities applying the dose of 733 mg m�3 for 7 h day�1

throughout gestation. The low concentrations of
2-ethoxyethanol, even as low as 100 ppm, led to neurochem-
ical changes and behavioral deviations in the young animals
postnatally.

In dogs with repeated exposure (12 weeks) to 840 ppm,
a slight decrease in red cells and hemoglobin and an increase in
immature white cells were significant. In female rats exposed to
125 ppm for 4 h, there was an increase in erythrocyte fragility.
Table 1 Names, molecular formulas, structures, and exposure standards

Compound CAS number Molecular for

Ethylene glycol monomethyl ether 109-86-4 C3H8O2

Ethylene glycol monoethyl ether 110-80-5 C4H10O2

Ethylene glycol monobutyl ether 111-76-2 C6H14O2

Ethylene glycol monopropyl ether 2807-30-9 C5H12O2
Ethylene glycol monophenyl ether 122-99-6 C8H10O2
Ethylene glycol monohexyl ether 112-25-4 C8H18O2

Diethylene glycol monomethyl ether 111-77-3 C5H12O3
Diethylene glycol monoethyl ether 111-90-0 C6H14O3
Diethylene glycol monobutyl ether 112-34-5 C8H18O3
Diethylene glycol monopropyl ether 6881-94-3 C7H16O3

Diethylene glycol monohexyl ether 112-59-4 C10H22O3
Triethylene glycol methyl ether 112-35-6 C7H16O4

Triethylene glycol ethyl ether 112-50-5 C8H18O4

Triethylene glycol butyl ether 143-22-6 C10H22O4

TLV, threshold limit value for an 8 h day; OSHA PEL, Occupational Safety and Health Admi
for an 8 h day; NIOSH, National Institute of Occupational Safety and Health exposure lev
Liquid instilled in the eye of the animals caused immediate
discomfort, some conjunctival irritation, and a slight transitory
irritation of the cornea, which were readily reversible. Only
a mild irritation could be found when repeated and prolonged
contact of the liquid with the skin of rabbit applied.

A 2 year inhalation study was conducted in F344/N rats
and B6C3F1 mice. Exposure concentrations in rats were 0,
31.2, 62.5, and 125 ppm, and in mice the concentrations
were 0, 62.5, 125, and 250 ppm for 6 h day�1, 5 days per
week. No oncogenic effects occurred in male rats. Pheo-
chromocytomas were increased in 125 ppm females;
however, the increase was not statistically significant. In male
and female mice, forestomach squamous cell papillomas or
carcinomas were increased in the 250 ppm group. Heman-
giosarcomas were also increased in 250 ppm male mice.
However, 2-ethoxyethanol was not oncogenic in a 2-year
rat-feeding study at dietary concentrations of up to
0.9 g kg�1 day�1.
Exposure Limits

See Tables 1 and 2.
Immunotoxicity

It was found that in the workers who were subjected to
a mixture of organic solvents, including butoxyethanol,
for typical ethylene glycol ethers

mula Chemical structure Standard exposure

HOCH2CH2OCH3 TLV ¼ 5 ppm
NIOSH ¼ 0.1 ppm
IDLH ¼ 200 ppm

HOCH2CH2OC2H5 TLV ¼ 5 ppm
OSHA PEL ¼ 200 ppm
NIOSH ¼ 0.5 ppm
IDLH ¼ 500 ppm

HOCH2CH2OC4H9 OSHA ¼ 50 ppm
TLV ¼ 25 ppm
NIOSH ¼ 5 ppm

HOCH2CH2OC3H7 None
HOCH2CH2OC6H5 None
HOCH2CH2OC6H13 None
HOCH2CH2O–CH2CH2OCH3 None
HOCH2CH2O–CH2CH2OC2H5 WEEL ¼ 25 ppm
HOCH2CH2O–CH2CH2OC4H9 None
HOCH2CH2O–CH2CH2OC3H7 None
HOCH2CH2O–CH2CH2OC6H13 None
HOCH2CH2O–
CH2CH2OCH2CH2–OCH3

None

HOCH2CH2O–
CH2CH2OCH2CH2–OC2H5

None

HOCH2CH2O–
CH2CH2OCH2CH2–OC4H9

None

nistration permissible exposure limit; WEEL, workplace environmental exposure level
el for a 10 h day; IDLH, immediately dangerous to life or health.



Table 2 Names, molecular formula, structures, and exposure standards for typical propylene glycol ethers

Compound CAS number Molecular formula Chemical structure Standard exposure

Propylene glycol monomethyl ether 107-98-2 C4H10O2 CH3CH(OH)CH2–OCH3 TLV ¼ 100 ppm
Propylene glycol monoethyl ether 1569-02-4 C5H12O2 CH3CH(OH)CH2–OC2H5 NIOSH ¼ 100 ppm
Propylene glycol monopropyl ether 1569-01-3 C6H14O2 CH3CH(OH)CH2–OC3H7 None
Propylene glycol isopropyl ether 3944-36-3 C6H14O2 CH3CH(OH)CH2–OCH(CH3)2 None
Propylene glycol n-butyl ether 5131-66-8 C7H16O2 CH3CH(OH)CH2–OC4H9 None
Propylene glycol t-butyl ether 57018-52-7 C7H16O2 CH3CH(OH)CH2–OC(CH3)3 None
Propylene glycol butoxyethyl ether 124-16-3 C9H20O3 CH3CH(OH)CH2–OC2H5OC4H9 None
Propylene glycol phenyl ether 770-35-4 C9H12O2 CH3CH(OH)CH2–OC6H5 None
Dipropylene glycol methyl ether 34590-94-8 C7H16O3 CH3OCH(CH3)–CH2OCH(CH3)–CH2OH None
Dipropylene glycol ethyl ether 15764-24-6 C8H18O3 C2H5OCH2CH2–CH2OCH2CH2–CH2OH TLV ¼ 100 ppm

NIOSH ¼ 100 ppm
IDLH ¼ 600 ppm

Dipropylene glycol butyl ether 29911-28-2 C10H22O3 C4H9OCH2CH–(CH3)OCH2CH–(CH3)OH None
Tripropylene glycol methyl ether 20324-33-8 C10H22O4 CH3OCH2CH–(CH3)OCH2CH–(CH3)OCH2CH–(CH3)OH None
Tripropylene glycol ethyl ether 20178-34-1 C11H24O4 C2H5OCH2CH–(CH3)OCH2CH–(CH3)OCH2CH–(CH3)OH None
Tripropylene glycol butyl ether 57499-93-1 C13H28O4 C4H9OCH2CH–(CH3)OCH2CH–(CH3)OCH2CH–(CH3)OH None
Butylene glycol methyl ether 53778-73-7 C5H12O2 CH3OCH2CH–(OH)CH2CH3 None
Butylene glycol ethyl ether 111-73-9 C6H14O2 HOCH2CH2CH2–CH2OCH2CH3 None

TLV, threshold limit value for an 8 h day; OSHA PEL, Occupational Safety and Health Administration permissible exposure limit; WEEL, workplace environmental exposure level
for an 8 h day; NIOSH, National Institute of Occupational Safety and Health exposure level for a 10 h day; IDLH, immediately dangerous to life or health.
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ethoxyethanol, and methoxyethanol, cellular immunity
was decreased. This observation needs to be clarified
regarding the glycol ethers’ reproductive and developmental
toxicity.
Genotoxicity

It was reported that chromosome aberrations and sister-
chromatid exchanges could be seen among the positive
results when the cells were pre-treated with 2-ethoxyethanol.
Most of the genotoxicity tests were negative, but numerous
reproductive toxicity studies, involving various routes of
administration, indicate that 2-ethoxyethanol is a reproductive
toxicant and teratogen.
In Vitro Toxicity Data

A number of the glycol ethers have been evaluated with respect
to potential mutagenicity and, in general, they were not
mutagenic in a variety of test systems.
Ecotoxicology

The 24 h LC50 in fish was greater than 5000mg l�1 and the 96 h
LC50 was greater than 10 000 ppm for EGEE. For EGBE, the
96 h LC50 was 1250–1490 ppm for fish and the LC50 for shrimp
was 800 mg l�1.
See also: Polyethylene Glycol; Ethylene Glycol Mono-n-Butyl
Ether; Diethylene Glycol.
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l Name: Glyphosate
l Chemical Abstracts Service Registry Number: 1071-83-6
l IUPAC Name: N-(Phosphonomethyl)glycine
l Synonyms: Glifonox, Glycel, Glycine, N-phosphonomethyl
l Chemical Formula: C3H8NO5P
l Chemical Structure:
Background (Significance/History)

Glyphosate (N-(phosphonomethyl)glycine; 1071-83-6) is the
active ingredient in several commercial herbicides for nonse-
lective weed control. Glyphosate herbicides are among the
world’s most widely used herbicides. Roundup�, containing
the active ingredient glyphosate, was developed and introduced
by Monsanto Company in 1974. Other formulations include
WeatherMax, UltraMAX, Buccaneer, Razor Pro, Rodeo, and
AquaMaster�. Some crops such as soybeans and cotton have
been genetically engineered to be resistant to glyphosate
(Roundup Ready), allowing farmers to use glyphosate as
a postemergence herbicide. The United States Environmental
Protection Agency (EPA) considers glyphosate to be relatively
low in toxicity compared to organochlorine and organophos-
phate pesticides.
Uses

Glyphosate is the active ingredient in several commercial
herbicides. It is a broad-spectrum systemic herbicide for various
types of weeds, grasses (Poaceae), and woody plants.
Environmental Fate and Behavior

Routes and Pathways

Glyphosate enters the environment through agricultural appli-
cations and in residential settings as a broad-spectrum nonspe-
cific herbicide. Volatilization is not expected to be important.
Relevant Physicochemical Properties

l Physical state: colorless crystal at 20 �C
l Odor: odorless
l Density: 1.705 gml�1 at 20 �C
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
l Water solubility¼ 10.5 g l�1 at 20 �C and 1.9 pH, 12 g l�1

at 25 �C
l Insoluble in acetone, ethanol, and xylene
l Dissociation constants: pKa1¼ 2.3 (20 �C – phosphate

acid), pKa2¼ 5.7 (20 �C – secondary amine), and
pKa3¼ 10.2 (25 �C – carboxylic acid)

l Vapor pressure: negligible
l Henry’s law constant: 2.1� 10�12 atm-m3mol�1 at 25 �C
l Melting point: 184.5 �C
l Boiling point: w100 �C; decomposes at 187 �C.
Partition Behavior in Water, Sediment, and Soil

l Partition coefficient: �3.2218 to �2.7696
l Adsorption coefficient: 6920–24 000.
Environmental Persistency (Degradation/Speciation)

Persistence in soil is extremely variable and can range from days
to months. The degradation times (DT50) range from 3 to 174
days, but are less persistent in water (DT50< 14 days). The
average half-life is 47 days. Biodegradation is themajor route of
environmental degradation. Glyphosate half-lives for aerobic
degradation in Ray, Drummer, and Norfolk soils were 3, 27,
and 130 days, respectively. Anaerobic degradation in silty clay
loam was 8.1 days. No degradation of glyphosate has been
noted in sterilized soil. Photodegradation and volatilization
are thought to be not significant. Due to strong adsorption,
glyphosate is not expected to be present in runoff at amounts
greater than 2% of total applied.
Long-Range Transport

Glyphosate is strongly bound to clay particles and is considered
moderately persistent in soil. Glyphosate has very little leaching
capacity and therefore has a low potential to contaminate
groundwater.Glyphosate isnot expected tovolatilize fromsoil or
water and therefore has little potential for long-range transport.
Bioaccumulation and Biomagnification

Bioconcentration is considered to be low. For example, bio-
concentration factor values in bluegill were 0.63 (viscera), 0.38
(edible), and 0.52 (whole body).
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Glyphosate is released via production in waste streams and
agricultural use. The compound exists solely as a particulate
in air.
4-3.00148-2 767
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Human Exposure

Industrial workers and homeowners may be exposed to
glyphosate by inhalation and dermal contact during spraying,
mixing, and cleanup. In addition, exposures may occur by
contact with soil and plants to which glyphosate was applied.
Dermal exposure may also occur during glyphosate’s manu-
facture, transport, storage, and disposal.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

Glyphosate is rapidly inactivated by strong adsorption to soil
particles. The concentrations of glyphosate in barley fields 2, 58,
and 210 days posttreatment were 1.6, 0.5, and 0.2 mg kg�1,
respectively. Glyphosate levels near theWuchuan River inChina
were 0.03–0.73 ng g�1 in soil and 0.02–0.12 ng g�1 in sedi-
ment. Glyphosate is generally not expected to contaminate
water supplies, but it has been detected in certain rare cases.
Glyphosate was detected in groundwater and water supply
monitoring in Texas and in 1 out of 45 surface water samples
from golf courses around the United States. It was also detected
in one out of six ponds inOntario, Canada, at a concentration of
42 mg l�1. Glyphosate was detected in runoff from a California
highway in concentrations ranging from 1.36 to 9.44 mg l�1.
Toxicokinetics

Glyphosate is not metabolized in mammalian systems to any
significant degree. Only one metabolite, aminomethyl-
phosphonic acid (AMPA), has been detected at <0.5% of the
original compound. The oral and dermal absorption of
glyphosate is low. After oral administration in laboratory
animals, >90% is rapidly eliminated unchanged within 72 h;
70% in feces; and the remainder in urine. Evidence from
human poisonings suggests an elimination half-life from
blood at 2–3 h, assuming normal renal function. Neither
glyphosate nor AMPA exhibits any tendency for
bioaccumulation.
Mechanism of Toxicity

Glyphosate’s herbicidal action works by disrupting 5-enolpyr-
uvylshikimate-3-phosphate (EPSP) synthase, a plant enzyme
involved in the production of the amino acids such as
phenylalanine, tyrosine, and tryptophan. EPSP synthase is not
present in humans or animals and is the reason why glyphosate
has relatively lowmammalian toxicity. Additional mechanisms
of action such as uncoupling of oxidative phosphorylation
have been proposed. Glyphosate-based formulations have
been shown to disrupt aromatase activity andmRNA levels and
interact with the active site of the purified enzyme in human
placental cells. As a result, some researchers consider formu-
lations like Roundup� to be a potential endocrine disruptor.
Adjuvants present in many commercial preparations
may facilitate the observed effect. In contrast to organophos-
phate insecticides, glyphosate is not an inhibitor of
acetylcholinesterase.
Acute and Short-Term Toxicity

Animal

Glyphosate is a compound of low mammalian toxicity. Oral
LD50 values for laboratory rodents range from 1568 to
>5000 mg kg�1. The dermal LD50 value in rabbits isw5 g kg�1.
Glyphosate produced moderate to severe ocular irritation in
rabbits. There is no evidence of dermal sensitization in guinea
pigs. The 4-h LC50 rat inhalation value is >4.98 mg l�1.
Human

The acute toxicity of glyphosate is very low. Concentrated
glyphosate and glyphosate in formulated products can cause
eye and skin irritation. In human exposure studies, no
evidence of skin sensitization or potential for photoirritation
or photosensitization was observed. In suicide attempts by
oral ingestion, the average volume of the concentrate con-
taining glyphosate and a surfactant ingested was 120 ml
and toxicity ranged from 104 ml (nonfatal) to 206 ml (fatal).
The primary effects following ingestion include mucous
membrane irritation, abdominal pain, vomiting, diarrhea,
hypotension, oliguria, and anuria. Esophageal and gastric
erosions have occurred after ingestion of concentrated solu-
tions (41% glyphosate). In fatal cases, hypovolemic shock,
cardiac arrhythmias, metabolic acidosis, and pulmonary
edema have been reported. Laboratory studies suggest that
other ingredients combined with glyphosate may contribute
to the observed toxicity.
Chronic Toxicity

Animal

Glyphosate exhibits little potential for chronic toxicity. Studies
of glyphosate lasting up to 2 years have been conducted in rats,
dogs, mice, and rabbits, and with few exceptions, no effects
were observed.
Human

Dermatitis resembling sunburn has been reported following
prolonged skin exposure. No significant chronic toxicity has
been reported.
Immunotoxicity

Results from limited animal studies suggest that glyphosate does
not produce immunotoxicity. However, several studies indicate
that glyphosate may be associated with immunological alter-
ations in plants, fishes, amphibians, arthropods, and snails.
Reproductive Toxicity

Laboratory studies show that glyphosate produces reproductive
changes in test animals very rarely and then only at very high
doses (over 150 mg kg�1 day�1). Glyphosate does not appear
to be teratogenic.
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Genotoxicity

Glyphosate is negative in well-validated mutagenicity assays.
Carcinogenicity

Glyphosate does not appear to be a carcinogen. The Cancer
Classification is Group E: Evidence of Non-Carcinogenicity for
Humans.
Clinical Management

There is no specific antidote; symptoms should be treated. Skin
contamination should be treated promptly by washing with
soap and water. Contamination of the eyes should be treated
immediately by prolonged flushing of the eyes with large
amounts of clean water. Due to the possibility of esophageal
erosion, emesis is not recommended. Activated charcoal and
a cathartic should be administered following ingestion of large
amounts of glyphosate. Oral irrigation and dilution may be
sufficient for smaller ingestions. In severe cases, basic life
support, such as fluid replacement for hypovolemic shock,
should be provided. Glyphosate is occasionally mistakenly
referred to as a cholinesterase inhibitor similar to the organo-
phosphate insecticides. However, atropine or pralidoxime
(2-PAM) is not indicated in the treatment of exposure.
Exotoxicology

Freshwater/Sediment Organisms Toxicity

Glyphosate alone is at most moderately toxic to aquatic
species. Commercial formulations are generally more toxic due
to the presence of surfactants.

l Bluegill 96-h LC50: 120 mg l�1

l Rainbow trout 96-h LC50: 86 mg l�1

l Daphnia magna 48-h LC50: 24 mg l�1

l Rana pipiens chronic developmental no observed effect
concentration: 0.00690 mg l�1

l Some commercial formulations have LC50s around 4–
16 mg l�1.
Marine Organisms Toxicity

l Atlantic oysters 96-h LC50: >10 mg l�1

l Fiddler crabs 96-h LC50: 934 mg l�1

l Grass shrimp 96-h LC50: 281 mg l�1.
Terrestrial Organisms Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, and Terrestrial Vertebrates)

l Bobwhite quail acute oral LD50: >2000 mg kg�1

l Mallard duck acute oral LD50: >2251 mg kg�1

l Goat acute LD50: >5000 mg kg�1

l Nontoxic to honey bees and earthworms.
Other Hazards

The use of surfactants to increase herbicide efficacy may be
a contributing factor of toxicity to aquatic organisms, espe-
cially amphibians. The surfactant polyoxyethyleneamine
(POEA) is known to be toxic to tadpoles of the species Xenopus
laevis at 2.7 mg l�1. Surfactants alone are often more toxic than
glyphosate or commercial formulations. POEA contributes to
but does not necessarily potentiate glyphosate toxicity. POEA
is a severe eye, respiratory, and skin irritant and is also known
to be contaminated with dioxanes, which are potential
carcinogens.
Exposure Standards and Guidelines

l No occupational exposure limit standards available
l Acceptable daily intake: 0.3 mg kg�1 day�1

l EPA Health Advisory: 0.7 mg l�1 (lifetime)
l Maximum concentration level (US Drinking Water Stan-

dard): 0.7 mg l�1

l Reference dose: 2.0 mg kg�1 day�1

l Maximum acceptable concentration (Canada Drinking
Water Standard): 0.28 mg l�1.
Miscellaneous

The technical material is a nonirritant in the Draize test but the
formulated glyphosate products contain a surfactant that may
produce some irritation on direct contact.

See also: Chlorophenoxy Herbicides.
Further Reading
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Relevant Websites

www.monsanto.com/ – Monsanto - home page.
www.extoxnet.orst.edu/pips/ghindex.html – Pesticide Information Profiles.
www.toxnet.nlm.nih.gov/ – Toxicology database.
www.epa.gov/ – U.S. Environmental Protection Agency.
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l Name: Gold
l Chemical Abstracts Service Registry Number: 7440-57-5
l Molecular Formula: Auþ, Au3þ
Background Information

Gold is likely the first pure metal known to man, and is
chemically nonreactive. Due to the tendency of gold to appear
in its pure form in the environment, it has been historically
common to come across it without mining. Other properties of
gold, such as its appearance and the ease with which it is
worked, lead to its great cultural importance. Gold was used to
mint the first coins ever used to supplant the barter system, and
there are records of comparative value with silver going back to
ancient Greece. Alchemy, often seen as a forefather of the
science of toxicology, had as a central goal to create gold from
a variety of other substances.
Uses

Among the first uses of gold are religious and cultural, as it
became many decorations and idols for thousands of years. The
next major use of gold was as the first monetary systems, rep-
resenting wealth and gradually replacing the barter system until
the advent of modern economics. Gold has found many
industrial uses because of its excellent electrical and thermal
conductivity properties. It is used for plating other metals and as
an alloyingmetal. It is used in the manufacture of jewelry, dental
inlays, art, currency, and electronic components, and in some
medical devices to provide radio opacity. Gold compounds have
also found use in medicine in the treatment of certain cancers,
rheumatoid arthritis, and discoid lupus (a rare skin disease), and
in specialized surgical procedures.
Exposure Routes and Pathways

The most common exposure pathway is through dermal
contact. Inhalation and oral exposure to gold dust may occur in
occupational settings.
Toxicokinetics

Gold dust and gold salts are poorly absorbed from the
gastrointestinal tract.
Mechanism of Toxicity

The main mechanism believed to be responsible for gold salt
toxicity is the formation of gold–protein complexes that elicit
immune reactions. That is, gold salts may act as a hapten with
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subsequent antibody production against the gold–protein
complex. The gold–protein–antibody complexes may in turn
accumulate in the glomerular subepithelium. A second
possible mechanism of gold salt toxicity is that antibodies may
be formed against kidney tubular cells damaged by gold.
Acute and Short-Term Toxicity (or Exposure)

Animal

There is evidence of some limited toxic effects, such as increases
in metallothionein synthesis, and renal effects, which is seen
with the gold-containing drug sodium aurothiomalate.
Human

Gold is not known to be acutely toxic, though some of its salts
are. There has been some evidence thatmodern gold-containing
drugs may have some acute toxicity; however, most reports of
reactions to contactwith gold are the result of contact dermatitis.
Chronic Toxicity (or Exposure)

Animal

Animal experiments have shown that gold dust is not carci-
nogenic to rats. However, subcutaneous implantation of gold
sheets was able to induce tumors.
Human

Oral administration of excessive amounts of gold salts has been
found to produce pancytopenia in certain individuals. In
addition, therapeutic doses of gold salts given for the treatment
of rheumatic disease may produce adverse side effects such as
dermatitis, immune complex hypersensitivity, nephrotoxicity,
and peripheral neuropathy. Gold can also cause aplastic
anemia and kidney damage.
Immunotoxicity

There is no evidence suggesting the immunotoxicity of gold
itself, though its salts are used to downmodulate the immune
system in some cases.
Reproductive Toxicity

Elemental gold has not been shown to have detrimental effects
on reproduction or development, although there are uncon-
firmed studies that show decreased sperm motility. The drug
form sodium aurothiomalate, used to treat rheumatoid
arthritis, has been shown to be teratogenic in rats and can
impair fetal development or nutrition.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00851-4
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Genotoxicity

There are no studies that show genotoxicity for gold, though
there have been separate studies in vitro that have demon-
strated mechanisms of endocytosis and physiological
change. Gold chloride has been shown to induce disomic
and diploid spores in yeast cultures of Saccharomyces
cerevisiae.
Carcinogenicity

The US Department of Health and Human Services has not
classified gold as to its carcinogenicity. Isolated studies
demonstrated conflicting evidence that subcutaneous or injec-
ted gold in the form of fine powder or sodium aurothiomalate
may cause injection site sarcomas or carcinomas.
Clinical Management

If toxicity occurs, further exposure to gold or gold salts
should be prevented. Dimercaprol may be used as a chelating
agent. A physician should be consulted if gold is being used
as a therapeutic agent. Supportive treatment should be
provided.
Ecotoxicity

Gold is ubiquitous in its pure form in the environment, espe-
cially in water sources. There is no evidence that it presents an
ecotoxic risk.
Exposure Standards

Neither the American Conference of Governmental Industrial
Hygienists, nor the US Occupational Safety and Health Admin-
istration, has established exposure standards for elemental gold.
Miscellaneous

Much of the current research into gold is its use as a nano-
particle in medicine.

See also: Metals; Nanotoxicology; Metallothionein.

Further Reading
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Merchant, B., 1998. Gold, the noble metal and the paradoxes of its toxicology. Bio-
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Relevant Websites

www.epa.gov – Environmental Protection Agency Homepage, Search for ‘Gold’.
http://toxnet.nlm.nih.gov/ – Toxnet Homepage, Search for ‘Gold’.
www.usgs.gov – United States Geological Survey Homepage, Search for ‘Gold’.
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Background

The International Conference on Harmonisation of Technical
requirements for registration of pharmaceuticals for human
use (ICH) aims to unite the regulatory authorities and the
pharmaceutical industries in Japan, Europe, and the United
States. Various guidelines have been formulated by the ICH
including the one on Good Clinical Practice (GCP). Specifi-
cally, the goals of GCP are to eliminate duplication of trials,
limit animal testing and make the new drug application
process more efficient and effective. The principal theme
underlying ICH is promotion of the development of safe,
effective, and high quality medications.

Traditionally, GCP has been a term used by those in
government and industry to identify a collection of related
regulations and guidelines that, when taken together, define
the clinical study-related responsibilities of sponsors, clinical
investigators, monitors, and institutional review boards
(IRBs).

In keeping with the goals of ICH, the GCP guidelines were
developed in 1996. The following excerpt from the intro-
duction of the guideline provides insight into the purpose and
scope.
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Good Clinical Practice (GCP) is an international ethical and scien-
tific quality standard for designing, conducting, recording and
reporting trials that involve the participation of human subjects.
Compliance with this standard provides public assurance that the
rights, safety and well-being of trial subjects are protected, consistent
with the principles that have their origin in the Declaration of Hel-
sinki, and that the clinical trial data are credible.
The objective of this ICH GCP Guideline is to provide a unified
standard for the European Union (EU), Japan and the United States
to facilitate the mutual acceptance of clinical data by the regulatory
authorities in these jurisdictions.
Table 1 Themes of GCP principles

Adherence to regulations Trial de

ICH GCP

section

Brief

description

ICH GCP

section Brief description

2.1 Declaration of Helsinki 2.4 Supportive evidenc
2.6 IRB/IEC 2.5 Protocol
2.11 Privacy and confidentiality 2.8 Training of research
2.12 GMP 2.10 Handling of trial inf

2.13 Procedures

See the GCP guideline for the detailed principles. Available at http://www.ich.org/.
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The office of GCP within US Food and Drug Administration
(FDA) has various essential functions related to GCP and
Human Subject Protection issues arising in human research
trials regulated by FDA.

US FDA adopted these ICH guidelines on GCP and these
were published in the Federal Register on 9 May 1997, Vol. 62,
No. 90, pp. 25691–25709.

ICH holds the copyright for the GCP guidelines. This article
should be considered as a condensed version of the original
GCP guidelines published by ICH and US FDA. Since this is
a short summary of the comprehensive guidelines, it is not
endorsed by the ICH. Readers are encouraged to visit the links
provided at the end of this article for a complete and original
version of the GCP guidelines.
Principles of GCP

The 13 principles of the GCP guideline emphasize the impor-
tance of complying with regulations, designing quality trials,
and ensuring the safety of clinical trial subjects. In an effort to
summarize the principles, one can consider that the key point
of each principle may fall into one of the following three
themes: adherence to regulations; trial design; or management
of subjects (see Table 1).

Adherence to Regulations

Principles 2.1, 2.6, 2.11, and 2.12 address the necessity of
adhering to all applicable regulations when designing and
conducting a trial. Regulations that must be considered during
the design, execution, and reporting phases of clinical trials
include the Declaration of Helsinki, the appropriate IRBs/
independent ethics committee (IEC), good manufacturing
practices (GMP), general ethical principles and the GCP itself.
(IRB/IEC will be discussed in further detail later in this article.)
Subject information must be kept confidential and all privacy
rules must be obeyed.
sign Management of subjects

ICH GCP

section Brief description

e for investigational product 2.2 Risk–benefit
2.3 Subject protection

staff 2.7 Medical care for subjects
ormation 2.9 Informed consent

oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00318-3
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Trial Design

Principles 2.4, 2.5, 2.8, 2.10, and 2.13 address the essential
nature of effective trial design. The GCP stipulates that trials
must have a clear protocol with detailed procedures in place to
ensure quality in all trial aspects. Trial information must be
gathered, documented, and protected in such a way that valid
analysis is guaranteed. There should be enough existing
evidence to support the use of the investigational product in
the proposed trial. All individuals involved in conducting the
trial must have appropriate training, education, and experience
for their assigned roles.

Management of Subjects

Principles 2.2, 2.3, 2.7, and 2.9 address the crucial component
of protection of trial subject safety. Prior to trial design, the
risks and benefits for subjects and society must be assessed.
Trials should begin or continue only if the benefits outweigh
the risks. Subjects enrolling in a trial must agree to the study
parameters and give informed consent. During the trial, subject
safety and well being take precedence over scientific interests.
Institutional Review Boards/Independent Ethics
Committee

IRB/IEC is an independent body constituted of medical, scien-
tific, and nonscientific members. Although the details of IRB/IEC
may vary between countries, the ultimate purpose of IRB/IEC is
to ensure safety and protection of rights in human subjects
participating in scientific trials. Trial proposals must be approved
by IRB/IEC prior to initiation of trials involving human subjects.
ICH GCP establishes three primary components when consid-
ering the IRB/IEC process: responsibilities; composition, func-
tion, and operation; and procedures (see Table 2).

Responsibilities

Briefly, the members of the IRB/IEC are charged with evaluating
the protocol of the trial, confirming that investigators have
appropriate qualifications, ensuring the facilities, materials are
adequate for the trial, and assuring the trial is ethical and safe
for the subjects.
Table 2 Components of IRB/IEC

Responsibilities Composition, functio

ICH GCP

section Brief description

ICH GCP

section Brief desc

3.1.1 Subject protection 3.2.1 Member n
3.1.2 Document review 3.2.2 Establishe
3.1.3 Investigator qualification 3.2.3 Quorum c
3.1.4 Ongoing review 3.2.4 Member v
3.1.5 Additional documents 3.2.5 Investigat
3.1.6 & 3.1.7 Nontherapeutic trial considerations 3.2.6 Including
3.1.8 & 3.1.9 Compensation of subjects

See the GCP guideline for the detailed information regarding IRB/IEC. Available at http://
Evaluation of the protocol involves looking closely at the
trial methods, informed consent procedures, recruitment
processes, compensation, and all materials provided to the
subjects. IRB/IEC members also review curriculum vitae and
other documentation necessary to validate the qualifications
of the investigators. Upon review, the IRB/IEC will grant
approval, disapproval, or suggest modifications to the trial
proposal. Continuous review of a trial with human subjects is
required by IRB/IEC. If members determine that the trial is no
longer safe and/or ethical they may request termination of the
study.

Composition, Functions, and Operations

Recommendations regarding the composition of IRB/IEC
include having aminimum of five members. There should be at
least one member that does not have a science background and
at least one member that is not affiliated with the institutional
trial/site. Additional parties may be invited to participate if
their background will assist with review of the trial. However,
investigators may not vote or take part in the deliberations of
the committees. The committee must have standardized
procedures and a quorum must be defined by the operating
procedures.

Procedures

Systematic processes for IRB/IEC must be developed and
documented. IRB/IEC approval must be provided prior to
enrolling human subjects. Expectations should be created
regarding member qualifications, communication of meeting
dates and proceedings, and frequency of review for ongoing
trials. There should be an established method of communi-
cating outcomes of the trial review to investigators. IRB/IEC
should be designed to allow expedited review and evaluation
of minor alterations to trials. It is necessary to institute
a process for investigators to communicate changes in trial
design, unanticipated risks that are identified, all emerging
adverse effects and any new information that may affect the
safety or function of the trial. The IRB/IEC should retain all
the records for at least 3 years after trial completion and
make them available after if requested by regulatory
authorities.
ns, and operations Procedures

ription
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Investigator

A clinical investigator is the individual who conducts, or
who is the responsible leader of a team that conducts,
a clinical investigation. Federal regulations state that “an
investigator is responsible for ensuring that an investigation
is conducted according to the signed investigator statement,
the investigational plan, and applicable regulations; for
protecting the rights, safety, and welfare of subjects under
the investigator’s care; and for the control of drugs under
investigation”.

GCP provides extensive information about the responsi-
bilities and expectations of investigators. In an effort to
summarize the elements involved in ICH GCP regarding
investigators, one can consider that the key points may fall into
one of the following three themes: adherence to regulations;
trial design; or management of subjects (see Table 3).
Adherence to Regulations

Based on education, experience, and training the investigator
should be qualified to assume responsibility for proper trial
conduct and should meet the qualifications specified by
applicable regulatory requirements. All protocols and proce-
dures should be familiar to the investigator and must be fol-
lowed throughout the trial. The investigator should be well
versed in the proper use of the investigational product as
provided by the sponsor in the current investigator brochure
and/or other product information documents.

All documents, including the clinical protocol, informed
consent forms, recruitment procedures, and the investigator
brochure, must be approved prior to the trial and submitted to
IRB/IEC for review if there are any changes. Any modifications
to the informed consent must be communicated promptly to
the subjects.

The subject must sign the informed consent documents freely
prior to the start of the trial. These documents must comply with
all GCP and regulatory guidelines. The informed consent form
and associated written information should provide all relevant
information about the trial to the trial subject in nontechnical
simple language, which is understandable by the subject or
subject’s legally acceptable representative.

Summaries of the trial should be submitted annually to
IRB/IEC or more frequently as requested. If the IRB/IEC
suspends or terminates the trial, the investigator should inform
the institution and the sponsor. In the case of suspension or
Table 3 GCP information regarding investigators

Adherence to regulations

ICH GCP

section Brief description

ICH GCP

section Brief

4.1 Qualifications of investigator 4.2 Reso
4.4 Communication with IRB/IEC 4.5 Com
4.8 Informed consent 4.7 Rand
4.10 Progress reports 4.9 Reco
4.12 Premature termination or suspension of a trial 4.13 Final

See the GCP guideline for the detailed information regarding investigators. Available at h
termination by the investigator and/or sponsor, the IRB/IEC
and all other parties must be informed with a detailed written
explanation.
Trial Design

The investigator should have adequate facilities, the necessary
qualified staff, the potential to recruit the number of required
subjects and the time necessary to complete the trial as
described per the protocol. All staff must be sufficiently
informed on the clinical protocol and the investigational
product to ensure proper trial conduct.

Investigators should not deviate from the original protocol
(including randomization procedures) unless it is to prevent
immediate harm to subjects. Any changes to or deviations from
the protocol must be approved by IRB/IEC, the trial sponsor,
and the applicable regulatory authorities.

Submitting accurate, comprehensive, and prompt reports to
the sponsor is the responsibility of the investigator. As per the
GCP guidelines, the investigator must provide the sponsor
(and if required the IRB/IEC) the progress reports of the clinical
trial, the safety reports of all adverse events that may be
reasonably regarded as caused by or probably caused by the
investigational drug, and the final report after completion of
the trial.

A final report summarizing the trial outcome must be pre-
sented to the IRB/IEC, the sponsor and the applicable regula-
tory authorities. The essential documents for the conduct of
trial should be retained at least for 2 years after the last approval
of a marketing application or until there are no pending
applications in ICH region or at least from 2 years following
the discontinuation of clinical development of the investiga-
tional product.
Management of Subjects/Product

Subjects should receive medical care as necessary by an inves-
tigator or subinvestigator that is a qualified physician. The
investigator should communicate all serious adverse events
immediately to the sponsor and other regulatory authorities as
appropriate. The sponsor is also responsible for informing all
concerned investigators and regulatory agencies of findings that
may affect the safety of the subject and also impact the conduct
of trial or IRB/IEC approval. The sponsor should expedite the
adverse event reporting and notify regulatory agencies of any
reported adverse events.
Trial design Management of subjects/product
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Investigational product accountability at the trial site is the
responsibility of the investigator. The investigational drug can
only be administered by the investigator to subjects under his
or her personal supervision. The investigator should take
adequate precautions to prevent theft or diversion of the
product subjected to the Controlled Substances Act. The
investigator should ensure that subjects receive appropriate
education and that the investigational product is used only in
accordance with the approved clinical protocol.
Sponsor

Federal regulations define ‘sponsor’ as “a person who takes
responsibility for and initiates a clinical investigation. The
sponsor may be an individual or pharmaceutical company,
governmental agency, academic institution, private organiza-
tion, or other organization.”

In general, the term ‘sponsor’ refers to a commercial
manufacturer that has developed a product in which it holds
the principal financial interest. A sponsor may also be a physi-
cian, commonly called a ‘sponsor–investigator,’ which federal
regulations define as “an individual who both initiates and
conducts an investigation and under whose immediate direc-
tion the investigational drug is administered or dispensed” (see
Table 4).

The sponsor is responsible for implementing and main-
taining quality assurance and quality control systems with
written standard operating procedures to ensure that the trial is
conducted and the data are generated, documented, and re-
ported in compliance with the protocol, GCP and all applicable
regulatory requirements.

The sponsor should select appropriately qualified individ-
uals/physicians as investigators for the conduct of the clinical
trial. IRB/IEC written approval should be obtained by the
sponsor prior to trial initiation. The sponsor is responsible for
providing the investigator the clinical protocol, investigator
brochure, and all information related to the investigational
product for review. If the sponsor transfers all trial related
responsibilities to a Contract Research Organization, it should
be documented appropriately in writing. However, ultimate
responsibility for quality of the trial is always with the sponsor.
Table 4 GCP information regarding sponsor responsibilities

Sponsor respo

ICH GCP section Brief description ICH GCP section Brief descr

5.1 Quality 5.9 Financing
5.2 Contract research organization 5.10 Regulatory
5.3 Medical expertise 5.11 IRB/IEC co
5.4 Trial design 5.12 Investigati

informa
5.5 Trial conduct and data

management
5.13 Handling i

5.6 Investigator selection 5.14 Supplying
5.7 Allocation of responsibilities 5.15 Record ac
5.8 Compensation 5.16 Safety info

See the GCP guideline for the detailed information regarding sponsors. Available at http
Qualified medical personnel should be appointed by the
sponsor to address medical issues during the trial. Any adverse
reactions must be reported by the sponsor to all applicable
parties including investigators, institutions, IRB/IEC, and
regulatory authorities. The sponsor should designate qualified
individuals as appropriate throughout the trial to work on
creating the protocol, designing the complaint review forms,
planning and analyzing the data, and preparing appropriate
reports. The sponsor can appoint qualified individuals to
monitor the progress of the clinical trial. The key responsibility
of the monitor is to ensure that the trial is conducted and
documented as per the approved clinical protocol, the GCP
guidelines, and applicable regulatory requirements. The
monitor is the main line of communication between the
sponsor and investigator and should provide a detailed
monitor report to the sponsor based on his findings, deviations
or deficiencies, actions taken or recommended to ensure
compliance with the approved clinical protocol.

The sponsor-specific essential documents for the conduct of
trial should be retained at least for 2 years after the last approval
of a marketing application or until there are no pending
applications in ICH region or at least from 2 years following the
discontinuation of clinical development of the investigational
product.

To ensure the safety of the investigational product, the
sponsor should give all available information (nonclinical
and/or clinical data) to the investigator and monitor. The
sponsor is also responsible to ensure the investigational
product is manufactured as per the applicable GMPs, is coded
and labeled according to the requirements of the clinical trial
and applicable regulatory requirements. The investigational
product should be packaged to ensure the stability of the
product throughout the clinical trial. The sponsor is also
responsible for supplying the investigational product and
providing all the appropriate information to the investigator
related to storage and handling, disposition of unused product,
or return of the investigational product.

It is the responsibility of the sponsor to inform and get
appropriate approvals from regulatory agencies before the
conduct of the clinical trial. Appropriate adverse events and the
safety report should also be forwarded to regulatory agencies as
per protocol and regulatory requirements. The sponsor or
nsibilities

iption ICH GCP section Brief description
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onal product
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appropriately qualified individuals appointed by the sponsor
can perform audits of the trial sites to ensure quality assurance
and to evaluate trial conduct, compliance with the approved
clinical protocol, GCP, and applicable regulatory requirements.

Any noncompliance by the investigator or institution
should be examined promptly by the sponsor to secure
compliance. If a trial is terminated due to noncompliance
issues with the investigator or institution, the regulatory
agencies should be notified. Once the trial is completed or
terminated prematurely, the sponsor should ensure that
the study report is completed, documented, and provided to
the regulatory agencies as required by applicable regulatory
requirements.
Clinical Trial Protocol

Certain components are recommended by GCP to be included
in the trial protocol. However, this information may be
included in separate documents or in the investigator brochure
(see Table 5).
Trial Details

The protocol should include a thorough description of the
objectives of the trial, the purpose of the study, and the primary
and secondary outcomes. Trial type/design and methods of
avoiding bias must be documented. There should be a detailed
explanation of how safety and efficacy will be assessed.
General Items/Subject Management

Name, title, and contact information of the investigator, the
sponsor, the physician, and the trial site must be included in
the protocol. Information about the investigational product,
such as name, risks, and benefits should also be documented.
The processes for selecting/withdrawing subjects and specifics
regarding administration of the investigational product must
be contained within the protocol.
Data/Publication

All statistical methods must be incorporated in the protocol;
this includes level of significance, accounting for missing data
Table 5 GCP information regarding clinical trial protocol

Trial details General items/subject m

ICH GCP

section Brief description

ICH GCP

section Brief descriptio

6.3 Trial objectives and purpose 6.1 General inform
6.4 Trial design 6.2 Background in
6.7 Assessment of efficacy 6.5 Subject selecti
6.8 Assessment of safety 6.6 Treatment of s
6.14 Financing and insurance 6.11 Quality contro
6.16 Supplements 6.12 Ethics

See the GCP guideline for the detailed information regarding clinical protocol. Available
and criteria for terminating the trial. Documentation regarding
auditing and data access for IRB/IEC and regulatory authorities
must be included in the protocol.
Investigator Brochure

The investigational brochure is a compilation of the relevant
clinical and nonclinical data on the investigational product to
be used in human subjects. The purpose is to provide the
investigator with detailed information about the risks,
precautions, and adverse reactions associated with the investi-
gational product so the investigator can anticipate, and
possibly prevent, the negative consequences of using the
product in the trial (see Table 6).
Summary

A brief summary highlighting the significant physical, chem-
ical, pharmaceutical, pharmacological, toxicological, pharma-
cokinetics, metabolic, and clinical information available that is
relevant to the stages of clinical development of the investiga-
tional product.
Introduction

Introductory statement about the investigational product and
general approach followed for evaluating the product.
Physical, Chemical, and Pharmaceutical Properties
and Formulation

A description about the investigational product that includes
chemical structure, excipients, and storage recommendations.
Nonclinical Studies

The data and results of all relevant nonclinical pharmacology,
toxicology, pharmacokinetics, and investigational product
metabolism studies should be provided in summary form. The
summary should address the methodology, results, and the
discussion on relevance of the findings to the investigational
therapeutics as well as the unfavorable or unintended effects in
human.
anagement Data/publication

n
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Table 6 GCP recommended sections in the investigator brochure

Contents of Investigator’s brochure

ICH GCP section Brief description

7.3.1 Table of contents
7.3.2 Summary
7.3.3 Introduction
7.3.4 Physical, chemical, and pharmaceutical properties and formulation
7.3.5 Nonclinical studies
7.3.6 Effects in humans
7.3.7 Summary of data and guidance for the investigator

See the GCP guideline for the detailed information regarding the investigator brochure. Available at http://www.
ich.org/.
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Effects in Humans

Documented information about the effects of the investiga-
tional product on humans should be presented. Specifically,
this section should include information on pharmacokinetics,
metabolism, pharmacodynamics, dose response, safety, effi-
cacy, and any other pharmacological activities.
Summary of Data and Guidance for the Investigator

This section summarizes the available data, both clinical and
nonclinical, about the investigational product. Publications
about the investigational product should be included to
prepare investigators for anticipated adverse effects/problems,
which may be encountered.
Summary

The ICH GCP guidelines are designed to accomplish two
primary goals:

1. To ensure the quality and integrity of the data obtained
from clinical studies so that clinical decisions based on
these data are informed and responsible.

2. To protect the rights and, to the degree possible, the welfare
of clinical subjects.

The ICH GCP guidelines define the responsibilities of
sponsors, investigators, monitors, and the IRB/IEC for the
conduct of clinical trials. Since the ICH GCP takes into account
GCP from the European Union, Japan, the United States,
Australia, Canada, the Nordic countries, and the World Health
Organization, this facilitates unified standards for planning,
executing, and analyzing results from a clinical trial.
See also: Food and Drug Administration, US; Good Laboratory
Practices; Investigative New Drug Application; Safety Testing,
Clinical Studies.

Further Reading

Hulley, S.B., Cummings, S.R., Brownner, W.S., et al., 2013. Designing Clinical Research.
Lippincot Williams & Wilkins, Philadelphia, PA, ISBN 978-1-4698-4054-3.

Mathieu, M., 1997. Good clinical practices (GCP). In: Mathieu, M. (Ed.), New Drug
Development: a Regulatory Overview, fifth ed. Parexel International Corporation,
Waltham, MA, pp. 163–184.

Rosenfeld, R.M., Shiffman, R.N., Robertson, P., et al., 2013. Clinical Practice Guideline
Development Manual: a quality driven approach for translating evidence into action.
third ed. Otolaryngol. Head Neck Surg. 148 (Suppl. 1), S1–S55.
Relevant Websites

http://www.fda.gov/AboutFDA/CentersOffices/OfficeofMedicalProductsandTobacco/
OfficeofScienceandHealthCoordination/ucm2018191.htm – Food and Drug
Administration (FDA).

http://www.fda.gov/downloads/Drugs/Guidances/ucm073122.pdf – Food and Drug
Administration (FDA).

http://www.ich.org/products/guidelines/efficacy/article/efficacy-guidelines.html –

International Conference on Harmonisation of Technical requirements for Regis-
tration of Pharmaceuticals for Human Use (ICH).

http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Efficacy/E6_
R1/Step4/E6_R1__Guideline.pdf – International Conference on Harmonisation of
Technical requirements for Registration of Pharmaceuticals for Human Use (ICH).

http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00318-3/ref0020
http://www.fda.gov/AboutFDA/CentersOffices/OfficeofMedicalProductsandTobacco/OfficeofScienceandHealthCoordinat%20
http://www.fda.gov/AboutFDA/CentersOffices/OfficeofMedicalProductsandTobacco/OfficeofScienceandHealthCoordinat%20
http://www.fda.gov/downloads/Drugs/Guidances/ucm073122.pdf
http://www.ich.org/products/guidelines/efficacy/article/efficacy-guidelines.html
http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Efficacy/E6_R1/Step4/E6_R1__Guideline.pdf
http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Efficacy/E6_R1/Step4/E6_R1__Guideline.pdf
http://www.ich.org/
http://www.ich.org/


Good Laboratory Practices
RC Guy, Robin Guy Consulting, LLC, Lake Forest, IL, USA

� 2014 Elsevier Inc. All rights reserved.
Background Information

Good Laboratory Practices (GLPs) are standard regulatory
programs that assure the quality and integrity of nonclinical
test data submitted to regulatory agencies worldwide, including
the US Food and Drug Administration (FDA) and the US
Environmental Protection Agency (EPA). These were originally
developed by the FDA to develop minimum research standards
for laboratories to protect the quality and integrity of studies as
a result of procedures conducted in some studies that were not
conducted according to conventional laboratory procedures. As
a result, the FDA promulgated the Good Laboratory Practice
(GLP) Regulations, 21 CFR Part 58, on 22 December 1978 (43
FR 59986). The regulations became effective in June 1979;
sections have since been amended. The EPA adopted GLPs in
August, 1989. Other countries and organizations have also
adopted GLPs, including the Organisation for Economic
Cooperation and Development (OECD). Although there may
be some slight variations, they all have the same central focus.
Most countries have regular inspections and data audits to
monitor laboratory compliance with the GLP requirements.

Sponsors of FDA-regulated products are required by the
Federal Food Drug and Cosmetic Act (FFDCA) and Public
Health Service Act to submit evidence of their product’s safety
in research and/or marketing applications (FDA). These prod-
ucts include food and color additives, animal drugs, human
drugs and biological products, human medical devices, diag-
nostic products, and electronic products. These data are then
used to answer questions regarding the toxicity profile of the
article, the observed no adverse effect dose level in the test
system, the risks associated with clinical studies involving
humans or animals, the potential teratogenic, carcinogenic, or
other adverse effects of the article, and the level of use that can
be approved.

Sponsors of EPA-regulated products are required by the
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and
the Toxic Substances Control Act (TSCA) to submit evidence
that assures the quality and integrity of test data submitted to
the EPA. These data are used by the EPA to regulate pesticides
and industrial chemicals.

The importance of nonclinical laboratory studies demands
that they be conducted according to scientifically sound
protocols and with meticulous attention to quality. GLPs
provide that guidance. GLP regulations cover many aspects of
nonclinical research. The FDA GLPs include:

l Inspection of a testing facility
l Personnel
l Testing facility management
l Study director
l QA unit
l Animal care facilities
l Facilities for handling test and control articles (the EPA also

has reference substances)
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l Laboratory operation areas
l Specimen and data storage
l Equipment design, maintenance, and calibration
l Standard operating procedures
l Animal care
l Characterization and handling of articles (the EPA also

includes this for reference substances)
l Protocol
l Reporting results
l Record retention
l Disqualification of testing facilities

Details of the GLPs and GLP inspections may be found on
government-specific websites. Briefly, the US FDA GLPs
define the scope of the regulation and have a detailed listing
of definitions. If the FDA is to consider a nonclinical labo-
ratory study in support of an application for a research or
marketing permit, the testing facility, records, and specimens
must be available for inspection by an authorized employee
of the FDA.

Every person who is responsible for any part of any GLP
study must have the appropriate education, training, and
experience, or combination thereof, to enable that person to
perform the assigned functions. Each testing facility must
maintain up to date records of training, experience, and job
description for everyone involved in the conduct of a nonclin-
ical laboratory study. There must be adequate personnel to
conduct the study according to the protocol and appropriate
precautions must be taken to avoid contamination of the test
and control articles and the test systems.

The study director is responsible for the aspects of the study,
but management also has responsibilities. For every nonclin-
ical laboratory study, the management needs to assign a study
director and assure that there is a quality assurance unit.
Management must also assure that test and control articles or
mixtures have been appropriately tested for identity, strength,
purity, stability, and uniformity, as applicable. They need to
assure that personnel understand the procedures they are to
perform and that resources, facilities, equipment, materials,
and methodologies are available. The study director has overall
responsibility for the technical conduct of the study, as well as
for the interpretation, analysis, documentation, and reporting
of results, and represents the single point of study control. The
intent of this is that the study director is responsible for all
aspects of the study, including procedures that may take place
at another facility. Examples may include analysis of analytical
samples for confirmation of concentration or homogeneity of
a test article mixture, or for analysis of biological samples (e.g.,
pharmacokinetics or histology).

The quality assurance unit is responsible for monitoring
each study to assure management that the facilities, equipment,
personnel, methods, practices, records, and controls are in
conformance with the regulations. To avoid conflict of interest,
the quality assurance unit must be entirely separate from and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00852-6
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independent of the personnel engaged in the direction and
conduct of the study.

The GLPs specify certain requirements for the facilities. In
particular, there needs to be dedicated areas for separation of
species or test systems, isolation of individual projects, quar-
antine of animals, routine or specialized housing of animals,
safe sanitary storage of waste before removal from the testing
facility, feed, bedding, supplies, and equipment. Storage areas
for feed and bedding must be separated from areas housing the
test systems and should be protected against infestation or
contamination. There also needs to be separate areas for receipt
and storage of the test and control articles, mixing of the test
and control articles with a carrier, and storage of the test and
control article mixtures. In addition, space needs to be
provided for limited-access archives.

Requirements for equipment also exist. The equipment
must be tested, inspected, maintained, and calibrated on
a regular basis, according to written standard operating proce-
dures. These procedures need to be documented. Written
records also need to be maintained for nonroutine repairs
performed on equipment as a result of failure andmalfunction.

The testing facility must have standard operating procedures
(SOPs) in writing setting forth nonclinical laboratory study
methods that management is satisfied are adequate to ensure
the quality and integrity of the data generated in the course of
a study. All deviations in a study from SOPsmust be authorized
by the study director and documented in the raw data. Signif-
icant changes in established SOPs must be properly authorized
in writing by management. The facility needs to maintain
a historical file of SOPs, and all revisions. These SOPs and any
appropriate laboratory manuals must be immediately available
for the laboratory procedures being performed.

There are many requirements for animal care. Details can be
found in the GLPs and in the US Department of Agriculture’s
Guide for the Care and Use of Laboratory Animals. Besides proper
husbandry practices, animals need to be identified in certain
circumstances.

All the reagents and solutions used in the laboratory areas
need to be labeled to indicate identity, titer or concentration,
storage requirements, and expiration date. These must be dis-
carded if the reagents or solutions have deteriorated or are
outdated. The GLPs have strict guidelines for test and control
articles (the EPA discusses test substances, control substances,
and reference substances).

According to the FDA GLPs, a test article is ‘any food
additive, color additive, drug, biological product, electronic
product, medical device for human use, or any other article
subject to regulation under the act or under sections 351 and
354–360F of the Public Health Service Act.’ A control article
means ‘any food additive, color additive, drug, biological
product, electronic product, medical device for human use, or
any article other than a test article, feed, or water that is
administered to the test system in the course of a nonclinical
laboratory study for the purpose of establishing a basis for
comparison with the test article.’

TheEPAGLPs for both the TSCAand the FIFRAhavebasically
the same definitions for control substances and reference
substances. A control substance means ‘any chemical substance
or mixture, or any other material other than a test substance,
feed, orwater that is administered to the test system in the course
of a study for the purpose of establishing a basis for comparison
with the test substance for chemical or biological measure-
ments.’ A reference substance means ‘any chemical substance or
mixture, or analytical standard, or material other than a test
substance, feed, or water that is administered to or used in
analyzing the test system in the course of a study for the purposes
of establishing a basis for comparisonwith the test substance for
known chemical or biological measurements.’ Test substances
are defined differently. The TSCAGLPs state that a test substance
means ‘a substance or mixture administered or added to a test
system in a study, which substance ormixture is used to develop
data to meet the requirements of a TSCA section 4(a) test rule
and/or is developed under a TSCA section 4 testing consent
agreement or section 5 rule or order to the extent the agreement,
rule or order references this part.’ The GLPs for FIFRA state that
a test substance means ‘a substance or mixture administered or
added to a test system in a study,which substance ormixture: (1)
Is the subject of an application for a research or marketing
permit supported by the study, or is the contemplated subject of
such an application; or (2) Is an ingredient, impurity, degrada-
tion product, metabolite, or radioactive isotope of a substance
described by paragraph (1) of this definition, or some other
substance related to a substance described by that paragraph,
which is used in the study to assist in characterizing the toxicity,
metabolism, or other characteristics of a substance described by
that paragraph.’

The FDA GLPs state that the identity, strength, purity, and
composition or any other characteristics that appropriately
define the test or control article must be determined for each
batch and documented. In addition, the methods of synthesis
of the test and control articles need to be documented. The
stability of each test or control article needs to be determined
by the testing facility or by the sponsor either before study
initiation or concomitantly. Specific requirements for each
storage container for a test or control article must be labeled by
name, Chemical Abstracts Service Registry Number or code
number, batch number, expiration date, if any, and, where
appropriate, storage conditions. Retention samples are needed
for any study longer than 4 weeks in duration.

Test and control article handling procedures are addressed.
Procedures need to be established for handling the test and
control articles to ensure that proper handling and storage are
utilized, and the materials are allocated so that there is no
possibility of contamination, deterioration, or damage. Iden-
tification of the contents must be maintained throughout the
distribution process and all actions must be documented.
Identification of the contents of a container helps to ensure that
the material is used properly. It is also prudent to label
temporary or transport containers to avoid mix ups.

Documentation and the same type of procedures are
important for mixtures of articles with carriers. In addition,
procedures for each test or control article that is mixed with
a carrier must be conducted using appropriate analytical
methods to determine the uniformity and stability of the
mixture, and the concentration of the test or control article in
the mixture. In GLP studies, these assays should incorporate
validated methods. SOPs need to define general ranges for
standard parameters used for analytical acceptability.

The protocol for nonclinical studies must address specific
concerns. In addition, it must be approved and written so that
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it clearly indicates the objectives and all methods for the
conduct of the study. Nonclinical GLP studies have to be
conducted in accordance with the protocol. This includes
documentation of all aspects of the study. Over time, personnel
leave laboratories; therefore, the only way to reproduce a study
is to have original documentation that is adequate and legible.
Data need to be signed and dated by the person making the
observations. Any change in entries must be made so as not to
obscure the original entry, must indicate the reason for such
change, and must be dated and signed or identified at the time
of the change. With computerized systems that incorporate
automated data collection, the individual responsible for direct
data input must be identified at the time of data input. Any
change in automated data entries should be dated and made so
as not to obscure the original entry, the reason for the change
needs to be indicated, and the responsible individual needs to
be identified.

A final report for each nonclinical laboratory study must be
prepared. Details are provided in the GLPs. The final report
summarizes most of the experimental details of the study. The
final report needs to include the name and address of the
facility(ies), objectives and procedures as stated in the
approved protocol, including any changes in the original
protocol, test and control article information, information on
the preparations used to administer the material, including
dosage, dosage regimen, and route of administration. Also
needed are the duration of the study and a description of the
methods and test system used. Any circumstances that may
have affected the quality or integrity of the data must be
addressed. In addition, the locations where all specimens, raw
data, and the final report are to be stored are needed. The
quality assurance unit prepares and signs a statement of GLP
compliance, and the final report is signed and dated by the
study director. If there is any question regarding GLP compli-
ance for a study, the person(s) responsible should declare this
information in the report, as ignoring any issues may lead to
legal concerns. The study director addresses any corrections, as
in the case of changes to protocols, as an amendment.

The final report and any amendments, all raw data, docu-
mentation, protocols and any amendments, and specimens
(with the exception of specimens subject to degradation)
generated as a result of a nonclinical laboratory study must be
retained in an archive. The archive facility needs to be set up for
orderly storage and expedient retrieval. Conditions of storage
should minimize deterioration of the documents or specimens.
The archives do not necessarily have to be an in-house facility;
the laboratory may contract with commercial archives to store
materials in a GLP fashion. Any off-site data storage locations
need to be indexed and documented so that this information is
easily obtainable. In either case, the FDA requires that docu-
mentation records, raw data, and specimens pertaining to
a nonclinical laboratory study are retained in the archive(s) for
a period of at least 5 years following the date on which the
results of the nonclinical laboratory study are submitted in
support of an application for a research or marketing permit.
With the exception of investigational new drug (IND) appli-
cations or applications for investigational device exemptions
(IDE), if an application is approved for a research or marketing
permit, for which the results of the nonclinical laboratory study
were submitted, data need to be held for a period of at least
2 years following the date of approval. In other situations (e.g.,
where the nonclinical laboratory study does not result in the
submission of the study in support of an application for
a research or marketing permit), data should be held for
a period of at least 2 years following the date on which the
study ends. Appropriate wet specimens, samples of test or
control articles, and materials that may be subjected to degra-
dation even under proper storage conditions, should be
retained only as long as the quality of the preparation affords
evaluation.

Other documentation targeted for storage in archives
include the master schedule sheet, copies of protocols, and
records of quality assurance inspections, summaries of training
and experience, job descriptions, records and reports of the
maintenance, and calibration and inspection of equipment. In
any case, the protocol or SOPs must address the proper
archiving of appropriate materials.

The FDAmay find that it needs to disqualify testing facilities
if the facility has not complied with the requirements of the
GLP regulations. All studies completed after the date of
disqualification can be excluded from consideration. It is
prudent to ensure that all laboratories used are GLP compliant,
or studies and entire projects may be compromised.

In November 2010, the FDA published a series of nine
questions to solicit public comments about whether to modify
the existing regulations governing GLPs. These nine questions
concerned the following areas:

1. GLP quality system
2. Multisite studies
3. Electronic/computerized systems
4. Sponsor responsibilities
5. Animal welfare
6. Information on quality assurance inspectional findings
7. Process-based systems inspections
8. Test and control article information
9. Sample storage container retention

As of July 2012, there has been no further information
published in the Federal Register regarding these topics.

See also: Environmental Protection Agency, US; Food and Drug
Administration, US; The International Conference on
Harmonisation.

Further Reading

EPAUS Environmental Protection Agency. 40 CFR.
Food and Drug Administration (FDA), 2011. Advance Notice of Proposed Rulemaking;

Good Laboratory Practice for Nonclinical Laboratory Studies (21 CFR Part 58).
Federal Register: December 21, 2010 (vol. 75, Number 244). [Docket No. FDA-
2010-N-0548].

Gad, S.C. (Ed.), 2001. Regulatory Toxicology. Taylor & Francis, New York.
21CFR: US Food and Drug Administration.
40 CFR: US Environmental Protection Agency.
Relevant Websites

www.nata.asn.au – Australia Monitoring Authority
http://www.scc.ca – Canada (Pesticides) Standards Council of Canada

http://www.nata.asn.au
http://www.scc.ca
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www.sttv/fi/kemo/english/chemicals_frameset.htm – Finland National Product Control
Agency for Welfare and Health

http://www.bfr.bund.de/cms/detail.php?id¼1488 – Germany German Federal GLP
Bureau

www.ogyi.hu – Hungary National Institute of Pharmacy
www.nab.ie – Ireland Irish National Accreditation Board
http://www.sanita.it/bpl – Italy Ministry of Health
http://www.keuringsdienstvanwaren.nl/return_engels.htm – Netherlands Dutch

Inspectorate for Health Protection
www.ianz.govt.nz/ianz/directory/index.htm – New Zealand International Accreditation

New Zealand
http://www.justervesenet.no/na/default.htm – Norway Norwegian Metrology and
Accreditation Service

www.sanas.co.za – South Africa South African National Accreditation System
www.glp.admin.ch – Switzerland Swiss Agency for the Environment, Forests and

Landscape (BUWAL)
www.mca.gov.uk – United Kingdom Medicines Control Agency
www.fda.gov/ – US Food and Drug Administration
www.epa.gov/ – US Environmental Protection Agency

http://www.sttv/fi/kemo/english/chemicals_frameset.htm
http://www.bfr.bund.de/cms/detail.php%3Fid%3D1488
http://www.bfr.bund.de/cms/detail.php%3Fid%3D1488
http://www.ogyi.hu
http://www.nab.ie
http://www.sanita.it/bpl
http://www.keuringsdienstvanwaren.nl/return_engels.htm
http://www.ianz.govt.nz/ianz/directory/index.htm
http://www.justervesenet.no/na/default.htm
http://www.sanas.co.za
http://www.glp.admin.ch
http://www.mca.gov.uk
http://www.fda.gov/
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l Chemical Abstracts Service Registry Number*: 303-45-7
l Synonym*: 2,20-bis(1,6,7-trihydroxy-3-methyl-5-isopropyl-

8-aldehydonaphthalene)
l Molecular Formula*: C30H30O8

l Chemical Structure*:
Background

Gossypol is a non-volatile yellow pigment first isolated in 1889
from the seeds, roots, and stems of cotton plants of the genus
Gossypium (fam. Malvaceae). Awareness of its biological activity
increased in the early twentieth century after it was identified as
a contaminant in cottonseed-based supplements for livestock
to increase protein in the diet. Gossypol has since been called
one of the ‘antinutritional’ agents in plant-derived foods.
Attempts to produce glandless cottonseeds or genetically
engineer gossypol out of those plants have not yet been entirely
successful. Removing gossypol from the growing plant
increases vulnerability to insects and other diseases; thus,
gossypol is also referred to as a naturally occurring insecticide.

By 1958 a synthesis method had been developed to facili-
tate production of both large quantities of gossypol and
structurally related derivatives. Attention then shifted to bene-
ficial uses of gossypol. During the late 1970s, Chinese
researchers reported on clinical trials of gossypol as a male
contraceptive that were undertaken after observing that
consumption of large quantities of crude cottonseed oil causes
reduced fertility. Those first clinical trials of gossypol as an oral
contraceptive for men reported high efficacy, reversibility, and
few side effects. Although it held great promise as a reversible
male antifertility agent through the 1980s, enthusiasm has
been tempered for use as a contraceptive because of concern for
low potassium levels and other side effects that emerged as
increasing numbers of men used gossypol.
* All from ChemIDplus
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Women also consuming excessive amounts of gossypol in
China in the 1950s had experienced reduced menstruation,
which was usually reversible after exposure to gossypol ceased.
From 1979 through the 1980s several hundred patients were
treated with gossypol to reduce post-menopausal bleeding
and to treat endometriosis and uterine myoma. Follow-up
studies 1–3 years after treatment ceased showed that slightly
more than half the women taking gossypol for menstrual
disorders did not experience a recurrence, and over 60%
maintained a reduction of myoma size and endometriotic
nodules. In later studies, low potassium levels of concern
following gossypol use were corrected by potassium supple-
ments, and gossypol was proclaimed to be as effective as
danazol in the control of endometriosis and uterine myoma,
yet safer and less expensive.

Worldwide interest in finding other uses for gossypol and
structurally related compounds escalated quickly during the
decades following the announcement of its application as
a male contraceptive. Early accounts discussing possible use of
gossypol to treat cancer actually date back at least to the 1960s,
and several relatively small scale clinical trials have been con-
ducted since then to investigate applications of gossypol and
derivatives of gossypol in cancer chemotherapy. Some of the
many other proposed uses for gossypol over the years, not all of
which have reached the stage of clinical trials, are also
mentioned in the Uses section. At the same time some concern
remains about excessive inadvertent exposure to gossypol
when crude cottonseed meal is relied upon heavily as a nutri-
tional supplement for livestock and in aquaculture.
Uses

The first intentional use of gossypol appears to be industrial,
specifically as an antioxidant to retard polymerization of
rubber and rancidification of oils. As the brief history above
and mechanisms of action discussed later both illustrate,
increasing recognition of gossypol’s wide range of biological
activities has prompted numerous investigations focusing on
possible pharmaceutical applications. In addition to use as an
oral contraceptive for men, application as a topical vaginal
spermicide, potential for use as an antiviral agent against
herpes and HIV, a treatment for parasitic and amoebic disor-
ders and also for colitis and other diseases associated with
chronic inflammation have all been explored. Recognition of
potential side effects of consuming gossypol regularly at
pharmaceutically relevant doses has gradually shifted the focus
of much of the current interest to applications in some of the
more life-threatening diseases like cancer.

Relatively small-scale early clinical trials have been
conducted involving several dozens of patients with cancers
of adrenal glands, brain gliomas, and other cancers at various
stages. Some patients have responded surprisingly well,
including some who had not responded to other
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00089-0
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chemotherapeutic regimens, while others have experienced
little or no improvement, especially those with cancers in
advanced stages. Relative lack of concurrent toxicity to
healthy hematopoietic cells so common with conventional
cancer treatments has been cited as a positive feature of
gossypol.

Numerous non-clinical experimental studies describe how
certain cell types may be more sensitive to gossypol’s effects
than others, and how that knowledge might be applied to more
selective cancer treatments. A newer exciting area of investiga-
tion into therapeutic applications involves use of apogossypol
and other gossypol derivatives in combination with traditional
chemotherapy and radiation to sensitize tumor cells selectively
to be more vulnerable to cell death than normal healthy cells.
This could potentially reduce the chemotherapy drug and
radiation doses needed for successful treatment, and increase
successful outcomes in cancer patients whose tumor cells have
become resistant to conventional treatment.
Environmental Behavior, Fate, Routes, and Pathways

Gossypol is not volatile and is insoluble in water, being
much more soluble in fat and other lipids. Free gossypol is
unstable; therefore, it would not persist in the environment
if inadvertently released from processed cottonseed products
or directly from cotton roots, stems, and seeds during
harvesting.

Considering unintentional exposure potential, naturally
occurring gossypol is bound up in the plant pigment glands, so
it is not normally considered to be easily accessible by any
route through inadvertent release and distribution throughout
the environment. Animal diets could contain gossypol if crude
cottonseed meal was added as a source of protein. In these
situations, releases to the environment are not entirely
impossible but can be controlled and therefore are not of great
concern. Only trace amounts of gossypol would ever be
dispersed in uneaten animal food in any case if allowable
gossypol residue standards were being met. Animals in the wild
would not likely get significant enough levels of exposure to the
parts of the cotton plant that contain gossypol to cause toxicity.
There is no evidence at this point that bioaccumulation or
biomagnification within a food chain is a significant issue for
humans or any other species.

Use of pure gossypol by humans in a pharmaceutical
context typically involves oral ingestion. This use is still
currently largely experimental, not widespread, and otherwise
of very little significance from the standpoint of potential for
unintentional environmental exposures.
Exposure and Exposure Monitoring

As mentioned above in Routes and Pathways, other than
intentional ingestion of gossypol as a therapeutic drug, the only
appreciable exposures could be by regular consumption of
crude cottonseed meal or oil. Regulatory agencies have estab-
lished allowable levels in edible foods (see the following
sections).
Toxicokinetics

Gossypol distributes to most major organs of the body when
administered to rats, including liver, kidney, spleen, testis, and
to a lesser extent brain. The half-life of a single oral dose of
a racemic mixture in man is 10–11 days, with (þ) gossypol
retained 29 times longer than (�) gossypol. In patients
consuming a single 20 mg dose of racemic (þ/�) gossypol the
plasma half-life of the (�) enantiomer is 4.55 h whereas the
half-life of the (þ) enantiomer is 133 h. Excretion occursmainly
in bile. Gossypol is metabolized by microsomal enzymes, and
several metabolites, including a quinone (gossypolone), have
been identified in laboratory animal studies. Differences in
metabolismmay explain why man and other primates are more
sensitive than rodents to its antifertility effects.
Mechanisms of Action

Gossypol exists normally as a racemic mixture. The (þ) and (�)
forms of gossypol manifest slightly different properties.
Numerous studies of these two enantiomers alone and in
combination have been conducted to understand how gossypol
causes themyriad effects that it does. The presence of six phenolic
hydroxyl groups and two aldehyde groups allows gossypol to
react with many cell macromolecules, binding covalently to
epsilon-amino acids through Schiff’s base condensation reac-
tions. Many of the disruptive effects seen on enzymes and other
proteins could be explained by this general mechanism.

Gossypol also uncouples mitochondrial oxidative phos-
phorylation; chelates iron, copper, aluminum, and zinc;
manifests both pro-oxidant and antioxidant characteristics;
alters membrane potential, fluidity, and permeability; binds to
tubulin and inhibits microtubule assembly; and disrupts gap
junctions and cell–cell communication before causing appre-
ciable cytotoxicity. With the potential for affecting cells in so
many different ways through different primary targets, gossypol
can be expected to have differential effects on different cell and
tissue types depending on exposure levels and the cells’
requirements for survival and replication.

Understanding how gossypol alters DNA synthesis and cell
cycle progression has received a lot of attention. An increasing
number of studies suggest that gossypol has potential for use in
cancer therapy, especially when used in combination with other
traditional chemotherapeutic drugs and radiation. Some exper-
imental lab studies have shown that apogossypol and other
derivatives have superior efficacy with less toxicity compared
with gossypol. Gossypol reduces mitotic index and decreases the
rate of DNA synthesis to some extent in all types of cell tested,
including tumor cells. Some studies report that protein synthesis
can also be reduced in various cell lines, while others have
identified various ways in which gossypol can arrest cell growth
by inhibiting enzymes involved in DNA replication. Several
studies show that gossypol promotes apoptosis in tumor cells.
Acute and Short-Term Toxicity

The oral lethal dose 50 percent (LD50) values of gossypol deter-
mined in male rats range from approximately 1000 to over
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2300 mg kg�1, indicating that acute toxicity experienced would
be considered low following just a single high dose. Gossypol
Material SafetyData Sheetswarn that itmay cause irritationof the
skin, eyes, and respiratory tract upon direct contact.

Several comprehensive reviews listed in Further Reading
detail many studies of potential systemic acute toxic effects
seen in livestock and laboratory animals. Generally speaking,
acute exposures to sufficiently high doses can cause cardiac
irregularities and circulatory failure, and subchronic expo-
sures can cause pulmonary edema. Anemia, lethargy, and
labored respiration are common signs and symptoms
observed. Non-ruminant animals and young ruminants are
more sensitive to toxic effects of gossypol than adult ruminant
animals.
Chronic Toxicity

Relatively high doses employed in early chronic animal studies
produce symptoms of wasting and malnutrition. Livestock
consuming cottonseed protein in feed have developed liver
toxicity. Aquacultured fish fed unpurified cottonseed protein
meal have manifested growth suppression. Normal processing
to purify cottonseed oil fit for human consumption removes
naturally occurring gossypol to very low or nondetectable
levels. Therefore, humans consuming food cooked in or con-
taining cottonseed oil even on a regular basis are unlikely to
experience any of these effects unless crude cottonseed oils are
used extensively.

Low potassium level (hypokalemia) is a concern for some
users of gossypol as a male contraceptive, and also irrevers-
ibility, with an estimated 10% chance of non-recovery of
fertility with prolonged use. In female patients being treated for
endometriosis or uterine myoma, undesirable side effects
observed initially were weakness, anemia, and hypokalemia, as
well as a slight elevation of cholesterol and altered liver func-
tion. Chronic effects of gossypol when consumed intentionally
in these larger doses to produce the desired pharmacologic
effect (e.g., reduced fertility in men) are discussed in more
detail in clinical reports summarized in one of the reviews
shown in Further Reading.
Immunotoxicity

High doses of gossypol decreased total spleen cell population
and suppressed immune response in an in vitro plaque-forming
cell (PFC) assay. No response was observed in a lymphocyte
transformation test using mitogen induction by concanavalin
A. Investigators concluded that gossypol or a metabolite
appears to exert selective depression of the humoral immune
response at high dose levels (50 or 75 mg kg�1 day�1), but
clinical relevance was not clear. One of the many enzymes
inhibited by gossypol is calcineurin, a target of immunosup-
pressant drugs. Immune system impairment is not among the
side effects reported in human populations after clinical use of
gossypol or ingestion of cottonseed oil-containing products.
This may be a function of dose, but in any case no evidence was
found that this endpoint has been the main focus of any
human studies thus far.
Reproductive and Developmental Toxicity

Desired effects of gossypol to suppress human male repro-
duction when used as a contraceptive or in women treated for
gynecologic disorders have been discussed. Cotton root bark
extracts have also been used in some cultures to induce abor-
tion. Gossypol is often assumed to be the active abortifacient
ingredient in these preparations.

Adverse reproductive or developmental effects have also
been studied in laboratory and farm animal species, using
a variety of in vivo and in vitro approaches. Effects on human
populations already being quite clear, selected additional
information mentioned here comes from only a couple of
representative animal studies with endpoints that have not
already been well characterized in humans.

In utero development was analyzed in rat pregnancies that
resulted from matings between gossypol-treated male rats and
untreated female rats and in pregnancies in which gossypol was
administered to the pregnant rat only. Under the conditions
of those experiments, gossypol administered to either the
breeding male rat or the pregnant female rat had no demon-
strable adverse effect on pregnancy or development in utero,
including absence of increased resorption, fetal growth retar-
dation, or rates of malformations. Doses used to treat the males
apparently also did not lower fertility in males.

Gossypol was administered orally (50 or 75 mg kg�1 day�1)
to pregnant mice daily during day 1–15 of gestation, which
includes the main period of organogenesis. Increased early fetal
mortality and reduced body weight were seen in surviving
fetuses, but no fetal malformations or other abnormalities were
observed.

Readers interested in the potential negative consequences of
gossypol on livestock fertility when using crude cottonseed
meal containing gossypol as a protein supplement will also
find many relevant studies.
Genotoxicity

One of the references shown in Further Reading discusses many
short-term tests that have addressed a wide variety of genetic
endpoints. Gossypol does not cause chromosome aberrations
at clinically relevant doses. Although no significant effects have
been seen in the clear majority of other studies, several do
report some activity under specific conditions. Micronucleus
induction was seen in cultured meiotic mouse sperm cells at
dose levels approaching toxicity, and a rat dominant lethal test
was also positive, neither of which is too surprising since male
germ cells are among the most sensitive cell targets. Positive
results have been reported for strand breaks and DNA degra-
dation in in vitro systems, but only in serum-free medium – not
when serum proteins were present or when an in vivo exposure
approach was used. Gossypol inhibits DNA synthesis, with
additional evidence that this does not involve any direct
negative interaction with the DNA molecule itself but rather
with enzymes involved in DNA replication. A weak increase in
sister chromatid exchange frequency has been seen in human
lymphocyte cultures and rodents treated with gossypol, but no
evidence of this yet in clinical or epidemiologic studies
involving people exposed to gossypol.
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Studies finding any adverse genotoxic effects observe only
very weak effects. These effects are likely to be eliminated or
inconsequential in vivo in the presence of serum proteins. This
would always be the case in real life exposures, and at expected
exposure levels, and can be explained by epigenetic mecha-
nisms not involving direct interactions with DNA.
Carcinogenicity

No well-documented information currently exists describing
any rigorous full-scale standard cancer bioassays of gossypol in
animal models or any epidemiological findings that would be
cause for concern. A few sources state that gossypol has limited
evidence of a carcinogenic effect. The term ‘limited’ can mean
that only one experiment shows some effect, often without
confirmation, or that some questions are not fully resolved, or
the tumors observed are only benign tumors. ‘Limited’ in this
case is based on non-standard, less-than-lifetime studies in
rodents. Specifically, this designation is apparent because
gossypol was reported in a conference presentation abstract to
be a skin tumor initiator and promoter in SENCAR mice,
a strain selectively bred to have high sensitivity to carcinogens.
The report appears in the open literature only as a brief abstract,
and the type(s) of skin tumors observed were not detailed. Two
other studies conducted in rats lasting 6 months or less and
focusing specifically on tumors of liver and testes showed no
effect of gossypol.

None of these studies is well documented in detail in the
open peer-reviewed literature. None appear to have been
confirmed or followed up in any way in subsequent indepen-
dent experiments. Thus, any claims of a carcinogenic risk to
humans following even long-term exposure to gossypol are not
well supported by solid scientific evidence.
Clinical Management

Clinical experience with otherwise healthy human beings
manifesting signs of toxicity known to be related to gossypol is
largely restricted to controlled experimental trials when used as
a contraceptive or for treatment of gynecological disorders. Low
potassium levels have been successfully treated with potassium
supplements. Cessation of gossypol ingestion has usually
resulted in gradual disappearance of undesirable side effects.
People are highly unlikely to experience toxicity from the very
low levels of gossypol that might be present and consumed
unintentionally in cottonseed-based products; however, if this
ever occurs then the experience of high doses used in clinical
trials could be helpful for medical management.
Ecotoxicology

No studies were found specifically documenting unexpected
toxicity to non-human terrestrial species other than farm
animals living in captivity and fed crude cottonseed meal. Toxic
properties of gossypol are also unlikely to be of significant
concern to many aquatic species, except in aquaculture where
large amounts of crude cottonseed meal are used as nutritional
supplements for fish. Channel catfish fed diets containing
graded levels of gossypol–acetic acid showed reduced growth,
hematocrit, red blood cell, and hemoglobin levels and altered
immune response. Understanding the consequences of heavy
reliance on inadequately purified crude cottonseed products,
these types of toxicity can be avoided.
Exposure Standards and Guidelines

The FDA-allowable concentration of gossypol in edible meal is
0.045% (450 ppm). The United Nations Food and Agriculture
Organization and World Health Organization permit up to
0.6 mgmg�1 (600 ppm) free gossypol in edible foods.

There are no occupational or other specific standards for
environmental exposures to gossypol; however, prudent safety
practices are always recommended when handling large quan-
tities of a potentially toxic compound, for example, experi-
mentally in the lab or when formulating therapeutic drugs.

See also: Food Safety and Toxicology; Plants, Poisonous
(Humans); Reproductive System, Male; Reproductive System,
Female; Cancer Chemotherapeutic Agents.
Further Reading

Three early comprehensive reviews published in the 1960s and 1970s still serve
as invaluable resources for detailed background information available up to their
dates of publication. All of the subsequent genetic toxicity studies conducted on
gossypol have also been reviewed in detail. A 2009 overview covers the many
uses for gossypol investigated to date, and also provides numerous other
references, including some additional information about lab animal toxicity and
possible side effects in humans consuming gossypol for beneficial uses.
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Background

Relaying information via visual presentation is deeply
ingrained in the human species, and is found in human culture
from prehistoric cave paintings, through the renaissance
masters and into modern multimedia modes of exchanging
information. The often quoted statement “a picture is worth
a thousand words” – variously credited to Confucius, Napo-
leon, and many others – embodies this aspect of human
communication. Visual representations of complex technical
information are commonly used in most scientific writings to
quickly communicate ideas. There is often an expectation for
discipline-specific conventions to be applied to graphical
figures in scientific journals and reports. The scope of this
article is a focus on graphical depictions used to visually
communicate toxicological data, with particular attention to
the use of these figures and graphs to express dose/exposure–
response relationships (i.e., responses of biological systems to
toxic chemicals and agents), and in the application of those
data to human health risk assessment.

In this chapter, there are several types of graphical depic-
tions discussed and others are mentioned in passing. This
Figure 1 Example of a simple dose–response curve.
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article attempts to be encyclopedic in scope; however, it is likely
that not all potentially relevant types of visual displays of
toxicological data have been included, and any exclusions are
entirely unintentional.
Dose–Response Curves

One of the most basic concepts in toxicology is the principle of
dose–response or exposure–response. A commonly encoun-
tered depiction of this principle is the dose–response curve
(Figure 1). Dose–response curves are generally generated for
a single effect, and for data from a single study. Most simply,
a dose–response curve is an x–y graph of the dose (or alter-
nately the level of exposure) of the causative agent (drug,
chemical, radiation, temperature, etc.) on the x-axis versus the
response level of the target (population, animal, organ, tissue)
plotted on the y-axis. The dose is often rendered as the log
(base-10) of the dose, in which case the curve is often
sigmoidal in shape, as is shown in Figure 1.

Dose–response curves are useful for conveying effects which
maybe desirable (e.g., therapeutic response to a pharmaceutical)
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01051-4
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Figure 2 Simple exposure–response array with individual exposure concentrations (ppm) shown by closed circles, NOAELs by triangles, BMCLs by
boxes, and LOAELs by diamonds. Data are sorted and grouped by duration (subchronic and chronic), and then by species (mouse and rat).
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as well as deleterious effects from exposure to toxic chemicals.
The focus of this article is on toxicity; hence adverse effectswill be
highlighted. Responsesmaybemeasured as counts of an effect in
a population or test group (e.g., mortality), categories of the
severity of an effect (e.g., pathological gradations of a lesion), or
continuous measurements (e.g., blood pressure). The direction
of an adverse response may be an increase in the effect (e.g.,
highermortality)or in thedecrease of ameasure (e.g., decrease in
body weight gain when compared to a control group). The
steeper the slope of a dose–response curve, the more potent the
chemical for the effect being measured.

Consideration of the duration of the exposure is often as
important as the level of exposure in a dose–response rela-
tionship, but may not necessarily be an explicit component in
many dose–response curves. Duration can be accommodated
in many other graphical depictions of data, as discussed below.
Exposure–Response Arrays

An exposure–response array visually summarizes dose–
response results across a number of studies, end points, species,
and/or durations of exposure. An array may combine data to
illustrate different exposure durations (e.g., acute, short-term,
subchronic, and chronic), toxicity end points, and toxicity
across species. A single array is capable of displaying data
gathered under varying conditions allowing comparisons
among numerous observed effects in a given data set, or may be
limited to more narrow comparisons among closely related
effects, thereby making for very flexible application of this
analytical tool. Owing to this flexibility, exposure–response
arrays can be a useful way to communicate the various options
available in the final stage of the hazard assessment, particu-
larly comparisons of potential critical effects for derivation of
a health effect reference value (e.g., reference concentration).
Similarly, exposure–response arrays can help identify critical
estimates of effect thresholds (e.g., no observed adverse effect
levels (NOAELs), lowest observed adverse effect levels
(LOAELs), benchmark dose/benchmark concentration (BMD)/
BMC)). These features suggest that exposure response arrays
may be a useful tool in the hazard identification and dose–
response assessment portions of a risk assessment.

In exposure–response arrays, each representation for an
individual observation is termed as an array element. Axis
orientation can vary, with the exposure/dose levels noted on
either the y-axis (vertical array elements) or along the x-axis
(horizontal array elements). Separate symbols are used to
display relevant observations such as the NOAEL, LOAEL, or



Figure 3 Summary exposure–response array showing data aggregated across studies into single array elements.
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a statistical lower confidence limit on the dose or concentration
at the BMD or BMC (BMDL/BMCL) along that exposure spec-
trum. For each observation, the exposure level (typically,
milligram per cubic meter or parts per million for inhalation,
and milligram per kilogram day for oral) is plotted on one axis
(usually using a logarithmic scale) with a bar linking the lowest
to the highest exposure level – the zero or control is typically
excluded from these arrays. These observations can be
compared to other observations (other measurements or other
end points) from the same study and from other studies.

In the simplest version of an exposure–response array, as
shown in Figure 2, observations on individual health effect end
points are represented separately.

Different species, genders, and end points within the same
study would be represented by an individual array element
such that separate NOAEL and LOAEL values may be reported
for each end point, even within the same study. If the obser-
vation for an end point in a study is negative, then no effect
level would be reported and the only aspect shown for that
array element would be the bar representing the range of
exposures tested. Also shown in Figure 2 is the inclusion of
simple symbols (e.g., filled circles) indicating each of the
discrete exposure levels tested, which are overlaid with the
designated effect level(s) (NOAEL or LOAEL) and/or calculated
values (e.g., BMDL or BMCL).
Summary exposure–response arrays can also be developed
to collapse data from similar studies with a common end point
into a single array element. This approach is much like the
genetic activity profile (GAP) diagram (described below),
where each ‘bar’ represents a summary of results on a single end
point or assay from a number of studies, including both
positive and negative findings. An example of a summary array
is shown in Figure 3, with all tested exposure concentrations
represented by a single array element across studies for the
same end point, species, gender, and so on.

Exposure–response arrays were recommended by the US
Environmental Protection Agency’s (EPA) Risk Assessment
Forum (an internal group of advisors) for incorporation into
human health risk assessment documents for the Integrated
Risk Information System (IRIS). The National Academies of
Science has also urged inclusion of summary graphic depic-
tions of toxicological data for the IRIS documents, and many
IRIS toxicological reviews have begun to incorporate exposure–
response arrays.
Conventions

There are a number of stylistic and formatting conventions that
have been adopted for exposure–response arrays, which are
listed below.



Figure 4 Example of a forest plot, with means shown by closed circles and whiskers representing the 95% confidence interval.
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Independent treatment of end points within a study – In
a typical study report, the NOAEL is always greater than a
LOAEL. By treating each end point independently, however,
a single studymay have a NOAEL for end point A which is equal
to or perhaps greater than a LOAEL for end point B from the
same study. Each value is reported as a separate array element in
a given exposure–response array. This is done in lieu of noting
only one value (in this case, it would be the LOAEL) for the
entire study, as is often the case in a published study report.

Effect level judgments –All of the determinations ofNOAELs
and/or LOAELs or other effect levels which are made by the
study authors or can be inferred from a study report are dis-
played first. Separate sets of symbols should be used when a risk
assessment comes to a conclusion different than the original
study authors. BMD/BMC values (or other similar calculations)
when derived in the course of a risk assessment may also be
shown and designated by distinct symbols on an array element.

Consideration of severity of effects – In most cases, the
effects reported at lower concentration/dose ranges and deter-
mined to be adverse would be examined as candidates for the
point-of-departure in developing a reference value for a specific
chemical. However, gradations in the severity of health effects
(e.g., mild reversible effects, severe irreversible effects, and
lethality) can also be included in an exposure–response array
and used to group the observations on that basis (see below).
Sorting order for array data – Typically, the exposure level
(concentration or dose) represents one of the simplest and
most common methods of sorting. In many cases, data are
sorted in a logical order using nested sorting orders. For
example, array elements may be grouped by the severity of the
effect and sorted on that rating, and then by NOAEL within
those groupings. Other groupings of data (e.g., acute, short-
term, subchronic, and chronic durations) can be included in
arrays, with additional sorting occurring within each of those
groups. An example of such grouping and sorting is shown in
Figure 3.
Forest Plots

Forest plots are typically used to display epidemiological data
and are often used in subject area reviews to summarize
previously published findings. The forest plot is not necessarily
a meta-analytic technique but may be used to display the
results of a meta-analysis or as a tool to indicate where a more
formal meta-analytic evaluation may be useful. An example of
a forest plot is shown in Figure 4.

A forest plot arrays point estimates (e.g., mean) and confi-
dence intervals (e.g., 95% CI) represented by whiskers for
multiple studies and/or multiple findings within a study in



Figure 5 Levels of significant exposure diagram from the ATSDR toxicological profile for chlorine.
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a horizontal orientation. Explanatory text displayed next to
these points and whisker diagrams provide details regarding
the data being presented. A vertical reference line is typically
plotted at the null hypothesis, with the statistical significance of
an individual point and whiskers compared to that reference
line. In cases where the data being compared are difference
between means, the null is zero (0) and the x scales are normal.
When a ratio (e.g., odds ratio) is being compared, the null has
a value of 1 and the scales are logarithmic. Regardless of the
type of comparisons being made, each study contributes one
‘tree’ to the ‘forest’ from which a trend may become evident,
even if the individual studies are not all statistically significant.
Levels of Significant Exposure Diagrams (Agency
for Toxic Substances and Disease Registry)

The Agency for Toxic Substances and Disease Registry (ATSDR)
of the U.S. Centers for Disease Control and Prevention
develops Toxicological Profile documents for specific chemicals
in support of the SuperFund program within the US EPA. As
a part of the presentation of the information available for these
chemicals, each Toxicological Profile includes a graphic
rendering of the available toxicological data which was
considered in the development of the human health effect
reference values known as the minimal risk levels (MRLs). The
graphic also includes the derived MRLs in relation to the
chosen study and effect on which the value was derived. An
example of such a graphic from the ATSDR Toxicological
Profile for Chlorine is displayed in Figure 5.
Level of Effect Diagrams (Acute Exposure Guideline
Level Program, US EPA)

Similar plots of the data across species, duration, and severity of
effect level are included in the Technical Support Documents
which summarize the available data for specific chemicals in the
Acute Exposure Guideline Level (AEGL) programof theUS EPA.
The AEGL graphic (see Figure 6 for an example) also includes
the derived values, but does not include a linkage of those values
with the chosen effect level basis used in their derivation.
GAP Diagrams

GAP diagrams were developed to summarize data from in vitro
and in vivo assays for detecting evidence of genetic toxicology,



Figure 6 Toxicity data and AEGL values for chlorine.

Figure 7 Schematic of a GAP.
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Figure 8 GAP for benzene.
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including mutagenesis, genetic aberrations, and disturbances to
chromosomes. GAP diagrams were adopted by the Interna-
tional Agency for Cancer Research for inclusion in their
monograph series and as a resource for summarizing the
information across the various types of assays indicative of
genetic toxicity. A schematic of a GAP diagram along with an
example diagram for benzene is provided in Figure 7.

The schematic diagram of a GAP shows four studies (two
positive and two negative) for an example short-term test, ECW
(Escherichia coli WP2 uvrA, reverse mutation). Studies using
exogenous metabolic activation are indicated by the carets (^),
and those studies done without exogenous activation are
marked by the horizontal bars (�). A solid vertical profile line
is drawn to the mean log dose units of the final ‘call’ (positive
or negative) for the overall results from that particular assay,
with a dashed vertical line drawn to the extreme for the results
contrary to the final call. In cases where there are an equal
number of positive and negative studies, as illustrated in
Figure 8, the overall call is positive.

Support for the GAP programwaned at the end of the 1990s
and the last version of the underlying database was published
in 2000. The online tool was taken down in 2002, and can only
be accessed through web archives at this writing.
Toxic Activity Profile Diagrams

Very similar to the GAP diagram are the depictions of toxicity
data shown in Toxic Activity Profile (TAP) diagrams. TAP
diagrams were designed to complement the information
provided by GAP diagrams by summarizing information on
noncancer health effects, with genetic toxicity being covered by
GAPs. An example of a TAP diagram is shown in Figure 9. More
details on TAP diagrams, including the codes for health effects,
can be found in the EPA report on the topic.
Reference Value Arrays

In addition to displays of basic toxicological data, other
graphical depictions showing comparisons of derived health
effect reference values have been developed for risk assessment



Figure 9 TAP diagram for acute exposure to chlorine.

Figure 10 Reference value array for inhalation health effect reference values for chlorine.
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Figure 11 The legend on the left lays out the weight-of-evidence scheme for each slice of data (two exposure slicesþ two pathway slicesþ three in vitro
assay slices) across all domains of toxicological concern (cancer þ developmental þ reproductive). In this example, all slices have been assigned equal
weights, as evidenced by the equivalent radial width of all slices. The data for all slices across all chemicals are then translated into individual ToxPi
profiles, two examples of which are shown at right. The first example, “Chemical X”, shows lots of activity in the cancer domain and moderate activity in
both the developmental and reproductive domains. The second example, “Chemical Y”, shows almost no activity outside of a single exposure slice.
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and risk management. A reference value array (see Figure 10) is
a comparison made across a number of available reference
values, with breakout by the purpose of the values (emergency
response and planning, protection of workers in an occupa-
tional setting, and for protection of the general public to
exposures in the ambient air) and by duration of exposure
(acute – less than 24 h; short term – 1–30 days; subchronic –
greater than 30 days up to several years; and chronic – up to
a lifetime of continuous exposure). These comparative
diagrams are most useful for an informed reader (e.g., risk
assessors and risk managers) for selecting an appropriate
reference value for a specific purpose and are not designed for
use in communicating to the general public. These arrays are
designed to be used in conjunction with background text and
tables of supporting information which was used in the deri-
vation of the values. These supporting tables include health
effect, dose or exposure level used as the basis for the deriva-
tion, citation to the study from which those data came, any
adjustments or factors applied in that derivation, and the
source document providing even more detail on the derivation
of the individual values.
Toxicological Prioritization Index

The Toxicological Priority Index (ToxPi) is a flexible, graphical
framework for integrating the results of data collected across
multiple scales (Reif et al. 2010). The resulting 'radar plot' for
each chemical (although any entity could be the unit of anal-
ysis) summarizes the data for that chemical in the context of
any set of chemicals. Because the visualization is a translation
of the relative value of all data within a chemical set, ToxPi can
incorporate diverse data from HTS bioactivity profiles, inferred
toxicity pathways, dose estimates, chemical structural descrip-
tors, or arbitrary risk scoring systems. By differentially
weighting various slices of information, ToxPi’s can be
customized to visually represent different WoE frameworks for
prioritizing chemicals. Importantly, this visualization is
a direct translation of the underlyingWoEmodel, which means
that comprehensive ToxPi profiles can also be subdivided to
support targeted testing applications for cancer, reproductive
toxicity, developmental toxicity, or other end points. An
example is provided in Figure 11, where data across multiple
domains has been combined into a comprehensive ToxPi. The
two example chemical profiles have been selected from a larger
chemical distribution, which can be of any magnitude. Inter-
active software for ToxPi creation, exploration, and evaluation
is under development.
Future Outlook

This article chronicles the methods and formats used in
depicting toxicological data using the tools available at the time
of this writing. Many of the techniques described here have
been evolving and will likely continue to evolve as a result of
technological innovations, and needs to display other data
types or combinations of data. The ability to show additional
details by use of the ‘mouse-over’ technique (having a cursor
hover over a graphical element) in an electronic version of an
array and the capability to redirect a display (e.g., to a table or
text with more details) by selecting an active element in an
array are reasonably anticipated developments which could be
incorporated into the existing array formats. Changes in
formatting are also likely to occur with the development of
conventions across organizations to universally enhance reader
recognition of the information being relayed, regardless of the
authoring agency.
Summary

All of the graphical depictions described here are useful for
communicating a large amount of toxicological information in
a succinct form; however, all of these approaches may only
highlight aspects of the toxicological database on a specific topic
(e.g., a number of effects caused by a chemical exposure, or for
a single effect thatmay be caused by numerous chemicals). Such
graphical depictions can help inform the reader as to aspects of
the database where greater scrutiny may be warranted (e.g.,
a threshold for an effect in a dose–response curve, or the likely
candidates for a ‘critical effect’ in a risk assessment). Although
these graphical displays of data can be powerful tools in
describing the database, they are not amenable to presenting all
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of the considerations needed for an adequate assessment of the
toxicology for a chemical or other agent.
Disclaimer

The comments and opinions expressed in this article are solely
those of the author and do not necessarily reflect the position
or policy of the US EPA.

See also: Microarray Analysis; Hazard Identification; Risk
Assessment, Human Health; Risk Management;
Benchmark Dose; Levels of Effect in Toxicology Assessment;
Dose–Response Relationship; Omics and Related Recent
Technologies.
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Introduction

The winter of 1952 in London was unusually cold. On the
evening of 4 December 1952, a fog enveloped the city. The
following day individuals headed off to work in an industri-
alized town with home and office chimneystacks belching
black smoke into the air. As 5 December progressed, the
morning fog transformed into a brown yellowish smog with
a distinct acrid smell. The smog episode lasted until
10 December leaving a substantial amount of new respiratory
illnesses and cardiovascular cases among the surviving pop-
ulation and an estimated 4000 people dead.
Cause of the Smog

On 4 December there was little wind, the ground was cold, the
air was moist, and a precipitation formed, fog. A temperature
inversion had formed trapping the cold moist air beneath
a layer of warm air. An anticyclone settled over the city, pre-
venting any wind from circulating under the temperature
inversion. During this period, bituminous coal was the primary
source of heat for most Londoners. The consumption of coal
combined with industrial smoke stacks discharged pollution
into the stagnant air. The admixture of pollutants with the
existing fog created the Great London Smog of 1952.

The London event was considered to be a reducing type air
pollution episode. The burning of coal emitted a sulfurous gas,
combined with the industrial particulate matter belching from
the smoke stakes mixed with the fog trapped under the
temperature inversion caused the reducing type pollution. At
the time, daily recordings of pollutants were collected for those
that were considered to be the main contributors to pollution,
sulfur dioxide (SO2) and total suspended matter (smoke). On
the worst day of the Great Smog, the highest levels of SO2 and
smoke reached 1.34 ppm and 4.5 mg m�3, respectively.
Health Effects

Exposure to the air pollution during the 1952 episode had
detrimental effects on the lungs. In addition to the combustion
of coal, oil, and coke, Londoners were exposed to diesel
emissions. Diesel-powered buses phased out thousands of
existing electric trams during the summer of 1952. Exposure to
incomplete coal combustion with diesel emissions and
particulate matter caused a systemic inflammation to the
respiratory and cardiovascular systems. Sulfur dioxide is water
soluble; if inhaled, the upper linings of the lungs absorb it. The
particulate matter from smoke aggravates and exacerbates any
symptoms already present in those exposed. Any individual
suffering from respiratory complications exposed to the Great
Smog would have had an extremely difficult time breathing.
6 Encyclopedia of T
The exact number of deaths resulting from this event is
difficult to determine. For example, a person with amild case of
bronchitis aggravated by the smog to become a serious case
might not have perished until months later in 1953. This
delayed death would not have been included in the final death
toll credited to the smog event. It is estimated that 4000 deaths
were attributed to the Great Smog of 1952. In the week ending
6 December, 945 deaths were recorded in London Adminis-
trative County. The following week, the toll reached 2484.
Although the smog lasted 5 days, the death rate remained
higher than normal until Christmas that year. The official
government report issued at that time from the London
Ministry of Health noted an increase in morbidity and
mortality from December 1952 to March 1953. The report
proposed that the increased rates were due to an influenza
epidemic. However, in 1952, influenza was a nonnotifiable
disease therefore no official records were kept of new cases. The
actual incidence and case fatality rates of influenza are not
known. The exact number of influenza-related deaths and air
pollution related deaths are unknown and continue to cause
debate. Research suggests that only a fraction of the deaths in
the months after the episode could be attributed to influenza,
leaving thousands of deaths unexplained and potentially
pollution related. It is estimated that 12 000 died due to the
effects of the event.

The Great Smog of London in 1952 was not an isolated
incident. Other reducing type killer smog incidents have been
recorded in Meuse Valley, Belgium (1930, estimated 60
deaths), Donora, the United States (1948, estimated 20 deaths)
and again in London (1957, 1962, and 1991, estimated 750,
340–700, and 160 deaths, respectively). These events high-
lighted the need for legislation to be developed to address
ambient air pollution control.
Legislation

Air pollution had long been recorded in the past as a nuisance.
The Public Health (London) Act of 1891 addressed air pollu-
tion and the stacks that emitted it. However, the Act failed to
define black smoke, allowing companies to avoid the law by
claiming their smoke was not black but another color. Attempts
were made to change the wording of the Act but this failed
because large companies invested time and money into
fighting any new laws. After the smog of 1952, new legislation
was enacted addressing both residential and industrial sources
of pollution.

The Clean Air Act (London) was enacted on 5 July 1956. The
legislation differed from past attempts to regulate air pollution
as it defined dark smoke. The law restricted smoke and pro-
hibited the release of dark smoke. Dark smoke was defined as
“anything darker than lattice 2 on the Ringlemann chart.” The
chart had 5 different levels, 1 was the clearest and 5 indicated
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00027-0
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the darkest. A tester would hold up the lattice chart and
compare the smoke to the grid. The Act of 1956 allowed the
government to designate areas free from smoke by regulating
and restricting emissions from potential sources.

The 1995 Environmental Act provided the United Kingdom
and the administrations developed for Scotland and Wales
with a framework for local air quality management. A stipu-
lation of the Act required a published National Strategy that
would improve ambient air quality by setting standards,
objectives, and policy measures. By 1997, the United Kingdom
adopted its first National Air Quality Strategy, designed to
achieve specific air quality objectives by 2005. The strategy
was revised in 2007. It introduced a new exposure reduction
for particulate matter smaller than 2.5 (PM2.5) and inferred
a connection between air quality and climate change. Simul-
taneously the European Union (EU) was developing analogous
policies and strategies targeting air pollutants that caused
negative effects on public health and the environment. The EU
created a Commission in 2005 with the mission to develop
a strategic method for reducing air pollution fatalities by up to
40% by 2020. In 2008, the EU released a directive that created
thresholds for certain ambient air pollutants. This directive
superseded all other EU air quality legislation and was adopted
in 2010 by England through their Air Quality Standards
Regulation.

Air pollution is unique in the sense that it does not observe
local, national, or international boundaries. This lack of juris-
dictional recognition results in a common need for all levels of
government to work together to address pollution issues. Until
recently, pollution levels such as the 1952 London episode
could be found in countries struggling to develop. Since the
events of December 1952, advances in air pollution control,
legislation, and recognition of factors contributing to air
pollution have been made. Improvements in air pollution
controls have assisted in lessening the amount of emissions.
Combining the progress with an increase in restrictions on
emissions, and advances in understanding conditions that
create air pollution have reduced the likelihood that a situation
as devastating as the Great Smog of London could occur again.
Nevertheless, burning coal containing high amounts of sulfur
in certain areas of the world subject to extreme temperature
inversion conditions increases the risk of respiratory
complications.

See also: Donora: Air Pollution Episode; Respiratory Tract
Toxicology; Pollution, Air in Encyclopedia of Toxicology;
Environmental & Health Laws, Europe; Clean Air Act (CAA), US;
Sulfur Dioxide; Chemicals of Environmental Concern.
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The emerging field of green chemistry (alternatively described
as sustainable chemistry or green product design) represents an
attempt to develop a holistic approach to managing chemical
risks. Rather than addressing chemical pollution and waste
management problems after they occur, the idea is to design
products in ways that eliminate (or at least minimize) such
problems from the outset. Fundamental to the green chemistry
concept is the idea of sustainability, minimizing environmental
impacts and ensuring natural resources are available for future
generations.

Environmental risks can be viewed as a function of a mate-
rial’s intrinsic hazard (toxicity, flammability, chemical reac-
tivity, etc.) and the likelihood the material is used under
conditions that cause that theoretical hazard to be realized
(e.g., human exposure to a chemical, accumulation in partic-
ular environmental media, the presence of conditions that
could result in ignition of a flammable material):

Risk [ fðinherent hazard;use conditionsÞ

Since the properties associated with the inherent hazard are
largely fixed, past efforts at risk reduction have largely focused
on the second portion of the equation (e.g., reducing exposure
via the use of protective equipment or product design, addition
of other chemicals that reduce the hazard, use of warning
labels). However, this strategy will not be effective when
unforeseen conditions arise or recommendations/warnings are
ignored. Green chemistry represents an alternative approach –

eliminating the inherent hazard (through the design and/or
selection of alternative chemicals) so that risk reduction is more
certain. This of course assumes that the risks of the alternatives
are also known.

Green chemistry is often described by the 12 principles
outlined by Anastas and Warner in 1998 (Figure 1). Key
elements of the principles include minimizing waste genera-
tion, reducing toxicity of the product and its components as
much as possible, decreasing energy consumption, increasing
the use of recycled rather than virgin inputs, and enhancing the
use of products as feedstocks to other processes at the end of
their useful life (often described as cradle-to-cradle manage-
ment). Success in fulfilling these goals can be evaluated
through a process known as alternatives assessment, which
guides manufacturers in identifying the most sustainable
material.

The term ‘green chemistry’ is subject to variable interpre-
tation. For some, it may involve an entirely new approach to
product development and manufacture and abandonment of
whole areas of established process chemistry (e.g., chlorine
chemistry). For other proponents, it may involve more modest
improvements to current approaches that, taken together,
result in a net reduction in environmental impact. The
different interpretations of what constitutes green chemistry
can result in disagreement concerning the ‘greenness’ of
particular products. Due to the substantial market interest in
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sustainable products, there is a potential for ‘green washing’
where the net impact of a so-called green product is greater
than that of a conventional alternative (e.g., where a ‘natural’
chemical input is shipped from across the globe replacing
a synthetic one produced on-site, resulting in an increase in
carbon emissions). The need for reliable substantiation of
green claims is therefore an important issue that is now
receiving considerable attention.

The basic ideas behind green chemistry are not necessarily
new, as both government and selected private sector compa-
nies have been involved in adopting green chemistry princi-
ples for more than a decade. For example, in the late 1990s,
the US Environmental Protection Agency (EPA) began its
Design for the Environment (DfE) program; a voluntary
partnership program in which EPA scientists provide expertise
to manufacturers in evaluating and reformulating their
products. Under the DfE program, EPA allows products con-
taining ingredients ‘that pose the least concern among
chemicals in their class’ to be marketed with EPA’s DfE label.
Governments and other organizations have also attempted to
encourage research in green chemistry via competitive award
programs (e.g., the US Presidential Green Chemistry Chal-
lenge Award established in 1996; the American Chemical
Society Award for Affordable Green Chemistry, established in
2007). The private sector also recognized that redesign of
products with respect to sustainability can have substantial
financial benefits, in terms of reduced regulatory paperwork,
lower product liability concerns, reduced waste management
costs, and reduced worker health and safety concerns.

Thus, green chemistry as a concept is not new. What is new
is the broad level of interest in green chemistry, as reflected
in a number of regulatory initiatives in this area. Currently,
a number of US states have adopted regulations that will
either require or provide strong incentives for the use of
alternative assessments to optimize the sustainability of
products. For example, California has adopted regulations that
allow the state to designate chemicals and products of concern
which then have to undergo alternatives assessment to deter-
mine whether better product formulations are possible. It is
also anticipated that if and when the Toxic Substances Control
Act is reformed and updated by the US Congress, some aspects
of green chemistry are likely to be involved. The European
Union has also instituted a number of policies that will
require consideration of possible chemical substitution. For
example, under the EU’s REACH regulation (Registration,
Evaluation, Authorisation and Restriction of Chemicals),
manufacturers wishing to use substances on an authorization
list (Annex XIV) must consider whether suitable alternatives
exist for the chemical in question. A key challenge in all of
these regulatory efforts will be the need to agree on the rubric
by which different environmental impacts (toxicity, exposure
potential, life cycle impacts, product performance, air, water
and soil quality impacts, and ecological effects) are weighed
and compared.
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Figure 1 The 12 Principals of Green Chemistry. Source: Adapted from Anastas, P., Warner, J., 1998. Green Chemistry: Theory and Practice.
Oxford University Press, New York.
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See also: Hazard Identification; Chemicals in
Consumer Products; Environmental Life Cycle Assessment;
PBT (Persistent, Bioaccumulative, and Toxic) Chemicals;
Sustainability; Chemicals Alternatives Assessments.
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Chemical abstracts service registry number, synonyms, molec-
ular formula and chemical structure of G-series nerve agents are
represented in Table 1.
Background (Significance/History)

These chemicals are called G-series because they were first
synthesized by a team of German scientists. Tabun was the first
G-series nerve agent synthesized in 1936, followed by sarin in
1939, soman in 1944, and cyclosarin in 1949.
Uses

G-series nerve agents were produced and used as chemical
weapons and, according toUNResolution687, they are classified
asweaponsofmass destruction. As thename indicates, they target
the nervous system by disrupting the transfer of nerve signals for
which the neurotransmitter acetylcholine is responsible. The
production, stockpiling, and use of G-series by nations are ban-
ned according to international agreement of Chemical Weapons
Convention (CWC) that is controlled by theOrganisation for the
ProhibitionofChemicalWeapons (OPCW). Therefore, according
to agreement that has been signed by almost all nations, all
existing chemical weapons stockpiles should be destroyed.
Environmental Fate and Behavior

Routes and Pathways and Relevant Physicochemical Properties

G-series’ production and use as chemical warfare agents and
military nerve gasesmay result in their release to the environment
directly or through various waste streams. If released to air, the
vapor pressure (Table 2) indicates that G-series will exist solely as
vapor in the ambient atmosphere. Vapor-phase nerve gas will be
degraded in the atmosphere by reaction with photochemically
produced hydroxyl radicals; the half-life for the reaction in air has
beenestimated at6 h for cyclosarin, 8 h for tabunand soman, and
9.6 h for sarin. According to their vapor pressure, sarin and, to
some extent, soman are expected to volatilize from dry soil
surfaces while tabun and cyclosarin are not. Based on theHenry’s
law constant for the G-series (Table 2), volatilization frommoist
soil surfaces and water for soman and cyclosarin but not tabun
and sarin is expected to be an important fate process.
Partition Behavior in Water, Sediment, and Soil

In the aquatic system, tabun, sarin, and cyclosarin are not
expected to adsorb to suspended solids and sediments given by
the Koc (soil organic carbon–water partitioning coefficient)
value of 38, 35, and 42, respectively, while an estimated Koc

value of 221 for soman indicates that this agent adsorbs slightly
to suspended solids and sediment.
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Environmental Persistency (Degradation/Speciation)

The UV absorption spectra of G-series in cyclohexane solution
do not exhibit any absorption above 295 nm; therefore, they
are not expected to degrade through direct photolysis in the
environment. The major degradation process for G-series is
expected to be hydrolysis, which is pH and temperature
dependent. The rate of hydrolysis is increased under strong
acidic or alkaline pH and high temperature. The half-life of
tabun in fresh water at 20 �C and pH 7.4 is about 8 h and
shorter (4.5 h) in seawater due to the presence of metal cations.
The hydrolysis of sarin produces hydrogen fluoride and iso-
propyl methylphosphonic acid having a half-life of 461 and
237 h at 20 and 30 �C, respectively. Its hydrolysis rate
dramatically increases at pH below 4 and above 6.5. The
hydrolysis half-lives for sarin in seawater at 25 �C have been
estimated to be 58.1 and 25min at pHs 7.6 and 7.9, respec-
tively. The half-life of soman in water has been reported as 82
and 22 h at pH 7 at 20 and 30 �C and as 41 and 9.6 h at pH 7.6
at 20 and 30 �C, respectively.
Long-Range Transport

According to the Koc value for G-series (Table 2), tabun, sarin,
and cyclosarin are expected to have high and soman moderate
mobility in soil.
Bioaccumulation and Biomagnification

Bioconcentration factor (BFC) of G-series is estimated 3, 3.2, 5,
and 3 for tabun, sarin, soman, and cyclosarin, respectively, and
indicates that their potential for bioconcentration in aquatic
organisms is low.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Manufacturing G-series with subsequent waste streams and
usage as chemical warfare agents and military nerve gas can
result in their release to the environment.
Human Exposure

Occupational exposure to G-series may occur through inhala-
tion and dermal contact with these compounds at workplaces
where they are produced or used. Military personnel can be
exposed to these chemicals in combat situations. Exposure to G-
series occurs through vapor contact, which is readily absorbable
through not only the lungs and eyes but also the skin and
intestinal tract. G-series agents spread rapidly on surfaces such
as skin. G-series disperse within several hours, and clothing can
release these agents for approximately half an hour after expo-
sure, which is why they are known as ‘nonpersistent agents.’
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00609-6
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Table 2 Physicochemical properties of G-series

G-series

Vapor pressure

(mm Hg)

Water solubility

(mg l �l)

Henry’s law constant

(atm-cu mmol �l) Koc value BFC

Tabun (GA) 0.07 9.8� 104 1.5� 10�7 38 3
Sarin (GB) 2.9 1.0� 106 5.7� 10�7 35 3.2
Soman (GD) 0.4 2.1� 104 4.6� 10�6 221 5
Cyclosarin (GF) 0.044 3700 2.8� 10�6 42 3

Table 1 Chemical abstracts service registry number, synonyms, molecular formula, and chemical structure of G-series nerve agents

G-series CAS number Synonyms Molecular formula Chemical structure

GA (Tabun) 77-81-6 Dimethylamidoethoxyphosphoryl cyanide, EA 1205,
ethyl N,N-dimethylphosphoramidocyanidate,
gelan I, taboon A, trilon 83

C5H11N2O2P O

O

PN N

H3C

H3C

CH3

GB (Sarin) 107-44-8 EA 1208, IMPF, isopropoxymethylphoshoryl fluoride,
methlyfluorophosphonic acid isopropyl ester,
TL 1618, trilone 46

C4H10FO2P O

O

P

FH3C

H3C

CH3

GD (Soman) 96-64-0 1,2,2-Trimethylpropyl methylphosphonofluoridate,
EA 1210, methyl pinacolylphosphonofluoridate,
PMFP, zoman

C7H16FO2P
P

F

O

O

H3C

CH3

CH3 CH3

CH3

GF (Cyclosarin) 329-99-7 CMPF, Cyclohexylmethylphosphonofluoridate,
cyclosin, EA 1212, methyl
cyclohexylfluorophosphonate

C7H14FO2P
O

O

P

F

CH3

GV 141102-74-1 2-(Dimethylamino) ethyl N,N-
dimethylphosphoramidofluoridate

C6H16FN2O2P

O

O
P

N
N

F
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Toxicokinetics

Absorption and Bioavailability

G-series have particular toxicity by inhalation exposure, but can
also be absorbed following ingestion, dermal contact, or eye
contact without producing any irritation or other sensation on
the part of the exposed individual. The liquids but not vapors
can rapidly penetrate through the skin. Symptoms appear
much more rapidly after inhalation than dermal exposure.
Distribution and Serum Level Monitoring

These agents rapidly (less than 1min) distribute to most parts
of the body, including brain, lungs, heart, diaphragm, adrenal
cortex, kidneys, liver, and plasma. The greatest concentrations
for sarin are found in the kidneys, liver, and plasma. The tissue
concentrations are decreased in two phases: an initial decrease
of 85% within 15min followed by a second and gradual
decline. The initial decrease of sarin level is mediated by
metabolic change to its main metabolite, isopropyl methyl-
phosphonic acid, while urinary elimination of the parent
compound is responsible for the gradual decline. Lung
concentrations do not change significantly during the first hour
and decrease slowly. The kidneys are the main site for detoxi-
fication and excretion of G-series and their metabolites, so that
within an hour tissue levels are diminished in all organs except
for urine in the kidney. However, the duration of their persis-
tence in the blood mostly depends on the dose.
Metabolism, Half-Lives, and Duration of Action

The major metabolites of G-series are alkylmethylphosphonic
acid derivatives formed by a nonsaturable mechanism that are
excreted in the urine. Urinary elimination of G-series is rapid
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(terminal elimination half-life of sarin 3.7� 0.1 h), so that in
a study almost all the administered dose of sarin was retrieved
from the urine in metabolite form after 2 days.
Mechanism of Toxicity

G-series irreversibly inhibit acetylcholinesterase by phosphor-
ylating a serine hydroxyl group in the active site of the
enzyme, resulting in synaptic accumulation of the neuro-
transmitter acetylcholine, which consequently causes incre-
ment and prolongation of cholinergic effects and
depolarization blockade. The rate of dephosphorylation and
reactivation of the enzyme is much lower than the rate of
acetylcholine reactivation. Due to losing an alkyl or alkoxy
group, the enzyme in the complex form can also undergo
aging process whereby it becomes resistant to
dephosphorylation.
Acute and Short-Term Toxicity

Animal

The G-series are fatal, especially in the acute phase of exposure,
and the reason for most systemic complications is accumula-
tion of acetylcholine at muscarinic and nicotinic receptor sites.
Depression of vasomotor and respiratory centers in the brain
can induce life-threatening manifestations and may lead to
respiratory failure. Hypoxia is also a life-threatening event that
may lead to cerebral edema, convulsions, and histopatholog-
ical brain damage.
Human

LC50 values for inhalation of G-series are as low as 1 ppm
(10min exposure). LD50 values for skin exposure to liquid G-
series are as low as 0.3 g per individual. The lethal dose for man
is estimated to be 0.01mg kg�1.

Generalized sweating is a common toxic feature of anti-
cholinesterase agents, along with miosis whose duration can
vary from several days to weeks and can be associated with
ocular pain and headache due to ciliary spasms. Subcon-
junctival vascular dilation can cause impaired vision, tearing,
and bloodshot appearance of eyes.

Bronchiolar smooth muscle constriction, bronchorrhea,
rhinorrhea, wheezing, and ventilator failure are the main
respiratory symptoms of exposure to G-series.

In the heart, bradycardia and atrioventricular block can
result from increased vagal tone, while the heart rate is usually
increased because of the acetylcholine effect in sympathetic
ganglia and adrenal medulla or because of fear and anxiety.
Q–T prolongation, malignant tachyarrhythmias, circulatory
arrest, and histopathological changes of myocardium have also
been recorded in animal studies.

Seizure, apnea, muscle weakness, fatigue, and flaccid
paralysis can occur by exposure to G-series. Generalized
fasciculation can last for days to weeks. Headache, dizziness,
restlessness, anxiety, ataxia, depression, irritability, insomnia,
nightmares, forgetfulness, mental confusion, and lack of
concentration are some of neuropsychological symptoms
present in peoples exposed to low levels of G-series.
Movements and secretions of gastrointestinal system
increase due to cholinergic overstimulation, and nausea and
vomiting are among the first signs after exposure.

High levels of exposure can also induce micturition in the
urinary system.

Organophosphorus compounds have the toxic effect
‘intermediate syndrome’ induced 24–96 h after exposure and
with recovery 4–18 days later, which could theoretically occur
in G-series poisoning. It is characterized by reversible weakness
in proximal muscles, particularly those in the chest, and cranial
nerve palsies mediated by delayed inhibition of acetylcholin-
esterase. Downregulation or desensitization of postsynaptic
acetylcholine receptors, failure of presynaptic acetylcholine
release, muscular necrosis, and oxidative stress–mediated
myopathy are involved in intermediate syndrome.

Organophosphorus-induced delay neuropathy (OPIDN) is
a late complication that can occur 2–4 weeks after exposure and
is characterized by sensory andmotor disruption of the nervous
system presented by distal paresthesia, impaired reflexes, and
progressive weakness. Inhibition of neuropathy target enzyme
(NTE) in the central nervous system and degeneration of axonal
myelin are responsible for the occurrence of OPIDN.
Chronic Toxicity

Animal

In a subchronic study, rats were administered a sarin formu-
lation stabilized with diisopropylcarbodiimide by gavage for
90 days. Nonneoplastic lesions were detected as the cause of
death in 3 of 36 female rats and one neoplastic lesion
(lymphoma) was reported in a male rat in the high-dose group.

Behavioral and biochemical effects of low-level whole-body
inhalation exposure to cyclosarin were evaluated in rats in
a subchronic study. Reversible performance deficits on learned
behaviors were reported at doses lower than those producing
clinical signs of toxicity.

Cardiomyopathy has been reported in soman- and sarin-
intoxicated rats, which may be a contributory cause of death.

Human

The G-series are less likely to cause chronic disorders in compar-
ison with other chemical warfare agents, but there are some
reports on their late complications. Hypoxic encephalopathy,
fatigue, paresthesia, headache, and sensory nerve impairments
are the most remarkable long-term neurologic effects.

Fatigue in association with depression and chronic pain is
reported as the common presentation of ‘Gulf War syndrome.’
Furthermore, asthenia, asthopenia, insomnia, shoulder stiff-
ness, slight fever, blurred vision, and long-term psychological
effects were recorded in sarin-exposed patients 1 and 3 years
after the Tokyo subway explosion. Lack of concentration and
sleep disturbance have also been reported in patients 28 years
after exposure to sarin.
Immunotoxicity

The results of a study on immune and inflammatory parame-
ters in rats receiving a subclinical dose of sarin for 1 or 5 days
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showed that the effects on the antibody-forming cell (AFC)
response and T-cell receptor (TCR)-mediated Ca2þ response
disappeared within 2–4 weeks after exposure, while the serum
corticosterone (CORT) and adrenocorticotropin hormone
(ACTH) levels remained significantly decreased. Implication of
the autonomic nervous system (ANS) in the sarin-induced
changes in T-cell function has been uncovered when pretreat-
ment of rats with a ganglionic blocker, chlorisondamine,
attenuated the effects of sarin on the AFC and the TCR-
mediated Ca2þ response. Elevated mRNA expression of
proinflammatory cytokines in the lung in association with the
activation of NF-kB in bronchoalveolar lavage cells were caused
by a single or five repeated subclinical doses of sarin and lost
within 2 weeks. The effects of sarin on the immune system of
animals, therefore, have been shown to be transient.

Soman has been reported to increase serum concentrations
of acute phase reactive proteins, including alpha-2 micro-
globulin, alpha1 acid glycoprotein, haptoglobin, hemopexin,
and cysteine protease inhibitor in association with a transient
elevation of serum corticosterone concentration and immu-
nosuppressive activity in rat.

BE2-IA10 (BE2) and CC1-IIA4 (CC1) are two antibodies
having the same heavy chain sequence which have been
reported to increase against the hydrophobic pinacolyl motif of
soman and exclusively bind to soman and not to any other
nerve agents.
Reproductive Toxicity

The data available for sarin indicate that it has no adverse fetal
effects and developmental toxicity even at doses producing
maternal toxicity. It has been shown to produce no reproduc-
tive effects in rats, rabbits, or dogs.
Genotoxicity

Tabun has been reported to be a weak mutagen given by its
positive response in three of the five assays carried out in
a study; it was mutagenic in Salmonella spp. assays with S-9 and
in mouse lymphoma cells but did not promote unscheduled
DNA synthesis in rat hepatocytes; it also induced sister chro-
matid exchanges in mouse cells in vitro but not in vivo.

There is no evidence of genotoxicity (mutagenesis, chro-
mosomal damage, unscheduled DNA synthesis, or sister
chromatid exchange) for the other G-series chemicals.
Carcinogenicity

The data available for G-series (especially sarin) do not support
a hypothesis for carcinogenicity.
Clinical Management

Therapeutic measures for the patients exposed to G-series
agents must be started immediately, and time is a significant
determinant factor for the life/death outcome. The victims first
should be removed from the contaminated area and decon-
tamination should be set up as soon as possible to limit dermal
absorption of the agents and prevent contamination of the
rescuers or the other patients. It is necessary for rescuers to wear
protective devices to prevent their own exposure. It is better for
them to wear masks containing a charcoal filter, heavy rubber
gloves, and proper clothes and to avoid skin contact with
victims before decontamination. Decontamination can be
measured in two ways: physically and chemically. Physical
removal of the agent is more necessary and preferred than
chemical decontamination. Chemical decontamination can be
done by water and soap washing, oxidation, and acid/base
hydrolysis. Because G-series have phosphorus groups suscep-
tible to hydrolysis in alkaline pH, oxidation/hydrolysis is
considered as one of the main strategies for their decontami-
nation, and oxidative chlorination with active chlorine is the
most important reaction for this purpose. In this regard, using
a 0.5% sodium or calcium hypochlorite solution (household
bleach) for decontamination of skin followed by repeated
water rinsing is recommended. The victims are unlikely to be
exposed only to G-series and they may have some other injuries
and wounds requiring bandaging. After decontamination of
wounds with running water, any bandages should be removed
and replaced with the clean ones. Eyes should be irrigated
within minutes with water or saline. Hypochlorite solution
should not be used for irrigation of the eyes as well as the
abdominal cavity. Emesis is not recommended for gastroin-
testinal decontamination, but activated charcoal can be
administered if the patient is alert and can swallow. Airway-
breathing-circulation (ABC) should be considered when
unconscious patients are put in recovery positions to prevent
aspiration. Ventilation support is an essential therapy for the
victims having severe respiratory complications. Intubating
trachea, postural drainage, and sucking excessive bronchial
secretions can be helpful as increased bronchial secretion is
a main reason for respiratory problems in G-series poisoning.
Supplemental oxygen should also be used for severely hypoxic
patients. Based on severity, antidote therapy should also be
initiated as soon as possible along with decontamination. The
major antidotes for G-series are atropine as an anticholinergic
agent and oximes as reactivator of phosphorylated cholines-
terase by breaking the nerve agent–enzyme bond. Atropine
sulfate is effective for muscarinic symptoms, and the goal of its
use is to dry secretions and treat bronchoconstriction and
bradycardia. Atropine absorbs via the bronchial tree, so it could
be administrated intratracheally or through an endotracheal
tube in hypotensive patients. Medical aerosolized nerve agent
antidote (MANAA) is an inhalational form of atropine
approved by the US Food and Drug Administration and is used
by US military physicians.

Administration of oximes should also be initially begun
after or at the same time of atropine. 2-PAM is the most
common oxime administered at a starting dose of 30mg kg�1

(up to 2 g) intravenously over 30min and is followed by
continuous infusion of 8–10mg kg�1 h�1 (up to 650mg h�1)
in dextrose 5% solution. 2-PAM could be continued until full
recovery or until atropine is needed. A MARK I kit contains
2mg atropine (0.7ml) and 600mg 2-pyridine aldoxime
methyl chloride (2-PAMCl) each in injectable form while the
ATNAA is composed of 2.1mg per 0.7ml atropine and 600mg



Table 3 Airborne exposure criteria for G-series (ppm)

G-series STEL (15 min) IDLH (30 min) WPL (8 h) GPL (24 h)

Tabun 1.5� 10�5 1.5� 10�2 4.5� 10�6 1.5� 10�7

Sarin 1.7� 10�5 1.7� 10�2 5� 10�6 1.7� 10�7
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per 2ml 2-PAM in one syringe. Every soldier should carry three
kits and one auto-injector containing 10mg diazepam. One
MARK I should be given to a victim when miosis and severe
rhinorrhea are the only symptoms and the second one is added
based on the severity of respiratory problems. Presentation of
apnea or severe difficulty in breathing, cyanosis, twitching
muscle or fasciculation, seizure, or loss of consciousness make
applying three MARK I kits and diazepam necessary. Diazepam
is an excellent adjunct therapy for controlling convulsions. In
addition to its symptomatic anticonvulsant effect, it has also
more specific effects on cholinergic systems. Convulsive anti-
dote nerve agent (CANA) is an auto-injector of diazepam
(contain 10mg) given to US military personnel for emergency
treatment of convulsion in G-series patients in the field. Other
anticonvulsant benzodiazepines such as lorazepam and mid-
azolam can also be effective for controlling seizure in victims.

Sodium bicarbonate can be used to maintain the blood pH
between 7.45 and 7.55. Intravenous administration of sodium
bicarbonate will correct acidosis, and it can be followed by
continuous infusion (3–5mg kg�1every 24 h) until recovery or
until atropine is required. Organophosphorus compounds are
readily hydrolyzed in alkaline pH. Furthermore, most of
G-series and their metabolites are weak acids that can be more
easily extracted in alkaline urinary pH. In addition, sodium
bicarbonate can be helpful for cardiotoxicity of these agents via
augmentation of sodium pump channel.

There are some reports on effectiveness of anti-NMDA and
antiglutamate agents in treatment of nerve agent poisoning.
Glutamate is an excitatory amino acid playing an important
role in organophosphorus-induced seizure by activating
NMDA receptors. Gacyclidine, Tezampanel, and Ketamine are
anti-NMDA compounds for which neuroprotective effects in
animal models of nerve agents poisoning have been reported.
The natural alkaloid huperzine A has also been suggested for
postexposure treatment of seizures via its antagonistic effects
on both cholinergic and NMDA receptors. IV administration of
Table 4 Acute Exposure Guideline Levels (AEGLs) of G-series nerve agen

G-series Exposure time AEGL 1 (Discomfort)

GA (Tabun) 10 min 0.0010
30 min 0.00060
60 min 0.00042
4 h 0.00021
8 h 0.00015

GB (Sarin) 10 min 0.0012
30 min 0.00068
60 min 0.00048
4 h 0.00024
8 h 0.00017

GD (Soman) 10 min 0.00046
30 min 0.00026
60 min 0.00018
4 h 0.000091
8 h 0.000065

GF (Cyclosarin) 10 min 0.00049
30 min 0.00028
60 min 0.00020
4 h 0.00010
8 h 0.000070
magnesium sulfate in the first day after admission has been
reported to decrease hospitalization period and improve
outcomes in organophosphorus-intoxicated patients, but its
use for G-series needs more research. Effectiveness of antioxi-
dants, bioscavengers, and some other new treatments is
currently under investigation, and future research will reveal
their usefulness in the management of G-series poisoning.

Effects of hemoperfusion on sarin have been studied in
animal models and shown to be partially successful. Protective
effect of hemofiltration and hemoperfusion has been reported
in a severely intoxicated patient during the Tokyo subway
attack.
Other Hazards

As determined in animal studies, the relative lethality of
G-series is in order for soman> sarin> tabun.
Exposure Standards and Guidelines

TheUSDepartmentofHealthandHumanServices alongwith the
Centers for Disease Control and Prevention has revised the
airborne exposure criteria for G-series. Short-Term Exposure
Limits (STELs), ImmediatelyDangerous toLifeorHealth (IDLH),
Worker Population Limits (WPLs), and General Population
Limits (GPLs) guidelines have been set to protect workers and the
general population during chemical demilitarization activities.
These values for tabun and sarin have been presented in Table 3.
ts (ppm)

AEGL 2 (Impaired escape) AEGL 3 (Life threatening/death)

0.013 0.11
0.0075 0.057
0.0053 0.039
0.0026 0.021
0.0020 0.015
0.015 0.064
0.0085 0.032
0.0060 0.022
0.0029 0.012
0.0022 0.0087
0.0057 0.049
0.0033 0.025
0.0022 0.017
0.0012 0.0091
0.00085 0.0066
0.0062 0.053
0.0035 0.027
0.0024 0.018
0.0013 0.0098
0.00091 0.0071
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For the risk of rare exposure to airborne chemicals, Acute Expo-
sureGuideline Levels (AEGLs) canbeusedas a limit inemergency
exposure periods of life. AEGLs for G-series have also been listed
in Table 4. Army field drinking-water standards for nerve agents
have been established 0.005mg l�1 for long-term consumption
and 20mg l�1 for short-term consumption.
Miscellaneous

Pyridostigmine bromide as a carbamate binding reversibly to
the acetylcholinesterase enzyme for a few hours has been sug-
gested as a pretreatment for G-series poisoning.
See also: Cholinesterase Inhibition; Organophosphorus
Compounds; Cyclosarin (GF); Nerve Agents; Sarin (GB);
Soman; Tabun; Chemical Warfare; The OPCW.
Further Reading

Abdollahi, M., Karami-Mohajeri, S., 2012. A comprehensive review on experimental
and clinical findings in intermediate syndrome caused by organophosphate
poisoning. Toxicol. Appl. Pharmacol. 258 (3), 309–314.

Karami-Mohajeri, S., Abdollahi, M., 2011. Toxic influence of organophosphate,
carbamate, and organochlorine pesticides on cellular metabolism of lipids,
proteins, and carbohydrates: a systematic review. Hum. Exp. Toxicol. 30 (9),
1119–1140.

Masson, P., 2011. Evolution of and perspectives on therapeutic approaches to nerve
agent poisoning. Toxicol. Lett. 206, 5–13.

Moshiri, M., Darchini-Maragheh, E., Balali-Mood, M., 28 November 2012. Advances in
toxicology and medical treatment of chemical warfare nerve agents. DARU J.
Pharm. Sci. 20, 81. http://dx.doi.org/10.1186/2008-2231-20-81.
Relevant Websites

http://www.opcw.org – Organisation for the Prohibition of Chemical Weapons.
http://toxnet.nlm.nih.gov – Toxicology Data Network, US National Library of Medicine.
http://emedicine.medscape.com/article/831648-overview – Medscape: CBRNE -

Nerve Agents, G-series - Tabun, Sarin, Soman.

http://dx.doi.org/10.1186/2008-2231-20-81
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l Name: Guaifenesin
l Chemical Name: 3-(2-Methoxyphenoxy)-1,2-propanediol
l Chemical Abstracts Service Registry Number: CAS 93-14-1
l Synonyms: Glyceryl guaiacolate; a-Glyceryl guaiacol ether;

Guaiphenesin; Mucinex�; Robitussin�

l Molecular Formula: C10H14O4

l Chemical Structure:

O

OH

OH

O
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Background (Significance/History)

Guaifenesin was originally derived from the guaiac tree and
used by Native Americans for health purposes. Synthesis of
guaifenesin was first reported in 1912. Guaifenesin has
been used in the treatment of respiratory diseases since the
nineteenth century. The United States’ Food and Drug
Administration (FDA) approved guaifenesin for use in over-
the-counter medications in 1989. Guaifenesin is widely
consumed alone and combined with antihistamines, cough
suppressants, and decongestants. Guaifenesin is also a cen-
trally acting muscle relaxant and is used routinely in combi-
nation with analgesics and sedatives in large-animal veterinary
surgery.
Uses

Guaifenesin is commonly used as an expectorant.
Guaifenesin comes in tablet and capsule form, as syrup, as

dissolving granules, and recently as an extended-release (long-
acting) tablet. The tablets, capsules, dissolving granules, and
syrup are usually taken with or without food every 4 h as
needed. The extended-release tablet is usually taken with or
without food every 12 h.

In veterinary medicine, guaifenesin is given intravenously
to induce muscle relaxation when administering anesthesia. It
relaxes both laryngeal and pharyngeal muscles, allowing easier
intubation. Guaifenesin is also used in the treatment of horses
with exertional rhabdomyolysis and in dogs with strychnine
intoxication.
6 Encyclopedia of T
Environmental Fate and Behavior

Guaifenesin’s production and use as veterinary and human
medicines may result in its release to the environment through
various waste streams.

If released to air, an estimated vapor pressure of
1.5 � 10–6 mm Hg at 25 �C indicates that guaifenesin will
exist in both the vapor and particulate phase.

Based upon an estimated Henry’s law constant of
4.4 � 10�11 atm-m3 mol�1, volatilization from moist soil
surfaces or fromwater surfaces are not expected to be important
fate processes for guaifenesin.

Guaifenesin is expected to have high mobility in soil based
upon an organic carbon–water partition coefficient (Koc) of
140, which indicates that it will have more solubility in water
and is less likely to adsorb onto organic matter in soil and
plants.

Guaifenesin is not expected to be susceptible to direct
photolysis by sunlight or to undergo hydrolysis in the
environment.

Particulate-phase guaifenesin can be removed from the
atmosphere by wet or dry deposition.

Vapor-phase guaifenesin will be degraded in the atmo-
sphere by reaction with photochemically produced hydroxyl
radicals; the half-life for this reaction in air is estimated to
be 9.4 h.

If released into water, guaifenesin is not expected to adsorb
to suspended solids and sediment based upon the low esti-
mated Koc. An estimated bioconcentration factor of 7.0 suggests
that the potential for bioconcentration in aquatic organisms
is low.
Human Exposure

Dermal contact and inhalation exposure to guaifenesin can
occur in occupational settings where it is produced or used. In
the general population, exposure is limited to those consuming
oral drug products containing guaifenesin. Accidental or
intentional exposure occurs most commonly by ingestion.
Toxicokinetics

Guaifenesin is readily absorbed from the gastrointestinal tract,
specifically the intestine. Human metabolism and urinary
elimination of guaifenesin are rapid. Guaifenesin has a
reported plasma half-life of 1–3 h. Guaifenesin is metabolized
to inactive metabolites by oxidation and demethylation in
the liver. In rats, metabolism of guaifenesin is more rapid in
males than females and this difference is attributed to differ-
ences in o-demethylase activity. Guaifenesin is excreted in urine
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00732-6
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principally as glucuronates and sulfates. Three hours after
administration, 40% of the dose is excreted as a major urinary
metabolite, beta-(2-methoxyphenoxy) lactic acid. Another
major urinary metabolite in humans is catechol glyceryl ether.
Approximately 60% of a dose is metabolized within 7 h.
Following oral administration, no unchanged drug is detected
in the urine.
Mechanism of Toxicity

Guaifenesin is an adrenergic antagonist in a class of medica-
tions called expectorants. It stimulates afferent receptors in the
gastric mucosa, reflexively increasing glandular secretion by the
respiratory epithelium promoting lower respiratory tract
drainage by thinning bronchial secretions, lubricating irritated
respiratory tract membranes through increased mucous flow,
and facilitating removal of viscous mucus. The onset of action
appears to be within 15–30 min. Guaifenesin is believed to
alleviate cough discomfort by improving sinus and bronchial
drainage, increasing sputum volume, and decreasing sputum
viscosity, thereby promoting effective cough. In one study, the
effect of guaifenesin to increase mucociliary clearance from the
lung was greater in patients with chronic bronchitis than in
healthy subjects.

In another study, guaifenesin inhibited the cough reflex
sensitivity in subjects with an upper respiratory tract infection
(cough receptors are transiently hypersensitive), but not in
healthy volunteers. Possible mechanisms include a central
antitussive effect or a peripheral effect by increased sputum
volume serving as a physical barrier, shielding cough receptors
within the respiratory epithelium.

As a centrally acting muscle relaxant, guaifenesin is believed
to depress or block nerve impulse transmission at the inter-
nuncial neuron level of the subcortical areas of the brain, brain
stem, and spinal cord. It also has mild analgesic and sedative
actions.
Acute and Short-Term Toxicity (Animal/Human)

Animal

Guaifenesin, when administered by stomach tube to test
animals in doses up to 5 g kg�1 produced no signs of toxicity.
Guaifenesin is used as an adjunct in anesthesia in veterinary
animals. Thrombus formation has been noted in some horses
given 10% guaifenesin intravenously. Guaifenesin has little
effect on diaphragm and respiratory function but may cause
transient increases in cardiac rate and decreases in blood
pressure. Large doses of guaifenesin in some animal models
resulted in increased respiratory tract secretions.
Human

Serious toxicity is not expected from guaifenesin when taken at
prescribed doses. Adverse effects are primarily minor gastroin-
testinal complaints. Doses larger than those required for expec-
torant action may produce vomiting, but gastrointestinal upset
is rare at therapeutic doses. Uncommon or rare effects are diar-
rhea, dizziness, skin rash, stomach pain, and urticaria (hives).
Guaifenesin is considered slightly toxic. The probable oral
lethal dose in humans is 5–15 g kg�1 or between one pint and
one quart for a person weighing 150 lbs (70 kg). Toxicity
associated with guaifenesin is expected to result from the
presence of other product components including antihista-
mines, decongestants, analgesics, cough suppressants, and
alcohol.

Consumption of excessive doses of guaifenesin has been
associated with urolithiasis. The stones are composed of
a calcium salt of the metabolite, beta-(2-methoxyphenoxy)
lactic acid.
Immunotoxicity

There have been reports of anaphylactic, antibody mediated
allergic reactions to guaifenesin. Use of guaifenesin is contra-
indicated in patients with hypersensitivity to guaifenesin.
Reproductive Toxicity

Adequate, well-controlled human studies are lacking and
animal reproduction studies have not been conducted with
guaifenesin. Consequently, it is also not known whether
guaifenesin can cause fetal harm when administered to a preg-
nant woman or can affect reproductive capacity. Guaifenesin
carries an FDA Category C Pregnancy Risk for teratogenic
effects, which means risk to the fetus cannot be ruled out.
Guaifenesin should be given to a pregnant woman only if
clearly needed. It is also not known whether guaifenesin is
excreted in human milk.
Clinical Management

Gastric emptying (syrup of ipecac) and/or lavage is recom-
mended as soon as possible after ingestion to reduce further
absorption in cases of overdosage. In exposures where guaife-
nesin is the sole ingestant, treatment is rarely necessary.
In exposures involving guaifenesin in multisymptom products
containing antihistamines, analgesics, decongestants, and/or
antitussives, treatment is directed toward the coingestant(s).
Consideration should be given to the alcohol content of liquid
preparations of guaifenesin and combination products.
Other Hazards

Guaifenesin may produce a false positive test for urinary
5-hydroxyindoleacetic acid (5-HIAA).
Exposure Standards and Guidelines

The Approved Drug Products with Therapeutic Equivalence
Evaluations List identifies currently marketed over-the-counter
drug products, which includes guaifenesin, approved on the
basis of safety and effectiveness by FDA under sections 505 of
the Federal Food, Drug, and Cosmetic Act.
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Dosage limits are established in 21 CFR x341.78(d) for
guaifenesin’s use as an expectorant, an active ingredient in cold,
cough, and allergy medication, a bronchodilator, and in anti-
asthmatic drug products for over-the-counter human use.
Disclaimer

The findings and conclusions in this entry are those of the
authors and do not necessarily represent the official position of
the FDA.

See also: Veterinary Toxicology; Respiratory Tract Toxicology.
Further Reading

Houtmeyers, E., Gosselink, R., Gayan-Ramirez, G., et al., 1999. Effects of drugs on
mucus clearance. Eur. Respir. J. 14 (2), 452–467.
Okic, M., Johnson, T., Crifasi, J.A., Long, C., Mitchell, E.K., 2013. Swift onset of
central nervous system depression and asystole following an overdose of guaife-
nesin. J. Anal. Toxicol. 37 (5), 318–319.

Pickens, C.L., Milliron, A.R., Fussner, A.L., et al., 1999. Abuse of guaifenesin-
containing medications generates an excess of a carboxylate salt of beta-
(2-methoxyphenoxy)-lactic acid, a guaifenesin metabolite, and results in urolithiasis.
Urology 54 (1), 23–27.

Ray, M., Faltay, B., Haller, N.A., 2009. Case report: anaphylactic reaction to guaife-
nesin. Hosp. Pract. (1995) 37 (1), 60–63.

Seagrave, J., Albrecht, H., Park, Y.S., et al., 2011. Effect of guaifenesin on mucin
production, rheology, and mucociliary transport in differentiated human airway
epithelial cells. Exp. Lung Res. 37 (10), 606–614.

Thakur, B.P., Sharma, S.K., Sharma, A., Kumar, A., 2011. Clinical evaluation of
xylazine-butorphanol-guaifenesin-ketamine as a short-term TIVA in equines. Vet.
Med. Int. 2011, 506831.
Relevant Website

http://www.nlm.nih.gov/medlineplus/druginfo/meds/a682494.html – Guaifenesin:
MedlinePlus Drug Information.
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l Name: Diphenhydramine, first-generation H1-blocker class
representative

l Chemical Abstracts Service Registry Number*: 58-73-1
l Synonym*: 2-(Diphenylmethoxy)-N,N-dimethylethylamine
l Molecular Formula*: C17H21NO
l Chemical Structure*:

* All from ChemIDplus

l Name: Loratadine, second-generation H1-blocker class
representative

l Chemical Abstracts Service Registry Number*: 79794-75-5
l Synonym*: 1-Piperidinecarboxylic acid, 4-(8-chloro-

5,6-dihydro-11H-benzo(5,6)cyclohepta(1,2-b)pyridin-11-
ylidene)-, ethyl ester

l Molecular Formula*: C22H23ClN2O2

l Chemical Structure*:
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* All from ChemIDplus
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Background

The histamine blocking properties of H1-blockers were
discovered in the 1930s when the first chemical moiety was
found to antagonize histamine’s effects on smooth muscle and
decrease the symptoms of anaphylaxis. This led to their clinical
use in the early 1940s for the treatment of allergic reactions.
These so-called first-generation agents were effective; however,
due to their sedating effects and other toxic properties the
development of nonsedating second-generation agents was
accomplished decades later.
Uses

H1-blockers are commonly used to treat the symptoms of
allergic reactions. They are found in many over-the-counter
products for cold, flu, and allergy products as well as sleep
aids and products to treat motion sickness. Many prescription
medications containing H1-blockers are used to treat seasonal
allergies, allergic reactions, depression, nausea and vomiting,
motion sickness, and vertigo. They are sometimes used as drugs
of abuse in patients with addiction and psychiatric disorders.
H1-blockers can be classified as first-generation agents
(Table 1) that are known to have sedating properties due to
penetration of the blood–brain barrier and as nonsedating
second-generation agents (Tables 2 and 3) that are more
selective for peripheral histamine receptors.
Environmental Behavior and Fate

High amounts of the H1-blockers fexofenadine and cetrizine
have been found in sewage treatment plants. Cyclic increases
appear to correlate with increased tree pollen counts, presum-
ably due to increased use of antihistamines. Loratidine has
been shown not to be readily biodegradable with the exception
of aqueous photolysis.
Exposure Routes and Pathways

Ingestion of oral preparations of H1-blockers is the most
common form of both intentional and accidental overdoses.
They are readily available in a variety of dosage forms including
tablets, capsules, and oral liquids as well as injectable and
topical preparations for the skin, eye, and nose.
4-3.00713-2 809
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Table 1 First-generation H1-blockers

Generic name US trade namesa Class

Duration of

action (h) Metabolism/excretion

Brompheniramine J-Tan PD (multiple combination
products available)

Alkylamine 4–6 Primarily hepatic

Carbinoxamine Arbinoxa, Palgic Ethanolamine 3–6 Primarily hepatic
Chlorpheniramine Aller-chlor, Allergy Relief, Chlor Hist,

Chlor-Trimeton Allergy, Chlorphen,
Chlorphen-12, ED Chlorped Jr, Ed
ChlorPed, Ed-Chlortan, Tussionex
(multiple combination products available)

Alkylamine 4–6 Hepatic CYP-2D6; renal excretion
of metabolites (active, inactive)

Clemastine Tavist Allergy Ethanolamine 12–24 Hepatic
Cyclizine Cyclivert, Marezine Piperazine 4–6 Hepatic
Cyproheptadine Periactin Piperidine 4–6 Hepatic
Dimenhydrinate

(salt of diphenhydramine/
8-chlorotheophylline)

Dramamine, Driminate, TripTone Ethanolamine 4–6 See diphenhydramine

Diphenhydramine Aller-cap, Aller-Tab, Bayor PM,
Benadryl, Diphenhist, Excedrin PM,
Nytol, Pedicare products, Sominex,
Tylenol PM, Unisom, etc. (multiple
combination products available)

Ethanolamine 4–6 Hepatic CYP-2D6, miner
CYP-1A2,2C9,2C19

Doxepin Silenor, Prudoxin, Zonalon Tricyclic
dibenzoxepin

6–24 Hepatic CYP-2C19, 2D6; renal
excretion of active metabolite

Doxylamine Aldex-AN (multiple combination
products available)

Ethanolamine 3–8 Hepatic

Hydroxyzine Vistaril Piperazine 6–24 Hepatic, renal excretion of active
metabolite (cetirizine)

Meclizine Antivert, Dramamine Less-Drowsy
Formula, Medi-meclizine,
Trav-L-Tabs, VertiCalm

Piperazine 12–24 Primarily hepatic, minor CYP-2D6

Promethazine Phenadoz, Phenergan, Promethegan
(multiple combination
products available)

Phenothiazine 4–6 Hepatic CYP-2D6, 2B6

Pyrilamine Ru-hist, Codituss, Midol,
Pyril combination products

Ethylenediamine 4–6 Primarily hepatic

aCommon trade name products, not an exclusive list. Not all products listed under these trade names contain an H1-blocker.

Table 2 Second-generation H1-blockers

Generic name US trade namea Class Duration of action (h) Metabolism/excretion

Acrivastine Semprex-D (contains pseudo-ephedrine) Alkylamine 4–8 Primarily urine
Cetirizine All Day Allergy, Zyrtec Piperazine 12–24 Primarily urine
Desloratadine Clarinex Piperidine 24 Hepatic, renal excretion of active metabolite
Fexofenadine Allegra Piperidine 12 Primarily feces
Levocetirizine Xyzal Piperazine 24 Primarily urine
Loratadine Alavert, Claritin, Loradamed, Loratadine-D Piperidine 24 Hepatic CYP-2D6, 3A4; renal and fecal

excretion of active metabolites

aCommon trade name products, not an exclusive list. Not all products listed under these trade names contain an H1-blocker.

Table 3 Ophthalmic and nasal preparations

Generic name US trade namesa Dosage form Generation/class Half-life (h) Metabolism/excretion

Alcaftadine Lastacaft Ophthalmic Second Metabolite: 2 Hepatic, renal excretion of active metabolite
Azelastine Astelin, Astepro,

Optivar, Dymista
Ophthalmic nasal Second Parent drug: 25

Metabolite: 57
Hepatic, renal excretion of active metabolite

Bepotastine Bepreve Ophthalmic Second Duration: 16 h Primarily renal
Emedastine Emadine Ophthalmic Second 3–4 (oral) Hepatic and renal
Epinastine Elastat Ophthalmic Second 12 Primarily renal
Ketotifen Alaway, Claritin Eye,

Zaditor, Zyrtec Itchy Eye
Ophthalmic Second piperidine 9 (oral) Hepatic, renal excretion of active and

inactive metabolites
Olopatadine Pataday, Patanase, Patanol Ophthalmic nasal Second piperidine 3–12 Primarily renal

aCommon trade name products, not an exclusive list. Not all products listed under these trade names contain an H1-blocker.
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Toxicokinetics

H1-blockers are readily absorbed after oral ingestion with
peak plasma concentrations occurring in 2–3 h. Dermal
absorption can be significant if used excessively or applied to
open skin. Peak antihistamine effects typically occur several
hours after peak plasma concentrations have been reached
and the effects can last anywhere from 4 to 24 h. First-
generation H1-blockers are widely distributed throughout
the body including the central nervous system (CNS) and are
extensively metabolized in the liver. Second-generation
agents are usually partially metabolized in the liver and
often excreted unchanged in the urine or feces. Some agents,
such as loratadine, have active metabolites that may accu-
mulate in patients with renal dysfunction. Children and fast
acetylators may metabolize these medications rapidly,
whereas the elderly and those with liver or renal disease may
have slower elimination. H1-blockers may induce hepatic
enzymes and increase their own metabolism as well as
interact with other medications known to interfere with
cytochrome P450 enzymes.
Mechanism of Toxicity

Histamine receptors are G-protein coupled receptors located
in the CNS, heart, vasculature, lungs, sensory nerves, gastro-
intestinal smooth muscle, immune cells, and the adrenal
medulla. H1-blockers are inverse agonists of type 1 histamine
(H1) receptors, meaning they preferentially bind to and keep
the receptor in the inactive state. They antagonize the known
effects of histamine including bronchoconstriction, vasodila-
tion, capillary permeability, salivation, and itching both
directly at the H1-receptor and indirectly through inhibiting
mast cell activation and histamine release. In addition, H1-
-blockers also attenuate allergic reactions by several immu-
nomodulating effects including decreasing antigen
presentation, decreasing inflammatory mediator expression
and release, and increasing mast cell stabilization. First-
generation agents are known to be more sedating than
second-generation agents and have more profound CNS
effects since they readily cross the blood–brain barrier and are
often not recognized by the P-glycoprotein efflux pump in the
CNS. These agents are nonselective for histamine receptors
leading to many of the adverse effects associated with them.
Anticholinergic effects such as agitation, psychosis, sedation,
coma, seizures, hypertension, tachycardia, hyperthermia,
mydriasis, dry flushed skin, and urinary retention can be seen
with these agents especially with toxic ingestions. Dizziness
and orthostatic hypotension due to anti-a-adrenergic effects
and increased appetite and weight gain due to antiserotonin
effects can also potentially be seen. Second-generation agents
specifically block peripheral rather than central H1-receptors
since they are hydrophilic, have higher molecular weights,
and are often recognized by the P-glycoprotein efflux pump.
They also have lower affinity for muscarinic and adrenergic
receptors than first-generation agents. Therefore, toxicity is far
less likely with second-generation agents compared to first-
generation agents.
Acute and Short-Term Toxicity (or Exposure)

Acute and short-term toxicity is more significant with first-
generation agents due to their sedating properties and
anticholinergic effects. Patients usually present with CNS
depression, mydriasis, tachycardia, fever, dry mucous
membranes, dry flushed skin, diminished bowel sounds, and
urinary retention. Patients may also present with agitation,
disorientation, and hallucinations from anticholinergic
toxicity. Both hypotension and hypertension have been re-
ported. Large overdoses of diphenhydramine have resulted in
QRS widening and QTc prolongation due to sodium channel
blockade. Seizures, blurry vision, diplopia, and nystagmus
may also be seen. Rhabdomyolysis has been observed with
overdoses of doxylamine as well as in patients who develop
seizures or severe agitation. Children are more likely to
present with CNS stimulation including agitation, hallucina-
tions, and seizures and elderly patients are particularly sensi-
tive to the adverse effects of these agents due to reduced
metabolism and clearance.

These signs and symptoms have been reported in patients
taking >5 mg kg�1 of diphenhydramine and fatal overdoses
have been reported in those ingesting >20 mg kg�1. Toxicity
from second-generation agents is usually fairly benign and
does not typically result in CNS depression or anticholinergic
toxicity. Terfenadine and astemizole, second-generation agents,
were withdrawn from the market due to QTc prolongation
and torsade de pointes; however, this does not appear to be a
class effect.
Chronic Toxicity (or Exposure)

Chronic toxicity is more severe with first-generation agents
compared to second-generation agents. CNS depression that
can interfere with activities of daily living can be particularly
problematic and have an additive effect when used with
alcohol or other CNS depressants. First-generation agents are
also known to cause dizziness, nervousness, insomnia,
tremor, tinnitus, blurry vision, diplopia, dry mouth, urinary
retention, and constipation. Nausea, vomiting, abdominal
pain, increased appetite, and weight gain have also been
reported.

Second-generation agents do not typically cause severe CNS
depression, but fatigue and tremor have been reported as well
as hepatitis, alopecia, and skin reactions.
Immunotoxicity

H1-blockers block the effect of histamine and therefore
decrease the immunologic response. They have been shown to
decrease antibody production.
Reproductive and Developmental Toxicity

H1-blockers cross the placenta and some have reported tera-
togenic effects in animals.
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Genotoxicity

To date, 12 separate antihistamines have been indicated as
potential genotoxic agents, although data are limited.
Carcinogenicity

Diphenhydramine has not been listed as a carcinogenic agent.
A review analyzing 70 H1-blockers found that six agents had
the potential to be carcinogenic.
Clinical Management

Basic and advanced life support should be utilized as necessary
including close monitoring of vital signs, mental status, seizure
development, and cardiac monitoring to detect widened QRS
or prolonged QTc interval. Coingestions, particularly acet-
aminophen, dextromethorphan, and decongestants, should be
considered since many over-the-counter antihistamine prod-
ucts contain multiple agents for the treatment of cold and flu,
allergies, and insomnia. Activated charcoal should be consid-
ered in patients presenting within 1 h of ingestion if they have
a protected airway. Due to the anticholinergic effects of first-
generation H1-blocker toxicity, patients should be monitored
for the development of an ileus following activated charcoal
administration. Gastric lavage is recommended in patients with
massive overdose of the first-generation H1-blockers due to
their potential for severe toxicity. Gastric lavage can also be
used in those with H1-blocker toxicity and absent bowel
sounds within 1 h of ingestion. Supportive care including
intubation for airway protection may be necessary if severe
CNS depression exists as well as isotonic fluids to treat hypo-
tension and prevent renal injury from rhabdomyolysis. Vaso-
pressors including norepinephrine or dopamine may be
required to treat refractory hypotension in some cases. Any
signs of QRS widening or QTc prolongation should be cor-
rected with sodium bicarbonate 1–2 mEq kg�1 IV to achieve
a serum pH of 7.45–7.55. Dysrhythmias may require car-
dioversion or pacing. QTc prolonging antiarrhythmic agents
such as class 1A, IC, and III agents should be avoided. Cooling
blankets or evaporative measures can be used to treat fever.
Rapid cooling with an ice bath should be utilized for severe
hyperthermia as well as monitoring for disseminated intra-
vascular coagulation. Seizures are generally treated with
benzodiazepines, either diazepam 0.15 mg kg�1 or lorazepam
0.1 mg kg�1; however refractory cases can be treated with
a nonsodium channel blocking agent such as phenobarbital or
propofol if intubated. Phenytoin and fosphenytoin should be
avoided. Agitation and delirium from the anticholinergic
effects of H1-blockers can be treated with benzodiazepines;
however, physostigmine may be a safer and more effective
treatment agent in pure anticholinergic toxicity from diphen-
hydramine or dimenhydrinate. It is not recommended to treat
agitation and delirium from second-generation agents due to
their low potential for anticholinergic toxicity. Physostigmine
is a cholinesterase inhibitor that interferes with acetylcholine
metabolism to overcome the anticholinergic effects of first-
generation H1-blockers. It is a tertiary amine and can there-
fore cross the blood–brain barrier allowing for reversal of both
peripheral and central symptoms. The dose utilized is 1–2 mg
in adults and 0.01–0.03 mg kg�1 in children given by a very
slow intravenous push over at least 10 min. The dose can be
repeated in 5–10 min intervals until signs of anticholinergic
toxicity are reversed. Additional doses may be administered
every 30–60min as necessary for recurrent symptoms. Atropine
should be available to treat cholinergic toxicity (bradycardia,
hypersalivation, convulsions, respiratory distress) if it occurs.
Physostigmine is contraindicated in patients with QRS
widening, bradycardia, and asthma.
Ecotoxicology

Loratidine has been shown to produce negative adverse effects
to marine life. An LC50 of 82 mg l�1 has been established for
bluegill sunfish.
Exposure Standards and Guidelines

Toxic doses of H1-blockers have not been established. Patients
should be seen in the emergency department in intentional
overdose cases, if symptomatic, or in patients who have
ingested �7.5 mg kg�1 or �300 mg (whichever is less) of
diphenhydramine or dimenhydrinate.

See also: Anticholinergics.
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Hair grows everywhere on the external body skin in mammals
except for the mucous membranes and glabrous skin, such as
that found on the soles of the hands, feet, and lips. Hair is
composed of a protein called keratin. Each strand of hair is
made up of three layers: medulla, cortex, and cuticle. Part of the
hair that is outside the skin is the hair shaft, and the other part
of the hair beneath the skin is called hair follicle. Hair growth
begins inside the follicle.
Hair Types

There are three types of hair:

l Lanugo Hair develops on an unborn baby 3 months after
the baby’s conception. It is fine and soft and grows all over
the body, at the same rate. Finally, it sheds about 4 weeks
before the baby is born.

l Vellus Hair is short fine, light-colored hair with only 1–
2 cm long and it contains little or no pigments. It develops
on most of a person’s body exception the lips, the back of
the ear, the palm of the hand, the sole of the foot, some
external genital areas, the navel, and scar tissue from his/her
childhood.

l Terminal Hair is thick, long, and dark which is replaced
with vellus hair because of increasing androgenic hormones
in certain areas of the human body.
Hair Structure

Hair is composed of two distinct parts, the part that is beneath
the skin is called follicle and another part that extends from the
skin is called the bulb. The hair fiber consists of three layers,
which are named from outside: cuticle, cortex, and medulla.

Cortex contains melanin granules which are responsible for
hair color. Hair color depends on number, distribution, and
types of melanin granules. Melanin is divided into eumelanin,
the dominant pigment in dark-blond, brown, and black hair,
and pheomelanin, the dominant pigment in red hair.
Hair Growth Cycle

Hair follicles have three distinctive phases: anagen, catagen,
and telogen phase.

Anagen is the growth phase and approximately 85% of all
hairs are in the growing phase at any one time. Melanin is made
in the hair bulb throughout this phase.

Catagen is the transition phase and the hair stops growing
and becomes detached from the base of the follicle. The hair
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
bulb begins to break down, resulting in the follicle becoming
shorter. On average, 1% of follicles are in the catagen stage.

Telogen is the resting phase and during this phase the hair
does not grow but stays attached to the follicle. Approximately
10–15% of all hair is in this phase at any one time. At the end
of the telogen phase, the hair follicle reenters the Anagen phase
and a new hair begins to form.
Melanin

Melanin is a pigment which is a derivative of the amino acid
tyrosine. Melanin is responsible for the color of hair in human.
There are two common types of melanin: pheomelanin and
eumelanin.

Eumelanin is the domain pigment in dark-blond, brown,
and black hair and Pheomelanin is the domain pigment in red
hair. Various pigment compositions or percentages of each
pigments cause different colors of hair in human. Blond hair
has low concentration of both pheomelanin and eumelanin
pigments.
Hair Analysis

History: Hair analysis was first implicated in 1966 as a bio-
monitor for diagnosis of Zn deficiency. Since that time, many
methods were developed and implicated for different purposes
such as biomonitoring, diagnosis of diseases, toxicology, and
so on. After that, application of isotopic analysis was developed
and application of hair analysis in detection of drug abuse and
dopants in athletes began. In recent years, hair analysis has
been more acceptable and it is used widely in many different
fields such as epidemiology, etiology, toxicology, and even in
studies on animal population.

Hair elements profile reflects composition of elements in
other tissues in the body because hair is an excretory tissue for
potentially toxic elements and essential and nonessential
elements. For some elements, levels in the hair are more
indicative than levels in other tissues like urine and blood
because of several reasons:

l Hair is a stable biospy material that remains viable for years
and easy to handle.

l Detecting element levels in the hair is easier than screening
in the blood or urine.

l Composition of elements in the blood and urine are closely
dependent on diet, activities, time of sampling, and many
other factors.

l Toxic substances are not found in high concentration except
right after exposure because human body tends to accu-
mulate toxic materials into soft tissues like the hair to
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minimize damage. Hence, it would be easier to detect toxic
material in the hair instead of blood or urine.

Hair testing may refer to microscopic and chemical anal-
yses. Chemical analysis is most widely accepted forensic toxi-
cology. It is also used for the detection of many addictive and
therapeutic drugs. And it is a common method for detecting
substance misuse especially to aid medical or legal investiga-
tion of death or poisoning. The hair profile can also be used in
the prognosis, diagnosis, and treatment of some diseases and
also morbidity, reflect diet, and nutrition status and deficiency,
and exposure to toxins, dusts, and contaminations in
environments.

There is correlation between existence or concentration of
some elements in blood and prevalence and progression of
some kinds of diseases. For example, role of Cu and Zn in
carcinogenesis is noticeable. Zn concentration can also have an
effect on atherosclerosis. Hair can reflect concentration of
elements in blood and can be used for detection of some
diseases.

There are many factors and variables which affect hair
composition and also hair concentration which should be
considered in hair analyze interpretation. Most important
factor is type, combination, and concentration of melanin in
hair and other factors almost have an effect on hair composi-
tion via change in melanin concentration and combination or
bonding to it. For example, more drugs will be found in the
darker and coarser hair. Factors should be considered are
contamination and natural deterioration, UV degradation, hair
treatments or cosmetics, curly or straight, age, gender, ethnicity,
personal habits, cycle stage of growth, speciation, inter-element
correlation and composition, genetic polymorphism, and
structural change due to morbidity and nutritional deficiency.

Some of the drugs which are detected in the hair are heroin,
cocaine, phencyclidine, cannabis, morphine, codeine, meth-
amphetamine and amphetamine, nicotine, haloperidol,
phenobarbitals and benzodiazepines, and 3, 4-methylenedioxy-
methamphetamine.
Methods of Hair Analysis

There are two different kinds of hair analyses. Spatial and
longitudinal analysis and bulk analysis.

Spatial and longitudinal analysis is used usually for acute
exposure to metals and toxins. It requires specialized equipment
and high-resolution techniques and provides more information
on fundamental understanding of hair studies. There are diffe-
rent methods for different purposes. For example, secondary ion
mass spectrometry (SIMS) and synchrotron-based X-ray fluores-
cence are used for very sensitive analysis for material character-
ization. Micro-particle-induced X-ray emission is useful for
nutritional elements in the hair follicle studies. Time-of-flight
SIMS (ToF-SIMS) analysis is implicated for outer and inner
surface analysis of hair. Nano-SIMS can provide high resolution
and more sensitivity of hair analysis. Laser ablation inductively
coupled plasma mass spectrometry and X-ray absorption spec-
troscopy are other methods developed for hair analysis.

Bulk analysis is useful for chronic exposure and population
studies and epidemiology. It is also used in disease cases for
hair element concentration.
Color Change

Some chemicals induce hair color change. For example, high
concentrations of copper dissolved in the pool water, high levels
of copper in tap water, and even copper in cosmetics containing
plant extracts can turn hair green. High dose intake of thallium
or boron salts can be life threatening, but low dose intake
producesmoremild symptoms including a change in hair color.

The toxic substances in tobacco smoke can inactivate
production of melanocyte cell pigment and result in gray hair.
Also prolonged exposure to air laden with tar from cigarette
smoke can cause yellow hair.
Potentially Toxic Elements in the Hair

There are some elements which can be tracked in the hair and
levels of them may reflect physiological excess of elements in
the body or toxicity. Some potentially toxic elements that can
be detected in the hair are mercury, cadmium, chromium,
cobalt, zinc, copper, thorium, thallium, barium, cesium, sele-
nium, bismuth, silver, palladium, aluminum, platinum, tung-
sten, tin, uranium, gold, tellurium, germanium, titanium, and
gadolinium.

Cadmium: Cadmium (Cd) levels in hair provide an excel-
lent indication of mild to moderate body burden. Very high
exposure and assimilation of Cd destroy the hair follicle.

Nickel: Hair is a reasonable tissue for monitoring accumu-
lated body stores of Nickel (Ni). However, hair is often contam-
inated with Ni from hair treatments, dyes, and hair products.

Zinc: A high level of zinc (Zn) in hair may be indicative of
low Zn in cells and functional Zn deficiency. Zn can be dis-
placed from proteins such as intracellular metallothionein by
other metals; particularly Cd, lead (Pb), Cu, and mercury (Hg)
resulting in paradoxically elevated hair Zn. Zn may also be high
in hair as a result of the use of Zn- containing antidandruff
shampoo. Rough or dry, flaky skin is a symptom of Zn defi-
ciency, so it is not uncommon for Zn deficient patients to use
an antidandruff shampoo. A result of high level of Zn in hair
warrants further testing to assess Zn status. Zn is an essential
element that is required in many important biological
processes. However, Zn can be toxic if exposure is excessive.
Although uncommon, high level of Zn in hair might be
indicative of Zn overload which could result from Zn
contaminated water (galvanized pipes), welding or gross, and
chronic oversupplementation (100 mg day�1).

Copper: An elevated level of copper (Cu) in hair may be
indicative of excess Cu in the body. However, it is important to
first rule out exogenous contamination sources: permanent
solutions, dyes, bleaches, swimming pool/hot tub water (very
common), and washing hair in acidic water carried through Cu
pipes. In the case of contamination from hair treatments, other
elements (aluminum, silver, nickel, and titanium) may also be
elevated.

Silver: Silver (Ag) in hair levels in hair have been found to
reflect environmental exposure to the element.

However, hair is commonly contaminated with Ag from
hair treatments and swimming pools or hot tubs. Ag is not an
essential element and is of relatively low toxicity.

Palladium: The relationship between the levels of palla-
dium (Pd) in hair and exposure to the metal is yet to be
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determined. People are less exposed to Pd and the main contact
sources are jewelry and dental materials (gold alloys).

Aluminum: The aluminum (Al) level in hair is a reliable
indicator of assimilation of this element, provided that hair
preparations have not added exogenous Al. Al is a nonessential
element that can be toxic if excessively assimilated into cells.

See also: Aluminum; Amphetamines; Barium; Bismuth;
Cadmium; Cannabinoids; Cesium; Chromium; Cocaine; Cobalt;
Copper; Drugs of Abuse; Environmental Toxicology; Forensic
Toxicology; Gold; Mercury; Mercury Tragedies: Incidents and
Effects; Occupational Toxicology; Opium and the Constituent
Opiates; Palladium; Platinum; Selenium; Silver; Tellurium;
Thallium; Thorium and Thorium Dioxide; Tin; Titanium; Toxicity
Testing, Reproductive; Toxicology, Education and Careers;
Tungsten; Uranium; Zinc.
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The Hamner Institutes for Health Sciences (The Hamner) is an
independent, nonprofit organization that offers an open,
collaborative, and cross-disciplinary approach to environ-
mental health sciences research. Based in Research Triangle
Park, North Carolina, The Hamner strives to act as a catalyst
with global academic institutions, industries, and government
to support innovative research and rapid technology develop-
ment. The Hamner also aims to accelerate the development of
new, safer medicines and advance the science of safety on
a single, multidisciplinary campus. Previously known as the
Chemical Industry Institute of Toxicology (CIIT), The Hamner
receives its funding from federal grants and industry contracts.

The Hamner uses a systems biology approach to human
health effects research. The hallmark of systems biology is the
seamless integration of functional genomics, computational
biology, and bioinformatics to guide biomedical research and
provide integrative, quantitative tools for hypothesis testing
and experimental design. Built upon this integrated systems
biology platform, the two flagship institutes at The Hamner,
the Institute for Chemical Safety Sciences (ICSS) and The
Hamner-UNC Institute for Drug Safety Sciences (IDSS),
develop and validate cutting-edge tools for safety assessment.
The ICSS seeks to develop twenty-first century toxicity testing
strategies and analytical tools to create more accurate, predic-
tive chemical safety assessments, whereas the IDSS seeks to
integrate clinical medicine with innovative systems biology and
in silico modeling platforms to improve drug development and
ultimately make drugs safer.

The Hamner is further organized into four technology-
based research centers that both support multiple projects
and serve as a focus for external funding. The Center for Dose
Response Modeling maps and understands nonlinear biolog-
ical response networks and develops computational method-
ologies, which will integrate information on critical biological
pathways. The Center for Genomic Biology and Bioinformatics
applies technology to improve the understanding of basic
biological systems, gene–environmental interactions, and
biological responses to pharmaceuticals or chemicals in the
environment. The Center for Human Health Assessment
(CHHA) combines computational modeling, tissue dosimetry,
and cellular response to create new human health risk assess-
ments based on perturbation of human biology, which aid in
the development of new pharmaceuticals and offer alternatives
to live animal testing. CHHA also develops chemical safety and
risk assessments for specific compounds aimed at better eval-
uating human exposure levels, thereby protecting human
16 Encyclopedia of T
health. The Center for Preclinical Safety and Efficacy seeks to
evaluate in vivo efficacy and mechanism of action of drugs and
natural products in specialized cancer models, supports the
development of new inhaled drug delivery strategies, and
explores health effects of nanomaterials and genotoxic agents.

The Hamner has also developed resources to provide
research services for industry sponsors and support to the
research programs aligned with its institutes and centers. The
Hamner’s Research Services are broadly categorized into areas
of preclinical safety, preclinical efficacy, inhalation, analytical
chemistry, and additional capabilities. Preclinical safety
includes general toxicology, pharmacokinetics, genotoxicity,
reproductive toxicity, and carcinogenicity studies. Preclinical
efficacy studies include primary cell models, in vivo tumor
models, and mechanism-based in vitro and in vivo biomarkers.
Inhalation projects are conducted in a dedicated, specialized
facility. Gases, vapors, dusts, aerosols, and nanoparticles are
generated and characterized in whole-body or nose-only
animal exposure chambers. Analytical chemistry services
include methods development, tissue analysis, and identifica-
tion of chemicals and drugs. Additional capabilities at The
Hamner include necropsy, histology, histopathology, and
specialized instrument (e.g., flow cytometry, electron micros-
copy, confocal microscopy, laser-scanning capture microscopy)
expertise. Quality assurance (QA) and quality control proce-
dures are also integral components of The Hamner’s Research
Services. If necessary, preclinical safety and efficacy studies can
be conducted under good laboratory practice standards as
defined by US Environmental Protection Agency or US Food
and Drug Administration regulations.

Within North Carolina, The Hamner has emerged as a hub
for regional resources in the biosciences. The Hamner has
forged strong collaborations with area universities such as
Duke University, North Carolina State University, and the
University of North Carolina at Chapel Hill, linking researchers
from academia with government and industry partners, and
providing technical and business development expertise. The
Hamner has also taken a leading role in creating new partner-
ships between key biomedical contributors across the state,
through initiatives such as the North Carolina Biomedical
Innovation Network.

The Accelerator for Translational Biosciences at The Hamner
Institutes for Health Sciences provides emerging companies
with access to a research facility with state-of-the-art equip-
ment, as well as scientific and business development support.
The Accelerator is a unique resource for small companies that
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00287-6
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provide substantial infrastructure to assist their commerciali-
zation efforts. Furthermore, the Accelerator fosters opportuni-
ties to develop collaborative research and educational
programs among The Hamner, academia, industry, and
government. Partnerships build shared resources and increase
funding opportunities, which add value for each of the
participants. This synergy allows The Hamner, in collaboration
with its institutional partners, to accelerate the commerciali-
zation of new technologies aimed at improving human health.

Hamner faculty hold advanced degrees in analytical chem-
istry, biochemistry, biology, cell biology, chemical engineering,
environmental engineering, environmental sciences, inhala-
tion toxicology, mathematics, mechanical engineering, molec-
ular biology, pharmacology, physiology, statistics, toxicology,
and veterinary biosciences. In the over 35 years since The
Hamner began operations, faculty have established a strong
presence in the research community through publication in
peer-reviewed literature and the formal presentation of research
results at scientific meetings. The Hamner scientists have pub-
lished more than 1600 research articles. The Hamner faculty
has served in a number of scientific advisory positions for
organizations representing public health concerns over the
years. They have contributed to the quality of a wide variety of
research publications by serving as peer reviewers and in
various editorial capacities. Faculty members are also involved
in the education of numerous college students in the Research
Triangle through adjunct faculty appointments at Duke
University, North Carolina State University, and the University
of North Carolina at Chapel Hill.

The Hamner has a strong commitment to training and
education in health effects research. The Hamner awards
postdoctoral fellowships to scientists who have recently
obtained advanced degrees, predoctoral fellowships to PhD
students at area universities, and summer internships to
undergraduate students. Since 2001, The Hamner has been
sponsoring workshops to introduce middle- and high-school
teachers to biomedical research. As a result of The Hamner’s
strong commitment to education, alumni of the postdoctoral
and predoctoral programs have been major contributors to
health effects research. Since The Hamner began operations,
over 300 postdoctoral fellows and trainees, 67 predoctoral
fellows, and 121 summer interns have participated in The
Hamner’s education programs.

The Hamner was founded in 1974 as CIIT by visionary
leaders of 11 major chemical companies in the United States in
order to address growing concerns about the effects of chem-
icals on environmental and human health. CIIT began opera-
tions in 1976 under the leadership of first President Dr Leon
Golberg, an internationally known toxicologist who had
founded and headed the British Industrial Biological Research
Association. Dr Robert A. Neal, who was Director of the Center
in Environmental Toxicology and Professor of Biochemistry at
Vanderbilt University School of Medicine, was appointed
CIIT ’s second President in 1981. Dr Roger O. McClellan,
President and Director of the Inhalation Toxicology Research
Institute in Albuquerque, New Mexico, was recruited to be
CIIT ’s third President in 1988. Dr William F. Greenlee, Chair of
the Department of Pharmacology and Molecular Toxicology at
the University of Massachusetts Medical School, was appointed
fourth President in 1999 as CIIT entered final stages of its
transition from an institute primarily sponsored by member
companies to an organization with a broader portfolio of
research sponsors, including the American Chemistry Council.
Dr Greenlee refocused CIIT ’s research vision on key human
health issues, restructured CIIT ’s core research programs using
a systems biology approach, and developed a multifaceted
funding strategy. In keeping with Dr Greenlee’s vision, the
institute changed its name in December 2000 to the CIIT
Centers for Health Research. In 2007, CIIT recruited Charles
Hamner, a former president of the North Carolina Biotech-
nology Center, to become the chairman of its board. Shortly
thereafter, on 7 June 2007, the organization was renamed The
Hamner Institutes for Health Sciences, in recognition of a man
who has been a leader in advancing biotechnology and the life
science industry in the state of North Carolina for nearly
a quarter century. It is in his spirit of dedication to protecting
human health that The Hamner Institutes continues its mission
today.
Contact Details

The Hamner Institutes for Health Sciences, 6 Davis Drive, PO
Box 12137, Research Triangle Park, NC 27709, USA. Tel.:
þ1 919 558 1200. Website: www.thehamner.org (Details
compiled from the information provided by The Hamner
Institutes.)
See also: American Board of Toxicology; American College of
Toxicology; Hamner Institutes for Health Sciences, The; The
International Society for the Study of Xenobiotics; International
Union of Toxicology; Society of Environmental Toxicology and
Chemistry; Society of Toxicology.
Relevant Websites

http://www.thehamner.org/institutes-centers/center-for-dose-response-modeling/ –

Center for Dose Response Modeling.
http://www.thehamner.org/institutes-centers/center-for-genomic-biology-and-

bioinformatics/ – Center for Genomic Biology and Bioinformatics.
http://www.thehamner.org/institutes-centers/center-for-human-health-assessment/ –

Center for Human Health Assessment.
http://www.thehamner.org/institutes-centers/ – Institutes and Centers.
http://www.thehamner.org/institutes-centers/institute-for-chemical-safety-sciences/ –

Institute for Chemical Safety Sciences.
http://www.thehamner.org/institutes-centers/institute-for-drug-safety-sciences/ –

Institute for Drug Safety Sciences.
http://www.thehamner.org/about-the-hamner/vision/ – Mission and Vision.
http://www.thehamner.org – The Hamner Institutes for Health Sciences.
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Introduction

Hazard identification is the first step in the risk assessment
process and addresses two questions:

l Does a given material present a potential hazard?
l What type of adverse health effect(s) is it likely to cause? Is

it, for example, a neurotoxicant, a developmental toxicant,
or a potential carcinogen?

Hazard identification depends on a careful scientific eval-
uation of several different types of information:

l Physical characteristics (e.g., corrosivity, flammability, and
reactivity with other substances).

l Results of in vivo animal testing studies.
l Results of in vitro laboratory tests (e.g., cell cultures or iso-

lated tissues).
l Results of epidemiological studies with human popula-

tions.
l Structure–activity analysis (i.e., comparisons with the

known toxicity of structurally similar chemicals).
In Vivo Animal Toxicity Studies

The most commonly used information in hazard identification
is obtained from animal bioassays. Although the use of animals
in toxicity testing has become a highly controversial topic in
recent years, responsible studies with a variety of species of
laboratory animals (mainly rats, mice, guinea pigs, rabbits,
dogs, and occasionally primates) frequently represent the only
sources of information which can be used to judge the poten-
tial adverse effects of a chemical on humans. While always
associated with a good deal of uncertainty, the use of animals
in toxicology testing rests on the premise that the results
observed in animals are applicable to humans.

Chemicals usually can cause multiple effects and the
outcome of an exposure is likely to depend on the length of
time over which an exposure occurs, the primary route of
exposure, the sensitivity of the individual or species, and the
resulting dose. Effects can occur as a result of exposure at the
point of contact (e.g., skin, eyes, gastrointestinal tract, and
respiratory tract) or any internal or systemic target. Animal
bioassays are often categorized into three major groups based
primarily on the duration of exposure period; these groups are
acute, subacute and subchronic, and chronic.
Acute Toxicity Studies

Acute studies are designed to evaluate the possible adverse
effects that may occur after short-term exposure (e.g., 24 h or
less to about 1 week). Exposure may occur from one or possibly
a few exposures to the test substance over the time period. In
humans, such exposures might result from one-time accidents
818 Encyclopedia of T
or other unusual incidents. Acute effects may occur in any
organ system and can range from mild irritation of the eyes,
skin, and respiratory tract to coma and death.
Subacute and Subchronic Toxicity Studies

Subacute studies occur over time periods that range from
greater than a week to several months. Subchronic studies
address exposures that occur for a period of about 90 days.
Both subacute and subchronic studies involve repeated, usually
daily, exposures to the test substance. These studies have been
used to reflect the effects that might result from continual
occupational exposures over a period of several weeks or
months. Subchronic studies in rodents (which have a lifetime
of 2 years) have been used as the basis for exposure criteria that
are intended to protect against the occurrence of adverse effects
in humans resulting from exposures lasting from 1 to 7 years.
Animals are observed daily throughout the course of the study
and observations made with respect to clinical signs of toxicity
(e.g., loss of body weight, incoordination, and loss of balance),
general appearance, and/or unusual behavioral patterns. At the
end of the study, all animals are sacrificed and a gross and
microscopic pathological examination of selected tissues is
conducted. Included with subchronic and subacute studies are
special fertility and developmental toxicity studies in which
adult and pregnant animals are exposed daily to the test
chemical throughout the critical stages of fertility and organo-
genesis. Some chemicals (e.g., thalidomide) exert their adverse
effects at very specific points in fetal development so that even
single acute exposures during that critical period can cause an
effect.
Chronic Toxicity Studies

Chronic studies are typically conducted for periods greater than
90 days and usually last for the length of the lifetime of the test
animal. In some cases, as with bioassays for carcinogenesis, the
animals are exposed daily for their lifetimes (usually 18
months in mice and 2 years in rats). Chronic studies focus on
identifying effects (e.g., such as cancer or certain reproductive
effects) that might occur following continuous exposure over
several generations.
Test Requirements

The results of animal bioassays for toxicity form the basis of
risk assessment and risk management under most regulatory
statutes at the federal, state, and international levels. To obtain
consistency and to ensure that the studies are designed, con-
ducted, and analyzed in a sound scientific manner, experi-
mental protocols for animal studies are required to meet
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00394-8
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various US federal statutes or OECD (Organization for
Economic Cooperation and Development) guidelines. US
requirements are carefully described in the Code of Federal
Regulations. The study guidelines consist of a series of Standard
Evaluation Procedures that clearly specify experimental
conditions such as the number of animals per test group, the
number of treatment groups, methods of chemical adminis-
tration, types of observations that must be made and detailed
procedures, and end points for clinical, hematological,
ophthalmoscopic, and histopathologic evaluation. A study that
does not follow the appropriate guidelines may not be
acceptable to the regulatory agency. Currently, attempts are
being made to standardize (harmonize) the test guideline
requirements in different countries (e.g., United States, Canada,
and the European Union).

Depending on the physicochemical nature of the chemical
and the route of exposure of particular concern or relevance to
expected human exposures, the test materials may be admin-
istered orally by incorporation in food or water or by gavage
(feeding tube) directly into the stomach, dermally (by appli-
cation to the skin), or by inhalation in the form of a gas or
aerosol. In most cases, the test chemical is administered in
a substance that is believed to be a toxicologically inert vehicle
(such as saline or corn oil) and the observations in the treated
animals are compared with those in control animals receiving
only the vehicle. The tests are usually conducted with groups of
control animals and three or more groups of experimental
animals, each receiving different doses of the test material;
groups of each sex are employed. The number of animals in
a treatment group varies depending on the nature of the test,
ranging from about 6–20 animals for acute and subchronic
studies to 50–60 animals in chronic cancer bioassays.
In Vitro Tests in Hazard Identification

In vitro tests are tests in which chemical interactions with any of
a wide variety of organs, tissue preparations, cell cultures,
enzymes, receptors, etc. are studied ‘in the test tube.’ Such
studies have always been considered important tools in
studying the effects of toxic chemicals and identifying the
mechanisms through which toxicity occurs and usually
complement in vivo studies with intact animals. Indeed, with
growing concern over the use of animals in laboratory research,
there has been a concerted effort in recent years to develop
in vitro tests that might serve as alternatives for some in vivo
tests; despite some success, there remains a strong consensus
that both types of testing will continue to be required.

The intact animal in a toxicity study is equivalent to a black
box. It is possible to make gross observations of toxic signs,
symptomology, and clinical effects but these seldom provide
the details required to understand the precise mechanisms of
toxicity or the primary cause, at the subcellular level, of the
adverse effects. In vitro systems can be used, for example, to
measure the ability of a neurotoxicant to inhibit cholinesterase,
identify potentially reactive metabolites formed in the liver, or
demonstrate the ability of a compound to bind to a macro-
molecular receptor like DNA. In vitro studies are also extremely
important in metabolic investigations and the identification of
reactive intermediates. The use of specific intact organs or
a variety of cell or tissue cultures of human, animal, plant, or
microbial origin often provides useful laboratory models for
studying the potential of a compound to penetrate skin,
damage the cornea of the eye, or otherwise interact with living
tissues. Adverse effects may be indicated through changes in
cell turnover, membrane permeability, or damage to cell
organelles (e.g., mitochondria).

The results of in vitro studies to determine genetic toxicity
have become an important component of assessing the carci-
nogenic potential of a chemical. Thus, an integral part of the
routine testing of all chemicals is a battery of in vitro tests to
determine each chemical’s potential mutagenicity or clastoge-
nicity (potential for chromosome damage). These tests include
the well-known Ames mutagenicity test with various strains of
Salmonella, cytogenetic, and unscheduled DNA synthesis
assays employing various cell cultures including those of
human cells. A positive result with these types of tests suggests
genotoxic or mutagenic potential that is taken into account in
the total weight of evidence evaluation of carcinogenicity.
Epidemiology in Hazard Identification

Since epidemiology relates directly to the incidence of illness or
toxicity in humans, the existence of positive epidemiological
data is most relevant to assessing potential human hazard or
risk. The major advantages of epidemiological studies are that
they are usually based on large numbers of humans exposed to
‘real-world’ levels of the chemical. Any effects observed are
directly relevant to humans and do not require the type of
extrapolations used to relate animal studies to humans.

Unfortunately, epidemiological data can only be obtained
retrospectively after a chemical has been on the market for
a number of years and, obviously, cannot play a role in the
prospective hazard evaluation of a new chemical.
Structure–Activity Relationships

In the absence of any other information, the analysis of
possible structure–activity relationships (SARs) is often useful
as a first attempt at hazard identification. SAR analysis involves
a comparison of the structural, physical, and chemical prop-
erties of a chemical of unknown hazard with those of similar
chemicals having known toxic effects. In some cases, SAR
analysis may simply provide a qualitative indicator of a specific
type of activity (i.e., if it is a polycyclic aromatic hydrocarbon it
is likely to be treated as a suspected carcinogen in the absence
of any toxicity data). In other cases, SARs can actually be used
to obtain a quantitative estimate of an effect (e.g., with
homologous series of compounds or organophosphorus
cholinesterase inhibitors). SAR analysis is frequently used by
regulatory agencies to develop a series of triggers of concern.
Thus, when faced with a new chemical that has never been
tested, the presence of certain functional groups may be an
indicator of possible toxicological concern.

It is important to recognize, however, that SAR analysis can
be misleading and must be used cautiously. With some
chemicals, the requirements for exerting an adverse effect are
very specific, and small, seemingly insignificant changes in
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structure (e.g., the ortho, meta, or para position of an aromatic
substituent) can have an enormous impact on biological
activity.

See also: Ames Test; Analytical Toxicology; Animal Models;
Biomarkers, Human Health; Epidemiology; Good Laboratory
Practices; In Vitro Tests; In Vivo Tests; Risk Assessment, Human
Health; Risk Characterization; Toxicity, Acute; Toxicity,
Subchronic and Chronic.
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Background

Export of banned or severely restricted chemicals from indus-
trialized countries to countries with limited management
procedures for chemical safety assessment or even total lack of
management systems has been discussed for several decades.
The discussion started when industrialized countries intro-
duced management systems that included explicit bans or
severe restrictions on certain chemicals, considered too
hazardous for most or all uses in their own country.

There were two main drivers for this discussion: one, a more
ethical position and the other, the fear that once exported, such
chemicals might backlash (e.g., as residues of pesticides in the
food chain or in products).

Discussions were brought at an international level in the
1980s, culminating in the voluntary London Guidelines and
finally in the legally binding Rotterdam Convention, adopted
in 1998 and entered into force in 2004.
National and Regional Requirements

Several countries or regions, such as the United States and the
EU, have established their own rules for dealing with the
export of hazardous chemicals restricted or banned in their
countries. The US Toxic Substances Control Act (TSCA)
requires export notifications to importing countries for some
1100 substances. The EU, after having developed its own
procedures first, has aligned with the Rotterdam Convention
once it was adopted, after having applied a voluntary notifi-
cation scheme together with a procedure for obtaining consent
from the importing country prior to import, a procedure later
incorporated in the Rotterdam Convention under the name
Prior Informed Consent (PIC).
International Developments

After countries had started discussions on export of hazardous
chemicals, the issue came on the international agenda during
the 1980s, facilitated by the United Nations Environment
Programme (UNEP). With heavy resistance from industrial
parties, countries adopted in 1987 in London the voluntary
London Guidelines for the Exchange of Information on
Chemicals in International Trade. The goal was to increase
awareness of importing countries on the status of chemicals in
exporting countries, including reasons for bans or severe
restrictions. At the same time it would leave importing coun-
tries free to import those chemicals that they considered
necessary for their domestic goals. In 1989, FAO and UNEP
jointly introduced the voluntary PIC procedure, under which
arrangement FAO operated the Secretariat for pesticides and
UNEP for industrial chemicals. Exporting countries partici-
pating would provide information to an importing country
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
prior to an export movement, asking them for their explicit
consent.
The Rotterdam Convention

The Rio Earth Summit (1992) called for a legally binding
instrument on the PIC procedure, which resulted in the Rot-
terdam Convention being adopted in Rotterdam in September
1998, and, after the required number of notifications had been
received, its entry into force in February 2004 (www.pic.int).

The objectives of the Rotterdam Convention are met
through the following:

l Provision of early warnings on potentially hazardous
chemicals

l Provisions of the basis for decisions regarding future
imports of chemicals

l Enforcement of import decisions
l Exchange of information on decisions regarding ban and

severe restrictions in countries

Under the Convention, an exporting party notifies an
importing party of an intended shipment of a chemical that is
listed in Annex III (Hazardous Chemicals) or IV (Severely
Hazardous Pesticide Formulations) of the Convention,
requesting its consent within a specified time frame.

Parties do inform each other through the Secretariat of all
measures of banning or restricting chemicals or their uses if
these are based on considerations of health or environment.

The Convention’s main body is the Conference of the
Parties (CoP), which convenes on a regular basis and makes the
main decisions regarding all elements of the Convention.

Each country designates one or two Designated National
Authority(-ies) for the functions of the national administering
of the Convention and its obligations and for the communi-
cation with the Secretariat.
CRC

The Chemicals Review Committee (CRC) is the scientific body
serving the Conference of Parties and appointed by the CoP.
The CRC determines whether a specific chemical fulfills the
requirements to be listed under Annex III of the Convention,
which would imply it being included in the PIC procedure. The
same applies to Annex IV for Severely Hazardous Pesticide
Formulations (SHPF), which may present very high hazards
under the conditions of use prevailing in certain countries or
a group of countries.

The final decision to include a chemical in Annex III is taken
by the CoP on basis of the advice from the CRC. However, in
recent years, other than scientific reasons have played roles in
the CoP’s decision making.
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GHS

Chemicals exported according to the procedures of the Rotter-
dam Convention should be labeled according to the Globally
Harmonized System for Classification and Labelling (GHS), the
uniform international standard for classification by hazard.
Current Situation

As of August 2012, there are 148 Parties to the Convention. A
Party means a state or a regional economic integration orga-
nization that has consented to be bound by the Convention
and for which the Convention is in force.

The Convention is supported by a Secretariat that is based in
Rome (FAO headquarters, pesticides) and in Geneva (UNEP
Chemicals office, industrial chemicals). The Geneva branch of
the Secretariat is closely integrated with the Secretariats for the
Basel and Stockholm Conventions.

The Secretariat issues the PIC Circular twice a year, updating
all interested parties on the current developments that are
relevant for the Convention, including the status of chemicals
banned or severely restricted in countries due to their hazards
for man or environment.

The Secretariat also provides training and support for
countries in their implementation of the Convention.

The European Union and its Member States are part of the
Convention and have implemented these obligations into
the EU legislation as Regulation (EU) No. 649/2012 of 4 July
2012, concerning the export and import of hazardous
chemicals (The PIC Regulation). The Regulation established
the responsibilities of the European Commission, the Euro-
pean Chemicals Agency (ECHA), and the Member States
regarding the implementation of the Convention and the PIC
procedure.

Certain countries, such as the United States, have not rati-
fied the Rotterdam Convention but continue to operate their
own national schemes. For the United States that is the scheme
under the TSCA (http://www.epa.gov/oppt/import-export/).
Integration of Conventions

For several years, major attempts have been made to integrate
the three major Conventions dealing with sound chemicals
management: the Basel, Rotterdam, and Stockholm Conven-
tions. At the level of the Secretariat, major steps of integration
have been achieved, but in a formal sense the Conventions are
still independent.

Illegal Trade

A major problem regarding export and import of chemicals is
that of illegal trade. Illegal trade takes place on a large scale,
especially in Asia. No Convention is able to significantly reduce
these practices, which present a major risk to the health and
environment of many thousands of people. Although the
subject of illegal trade has been on the international agenda for
many years, so far no significant solution has been found to
solve or even reduce this problem.

Illegal trade threatens the benefits of the Rotterdam
Convention as well as those of other international agreements
on sound chemicals management.

See also: Hazardous Waste; Inter-Organization Programme for
Sound Management of Chemicals; Persistent Organic
Pollutants; Risk Management; UNEP Chemicals.
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Introduction

Waste is defined as any substance or object that the holder
discards or intends or is required to discard; and is produced in
huge quantities nowadays. For example, it is estimated that the
European Union generates approximately three billion tons of
waste, including hazardous waste, every year and it is expected
that this figure continues rising. Approximately, hazardous
waste represents 3% of the waste generation, but this
percentage differs between Member States (MS). The genera-
tion andmanagement of the wastes, and particularly hazardous
waste, have involved an important environmental concern.

The European Union has developed one of the most
restrictive legislation of the world in regards to environmental
protection and will be used as reference in this article and
compared with the US legislation. An example of this restrictive
legislation is the adoption of the REACH regulation (Registra-
tion, Evaluation, Authorization, and Restriction of Chemicals);
the main objective of REACH is the protection of the human
health and the environment from the risk that potentially can
pose the chemicals, without prejudice to achieve sustainable
development. This legislation involves manufacturers or
importers to take responsibility for assessing the potential risk
of substances, preparations or articles, considering the whole
life-cycle and extending the responsibility to downstream users
thought the supply chain; thus, waste management measures to
avoid or reduce the environmental exposure of substances or
preparations during the waste disposal are also considered in
this new Regulation.

Recent scientific advances have identified new concerns
related to thewastemanagement;first, the assessmentof the long-
term risks associated withmanagement programs, mostly during
treatment and disposal, for toxic and hazardous wastes contain-
ing PBT substances (Persistent, Bioaccumulative, and Toxic) and
chemicals with low acute toxicity but high long-term hazard
(endocrine disrupters, pharmaceuticals) not identified in the
waste characterization process; second, the presence in Urban
Wastes (UW) of consumers’ products and articles containing
these substances. These aspects are essential for selecting
sustainable alternatives, for energy recovering, elimination, and
recycling. All new concerns have been contemplated by the
present European legislation; for example, one of the consider-
ations of REACH is the reduction or banning of PBT substances;
also, the aim of Stockholm Convention on persistent organic
pollutants (POPs) is the reduction or elimination of these
compounds in order to guarantee that wastes containing POPs
substances will be managed in an ecologically rational manner.

During the last years, there have been different attempts
to regulate the definition of what is considered waste and non-
waste, the waste prevention, the management, reuse, recycling
of wastes, and the harmonized classification of the hazardous
wastes, with the unique objective of reducing the potential
negative effects on human health and environment. In the
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framework of the European legislation, these strategies
have been materialized in the Waste Framework Directive
2008/98/EC (WFD) that has amended previous Directives
(2006/12/CE, 91/689/EEC, among others).
Hazardous Waste Classification in the European Union

Waste is defined as any substance or object that the holder
discards or intends or is required to discard. A waste is
considered hazardous when it displays one or more of the
hazardous properties defined under the EU waste legislation.

Similar to the US legislation, the European hazardous waste
classification is not based on a single category definition; rather
it is based on different hazardous properties to be assessed in
the waste in order to consider it as hazardous. Annex III of the
WFD has set out 15 categories for considering a waste as
hazardous. The properties were based on the old European
legislation on hazardous substances (Directive 67/548/EC
relating to the classification, packaging, and labeling of
dangerous substances) and preparations or mixtures (Directive
1999/45/EC relating to the classification, packaging, and
labeling of dangerous preparations). However, a new regula-
tion (EC No. 1272/2008) for Classification, Labeling, and
Packaging of substances and mixtures (CLP), arisen from the
United Nations Globally Harmonized System (GHS), is
already implemented and obligatory for substances and will
fully repeal the former Directives on classification of prepara-
tions by 2015. This new regulation on classification of
substances and mixtures, together with the implementation of
REACH regulation, has resulted in a necessity to update the test
methods, classification criteria, symbols, and hazard phrases, in
order to adapt the hazard identification criteria for waste to this
new UN/GHS-based regulation.

In the framework of the WFD, and with the purpose of
obtaining a harmonized classification of the waste and guar-
antee a coordinated identification of hazardous waste in the
European Union, a list of wastes, the European Waste Catalog
(EWC), was created. The catalog lists 20 different types of
wastes, taking into account the waste origin, e.g., agriculture,
wood processing, leather industries, municipal wastes, etc., and
further subclasses based on the productive process or the
presence of dangerous substances. Each waste type is identified
by a numeric code.

In the list, hazardous wastes are identified with an asterisk.
If a waste is included in the EWC as a hazardous waste, it has to
be classified as hazardous and managed accordingly. The
catalog is just a rapid assessment tool; the actual waste has to
display one or more of the defined hazardous properties, or
should contain dangerous substances in a concentration, which
makes the waste exhibits one or more of the hazardous prop-
erties to be really considered hazardous waste. Thus, MS can
exclude a waste as hazardous if it does not display one or more
4-3.00464-4 823

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00464-4


824 Hazardous Waste
of the hazardous properties; or they can include a waste as
hazardous if although is not included in the EWC list, and it
displays one or more relevant hazardous properties.

The EWC has been established in the Commission Decision
2000/532/EC, amended by the Commission Decision 2001/
118/EC, as should be reviewed periodically to be adapted to
technical progress.
Hazardous Properties

The hazardous properties listed in Annex III of the WFD,
named from H1 to H15, include different characteristics that
can be classified as follows:

l Physicochemical properties:
B Explosive (H1): substances and preparations which may

explode under the effect of flame or which are more
sensitive to shocks or friction than dinitrobenzene.

B Oxidizing (H2): substances and preparations which
exhibit highly exothermic reactions when in contact with
other substances, particularly flammable substances.

B Highly flammable (H3-A):
– liquid substances and preparations having a flash

point below 21 �C (including extremely flammable
liquids), or

– substances and preparations which may become hot
and finally catch fire in contact with air at ambient
temperature without any application of energy, or

– solid substances and preparations which may readily
catch fire after brief contact with a source of ignition
and which continue to burn or be consumed after
removal of the source of ignition, or

– gaseous substances and preparations which are
flammable in air at normal pressure, or

– substances and preparations which, in contact with
water or damp air, evolve highly flammable gases in
dangerous quantities.

B Flammable (H3-B): liquid substances and preparations
having a flash point equal to or greater than 21 �C and
less than or equal to 55 �C.

l Toxicity properties:
B Irritant (H4): noncorrosive substances and preparations

which, through immediate, prolonged, or repeated
contact with the skin or mucous membrane, can cause
inflammation.

B Harmful (H5): substances and preparations which, if
they are inhaled or ingested or if they penetrate the skin,
may involve limited health risks.

B Toxic (H6): substances and preparations (including very
toxic substances and preparations) which, if they are
inhaled or ingested or if they penetrate the skin, may
involve serious, acute or chronic health risks and even
death.

B Carcinogenic (H7): substances and preparations which,
if they are inhaled or ingested or if they penetrate the
skin, may induce cancer or increase its incidence.

B Corrosive (H8): substances and preparations which may
destroy living tissue on contact.

B Infectious (H9): substances and preparations containing
viable micro-organisms or their toxins which are known
or reliably believed to cause disease in man or other
living organisms.

B Toxic for reproduction (H10): substances and prepara-
tions which if they are inhaled or ingested or if they
penetrate the skin, may induce nonhereditary congenital
malformations or increase their incidence.

B Mutagenic (H11): substances and preparations which if
they are inhaled or ingested or if they penetrate the skin,
may induce hereditary genetic defects or increase their
incidence.

B Sensitizing (H13): substances and preparations which,
if they are inhaled or if they penetrate the skin, are
capable of eliciting a reaction of hypersensitization such
that on further exposure to the substance or preparation,
characteristic adverse effects are produced.

l Ecotoxic property (H14): waste which presents or may
present immediate or delayed risks for one or more sectors
of the environment.

l Other properties:
B related to the waste behavior (waste which release toxic or

very toxic gases incontactwithwater, air, oranacid (H12))
B or waste disposal behavior (waste capable by any

means, after disposal, of yielding another substance,
e.g., a leachate, which possesses any of the characteristics
above (H15)).

While in some cases (i.e., H3–H8, H10 and H11), there are
available standardized methods, for other cases, the attribution
of the hazardous properties is difficult due to the lack of
established methodologies for characterizing the hazardous
characteristics. On the other hand, one of these properties
(i.e., H13) has been included in the last WFD regulation.
European and US Legislations: Similarities
and Differences

The US legislation establishes the hazardous waste identifica-
tion based on three steps, codified in 40CFR 262.1. The first step
is to determine whether a material should be considered as
a solid waste; this means any material that is discarded,
considering abandonment, recycling, or materials inherently
waste-like. The second step is the hazard identification process
and considers if the solid material should or not be excluded
from the definition of hazardous waste, taking into account the
different statutory or regulatory exclusions. The third step is the
final assessment determining whether or not the solid material
meets the two broad categories of hazardous waste: the listed
wastes and the hazardous characteristics.

The hazardous waste listing includes four different lists
comprising the F list (nonspecific source wastes), the K list
(source-specific wastes), and P and U lists (discarded
commercial chemical products), being all the P wastes acute
hazardous wastes.

If the solid material does not comply with any of the listing
descriptions, the hazardous characteristics should be taken into
account as a second step. These categories include ignitibility,
corrosivity, reactivity, and toxicity.

In essence, there are many similarities between both regu-
lations; with a combination of lists of wastes initially consid-
ered as hazardous plus specific hazard identification criteria;
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and specific exclusions from the scope of the waste Directive
when these wastes are covered by other specific regulations
(i.e., animal by-products waste are regulated by the specific
Regulation No. 1774/2002).

Although there are differences between the number of
hazardous characteristics defined under both legislations (e.g.,
the US legislation is based on 4 broad properties, while the
European legislation has selected 15 hazard classes from the
classification and labeling system), basically both regulations
have many similarities in the actual way to characterize a waste
as hazardous, as can be observed by considering how the US
system is implemented; i.e., a waste could be listed in Appendix
VIII of 40 CFR part 261 because of it having some constituents
that have been shown to have toxic, carcinogenic, mutagenic,
or teratogenic effects on humans or other life forms; hazard
classes specifically considered under the EU system.

Both legislations establish the principle of monitoring and
control obligations of manufactures from the “cradle to the
grave,” this means, from the waste producer to the final
disposal or recovery.
Hazardous Waste Management

In the last years, the European legislation on waste is stimu-
lating the limitation of the production of waste of manufac-
tures, as well as it is promoting the reuse, recycling, and
recovery of wastes, strengthening the economic value of waste.
The WFD also urges MS to guarantee a correct management of
the hazardous waste, mixing different categories of hazardous
waste or hazardous and nonhazardous waste has been banned;
and MS should promote an integrated whole waste life-cycle
assessment (production, collection, and transportation), in
order to ensure environment and human health protection.
Thus, MS are required to establish waste management plans
that consider, among other principles, the existence of waste
collection schemes and major disposal and recovery installa-
tions for different wastes (including hazardous waste).

The investments and daily expenses related to the waste
management are extremely high, but easily justified due to the
dramatic environmental impacts of improper management.
EU and UN Environmental Programs have expressed concerns
following scientific developments suggesting medium and
long-term risks related to hazardous waste and urban waste
containing highly hazardous pollutants.

The concern and need for generating scientific knowledge in
this issue has mostly appeared in the twenty-first century,
through the identification of substances with very specific
environmental impacts not covered by the risk assessment
protocols developed during the last decade of the twentieth
century. Within these substances, there are some historic
pollutants already regulated, which current emissions to the
environment are related to the handling of wastes containing
these chemicals; and some pollutants with very specific modes
of action require new risk assessment procedures. In particular,
two groups of chemicals are prioritized:

l PBTs: chemicals which due to their persistence, bio-
accumulation potential, and toxicity can produce effects in
the very long term and through trophic chains.
l Emerging pollutants: endocrine disrupters, (epi)genotoxic
compounds, pharmaceuticals, and other biologically active
substances acting at very low doses, with potential for
delayed effects, not identified in the conventional evalua-
tion processes due to their specificity and low acute toxicity.

One of the most important handicaps in waste manage-
ment is the difficulty to characterize wastes as hazardous. In the
EWC, some of the wastes are considered as hazardous without
a specific reference to dangerous substances; but in other cases,
the waste is considered hazardous due to the existence of
chemical substances that are above the threshold levels; but
this means that manufacturers should have enough informa-
tion about the composition of the waste.

For example, for the hazardous property “Ecotoxic” (H14),
the current methodologies establish a chemical characteriza-
tion; however, in the majority of the cases this is not a practical
approach, as these residues are complex mixtures, and the
analytical characterization is time consuming and very expen-
sive. Ecotoxicological testing may be a complementary cost-
effective approach to the chemical characterization, setting
management principles for hazardous waste based on direct
(eco)toxicity assessment. Some proposals have been imple-
mented through a regional Spanish project, conducted by five
multidisciplinary research groups, focused on the development
of chemical and biological screening tools for the identification
of priority pollutants in waste and short-term tests predicting
long-term effects. The project also included, for Urban
(municipal) Waste (UW), a prediction/prevention alternative,
adapting EU models to the Spanish regional features and
management options. Models and methods for assessing the
cumulative long-term environmental risk of the overall emis-
sions and immissions associated to waste management were
developed, including those covering the bioaccumulation/
biomagnification aspects. The results of this project put forward
the establishment of a test battery, including an in vitro assay
that can detect toxicity on hazardous waste, based on ‘Intelli-
gent Testing Strategies’. Exposure scenarios for waste, based on
REACH technical documents, were implemented into a math-
ematical model with a probabilistic assessment estimating
emission coefficients for priority pollutants present in house-
hold wastes to be incorporated in the decision-making process
for waste management. Bioaccumulation/biomagnifications
factors were specifically considered. These models were vali-
dated using field studies in order to test the developed tools.

See also: Chemicals of Environmental Concern; Electronic
Waste; The Globally Harmonized System for Classification and
Labeling of the GHS; Import/Export of Hazardous Chemicals;
Hazard Identification; PBT (Persistent, Bioaccumulative, and
Toxic) Chemicals; Toxicity Testing, Alternatives.
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Introduction

The 1986 Superfund Amendments and Reauthorization Act
directs the Agency for Toxic Substances and Disease Registry
(ATSDR) to perform specific public health activities associated
with exposure to hazardous substances released into the envi-
ronment. Among these activities, ATSDR was mandated to
perform a health assessment for each facility listed or proposed
to be listed on the National Priorities List. The health assessment
has to be conductedwithin 1 year of being listed (or proposed for
listing). In addition, ATSDRmay conduct a health assessment for
a particular facility or release when petitioned by the public.

A health assessment is the evaluation of data and infor-
mation on the release of hazardous substances into the envi-
ronment in order to assess any current or future impact on
public health, develop health advisories or other recommen-
dations, and identify studies or actions needed to evaluate and
mitigate or prevent human health effects (55 Federal Register
5136, 13 February 1990, as codified at 42 Code of Federal
Regulations Part 90).

The public health assessment is neither a medical evalua-
tion of individuals nor a rigorous health study of populations.
It is not a statement about establishing or meeting regulatory
standards. The assessor does not determine cleanup levels or
the best methods for cleanup or treatment. Unlike a risk
assessment, a public health assessment does not investigate
and evaluate the effects of hazardous waste on the environment
itself. A public health assessment is not a physical examination,
a door-to-door medical survey, a cancer cluster assessment,
a health study, or medical care.

The health assessment is a mechanism to respond to
community health concerns associated with human exposure
to hazardous substances at a site. It has three major purposes:
(1) evaluating the public health implications of the site; (2)
addressing those implications by developing health advisories
or making recommendations, including further health or
environmental studies; and (3) identifying populations where
actions are necessary to mitigate or prevent adverse health
effects.

When complete health or environmental data are lacking, it
may be necessary to conduct further assessments for a site or
facility as the data become available. A major reason for
preparing a health assessment is to determine the need for
health effects studies at a site to further assess any current or
future risks to public health. The health assessment is an
evaluation of relevant environmental data, health outcome
data, and community concerns associated with a site where
hazardous substances have been released. The health assess-
ment identifies populations living or working on or near
hazardous waste sites for which public health actions are
needed, such as health studies, health education, or chemical-
specific research.

Health assessments are based on factors such as the nature,
concentration, toxicity, and extent of contamination at a site;
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
the existence of potential pathways for human exposure;
community health concerns; the size and nature of the
community likely to be exposed; relevant community-specific,
past and current, health outcome data; and any other infor-
mation available to ATSDR that is relevant to a determination
of potential risks to public health.

Thus, health assessments are designed not only to evaluate
health effects but also to identify populations for which addi-
tional studies or public health actions are required. Hence, the
health assessment is designed to identify (1) knowledge gaps
concerning the toxicity of substances identified at the facility or
release under review; (2) communities near facilities or releases
where biologic measurements of human exposure or medical
investigations (e.g., community-based health outcome
parameters) are needed; and (3) the need for additional health
information (e.g., pilot studies, epidemiological studies and
registries, and site-specific surveillance). A variety of health
studies based on the review of the health assessment may then
be initiated, including pilot health effects studies (disease- and
symptom-prevalence studies, cluster investigations, exposure
studies), epidemiological studies, or disease registries.

Three sources of information build the foundation of the
health assessment: (1) environmental characterization data,
(2) community health concerns, and (3) health outcome data.

Environmental characterization data for a hazardous waste
site includes information on environmental contamination
and environmental pathways. Such information is provided in
site-specific reports obtained from the Environmental Protec-
tion Agency (EPA) and pertinent state and local environmental
departments. Site visits are also an important source of envi-
ronmental characterization data.

Community health concerns associated with a site consti-
tute a key data component of the health assessment. The
community associated with a hazardous waste site includes the
population living around the site, local public health officials,
other local officials, and the local media. In order to acquire
information on community health concerns, the health
assessor must become an investigator; obtaining that infor-
mation provides the health assessor with an opportunity to
involve the public in the health assessment process. In addi-
tion, community health concerns can serve as a guide in eval-
uating health outcome data.

Health outcome data and parameters are the third major
source of data for health assessments. The identification,
review, and evaluation of health outcome parameters are
interactive processes involving ATSDR, data source generators,
and the community involved. Health outcome data are
community specific and may include databases at the local,
state, and national levels, as well as data from private health
care organizations and professional institutions and associa-
tions. Databases to be considered include medical records,
morbidity and mortality data, tumor and disease registries,
birth statistics, and surveillance data. Relevant health outcome
data play an important role in assessing the public health
4-3.00319-5 827
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implications associated with a hazardous waste site and in
determining which follow-up health activities are needed.
Health Assessment Process

To evaluate the public health implications posed by contami-
nation at a site, the assessor must obtain and evaluate data and
information on the site’s history, the types and levels of
contamination, environmental transport mechanisms, routes of
human exposure, community health concerns, relevant health
outcome parameters, and medical and toxicological implica-
tions of the site’s contaminants. This evaluation is a dynamic
process that considers available data from varying perspectives.

Every health assessment includes six basic steps for
acquiring the data and information necessary to evaluate the
site’s health risks:

1. Evaluating information on the site’s physical, geograph-
ical, historical, and operational setting. Information
should be evaluated to provide a historical perspective on
the site, and describe its operations, current status, and the
surrounding community. Once the important background
details have been presented, the assessor should describe
the characteristics of populations on or near the site and the
use of local land and resources. The text should state the
total number of exposed and potentially exposed persons
and indicate the characteristics of this population. Pop-
ulation estimates should include persons exposed in the
past and present as well as those at risk for future exposures.
Demographic information may include discussions of
specific population groups surrounding the site (e.g., resi-
dential, commercial, and occupational populations). If
warranted, details about the size, exact location, age distri-
bution, socioeconomic, genetic, and ethnic makeup of
populations on and near the site should be discussed based
on available information. Ethnic and socioeconomic back-
ground information is essential for a full understanding of
the health threat a site poses to specific subpopulations.
Populations that may be at special risk from exposure to the
site, such as children, pregnant women, and the elderly,
should receive special note.

2. Identifying health concerns of the affected community.
The nature and degree of the residents’ health concerns will
vary from site to site. However, addressing the health
concerns of the community is crucial if the health assess-
ment is to satisfy its purpose of helping the public and
health professionals understand the risks posed by a site.

3. Determining contaminants of concern associated with
the site. This is the foundation of the health assessment
and, therefore, should be composed carefully so that the
significant hazards of concern are clearly and concisely
presented. In this step, the assessor describes the contami-
nants that might pose a threat to public health and physical
hazards at the site. To determine whether a contaminant is
a contaminant of concern based on noncancer end points,
the maximum media concentration should be compared
to an appropriate health assessment comparison value.
Health assessors should use ATSDR’s Environmental Media
Evaluation Guides (EMEGs). If no EMEG is available, the
assessor should use other health guidelines, such as EPA’s
reference dose, to back-calculate a medium concentration.
The assessor should also evaluate the potential carcinoge-
nicity of contaminants. For carcinogens, comparison values
based on a 10�6 cancer risk level for exposure to the
contaminated media can be calculated from values such as
EPA’s cancer slope factors. If the maximum medium
concentration exceeds a comparison value, the contaminant
should be selected for further evaluation.

4. Identifying and evaluating exposure pathways (environ-
mental transport mechanisms and human exposure
pathways). In this step, the health assessor evaluates
exposure pathways at the site. There are five elements in an
exposure pathway: (1) source of contamination (source of
contaminant release into the environment); (2) environ-
mental media (this includes groundwater, surface water, air,
surface soil, subsurface soil, sediment, and biota; transport
mechanisms serve to move contaminants from the source to
points where human exposure can occur); (3) point of
exposure (a location of potential or actual human contact
with a contaminated medium, for example, residence,
business, residential yard, playground, campground,
waterway or water body, contaminated spring or hand-
drawn well, food services); (4) route of human exposure
(means by which the contaminant actually enters or
contacts the body, such as ingestion, inhalation, dermal
contact, and dermal absorption); and (5) receptor pop-
ulation (persons who are exposed or potentially exposed to
the contaminants of concern at a point of exposure).
Completed exposure pathways exist when the five elements
of a pathway link the contaminant source to an exposed
population. Potential exposure pathways exist when infor-
mation on one or more of the five elements is missing.

5. Determining public health implications based on available
community-specific health outcome databases and other
medical and toxicological information. In this step, the
health assessor discusses the health effects of site contami-
nants, evaluates health outcome data, and addresses all
questions raised by the community. Accordingly, there are
three parts to this step: (1) toxicological evaluation,
(2) health outcome data evaluation, and (3) community
health concerns evaluation. The health assessment must
demonstrate how information in each step of the health
assessment relates to the public health discussion.

6. Determining conclusions and recommendations con-
cerning the health threat posed by the site. The final step of
the health assessment should address conclusions about the
site and the health threat it poses. The first conclusion
should be a statement about the site’s level of public health
hazard. The assessor should assign one of the five public
health categories: urgent public health hazard, public health
hazard, indeterminate public health hazard, no apparent
public health hazard, or no public health hazard. For urgent
public health hazard and public health hazard, the text
should identify the contaminant(s), the completed expo-
sure pathway(s), the health effect(s), and the exposed
population(s). The text should also summarize conclusions
about the following issues: Health effects from exposure to
site contaminants, response to community health concerns,
results of health outcome data evaluation, and the effect
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that missing or insufficient information has on analyses and
conclusions. Furthermore, every conclusion of the health
assessment should have one or more recommendations
associated with it.

Information reviewed for each step in the health assessment
process is evaluated for adequacy of data and potential health
impacts at a hazardous waste site. Consideration is given to
known past or expected future contamination and exposures.
Categorizing Hazards

The final section of the health assessment should address
conclusions about the site and the health threat it poses. The
first conclusion should be a statement about the site’s level of
public health hazard. The assessor should assign one of the five
public health categories:

l Category A – Urgent Public Health Hazard: This category is
used for sites that pose an urgent public health hazard as the
result of short-term exposures to hazardous substances.

l Category B – Public Health Hazard: This category is used for
sites that pose a public health hazard as the result of long-
term exposures to hazardous substances.

l Category C – Indeterminate Public Health Hazard: This
category is used for sites with incomplete information.

l Category D – No Apparent Public Health Hazard: This
category is used for sites where human exposure to
contaminated media is occurring or has occurred in the
past, but the exposure is below a level of health hazard.

l Category E � No Public Health Hazard: This category is
used for sites that do not pose a public health hazard.
Health Assessments versus Risk Assessments

Deliberate differences exist between ATSDR’s health assess-
ments and the EPA’s risk assessments. The two agencies have
distinct purposes that necessitate different goals for their
assessments.

A risk assessment is defined as a qualitative and quantitative
process conducted by EPA to characterize the nature and
magnitude of risks to public health from exposure to
hazardous substances, pollutants, or contaminants released
from specific sites. Risk assessments include the following
components: hazard identification, dose–response assessment,
exposure assessment, and risk characterization. Statistical and
biological models are used in quantitative risk assessments to
calculate numeric estimates of risk to health by using data from
epidemiological investigations and animal toxicity studies. The
product of quantitative risk assessment is a numeric estimate of
the public health consequences of exposure to a chemical. In
preparing a risk assessment for a site, a risk assessor also
attempts to include all adverse health effects, characterizing the
risk to sensitive populations when the information is available.
EPA risk assessments are used in risk management decisions to
establish cleanup levels; to set permit levels for discharge,
storage, or transport of hazardous waste; and to determine
allowable levels of contamination.
ATSDR health assessments are based on environmental
characterization information, community health concerns, and
health outcome data. Because of the nature of these databases,
health assessments use quantitative as well as qualitative data,
focusing on medical public health and toxicological perspec-
tives associated with exposure to a site. The health assessment
specifically addresses community health concerns (e.g., sensi-
tive populations, possible disease outcomes) and evaluates
relevant, community specific health outcome data. Combined
with environmental data, information obtained from those
two data sources is used to determine the public health
implications of the site guiding the initiation of follow-up
health activities when indicated.
Contact Details

Agency for Toxic Substances and Disease Registry (ATSDR),
4770 Buford Hwy NE, Atlanta, GA 30341.

CDC, Atlanta, GA.

See also: Chemical Hazard Communication and Safety Data
Sheets; Hazard Identification; Hazard Ranking; Risk
Assessment, Human Health.
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Background

Heat-shock proteins (HSPs) are family of proteins expressed in
almost all organisms from prokaryotes (bacteria) to humans.
HSPs were originally described about four decades ago as
proteins that were induced in the Drosophila melanogaster in
response to a heat stress and hence derive the name HSP.
However, research over the years has uncovered these proteins
to have a multitude of functions. Primarily, all HSPs act as
molecular chaperons and assist in proper folding of naïve
proteins, and immensely contribute to a multitude of cellular
processes including cell survival, inflammation, immunity, ion
channel repair, and others. HSPs are also induced by a variety
of stressors, such as reactive oxygen species, cytotoxic injury,
necrosis, ultraviolet radiation, and metals are just a few. A wide
variety of toxic perturbations, such as entry of heavy metals or
toxic substances into the cell, pyrogenic response to bacterial
lipopolysaccharides, chemotherapy, vaccine exposure, all can
signal a stress response leading to synthesis of stress proteins.

For a long time HSPs have been named according to their
molecular mass in kilodaltons. However with the sequencing
of the human genome, it has become apparent that many
additional HSP members exist in most HSP families, and it has
been determined that heat-shock factor-1 (HSF1) is a key
transcriptional regulator of HSPs. This has led to an important
effort to form a new nomenclature for HSP families and iso-
forms. Major classes of HSP include HSPA (HSP70), HSPH
(HSP110), HSPC (HSP90), DnaJ (HSP40), and the HSPB
(previously called the small HSP) families. The HSPA family
has 13 members in humans excluding pseudogenes. HSPA1A
and A1B (HSP72 and HSP70-2, respectively) are the most
studied members of this family. HSPA8 has essential house-
keeping functions in protein folding and translocation, while
HSPA5 (BIP/GRP78) plays an important role in the unfolded
protein response (endoplasmic reticulum (ER) stress). The
HSPH class encodes four genes and members serve as nucleo-
tide exchange factors for the HSPA family. The DNAJ (HSP40)
family is the largest of the HSPs and is defined by the presence
of a conserved J-domain. This class is subdivided into three
subgroups (A, B, and C). DNAJB1 (HSP40) is the most studied
and heat-inducible protein in this class. The HSPB family of
small HSPs consists of 11 members in the human genome.
These proteins have a signature crystallin domain and are
found in oligomeric complexes with other HSP proteins. The
HSPC family has five genes including HSP90 (HSPC1).

HSP70 and HSP90 are the two main chaperons systems.
HSP70 in the cytosol binds to nascent proteins before they are
30 Encyclopedia of T
released from the ribosomes. Through several different
complex steps involving other chaperone interacting or orga-
nizing protein folding, assembly or disassembly of target
proteins is accomplished. HSP40, for example, assists in
loading the target substrate molecules onto the HSP70 chap-
erone complex. HSP70 also has a well-studied role in ischemia-
reperfusion organ damage and overexpression of HSP70
negatively correlates with infarct size. HSP90 is believed to act
as a component of the cycle involving chaperone HSP70. In
addition, HSP90 along with HSP70 and 56, bind some nuclear
receptor (estrogen receptor) in an inactive complex. Binding of
the nuclear receptor ligand cleaves of HSP90 hence allowing
nuclear translocation and estrogen responsive gene expression
to occur. Elevated levels of HSP90 can turn off estrogen-
mediated gene expression by destabilizing the receptor–ligand
complex. Members of the small HSPs family include HSP32 or
heme oxygenase-1, HSP27, HSP22, and HSP20. Of these
HSP32 is most relevant in toxicology as it is induced by diverse
physiological stressors, including hypoxia, ischemia-
reperfusion, hydrogen peroxide, heavy metals (selenium,
arsenite, cadmium), and other toxicants (acetaminophen,
carbon tetrachloride). Upregulation of HSP32 has been sug-
gested to be protective against several insults although its
mechanism(s) of action remain unclear.
Cellular Control of HSP Expression

All HSPs are regulated by a small family of transcription factors
called HSF1 through 4. During a stress condition, HSF1 and 2
are hyperphosphorylated in a ras-dependent manner by
mitogen-activated protein (MAP) kinases. Binding of these
active HSF1 factors to DNA sequences called heat-shock
elements in the promoters of all stress-inducible genes occurs.
This leads to increased transcription of HSP genes and induc-
tion of HSP proteins.
HSPs as Cellular Markers of Stress

HSPs are involved in various aspects of cellular function and
a lot is being learned about its role in normal and pathological
states. Recent studies from lower animals, especially fish, have
revealed the potential use of induced fish HSPs as a biomarker
of exposure to environmental stressors. Industrial effluents,
polycyclic aromatic hydrocarbons, metals such as copper, zinc,
mercury, pesticides, etc. have shown to induce HSP in fish.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00320-1
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Table 1 A list of toxicants known to impact
the expression of various HSPs

Toxicant Reference

Acetaminophen Shankar et al., 2003
Arsenic Del Razo et al., 2001
Bromobenzene Salminen et al., 1996
Cadmium Salminen et al., 1996
Copper Levinson et al., 1980
Cocaine Salminen et al., 1997
Cyclophosphamide Salminen et al., 1996
Diethylnitrosamine Salminen et al., 1996
Disulfiram Levinson et al., 1980
Mercury Levinson et al., 1980
Zinc Levinson et al., 1980

Heat-Shock Proteins 831
Further, the HSP response may vary with the stressor, tissue,
species of fish, and the family of HSP studied. Hence it appears
that a more extensive and probably a high-throughput
profiling (using genomic and proteomic) approaches may be
necessary to identify patterns of HSP modulation by various
stressors.
HSPs in Toxicology

An extensive list of toxicants has been shown to impact the
expression of various HSPs (see Table 1 for some typical
examples). While it was originally thought that the induction
of HSPs following injury might be a universal response to
cytotoxicity, it is now appreciated that specific HSP family
members are induced in a toxicant-specific fashion. Most
common among these is the induction of HSP70 and HSP70i.
Induction of HSPs is believed to be triggered by denatured
proteins generated by reactive intermediates or covalently
adducted proteins, which are recognized by HSPs as nonnative
hence triggering an induction of HSP to facilitate folding.
Induction of HSP may hence represent an adaptive response of
cells in the face of acute toxic challenge.

Further evidence from many toxicant exposures also
suggests that induction of these cytoprotective proteins might
mitigate progression of injury. In case of acetaminophen,
a widely used analgesic drug that can lead to hepatotoxicity at
high doses, deletion of the HSP70i gene in mice leads to greater
liver injury. Likewise, it has been suggested that increased
susceptibility of IL-6-/- mice to acetaminophen may be related
to decreased levels of HSPs 25, 32, and 40. Overall, the family
of HSPs plays important pleiotropic roles in determining the
ultimate outcome of toxic insults by modulating various
processes.
See also: Mechanisms of Toxicity; Oxidative Stress.
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l Name: Helium
l Synonyms: Helium, compressed; Atomic helium; Helium,

refrigerated liquid (cryogenic liquid)
l Chemical/Pharmaceutical/Other Class: Nonflammable gas;

Simple asphyxiant
l Molecular Formula: He
Uses

Liquid helium is used to produce low temperatures. The inert,
nonflammable gas is used in balloons and in scientific studies
(e.g., meteorological). It is also used in inert gas shielding for
arc welding, in filling light bulbs, as a carrier gas in chroma-
tography, and as a substitute for nitrogen in air supplies for
deep diving. In recent years, mixtures of helium and oxygen
(70:30 or 80:20) have been used in clinical settings to improve
gas delivery in nebulized patients and reduce airway resistance
upon inhalation in patients with respiratory disease. Hyper-
polarized helium 3 (HHe3) is used in magnetic resonance
imaging to assist detection of airflow deficiencies in the lungs
of patients with asthma, often in conjunction with methacho-
line challenge.
TEEL-0 65 000 ppm
Exposure Routes and Pathways

Exposure is possible through inhalation of the gas or dermal
contact with liquid helium.
TEEL-1 65 000 ppm
TEEL-2 230 000 ppm
TEEL-3 400 000 ppm
Toxicokinetics

When inhaled in a concentrated form, helium is an inert gas
that acts by keeping oxygen from reaching the blood via the
lungs.
Mechanism of Toxicity

Helium may displace oxygen, leading to oxygen deficiency.
Acute and Short-Term Toxicity (or Exposure)

Animal

Studies in animals indicate that helium acts as a simple
asphyxiant.
Human

Helium is nontoxic at normal temperature and pressure. The
primary concern is its ability to displace oxygen in the air.
Oxygen content must remain above 19% by volume in order to
prevent symptoms of oxygen deficiency. Compressed helium
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has been used in asphyxiated suicides. Accidental fatalities have
been reported from recreational use of compressed helium to
create vocal modifications.

At extremely low temperatures, a clinical case of quick freeze
injury to both hands due to helium was reported. The exposed
individual was wearing protective gloves, which upon rapid
removal after exposure, reduced the depth and severity of the
injury. Skin contact with liquid helium can cause frostbite.
Clinical Management

Rescue workers must wear a self-contained breathing apparatus
before entering areas of oxygen deficiency. If a victim is
unconscious or does not respond, the victim should be moved
to fresh air. If breathing has stopped, trained personnel should
begin artificial respiration or, if the heart has stopped, cardio-
pulmonary resuscitation should be carried out. Oxygen may be
administered by a person trained in its use.
Exposure Standards and Guidelines

The Temporary Emergency Exposure Limits (TEELs) now
include all simple asphyxiants under one set of values. The
simple asphyxiant TEELs (Revision 22) are as follows:
The US Department of Energy classifications for TEELs are
as follows:

l TEEL-0 is the threshold concentration below which most
people will experience no appreciable risk of health
effects.

l TEEL-1 is the maximum concentration in air below which
it is believed nearly all individuals could be exposed
without experiencing other than mild transient adverse
health effects or perceiving a clearly defined, objectionable
odor.

l TEEL-2 is the maximum concentration in air below which it
is believed nearly all individuals could be exposed without
experiencing or developing irreversible or other serious
health effects or symptoms that could impair their abilities
to take protective action.

l TEEL-3 is the maximum concentration in air below which it
is believed nearly all individuals could be exposed without
experiencing or developing life-threatening health effects.

See also: Department of Energy, US.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00395-X

http://dx.doi.org/10.1016/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>


Helium 833
Further Reading

Austin, A., et al., May 2011. Recent trends in suicides utilizing helium. J. Forensic Sci.
56 (3), 649–651.

Colebourn, C.L., et al., January 2007. Use of helium-oxygen mixture in adult patients
presenting with exacerbations of asthma and chronic obstructive pulmonary
disease: a systematic review. Anaesthesia 62 (1), 34–42.

Howard, M.O., et al., March 2011. Suicide by asphyxiation due to helium inhalation.
Am. J. Forensic Med. Pathol. 32 (1), 61–70.
Niles, D.J., et al., February 2013. Exercise-induced bronchoconstriction: reproducibility
of hyperpolarized 3He MR imaging. Radiology 266 (2), 618–2520.
Relevant Website

http://www.hss.doe.gov/nuclearsafety/techstds – United States Department of Energy
document on derivation of Temporary Emergency Exposure Levels.

http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00395<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://www.hss.doe.gov/nuclearsafety/techstds


83
Hemocompatibility
K Rodgers, University of Southern California, Los Angeles, CA, USA
� 2014 Elsevier Inc. All rights reserved.
Introduction

During the use of medical devices, in some situations, for
example, open heart surgery or vascular grafts, the device comes
into direct contact with the blood. Blood may come in direct
contact with devices such as needles, cannulae, blood
containers, extracorporeal circuits, and dialysis components.
Each of these uses have differing concerns with regard to
hemocompatibility. For example, during open heart proce-
dures, patients’ blood must be continuously processed using
extracorporeal circuits fitted with pumps and suitable active
components (e.g., specific filters, oxygenators). This involves
prolonged interaction with patients’ blood, with the additional
component of flow rate. On the other hand, a needle resides in
the blood stream only transiently, whereas cannulae are
implanted for longer. The primary hemocompatibility param-
eter of concern with a needle is hemolysis, the destruction of
red blood cells as a result of interactions between the needle
and the blood. However, with prolonged implantation with
cannulae, the additional concern of thrombogenicity or clot-
ting may arise.

As a result of the contact of blood with nonendothelial
surfaces, several humoral and cellular systems can be activated.
Exposure of blood proteins and cells to blood-contacting
medical devices can activate plasma proteolytic systems
including coagulation, fibrinolysis, the complement cascade,
the kallekrein–kinin and contact systems, and at least three
cellular elements (leukocytes, endothelial cells, and platelets).
Contrary to the normal situations whereby these mechanisms
are localized and intended to promote wound healing, acti-
vation of these systems by medical devices can result in non-
localized systemic reactions. Clinical signs of insufficient
hemocompatibility include the development of thrombotic
occlusion of a vessel, emboli, proliferative processes in the
vessel wall, and remote effects such as lung fibrosis or impaired
immune surveillance. The preclinical and clinical assessments
of hemocompatibility are designed to minimize modification
of these systems.
Definitions

The general term hemocompatibility refers to those properties
that allow medical devices to maintain contact with flowing
blood without causing adverse reactions, without releasing
leachable components, and without causing clinically signif-
icant or undesirable consequences. The properties that define
hemocompatibility include the ability to initiate thrombo-
genic phenomena, cause any hemolysis, and activate the
complement system. The standard tests address broad groups
of devices and are not device specific. The exception to this is
the addition of pump flow rates to the assessment of extra-
corporeal devices. Hemocompatibility depends not only on
the surface characteristics of the device but also on extrinsic
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conditions such as the site of placement, duration of contact
with blood, and local hemodynamic status. Blood is a non-
Newtonian fluid, composed of a suspension of cells as
a significant fraction of the total. This characteristic results in
a nonhomogeneous fluid that is modified by blood flow and
shear. Blood velocity determines the shear rate, the main
parameter of the stress to which blood cells are exposed. A
reduction in the response of humoral and cellular compo-
nents to the introduction of the device into the blood flow is
paramount to improving hemocompatibility and ensuring
the safety of the device.
Inflammatory Response

As a result of exposure to a blood-contacting medical device,
blood may initiate the production of proteolytic substances.
This results in the production of thrombin, plasmin, and
proinflammatory complement cleavage products, C3a and
C5a. Although the production of proteolytic substances is
initiated by proteins present in plasma (humoral phase),
amplification results mainly from the contribution of cellular
elements. The cellular reaction of blood with biomaterials is
not limited to platelet activation and aggregation. Products of
the activation of the humoral phase, for example, fibrin
degradation products and C3a/C5a, are chemotactic for poly-
morphonuclear cells and monocytes. This leads to more cells
being available for interaction when surfaces are wounded by
the introduction of the device. These cellular elements bind to
surfaces (both endothelial and nonendothelial) and adhesion
of leukocytes is followed by degranulation and release of
factors that further contribute to reduced hemocompatibility.
Endothelial cells also respond to humoral signals to increase
leukocyte adhesion (through expression of integrins and
selectins) and procoagulant activity. These alterations in
cellular activity, if modified by the introduction of the device,
result in an inflammatory response that may have conse-
quences beyond those tested by in vitro hemocompatibility
tests. For example, the assessment of complement activation
has been included in guidelines to lessen the potential for
dialysis-induced chronic lung disease.
Testing of Hemocompatibility

Testing of hemocompatibility involves the assessment of
hemolysis, cell depletion, and generation of thromboemboli.
The conditions under which the assessment is to be done can
vary with the type of medical device to be assessed (e.g.,
extracorporeal blood devices and vascular grafts). However, the
requirement for the test to reflect the proposed use of the device
is not extensive. In one example, guidance for extracorporeal
blood devices indicates that hemolysis and cell depletion
should be evaluated over a 6-h circulation period. In this
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00028-2
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testing, blood compatibility parameters at both maximum and
low flow rates should be assessed. To evaluate the ability of
a surface to affect clotting mechanisms, this test should also
include a visual inspection for thromboemboli. The ability of
the materials to cause platelet activation should also be
assessed. This is in addition to the standard hemocompati-
bility/hemolysis testing recommended under the US Food and
Drug Administration tripartite guidance on ISO 10993-4. In
this guidance, assessment of hemocompatibility is required for
many types of medical devices including external communi-
cation devices that are indirectly in contact with the blood path
or directly in contact with circulating blood. This testing is
required for implantable devices in contact with blood. Stan-
dard practice for the performance of these tests is available
from the American Society for Testing and Materials (ASTM)
and ISO Standards. Within the ISO 10993-4:2002(E) docu-
ment are tables suggesting the appropriate testing (e.g.,
thrombosis, coagulation platelets, hematology, and comple-
ment) for different device classes.

In ASTM F78-98 Standard Practice for Selecting Generic
Biological Tests Methods for Materials and Devices, a selection
of testing methods to evaluate medical devices is described.
Regarding hemocompatibility tests for blood compatibility,
hemolysis and complement activation are included. Under
blood compatibility/type, hemolysis and thrombosis are
described as the most obvious examples of incompatibility
with blood. It is suggested that thrombogenicity (formation of
thromboemboli or platelet activation) be tested under dynamic
conditions that simulate the in-use procedures for the device.
Thrombosis can be measured in a number of ways including
occlusion of the device, reduction of blood flow, or thrombus
mass (gravimetric or microscopic evaluation). Complement
activation is of concern in some cases and should be tested
in vitro by assessing the status of various complement compo-
nents. Complement components assessed can include C3a,
C5a, TCC, Bb, iC3b, C4d, SC5b-9, CH50, and C3 or C5 con-
vertase. However, complement activation probably does not
represent the only portion of the inflammatory response
stimulated by medical devices. Complement activation is
addressed in ASTM F1984-99 Standard Practice for Testing of
Whole Complement Activation in Serum by Solid Materials
and F2065-00 Standard Practice for Testing Alternative
Pathway Complement Activation in Serum by Solid Materials.

Hemolysis procedures are described in ASTM F756-00
Standard Practice for Assessment of Hemolytic Properties of
Materials and ASTM F1841-97 Standard Practice for Assessment
of Hemolysis in Continuous Flow Blood Pumps. The presence
of hemolytic material in contact with blood may produce
increased levels of free hemoglobin leading to anemia and stress
on the kidneys and other organs. In ASTM F756-93, the hemo-
lytic properties of the material in contact with blood are
assessed. In this test, anticoagulated rabbit blood is collected
and exposedunder static (countertop) or dynamic (rocker plate)
conditions to the medical device. After a proscribed time, the
cellular component of the blood is removed and the amount of
free hemoglobin determined. In F1841-97, the integrity of red
blood cells in human, cow, or pig blood passed through
continuous flow blood pumps is assessed. Again, the blood is
exposed to standardized blood flow conditions for a prescribed
time and the level of hemolysis is then determined.
Within the ISO guidelines, there are guidelines that vary
with blood-contacting devices with specific uses. For example,
blood collection sets are covered under ISO 1135-3, Blood
Taking Set and ISO 3826-4 Plastic Collapsible Containers for
Human Blood and Blood Components. Both documents list
requirements for testing biocompatibility, including cell
culture cytotoxicity, short-term intramuscular implantation,
hemolysis in vitro, delayed contact sensitization, intracutaneous
irritation, pyrogenicity, and sterility. Within this, customary
measurements for whole-blood containers are total hemo-
globin, hematocrit, and cell counts. The preferred hemolysis
test is a static assay under the conditions of use (21 days of
storage at 4–8 �C with citrate phosphate dextrose or 42 days
with citrate phosphate dextrose adenine solution). Common
measurements on containers for red cell concentration are
erythrocyte adenosine triphosphate, lactate, and glucose. Red
cells may also be assessed microscopically for changes in
morphology.

The need for additional guidelines to evaluate medical
devices under conditions that reflect the intended use is
evident. For example, under the same broad grouping are
devices termed externally communicating devices with the
same testing recommendations as percutaneous circulatory
support devices, extracorporeal oxygenators, and apheresis
equipment. However, in clinical use, the potential of these
devices to affect blood parameters varies significantly as they
are exposed to blood for differing lengths of time and present
different risks for air emboli at blood–air interfaces and protein
denaturation due to foaming. These differences should be
assessed during the assessment of the hemocompatibility of
blood-contacting medical devices.
New Directions in the Development
of Hemocompatible Materials

Medical devices that can contact blood during their use utilize
a broad spectrum of synthetic materials including poly-
ethylene, polystyrene, polyurethane, silicone, polysulfone,
polyamide, polypropylene, polyvinyl chloride, polyester, and
polytetrafluoroethylene. A great deal of research has been
conducted to increase the biocompatibility and hemo-
compatibility of various polymers, especially those used in
blood purification (hemodialysis), blood circulation and
implant materials. Several strategies have been attempted to
increase hemocompatibility including modification of mate-
rial surface properties, structure, and addition of drugs to the
surface of the device. Structure influences the surface area and
level of trauma that the blood encounters. Compact materials
with smooth surfaces are typically preferred as both the
surface area and possible trauma to cellular elements are
minimized. On the other hand, smooth surfaces are not
practical for all blood-contacting medical devices, for
example, vascular grafts. Polymer-based artificial grafts are
often used in situations involving large caliber vascular grafts
(internal diameter of 7 mm or greater). These grafts have
controlled surface patterns and porosity, for example, poly-
ester yarn that is knitted or woven into various porous
patterns. Polytetrafluoroethylene tubes can also be expanded
into porous conduits. This porosity is considered to be critical
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for proper healing and overall graft patency, but causes the
blood to leak through the graft wall and is a serious drawback.
Currently, collagen, gelatin, and albumin are used as sealants.
Hydrogels are being considered and will be modified to
maximize sealant properties while minimizing complement
and cell activation by varying other surface properties by
degrees and types of substitution.

Surface tension, the residual binding capability of the
exposed surface, can affect the hemocompatibility of a mate-
rial. Blood cells and vessels are negatively charged at an
isoelectric point between pH 4.8 and 5. The vessel wall, being
negatively charged, causes platelets to be repelled and helps
reduce thrombogenic potential. Distribution of charged sites
and surface polarity affects plasma protein absorption to the
material. Modification in one area may not solve all issues
with regard to hemocompatibility. For example, hydrophilic
substituents have a stimulatory effect on the complement
cascade, but simultaneously have a negligible effect on platelet
activation. However, hydrophobic substituents show reduced
complement activation, but stimulate platelet adhesion.
Blending or mosaics are often used to balance hydrophilic/
hydrophobic properties to minimize hemocompatibility.

Modification of the surface of a material with a therapeutic
can also improve blood compatibility. For example, to reduce
thrombogenesis, blood coming in contact with materials might
be heparinized. Numerous clinical studies have compared
heparin-coated versus noncoatedmedical devices. The coating is
thought to improve patient safety by reducing the adherence of
blood components and by inhibiting blood clotting. Heparin-
bonded devices showed lessened humoral and cellular activa-
tion, in particular reduced complement activation and enhanced
platelet protection. Clinical trials demonstrated shortened
hospital stays, less drainage bleeding and reduced cerebral
complications with heparin-coated oxygenated devices. The
failure of the oxygenator due to a significantly reduced pressure
gradient was also observed when heparin-coated devices were
utilized. This surfacemodification has led to a decrease in health
care costs and an increase in patient safety due to increased
hemocompatibility of this blood-coating device. As this area
progresses, further benefit to health care will be evident.

Pharmacological inhibition of the key enzymes respon-
sible for the consecutive activation of a cascade of reactions,
including aprotinin, tranexamic acid, aminocapron acid,
C1-esterase inhibitor, antioxidants, and free radical scaven-
gers is also under evaluation to improve hemocompatibility.
Research into the modification of surfaces with integrin
(receptors that link cellular components to extracellular
matrix proteins) fragments, such as peptides with the RGD
motif, has been conducted to increase hemocompatibility
and biocompatibility. Novel bioactive agents incorporated
into polymeric coatings to improve hemocompatibility
include small molecules (e.g., slow release of nitric oxide
through diazeniumdiolate nitric oxide donors), proteins
(e.g., thrombomodulin) or drugs (e.g., sirolimus or rapamy-
cin). Further research into the improvement of device func-
tion by the local modification of the device surface is ongoing
and may prove to be one of the most exciting areas of research
in this field.
Conclusions

Contact of blood with medical devices can result in not only
hemolysis but also the activation of proteolytic, inflammatory,
and thrombogenic responses. Assessment and improvement of
hemocompatibility are essential to the formation of an ideal
blood-contacting medical device. Standard methods are avail-
able to measure hemocompatibility at a gross level and more
sensitive/thorough techniques are being developed/validated.
As these are available, better materials can be developed
through the direction given by the results from the conduct of
these more sensitive assay methods.

See also: Toxicity, Acute; Toxicity, Subchronic and Chronic;
Detergent; Toxicity Testing, Validation; Biocompatibility.
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l Name: Heparin
l Synonyms: Heparin sodium (Chemical Abstracts Service

Registry Number (CAS) 9041-084), Heparin calcium (CAS
37270-89-6)

l Chemical/Pharmaceutical/Other Class: Anticoagulant
l Chemical Structure:
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Background

Heparin is a glycosaminoglycan found in the secretory granules
of mast cells. Unfractionated or conventional heparin is
a heterogeneous mixture of anionic sulfated glycosaminogly-
cans commercially derived from bovine lung tissue or porcine
intestinal mucosa. The glycosaminoglycan chains are degraded
to 5000–30 000-Da fragments. Through the manufacturing
process there is heterogeneity in composition among different
commercial preparations of heparin; however, their biologic
activities are similar. The United States Pharmacopeia (USP)
unit is the quantity of heparin that prevents 1 ml of citrated
sheep plasma from clotting for 1 h after the addition of 0.2 ml
of 1% calcium chloride. Low-molecular-weight heparins
(LMWHs) are specific heparin preparations prepared by
chemical or enzymatic cleavage that produce a mixture of
products with lower weights of 1000–10 000 Da (mean
4500 Da) compared to unfractionated heparin. These mixtures
have distinctly different properties from unfractionated
heparin, such as a greater bioavailability, longer half-life, more
predictable anticoagulation at fixed doses, and targeted factor X
activity. Although there are differences, LMWHs share many of
the pharmacologic and toxicologic properties of unfractionated
heparin.
Uses

Heparin is used as an anticoagulant for treatment and
prophylaxis of various thromboembolic disease processes
because of its rapid onset of action. It may be used to maintain
relatively anticoagulated states in patients on extracorporeal
circulation or hemodialysis and to help maintain patency of
indwelling vascular catheters.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure Routes and Pathways

Heparin is administered both parenterally and subcutaneously.
Oral, rectal, and sublingual administration offer poor absorp-
tion due to the large molecular size and negative charge making
heparin unable to cross cellular membranes. Intramuscular
administration leads to irregular absorption and hematoma
development at the site of injection.
Toxicokinetics

Heparin has an immediate onset of action and peak anticoag-
ulant activity in 20–30 min when given intravenously, but
variable bioavailability when given subcutaneously and the
onset of action of anticoagulation can be delayed by 1–2 h.
Following parenteral absorption, heparin remains in the
intravascular compartment bound extensively to a number of
plasma proteins. This results in a low volume of distribution
reported as 0.06–0.07 l kg�1 in humans. The pharmacokinetic
properties of heparin are complex and not completely under-
stood. It is rapidly metabolized in the reticuloendothelial
system in the liver by a heparinase via desulfation, causing
a short duration of action. The elimination half-life of heparin
increases disproportionately with increasing dose, indicating
saturable kinetics. The half-life is reported to be 1–2.5 h and the
duration of anticoagulation effect as 1–3 h. The LMWH agents
have a longer half-life than unfractionated heparin. Since
LMWHs are really eliminated in patients with severe renal
insufficiency or end stage renal disease, the half-life and anti-
coagulant effects may be prolonged.
Mechanism of Toxicity

Heparin potentiates the action of antithrombin III, increasing
its activity by approximately a thousand times. Antithrombin
III is a plasma enzyme that inactivates activated coagulation
factors II (thrombin), IX, X, XI, XII, plasminogen activator
inhibitor, protein C inhibitor, and other components of
4-3.00733-8 837
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coagulation. Most important are its effects on activated factors
II and X and ultimately the conversion from fibrinogen to fibrin
is inhibited. In contrast, LMWH agents are of insufficient length
to catalyze the inhibition of thrombin and produce their
anticoagulant effect mainly through the inhibition of activated
factor X by antithrombin.

Heparin can interferewithplatelet aggregation and can further
affect bleeding time. However, it is unclear as to what extent the
antiplatelet effects contribute to bleeding complications.
Acute and Short-Term Toxicity (or Exposure)

Human

Bleeding is the most common complication of heparin therapy
and can occur even when the dose is in therapeutic range. These
complications can range from minor to major bleeding. The
rates of major bleeding are reported to occur in <3% of
patients treated with unfractionated heparin.

Intentional overdoses of heparin are rare and most reported
cases involve unintentional overdose in hospitalized patients.
This can occur from the administration of large amounts of
heparin as a consequence of misidentification of heparin vials
(look-alike medication errors), during the process of flushing
intravenous lines or central venous access devices (ports), or
secondary to intravenous pump malfunctions or programming
errors. These types of errors are not seen with LMWHs;
however, since LMWHs are renally eliminated, there is a risk for
overdose and toxicity in those patients with severe renal
insufficiency or end stage renal disease.

Heparin-induced thrombocytopenia (HIT) is defined as
a platelet count <150 � 109 l�1 or 50% decrease from the
pretreatment value in patients receiving heparin therapy. It is
reported in about 3% of patients 5–10 days after the initiation
of therapy with unfractionated heparin or within 1 day of
therapy in patients with recent (most often within 30 days but
up to 100 days) heparin exposure. There are two types of HIT;
the first is associated with a transient, mild thrombocytopenia
called HIT that occurs in approximately 25% of patients during
the first few days of therapy. It is felt to be due to the inherent
platelet-aggregating properties of heparin. The more severe
form, HIT and thrombosis syndrome (HITTS) occurs in 1–5%
of patients and is an immune-mediated reaction. Heparin
exposure leads to the formation of IgG antibodies against
complexes of heparin with platelet 4 that form on the surface of
platelets. These complexes activate platelets by binding to Fc
gamma IIa receptors. This results in platelet aggregation, release
of more platelet factor 4, and thrombin generation. Vascular
injury may also be evident as antibodies bind to platelet 4
attached to heparin sulfate on the endothelium. This cascade of
events causes both venous and arterial thromboembolic
complications and can result in limb ischemia, skin lesions,
myocardial infarction, and stroke. LWMH is associated with HIT
and HITTS, although it occurs less frequently.
Chronic Toxicity (or Exposure)

Animal

Heparin is used in veterinary medicine for the management of
thromboembolic problems following vascular surgery. It is
uncommon for animals to be maintained on heparin for an
extended period of time. Heparin is used in a scientific setting
in animal dialysis models as well as in models of graft
rejection.
Human

There are a few less common toxicities that can be seen in
patients receiving heparin. Osteoporosis with spontaneous rib
and vertebral fractures has been reported in patients who have
received therapeutic doses of heparin for an extended period of
time (>3 months). The mechanism for these abnormalities is
not completely understood. Heparin introduced intravenously
or subcutaneously can also cause abnormalities in liver func-
tion tests. Its effects often produce a mild elevation in hepatic
transaminases, but without an increase in bilirubin or alkaline
phosphatase levels. Hyperkalemia can also occur due to inhi-
bition of aldosterone synthesis.
Immunotoxicity

Case reports have identified heparin to produce anaphylactoid
and infusion reactions.
Reproductive Toxicity

Unlike warfarin, heparin does not cross the placenta and has
not been associated with fetal abnormalities. Therefore it is
used as the anticoagulant of choice during pregnancy.
Clinical Management

The anticoagulant effect of heparin is best monitored by the
activated partial thromboplastin time (aPTT). The aPTT goal
range is based on a corresponding plasma heparin level of
0.3–0.7 units per milliliter by antifactor Xa assay. A clotting
time of 1.5–2.5 times the normal mean aPTT value is assumed
to be therapeutic for heparin treatment. In the event of
a supratherapeutic aPTT during heparin therapy without
evidence of bleeding or hemodynamic instability, the heparin
dose should be held or decreased according to institution
guidelines. Heparin has a relatively short half-life and discon-
tinuation alone will be a sufficient treatment. Serial aPTT levels
should be evaluated to determine when to resume heparin
therapy in a patient that requires anticoagulation. Mild
bleeding due to heparin can often be controlled with discon-
tinuation of heparin and without the need for heparin
neutralization.

If significant bleeding occurs or an excessive dose of heparin
is administered, discontinuation of heparin and reversal with
protamine sulfate is indicated. This should be in addition to
supportive care and appropriate transfusion practices for
bleeding cessation and the reversal of coagulopathy. Protamine
sulfate is a mixture of polypeptides derived from salmon
sperm. When administered, it forms ionic binds with heparin
and neutralizes its anticoagulant effect. Protamine also inter-
acts with platelets, fibrinogen, and other plasma proteins and
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may cause an anticoagulant effect of its own. One milligram of
protamine sulfate given intravenously neutralizes 100 units
of heparin. The dose should be calculated from the dose of
unfractionated heparin administered keeping in mind the short
half-life (1–2.5 h). Considerable variations exist between
patients and therefore the dose should be individualized and
the patient response monitored. There is no proven method for
neutralizing LMWH. Neutralization effects rely on the interac-
tion between protamine and heparin and are dependent on the
molecular weight of heparin. Therefore, LMWH has reduced
protamine binding and neutralizes approximately 60% of the
antifactor Xa activity of LMWH. For neutralization of LMWH,
1 mg of protamine should be administered per 100 antifactor
Xa activity units where 1 mg enoxaparin equals 100 antifactor
Xa units. Excessive protamine can act as an anticoagulant and
therefore the dose should be underestimated if necessary.
Other potential complications of protamine include hypoten-
sion, anaphylaxis, right ventricular dysfunction, pulmonary
vasoconstriction, and transient neutropenia. It should be noted
that excess protamine administration may result in paradoxical
anticoagulation.

Platelet count should be carefully monitored for any
decline. If thrombocytopenia develops, the time course and
severity should be evaluated to help differentiate if HIT is
present. If HIT is suspected, all heparin products, including
flushes and coated catheters, should be discontinued imme-
diately. The diagnosis of HIT can be confirmed with an assay
for antibodies that react with heparin–platelet factor 4
complexes in addition to evaluating a clinical assessment score,
the 4Ts score. This score evaluates thrombocytopenia, timing,
thrombosis, and other causes of thrombocytopenia to help
assess the probability of HIT and HITTS. If HITTS is suspected,
platelet transfusions should be avoided and an alternative form
of anticoagulation should be initiated (i.e., bivalrudin, arga-
troban, fondaparinux). LMWH should not be used in patients
with active HITTS or a history of HITTS.

See also: Poisoning Emergencies in Humans; Coumarins.
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Chemical Profile

l Chemical Abstracts Service Registry Number: CAS 76-44-8
l Chemical Name: 1,4,5,6,7,8,8-Heptachloro-3a,4,7,7a-tetra-

hydro-4,7-methanoindene
l Synonyms: 1,4,5,6,7,8,8-Eptacloro-3a,4,7,7a-tetraidro-4,7-

endo-metano-indene, 1,4,5,6,7,8,8-Heptachloro-3a,4,7,7a-
tetrahydro-4,7-methano-1H-indene, 3-Chlorochlordene,
Dicyclopentadiene, 3,4,5,6,7,8,8a-heptachloro-, EPA Pesti-
cide Chemical Code 044801, Rhodiachlor, Velsicol 104

l Chemical Class: Chlorinated cyclodiene; Insecticide
l Chemical Structure (from Pubchem): http://pubchem.ncbi.

nlm.nih.gov/image/structurefly.cgi?cid¼3589&width¼400
&height¼400
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l Molecular Formula: C10H5Cl7
l Molecular Weight: 373.32 gmole�1

l Density: 1.6 g cm�3

l Vapor Pressure: 0.0003 mmHg (0.04 Pa) at 25 �C
l Boiling Point: 135–145 �C
l Melting Point: 95–96 �C; 46–74 �C (for technical grade soft

wax)
l Flash Point: Not combustible
l Conversion Factor: 1 ppm ¼ 15.27 mgm�3 at 25 �C
l Appearance: White powder (pure heptachlor), tan color

crystalline solid (73% purity)
l Odor: Camphor-like odor
Background

Heptachlor is a chlorinated cyclodienemanufactured for use as an
insecticide. It is also a metabolite and a component of the pesti-
cide chlordane. Heptachlor represents the oldest generation of
40 Encyclopedia of T
the chloride channel blocker insecticides that exhibit marked
mammalian toxicity. Its toxicological properties encompass both
the parent compound and its metabolite heptachlor epoxide.
Heptachlor was first registered in the United States in 1952 and
was extensivelyused to control agricultural and structural pests. In
the late 1970s, concerns regarding carcinogenicity potential,
toxicity todevelopingnervous system,environmental persistence,
and bioaccumulation in the food chain led to its cancellation for
most uses. Since 1985, the only use in the United States. has been
to treat fire ants in power transformers.

More than two decades after its ban, heptachlor residues are
present in certain foods, water, air, and soils. Heptachlor and its
epoxide are found in over 200 of the 1684 National Priorities
List (NPL) sites, the most hazardous waste site in the
United States. Both chemicals are on the 2007 Comprehensive
Environmental Response, Compensation, and Liability Act
priority list for substances with the highest frequency, toxicity,
and potential for human exposure at the NPL. Heptachlor is on
the United Nations Environment Program list of persistent
organic pollutants for which international action is required to
reduce risks to humans and the environment.
Uses

Heptachlor was extensively used from 1953 to1974 in soil and
seed treatment to control insect pests of crops, e.g., corn, grains,
sorghum, citrus, and pineapple. It was also used to control
termites and household insects. Most of these uses in the
United States were canceled in 1974 and all uses and sale of
heptachlor and chlordane products were prohibited in 1988
except for the control of fire ants in underground power
transformers because it is not expected to result in significant
human exposure. However, the extent of this use in the United
States is unclear as there are no active labels for heptachlor in
the National Pesticide Information Retrieval System database.
Environmental Fate and Behavior

Heptachlor is soluble in organic solvents (e.g., methanol,
benzene) but practically insoluble in water (0.056 mg l�1

solubility at 25 �C). The Henry’s law constant of
0.00148 atmm3mol�1 indicates significant volatilization from
surface water. The odor threshold of heptachlor is 0.3 mgm�3

(20 ppb). In the air, heptachlor reacts with photochemically
generated hydroxyl radicals with an estimated half-life of 6.3 h.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00149-4
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Photolysis of heptachlor produces dechlorinated products and
heptachlor epoxide.

Heptachlor undergoes biotic and abiotic degradation in soil
and water. Heptachlor is persistent in soils with a field half-life
of 6–9 months. Epoxidation produces the more persistent
heptachlor epoxide, whereas hydrolysis and dechlorination
generate 1-hydroxychlordene and chlordene. In water, the
predominant fate of heptachlor is hydrolysis, with a half-life of
1–3.5 days. Fresh water microorganisms metabolize heptachlor
to heptachlor epoxide and 1-hydroxychlordene. The estimated
log Koc of 4.48 predicts that heptachlor will adsorb strongly to
soil and resist leaching to groundwater.

Heptachlor in soil and sediment can be taken up by
organisms and plants. Due to its stability, it can travel long
distances and contaminate area remote from its use. The
measured logKow of 5.2 indicates that heptachlor bio-
accumulates extensively (as heptachlor epoxide) in aquatic and
terrestrial food chains.
Exposure and Exposure Monitoring

Before the 1988 ban, human exposure to heptachlor happened
directly from its insecticidal use. Today, exposures to hepta-
chlor and heptachlor epoxide continue due to their persistence
in the environment and bioaccumulation. The main exposure
route is through ingestion of contaminated water and foods
(particularly cow and human milk, fish, meat). Enforceable
levels in water and foods are established for heptachlor and
heptachlor epoxide. Action levels were established in 1989 for
the unavoidable residues due to environmental contamination.

Inhalation of vapors from contaminated soil and water or
direct dermal contact with residual heptachlor from past
pesticide applications are also possible. Indoor air exposure
over long periods may persist in homes previously treated for
termite controls. Occupational exposure remains from the use
for controlling fire ants. The exposure is likely higher for the
general public living near hazardous waste sites where hepta-
chlor has been detected. At a given exposure concentration,
children generally have higher body burden due to their higher
intake (inhalation volume, amount of food intake) or contact
on a per body weight basis.
Toxicokinetics

The oral absorption of heptachlor is evident in the detection of
the parent compound and metabolites in urine, feces, and
tissues of rats received 14C-heptachlor and in human serum
from consuming raw milk contaminated with heptachlor. A rat
study indicated above 50% oral absorption. Dermal and
inhalation absorptions are mostly evident by the observed
systemic toxicity.

Heptachlor is extensively metabolized and distributed
in animals and humans. The level of heptachlor is highest
in the fat (still present years after the last exposure) and
lower in liver, kidneys, and muscles. In rats and dogs, the
more toxic heptachlor epoxide is the main metabolite.
Other metabolites in rats and humans or in rat microsomes
include 1-hydroxychlordene, 1-hydroxychlordene epoxide,
and 1,2 dihydroxydihydrochlordene. Heptachlor epoxide is
detected in rat brain and in cow and human milk. Trans-
placental transport is evident in detecting heptachlor epoxide
in the skin and fat of stillborn infants, maternal placenta,
amniotic fluid, and blood of newborns.

The feces are the major route of elimination in rats, where
62% of a single oral dose is recovered 10 days after dosing, while
6% is excreted in urine. The unchanged heptachlor represents
about 26% of the fecal excretion. Enterohepatic circulation is
likely significant. Breast milk is another significant excretion
route. The elimination half-lives for heptachlor are several weeks
to several months in rats and about 4 weeks in chicken.
Mechanism of Toxicity

The primary target for heptachlor and the other cyclodiene
insecticides is the central nervous system. Themode of action as
a noncompetitive antagonist acting on the chloride ion channel
of the g aminobutyric acid (GABAA) receptor became evident
more than 30 years after the discovery of heptachlor. When
activated by GABA, the GABAA receptor increases Cl� conduc-
tance into the neurons and prevents excessive nerve stimula-
tion. Heptachlor interferes with the passage of Cl� ions by
binding to the Cl� channel of the receptor and thereby block-
ing the actions of GABA. Seizures, vomiting, and convulsions
are typical symptoms associated with antagonism with GABA.
Molecular modeling indicates that heptachlor epoxide also
blocks the brain GABA-gated chloride channels. Heptachlor is
implicated in causing long-lasting changes in brain functions,
possibly by altering the expression of GABAA receptor during
the mammalian development.

Liver is another target of heptachlor toxicity (hepato-
cytomegaly, necrosis, steatosis, and tumors). However, the
mechanism is unknown. Heptachlor induces hepatic cyto-
chrome P-450 enzymes. In rat hepatocytes and mouse hepa-
toma cells, heptachlor and heptachlor epoxide initiated signal
transduction processes characteristic for known mitogens, i.e.,
alteration of cellular Ca2þ levels and induction protein kinase
C and mitogen-activated protein kinases. In mice, heptachlor
epoxide causes downregulation of protein kinase C in the liver
and induces the activator protein-1 DNA binding, both are
critical factors in tumor promotion.
Acute and Short-Term Toxicity

Animal

Heptachlor is classified by US Environmental Protection
Agency (USEPA) as a moderate oral toxicant (Category II). The
acute oral LD50 for rats, mice, and hamsters ranges from 70 to
230 mg kg�1. The lethal dose decreases markedly with repeated
exposure. For example, no death occurred in rats at a single oral
dose of 129 mg kg�1 while a 100% death occurred after six
daily doses of 23 mg kg�1 day�1. Heptachlor epoxide oral LD50

in rats and mice ranges from 39 to 144 mg kg�1, indicating
greater toxicity than heptachlor. Heptachlor dermal LD50 in rats
is 119–250 mg kg�1 day�1, and the 4-h inhalation LC50 in rats
is >2 but <200 ppm. No reliable dermal or eye irritation
studies are available.
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The targets of heptachlor toxicity after short-term oral
exposure are the liver, nervous system, reproductive capacity,
and the developing offspring. Clinical signs of neurotoxicity
included hyperexcitability, increased arousal, seizures, tremors,
and convulsions. Overall, the reproductive and developmental
effects have the lowest toxicity threshold.
Human

There is no information on human accidental or suicidal
poisoning with heptachlor. Adverse health outcomes are
described in humans who had increased serum levels of hepta-
chlor and heptachlor epoxide. Most of these studies involved
exposures to other organochlorine pesticides and the observed
effects cannot be ascribed to heptachlor alone.
Chronic Toxicity

Animal

Mortality occurred in rats after 50 days at 5 mg kg�1 day�1 and
in minks within 27–181 days at 1.7–6.2 mg kg�1 day�1.
Convulsions, hyperreflexia, and dyspnea were reported in rats
prior to death.

Liver is the most common nonlethal target reported in
28 days to 2-year studies in rats, mice, minks, dogs, and pigs. The
effects at the lowest observed effect levels (LOELs) of
2–10 mg kg�1 day�1 included increased liver weights, changes in
serum liver enzyme activities and triglycerides, necrosis, fat in the
hepatocytes, and depletion of glycogen. These changes are often
referred to as of the chlorinated hydrocarbon insecticide rodent
liver type. Similar effects were reported for heptachlor epoxide.
The LOELs for other tissue toxicity included 5–9 mg kg�1 day�1

for renal changes in rats and mice, 5–37 mg kg�1 day�1 for
effects in the spleen (decreased weight, fibrosis) of rats and
minks, 5 mg kg�1 day�1 for gastrointestinal effects in rats, 5.7–
9.3 mg kg�1 day�1 for reduced body weight in mice and minks,
and 1.7–5 mg kg�1 day�1 for neurological disturbance (e.g.,
hyperexcitability, seizures, convulsions) in rats and minks. Liver
tumors occurred in mice at 2.4 mg kg�1 day�1.
Immunotoxicity

Oral studies in rats suggest that relatively low, environmentally
relevant doses of heptachlor administered during the develop-
mental period can alter the immune system. The experimental
protocol included in utero and lactational exposures from
gestation day (GD) 12 to postnatal day (PND) 7 followed by
direct dosing to PND 42. The LOEL for suppression of the
immune response to sheep red blood cells was of
0.03 mg kg�1 day�1. In addition to this sensitive functional
parameter for immunosuppressants, reduction in the percentage
of B lymphocyte in the spleen occurred at higher doses.
Reproductive Toxicity

Rats fed 1–10 mg kg�1 day�1 heptachlor during a three-gener-
ation study resulted in increased number of resorption and
decreased lactation index (percent of live offspring on day 21).
Decreased litter size was reported in another three-generation
study where rats received 6.9 mg kg�1 day�1 for 3 months
before mating. Cataracts were found in treated young after birth
in both studies. Heptachlor shortened and blocked the estrus
cycle in rats and reduced hatchability of chicken fertile eggs.
Developmental Toxicity

In prenatal developmental studies, no effects were observed
after pregnant rats received heptachlor up to 8 mg kg�1 day�1

orally on GD 6–15 or pregnant rabbits received
5 mg kg�1 day�1 heptachlor epoxide on GD 6–11. However,
developmental neurotoxicity occurs at doses not altering
pregnancy or general health of the offspring. In rats, gesta-
tional, lactational, and postnatal exposure until PND 21 or 42
altered the cognitive function. The LOEL was
0.03 mg kg�1 day�1 based on slowed acquisition of spatial
tasks and impaired recall in water maze tests at PND 89–142.
In mice, in utero exposure followed by 10 days of postnatal
exposure to 3 mg kg�1 day�1 heptachlor altered the dopamine
system and increased neurotoxicity later in life (at 12 weeks
of age).

The developmental neurotoxicity reported in rats and mice
provides some implications for humans with documented
developmental exposure, such as the residents in Hawaii, who
in the early 1980s were exposed to heptachlor from contami-
nated milk. High school students presumably prenatally
exposed to heptachlor from contaminated milk showed
impaired performance on behavioral tests, including abstract
concept formation and visual perception.
Genotoxicity

Heptachlor was negative for causing gene mutation or DNA
damage in several in vitro studies with prokaryotic organ-
isms. In vitro studies with mammalian cells showed no
effects with adult rat liver hypoxanthine-guanine phos-
phoribosyl transferase assay in one study but positive in
thymidine kinase forward mutation in mouse lymphoma
cells (only tested without metabolic activators) in another
study. Chromosomal aberration and unscheduled DNA
synthesis in Chinese hamster ovary cells were observed in
a National Toxicology Program study. Unscheduled DNA
synthesis was reported in one study with human SV-40
transformed fibroblasts, but negative in rat, mouse, and
hamster primary hepatocytes in other studies. Heptachlor
and heptachlor epoxide did not cause dominant lethality in
two strains of male mice.
Carcinogenicity

Rodent dietary inclusion bioassays reported increased hepato-
cellular carcinoma in male and female mice and possibly
thyroid follicular cell adenoma and carcinomas in female rats.
Heptachlor promotes liver neoplastic lesions initiated by N-
nitrosodiethylamine.
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Several studies investigated the possible association between
heptachlor exposure (presumably mainly inhalation) and
cancers (bladder, lung and prostate cancer, leukemia) among
manufacturing or farm workers. Limitations and uncertainties
in these studies included lacking quality exposure information
and controlling confounders and concomitant exposure to
other organochlorines and pesticides. Similar limitations were
also present in other studies suggesting possible associations of
breast cancer or non-Hodgkin’s lymphoma to heptachlor
exposure or tissue level heptachlor epoxide. These data,
together with the lack of association reported by others, are
insufficient for evaluating the carcinogenicity in humans.

Taking into consideration the carcinogenicity profiles of the
common impurity chlordane and the metabolite heptachlor
epoxide, the International Agency for Research on Cancer in
2001 classified heptachlor and heptachlor epoxide as possibly
carcinogenic to humans (Group 2B). Similarly, in 1991, USEPA
classified heptachlor and heptachlor epoxide as a probable
human carcinogen (Group B2) with an upper bound lifetime
cancer potency of 4.5 per (mg kg�1 day�1) for heptachlor and
9.1 per (mg kg�1 day�1) for heptachlor epoxide from oral
exposure. The corresponding unit risk (risk per unit concen-
tration) is 1.3 � 10�4 per (mg l�1) in drinking water.
Clinical Management

Presently, there is no specific antagonist to the effects hepta-
chlor. However, benzodiazepines and barbiturates are used to
control heptachlor-induced seizures. Cholestyramine is rec-
ommended for increased elimination of heptachlor. Gastric
lavage is performed for exposures to potentially life-threatening
doses of heptachlor.
Ecotoxicology

Heptachlor appears to affect the growth of freshwater algae more
than estuarine and marine algae. The critical concentrations for
aquatic invertebrates vary widely. The lowest 96-h LC50 is
0.9 mg l�1 for stonefly (freshwater) and 0.03 mg l�1 for pink
shrimp (marine). For freshwater fish, the 96-h LC50 is 8 mg l�1

for rainbow trout and 13–19 mg l�1 for bluegill. In fathead
minnow, the LC50 decreases with increasing exposure time
(23 mg l�1 for 96-h versus 7 mg l�1 for 10-day), and a growth
effect no observed effect concentration is 0.86 mg l�1 for 60-day.
For saltwater fish, the lowest 96-h LC50 is 0.86 mg l�1 for spot
croaker, but around 3–4 mg l�1 for striped bass, striped mullet,
sheephead minnow, and pinfish. An LOEL of 3 mg l�1 in
sheephead minnow was reported with an 18-week life cycle test
starting with juvenile stage. Heptachlor is relatively less toxic to
amphibians. The 96-h LC50 is 435 mg l�1 for Fouler’s toad.
Heptachlor is moderately toxic to birds. The 5-day dietary LC50

ranged from 90 to 500 mg kg�1 day�1. Toxicities to mammals
are presented in the acute and chronic toxicity sections.
Other Hazards

Age is a modifying factor for the acute toxicity of heptachlor.
Heptachlor is more toxic to adult rats than newborns based on
their reported LD50 of 71 and 531 mg kg�1 day�1, respectively.
The difference in toxicity is attributed to the inability of
weaning rats to metabolically convert heptachlor to heptachlor
epoxide. Nutritional factors also influence the toxicity of
heptachlor. The liver toxicity of heptachlor is diminished in rats
fed low protein diets, possibly due to decreased metabolism to
heptachlor epoxide. Concomitant exposure to other chlori-
nated cyclodiens with similar mechanism of action may result
in cumulative toxicity. Heptachlor toxicity is increased by
agents that induce the liver metabolic enzymes activities (e.g.,
phenobarbital).
Exposure Standards and Guidelines

l American Conference of Governmental Industrial Hygien-
ists (ACGIH) Threshold Limit Value (TLV): 0.05 mgm�3

(3 ppb) Time-Weighted Average; (skin) (A3 – Confirmed
animal carcinogen with unknown relevance to humans)

l National Institute for Occupational Safety and Health
(NIOSH) Recommended Exposure Level (REL): 0.5 mgm�3

(33 ppb) (up to 10-h workday during a 40-h workweek
TWA); (Skin) (a potential occupational carcinogen)

l National Institute for Occupational Safety and Health
(NIOSH) Immediately Dangerous to Life or Health
Concentration (IDLH): 35 mgm�3 (2.3 ppm); (a potential
occupational carcinogen)

l Occupational Safety and Health Administration (OSHA)
Permissible Exposure Limit (PEL): 0.5 mgm�3 (33 ppb)
(8-h Time weighted average, TWA); (Skin) – potential for
dermal absorption

l USEPA Drinking Water Maximum Contaminant Level
(MCL): 0.0004 mg l�1 (0.4 ppb) for heptachlor;
0.0002 mg l�1 (0.2 ppb) for heptachlor epoxide

l World Health Organization (WHO) Acceptable Daily
Intake (ADI) or Provisional Tolerable Daily Intake (PTDI):
0.1 mg kg�1

See also: Behavioral Toxicology; Developmental Toxicology;
Chlordane; Cyclodienes; Neurotoxicity; Organochlorine
Insecticides; Pesticides; National Institute for Occupational
Safety and Health; Carcinogen Classification Schemes;
Carcinogenesis; Federal Insecticide, Fungicide, and
Rodenticide Act, US; Genetic Toxicology; Immune System;
International Agency for Research on Cancer; Regulation,
Toxicology and; Risk Assessment, Human Health; Occupational
Exposure Limits; Ecotoxicology; ACGIH

�
(American Conference

of Governmental Industrial Hygienists); Children’s
Environmental Health; CERCLA; Revised as the Superfund
Amendments Reauthorization Act (SARA); Safe Drinking Water
Act; Bioaccumulation; Environmental Fate and Behavior.
Further Reading

Agency for Toxic Substances and Disease Registry (ATSDR), 2007. Toxicological
Profile for Heptachlor and Heptachlor Epoxide. Public Health Service, U.S.
Department of Health and Human Services. http://www.atsdr.cdc.gov/ToxProfiles/
tp12.pdf.

http://www.atsdr.cdc.gov/ToxProfiles/tp12.pdf
http://www.atsdr.cdc.gov/ToxProfiles/tp12.pdf
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and Heptachlor Epoxide: TLV� Chemical Substances seventh ed. Documentation.
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#7DOC-297, Cincinnati, OH, USA.

National Institute for Occupational Safety and Health (NIOSH), 2007. Pocket Guide
to Chemical Hazards. Department of Health and Human Services, Centers for
Disease Control and Prevention. http://www.cdc.gov/niosh/docs/2005-149/
pdfs/2005-149.pdf DHHS (NIOSH) Publication No. 2005-149. September
2007.

World Health Organization (WHO), 2006. Heptachlor. International Programme on
Chemical Safety (IPCS), WHO. http://www.who.int/ipcs/publications/cicad/cicad70.
pdf Concise international chemical assessment document 70.
Relevant Websites

http://www.atsdr.cdc.gov/toxprofiles/index.asp – Agency for Toxic Substances and
Disease Registry

http://toxnet.nlm.nih.gov – Hazardous Substance Data Bank
http://npic.orst.edu/ – National Pesticide Information Center
http://www.epa.gov – United States Environmental Protection Agency

http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf
http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf
http://www.who.int/ipcs/publications/cicad/cicad70.pdf
http://www.who.int/ipcs/publications/cicad/cicad70.pdf
http://www.atsdr.cdc.gov/toxprofiles/index.asp
http://toxnet.nlm.nih.gov
http://npic.orst.edu/
http://www.epa.gov
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l Chemical Abstracts Service Registry Number: 142-82-5
l Synonyms: n-Heptane; Dipropyl methane; Getty-solve-C;

Heptyl hydride; Heptan (Polish); Eptani (Italian); Hepta-
nen (Dutch); UN1206 (DOT)

l Chemical/Pharmaceutical/Other Class: Aliphatic hydro-
carbon (C7)

l Molecular Formula: C7H16

l Chemical Structure:
Uses

n-Heptane is an aliphatic alkane with the molecular formula
C7H16. Naturally occurring n-heptane is isolated from natural
gas, crude oil, or pine extracts. It has historically been used as
a test fuel component in antiknock test engines as it causes
knocking and is therefore an undesirable component of gaso-
line; a 100% n-heptane fuel is therefore the ‘zero point’ of the
octane rating scale (the 100 point is a 100% isooctane). The
octane number equates to the antiknock qualities of a compar-
ison mixture of n-heptane and isooctane, expressed as the
percentage of isooctane in n-heptane and listed on pumps for
gasoline dispensed in the United States and internationally.

An isomer, triptane (2,2,3-trimethyl butane), is used in
aviation fuel. Many different isomers of n-heptane are used in
organic syntheses and are ingredients of gasoline, rubber
solvent naphtha, mixed isomers for use as thinners in paints
and coatings, as pure n-heptane for research and development,
as a precursor in pharmaceutical manufacturing, and as
petroleum mixtures used as fuels or solvents.
Environmental Fate and Behavior

Heptane is a seven-carbon aliphatic compound that is a natural
constituent in the major paraffin fraction of crude oil and also
found in natural gas. Pure n-heptane is a colorless liquid that is
highly flammable and lighter than water. It has a gasoline-like
odor with an olfactory threshold around 200mgm�3 (low) and
1280mgm�3 (high). Heptane has a molecular weight of
100.2 g mol�1. At 20 �C, n-heptane has a solubility in water of
3.4 mg l�1, an estimated vapor pressure of 46 mmHg, and
a Henry’s law constant of 2.0 atm-m3mol�1 (USEPA, 2011). The
log octanol/water partition coefficient is 4.66. Conversion
factors for n-heptane in air are as follows: 1 mgm�3¼ 0.24 ppm
and 1 ppm ¼ 4.1 mg m�3.

If released to air, n-heptane exists solely as a vapor in the
ambient atmosphere. Vapor-phase n-heptane is degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals; the half-life for this reaction in air is esti-
mated to be 54 h. n-Heptane does not contain chromophores
that absorb at wavelengths >290 nm and therefore is not
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
expected to be susceptible to direct photolysis by sunlight
(HSDB, 2011).

If released into water, n-heptane is expected to adsorb to
suspended solids and sediment based upon an estimated Koc of
8200. Based on 100% degradation within 25 days during
aerobic biodegradation screening tests, n-heptane is expected
to biodegrade in natural water. Volatilization from water
surfaces is expected to be an important fate process based on
the preceding estimated Henry’s law constant. Estimated
volatilization half-lives for a model river andmodel lake are 1 h
and 4 days, respectively. Volatilization from water surfaces may
be attenuated by adsorption to suspended solids and sediment
in the water column (HSDB, 2011).

If released to dry soil, n-heptane may volatilize based on its
vapor pressure. Adsorption to moist soil is expected to atten-
uate volatilization. n-Heptane is expected to biodegrade in soil
based on 100% degradation after 4 and 25 days in screening
tests using gasoline contaminated soil and activated sewage
sludge inocula, respectively.

Using a measured log Kow of 4.66, the USEPA’s EPI Suite
computer program estimates a bioconcentration factor
(BCF) and a bioaccumulation factor (BAF) of 681 and 687,
respectively (USEPA, 2011). Although these predicted bio-
accumulation and biomagnifications appear relatively high,
n-heptane is not expected to be found in the tissues of fish or
wildlife because (1) n-heptane contains no persistent functional
groups (e.g., chlorine, bromine), (2) exposure is expected to
be low based on a low half-life in the environment, and (3)
subsequent to any significant exposure, n-heptane ismetabolized
by the liver (similar to what is seen with other organic
compounds).
Exposure and Exposure Monitoring

Because n-heptane can exist as a liquid or vapor at normal
temperature and pressure, the most probable route of exposure,
as seen in most occupational settings, occurs by either dermal
contact or inhalation. Oral exposure most likely is either inci-
dental or accidental.

NIOSH has statistically estimated that 449 487 workers are
potentially exposed to n-heptane in the United States. Occupa-
tional exposure to n-heptane may occur through inhalation and
dermal contact with this compound at workplaces in which n-
heptane is used. The most likely pathway by which the general
public is exposed to n-heptane is by inhalation caused by the
fugitive releases of this substance from gasoline and other
petroleum products. Monitoring data also indicate that the
general populationmay be exposed to n-heptane via ingestion of
food and drinkingwater, although these pathways are considered
minor when compared with inhalation. The atmospheric
concentration of n-heptane ranged from 20 to 14000mgm�3

for the vulcanization area of a shoe sole manufacturing plant.
In a tire retreading operation, the concentrations ranged from
4-3.00396-1 845
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3 to 500 mgm�3 for the vulcanization area and 0 to 70 mgm�3 for
the extrusion area (HSDB, 2011).

The emission rate for n-heptane calculated for vehicles in
a Los Angeles roadway tunnel was 8 mg l�1 of fuel burned. The
average exhaust from 67 gasoline-fueled vehicles was found to
contain n-heptane at 0.9% by weight. n-Heptane has also been
identified in the gasoline engine exhaust of catalyst-equipped
and noncatalyst light-duty vehicles at 0.3 and 0.6% by weight,
respectively (HSDB, 2011).

Heptane has been measured in air down to levels as low
0.25 ppb. It has been measured and detected in both indoor air
(2–566 mg m�3) and outdoor air (1–3 mg m�3), with the latter
typically a result of automobile emissions (Verschueren, 1996).
A review of indoor air concentrations of volatile organic
compounds in North America (Hodgson and Levin, 2003)
found 0.26 ppb (1.1 mg m�3) in ‘existing’ residences, <1.5 ppb
(6.2mgm�3) in ‘new’ homes and 0.4 ppb (1.6 mgm�3) in
commercial office buildings.
Toxicokinetics

Inhaled n-heptane is rapidly distributed from the blood to
different organs and tissues, particularly those with high fat
content. After absorption, n-heptane is metabolized to its
parent alcohols (mainly 2-heptanol and 3-heptanol, and to
a minor extent 1-heptanol and 4-heptanol). Heptane is further
metabolized at relatively high rates by hydroxylation before
being converted to the corresponding keto forms. Diketone
metabolic products, believed to be responsible for neurotox-
icity, are produced to a lower extent compared with n-hexane,
in agreement with the finding that n-heptane is less neurotoxic.
In vitro studies have shown that at least three cytochrome p450
isozymes are involved in the liver metabolism of n-heptane.
The heptanol metabolites are conjugated to glucuronide
(a sugar) or to sulfates and subsequently excreted in urine.
Mechanism of Toxicity

The acute mechanism of toxicity is suspected be similar to other
solvents that rapidly induce anesthesia-like effects, i.e.,
a ‘nonspecific narcosis’ because of disruption (solvation) of the
integrity of the cellular membranes of the central nervous
system (CNS). This disruptive narcosis may also contribute to
the pathology seen with chronic toxicity, although the gamma
diketone metabolite of n-heptane would be responsible for any
delayed peripheral neurotoxicity seen in humans following
chronic exposure, similar to the mechanism seen for hexane.
Although the mechanism of toxicity of n-heptane, with respect
to polyneuropathy, is believed to be similar to hexane, human
exposures in the workplace are often amixture of other solvents
and the animal data are not compelling.

Heptane is generally considered to be less toxic than hexane
but slightly more toxic than octane. This is probably because it
is less volatile than the former but more volatile than the latter
(consistent with the nonspecific narcotic mechanism of toxicity
of volatile organic compounds). If it is aspirated into the lungs,
however, n-heptane will cause adverse effects similar to those
seen with petroleum distillates.
Acute and Short-Term Toxicity (Animal/Human)

The acute effects of n-heptane to the CNS are primarily caused
by the parent compound, whereas effects seen following
chronic exposure are a combination of both a CNS insult from
the parent compound as well as metabolites of n-heptane,
including the diketone metabolite, which is typically respon-
sible for symptoms of delayed peripheral neuropathy
(although the diketone formed from n-heptane is much less
toxic than that formed from hexane).

CNS depression was produced in mice following 10 000–
15 000 ppm n-heptane exposure in mice within 30–60 min. At
higher concentrations (<20 000 ppm), 30- to 60-min exposures
caused convulsions and death in mice; 48 000 ppm caused
respiratory arrest in three of four exposed mice in 3 min. Acute
n-heptane exposure does not cause neurotoxicity.

Acute adverse effects to humans are expected to be similar
to those seen in laboratory animals that are acutely exposed to
petroleum solvents. Humans who are acutely exposed to hydro-
carbon solvents show, in general order of increasing exposure,
disorientation, euphoria, giddiness, confusion, unconsciousness,
paralysis, convulsions, anddeath. If it is aspirated into the lungs, it
may cause rapid death caused by cardiac arrest, respiratory
paralysis, and asphyxia.

Brief (4-min) exposures to high levels (5000 ppm)
produced complaints of nausea, loss of appetite, and a gaso-
line-like taste that persisted for several hours after cessation of
exposure. Inhalation of 1000 ppm n-heptane for 6 min was
associated with a slight dizziness; inhalation of higher
concentrations for shorter periods resulted in marked vertigo,
incoordination, and hilarity. Signs of C involvement occurred
in the absence of noticeable mucous membrane irritation and
were noticed promptly on entering such atmospheres.

Direct skin contact may cause pain, burning, itching and
dermatitis. (Most petroleum solvents cause defatting of the
skin followed by dryness, which may promote dermatitis.)
Chronic Toxicity (Animal/Human)

A comprehensive search on the adverse effects following
chronic exposure identified one case study of a shoemaker who
was exposed to glue in which n-heptane was implicated as the
cause of peripheral neuropathy (Valentini et al., 1994). They
apparently reproduced the air concentrations in the shoe-
maker’s work area and found that the levels were below
American Conference of Governmental Industrial Hygienists
threshold values. Other reports of peripheral neuropathy where
humans have been exposed to n-heptane in the workplace are
less clear as the exposures are the result of a mixture of solvents,
often including n-hexane.

The experimental studies with laboratory animals are less
compelling. In subchronic (prechronic) exposures, the neuro-
toxicity of n-pentane, n-hexane, and n-heptane have been
studied inWistar strain male rats after exposure to 3000 ppm of
n-pentane, n-hexane, or n-heptane 12 h a day for 16 weeks. The
nerve conduction velocity and the distal latency were measured
before the beginning of the exposure and after exposure for
4, 8, 12, and 16 weeks. The experiment showed that n-hexane
disturbed the conduction velocity of the motor nerve and the
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mixed nerve and prolonged the distal latency in the rat’s tail,
but n-pentane and n-heptane did not. The light and electron
microscopic examination showed that the peripheral nerve, the
neuromuscular junction, and the muscle fiber of the rats
exposed to n-hexane were severely impaired, but those of the
rats exposed to n-pentane or n-heptane showed no particular
changes even after 16 weeks of exposure.

Hepatotoxic effects of n-hexane and n-heptane adminis-
tered intraperitoneally (1 ml kg�1 bw) were studied in albino
rats after 1, 2, 7, and 45 days of treatment. Hepatic protein
content decreased with n-heptane and total sulfhydryl content
showed a significant decrease in the rats exposed to either
solvent. A significant increase in lipid peroxidation was
observed after 24- and 48-h exposures to n-hexane or
n-heptane. A marked decrease in drug metabolizing activity
and an increase in pentobarbitone sleeping time was also
observed. Hepatic glucose-6-phosphatase, a microsomal
marker enzyme, showed a significant decrease (HSDB, 2011).
Immunotoxicity

A comprehensive search on the adverse immunotoxic effects of
n-heptane on the immune system could not find any studies in
the public domain. Pregnant women, however, should avoid
inhalation of any type of petroleum solvent vapors.
Reproductive Toxicity

A comprehensive search on the adverse reproductive effects of
n-heptane could not find any studies in the public domain.
Pregnant women, however, should avoid inhalation of any
type of petroleum solvent vapors.
Genotoxicity

Heptane was shown to be negative in the rat liver chromosome,
bacterial mutation assay, and yeast mitotic gene conversion
assay. Heptane is not mutagenic in the Ames Salmonella typhi-
murium system.
Carcinogenicity

Heptane is classified as D (not classifiable as to human carci-
nogenicity) and is not listed as a carcinogen by the National
Toxicology Program, the Occupational Safety & Health Admin-
istration, or the International Agency for Research on Cancer.
Clinical Management

Persons who are exposed to high concentrations of n-heptane
in air should vacate or be removed from the source and seek
fresh air. Upon oral ingestion, vomiting should not be induced
because pulmonary aspiration may occur, resulting in severe
pneumonitis and/or death.
Ecotoxicology

No significant mortalities were reported for young Coho
salmon (Oncorhynchus kisutch) exposed to 100mg l�1 of
n-heptane in artificial seawater after 96 h at 8 �C (Verschueren,
1996). No significant effects were seen on the mosquito fish
(Gambusia affinis) after an acute 24-h exposure to 5600 mg l�1

of n-heptane (100% mortality was seen at 10 000 mg l�1).
The acute 48-h LC50 following exposure of the freshwater

crustacean Daphnia magna to n-heptane is 1.5 mg l�1, whereas
the 96-h LC50 for the marine amphipod Chaetogammarus mar-
inus and the mycid shrimp Mysidopsis bahia were 0.2 and
0.1 mg l�1, respectively.
Other Hazards

Extreme care must be taken to keep areas of expected high
concentration free from ignition sources; for example, sparks
from static electricity. Only explosion-proof equipment should
be used in these areas. The lower and upper explosive limits for
n-heptane are 1.05 and 6.7%, respectively.
Exposure Standards and Guidelines

Heptane has an OSHA 8-h time weighted average (TWA) of
500 ppm (2000mgm�3). The ACGIH 8-h TWA is 400 ppm.
Excursions in worker exposure levels may exceed three times the
threshold limit value (TLV)-TWA for no more than a total of
30min during a workday, and it is recommended that under no
circumstances should they exceed five times the TLV-TWA,
provided that the TLV-TWA is not exceeded. The short-term
exposure limit (STEL) is 500 ppm.

NIOSH’s recommended exposure limit is a 10-h TWA of
85 ppm (350mgm�3) with a 15-min ceiling value of 440 ppm
(1800mgm�3). The level that would be ‘Immediately
Dangerous to Life or Health’ (IDLH) is 750 ppm.
See also: Gasoline; Petroleum Distillates; Petroleum
Hydrocarbons; Pentane; Decane; Octane.
Further Reading
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l Chemical Abstracts Service Registry Number: 110-43-0
l Synonym: 2-Heptanone
l Molecular Formula: C7H14O
l Chemical Structure:
Background

2-Heptanone is a naturally occurring ketone present in foods
and essential oils. It is a colorless, water-white liquid with
a banana-like fruit odor. Commercially, it is used as a solvent in
a number of industrial applications. The US Food and Drug
Administration (FDA) lists 2-heptanone as a food additive
permitted for direct addition to food for human consumption.
It acts as a pheromone at odorant receptors in mice and as an
alarm pheromone in urine of rats. 2-Heptanone may be
released to the environment as a fugitive emission during its
production, formulation, use, or transport, and in the effluent
of industrial processes.
Uses

2-Heptanone is used as an industrial solvent; a solvent for
synthetic resin finishes; an inert reaction medium; a flavor
ingredient in foods; a fragrance ingredient in creams, lotions,
perfumes, soaps, and detergents.
Environmental Fate and Behavior

Production and use as a solvent in preparation of perfumes may
result in its release to the environment through various waste
streams. It is also present in foods and essential oils. When
released to the air at a vapor pressure of 3.85 mmHg at 25 �C, it
remains solely as a vapor in the atmosphere. It is degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals. The half-life for this reaction in air is estimated
to be 1.4 days. Atmospheric removal is bywet deposition. It does
not undergo significant atmospheric removal by direct photo-
lytic processes. 2-Heptanone hasmoderatemobility based on an
estimated organic carbon partition coefficient (Koc) of 285.
Volatilization from moist soil surfaces depends on Henry’s law
constant of 1.69� 10�4 atm-m3mol�1. It may volatilize from
dry soil surfaces depending on its vapor pressure. Under aerobic
conditions, it may biodegrade in soil. If released into water,
volatilization from the water surface is expected based on
Henry’s law constant. Estimated volatilization half-lives for
amodel river and amodel lake are 4.8 h and 6 days, respectively.
An estimated bioconcentration factor (BCF) of 7 suggests the
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potential for bioconcentration in aquatic organisms is low. It is
expected to biodegrade under aerobic conditions in water. It is
equally soluble in oil and water (log (oil/water)¼ 0).
Exposure and Exposure Monitoring

Occupational exposure to 2-heptanone may occur by inhala-
tion or dermal contact during its production, formulation, or
transport. Exposure to the general population may occur by
ingestion of food in which it occurs naturally, by inhalation
during the use of commercial products in which it is used as
a solvent, or by the ingestion of contaminated drinking water.
The principal route of occupational exposure is by inhalation.
Skin and eye contact may also occur.
Toxicokinetics

2-Heptanone is rapidly absorbed into the bloodstream after
ingestion, inhalation, or dermal exposure. Results of tissue
distribution studies of [14C]2-heptanone in rats comparing
intraperitoneal and inhalation routes of exposure were similar.
Liver tissue had the highest level of radioactivity regardless of
the route of administration. However, no liver pathology was
evident. Urinary excretion accounted for 25% of the adminis-
tered dose after 12 h.

When 2-heptanone (950 mg kg�1) was administered orally
to rabbits, about 40% of the administered dose was excreted as
heptyl-2-glucuronide, and traces of the unchanged ketone were
also found in the urine. The compound undergoes carbonyl
reduction to a secondary alcohol and omega-1 oxidation to
a hydroxy-ketone which is further oxidized to 2,6-heptadione.

A subchronic inhalation study was conducted in which
male rats andmonkeys were exposed to 0, 131, or 1025 ppm of
2-heptanone for 10 months (6 h day�1, 5 days week�1). Both
the parent compound and its metabolite methyl n-amyl
alcohol were detected in the urine and serum of monkeys.
Mechanism of Toxicity

2-Heptanone is metabolized in the liver and causes toxicity by
oxidative and free radical mechanisms. It is known to poten-
tiate both nephrotoxic and hepatotoxic effects of halogenated
hydrocarbons.
Acute and Short-Term Toxicity (or Exposure)

Animal

Guinea pigs exposed to 2-heptanone at 1500 ppm suffered
irritation to mucous membranes. Exposure at 2000 ppm for
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00321-3
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890 min caused light to moderate congestion of lungs leading
to death. At 4800 ppm, central nervous system (CNS) depres-
sion and death occurred in 4–8 h. Undiluted compound in
quantities from 5 to 20 ml kg�1 caused slight to moderate skin
irritation in guinea pigs after exposure for 24 h. There was no
evidence of cutaneous absorption or death. Male rats and
monkeys exposed to subchronic inhalation (as above) did not
show any significant alterations in pulmonary function, elec-
trocardiogram, or biochemical parameters. The oral adminis-
tration lethal dose 50% (LD50) value is 1670 and 730 mg kg�1

for rat and mice, respectively.
Human

2-Heptanone may cause mild skin irritation after a single
exposure. At a concentration of 4% in petrolatum, it did not
produce any positive reactions. Inhalation at higher concen-
tration causes CNS depression. Vapor/liquid contact can irritate
the eyes, nose, throat, and skin. Ketones may potentiate the
hepatotoxicity of halogenated hydrocarbons and inhibit
aromatic hydrocarbon metabolism.
Chronic Toxicity

Animal Toxicity

Oral administration (20 mg kg�1 day�1) for 13 weeks showed
ketone bodies in the urine of male rats only. Administration at
500 mg kg�1 day�1 caused an increase of liver weight in both
genders and of kidney weight only inmales, indicating a gender
difference in 2-heptanone toxicity.
Immunotoxicity

Literature on the immunotoxicity of 2-heptanone is either not
available or scanty.
Reproductive Toxicity

Limited studies indicate either little or no effect on reproduc-
tion in experimental animals. Human data are lacking.
Genotoxicity

2-Heptanone is nonmutagenic or only weakly mutagenic.
Carcinogenicity

No adequate human studies exist. Experimental animal studies
are limited and are negative.
Clinical Management

Exposed individuals should be moved immediately to fresh
air after inhalation. Copious dilution is appropriate after
ingestion, dermal exposure, or eye exposure. Patients should be
treated symptomatically.
Ecotoxicology

Terrestrial Fate

If released to soil, calculated soil adsorption coefficients
ranging from 44 to 285 indicate that 2-heptanone may display
moderate to high mobility and it has the potential to leach into
groundwater. 2-Heptanone has the potential to biodegrade in
soil. The vapor pressure of 2-heptanone is 3.85 mmHg at
25 �C. Volatilization of 2-heptanone from moist and dry soil
surfaces is also expected.
Aquatic Fate

If released to water, 2-heptanone is expected to rapidly volatilize
to the atmosphere. The half-life for volatilization from a model
river is 4.8 h. An estimated BCF of 7 suggests that the potential
for bioconcentration in aquatic organisms is low. Calculated
BCFs ranging from 5.5 to 19 indicate that 2-heptanone is not
expected to bioconcentrate in fish and aquatic organisms.
Calculated soil adsorption coefficients ranging from 44 to 285
indicate that adsorption to sediment and suspended organic
matter is not an environmentally important process. It is not
expected to adsorb to suspended solids and sediment. Screening
studies indicate that 2-heptanone is likely to biodegrade in
aquatic systems under aerobic conditions.

Toxic to fish, the lethal concentration 50% (LC50) of Pime-
phales promelas (fathead minnow) is 131 mg l�1 (confidence
limit 126–137 mg l�1) in a 96-h experiment.
Atmospheric Fate

If released to the atmosphere, 2-heptanone is expected to
undergo a gas-phase reaction with photochemically produced
hydroxyl radicals. The estimated half-life for this process is 1.9
days. 2-Heptanone has relatively high water solubility
(4300 mg l�1 at 25 �C) indicating that it may undergo atmo-
spheric removal by wet deposition processes. 2-Heptanone has
the potential to be removed from the atmosphere by direct
photochemical degradation. The rate of this process is not
expected to be able to compete with atmospheric removal by
the reaction with hydroxyl radicals.
Other Hazards

2-Heptanone is flammable. The autoignition temperature is
393 �C and its combustion products are carbon oxides (CO,
CO2). There are no data available on the risks of explosion of
the product in the presence of mechanical impact or static
discharge. Keep away from sources of ignition, no smoking,
and take measures to prevent the buildup of electrostatic
charge. For safe storage, store in cool place. Keep container
tightly closed in a dry and well ventilated place. For small fires,
use media such as alcohol foam, dry chemical, or carbon
dioxide. For large fires, apply large quantities (flooding) of
water applied as a mist or spray. Solid streams of water may be
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ineffective. Cool all affected containers with flooding quantities
of water to prevent pressure buildup, autoignition, or
explosion.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit is 100 ppm (465 mgm�3) for the 8-h time-
weighted average (TWA). The threshold limit value (TLV) is
50 ppm for 8-h TWA. The National Institute for Occupational
Safety and Health recommended exposure limit is 100 ppm
(465 mgm�3) for 10-h TWA.
Miscellaneous

Accidental Release Measures

For a small spill, absorb with an inert material and put the
spilled material in an appropriate waste disposal according to
local or national regulations. Keep in suitable, closed
containers for disposal. For a large spill, keep away from heat
and sources of ignition. Stop leak if without risk. Do not touch
spilled material. Prevent entry into confined areas. Absorb with
dry sand or other noncombustible material. Confirm the
product is not present at a concentration level above the TLV.

This combustible material may be burned in a chemical
incinerator equipped with an afterburner and scrubber.
Observe all environmental regulations. Contact a licensed
professional waste disposal service to dispose of this material.

Personal precautions include the use of personal protective
equipment, and avoid breathing vapors, mist, or gas. Ensure
adequate ventilation. Remove all sources of ignition. Beware of
vapors accumulating to form explosive concentrations. Vapors
can accumulate in low areas.

For environmental reasons, do not allow the product to
enter drains.
First Aid Measures

On eye contact, check and remove any contact lenses. Imme-
diately flush the eyes with running water for at least 15 min,
keeping eyelids open. Do not use an eye ointment. Seek
medical attention. On inhalation, move the victim into fresh
air; if essential, provide artificial respiration and seek imme-
diate medical attention. On skin contact, wash immediately
with plenty of water. Gently and thoroughly wash the
contaminated skin with running water and nonabrasive soap. If
irritation persists, seek medical attention. On ingestion, do not
induce vomiting. Never give anything by mouth to an uncon-
scious person. Rinse mouth with water and consult a physician.

See also: Chlorophenoxy Herbicides.
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Introduction

Cardiac muscle contraction is an electrical event initiated at
the sinoatrial node. Each cardiac muscle cell fires an action
potential as a result of excitation propagated from the sino-
atrial node, which produces muscle cell contraction. A wave of
action potentials spreads across the organ to produce coor-
dinated contraction of the heart and efficient ejection of
blood to the body. Excitation and the subsequent return of
a cardiac muscle cell to rest (repolarization) during the action
potential is dictated by the flow of ions across the cell
membrane. Membrane repolarization is produced by the flow
of potassium ions through various types of potassium
channels.

hERG (human ether-a-go-go related gene, KCNH2) encodes
for the ion channel (Kv11.1) that underlies the rapidly acti-
vating delayed rectifier potassium current, IKr. The intriguing
gene name comes from its discovery in fruit fly (Drosophila
melanogaster) experiments. In the 1960s, a drosophila mutant
was discovered that showed leg-shaking behavior when placed
under ether anesthesia. Since the flies appeared to be doing
a go-go dance (a phenomenon of the 1960s), the fly mutation
and gene locus were creatively named ether-a-go-go. The
shaking behavior was due to enhanced excitability at the
neuromuscular junction because of impaired repolarization of
the nerve terminal and enhanced neurotransmitter release,
suggesting defective potassium conductance. The ether-a-go-go
gene was subsequently cloned from drosophila, and the
cloning of related DNA sequences from mammalian species
soon followed and included hERG (human ether-a-go-go
related gene). Electrophysiological recordings from Xenopus
oocytes expressing the hERG protein demonstrated a potassium
current with properties nearly identical to that of the IKr
potassium current previously described in human cardiac
myocytes, thus linking hERG to the human cardiac current.

The hERG current (IKr) is critical for ventricular repolari-
zation in humans. Inhibition of hERG currents can induce
a delay in ventricular repolarization, which is evidenced
by QT prolongation on an electrocardiogram (ECG). QT
prolongation is associated with induction of the arrhythmia
torsade de pointe, a polymorphic ventricular tachycardia that
can degenerate into ventricular fibrillation and sudden death.
Human genetic mutations in hERGmanifest in a prolongation
of the QT interval, are classified as long QT syndrome 2
(LQT2) and are associated with the increased risk of torsade
de pointe and sudden death.

QT prolongation due to hERG inhibition frequently occurs
with antiarrhythmic therapies (e.g., almokalant, amiodarone,
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
disopyramide, dofetilide, procainamide, quinidine, sotalol)
and contributes to the efficacy of these compounds by making
the heart resistant to abnormal electrical activity. For many
patients, the benefit of increased survival outweighs the risk of
torsade de pointe, but these agents carry strong warnings of the
risk of arrhythmia and death.

A wide range of marketed noncardiac drugs have also been
found to inhibit hERG currents and produce QT prolongation,
and in some cases produce an increased risk for torsade de
pointe. This side effect is extremely undesirable for drugs
designed to treat non–life-threatening diseases, and has resul-
ted in drug labeling revisions or withdrawal from the market.
For example, cisapride is a drug that was approved in 1993 for
treatment of gastroesophageal reflux disease (GERD). It was
a very effective drug for the treatment of GERD, and had
reached nearly 1 billion dollars in annual worldwide sales by
1999. However, over that course of time, postmarketing data
accumulated demonstrating that cisapride increased the
frequency of QT prolongation and sudden death associated
with ventricular arrhythmia. By 2000, it was withdrawn from
the market with more than 300 reports of QT prolongation or
ventricular arrhythmia including torsade de pointe and 80
deaths. Cisapride-induced QT prolongation was attributed to
block of the hERG potassium current, and in vitro experiments
demonstrated that cisapride inhibited hERG currents at
concentrations of the drug typically experienced by humans at
recommended dose levels.

Many other marketed drugs have since been found to
prolong the QT interval and pose a risk for induction of torsade
de pointe. These findings triggered labeling revisions including
black box warnings, and in some cases, withdrawal from the
market. The agents were identified from a variety of therapeutic
indications, indicating a widespread problem that could not be
isolated to a single chemical class. Some examples include ter-
fenadine and astemizole (antihistamines); clarithromycin,
erythromycin, and fluconazole (anti-infectives); sertindole and
thioridazine (antipsychotics); and terodiline (urinary antispas-
modic). In order to avoid this issue in the future, the pharma-
ceutical industry has developed methods to proactively address
the risk of hERG inhibition for drugs in the discovery pipeline,
and now characterize the potential for hERG inhibition and QT
prolongation before new drugs are ever tested in humans.
Expression of hERG Channels

hERG is primarily expressed in human heart, and to a minor
extent in hippocampus. In human heart, hERG expression
4-3.00029-4 851
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Figure 1 (a) The transmembrane topology of an hERG potassium
channel subunit is depicted. (b) hERG potassium channel state is
dependent on membrane potential. Depolarization favors the open (O) and
inactivated (I) states, while hyperpolarization induces channel closing (C).
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levels are highest in ventricles. hERG expression has also been
discovered in human cancer cells.
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Structure of hERG Channels

Ion channels are proteins that span the plasma membrane to
allow passage of charged ions into and out of the cell. Four
identical hERG subunits coassemble to form an ion channel
selective for potassium. Each subunit has six membrane span-
ning regions (S1–S6) and an intracellular amino and carboxyl
terminus (Figure 1(a)). An additional hydrophobic region
between S5 and S6 dips into the plane of the membrane to
contribute to the formation of a central ion channel pore and ion
selectivity filter. The S4 a-helix of each subunit is characterized
by the presence of positively charged amino acids (arginine or
lysine) at every third or fourth position, which are thought to act
as voltage sensors and modulate ion channel state.
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Figure 2 A schematic depiction of a ventricular action potential (top)
and relative profile of hERG current during such an action potential
(bottom). The amplitude of the hERG current is small during the early
phases of the action potential because channels open followed by rapid
transition into a nonconducting inactivated state. In phase 3, hERG
channels rapidly shift from the inactivated to the open state to facilitate
repolarization of the action potential.
Function of hERG Channels

hERG channels are modulated by membrane potential (the
difference in voltage between the interior and exterior of
a cell), and can exist in the closed (C), open (O), or inactivated
(I) state (Figure 1(b)). hERG channels conduct potassium ions
when they are in the open state, but not in the closed or
inactivated states. When the membrane potential is hyper-
polarized (the interior of the cell is negative in comparison to
the outside of the cell), hERG channels primarily exist in the
closed state. Upon depolarization of the membrane potential
(less negative inside the cell), hERG channels transition to the
open state and then undergo inactivation. Activation (C/O)
and deactivation (O / C) are much slower than inactivation
(O / I) and recovery from inactivation (I / O). These
unique kinetics facilitate late phase cardiac action potential
repolarization by hERG currents, and suppress premature
cardiac beats.
Role of hERG Ion Currents in the Cardiac
Action Potential

The morphology of an action potential is dictated by the flow of
ions across the cell membrane (Figure 2). An inward flow of
sodium and calcium ions has a depolarizing influence on the
membrane potential, while an outward flow of potassium has
a repolarizing effect. The upstroke of the cardiac action potential
(phase 0) is due to an inward flux of sodium ions and the
plateau phase (phase 2) is maintained by inward calcium
currents and outward potassium currents. During the initial
phases of the action potential (0–2), hERG channels open
slowly followed by rapid inactivation, resulting in an
accumulation of nonconducting inactivated channels by the end
of phase 2. As calcium channels inactivate and the membrane
potential begins to repolarize in early phase 3, inactivated hERG
channels rapidly transition from the inactivated to the open
state, creating a large outward potassium current that facilitates
action potential repolarization. Slow transition of hERG chan-
nels from the open to the closed state suppresses the propaga-
tion of premature beats that may be encountered by the
myocyte. Inhibition of hERG currents by pharmaceutical agents
typically occurs by the binding of the drug to the pore region of
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Figure 3 (a) Inhibition of the hERG ion current induces prolongation of
the action potential duration and therefore prolongation of the QT interval
on the electrocardiogram. (b) Prolongation of the action potential duration
may initiate early afterdepolarizations (EADs).
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the channel, effectively blocking ion flow. This results in
a reduction of the outward potassium current critical for repo-
larization of the cardiac action potential, and appears as
a prolongation of the QT interval on an electrocardiogram
(Figure 3(a)). Delayed repolarization may result in the forma-
tion of calcium-dependent early afterdepolarizations (EADs;
Figure 3(b)), waveforms believed to trigger initiation of torsade
de pointe. Amplification of spatial dispersion of repolarization
across epicardial, mid-myocardial, and endocardial ventricular
tissue due to varying degrees of ion channel expression and
inhibition across these layers is thought to create a substrate for
reentry and sustain the deadly arrhythmia.
Pharmacological Inhibition of hERG Currents

The primary mechanism of inhibition of the hERG potassium
current is binding of a drug to the pore region of the channel,
effectively blocking the flow of potassium ions through the
pore. The majority of compounds that have demonstrated QT
prolongation in animal models and humans do so by this
mechanism (including all drugs mentioned in the section
Introduction). Several distinguishing properties of the hERG
channel make it more susceptible to drug blockade when
compared with other types of potassium channels. Most
potassium channels contain a PxPmotif (P¼ proline) in the S6
region, which produces a kink in the helix and reduces the size
of the pore cavity. hERG does not contain a PxP motif and
therefore has a much larger pore cavity that can better accom-
modate drug binding compared with other potassium chan-
nels. Another key feature of the hERG S6 a-helix is the unique
presence of a phenylalanine (F656) and a tyrosine residue
(Y652), which contribute to the formation of the channel
pore. These aromatic amino acids are positively charged and
promote drug binding through cation–p interactions and p

bond stacking with aromatic rings that are very common in
pharmaceutical agents. Inactivation of hERG channels can trap
drugs in the pore region, effectively increasing channel
blockage by physical retention of the drug at the binding site in
the pore. Therefore, the combination of a large pore cavity,
charged aromatic residues in the pore region, and trapping of
drugs with the hERG inactivation gate make it a promiscuous
channel much more susceptible to drug blockade compared
with other ion channels.

A second and less prevalent mechanism for inhibition of
hERG currents and drug-induced QT prolongation is inhibition
of trafficking of hERG channels to the cardiac cell plasma
membrane. hERG trafficking inhibition at human therapeutic
concentrations has been shown to induce QT prolongation for
a limited number of agents (e.g., arsenic trioxide and pent-
amidine). Other drugs have also been shown to reduce hERG
channel trafficking in vitro, but in general, the concentrations
used to achieve these effects far exceed plasma exposures
produced at human therapeutic doses (e.g., fluoxetine),
making the relevance of these findings questionable. Therefore,
although inhibition of hERG channel trafficking has been
shown to be a mechanism for QT prolongation for a limited
number of agents, the vast majority of observations of drug-
induced QT prolongation are due to blockade of the hERG ion
current through binding to the pore region of the channel.
Assessment of hERG Risk

Identification of risk for hERG inhibition is an important
factor in the development of drugs. Potential for hERG
inhibition can be assessed using a number of in vitro tech-
niques. The ICHS7B guidelines (The Nonclinical Evaluation
of the Potential for Delayed Ventricular Repolarization (QT
Interval Prolongation) by Human Pharmaceuticals) require
an in vitro electrophysiology evaluation of the effects of
a drug on the hERG current prior to first testing in humans.
Manual whole cell patch clamp electrophysiology is consid-
ered the gold standard for hERG testing because it allows
a direct assessment of the effect of a drug on a functional
hERG ion current (Figure 4). Isolated animal or human
cardiomyocytes may be used for assessment, however
noncardiac cell lines (HEK293, CHO) with heterologous
expression of hERG are easier to work with and more suitable
for testing a large number of compounds. Testing efficiency
can be increased by the use of automated patch clamp
systems that use planar electrodes. Concordance with
manual patch clamp results should be established prior to
use of automated techniques for the generation of regulatory
submission data. Compound concentrations for character-
ization of hERG potency should be selected to establish
a concentration–response curve and inhibitory concentration
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Figure 4 Example of quantification of hERG current inhibition using
cisapride. (a) Outward potassium current recorded from an HEK293 cell
with heterologous expression of hERG using manual whole cell patch
clamp is shown (top). Membrane potential is held at�80 mV and stepped
toþ20 mV to activate the hERG current (bottom). A 200 ms ramp back to
�80 mV produces a peak current due to transition of channels from the
inactivated to open state. hERG current is activated once every 4 s and
peak current is measured for quantification of inhibition by drug. Once
a stable peak current is established during saline perfusion, a 5 nM
concentration of cisapride is continuously perfused into the recording
chamber for 5 min, followed by perfusion of 25 nM cisapride. A high
concentration of dofetilide is next applied to the bath to establish that the
majority of the remaining current was originating from hERG channel
conduction. The current traces at the end of each perfusion with saline or
drug are indicated with arrows. (b) Peak hERG current is plotted as
a function of time. Initiation of drug perfusion is indicated with arrows.
Percent inhibition at steady state is determined for each concentration of
cisapride to allow calculation of an IC50 value.
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50% (IC50) value if physicochemical properties of the
compound are not concentration limiting.

Although patch clamp assessment of hERG potency is
required for regulatory submission, higher throughput tech-
niques are available for efficient and early characterization of
QT risk and allow cost-effective exclusion of potent hERG
blocking compounds early in the discovery process. Radio-
ligand binding ([3H]dofetilide, [3H]astemizole), fluorescence
polarization (Cy3B-dofetilide), and ion flux (rubidium)
assays have demonstrated reasonable correlation with gold
standard whole cell patch clamp testing for hERG potency,
making them useful tools for early assessment of QT liability.
Fluorometric assays using voltage sensitive dyes (e.g., FMP
(FLIPR membrane potential), DiBAC4 (bis-(1,3-dibu-
tylbarbituric acid) trimethine oxonol)) have also been used;
however, the correlation with hERG potency derived from
patch clamp is less reliable with these methods.

The majority of compounds block the hERG channel
if sufficiently high concentrations are tested in the in vitro
electrophysiology assay. Once an hERG IC50 value is estab-
lished, the risk of a compound inducing QT prolongation in
humans can be assessed by comparison of this value with
the actual or projected human efficacious unbound plasma
concentration. In order to establish a provisional safety margin
for progression of drugs in development, a consortium of
pharmaceutical companies performed a retrospective analysis
of human QT and torsade de pointe risk for 100 marketed
drugs. This analysis demonstrated that, in general, a 30-fold
margin between the in vitro hERG IC50 and the human
unbound Cmax predicts a low risk for human QT prolongation
and torsade de pointe. Confidence in prediction of drug-
induced human QT prolongation can be further increased by
integration of dog or nonhuman primate in vivo telemetered
QT results into the risk assessment, and is superior to risk
assessment based solely on in vitro data.

See also: Amiodarone; Astemizole; Cardiovascular System;
Chloral Hydrate; Erythromycin; Fexofenadine; The International
Conference on Harmonisation; Phenothiazines; Potassium;
Procainamide; Quinidine; The QT Interval of the
Electrocardiogram; Safety Pharmacology.
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Introduction

Heterocyclic aromatic amines or heterocyclic amines (HCAs)
comprise of a class of >25 compounds primarily generated
from cooking of proteinaceous foods such as meat and fish at
temperatures above 150 �C, by methods such as grilling or
deep pan frying. Some are found in cigarette smoke and diesel
exhaust particulate as well. Several studies have shown many
HCAs to be moderate to potent mutagens and/or genotoxins in
in vitro and in vivo models. In addition, several of them have
been found to be carcinogenic in animals, causing tumors in
diverse organs across multiple species. Epidemiological studies
have also suggested a strong correlation between exposure to
HCAs and cancers of various organs such as colon, prostate,
breast, pancreas, and stomach in humans. The International
Agency for Research on Cancer (IARC) has classified three
HCAs (MeIQ, MeIQx, and PhIP) as being possible human
carcinogens (Group 2B) and one HCA (IQ) to be a probable
human carcinogen (Group 2A). In addition, the twelfth edition
of the Report on Carcinogens (2011) from the National Toxi-
cology Program listed four HCAs, MeIQ, MeIQx, IQ, and PhIP,
as being “reasonably anticipated to be human carcinogens”
(more information on these classifications by regulatory
agencies can be obtained on the websites of these respective
agencies as listed at the end of this article). Hence, given their
ubiquitous nature and potential health risks. A fair amount of
research has been devoted to the study of these carcinogens and
to examining potential strategies and chemopreventive
measures to limit their exposure.
Brief History

The observation of high rates of urinary bladder cancer toward
the end of the nineteenth century in workers of the dye industry
due to heavy exposure to arylamines such as 4-aminobiphenyl
and benzidine probably marked the beginnings of the first
interest in aromatic amines. Subsequently, studies in the early
part of the twentieth century at the McArdle Laboratory,
University of Wisconsin and the Chester Beatty Institute in
London helped better understand the mechanisms of action
and carcinogenic potential of several types of arylamines.
Further, studies on a pesticide, 2-aminofluorene, revealed its
potential to induce multiple tumors in several organs of
rodents following chronic exposure. This in turn prompted
further studies on the modes of action, interspecies and
organ-related differences, as well as studies on biochemical
events occurring during the metabolic processing of these
classes of chemicals. Subsequently, a food preservative, AF-2,
widely used in the 1970s and previously claimed to be
noncarcinogenic in animal studies, was found to be mutagenic
in Escherichia coliWP-2 (L-tryptophan auxotroph). More careful
follow-up studies soon disproved earlier claims about its
noncarcinogenicity by demonstrating its ability to induce
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
tumors of the forestomach. Given these findings and prior
knowledge about the mutagenicity and carcinogenicity of
cigarette smoke, Sugimura et al. hypothesized the possible
mutagenicity of smoke emanated from cooking of fish and
meat. In fact, initial thoughts about the possible presence of
‘cancer-producing substances in fried meat’ had been alluded
to much earlier in 1939 by Widmark. Subsequent studies by
Sugimura in 1976 revealed the mutagenicity of fumes
produced from frying of meats and broiling of fish in the TA98
strain of Salmonella typhimurium using the Ames assay.

The surfaces of well-done, charred meat were also found to
contain high levels of mutagenic substances, later identified to
be HCAs generated from the pyrolysis of proteins and amino
acids during cooking of meat at high temperatures. Further,
the availability of more specialized analytical techniques
coupled with scientific advances aided with the isolation and
structural determination of several HCAs. Finally, establish-
ment of methods for the large-scale organic synthesis of several
of these compounds enabled long-term animal experiments to
demonstrate their carcinogenicity. Evidence of carcinogenicity
in animal models ultimately paved the way for epidemiological
studies examining the effects of HCAs on human health and
well-being.
Structure, Classification, and Factors Influencing
the Formation of HCAs

HCAs, as the name suggests, contain at least one heterocyclic ring
and an amine group. A heterocyclic ring is a carbocyclic ring
(carbon-containing ring) with one or more carbon atoms
replaced by another atom (heteroatom). The most commonly
occurring heteroatom is nitrogen followed by oxygen and sulfur.
In cases where the heteroatom is a nitrogen, the heterocycles are
amines by themselves, while in other instances the amines refer
to those that are attached to the heterocyclic ring. Most HCAs
possess an exocyclic amino group except b-carbolines (harman
and norharman). Naturally occurring heterocyclic amines range
from various plant and marine alkaloids to vitamins and anti-
biotics. Other carcinogenic HCAs generated from the cooking of
meats and fish primarily fall into two main classes:

l The aminoimidazoarenes (AIAs) or ‘thermic’ HCAs that
contain an N-methyl-2-aminoimidazole moiety, formed
at temperatures typically used in household cooking
(150–300 �C), primarily from the reaction of pyrolytic
products of amino acids in meat (pyridine and pyrazines)
along with creatine and sugars to give rise to ‘IQ’ and ‘IQx’
type compounds along with imidazopyridine. Figure 1(a)
shows the structures of some IQ- and IQx-type AIA HCAs.
Figure 1(b) displays the proposed pathway of formation of
IQ and IQx type of compounds. Based on polarity the AIA
class of HCAs can be further divided into polar and
nonpolar subclasses.
4-3.01127-1 855
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Figure 1 (a) Structures of certain common AIA or thermic HCAs (IQ type, IQx type, and pyridines). (b) Proposed pathway for the formation of IQ- and
IQx-type ‘thermic’ HCAs.
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l The ‘pyrolytic HCAs’ or aminocarbolines formed at
elevated temperatures (>250–300 �C) by heat-induced
breakdown of the amino acids tryptophan, phenylalanine,
ornithine, and glutamic acid. At elevated temperatures,
these amino acids generate deaminated and decarboxy-
lated products along with reactive radical fragments that
condense to form heterocyclic ring structures. This group is
primarily composed of five structurally distinct groups
that contain one of the pyridoindole, pyridoimidazole,
phenylpyridine, tetraazafluoranthene, or benzimidazole
moieties. Figure 2 shows the structures of some pyrolytic
HCAs.
Apart from AIAs and pyrolytic HCAs formed during high-
temperature cooking, certain ‘novel’ endogenous HCAs have
also been reported to be generated from the reaction of certain
nonmutagenic pyrolytic HCAs, specifically norharman and
harman with o-toluidine or aniline.

AIAs, given the possibility of their generation at household
cooking temperatures, comprise the more abundant class of
mutagenic HCAs, while aminocarbolines are of much lower
occurrence. This also makes AIAs more widely studied
compared to aminocarbolines. Among the aminocarbolines
the a- and g-carbolines generally formed from pyrolysis of
proteins of plant (such as casein, soybean globulin) or animal



Figure 1 (continued).
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origin occur at 10–100-fold lower concentrations than the
b-carbolines, nonharman and harman. Nevertheless, HCAs are
formed at parts per billion (ppb) concentrations.

Cooking method, temperature, and duration are impor-
tant variables dictating the abundance of HCAs in cooked
meat. Figure 3(a) and 3(b) show the influence of cooking
time and temperature, respectively, on the formation and
abundance of various HCAs in grilled ground beef patties.
Deep pan frying and grilling/broiling were found to produce
much higher levels of HCAs than roasting. Though most
Figure 2 Structures of common ‘pyrolytic’ HCAs classified into structurally
HCAs are generated at temperatures >150 �C, even lower
temperatures have also been shown generate HCAs, depend-
ing on the duration and method of cooking. For example,
smoking fish at 80–85 �C for 4–6 h has been reported to
produce HCAs. The relative amounts of precursors, antioxi-
dants, enhancers, and inhibitors of HCAs also play a role in
their production during cooking. Table 1 lists some of the
common precursors in bovine tissues and extracts. Fats and
oils constitute the most widely discussed class of enhancers,
with an increase in fat leading to enhanced yields in HCAs.
distinct groups.



Figure 3 (a) Effect of cooking time on the formation of various thermic HCAs. (b) Effect of cooking temperature on the formation of various HCAs.
Adapted from Turesky, R.J., 2009. Heterocyclic aromatic amines. In: Stadler, R.H., Lineback, D.R. (Eds.), Process-Induced Food Toxicants-Occurrence,
Formation, Mitigation and Health Risks. John Wiley and Sons Inc., Hoboken, NJ, pp. 75–116.

Table 1 Common precursors of HCAs in various bovine tissue along with their respective concentrations

Precursors

Concentration (mmol g�1 wet weight)

Meat Heart Tongue Liver Meat juice

Monosaccharides 12 2.0 9.3 183 –

Glucose 8.2 1.6 7.4 183 74
Glucose-6-phosphate 3.0 0.25 1.4 0.30 –

Glucose-1-phosphate 0.15 0.07 0 0 –

Fructose-6-phosphate 0.75 0.07 0.47 0 –

Creatin(in)e 33 25 19 2.2 362
Creatine 31 23 17 1.7 358
Creatinine 2.0 1.9 2.0 0.50 4

Dipeptides 23 0.4 2.2 0.8 –

Carnosine 21 0.4 1.5 0.8 318
Anserine 2.0 0 0.7 0 –

Total free amino acids 30 37 46 101 163

Adapted from Nagano, M., Sugimura, T. (Eds.), 2000. Food Borne Carcinogens – Heterocyclic Amines. John Wiley and Sons Ltd., West
Sussex, England – a good resource dealing with all aspects of heterocyclic amines.
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Addition of iron (Fe2þ or Fe3þ) to a liquid system containing
creatinine, glycine, and glucose was found to almost double
the formation of IQ- and IQx-type HCAs. Water content of the
meat also appeared to play role, albeit less important, prob-
ably due to its role as a transporter of water-soluble precursors
with the food. The role of antioxidants and inhibitors are
discussed in greater detail under Section Measure to mitigate
HCA formation. HCA contamination in various beverages has
been reported to be much lower in percentage compared to
their abundance in cooked food products.

In general, PhIP constitutes the most abundant HCA fol-
lowed by MeIQ and DiMeIQx. AaC concentrations in grilled or
high-temperature fried meats have been reported to parallel
that of PhIP.
Metabolism of HCAs: In Vitro and In Vivo

Cytochrome P450s (CYPs) constitute key enzymes involved in
the metabolism of HCA in vitro and in vivo. CYP1A1, CYP1A2,
CYP1B1, and CYP3A4 have been shown to play a major role in
the activation of HCAs, while CYP2C9 and CYP2D6 have been
shown to contribute to detoxification. Given the abundance of
CYPs in the liver, this appears to be the primary site of
metabolism, with CYP1A2 playing a prominent role. In vivo
studies have suggested a two-step activation involving initial
N-oxidation (to yield N-hydroxy HCAs) followed by esterifi-
cation by N-acetyltranferases (NATs) or sulfotransferases
(SULTs) to yield acetate or sulfate esters, respectively. Oxidation
of the heterocyclic ring rather than the exocyclic amino group
has been found to result in detoxification rather than activa-
tion. The liver appeared to be the most active site for metabolic
bioactivation of HCAs. While CYP1A1 and 1B1 primarily
appeared to play a role in extrahepatic tissues, CYP3A4,
expressed in the liver and intestine, appeared to play a role in
hepatic activation. Other enzymes with a relatively minor role,
primarily in extrahepatic tissues, include prostaglandin H syn-
thases and a mammalian peroxidase, COX/PHS. While conju-
gation of the N-hydroxy derivatives by NATs, SULTs, prolyl
tRNA synthetase, and phosphorylase primarily results in the
generation of bioactivated electrophilic species capable of
binding DNA (though N-hydroxy metabolites of HCAs by
themselves are capable of binding DNA), metabolism by other
Phase II such as UDP-glucuronosyltransferases (UGTs) typi-
cally results in detoxification. Metabolism by glutathione
transferases, however, has been found to yield variable
outcomes. Two main isoforms of NAT are involved in the
further metabolism of the N-hydroxy HCAs. NAT2, which is
primarily expressed in the liver, is catalytically more superior to
the more ubiquitously distributed NAT1. In case of arylamines,
acetylation plays a role both in activation as well as detoxifi-
cation, with O-acetylation being involved in activation and
N-acetylation having more of a role in detoxification. Various
SULTs are involved in the metabolism of HCAs with three
different gene families of cytosolic SULTs having roles in the
activation and/or detoxification of arylamines and other typical
amines. UGTs are involved in the conversion of HCAs to their
respective N-glucuronides and their phenolic metabolites to
respective O-glucuronides, which on reaching the target tissues
can regenerate N-hydroxy intermediates (depending on the
conditions) but can be detoxified by an NADPH reductase-
mediated reaction back to their parent amines.

Studies in animals have found a major portion of HCAs to
be extensively metabolized and excreted, with only a small
fraction interacting with cellular macromolecules such as DNA
and proteins to form DNA and protein adducts, respectively.
However, apparently these few interactions appear to be suffi-
cient to induce tumorigenesis and other cellular toxicities. For
specific metabolic pathways of various HCAs, see Nagano and
Sugimura (2000).
Interaction with Cellular Macromolecules: Adduct Formation

Bioactivated HCAs been found to form covalent addition
compounds with cellular macromolecules such as DNA, RNA,
and proteins, similar to many other chemical carcinogens. As
mentioned earlier, Phase I enzyme-mediated N-hydroxylation
followed by Phase II enzyme-mediated generation of N-ace-
toxy, N-sulfonyloxy, N-prolyloxy, orN-phosphatyl esters of the
N-hydroxy HCAs lead to the generation of highly electrophilic
arylnitrenium ions. These can subsequently bind to nucleo-
philic sites on DNA, RNA, or protein, leading to the formation
of adducts. Several studies have pointed to enhanced DNA
adduct formation leading to an elevated risk of various cancers,
though adduct formation alone is considered to be necessary
but not sufficient for tumor formation. Figure 4 shows the
typical bioactivation and adduct formation pathways. Adducts
at the C8 and exocyclic N2 position of guanine have reported
for several arylhydroxylamines and N-hydroxy HCAs, with the
N2 adduct being a minor one. In the case of N2 adducts, formed
mainly with IQ and MeIQx, adduct formation occurs between
exocyclic N2 of guanine and heterocyclic C5 of IQ or MeIQx.
Most other HCAs appear to form adducts with the C8 position
of guanine. Recently, adducts between exocyclic NH2 of
adenine (at position 6) and IQ/MeIQx have also been reported.
N-acetoxy derivatives of several AIA HCAs have been found to
react with several bases in vitro but appear to have no quanti-
tative relevance in vivo. The structures of several HCA-DNA
adducts are shown in Figure 5.

DNA adducts of various HCAs in human tissues appear to be
primarily from biopsy samples obtained during the diagnosis of
various cancers. A detailed account of HCA-DNA adducts as risk
factors in various cancers along with methods of their detection
and quantitation can be found in Nagano and Sugimura
(2000). Relatively little data appear to be available on the
formation of various RNA-HCA adducts, probably due to the
preference of HCAs to intercalate and bind to double stranded
DNA. Nevertheless, rRNA adducts of 3-amino-1-methyl-5H-
pyrido[4,3-b]indole (Trp-2) and 2-amino-6methyldipyrido[1,2-
a:30,20-d]imidazole (Glu-P-1) have been reported.

Several HCAs have been found to form protein adducts as
well. These include adducts with sulfhydryl groups of certain
Phase II enzymes such as glutathione (thereby serving to
detoxify several electrophilic metabolites of HCAs) or circu-
lating proteins such as serum albumin (SA) and hemoglobin
(Hb). Protein HCA adducts (SA-HCA and Hb-HCA) appear to
be more stable, not repaired, and also available in greater
abundance (due to the possibility of obtaining greater amounts
of Hb or SA from blood) as opposed to DNA. However, adducts
of HCAs with blood proteins do not always appear to accurately



Figure 4 Proposed pathways of formation of HCA-DNA and protein adducts.

Figure 5 Structures of various HCA-DNA adducts. Adapted from Turesky, R.J., Le Marchand, L., 2011. Metabolism and biomarkers of heterocyclic
aromatic amines in molecular epidemiology studies: lessons learned from aromatic amines. Chem. Res. Toxicol. 24, 1169–1214.
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correlate with damage to DNA. Additionally, since they do not
occur on DNA, the genetic material, they do not always seem to
be indicative of enhanced carcinogenic risk. Hence, protein
adducts in general appear to have more limited use in human
biomonitoring studies compared to DNA adducts.

Differences in the extent of exposure to various HCAs along
with differences in the levels of expression of various HCA
metabolizing Phase I and Phase II, due to genetic poly-
morphisms in these metabolizing enzymes, could lead to
differences in the rates and types of adducts generated and in
turn leading to differential disease risk. This is discussed in
greater detail in Section Health Concerns of HCAs dealing with
the human health concerns of HCAs.
Table 2 Genetic polymorphisms in HCA-metabolizing enzymes

Gene Polymorphic alleles Effect on enzyme function

CYP1A1 Mspl (intron 7) Unknown
Val/Ile (exon 7) Unknown

CYP1B1 M1 (Val432Leu) Unknown
M2 (Ans453Ser) Unknown

NAT1 *4 Low activity (wild type)
*10 High activity

NAT2 *4 High activity
*5A, *5B, *6A, *6B, *7A,

*7B, *12A, *13, *13B

Low-activity alleles
Health Concerns of HCAs

Mutagenicity

As elaborated in the previous section, several HCAs, following
metabolic activation, appear to be capable of binding cellular
macromolecules such as DNA, leading to the formation of
adducts. These adducts, in the absence of efficient DNA repair
mechanisms, lead to the generation of mutagenic lesions and
enhanced carcinogenic risk. The mutagenic potential of most
HCAs is largely a function of their chemical structure along with
their ability to undergo N-oxidation, leading to the generation
of reactive nitrenium ions. The mutagenicity of most HCAs has
been assessed using the Ames assay. In this assay, the mutage-
nicity of various HCAs, ranging from the weakest to the stron-
gest, was found to vary nearly 16 000 fold with MeIQ, IQ, and
8-MeIQx being the most potent. Most mutations occur
primarily at GC pairs and involve frameshift mutations. In case
of various rodent models (Muta mouse, Big Blue mouse) that
have been used to assess the mutagenicity of HCAs, the nature
of mutations induced at the lacI or lacZ gene appeared to be
consistent with known mutations in Ha-ras and Apc found in
HCA-driven rodent tumors. In case of mammalian cells, geno-
toxicity of HCAs has been assessed primarily through other
endpoints such as chromosomal aberrations, sister-chromatid
exchanges, and unscheduled DNA synthesis, and typically
seems to involve base substitution mutations at guanines rather
than frameshift mutations, as in bacterial systems. Mutations at
various loci (Hprt, Dhfr, and Aprt) in various cell types such as
Chinese hamster lung cells, Chinese hamster ovary cells, or the
thymidine kinase (TK) loci of human lymphoblastoid TK6 cells
have been employed as model systems. Nevertheless, consid-
erable variability in the biological potency of different HCAs,
across different in vitro assays, has been reported and is thought
to be primarily due to differences in the exogenous metabolic
activation systems used, gene loci employed for mutagenicity
endpoint interpretations, and base sequence context of bases
neighboring HCA–DNA lesions.
GSTM1 Null allele No activity
GSTT1 Null allele No activity
GSTP1 Val 105 High activity (wild type)

Ile 105 Low activity
SULT1A1 Arg 213 High activity (wild type)

Arg 213 Low activity
UGT1A6 T181þ 184 High activity

A181þ S184 Low activity

Adapted from Nagano, M., Sugimura, T. (Eds.), 2000. Food Borne Carcinogens –
Heterocyclic Amines. John Wiley and Sons Ltd., West Sussex, England – a good
resource dealing with all aspects of heterocyclic amines.
Carcinogenicity

Given the genotoxicity and mutagenicity of various HCAs,
several studies in laboratory animals as well as epidemiological
studies in human have also pointed to a positive correlation
between HCAs and cancers of various organ systems. However,
a few other human epidemiological studies have failed to show
such a correlation. Nearly 10 HCAs have been tested in various
rodent models (CDF1 mice; F344, Sprague–Dawley, and to
lesser extent CD-1 rats) and three HCAs in nonprimate models
(primarily cynomolgus monkeys). In rodents, all 10 HCAs
appeared to be potent carcinogens, inducing tumors in
multiple organs such as the liver, lung, forestomach, hemato-
poietic system, small and large intestine, mammary gland,
prostate, oral cavity, skin, Zymbal gland, and urinary bladder,
in addition to causing various histological changes. Studies
employing transgenic and knockout mice have shown heredity
to also influence HCA-induced carcinogenesis. In the case of
monkeys, IQ was found to be the most potent carcinogen-
forming adducts in multiple tissues, the highest being the liver
and MeIQx the least potent, causing little to no carcinogenicity.
In humans, several epidemiological studies have linked high
red meat and processed meat consumption to the incidence of
various cancers, including those of the colon, esophagus,
stomach, pancreas, breast, prostate, and endometrium. Of
these, the largest number of reports have been with regard to
colorectal cancers. In this regard, as mentioned at the very
beginning of the article, several HCAs have been classified by
IARC as probable human carcinogens. In addition, certain
HCAs have also been associated with cardio and neurotoxicity,
apart from inducing several degenerative changes in the
pancreas, salivary glands, and kidney.

Interspecies differences in the catalytic efficiencies and
regioselectivity of CYP1A2, a key enzyme involved in HCA
oxidation, have been reported, in turn contributing to
challenges in the interpretation of interspecies toxicity data in
human health risk assessments. Additionally, polymorphisms
in several genes/proteins involved in HCA metabolism as cau-
ses for differences in the metabolic efficiencies of the respective
enzymes, and in turn differential disease risk, have also been
reported. Table 2 lists some of the common polymorphisms in
HCA metabolic genes/enzymes along with their impact on the
activity of the respective enzymes. With regard to CYP1A2,
a predominant enzyme involved in HCAmetabolism, promoter
polymorphisms as a possible cause for differences in enzyme
expression/activity have been poorly understood. Nevertheless
wide interindividual differences in CYP1A2 activity was
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reported in one study involving 51 human subjects with high
CYP1A2 activity thought to be associated with enhanced risk of
HCA-induced cancers (though other conflicting reports have
also been presented). A more thorough discussion on the
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Measures to Mitigate HCA Exposure

Given the ubiquitous nature, in addition to the carcinogenic
potential, of various HCAs, means to limit their exposure in diet
has been an area of active interest. This was further emphasized
recently in reports such as the 2007 WCRF/AICR report on
nutrition and cancer. Given the nature of formation of HCAs, the
most practical means to mitigate their exposure appears to be
a reduction in their generation by modifying cooking methods
and/or reducing cooking temperatures and time. Additionally,
the inclusion of various inhibitors or inert substances have been
found to change the concentrations of various precursors of
HCAs. Supplementation with food additives such as soy flour or
antioxidants, glucose, lactose, or enzymes such as creatinase (to
limit creatine levels) has been found to help. A whole range of
various synthetic and natural antioxidants (found in fruits,
vegetables, spices, beverages, etc.) used to modulate HCA-
mediated mutagenesis and carcinogenesis can be found in
Dashwood (2002). Many of these could act at various stages and
through various mechanisms, even after HCA formation, to
mitigate (but in certain cases even enhance) the risk of HCA-
mediated carcinogenic risk. Figure 6 provides a schematic
overview of the multistep process of HCA-mediated carcino-
genesis along with stages and mechanisms of modulation.
Conclusions

As of today, knowledge regarding the mutagenic and carcino-
genic potential of a number of HCAs has been established.
Much of this knowledge has been gained primarily over the last
three decades. However, more work needs to be focused on the
mechanistic pathways of ‘pyrolytic’ HCA generation, including
the abundant b-carbolines, harman and norharman. Health
risks posed by some of the ‘less’ potent HCAs would also need
to be addressed more thoroughly in a ‘comutagenicity’
scenario, from the regulatory and risk assessment standpoint.
This becomes more relevant given that cooked meats could
contain various other classes of mutagens/carcinogens such as
polycyclic aromatic hydrocarbons, N-nitroso compounds, and
fungal products as well. The challenges accounting for genetic
polymorphisms and huge interindividual variations in HCA
metabolism would need to be addressed more conclusively
during risk assessments. Despite improvements in techniques
to detect and measure HCAs, there is still a need for rapid high-
throughput methods to sensitively and accurately detect and
measure HCA exposures in large populations and biomonitor
additional HCAs in other tissues/body fluids apart from the
ones currently used (urine and hair). The modulation of HCA-
mediated carcinogenesis would also need to be evaluated more
carefully given the potential for protection against HCAs at the
cost of enhanced activation toward some of the other classes of
carcinogens.
See also: Polycyclic Aromatic Amines; Polycyclic Aromatic
Hydrocarbons (PAHs); High Temperature Cooked Meats.
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l Name: Hexabromocyclododecane
l CASRN*: 3194-55-6 and 25637-99-4
l Synonyms*: 1,2,5,6,9,10-Hexabromocyclododecane; Cyclo-

dodecane; 1,2,5,6,9,10-Hexabromo-; EINECS 221-695-9,
HBCD, HSDB 6110, Hexabromocyclododecane

l Molecular formula*: C12H18Br6
l Chemical structure*:
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*All from ChemIDplus
Background

Hexabromocyclododecane (HBCD) is a white, nonflammable
solid at room temperature and is referred to by two
different names: HBCD (CAS number 25637-99-4), which
does not specify the bromine positions, and 1,2,5,6,9,10-
hexabromocylclododecane (CAS number 3194-55-6), which
specifies the positions. The mixture is prepared by bromination
of a cyclododecatriene molecule. Sixteen different HBCD
stereoisomers are possible, depending on the initial purity and
reaction conditions. HBCD is composed primarily (>95%) of
enantiomeric pairs (þ, �) of three main stereoisomers identi-
fied as a-, b-, and g-HBCD, and their configurations have been
determined using X-ray diffraction analysis. Although quanti-
tative data are not available, there are trace amounts of other
diastereoisomers (d and ε) present. The typical composition of
the commercial mixture is g-HBCD (75–89%), a-HBCD (10–
13%), and b-HBCD (0.5–12%). The CAS numbers for the
individual stereoisomer are a-HBCD, 134237-50-6; b-HBCD,
134237-51-7; and g-HBCD, 134237-52-8.

Use of HBCD began when lawmakers noticed a large
number deaths occurred in household fires initiated by ciga-
rettes and other ignition sources. In 1975, California regulators
enacted a rule addressing furniture flammability, and many
manufacturers met this rule by adding flame retardants to
foams, furniture, and other consumer products. Health
concerns from flame retardants rose shortly thereafter and
global restrictions on their use followed. With HBCD bearing
similar environmental and biological persistence, bio-
accumulation, and toxicity as other regulated flame retardants,
human health and environmental risks of HBCD have been
recently assessed by several national and international health
864 Encyclopedia of T
agencies. However, as g-HBCD is the dominant stereoisomer in
the commercial mixture, but a-HBCD is more prevalent in
biological samples, concerns have been raised as the majority
of risk assessments performed on the commercial mixture may
be underpredicting health risks to HBCD.
Uses

The HBCD commercial mixture has been produced since the
1960s and is the most frequently used cycloaliphatic additive
brominated flame retardant. Primary uses include the building
industry, where the HBCD mixture is incorporated typically at
<3% by weight into extruded or expanded polystyrene foam
materials. Secondary uses include upholstered furniture, auto-
mobile interior textiles, car cushions, and electric and electronic
equipment. HBCD is reported to be produced in the United
States, Europe, and Asia with the main share of the market
volume used in Europe. Available manufacturing and supplier
information in China is limited. The demand for HBCD
appears to be increasing. Recent annual global production
estimates are not available; however, in 2001 the total
production volume was 16 700 tons, behind only tetra-
bromobisphenol-A with >130 000 tons and deca-
bromodiphenyl ether with 56 100 tons. The EU-wide
consumption of HBCD in 2007 was 11 000 tons.
Environmental Behavior, Fate, Routes, and Pathways

HBCD is widespread in the global environment, and several
trend studies report its increase from 1960s until recent years.
Increased HBCD levels are reflective of global demand with
higher environmental levels near point sources and urban
areas, especially in the EU and in coastal waters of Japan and
south China, near HBCD production and manufacturing sites,
and waste disposal sites such as recycling, landfilling, or
incineration. Wastewater from production of insulation
boards, wastewater and air from textile coating, and releases
during the life of insulation boards and textiles are major
sources of HBCD release to the environment. Long estimated
half-lives indicate HBCD’s persistence in sediment, air, and
biota. Field studies and modeling of environmental fate and
transport provide evidence of the potential for long-range
transport. a-HBCD appears to be subject to slower environ-
mental degradation than b- and g-HBCD and a photolytically
mediated shift from g-HBCD to a-HBCD occurs in dust
exposed to light.
Exposure and Exposure Monitoring

Exposure to HBCD can occur occupationally and nonoccupa-
tionally. Reports on occupational exposure to HBCD occur from
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01128-3
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oral, inhalation, and dermal routes in workers in manufacturing
and process plants. Nonoccupational exposure to HBCD occurs
primarily from oral exposure to dust, diet, and indoor air, as
well as breast milk to infants. Trend studies indicate increased
levels of HBCD over time, with higher levels in top predators
and human blood and tissues. HBCD in dust samples was
detected in offices, industrial settings, and private homes in the
United States and Europe. Reports indicate that dust can be
ingested or inhaled and may correlate more closely with serum
levels of HBCD than does diet. There are several global reports
of HBCD in various foods. Dietary intake of HBCD in the
United States is 16 ng day�1 and results primarily from meat
consumption. For residents of the UK, the average adult dietary
intake was <413 ng day�1, and reflects the increased use of
HBCD in the UK as compared to the United States. a-HBCDwas
the most prevalent isomer detected in half of the food groups
tested, and intakes of b-HBCD and g-HBCD from fruit and
vegetables were estimated to be lower than for a-HBCD.
Cooking to temperatures above 160 �C (320 �F) could increase
the relative composition and human exposure of a-HBCD in
HBCD-containing food. Isomer-specific measurements are rec-
ommended to reduce uncertainty in these parameters. Stereo-
isomerization can occur during synthesis of the product, in the
environment, or in biological organisms. Dietary intake of
HBCD in the Dutch population was estimated to be
1.5 ng kg�1 day�1. Commercially produced food samples in
Sweden indicate that fish is a major source of dietary HBCD
with a median dietary intake of 2.0 ng kg�1 day�1. HBCD die-
tary intake in the Belgian adult population was estimated as
0.99 ng kg�1 day�1, with eggs contributing up to 25% of the
intake; however, HBCD in the soil was likely the main, but not
sole, source of contamination. Several studies have addressed
the concentration of HBCD in human breast milk, blood serum,
and umbilical cord. Human breast milk concentrations raise
concerns about potential lactational and prenatal exposure
during critical developmental periods.
Toxicokinetics

There are no peer-reviewed, published toxicokinetic studies
evaluating the HBCD commercial mixture. The available
industry reports either have deficiencies in HBCD dosing
solutions, limited endpoints, or conflict with one another.
However, results from three peer-reviewed HBCD stereoisomer
oral and intravenous administered rodent studies indicate that
both a-HBCD and g-HBCD stereoisomers are highly absorbed
in adults and infants, with higher tissue levels detected in the
young and when exposed to a-HBCD. Distribution of the
HBCD stereoisomers results in several tissues with preferential
distribution and accumulation in lipophilic tissues where
a-HBCD was predominantly detected. The elimination of
a-HBCD, g-HBCD, and its metabolites is primarily in the feces
with smaller amounts found in the urine. HBCD and its
metabolites have been detected in human breast milk and
hydroxylated and debrominated HBCD metabolites have been
identified in mice, rat, and wildlife species. Distinct metabolic
products have the potential to aid in the identification of
stereoisomer-specific HBCD exposures in future biomonitoring
studies. Hepatic CYP enzymes (including CYP2B1/2B2 and
CYP3A1/3) were induced after exposure to HBCD in rats and
were suspected to hydroxylate HBCD. g-HBCD is more rapidly
metabolized and eliminated with a terminal half-life of 4 days
in mice, while a-HBCD is more biologically persistent with
a terminal half-life of 17 days. A 10 day repeated exposure
study in mice indicated that bioaccumulation occurs after oral
exposure to a-HBCD, but not after exposure to g-HBCD. In vivo
stereoisomerization of g-HBCD to a-HBCD occurs, while
a-HBCD did not undergo stereoisomerization. This indicates
that higher levels of a-HBCD in human biomonitoring studies
may be a result of difference in stereoisomer elimination and
stereoisomerization.
Mechanisms of Action

Most of HBCD’s mechanism of action has been investigated
after administration of the HBCD mixture to laboratory
rodents or evidence from in vitro systems. The HBCD mixture
is suspected to be working through a combination of several
mechanisms leading to hepatic, thyroid, and neurotoxicity.
There is evidence that the effects of HBCD on the liver and
thyroid are due to an increase in transcription and activity of
CYP drug-metabolizing systems in the liver with additional
effects on lipid metabolism. A number of studies demon-
strate that HBCD affects hepatic gene regulation of CYP3A
and CYP2B and occurs via the constitutive androstane
receptor and pregnane X receptor signaling pathways.
Evidence of a higher metabolic rate in female rats seems at
odds with the observation of higher HBCD concentrations
reported in female livers than in males. However, the
changes in expression of gene products and enzyme activities
are not consistent from study to study. HBCD has been
shown to induce CYP enzymes, which directly affect thyroid
hormone metabolism and elimination. HBCD may compete
with T4 for binding to transthyretin, which would result in
increased levels of unbound (free) T4 in the serum destined
for metabolism in the liver. CYP enzymes induced by HBCD
could further metabolize the free T4 resulting in a reduction
of available T4 in the serum and subsequently resulting in an
increase in T4-UGT. Historically, research has shown the
thyroid hormone system to work through a feedback loop,
whereby diminished T4 would result in an increase of thyroid
stimulating hormone in an effort to replenish T4 in the
serum as demonstrated by several research groups. Lastly,
low T4 levels could be responsible for cholinergic deficits
during development, which could lead to impaired neuro-
behavioral effects in adulthood. In summary, the available
studies suggest possible mechanisms of action following
HBCD exposure that includes induction of CYP proteins and
their associated enzymes, altered thyroid hormone levels,
and neurodevelopmental effects resulting in behavioral
neurotoxicity. Further research studies are needed as mech-
anistic evidence for neurotoxicity has implicated several
neuronal systems (dopaminergic, cholinergic, glutamatergic,
etc.). Additionally, the lack of stereoisomer-specific effect
studies (a-HBCD and g-HBCD) further raises gaps in
knowledge and concerns as a-HBCD is the predominant
HBCD stereoisomer detected in human and wildlife bio-
monitoring studies.
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Acute and Short-Term Toxicity

The oral LD50 values of HBCD have been determined from
several animal model range-finding studies, with an approxi-
mate range of 5000 to over 20 000 mg kg�1, indicating that
acute toxicity would be considered low following a single high
dose. HBCD material safety data sheets warn that HBCD may
be harmful if swallowed and cause irritation of the skin, eyes,
and respiratory tract upon direct contact. Several comprehen-
sive reviews list studies of potential systemic acute toxic effects
in laboratory animals. All females but not males gained weight.
Generally speaking, acute exposures to high doses can cause
increasing apathy, trembling, late mortalities, peritonitis,
transient hypoactivity, diarrhea, corneal opacity and ptosis,
lacrimation, and facial swelling. Short-term oral exposures to
HBCD for 28 days resulted in alopecia and unsteady gait,
increases in body weight gain, liver weight increase, decreases
in serum thyroid hormone T4, thyroid follicular hyperplasia in
both sexes, and reduced numbers of mature and developing
follicles in the ovaries of females. Exposure to HBCD in dust
through inhalation resulted in slight dyspnea in one study,
with a second report showing no mortality or clinical signs.
Inhalation of an aerosol residue of a commercial liquid prep-
aration was associated with respiratory irritation, body weight
loss, and one death. Sex differences may occur as females
appear to be more sensitive to the toxic effects of HBCD than
males.
Chronic Toxicity

Chronic exposure studies examining the effects of HBCD are
limited. A single study exists with reportable effects after an oral
administration of the HBCD mixture in female and male mice.
Major tissues and organs were examined, but serum chemistry,
hematology, or urinalysis was not conducted. Liver nodules
in both male and female mice after an 18-month period
were observed. Histopathological examination of liver tissue
revealed presence of altered foci and cysts; however, there were
no dose-related trends for these endpoints. Liver cell swelling,
fatty change, and vacuolization were increased in both sexes.
The incidence of hepatocellular tumors in female rats showed
a dose-related increase and was statistically significant at the
high dose. There are no chronic studies performed or reported
on individual stereoisomers. No subchronic or chronic inha-
lation studies on HBCD were found.
Reproductive and Developmental Toxicity

Reproductive effects following administration of the HBCD
mixture have been examined in several rat studies. In a one-
generation, a two-generation, a short-term in adult, and in
pregnant dams, no significant treatment-related effects were
identified in any generation for a majority of reproductive
endpoints reported. Significant changes were observed for
serum hormone levels in the F0 and F1 males (decrease
follicle-stimulating hormone (FSH) and increase dihy-
drotestosterone, respectively) and F0 in females (increased
FSH). Consistent effects were observed in several studies of
the F1 generations with a significant decrease in the number of
ovary primordial follicles in females and a decrease in testis
weight in males.

The developing brain has been identified as a target organ
for the effects of the HBCD commercial mixture. Overall,
changes in catalepsy, brainstem auditory evoked potential,
spontaneous behavior and habituation, and learning ability
have been reported. Sensitivity of the dopaminergic system
and auditory functions has been seen, although effects were
not dose related. Interestingly, after a single oral dose of the
HBCD mixture to mice on postnatal day 10 (and tested at
3 months of age), learning ability decrements were measured
while behavioral tests indicated a lack of habituation. Design
limitations regarding litter effects and methodology cloud
the utility of the study for risk assessment of HBCD;
however, several notable considerations support the studies’
validity and use. Acute exposure to an HBCD-like chemical,
which is highly lipophilic with a long half-life, may result in
long-lasting effects based on its persistence. In addition, this
study also demonstrated that there is a narrow window of
susceptibility in neonatal brain development, and that
a single exposure during this critical period could result in
detrimental effects in memory, learning ability, and sponta-
neous motor behavior. The concept that exposure during
critical periods of development can induce functional
neurological effects later in life has been demonstrated with
other brominated flame-retardant congeners, including
tetra-, penta-, and hexa-BDEs. Therefore, the observed neu-
robehavioral effects study in mice appear to be biologically
plausible, and exposure to HBCD may pose a potential
hazard to humans during brain development. However,
further validation should be considered.
Genotoxicity

There are a limited number of studies that have investigated
the genotoxicity of HBCD. All of the studies performed to date
have investigated the HBCD commercial mixture. The bulk of
these studies were standard Ames tests for detecting mutagenic
potential in Salmonella typhimurium. Most assays tested for
genotoxicity yielded negative results. HBCD does not cause
chromosomal aberrations in a human peripheral in vitro
lymphocyte assay. HBCD is not genotoxic in yeast or in
a mouse micronucleus test following intraperitoneal injec-
tions, even when testing at cytotoxic concentrations. Although
no significant effects have been seen in the clear majority of
studies, several report activity under specific conditions. Two
Ames tests in S. typhimurium observed positive results for
genotoxicity. In mammalian systems, a reverse mutation assay
with Chinese hamster ovary (CHO) Sp5 and SPD8 cell lines
yielded positive results. It is noteworthy that these positive
results were dose dependent, were observed at nontoxic doses,
and, for three of the four positive assays, were specific for
detecting mutations. However, the Ames tests in the same
strains that showed positive results were negative in seven
other studies, and the reverse mutation assay in CHO cells was
not repeated by any other group. Overall, given the negative
results in the majority of mutation assays and the negative
results in two assays for chromosomal aberrations in
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mammalian systems, this does not indicate that HBCD is
genotoxic.
Carcinogenicity

The available data indicate that the HBCD mixture is not
genotoxic, and no human studies are available to evaluate
the potential carcinogenicity of HBCD. Furthermore, there
are no stereoisomer-specific studies available to evaluate
carcinogenicity. The carcinogenic potential of HBCD
includes a translation of a single unpublished nonpeer-
reviewed report that is not well documented; the report is
listed in the Further Reading section. Kurakawa et al. (1984)
administered HBCD to SLc:B6C3F1 mice in the diet for
18 months. Results showed a dose-related increase in
hepatocellular tumors in female mice but not male mice.
A pairwise comparison with control mice indicated statis-
tical significance (p � .05) in only the high-dose group
(1720 mg kg�1 day�1). However, the high background rate
of hepatocellular tumors in male B6C3F1 mice accompanied
with the uncertainty of HBCD dosing weakened the study’s
support of carcinogenesis. In addition, genotoxicity assays
show that HBCD did not induce mutations in bacterial or
Escherichia coli systems. While taking into consideration the
limitations of the study and the absence of additional
research regarding HBCD-induced carcinogenicity, there is
inadequate information available to assess the carcinogenic
potential of HBCD. To further support this finding that the
HBCD mixture is not carcinogenic, in vitro studies with
human primary hepatocyte and hepatocellular carcinoma
cell lines demonstrated that the HBCD mixture at biologi-
cally relevant concentrations could alter the expression of
hepatic genes, including genes associated with carcinogenic
potential, but that global DNA methylation was not
a mechanism involved in the HBCD-induced alteration of
cancer gene expression.
Immunotoxicity

Limited data are available on the immunotoxicity of HBCD.
The available studies have all been conducted with the HBCD
mixture; there are no stereoisomer-specific studies available to
evaluate immunotoxicity. In a one-generation Wistar rat
reproductive study, the IgG response and the neutrophil
granulocyte count were both increased in F1-generation males
(Benchmark dose lower confidence bound (BMDL) of
0.46 mg kg�1 day�1 and BMDL of 7.7 mg kg�1 day�1,
respectively). Effects on the developing immune system after
perinatal exposure in Sprague–Dawley rats were demon-
strated by mild changes at high doses that returned to normal
levels by early adulthood. The changes observed included
decreases in activated T cells, increases in inactivated B cells,
and decreases in natural killer cells in the spleen. In vitro
studies in animal cells support that the HBCD mixture may
stimulate immune cells by inducing or enhancing immune/
allergic responses by increasing antigen presentation-related
molecule expression and IL-4 production. HBCD exposures
in human cells caused a significant decrease in natural killer
cell binding and expression of multiple cell-surface proteins;
these effects appeared to have a strong relationship with dose
and time.
Clinical Management

Regarding the risk associated with human exposure to the
HBCD mixture, it is important to note that environmental
background levels have increased over the last decades, and
that HBCD is detected in most human tissues, including serum
and blood of pregnant women as well as in mothers’milk, with
the reported levels in human milk being relatively high. HBCD
is transferred from mothers to their children; young children
may additionally ingest more HBCD through their environ-
ment than adults (hand-to-mouth activity), generally resulting
in a higher intake than adults. Prenatal exposure to HBCDmay
lead to subtle behavioral changes in rodents, particularly effects
in motor activity and cognition. No negative effects of this sort
have been confirmed in humans. The developmental and
neurotoxic potential of HBCD observed in animal studies gives
cause for concern, particularly for unborn babies and young
children. No reports were found on adult humans manifesting
overt signs of toxicity upon HBCD exposure nor were reports
found documenting adverse effects in humans exposed to
HBCD (environmentally or occupationally). Although adults
are unlikely to experience overt toxicity from low levels of
environmental exposure to HBCD, this chemical is sequestered
in fat, and the effects of release of HBCD into the blood at large
amounts have not been studied. There is no known antidote or
treatment for HBCD exposure. Although there is concern
around developmental neurotoxicity in infants and children,
these effects are likely to be subtle, and there is no known
treatment other than eliminating exposure.
Ecotoxicology

Acute and long-term toxicity data are available measuring the
effect of HBCD on fish and terrestrial animals. HBCD has a low
acute toxicity to aquatic organisms, while long-term exposure
to HBCD exerts high toxicity. Long-term toxicity of HBCD to
earthworms altered reproduction and reduced the ability for
soil microorganisms to produce nitrate. HBCD is known to
cause adverse effects to aquatic sediment organisms at envi-
ronmentally relevant levels. Fish-feeding studies indicate effects
on key biological processes leading to interference of HBCD
with the hippocampus-pituitary-thyroid axis, oxidative stress,
and apoptosis. Interference with amphibian metamorphosis
was also observed, a process that is tightly regulated by thyroid
hormone hormones. Fish hatching rates and malformation
were also observed. Waterborne HBCD may produce oxidative
stress in fish embryos and lower survival; however, since most
test concentrations in these studies are above the water solu-
bility of HBCD, the studies may not be suited to derive dose–
response relationships and to set thresholds of toxicity. Birds
exposed to the HBCD mixture showed decreased body weight
and slower growth rate than controls. Decreases in egg weights
and egg production rate and an increase in the number of
cracked eggs were documented. Survival of chicks hatched from



868 Hexabromocyclododecane
eggs of HBCD fed hens was significantly reduced. Behavioral
parameters related to parental care were also affected by HBCD
exposure.
Exposure Standards and Guidelines

Toxicity information for the commercial mixture has been
evaluated by the Canadian Government and the European
Chemicals Agency. The EU derived a minimal margin of safety
(MOS) for repeated dose toxicity (20) and reproductive/
fertility effects (50) during occupational exposure and for
repeated dose toxicity (40) and reproductive/fertility effects
(100) for consumer use, raising health concerns for these
populations. Canada’s MOS value for the general population
focused on reproductive effects as the sensitive endpoint and
the MOS (213 000) is higher than the EU values (ranged
between 20 and 100) for occupational and consumer use. The
Canadian government believes that HBCD has the potential to
remain in the environment for a long time, accumulate in
organisms, and cause harm to organisms. Although they did
not consider HBCD a threat to human health at the levels of
current exposure, methods to reduce releases to the environ-
ment are being considered. In 2006, the EU introduced
a voluntary program to reduce direct emissions of HBCD from
industrial sources. In 2008, the European Chemicals Agency
decided to include HBCD in the substances of very high
concern within the Registration, Evaluation, Authorization,
and Restriction of Chemicals framework based on its toxicity
and harm to the environment. In 2010, HBCD was included in
the US Environmental Protection Agency’s List of Chemicals of
Concern, and in the same year, HBCD was nominated and is
being considered for listing as a persistent organic pollutant
(POP) by the Persistent Organic Pollutants Review Committee
(POPRC) under the Stockholm Convention. In 2012, HBCD
became classified as a category two for reproductive toxicity. In
October 2012, the POPRC adopted a recommendation to
include HBCD in the Convention’s Annex A for elimination,
with specific exemptions for expanded and extruded poly-
styrene needed to give countries time to phase in safer substi-
tutes. The final decision was made in 2013 and the HBCD
amendment will enter into force in November 2014.
See also: Toxicity Testing, Developmental; Polybrominated
Biphenyls (PBBs); Polybrominated Diphenyl Ethers; Silent
Spring; Mixtures, Toxicology, and Risk Assessment; Risk
Assessment, Human Health; Chemicals in Consumer Products
and Articles (e.g., toys, furniture, cars, etc);
Hexachloronaphthalene; Combustion Toxicology; PBT
(Persistent, Bioaccumulative, and Toxic) Chemicals;
TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin); Polychlorinated
Biphenyls (PCBs); Toxicology and Global Public Health;
Hexachlorocyclohexanes Including Lindane; Neurotoxicity;
Persistent Organic Pollutants.
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Chemical Profile

l Chemical Abstract Services Registry Number: 118-74-1
l Synonyms: HCB; Perchlorobenzene; Pentachlorophenyl

chloride; Benzene, hexachloro-; Esaclorobenzene (Italian);
Hexachlorobenzol (German); Julin’s carbon chloride;
Phenyl perchloryl

l Chemical Class: Organochlorine
l Molecular Formula: C6Cl6
l Chemical Structure:
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Hexachlorobenzene
Background Information

Hexachlorobenzene (HCB) has been found in at least 84 of the
1430 National Priorities List sites identified by the US Envi-
ronmental Protection Agency (EPA). HCB is classified as
a probable human carcinogen (Group B2) by the EPA and is
listed as one of the 12 persistent organic pollutants in the
Stockholm Convention. HCB is one of the most-reviewed and
most-studied environmental pollutants worldwide. Its persis-
tence in the environment prompted research studies ranging
from in vitro and in vivo toxicological studies, detection assays in
biological and environmental samples to its movement
through air, water, soil, and sediments.
Uses

HCB is a white crystalline solid that is poorly soluble in water.
It does not occur naturally in the environment. It was widely
used until 1965 to protect the seeds of sorghum, onions, wheat,
and other grains. It was also used to make fireworks, ammu-
nition, and synthetic rubber. Currently, HCB is not used
commercially in the United States. However, HCB is still
produced as a by-product in the manufacture of chlorinated
compounds and other chemicals, in the waste streams of
chloralkali, and in wood preserving plants. Burning of
municipal waste also produces HCB.
Environmental Fate and Behavior

HCB is degraded slowly and can therefore persist in the envi-
ronment for long periods of time. It strongly adheres to soil and
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
poorly dissolves inwater, so residues can remain in sediments of
lakes and rivers. Its half-life in the soil can range between 3 and
6 years. Several studies have been attempted to explore HCB
cleanup. For example, microbial degradation or the use of
microorganisms, like bacteria, has been explored. A newly iso-
latedNocardioides sp. strain PD653, a naturally occurring aerobic
bacterium, was reported to be capable of degrading HCB by
oxidative chlorination. The long-range atmospheric transport of
HCB to the Arctic and other areas is a well-recognized
phenomenon. The substance has been detected in Arctic air,
snow, seawater, andflora and fauna. It had alsobeenobserved in
other remote areas such as the North Pacific Ocean and in the
rainfall of two remote islands on Lake Superior. Approximately
4000 persons were poisoned by HCB in Turkey from 1955 to
1959 from eating bread made from contaminated grain.
Exposure and Exposure Monitoring

Exposure to HCB occurs primarily from eating low levels in
contaminated food, water, fish, and vegetables. Unborn children
couldalsobeexposed in utero andnursingbabiesmaybeexposed
from mothers. Direct contact with contaminated soil is also
another possible route of exposure. Workers involved in the
manufacture or application of HCB also run the risk of exposure
through inhalation.
Toxicokinetics

HCB is slightly absorbed in the gastrointestinal tract but readily
distributed in the body, preferentially to fatty tissues. It also
readily passes the placenta. It is metabolized by microsomal
enzymes in the liver, kidney, lung, and intestine. HCB is
metabolized slowly by the liver to pentachlorophenol (PCP),
pentachlorobenzene, tetrachlorobenzene, and some unidenti-
fied compounds. In humans,HCB ismainly excreted in the urine
as its metabolites, PCP and pentachlorothiophenol. In animals,
orally absorbed HCB is excreted, mostly unchanged, in the feces.
Mechanism of Toxicity

HCB affects porphyrin synthesis and, consequently, the
proteins involved in the metabolism and transport of oxygen.
Its main target organ is the liver.
In Vitro Toxicity Data

The metabolites of HCB, PCP, and tetrachlorohydroquinone
(TCHQ) appear to be capable of altering porphyrin metabo-
lism in in vitro systems containing D-aminolevulinic acid. In
another study, PCP displaced the thyroid hormone, thyroxine
4-3.00150-0 869
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(T4), from its receptor by direct competition. This suggests the
mechanism involved in HCB-induced hypothyroidism in the
rats. In rat ovary perfused with HCB, increased oxygen
consumption suggests a disorder in the respiratory metabolism
of ovarian cells after HCB exposure. HCB tested negative in the
Ames mutagenicity assay.
Acute and Short-Term Toxicity

Animal

The primary effect from eating highly contaminated food is
hepatotoxicity. Oral LD50 values range from 1.7 to 4 g kg�1 in
various species. Animals exposed to HCB also exhibited acute
neurologic toxicity with signs including tremors, paralysis,
incoordination, weakness, and convulsions. The ovarian
primordial germ cells of nonhuman primates were affected
with associated systemic toxicity when exposed to HCB.
Human

HCB is a skin irritant. In contrast to rodents, humans do not
exhibit neurological signs with acute exposure to HCB.
Chronic Toxicity

Animal

Long-term exposure to HCB caused damage to the liver,
thyroid, nervous system, bones, kidneys, blood, and immune
and endocrine systems in animals.
Human

The people in Turkey who ate the contaminated bread suffered
from a liver disease called porphyria cutanea tarda. This disease
can cause red-colored urine, skin sores and change in skin color,
arthritis, andproblemsof the liver, nervous system, and stomach.

There is no strong evidence that it causes cancer. Health
effects involve impairment of several organ systems including
the kidneys, blood cells, and immune, endocrine, develop-
mental, and nervous systems. Babies born from mothers
exposed to HCB during pregnancy showed acute illnesses and
rashes. Babies nursing from exposedmothers showed porphyria
cutanea tarda, poor growth, arthritis, and enlarged thyroids.
Immunotoxicity

The immunological effects ofHCBvarywith species and strains of
animals; immunostimulation was observed in rats while immu-
nosuppressionwas observed inmice. Experimental oral exposure
of rats and mice to HCB revealed modulation of T- and B-cell-
mediated responses. Moreover, more recent studies indicate that
HCB-induced effects in the rat may play a role in autoimmunity.
Reproductive Toxicity

Studies assessing the effects of HCB in humans are
confounded by co-exposure with other chemicals (e.g.,
dichlorodiphenyltrichloroethane (DDT), polychlorinated
biphenyl (PCBs), dichlorodiphenyldichloroethane (DDE),
etc.). In Cynomolgus and Rhesus monkeys, high doses of HCB
affected organ weight, caused degenerative changes, and dis-
rupted estrogen and progesterone synthesis. In vitro studies
showed the possible endocrine-disrupting ability of HCB. In
porcine ovarian follicles, HCB was found to potentially
modulate the expression of enzymes responsible for steroid
synthesis. Long-term oral exposure of two generations of rats
with analytical grade HCB had no effect on fertility but did
reduce pup viability in the F0 generation males fed HCB at
40.0 ppm.
Genotoxicity

HCBwas found to have variable effects on the frequency of DNA
strandbreaks and thenumberofmicronuclei in in vitro and in vivo
studies. Sentinel organisms exposed toHCB-contaminatedwater
were also found to have increased DNA strand breaks.
Clinical Management

The airway, breathing, and circulation should be monitored
and vital functions restored if necessary. All contaminated
clothes should be removed. The chemical should be washed
out of the eyes with clear water for at least 15 min and off the
skin with soap and water. If HCB has been ingested, milk, fat,
oil, or lipid should not be given by mouth. If a very large
amount of HCB has been ingested, gastric lavage should be
performed. Activated charcoal can be administered. Convul-
sions should be controlled and treated like any other
symptoms.
Ecotoxicology

There is high potential that it can bioaccumulate in bodies of
fish, marine mammals, birds, lichens, and other animals and
can enter the food chain. It can also accumulate in wheat,
grasses, some vegetables, and other plants.
Other Hazards

HCB could burn when exposed to extreme heat and toxic
fumes may be produced. It should not be stored near sources
of ignition. In cases of spills, HCB should be taken up with
sand or other noncombustible material and then disposed
off properly. For large-scale spills, it should be covered with
sand/soil taking care to avoid dust formation. Protective
clothing, gloves, and eyewear must be worn in handling spill
situations.
Exposure Standards and Guidelines

The US EPA has set a maximum contaminant level of 1 ppb. The
California Environmental Protection Agency has established
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a public health goal of 0.03 ppb (0.03 mg kg�1) for HCB in
drinking water.

See also: Organochlorine Insecticides.
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http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
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l Name: Hexachlorobutadiene
l Chemical Abstracts Service Registry Number: 87-68-3
l Synonyms: HCDB; Hexachloro-1,3-butadiene; Hexachloro

buta-1,3-diene; Perchlorobutadiene
l Molecular Formula: C4Cl6
l Structure:
Background

Hexachlorobutadiene was first synthesized in 1877 by chlori-
nation of hexyl iodide. It is an industrial by-product of
tetrachloroethylene, trichloroethylene, and perchloroethylene
production.
Uses

Hexachlorobutadiene is used as a solvent for elastomers, heat
transfer liquids, transformer fluids, and hydraulic fluids. Until
about 1974, it was recovered as a by-product in the production
of tetrachloroethylene. Hexachlorobutadiene may still be used
in certain countries as a fumigant in vineyards.
Environmental Fate and Behavior

The uses of hexachlorobutadiene indicate that it may be released
into the environment. If released to air, hexachlorobutadiene will
exist solely as a vapor. In soil, hexachlorobutadiene is expected to
have low to no mobility based on Koc values ranging between
5.02� 103 and 2.75� 105. Volatilization from soil is expected to
be a significant fate process due to a Henry’s law constant of
1.03� 10�2 atmm3mol�1, although adsorption to soil particles
may attenuate volatilization. If released into water, hexa-
chlorobutadiene is alsoexpected tovolatilize significantlybutwill
depend on the extent of adsorption to particulates and sediment.
Disappearance half-lives of hexachlorobutadiene have been esti-
mated to be 3–30 days in river water and 30–300 days in lake and
groundwater. Bioconcentration factors ranging from 5800 to
17000 in rainbow trout and a logKow valueof4.78 indicate a very
high potential for accumulation in aquatic organisms.
Exposure and Exposure Monitoring

Hexachlorobutadiene may cause toxicity via inhalation,
ingestion, and dermal exposure routes. Occupational exposure
may occur through inhalation or dermal contact. The general
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population may be exposed via inhalation of ambient air and
ingestion of food or water containing hexachlorobutadiene.
Hexachlorobutadiene is also released during refuse combus-
tion and has been detected in fly ash.
Toxicokinetics

In rabbits, hexachlorobutadiene is absorbed through the skin.
In rats, hexachlorobutadiene was found in lungs, blood, liver,
brain, kidneys (proximal section of the nephron), spleen, and
mesentery after a single injection (unspecified route). Gluta-
thione conjugation is the main route of biotransformation
in mammals, followed by biliary excretion. Following oral
administration of a nephrotoxic dose (200 mg kg�1) of
hexachlorobutadiene tomale rats, the principal route of excretion
was biliary,with 17–20%of the dosebeing eliminated on each of
the first 2 days. Fecal excretion was <5% of the dose per day,
suggesting enterohepatic recirculation of biliary metabolites.
Urinary excretion was small, not exceeding 3.5% of the dose
during any 24-h period.
Mechanism of Toxicity

Hexachlorobutadiene specifically damages the pars recta portion
of the proximal tubule with loss of the brush border. The
mechanism involves nonoxidative formation of the glutathione
conjugate in liver with subsequent transport to the kidney for
mercapturic acid conjugate excretion. The resulting cysteine
conjugates are substrates for cysteine-conjugate b-lyase, which
removes ammonia and pyruvate from the cysteine conjugate to
produce thionylacyl halides and thioketenes. These toxic thiol
compounds can then bind covalently to proteins and DNA in
proximal tubular cells to produce nephrotoxicity. S-(1,2,3,4,4-
Pentachloro-1,3-butadienyl)-L-cysteine has been identified as the
ultimate metabolite responsible for hexachlorobutadiene-
induced nephrotoxicity. Mitochondrial dysfunction is reported
to be the ultimate subcellular toxic lesion. Enterohepatic
recirculation of hexachlorobutadiene–glutathione conjugates is
believed to play a major role in this mechanism, since cannu-
lation of the bile duct of rats prevents nephrotoxicity.
Acute and Short-Term Toxicity (Animal/Human)

The oral LD50 (single dose) is 90 mg kg�1 in guinea pigs,
87–116 mg kg�1 in mice, and 200–350 mg kg�1 in rats. The
dermal LD50 at 7 h is 126 mg kg�1 in rabbits. Hexa-
chlorobutadiene causes lung, liver, and renal injury (renal prox-
imal tubular dysfunction) in animals. Hexachlorobutadiene
and its metabolites were reported to be approximately four times
more nephrotoxic to female rats than to males. Eye and nose
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00151-2
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irritation have been reported in animals exposed to 250 mgm�3

for 4 h and 110 mgm�3 for 6 h.
Little information is available on the acute or subacute

toxicity of hexachlorobutadiene in humans. Physiologically
based pharmacokinetic models suggest an order of magnitude
lower activation of reactive thiol metabolites in humans
compared to rats.
Chronic Toxicity (Animal/Human)

In a 30-day study in rats, 30, 65, and 100 mg kg�1 day�1

resulted in renal toxicity, increased kidney:body weight ratio
and renal tubular degeneration, necrosis, and regeneration;
100 mg kg�1 day�1 resulted in decreased food consumption
and body weight with a slight increase in hepatocellular
swelling; and 10, 30, 65, and 100 mg kg�1 day�1 resulted in
hemoconcentration.

A group of 205 vineyard workers who were exposed
seasonally to hexachlorobutadiene (0.8–30 mgm�3 in air over
the fumigated zones) showed multiple toxic effects related to
development of hypotension, cardiac disease, chronic bron-
chitis, disturbances of nervous function, and chronic hepatitis.
Immunotoxicity

Acute hexachlorobutadiene exposure in laboratory animals has
been reported to decrease antibody production.
Reproductive Toxicity

At dosages high enough to cause maternal toxicity (decreased
weight gain) and slight fetal toxicity (decreased fetal weight),
hexachlorobutadiene was not teratogenic. All offspring of
pregnant rats receiving a single 20 mg kg�1 subcutaneous dose
of hexachlorobutadiene died within 3 months of parturition.
Genotoxicity

Unscheduled DNA synthesis has been shown in experimental
animals exposed to hexachlorobutadiene. Mutations have been
produced in Salmonella typhimurium, and sister chromatid
exchange has occurred in the hamster ovary cell. An increase in
the frequency of chromosomal aberrations in peripheral blood
lymphocytes was observed in workers occupationally exposed
to hexachlorobutadiene concentrations ranging from 1.6 to
16.9 mgm�3.
Carcinogenicity

A statistically significant increase of kidney tumors was
observed in male and female rats fed diets containing
hexachlorobutadiene (99% pure) at 20 mg kg�1 day�1 for 22
months. No carcinogenicity data are available in humans. Hex-
achlorobutadiene is classified as a possible human carcinogen
due to its potential to cause neoplasms in kidney and lung.
Clinical Management

No specific treatment is available. Patients acutely and
chronically exposed should be monitored for renal, hepatic,
and pulmonary damage. At least some of the renal toxicity
appears to be reversible, so supportive care is indicated. Emesis
may be indicated and is most effective if initiated within
30 min of ingestion. Charcoal slurry, aqueous or mixed with
saline cathartic or sorbitol, should be administered orally.

In cases of inhalation exposure, the victim should be moved
to fresh air and monitored for respiratory distress. If cough or
difficulty in breathing develops, the victim should be evaluated
for respiratory tract irritation, bronchitis, or pneumonitis.
Supplemental oxygen (100% humidified) should be adminis-
tered with assisted ventilation as required.

Exposed eyes should be irrigated with generous amounts of
tepid water for at least 15 min. If irritation, pain, swelling,
lacrimation, or photophobia persists, the patient should see
a doctor. Exposed areas of skin should be washed extremely
thoroughly with soap and water. A physician may need to
examine the area if dermal irritation or pain persists.
Ecotoxicology

The 96-h LC50 values for fathead minnow and goldfish are
0.09 mg l�1. The maximum acceptable toxicant concentra-
tion for fathead minnows exposed aqueously to hexa-
chlorobutadiene is between 6.5 and 13 mg l�1, with larval
growth and survival the most sensitive toxic responses.
Other Hazards

No other hazards have been noted.

Exposure Standards and Guidelines

The oral reference dose (RfD) is 0.0002 mg kg�1 day�1. The US
drinking water guideline is 1 mg l�1.
Further Reading

Anders, M.W., 2004. Glutathione-dependant bioactivation of haloalkanes and
haloalkenes. Drug Metab. Rev. 36, 583–594.

Green, T., Lee, R., Farrar, D., Hill, J., 2003. Assessing the health risks
following environmental exposure to hexachlorobutadiene. Toxicol. Lett. 138,
63–73.
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l Name: Hexachlorocyclohexanes
l Chemical Names: 1,2,3,4,5,6-Hexachlorocyclohexane

(mixed isomers), CAS 608-73-1; 1a,2a,3b,4a,5b,6a-Hexa-
chlorocyclohexane (a-isomer), CAS 319-84-6;
1a,2b,3a,4b,5a,6b-Hexachlorocyclohexane (b-isomer), CAS
319-85-7; 1a,2a,3b,4a,5a,6b-Hexachlorocyclohexane (g-
isomer); Lindane, CAS 58-89-9; 1a,2a,3a,4b,5a,6b-Hexa-
chlorocyclohexane (d-isomer), CAS 319-86-8;
1a,2a,3a,4b,5b,6b-Hexachlorocyclohexane (ε-isomer), CAS
6108-10-7; 1a,2a,3a,4a,5a,6a-Hexachlorocyclohexane
(z-isomer), CAS 6108-11-8; 1a,2a,3a,4a,5b,6b-Hexa-
chlorocyclohexane (Z-isomer), CAS 6108-12-9; 1a,2a,3a,
4a,5a,6b-Hexachlorocyclohexane (j-isomer), CAS
6108-13-0

l Synonyms: Benzene hexachloride; 1,2,3,4,5,6-
Hexachlorocyclohexane; Lindane

l Chemical/Pharmaceutical/Other Class: Organochlorine
pesticides

l Molecular Formula: C6H6Cl6
l Chemical Structure:
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Background

Hexachlorocyclohexane (HCH) is also known as benzene
hexachloride (BHC). It is a synthetic chemical. HCH is a white
solid substance that may evaporate under suitable conditions.
HCH has eight isomeric forms. The four common isomers are
a-, b-, g-, and d-HCHs. The most common of these is g-HCH
(also known as lindane), which is usually the predominant
isomer. It is used as an insecticide on fruit, vegetables, and
animals. As worldwide use of HCH declines, the frequency of
detection and the levels detected in the environment is
continuing to decrease.
Uses

HCHs are potent insecticides. HCHs were widely used as
commercial insecticides in the last half of the twentieth century.
Because HCHs cause serious environmental problems, they
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were banned for agriculture uses in most countries. The large
dumps of unused HCHs now create a major hazard because of
their long residence times in soil. HCHs are still used for
medical purposes in some countries. HCH has not been
produced in the United States since 1976. However, imported
lindane is available as a prescription medicine for the treatment
of scabies and body lice in humans.
Environmental Fate and Behavior

HCHs are highly stable and persist in the environment, and
have been detected in the environment worldwide. In air, the
different forms of HCH can be present as a vapor or adsorbed
to small particles. HCH can remain in the air for long periods of
time and residues can travel great distances, depending on
environmental conditions. HCH is degraded to less toxic
substances by algae, fungi, and bacteria.
Exposure and Exposure Monitoring

Oral exposure through diet is the primary pathway for the
general population. HCHs can also be distributed in air and
can be absorbed through inhalation. Dermal exposure can
occur through pharmaceutical use of lindane for head lice.

HCH isomers can be measured in the blood, urine, and
semen of exposed persons. HCH metabolites can also be
measured to determine whether a person has been exposed to
HCH. However, this method cannot be used to determine
exposure to HCH alone, that is, other environmental contam-
inants may also produce the same metabolites.
Toxicokinetics

HCHs are readily absorbed through the gastrointestinal tract.
Inhaling air contaminated with isomers of HCH can also lead
to systemic absorption. HCHs can also be absorbed through
the skin when used as a lotion, cream, or shampoo for the
treatment or control of ectoparasites. In general, HCH isomers
and their metabolites can be temporarily stored in body fat.
Absorbed HCHs are mainly excreted via the urine. Lesser
amounts are excreted in feces. In rats, the highest concentra-
tions have been found in liver, kidneys, body fat, brain, and
muscles, with substantial deposition occurring in fatty tissue.
Whole-body elimination half-lives may be 1–2 months but
varies by isomer.
Mechanism of Toxicity

The g isoform (g-HCH; lindane) and a isoform are potent
neurostimulants and convulsants, whereas the b and d forms
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00152-4
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are primarily depressants. g-HCH mediated neurotoxicity is
primarily the result of blockade of Cl� influx through iono-
tropic g-aminobutyric acid receptors, resulting in depolariza-
tion and hyperexcitation of the postsynaptic neuronal
membrane. g-HCH has been shown to enhance both sponta-
neous and evoked release of neurotransmitters from nerve
terminals. These actions have been correlated with the ability of
g-HCH to elevate Ca2þ in brain synaptosomes. g-HCH has also
been shown to alter contractility in skeletal myocytes.

d-HCH is particularly potent toward disrupting Ca2þ

homeostasis in a variety of excitable and nonexcitable cells and
altering contractility of cardiac muscle. d-HCH has been shown
to stereoselectively mobilize Ca2þ from intracellular stores in
cultured neural cells, which appears mediated by interaction
with ryanodine receptors. g-HCH and b-HCH have been re-
ported to have estrogenic actions.
Acute Toxicity

In animals, g- and a-HCH can cause convulsions, and b-HCH
can cause coma. All isomers can damage liver, including altered
enzyme function, degeneration, and cancer, as well as kidney
toxicity. The g-isomer is most potent acutely, but b-HCH is
metabolized more slowly and becomes more toxic with
repeated exposures.

Exposure to large amounts of HCHs can harm the nervous
system, producing a range of symptoms from headache and
dizziness to seizures, and convulsions. The onset of signs and
symptoms following exposure to HCH insecticides vary. HCHs
can result in blood disorders, dizziness, headaches, and
possible changes in the levels of sex hormones in the blood.
The time interval between high dose exposure and the onset of
symptoms is generally less than 12 h. The symptoms produced
by these agents may last for weeks to months and patients often
experience periodic relapses despite adequate therapy because
of the initial lipid storage and subsequent redistribution of
these chemicals.
Chronic Toxicity

In animals, chronic exposures to HCHs produce liver and
kidney toxicity.
Immunotoxicity

In rodents, HCH isomers produce immunotoxicity in adult
repeated-dose studies, and in offspring following develop-
mental exposures. There is evidence that HCHs affect the
human immune system.
Reproductive Toxicity

HCHs are passed to the developing organism through the
placenta and breast milk. HCHs do not cause birth defects.
However, neurological and hormonal effects have been re-
ported resulting in neurobehavioral alterations and altered
reproductive parameters in adult offspring. g-HCH and b-HCH
were reported to damage the ovaries and testes in animals.
Genotoxicity

Technical grade HCHs produce dominant lethal mutations in
mice, but studies of specific isomers mostly do not indicate
mutagenicity.
Carcinogenecity

Long-term oral administration of HCHs to laboratory rodents
has been reported to result in liver cancer. The Department of
Health and Human Services (DHHS) has determined that
HCHs may cause cancer in humans. The International Agency
for Research on Cancer (IARC) has classified HCHs as carci-
nogenic to animals and evidence in humans is inadequate.
Clinical Management

When a large amount of HCH has been swallowed, emetics
have been used to induce vomiting. Activated charcoal can also
be used to decrease gastrointestinal absorption. To avoid
skin absorption after exposure, clothing should be removed,
and the skin should be washed. In case of eye contact, irrigate
eyes immediately with water or saline. There are no known
methods for reducing absorption following inhalation expo-
sure. In the nervous system, g-HCH is thought to interfere
with the gamma-Aminobutyric acid (GABA) system by inter-
acting with the gamma-Aminobutyric acid type A (GABAA)
receptor–ionophore complex at the picrotoxin binding site.
The seizures caused by g-HCH can be antagonized by
GABAA-mimetics. Use of anticonvulsants should include care-
ful monitoring of hypotension, respiratory depression, and the
need for endotracheal intubation. In the liver, g-HCH produces
oxidative stress and increased lipidmetabolism. Interfering with
these mechanisms can decrease the toxicity of HCH.
Exposure Standards and Guidelines

The JMPR (Joint FAO/WHO Meeting on Pesticide Residues)
acceptable daily intake value for lindane is 0.005 mg kg day�1.
Minimal risk levels set by the US Agency for Toxic Substances
and Disease Registry range from 0.05 to 0.0001mg kg day�1 for
acute to chronic exposures to different isomers. There are no
exposure standards for technical HCHs.

See also: Organochlorine Insecticides.
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l Name: Hexachlorocyclopentadiene
l Chemical Abstracts Service Registry Number: 77-47-4
l Synonyms: 1,2,3,4,5,5-Hexachlorcyclopenta-1,3-dien; Cyclo-

pentadiene, hexachloro-; Hexachloro-1,3-cyclopentadiene;
Hexachlorocyclopentadiene; Perchlorocyclopentadiene;
1,2,3,4,5,5-Hexachloro-1,3-cyclopentadiene

l Molecular Formula: C5Cl6
l Chemical Structure:
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Background

Hexachlorocyclopentadiene (Hex) (molecular weight 272.77)
is an organochlorine compound that is used as a raw material
in manufacturing other chemicals, including pesticides, flame
retardants, resins, dyes, pharmaceuticals, plastics, etc. Hex is
a manufactured chemical that does not occur naturally. Hex
has no end uses of its own, and is very toxic following acute
(short-term) oral and inhalation exposures. It is a light,
lemon-yellow liquid that has a sharp musty odor. It easily
evaporates into the air; the vapor looks like a blue haze. Most
of the Hex in the environment results from its release during
production and disposal. It is also used to make flame retar-
dants, resins that won’t burn, shock-proof plastics, esters,
ketones, fluorocarbons, and dyes. Animal tests suggest that
very high levels can cause death. Human data are limited, but
it can cause headaches and irritate the nose, throat, eye,
and skin.
Uses

The principal end use for Hex is as a key intermediate in the
production of chlorinated cyclodiene pesticides, including
aldrin, dieldrin, endrin, chlordane, heptachlor, kepone, endo-
sulfan, pentac, isodrin, and mirex. Technical grade chlordane,
for example, has been reported to contain impurities of Hex up
to 1%. It is also used as an intermediate in the manufacture of
flame retardants such as Dechlorane Plus and chlorendic
anhydride and, to a lesser extent, in the manufacture of
nonflammable resins, polyester resins, pharmaceuticals,
unbreakable plastics, acids, esters, ketones, fluorocarbons, and
dyes. It has previously been used as a biocide.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Release of Hex to the environment is mainly through waste
streams, while its production and use is as an intermediate in
the production of pesticides, resins, dyes, and pharmaceuticals.
Previously, it was used as a biocide, and exists solely as a vapor
in the ambient atmosphere. In vapor phase by photochemical
reaction, Hex will degrade to hydroxyl radicals. Half-life for this
reaction in air is estimated to be 29 days.

If released to soil, an average Koc value of 4265 indicates
that Hex is expected to have low mobility in soil. Volatilization
from moist soil surfaces is expected to be an important envi-
ronmental fate process based on a Henry’s law constant of
0.027 atm m3 mol�1; however, adsorption to soil may atten-
uate volatilization.

It is susceptible to direct photolysis, hydrolysis, and
biodegradation on soil surfaces. If released to water, it is ex-
pected to adsorb to suspended solids and sediment in the water
column based on the average Koc value. Volatilization from
water surfaces is expected based on the compound’s Henry’s
law constant. However, adsorption may attenuate volatiliza-
tion from water. Estimated volatilization half-lives for a model
river and model lake are 2 h and 7 days, respectively. The
volatilization half-life from a model pond is estimated at
37 days if adsorption is considered.

Hex rapidly photodegrades in sunlit surface waters with
a photodegradation half-life of several minutes to over an hour.
Hydrolytic half-lives ranging from several hours to 2–3 weeks
are expected under environmental conditions. Log bio-
concentration values in the range of 100–1354 measured in
fish suggest bioconcentration in aquatic organisms is very high.
Exposure and Exposure Monitoring

Although occupational exposure appears to be the main source
of human contact, certain segments of the population may be
exposed through ingestion of contaminated drinking water or
contaminated fish. People living in the vicinity of hazardous
waste disposal sites containing this compound may be exposed
through inhalation of contaminated air. Workers involved in
the manufacture or handling of this compound or treatment of
wastes containing this compound could potentially be exposed
by inhalation or dermal exposure. Compound was detected in
urine from these workers, and concentration is proportional to
duration of worker exposure to the compound.
Toxicokinetics

Rats given 6 mg kg�1 Hex orally excreted 33% in urine, 10% in
feces in 7 days. Most excretion occurred during the first 24 h
after dosing. Kidney retained 0.5%, and liver >0.5%. Biliary
4-3.00322-5 877
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excretion of only 16 with 66 in the feces of bile duct-cannulated
rats suggested that the majority of orally consumed was not
absorbed. Degradation apparently occurred in the gut since
little of the fecal material was of an apolar nature. Adminis-
tration of radiolabeled 14C-HEX has shown kidney, liver,
ovaries, and fat were the major sites of deposition. In rats, the
kidney contained the highest levels of residues, whereas in mice
the residues in the liver exceeded those in the kidney.

The fate of Hex in both sexes of rats and mice was quite
similar, and in each case the tissue residues reached a plateau
after about 2 weeks on the Hex-containing diets. When rats
were either exposed to 14C-HEX vapor for 1 h or dosed orally
with 14C-HEX in corn oil,w84% of the inhaled compound was
detected in the lungs. Inhaled 14C-HEX was excreted in the
urine, whereas orally administered 14C-HEX was eliminated in
the feces. In rats exposed by inhalation, the trachea and lung
had the highest residue accumulation. In animals receiving oral
doses, kidneys and liver were major sites of accumulation.
These studies indicate that the route of exposure is critical to the
pattern of retention and elimination.

Three days after the i.p. injection of 14C-HEX in fish, the
ethyl acetate extractable radioactivity was approximately 47%,
while water-soluble and unextractable radioactivity values were
11 and 20% of the injected radioactivity, respectively. Ethyl
acetate extracts of fish included at least eight unidentified
breakdown products. Water-soluble products from fish include
at least four unidentified products.
Mechanism of Toxicity

Hex’s mechanism of toxicity is incompletely understood.
Because of its characteristics as a chlorinated hydrocarbon, it
would be expected to induce drug-metabolizing enzymes in the
liver.
Acute or Short-Term Toxicity

Animal

Approximate lethal dose for rats and rabbits by single oral
administration was between 420 and 620 mg kg�1, respec-
tively. The animals showed diarrhea, lethargy, and decreased
respiration. Rabbits were reported to show diffuse degenerative
changes in the brain, heart, liver, and adrenal glands. Necrosis
of the epithelium of renal tubules and severe hyperemia and
edema of the lungs were evident.

Acute, 14-day range-finding and 90-day subchronic
inhalation studies were conducted with Sprague–Dawley
rats, and 90-day subchronic inhalation studies were con-
ducted with cynomolgus monkeys. Both acute and range-
finding studies with rats showed a steep dose–response
curve, and male rats were more sensitive than females. In
the range-finding study with rats, the threshold of toxicity
for Hex was 0.11–0.5 ppm. Histopathologic examination on
rats in the 0.5 ppm group revealed lesions in the olfactory
and bronchiolar epithelium and inflammatory exudates in
the lumens of the respiratory tract; these changes were
consistent with observed impaired respiratory function,
confirming the lung as the main target organ. Recovery and
regression of lung lesions in rats were noted 2–3 weeks after
termination of exposure. Inhalation of Hex vapors for
3 months (up to 0.2 ppm for 6 h day�1, 5 days week�1)
produced no detectable physical or clinical effect in rats or
monkeys. Short-term repeated oral dosing studies
(19 mg kg�1) caused inflammation and hyperplasia in the
forestomach. In addition, dermal contact of Hex induced
a distinct discoloration of the skin, indicating site of uptake
interaction, probably similar to that observed in the lungs
after pulmonary uptake.

Hex exposure by gavage to mice and rats caused a dose-
related decrease in mean body weight gain. Male rats in the
150 mg kg�1 dose group and all mice at 300 mg kg�1 died.
Changes in organ weight ratios were observed (liver:brain and
kidney:brain). Clinical signs of toxicity, cysts, ulceration, and
histopathological changes (lesions in the stomach, inflamma-
tion in the submucosa, edema, neovascularization, and
hyperplasia) were noted.

LD50 values for several rodent species are listed below.

LD50 Mouse Oral 505 mg kg�1
LD50
 Rat
 Oral
 300–1300 mg kg�1
LC50
 Rat (SD, young
adult male)
Inhalation
 18.1 mg m3 per 4 h
LC50
 Rat (SD, young
adult female)
Inhalation
 39.6 mg m3/4 h
LD50
 Rabbit
 Dermal
 430 mg kg�1
LD50
 Rabbit (male)
 Dermal
 <200 mg kg�1
LD50
 Rabbit (female)
 Dermal
 340–780 mg kg�1
LD50
 Rabbit (adult Albino)
 Oral
 640 mg kg�1/from table/
LC50
 Rat (Carworth
young adult)
Inhalation
 35.0 mg m�3/3.5 h/from table/
LC50
 Guinea pig
 Inhalation
 80.2 mg m3 per 3.5 h
Source: http://toxnet.nlm.nih.gov/ – NLM-HSDB.

Human

Eye and throat irritations have been reported in humans.
Independent of the exposure route, the lung appears to be
a major target organ, resulting in cough, dyspnea, and chest
pain. Headache and nausea are common after exposure.
Exposed workers have developed reversible subclinical eleva-
tions of liver function tests and reversible proteinuria. Skin
irritation and blistering may occur from direct contact with
liquid Hex, and skin contact with vapor has been reported to
result in skin irritation. Reported human cases have generally
been mild.
Chronic Toxicity (or Exposure)

Animal

Pregnant mice and rabbits were administered up to
75 mg kg�1 day�1 of Hex by gavage during active oogenesis.
Teratogenic effects have not been observed; however, nephrosis
and acute tubular necrosis were seen in the dams.

http://toxnet.nlm.nih.gov/
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Subchronic effects of Hex on the brain may also be
a reflection of the reaction of either Hex or a metabolite with
brain lipids. Degenerative brain effects were not seen in rats
exposed to low inhalation concentrations of up to 0.2 ppm
(6 h day�1, 5 days week�1) for 13 weeks, but they were seen
with acute exposure to higher dose. At low exposure levels, the
reactivity of Hex makes it unlikely that reactive species would
be present in the blood at high enough concentrations to cause
significant change in a secondary site such as the brain, but at
higher doses, transport of reactive material across the blood–
brain barrier is possible.
Immunotoxicity

Studies demonstrating the immunotoxicity of Hex by any
exposure route are scanty. Some studies indicate Hex does not
appear to have effects on the spleen or thymus after inhalation
or oral exposure, but there are many aspects of immunotoxicity
that have not been evaluated. A well-conducted study on the
immunotoxicity of this compound is essential. There is no
information to suggest that the potential of Hex to cause
immune effects would be route or species specific.
Reproductive Toxicity

Developmental or reproductive toxicity in pregnant mice and
rabbits was studied by administering Hex by oral gavage up to
75 mg kg�1 day�1 during the active organogenesis period. It
was concluded that Hex does not cause any teratogenic effects.

In another study, CD-1 pregnant mice were orally exposed
to Hex (45 mg kg�1) on days 8–12 of gestation, which is within
the period of major embryonic organogenesis. Females were
weighed throughout dosing and on day 19 of gestation. They
were allowed to deliver, and the litters were counted and
weighed at 1 and 3 days of age. The animals were observed at
approximately 250 days of age. During the postmortem
examination of males, body weight and the weights of the liver,
testes, seminal vesicles, and right kidney were recorded. Hex
did not produce any statistically significant developmental
effects in this study.
Genotoxicity

When incubated with mouse liver microsomes, Hex did not
show any mutagenic activity. Hex was negative in the Salmo-
nella assay and the sex-linked recessive lethal mutation assay in
Drosophila. In cultured CHO cells, Hex caused an induction of
chromosomal aberrations and sister-chromatid exchanges.
Carcinogenicity

An in vitro study indicates Hex is not mutagenic in the Salmo-
nella typhimurium and Escherichia coli assay with and without
metabolic activation. Compound is not carcinogenic based on
inhalation studies in rats and mice. Inadequate data in humans
make Hex not classifiable as a human carcinogen category.
Clinical Management

Oral Exposure

Because of potential central nervous system depression, do
not induce emesis. Significant esophageal or gastrointestinal
tract irritation or burns may occur following ingestion. The
possible benefit of early (within 1 h) removal of some
ingested material by cautious gastric lavage must be weighed
against potential complications of bleeding or perforation.
Take the victim immediately to hospital and should be treated
symptomatically.
Inhalation Exposure

Move patient to fresh air. Monitor for respiratory distress and
consult with health care person.
Eye Exposure

Decontaminate with copious amounts of room temperature
water for at least 15 min. If irritation, pain, swelling, lacrima-
tion, or photophobia persists, the patient should consult
a health care facility.
Dermal Exposure

Decontaminate by removing contaminated cloth and wash
exposed area thoroughly with soap and water. A physician may
need to examine the area if irritation or pain persists.
Ecotoxicology

Environmental Biodegradation

In a static-screening study, a 100% loss of Hex was observed.
Based on hydrolytic half-life data for this compound, hydro-
lysis alone does not necessarily account for the 100% observed
loss of Hex. Volatilization was reported to be insignificant.
Thus, some of the observed loss may have been due to
biodegradation. Hex has been found to degrade more quickly
in nonsterile soils than sterile soils, suggesting that degradation
was partially due to biodegradation.
Environmental Abiotic Degradation
14C-HEX was photolyzed rapidly when dissolved in water
and irradiated with a mercury vapor light source. The
photolytic half-life was less than 1.03 min. 2,3,4,4,5-
Pentachlorocyclopentenone was tentatively identified as the
primary photolysis product. After 10 min of irradiation, 44%
of Hex radiocarbon equivalents were converted to water-
soluble photoproducts. Hydrolysis of Hex has been found to
be independent over the pH range 5–9. Using distilled water
or tap water, the hydrolytic half-life has been determined
to be 16.1 days at 22 �C, 14 days at 25 �C, and 5.3 days at
30 �C. Measured hydrolysis rate constants for Hex in
sediment suspensions at 30 �C range from 1.3 � 10�4 to
3.24� 10�3 l min�1. These values correspond to hydrolytic half-
lives ranging from 3.6 h to 3.7 days.



880 Hexachlorocyclopentadiene
Soil Adsorption/Mobility

The average soil adsorption coefficient (Koc) for Hex, based on
measurements made in 15 different soils, was determined to be
4265. Measured Rf values for Hex in muck, silt, silt loam, silt
clay, loam, and sandy soils leached with tap water and landfill
leachate range between 0.001 and 0.005. Based on a classifica-
tion scheme, these data indicate that Hex has very low mobility
in soil. Henry’s law constant indicates that volatilization from
moist soil surfaces may occur; however, adsorption may
attenuate volatilization. Hex is not expected to volatilize from
dry soil surfaces based on a vapor pressure of 0.060 mmHg.
Volatilization losses of 0.84–1.60% from moist sand,
0.35–0.67% from moist loam, and 0.15–0.285% from moist
humus were observed over a 2-h period in a laboratory study,
carried out at 25 �C, where the initial Hex concentration was
50 mg kg�1 soil on a dry weight basis.
Environmental Fate

Aquatic Fate

If released towater,Hexwill degradeprimarily byphotolysis and
chemical hydrolysis to form both lipophilic and hydrophilic
products. The water-soluble substances included at least 11
unidentified breakdown products. Hydrolytic half-lives ranging
from several hours to 2–3 weeks are predicted for waters with
temperatures in the range of 20-30 �C. 2,3,4,4,5-Pentachloro-
2-cyclopentenone, hexachloro-2-cyclopentenone, and hexa-
chloro-3-cyclopentenone have been identified as primary
photodegradation products of Hex. It has the potential to
adsorb onto suspended solids and sediments. Adsorption
does not significantly affect the rate of hydrolysis. Volatili-
zation from water is expected to be a significant removal
mechanism, although in highly turbid waters adsorption to
suspended solids and sediments could substantially limit
losses via volatilization. The volatilization half-lives from
a model pond and a model river with and without
adsorption is estimated to be 37 days and 2 h, respectively.
Environmental biodegradation of Hex has been considered
a possibility. Potential bioaccumulation in some aquatic
organisms depends on the organism and the species.
Terrestrial Fate

If released to soil, Hex will get adsorbed to organic matter and
degrades via photolysis on soil surfaces. Volatilization from
soil surfaces is expected to be of minor importance. In moist
soil, this compound would be subject to chemical hydrolysis
(half-life of hours to weeks) and biodegradation under aerobic
and anaerobic conditions. A study indicates that loss of Hex
from soil is the result of abiotic and biotic degradations as well
as partitioning within the media.
Atmospheric Fate

Organic compounds having a vapor pressure of greater than
1 � 10�4 mmHg at ambient temperature are expected to exist
almost entirely in the vapor phase in the atmosphere. Hex has
a vapor pressure of 0.063mmHg at 25 �C; therefore, it is expected
to exist predominantly in the vapor phase in the atmosphere.
If released to the atmosphere, direct photolysis is expected to be
the dominant removal mechanism. Reaction of Hex with
photochemically generated hydroxyl radicals or ozonemolecules
is predicted to be too slow and environmentally insignificant.
Exposure Standards and Guidelines

The US Environmental Protection Agency (EPA) recommends
that exposure in children should not exceed 2 ppm in water for
10-day periods or no more than 0.7 ppm for up to 7 years. EPA
requires that spills or accidental releases of 10 pounds or more
of Hex be reported to the EPA.

The Occupational Safety and Health Administration has
a permissible exposure limit of 0.01 ppm in air for an 8-h
workday, 40-h workweek.

American Conference of Governmental Industrial Hygien-
ists threshold limit value: 0.01 ppm, 0.11 mg m�3 time-
weighted average (TWA).

National Institute for Occupational Safety and Health rec-
ommended exposure limit: 0.01 ppm TWA.

The acceptable daily intake via inhalation for Hex is
0.004 62 mg day�1 (based on 70 kg adult human body weight).

See also: Acids; Chlorination Byproducts; Dyes and Colorants;
Polybrominated Biphenyls (PBBs); Polychlorinated Biphenyls
(PCBs).
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Background

Hexachloroethane (HCE) is a halogenated hydrocarbon con-
sisting of six chlorines attached to an ethane (ACGIH, 1991); it
is a white to pale yellow solid that is unstable in air and evap-
orates gradually. It smells like camphor when its concentration
in air and water are 150 and 10 ppb, respectively. HCE itself
does not catch fire easily; however; in aqueous nonbiological
conditions it has been determined that HCE is unstable and
nonenzymatic dechlorination in the absence of nicotinamide
adenine dinucleotide phosphate (NADP) occurs. It rapidly
degrades in soil or groundwater. Also, some microorganisms
break down HCE without oxygen, and decomposition in
aerobic conditions has been reported. Some bioconcentration
of HCE in fish has been determined, though upper levels
through the food chain are limited, since it is rapidly metabo-
lized by fish, which is discussed later (ATSDR, 1997).

Eyes, skin, respiratory system, and kidneys have been
proposed as main targets in humans upon exposure. Symp-
toms include blinking, tearing, photophobia, and irritation of
eyes. Also, facial muscles may have difficulty in movement.
Animal studies on effects of HCE during pregnancy are limited.
After oral exposure, HCE is primarily distributed to fat tissue.
Toxicokinetic studies in animals indicated that HCE is mostly
localized and metabolized in the liver and kidney. Several
corresponded metabolites have demonstrated liver and kidney
toxicities similar to HCE. Neurological effects such as tremors
and ataxia were observed in Beagle dogs, rats, and pregnant
rats. Other effects via inhalation exposure included reduced
body weight and increased relative liver weight in rats and
guinea pigs. In another study, male rats also displayed
increased relative spleen and testes weight. Based on California
Proposition 65, HCE was proposed to be carcinogenic for
humans, and it induces tumors at sites other than the site of
entry. Noncancerous effects include kidney degeneration
(tubular nephropathy, necrosis of renal tubular epithelium,
hyaline droplet formation, tubular regeneration, and tubular
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casts) and hepatocellular necrosis. It results in hyaline droplet
nephropathy and renal toxicity, and it induces chromosome
malsegregation, lethality, and mitotic growth arrest (Crebelli
et al., 1995, 1992, 1988).
Uses

The applications of HCE have been extensive. In the past, HCE
was used as an antihelminthic for the treatment of sheep flukes
and deworming animals. The US Food and Drug Administra-
tion has forbidden the use of HCE as an antihelminthic in 1971
because of its adverse effects (ATSDR, 1997). HCE is used in
some countries in military equipment such as smoke grenades
and in pyrotechnic devices (NIOSH, 2005). Nowadays, it is
sold as a moth repellant, a plasticizer for cellulose esters in
paper and wood products, as well as insecticide solvent, and in
refining of aluminum alloys in metallurgy as a remover of air
bubbles from molten ore (ATSDR, 1997; U.S. EPA, 1991).
Moreover, other industrial uses are in the formulation of
extreme pressure lubricants, chain transfer agent in the emul-
sion polymerization, anthelmintic in veterinary medicine, and
rubber accelerator. Also as a laboratory chemical, it is an
ingredient in various fungicidal and insecticidal formulations.
It is not useful as a retardant in fermentation processes, and
a component of submarine paints, but it is used in the
production of synthetic diamonds. In addition, HCE has other
applications such as ignition suppressant, and as an inhibitor
of the explosiveness of methane and the combustion of
ammonium perchlorate.
Environmental Fate and Behavior

Certain physical and chemical properties are shown in Table 1
(ACGIH, 2001; ATSDR, 1997; Budavari, 1989; Howard, 1989;
Spanggord et al., 1985; Verschueren, 1983; Weast, 1986).
According to the literature, it is reactive through alkalis and
with metals such as zinc, cadmium, aluminum, hot iron, and
mercury. HCE is eliminated through the fecal route without
absorption, metabolism, and exhalation (Mitoma et al., 1985).
Exposure and Exposure Monitoring

HCE is not known to occur as a natural product. Small
amounts of this chemical have been observed in drinking water
if chlorine is used to kill germs. Workers in the aluminum
smelting industry or in a chemical plant could be exposed by
breathing or physical contact. Also, smoke-producing devices
that contain HCE are an exposure source. It is not expected to
volatilize from dry soil surfaces based on its vapor pressure.
HCE in vapor phase does not contain functional groups that
react with atmospheric oxidants such as hydroxyl radicals,
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01129-5
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Table 1 Chemical and physical properties of HCE

Name HCE
CASRN 67-72-1
Synonyms 1,1,1,2,2,2-HCE, ethane hexachloride, ethylene

hexachloride, perchloroethane, carbon
hexachloride, carbon trichloride

Molecular weight 236.74 g mol�1

Molecular formula C2Cl6
Melting point Sublimes without melting
Decomposition

temperature
Sublimes above 186.7 �C

Decomposition
products

Phosgene, chlorine, carbon tetrachloride, and
tetrachloroethylene

Boiling point 186.8 �C
Density 2.091 g ml�1 at 20 �C
Solubility Insoluble in water; soluble in alcohol, benzene,

chloroform, ether, and oils
Log Kow 3.82, 3.34, 4.14
Log Koc 4.3
Vapor pressure 0.5 mm Hg at 20 �C; 1.0 mm Hg at 32.7 �C
Henry’s law constant 2.8 � 10�3 atm-m3 mol�1 at 20 �C
Conversion factor 1 ppm ¼ 9.68 mg m�3; 1 mg m�3 ¼ 0.10 ppm
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nitrate radicals and ozone, and is not expected to be susceptible
to direct photolysis by sunlight. The biodegradation half-life of
HCE in a nonadapted aerobic sandy soil was reported as
25–48 days. Volatilization from water surfaces is expected to be
an important fate process based on this compound’s Henry’s
Law constant. Estimated volatilization half-lives for a model
river and model lake are 2 h and 6 days, respectively.

Based on HCE physical properties, the absorption of
a saturated solution is estimated to be 0.023 mg cm�2 per hour
through human skin (Fiserova-Bergerova et al., 1990). No
studies have systematically evaluated HCE absorption in
humans by the oral or inhalation routes of exposure. Studies
on oral exposure in different animal models demonstrated that
HCE is absorbed and primarily distributed to fat tissues, fol-
lowed by the kidney and to a lesser extent the liver, where its
concentration were much higher in male rats compared with
females (Fowler, 1969; Gorzinski et al., 1985; Nolan and
Karbowski, 1978). Other tissues that were evaluated for HCE
distribution include brain and muscle.

HCE is produced by chlorination of tetrachloroethylene in
the presence of ferric chloride at temperatures of 100–140 �C
(ATSDR, 1997; U.S. EPA, 1991). Nowadays, it is a by-product
of chlorination of two carbon hydrocarbons, such as high-
temperature synthesis of tetrachloroethylene from carbon
tetrachloride. Moreover, HCE can be formed in incinerators by
burning chlorinated hydrocarbon-containing materials. Also, it
can be formed when chlorine reacts with carbon compounds in
water.
Toxicokinetics

Toxicology (General View)

Little information is available on the effects of exposure to
HCE in humans, and most of our knowledge has obtained
by animal studies. HCE can penetrate lungs, and thus only
a small fraction will enter body tissues and bloodstream. Also,
it can enter the body by oral administration. Based on animal
studies, HCE is an eye irritant, a kidney toxin, and liver
carcinogen, and it acts as a nervous system depressant as well as
stimulant. The oral LD50 in rats and the 24 h dermal LD50 in
rabbits are 6000 mg kg�1 and 32 000 mg kg�1, respectively
(ACGIH, 1991). The compound instillation into the eyes of
rabbits causes corneal injury, iritis, severe swelling, and
discharge. Rats exposed to 260 ppm of HCE for 8 h did not
show any adverse effects, but if exposed to 59 000 ppm in the
same interval, they developed toxic neurological symptoms
that were detectable. Male rats in comparison to females
developed more severe kidney and liver damage. In rabbit
model, oral digestion of 1000 mg kg�1 resulted in body weight
loss, and damage of the liver and kidneys. In another study,
oral doses of 1–1.4 g kg�1 in dogs produced muscle twitching,
staggering gait, and weakness (ACGIH, 2001). Mice fed food
containing HCE for 5 days a week or 78 weeks showed
a significant increase in hepatocellular carcinomas.
Metabolism

Studies of HCE metabolism indicated that the major CYP450
enzymes involved are phenobarbital inducible, which include
the 2A, 2B, and 3A isoforms (Nastainczyk et al., 1982; Salmon
et al., 1981; Salmon et al., 1985; Town and Leibman, 1984)
which catalyze its reductive dechlorination with NADPH,
cytochrome b5, and NADH as electron donors. Generally, HCE
is putatively metabolized via a pentachloroethyl free radical to
pentachloroethane. Pentachloroethane is then metabolized to
trichloroethylene (TCE) and perchloroethylene. They are
further metabolized by hepatic oxidation to several urinary
metabolites including trichloroacetic acid (TCA), tri-
chloroethanol, oxalic acid, dichloroethanol, dichloroacetic
acid, and monochloroacetic acid (Bonse and Henschler, 1976;
Fowler, 1969; Jondorf et al., 1957; Mitoma et al., 1985; Nas-
tainczyk et al., 1982a). The data from the in vivo and in vitro
studies support a conclusion that metabolism of HCE is
incomplete, with excretion of unmetabolized HCE in exhaled
air and possibly in urine. So samples of urine or blood can be
tested for possible HCE exposure. A possible metabolic
pathway consisting of sequential dechlorination and oxida-
tion state is shown in Figure 1.
Subchronic Exposure

Based on different studies, male rats may be more susceptible
to kidney and liver effects in subchronic exposure (Gorzinski
et al., 1985, 1980; NTP, 1989). Although relative liver weight
of female rats increases significantly at the HCE higher doses,
there was no evidence of hepatotoxicity in the histopatholog-
ical experiments. In other research, the subchronic inhalation
toxicity of HCE has been estimated (Weeks et al., 1979). The
effects observed include neurotoxicity, reduced body weight
gain, increased organ weights like liver, and some evidence of
respiratory tract irritation. Following necropsy on dogs sacri-
ficed 12 weeks postexposure, significant effects on blood
parameters and exposure-related histopathological lesions
were not observed.
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Acute and Short-Term Toxicity

Both liver and kidney are potential target tissues for HCE-
induced toxicity in short-term exposure to HEC (Weeks et al.,
1979). Some assays in rats (16 and 21 days) demonstrated
kidney effects in males but not females (NTP, 1996, 1989). In
addition, tubular nephrosis in the corticomedullary region of
the kidney was monitored in the rabbits, and potassium and
glucose as blood chemistry parameters were significantly
decreased.
Chronic Toxicity

The NTP and NCI performed parallel chronic toxicity/carcino-
genicity bioassays in rats. The incidences of renal tubular
hyperplasia, renal adenoma or carcinoma, adrenal medulla
hyperplasia, pheochromocytomas, and malignant pheochro-
mocytomas were increased in male rats; however, female
rats did not show any HCE-related tumors (NTP, 1989).
Nonneoplastic lesions such as casts (4%), cytomegaly (4%),
chronic inflammation (4%), and focal necrosis (2%) were
observed in some of the male rats administered 14 mg kg�1 per
day. In male rats administered HCE at doses of 7 (4%) and
14 mg kg�1 per day (14%, statistically significantly higher than
controls), combined renal adenomas and carcinomas were
observed. Besides, hyperplasia of the adrenal medulla was re-
ported in 9 and 20% of male rats administered 7 and
14 mg kg�1 per day of HCE, respectively. Generally, in all
studies, tumor types exhibited by male rats included kidney
tubular cell adenoma, pituitary chromophobe adenoma,
thyroid follicular cell adenoma or carcinoma, and testicular
interstitial cell tumors. Conversely, tumor types exhibited by
female rats included kidney hamartoma (nonneoplastic over-
growth), pituitary chromophobe adenoma, ovary granulose
cell tumors, mammary gland fibroadenoma, and thyroid
follicular cell adenoma or carcinoma.
Neurological

Neurological endpoints for HCE toxicity have been evaluated
in several studies; however, it is unknown whether the central
nervous system disorders are due to the parent compound
or the metabolites. Exposure to high doses of HCE
(500–1000 mg kg�1) caused facial muscle tremors, and a stag-
gering uncoordinated gaits in sheeps (Fowler, 1969; Southcott,
1951). Moreover, Beagle dogs developed tremors, ataxia,
hypersalivation, and head bobbing as neurotoxicity signs
following exposure to 2517 mg m�3 HCE. During an obser-
vation period of 12 weeks following exposure, these symptoms
were diminished.
Dermatological and Eye Irritation

In a study conducted by Yamakage and Ishikawa (1982),
indirect evidence suggested that HCE may be capable of
inducing systemic scleroderma (SSD)-type conditions in
humans. In a second study, HCE was used as a paste in distilled
water. Intact skin showed no edema and barely detectable
erythema at 24 h. Abraded skin displayed perceptible erythema
in a rabbit with moderate to slight erythema reactions.
Accordingly, HCE was placed in irritation category III (mild or
slight irritation). No eye irritation was observed 7 days after
exposure of male New ZealandWhite rabbits to 100mg of HCE
(Weeks et al., 1979). So HCE was listed as irritation category II
for eye effects.
Genotoxicity

In vivo genotoxicity studies of HCE have not been performed on
humans yet. But its ability in inducing micronuclei and DNA
damage in isolated human lymphocytes was evaluated in
concentrations of 0.24 and 1.89 mg ml�1 (Tafazoli et al.,
1998). Genotoxicity of HCE increased incidence of tumors
occurred through different mechanisms such as mutations
considering DNA damage, sister chromatid exchange, recom-
bination, gene mutation, micronuclei, aneuploidy, and cell
transformation. Some findings have been reported for gene
conversion, somatic mutation/recombination, and DNA
adducts too. In another study (Legator et al., 1988), though,
HCE is not mutagenic to Salmonella, suggested that this may be
related to inadequate reductive dechlorination (i.e., if HCE is
activated by metabolic pathways not present in the in vitro
system used). Some genotoxicity studies of HCE are listed in
Table 2.
Nephrotoxicity

The available information for HCE-induced nephropathy in
rats, mice, male rabbits (Weeks et al., 1979), and sheep
(Fowler, 1969) indicates that the male rat is the most sensitive
sex/species to the renal toxicity of HCE (NCI, 1978). Indeed,
the doses that elicited toxic responses in mice, male rabbits,
and sheep were at least 45-fold greater than the lowest dose
(7 mg kg�1 per day) that induced a statistically significant
response in rats. Chronic inflammation of the kidney was
observed, and some tubular nephropathy has been reported.
Generally, nephropathy in both treated and control rats was
characterized by tubular cell degeneration and regeneration,
tubular dilatation and atrophy, glomerulosclerosis, interstitial
fibrosis, and chronic inflammation.
Hepatotoxicity

HCE-induced liver effects were observed in animals only in
short-term and subchronic studies. Female rats exhibited
a greater sensitivity to liver effects as evidenced by the effects
observed at lower doses compared with males (NTP, 1989).
The implications of the slight swelling of hepatocytes in the
absence of other histopathological effects at 15 and
62 mg kg�1 per day in male rats are unknown (Gorzinski et
al., 1985). Rabbits and sheep demonstrated hepatic effects at
doses at least fourfold greater than the lowest dose
(67 mg kg�1 per day) that induced a statistically significant
response in female rats.



Table 2 Summary of genotoxicity studies on HCE

Test system Genetic endpoint Strain/cells Results Reference Comments

In vitro tests

Bacterial Gene reversion/S. typhimurium TA98, TA100, TA1535, TA1537,
TA1538

–(�S9) Simmon and Kauhanen (1978)

TA98, TA100, TA1535, TA1537,
TA1538

–(�S9) Weeks et al. (1979)

TA98, TA100, TA1535, TA1537 –(�S9) Haworth et al. (1983) Liquid preincubation protocol
TA98, TA100, TA1535, TA1537 –(�S9) Milman et al. (1988)

Forward mutations BA13 –(�S9) Roldán-Arjona et al. (1991) Liquid preincubation protocol
SOS test TA1535/pSK1002 –(�S9) Nakamura et al. (1987) Umu test; liquid preincubation protocol

Mammalian CAs Chinese hamster ovary (CHO) –(�S9) Galloway et al. (1987)
SCEs CHO –(�S9)

þ(þS9)
Galloway et al. (1987) HCE precipitation at doses causing positive

results
MN AHH-1 – Doherty et al. (1996) Human cell line

MCL-5 – Doherty et al. (1996) Human cell line
h2E1 – Doherty et al. (1996) Human cell line

Cell transformation BALB/C-3T3 – Milman et al. (1988)
DNA adduct formation

(nonhuman)
Wistar rats, calf thymus DNA þDNA binding in liver, kidney,

lung, and stomach
Lattanzi et al. (1988) DNA adducts not identified

BALB/C mice, calf thymus DNA þDNA binding in liver, kidney,
lung, and stomach

Lattanzi et al. (1988) DNA adducts not identified

Fungi Mitotic recombination S. cerevisiae D3 –(�S9) Simmon and Kauhanen (1978)
S. cerevisiae D4 –(�S9) Weeks et al. (1979)
S. cerevisiae D7 –(�S9) Bronzetti et al. (1989)

Aneuploidy Aspergillus nidulans P1 diploid – Crebelli et al. (1995, 1992, 1988)
Rat Rat liver foci Osborne–-Mendel –(Initiation)

þ(promotion)
Milman et al. (1988) Initiation or promotions protocols

DNA adduct formation
(nonhuman)

Wistar rats Weakly þ DNA binding
in liver

Lattanzi et al. (1988) Adducts not identified

Mice Micronucleus induction CD-1 mice – Crebelli et al. (1999)
Replicative DNA synthesis

(RDS)
B6C3F1 mice þ Yoshikawa (1996); Miyagawa

et al. (1995)
Hepatic cell proliferation

BALB/C mice Moderately þ DNA binding
in liver

Lattanzi et al. (1988) Adducts not identified

Human
lymphocytes

Isolated human lymphocytes (�S9) Tafazoli et al. (1998)
DNA strand breaks Human lymphocytes cultures – Tafazoli et al. (1998) Comet assay

Drosophila Mitotic recombination Drosophila Weakly þ Vogel and Nivard (1993) Eye mosaic assay
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Mechanism of Toxicity

Reports on human health effects are limited and confounded
by coexposure to multiple solvents or other toxicants (e.g.,
HCE-zinc oxide smoke), and are too small to provide definitive
conclusions on health effects. Animal studies suggest that HCE
is primarily metabolized to tetrachloroethylene (PERC) and
pentachloroethane by CYP450 enzymes of the liver, with likely
subsequent metabolism to TCE. Metabolites identified in the
urine include TCA, trichloroethanol, oxalic acid, dichlor-
oethanol, dichloroacetic acid, and monochloroacetic acid
(Gorzinski et al., 1985).

Studies of TCA (a potential metabolite of HCE) indicate
that free-radical generation may play a role in mediating
toxicity, particularly in the liver. However, no data are available
demonstrating generation of free radicals following exposure to
HCE, and it is unknown whether unchanged HCE or its
metabolites are responsible for the liver and kidney toxicities
observed in animal studies. Lipid peroxidation was reported by
formation of malondialdehyde and conjugated dienes, which
involves free radicals (Town et al., 1984). In another study, the
presence of radiolabeled carbon measured by in vivo binding
studies suggested that HCE can bind to DNA, RNA, and
protein. Therefore, renal toxicity and hepatotoxicity may also
involve HCE binding to DNA, RNA, or protein, resulting in
cytotoxicity and contributing to the cytotoxic damage from
radicals. Another hypothesis is the data that a a2u-globulin
mode of action could contribute to HCE-induced nephropathy
but they are not sufficient.
Carcinogenicity

In cancer, HCE was shown to be a promoter, and accounts as
Group C, possible human carcinogen. In the case of epidemi-
ological studies, there is no evidence that evaluated the impact
of HCE specifically on dermal cancer. But administration of it
by stomach tube caused hepatocellular carcinoma in mice of
both sexes and benign and renal tubular adenoma and carci-
noma in male rats (IARC 1979; NCI 1978; NTP 1989). The
incidence of pheochromocytoma was also marginally increased
in male rats.

In kidney tumors, the only evidence of carcinogenicity from
chronic exposure studies precludes the conclusion that HCE is
acting through a a2u-globulin-associated mode of carcinogenic
action. The kidney toxicity and tumor formation that were
observed in rats and mice are biologically plausible effects; this
was confirmed in many studies. However, there is little research
on the direct effects of HCE on kidney tumors, and researchers
have concluded the renal adenomas and carcinomas observed
in male rats administered HCE can be considered relevant to
humans (NTP, 1989; NCI, 1978).

In liver tumors, while it is possible that metabolism and
binding in mice are involved in the development of liver
tumors, the role of DNA binding in the mode of action for
HCE-induced hepatotoxicity and carcinogenesis is not known,
but hepatic effects were more than 10 fold higher than doses
associated with kidney effects. Toxicity studies in rats indicate
that male rats are more sensitive to HCE-induced nephrotoxi-
city than females (Gorzinski et al., 1985, 1980; NCI, 1978;
NTP, 1989). Evidence suggests that female rats are more
sensitive to HCE-induced hepatotoxicity.

No studies were identified to determine a mode of action
for HCE-induced tumors of the adrenal gland. Therefore, the
mode of action for pheochromocytomas observed following
oral exposure to HCE is unknown.
Clinical Management

In the case of inhalation exposure, if the patient is not breathing,
start artificial respiration, preferably with a demand-valve
resuscitator, bag-valve-mask device, or pocket mask, as
trained. Perform CPR as necessary. If cough or difficulty
breathing develops, evaluate for respiratory tract irritation,
bronchitis, or pneumonitis. Treat bronchospasm with inhaled
b2 agonist and oral or parenteral corticosteroids. Evaluate
frequently arterial blood gas or pulse oximetry monitoring.
Early use of positive end expiratory pressure and mechanical
ventilationmay be needed. In dermal exposure, after removal of
contaminants by soap and water, any systemic signs or symp-
toms that develop must receive symptomatic treatment. In the
case of dermal hypersensitivity reactions, treatment with
systemic or topical corticosteroids or antihistamines is required.
In severe pulmonary edema or respiratory distress, consider
orotracheal or nasotracheal intubation for airway control.

For eye contamination, flush eyes immediately with water at
least for 15 min, and irrigate each eye continuously with 0.9%
NS or LR. For eye irrigation, also use proparacaine hydrochlo-
ride. Immediate dilution with milk or water may be of benefit
in caustic or irritant chemical ingestion in oral exposure. If
vomiting occurs, lean patient forward or place on left side.
Activated charcoal can decrease their systemic absorption if
administered soon after ingestion but it is not be given to
patients ingesting strong acidic or basic caustic chemicals.
Administer charcoal as slurry (240 ml water per 30 g charcoal).
Usual dose: 25–100 g in adults/adolescents, 25–50 g in chil-
dren (1–12 years), and 1 g kg�1 in infants less than 1 year old.

Patients with ingestion exposure must be observed for the
development of any systemic signs or symptoms and admin-
ister symptomatic treatment as necessary. If bronchospasm and
wheezing occur, consider treatment with inhaled sympatho-
mimetic agents.
Exposure Standards and Guidelines

US National Institute for Occupational Safety and Health:
recommended exposure limit: 10 h time-weighted average:
1 ppm (10 mg cm�3), skin.

US Occupational Safety and Health Administration:
permissible exposure limit: 8 h time-weighted average: 1 ppm
(10 mg cm�3 skin designation).
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l Chemical Abstracts Service Registry Number*: 1335-87-1
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Background

Hexachloronaphthalene (HCN) is a white to light yellow,
nonflammable solid with an aromatic odor. HCN is commer-
cially produced as a mixture with other chlorinated naphtha-
lenes (CNs), commonly referred to as polychlorinated
naphthalenes (PCNs). PCNs are a group of compounds based
on the naphthalene ring system where one or more hydrogen
atoms have been replaced by chlorine. PCNs include a group of
75 possible chlorinated naphthalenes containing one to eight
chlorine atoms. The technical formulations exhibit a wide
range of patterns from nearly pure mono-CNs (Halowax 1031)
to nearly pure octa-CNs (Halowax 1051). The Halowax 1014
commercial mixture contains the highest levels of HCN,
approximately 40% by weight. The major commercial PCN
products are Halowaxes, Nibren Waxes, Seekay Waxes, Clon-
aire Waxes, and Cerifal Materials.

HCN is hydrophobic and has good chemical and thermal
stability, low flammability, and good weather resistance and
electrical insulating properties. PCNs can be found as low
viscosity oils to high melting solids with intermediate wax-like
solids varying in crystallinity and melting points. They are
soluble in organic solvents. PCNs have medium to low vola-
tility, with volatility decreasing with increasing chlorination.
Their dielectric, water-repellent, flame-retardant, and fungus-
resistant properties have allowed them to be used in a variety
of industrial applications. Use of these chemicals became
popular after 1910, but their production decreased in the late
1970s. There is growing evidence that HCN and other PCNs are
widespread pollutants found on a global scale. With a vapor
pressure, Henry’s law constant, and half-life of 9.5 � 10�4,
3.55 � 10�5, and 89 days, respectively, HCN (as well as other
PCNs) meets the criteria for long-range atmospheric transport.
Although limited evidence is available on the persistence of
HCN and other PCNs in soil, water, and sediment, existing
monitoring data indicate that HCN meets the criteria for
persistence.
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Specific data on the annual production amount of HCN
are unavailable, but it has been estimated that a world total
ofw9000 tons of all PCNswas produced annually in the 1920s.
Between the 1930s and 1950s, they were used extensively in the
manufacture of electrical insulation; in 1956, w3200 tons of
PCNs were produced in the United States. By 1978, production
in the United States had fallen to about 320 tons year�1 due
to their replacement by a variety of substitutes. Koppers
Company, Inc., the leading manufacturer of Halowaxes, ceased
production in the United States in 1977, while Chemisphere,
the last US producer of PCNs, stopped production in 1980.
Small amounts of PCNs were still being imported into the
United States as of 1981 (w15 tons year�1), mainly for use in
refractive index testing oils and capacitor dielectrics. PCNs
were used in a German plant producing models and tools for
car manufacturing and mining until 1989. The production of
waxes containing PCNs ceased in the mid-1980s. There are no
known commercial uses for purified HCN or for the individual
isomers of di-, tri-, tetra-, penta-, or heptachloronaphthalene.
The tri- and higher-chlorinated naphthalene products have been
used as impregnates for condensers and capacitors, as temporary
binders in the manufacture of ceramic components in paper
coating and impregnation, precision casting of alloys, electro-
plating stop-off compounds, additives in gear oils and cutting
compounds, flame-proofing and insulation of electrical cable
and conductors,moisture-proof sealants, separators in batteries,
refractive index testing oils, masking compounds in electro-
plating, and grinding wheel lubricants. The most important
uses, in terms of volume, have been in cable insulation, wood
preservation, engine oil additives, electroplating masking
compounds, feedstocks for dye production, dye carriers,
capacitors, and refractive index testing oils. In earlier decades,
PCN mixtures were most likely contaminated with poly-
chlorinated biphenyls (PCBs), dibenzodioxins, and dibenzo-
furans; in some cases, PCBs were added intentionally. There is
no longer any commercial use of PCNs.
Environmental Behavior, Fate, Routes, and Pathways

HCNs are strictly synthetic chemicals, with past releases
including manufacturing sites and CN-containing pesticides.
Currently, major sources of HCN release are likely to be
disposal in landfills and emissions from waste incinerators;
however, impact on reducing HCN emissions using modern
technologies needs further characterization. HCN and other
CNs have been detected in water and sediment receiving
municipal and industrial sewage or leaching from hazardous
waste sites. PCNs can be formed following the use of chlorine
to treat drinking water supplies. Most sources of HCN and
other PCN congeners are likely to result in environmental
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01130-1
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emissions to air, water, and soil. Vapor pressure is estimated to
decrease as chlorination increases; thus, volatilization of more
highly chlorinated naphthalenes such as HCN from water and
soil is likely to be small, but volatilization may be important
for the less highly chlorinated congeners. There is evidence for
long-range transport and atmospheric stability as they are
found in remote areas such as the Arctic. Biodegradability of
HCN and other congeners in water, sediment, and soil appears
poor, and indirect evidence exists for their persistence. The high
octanol/water partition coefficient for HCN and other chlori-
nated naphthalenes suggests adsorption onto soil or sediment
may be significant and that bioaccumulation in fish is likely
to occur. According to the Stockholm Convention, PCNs,
including HCNs, meet the criteria for long-range transport,
bioaccumulation, and persistence.
Exposure and Exposure Monitoring

Food contamination is one of the most serious consequences of
environmental contamination and currently the major source of
human exposure. The highest levels of HCN and other congeners
have been found in foods of animal origin (meat, eggs, milk,
fish) and processed foods (oils, cereals, meat). It is therefore not
surprising that PCNs have been found in humans and wildlife.
Chlorinated naphthalenes, especially dioxin-like congeners, are
detected in adipose tissue, liver, blood, and breast milk samples
of the general population at concentrations in the nanogram per
kilogram lipid range. The chlorinated naphthalene congener
pattern found in humans (penta and hexa-isomers and to
a lesser extent tetra-isomers) is significantly different from that in
commercial chlorinated naphthalene mixtures (which constitute
high and low chlorinated congeners).
Toxicokinetics

Only a few kinetic studies were found that looked specifically at
HCN toxicokinetics; other studies have examined tox-
icokinetics of PCN mixtures. From the available studies on
HCN or PCN mixtures, kinetic profiles are similar to dioxin
and dioxin-like compounds, regardless of dose route. Mono-,
di-, and tetrachloronaphthalenes are well absorbed by the
gastrointestinal tract. Higher chlorinated PCNs are less well
absorbed. Plasma clearance of HCN has been found to be
biphasic with a 15 day terminal half-life. The highest concen-
trations of HCN and other PCNs are found in liver and adipose
tissues. Both HCN and other PCNs induce CYP1A1 and
CYP1A2. Hydroxy metabolites have been identified in experi-
mental animals for lower chlorinated naphthalenes (mono- to
tetra-). Methylthio- or methylsulfoxide chloronaphthalene
metabolites have been identified in feces of rats. Metabolism
and the main route of elimination (feces or urine) seem to be
influenced by the degree of chlorination (higher chlorinated
congeners appear to be more slowly metabolized than lower-
chlorinated congeners). The irreversible binding of PCNs to
macromolecules as well as the specific retention in the liver
may be of importance for the toxic effects PCNs causes in the
liver. Elimination of HCN in rats is slow: in feces (which is the
main route of elimination), only 34–51% of total dose was
found to be excreted after 5 days, the half-lives in liver and fat
tissues were calculated to be 26 and 41 days, respectively, and
urinary elimination (though minor) was also slow (only 1% of
total dose excreted in 5 days). Placental and lactational transfer
of HCN from the dam to fetal and neonatal rats has been
documented. HCN has a slow turnover rate, and with repeated
exposures, HCN most likely accumulates. Human tissues and
fluids confirmed the high biological persistence of HCN in
lipid-rich tissues and liver. Human blood samples from indi-
viduals exposed to PCN-contaminated rice oil in 1979 in
Taiwan were monitored for HCN over a period of 10 years;
half-lives were calculated to be 1.5–2.4 years.
Mechanisms of Action

In vivo and in vitro studies support that effects of HCN elicit
a similar mechanism of action as dioxins and dioxin-like
chemicals. Significant increases in CYP1A1 and CYP1A2
enzyme activity are measured in experimental animals exposed
to HCN. This is supported by mixture studies where Halowaxes
containing lower chlorinated congeners induce CYP2B, which
is predominately mediated by the constitutive androstane
receptor or crosstalk by the pregnane xenobiotic receptor in rat
liver, while Halowaxes with higher chlorinated PCNs induce
both CYP2B and CYP1A (mediated by the aryl hydrocarbon
receptor (AhR)). These higher chlorinated mixtures (containing
HCN) induce biological effects similar to those of 2,3,
7,8-tetrachlorodibenzo-p-dioxin (TCDD). The effects of HCN
exposure whether biochemical (enzyme induction, hormonal
changes) and toxic responses (skin disorders, weight loss,
hepatoxicity, reproductive toxicity) are suspected to be attrib-
uted to activation of AhR. Furthermore, acute and subacute
exposures to HCN generated dose-dependent increases in lipid
peroxidation in the liver, which may indicate that HCN causes
hepatic oxidative stress. This is confirmed from mixture studies
administering other chlorinated naphthalenes with observable
changes in lipid peroxidation and antioxidant enzyme activities
in rats, supporting increased oxidative stress. There is evidence
that the observed anorexia and weight loss effects may be
mediated by alteration of the gamma-aminobutyric acid
(GABA)-ergic signaling pathway. Gradual weight loss was
observed in rats exposed to both HCN and PCN mixtures. It is
thought that AhR-mediated responses on GABA metabolism in
GABA-ergic neurons in certain brain regions play a role in
control of food intake. This evidence together suggests that
HCN and PCNs may induce anorexia and weight loss by
altering GABA-ergic signaling pathway.
Acute and Short-Term Toxicity

Available data for acute and short-term HCN exposures are
limited to animal studies; no human studies focusing on short
periods were found. Oral lethal dose (LD50) values of mono- to
tetrachlorinated naphthalenes range from>3 to 1540 mg kg�1.
HCN had effects on motor behavior, long-term memory, pain
sensitivity, magnitude of stress-induced analgesia, and senso-
rimotor gating, following repeated intragastric administration
(28 days) of HCN in male Wistar rats at low environmentally
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relevant exposure of 0.3 mg kg�1. Short-term exposure to
HCN and other higher chlorinated naphthalenes resulted in
mortality, liver damage, and degeneration of kidneys in rats,
rabbits, and cattle. Cattle developed severe systemic disease
(bovine hyperkeratosis) during a 5–10 day oral exposure to
1.7–2.4 mg kg�1. Pigs orally exposed to HCN for 10 days
experienced liver and kidney degeneration as well as mortality.
Similar symptoms were seen during medium-term oral or
inhalation exposures of laboratory and domestic animals.
Chronic Toxicity

No chronic toxicity studies in animals were identified.
However, liver damage was observed in a rat inhalation study
after exposure to 1.4 mg m�3 of an HCN mixture (penta/hexa
isomers) at 8 h day�1 for 143 days. Histological changes in the
liver persisted for 2 months after treatment.

No human studies with exclusive HCN exposure were
found; only reports of exposure to PCN mixtures were avail-
able. At least 10 cases of mortality were reported in the 1930s
and 1940s in workers exposed to PCNs who had acute atrophy
of the liver. Severe skin reactions, chloracne, and liver disease
are commonly reported symptoms in occupationally exposed
populations. The clinical and toxicological symptoms of PCNs
are similar those caused by PCBs, polychlorinated dibenzo-
dioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs)
and are linked to poor personal and occupational hygienic
measures. In a human study, Halowaxmixtures were applied to
the ears of occupational workers. Only Halowax 1014, which
contains penta isomers and HCN, produced chloracne; Hal-
owaxes containing mono-, di -, tri-, tetra-, hepta-, and octa-
chloronaphthalenes did not. Recovery from PCN poisoning
(chloracne or systemic effects) ranged from several months to
over a year. Other symptoms of poisoning include anorexia/
weight loss, nausea, restlessness, drowsiness, confusion,
fatigue, fever, anemia, skin problems, eye irritation, headache,
vomiting, vertigo, and severe abdominal pain. Few reports exist
on the effects of incidental exposure to chlorinated naphtha-
lenes in the general population; most involve ingestion of
contaminated oils.
Immunotoxicity

There is a lack of studies on possible immunotoxicity for
PCNs; however, immunotoxicity may be expected to be similar
to that of dioxin-like compounds.
Reproductive and Developmental Toxicity

Although no available reports of reproductive or develop-
mental effects were identified for human exposure to HCN,
there are animal studies available following administration of
HCN and Halowax 1014. An effect on spermatogenesis was
identified in male Wistar rats following in utero exposure to
1 mg kg�1 day�1 HCN (dams exposed from gestation day (GDs)
14–16). Maternal exposure to Halowax 1014 resulted in
maternal toxicity, embryotoxic, fetotoxic, and teratogenic
effects after four daily doses during organogenesis (GDs 6–15).
Halowax 1014 has thus been concluded to be fetotoxic and
teratogenic, producing similar effects to those of other toxic
dioxin-like compounds. Reproductive and developmental
effects of HCN and Halowax 1014 are supported by studies
with PCNs. Squamous metaplasia of seminal vesicles and
epididymides, testicular degeneration, decreased sperm
production, squamous metaplasia of vaginal wall, uterine
congestion and hemorrhage, abortion, and decreased milk
production have been observed in cattle, pigs, and sheep.
Genotoxicity

There are no data available regarding genotoxicity of HCN;
however, some data are available for other PCNs such as
mono- and tetrachloronaphthalene. Mutagenic activity for
1-monochloronaphthalene was not seen in the Ames test with
or without metabolic (S-9) activation or observed in Salmonella
typhimurium strains TA98 and TA100 at concentrations ranging
from 0.1 to 100 mg per plate. Tetrachloronaphthalene was not
found to be mutagenic in the Ames test with or without
metabolic activation in several strains (TA98, TA100, TA1535,
and TA1537) at concentrations between 100 and 10 000 mg per
plate. There are no data available for any other PCNs or from
any other in vitro or in vivo test system on genotoxicity or related
endpoints.
Carcinogenicity

No animal carcinogenicity studies with PCNs have been iden-
tified, and human data are limited. However, a cohort exposed
to Halowax was reported to have an increased incidence of
gastrointestinal and respiratory neoplasms.
Clinical Management

Most past exposures to high levels of HCNs (always mixtures)
were occupational exposures. Chloracne and hepatoxicity were
the major symptoms reported, and as mentioned previously,
the clinical symptoms of PCNs are similar to those caused by
PCBs, PCDDs, and PCDFs. No reports were detected for an
effective treatment of PCN poisoning; cessation of exposure
was the only method, and in some cases, exposure had already
been too great. Some case studies report chloracne and liver
damage as occurring weeks to months after removal of the
source of PCN exposure, which has been attributed to the
release of PCNs from sequestration in fat tissue. Recovery from
poisoning (both chloracne and other systemic effects) takes
months to years after cessation of PCN exposure. Deaths
resulting from liver failure due to PCN exposure were reported
in the 1930s and 1940s. Current exposure to PCNs is mostly
from combustion or incineration processes and through food
consumption of animal-based foods and fish. Environmental
exposures to PCNs are much lower than previously reported
occupational levels of PCNs. However, PCNs have been found
in human serum, fat tissue, and breast milk, and these chem-
icals are widespread and bioaccumulative.
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Ecotoxicology

Only acute and short-term toxicity data are available in fish and
crustaceans for mono-, di-, and octa-PCNs and several Hal-
owaxes. No toxicity was observed in the tests with octa-PCNs.
Tests with mono- and di-PCNs resulted in LC50 (half
maximal lethal concentration) values of 0.69–2.4 mg l�1 for
fish and 0.37–2.82 mg l�1 for crustaceans. In a 7 day test,
Halowax 1000 significantly reduced the growth of the marine
alga Dunaliella tertiolecta at 0.1 mg l�1. Halowax 1014 had no
significant effect on the growth of any marine algal species
tested at up to 1.0 mg l�1. Ingestion studies have been carried
out with turkeys and chickens. A dose of 20 mg kg�1 Halowax
1014 in feed for 40 days had little effect on chickens; however,
50% of the turkeys died, and an average decrease in weight of
51%was noted in the survivors. At 5 mg kg�1 feed, 6.5% turkey
mortality was observed. At a dose of 100 mg kg�1 feed, all the
turkeys died within 33 days; weight gain was reduced by 8% in
chickens. On gross histological examination of the turkeys,
enlarged and darkened livers were noted. Octachloro-
naphthalene at a dose of 125 mg kg�1 feed caused no signifi-
cant effects in turkeys.
Exposure Standards and Guidelines

Several agencies have established exposure standards and
guidelines for HCN. The current US Occupational Safety and
Health Administration (OSHA) permissible exposure limit
(PEL) for HCN is 0.2 mg m�3 of air as an 8 h time-weighted
average (TWA) concentration. The OSHA PEL also has a ‘skin’
notation, indicating that the cutaneous route of exposure
(including mucous membranes and eyes) contributes to overall
exposure. National Institute for Occupational Safety andHealth
(NIOSH) has established a recommended exposure limit for
HCN of 0.2 mg m�3 as a TWA for up to a 10 h workday and
40 h workweek. NIOSH also assigns a skin notation to HCN.
The NIOSH limit is based on the risk of toxic effects to the liver
and skin. The American Conference of Governmental Industrial
Hygienists (ACGIH) has assigned HCN a threshold value limit
value of 0.2 mg m�3 as a TWA for an 8 h workday and 40 h
workweek. The ACGIH also gives a skin notation to HCN. This
limit is based on the risk of toxic effects to the liver and skin.

See also: Developmental Toxicology; Food Safety and
Toxicology; Occupational Toxicology; Dioxins; Endocrine
System; Fish Consumption Advisory; Polybrominated
Biphenyls (PBBs); Polybrominated Diphenyl Ethers; Silent
Spring; Naphthalene; World Health Organization/International
Programme on Chemical Safety (WHO/IPCS); PBT (Persistent,
Bioaccumulative, and Toxic) Chemicals; UNEP Chemicals;
TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin); Polychlorinated
Biphenyls (PCBs); Toxicology and Global Public Health;
Persistent Organic Pollutants.
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l Name: Hexachlorophene
l Chemical Abstracts Service Registry Number: CAS 70-30-4
l Synonyms: 2,20-Methylenebis(3,4,6-trichlorophenol); 2,20-

Dihydroxy-3,30,5,50,6,60-hexachlorodiphenylmethane; bis
(3,5,6-Trichloro-2-hydroxyphenyl)methane; Hexachloro-
phen; Acigena

l Molecular Formula: C13H6Cl6O2

l Molecular Mass (gmol�1)¼ 406.90
l Chemical Structure:
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Background

Hexachlorophene (HCP) is a chlorinated bisphenol antiseptic
and was introduced for use as an antibacterial component in
drug and cosmetic products in 1941. It has bacteriostatic
activity against gram-positive organisms (e.g., staphylococcus)
but not against gram-negative organisms. HCP is readily
absorbed orally and through the skin of humans, especially
skin of premature infants or damaged skin. Hexachlorophene is
a neurotoxicant, and symptomology may include lethargy,
muscle weakness, irritability, cerebral edema, and paralysis
leading to coma and death. The US Food and Drug Adminis-
tration restricted the use of hexachlorophene preparation to
�0.1% in 1972 and approved it for surgical scrubbing and
handwashing. HCP is no longer used extensively in hospitals,
rest homes, etc., because of its toxicity.
Uses

HCP is used as an agricultural chemical, detergent, therapeutic
agent, and wood preservative. It is used as a topical anti-
infective, fungicide, germicide, bactericide, and disinfectant. It
is also used as an antibacterial agent in cosmetics, soaps,
shampoos, and deodorants.
Environmental Fate and Behavior

HCP adsorbs very strongly to soil and is not expected to leach to
groundwater. It may undergo slow photodegradation on the
surface of soils and water based on its absorption of light
(290 nm). No information is available on its biodegradation in
soil or surface water. HCP released in water adsorbs very strongly
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to sediments and may bioconcentrate in aquatic organisms. It
has an estimated bioconcentration factor of 317 000. HCP is not
expected to hydrolyze or to significantly evaporate from water.
When released into the air, HCP is expected to be mainly in the
particle-sorbed state due to its low vapor pressure and high
estimated Koc. It is expected to be removed from the atmosphere
primarily by dry deposition, but it is also degraded by reaction
with photochemically produced hydroxyl radicals, with an
estimated vapor phase half-life of 2.5 days.
Exposure and Exposure Monitoring

Human exposure to HCP is primarily through dermal contact
(consumer products, surgical scrubbing) and by inhalation/
ingestion (soil fumigation and seed-treatment fungicide).
Monitoring data indicate that the general publicmay be exposed
via dermal contact with medicinal products containing HCP.
Toxicokinetics

HCP is well absorbed orally and dermally and through mucosal
surfaces. In rats, up to 55%of dermally applied HCP is absorbed
in 24 h. Dermal absorption is enhanced by dimethylsulfoxide
and dermatitis or skin abrasions. Placental transfer has been
demonstrated in rats. HCP is converted to hexachlorophene-
b-D-glucuronide in the rat and rabbit. Some HCP has been
found in the blood and adipose tissue. HCP was administered
intraperitoneally to rats and rabbits; excretion was slow and
most (48–83%) was excreted unchanged in the feces. Hepatic
function is an important determinant in the removal of
hexachlorophene. In a rat study, within 3 h after administration,
50% was excreted in the bile. Rats given intraperitoneal doses
excreted w5% of the dose in the urine and none as CO2; more
than 70% of the material was excreted in feces.
Mechanism of Toxicity

Following skin absorption, HCP enters the nervous system and
results in intramyelinic edema, splitting the intraperiod line of
myelin in both the central nervous system (CNS) and the
peripheral nervous system. Experimental studies with erythro-
cyte membranes show that HCP binds tightly to cell
membranes, resulting in osmotic swelling of erythrocyte
membranes by altering their permeability to sodium and
potassium. HCP uncouples oxidative phosphorylation.
Acute and Short-Term Toxicity (or Exposure)

Animal

Oral LD50s in rats were 187 and 67mg kg�1; 56mg kg�1 in the
female rat; 120mg kg�1 in the rat weanling; 9mg kg�1 in the rat
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00512-1
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suckling (10 days old); 63–87mg kg�1 in the female Wistar rat;
and 58–87mg kg�1 in the male Wistar rat.
Human

Acute ingestion of large amounts (�30–60ml for an adult) or
repeated ingestion of small amounts of HCP may cause
significant toxicity or death. Exposure may also cause effects on
the CNS, resulting in convulsions or respiratory failure.
Dermal, gastrointestinal, and neurologic effects are the most
common toxic manifestations. Cardiorespiratory arrest may
occur most notably following acute ingestion of large amounts.
Lethargy frequently occurs as an early manifestation of toxicity.
Chronic Toxicity (or Exposure)

Animal

Rats fed 500 ppm (25mg kg�1 day�1) showed weakness in
their hindquarters, which progressed to paralysis. Microscopic
examination of the brain and spinal cord revealed a particular
edema of white matter resembling spongy degeneration of
white matter in infants. When the animals were removed from
the HCP diet, they recovered gradually over a period of weeks;
similar signs were noted in the monkey.

Pigs fed HCP for 36 days only exhibited mild neurological
signs, with a no observed effect level (NOEL)¼
0.1mg kg�1 day�1 and a lowest observed effect level (LOEL)¼
0.5mg kg�1 day�1. A subchronic dog feeding study was con-
ducted by Nationwide Chemical Corporation (1974), where
Beagle dogs (four per sex per dose) were fed HCP (0.75, 1.5, or
3.0mg kg�1 day�1) in the diet for 13 weeks. The principal effects
noted were swollen salivary glands, dry mouth, and status
spongiosis in the brain, optic nerve, spinal cord, and sciatic nerve
at all dose levels tested. An NOEL for this study was not estab-
lished. However, the LOEL of 0.75mg kg�1 day�1 was used to
establish an oral reference dose. Applying a total uncertainty
factor of 3000 (100 for inter- and intraspecies differences, 10 for
the lack of an established NOEL, and 3 to account for subchronic
to chronic exposure in the dog¼UF of 3000) to the LOEL
yielded an oral reference dose of 2.5� 10�4mg kg�1 day�1.

Human

Repeated or prolonged dermal contact with HCPmay cause skin
hypersensitivity or dermatitis, while repeated or prolonged
inhalation exposure may cause asthma. Repeated ingestion may
result in tissue lesions or blindness. The estimated lethal dose in
adult humans after repeated skin application is 1–10 g (total
dose). Dermal application, especially in neonates or on damaged
skin, of highly concentrated (�3%) preparations on several
occasions or repeated applications of less-concentrated prepara-
tions may result in significant toxicity or death. An erythematous
desquamative rash may occur following repeated dermal appli-
cation, especially in neonates or in high concentrations (�3%).
Immunotoxicity

HCP exposure has been associated with non-Hodgkin’s
lymphoma.
Reproductive Toxicity

Oral administration of HCP to rats causes degeneration of
spermatogenic cells. In sheep, 2500mg kg�1 followed 2 days
later by a dose of 50mg kg�1 also caused extensive damage to
spermatogonia; after 21 days there was neither sperm in
epididymis nor spermatogenesis. Additional findings in rats
included decreased fertility (topical administration, 3%
solution), malformations and reduced litter size (oral adminis-
tration, 20–30mg kg�1 day�1), and the demonstration of
placental transfer. In rabbits, oral dosing at 6mg kg�1 caused
low frequency of rib malformations.
Genotoxicity

HCP was not mutagenic in Salmonella typhimurium or
clastogenic in cultured human lymphocytes.
Carcinogenicity

HCP is not classifiable as to its carcinogenicity in humans
(International Agency for Research on Cancer Group 3), and
the evidence in animals is inadequate.
Clinical Management

Plasma HCP levels have not been demonstrated to correlate
well with clinical effects. HCP may cause seizures. The risk of
seizures during emesis may preclude the use of ipecac syrup.
Charcoal slurry, aqueous or mixed with saline cathartic or
sorbitol, should be administered. The usual charcoal dose is
30–100 g in adults and 15–30 g in children (1 or 2 g kg�1 in
infants). If seizures cannot be controlled with diazepam or if
they recur, phenytoin or phenobarbital should be administered.
The patient should be checked for cerebral edema. Other acute
symptoms after ingestion exposure include fever, tremors, and
absence of light reflex, abdominal cramps, diarrhea, drowsiness,
nausea, vomiting, and weakness. Vomiting should be induced
in conscious persons. Exposed eyes should be irrigated with
copious amounts of tepid water for at least 15min. Vigorous
washing with soap and water should be followed by washing
with 70% isopropanol, olive oil, or castor oil, followed by
a second vigorous soap andwater cleansing, whichmay increase
removal of hexachlorophene. If contact is made via the skin,
contaminated clothes should be removed, the skin should be
rinsed and washed with soap and water.
Ecotoxicology

Hexachlorophene’s production and use in soaps and
germicidal preparations result in its release to the environment
through waste streams. HCP is very toxic to aquatic organisms
and may cause long-term effects in the aquatic environment
(fish: acute 96 h LC50¼ 0.021mg l�1; aquatic invertebrate
(Daphnia): acute 48 h EC50¼ 0.008mg l�1). The acute oral
LD50 values in mammals and birds are 56 and 575mg kg�1,
respectively.



896 Hexachlorophene
Other Hazards

HCP is combustible and can give off irritating or toxic fumes
(or gases), including hydrogen chloride, if heated or burned in
a fire. HCP evaporates negligibly at 20 �C. However, a harmful
concentration of airborne particles can be reached quickly on
spraying or when dispersed as dust.
Exposure Standards and Guidelines

The acceptable daily intake of 0.0012mg kg�1 day�1 has been
established based on nonclinical chronic toxicity data. State
drinking water guidelines of 2–6 mg l�1 have been reported.

See also: Neurotoxicity.
Further Reading

Evangelista de Duffard, A.M., Duffard, R., 1996. Behavioral toxicology, risk assessment,
and chlorinated hydrocarbons. Environ. Health Perspect. 104 (Suppl. 2), 353–360.

Mancini, A.J., 2004. Skin. Pediatrics 113 (4), 1114–1119.
Robertson, A.F., 2003. Reflections on errors in neonatology: II. The “Heroic” years, 1950

to 1970. J. Perinatol. 23 (2), 154–161.
Relevant Websites

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine.

http://vm.cfsan.fda.gov – US Food and Drug Administration, Code of Federal Regu-
lations: Title 21, vol. 4. 21CFR250.250. Revised April 2011.

http://www.state.nj.us – New Jersey Department of Health and Senior Services.
Hazardous Substance Fact Sheet. Hexachlorophene.

http://pubchem.ncbi.nlm.nih.gov – Hexachlorophene: compound summary.
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Background

Hexamethylene diisocyanate (HDI) is an aliphatic diisocyanate
that is manufactured in a closed process by phosgenation of
hexamethylene diamine followed by distillation to a purity of
>99.5% (w/w). It exists as a clear, hydrophobic liquid at 20 �C
and 101.3 kPa with a vapor pressure of 0.007 hPa at 20 �C. This
monomer is used to produce oligomers and prepolymers, and
various chemical forms of the latter represent the principal
commercial products of HDI.
Uses

HDI is an intermediate used to make products with applica-
tions that include use in coatings, adhesives, sealants, and
elastomers. Typically, the isocyanate moiety is combined with
a polyol to form polyurethane. The cured product is considered
chemically unreactive and thus of minimal toxicologic concern.
The principal application is in the manufacture of industrial
coatings that offer high resistance to degradation/trans-
formation resulting from exposure to environmental physical
stress factors. These HDI-based coating products are typically
applied to automobiles, aircraft, flooring, furniture, safety
equipment, bridges, machinery, and medical devices.
Environmental Fate and Behavior

HDI is not readily soluble (low mg l�1 range) in water.
However, upon contact with water, reactivity is rapid with
a half-life of 0.23 h at 23 �C. This nonhomogeneous reaction is
expected to produce principally polyureas. In the occupational
environment, an aerosol can be formed by nebulization;
however, with a vapor pressure of 0.007 hPa, HDI is expected
to exist in the ambient atmosphere in its vapor state. As a vapor,
HDI is expected to degrade in the atmosphere by reaction with
hydroxyl radicals (half-life approximately 2 days). In direct
contact with water, its rapid hydrolysis reduces the likelihood
for HDI to bioaccumulate in the aquatic compartment or
transfer to groundwater. Therefore, the rapid hydrolysis in an
aquatic environment and relatively rapid degradation in
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
atmosphere limits the ability of this substance to be bio-
accumulative or persistent.

Exposure and Exposure Monitoring

The rapid hydrolysis of HDI in water and its chemical reactivity
with biomass preclude its occurrence as a contaminant in
drinking water, sediment, or soil. Thus, ingestion is not
expected to be a relevant route of exposure for humans.
Potential exposure to atmospheric HDI vapor cannot be dis-
missed near point sources of release. In the workplace and in
the proximity of other point sources, the principal method of
exposure monitoring is collection of HDI onto a solid phase or
into a liquid phase that contains a derivatizing agent. The
reactant product may then be quantified using high perfor-
mance liquid chromatography with mass spectroscopy.

Toxicokinetics

Inhalation exposure by experimental animals toHDI vapor leads
to rapid uptake into blood with a linear relationship between air
and blood concentrations. Excretion, measured as hexam-
ethylene diamine in hydrolyzed urine, was biphasic with an
initial half-time of 2.5 h. Conjugation of HDI to nucleophilic
macromolecules in the digestive tract, or rapid hydrolytic
conversion of HDI to hexamethylene diamine in the acidic
environment of the stomach, makes ingestion an unlikely route
for systemic absorption of HDI. In vitro studies of dermal pene-
tration of HDI monomer in excised full-thickness human skin
occurs predominantly during the period immediately following
exposure with an initial flux of 0.733 mg cm�2 h�1.
Mechanism of Toxicity

Toxicity predominantly results from direct interaction of HDI
with tissues or macromolecules at the portal of entry. HDI
reacts with biologic macromolecules containing nucleophilic
–NH, –SH, –OH, or –COOH groups, and these interactions
are thought to account for acute irritation to skin and mucus
membranes, sensory irritation, and dermal sensitization. Less
clear is the etiology of HDI-induced occupational asthma. A
number of mechanisms, including immunologic, neurologic,
and pharmacologic, have been postulated without a clear
resolution. Overall, these mechanisms account for the prin-
cipal effects associated with HDI that lead to toxicity at the
portal of entry with no evidence of primary systemic organ
toxicity.
Acute and Short-Term Toxicity

Animal studies reveal moderate to low oral (LD50:
746–959mg kg�1 per body weight) and dermal (LD50:>
7000mg kg�1perbodyweight) toxicity. In contrast, comparatively
4-3.01131-3 897
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higher acute toxicity to the respiratory tract was observed after
a single 4-h inhalation exposure with an LC50 of 124mgm�3.
HDI is a relatively potent sensory irritant with an RD50 (air
concentration expected to reduce respiratory rate by 50%) of
approximately 0.2 ppm after 2 h of exposure to mice. HDI is
an irritant to skin and eyes and is considered to be corrosive to
these organ systems. Dermal sensitization potential is sug-
gested by studies in guinea pigs and in mice. Allergic
contact dermatitis has been reported in workers. Some
animal studies suggest that substantial dermal exposure fol-
lowed by inhalation exposure may lead to respiratory hyper-
sensitivity reactions, but evidence from worker exposures is
inconclusive.
Chronic Toxicity

Animal

Male and female Fischer 344 rats exposed to HDI vapor at
concentrations of 0, 0.005, 0.025, and 0.175 ppm, 6 h per day,
5 days per week, for approximately 2 years had treatment-
related effects restricted to the respiratory tract and transient
ocular irritation. The microscopic changes of the respiratory
tract were restricted largely to the respiratory and olfactory
epithelium of the nasal cavity, with severity decreasing distally
within the lungs. Evidence of recovery occurred for effects
associated with the respiratory epithelium but not those of the
olfactory epithelium. No evidence of systemic toxicity was
found.
Human

Chronic HDI-related toxicity to humans may occur with
overexposures in the workplace and health effects are typi-
cally related to the portal of entry. The most significant
among these is new onset diisocyanate occupational asthma.
Although the existing occupational exposure limits (OELs)
for HDI are considered protective against the induction of
diisocyanate occupational asthma, some individuals with
diisocyanate asthma may respond to air concentrations of
HDI less than the OEL. Prognosis improves with early diag-
nosis and rapid removal from further exposure to diisocya-
nates. The potential of dermal exposure followed by
mandatory respiratory tract exposure to cause a respiratory
hypersensitivity response is suggested by animal models;
however, human evidence relating the role of dermal HDI
exposure to new onset occupational asthma is inconclusive.
Studies suggest enhanced decrease in pulmonary function,
independent of asthma, is not found in the workplace when
air concentrations are controlled to comply with existing
OELs. Hypersensitivity pneumonitis has been reported in
workers exposed to HDI but appears to occur at a very low
incidence rate.
Immunotoxicity

Sensitization of the respiratory tract and skin has been repor-
ted, but with inconsistent correlation to specific immuno-
globulins such as IgE or IgG, especially in workers diagnosed
with new onset HDI occupational asthma.
Reproductive Toxicity

Experimental animal studies include a one-generation repro-
duction study and a developmental toxicity study, both
involving exposure of rats by inhalation. Microscopic exami-
nation of tissues revealed adverse changes in the upper respi-
ratory tract but no indications of primary HDI-induced effects
on reproduction or development and no evidence of a terato-
genic potential. These findings are supported by the absence of
toxicity to reproductive organ systems following nearly lifetime
exposure of rats.
Genotoxicity

In vitro studies for mutagenicity such as the bacterial reverse
mutation assay (Ames test) and the Chinese hamster ovary
assay did not show a mutagenic potential for HDI with or
without metabolic activation. Both of these studies involved
exposure of the test systems to vapor phase HDI to reduce the
likelihood of artifacts produced by any transformed products in
the aqueous test medium. A micronucleus assay involving
inhalation exposure to mice did not reveal a genotoxic poten-
tial for HDI at the chromosomal level.
Carcinogenicity

In experimental animals, male and female Fischer 344 rats
exposed to vapor concentrations of HDI of 0, 0.005, 0.025, and
0.175 ppm, 6 h per day, 5 days per week, for approximately
2 years, had histopathologic changes in the nasal cavity, the
sequelae of direct irritation to the respiratory and olfactory
epithelium. Exposure to a maximum tolerated dose was evi-
denced by the erosion of the olfactory epithelium and compa-
rable changes to the respiratory epithelium of the nasal cavity.
However, no evidence of a carcinogenic potential was observed.
Clinical Management

The principal health effect associated with HDI exposure in the
workplace is occupational asthma or aggravation of preexisting
atopic asthma. Because the pathogenesis of diisocyanate
asthma is unresolved, management of patients with HDI-
induced asthma includes providing basic support measures for
alleviation of asthma symptoms and removal from any
subsequent exposure to HDI when feasible. Hypersensitivity
pneumonitis and allergic contact dermatitis have been reported
less frequently and are similarly managed.
Ecotoxicity

The hydrophobic property of HDI precludes establishing
a homogeneous aqueous test medium without dispersive energy
added. However, when dispersed with vigorous mixing, the
inherent propensity of HDI to hydrolyze limits assessment of
the ecotoxicity of the neat material. Despite these inherent limi-
tations, data from a 96-h fish toxicity study determined an
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LC50>82.8mg l�1, and aquatic invertebrate toxicity with an EC0

(48 h)>89.1mg l�1. For algae, the EC50 (72 h)was>77.4mg l�1

and NOEC (72 h) of 11.7mg l�1 based on growth rate.
Other Hazards

A neurotoxicologic assessment of rats exposed to HDI vapor 6 h
per day for 14 days included measures of locomotor function
and a functional observational battery. While histopathologic
changes to respiratory tract tissues occurred, no neuro-
behavioral abnormalities were observed.
Exposure Standards and Guidelines

Occupational exposure limits are expressed as 8-h time-
weighted averages and shorter duration ceiling values. The
American Conference of Governmental Industrial Hygienists
(ACGIH) threshold limit value (TLV) and the Maximale
Arbeitsplatz Konzentration (MAK) value for Germany
represent 8-h time-weighted averages for 0.005 ppm
(0.035mgm�1). The National Institute for Occupational
Safety and Health (NIOSH) recommended exposure limit
(REL) has an 8-h time-weighted average of 0.005 ppm and
a 10-min ceiling value of 0.020 ppm (0.140mgm�1). Guid-
ance for the general population including sensitive subgroups
is provided by the US Environmental Protection Agency (EPA)
reference concentration, which is 1E-5 mgm�3.

See also: Toluene Diisocyanate; Behavioral Toxicology;
Hypersensitivity, Delayed Type; Isocyanates; LD50/LC50 (Lethal
Dosage 50/Lethal Concentration 50); Maximum Tolerated
Dose; Mechanisms of Toxicity; Mode of Action; Oral/Dermal
Reference Dose (RfD)/Inhalation Reference Concentration
(RfC); Respiratory Tract Toxicology; Toluene Diisocyanate;
Toxicity Testing, Carcinogenesis; Toxicity Testing,
Developmental; Toxicity Testing, Mutagenicity; Toxicity
Testing, Reproductive; Toxicity, Acute; Toxicity, Subchronic
and Chronic; Pharmacokinetics.
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hydrocarbon

l Molecular Formula: C6H14

l Chemical Structure:

Uses

Commercial hexane is a mixture of various types of hexane
isomers with minor amounts of heptane, pentane, cyclo-
hexane, and cyclopentane isomers. It may contain concentra-
tions of n-hexane ranging from 20 to 80%. n-Hexane is used for
laboratory extractions from various environmental media (e.g.,
surface water, soil) in the determination of the refractive index
of minerals, for calibrations, as a paint diluent, and in ther-
mometers. It is also used as a solvent in the extraction of
soybean oil, cottonseed oil, flaxseed oil, safflower seed oil, and
other oil seeds. It is sometimes used as a denaturant for alcohol,
and as a cleaning agent in the textile, furniture, and leather
industries, although it has largely been replaced with other less
toxic ‘green’ solvents. The aforementioned uses, however, are
declining due to its known neurotoxicity. n-Hexane is also
a component of many products associated with the petroleum
and gasoline industries (one study found 1.5% of vapors
encountered during gasoline handling were attributed to n-
hexane).
Environmental Fate and Behavior

Hexane is a six-carbon aliphatic compound that is a natural
constituent in the paraffin fraction of crude oil and is also
found in natural gas. Pure hexane is a colorless volatile liquid
that is highly flammable and lighter than water. It has a gaso-
line-like odor with an olfactory threshold of about
465 mg m�3 (130 ppm). Hexane has a molecular weight of
86.17 g mol–1. At 20 �C, n-hexane has water solubility of
9.5 mg l�1, an estimated vapor pressure of 120 mm Hg, and
a Henry’s Law constant of 1.8 atm m�3 mol�1 (USEPA, 2011).
The log octanol/water partition coefficient is 3.90. Conversion
factors for n-hexane in air are as follows: 1 mgm�3¼ 0.28 ppm
and 1 ppm ¼ 3.58 mg m�3.

If released to air, hexane will exist solely as a vapor in the
ambient atmosphere (n-hexane has a vapor density of 2.97 and
is heavier than air). The vast majority of n-hexane released to
the environment is associated with the petroleum industry and
900 Encyclopedia of T
the combustion of gasoline. If released to air, n-hexane will
exist solely as a vapor in the ambient atmosphere. Vapor-phase
n-hexane will be degraded in the atmosphere by reaction with
photochemically produced hydroxyl radicals; the half-life for
this reaction in air is estimated to be 3 days (HSDB, 2011).

If released into water, n-hexane is not expected to adsorb to
suspended solids and sediment based on an estimated Koc of
150. Volatilization from water surfaces is expected to be an
important fate process based on this compound’s estimated
Henry’s Law constant. Estimated volatilization half-lives for
a model river and model lake are w1 h and w3 days, respec-
tively. Hydrolysis would not be an important environmental
fate process since this compound lacks functional groups that
hydrolyze under environmental conditions (US EPA, 2011).

If released to soil, n-hexane is expected to have high
mobility based on a relatively low Koc. n-Hexane may volatilize
from dry soil surfaces based on its vapor pressure. Volatiliza-
tion from moist soil surfaces is also expected to be significant.
Screening studies suggest that n-hexane will undergo biodeg-
radation in soil and water surfaces, but volatilization is ex-
pected to be the predominant fate process in the environment.
Some species of Pseudomonas bacteria, which are ubiquitous in
soil and sediment, are able to metabolize hexane, so low-level
contamination seen in groundwater is thought to naturally
attenuate with time, reducing the risk to humans.

Using a measured log Kow of 3.9, the US Environmental
Protection Agency’s (EPA’s) EPI Suite computer program esti-
mates a bioconcentration factor (BCF) and a bioaccumulation
factor (BAF) of 300 (US EPA, 2011). Although the predicted
BCF and BAF appear relatively high, n-hexane would not be
expected to be found in the tissues of fish or wildlife as (1) due
to a lack of persistent functional groups (e.g., chlorine,
bromine); (2) exposure would be expected to be low based on
a low half-life in the environment; and (3) subsequent to any
significant exposure, n-hexane would be rapidly metabolized
by the liver.
Exposure and Exposure Monitoring

Because n-hexane can exist as a liquid or vapor at normal
temperature and pressure, the most probable route of exposure,
as seen in most occupational settings, would occur by either
dermal contact or inhalation. Minor exposures may occur from
fugitive vapors that occur when refueling automobiles at
gasoline stations. Ingestion or dermal contact would be a less
common exposure route, with the former expected to occur
either inadvertently or during an accidental poisoning or
suicide attempt and the latter occurring from a spill or the use
of a hexane applicator without the proper skin protection (e.g.,
solvent rag without a chemically resistant glove). Exposure
from contact with vapors or emissions from these refined
petroleum products are the most widespread form of low-level
exposure for the general population. Recent research by Ahearn
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00397-3
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et al. (1996) suggests that certain fungi may be able to produce
n-hexane. These fungi may be common in older buildings, and
in some parts of the country, may provide exposures from
previously unsuspected indoor sources.

The National Institute for Occupational Safety and Health
(NIOSH) has statistically estimated that over>493 000 workers
are potentially exposed to n-hexane in the United States.
Occupational exposure to n-hexane occurs via inhalation and
dermal exposure. n-Hexane was detected in the workplace
atmospheres of petroleum refineries, automobile repair shops,
and industries using paints, glues, varnishes, and printing
pastes. Monitoring data indicate that the general population
may be exposed to much lower concentrations of n-hexane
primarily via inhalation of ambient air. The exhaust from 67
gasoline-fueled vehicles was found to contain n-hexane at an
average concentration of 2% by weight (HSDB, 2011).

Hexane has been measured in air down to levels as low as
0.003 ppb (0.01 mg m�3). Older references cite measured
concentrations in both indoor air (3–338 mg m�3) and outdoor
air (ND–4 mg m�3), with the latter typically a result of auto-
mobile emissions (Verschueren, 1996). A study by Goldstein
et al. (1995) measured rural concentrations of hexane in central
Massachusetts, which ranged from 0.003 (0.01 mg m�3) in
summer to 0.127 ppb (0.45 mg m�3) in winter. The seasonal
variation, with the maximum concentrations occurring in the
winter and the minimums occurring in the summer, was
mainly due to the different rates of degradation by hydroxyl
radicals in the atmosphere. An urban air quality study con-
ducted in Pittsburgh (Millet et al., 2005) found a lesser
seasonal difference in outdoor hexane levels, measuring
0.15 ppb (0.53 mg m�3) in winter and 0.13 ppb (0.45 mg m�3)
during the summer. A review of indoor air concentrations of
volatile organic compounds in North America (Hodgson and
Levin, 2003) also found average n-hexane in residences and
office buildings at less than 1 ppb (3.5 mg m�3).
Toxicokinetics

Acute exposure usually occurs by inhalation, but n-hexane may
also be absorbed orally or percutaneously. Following inhala-
tion exposure, n-hexane is absorbed into the circulation and
transported to the liver, the major site of metabolism. In the
liver, n-hexane is metabolized to various metabolites that are
then distributed in the blood to various organs and tissues
(particularly tissues rich in fat such as kidney and brain). n-
Hexane is believed to be metabolized through the cytochrome
p450 mixed function oxidases to form either 1- or 3-hexanol in
a detoxification pathway or 2-hexanol in a bioactivation
pathway. Through the bioactivation pathway, 2-hexanol is then
converted to 2-hexanone and 2,5-hexanediol. These are
believed to be converted to 5-hydroxy-2-hexanone, which is
then converted to the major toxic metabolite, 2,5-hexanedione.
This compound is used as a biomarker in human urine to assess
previous exposure to n-hexane.

Lung (alveolar) excretion of n-hexane via exhalation accounts
for a small percentage (w10%) of the total removal from the
body. Metabolites eliminated in the urine of occupationally
exposed humans include 2,5-hexanedione, 2,5-dimethylfuran,
2-hexanol, and g-valerolactone.
Mechanism of Toxicity

Identification of 2,5-hexanedione as the major neurotoxic
metabolite of n-hexane proceeded rapidly after its discovery as
a urinary metabolite. 2,5-Hexanedione has been found to
produce a polyneuropathy indistinguishable from n-hexane.
2,5-Hexanedione is many times more potent than n-hexane,
the parent compound, in causing neurotoxicity in experimental
animals. It appears that the neurotoxicity of 2,5-hexanedione
resides in its g-diketone structure since 2,3-, 2,4-hexanedione
and 2,6-heptanedione are not neurotoxic, while
2,5-heptanedione and 3,6-octanedione and other g-diketones
are neurotoxic.
Acute and Short-Term Toxicity (Animal/Human)

Animal

Hexane has been reported to be three times as acutely toxic to
mice as is pentane. A concentration of 30 000 ppm produced
central nervous system (CNS) depression within 30–60 min.
Concentrations ranging from 35 000 to 40 000 ppm produced
convulsions and death. When mice were exposed to an atmo-
sphere containing 2.5–3% of n-hexane for 4 days, liver
enlargement was observed after 24 h. In another study, mice
were exposed to commercial hexane (65–70% n-hexane) for
24 h per day, 6 days per week for 1 year. Exposure levels ranged
from 100 to 2000 ppm. Atrophy and degeneration of hindleg
muscle fibers were present in animals exposed to 1000 and
2000 ppm of n-hexane.
Human

As mentioned, more than 493 000 workers are occupationally
exposed to n-hexane. This commonly used solvent was not
regarded as an industrial hazard until the discovery of its
neurotoxic potential since its acute toxicity is quite low.
Because of its toxicity, the number of people currently exposed
to hexane in occupational settings is expected to be much lower
than those exposed at the end of the twentieth century. Acutely,
vapor concentrations of many hundreds of parts per million are
tolerated for several minutes without causing discomfort
among workers.

Acute exposure to hexane causes CNS depression. Chronic
exposure to an average air concentration of 450–650 ppm for
as little as 2 months may result in peripheral neuropathy,
characterized by muscular weakness, loss of sensation, and
impaired gait. Hexane has been reported to be the most highly
toxic member of the alkanes. When n-hexane is ingested, it
causes nausea, vertigo, bronchial irritation, general intestinal
irritation, and CNS effects. Like other petroleum solvents, it
poses an acute aspiration hazard. It has been reported that
w50 g of n-hexane may be fatal to humans. An exposure of
880 ppm for 15 min can cause eye and upper respiratory tract
irritation in humans. Blurred vision has been mentioned in
association with n-hexane polyneuropathy. It was concluded
that n-hexane vapor levels of <100 ppm for 8 h per day were
not likely to produce a clinical neuropathy, but mild subclin-
ical changes in muscle strength and nerve conduction velocity
may occur.
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In humans, 2000 ppm of n-hexane for 10min resulted in no
effects. However, 5000 ppm caused dizziness, giddiness, slight
nausea, headache, and eye and throat irritation.
Chronic Toxicity (Animal/Human)

Animal

Pregnant Fischer 344 rats were exposed to 1000 ppm n-hexane
for 6 h per day on days 8–12 of gestation. Postnatal growth of
pups born to dams exposed to 1000 ppm on days 8–16 of
gestation was significantly depressed compared to controls.
New Zealand rabbits exposed in inhalation chambers to
3000 ppm n-hexane 8 h per day for 8 days showed changes in
the lungs, emphysema, necrotic phenomena in the bronchiolar
epithelium, and lung collapse. Epicutaneous administration of
n-hexane to guinea pigs caused progressing nuclear pyknosis
and junctional separation between the basement membrane
and the basal cells of the skin.

Male rats were exposed by inhalation to several concentra-
tions of hexane, administered continuously or intermittently.
In rats exposed to 1000 ppm hexane 24 h per day, 5 days per
week for 11 weeks, the fifth component of the brain stem
auditory-evoked response showed an increase in latency and
decrease in amplitude, reflecting a brain stem dysfunction.
Latency returned to normal within 5 weeks after termination of
exposures, but amplitude did not. Latency of the compound
action potential of the ventral caudal nerve of the tail of these
rats was also increased, and this effect was still present 22 weeks
after termination of the exposure.

Adult rats were exposed to different concentrations of n-
hexane and lung tissue was then examined. The direct toxic
effect to pneumocytes could be demonstrated as definite
regressive alterations, such as fatty generation and change of
lamellar bodies of Type II pneumocytes as well as increased
detachment of cells. After chronic inhalation of solvents,
conspicuous aggregation of lamellar discharge material of Type
II pneumocytes can be seen and, probably as a result of an
irritated fat metabolism, there were large lysosome-like bodies
with densely packed lipid material in Type I pneumocytes.

New Zealand rabbits exposed in inhalation chambers to
3000 ppm n-hexane 8 h per day for 8 days showed changes in
lungs, emphysema, necrotic phenomena in the bronchiolar
epithelium, and atelectasis. The injection of hexane into rabbits
caused edema and hemorrhaging of the lungs and tissue, with
polymorphonuclear leukocytic reactions. In rabbits, dermal
application of 2–5 mg kg�1 for 4 h has resulted in ataxia and
restlessness. No deaths occurred at 2 mg kg�1; however, some
occurred at 5 mg kg�1.
Human

n-Hexane is a common cause of distal axonal neuropathy in
‘glue sniffers syndrome,’ i.e., persons who ‘huff’ or inhale the
fumes of glue to obtain a narcotic ‘high’ (Smith and Albers,
1997). Rubber cement is a typical glue used for this dangerous
habit, and many glue sniffers end up seriously and perma-
nently disabled.

Out of 1662 workers exposed to organic solvents, which
consisted mainly of n-hexane and a small amount of toluene,
53 were found to have sensory polyneuropathy, 32 had
sensorimotor polyneuropathy, and 8 had sensorimotor poly-
neuropathy with amyotrophy. Cranial nerve involvements,
such as visual disorders and facial numbness, were observed.
About 50% showed denervation and reinnervation of the
nerves. Among 93 cases of n-hexane polyneuropathy during
a large outbreak in 1968, 44 were studied. Over a few years,
most of the cases completely recovered (except for a few with
mild sensory impairment) after establishing 100 ppm as the
maximal allowable concentration of n-hexane and providing
well-equipped ventilation systems in individual houses.
During rescreening in 1981, 21 cases with mild n-hexane pol-
yneuropathy were observed, revealing mostly the same features
as in the previous outbreak in 1968. These data suggest that,
despite<50 ppm of n-hexane concentration in a room, workers
have suffered from neurotoxicity from this organic solvent
(HSDB, 2011).

In a cross-sectional study, nerve conduction velocities were
determined in 59 workers employed in press proofing factories
in Taipei. Workers were divided into exposure categories on the
basis of air concentrations of n-hexane (�100, 50–99, and
<50 ppm) and n-hexane concentrations in the cleaning solvent
used (�50, 49–10, and <10%). Fifteen members (25%) of the
study group were found to have polyneuropathy. In one factory
where all six employees developed polyneuropathy, the air
concentration of n-hexane was determined to be 190 ppm. In
other factories, workers exposed to n-hexane at levels of
<100 ppm showed significant decreases in motor nerve
conduction velocities (HSDB, 2011).

Three women had motor polyneuropathy following
industrial exposure to an adhesive agent containing 80.4% n-
hexane. In the nerves, there were polymorphous changes in the
myelin sheaths and axons of large diameter fibers. Muscles
showed denervation changes, with lymphocytic infiltrates and
phagocytosis. Three cases of n-hexane neuropathy in the shoe
industry were also reported. In the most severe cases, symp-
toms consisted of dysarthria, disproportionate ataxia of gait,
blurred vision, and sometimes after recovery of peripheral
neuropathy, appearance of leg spasticity.

The US EPA reference concentration of 0.7 mg m�3 was
calculated based on a subchronic rat study and applying an
uncertainty factor of 300. The critical effects were reported to be
neurotoxicity and electrophysiological alterations.
Immunotoxicity

To estimate the quantitative relation between exposure to
airborne n-hexane and various markers of immune func-
tion, 35 male workers were examined and compared with
unexposed controls. Urinary 2,5-hexanedione concentra-
tions were significantly higher in the exposed group than in
the unexposed group. A significant suppression was
observed in serum immunoglobulin (IgG, IgM, and IgA)
levels between two populations. Also, a significant correla-
tion was found between urinary 2,5-hexanedione concen-
trations and serum Ig level of the exposed group. No
significant difference between white blood cell counts was
found in the two groups. Decreased levels of immuno-
globulins and decreases in polymorphonuclear cell
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chemotaxis have been reported in other studies on workers
chronically exposed to n-hexane.
Reproductive Toxicity

The significant opportunity for women of childbearing age to
be exposed to this chemical prompted the National Toxicology
Program to undertake a study to assess the developmental
toxicity of n-hexane in an animal model. Timed pregnant and
virgin Sprague–Dawley rats were exposed to 0, 200, 1000, and
5000 ppm n-hexane vapor in inhalation chambers for 20 h per
day for a period of 14 consecutive days. Sperm-positive
females were exposed for 6–19 days of gestation, and virgins
were exposed concurrently for 14 consecutive days. Implants
were enumerated and their status recorded as live fetus, early
or late resorption, or dead. Maternal toxicity manifested as
a reduction in extra-gestational maternal weight gain was
observed at all exposure levels and was statistically significant
for the 5000 ppm exposure group. Comparison of n-hexane
exposed groups with the control group (0 ppm) indicated that
gestational exposure to n-hexane did not result in an increase
in the incidence of intrauterine deaths or in the incidence of
fetal malformations. A statistically significant reduction in
fetal body weight relative to controls was observed for males at
the 1000 and 5000 ppm exposure levels. Female weights were
also reduced with respect to controls for these exposure levels,
but the reduction was statistically significant for only the
5000 ppm group. No major abnormalities were found in any
of the fetuses. The lowest n-hexane exposure concentration,
200 ppm, proved to be a no observable effect level for devel-
opmental toxicity.

Male and female Sprague–Dawley rats were exposed
continuously to commercial hexane solvent (52% n-hexane
with smaller amounts of methylcyclopentane, pentane, butane,
and other hexane isomers) at 0, 900, 3000, or 9000 ppm vapor.
Observations were made through two generations of mating,
gestation, and lactation starting 10 weeks before mating of the
first (F0) generation. No clinical signs of toxicity were observed
in any of the rats, and no exposure-related changes in any of the
reproductive parameters were detected. Exposure to 9000 ppm
vapor significantly decreased body weight gains in F1 and F2
offspring. Hyaline droplet nephropathy in both generations of
adult males exposed to 9000 ppm vapor was the only
treatment-related pathological lesion observed. The authors
conclude that exposure of rats to commercial hexane solvent
vapor over two generations causes decreased body weight gain
at the high dose of 9000 ppm but no adverse effects on
reproduction.

Testicular and germ cells in rats were studied 2 weeks, 10,
and 14 months after cessation of a 61 days inhalation expo-
sure to 1000 ppm n-hexane. Severe testicular atrophy
involving the seminiferous tubules was found. Total loss of the
germ cell line was found in a fraction of animals up to
14 months postexposure, indicating permanent testicular
damage. No impairment of male hormone synthesis or
hormone-dependent accessory organs was observed. Simul-
taneous administration of 1000 ppm n-hexane and 1000 ppm
toluene, or 1000 ppm n-hexane and 1000 ppm xylene, did not
cause germ cell line alterations or testicular atrophy. Toluene
and xylene were found to protect from n-hexane–induced
testicular atrophy.
Genotoxicity

Hexane was found to be negative when tested for mutagenicity
using the Salmonella Ames test following the standard protocol
approved by the National Toxicology Program. Hexane was
tested in as many as five Salmonella typhimurium strains in the
presence and absence of rat and hamster liver detoxification
enzymes at doses of 0.001, 0.003 3, 0.010, 0.033, 0.100, and
0.333 mg per plate. Some cultures exhibited slight clearing of
the background bacterial lawn at the two highest doses tested.
Carcinogenicity

The US EPA has classified hexane as a Group D chemical, i.e.,
not classifiable as to human carcinogenicity.
Clinical Management

Persons who are exposed to high concentrations of n-hexane
should vacate or be removed from the source and seek fresh
air. In areas of expected increased concentration, extreme care
must be taken to use explosion-proof apparatus and keep the
areas free from ignition sources, such as sparks from static
electricity.
Oral Exposure

In general, gastric emptying is not indicated following oral
exposure. An activated charcoal slurry, aqueous or mixed with
saline cathartic or sorbitol, can be administered for oral expo-
sure. The US Food and Drug Administration suggests 240 ml of
diluent per 30 g of charcoal. The usual charcoal dose is 30–
100 g in adults and 15–30 g in children. In symptomatic
patients (e.g., coughing, choking, and tachypnea), blood gases
should be monitored to ensure adequate lung ventilation and
a baseline chest X-ray should be obtained. Lung ventilation and
oxygenation should be maintained for pulmonary edema with
close arterial blood gas monitoring. Early use of positive end
expiratory pressure and mechanical ventilation may be needed
to maintain oxygen pressure.
Inhalation Exposure

The victim should be moved to fresh air to decontaminate. The
person should also be monitored for respiratory distress. If
cough or difficulty in breathing develops, respiratory tract
irritation, bronchitis, or pneumonitis should be evaluated.
Supplemental oxygen (100% humidified) should be adminis-
tered with assisted ventilation as required.
Eye Exposure

Exposed eyes should be irrigated with copious amounts of
tepid water for at least 15 min. If irritation, pain, swelling,
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lacrimation, or photophobia persists, the patient should be
seen in a healthcare facility.
Dermal Exposure

The exposed area should be washed thoroughly with soap and
water to decontaminate. A physician may need to examine the
area if irritation or pain persists.
Ecotoxicology

According to the US EPA ECOTOX aquatic toxicity database,
the 24 h acute LC50 values for saltwater organisms range from
3530 mg l�1 (brine shrimp) to 154 300 mg l�1 (rotifer). For
freshwater, the lowest 96 h LC50 value was 2500 mg l�1 for fish
(fathead minnow). The lowest 48 h LC50 was 210 000 mg l�1

observed on the carp (Leuciscus sp.), which had an LC0 of
150 000 mg l�1 for the same period of exposure. Hexane, in all
likelihood, affects aquatic organisms similarly to other volatile
alkanes, which is by a narcotic mechanism (i.e., a solvent-like
disruption of neuronal membranes). These concentrations are
only seen in the laboratory and are many times higher than
concentrations that would ever be anticipated to be observed in
natural waters.
Other Hazards

The lower and upper explosion limit for n-hexane is 1.1 and
7.5%, respectively. Extreme care must be taken to keep areas of
expected high concentration free from ignition sources, for
example, sparks from static electricity. Only explosion-proof
equipment should be used in these areas.
Exposure Standards and Guidelines

In recognition of the chronic neurotoxic property of n-hexane,
the American Conference of Governmental Industrial Hygienists
has recommended a threshold limit value of 50 ppm
(180 mg m�3), expressed as an 8 h time-weighted average
(TWA). The NIOSH recommended exposure limit is also
50 ppm; the level that is immediately dangerous to life or health
is 1100 ppm (3875 mg m�3). The current Occupational Safety
and Health Administration (OSHA) permissible exposure limit
(PEL) is 500 ppm (1800 mg m�3 as an 8 h TWA), although
some states have vacated the 1989 OSHA and enforced a PEL of
50 ppm (180 mg m�3).
See also: Gasoline; Neurotoxicity; Petroleum Distillates;
Petroleum Hydrocarbons; Pentane; Heptane; Octane; Decane.
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l Name: 2-Hexanone
l Chemical Abstracts Service Registry Number: 591-78-6
l Synonyms: Methyl n-butyl ketone, MnBK, Methyl butyl

ketone, Propyl acetone, 2-Oxohexane
l Molecular Formula: C6H12O
l Chemical Structure:

H3C
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Background

2-Hexanone has been used as a solvent for both cellulose- and
resin-based coating systems. In the early 1970s, a number of
workers in the print department of a coated fabrics plant
developed severe peripheral neuropathy from an unknown
cause. In search of an etiological agent, and in the absence of
other neurotoxicants, 2-hexanone was implicated as it was
recently substituted for methyl isobutyl ketone in the
manufacturing process. Similar observations in workers
exposed to 2-hexanone may have resulted in the decline in
production and use in the United States.
Uses

2-Hexanone has been used as an industrial solvent, and in
some cases a medium-evaporating solvent, for several products
including paints, lacquers, ink thinners, resins, nitrocellulose
acrylates, waxes, glues, and vinyl coatings. It has also been used
in the printing of plasticized fabric.
Environmental Fate and Behavior

In countries where 2-hexanone is still produced or used, release
into the environment may occur through waste streams or the
air. In the atmosphere, 2-hexanone can be degraded by reacting
with photochemically produced hydroxyl radicals. In soil,
2-hexanone is expected to have high mobility, but in water, it is
not expected to adsorb to suspended solids or sediments. With
a Henry’s Law constant of 9.3� 10�5 atmm�3 mol�1, volatil-
ization from both water and moist soil surfaces is expected to
be an important fate process. 2-Hexanone exhibits a low bio-
concentration factor; therefore, bioconcentration in aquatic
organisms is not anticipated.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Inoccupational settings, exposure to2-hexanone is primarily via
inhalation and dermal routes. The general population may be
exposed through ingestion of contaminated food or drinking
water or via inhalation of ambient air. Exposure to 2-hexanone
may occur in nature at very low concentrations with industrial
release into air or water playing a more significant role. Other
potential sources of exposure are through processes in which
2-hexanone is generated as a by-product. Examples of these
processes include the following: production of wood pulp,
gasification of coal, and ozone treatment in drinking water.
Toxicokinetics

2-Hexanone is absorbed via oral, inhalation, and dermal
routes of exposure. Based on studies in rats, 2-hexanone
distributes to most major organs, including the liver, kidney,
lungs, and brain. In terms of metabolism, 2-hexanone
is hydroxylated to 5-hydroxy-2-hexanone, which is further
metabolized to 2,5-hexandione, 2,5-hexanediol, or 2,5-
dimethyl-2,3-dihydrofuran. 2-5-Hexanedione itself is a neuro-
toxicant that is excreted slowly from the body, which allows for
a longer biological half-life. In humans exposed to 2-hexanone
via inhalation, unchanged 2-hexanone along with its metabo-
lites was found in expired breath and urine. Oral rat studies
reported 2-hexanone or a metabolic end product in breath,
urine, and feces, with a proportion remaining in the body.
Mechanism of Toxicity

Regardless of the route of exposure, both human and animal
studies indicate that the nervous system is the target organ of
2-hexanone toxicity with its metabolite, 2,5-hexanedione,
serving as the neurotoxic agent. 2,5-Hexanedione binds cova-
lently to axonal components of the nerve tissue. In vitro studies
have shown that this metabolite reacts with the nucleophilic
lysine 3-amino groups to ultimately form 2,5-dimethylpyrrole
adducts with neurofilaments. Neurofilament aggregates con-
centrate in the distal subterminal axon, resulting in axonal
swelling, or distal axonopathy, just proximal to the nodes of
Ranvier. These reactions may lead to the manifestation of
peripheral neuropathy.
Acute and Short-Term Toxicity

The oral LD50 values for 2-hexanone in mice and rats are
2.43 g kg�1 and 2.59 g kg�1, respectively. The inhalation LC50 in
rats is reported to be 8 g kg�1, while the dermal LD50 in rabbits is
4.8 g kg�1. Ocular and nasal irritation was observed in guinea
pigs after short-term exposure to 2-hexanone, while loss of
coordination and slight narcosis have been observed in rats.
4-3.01132-5 905
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Subchronic animal studies report neurotoxic effects of
2-hexanone starting at inhalation exposure levels above
50 ppm (205mgm�3) and increasing progression of clinical
signs with increased concentrations. Neurotoxic effects include
axonal hypertrophy, hind-limb dragging, and mild to severe
ataxia, with histopathological changes in the peripheral nerves
and spinal cord. Similar effects have been reported by the oral,
dermal, and intraperitoneal routes of administration of this
chemical.

In humans, acute exposure to 2-hexanone has resulted in
nasal, ocular, and upper airway irritation. Drowsiness and CNS
depression have been observed from acute exposures to
5000 ppm (20 481mgm�3). Given the neurotoxicity of
2-hexanone, acute inhalation exposure can lead to the
progression of CNS effects, including headache, vertigo, loss of
coordination, narcosis, dizziness, tremors, and coma.
Chronic Toxicity

Animal

Neurological effects ranging from weakness, ataxia, and hind-
limb dragging to limb paralysis have been observed in long-
term exposure studies among rats, cats, monkeys, and chickens.
Axonal degeneration, sciatic nerve demyelination, swollen
axons, and axonal hypertrophy, which all manifest along the
continuum to peripheral neuropathy, have been observed.
Significant decreases in motor nerve conduction velocity have
also been reported. One chronic exposure drinking water study
reported a dose-dependent reduction in body weight gain
among rats exposed to 2-hexanone.
Human

The hallmark effect observed with inhalation exposure to
2-hexanone is neurological dysfunction, more specifically
peripheral neuropathy. There have been several cases, including
an outbreak at a fabric finishing plant, of the onset of neuro-
logical effects from exposure to 2-hexanone. Workers reported
moderate to severe motor and sensory loss and muscle weak-
ness, with tests indicating reduced nerve conduction velocity
and abnormalities in waves and fibrillations.
Immunotoxicity

A reduction in total white blood cell count was observed
among rats exposed to 700 ppm (2867mgm�3) of 2-hexanone
for at least 8 weeks. However, no bone marrow damage or
changes in differential white cell counts were observed.
Reproductive Toxicity

In pregnant rats, 2-hexanone has been found to be associated
with decreased litter size and pup weight upon parental inha-
lation exposure; however, these effects were observed only with
dams exposed to the limit concentration of 2000 ppm
(8192mgm�3). Increased brain weight among male and
female offspring was observed at the next lowest concentration
of 1000 ppm (4096mgm�3), as well as a reduction in growth
among male offspring. No gross skeletal alterations or changes
in hematological parameters were observed in offspring at the
limit concentration.
Genotoxicity

2-Hexanone yields a marginally positive ability to induce
chromosome loss in strain D61.M of Saccharomyces cerevisiae.
No other studies are available to assess the genotoxic potential
of 2-hexanone.
Carcinogenicity

Data are inadequate to assess the carcinogenic potential of
2-hexanone. There are no animal studies available that evaluate
the carcinogenic potential of 2-hexanone.
Clinical Management

For acute inhalation exposure to 2-hexanone, moving the
individual to fresh air is recommended. Oxygen or assisted
ventilation is suggested, depending on the level of respira-
tory distress. Bronchospasms may be treated with an
inhaled b2-agonist or an oral corticosteroid. For acute oral
exposure of less than 100ml 2-hexanone, activated charcoal
is recommended. For larger doses with ingestions occurring
less than 2 h prior, gastric aspiration may precede the
administration of activated charcoal. For dermal exposure,
removal of 2-hexanone with soap and water is recom-
mended, with the administration of topical therapy for
dermal irritation.

Regardless of exposure route, 2-hexanone toxicity may
manifest in an array of neurological symptoms from weakness,
muscle cramps, tinnitus, and atrophy of muscles to motor and
sensory loss, depending on the amount and duration of
exposure. Individuals should be assessed for neurological
symptoms and, if present, physical therapy should be initiated
to maintain range of motion. Recovery from 2-hexanone-
induced neurotoxicity is a slow process because of the time
required for axon fiber regeneration.
Ecotoxicology

2-Hexanone has been detected in Charybdis feriatus crabs, but
resulting toxicity was not reported. A 96 h LC50 of 4.3mg l�1

has been reported for fathead minnows. With the low proba-
bility of bioconcentration among plants, aquatic organisms,
and animals at lower tropic levels, toxicity via food chain
bioaccumulation is not expected.
Other Hazards

2-Hexanone is a known neurotoxicant that elicits neurolog-
ical effects, via oral or inhalation routes, even at acute
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durations of exposure. The progression of neurotoxicity has
been observed in several animal species and is similar to
effects observed in humans.
Exposure Standards

Based on concerns of the neurological effects of 2-hexanone,
the US Environmental Protection Agency (EPA), the US Occu-
pational Safety and Health Administration (OSHA), the US
National Institute forOccupational Safety andHealth (NIOSH),
and the American Conference of Governmental Industrial
Hygienists (ACGIH) have developed exposure limits. The US
EPA derived an oral reference dose of 5� 10�3 mg kg�1 day�1

and an inhalation reference concentration of 5� 10�3 mgm�3.
The OSHA permissible exposure limit is 100 ppm
(410mgm�3), while the NIOSH recommended exposure limit
is 1 ppm (4mgm�3). ACGIH developed a threshold limit
value for 2-hexanone of 5 ppm (20mgm�3).
See also: Hexane; 2,5-Hexanedione; Neurotoxicity;
Occupational Toxicology; Reference Dose (RfD); Oral/Dermal
Reference Dose (RfD)/Inhalation Reference
Concentration (RfC).
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Chemicals released into the environment and/or those in
consumer products can be a source of concern if humans,
especially children and sensitive subpopulations, or the envi-
ronment (e.g., aquatic organisms) is exposed to amounts that
result in adverse effects. Therefore, it is important to obtain
basic data regarding toxicity and other properties for such
chemicals. To focus on a high-priority subset of chemicals for
such data collection and assessment, information on produc-
tion volumes has been used in several existing programs.
Chemicals that are produced or imported in large amounts are
called high production volume (HPV) chemicals for the
purposes of various voluntary and regulatory efforts to collect
data. The definition of HPV chemicals varies from country to
country and region. For example, in the United States, HPV
chemicals are chemicals produced or imported in quantities of
454 000 kg (1 million pounds) or more per year. The Orga-
nisation for Economic Cooperation and Development (OECD)
and the European Union define HPV chemicals as those
produced or imported in volumes of more than 100 000 kg
(2.2 million pounds) per year.

In the mid-1980s, the US National Academy of Sciences/
National Research Council carried out a study on available
toxicity information for HPV chemicals and concluded that
only 22% of the HPV chemicals in the United States had
a minimum of toxicity data available. The lack of information
implies a lack of sound information to assess the potential
risks associated with HPV chemicals to humans and the
environment. A similar situation was found in the European
Union.

Because of this lack of information, the OECD coordinated
a voluntary program to test HPV chemicals and prepare
assessments of these chemicals. Concern about the low number
of adequately tested and assessed HPVs, the awareness of
national efforts in this area, and the desire to avoid unnecessary
duplication of tests led to a major effort to harmonize criteria
for assessing risks, which was implemented through the OECD
with participation by OECD member countries.

The US Environmental Protection Agency (US EPA) also
developed a program in which industry sponsors have
provided unpublished information and voluntarily tested HPV
chemicals where needed. Using the data submissions from
industry and other available information, the US EPA is now
preparing screening-level hazard characterizations (HCs) for
these chemicals.

To minimize the need for extensive testing of HPV chem-
icals, the concept of a battery of specific end points, the
Screening Information Data Set (SIDS), was developed. SIDS is
considered important because it provides a basic common set
of data and provides for the possibility of introducing a step-
wise approach to data generation on a larger number of
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chemicals. This allows industry or authorities to take adequate
control measures where needed for chemicals of concern, and
postponing work on chemicals of less concern. In addition, this
data set has allowed for appropriate use of available resources
for testing and hazard and risk assessment.

Much progress has been made in obtaining data on HPV
chemicals since the early 1990s under these voluntary programs.
However, as indicated in a European Union analysis in 1998,
there were still many data gaps. The European Union therefore
has developed an evolved approach, not based on voluntary
contributions, for all chemicals placed on the market. This
regulatory program is called the Registration, Evaluation and
Authorization of Chemicals (known as REACH).
The OECD and the International Council
of Chemical Associations

In a decision by the OECD Council in 1991, OECD member
countries agreed to investigate HPV chemicals cooperatively.
The early program was initiated to obtain basic physical–
chemical, environmental fate, and mammalian toxicity data for
HPV chemicals. Extensive exposure information was also gath-
ered to assist in evaluating risks from these chemicals. Chemical
assessments were discussed at SIDS Initial Assessment Meetings
(SIAMs). The first SIAM was held in February 1993.

The OECD program was then refocused in 1998 to increase
transparency, efficiency, and productivity through cooperation
with the International Council of Chemical Associations HPV
Chemicals Initiative. The OECD work began to focus on initial
hazard assessments of HPV chemicals, no longer gathered or
evaluated comprehensive exposure data, and shifted away from
a risk-based approach to assessments.

The OECD’s work on HPV chemicals now continues under
the OECD’s Cooperate Chemicals Assessment Program along
with other work related to existing chemicals. The HPV work
continues to focus on obtaining the specific SIDS end points
(see below). Assessments contain a limited amount of exposure
information for a basic understanding of the chemicals being
assessed.

The internationally agreed SIDS consists of the following
information: substance information, physical and chemical
properties, environmental fate, environmental effects, and the
effects on human health. Examples of specific end points
include melting point, boiling point, and other physical chem-
ical properties; stability in water, biodegradation, and other
environmental fate properties; toxicity to fish, aquatic plants,
and aquatic invertebrates; acute toxicity in rodents or rabbits,
genetic toxicity, repeated-dose toxicity, and reproductive and
developmental toxicity studies. A variety of guidancedocuments
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00613-8
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and a suite of OECD test guidelines have been developed to
assist in conducting the appropriate tests and assessing available
and newly generated data.

The prime responsibility for chemical companies producing
HPV chemicals under this initiative is to collect the hazard
information and, where necessary, to conduct tests to supple-
ment the existing information. Chemical companies may join
together in international consortia, often as members of panels
or product sector groups, to provide the required information
and ensure effective and efficient implementation of the HPV
Chemicals Initiative. Although chemical companies can directly
sponsor chemicals at Cooperative Chemicals Assessment Meet-
ings (CoCAMs), they usually partner with an OECD member
country, which reviews and edits industry’s draft assessment.

The data set for the initial hazard assessment of HPV
chemicals are presented at CoCAM (the new name of the
chemical meetings in the current program). OECD member
countries comment on the draft assessments and these
comments are considered by the chemical sponsor when
finalizing the assessment.

Companies have submitted assessments either for single
chemicals or for categories of chemicals. Categories have been
accepted if the category members were expected to exhibit
similar toxicities or toxicities likely to follow predictable
patterns. In such a category approach, chemicals with data
could be used to predict the toxicity of chemicals without data.

Approximately 1400 chemicals have been sponsored
through OECD’s Cooperative Chemicals Assessment (formerly
HPV) Program and many of them have complete assessments
available through OECD’s website.
US Program

In 1998, the US EPA, the US-based American Chemistry
Council (or the Chemical Manufacturers Association), Amer-
ican Petroleum Institute, and the US-based Environmental
Defense Fund developed a voluntary program called the HPV
Challenge Program, which provided a challenge to chemical
companies to collect basic hazard data for HPV chemicals. This
initiative was driven by separate studies of each organization
indicating substantial deficiencies in the availability of toxico-
logical and environmental data available for chemicals
produced in large volumes.

The HPV Challenge Program borrowed many features from
the OECD’s program. Specifically, its objective was to collect
data on health and environmental effects to provide basic
information on hazards related to HPV chemicals to be made
publicly available. Collecting these hazard data on HPV
chemicals would also help the US EPA to achieve its goal in
protecting human health and the environment.

The basic data to be collected were based on the SIDS end
points developed for the OECD program. As discussed earlier,
these end points include substance information, physical and
chemical properties, environmental fate, environmental effects,
and effects on human health.

Many importers and manufacturers of chemicals agreed to
voluntarily sponsor specific chemicals and collect the hazard
data. The US EPA encouraged the submission of existing data to
minimize the need for additional testing. Like the OECD
program, where further testing was needed, the sponsor was
requested to fill the data gaps.

The US EPA posted the test plans on the Internet for public
comment and provided comments that are posted on the
Internet. Companies and the US EPA have relied on the OECD
test guidelines and additional technical guidance developed
under the HPV Challenge Program as aids for the collection of
appropriate data and the conduct of necessary tests. Once
a sponsor’s plan was reviewed, the test phase began.

The sponsorship program to collect chemical data has been
a success with sponsors for more than 2200 chemicals. This
total includes approximately 1400 chemicals taken directly
through the HPV Challenge Program within the United States
and more than 860 chemicals sponsored through the OECD
HPV program that have HPVs specifically within the United
States. Corporate industry sponsors and business groups
teamed up, resulting in more than 100 consortia to coopera-
tively work to generate the hazard data. Like the OECD
program, chemical categories are also accepted in the US HPV
Challenge Program.

The HPV Challenge Program helped to make available in
the public domain a significant set of data on health and
environmental effects not previously published by companies
participating in the program. The presentations of existing and
new data yielded more than 8100 previously unpublished
studies (as well as about 6500 published studies).

With the scheduled submission of data under the HPV
Challenge Program now complete, the focus has shifted to data
use, both by the public and by the US EPA in its mission to
protect human health and the environment (see section on
HPV Chemicals and Enhancing the US EPA’s Chemical
Management Program).
Voluntary Children’s Chemical Evaluation Program

In 1998, as part of the HPV chemical efforts, a voluntary
Chemical Right-to-Know Initiative was established between the
US EPA and the chemical industries. As part of that initiative,
the Voluntary Children’s Chemical Evaluation Program
(VCCEP) was launched in December 2000 to better understand
the potential health risks of industrial/commercial chemicals
that present a high probability of exposure of children and to
pursue the collection, development, and public dissemination
of information needed to assess the risks to children from these
chemicals.

VCCEP was implemented first as a pilot before determining
a final VCCEP process that would include additional chemicals.

In implementing the pilot phase, the US EPA asked
companies that manufactured or imported one or more of
23 chemicals (to which children have a high likelihood of
exposure) to volunteer to provide information on health
effects, exposure, risk, and data needs. Thirty-five companies
and ten consortia responded and volunteered to sponsor 20 of
the 23 chemicals.

Collection of information was to proceed with three tiers of
increasingly detailed information depending on whether the
data were needed to understand the impact of chemicals on
children. Information provided by the sponsors was to be
reviewed by an expert peer consultation group of scientific
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experts with extensive experience in toxicological tests and
exposure evaluations. The Toxicology Excellence for Risk
Assessment managed the peer consultation and sent the results
to the US EPA. If the US EPA agreed that additional informa-
tion was required, sponsors were encouraged to voluntarily
provide information to the next tier.

Chemicals were chosen for the pilot if the monitoring data
(e.g., human blood and breast milk) showed significant
exposure of humans had taken place and if traces of the
chemicals were seen in environmental monitoring data (e.g.,
indoor air, drinking water). Chemicals were not selected if they
were adequately addressed in other risk management programs
or not produced or imported in the United States.

The VCCEP is currently inactive. However, for many of the
23 pilot chemicals, tier 1 assessments and their accompanying
peer consultations and US EPA comments are available on the
US EPA VCCEP website.
HPV Chemicals and Enhancing the US EPA’s
Chemical Management Program

Using data submitted by chemical sponsors under the HPV
Challenge Program (or the OECD HPV Program), the US EPA’s
assessment of the data on HPV chemicals has gone through
more than one iteration.

First, US EPA’s Chemical Assessment and Management
Program (ChAMP) was created to implement commitments
that the United States made at the Security and Prosperity
Partnership of North American Leaders Summit in 2007, where
they agreed to complete screening-level chemical prioritiza-
tions and initiate action as appropriate on the chemicals
identified. Under this program, which was active from August
2007 to mid-2009, the US EPA developed risk-based prioriti-
zations (RBPs) for the HPV chemicals using the screening-level
hazard and exposure information. RBPs for individual chem-
icals or chemical categories included a qualitative (high,
medium, low) prioritization decision and a qualitative
screening-level risk characterization. In addition, hazard-based
prioritizations (HBPs) were prepared for medium production
volume (MPV) chemicals, produced or imported at quan-
tities between 11 340 kg (25 000 pounds) and 45 400 kg
(100 000 pounds). These decisions relied on hazard informa-
tion only because exposure information was sparser for MPV
chemicals. In addition, for many MPV chemicals, the US EPA
used more predictive tools and methods to characterize prop-
erties and hazards due to limited data. The RBPs and HBPs were
prepared in order to determine the need for follow-up data
collection or management actions, and contained specific
recommendations for further work, and are available on the US
EPA’s website.

In September 2009, ChAMP was replaced by a comprehen-
sive approach to enhancing the Agency’s current chemicals
management program under the Toxic Substances and Control
Act (TSCA). As part of the enhanced program, the US EPA
continues to evaluate HPV chemicals. This evaluation involves
the US EPA’s scientific review of the screening-level hazard data
set contained within each HPV Challenge Program submission
as well as data identified from a targeted search of publicly
available sources of information. The HC documents include
a summary of the SIDS end point data and any relevant data for
non-SIDS end points (e.g., irritation, sensitization, cancer,
neurotoxicity, and immunotoxicity). In addition, production
volumes and chemical use data from the US EPA’s Inventory
Update Reporting information are included to give context to
the hazard information. The US EPA HCs also identify any data
gaps (focusing on the SIDS end points requested in the HPV
Challenge Program), which can serve as the basis for a subse-
quent data-needs assessment.

The HC documents differ from RBPs and HBPs because they
summarize the available hazard data without making recom-
mendations for follow-up work. Any next steps can be deter-
mined in the future by risk managers as necessary.

Because some HPV chemicals did not have industry
sponsors under the HPV Challenge Program and some of the
sponsoring companies failed to submit all the data, the US
EPA plans to fill current gaps in health and safety data as
needed partly by publishing test rules under Section 4 of the
TSCA or initiating action to require notification and possible
follow-up testing that would be triggered under significant
new use rules under Section 5(a)(2) on additional HPV
chemicals.

As they are completed, HCs are posted to the US EPA’s
website. Access to HPV chemical information from the US
EPA’s programs enables the public to participate in envi-
ronmental decision making at all levels (federal, state, and
local).

There are several additional features of the US EPA’s
enhanced chemical management program that do not neces-
sarily focus on HPV chemicals (although certain chemicals
addressed in these other areas are produced in high volumes).
The additional features include the following:

l Enacting new regulatory risk management actions on
a number of chemicals such as lead, mercury, formalde-
hyde, polychlorinated biphenyls, glymes, and nanoscale
materials;

l Developing chemical action plans that will target the
agency’s risk management efforts on chemicals of concern;

l Requiring information needed to understand chemical risks
(e.g., hazard, use, and exposure data); in addition to filling
data gaps for SIDS end points, this effort includes enhancing
the reporting of chemical use information to make it more
transparent, current, and useful, and requiring additional
reporting on nanoscale chemicals;

l Increasing transparency and public access to information
about chemicals where the US EPA has been taking
aggressive actions;

l Identifying priority chemicals for review and assessment.
Registration, Evaluation and Authorization
of Chemicals

A review of the European chemicals policy was initiated in 1998
and a large number of problems were found. The two most
important problems relating to existing chemicals were a lack of
available information on the hazards and uses and an undue
burden on the regulator to assess the risks of chemicals. The
European Chemicals Bureau analyzed the data available from
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industry on the properties of existing HPV chemicals and this
study found that only 14% of the HPV chemicals in the Euro-
pean Union had data publicly available at the level of the base
set used for new chemicals marketed at high volume produc-
tion; 65% had some data but less than a base set; and 21% had
no data that were made available in the public domain.

The lack of data made it impossible to reliably assess
whether most existing chemicals fulfilled the criteria for
prioritization for further evaluation in the existing chemicals
program. Moreover, without these data it was unclear how
industry was managing its responsibilities, such as classifica-
tion and labeling of chemicals and assessing risks to workers
and the public.

As a result of the problems found with the European Union
system for regulating chemicals in force at that time, it was
decided that a new system should be implemented. Introduced
in 2003, approved in 2006, and commenced in 2007, the
European Union adopted a legal framework for the REACH.
Under REACH, all the parties must provide physical data,
chemical and toxicological studies, exposure data, and a risk
assessment for all chemicals in use in a tiered approach, a so-
called no data–no market system.

See also: Chemical Hazard Communication and Safety Data
Sheets; The European Chemicals Agency; Environmental
Exposure Assessment; EUROTOX; European Union and Its
European Commission; Hazard Identification; World Health
Organization/International Programme on Chemical Safety
(WHO/IPCS); International Society of Exposure Science; National
Center for Environmental Health-ATSDR; eChemPortal –
The Global Portal to Information on Chemical Substances;
REACH; Chemical Safety Assessment; Risk Characterization;
Society of Environmental Toxicology and Chemistry; Toxicity
Testing, Developmental.
Further Reading

Green, S., Goldberg, A.M., Zurlo, J., 2001. The TestSmart–HPV Programd
development of an integrated approach for testing high production volume
chemicals. Regulatory Toxicology and Pharmacology 33, 105–109.

Klaassen, C.D., 2008. Casarett and Doull’s Toxicology: The Basic Science of Poisons.
McGraw-Hill, Kansas City, Kansas.

Scala, R., Bevan, C., Beyer, B., 1992. An abbreviated repeat dose and reproductive/
developmental toxicity test for high production volume chemicals. Regulatory
Toxicology and Pharmacology 16, 73–80.

US EPA, 1998. Chemical Hazard Data Availability Study. Office of Pollution Prevention
and Toxics, EPA, Washington, DC.

Relevant Websites

EPA. (2011a). Chemical Assessment and Management Program (ChAMP). Retrieved
from U.S. Environmental Protection Agency: http://www.epa.gov/champ/

EPA. (2011b). High Production Volume (HPV) Challenge. Retrieved from U.S.
Environmental Protection Agency: http://www.epa.gov/chemrtk/

EPA. (2009c). High Production Volume Information System (HPVIS). Retrieved from
U.S. Environmental Protection Agency: http://www.epa.gov/hpvis/index.html

EPA. (2010d). Voluntary Children's Chemical Evaluation Program (VCCEP). Retrieved
from U.S. Environmental Protection Agency: http://www.epa.gov/oppt/vccep/

ICCA. (2011). High Production Volume. Retrieved from International Council of
Chemical Associations: http://www.icca-chem.org

Lowell Center for Substainable Production. (2011). REACH. Retrieved from Chemicals
Policy & Science Initiative: http://www.chemicalspolicy.org/archives.reach.php

OECD. (2011). High Production Volume (HPV) . Retrieved from OECD Existing
Chemicals Database: http://webnet.oecd.org/hpv/ui/Default.aspx

OECD eChem Portal, http://www.echemportal.org/echemportal/index?pageID¼0&request_
locale¼en

Scorecard. (2005). Chemicals Profiles-High Production Volumes (HPV) Chemicals.
Retrieved 2011, from The Pollution Information Site: http://scorecard.goodguide.com

http://www.epa.gov/champ/
http://www.epa.gov/chemrtk/
http://www.epa.gov/hpvis/index.html
http://www.epa.gov/oppt/vccep/
http://www.icca-chem.org
http://www.chemicalspolicy.org/archives.reach.php
http://webnet.oecd.org/hpv/ui/Default.aspx
http://www.echemportal.org/echemportal/index%3FpageID%3D0%26request_locale%3Den
http://www.echemportal.org/echemportal/index%3FpageID%3D0%26request_locale%3Den
http://www.echemportal.org/echemportal/index%3FpageID%3D0%26request_locale%3Den
http://www.echemportal.org/echemportal/index%3FpageID%3D0%26request_locale%3Den
http://scorecard.goodguide.com


High Temperature Cooked Meats
A Gevaart-Durkin and A de Peyster, Graduate School of Public Health, San Diego State University, San Diego, CA, USA

� 2014 Elsevier Inc. All rights reserved.
Introduction

From the time humans learned to hunt, cooking meat before
consumption has been commonpractice. Cookedmeat remains
a significant part of the diet in many cultures throughout the
world, where meats are often grilled in an oven or over wood,
charcoal, flame-gas, or other fuel source. The presence of
chemicals that result in high temperature cooked meats and are
known to be carcinogenic in laboratory-based studies has raised
concern about what for some individuals could be significant
human exposure to potential carcinogens in these meats.

A definition of high temperature cooked meat often used in
the literature is meat cooked at greater than 150 �C (302 �F).
Cooking fish results in some of the same chemicals being
produced but in lower amounts. This discussion summarizes
studies focusing on high-protein animal meat, in particular
(i.e., beef, pork, and chicken), how it is cooked, and what
chemicals are present in these foods. These protein-rich foods
can be a beneficial part of a diet, and cooking meat thoroughly
before eating is obviously very important for killing microor-
ganisms as well as to enhance taste; however, an analysis of
food safety and nutritional considerations and the overall pros
and cons of eating meat cooked at high temperatures is outside
of the scope of this article. The main objective here is to convey
some of the current understanding of the cancer-causing
chemicals of main interest, and the toxicology and epidemi-
ology associated with meats cooked at high temperatures,
including what is not clearly understood or established with
certainty. Ways to reduce whatever risks do exist are also
discussed.
Carcinogenic Chemicals Found in Cooked Meats

Heterocyclic Amines (HCAs)

In the late 1970s, chemicals called heterocyclic amines were found
in meat cooked for human consumption. These compounds
were shown to be mutagenic in bacterial genotoxicity tests. Since
this discovery,much research has been done to identify these active
compounds, the conditions under which they are created, effects
on animal model and human systems, and ways to decrease
exposure. Heterocyclic amines are aromatic compounds that
formunder high heat conditions from creatinine, amino acids, and
sugar through a series of reactions called Maillard reactions. It is
estimated that more than 25 different types of HCAs exist, each
with a slightly different structure. The most commonly studied
heterocyclic amines, and presumably the most ubiquitous, are the
thermic amines found in foods. They include IQ (2-amino-3-
methyl-imidazo[4,5-f]quinoline), IQx (2-amino-3-methylimidazo
[4,5-f]quinoxaline), MelQ (2-amino-3,4-dimethylimidazo [4,5-f]
quinoline), MelQx (2-amino-3,8-dimethylimidazo [4,5-f]qui-
noxaline), DiMeIQx (2-amino-3,4,8-trimethyl-imidazo [4,5-f]qui-
noxaline), and PhIP (2-amino-1-methyl-6-phenylimidazo [4,5-b]
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pyridine), which are found in both high temperature cookedmeats
and fish.

At least one of these, PhiP, can be formed in meats cooked
at temperatures as low as 37 �C (98.6 �F). Conventional
cooking temperatures are between 150 and 300 �C, which is
why most cooked meat is thus considered to be in danger of
HCA formation. The amount of HCAs increases as temperature
and cooking time increase. Fish almost always have lower levels
of HCAs than animal meats cooked at the same temperatures.
The presence of seasoning and cooking oils and the method
used for cooking also affect the amount of HCAs present in
cooked meat.

Although not all known, HCAs have been shown to be
carcinogenic, at least 10 of them have exhibited both muta-
genic activity in the in vitro Ames Salmonella assay and carci-
nogenicity in animal studies. The International Agency for
Research on Cancer, which categorizes chemicals by weight of
evidence into varying degrees of carcinogenicity, has listed IQ
as a probable human carcinogen. MeIQ, MeIQx, and PhIP are
listed as possible human carcinogens. The following factors
also determine mutagenic potential of HCAs: number of fused
rings, number of heteroatoms present, N-methyl substitution,
and methyl substitution. These conditions are important to
consider when studying HCAs because they determine the
ability to interact with DNA, and thus the potential for muta-
genic activity. Even a slight variation in placement of the
N-methyl group (position 1 versus position 3) may result in an
almost 100-fold difference in terms of cytochrome P450 and
phase II metabolism relative to PhIP.

The primary mechanism of mutation by HCAs is by DNA
adduct formation. For this to occur, HCA compounds need to
be reactive to be able to interact with DNA. Metabolism of HCA
is thought to be a two-step process that involves phase I and
phase II enzymatic reactions. Once the HCA is in a reactive
state, it can bind to DNA, potentially starting the process of
carcinogenesis. One study found that people with faster cyto-
chrome P450 metabolism were more protected from DNA
adduct formation than were those with slow metabolism.
Polyaromatic Hydrocarbons and N-Nitroso Compounds

Two other major classes of chemicals of potential concern are
also found in high temperature cooked meats: Polyaromatic
Hydrocarbons (PAHs) and N-nitroso Compounds (NOCs).
One example of a PAH of concern is benzo(a)pyrene. PAHs are
ubiquitous and are produced by incomplete combustion of any
organic matter, including fossil fuels, tobacco smoke, vegeta-
tion, and meat products. PAHs found naturally in the envi-
ronment can also biomagnify up the food chain. Many PAHs
are known carcinogens and contribute to the overall amount of
potential carcinogens introduced to the body on consumption
of meat. Foods cooked over an open flame are thought to
contain the highest levels of PAHs; thus, charcoal broiled or
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01155-6
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grilled foods are thought to pose the highest risk of cancer
linked to PAH exposure. Smoking foods especially yields high
concentrations. The PAHs arise within the meat as well as on
the surface, so removing surface char reduces but does not
eliminate these chemicals.

N-nitroso compounds (NOCs) are also known carcinogens
found in cooked meats. Sodium nitrite was commonly used as
a fish and meat flavoring and preservative to prevent spoilage
and botulism in the 1970s. Because sodium nitrite can easily
reactwith secondary amino acids to formN-nitroso compounds,
foods treated with nitrites were examined more closely. These
compounds were discovered in the vapors of the meats being
cooked, as well as in meat itself. It is thought that human expo-
sure is actually quite low; however, because NOCs are very
carcinogenic in animal studies, they have not been ignored as
harmless. Evidence that NOCs present in tobacco products
contribute to approximately 10% of cancers in heavy smokers
has led some to believe that NOCs found in food products may
have the potential to be carcinogenic to cooked meat eaters.
There is insufficient evidence, however, of a correlation between
specific cancers and NOCs in food. Many people thought that
high rates of stomach cancer were attributed to NOC exposure,
because the stomach comes into direct contact with those
compounds, but NOCs were unable to induce tumor formation
in the stomach in animal tests. As with HCAs and PAHs, many
of which are known carcinogens, NOCs are thought to be
hazardous to human health, but solid conclusions about NOCs
cannot be drawn in view of the inconsistent lab animal findings
and scarcity of epidemiological studies focusing on NOCs.
Genotoxicity and Animal Carcinogenicity Studies

Meats cooked to a well-done state contain substances that are
mutagenic in the Ames Salmonella assay. Stewing, braising,
and deep-frying produce little mutagenicity in the Ames assay.
In general, mutagenic activity increases with temperature.
Charred meats have high levels of mutagenic activity that
increases with more charring. Specific chemicals and concen-
trations that could be responsible for the mutagenic activity
were not measured in earlier experiments; however, it is widely
recognized that PAHs, HCAs, and N-nitroso compounds are
positive in Ames and other genotoxicity assays.

The literature on ability of the HCAs, PAHs, and NOCs
specifically to cause cancer in laboratory animals is quite
extensive. Predominantly, the HCA literature focuses on tumor
formation in the liver, as well as DNA adduct formation in rats,
mice, and monkeys. These data provided the foundation, and
consequently fear, on which much of the meat-cancer associ-
ation originated. As early as 1986, Ohgaki and colleagues had
recognized that five different HCAs, including IQ, all caused
cancer in rats and mice. Each HCA studied caused cancer in
a different target organ and confirmed earlier bioassay tests of
mutagenicity. PAHs and NOCs have also been shown to cause
cancer in laboratory animals. NOCs are implicated in the
formation of tumors in the lung, kidney, bladder, pancreas,
esophagus, and tongue, whereas PAHs increase incidence of
lung and skin tumors in laboratory animals.

A number of studies using rat models have examined the
effect of consumption of cooked meats on tumor incidence or
early biomarkers believed to lead to cancers; for example, PhIP-
DNA adducts (PhIP molecules attached to DNA), and other
signs of genetic changes that suggest either compromised
protection against cancer or a greater tendency for DNA
damage. In general, diets with high levels of cooked meats
increase risk of cancers in experimental animals, but results
have not always been entirely consistent. These experimental
diets are also often extreme in terms of the proportion of
cooked meat comprising more than half of the diet. In other
words, although experiments using rodent models show that
the potential for increasing cancers exists, and high temperature
cooked meats may also be acting as tumor promoters, a quan-
titative risk assessment shows that amounts causing appre-
ciable levels of cancers in rats far exceed those in the typical
human diet. Only a couple of representative studies are
explained here to illustrate some of the different approaches
used to study this issue in experimental animals.

A 27-week study used rats fed a high-fat diet containing
60% by weight cooked beef containing a high level of HCA,
especially PhIP. No PhIP adducts were observed in the liver,
colon, or stomach and no mutations in p53 (a tumor sup-
pressor gene) or the APC gene (the adenomatous polyposis coli
gene that normally makes a protein that prevents cells in the
colon from becoming cancerous) were observed. Interestingly,
a high fat diet appeared to be protective in another 12-week
study of rat colon tumor promotion by cooked meats but only
in colon tissue, not stomach. This study used dimethyl
hydrazine (DMH), as a known tumorigen, with different die-
tary regimens to see if well-cooked beef high in HCAs could
promote (intensify) the effect of DMH. A beef diet resulted in
more DMH-induced colon adenocarcinomas, but only in the
animals given the low-fat diet. In this study, cooked beef
increased stomach tumors in all DMH-treated rats regardless of
high- or low-fat content in their diets. Other studies have
shown that while dietary beef caused greater DNA strand
breakage in rat colons than equivalent levels of chicken, the
presence of high fiber levels or resistant starch (RS) as 20% high
amylose maize starch (HAMS) in the diet reduced the damage.
A similar study of RS attenuation focused instead on short-
ening of telomeres, which is associated with greater risk of
colorectal cancer. After 4 weeks of feeding cooked beef or
chicken at 15, 25, and 35% of diet with or without RS, colo-
nocyte telomere length decreased in proportion to red or white
meat content of the diet, and inclusion of resistant starch
reduced this effect.
Epidemiology Studies

Eating cooked meat has been inconsistently linked to many
types of cancer, the most commonly studied being colon and
breast cancer. Information collected by questionnaires provides
information to assess exposure based on the number of meat
consumption events and serving size, meat doneness, and
cooking method. Although experimental studies in animal
models show cancer formation, perhaps the human doses are
not high enough to warrant concern or humans respond
differently than experimental animals.

For breast cancer, the NAT2 rapid acetylator genotype has
been linked with an increased risk of cancer. In many studies,



914 High Temperature Cooked Meats
it has been postulated that consumption of meat thought to
contain high levels of HCAs, such as well-done meat or meats
with charred portions, in a woman that has the NAT2 rapid
acetylator genotype, will be more likely to have DNA adduct
formation. Mignone and colleagues found no association of
breast cancer with HCA and either form of the NAT2 geno-
type in these women. The presence of multiple chemicals that
could be responsible for results observed makes interpreta-
tion difficult when studies focus on only one metabolism
gene.

Another study looked specifically at breast tissue. Rohrmann
and colleagues reported a significant association between HCA
consumption and DNA adduct formation; however, these
results were inconclusive because they were not able to attribute
the presence of adducts entirely to HCA consumption, given
that other factors can result in adducts. Although there is strong
evidence from in vitro and animal studies that HCAs are prob-
able human carcinogens, few human studies have concluded
that there is a statistically significant correlation between HCA
and cancer.

Lung cancer has also been linked with the consumption
of HCAs; however, in one trial, the prostate, lung, colorectal,
and ovarian screening trial, no significant association between
meat and lung cancer was found. Specifically, meat doneness,
thought to be a major indicator of HCA exposure, was also not
significantly associated with lung cancer. This study also found
that despite the hypothesis that fat content is associated with
certain types of cancers, they found no association between
amount or type of fat with lung cancer. Similar results were
reported in 2011 by Linseisen and colleagues in the major
European Prospective Investigation into Cancer and Nutrition
study, suggesting that these results are not simply owing to
regional variations, but are applicable to varying diets and
lifestyles.
Variations in Exposure and Risk

Certain meats have greater amounts of HCAs and other known
animal carcinogens when cooked. Pork products were found to
have higher concentrations of PhIP than chicken in one study.
Cooking method also resulted in varying levels of HCAs.
Cooking meat in water, rather than on a heat transfer mecha-
nism (i.e., a pan or grill), resulted in lower HCA levels. Grilling,
frying, and barbequing are more likely to have high levels of
HCAs. Stir-frying is a short-duration cooking method, and so
produces fewer HCAs than most other high heat transfer
mechanisms. Residues left in a pan that are used to make
gravies typically contain very high amounts of HCAs because
they have been left in the pan and are usually cooked longer.
Microwaving before cooking yields lower HCA levels in beef
not microwaved in advance of cooking. Beef patties were also
shown to have lower levels of HCAs when they were flipped
over more frequently and cooked at a lower temperature, rather
than cooked quickly at high heat. A number of studies have
suggested that if certain things are added to meat while cook-
ing, the amount of HCAs decreases; these include soy flour,
antioxidants, glucose, lactose, and soaking in marinade before
cooking. Conversely, cooking in sugar or soy sauce was shown
to enhance HCA formation.
An interesting approach to reducing potential harmful
effects of HCAs is to increase the intake of probiotics. Nowak
and colleagues found that a common probiotic strain, Lacto-
bacillus, caused a 98–99% reduction in IQ and PhIP in a broth
mixture. Additionally, it was found using a comet assay that
the presence of Lactobacilli reduced the genotoxic effects of
HCAs. Although the mechanism through which these bacteria
act is still largely unknown, it is thought that they reduce colon
enzyme activity, help prevent growth of other harmful bacteria,
enhance the immune system, and directly bind to carcinogens.

Fruits and vegetables are also noted to have a protective
effect against potential carcinogens. Vitamins C and E inhibit
the formation of NOCs, which may explain the protection
afforded by foods that contain high concentrations of these
vitamins. It is also common knowledge that consuming fruits
and vegetables, which are high in fiber, will move food along
the digestive tract more quickly and thus reduce the time waste,
and potential carcinogens, spend in the body.
Summary

Heterocyclic amines, PAHs, and NOCs are carcinogens found
in meats cooked at high temperature. Although there have
been many studies elucidating their potential for causing
cancer, epidemiological studies have yielded inconsistent
results. At this time, there is not enough information indicating
a strong association between cancer in humans and eating
high temperature cooked meats. This article is not intended to
urge readers to entirely eliminate high temperature cooked
meats from a nutritionally well-balanced diet. On the other
hand, for those who are particularly concerned, the amount of
meat consumed could be reduced, lower cooking temperatures
could be used, charring can be reduced, and foods shown to
help reduce risk of cancer can become a more significant part of
the diet. As with any risk of chemical exposure, the first prin-
ciple of toxicology applies here: It is the dose that makes the
poison.

See also: Carcinogenicity; Food Safety; Heterocyclic Amines;
Polyaromatic Hydrocarbons; Nitrosamines.
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Definition

High throughput screening (HTS) is the use of automated
equipment to rapidly test thousands to millions of samples
for biological activity at the model organism, cellular,
pathway, or molecular level. In its most common form, HTS is
an experimental process in which 103–106 small molecule
compounds of known structure are screened in parallel. Other
substances, such as chemical mixtures, natural product
extracts, oligonucleotides, and antibodies, may also be
screened. Because HTS typically aims to screen 100 000 or
more samples per day, relatively simple and automation-
compatible assay designs, robotic-assisted sample handling,
and automated data processing are critical. HTS is commonly
used in pharmaceutical and biotechnology companies to
identify compounds (called hits) with pharmacological or
biological activity. These are used as starting points for
medicinal chemical optimization during pharmacological
probe or drug discovery and development. Typically, HTS
assays are performed in microtiter plates in 96-, 384-, or 1536-
well formats while traditional HTS usually tests each
compound in a compound library at a single concentration,
most commonly 10 mM.

Quantitative high throughput screening (qHTS) is a method
of testing compounds at multiple concentrations using an HTS
platform. The concentration response curves are generated for
each compound tested immediately after the screen is per-
formed. Recently, qHTS has become popular in toxicology
because it more fully characterizes the biological effects of
chemicals and decreases the rates of false positives and false
negatives.
History

HTS approaches began in the early 1990s, using a 96-well
plate format to screen libraries of hundreds to thousands of
compounds. The use of microplates was a revolutionary
breakthrough in the scientific laboratory, because it allowed
many experiments to be carried out simultaneously in
a uniform format. Over the next decade, larger compound
libraries were generated using advances in parallel chemical
synthesis and isolation, including combinatorial chemistry
and improvements in natural product isolation. The
screening of libraries containing a million or more
compounds became possible through the implementation
of automation and assay miniaturization, and the use of
384-, 1536-, and 3456-well plates. The term ultra-HTS
(uHTS) was coined to describe HTS strategies capable of
performing more than 105 reactions per day. In the future,
throughput may be increased even further with newer and
higher density platforms, including chip or micro-fluidic-
based microtiter plate-free systems.
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Biological Targets, Pathways, and Phenotypes
Used in HTS Assays

Historically, enzymes and receptors were the main targets of
screening inHTS labs. Among themost common targets studied
are kinases, ion channels, proteases, nuclear receptors, and
G-protein coupled receptors. Advances in instrumentation and
assay development technologies have allowed the use of HTS to
evaluate other biological functions using more sophisticated
multicomponent biochemical (protein-based), and protein–
protein, protein–DNA, and protein–RNA interactions assays.
Cell-based assays of more complex biological phenomena
including signal transduction pathways, transcriptional regu-
lation, protein expression, and stability, pre-mRNA splicing
events, and epigenetics have also been developed, using
reporter readouts such as luciferase and beta-lactamase. Most
recently, ‘high content’ cellular imaging assays have become
common, allowing identification of compoundswith efficacy in
a variety of cellular phenotypes, including cell death, protein
distribution, neurite outgrowth, and directly disease-relevant
cellular phenotypes. Model organism (most commonly Cae-
norhabditis. elegans and zebrafish) screening is also performed,
but in lower-density plates, typically 96-well.
Detection Methods Used in HTS

Fluorescence and bioluminescence are the most commonly
used assay readouts for HTS. Especially suitable for HTS are
fluorescence signals, which are generally strong and cover
a wide spectrum. A variety of fluorescent detection methods
have been developed for HTS assays, such as direct fluorescence
measurement; fluorescence polarization that allows the direct
detection of the probe changes in rotational properties; fluo-
rescence resonance energy transfer (FRET), or fluorescence
quenching energy transfer (QFRET), measuring energy transfer
between two fluorophores; and time-resolved fluorescence that
allows an increase of sensitivity by eliminating interference
from library compounds and other assay components. The
b-lactamase gene reporter assay is an example of a FRET-based
assay. A ratio metric measurement using the b-lactam-coupled
coumarin-fluorescein substrate, CCF4/AM, and dual emissions
(460 and 530 nm) minimizes the well-to-well and plate-to-
plate variations caused by different cell numbers in the wells.
Another popular detection method is luminescence. Compared
with fluorescence assays, both the signal and background of
luminescence-based assays is lower, so the dynamic range of
luminescence assays is larger than that of fluorescence assays.
The most common luminescence technology used in HTS uses
one of a variety of luciferase reporter genes, with specific
luciferin substrates generating light that can be detected in plate
readers. Other detection methods used in HTS include
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00209-8
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absorbance, high throughput electrophysiology, atomic
absorption spectroscopy, and scintillation proximity assays. All
of these technologies are susceptible to false positives and false
negatives owing to artifacts derived from the inherent physical
properties of the test compounds in solution, such as auto-
fluorescence, absorption, luciferase inhibition or activation,
and compound aggregation.
The Use of HTS Strategies in Toxicology

The use of in vitro HTS assays for testing chemicals for toxi-
cology is relatively new when compared with the use of HTS for
drug development. Besides the aforementioned technological
advances, three key events accelerated the incorporation of HTS
technologies in the toxicology field. In 2004, The US National
Toxicology Program (NTP) published a vision statement, “A
National Toxicology Program for the 21st Century, a Roadmap
to Achieve the NTP Vision.” In this report, one of the directions
envisioned for the NTP included the development of rapid,
mechanistic-based predictive screens for environmentally
induced diseases. The information generated in the HTS would
be used to prioritize compounds for more in-depth toxicity
testing to improve the understanding of the mechanisms of
toxicity and the decisions that affect public health, including
risk assessment and management. Following the Roadmap
publication, the NTP established an HTS program, representing
a new paradigm in toxicological testing. In 2007, the National
Academy of Sciences published its report ‘Toxicity Testing in
the 21st Century: A Vision and Strategy’ that envisioned
a future in which virtually all routine toxicity testing would be
conducted in vitro in human cells or cell lines by evaluating
perturbations of cellular responses in a suite of toxicity
pathway assays using high throughput robotic assisted meth-
odologies. In 2008, the NTP, the US Environmental Protection
Agency (EPA), and the NIH Chemical Genomics Center
(NCGC, now a part of the National Center for Advancing
Translational Sciences) jointly established the Tox21 program,
which is seeking to fulfill the vision of the NTP and NAS
reports. In 2010, the FDA joined the interagency partnership.
Tox21 is testing thousands of drugs and environmental
compounds to characterize and define their toxicologically
relevant biological activities. The goals of Tox21 are to establish
in vitro activity signatures that can be used to prioritize in-depth
toxicity testing, decrease use of animals in toxicity testing, and
ultimately produce predictive models of in vivo biological
response. During the pilot phase of the Tox21 collaboration,
various cell-based assays have been developed, miniaturized,
and screened against approximately 3000 environmental
chemicals and drugs. The following in vitro cell-based assays
have been validated in a 1536-well plate format at NCGC: (1)
general toxicological assays, including cell viability, caspase
activity, membrane integrity (LDH release), and mitochondrial
membrane potential; (2) target specific assays, including
nuclear receptors (AR, ERa, FXR, GR, PPARg, PPARd, RXR, TRb,
VDR, PXR, and AhR), hERG channels, and cytokine; and (3)
pathway specific assays (AP-1, HIF-1a, NFkB, HSR, ARE/Nrf2,
p53). In 2011, Tox21 started phase II of the program imple-
menting a fully automated robotic platform capable of testing
a library of > 10000 chemicals for biological activity using
a pathway or cell-based phenotypic assay in 15-concentration
qHTS in triplicate in a week. A group of qHTS assays, including
suites of nuclear receptors and stress response pathways, are the
initial focus of Tox21 phase II. Technology development areas
include the use of primary and induced-pluripotent stem cells,
the incorporation of metabolic capacity, and targeted testing
strategies to test the in vivo reliability of predictive computa-
tional models built on the in vitro data. The data generated from
the Tox21 program are being made publically available in
databases at NIH and EPA.
Conclusion

Policymakers involved in the regulation of environmental
chemicals and drugs face unique challenges in this new century.
The need for more in-depth mechanistic data on thousands of
environmental compounds, increase in efficiency of drug
development, and reduction of animals used for toxicity testing
are critical issues that must be addressed. Toxicity testing must
evolve to meet these challenges. HTS (and specifically qHTS)
has advanced over the last 20 years into a mature independent
discipline capable of generating data to examine a diverse
portfolio of biologically relevant endpoints and using
computational techniques to analyze and interpret the data
and build predictive models. Application of HTS and the
related disciplines of assay development, computational toxi-
cology, and targeted testing will help address the challenges of
toxicology in the twenty-first century.

See also: hERG (Human Ether-a-Go-Go Related Gene);
Mechanisms of Toxicity; The National Institute of
Environmental Health Sciences; National Institutes of Health;
Oxidative Stress; Genetic Toxicology; Toxicity Testing,
Validation; Toxicity Testing in the 21st Century: Approaches to
Implementation; In Vitro Tests; Toxicity Testing, Alternatives;
Mitochondrial Toxicity; Dose–Response Relationship;
Environmental Hormone Disruptors; The National Toxicology
Program.
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In the United States, environmental advocacy groups make up
what is known as the ‘environmental movement.’ The history
of this large, diverse social movement can best be understood
by analogy to a river created by the confluence of about two
dozen rivulets and tributaries. The main stems derive from two
distinct nineteenth-century social movements, one promoting
the conservation of natural resources and the other public
health.
Ancient Sources

Of course even the nineteenth-century conservation and public
health movements had ancient sources. Around AD 530, the
Roman emperor Justinian codified the legal basis for natural
resource protection – the idea that air, water, oceans, wildlife,
and more are shared by everyone together and owned by no
one individually and that the sovereign has a duty to protect
and conserve these resources for present and future genera-
tions. The code of Justinian eventually led to the modern
‘public trust doctrine’ of environmental management and
protection, described below.

Roman practices also foreshadowed the main ideas of the
modern public health movement. For example, the architect
Vitruvius (like the Greek physician Hippocrates before him)
understood that human health is dependent upon the natural
environment, so he taught his students to site and orient
buildings to take advantage of fresh air and sunlight. The
Romans also understood that individual health was dependent
upon interventions at the scale of the whole population, not
merely the individual. So, for example, the Roman aqueducts
were built by the state to deliver clean water to entire cities.
Public baths made cleanliness possible for everyone. Romans
also separated incompatible land uses (without calling the
practice ‘zoning’) to protect public health. For example, the
Roman boarium (the cattle market) was separated from
the forum (the center of public life) for health reasons. And
finally, the Romans were keenly aware that certain occupations,
such as silver mining, were dangerous and unhealthful, and
those occupations were restricted mainly to slaves.

A fundamental question for people in every culture is the
relationship of humans to the rest of the natural world. Are
humans part of nature or are they separate from it and superior
to it?

From the philosophies of Aristotle, Plato, and Socrates, the
Romans inherited a strongly anthropocentric perspective that
nature exists solely to serve human purposes. This view was
reinforced in the fourth century AD when Rome adopted
Christianity as its state religion. At that time, the dominant
interpretation of the Biblical story of creation held that humans
are separate from the natural world and are to dominate and
exploit it. As time passed, this European view evolved further
until the natural world was considered defective and incom-
plete until humans had ‘developed’ and ‘improved’ it – terms
918 Encyclopedia of T
still widely used today. Although religious leaders have rein-
terpreted the relevant Biblical passages in modern times, it
would be difficult to overstate the influence of these early,
strongly anthropocentric views upon European and American
life, thought, and policy.
The Conservation Movement

When Europeans first arrived in North America, they encoun-
tered indigenous people who viewed nature as a community to
which humans and all other living things belonged and upon
which all humans depended. The native people modified the
environment with fire and took from it the plants and animals
they needed, but with considerable restraint. It is now known
that in prehistoric times, large mammals had been driven to
extinction at least partly by human agency, but for the most
part, the indigenous people of North America lived within
nature’s limits.

For the first 200 years of European advance into North
America, natural resources seemed limitless. When one local
environment was exhausted by logging or farming, there was
always new land to be developed by moving westward.
However, by the mid-nineteenth century, despoliation of the
landscape in the United States had become evident on a grand
scale, as documented by George Perkins Marsh in Man and
Nature (1864). The movement to preserve natural landscapes
in the United States has been traced back to a proposal in
1832 by artist George Catlin to protect the great Midwestern
prairies and their inhabitants, buffalo and indigenous people,
from extinction by encompassing them in a large national
park. That particular park never materialized and both the
buffalo and the native people were subsequently decimated,
but the idea of conservation for sustainable yield slowly
took hold.

During the period 1830–1930, a national conservation
ethic developed, aiming to preserve land and use it wisely for
human purposes ranging from logging and hunting to spiritual
regeneration. Particularly during the progressive era (roughly
1900–20), scientific management of water, soil, trees, and
minerals came to be accepted as a reasonable goal, though by
no means a universal practice.

During the same period, another view of nature began to
emerge as well – the natural world valued for its inherent
beauty, as a place for solace and regeneration of the human
spirit. Henry Thoreau had articulated this perspective when he
lived in the woods near Walden Pond, 1845–47. John Muir,
who founded the Sierra Club in 1892, became a leading
proponent of this view. He said, “Everybody needs beauty as
well as bread, places to play in and pray in, where nature may
heal and cheer and give strength to body and soul alike.” As
time passed, the Thoreau–Muir tributary of the environmental
movement gained a tinge of misanthropy, which naturally
limited its political appeal.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00680-1
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Hunters and Fishers

Despite the slow spread of a conservation ethic, by the last
quarter of the nineteenth century, the nation’s fish and bird
populations had declined dramatically. Wearing bird plumage
had become fashionable in the United States and Europe,
resulting in the slaughter of millions of egrets and other wading
birds. The Passenger Pigeon, which had numbered in the
billions, was hunted to extinction, followed by the Carolina
Parakeet, the Ivory Billed Woodpecker, Bachman’s Warbler,
and the Heath Hen.

Habitats for native fish were being decimated by defores-
tation, farming, urbanization, dams, and pollution. By the
1870s, even the Great Lakes (containing one-fifth of the world’s
fresh surface water) were experiencing severe declines in native
fish such as trout and salmon, from habitat destruction and
overfishing. In 1871, Congress created the US Fisheries
Commission to oversee the nation’s fisheries interests, and the
following year, President Ulysses S. Grant designated the first
national park, Yellowstone, in Montana and Wyoming.

Forest and Stream, a weekly founded in 1873, quickly
became the premier publication serving recreational hunters
and fishers. In 1880, George Bird Grinnell assumed the
editorship and began campaigning for the protection of natural
resources and habitat for wild game. He became a leading
advocate of ‘sustainable yield’ timbering and led a campaign
for the protection of Yellowstone National Park from
commercial exploitation. When one of his readers, Theodore
Roosevelt, became president of the United States in 1901,
many of Grinnell’s ideas were incorporated into federal
conservation programs.

In 1886, Grinnell founded the first Audubon Society for the
Protection of Birds, named after the American naturalist and
artist, John James Audubon (1785–1851). Within 10 years,
Audubon societies arose in many states and in 1901, a loose
national federation of Audubon societies formed. In 1903, the
Audubon societies provided support for Theodore Roosevelt as
he set aside the first national wildlife refuge for the protection
of birds and other wildlife. In 1913 and again in 1918,
Congress passed laws and signed treaties with Canada, pro-
tecting migratory birds from wanton slaughter.

In 1874, the US Fisheries Commission issued a report
advocating the artificial cultivation of particular fish species. By
1875, several states had developed fish hatcheries, intending to
supplement fish populations by artificially stocking streams.
This practice is now routine, creating a large commercially
successful recreational fishing industry but masking the fact
that many of the nation’s freshwaters can no longer support
large populations of native fish. For example, between 1966
and 1998, 745 million fish were released into the Great Lakes
from hatcheries.

Throughout the twentieth century, fishers and hunters
organized to protect the habitat of wild game. In 1922,
sportsmen formed the Izaak Walton League (named after the
seventeenth century author of The Compleat Angler) to protect
the nation’s rivers and streams from industrial dumping,
sewage discharges, and soil erosion.

In 1936, President Franklin Roosevelt convened a North
American Wildlife Conference to promote conservation and
from that emerged the General Wildlife Federation (later
renamed the National Wildlife Federation) which grew to over
4 million members composed of hunters and others interested
in maintaining populations of wild species. The creation of
other wildlife organizations followed – the Wildlife Society
(1937), Ducks Unlimited (1937), and Defenders of Wildlife
(1947). Still, human encroachment into wild habitats continued
to displace wild creatures, whose populations continued to
decline. Of course, the problem was not limited to the United
States. The Nature Conservancy was formed in 1951 to take
ownership of exemplary endangered ecosystems to prevent their
destruction. In 1961, an international group of scientists,
conservationists, and political and business leaders formed the
World Wildlife Fund (WWF), which is now a leading advocate
for the control of persistent toxic pollutants worldwide.

In recent years, many groups formed to protect wildlife have
been emphasizing the connection between human health and
environmental deterioration – a connection readily apparent in
fish. In many waters of the United States today, fish become
moderately toxic as they grow to edible size. Many states now
publish book-length lists, suggesting limits on consumption of
particular species taken from particular waters. The need to
artificially stock fishing waters and the need to warn the public
to curb consumption to avoid toxic exposures indicate that the
status of wildlife in the United States remains precarious and
deeply troubled – a view confirmed by numerous reports on
loss of biodiversity, poor water quality, and declining
ecosystem health published throughout the 1990s and into the
twenty-first century.
The Public Health Movement

The public health movement to protect people arose in
England during the nineteenth century in response to exceed-
ingly high rates of death and disease amidst appalling envi-
ronmental conditions in cities and factories (‘dark satanic
mills’) as society was reorganized along industrial lines.

Edwin Chadwick and the Poor Law Commission in England
in the 1840s documented the fact that disease has both envi-
ronmental and social determinants. In Chadwick’s view, filthy
air, water, and soil caused disease (by creating a ‘miasma’), but
so did poverty. Chadwick’s three-volume report in 1842, Survey
into the Sanitary Condition of the Labouring Classes in Great Britain,
offered copious detail demonstrating how environmental and
social conditions contribute to disease. Disease arose from
filth, Chadwick had no doubt, and it was to be engineered out
of existence. As Chadwick saw it, maintaining public health by
preventing disease was chiefly an engineering problem, not
a medical problem. Chadwick and his colleagues explicitly
recognized the limitations of the medical model (one doctor,
one patient) as a response to disease. The medical model aimed
to cure disease, but the public health model aimed to prevent
it – through proper engineering of water supply, drainage,
improved sewerage, and waste removal. Society had to create
the conditions that made health possible, and a clean envi-
ronment was crucial.

Spurred by Chadwick’s efforts, in 1848, the English Parlia-
ment enacted the first Public Health Act and the Nuisances
Removal and Diseases Prevention Act. These laws established
prevention of disease – employing interventions by public
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authorities at the scale of the population, not just the
individual – as the central tenets of the public health
approach.

Long before medical science confirmed (between 1865 and
1890) that germs can cause illness, sovereign powers were
imposing preventive measures to protect public health.
Mandatory quarantining of plague victims had been practiced
in Europe since the fourteenth century. In 1878, the US
Congress enacted federal quarantine legislation to forcibly
separate the sick from the healthy, to stem cholera, yellow
fever, typhoid fever, and other epidemics of contagion. Indi-
vidual liberties were sacrificed to achieve public health goals.

Vaccination to prevent smallpox was widely adopted
throughout Europe in the first quarter of the nineteenth century
and by 1905, compulsory vaccination was upheld by the US
Supreme Court as a valid exercise of a state’s ‘police power’ to
protect public health.

Other preventive measures came into widespread use by the
beginning of the twentieth century. As early as the 1840s,
Dr Oliver Wendell Holmes (father of the Supreme Court
justice) advocated that physicians should wash their hands
between patient visits. His ideas were considered extreme and
slightly mad at the time, but eventually, hand washing became
routine throughout the world of medical practice and beyond.
Today many people are required by law to wash their hands as
a condition of employment because frequent hand washing is
still considered the single most effective way to prevent the
spread of communicable disease.

By the early twentieth century, it was widely understood and
agreed that individuals had to yield some of their personal
liberty in order to protect public health. As much as citizens of
the United States once enjoyed spitting on the sidewalk, it was
generally outlawed at the beginning of the twentieth century to
reduce the spread of tuberculosis. It was not long before the
propertied classes were expected to support public water, sewer,
and solid waste disposal systems to protect public health.
Landlords are today required by law to provide adequate space,
light, and air in their rental properties (a triumph for Vitruvius)
and property owners must take specific steps to prevent fires. In
1926, the US Supreme Court authorized municipal zoning
commissions to limit the uses to which privately owned land
could be put, to prevent, for example, industrial and residential
uses side by side. These and many other restrictions on
personal liberty were instituted by governments to protect
public health, for the public good.

Today, there is wide agreement that (1) prevention is the
first principle of public health; (2) public health requires
community action to create conditions that prevent disease and
other threats to the health and welfare of individuals and the
larger community; and (3) an environment that is conducive to
health is the starting point of good public health practice.

Since at least the time of Sir Francis Bacon (1561–1626) and
Rene Descartes (1596–1650), Europeans have believed that
amathematically based scientific knowledgeof thematerialworld
is possible, that such knowledge would permit the conquest of
nature, and that this conquest was the very definition of progress.
The accelerating industrial revolution, based on replacement of
human and animal labor by fossil fuels, seemed to prove them
right. By 1930, the standard of living of averageUS citizens would
have been unimaginable to people 100 years earlier.
The Main Stems Converging: 1950–70

By the middle of the twentieth century, it seemed as if the
conquest of nature were nearly complete. Leading the way in
taming nature was the chemical industry, which had learned to
manipulate raw materials like coal and petroleum to create an
astonishing array of useful molecules that seemed superior to
anything that nature had created. Cheap fertilizer was making
possible increased crop yields and abundant food. Chemical
pesticides were reportedly vanquishing insect pests. An array of
antioxidants, emulsifiers, thickeners, dyes, sweeteners, preser-
vatives, and bleaching agents had made processed foods widely
available. Synthetic fibers like rayon and nylon, along with
synthetic dyes, were making fabrics cheaper, more colorful, and
longer lasting. Automobiles powered by low-cost leaded
gasoline, constructed of special steel alloys, with tires of
synthetic rubber and windshields of safety glass, gave mobility
to millions.

With the help of vaccines, X-rays, radioactive isotopes,
antibiotics, synthetic hormones, and vitamins, medical science
seemed on the verge of eradicating most, if not all, human
ailments. Like yellow fever and cholera before them, polio and
tuberculosis were being vanquished. Atomic energy promised
to provide cheap electricity to serve civilization’s rapidly
growing need for power. One corporation’s slogan celebrated
“Better things for better living through chemistry,” and
another’s said, “Progress is our most important product.” Belief
in the inevitability of universal progress has perhaps never been
stronger than it was in 1950.

But progress as conceived in 1950 depended upon tech-
nologies that turned out to have a powerful dark side. Public
health hazards from radioactive fallout, pesticides, energy and
transportation systems, artificial food additives, and toxic
household chemicals all began to attract public attention as
post-WW II optimism gave way to the 1960s.

l Atomic weapons tests in the South Pacific in 1946 exposed
40 000 US Navy personnel to radioactivity and an Army
doctor’s diary describing the incident hit the best seller list
in 1948. In April 1953, Geiger counters in the City of Troy,
New York recorded substantial radioactive fallout from tests
that had been conducted in Nevada 36 h earlier. News
reports of the incident provoked widespread fear and
concern.

l In 1948 in Donora, Pennsylvania and again in London,
England in 1952, air pollution killed and injured large
numbers of people – 14 000 injured in Donora and 4000
killed during one weekend in London.

l By the mid-1950s, public health officials were growing
concerned about the toxicity of various modern products.
Alarmed by a rise in reported household poisonings, in
1957, the American Public Health Association passed
a resolution calling for better labeling and ‘uniform control
of hazardous substances,’ meaning household chemicals.

l Between 1945 and 1966, US Department of Agriculture
licensed nearly 60 000 individual pesticides at a time when
the agency had only one toxicologist on staff, whose job it
was to make safety evaluations and judgments based on
available health studies (to the extent that any existed) for
each of the 60 000 products.
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l In 1957, a committee within the American Association for
the Advancement of Science wrote, “We are now in the
midst of a new and unprecedented scientific revolution
which promises to bring about profound changes in the
condition of human life. The forces and processes now
coming under human control are beginning tomatch in size
and intensity those of nature itself, and our total environ-
ment is now subject to human influence. In this situation it
becomes imperative to determine that these new powers
shall be used for the maximum human good, for, if the
benefits to be derived from them are great, the possibility of
harm is correspondingly serious.”

l In 1958, Rachel Carson – a trained biologist with a literary
flair – began writing Silent Spring, drawing parallels between
the hazards of radioactive fallout and chemical pesticides.

l Just before Thanksgiving in 1959, the federal government
issued a public warning, urging people not to eat cran-
berries, which had been found to be contaminated with
amitrole, an herbicide thought to cause cancer in laboratory
animals. This created widespread fear and awareness of
cancer-causing chemicals in the nation’s food.
During the 1960s, there seemed no end to the bad news. In

1961, newspapers featured photographs of entire rivers covered
with foam from detergents. Anyone could see that something
was amiss.

In June 1962, chapters from Silent Spring began to appear in
The New Yorker magazine and soon thereafter became a best-
selling book. Many would identify this as the single most
important event in the history of the modern environmental
movement. In Silent Spring, Rachel Carson offered a powerful
indictment of what she called “man’s war against nature.”
“.[C]hemicals are the sinister and little-recognized partners of
radiation in changing the very nature of the world,” she wrote.
“Can anyone believe it is possible to lay down such a barrage of
poisons on the surface of the Earth without making it unfit for
all life?” Ms Carson raised the specter of chemical and radio-
active technologies causing vast and lasting damage to the
natural environment and to humans.

At the time, Ms Carson was excoriated by representatives of
chemical corporations, who accused her of being ignorant and
hysterical. However, subsequent studies showed that she was
correct on all essentials and that she had underestimated the
severity andmagnitude of many of the problems she described.

Meanwhile, starting in the late 1950s in St. Louis, Missouri,
a group of independent scientists organized by Barry Commoner
took it upon themselves to begin studying radioactive fallout
and then other dangerous technologies.

In the early 1960s, with colleagues around the country
(such as the newly formed Physicians for Social Responsibility
in Boston), the St. Louis group collected thousands of baby
teeth and demonstrated that radioactive strontium-90 was
building up in children as a consequence of testing nuclear
weapons aboveground. Partly based on this ‘baby tooth survey’
in 1963, President Kennedy signed a treaty with the Soviet
Union banning the testing of nuclear weapons in the atmo-
sphere and the oceans.

The original Greater St. Louis Citizens’ Committee for
Nuclear Information soon expanded into a nationwide
network that became known as the ‘scientific information
movement,’ guided by the idea that scientists have an ethical
duty to help the public understand the technical aspects of
public issues because an informed electorate is essential for
democratic self-governance. They believed scientists have
a duty to serve the public good, in return for which society
supports the scientific enterprise through universities, govern-
ment research, and the vast infrastructure of public services
(libraries, courts, universities, communication networks,
patent offices, standards for weights and measures, standards
for accounting, and so forth) that make possible the corporate
research and development enterprise. By 1968, the St. Louis
group had renamed itself the Committee for Environmental
Information.

Throughout the 1960s, the scientific information move-
ment brought a public health perspective to environmental
problems – human-centered, prevention oriented, espousing
population-scale interventions by the state (a ban on above-
ground testing of nuclear weapons, for example, to eliminate
radioactive fallout), with no reluctance to consider the
hazards of the workplace and urban environments. Here, the
beginnings of the modern environmental movement were
found.

As the 1960s unfolded, other serious threats to public health
and the workforce were revealed – toxic lead in paint and
gasoline, asbestos in building insulation, and food contami-
nated with mercury from pesticides and industrial products.

Inheritable genetic damage from radioactivity had been
discovered in 1927, but during the 1960s, scientists revealed
that common air pollutants could alter genes, as well as cause
cancer. It was becoming apparent that advanced technologies
were capable of harming future generations.

“Pollution now is one of the most pervasive problems of
our society,” wrote President Lyndon Johnson in a report titled
Restoring the Quality of Our Environment, published by the White
House in November 1965.

That same report concluded that, “The pollution from
internal combustion engines is so serious and growing so fast,
that an alternative non-polluting means of powering automo-
biles, buses and trucks is likely to become a national necessity.”
It did become a national necessity, but one that remained
unmet almost 50 years later.

That same year – 1965 – Ralph Nader published Unsafe at
Any Speed – charging that the US automobile industry was
knowingly selling unnecessarily dangerous cars to an unsus-
pecting public. General Motors (GM) Corporation hired
a detective to shadow Mr Nader, who then sued GM, winning
a monetary settlement. Mr Nader invested the proceeds to form
the Center for Study of Responsive Law and the consumer
safety branch of the environmental movement was born.

In 1967, the Environmental Defense Fund (EDF) was
created by a group of attorneys and scientists to bring lawsuits
against polluters and to educate lawyers about environmental
issues. EDF was instrumental in persuading the federal
government to ban DDT in 1972. In 1970, the Natural
Resources Defense Council (NRDC) was formed to watchdog
federal pollution control agencies and, when necessary, to take
the government to court to enforce the law. The Sierra Club
Legal Defense Fund formed in 1971 (with no formal connec-
tion to the Sierra Club) to litigate on behalf of the environ-
ment; in 1997, the organization changed its name to
Earthjustice.



922 History of the US Environmental Movement (Revised 10 January 2012)
Throughout the 1970s and 1980s, environmental litigation
would provide a powerful tool for environmental protection,
until the federal bench and the appellate courts became less
sympathetic to the environment. Since the early 1990s, envi-
ronmental litigation has become more difficult for plaintiffs
than it once was and less successful at protecting the
environment.

This legal tributary of the environmental movement
spawned some important new theories of law that have begun
to influence decisions in state courts. In 1970, Christopher
Stone published Should Trees Have Standing? Toward Legal
Rights for Natural Objects, and in 1971, Joseph Sax published
Defending the Environment: A Strategy for Citizen Action. Stone
planted the idea that perhaps nonhuman species deserved
their day in court just as humans did, and Sax argued that the
sovereign state had a legal duty to protect air, water, soil, and
more, even if it meant limiting some of the prerogatives of
private property. Today this ancient ‘public trust doctrine’ –
traceable to the code of the Roman emperor, Justinian – is
evolving into an important new principle of environmental
protection, and the rights of nonhuman species are the subject
of intense debate.

In 1968, Ann and Paul Ehrlich published The Population
Bomb, warning of dire threats to the future of all living things
because of growing human encroachment into all of nature’s
domains. The book led to the creation of an organization called
Zero Population Growth (ZPG), which in 2002 renamed itself
The Population Connection. They offer evidence that every
environmental problem would be easier to solve if the human
population were smaller and growing more slowly than it is.

That same year – 1968 – the first humans circled the moon
in a spacecraft and brought back dramatic photographs of
‘spaceship Earth’ – a small blue marble suspended in the vast
blackness of space. These photos would forever change the way
humans view their home.

In 1969 – the year Greenpeace was founded – the federal
government issued the ‘Mrak Report’ (named for its senior
author, Dr Emil Mrak), which confirmed many of the dangers
from pesticides described 7 years earlier by Rachel Carson. That
same year, the Cuyahoga River caught fire in Ohio, and a huge
oil spill occurred off the coast of affluent Santa Barbara, Calif.,
soiling the beaches of southern California.

To many, it seemed as though frail nature were under heavy
assault by humans using powerful technologies in pursuit of
narrow economic purposes. To many, it seemed that the future
itself was endangered.

As a consequence, people began to react and to mobilize.
For example, the Sierra Club grew from 16000 members in
1960 to 114 000 in 1970 and 325000 in 1982.

In the final years of the 1960s, three other specific responses
developed:

l Ralph Nader expanded the new consumer safety movement
(whose origins could be traced back to the founding of the
National Safety Council in 1913 and Consumers Union in
1936), which came to be known as the ‘public interest
research movement.’

Naderhired college students (quicklydubbed ‘Nader’s raiders’
by the media) during the summer of 1970 to pore through the
records of the federal agencies charged with protecting air, water,
and food. During the following 3 years, Nader issued a series of
book-length studies offering evidence that government regulators
were failing toprotect publichealthand safety, theworkforce, and
the natural environment. From Nader’s efforts there emerged
a network of college-based organizations called public interest
researchgroups (PIRGs).Akin to the earlier ‘scientific information
movement,’ PIRGs study public problems, issue reports, and
advocate particular solutions.

l Labor activist Tony Mazzocchi of the Oil, Chemical, and
Atomic Workers organized a series of public forums, giving
workers opportunity and a platform for testifying about
hazardous conditions in the industrial workplace. Maz-
zocchi compiled a formal record of the forums, to pressure
Congress to enact the Occupational Safety and Health Act
(OSHA). In 1970, OSHA became the first federal law aimed
at protecting the health of the nation’s workforce.

Starting in 1972, a national network of ‘COSH’ groups
developed nationwide – Committees/Coalitions on Occupa-
tional Safety and Health. Currently, there are 17 COSH groups
across the country – private, nonprofit coalitions of labor
unions, health and technical professionals, and others inter-
ested in promoting and advocating for worker health and safety.
The Modern Environmental Movement Becomes Visible

The 1970s

Starting in the mid-1950s, the civil rights movement used the
nonviolent tactics of boycotts, protest marches, and sit-ins at
racially segregated businesses. By 1964, the movement had
successfully ended legal discrimination against African–
Americans. Soon teach-ins, sit-ins, and then large-scale protest
marches against the Vietnam war further revealed the power of
nonviolent direct action in ways unheard of since the labor
movement’s sit-down strikes of the 1930s.

Modeling itself on these contemporary protest movements,
the activist movement for environmental protection broke
onto the national scene 22 April 1970 – Earth Day – with
hundreds of teach-ins across the country aimed at creating
awareness of environmental destruction.

An advertisement in the New York Times 18 January 1970,
explained that, “Earth Day is a commitment to make life better,
not just bigger and faster; to provide real rather than rhetorical
solutions. It is a day to re-examine the ethic of individual
progress at mankind’s expense. It is a day to challenge the
corporate and government leaders who promise change, but
who shortchange the necessary programs. It is a day for looking
beyond tomorrow. April 22 seeks a future worth living. April 22
seeks a future.”

The following year Barry Commoner’s best-selling book,
The Closing Circle, helped millions of newly awakened readers
understand something about how ecosystems work, and how
certain modern technologies are disrupting them with far-
reaching consequences for the future of humankind. From
Commoner’s perspective, environmental quality depended
mainly on the technologies selected for use in systems of
production.

Although initially an upper middle-class phenomenon (like
the conservation movement before it), the burgeoning
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‘environmental movement’ began to appeal to a broader
spectrum of people as the mass media told the general public
that its health and well-being were threatened by pesticides,
food dyes and other additives, dangerous household products,
and the discharge of industrial toxicants into air and water.
This came as no surprise to people of color or the poor, who
had borne the brunt of pollution as long as anyone could
remember.

Twomonths after Earth Day, 1970, President Richard Nixon
issued an executive order creating the US Environmental
Protection Agency (EPA) to administer the nation’s environ-
mental laws and programs. The President adopted an apoca-
lyptic tone characteristic of the time when he said, “The 1970’s
must be the years when America pays its debt to the past by
reclaiming the purity of its air, its waters, and our living envi-
ronment . it is literally now or never.”

President Nixon appointed William Ruckelshaus as first
administrator of EPA. In an interview years later, Mr Ruckelshaus
explained the engineering perspective he brought to the job:
I thought that pollution could be solved by mild coercion. Once the
federal government set some standards and began to enforce them,
people would fall in line and the problem would essentially disap-
pear. I thought we knew what the bad pollutants were, knew at what
levels they caused adverse health and environmental effects, and
knew the technology needed to combat them. Finally, I thought all
of this could be done at a reasonable cost within a reasonable time.

I was there about three months when I began to question every
single one of the assumptions I had entered the agency with.
Mr Ruckelshaus said.

Between 1969 and 1990, Congress enacted (or strength-
ened by amendment) a series of laws aimed at protecting and
restoring the quality of the environment: The National Envi-
ronmental Policy Act (1969); the Clean Air Act (1970); the
Water Pollution Control Act (‘Clean Water Act,’ 1972);
the Federal Environmental Pesticide Control Act (1972); the
Coastal Zone Management Act (1972); the Endangered
Species Act (1973); the Safe Drinking Water Act (1974); the
Resource Conservation and Recovery Act (RCRA) (1976) – to
manage solid and hazardous wastes; The Toxic Substances
Control Act (1976); The Surface Mining Control and Recla-
mation Act (1977); The Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA)
(‘Superfund,’ 1980) creating a tax on the chemical and
petroleum industries to pay for cleanup and restoration of
chemically contaminated sites; and the Fish and Wildlife
Conservation Act (1980). Several of these laws were subse-
quently amended and strengthened during the 1980s
and 1990s.

From the outset, EPA was charged with administering and
enforcing parts or all of these laws, but Congress rarely, if ever,
allocated sufficient funds for the agency to do a thorough job.
By 2007, Congress had eliminated the tax that supported toxic
waste cleanups and Superfund became just another line item in
EPA’s budget. The agency then ended its preference for
‘permanent’ cleanups and began allowing the temporary plastic
and clay ‘caps’ covering toxic waste sites, thus assuring that
future generations would have to grapple with chemical
leakage as the caps deteriorated.
Furthermore, from the outset, EPA personnel defined
natural resource damage, and environmental contamination,
as science and engineering problems rather than problems of
human behavior.

As a result of inadequate resources and the belief that
applied engineering held the key, and seeking to establish
a rational and consistent basis for making decisions, EPA
personnel soon adopted a judgment-based technique that
often relied heavily on mathematical models for calculating
risks: quantitative risk assessment. Somewhat later, the
assessment and management of risks were conceptually
separated, though the two activities have always remained
interdependent.

The concepts of risk assessment had been developed by the
US Food and Drug Administration (FDA) in the late 1930s to
establish allowable levels for food additives, to give consumers
‘reasonable certainty of no harm when used as intended.’

In its simplest form, risk assessment asks, “How much
exposure can we allow without causing irreparable harm?”
Harm to whom? Initially, to a ‘maximally exposed individual’
and more recently to a ‘sensitive’ and maximally exposed
individual. For example, to keep chemical contamination to
‘acceptable’ levels in a river, EPA would define ‘acceptable risk’
to a maximally exposed individual. Acceptable risk would be
defined as an exposure to a contaminant below its threshold for
causing damage or, more often, a one-in-a-million risk of
getting cancer from a lifetime of exposure. With acceptable risk
defined, the agency would issue permits to each discharger of
contamination along the length of the river, specifying
numerical limits on each discharge. The goal was to cap the
total discharge into the river at a level that achieved an
‘acceptable risk’ for the maximally exposed individual. As seen,
this approach failed because toxicants accumulated in edible
fish, requiring warnings and limits on fish consumption.
Nevertheless, to a large extent, this approach still prevails
today.

This technique has been applied to hundreds of thousands
of air and water discharge permits over the past 30 years. In
addition, risk assessment has become the standard way of
setting safe limits for pesticides in food; determining “how
clean is clean” in the remediation of contaminated sites;
judging how much contaminated fish is safe to eat; decreeing
how many logging roads can be cut into a national forest
without decimating the bear population; and on and on.
Today, in the United States, nearly all resource and contami-
nation issues are decided based, to one degree or another, on
quantitative risk assessments.

Because data on the hazards of individual chemicals were
often incomplete, from the beginning, risk assessment was
made manageable by adopting many simplifying assumptions.
Initially, the maximally exposed individual was assumed to be
an ‘average’ person in good health and the only harm consid-
ered was physical manifestation of disease, such as liver
necrosis or cancer – ignoring the possibility of behavioral
disorders, or of harm to the immune system, the nervous
system, the endocrine system, the reproductive system, the
metabolic system, or the genes. Another simplifying assump-
tion was that everyone was exposed to one chemical at a time
even though in the real world everyone is exposed to low levels
of a panoply of exotic chemicals – pharmaceutical products,
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household cleaners and disinfectants, personal care products,
second-hand smoke, automotive exhausts, food additives, low
levels of industrial compounds in drinking water, and so on. In
reaching the final number that represents ‘acceptable risk,’
imponderables are typically taken into account by applying
imprecise ‘safety factors’ – more recently called ‘uncertainty
factors’ – which are usually multipliers of 10.

To remedy these limitations of risk assessment, as time has
passed, government risk assessors have increasingly tried to
take into account some of the missing elements. However,
limitations on the available data have always forced risk
assessors to rely on assumptions, the use of somewhat arbitrary
uncertainty factors, and judgments. As a result, despite many
advances in the science of toxicology during recent decades,
conclusions about risk can still vary dramatically depending
upon who is doing the risk assessment. As William Ruckelshaus
said in 1984, “We should remember that risk assessment data
can be like the captured spy: If you torture it long enough, it
will tell you anything you want to know.” Peer review of risk
assessments by all stakeholders can reduce the range of
disagreement; nevertheless, despite substantial effort and
constant improvements in risk assessments, the goal of
a rational and reproducible technique for making decisions has
eluded decision makers. As William Ruckelshaus said in 1983,
“No amount of data is a substitute for judgment.”

Furthermore, because it is a mathematical technique based
largely on scientific information and technical judgments, risk
assessment tends to mystify the general public. Thus, reliance
on risk assessment for decision making has had the effect of
discouraging members of the public from participating in
decisions affecting their lives, thus weakening democratic
institutions that depend on citizen interest and participation.

In addition, as time passed, it became clear that assessing
the risks to a maximally exposed individual – even a maximally
exposed and sensitive individual – had the unintended
consequence of overlooking millions of small discharges that
posed acceptable risks to the hypothetical individual but
which, taken together, contaminated the entire planet with low
levels of industrial toxicants, pesticides, pharmaceuticals, and
personal care products. By 2005, this was becoming known as
the ‘cumulative impacts’ problem – an accumulation of
seemingly insignificant stresses on the biosphere might be
appreciably diminishing the capacity of the planet to support
humans.

In recent years, government scientists have measured low
levels of hundreds of synthetic chemical compounds in the
nation’s rivers and streams, and even in drinking water: pain
killers, antibiotics, dry cleaning fluid, solvents, degreasers,
plasticizers, antimicrobials, flame retardants, tranquilizers,
contraceptives, antidepressants, perfumes, deodorants,
chemotherapeutic compounds, and so on, all of which largely
escaped official notice as they leaked into the natural
environment.

In 2001, the federal Centers for Disease Control and
Prevention began publishing a series of studies called National
Report on Human Exposure to Environmental Chemicals, also
known as the ‘body burden reports,’ revealing that a random
sample of US residents carry measurable quantities of several
hundred industrial chemicals in their bodies. The US FDA
requires premarket testing of pharmaceutical products because
anyone and everyone may be exposed to them. On the other
hand, industrial chemicals are subjected to little or no health
and safety testing on the theory that the general public will not
be exposed to them. The body burden reports provided
a compelling rationale for premarket testing of industrial
chemicals.

Despite the limitations of risk assessment as a decision-
making technique, in 1983 the National Academy of Sciences
(NAS) codified methods for risk assessments conducted by
federal agencies. With this stamp of approval from the nation’s
most prestigious scientific organization, risk assessment spread
quickly throughout federal, state, and even municipal
governments.
The ‘Antinuke’ Movement

As government was responding to environmental threats by
passing laws, developing bureaucracies, and refining tech-
niques for assessing risks, citizens developed expertise on their
own and began to organize around particular problems. The
bombing of Hiroshima and Nagasaki in 1945 and radioactive
fallout from atmospheric testing in the 1950s provoked
a response initially among scientists. The Federation of Amer-
ican Scientists was formed in 1945; the Bulletin of the Atomic
Scientists began publishing in 1949. As seen, the ‘scientific
information movement’ developed in the late 1950s, intending
to inform the citizenry.

The early history of atomic weapons and fallout left
a residue of fear and distrust of nuclear technologies. The so-
called antinuke movement developed from this residue.
Civilian nuclear power plants use a controlled nuclear fission
reaction to boil water to turn a steam turbine to make elec-
tricity. The corporate sector was initially reluctant to finance
nuclear power plants when President Eisenhower praised them
in 1953. However, after Congress enacted the Price–Anderson
Act in 1957, to limit corporate liability in case of mishap,
development of the technology proceeded apace. The first
nuclear power plant built without direct government funding
went online in late 1959.

From the beginning, four separate issues fanned citizen
opposition to nuclear power: (1) the possibility that the
nuclear fuel might heat up excessively, leading to a ‘meltdown’
that might release large quantities of radioactivity into the
environment (precisely what happened at Fukushima, Japan,
in 2011); (2) concern about small, continuing releases of
radioactivity into local air and water; (3) the difficult technical
problem of safely disposing of radioactive wastes that will
remain dangerous for 240 000 years, far longer than homo
sapiens has walked the Earth; and (4) the possibility that
radioactive materials from a nuclear power plant might one day
be fashioned into a crude but effective atomic bomb or a ‘dirty
bomb’ comprised of radioactive materials wrapped around
a core of dynamite. After more than 50 years of experience with
nuclear power plants, the last two problems have not been
solved, and the first two are still the subjects of intense scientific
debate.

The Union of Concerned Scientists was formed in 1969. In
1970, nuclear scientists John Gofman and Arthur Tamplin
published their estimate that civilian nuclear power plants
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could cause 24 000 cancer deaths per year in the United States.
This ignited citizen opposition to expansion of nuclear power
technology and by 1975 the Clamshell Alliance in New
England and the Abalone Alliance on the west coast had grown
into large coalitions of citizens aiming to stop nuclear power.
Their slogan was simple: “No nukes!” and eventually, they
achieved their goal in the United States, where there are
currently 104 nuclear power plants operating, but the industry
ceased to expand in the mid-1970s. After the Three Mile Island
nuclear plant in Pennsylvania suffered a partial fuel meltdown
in 1979, investors shied away from new nuclear power stations.
The Chernobyl disaster in Ukraine in 1986, which produced
measurable radioactive fallout across large areas of Europe,
only made matters worse for the nuclear power industry. In the
early years of the twenty-first century, significant efforts have
been made by the US government to revive the industry, but
a serious accident involving four nuclear power plants at
Fukushima, Japan, in March 2011, released significant quan-
tities of cesium-137 into the environment, eroding support for
nuclear power in Japan, Europe, the United States, and
elsewhere.

The rise of the civilian nuclear power industry served to
spread concern about radioactivity to many communities that
might not have otherwise given it a second thought. Proposals
to truck many tons of radioactive waste across the nation’s
highways had similar effect.

Other proposals to develop new nuclear technologies
provoked opposition as well. Although it is now legal to irra-
diate certain foods in the United States, including meat, to kill
microorganisms and lengthen the ‘shelf life’ in stores, irradi-
ated food drew significant opposition from the environmental
movement, and growth of the industry has been slow.
The 1980s

The ‘Toxics’ Movement

In 1978, families living in Love Canal, N.Y., near Buffalo,
discovered an unusual number of serious health problems
among their children, which they attributed to toxic wastes that
they found oozing into their basements and onto the local
school playground. They learned that the original canal had
been dug for barge transportation, but it eventually had been
filled with 20 000 tons of hazardous wastes and covered with
a thin layer of soil. Over the next 2 years, President Jimmy
Carter declared Love Canal a federal emergency and the
government helped many families relocate. Subsequent study
confirmed that children of families living closest to the canal
tended to weigh less than average at birth, and to suffer from
various health problems.

One of the leaders of the Love Canal protest was a house-
wife named Lois Gibbs, who subsequently moved to northern
Virginia to establish the Citizens Clearinghouse for Hazardous
Waste (since renamed the Center for Health, Environment and
Justice), to advise other communities afflicted by toxic wastes.
Over the next decade, the dimensions of the chemical waste
problem began to emerge and thousands of local groups
formed to advocate for the cleanup of contaminated local
lands. This ‘toxics movement’ eventually encompassed many
thousands of local groups in all 50 states.
By the late 1980s, EPA acknowledged the existence of 32 000
locations contaminated with toxic chemicals but even then EPA
had no formal process for discovering new sites. Congress’s
Office of Technology Assessment (OTA) in 1989 estimated that
the total number of contaminated sites in the United States
might run as high as 439000, including contaminated military
properties, mine wastes, leaking underground storage tanks,
pesticide-contaminated lands, contaminated nonmilitary federal
properties, underground injection wells, abandoned municipal
gas manufacturing facilities, and wood-preserving plants.

In 1991, the NAS studied the health effects attributable to
toxic waste sites and concluded, “[W]e find that the health of
some members of the public is in danger,” but “We are
currently unable to answer the question of the overall impact
on public health of hazardous wastes.” The Academy pointed
out that “Millions of tons of hazardous materials are slowly
migrating into groundwater in areas where they could pose
problems in the future, even though current risks could be
negligible.” The Academy concluded, “. the committee does
find sufficient evidence that hazardous wastes have produced
health effects in some populations. We are concerned that
populations may be at risk that have not been adequately
identified, because of the inadequate program of site identifi-
cation and assessment.”
Environmental Justice

Meanwhile in 1982, a pivotal new branch of the modern
environmental movement emerged in Warren County, N.C., in
response to a proposed toxic waste landfill in a predominantly
African–American community. Over five hundred people were
arrested during a series of protests and the term ‘environmental
racism’ came into the language. This was the beginning of the
‘environmental justice’ (EJ) movement. In 1983, the US
General Accounting Office (GAO) published a study showing
that waste dumps in the southeastern United States were
mainly located in communities where the population was
predominantly African–American or of low income. In 1987,
the United Church of Christ published a study confirming that
the pattern revealed in the 1983 GAO study was evident
nationwide.

As the 1980s evolved, EJ groups developed in many
different racial and ethnic communities: African–Americans,
Hispanics, Asian–Pacific groups, and the indigenous people of
North America. By 1991, the EJ movement had a clear national
identify and philosophy, expressed in the “Principles of Envi-
ronmental Justice” adopted at the First National People of
Color Environmental Leadership Summit in Washington, D.C.,
which was attended by more than a thousand community
activists.

It would be difficult to overstate the importance of the
combined effects of the toxics and EJ movements. Together,
they redirected the environmental movement in the United
States. The movement that had emerged in 1970 – a combi-
nation of conservation organizations, plus the new litigators –
tended to view issues from the traditional conservation
perspective, and it was largely staffed and supported by the
middle and upper middle classes. The toxics and EJ movements
introduced a public health perspective, a working class
perspective, and the perspectives of people of color and people
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with low income, thus creating the diverse blend of viewpoints
and interests that defines the environmental movement today.

l Toxics and EJ groups permanently expanded the definition
of ‘the environment’ to include not just wild lands and
animals but all the places where people live, work, play,
pray, and learn. Now for the first time, the ‘environmental
movement’ would focus attention on the cities – and to
a lesser extent on schools and workplaces – where most
Americans spend much of their lives. This new perspective
meant that the environmental movement could now appeal
to huge numbers of people previously overlooked by the
earlier focus on wilderness and endangered species.

l They emphasized the cumulative impacts of pollutants on
communities – the combined effects of all sources of
contamination, not just one particular pollutant or facility.
For many years, risk decisions had been made in an artificial
vacuum, considering one oil refinery or one cement kiln or
one hazardous waste incinerator, ignoring all other sources
of contamination in the general vicinity. This narrow
perspective had burdened certain communities with
numerous sources of contamination, each of which indi-
vidually was deemed ‘acceptable’ yet in the aggregate
created a patently unhealthful environment.

l They emphasized the social determinants of disease – the
health consequences of poverty, stress, and the social
isolation created by artificial hierarchies based on race,
income, wealth, and class – combined with poor nutrition,
insufficient recreational opportunities, inadequate health
care, and exposure to toxicants. They thus broke down the
barrier – which had been created in the original National
Environmental Policy Act of 1969 – between environmental
issues and socioeconomic issues.

l They emphasized the importance of respect for cultural
traditions, local knowledge, and the historical integrity of
community and place. The emphasis on risk assessment as
a decision-making technique had inadvertently created
a great divide between ‘experts’who had ‘useful’ knowledge,
and ordinary people who ‘only’ had common sense,
historical understanding of their communities, strong
preferences for how things should be, and a well-developed
sense of right and wrong, fair play, and justice.

l They emphasized the essential importance of democratic
participation: a key question in any decision affecting the
environment or public health is, who gets to decide? And
they emphasized that local communities have the preemi-
nent right of self-determination, to decide what’s best: “We
speak for ourselves,” they said.

l They emphasized that a clean and healthful environment is
a basic human right under international law, as well as
a civil right under US law.

l They emphasized leadership by women. Most community-
based toxics and EJ groups were and are led by women.
Perhaps this reflects somewhat the influence of the women’s
movement that energized women throughout the 1970s to
seek equal pay for equal work and to demand other rights
and opportunities that had traditionally been denied them
by a society organized along patriarchal lines.

l They emphasized that environmental issues aremainly about
justice, fairness, ethical choices, and acceptable behavior not
just acceptable risk. The earlier narrow focus on science and
engineering was expanded to give explicit recognition to
the importance of ethics and values in decisions. In 2001, the
European Union expressed the contemporary view of the
proper role of science in environmental protection when it
said, “science should be on tap, not on top.”

In 1994, President Bill Clinton issued Executive Order
12898, requiring all federal agencies to ‘make achieving envi-
ronmental justice part of their mission.’ The federal govern-
ment’s definition of EJ has two parts: equal protection from
environmental and health hazards and equal access to the
decision-making processes that create a healthy environment in
which to live, learn, and work. EJ is about fair treatment, and
about expanding democracy to include everyone who is
affected by a decision.

US EPA says equal access to decisions means (1) potentially
affected community residents have an appropriate opportunity
to participate in decisions about a proposed activity that will
affect their environment and/or health; (2) the public’s
contribution can influence the regulatory agency’s decision; (3)
the concerns of all participants involved will be given serious
consideration in the decision-making process; and (4) the
decision makers will seek out and facilitate the involvement of
those who will likely be affected.

Today, the EJ movement is large and diverse but has been
denied funding on anything like the scale enjoyed by groups
that are mainly white and middle class. Nevertheless, a justice
perspective on issues raised by environmental degradation –

especially climate change – has spread around the globe. The
Mobilization for Climate Justice, Climate Justice Now!, the
Climate Justice Programme, Climate Justice Action, Rising Tide
North America, the Indigenous Environmental Network, and
others have created interlocking networks of climate change
activists and advocates on every continent.
Toxics Use Reduction and Prevention

By the mid-1980s, it was apparent to many people that certain
toxic chemicals could not be managed safely and needed to be
phased out or ‘sunsetted.’ In 1987, attorney Sanford Lewis
proposed legislation to reduce the use of toxic chemicals in
Massachusetts and 2 years later, the state legislature passed the
Toxics Use Reduction Act (TURA). The Act created the Toxics Use
Reduction Institute (TURI) to help Massachusetts firms reduce
their use of toxic materials. Today, compared to 1990, Massa-
chusetts firms subject to reporting under TURA are generating
58% less waste per unit of product and have reduced on-site
releases of federally reportable toxic chemicals by 90%. In addi-
tion, since 1990, quantities of chemicals shipped in product have
been reduced 47% (per unit of product shipped).

Since that time, many other states have created ‘pollution
prevention’ programs of one kind or another, some voluntary,
some mandatory. The mandatory programs, which represent
a traditional public health approach, have achieved greater
success than voluntary efforts.

Despite the growing emphasis on prevention and the avoid-
ance of harmful substances, the US chemical industry currently
introducesabout700newchemical compounds into commercial
use each year, all largely untested for their effects on human
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health or the environment. In 2003, the European Union’s
proposal to require premarket safety testing of chemicals was
vigorously opposed by many national governments, including
the United States, and by the chemical industry worldwide.
Nevertheless on 1 June 2007, new EU legislation on chemicals,
called REACH, entered into force. REACH stands for registration,
evaluation, and authorization of chemicals. Under REACH, the
chemical industry must provide basic health and safety infor-
mation for some 30000 chemicals producedor sold inquantities
over 1 metric ton a year per importer or producer. If the data are
absent, the chemical cannotbe sold: ‘Nodata, nomarket.’REACH
imposes additional restrictions on ‘chemicals of very high
concern,’ including those that bioaccumulate in food chains,
cause cancer, alter genes, or interfere with reproductive or
hormone systems. Although many European environmental
advocates were disappointed by the final REACH legislation,
which fell short of the original proposal, REACH represents a new
approach to chemical regulation, shifting the burden onto
industry to produce health and safety data prior to marketing.

For at least a decade, the US environmental movement has
been working diligently to persuade Congress to pass new
chemical regulatory policies, including REACH-like premarket
testing.

In 2002, the Coming Clean collaborative came together to
reform US chemicals policy, connecting environmental health
and justice groups, health professionals, scientists, labor
advocates, faith groups, and disease service and prevention
advocates. In May 2004, Coming Clean joined residents of
Louisville, Ky. to develop the Louisville Charter – a platform for
chemicals policy reform that:

l Requires safer substitutes.
l Phases out persistent, bioaccumulative, or highly toxic

chemicals.
l Gives the public and workers the right to know and to

participate in decisions.
l Acts on early warnings.
l Requires comprehensive safety data for all chemicals.
l Takes immediate action to protect communities and

workers.

At this writing, Coming Clean encompasses over 150 groups,
which collaborate on local, state, and national campaigns to
eliminate toxic chemicals such as brominated fire retardants,
phthalates, mercury, and polyvinyl chloride. The Louisville
Charter formed the basis for various state and national proposals
for chemicals policy reform. However, the overarching goal of
national chemicals policy reform has remained unmet.
Agriculture

Industrial agriculture got an early start in the United States. To
avoid the laborious task of manuring soils to supply nutrients,
inorganic fertilizers, such as superphosphates, came into use as
early as the 1840s. However, a countercurrent quickly devel-
oped, the ‘humus farming’ movement focused on maintaining
the humus content of agricultural soils. For the next 150 years,
industrial agriculture would expand dramatically, but so would
countercurrents stressing the need tomaintain a holistic view of
farm ecology – the complex relationships between plants,
animals, soils, water, and human communities.
Chemical pesticides, such as Paris Green, were introduced
for insect control starting in the 1870s. In the 1930s, federal
farm policies began rewarding farmers who could increase their
per-acre crop yield and, to that end, the US Department of
Agriculture aggressively promoted the use of inorganic fertil-
izers and pesticides, and the development of the rural infra-
structure (transportation, communication) needed to support
large-scale industrialized farming.

However, as some of the unintended ill consequences of
industrial farming technologies came to light, the principles
of ‘organic’ farming became more widely known and prac-
ticed. Furthermore, an antipesticide movement developed in
the 1960s after Silent Spring sounded the alarm about long-
lived chlorinated compounds. The Northwest Coalition for
Alternatives to Pesticides (NCAP) opened in Eugene, Oregon
in 1977, the National Coalition Against the Misuse of Pesti-
cides (since renamed Beyond Pesticides) formed in Wash-
ington, D.C. in 1981 and the Pesticide Action Network North
America (PANNA) was organized in San Francisco in 1982 as
part of an international network.

The chemical industry responded by developing new pes-
ticidal products that did not persist so long in the environment
but were more toxic. Most pesticides do not reach the target
organism but enter the environment where they may cause
direct and indirect effects in nontarget species.

As time passed, the organic farming movement shifted into
a ‘sustainable agriculture’ movement with three goals: farming
practices compatible with natural systems, using organic
fertilizers and few or no chemical pesticides; achieving food
security, emphasizing locally grown foods; and maintaining
rural economies that could sustain, and be sustained by, rela-
tively small-scale farms.

Food security means physical and economic access to food
that meet people’s dietary needs as well as their food
preferences.

Wendell Berry’s The Unsettling of America (1978), Wes
Jackson’s New Roots of Agriculture (1980), and two reports from
the National Academy of Science’s Alternative Agriculture (1989)
and Toward Sustainable Agricultural Systems in the 21st Century
(2010) offered an ecological and social critique of industrial
agriculture and showed that viable alternative models already
existed.

The technology-driven corporate industrial model of
farming remains dominant today, but energy, chemicals, and
large-scale equipment have proven expensive to supply and
consequently, the farm economy has been badly depressed in
recent years.

Genetic engineering techniques have been introduced to
create proprietary plant cultivars with desirable new charac-
teristics. However, it is not clear that this new technology can
substantially reduce industrial agriculture’s negative ecological
impacts or solve its pressing problems of economic viability.

Side effects of industrial agriculture include soil erosion,water
pollution from inorganic fertilizer and pesticides, simplification
of ecosystems, consolidation of small farms into large ones, and
shipment of food over long distances requiring both energy and
time. Individuals and groups have responded to industrial agri-
culture by using their purchasing power to support sources of
locally grown food.Onemanifestation is ‘community-supported
agriculture’ (CSA), in which individuals purchase ‘shares’ in
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a particular farm’s annual crop. Each week during the growing
season, each shareholder is entitled to a basket of produce from
the CSA farm they support. Groups like the Food Trust (Phila-
delphia, Pa.) have pioneeredCSAs andother innovations include
local farmers’ markets, urban community gardens and farms,
schoolyard gardens, and farm-to-school and farm-to-campus
programs that provide students with locally grown food
while offering local farms a reliable market for their crops.
Despite the great wealth of the United States, hunger and
malnutrition remain widespread. Groups such as the National
Food Security Coalition (Portland, Ore.) are developing food
security coalitions and food policy councils around the country,
aiming to make sure everyone has access to reasonably priced
local food, particularly in areas considered, ‘food deserts’ where
there are few or no grocery stores. Local organizations such as the
Food Project (Lincoln, Mass.) and Isles (Trenton, N.J.) bring
healthy, locally grown food into low-income communities by
training and engaging young people in techniques of sustainable
agriculture. Around the country, other groups such as Appala-
chian Center for Economic Networks (Athens, Ohio) are
providing commercial-scale kitchens and business incubators
to spur locally based food businesses that rely on locally
grown food.
Labor

Much of modern US agriculture is dependent upon migrant
labor, chiefly from Mexico. Migrant labor has traditionally
been exempted from US labor standard laws, so farm labor
developed its own agenda in the early 1960s. In 1962, Cesar
Chavez and Dolores Huerta formed the union that would
become United Farm Workers (UFW), advocating for
a combination of better wages and working/environmental
conditions for field laborers, who are often exposed to pesti-
cides during or shortly after application to crops. In the mid-
1960s, Baldemar Velasquez began building the Farm Labor
Organizing Committee (AFL-CIO) (Toledo, Oh.) to empower
migrant farm workers to bargain collectively over wages and
working/environmental conditions. CATA – The Farmworker
Support Committee (Glassboro, N.J.) was founded in 1979,
using popular education techniques to build an advocacy
organization of, by, and for farmworkers in the mid-Atlantic
states.

In 1997, 25 years after the passage of the first occupational
safety law, workers, and environmental groups began formally
collaborating, creating the Just Transition Alliance, which now
includes the Asian Pacific Environmental Network; Canadian
Communications, Energy, and Paper Workers International
Union; the Farmworker Network for Economic and Environ-
mental Justice; Indigenous Environmental Network; Northeast
Environmental Justice Network; Southwest Network for Envi-
ronmental and Economic Justice; and the United Steel Workers
of America. In 2006, the United Steel Workers and the Sierra
Club created the Blue-Green Alliance, whose member groups
now include the NRDC; Communication Workers of America;
National Wildlife Federation; Service Employees International
Union (SEIU); the Union of Concerned Scientists; the Laborers’
International Union of North America (LIUNA); Utility
Workers Union of America (UWUA); American Federation of
Teachers (AFT); Amalgamated Transit Union; Sheet Metal
Workers’ International Association; United Auto Workers; and
the United Association (representing Plumbers, Pipefitters,
Sprinkler Fitters, and HVACR Service Technicians).

Most recently, Van Jones (author of The Green Collar Economy
(2008)) has spearheaded creation of Green for All (Oakland,
Calif.), which advocates for a clean-energy economy – starting
withmajor emphasis on energy efficiency, doingmorewith less–
to solve both environmental and economic conundrums.
Others see great potential in energy efficiency as well. David
Goldstein of NRDC has argued in detail (Invisible Energy (2010))
that the US economy could easily thrive on half the energy it
presently uses and, with major effort, could make do with
perhaps 10% of present energy consumption, without major
sacrifice in quality of life. On the contrary, Goldstein argues,
aggressive advances in efficiency would save trillions of dollars,
which could then be invested to deploy a modern, low-carbon
energy system based on the renewable sources (solar, wind,
geothermal, and tidal), thus creating many thousands of
permanent high-paying jobs.
Multiple Chemical Sensitivity

As the toxics movement expanded during the 1980s, large
numbers of people recognized that chemicals encountered in
their daily lives negatively affected their health in one way or
another.

In various large surveys, 15–30% of Americans (45–90
million people) report that they are unusually sensitive or
allergic to certain common chemicals such as detergents,
perfumes, solvents, pesticides, pharmaceuticals, foods, or even
the smell of dry-cleaned clothing. An estimated 5% (15 million
people) have been diagnosed by a physician as being especially
sensitive. Many people react so strongly that they can become
disabled from very low exposures to common substances.
Typical symptoms include prolonged fatigue, memory diffi-
culties, dizziness, lightheadedness, loss of concentration,
depression, feeling spacey or groggy, loss of motivation, feeling
tense or nervous, shortness of breath, irritability, muscle aches,
joint pain, headaches, head fullness or pressure, chest pains,
difficulty focusing eyes, nausea, and more. This group of
symptoms is known as environmental illness or, more
commonly, multiple chemical sensitivity (MCS), meaning
‘sensitivity to many chemicals.’

Because MCS does not fit any of the three currently accepted
mechanisms of disease – infectious, immune system, or cancer –
traditional medicine has not yet satisfactorily explained MCS,
and so has often labeled it ‘psychogenic,’meaning originating in
the mind. This has left MCS sufferers in limbo. Told they are
crazy or imagining their disease or making it up, they find
themselves passed from physician to physician without satis-
factory answers and often without relief from their very real
distress. (Some MCS sufferers do have psychological symptoms
but that does not necessarily mean their disease originated in
their minds.) Forty percent of MCS sufferers report having seen
more than 10 medical practitioners.

MCS came to the attention of mainstream science and
medicine forcibly in 1987 when US EPA installed 27 000
square yards of new carpeting and painted and remodeled
office space at its Waterside Mall headquarters in Washington,
D.C. Some 200 agency employees developed symptoms
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associated with ‘sick building syndrome’ (physiologic response
to exotic chemicals in new construction materials) – and
several dozen EPA employees later reported developing MCS.
The National Research Council (NRC) has now accepted that
‘sick building syndrome’ is a real phenomenon, producing
MCS-like symptoms.

In the mid-1980s, Mary Lamielle founded the National
Center for Environmental Health Strategies in Voorhees, N.J.
and emerged as a leading spokesperson for people suffering
from MCS and the related disorders, chronic fatigue syndrome
and fibromyalgia. In 1990, Congress acknowledged all three
syndromes in the Americans with Disabilities Act (ADA).

In recent years, some of the symptoms of MCS have been
reported to afflict two new populations – military veterans
exhibiting ‘Gulf War syndrome’ and women having silicone
breast implants for cosmetic reasons or for breast reconstruc-
tion after cancer surgery.
The 1990s

The Endocrine Disruptor Hypothesis

During the 1990s, new scientific and medical studies gave
people surprising new perspectives on environment and health
problems.

In 1991, Dr Theo Colborn and Dr John Peterson Myers
invited an international group of scientists to meet and share
notes on their own research. The meeting produced
a consensus that some industrial chemicals, under some
circumstances, can interfere with the endocrine system of
laboratory animals, wildlife, and perhaps humans. The endo-
crine system includes a complex of organs and tissues whose
actions are coordinated by chemical signals provided by
hormones, neurotransmitters, growth factors, cytokines, and so
on. Chemical signaling systems control reproduction, growth,
development, and behavior in plants, mammals, birds, fish,
amphibians, and reptiles, strongly influencing the immune,
nervous, and reproductive systems. Signaling systems assert
control before birth, hatching, or sprouting and retain control
throughout the remainder of life.

The influence of chemicals on the endocrine system had
been the subject of a federally sponsored research conference in
1979, but the issue remained unrecognized by the environ-
mental movement until 1991. Since 1991, the ‘endocrine
disrupter hypothesis’ has profoundly influenced the direction
that the environmental movement has taken.

In 1996, the book Our Stolen Future, by Colborn, Myers, and
Dianne Dumanoski, popularized the endocrine disrupter
hypothesis by framing it as a kind of scientific detective story.
Critics of the book argued that it distorted the underlying
science, but like Silent Spring before it, subsequent research has
shown it to be correct on all essentials and to have under-
estimated the severity and magnitude of the problem.

Since 1991, a decade of intensive study of biological
signaling systems has revealed (among other things):

l The effects of exposure to signal-disrupting industrial
chemicals can vary significantly, depending upon the timing
of exposure. The development of an organism may be
highly sensitive to disruption by exogenous chemicals
during a particular stage of growth, yet be relatively immune
to disruption during a different period of time. Therefore,
the apparent toxicity or biological effectiveness of a chem-
ical can vary significantly, depending upon the timing of
exposure.

l Prenatal exposures appear to be particularly important,
perhaps because cell replication and differentiation are
occurring most rapidly during this stage of life. This
phenomenon is now sometimes termed ‘fetal program-
ming’ –meaning that the life course of an individual can be
set by exposures that occur before birth. It now seems
apparent that some prenatal exposures can increase the
likelihood of disorders much later in life, such as heart
disease, cancer, obesity, diabetes, and stroke.

l Several different industrial chemicals, each present at insig-
nificantly low levels can, under some circumstances, combine
together to produce significant effects on signaling systems.

l Low-level exposure to a particular chemical can sometimes
produce effects quite different from those caused by higher
doses of the same chemical. These differences may include
positive effects at low doses (hormesis) and harmful effects
at higher doses, as in the case of the essential mineral,
chromium. Or, in the case of some chemicals that interfere
with biochemical signaling systems, harm can occur at low
doses but not at higher doses, exhibiting an inverted U-
shaped dose–response curve. The need for low-dose testing
is becoming apparent, but in the recent past, it has been
considered prohibitively expensive in many instances.

Importantly, during the 1990s, biologists developed a new
understanding of inheritable changes in gene expression that
can be caused by mechanisms other than alterations in the
underlying DNA sequence. The new understanding has given
rise to a field of study called ‘epigenetics.’ Inheritable epigenetic
changes in cells can sometimes be caused by environmental
factors. This means that there are far more opportunities than
previously recognized for chemical exposures (and dietary
factors) to cause cellular changes that may be passed to
successive generations.

These basic findings have resulted in new ways of looking at
old problems, including:

l Because very few chemicals have been tested for these
recently discovered effects, risk assessments now rest on
assumptions that are far more uncertain than previously
realized. If timing of exposure is sometimes crucial, and if
complex mixtures must be taken into consideration, and if
low levels of exposure can sometimes produce greater
interference in signaling systems than higher levels of
exposure, and if environmental influences can cause
inheritable epigenetic cellular changes in unanticipated
ways, then the conclusions, and the underlying assump-
tions, of risk assessments completed to date need to be
reexamined.

l If prenatal exposures to chemicals can determine the course
of a person’s life, then personal liberty and lifetime
opportunities may be truncated or constrained by chemical
exposures before birth. This kind of ‘chemical trespass’ in
the absence of informed consent raises fundamental ques-
tions of ethics and human rights. Some now argue that
chemical exposures without free, prior informed consent
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violate the Nuremberg code, established in 1947, which
provides the basis for modern medical ethics related to
medical testing and experimentation. From a public health
perspective, fetal programming indicates that women who
are pregnant or who may become pregnant – which in
principle includes almost all premenopausal women –

should be protected from exposure to even low levels of
exotic chemicals, to eliminate these potential sources of
harm to their offspring. Given the widespread use of poorly
understood compounds in many consumer products, pro-
tecting women from exposures seems a daunting task.

l As the 1990s unfolded, the environmental movement and
US EPA developed a focus on children, for several reasons.
Compared to adults: children are undergoing more rapid
cell division with more opportunities for interference by
signal disruptors; children breathe more air and ingest more
water and food than adults, per unit of body weight; chil-
dren put their hands in their mouths more than adults do;
children absorb chemicals through their digestive tract
differently, and detoxify absorbed chemicals differently;
children spend more time close to the ground where they
may encounter toxicants in dust, soil, and carpets as well as
pesticide vapors; growth and development create ‘windows
of vulnerability’ during which chemical exposures may
cause permanent, irreversible damage; and because they are
exposed to toxicants at an earlier age, children have more
time to develop environmentally triggered diseases with
long latency periods, such as cancer. Children are also
among the most dependent members of society and there-
fore need special protection.

The increasing incidence of birth defects, and of autism and
attention deficit hyperactivity disorder has led researchers to
uncover evidence that industrial chemicals may be contributing
to these and other intellectual deficits and behavioral problems
including aggression and violence. In an ‘information age’ that
emphasizes the importance of intelligence and intellectual
skills in nearly every sphere of life, diminishing children’s
intellectual and emotional capacities by chemical trespass
without informed consent is increasingly regarded as unethical
and unacceptable.

At this writing, the endocrine disrupter hypothesis has
become very widely accepted for testing. Numerous scientific
studies are now published each month, many of them
providing evidence that some industrial chemicals, under some
circumstances, can interfere with biological signaling systems
and gene expression, producing a wide range of ill effects in
many different species, including humans.

Environment and Disease

By the 1990s, readers of US government journals (e.g., Envi-
ronmental Health Perspectives and Morbidity and Mortality Weekly
Report) were familiar with evidence that the incidence of many
chronic diseases was increasing. Furthermore, a growing body
of literature was revealing suggestive links between chemical
exposures and familiar problems such as asthma, diabetes,
lupus erythematosus, birth defects, infertility and other repro-
ductive disorders, learning and behavior problems, Parkinson’s
disease, and several cancers (e.g., brain, female breast, prostate,
testicular, and childhood leukemia), among others. The rise in
childhood cancers seemed particularly worrisome because
children’s lifestyles had not changed dramatically during the
previous 30 years, so researchers sought explanations in the
environment, as noted above.

Connections between chemicals and human disease have
always been difficult to establish conclusively because of
routine exposures to mixtures of chemicals, the absence of an
unexposed population to serve as a control, and sometimes
long delays between the time of exposure and the manifesta-
tion of harm, delays sometimes spanning more than a genera-
tion. Many would argue that the resulting scientific uncertainty
provides grounds for continuing along the present path
undeterred. Sir Austin Bradford Hill responded to such an
argument in 1965 when he said, “All scientific work is
incomplete – whether it be observational or experimental. All
scientific work is liable to be upset or modified by advancing
knowledge. That does not confer upon us as freedom to ignore
the knowledge that we already have, or to postpone the action
that it appears to demand at a given time.”

Many survivors of serious diseases have traditionally
formed support groups to share information and experiences
among themselves. However, since the early 1990s, these
groups have become more politically active, joining the
toxics and EJ movements. In 2002, the Collaborative for
Health and the Environment (CHE) was formed to give voice
to the concerns of disease survivors, to disseminate infor-
mation linking chemical exposures to various illnesses, and
to urge a precautionary, preventive approach to chemical
exposures.
Global-Scale Environmental Harm

In the searingly hot summer of 1988, global warming finally
came to people’s attention in a dramatic way when a respected
government scientist told Congress that he believed humans
were partially responsible for increasing the average tempera-
ture of the planet.

Carbon dioxide in the atmosphere had risen 30% during
the previous 200 years, from the burning of coal and petro-
leum. Since 1896 scientists had periodically reminded that
increasing the carbon dioxide level in the atmosphere would
eventually warm the planet by a mechanism known as the
‘greenhouse effect.’ Just as a glass roof warms a greenhouse by
trapping solar energy, carbon dioxide in the atmosphere acts
like a glass roof over the Earth, trapping the sun’s energy and
warming the planet. Since the 1970s, scientists had wondered
whether the Earth’s noticeable warming trend was caused by
humans or was a natural fluctuation in temperature. In the
summer of 1988, the public began to be told that global
warming was partly caused by humans, though another 7 years
would pass before the Intergovernmental Panel on Climate
Change (IPCC), which includes 2500 atmospheric scientists,
would officially take that position.

In addition to global warming, the ‘hole’ in the Earth’s
stratospheric ozone shield made headlines each spring starting
in 1985. Human dislocation of the atmosphere revealed just
how powerful human technologies had become – and how
poorly understood they were. For thousands of years, the Earth
had seemed enormous and humans had seemed puny though
clever. Now suddenly the Earth was starting to look small and
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humans, armed with modern technologies, were beginning to
look like clumsy behemoths flying blind.

By the end of the 1980s, it was becoming evident to many
people that governments were not succeeding in bringing
destructive technologies under rational control. This led to
a focus on another institution – the modern corporation.
Focus on the Corporation

Starting in the early 1970s, the consumer movement set out to
modify corporate behavior through economic pressure. In
1973, the Interfaith Center for Corporate Responsibility
brought together faith-based institutional investors, to influ-
ence corporate behavior through shareholder resolutions. In
1977, a group called Infact organized a consumer boycott of
the Nestle Corporation to protest the firm’s marketing of baby
formula, and numerous boycotts of other corporations
followed.

In 1994, a new approach emerged when Richard
Grossman and Ward Morehouse formed the Program on
Corporations, Law and Democracy (POCLAD) to study the
legal entity called ‘the corporation,’ pointing out that it
derives all its power from state legislatures that grant
‘corporate charters’ – pieces of paper granting certain rights
and privileges to groups of individuals while limiting their
liability for their actions.

In the United States in the early nineteenth century,
corporations were chartered only for narrow purposes, such as
construction of a canal or a toll road, and for a finite period of
time (typically 20 years). Investors were held personally liable
for corporate actions, and the corporation’s total capitalization
might be limited by legislative fiat. It is evident from the
historical record that up until the Civil War, and even beyond,
legislatures were reluctant to give broad authority to corpora-
tions. Many legislatures explicitly acknowledged that corpora-
tions are subordinate entities that exist only to serve public
purposes and can be dissolved if they fail in that duty.

Initially corporations could only fulfill the specific mandate
in their charter. However, in 1886, a decision by the US
Supreme Court seemed to give corporations the Constitutional
rights enjoyed by individual humans (also known as ‘corporate
personhood’). From that time forward judges took the position
that, like any other individual protected by the Bill of Rights
and the Constitution, corporations have broad authority to do
anything not specifically prohibited by law. In the following
hundred years, corporations grew exceedingly large and
powerful.

Now the anticorporate tributary of the environment
movement is working through legislatures, courts, city and
county councils, and other venues, trying to limit the rights that
corporations enjoy. Attorney Thomas Linzey of the Commu-
nity Environmental Legal Defense Fund (Mercersburg, Pa.) has
drafted dozens of municipal ordinances restricting corporate
rights, many of which have been enacted by municipalities in
Pennsylvania, New York, New Hampshire, Virginia, and
elsewhere.

The basic premise is that large publicly held corporations
should not be protected by the Bill of Rights because such
entities are nothing like individuals: corporations can grow
without limit; they do not ever have to die; they have
limited liability for their actions; they have no built-in
conscience analogous to that of an individual; they have
a fiduciary duty to return a more-or-less steady profit to
investors, a duty they are required by law to uphold before
all else; and therefore, they have a powerful incentive to
externalize their costs, for example to find ways to avoid
paying for environmental damage to which their operations
may contribute.

Many scholars have focused attention on the corporation as
the legal entity most responsible for environmental degrada-
tion. David Korten (When Corporations Rule the World, 2001),
Ted Nace (Gangs of America, 2003), and Charlie Cray and Lee
Drutman (The People’s Business, 2004) have proposed various
remedies intended to make corporations more accountable
for their behaviors and answerable to the societies that
create them.

The phenomenon known as ‘globalization’ has focused
a different kind of attention on corporations. In recent years,
major US corporations have worked hand in glove with the US
government to create conditions conducive to ‘free’ trade –

meaning, at base, the unrestricted flow of goods and capital
(though not labor) across international borders. Many in the
environmental and labor movements fear that globalization is
undermining the authority of national governments and will
thereby weaken or reverse hard-won environmental and labor
standards in the United States and abroad. As a consequence,
US labor and environmental groups now work more closely
together than at any previous time, and both are cooperating
with counterparts abroad to an unprecedented degree. Within
the larger environmental movement, the international anti-
globalization tributary is one of the most significant develop-
ments of the past decade.
Animal Rights

The animal rights perspective can be traced to the founding
of the American Society for the Prevention of Cruelty to
Animals in 1866. The American Humane Association was
founded in 1877 as a network of local organizations aiming
to prevent cruelty to children and animals. By the 1890s,
several state Antivivisection Societies were founded to
oppose the cruel treatment of animals, first in medical and
scientific research and later in education and product
testing.

Slowly the animal welfare approach came to be supple-
mented by an animal rights approach. The Vegan Society was
formed in 1944 on the principle that humans should avoid,
to the extent possible, the use of animal products for food or
for any other purpose. People for the Ethical Treatment of
Animals (PETA), founded in 1980, defines animal rights
this way:
Animal rights means that animals deserve certain kinds of
consideration – consideration of what is in their own best interests
regardless of whether they are cute, useful to humans, or an
endangered species and regardless of whether any human cares
about them at all (just as a mentally-challenged human has rights
even if he or she is not cute or useful or even if everyone dislikes him
or her). It means recognizing that animals are not ours to use – for
food, clothing, entertainment, or experimentation.
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The animal welfare and animal rights movements can both
be seen as part of a centuries-old movement toward pan-species
democratization – toward the view that nonhuman species
have a fundamental place in nature and a basic right to lead
their own lives.

In a sense, this approaches the view of nature held by the
indigenous people of North America when Europeans first
arrived (though indigenous people usually eschew a vegetarian
diet because they believe that an omnivorous diet is funda-
mental to the sacred natural order).

At thiswriting, themostmilitant branchof the environmental
movement includes the Animal Liberation Front (ALF) and the
Earth Liberation Front (ELF), both of which are committed to
destroying property, though not life, as a way to stop the cruel
exploitation of animals (ALF) and to expose and derail destruc-
tive development (ELF).
Appropriate Technology

Questions about the manageability of complex technologies
have caused many people to ask whether there were inherently
safer ways to provide food, shelter, energy, transportation, and
consumer products. And since the United States had put Neil
Armstrong on the moon in 1969, the question was phrased, “If
we can put a man on the moon, shouldn’t we be able to invent
non-destructive technologies?”

The ‘appropriate technology’ branch of the environmental
movement had been sparked by E.F. Schumacher, who pub-
lished the book Small is Beautiful in 1973. From 1950 to 1970,
Schumacher held an important government position as chief
economic advisor to the British Coal Board. In 1955, Schu-
macher spent time in Burma, where he developed the princi-
ples of what he called Buddhist economics: the belief that good
work was essential for proper human development and that
“production from local resources for local needs is the most
rational way of economic life.” He subsequently became
a pioneer of what is now called appropriate technology: Earth-
and user-friendly technologies matched to the scale of
community life.

The appropriate technology branch of the environmental
movement remained small and obscure until 1987 when the
United Nations’ (UN) World Commission on Environment
and Development (dubbed the Brundtland Commission for
its chairperson, Gro Harlem Brundtland, then the Prime
Minister of Norway) published the book-length study, Our
Common Future. In essence, the Brundtland report leveled
a fundamental critique at the world industrial system: it was
not sustainable because it was incompatible with nature.
A sustainable system is one that survives or persists
throughout its full expected life span.

The Brundtland Commission identified three steps needed
to make the human economy sustainable: (1) improving
efficiency (technical improvements, producing more with less,
recycling); (2) reducing the human population explosion;
and (3) redistributing wealth from overconsumers to the
world’s poor.

The Commission also said that, in order to achieve
sustainability, the global human economy would need to grow
by a factor of 5–10 in total size to eliminate poverty and give
everyone the wherewithal to protect the environment. This
prescription matches that of traditional economists, who have
long asserted that the solution to poverty and environmental
destruction lies with economic growth (meaning physical
growth in the flow of energy and materials, from extraction,
through use, to final disposal in the environment). In this view,
growth in the total size of the global economic pie assures that
even those holding a tiny slice will gain something even
without intentional redistribution, and nations will then be
able to afford to protect their natural environments.

At the historical rate of global economic growth of gross
domestic product (GDP) (1.6% per year), a fivefold increase in
GDP would occur in 100 years and 10-fold in 143 years.

Shortly after publication of the Brundtland report,
‘sustainability’ was on everyone’s lips and the appropriate
technology movement suddenly gained new attention. This
branch of the environmental movement is clearly on the
ascendancy today, as more and more people – including
thousands of scientists and engineers – acknowledge that trying
to ‘conquer’ nature has led time after time to unintended
consequences that damage ecosystems, harm human health,
and ultimately are self-defeating. Nature cannot be conquered,
at least not in the way people in 1950 assumed it could.

This new perspective still has many different names, indi-
cating that it is not yet a fully coherent approach to industrial
design. The NAS calls it ‘industrial ecology.’ Greenpeace calls it
‘clean production.’ The UN Environment Programme calls it
‘cleaner production.’ Recycling professionals and activists
sometimes call it ‘zero waste,’ others call it ‘toxics use reduction.’
Many chemists call it ‘green chemistry’ andmany engineers call it
‘green engineering.’ Many biologists call it ‘biomimicry after
a book of the same name by Janine Benyus published in 1998.
Biomimicrymeans learning how natural systems perform so that
humans can mimic nature, aiming to achieve human purposes
in ways that disrupt natural systems as little as possible. Unlike
most industrial systems, nature does not produce any wastes –
everything is recycled. In 1990, Kenny Ausubel and Nina Simons
created Bioneers, a new word describing an emerging culture of
social and scientific innovators who are ‘mimicking nature’s
operating instructions,’ aiming to serve human ends while
sustaining the web of life. The annual Bioneers conference in San
Rafael, California, draws several thousand people who are living,
experimenting with, or advocating alternatives to mainstream
US culture.

To a very real degree, these emerging disciplines and activ-
ities are informed – consciously or not – by the worldview held
by the indigenous people of North America when the Euro-
peans first arrived: If people will observe carefully, and behave
respectfully, nature will show them how to live in community
with all living things.
The Faith-Based Environmental Movement

Somemembers of the US Judeo-Christian religious community
have long been concerned with public health, sustainable
agriculture, water and air pollution, urban land use, and other
issues now labeled ‘environmental.’ However, the ‘faith-based
environmental movement’ traces its roots to 1 January 1990,
when Pope John Paul II said, “Men and women without any
particular religious conviction, but with an acute sense of
their responsibilities for the common good, recognize their
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obligation to contribute to the restoration of a healthy envi-
ronment. All the more so should men and women who believe
in God the Creator, and who are thus convinced that there is
a well-defined unity and order in the world, feel called to
address the problem ..”

In a widely circulated “Open Letter to the American Religious
Community” in 1991, a group of 32 Nobel laureates expressed
grave doubts about the sufficiency of humankind’s response to
the environmental crisis. In 1993, the National Religious Part-
nership for the Environment was formed “to further integrate the
mission of care for God’s creation throughout religious life, once
and for all. . Humankindmust better understand its role in the
greater web of life. Destruction of habitat requires a change in
the values of civilization. Changes of thought and behavior
require transformation of heart and spirit. These are the peren-
nial concerns of religion.”

In the United States, where 80% of the population professes
the Christian faith and 33% attends weekly worship services,
this tributary of the environmental movement has the potential
to reach large numbers of people with the compelling message
that the Earth belongs to God and humans have a duty to care
for it. On the other hand, a substantial number of Christians in
the United States believe that before Christ can return to Earth,
widespread disasters, famines, and wars must necessarily
eradicate much of life on Earth. In this view, environmental
destruction is just part of God’s plan for the world.

New Decision-Making Techniques

By 1990, risk assessment had been used for more than 20 years
to establish allowable residues of pesticides on food; to assess
the dangers of living near toxic waste sites; to determine
acceptable levels of air and water pollution; to decide how to
prioritize expenditures on environment-related government
programs, and on and on.

Just when new information about the effects of chemical
exposures was provoking new questions about the scientific
bases of risk assessment, community-based environmental
groups were coming to realize that risk assessment was not
a value-neutral scientific tool but was in fact quite political, in
the sense that it could be used to reach predetermined
conclusions through the deliberate choice of assumptions,
uncertainty factors, and judgments. Furthermore, heavy reli-
ance on risk assessment had the effect of placing decisions in
the hands of experts instead of the hands of the people who
would be affected by the decisions.

These concerns led to the development of new decision-
making criteria, which are still evolving now. Some examples:

l The ‘polluter pays’ principle, which was adopted by the
Organization for Economic Cooperation and Development
(OECD) in 1974 and reaffirmed in the US’s Comprehensive
Environmental Response, Compensation, and Liability Act
(CERCLA, or ‘Superfund’) in 1980.

l The ‘substitution principle,’ adopted in Sweden’s 1990 Act
on Chemical Products, which reads, in part, “Anyone
handling or importing a chemical product must take such
steps and otherwise observe such precautions as are needed
to prevent or minimize harm to man or the environment.
This includes avoiding chemical products for which less
hazardous substitutes are available.”
l The principle of reverse onus, or reverse burden of proof,
says that when there are scientifically based suspicions of
harm about a chemical or product or process, the burden is
on the producer or user to convince government authorities,
beyond a reasonable doubt, that the product or process
should not be restricted and that it is the least-damaging
alternative available. This principle was recommended for
adoption by the United States and Canada in 1990 by the
International Joint Commission (IJC, created by the
Boundary Waters Treaty of 1909 to oversee international
matters in the Great Lakes). To date, the United States and
Canada have not acted on the IJC’s recommendation, but
Sweden adopted the principle of reverse onus for chemicals
in 1990.

l In 1993, the World Bank suggested an ethical criterion for
choosing among development projects: the least-harmful
alternative should be selected.

l Though not specifically intended for use in environmental
decision making, the political philosophy of John Rawls,
with its focus on benefiting the least well off and protecting
the most vulnerable, has been gaining influence since it
emerged in 1971.

l The public trust doctrine has evolved as a foundation stone
for environmental protection. This ancient legal doctrine
holds that the common heritage – the environment – is held
in trust, with government the trustee and present and future
generations the beneficiaries. Under this doctrine, the
trustee has an affirmative and inalienable duty to protect the
trust property (nature, human health, the genetic integrity
of living things, accumulated human knowledge, and,
arguably, more) from the exploitive tendencies of the
beneficiaries themselves.

l Biological criteria for environmental decisions:
B Synthetic chemicals should be eliminated if they are

toxic or persistent in the environment. In their joint
1978 Water Quality Agreement, the United States and
Canada defined a ‘toxic substance’ as ‘a substance which
can cause death, disease, behavioral abnormalities,
cancer, genetic mutations, physiological or reproductive
malfunctions or physical deformities in any organism or
its offspring, or which can become poisonous after
concentration in the food chain or in combination with
other substances.’ The IJC defined ‘persistent’ chemicals
as those having a half-life of 8 weeks or longer. The half-
life is defined as the time it takes for half of any
substance to degrade once it has been released into the
environment.

B Synthetic chemicals that bioaccumulate should be
eliminated. A substance bioaccumulates if its concen-
tration increases as it moves through the food chain.
For example, DDT may be found at 1 ppm in fish
and at 10 ppm in fish-eating birds. Thus, DDT bio-
accumulates and therefore would be a candidate for
elimination.

B The Natural Step.

The Natural Step was invented by a Swedish pediatric oncol-
ogist Karl-Henrik Robert with assistance from physicist John
Holmberg. Robert, a respected cancer researcher, concluded in the
mid-1980s that humans are destroying the natural environment
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because they lack fundamental principles for making decisions
about technologies.He said then, “Uptonow,muchof thedebate
over the environment has had the character of monkey chatter
amongst the withering leaves of a dying tree.”

The Natural Step defines four ‘system conditions’ that must
prevail for a society to become sustainable.

System condition #1: In order for a society to be sustainable,
nature’s functions and diversity will not be systematically
subject to increasing concentrations of substances extracted
from the Earth’s crust.

System condition #2: Nature’s functions and diversity will
not be systematically subject to increasing concentrations of
substances produced by society.

System condition #3: Nature’s functions and diversity must
not be systematically impoverished by physical displacement,
overharvesting, or other forms of ecosystem manipulation.

System condition #4: Resources must be used fairly and effi-
ciently in order to meet basic human needs globally.

The Natural Step has been criticized because it does not
acknowledge the need for limits on the total size of the human
population or of the human footprint on the biosphere.

l The precautionary principle, which originated in Germany
in the 1970s in response to damage by acid rain in the
beloved Black Forest. The original German concept, ‘Vor-
sorgeprinzip,’ was developed to guide environmental
planning. It translates best as ‘the forecaring principle,’
which carries the connotation of foresight as preparation for
the future, not merely precaution.

In 1992, the US government ratified the precautionary
principle by signing the ‘Rio Declaration’ of the UN Conference
on Environment and Development. Article 15 of the Rio
Declaration says, “In order to protect the environment, the
precautionary approach shall be widely applied by States
[nations] according to their capabilities. Where there are threats
of serious or irreversible damage, lack of full scientific certainty
shall not be used as a reason for postponing cost-effective
measures to prevent environmental degradation.” Cost-
effective means lowest cost.

In one form or another, the language of precaution has now
been adopted in many international treaties and conventions,
such as the North Sea Declaration (1987), The Ozone Layer
Protocol (1987), the Ministerial Declaration of the 2nd World
ClimateConference (1990), theMaastricht Treaty that created the
European Union (1994), the UN Fisheries Convention (1995),
The London Convention Protocol on ocean dumping (1996),
and the Cartagena Protocol on Biosafety (2000), among others.

In the United States, the precautionary principle has evolved
since 1992. A 1998 formulation, known as the Wingspread
Statement, says,
When an activity raises threats of harm to human health or the
environment, precautionary measures should be taken even if some
cause and effect relationships are not fully established scientifically.

In this context the proponent of an activity, rather than the public,
should bear the burden of proof.

The process of applying the Precautionary Principle must be
open, informed and democratic and must include potentially
affected parties. It must also involve an examination of the full range
of alternatives, including no action.
All formulations of the precautionary principle share three

common precepts:

1. Where there is reasonable suspicion of harm based on
evidence.

2. And there is scientific uncertainty about cause and effect.
3. Then there is a duty to take action to prevent harm.

The central feature of the precautionary approach is the way
it alters society’s traditional response to uncertainty. Since at
least the publication on John Stuart Mill’s On Liberty (1869),
Westerners have assumed that individuals enjoyed the funda-
mental freedom to use their private property as they saw fit
until their behavior harmed another person (or harmed the
larger society in some way), at which point the offending
parties were expected to pay for any damage they caused. This
was expressed in Latin as Sic utere tuo ut alienum non laedas (“use
your own so as not to injure another”). While the US was an
agrarian society, sic utere tuo formed the basis of property law.
The core presumption was that people should pay for damage
they cause to others. However, as farming gave way to indus-
trialization as the basis of the nation’s wealth, judges began to
rethink sic utere tuo. As more and more dams, canals, mills,
smelters, and factories appeared, damage to neighboring
properties became more common, including floods, fires,
explosions, smells, smoke, and toxic pollution. By the early
twentieth century, judges had abandoned sic utere tuo as the
basis of property law and replaced it with an opposite core
presumption: harmed parties should not be compensated for
damage, except in cases of ‘negligence.’ During a century of
legal decisions, negligence came to be defined as ‘unreasonable’
harm, and ‘reasonable’ was defined by an explicit cost–benefit
analysis: were the social benefits of a particular land use out-
weighed by the harms it caused? Now the burden of proof was
on the damaged party to show with a cost–benefit test that he
or she had been ‘unreasonably’ harmed.

Today, the starting presumption of the common law is that
harm from economic activity is reasonable because society
generally benefits from economic growth. In the absence of an
explicit cost–benefit analysis showing that harm is ‘unreason-
able,’ the benefits of pollution are assumed to outweigh the
costs. Therefore, when no cost–benefit information is available,
or where there is scientific uncertainty or doubt about costs,
economic activity is presumed to provide net benefits and
pollution is allowed to continue. President Clinton codified the
cost–benefit test for all federal regulations in 1993 with exec-
utive order 12866, which said, in part, “Each agency shall .
propose or adopt a regulation only upon a reasoned determi-
nation that the benefits of the intended regulation justify its costs.”
[Emphasis added.]

Congress has legislated a few exceptions to this cost–benefit
balancing for pollution control. Under the Clean Water Act, the
goal is to make all the waters of the US ‘fishable’ and ‘swim-
mable,’ and wetlands are given special protection that is not
subject to a cost–benefit test. Under the Clean Air Act, health-
based standards, which are not cost–benefit tested, have been
set for a small number of pollutants. The Food Quality
Protection Act requires that pesticide residues on foods will
provide a “reasonable certainty of no harm.” And the Endan-
gered Species Act requires that species listed as endangered
must be protected without consideration of cost.
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Despite these exceptions, the vast bulk of all economic
activity falls outside the purview of any legislated laws. If an
economic activity is thought to be causing the decline of fish
populations in a river or is suspected of causing a cancer cluster
in the surrounding neighborhood, when the matter is taken to
court for resolution, then a cost–benefit test will be applied. In
court, the economic activity will get the benefit of the doubt,
meaning that the burden of proof will be on the plaintiff to show
that the costs of the questionable activity exceed the benefits to
society. Absent such a showing, the harmful activity will be
allowed to continue.

During the 1960s and 1970s, the study of environmental
and human health problems revealed that by the time scientific
consensus has been achieved regarding the causes of a partic-
ular harm, great damage can occur. Diethylstilbestrol (DES)
was shown to cause cancer in laboratory animals in 1938 but it
was nevertheless prescribed to millions of women until it was
banned in 1971 after it was shown that children of DES-treated
women were developing cancers and reproductive problems;
lead in paint was known to poison children in the 1920s, or
even earlier, yet it was not banned in the United States until
1976; studies in the 1930s indicated asbestos could cause lung
cancer but its use in building materials was allowed to continue
into the 1970s. In 1959, the Surgeon General of the United
States declared that “the weight of evidence at present impli-
cates smoking as the principal etiological factor in the increased
incidence of lung cancer.” Yet 52 years later tobacco is sold
openly, with teenagers being drawn into the net of nicotine
addiction by innovative new products like flavored cigars
(strawberry, watermelon, vanilla, and chocolate). Tobacco
companies staved off regulation of their products by creating
doubt about the science of harm from smoking. This list could
be readily extended with additional instances in which
reasonable suspicion of harm was ignored while the search for
scientific certainty unfolded – all at enormous cost to individ-
uals and society.

In 2008, the shortcomings of the current legal regime, with
its reliance on cost–benefit balancing, were spelled out by
Joseph Guth, a lawyer and biologist. Guth argued that applying
a cost–benefit test to environmental harms had allowed
millions of benefit-justified costs to mount up until, cumula-
tively, they were threatening to ruin the planet as a place suit-
able for human habitation. When humans were few in number
and their economic enterprises small, the world seemed vast
and empty. Under those circumstances, adding one more
increment of harm seemed inconsequential. But now the world
seems full – of humans and their artifacts – and “Our myriad
and ever-multiplying increments of damage do not occur in
isolation, but form a networked web of assaults each com-
pounding the effects of the others, accumulating in both space
and time,” Guth wrote. This is the ‘cumulative impacts’
problem viewed from a global perspective.

Guth argued that, under these new circumstances, justifying
the imposition of new costs on the biosphere by a cost–benefit
test no longer makes rational sense. If humans are in danger of
losing their only home in the universe because of the cumu-
lative effects of economic activities, then the first priority must
be to protect the integrity of the biosphere and its capacity for
self-regeneration. Under modern circumstances, Guth argued,
economic actors should bear the burden of showing that they
are not damaging the capacity of the biosphere to renew itself.
With that goal uppermost, economic activities can be selected
to achieve their goals by using the least-harmful methods
possible. This is the heart of a precautionary approach.

Opponents of a precautionary approach say they fear it will
stifle technical innovation, but proponents believe it will spur
innovation through the systematic search for least-harmful
ways of meeting society’s needs.

In 2000, the European Environment Agency formally
adopted the precautionary principle to guide all its environ-
mental policies. In the United States, the federal government
has generally resisted adopting a precautionary approach, but
precautionary policies are being enacted at the local level. In
2003, the City and County of San Francisco, California,
adopted the precautionary principle to guide all municipal
decisions. Many municipalities across the United States have
adopted a precautionary approach for more limited purposes.
For example, in Los Angeles, Calif., the citizens’ group California
Safe Schools persuaded the Los Angeles Unified School District
to create a precautionary pesticide policy, on the assumption
that chemical pesticides may be harmful to nontarget species,
including humans, and should be used only as a last resort.
Some municipal governments have created precautionary poli-
cies limiting the use of chemicals such as cleaning products and
fragrances because they may cause harm to those who use them
or to others. For example, the Jefferson City (Mo.) Parks and
Recreation Committee “encourages all patrons attending or
participating in any Parks and Recreation meeting, special event,
facility or program [to] remain as fragrance free as possible by
not wearing perfume, after shave, scented lotions, fragranced
hair products and/or other similar products.”

Now even the US federal government is considering
precautionary policies. At the request of US EPA, in 2009, the
NRC published Science and Decisions subtitled Advancing Risk
Assessment. In it, the NRC called for ‘change-the-culture’ trans-
formations in risk assessments and decision making within
EPA. Under the old culture, risk assessments asked, “What are
the probability and consequences of an adverse health (or
ecologic) effect posed by the problem being assessed?” In
contrast, NRC wrote, in the new culture that question becomes,
“What options are there to reduce the hazards or exposures that
have been identified, and how can risk assessment be used to
evaluate the merits of the various options?” In other words,
NRC now wants risk assessment used within a larger frame-
work of ‘alternatives assessment’ – the central component of
a precautionary approach.

The essence of the precautionary principle is perhaps best
summed up in the timeworn adage, “Better safe than sorry,”
and “A stitch in time saves nine.” This approach seems to be
slowly replacing the earlier philosophy of development, which
was closer to “Nothing ventured, nothing gained” and even in
many cases, “Damn the torpedoes, full speed ahead!”
Ecological Economics

In 1987, a new academic discipline emerged, called ‘ecological
economics,’ based on a new view of the world and the role of
humans in it. The new view reveals a world that is no longer
empty, but is now full – of humans and their artifacts. In this
view, the human economy is now large enough to stress the
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recuperative powers of the ecosystems upon which the human
economy depends. This branch of the environmental move-
ment is thus offering a fundamental challenge to 300 years of
economic thinking, which has always assumed that the human
economy was in danger of remaining too small to meet all
human wants, not that it might grow too large.

In support of their ‘full world’ hypothesis, ecological
economists adduce various kinds of evidence:

l The human economy uses, directly or indirectly, roughly
40% of the net primary product of terrestrial photosyn-
thesis. This means that, with one more doubling of human
population (expected in 40–45 years), humans will be
appropriating 80% of net terrestrial primary productivity –

leaving little room for other than domesticated species.
l One result of human appropriation of the Earth’s terrestrial

resources is soil degradation, which is widespread; world-
wide, rates of soil loss exceed rates of soil formation by at
least a factor of 10.

l Another result of human appropriation of terrestrial
resources is the rapid loss of species, which is now
proceeding at a rate somewhere between 100 and 1000
times the historical rate of extinction.

l The human contribution to atmospheric carbon dioxide (a
30% global increase in 200 years) and methane (which
doubled in concentration during the same period) indicates
that the human economy is now capable of disrupting
ecosystems at a global scale. The US NAS has warned that
climate change caused by the accumulation of ‘greenhouse
gases’ (GHG) (carbon dioxide, methane, nitrous oxide, and
others) in the atmosphere may be the most pressing inter-
national issue of the present century.

l The buildup of GHG in the atmosphere and the rupture of
the Earth’s stratospheric ozone shield by chlorofluorocar-
bons indicate that the human economy has already
exceeded the assimilative and regenerative capacities of the
biosphere to absorb some human wastes. There is
considerable evidence to support this general proposition.
For example, persistent synthetic toxicants are now
measurable from the peaks of the highest mountains to the
floors of the deepest oceans and everywhere in between. It
is evident that nature is unable to degrade certain synthetic
compounds as rapidly as humans are releasing them into
the biosphere.

Obviously if this ‘full world’ view is correct, then relying on
global economic growth to solve problems of poverty and
environmental degradation could be self-defeating. Indeed,
ecological economists assert that the Brundtland Commission’s
proposed solution to poverty and environmental destruction -
expanding the size of the global economy by a factor of 5–10 –

is ecologically impossible. In this new view, poverty will have
to be alleviated – and environmental degradation checked – by
economic growth in poor regions matched by a reduction in
the size of the economy in wealthy regions.

Unceasing growth is not observed in nature, giving support
to the ecological economists’ view that the human economy
must eventually achieve a steady state. In this view, ‘growth’
must cease but ‘development’ can continue indefinitely.
Growth is defined as increase in material throughput, whereas
development is qualitative improvement, such as gains in the
efficiency of resource use. This distinction between ‘growth’ and
‘development’ is central to ecological economics. In the ‘full
world’ view, there are definite ecological limits to growth but
not to development.

Ecological economists argue that the ‘full world’ hypothesis
calls for new scientific approaches, new solutions for economic
problems long ignored by traditional economists, new
emphasis on conserving nature’s bounty, and new ‘incentive-
based’ policies for managing and protecting the environment.
New Scientific Approaches

Ecological economists say the ‘full world’ hypothesis will
require humans to reorganize their intellectual activities,
shifting the fundamental scientific paradigm from Newtonian
physics to ecology. Newtonian physics views the world as
linear, separable, reducible to its component subsystems,
which can be readily aggregated to model the behavior of the
whole system. In contrast, an ecosystem perspective develops
a worldview adapted to complex living systems – constantly
interacting and evolving, nonlinear, and not scalable by simple
aggregation.

In the ecological view, human knowledge of the evolving
world is fraught with fundamental uncertainties that are large
and likely to remain so, spawning a scientific approach that has
less confidence in its predictions and prescriptions than
was common in an earlier era. The ecological approach has
produced a generation of scientists – among them, conservation
biologists – who advocate greater humility and a more precau-
tionary approach than was common in the past, with an
orientation toward learning from nature for the purpose of
working with it rather than subduing it.

The ecological worldview has also given rise to new ways of
measuring human impacts on ecosystems. In the 1970s,
William Rees invented ‘ecological footprint analysis,’ an
accounting tool that translates the resource consumption and
waste assimilation requirements of a defined human pop-
ulation, or economy, into a corresponding productive land
area. For example, today the concept is widely used to discuss
the ‘carbon footprint’ of various populations and activities.
A person’s ‘carbon footprint’ is the area of productive land
required to absorb the carbon dioxide emitted directly and
indirectly as a result of his or her daily activities. Ecological
footprint analysis asks the broad question, How much of the
biological capacity of the planet is required by a given human
activity or population? Footprint analysis at the global scale
estimates that humanity currently uses the equivalent of
1.5 planets to provide the resources that it uses and to absorb
the waste. This means it now takes the Earth one and a half
years to regenerate what humanity uses in a year. Obviously,
a human footprint of this size is not sustainable into the
indefinite future.
Problems Traditionally Ignored by Economists

The full world hypothesis, combined with the desire to design
sustainable economic systems, confronts ecological economists
with three economic problems – scale, distribution, and allo-
cation. The problems of scale and distribution have tradition-
ally been ignored by economists.
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The scale problem requires economists to ask how large the
human economy can become in relation to the biosphere from
which it draws raw materials and to which it returns wastes.
Neoclassical economists have never addressed this problem of
scale, believing as they do that scarcities will always generate
price signals that will cause new technical solutions to emerge,
making everyone better off – the very definition of progress. If
humans run out of affordable copper, someone will invent
fiber optic cables to carry the information. However, if humans
run out of fish, what then? Ecological economists believe that
the first priority must be to establish the ecological limits of
sustainable scale for the human economy and then establish
policies to assure that the material throughput of the economy
remains within those limits. For example, market economies
have no way to put a limit on total emissions of carbon
dioxide. Unless someone imposes limits on the scale of the
human enterprise, damage to ecosystemsmay degrade essential
ecosystem services (such as regulation of Earth’s temperature,
or protection from ultraviolet radiation from the sun) making
all worse off. Traditional market mechanisms take no notice of
scale, so limits must be determined by political choices, then
translated into explicit policies and laws, ecological economists
believe. Discovering ecological limits will require urgent
scientific effort in coming decades, they say.

Distribution has to do with the fair and equitable appor-
tionment of economic goods and opportunities. Solutions to
sustainability that are seen as unfair may be rejected or dis-
missed out of hand by decision makers. As with scale, tradi-
tional market mechanisms take no notice of fair or equitable
distribution, so a desirable distribution must be consciously
chosen and implemented through explicit policies. Ecological
economists say that the clearest implication of the full world
hypothesis is that the current level of per capita resource use in
wealthy countries cannot be generalized to poor countries,
given the present global population, because present global
resource use already appears to be unsustainably large. If the
scale of the total global economy is bounded by ecological
limits and resource scarcities, then poverty can be alleviated by
distribution policies that promote growth in poor regions
balanced by economic shrinkage in wealthy regions.

After questions of scale and distribution have been settled,
then markets and prices can be relied upon to achieve their
traditional purpose – an efficient allocation of resources: how
many shoes will be produced at a particular price, versus how
many bicycles, and so forth. Allocative efficiency by itself does
not ensure sustainability, which is why questions of scale and
distribution must be settled first, as ecological economists
see it.
New Emphasis on Conserving Natural Capital

One consequence of a full world, ecological economists say, is
that the human economy has evolved from one in which
human capital was the limiting factor to one in which
remaining natural capital is the limiting factor. Natural capital
is the stock that produces a flow of natural resources – forests
that yield lumber, petroleum reserves that yield petrochemi-
cals, and so on. If the pattern of scarcity has fundamentally
evolved to a new condition – as ecological economists believe
it has – then economic policies should aim to preserve, and
where possible increase, natural capital and enhance the effi-
ciency of its use rather than merely continuing to liquidate
natural capital to accumulate human capital.

Traditional economists teach that human capital is a nearly
perfect substitute for, natural capital – as one natural resource
get exhausted, human ingenuity will always find a substitute.
Ecological economists emphasize that human capital is far
more likely to complement natural capital than to substitute
for it, a view that highlights the importance of preserving the
remaining natural capital and using it more efficiently. Fishing
boats complement, but do not substitute for fish, and sawmills
complement, but do not substitute for trees.

Neoclassical economists take it on faith that technological
advances, driven by higher prices generated by scarcities, will
always be able to overcome resource limits and that new
technologies can substitute for ecosystem services that become
degraded. Ecological economists are not so optimistic because
they believe human activity is ultimately constrained by
ecological limits.

Herman Daly offers three criteria for the maintenance of
natural capital:

1. For renewable resources, the rate of harvest should not
exceed the rate of regeneration.

2. The rates of waste generation should not exceed the
assimilative capacity of the environment.

3. The depletion of a nonrenewable resource should require
comparable development of renewable substitutes for that
resource.

Ecological economists believe that traditional economists
have, so far, not taken into account the fundamental shift that
has occurred in the pattern of scarcity – from human capital as
the limiting factor to natural capital as the limiting factor –

perhaps partly because the changes wrought by exponential
growth appear so quickly. With a constant rate of growth, in the
same time, it took the world to move from 1% full to 2% full,
the world will move from half full to completely full – a change
that ecological economists see occurring in the present era.
New Policies

The environmental movement developed in response to the
perceived failure of government to protect the common heri-
tage, the natural environment, from harmful human activities
and technologies. Ecological economists trace this failure to
government’s reliance on a limited set of policy mechanisms –
chiefly regulation.

State and local governments have proved to be ineffective
regulators because they compete with each other to achieve
economic growth, creating a ‘race to the bottom.’ In principle,
this defect could be remedied by federal regulations to which
all states must conform. However, even federal standards suffer
lapses in compliance and enforcement so, for example, many
major municipalities have failed to meet federally mandated
air quality standards.

Perhaps the most fundamental criticism of the regulatory
system is that it assumes that emissions are harmless until
violation of a regulation can be proven or harm can be shown
to be ‘unreasonable’ by a cost–benefit test. Since the vast
majority of emissions are not subject to any regulations, the
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public bears the burden of proving unreasonable harm, a very
difficult burden to meet, for reasons discussed above. Finally,
many ‘harmless’ or ‘insignificant’ emissions, taken together,
may cause significant harm, but the regulatory system does not
ordinarily consider such ‘cumulative impacts.’

Although the regulatory system has unquestionably pre-
vented much harm, relevant questions remain: Has regulation
adequately protected the public trust? Can regulation provide
adequate protection against the ‘cumulative impacts’ of current
and emerging technologies such as pesticides, biotechnology,
nanotechnology, and synthetic biology (creation of life forms
that have never previously existed)? Can regulation provide
sufficient protection for public health and the environment?

Ecological economists would likely answer all three ques-
tions in the negative. They – andmany traditional economists –
favor new ‘incentive-based’ environmental management tech-
niques to supplement or replace regulation, including some or
all of these:

l taxing emissions;
l issuing a limited number of marketable permits to pollute

so that the total number of permits creates a de facto ‘cap’ on
permissible emissions;

l adding ‘pollution charges’ to the prices of products that
pollute;

l in some cases, subsidizing polluters who abate;
l creating property rights in open-access resources;
l labeling products with their contents;
l educating consumers;
l imposing deposit-refund systems on manufacturers of

products, such as refundable deposits on bottles; and
l prohibiting the discounting of future benefits and costs.

Emission fees, or taxes, are fairly straightforward. They
require government to set a fee per unit of emission, monitor
emissions, and collect the fees. Emission fees must be set high
enough to provide a continuous incentive for emitters to abate,
yet not so high as to be perceived as grossly unfair or unrea-
sonable. This requires knowledge of the costs of abatement and
of the harms caused by various emissions – a difficult problem
that is also inherent in the regulatory system. Exceptionally,
toxic materials – for example, highly radioactive elements, lead,
mercury, and polychlorinated biphenyls, to name a few –

would not be candidates for control by emission fees alone but
would remain under strict regulatory limits.

In theory, marketable permits to pollute offer an
economically efficient way to reduce total pollution from
numerous sources in a region, at least total cost to the
economy. This is so because the cost of pollution abatement
varies from firm to firm. Firms that can abate cheaply can be
expected to do so and can then sell their unused pollution
permits to firms having higher abatement costs. A total cap on
allowable pollution in a region would be set by the total
number of pollution permits issued. As time passed, the total
amount of permitted pollution (the ‘cap’) could be ratcheted
down by governmental fiat. Difficulties with this scheme arise
from the obvious injustices that can occur when firms with
obsolete plants in poor neighborhoods find it cheaper to buy
pollution permits than to upgrade and abate, potentially
creating dangerous ‘hot spots’ of pollution in communities of
color or low income.
Ecological economists are quick to point out that the
economic efficiencies to be gained by ‘incentive-based’
approaches should never be allowed to trump other critical,
deeply held values such as fairness, justice, scientific integrity,
and political acceptability achieved through democratic
participation.

The ecological economists’ vision summarized:

1. Earth is a materially finite and not growing; therefore, there
are limits to the size of the human economy that can be
supported. The human economy is the product of human
populationmultiplied by per-capita resource use and it is the
total product that must be limited, not merely population.

2. A sustainable future is possible, offering a high quality of
life to all creatures (human and nonhuman), subject to the
limits inherent in a materially closed system, but achieving
the vision will require new ways of doing things, many of
which remain to be discovered.

3. In ever-changing complex systems, such as human econo-
mies interacting with ecosystems, fundamental uncertainty
is large and likely to remain so. Furthermore, many bio-
logical systems can ‘flip’ from one stable state to another
after a threshold (or ‘tipping point’) has been reached, and
some shifts are irreversible – which counsels humility and
a precautionary approach.

4. Because human capital and natural capital complement
each other, and hardly ever substitute for one another fully,
new emphasis must be given to retaining and enhancing
natural capital, finding ways to make it more productive
without destroying it. In sum, one must learn to live off the
interest derived from natural capital while preserving the
capital stock itself.

5. Management should be proactive, experimental, and
adaptive, using incentives to change human behavior,
relying less on regulation than in the past. In other words,
employ more carrots than sticks, and conduct many exper-
iments to discover what works. This ‘adaptive management’
approach is already taught in business schools and is widely
employed by wildlife managers.

Ecological economists believe that good environmental
management must be experimental and adaptive because
ecosystems are ever-changing and therefore, the knowledge of
them will remain fraught with uncertainties. Rather than
relying solely on scientists to determine the best approach,
resource managers must experiment, observe, and adapt their
management techniques to what they are learning. Ecological
economists expect local communities and the interested
public to play an important role in the experimentation,
monitoring, and learning. This is quite a different approach
from older resource management techniques in which scien-
tists were expected to determine the truth about a problem,
managers to apply the scientific information, and the public
to sit passively by.
The Twenty-First Century

During the first decade of the twenty-first century, numerous
authoritative reports indicated that the natural environment in
the United States and worldwide was continuing to deteriorate.
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The Millennium Ecosystem Assessment (MEA), conducted under
the auspices of the UN by 1360 scientists from 95 countries
over 4 years, provided evidence that, as of 2005, 60% of the
world’s ecosystems had been degraded by human activity. The
MEA board of directors wrote, “At the heart of this assessment
is a stark warning. Human activity is putting so much strain on
the natural functions of Earth that the ability of the planet’s
ecosystem to support future generations can no longer be taken
for granted.”

The UN in 2007 published its fourth Global Environmental
Outlook (GEO-4) report. The report said humans are now
requiring 22 ha (54 acres) per person for all the activities that
sustain human life, but there are only 16 ha (39 acres) per
person available worldwide. As a result, farmland is being
degraded, ocean fisheries are being depleted, freshwater is
growing scarcer and the rate of extinction of species has accel-
erated far beyond historical norms. Furthermore, the report
said, the human population is expected to grow as much as
50% in the next 50 years, further increasing pressures on
natural systems.

In 2009, Johan Rockström of Stockholm University, and 28
colleagues, offered a new way to think about the capacity of the
global biosphere to support human life. They identified nine
‘ecosystem boundaries’ that they believe demarcate a ‘safe
operating space’ for humans. The nine boundaries are climate
change, ocean acidification, stratospheric ozone depletion, the
nitrogen and phosphorus cycles, global freshwater use, changes
in land use, atmospheric aerosol loading, chemical pollution,
and biodiversity loss. Röckstrom and colleagues tentatively
quantified seven of the nine boundaries (excepting aerosol
loading and chemical pollution), emphasizing that these early
numerical estimates are little more than best guesses. The hope
is that, by staying within these nine boundaries, humans might
be able to continue their economic activities indefinitely
without ruining the biosphere as a suitable base for civiliza-
tions. Unfortunately, Rockström reported, three of the nine
boundaries have already been breached – climate change, loss
of biodiversity, and interference with the nitrogen and phos-
phorus cycles. And three others may soon be approached –

freshwater use, changes in land use, and interference in the
phosphorus cycle. The danger is that human changes to the
biosphere will trigger abrupt, unforeseen, and irreversible shifts
in global conditions, leading to a new state that is far less
favorable to human civilization.
Climate Change

Despite the emphasis on nine crucial problems by Rockström
and colleagues, for many in the US environmental movement,
climate change came to dominate thought and action in the
twenty-first century.

Concerns about climate change were not new. The US NAS
in 1979 had estimated that a doubling of preindustrial CO2

levels in the atmosphere (from 280 to 560 ppm) would raise
the average surface temperature of the Earth somewhere
between 2 and 3.5 �C (3.6–6.3 �F). NAS estimated that such
a change would occur sometime before 2050, though the
model was subject to large uncertainties. For the vast majority
of climatologists, reports from the UN’s IPCC in 2001, 2004,
and 2007 laid to rest any lingering doubts about the rising
average temperature of the surface of the planet, or of
humanity’s significant contribution to the problem.

As early as 2005, the scientific academies of Brazil, Canada,
China, France, Germany, India, Italy, Japan, Russia, the United
Kingdom, and the United States issued a joint statement saying,
“[T]here is now strong evidence that significant global warming
is occurring . .” And, “It is likely that most of the warming in
recent decades can be attributed to human activities.”

In its 2007 report, the IPCC wrote, “Warming of the climate
system is unequivocal, as is now evident from observations of
increases in global average air and ocean temperatures, wide-
spread melting of snow and ice, and rising global average sea
level.” And: “The understanding of anthropogenic warming
and cooling influences on climate has improved since the
[third IPCC report, in 2004], leading to very high confidence that
the global average net effect of human activities since 1750 has
been one of warming . .” the IPCC wrote [emphasis in the
original].

Understanding of climate change derives from three lines of
evidence: paleoclimate studies (two-mile-long ice cores from
Greenland, for example); observation of current conditions (e.g.,
melting ice caps and glaciers, rising sea level, increasing
temperatures of ocean and air); and mathematical modeling.
From these sources, many climatologists conclude it is likely
that, as the planet warms, the wet regions of the planet will grow
wetter, and the dry regions dryer, tending to make farming more
difficult as time passes. As the oceans warm, tropical cyclones
(hurricanes) are expected to becomemore powerful and perhaps
more frequent. Larger storms, combined with rising sea levels,
will produce greater storm surges as time passes, threatening
coastal cities around the world. As sea level rises, beach erosion
accelerates, coastal wetlands slowly submerge, and salt water
threatens to intrude into important agricultural lowlands, such
as the San Francisco Bay–Sacramento delta, the deltas of the
Indus and Mekong rivers, and others. Because warmer air holds
more moisture than cooler air, the atmosphere now holds about
4%more water than it did 100 years ago; as a consequence, rain
and snowstorms are becoming more intense, causing more
floods and blizzards. The loss of glaciers in the Himalayas and
the Andes will disrupt traditional supplies of freshwater for large
numbers of people, likely leading to mass migrations. In 2010,
the US Department of Defense said climate change “may act as
an accelerant of instability or conflict, placing a burden to
respond on civilian institutions and militaries around the
world.” Climate change is now viewed as a national security
issue by US military and intelligence agencies.

Some 30 scientific societies have now issued statements
affirming their understanding that global warming is occurring,
that human economic activities are contributing significantly to
the problem, and that, if emissions ofGHG continue to grow, the
consequences will be highly undesirable if not calamitous for
civilization. Nevertheless, despite widespread scientific under-
standing that the problem of global warming is real and serious,
political action – particularly in the United States – has been
delayed year after year.

To delay political action to reduce emissions of GHG –

chiefly CO2 from combustion of fossil fuels – a small group of
scientists, supported by fossil fuel corporations, have mounted
a campaign in recent years to create doubt about the scientific
understanding of global warming and climate change. Starting
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in the 1960s, the tobacco industry had demonstrated that
casting doubt on established scientific understanding could
delay governmental regulatory action for decades. Modeled on
tobacco industry techniques, the campaign to create doubt
about climate science has now been documented in several
book-length studies.

In 2005, the European Union Emissions Trading System
came into effect, setting a cap on total allowable CO2 emis-
sions. Total emissions under the cap were allocated to firms in
the form of emission allowances or permits (in the United
States sometimes called ‘carbon credits’). Larger emitters are
required to hold permits for their own emissions. If they reduce
their emissions below their allowed limit, they can sell (trade)
their unused credits to another emitter, thus creating a market
for carbon credits. The system is known as ‘cap and trade,’
Periodically the total cap will be reduced by government fiat,
eventually reducing total CO2 emissions to some pre-
determined level. In 2009 the US Congress rejected legislative
proposals to create a similar national cap and trade system for
CO2 emissions. Nevertheless, 10 northeastern states created
their own cap and trade system and California created its own
system as well.

By the second decade of the new century, the US environ-
mental movement had been largely professionalized and
consolidated into a few large organizations, which garnered the
vast bulk of the funds available for environmental advocacy.
Their signal failure to protect the natural world from continued
deterioration called into question their main strategy, which, in
recent years, increasingly relied on lobbying inWashington and
less on community organizing, citizen engagement, and
movement building across the country. The failure to pass
climate legislation in 2010 highlighted the tension between
these two approaches. The large groups with offices in Wash-
ington, D.C. (together dubbed ‘Big Green’) had assumed that
the dangers and disruptions of continued GHG emissions
would, by themselves, convince Congress to take prudent
action to curb emissions. Big Green made little attempt to
engage the thousands of local, state, and regional groups that
work to avert climate change and to limit the harm from
resource–extraction industries, such as the Environmental
Justice Leadership Forum on Climate Change (New York, N.Y.)
and the Chesapeake Climate Action Network (Takoma Park,
Md.), founded in 2002 to support low-carbon energy sources
and to phase out the use of fossil fuels in Maryland, Virginia,
and Washington, D.C. As a result, Congress evidently never felt
sufficient political pressure to enact controls on GHG
emissions.

In 2007, author Bill McKibben (Eaarth [2010]) founded
350.org, aiming to create a global grassroots-based organiza-
tion to advocate for control of GHG, chiefly CO2. The 350 in
the title refers to 350 ppm of CO2 in the atmosphere. James
Hansen, director of the Goddard Institute for Space Studies (an
agency of the National Aeronautics and Space Administration
[NASA]), has argued in detail that atmospheric CO2 levels must
not exceed 350 ppm lest changes in climate create a world far
different and less hospitable than the one human civilization
has enjoyed for the past 10 000 years or so.

The tension between the smaller ‘on-the-ground’ groups
and the large ‘inside the beltway’ groups continues even as
resource extraction and power generating corporations are
advancing several new technologies such as mountaintop
removal coal mining and extraction of natural gas by hydraulic
fracturing (dubbed ‘fracking’) – a process in which water, sand,
and proprietary chemicals are injected deep into the earth
under high pressure to release natural gas trapped in rock
formations. These newer technologies have become highly
contentious because of their potential to pollute groundwater
and to fundamentally alter Appalachian natural resources such
as mountains and creeks.

Many local groups that formed to oppose nuclear or coal
power plants, such as the Ohio Valley Environmental Coalition
(Huntington, W.Va.), are today focused on mountaintop
removal mining and/or fracking. In recent years, many new
groups have formed to oppose fracking in Colorado, Delaware,
New York, Ohio, Pennsylvania, Texas, and West Virginia. Many
local groups, such as the Shaleshock Outreach Group (Ithaca,
N.Y.), seek to end fracking, but several large environmental
groups, such as NRDC and Sierra Club, favor fracking accom-
panied by new regulations intended to limit environmental
damage. Groups that oppose fracking assert that the history of
government regulation does not support the view that
groundwater can be protected if fracking becomes widespread.

After the failure to control GHG emissions by national
legislation, the large environmental groups settled on a new
strategy, promoting a largely untested technology called
‘carbon capture and sequestration,’ of CCS for short. The goal is
to continue burning fossil fuels for the foreseeable future,
capture much of the resultant carbon dioxide, pressurize it into
a liquid, then pump it a mile or so below ground, hoping it will
stay there forever. Proponents of the plan envision burying as
much as 1–2 trillion tons of liquid CO2 below ground (or
beneath the floor of the ocean) in the United States, the United
Kingdom, Norway, China, India, Russia, and elsewhere, during
this century, or 10–20 billion tons total per year. Worldwide,
the petroleum industry currently processes roughly 4 billion
tons of raw product each year, so sequestering 10–20 billion
tons of CO2 per year would require development of an infra-
structure 2–5 times the size of the present-day petroleum
industry. This large global enterprise would require a new
international regulatory and oversight mechanism similar to
the nuclear nonproliferation system, to assure use of best
practices in siting and operation, to monitor for leakage, to
assign responsibility and liability in case of mishap, and to take
remedial action as needed. Expert estimates of the duration of
mandatory monitoring and oversight range from 400 to 10 000
years. Humans have never engineered anything intended to
endure with oversight on such timescales, so this would be
a grand global-scale experiment with the future of civilization
at stake.
New Economic Initiatives, New Technologies

By the year 2010, many economic, political, and environ-
mental leaders had recognized the conundrum faced by
everyone in the United States. Since the mid-1970s, wages and
social mobility have stagnated, requiring a traditional solution:
economic growth. Yet ecological limits to growth have been
well documented. The solution to this puzzle would appear to
require new technologies that are compatible with natural
systems but also with economic systems that do not require

http://350.org
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endless growth. Various groups have responded to these
constraints in their own ways, all seeking the goal of social and
economic revitalization, and all at least nominally embracing
the goal of ecological sustainability. In this context, sustain-
ability means the capacity to keep doing what you are doing
into the indefinite future.

l Some local grassroots environmental organizations have
integrated community economic development into their
environmental agenda. For example, the Environmental
Health Coalition (National City, Calif.) and the Ironbound
Community Corp. (Newark, N.J.) incorporate urban plan-
ning in their EJ work and create strategic partnerships with
local governments. Likewise, WeACT for Environmental
Justice (New York, N.Y.), founded in 1988 by community
members opposing placement of a sewage treatment plant
in Harlem, promotes sustainable land use and open green
space to enhance life for residents of upper Manhattan.
Other local groups, such as Little Village Environmental
Justice Organization (LVEJO, Chicago, Ill.) develop
campaigns that combine an antitoxics agenda with advo-
cacy for clean power, community parks, urban agriculture,
and restoration of public transit.

l Another group of organizations has focused on new forms
of economic development, aiming to revitalize and main-
tain communities that are socially and economically stable
and ecologically sustainable. As mentioned above, E.F.
Schumacher’s Small is Beautiful (1973) spawned a lasting
interest in ‘appropriate technology.’ Similarly, much of
Barry Commoner’s work has entailed critiques of destruc-
tive technologies (for example, see The Poverty of Power
[1976]). Commoner’s focus on production methods
inspired creation of the Lowell Center for Sustainable
Production at the University of Massachusetts in Lowell, led
by Ken Geiser and David Kriebel. In 1974, David Morris and
Neil Seldman founded the Institute for Local Self Reliance
(ILSR, Minneapolis, Minn. and Washington, D.C.), which
advocates for community development projects that mini-
mize harm to the natural environment and create local
ownership of community-supporting services and enter-
prises. Today ILSR promotes ‘buy local’ campaigns, helps
locally owned businesses compete against large-scale retail
chains (so-called ‘big box’ stores), advocates for ecologically
sustainable products such as biobased plastics and
biochemicals for the automobile and printing industries,
and helps municipalities assert control over basic services,
such as solid waste management and internet cable systems.

During the past 10 years, as the corporate globalization
project has gained momentum and many US manufacturing
jobs have been exported, more groups besides ILSR have
focused on creation of locally owned businesses, relying to the
extent possible on local capital, creating jobs for local residents.
In 1998, economist Michael Shuman published Going Local:
Creating Self-Reliant Communities in the Global Age. The basic
idea, first propounded by Jane Jacobs in The Death and Life of
Great American Cities (1961), is ‘import substitution.’ The
process starts by analyzing where dollars are ‘leaking’ out the
local economy to pay for goods or services imported from
elsewhere, then plugging those leaks by creating local busi-
nesses that offer goods or services to substitute for the imports.
In 2001, Shuman and others founded the Business Alliance for
Local Living Economies (BALLE), now a loose collaboration of
over 22 000 local businesses connected through more than
80 community networks in 30 US states and Canadian prov-
inces. These community networks promote local enterprises,
support green building, identify and aggregate local capital,
develop locally produced renewable energy, and offer educa-
tion on ‘zero waste’ techniques to local businesses. For
example, the Lakeshore Independent Business Alliance (LIBA)
in southwestern Michigan is a cooperative of locally owned
independent businesses, citizens, and community organiza-
tions aiming to ensure a healthy local economy by supporting
independent businesses. LIBA uses techniques such as collec-
tive branding, joint purchasing, and shared advertising and
marketing to give its independent members many of the
advantages enjoyed by chain stores.

In 2002, mathematician and philosopher David Schweick-
art published After Capitalism in which he described an
economic system that could grow but was not necessarily
required to grow. In 2004, historian Gar Alperovitz published
America Beyond Capitalism: Reclaiming Our Wealth, Our Liberty,
and Our Democracy arguing that revitalization of the US
economy and environment depends upon democratizing
wealth and income – reducing inequalities to shore up the
middle class by developing local businesses, many of them
cooperatives, a form of enterprise that is common in the United
States. Some 130 million Americans are presently members of
urban food and housing co-ops, traditional agricultural coop-
eratives, and credit unions. In 2000, Alperovitz and Ted
Howard cofounded the Democracy Collaborative at the
University of Maryland, a center for research, policy, and
practice to build and democratize wealth in communities. The
Democracy Collaborative highlights innovative community
strategies for local development, such as worker-owned busi-
nesses anchored by supplying some of the needs of local
hospitals, universities, and large manufacturers. In Cleveland,
Oh., the Collaborative is helping develop 10 worker-owned
‘Evergreen’ cooperatives modeled on the Mondragon Cooper-
ative Corporation in the Basque County of Spain. The Ever-
green Cooperative Laundry in Cleveland aims to meet the
demands for laundry services of Cleveland’s large health care
industry. Ohio Cooperative Solar is installing large-scale
photovoltaic arrays on Cleveland’s largest nonprofit health,
education, and municipal buildings. Another large-scale
cooperative, Green City Growers, has built a 230 000-square
foot greenhouse to grow vegetables for local health and
education institutions and others. The common aim of these
enterprises is ecological sustainability, economic viability, and
community-anchored structures of ownership and control.

l In response to perceived economic stagnation and ecolog-
ical degradation, the US government adopted policies
conducive to the development of new technologies by the
corporate sector, namely genetic engineering and nano-
technology, in the hope that they would spark a new
industrial revolution.

The use of genetic engineering (or biotechnology) in agri-
culture developed rapidly during the 1990s and sparked strong
controversy on every continent, though less in the United States
than elsewhere. For millennia prior to the 1990s, genes could
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only be shared among species that were similar enough to mate
and reproduce. For example, there was no way dog genes could
get into cats or rice genes into wheat. Genetic engineering
changed all that. Scientists could now insert a gene from, say,
a trout into a tomato, intending to give the tomato a new,
desirable characteristic, such as the ability to tolerate cold.
Several crops – e.g., cotton, canola, and soybeans – were given
genes that made them resistant to particular herbicidal chem-
icals. Such crops could be doused with large quantities of
herbicide to suppress weeds without harming the crop itself. As
a result, herbicide use increased, herbicide-resistant plants
moved into nearby fields where they had not been intention-
ally planted, and several weed species developed resistance to
particular herbicides. The patented herbicide-resistant seeds
and the increased use of herbicides raised the cost of farming,
so it remains unclear that these new technologies can improve
the economic viability of industrial farming.

Soon genetic engineers learned to force plants to produce
pharmaceutical drugs, and ‘biopharming’ came into the
language. Growing drugs in greenhouses, or in open fields, was
thought to be less costly than manufacturing pharmaceuticals
in factories, though questions of quality control arose. In
addition, the potential spread of pharmaceutical products to
nearby fields by wind or by pollinators raised an additional
concern.

It was not long before genetic engineering technology leapt
ahead once again as scientists learned to create viruses from
inorganic chemicals. In 2002, a research group announced that
they had manufactured a poliovirus from raw chemicals. These
efforts relied on constructing well-known naturally occurring
genes from scratch. However, scientists soon moved on to the
construction of novel genes, thus making possible the creation
of new forms of life never before seen on Earth. To many, this
field of ‘synthetic biology’ seemed a radically different enter-
prise from anything humans had ever attempted before, raising
new questions about the human ability to regulate powerful
technologies.

During this same period – the last 20 years – another new
scientific frontier advanced rapidly – nanotechnology. Nano-
technology – or nanotech, for short – is a new approach to
industrial production, based on the manipulation of things so
small that they are invisible to the naked eye and even to most
microscopes.

Nanotech is named for the nanometer, a unit of measure,
a billionth of a meter, one one-thousandth of a micrometer.
The Oxford English Dictionary defines nanotechnology as “the
branch of technology that deals with dimensions and toler-
ances of less than 100 nanometers, especially the manipula-
tion of individual atoms and molecules.” Nanotech deals in
the realm where a typical grain of sand is huge (a million
nanometers in diameter). A human hair is 200 000 nm thick.
A red blood cell spans 10 000 nm. A virus measures 100 nm
across, and the smallest atom (hydrogen) spans 0.1 nm.

In the realm below 50 nm, the normal laws of physics no
longer hold true, quantum physics takes over and materials
exhibit surprising new properties. Something that was red
may now be green; metals may become translucent and thus
invisible; something that could not conduct electricity may
now pass a current; nonmagnetic materials may become
magnetized; insoluble substances may dissolve. Knowing the
properties of a substance in bulk does not allow prediction of
its properties at the nanoscale, so all nanomaterials’ charac-
teristics – including hazardous traits – must be learned anew
by direct experiment.

Optimistic nanotechnologists foresee a second industrial
revolution sweeping the world during the next 50 years as
individual atoms are assembled together into thousands of
useful new products. Few deny that nanotech products will
introduce new kinds of hazards, but most nanotechnologists
seem to believe that existing regulations are adequate for
controlling any hazards that may arise. In the United States,
nanotech is not now subject to any special regulations and
nanotech products need not be labeled.

The expanding uses of biotechnology, nanotechnology, and
synthetic biology to stimulate economic growth have raised
a fundamental question: Does history indicate that humans
can gain the knowledge and the wisdom needed to rearrange
the genetic and atom-scale building blocks of nature without
causing widespread unintended harm?

Critiquing Economic Growth

In the twenty-first century, the critique of inappropriate tech-
nologies and of economic growth sharpened. James Gustave
Speth’s influential book, Bridge at the Edge of the World (2008),
published when Speth was dean of the Yale School of Forestry
and Environmental Studies, identified an expansionist capi-
talist economic system as the main source of environmental
degradation. “Capitalism as we know it today is incapable of
sustaining the environment,” he wrote. Speth did not describe
or endorse any alternatives to the current economic system, but
he pinpointed capitalism’s need for perpetual economic
growth as the main cause of environmental degradation
worldwide. Speth thus continued a conversation begun a few
years earlier by David Schweickart and Gar Alperovitz,
a conversation that seems likely to broaden as the twenty-first
century unfolds.

Summary

The US environmental movement is very large, diverse, and
growing. However, it has not achieved the coherence of
previous social movements like the nineteenth-century
crusade to end slavery or the 100-year struggle that won
women the right to vote. Toxics activists, cancer survivors,
animal rights groups, traditional conservationists, and
workers focused on job safety all know of each other’s exis-
tence but do not often coordinate their efforts and do not
share a common agenda, a few simple goals toward which
they are all striving.

As environmentalism has developed over the past 50 years,
major shifts in emphasis have become apparent:

l The overarching goal is slowly shifting from managing
problems after they appear to avoiding problems before
they occur. This incorporation of the first principle of public
health – prevention – into the industrial enterprise has
begun, but it has also met implacable opposition from
some who are committed to business as usual. It remains to
be seen to what extent humans can develop the capacity to
foresee and forestall while retaining the politically powerful
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corporate structure that presently provides so many of the
benefits of industrial production.

l There is no ‘away,’ so no one can any longer claim to throw
anything away. Everything must go somewhere, which has
spawned attempts at comprehensive materials management
– cradle to cradle thinking, not cradle to grave. This new
approach has generated a host of innovative ideas including
biomimicry, green chemistry, clean production, and zero
waste. Presently, these ideas reside at the fringe of industrial
innovation, but they are moving inexorably toward the
center as the terms of a new debate about a waste-free
industrial enterprise are defined by Paul Palmer’s Getting to
Zero Waste (2005), Eric Lombardi and Eco-Cycle (Boulder,
Colo.), Bill Sheehan and the Product Policy Institute (Ath-
ens, Ga.), the Zero Waste Alliance (Portland, Or.), the Zero
Waste Network (Austin, Tex.), GAIA (Quezon City,
Philippines, and Berkeley, Calif.), the Zero Waste Interna-
tional Alliance (ZWIA), and others.

l An earlier focus on preserving wild lands and protecting
endangered species has been expanded to include the need
to protect all living things. Two basic arguments support
this expanded view:
B In the modern era, humans have learned anew that their

well-being is dependent upon the mosaic of biological
systems that make up the biosphere. And because the
biosphere is constantly evolving and therefore may never
be fully understood in its totality of relationships, no one
today can reliably discern which parts of it are expendable
without sacrificing long-term stability. Therefore, it seems
only prudent to conserve all the parts.

B An ancient ethical perspective has reemerged, that all
living things have an inherent right to lead their own
lives, beyond any instrumental value, they may have for
humans.

l Human health requires more than the control of infectious
diseases. As the ancients knew, it first requires relatively
clean and safe places in which to live, grow, play, learn, and
work. And it requires active community attention to the
social determinants of health including income, education,
living conditions, and the corrosive dynamics of social
isolation, racism, inequality, and injustice.

l It has become apparent in recent decades that problems of
environmental degradation are not principally technical in
nature; they result from choices, and the overriding ques-
tion is, “Who gets to decide?”

l Although historians often cast political and economic
leaders as the primary agents of change, in reality social
movements arise from below, from the grassroots, the
experiential proving ground of new ideas and social
inventions. For 100 years or more, the conservation and
public health movements relied almost exclusively on
experts to design and implement solutions to problems that
were viewed through the twin lenses of engineering and the
physical sciences. In the last quarter of the twentieth
century, citizens began to insist that other valid ways of
knowing must be brought to bear as well – perspectives of
local knowledge, spiritual values, history, ethics, EJ, fairness,
and democratic participation and consent in decisions by
those who are affected.

Still, despite heroic efforts by all concerned, a basic conflict
persists between the needs of the natural environment and the
needs of the corporate industrial enterprise. Although in prin-
ciple, nothing prevents humans – and all other creatures – from
sharing the Earth and enjoying ‘the good life’ without under-
mining the biological integrity of the planet, in the modern era
that goal has so far remained elusive and unmet. Nevertheless,
rapidly growing recognition of the urgent nature of the
problem – and new ways of conceptualizing, understanding,
and responding to it – give reason for hope.

See also: Chemicals in Consumer Products; Clean Air Act
(CAA), US; Clean Water Act (CWA), US; Environmental
Advocacy (Non US); Environmental Justice; Environmental
Protection Agency, US; Food and Drug Administration, US;
Genetically Modified Food/organism; Global Chemicals Policy;
Global Climate Change and Environmental Toxicology; Lead;
Love Canal; Mercury; Nanotoxicology; Occupational Safety and
Health Act, US; Polychlorinated Biphenyls (PCBs); REACH; Risk
Assessment, Ecological; Risk Assessment, Human Health;
Silent Spring; Toxic Substances Control Act.
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Introduction

Hormesis is a dose–response phenomenon, characterized by
a low-dose response that is opposite in effect to that seen at
high doses. Hormetic type responses have been reported in the
literature since the late-nineteenth century, but the term
‘hormesis’ was first used in the 1940s by Southman and Erlich
to describe modest stimulatory effects of extracts from western
red-cedar heartwood on cultured fungi that were strongly
inhibited by high concentrations of the same extract. Since its
discovery, hormesis has been defined in various ways, which
has undoubtedly contributed to confusion regarding the basic
nature of the phenomenon. Historically, the low-dose effects
associated with hormesis have been considered beneficial, but
recently, it has been recognized that benefit and harm are
subject to interpretation; consequently, attempts to decouple
these terms from the response profiles have arisen. Proponents
of hormesis propose that it results from fundamental reparative
processes by the organism in response to an initial disruption
of homeostasis. Because of this, they believe that hormesis is
commonplace – even ubiquitous. In the past few years, an
extensive literature has developed in the area of hormesis, and
hormetic type responses have been reported in widely diverse
fields of study, including aging, agriculture, carcinogenesis,
exercise physiology, immunology, medicine, molecular
biology, microbiology, nutrition, pharmacology, radiation
biology, and toxicology.
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Dose–Response Models

The hormetic dose–response relationship is characterized by
a biphasic or bidirectional response to dose. The biphasic
profile is of such central importance that hormesis is often
defined with respect to dose–response curves that are shaped
like the letter J or an inverted J (sometimes referred to as U or
inverted U). Whether the hormetic response takes the form of
a J or an inverted J depends on the nature of the dependent
variable plotted along the ordinate. Figure 1(a) shows
a J-shaped curve depicting low-dose inhibition and high-dose
stimulation. Such a profile results if a response such as toxicity
is plotted along the ordinate. Figure 1(b) shows a hormetic
response curve depicting low-dose stimulation and high-dose
inhibition. The horizontal line in both figures represents
the response that would be observed in a normal control
population – the baseline response for the dependent variable.
Irrespective of the direction of curvature, the basic characteris-
tics of the two profiles are the same. The low-dose region that
lies below (Figure 1(a)) or above (Figure 1(b)) the baseline
effect is referred to as the hormetic zone. Despite the proposed
widespread occurrence of hormesis, the magnitude of the
hormetic response itself appears to be modest. Based on the
analysis of thousands of dose–response relationships,
the maximum hormetic effect is estimated to be only about
30–60% greater than the control value. The width of the hor-
metic zone is, however, quite variable.
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As illustrated in Figure 1, hormetic effects increase with
increasing dose until a maximum (or minimum) is reached.
Once this peak effect is achieved, any further increase in dose
produces a reversal in the direction of the response. Thus, the
hormetic curve is nonmonotonic, such that the dependent
variable changes in more than one direction with a unidirec-
tional change in the independent variable. This is in contrast to
the two more traditional dose–response models – the
threshold model and the linear no-threshold (LNT) model,
shown in Figure 2(a) and 2(b), respectively. The threshold
model is widely considered the standard model in pharma-
cology and toxicology, with two exceptions. In the areas of
mutagenesis/carcinogenesis and radiation biology, the LNT has
been the dominant model. Both the threshold and LNTmodels
are monotonic; that is, there is no reversal in the direction of
the path of the dependent variable as the independent variable
increases in value. The threshold model (Figure 2(a)) assumes,
as its name implies, that there is a true threshold dose, below
which no effect is observed – neither harmful nor beneficial.
For such a model, the response profile of the experimental
population follows that of the control or baseline population
until the threshold dose is reached. Thereafter, the profile
diverges unidirectionally from that of the control with
increasing dose. The LNT model assumes that there is no
threshold for effect. In other words, a response is possible for
any dose greater than zero, but the effect always diverges
unidirectionally and linearly from the baseline effect as dose
increases.

Two terms are often used in conjunction with dose–
response models: no observed effect level (NOEL) and no
observed adverse effect level (NOAEL). An NOEL assumes that
there is a dose below which there is no effect – an assumption
that is consistent with the thresholdmodel. AnNOAEL assumes
that a threshold exists, below which there are no adverse effects.
NOAEL is consistent with either the threshold or the hormetic
model. To reduce possible confusion, the term zero equivalent
point (ZEP) is commonly applied to hormetic models in place
of NOAEL. The ZEP (shown in Figure 1(a) and 1(b)) has been
defined as the point at which the hormetic dose–response
profile crosses the control line as it makes its transition out of
the hormetic zone.
It has been argued by proponents that the hormetic model
should replace the threshold and LNT models as the default
model for effects at low dose. This proposal is controversial,
especially in the area of risk assessment. One of the great
strengths of the two monotonic models, the threshold and the
LNT models, is the assumption that effects at low dose can be
predicted from observations made at high doses. This is
important in risk assessment because biological effects at low
and very low doses are often subject to large levels of experi-
mental error, making accurate measurements difficult. The
nonlinearity of the hormetic model makes extrapolation of
measurements at high dose to low dose much more complex.
The biphasic nature of the hormetic curve does not exclude the
possibility of predicting low-dose effects from those observed
at higher doses but to do so requires that the quantitative
characteristics of the curve be known. This requires character-
ization of each hormetic curve unless all curves can be shown to
have similar profiles, irrespective of the response being
measured or the biological system being tested.
Evidence for Hormesis

Although the history of hormesis extends back to the nine-
teenth century, it was not given serious scientific consideration
until the mid- to late-twentieth century, when the literature
database began to grow. During the 1980s, approximately
10–15 citations per year related to hormesis were reported in
the Web of Science database. In 2010, this database recorded
3269 citations in over 100 journals covering a wide array of
biomedical areas. Beginning in 1997, Calabrese and Baldwin
created a hormesis database, with entries selected on the basis
of various predefined criteria. The majority of entries in this
database are chemical and physical agents that are of phar-
macological, toxicological, and biochemical interest. By 2001,
this database included approximately 3000 agents. By 2005,
the number had grown to 5500, and by 2011, there were
approximately 9000 entries. Hormetic response has been
reported across a wide array of phylogenetic organisms,
including bacteria, fungi, plants, insects, fish, birds, and
mammals, and has also been observed in vitro and in vivo.
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Hormesis is often discussed relative to the type of agent or
process that gives rise to the hormetic response. Three of the
most common types of hormesis discussed in the literature are
those induced by radiation (radiation hormesis), chemicals
(chemical hormesis), and lifestyle (lifestyle hormesis).
Radiation Hormesis

One of the physical agents for which hormetic effects have been
most extensively studied is radiation. The concept that expo-
sure to low-level ionizing radiation (LLIR) can produce bene-
ficial effects in biological systems is in conflict with the
conventional paradigm presented by the LNT model. The LNT
model asserts that there is no threshold of exposure for radia-
tion damage and that the extent of radiation damage is
proportional to the extent of exposure. Proponents of hormesis
argue that exposure to LLIR produces health benefits when
compared to zero radiation exposure. According to the hor-
metic model, radiation becomes harmful only after exposure
exceeds the ZEP. Application of the hormesis paradigm to LLIR
exposure extends from single cells to entire populations.

At the subcellular level, the concentration of oxygen free-
radical scavengers, which protect against radiation toxicity, was
shown to increase in bone marrow cells of mice after whole
body exposure to as little as 0.1 Gy of cesium-137 gamma
radiation. (The Gy is a unit of radiation dose absorbed by
a material, equivalent to 1 J kg�1.) It has been suggested that
this hormetic effect results from the production of excess
radical scavengers that might protect against background radi-
ation exposure.

At the cellular level, the growth of lymphocytes in the
presence of low doses of radiation conferred resistance to
chromosomal breakage upon subsequent exposure to higher
level exposures. This protective effect could be eliminated by
the addition of 3-aminobenzamide (an inhibitor of poly(ADP-
ribose) polymerase) after the high-dose exposure. It has been
proposed that LLIR exposure induces a DNA repair mechanism
involving this enzyme. Critics have suggested that the low-level
radiation exposures are likely to be too small to activate the
required repair mechanisms.

Numerous epidemiological studies have been cited as
evidence of radiation hormesis in human populations. Ramsar,
Iran, is the site of a controlled study of two populations
living in one city, either in a high background region
(300–700mSv year�1) or in a low background region
(2–3mSv year�1). Residents from the high background
region demonstrated a marked increase in DNA repair and
a marked reduction in standardized mortality. Similar studies
in China and India found that cancer incidence and mortality
rates were lower in areas of high radiation exposure. In two
related studies, the effects of elevation on cancer mortality were
examined in residents of the United States for the period
2002–06. The first study compared archived cancer mortality
rates as well as mortality rates from other causes, including
heart disease and diabetes, in the six lowest versus the six
highest elevation jurisdictions in the United States. Residents of
the highest elevations were found to have statistically signifi-
cant decreases in mortality for three of the four outcomes,
including cancer and heart disease. One possible explanation
for these results, especially for cancer, is radiation hormesis. For
heart disease, another explanation is the physiological effects of
living at higher elevations. The second study compared cancer
mortality for whites only in the six highest and six lowest
elevation counties in the United States. Residents of higher
elevation counties again showed lower cancer mortality rates
than did those of the lowest counties.

Other studies, including retrospective evaluations of cancer
mortality in radiologists and cancer incidence in nuclear
industry workers, have been cited as evidence in support of
radiation hormesis. Even so, the results of many of these
studies are controversial and not universally accepted
because of purported flaws in study design and statistical
methodology.
Chemical Hormesis

As noted previously, a majority of agents listed in the Hormesis
Database are chemicals, many of which are of toxicological and
pharmacological interest. Strong evidence for chemical horm-
esis comes from pharmaceutical agents, many of which
demonstrate beneficial effects at low doses and adverse effects
at elevated doses. Additional evidence has arisen from the
systematic testing of chemicals. The Developmental Thera-
peutics Program and the US National Cancer Institute conducts
a high-throughput program for screening prospective chemo-
therapeutic agents in yeast. Calabrese et al. examined almost
57 000 dose responses from this database and concluded that
hormetic response patterns occurred about four times more
often that predicted by chance.

Hormesis studies in humans have been performed using
populations exposed occupationally to toxic chemicals. Chronic
exposure to low levels (5–40 ppm) of the hepatotoxicant,
trichloroethylene, rather than causing hepatic cell damage, is
reported to be associated with potentially beneficial changes in
cholesterol metabolism. In particular, elevated levels of serum
high-density lipoprotein-associated cholesterol (HDL-C) were
noted, while levels of the serum enzymes aspartate amino-
transferase, alanine aminotransferase, and g-glutamyl trans-
peptidase were unaffected. Because HDL-C is thought to protect
against coronary heart disease and to improve longevity,
elevated serum levels may have a beneficial effect. However, the
significance of the trend for HDL-C to increase with the dose of
low-level exposure was only marginal. Furthermore, evidence
for decreased incidence of heart disease and/or increased
longevity was not part of this epidemiological study. Clearly,
further epidemiological studies employing definitive biological
end points, with careful controls for lifestyle and other variables,
are required to demonstrate definitively that chemical hormesis
is a common beneficial mechanism resulting from low-level
exposure to toxic chemicals in humans.

As with radiation, the idea that exposure to chemicals may
have a hormetic effect is in conflict with models commonly
used in pharmacology and toxicology. The majority of
such chemicals have traditionally been assumed to follow
a threshold model, in which no effect is observed until
a minimum threshold dose is reached. The primary exceptions
to this are mutagenic and carcinogenic agents that have been
believed to follow the LNT model.
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Lifestyle Hormesis

Physiologic conditioning hormesis is considered to be essential
for normal development of the organism. Physical exercise has
been reported to provide measurable benefits to the musculo-
skeletal, cardiovascular, gastrointestinal, and nervous systems.
Maintaining a relatively low caloric intake is purported to offer
well-established health benefits, and hormesis may also
explain at least some of the health-promoting actions of several
chemical components in fruits and vegetables.

Exposure of the cells of the nervous system to periods of
mild stress may increase their resistance to the adverse effects
of aging, in much the same way as physical exercise and stress
are beneficial for muscle cells. It has been reported that
involvement in regular intellectual activities activates path-
ways in the neurons that produce a beneficial hormetic
response. Neurons engaged in stressful or challenging activi-
ties are subjected to repeated periods of free-radical produc-
tion, energetic stress, and calcium influx. As a result, there is an
increase in the synthesis of several classes of cytoprotective
proteins, including heat shock proteins and neurotropic
factors.
Mechanisms of Hormesis

One of the major criticisms of hormesis has been an insuffi-
cient understanding of mechanisms to explain the underlying
basis of the phenomenon. Proponents have argued that there is
sufficient documentation for hormesis at the phenomenolog-
ical level to validate its existence even if a lack of mechanistic
understanding exists. In recent years, there has been an
increased focus on mechanistic studies. Evidence suggests that
there may be no single mechanism that accounts for hormetic
dose responses. This is reasonable, because hormesis is
purported to occur in most, if not all, plant, microbial, and
animal species, across a broad spectrum of endpoints.
However, the observation that hormetic responses are con-
strained to maximum values of 30–60% greater than controls
suggests the existence of highly conserved strategies. The
biphasic character of hormetic response has been explained in
terms of the occurrence of multiple concurrent and sequential
events. It can be envisioned as a superposition of monotonic
responses, or as a complex interaction of exogenous agents on
the biological system.

Among the many possible mechanisms that have been
proposed to explain aspects of hormetic response are (1)
overcompensation to a disruption in homeostasis by over-
shooting feedback controls; (2) enhanced antioxidant defenses,
including the generation of endogenous scavengers, quenching
agents, and detoxification enzymes; (3) activation of tran-
scription factors and upregulation of genes encoding cytopro-
tective proteins, growth factors, cytokines, and enzymes
involved in signaling pathways; (4) enhanced immune
responses; (5) interactions among cell proliferation, cell-cycle
delay, apoptosis, and DNA damage; (6) selective induction of
apoptosis by low levels of oxidative damage or radiation in
transformed cells compared to normal cells; and (7) enhance-
ment of gap junction intercellular communication at low doses
but inhibition at high doses.
Societal Implications

In recent years, hormesis has been the center of considerable
controversy. Much of the debate is centered on the potential
societal implications of hormesis rather than on its existence as
an observable phenomenon. Proponents of hormesis have
suggested that it should be adopted as the default model in risk
assessment, replacing the threshold model for noncarcinogens
and the LNT model for mutagens and carcinogens. They argue
that the hormetic response is more generally applicable to the
toxicological literature than are other models and that accep-
tance of hormesis as the default model would reduce the cost of
compliance to current regulatory standards.

The hormesis model suggests that low doses to certain
known toxins may be beneficial. A significant complexity ari-
ses in trying to define exactly what is defined as beneficial,
especially when both short-term and long-term consequences
must be weighed. It would be a serious error to assume that
low-dose exposure to an agent has an overall beneficial effect
based on a single biological endpoint, observed over a specific
time span. A major concern is that an agent may produce an
apparent beneficial response for one end point at low-dose
levels but also induce an adverse or toxic effect for a different
end point at the same dose. For example, the same doses of
cadmium chloride that are reported to show hormetic effects
for generation of testicular tumors are known to induce
prostate tumors. In addition, susceptibilities to effects of
agents vary among individuals and over the course of a life-
time for different populations. The dose of a toxic agent that
may be hormetic for one population may be harmful to
another. For these reasons, opponents argue that adopting the
hormetic model as a default for risk assessment purposes
would require detailed understanding of dose–response
characteristics of multiple biological end points and exposure
patterns.
Conclusion

The theory of hormesis predicts that while higher doses of an
agent may elicit one type of response, low-level exposure will
elicit an opposite effect. While many of the studies that purport
to show hormesis suffer from flaws in experimental design and
unimpressive response, the volume of published research
material alone appears to validate the existence of hormesis
and suggests that continued investigation is critical. In order for
hormesis to gain wider acceptance as a dominant dose–
response model, certain important aspects of, and questions
about, it need to be more fully characterized and answered. For
example, specific mechanisms ascribed to hormesis must be
more carefully elucidated and defined in terms of their quan-
titative impact on the overall hormetic response. In addition, it
is critical that the statistical variability of both the width and
amplitude of the hormetic region of the dose–response curve
be more accurately measured. Because of the complexity of the
biphasic response model and its apparent dependence on the
interaction of multiple simultaneous mechanisms, the burden
of proof for hormesis as a dominant dose–response phenom-
enon may be greater than for models that appear somewhat
less complex.
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See also: Radiation Toxicology, Ionizing and Nonionizing;
Dietary Restriction; Mechanisms of Toxicity; Carcinogenesis;
Immune System; Risk Assessment, Human Health; Threshold
of Toxicological Concern (TTC); Predicted No Effect
Concentration (PNEC); Benchmark Dose; Dose–Response
Relationship; ‘Toxic’ and ‘Nontoxic’: Confirming Critical
Terminology Concepts and Context for Clear Communication.
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Host-Mediated Assay
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DA Eastmond, University of California, Riverside, CA, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Ann D. Mitchell (now deceased), volume 2, pp 92–94, � 1998, Elsevier Inc.
The host-mediated assay (HMA), developed in the late 1960s
by Gabridge and Legator, is an approach for providing the
in vivo metabolism of a whole animal (the host) for assessing
effects on indicator cells that have been placed in the host
during chemical exposure and then subsequently removed for
in vitro measurements of mutagenicity. Due to the limited
metabolic capacity of most bacterial and mammalian target
cells used for in vitro genetic toxicity testing, a number of
chemicals found to be mutagenic and carcinogenic in whole
animals were without genotoxic effects in vitro as the assayed
cells lacked the metabolic systems that could convert the
nonreactive test chemicals into the reactive electrophiles that
were capable of interacting with cellular nucleic acids and
proteins. The HMA was consequently developed to overcome
the metabolic limitations of commonly used test cell lines.

The HMA is of historical significance to the field of genetic
toxicology primarily for two reasons: (1) its development
preceded that of the now widely used exogenous liver homog-
enates (e.g., the 9000 g postmitochondrial supernatant fraction,
termed S9) that are added to in vitro test systems to approximate
in vivometabolic pathways; and (2) in the early 1970s, the HMA
was one of three original screening tests recommended for
evaluating the mutagenic effects of chemicals, together with the
dominant lethal test and the in vivo cytogenetic assay.

In the host-mediated mutagenicity assay as initially defined,
a microbial indicator organism in which mutation frequencies
could be measured, was injected into the peritoneal cavity of
the host, and the host was then treated with a potential
chemical mutagen. Subsequently, the microorganisms were
withdrawn from the host and the induction of mutants was
assessed following growth of the microorganism in vitro.
Application of the HMA was later expanded to include addi-
tional sites of inoculation and recovery of the indicator cells
(such as the blood, intestinal tract, liver, spleen, lungs, and
testes) and the use of nonbacterial indicator cells, including
Neurospora, yeast, and various types of mammalian cells.

Since its introduction, the HMA has been used to evaluate
several hundred chemicals, with the measured genetic effects
including forward and reverse mutations, recessive lethal muta-
tions, mitotic gene conversion, mitotic recombination, differ-
ential DNA repair, sister chromatid exchanges, chromosome
deletions and aberrations, and alterations in cellular and colony
cyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
morphology associated with cell transformation. However, the
HMA was not universally successful, in part because in the early
1970s itwas initially coupledwithmutagenesis systems thatwere
insufficiently defined and validated. Other problems included a
failure to allow for animal-to-animal variability, contamination
of bacterial indicator cells with intestinal flora, and difficulties in
differentiating between the mammalian indicator cells and cells
from the host.

As a result, the HMA was no longer recommended for
mutagenicity testing for regulatory submissions when the
technically more straightforward and less expensive use of S9
metabolic activation became available. It was also found that
very few chemicals were positive in the HMA that were not also
positive for mutagenicity when tested with S9, primarily due to
the predominance of activating enzymes in this subcellular
fraction. It should be remembered, however, that in vitro S9
metabolic activation systems cannot address in vivo processes
such as absorption, storage and excretion, hormonal influ-
ences, and tissue-specific metabolism, including preferential
enzymatic detoxification.

After a decade of use, host-mediated mutagenicity testing
was essentially abandoned for regulatory testing. More recently,
a number of problems initially encountered with the HMA
have been resolved or are capable of resolution. In vitro muta-
genesis systems have now been extensively defined and evalu-
ated; animal-to-animal variability can be minimized by using
a sufficient number of animals per dose; and both contami-
nation of indicator cells and difficulties in differentiating
between cells from the host and mammalian indicator cells can
be overcome by using devices such as diffusion chambers that
can be surgically implanted into the host.

Considering these developments, the HMA could be used
more frequently. However in practice, the HMA continues to be
used infrequently in genetic toxicology and is applied primarily
for specialized research needs. In addition, the need for the
HMA has been supplanted in recent years by the use of meta-
bolically competent cell lines and new in vivo mutation detec-
tion systems such as the transgenic Big Blue or Mutamouse
systems, which in some ways may be viewed as more techno-
logically advanced forms of the HMA.

See also: Ames Test; Aneuploidy; Carcinogenesis; Chromosome
Aberrations; Dominant Lethal Assay; In Vitro Tests; In Vivo Tests;
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Molecular Toxicology: Recombinant Dna Technology; Mouse
Lymphoma Assay; Toxicity Testing, Mutagenicity; Sister
Chromatid Exchanges; Toxicity Testing, Alternatives.
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l Chemical Abstracts Service Registry Number: 107028-44-4
Background

Hydraulic fluids encompass a large group of liquids that are
made up of a wide range of chemicals and are typically
produced from crude oil or are manufactured. These fluids are
divided according to their chemical and functional properties;
the three most common are mineral oil-based hydraulic fluids,
polyalphaolefins (PAO), and organophosphate esters.
Uses

The main function of hydraulic fluids is to transfer pressure
from one point to another. These chemicals can also serve as
lubricants depending on the specific application. Hydraulic
fluids are used in automobile automatic transmissions, brakes,
and power steering; fork lift trucks; tractors; bulldozers;
industrial machinery; and airplanes.
Environmental Fate and Behavior

Hydraulic fluids represent a wide range of products which are
formulated to conform to performance specifications and not to
specific chemical or fate analysis. However, some conclusions
can be made based on what information is available for major
components (e.g., the base oil).Mineral oil hydraulicfluids have
a variable range of carbon number, low water solubility, and
tend to partition to sediments upon release. These oils will
degrade over time and have a low bioaccumulation potential.
Exposure and Exposure Monitoring

Primary exposure occurs in industrial manufacturing facilities
that either use or make hydraulic fluids. Occupational exposure
occurs mainly in maintenance workers on cars, tractors,
airplanes, or similar equipment. The components of hydraulic
fluids are in other lubricant products as well so exposure is not
limited to hydraulic fluids; however, exposure is primarily to
the major components (e.g., mineral oil, PAO, or organo-
phosphate ester). Typical exposures result from contact with
the skin or inhalation of oil mist. In rare instances, oral expo-
sure could occur by accidental ingestion or consumption of
contaminated food.

Toxicokinetics

Hydraulic fluids are not likely absorbed from the gastrointes-
tinal (GI) tract or the lungs. Accumulation of hydraulic fluid oil
in the lungs may occur following prolonged exposures. Skin
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absorption is not likely and is dependent on the duration of
contact with the material.

Hydrocarbons that are found in mineral oil-based and PAO
hydraulic fluids are not expected to undergo extensive metab-
olism. However, there is some evidence that some chemical
components of organophosphate esters form and excrete
conjugates as a result of cytochrome P450 oxidation.
Mechanism of Toxicity

There is limited information on the mechanism of toxicity for
hydraulic fluids. They are mixtures of a variety of chemicals,
and some of the effects that are seen may be caused by
additives in the hydraulic fluids. Mineral oil-based and PAO
hydraulic fluids are generally considered not toxic and are
expected to have limited absorption by the lungs, skin, and GI
tract.

Certain organophosphate esters cause neurotoxicity due to
cholinesterase inhibition. Current manufacturing processes for
organophosphate esters used in hydraulic fluids are designed to
minimize the production of toxic isomers such as tri-O-cresyl
phosphate.
Acute and Short-Term Toxicity

Contact with some types of hydraulic fluids can irritate your
skin and/or your eyes. There is little information on how
hydraulic fluids can affect your health. Acute toxicity reports on
hydraulic fluids are very limited. Fairly high exposure levels
would not be expected to be lethal (LC50> 1000 mg m�3).
Exposure to high concentrations of mist could cause damage to
the lungs and may irritate the respiratory tract. Aspiration into
lungs following oral exposure could cause severe lung damage
and even death.

Organophosphate ester-based hydraulic fluids could cause
neurologic effects but only if the toxic isomers are present in the
fluid. Specific organophosphate esters have been synthesized to
be toxic to insects. These organophosphate esters inhibit neural
acetyl cholinesterase and at toxic levels can cause increased
salivation, watering of the eyes, perspiration, dilated pupils,
nausea, vomiting, diarrhea, slowing of heart rate, and frequent
urination. Symptoms can also include muscle cramps, weak-
ness, and paralysis. Organophosphate esters can also cause
a syndrome referred to as organophosphate-induced delayed
neuropathy. This is a syndrome observed in humans and some
animal models after exposure to certain organophosphate
esters such as tri-O-cresyl phosphate.
Chronic Toxicity

Hydraulic fluids are not likely to cause chronic toxicity or
cancer as currently manufactured and used.
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Reproductive Toxicity

The effect on reproduction or birth defects from hydraulic
fluids is unknown.
Carcinogenicity

The Department of Health and Human Services (DHHS), the
International Agency for Research on Cancer (IARC), and the
Environmental Protection Agency (EPA) have not classified
hydraulic fluids as to their carcinogenicity. A single epidemi-
ology study with mineral oil-based fluid showed no associa-
tions between hydraulic fluid exposure and cancer.
Clinical Management

Appropriate procedures should be implemented for anyone
overcome by exposure to hydraulic fluids (e.g., washing skin
areas and irrigation of eyes with water). Gastric emptying by
either lavage or vomiting is contraindicated since there is
a danger of pulmonary aspiration and subsequent pneu-
monitis. If a person is overexposed to oil mist, the victim
should be moved to fresh air as quickly as possible and
monitored to make sure that chemical pneumonitis is not
present.
Other Hazards

There are no additional hazards associated with exposure to
hydraulic fluids.
Exposure Standards and Guidelines

There are no federal government recommendations to protect
humans from the health effects of the major hydraulic fluids.
However, mineral oil, the major chemical ingredient in
mineral oil-based hydraulic fluid, is part of the petroleum
distillate class of chemicals and there are regulations for these
chemicals.

The Occupational Safety and Health Administration
(OSHA) has set an exposure limit of 2000 mg m�3 petroleum
distillates for an 8-h workday, 40-h workweek. The National
Institute for Occupational Safety and Health (NIOSH) recom-
mends an exposure limit of 350 mg m�3 petroleum distillates
for a 10-h workday, 40-h workweek.

See also: Fuel Oils; Cholinesterase Inhibition; Mixtures,
Toxicology, and Risk Assessment; Oil, Crude; Lubricating Oils;
Petroleum Distillates.
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l Name: Hydrazine
l Chemical Abstracts Service Registry Number: 302-01-2
l Synonyms: Diamine, EINECS 206-114-9, Hydrazine anhy-

drous, Hydrazine base, Hydrazyna, Levoxine, Nitrogen
hydride, Oxytreat 35, RCRA waste number U133, UNII-
27RFH0GB4R

l Molecular Formula: H4N2

l Chemical Structure:
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Background

Hydrazine is an inorganic nitrogen compound, which is an
intermediate in the anaerobic oxidation of ammonia. It is
produced naturally by some yeasts and the open ocean bacte-
rium Candidatus Brocadia anammoxidans. Hydrazine plays
a key role in many organic syntheses, often in those of practical
significance in pharmaceuticals and pesticides, as well as in
textile dyes and photography. For most uses, hydrazine is
utilized as the hydrazine hydrate in a formulation with water.
The hydrate is produced commercially primarily by the keta-
zine process, which is a variation of the original Raschig process
developed in 1907. In this process ammonia is oxidized by
chlorine or chloramine in the presence of an aliphatic ketone,
usually acetone. The resulting ketazine is then hydrolyzed to
hydrazine.

Hydrazine is highly combustible and anhydrous hydrazine
fuel – produced by dehydration of the hydrate – is the
formulation used in rockets. Some satellites also use anhydrous
hydrazine as a fuel source and this has become an issue of
concern as older satellites have lost their orbit and crashed or
been destroyed at low altitude. Studies of the toxicology and
fate and transport of inorganic hydrazine have focused on the
anhydrous, hydrate, and sulfate forms, and these are the studies
summarized in this article.
Uses

Hydrazine is a highly reactive base and powerful reducing
agent. It acts as an oxygen scavenger and is highly reactive with
other chemicals. Hydrazine has a number of uses including, as
a chemical precursor to blowing agents (e.g., azodicarbona-
mide and azobisisobutyronitrile), in the organic synthesis of
pharmaceuticals and pesticides (e.g., isoniazid, fluconazole,
and 3-amino-1,2,4-triazole), as a missile and rocket propellant
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(e.g., used in the F-16 fighter), as a gas-forming agent in air bags
(e.g., sodium nitrite), as a corrosion inhibitor and reducing
agent in large industrial boilers, and as a fuel source in fuel
cells.
Environmental Fate and Behavior

Hydrazine can be found in the environment in small quantities
and is a component of tobacco smoke. However, hydrazine is
primarily an industrial chemical that enters the environment by
emissions from its use as an aerospace fuel and from industrial
facilities that manufacture, process, and/or use this chemical.
Treatment and disposal of wastes containing hydrazine also
contribute to environmental concentrations. However, hydra-
zine rapidly degrades in the environment and is rarely
encountered outside the industrial setting.
Partitioning Behavior in Water, Sediment, and Soil

Hydrazine has a low vapor pressure and is miscible in water.
Data from studies indicate that volatilization of hydrazine from
water increases with higher concentrations of the chemical and
in the presence of sunlight. Studies show that hydrazine
released to soil and water can evaporate into the air. Hydrazine
released directly to ambient air is quickly destroyed by reactive
molecules present in air, disappearing within a few minutes or
hours. The extent to which this vaporization occurs depends on
soil and water conditions. Hydrazine can move with water
through soil as it flows underground. This is particularly true in
sandy soils.
Environmental Persistence/Long-Range Transport

Hydrazine may volatilize to the atmosphere from other media,
may adsorb to soils, and degrades rapidly in most environ-
mental media. Oxidation is the dominant fate process, but
biodegradation occurs in both water and soil at low hydrazine
concentrations. The half-lives in air range from less than 10min
to several hours, depending on ozone and hydroxyl radical
concentrations. Half-lives in other media range from days up to
several weeks, under various environmental conditions. Some
microorganisms in water and soil can break down hydrazine to
less toxic compounds. Hydrazine appears to degrade more
rapidly in soil than in water, with oxidation and biodegrada-
tion as the main removal processes. Most of the hydrazine
released into soil or water disappears within a few weeks.

Oxidation and biodegradation are the primary removal
mechanisms in water. Reaction of hydrazine with dissolved
oxygen is catalyzed by metal ions, particularly copper. Atmo-
spheric transport of hydrazine may occur, but transport
distance will be limited by the high reactivity of hydrazine in
the atmosphere.
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Bioaccumulation and Biomagnification

Hydrazine in water may bioconcentrate in aquatic organisms
to a moderate degree, but because of its high reactivity, the
chemical is rapidly degraded in aquatic systems. This property,
as well as the low octanol–water partition coefficient of
hydrazine, makes food-chain bioaccumulation and bio-
magnification unlikely.
Exposure and Exposure Monitoring

Routes and Pathways

Direct eye or skin contact with hydrazine causes severe irrita-
tion. Hydrazine is rapidly absorbed through the skin and
mucous membranes (ocular, respiratory, and gastrointestinal
tracts). Occasional accidental oral ingestion has occurred
causing acute toxicity, however, inhalation of hydrazine has
been the exposure route of most concern in occupational
settings as well as for some environmental releases.
Human Exposure

Human exposure to hydrazine occurs mainly in the workplace
or in the vicinity of aerospace or industrial facilities, as a result
of transportation accidents, or hazardous waste sites where
contamination has been detected. Occupational exposures to
hydrazine may occur in facilities that manufacture, process,
transport, or use hydrazine. Occupational exposure has
occurred through inhalation and dermal contact, primarily in
industries where large quantities are used such as aerospace and
as a corrosion inhibitor in boiler operations.
Environmental Exposure

Exposure of the general population to hydrazine is expected to
be extremely low. The general population may be exposed to
small amounts of naturally occurring hydrazine in tobacco
products. There is only one significant incidence of nonoccu-
pational exposure, which involved a train derailment in
Seacliff, California, in 1999, which sent two local residents to
seek medical attention for irritant effects related to inhalation
of hydrazine vapors. Because of the high reactivity of hydrazine,
and short half-life, it is unlikely to remain in environmental
media for extended periods and therefore environmental
exposure is rare.
Toxicokinetics

Hydrazine is rapidly absorbed via inhalation, oral, and dermal
routes with distribution to all organs and no preferential accu-
mulation in any organ or tissue after a single dose. Hydrazine
levels in the blood and liver peak within 30 min of oral
ingestion. Animal studies show that most metabolites and
unchanged hydrazine are rapidly excreted in urine, within 24 h.
Approximately 20% of a hydrazine dose can be found in
expired air. Though there are minor differences in metabolism
among the administration routes, the metabolic process and
metabolites of hydrazine are similar by all routes. Hydrazine
administered to a rat wasmetabolized tomonoacetylhydrazine,
diacetylhydrazine, pyruvic acid hydrazone, urea, with further
elimination through expiration as nitrogen gas.
Mechanism of Toxicity

Hydrazine is strongly corrosive and therefore severely irritates
the skin, eyes, and mucous membranes. Systemic toxicity
observed after hydrazine exposure is thought to be the result of
several possible mechanisms including:

1. Corrosive actions directly with tissue.
2. The reaction of hydrazine with endogenous alpha-keto

acids such as vitamin B, (pyridoxine). The formation of
hydrazones of pyridoxine is the proposed mechanism by
which hydrazine produces the neurological effects observed
after exposure.

3. The generation of free radical intermediates, which have
been detected during the metabolism of hydrazine in vitro.

The carcinogenicity of hydrazine is believed to be a result of
the condensation of hydrazine with endogenous formaldehyde
forming a formaldehyde hydrazone, which is further metabo-
lized to a potent DNAmethylating agent causing the formation
of methylated DNA and transcription errors.
Acute and Short-Term Toxicity

Hydrazine is toxic by all routes of exposure to humans and
laboratory animals.
Animal

Acute animal tests in rats, mice, rabbits, and guinea pigs have
demonstrated that hydrazine has high acute toxicity from
inhalation, ingestion, and dermal exposure. Acute toxic
symptoms in animals include ataxia, hypoactivity, dyspnea,
enhanced excitability, salivation, vomiting, and confusion. In
acute inhalation exposure, pulmonary edema, pulmonary
congestion, and nasal mucosa epithelium degeneration have
been observed.
Human

Hydrazine has a fishy aminelike odor with a human odor
threshold of 3–4 ppm. Accidental ingestion of hydrazine
caused vomiting, hepatotoxicity, neurological and cardiovas-
cular symptoms. Accidental inhalation of hydrazine vapor
caused nausea, vomiting, respiratory tract irritation, pulmonary
edema, and neurotoxicity.
Chronic Toxicity

Animal

Decreased body weight gain, reduced survival rates, and hep-
atoxicity were observed in hamsters, mice, and rats exposed
orally for subchronic and chronic exposure periods. Effects on
the respiratory system and liver were the primary observations
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in rats and hamsters following inhalation exposure for
2.5–12 months. In animals chronically exposed to hydrazine
via inhalation for up to 2 years, effects on the respiratory
system, liver, spleen, and thyroid have been observed.
Reproductive Toxicity

In reproductive and developmental toxicity studies, oral
administration of hydrazine in drinking water to male and
female rats for 6 months caused a decrease in the number of
surviving embryos and an increase in resorption. Hydrazine
injected into pregnant rats resulted in fetotoxicity including
increased fetal and neonatal mortality. Inhalation of hydrazine
for a year resulted in effects to the ovaries, endometrium, and
uterus in female rats and to the testes in male hamsters.
Genotoxicity

Studies of hydrazine have demonstrated that it is genotoxic in
both in vitro and in vivo bioassays including the bacterial reverse
mutation assay, rodent micronucleus tests, and rat liver
unscheduled DNA synthesis. Hydrazine induces the formation
of methylated guanines in DNA in both in vivo and in vitro
systems.
Carcinogenicity

A retrospective cohort study in humans reported that occupa-
tional exposure to hydrazine did not increase the risk of cancer.
However, carcinogenic responses were observed in laboratory
animals after oral administration and inhalation exposure.
Inhalation exposure results in tumors of the respiratory system
including lung tumors in mice and nasal cavity tumors in rats
and hamsters. Oral administration caused liver and lung
tumors in mice and liver and uterine tumors in rats.

Hydrazine has been characterized as Group 2B – the agent is
possibly carcinogenic to humans – by the International Agency
for Research on Cancer. The US Environmental Protection
Agency (EPA) considers hydrazine a probable human carcin-
ogen and has developed oral slope and inhalation unit risk
factors.
Clinical Management

Hydrazine causes severe eye and skin irritation. If dermal or eye
contact with liquid hydrazine occurs, the affected areas should
be flushed thoroughly with water for at least 15–30 min and
then observed for subsequent irritation. In case of inhalation,
the victim should be moved to fresh air and the patient should
be monitored for respiratory irritation and pulmonary edema.
If ingestion occurs, basic and advanced life-support measures
should be utilized as necessary. Due to its potential caustic
effects, gastrointestinal decontamination procedures (e.g.,
emetics) and charcoal should be avoided, however, dilution of
the stomach contents with water is recommended to decrease
potential caustic effects. Seizures and other neurological
symptoms have been treated successfully with high-dose
intravenous pyridoxine (vitamin B6) and benzodiazepines.
Ecotoxicology

Freshwater/Sediment Organisms’ Toxicity

Studies with green algae, Daphnia magna, fathead minnow,
bluegill, guppy, and zebra fish all indicate that hydrazine is very
toxic to freshwater aquatic organisms. Hydrazine may become
concentrated in some fish living in contaminated water.
However, most animals quickly digest and excrete hydrazines,
so high levels are not expected to remain in their bodies. Low
bioaccumulation and biomagnification is suggested in aquatic
organisms.
Terrestrial Organisms’ Toxicity

There is limited information available on the terrestrial eco-
toxicology. Seed germination in a variety of plants is suppressed
by hydrazine after treatment with solution concentrations
greater than 10 mg l�1. Exposure to hydrazine vapor caused
mortality in various species of plants. It was also acutely toxic
to nematodes.
Other Hazards

Always refer to the appropriate material safety data sheet and/
or safety data sheet for detailed information on handling
and disposal of hydrazine. Hydrazine is highly flammable
and potentially explosive with a lower explosive limit of 4.7%.
Exposure Standards and Guidelines

The US National Institute for Occupational Safety and Health
(NIOSH) recommends that the level of hydrazine in workplace
air should not exceed 0.03 ppm for a 2-h period. The US
Occupational Safety and Health Administration limits the
amount of hydrazine in workplace air to 1 ppm for an 8-h
workday. The American Conference of Governmental and
Industrial Hygienists has adopted a hydrazine threshold limit
value of 0.01 ppm as an 8-h time-weighted average.

The NIOSH documents that the immediately dangerous to
life or health value for hydrazine is 50 ppm. The USEPA
requires that spills or accidental releases of 1 pound or more of
hydrazine into the environment be reported.

See also: Mushrooms, Monomethylhydrazine (MMH) -
Generating; Diphenylhydrazine; Carcinogen–DNA Adduct
Formation and DNA Repair; Corrosives.
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l Name: Hydrobromic acid
l Chemical Abstracts Service Registry Number*: 10035-10-6
l Synonyms*: Hydrogen bromide; Anhydrous hydrogen

bromide
l Molecular Formula*: HBr
l Chemical Structure*:

H Br

*All from ChemIDplus.
Background

Hydrobromic acid is a strong acid produced by dissolving the
diatomic molecule hydrogen bromide (HBr) in water. HBr is an
aqueous solution that distills at 124.3 �C and contains 47.6%
HBr by weight, which is 8.89 mol l�1. Hydrobromic acid has
a pKa of �9, making it a stronger acid than hydrochloric acid,
but not as strong as hydroiodic acid. This acid is stable under
normal conditions and smells pungent and can irritate nose
and lungs if inhaled.
Uses

Hydrogen bromide is utilized to prepare various chemicals and
drugs, as a solvent. Mostly, it is used in the production of
inorganic bromides, especially the bromides of zinc, calcium,
and sodium for use in photography, pharmaceuticals, indus-
trial drying, textile finishing, engraving and lithography, and
chemical synthesis fire retardants. Also it is applied in the
manufacture of brominated fluorocarbons for fire extinguish-
ing, refrigeration, and aerosols.

Hydrobromic acid is a useful reagent for generating orga-
nobromine compounds. Certain ethers are cleaved with HBr. It
also catalyzes alkylation reactions and the extraction of certain
ores. Significant industrial organic compounds prepared from
hydrobromic acid include allyl bromide, tetrabromobis
(phenol), and bromoacetic acid.
Environmental Behavior, Fate, Routes, and Pathways

Although the severity and extent of lesions of HBr are less than
those caused by hydrogen fluoride and hydrogen chloride, its
vapor or aqueous solution can be caustic to the skin and
mucous membranes of the eyes, nose, and respiratory tract.
Significant exposure usually occurs in the industries where
hydrogen bromide is produced or used. Heating, pouring,
spraying, spills, and evaporation create conditions that increase
the risk of employee exposure. Exposure may occur by
breathing, eating, drinking, or skin or eye contact.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Inhalation of HBr vapor can lead to dry coughing, throat
complaints, dizziness, shortness of breath, impairment of lung
function, tight-chestedness, edema of the glottis, broncho-
spasm, bronchopneumonia, and acute lung edema.

While food and water contamination would be possible
with a solution of HBr, this is not a likely route of exposure due
to its irritating properties. In the workplace and wherever HBr is
used, to avoid breathing or swallowing HBr, eating, smoking,
or drinking is forbidden.

Skin and eye contact would be dangerous when HBr solu-
tion is splashed on the skin or in the eyes. Skin contact with
anhydrous HBr can cause frostbite. Eye contact can cause
redness, pain, severe burns, and possible permanent eye
damage. Anhydrous HBr can irritate the eyes, skin, and mucus
membranes, and cause burns.
Exposure and Exposure Monitoring

As mentioned, HBr liquid and vapor are highly corrosive to
tissues.

The degree of HBr hazard is dependent on the amount one
is exposed to, the route of exposure (breathing, touching,
ingestion), and finally the length of time of the exposure.
Special concern is more sensitive persons such as children,
pregnant women, the chronically ill, the elderly, etc. Standards
and guidelines have been created by regulatory authorities.
Toxicokinetics

No data on metabolism and toxicokinetics of HBr were recor-
ded. Its uptake and metabolism are not related to development
of acute exposure guideline level (AEGL) guidelines.

The only available study with bromide was achieved by
Flinn in 1941. The results revealed that the maximum bromide
concentrations were detected in the urine (100 mg l�1) of two
volunteers about 2 h after ingestion of 3 g sodium bromide,
and after 4.5 h in blood (19.6 mg l�1). The bromide values had
returned to the initial levels after about 5 h (urine) and 6 h
(blood).

Daily oral administration of 1.8 g sodium bromide to 55
volunteers and 2.7 g to 15 volunteers yielded average blood
bromide levels in the 1.8 g group of 224.4mg l�1 after 2months
and 155.5 mg l�1 after 4 months; only traces of bromide were
still detectable 4 weeks after the end of the experiment. In the
2.7 g group the average bromide value in blood was
390.9 mg l�1 after 2 months, 500.9 mg l�1 after 4 months, and
18.8 mg l�1 4 weeks after the end of the experiment. The
bromide level varied greatly from person to person. The range is
not given in the above-mentioned study. After injection of
a 0.9% sodium bromide solution into a ligated segment of the
intestine, cats absorbed 28.6% (n¼ 2) of the administered dose
within an hour and 50.9% (n ¼ 1) within 2 h.
4-3.00399-7 957
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Mechanism of Action

The available comprehensive studies depicted that HBr is
a severe irritant to the skin, eyes, and respiratory tract, especially
the anterior nasal passages.

Due to hydrobromic acid’s high solubility and reactivity, it
would be dangerous in the anterior nasal passages. Studies
showed that at high concentration of HBr (3822 ppm), pene-
tration into the lungs happens, as evidenced by pulmonary
hemorrhage, edema, and death. When HBr is adsorbed, serious
systemic effects are unlikely to occur at a level below what
would cause serious respiratory effects. The concentration of
HBr in the inhaled air and not the absorbed dose is the chief
determinant of effects for acute exposures.
Acute and Short-Term Toxicity

Instantly or shortly after exposure to HBr, acute effects such as
redness, pain, frostbite, and blisters would appear.

Animal

The database for animal studies consisted of two studies with
HBr. In the study of MacEwen and Vernot in 1972, groups of
rats and mice inhaled a wide range of concentrations for 1 h.
The 1 h LC50 values in rats and mice were 2858 and 814 ppm,
respectively. All tested concentrations led to the death of rats
during the 14 day postexposure period. No deaths reported in
mice exposed to 507 ppm for 1 h. In the second study, by
Kusewitt et al., in 1989, no deaths occurred in rats inhaling
1000 ppm HBr for 30 min. In rats inhaling 1300 ppm for
30 min, mortality was 8% (presumably one of 12 rats) and
lesions were restricted to the anterior nasal passages. Animals in
the latter studies were sacrificed 24 h after exposure. It should
be noted that only one of 10 rats exposed to 2205 ppm died in
the MacEwen and Vernot study.

Human

The only human data involved exposure of six volunteers to
2–6 ppm HBr for several minutes (Connecticut State Depart-
ment of Health, 1955). All six volunteers detected HBr at
2 ppm, and one individual experienced subjective irritation
involving the nose and throat at 3 ppm. At higher concentra-
tions, at least half of subjects experienced nose and/or throat
irritation. No information on neurotoxicity, developmental/
reproductive effects, genotoxicity, or carcinogenicity of either
chemical was documented.

No data on concentrations lethal to humans were recorded.
The Amoore and Hautala study showed that an odor threshold
for HBr is 2 ppm. As Jackisch reported in 1992, symptoms of
overexposure include coughing, choking, burning in the throat,
wheezing, and asphyxia. Skin contact may cause severe burns,
and contact of the eyes with the liquid or vapor can cause
permanent damage.
Chronic Toxicity

No information on chronic toxicity in animals was located,
other than a study done by Manz and Lorke in 1953. Their
studies showed that after oral administration of a 1.7%
aqueous HBr solution (10 ml kg�1 body weight,
2 days week�1) for 17 weeks to 4 white rats, no damage to the
gastrointestinal mucous membranes or changes in behavior,
appetite, or weight were observed. Diffuse hydropic changes in
the liver tissue and in some cases remarkable fatty degeneration
of the liver cells were observed.
Reproductive and Development Toxicity

Hydrogen bromide has not depicted developmental toxicity in
humans. It is listed in Section IIc of the List of MAK and BAT
Values.
Clinical Management

All persons in dealing with HBr should be familiar with
emergency aids, the location and appropriate use of emergency
equipment, and methods of protecting themselves during
rescue operations.

There is no specific antidote for HBr, and victims of
exposure should be kept under medical observation for 24–
48 h. If a solution of HBr is swallowed, a large amount of
water or milk should be given to dilute the HBr. The person
must not vomit. In the case of inhalation of HBr, the person
should be moved to fresh air. Contaminated eyes and skin
with HBr should be washed with a large amount of water at
least 15 min.
Ecotoxicology

No studies were found documenting ecotoxicology. HBr does
not contain any Class I or Class II ozone-depleting chemicals.
Also, it is not listed as a marine pollutant by the US Department
of Transportation.
Exposure Standards and Guidelines

Available standards and related guidelines for toxicity of HBr
are AEGL-1, AEGL-2, AEGL-3, Occupational Safety and Health
Administration, permissible exposure limits-time weighted
average (OSHA PEL-TWA) National Institute of Occupational
Safety and Health (NIOSH), immediately dangerous to life and
health (IDLH) (NIOSH), recommended exposure limits (REL)-
Ceiling (NIOSH), threshold limit value (TLV)-Ceiling
(ACGIH), MAK Peak Limit (Germany), MAC Peak Limit (The
Netherlands). The following data are based on the extant
standards for exposure duration:

AEGL-1: 1 ppm (for 10 min), 1 ppm (for 30 min), 1 ppm
(for 1 h), 1 ppm (for 4 h), 1 ppm (for 8 h).

AEGL-2: 150 ppm (for 10 min), 50 ppm (for 30 min),
25 ppm (for 1 h), 13 ppm (for 4 h), 13 ppm (for 8 h).

AEGL-3: 740 ppm (for 10 min), 250 ppm (for 30 min),
120 ppm (for 1 h), 31 ppm (for 4 h), 31 ppm (for 8 h).

OSHA PEL-TWA (NIOSH): 3 ppm (for 8 h).
IDLH (NIOSH): 30 ppm (for 30 min).
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REL-Ceiling (NIOSH): 3 ppm.
TLV-Ceiling (ACGIH): 3 ppm.
MAK Peak Limit (Germany): 2 ppm (15 min, 4 times per

shift).
MAC Peak Limit (The Netherlands): 2 ppm (15 min

duration).
See also: Bromine.
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l Name: Hydrochloric acid
l Chemical Abstracts Service Registry Number: 7647-01-0;

Other Registry Numbers: 113962-65-5, 218625-68-4,
51005-19-7, 61674-62-2

l Synonyms: 4-D Bowl Sanitizer; ;Acide chlorhydrique
(French); Acido clorhidrico (Spanish); Acido cloridrico
(Italian); Anhydrous hydrochloric acid; Aqueous hydrogen
chloride; Bowl Cleaner; Caswell No. 486; Chlorane;
Chloorwaterstof (Dutch); Chlorohydric acid; Chlorowodor
(Polish); Chlorure d’hydrogene (French); Chlorure d’hy-
drogene anhydre (French); Chloruro de hidrogeno
(Spanish); Chlorwasserstoff (German); Cloruro de hidro-
geno anhidro (Spanish); The European Inventory of
Exciting Commercial Substances 231-595-7; Environmental
Protection Agency Pesticide Chemical Code 045901;
Emulsion Bowl Cleaner; Hazardous Substances Data Bank
545; Hydrochloric acid; Hydrochloride; Hydrogen chloride
(HCl); Hygeia Creme Magic Bowl Cleaner; Muriatic acid;
Muriaticum acidum; NSC 77365; Now South Safti-Sol
Brand Concentrated Bowl Cleanse with Magic Actio;
Percleen Bowl and Urinal Cleaner; Spirits of salt; UN 1050
(anhydrous); UN 1789 (solution); UN 2186 (refrigerated
liquefied gas); UNII-QTT17582CB; Varley Poly-Pak Bowl
Crème; Varley’s Ocean Blue Scented Toilet Bowl Cleaner;
White Emulsion Bowl Cleaner; Wuest Bowl Cleaner Super
Concentrated

l Molecular Formula: HCl
l Chemical Structure:

HCl
Background

The earliest suggested discovery of hydrochloric acid is attrib-
uted to the Persian chemist ‘J�abir ibn Hayy�an’ (c.AD 800). Free
hydrochloric acid was first formally described in the sixteenth
century by Libavius. During the Industrial Revolution in
Europe, demand for alkaline substances increased. A new
industrial process by Nicolas Leblanc (Issoudun, France)
enabled cheap large-scale production of sodium carbonate
(soda ash). Until the British Alkali Act 1863 and similar legis-
lation in other countries, the excess HCl was vented to air. After
the passage of the act, soda ash producers were obliged to
absorb the waste gases in water, producing hydrochloric acid
on an industrial scale. In the twentieth century, the Leblanc
process was effectively replaced by the Solvay process without
a hydrochloric acid by-product. After the year 2000, hydro-
chloric acid is mostly made by absorbing by-product hydrogen
chloride from industrial organic compounds production. Since
960 Encyclopedia of T
1988, hydrochloric acid has been listed as a Table II precursor
under the 1988 United Nations Convention against Illicit
Traffic in Narcotic Drugs and Psychotropic Substances because
of its use in the production of heroin, cocaine, and
methamphetamine.
Uses

Hydrochloric acid (HCl) is commonly used for the neutrali-
zation of alkaline agents, as a bleaching agent, in the produc-
tion of chlorides, for refining or in the production of tin and
tantalum, for pickling and cleaning of metal products, in
electroplating, in removing scale from boilers, for the neutral-
ization of basic systems, as a laboratory reagent, as a catalyst
and solvent in organic syntheses, in the manufacture of fertil-
izers and dyes, for hydrolyzing starch and proteins in the
preparation of various food products, and in the photographic,
textile, and rubber industries.
Environmental Fate and Behavior

Exposure Routes and Pathways

Exposure may occur via dermal, ocular, enteral, parenteral, or
inhalation routes.
Physicochemical Properties

Appearance: Colorless, fuming liquid
Odor: Pungent odor of hydrogen chloride
Solubility: Infinite in water with slight evolution of heat.

Soluble in cold water and diethyl ether
Density: 1.18
pH: For HCl solutions: 0.1 (1.0 N), 1.1 (0.1 N), 2.02 (0.01 N)
%Volatiles by volume at 21 �C (70 �F): 100
Boiling point: 53 �C (127 �F) Azeotrope (20.2%) boils at

109 �C (228 �F)
Melting point: �74 �C (�101 �F)
Specific gravity: 1.1–1.19 (20 and 22% HCl solutions)
Vapor pressure (mmHg): 190 at 25 �C (77 �F)
Vapor density: 1.267
Odor threshold: 0.25–10 ppm
Environmental Persistency (Degradation
and Speciation) and Bioaccumulation

When released into the soil, this material is not expected to
biodegrade. Rapidly hydrolyzes when exposed to water.
Exhibits extensive evaporation from soil surfaces. Transport
through soil may contaminate groundwater and will dissolve
some of the soil materials (especially those with carbonate
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00735-1
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bases). Acid will be neutralized to a large degree by contact with
carbonates in soil.

If released to air, hydrogen chloride will be removed by
rainfall. If released to water, hydrogen chloride dissociates
readily in water to chloride and hydronium ions, decreasing
the pH of the water. A Henry’s law constant of
2.04 � 10þ6 mol l�1 atm�1 (4.90 � 10�10 cu m atm mol�1)
has been reported for hydrochloric acid. This Henry’s law
constant indicates that hydrochloric acid is expected to be
essentially nonvolatile from water surfaces. If released into
soil, hydrogen chloride will evaporate from dry soil surfaces
and dissociate into chloride and hydronium ions in moist
soil. Hydrogen chloride does not accumulate in the food
chain.
Exposure and Exposure Monitoring

HCl is emitted during coal burning. It is a significant constit-
uent of emissions from coal burning and it is a more potent
acidifier of certain ecosystems in particular wetlands than sulfur
(S) or nitrogen (N) compounds.
Routes and Pathways (Including Environmental
Release)

Hydrogen chloride and hydrochloric acid’s production and use
in the production of chemicals, or for applications such as
a metal pickling, ore refining, food processing, manufacture of
fertilizers and dyes, and in the rubber and textile industries may
result in the release of hydrogen chloride or hydrochloric acid
to the environment through various waste streams. Hydrogen
chloride can be formed during the burning of many plastics.
Hydrochloric acid is found in the gases evolved from volca-
noes, particularly ones found in Mexico and South America.
Hydrochloric acid is also found in the digestive tract of most
mammals.
Human Exposure

Occupational exposure to hydrogen chloride or hydrochloric
acid may occur through inhalation and dermal contact with
these compounds at workplaces where hydrogen chloride or
hydrochloric acid is produced or used. Data indicate that the
general population may be exposed to hydrogen chloride or
hydrochloric acid via inhalation and dermal contact with
consumer products containing these compounds.
Mechanism of Toxicity

HCl causes local pH changes and denatures proteins. This leads
to edema formation and tissue necrosis. HCl produces a coag-
ulation necrosis characterized by the formation of a scar.
Ingested HCl may give rise to damage of the esophagus and
stomach. Gastric damage may occur secondary to pooling of
HCl in the antrum as a result of pylorospasm. Patients who
survive ingestions of HCl may develop stricture formation,
gastric atony, and gastric outlet obstruction. When inhaled,
HCl typically deposits in the upper respiratory tract and causes
damage. Concentrated HCl can penetrate to the level of the
bronchioles and alveoli and cause subsequent damage to these
regions.
Acute and Short-Term Toxicity (or Exposure)

Animal

In animals, HCl is a severe irritant of the eyes and respira-
tory system. The 30 min LC50 values in rats and mice are
4701 and 2644 ppm, respectively. Animals exposed to high
concentrations of HCl gas developed necrosis of the tracheal
and bronchial epithelium, pulmonary edema, atelectasis,
emphysema, and damage to the pulmonary blood vessels
and liver. Chronic exposure to 10 ppm for 6 h a day did not
cause neoplastic lesions or serious irritant effects in the nasal
epithelium of rats. In experimental animals, exposure to
a concentration of 1350 ppm hydrogen chloride gas caused
clouding of the cornea after 1.5 h and exposure to
3000 ppm for 6 h caused slight erosion of the corneal
epithelium.
Human

Acute eye exposure to HCl gas or solutions of HCl may cause
eye irritation and permanent damage with loss of sight.
Dermal exposure may cause burns, with degree depending
upon the concentration and duration of the exposure.
Inhalation of HCl immediately causes severe irritation with
cough and choking sensation. Inflammation and ulceration
of the upper respiratory tract may occur. Pulmonary edema
can develop if HCl gas is inhaled deeply. Excessive exposures
(e.g., 1000–2000 ppm) for a few minutes can cause life-
threatening pulmonary edema. Severe breathing difficulties
may be delayed in onset. The current Occupational Safety
and Health Administration (OSHA) permissible exposure
limit (PEL) for hydrogen chloride is 5 ppm as a ceiling limit.
Ingestion may cause corrosion of the mucous membranes,
esophagus, and stomach with dysphagia, nausea, vomiting,
abdominal pain, and hematemesis. Circulatory collapse and
death may occur.
Chronic Toxicity

Animal

Vapor concentrations of hydrochloric acid 100 ppm daily for
50 days in guinea pigs, pigeons, and rabbits resulted in
symptoms of only minor irritation. Chronic exposure caused
lesions in the nasal cavity in rats.
Human

Chronic exposure to HCl may cause erosion of the teeth,
bronchitis, and gastritis. Repeated exposure of the skin to dilute
solutions of hydrogen chloride may cause a rash. Photosensi-
tization in workers has occurred. Chronic inhalation can cause
nasal mucosa, larynx and tracheal hyperplasia.
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Reproductive Toxicity

No information is available on the reproductive or develop-
mental toxicity of hydrochloric acid in humans. In rats exposed
to HCl by inhalation, dyspnea, cyanosis, and altered estrus
cycles have been reported in dams and increases in fetal
mortality and decreases in fetal weight have been recorded.
Genotoxicity

May affect genetic material. Little data are available on geno-
toxicity in humans.
Carcinogenicity

There is inadequate evidence for the carcinogenicity in humans
of hydrochloric acid. There is inadequate evidence for the car-
cinogenicity in experimental animals of hydrochloric acid.
Overall evaluation: hydrochloric acid is not classifiable as to its
carcinogenicity to humans (Group 3).
Clinical Management

The first priority in management of patients exposed to HCl is
assuring patency of the airway. Direct visualization of the
pharynx and vocal cords with fiber-optic devices may be
necessary after inhalational and oral exposures to assure lack
of injury. If signs of airway edema are present, intubation
should be considered as swelling may progress over ensuing
minutes and lead to airway obstruction. Fiber-optic intuba-
tion or orotracheal intubation with a laryngoscope can be
attempted. Emergent surgical airway intervention may be
necessary. Vomiting should not be induced. Gastric lavage,
syrup of ipecac, activated charcoal, and cathartics should be
avoided. There is questionable efficacy in giving water or milk
to an awake and minimally symptomatic person who has
ingested HCl. The utility of dilution decreases with time and
should not be administered to persons with vomiting, airway
compromise, significant abdominal pain, or altered mental
status. Following ophthalmic exposure to HCl, the eyes
should be irrigated immediately with water for at least 15 min
and continued until pH neutralization. If skin exposure
occurs, contaminated clothing should be removed and the
exposed areas flushed with water. The exposed person should
be moved to fresh air.
Ecotoxicology

Hydrochloric acid is expected to be toxic to aquatic life as
a result of pH shift. Lethal to fish from 25 mg l�1 and above.
Exposure Standards and Guidelines

The reference concentration (RfC) for HCl is 0.02 mg m�3

based upon study of chronic inhalational exposure in
rats resulting in hyperplasia of the nasal mucosa, larynx,
and trachea. The RfC is an estimate (with an order of
magnitude uncertainty factor applied) of a threshold dose
which for continuous inhalational exposure to humans,
including the most vulnerable subgroups, would not give
appreciable risk of a deleterious noncancer effect during
a lifetime.

The National Institute of Occupational Safety and Health
(NIOSH) immediately dangerous to life and health value is
75 mg m�3.

American Industrial Hygiene Association (AIHA) Emergency
Response Planning Guideline (ERPG-1) is 4.5 mg m�3.

AIHA ERPG-2 is 30 mg m�3.
American Conference of Governmental and Industrial

Hygienists and NIOSH OSHA ceiling 7 mg m�3.
OSHA PEL is 5 ppm or 7 mg m�3.
Regulatory Information

Class D-2A (Canada): Material causing other toxic effects
(very toxic). Class E: Corrosive liquid.

Superfund Amendments and Reauthorization Act (SARA)
302/304/311/312 extremely hazardous substances and SARA
313 toxic chemical notification and release reporting.

On multiple United States chemical safety, employee
disclosure and other hazardous substances reporting require-
ments including spill or release notifications.
Miscellaneous

In Vitro Toxicity Data

Low concentrations of HCl were required to dramatically
reduce the spore concentration of Bacillus subtilis. Concen-
trations as low as 6 mg l�1 can inhibit some plant stem
growth.
See also: Acids; Corrosives.
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l Chemical Abstracts Service Registry Number: 7664-39-3
l Synonyms: Hydrogen fluoride, Hydrofluoride, HFA, Fluo-

rhydric acid
l Molecular Formula: HF
l Chemical Structure:

Background (Significance/History)

Hydrogen fluoride is a colorless, corrosive liquid or gas and is
composed of a hydrogen atom and a fluorine atom. It has
a strong, irritating odor. Hydrogen fluoride readily dissolves in
water and is referred to as hydrofluoric acid (HFA) in its dis-
solved form. It is present in a variety of over-the-counter
products at concentrations of 6–12%. Although HFA is weak
compared withmost other mineral acids, it can produce serious
health effects by any route of exposure. These effects are due to
the fluoride ion’s aggressive, destructive penetration of tissues.
Uses

HFA is the inorganic acid of elemental fluorine and commer-
cially is the most important fluorine compound. Its largest use
is in the manufacture of fluorocarbons to be used as refriger-
ants, solvents, and aerosols. HFA is also used in fluoropol-
ymers, aluminum production, stainless steel pickling, uranium
processing, glass etching, oil well acidizing, gasoline produc-
tion, removal of sand and scale from foundry castings, and as
a laboratory reagent. Anyone using HFA should understand the
safety measures required to protect human health: for example,
read the relevant Material Safety Data Sheet (MSDS), call the
supplier for additional information if necessary, and confirm
that the personal protective equipment (PPE) has been shown
to effectively protect against HFA exposure. In addition, the
PPE should be checked carefully before each use; for example,
a pinhole-sized hole could cause problems because HFA can
penetrate deeply into skin and muscle tissue and simply
flushing the area with water is not enough.
Environmental Fate and Behavior

Hydrogen fluoride is a colorless, fuming liquid with a strong,
irritating odor. The density is 1.002 at 0 �C and the boiling
point is 19.51 �C. Hydrogen Fluoride is naturally released into
the environment, primarily from volcanoes, ranging from 0.6
to 6 million metric tons per year. The majority of artificial
pollutants come from electrical utilities.

Hydrogen fluoride is removed from air by wet deposition as
fluoride salts with an atmospheric lifetime of 1–5 days.
964 Encyclopedia of T
Exposure and Exposure Monitoring

Accidental dermal exposure is the most common route for
human exposure; inhalation and ingestion are also possible.
Occupational sources include the manufacture of chemicals,
photographic film, solvents, and plastics.
Toxicokinetics

HFA rapidly corrodes and penetrates the skin and mucous
membranes. Fluoride ions are then readily absorbed but are
rapidly almost completely bound to available calcium and
magnesium ions. The resulting salts are primarily excreted in
the urine.
Mechanism of Toxicity

HFA is toxic by ingestion, inhalation, and (most commonly) by
dermal exposure. It is highly corrosive to the skin and mucous
membranes with very short (5 s or less) exposure concentra-
tions of 0.003% and above, acting by protonation of tissues. It
causes a liquefying necrosis at the site of contact. Absorption of
fluoride ions leads to systemic fluoride poisoning, in turn
leading to hypokalemia and hypomagnesemia potentially
resulting in neuromuscular paralysis and cardiac arrhythmias.
Acute and Short-Term Toxicity

Animal

Signs of acute systemic fluoride intoxication include increased
salivation, lacrimation, vomiting, diarrhea, muscular fibrilla-
tion, and respiratory, cardiac, and general depression. The
inhalation LC50 is 1774 ppm in monkeys, 1276 ppm in rats,
4327 ppm in guinea pigs, and 342 ppm in mice. The intra-
peritoneal LDLo in rats is 25 mg kg�1. The dermal LDLo in mice
is 500 mg kg�1. Repeated inhalation exposure to concentra-
tions in the range of 20–25 ppm produces injury to the lungs,
liver, and kidneys. Dermal concentrations as low as 0.001%
have resulted in injury.
Human

HFA toxicity occurs after ingestion, inhalation, or ocular or
dermal contact. HFA is one of the strongest and most corro-
sive acids known, and is highly irritating and poisonous.
Therefore, special safety precautions are necessary when using
this chemical. Inhalation of anhydrous HFA or HFA mists or
vapors can cause severe respiratory tract irritation that could
be fatal. The inhalation TCLo is 100 mg m�3 and the LCLo is
50 ppm. Ingestion of HFA produces pain and corrosion of the
oral mucous membranes, esophagus, and stomach, and
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00853-8
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fatalities have occurred. The oral TCLo is 143 mg kg�1.
Systemic exposure can precipitate cardiovascular collapse
quickly, with systemic hypokalemia and prolonged QTc
interval.
Chronic Toxicity

Animal

Chronic exposure of guinea pigs and rabbits has caused injury
of the cornea and mucous membranes. Repeated inhalation of
17 ppmHFA resulted in damage to the lungs, liver, and kidneys
of animals, but inhalation of 8.6 ppm failed to elicit significant
pathologic change in these tissues.
Human

Chronic exposure via inhalation or ingestion can lead to fluo-
rosis, with symptoms such as weight loss, malaise, anemia,
leukopenia, discoloration of teeth, and osteosclerosis.
Reproductive Toxicity

Hydrogen fluoride is not included in Reproductive and Devel-
opmental Toxicants, a 1991 report published by the U.S. General
Accounting Office. Fluoride crosses the placenta, and at low
doses is thought to be essential for normal fetal development in
humans.
Genotoxicity

An increased incidence of chromosome aberrations was
detected in rat bone marrow cells following inhalation of
1.0 mg m�3 hydrogen fluoride 6 h per day, 6 days per week, for
1 month.

Hydrogen fluoride was negative for dominant lethal
mutations in C57B1 mice following inhalation exposure.
Carcinogenicity

Hydrogen fluoride has not been classified for carcinogenic
effects.
Clinical Management

Most burns are minor if they involve only small parts of the
body surface area. When larger parts of the skin are burnt,
morbidity and mortality significantly increase, for example, if
more than 20% of the body surface area is burnt with high
concentration HFA, mortality approaches 100%. In major
HFA burns, death almost always results from severe electro-
lyte imbalance. Exitus letalis (i.e., a fatal outcome) has been
reported after a burn with 70% HFA involving as little as
2.5% of the body surface area. Unlike most minor HFA
burns, which can be successfully managed by topical and
regional therapy as well as close monitoring, major HFA
burns require immediate critical care treatment. If the expo-
sure is to the skin, all clothing should be removed from the
affected region. The region should be copiously irrigated
with water and then treated with a calcium gluconate paste.
For exposure by any route, a 10% solution of calcium
gluconate should be slowly infused (intravenously) to a total
of 0.5 ml kg�1.
Other Hazards

Corrosive, dissolves silica, silicic acid, glass, if heated to
decomposition it emits highly corrosive fumes.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists: ceiling limit for exposure is 3 ppm. The (US)
Occupational Safety and Health Administration permissible
exposure limit, 8-h time-weighted average, is 3 ppm. The (US)
National Institute for Occupational Safety and Health
(NIOSH) recommended exposure level, averaged over a 10-h
work day, is 3 ppm, the NIOSH ceiling limit for a 15-min
exposure is 6 ppm, and the NIOSH “immediately dangerous to
life or health” value is 30 ppm.
CERCLA Reportable Quantities

Persons in charge of vessels or facilities are required to notify
the National Response Center (NRC) immediately, when
there is a release of this designated hazardous substance, in
an amount equal to or greater than its reportable quantity
of 100 lbs or 45.4 kg. Hydrogen fluoride is an extremely
hazardous substance (EHS) subject to reporting requirements
when stored in amounts in excess of its threshold planning
quantity (TPQ) of 100 lbs.
Resource Conservation and Recovery Act (RCRA) Requirements

D002: A solid waste containing hydrofluoric acid may become
characterized as a hazardous waste when subjected to testing
for corrosivity as stipulated in 40 CFR 261.21, and if so char-
acterized, must be managed as a hazardous waste.

U134: As stipulated in 40 CFR 261.33, when hydrofluoric
acid, as a commercial chemical product or manufacturing
chemical intermediate or an off-specification commercial
chemical product or a manufacturing chemical intermediate,
becomes a waste, it must be managed according to Federal and/
or State hazardous waste regulations.

Atmospheric Standards

Listed as a hazardous air pollutant (HAP) generally known or
suspected to cause serious health problems. The Clean Air Act,
as amended in 1990, directs EPA to set standards requiring
major sources to sharply reduce routine emissions of toxic
pollutants. EPA is required to establish and phase in specific
performance based standards for all air emission sources that
emit one or more of the listed pollutants.
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Clean Water Act Requirements

Hydrofluoric acid is designated as a hazardous substance
under section 311(b)(2)(A) of the Federal Water Pollution
Control Act and further regulated by the Clean Water Act
Amendments of 1977 and 1978. These regulations apply to
discharges of this substance. This designation includes any
isomers and hydrates, as well as any solutions and mixtures
containing this substance.

FDA Requirements

Hydrofluoric acid is an indirect food additive for use only as
a component of adhesives.
Miscellaneous

Molecular weight: 20.0 Da
Boiling point (760 mm Hg): 68 �F (20 �C)
Freezing point: �118 �F (�83 �C)
Specific gravity: 1 for liquid at 67 �F (20 �C) (water ¼ 1)
Vapor pressure (68 �F): 783 mmHg.
Gas density: 0.7 (air ¼ 1)
Water solubility: Miscible with water with release of heat

See also: Acids; Corrosives; Fluoride; Fluorine.
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This article is a revision of the previous edition article by David Eldridge, Christopher P. Holstege, volume 2, pp 543–545, � 2005, Elsevier Inc.
l Name: Hydrogen peroxide
l Chemical Abstracts Service Registry Number: CAS Registry

Number: 7722-84-1, Other Registry Number: 218625-72-0,
37355-84-3, 66554-50-5, 8007-30-5

l Synonyms: Albone; Albone 35; Albone 35CG; Albone 50;
Albone 50CG; Albone 70; Albone 70CG; Albone DS; Astri-
UC; CCRIS 1060; Caswell No. 486AAA; Dihydrogen
dioxide; EINECS 231-765-0; EPA Pesticide Chemical Code
000595; Elawox; HSDB 547; HTP (peroxide); High Test
Peroxide; Hioxyl; Hydrogen dioxide; Hydrogen dioxide
solution; Hydrogen peroxide; Hydrogen peroxide (H2O2);
Hydrogen peroxide solution (DOT); Hydrogen peroxide,
90%; Hydrogen peroxide, solution; Hydrogen peroxide,
solution, 3%; Hydrogen peroxide, solution, 30%; Hydrogen
peroxide, solution, 35%; Hydroperoxide; Inhibine; Interox;
Kastone; Lensept; NSC 19892; Oxydol; Perhydrol; Perone;
Perone 30; Perone 35; Perone 50; Perossido di idrogeno;
Peroxaan; Peroxan; Peroxide; Peroxyde d’hydrogene; Pre
milk HP 0.5; Pre milk HP 0.5 10; Pre milk HP 1.0; Super-
oxol; T-Stuff; Teat dip HP 5; UN 2014 (20–52%); UN 2015
(>52%); UN 2984 (8–20%); UNII-BBX060AN9V; Wasser-
stoffperoxid; Waterstofperoxyde

l Molecular Formula: H2O2

l Chemical Structure:

HO OH

Background (Significance/History)

Hydrogen peroxide was first produced in 1818 by Louis Jacques
Thenard. He achieved it through the reaction of barium
peroxide and nitric acid. Subsequently, the synthesis of
hydrogen peroxide was improved with hydrochloric acid, fol-
lowed by the addition of sulfuric acid to precipitate the barium
sulfate by-product, and this process was used from the end of
the nineteenth century until the middle of the twentieth
century. One hundred percent pure hydrogen peroxide was first
obtained through vacuum distillation in 1894. The correct
formula of hydrogen peroxide was finally described at the end
of the nineteenth century.
Uses

Hydrogen peroxide has chemical applications, biological
function, domestic uses, and therapeutic use, including use as
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
an antimicrobial and oxidizing agent. Hydrogen peroxide is
used in municipal wastewater applications and cost-effective
control of hydrogen sulfide in municipal sludge. It has replaced
prechlorination as a way of dealing with odors emanating from
wastewater and treatment plants. It is also used for industrial
applications such as pulp- and paper-bleaching (nearly 50% of
the world production of hydrogen peroxide was used for this
purpose). Hydrogen peroxide has been used for sulfide
oxidation, for high-strength wastewater pretreatment, and also
to reduce the biochemical oxygen demand (BOD) and chem-
ical oxygen demand (COD) of industrial wastewaters. Hydro-
gen peroxide is available to consumers most commonly as a 3
or 6% solution (% water by weight of hydrogen peroxide).
Environmental Fate and Behavior

Routes and Pathways Relevant Physicochemicals Properties
(e.g., Solubility, Pow, Henry Constant)

Hydrogen peroxide is an odorless and colorless liquid with
a bitter taste, and it is slightly more viscous than water. Highly
concentrated aqueous solutions (>65 wt %) of hydrogen
peroxide are soluble in a variety of organic solvents. Based on
the estimated Henry’s Law constant of 7.04 � 10�9 atm cu
m mol�1 at 25 �C, hydrogen peroxide volatilization from
surface waters and moist soil is expected to be very low.

Physicochemical properties of hydrogen peroxide:

Mass: 34.0147 g mol�1

Odor: Slightly sharp
Appearance: Colorless in solution, slight blue color in highly

concentrated forms
Density: 1.135 g cm�3 (20 �C, 30% solutions)
Melting point: �0.43 �C, 273 K, 31 �F
Vapor pressure: 1.97 mm Hg
Octanol/water partition coefficient: log Pow ¼ �1.36
Boiling point: 150 �C, 423 K, 302 �F
Solubility in water: Miscible
Solubility in other solvents: Ether, ethanol (it is insoluble in

petroleum ether)
Acidity: pKa 11.75
Refractive index: 1.4061

Partition Behavior in Water, Sediment, and Soil

The estimated Koc (soil organic-water partitioning coefficient)
value of 0.2 suggests that hydrogen peroxide is expected to be
highly mobile in soil, and adsorption to soil particles is not
4-3.00736-3 967
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expected. Hydrogen peroxide movement in the terrestrial
environment will be limited to very short distances due to its
very short half-life of less than 1 h in natural soils, and leakage
to groundwater is not expected. Hydrogen peroxide is expected
to stay in solution in aquatic environments, and partitioning in
sediment is not expected.

Environmental Persistency (Degradation/Speciation)

Gaseous hydrogen peroxide is recognized as a key component
and product of the earth’s lower atmospheric photochemical
reactions, both in a polluted and clean atmosphere. Atmo-
spheric hydrogen peroxide is believed to be generated exclu-
sively by gas-phase photochemical reactions in the remote
troposphere. Hydrogen peroxide may be removed from the
atmosphere by heterogeneous loss processes such as rain-out,
by photolysis giving rise to hydroxyl radicals, or by reaction
with hydroxyl radicals. Hydrogen peroxide has very short half-
life of less than 1 h in natural soils, and aquatic half-lives have
been observed to be 1 h to 10 days.

Long-Range Transport

In terrestrial systems, based on the Koc value of 0.2, hydrogen
peroxide is expected to be highly mobile in soil.

Bioaccumulation and Biomagnification

Hydrogen peroxide is a short-lived polar substance that is
highly reactive, and no bioaccumulation and biomagnification
is expected. This is confirmed by the calculated log Kow of�1.5.
The bioconcentration factor (BCF), calculated according to the
Technical Guidance Document, for fish and earthworms are
low, 1.4 and 3.3, respectively.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Manufacturing of hydrogen peroxide, subsequent release in
waste streams, and therapeutic use as antimicrobial and
oxidizing agent can result in the release of hydrogen peroxide
to the environment. In addition, small amounts of hydrogen
peroxide gas may occur naturally in the air.

Human Exposure

Human exposure to hydrogen peroxide can occur in an occu-
pational setting because it is used in many industries for
a variety of purposes. Workers in such industries may be
exposed to this chemical through inhalation or contact with the
skin. For the general population, exposure to hydrogen
peroxide is most likely to happen through its use as a general
disinfectant. Hydrogen peroxide solutions used for this
purpose are sold fairly ubiquitously in industrialized nations at
nearly almost all supermarkets or drugstores.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

Hydrogen peroxide released to the atmosphere will react very
rapidly with other compounds found in air. Hydrogen
peroxide breaks down rapidly in water, and surface water
concentrations of it have been found to vary between 51 and
231 mg l�1, increasing both with exposure to sunlight and in
the presence of dissolved organic matter. Hydrogen peroxide
released to the soil will be broken down through its reaction
with other compounds. Hydrogen peroxide is not expected to
accumulate in soil because it is fairly unstable and highly
reactive. In biota, based on International Agency for Research
on Cancer (IARC) reports, endogenous hydrogen peroxide has
been found in plant tissues at the following levels (mg kg�1

frozen weight): potato tubers, 7.6; green tomatoes, 3.5; and
castor beans in water, 4.7. Hydrogen peroxide does not accu-
mulate in the food chain.
Toxicokinetics

Hydrogen peroxide is an endogenous product of oxygen
reduction in the aerobic cell and passes readily across biolog-
ical membranes, giving rise to high levels of absorption
through the mucous membranes, skin, and the lungs. This
leads to extensive penetration of adjacent tissues and blood
vessels, where it is rapidly degraded by the enzyme catalase,
liberating oxygen bubbles. Mechanical pressure injury of
tissues or blood vessels may be produced when there is sig-
nificant hydrogen peroxide present. Since hydrogen peroxide
has a high degradation capacity in blood, it is unlikely that the
substance is systemically distributed, and therefore the
endogenous steady state of hydrogen peroxide in tissues is
unlikely to be affected.
Mechanism of Toxicity

Hydrogen peroxide is a strong oxidizing agent and one in
a series of reactive oxygen species characterized by structures
that possess unpaired electrons. This makes hydrogen peroxide
highly reactive and gives it the ability to damage cellular
macromolecules, including proteins, lipids, and nucleic acids.
For example, lipid peroxidation is a process in which oxygen
radicals react with unsaturated fatty acids in cell membrane
phospholipids to produce a peroxy radical, which can then
react with other fatty acids or proteins. At the cellular level,
transition metal ions bound to DNA may interact with
hydrogen peroxide, resulting in the production of a reactive
radical species, most likely OH. This radical species found close
to the DNA interacts with DNA, forming purine and pyrimi-
dine products that finally cause DNA damage.

Hydrogen peroxide causes lipid peroxidation and may
subsequently cause hemolysis in susceptible individuals such
as those with genetically determined deficiency in the activities
of catalase or glucose-6-phosphate dehydrogenase. The reactive
oxygen species released are responsible for the cytotoxic and
genotoxic effects; of course these effects do not occur until the
detoxification capacity of the organism is overloaded.
Hydrogen peroxide solutions (3%) used to clean wound
surfaces or on mucous membranes interact with the catalase
present on these surfaces and liberate oxygen. The effervescent
action mechanically helps remove cellular debris and pus from
the wounds, which is useful for cleaning and deodorizing
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infected tissue; however, the presence of reactive organic
material such as pus and blood diminishes the efficiency of
hydrogen peroxide. The antimicrobial effect of hydrogen
peroxide is of short duration, and because there is no pene-
tration of the tissue, this effect is limited to the superficial layer
of the applied surface.
Acute and Short-Term Toxicity (Animal/Human) (to
Include Irritation and Corrosivity)

Animal

Animal exposure to high concentrations of hydrogen peroxide is
associated with congestion of the lungs and trachea, emphy-
sema, and damage to the cornea. Solutions of 50% or greater
concentration are severely irritating and corrosive in animals.
Veryhigh levels of exposure to this substance can causemortality
resulting from oxygen embolism. The intraperitoneal, intrave-
nous, oral, skin, and subcutaneous LD50 for hydrogen peroxide
in mouse is 880, 50 000, 2000, 12 000, and 1072 mg kg�1,
respectively. Intravenous and oral LD50 for hydrogen peroxide
in rabbit is 15 000 and 820 mg kg�1, respectively.
Human

Inhalation of high concentrations of hydrogen peroxide vapor or
mist in humans may cause extreme irritation and inflammation
of the nose and throat. Even short periods of exposure to
hydrogen peroxide, may cause stinging and watering of the eyes.
Exposures to levels as low as 7 ppm of hydrogen peroxide has
been reported to cause lung irritation in humans. Higher levels
of exposure may cause dizziness, headache, vomiting, diarrhea,
numbness, tremors, pulmonary edema, convulsions, uncon-
sciousness, and shock. Ingestion of large amounts of hydrogen
peroxide in humans causes stomach and chest pain, motor
disorders, and loss of consciousness and also may produce
oxygen bubbles (embolism) in the blood, resulting in shock.
Chronic Toxicity (Animal/Human)

Animal

Exposure of 23 rats to 93 mg m�3 hydrogen peroxide vapor for
6 weeks, 6 h day�1, and 5 days week�1 was reported to cause
nasal discharge, edema of the feet, skin irritation in the groin
region, and loss of hair. Effects observed in mice treated with
0.15% hydrogen peroxide in their drinking fluids
(0.29 g kg�1 day�1) for 35 weeks included degeneration of
hepatic and renal tubular epithelial tissues, inflammation,
necrosis, hypertrophy of the small intestine wall, and irregu-
larities of tissue structure of the stomach wall.
Human

The data from epidemiologic studies suggest that less than
a 3 year exposure to peak concentrations of 11 mg m�3 and 8 h
of 2–3 mg m�3 hydrogen peroxide combined with intermittent
skin contact is associated with irritation of the eyes and airways,
temporary loss of olfaction, headaches, and effects on skin and
bleaching of hair.
Genotoxicity

According to EU principles, hydrogen peroxide is not classified
as a mutagen. Hydrogen peroxide has been found to be
mutagenic and genotoxic in a variety of in vitro test systems, but
available studies are not supportive of significant genotoxicity
or mutagenicity under in vivo conditions.
Carcinogenicity

There is inadequate evidence in humans for the carcinogenicity
of hydrogen peroxide, and IARC has assigned an overall car-
cinogenicity rating of 3 to hydrogen peroxide. There is also
limited evidence in experimental animals for the carcinoge-
nicity of hydrogen peroxide. Hydrogen peroxide has been
classified as a known animal carcinogen with unknown rele-
vance to humans by the American Conference of Govern-
mental Industrial Hygienists. Adenomas, carcinomas, and
adenocarcinomas were found in mice treated orally with
hydrogen peroxide, and papillomas were reported to have
developed in mice treated by dermal application.
Clinical Management

Management of hydrogen peroxide toxicity is generally symp-
tomatic and supportive. In dermal or ocular exposures, irriga-
tion using large volumes of water must be done. Vomiting
should not be induced with oral ingestions, and there is no role
for activated charcoal in hydrogen peroxide ingestions.
Concentrated hydrogen peroxide has caustic effects, and
ingestion should be treated like a caustic exposure. Endotra-
cheal intubation for patients who have symptoms of upper
airway obstruction should be considered. There is no antidote
for hydrogen peroxide toxicity, and hemodialysis, hemo-
perfusion, and peritoneal dialysis are not effective for toxin
removal and are not recommended.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Hydrogen peroxide is of low to moderate acute toxicity to non-
target aquatic organisms. The EU risk assessment for hydrogen
peroxide found that there are short-term toxicity data for fish,
invertebrates, and algae in the aquatic environment. Based on
algal studies, long-term data are available for zebra mussels.
EC50 for hydrogen peroxide in freshwater algae is 2.5 mg l�1

per 72 h, and its LC50 for freshwater fish is 16.4 mg l�1 per 96 h.
Hydrogen peroxide does not adsorb to sediment and is rapidly
degraded there. Sediment-dwelling organisms are adequately
protected by the predicted no effect concentration (PNEC) for
the water phase.
Terrestrial Organism Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, and Terrestrial Vertebrates)

Hydrogen peroxide has a PNECterrestrial of
1.19.10�3 mg kg�1. Because of the short half-life of
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hydrogen peroxide in both terrestrial and aquatic habitats,
exposure to mammals, birds, and arthropods is not
expected.
Exposure Standards and Guidelines

Based on US Occupational Safety and Health Administration
standards, permissible exposure limits include an 8 h time
weighted average (TWA) of 1 ppm (1.4 mg m�3), and
a threshold limit value (TLV) for 8 h of 1 ppm. Based on
NIOSH recommendations, recommended exposure limit: 10 h
TWA: 1 ppm (1.4 mg m�3). Immediately dangerous to life or
health: 75 ppm. Emergency Response Planning Guidelines
(ERPG): ERPG(1) 10 ppm (no more than mild, transient
effects), ERPG(2) 50 ppm (without serious, adverse effects),
and ERPG(3) 100 ppm (not life threatening) for up to 1 h
exposure.

Hydrogen peroxide is generally recognized as safe as an
antimicrobial agent, as an oxidizing agent, and for other
purposes by the US Food and Drug Administration.
See also: Lipid Peroxidation; Oxidative Stress.
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l Name: Hydrogen sulfide
l Chemical Abstracts Service Registry Number: 7783-06-4,

Other Registry Number: 11144-15-3, Related Registry
Number: 13465-07-1 (H2S2)

l Synonyms: Acide sulfhydrique, Acide sulphhydrique,
Dihydrogen monosulfide, Dihydrogen sulfide, EINECS
231-977-3, FEMA No. 3779, HSDB 576, Hydrogen sulfure,
Hydrogen sulfide (H2S), Hydrogen sulfuric acid, Hydrogen
sulphide, Hydrogene sulfure, Hydrogene sulphure, Hydro-
sulfuric acid, Idrogeno solforato, RCRA waste number
U135, Schwefelwasserstoff, Sewer gas, Siarkowodor, Stink
DAMP, Sulfur hydride, Sulfureted hydrogen, UN 1053,
UNII-YY9FVM7NSN, Zwavelwaterstof.

l Molecular Formula: H2S
l Chemical Structure:

H H
S

Background (Significance/History)

Hydrogen sulfide has been known since early times and its
chemistry has been studied since the 1600s. In the nineteenth
century, Petrus Johannes Kipp invented a convenient device
for the generation of a variety of gases in which a liquid and
solid were the reagents. This generator was especially useful
for the generation of hydrogen sulfide and hydrogen.
Uses

Hydrogen sulfide is used as a reagent and an intermediate in
the preparation of other reduced sulfur compounds. It is
used in the production of thioorganic compounds including
methanethiol, ethanethiol, and thioglycolic acid. Hydrogen
sulfide is used in the manufacturing of alkali metal sulfides
such as sodium hydrosulfide and sodium sulfide, which are
used in the degradation of biopolymers. It is important in
analytical chemistry, in the qualitative inorganic analysis of
metal ions. Hydrogen sulfide is a precursor to metal sulfides
and this is widely exploited. For example, waters or gases
contaminated by hydrogen sulfide can be cleaned with metal
sulfides. In addition, endogenous hydrogen sulfide has
therapeutic applications. Many new technologies have been
developed to detect endogenous hydrogen sulfide produc-
tion, and novel hydrogen sulfide-delivery compounds have
been invented to aid therapeutic intervention of diseases
related to abnormal hydrogen sulfide metabolism. It should
be noted that this therapeutic approach is just now being
investigated.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior
Routes and Pathways, and Relevant Physicochemical
Properties (e.g., Solubility, Pow, Henry Constant)

Hydrogen sulfide is a colorless, flammable compressed liquid
gas with a characteristic odor of rotten eggs. The solubility of
hydrogen sulfide in water is 3980 mg l�1 at 20 �C and it is
soluble in certain polar organic solvents, notably methanol,
acetone, propylene carbonate, sulfolane, tributyl phosphate,
various glycols and glycol ethers, gasoline, kerosene, crude
oil, and carbon disulfide. The calculated vapor pressure at
21.9 �C is 1929 Pa. Boiling point and melting point of the
substance are �60.33 �C and �85.49 �C, respectively. Based
on the estimated Henry’s law constant of 468 atm mol�1 for
hydrogen sulfide, volatilization from water and soil is high.
Partition Behavior in Water, Sediment, and Soil

Considering the boiling point of hydrogen sulfide, when it is
spilled onto soil much will evaporate. Since hydrogen sulfide is
very soluble in water, the presence of water in soil, or falling as
precipitation at the time of the spill, may contribute to move-
ment in the soil. If the soil surface is saturated with moisture at
the time of the spill, for example after a rainfall, the spilled
chemical will run off and/or evaporate away.
Environmental Persistency (Degradation/Speciation)

The lifetime of hydrogen sulfide is affected by ambient
temperature and other atmospheric variables including
sunshine, humidity, and the presence of other pollutants. As an
example, the decreased levels of hydroxide and decreased
temperatures in northern regions in winter increase the resi-
dence time of hydrogen sulfide in air. Hydrogen sulfide after
released into the atmosphere will behave like many other
gaseous pollutants and be dispersed and eventually removed.
Residence times in the atmosphere are about 1 day to
more than 40 days, depending upon latitude, season,
and atmospheric conditions. Oxidation–reduction reactions
that oxidize hydrogen sulfide to elemental sulfur were
performed in the presence of microorganisms in soil and water.
Hydrogen sulfide does not absorb solar radiation reaching the
troposphere, therefore it does not undergo photolysis or react
photochemically with oxygen. The primary chemical trans-
formation of hydrogen sulfide in the atmosphere is oxidation
to sulfur dioxide and sulfates by oxygen-containing radicals.
Long Range Transport

The boiling point of �60.33 �C suggests that when hydrogen
sulfide is spilled onto soil, much will evaporate.
4-3.00513-3 971
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Bioaccumulation and Biomagnifications

Hydrogen sulfide does not have bioaccumulation or food chain
contamination potential.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Hydrogen sulfide is produced naturally and also as a result of
human activities. It is one of the principal compounds involved
in the natural cycle of sulfur in the environment, and natural
sources account for about 90% of total hydrogen sulfide in
the environment. Hydrogen sulfide as a by-product of many
industrial operations (e.g., coking and the hydrodesulfurization
of crude oil and of coal), can result in its release to the
environment.
Human Exposure

Human exposure to hydrogen sulfide may occur from exoge-
nous sources and also its endogenous production. The general
populace may be exposed to hydrogen sulfide through inhala-
tion of ambient air in communities located near certain types of
industrial sites. Also, accidental release of natural gas wells
during drilling operations near residential areas can result in
human exposure to hydrogen sulfide. The majority of occupa-
tional exposure to hydrogen sulfide occurs where it is produced,
used, or generated, including its occurrence in petroleum,
natural gas, sewer gas, soil, and as a by-product of chemical
reactions.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil and Biota)

Hydrogen sulfide concentrations in ambient air range from
0.11–0.33ppb and in urban areas are generally <1ppb,
although much higher concentrations (often exceeding 90ppb)
have been detected in communities located near natural sources
or industries releasing hydrogen sulfide. In undisturbed anoxic
sediment, hydrogen sulfide levelsmay be as high as 100 ppb and
in disturbed sediments may range from 1–30ppb. No data are
available for hydrogen sulfide concentrations in soil. Hydrogen
sulfide readily evaporates from surface water, and no data are
available for hydrogen sulfide levels in drinking water.
Toxicokinetics

Hydrogen sulfide is primarily absorbed via the lungs. It can also
be absorbed through the skin and gastrointestinal tract, but
there are limited data for these routes. Absorbed hydrogen
sulfide is rapidly distributed throughout the body and enters
the circulation and partly dissociates to HS�. It is distributed to
the brain, liver, kidney, small intestine, and pancreas.
Hydrogen sulfide is metabolized through three pathways:
methylation, oxidation, and reactions with metalloproteins or
disulfide-containing proteins, and sulfate metabolites are
excreted in the urine. In the bloodstream, the gas is converted
to alkali sulfide and the hydrosulfide radical is excreted by the
lungs and in urine. Part of the sulfide is also oxidized to thio-
sulfate and sulfate.
Mechanism of Toxicity

Toxicity of hydrogen sulfide is most likely related to inhibition
of metal-containing enzymes such as cytochrome oxidase, the
final enzyme of the mitochondrial respiratory chain, and
carbonic anhydrase. Therefore, hydrogen sulfide affects cellular
energy production and respiration. Mucous membranes and
tissues with a high oxygen demand, like nervous and cardiac
tissues are most susceptible tissues in exposure to hydrogen
sulfide. In addition, sulfide also seems to act on the respiratory
drive through other mechanisms such as suppression of synaptic
activity, inhibition of monoamine oxidase, a direct action on
respiratory centers in the brain, and stimulation of the gluta-
mate receptors in the brain. The hydrosulfide anion also forms
a complex with methemoglobin and creates sulfmethemoglo-
bin. On the other hand, hydrosulfide can be produced endog-
enously, particularly in mammalian cells, through an enzymatic
pathway and in a smaller part via a nonenzymatic pathway.
Among enzymes involved in hydrosulfide production, cys-
tathionine-synthase and cystathionine-lyase have been investi-
gated extensively; both use vitamin B6 as a cofactor.
Captopyruvate sulfurtransferase along with cysteine amino-
transferase are involved in transsulfuration and reverse trans-
sulfuration pathways in different capacities and utilize specific
substrates. Of course, the regulation mechanisms for the
expression and activities of these hydrosulfide-generating
enzymes under physiological or pathophysiological conditions
needs more research. These enzymes are differentially expressed
in neuronal, immune, cardiovascular, renal, gastrointestinal,
reproductive, respiratory, liver, and endocrine systems and affect
the functions of these systems through production of hydro-
sulfide. Meanwhile, different molecular targets, such as different
ion channels and signaling proteins, mediate physiological
functions of hydrogen sulfide. Alternations of hydrosulfide
metabolism lead to an array of pathological disturbances in the
form of hypertension, diabetes, cirrhosis, atherosclerosis, heart
failure, inflammation, sepsis, erectile dysfunction, asthma, and
neurodegenerative disease.
Acute and Short-Term Toxicity (To Include Irritation
and Corrosivity)

Animal

The inhalation LC50 for hydrogen sulfide in mouse is 634 ppm
per hour and inhalation exposure of rats during 4h to this
compound gave an LC50 of 444–501ppm. Acute effects of
hydrogen sulfide in animals included cytotoxic lesions and
edema in the lungs with depression of the activity of cytochrome
oxidase, increase of amino neurotransmitter levels in the respi-
ratory centers in the brainstem, and detectable histological
lesions in nasal epithelium. Hydrogen sulfide leads to irritation
of the eyes in laboratory animals (after a few hours exposure to
100–300 ppm), and effects on the mucous membranes of the
throat and nasal cavity are also reported in laboratory animals.
No data on skin irritation and sensitization are available.
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Human

The targets of acute toxicity of hydrogen sulfide in humans are
the nervous system and the lung. Temporary unconsciousness
and severe effects on the respiratory system with or without
neurological changes are the main symptoms. ‘Gas eye’ is
a superficial inflammation of the cornea and conjunctiva
from the irritant effect of hydrogen sulfide. The hydrogen
sulfide is irritating to the respiratory tract, resulting in rhinitis,
pharyngitis, laryngitis, bronchitis, and pneumonia. No infor-
mation on skin irritation and sensitization is available for acute
toxicity with hydrogen sulfide in humans. In addition,
hydrogen sulfide toxicity is one of the most unusual and reli-
able toxidromes in medical toxicology, include ‘knockdown’
(acute central neurotoxicity), pulmonary edema, conjunctivitis,
and odor perception followed by olfactory paralysis. These
symptoms always occur singly or in combination regardless of
the susceptibility or characteristics of the victim. Secondary
symptoms and signs of hydrogen sulfide toxicity include
headache and short-term cognitive changes (such as short-term
memory loss), seizure disorders, and gastrointestinal symp-
toms. Of course, the prevalence and profile of these secondary
effects is much weaker than that of the reported cardinal effects.
Chronic Toxicity

Animal

Inhalation exposure to hydrogen sulfide at 0, 10, 30, and 80 ppm
(6 h day�1) for 70 consecutive days in the rat has been reported
to cause bilaterally, symmetrical olfactory neuronal loss and
basal cell hyperplasia in the mucosa lining the dorsal medial
meatus, the nasal septum, dorsal wall of the nasal cavity, and
margins of the ethmoturbinates. No effects were found after
exposure to 10ppm but these findings increased with concen-
tration (50% effect at 30ppm and 70% effect at 80ppm). Based
on available animal evidence, injury to the cerebral cortex,
cerebellum, and possibly the brainstem and spinal cord might
occur at concentrations approaching those of humans.
Human

Epidemiological studies of humans who have been exposed to
hydrogen sulfide for a long time showed eye irritation, hazy
sight and photophobia (at concentrations from 1–5 mg m�3),
lung function impairment, effects on enzyme levels in reticu-
locytes, and erythrocyte protoporphyrin concentration (at
concentrations between 0.07 and 7.2 mg m�3 as 8-h TWA).
Chronic effects of higher sublethal exposure of hydrogen
sulfide may be neurotoxicity and peripheral neuropathy. Short-
term exposure to high concentrations of hydrogen sulfide may
equate to longer term exposure to lower concentrations that is
particularly misleading because toxicity for this agent is mostly
driven by concentration.
Reproductive Toxicity

Based on moderate evidence, hydrogen sulfide has a low
developmental and reproductive toxicity, although there are no
published reports of teratogenesis attributable to hydrogen
sulfide exposure.
Genotoxicity

Hydrogen sulfide exposure was associated with an increased
risk of chromosome aberrations in chemical workers but other
factors may be involved in these multiply exposed cohort
populations. No studies were located regarding genotoxicity in
humans with hydrogen sulfide and no mutagenicity was
observed with this compound in Ames assays.
Carcinogenicity

The International Agency for Research on Cancer (IARC) has
evaluated that there is no support for a carcinogenic effect of
hydrogen sulfide.
Clinical Management

Clinical management is symptomatic and supportive.
Removal from inhalational exposure is the first step. Airway
management is recommended in patients with mental status
depression or respiratory distress. Irrigate eyes if there is
evidence of irritation and wash skin if there is evidence of
irritation. Consider the administration of sodium nitrite for
patients with severe poisoning who are already receiving good
supportive care.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Marine Organisms Toxicity
Hydrogen sulfide is toxic for aquatic organisms. It is very highly
toxic for crustaceans, fish, and zooplankton and also slightly
toxic for nematodes and flatworms.
Exposure Standards and Guidelines

Based on OSHA standards, permissible exposure limit: Table Z-
2 Acceptable Ceiling Concentration: 20ppm. Threshold Limit
Values: 8-h Time Weighted Average (TWA): 10ppm; 15min
Short-Term Exposure Limit: 15ppm. Based on NIOSH recom-
mendations, Recommended Exposure Limit: 10min Ceiling
Value: 10ppm (15mgm�3); Immediately Dangerous to Life or
Health: 100ppm; Emergency Response Planning Guidelines
(ERPG): ERPG(1) 0.1ppm (no more than mild, transient
effects), ERPG(2) 30ppm (without serious, adverse effects), and
ERPG(3) 100ppm (not life threatening) for up to 1h exposure.
Miscellaneous

Hydrogen sulfide is also used in the separation of deuterium
oxide (known as heavy water) from normal water, by a process
called the Girdler Sulfide process.
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See also: Volatile Organic Compounds; Occupational Toxicology;
Cyanide; Cyanogen Chloride; Mitochondrial Toxicity.
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l Chemical Abstracts Service Registry Number: 10034-85-2
l Synonyms: Hydrogen iodide, Hydriodic acid, Iodane
l Chemical/Pharmaceutical/Other Class: Inorganic acid;

Corrosive
l Molecular Formula: HI
Background (Significance/History)

‘Iodine’ is derived from iodes, a Greek word meaning violet. It is
a member of the halide family and hydrogen iodide is
considered a strong acid.
Uses

Hydroiodic acid was formerly used as an expectorant in
chronic bronchitis and bronchial asthma. It is used in the
manufacture of disinfectants and for analytical purposes
(e.g., as a chemical intermediate for inorganic iodides and
organic synthesis). It is also used as a reducing agent for
ephedrine or pseudoephedrine in the illicit production of
methamphetamine.
Environmental Fate and Behavior

Exposure

Exposure may occur via ingestion, dermal or ocular contact, or
inhalation.
Mechanism of Toxicity

Hydroiodic acid is a strong irritant. When used as an expecto-
rant, hydroiodic acid is believed to act by irritating the gastric
mucosa, which then stimulates respiratory tract secretion.
Acute and Short-Term Toxicity (Animal/Human)

Animal

One rat skin study compared the relative toxicity of
hydrogen iodide, hydrogen bromide, and hydrogen chloride.
Hydrogen bromide caused the most severe burns followed
by hydrogen iodide in the rats. No data are available on
animal studies examining effects of inhalation or ingestion.

Human

Inhalation of hydrogen iodide can cause irritation of the upper
respiratory tract. A concentration of 35 ppm has been shown to
cause irritation in the throat after short exposure. More severe
exposures may result in pulmonary edema and laryngeal
spasms.
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Like other acids, oral ingestion may produce oral and
esophageal burns with more severe burns occurring in the
stomach. Initial signs and symptomsmay not reliably predict the
extent of injury to the gastrointestinal tract. Tachycardia, hypo-
tension, and circulatory collapse may occur as a result of the
ingestion of concentrated corrosive iodine solutions. Severe
burns may occur from dermal exposure. Burns have been asso-
ciated with symptomatic hypocalcemia and myoglobinuria
without rhabdomyolysis. Systemic toxicity could result in acute
hepatic injury.
Chronic Toxicity (Animal/Human)

Human

Repeated exposures to fumes may cause erosion of the
teeth. Chronic exposure may result in the development of
bronchitis. The effect of chronic exposure on the
immune system and reproduction is unknown and there is
no definitive evidence documenting genotoxicity or
carcinogenicity.
Clinical Management

In the case of inhalation exposure, the victim should be
moved to fresh air. Trained personnel may administer oxygen
and monitor the patient for signs of respiratory distress.
Contaminated clothing and shoes should be removed and
isolated. The efficacy of corticosteroids to prevent pulmonary
fibrosis following inhalation exposure has not been deter-
mined. In the case of skin or eye contact, they should be
flushed with running water for at least 15 min. Contact lenses
should not be worn when working with this chemical. In the
case of accidental ingestion, vomiting should not be induced.
Bicarbonate should not be given to neutralize the acid.
About 4–8 oz (i.e., 118–237 ml) of water or milk should be
given to adults (2–4 oz (i.e., 59–118 ml) to children) for
dilution if the patient is able to swallow without difficulty and
there is no airway compromise. For significant dermal expo-
sure with burns, the creatine kinase level should be checked to
evaluate for rhabdomyolysis (as myoglobin may not be
a reliable test); calcium levels should be assessed, and
supplemental calcium should be administered for cases of
hypocalcemia.
Exposure Standards and Guidelines

Because many chemicals lack Emergency Response Planning
Guidelines, the Temporary Emergency Exposure Limits
(TEELs) were developed to produce temporary guidance for
chemicals of interest. Hydroiodic acid has the following
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TEELs: TEEL-0¼ 35 ppb; TEEL-1¼ 100 ppb; TEEL-2¼ 500 ppb;
and TEEL-3¼ 5000 ppb. (TEEL-i, i¼ 0–3).

See also: Chemical Interactions; World Health Organization/
International Programme on Chemical Safety (WHO/IPCS).

Further Reading

Lionelli, G.T., Pickus, E.J., Bray, J.G., Lawrence Jr., W.T., Korentager, R.A., 2001.
Myoglobinuria and hypocalcemia after a superficial hydriodic acid burn. J. Burn
Care Rehab. 22 (5), 341–345.
Relevant Website

http://www.doeal.gov/SWEIS/DOEDocuments/061%20ERPGs%20and%20TEELs%
20.pdf

http://www.doeal.gov/SWEIS/DOEDocuments/061%20ERPGs%20and%20TEELs%20.pdf
http://www.doeal.gov/SWEIS/DOEDocuments/061%20ERPGs%20and%20TEELs%20.pdf
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l Name: tert-Butyl hydroperoxide
l Chemical Abstracts Service Registry Number: 75-91-2
l Synonyms: 2-Hydroperoxy-2-methylpropane; 1,1-Dimethy-

lethyl hydroperoxide; BHP; TBHP
l Chemical/Pharmaceutical/Other Class: Peroxides
l Molecular Formula: C4H10O2

l Chemical Structure:
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Background Information

tert-Butyl hydroperoxide (TBHP) is an organic peroxide widely
used in a variety of oxidation processes.
Uses

TBHP is an intermediate in the production of propylene
oxide and t-butyl alcohol from isobutane and propylene. It is
primarily used as an initiator and finishing catalyst in the
solution and emulsion polymerization methods for poly-
styrene and polyacrylates. Other uses are for the polymeriza-
tion of vinyl chloride and vinyl acetate and as an oxidation
and sulfonation catalyst in bleaching and deodorizing oper-
ations. It is a strong oxidant and reacts violently with
combustible and reducing materials, and metallic and sulfur
compounds.
Environmental Fate and Behavior

TBHP may be released to the environment through various
waste streams. Chemical degradation is expected to be the
dominant fate process in water because of reaction with organic
matter, and, therefore, it is doubtful that unreacted TBHP
would be biologically available. TBHP is expected to have high
mobility in soil. If released to air, TBHP will exist solely as
a vapor in the ambient atmosphere. In aqueous environments,
TBHP is not expected to adsorb to sediment or suspended
solids, and volatilization is expected to be the primary fate
process. The half-lives for this compound in a variety of media
allow for some moderate long-range transport, but not
incredible distances.

An estimated bioconcentration factor (BCF) of 3 was calcu-
lated for TBHP Syracuse Research Corporation (SRC), using an
estimated log Kow of 0.94 and a regression-derived equation.
According to a classification scheme, this BCF suggests the
potential for bioconcentration in aquatic organisms is low.
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Exposure and Exposure Monitoring

Dermal contact and inhalation are primary routes of exposure.
Occupational exposure to TBHP is more likely to occur through
these routes at workplaces where the compound is used.

TBHP’s production and use as a chemical intermediate may
result in its release to the environment through various waste
streams.
Toxicokinetics

TBHP can be absorbed into the body by inhalation, through
the skin, and by ingestion. Following SC and oral exposures,
TBHP is stable in the stomach and intestine and is rapidly
metabolized to 2-methylpropan-2-ol and distributed through-
out the body. Primary excretion is via urine followed by
exhalation. Rapid metabolism renders TBHP not biologically
available.
Mechanism of Toxicity

TBHP accelerates oxidation of glutathione and decreases the
metabolism of sodium hexobarbital in rat livers and is a strong
oxidation agent.
Acute and Short-Term Toxicity (or Exposure)

Animal

TBHP is a strong irritant to eye and skin. The rat oral LD50

is 560mg kg�1, and the rat intraperitoneal LD50 is 87mg kg�1.
It is moderately toxic when ingested. The ability of TBHP to
cause chromosome aberration was evaluated in bone marrow
cells of Sprague–Dawley rats receiving up to 100 ppm inhala-
tion exposure for 6 h day�1 for up to 5 days. None of the
treatments produced chromosomal aberrations or damage in
the bone marrow cells.
Human

TBHP causes eye and skin irritation, and its inhalation causes
lung damage at high concentrations.
Chronic Toxicity (or Exposure)

Animal

A 45 day oral study found treatment-related changes in the form
of tubular nephrosis in male rats receiving up to 30mg kg�1

body weight. In a combined repeated dose and reproduction/
teratogenic study, male and female rats were given up to
30mg kg�1 body weight orally. No effects on male and female
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reproduction were observed. In an oral dosage study, up to
50mg kg�1 body weight was administered to mated female rats
on days 6–15 of gestation. Neither embryotoxic nor teratogenic
effects were found up to the highest dose.
Human

Significant positive correlation has been identified in cell LD90

and mammalian maximum life span in the thymidine incor-
poration assay following stress induced by TBH. TBH has been
known to induce apoptosis in retinal pigment epithelium
through triggering of mitochondrial permeability transition.
Aging has been found to increase susceptibility of the brain to
oxidative damage.
Immunotoxicity

This compound is not known to be immunotoxic.
Reproductive Toxicity

TBHP was tested for the induction of sex-linked recessive lethal
mutations in Drosophila melanogaster, and was positive at
a dose of 2000 ppm when administered to males by feeding.
Female rats exposed to 226mgm�3 for 4 h on day 19 of
gestation showed nonspecific impairment of development in
fetuses in addition to maternal toxicity. Most changes are
marginal and require exposure early in fetal development.
Genotoxicity

TBHP has been demonstrated to be mutagenic in TKþ/� assay
with mammalian cells, and causes chromosomal aberrations
and aneuploidy in vitro. While definitive results are lacking,
DNA adducts have been noted in the liver and stomach
following oral doses above the LD50, indicating likely geno-
toxicity in vivo.
Carcinogenicity

TBHP did produce a mutagenic response in the Ames
(Salmonella) and mouse lymphoma mutagenesis assays.
Tests in animals have been negative but may indicate
that TBHP acts as a tumor promoter, though it is not yet
clarified.
Clinical Management

Respiratory therapy should be administered to exposed indi-
viduals. Contaminated clothing should be removed. Exposed
skin should be washed with soap and water. Exposed eyes
should be flushed with water for at least 15min.
Ecotoxicology

A BCF of 3 has been calculated for TBHP, and this BCF suggests
the potential for bioconcentration in aquatic organisms is low.
Other Hazards

TBHP is highly flammable and can pose risk of explosion
without air and especially when finely misted or allowed to
concentrate via evaporation.
Exposure Standards and Guidelines

Regulatory agencies have not established exposure guidelines
for this substance, as required doses for toxic activity are large.

See also: Glutathione; Oxidative Stress.

Further Reading

Abe, K., Saito, H., July 2009. Characterization of t-butyl hydroperoxide toxicity in
cultured rat cortical neurons and astrocytes. Pharmacol. Toxicol. 83 (1), 40–46.

Behl, M., Kadiiska, M.B., Hejtmancik, M.R., Vasconcelos, D., Chhabra, R.S.,
September 2012. Subacute oral and dermal toxicity of tert-butyl hydroperoxide in
Fischer F344/N rats and B6C3F1 mice. Cutan. Ocul. Toxicol. 31 (3), 204–213.

Bingham, E., Cohrssen, B. (Eds.), 2012. Patty’s Toxicology, sixth ed. Wiley, New York.
Relevant Websites

http://www.inchem.org – International Programme for Chemical Safety (IPCS). tert-
Butyl Hydroperoxide (ICSC 0842) (from IPCS).

http://www.chem.unep.ch – Organisaton for Economic Cooperation and Development
(OECD). t-Butyl Hydroperoxide (OECD Screening Information Data Set).

http://www.inchem.org
http://www.chem.unep.ch
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l Chemical Name: Hydroquinone
l Chemical Abstracts Service Registry Number: 123-31-9
l Synonyms: 1,4-Benzenediol; p-Benzenediol; p-Dihy-

droquinone; l-Hydroquinone; Quinol
l Chemical/Pharmaceutical/Other Class: Hydrocarbon,

Ketone, Reducing agent
l Molecular Formula: C6H6O2
l Chemical Structure:
Background

Hydroquinone (HQ) is produced by the oxidation of aniline or
phenol, by the reduction of quinone, or from a reaction of
acetylene and carbon monoxide. Hydroquinone occurs natu-
rally as a glucose ether, also known as arbutin, in the leaves of
many plants and in fruits, as well as one of the agents used in the
defense mechanism of the bombardier beetle, family Carabidae.
Uses

Hydroquinone has variety of uses, primarily as a result of its
properties as awater-soluble reducing agent. It is used as reducing
agent in most photographic reducer and developer; reagent for
the determination of small quantities of phosphate, dye inter-
mediate; stabilizer in paints and varnishes; motor fuels and oils;
antioxidant for fats and oils, and a polymerization inhibitor. It is
also used therapeutically topically for depigmentation to treat
skin blemishes; for example, hypermelanosis. Hydroquinone
occurs naturally, as a conjugate with b-D-glucopyranoside, in the
leaves, bark, and fruit of a number of plants, and its presencemay
be an important factor in fire-blight resistance in the pear.
Environmental Fate and Behavior

Hydroquinone is a white, odorless, crystalline solid with an
extremely low vapor pressure. It is moderately soluble in water
and highly soluble in alcohol. Hydroquinone occurs in the
environment as a result of anthropogenic processes, as well as in
natural products from plants and animals. In the soil, hydro-
quinone is expected to biodegrade under aerobic conditions. It
may be removed from the soil by oxidation processes or by
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direct photolysis on the surface. Volatilization would be
minimal. In the water, it would degrade under either aerobic or
anaerobic conditions. Hydroquinone can also slowly oxidize to
quinone, which is more volatile. In the air, hydroquinone
undergoes photochemical degradation. It is listed as undergoing
rapid biodegradation in a commercial activated sludge unit
under aerobic conditions. The estimated and experimental
bioconcentration factors for hydroquinone of 40–65 have been
obtained. These data indicate that hydroquinone is not expected
to significantly bioconcentrate in fish and aquatic organisms.
Hydroquinone, also, does not persist in the environment.
Exposure Routes and Pathways

The common exposure routes are dermal by inhalation and by
ingestion. Hydroquinone exposure is also possible among
people developing photographic film. Hydroquinone is not
found naturally in the body. The general population may be
exposed to hydroquinone through consuming plant-derived
foods that contain this chemical as a natural component,
through smoking or through using cosmetics and skin-
lightening cream. Photographers who develop film manually
may be exposed to hydroquinone through skin contact and
inhalation.
Toxicokinetics

Hydroquinone is rapidly and extensively absorbed from the
gastrointestinal (GI) tract and possibly the skin, and appears to
act on the body by first being oxidized to quinone. Hydro-
quinone distributes rapidly and widely among tissues. It is
metabolized to p-benzoquinone and other oxidized products,
and is detoxified by conjugation to monoglucuronide, mono-
sulfate, and mercapturic derivatives. Hydroquinone is excreted
in the urine as either a glucuronide or a sulfate.
Mechanism of Toxicity

Benzene, phenol, and hydroquinone are metabolized in vivo to
benzoquinone and excreted as the mercapturate, N-acetyl-S-
(2,5-dihydroxyphenyl)-L-cysteine. Hydroquinone is a reducing
cosubstrate for peroxidase enzymes, and the resultant semi-
quinone and p-benzoquinone may bind to DNA.
Acute and Short-Term Toxicity (or Exposure)

Animal

Oral LD50 values for rats, mice, guinea pigs, cats, and dogs
range from 70 to 550 g kg�1 of hydroquinone, with the cat
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having the greatest sensitivity. Hyperexcitability, tremors,
convulsions, salivation, and emesis were observed in cats
within 90 min of administration of lethal doses, and death
occurred after several hours.

Experimental exposure of rabbit eyes to high concentrations
of the vapor resulted in conjunctivitis, corneal edema, and
necrosis. Acute neurotoxic effects reported in animals include
activity increase, hyperactive reflexes, hypersensitivity, convul-
sions, and paralysis.
Human

Ingestion of 1 g by an adult may cause tinnitus, nausea, dizzi-
ness, a sense of suffocation, an increased rate of respiration,
vomiting, pallor, muscle twitchings, headache, dyspnea,
cyanosis, delirium, and collapse. The urine is usually green or
brownish green in color and continues to darken on standing.
Markedly elevated methemoglobin levels may occur with
hydroquinone exposure. Increased blood cell fragility, hemo-
lytic icterus, anemia, leukocytosis, reticulocytosis, and hypo-
glycemia may occur with subacute hydroquinone poisoning.
Hydroquinone dust is irritating to eyes, nose, and mucous
membranes, and hydroquinone is classified as a strong eye and
skin irritant, and can cause contact vitiligo (areas of complete
lack of skin color) and exogenous ochronosis (hyperpigmen-
tation of skin). Further, it is a dermal sensitizer. Ingestion of
5–12 g causes hemolysis, renal and hepatic failure, and death.
Chronic Toxicity (or Exposure)

Animal

In a rabbit study, hydroquinone at 150mg kg�1 day�1

produced minimal developmental alterations in the presence
of maternal toxicity. The no-observed-effect level for develop-
mental toxicity was 75 mg kg�1 day�1. In rat studies, maternal
toxic effects from exposure to hydroquinone included changes
in the ovaries, fallopian tubes, and menstrual cycle. Post-
implantation mortality was also observed in rat studies.
Observed paternal toxic effects from exposure to hydroquinone
included changes in the testes, epididymis, sperm duct, pros-
tate, seminal vesicle, Cowper’s gland, accessory glands, and
male fertility index. Further, exposure to hydroquinone
produced skeletal malformations in chickens and ocular and
skeletal malformations in rabbits. Hydroquinone can induce
renal tubule adenomas, bladder carcinomas, hepatocellular
neoplasms, and mononuclear cell leukemia in experimental
animals.
Human

Humans have been reported to be able to ingest 300–500mg
daily for several months without adverse effects. Several
hundred crewmen on a US Navy vessel were reported to have
developed GI symptoms (acute onset of nausea, vomiting,
abdominal cramps, and diarrhea) resulting from hydroqui-
none contamination of the water system from automatic
photo developing systems. Vision disturbances are among
the chronic toxic effects; for example, discoloration, distor-
tion, and opacification of the corneas of workers exposed
long-term to low levels. Workers exposed chronically may
develop a reddish discoloration of the hair, and brown and
orange-brown nail discoloration. Further, workers exposed
chronically to hydroquinone may develop a reddish discol-
oration of the soles and palms. There is inadequate evidence
in humans for the carcinogenicity of hydroquinone, and
hydroquinone is in the International Agency for Research on
Cancer’s Group 3 list (not classifiable as to its carcinogenicity
to humans).
Immunotoxicity

Hydroquinone, a reactive metabolite of benzene, is known to
inhibit mitogen-stimulated activation of B and T lymphocytes.
However, the underlying mechanism for the immunotoxicity
of hydroquinone is unclear.
Reproductive Toxicity

The potential for hydroquinone exposure to cause adverse
reproductive and developmental effects has been investigated
in several animal studies. Reproductive toxicity addresses
adverse effects on the male or female reproductive system from
exposures of either parent before conception, during preg-
nancy, or after birth until puberty. Developmental toxicity
addresses adverse effects on the developing embryo and fetus
before birth. Hydroquinone has not caused adverse reproduc-
tive effects in male or female animals or birth defects in their
offspring when administered orally at dose levels not causing
systemic toxicity in the mother. Based on these findings,
hydroquinone is not expected to cause developmental or
reproductive toxicity in humans under normal conditions of
use. The no-observed adverse effect level (NOAEL) for paren-
teral toxicity was determined to be 15 mg kg�1 per day and for
reproductive effects through two generations was 150 mg kg�1

per day.
Genotoxicity

Hydroquinone was not mutagenic in Salmonella typhimurium
strains with or without exogenous metabolic activation. It
induced trifluorothymidine resistance in mouse L5178Y/TK
lymphoma cells in the presence or absence of metabolic acti-
vation. An equivocal response was obtained in tests for induc-
tion of sex-linked recessive lethal mutations in Drosophila
administered hydroquinone by feeding. Hydroquinone-
induced sister chromatid exchanges in Chinese hamster ovary
cells with or without exogenous metabolic activation
and caused chromosomal aberrations in the presence of
activation.
Carcinogenicity

Hydroquinone was tested for carcinogenicity in two studies in
mice and two studies in rats by oral administration. It was also
tested in rats for promoting activity in assays for bladder,
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stomach, liver, lung, esophagus, and kidney carcinogenesis and
in one study in hamsters for pancreatic carcinogenesis.

In mice, hydroquinone-induced hepatocellular adenomas
in females in one study and males in another study. In rats it
induced renal tubule adenomas in males in two studies.

Hydroquinone had no promoting activity in most assays;
an increase in the multiplicity of esophageal tumors was
observed in one study and the multiplicity of renal cell tumors
in another study. No promoting effect on pancreatic carcino-
genesis was observed in the study in hamsters.

Hydroquinone is not classifiable as to its carcinogenicity to
humans (Group 3).
Clinical Management

Clinical management should be symptomatic and supportive.
Induction of emesis and gastric lavage has been used. Typical
measures are used for hepatic and renal failure. Ocular
contamination is treated with immediate irrigation for
15 min. Dermal contact is decontaminated with soap and
water. Benzodiazepine can be administered to control seizures.
Methylene blue can be used to treat methemoglobinemia.
Nonantidote exists for hydroquinone toxicity.
Ecotoxicology

The ecotoxicological behavior of hydroquinone has to be
related to its physical and chemical properties, which induce
sensitivity to light, pH, and dissolved oxygen. Its ecotoxicity,
which is generally high, varies from species to species.
Hydroquinone is highly toxic to fish and other aquatic
organisms.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value, 8 h time-weighted average
(TWA) is 2.0mgm�3, and this is also the US Occupational
Safety and Health Administration permissible exposure limit,
8 h TWA. Hydroquinone is listed as a US Environmental
Protection Agency (EPA) hazardous air pollutant “generally
known or suspected to cause serious health problems.” The
Clean Air Act, as amended in 1990, directs the EPA to set
standards requiring major sources to sharply reduce routine
emissions of toxic pollutants. Hydroquinone is a US Food and
Drug Administration (FDA) indirect food additive for use only
as a component of adhesives.

See also: Benzene; Phenol; Quinone.

Further Reading

Capes, A., Patterson, S., Wyllie, S., Hallyburton, I., Collie, I.T., McCarroll, A.J.,
Stevens, M.F., Frearson, J.A., Wyatt, P.G., Fairlamb, A.H., Gilbert, I.H., February
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hydroquinone. Ecotoxicol. Environ. Saf. 19, 327–354.

International Agency for Research on Cancer (IARC), 1999. Hydroquinone. IARC
Monographs on the Evaluation of Carcinogenic Risks in Humans 71 (Pt 2)
691–719.

Peng, D., Jiaxing, W., Chunhui, H., Weiyi, P., Xiaomin, W., April 2012. Study on the
cytogenetic changes induced by benzene and hydroquinone in human lymphocytes.
Hum. Exp. Toxicol. 31 (4), 322–335.
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l Chemical Abstracts Service Registry Number: 7803-49-8
l Synonyms: Aminol, Azanol, Hydroxyamine, Hydroxyazane,

Hydroxylazane, Nitrinous acid, Oxammonium
l Chemical/Pharmaceutical/Other Class: Reducing agent
l Molecular Formula: NH2OH
l Chemical Structure:

HO NH2

Background (Significance/History)

Hydroxylamine was first synthesized by Wilhem Clemens
Lossen in 1865 in the laboratory of Wilhelm Heinrich Heintz
while working in Halle. The Lossen synthesis originally gener-
ated hydroxylamine in aqueous solution. Anhydrous hydrox-
ylamine was prepared later by Lobry de Bruyn and Crismer in
1891. The free base is extremely volatile, and industrial-scale
production has been fraught with problems, including large
explosions at facilities in the United States and Japan. Much of
the hydroxylamine produced and transported is in salt form or
as a dilute aqueous solution.
Uses

Hydroxylamine is used as a reducing agent in photography, in
synthetic and analytical chemistry, as an antioxidant for fatty
acids and soaps, and as a dehairing agent for hides. In addition,
hydroxylamine is used in the production of cyclohexanone
oxime, an isomer of caprolactam, which is an intermediate in
the production of nylon-6. In the semiconductor industry,
hydroxylamine can be a component of a solution that dissolves
a photoresist following lithography. Hydroxylamine can also
be used to selectively cleave asparaginyl-glycine peptide bonds.
Environmental Fate and Behavior

The large-scale production and use of hydroxylamine may
result in its release to the environment through various waste
streams. Hydroxylamine will exist solely as a vapor in the
ambient atmosphere, and will be degraded in the atmosphere
by reaction with photochemically produced hydroxyl radicals;
the half-life for this reaction in air is estimated to be 18 h.

Abiotic degradation of hydroxylamine by photochemically
produced peroxy radicals is an important environmental fate
process in surface waters, with the half-life of the reaction
measured at approximately 2 h. An estimated bioconcentration
factor of 3 suggests that the potential for bioconcentration in
aquatic organisms is low. If released terrestrially, hydroxyl-
amine will most likely exist in its protonated form due to its
pKa of 5.94; the protonated form is nonvolatile. Koc estimates
982 Encyclopedia of T
of 14 for hydroxylamine suggest that it may have very high
mobility in soil.
Exposure and Exposure Monitoring

Routes of exposure include dermal contact, inhalation, and
(potentially) ingestion. The most extensive exposure is occu-
pational, with workers exposed through inhalation of dust
particles and dermal contact during production. Exposure also
occurs during loading and unloading of crystallizers and
centrifuges, and in the packaging of finished product. Detection
andmonitoring can be performed via gas chromatography with
electron detection, as well as pulse polarography.
Toxicokinetics

Toxicokinetic studies have been centered on hydroxylamine’s
effects on red blood cells, particularly the formation of Heinz
bodies.
Mechanism of Toxicity

Hydroxylamine acts as a reducing agent when absorbed
systemically, producing methemoglobin and the formulation
of Heinz bodies in the blood. It can induce hemolytic anemia.
It inhibits platelet aggregation and is a nitric oxide vasodilator.
Oxylamines such as hydroxylamine and methoxylamine
disturb DNA replication and act as potent mutagens, causing
nucleotide transition from one purine to another or one
pyrimidine to another.

Allergic reactions of the skin following dermal exposure to
hydroxylamine resemble contact eczema, or possibly urticaria
of Quincke’s edema. The pathogenesis of this reaction appears
to be mediated by a delayed type T-lymphocyte reaction.
Acute and Short-Term Toxicity (or Exposure)

Animal

Hydroxylamine is a positive dermal sensitizer in guinea pigs
and mice. The intraperitoneal LD50 is 60mg kg�1 in mice and
59mg kg�1 in rats. The oral LD50 in mice is 408mg kg�1.
Hydroxylamine is also known to cause oxidative anemia.

Human

Hydroxylamine interacts with hemoglobin, reducing its oxygen
binding capabilities by formation of methemoglobin, and
signs of oxygen deprivation (anoxia) may present. Systemic
absorption may also cause cyanosis, convulsions, hypotension,
and coma. It is a marked irritant (also reported to be corrosive)
to eyes, skin, and mucous membranes. Chemical burns of the
mucous membranes and oral cavity may result from exposure,
as well as to the gastrointestinal tract following ingestion.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00856-3
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Hydroxylamine also can relax smooth muscle in blood
vessels, leading to hypotension, increased heart rate, and
cardiovascular collapse. Its ability to interact with hemoglobin
can destroy blood cells as a result of systemic release. Some
studies suggest that nonlethal mutagenic effects may occur after
a single systemic exposure to hydroxylamine. Workers exposed
to hydroxylamine are very prone to hypertensive collapse on
ingestion of alcohol.

Pulmonary exposuremay lead to reactive airways dysfunction
syndrome – a nonallergenic condition that presents with asthma-
like symptoms within minutes or hours of a documented expo-
sure in individuals with no previous respiratory disease.
Chronic Toxicity (or Exposure)

Animal

Hydroxylamine is reported to be a teratogen in rabbits but not
in rats.
Human

Long-term exposures at lower levels can induce hemolytic
anemia. It is a dermal and pulmonary sensitizer. Chronic expo-
sure to high dust concentrations may lead to pneumoconiosis.
Immunotoxicity

Hydroxylamine is a potent dermal sensitizer.
Reproductive Toxicity

Limited evidence for reproductive toxicity has been shown.
Pregnant rabbits exposed to subcutaneous and intravenous
hydroxylamine hydrochloride as well as rabbit embryos injec-
ted in situ with hydroxylamine all displayed embryonic effects
following hydroxylamine exposure. The effects of such expo-
sures were resorption as well as craniofacial and limb
abnormalities.
Genotoxicity

Mutagenic effects have been shown in multiple studies.
Hydroxylamine can directly damage cellular DNA, and can
facilitate base-pair transformations. Experiments with human
leukocyte cells have shown multiple routes of hematotoxicity.
Hydroxylamine is an in vitro mutagen in most assays, at levels
as low as 10–20mmol l�1. Industrially used hydroxylamines
were studied in human blood cells in vitro in which the parent
compound hydroxylamine and theO-ethyl derivative gave very
similar results – both compounds induced a high amount of
methemoglobin formation and glutathione depletion. Cyto-
toxicity was visible as Heinz body formation and hemolysis.
Clinical Management

In case of eye contact, immediately remove any contact lenses
and flush with water for 15min. Dermal contact should be
followed by flushing with large amounts of water, removing all
contaminated clothing. Treatment consists of administration of
methylene blue (1% solution), 0.1ml kg�1 intravenously over
a 10min period. Remove patient from area if inhaled. Oxygen
delivery may be required if symptoms of oxygen depletion are
present; hypotension should be treated via Trendlenburg’s
position and intravenous fluids, possibly with dopamine if
necessary. Treat exposure symptomatically.
Ecotoxicology

Hydroxylamine is an intermediate in nitrification processes,
and its buildup in the environment is expected to be low.
Exposure Standards and Guidelines

No occupational exposure limits have been established. No
threshold limit value has been established.
See also: Cycloheximide.

Further Reading

Derelanko, M., Gad, S.C., Gavigan, F.A., Babich, P.C., Rinehart, W.E., 1987. Toxicity
of hydroxylamine sulfate following dermal exposure: variability with exposure
method and species. Fundam. Appl. Toxicol. 8 (4), 583–594.

DeSesso, J.M., Goeringer, G.C., 1990. Developmental toxicity of hydroxylamine: an
example of a maternally mediated effect. Toxicol. Ind. Health vol. 6 (1), 109–112.

Gharahbaghian, L., Massoudian, B., DiMassa, G., 2009. Methemoglobinemia and
sulfhemoglobinemia in two pediatric patients after ingestion of hydroxylamine
sulfate. West. J. Emerg. Med. 10 (3), 197–201.

Gross, P., 1985. Biologic activity of hydroxylamine: a review. Crit. Rev. Toxicol. 14 (1),
87–99.
Relevant Websites

http://www.scripps.edu – Evelo CTA, et al. (1998) Two mechanisms for toxic effects of
hydroxylamines in human erythrocytes. Blood Cells, Molecules and Diseases.
Issue 13.

http://www.inchem.org – Hydroxylamine (International Chemical Safety Cards - 0661)
(October 1995).

http://toxnet.nlm.nih.gov – Toxicology Data Network. Search for “hydroxylamine”.
http://www.epa.gov – US Environmental Protection Agency; search for

“hydroxylamine”.
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Exposure Routes and Pathways

Hymenoptera envenomation results from the subcutaneous
injection of venom through a stinging apparatus.
Mechanism of Toxicity

The constituents of Hymenoptera venom differ among bees,
wasps, and ants. As an example, honeybee venom includes
melittin, phospholipase A, hyaluronidase, and various other
agents that are immunogenic. Local skin reactions occur as
a result of endogenous inflammatory response to the injected
foreign proteins and enzymes. Some ants inflict a bite with
their mandibles and can spray a mixture of formic acid and
alkaloids onto the skin, causing pain and inflammation. Other
ants can inflict painful, multiple stings through a stinger on the
abdomen. These stings can result in significant localized
inflammatory reactions.

The more clinically significant effects result from IgE-
mediated acute hypersensitivity reactions and systemic toxicity
resulting from massive numbers of stings. Following large
numbers of stings, the injected venom may cause the release of
vasoactive substances, which can lead to hypotension and
shock. Acute hypersensitivity reactionsmay also occur as a result
of antibody production from a previous sensitization (previous
sting). The resulting IgE-mediated reaction triggers the release of
such vasoactive substances as histamine and leukotrienes.

The primary constituent in fire ant venom is a piperidine
alkaloid with cytotoxic and hemolytic properties. A smaller
aqueous component may be responsible for causing allergic
reactions.
Acute and Short-Term Toxicity (or Exposure)

Human

Clinical manifestations following an envenomation can be
classified into three groups. The first, and most common,
reaction is a mild local tissue reaction characterized by minor
swelling, redness, itching, and pain at the site of the bite or
sting. These reactions occur following a single or small number
of envenomations. The second reaction involves a systemic
reaction resulting from multiple envenomations (typically
requiring more than 50–100 stings). Symptoms may include
nausea, vomiting, headache, and loss of consciousness. Renal
failure and seizures are rare, but have been documented. Lastly,
allergic reactions may develop as a result of an individual’s
prior sensitization to the venom. This may range from a simple
urticarial reaction to anaphylaxis. The latter is characterized by
laryngeal edema, bronchospasm, difficulty in breathing,
wheezing, hypotension, cardiovascular collapse, and death.
Anaphylactic reactions may occur within 15–30 min following
an envenomation. Additionally, infectious complications may
result from any bite or sting.
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Africanized honeybees were introduced into South
America from Africa in order to produce a hybrid species with
local honeybees. It was hoped that the hybrid honeybee
would be both less aggressive and more productive. Unfor-
tunately, the hybrid bee retained the aggressive nature of
the Africanized species and began spreading north. Ulti-
mately, Africanized honeybees spread into the United States
in 1990. Africanized honeybees now are found in parts of the
southern United States from California to Florida. The venom
components of Africanized honeybees are not more toxic
than domestic honeybees. However, their aggressive ‘hive
protection’ nature often results in massive numbers of stings
leading to systemic toxicity from the large amounts of venom
injected and the resulting trauma. Symptoms can range from
syncopal episodes and headache to less commonly rhabdo-
myolysis and acute renal failure.

Imported fire ants, Solenopsis invicta and Solenopsis richteri,
were introduced in the United States in the 1930s. Since then,
they have spread throughout the southern United States and
have become a significant problem to agriculture. Because they
aggressively defend their nests, it is possible for a victim who
inadvertently stumbles upon one to receive large numbers of
stings as each ant grasps the skin and injects venom through its
stinger at the end of its abdomen. Typically, local reactions
result in a burning, painful pustule. These pustules can become
indurated and necrotic. Similar to Africanized honeybees,
massive numbers of stings have produced systemic effects such
as hypotension, heart failure, cerebral edema, rhabdomyolysis,
and myoglobinuric renal failure.
Chronic Toxicity or Exposure

Animal

Bees have been used therapeutically in some animal pop-
ulations for treatment of a variety of disorders. A recent study
examined the effects of bee stings on sows with hypogalactia
syndrome postpartum. Complications expected from this type
of therapy are primarily local effects as well as systemic
hemorrhagic effects.
Human

One small epidemiologic study linked arthritis of the hands
with exposure to bee stings in patients occupationally exposed
to bee venom (beekeepers).
Clinical Management

Basic and advanced clinical life support may be required for
those individuals exhibiting anaphylactic reactions following
a sting. As opposed to wasps, honeybees possess barbed
stingers that remain imbedded in the skin along with the
venom sac. Following a bee sting, the stinger should be
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00737-5

http://dx.doi.org/10.1016/B978-0-12-386454-3.00737-5


Hymenoptera 985
removed using a stiff card (e.g., credit card) scraped across the
skin at an angle. However, at least one study showed no
difference in wheal size regardless of method of removal of the
stinger. Instead wheal size was related to the time the stinger
was embedded in the skin. This suggests that the removal
method may be less important than removing the stinger as
quickly as possible.

Nonallergic, local reactions following small numbers of
stings can generally be managed outside of the hospital setting.
Home remedies such as the application of meat tenderizer or
baking soda to the sting site have no effect in decreasing
severity or resolution of the symptoms of envenomation. Best
results are obtained by washing the site well with soap and
water, and applying a disinfectant such as iodine, alcohol, or
3% hydrogen peroxide at the sting site, along with the brief
application of a cold compress to decrease swelling and pain.
Antihistamines such as diphenhydramine may help relieve
itching and swelling. Stings to the oral mucosa have occurred
during the process of accidentally swallowing a bee or wasp.
Swelling of the oropharynx may occur and impair breathing.
These cases represent a medical emergency and should be
managed in a health care facility. Patients with large numbers
of stings, those with a history of anaphylaxis, and those
exhibiting an allergic reaction to a sting should be transported
to an emergency department by emergency response personnel.
Patients with multiple stings require general supportive care
and observation. Urticarial reactions may be managed with
antihistamines with or without subcutaneous epinephrine
depending on the severity of the reaction. Anaphylaxis must be
treated promptly and aggressively. Intravenous fluids should be
started immediately. Respiratory status should be evaluated
and an airway established with supplemental oxygen, if
necessary. Subcutaneous epinephrine 1:1000 should be
administered immediately. Intravenous diphenhydramine and
corticosteroids may also be used. A vasopressor is occasionally
required in addition to intravenous fluids to manage hypo-
tension if the reaction is severe.
See also: Diphenhydramine; Immune System.

Further Reading
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Med. 31 (3), 632 e1-3.

Jerrard, D.A., 1996. ED management of insect stings. Am. J. Emerg. Med. 14,
429–433.

Koya, S., Crenshaw, D., Aganwal, A., 2007. Rhabdomyolysis and acute renal failure
after fire ant bites. J. Gen. Intern. Med. 22 (1), 145–147.

Reisman, R.E., 1994. Venom hypersensitivity. J. Allergy Clin. Immunol. 94, 651–658.
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Relevant Websites

http://emedicine.medscape.com/article/768764-treatment – Hymenoptera Stings –

treatment and management from the Medscape eMedicine section.
http://bugguide.net/node/view/59 – Identification, images and information regarding

the order Hymenoptera (ants, bees, wasps and sawflies).
http://onlinelibrary.wiley.com/doi/10.1111/jpc.12178/full – Insect allergy in children by

John W. Tan and Dianne E. Campbell.
http://osuc.osu.edu/index.html – The Ohio State University C.A. Triplehorn insect

collection.
http://tolweb.org/Hymenoptera – The Tree of Life web project – Hymenoptera.
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Introduction

In general terms, the purpose of the immune system is to provide
protection for the individual against disease, whether infectious,
parasitic, or tumorigenic. In doing so, the body must recognize
what is self from what is foreign (e.g., nonself). In most situa-
tions, the immune system acts appropriately. However, there are
times when the immune system acts in an exaggerated manner
leading to tissue damage. This is referred to as hypersensitivity.
In the classic Coombs and Gell classification system, there
are four types of hypersensitivity reactions. The first three (types
1–3) are mediated by antibody (e.g., IgG, IgE). The fourth type
(type 4) is mediated by antigen-specific T cells and is also known
broadly as delayed-type hypersensitivity (DTH). It is delayed
because the reaction appears hours to days after antigen crosses
into the skin. Although often thought of as adverse effects
(probably due to the association with contact hypersensitivity),
DTH responses are probably important in natural host defense
from intracellular infectious organisms, such as mycobacteria,
listeria, candida, and certain viruses. DTH reactions are also
associatedwith certain diseases, such asWegener granulomatosis
and sarcoidosis. The prototypical DTH response is the tuberculin
reaction, although the more commonly recognized is cutaneous
(contact) hypersensitivity mediated by small molecular weight
chemicals. Some DTH responses are also considered to be
allergic responses; specifically, chemical allergy that may lead to
the development of allergic contact dermatitis.
Contact Hypersensitivity (Allergic Contact Dermatitis)

Of the various DTH responses, contact hypersensitivity possibly
affects the greatest number of individuals. It is a common
occupational health problem in a variety of industrial settings
and it can occur following chemical exposures in the home and
in the environment. One of the most recognized contact
hypersensitivity reactions affecting many people is the response
to cutaneous exposure to poison ivy (pentadecacatechol).
Contact hypersensitivity reactions are initiated by topical
exposure to the skin (often by a small molecular weight chem-
ical), and the subsequent response is primarily epidermal.

Contact (or chemical) hypersensitivity reactions develop in
two phases: induction and elicitation (Figure 1). Induction is the
development of the initial sensitization. In this phase, the
chemical penetrates the epidermis. Chemicals are haptens
because they are, by themselves, unable to elicit an immune
response. They must associate with proteins in the skin to stim-
ulate a specific immune response. The hapten–protein complex is
then processed by antigen-presenting cells in the skin, trans-
ported, and presented to T cells in the draining lymphnodes. This
interaction leads to a proliferative response and the development
of memory T cells that distribute systemically within the body.

Elicitation is the clinical response to subsequent challenge
with the antigen or hapten. Penetration into the skin leads to
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encounters with antigen-specific memory T cells. These
cells release cytokines, such as interferon g (IFNg) and inter-
leukin 17 (IL-17), which recruit other cells to the site and
stimulate the production of chemoattractants and proin-
flammatory cytokines (e.g., IL-8, IL-1, tumor necrosis factor
a (TNFa), IL-6) from multiple cell types, including T cells and
keratinocytes. The resulting effect is an infiltration of inflam-
matory cells into the tissue and a localized increase in vascular
permeability leading to the development of erythema and
edema, and/or the appearance of cutaneous vesicles or papules.
Although this is typically thought of as a local effect, it may be
systemic as well.

In summary, chemical sensitization is dependent on intact
immunological function and the integrity of T lymphocyte
responses. It is also dependent on the ability of the hapten–
protein complex to stimulate (in a susceptible individual) an
immune response of sufficient vigor and of the right quality such
that when that individual is exposed to the inducing chemical for
the second time (by an appropriate route) they mount a more
accelerated and more aggressive inflammatory response.
Tuberculin-Type Hypersensitivity

In contrast with contact hypersensitivity, tuberculin-type
hypersensitivity reactions are primarily dermal and result
from intradermal injections into the skin. In people who have
had tuberculosis or have been exposed to the bacterium
through infection or bacille Calmette-Guérin (BCG) immu-
nization, a cell-mediated immune response to the bacterium
develops. When small amounts of tuberculin (a complex
mixture of antigenic material derived from Mycobacterium
tuberculosis) are subsequently injected into the skin, a local-
ized T cell-dependent inflammatory response develops in the
dermis. Within 24–72 h of injection, individuals with prior
exposure to the bacterium display a raised, red, indurated area
on the skin at the injection site. The lack of a response suggests
no prior exposure to the bacterium.
Jones–Mote Hypersensitivity

Jones–Mote hypersensitivity can be elicited to essentially any
protein if that protein is mixed with an adjuvant and injected
into the skin. Although the time course is somewhat similar to
that of the tuberculin reaction, the primary cell types involved
in Jones–Mote reactions are basophils and CD4þ T cells. The
presence of the former has led to the description of this reaction
as cutaneous basophil hypersensitivity, although there is some
disagreement in the literature regarding the relative contribu-
tion of basophils to this response. Notably, tolerance can be
demonstrated with the Jones–Mote reaction. If the protein is
injected intravenously prior to cutaneous injection of the
protein adjuvant, no reaction is observed.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00032-4
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Figure 1 Development of chemical-induced (contact) hypersensitivity. (a) Following dermal exposure, the chemical (hapten) penetrates the epidermis and
complexes with proteins in the skin. (b) The hapten–protein complex is recognized and processed by antigen-presenting cells (APC; Langerhan cells) in the
skin. The APCs then begin to migrate to the draining lymph nodes. (c) Upon entering the draining lymph nodes, the APCs interact with T cells, causing their
subsequent activation and proliferation. These antigen-specific T cells develop into memory T cells, which then distribute systemically in the body. (d) Upon
subsequent exposure to the chemical, APCs in the skin again recognize, process, and present the hapten–protein complex on their surface. (e) Some of
these APCs interact with resident, antigen-specific, memory T cells. Activated memory T cells release cytokines causing the release of other proinflammatory
mediators and chemoattractants from other cell types in the skin, and the beginning the migration of additional memory T cells and proinflammatory cells
from the circulation. (f) Memory T cells and inflammatory cells continue to migrate to the epidermis, resulting in erythema and edema at the site of chemical
exposure. Adapted from Burns-Naas, L.A., Meade, B.J., Munson, A., 2001. Toxic responses of the immune system. In: Klaassen, C.D., (ed.) Casarett &
Doull’s Toxicology: The Basic Science of Poisons, sixth ed. Academic Press, New York, pp. 419–470; with permission; and Janeway, C.A., Travers, P.,
Walport, M., Shlomchik, M., 2001. Allergy and hypersensitivity. In: Immunobiology – The Immune System in Health and Disease, fifth ed. Garland
Publishing, New York, pp. 471–500; with permission.
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Diseases/Conditions Associated with Delayed
Hypersensitivity Reactions

The inflammation associated with chronic elicitation of
Jones–Mote responses can develop into a granulomatous
reaction. Some graft versus host reactions, such as those
related to transfusions, have histologic presentations of cell-
mediated immune responses similar in nature to a DTH
response. Additionally, some autoimmune and granuloma-
tous diseases seem to be similar to DTH response. These
include, but are not limited to, Wegener granulomatosis,
Hashimoto thyroiditis, Guillain–Barré syndrome, sarcoidosis,
and Crohn disease.
Methods to Assess DTH

There are several acceptable ways to evaluate DTH responses in
nonclinical species. Of these, the most common are the guinea
pig assays used to assess contact sensitization. Both the
Magnusson and Kligman model (guinea pig maximization
test) and the Buehler model measure the elicitation phase of
the hypersensitivity response, although the tests vary in their
methods of chemical application and utilization of adjuvants.
Most recently, the local lymph node assay (LLNA) has been
accepted as a stand-alone test for chemical hypersensitivity.
This assay is conducted in mice and measures the induction
phase of sensitization. In humans, the most common methods
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to assess delayed hypersensitivity are the patch test (contact
sensitivity; for diagnostic purposes) and the human repeat
insult patch test (contact sensitivity; for predictive purposes).
Additionally, intradermal injection of an antigen is used to
determine if individuals have developed active immunity
(e.g., memory T cells) to infectious agents, such as M. tubercu-
losis (e.g., tuberculin skin test). For granulomatous diseases, the
methods of assessment are dependent on the disease in
question.

See also: Immune System; Skin; Toxicity Testing, Sensitization.
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l Preferred Name: Sulfonylureas and meglitinides (glinides)
First-generation sulfonylureas – Acetohexamide, Dylmelor�

(Chemical Abstracts Service Registry Number (CAS): 968-
81-0); Chlorpropamide, Diabenese� (CAS: 94-20-2),
Orinase� (CAS: 64-77-7); Tolazamide, Tolynase� (CAS:
1156-19-0); Tolbutamide
Second-generation sulfonylureas – Glipizide, Glucotrol�

(CAS: 29094-61-9); Glyburide (glibenclamide), Diabeta�

(CAS 102.38-2.1-8); glimepiride, Amaryl�

Meglitinides – Repaglinide, Novonorm� or Prandin�;
Nateglinide, Starlix�

l Pharmaceutical Class: All sulfonylureas are arylsulfonylur-
eas, with substitutions on the benzene and the urea groups
producing the different drugs. Repaglinide is a non-
sulfonylurea oral hypoglycemic. Nateglinide is an amino
acid derivative oral hypoglycemic agent.

l Representative Chemical Structures:
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Other oral hypoglycemic agents – meglitinides (glinides) – nateglinide

Background (Significance/History)

The sulfonylureas were discovered during investigation of the
sulfonamide antibiotics, when it was found that sulfonylurea
caused hypoglycemia. First-generation sulfonylureas include
such drugs as carbutamide (the first oral sulfonylurea),
acetohexamide, chlorpropamide, and tolbutamide. Second-
generation sulfonylureas are derivatives of the first-generation
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
sulfonylureas with additional substitution on the p-substituent
of the phenyl ring.
Uses

Sulfonylureas and glinides are used in the treatment of
(Type II) non-insulin-dependent diabetes mellitus.
Environmental Fate

There is limited information currently available on breakdown
in soil, groundwater, or surface water. In one study involving
pharmaceutical agents and removal during wastewater treat-
ment plant processing, second-generation sulfonylureas were
found to adsorb to sludge and to be discharged from the
treatment plant. Very little of the sulfonylureas were removed
during treatment processes.
Physicochemical Properties

Representative Chemicals

First-generation sulfonylureas – glyburide

Glyburide exists as a solid and has a melting point of
169 �C. It has minimal solubility in water (4 mg l�1 at 27 �C).
Log P for glyburide is 4.7 and log S is �5.09.

Second-generation sulfonylureas – tolbutamide

Tolbutamide exists as a solid and has a melting point of
128.5 �C. Tolbutamide is only somewhat more soluble than
first-generation sulfonylureas in water at 109 mg l�1 (37 �C).
Log P is 2.34 and log S is �3.39 and the pKa is 5.16.

Other oral hypoglycemics (meglitinides) – nateglinide

Nateglinide is practically insoluble in water. Log P is 2.4 and
log S is �4.6.
Exposure Pathways

All sulfonylureas are available as tablets only, with the excep-
tion of tolbutamide, which is available as tablets and a sterile
solution for injection. The meglitinides are available as tablets
only.

Sulfonylureas and other oral hypoglycemic agents are also
found in sewage and wastewater through discharge from
manufacturing processes and through elimination in sewage
and down the drains.
Toxicokinetics

The only significant difference in the sulfonylureas and the
meglitinides (i.e., nateglinide) is in the toxicodynamic
4-3.00738-7 989
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parameters of onset of action and duration of action. Sulfo-
nylureas are readily absorbed from the gastrointestinal tract
with the exception of tolazamide, which is absorbed somewhat
more slowly. The glinides are rapidly absorbed with peak
serum levels in 30–60 min. Peak plasma levels of the sulfo-
nylureas occur within 1 h. However, in overdose, the duration
of effect is a more important factor than onset of action. There
is extensive biotransformation of sulfonylureas and the gli-
nides by the liver. Sulfonylureas with active metabolites are
acetohexamide and chlorpropamide. There are no active
metabolites for repaglinide or nateglinide. The sulfonylureas
and glinides are highly protein bound, from 92 to 99%, except
for acetohexamide, which is 65–90%. Glyburide may accu-
mulate in deep body compartments, allowing for later redis-
tribution after withdrawal of the drug. Sulfonylureas and
nateglinide are cleared primarily in the urine as metabolites.
Repaglinide is cleared primarily via the feces. Glyburide is also
cleared to a significant amount as the parent drug in the feces
via biliary secretion. The half-lives of sulfonylureas are gener-
ally less important clinically than durations of action, which
range from 8 to 72 h. Both nateglinide and repaglinide have
a short duration of action of approximately 4 h.
Mechanism of Toxicity

The sulfonylureas and the meglitinide class of drugs (i.e.,
nateglinide) bind to the sulfonylurea receptor on the cell
membrane of the beta cells of the pancreatic islets, which
causes the ATP-sensitive potassium channel to close. The closed
potassium channel increases membrane potential, causing the
voltage-sensitive calcium channel to open. The sudden influx of
calcium begins a cascade of events, including kinase activation,
which results in release of preformed insulin into circulation.
Acute Toxicity

Human

The cascade of symptoms from a sulfonylurea or a meglitinide
overdose will reflect the patient’s hypoglycemic state secondary
to hyperinsulinemia. Initially, the patient may present with
restlessness, diaphoresis, altered mental status, combative
behavior, tremors, confusion, or coma. An infant or small child
may be difficult to feed. Nausea, vomiting, or abdominal pain
may also occur. This will be followed by increasing central
nervous system depression, seizures, and coma if the patient’s
blood glucose continues to fall. Most other effects reflect
persistent hypoglycemia. In small children and poorly nour-
ished patients, the onset of hypoglycemia may be sudden. In
severe cases of persistent and prolonged hypoglycemia, hypo-
tension, tachycardia, and eventually cardiac arrest may occur.
Metabolic acidosis may also occur. In sulfonylurea overdose,
for patients without concomitant intravenous (IV) glucose
supplementation, an 8-h observation period should be suffi-
cient to detect those patients who will become hypoglycemic.
Glucose supplementation via food or IV may delay onset of
hypoglycemia. Those patients that do show evidence of hypo-
glycemia should be monitored for 24 h due to the potential for
prolonged duration of effect. In a glinide overdose, due to their
more rapid onset and shorter duration of action, a 3–4-h
period of observation would be sufficient. A 24-h observation
period is not expected to be necessary for the glinides. A
disulfiram-like reaction may occur with concomitant ethanol
and sulfonylurea use.
Animal

Sulfonylureas are not routinely used in animals. Hypogly-
cemia, lethargy, and seizures can occur.
Chronic Toxicity (or Exposure)

Animal

Rats and mice exposed to chlorpropamide at doses greater than
6000 ppm for 2 years showed no evidence of increased rates of
tumor development.
Human

The primary toxic effects of oral hypoglycemic agents are
related to their effects of decreasing blood sugar with risk of
inadvertent bouts of hypoglycemia. Patients have also reported
gastrointestinal effects (nausea, vomiting, diarrhea), rare
hepatic toxicity, and hypersensitivity reactions.
Genotoxicity

Chlorpropamide was mutagenic in Chinese hamster cells but
negative in Ames salmonella assays.
Reproductive Toxicity

Pregnancies in women with diabetes are associated with
increased risk for spontaneous abortion, congenital malfor-
mations, preeclampsia, preterm labor, macrosomia, and
shoulder dystocia. Sulfonylureas are not the treatment of
choice for the pregnant diabetic patient, where insulin should
be used for glycemic control.
Carcinogenicity

In animal studies for both first- and second-generation sulfo-
nylureas, no evidence for increased risk of carcinogenicity was
found.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Gastrointestinal decontamination procedures
should be used as deemed appropriate to the patient’s level of
consciousness and the history of the ingestion. Activated
charcoal effectively binds sulfonylureas. The cornerstone of
therapy is glucose replacement or in severe cases inhibition of
insulin secretion with octreotide. Glucose therapy should be
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titrated to the patient’s serial blood glucose measurements.
Sulfonylurea serum concentrations are not readily available
and have limited if any clinical utility. Continuous intravenous
10% glucose in water via a peripheral line is usually sufficient
to maintain euglycemia. However, patients may require addi-
tional boluses of dextrose 25 gm (D25W) in water or dextrose
50 gm in water (D50W) to maintain adequate blood glucose.
In cases of recurrent or refractory hypoglycemia, octreotide is
recommended. Octreotide, a long-acting somatostatin analog,
reduces insulin secretion by altering calcium influx in the beta
cell, effectively blocking the action of the sulfonylurea.
Octreotide may be administered subcutaneously or intrave-
nously. Subcutaneous administration may be 50–100 mg every
6–12 h as needed in adults or 1 mg kg�1 every 6–12 h as needed
in children. Continuous IV administration can be given at a rate
of 15–30 ng kg�1 min. In cases of symptomatic sulfonylurea
overdose, due to their pronged effects, frequent blood glucose
monitoring is recommended. Patients are at greatest risk during
or after periods of fasting, such as sleep. Delayed or prolonged
effects are not expected in meglitinide (i.e., nateglinide) over-
dose. Additional oral glucose via frequent snacks and meals
will be helpful but usually not sufficient by themselves.
See also: Poisoning Emergencies in Humans.
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l Name: Ibuprofen
l Chemical Abstracts Service Registry Number: 15687-27-1
l Synonyms: 2-(4-Isobutylphenyl) propionic acid, Advil,

Bayer select, Dayquil sinus, Dimetapp sinus, Dristan sinus,
Excedrin IB, Haltran, Medi-pren, Motrin, Midol 200,
Nuprin, Pamprin IB, Profen, Rufen

l Chemical/Pharmaceutical/Other Class: A substituted phe-
nylalkanoic acid; Nonsteroidal anti-inflammatory and
analgesic agent

l Chemical Structure:
Background

Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID)
that is used for the treatment of pain and inflammation and for
the reduction of fevers. It was derived from propionic acid
during the 1960s and patented in 1961. It is available under
a variety of names, including Advil�, Motrin�, and many
others. It is an over-the-counter medication in the United States
and it is also available by prescription.
Uses

Ibuprofen is used for analgesic, antipyretic, and anti-
inflammatory purposes. In the United Kingdom, a salt of
ibuprofen called ibuprofen lysine is used for the treatment of
open ductus arteriosus. The lysine salt increases ibuprofen’s
ncyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
water solubility. Ibuprofen lysine is also used to treat pain,
fever, and inflammation. Ibuprofen is available as an over-the-
counter medication in the United States, typically in 200 mg
doses. It is also available by prescription.
Environmental Fate and Behavior

Ibuprofen has a high water solubility and low volatility, which
suggest a high mobility in the aquatic environment. This makes
it a commonly detected chemical of the pharmaceutical and
personal care products (PPCPs) in the environment. It is not as
persistent, however, as many other chemicals. Ibuprofen
undergoes photodegradation with exposure to direct and
indirect sunlight, although degradation products can have
effects on aquatic environments.
Physicochemical Properties

The solubility of ibuprofen in water is 21 mg l�1 (25 �C) and
the vapor pressure is 0.000 186 mmHg (25 �C). The Henry’s
law constant for ibuprofen is 1.5 E-007 atm-m3 mol�1 (25 �C)
and the pKa is 4.91. Ibuprofen has a Kow of 3.97 and a melting
point of 76 �C.
Exposure Routes and Pathways

Ibuprofen is available in tablet and liquid dosage forms.
Ingestion is the most common route of both accidental and
intentional exposures to ibuprofen. Exposure to ibuprofen
through wastewater, surface water, and even drinking water
occurs, although no adverse human health effects have been
reported at the low levels ibuprofen is detected. In wastewater
treatment a significant amount of ibuprofen is degraded;
however, the primary route by which ibuprofen enters surface
waters is still through wastewater treatment plant effluent.
Ibuprofen also enters the sewage system through incompletely
4-3.00739-9 993
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absorbed drug and through the disposal of unused drugs into
toilets and down drains. Potential exposure through runoff
from landfill sites and from agricultural land to which biosolids
have been applied and through discharges into wastewater
from hospitals and through manufacturing processes also
occurs.
Toxicokinetics

Ibuprofen is rapidly absorbed after ingestion with peak
plasma concentrations obtained within 1–2 h. Ibuprofen is
highly protein bound (99%) and occupies only a fraction of
the total drug binding sites during therapeutic use. The
volume of distribution is 0.1–0.2 l kg�1. Ibuprofen passes
slowly into synovial spaces and may remain there in higher
concentration as the concentrations in plasma decline.
Ibuprofen passes readily across the placenta. Ibuprofen is
extensively metabolized, yielding four urinary metabolites
formed by hydroxylation. The excretion of ibuprofen is rapid
and complete. Ibuprofen’s elimination half-life is 1–2 h.
Approximately 90% of an ingested dose is excreted in the
urine as inactive metabolites or their conjugates, and 10% is
eliminated as free drug.
Mechanism of Toxicity

The mechanisms of ibuprofen-induced toxicity have not been
clearly defined. Acute renal failure is postulated to result from
decreased production of intrarenal prostaglandins via inhibi-
tion of the cyclooxygenase pathway. In turn, this will decrease
the renal blood flow and glomerular filtration rate. Ibuprofen
also interferes with prostaglandin synthesis in the gastrointes-
tinal system, which can contribute to its irritating effect on the
mucosa of the gastrointestinal tract. Anion gap metabolic
acidosis is likely caused by elevated lactate due to hypotension
and hypoperfusion and also due to ibuprofen and its metab-
olites, which are all weak acids. Seizures have been reported in
large ibuprofen overdoses, but the mechanism of toxicity
remains unknown. In massive overdoses, ibuprofen is thought
to have cellular toxicity disrupting mitochondrial energy
processes causing the formation of lactic acid.
Acute and Short-Term Toxicity (or Exposure)

Animal

Ibuprofen is not recommended for use in animals. Dogs appear
to be exquisitely sensitive to the propionic acid group of
NSAIDs and easily develop gastric ulcers and renal failure.
Seizures have been reported in both dogs and cats after inges-
tion of ibuprofen. The LD50 of ibuprofen in rats (oral) is
625 mg kg�1.
Human

The majority of patients who acutely overdose on ibuprofen
remain asymptomatic. In one retrospective study of ibuprofen
overdoses, only 19% of patients developed symptoms.
Abdominal pain, nausea, vomiting, lethargy, and drowsiness
are the most frequently reported symptoms. In rare instances of
massive acute overdose, apnea, seizures, hypotension, meta-
bolic acidosis, renal failure, and coma have occurred. Ibuprofen
is often combined with antihistamines and decongestants in
over-the-counter medications. Patients who overdose on these
products run the risk of developing additional toxicity from
these coingestants in addition to ibuprofen.
Chronic Toxicity (or Exposure)

Human

The chronic ingestion of excessive amounts of ibuprofen may
produce similar toxicity as acute but in a more insidious
fashion. Gastritis and renal dysfunction may be seen. The risk
for development of hypertension and myocardial infarction
is increased for individuals taking high doses over long
periods of time. Renal cell carcinoma was increased in one
study of individuals taking ibuprofen and other NSAIDs
chronically.
Animal

Many animals are particularly sensitive to ibuprofen, and
ibuprofen is not recommended for use in animals.
Genotoxicity

Ibuprofen was non-mutagenic in in vivo studies.
Reproductive Toxicity

Reproductive studies in rats and mice did not reveal any
teratogenic effects from ibuprofen exposure during pregnancy.
There are no studies that NSAIDs are teratogenic in humans
when used in normal doses. The use, however, of NSAIDs
during pregnancy, is not without risk. In the 32nd week of
pregnancy, the use of NSAIDs should be avoided due to the
premature closure of the ductus arteriosus. Ibuprofen lysine is
used in the United Kingdom intravenously to close patent
ductus arteriosus in fact. In the third trimester of pregnancy,
the use of NSAIDs can cause a reduction in fetal urine output,
and consequent oligohydramnios may result in fetal malfor-
mations. In one study involving ibuprofen use as a tocolytic, 4
out of 61 fetuses exposed to ibuprofen had mild constriction
of the ductus arteriosus. In two studies, ibuprofen caused
oligohydramnios, which normalized after withdrawal of the
drug. In one study of 50 cases of exposure during pregnancy,
there was a single spontaneous abortion and one stillbirth
identified.
Carcinogenicity

In one study involving nurses chronically taking ibuprofen
and other NSAIDs, the rates of renal cell carcinoma were
increased.
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In Vitro Toxicity Data

Studies of ibuprofen and other NSAIDs have shown toxic
effects at concentrations 10 times therapeutic doses in cultured
hepatocytes. No adverse effect on cell survival was noted at
therapeutic concentrations of ibuprofen in this model,
although increases in lactate dehydrogenase leakage were
prominent.
Clinical Management

Treatment of acute overdoses of ibuprofen should consist of
symptomatic supportive care. Ingestions >250 mg kg�1 may
require hospital evaluation and treatment. Children ingesting
> 400 mg kg�1 have the greatest risk of serious toxicity. Acti-
vated charcoal may be used to adsorb ibuprofen or concomi-
tant ingestants if given within 1 h of the exposure. Adequate
hydration should be ensured. Despite a low volume of
distribution, hemodialysis is not a therapeutic option due
to ibuprofen’s high protein binding. Serum ibuprofen levels
are not readily available and do not influence patient
management.
Ecotoxicology

Ibuprofen is one of many chemicals referred to as PPCPs. Low-
level detection of PPCPs in surface and drinking waters has
created concern. No adverse human health effects, however,
have been reported at the low levels ibuprofen is found in
surface and drinking waters. Ibuprofen molecules entering
aquatic systems via wastewater effluent can alter aquatic
systems in various ways.

Mollusks (freshwater keeled rams horn snails or Planorbis
carinatus Muller) were exposed as adults to ibuprofen base for
up to 21 days using methanol as a carrier solvent. LC50 values
were 17.1 mg l�1 (95% CI 5.9–72.3 mg l�1) and 21 days lowest
observed effect concentration (LOEC) and no observed effect
concentration (NOEC) values were >5.36 and 5.36 mg l�1.
Hatching success 21 day LOEC and NOEC were 5.36 and
2.43 mg l�1. Growth measurement was found to have 21 day
LOEC and NOEC values of 2.43 and 1.02 mg l�1.

Ibuprofen has been found to have endocrine-disrupting
properties in certain freshwater fish when exposed to high
concentrations. Japanese Medaka fish were shown to spawn
less and to produce more eggs when they did spawn. Exposure
to ibuprofen over long periods of time can cause changes in the
gills and kidneys of fish and alter ovulation and development.
Exposure Standards and Guidelines

Ibuprofen (as PPCP) is not regulated in drinking water.
Workplace exposure limits include the following for ibuprofen:

Ibuprofen has a 10 mg m�3 time-weighted average (TWA)
as a solid (ibuprofen inert or nuisance dust) under US Oregon
permissible exposure limits (PELs).
The US Occupational Safety and Health Administration
PELs include an eight-hour TWA of 5 mg m�3 for ibuprofen
(the respirable fraction of ibuprofen as inert or nuisance dust)
and 15 mg m�3 for the particulates as inert or nuisance dust –
total dust.

Michigan exposure limits for air contaminants include
ibuprofen at 5 mg m�3 as an eight-hour TWA in the workplace.

Under Canadian exposure limits, ibuprofen (as particles,
inhalable particles) has an eight-hour TWA of 10 mg m�3

under Prince Edward Island occupational exposure limits.

See also: Propionic Acid; Poisoning Emergencies in Humans.
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Introduction

The constellation of symptoms that has come to be known as
multiple chemical sensitivities (MCS) or idiopathic envi-
ronmental intolerance is increasingly recognized, although
the definition of the phenomenon is elusive and its patho-
genesis as a distinct entity is unconfirmed. This is a contro-
versial diagnosis that is not recognized by a number of health
organizations, such as the American Medical Association, the
International Statistical Classification of Diseases and Related
Health Problems, and World Health Organization. Reports
of patients with MCS are increasing, but information on its
natural history is lacking. Individuals diagnosed with MCS
do not exhibit a specific symptom pattern; a wide range of
individual symptoms that are self-reported have been
described with the most prominent symptoms being
cardiorespiratory (nasal congestions, sore throat, and
breathing difficulties), constitutional (fatigue, headache,
joint aches, back pain, muscle aches, and weakness), and
neuropsychologic (memory loss, forgetfulness, and mood
or personality changes). These symptoms are similar to those
seen in other syndromes such as chronic fatigue syndrome
or fibromyalgia. Further, many of the most common
complaints overlap with symptoms present in a large
number of medical conditions from psychiatric conditions,
such as major depressive disorder, to neurological condi-
tions, such as orthostatic intolerance, to autoimmune disease
and cancer. In MCS, however, the symptoms have been
attributed to chemical exposure. The diagnostic label of MCS
is primarily used by a group of physicians who are called
clinical ecologists. A description, purported mechanism, or
diagnostic categorization of MCS, which would more readily
allow animal modeling and clinical testing, has been difficult
due to the involvement of multiple-organ systems, lack of
consistent symptomatology, and/or the absence of objective
and measurable end points (either physical or laboratory
findings). No pathophysiologic mechanism for these symp-
toms has been established, although several speculative
theories have been proposed: (1) MCS is a purely biologic or
psychobiologic response to exposure to low levels of chem-
icals, (2) MCS is a misdiagnosis of physical or psychologic
illness, (3) MCS is an illness belief system shaped by the
patient’s culture and is possibly iatrogenic, or (4) MCS is
a somatoform or anxiety disorder with genetic factors. Four
hypotheses with regard to the first theory have been invoked
to explain the symptoms of MCS: (1) altered immune regu-
lation, (2) neurogenic inflammation, (3) neurologic sensiti-
zation of the limbic system by odor, and (4) variations in an
individual’s biochemical makeup that affect drug metabo-
lism or sensitivity to oxidative stress. Experimental models to
test these hypotheses have not been established, thereby
slowing research into mechanisms.
996 Encyclopedia of T
Definition

The first definition of MCS was created by Theron Randolph in
1962. Randolph described MCS as a condition that (1) is
acquired; (2) includes physical and mental symptoms that can
be triggered by chemical exposure; (3) has a specific adaptation
syndrome (i.e., adaptation to chemicals is followed by chronic
illness, withdrawal symptoms upon removal, and shock upon
reexposure); (4) is characterized by a spreading phenomena
(i.e., an intolerance to an increasing number of environmental
chemicals); and (5) may be resolved by avoidance of
chemicals.

Another definition was put forth by Cullen in 1987 and his
clinical definition is most commonly used. Although no defi-
nition is widely accepted, the Cullen definition allows physi-
cians to distinguish MCS from other collections of similar,
commonly experienced, such as asthma. There are four
important characteristics of this definition: (1) MCS is acquired
in relation to some documentable environmental exposure
that may initially have produced a demonstrable toxic effect.
This aspect excludes patients with long-standing health prob-
lems who later attribute certain symptoms to chemical expo-
sure. (2) Symptoms involve more than one organ system and
recur and abate in response to predictable environmental
stimuli. (3) Symptoms are elicited by exposures to chemicals
that are demonstrable but very low. The exposures eliciting
symptoms may be several standard deviations below the
average exposures known to cause toxic or irritant health effects
in humans and typically involve chemicals of widely varied
structural classes and different mechanisms of toxicologic
action. (4) The manifestations of MCS are subjective. No
widely available test of organ system function can explain
symptoms, and there is no objective evidence of organ system
damage or dysfunction.

In 1989 (edited in 1999), six consensus criteria similar
to those listed above but with some expansion were identi-
fied by researchers for the diagnosis and definition of MCS:
(1) symptoms are reproducible with repeated (chemical)
exposures; (2) the condition has persisted for a significant
period of time; (3) low levels of exposure (lower than
previously or commonly tolerated) result in manifestations
of the syndrome (i.e., increased sensitivity); (4) the symp-
toms improve or resolve completely when the triggering
chemicals are removed; (5) responses often occur to multiple
chemically unrelated substances; and (6) symptoms involve
multiple-organ symptoms (runny nose, itchy eyes, headache,
scratchy throat, ear ache, scalp pain, mental confusion or
sleepiness, palpitations of the heart, upset stomach, nausea
and/or diarrhea, abdominal cramping, aching joints).

One problem with these definitions is that the relationship
between the symptoms and the exposure is solely dependent
on the patient’s report. Further, patients with MCS are generally
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00412
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polysymptomatic and report sensitivities to multiple unrelated
substances. In addition, cross-sectional studies indicate that
persons diagnosed with MCS have impaired social and occu-
pational adjustment and exhibit other characteristics of
disability.
Theories of Etiology of MCS

Biologic and Psychobiologic Mechanisms

MCS, as defined by clinical ecologists, results from chemical
exposure; however, the mechanisms that have been proposed
include altered immune function, neurogenic inflammation,
neurologic sensitization, and conditioned reflexes and genetic
differences in drug metabolism enzymes or factors involved in
the generation or response to oxidative stress. To date, no
chemically related mechanism has been established.

Various immunologic mechanisms have been postulated
based on case reports. Alterations in various measures of anti-
body and cell-mediated immunity have been measured in
patients with MCS, but no consistent pattern of abnormalities
has been observed. Several factors, however, confound these
studies: lack of standardization of protocols, wide variability
(day to day and person to person) with most tests, lack of
control for variables known to modulate the immune system
(e.g., stress and smoking), and lack of concordance in reports of
immune function response. In addition, despite some simi-
larities in symptomatology, MCS is distinctly different from
traditional allergy. Patients with allergy generally have well-
defined, clinical reactions to allergens and symptoms of
rhinitis, asthma, urticaria, or gastrointestinal symptoms
occurring shortly after exposure. In addition, if a substance acts
as an allergen, a specific cell- or antibody-mediated response
develops so the body will only recognize the precise antigen or
one with the same structure. It is difficult to explain how
structurally different chemicals could result in such diverse
symptomatology and organ involvement due to an adverse
effect on the immune system.

Another postulated mechanism is an altered function of the
central nervous and respiratory systems through an amplifica-
tion of a nonspecific inflammatory response to low-level irri-
tants (neurogenic inflammation hypothesis). This suggests that
MCS may be initiated by the interaction of chemical irritants
with sensory nerves or C-fiber neurons, a nonspecific response
pathway. It is proposed that inhaled chemicals stimulate irri-
tation receptors which activate sensory nerves to release medi-
ators producing vasodilation, edema, and other manifestations
of inflammation, leading to neurogenic inflammation. There is
some evidence in animals for this theory, though similar studies
in humans do not generally support this theory. In animals,
nasal irritation activates systemic reflexes, producing increased
blood pressure and bradycardia.

Another hypothesis is that environmental chemicals gain
access to the central nervous system via the olfactory and limbic
pathways. The absence of a blood–brain barrier in the olfactory
system could permit direct access of environmental chemicals
through the nasal mucosa to the olfactory bulb. The olfactory
and limbic systems are anatomically linked and participate
directly and indirectly in the regulation of cognitive, endocrine,
and immune functions. In this hypothesis, chemical exposure
could induce lasting changes in limbic and neuronal activity
and alter a broad spectrum of behavioral and physiological
functions.

Animal studies show that the olfactory and limbic pathways
are particularly susceptible to kindling, the ability of a stimulus
previously unable to induce a seizure to later induce one.
Animal studies also show that acute administration of a high-
dose or intermittent repeated low-dose exposure to chemicals
cause limbic ‘kindling’, and that this response is amplified
depending on the time between stimuli. Kindling without
a seizure has been shown to cause affective behavior changes in
animals. Kindling could amplify reactivity and lower the
threshold response to low levels of chemicals.

Similar to the hypothesis of kindling is neural sensitization
with progressive host amplification of polysymptomatic
responses elicited by chemical exposures following an initi-
ating event. In this theory, repeated exposures to the same or
cross-sensitizing stimuli elicit enhanced responses. Within this
framework, there may be genetic components that are associ-
ated with greater susceptibility to sensitization. These include
female gender, alcohol-preferring parents, and preferences for
carbohydrates. It is suggested that sensitization acts as an
adaptive, sentinel function that allows adaptation to threat-
ening environments. The hypothesis further suggests that
individual response specificity rather than toxicant properties
may determine the central, automic, and/or peripheral nervous
system dysfunctions that are manifest in the disorder.

Additionally, cacosmia, a subjective sense of altered olfac-
tory function and feeling ill on exposure to chemical odors,
which is experienced by many MCS patients, might be associ-
ated with neurocognitive dysfunction. However, MCS patients
do not demonstrate a consistent or specific pattern of neuro-
cognitive deficits and disturbances of memory and attention,
which may be a result of depression and anxiety. Some have
suggested that cacosmia as well as MCS may be a manifestation
of a stress response. The ‘precipitating event’ leads to stress and
may lead to heightened sensitivity to chemical odors or irri-
tants. Animal studies suggest that exposure to a stressor
produces a long-lasting sensitization to some drugs. In surveys
of students, individuals reporting extreme cascosmia also had
higher incidences of anxiety and depression.

Biochemical mechanisms have also been suggested to
explain the symptoms associated with MCS. One hypothesis
states that individuals who have genetically or nutritionally
defective enzyme detoxification systems might be more
susceptible to exposure to low levels of chemicals. In 2004,
polymorphisms in the cytochrome P450 2D6 (CYP2D6) allele
responsible for variation in toxicant metabolism pathways
differed in patients with MCS. In this study, 203 MCS sufferers
and 162 controls were studied. Five genetic polymorphisms
were correlated with complaints of MCS. Each of these genes
encodes drug metabolism enzymes, PON1 (paraoxonase 1),
PON2 (paraoxonase 2), CYP2D, NAT1 (N-acetyl transferase 1),
and NAT2 (N-acetyl transferase 2). People with a high expres-
sion of two specific genes (CYP2D6 and NAT2) were 18 times
more likely to have MCS than those without. A second study
confirmed these results. In this study, a total of 521 unrelated
individuals participated in the study. Genetic variants of four
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genes were analyzed: NAT2, GSTM1 (glutathione S-transferase
Mu 1), GSTT1 (glutathione S-transferase theta 1), and GSTP1
(glutathione S-transferase P). In this study, the individuals who
are NAT2 slow acetylators and those with homozygously
deleted GSTM1 and GSTT1 genes, whose proteins are gluta-
thione S-transferases, are significantly more likely to develop
chemical sensitivity.

Another hypothesis states that chemicals may cause blood
vessel constriction, inflammation, or leaking in multiple-organ
systems which would produce various combinations of
symptoms.

Arguing against biologic alterations by chemicals as a cause
of MCS symptoms is the observation the patients attribute their
symptoms to levels of chemicals much lower than those to
which others are occupationally exposedwith no adverse effects.
Therefore, the relationship of MCS symptoms to chemical
exposure does not meet accepted toxicologic principles. In
addition, the current evidence and models do not meet the
criteria set forth in toxicology to establish a causal relationship
between chemicals and MCS, such as strength of association,
consistency, specificity, temporality, biologic gradient, and
plausibility.
Misdiagnosis

As stated, some physicians believe MCS symptoms are not due
to chemical exposure but may be the result of misdiagnosed
physical or psychologic illness. Many investigators have
concluded that MCS patients are not significantly different
from psychiatric patients who do not project their disorder
onto the environment. Studies show that patients with
MCS meet criteria for depression, anxiety, somatization, and
obsessive–compulsive and personality disorders. Psychiatric
evaluations have shown that MCS may be a new variant of
a ‘somatoform disorder’. In this disorder, the patients have
a psychological tendency to somaticize or misconstrue normal
physical sensation. In addition, studies show that psychologic
mechanisms are important in the manifestation, if not the
etiology, of MCS. Since it is theoretically possible that MCS
produces the psychiatric symptoms, through chemical expo-
sure, lifestyle limitations, or nonbelief of family members,
studies have been conducted to attempt to evaluate the pres-
ence of psychiatric illness in patients that predated the onset of
MCS symptoms. While these studies are ongoing and there is
difficulty in discerning the temporal pattern of disease, most of
them indicate that the prevalence of somatization symptom
pattern among MCS patients prior to onset of symptoms
attributed to chemical exposure was significantly greater than
that in matched controls. In a group of patients followed over
9 years, 83% met DSM-IV (Diagnostic and Statistic Manual of
Mental Disorders, Fourth Edition) criteria for lifetime mood
disorder, 56% for lifetime anxiety disorder, and 56% for life-
time somatoform disorder. These studies also show that there
was no apparent difference in the prevalence of preexisting
anxiety or depression. However, there are a small number of
persons diagnosed with MCS who do not have histories of
psychiatric disorders who should be more closely examined for
possible mechanisms.
MCS as a Belief System

Others suggest that MCS is a belief system that is supported and
reinforced by the clinical ecology subculture. Physicians within
this subculture claim special expertise in the diagnosis and
treatment of MCS, perpetuating the belief that this disorder is
widespread and is responsible for substantial suffering and
disability. Within this model, the cause of the illness is believed
to be outside the control of the patients and leads to the role of
a victim with adversarial interactions with those who do not
share the belief system, such as conventional health care
providers. MCS shares many features, such as pain, fatigue, and
headache, with several syndromes, such as chronic fatigue
syndrome, fibromyalgia, and neurasthenia, with few or no
objective findings of pathology which encompass patients with
functional disability. A factor that may contribute to this
culturally shaped illness belief system is the increasing concern
of the public regarding health effects of chemical exposure. It is
unlikely that the majority of MCS patients are simulating their
symptoms or that the symptoms result from suggestion.
However, it is likely that the attribution of the symptoms
to chemical exposure is due to suggestion in some cases. It is
also likely that a patient’s beliefs regarding illness modify the
expression of symptoms even when resulting from a direct toxic
effect of a chemical.
Conclusions

To understand the phenomenon of MCS will require interac-
tion among many disciplines to allow for the examination of
the influence of the mind on the body and the influence of
physical disease on the psyche. Illness should not be regarded
as less ‘real’ because psychogenic mechanisms may play
a major role in causation, and this should not prevent treat-
ment of the symptoms. In addition, patients diagnosed with
MCS are heterogenous and there may be more than one causal
mechanism in each person. Since none of the hypotheses
described have substantial scientific support, dogmatic adher-
ence to any one theory is unwise, particularly by the physician.

See also: Eosinophilia–Myalgia Syndrome; Hypersensitivity,
Delayed Type; Psychological Indices of Toxicity; Cholinesterase
Inhibition; Ethane.
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Chemical Profile

l Name: Imidacloprid
l Chemical Abstract Services Registry Number: 138261-41-3
l Synonyms: 1-[(6-Chloro-3-pyridinyl)methyl]-N-nitro-2-

imidazolidinimine; Merit�, Confidor�; Gaucho�; Admire�

l Chemical Class: Neonicotinoid or chloronicotinyl insecticide
l Chemical Formula: C9H10ClN5O2

l Chemical Structure:
Background

Imidacloprid was the first neonicotinoid insecticide registered
for commercial uses and is the most important representative
of the class. Insecticidal activity is attributed to stimulation of
postsynaptic nicotinic acetylcholine receptors (nAChR) in
insects, with low toxicity to vertebrate species due to its rela-
tively low activity for nAChR subtypes in vertebrates and poor
penetration of the blood–brain barrier.
Uses

Imidacloprid is a broad-spectrum insecticide with excellent
systemic and contact activity. It is registered to control insect
pests for agricultural and horticultural uses, as well as for grub
and termite control and to control fleas and ticks on
companion animals.
Environmental Fate and Behavior

Numerous laboratory and field studies with imidacloprid
provide a comprehensive understanding of its behavior in the
environment. Imidacloprid has a low octanol–water partition
coefficient (Kow ¼ 3.72), which is consistent with it not accu-
mulating in biological tissue or the food chain, and an
extremely low vapor pressure, so it does not volatilize into the
atmosphere. Imidacloprid is generally not persistent in aquatic
environments and is quickly degraded by sunlight (4.2 h). In
simulated pond studies, imidacloprid quickly degraded, with
a half-life of 1.4 days. Imidacloprid has rather unique soil-
binding characteristics – the longer imidacloprid ages in the
field and the lower the initial residue concentration, the tighter
1000 Encyclopedia of T
it binds to soil. Field dissipation studies conducted in the
United States show that imidacloprid and its metabolites have
limited mobility in soil and are unlikely to leach to
groundwater.
Exposure Routes and Pathways

Occupational exposure may occur through dermal contact.
Exposure to the general population may occur through dermal
contact or consumption of food residues. Imidacloprid is not
a primary irritant and does not damage tissues at the point of
contact (i.e., skin, eyes, lungs, or gastrointestinal tract). Pene-
tration of the skin is poor but may be facilitated by formulating
agents used in commercial products.
Toxicokinetics

Metabolism in mammals occurs through two principal routes.
The first involves oxidative cleavage to imidazolidine and 6-
chloronicotinic acid, with urinary excretion of the imidazoli-
dine moiety. The nicotinic moiety is degraded by glutathione
conjugation to amercapturic acid derivative and then tomethyl
mercaptonicotinic acid, which is conjugated with glycine to
form a hippuric acid conjugate for excretion. The second
involves hydroxylation of the imidazolidine ring, followed by
the elimination of water and formation of an unsaturated
metabolite. More than 90% of the dose is eliminated within
24 h, with total excretion by 48 h; 80% of the dose is excreted
via the urine, with 20% eliminated via the feces. In rats, imi-
dacloprid is absorbed and distributed to organs within 1 h
following oral administration. It is not distributed to fatty
tissues, the central nervous system (CNS), or bone, so it tends
not to accumulate in the CNS. Reduced access to nicotinic
receptors in the CNS contributes to its low potential for cen-
trally mediated effects.
Mechanism of Toxicity

Insecticidal activity and neurotoxic effects in mammals are
mediated by actions on nAChR. To achieve a favorable toxicity
profile, imidacloprid and other neonicotinoids are selected for
commercial development based on preferential activity for the
nAChR that exists in insects. The acute neurotoxic activity of
neonicotinoids and related analogs in mammals is most
closely related to potency at the a7 nAChR subtype, followed in
order by potency at a4, b2, a3, and a1 nAChR, respectively.
Acute toxicity in mammals involves a combination of agonist
and antagonist activities at multiple nAChR subtypes located in
various tissues, which can vary considerably with minor
changes in chemical structure. Poor penetration of the blood–
brain barrier to access tissues with the most sensitive nAChR
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00153-6
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subtype in vertebrate species also contributes to high margins
of safety.
Acute and Short-Term Toxicity

Animal

Imidacloprid is not an eye or skin irritant and does not
produce dermal sensitization. Acute exposure to imidacloprid
produces minimal toxicity by dermal and inhalation exposure
and moderate toxicity by oral administration. The acute (4-h
exposure) LC50 by inhalation is >69 mgm�3 air (aerosol)
and >5323 mgm�3 air (dust). The LD50 in rats by oral and
dermal exposure is 450 and >5000 mg kg�1, respectively.
Acute administration of an aqueous suspension by gavage
had no effect in adult males and females at 50 and
100 mg kg�1, respectively. Tremor, gait incoordination, and
decreased activity were evident at near-lethal doses of
315 mg kg�1 within 15–40 min following oral administration
and were generally reversible within 8–24 h after treatment.
Deaths at higher doses occurred within 3–7 h following
treatment. This profile is consistent with rapid distribution
and metabolism. Tremors have also been reported in mice
treated with an acute oral dose of imidacloprid, providing
further evidence of nicotinic stimulation at near-lethal or
lethal dose levels.
Human

Reports of human poisonings to formulations with imidaclo-
prid (mostly suicidal) describe general toxicity that may be due
to formulating agents or nicotine-like cholinergic symptoms,
including nausea, vomiting, abdominal pain, diarrhea,
increased salivation, headache, dizziness, agitation, or confu-
sion. Severe symptoms may include coma, tachycardia or
bradycardia, hypotension, and respiratory failure. The majority
of poisonings are mild-to-moderate, but severe cases and
fatalities have occurred. Cause of death most often was respi-
ratory failure or aspiration pneumonia.
Chronic Toxicity

Animal

Imidacloprid, administered through the diet for 13 weeks to
adult male and female Wistar rats, produced no clinical signs at
any dose level, including the highest dose of 300 mg kg�1 day�1.
The liver was the principal target organ, with hypertrophy and
mild sporadic necrosis of hepatocytes in high-dose males,
which was reversible within the 4-week recovery period.
The no observed adverse effect level (NOAEL) was 14 and
83 mg kg�1 day�1 in males and females, respectively.

Young adult beagles received 200, 600, or 1800/
1200 ppm (dietary level reduced after Week 4, due to weight
loss with decreased food consumption) imidacloprid via the
diet for 13 weeks, corresponding to average daily doses of 8,
24, or 45 mg kg�1 day�1. Although tremor was recorded as
a treatment-related finding, this observation was not
substantiated in other studies at comparable dietary levels.
There was no evidence of toxicity by clinical chemistry,
hematology, gross pathology, tissue weights, or microscopic
examination at any dietary level. The NOAEL was
24 mg kg�1 day�1 in both sexes.

A chronic toxicity/carcinogenicity study was performed with
imidacloprid administered to Wistar rats for 12 months and
2 years at 100, 300, 900, and 1800 ppm, corresponding to
average daily doses of 5.7, 17, 51, and 103 mg kg�1 for males
and 7.6, 25, 73, and 144 mg kg�1 for females. The liver and
thyroid were the principal target organs. Hepatotoxicity was
evident by changes in serum chemistry at 1800 ppm but there
was no change in liver morphology at any dietary level. The
increased incidence of thyroid lesions (mineralization of the
colloid, fewer colloid aggregation sites, and parafollicular
hyperplasia) at 1800 ppm, without changes in T3, T4, or
thyroid-stimulating hormone, was ascribed to enhancement of
biological aging processes. Colloid mineralization was also
evident in both sexes at 900 ppm and in males at 300 ppm. The
NOAEL was 5.7 mg kg�1 day�1, with no evidence of
carcinogenicity.

The oncogenic potential of imidacloprid was investigated in
B6C3F1 mice that were exposed through the diet for 12 or
24 months at concentrations that achieved average daily doses
of 20, 66, 208, or 414 mg kg�1 for males and 30, 104, 274, or
424 mg kg�1 for females. There were no treatment-related
clinical signs and no effect on survival at any dietary level.
Metabolic adaptation was apparent at the high dose as low-
grade periacinary hepatocyte hypertrophy. There was no effect
on serum chemistry, tissue weights, or tissue morphology (by
gross and microscopic examination) at any dietary level. The
overall NOAEL was 66 mg kg�1 day�1, with no evidence of
carcinogenic potential.

Imidacloprid was administered to young adult beagles for
52 weeks at dietary levels corresponding to dosages of 6.1, 15,
and 41/72 mg kg�1 day�1 (the highest dietary level was
increased at Week 17). Tremor that was evident in the 13-week
dog study (see above) was not evident in this study at any
dietary level. Effects in high-dose animals included a slight
increase in plasma cholesterol (females only) and a slight
increase in hepatic cytochrome P-450 activity (both sexes). The
liver was the principal target organ, with adaptive changes
consisting of increased liver weight and induction of cyto-
chrome P-450 enzymes. The NOAEL in this study was
72 mg kg�1 day�1.
Human

Little is known regarding the potential chronic effect of imi-
dacloprid in humans. Due to rapid metabolism and antici-
pated low levels of exposure, chronic effects would not be
expected.
Developmental Toxicity

The results from developmental toxicity studies indicate that
imidacloprid is not a primary embryotoxicant and is not tera-
togenic. In the rat, fetal malformations were not evident at any
dose, the maternal NOAEL was 10 mg kg�1 day�1 and the fetal
NOAEL was 30 mg kg�1 day�1. In the rabbit, embryotoxicity
was only evident at a maternally toxic dose and fetal
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malformations were not evident at any dose; the maternal
NOAEL was 8 mg kg�1 day�1 and the fetal NOAEL was
24 mg kg�1 day�1.
Reproductive Toxicity

Effects on reproduction and development were examined in
a two-generation, two-litter study in Wistar rats, at dietary
concentrations of 100, 250, and 700 ppm. Hepatic cytochrome
P-450, O-demethylase, and N-demethylase activities were
induced in high-dose maternal animals. Measures of repro-
duction and development were not affected at any dietary level.
There was also no evidence of pathology, in the form of mal-
formations, gross lesions, tissue weights, or histopathology, at
any dietary level. The NOAEL in this study was approximately
20 mg kg�1 day�1 for the adult and 35 mg kg�1 day�1 for the
offspring.
Immunotoxicity

The collective database of studies with imidacloprid provides
no evidence that imidacloprid is immunotoxic. To investigate
immunotoxicity specifically, a 4-week study was performed
with male Wistar rats, including a T-cell-dependent antigenic
response to stimulation using sheep red blood cells (SRBC).
Dietary levels as high as 2400 ppm (corresponding to
186 mg kg�1 day�1) produced no evidence of immunotoxicity,
based on levels of serum SRBC-specific IgM, thymus weight,
and spleen weight.
Mutagenicity

Imidacloprid was evaluated for mutagenicity using a full
complement of in vitro and in vivo tests required for registration.
These results indicate that imidacloprid is not mutagenic.
Carcinogenicity

Based on the results of carcinogenicity studies in rats and mice,
imidacloprid is classified in Category “E,”which indicates there
is evidence of noncarcinogenicity for humans.
Neurotoxicity

Acute neurotoxicity was evaluated in adult male and female
Sprague–Dawley rats treated by gavage at doses of 20 (females
only), 42, 151, or 307 mg kg�1. A slight difference in activity in
females at 42 mg kg�1 at the time of peak effect (4 h after
treatment) was considered a treatment-related effect. Effects at
150 mg kg�1 included tremor (one female), a slight decrease in
body temperature, and red nasal stain. The high dose produced
severe toxicity, including lethality within 4–24 h after treat-
ment, with tremor and decreased body temperature 4 h after
treatment. Overt toxicity at this lethal dose was evident as
motor incoordination (e.g., incoordinated gait and impaired
aerial righting), autonomic signs (e.g., perianal and urine
stains), and evidence of CNS depression (e.g., minimal activity
and a diminished response to stimuli). Clinical signs generally
resolved within 8–24 h following treatment. Neuropathology
was not evident in brain, spinal cord, peripheral nerves, or
other neural tissues. The lowest observed adverse effect level for
males and females was 42 mg kg�1.

A subchronic neurotoxicity study was performed in adult
Fischer-344 rats, with imidacloprid administered for 13 weeks
at dietary concentrations of 150, 1000, and 3000 ppm, cor-
responding to doses of 9.3, 63, and 196 mg kg�1 for males
and 10.5, 69, and 213 mg kg�1 for females. Food consump-
tion and body weight gain were reduced in both sexes at 1000
and 3000 ppm. At Week 13, there was an increased incidence
of high-dose males with a slightly uncoordinated righting
response. Effects were not evident by cage-side observation
or activity in the figure-eight maze at any dietary level
and there was no evidence of neuropathology. The NOAEL
was 9.3 and 10.5 mg kg�1 day�1 for males and females,
respectively.

A developmental neurotoxicity study was performed, with
imidacloprid administered via the diet on gestation Day
0 through lactation Day 21 to mated female Wistar rats (30/
dietary level), at nominal concentrations of 0, 100, 250, or
750 ppm (corresponding to average daily doses of 0, 8.0–8.3,
19.4–19.7, and 54.7–58.4 mg kg�1 day�1 during gestation and
0, 12.8–19.5, 30.0–45.4, and 80.4–155.0 mg kg�1 day�1

during lactation). F1 animals were evaluated by detailed clin-
ical observations, developmental landmarks, automated motor
activity (figure-eight maze), auditory startle habituation, and
tests of cognition (passive avoidance and M-water maze).
Microscopic and morphometric evaluation of the brain was
performed on postnatal day (PND) 11 and PND 75, with
micropathologic examination of an assortment of central and
peripheral neural tissues on PND 75. Effects in the dams were
limited to decreased body weight gain at the high dose. Effects
in F1 animals were also limited to the high dose, with body
weight in males and females averaging 11–13% less than
control from PND 4–21, and decreased activity on PND 17
(males and females) and PND 21 (females only). The NOAEL
for P- and F1-animals was 20 mg kg�1 day�1.
Clinical Management

The recommended treatment in cases of acute poisoning is
symptomatic, since there is no specific antagonist and symp-
toms may be associated with a formulating agent rather than
imidacloprid. It is important to monitor and support
breathing if signs of respiratory distress or paralysis appear
and to monitor blood pressure and pulse rate, since brady-
cardia and hypotonia may occur. Since imidacloprid does not
inhibit acetylcholinesterase, treatment with a reactivating
oxime (e.g., pralidoxime) is not indicated. Furthermore,
treatment with a nicotinic antagonist may be ineffective or
potentially harmful since symptoms of poisoning may be
mediated by inhibition of certain nAChR subtypes or other
possible mechanisms. Low doses of atropine may be carefully
tried to alleviate symptoms, although they will not influence
nicotinic symptoms.
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Ecotoxicology

Avian Species

The LD50 values for bobwhite quail and Japanese quail are 152
and 31 mg kg�1, respectively. Red-winged blackbirds and
brown-headed cowbirds have been observed to avoid imida-
cloprid-treated seeds after experiencing transient gastrointes-
tinal distress (retching), with gait incoordination; therefore,
treated seeds are considered to represent a low risk to birds.
Aquatic Organisms

Imidacloprid is moderately toxic to fish, with 96-h LC50 values
of 211 mg l�1 for rainbow trout, 280 mg l�1 for carp, and
237 mg l�1 for golden orfe. Imidacloprid is slightly toxic to
Daphnia magna (48-h EC50¼ 85 mg l�1) but is highly toxic to
certain other aquatic invertebrates.
Beneficial Insects

Foliar application during flowering should be avoided, since
imidacloprid is intrinsically very toxic to bees. Use according to
label directions as a seed treatment or soil drench reduces bee
exposure to low levels.
Exposure Standards and Guidelines

The acute reference dose established by the US EPA is
0.14 mg kg�1, based on a transient decrease in motor activity at
42 mg kg�1 in the acute neurotoxicity study and a 300-fold
uncertainty factor and the chronic reference dose is
0.057 mg kg�1 day�1, based on anNOAEL of 5.7 mg kg�1 day�1

in the chronic rat study and a 100-fold uncertainty factor.

See also: Acetamiprid; Neonicotinoids; Nithiazine.
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Introduction

The role of the immune systemmay be defined succinctly as the
preservation of the body’s integrity. This system is charged with
identifying ‘self,’ that is to say genuine constituents of the body,
from ‘nonself’ such as pathogens, including bacteria, viruses,
fungi, and parasites, or tumor cells. If the immune system fails
to recognize as nonself an infectious pathogen, then the host is
in danger of succumbing to the unopposed invasion. This
pivotal role of the immune system is the reason why immu-
nocompetence is often made synonymous with ‘host defense.’
Alternatively, the immune system can turn its functional
capabilities against some integral bodily tissue not identified as
self or against ‘harmless’ exogenous macromolecules (e.g.,
cow’s milk or birch pollen), and then an autoimmune disease
or a hypersensitivity (‘allergic’) reaction, respectively, may
ensue. These negative aspects emphasize the destructive
potential associated with the host defense mechanisms of the
immune system.
Definition of Immunotoxicology

Many studies in animals and in humans have shown that the
immune system, like most other organs of the body, is
a potential target of toxicity, and that damage to this system can
be associated with a wide range of adverse and sometimes life-
threatening events. Immunotoxicology can be very broadly
defined as the study of adverse effects on the immune system
resulting from drug treatments, or from exposure to household,
occupational, and environmental chemicals and, in some
instances, biological materials. Collectively, these agents are
frequently referred to as xenobiotics.

A critical component of this definition is the term ‘adverse.’
Immunotoxicology is notmerely the detection of drug treatment-
or chemical exposure-related changes in one or several compo-
nents of the immune system. Indeed, not all observed immune
changes are adverse. Actually, most are indifferent (i.e., without
overtly associated clinical consequences) and some may even be
beneficial. Redundancy and pleiotropy are two major features
that can account for this apparent discrepancy. Redundancy
means that the immune system can simultaneously mount
several antigen-specific (adaptative) and/or nonspecific (innate)
immune responses that are intended to reach the same target.
Pleiotropy means that different effector components of the
immune system can exert quite similar effects. Taken together,
redundancy and pleiotropy account for the functional reserve of
the immune system, which means that compensatory mecha-
nism(s) may oppose to an adverse influence on one limb of the
immune system to such an extent that no assessable health
consequence can be identified.

Importantly, the definition of a significant immunotoxic
change should primarily focus on a specific functional ability.
Indeed, xenobiotic-induced changes in a structural component
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of the immune system, such as a change in the weight or
histology of a lymphoid organ without a concomitant change
in a functional component, would fall into the category of
a drug treatment- or chemical exposure-related effect of
unknown or uncertain consequence. One major hurdle in
current immunotoxicity risk assessment is the lack of estab-
lished threshold. It is not even known whether such a threshold
does exist. How should a decrease in 30% or 80% of antibody
levels in humans exposed to a xenobiotic be assessed? This
critical issue will be addressed later.
A Brief History of Immunotoxicology

Our understanding of immunotoxicity has tremendously
expanded over the last three decades. The description of
immunotoxic effects in animal and human studies as well as
the rapid ongoing development of innovative immune-
targeted therapeutics triggered, after many years, the awareness
of regulatory agencies that the immune system is an important
as well as sensitive target organ for drug- as well as chemical-
induced toxicity.

Although nowadays immunotoxicology is a fully recognized
area of toxicology, it is a relatively new area. A list of important
dates in the short history of immunotoxicology is presented in
Table 1. Infectious complications reported shortly after the
introduction of potent immunosuppressive agents in the clinic
to prevent kidney graft rejection in transplant patients were the
very first immunotoxic effects to be described in the mid-1960s,
even though the term ‘immunotoxicology’ was coined only
10 years later. Infectious complications together with the
subsequent identification of lymphomas and squamous-
cell skin cancers in transplant patients made immunotoxicity
synonymous with immunosuppression, and this triggered
a wealth of in vitro and animal studies to investigate the
immunosuppressive potential of many drugs and chemicals. As
many of these studies were conducted from a strictly immu-
nological perspective and therefore were of rather poor toxi-
cological relevance, the need to improve immunotoxicity
evaluation using well-defined in vitro assays and animal models
rapidly emerged and this led to the so-called tiered testing
strategy. The next step was validation. Several interlaboratory
studies were conducted in the United States and Europe in the
1980s. At that time, immunotoxicity was largely if not totally
synonymous with immunosuppression. Indeed, adverse effects
associated with immunosuppressive chemicals had just been
noted in three major epidemics at least, the Yusho or Yuchen
disease due to rice contamination with polychlorobiphenyls
(PCB) in Japan and Taiwan, respectively, and the contamina-
tion of cattle feed by polybromobiphenyls (PBBs) in Michigan.
In the 1980s, autoimmunity began to emerge as another
potential immunotoxic issue following the Spanish toxic oil
syndrome and L-tryptophan-induced fasciitis–eosinophilia,
which affected thousands of human subjects in Europe and in
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00401-2
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Table 1 Important dates in the history of immunotoxicology

1966 First review of infectious complications associated with immunosuppressive drugs in transplant patients (Meyler, L. Side Effects of Drugs.
Excerpta Medica, Amsterdam, The Netherlands, pp. 472–494)

1968 Outbreak of PCB-induced Yusho disease in Japanese inhabitants
1973 Accidental PBBs contamination of cattle feed in Michigan associated with immune disturbances in the exposed rural population
1974 First scientific meeting ever entirely devoted to immunotoxicology (24 October – Lyon, France)
1976 Autoimmune-like adverse reactions lead to market withdrawal of the beta-blocking drug practolol
1977 First literature survey on immunosuppression as related to toxicology (Vos, J.G., CRC Crit. Rev. Toxicol. 5, 67–101
1979 Use of the word immunotoxicology for the first time in the international scientific literature

Introduction of tiered testing in immunotoxicity evaluation (Dean, J., et al., Drug Chem. Toxicol. 2, 5–17)
First epidemiological study showing increased risk of lymphoma and squamous-cell skin in kidney transplant patients treated with
immunosuppressive drugs (Kinlen, L.J., et al., Br. Med. J. 2 (6203), 1461–6)

1981 The Spanish toxic oil syndrome, a supposedly autoimmune disease of an as yet unknown origin, affects 20 000 people and kills 1500
1982 The US National Toxicology Program (NTP) initiates an interlaboratory immunotoxicity validation study in B6C3F1 mice

First International Seminar on Immunotoxicology (University of Surrey, UK)
First US EPA guideline for the immunotoxicity evaluation of pesticides

1983 CEC (Commission of the European Communities) recommendation to evaluate the immunotoxicity potential of medicinal products
1984 International Seminar on the Immunological System as a Target for Organ Toxicity (Luxemburg)
1986 CEC and IPCS (International Programme on Chemical Safety) initiate the ICICIS interlaboratory validation study
1988 First report of results from the NTP interlaboratory validation study (Luster et al., Fund. Appl. Toxicol. 10, 2–19)
1989 First book devoted to autoimmunity and toxicology (Kammüller, M.E., Bloksma, N., Seinen, W. Elsevier, Amsterdam, The Netherlands).

Over 1500 cases of fasciitis–eosinophilia due to L-tryptophan biomanufacturing change reported in the US
1995 Systematic histologic examination of main lymphoid organs in 28-day rat toxicity studies required by updated OECD guideline 407
1996 Revised US EPA guideline for the immunotoxicity evaluation of pesticides
1997 ICH S6 guideline on biotechnology-derived products with first-time emphasis on the need to consider immunotoxicity as a critical safety issue
2000 EMEA (EuropeanMedicines Evaluation Agency) note for guidance on repeated dose toxicity requiring a limited set of immunotoxicity end points
2001 FDA warning about infliximab-associated tuberculosis and other opportunistic infections
2002 FDA CDER guidance for industry on the immunotoxicology evaluation of investigational new drugs. First case reports of autoimmune red pure

cell aplasia in patients treated with recombinant erythropoietin
2005 ICH S8 guideline on immunotoxicity studies for human pharmaceuticals
2006 Cytokine storm described in six healthy volunteers following intravenous injection of TGN1412 monoclonal antibody. ISO Technical

Specification on Principles and Methods for Immunotoxicology Testing of Medical Devices
2008 Elucidation of the role of IgE specific for galactose-alpha-1,3-galactose in cetuximab-induced anaphylaxis
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the United States. In contrast, immunotoxicologists did not pay
much attention to hypersensitivity reactions although they were
widely recognized to be frequent immune-mediated adverse
effects of drugs and chemicals.

Despite the growing amount of animal and clinical data on
the immunotoxic potential of many xenobiotics that were the
focus of quite a few international symposia and workshops
during that decade, the need for regulating immunotoxicity
evaluation was largely ignored. The regulatory turning point is
probably the revision of Organization for Economic Cooper-
ation and Development (OECD) guideline 407 in 1995 after
years of debate. For the very first time, a systematic, even
though limited assessment of immunotoxicity – histological
examination of the main lymphoid organs – was required to
be included in 4-week repeat-dose rat toxicity studies by the
oral route. Subsequently, guidelines were released on the
immunotoxicity evaluation of pesticides (Environmental
Protection Agency, EPA), the preclinical safety evaluation of
biotechnology-derived pharmaceuticals including immuno-
toxicity (International Conference on Harmonization, ICH
S6), the immunotoxicity evaluation of human pharmaceuticals
(European Medicines Agency (EMA), Food and Drug Admin-
istration, FDA), or medical devices (International Organization
for Standardization, ISO). The ICH S8 guideline released in
2005 provided the general framework for the current immu-
notoxicity evaluation of human pharmaceuticals. A guidance
on the immunotoxicity assessment for chemicals prepared
by a panel of World Health Organization experts was pub-
lished in 2012.

In the early 1990s, a major impetus to the area of immu-
notoxicology and immunotoxicity evaluation was the rapid
development of innovative therapeutics. Nowadays, thera-
peutic proteins, including recombinant cytokines, monoclonal
antibodies, and other innovative therapeutic products, are the
leading area in the search for drug candidates. Many thera-
peutic proteins target the immune system and/or have the
potential for inducing immune-mediated adverse effects (off-
target effects), which is an incentive to design new assays and
animal models applicable to nonclinical immune safety
evaluation.

The experience accumulated over the recent years with the
introduction of a growing number of therapeutic proteins in
the clinic conclusively shows that the early distinction between
immunotoxic effects due to immunosuppression or to immu-
nostimulation, the latter resulting in hypersensitivity and
autoimmunity, is definitely obsolete. Instead, four categories of
immunotoxic effects should unambiguously be considered,
namely, immunosuppression, immunostimulation, hypersen-
sitivity, and autoimmunity, as each category consists of distinct
clinical manifestations, involve distinct mechanisms, and can
only be assessed with distinct assays and strategies compared to
the other three categories.



Figure 1 Cells of the immune system.
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Organization of the Immune System

The mammalian immune system is a complex integrated
system, which is dependent on the orchestrated cooperativity
of immunocompetent cells and soluble factors. In contrast to
most target organs of toxicity, components of the immune
system are distributed throughout the body: the cells of the
immune system are normally present as circulating cells in the
blood and lymph, as anatomically defined collections in
lymphoid organs, and as scattered cells in virtually all tissues.
An appreciation of the organization of the various components
of the immune system is essential to understand immunotoxic
effects. By knowing the role played by a given component of
the immune system in host defense mechanisms, one can begin
to understand the consequences of a xenobiotic-induced
change in the function of that component.
Cells of the Immune System

The cells that serve specialized roles in immune responses
include lymphocytes, phagocytes, dendritic cells, and various
other leukocytes. They all originate from a common, pluripo-
tent hematopoietic stem cell (HSC) in the bone marrow, which
subsequently differentiates step by step along a particular
lineage (Figure 1).

l Lymphocytes

Lymphocytes are the pivotal cells of the immune system as they
are responsible for specificity and memory, which are the two
major characteristics of adaptative immune responses. They
express receptors, each with a fine specificity for an individual
antigen. The number of lymphocytes in the human body is
approximately 5� 1011, which corresponds to a total mass
similar to that of the liver or brain. The blood circulation
contains only a minor part of the body’s total lymphocyte
count (estimated at 1–2%). Lymphocytes consist of distinct
subsets with different functions. Morphologically, all lympho-
cytes are similar and, therefore, membrane proteins are used as
phenotypic markers to distinguish lymphocyte subsets.
Phenotypic markers are expressed on the surface of a cell, such
as the cluster of differentiation (CD) system. They are geneti-
cally determined and frequently associated with the specific
function of that cell. Antibodies specific for such markers, when
labeled with probes can be detected by various methods, such
as flow cytometry or immunohistochemistry, and are used to
identify and isolate lymphocyte populations.

‘T lymphocytes’ (for thymus-derived lymphocytes) are the
mediators of cellular immunity. They account for 50–70% of
total lymphocytes, arise from HSC in the bone marrow, and
then migrate first into the thymus where they go through
a complex maturation process, and finally into secondary
lymphoid organs. T (CD3þ) lymphocytes can be further
divided into several subsets including helper T CD4þ

lymphocytes, cytotoxic T CD8þ lymphocytes, and regulatory T
CD4þ CD25þ lymphocytes. T CD4þ lymphocytes can be sub-
divided further from the profile of cytokines they secrete, e.g.,
Th1, Th2, and Th17 lymphocytes.

‘B lymphocytes’ (for bone marrow-derived lymphocytes)
are the cells that produce antibodies. Specific B lymphocyte
markers include membrane immunoglobulins (Ig), CD19 and
CD21. The main B cell subsets are follicular, marginal zone,
and B-1 B cells, each with distinct locations within lymphoid
tissues.

l Other cells of the immune system

Other important cellular components of the immune system
include monocytes, macrophages, granulocytes, mast cells,
dendritic cells, and natural killer (NK) cells. As with the
lymphocytes, the specific functions of these cells as they relate
to the immune system will be described later in greater detail.

‘Macrophages’ are normally present only in tissues and
constitute the mononuclear phagocytic system, which was
formerly known as the reticuloendothelial system. Macro-
phages located in specific anatomical regions have been given
distinct names, including Kupffer cells (liver), microglia
(brain), and osteoclasts (bone). They originate from a common
precursor in the bone marrow, enter the blood in the form of
incompletely differentiated cells called monocytes, and then
mature to become macrophages that populate various tissues.

‘Granulocytes’ comprise three distinct types of leukocytes:
the neutrophils, also called polymorphonuclear cells, the
basophils, and the eosinophils.

‘Neutrophils’ are the most abundant population of circu-
lating white blood cells. They are recruited into a site of
inflammation where they serve as mediators of the early phases
of inflammatory reactions. Neutrophils together with macro-
phages are phagocytes, namely, cells whose primary function is
to identify, ingest, and destroy microbes, a process referred to as
phagocytosis. However, macrophages also serve other func-
tions as described later.

‘Basophils’ are granulocytes that constitute less than 1% of
blood leukocytes. They contain abundant cytoplasmic granules
filled with cytokines, histamine, and other mediators that can
be released into the extracellular space when IgE and IgG
antibodies bound to plasma membrane receptors also specifi-
cally bind the corresponding antigen, which is the mechanism
responsible for the symptoms of allergic diseases.

‘Eosinophils’ express cytoplasmic granules containing
enzymes that are not only harmful to the cell walls of parasites
but can also damage host tissues. Increased eosinophil counts
(eosinophilia) can be observed in allergic diseases.

‘Mast cells’ are present in the skin and mucosal epithelia, in
particular in thebronchi andgut.Maturemast cells are not found
in the circulation. Like basophils, they contain granules that are
capable of synthesizing the same mediators to be released when
IgE and IgG antibodies bound to plasma membrane receptors
also bind the corresponding antigen. Therefore, they are also
responsible for symptoms of allergic diseases.

‘Dendritic cells’ are the most important antigen-presenting
cells (APCs). APCs are cells specialized to capture and display
antigens to lymphocytes and provide signals that stimulate the
proliferation and differentiation of lymphocytes. They have
long membranous projections and are widely distributed in
lymphoid tissues, mucosal epithelia, and organ parenchyma.
The majority of dendritic cells are called conventional dendritic
cells. In response to activation by an antigen, they migrate to
lymph nodes, and display peptides generated by processing of
the antigen to T lymphocytes. Plasmacytoid dendritic cells are
a subpopulation of dendritic cells involved in early cellular
responses to viral infection.



Figure 2 Schematic representation of the structure of Ig.
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Soluble Products of the Immune System

Soluble products play an important role as they are often the
primary mediator of a given effector function of the immune
system.

l Antibodies

Antibodies (also called Ig) are soluble proteins secreted by
plasma cells (derived from B lymphocytes) during an immune
response that specifically reacts with a given foreign substance
(antigen) (Figure 2). There are five classes (isotypes) of Ig: IgG,
IgM, IgA, IgD, and IgE, and several subclasses with differences
across mammal species. They all share the same basic structural
characteristics (two identical heavy chains and two identical
light chains held together by disulfide bonds), but can be
differentiated from the structure of the heavy chains. They also
serve distinct functions.

l Cytokines

Another important group of soluble products of the immune
system are the cytokines. Cytokines are small soluble proteins
produced by many different cell types as a result of cellular
activation. Most cytokines act either on the same cell that
secretes the cytokine (autocrine action) or on a nearby cell
(paracrine action). Occasionally, they may enter the circulation
and act at a distance from the site of production (endocrine
action). They may have activating or inhibiting functions. One
cytokine can act on diverse cell types and have various bio-
logical effects, a property called pleiotropism. Conversely,
multiple cytokines can exert the same effects, a phenomenon
called redundancy. As already mentioned, pleiotropism and
redundancy are critical issues to be carefully considered from
an immunotoxicological perspective, especially when assessing
changes related to one given cytokine, e.g., increased serum
levels. Themain cytokine families include tumor necrosis factor
(TNF), interferons (IFN), chemokines, transforming growth
factors (TGF), colony-stimulating factors (CSF), and interleu-
kins (IL). Specific examples of cytokines will be provided and
are summarized in Table 2.

‘TNFa’ is the main mediator of the acute inflammatory
response to infectious microbes, responsible for many of the
systemic complications of severe infections. The major source
of TNFa is activated mononuclear phagocytes (monocytes
and macrophages). Its primary function is to stimulate the
recruitment of neutrophils and monocytes to sites of infec-
tion and to activate these cells to eradicate microbial
pathogens.

‘IFNs’ consist of a heterogeneous family. Type I IFNs include
IFN-a produced by plasmacytoid dendritic cells and mono-
nuclear phagocytes, IFN-b produced by many cells such as
fibroblasts, and IFN-u. They all have potent antiviral activity.
Type II or IFN-g is produced by NK cells, T CD4þ Th1
lymphocytes, and T CD8þ lymphocytes in response to specific
antigens, and mainly serves as activator of effector cells of the
immune system. Recently, type III IFNs including IFN-l (also
called IL-28/29) have been identified. They exert IFN-like
antiviral activities.

There are about 50 human ‘chemokines’ divided into 2
main families, the CC and the CXC chemokines. They recruit
cells (e.g., granulocytes) to sites of infection, and regulate the
traffic of lymphocytes through peripheral lymphoid tissues.

‘TGF-b’ inhibits the proliferation and activation of
lymphocytes and other leukocytes.

‘CSFs’ are cytokines that stimulate the differentiation and
expansion of bone marrow progenitor cells. They include the
stem cell factor (c-kit ligand), which acts on immature stem
cells, IL-7 which stimulates the survival and expansion of
immature precursors committed to the B and T lymphocyte
lineages, IL-3 which promotes the expansion of cells that
differentiate into all known mature hematopoietic cell types,
and the granulocyte–macrophage colony-stimulating factor
(GM-CSF), macrophage colony-stimulating factor (M-CSF),
and granulocyte colony-stimulating factor (G-CSF).

l Complement

The complement, which is primarily produced in the liver, is
actually a large group of functionally linked proteins, including
proteases that activate and split each other in sequential order.
Complement proteins interact in an ordered cascade, the so-
called complement cascade (Figure 3). In several steps in the
cascade, small molecular-weight peptides, which possess most
of the biological activities attributed to the complement
system, are released following proteolytic cleavage of main
protein components.

A detailed description of this obviously complicated system
is beyond the scope of this entry. Instead, two points will be
emphasized, the mechanisms for activating the complement
cascade and the biological activities of some of the products of
the complement system. Among the four activation pathways,
two are predominant: the classical activation triggered by Ig
complexed with the antigen and the alternative pathway trig-
gered by nonimmune-specific activators, most notably poly-
saccharides associated with the surface of somemicrobes. There
are common mediators in the two pathways and the biological
consequences are similar. There are receptors for various
components of complement (usually designated CR) located
on neutrophils and macrophages.

Some complement peptides (most notably, activated C3b,
C5a fragments, and the activated complex of C567) function as
chemotactic factors for inflammatory cells. Other complement
peptides (most notably, activated C3b) attach to the microbe
and facilitate the adherence and subsequent phagocytosis of



Table 2 Main cytokines

Cytokines Principal cell source(s) Main cell targets and biological effects

TNF Macrophages, T cells Activation of endothelial cells and neutrophils, synthesis of acute phase proteins (liver),
apoptosis, fever (hypothalamus)

IL-1ab Macrophages, dendritic cells,
endothelial cells, fibroblasts,
hepatocytes

Activation of endothelial cells, synthesis of acute phase proteins (liver), fever (hypothalamus)

IL-2 T cells Proliferation and activation of T and B cells, and NK cells
IL-3 T lymphocytes Maturation of hematopoietic progenitor cells
IL-4 CD4þ T cells, mast cells Isotype switching to IgE (B cells), Th2 differentiation, and proliferation of T cells
IL-5 CD4þ T cells Activation of eosinophils, proliferation of B cells
IL-6 Macrophages, endothelial

cells, T cells
Synthesis of acute phase proteins (liver), proliferation of antibody-producing cells

IL-7 Fibroblasts, bone marrow
stroma cells

Proliferation of early T and B cell progenitors, survival of naive and memory T cells

IL-8 Macrophages, endothelial cells Chemoattractant for neutrophils
IL-9 CD4þ T cells Activation of mast cells, B cells, T cells
IL-10 Macrophages, T cells Inhibition of MHC class II expression by macrophages and dendritic cells
IL-11 Bone marrow stroma cells Production of platelets
IL-12 Macrophages, dendritic cells Th1 differentiation of T cells, IFN-g synthesis by NK cells and T cells
IL-13 CD4þ T cells Isotype switching to IgE (B cells), mucus production by epithelial cells, collagen synthesis

by fibroblasts
IL-14 T cells B cells proliferation, inhibition of antibody production
IL-15 Macrophages Proliferation of NK cells, survival and proliferation of memory CD8þ T cells
IL-16 T cells, mast cells, eosinophils,

epithelial cells
Chemoattractant for CD4þ T cells, monocytes, and eosinophils

IL-17 T cells Chemokine and cytokine production by macrophages, endothelial cells, and epithelial cells
IL-18 Monocytes, macrophages IFN-g synthesis by NK cells and T cells
IL-19 Macrophages IL-1 and TNF secretion by macrophages, proliferation of keratinocytes
IL-20 Keratinocytes, monocytes Proliferation of keratinocytes and HSCs
IL-21 Th1 cells, Th17 cells Activation and proliferation of B cells, Th17 cells, and NK cells
IL-22 Th17 cells Production of defensins by epithelial cells
IL-23 Macrophages, dendritic cells Activation and proliferation of Th17 cells
IL-24 Melanocytes, keratinocytes,

monocytes, T cells
Production of proinflammatory cytokines by monocytes

IL-25 T cells, mast cells, eosinophils,
macrophages, epithelial
cells

Secretion of IL-4, IL-5, and IL-13 by T cells

IL-26 T cells, monocytes ??
IL-27 Macrophages, dendritic cells Inhibition of Th1 cells
IL-28/29 or

IFN-l
Dendritic cells Antiviral defense

IL-30 ?? ??
IL-31 Th2 cells ??
IFN-a Plasmacytoid dendritic cells,

macrophages
Antiviral defense, expression of MHC class I molecules, activation of NK cells

IFN-b Fibroblasts, plasmacytoid
dendritic cells

Antiviral defense, expression of MHC class I molecules, activation of NK cells

IFN-g Th1 and CD8þ T cells, NK cells Activation of macrophages, differentiation of Th1 cells, expression of MHC class I molecules
TGF-b T cells, macrophages Inhibition of B and T cell proliferation, inhibition of macrophage activation
Stem cell factor

(c-kit ligand)
Bone marrow stromal cells Maturation of hematopoietic lineages

GM-CSF T cells, macrophages,
endothelial cells, fibroblasts

Maturation of granulocytes and monocytes, macrophage activation

Monocyte CSF
(M-CSF,
CSF1)

Macrophages, endothelial
cells, bone marrow cells,
fibroblasts

Maturation of monocytes

Granulocyte
CSF (G-CSF)

Macrophages, fibroblasts,
endothelial cells

Maturation of granulocytes
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Figure 3 Classical and alternative (alternate) activation pathways of the
complement cascade.
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the microbe by neutrophils and macrophages, a process known
as opsonization. Finally, the terminal product of the comple-
ment cascade or terminal complement complex C5b-9 can
form a lytic unit, which can attack the cell membrane and
directly kill the microorganisms by punching holes in their cell
membrane. It is thought that most cells of the host are equip-
ped with surface proteases that inactivate complement and
protect them from cytolysis.
Organs of the Immune System

Cells of the immune system concentrate in anatomically
defined tissues, the lymphoid organs. Lymphoid organs are
divided into primary or central lymphoid organs, where
lymphocytes attain phenotypic and functional maturity, and
secondary or peripheral organs, where lymphocyte responses to
foreign antigens are initiated and developed.

l Central lymphoid organs

Central lymphoid organs include the bone marrow and
thymus.

The ‘bone marrow’ is the site where most mature circulating
blood cells, including red cells, granulocytes, and monocytes,
are generated from a common HSC. Hematopoiesis is a general
term used to refer to the production of the cells of the blood
and it can be subdivided into erythropoiesis, myelopoiesis, and
lymphopoiesis. During gestation, hematopoiesis occurs in the
fetal liver and progressively shifts to the bone marrow. Most of
B lymphocyte maturation takes place in the bone marrow, but
the final events may occur after the cells leave the bone marrow
to enter secondary lymphoid organs, in particular the spleen.
The ‘thymus’ is the central lymphoid organ where T cells
mature (Figure 4). It is a bilobed organ located in the anterior
mediastinum. Each lobe is divided into multiple lobules, and
each lobule consists of an outer cortex and an inner medulla.
Most T lymphocytes are present in the cortex, whereas macro-
phages and dendritic cells are found almost exclusively in the
medulla. Thymic cortical epithelial cells provide IL-7 required
early in T cell development. The lymphocytes in the thymus, also
called thymocytes, are at various stages of maturation. Matura-
tion begins in the cortex, and as thymocytesmature, theymigrate
toward the medulla so that the medulla contains mostly mature
T lymphocytes. Only mature T lymphocytes exit the thymus and
enter the blood and peripheral lymphoid tissues. During devel-
opment, immature B lymphocytes in the bone marrow and
immature T lymphocytes in the thymuswill have an opportunity
to interact with neighboring cells, which express surface proteins
indicative of self. These self-proteins are encoded for by themajor
histocompatibility complex (MHC). If the antigen receptor on
any lymphocyte binds too effectively to these MHC-derived
proteins, then that cellwill beeliminated.Thisprocessofnegative
selection is mediated by apoptosis – programmed cell death –

which is triggered by inappropriate recognition of self-proteins
and the lymphocytes are eliminated. Alternatively, these cells can
become anergic, which is an induced lack of responsiveness to
antigenic stimulation.

l Secondary lymphoid organs

Secondary lymphoid organs include the spleen, lymph nodes,
and mucosa-associated lymphoid tissue (MALT).

The ‘spleen’ is a highly vascularized organ whose major
functions are to remove aging and damaged blood cells and
particles (such as immune complexes and microbes) from the
circulation and to initiate immune responses to blood-borne
antigens. The spleen is divided into the red pulp, composed
mainly of blood-filled vascular sinusoids, and the lymphocyte-
rich white pulp. The red pulp macrophages serve as an
important filter for the blood. In the white pulp, densely
packed lymphocytes are organized around branches of the
splenic artery. The marginal zone forms the boundary between
the red and white pulp.

‘Lymph nodes’ are situated along lymphatic vessels
throughout the body (Figure 5). A lymph node is surrounded
by a fibrous capsule. Beneath the capsule is the lymphocyte-rich
cortex. The outer cortex contains aggregates of cells called
follicles, some of which contain central areas, the germinal
centers. Follicles without germinal centers are called primary
follicles, and those with germinal centers are secondary folli-
cles. Germinal centers develop in response to antigenic stim-
ulation. The cortex around the follicles is the parafollicular
cortex or paracortex. B and T lymphocytes are sequestered in
distinct regions of the cortex. Follicles are the B cell zones. T
lymphocytes are located mainly in the paracortex. Chemokines
are the cytokines that determine where B and T lymphocytes
reside in lymph nodes.

‘MALT’ includes lymphoid tissue in the skin, gastrointestinal
mucosa (gut-associated lymphoid tissue, GALT), and bronchial
mucosa (bronchi-associated lymphoid tissue, BALT). Typically,
MALT consists of diffusely distributed cells of the immune
system beneath an outer epithelial barrier. However, each
regional system is defined, in part, by unique characteristics.



Figure 4 Schematic representation of a thymic lobule.
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Immune Responses

Foreign substances can provoke two types of immune
responses, the innate immunity (also called native or nonspe-
cific) and the adaptative immunity (also called acquired or
specific). The principal difference is the role of the antigen,
defined as any substance, which can trigger a specific immu-
nological reaction.
Innate Immunity

Innate immunity provides the early lines of defense against
microbes. It consists of a variety of cellular and biochemical
mechanisms that are in place before infection, react to
microbes and to the products of injured cells, and respond in
the same way to repeated infections.

l Components of innate immunity

The main components of innate immunity include physical
and chemical barriers, such as epithelia that produce mucus
and antimicrobial natural substances (e.g., the defensins)
at epithelial surfaces; phagocytic cells (neutrophils, macro-
phages), dendritic cells, and NK cells; blood proteins
including the complement system and mediators of
inflammation, such as C-reactive protein (CRP) and serum
amyloid P (SAP); and several cytokines. When these barriers
are breached, microbes can enter the body and innate
immune responses are triggered.

l Recognition of molecular structures

The innate immune system recognizes molecular structures
called ‘pathogen-associated molecular patterns’ (PAMPs) that
are unique to certain groups of microbial pathogens and not
to a single pathogen. It also recognizes endogenous molecules
produced by or released from damaged and dying cells, called
‘damage-associated molecular patterns’ (DAMPs). Recogni-
tion molecules – the pattern recognition receptors – are
expressed by macrophages, neutrophils, dendritic cells,
epithelial cells, and many other cell types. Importantly, the
innate immune system does not react against normal, healthy
cells and tissues, as they express neither PAMPs nor DAMPs.
Several classes of pattern recognition receptors have been
identified among which the ‘toll-like receptors’ (TLR) play
a pivotal role. There are nine different functional TLRs in
humans, named TLR1 to TLR9, found on the cell surface and
on intracellular membranes. TLR recognition of microbial
ligands ultimately results in inflammatory and antiviral
responses.



Figure 5 Schematic representation of a lymph node.
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l Acute inflammation

Acute inflammation is characterized by the accumulation of
leukocytes, plasma proteins (e.g., complement components),
and fluid derived from the blood at a site of infection or
injury. Neutrophils and macrophages are recruited, a process
known as ‘chemotaxis,’ under the control of TNFa, IL-1, IL-6,
and several chemokines. They express receptors that specifi-
cally recognize microbes. The binding of microbes to these
receptors is the first step of ‘phagocytosis.’ It is enhanced
when opsonins (IgG or fragments of complement compo-
nents) are attached to microbes (opsonization). The microbes
are subsequently internalized into phagosomes, which fuse
with lysosomes to form phagolysosomes, and finally are
killed by reactive oxygen and nitrogen species and proteolytic
enzymes.

When neutrophils and macrophages are strongly acti-
vated, the disproportionate release of reactive species and
proteolytic enzymes may injure surrounding normal host
tissues. Moreover, TNFa, IL-1, and IL-6 have systemic effects
that are responsible for many of the clinical signs of infec-
tion and inflammatory disease including fever and elevated
levels of acute-phase proteins including CRP, SAP, and
fibrinogen. In severe infections, TNFa enters the blood
stream and acts at distant sites. Inhibition of myocardial
contractility and vascular smooth muscle tone, intravascular
thrombosis, and wasting of muscle and fat cells (cachexia)
are major symptoms of septic shock due to excessive TNFa
release.
l Antiviral responses

Antiviral responses are another major way by which the innate
immune system deals with viral infections. The activation of
cells expressing TLRs results in the release of type I IFNs. One
major effect of type I IFNs is to increase the cytotoxicity of NK
cells and T CD8þ cytotoxic lymphocytes.

‘NK cells’ are neither B nor T lymphocytes and constitute
5–15% of the mononuclear cells in the blood and spleen. They
distinguish infected and injured cells from healthy cells via
inhibitory (KIR) and activating receptors that recognize MHC
class I molecules, which are normally expressed on almost all
healthy cells. Many viruses and causes of cell injury lead to a loss
of MHC class I molecule expression and NK cells interpret this
absence as an indication of infection or damage. The main
effector functions of NK cells are to kill infected cells and to
activate macrophages to destroy phagocytosed microbes. They
have granules containing proteins including perforin, which
facilitates the entry of other granule proteins, called granzymes,
into the cytoplasm of target cells where they initiate apoptosis. In
addition, activated NK cells secrete IFN-g, which increases the
capacity of macrophages to kill phagocytosed bacteria.

l Innate immunity and cytokines

In addition to their ability to produce and release destructive
infiammatory mediators, neutrophils and monocytes/macro-
phages can contribute to the innate immune response by the
production and release of cytokines. The cell sources, targets, and
actions for a number of cytokines are summarized in Table 2.
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The actions of ‘IL-1’ associated with the innate immune
response include the activation of neutrophils, macrophages,
and NK cells; cytostatic and cytotoxic actions for some tumor
cells; the induction of the fever response in the brain (IL-1 was
initially identified as the ‘endogenous pyrogen’); and the
stimulation of acute phase-reactive proteins by the liver. ‘TNFa’
produces many of the same actions as IL-1, but TNFa effects are
generally more marked. ‘IL-6’ is another proinflammatory
cytokine produced mainly by T lymphocytes and macrophages,
which possesses a profile of activity similar to IL-1.

‘IL-8’ is produced by activated monocytes and macrophages
and acts on neutrophils as a chemotactic factor and as a stim-
ulus for enzyme release and oxidative burst. ‘IL-12’ is also
synthesized bymonocytes/macrophages in response to bacteria
or other parasites, and activates NK cells. It is important to
emphasize that IL-1, IL-6, IL-12, and TNFa also have actions on
lymphocytes, and these immunoregulating properties are dis-
cussed later.
Figure 6 Primary and secondary antibody responses.
Adaptative Immunity

In contrast to innate immunity where cells and soluble prod-
ucts are nonantigen specific and are either fully functional
before encounter with the antigen or are rapidly activated,
adaptive immunity is characterized by an exquisite specificity
for distinct molecules (antigens) and an ability to remember
and respond more vigorously to repeated exposures to the
same antigen. The main drivers of adaptive immunity are
lymphocytes. There are two types of adaptive immune
responses, humoral and cell-mediated immunity.

l Humoral immunity

Humoral immunity is mediated by circulating proteins called
antibodies, which are produced by B lymphocytes. Antibodies
exist either as membrane-bound antibodies on the surface of B
lymphocytes that function as receptors for the antigen or as
secreted antibodies that reside in the circulation, tissues, and
mucosal sites to neutralize toxins, prevent the entry and spread
of pathogens, and eliminate microbes.

The activation of B lymphocytes is initiated by the specific
recognition of antigens by the surface Ig receptors of these cells.
Activation leads to proliferation of antigen-specific cells and
their differentiation, generating memory B lymphocytes and
antibody-secreting plasma cells. The type and amount of anti-
bodies produced vary according to the antigen driving the
immune response, the involvement of T lymphocytes, a prior
history of antigen exposure, and the site where activation
occurs. Antibody responses to protein antigens require that the
specifically recognized antigen is internalized by B lymphocytes
and that a peptide fragment of it is presented to CD4þ helper T
lymphocytes that subsequently activate these B lymphocytes.
Because of the involvement of helper T lymphocytes, this type
of response is called ‘T-dependent antibody response’ (TDAR).
In contrast, antibody responses to multivalent nonproteinic
antigens with repeating determinants, such as polysaccharides,
some lipids, and nucleic acids, do not involve antigen-specific
helper T lymphocytes and are called ‘T-independent antibody
responses.’ In TDARs, plasma cells or their precursors migrate
from germinal centers in the peripheral lymphoid organs,
where they are produced, to the bone marrow, where they live
for many years and ensure specific protection against microbes
for long periods of time.

‘Primary and secondary antibody responses’ to protein
antigens differ qualitatively and quantitatively (Figure 6).
Primary responses result from the activation of naive B
lymphocytes that have not been previously stimulated by the
antigen, whereas a secondary immune response is elicited
when the same antigen stimulates antigen-specific memory B
lymphocytes.

In secondary responses as compared to primary responses,
antibody production is greater and peak antibody levels
attained more rapidly (approximately 2–3 vs. 7 days), the main
isotype is IgG instead of IgM, and antibody affinity is much
greater. Once released, the various forms of antibodies (Ig)
possess a number of effector functions to engage the antigen.
Microbes, tumor cells, or foreign proteins can express several
types of antigens and multiple copies of these antigens. If the
microbial antigen to which an antibody is directed is associated
with the toxic portion of a molecule, then the antibody can
neutralize the toxin. The production of neutralizing antibodies
is frequently a problem in the therapeutic application of
biotechnology-derived recombinant proteins as neutralizing
antibodies can become a rate-limiting step during preclinical
testing because animals may perceive the recombinant protein,
especially when humanized, as nonself.
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Most of the effector functions of humoral immunity are
mediated by antibody-activated processes, but they are also key
players in innate immunity. For example, the classical activa-
tion pathway of the complement cascade is triggered by
antigen-antibody complexes and is specifically mediated by the
constant region of the Ig molecule. Both IgM and IgG can
activate the complement system, which results in all of the
biologically active components identified previously, including
the lytic unit, the chemotactic factors, and the complement
peptides, which opsonize the microbe to facilitate phagocy-
tosis. IgM and IgG can function to opsonize some microbes
independent of complement activation in an antigen-
dependent fashion because macrophages and neutrophils have
receptors on their surface, which recognize the constant region
of Ig (Fc receptors, FcRs). FcRs also play a major role in the
ability of IgG to participate in a process known as ‘antibody-
dependent cellular cytotoxicity,’ whereby antigen-specific
antibody attaches via FcRs to certain types of cells, including
NK cells, enabling these cells to attach intimately to the target
cell and trigger cell death. Finally, FcRs are also the primary
effector mechanism for IgE, which is the principal immune
defense against certain types of parasitic infections (most
notably, helminths) and is produced primarily by the external
immune system along secretory surfaces. IgE binds to FcR on
the surface of mast cells and basophils. Once bound to FcR, IgE
can serve as an antigen-specific receptor to trigger the release of
proinfiammatory factors, including vasoactive amines (e.g.,
histamine) and products of the arachidonic cascade (leuco-
trienes and prostaglandins). Systemic immunity is mediated by
IgM and IgG, the latter being the major form of Ig found in the
blood. Local immunity is mediated primarily by IgA and IgE.

l Cell-mediated immunity

The other arm of acquired immunity is cell-mediated immu-
nity, for which antigen-specific T lymphocytes play the primary
role. As antibodies are water-soluble proteins which cannot
venture across the lipid membranes of cells, cell-mediated
immunity is needed to defend against intracellular pathogens,
such as protozoans, fungi, viruses, and certain bacteria (Myco-
bacteria and Listeria). Cell-mediated immunity is also an
important defense against certain types of malignancies (a
mechanism sometimes referred to as the immunosurveillance
of cancer).

The activation of naive T lymphocytes and the effector
phases of T cell–mediated adaptive immune responses are
triggered by recognition of the antigen by ‘specific receptors of
T lymphocytes.’ As with B lymphocytes, the antigen specificity
of T lymphocytes is derived from a surface receptor, a hetero-
dimeric molecule (either the a,b, or the g,d heterodimer) which
has a constant and a variable region, similar to that previously
described for the Ig molecule. The function of g,d T lympho-
cytes, which are thought to be at the interface of the innate and
adaptative immune system, is not fully elucidated. Moreover,
as with surface Ig, the T cell receptor (TCR) cannot in itself
mediate transmembrane signal transduction and it is coupled
on the cell surface with the CD3 molecule, which consists of at
least four invariant polypeptide chains and mediates the signal
transduction associated with the antigen binding of the TCR.
CD3 is the principal phenotypic marker used to identify and
enumerate T lymphocytes. In addition, the TCR complex
includes a number of different accessory molecules, including
CD4 and CD8, which play essential roles in the recognition of
antigen by T lymphocytes. CD4 and CD8 also serve as
important phenotypic markers for T helper and T cytotoxic
lymphocytes, respectively.

In cell-mediated immunity, the activation of a small pool of
naive T lymphocytes with predetermined (cognate) receptors
for a given antigen generates a large number of functional
effector cells that can eliminate that antigen, and long-lived
memory T lymphocytes that rapidly react against the antigen in
case it is reintroduced.

The immune system utilizes different lymphocyte subpop-
ulations to mount specialized adaptative cell-mediated
responses. ‘CD4þ’ ‘T lymphocytes’ recognize antigens of
phagocytosed and extracellular microbes and produce cyto-
kines that activate phagocytes to kill microbes and stimulate
inflammation. ‘CD8þ’ ‘T-cytotoxic lymphocytes’ recognize
antigens of microbes residing in the cytoplasm of infected cells
and kill the cells. The immune response against phagocytosed
microbes that live within the phagosomes of macrophages is
mediated by ‘CD4þ’ Th1 ‘lymphocytes,’ which recognize
microbial antigens and activate phagocytes to destroy the
ingested microbes. The response to extracellular microbes,
including many fungi and bacteria, is mediated by CD4þ Th17
lymphocytes, named after the main cytokine – IL-17 – they
secrete. The response to helminthic parasites is mediated by
CD4þ Th2 lymphocytes, which stimulate the production of IgE
antibodies and activate eosinophils and mast cells. IL-4, IL-5,
and IL-13 are the main cytokines involved. Finally, T cell-
dependent inflammation may damage normal tissues and in
this case is referred to as delayed-type hypersensitivity (DTH).
Regulation of an Acquired Immune Response

As emphasized throughout this entry, the antigen plays the
critical role in providing the driving force and the specificity of
an acquired immune response. This type of response can be
regulated by several general mechanisms including cellular
cooperativity, the cytokine network, and genetically deter-
mined regulation. Cellular cooperativity can be mediated by
both direct cell-to-cell contact and the release of soluble factors,
especially the cytokines. The ‘cytokine network’ is a term used
to emphasize the fact that cytokines can both up- and down-
regulate lymphocyte activity.

Genetically determined regulation is mediated by two
major types of proteins encoded for by the MHC. In humans,
MHC-derived proteins are called human lymphocyte antigens
(HLA). MHC class I proteins are expressed on all cells of a given
host and are critically involved in the designation of self vs.
nonself. They determine tissue compatibility and are the
primary targets (i.e., antigens) in allograft or transplant rejec-
tion. MHC class II proteins are expressed on only certain types
of immune cells (macrophages, dendritic cells, B lymphocytes)
and play a central role in the control of cellular interactions
during an immune response.

Generally speaking, the form of the antigen as it appears on
the foreign substance when it is introduced into the host is not
the form of the antigen, which is recognized by antigen
receptors on the surface of lymphocytes. Indeed, the antigen
must be taken up by specialized cells and then processed, so
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that the most immunogenic components can be presented to
the lymphocytes. Cells carrying out this antigen-processing step
are the APCs. A T lymphocyte can only recognize an antigen if
the APC and the T cell share the same MHC type and antigen
recognition by T lymphocytes is said to be MHC restricted.
During antigen processing, the microbe or foreign particle is
internalized within a vesicle and broken down, which generates
small peptides (6–30 amino acid residues in length) that
complex with MHC-derived proteins. The antigen–MHC
protein complexes are returned to the surface of the APC. CD4þ

T lymphocytes can only recognize the antigen in the context of
MHC class II molecules, and CD8þ T lymphocytes only in the
context of MHC class I molecules.

Although signals generated by TCR recognition of peptide–
MHC complexes on the surface of an APC are the initial triggers
of T cell-mediated responses, signals provided at the same time
by costimulators expressed on APC are essential (Figure 7). The
best characterized costimulatory pathway involves the T cell
surface receptor CD28, which binds the costimulatory mole-
cules B7-1 (CD80) and B7-2 (CD86) expressed on activated
APCs following encounter with microbes. T lymphocyte
responses to antigen and costimulators are characterized by
changes in the expression of surface molecules, synthesis of
cytokines and cytokine receptors, cellular proliferation, and
differentiation. Shortly after activation, T lymphocytes produce
IL-2 and express high levels of the functional IL-2 receptor. IL-2
drives the proliferation of the cells, which can result in marked
expansion of antigen-specific clones. Antigen-specific clonal
expansion should be differentiated from polyclonal activation
where the proliferation of several clones is triggered in
a nonspecific fashion. Mitogens (e.g., concanavalin A or
lipopolysaccharides, LPS) are polyclonal activators, i.e.,
substances, which can cause lymphocytes to enter mitosis.
A monoclonal antibody is a genetically engineered antibody,
which has a single antigenic specificity because it is produced
by a homogenous clone of cells. Eventually, lymphocytes will
stop proliferating and will begin to differentiate into antigen-
specific effector cells, another step under the control cytokines
produced primarily by T helper lymphocytes. One of the critical
steps in the differentiation of B lymphocytes is the ‘switch’ to
the specific isotype of Ig molecules (from IgM to IgG, IgA or
IgE) that will ultimately be secreted.

As mentioned previously, CD4þ T helper lymphocytes can
be divided into several subpopulations based on the respective
profiles of cytokines they produce: Th0 lymphocytes produce
IL-3 and GM-CSF; Th1 lymphocytes produce IFN-g; and Th2
lymphocytes produce IL-4, IL-5, IL-6, IL-10, and IL-13. By virtue
of the production of IFN-g, Th1 lymphocytes facilitate the
generation of cell-mediated immune responses. In contrast, Th2
lymphocytes facilitate the generation of humoral immune
responses through the cytokines they secrete, which support
B lymphocyte functions. Moreover, Th1 lymphocytes suppress
the activity of Th2 lymphocytes via the production of IFN-g
and Th2 lymphocytes suppress the activity of Th2 lymphocytes
via the production of IL-4. Recently, Th17 lymphocytes have
been identified and named after the main cytokine they secrete.
IL-17 is mainly involved in the induction of proinflammatory
responses.
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Certain types of T lymphocytes expressingCD4 act as antigen-
specific T regulatory cells (formerly called suppressor cells)
among which the best-characterized ones are the CD4þ CD25þ

Foxp3þ or ‘Tregs’ cells, even thoughmuch remains to be done to
fully understand how they function. Finally, activated T
lymphocytes may differentiate into memory T lymphocytes,
which survive for a long period of time, and respond rapidly to
subsequent antigen challenge. The maintenance of memory T
lymphocytes is dependent on cytokines, such as IL-7. No surface
markers are unequivocally available to identify memory T
lymphocytes in laboratory mammals as well as humans.
Immunotoxic Effects: The Clinical Consequences
of Immunotoxicity

Immunotoxic effects should be unambiguously divided into
four distinct categories, namely immunosuppression, immu-
nostimulation, hypersensitivity, and autoimmunity. Indeed,
the early distinction between immunosuppression on one side
and immunostimulation resulting in hypersensitivity and/or
autoimmunity on the other side did not stand the test of time
as it does not take into account the clinical experience and
progress in our understanding of immunotoxicity mechanisms.
Immunotoxic Effects Associated with Immunosuppression

Due to the long clinical experience gained following the
introduction of potent immunosuppressive drugs in the clinic,
the adverse effects of immunosuppression are well recognized.
Two major types of effects have been clearly identified.

l Infectious complications

Impaired resistance against microbial pathogens is the main
characteristic feature of immunosuppression as evidenced by
infectious complications in patients with primary or acquired
immune defects as well as patients treated with potent
immunosuppressive drugs and corticosteroids. Moreover, large
groups of human subjects exposed to PCBs via rice contami-
nation in Japan and Taiwan, PBBs via cattle contamination in
Michigan, or mixtures of pesticides and organochlorine deriv-
atives in Inuit living in the north of Canada developed signif-
icantly more frequent infections. In immunocompromised
patients, whatever the underlying cause, infections are indeed
always more frequent, often more severe and relapsing.

No pathogen is specifically involved in infectious compli-
cations associated with immunosuppression. Bacterial, viral,
fungal, and parasitic infections have been observed. Infections
of the respiratory tract are the most frequent infections of
immunocompromised patients followed by infections of the
digestive tract often presenting as chronic diarrhea. However,
any other site of the body can be affected. In addition, atypical
or ‘opportunistic’ infections may develop in immunocompro-
mised humans. These infections are characterized either by the
involvement of microbes normally moderately, if at all path-
ogen in humans whose immune function is normal, or by
unusual sites of infection. Illustrative examples include infec-
tions caused by Listeria monocytogenes and Pneumocystis jiroveci
or cerebral toxoplasma abscess and systemic candidiasis.
Importantly, when another cause for immunosuppression can
be ruled out, the diagnosis of opportunistic infection in one
individual can be considered as an immunotoxicity warning,
especially in patients enrolled in clinical trials or during early
postmarketing drug surveillance (pharmacovigilance).

Finally, infections associatedwith immunosuppressive drugs
and other xenobiotics may be unremarkable in that no clinical,
biological, or microbiological features can suggest the involve-
ment of anydrug treatmentor chemical exposure. If nodedicated
epidemiological or pharmacoepidemiological study is con-
ducted, an increase in unremarkable infections may be missed.

l Neoplasias

There is large body of evidence that immunocompromised
patients are at a greater risk of developing neoplasia.
‘Skin cancers’ including squamous-cell cancers and Kaposi’s
sarcomas are the most frequent virus-associated tumors in
immunocompromised humans, especially organ-transplant
patients on long-term immunosuppressive regimens.
Long-term follow-up studies have found that up to 30% of
organ-transplant patients may develop skin cancer. Many
retrospective and prospective studies have shown that the risk of
‘lymphoproliferative disorders’ is far greater in organ-transplant
patients as compared to the general population (30- to 50-fold
increase in relative risk).Non-Hodgkin’s B lymphomas aremore
common than T lymphomas. There is no conclusive evidence to
substantiate that the suspected association between pesticide
exposure and lymphomas in rural populationsmay be linked to
any (hypothetical) immunosuppressive potential of pesticides.

Infectious complications and virus-induced neoplasia can
be observed in patients treated with every potent immuno-
suppressive drug in current clinical use. However, there is
a parallelism between the incidence and severity of these
complications depending on the magnitude of immunosup-
pression, which recently led to suggest the significant role of
‘overimmunosuppression.’ It should be reminded that a partial
decrease in immune responsiveness could be qualified as
immunodepression, whereas a total inhibition (abrogation) of
immune responsiveness as in organ-transplant patients with
the objective to avoid graft rejection would correspond to
immunosuppression. The coexistence of a latent viral infection,
e.g., Epstein–Bar virus (EBV) or human herpes virus 8 infection,
is widely thought to play a pivotal role. For example, EBV
infection was found in one half of rheumatoid patients
with methotrexate-associated lymphomas, whereas most
lymphomas in patients without a previous exposure to the
immunosuppressive drug methotrexate were not associated
with EBV infection and had a clinical presentation closer to
lymphomas seen in the general population. Another critical
finding is the spontaneous recovery of lymphomas associated
with methotrexate treatment in a number of patients where the
immunosuppressive regimen could be halted, e.g., rheumatoid
patients treated with low-dose methotrexate.
Immunotoxic Effects Associated with Immunostimulation

Even though the term ‘immunomodulation’ has long been
preferred to immunostimulation, particularly among immu-
nologists, it is becoming increasingly clear that immuno-
stimulation, i.e., an increase in antigen-specific responses, or
immunoactivation resulting from direct (nonspecific)
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activation of cells of the immune cells, may be more relevant
from an immunotoxicological perspective than immunomo-
dulation, which largely remains an academic concept with so far
few conclusive therapeutic consequences. Although the adverse
consequences of immunostimulationhave longbeen suspected,
full confirmation was obtained in the recent years with
the introduction of potent immunostimulatory therapeutic
proteins in the clinic. At least, four main types of clinical
consequences have been identified.

l Cytokine release

Adverse events related to cytokine release are the most frequent
type of clinical consequences. A fairly large range of clinical
manifestations has been described depending on the immedi-
ateness and magnitude of cytokine release. ‘Flu-like reactions’
with moderate fever (z39� C), malaise, shivering, chills,
arthralgias, and myalgias are rather common. They are easily
prevented or alleviated with acetaminophen or nonsteroidal
antiinflammatory drugs. They typically occur in case of recall
vaccine injections. More marked cytokine release can manifest
as the so-called ‘acute cytokine or cytokine release syndrome.’
Typical clinical features include hyperpyrexia (up to 41� C),
marked shivering, chills, arthralgias, and myalgias, frequently
associated cardiovascular disturbances including hypotension,
cardiovascular collapse, or even shock possibly leading to
myocardial ischemia, and neurological disorders including
obtundness, seizures, and even coma. These adverse events are
typical complications of treatment with quite a few recombi-
nant cytokines or therapeutic monoclonal antibodies and are
often dose- or treatment limiting. Interestingly, the metal fume
fever in welders has been shown to be related to acute cytokine
release. Finally, life-threatening manifestations may develop in
the context of a so-called ‘cytokine storm’ combining the severe
clinical symptoms of an acute cytokine syndrome with multi-
organ failure, primarily the severe respiratory acute syndrome
and acute renal failure. Cytokine storm is the hallmark of avian
flu and septic shock. It has been at least described once with
a therapeutic protein, namely the humanized monoclonal
antibody TGN1412, a superantigen agonist of CD28.

Whatever the clinical manifestations, from flu-like reaction
to cytokine storm, cytokine release is the common mechanism.
Proinflammatory cytokines, in particular TNFa, IL-1, and IL-6,
are released as a result of direct, nonantigen-specific activation
of various cells of the immune system including macrophages,
lymphocytes, and NK cells. The clinical manifestations reflect
the known biological effects of these cytokines, which can enter
the blood circulation and thus act systemically on targets at
a distance from the cytokine-releasing cells.

l Autoimmune diseases

Another clinical consequence of immunostimulation is the
occurrence of more frequent autoimmune diseases in human
subjects treated with some immunostimulatory drugs, e.g.,
recombinant cytokines, such as rhIL-2 or rIFN-a, or possibly
exposed to immunostimulatory chemicals, even though no
well-documented examples of the latter have been clearly
identified in the clinic. More frequent autoimmune diseases
associated with immunostimulation are strictly identical,
clinically, biologically, and immunologically, to their sponta-
neous counterpart. The mechanism involved is not elucidated.
Up to 30% of cancer patients treated with rhIL-2 have been
shown to develop antithyroid antibodies and this might be
explained by a IL-2-mediated increase in the expression of
MHC class II molecules on thyrocytes, which would become
functional APC and thus present self thyroid antigens to
T lymphocytes.

l Hypersensitivity reactions to unrelated allergens

The third clinical consequence of immunostimulation is an
increase in the incidence of hypersensitivity reactions to unre-
lated allergens. This is a situation totally distinct from ‘drug
allergy.’ Indeed, some patients treated with immunopotenti-
ating drugs, such as levamisole and other similar drugs, have
been reported to develop exacerbation of asthma, eczema, or
hay fever shortly after starting treatment. Although it may seem
reasonable to believe that immunostimulatory xenobiotics
could enhance normal as well as abnormal immune responses,
the available clinical data are fairly scarce. However, rhIL-2
treatment in cancer patients has been unequivocally shown to
significantly increase the incidence of hypersensitivity
reactions to radiocontrast media. Recently, experimental data
evidenced a potentiating effect of prior exposure to diesel
particles and other nanoparticles on ovalbumin-induced
respiratory sensitization in mice.

l Inhibition of cytochrome P-450 (CYP-450)-mediated
biotransformation

Finally, immunostimulation can be associated with a signifi-
cant decrease in CYP-450-mediated biotransformation path-
ways. There is a large body of in vitro and animal data showing
that a vast variety of immunostimulatory substances can
inhibit the CYP-450 system. Interestingly, this inhibitory effect
was confirmed in human subjects treated with therapeutic
doses of BCG (therapy of intramural bladder cancer), rIFN-a
(chronic virus C or B hepatitis), and several recombinant
cytokines during clinical trials. The mechanism has been fully
elucidated and shown to involve the decreased expression of
several genes involved in the CYP-450 system subsequently to
IL-6 release.
Immunotoxic Effects Associated with Hypersensitivity

Hypersensitivity reactions are frequent immune-mediated
adverse effects of drug treatments and exposure to many
xenobiotics. Although the majority of these adverse effects are
mild to moderate, some may be life threatening. The actual
incidence is not known precisely, especially as concerns drug
treatment, but thought to be fairly high (possibly accounting
for 10% of all drug-induced adverse events). Hypersensitivity
reactions can be antigen specific and then defined as immune-
mediated hypersensitivity reactions, or nonantigen-specific
and referred to as non immune-mediated hypersensitivity
reactions.

The general term ‘allergy’ is often misleadingly used to
define the whole set of hypersensitivity reactions whatever the
cause or mechanism involved. Indeed, immune-mediated
(immunoallergic) hypersensitivity reactions markedly differ
from nonimmune-mediated (pseudoallergic) hypersensitivity
reactions as discussed below.
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l Immune-mediated hypersensitivity reactions

Immune-mediated hypersensitivity reactions involve two
pivotal characteristics of immune responses, namely highly
‘specific recognition’ of the antigen and ‘immunological
memory.’ The immune system can exquisitely distinguish very
closely related chemical structures, a property that developers
of immunoassays take advantage of. When the immune system
encounters an antigen, antigen-specific memory cells are
generated and they are activated more rapidly and more
intensely upon a subsequent contact with the same antigen.

In order to induce an immune-mediated hypersensitivity
reaction, xenobiotics must be immunogenic, that is to say have
the capacity to sensitize the exposed host specifically and react
with specific antibodies upon a subsequent contact. Foreign
macromolecules can act as ‘direct immunogens.’ A molecular
weight of 5 kD is considered sufficient to result in immunoge-
nicity, a conclusion at least based on immune-mediated hyper-
sensitivity reactions reported in humans treated with porcine or
bovine (heterologous) insulin. However, a much larger size is
required for nonpeptidic molecules, such as polysaccharides to
be direct immunogens. Smaller foreign molecules, which
include most drugs and industrial or environmental chemicals,
cannot act as direct immunogens due to insufficient size. They
must play the role of ‘hapten’ following strong binding to
a carrier macromolecule. Because strong, often covalent binding
is required to generate stable hapten-carrier complexes, small
molecules should have sufficient chemical reactivity. Although
many industrial chemicals are chemically reactive for their
intended utilizations, drugs lack chemical reactivity, a prerequi-
site to avoid unacceptable toxicity through covalent binding to
unwanted tissue targets. Therefore, most drugs act as prohaptens.
Consequently, the parent molecule has to be biotransformed to
a short-lived, reactive metabolite that will play the final role of
hapten. This is a critical issue to be carefully considered when
assessing the predictability of in vitro assays or animal models
regarding the immunogenic potential of small molecules. In
addition, that short-lived metabolites are thought to be involved
in the majority of drug-induced immune-mediated hypersensi-
tivity reactions is a major hurdle to medical diagnosis as the
causative metabolite(s) are seldom precisely identified. The ‘P–I
concept’ was recently proposed to explain reactivity of drug-
specific human T lymphocyte clones to a parent molecule in its
native form without processing or binding to a carrier molecule
in patients with a history of hypersensitivity. A direct activatio-
n of antigen-specificmemory T lymphocytes has been postulated
to be involved.

As indicated previously, the involvement of the immuno-
logical memory is a critical feature of immune-mediated
hypersensitivity reactions, the consequence of which is that
a clinically patent immune-mediated hypersensitivity reaction
can obligatorily develop only in an animal or human being
with a ‘history of prior contact’ to the sensitizing xenobiotic
(antigen). Any hypersensitivity reaction occurring after the first
administration of a drug or the first exposure to a chemical
should a priori not be considered to be immune mediated. The
prior contact can be obvious in case of prior treatment or
exposure with the same drug or chemical. It can also be masked
and therefore easily missed. One example is the contamination
of the food chain. For instance, tonic water contains quinine
derivatives that may induce sensitization, which has been
reported as a cause of anaphylactic shock in patients treated
with the antimalarial drug quinine. Similarly, anaphylaxis to
penicillin G treatment has been suggested to occur following
sensitization through penicillin-containing cow’s milk in the
past. Recently, cross-reactivity between red meat and the
monoclonal antibody cetuximab, an epidermal growth factor
receptor inhibitor, was shown to occur in patients who devel-
oped anaphylaxis after the first administration of cetuximab. It
was found that patients with a history of sensitization to red
meat had IgE to galactose-a-1,3-galactose, an antigenic deter-
minant (epitope) found in both red meat and the Fab heavy
chain of cetuximab. However, cross-sensitization is actually
very rare. Another example is compounds containing an amino
group in the para position of a benzene ring, such as the hair
dye para-phenylenediamine, sulfonamides, thiazidic diuretics,
or the local anesthetic drug benzocaine. When one human
subject is sensitized to one of these compounds, subsequent
contact with another compound may immediately trigger an
antigen-specific hypersensitivity reaction.

Immune-mediated hypersensitivity reactions are typically
classified into four types according to Gell and Coombs
(Figure 8). It is, however, important to keep in mind that this
classification was proposed in the mid-1960s for allergic
diseases in general and later adapted to ‘drug allergies’ at a time
when the existence and role of T lymphocytes were largely
ignored. Since then, significant progress has been achieved in
our understanding of the mechanisms involved in a number of
immune-mediated hypersensitivity reactions. Therefore, using
the classification by Gell and Coombs nowadays is illogical
and deemed to be misleading in many occasions. Globally,
immune-mediated hypersensitivity reactions can be divided
into primarily antibody-mediated reactions and primarily
T lymphocyte-mediated reactions.

‘Immediate hypersensitivity reactions (anaphylaxis)’ are
caused by antigen-specific IgE antibodies (as well as IgG4 in
humans and IgG1 inmice) that bind to high affinity receptors on
the surface of basophils and mast cells. The IgE-antigen reaction
triggers changes in the conformation of the target cell membrane
resulting in the degranulation of cytoplasmic granules storing
preformed mediators including histamine, tryptase, and
cathepsin D, and the subsequent synthesis of prostaglandins
and leucotrienes from membrane phospholipids. The symp-
toms of anaphylaxis include urticaria, angioedema, broncho-
spasm, and/or cardiovascular collapse, which directly reflect the
biological properties of the released mediators. In a previously
sensitized host, the delay of onset is short, from a fewminutes in
case of intravenous injection to a few hours after ingestion. In
not previously sensitized hosts, a minimal treatment or expo-
sure duration of 5–7 days is necessary.

Another type of antibody-mediated hypersensitivity reac-
tions involves ‘cytotoxic antibodies,’ primarily IgM and to
a lesser extent IgG. Following a prior sensitizing contact,
antigen-specific IgM or IgG, either circulating in the blood or
bound to blood cells or bone marrow precursor cells can react
with the corresponding antigen (parent drug or chemical
molecule or one of its metabolites) upon reintroduction and
this may result in activation of the complement cascade leading
to the formation of the terminal lytic unit (C5b-C9). Target
blood or precursor cells are then destroyed by a bystander



Figure 8 The classification of Gell and Coombs.
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effect, and depending on the target cells, an immunoallergic
hemolytic anemia (red blood cells), neutropenia or agranulo-
cytosis (white blood cells), thrombocytopenia (platelets), or
aplasia (bone marrow precursors) may develop.

Antigen-specific antibodies can also be involved in the
formation of ‘immune complexes,’ which derive from the
combination of several antigen and antibody molecules. Due
to their large size (usually over 10 kD), circulating immune
complexes may deposit in the wall of small vessels. The
deposition of immune complexes triggers the activation of
the complement cascade and neutrophils, which may result in
lesions of endothelial cells. When immune complex deposi-
tion is limited to the skin, vasculitis may ensue (although
vasculitis may be due to other pathogenic mechanisms).
Immune complex deposition can be wider and concern the
skin, joints, and kidneys. Skin eruption, arthralgias, and the
nephrotic syndrome are hallmarks of systemic immune
complex diseases called serum sickness. In the past, serum
sickness was a frequent complication of the administration of
heterologous sera to treat human patients with tetanus or
diphtheria.

A number of immune-mediated hypersensitivity reactions
do not involve specific antibodies, but T lymphocytes. One
classical example is ‘contact dermatitis,’ a frequent pathological
condition primarily caused by industrial chemicals, cosmetics,
and household products. When a sensitizing chemical is
applied topically, a subpopulation of dendritic cells in the skin
called the Langerhans cells can process and present the antigen
to CD4þ T lymphocytes to trigger a cell-mediated immune
response in which the effector cells are the CD8þ T lympho-
cytes. Another example is ‘photosensitivity’ where a chemical is
activated to a sensitizing molecule after exposure to sunlight.
One critical limitation of the classification by Gell and Coombs
is the lack of consideration of the pivotal role of T lymphocytes
in many immune-mediated hypersensitivity reactions. Indeed,
there is growing evidence that T lymphocytes are exquisitely
involved in the pathogenesis of many severe immune-
mediated adverse events including bullous toxidermias, such as
epidermal toxic necrolysis and Stevens–Johnson syndrome,
interstitial hepatitis, pneumonitis and nephritis, or drug reac-
tion with eosinophilia and systemic symptoms (DRESS).
Recent data have shown the selective involvement of
T lymphocyte subsets, such as CD8þ T lymphocytes in
epidermal toxic necrolysis and IL-5 producing Th2 lymphocytes
in DRESS, in the pathogenesis of these complications.

l Nonimmune-mediated hypersensitivity (pseudoallergic)
reactions

The observation that a number of patients without a docu-
mented history of previous contact to a given antigen devel-
oped closely similar symptoms immediately after treatment
with or exposure to well-characterized xenobiotics led to the
assumption that nonimmune-mediated (pseudoallergic)
mechanisms could also be involved. Indeed, it was later shown
that some of the mediators released during IgE-mediated
anaphylactic reactions could also be released via a direct (i.e.,
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nonantigen specific), either pharmacological or toxicological
mechanism.

Although IgE-mediated anaphylaxis is characterized by the
release of histamine and other mediators, which are the cause
of respiratory difficulties and asthma, histamine can also be
released in a direct fashion by mast cells and basophils. The
mechanism of ‘direct histamine release’ is not fully elucidated,
but could involve nonspecific cytotoxicity, osmotic stress, or
alterations in transmembrane exchanges of calcium and/or
sodium ions. Clinical manifestations are typically those of
a histaminic shock with rash, flushing, abdominal pain, diar-
rhea, cough, headaches, and moderate hypotension, which
develop after the ingestion of decayed fish (scombroid food
poisoning) or the injection of vancomycin (red man
syndrome) or morphine derivatives.

‘Direct activation of the complement cascade’ is another
cause of pseudoallergic reactions. Physicochemical properties
of particles or surfactants, e.g., the pharmaceutical solvents
Tween 80 and Cremophor El�, involved in direct complement
activation are thought to play a critical, even though poorly
elucidated role. The clinical manifestations are somewhat
distinct to those of direct histamine release at least to some
extent due to the involvement of the anaphylatoxins.
The anaphylatoxins (ranked C5a > C3a >> C4a by order of
potency) are formed by proteolytic cleavage of the C3, C4, and
C5 components. They have potent constricting effects on small
vessels and other smooth muscles in the gut and bronchi, and
induce mast cell degranulation, platelet aggregation, and
thromboxane A2 release.

‘Other mechanisms of nonimmune-mediated hypersensi-
tivity reactions’ include interference with prostanoid derivatives
(aspirin and NSAIDs (non-steroidal anti-inflammatory drugs)
intolerance) and inhibition of bradykinin degradation
(angioedema induced by angiotensin-converting enzyme
inhibiting drugs). Last, but not least, direct cytokine release as
described previously might be considered another mechanism
of nonimmune-mediated hypersensitivity reactions. Indeed, the
administration of monoclonal antibodies for therapeutic
purpose may be associated with adverse effects during the first
infusion. Direct activation of the complement cascade due the
intended mechanism of action of some monoclonal antibodies
or cytokine releasemaybe involved, suggesting that the so-called
first-infusion reactions may be close to pseudoallergic reactions.
Immunotoxic Effects Associated with Autoimmunity

The importance of autoimmunity associated with drug treat-
ment or chemical exposure is a matter of ongoing debate.
Autoimmune reactions due to drug treatment are seemingly
very rare despite claims that drugs could account for up to
10% of lupus. The same apparent discrepancies can be
found between epidemiological data on xenobiotics-associated
autoimmune diseases and various claims or experimental data.
It is absolutely essential to keep in mind that very little is
actually known of the pathogenic mechanisms involved in
autoimmunity, which should drive anybody to be extremely
cautious when addressing this issue.

The clinical experience shows that extremely few case
reports of autoimmunity possibly associated with chemical
exposure have so far been published. Case reports associated
with drug treatments are nevertheless not many. It is proposed
to clearly differentiate autoimmune diseases that have been
shown or suggested to be more frequent in human subjects
treated with immunostimulatory drugs (as discussed above)
from autoimmune reactions. Indeed, the former are very
similar, if not identical to the corresponding spontaneous
autoimmune diseases, whereas the latter may differ more or
less markedly. Another major difference is that any type of
autoimmune diseases can be more frequently associated with
some immunostimulatory treatments, whereas typically one
given drug is associated with only one type of autoimmune
reaction, even though the reason for this apparent ‘specificity’ is
unknown.

Autoimmune reactions as any autoimmune process can be
divided into organ-specific and systemic reactions.

‘Organ-specific autoimmune reactions’ are characterized by
a very focused autoimmune process targeted to one exquisite
component of the body, e.g., the Rhesus antigen as in auto-
immune hemolytic anemia or the acetylcholine receptor in the
motor plate as in myasthenia. The clinical and biological
features of organ-specific autoimmune reactions are identical
to their spontaneous autoimmune disease counterpart so that
the only possible way to demonstrate the causative role of drug
treatment is progressive recovery following cessation of the
offending drug. Very few drug-reaction pairs have so far been
identified (e.g., penicillamine and myasthenia or alpha-
methyldopa and autoimmune hemolytic anemia).

‘Systemic autoimmune reactions’ are rare, but somewhat
more common than organ-specific reactions. In sharp contrast
to organ-specific reactions, systemic reactions are characterized
by an autoimmune process, which is directed against a variety
of widely distributed targets, such as DNA, histones, and
nucleoproteins. In addition, the clinical and biological signs
can be markedly different from the spontaneous disease so that
it is illogical to use the word drug-associated lupus eryth-
ematosus. Drug-induced lupus syndrome or pseudolupus is
recommended instead.
Mechanisms of Toxicity

The immune system is a complex, widely distributed,
and tightly regulated series of overlapping effector functions
designed to allow the discrimination between self and nonself.
As such, the immune system is characterized by a number of
features that make it vulnerable to being targeted by exposure
to xenobiotics. Many of the effector functions of the immune
system are dependent on a multitude of cell types, which all
share a common precursor, the pluripotent stem cell. There-
fore, any damage to the stem cell would be expected to have
adverse consequences, several of which would extend beyond
the immune system. Fortunately, the stem cell is refractory to
xenobiotic-induced perturbation and is only affected by high
doses of radiation. However, subsequent steps of hematopoi-
esis are affected by exposure to chemicals.

The generation of mature lymphocytes with the capability of
being programmed to respond against nonself in an antigen-
specific manner, but without the risk of responding to self, is
dependent on a complex maturation process that takes place in
primary lymphoid organs, such as the bone marrow
and thymus. Therefore, xenobiotic-induced damage to these
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microenvironments can contribute to immunosuppression as
well as problems with immune regulatory functions. In addi-
tion, the cells that make up the microenvironment within the
primary lymphoid organs (e.g., bone marrow stromal cells and
thymic epithelium) can also contribute to the mechanism by
which xenobiotics alter the differentiation of leukocyte precursor
cells as shown with polyaromatic hydrocarbons (PAH).

B and T lymphocytes are generally quiescent resting cells
requiring appropriate stimulation by an antigen in order to elicit
an effector function. Antigenic stimulation of lymphocytes
activates multiple signal transduction cascades, which alter the
profile of gene expression to induce lymphocytes to first clonally
expand, by undergoing numerous rounds of proliferation, and
then to terminally differentiate into effector cells (e.g., antibody-
secreting plasma cells, cytokine-secreting helper T lymphocytes
or cytotoxic T lymphocytes). Xenobiotics that interfere with the
signal transduction cascades initiated at the antigen receptor are
extremely potent immunosuppressive agents. Two examples of
such agents are the immunosuppressive drugs, cyclosporine and
tacrolimus, both of which block T lymphocyte activation by
targeting critical components of the TCR-initiated signal trans-
duction cascade and upregulation of IL-2.

Proliferation (i.e., the clonal expansion of reactive
lymphoid cells) is a critical step in any acquired immune
response. Therefore, any drug or chemical with antiproliferative
properties has the potential to be immunosuppressive. Many
types of anticancer drugs, which target highly proliferating cells,
exhibit immunosuppressive effects.

Virtually all aspects of immunity are dependent on recog-
nition of surface structures and can be regulated by a multitude
of soluble products. Therefore, any drug or chemical that affects
protein synthesis, gene expression, and/or receptor expression
has the potential to disrupt immune function. The immune
system is characterized by a unique distribution, and many of
its components are located close to the principal sites of
absorption, including the gastrointestinal tract, the pulmonary
tract, and the skin. Therefore, the immune system is in a posi-
tion to be exposed to potentially high concentrations of drugs
and chemicals. This phenomenon is especially important in
hypersensitivity responses where the primary portal of entry of
the hapten can determine the specific site of the reaction.

Some components of the immune system have metabolic
capability including some forms of the CYP-450 system.
Therefore, some chemicals, which are inert in their parent form,
but can be metabolized to reactive intermediates, can be acti-
vated by the immune system. However, it is important to
emphasize that the metabolic capability of the immune system
is minor when compared with other organ systems, most
notably the liver, and that it possesses only a small repertoire of
metabolizing enzymes.

The immune system is not only regulated by its ownproducts
but also exquisitely sensitive to products generated by other
systems. One critical feature of any discussion of the mecha-
nisms of immunosuppression must be the appreciation that
robust changes in immune function can be mediated by either
direct or indirect effects (or both) of a xenobiotic. Direct effects
can be associated with distinct types of cells. Perhaps, the best
examples are cyclosporine and related immunosuppressive
drugs, such as rapamycin and tacrolimus, which specifically
target T lymphocytes via an interaction with cytosolic and/or
nuclear proteins to disrupt antigen-induced activation of tran-
scription. To date, despite the tremendous evolution of the
discipline of immunotoxicology, noother xenobiotic associated
with occupational or environmental exposure has been as well
characterized from a mechanistic perspective as cyclosporine. A
number of chemicals with demonstrable suppression of
immune function produce this action via indirect effects. By and
large, the approach that has been most frequently used to
support an indirect mechanism of action is to show immuno-
suppression after in vivo exposure, but no immunosuppression
after in vitro exposure to relevant concentrations. One of the
most often cited mechanisms for an indirect action is centered
on the limited metabolic capabilities of immunocompetent
cells and tissues. A number of chemicals have caused immu-
nosuppression when administered to animals, but were essen-
tially devoid of any potency when added directly to suspensions
of lymphocytes and macrophages. Many of these chemicals are
capable of being metabolized to reactive metabolites including
dimethylnitrosamine, afiatoxin B1, and carbon tetrachloride.
Interestingly, a similar profile of activity (i.e., immunosup-
pression after in vivo exposure, but no activity after in vitro
exposure) has been demonstrated with the potent immuno-
suppressive drug cyclophosphamide. With the exception of the
PAHs, few chemicals have been demonstrated to be metabo-
lizedwhen added directly to immunocompetent cells in culture.

While the demonstration that the immunosuppression by
a given chemical is mediated by a metabolite, and not the
parent molecule, is an important observation, it does not in
itself account for the mechanism of action. One indirect
mechanism of action, which is consistent with a role for
metabolism, involves a primary consequence of the generation
of many reactive intermediates, that is, liver damage. Among
many different types of adaptive responses, the liver is capable
of secreting a number of soluble factors. Some of these soluble
factors are capable of affecting immune responses. Most
notably, as pointed out in Table 2, TGF-b is capable of
modulating both T and B cell effector functions. Both carbon
tetrachloride and cocaine cause immune suppression and liver
damage over a comparable dose range. Support for a role by
a serum factor was obtained by studies in which serum from
either carbon tetrachloride-treated or cocaine-treated mice
suppressed the function of immunocompetent cells from
untreated mice. Confirmation for a role by TGF-b was obtained
by demonstrating its presence in the serum of treated mice and
by showing that the suppression by the serum could be
reversed by a neutralizing antibody against TGF-b. Significant
advances have been made during the past several years con-
cerning the molecular mechanism by which TGF-b modulates
B and T lymphocytes. TGF-b is one of the most potent
immunoregulatory cytokines yet to be identified. It possesses
bifunctional activity, enhancing as well as inhibiting a wide
variety of immunological responses depending on the context
within which immunocompetent cells encounter this cytokine,
thus strongly suggesting that its primary role is to maintain
immune homeostasis. Concordant with this notion, mice in
which the gene for TGF-b has been knocked out rapidly
develop a systemic autoimmune response in virtually all the
vital organs within the first several months after birth. TGF-b
exerts its biological activity through a heterodimeric TGF-b
receptor, which in turn propagates signals to regulate gene
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expression. The liver damage associated with exposure to
cocaine is a relatively minor component of its profile of activity.

Three points about hypersensitivity reactions have already
been emphasized. First, the ability of a drug or chemical to
trigger a hypersensitivity reaction is due to an inherent prop-
erty of the xenobiotic (i.e., hapten), its sensitizing potential.
Second, in an immune-mediated hypersensitivity reaction, the
immune system plays an active role in mediating the response
against the hapten. Third, either antigen-specific antibody (i.e.,
humoral immunity) or antigen-specific T lymphocytes (i.e.,
cell-mediated immunity) can be the effectors responsible for
the tissue damage associated with hypersensitivity reactions.
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Approaches to Immunotoxicity Assessment

The very first guideline devoted to immunotoxicology was
published in 1982 by the US EPA to describe strategies to assess
the immunotoxicity of pesticides. This was followed by
a recommendation of the Commission of the European
Communities in 1983 to evaluate the immunosuppressive
potential of any drug candidate. Neither was implemented. The
major regulatory turning point was 1995 when OCDE pub-
lished the revised 407 guideline requiring that repeat-dose
28-day oral toxicity rat studies should include a systematic
histological examination of the main lymphoid organs
(thymus, spleen, lymph nodes, and Peyer’s patches). Unfortu-
nately, no immune function testing was required. In 2000, the
European Medicines Agency released a revised note for guid-
ance on repeated dose toxicity with a long annex devoted to
immunotoxicity evaluation. The main aspect was the inclusion
of immune function tests, either a TDAR assay in satellite
animals or NK cell activity plus lymphocyte subset immuno-
phenotyping. In 2002, the US FDA published a guidance for
industry on the immunotoxicological evaluation of investiga-
tional new drugs. In contrast to the EMA guideline, immune
function testing was required only case by case. These con-
flicting views were harmonized after the publication of the ICH
S8 guideline in 2005, which serves as the current framework for
the immunotoxicity evaluation of drug candidates. Guidelines
on the immunotoxicity requirements for pesticides (EPA) and
medical devices (ISO) were also published.

Whatever the regulatory context and the xenobiotic of
interest, several common aspects of nonclinical immunotox-
icity evaluation can be described.
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Figure 9 Plaque-forming cell (PFC) assay
Histological Examination of the Main Lymphoid Organs

Since the release of the revised OECD guideline 407, the histo-
logical examination of themajor lymphoid organs is a hallmark
of nonclinical immunotoxicity evaluation. The major lymphoid
organs include the bone marrow, thymus, spleen, and selected
lymph nodes and MALT. Selected lymph nodes should be close
to the route of entry of the test article. It is considered inadequate
to examine lymph nodes at a distance from the route of entry as
spontaneous variations are expected to make any conclusion
inappropriate. The same applies to MALT. Hematoxylin- and
eosin-stained sections of paraffin-embedded tissues should be
examined by trained pathologists as changes in cell density or
germinal center development require skill to differentiate
abnormal findings from normal range. Although a decrease in
the weight of some lymphoid organs may be observed, this
should be associated with relevant histological changes to gain
relevance from an immunotoxicological perspective. Histolog-
ical changes may consist of hypoplasia or atrophy either gener-
alized (e.g., thymic atrophic) or restricted to some areas (e.g.,
cortical atrophy). In contrast, hyperplasia or an increase in
germinal centers may be seen. Importantly, the interpretation of
these changes is likely to shedmore lights on their relevance and
mechanism when some consistency is apparent across several
lymphoid organs and more importantly when associated with
changes in immune function.
TDAR Assays

TDAR assays are widely considered as first-line immune func-
tion assays as they can globally assess the effect of a xenobiotic
on antigen presentation, helper T lymphocyte function, and
B lymphocyte-dependent antibody production. As immuno-
toxicologists have long used the plaque-forming cell (PFC) assay
in rodents, it is the most extensively validated immunotoxicity
assay (Figure 9). Typically, rodents are injected with sheep red
blood cells (SRBC) and the spleen is removed on day +4 or +5 to
prepare a spleen cell suspension that is subsequently incubated
with SRBC and complement. Spleen cells that produce anti-
erythrocyte antibodies form surrounding yellowish areas
(hemolytic plaques) that can be counted with the naked eye or
under a low magnification. A number of immunosuppressive
drugs have been shown to dose dependently decrease the
number of PFCs. During the last decade, antibody response to
the keyhole limpet hemocyanin (KLH)measured by an enzyme-
linked immunosorbent assay (ELISA) method has emerged as
the preferred assay, at least in the pharmaceutical industry.
Indeed, the anti-KLH assay can be used in rodents as well as
nonrodents in sharp contrast to the PFC assay, which can only
be used in rodents. KLH is a much better standardized antigen
than SRBC. In addition, KLH can be injected once or twice to
measure primary or secondary responses, respectively. The anti-
KLH assay is also less time consuming and the reproducibility of
results seemingly better. However, the anti-KLH assay is still
fraught with limited validation.
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Lymphocyte Subset Analysis (Immunophenotyping)

Lymphocyte subset analysis is frequently included in the
nonclinical immunotoxicity evaluation of xenobiotics. Typi-
cally, total B and T lymphocytes and CD4þ and CD8þ T
lymphocytes are counted by flow cytometry. The predictive
value of lymphocyte subset analysis is however debated and it
should be kept in mind that it is definitely not an immune
function assay. One advantage is that the same end points can
be compared in animal and human studies.
NK Cell Activity

NK cell activity assay is another frequently used assay in
nonclinical immunotoxicity evaluation. Because NK cells have
been shown to play a critical role in the defense against infec-
tions and neoplasia, measurement of NK cell activity has long
been recommended. NK cell activity is calculated from the
percentage of target cells – usually tumor cell lines – that are
killed after incubation with effector cells sampled from the
peripheral blood or the spleen. The percentage of killed target
cells can be measured from the release of 51chromium by
previously labeled target cells or by flow cytometry.
Lymphocyte Proliferation Assays

Lymphocyte proliferation assays are based on the ability of
lymphocytes to proliferate when cultured. Proliferation can be
enhanced by mitogens that are polyclonal activators of
T lymphocytes (e.g., concanavalin A) or B lymphocytes (e.g.,
LPS). After 48–72 h of culture, tritiated thymidine is added to
culture wells and the incorporated radioactivity is measured
24 h later. Bromodeoxyuridine (BrDU) can be used as a nonra-
dioactive alternative to tritiated thymidine and BrDU incorpo-
ration is measured by flow cytometry. It has long been
established that lymphoproliferation in vitro is correlated with
cell-mediated immunity. Lymphoproliferation can also be
triggered by incubating histo-incompatible lymphocytes with
the lymphocytes from the treated animal in the mixed
lymphocyte reaction.
DTH Models

Cell-mediated immunity can be assessed in vivo using DTH
models. To induce a DTH response, animals are first injected
with one or several sensitizing doses of a T-dependent antigen,
e.g., ovalbumin, tetanus toxoid or KLH, and then with a chal-
lenge dose into another site after a rest period of 7–14 days. The
response is evaluated either as an increase in footpad (rodents)
or from the magnitude of a skin reaction (monkeys). Similar
sensitivity of DTH models as compared to lymphocyte prolif-
eration assays has been demonstrated.
Cytotoxic T Lymphocyte Assays

The in vitro induction of T lymphocyte cytotoxicity from spleno-
cytes of treated and control animals cocultured with mitomycin
C-inactivated histo-incompatible target cells, e.g., P815 masto-
cytoma cells in mice and Fu-G1 tumor cells in rats, can be used
to evaluate cellular immunity. Splenocytes are added to fresh
51chromium-labeled target cells and cytotoxicity is measured
from the radioactivity released into the supernatant. Cell-
mediated cytotoxicity can also be measured by flow cytometry.

Macrophage and Neutrophil Function Assays

Although a number of assays have been proposed to measure
the chemotactic function of neutrophils, the capacity of
neutrophils or macrophages to ingest and kill microbes
(phagocytosis) or the oxidative burst, none of these assays have
been extensively standardized and validated in the context of
immunotoxicity evaluation.

Host Resistance Assays

Although the histological examination of the lymphoid organs
or immune function assays may suggest a potential for immu-
notoxicity, because of the reserve capacity of the immune system,
it is often unclear whether only mild to moderate changes in
either end pointmay actually lead to overt clinical consequences
in human beings. Host resistance assays have been proposed to
overcome this difficulty. They include experimental models of
infection with L. monocytogenes, streptococci, influenza and
herpes virus, or trichinella spiralis, and the implantation of
tumors, such as the B16-F10melanoma and PYB6 lymphoma in
mice. To avoid using mortality as the measured end point,
pathogen counts in the spleen, liver, or other target tissues aswell
as the rate of tumor growth are preferred end points nowadays.
Despite expectations that such models would provide a more
global assessment of the host resistance, it can be stressed that
the effect of an immunotoxicant in one experimental infection
model in one animal species cannot be easily extrapolated to
other pathogens in other species, especially man, due to wide
differences in defensemechanisms across pathogens and species
Translational Immunotoxicity Evaluation

In contrast to the extremely large database that has been
accumulated on the immunotoxic effects of drugs and chem-
icals in rodents over the years, relatively few data are available
in human beings. Batteries of tests have been proposed for use
in human immunotoxicity studies in the early 1990s, but only
rare studies have been conducted. There is an obvious need to
promote translational research in immunotoxicology so that
data obtained in vitro or in animals can be more reliably
transferred to humans to improve immunotoxicity risk assess-
ment. This may be attained by the selection of biomarkers and
immune function assays that are similar and thus readily
applicable to laboratory animals as well as humans.

See also: Risk Assessment, Human Health.
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Table 1 Difference in ISO 10993 and the MHW guidelines for
assessing the effects of device or material implantation

ISO 10993 MHW 1995

Time point(s) of assessment:
sufficient to achieve steady
state; e.g., 2, 4, 6, and 12
weeks

7 days and 4 weeks

Number of animals: at least
three per time period of
assessment

At least four per time period

Number of samples of
evaluation: at least eight per
time period for test and
control

No minimum number specified

Evaluation criteria:
comparative evaluation of
responses to test and
control materials

If more than two of the four test sites in
each animal exhibit a significant
response compared with control
sites, the test is considered positive
Implant or implantation tests are designed to assess the
localized effects of a biomaterial or device designed for ther-
apeutic use inside the human or animal body. These tests are
performed to evaluate and establish the safety of a new
biomaterial or device, and to meet regulatory requirements.
Implantation testing methods essentially attempt to imitate
the intended use and likely misuse conditions. Although
different tests use various animal species, the rabbit is the
species of choice, with implantation performed in the para-
vertebral muscle. Implantation can be either surgical or
nonsurgical: the surgical method involves the creation of
a pouch in the muscle into which the implant is placed,
whereas the nonsurgical method uses cannula and stylet to
insert a cylinder-shaped implant. Macroscopic examination
may be supplemented with microscopic analysis, and the
degree of tissue reaction in the test site is evaluated as
a measure of biocompatibility. The implant may be main-
tained for 7 days to a year for the study.

The principal regulatory guidelines for implant studies
come from the ISO (International Organization for Standard-
ization) and the Ministry of Health, Labor, and Welfare in
Japan (MHW). The biological evaluation of medical devices
has become more globally harmonized in recent years,
concurrently with the publication of the ISO 10993 standard
for the testing of medical devices. Some countries still require
their national guidelines to be met, but most accept ISO 10993
as a parallel alternative to their own regulations. Examples of
some differences between the ISO and MHW sets of guidelines
are summarized in the following. It should be noted that all
guidelines, whether accepted or under preparation, should be
regarded as more of a dynamic process than a rigid framework
because the various standards are subjected to continuous
revision and evaluation. The impact on this will come from
authorities, notified bodies, and national and international
expert and working groups (e.g., see the European Center for
Validation of Alternative Methods (ECVAM) working group
activity in the following). Further, the recommended tests must
be conducted with consideration for the information available
from other sources, with knowledge of the type of material
a device is made from, and with awareness of its planned end
use and likely misuse (Table 1).

The interactions between intact organisms and implanted
devices or biomaterials are complex. Not only do implanted
materials affect the organism, but the organism can affect the
implanted materials as well. Most longer term implant studies
incorporate retrieval of the implant at the end of the study to
allow evaluation of this latter aspect.

Effects of the implant on its host almost always include
evoking a foreign bodily response. The extent of this and
other responses are assessed both quantitatively and semi-
quantitatively, with the latter being done with reference to
established grading scales.
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Bollen and Harling (2002) provide an overview of how to
conduct a risk assessment for a medical device and discuss the
use of ISO 14971, one of the newest standards in this area, for
risk management. This publication also covers ISO 10993,
which (as discussed in the preceding) covers the biological
evaluation of medical devices. A hypothetical risk evaluation of
a medical device is also described.

A working group under the auspices of the European
Center for Validation of Alternative Methods has recom-
mended additional alternative methods that can be used for
safer testing of medical devices. These include two in vitro tests
as potential substitutes for the in vivo assays for skin and eye
irritation.

Finally, there is a special class of tumorigenesis that is
induced by subcutaneously implanted devices only in rodents
(induction of fibrosarcomas by what is called the Oppen-
heimer effect).

See also: Biocompatibility; Foreign Body Response; Toxicity
Testing, Alternatives; In Vivo Tests; Good Laboratory Practices;
Toxic Substances Control Act.
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Import and Export of Chemicals see Import/Export of Hazardous Chemicals
Indoor Air Pollution see Indoor Air Pollution
Inhalation see Respiratory Tract Toxicology
Inhalation Testing see Toxicity Testing, Inhalation
Insect see Hymenoptera
Insecticides see Permethrin
In Silico Methods
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Definition

In silico methods for toxicology apply modern computing
applications and informatic technologies as scientific tools to
advance and gain efficiency to improving our understanding of
toxicity potential, pathways, hazards, and risks of chemical and
biological substances. Multiple computer technologies and
methodologies serve to store, interface, process, or transmit
information which enable scientific advancements in the toxi-
cological sciences through implementation of predictive
models, databases, detection systems, and simulations
processes.
Background

Advances in computer technologies as analytic tools have led to
an explosion of available in silico methods for evaluating and
organizing large repositories of toxicology study data and for
modeling toxicity and xenobiotic metabolism. In silicomethods
support applied science in various settings by increasing the
efficiency and effectiveness of chemical and biologic substance
risk assessment processes. In silico methods are also vital to
basic research in the toxicological sciences by enabling the
study of specific biological interactions and pathway analysis of
investigated substances. In silicomethods are important in high
throughput screening and in drug design and optimization
using large chemical libraries. More recently, the creation of
virtual tissue organs through simulation of complex physio-
logical processes has been realized using advanced in silico
techniques.

A primary interest in the in silico approach is the tremen-
dous capacity for performing enormous amounts of complex
calculations at high speed. The calculation of physico-chem-
ical properties of compounds and executing programmed
026 Encyclopedia of T
machine learning algorithms is a common example of its use.
The in silico approach is highly appealing because of its
capacity to work through complex calculations quickly and
unmask hidden patterns in multiple dimensions from massive
data sets. For smaller data sets, in silico methods help to
uncover molecular descriptors of importance that would
normally go undetected. Another principal interest is in the
possibility of in silico generated data to reduce costs, replace or
refine animal testing through prioritization, and improve
upon the speed of data collection. These advantages are
proving useful in predictive toxicology science through
implementation and validation of carefully designed compu-
tational models to predict toxicity of various types of
substances. In silico predictive modeling has been researched
and deployed in applied scientific areas such as industrial drug
discovery, regulatory drug safety evaluation, predicting toxicity
of environmental agents, and in evaluations of food and
cosmetic ingredients. By nature of its versatility, in silico
methods are an integrated science, requiring proficiency in not
only in computer informatics, but scientific expertise in the
computational phenotype being modeled, mined, or
discovered.
Key Initiatives

There are several initiatives supporting the use of in silico
approaches for toxicology. In the United States, Tox21 is
a multi-agency collaboration to research, develop, validate,
and translate chemical testing methods in order to characterize
chemical toxicity pathways in interest of protecting public
health. This initiative became official through the establish-
ment of a Memorandum of Understanding between four
major agencies: (1) the US Environmental Protection Agency
(EPA)/Office of Research and Development, (2) the US
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01057-0

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.01057-0


In Silico Methods 1027
National Institutes of Health (NIH), National Institute of
Environmental Health Sciences/National Toxicology Program,
(3) the NIH/National Human Genome Research Institute/
Chemical Genomics Center, and (4) the US Food and Drug
Administration (FDA). A central component of this initiative is
to employ high throughput screening assays and genome
analytical methods to identify mechanisms of chemical
induced biological activity, prioritize over 10 000 chemicals
for more extensive toxicological evaluation, and develop
computational predictive models of in vivo biological
response. This latter aspect is relevant to in silico methodolo-
gies including the use of computer-driven robotics and infor-
matics analyses that are used to perform the toxicity assays and
generate the data. The result is actual use of an innovative
testing method to inform risk assessors at the government
public health agencies of the in vitro toxicity profile of thou-
sands of chemicals. The major objective of Tox21 is to deliver
biological activity profiles that are predictive of in vivo toxic-
ities for the thousands of substances that are being studied
over the 5-year collaboration.

In 2005, the US EPA established the National Center for
Computational Toxicology (NCCT) to develop computational
tools and databases for the evaluation of hazards and risk from
environmental chemicals. The EPA has been a leader in
computational toxicology through conduct of innovative
research including development of virtual tissue organs and
data integration methods to achieve novel approaches to data
sharing and analysis. This initiative has led to several well-
known research projects and chemical databases including but
not limited to, the screening project ToxCast�, simulation
projects such as virtual tissues, v-Liver� and v-Embryo�, and
online chemical database collections housing digitized legacy
toxicity data, ToxRefDB, ACToR, and DSSTox. The EPA NCCT’s
computer models and databases are all available to the public
cost-free.

In 2007, the US National Research Council (NRC) of the
National Academies published a landmark report on its vision
and strategies for toxicity testing in the twenty-first century.
One of several recommendations the report issued was the
development and use of computer-based predictive models to
reduce cost, time, and animal use in toxicity testing. As a result
of the NRC report, attention to in silico toxicology methods
grew and as a consequence the literature witnessed an increase
in reports on developed computer-based models and databases
aimed for use in toxicological risk assessments.

Recently, the Food and Drug Administration (FDA) has
published several of its initiatives and strategies that support
the applied use of computational models to modernize toxi-
cology in order to enhance product safety evaluation and
develop innovative tools to support its mission of protecting
public health with new safe and effective medical products. The
FDA Critical Path Initiative was launched in 2004 as the
agency’s national strategy to modernize medical product
development. The FDA Critical Path Initiative identified broad
areas of focus including developing better evaluation tools and
harnessing bioinformatics to translate discoveries in the basic
sciences and technology into useful tools to facilitate devel-
opment of innovative drugs. Many computational models for
predicting drug toxicity have been developed by FDA scientists
with the support from the Critical Path Initiative. In 2011, the
FDA released two reports on plans to advance regulatory
science and identified computer modeling as one of its science
priorities for 2011–15. This strategy will help to implement
a variety of in silico methods as new and validated scientific
tools to enhance product safety evaluation of FDA-regulated
products.

In 1981, the John’s Hopkins School of Public Health
established the non-profit Center for Alternatives to Animal
Testing (CAAT). CAAT recognizes the need to identify, evaluate,
and validate new technologies as alternatives to reduce, refine,
and replace whole animal studies for toxicology product safety
assessment, and CAAT is employing in silico approaches in its
research initiatives. In one such multi-year NIH-funded trans-
formative research project, CAAT will undertake the mapping
of the human toxome by combining ‘omics’ technologies and
data mining to elucidate pathways of toxicity to identify non-
toxic concentrations of substances. The outcomes from this
important research will be of widespread interest to multiple
subdisciplines in toxicology.

In 2007, significant changes in European legislation on
chemical substances prompted the regulatory use of in silico
models, namely (quantitative) structure–activity relationship
analysis ((Q)SAR) as an alternative testing strategy to evaluate
the safety of regulated substances. The legislation permitting
the acceptance of in silico models to evaluate toxicity is Regu-
lation EC 1907/2006, better known as Registration, Evaluation,
Authorisation, and Restriction of Chemical substances
(REACH). REACH specifies conditions for the use of in silico
(Q)SAR models, and the European Chemicals Agency (ECHA)
located in Helsinki, Finland implements REACH. ECHA offers
guidance on how the (Q)SAR in silicomethod can help fulfill or
support information requirements.
(Q)SAR

Generally, a SAR is a qualitative relationship that relates
a chemical to a property of interest such as a toxicity endpoint
(e.g., bacterial mutagenicity). In silico SAR identification for
toxicity is an extension of work performed in the late 1980s and
1990s where investigators identified correlations between the
presence of substructures in chemicals tested in rodent carci-
nogenicity bioassays and genetic toxicity assays. A (Q)SAR is
different from SAR in that it is a quantitative, mathematically
based relationship that is found between a substructure or
molecular descriptor present in a chemical and a property
being modeled such as a toxicity endpoint of interest.

In silico (Q)SAR tools typically require novel development
and validation of predictive models. In the pharmaceutical
sciences, rigorously validated and innovative in silico (Q)SAR
models have been built through collaborative research
between government and the private industry. One such
example is to predict the mutagenicity of drug impurities
based on in silico analysis of molecular structure in light of
developing internationally harmonized guidance. There are
many commercial (Q)SAR tools available. Likewise, there are
several reliable non-commercial (Q)SAR tools that have been
tested for their performance in predicting mutagenicity and
carcinogenicity of chemicals. There are a plethora of simula-
tions of the toxicity of chemicals using (Q)SARs. The funda-
mental aspects to consider in use of a (Q)SAR model include
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applicability domain of compound space covered by the
model, validation method, unambiguous algorithm, quality
of the data, suitability of predictive data output for use
(classification, continuous data), potential mechanistic inter-
pretation, and updating of the model. Some of these aspects
have been identified by the Organisation for Economic
Cooperation and Development (OECD) as guiding principles
to consider before accepting a (Q)SAR model for regulatory
use. The OECD (Q)SAR principals were previously known as
the Setubal principles and include (1) a defined endpoint, (2)
an unambiguous algorithm, (3) a defined domain of appli-
cability, (4) appropriate measures of goodness-of-fit, robust-
ness and predictivity, and (5) a mechanistic interpretation, if
possible. However, beyond these five general principals there
are several factors to consider which have been thoroughly
reviewed in the literature (see recommended references).
Toxicology-based (Q)SARs generally are used as decision-
support tools in most settings. The methodology is now
geared to help fill data gaps when information is equivocal or
absent during safety/risk assessments or in its original
purpose to aid in drug design and optimization during early
discovery. To ensure the appropriate use of (Q)SARs, expertise
in the modeling, an understanding of chemical features and
molecular descriptors, and how to weigh and interpret
predictive evidence produced from a (Q)SAR as well as
statistics is required.
Bioinformatics Approaches

To meet integrated informatics needs at the FDA, the National
Center for Toxicology Research (NCTR) developed Array Track
as an in silico tool to support review needs on pharmacoge-
nomic data for managing, analyzing, and interpreting explor-
atory data from clinical and non-clinical regulatory
submissions for new drugs. Array Track integrates outcomes
from MicroArray quality control projects and Voluntary
eXploratory data submissions to the FDA. Consistent with the
aforementioned FDA Critical Path Initiative, the agency has
been assessing genomic technologies and its perspective use in
drug discovery and development as well as research on inte-
gration into regulatory processes aimed to determine best
scientific practices for use of genomics data. In other parts of
the agency, real-time entry of chemical safety data into inte-
grative software approaches is becoming a routine in order to
support development of computational predictive toxicity
models based on mechanistic information and importantly to
provide institutional knowledge on the toxicity profile of
a substance to agency reviewers.

Bioinformatics also includes imaging tools and software
for biological systems pathway analysis. Imaging tools help
detect a wide range of disease-state pathologies identified in
vitro and from animal modeling. Powerful new imaging
detection software are accelerating from real-time detection
systems to tools for aiding in cell culture tracing studies for
identification and assessments of pathologies as a result of
a chemical or biological substance treatment and biological
condition. Biological systems pathway analysis can address
using data visualization tools the pluripotent nature of cells
and multiple protein networks affected in response to a chal-
lenge by chemical, mixture, or biologic. Software programs
can now map metabolic and cellular regulatory processes,
protein functions, and map out disease processes using
complex neural networks, treating found correlations as
nodes to link enzymes, substances, and pathways through
statistical associations. These approaches are useful in silico
data mining methods for screening and systems pharma-
cology analysis.
Impact

In silico methods have had a significant impact on a number
of subdisciplines supporting the toxicological sciences. These
include but are not limited to the fields of genetic toxi-
cology, carcinogenicity, cardiotoxicity, hepatotoxicity, tox-
icokinetics, pharmacogenomics, non-clinical safety
assessment of pharmaceuticals, safety of indirect food
additives, and xenobiotic metabolism. Although the early
computer software programs were widely recognized in the
1990s for compartmental modeling of pharmacokinetic
data, in recent years, in silico methods have impacted
emerging ‘omics’ sciences and have drawn particular atten-
tion given the advanced computer methods that are avail-
able today. The fields of proteomics, metabolomics, and
systems biology (pathway analysis) rely heavily upon
computer platforms for analysis and presentation of data.
Chemical toxicology research benefits from in silico (Q)SAR
and SAR models for predicting discrete and non-discrete
endpoints. The more developed field of genomics has had
a positive impact from modern computer analytics with
applications designed for genome-wide pharmacokinetic
studies to identify possible genetic biomarkers.
Disclaimer

The content of this publication does not necessarily reflect the
views or policies of the Department of Health and Human
Services, nor does mention of trade names, commercial prod-
ucts, or organizations imply endorsement by the US Govern-
ment. This paper reflects the current thinking and experience of
the authors.

See also: QSAR; Toxicity Testing, ‘Read Across Analysis’;
Translational Toxicology; REACH-IT; Genetic Toxicology;
Toxicity Testing, Alternatives; Toxicity Testing in the 21st
Century: Approaches to Implementation; Systems Biology
Application in Toxicology.
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Indole
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l Molecular Formula: C8H7N
l Chemical Structure:
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Background

The indole nucleus is found in a large number of naturally
occurring compounds; the compound constitutes w2.5% of
jasmine oil and 0.1% of orange-blossom oil; in both cases, it
contributes to their fragrances. Although synthetic methods have
been described for the manufacture of indole, extraction from
the 240–2601C coal-tar distillate fraction is the only commercial
source. Interesting, given its use in fragrances, is that indole has
an intense fecal odor, presumably at higher concentrations.
Uses

Indole is used as a chemical intermediate, a perfume fixative, and
a synthetic flavor. In addition, it is possibly a kairomone
(a volatile chemical released by a plant to attract phytophagus
insects). Indole is alsoa componentof tobacco smoke, andoccurs
naturally in coal tar, jasmineoil, andorange-blossomoil. It is also
a bacterial decomposition product of tryptophan in the gut.
Environmental Fate and Behavior

Indole willmainly exist in the vapor phase and is degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals, nitrate radicals, and ozonewith estimated half-
lives of 2–3 h,<1min, and 6 h, respectively. Indole ismoderately
mobile in soil andmayabsorb to suspended solidsor sediment in
water. Indole is expected to readily biodegrade under both
aerobic and anaerobic conditions in soil and water. Long-range
transport is unlikely due to the rapid nature of decomposition.
Exposure and Exposure Monitoring

Indole’s production and use as a chemical intermediate,
a perfume fixative, a synthetic flavor, and possibly a kairomone
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may result in its release to the environment through various
waste streams. Indole is released directly to the environment as
a component of tobacco smoke and occurs naturally in coal tar,
jasmine oil and orange-blossom oil.

The general population may be exposed via inhalation of
ambient air or tobacco smoke, ingestion of food, and dermal
contact with vapors, food, perfumes, and other products con-
taining indole. Occupational exposure may occur through
inhalation or dermal contact at workplaces where indole is
produced or used.

Indole is one of the odorous components found in sewage
and animal wastes, including human feces, and occurs in
animal tissues where putrefactive processes have occurred,
presumably by the decomposition of tryptophan. It can also be
found naturally as a component of jasmine oil or orange-
blossom oil.
Toxicokinetics

Indole absorbed from the gut is hydroxylated to form indoxyl,
which conjugates with sulfate to produce indican (indox-
ylsulfuric acid) in the liver. Indoxyl and indican are found in
human plasma and urine. The daily urinary excretion of
indoxylsulfate in normal adults was reported to average
200mg (range 140–250mg). Indole was not detected in the
blood of rabbits exposed at 10mgm�3 for 3 h.
Mechanism of Toxicity

Indole causes oxidative damage to membranes.
Acute and Short-Term Toxicity (or Exposure)

Animal

The rat oral LD50 is 1 g kg�1; rabbit dermal LD50 is
790mg kg�1; mouse oral LD50 is 1070mg kg�1; and mouse
intraperitoneal LD50 is 117mg kg�1. Indole is a severe
(primary) eye and skin irritant. The consistent toxicological
property of indole, an aromatic amine, observed in animal
studies is its ability to cause the formation of Heinz bodies,
which are known to be produced by other aromatic amine
compounds such as aniline.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00860-5
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Human

Indole at a few parts per million has an unpleasant odor and
can elicit toxic symptoms such as nausea.
Chronic Toxicity (or Exposure)

Animal

Rhesus monkeys, rats, and mice were exposed continuously to
indole at a concentration of 10.5 ppm (50mg m�3) for 90
days. Hematological examination of the exposed rodents
revealed that numerous Heinz bodies were present in the
blood. Pathological studies on some of the exposed mice
revealed that 95% of the animals had pigment in the renal
tubular cells. However, renal abnormalities were not found in
any exposed monkeys or rats that were examined. Pathological
examination showed no brain damage in the monkeys, and
histopathological studies of the heart, lung, liver, and kidney
from the exposed monkeys revealed no statistical difference
from that of control monkeys. In another study, indole at 1.6%
in the diet did not induce bladder or liver cancer in hamsters;
however, no other organs were examined. Chronic studies by
the subcutaneous route have shown that indole might have
a weak leukemogenic activity in mice, but not in hamsters.
Indole has enhanced the incidence of bladder cancer in some
bioassays. For example, addition of indole to a diet containing
2-acetylaminofluorene produced an increased incidence of
bladder cancer in hamsters. Other indole compounds have
been studied for their carcinogenic and anticarcinogenic effects.
For example, indole-3-carbinol, a minor cruciferous vegetable
component, inhibited dimethylbenzanthracene-induced
mammary tumors in rats.

Human

No chronic effects in humans due to exposure to indole are
known.
Genotoxicity

There are conflicting reports on the genotoxicity of indole, and
chromosomal aberrations that have been noted in animal
testing may be the result of cytotoxicity or suppression of DNA
synthesis rather than the result of DNA adducts.
Carcinogenicity

Indole is a possible carcinogen. There are equivocal results for
carcinogenesis in animal studies and no studies in humans. It
has not been evaluated and classified for carcinogenesis by
regulatory agencies. There are some recent studies that show that
indole compounds may be useful in the treatment of cancer.
Clinical Management

On exposure, skin should be washed with soap and copious
amounts of water. Eyes should be flushed immediately. Other
treatment is symptomatic.
Ecotoxicology

Bioconcentration in aquatic organisms should be low, given an
estimated bioconcentration factor value of 25. Indole has
a measured Koc of 187 from a synthetic soil with 0–2% added
humic acid, and a measured vapor pressure of 0.122mmHg at
25 �C. Indole is moderately toxic to zooplankton. The rapid
decomposition of the substance in the environment, coupled
with the low degree to which it is bioconcentrated and bio-
accumulated, lead this compound to have generally low
toxicity to all organisms.
Exposure Standards and Guidelines

Indole was granted GRAS (generally recognized as safe) status
by the Flavor and Extract Manufacturer’s Association (FEMA) in
1965 (FEMA GRAS No. 2593). It was approved by the Council
of Europe in 1970 to be included in the list of admissible
artificial flavoring materials. There is no American Conference
of Governmental Industrial Hygienists threshold limit value
and no US Occupational Safety and Health Administration
permissible exposure limit for indole. Indole is listed in the US
Food and Drug Administration’s CFR 172.515: Synthetic
Flavoring Substances and Adjuvants.
Miscellaneous

The toxicity of indole is generally less than that of its
compounds.
See also: Carcinogenesis; Generally Recognized as Safe
(GRAS); Phenol.
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Industrial/occupational hygiene is the fundamental science of
workplace exposure and safety practice focused on the appli-
cation of technical skills focusing on the ‘anticipation, recog-
nition, evaluation, and control’ of workplace hazards. The
objective of industrial hygiene is to assure the continued good
health and well-being of the worker throughout one’s working
career. This objective is accomplished through the control of
acute and chronic health risks associated with the chemical,
physical, biological, and radiological hazards within the
workplace. The overall value of the practice of industrial
hygiene in the workplace is recognized through the control of
workplace hazards and preventative practices.

Since it is difficult in the ordinary sense to make workers
invulnerable and safe to exposure to heavy metals, quartz,
asbestos or many organic chemical substances, most of the
occupational health interventions are made to the workplace
not to the worker, apart from the proper selection and use of
a variety of personal protective equipments or the use ofmedical
prophylaxis (i.e., employee medical surveillance programs,
biological monitoring or vaccinations which can provide
protection against local diseases such asQ-fever, hepatitis A and
B, and malaria). The accumulation of knowledge in the basic
health sciences (chemistry, biology, toxicology, epidemiology)
enables the industrial hygienist to mitigate the potential for
adverse effects on worker health and well-being from exposures
to both short-term (acute) and long-term (chronic) exposure to
causative agents. To accomplish this objective, the practice of
industrial hygiene requires a very extensive understanding of the
nature of the various types of hazards in the workplace in order
to determine how these hazards arise and what the extent of
workers’ exposure is. Furthermore, the practice of industrial
hygiene requires a sound understanding of the principles of
hazard characterization, health-based risk assessment, job safety
analysis, exposure assessment, and control technologies to
properly identify, evaluate, and control those risks.

Industrial hygiene is the development of corrective measures
to control health hazards by reducing or eliminating the potential
for these exposures. Corrective procedures can include, but are
not limited to substituting harmful or toxic materials with less
dangerous substances, changing ofworkprocesses to eliminate or
minimize work exposure, installation of exhaust ventilation
systems, good housekeeping by appropriate waste disposal
methods, and the use of proper personal protective equipment.
Definition

The Office of Training and Education booklet on Industrial
Hygiene as prepared for the USOccupational Safety and Health
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Administration (OSHA) provides this definition of Industrial
Hygiene as the art and science dedicated to the Anticipation,
Recognition, Evaluation, Communication and Control of those
environmental factors or stresses arising in or from the work-
place that may cause workers’ injury or illness, impairment, or
affect the well-being or significant discomfort amongworkers or
among the citizens of the community. These occupational
stressors and factors within the workplace are normally divided
into exposure categories such as biological, chemical, physical,
radiological, ergonomic, and psychosocial.

Just as there are many types of hazards and stressors within
an individual’sworkplace and the job activities performed, there
are also a variety of effective solutions available to minimize or
eliminate theses hazards and provide for security in worker
health and well-being. Therefore, the importance of applicable
knowledge, skills, and necessary familiarity with the workplace
operations are integral to the industrial hygienist’s abilities to
properly recognize the respective hazards, accurately assess the
risks and the probability of adverse effects, and effectively
control those risks to an acceptable level, which provide the best
economic solution for achieving a healthy workplace.

Effective management of worker safety and health protection
is a decisive factor in reducing the extent and severity of work-
related injuries and illnesses and their related costs. Conse-
quently, the integration of a sound occupational hygiene
program as a workplace health and safety management system
that is organized andestablished to anticipate and recognizewhat
the hazards are, evaluate the risks associated with each job,
process, material, and equipment used, and subsequently miti-
gate these risks through the implementation of engineering or
administrative controls to a level which is considered acceptable
is an essential and economical risk management solution.
Industrial Hygienist

The essential industrial hygienist is a competent and qualified
occupational health professional who is trained academically
in the disciplines of engineering, physics, chemistry, environ-
mental and occupational regulation, safety, toxicology, epide-
miology, biostatistics, medicine, and/or other health sciences.
To complement this multidisciplinary education, the industrial
hygienist works with other professionals to develop extensive
experience and a broad base of knowledge of the behavior of
chemical, physical, biological, and ergonomic agents in the
environment and the potential adverse human health effects
they may present. The industrial hygienist’s primary objective is
to protect the health and well-being of workplace employees,
contractors and other third parties who may provide services
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00614-X
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within the workplace, employee families and the community
where they live and work. The primarily role of occupational
hygienist is to control environmental stresses or health hazards
that arises during the course of work. Once the industrial
hygienist recognizes the environmental stressor or hazard
in the workplace, the next step is to measure (qualify and
quantify) the frequency, duration, concentration, and toxicity
associated with the hazard using effective monitoring and
analytical technologies, and then prescribe an effective system
of control measures (administrative, engineering, personal
protective equipment changes) to eliminate, control, or reduce
such stressors when necessary to alleviate their effects.

As much of the skills, knowledge, and value of the industrial
hygienist is derived from the evolving expansion of the
sciences, it is incumbent upon him/her to continue one’s
education and knowledge development. This requires making
the effort to search out and read accepted scientific articles,
participate in short courses and webinars on IH-practice related
topics, learn about available workplace and personal moni-
toring and control technologies. In today’s business environ-
ment, it is also imperative that the professional industrial
hygienist learns excellent communications and business skills
in order to best interact with corporate, facility management,
and workers.
The Scope of Industrial Hygiene

Industrial hygiene can be described as the ‘anticipation’ of
chemical, physical, radiologic or biologic hazards associated
with the workplace; the ‘recognition’ of these hazards and
understanding these hazards can affect the health and well-being
of workers and the community; the ‘evaluation’ of the risks for
adverse effects on the workforce; and, the implementation of
effective administrative, engineering, and/or personal protection
‘controls’ to eliminate or minimize the effects of the hazard on
the worker’s and community’s health and well-being.
Anticipation of Workplace Hazard

One of the most important skills for the industrial hygienist to
develop is the ability to study the introduction of a new
engineering process, new chemical or raw material, an addi-
tion to the workforce or third party service, or other type of
facility modification and be able to anticipate the nature of
the hazards these changes can represent to worker health and
well-being. In this regard, anticipation is an application of
knowledge and professional judgment that permits the
occupational hygienist to identify and predict the potential
hazards and the level of risk for disease and injury. Therefore,
this developed skill of anticipation makes it a wise decision to
integrate the plant industrial hygienist into the early stages of
facility planning of technology, process development, and
workplace design. The benefit of becoming involved at the
first steps of change within the facility’s operation is that the
industrial hygienist insight and knowledge can serve to
prevent many costly problems before changes are made or
equipment is purchased and installed by working with the
plant engineers to review early plans and findings of pilot
plant experiments.
Another valuable tool for the industrial hygienist to access
while developing an ‘anticipated hazards’ list is the facility
process flow diagrams and descriptions. This tool allows the
industrial hygienist to follow the flow of chemicals and mate-
rial usage from the time they are brought onto the property,
through its use and modification as it moves through the
production process, the nature of the by-products and wastes
that are generated, all the way through to ultimate disposal. The
production process can be divided into its individual process
units, and accordingly, each process unit can be reviewed
separately, the associated hazards recognized and evaluated
and the risks to the workers and nearby operations assessed.

An initial challenge the occupational hygienistmay encounter
in an evaluation of workplace hazards is the identification of
toxic materials as raw materials or process by-products. In some
manufacturing settings, the existence of emission sources for
toxic materials is clearly known, but the hazards associated with
various process by-products and waste emissions may remain
undefined. Relatively nontoxic chemicals can be contaminated or
react with other chemicals in the workplace to create highly toxic
ones. These hazards may not be identified without having con-
ducted a careful examination of a complete inventory of the
chemicals to be used in all processes within the workplace,
including raw materials, by-products, products, wastes, solvents,
cleaners, and special-use materials.
Recognition of Workplace Hazard

The process of hazard recognition within a workplace is crucial
and requires familiarity of the industrial hygienist with the
work operations and processes. To accomplish this phase,
the industrial hygienist can gather information and place the
hazards into various categories: toxic, physical, biological, or
ergonomic. Toxic hazards result from the chemical and phys-
ical properties of the materials and the form of the chemical
hazard produced (solid, liquid, gas, fume, smoke, vapor). The
physical hazard category can include potential for slips, trips
and falls, machine guarding, ionizing radiation, temperature
and pressure extremes, noise, illumination, and vibration.
Biological hazards include yeasts, molds, fungi and bacteria,
insects, animal and human wastes, and viruses. Ergonomic
hazards are associated with how humans interact with the tools
they use, including the work stations they work in. It is
important to recognize and characterize these hazards as rep-
resenting either immediate (acute) risks to life and health or if
the risks are more chronic (long-term), irritating, discomfort-
ing, or distracting in their effect.

The hazard recognition and characterization process usually
begins with the industrial hygienist performing an initial
survey of the workplace for chemicals in use and process flows.
Frequently, the industrial hygienist will supplement the
knowledge gained from this workplace survey with interviews
of various workers responsible for key activities and process
lines. During the initial survey, the industrial hygienist collects
data on types, composition, and quantities of substances and
materials such as raw materials, intermediate products, and
additives. Other information regarding design of work
processes and tasks, emission sources and design and capacity
of ventilation systems or other control systems are also
collected by industrial hygienist. To recognize the hazard
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sources, data related to work practices, worker location relative
to sources, task duration and frequency, cleaning and mainte-
nance routines, chemical storage, and waste disposal are
collected to determine exposure potentials.

The initial survey provides qualitative and quantitative
information about worker exposures. Information in this
regard can be obtained from earlier measurements, measure-
ments from comparable installations or work processes,
modeling based on relevant quantitative data, and direct
sampling measurements to determine the range of exposures.
Toxicity and hazards information for each chemical in use can
be obtained by literature searches and toxicity indices. Mate-
rial Safety Data Sheets (MSDS), an important component of
workplace safety intended to provide workers and emergency
personnel with knowledge, understanding, and procedures
for safe use and handling of the chemical, along with infor-
mation such as physical data, toxicity, health effects, first aid,
reactivity, storage, disposal, protective equipment, and spill-
handling procedures are provided in these chemical safety
data sheets to be maintained and accessible to all workers in
the workplace.

Once the initial survey is scrutinized, the industrial
hygienist will perform a more focused assessment of particular
hazards, in which all the workplace activities, both routine and
non-routine, must be examined. This may take several weeks or
months in a complex manufacturing or chemical plant.
Evaluation of Workplace Hazard

Following the completion of the workplace survey along with
the collection and analysis of exposure samples, the industrial
hygienist evaluates the results using toxicological (dose–
response, exposure duration, frequency and concentration data),
medical, epidemiological, and exposure route (inhalation,
ingestion, contact with skin or eyes) information to evaluate the
significance of workplace exposures and measures to control
these hazards. To determine the concentration of airborne
contaminants in workplace atmosphere, area and personal air
sampling techniques can be used. Other exposure evaluation
techniques can include skin wipes to determine the degree of
skin contact with toxic materials; biological samples such as
blood or urine test to determine toxic exposures; and noise
dosimeters records to measure total daily exposure. The indus-
trial hygienist must consider evaluating both long-term and
short-term toxic exposures because of association with different
types of adverse health effects.

The workplace is not a static environment and exposures
can change significantly from day to day or by changes in
activity distance from exposure sources, materials used or
produced, and even how different workers do the same job,
therefore the nature of these changes and their effect must be
recognized and considered.

There are a variety of industrial hygiene reference sources to
use when evaluating hazards present in workplace. Industrial
hygienist can use scientific literature and exposure limits
such as the following:

l Agency for Toxic Substances and Disease Registry (ATSDR)
Toxicological Profiles and Minimum Recommended Expo-
sure Levels for various chemicals.
l The United States Environmental Protection Agency‘s
(USEPA) Registry of Toxic Effects of Chemical Substances
(RTECS) and Integrated Risk Information System (IRIS).

l The current compilation of the American Conference of
Governmental Industrial Hygienists (ACGIH) publication
of Threshold Limit Values for Chemical Substances and
Physical Agents and Biological Exposure Indices.

l The World Health Organization (WHO) recommendation
and guidelines for occupational exposure limits.

l The National Institute for Occupational Safety and Health
(NIOSH) proposed health-based recommended exposure
limits (REL) for selected agents.

l The Permissible Exposure Limits (PEL) and chemical
specific regulations established as legal requirements by
USDOL-OSHA found in Title 29 of the Code of Federal
Regulations, General Industry (Part 1910), Construction
(Part 1926), and Maritime (Part 1915) Standards.

l The chemical exposure level databases provided by various
European and Asian countries.
Control of Workplace Hazard

Workers have different skills, training, and experience, a char-
acteristic that can lead to each individual performing the same
job in slightly different ways. Likewise, each individual will
have a different perception of the risk (the probability of an
adverse effect) associated with a particular task or hazard.
Therefore, the front line defense in the prevention of injury or
harm in the workplace is provided through administrative
controls. These administrative controls begin with a clear
demonstration of management’s commitment to workplace
safety and employee health and well-being. The development
and implementation of clearly stated workplace policies and
procedures that are specific, understandable, and enforced
consistently is a first step. Along with these specific policies,
operating procedures, and safety rules must also be an infor-
mative, accessible, and effective series of new employee
orientation and work-related training programs which should
provide each employee with a clear understanding of the
processes, work activities, the hazards in the workplace and the
particular job, and the set of work-practice controls by which
these hazards are eliminated or minimized, by technique,
engineering control, or as a last resort, personal protective
equipment. Supervisor and worker training is a continuous
process that requires frequent reinforcement of knowledge and
understanding by the employee. In 1985, the USDOL-OSHA
instituted the Hazard Communications (Worker Right-To-
Know) Standard. This standard requires employers to develop
a written program designed to properly train, inform, and
monitor employee knowledge and understanding of the
chemical hazards utilized in the workplace and how to work
with these materials in a safe and healthful fashion. An integral
tool of this program is the MSDS provided to the workplace
employer by the chemical’s manufacturer, supplier, or distri-
butor for each chemical delivered. Other written health and
safety programs include Respiratory Protection, Protective
Equipment, Confined Spaces, Bloodborne Agents, Forklift
Safety, Crane Safety, and for specified chemicals (i.e., Asbestos,
Benzene, Lead, etc.) in the workplace. Frequently, the posting
of warnings, notices, and signage associated with hazards in the
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workplace is also used to promote worker awareness and safety
requirements for the job.

Engineering controls are installed and utilized to minimize
worker exposure by reducing or removing a hazard at its source
or otherwise isolating the employee from the hazard. These
controls can include the use of general, dilution, or local
ventilation to control airborne hazard levels, as well as to clean
and condition the workplace environment to eliminate hazards
related to temperature and humidity. Other control techniques
can include isolation or enclosure of the hazard or process,
substitution of less toxic chemicals for the more hazardous
chemicals used, use of engineering changes to process or
equipment used, and performance of good housekeeping and
regular maintenance of equipment on a regular, scheduled
basis. Work-practice controls are implemented to compel
proper work practice procedures designed to minimize expo-
sure to workplace hazards, provision of consistent, good
supervision, and prohibiting eating, drinking, chewing gum,
smoking or applying cosmetics in regulated areas. Personal
protective equipment must be individually selected, properly
fitted, and replaced by the employer as necessary. Examples of
personal protective equipment are gloves, safety goggles,
helmets, safety shoes, protective clothing, and respirators.

Once these administrative, engineering, and workplace
control strategies have been implemented, it will be necessary
to continue to monitor the workplace for changes or an
increase in hazard levels. Typically, this continued workplace
monitoring is accomplished with the implementation of
a hazard surveillance program to make sure that the control
program is working adequately.
Routes of Exposure

When addressing particularly chemical, radiologic, or microbi-
ological hazards in the workplace, it is imperative that one
understands how these hazards enter the body and what body
systems are affected by the particular hazardous agent. In this
regard, one must have a basic understanding of the level
(intensity) of the hazard present in the immediate surroundings,
the frequency and duration of time in which it is encountered,
as well as an understanding of the ‘dose–response’ paradigm (all
materials are poisonous, it is the dose that makes the poison).

The four main routes of entry into the human system are by
inhalation (most common), ingestion, eye and skin contact, or
injection (puncture wounds, needle sticks). Each of these four
routes provides variable access to organs and body systems that
will react to the hazard depending upon a number of factors
including but not limited to its chemical properties, physical
form, affinity for water or pH conditions within the body, its
general reactivity, solubility, toxicity, and corrosivity. Each
route of entry can provide a different set of conditions by which
the hazard can cause harm before it is either transformed or
eliminated from the body.

By understanding how a hazard can enter the body, the
industrial hygienist can design worker protection programs and
provide the right protective equipment and engineering
controls to mitigate the hazard. The use of safety equipment
like hard hats, safety shoes, the right type of gloves, coveralls,
safety glasses/goggles, respirators, and respirator cartridges/
canisters for the particular hazard are examples.
Professional Organization

There are a number of professional and regulatory organizations
that provide resources on occupational health topics. These
organizations include theAmericanConferenceofGovernmental
Industrial Hygienists (ACGIH), the American Academy of
Industrial Hygiene (AAIH), the American Board of Industrial
Hygiene (ABIH), and the American Industrial Hygiene Associa-
tion (AIHA), the Canadian Centre for Occupational Health and
Safety (CCOHS), the European Agency for Safety and Health at
Work (EU-OSHA), International Labour Organization (ILO),
National Institute for Occupational Safety and Health (NIOSH),
and the (US) OSHA.

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); American Industrial Hygiene
Association; Chemical Hazard Communication and Safety Data
Sheets; Environmental Exposure Assessment; Acute Health
Exposure Guidelines; Exposure Limits; International Society of
Exposure Science; National Institute for Occupational Safety
and Health; Occupational Exposure Limits; Occupational
Exposure Limits and Guidelines; Occupational Toxicology.
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Introduction

The availability of toxicological information dramatically
increased during the twentieth century, spurred by an
increased awareness of how chemicals and other environ-
mental factors influence biological systems. While during the
first half of the twentieth century, toxicology was considered
as a subset of pharmacology, it became a focused discipline
largely through public awareness of toxicological issues.
Recognition of the need for protection from hazardous
chemical exposure and adverse environmental impact resul-
ted in legislation designed to safeguard the public. This
legislation mandated continuing research on the effects of
chemicals on man and the environment. In the United States,
the majority of legislation dealing with controls on pharma-
ceuticals, environmental contaminants, and energy include
provision for the collection and dissemination of data. This
type of regulatory requirement, as well as worldwide concern
for the safety of the planet industry, has given rise to a huge
body of toxicology information contributed by a variety of
research organizations, government agencies, academic
centers, and international groups.

This entry provides a selection of printed and electronic
information resources of use in identifying this vast resource of
toxicological information. Today there are literally hundreds of
public databases and databanks that could be consulted for
toxicology-related information, thousands of journal articles
published each year on the effects of xenobiotics on humans
and the environment, social media outlets where toxicological
information is shared in real time as it develops, and many
organizations whose primary activities are the creation of banks
of available files of data and the production of research reports
in specialized areas of toxicology.

This huge amount of information scattered throughout the
literature of the scientific disciplines – chemistry, biology,
medicine – and present in many forms – raw data, technical
reports, articles, monographs, statutes, and regulations –

presents an enormous challenge to identify and retrieve rele-
vant information. Fortunately, technological advances and
ways to communicate on a global scale have revolutionized
the way in which we create and share information. Prior to,
and during the initial years of the digital information age,
finding information was both a time-and labor-intensive
endeavor primarily centered on the use of analog resources
(plus a few digital resources) located in libraries. With the
advent of desktop computers, information retrieval became
more decentralized as information was moved from non-
digital onto digital files. It has been estimated that by 2002,
digital data storage surpassed non digital for the first time, and
by 2007, 94% of all information on the planet was stored in
digital form. With current technology, mobile devices now
allow toxicological information to be retrieved virtually
instantaneously from any location.
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Approaching the Problem

Although we have access to an enormous amount of infor-
mation, the quality and reproducibility of data varies consid-
erably. Governmental and regulatory influences have not
provided any guarantees as to the accuracy of data related to
xenobiotics and the researcher needs to understand the
purpose and mandate behind an information resource to fully
evaluate the data contained within. For example, the National
Institute for Occupational Safety and Health’s (NIOSH)
Registry of Toxic Effects of Chemical Substances’ (RTECS)
criteria for selection of data are not based on the reproducibility
of that data, whereas other sources, such as the National Library
of Medicine’s (NLM) Hazardous Substances Databank
(HSDB), present information compiled from a wide variety of
source materials that are extensively reviewed by experts.

The professional is usually aware of the major texts, jour-
nals, organizations, and other standard resources in their own
field. However, because of the interdisciplinary nature of toxi-
cology, and the need to access information that may reside in
the resources of other scientific areas of study, the user is
frequently at a loss. Some types of sources are difficult to find.
The so-called ‘gray literature’ – for example, manufacturer’s
brochures, internal agency/company reports, conference
proceedings, or translations, all excellent sources of potentially
useful information – can be extremely difficult to identify.

Valuable assistance in finding information can be obtained
by consulting information intermediaries with subject expertise
who can identify and access information resources. These
individuals may be in local information centers or may be
brokers who specialize in individual information services or
creation of compilations of data for a fee. An example of this
type of service is the Search Service product provided through
STN International, a subsidiary of FIZ Karlsruhe-Leibniz Insti-
tute for Information Infrastructure. Professional organizations,
database producers, and government agencies can also be
sources of experts as well as providers of direct information. An
example of the former type of service is UNEP-Infoterra, an
international referral and research organization of the United
Nations Environmental Program (UNEP). UNEP-Infoterra
provides access to an extensive range of information sources, as
well as expert consultants, worldwide. The United States
Environmental Protection Agency (US EPA) is the National
Focal Point for this organization in the United States, one of
over 175 sites around the globe (http://www.epa.gov/
international/io/unep.html).
Keeping Current

Columns and review sections in journals or newsletters can help
the professional keep abreast of new resources or provide
comparative information on established resources in selected
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00674-6
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areas. Collections of reviews are also available online in such
sources as Book Review Index (online and in print) by Gale, and
the NLM’s TOXLINE database. Reviews of popular works
dealing with consumer health or environmental concerns can
also be found in newspapers, popular magazines, and consumer
organization newsletters. Summaries and reviews of online
databases and databanks can be found in the information
science journals, directories of online resources, and producer/
vendor documentation. More recently, with the advent of
mobile device applications (Apps), it is now possible to receive
information immediately anywhere via RSS feeds, Facebook,
Twitter, E-mail lists, as well as podcasts and webcasts.

In addition to journals, texts, and newsletters, resource
information can be identified by examining the program
reports of government agencies, scientific organizations, or
research institutions. Names of experts, identification of
programs of interest, and organs for dissemination of infor-
mation can all be identified in this way. An example of this type
of resource is the EPA’s ‘Popular Resources’ website, http://
www.epa.gov/epahome/resource.htm, which provides ready
access to the EPA clearinghouses, special information dockets,
hotlines, records, databases, newsletters, e-mail discussion lists,
libraries, publications, directories, and other information
resources supported by the US EPA.
Guides to the Literature

There are few guides to the literature of toxicology, but many
excellent guides exist in narrower areas. The following is
a selection of available tools published within the past several
years:

Snow, B. (2008). Drug Information: A Guide to Current Resources,
3rd ed. Neal-Schuman Publishers, New York (ISBN
1555706169).

Designed as a self-study guide as well as a reference tool,
this volume is considered the best work in the field. Two
chapters of particular interest in this context deal with side
effects of therapeutic agents, including adverse reactions,
poisonings, and drug interactions.

The Toxics Directory (2006). California Environmental Protec-
tion Agency, Office of Environmental Health Hazard
Assessment, Pesticide and Environmental Toxicology
Section, Oakland, CA.

This directory lists agencies and organizations that provide
information about or have authority over toxic substances and
their health effects. The organizations range from local to
national, with emphasis on California-based resources.

Wexler, P. (2009). Information Resources in Toxicology, 4th ed.
Academic, London (ISBN 9786612258152).

This is probably the best, most current literature guide
available today. This is a compendium of major resources in
toxicology and allied fields such as environmental and occu-
pational health, chemical safety, and risk assessment. It covers
such topics as Disaster Preparedness and Management, Nano-
technology, Omics, the Precautionary Principle, Risk Assess-
ment, and Biological, Chemical and Radioactive Terrorism and
Warfare. Separate sections deal with the US and foreign infor-
mation resources. Printed and online sources, professional
organizations, government agencies, regulations, education
centers, and testing laboratories are covered for the United
States and for selected countries. A history of toxicology and
toxicology information systems’ developments are also
included.

Wexler, P. (ed.) (January, 2001). Digital Information and Tools,
Part I. Toxicology, vol. 157 (1–2).

Wexler, P. (ed.) (April 2002). Digital Information and Tools, Part
II d Web Resources in Special Toxicology Topics. Toxi-
cology, vol. 173 (1–2).

Wexler, P. (ed.) (August 2003). Digital Information and Tools,
Part IIIdGlobal Web Resources. Toxicology, vol. 190 (1–2).

Because of the rapid evolution of toxicology informatics, and
the fact that links to information on theWeb changes daily, these
reviews have become partially dated, but are still a unique
compendiumand serve as a good starting point. Part I focuses on
government resources, including thoseof theUSEPAandvarious
other federal agencies, sub national toxicology information
resources (state, territorial, tribal, municipal, and community),
resources available from professional toxicology societies and
citizen groups, and information on tools available for searching
the Web. Part II focuses on information available in specialized
areas of toxicology, including alternatives to animal testing,
cancer information, food, drug and pesticide toxicology, devel-
opmental toxicity, environmental toxicology, forensic, genetic
and veterinary toxicology, and others. Part III looks at informa-
tion sources provided by agencies from other countries, most
notably Canada, Finland, Germany, Italy, Russia, Sweden, and
the United Kingdom. All issues are extremely helpful guides to
find toxicology information on the Web.
Texts

This section provides a select list of classic or standard texts,
dictionaries, thesauri, glossaries, directories, handbooks, ency-
clopedias, databooks, and some new works that provide useful
toxicology information. Online versions (eBooks) of many of
these works are also offered via site licensing agreements. The
primary focus is on works that have been published or revised
within the last several years. For information on texts published
prior to 2003, consult Wexler’s Information Resources in Toxi-
cology (listed in the previous section).
General Toxicology

Klaassen, C.D. (ed.) (2008). Casarett and Doull’s Toxicology: The
Basic Science of Poisons, 7th ed. McGraw-Hill, New York
(ISBN 0-071470514).

The gold standard in the field, this is a classic, well-
documented, and detailed text on the general principles, toxic
responses by body system, toxic effects of major toxicant
classes, and major discipline applications of toxicology. The
latest edition features many new contributors and includes
new content on chemical terrorism. Also available as an
eBook.

http://www.epa.gov/epahome/resource.htm
http://www.epa.gov/epahome/resource.htm
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Derelanko, M.J. and Hollinger, M.A. (eds.) (2002).Handbook of
Toxicology, 2nd ed. CRC Press, Boca Raton, FL (ISBN
0-849303702).

This is an excellent compendium of practical reference
information for the toxicologist. The focus is on providing
normal values, reproductive indices, physiological parameters,
regulatory requirements, procedures, values, endpoints, rec-
ommended sources, animal care, and tables/graphs of use to
the practicing toxicologist. Information is presented in a loose
chapter arrangement with detailed tables of contents for each.

Duffus, J.H. and Worth, H.G. (eds.) (2006). Fundamental
Toxicology. Royal Society of Chemistry, Cambridge, UK
(ISBN 0-854046143).

Formerly published as Fundamental Toxicology for Chemists,
this text provides a unique perspective of toxicology specifically
for chemists. It addresses general toxicological principles as
well as genetic toxicology, carcinogenesis, an introduction to
toxicogenomics, organ systems toxicity, reproductive toxi-
cology, ecotoxicology, behavioral toxicology, radionuclides,
pesticides, pharmaceuticals, safe chemical handling, and more.

Hayes, A.W. (ed.) (2008). Principles and Methods of Toxicology,
5th ed. CRC Press, Boca Raton, FL. (ISBN 0-84933778X).

A textbook and standard reference designed to provide
a thorough introduction to toxicology in the broadest sense.
Strengths include coverage of methods, techniques, procedures,
interpretation of data, and examination of controversial areas.

Hodgson, E. and Smart, R.C. (eds.) (2008). Molecular and
Biochemical Toxicology, 4th ed. Wiley, Hoboken, NJ (ISBN 0-
47010211X) (ISBN 0-470285249 eBook).

Formerly titled Introduction to Biochemical Toxicology, this
advanced toxicology textbook and general reference source
contains well-organized chapters on the underlying biochem-
ical, molecular, and cellular mechanisms through which
xenobiotics produce their adverse effects.

McQueen, C.A. (ed.) (2010). Comprehensive toxicology, 2nd ed.
(14 vols.) Elsevier, Amsterdam (set, ISBN 0-080468683 Vol.
1, ISBN 0-080468691 v. 1; Vol. 2, ISBN 0-080468705; Vol.
3, ISBN 0-080468713; Vol. 4, ISBN 0-08046873X; Vol. 5,
ISBN 0-080468691; Vol. 6, ISBN 0-080468748; Vol. 7,
ISBN 0-080468756; Vol. 8, ISBN 0-080468764; Vol. 9,
ISBN 0-080468772; Vol. 10, ISBN 0-080468780; Vol. 11,
ISBN 0-080468799; Vol. 12, ISBN 0-080468802; Vol. 13,
ISBN 0-080468810; Vol. 14, ISBN 0-080468829).

This encyclopedic work of 14 volumes addresses general
toxicology principles, toxicological testing and evaluation,
biotransformation, target organ toxicology, as well as behav-
ioral toxicology, chemical carcinogens, and anticarcinogens.
Also available as an eBook.

O’Neil, M.J. et al. (eds.) (2006). Merck Index: An Encyclopedia of
Chemicals, Drugs and Biologicals, 14th ed. Merck & Co.,
Whitehouse Station, NJ (ISBN 0-91191000X).

A compendium of quick information that contains a diverse
collection of more than 10 000 monographs organized
alphabetically. Approximately 4000 monographs cover
pharmaceuticals and drugs, 2000 cover naturally occurring
substances and plants, 1000 focus on elements and inorganic
chemicals, and almost 1000 pertain to compounds of agricul-
tural significance. Includes nomenclature, physical/chemical
properties, patents, uses, literature references, structure,
toxicity, and related data. Available online on several public
vendor systems, as an eBook, and on CD-ROM.

Saura, C., Casciano, D., Ballantyne, B., Marrs, T., and Syversen,
T. (eds.) (2011). General, Applied and Systems Toxicology.
Wiley, Chichester, West Sussex (ISBN 0-470744308).

This encyclopedic, six-volume set is the latest edition
formerly titled General and Applied Toxicology. Its 150 articles,
written by experts in various aspects of toxicology, provide an
excellent in-depth review of the science of toxicology, its
specializations, and practice. eBook version is available.

Verschueren, K. (2009). Handbook of Environmental Data on
Organic Chemicals, 5th ed. Wiley, Hoboken, NJ (set, ISBN
0-470171723; Vol. 1, ISBN 0-470450126; Vol. 2, ISBN
0-470450134; Vol. 3, ISBN 0-470450177; ISBN
0-470450142; eBook, ISBN 1-601198353).

This four-volume reference set provides information on the
properties, air pollution factors, water and soil pollution
factors, and biological effects of over 3000 chemicals. Syno-
nyms, CAS numbers, andmolecular and structural formulas are
provided for each compound listed. It covers natural and man-
made sources of a substance, as well as its uses and various
formulations. The book also features information on aquatic
toxicity and biological effects, odor thresholds, and sampling
and analysis data.

Wexler, P. (2005). Encyclopedia of Toxicology, 2nd ed. Academic
Press, San Diego, CA.

This text is a comprehensive collection of concise and
readable explanations of basic principles in toxicology and the
potential hazards of chemicals. It contains more than 750
entries, including entries related to research and clinical
toxicology, risk assessment, ecotoxicology, epidemiology,
radiation, noise, information resources, organizations, and
education. As with the first edition, this volume is extensively
cross-referenced, contains a detailed index, and provides
numerous references to primary and secondary literature.
Analytical Toxicology

Baselt, R.C. (2011). Disposition of Toxic Drugs and Chemicals in
Man, 9th ed. Biomedical Publications, Foster City, CA (ISBN
0-962652387).

This book presents current essential information on the
disposition and drugs most often encountered in episodes of
human poisoning in a single convenient source. Each drug/
chemical contains information on its occurrence and usage,
blood concentrations, metabolism and excretion, toxicity, and
analysis. Intended audience includes toxicologists, pharma-
cologists, clinical chemists, and clinicians who have need either
to conduct an analytical search for these materials in specimens
of human origin or to interpret analytical data resulting from
such a search.
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Dasgupta, A. (ed.) (2008). Handbook of Drug Monitoring
Methods: Therapeutics andDrugs of Abuse. Humana Press, Totowa,
NJ (ISBN 1-597450316; eBook, ISBN 1-588297802).

This comprehensive handbook of drug monitoring covers
analytical techniques alongwith relevant theory andmechanisms
behind therapeutic drugmonitoring and drugs of abuse, alcohol,
and heavymetal testing. This ready reference book is useful in the
clinical laboratory setting for both clinicians and researchers.

Flanagan, R.J., Taylor, A.A., Watson, I.D., and Whelpton, R.
(2007). Fundamentals of Analytical Toxicology, 1st ed. John
Wiley & Sons, Chichester, England/Hoboken, NJ (ISBN
0-470319356; eBook ISBN 0-470319348).

Useful for both students and practicing toxicologists, this
book provides a comprehensive overview of the science of
toxicological analysis from sample collection, analytical tech-
niques and quality control to pharmacological principles and
interpretation of results. Analytical methods include color tests
and spectrophotometric and luminescence techniques, chro-
matography and capillary electrophoresis, mass spectropho-
tometry, immunoassays and enzyme-based assays, and
toxicological testing at the point of care.

Külpmann, W.R. (2009). Clinical Toxicological Analysis: Proce-
dures, Results, Interpretation. Wiley-VCH, Weinheim (ISBN 3-
527318909).

This two-volume set for the practicing clinical toxicologist
provides a complete reference on standardized methods for
laboratory analysis containing all relevant data and protocols
for routine and specialized laboratory analysis. The first 11
chapters deal with such topics as requirements for toxicological
analyses, overview of analytical methods, quality assurance,
assessment of analytical results, and forensic aspects, while
Chapters 11–37 contain detailed protocols for the analysis of
all classes of toxicants.

Moffat, A.C., Osselton, M.D., Widdop, B., and Watts, J. (eds.)
(2011). Clarke’s Analysis of Drugs and Poisons: In Pharmaceuti-
cals, Body Fluids and Postmortem Material, 4th ed. Pharmaceu-
tical Press, London/Chicago, IL (ISBN 0-853697116).

This large and newly revised two-volume reference work,
previously known as Clarke’s Isolation and Identification of Drugs,
is a practical manual and standard reference work that provides
a definitive source of analytical data for drugs and poisons.
Intended for scientists involved in the identification and anal-
ysis of these substances, it is highly regarded information
source for a variety of laboratories including forensic, crime,
clinical, pharmaceutical, and toxicology.

Schlecht, P.C. and O’Connor, P.F. (eds.) (August, 1994).NIOSH
Manual of Analytical Methods (NMAM), 4th ed. US Depart-
ment of Health and Human Services, Centers for Disease
Control and Prevention, National Institute for Occupational
Safety and Health, Cincinnati. DHHS (NIOSH) Publication
94–113, 1st Supplement Publication 96–135, 2nd Supple-
ment Publication 98–119, 3rd Supplement 2003-154
Web: http://www.cdc.gov/niosh/docs/2003-154/.

NMAM is a collection of methods for sampling and analysis
of contaminants in the workplace and in the blood and urine of
occupationally exposed workers. Continually updated, these
methods have been either been developed or adapted by
NIOSH or its partners and are evaluated according to standard
experimental protocols.

Smith, F.P. (2005). Handbook of Forensic Drug Analysis, 1st ed.
Elsevier Academic Press, Amsterdam/Boston, MA (ISBN
0-126506418; eBook ISBN 0-080472893).

This comprehensive reference book provides analytical
techniques, instrumentation, and methods for drugs most
commonly observed in forensic drug laboratories. Written by
leading researchers in the field of forensic science, this complete
volume covers forensic and chemical analytic techniques for
the analysis of drugs of abuse such as cannabis, hallucinogens,
cocaine, and amphetamines.

Xu, Q.A. and Madden, T.L. (2011). Analytical Methods for Ther-
apeutic Drug Monitoring and Toxicology, 1st ed. Wiley, Hobo-
ken, NJ (ISBN 0-470455616; eBook ISBN 0-470909781).

This compilation of summarized analytical methods
previously published in the literature is designed to meet the
needs of pharmacologists, toxicologists, and other allied health
professionals involved in pharmaceuticals. Information is
provided as structured monographs on 511 different drug
entities including 964 different analytical methods.
Clinical Toxicology

Barceloux, D.G. (ed.) (2008). Medical Toxicology of Natural
Substances: Foods, Fungi, Medicinal Herbs, Plants, and
Venomous Animals, 1st ed. Wiley & Sons, Hoboken, NJ (ISBN
0-47172761X).

This concise and authoritative reference work focuses on the
large variety of natural toxins found in foods, fungi, medicinal
herbs, plants, and animals. For each toxin described, infor-
mation is presented on the history, identifying characteristics,
exposure sources, principal toxins, dose response, tox-
icokinetics, clinical features of poisoning, as well as on diag-
nostic testing and treatment.

Barile, F.A. (2010). Clinical Toxicology: Principles and Mecha-
nisms, 2nd ed. Informa Healthcare, New York (ISBN
1-420092251).

This recently updated and revised clinical toxicology text
examines the complex interactions associated with clinical
toxicological events and chemical exposure of drug adminis-
tration. The first section of the book introduces basic toxico-
logical principles with the remainder of the book covering the
toxicity of therapeutic and non therapeutic agents.

Brunton, L.L., Chabner, B., and Knollman, B. (eds.) (2011).
Goodman and Gilman’s The Pharmacological Basis of
Therapeutics, 12th ed. McGraw-Hill, New York (ISBN
0-071624422).

This gigantic textbook is the standard in clinical pharma-
cology and contains an enormous amount of information of
use to the clinician and researcher. It is strong in drug interac-
tions and mechanism of action. Available on CD-ROM and as
an eBook.

http://www.cdc.gov/niosh/docs/2003-154/
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Dart, R.C. (ed.) (2004). Medical Toxicology, 3rd ed. Lippincott,
Williams &Wilkins, Philadelphia, PA (ISBN 0-781728452).

This is the third edition of the classic Ellenhorn’s Medical
Toxicology, an excellent reference for clinicians in emergency
and occupational health settings. This edition includes new
chapters on biological and chemical weapons and on diagnosis
of patients with apparent symptoms of poisoning when the
cause is unknown. This is a good companion work to
Dreisbach.

Dreisbach, R.H. and True, B. (2002). Handbook of Poisoning:
Prevention, Diagnosis, and Treatment, 13th ed. Parthenon
Pub. Group, Boca Raton, FL (ISBN 1-850700389).

This handbook for the clinical toxicologist is a standard in
emergency situations, covering all types of poison situations –
agricultural, medical, industrial, and household. The work is
organized to facilitate ease of use in emergency situations and
as a reference source. Background chapters are on prevention,
identification/diagnosis, management, and legal/medical
responsibilities.

Haddad, L.M., Winchester, J.F., Shannon, M.W., Borron, S.W.,
and Burns, M. (eds.) (2007). Haddad and Winchester’s
Clinical Management of Poisoning and Drug Overdose, 4th ed.
Saunders/Elsevier, Philadelphia, PA (ISBN 0-721606938).

This book provides in-depth information on the clinical
management of poisoning by toxic agents, including drugs,
environmental agents, and natural toxins. Chapters provide
background, pharmacology, pathophysiology, diagnosis, and
clinical management information for each compound listed.
Also available as an eBook.

Luch, A. (2009). Molecular, Clinical and Environmental Toxi-
cology: Volume 2: Clinical Toxicology, Birkhäuser Basel,
Switzerland (ISBN 3-764383380).

The second of a three-volume set on molecular, clinical, and
environmental toxicology is a collection of research synopses
focusing on clinically relevant aspects of toxicology from
naturally occurring toxins in plants and animals, to household
pharmaceuticals, drugs, and chemicals, to illicit drugs, chem-
ical and biological warfare agents, and forensic toxicology.

Murray, L. (2011). Toxicology Handbook, 2nd ed. Churchill Liv-
ingstone/Elsevier, Sydney, NSW (ISBN 0-729539393).

This recently updated clinical resource is a guide to the
approach, assessment, and management of poisoned patients.
Established as a primary reference for the Australian Poisons
Information Centers, this handbook addresses the poisoned
patient, specific toxins, antidotes, toxinology, and antivenom.

Nelson, L.S., Lewin, N.A., Howland, M.A., Hoffman, R.S.,
Goldfrank, L.R., and Flomenbaum, N.E. (eds.) (2011).
Goldfrank’s Toxicologic Emergencies, 9th ed. McGraw-Hill,
New York (ISBN 0-071605932).

This is a unique text with strength as both a training manual
and in clinical management settings. It provides information
on the various aspects of toxicologic emergencies, from phar-
macology to clinical presentation to case management. Also
available as an eBook.
Rossoff, I.S. (2002), Encyclopedia of Clinical Toxicology: A
Comprehensive Guide and Reference. Parthenon Pub. Group,
Boca Raton, FL (ISBN 1-842141015).

An excellent and comprehensive guide, this text provides
concise information on the clinical toxicology of prescription
and OTC drugs, chemicals, herbals, plants, fungi, marine life,
reptiles and insect venoms, food ingredients, clothing, and
environmental toxins. Organized alphabetically, this book
features an extensive appendix that cross-references each
compound for alternative nomenclature.

Forensic Toxicology

Jickells, S. and Negrusz, A. (eds.) (2008). Clarke’s Analytical
Forensic Toxicology, 1st ed. Pharmaceutical Press, London;
Chicago, FL (ISBN 0-853697051) (0-853698511 eBook).

This useful textbook is adapted from Volume 1 of Clarke’s
Analysis of Drugs and Poisons by Moffatt, Osselton, and Widdop,
third edition. Focusing on drugs of abuse, this book covers the
basic concepts of forensic toxicology and analytical toxicology
techniques including the important concepts of pharmacoki-
netics, drug metabolism, and pharmacology.

Tracy, T.S. and Kingston, R.L. (eds.) (2007). Herbal Products:
Toxicology and Clinical Pharmacology, 2nd ed. Humana Press,
Totowa, NJ (ISBN 1-588293130).

Originally titled Toxicology and Clinical Pharmacology of
Herbal Products, the second edition is fully revised and
expanded with new chapters covering dietary products. Based
on original, peer-reviewed studies including meta-analyses and
systematic reviews, this comprehensive resource provides
objective clinical information about the potential uses, efficacy,
and safety of herbal medicines.

Levine, B. (ed.) (2010). Principles of Forensic Toxicology, 3rd ed.
American Association for Clinical Chemistry Press,
Washington, DC (ISBN 1-594250960).

The updated version of this classic forensic toxicology
textbook contains new chapters on non-narcotic analgesics and
antihistamines, as well as a number of updated chapters,
including mass spectrometry, cannabis, and opioids.

Molina, D.K. (2010). Handbook of Forensic Toxicology for Medical
Examiners (Practical Aspects of Criminal & Forensic Investiga-
tions). CRC Press/Taylor & Francis, Boca Raton, FL (ISBN
1-420076418).

This concise handbook is designed to provide quick access
to information about the most common toxic substances and
their levels of toxicity, making it an ideal text for quick
confirmation in the field or in the lab. The first section covers
the collection and selection of specimens while the second
chapter explains the methodology. The third section covers
almost 300 toxic substances including drugs of abuse, poisons,
prescription drugs, and over-the-counter medicines.

Smith, F. and Siegel, J. (2010). Handbook of Forensic Drug
Analysis, Elsevier Academic Press, Amsterdam/Boston, MA
(ISBN 0-126506418).

This newly updated reference book provides in-depth and
up-to-date methodologies for the analysis of drugs of abuse.
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Methods of forensic analysis for cannabis, hallucinogens,
cocaine, opioids, and amphetamines are included. Numerous
forensic and chemical analytic techniques are covered including
immunoassay, gas chromatography, and mass spectrometry.
Neurotoxicology

Berent, S. and Albers, J.W. (2008), Neurobehavioral Toxicology:
Neuropsychological and Neurological Perspectives. Taylor &
Francis, London (Vol. 1, ISBN 1-841695645; Vol. 2, ISBN
1-841695653; Vol. 3, ISBN 1-841694940).

A comprehensive introduction toneurobehavioral toxicology
in three volumes. Volume 1, Foundations and Methods, covers
current clinical approaches and testing; volume 2, Peripheral
Nervous System, concentrates on peripheral nervous system
disorders; and volume3,Central Nervous System, covers industrial
and environmental chemicals, medicines, and substances of
abuse and the effects these agents have on CNS function. Amore
recent 2010 version is available as an eBook.

Dobbs, M.R. (2009), Clinical Neurotoxicology: Syndromes,
Substances, Environments. Saunders/Elsevier, Philadelphia,
PA (ISBN 0-323052606).

This text provides a systematic clinical approach to treating
disorders caused by neurotoxic agents, including heavy metals
and pesticides. It provides a complete listing of neurotoxic
agents, from manufactured to environmental, and how toxic-
ities manifest according to age and co-morbidity. It also pres-
ents discussions on controversial and unusual topics such as
Gulf War syndrome, Parkinson’s disease, and motor neuron
disease. Also available as an eBook.

Harry, G.J. and Tilson H.A. (eds.) (2010), Neurotoxicology, 3rd
ed. Informa Healthcare, New York (ISBN 1-420054872).

The third edition of this book presents state-of-the-science
technologies and approaches that contribute to the study of
neurotoxicology. Updated with new chapters and illustrations,
the topics of this book include neuromorphology, the blood–
brain barrier, behavioral principles, endocrine disruption, the
neuroprotective role of the immune system, adult neuro-
genesis, network analysis using microarray data, oxidative
stress, biological processes of cell death, neurotoxins, suscep-
tible populations, and in vivo brain imaging techniques.

Spencer, P.S. and Schaumburg, H.H. (eds.) (2000). Experi-
mental and Clinical Neurotoxicology, 2nd ed. Oxford Univer-
sity Press, New York (ISBN 0-195084772).

This comprehensive and useful text provides a broad over-
view of the neurobiological basis of neurotoxic phenomena in
human and veterinary medicine, as well as an alphabetical
compendium that describes the neurotoxic properties of over
450 chemicals, drugs, and mixtures, including plants and
venoms.
Occupational and Industrial Toxicology

2011 TLVs and BEIs (2011). American Conference of Govern-
mental Industrial Hygienists (ACGIH), Cincinnati, OH
(ISBN 1-60726028X).
This pocket-sized handbook provides Threshold Limit
Values (TLV) established by the ACGIH as guidelines for good
practices. Main sections provide data for chemical and physical
agents. Also includes sections that explain background and
tests, biological exposure indices (BEI), and the role of the
organization. A companion work titled Documentation of the
Threshold Limit Values and Biological Exposure Indices, available as
a continually updated resource, provides the data and refer-
ences used in developing the TLVs and BEIs.

Cherrie, J., Howie, R., Semple, S., and Ashton I. (2010), Moni-
toring for Health Hazards at Work, 4th ed. Wiley-Blackwell,
Chichester, West Sussex/Malden, MA (ISBN 1-405159626).

Newly updated, this handbook for students and profes-
sionals in occupational hygiene provides a concise description
of the hazards of a wide variety of work environments and gives
practical guidance for gauging exposure to major health hazards
including airborne dust, fibers, gases, vapors, noise, radiation,
and biological agents. This book covers the latest monitoring
techniques and includes full guidance on risk assessments.

Cohrssen, B., Rose, V., and Patty, F.A. (eds.) (2010), Patty’s
Industrial Hygiene, 6th ed. 4 vols. Wiley, New York (set, ISBN
0-470074884; Vol. I, ISBN 0-470074841; Vol. II, ISBN
0-47007485X; Vol. III, ISBN 0-470074868; Vol. IV, ISBN
0-470074876).

Bingham, E., Cohrssen, B., and Powell, C.H. (eds.) (2001),
Patty’s Toxicology, 5th ed. 9 vols. Wiley, New York (set, ISBN
0-471319430; Vol. I, ISBN 0-471319325; Vol. II, ISBN 0-
471319333; Vol. III, ISBN 0-471319341; Vol. IV, ISBN
0-47131935X; Vol. V, ISBN 0-471319368; Vol. VI, ISBN
0-471319392; Vol. VII, ISBN 0-471319406; Vol. VIII, ISBN
0-471319414;Vol. IX, ISBN0-471319422, cumulative index).

The original Patty’s Industrial Hygiene and Toxicology has been
divided into two separate four- and nine-volume sets that cover
industrial hygiene and toxicology, respectively. It is one of the
most complete in the area of occupational, industrial, and
general toxicology information. Online versions of both sets are
available through licensing agreements with the publisher.

Greenberg, M.I. and Hamilton R.J. (eds.) (2003). Occupational,
Industrial, and Environmental Toxicology, 2nd ed. Mosby,
St. Louis, MO (ISBN 0-323013406).

This useful clinical reference book describes work-related
toxicological dangers associated with specific occupations,
industries, and workplace settings. Organized by occupation,
each chapter includes a description of the occupation, the likely
chemical exposure, health effects, and suggested treatment.
Aimed primarily at physicians, this book includes a chemical
agent cross-referencing system.

Lewis, R.J. Sr. and Sax, N.I. (eds.) (2005). Sax’s Dangerous Prop-
erties of Industrial Materials, 11th ed. (3 vols.). Wiley-Inter-
science, Hoboken, NJ (ISBN 0-471701335).

This huge three-volume compendium provides properties,
toxicity data, and regulatory status (United States) for over
25 000 chemical substances. Extensively indexed by CAS
registry number and synonyms. Online and CD-ROM versions
are available. Lewis has published a more moderately sized
book that contains over 5000 selected entries from this
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text: Lewis, R.J. Sr. (2008). Hazardous Chemicals Desk Reference,
6th ed. (ISBN 0-470180242).

Luttrell W.E., Jederberg W.W., and Still K.R. (2008). Toxicology
Principles for the Industrial Hygienist. American Industrial
Hygiene Association, Fairfax, VA (ISBN 1-931504881).

A comprehensive toxicology reference targeted to the
industrial hygienist, this book emphasizes basic toxicological
principles and case studies related to the workplace.

NIOSH Pocket Guide to Chemical Hazards (2010). National
Institute for Occupational Safety and Health [NIOSH].

This pocket guide provides general industrial hygiene
information on several hundred chemicals/classes for
workers, employers, and occupational health professionals.
Key information and data are presented in abbreviated or
tabular form for chemicals or substance groups found in the
workplace. This publication can be accessed at http://www.
cdc.gov/niosh/npg/.

Pohanish, R.P. (ed.) (2011). Sittig’s Handbook of Toxic &
Hazardous Chemicals and Carcinogens, 6th ed. William
Andrew, Norwich, NY (ISBN 1-437778690; eBook, ISBN
1-437778700).

This easy-to-use reference presents chemical safety and
health information on more than 2200 of the most heavily
used, transported, and regulated chemical substances of both
occupational and environmental concern. The sixth edition
contains more regulated chemicals and expanded data on each
material. The appendices have been expanded and contain new
confirmed and suspected carcinogens. This edition also allows
the user to search the carcinogen list by name or CAS number.
References are included.

Proctor, N.H., Hughes, J.P., and Hathaway, G.J. (2004). Proctor
and Hughes’ Chemical Hazards of the Workplace, 5th ed. John
Wiley & Sons, Hoboken, NJ (ISBN 0-471268836; eBook,
ISBN 6-610556784).

Contains concise summaries of over 600 of the most
common substances found in the industrial setting. Includes
CAS numbers, chemical formulas, synonyms, TLVs, physical
properties, exposure sources and routes, and signs and symp-
toms of acute and chronic exposures. Intended for health
professionals who need toxicology data on chemicals
encountered in the workplace, this comprehensive reference
covers introductory toxicology, clinical manifestations of
exposure, diagnosis of occupational disease, and industrial
hygiene aspects of chemical exposures. Treatment protocols
and medical surveillance techniques are included.

Rom, W.N. (ed.) (2007). Environmental and Occupational
Medicine, 4th ed. Wolters Kluwer/Lippincott Williams &
Wilkins, Philadelphia, PA (ISBN 0-781762995).

Covers basic information on occupational medicine and
related areas. This text is suitable for occupational health
practitioners and is readable enough for practitioners in other
medical disciplines. Also available as an eBook.

Ullmann, F. (ed.) (2005). Ullmann’s Industrial Toxicology. Wiley-
VCH, Weinheim, Germany (ISBN 3-527312471).
Based on the online edition of Ullmann’s Encyclopedia of
Industrial Chemistry, this two-volume set condenses all the
information on industrial toxicology, ecotoxicology, process
safety, and occupational health and safety from the larger 40-
volume work. Volume 1 is titled Toxicology in Occupational and
Environmental Setting and volume 2 is titled Toxic Agents, Phar-
macological and Medical Fundamentals.

Winder C. and Stacey N. (2004). Occupational Toxicology, 2nd
Ed. CRC Press, Boca Raton, FL (ISBN 0-748409181).

Useful to both students of toxicology and health and safety
professionals, this book introduces the basic concepts of toxi-
cology that relate to the workplace. After addressing the effects
of chemicals on target tissues, the authors focus on the groups
of agents most often associated with occupational diseases
including metals, pesticides, solvents, plastics, gases, and
particulate matter. Important fields that intersect with occu-
pational toxicology including hygiene, epidemiology, and
occupation medicine are also addressed.
Pesticides and Chemical Warfare Agents

Gupta, R.C. (ed.) (2009). Handbook of Toxicology of Chemical
Warfare Agents. Elsevier, Amsterdam (ISBN 0-123744849).

This is a comprehensive monograph addressing various
aspects of toxic chemicals that could be used as weapons of
mass destruction. In nine sections, it covers individual toxi-
cants, target organ toxicity, major incidents, toxic effects in
humans, animals and wildlife, biosensors, biomarkers, and on-
site and laboratory methods.

Hayes, W.J. and Krieger, R.I. (eds.) (2010). Hayes’ Handbook of
Pesticide Toxicology, 3rd ed. Academic Press/Elsevier,
Amsterdam/Boston, MA (Set, ISBN 0-123743672; Vol. I,
ISBN 0-123744814; Vol. II, ISBN 0-123744822; eBook,
0-080922015).

In two volumes, this comprehensive and timely compen-
dium of scientific knowledge covers the environmental, agri-
cultural, veterinary, and human-health impacts of pesticide
use. It includes information on the diagnosis and treatment of
pesticide poisonings. A true classic.

Senseman, S.A. and Armbrust, K. (eds.) (2007). Herbicide
Handbook, 9th ed. Weed Science Society of America, Law-
rence, KS (ISBN 1-891276565).

This work, sponsored by the Weed Science Society of
America, contains a wealth of physical, chemical, and toxico-
logical data on more than 150 herbicides. Extensive data are
presented on each chemical. Included are producer informa-
tion and references ($95.00; Weed Science Society of America,
PO Box 7050, Lawrence, KS, 66044-8897).

Tomlin, C. (2009). The Pesticide Manual: A World Compendium,
15th ed. British Crop Protection Council, Alton, UK (ISBN
1-901396185).

Provides chemical, physical, analytical, use, and toxicity
data for over 1400 pesticides and other agricultural chemicals
and lists over 2600 products. Reference dose values from the
US EPA and other sources have been added, and EC Risk

http://www.cdc.gov/niosh/npg/
http://www.cdc.gov/niosh/npg/
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symbols and codes have also been included. Environmental
fate/transport, resistance information, and lists of manufac-
turers are also included.
Reproduction and Teratology

Hood, R.D. (ed.) (2005). Developmental and Reproductive Toxi-
cology: A Practical Approach, 2nd ed. Taylor and Francis, Boca
Raton, FL (ISBN 0-84931254X).

First published in 1997 under the title Handbook of Devel-
opmental Toxicology, the second edition covers genomics and
proteomics; tests for endocrine disruptors, Testing for male and
female reproductive toxicity; extensive treatment of the signif-
icance, reliability, and interpretation of developmental and
reproductive toxicity data; toxicity testing in neonatal and
juvenile animals; postnatal developmental milestones; FDA
perspective on risk assessment; and an extensive glossary of
developmental defect terminology. Useful and informative,
this book blends the theoretical foundation with insights
gained from hands-on experience.

Kapp, R.W. and Tyl, R.W. (eds.) (2010) Reproductive Toxicology,
3rd ed. Informa Healthcare, New York (ISBN 1-
420073435).

This third edition of Reproductive Toxicology covers repro-
ductive and developmental biology and toxicology from the
level of molecules to gametes to adult organisms. The book
includes chapters on normal and abnormal development and
function of the reproductive systems of males and females;
processes involved in pregnancy, fertilization, and development
of the body’s systems; the consequences of exposures to toxic
substances during vulnerable life stages; and epigenetics, epi-
genomics, and metallic environmental factors in reproduction
and development. Overviews of the national and international
governmental regulatory agencies which provide oversight for
pharmaceuticals are also covered.

Koren, G. (ed.) (2001). Maternal–Fetal Toxicology: A Clinicians
Guide, 3rd ed. Dekker, New York (ISBN 0-824703782;
eBook ISBN 0-585404283).

This text contains a series of reviews on the toxic effects of
drugs and other compounds, viruses, radiation, and occupa-
tional hazards. A chapter on drugs of choice in pregnancy and
a section on diagnosis of fetal malformations are included. An
online version is available.

Naz, R.K. (ed.) (2005). Endocrine Disruptors: Effects on Male and
Female Reproductive Systems, 2nd ed. CRC Press, Boca Raton,
FL (ISBN 0-849322812).

This text examines the reproductive and health hazards of
endocrine-disrupting environmental chemicals, from epidemi-
ology to etiology. Divided into two sections, the first part of the
book describes the effects of environmental toxicants on the
female reproductive system, with an emphasis on the effects and
mechanisms of their action on sex differentiation during devel-
opment, fertility, and breast cancer. The second part addresses
the effects of endocrine disruption on the male reproductive
system, focusingonmale fertility and thedevelopmentof benign
prostate hyperplasia (BPH) and prostate cancer.
Shepard, T.H. and Lemire, R.J. (2004). Catalog of Teratogenic
Agents, 11th ed. Johns Hopkins University Press, Baltimore,
MD (ISBN 0-801879531).

A standard text listing the teratogenic potential of hundreds
of substances provides indexes, summaries of literature, and
references to source materials. The latest edition contains nearly
300 newly listed agents, half of which are developmental genes
that cause syndromes or congenital defects.

Woodruff, T.J. (ed.) (2010) Environmental Impacts on Reproduc-
tive Health and Fertility. Cambridge University Press,
New York (ISBN 0-521519527).

Focusing on exposures to environmental contaminants,
particularly during critical periods in development, and their
potential effects on all aspects of future reproductive life-
course, this book provides a comprehensive source of infor-
mation from various scientific disciplines in environmental
health, clinical, and public health fields. It provides a review of
the science on the relationship between environmental
contaminants and reproductive health outcomes, and recom-
mendations on efforts toward prevention in clinical care and
public policy, and it gives practical information for healthcare
providers and resources for finding more information when
necessary.
Toxicogenomics

Burczynski, M.E. (ed.) (2003). An Introduction to Toxicogenomics.
CRC Press, Boca Raton, FL (ISBN 0-849313341).

This text is an excellent primary source of information for
students, scientists, and clinicians interested in the new disci-
pline of toxicogenomics. In six sections, this text covers the
fundamentals of gene expression profiling analysis, the use of
expression profiling in toxicological testing and research,
model systems used in toxicogenomic studies, and the areas of
mechanistic and predictive toxicogenomics. The last section
addresses the future of toxicogenomics, including its use in risk
assessment studies and the complex ethical issues that
surround the use of toxicogenomics data.

Mendrick, D.L. and Mattes, W.B. (eds.) (2008). Essential
Concepts in Toxicogenomics. Humana, Totowa, NJ (ISBN
1-588296385; eBook ISBN 1-603270485).

This informative resource collects reviews, opinion pieces,
and case studies from experts in the field with a focus on its
application to pharmaceuticals. It covers the many uses of
toxicogenomics, including its predictive application, use in
mechanistic analyses, and considerations for risk assessment. It
discusses the issues that currently limit its universal acceptance
including cross species correlations, regulatory uncertainty, and
biomarker validation.

Sahu, S.C. (ed.) (2008). Toxicogenomics: A Powerful Tool for
Toxicity Assessment. John Wiley & Sons, Chichester, UK
(ISBN 0-470518235).

This text provides information presented by recognized
experts in the field. Topics covered include mechanistic tox-
icogenomics analysis and interpretation of toxicogenomic data,
principles of data mining design issues in toxicogenomics
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studies, sources of variability in toxicogenomic assays, Escher-
ichia coli stress response as a tool for detection of toxicity, tox-
icogenomics as a tool to assess immunotoxicity, toxicogenomics
and ecogenomics for studying endocrine disruption and basic
biology, use of toxicogenomics as an early predictive tool for
hepatotoxicity, nutrigenomics: the application of genomic
signatures in nutrition-related research, application of tox-
icogenomics in drug discovery, potential uses of toxicogenomic
biomarkers in occupational health and risk assessment, useful-
ness of toxicogenomics in the regulatory environment, and
perspectives on toxicogenomics at the US Environmental
Protection Agency.
Veterinary Toxicology

Peterson M.E. and Talcott, P.A. (eds.) (2006). Small Animal
Toxicology, 2nd ed. Saunders Elsevier, St. Louis, MO (ISBN
0721606393; eBook ISBN 0-721606393).

This is a text suitable for practicing veterinary clinicians in
diagnosing and treating toxic exposures in small animals, and
for veterinary students as a supplement to their classroom
instruction. Its three sections cover basic toxicological concepts,
including toxicokinetics and toxicodynamics, various aspects of
management of poisoning cases, effective use of the diagnostic
laboratory, and special considerations, such as pediatric, geri-
atric, pregnant, and lactating patients; general exposures,
including adverse drug reactions, indoor toxicants, household
and garden plants, hazards of herbal and other natural prod-
ucts, recreational drugs, and antidotes for specific poisons, and
more; and specific toxicants, an A-to-Z listing of toxicants of
importance to veterinary medicine.

Plumlee, K.H. (ed.) (2004). Clinical Veterinary Toxicology.
Mosby, St. Louis, MO (ISBN 0-32301125X).

This excellent and comprehensive text is intended for use as
a teaching tool for veterinary students and as a reference for
clinical practitioners treating pets, livestock, and birds. Its three
parts cover principles of toxicology, manifestations of toxi-
coses, and classes of Toxicants by type.

Gupta, R.C. (2007). Veterinary Toxicology: Basic and Clinical
Principles. Elsevier, Amsterdam (ISBN 0-123704677; eBook
ISBN 6-611050574).

This book teaches the basic principles of veterinary toxi-
cology and serves as a clinical reference for practicing veterinary
toxicologists, poison control centers, marine biologists, envi-
ronmentalists, and animal scientists. It covers many areas of
veterinary toxicology, including target organ toxicity, radiation
and radioactive materials, FDA regulatory issues, ethics in
veterinary toxicology, chemical terrorism, and epidemiology.
Problem-solving strategies are offered for treatment as well as
in-depth knowledge of the basic mechanisms of veterinary
toxicology.

Burrows, G.E. and Tyrl, R.J. (2006). Handbook of Toxic Plants of
North America. Blackwell Publishers, Ames, IA (ISBN 0-
813807115).

This is a concise, ready reference book for identifying
toxic plants that may adversely affect livestock and pets in
North America. Concise descriptions of the identifying
features and color photos aid in plant identification. This
handbook is organized by body system affected, then sub-
divided by clinical manifestations. Each chapter begins with
a table of the plants affecting a given system. The table lists
those plants and comments briefly on the salient signs. For
each plant, signs, pathology, treatment, and problems and
causes are discussed followed by general information on the
plant, keys to identification of that plant, illustrations, and
location maps.
Periodicals

There has been a steady increase in the number of journals
transmitting information on toxicity, hazard, and risk. As
knowledge has grown, more specialized titles have appeared
reflecting the expanding literature of narrower disciplines, i.e.,
cellular toxicology, aquatic toxicology, food toxicology, contact
dermatitis, risk analysis, drug/nutrition interactions, molecular
toxicology, toxicogenomics, and target organ/system toxicity.
Also, because of the cross-disciplinary nature of toxicological
concerns, relevant information appears not only in the primary
toxicology journals but also in those of related disciplines –

medicine, epidemiology, food, biology, agriculture, and so on.
New journal titles will frequently be distributed directly to
professionals and announcements will appear in the review
sections of professional journals. Additional titles of journals
and series publications can be found in Ulrich’s International
Periodicals Directory (Bowker) or The Serials Directory (Ebsco).
These directories are available in print and on CD-ROM, as well
as online through major vendors.

Generally, information published in a research journal is
well known in the scientific community long before it appears
in print. The research journal is not an effective rapid
communication device but one for quality control, claiming
of priority, and as a mechanism of archiving research infor-
mation. Because the potential sources of toxicological infor-
mation are so widespread, typical hand-scanning issues of
journals for newly published information can be over-
whelming for the investigator. Also overwhelming is the
increasing cost of journal subscriptions. The average cost of
a journal has increased approximately 10% each year since
1990, forcing local collections to judiciously examine journal
renewals.

The use of tertiary indexing and abstracting sources can
provide an effective alternative to the time-consuming scan-
ning of journal issues and limited subscription resources. These
services provide regularly updated title, author, and subject
access to the contents of thousands of journal titles. Enlisting
the power of computerized systems can automate this process.
Profiles of user interest areas are applied against large databases
of journal references and results delivered to users on a recur-
ring basis. In some services, the user not only can browse the
source information (and frequently an abstract) of a newly
published article but can also request a full-text copy of the
original. An example of this type of service geared to rapid
communication of journal contents is the Current Contents
service from Thomson Reuters, available in both print and
electronic form. Another resource for finding journal articles is
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the search engine Google Scholar (scholar.google.com), which
allows the user to search scholarly information over a broad
range of disciplines.

Most scientific journals provide direct access to full-text
articles online, and most libraries carry online subscriptions to
journals, either exclusively or in addition to print versions.
Many of the larger publishers also provide special services for
subscribers to access their online holdings. An example of this
type of service is Elsevier’s ScienceDirect digital library via Sci-
Verse. Moreover, bibliographic databases, such as CAS’s Sci-
Finder and SciFinder Scholar, Thomson Reuters Web of Knowledge,
andMEDLINE, are now providing to subscribers full-text access
to articles retrieved in bibliographic searches. In many cases,
links to full-text articles are made directly from the references
cited portion of a journal article search.

Another phenomenon in journal publication that is
growing in popularity is the open access journal. Open access
journals use a funding model that does not charge readers or
institutions for access. These journals use the peer-review
process to assure quality control, as with the standard journal
format, and users are freely able to read, download, copy,
distribute, print, and link to the full texts of articles published
in the open access format. Today, there are literally thousands
of open access journals available online with over 700 000
open access articles published to date.

Initially, collections of open access journals were often
difficult to locate, in as much as library and information services
found it difficult to overview and integrate them into their
systems. Available technologies now make it possible to orga-
nize open access journals in a way that allows libraries to use and
make them available. One excellent and useful directory that
provides for easy access to open access journals and articles is the
Directory of Open Access Journals (DOAJ) (www.doaj.org),
a project initially supported by the Open Society Institute (www.
soros.org) and maintained by Lund University of Sweden.

Listed below is a sampling of the core journal titles in
toxicology. They have been organized into simple subject
categories. Sample copies of journals are quite easily obtained
from publishers. Addresses and phone numbers for these
publishers may be found in Ulrich’s or The Serials Directory.

General

Advances in Modern Environmental Toxicology (Princeton
Scientific)

Annual Review of Pharmacology and Toxicology (Annual
Reviews)

Archives of Toxicology (Springer-Verlag)
The Banbury Report (Cold Spring Harbor Laboratory Press)
Basic and Clinical Pharmacology and Toxicology (Nordic Pharm.

Soc.)
Chemical Research in Toxicology (American Chemical Society)
Critical Reviews in Toxicology (CRC Press)
Drug and Chemical Toxicology (Dekker)
Food and Chemical Toxicology (Pergamon)
Human and Experimental Toxicology (Nature Pub. Group)
Journal of Analytical Toxicology (Preston)
Journal of Applied Toxicology (Wiley)
Journal of Biochemical and Molecular Toxicology (Wiley)
Neurotoxicology and Teratology (Pergamon)
Regulatory Toxicology and Pharmacology (Academic Press)
Toxicity Review (HMSO, London)
Toxicologic Pathology (Society of Toxicologic Pathologists)
Toxicological and Environmental Chemistry (Gordon & Breach

Science Publishers)
Toxicological Sciences: An Official Journal of the Society of Toxicology

(Academic Press)
Toxicology (Elsevier Science)
Toxicology and Applied Pharmacology (Academic Press)
Toxicology In Vitro (Pergamon)
Toxicology Letters (Elsevier Science)
Toxicology Mechanisms and Methods (Taylor and Francis)

Alternative Toxicology Testing

Alternatives to Animal Testing and Experimentation: AATEX
(Japanese Society of Alternatives to Animal
Experimentation)

Alternative Methods in Toxicology (Liebert)
Alternatives to Laboratory Animals: ATLA (Fund for the Replace-

ment of Animals in Medical Experiments)
ILAR News (Institute of Laboratory Animal Resources)
Toxicology In Vitro (Pergamon)

Cancer and Carcinogenesis

Cancer Epidemiology Biomarkers & Prevention (American Associ-
ation for Cancer Research)

Cancer Research (Waverly Press)
Carcinogenesis: A Comprehensive Survey (Raven Press)

Clinical

Clinically Important Adverse Drug Interactions (Elsevier
Science)

Clinical Toxicology (Taylor & Francis)
Drug and Chemical Toxicology (Dekker)
Emergency Medicine Clinics of North America (WB Saunders)
Emergency Medicine (Cahners Publishing)
Human and Experimental Toxicology (Nature Pub. Group)
Journal of the Association of Food and Drug Officials (Association

of Food and Drug Officials)
Reactions Weekly (ADIS International)
Toxicon (Elsevier)
Toxicological Reviews (Adis)

Environmental

Ambio (Royal Swedish Academy of Sciences)
Aquatic Toxicology (Elsevier)
Archives of Environmental Contamination and Toxicology

(Springer-Verlag)
Archives of Environmental and Occupational Health (Heldref )
Bulletin of Environmental Contamination and Toxicology (Springer-

Verlag)
Chemosphere (Pergamon)
Developments in Toxicology and Environmental Science (Elsevier

Science)
Ecotoxicology and Environmental Safety (Academic Press)
Environmental Health Perspectives (NIEHS)
Environmental and Molecular Mutagenesis (Wiley)

http://scholar.google.com
http://www.doaj.org
http://www.soros.org
http://www.soros.org
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Environmental Toxicology and Chemistry (Pergamon)
International Journal of Environmental Analytical Chemistry (Gor-

don & Breach Science)
Journal of Environmental Health (National Environmental

Health Association)
Journal of Environmental Pathology, Toxicology, and Oncology (CRC

press)
Journal of Environmental Science and Health (Dekker)
Journal of Hazardous Materials (Elsevier Science)
Journal of the Air and Waste Management Association (AWMA)
Journal of Toxicology and Environmental Health (Taylor &

Francis)
Pesticide and Toxic Chemical News (Food Chemical News)
Reviews of Environmental Contamination and Toxicology (Springer-

Verlag)
Toxicological and Environmental Chemistry (Gordon & Breach

Science)

Genomics, Proteomics and Bioinformatics

American Journal of Pharmacogenomics (Adis)
Bioinformatics (Oxford)
Environmental Health Perspectives – Toxicogenomics (NIEHS)
Genomics (Academic Press)
Journal of Proteome Research (ACS Pubs)
Molecular Genetics and Genomics (Springer-Verlag)
Pharmacogenomics Journal (Nature Publishing Group)
Pharmacogenetics and Genomics (Lippincott Williams & Wilkins)

Mutagenesis

Chemical Mutagens: Principles and Methods for Their Detection
(Plenum)

Environmental and Molecular Mutagenesis (Wiley-Liss)
Mutagenesis (IRL Press)
Mutation Research (Elsevier Science)

Occupational and Industrial

American Industrial Hygiene Association Journal (American
Industrial Hygiene Association)

American Journal of Industrial Medicine (Wiley-Liss)
Annals of Occupational Hygiene (Oxford)
International Archives of Occupational and Environmental Health

(Springer-Verlag)
International Journal of Hygiene and Environmental Health

(Elsevier)
Journal of Occupational and Environmental Medicine (Williams &

Wilkins)
Journal of Occupational Health (JSOH)
Journal of Occupational and Environmental Hygiene (Taylor &

Francis)
Occupational and Environmental Medicine (BMJ)
Scandanavian Journal of Work, Environment and Health

(FIOH)
Toxicology and Industrial Health (Princeton Scientific)

Radiation

Advances in Radiation Biology (Academic Press)
Annals of the ICRP (Pergamon)
International Journal of Radiation Oncology, Biology, Physics
(Elsevier)

Radiation Research (Academic Press)

Reproduction and Teratology

Advances in the Study of Birth Defects (University Park Press)
Birth Defects Research (Wiley-Liss)
Issues and Reviews in Teratology (Plenum)
Neurotoxicology and Teratology (Pergammon)
Reproductive Toxicology (Pergamon)
Series

A type of publication related to the periodical is the report series.
While many of the journals listed previously provide mono-
graphic reviews (i.e., Advances in Modern Environmental Toxicology,
CRC Review Series, and Reviews of Environmental Contamination
and Toxicology), the report type of publication issues from
government agencies, scientific organizations, or research insti-
tutes. They vary considerably in scope and purpose but typically
provide excellent summary information compiled by panels of
experts. Many of these series are irregularly produced but issue
consecutively within a volume/issue framework. Identification
of series entries may be found by consulting catalogs such as the
NLM's LOCATORplus. LOCATORplus is available from the NLM
home page at http://www.nlm.nih.gov. Another useful source is
the OCLC Online Union Catalog, which contains entries for
materials contained in thousands of libraries in North America
and the United Kingdom.

Many government agencies are now offering technical
reports, journals, newsletters, and other series for free online,
and in full-text format. Examples include resources from the
Agency for Toxic Substances Disease Registry (ATSDR) and
Centers for Disease Control and Prevention (CDC). A brief,
very select list of major sources of these series and their
producers include:

Agency for Toxic Substances and Disease Registry, US
Government (ATSDR)
4770 Buford Highway, NE
Atlanta, GA 30341
Tel.: þ1 800 232 4636, TTY: þ1 888 232 6348
Web: http://www.atsdr.cdc.gov
ASTDR Toxicological Profiles

US Centers for Disease Control and Prevention (CDC)
1600 Clifton Road
Atlanta, GA 30333
Tel.: þ1 800 232 4636
Web: http://www.cdc.gov
Morbidity and Mortality Weekly Report and many others

European Commission
Headquarters
200 rue de la Loi
B-1049 Brussels
Belgium
Tel.: þ32 2 299 11 11
Web: http://europa.eu

http://www.nlm.nih.gov
http://www.atsdr.cdc.gov
http://www.cdc.gov
http://europa.eu
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EUR Report Series, Reports of the Scientific Committee
on Cosmetology, Reports of the Scientific Committee for
Food

Food and Agriculture Organization of the United Nations
(FAO)
Publishing Management Service
Viale delle Terme di Caracalla
00100 Rome
Italy
Web: http://www.fao.org,
http://www.fao.org/publications/en/
The State of Food and Agriculture (SOFA), State of World Fisheries
and Aquaculture (SOFIA), State of the World’s Forests (SOFO), The
State of Food Insecurity in the World (SOFI), The State of Agricul-
tural Commodity Markets (SOCO), The State of the World’s Land
and Water Resources (SOLAW)

International Agency for Research on Cancer (IARC) (part of
the World Health Organization)
150 Cours Albert Thomas
69372 Lyon Cedex 08
France
Tel.: þ33 (0)4 72 73 84 85
Web: http://www.iarc.fr
IARC Monographs (and supplements) on the Evaluation of the
Carcinogenic Risk of Chemicals to Humans, Scientific
Publications.

British Industrial Biological Research Association (BIBRA)
8/10 South Street
Epsom, Surrey KT18 7PF
United Kingdom
Tel.: þ44 (0)20 8652 1024
Web: http://www.bibra.co.uk/
E-mail: info@bibra.co.uk
Toxicity Profiles

Environmental Protection Agency, US Government (EPA)
Ariel Rios Building
1200 Pennsylvania Ave., NW
Washington, DC 20460
Tel.: þ1 202 272 0167, TTY: þ1 202 272 0165
Web: http://www.epa.gov/
Too numerous to list – see EPA’s ‘Popular Resources’ Website,
http://www.epa.gov/epahome/resource.htm

World Health Organization
Avenue Appia 20
1211 Geneva 27
Switzerland
Tel.: þ41 22 791 21 11
Web: http://www.who.int/en/
E-mail: inf@who.int
WHO Technical Report Series, The World Health Report,
Bulletin of the World Health Organization, Who Drug Infor-
mation, Weekly Epidemiological Record, and others.

National Academy of Sciences/National Research Council
(NRC)
500 Fifth St. NW
Washington, DC 20001
Tel.: þ1 202 334 2000
Web: http://www.nas.edu
Too many to list

National Center for Toxicological Research (NCTR)
3900 NCTR Road
Jefferson, AR 72079
Tel.: þ1 870 543 7000
Web: http://www.fda.gov/nctr/
NCTR Quarter, FDA Consumer

National Institute of Environmental Health Sciences (NIEHS)
PO Box 12233, MD K3-16
Research Triangle Park, NC 27709-2233
Tel.: þ1 919 541 3345
Web: http://www.niehs.nih.gov
E-mail: webcenter@niehs.nih.gov
Environmental Health Perspectives

National Institute for Occupational Safety and Health (NIOSH)
Centers for Disease Control and Prevention (CDC)
1600 Clifton Road
Atlanta, GA 30333
Web: http://www.cdc.gov/NIOSH/
Tel: þ1 800 232 4636, TTY: þ1 888 232 6348
HealthHazardEvaluation reports, CriteriaDocuments, andmore
Newsletters

Newsletters can provide timely reporting of ‘hot’ information –

research findings, regulatory updating, society/organization
news – all in brief reports. Most professional organizations
support some kind of newsletter to communicate to its
membership, but the ones of most interest here focus on
current news used to inform and mobilize. Some government
and commercial titles in this area include:

BNA Toxics Law Reporter/Daily (Bureau of National Affairs)
Environmental Reporter (Bureau of National Affairs)
Environmental Toxicology Newsletter (UC Davis)
Hazardous Substances and Public Health (ATSDR)
Occupational Safety and Health Reporter/Daily (Bureau of

National Affairs)

Electronic access to newsletters is provided via a number of
services. These services vary in scope and how often they are
updated. One example is the newsletters in print database
(Gale Research) available in print and online via several vendor
systems. The McGraw-Hill Publications online database carries
approximately 60 leading publications online in full-text form,
many of them newsletters and bulletins.

The need for extremely rapid reporting of information can
be filled by specialized, and expensive, electronic ‘clipping
services’ that offer daily feeds of news items from dozens of
newspapers, newsletters, newswires, and other types of infor-
mation resources directly to the user’s workstation or by fax.
Examples of these are PR Newswire, Dow Jones Interactive,
NewsEdge from Acquire Media, and AccuClip Express from
CyberAlert, Inc.

The Internet has become a very popular mechanism for
disseminating timely information via newsgroups and
mailing lists (listservs). Most associations and interest groups

http://www.fao.org
http://www.fao.org/publications/en/
http://www.iarc.fr
http://www.bibra.co.uk/
mailto:info@bibra.co.uk
http://www.epa.gov/
http://www.epa.gov/epahome/resource.htm
http://www.who.int/en/
mailto:inf@who.int
http://www.nas.edu
http://www.fda.gov/nctr/
http://www.niehs.nih.gov
mailto:webcenter@niehs.nih.gov
http://www.cdc.gov/NIOSH/
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are communicating directly through use of the Internet.
Government agencies, commercial producers, and research
organizations are using this network as well. Thousands of
news groups and hundreds of thousands of electronic news-
letters are available over the Internet, and this figure is
growing daily. The US EPA publishes a variety of newsletters
available online. A current listing of EPA newsletters
can be found at http://www.epa.gov/epahome/publications.
htm#current. The US FDA also supports a publicly available
server on the Internet covering staff activities, recent regula-
tory actions, and administrative news. The National Institute
of Standards and Technology at the US Department of
Commerce sponsors the Fedworld system, which provides
access to federal government bulletin boards, government
files, newsletters, and links to other government computer-
ized systems (http://www.fedworld.gov/).
Computerized Information

In the mid-1960s, the first publicly available systems for
accessing machine-readable databases appeared. With the
explosion of information in the sciences, coupled with the vast
number of resources (journals, reports, newspapers, and
monographs) in which this information was appearing, the use
of computers to store and retrieve information became a vital
and necessary means to handle the increasing information
flow. As a result, computer use increased exponentially, as
evidenced by the growth in number of Internet users. The
number of web users has more than doubled in the last seven
years, and was expected to surpass two billion users in 2010.

Information files can be accessed through communication
with host computers, where data are stored by producers or
vendors, or by loading them locally, such as through CD-ROM
and DVD storage. No matter what medium is chosen, it is
important to recognize the disadvantages of each route: Online
may mean subscriber and use charges, but it is convenient,
timely, and universally available via telecommunications
systems; CD-ROM and DVD storage can be very cost-effective for
unlimited use, but production invariably necessitates a delay in
currency over online. The information science literature contains
several articles providing criteria, and checklists help in deter-
mining the most appropriate medium for each situation. Trans-
parent bridges between online and CD, re-writeable CD/DVD
technology, easier to use interfaces, mass market media plat-
forms, and other developments are increasing the investigator’s
ability to locate, identify, and retrieve useful information.

Besides the development of data and text information
systems, there are software programs designed to provide
assistance in predicting the toxicity of substances based on
structure–activity relationships, such as the TOPKAT
program by Accelrys, or by an expert system, such as the
CASE system by Case Western Reserve University. The US
EPA’s Computational Toxicology Research (CompTox)
Program has developed ToxCast, a predictive computer
program that integrates advances in molecular biology,
chemistry, and computer science to more effectively rank
chemicals based on risk. Computer-assisted instruction
programs, incorporating text, audio, graphic, and full-
motion video technologies, are an exciting use of computer-
assisted instruction. Examples of this last type of CD-ROM
product include the environmental health, industrial
hygiene, and occupational health and safety titles of the
ACTIV Series from ITC (Herndon, VA) and the hazardous
materials training program series from Interactive Media
Communications (Waltham, MA).

Directories of information on computerized sources, such
as the Gale Directory of Databases (Gale Research Inc.), give
identification, coverage, content, and availability information
for publicly available electronic files, as do many of the liter-
ature guides listed in the introduction to this entry. An example
of a resource tool more limited in scope is the Environmental
Software Directory (Donley Technologies). Articles and
columns appearing in the information science literature
(Online, Searcher, Database, CD-ROM Professional, and
Information Today) can provide excellent reviews of new files
and comparative studies on resources in specific subject areas.

As the availability of new information technologies has
grown, so has the promise of free and equitable access to
sources of data and information. Many schools as well as
municipal and university libraries offer free access to computers
that are connected to the Internet. Governmental bibliographic
and non bibliographic databases, such as the suite of resources
from the NLM, are available free online. MedlinePlus is an
excellent example of the NLM’s efforts to provide access to
health information to the general public for free (www.nlm.
nih.gov/medlineplus/). MedlinePlus provides reliable, up-to-
date health information about diseases, conditions, and well-
ness issues in language that can be understood by the lay
public. Moreover, free mobile applications are being developed
that allow professionals to access useful databases in the field.
Examples here include the NLM’s Mobile MedlinePlus, Radi-
ation Emergency Medical Management (REMM), Wireless
Information for Emergency Responders (WISER), and more.

In addition tonational databases (whichare listed later in this
entry), a variety of regional, state, tribal, county and municipal
governmental and private sector toxicology information
resources have become available online. These subnational
resources often provide environmental quality and public/envi-
ronmental health-related information (or links to information)
on subjects such as lead poisoning prevention, fish and wildlife
consumption advisories, asthma, air and water pollution, and
other information that is specific to localized geographic areas.
The following are some examples of region-specific online toxi-
cology information sources or guides to available resources.

Federal and private sector regional resources:

US EPA Regional Directory (www.epa.gov/epahome/locate2.
htm)

EnviroMapper (http://www.epa.gov/emefdata/em4ef.home)
SurfYourWatershed (http://cfpub.epa.gov/surf/locate/index.

cfm)
EnviroFacts (http://www.epa.gov/enviro/)
Environmental Defense Scorecard (http://www.scorecard.

org/)
Mapcruzin (http://www.mapcruzin.com/)

State, county, and local resources:

Environmental Health and Safety Online (http://www.ehso.
com/)

http://www.epa.gov/epahome/publications.htm%23current
http://www.epa.gov/epahome/publications.htm%23current
http://www.fedworld.gov/
http://www.nlm.nih.gov/medlineplus/
http://www.nlm.nih.gov/medlineplus/
http://www.epa.gov/epahome/locate2.htm
http://www.epa.gov/epahome/locate2.htm
http://www.epa.gov/emefdata/em4ef.home
http://cfpub.epa.gov/surf/locate/index.cfm
http://cfpub.epa.gov/surf/locate/index.cfm
http://www.epa.gov/enviro/
http://www.scorecard.org/
http://www.scorecard.org/
http://www.mapcruzin.com/
http://www.ehso.com/
http://www.ehso.com/
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Environmental Organization Web Directory (http://www.
webdirectory.com/government/states/)

Library of Congress State and Local Government Directory
(http://www.loc.gov/rr/news/stategov/stategov.html)

GovLinks (http://governing.com/govlinks/glinks.htm)

Local and regional topic-specific sites:

Lead poisoning prevention (http://www.cdc.gov/nceh/lead/)
Cancer registries (http://www.cdc.gov/cancer/npcr/)
Radon, indoor air quality (http://www.ehso.com/ehshome/

radon.htm)
Toxic chemical release inventories by community (http://www.

epa.gov/tri/stakeholders/communities/index.htm)
Emergency planning – state and local (http://www.fema.gov/

government/index.shtm)
Poison control centers (http://www.aapcc.org/dnn/AAPCC/

FindLocalPoisonCenters.aspx)
Brownfield programs (http://www.epa.gov/brownfields/index.

html)
Fish consumption advisories (http://www.epa.gov/ost/fish/)
Occupational safety and health (http://www.croetweb.com

and http://www.osha.gov/)
Pesticide information (http://npic.orst.edu/)

With the establishment of the European Union, legislation
was instituted to harmonize the patchwork of many different
directives and regulations on chemicals that existed among
European nations prior to unification. This new chemicals
policy, known as REACH (Registration, Evaluation, Author-
isation and Restriction of Chemical substances), is the Euro-
pean Community Regulation on chemicals and their safe use.
REACH has several aims, including to improve the protection
of human health and the environment, to enhance innovation
and competitiveness of the EU chemicals industry, and to place
greater responsibility on industry to manage the risks from
chemicals and improve safety information on the substances
they use. The law includes a requirement for the progressive
substitution of the most dangerous chemicals when suitable
alternatives are identified. Manufacturers and importers are
required to gather information on the chemical properties of
substances they use, in order to foster their safe handling, and
to register the information in a central database run by the
European Chemicals Agency (ECHA) in Helsinki, Finland
(echa.europa.eu). The following are examples of databases that
have been established and are growing as manufacturers and
importers comply with the new chemicals policy:

eChemPortal (Global Portal to Information on Chemical
Substances)

From the Organization for Economic Co-operation and
Development (OECD), this database provides free access to
physical and chemical properties, ecotoxicity data, environ-
mental fate and behavior, and toxicity data from a large variety
of database sources, many of which are listed in this section.
eChemPortal allows simultaneous searching of reports and
datasets by chemical name and number and by chemical
property (www.echemportal.org).

SIDS (Screening Information Dataset for High Volume
Chemicals)
This database provides access to documents published by
the United Nations Environmental Program (UNEP) in
response to its mandate to facilitate the access to information
needed for health and environmental risk assessment of
chemicals. The documents contain the information gathered
and an initial assessment performed under the framework of
the Organization for Economic Co-operation and Develop-
ment (OECD) HPV Chemicals Program (www.chem.unep.ch/
irptc/sids/oecdsids/sidspub.htm).

SIN List 2.0 (Substitute It Now) Database

At this time, this database consists of 378 chemicals that the
International Chemical Secretariat (ChemSec) has identified as
substances of very high concern based on the criteria established
by the EU chemical regulation (REACH) (www.chemsec.org).

The following is an illustrative, selected list of electronic files
containing publicly available toxicology information. Repre-
sented here are databases which cover toxicology under a larger
discipline – medicine, biology, and chemistry; those devoted to
specific areas of toxicological concerns – occupational health,
reproductive toxicology, environmental health, hazard assess-
ment; industry-specific files such as those for specific industries –
petroleum, nuclear power, agricultural, and engineering; and
those that cover specific types of data – regulations, legislation,
newsletter, industry or technical reports, and books. In many
cases, electronic databases are the counterparts to printed
indexing, abstracting, or full-text source materials. Increasingly,
electronic files are being developed that have no print counter-
parts, such as theHazardous SubstancesDatabank. In this list, the
host system(s) is noted for eachfile, as is the availability of tapeor
CD-ROMformats.Many of these databasesmay also be available
through the Internet.

ACToR

This is a tool developed by the EPA Computational Toxi-
cology Research Program. It is a collection of databases that
aggregates data from over 500 public sources on over 500 000
environmental chemicals searchable by chemical name, struc-
ture, and other identifiers. Data includes chemical structure,
physico chemical values, in vitro assay data, and in vivo toxi-
cology data.

Aquatic Information Retrieval (AQUIRE)

Contains over 220 000 records, which cover acute, chronic,
bioaccumulative, and sublethal effects data from experimental
assays performed with more than 7000 chemicals on 3700
fresh and saltwater aquatic species. Produced by the US EPA,
ECOTOX Support, Mid-Continent Ecology Division, Duluth,
MN (STN, CIS; online at EPA: http://www.epa.gov/ecotox).

Agricultural Online Access (Agricola)

This comprehensive bibliographic database contains more
than 3.7 million literature citations for journal articles,
monographs, proceedings, theses, patents, translations,
audiovisual materials, computer software, and technical
reports pertaining to all aspects of agriculture. Produced by the
US Department of Agriculture (USDA) National Agricultural
Library (OVID, DIALOG, STN; on CD-ROM from Silver Platter;
online at http://agricola.nal.usda.gov/).

http://www.webdirectory.com/government/states/
http://www.webdirectory.com/government/states/
http://www.loc.gov/rr/news/stategov/stategov.html
http://governing.com/govlinks/glinks.htm
http://www.cdc.gov/nceh/lead/
http://www.cdc.gov/cancer/npcr/
http://www.ehso.com/ehshome/radon.htm
http://www.ehso.com/ehshome/radon.htm
http://www.epa.gov/tri/stakeholders/communities/index.htm
http://www.epa.gov/tri/stakeholders/communities/index.htm
http://www.fema.gov/government/index.shtm
http://www.fema.gov/government/index.shtm
http://www.aapcc.org/dnn/AAPCC/FindLocalPoisonCenters.aspx
http://www.aapcc.org/dnn/AAPCC/FindLocalPoisonCenters.aspx
http://www.epa.gov/brownfields/index.html
http://www.epa.gov/brownfields/index.html
http://www.epa.gov/ost/fish/
http://www.croetweb.com
http://www.osha.gov/
http://npic.orst.edu/
http://www.echemportal.org
http://www.chem.unep.ch/irptc/sids/oecdsids/sidspub.htm
http://www.chem.unep.ch/irptc/sids/oecdsids/sidspub.htm
http://www.chemsec.org
http://www.epa.gov/ecotox
http://agricola.nal.usda.gov/
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BioBusiness

Contains over one million records covering the worldwide
periodical literature on business applications of biological and
biomedical research. Includes occupational health, biotech-
nology, bioremediation, pesticides, toxicology, and energy as
well as chemical names and CAS Registry numbers. Produced by
Biological Abstracts, Inc. (BIOSIS) (Data-Star, DIALOG, STN).

BIOSIS Previews

Contains more than 14 million citations to the worldwide
literature in the life sciences, environmental sciences, and
experimental medicine dating back to 1969. One of the largest
of the science databases. Produced by BIOSIS. Selected citations
contained in a subset of TOXLINE (Data-Star, CISTI, DIALOG,
DIMDI, OVID, STN).

CA File (CAS)

The CA File is a bibliographic database available from CAS
(Chemical Abstracts Service). It contains more than 22 million
references to the worldwide chemistry literature, including
journals, patents, patent families, technical reports, books,
conference proceedings, and dissertations from all areas of
chemistry, biochemistry, chemical engineering, and related
sciences from 1907 to the present. There are also over 600
records for journal articles dated before 1907. A companion
Registry File holds records for all the substances cited in the CAS
Registry System. The CAS registry number is a widely used
identifier for unique chemical substances (CAN/OLE, Data-Star,
DIALOG, ORBIT; collective indexes available from Silver
Platter).

CAB Abstracts (CABI)

Contains more than four million records to worldwide
literature in the agricultural sciences and related areas of
applied biology since 1973. The records in this file contain
bibliographic information, abstracts, and indexing informa-
tion, including CAS Registry Numbers�, from the 46 journals
published by CAB International, its producer (CAN/OLE,
DIALOG, DIMDI, OVID, STN).

CERCLIS Database of Hazardous Waste

Contains information on each hazardous waste disposal or
spill site nominated or selected for the EPA National Priorities
List for cleanup under Superfund (CERCLA) or SARA amend-
ments. Over 44 000 to date (CIS, WESTLAW, http://www.epa.
gov/enviro/facts/cerclis/).

Chemical Carcinogenesis Research Information System
(CCRIS)

This is a scientifically evaluated and fully referenced data-
bank, developed and maintained by the National Cancer
Institute (NCI). It contains over 8000 chemical records with
carcinogenicity, mutagenicity, tumor promotion, and tumor
inhibition test results. Data are derived from studies cited in
primary journals, current awareness tools, NCI reports, and
other special sources. Test results have been reviewed by experts
in carcinogenesis and mutagenesis (CIS, DIMDI, TOXNET).

Chemical Evaluation Search and Retrieval System (CESARS)
This database contains toxicological data on over 850
chemicals of particular interest to the United States Great Lakes
basin. Each record provides descriptive data on up to 23 topic
areas, including physical and chemical properties, toxicity, and
environmental fate. Produced by the Michigan Department of
Natural Resources and the Ontario Ministry of the Environ-
ment. Fully evaluated and referenced data (CCINFOline; con-
tained in CCINFOdisc; CHEMpendium series from CCOHS).

Chemical Safety Newsbase (CSNB)

Contains over 67 000 records of information on occupa-
tional hazards in the chemical industry – identification,
storage, handling, transportation, emergency planning, regu-
lations and legislation, standards and practices, and waste
management. Only new information on well-known hazards is
included. Produced by the Royal Society of Chemistry (Data-
Star, DIALOG, STN, ORBIT/QUESTEL, Data-Star).

ChemIDplus

This is a free, web-based search system that provides access
to structure and nomenclature authority files used for the
identification of chemical substances cited in NLM databases. It
also provides structure searching and direct links to many
biomedical resources at NLM and on the Internet for chemicals
of interest. The database contains over 367 000 chemical
records, of which over 142 000 include chemical structures,
and is searchable by Name, Synonym, CAS Registry Number,
Molecular Formula, Classification Code, Locator Code, and
Structure (online from NLM at http://chem.sis.nlm.nig.gov/
chemidplus).

CHEMLIST (Regulated Chemicals Listing)

Contains information on over 230 000 chemicals subject to
legislative and regulatory control. Covers all US EPA TSCA
(Toxic Substances Control Act) and EINECS (European
Inventory of Existing Commercial Chemical Substances).
Provides citations to regulations, ITC recommendations, rule
violations, safety and health studies, Superfund actions, and
citizen’s petitions. Produced by the Chemical Abstracts Service
(STN, STN Easy, SciFinder).

DATALOG

DATALOG was developed through the collaborative efforts
of EPA’s Office of Toxic Substances and the Syracuse Research
Corporation (SRC). It includes bibliographic references to
published journal articles on the environmental fate and
physical–chemical properties of chemicals released into the
environment. References to 18 environmental fate properties
(e.g., water solubility, photolysis, hydrolysis, biodegradation,
and more) are included for more than 16 000 chemical
substances in over 320 000 records (CIS).

Developmental and Reproductive Toxicology Database/Envi-
ronmental Teratology Information Center Backfile (DART/
ETICBACK)

Together, these databases contain over 75 000 references to
the worldwide literature of teratology and some coverage of
developmental and reproductive toxicology. DART covers
1989 to the present and ETICBACK covers 1950–1989. Over

http://www.epa.gov/enviro/facts/cerclis/
http://www.epa.gov/enviro/facts/cerclis/
http://chem.sis.nlm.nig.gov/chemidplus
http://chem.sis.nlm.nig.gov/chemidplus


Information Resources in Toxicology 1051
half the references are scanned into DART from MEDLINE and
it includes coverage of technical reports and conference
papers. IT is produced by the NLM (both available through
TOXNET).

DERWENT Drug File (RINGDOC)

Contains over 1.5 million citations dating from 1964 to the
present with lengthy, quantitative abstracts to the worldwide
journal literature of drugs and pharmaceuticals. Ability to
search by structure–activity is unique to Derwent files. Covers
fewer source journals than MEDLINE or EMBASE (1150) but
provides more in-depth online information through indexing
and abstracts. Other Derwent files include Derwent Veterinary
Drug File (VETDOC) and Derwent Crop Protection File
(PESTDOC) providing similar in-depth analysis of the litera-
ture in these areas. The Derwent Drug Registry is the
companion nomenclature file giving names, therapeutic class,
and structures for chemical compounds. Formerly a subscrip-
tion service, selected files are now publicly available (Data-Star,
DIALOG, OVID, STN).

DSSTox (Distributed Structure-searchable Toxicity Database
Network)

From the EPA’s National Center for Computational Toxi-
cology, the DSSTox Structure-Browser is developed from
available structure-viewing freeware and open-source
programming tools. It delivers a simple, easy-to-use structure-
searching capability through the chemical inventory of pub-
lished DSSTox Data Files. The DSSTox Structure-Browser
application can be accessed directly from the EPA website, or
from the external websites of DSSTox collaborators.

ECOTOX

Provides chemical toxicity information for aquatic life,
terrestrial plants, and wildlife. Information is derived from
peer-reviewed literature sources. ECOTOX was created and is
maintained by the US EPA, Office of Research and Develop-
ment (ORD), and the National Health and Environmental
Effects Research Laboratory’s (NHEERL’s) Mid-Continent
Ecology Division (available on the EPA website: http://www.
epa.gov/ecotox).

EMBASE

Contains more than 24 million records covering the
world’s biomedical literature related to human health and
medicine. Environmental pollution and health, occupational
health, and clinical toxicology are strong areas. Corresponds in
part to 46 specialty abstract journals and two literature indexes
produced under the Excerpta Medica specialty series titles by
Elsevier Science (CDP, Data-Star, DIALOG, DIMDI, OVID,
STN; entire database and sections in composite discs available
from Silver Platter and DIALOG; online at http://www.
embase.com).

Enviroline

This bibliographic database provides indexing and
abstracting coverage of more than 1000 international primary
and secondary publications reporting on all aspects of the
environment. These publications highlight such fields as
management, technology, planning, law, political science,
economics, geology, biology, and chemistry as they relate to
environmental issues. Enviroline corresponds to the print
Environment Abstracts and contains over 300 000 records.
Produced by the Congressional Information Service (DIALOG,
DIMDI; available on CD through Bowker).

Environmental Mutagen Information Center Data Base (EMIC/
EMICBACK)

This database is no longer being updated, but does provide
access to the bibliographic information of chemical, biological,
and physical agents which have been tested for genotoxic
activity, most of which were published since 1950. Contains
bibliographic details and keywords of chemicals tested,
Chemical Abstracts Service (CAS) Registry Numbers, organisms
studied, and assay systems used. Users can search by CAS
Registry Number, subject terms, title words, and author.
Produced by the US Oak Ridge National Laboratory (CIS,
TOXNET; available on CD as a subfile in PolTox I and Toxline,
both by Silver Platter).

Food Science and Technology Abstracts

Covers the worldwide literature of food science and tech-
nology. Includes information on occupational toxicology in
the food handling and processing areas, toxicology of foods
and packaging, and additives information. Produced by the
International Food Information Service (IFIS) (Data-Star,
DIALOG, DIMDI, ORBIT, STN; available on CD only or with
several combined files from a number of producers).

GENE-TOX (Genetic Toxicology)

This database is no longer being updated. Assembled by
expert panels at the US EPA Office of Toxic Substances with the
cooperation of the NIEHS and the EMIC program at Oak Ridge
National Laboratories, this file provides mutagenicity data on
over 3200 chemicals from 39 assays systems. The GENE-TOX
program was established to select assay systems for evaluation,
review data in the scientific literature, and recommend proper
testing protocols and evaluation procedures for these systems
(CIS, TOXNET).

Hazardous Substances Databank (HSDB)

This huge data file covers over 5000 potentially hazardous
chemical substances. It contains information on human
exposure, industrial hygiene, emergency handling procedures,
environmental fate, regulatory requirements, and related areas.
All data are referenced and derived from a core set of books,
government documents, technical reports, and selected
primary journal literature. HSDB is peer-reviewed by the
Scientific Review Panel (SRP), a committee of experts in the
major subject areas within the databank’s scope (Data-Star,
DIMDI, STN Easy, TOXNET; available as part of TOMES PLUS
by Micromedex).

Household Products Database

This database links over 11 000 consumer brands to health
effects from Material Safety Data Sheets (MSDS) provided by
the manufacturers. Information on specific products includes
chemical ingredients and their percentages, which products
contain specific chemical ingredients, manufacturers of specific
brands and their contact information, and acute and chronic

http://www.epa.gov/ecotox
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health effects information. Available from the NLM at http://
householdproducts.nlm.nih.gov.

HSELINE

Contains over 250 000 citations to the worldwide literature
on occupational health and safety. Includes physical, chemical,
and medical hazards. Covers all UK Health and Safety
Commission and Health and Safety Executive publications
and a wide range of journals, conference papers, reports, and
legislation (United Kingdom). Produced by the Health and
Safety Executive, United Kingdom (Data-Star, ORBIT; available
on CD from Silver Platter; available on CD as part of several
products).

International Pharmaceutical Abstracts (IPA)

Contains citations to the worldwide pharmaceutical and
pharmacy literature from 1970 to the present, including drug
therapy, toxicity, and pharmacy practice as well as legislation,
regulation, technology, utilization, biopharmaceutics, infor-
mation processing, education, economics, ethics, and other
topics. Covers more than 800 journal sources. Produced by the
American Society of Hospital Pharmacists (Data-Star, DIALOG,
DIMDI, OVID, STN; available on CD-ROM from Silver Platter).

Integrated Risk Information System (IRIS)

Contains information on hazard identification and dose–
response assessment of over 600 hazardous substances. Covers
toxicity, carcinogenicity, chemical and physical properties, and
applicable regulations. Includes the reference dose as defined
by US EPA, unit risk of exposure by oral and inhalation routes.
Produced by the US EPA (CIS, TOXNET; available on CD as
part of TOMES Plus by Micromedex and on the EPA Internet
website).

International Toxicity Estimates for Risk (ITER)

ITER is a free Internet database of human health risk
values for over 680 chemicals of environmental concern from
several organizations worldwide. The data is presented in
table format with side-by-side comparisons of risk values
from the various organizations, below which are synopses
that provide explanations for differences among risk values as
well as links to more detailed information. ITER currently
contains data from the Agency for Toxic Substances Disease
Registry (ATSDR), Health Canada, National Institute of Public
Health and the Environment, The Netherlands (RIVM), US
Environmental Protection Agency (EPA), and independent
parties whose risk values have undergone peer review.
Produced by Toxicology Excellence for Risk Assessment
(TERA) (TERA, http://www.tera.org/iter; TOXNET, http://
toxnet.nlm.nih.gov).

Martindale Online

This is a full-text electronic version of this standard directory
of pharmaceuticals and ancillary substances (Martindale: The
Extra Pharmacopoea). Contains reviews, physical/chemical
properties, adverse reactions, toxicity, uses, actions, dosages,
pharmaceutical properties, contraindications, interactions, and
trade and generic nomenclature. Produced by the Royal Phar-
maceutical Society of Great Britain (Data-Star; available on CD-
ROM from RPSGB).
MEDLINE (Medical Literature, Analysis, and Retrieval System
Online)

This is one of the largest and most popular international
biomedical databases in the world. Strengths include coverage
of pre clinical and clinical aspects of biomedicine, drug and
pharmaceuticals, human and veterinary toxicology, and the
practice of medicine. It contains over 12 million references to
the journal literature from 1966 to present. Produced by the US
NLM (CIS, Data-Star, DIALOG, DIMDI, EPIC, OVID, STN;
available on CD from a number of producers).

MSDS-CCOHS

This database contains the complete text of over
130 000 Material Safety Data Sheets compiled by the
Canadian Center for Occupational Health and Safety
(CCOHS). This information was gathered from over 500
manufacturers and suppliers in the United States and
Canada. Each record covers one chemical substance and
provides trade and supplier name, description, chemical/
physical properties, reactivity, health hazards, storage and
disposal, personal protection, cleanup, and disposal, and
emergency first aid (CCINFOLINE, STN; available on CD
from CCOHS).

MSDS-OHS

This collection contains full-text Material Safety Data
Sheets, Summary Sheets, and Label Data for more than 320 000
substances, including pure substances and mixtures, 92–96%
of which are the most heavily used chemicals in industry. The
database originated with Occupational Health Services, Inc.
(OHS). The records include occupational, environmental, and
regulatory data, as well as names, CAS Registry Numbers, and
regulatory list numbers. The OHS online system provides a full
file, a summary information file, and a file composed of records
to chemicals used in the manufacture of pesticide and other
agricultural chemical products (OHS, STN; available on CD
from OHS).

NIOSH Technical Information Center (NIOSHTIC)

This bibliographic database contains more than 48 000
references to the literature of occupational health and safety
from monographs, journals, and reports. Produced by the US
National Institute for Occupational Safety and Health
(NIOSH) (CCINFOLINE, CIS, DIALOG, ORBIT/QUESTEL,
STN, TOXLINE).

OSH-UPDATE

OSH-UPDATE offers more than 500 000 records in the
fields of occupational health, safety, hygiene, road safety, water
safety, and environment trends, drawn from a range of
authoritative database sources including the UK legislation
database; the UK Health and Safety Executive HSELINE; and
the UK Royal Society for the Prevention of Accidents (RoSPA),
and a number of other European and worldwide sources. OSH-
UPDATE provides full bibliographic citation and abstracts for
all journal articles, conference reports and other materials in its
index; and offers links to selected full-text services where these
are available.

http://householdproducts.nlm.nih.gov
http://householdproducts.nlm.nih.gov
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Pollution Abstracts

Contains references to worldwide technical and nontech-
nical literature on all aspects of pollution, solid waste manage-
ment, and environmental quality. Covers journals, books,
technical reports, conference papers, and government docu-
ments. Produced by ProQuest (STN; CD-ROM available from
Silver Platter and National Information Services Corporation).

Registry of Toxic Effects of Chemical Substances (RTECS)

Contains toxic effects data (with citations) on over 157 000
chemicals identified by NIOSH and mandated by the Occupa-
tional Safety and Health Act of 1970. Acute and chronic effects,
selected regulatory information, IARC reviews, TSCA status,
GENE-TOX data, and NTP documents cited. Data selectively
included, not comprehensive. This database is compiled, main-
tained, andupdatedbyMDL InformationSystems, Inc., under the
authority of the US government (CIS, Data-Star, DIALOG,
DIMDI, STN; CD version contained in CCINFOdisc: Core Series
C2 from CCOHS and CHEMBANK from Silver Platter).

REPROTOX

Provides reviewed and summarized information on the
reproductive risk of hundreds of chemical substances. Includes
coverage of industrial and environmental chemicals, drugs,
nutritional agents, and radiation. Effects noted on fertility
(male and female), pregnancy, development, and lactation.
Produced by the Reproductive Toxicology Center of the
Columbia Hospital for Women, Washington, DC (available by
direct access to the RTC).

Toxic Substances Control Act Test Submissions (TSCATS)

Providesover64 000citations tounpublishedhealthandsafety
studies, chemical tests, and substantial risk data on over 8400
chemical substances submitted to the US EPA under the Toxic
SubstancesControlAct (TSCA).Copiesof theoriginal submissions
are available from the US EPA (CIS, subset of TOXLINE; available
on CD-ROM in PolTox I and Toxline from Silver Platter).

ToxRefDB (Toxicity Reference Database)

The database contains detailed study design, dosing, and
observed treatment-related effects from thousands of in vivo
animal toxicity studies on hundreds of chemicals. It enables
linkages to other public hazard, exposure and risk resources by
integrating with the ACToR (Aggregated Computational Toxi-
cology Resource) database, and allows users to search and
query data from other EPA chemical toxicity databases
including ToxRefDB, ToxCastDB, and DSSTox.

Toxics Release Inventory (TRI) and ToxMap (NLM, Toxicology
and Environmental Health Information Program – TEHIP)

Consists of more than 1 150 000 records containing infor-
mation on the annual estimated releases of toxic chemicals to
the environment. This information is gathered by the US EPA
through manufacturers/importers/users of chemicals under the
provisions of the SARA amendments of CERCLA. Records
contain information on the storage, discharge, waste treatment,
and waste transfer of approximately 650 chemicals. RTD Net:
The Right-to-Know Network, a companion database, contains
information from the state of New Jersey’s Hazardous
Substance Fact sheets collected under New Jersey Right-to-
Know Act. This provides information on the safety and
ecological effects of most TRI chemicals. Produced by the US
National Library of Medicine and the US EPA (CIS, TOXNET;
EPA website, RTK Net website). ToxMap allows users to visually
explore data contained in the TRI.

TOXLINE (NLM, Toxicology and Environmental Health
Information Program – TEHIP)

One of the largest online bibliographic sources for toxi-
cology information, TEHIP maintains a comprehensive toxi-
cology and environmental health website that includes access
to resources produced by TEHIP and by other government
agencies and organizations. This website includes links to
databases, bibliographies, tutorials, and other scientific and
consumer-oriented resources. TEHIP also is responsible for the
Toxicology Data Network (TOXNET), an integrated system of
toxicology and environmental health databases that are avail-
able free of charge on the web. In addition to TOXNET, other
toxicology and environmental health-related web resources
available from TEHIP include Tox Town, Tox Mystery, House-
hold Products Database, Haz-Map, ToxMap, Wireless Infor-
mation System for Emergency Responders (WISER), and the
Directory of Information Resources Online (DIRLINE).

Nomenclature and Locator Files

Many database producers provide controlled vocabulary
systems, which assist the user in obtaining specific and
comprehensive retrieval. Registry or nomenclature files can be
useful in identifying the controlled vocabulary for a compound
used in a specific file or to obtain a collection of synonyms
identifying that compound (lab code, generic name, chemical
name, trade names, government agency control numbers, etc.)
to be used in searching other resources. The Chemical Abstracts
Service Registry file provides structure information, provides
synonyms, and a chemical identifier code (CAS registry name)
used extensively worldwide. Chemical Abstracts started its
identification system in the mid-1960s and has established
records for over 64 million compounds. Derwent, producer of
the Derwent Drug File and the World Patents Index, provides
a Drug Registry file and establishes its own unique registry
number for chemical compounds referenced in its products.
Several online files carry extensive nomenclature information
embedded in substance records, such as the Merck Index,
RTECS, and the NLM’s PubChem, for example. Some files also
provide locator information for chemical substance information
on files mounted on a particular vendor system along with the
nomenclature of the compound. The Chemical Identification
File (ChemIdplus), for example, provides nomenclature and
locator information for the PubMed and TOXNET systems.

CD-ROMS

CD recordable technology is widespread, and CDs are easy to
create. However, it is important to note that many products
formerly offered on CD-ROM are now exclusively offered
online only, due to technological advancements in data
storage technology. Producers are using this storage medium
to mix material into subject collection discs, combining
various types of resources – handbooks, journal articles,
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regulations, and directories. Below are examples of these
composite CD-ROM products/series of interest to the
toxicology professional.

CCINFOdisc products (CCOHS)

This collection of several CD-ROM products provides
a wealth of legislative, regulatory, handbook, directory,
numeric, and bibliographic information focusing on occupa-
tional health, workplace safety, environmental hazards, regu-
latory information, and safety topics. There are 12 titles
currently available. International in scope. Vendor: Canadian
Centre for Occupational Health and Safety.

Environment and Safety Library (Bloomberg)

A comprehensive collection of EPA, OSHA, and DOT
regulations, and state regulations. Contains titles from the CFR
(all of Title 40 and portions of 29, 42, and 49), Federal Register
notices from 1990 to present, and industry standards from
OSHA and EPA. Updated monthly. Produced by Information
Handling Service, Inc. Co-marketed by MICROMEDEX, Inc.

PolTox

The PolTox series from Silver Platter, Inc., provides infor-
mation on pollution and toxicology. PolTox I contains Aquatic
Sciences and Fisheries Abstracts, Ecology Abstracts, Food Science
and Technology Abstracts, Health and Safety Science Abstracts,
Pollution Abstracts, RISKLINE, Toxicology Abstracts, and all of
TOXLINE. PolTox II contains information derived from EMBASE
and PolTox III information from the CAB Abstracts database.

REPRORISK

Contains a collection of reproductive risk information
resources, including REROTEXT, a collection of reviews (with
hazard ratings) of the health effects of industrial chemicals;
REPROTOX from the Reproductive Toxicology Center at
Columbia Hospital for Women; the text of Shepard’s Catalog
of Teratogenic Agents; and TERIS, the teratogen information
system from the University of Washington. Produced by
Micromedex, Inc.

TOMES plus

This title contains information on toxicology, occupational
health, and environmental information with a focus on
emergency situations of exposure and hazard control. It also
addresses ergonomics and human health risk assessment. It
contains bibliographic, full text, and numeric information.
Consists of 12 files of information from various government
sources – US EPA, OSHA, DOT, Coast Guard, NIOSH, and
others. Updated quarterly. Produced by Micromedex, Inc.
Social Media

A recent phenomenon in the world of information sharing
that is changing the way organizations, communities, and
individuals communicate is collectively known as social media,
or consumer-generated media. At its core, social media allows
for the bidirectional flow of information among potentially
millions of people in real time. Until recently, scientific infor-
mation was generally provided by a few acknowledged experts
in the field, was unidirectional in nature and relatively static.
Today, there are many would-be expert as well as nonexpert
voices sharing information through such social media outlets
as Twitter, Facebook, MySpace, Wikipedia, E-mail lists, blogs,
podcasts, RSS feeds, and more.

Here are examples of organizations that provide useful
toxicology and other health-related information via social
media, along with URLs that connect to their social media
outlets:

National Library of Medicine (NLM): http://www.nlm.nih.gov/
socialmedia/index.html

US Environmental Protection Agency (EPA): http://www.epa.
gov/epahome/socialmedia.html

National Institute for Occupational Safety and Health
(NIOSH): http://www.cdc.gov/niosh/programs/cid/media.
html

Centers for Disease Control and Prevention (CDC): http://
www.cdc.gov/SocialMedia/

Food and Drug Administration (FDA): http://www.fda.gov/
NewsEvents/InteractiveMedia/ucm200144.htm

The ability for anyone to add information content in a social
media setting presents important challenges to those seeking
factual, science-based toxicological information on the web.
Certain social media venues, for example, those of US Govern-
ment agencies, such as the CDC and EPA, are closely vetted for
the accuracy of information presented. Others, such as Wikipe-
dia, are self-regulated to some extent, inasmuch as contributors
serve as ‘peer reviewers,’ limiting the amount of erroneous
information that is posted. However, most social media outlets
do not monitor their sites to ensure that the information pre-
sented is accurate or complete. Therefore, it is important for
those seeking toxicology and other science-based information to
have the tools to evaluate each resource as regards the quality of
information content. Below are criteria that one can use to
determine the value of an information resource:

Selection and Use of Electronic Sources
Author

Is it clear who writes or is responsible for the material on
the site?

Are the author’s credentials provided?
Is there a sponsoring institution and, if so, how credible

and well known is it?
Is a third party supporting or sponsoring the site?
Is contact information given for the author or sponsoring

institution?
Purpose of the site

Is the purpose or mission of the website or sponsoring
organization stated?

Is the purpose to inform, persuade, sell, present a view-
point, or create or change an attitude or belief?

Is there advertising on the site and is it clearly differentiated
from the informational content?

Date
Is it clear when the site was last updated?

Content
Does the site exhibit good grammar, spelling and literary

composition?
Does the information consist of documented facts or

personal opinion?

http://www.nlm.nih.gov/socialmedia/index.html
http://www.nlm.nih.gov/socialmedia/index.html
http://www.epa.gov/epahome/socialmedia.html
http://www.epa.gov/epahome/socialmedia.html
http://www.cdc.gov/niosh/programs/cid/media.html
http://www.cdc.gov/niosh/programs/cid/media.html
http://www.cdc.gov/SocialMedia/
http://www.cdc.gov/SocialMedia/
http://www.fda.gov/NewsEvents/InteractiveMedia/ucm200144.htm
http://www.fda.gov/NewsEvents/InteractiveMedia/ucm200144.htm
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Are the sources of factual information provided so they can
be verified?

Is there comprehensive coverage of the subject matter?
Are there external links to other sources of information?
Does an editorial board or healthcare professional review

the content?
What criteria are used for selecting information displayed

on the site?

Using these criteria, there can be a variety of reasons to be
skeptical about information that is presented on a website. Lack
of authorship or date, vague or sweeping generalizations,
overstated significance and extreme tone or language – all mark
the information presented as suspect. The credibility of infor-
mation is also diminished by the absence of source docu-
mentation, personal testimonials as the only information
sources, and purported ‘miracle cures’ recommended in lieu of
well-established scientific or medical protocols.

One other clue that can provide some information about
the source of a website is its URL, or web address. Education-
related URL’s end in ‘.edu,’ whereas commercial sites usually
contain ‘.com’ in the URL. The URLs of non profit organizations
usually end in ‘.org,’ and government and military organiza-
tions end with ‘.gov’ and ‘.mil,’ respectively. Despite these
guidelines, it is important to note that anyone can register
a .com, .org, or .net website for any use (including personal).

The following web resources provide good tips for evalu-
ating or presenting information on the web:

Healthfinder: Your Guide to Reliable Health Information (US
Federal Govt.)

http://www.healthfinder.gov/ (English version)
http://www.healthfinder.gov/espanol (Spanish version)

Usability.gov: National Cancer Institute site for improving the
communication of cancer research

http://usability.gov
Tips for Searching the Web

Use more than one Search Engine

There are advantages and disadvantages associated with the
method a given search engine uses to locate information.
Search engines can be classified into three types:Web Crawlers
(or Web Spiders) automatically collect and catalog web pages
by looking at the full text on a page, collecting all relevant
information, and then following links on the page to locate
other relevant sites. Examples include Google (www.google.
com) and AllTheWeb (www.alltheweb.com). Web crawlers
can potentially access a large portion of the Internet. Directo-
ries are search engines that contain only information that web
managers have submitted. A website will not appear in
a directory unless the web manager has submitted its URL
under the most appropriate heading. Examples of directories
include Yahoo (www.yahoo.com), MSN Search (www.
msnsearch.com), and Open Directory (www.dmoz.org).
Meta-search engines automatically submit a keyword search to
several other search tools and retrieve results from all their
databases. They are convenient time-savers for relatively simple
keyword searches of one or two words or phrases in quotation
marks. Examples include Profusion (www.profusion.com) and
Dogpile (www.dogpile.com).

Use lower case letters

Most search tools are not case sensitive or only respond to
initial capitals, as in proper names. Thus, it is safe to use all
lower case letters, inasmuch as lower case always retrieves
upper case letters.

Use tools offered by the search engine

This includes using the Help button. Also, it is helpful to try
the ‘more like this,’ ‘related searches,’ or ‘narrow your search’
options offered by some search engines. Advanced search
options often help to eliminate sites that are unlikely to
provide the desired information. For example, the advanced
search option on Google allows selection or exclusion of
specific types of URL, such as ‘.com’ sites.

Use quotation marks around a search phrase

Without quotation marks, search engines return pages that
contain the search terms somewhere in the page, but not
necessarily near each other. With quotation marks, most search
engines will only provide results in the exact order and way you
specify them.

Use search engine math (þ/�)

Search engine math can increase the specificity of a search,
and works for nearly all major search engines. It allows the
inclusion or exclusion of documents containing certain words
through the use of the þ and � symbols. For example, to find
information about radiation but not nuclear radiation, type
‘þradiation �nuclear.’

Vendors

Listed below is a selected list of online vendors that focus on
providing toxicology information files. The directories listed in
the beginning of this section also give contact information for
online vendors.

CCINFOWeb (Canadian Centre for Occupational Health and
Safety)

135 Hunter Street East
Hamilton, ON, Canada L8 N 1M5
Tel.: þ1 905 570 8094
þ1 800 668 4284 (Toll-free in Canada and USA)
Web: http://www.ccohs.ca
E-mail: clientservices@ccohs.ca

Chemical Information System (CIS)
c/o EBSCO Publishing
National Information Services Corporation (NISC USA)
3100 St. Paul Street
Baltimore, MD 21218
Tel.: þ1 410 243 0797
Web: http://www.nisc.com
E-mail: sales@nisc.com

DIALOG Corporation
2250 Perimeter Park Drive, Suite 300
Morrisville, NC 27560

http://www.healthfinder.gov/
http://www.healthfinder.gov/espanol
http://usability.gov
http://www.google.com
http://www.google.com
http://www.alltheweb.com
http://www.yahoo.com
http://www.msnsearch.com
http://www.msnsearch.com
http://www.dmoz.org
http://www.profusion.com
http://www.dogpile.com
http://www.ccohs.ca
mailto:clientservices@ccohs.ca
http://www.nisc.com
mailto:sales@nisc.com
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Tel.: þ1 919 804 6400
þ1 800 3 DIALOG (North America)
Web: http://www.dialog.com
E-mail: customer@dialog.com

DIMDI (Deutsche Institut fur Medizinische Dokumentation
und Information)
Waisenhausgasse 36-38a

50676 Cologne, Germany
Tel.: þ49 (0) 221 47 24 1
Web: http://www.dimdi.de
E-mail: posteingang@dimdi.de

EuropeanSpaceAgency– InformationRetrieval System(ESA-IRS)
ESA/ESRIN
Via Galileo Galilei
Casella Postale 64
00044 Frascati (RM), Italy
Tel.: þ39 06 94180951
Web: http://www.esa.int
E-mail: franca.morgia@esa.int

Thomson MICROMEDEX.
6200 S. Syracuse Way, Suite 300
Greenwood Village, CO 80111-4740
Tel.: þ1 800 525 9083
Web: http://www.micromedex.com
E-mail: info@thomson.com

National Library of Medicine.
Specialized Information Services
2 Democracy Plaza, Suite 510
6707 Democracy Blvd., MSC 5467
Bethesda, MD 20892-5467
Tel.: þ1 301 496 1131 (local and international)
þ1 888 FINDNLM (Toll-free)
Web: http://www.sis.nlm.nih.gov
E-mail: tehip@teh.nlm.nih.gov

QUESTEL

1725 Duke Street, Suite 530
Alexandria, VA 22314
Tel.: þ1 703 519 1820
þ1 800 456 7248 (Toll-free)
Web: http://www.questel.orbit.com
E-mail: help@questel.com

OVID

333 7th Avenue
20th Floor
New York, NY 10001
Tel.: þ1 646 674 6300
þ1 800 950 2035 (Toll-free in US)
Web: http://www.ovid.com
E-mail: sales@ovid.com

Royal Pharmaceutical Society of Great Britain (RPSGB)
1 Lamberth High Street
London SE1 7JN, England
Tel.: þ44 845 257 2570
Web: http://www.rpsgb.org.uk
E-mail: support@rpharms.com
STN International Europe
Help Desk
Hermann-von-Helmholtz-Platz 1
76344 Eggenstein-Leopoldshafen
Germany
Tel.: þ49 7247 808 555
Web: http://www.stn-international.de
E-mail: helpdesk@fiz-karlsruhe.de

Thomson Reuters
3 Times Square
New York, NY 10036
Tel: þ1 646 223 4000
Web: http://thomsonreuters.com

Frederick W. Berman, DVM, PhD
Center for Research on Occupational and Environmental

Toxicology (CROET)
Oregon Health and Science University
Portland, OR E-mail: bermanf@ohsu.edu

Dr Berman directs the Toxicology Information Center (TIC),
which is within the Center for Research on Occupational and
Environmental Toxicology (CROET) at Oregon Health and
Science University in Portland, Oregon. The TIC provides an
outreach function to citizens and professionals by responding
to their inquiries about the potential hazards from exposure to
chemicals and other agents in the workplace and beyond. Dr
Berman also serves as consultant to the Oregon Department of
Agriculture’s Pesticide Analytical and Response Center (PARC),
which is legislatively mandated to address pesticide-related
incidents in Oregon that have suspected health or environ-
mental effects (http://www.oregon.gov/ODA/PEST/parc.
shtml), and is a co-investigator with the National Pesticide
Information Center (NPIC), a US Environmental Protection
Agency-sponsored project operated cooperatively with Oregon
State University. NPIC provides objective, science-based infor-
mation about pesticides and pesticide-related topics to enable
people to make informed decisions about pesticides and their
use (http://npic.orst.edu/).

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); American Industrial Hygiene
Association; Candidate List of Substances of Very High
Concern (SVHC), REACH; Chemical Safety Assessment and
Reporting Tool (Chesar), REACH; Consumer Product Safety
Commission; Environmental Protection Agency, US; European
Centre for Ecotoxicology and Toxicology of Chemicals;
European Food Safety Authority (EFSA); Food and Agriculture
Organization of the United Nations; Food and Drug
Administration, US; International Agency for Research on
Cancer; IUCLID (International Uniform Chemical Information
Database); International Union of Pure and Applied Chemistry;
National Center for Toxicological Research, US; National
Institute for Occupational Safety and Health; The National
Institute of Environmental Health Sciences; National Institutes
of Health; The National Library of Medicine and Its Toxicology
and Environmental Health Information Program; The National
Toxicology Program; Occupational Safety and Health
Administration; eChemPortal – The Global Portal to Information
on Chemical Substances; Publishing Trends in Toxicology;

http://www.dialog.com
mailto:customer@dialog.com
http://www.dimdi.de
mailto:posteingang@dimdi.de
http://www.esa.int
mailto:franca.morgia@esa.int
http://www.micromedex.com
mailto:info@thomson.com
http://www.sis.nlm.nih.gov
mailto:tehip@teh.nlm.nih.gov
http://www.questel.orbit.com
mailto:help@questel.com
http://www.ovid.com
mailto:sales@ovid.com
http://www.rpsgb.org.uk
mailto:support@rpharms.com
http://www.stn-international.de
mailto:helpdesk@fiz-karlsruhe.de
http://thomsonreuters.com
mailto:bermanf@ohsu.edu
http://www.oregon.gov/ODA/PEST/parc.shtml
http://www.oregon.gov/ODA/PEST/parc.shtml
http://npic.orst.edu/
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REACH; Chemical Safety Assessment; REACH-IT; Toxicology,
Education and Careers; Toxic Substances Control Act; US
Chemical Safety Board; Chemical Safety Assessment and
Reporting Tool (Chesar), REACH; Department of Energy, US;
The European Chemicals Agency; Environmental Protection
Agency, US; Food and Drug Administration, US; The Globally
Harmonized System for Classification and Labeling of the GHS;
IUCLID (International Uniform Chemical Information
Database); National Center for Environmental Health-ATSDR;
National Institute for Occupational Safety and Health; The
National Institute of Environmental Health Sciences; National
Institutes of Health; The National Library of Medicine and Its
Toxicology and Environmental Health Information Program;
Occupational Safety and Health Administration; REACH; Social
Media and Toxicology.
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Introduction

In the regulatory context, Integrated Pollution Prevention and
Control (IPPC) is associated with the concept of integrated
permits. This means that emissions to air, water (including
discharges to sewer), and land, as well as a range of other
environmental effects (the use of energy, water, and raw
materials) must all be considered together by the regulators
when setting the permit conditions.

Integrated permitting was introduced in Sweden in 1969,
in Denmark in 1972, and in the United Kingdom in 1990.
The Organisation for Economic Co-operation and Develop-
ment (OECD) Council Recommendation on IPPC C(90)164
developed a set of guiding principles. The first regulatory
approach was in 1996 when the European Union adopted
Directive 96/61/EC on the IPPC Directive, associating the
integrated permitting approach with the concept of ‘Best
Available Techniques’ (BAT). This concept balances the
benefits to the environment against the costs to the operator
and emphasizes pollution prevention rather than end-of-pipe
control.

According to the OECD, the key aspects of the integrated
approach include:

1. Consideration of the whole life cycle of substances and
products (the ‘cradle to grave’ concept)

2. Anticipation of the effects in all environmental media of
substances and activities (both new and existing) including
consideration of multiple pathways to exposure and
movement through the environment

3. Minimization of the quantity and harmfulness of waste
4. The use of one common means, such as risk assessment, for

estimating and comparing environmental problems
5. The complementary use of effects-oriented measures, such

as environmental quality objectives, and source-oriented
measures, such as emission limits
The EU IPPC Directive

The first European Union (EU) Directive on IPPC was
adopted in 1996, and should be transposed into the
national legislation of EU member states by 30 October
1999. It has been substantially amended several times and
was codified in order to provide clarity as the EU Directive
2008/1/EC in January 2008. According to the Directive, the
objective of an integrated approach to pollution control is
to prevent emissions into air, water, or soil wherever this is
practicable, taking into account waste management, and,
where it is not, to minimize them in order to achieve a high
level of protection for the environment as a whole. Conse-
quently, the directive establishes the general framework for
integrated prevention and control of the pollution arising
from a wide range of industrial and agricultural activities,
such as production of metals, minerals, chemicals, paper,
textiles, leather, processed foods, poultry and pig farming,
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combustion plants, oil refineries, and waste management,
promoting the principle of sustainable development.

IPPC is based on a permit system for installations. The
Directive does not set standards or thresholds for the preven-
tion and control of emissions, or for other environmental
aspects, but leaves this responsibility to the EU member states.

EUmember statesmust ensure thatpermits for the concerned
industrial processes include emission limit values based on BAT.
Installations must obtain and comply with these permits to be
allowed to operate. The permits do not prescribe the use of any
techniques or specific technology, and they can take into account
the technical characteristics of the installation concerned, its
geographical location, and the local environmental conditions.
Most member states have decided to further delegate their
obligations under the Directive to regional or local authorities.

The obligations applied from 1999 to new installations as
well as to those existing installations where the operators
intended to carry out changes that may have significant nega-
tive effects on human health and the environment; and from
2007 to all other existing installations. The permit system
should ensure that all the environmental issues that may be
relevant for each installation are considered, that priorities are
set appropriately, and that the costs and advantages of different
options are taken into account.

The aims of this holistic approach are to make certain that:

l Operators of installations take preventive measures against
pollution, in particular applying BAT.

l No ‘significant pollution’ is caused.
l Waste that cannot be avoided is recovered or safely

disposed of.
l Energy is used efficiently.
l Accidents are prevented and their consequences are limited.
l The site is returned to a satisfactory state when the instal-

lation closes.

The implementation of the directive has been closely
monitored. The European Commission identified the
following set of important shortcomings that hinder the full
exploitation of the environmental potential originally intended
by this piece of legislation:

l Insufficient implementation of BAT
l Limitations with regard to enforcement and environmental

improvements hinder environmental protection and the
stimulation of innovation

l Unnecessary administrative burdens due to the complexity
and incoherence of parts of the current legal framework

l Insufficient scope and unclear provisions of the current
IPPC Directive that could hinder the achievement of the
Thematic Strategies’ objectives

l Constraint on the use of more flexible instruments such as
NOx and SO2 emission trading systems

Nevertheless, the evaluation also confirmed that the key
principles of the IPPC Directive, in particular the integrated
approach based on BAT, remained as a sound basis for the
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00566-2
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future development of the EU legislation on industrial emis-
sions. Consequently, the IPPC Directive has been revised and
will be fully replaced by the Industrial Emissions Directive
(IED), by January 2014.
The EU Industrial Emissions Directive

The European Directive 2010/75/EU on Industrial Emissions
Directive (IED) not only uses the IPPC European legislation,
but it also represents a further step of integration creating
a larger IPPC framework by bringing together the IPPC
and six other directives in a single directive on industrial
emissions. The six directives added to the IPPC cover the
following fields: titanium dioxide industrial waste (Direc-
tives 78/176/EEC, 82/883/EEC, and 92/112/EEC), emissions
of volatile organic compounds (VOCs) (Directive, 1999/13/
EC), waste incineration (Directive, 2000/76/EC), and emis-
sions of certain pollutants from large combustion plants
(Directive, 2001/80/EC).

The IED maintains the basic obligations for the industrial
installations, as well as the use of the BAT as the basic tool for
achieving a high level of environmental protection, and of the
permit systems as the fundamental regulatory tool. The permit
must clarify the necessary measures to ensure compliance with
the operator’s basic obligations and environmental quality
standards.

These measures shall comprise at least:

l Emission limit values for polluting substances
l Rules guaranteeing protection of soil, water, and air
l Waste monitoring and management measures
l Requirements concerning emission measurement method-

ology, frequency, and evaluation procedure
l An obligation to inform the competent authority of the

results of monitoring, at least annually
l Requirements concerning the maintenance and surveillance

of soil and groundwater
l Measures relating to exceptional circumstances (leaks,

malfunctions, momentary or definitive stoppages, etc.)
l Provisions on the minimization of long-distance or trans-

boundary pollution
l Conditions for assessing compliance with the emission

limit values

The references for setting the permit conditions are the BAT
conclusions; however, where an environmental quality stan-
dard requires stricter conditions than those achievable by the
use of the BAT, additional measures shall be included in the
permit. In addition, complying with the permit conditions
does not exclude other obligations and measures that may be
needed to comply with environmental quality standards.
Best Available Techniques

BAT are defined as the most effective and advanced stage in the
development of activities and their methods of operation,
which indicate the practical suitability of particular techniques
for providing the basis for emission limit values and other
permit conditions designed to prevent and, where that is not
practicable, reduce emissions and the impact on the environ-
ment as a whole:

l ‘Techniques’ include both the technology used and the way
in which the installation is designed, built, maintained,
operated, and decommissioned

l ‘Available techniques’mean those developed on a scale that
allow implementation in the relevant industrial sector
under economically and technically viable conditions,
taking into consideration the costs and advantages whether
or not the techniques are used or produced inside the
member state in question, as long as they are reasonably
accessible to the operator

l ‘Best’ means most effective in achieving a high general level
of protection of the environment as a whole

In the determination of BAT, the competent authorities that
issue permits have to take into account reference documents on
BAT (BREFs).

A BAT reference document (BREF), is a document drawn up
for defined activities describing, in particular, applied tech-
niques, present emission and consumption levels, techniques
considered for the determination of BAT as well as BAT
conclusions, and any emerging techniques. BREFs are descrip-
tive documents and do not prescribe the use of any technique
or specific technology. BREFs are adopted by the European
Commission based on an exchange of technical information
on BAT between experts from industry, member state authori-
ties, research institutes, and NGOs. This exchange is coordi-
nated by the IPPC Bureau in Seville, Spain, which sets up
a technical working group for each BREF.

Producing or revising a BREF is a complex and time-
consuming process, with an estimated average duration of
about 3 years. BREFs either may be restricted to issues related to
particular industrial activities (‘vertical’ BREFs) or may include
information of a generic nature that can be used across many
activities (‘horizontal’ BREFs) supplementing the information
contained in vertical BREFs on aspects that cut across several
industrial sectors.

The information contained in a BREF must be adapted to
each case but in general, a vertical BREF should contain
specific chapters on general information about the sector
concerned, applied processes and techniques, current emis-
sion and consumption levels, techniques to consider in
the determination of BAT, BAT conclusions, and emerging
techniques.

Table 1 below lists the currently available documents.
Hazard and Risk Communication
to the Public, the E-PRTR

The IED ensures that the public has a right to participate in the
decision-making process, and to be informed of its conse-
quences, by having access to:

1. Permit applications in order to give opinions
2. Permits
3. Results of the monitoring of releases
4. The European Pollutant Release and Transfer Register

(E-PRTR)



Table 1 Sectors and activities covered by the EU BREFs (adopted and/or under revision)

Cement, lime, and magnesium oxide manufacturing industries Manufacture of glass

Ceramic manufacturing industry Manufacture of organic fine chemicals
Common wastewater and waste gas treatment/management systems in the chemical sector Nonferrous metals industries
Economics and cross-media effects Production of chlor-alkali
Emissions from storage Production of polymers
Energy efficiency Production of speciality inorganic chemicals
Ferrous metals processing industry Pulp and paper industry
Food, drink, and milk industries Refining of mineral oil and gas
General principles of monitoring Slaughterhouses and animals byproducts industries
Industrial cooling systems Smitheries and foundries industry
Intensive rearing of poultry and pigs Surface treatment of metals and plastics
Iron and steel production Surface treatment using organic solvents
Large combustion plants Tanning of hides and skins
Large volume inorganic chemicals – ammonia, acids, and fertilizers industries Textiles industry
Large volume inorganic chemicals – solids and others industry Waste incineration
Large volume organic chemical industry Waste treatments industries
Management of tailings and waste rock in mining activities
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Through the E-PRTR, emission data reported by Member
States are made accessible in a public register, which is intended
to provide environmental information on major industrial
activities.

The (E-PRTR) is the new Europe-wide register that provides
easily accessible key environmental data from industrial
facilities in the EU member states and in Iceland,
Liechtenstein, Norway, Serbia, and Switzerland. E-PRTR has
replaced the previous EU-wide pollutant inventory, the so-
called European Pollutant Emission Register (EPER). The new
register contains data reported annually by some 28 000
industrial facilities covering 65 economic activities across
Europe.

For each facility, information is provided concerning the
amounts of pollutant releases to air, water, and land, as well as
off-site transfers of waste and pollutants in wastewater from
a list of 91 key pollutants including heavy metals, pesticides,
greenhouse gases, and dioxins for the years 2007, 2008, and
2009. Some information on releases from diffuse sources is
also available and will be gradually enhanced.

The E-PRTR allows searching the releases and transfer for
each specific facility in the EU and associated countries, and
also to obtain aggregated data for a specific industrial
activity or sector, a specific area (i.e., region or river basin
district), or a specific pollutant. Waste transfers within and
outside a country are also available.

See also: Chemical Hazard Communication and Safety Data
Sheets; Ecological Exposure Limits and Guidelines; Risk
Management Measures (RMM); Pollution, Water; Pollution,
Soil; Pollution, Air in Encyclopedia of Toxicology.

Further Reading

Directive 2010/75/EU of the European Parliament and of the Council of 24 November
2010 on industrial emissions (integrated pollution prevention and control). Avail-
able at: http://europa.eu/legislation_summaries/environment/air_pollution/ev0027_
en.htm. Accessed 14 November 2013.

OECD, 1991. Recommendation of the council on integrated pollution prevention and
control. Available at: http://acts.oecd.org/Instruments/ShowInstrumentView.aspx?
InstrumentID¼39&InstrumentPID¼36&Lang¼en&Book¼False. Accessed 14
November 2013.

OECD, 2007. Guiding principles of effective environmental permitting systems. Avail-
able at: http://www.oecd.org/env/environmentinemergingandtransitioneconomies/
37311624.pdf. Accessed 14 November 2013.
Relevant Websites

http://ec.europa.eu/environment/air/pollutants/stationary/index.htm – European Commis-
sion Industrial Emissions and IPPC website.

http://prtr.ec.europa.eu/Home.aspx – European Pollutant Release and Transfer Register.
http://eippcb.jrc.ec.europa.eu – European Commission - Welcome to the European

IPPC Bureau.

http://europa.eu/legislation_summaries/environment/air_pollution/ev0027_en.htm
http://europa.eu/legislation_summaries/environment/air_pollution/ev0027_en.htm
http://acts.oecd.org/Instruments/ShowInstrumentView.aspx%3FInstrumentID%3D39%26InstrumentPID%3D36%26Lang%3Den%26Book%3DFalse
http://acts.oecd.org/Instruments/ShowInstrumentView.aspx%3FInstrumentID%3D39%26InstrumentPID%3D36%26Lang%3Den%26Book%3DFalse
http://acts.oecd.org/Instruments/ShowInstrumentView.aspx%3FInstrumentID%3D39%26InstrumentPID%3D36%26Lang%3Den%26Book%3DFalse
http://acts.oecd.org/Instruments/ShowInstrumentView.aspx%3FInstrumentID%3D39%26InstrumentPID%3D36%26Lang%3Den%26Book%3DFalse
http://acts.oecd.org/Instruments/ShowInstrumentView.aspx%3FInstrumentID%3D39%26InstrumentPID%3D36%26Lang%3Den%26Book%3DFalse
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Definition

Interactive toxicity is defined as effects of mixtures deviating
from the additive toxic response expected based on the dose–
response relationships obtained from individual components.
Background

Humans are exposed to a myriad of chemicals throughout their
lifetime in theworkplace, the environment, and thehome.Hence,
humanexposure to chemicals ismore likely to themixtures rather
than single-entity chemicals. Coexposure to environmental
chemicals is a great concern, particularly if the toxicants can affect
each other’s toxicity. The real-world exposure scenarios are
complex in terms of type of chemicals, the exposure situation
(duration, routes, rates, and magnitudes), and the existence of
confounding factors (age, gender, ethnicity, diet, alcohol, smoke,
preexisting conditions, area of residence, etc.), which can affect
the likelihood or course of disease. Approximately 80 000
chemicals are in use today, withmore than 1000 added each year
worldwide. Toxicity of many of these compounds has not been
adequately tested. Some mixtures are intentional (such as pesti-
cide and gasoline formulations, laundry detergents, or antibi-
otics) and other mixtures are generated (smelting, disinfection
by-products, polycyclic aromatic hydrocarbons from fuel com-
bustion). Cigarette smoking generatesmixture of large number of
chemicals during combustion of tobacco. Many natural chem-
icals are present in the foods thatwe eat. Thenumber of chemicals
produced by the chemical and pharmaceutical industries has
vastly increased humanexposure to chemicals.Unlike the general
public, the people living in the vicinity of hazardous waste sites
are often subjected to complex and high amounts of chemical
exposures. As estimated, 73 million people live within a 4-mile
radius of waste sites in the United States.

The potential for unusual health effects of chemical
mixtures due to the interaction of chemicals or their metabo-
lites (e.g., metabolites of trichloroethylene and benzene) in or
with the biosystem constitutes a real issue in the public health
arena. However, toxicity testing to predict effects on humans
has usually studied one chemical at a time for various reasons:
convenient to handle, physiochemical properties readily
defined, dosage could easily be controlled, biologic fate could
easily be measured, and relevant data were often available from
human occupational exposures. Chemicals are known to cause
disease: for example, arsenic and skin cancer, asbestos and lung
cancer, lead and decrements of IQ, hepatitis B predisposes to
aflatoxin-induced liver cancer, etc., but the link between the
extent of human exposure to even well-defined chemical
mixtures and disease formation remains relatively unexplored.

Public concern and the interest of scientists and regulators
regarding exposure to chemical mixtures have increased in the
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past decade. Because of the heightened awareness of public
about the unusual toxicity from the mixtures, the regulatory
agencies such as the US Environmental Protection Agency
(EPA), the Agency for Toxic Substances and Disease Registry
(ATSDR), and the National Institute of Occupational Safety
and Health (NIOSH) are striving to predict the health risk of
mixtures.
Basic Concepts of Interactive Toxicity

Three basic concepts for the description of toxicological action
of mixture have been defined.
Simple Similar Action

It is also called as dose addition. This is a noninteractive
process; that is, the chemicals in the mixtures do not affect the
toxicity of one another. Each of the toxicants in the mixture
contributes to the toxicity in proportion to its dose. All chem-
icals in the mixture act in the same way, by the same mecha-
nisms, and differ only in their potencies.
Simple Dissimilar Action

It is also called as response addition. In this case also the
components do not interact with each other. However, the
mode of action and possibly the nature and site of action differ
among constituents. Each chemical component has a threshold
and will only exhibit response beyond the threshold. By defi-
nition, response addition is determined by summing the
responses of each toxicant in a mixture.
Interaction

Compounds may interact with one another, modifying the
magnitude and the nature of toxic effect. The interaction may
lead to higher (exaggeration) or lower (antagonism) toxicity as
compared to the effects of individual compounds.
Exaggeration
This type is further divided as synergism – the effect of mixture
is higher than additivity based on the dose–response relation-
ships of the individual compounds (e.g., asbestos workers who
smoke have higher mortality ratio for lung cancer than only
smokers or asbestos workers) and potentiation (Phenobarbi-
talþCCl4 causes increased liver injury, but not death) and
amplification (ChlordeconeþCCl4 causes higher hepatotox-
icity and death) – these compounds have no effect individually,
but increase the effect of the other in combination.
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Antagonism
The effect of mixture is less than that estimated for additivity on
the basis of the toxicities of the components. The protection
against mercury toxicity by selenium is a typical example of this
category. This group is further classified into inhibition –

a component does not have effect and decreases the effect of
another component or other components, and masking – one
component overrides the effect of other.

Knowledge of the type of interaction is of profound
importance. While the knowledge of synergistic interaction is
of paramount public health importance, the knowledge of
antagonistic interaction is necessary to reduce the unnecessary
utilization of resources for cleanup. Because of the potential
unexpected toxicity due to interaction of chemicals, toxicology
of mixtures is an active area of scientific investigation.
Mechanisms of Interaction

The mechanisms involved in interactive toxicity have been
shown to be changes in the toxicokinetics and/or toxicody-
namics of one chemical by another. Toxicokinetic changes
affect the absorption, distribution, metabolism, and/or excre-
tion of a chemical and can have profound effects on dose–
response relationships. Changes at the toxicodynamic level
might involve a competition between chemicals for binding to
a target site such as a receptor or changes in signal transduction
pathways and cell cycle control. Presence of one or more
chemicals may interfere with the complex toxicodynamics of
tissue repair, thereby permitting continuous escalation of toxic
injury, culminating in organ failure and death. These mecha-
nisms affect the internal concentrations of the toxicants or their
active forms and/or the tissue’s response to the toxic insult.
Information on these aspects is a prerequisite for predicting the
toxic effect of mixture. For specific examples of various inter-
actions and the mechanisms of interactions, readers are advised
to refer Interaction Profiles for Toxic Substances in ATSDR’s
website.
Challenges in Mixture Risk Assessment

Because many of the components of complex mixtures and
their concentrations are unknown, determining the risk such
mixtures may pose to human population is a daunting task.
The effects of a chemical mixture are extremely complex and
may differ for each mixture depending on the chemical
composition. Some contaminants may induce differential
effects depending on the route of exposure. Simple mixtures
may contain two or three chemicals, whereas complex mixtures
such as those found at hazardous waste sites contain hundreds
of chemicals with varying degrees of toxicity and different
modes of toxic action. Concurrent exposure to chemicals such
as welding fumes, indoor air pollutants, tobacco smoke,
alcohol, and drugs makes the health assessment of chemical
mixtures a more complex task. Clearly, toxicological evaluation
of these complex mixtures is difficult but important for hazard
assessment and assessment of risk to human health.

Most of the data that do exist on mixtures come from acute
or chronic studies of simple and defined mixtures at doses
higher than those normally associated in the environment and
studies of human occupational exposures. The majority of
biologically significant interactions observed at high doses are
not detectable at the low doses to which humans are exposed
environmentally. Dose is important because interactive effects
depend heavily on dose; therefore, characterizing interactions
that occur at high dose such as those used in a rodent bioassay
is likely to provide very little information about interactions at
very low doses generally encountered in the environment. Very
few cancer-related and nonrelated studies have been performed
on real-world mixtures such as diesel engine emissions, recy-
cled drinking water, urban air samples, tobacco smoke, and
incinerator emissions.

Unfortunately, not only is there a lack of knowledge con-
cerning the characterization of real-life mixtures based on
human exposure but there are limited experimental strategies
available that focus on understanding the mechanisms of
action of chemical mixtures as it relates to human health. As
a consequence, we have limited abilities to predict how
chemicals in a mixture interact with each other or with bio-
logical systems, leading to toxic effects or disease.

The major challenges in the mixture risk assessment are
complex exposure situation, uncharacterized mixtures, and
extrapolation from high to low doses and animals to humans.
Resolving these issues is a key in predicting and preventing the
risk from mixtures to humans. Testing of all mixtures existing
in the real world is virtually impossible. Even with well-studied
individual compounds, immense problems exist in extrapo-
lating the findings obtained at high doses in laboratory animals
to humans being exposed to lower doses.

Individual variability and impact of lifestyle on the toxic
outcome further complicate the issue. There is a strong concern
and some evidence that sensitive populations such as smokers,
alcoholics, children, those who are genetically predisposed,
those with a disease condition, etc., are vulnerable to toxicity.
Children are found to be more sensitive than adults to some
chemicals because of the immature development of the defense
system. Many chemicals can cross the placenta and concentrate
in the fetus. Thus, the developing fetus is extremely vulnerable
to chemical exposure. Conditions such as diabetes, aging,
caloric restriction, etc., alter the outcome of hepato- and
nephrotoxicity by interfering with the tissue’s ability to respond
to injury by compensatory tissue repair. Genetic variability in
the alcohol metabolism determines site of cancer formation
following alcohol exposure.
Assessing Risk from Chemical Interaction

Mixture risk assessment usually involves substantial uncer-
tainties ranging from inexact descriptions of exposure to
inadequate toxicity information. In addition, there are other
confounding factors such as lifestyle, exposure to other
contaminants, and interindividual variation. Because of the
uncertainties, many ‘fudge factors’ are incorporated and there is
no single approach for mixture risk assessment. Most risk
assessments evaluate the toxicity of individual chemicals and
then combine them by simple addition to estimate risk related
to chemical mixtures. However, adding risks ignores potential
synergistic or antagonistic interactions that could lead to
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underestimation or overestimation of total risk, respectively.
The National Institute of Environmental Health Sciences, EPA,
ATSDR, NIOSH, Occupational Safety and Health Administra-
tion (OSHA), and American Conference of Governmental
Industrial Hygienists (ACGIH) share the common goal of
promoting research that will ultimately reduce the extent
of adverse human health effects occurring as a consequence of
exposure to mixtures of environmental agents. Recently, the
Food Quality Protection Act and Safe Drinking Water Act
amendmentswerepassed, raising awarenessof chemicalmixtures
health issues. By and large, regulatory actions and industrial
practices are based on use of the default assumption, additivity.

EPA recommends three approaches: (1) if the toxicity data on
mixture of concern are available, the quantitative risk assess-
ment is done directly from these preferred data; (2) when
toxicity data are not available for themixture of concern, data of
a sufficiently similar mixture can be used to derive quantitative
risk assessment for a mixture of concern; and (3) if the data are
not available for both the mixture of concern and the similar
mixture, mixture effects can be evaluated from the toxicity data
of components. According to EPA, the dose-additive models
reasonably predict the systemic toxicity of mixtures composed
of similar (dose addition) and dissimilar (response addition)
compounds. Therefore, the potential health risk of amixture can
be estimated using a ‘hazard index’derived by summation of the
ratios of the actual human exposure level to estimated
maximum acceptable level of each toxicant. A hazard index near
to unity is suggestive of concern for public health. This approach
will hold true for the mixtures that do not deviate from addi-
tivity and do not consider the mode of action of chemicals.
Modifications of the standard HI approach are being developed
to take account of the data on interactions.

The ATSDR has established a mixtures program that consists
of three components: trend analysis to identify combinations
of chemicals of concern, experimental studies to identify data
that would be useful in the development and implementation
of predictive decision, support methodologies, and develop-
ment of assessment methodologies and guidance to provide
health assessors with the tools to incorporate the evaluation of
multiple-chemical exposure into site assessments. ATSDR
suggests the weight of evidence (WOE), which estimates the
joint actions (additivity, antagonism, and exaggeration) for
binary mixtures of chemicals based on the information on
individual components. Several factors such as mechanistic
interaction, uncertainty factors, and route of exposure are taken
into account. The better the data set on the individual chem-
icals is, the more precise the joint action can be predicted. The
drawback is the high- to low-dose extrapolation as most of the
individual toxicity information is developed at high doses.
According to WOE evaluations, considering common mecha-
nisms for simple chemical mixtures can lead to better estimates
of the observed toxic responses than the default assumption of
dose additivity.
Future Directions

Although we made progress in recent years by establishing fair
risk assessment methodologies and safe concentrations for
many individual compounds, related information for chemical
mixtures is largely unavailable. No standard methods are yet
in place to incorporate interactions because of the lack of
understanding of the modes of action, toxicokinetics, and
toxicodynamics. Additional research is needed to resolve many
unknown and uncertainties concerning toxicity of chemical
mixtures. A fuller understanding of biological effects induced
by chemical mixtures is essential to the accurate prediction of
the hazards and risks for humans and the ecosystem.

Considering the approximate 80 000 chemicals in
commerce, the task of testing these chemicals on individual
basis, let alone as mixtures, is not feasible. Two options seem
possible: directly investigate the effects of high-priority mix-
tures and develop extrapolation models for the remainder.
EPA, ATSDR, and NIOSH have organized the Mixed Exposures
Research Group, composed of almost 20 federal and state
agencies to develop and share regulatory approaches. System-
atic toxicity testing of mixtures, using conventional toxicology
and carcinogenicity testing methodologies is highly impractical
because of the numbers of chemicals and the limited scientific
resources. Therefore, the development of unconventional,
efficient, and predictive toxicology methods is imperative.
These approaches may greatly reduce animal usage, personnel,
resources, and time required to evaluate the carcinogenicity of
chemicals and chemical mixtures. Using computational tech-
nology, mathematical and statistical modeling, mechanistically
based short-term toxicology studies, and cellular andmolecular
biology techniques would greatly enhance the predictability of
the methodologies. Significant advances have been made in
alternative toxicologic testing methods such as in vitro test-
ing, physiologically based pharmacokinetic/pharmacodynamic
(PBPK/PD) modeling, biologically based dose–response
modeling, and quantitative structure–activity relationships
modeling, and the ‘omics’ technologies (transcriptomics, pro-
teomics, metabonomics). The genomics evaluates the gene
expression, proteomics elicits resulting protein synthesis, and
metabonomics captures the change in metabolism following
toxic insult. The use of ‘omics’ would map early toxicity-related
alterations in cells, tissues, or animals exposed to chemicals
and provide insights into numerous cellular processes simul-
taneously. These tools can find utility in the decision-making
process and the performance of risk characterization. These
alternate methods would aid in understanding the mechanistic
basis for interactions at a quantitative level and provide realistic
risk assessments for chemical mixtures.
Conclusions

The unexpected toxicity due to chemical interaction with or in
the biosystem is a paramount public health concern and
presents immense challenge for risk assessment. Due to the
increased awareness on potential interactive toxicity of chem-
icals and oversight by regulatory agencies, there is a decline in
the amount of chemicals released into the environment. This is
a welcome success of primary prevention, but there seems to be
little insight into the potential for joint toxic actions of such
chemicals at environmental levels. Although the literature on
chemical mixture is growing, our knowledge on underlying
biological and pathophysiological processes associated with
chemical interaction is meager. In addition, the possibility that
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subpopulation responds differently to the toxic effects of
chemicals than general population further complicates the
prediction of biological basis of interaction. Understanding
what mixtures of chemicals the public is exposed to as well as
the mechanisms involved in the interaction of these mixtures
and subsequent health effects is essential. Since it is impossible
to conduct studies with all mixtures encountered, toxicity
testing of complex environmental mixtures of regulatory
importance should be performed. A rational approach to
studying mixtures includes prioritizing and identifying chem-
ical mixtures that are based on known human exposures, and
applying innovative experimental and computational strategies
to dissect the mechanistic basis for interactions of chemicals in
a mixture. This would aid in developing qualitative and
quantitative health assessment methods for assessments of
potential risks for developing multiple health effects.
See also:Mixtures, Toxicology, and Risk Assessment; Chemical
Interactions; Pharmacokinetic and Toxicokinetic Modeling.
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Background

During and after the 1992 Rio de Janeiro Earth Summit on
Sustainable Development, the need for increased international
cooperation for sound chemicals management, involving all
stakeholders, was strongly felt. Chapter 19 of Agenda 21
(http://www.un.org/esa/dsd/agenda21/res_agenda21_19.shtml)
on sound chemicals management, adopted at this conference,
contained a number of actions that could only be undertaken
in strong international cooperation.

Following the Rio Earth Summit, an International Confer-
ence on Chemical Safety was convened in Stockholm in 1994
by three UN agencies: the UN Environment Programme
(UNEP), the World Health Organization (WHO), and the
International Labor Organization (ILO). During this confer-
ence, the Intergovernmental Forum on Chemical Safety (IFCS)
was founded. Its formal mandate was to serve as a forum where
government representatives and stakeholders could provide
advice on issues relating to the environmentally sound
management of chemicals.
The International Context

At the UN level, as well as at the national level, different bodies
have responsibility for part of the chemical universe and its
sound chemicals management. At the UN level, these organi-
zations work together in the Inter-Organization Programme for
the Sound Management of Chemicals (IOMC) and its Coor-
dination Committee IOCC, comprising FAO, ILO, OECD,
UNDP, UNEP, UNIDO, UNITAR, and WHO.

Strengthening collaboration between the many players in
the field is essential to achieve sound management of chem-
icals. Since the late 1980s, a number of international agree-
ments and instruments have been completed. For all these,
increased international cooperation is essential.
IFCS Structure

The IFCS structure was unique. It placed a strong emphasis
on the full and open participation of all actors relevant to
the sound management of chemicals. It engaged industry,
public interest, science, labor, and academia, as well as
governments, in discussion and debate that was not con-
strained by the structures and process of formal negotiations.
What was its strength in a certain period, that of interna-
tional agenda setting, also became its weakness: no party felt
really committed to implementing the advice of IFCS. A
Forum Standing Committee (FSC) composed of members
from all UN regions, guided activities in between meetings
and prepared formal forum meetings and intersessional
activities.
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IFCS Activities since 1994

Since its inception, IFCS has been a forum where especially the
main programme areas of Agenda 21 were addressed. These
are the following:

1. Expanding and accelerating international assessments of
chemical risks

2. Harmonization of classification and labeling of chemicals
3. Information exchange on toxic chemicals and chemical risks
4. Establishment of risk reduction programs
5. Strengthening of national capabilities and capacities for

management of chemicals
6. Prevention of illegal international traffic in toxic and

dangerous products

Starting before the Rio Earth Summit, but especially there-
after, there has been major international activity in preparing
a number of international instruments for sound chemicals
management. IFCS was not formally involved in the negotia-
tions, but offered an informal platform where governments
and stakeholders could exchange views on these and other
topics related to sound management.

IFCS has also attempted to strengthen the position of chem-
icals management on the donor’s agenda and in the North–-
South discussions, but has not really succeeded in achieving this.

Six official forum meetings took place, with regional
meetings in between. All forum meetings were hosted by
countries in different regions. The last forum meeting was in
September 2008, in Dakar, Senegal.
Forum III, Salvador, Bahia, Brazil, and SAICM

During the forum discussions, the need was felt for a more
systematic and forward-looking approach to sound chemicals
management, a kind of overarching policy framework. This
culminated in the discussions in Forum III in Brazil. The forum
endorsed two main documents: Priorities for Action beyond 2000
and the Bahia Declaration. The declaration represented
a commitment by IFCS participants to strengthen efforts and
build partnerships to accomplish specific targets.

The Priorities for Action beyond 2000 and the Bahia
Declaration were actively taken up by the UNEP Governing
Council and were very instrumental in the development of
what later became the Strategic Approach to International
Chemicals Management (SAICM).
Developments after Forum III

After IFCS in Forum III had laid down what was generally
considered the main international agenda for sound chemicals
management for the next decades, the next Earth Summit in
Johannesburg in 2002 confirmed the way forward by adopting
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the 2020 goal: “aiming to achieve, by 2020, that chemicals are used
and produced in ways that lead to the minimization of significant
adverse effects on human health and the environment, using trans-
parent science-based risk assessment procedures and science-based
risk management procedures, taking into account the precautionary
approach, as set out in principle 15 of the Rio Declaration on Envi-
ronment and Development, and support developing countries in
strengthening their capacity for the sound management of chemicals
and hazardous wastes by providing technical and financial assis-
tance.” (http://www.un.org/esa/sustdev/documents/WSSD_
POI_PD/English/POIToc.htm)

The international momentum then shifted to developing
a strategy to achieve this goal, which in 2006 was expressed in
the Strategic Approach to International Chemicals Manage-
ment (SAICM), adopted in Dubai in February 2006 by the first
International Conference on Chemicals Management (ICCM).

Implementation of SAICM, although not a legally binding
instrument, required a more formal structure than the Forum,
and ICCM became the mechanism for this.

After the adoption of SAICM and the establishment of ICCM
as the body for implementation,many countries considered that
the need to continue the work of IFCS had decreased.

The forum continued to function as an agenda-setting body
andoffering anopenplace for exchangeof information, and three
other formal forummeetings took place, in Bangkok, Thailand in
2004; Budapest, Hungary in 2006; and Dakar, Senegal in 2008.
IFCS Discontinues Its Operation

At ICCM-2 in Geneva, September 2009, a proposal was made
to formally integrate IFCS into SAICM. This, however, was not
endorsed by ICCM and support and resources for IFCS as
a separate mechanism were no longer sufficient. As a conse-
quence, FSC agreed to suspend the work of IFCS. A formal
decision to amend the Terms of Reference (TOR) of IFCS would
require a formal meeting, which has not been held due to lack
of resources.

Resuming the work of IFCS will depend on the availability
of adequate support and resources.

The heritage of IFCS however continues in the work of
SAICM and the further development of the international
agenda in view of the achievements of the goals that have been
agreed.

See also: Global Chemicals Policy; Import/Export of Hazardous
Chemicals; Hazardous Waste; Inter-Organization Programme
for Sound Management of Chemicals; Persistent Organic
Pollutants; Risk Management; UNEP Chemicals.

Further Reading

Wexler, P., et al., 2011. Chemicals, Environment, Health, A Global Management
Perspective. CRC Press, Boca Raton, FL.
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Introduction

The International Agency for Research on Cancer (IARC) was
established in May 1965 as a specialized agency of the World
Health Organization (WHO) with the mission of coordinating
and conducting international research on the causes of human
cancer and on the mechanisms of carcinogenesis, as well as
developing scientific strategies for cancer prevention and
control and promoting the education and training of personnel
for cancer research.

The Agency’s work is acknowledged as the definitive refer-
ence in areas such as the identification of cancer risk factors,
evaluation of cancer prevention strategies, and in cancer regis-
tration and surveillance. The following sections provide a brief
outline of IARC’s approach and core areas of activity, concluding
with an overview of the IARC Monographs Programme.
Governance of IARC

The governing body of the Agency is made up of 22 partici-
pating states together with the Director-General, WHO. There is
representation on the IARC Governing Council from North
America, Europe, and Asia with the most recent countries to
join being the Republic of Korea (2006), India (2006), Ireland
(2007), Austria (2008), and Turkey (2011).
Research Strategy

IARC’s research is interdisciplinary, bringing together skills in
epidemiology, laboratory sciences, and biostatistics to identify
the causes of cancer and to provide the evidence base for the
development of effective strategies to reduce the global cancer
burden. Another significant feature of IARC’s approach is the
promotion of international collaboration in cancer research,
and the Agency has extensive experience in the coordination of
large international collaborative research projects involving
wide networks of organizations. In addition, IARC has
a longstanding commitment to promoting and conducting
research in low- and middle-income countries, through part-
nerships and collaborations with local institutions and
researchers. IARC’s worldwide mandate and independent role
as an international organization greatly facilitate these
activities.

Close cooperation with its parent organization, WHO,
places IARC in a unique position to enable the rapid translation
of research findings into public health advice and policies for
cancer prevention and control.
Describing the Global Cancer Burden

Monitoring worldwide cancer occurrence and providing accu-
rate data on cancer incidence, prevalence, mortality, and
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
survival remain one of the primary activities of the Agency.
Access to reliable, timely, national and regional cancer statistics
is essential to support the development of effective cancer
prevention and control programmes, by providing a measure
of the problem, by highlighting priorities for action, and by
enabling the evaluation of the success of cancer control inter-
ventions. IARC produces the Cancer Incidence in Five Continents
series and GLOBOCAN, the international reference sources for
global cancer statistics and projections.

Another important activity in this area is tumor classifica-
tion. The WHO Classification of Tumours series (WHO “Blue
Books”), currently produced at IARC, is the definitive reference
work for tumor classification. The series has made a remarkable
contribution to cancer registration, clinical practice, and
research by improving the standardization of the histological
classification of tumors.
Cancer Etiology

Despite advances in the identification of the causes of a number
of human cancers, there remains a significant proportion for
which etiology is unclear. The study of the etiology of human
cancers is one of the largest areas of activity at IARC, involving
various research groups and the integration of population- and
laboratory-based approaches.

The interaction between genetic background and environ-
mental and lifestyle risk factors is determinant in the devel-
opment of the vast majority of cancers and is a major focus of
the Agency’s research. Recent developments in genomics have
enabled the identification of an increasing number of genes
and gene variants which are associated with, or are known to
contribute to, the development of specific types of cancer. In
addition, the availability of novel technologies to assess envi-
ronmental exposure, partially based on the identification of
biomarkers of exposure developed through “omics” and other
technologies, has opened new possibilities. In particular, these
approaches may help in the assessment of the role of the
exposome, i.e., the totality of environmental exposures from
conception onwards, in the development of cancer.
Mechanisms of Carcinogenesis

Research into the mechanisms of carcinogenesis provides the
essential bridge from basic sciences to population-based
research and is also an important area of activity at IARC.
Advances in the understanding of the cellular and molecular
mechanisms of carcinogenesis provide fundamental insights
into the interaction between environmental and genetic/
epigenetic factors that result in the development of cancer.
These insights into cancer mechanisms open new opportunities
for the discovery of novel strategies for cancer prevention and
treatment. In addition, results from mechanistic research allow
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Table 1 Agents Classified by the IARC Monographs, Volumes 1–102

Group 1 Carcinogenic to humans 107 agents
Group 2A Probably carcinogenic to humans 59 agents
Group 2B Possibly carcinogenic to humans 267 agents
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the identification of biomarkers for disease detection,
progression, and outcome, as well as biomarkers of environ-
mental exposures which provide essential tools for molecular
epidemiology studies.
Group 3 Not classifiable as to its carcinogenicity
to humans

508 agents

Group 4 Probably not carcinogenic to humans 1 agent
Cancer Prevention

The development and evaluation of intervention strategies for
cancer prevention and early detection are of fundamental
importance to the work of the Agency, because this represents
the translation of the insights obtained in its other areas of
research into concrete approaches for addressing the primary
objective of reducing the burden of cancer. The focus of the
Agency is research into the development of cost-effective
prevention strategies and how these can be best implemented
at the population level in the context of the local socio-
economic and cultural environments, with particular emphasis
on low- and middle-income countries. This work is relevant to
WHO in terms of the development of public health policy and
for the successful design of public health programmes.
Education and Training

Forming the next generation of cancer researchers is one of the
core components of IARC’s mission. The education and training
programme is contiguous with and integrated into the Agency’s
research activities, through the IARC Fellowship and Courses
Programmes. Priority is given to training researchers from low-
and middle-income countries. By maintaining active working
relationships with past fellows, course attendees, etc., the
Agency can greatly expand its network of external collaborators.
IARC Monographs

Accurate identification and assessment of the carcinogenic
potential of risk factors are fundamental for the development
of effective cancer prevention strategies. The IARC Monographs
Programme is an international, interdisciplinary approach to
carcinogenic hazard identification, which has acquired a repu-
tation of authoritative and independent evaluations. Its prin-
cipal output is a serial publication, the IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans, which began in 1971.

Each Monograph consists of a comprehensive, critical sum-
mary and review of the published scientific literature, and since
1987 concludes with an evaluation of the overall evidence of
carcinogenicity to humans. Reviews and evaluations of selected
agents and exposures are carried out by Working Groups of
scientific experts who are invited to participate on the basis of
their contributions to the relevant areas of science. The IARC
Monographs are a worldwide endeavor that has involved more
than 1200 scientists from 53 countries.

To date, nearly 950 chemicals, complex mixtures, occupa-
tional exposures, physical agents, biological agents, personal
habits, and household exposures have been reviewed, some of
them several times, as new information became available in the
published scientific literature. About 100 of these agents have
been classified as carcinogenic and about 300 as probably
carcinogenic or possibly carcinogenic to humans (Groups 1, 2A,
and 2B, respectively – see Table 1).

The Monographs have evolved into the WHO’s encyclopedia
on the roles of environmental agents in human cancer causa-
tion. National and international health agencies use the
Monographs as a source of scientific information on known or
suspected carcinogens and as scientific support for the devel-
opment of policies to prevent exposure to these agents. Indi-
viduals, too, use the information and conclusions from the
Monographs to make better choices that reduce their exposure to
potential carcinogens and their risk of developing cancer. In
this way, the IARC Monographs contribute to cancer prevention
and the improvement of public health.
Evaluation and Classification of Carcinogens
in the IARC Monographs Programme

An abbreviated version of the evaluation criteria and classifi-
cation system is given here. Full details are available at the IARC
Monographs website under ‘Preamble’ (http://monographs.iarc.
fr/ENG/Preamble/index.php).

Evaluations of the strength of the evidence for carcinoge-
nicity of a particular agent or group of agents are made by
a specially convened Working Group of experts. The body of
evidence is considered as a whole, including evidence derived
from studies on cancer in humans and in experimental
animals as well as from mechanistic and other relevant data,
to reach an overall assessment of the carcinogenicity of the
agent to humans. The agent is thus classified into one of the
following categories:

Group 1: The agent is carcinogenic to humans.
This category is used when there is sufficient evidence of carci-
nogenicity in humans.

Group 2A: The agent is probably carcinogenic to humans.
This category is used when there is limited evidence of carci-

nogenicity in humans and sufficient evidence of carcinogenicity in
experimental animals.

Group 2B: The agent is possibly carcinogenic to humans.
This category is used for agents for which there is limited

evidence of carcinogenicity in humans and less than sufficient
evidence of carcinogenicity in experimental animals. It may also
be used when there is inadequate evidence of carcinogenicity in
humans but there is sufficient evidence of carcinogenicity in
experimental animals.

Group 3: The agent is not classifiable as to its carcinogenicity
to humans.

This category is used most commonly for agents for which
the evidence of carcinogenicity is inadequate in humans and
inadequate or limited in experimental animals.

An evaluation in Group 3 is not a determination of non-
carcinogenicity or overall safety. It often means that further
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research is needed, especially when exposures are widespread
or the cancer data are consistent with differing interpretations.

Group 4: The agent is probably not carcinogenic to humans.
This category is used for agents for which there is evidence

suggesting lack of carcinogenicity in humans and in experimental
animals. In some instances, agents for which there is inadequate
evidence of carcinogenicity in humans but evidence suggesting lack
of carcinogenicity in experimental animals may be classified in
this group.

The terms probably carcinogenic (2A) and possibly carcinogenic
(2B) have no quantitative significance and are used simply as
descriptors of different levels of evidence of human carcino-
genicity, with probably carcinogenic signifying a higher level of
evidence than possibly carcinogenic.

These categories (Groups 1 to 4) refer only to the
strength of the evidence that an exposure is carcinogenic and
not to the extent of its carcinogenic activity (potency). A clas-
sification may change as new information becomes available.
Volume 100 of the IARC Monographs

In 2012, the IARC Monographs Programme completed a reas-
sessment and update of the more than 100 chemicals, occu-
pations, physical, biological, and other agents that it has
classified as carcinogenic to humans (Group 1). To this end, it
convened sixWorking Groups that included 160 scientists from
28 countries, to critically review published epidemiological
and experimental studies, to evaluate the carcinogenicity of
each agent, to identify cancer sites where a causal association is
established or credible, and to identify mechanistic events that
are known or likely to be involved. This work was published as
Volume 100 (parts A–F) of the IARC Monographs.
Future Perspectives

Assessments of carcinogenicity will increasingly rely on
biomarker data from human studies as well as on information
about mechanisms of carcinogenesis and evidence from animal
models. The interpretation and use of these experimental data
require careful validation, but they provide valuable insights
into how agents cause cancer in humans and will be particu-
larly useful in future evaluations.

The six parts of Volume 100 of the Monographs examine the
available information on the multiple mechanisms of carci-
nogenesis for the agents known to cause cancer in humans. This
information was synthesized in two subsequent IARC Scientific
Publications: Tumor Concordance between Animals and Humans
and Mechanisms Involved in Human Carcinogenesis. Two work-
shops were organized in 2012 to compile these publications,
which develop analyses that address important hazard- and
risk-assessment questions and cut across individual agents to
discern more general principles.
Priorities for Future IARC Monographs

In June 2008, IARC convened an Advisory Group to identify
high priorities for new IARC Monographs during the following
5 years. Most of the Advisory Group’s recommendations were
new topics that had never before been reviewed by IARC or by
other public health agencies. This indicates a high level of
interest in the continued work of the IARC Monographs to
provide authoritative evaluations of new or suspected cancer
hazards. The next Advisory Group meeting will be in 2013/
2014, and this process involves an open call for suggested
agents to be reviewed in the IARC Monographs Programme.
Contact Details

International Agency for Research on Cancer (IARC)
150 cours Albert Thomas
69372 Lyon Cedex 08, France
Tel.: þ33 472738485; URL: http://www.iarc.fr

See also: Biomarkers, Human Health; Carcinogen Classification
Schemes; Carcinogenesis; Environmental Exposure
Assessment; Environmental Protection Agency, US; Hazard
Identification; Health Assessments; World Health Organization/
International Programme on Chemical Safety (WHO/IPCS); The
National Institute of Environmental Health Sciences; National
Institute for Occupational Safety and Health; National Institutes
of Health; Omics and Related Recent Technologies; REACH;
Risk Assessment, Human Health; Risk Characterization; The
Exposome; UNEP Chemicals.
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History

The International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human
Use (ICH) brings together regulators and industry worldwide
to discuss scientific and technical aspects of pharmaceutical
approvals. The pharmaceutical industry has become more
global than ever before. Pharmaceuticals may be sold to
worldwide markets, but the registration of these remained
a national responsibility. Individual nations’ regulatory
systems were based on the same fundamental obligations to
evaluate the quality, safety, and efficacy. However, the detailed
technical requirements had diverged over time to such an
extent that industry found it necessary to duplicate many time-
consuming and expensive test procedures in order to market
new products internationally.

Harmonization of regulatory requirements was started in
the 1980s by the European Community (now the European
Union (EU)) as it moved toward the development of a single
market for pharmaceuticals. The success achieved in Europe
demonstrated that harmonization was feasible. However, it
was at the World Health Organization (WHO) International
Conference of Drug Regulatory Authorities (ICDRA) in Paris in
1989 that specific plans for action began to harmonize proce-
dures in Europe, Japan, and the United States. Soon afterward,
the authorities approached the International Federation of
Pharmaceutical Manufacturers & Associations (IFPMA) to
discuss a joint regulatory-industry initiative on international
harmonization, and ICH was conceived.

The founding of the ICH took place at a meeting in April
1990, hosted by the European Federation of Pharmaceutical
Industries and Associations (EFPIA) in Brussels. Representa-
tives of the regulatory agencies and industry associations of
Europe, Japan, and the United States met, primarily to plan an
international conference but the meeting also discussed the
wider implications and terms of reference of ICH.
Mission

ICH’s mission is to make recommendations toward achieving
greater harmonization in the interpretation and application of
technical guidelines and requirements for pharmaceutical
product registration, thereby reducing or obviating duplication
of testing carried out during the research and development of
new human medicines.

The objective of harmonization is a more economical use of
human, animal, and material resources, and the elimination of
unnecessary delay in the global development and availability
of new medicines whilst maintaining safeguards on quality,
safety and efficacy, and regulatory obligations to protect public
health.

Harmonization is achieved through the development of
ICH Guidelines. The Guidelines are established through
1070 Encyclopedia of T
a process that includes scientific consensus with regulatory and
industry experts working side by side.
Membership Criteria

Six parties to ICH represent the regulatory bodies and research-
based industry in the three regions, Europe, Japan, and the
United States, where most new pharmaceuticals are currently
developed. These six parties are directly involved in the decision-
making process and were selected because they represent the
regulatory bodies and research-based industry in the EU, Japan,
and the United States. However, the conference, its preparations,
and follow-up activities are conducted in an open and trans-
parent manner, and the presence of observers from other regu-
latory authorities and the WHO is welcomed as a means of
ensuring that the benefits of progress toward harmonization can
be utilized worldwide. The six parties are as follows.
European Commission – European Union (EU)

The European Commission represents the 15 members of the
EU. The Commission works through harmonization of tech-
nical requirements and procedures, to achieve a single market
in pharmaceuticals, which would allow free movement of
products throughout the EU.
European Federation of Pharmaceutical Industries
and Associations (EFPIA)

EFPIA is situated in Brussels and has, as its members, Member
Associations in 16 countries in Western Europe. Much of the
Federation’s work is concerned with the activities of the Euro-
pean Commission and the EMEA. Companies in membership
of EFPIA are manufacturers of prescription medicines and
include all of Europe’s major research-based pharmaceutical
companies.
Ministry of Health, Labor and Welfare, Japan (MHLW)

Affiliated institutions include the National Institute of Health
Sciences and academia, which carries out research and testing
on drugs, vaccines, and biologicals.
Japan Pharmaceutical Manufacturers Association (JPMA)

JPMA represents 90 member companies. Membership includes
all the major research-based pharmaceutical manufacturers in
Japan.
US Food and Drug Administration (FDA)

The US FDA has a wide range of responsibilities for drugs,
biologicals, medical devices, cosmetics, and radiological
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00861-7
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products. The largest of the world’s drug regulatory agencies
FDA is responsible for the approval of all drug products used in
the United States.
Pharmaceutical Research and Manufacturers of America
(PhRMA)

The PhRMA represent the research-based industry in the United
States. The Association has 67 companies in membership,
which are involved in the discovery, development, and
manufacture of prescription medicines. There are also 24
research affiliates that conduct biological research related to the
development of drugs and vaccines.

Others are also part of the ICH process. They include
Observers, the Secretariat, and Administration.
Observers

Observers act as links with non-ICH countries and regions.
They nominate nonvoting participants to attend the ICH
Steering Committee Meetings.

The Observers to ICH are as follows:

l The WHO
l The European Free Trade Area (EFTA), represented at ICH

by Switzerland
l Canada, represented at ICH by Health Canada
Secretariat

The International Federation of Pharmaceutical Manufac-
turers Association (IFPMA) is a Federation of Member Asso-
ciations representing the research-based pharmaceutical
industry and other manufacturers of prescription medicines in
56 countries throughout the world. IFPMA runs the ICH
Secretariat.
Administration

ICH is administered by the ICH Steering Committee, which is
supported by the ICH Secretariat. Each of the six sponsors has
had two seats on the ICH Steering Committee (SC), which
oversees the harmonization activities.

Additionally, groups are broken down into the Steering
Committee (SC) and Expert Working Groups. The SC deter-
mines the policies and procedures for ICH, selects topics for
harmonization and monitors the progress of harmonization
initiatives. The Steering Committee meets at least twice a year.
The Expert Working Groups are assigned by each of the six
parties to designate a Topic Leader for the new topic. An
additional nonvoting member is the International Federation
of Pharmaceutical Manufacturers & Associations (IFPMA).
Key Activities

ICH provides an opportunity for regulators and industry
worldwide to reach consensus on the steps needed to achieve
harmonization of technical requirements and to set out prac-
tical and realistic targets for harmonizing requirements where
significant obstacles to drug development and the regulatory
process have been identified.

There is a five-step process for ICH activities.

1. Consensus building: where an initial, harmonized draft of
a guideline or recommendation, is prepared, then signed off
by the Expert Working Group Members. This is then
submitted to the Steering Committee.

2. Agreeing on draft text: when the Steering Committee agrees
that there is sufficient scientific consensus on the technical
issues, for the draft guideline or recommendation to
proceed to the next stage of regulatory consultation.

3. Regulatory consultation: where the guideline or recom-
mendation leaves the ICH process and becomes the subject
of normal wide-ranging regulatory consultation in the three
regions. In the EU it is published as a draft CPMP Guideline,
in the United States it is published as a draft guidance in the
Federal Register, and in Japan it is translated and issued by
MHLW for internal and external consultation.

4. Adoption of a harmonized text occurs when the topic
returns to the ICH forum. When the Steering Committee
receives a report regarding the regulatory and industry
satisfaction that the consensus achieved at Step 2 is not
substantially altered as a result of the consultation, the text
is adopted by the Steering Committee. This adoption takes
place on the signatures from the three regulatory parties to
ICH affirming that the Guideline is recommended for
adoption by the regulatory bodies in the three regions.

5. Regulatory implementation is carried out according to the
same national/regional procedures that apply to other
regulatory guidelines and requirements in the EU, Japan,
and the United States.
Key Accomplishments

Many procedures, including technical guidelines and the
format and content of registration applications have been
grouped and have been successfully harmonized. These are
readily available to the scientific community.

The ICH Topics are divided into four major categories and
ICH Topic Codes are assigned according to these categories.
The ICH Web site has summary charts with the status of
harmonization of the ICH Topics and Guidelines.

Q¼Quality topics, that is, those relating to chemical and
pharmaceutical quality assurance. Examples: Q1 Stability
Testing, Q3 Impurity Testing

S¼ Safety topics, that is, those relating to in vitro and in vivo
preclinical studies. Examples: S1 Carcinogenicity Testing, S2
Genotoxicity Testing

E¼ Efficacy topics, that is, those relating to clinical studies on
human subjects. Examples: E4 Dose Response Studies,
Carcinogenicity Testing, E6 Good Clinical Practices

M¼Multidisciplinary topics, that is, topics that do not fit
uniquely into one of the above categories:
M1: Medical Terminology
M2: Electronic Standards for Transmission of Regulatory

Information (ESTRI)
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M3: Timing of Preclinical Studies in Relation to Clinical
Trials

M4: The Common Technical Document (CTD)

The Medical Dictionary for Regulatory Activities termi-
nology (MedDRA) was designed for sharing harmonized
regulatory information for human medical products.
Meetings

The first conference was held in Brussels, Belgium in 1991.
The second conference (ICH 2) was in Orlando, FL in 1993.
ICH 3 was held in Yokohama, Japan in 1995.
ICH 4 was held in Brussels, Belgium in 1997.
ICH 5 was held in San Diego, CA in 2000.
ICH 6 was in Osaka, Japan in 2003.
ICH 7 was in Brussels, Belgium in 2007.
ICH 8 was in Barcelona, Spain in 2011.

See also: Food and Drug Administration, US; Organization for
Economic Cooperation and Development.
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History and Organization

The International Fragrance Association (IFRA) was formed in
1973 in Geneva to represent the collective interests of
the fragrance industry worldwide. With representation of
8 billion US dollars, IFRA is registered in Switzerland with its
operational center in Belgium. The organization is adminis-
tered by a board of directors on which all ordinary member
associations are represented. The general assembly is the
governing body of IFRA. Along with the industry’s scientific
center, the Research Institute for Fragrance Materials (RIFM)
makes sure that fragrance standards are being put into practice
by member companies in accordance with scientific
recommendations.
How IFRA Operates

IFRA has two arms: a scientific arm and an advocacy/
communication arm. RIFM, which is a nonprofit scientific
institute, is IFRA’s scientific arm. This institute generates and
evaluates safety data on fragrance ingredients. The IFRA
Scientific Committee (SC) and the independent RIFM expert
panel form the core of the IFRA process on which the assur-
ance of safe use of fragrance materials is based. The SC
provides scientific information to the REXPAN (independent
expert panel of RIFM), and is responsible for conducting
ongoing surveys.
Mission and Activities

The main purpose of IFRA is to ensure the safety of fragrance
materials through a dedicated science program with the final
objective of protecting the customer and the environment.
Through an international network of regional and national
associations, IFRA garners information on the fragrance
industry. Since 1973, when IFRA was established, the
industry has been adhering to a global safety program,
which consists of a code of practice, the IFRA standards, and
more recently the IFRA compliance program. The code of
practice document contains the full set of IFRA standards to
provide products that are safe for use by the consumer and
to the environment. This is a prerequisite for all fragrance
supplier companies that are members of IFRA. Based on new
scientific findings, amendments to the code are issued
annually (the 46th amendment was issued in 2011).
Communication and cooperation with government bodies
(national and international), support of independent safety
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assessment of ingredients used by the industry, and
membership provision are other activities of IFRA.
Membership

There are three categories of membership in IFRA. IFRA consists
of an international body plus a network of 4 regional bodies
(Europe, North America, Asia-Pacific, and Latin America) and
17 national associations. Besides association members, six
multinational fragrance companies (Givaudan, Firmenich,
International Flavors & Fragrances (IFF), Symrise, Takasago,
and Robertet) pay their membership dues directly to IFRA.
Countries where there is no representation for IFRA belong to
the third membership group as supporting members.
Committees

The SC monitors the safety evaluation activities of IFRA with
the objective of assuring the continued safe use of fragrances by
the membership and the user community. The Joint Advisory
Group (JAG) ensures effective interaction among scientists
belonging to the consumer goods manufacture and fragrance
industries on all aspects relating to the safe use of fragrance
ingredients. The Environmental Task Force (ETF) advises the
fragrance industry, through the SC, regarding the environ-
mental safety of fragrance materials and assists in the identifi-
cation and management of environmental issues related to
their use. The Committee for Occupational Safety, Health &
Environment (SHE) promotes an overall strategy for contin-
uous improvement in the flavor and fragrance industry’s safety,
health, and environmental programs. The Communications
Working Group (CWG) advances and enhances the image and
reputation of the fragrance materials industry among IFRA
customers, regulators, and the general public.
Contact Details

IFRA operations: Avenuedes Arts 6 B-1210Brussels Belgium. Tel.:
þ32 2214 20 60; fax: þ32 2214 20 69. E-mail: secretariat@
ifraorg.org.

IFRA head office: Chemin de la Parfumerie 5, CH-1214
Vernier, Geneva, Switzerland. Tel.: þ41 22431 82 50; fax: þ41
22 431 88 06. E-mail: secretariat@ifraorg.org

See also: Chemicals in Consumer Products; Distribution; Flavor
and Extract Manufacturers Association; Industrial Hygiene;
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Ozone; Research Institute for Fragrance Materials; Trade
Associations.

Further Reading

Bickers, D., Middleton, J., Smith, L., Vey, M., 2005. Roles in the safe use of fragrance
materials. Perfumer Flavorist 30, 46–51.
Relevant Websites

http://www.ifraorg.org/en-us/home/public_home
http://www.cosmeticsdesign-europe.com/Regulation-Safety/International-Fragrance-

Association-IFRA-issues-standards-update
http://www.rifm.org/doc/rolesinthesafeuseoffragrancematerials_1.pdf

http://www.ifraorg.org/en-us/home/public_home
http://www.cosmeticsdesign-europe.com/Regulation-Safety/International-Fragrance-Association-IFRA-issues-standards-update
http://www.cosmeticsdesign-europe.com/Regulation-Safety/International-Fragrance-Association-IFRA-issues-standards-update
http://www.rifm.org/doc/rolesinthesafeuseoffragrancematerials_1.pdf
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Introduction

The International Labor Organization (ILO) is a United
Nations (UN) agency formed to draw up and oversee inter-
national labor standards. Its main aims are to promote rights
at work, encourage decent employment opportunities,
enhance social protection, and strengthen dialog in handling
work-related issues. Working with its 183 members, the ILO
seeks to ensure that labor standards are respected in practice
as well as in principle. The ILO is the only tripartite UN
agency that joins together representatives of government,
employers, and workers to create policies and programs, and
labor standards.
History

The ILO was created in 1919, as part of the Treaty of Ver-
sailles that ended World War I, to reflect the belief that
universal and lasting peace can be accomplished only if it is
based on social justice. In 1994, ILO members built on these
aims by adopting the Declaration of Philadelphia, which sets
out basic human and economic rights. In 1946, the ILO
became the first specialized agency associated with the newly
formed UN. On its 50th anniversary in 1969, the ILO was
awarded the Nobel Peace Prize. In 1998, another important
date for the ILO, delegates to the International Labor
Conference adopted the declaration on fundamental princi-
ples and rights at work. In 2004, the role of the ILO in
promoting strategies for a fair globalization was backed by
the report of the World Commission on the Social Dimen-
sion of Globalization.
Program on Safety and Health at Work and the
Environment (SafeWork)

Every day, 6300 people die as a result of occupational accidents
or work-related diseases, more than 2.3 million deaths per year.
Over 337 million accidents occur on the job annually; many of
these result in extended absences from work. Ever since the ILO
was founded in 1919, the subject of occupational safety and
health (OSH) has been at the heart of its work, including its
standard-setting activities. The ILO Program on Safety and
Health at Work and the Environment, SafeWork, aims to create
worldwide awareness of the dimensions and consequences of
work-related accidents, injuries, and diseases. SafeWork’s goal
is to place the health and safety of all workers on the interna-
tional agenda; and to stimulate and support practical action at
all levels.

The SafeWork program has four major goals:

l Preventive policies and programs are developed to protect
workers in hazardous occupational and sectors.
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l Effective protection is extended to vulnerable groups of
workers falling outside the scope of traditional protective
measures.

l Governments and employers’ and workers’ organizations
are better equipped to address problems of workers’ well-
being, occupational health promotion, and the quality of
working life.

l The social and economic impact of improving workers’
protection is documented and recognized by policy makers
and decision makers.

Areas of safe work are: national OSH systems and programs,
OSH management systems, OSH information and knowledge
sharing, occupational health, chemical safety and the envi-
ronment, hazardous work, radiation protection, workplace
health promotion and well-being, OSH inspection, economic
aspects of OSH, gender and OSH.
ILO Instruments on OSH

These instruments are international labor standards and ILO
codes of practice.

International labor standards are legal instruments setting
out basic principles and rights at work. ILO standards on OSH
provide essential tools for governments, employers, and
workers to establish sound prevention, reporting, and inspec-
tion practices and to provide for maximum safety at work. The
ILO has adopted more than 40 standards specifically dealing
with OSH. Nearly half of the ILO instruments deal directly or
indirectly with OSH issues.

Codes of practice provide guidance on safety and health at
work in certain economic sectors, protecting workers against
certain hazards, and certain safety and health measures.

The International Occupational Safety and Health Infor-
mation Center (CIS) is the knowledge management arm of
the ILO Program on Safety and Health at Work and the
Environment (SafeWork). Its goal is to ensure that workers
and everyone concerned with their protection have access to
the facts they need to prevent occupational injuries and
diseases. CIS continuously monitors world literature on OSH
through its contacts with publishers and with about 150 focal
points (CIS Centers) at the national and regional level around
the world. It has the responsibility for maintaining the elec-
tronic fourth edition of the ILO’s Encyclopedia of Occupational
Health and Safety.

The ILO Encyclopedia of Occupational Health and Safety reflects
the latest developments in this area and provides comprehen-
sive coverage (the fourth edition is available in a four-volume
print version and on CD-ROM).

The CISDOC bibliographic database, the basic biblio-
graphic resource of CISDOC, is the collection of documents
received by the documentation center of CIS. It contains
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about 70 000 citations of documents that deal with occupa-
tional accidents and diseases as well as ways of preventing
them. The CISDOC database is updated on a continuous
basis.

The International Chemical Safety Cards (ICSC) project is
a joint undertaking between the World Health Organization
(WHO) and the ILO, with the cooperation of the European
Commission. ICSC are data sheets intended to provide
essential safety and health information on chemicals in
a clear and concise way. The primary aim of the cards is to
promote the safe use of chemicals in the workplace and the
main target users are therefore workers and those responsible
for OSH.
Other Activities

In collaboration with the Organisation for Economic Cooper-
ation and Development (OECD), the ILO has produced a series
of documents on labor market developments in G20 countries
and on a range of policy measures taken in response to the
crisis.

The International Program on Chemical Safety (IPCS),
established in 1980, is a joint program of three cooperating
organizations: WHO, ILO, and the United Nations Environ-
ment Program (UNEP), implementing activities related to
chemical safety. WHO is the executing agency of the IPCS,
whose main roles are to establish the scientific basis for safe use
of chemicals, and to strengthen national capabilities and
capacities for chemical safety.

The Globally Harmonised System for Classification and
Labeling of Chemicals (GHS) project was initiated by the ILO
as a follow-up to the adoption of the Chemicals Convention;
the ILO steered its development under the umbrella of the first
IPCS and then the Inter-Organization Program for the Sound
Management of Chemicals (IOMC).

See also: World Health Organization/International Programme
on Chemical Safety (WHO/IPCS); Statistics; Organization for
Economic Cooperation and Development; Publishing Trends in
Toxicology.
Further Reading

Country level support by ILO Green Jobs Programme. http://www.ilo.org/wcmsp5/
groups/public/dgreports/dcomm/documents/presentation/wcms_149921.pdf.

De Schutter, O., 2010. International Human Rights Law: Cases, Materials,
Commentary. Cambridge University Press, New York.

Factor, D., Uehlein, J., 1990. Organizing for safe work in a safe world. Labor Research
Review 1 article 11.

Green jobs: Facts and figures. http://www.ilo.org/wcmsp5/groups/public/@
dgreports/@dcomm/documents/publication/wcms_098484.pdf.

Green jobs: Towards decent work in a suitable, low-carbon world. http://www.unep.
org/labour_environment/PDFs/Greenjobs/UNEP-Green-Jobs-Report.pdf.

ICEF Organization, Statutory Congress, 2011. Safe Work in a Safe World. International
Federation of Chemical, Energy and General Workers’ Unions, New York.

International Occupational Safety and Health Information Centre, 2002. Safety and
health at work. ILO-CIS Bulletin, vol. 16.

Milman-Sivan, F., 2006. Labor Rights and Globalization: An Institutional Analysis of the
International Labor Organization (ILO). Colombia University, New York.

National Research Council, 2004. Monitoring International Labor Standards. National
Academies Press, Washington, DC.

Occupational Safety and Health Recommendation 2006 (No. 197). http://www.ilo.org/
ilolex/cgi-lex/convde.pl?R197.

Promotional Framework for Occupational Safety and Health Convention (2006) (No.
187). http://www.ilo.org/ilolex/cgi-lex/convde.pl?C187.

Resolutions adopted by ILC in 100th session. http://www.ilo.org/wcmsp5/groups/
public/ed_norm/relconf/documents/meetingdocument/wcms_162049.pdf.

Safety and health in agriculture. http://www.ilo.org/wcmsp5/groups/public/–-ed_protect/
protrav/safework/documents/normativeinstrument/wcms_161135.pdf.

Scharf, T., Kidd, P., Cole, H., et al., 1998. Intervention tools for farmers: Safe and
productive work practices in a safer work environment. J. Agric. Saf. Health 1,
193–203.

Standing, G., 2008. The ILO: An agency for globalization? Development and Change
39, 355–384.

Relevant Websites

The ILO, http://www.ilo.org
ILO & FAO. http://www.fao-ilo.org/
New ILO study says greener economies will require development of new green

job skills. http://www.ilo.org/global/about-the-ilo/press-and-media-centre/news/
WCMS_166870/lang–en/index.htm

Occupational safety and health recommendation, 2006 (No. 197). http://www.ilo.org/
ilolex/cgi-lex/convde.pl?R197

Programme on Safety and Health at Work and the Environment (SafeWork) http://www.
ilo.org/safework/lang–en/index.htm

Promotional framework for occupational safety and health convention, 2006 (No. 187).
http://www.ilo.org/ilolex/cgi-lex/convde.pl?C187
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History and Purpose

The International Life Sciences Institute (ILSI) Health and
Environmental Sciences Institute (HESI) is a nonprofit
scientific organization that brings together scientists from
around the world from industry, regulatory agencies and
other governmental institutions, academia, and other research
organizations (the ‘tripartite’ approach) to address and reach
consensus on scientific questions that have the potential to be
resolved through creative application of intellectual and
financial resources. HESI was established in 1989 as the global
branch of the ILSI (www.ilsi.org) to provide an international
forum to advance the understanding of scientific issues related
to human health, toxicology, risk assessment, and the envi-
ronment. In 2002, HESI was recognized by the United States
government as a publicly supported, tax-exempt organization,
independently chartered from ILSI.

HESI’s mission is to engage scientists from academia,
government, and industry to identify and resolve global health
and environmental issues with a vision toward creating science-
based solutions for a sustainable, healthier world.
Scientific Programs

HESI’s scientific programs are conducted by tripartite
committees that organize, support, and execute collaborative
laboratory research programs, workshops, conferences, litera-
ture reviews, the development and analysis of databases, etc.
These committees disseminate the products of their activities
through peer-reviewed journals, monographs, scientific
symposia and posters, and other print- and web-based publi-
cations. Committees are jointly led and populated by both
public and private sector scientists to ensure balance and
diversity of perspectives.
Membership and Funding

HESI’s global membership consists of scientists from academia,
government, and industry who provide in-kind resources
(expertise, laboratory studies, data, analytical capabilities, etc.)
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as participants in HESI’s scientific programs and organizational
management. Member input drives the identification and
selection of new scientific research programs and shapes HESI
strategic direction. Scientific program execution and organiza-
tional governance is funded by in-kind contributions, corpo-
rate sponsorship dollars, and grants. Corporate sponsorship in
HESI is open to business entities that are producers of phar-
maceuticals, cosmetics, agricultural and other industrial
chemicals, paper products, personal care and household
products, food and beverages, communications products,
transportation products, or energy products, as well as
providers of scientific and technical services used in the safety
testing or production of these products. Individuals and trade
associations are not eligible for HESI sponsorship.
Contact Details

ILSI Health and Environmental Sciences Institute, 1156, 15th
Street, NW, Suite 200, Washington, DC 20005, USA. Tel.:
þ1 202 659 3306. Website: www.hesiglobal.org.

See also: Risk Assessment, Human Health; Environmental Risk
Assessment, Aquatic; Environmental Risk Assessment,
Cosmetic and Consumer Products; Environmental Risk
Assessment, Marine; Environmental Risk Assessment,
Pesticides and Biocides; Environmental Risk Assessment,
Secondary Poisoning; Environmental Risk Assessment,
Terrestrial; EU Risk Assessment Committees; The European
Classification and Labeling (C&L) Inventory; European Food
Safety Authority (EFSA); The European Medicines Agency
(EMA); Electronic Waste; Integrated Pollution Prevention and
Control (IPPC); IUCLID (International Uniform Chemical
Information Database); Aquatic Mesocosms and Microcosms;
Multispecies Environmental Testing Designs; eChemPortal –
The Global Portal to Information on Chemical Substances.

Relevant Websites

www.hesiglobal.org – ILSI Health and Environmental Sciences Institute (HESI).
www.ilsi.org – The International Life Sciences Institute (ILSI).
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History and Organization

The International Organization of the Flavor Industry (IOFI)
was founded in 1969 in Geneva to represent the collective
interests of the flavor industry worldwide. IOFI is a Swiss
association with a Belgian branch, and is headed by an execu-
tive director and a board of directors. The General Assembly is
the governing body of IOFI. Each national delegation/ordinary
member has one vote. The General Assembly meets at least
once a year. The association has a scientific director who
supervises the technical and scientific aspects of the association.
Introduction to Flavorings

Substances known as flavorings are used to add taste and/or
smell to food. Manufacturers in the food industry have been
using flavoring type substances for many years now. Flavorings
are used in a wide variety of foods such as confectionery, soft
drinks, cakes, yoghurts, and many cereals. Flavoring substances
are an integral ingredient of the global food and drinks industry.
Currently, the majority of global sales of flavorings are still
essentially focused in the developed markets of North America
and Europe; however, due to the maturing of new emerging
markets, sales are now increasing in such places as India and
China as consumers there continue to drive the sales of pro-
cessed foods. About two-thirds of the overall sales of flavors are
made up of sweet flavors; the rest of the sector is composed of
savory flavors. Taste preferences are generally highly regional;
however, even though certain flavors are more popular in
specific markets and regions, such as chocolate, vanilla, and
orange, flavoring companies must still be able to supply a wide
range of products in order to meet numerous local demands.

As the world has continued to change, so have the taste
preferences of consumers. Innovation has thus become
a fundamental element of success for major flavoring compa-
nies. Consumers today are more open than ever to sample new
taste profiles. The surge of innovation by manufacturers to
improve the flavor of their products is accompanied by an
increase in threatening legislation and resulting consumer
awareness for healthier food products and balanced diets.
Flavor companies are now tasked with not only increasing
flavor but also in developing products with lower levels of fat
and sodium. Flavor innovation has advanced to play an inte-
gral role in the growth strategies of the major food and
beverage manufacturers throughout the world.
Mission and Activities

IOFI is the representative of the global flavor industry. Acting
directly and through its members, IOFI provides the industry,
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its customers, government agencies, and consumers with sound
scientific information, education, and training in order to
promote the benefits and safe use of flavors. The activities of
IOFI cover science, advocacy, communication, and intellectual
property protection. This is done by (1) serving as an effective
advocate for IOFI members by representing the industry’s
interests before global legislative and regulatory bodies;
(2) participating in the harmonization of global flavor legis-
lation; (3) providing information and advice to emerging
countries on the status of flavor regulation in the United States,
Europe, and Japan; (4) collecting confidential information on
a worldwide basis on the identity and use levels of flavoring
substances; (5) collecting data on safety studies on flavoring
ingredients, with the aim of facilitating their evaluation by
scientific bodies; and (6) participating in international meet-
ings, hearings, and conferences to help promote the interests of
IOFI and the global harmonization of flavor legislation.

IOFI also functions by (1) maintaining good relationships
with related associations (e.g., the International Federation of
Essentials Oils and Aroma Trades (IFEAT), International Life
Sciences Institute (ILSI), and regular communication with the
Food and Agriculture Organization (FAO), the World Health
Organization (WHO), Codex Alimentarius Commission, the
Joint FAO/WHO Expert Committee on Food Additives
(JECFA), and the Council of Europe); (2) preparing publica-
tions on safety and regulatory matters; (3) keeping IOFI’s
members fully informed on scientific, legal, regulatory, and
other relevant matters, through information letters, circular
letters, a code of practice, and other guidelines; and (4) keeping
the code of practice and similar IOFI documents updated.
Membership

IOFI membership is open to all countries and currently
comprises the national associations of flavor manufacturers
from Australia, Europe, the Far East, and North and South
America, such as the Flavor and Extract Manufacturers Associ-
ation (FEMA) (United States), European Flavor and Fragrance
Association (EFFA) (European Union), and Japan Flavor and
Fragrance Materials Association (JFFMA) (Japan). Since there is
no company membership in IOFI, individual flavor companies
belong to IOFI through IOFI’s member associations. Ordinary
member associations and their member companies benefit
from IOFI membership via (1) participation in the work of the
IOFI Board and of the IOFI committees; (2) receiving infor-
mation disseminated by IOFI, covering a wide range of critical
subjects relevant to flavor use, safety, and operations;
(3) contact with experts and industry colleagues from all over
the world; and (4) assistance of IOFI as an avenue of support to
the resolution of complex issues faced by flavor companies in
international commerce.
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Publications, Databases, Services

The main thrust of IOFI’s scientific activities consists of devel-
oping, communicating, and implementing a code of practice for
the international flavor industry. The code of practice provides
standards of good operating practice and product safety. It was
first issued in 1969 and has been followed by flavor companies
worldwide ever since. Amendments and updates are issued on
a regular basis. Meetings of IOFI Committees and Working
Groups are held on a regular basis, such as the Global Safety
Management Committee (GSMC), the Technical Experts
Committee (TEC), and the Working Group on Methods of
Analysis. In addition, there are regular meetings of joint
committees, for example, the EFFA/IFRA/IOFI Labeling Group
and the Committee on Health and the Environment and
Workplace Safety.
Related Organizations

l EFFA
l International Fragrance Association
l FEMA
l JFFMA
Contact Details

Switzerland: International Organization of the Flavor Industry
(IOFI), rue du Rhône, 100, 1204 Geneva, Switzerland.
Tel.: þ41 22 310 44 21; fax: þ41 22 716 30 75.

Belgium: International Organization of the Flavor Industry
(IOFI), Avenue des Arts, 6, 1210 Brussels, Belgium. Tel.: þ32
2214 20 50; Fax: þ32 2214 20 69. URL: http://www.iofi.org

See also: International Fragrance Association (IFRA).

Further Reading

Schrankel, K.R., 2004. Safety evaluation of food flavorings. Toxicol. 198 (1–3), 203–
211.
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The International Society for the Study of Xenobiotics
(ISSX) formed in 1981 is one of the leading organizations for
scientists who pursue research in the domain of metabolism
and disposition of xenobiotics in the biological systems.
Historically, ISSX was brought together by a small group of
scientists during the 1970s with an aim to act as an interface for
the effective communication among scientists across the world
who were committed to study the absorption, distribution,
metabolism, and excretion of xenobiotics in the living systems.
Thus ISSX was formed with following aims:

1. To inspire the collaboration among the scientists engaged in
the study of xenobiotic metabolism and in other related
disciplines.

2. To diversify and proliferate research and related matters of
interest in metabolism via publication and discussion
among scientists.

3. To promote public awareness of chemical metabolism and
its social and environmental implications.

4. To promote education and training in the field so as to
prepare new generation of scientists.

Currently, with over 2250 members from 50 different
countries all across the world, ISSX has far more outreach than
its inception in 1970. The Society’s activities are relevant to all
aspects of drug development and toxicology worldwide. In
general, studies on xenobiotics include the rates and extents of
the processes and the biological consequences. More specifi-
cally, research activities for the study of xenobiotics range from
the introduction of xenobiotics into the body to its distribution
and transport throughout the body. Further interactions and
elimination of these compounds from biological systems
covers all areas that are studied by these researchers engaged in
the study of xenobiotics metabolism and disposition. Thus the
society helps enormous number researchers all over the world
working in such diverse fields such as clinical and basic phar-
macology, biochemistry, toxicology, and oncology who are
drawn toward metabolism by providing a perfect platform to
exchange ideas and collaborate. Moreover, the studies, are not
only restricted to universities and research institutes, but also in
the pharmaceutical, chemical, agrochemical, food processing,
tobacco, and cosmetic industries which allow much wider
scope of interaction among the scientists across the globe.

To have a widespread outreach among the community and
scientists interested in understanding of the interactions of
medicines and chemicals, ISSX launched their official journal,
Drug Metabolism Reviews (DMR) in 1972. DMR is a highly
esteemed quarterly journal, which provides rapid publication
of drug metabolism research in the field. The reviews published
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by DMR provides the critically needed reviews of an impressive
array of drug metabolism research covering absorption, distri-
bution, metabolism, and excretion of new drugs and environ-
mentally toxic chemicals. In fact, the journal serves diverse
groups of medical professionals, including pharmacologists,
toxicologists, chemists, microbiologists, pharmacokineticists,
immunologists, and mass spectroscopists, as well as enzy-
mologists working in areas of xenobiotic biotransformation.

For better communication among the scientists, ISSX also
organizes international meetings every third year, in addition,
to one or more regional meetings and workshops in European,
Asia/Pacific, and North American venues on a regular basis.
Furthermore, like any other professional organization, ISSX
aims to enhance the xenobiotic related research and motivate
new generation of researchers by offering them travel grants,
especially, to students and postdocs as well as scientists from
disadvantaged nations so as to attend ISSX meetings across the
world. The students and scientists from these underprivileged
nations can gain a lot from attending these meetings.

ISSX also has an awards program in place to encourage and
recognize scientists who are active in the field or those who have
made a significant contribution to the field. These awards are as
follows:

l Regional Scientific Achievement Awards – conferred to an ISSX
member who has made major scientific contributions to the
field within geographical region of Europe, Asia Pacific, and
North America.

l Regional New Investigator Awards – conferred to ISSX
members who have made substantial contributions to the
field during the 5–10 years of their early career. The purpose
of these awards is to encourage and recognize developing
scientists who are active in the field within the geographical
regions of Europe, Asia Pacific, and North America.

l The R.T. Williams Distinguished Scientific Achievement Award –

Sponsored by Charles Crespi and Family – conferred to a scien-
tist from any region who has made substantial and ground-
breaking contributions to the field over the period of years.

l The Frederick J. Di Carlo Distinguished Service Award –

conferred to an ISSX member from any region who has
consistently served the society and provided service to meet
its goals.

In all, ISSX provides a platform to the scientists who are
interested or are involved in the study of adsorption, distri-
bution, metabolism, and elimination of the drugs or chemicals
with the living systems by providing them means to commu-
nicate and exchange ideas via meetings, workshop, and quality
scientific publications.

Environmental toxicology and chemistry embrace fields of
study that include:

1. Analytical chemistry
2. Atmospheric sciences and engineering
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00324-9
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3. Biology
4. Classical toxicology
5. Ecology
6. Economics
7. Environmental chemistry
8. Environmental assessment and management
9. Genetics
10. Life cycle assessment
11. Microbiology
12. Organic chemistry
13. Physiology
14. Risk assessment
15. Soil sciences and engineering
16. Water sciences and engineering
See also: Society of Toxicology; The National Institute of
Environmental Health Sciences; National Institutes of Health;
Society of Environmental Toxicology and Chemistry; National
Center for Toxicological Research, US.

Relevant Websites

http://www.niehs.nih.gov/ – National Institute of Environmental Health Sciences.
http://www.setac.org/ – Society of Environmental Toxicology and Chemistry.
http://www.toxicology.org/ – Society of Toxicology.

http://www.niehs.nih.gov/
http://www.setac.org/
http://www.toxicology.org/
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The International Society of Exposure Science (ISES), previ-
ously named the International Society of Exposure Analysis
(ISEA), is a nonprofit organization that was formed to advance
the field of exposure science and promote the use of exposure
science in the fields of public, occupational, and environmental
health. The Journal of Exposure Science and Environmental Epide-
miology is the official journal of the ISES.
Mission

“The ISES was established in 1989 to foster and advance the
science of exposure analysis related to environmental
contaminants, both for human populations and ecosystems.
The membership promotes communication among all disci-
plines involved in exposure analysis, recommends exposure
analysis approaches to address substantive or methodological
concerns, and works to strengthen the impact of exposure
assessment on environmental policy.”
History

The ISEA, renamed the ISES in 2008, was organized in 1989 by
a group of scientists and engineers at a meeting on Exposure
TEAM (Total Exposure Assessment Methodology). Exposure
science had not yet developed as a separatefield, and the impetus
for forming the ISES was to encourage and develop the use of
exposure science in environmental epidemiology, environ-
mental policy-making, and human and ecosystem health. This
was to be accomplished by providing a forum in which profes-
sionals and students may discuss concerns and problems of
exposure science and exchange views, information, and scientific
expertise. The need for the society was also discussed during the
National Research Council Committeemeetings andworkshops
as they developed the report “Human Exposure Assessment for
Airborne Pollutants,” published in 1991. This committee,
formed in 1987, included four of the foundingmembers of ISES.

Members of ISES have experience in several disciplines
including exposure assessment; chemistry; biochemistry; risk
assessment; biostatistics; physiology; toxicology; epidemi-
ology; ecology; environmental fate, transport, and trans-
formation; and environmental engineering. The society’s
membership includes academic, governmental, and private
sector scientists, scientific managers, and policy makers who
have a common interest in the field of exposure science.

The ISES was based on the perceived need to develop
exposure science in research and decision making to improve
human health and the environment. At that time, character-
izing exposure was not fully addressed by the established
disciplines in environmental health. Further, it was thought by
the founders that this gap could best be filled by acquiring and
synthesizing specialized knowledge to address questions of
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exposure. The founders of ISES also identified a need for
interdisciplinary collaboration in the study and applications of
exposure science in order to support human and environ-
mental policy makers. For example, the society assisted in the
development of the revisions to the 1992 Exposure Factors
Guidelines, and ISES has helped in developing a common
vocabulary for the field. The ISES Glossary was published in the
society’s official journal, the Journal of Exposure Science and
Environmental Epidemiology, in 2005, and formed part of the
glossary of terms produced by the International Programme
on Chemical Safety (WHO/International Labour Organization
(ILO)/United Nations Environment Programme (UNEP)).

After United States Environmental Protection Agency’s
cancellation of the Children’s Health and Environmental
Exposure Research Study in 2005, the need for ethical guidance
specific to the conduct of observational studies in environ-
mental health, particularly those involving children, became
apparent. Members of ISES responded with a white paper
calling for support of observational studies of children to
adequately protect children from unknown environmental
exposures, and calling for better communication about the
nature of observational studies.
Communication and Dissemination

The ISES primarily disseminates information through its web-
site, an annual conference, a communications and outreach
committee, and a Distinguished Lecturer Program. Through
this program, lecturers from the ISES are chosen to speak to
students, scientists, and policy makers. These lectures tend to
promote exposure science, but also provide an opportunity for
dialog about exposure science between and among ISES
members and nonmembers.
Awards

The ISES confers the following awards:

Jerome J. Wesolowski Award
Joan M. Daisey Outstanding Young Scientist Award
Constance L. Mehlman Award
Distinguished Lecturer Award
DGUV/IPA Award for Young Exposure Scientists
Early Career Award
Founding Members

Gerald Akland
Joseph Behar
Michael Callahan
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00621-7
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Steven Colome
Joan Daisey
Michael Dellarco
Paul Lioy
Michael Lebowitz
Lars Möhave
Demetrios Moschandreas
Myron Mehlman
Wayne Ott
James Quackenboss
Bernd Seifert
Jack Spengler
Jerome Wesolowski

ISES Logo

See also: The Exposome; Risk Characterization; Risk
Communication; Mixtures, Toxicology, and Risk Assessment;
Risk Assessment, Human Health; Chemicals in Consumer
Products; How Toxicology Impacts Other Sciences; The Seveso
Disaster and the European Seveso Directives; Hazardous
Waste; Candidate List of Substances of Very High Concern
(SVHC), REACH; Chemical Safety Assessment and Reporting
Tool (Chesar), REACH; Environmental Exposure Assessment;
Environmental Risk Assessment, Pesticides and Biocides; EU
Risk Assessment Committees; Chemical Safety Assessment;
ACGIH

�
(American Conference of Governmental Industrial

Hygienists); American Industrial Hygiene Association;
Industrial Hygiene; Intergovernmental Forum on Chemical
Safety; International Life Sciences Institute Health and
Environmental Sciences Institute (ILSI-HESI);
Inter-Organization Programme for Sound Management of
Chemicals; Joint FAO/WHO Expert Meetings (JECFA and
JMPR); Levels of Effect in Toxicology Assessment; Monte Carlo
Analysis; Occupational Exposure Limits; Society for Risk
Analysis; Toxicity Testing in the 21st Century: Approaches to
Implementation; Omics and Related Recent Technologies;
CERCLA; Revised as the Superfund Amendments
Reauthorization Act (SARA); Good Laboratory Practices;
National Environmental Policy Act, USA; Biomonitoring;
Environmental Fate and Behavior; Environmental Justice.

Further Reading

Cohen Hubal, E.A., Barr, D.B., Koch, H.M., Bahadori, T., 2011. The promise of
exposure science. Journal of Exposure Science and Environmental Epidemiology 21
(2), 121–122. Epub 2011 Jan 12. PubMed PMID: 21224897.

Lioy, P.J., 2010. Exposure science: A view of the past and milestones for the future.
Environmental Health Perspectives 118 (8), 1081–1090. Epub 2010 Mar 22.
Review. PubMed PMID: 20308034; PubMed Central PMCID: PMC2920079.

Lioy, P.J., 2008. Time for a change: From exposure assessment to exposure science.
Environmental Health Perspectives 116 (7), A282–A283. PubMed PMID:
18629326; PubMed Central PMCID: PMC2453172.

Relevant Website

www.isesweb.org

http://www.isesweb.org
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The International Union of Pure and Applied Chemistry
(IUPAC) works to advance the worldwide aspects of the
chemical sciences and to contribute to the application of
chemistry in the service of mankind. As a scientific, interna-
tional, nongovernmental, and objective body, IUPAC addresses
many global issues involving the chemical sciences.

IUPAC was formed in 1919 by chemists from industry and
academia. Over nearly eight decades, the Union has fostered
worldwide communications in the chemical sciences and has
united academic, industrial, and public sector chemistry in
a common language. IUPAC is recognized as the world
authority on chemical nomenclature, terminology, standard-
ized methods for measurement, atomic weights, and many
other critically evaluated data. The Union sponsors major
international meetings ranging from specialized scientific
symposia to CHEMical Research Applied to World Needs
(CHEMRAWN) meetings with broad societal impact.

IUPAC is an associationof variousbodies,NationalAdhering
Organizations (NAOs), which represent the chemists of the
member countries. There are 44 NAOs, and 20 other countries
are linked to IUPAC as Associate NAOs. Almost 1000 chemists
throughout the world are engaged on a voluntary basis in the
scientific work of IUPAC, primarily through projects, which are
components of 8 divisions and several committees. The divi-
sions of IUPAC are as follows:

I Physical and biophysical chemistry
II Inorganic chemistry
III Organic and biomolecular chemistry
IV Macromolecular
V Analytical chemistry
VI Chemistry and the environment
VII Chemistry and human health
VIII Chemical nomenclature and structure representation
IUPAC and Nomenclature

IUPAC’s nomenclature books are used by professional chemists
in academia, government, and chemical industry throughout the
world. They are commonly identifiedby the colors of their covers:

l Gold: Chemical terminology
l Green: Quantities, units, and symbols in physical chemistry
l Red: Nomenclature of inorganic chemistry
l Blue: Nomenclature of organic compounds
l Purple: Macromolecular nomenclature
l Orange: Analytical nomenclature
l Silver: Nomenclature and symbols in clinical chemistry
IUPAC and Standards

IUPAC publishes definitive and up-to-date data on atomic
weights and isotopic abundances. It also publishes a wide variety
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of other chemical data of value to chemists and chemical
engineers:

l International thermodynamic tables of the fluid state
l Solubility data series – over 70 volumes of data in this series

have already been published
l Stability constants – this database of metal-complex stability

constants available on disk contains about 25000 pieces of data
l Enthalpies of vaporization of organic compounds
l Thermodynamic and transport properties of alkali metals.
l Recommended reference materials for achievement of

specific physicochemical properties
l Evaluated kinetic and photochemical data for atmospheric

chemistry

IUPAC is widely involved in establishing standard methods
for use in analytical, clinical, quality control, and research
laboratories. Some examples are given below:

l Standardmethods for the analysis of oils, fats, and derivatives
l Harmonization of international quality assurance schemes

for analytical laboratories
l Protocols for self-auditing of analytical laboratories for ISO

9000 certification
l Quality assurance and sampling
l Standardization of immunoassay determinations
l Standard methods for the determination of trace elements

in body fluids
l JCAMP-DX, a standard format for the exchange of spectra in

computer readable form
l Experimental thermodynamics: measurement of the trans-

port properties of fluids; solution calorimetry
IUPAC and the Environment

The various commissions and committees of IUPAC have
undertaken an extensive array of environmental projects. Some
examples are given below:

l Environmental analytical chemistry
l Environmental particles
l Polymer recycling
l Determination of trace elements in the environment
l Gas kinetic data for atmospheric chemistry
l Glossary of atmospheric chemistry terms
l Glossary of terms used in ecotoxicology
l Pesticides in surface water
l Development of sustainable (‘green’) chemistry
The IUPAC Congress and Other Meetings

IUPAC organizes a biennial congress, and each year IUPAC
sponsors a large number of independently organized symposia
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.01021-6
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that cover a wide range of specialized topics in chemistry.
Sponsorship by IUPAC attests to the quality of the scientific
program and indicates the host country’s assurance that
scientists from all countries may participate. IUPAC sponsors
a continuing series of conferences on CHEMRAWN. These
meetings focus on topics in chemistry that have sociopolitical
impact, such as availability of raw materials, food chemistry,
and environmental matters.
IUPAC Division VII – Chemistry and Human Health

Toxicology is one of the concerns of this division. The main
activities of the division covered by three subcommittees are:

l Nomenclature, properties, and units in laboratory medicine
l Medicinal chemistry and drug development
l Toxicology and risk assessment

All of these contribute to relevant areas of chemical toxicology.
Subcommittee on Nomenclature, Properties,
and Units in Laboratory Medicine

In 1995, the predecessor of the present subcommittee, the
Commission on Nomenclature, Properties and Units (C-NPU
of IFCC and IUPAC) started publishing a series of papers on
a coding system (i.e., a structure or a framework for the pairs
of codes and meaning) and a coding scheme (i.e., the pairs of
codes and their meaning), for properties in laboratory medi-
cine. ‘Meanings’ can be descriptions of any properties that are
measured or observed in laboratory medicine. The codes offer
unique and sufficient information about properties and are
designed to facilitate the transfer of information between
laboratories and the end users of laboratory information. The
codes make it possible to translate the data to any language
automatically. So far the meanings have been tested for
translation into 18 languages, including many of the Euro-
pean languages, Arabic, and Cantonese. In order to test
functionality, the coding scheme has been successfully map-
ped to the various codes that are used in more than 50
medical laboratories in Denmark and Sweden. To accom-
modate national or local needs, special codes can be used. The
coding scheme is accessible on the IFCC Web site and
currently (2011) includes about 20 000 entries (system,
component, kind-of-property, result).
Subcommittee on Medicinal Chemistry
and Drug Development

This subcommittee arranges two meetings a year and publishes
books, most recently Practical Studies for Medicinal Chemistry,
published in Portuguese, Spanish, and English, and also
available as a Web version. It also prepares glossaries to aid
communication between chemists working in this area. These
glossaries include a ‘Glossary of Terms Used in Medicinal
Chemistry,‘ which is available on the IUPAC Web site. This
glossary was published in the Annual Report on Medicinal
Chemistry, which was distributed by the American Chemical
Society to over 10 000 medicinal chemists. More recently, there
has been the production and publication of a ‘Glossary of
Terms Used in Computational Drug Design.’

To assist medicinal chemists in their understanding of
combinatorial chemistry and to help with the acceptance of
a universally understood language, a ‘Glossary of Combinato-
rial Chemistry Terms’ was published in Pure and Applied
Chemistry and subsequently, in the Journal of Combinatorial
Chemistry. This ensures its use within the American Chemical
Society as a standard glossary of terms. Other glossaries of
terms are being prepared, including a Glossary of Drug
Metabolism Terms, Glossary of Terms in Pharmaceutical
Process Chemistry, and Glossary of Terms in Pharmaceutical
Technology. In addition, two books on analog-based drug
discovery, edited by Janos Fischer and Robin Ganellin, have
recently been published by this subcommittee.
Training of Medicinal Chemists

A series of papers has been published on training. A syllabus for
a short course on medicinal chemistry has also been published,
and courses have been initiated in some Latin American
countries.
Guidelines for Natural Product Collaborations

To facilitate collaborations, a document of guidelines for this
was published in 1996 as IUPAC Recommendations entitled
‘Preservation and Utilization of Natural Biodiversity in Context
of the Search for Economically Valuable Medicinal Biota.’ Two
other documents have been published on the subject: a technical
report intended to help with drawing up contracts and an article
titled ‘Medicinal Chemistry in the Development of Societies.’
IUPAC Subcommittee on Toxicology
and Risk Assessment

IUPAC Subcommittee on Toxicology and Risk Assessment is
open to all those members of Division VII and other chemists
(who may be co-opted) who are interested in toxicology.

Its terms of reference are as follows:

1. To coordinate projects that have been approved by the
Division VII Committee and which relate to toxicology and
risk assessment.

2. To provide a forum for discussing the information content
and progress of projects identified under (1) above.

3. To provide a forum for initiating new project submissions
in the subject areas of toxicology and risk assessment that
are considered to be suitable activities for Division VII.

4. To provide the opportunity for coordination in both
experimental and computational approaches to toxicology
and risk assessment methods.

5. To report to the Division VII President and the Committee
on items (1) to (3) above.

6. To provide a connection with other organizations con-
cerned with toxicology such as the International Union of
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Toxicology (IUTOX), the International Programme for
Chemical Safety (IPCS), the World Health Organization
(WHO), the Organization for Economic Cooperation and
Development (OECD), the International Labour Organi-
zation (ILO), the International Union of Biochemistry
and Molecular Biology (IUBMB), the International Union
of Immunological Societies (IUIS), the International Union
of Pharmacology (IUPHAR), the International Federation of
Clinical Chemistry (IFCC), other national and international
toxicology and clinical chemistry societies, and chemical
industry health and safety groups.

7. To provide an opportunity for IUPAC interaction with
chemists in the chemical industry worldwide in the field of
toxicology and risk assessment.

8. To broaden the activities of the division by providing
opportunities for other organizations involved in toxicology
and risk assessment to work together with Division VII
members.

9. To offer advice to the Division President and the Committee
on matters concerning toxicology and risk assessment in all
aspects from the purely chemical to the protection of human
health and the natural environment.

A major continuing task of the subcommittee is the devel-
opment of glossaries of terms used in toxicology. The original
‘Glossary of Terms Used in Toxicology’ has been adapted by the
National Library as a part of the toxicology tutorial presenta-
tion ‘ToxLearn,’ to be found at http://toxlearn.nlm.nih.gov,
a joint project of the US Society of Toxicology and the US
National Library of Medicine. A Glossary of Terms Used in
Ecotoxicology terms published in 2009 and a ‘Glossary of
Terms Used in Immunotoxicology’ will shortly be published as
an IUPAC Recommendation in the IUPAC journal, Pure and
Applied Chemistry. It is intended that all the glossaries related to
toxicology will be combined in a single online database and
that this may be further expanded with terms used in subspe-
cialties of toxicology such as neurotoxicology, developmental
toxicology, etc.

The subcommittee also publishes books. The latest book,
Concepts of Toxicology, published by the Royal Society of
Chemistry in 2009, has pioneered the use of concept diagrams
to show how the fundamental ideas incorporated in termi-
nology relate to each other and can be combined to link
different levels of understanding, thus influencing current
thinking and future developments.

One of the main concerns of the Subcommittee on Toxi-
cology and Risk Assessment and its predecessor the Commis-
sion on Toxicology has been the education of chemists
in fundamental principles of toxicology. Activities here
have involved the compilation of glossaries (mentioned
above), educational modules, and reviews of matters of
current concern. These can be found on the IUPAC Web site at
http://www.iupac.org/divisions/VII/VII.C.2/index.html. In this
context, a pioneering project is Toxiclaro, Toxicology in the
Classroom, chaired by W. Temple. This project has resulted in
an online learning program about pesticides, their dangers and
safe usage, designed in a child-friendly way, appropriate for
usage in school for children 10–12 years old. It is available in
English on the Internet and also as a CD from UNEP Chem-
icals. The next stage, after it is has had final testing, will be to
translate the program into other languages and also to make
Internet and CD versions freely available.
The Future of IUPAC

Chemistry historically emerged and developed as an interdis-
ciplinary scientific field, with a broad definition of its borders.
In keeping with Linus Pauling’s definition of the chemical
bond “whatever is convenient to the chemist to define as
a bond,” chemistry can be defined as a discipline encompassing
all areas that are of interest to chemists and where molecular
science makes significant contributions. The diverse world of
modern chemistry encompasses outstanding intellectual
accomplishment, scientific creativity and originality, and the
generation of new knowledge. IUPAC serves international
scientific endeavor in the dual function of a basic science and
a mission-oriented Union. The Union has evolved to be
uniquely fitted to contribute to the central interdisciplinary
chemical sciences. Strengthening international chemistry,
inspiring and ensuring high standards of excellence and rele-
vance in academic and industrial research, and promoting the
service of chemistry to society and to global issues are the
visions that continue to shape IUPAC’s activities in the twenty-
first century.

See also: Society of Environmental Toxicology and Chemistry;
National Center for Environmental Health-ATSDR.
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Relevant Websites

Official IUPAC website http://www.iupac.org/
IUPAC nomenclature and terminology www.iupac.org/publications/books/seriestitles/
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IUPAC databases and related e-resources (solubilities, activity coefficients, kinetic data,
stability constants, and more) http://old.iupac.org/publications/epub/index.html - db

Educational resources (presentations, collections of diagrams, and more)
http://old.iupac.org/publications/epub/index.html - db
InChI (open source software for automatic generation of IUPAC International Chemical

Identifiers)
http://www.iupac.org/inchi/index.html
ThermoML (IUPAC sponsored XML language for thermodynamic property data storage)
http://old.iupac.org/namespaces/ThermoML/index.html
Chemical Education International (the online newsletter of the Committee on Chemistry

Education presents reports, facts and figures, as well as opinions and essays)
www.iupac.org/publications/cei

http://old.iupac.org/publications/epub/index.html
http://old.iupac.org/publications/epub/index.html
http://www.iupac.org/inchi/index.html
http://old.iupac.org/namespaces/ThermoML/index.html
http://www.iupac.org/publications/cei
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Founded on 6 July 1980, in Brussels, Belgium, during the
second International Congress of Toxicology (ICT), the Inter-
national Union of Toxicology (IUTOX) now has 61 affiliated
societies representing all six continents, and more than 20 000
toxicologists from industry, academia, and government as
members (visit the website for the complete list of Member
Societies). IUTOX’s mission is to improve human health
through the science and practice of toxicology worldwide.

IUTOX seeks to serve as the scientific voice of toxicology in
the world, to provide leadership as a worldwide scientific
organization to objectively address global issues involving
toxicological sciences, to broaden the geographical base of
toxicology as a discipline and a profession to all countries of the
world, to pursue capacity building in toxicology, particularly in
developing countries, to utilize its global perspective and
network, and to contribute to the enhancement of toxicology
education and the career development of young toxicologists.

Its creation reflects the growing awareness of the wide range
of toxic threats throughout the world and the need for
concerted and coordinated efforts to resolve these problems.
This awareness led initially to the creation of special toxico-
logical sections or groups within international or national
associations of scientists from various fields. Although the
specific toxicological concerns of these groups were different,
the basic principles and approaches used to investigate them
are strikingly similar, and independent bodies dedicated
specifically to the discipline of toxicology were soon estab-
lished in many countries.

The leadership of IUTOX is held by the Executive Committee
(EC), which changes every 3 years and is elected by the member
society-appointed delegates. Each member society is allowed
one vote for every 200 registeredmembers, up to amaximumof
five votes for those with more than 800 individual members.
The EC is composed of the President Elect, the Vice-President,
the Secretary General, the Treasurer, the Past President, and five
directors. The EC reviews and redefines the IUTOX mission to
develop and establish objectives and tasks that will ensure that
IUTOX continues to be the voice for toxicology internationally.
Standing committees include the Nominating Committee
(Standing Committee of the Council) and the Membership
Committee (Standing Committee of the EC).

IUTOX has been an associate member of the International
Council of Scientific Unions (now International Council for
Science) since 1987 and became an official nongovernmental
organization of the World Health Organization (WHO); as
such, it contributes to the activities of the WHO’s International
Programme on Chemical Safety (WHO-IPCS) and sends dele-
gates to the recently established International Forum on
Chemical Safety.

Among the education activities of IUTOX, several initiatives
can be mentioned: the ICT, the Congress of Toxicology in
Developing Countries (CTDC), the Risk Assessment Summer
Schools (RASS), and the Continuing Education in Developing
Countries.
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IUTOX organizes the largest andmost prestigious ICT every 3
years, lasting 4 or 5 days, with an average attendance of from 800
to 1500 persons. ICT congresses offer the opportunity to learn
the latest developments in toxicological science and regulation
through general scientific sessions and continuing education
classes. On a personal level, it provides the opportunity to
present original work to the largest and most diverse audience of
toxicologists, offering an opportunity to network with others in
the same field. During these congresses, joint symposia on
specific questions are organized in collaboration with other
international scientific bodies such as the International Union
Pharmacology, the International Union of Pure and Applied
Chemistry (IUPAC), the WHO-IPCS, the International Agency
for Research on Cancer, and the International Council for
Laboratory Animal Sciences, to name some. Past ICT congresses
have been held in Toronto, Canada (1977); Brussels, Belgium
(1980); San Diego, California, USA (1983); Tokyo, Japan
(1986); Brighton, UK (1989); Rome, Italy (1992); Seattle,
Washington, USA (1995); Paris, France (1998); Brisbane,
Australia (2001); Tampere, Finland (2004); Montreal, Canada
(2007); and Barcelona, Spain (2010). The 13th ICT in Seoul,
South Korea, has been scheduled for 2013, and the 14th ICT will
be held in Merida, Mexico, in 2016.

The CTDC is also held every 3 years. These meetings provide
a forum for discussing toxicological problems facing developing
countries and allow members to exchange views with toxicolo-
gists from all over the world, especially from developing coun-
tries and regions. Past CDTC congresses have been held in
Buenos Aires, Argentina (1987); NewDelhi, India (1991); Cairo,
Egypt (1995); Antalya, Turkey (1999); Giulin, China (2003);
Cavtat, Croatia (2006); and Sun City, South Africa (2009). The
8th CDTC in Bangkok, Thailand, has been scheduled for 2012,
and the 9th CTDC will be held in Natal, Brazil, in 2015.

Activities organized in developing countries include the
Workshop on Prevention and Management of Poisonings in
South America (Montevideo, Uruguay) in 1991, the Workshop
on Development of Poison Control Programmes in South
America (Montevideo,Uruguay) in1992(bothwereorganized in
conjunctionwith theWHO-IPCS), and the Seminar and Training
Course on Diagnosis, Management and Prevention of Poisoning
for Francophone, Sub-Saharan Countries (Dakar, Senegal) in
1995. A symposium on Inhalation Toxicology in Pilsen was co-
organized by the IUTOX and EUROTOX as a satellite meeting to
the 1995 EUROTOX Congress held in Prague.

One of the Union’s most successful activities has been the
development of a program for continuing education (CE) risk
assessment. As part of this program, the IUTOX organizes RASS,
which have been held every 2 years since 1984. Thirteen RASS
courses were conducted by Torbjorn Malmfors and appointed
faculty over a 25-year period. The students were required to be
scientifically qualified in toxicology at the doctoral level, and
possess practical experience in the academic, industrial, or
regulatory sectors. Candidates could not be older than 35 years
of age and had to possess the ability to communicate in
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00403-6
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English. Three hundred and thirty students from 53 countries
attended RASS trainings held in Denmark, USA, Italy, Bermuda,
England, Thailand, Sweden, Spain, Malta, and Germany from
1985 to 2008. These 1-week courses provide training for young
toxicologists in strategies and skills associated with chemical
risk assessment. The RASS project has now been converted into
a long-range education program of the IUTOX. IUTOX
expanded the reach of RASS trainings by successfully
competing for ICSU grants in 2009, 2010, and 2011, which
helped fund RASS trainings in South Africa, Nigeria, and Brazil.

IUTOX arranged for two CE courses in 2000, one in Poland
and one in Hungary. A number of courses and lectures were held
in recent years, including two CE courses in Mexico (1999),
a workshop lecture in Egypt (2000), a congress lecture in Brazil
(2000), workshop lectures in South Africa (2001), CE courses in
Venezuela (2001) and Slovenia (2002), a CE course and lectures
in China (2001), and a workshop in Chile (2002). As a member
of the International Council for Science (ICSU), the IUTOX
organized workshops on environmental estrogens as part of
a program to expand upon information contained in the Book
Natural and Anthropogenic Environmental Oestrogens: The
Scientific Basis for Risk Assessment. These workshops were held
in Canberra, Australia (1998); New Orleans, Louisiana, USA
(1999); Keele, UK (1999); Oslo, Norway (1999); Antalya, Turkey
(1999); and Seoul, Korea (2000). Their aim was to increase
participants’ awareness of controversial issues related to the
impact of environmental estrogens on human health and the
environment. In 2001, thanks to a grant received from the ICSU,
the IUTOX and the International Union of Nutritional Sciences
published a monograph on genetically modified (GM) foods.
The objective was to provide the global community with an
informative, nonbiased reviewof the benefits and risks associated
withGMfoods. Toprepare themonograph, aplanningworkshop
was organized with representatives of five other International
Unions, several ICSU committees, and various experts on issues
surrounding the use of GM foods in developing countries and
countries in transition.
IUTOX has also been particularly successful in developing
new societies in areas of the world where toxicology has been
underrepresented. To increase the visibility and recognition of
toxicologists, IUTOX formed the Toxicology Recognition Task
Force (TRTF) in 2011, which carried on the work of the Inter-
national Assembly for the Recognition of Toxicologist (IART)
originally formed in 2000. Phase I of the TRTF effort estab-
lished an online pilot of the Global Directory of Toxicologists.
The second phase will study the need for, and possibility of,
harmonizing or mutually recognizing certification and recog-
nition efforts around the world in an effort to introduce
common standards, which could be adopted by countries or
regions where none exist.
Contact Details

IUTOX Secretary General, IUTOX Headquarters, 1821 Michael
Faraday Drive, Suite 300 Reston, VA 20190, USA. Tel.: 703 438
3103; fax: þ1 703 438 3113. E-mail: iutoxhq@iutox.org. URL:
http://www.iutox.org/
See also: EUROTOX; Society of Toxicology; Toxicology,
Education and Careers.
Further Reading
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Background

Following the United Nations Conference on Environment
and Development (UNECD) conference in 1992, the Inter-
Organization Programme for the Sound Management of
Chemicals (IOMC) was established to foster increased collab-
oration between international organizations in the area of
sound chemicals management.

The eight participating organizations of the IOMC are: the
Food and Agriculture Organization of the United Nations
(FAO), the International Labor Organization (ILO), the Orga-
nisation for Economic Cooperation and Development
(OECD), the United Nations Environment Programme
(UNEP), the United Nations Industrial Development Organi-
zation (UNIDO), the United Nations Institute for Training and
Research (UNITAR), the World Bank, and the World Health
Organization (WHO). In addition, the United Nations Devel-
opment Programme (UNDP) participates in the IOMC as an
observer.

The IOMC has its executive body, the Inter-Organization
Coordinating Committee (IOCC). Administrative services for
IOMC and IOCC are provided by WHO.

The establishment of the IOMC in 1995 followed
recommendations made by the 1992 UNCED (also known as
the Earth Summit) in Rio de Janeiro and in particular the
recommendations in Chapter 19 of the conference report
(Agenda 21) about toxic chemicals. The FAO, ILO, UNEP,
UNIDO, WHO, and OECD initially signed a Memorandum
of Understanding; UNITAR joined the IOMC in 1997. In
2006, the International Conference on Chemicals Manage-
ment (ICCM) reasserted the coordination function of
the IOMC.
IOMC Vision Statement

The IOMC is the preeminent mechanism for initiating, facili-
tating, and coordinating international action to achieve the
World Summit on Sustainable Development (WSSD) 2020
goal for sound management of chemicals. For the 2020 goal,
adopted in the World Summit on Sustainable Development,
Johannesburg, 2002, see Global Chemical Policy.

The objective of the IOMC is to strengthen international
cooperation in the field of chemicals and to increase the
effectiveness of the organizations’ international chemicals
programs. It promotes coordination of policies and activities,
pursued jointly or separately, to achieve the sound manage-
ment of chemicals in relation to human health and the envi-
ronment. Together, the organizations also contribute to
achieving the millennium development goals (MDGs) adopted
in 2000 aiming at significantly reducing poverty and the
burden of disease, providing access to clean water and sanita-
tion, and promoting activities in support of women and their
empowerment, and children and their education.
1090 Encyclopedia of T
Participating Organizations

FAO

The FAO, based in Rome, Italy, has a range of activities for pest
control, including the use and management of pesticides and
their consequences for man and the environment, including
food and feedstuffs (residues). It has a range of instruments for
the sound use of pesticides in different situations and programs
for reduction of use (integrated pest management). It manages,
together with the WHO, the International Code of Conduct
on Distribution and Use of Pesticides and the guidelines
under the code.
ILO

The ILO, based in Geneva, Switzerland, started relatively early
with management of chemicals. The Convention on White
Lead, 1921, is often seen as the first international agreement in
the area of chemicals. The ILO manages a number of conven-
tions that see to the sound use of chemicals in the workplace
and the conditions for such use. Together with WHO and
UNEP, the ILO is a member of the International Programme on
Chemical Safety, which carries out international evaluations of
chemicals and pesticides and develops toxicological and eco-
toxicological assessments of different types of chemicals in
various media, methodologies supporting the assessments, and
materials to be used in the workplace such as the International
Chemical Safety Cards (ICSCs).
OECD

The OECD, based in Paris, France, has had an extensive envi-
ronmental program since the 1970s and chemicals are key in
this sector. OECD is the organization that develops test
methods that are globally accepted and used in the testing of
chemicals. It has been very instrumental in harmonization of
assessment methodology and of data requirements for various
groups of chemicals, mutual acceptance of data and assess-
ments, and the development of international programs, such as
the development of the globally harmonized system for clas-
sification and labeling of chemicals and the high production
volume chemicals. The OECD also hosts the eChem portal,
a global portal for information on chemical substances.
UNEP

UNEP, based in Nairobi, Kenya, has played a strong role in the
development of international agreements for the sound
management of chemicals, such as the Montreal Protocol, the
Basel, Rotterdam, and Stockholm conventions, and Strategic
Approach to InternationalChemicalsManagement (SAICM) (see
Global Chemicals Policy). It also supports many regional and
national activities through UNEP Chemicals, based in Geneva,
Switzerland (see UNEP Chemicals). UNEP Chemicals premises
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00622-9
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also house the secretariats of the Basel, Rotterdam, and Stock-
holm conventions.
UNIDO

UNIDO, based in Vienna, Austria, supports poverty alleviation
through productive activities, where possible including
concepts of sustainable development, such as the Green
Industries initiative. It supports the implementation of the
Stockholm convention on persistent organic pollutants (POPs)
and promotes cleaner production through innovative concepts,
such as chemical leasing, in which services rather than products
are being traded.
UNITAR

UNITAR, based in Geneva, Switzerland, develops methodolo-
gies to support implementation of international instruments
for the sound management of chemicals in countries and
regions. It has published a range of guidance documents and is
actively involved in working with many countries in the
implementation of the various aspects of sound chemicals
management, the conventions, SAICM, and nanotechnology.
World Bank

The World Bank, based in Washington, DC, is a financial
institution that supports implementation of activities in many
countries aiming at sustainable development and reduction of
emissions from operations. It also supports the sound use of
pesticides in areas infested with locusts and other operations
that promote a sound environment fit for development.
Directly linked to the World Bank is the Global Environment
Fund (GEF), which supports, through cofinancing, a range of
environmental programs. GEF has to a large extent financed the
first steps of the implementation of the Stockholm convention
and a limited number of further projects under this convention.
WHO

For many years, the WHO has supported a number of activities
related to the quality of water, air, soil, foodstuffs (Codex Ali-
mentarius), and human habitat. The latter involves sounds
methods of vector control. It is a member of the International
Programme on Chemical Safety (IPCS) together with the UNEP
and the ILO and prepares health assessment documents on
important chemicals in trade and chemicals that cause concern
to countries and the international community. Support to
national and regional Poison Control Centers is one of the
WHO’s main activities. Through the Inchem and Intox web
sites, key information is available in support of countries in the
daily management of chemicals.
Operations

The IOMC organizations coordinate their activities on chem-
icals management through the IOCC. The IOCC is composed
of representatives of the participating organizations who meet
twice a year. Observer organizations may also attend the
meetings. The chair of the IOCC serves for 1 year on a rota-
tional basis.

The WHO is the current administering organization for the
IOMC and provides secretariat services to the IOCC. The IOCC
coordinates the planning, programming, funding, implementa-
tion, and monitoring of activities undertaken jointly or individ-
ually by the IOMC organizations. In full consultation among all
those involved, it helps identify gaps or overlaps in international
activities, and makes recommendations on common policies.

The IOCC fosters information exchange and joint planning
with the aim of ensuring effective implementation without
duplication. Because intergovernmental organizations are
mandated by their respective governing bodies and funded by
governments, the latter benefit directly from the IOMC through
efficiencies that can be obtained through optimal coordination
of the work of the IOMC participants.
Technical Coordinating Groups

At the technical level, specific coordinating groups are established
from time to time as necessary. These groups provide ameans for
all interested bodies working in the respective areas to consult
with each other on program plans and activities, and to discuss
ways and means of ensuring that the activities are mutually
supportive. They are periodically reviewed and are discontinued
when their work is done. Past examples include: POPs, globally
harmonized system (GHS) for classification and labeling of
chemicals (GHS), and assessment of industrial chemicals.
Membership of the coordinating groups is not necessarily limited
to intergovernmental bodies, but may involve nongovernmental
organizations and appropriate national institutions.
Subjects Covered by the IOMC

The IOMC works on subjects related to chemical safety. For
example, the IOMC addresses key areas such as those previ-
ously elaborated in Chapter 19 of Agenda 21 and which are
now covered by SAICM’s Global Plan of Action (see Global
Chemical Policy):

1. Risk reduction
2. Knowledge and information
3. Governance
4. Capacity building and technical cooperation
5. Illegal traffic
Current Activities

Databases

The IOCC has established an IOMC database that includes

l A calendar of events, listing the past and future meetings,
workshops, seminars, etc. of the IOMC organizations

l An inventory of activities, providing a summary table of all
the past and current activities of the IOMC organizations.
The IOCC keeps an inventory of relevant activities of its
member organizations. The inventory provides the title
of each activity, the name of the IOMC participating
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organization responsible for implementation, any partners
involved, program area, outputs of the work, duration of the
activity, resources allocated, geographical coverage, and the
relevant contact point.

The IOMC database has been developed and is hosted by
the OECD.
Guidance Material and Publications

IOMC has published several guidance documents that assist
countries in their activities to strengthen their chemicals
management, such as

l Developing and sustaining an integrated national program
for sound chemicals management (2004)

l Developing a capacity assessment for the sound manage-
ment of chemicals and national SAICM implementation
(2007)

l A guide to resource, guidance, and training materials of
IOMC participating organizations (2008)

l Assisting countries with the transition phase for GHS
implementation (2008)

l Activities on nanotechnologies in the IOMC organizations
l Guidance for developing SAICM implementation plans

(2009)
SAICM Implementation

IOMC actively contributed to the development of SAICM.
IOMC was a co-convener of the first ICCM held in Dubai in
2006 and actively contributed to preparations for ICCM2.
IOMC plays a key role in the implementation of government-
mandated priorities agreed for SAICM.

For ICCM2, IOMC prepared a report on “activities of the
IOMC and its participating and observer organizations for
implementation of the SAICM” along with a number of
documents for consideration by ICCM2.
Outlook

The aims of the United Nations to strengthen its imple-
mentation capacity and service to countries, delivering more
and more as one UN underlines the importance of
arrangements such as the IOMC. It is to be expected that
during the implementation of SAICM and the many efforts
to achieve the 2020 goal, the role of IOMC will be further
strengthened.

See also: Chemicals of Environmental Concern; Environmental
Health; Food and Agriculture Organization of the United
Nations; Global Chemicals Policy; The Globally Harmonized
System for Classification and Labeling of the GHS; Import/
Export of Hazardous Chemicals; Hazardous Waste; High
Production Volume (HPV) Chemicals; World Health
Organization/International Programme on Chemical Safety
(WHO/IPCS); Nanotoxicology; Persistent Organic Pollutants;
Risk Management; UNEP Chemicals.

Further Reading

Wexler, P., van der Kolk, J., Mohapatra, A., Agarwal, R., 2011. Chemicals, Environ-
ment, Health, a Global Management Perspective. CRC Press, Boca Raton, FL.
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l Agency: US Food and Drug Administration (FDA)
l Year Passed: 1962 Drug Amendment to Food, Drug &

Cosmetic Act with subsequent amendments
l Groups Regulated: Drug and biopharmaceutical industries
Synopsis of Law

The 1962 Drug Amendment to the Food, Drug and Cosmetic
Act (with subsequent amendments) contains the regulations
specifically applicable to human drugs in Subchapter D, Parts
30–399. The definition of a new drug is covered in Part 310 (g):
A new drug substance means any substance that when used in the
manufacture, processing, or packaging of a drug causes that drug to
be a new drug but does not include intermediates used in the
synthesis of such substances.

The regulation then goes on to discuss “newness with regard
to new formulations, indications, or in combinations.” For
toxicologists, the meat of the regulations can be found in
Section 312 (investigational new drug application [INDA]) and
Section 314 (applications for approval to market a new drug or
antibiotic drug or NDA). The major focus for a toxicologist
working in the pharmaceutical industry is on preparing the
correct toxicology ‘packages’ to be included to ‘support’ these
two types of applications. The exact nature of these packages is
covered in the following.

Commencement of clinical trials with a new drug substance
requires formal notification to the FDA. At least 30 days before
the drug’s sponsor wishes to begin such trials, the sponsor must
submit an investigational new drug (IND) to the agency (basic
IND requirements are set out at title 21 CFR part 312 and
Section 117 of the 1997 Food and Drug Administration
Modernization Act [FDAMA]). If the FDA does not object to the
IND within 30 days, it automatically becomes effective and
clinical trials may begin. If the FDA finds a problem with the
application, however, it may impose a ‘clinical hold,’ barring
commencement of the investigational studies proposed in the
application until the problem is resolved to the agency’s
satisfaction.

In a nutshell, the law requires solid scientific evidence of
safety and efficacy before a new drug will be permitted in
clinical trials or (later) on the market. The INDA (covered in
21 CFR 310) is for permission to proceed with clinical trials
on human subjects. Once clinical trials have been completed,
the manufacturer or ‘sponsor’ can then proceed to file an
NDA (covered in 21 CFR 314) for permission to market the
new drug.

As stated in 321.21, “A sponsor shall submit an IND if the
sponsor intends to conduct a clinical investigation with a new
drug . [and] shall not begin a clinical investigation until an
IND is in effect.” (Similar procedures are in place in other
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
major countries. In the United Kingdom, for example, a clinical
trials certificate [CTC] must be filed or a clinical trial exemption
[CTX] obtained before clinical trials may proceed.) Clinical
trials are divided into three phases, as described in 21 CFR
312.21. Phase I trials are initial introductions into healthy
volunteers primarily for the purposes of establishing tolerance
(side effects), bioavailability, and metabolism. Phase II clinical
trials are “controlled studies to evaluate effectiveness of the
drug for a particular indication or disease.” The secondary
objective is to determine common short-term side effects;
hence, the subjects are closely monitored. Phase III studies are
expanded clinical trials. It is during this phase that the defini-
tive, large-scale, double-blind studies are performed.

The toxicologist’s main responsibilities in the IND process
are to design, conduct, and interpret appropriate toxicology
studies (or ‘packages’) to support the initial IND and then
design the appropriate studies necessary to support each
additional phase of investigation. Exactly what may constitute
appropriate studies have varied with time and vary
somewhat based on the nature of the drug. The toxicologist’s
second responsibility is to prepare the toxicology summaries
for the (clinical) investigator’s brochure (described in
312.23(a)(8)(ii)). This is an integrated summary of the
toxicological effects of the drug in animals and in vitro. The FDA
has prepared numerous guidance documents covering the
content and format of INDs. The Guidance for Industry
provides an in-depth description of the expected contents of
the pharmacology and toxicology sections. The document
contains the following self-explanatory passage. Therefore, if
final quality-assured individual study reports are not available
at the time of IND submission, an integrated summary report
of toxicological findings based on the unaudited draft toxico-
logic reports of the completed animal studies may be
submitted.

If unfinalized reports are used in an initial IND, the final-
ized report must be submitted within 120 days of the start of
the clinical trial. The sponsor must also prepare a document
identifying any differences between the preliminary and final
reports, and the impact (if any) on interpretation.

Thus, although the submission of fully audited reports is
preferable, the agency does allow for the use of incomplete
reports.

Once an IND or CTC/X is opened, the toxicologists may have
several additional responsibilities. The first is to design, conduct,
and report the additional tests necessary to support a new clin-
ical protocol or an amendment to the current clinical protocol
(Section 312.20). The second is to bring to the sponsor’s atten-
tion any finding in an ongoing toxicology study in animals
“suggesting a significant risk to human subjects, including any
finding of mutagenicity, teratogenicity or carcinogenicity,” as
described in 21 CFR 312.32. The sponsor has a legal obligation
to report such findings within 10 working days.

Third, prepare a “list of the preclinical studies completed or
in progress during the past year” and a summary of the major
4-3.00862-9 1093
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Table 1 Composition of standard INDA

1. IND cover sheets (form FDA-1571)
2. Table of contents
3. General (clinical) investigation plan
4. (Reserved)
5. (clinical) investigation plan
6. (Proposed) clinical protocol(s)
7. Chemistry, manufacturing, and control information
8. Pharmacology and toxicology information (includes metabolism

and pharmacokinetic assessments done in animals)
9. Previous human experience with the investigational drug
10. Additional information
11. Other relevant information

Complete and thorough reports on all pivotal toxicological studies must be provided
with the application.
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preclinical findings. The sponsor is required (under Section
312.23) to file an annual report (within 60 days of the IND
anniversary date) describing the progress of the investigation.
INDs are never ‘approved’ in the strict sense of the word. Once
filed, an IND can be opened 30 days after submission, unless
the FDA informs the sponsor otherwise. The structure of an
IND is outlined in Table 1, although there may be some vari-
ation based on the nature of the drug and scope of the
proposed trials.

If the clinical trials conducted under an IND are successful
in demonstrating safety and effectiveness (often established at
a pre-NDA meeting, described in 21 CFR 312.47(b)(2)), the
sponsor can then submit an NDA.
Types of INDs

The primary focus of toxicologists is on submissions that are
sometimes called ‘commercial INDs,’ which are applications
filed principally by companies whose ultimate goal is to obtain
marketing approval for new products. There are, however, at
least a few types of applications that may be grouped within
a second class of filings sometimes referred to as ‘noncom-
mercial’ INDs. Interestingly, the vast majority of INDs are
noncommercial research submissions. These include the
following types of INDs.

Investigator IND (also called research IND): The investi-
gator IND is submitted by a physician who both initiates and
conducts an investigation, and under whose immediate direc-
tion the investigational drug is administered or dispensed. In
most cases, an investigator IND proposes clinical studies on
previously studied drugs. A physician might submit a research
IND to propose studying an unapproved drug, or an approved
product for a new indication or in a new patient population.
Generally, however, the physician’s motivation is not
commercial in nature – in other words, the goal is not to
develop data to support marketing approval for an unapproved
product or support new labeling for an approved product. For
example, the investigator may simply want to treat patients or
obtain data to publish a research paper.

Emergency use IND: The emergency use IND is a vehicle
through which the FDA can authorize the immediate shipment
of an experimental drug for a desperate medical situation.
According to FDA regulations, “need for an investigational drug
may arise in an emergency situation that does not allow time for
submission of an IND. In such a case, FDA may authorize
shipment of the drug for a specified use in advance of submis-
sion of an IND.” Emergency use INDs are generally reserved for
life-threatening situations in which no standard acceptable
treatment is available, and in which there is not sufficient time
to obtain institutional review board (IRB) approval.

Treatment IND: Although the treatment IND has a history
dating back to the 1960s and 1970s, the FDA took steps to
formalize the treatment IND concept in a 1987 regulation.
Through the FDA’s treatment IND program, experimental drugs
showing promise in clinical testing for serious or life-threat-
ening conditions are made widely available while the final
clinical work is performed and the FDA review takes place. The
FDA Modernization Act of 1997 codified the treatment IND
concept as well as other expanded-use programs (e.g., emer-
gency use) into law, and encouraged the FDA to consider
changes that might reduce industry reluctance to participate in
expanded drug access programs.

Concurrently with an IND filing (or at any later time),
a sponsor can request a ‘fast-track product’ designation for its
drug, provided the therapy addresses unmet medical needs
related to a serious and life-threatening condition. This fast-
track designation, which was created under the FDA Moderni-
zation Act of 1997, makes a product eligible for accelerated
approval and other benefits.
The Applicability of the IND

The IND is a requirement for all persons and firms seeking to
ship unapproved drugs over state lines for use in clinical
investigations. However, the FDA offers exemptions from IND
submission requirements for certain types of clinical testing
and products, including the following:

l Clinical investigations of a drug product that is lawfully
marketed in the United States, provided that all of the
following conditions apply: (1) the investigation is not
intended to be reported to the FDA as a well-controlled
study in support of a new indication for use, or is not
intended to be used to support any other significant change
in the drug’s labeling; (2) the investigation is not intended
to support a significant change in the advertising for
a prescription drug; (3) the investigation does not involve
a change in the route of administration, dosage level,
patient population, or other factor that significantly
increases the risks (or decreases the acceptability of the
risks) associated with the use of the drug product; (4) the
investigation complies with IRB evaluation and informed
consent requirements; and (5) the study’s sponsor and
investigator do not represent in a promotional context that
the drug is safe or effective for the purposes for which it is
under investigation, or unduly prolong the study after
finding that the results are sufficient to support a marketing
application. The FDA has stated that this exemption is
intended primarily for practicing physicians.

l Drugs intended solely for testing in vitro or in laboratory
research animals, provided the drug labels and shipments
comply with FDA regulations applicable to investigational
drugs.
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l Clinical investigations involving the use of a placebo,
provided that the investigations do not involve the use of
anewdrugorotherwise trigger INDsubmission requirements.

l Certain in vivo bioavailability and bioequivalence studies in
humans. FDA regulations state, however, that INDs are
required for in vivo bioavailability or bioequivalence studies
in humans if the test product is a radioactively labeled drug
product or cytotoxic drug product, or contains a new
chemical entity. Further, INDs are required for the following
types of human bioavailability studies that involve a previ-
ously approved drug that is not a new chemical entity: (1)
a single-dose study in normal subjects or patients when
either the maximum single or total daily dose exceeds that
specified in the labeling of the approved product; (2)
a multiple-dose study in normal subjects or patients when
either the single or total daily dose exceeds that specified in
the labeling of the approved product; and (3) a multiple-
dose study on a controlled release product for which no
single-dose study has been completed.

In addition to these IND exemptions, FDA regulations
provide a mechanism through which individuals and firms can
seek an agency waiver from IND requirements. The agency can
grant a waiver if certain criteria are met, including that the
sponsor’s noncompliance will not pose a significant or unrea-
sonable risk to human subjects.
FDA Oversight: Clinical Holds

Through the imposition of a ‘clinical hold,’ the FDA may
forestall a proposed clinical investigation or suspend an exist-
ing one. A clinical hold can be imposed for a number of
reasons, including an unreasonable and significant risk to
patients, the use of improperly qualified investigators, a defi-
cient or disregarded investigative protocol, or any other serious
deficiency in an IND or a particular clinical trial. The FDA must
communicate the imposition of a clinical hold by telephone or
other form of rapid communication, and must provide the
drug sponsor, within 30 days, with a written explanation of the
basis for the clinical hold. As a general rule, until the agency’s
consent to lift a clinical hold is obtained, any clinical trial or
trials subject to the hold cannot commence or resume. Under
FDAMA, a sponsor faced with a clinical hold may submit
a written request to the FDA that the hold be removed. The FDA
must respond to such a request in writing within 30 days.
IND Withdrawal

As with the imposition of a clinical hold, the FDA can halt
further use or distribution of an investigational drug through
withdrawal or suspension of an IND. Similar concerns, such
as undue patient risk or serious deficiencies in the application
or the clinical protocol, trigger both types of agency action,
with withdrawal obviously reserved for the more serious
cases.

Where the continuation of a clinical study poses, in the
FDA’s judgment, an immediate and substantial danger to
human subjects, the agency may order immediate termination
of an IND, subject to possible reinstatement. Where no such
immediate risk is present, however, if the FDA proposes to
withdraw an IND, the agency will notify the sponsor in writing
and provide 30 days to submit any corrections or explanations.
The sponsor’s failure to respond within the specified time
frame results in the termination of the IND. The sponsor,
however, may request a formal hearing if the FDA refuses to
accept a submitted correction or explanation.

See also: Delaney Clause; Food and Drug Administration, US;
Food, Drug, and Cosmetic Act, US; Good Laboratory Practices;
Toxic Torts.
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Introduction

There is increasing pressure to develop in vitro methods for
toxicity assessment in place of live animal studies. However,
estimating systemic toxicity from in vitro results is a daunting
task since it is not possible to fully reproduce the in vivo situ-
ation in the in vitro system. The absence of whole-body phar-
macokinetic processes (absorption, distribution, metabolism,
and excretion) in the in vitro assay system is one of the main
challenges in implementing in vitro-based risk assessment for
chemicals and drugs. Integration of data on the toxic mode of
action of a chemical with data on its pharmacokinetic behav-
iors is essential for the interpretation of in vitro studies on the
toxicity of a compound.

Quantitative in vitro to in vivo extrapolation (QIVIVE) is the
process of estimating the environmental exposures to a chem-
ical that could produce tissue exposures at the site of toxicity in
humans equivalent to those associated with effects in an in vitro
toxicity test (e.g., an EC50, a Benchmark concentration, or an
interaction threshold identified by a biologically based dose–
response model for the toxicity pathway of concern). QIVIVE
can provide an estimate of the likelihood of harmful effects
from expected environmental exposures to chemicals by inte-
grating diverse information from targeted in vitro toxicity and
kinetic assays using a computational modeling approach. This
process is described as ‘quantitative’ because it relates the
biological responses observed in vitro to the expected responses
in vivo on the basis of the equivalence of the concentrations at
which the responses occur. Pharmacokinetic modeling plays
a pivotal role in this quantitative extrapolation, by incorpo-
rating the in vivo bioavailability, distribution, and clearance of
the chemical into the process. The usefulness of physiologically
based pharmacokinetic (PBPK) models in QIVIVE comes from
the fact that PBPK models incorporate relevant anatomical
structures that can be parameterized using independent
experiments, e.g., in vitro-derived metabolic constants, allowing
them to describe the time course of the tissue concentration of
a chemical at the target site for toxicity in the body. In this
respect, the conversion of in vitro-derived pharmacokinetic
parameters into corresponding in vivo values in the PBPK
model is the first and also the key step for QIVIVE.
An Overview of QIVIVE

The diagram presented in Figure 1 illustrates a conceptual
structure for the use of pharmacokinetic information in the
estimation of in vivo toxicity from in vitro assays. In this
scheme, available in vitro data on the absorption, tissue
distribution, metabolism, and excretion of a chemical are
used to parameterize a chemical-specific pharmacokinetic
model. Although similar approaches have been applied in
screening drug candidates in pharmaceutical industry,
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different challenges are expected for environmental com-
pounds primarily due to the wider range of chemical prop-
erties and more diverse exposure scenarios compared to
drugs. In many cases, currently available quantitative structure
property relationship (QSPR) techniques can be used to
estimate chemical properties and kinetics when the specific
data for that chemical is lacking. QSPR-derived simple
empirical correlations have been quite successfully used in
estimating the tissue partitioning of a chemical from its water
solubility, vapor pressure, and octanol/water partitioning. In
addition, emerging quantitative structure–activity relation-
ship (QSAR) techniques (e.g., knowledge-based systems) will
become increasingly useful for identifying likely metabolites
and predicting potential target tissues for toxicity so that the
appropriate assays of in vitro effects can be selected. These
target tissue assays then provide information on the nature
and concentration–response of the toxic effects of the chem-
ical. It should be noted that kinetic modeling may also be
required for interpreting the in vitro kinetics data on a chem-
ical. Similarly, kinetic modeling of the in vitro toxicity assay
can provide important information on the temporal profile of
cellular exposure to (free) chemical that can be used in the
design of the most appropriate in vitro experimental protocol
and to support quantitative estimation of the equivalent in
vivo exposure.

PBPK modeling plays the key role in integrating the above-
mentioned information from in vitro studies into the proper
in vivo context. The complexity of the pharmacokinetic model
needed depends on the physicochemical and biochemical
characteristics of the chemical. A simple one-compartment
description of the administered chemical may suffice for many
water-soluble chemicals. Even with such a simple model, it
would be possible to estimate the systemic concentrations that
could be expected to result from an in vivo exposure to a given
dose. A simple QIVIVE approach requiring only measurement
of plasma binding and hepatocellular clearance has been
demonstrated for interpreting the results of high-throughput
in vitro toxicity assays conducted under the USEPA’s ToxCast
program. It was found that chemicals with effects at similar
in vitro concentrations could be associated with equivalent in
vivo exposures that varied by a factor of more than a thousand
due to their different rates of in vivo clearance.

There are chemicals, however, for which a one-compart-
ment description would not be expected to be adequate due to
their physicochemical characteristics. The key physicochemical
properties of a compound include its volatility, water solu-
bility, and lipophilicity. These properties can be thought of as
dimensions within which compounds can be categorized and
data for similar compounds can be used to fill gaps in the
knowledge of a particular compound. For example, the in vivo
kinetics of lipophilic volatile organic compounds (VOCs) can
be predicted reasonably well using PBPK models that are based
solely on physiological information and QSPR modeling;
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00210-4
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Figure 1 A recommended scheme for incorporation of QSAR (QSPR) information, in vitro metabolism data, and pharmacokinetic modeling in the
estimation of human toxicity from in vitro assays. Reproduced from Blaauboer, B.J., Clewell, H.J., Clothier, R., et al., 2001. In vitro methods for assessing
acute toxicity: biokinetic determinations. In: Report of the International Workshop on In Vitro Methods for Assessing Acute Systemic Toxicity. NIH
Publication No. 01-4499.
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however, the same approach cannot be applied to other types
of compounds because QSPR algorithms for predicting their
rates of metabolism are not available.
Critical Considerations for QIVIVE

IVIVE for Hepatic Clearance

The physiological mammalian structure (tissue volumes, blood
flows, ventilation rate, glomerular filtration rate, etc.) is rela-
tively well characterized; the key data required for a PBPK
model are the chemical-specific parameters. One of the most
important aspects of parameterizing PBPK models is the esti-
mation of metabolic clearance. Currently, for most chemicals,
it is necessary to perform in vitro assays for metabolic clearance.
Eventually, as data accumulate for a larger number of chem-
icals, it may become possible to predict metabolic clearance
more broadly using QSAR approaches. Hepatic clearance is
typically the major contributor to the whole-body clearance of
a chemical, although other tissue clearance (intestine, lung, and
skin) may become important depending on the route of
exposure and properties of the chemical. For volatile chemicals,
ventilatory clearance can be estimated from the blood–air
partition coefficient and the breathing rate. For most water-
soluble chemicals, urinary clearance can be estimated based on
the free (unbound) fraction of chemical in the blood and the
glomerular filtration rate.

Remarkable improvements in the quality of human tissue
preparations in recent years have produced significant advances
in strategies for the application of in vitro data to predict in vivo
kinetics. The quality of an in vitro system to obtain metabolic
constants is judged by the degree to which the given system
maintains intact and integrated metabolizing enzyme systems
and demonstrates other biological/biochemical functions
observed in vivo. Currently, primary hepatocytes suspensions
are generally considered to be the best available system,
providing physiological levels of cofactors, natural orientation
of linked enzymes, and intact membranes. However, even with
cryopreservation, which can degrade enzyme activity, the
availability of human tissues for this purpose limits the
applicability of QIVIVE for the high-throughput screening
(HTS) environment.

Parent chemical clearance has typically been used for
QIVIVE of environmental chemicals. This simple metabolic
stability approach is widely used in screening of pharmaceu-
tical compounds. Human exposure conditions that are relevant
to environmental exposure are usually low enough that it is not
necessary to characterize full enzyme kinetics including satu-
ration conditions. Therefore, in vitro intrinsic clearance can be
used both in simple QIVIVE approaches for HTS testing and
in more detailed individual chemical-based approaches.
However, depending on the role of metabolism in the
compound’s toxicity, multiple metabolic steps of bioactivation
and detoxification may need to be determined separately. In
vitro systems that are less integrated than hepatocytes can be
used for this purpose, which include microsomes, cytosol, and
recombinant CYPs and UGTs. In such cases, the interplay
among phase I and II enzymes occurring in vivo has to be
appropriately taken into account during extrapolation.

CYPs and UGTs have been extensively studied for QIVIVE
for pharmaceutical compounds using microsomes and
recombinant enzymes. One of the most studied CYPs for bio-
activation of environmental compounds is CYP2E1. QIVIVE of
CYP2E1-mediated bioactivation was a key element in the first
examples of environmental chemical QIVIVE for VOCs. Other
metabolizing enzymes (or sites of metabolism) have received
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less attention compared to CYPs, despite their potential role in
detoxification of environmental chemicals. An important
example is esterases that hydrolyze a number of pesticides and
endocrine active compounds. For QIVIVE of esterase-mediated
detoxification of a chemical, it is necessary to include extrahe-
patic metabolism, most importantly, metabolism in blood,
skin, and gut, due to the abundant expression of carboxyl-
esterases and other types of esterase enzymes in these tissues.

In many studies, subcellular fractions or hepatocytes pooled
from a large number of individual liver tissues are employed
assuming that the pool will provide estimates of chemical
metabolism rates for an average individual. To deal with
interindividual variability in humans, one approach is to use
data on the variability observed in subcellular fractions or
isolated cells from individual donors. However, the availability
of large number of donors for human tissues is an issue.
Another approach to address human variability in metabolism
is to use recombinant enzymes in combination with data on
the distribution of enzyme abundance in a population. It
should be emphasized that all these data must be carefully
considered in an integrated manner using a tool such as PBPK
modeling. The variability observed in various factors in vitro or
in vivo that can affect metabolism of a chemical cannot simply
be summed together, due to the effect of physiological
constraints such as blood flow limitation and the compensa-
tory interaction among different clearance processes.
Consideration of Free Concentration

The fundamental basis for extrapolation of in vitro biotrans-
formation parameters to the whole organism is that the same
biochemical principles apply for enzyme kinetics both in the
in vitro and in vivo systems; only the scale of the system is
different between the two. Therefore, the extrapolation is
conducted by relating the total enzyme content present
between the two systems. For the affinity constant, it is essential
to account for in vivo binding and in vitro dosimetry, i.e.,
extrapolation between the two systems must be conducted on
the basis of free concentration.

Binding of a chemical to proteins/lipids can be a key
determinant of disposition and is one of the key considerations
for successful IVIVE. Binding affects compound availability for
uptake into cells in vitro as well as into tissues in vivo. When
using data on protein binding and the resulting free fraction of
a chemical to inform disposition, two factors should be care-
fully examined: what fraction should be regarded as available
for transport into cells or tissues and how does binding influ-
ence media/cell or blood:tissue partitioning. Since what is
generally used in PBPK models for partitioning is the ratio of
total concentrations, but only free compound diffuses across
these interfaces, binding is only one of multiple determinants
for apparent partitioning in addition to lipophilicity-based
(thermodynamic) partitioning, active transport, clearance
processes, and blood–plasma ratio.

The free concentration of a chemical drives both its kinetics
and dynamics, therefore, to the extent that the cells in the in
vitro assay are representative of the cells in the in vivo target
tissue, equal free concentration in the media and plasma (as
a surrogate for target tissue) will be associated with the same
intracellular exposures. To determine the in vivo plasma
concentration that would be expected to elicit a target tissue
response similar to the cellular response in the in vitro assay, the
free fraction must be determined in both the in vitro and in vivo
exposures. The concentration of free chemical in an in vitro
assay that elicits a certain response may differ from the nominal
concentration (added amount of chemical divided by volume
of the media) due to factors such as protein/lipid binding in
the media, evaporation, precipitation, and adherence of the
chemical to surfaces. With respect to considering free concen-
tration in the in vivo situation, pharmacokinetic models need to
carefully consider the manner in which binding can be intro-
duced into the basic equations and track free concentrations at
sites of action or at least within the plasma. In PBPK models,
concentrations of bound and free compound can be described
separately, and except for active transport, only free compound
is generally considered to be available to participate in
processes such as diffusion, metabolism, tissue reaction, and
intercompartmental transfer. Although simple descriptions are
often adequate, careful consideration of the underlying kinetic
processes and their relative rates for the compound and tissues
of interest is required to assure that a particular modeling
approach is appropriate.
Intestinal Absorption and Presystemic Clearance

To accurately predict the systemically available dose of
a chemical, it is important to consider bioavailability at the
portal of entry. CYP3A4, the major CYP isoform in human
enterocytes, has been the focus of research in the pharmaceu-
tical area as a contributor to low oral bioavailability and as
a major source of interindividual variability due to variable
constitutive expression and potential drug–drug interactions.
From the risk assessment point of view, enzymes other than
CYPs in the gut should also be carefully considered in IVIVE.
The intestine is a key site for hydrolysis in addition to the liver
for a number of ester compounds that are of environmental
concern including pesticides and consumer products (e.g.,
pyrethroids, phthalates, and parabens). The contribution of
intestinal conjugation to total chemical clearance also deserves
more attention for IVIVE as shown by the intestinal glucur-
onidation of bisphenol A. There are several challenges in the
determination and extrapolation of in vitro intestinal metabo-
lism parameters to in vivo compared to those for hepatic
clearance. First, the intestine is not a homogenous organ and,
therefore, there are spatial differences in the distribution of
metabolizing enzymes within the mucosa as well as along the
length of the intestine. Another complication comes from the
fact that intestinal metabolism is greatly influenced by chem-
ical flux into the enterocytes, i.e., intestinal metabolism occurs
in parallel with the uptake/absorption process, making
measurement, and interpretation of results difficult.

The Caco-2 cell line has been widely used in the drug
development area as a model of human intestine since this
model closely resembles human intestinal epithelial cells in
many aspects including expression of enterocytic transporter
proteins (e.g., P-glycoprotein) and phase I and II metabolism
enzymes (e.g., CYP3A4, UGTs, and esterases), albeit they are
still only qualitatively comparable to in vivo. Given the
manipulability of this model to better reflect enzyme expres-
sions in vivo, the Caco-2 model has a potential to serve as
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a screening platform for absorption and/or intestinal metabo-
lism of environmental chemicals for IVIVE.
Estimation of Renal Clearance

The state of the art for in vitromodels of renal clearance is not as
advanced as is the case for liver clearance, although some
progress has been made with pharmaceuticals. The relative
spatial complexity of renal tubular transport systems compared
to the more homogenous hepatic architecture greatly increases
the difficulty of developing representative in vitro model
systems. However, it should at least be possible to develop an
assay to identify whether a compound is a substrate for
a particular transporter. This would provide an indication of
the likelihood that a compound’s renal clearance might deviate
from expectations based on glomerular filtration alone.
PBPK Model Implementation

The parameters in a PBPK model can be categorized into four
types: exposure, physiological, partitioning, and metabolism.
Exposure parameters are determined solely by the characteris-
tics of the exposures and physiological parameters are available
from the literature. These types of parameters are not chemical
specific, and the values used in evaluating an untested
compound would be the same as those used for well-charac-
terized compounds. Partitioning and kinetic parameters,
however, are chemical specific and need to be estimated for
untested compounds. A number of software platforms are
available to support generic PBPK modeling for pharmaceuti-
cals using in vitro metabolism data, as exemplified by the
Simcyp platform. In the field of environmental risk assessment,
PBPK models have typically been developed for individual
chemicals and the development of generic models has not been
as extensive as in the pharmaceutical area.
Advantage of IVIVE-Based Evaluation of Chemical
Toxicity

There are several advantages of this in vitro/modeling approach
over traditional in vivo testing. First, the in vitro/modeling
approach can provide muchmore extensive information on the
mode of action for the toxicity of a chemical than a traditional
in vivo study might provide. As information accumulates across
chemicals, QSAR techniques could play a correspondingly
greater role in the prediction of both kinetic and dynamic
information. It is likely that QSAR techniques could be more
successful for these fundamental processes and simple in vitro
assays than they have been for the prediction of the results of
in vivo assays. Secondly, all of these assays can be performed
using human cell systems. Use of human in vitro data can
obviate the need, inherent in the rodent in vivo studies, to
extrapolate from rodents to humans, which is recognized as
one of the key deficiencies with the current in vivo-based toxicity
testing approach.

PBPK models incorporating QSAR- and in vitro-derived
parameters, coupled with in vitro assays of tissue/organ toxicity,
have the potential to replace in vivo animal studies for
quantitative assessment of the biological activity of chemicals.
Target tissues evaluated by in vitro assays can be included
explicitly in the physiological structure of these models. The
models can provide a mechanistic description of barrier func-
tions (gut, bile, kidney, blood–brain barrier, and skin) so that
the data obtained from transporter assays can be readily
incorporated. By using the extrapolation capability of PBPK
models based on the incorporation of relevant physiological
factors, it is possible to evaluate the potential for enhanced
toxicity in a sensitive subpopulation where no or less infor-
mation is available. One such example is using in vitro enzyme
ontogeny information along with recombinant enzyme assays
to support quantitative evaluation of the impact of develop-
mental changes in metabolizing enzymes on the toxicity of
a compound in early life.
Summary and Future Directions

Performing QIVIVE correctly entails a great deal of effort;
however, in vitro toxicity test results are quantitatively mean-
ingless for risk assessment without it. Relative potency esti-
mates from in vitro toxicity assays are obtained under
conditions that do not reflect differences in the bioavailability
and clearance of the chemicals, which are the key determinants
of the doses in vivo that would be associated with tissue expo-
sures equivalent to the in vitro assay. Therefore, except for
qualitative hazard identification, in vitro toxicity assay results
can only be interpreted on the basis of QIVIVE.

Important research areas for in vitro methods include the
development of validated, stable human hepatocyte systems, as
well as in vitro systems for key transporters (renal, biliary, etc.).
Developing better in vitro tools for evaluating intestinal
absorption and renal clearance are also areas of further
research. At the same time, QSAR applications need to be
developed specifically to provide the kind of information
necessary to describe the disposition of compounds (metabo-
lism constants, binding, etc.). The principal limitation in the
development of useful QSAR applications appears, unfortu-
nately, to be the dearth of suitable data available on environ-
mental chemicals for training them.

See also: High Throughput Screening; Absorption; Distribution;
Pharmacokinetics; Pharmacokinetic and Toxicokinetic
Modeling; In Vitro Tests; In Vivo Tests; QSAR; Dose–Response
Relationship; In Silico Methods.
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In vitro test systems do not employ intact higher organisms as
models, and include a large set of alternative models addressed
extensively under their own entries in this book. These in vitro
test systems tend to have the benefit of being low in cost to use
Table 1 Types of in vitro models for toxicity testing and research

Level/Examples Advantages Disadvantages

Lower organisms (earthworms,
fish)

Range of integrated organismic responses Frequently lack responses typical of higher organisms

Isolated organs Intact yet isolated tissue and vascular system
Controlled environmental and exposure conditions

Donor organism still required
Time-consuming and expensive
No intact organismic responses
Limited duration of viability

Cultured cells (such as the hERG
assay)

No intact animals directly involved
Ability to carefully manipulate system
Low cost
Ability to study a wide range of variables

Instability of system
Limited enzymatic capabilities and viability of system
No (or limited) integrated multicell and/or organismic

responses
Chemical/biochemical systems No donor organism problems

Low cost
Long-term stability of preparation
Ability to study a wide range of variables
Specificity of response

No de facto correlation to in vivo system
Limited to investigation of a single defined mechanism

Computer simulations (also
known as in silico modeling)

No animal welfare concerns
Speed and low per-evaluation cost

May not have predictive value beyond a possibly narrow
range of chemical structures

Expensive to establish
and to have well-known mechanisms of action. They can be
used for assessing or predicting the toxic effects of chemicals
and for elucidating the mechanisms of action. The systems
include the use of cell or tissue cultures, isolated cells, tissue
slices, subcellular fractions, transgenic cell cultures, and cells
from transgenic organisms.

The systems also include in silico modeling. For example,
in vitro methods have been and are being developed for the
prediction of toxic effects based on the data from traditional
toxicity studies combined with structure–activity comparisons
and knowledge of toxicologically important chemical struc-
tures. Additional in vitro test systems are being developed for
use in high-throughput toxicology and pharmacology for the
understanding of mechanisms of toxic action and for geno-
mics, transcriptomics, and proteomics applications.

The most famous in vitro test system is the Ames mutage-
nicity assay and, indeed, most mutagenicity tests employ
in vitro systems. In vitro systems are also widely employed for
assessing pyrogenicity and cytotoxicity in the medical device
industry. Another example is the hERG assay, a test required for
new pharmaceuticals under ICH S7B to identify drugs with
a potential to cause changes in heart electrical function. The
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
term hERG is an acronym for human Ether-à-Go-Go-Related
Gene. This gene encodes the pore-forming unit of one of the
cardiac membrane channels that conducts potassium current.

Various in vitro test systems are described in Table 1.
See also: Ames Test; Analytical Toxicology; hERG (Human
Ether-a-Go-Go Related Gene); In Vivo Tests; QSAR; The QT
Interval of the Electrocardiogram; Toxicity Testing, Alternatives;
Standards and Guidelines for Toxicity Testing; Toxicity Testing,
Mutagenicity; Toxicity Testing, Validation.
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Toxicologists are taught to consider and use various methods,
including tests on animals, as part of their effort to conduct (as
the Society of Toxicology states) “toxicological research to
ensure and enhance the quality of human and animal health
and the environment.” They are also taught about the effective
and humane use of laboratory animals in research, and about
the ongoing development of valid alternatives to animal
testing. The types of animal models and the alternatives to
animal testing approaches that are being used in toxicology are
typically those that have been accepted by the scientific
community and recognized by regulatory bodies.

The major benefit of using an in vivo test is that it provides
an intact biological system, including exposure route-specific
absorption, distribution, metabolism, and excretion responses,
as well as tissue-specific responses to the parent compound and
any metabolite(s) that reach the various tissues. Many of the
factors affecting these processes in chemical toxicity are not yet
well defined, but an in vivo test system provides a tool for
evaluating the chemical toxicity in an intact biological system
without knowing every aspect of these processes. The tests on
animals (also called in vivo studies) used by toxicologists are
generally considered to be only those performed in intact
higher organisms (most commonly, mammals). Eight different
species are currently used with any frequency in toxicological
research. These are, in approximate numbers of animals used
(from most to least), rat, mouse, rabbit, guinea pig, hamster,
dog, ferret, and monkey. Animals such as the cat and the frog,
although common biological models, have not been used in
toxicity testing for some time.

In many cases as the toxicology profile of a test agent begins
to be developed, humans are assumed for risk assessment
purposes to be at least as sensitive to the effects as the most
sensitive species used in evaluating the effects of the chemical
or other material, and at least as sensitive as the most sensitive
alternatives to animal testing approaches being used. Such
assumptions could change as the toxicology profile is devel-
oped and understanding is gained about themetabolism, target
organs, toxic responses, etc. The key rationale for using in vivo
test systems can be summarized as follows:

l They provide evaluation of actions/effects on intact animal
and organ/tissue interactions.

l Either neat (i.e., undiluted) chemicals or complete formu-
lated products (complex mixtures) can be evaluated.

l Either concentrated or diluted products can be tested.
l They yield data on the recovery and healing processes.
l They are the required statutory tests for agencies under such

laws as the (US) Federal Hazardous Substances Act (unless
data are already available), (US) Toxic Substances Control
Act, (US) Federal Insecticides, Fungicides, and Rodenticides
Act, Organization for Economic Co-operation and Devel-
opment, and the (US) Food and Drug Administration laws.

l Quantitative and qualitative tests with scoring system are
generally capable of ranking materials as to relative hazards.
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l They are amenable to modifications to meet the require-
ments of special situations (e.g., multiple dosing or expo-
sure schedules).

l They have an extensive available database and cross-
reference capability for evaluation of relevance to human
situations.

l They involve performance and relative low capital costs in
many cases.

l Tests are generally both conservative and broad in scope,
providing for maximum protection by erring on the side of
overprediction of hazard to humans.

l Tests can be either single endpoint (such as lethality,
corrosion, etc.) or multiple endpoint, including such test
systems as a 13-week oral toxicity study.

Limitations of in vivo testing systems that serve as a basis for
seeking in vitro alternatives for toxicity tests include the
following:

l The complexity of the in vivo system and the types of toxic
effects (e.g., an effect could be the result of quite different
toxic mechanisms) can make it a challenge to difficult to
understand what has happened and its relevance to human
risk assessment. For example, there could be potential
confounding or masking of the findings in an in vivo test
system.

l In vivo systems might be intended to only assess the local
effects at the site of application or the immediate structural
alterations produced by an agent (however, this may be
a purposeful test system limitation).

l Toxicologist and technician training and monitoring are
critical (particularly because of the subjective nature of
evaluation).

l In vivo tests do not always predict results in humans if the
objective is to exclude or identify agents, creating a high
degree of toxicity, for example, skin corrosion.

l Structural and biochemical differences between test animals
and humans make extrapolation from one to the other
difficult.

l Lack of standardization of some in vivo systems.
l Possible variability in correlating the results with those from

human exposures.
l Possible considerable biological variability between indi-

vidual animals.
l Depending on the animal models and toxicity endpoints of

interest, the results might be in large, diverse, and frag-
mented databases that are not readily comparable.

Some test protocols and toxic endpoints are particularly
liable to produce misleading or difficult to judge results.
Several examples of possibly confusing results obtained in
carcinogenesis bioassays are useful in discussing this point:

l Perhaps the first to be recognized in toxicology concerned
the induction of sarcomas following the local injection of
chemicals subcutaneously in rats. Although there can be
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little doubt that the injection of small quantities of chem-
icals such as 7,12-dimethylbenz(a)anthracene actually
induces these tumors, overloading the tissues with dyestuffs
may well lead to cancer because of a mechanism dependent
on factors other than the specific interactions of the test
chemical.

l Bladder stone formation can lead to bladder cancer in rats
and mice, thus making it difficult to be certain whether
a chemical that leads to bladder stone formation and
tumorigenesis is or is not a true animal and/or human
carcinogen.

l Another example is renal toxicity resulting from the accu-
mulation of a protein, a-2m-globulin, in male rat kidney
proximal tubule lysosomes. This protein is synthesized
exclusively by adult male rats, and the nephrotoxicity of
agents such as D-limonene in male rats is attributed to its
ability to bind to a-2m-globulin. Other species, including
humans, synthesize proteins that share significant homology
with a-2m-globulin; however, none of these proteins,
including the mouse equivalent of a-2m-globulin,
can produce this toxicity. The tumorigenic activity of
D-limonene in male rats has been concluded to be not
relevant to humans because of (1) the male rat specificity of
the nephrotoxicity and carcinogenicity; (2) the role that
a-2m-globulin plays in the toxicity, as evidenced by the
complete lack of toxicity in other species despite the presence
of structurally similar proteins; and (3) the lack of geno-
toxicity of both D-limonene and D-limonene-1,2-oxide,
supporting the concept of a nongenotoxic mechanism; that
is, sustained renal cell proliferation. Both D-limonene and
cis-D-limonene-1,2-oxide (the major metabolite involved in
this toxicity) are negative in in vitro mutagenicity screens.
Therefore, the toxicity-related renal cell proliferation is
believed to be integrally involved in the carcinogenicity of D-
limonene as persistent elevations in renal cell proliferation
may increase fixation of spontaneously altered DNA, or serve
to promote spontaneously initiated cells.

Perhaps the greatest cause of confusion in the interpretation
of carcinogenicity bioassays occurs when a substantial back-
ground incidence of tumors is enhanced. It should be asked
whether the test chemical is inducing such tumors or merely
enhancing their incidence. Although this problem is clearly
recognized with chemicals that enhance the already high inci-
dence of pulmonary tumors in strain A mice, there has been
little discussion of the confounding effects of naturally occur-
ring tumors that demonstrate a lower but still appreciable
incidence. The B6C3F1 male mouse used in the National
Cancer Institute, National Toxicology Program (NCI/NTP)
Bioassay Program in the United States demonstrates a 15–60%
incidence of hepatic cell tumors by 2 years of age. However,
whether this confounds the interpretation of a bioassay or
whether enhancement of the yield of such tumors, as opposed
to their direct induction, is relevant to the effects of the
chemical in humans is not asked; instead, these chemicals are
usually uncritically accepted as carcinogens and generally
regulated as such.

There are many tumors that have a naturally high inci-
dence, such as tumors of the endocrine tissues in certain
strains of rats. In each case, it is necessary to consider the
overall evidence that agents increasing the yield of such
tumors may or may not induce cancer in humans. Such
considerations require in-depth knowledge of biological and
biochemical mechanisms of carcinogenesis and development
of new and testable ideas. Increased emphasis on how agents
exert their effect, rather than on which agents exert an effect,
will move toxicology to the forefront of integrated biological
science.

One further problem needs to be addressed regarding
human and animal reactions to toxic agents. Although it is
possible to control the exposure of a test animal quite precisely
in a well-run experiment, humans are exposed to an ever-
changing multitude of chemicals because of the food they eat,
the drugs they take, or the lifestyles they have chosen. There-
fore, single-substance toxicological tests may either over-
emphasize or underemphasize the significance of the potential
hazard to humans, except possibly in the case of massive
exposures. There is very limited laboratory evidence on the
effects of chemical mixtures because a single chemical assay is
so expensive that the assay of mixtures becomes prohibitively
costly. However, the coadministration of a carcinogen and
a promoting agent may lead to far more tumors than either
agent alone. By contrast, two carcinogens, such as 4-dimethy-
laminoazobenzene and 3-methylcholanthrene, may fail to
produce tumors when given together, yet they do so when
given separately. More information on chemical interactions
continues to be needed, if animal tests to humans even with
qualitative accuracy are extrapolated.

See also: Analytical Toxicology; Animal Models; Toxicity
Testing, Alternatives; Toxicity Testing, Validation.

Further Reading

Arnold, D.L., Grice, H.C., Krewski, D.R., 1990. Handbook of In Vivo Toxicity Testing.
Academic Press, San Diego, CA.

Gad, S.C., 2009. Drug Safety Evaluation, second ed. John Wiley and Sons, New York.
Gad, S.C. (Ed.), 2004. Animal Models in Toxicology, second ed. Dekker, New York.
Meek, M.E., Bucher, J.R., Cohen, S.M., et al., 2003. A framework for human rele-

vance analysis of information on carcinogenic modes of action. Crit. Rev. Toxicol.
33, 591–653.
Relevant Website

http://www.toxicology.org – Society of Toxicology (SOT) website. Animals in Research.
The importance of animals in the science of toxicology.

http://www.toxicology.org


Iodine
SC Gad, Gad Consulting Services, Cary, NC, USA

� 2014 Elsevier Inc. All rights reserved.
l Chemical Abstracts Service Registry Number: 7553-56-2
l Synonyms: Diiodine; Iode
l Molecular Formula: Iþ

l Valence States: þ7, þ5, þ1, �1
Background Information

Iodine was discovered in 1811 by Bernard Courtois, and is
classed among the rarer elements. Iodine is found naturally in
seaweed, and is considered and generally recognized as safe
substance by the US Food and Drug Administration (FDA).
Iodine is a required element by many species, including
humans. It has been recognized as preventative against goiter
since 1819, and is used in iodized salt for this purpose. Iodine
is also used as a dough oxidizer in commercial bread making.
Iodine is generally extracted from natural and oil field brines by
means of oxidation of iodide with chlorine, then removal from
solution with an airstream. Iodine is reabsorbed in solution
and reduces to hidrotic acid with sulfur dioxide. The solution is
then chlorinated to precipitate free iodine, and is further
purified by treatment with concentrated sulfuric acid. Iodine is
the heaviest essential element for most life, with tungsten being
used by some bacteria.
Uses

Iodine is used as an antihyperthyroid and a topical anti-
infective. It is an ingredient in antiseptics and other medicinal
preparations and in germicides. The latter use includes udder
washes used on cattle in dairy operations; thus iodine is found
in cow’s milk. Other uses include disinfectants that may be
added to swimming pools or drinking water. It is also used as
a chemical reagent and is used in dyes (aniline and phthalein
dyes); as an alkylation and condensation catalyst; in iodides,
iodates, X-ray contrast media, food and feed additive, stabi-
lizers, photographic film, and water treatment; and as an
unsaturation indicator.
Environmental Fate and Behavior

Iodine is released into the environment during nuclear explo-
sions, as well as around any fuel rods, primarily spent. Due to
iodine’s uses, it is frequently released into the environment, but
adsorbs many minerals as well as organic masses, which inhibit
transport.
Exposure and Exposure Monitoring

Exposure may occur via inhalation, ingestion, or dermal or
ocular contact.
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Toxicokinetics

Iodine is absorbed rapidly and completely as I� from the
gastrointestinal tract. It is also absorbed when applied to the
skin. Surgical scrubs containing iodine compounds were found
to increase the level of urinary iodine in medical personnel.
Iodine compounds are efficiently trapped and concentrated in
the thyroid gland. Excretion is primarily via urine, although
some iodine is excreted in feces and sweat. There is some
salivary recycling. The half-life of iodine in blood is 6–10 h.
Prolonged administration of large doses of iodine markedly
reduces thyroidal iodine uptake.
Mechanism of Toxicity

Iodine is a powerful oxidizing agent and has a direct action on
cells by precipitating proteins. The affected cells may be
destroyed. In addition to the primary irritant action of iodine,
this compound can act as a potent sensitizer. Iodine is an
integral part of thyroid hormones (tetraiodothyronine
(thyroxine) and triiodothyronine), and deficiency results in
compensatory hyperplasia and hypertrophy of the thyroid
gland (endemic goiter). Endemic goiter occurs naturally where
soil is deficient in iodine.
Acute and Short-Term Toxicity (or Exposure)

Animal

Iodine is a strong irritant of the mucous membrane, respiratory
tract, and eyes, and skin application of a 2% solution of iodine
in alcohol to rabbit eyes caused reversible damage. Stronger
solutions of 7% caused severe damage to rabbit and monkey
eyes. The oral LD50 for mice is 2 g kg�1 and the oral LD50 for
dogs is 200–500mg kg�1.
Human

Ingestion of large quantities of iodine burn the mouth,
throat, and stomach and cause abdominal pain, nausea,
vomiting, and diarrhea. Sufficient exposure can result in
progression of symptoms to fever, shock, delirium, and
death. Ingestion of 2–4 g has been fatal. The solid element is
intensely irritating to eyes, skin, and mucous membranes.
Iodine vapor is more irritating than vapors of chlorine or
bromine. Occupational reports indicate that concentrations
of 0.1 ppm are tolerable, but concentrations of 0.15 or
0.2 ppm are less tolerable. Concentrations of 1 ppm are
highly irritating. Vapor concentrations of 0.57 ppm were
tolerated for 5 min without eye irritation, but 1.63 ppm
caused irritation within 2 min. Symptoms of inhalation
exposure include tightness in the chest, sore throat, and
headache. High exposures may result in airway constriction,
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shortness of breath, difficulty in breathing, pulmonary edema
(onset may be delayed several hours), and death. Skin contact
can result in corrosive tissue destruction at the site of contact.
Individual susceptibility to skin reactions varies widely.
Application of tincture of iodine to one-third of the body
surface was reported as fatal in one case. Iodine solutions are
recognized sensitizing agents.
Chronic Toxicity (or Exposure)

Animal

Dogs exposed by injection in the trachea to vapors of iodine
demonstrated inflammation of the lungs, breathing problems,
and coughing, which persisted for weeks. The lowest doses
causing effects were 7–12mg kg�1. Doses of 14–18mg kg�1

caused pulmonary edema and death within 24 h. In guinea
pigs, 0.5 ppm did not have detectable effects, but 7 ppm
impaired breathing capacity. Adult female rats fed 500, 1000,
1500, or 2000 ppm iodine (as potassium iodide, KI) from 0 to
35 days prior to giving birth exhibited increased neonatal
mortality with increasing dose, and milk secretion was reduced
as evidenced by examination of the mammary glands. Repro-
ductive impairment was also noted in studies with rabbits and
chickens. Rabbits fed 250 ppm iodine for 2–5 days in late
gestation exhibited increased mortality of young, and hens fed
312–5000 ppm KI ceased egg production within 1 week.
Clinical signs of excessive dietary iodide in cattle include
lacrimation, nasal discharge, conjunctivitis, hair loss, derma-
titis, and exopthalmia.
Human

Excessive ingestion in humans can result in iodide goiter
because of inhibition of the thyroid gland. The resulting lack
of thyroid hormone secretion causes compensatory increase in
thyrotropin secretion and thyroid enlargement. Patients
treated with radioactive iodine (131I) have been studied for
chromosome aberrations (dicentrics) in blood samples taken
before and at various times after exposure. The increase in
aberrations caused by the exposure to iodine was small but
statistically significant. In another study, 131I induced clasto-
genic and age-dependent aneugenic effects in the lymphocytes
of exposed patients. The X chromosome was not preferentially
involved in the aneugenic effect induced by 131I, and it was
concluded that, besides its major clastogenic effect, 131I can
also induce an X chromosome-independent aneugenic
activity, mainly in patients with spontaneous proneness to
chromosome loss. A mild toxic syndrome called iodism results
from repeated administration of small amounts of iodine.
Iodism is characterized by salivation, coryza, sneezing,
conjunctivitis, headache, laryngitis, bronchitis, stomatitis,
parotitis, enlargement of the submaxillary glands, and skin
rashes.
Reproductive Toxicity

Iodides diffuse across the placenta. Infant and neonatal death
from respiratory distress secondary to goiter has been
reported in mothers taking iodides. Chronic topical maternal
use of povidone-iodine during pregnancy has been associated
with clinical and biochemical hypothyroidism in the infant.
Exposure to iodine-131 can damage or ablate the developing
thyroid of the human fetus. Hypothyroidism, either
congenital or of late onset, has been reported in at least five
children whose mothers were exposed to iodine-131 during
pregnancy.
Genotoxicity

A potential clastogenic effect in human lymphocytes was
observed when tested without metabolic activation after 24 h
of exposure, but findings in the presence of metabolic activa-
tion are more relevant. Overall, no genotoxic potential for
iodine can be identified.
Carcinogenicity

Iodine is not carcinogenic, but excess can result in thyrotoxi-
cosis. Radioiodine, on the other hand, can be carcinogenic.
Iodine has been shown, however, to promote tumor growth in
animals that have been exposed to a carcinogen.
Clinical Management

Rescue workers should avoid direct contact with the chemical.
The source of contamination should be removed or the victim
should be moved to fresh air. The worker should immediately
wash the skin when it becomes contaminated. Oxygen may
be administered by a trained professional. A conscious victim
who has ingested excess iodine should rinse his or her mouth
with water; however, vomiting should not be induced. The
victim should drink 8–10 ounces of water. If vomiting occurs,
the victim should lean forward to reduce the risk of aspira-
tion. If contact with the eyes occurs, the eyes should be
immediately flushed with lukewarm, gently flowing water for
at least 15 min, taking care not to rinse contaminated water
into the eye. General supportive measures should be
provided.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists ceiling limit is 0.1 ppm, and this is also the US
Occupational Safety and Health Administration permissible
exposure ceiling limit. The US National Institute for Occupa-
tional Safety and Health (NIOSH) recommended exposure
limit (15min) ceiling value is 0.1 ppm (1mgm�3) and
the NIOSH immediately dangerous to life or health value is
2 ppm. The US recommended daily allowance of iodine is
100–200mg day�1.
See also: Generally Recognized as Safe (GRAS); Metals;
Sensitivity Analysis.



Iodine 1107
Further Reading

Baker, D.H., 2004. Iodine toxicity and its amelioration. Exp. Biol. Med. (Maywood) 229,
473–478.

Baugnet-Mahieu, L., Lemaire, M., Läeonard, E.D., Läeonard, A., Gerber, G.B., 1994.
Chromosome aberrations after treatment with radioactive iodine for thyroid cancer.
Radiat. Res. 140, 429–431.

Buddensick, T.J., Cunningham, S.C., Kamangar, F., 2012 July. Updated literature on
povidone-iodine for control of surgical site infections. Ann. Surg. 256 (1), e1–e2.

Lee, H.S., Min, H., 2011 Feb. Iodine intake and tolerable upper intake level of iodine for
Koreans. Korean J. Nutr. 44 (1), 82–91.
Wong, R.H.L., Ng, C.S.H., Underwood, M.J., 2012. Iodine pleurodesis – a word of
caution. Eur. J. Cardiothorac. Surg. 41 (5), 1209.
Relevant Websites

http://toxnet.nlm.nih.gov – Toxnet Homepage: Search for Iodine.
www.fda.gov – Food and Drug Administration Homepage, Search for Iodine.



1

Ionizing Radiation see Radiation Toxicology, Ionizing and Nonionizing
Iron

SC Gad, Gad Consulting Services, Cary, NC, USA

� 2014 Elsevier Inc. All rights reserved.
l Name: Iron
l Chemical Abstracts Service Registry Number: 7439-89-6
l Synonyms: Ferrum, Iron metal, Elemental iron
l Valence States: �2, �1, 0, þ1, þ2, þ3, þ4, þ5, þ6 (þ2, þ3

most common)
Background Information

Iron has been used since antiquity in an extraordinarily
wide variety of applications ranging from weapons, to build-
ing materials, to decorative purposes. It composes a greater
percentage by mass of the Earth than any other element,
though it is only fourth place in percent by mass in the crust.
The Earth’s solid core is composed almost entirely of iron.
Uses

Iron is one of the major essential elements and one of the most
important commercial metals. The total number of products
made from iron is greater than that of all other metals
combined. Iron is the basis for various steels and is used in
pigments, fuel additives, catalysts, magnetic tapes, and animal
feeds. As an essential element, iron is the central atom in the
hemo of hemoglobin. Medicinally, it is administered to anemic
patients and to many premenopausal women.
Environmental Fate and Behavior

Iron occurs rarely by itself in nature due to the ease with which
it forms compounds, especially in oxidation reactions. Many
iron compounds are water soluble, leading to potentially high
concentrations in water, especially in seawater. Iron is a neces-
sary component of all life and it is therefore taken up readily by
organisms from all sources.
Exposure and Exposure Monitoring

The primary exposure pathway for iron is ingestion. Iron is
present practically in all foods, in dietary supplements, and in
drinking water. In some drinking water, iron concentrations
may be especially high as iron pipes have been used extensively
in transporting potable water. Iron concentration in surface
water varies greatly, from 61 to 2680 ppm. In industrial
settings, inhalation is a significant exposure pathway (e.g., arc
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welders are exposed to a atmosphere of high in metal fumes
and particles). Analyses of urban air samples show that the iron
content averages 1.6 mgm�3, with the iron and steel industry
probably the most likely source of emission. Dermal contact is
not a significant exposure pathway; however, iron is a natural
component of soils and its concentration can be influenced by
some industries.
Toxicokinetics

The chemical form of iron influences absorption, as do inter-
relationships with other dietary components. The disposition
of iron in the human body is regulated by a complex mecha-
nism to maintain homeostasis. Iron has the capacity to accept
and donate electrons readily, and iron concentrations in body
tissues must be tightly regulated because excessive iron leads to
tissue damage as a result of formation of free radicals. The
content of body iron is regulated primarily by absorption since
humans have no physiological mechanism by which excess
iron is excreted. Iron is absorbed (in a complicated process)
through the gastrointestinal tract as the ferrous ion, first into
the mucosal cells, where it oxidizes into the ferric state, and
then is carried by the plasma. It is bound to the iron protein
transferrin, a globulin that transfers the iron to the various
tissues. The enzyme ferroxidase oxidizes the ferrous ion to the
ferric state. Most absorbed iron is found bound to hemoglobin
(66%), a small amount is found in the protein myoglobin, and
a minute amount is found in the iron-dependent enzymes.

Iron is stored in the blood, liver, bone marrow, and spleen.
The storage proteins for iron are ferritin and hemosiderin. With
‘iron overload,’ more ferritin is synthesized in the liver to bind
this excess iron. Iron is a cofactor for hemoglobin and
cytochromes.

The homeostasis mechanism permits up to 15% of ingested
iron to be absorbed, while the average person only excretes
0.01% of the intake. During periods of increased demand, such
as pregnancy or childhood, absorption of iron is greatly
increased. Normally, excess iron is excreted and some is con-
tained within shed intestinal cells and in bile and urine.
Smaller amounts are excreted in sweat, nails, and hair.
Approximately 0.5mg of total iron is excreted per day.
Mechanism of Toxicity

In some adults, iron overload can be the result of a genetic
defect (idiopathic hemochromatosis) that causes malfunction
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00864-2
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of the normal homeostasis mechanism and, in turn, excessive
absorption of iron. Iron overload can also be caused by too
many blood transfusions, which results in too much iron in the
various iron-containing organs.

Recently, it has been suggested that the presence of
increased transferrin concentrations in males is associated with
an increased number of heart attacks. This must be corrobo-
rated by further research. Excess iron can lead to diabetes
mellitus, faulty liver functions, and endocrine disturbance.
Iron is a catalyst for oxidative damage leading to lipid perox-
idation. The latest hypotheses link peroxidation to heart
disease, cancer, and accelerated aging. Iron is involved in the
Fenton reaction, which catalyzes the formation of free radicals
that cause excessive damage to cells and their components.
Acute and Short-Term Toxicity (or Exposure)

Animal

In a few animal experiments, sarcomas have appeared at the
site following the subcutaneous injection of a large dose of the
dextran salt or the lactate or gluconate.
Human

Most iron toxicity is found in very young children who ingest
iron-containing medicines with candylike coatings. Fatalities
have occurred from childhood ingestion of iron. After con-
suming more than 0.5 g of iron, toxic symptoms can be delayed
for up to 6 h. The gastrointestinal tract can be ulcerated, which
alters the limiting mechanism of iron absorption. Besides
nausea, vomiting of blood (due to ulceration of the gastroin-
testinal tract), and black stools, acidosis and some liver damage
follow; this can, in some cases, lead to cirrhosis of the liver, liver
failure, or renal failure.
Chronic Toxicity (or Exposure)

Animal

Iron does not appear to be mutagenic or teratogenic. However,
these experimental findings of tumor formation are open to
question and may be associated with ‘solid-state carcinogen-
esis’ (believed to be a result of an irritation-type effect at the site
of injection as opposed to a genetic mechanism).
Human

Iron has been identified as a component of asbestos and other
mineral and synthetic fibers. Inhalation of iron and iron oxide
fumes or dust may result in deposition of iron particles in
lungs, producing an X-ray appearance resembling silicosis. The
carcinogenicity of iron is still under debate, for example, for
colorectal and liver cancer. An increase in the incidence of
lung cancer, as well as in that of tuberculosis and interstitial
fibrosis, has been noted in hematite miners. Due to inadequate
controls, it is possible that the increased incidence of lung
diseases noted in the study is due to smoking or exposure to
other carcinogens present in the occupational setting. The
American Conference of Governmental Industrial Hygienists
(ACGIH) assigns an A4 (not classifiable as a human carcin-
ogen) ranking to iron. Excess free circulating iron damages
blood vessels, and hypotension can occur.
Immunotoxicity

There is some evidence that toxic forms of iron are recognized
by the body and regulated against to prevent toxic levels being
mainlined.
Reproductive Toxicity

While limited study data are available, high doses of intrave-
nously administered iron in rats have led to teratogenic
changes such as hydrocephalus and anophthalmia, which are
reduced by subsequent administration of deferoxamine.
Genotoxicity

The majority of iron salts have produced negative results in
gene mutation assays, but were positive for viral-enhanced cell
transformation in Syrian hamster embryo cells, in vitro, or in
a mouse lymphoma assay.
Carcinogenicity

While iron and most of its compounds are not found to be
carcinogenic, iron dextran has been classified by the National
Toxicology Program as reasonably expected to be carcinogenic,
and by the International Agency for Research on Cancer as class
B2, or possibly carcinogenic in humans. Iron dextran is unlikely
to pose an occupational hazard, and is only likely to produce
carcinogenic responses when administered subcutaneously or
intramuscularly.
Clinical Management

Acute iron poisoning is treated by removal of ingested iron
from the gastrointestinal tract using emesis (vomiting) or
gastric lavage and by providing therapy for the associated
systemic effects of shock and acidosis. The chelation agent
deferoxamine is also administered to bind iron that was not
successfully removed from the gastrointestinal tract and has
been absorbed.

Excess iron can be removed by either phlebotomy (letting
of blood from a vein) or administration of deferoxamine for
cases of chronic excess iron. Ascorbic acid can accelerate iron
excretion about twofold.
Exposure Standards and Guidelines

The ACGIH threshold limit value, 8 h time-weighted average,
for iron oxide dust and fume is 5 mg m�3. The Environmental
Protection Agency’s Federal Drinking Water Guideline for iron
is 300 mg l�1.



1110 Iron
See also: Blood; Metals; Poisoning Emergencies in Humans.
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Figure 1 Recycling trends by year.
On 22 March 1987, an Islip, Long Island garbage barge set sail
for Jones County, North Carolina. The Mobro 4000 was loaded
with 3168 tons of municipal solid waste (MSW) for an entre-
preneurial venture. This barge soon became a martyr of envi-
ronmentalists, and made a media spectacle of the growing
scarcity of landfill space in America. Tipping fees, or fees paid to
dispose of waste at landfills are higher where landfill space is
more scarce and lower where there is a higher abundance of
land suitable for landfills. In a hurried attempt by Lowell
Harrelson, a New York businessman, to make a few dollars on
the increasing garbage crisis in New York City, the Mobro 4000
was sent south in hopes of cashing in on the lower tipping fees
of rural North Carolina. Mr Harrelson failed to secure
a dumping contract prior to setting sail. Rather, he tried to
negotiate a contract after the barge was already on its way.

Upon arrival at the North Carolina port, a public outcry
began resounding through the media. Concerned citizens
spotted the barge offshore, piled high with rotting solid waste.
The proper authorities were alerted who soon began an
investigation.

In order to save a few dollars, the owners of the barge
declined to purchase a tarp to cover the MSW for its trip south.
The said purchase may very well have prevented public dissent.
The complaining citizens criticized that the stinking mass of
out-of-state waste was floating in their ocean rather than being
disposed off in its originating state. Due to the lack of
a previous-made dumping contract, concerns were raised about
medical, toxic, and other illegal contaminants in the waste.

Local officials called the deal off and sent the barge on its
way. The barge eventually spent 164 days at sea, and traveled
over 6000 miles before returning to New York City. North
Carolina, Florida, Alabama, Mississippi, Louisiana, and Texas
all declined port to the barge, as did Mexico, The Bahamas, and
Belize.

After the media frenzy that followed the barge’s voyage, the
boat was forced to incinerate the MSW in a Brooklyn facility
and bury the ashes in the same landfill from which the waste
began its journey. This public spectacle served as a launch pad
for environmentalists everywhere. The Mobro 4000 was an icon
of America’s excessive consumption and waste, and helped to
push hundreds of communities to increase recycling efforts
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
(see Figure 1). This event, coupled with other environmental
issues of the time, served as a springboard for public involve-
ment in environmentalism. Interest in waste stream, air pollu-
tion, water pollution, and other environmental health issues
were never before on public minds to this extent.

This incident’s penetration into our collective conscious-
ness, standing for something deeper and even absurd about
waste, is reflected in the 2010 children’s book – Here Comes the
Garbage Barge, a fictionalized rendering of this event.
See also: Resource Conservation and Recovery Act (USA).

Further Reading

Murphy, C., Rathje, W., 2001. Rubbish!: The Archaeology of Garbage. The University
of Arizona Press, Tuscon, AZ.

Relevant Websites
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http://www.bos.frb.org/economic/nerr/rr2002/q1/waste.htm – Federal Reserve Bank
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http://www.time.com/time/magazine/article/0,9171,964245,00.html – Time.
4-3.01036-8 1111
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http://www.time.com/time/magazine/article/0%2C9171%2C964245%2C00.html
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Methylene Diphenyl Diisocyanate

l Name: Methylene diphenyl diisocyanate (MDI)
l Chemical Abstracts Service Registry Number: 26447-40-5
l Synonyms: 4,40-Diphenylmethane diisocyanate; 1,10-Meth-

ylenebis (4-isocyanatobenzene); 4,40-Diisocyanatodiphe-
nylmethane; 4,40-Diphenylmethane diisocyanate; Isonate;
Hylene M50; Methylbisphenyl isocyanate

l Molecular Formula: C15H10N2O2

l Chemical Structure:

Background

Methylene diphenyl diisocyanate (MDI) is a white, odorless
diisocyanate that may also occur in crystalline form. It exists in
three isomers, (2,20-MDI,2,40-MDI, and 4,40-MDI), however,
the primary technical/commercial form of MDI is actually
polymeric MDI, which is a mixture that contains 25–80%
monomeric 4,40-MDI as well as oligomers containing three to
six rings and other minor isomers, such as the 2,20-isomer the
4,40 isomer. MDI is most widely used and accounted for 62% of
the global market in 2000.

Uses

MDI is used to produce polyurethane foams for application in
a wide range of retail, commercial, and industrial uses to
protect cement, wood, fiberglass, steel, and aluminum surfaces
such as truck beds, trailers, boats, foundations, and decks. MDI
is also used as a high strength adhesive in industrial and
consumer applications.

Environmental, Behavior, Fate, Routes, and Pathways

MDI is the least hazardous of the commonly available isocya-
nates, however, it is not without toxicity. It has low vapor
pressure, which reduces hazards during handling compared to
the other major isocyanates, e.g., TDI, HDI. The complex nature
of MDI composition and reactions in the environment often
makes interpretation difficult. Release ofMDI to the atmosphere
is low due to its low volatility and since MDI readily degrades to
inorganic compounds in the presence of hydroxyl radicals, its
atmospheric half-life is short. High exposures involving MDI in
ambient environments are expected to be rare. There is no
information about levels of various forms of MDI in the
ambient air. WhenMDI is released to water, it reacts readily with
water to formmixtures of diisocyanates and amines, which then
readily react with more MDI to produce inert, solid, insoluble
1112 Encyclopedia of T
polyurea. MDI has a transient existence due to its reaction with
the water to produce predominantly insoluble polyureas. The
evidence indicates that MDI accumulation through the aquatic
food chain is extremely unlikely, as might be expected consid-
ering the very low solubility and high reactivity of MDI with
hydroxyl radicals in aqueous solution.
Exposure and Exposure Monitoring

Under normal circumstances, exposure of the general public to
MDI is likely only from accidental releases to the atmosphere.
High exposures in ambient environments are rare.Where spillage
is to soil orwater,MDI has a transient existence due to its reaction
with the water to produce predominantly insoluble polyureas.
While methylene dianiline (MDA) can be formed, the concen-
tration formed in the environment by the reaction of MDI with
water is always low. The information onoccupational exposure is
limited; in different industries, 8 h time-weighted average (TWA)
exposures in excess of 50 mg m�3 have been reported to occur
infrequently. Inhalation and dermal exposures can occur during
the manufacture and use of MDI. Workers and individuals in
close proximity to the plant may inhale emissions from urethane
foam production manufacturing facilities.
Toxicokinetics

There is very limited information on the toxicokinetics of MDI.
Once absorbed, it is conjugated to protein. Only limited inha-
lation studies using rats are available. An inhalation exposure
study using radiolabeled MDI indicates that MDI or derivatives
are distributed throughout the body, predominantly in the
lungs, muscle, kidneys, and digestive tract. The fecal and urinary
elimination of MDI and its metabolites over 4 days was 57 and
13% of the recovered radioactivity, respectively. Less than 1% of
the radioactivity was recovered from themajor organs, although
23% of the administered dose was recovered in the carcass. In
urine, small amounts of free and acetylated MDA were identi-
fied. Studies of workers have identified MDA with adducts in
hemoglobin or albumin in urine and blood. The half-life of
acid-hydrolyzable MDA in the urine of a worker exposed to
PMDI was 70–80 h, and in serum, 21 days.
Mechanism of Toxicity

A definitive mechanism of MDI toxicity is unknown; however,
it is speculated that humoral and cellular immunity may be
involved in the pathogenesis of hypersensitivity due to isocy-
anate sensitization responses of both animals and humans.
Acute and Short-Term Toxicity

Acute inhalation of high concentrations of MDI may cause
sensitization and asthma in humans. Acute dermal contact
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00865-4

http://dx.doi.org/10.1016/B978-0-12-386454-3.00865-4


Isocyanates 1113
with MDI has induced dermatitis and eczema in workers and
animal data provide clear evidence of skin and respiratory
sensitization. MDI is not acutely toxic to laboratory mammals;
however, it is an irritant to the skin and eyes of rabbits. The
health end point of most concern is exposure to airborne
polymeric and/or monomeric MDI and occupationally
induced asthma for which there is compelling evidence from
epidemiological studies, case studies, and animal studies.
However, there is insufficient human evidence to describe (1)
the nature of the MDI-containing material, (2) the dose–
response relationship, or (3) the mechanism of isocyanate-
induced asthma and sensitization. Severe respiratory distress
and a significant decrease in body weight gain were observed in
male and female rats exposed toMDI aerosol at a concentration
of 13.6 mg m�3 for 6 h per day, 5 days per week, over a period
of 2 weeks, with much less severe signs of respiratory distress
and only slightly reduced body weight gain in male rats at
4.9 mgm�3. It was concluded that 2.2 mgm�3 was a 2 week no
observed adverse effect concentration (NOAEC).
Chronic Toxicity

A chronic inhalation study was conducted with 99.5% pure
MDI. Female Wistar rats (80 per exposure group) were exposed
(whole body) to MDI in aerosol at 0.23, 0.70, or 2.05 mg m�3

for 18 h day�1, 5 days per week, for up to 24months. Statistically
significant concentration-related pulmonary lesions included an
increase in focal/multifocal alveolar and bronchioalveolar
hyperplasia, interstitial fibrosis, and an accumulation of particle-
laden and pigmented macrophages. Alveolar cell hyperplasia,
considered preneoplastic, exhibited a dose-related increase, with
the incidence reaching significance in the high exposure. Basal
cell hyperplasia in the olfactory epithelium detected at 0.98 and
6.03 mg m�3 in another study and was judged to be a noncar-
cinogenic critical end point. The nonneoplastic information in
this study suggests an NOAEC of 0.19 mg m�3 and a lowest
observed adverse effect concentration (LOAEC) of 0.98 mgm�3.
Respiratory effects such as nasal and lung lesions, consistent with
exposure to an irritant, have been reported in chronically
exposed animals. Chronic inhalation exposure to MDI is one of
the leading causes of asthma in plant workers. In addition,
chronic inhalation exposure can cause dyspnea, immune disor-
ders as well as nasal and lung lesions. The reference concentra-
tion (RfC) for MDI is 0.000 6 mg m�3; no reference dose (RfD)
has been calculated for MDI.
Immunotoxicity

The toxic end points of most concern are occupationally induced
asthma, hypersensitivity pneumonitis, and inflammatory upper
respiratory tract diseases through inhalation of polymeric or
monomeric MDI. Reports have described MDI as a cause of
occupational dermatitis, skin sensitization, and asthma and no
association with cancer morbidity. It is unlikely that humans are
exposed to MDI via the oral route. It is well documented that
isocyanates cause occupational asthma and humoral as well as
cellular mechanisms are involved in that pathogenesis. Both
immediate and/or late allergic reactions can occur. The specific
humoral immune response can be IgE as well as IgG mediated,
but many patients with sensitization to isocyanates have no
demonstrative serum antibodies against the isocyanates.
Reproductive Toxicity

Exposure of gravid rats to polymeric MDI resulted in an
NOAEC for maternal and fetal toxicity of 4 mgm�3. There have
been no studies that have examined the effect of polymeric or
monomeric MDI on reproductive parameters. No adequate
published information was available on the reproductive or
developmental effects of MDI in humans.
Carcinogenicity

In a 2-year chronic inhalation toxicity/carcinogenicity study,
rats that were exposed to polymeric MDI aerosol at concen-
trations of 0, 0.19, 0.98, or 6.03 mg m�3 showed changes in
the respiratory tract. Pulmonary adenocarcinoma observed in
one case was considered as insufficient to identify MDI as an
animal carcinogen; however, in situ generation of a principal
metabolite of MDI monomer – MDA, which is a known
animal carcinogen via drinking water, could be responsible
for the effect. MDA was found in the blood of MDI-exposed
rats and also in the urine of MDI-exposed humans. The
available human cancer studies of workers exposed to
isocyanates are inadequate to describe the carcinogenic
potential of MDI. No associations between MDI and cancer
incidence were demonstrated. The increase in the incidence
of benign pulmonary tumors in rats exposed to MDI by
inhalation is not a clear demonstration of carcinogenicity.
The published studies have a number of limitations, which
result in low power to detect cancer occurrence in target
organs of interest.
Clinical Management

There is no specific antidote for MDI toxicity; however, treat-
ment consists of support of respiratory and cardiovascular
functions and skin, eye, and respiratory irritation are treated
symptomatically. In addition, animal tests have indicated that
skin contact, followed by inhalation exposure, may result in
lung sensitization. Repeated inhalation of aerosols at levels
above the occupational exposure limit could cause respiratory
sensitization and risk of serious damage to respiratory system.
With skin and eye exposures, any contaminated clothing should
be removed and wash the skin with copious soap and water;
irrigate exposed eyes with copious tepid water or saline. In the
case of ingestion, the patient should be administered activated
charcoal and cathartic. An airway should be maintained with
assisted ventilation; monitor and treat for coma and/or
arrhythmias.
Ecotoxicology

MDI does not show toxicity to fish, aquatic invertebrates,
algae, or microorganisms under any acute or long-term
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exposure testing conditions. The reaction products of MDI and
water are not biodegradable but are chemically inert. Ecotox-
icology investigations have shown that MDI is not appreciably
toxic to fish, bacteria, and invertebrates or to worms and plants
(LC/EC50 �1000 mg l�1). Since MDI is insoluble in water,
results of aquatic tests are not clear. Similarly, a few tests on
terrestrial organisms did not show any effects under the testing
conditions. Available data show that there is no toxicity
concern regarding the effects of MDI on organisms in the
environment.
Exposure Standards and Guidelines

MDI Regulations
Regulating body Standard Classification

International
International Agency

for Research on
Cancer (IARC)

Carcinogenicity
classification

Group 3

WHO Drinking water
guideline

No data

Air quality guideline No data
MAK (Maximale

Arbeitsplatz-
Konzentration,
Germany)

TWA 0.05 mg m�3

(measured as
inhalable fraction
of the aerosol)

Peak 0.1 mg m�3

Notation Danger of sensitizing of
the airways & the skin

Carcinogenicity
classification

Group 2

UK-HSE TWA No data
Ceiling No data

US
American Conference

of Governmental
Industrial Hygienists
(ACGIH)

Threshold limit
value (TLV)
(8-h TWA)

0.005 ppm 0.051 mg m�3

EPA RfD No data
RfC 6 � 10�4 mg m�3

Carcinogenicity
classification

Cannot be determined

National Institute
for Occupational
Safety and Health
(NIOSH)

Recommended
exposure limit
(REL) (10-h TWA)

0.005 ppm 0.05 mg m�3

Short-term exposure
limits or ceiling
limits (STEL/
CEIL) (C)

0.02 ppm 0.2 mg m�3

Immediately
dangerous to life
or health (IDLH)

75 mg m�3

Occupational Safety
and Health
Administration
(OSHA)

Permissible exposure
limit (PEL) (8-h
TWA)

0.02 ppm 0.2 mg m�3
Methyl Isocyanate

l Name: Methyl isocyanate (MIC)
l Chemical Abstracts Service Registry Number: 624-83-9
l Synonyms: Iso-cyanatomethane, Methyl carbonimide,

Methyl isocyanide, Methylcarbylamine, Isocyanic acid,
Methyl ester

l Molecular Formula: C2H3NO
l Chemical Structure:

Background

Methyl isocyanate (MIC) is an organic compound with the
molecular formula CH3NCO. MIC is an extremely toxic,
colorless, highly flammable liquid that evaporates quickly
when exposed to the air and has a sharp, strong odor. It is
hazardous to human health, and was involved in the Bhopal
disaster in December 1984, which resulted in the deaths of
more than 2250 individuals, with another 50 000 incapaci-
tated, and about 100 000 treated in area hospitals.
Uses

Because of its high reactivity, MIC is used as an intermediate
in organic synthesis, most notably in the production of carba-
mate-based pesticides (such as carbaryl, carbofuran, methomyl,
and aldicarb). It has also been used in the production of rubber
and adhesives. Tobacco smoke from some brands of cigarettes
also contains about 4 mg MIC per cigarette.
Environmental, Behavior, Fate, Routes, and Pathways

MIC is an extremely toxic, colorless, highly flammable liquid
that evaporates quickly when exposed to air and has a sharp,
strong odor. It has a molecular weight of 57.05 and a density
of 0.9230 g cm�3 at 27 �C. MIC is one of the most reactive of
all isocyanates. When released to air, it exists solely as a gas.
The gas is degraded rapidly in the air by reacting with
substances commonly found in the air. It is also broken down
by moisture from clouds and rainfall. It will only persist in the
atmosphere a few hours to a few days before being degraded.
MIC is also rapidly (minutes to a few hours) degraded in
water into other compounds. Most of MIC released to soil will
also be broken down into other compounds upon contact
with moisture. Small amounts of MIC may evaporate into air.
When released to water, adsorption to sediment, bio-
concentration, biodegradation, and volatilization from water
surfaces are not expected to compete with hydrolysis as
important fate processes. The products of hydrolysis may
include N-carboxymethylamine, methylamine, carbon
dioxide, and N,N0-dimethylurea. Based upon MIC’s vapor
pressure, volatilization from dry near-surface soil or surfaces
is likely. Since it rapidly hydrolyzes, bioconcentration, vola-
tilization, and adsorption to sediment and suspended solids
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are not expected to be significant processes. Therefore, MIC
does not accumulate in the food chain.
Exposure and Exposure Monitoring

MIC’s use as a chemical intermediate and in the manufacture of
carbamate-based and urea-based insecticides and fungicides
may result in its release to the environment through waste
streams. Occupational exposure to MIC may occur through
inhalation and dermal contact at workplaces where MIC is
produced or used. The concentration of MIC collected during
a welding operation in a car repair shop was 290 mg m�3. From
1981 to 1983, NIOSH estimated that 1822 workers were
potentially exposed to MIC in the United States. The general
population may be exposed to an estimated 1–5 ppm per
cigarette of MIC through inhalation of cigarette smoke. Indi-
viduals who breathe second-hand smoke may be exposed to
this compound. Individuals residing near facilities that
manufacture, store, or use the chemical may breathe in low
levels of it.

MIC has a vapor pressure of 348 mm Hg at 20 �C and is
expected to exist solely as a vapor in the ambient atmosphere,
which will be degraded in the atmosphere by reaction with
photochemically produced hydroxyl radicals; the half-life for
this reaction in air is estimated to be 118 days. Hydrolysis is the
dominant fate process for MIC in soil and water based upon
half-lives of 20 and 9 min at 15 and 25 �C, respectively.
Toxicokinetics

Guinea pigs were exposed to 14C-MIC at 0.38–15.2 ppm for
1–6 h and deposition in the airways was highest in the
proximal airways; the level of radioactivity in the airway
tissue was dose and duration related to exposure. Radioac-
tivity was detected throughout the entire nasal respiratory
epithelial layer in a concentration-related manner. In another
study, the uptake and distribution of 14C-MIC was measured
in arterial blood of guinea pigs following exposure to
concentrations at 0.5–15 ppm for periods of 1–6 h. Circu-
lating 14C showed an immediate uptake with clearance
gradual over a period of 3 days. A similar profile was observed
for urine and bile. Uptake in the upper respiratory tract
passages and distribution was to all examined tissues. In
pregnant mice similarly exposed to 14C-MIC, the label was
detected in all tissues examined, including the uterus,
placenta, and fetus.

A transport system for MIC via reduced glutathione has
been suggested in which MIC forms a glutathione conjugate in
the lung after inhalation. The conjugate is distributed from the
lungs to other tissues, where the reactive electrophilic parent
MIC may be regenerated. It is postulated that carbamate thio-
ester conjugates of MIC could revert spontaneously to free MIC
under physiological conditions and may actually contribute to
the multisystem adverse effects of this highly toxic isocyanate in
vivo. The conjugation of MIC with glutathione in vivo affords
a reactive S-linked product, which displays the potential to
carbamoylate nucleophilic amino acids. Such conjugates are
considered transport forms of toxicants.
Mechanism of Toxicity

Mechanisms of toxicity have still not been clearly elucidated
for MIC per se. It is hypothesized that carbamylation of
globin and blood proteins may be involved. Histopathologic
evaluation of rodents exposed to MIC by inhalation suggest
that MIC-induced injury is limited to the respiratory system.
Immediate deaths most likely are a result of tissue hypoxia
secondary to blockage of airways by cellular debris, mucus,
and fluid. Delayed deaths most likely are caused by chronic
obstructive and restrictive lung diseases. Persistent respira-
tory and ocular effects may also be a result of MIC-induced
immunologic effects since specific antibodies have been
demonstrated in the blood of exposed patients. MIC is
highly reactive; therefore, the resulting onset of respiratory
effects following acute exposure to MIC can be immediate in
some cases. In other exposure scenarios, respiratory injury
can evolve over periods of hours or days. Exposure-related
deaths sometimes can occur as late as 30 or more days
postexposure, due in part to the development of pneumonia.
Results from human and animal studies indicate that MIC is
a severe irritant to mucous membranes. Ocular irritation was
the most pronounced symptom reported in human experi-
mental studies. The most frequently reported symptoms
among the exposed population in Bhopal, India, were
burning of the eyes, coughing, respiratory distress from
pulmonary congestion, watering of the eyes, nausea, vomit-
ing, muscle weakness, and CNS involvement secondary to
hypoxia and animal fatalities are which attributed to
pulmonary edema.
Acute and Short-Term Toxicity

Animal studies have reported pulmonary edema, upper respi-
ratory tract irritation, respiratory lesions, and weight loss from
acute inhalation exposure to MIC. These tests have shown MIC
to have extreme acute toxicity from inhalation exposure with
LC50s ranging from 6.1 to 21 ppm in rats, 12.2 ppm inmice, and
5.4 ppm in guinea pigs. Oral LD50 data were not as toxic at
52 mg kg�1 in rats and 120 mg kg�1 in mice. Acute exposure to
concentrations of only 23 mg m�3 is irritating to the eyes, nose,
and throat in humans; while levels of 68 mg m�3 result in a risk
of severe lung injuries and 225 mg m�3 has been lethal. It
should be noted that in most studies, deaths did not occur
during exposure. The group of animals died within 24–48 h
postexposure, while another phase of deaths often occurring
several days later. This pattern was similar to that noted in
humans following the Bhopal accident in which deaths were not
immediate, but occurred after a lag period and in phases. Re-
ported no observable effect levels (NOELs) for signs of irritation
included 3 ppm for 2 h in rats and 10 ppm for 2 h in mice.
Humans exposed acutely by inhalation to MIC experience long-
term (as well as immediate) damage to pulmonary and
extrapulmonary systems. While the lung remains the critical
target organ for long-term effects from acute exposure, adverse
effects on other organs (e.g., eye, reproductive, and gastrointes-
tinal) are also reported. The delayed responses to the acute
exposure suggest an immunological component, which could
involve several systems including lung, eye, liver, and kidney.
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The chemical identity of the ultimate toxicant is unknown and
may be more than one compound.
Chronic Toxicity

Rats were exposed to 0, 0.15, 0.6, and 3.1 ppm of MIC for two
4-day sessions at 6 h day�1 and examined the animals within
1 day following exposure. The two-phase exposure included
a 2-day recess from exposure. No deaths occurred at any MIC
concentration during the exposure. Based upon weight gain
loss, absolute lung weight, and lung histopathology in rats,
immediately following cessation of exposure, the data suggest
a no observable adverse effect level (NOAEL) of 0.6 ppm
MIC. One study was identified in which postexposure
observations were made on experimental animals exposed
subchronically by inhalation to multiple doses of MIC.
Animals were exposed to 0, 1.1, and 2.8 (females) or 3.0
(males) ppm of MIC for 6 h day�1 for 4 days and observed
the rats for 91 days. No deaths and no weight gain were
present until the postexposure period and were mainly
observed in animals exposed at the high dose. Based upon
these data, an NOAEL of 1.1 ppm MIC, a chronic REL of
1.1 ppb (2.6 mg m�3) was derived (NOAEL O 1000). While
the Environmental Protection Agency (EPA) has not estab-
lished an RfC or an RfD for MIC, the California EPA has
calculated a chronic inhalation reference exposure level of
0.001 mg m�3 based on lung and body weight effects in rats.
This reference exposure level is a concentration at or below
which adverse health effects are not likely to occur. An
experiment on human exposure revealed no irritation at
levels of 0.4 ppm, while exposure at 2 ppm produced bron-
chial irritation and lacrimation, and exposure at 21 ppm was
not tolerable.
Immunotoxicity

In general, isocyanate exposures produce immunologic sensi-
tization. The immunologic system has been suggested as
a mechanism of persistent and delayed respiratory and eye
effects. Antibodies specific to MIC have been demonstrated in
the blood of exposed patients in Bhopal, India. In an inter-
dermal sensitization test, 16 of 16 guinea pigs had definite
immunologic reactions that were obvious at 24–48 h after
receiving the challenge injection of 0.01 ml of a 0.01%
solution.

In an immunotoxicity study, five pairs of female Sprague–
Dawley guinea pigs were exposed in a static exposure to
650 ppm until one of the pair died (11–15 min). The survivor
was sacrificed, and plasma was obtained from both animals
and analyzed for complement consumption. In both animals,
complement activation had occurred as indicated by a reduc-
tion in CH50, C3, and C5 activity levels.
Reproductive Toxicity

Developmental and reproductive toxicity has been shown in
rats and mice following inhalation exposure to MIC. Fetal
body weights were decreased following a single maternal
exposure at 9 ppm for 3 h in rats and at �2 ppm for 3 h in
mice. Embryo lethality was increased in rats exposed at 9 ppm
for 3 h on gestation day 10 and in mice exposed at 9 or
15 ppm for 3 h on gestation day 8. Pregnant mice exposed to
MIC at concentrations of 0, 1, or 3 ppm for 6 h day�1 on
gestation days 14–17 showed a significant increase in the
number of dead fetuses at birth and a significant decrease in
neonatal survival during lactation. However, exposure of
male and female mice to 1 or 3 ppm given 6 h day�1 for four
consecutive days had no effect on reproduction during
mating trials conducted at 1, 8, and 17 weeks after the
exposure period.

MIC is a suspected reproductive toxicant and exposure to it
has the potential to negatively affect the human reproductive
system. The severity and nature of the adverse effect is variable
and can be influenced by factors such as sex, level of exposure,
and individual sensitivity to the chemical. Effects on the female
reproductive systems include menstrual problems, altered
sexual behavior, infertility, altered onset of puberty, altered
length of pregnancy, lactation issues, and pregnancy outcome.
Effects on the male reproductive system include altered sexual
behavior, altered fertility, and problems with sperm shape or
count. A survey taken 4 months after the accident in Bhopal,
India, consisted of self-reported symptoms and pregnancy
outcomes. The survey did not report the stage of pregnancy at
the time of exposure, severity of maternal symptoms, or the
concentrations or duration of MIC exposure.
Genotoxicity

MIC did not induce mutations in Salmonella or in theDrosophila
sex-linked recessive lethal assay following exposure of males by
inhalation, feeding, or injection. However, dose-related
increases in the number of TK mutants were induced in
L5178Y mouse lymphoma cells, and the frequencies of sister
chromosome exchanges (SCEs) and chromosomal aberrations
increased in Chinese hamster ovary cells. No evidence of
chromosomal effects or micronuclei formation were observed
in the bone marrow of mice exposed at 3, 10, or 30 ppm for
2 h, nor was there evidence of a dominant lethal effect in mice.
Carcinogenicity

Male and femalemice exposed to single 2 h exposures toMIC for
2 years showed no neoplastic lesions. In rats similarly exposed
also showed no neoplastic lesions and clear patterns of carci-
nogenicity. An epidemiology study was conducted observing the
effect of gas exposure, incidence rates of the lung, oropharynx
and oral activity from 1987 to 1992 among males after the 1984
Bhopal accident. Relative risks using cases from the cancer
registry and controls from a tobacco survey were estimated for
individuals who were present in the gas-affected region of
Bhopal. Based upon a descriptive study, the relative risks of 1.4,
1.3, and 0.7 for lung, oropharynx, and oral cavity cancer,
respectively, for gas-affected regions in the year 1992 in
comparison to gas-unaffected regions in the year 1987–90
combined were estimated. In the case–control study, the
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adjusted relative risks of 0.9, 1.4, and 1.2 for lung, oropharynx,
and oral cavity cancer, respectively, were estimated as the
effect of the gas accident. The researchers indicate that the full
potential of excess risk, if any, may not manifest for 15–20 years
after the accident.
International
IARC Carcinogenicity

classification
No data

WHO Drinking water
guideline

No data

Air quality
guideline

No data

MAK TWA 0.01 ppm 0.024 mg m�3

Peak MIC – local irritant effects
determine the MAK value,
also respiratory allergens

Notations Danger of sensitizing of
the skin; pregnancy Group D
(assignment to one of
Groups A–C is not possible
due to insufficient
information)

Carcinogenicity
classification

No data

UK-HSE TWA No data
Ceiling No data

US
ACGIH TLV (8-h TWA) 0.02 ppm 0.047 mg m�3

STEL No data
Notation Danger of cutaneous

absorption
EPA RfD No data

RfC 0.000 01 mg m�3

Carcinogenicity
classification

No data

NIOSH REL (10-h TWA) 0.02 ppm 0.05 mg m�3
Clinical Management

Most treatment for MIC exposure is symptomatic. Monitor for
shock and treat if necessary. Monitor for seizures and treat if
necessary. For eye contamination, flush eyes immediately with
water or with 0.9% saline. Mydriatics, systemic analgesics, and
topical antibiotics may be used for corneal abrasions. For
ingestion, rinse mouth and administer 5 ml kg�1 up to 200 ml
of water for dilution if the patient can swallow, has a strong gag
reflex, and does not drool. Activated charcoal can be adminis-
tered; however, emetics should not be administered. Following
initial inhalation exposure to MIC, severely symptomatic
patients should receive oxygen, ventilatory support, and an
intravenous line. If bronchospasm is evident, consider inhaled
sympathomimetics, IV theophylline, parenteral sympathomi-
metics such as epinephrine or terbutaline, and steroids.
Patients displaying pulmonary symptoms should be hospital-
ized and observed for at least 72 h in order to detect a delayed
onset of pulmonary edema. For pulmonary edema, maintain
ventilation and oxygenation and evaluate with frequent arterial
blood gas or pulse oximetry monitoring. Hypoxia may be
controlled by O2 supplementation; and the early use of positive
airway pressure intermittent positive pressure breathing,
a positive end-expiratory pressure mask, or, if necessary, intu-
bation may delay and/or minimize the pulmonary edema and
reduce the degree of hypoxia. There is no effective therapy for
sensitized workers, and these people should be moved to
a work site devoid of exposure to isocyanates immediately.
STEL/CEIL (C) 0.2 ppm (10 min exposures)
0.14 mg m�3 (measured as
inhalable fraction of the
aerosol)

Notation Danger of cutaneous
absorption

OSHA TLV (8-h TWA) 0.02 ppm 0.05 mg m�3

PEL STEL/CEIL (C) No data
Notation Danger of cutaneous

absorption
Ecotoxicology

MIC is highly soluble in water with concentrations of 1000 mg
ormore able to completelymix in a liter of water. MICmay enter
the environment from industrial discharges or spills; however, it
is nonpersistent in water, with a half-life of less than 2 days.
Because of these half-life and miscibility characteristics, it is not
expected to accumulate in aquatic or marine organisms or the
environment. There are insufficient data available to evaluate or
predict the acute or chronic effects ofMIC to plants, fish, birds, or
land animals; however, because of the relative short time in the
aquatic media, it is unlikely that MIC is toxic to organisms.
Acute

Intervals 10 min 30 min

AEGL-1 (nondisabling) NR NR
EPA AEGL-2 (disabling) 0.40 ppm

(0.94 mg m�3)
0.13 ppm

(0.32 mg m�

AEGL-3 (lethal) 1.2 ppm
(2.8 mg m�3)

0.40 ppm
(0.95 mg m�

NR, Not recommended.
Exposure Standards and Guidelines

MIC Regulations
Summary of AEGL Values for MIC
Exposure Guideline Levels (AEGLs) (ppm)

1 h 4 h 8 h

NR NR NR

3)
0.067 ppm
(0.16 mg m�3)

0.017 ppm
(0.034 mg m�3)

0.008 ppm
(0.02 mg m�3)

3)
0.20 ppm
(0.47 mg m�3)

0.05 ppm
(0.12 mg m�3)

0.025 ppm
(0.06 mg m�3)
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Hexamethylene Diisocyanate

l Name: Hexamethylene diisocyanate (HDI)
l Chemical Abstracts Service Registry Number: 822-06-0
l Synonyms: 1,6-Diisocyanatohexane; 1,6-Hexamethylene

diisocyanate; 1,6-Hexylene diisocyanate; Hexamethylene-
1,6-diisocyanate; Isocyanic acid; Hexamethylene ester

l Molecular Formula: C8H12N2O2

l Chemical Structure:
Background

Hexamethylene diisocyanate (HDI) is a combustible, highly
reactive synthetic organic compound of a class of chemicals
known as aliphatic diisocyanates. At room temperature, it is
a yellow liquid with a strong odor and hydrolyzes rapidly. HDI
is manufactured in a closed process by phosgenation of hex-
amethylene diamine followed by distillation.
Uses

HDI is generally not used in the monomer form, but is
industrially processed to higher molecular weight compounds.
It is used as a hardener and thickener in automobile and
airplane paints, e.g., enamel coatings that offer high resistance
to degradation/transformation resulting from exposure to
environmental physical stress factors such as abrasion and
degradation from ultraviolet light. HDI is also used in the
preparation of dental materials, contact lenses, medical
adsorbents, plastics, synthetic rubber, adhesives and glues,
cable and wire insulations, anticorrosive agents, varnishes,
lacquers, and a solid rocket fuel binder.
Environmental, Behavior, Fate, Routes, and Pathways

HDI is an industrial chemical that is not known to occur
naturally. All of the potential exposures to this compound are
associated with the production, handling, use, and disposal of
HDI and HDI-containing products or materials. HDI may be
found in air near areas where spray paints containing it as
a hardening agent are applied. HDI vapor is degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals; the half-life for this reaction in air is estimated
to be 16–48 h. Because of its relatively short atmospheric half-
life and possible rapid hydrolysis, it is not expected that HDI
will be transported to long distances in air. HDI is not expected
to leach or adsorb onto solids due to its rapid degradation
reaction with water. Because of these reactions, it is not expected
that HDI will bioconcentrate in aquatic organisms or bio-
accumulate in the food chain. Because of the rapid hydrolysis of
HDI in water and moist soil, neither volatilization from these
media nor leaching from soil or sediment should be important
partitioning processes. Further, HDI would also not be expected
to partition onto suspended solids and sediment in water.
Exposure and Exposure Monitoring

Exposures resulting from inhalation or dermal contact are the
most probable routes of human exposure to HDI. HDI is an
extreme eye, nose, throat, and lung irritant and can result in
respiratory sensitization. All of the potential exposures to this
compound are associated with the production, handling, use,
and disposal of HDI and HDI-containing products or mate-
rials. Occupational exposure to HDI may occur through inha-
lation of vapors and aerosols and through dermal contact with
this compound and other products that contain HDI. Except
for occupational atmospheres, little confirmative information
is available on concentrations of HDI in air, water, soil, or
sediment; however, the rapid hydrolysis of HDI in water and its
chemical reactivity with biomass precludes its occurrence as
a contaminant in drinking water, sediment, or soil. Because of
the relatively rapid reaction of HDI with hydroxyl radicals in
the atmosphere and its high reactivity with water, significant
environmental concentrations of HDI are not expected to occur
except near points of emission.
Toxicokinetics

Inhalation exposure by experimental animals to HDI vapor
leads to rapid uptake of radiolabeled HDI into blood from
the respiratory with a linear relationship between air and
blood concentrations. Excretion, measured as hexamethylene
diamine in hydrolyzed urine, was biphasic with an initial half
time of 2.5 h. In controlled studies in human volunteers, HDI
(3.6 ppb for 7.5 h) appears to be rapidly absorbed via the
respiratory tract and approximately up to 39% of the estimated
inhaled dose is excreted in the urine which could be detected
after acid hydrolysis as HDA.
Mechanism of Toxicity

Very little specific information on the pharmacokinetic mech-
anisms, mechanisms of toxicity, or animal-to-human extrapo-
lations of these parameters for HDI are available in the
published literature. In general, both aliphatic and aromatic
isocyanates are considered to be pulmonary, oral, and dermal
irritants. It appears that in addition to pharmacologic mecha-
nism(s) of pulmonary toxicity to HDI, there is an immunologic
component involved in inducing HDI respiratory toxicity.
Toxicity is thought to result from direct interaction of HDI with
tissues or macromolecules at the portal of entry. The exact
mechanism of action for producing irritation by all of these
routes is unknown, but it is likely related to their high reactivity
with biological macromolecules containing nucleophilic –NH,
–SH, –OH, or –COOH groups and these interactions are
believed to account for acute irritation to skin and mucus
membranes and various body proteins, for example, acting as
a hapten. Most isocyanates are also considered to be potential
respiratory tract sensitizers; however, the immunological
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mechanism(s) of toxicity and sensitization are extremely
complex, elusive, and are without clear resolution.
Acute and Short-Term Toxicity

Acute animal tests in rats have shown HDI to show extreme
acute toxicity from inhalation exposure and moderate to low
acute toxicity from oral and dermal exposures. HDI has a rat
oral LD50 range of 746–959 mg kg�1; the rat inhalation LC50 is
(0.124 mg l�1) 18.2 ppm per 4 h; the rabbit dermal
LD50 ¼ 599 mg kg�1. HDI is a relatively potent sensory irritant
with an RD50 (air concentration expected to reduce respiratory
rate by 50%) of approximately 0.2 ppm after 2 h of exposure to
mice. Acute exposure to high concentrations of HDI can cause
pulmonary edema, coughing, shortness of breath, and labored
breathing in humans. HDI is corrosive to the skin and the eye
and was found to induce dermal and respiratory sensitization
in both animals and humans. There is no established threshold
for sensitization. A 3 week repeated dose rat inhalation study
yielded an NOEL of 0.005 ppm (0.034 mg m�3), which
calculates to approximately 0.002 mg kg�1.
Chronic Toxicity

Chronic animal studies have reported effects on nasal tissue,
the respiratory tract, and the lungs from inhalation exposure to
HDI. A 13 week inhalation study showed a lowest observable
effect concentration (LOEC) of 0.01 ppm (0.068 mg m�3),
which calculates to approximately 0.004 mg kg�1. Compound-
related nonneoplastic histopathologic changes in the nasal
cavity and to the lungs were observed. The most prominent
lesions were degenerative changes in the olfactory epithelium
(destruction of epithelial architecture, atrophy, focal erosion,
or ulceration). Male and female Fischer 344 rats exposed to
HDI vapor at concentrations of 0, 0.005, 0.025, and 0.175,
6 h day�1, 5 days per week, for approximately 2 years had
treatment-related effects restricted to the respiratory tract and
transient ocular irritation. No evidence of systemic toxicity was
found. Based upon the presence of only reversible tissue
responses to irritation at the low concentration of 0.005 ppm
(0.034 mg m�3), this concentration was a NOAEC, which
calculates to approximately 0.002 mg kg�1.

The EPA has determined the inhalation RfC for HDI as
0.000 01 mg m�3 based upon the degeneration of olfactory
epithelium in rats. EPA has not established an RfD for HDI.
Immunotoxicity

No studies were located regarding immunological and lym-
phoreticular effects in animals following acute duration inha-
lation exposure to HDI.
Reproductive Toxicity

HDI exposure had no effect on the reproduction (fertility and
postnatal viability through postnatal day 4) in the rat after
inhalation up to 0.299 ppm (2.03 mg m�3). The overall no
observable effect concentration (NOEC) was determined to be
0.005 ppm (0.034 mg m�3). Further, Inhalation of HDI
during the pregnancy of rats produced maternal effects (nasal
turbinate histopathology) at concentrations �0.052 ppm
(�0.354 mg m�3). No developmental toxicity was observed
up to 0.308 ppm (2.1 mg m�3). No information is available
on the reproductive or developmental effects of HDI in
humans.
Genotoxicity

HDI was not mutagenic when tested against Salmonella
typhimurium strains TA100, TA98, and TA1537 with and
without metabolic activation. HDI tested in Chinese hamster
ovary assay did not show mutagenic potential with or without
metabolic activation. Further, HDI showed no clastogenic
activity in an in vivo mouse micronucleus assay.
Carcinogenicity

Lifetime inhalation exposures to HDI vapor to rats revealed no
compound-related oncogenicity.
Clinical Management

The principal health effect associated with HDI exposure in the
workplace is occupational asthma or aggravation of preexisting
atopic asthma. Management of patients with HDI-induced
asthma includes providing basic support measures for allevia-
tion of asthma symptoms and removal from any subsequent
exposure to HDI when feasible.
Ecotoxicity

The acute toxicity was determined for fish (Brachydanio rerio)
with a 96 h LC0 of �82.8 mg l�1, for Daphnia magna with
a 48 h EC0 of �89.1 mg l�1, and for algae (Scenedesmus sub-
spicatus) a 72 h EC50 of >77.4 mg l�1 and a 72 h NOEC of
11.7 mg l�1. There were no published data on terrestrial
organisms.
Exposure Standards and Guidelines

Minimal Risk Levels

Inhalation

1. A minimal risk level (MRL) of 3.0 � 10�5 ppm has been
derived for intermediate-duration inhalation exposure
(15–364 days) to HDI.

2. An MRL of 1.0 � 10�5 ppm has been derived for
chronic-duration inhalation exposure (365 days or
more) to HDI.

Oral

1. No oral MRLs were derived for HDI.
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HDI Regulations
Regulating body Standard Classification

International
IARC Carcinogenicity

classification
No data

WHO Drinking water
guideline

No data

Air quality guideline No data
MAK TWA 0.005 ppm 0.034 mg m�3

Peak 0.014 ppm 0.07 mg m�3

Notation Danger of sensitizing of
the airways and
the skin

Carcinogenicity
classification

No data

UK-HSE TWA No data
Ceiling No data

US
ACGIH TLV (8-h TWA) 0.005 ppm 0.034 mg m�3

STEL No data
EPA RfD No data

RfC 0.000 01 mg m�3

Carcinogenicity
classification

No data

NIOSH REL (10-h TWA) 0.005 ppm 0.034 mg m�3

STEL/CEIL (C) 0.2 ppm3 0.14 mg m�3

(disabling)
IDLH No data
Carcinogenicity

classification
No data

OSHA PEL STEL/CEIL (C) 0.02 ppm 0.14 mg m�3
Toluene Diisocyanate

l Name: Toluene diisocyanate (TDI)
l Chemical Abstracts Service Registry Number: 26471-62-5

(mixture), CAS 584-84-9 (2,4-isomer), CAS 91-08-7 (2,6-
isomer)

l Synonyms: 1,3-Diisocyanatomethylbenzene; 2,4/
2,6-Toluene diisocyanate isomeric mixture; Diisocyanato-
toluene; Methyl-m-phenylene isocyanate; Methylphenylene
isocyanate; Toluene diisocyanate

l Molecular Formula: C9H6N2O2

l Chemical Structure:
Background

Toluene diisocyanate (TDI) is an aromatic diisocyanate that
is a clear, pale yellow liquid with a sharp, pungent odor,
which is insoluble in water and miscible with most common
organic solvents. TDI (CAS No. 26471-62-5) consists of two
isomers: toluene-2,4-diisocyanate (2,4-TDI) (CAS No. 584-
84-9) and toluene-2,6-diisocyanate (2,6-TDI) (CAS No. 91-
08-7), which is commercially produced in different ratios.
The most common ratio is 80% 2,4-TDI/20% 2,6 TDI. TDI is
widely used and accounted for 34% of the global isocyanate
market in 2000.
Uses

The functional groups in TDI react with hydroxyl groups to
form urethane linkages, which are used in the manufacture of
flexible polyurethane foams for use in furniture, bedding, and
automotive and commercial transportation seating. Other uses
include polyurethane elastomers used in automobile bumper
covers, industrial rollers, sporting footwear, as well as
mechanical goods and coatings (metal, wood, and high-
performance anticorrosion coatings). TDI-based rigid poly-
urethane foam is used in household refrigerators and for
residential construction such as sheathing and commercial
roofing. TDI spray-in rigid foam is used as insulation for truck
trailers, railroad freight cars, and overseas cargo containers.
Moisture-curing TDI coatings are used as wood and concrete
sealants and floor finishes.
Environmental, Behavior, Fate, Routes, and Pathways

TDI is a synthetic organic chemical. It is a natural derivative
of primary amines with the general formula R–N]C]O
which does not occur naturally in the environment. At room
temperature, it can be a liquid or crystal. It is miscible with
alcohol, diglycol, monoethyl ether, ether, acetone, carbon
tetrachloride, benzene, chlorobenzene, kerosene, and olive
oil; however, it may react violently with alcohol, water, acid,
bases, and strong alkaline materials and tertiary amines and
generate enough heat to self-ignite and release toxic
combustion products. TDI reacts with water and most acids
producing unstable carbonic acids, which subsequently
decarboxylate yielding relatively chemically inert and
insoluble polymeric urea. Studies indicate that hydrolysis is
the dominant process in determining the overall environ-
mental fate, transport, and bioaccumulation potential
of TDI.

Although their rapid hydrolysis in surface water reduces
persistence and bioaccumulation in the environment, diiso-
cyanates may be stable long enough to be transported some
distances through the atmosphere and inhaled. Since the
hydrolysis products formed are irritants, there is a potential for
inhalation exposure. The degree stability is a function of
humidity. It is expected that TDI does not bioaccumulate
because the tendency to hydrolyze rapidly makes uptake and
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accumulation very unlikely. The bioconcentration factor ranges
from 151 to 1183 and the bioaccumulation factor is 380. These
values indicate that TDI has a low potential for bio-
accumulation in aquatic organisms. TDI is expected to hydro-
lyze rapidly into its transformation products, making TDI
generally unavailable to aquatic organisms. The highly reactive
properties of diisocyanates are likely to be metabolized/
degraded at rates significant enough to counter any potential
for bioaccumulation or biomagnification. It is anticipated that
TDI released to water will primarily form inert polyureas,
which have the potential to be deposited to sediment, forming
an inert component of the sediment strata. While these poly-
ureas are persistent, studies have indicated that they pose
virtually no potential for adverse impacts on the aquatic
environment.
Exposure and Exposure Monitoring

Data show that TDI is released in some amounts to all
forms of media. There is a potential for workplace exposure
to TDI in all industrial, commercial, or manufacturing
settings where TDI is present. Occupational exposure may
occur through inhalation and dermal contact during its
production or use. Inhalation is the usual and most
dangerous route of entry while dermal contacts generally
cause sensitization and chemical dermatitis. TDI is manu-
factured in a closed system and air emission is minimal;
however, as an example, it may be emitted into the atmo-
sphere during the removal of phosgene and HCl from the
first fractionating column. The general population can be
exposed to TDI in nonoccupational settings such as being
close to areas where emissions occur, during indiscriminate
use of household products, such as polyurethane foam bits,
during application of polyurethane varnishes, during
combustion of polyurethanes or during transport, as a result
of spills or leaks resulting in pyrolysis products. Studies
reported workplace air concentrations of TDI ranging from
<1 to > 1000 mg m�3. Workplace air concentrations
measured in 2005 close to mixing apparatus in a poly-
urethane factory were up to 20.2 mg m�3 for TDI. TDI was
detected under controlled conditions in the thermode-
gradation fumes of polyurethane varnish used in the insu-
lation of copper wire. Consistent with these findings, the
compounds were also detected in the workplace atmosphere
during the industrial production of polyurethane-coated
wire.

EPA’s Toxics Release Inventory reported environmental
releases of TDIs range from 45 000 to 125 000 pounds from
2001 to 2004. In 2006, releases of TDIs from 139 facilities
totaled 73 778 lb. The 1981–83 National Occupational
Exposure Survey estimated that nearly 40 000 workers
potentially were exposed to TDIs. In the United States, it is
reported that a typical housing unit of 1800 ft2 floor space
contains 306 lbs of flexible polyurethane foam which is found
in furniture, carpet underlay, and bedding. The transportation
industry uses an estimate that 24–31 pounds of polyurethane
per automobile are used for seating and padding.
Toxicokinetics

TDIs react with moist mucous membranes, forming primary
amines, which further react with TDI forming a urea deriv-
ative. In animal studies, TDI has been shown to react with
hydroxyl, sulfhydryl, and amine groups on macromolecules
including hemoglobin, glutathione, laminin, serum
albumin, and tubulin. In the gut, hydrolysis of TDI generates
toluene-2,4-diamine (TDA), a carcinogen. Free TDA may be
absorbed and be further metabolized, or may react with TDI
to form polyurea polymers that are poorly absorbed and thus
eliminated in the feces. TDI is uniformly distributed
throughout the body, following inhalation exposure and
adversely affects the respiratory tract and also produces
systemic effects and hypersensitivity reactions. In oral
studies, 12–20% of the dose is absorbed, while by the
inhalation route, essentially all the TDI is retained. The
metabolic fate of TDI following dermal exposure is expected
to be similar to that following inhalation; however, dermal
contact can cause dermal and pulmonary sensitization. TDI
is highly reactive in body fluids with reports of a half-life of
less than 30 s in serum and less than 20 min in stomach
contents.
Mechanism of Toxicity

TDI is a highly reactive compound. The toxicological properties
of isocyanates are attributed to the –N]C]O group. It is
thought to react vigorously and exothermically with water
forming an unstable carbamic acid that dissociates to form
a primary amine with liberation of CO2. Hence, the primary
amine will react further generating a urea derivative. TDI also
reacts readily with all organic compounds resulting in poly-
merization. Such reactions denature proteins, form abnormal
cross-linkages, and generally disorganize the protein resulting
in alteration of its normal function. This reactivity with
proteins can account for its potency as a sensitizing agent. Thus,
more than one reaction may occur in a system at a given time.
The toxic effects of TDI can be attributed to two possible toxic
actions:

1. A primary irritant action on the mucous membranes of the
eyes, and the gastrointestinal and respiratory tracts, and

2. Bronchospasm due to either a pharmacological or an
immunological reaction.

This pharmacological reaction can be attributed to altered
b-adrenergic function or the blockade of the S-adrenergic
system by diminishing the formation of c-AMP after catechol-
amine stimulation or perhaps to local histamine release. TDI
may also react with naturally occurring proteins or poly-
saccharides to form immunohapten complexes.
Acute and Short-Term Toxicity

The oral LD50 for TDI ranges from 4100 to 5800 mg kg�1

for rats, 4100–5600 mg kg�1 for mice and 3060–
4100 mg kg�1 for rabbits. The LC50 ranges from 2 to
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8 ppm for rats, 1.4–10 ppm for mice, and 1.8–13 ppm for
guinea pigs. The dermal LD50 in rabbits was 7 g kg�1. The
main effect of acute exposure to TDI in previously nonex-
posed individuals is sensory irritation. In experimental
animals, this is often measured as respiratory rate depres-
sion. However, TDI may also act as a pulmonary irritant
resulting in increased respiratory rate. The effects on the
respiratory tract of a single 4 h exposure of mice, rats,
guinea pigs, and rabbits to 2, 5, or 10 ppm TDI was
measured. While the effects of exposure to 2 ppm were
largely transient, exposures at 5 and 10 ppm resulted in
more severe effects that were not completely reversible. The
lowest observable adverse effect level (LOAEL) for these
effects was 2 ppm, but an NOAEL was not observed. In all
animal exposure studies, the respiratory tract was the target
organ, with nasal irritation evident at concentrations above
0.1 ppm and effects becoming more severe with increasing
concentration.

It is well documented that isocyanate exposure is the
leading cause of work-related asthma, and prevalence in the
exposed workforce is estimated at 1–20%. Studies indicate
that exposure to diisocyanates can cause contact dermatitis,
skin and respiratory tract irritation, immune sensitization,
and asthma with both inhalation and dermal exposures
thought to contribute to the development of isocyanate
asthma. Human exposure to TDI indicates that at 0.5 ppm eye
and nose irritation is evident in all exposed subjects. Irrita-
tion, corneal edema, and conjunctivitis have been reported at
exposure levels of 0.05 ppm.
Chronic Toxicity

Long-term overexposure to isocyanates has been reported to
cause lung damage, including reduced lung function, which
can be permanent. TDI causes skin, eye, and lung irritation,
progressive impairment of lung function with long-term
inhalation exposure and is a respiratory sensitizer via both
the dermal and inhalation routes of exposure in animals.
Chronic exposure to TDI has been found to cause adverse
effects on the respiratory system in both animals and
humans. These effects include chronic effects such as long-
term decrements in lung function and sensitization, result-
ing in the induction of asthma and triggering of attacks
following even very low exposures to diisocyanates. An
epidemiology study of 277 adult male workers in a TDI-
production plant studied over a 5-year period resulted in
a NOAEL of 6.4 mg m�3 (0.9 ppb) and an LOAEL of
13.5 mg m�3 (1.9 ppb). The EPA has calculated the inhala-
tion reference exposure level (RfC) to be 0.07 mg m�3

(0.01 ppb).
Immunotoxicity

Dermal exposure and/or inhalation exposures to acute high
levels, or chronic low levels of TDI may result in allergic
sensitization. Perhaps the most significant long-term effect
associated with TDI exposure is a constellation of symptoms
collectively described as diisocyanate-induced asthma,
characterized by bronchial inflammation with lymphocytic
infiltration and eosinophilia, airway hyper responsiveness,
and airway remodeling. Indeed, isocyanate exposure is one
of the leading causes of occupational asthma. In these cases,
a subsequent acute inhalation exposure may provoke
a potentially life-threatening pulmonary hypersensitivity
response. The sensitizing potential of TDI appears to be
related to its ability to bind to a specific cation channel,
transient receptor potential channel A (TRPA). TRPA belongs
to the family of TRP channels that transduce sensory
neurons’ response to various stimuli. In addition, it is
thought that TDI binding covalently modifies TRPA and
increases its responsiveness to subsequent stimuli. Activation
of this channel leads to a series of events, which includes
release of neuropeptides and potentiation of synapses in the
brainstem. These neuropeptides which are released into the
respiratory tract cause mast cell degranulation, contraction of
airway smooth muscle, enhanced mucus secretion, leukocyte
infiltration, pulmonary extravasation, and pulmonary
edema.

Guinea pigs exposed to 1.40 ppm TDI for 3 h day�1 for
4 days followed by a second exposure regimen, animals
exposed to 0.02 ppm for 6 h day�1, 4 days per week for 70 days
(whole body) resulted in (4/8) exposed to 1.40 ppm TDI
showing pulmonary hypersensitivity and all developed
TDI-specific IgE antibodies, whereas none of the animals in the
0.02 ppm TDI group showed either of these effects. Histo-
pathological effects in the 1.40 ppm TDI group included
interstitial inflammation, pleural thickening, and peripheral
lymphoid hyperplasia.

These results suggest that, in addition to the potential for
immune hypersensitization, TDI has cumulative irritant effects
that result from incomplete recovery from previous exposures
above a certain level. Both the development of and recovery
from these effects are slow, possibly consistent with covalent
modification of receptors and/or specific residues on TRPA
channels in sensory neurons.
Reproductive Toxicity

Developmental toxicity of TDI was evaluated by exposing
pregnant Sprague–Dawley rats to 0, 0.02, 0.10, or
0.50 ppm of an 80:20 mixture of 2,4- and 2,6-TDI for
6 h day�1 on gestation days 6–15. The reported LOAEL for
maternal and fetal effects was determined to be 0.5 ppm,
with a corresponding NOAEL of 0.10 ppm. Of 111 skeletal
variations observed, the only treatment-related sign of fetal
toxicity was poor ossification of cervical centrum five at
0.50 ppm.

Reproductive effects of TDI exposure were investigated in
a two-generation study where Sprague–Dawley rat pups were
exposed to TDI vapors (80:20 mix of 2,4- and 2,6-TDI) for
6 h day�1, 5 days per week for 10 weeks at 0, 0.02, 0.08, or
0.3 ppm. During the 3 week mating period, gestation and
lactation, exposures were increased to 7 days per week. In the
F0 and F1, but not F2 generations, rhinitis showed a dose-
dependent incidence and severity; however, the study found
no effects of TDI exposure on reproductive parameters in either
the F1 or F2 generations.
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Genotoxicity

TDI was positive in gene mutation assays in vitro and negative
in an in vivo mouse micronucleus assay.
Regulating body Standard Classification

International
IARC Carcinogenicity

classification
Group 2B

WHO Drinking water
guideline

No data

Air quality guideline No data
MAK TWA No data

Peak No data
Notation Danger of sensitizing of the

airways
Carcinogenicity

classification
Group 3A

UK-HSE TWA No data
Ceiling No data
Carcinogenicity

Oral exposure to TDI caused tumors at different tissue sites in
both rats and mice. Administration of commercial-grade TDI
(the 80:20 mixture of 2,4- and 2,6-TDI) by stomach tube
caused liver tumors (hepatocellular adenoma) in female rats
and mice, benign mammary-gland tumors (fibroadenoma) in
female rats, and benign tumors of the pancreas (acinar-cell
adenoma) in male rats. Exposure to TDI also increased the
combined incidences of benign and malignant tumors of
subcutaneous tissue (fibroma and fibrosarcoma) in male rats
and of the blood vessels (hemangioma and hemangiosarcoma)
in female mice. The responses of both rats and mice treated
with TDI meet the OSHA criteria for classifying a substance as
a potential occupational carcinogen (29 CFR 1990.112).

No epidemiological studies were identified that evaluated
the relationship between human cancer and exposure specifi-
cally to TDIs. However, IARC has concluded that data were
sufficient to show that TDI causes cancer in animals. WHO
concluded that TDI should be treated as a potential human
carcinogen. In addition, National Institute of Environmental
Health Sciences (NIEHS) has listed TDI in its 11th Report on
Carcinogens as reasonably anticipated to be carcinogenic to humans
based on sufficient evidence of carcinogenicity from studies in
experimental animals.
US
ACGIH TLV (8-h TWA) 0.005 ppm 0.036 mg m�3

0.001a ppm 0.007 mg m�3

(nondisabling)
STEL 0.02 ppm 0.14 mg m�3

EPA RfD No data
RfC 0.000 01 ppm

0.000 07 mg m�3

Carcinogenicity
classification

Cannot be determined

NIOSH REL (10-h TWA) Lowest feasible concentration
STEL/CEIL (C)
IDLH 2.5 ppm
Carcinogenicity

classification
Group Ca

OSHA PEL STEL/CEIL (C) 0.02 ppm 0.14 mg m�3

Group 2B: possibly carcinogenic to humans; Group 3A: Substances for which
the criteria for classification for carcinogenicity are fulfilled but for which the
database is insufficient for the establishment of a MAK value; Group Ca: potential
occupational carcinogen with no further categorization.
aAs noted in its 2010 Notices of Intended Changes (NIC) for the 2011 TLVs, ACGIH is
considering reducing the TLV for 2,4- and 2,6-TDI (CAS 584-84-9; 91-08-7) from
Clinical Management

There is no specific antidote for TDI toxicity; however, treat-
ment consists of support of respiratory and cardiovascular
functions and skin, eye, and respiratory irritation are treated
symptomatically. In addition, animal tests have indicated that
skin contact, followed by inhalation exposure, may result in
lung sensitization. Repeated inhalation of aerosols at levels
above the occupational exposure limit could cause respiratory
sensitization and risk of serious damage to respiratory system.
The onset of the respiratory symptoms may be immediate or
delayed for several hours after exposure. A hyperreactive
response to even minimal concentrations of TDI may develop
in sensitized persons. Sensitized persons should not be exposed
to any mixture containing unreacted TDI. If these symptoms
occur, seek immediate medical attention. If ingested, wash out
the mouth with water – gastric lavage should be performed;
however, emesis should not be induced. With inhalation
exposure, the patient should be removed from the source and
given oxygen. With skin and eye exposures, any contaminated
clothing should be removed and wash the skin with copious
soap and water; irrigate exposed eyes with copious tepid water
or saline. In the case of ingestion, the patient should be
administered activated charcoal and cathartic. An airway
should be maintained with assisted ventilation; monitor and
treat for coma and/or arrhythmias. Emergency care providers
should take precautions as not to risk exposure since TDI is not
only a sensitizer but is considered to be a potential carcinogen.
Ecotoxicology

While there is little published research on the matter, the
available ecotoxicological data on TDI indicate moderate to
low toxicity to aquatic organisms. Related toxicity data
suggest a low likelihood of effects to terrestrial biota such as
plants, earthworms, and birds exposed to TDI. NOEC’s, EC50

and LC50 results were all observed to be >1000 mg kg�1 dry
weight soil.
Exposure Standards and Guidelines

TDI Regulations
0.005 to 0.001 ppm.
Naphthalene Diisocyanate

l Name: Naphthalene diisocyanate (NDI)
l Chemical Abstracts Service Registry Number: 3173-72-6
l Synonyms: 1,5-Diisocyanatonaphthalene; 1,5-Naphthalene

diisocyanate; 1,5-Naphthalene ester of isocyanic acid;
Naphthyl 1,5-diisocyanate; NDI
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l Molecular Formula: C12H6N2O2

l Chemical Structure:
Background

Naphthalene diisocyanate (NDI) occurs as white to light-
yellow crystalline flakes with a characteristic odor. NDI is
incompatible with many classes of compounds, reacting
exothermically to release toxic gases. Reactions with amines,
aldehydes, alcohols, alkali metals, ketones, mercaptans, strong
oxidizers, hydrides, phenols, and peroxides can cause vigorous
releases of heat. Acids and bases initiate polymerization reac-
tions. NDI can react with water to form amines and liberate
carbon dioxide.

Uses

NDI is used as a curing agent in the manufacture of elastomers.
Environmental, Behavior, Fate, Routes, and Pathways

NDI is a synthetic organic chemical. It is a natural derivative of
primary amines with the general formula R–N]C]O which
does not occur naturally in the environment. At room temper-
ature it can be a liquid or crystal. It is miscible with alcohol,
diglycol, monoethyl ether, ether, acetone, carbon tetrachloride,
benzene, chlorobenzene, kerosene, and olive oil; however, it
may react violently with alcohol, water, acid, bases, and strong
alkaline materials and tertiary amines and generate enough heat
to self-ignite and release toxic combustion products. NDI is not
readily biodegradable; however, it reacts with water and most
acids producing unstable carbonic acids, which subsequently
decarboxylate yielding relatively chemically inert and insoluble
polymeric urea. While these polyureas are persistent, studies
have indicated that they pose virtually no potential for adverse
impacts on the aquatic environment. Due to hydrolysis in water,
bioaccumulation of NDI is not expected. Since the hydrolysis
products formed are irritants, there is a potential for inhalation
exposure. The degree stability is a function of humidity.
Exposure and Exposure Monitoring

Exposures resulting from inhalation or dermal contact are the
most probable routes of human exposure to NDI. NDI is an
extreme eye, nose, throat, and lung irritant and can result in
respiratory sensitization. All of the significant potential exposures
to this compound are occupational in association with the
production, handling, use, and disposal of NDI and
NDI-containing products ormaterials. Occupational exposure to
NDI may occur through inhalation of vapors and aerosols and
through dermal contact with this compound and other products
that contain NDI. Except for occupational circumstances, there is
a paucity of information available on concentrations of NDI in
air, water, soil, or sediment. Because of the relatively rapid reac-
tion ofNDIwith hydroxyl radicals in the atmosphere and its high
reactivity withwater, significant environmental concentrations of
HDI are not expected to occur except near points of emission.
Toxicokinetics

Air exposure to NDI was correlated to 1,5-naphthalenediamine
(NDA) – the corresponding urinary and plasma biomarker. The
correlation coefficient for the association between air and
biomarker levels were in the range of 0.53-0.96 for NDI. The
significance and correlation coefficient was increased by adjust-
ing the urinary biomarker levels for creatinine content or density.
Slow elimination rates have been noted in NDI workplace
exposure data with elimination times over 2-5 days in six
examined workers. These isocyanates show clear differences in
excretion kinetics. Neither prior isocyanate exposure, bronchial
hyper-responsiveness nor immunological sensitization to
isocyanates was shown to affect changes in the pattern of elimi-
nation kinetics with diisocyanates. It is suggested that the same
metabolizing enzyme and/or generated adducts influence the
elimination kinetics. It is believed that diisocyanates are hydro-
lyzed to their respective amines and further oxidizedby the cyclo-
oxygenase CYP to N-hydroxyarylamine and to other nitroso
compounds via glutathione. It should be noted, however, that
the specific molecular mechanism of the transport of NDI to
affected organs, the development of the disease, and its ultimate
elimination from the body remains unknown in humans.
Mechanism of Toxicity

The toxicological properties of isocyanates are attributed to
the –N]C]O group. It is thought to react vigorously and
exothermically with water forming an unstable carbamic
acid that dissociates to form a primary amine with libera-
tion of CO2. Hence, the primary amine will react further
generating a urea derivative. Isocyanates also react readily
with all organic compounds resulting in polymerization.
Such reactions denature proteins, form abnormal cross-
linkages, and generally disorganize the protein resulting in
alteration of its normal function. This reactivity with
proteins can account for its potency as a sensitizing agent.
An IgE- or IgG-mediated mechanism has been proposed,
but has not been definitively linked to isocyanate exposure.
There is also evidence that inflammation and morphological
changes of the bronchia mucosa and direct neurogenic
mechanisms could be involved in the mechanics of toxicity.
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Thus, more than one reaction may occur in a system at
a given time.
Acute and Short-Term Toxicity

The oral LD50 for NDI ranges was >10 000 mg kg�1 for rats and
rats exposed to single doses of 100 or 1000 mg kg�1 showed no
mortality or toxicity during a 5 week postdose observation peri-
od. The 4 h LC50 in rats was 0.27 mg l�1 while the 1 h LC50 was
2.075 mg l�1. The NOEC for 120 min exposures of guinea pigs
was0.0002mg l�1. The rat subcutaneousLD50 is>5000mgkg�1.
Rabbit skin and eye studies revealedmoderate to severe irritation.
A dermal study in humans exposed to an occlusive application to
the arm for 24 h showed irritation in only one subject.
Chronic Toxicity

A repeated inhalation study in rats exposed to NDI for 6 h day�1

for 28 days at 0.052, 0.031, 0.017, 0.01, and 0.005 mg l�1

resulted in a calculated LC50 of 0.011 mg l�1. Also a 10 week
study in rats exposed to NDI at 0.000 2 mg l�1 during the initial
2 weeks and 0.001 mg l�1 for the remainder of the study
showed no toxic effects during exposure nor after an 8 week
postexposure period. A 28 day study inmice exposed to NDI for
6 h day�1 at 0.052, 0.031, 0.017, 0.01, and 0.005 mg l�1

resulted in a calculated LC50 of 0.009 mg l�1. Concentration-
dependent changes were noted in the respiratory tract of all
treated animals. A 10 week mouse inhalation study was con-
ducted with an 8 week postexposure observation period. The
mice were exposed to NDI for 6 h day�1 at 0.000 2 mg l�1 for
the first 2 weeks and 0.001 mg l�1. Changes noted included
body weight loss, increased lung weights, and reversible changes
in the lung. An inhalation study of 10 guinea pigs was con-
ducted with 5 day exposures to 0.052 mg l�1 for 6 h day�1

followed by a 28 day postexposure observation period.
Regulating body Standard Classification
Immunotoxicity

NDI is a potent airway-sensitizing substance. Bronchial prov-
ocation testing with NDI resulted in positive occupationally
related asthma reactions in two-third of the individuals.
International
IARC Carcinogenicity

classification
Group 3 (unclassifiable as to

carcinogenicity in humans)
WHO Drinking water

guideline
No data

Air quality guideline No data
Genotoxicity

NDI was negative in an in vitro mutagenicity study both with
and without metabolic activation.
MAK TWA No data
Peak No data
Notation Danger of sensitizing

of the airways
Carcinogenicity

classification
Group 3B

UK-HSE TWA No data
Ceiling No data
Carcinogenicity

A 62 week subcutaneous study in rats (12/sex/level) dosed at
300–1000 mg kg�1 (up to a total of 20 000 mg kg�1) showed
no changes in survival time; however, there were increased
numbers of tumors noted at the injection sites. No further data
were available.
Clinical Management

There is no specific antidote for NDI toxicity; however, treat-
ment consists of general support of respiratory and cardiovas-
cular functions and skin, eye, and respiratory irritation are
treated symptomatically. Repeated inhalation of aerosols at
levels above the occupational exposure limit could cause
respiratory sensitization and risk of serious damage to respi-
ratory system. The onset of the respiratory symptoms may be
immediate or delayed for several hours after exposure.
A hyperreactive response to even minimal concentrations of
NDI may develop in sensitized persons. If these symptoms
occur, seek immediate medical attention. If ingested, wash out
the mouth with water – gastric lavage should be performed;
however, emesis should not be induced. With inhalation
exposure, the patient should be removed from the source and
given oxygen. With skin and eye exposures, any contaminated
clothing should be removed and wash the skin with copious
soap and water; irrigate exposed eyes with copious tepid water
or saline. In the case of ingestion, the patient should be
administered activated charcoal and cathartic. An airway
should be maintained with assisted ventilation; monitor and
treat for coma and/or arrhythmias.
Ecotoxicology

Daphnia magna exposed for 24 h to produced immobilization
at 10–20mg l�1; however, the results were inconsistent because
NDI does not dissolve readily in water and is poorly dispers-
ible. Activated sludge exposed for 3 h resulted in an EC50 of
10 000 mg l�1. Although there are few studies on the aquatic
effects of NDI, the weight of the evidence appear to indicate
moderate to low toxicity to aquatic organisms.
Exposure Standards and Guidelines

NDI Regulations
(Continued)
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Regulating body Standard Classification

US
ACGIH TLV (8-h TWA) No data

STEL No data
EPA RfD No data

RfC No data
Carcinogenicity

classification
No data

NIOSH REL (10-h TWA) 0.005 ppm (0.04 mg m�3)
0.02 ppm (0.17 mg m�3)3STEL/CEIL (C)

IDLH ND
Carcinogenicity

classification
Group Ca

OSHA PEL STEL/CEIL (C) No data

Group 3: unclassifiable as to carcinogenicity in humans; Group 3B:
Substances for which in vitro tests or animal studies have yielded evidence of
carcinogenic effects that is not sufficient for classification of the substance in
one of the categories. Further studies are required before a final classification
can be made; Group Ca: potential occupational carcinogen with no further
categorization.
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Isophorone Diisocyanate

l Name: Isophorone diisocyanate (IPDI)
l Chemical Abstracts Service Registry Number: 4098-71-9
l Synonyms: 1,5-Diisocyanatonaphthalene; 1,5-Naphthalene

diisocyanate; 1,5-Naphthyl diisocyanate;1,5-Naphthylene
diisocyanate; Methylene (3,5,5-trimethyl-3,1-cyclohexylene)
ester; Isophorone diamine diisocyanate; 3-Isocyanatomethyl-
3,5,5-Trimethylcyclohexyl isocyanate; IPDI

l Molecular Formula: C12H18N2O2

l Chemical Structure:
Background

Isophorone diisocyanate (IPDI) (CAS No. 4098-71-9) is
a clear to pale-yellow liquid with a camphorlike odor
which is insoluble in water and miscible with most
common organic solvents. IPDI exists in two conformers,
cis and trans. Their reactivities are similar and each
conformer is an asymmetrical molecule with the secondary
isocyanate group being more reactive than the primary
isocyanate group. Since the substance does not contain any
groups that might oxidize or spontaneously ignite, it is not
expected that IPDI would self-ignite, oxidize, or explode at
ambient conditions. The water solubility is approximately
15 mg l�1 at 23 �C, and hydrolysis with a half-life of
about an hour leads to polymers or to the corresponding
diamine.
Uses

IPDI is used in the chemical synthesis of aliphatic
polyisocyanates and polyurethanes, such as aqueous
dispersible polyurethane polymers particularly coating and
adhesive polymers, or polyurethane foams which show
resistance to abrasion and hydrolysis and retain gloss and
physical properties upon weathering. IPDI is a component
of polyurethanes used in automobile paint and
coatings and two-pack spray paints used in motor vehicle
repair.
Environmental, Behavior, Fate, Routes, and Pathways

IPDI is a synthetic organic chemical, which does not occur
naturally in the environment. At room temperature, it is
a liquid. It is miscible with alcohol, diglycol, monoethyl
ether, ether, acetone, carbon tetrachloride, benzene, chlo-
robenzene, kerosene, and olive oil. IPDI decomposes in
water producing CO2, which can produce significant pres-
sure in a closed container. Upon contact with water or
moist air, IPDI will react to form stable, insoluble polyurea
solids. This reactivity dramatically limits the mobility of
these products in the event of a spill (spills are localized
and have only transient impact), and the products will tend
to remain in, and react within, the environment to which
they are released. IPDI is not readily biodegradable. It reacts
with water forming solid insoluble polyurea, isophorone
diamine (IPDA), and CO2, thus the predominant removal
mechanism is expected to be hydrolysis. The rate constant
of the OH radical sensitized indirect photodegradation
of isophorone diisocyanate corresponds to a half-life of
1.8 days at a 24 h mean OH radical concentration of
500 000 molecules per cm3. A preliminary hydrolysis test
resulted in a dissipation half-life of 0.84 h (approximately
50 min) at 23 �C. Polyurea is more or less inert and – due
to its molecular size – not bioavailable. No biodegradation
(0% degradation within 28 days) was observed in a mano-
metric respiratory test performed with domestic, non-
adapted activated sludge. As no degradation occurred in the
test on ready biodegradability, it is not expected that
a significant degradation would occur in a simulation test
(water and soil). The test substance is considered as
nonbiodegradable in surface water, sediment, and soil.
However, biodegradation is considered as irrelevant as
primary degradation step anyway because immediate



Isocyanates 1127
hydrolysis takes place. Due to hydrolysis in water, bio-
accumulation of IPDI is not expected. The bioaccumulation
potential of the hydrolysis product IPDA is considered to
be low (log Kow ¼ 0.99). There are no data on terrestrial
bioaccumulation available.
Exposure and Exposure Monitoring

Direct exposure of general population is minimal as IPDI
is manufactured in industrial settings for industrial/
professional use which minimizes exposure potential to
workers. IPDI is not intended for consumer use. Normal
industrial practices assure limited workplace exposures. All
workers have to be trained in the properties and safe
practices of using chemicals including technical measure-
ments to minimize exposure and using personal protective
equipment. There is no information about levels of various
forms of IPDI in the ambient air. High exposures involving
IPDI in ambient environments are expected to be rare.
Thus, exposure to IPDI at normal background levels is
unlikely to have any adverse effect on human health. IPDI
can enter the body either by inhalation of air containing
IPDI vapors, ingestion of contaminated water or food, or
by dermal contact.
Mechanism of Toxicity

The toxicological properties of isocyanates are attributed to
the –N]C]O group. The consequence is that in the
hydrolysis of IPDI predominantly polyurea molecules are
formed with liberation of CO2. The polyurea molecules are
insoluble in water. Beside these insoluble main hydrolysis
products, there are minor amounts of other hydrolysis
products having a low to moderate molecular weight and
these are more or less water soluble (e.g., isophorone
diamine). The local toxic effect of the substance IPDI
is not related to metabolic mechanisms, because it is
a simple destruction of membranes due to corrosivity of the
substance.
Acute and Short-Term Toxicity

The inhalation 4 h LC50 of IPDI in male and female rats was
determined to be 40 mg m�3. The acute dermal LD50 in rats
was >7000 mg kg�1. Nonspecific transient signs of intoxi-
cation (sedation, ataxia) and obvious skin irritation at the
application site were observed in all animals. Both the rat
and mouse oral LD50 values (with 14 days postobservation
period) were >2645 mg kg�1 bw. Skin irritating studies on
IPDI provided an overall result of ‘corrosive’ because of
extensive irreversible tissue damage including necrosis,
ulceration, or scarring within the observation period
(14 days) in all animals. The eye irritation index was 9.96 of
max. 110. Ten days posttreatment with 0.1 ml undiluted test
substance, all animals in this study showed loss of hair
around the eye and incrustation at the eyelid, mostly asso-
ciated with thickening on day 13, which is not reflected in the
scores. There was a constantly high degree of chemosis
throughout the observation period both on rinsed and
nonrinsed eyes, and slight cornea damage, to a lesser degree
on the rinsed eye, with significant retrogression over the
observation period.

A 4 week inhalation study in rats revealed an LOAEC of
1.05 mg m�3 (histopathological changes in nasal cavity and
larynx). At 4.1 mg m�3 the pharynx, trachea, and lungs are also
affected but the lung and trachea lesions were reversible within
the 4 weeks of recovery. The respiratory tract is the target organ
in rodents.

The most relevant systemic effects were a slight decrease
in body weight gain in the high dose group and an
increased leukocyte count in the peripheral blood in mid-
and high-dose groups. The NOAEC was determined to be
0.24 mg m�3.
Chronic Toxicity

A subchronic 13 week inhalation study demonstrates that rats
exposed up to 1.1 mg m�3 of IPDI did not display any
substance-induced clinical effects, changes in reflexes and
body temperature, conclusively affected body weights or
food/water consumption. The hematology, clinical
pathology, and urinanalysis were all not remarkable. The
histopathological evaluation of the nasal cavity and the larynx
revealed minimal or slight epithelial changes at 1.1 mg m�3.
This study demonstrated an NOAEC of 0.27 mg m�3.
Repeated or prolonged inhalation exposure may cause asthma
in humans.

No repeated dose toxicity studies are available for IPDI for
either the oral and dermal routes of exposure.
Immunotoxicity

IPDI is found to be sensitizing in numerous studies including
in the guinea pig maximization test, in the mouse ear swelling
test, and in the open epicutaneous test. Skin sensitization is
also observed in humans. It should be noted that there is no
validated animal model to assess the potential for respiratory
sensitization or asthma in humans; however, since the reac-
tivity of diisocyanates is well established, respiratory sensiti-
zation is likely to occur in humans based upon the similar
chemical characteristics.
Reproductive Toxicity

While no studies have been performed to address the question
of reproductive effects in animals caused by IPDI directly,
examination of the histopathology and weights of reproduc-
tive organs from a 28 day inhalation study showed no changes
at concentrations up to 4.1 mg m�3. A 13 week study also
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showed no histopathology or weight changes at tested
concentrations up to 1.1 mg m�3. A nose-only inhalation
study performed on pregnant rats revealed both maternal
toxicity and developmental toxicity to be NOAEC of
0.929 mg m�3.
Regulating body Standard Classification

International
IARC Carcinogenicity

classification
No data

WHO Drinking water
guideline

No data

Air quality guideline No data
MAK TWA 0.005 ppm (0.046 mg m�3)

Peak Pregnancy Group C 0.01 ppm
(0.092 mg m�3 (measured
as inhalable fraction of the
Genotoxicity

IPDI was not genotoxic in bacterial systems in vitro (Ames test)
nor was it mutagenic in vitro in the CHO/HPRT forward
mutation assay in the absence nor in the presence of meta-
bolic activation. In a chromosomal aberrations test on
Chinese hamster ovary (CHO) cells, results were positive both
with and without metabolic activation. No mutagenic activity
was detectable in vivo in an inhalation micronucleus assay on
mice. However, since the micronucleus test only covers
systemic genotoxic effects and given the well-known high
local reactivity of the IPDI local genotoxic effects cannot be
excluded.
aerosol))
Notation Danger of sensitization of

the airways and the skin
Carcinogenicity

classification
No data

UK-HSE TWA No data
Ceiling No data

US
ACGIH TLV (8-h TWA) 0.005 ppm (0.045 mg m�3)

STEL No data
EPA RfD No data

RfC No data
Carcinogenicity

classification
No data

NIOSH REL (10-h TWA) 0.005 ppm (0.045 mg m�3)
0.02 ppm (0.18 mg m�3)STEL/CEIL (C)

IDLH No data
Carcinogenicity

classification
No data

OSHA PEL STEL/CEIL (C) No data
Clinical Management

There is no specific antidote for IPDI toxicity; however, treat-
ment consists of support of respiratory and cardiovascular
functions and skin, eye, and respiratory irritation are treated
symptomatically. The principal health effect associated with
IPDI exposure in the workplace is occupational asthma or
aggravation of preexisting atopic asthma. In addition, animal
tests have indicated that skin contact, followed by inhalation
exposure, may result in lung sensitization. The onset of the
respiratory symptoms may be immediate or delayed for several
hours after exposure. Management of patients with
IPDI-induced asthma includes providing basic support
measures for alleviation of asthma symptoms and removal
from any subsequent exposure to IPDI when feasible. Repeated
inhalation of aerosols at levels above the occupational expo-
sure limit could cause respiratory sensitization and risk of
serious damage to respiratory system. A hyperreactive response
to even minimal concentrations of IPDI may develop in
sensitized persons.
Ecotoxicology

IPDI is toxic to wildlife and plants, particularly aquatic
organisms. However, its low solubility in water and the
rapid evaporation rate results in most releases ending up in
the atmosphere, where it is broken down or reacts with
other species relatively quickly. The 48 h D. magna EC50

was determined to range from 27 to 35 mg l�1. The 96 h
marine crustacean Chaetogammarus marinus EC50 was deter-
mined to be 4.0 mg l�1. A chronic algae test resulted in an
NOEC of 4.4 mg l�1. A reproduction test in Daphnia
resulted in an NOEC of 3 mg l�1. As a VOC, IPDI may be
involved in the formation of ground level of ozone, which
can damage crops and materials. It is not considered likely
that IPDI pollution has any effects on the global
environment.
Exposure Standards and Guidelines

IPDI Regulations
Methylene Bis-(4-Cyclohexylisocyanate)
l Name: Methylene bis-(4-cyclohexylisocyanate) (HMDI)
l Chemical Abstracts Service Registry Number: 5124-30-1
l Synonyms: 1,1-Methylene bis(4-isocyanatocyclohexane);

4,40-Diisocyanatodicyclohexylmethane; Bis(4-isocyanato-
cyclohexyl) methane; Dicyclohexylmethane-4,40-diisocya-
nate; 4,40-Methylenedicyclohexyl diisocyanate; HMDI

l Molecular Formula: C15H22N2O2

l Chemical Structure:
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Background

Methylene bis (4-cyclohexylisocyanate) (HMDI) (CAS No.
5124-30-1) is a clear to pale yellow liquid, which is soluble in
acetone water and is incompatible with alcohols, amines,
bases, acids, and may slowly polymerize if heated above 50 �C.
HMDI reacts with water and alcohol.
Uses

HMDI is used in the production of automotive safety glass and
various biomedical applications.

HMDI has excellent curing properties and is used in coating
compositions. Novel polyurethane coating compositions
characterized by excellent curing properties. It is used in the
production of Urethane products.
Environmental, Behavior, Fate, Routes, and Pathways

HMDI is a synthetic organic chemical which does not occur
naturally in the environment. At room temperature, it is
a liquid. HMDI hydrolyzes rapidly in water, producing
methylene bis(4-cyclohexylamine). The half-life for HMDI is
approximately 2 h. Due to its rapid hydrolysis, transport
between environmental compartments is unlikely to occur.
Because of the rapid hydrolysis, the assessment of the
substance is based on the hydrolysis product
methylenebis(cyclohexylamine) and not on HMDI. The
hydrolysis product was not classified as a PBT (persistent,
bioaccumulative, toxic) substance. These data indicate that
HMDI is not readily biodegradable. However, due to its rapid
hydrolysis, HMDI is neither persistent in the water compart-
ment nor bioaccumulative. The calculated Koc-value indicates
that HMDI may strongly adsorb to soil; however, any emis-
sion to the terrestrial compartment would be affected by
humidity and, therefore, terrestrial accumulation is not ex-
pected to occur.
Exposure and Exposure Monitoring

HMDI can enter the body either by inhalation of air con-
taining HMDI vapors, ingestion of contaminated water or
food, or by dermal contact. However, direct exposure of
general population is limited as HMDI is manufactured in
industrial settings for industrial/professional use which
minimizes exposure potential to workers. HMDI is not
intended for consumer use. Normal industrial practices assure
limited workplace exposures. Due to the water sensitivity of
precursors and product, HMDI is manufactured in closed
system free of water. There is no information about levels of
various forms of HMDI in the ambient air. However, a half-
life of about 15 h has been estimated due to reaction with
photochemically produced hydroxyl radicals, assuming
a mean OH concentration of 0.5� 106 OH radicals per cm3 as
a 24 h average. High exposures involving HMDI in ambient
environments are expected to be rare since no consumer
product is known to contain HMDI. Thus, exposure to HMDI
at normal background levels is unlikely to occur because there
are virtually no emissions of HMDI, and HMDI released to the
environment would rapidly be degraded by photooxidants
and water to nontoxic forms.
Mechanism of Toxicity

The toxicological properties of isocyanates are attributed to
the –N]C]O group. Skin sensitization with HMDI is
thought to be associated with the activation and prolifera-
tion of lymphocytes in lymph nodes draining the site of
exposure. Analysis of the nature and kinetics of the cytokine
production (which regulates lymphocyte production) post-
exposure to HMDI revealed that both interleukin-1 (IL-1)
and IL-6 were induced in a biphasic manner. The ordered
and transient pattern of cytokine production that occurs
during the afferent phase of contact sensitization suggests
that sequential cytokine signals may be involved in regu-
lating the characteristics of the response generated within
the draining lymph node.
Acute and Short-Term Toxicity

HMDI has minimal oral and dermal acute toxicity. The rat oral
LD50 is 9900 mg kg�1 and the rabbit dermal LD50 is
>10 000 mg kg�1. High oral exposures to HMDI produce
severe diarrhea, loss of appetite, and increasing weakness. The
4 h LC50 in rats exposed to aerosolized HMDI was determined
to be 434 mg m�3. Toxicity was primarily confined to the
respiratory tract with hemorrhagic lung edema being the cause
of death. HMDI is moderately to severely irritating to the skin,
eyes, and respiratory tract of rabbits.
Chronic Toxicity

An HMDI subacute aerosol inhalation study in rats dosed for
6 h day�1 and 5 days per week for 4 weeks showed the respi-
ratory tract to be the target organ with an NOAEC of 1 mg m�3

and an LOAEL of 6 mg m�3 both based on histopathological
changes in nasal passages, larynx, and bronchi.

No repeated dose toxicity studies were available for HMDI
for either the oral and dermal routes of exposure.
Immunotoxicity

There are no consistent animal data on skin sensitization with
HMDI; however, existing data do indicate a potential for
sensitization. Human case reports describe allergic contact
dermatitis that is thought to be due to HMDI exposure. Since
the reactivity of diisocyanates is well established, respiratory
sensitization is likely to occur in humans based upon the
similar chemical characteristics.



Regulating body Standard Classification

International
IARC Carcinogenicity No data
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Reproductive Toxicity

An inhalation reproduction/developmental toxicity study
was conducted in rats exposed to 1, 6, or 36 mg m�3 of HMDI
that revealed a reduced fertility index at 36 mg m�3. The
NOAELdevelopmental for HMDI was determined to be 6 mg kg�1

and the NOAELmaternal was 1 mg kg�1. The NOAEL for general
toxicity for both males and females was also 1 mg kg�1 while
the NOAELreproduction was 6 mg kg�1.
classification
WHO Drinking water

guideline
No data

Air quality guideline No data
MAK TWA No data

Peak 0.054 mg m�3

Notation No data
Carcinogenicity

classification
No data
Genotoxicity

HMDI was not genotoxic in bacterial systems in vitro (Ames
test) nor was it mutagenic in vitro in the CHO V79 forward
mutation assay in the absence nor in the presence of metabolic
activation.
UK-HSE TWA No data
Ceiling No data

US
ACGIH TLV (8-h TWA) 0.005 ppm (0.054 mg m�3)

STEL No data
EPA RfD No data

RfC No data
Carcinogenicity

classification
No data

NIOSH REL (10-h TWA)
STEL/CEIL (C) 0.01 ppm (0.11 mg m�3)
IDLH No data
Carcinogenicity

classification
No data

OSHA PEL STEL/CEIL (C) No data
Clinical Management

There is no specific antidote for HMDI toxicity; however,
treatment consists of support of respiratory and cardiovascular
functions and skin, eye, and respiratory irritation are treated
symptomatically. The principal health effect associated with
HMDI exposure in the workplace is occupational asthma or
aggravation of preexisting atopic asthma. The onset of the
respiratory symptoms may be immediate or delayed for several
hours after exposure. Management of patients with
HMDI-induced asthma includes providing basic support
measures for alleviation of asthma symptoms and removal
from any subsequent exposure to HMDI when feasible.
Repeated inhalation of aerosols at levels above the occupa-
tional exposure limit could cause respiratory sensitization and
risk of serious damage to respiratory system.
Ecotoxicology

HMDI is toxic to wildlife and plants, particularly aquatic
organisms. However, its low solubility in water and the rapid
evaporation rate results in most releases ending up in the
atmosphere, where it is broken down or reacts with other
species relatively quickly. The toxicity observed in aquatic
studies was caused both by the HMDI as well as by the
hydrolysis products or total organic carbon (TOC) due to the
instability of the test substance. The 48 h D. magna EC50 was
determined to be >8.3 mg l (back calculated from the TOC to
HMDI). The 96 h zebra fish (Danio rerio) LC50 was determined
to be >8.1 mg l�1. A 72 h algae (Scenedesmus subspicatus) test
resulted in a ErC50 >5 mg l�1 (ErC50 ¼ EC50 in terms of
reduction of growth rate). A 3 h bacterial activated sewage
sludge study revealed an EC50 ¼ 191 mg l�1 (nominal
concentration). Based on the acute aquatic toxicity data on
three trophic levels noted (zebra fish, daphnia, algae), the
predicted no effect concentration (PNECaqua) is calculated
with an assessment factor of 1000 applied to the lowest acute
effect concentration. Since the lowest of the three trophic
values was the 72 h ErC50 of >5 mg l�1 for S. subspicatus, the
PNECaqua is >5 mg l�1.
Exposure Standards and Guidelines

HMDI Regulations
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l Name: Isodrin
l Chemical Abstracts Service (CAS) Registry Number: 465-

73-6
l CAS Name: (1R,4S,4aS,5R,8S,8aR)-rel-1,2,3,4,10,10-

hexachloro-1,4,4a,5,8,8a-hexahydro-1,4:5,8-
dimethanonaphthalene

l IUPAC Name: (1R,4S,5R,8S)-1,2,3,4,10,10-hexachloro-
1,4,4a,5,8,8a-hexahydro-1,4:5,8-dimethanonaphthalene

l Chemical Class: Cyclodiene insecticide
l Molecular Formula: C12H8Cl6
l Chemical Structure:
Uses

Isodrin is the generic name for the endo–endo isomer of the
chlorinated cyclodiene insecticide aldrin. Its physicochemical
properties are summarized in Table 1. Together with the
structurally related compounds, aldrin, dieldrin, and endrin
(the ‘drins’), isodrin was developed in the 1940s to provide an
alternative to dichlorodiphenyltrichloroethane. More toxic to
Table 1 Physicochemical properties of Isodrin

Molecular formula C12H8Cl6
Molecular weight 364.91
Physical form Crystalline solid
Melting point 240–242 �C
Water solubility at 20–25 �C 0.017 mg l�1

Vapor pressure at 20–25 �C 7.377 3 � 10�5 mm Hg
Henry’s law constant at 20 �C 0.091 (unitless)
Octanol/water partition coefficient 6.82 l kg�1 (log)
Organic carbon/water partition coefficient 6.84 l kg�1 (log)
Diffusion coefficient in air 0.034 cm2 s�1

Diffusion coefficient in water 4.493 � 10�6 cm2 s�1

Information from GSI Chemical Database: http://www.gsi-net.com/en/publications/
gsi-chemical-database/single/321.html (accessed 02.13.).
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insects than aldrin, it was primarily used as a broad-spectrum
insecticide in agriculture, and to control malaria-carrying
mosquitos. However, due to its toxicity to nontarget species,
it was less widely used than the other chlorinated cyclodienes.
Environmental Transport and Distribution

Although releases are not expected because its manufacture and
use have been discontinued, isodrin may be present in envi-
ronmental media due to its persistence and/or as a result of
disposal of previously contaminated material. In soil, isodrin is
moderately mobile to immobile, and does not volatilize
significantly due to its strong sorption to soil solids. The half-
life of isodrin in soil is estimated to range from 0.5 to
6 years. Bioavailable residues may undergo microbial oxidation
to endrin (isodrin’s epoxide). Isodrin was detected in the leaves
of exposed carrots, but no uptake was observed in soybeans,
corn, or oats grown in treated soil. These data suggest limited
potential for terrestrial biotransfer.

In water, the majority of isodrin is expected to adsorb to
suspended solids and sediment. It may also undergo microbial
transformation to endrin. Estimated bioconcentration factors
range from 233 to 51 286. However, the low aqueous solubility
of isodrin and its strong tendency to sorb to organic material in
the sediment and water column ensures that only an extremely
small fraction of the total amount is actually in solution
(entirely surrounded by water molecules) and thus available
for volatilization or uptake into aquatic organisms. The fact
that isodrin was only infrequently detected in a recent analysis
of persistent, bioaccumulative, and toxic chemicals in bottom-
dwelling and predatory fish tissues from 500 randomly selected
lakes in the lower 48 states demonstrates the current low
potential for exposure via the aquatic food chain.

In the atmosphere, isodrin will be present in both vapor and
particulate phases. Vapor-phase isodrin is degraded in the
atmosphere by reaction with hydroxyl radicals. The half-life for
this reaction in air is estimated to be 0.2 days. Particle-
associated isodrin may be removed by wet or dry deposition.
Isodrin can undergo phototransformation to photoisodrin
when exposed to ultraviolet light in the laboratory. However,
photoconversion is not expected under field conditions
because the maximum ultraviolet absorption of isodrin
(198 nm) occurs in a region of the atmosphere where solar
radiation is attenuated by water and the ozone layer.
Human Exposure Routes and Pathways

In the past, occupational exposures to isodrin occurred via
inhalation or dermal contact during manufacture or use. Iso-
drin and other drins were manufactured at the Rocky Mountain
Arsenal (a large Superfund site located near Denver, Colorado),
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00404-8
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and elevated concentrations of these compounds were reported
in soils off-site. Isodrin was present at lower frequency and
concentrations than the other drins, and neither isodrin nor
endrin was detected in either off-site biota tissue or human
serum samples. Isodrin was not measured in the Centers for
Disease Control and Prevention’s National Report on Human
Exposure to Environmental Chemicals, but its metabolite
endrin was below the limit of detection in serum samples from
the US general public. The general population could continue
to be exposed to isodrin via the diet, but the fact that it was
rarely detected in recent studies of residues in US fish, and
composite food samples from Dallas, Texas, and Denmark
indicate that any such exposures are very small. However,
because the manufacture and use of isodrin still occurs in
developing countries, potential for human exposure likely
exists there.
Toxicokinetics

Little information is available regarding the toxicokinetics of
isodrin. It is reasonable to assume that it resembles other
chlorinated cyclodienes in being readily absorbed through
the gastrointestinal tract, lung, and skin, and distributed
throughout the tissues. Isodrin and other drins are substrates,
inducers, and inhibitors of microsomal enzymes. Isodrin is
metabolized in mammalian liver (and possibly other tissues)
by the nicotinamide adenine dinucleotide phosphate-depen-
dent microsomal mixed function oxidase (MFO) system to
endrin and subsequent metabolites, some of which possess
greater toxicity than the parent compound. Thus, metabolism
of isodrin does not result in its immediate detoxification.
Table 2 Acute oral and dermal toxicity data for Isodrin

Species Route Sex LD50 (mg kg�1) Toxicity category

Rat Oral Male
Female

15
7

I
I

Dermal Male
Female

35
23

I
I

Mouse Oral Male 8.8 I
Rabbit Oral

Dermal
6
<94

I
I

Chicken Oral 2.7 I

Data from Ebasco Services Incorporated, 1990. Final Human Health Exposure
Assessment for Rocky Mountain Arsenal. Toxicity Assessment. Version 4.1,
Vol. III-A.
Toxicity

Acute Toxicity

The primary target of acute isodrin exposure is the central
nervous system. Gamma-aminobutyric acid (GABA), the major
inhibitory neurotransmitter in the central nervous system,
interacts with ligand-gated chloride ion channels termed GABA
A receptors. Interaction of GABA with GABA A receptors triggers
an influx of chloride ions and hyperpolarization of the
terminal, which inhibits release of other neurotransmitters
such as acetylcholine. Isodrin and other chlorinated cyclodi-
enes act by competitive inhibition of the binding of GABA to
the GABA A receptor at presynaptic terminals, permitting
overstimulation by the action of other neurotransmitters that
can result in convulsions and other neurological effects.

Effects described in case reports of acute intoxication in
workers involved in manufacturing isodrin and other drins
included epileptiform convulsions, with electroencephalo-
graphic changes believed to be associated with brain stem
disturbances. Complete recovery was achieved after removal
from exposure. The probable oral lethal dose for humans is in
the range of 5–50 mg kg�1.

The ability of isodrin and other chlorinated cyclodienes to
cause convulsions in mice correlates with their affinity for
GABA A. Acute oral and dermal toxicity data are available for
rats, mice, rabbits, and chickens. Median LD50 values are
presented in Table 2. From its acute oral toxicity in animals,
isodrin would be classified as ‘extremely toxic.’
Subchronic and Chronic Toxicity

No information on the subchronic and chronic toxicity of
isodrin in humans or other mammals was located in the
scientific literature. Because some of its metabolites are also
toxic, the long-term health impacts of isodrin depend on the
balance between toxifying and detoxifying metabolism and
accumulation in tissues. The main target organ in rats and mice
of subchronic exposure to a number of organochlorine pesti-
cides, including the chlorinated cyclodienes aldrin and diel-
drin, is the liver. As MFO inducers, these compounds cause
a characteristic reversible hepatomegaly due to proliferation of
smooth endoplasmic reticulum in these rodents. These hepatic
effects are not observed, however, in other mammals.
Reproductive and Developmental Toxicity

No information on the reproductive and developmental
toxicity of isodrin in humans or other mammals was located in
the scientific literature. Exposure of rodent dams to other
chlorinated cyclodienes caused increased mortality and
decreased numbers of offspring, and skeletal abnormalities.
The embryotoxicity of isodrin injected into chicken eggs was
relatively high among the other organochlorines tested.
Endocrine Disruption

Although studies with related compounds have reported some
effects on steroidal hormone biosynthesis and function in
mammals, birds, and aquatic biota, little information
regarding the endocrine disruption potential of isodrin is
available. In an assay system developed to indicate both
dioxin-like and estrogenic effects, isodrin showed no estro-
genicity and little dioxin-like activity.
Genotoxicity

No information on the genotoxicity of isodrin was located in
the scientific literature. Results of mutagenicity tests with
related compounds have been generally negative.



Table 3 Chemical identification numbers for Isodrin

CAS registry 465-73-6
EPA hazardous waste number P060
HSDB number 6049
NIOSH RTECS GF9615000
Standard transportation number 49 216 73

CAS ¼ Chemical Abstracts Services; EPA ¼ Environmental Protection Agency;
HSDB ¼ Hazardous Substance Data Bank; NIOSH ¼ National Institute for Occu-
pational Safety and Health; RTECS ¼ Registry of Toxic Effects of Chemical
Substances; UN/NA ¼ United Nations/North America.
Information from HSDB (accessed 02.13.). Hazardous Substances Data Bank
(HSDB). Entry for Isodrin, HSDB Number 6049. Last revision date 20070604. [http://
toxnet.nlm.nih.gov/cgibin/sis/search/f?./temp/wYsnOqN:1:FULL].

1134 Isodrin
Carcinogenicity

No information on the chronic toxicity and carcinogenicity of
isodrin in humans or other mammals was located in the
scientific literature. Although aldrin and dieldrin caused liver
tumors in mice (apparently via a non-genotoxic mechanism),
there is no evidence from epidemiological studies that occu-
pational exposure to these compounds (including isodrin)
increased the incidence of cancer in workers. In addition, iso-
drin’s metabolite endrin is considered to be ‘not classifiable as
to carcinogenicity for humans’ (weight-of-evidence category D)
by the US Environmental Protection Agency, and ‘not classifi-
able as to its carcinogenicity in humans’ (Group 3) by the
International Agency for Research on Cancer. Therefore, it
seems unlikely that isodrin would be carcinogenic in humans.
Ecotoxicity

Data on the toxicity of isodrin in wild and domestic animals are
limited. Acute aquatic toxicity studies indicated very high
toxicity with average 24-h median LC50s of 6–12 mg l�1.
Although isodrin was not tested in birds, its metabolite endrin
exhibited high acute toxicity in bobwhite, pheasants, mallards,
and Japanese quail.

Unlike the photoisomers of other cyclodiene insecticides,
photoisodrin is less acutely toxic than its parent compound to
aquatic organisms and fruit flies, perhaps because it undergoes
rapid oxidative hydroxylation rather than oxidative dehydro-
chlorination to a more toxic and lipophilic ketone.
Regulation

Manufacture of isodrin in the United States ceased in 1976, and
it is no longer used commercially in the United States and
Europe. It is listed by the World Health Organization as
“believed to be obsolete or discontinued for use as pesticides.”
Chemical identification numbers for isodrin are listed in
Table 3.

See also: Aldrin; Dieldrin; Endrin; Risk Assessment, Human
Health.
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l Name: Isoniazid
l Chemical Abstracts Service Registry Number: 54-85-3
l Synonyms: Isonicotinic acid hydrazide, INH
l Chemical/Pharmaceutical/Other Class: Isonicotinic acid

derivative, Antitubercular agent
l Chemical Structure: Structurally related to nicotinic acid

(niacin or vitamin B3), nicotinamide-adenosine dinucleo-
tide (NAD), and pyridoxine (vitamin B6)
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Isoniazid

Background

Isoniazid is a potent antimicrobial agent and one of the most
commonly used antituberculosis medications. It inhibits lipid
and DNA synthesis of Mycobacterium tuberculosis resulting in
inhibition of cell wall synthesis and development. It was
introduced into clinical use in 1954 after which morbidity and
mortality related to tuberculosis dropped substantially and it
rapidly became the mainstay of tuberculosis treatment. In
1963, isoniazid was recommended for use as monotherapy in
the prevention of activation of tuberculosis in those with latent
tuberculosis. Because of antimicrobial resistance, isoniazid is
often used in combination therapy with either rifampin, pyr-
azinamide, or both of these agents.
Uses

Isoniazid is an antimicrobial used for the prevention of
tuberculosis infection or used concurrently with another agent
for the treatment of tuberculosis infection. Rifampin, pyr-
azinamide, or both of these agents are commonly used with
isoniazid. Isoniazid is the only Food and Drug Administration
approved drug to treat latent tuberculosis in order to prevent it
from becoming active.
Environmental Fate and Behavior

Physicochemical Properties

Isoniazid is a colorless, odorless, white crystalline powder that
is slowly oxidized by exposure to air. It undergoes degradation
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
upon prolonged exposure to light. Isoniazid has a solubility of
1 g per 8 ml water, 1 g per 50 ml ethanol, and it is slightly
soluble in chloroform and very slightly soluble in ether. A 10%
solution of isoniazid has a pH of 6.0–8.0.
Exposure Routes and Pathways

Isoniazid is available for oral (as a tablet, capsule, or liquid) or
parenteral administration. The commonly used total daily dose
is 5 mg kg�1 with a maximum of 300 mg. Doses upto
15 mg kg�1 have been reported to be used.
Toxicokinetics

Isoniazid is rapidly absorbed from the gastrointestinal tract
reaching peak plasma concentrations of 3–5 mg ml�1 within
1–2 h after oral ingestion. The extent of absorption may be
reduced by oral administration with food or aluminum-
containing antacids. Isoniazid distributes into all body fluids
with a volume of distribution of 0.6 l kg�1 and has negligible
binding to serum proteins. The drug is detectable in significant
quantities in pleural and ascetic fluid and in the cerebrospinal
fluid of inflamed meninges. Plasma concentrations are initially
higher in the muscle; however, the muscle retains the drug for
an extended time. Isoniazid is metabolized through the cyto-
chrome P450 system via N-acetylation in the liver. The enzyme
responsible, N-acetyltransferase, exhibits Michaelis–Menten
kinetics. However, the activity of this enzyme is determined by
genetic heterogeneity in the human population. Those with
polymorphic forms of N-acetyltransferase are phenotypically
expressed as ‘fast’ (approximately 90% of Asians and Inuits) or
‘slow’ (approximately 50% of various racial types, American
whites and African Americans, in the United States) acetylators.
The rate of acetylation significantly alters the plasma concen-
trations and half-life of the drug. Fast acetylators metabolize
isoniazid up to six times faster than slow acetylators, producing
plasma concentrations 30–50% lower. The mean half-life of
isoniazid is approximately 70min for fast acetylators and 2–5 h
for slow acetylators. Approximately 75–95% of an isoniazid
dose is excreted unchanged in the urine within 24 h of inges-
tion, mainly as hepatic metabolites. Metabolites include acetyl
isoniazid, isonicotinic acid, acetyl hydrazine, diacetylhy-
drazine, and hydrazine.
Mechanism of Toxicity

Isoniazid causes toxicity by altering the metabolism of pyri-
doxine and creating a functional deficiency. Pyridoxine is
needed for transamination, transketolization, decarboxylation,
and biotransformation reactions. This occurs through three
4-3.00740-5 1135
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processes: (1) isoniazid metabolites form complexes with pyri-
doxine increasing its urinary excretion with increasing doses; (2)
isoniazid metabolites disrupt the conversion of pyridoxine to its
active form, pyridoxine-50-phosphokinase; and (3) metabolites
directly inactivate pyridoxal-50-phosphate.

Isoniazid-induced seizures are thought to be caused by the
depletion of gamma-aminobutyric acid (GABA). GABA is the
primary inhibitory neurotransmitter in the central nervous
system that requires the cofactor pyridoxal-50-phosphate for its
synthesis from glutamate. Prolonged seizures commonly result
in plasma lactic acid accumulation that can lead to an anion
gap metabolic acidosis. Isoniazid may worsen the severity of
acidosis by inhibiting the production of nicotinamide-
adensosine dinucleotide (NAD), a cofactor necessary for the
conversion of lactate to pyruvate. Long-term exposure to
isoniazid therapy commonly causes peripheral neuropathy due
to pyridoxine deficiency, and may induce pellagra, a niacin
deficiency disorder. Niacin requires the cofactor pyridoxal-50-
phosphate for its production from tryptophan.

The exact mechanism of isoniazid-induced hepatotoxicity is
unknown. However, it is thought to involve an idiopathic
autoimmune mechanism or result from direct hepatic injury
from isoniazid or its metabolites. The metabolite thought to be
responsible is acetyl hydrazine, produced from isoniazid
hydrolysis via cytochrome P450 (CYP)2E1. Persons with the
CYP2E1c1/c1 genotype may be more susceptible to hepato-
toxicity. The role acetylator status plays in hepatotoxicity
continues to be debated, but it is currently thought that slow
acetylators are at greater risk. Other risk factors include
increasing age, chronic isoniazid overdose, comorbid condi-
tions such as malnutrition, pregnancy, diabetes, HIV, renal
dysfunction, hepatic dysfunction, alcoholism, and concomi-
tant use of enzyme inducing drugs.

Other enzymes inhibited by isoniazid include the cyto-
chrome P450 mixed function oxidases, monoamine oxidase,
glutamate decarboxylase, and histaminase. The consequences
of these extensive enzymatic disturbances are mood elevation,
decreased central nervous system GABA levels, depressed cate-
cholamine synthesis, defects in glucose and fatty acid oxida-
tion, and impaired metabolism of other drugs. Important drug
interactions include those with carbamazepine, phenytoin,
rifampin, theophylline, valproate, and warfarin. Isoniazid is
also a weak monoamine oxidase inhibitor, and serotonin
syndrome and tyramine reactions to foods causing flushing,
tachycardia, and hypertension are reported.

Isoniazid does cross the placenta and enters the fetal
compartment; however, it has been determined to not be
a human teratogen in studies. In acute toxicity, fetal deformities
have been reported.
Acute and Short-Term Toxicity (or Exposure)

Animal

When taken or administered in overdose to dogs, isoniazid
produces seizures, metabolic acidosis, and, if untreated, death.
Acute toxicity in animals is similar to that seen in humans.

The LD50 of isoniazid for various animals are as follows:

Rat (oral) 650 mg kg�1

Rat (subcutaneous) 329 mg kg�1
Mouse (oral) 176 mg kg�1

Mouse (subcutaneous) 160 mg kg�1

Mouse (intramuscular) 140 mg kg�1

Mouse (intravenous) 149 mg kg�1

Dog (oral) 150 mg kg�1

Rabbit (oral) 450 mg kg�1

Rabbit (subcutaneous) 285 mg kg�1
Human

Isoniazid intoxication may cause refractory, generalized
seizures, metabolic acidosis, and coma. Acute ingestions of
more than 1.5 g may produce mild symptoms of malaise,
nausea, vomiting, dizziness, slurred speech, and tachycardia.
However, seizures are reported to occur in ingestions greater
than 20 mg kg�1. Ingestions of more than 2–5 g produce
moderate toxicity, and ingestions of 4–6 g are typically fatal
unless there is aggressive intervention. The serum concentra-
tions used to define acute isoniazid toxicity are greater than
10 mg ml�1 1 h after ingestion, greater than 3.2 mg l�1 2 h
after ingestion, or 0.2 mg l�1 6 h after ingestion. Clinical
manifestations of intoxication may appear within 30 min
following ingestion. Seizures generally occur within 1 h at the
peak concentration of isoniazid, but may be delayed up to 5 h
postingestion. Status epilepticus may occur with seizures
lasting for hours. Acute isoniazid toxicity is associated with an
anion gap metabolic acidosis and high serum lactate most
likely from an increase in muscular activity from prolonged
seizure activity. Serum pH may range from 6.8 to 7.3. Reso-
lution of isoniazid-induced lactic acidemia is reported to
resolve slower than in typical seizures, likely due to the
formation of NAD hydrazones that prevent lactate conversion
to pyruvate.
Chronic Toxicity (or Exposure)

Animal

Rats dosed at 35 mg kg�1 isoniazid per day in drinking water
for 48 weeks had slightly increased rates of liver and lung
tumors compared to controls. Although studies in rats and
rabbits have shown that isoniazid is embryocidal, it has not
been shown to be teratogenic in rats, mice, or rabbits.
Human

Symptoms of chronic toxicitymay occur after therapeutic doses.
Chronic therapeutic ingestion of isoniazid is associated with
several common adverse effects including rash, fever, and
elevated liver function tests (in up to 20% of patients).
Isoniazid-induced hepatocellular necrosis and hepatitis occur
less frequently (0.1–2%) and generally within the first
2 months of therapy. Complete hepatic failure may result if
isoniazid therapy is continued after hepatocellular injury is
identified. The reportedmortality fromhepatitis is 0.001–0.1%.
Advanced age is thought to be the most important factor in
determining the risk of isoniazid-induced hepatotoxicity.
Neurologic symptoms, from pyridoxine deficiency, of periph-
eral neuropathy, optic neuritis, hallucinations, pellagra, and
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seizures may occur in the absence of an overdose, especially in
predisposed persons, such as those that are malnourished,
alcoholic, uremic, or diabetic. Autoantibody production
resulting in hemolytic anemia, thrombocytopenia, arthritis, or
vasculitis may also develop.
Immunotoxicity

Systemic lupus erythematosus with polyarthralgias, fever, rash
and other organ inflammation including pericarditis and
pleuritis can occur following therapy with isoniazid. This
occurs more commonly in slow acetylators.
Genotoxicity

Mutagenicity studies of isoniazid have yielded mixed results.
Some models of sister-chromatid exchange were positive.
Salmonella assays have been positive and negative. In vivo
nonhuman primate carcinogenicity studies have been positive.
Reproductive Toxicity

Isoniazid readily crosses the placenta. Isoniazid is distributed
in breast milk with the concentration in milk similar to
maternal plasma concentrations. Isoniazid is pregnancy cate-
gory C and it may be used during pregnancy for the treatment
of tuberculosis. Isoniazid and ethambutol are considered the
drugs of choice to be used during pregnancy for the treatment
of tuberculosis due to their lack of teratogenicity.
Carcinogenicity

There is no evidence to suggest that isoniazid is carcinogenic in
humans. In a study of 338 women treated with isonicotinic
acid hydrazide for pulmonary tuberculosis no increase in
cancer deaths was detected. A study by the United States Public
Health Service involving 25 000 patients followed for a period
between 9 and 14 years did not detect any increased risk in
cancer compared to the general population.
Clinical Management

In a patient who presents with seizures, airway protection and
seizure control are primary goals. Disturbances in cardiac
rhythm or function also require immediate attention. Early
gastrointestinal decontamination with activated charcoal
should be considered for substantial recent ingestions,
however, concern for seizure activity and the risk of aspiration
should be considered. In patients with severe acidemia,
i.e., pH<7.0, sodium bicarbonate should be administered. The
antidote for isoniazid-induced neurologic dysfunction is pyri-
doxine. Pyridoxine is administered to all symptomatic and
potentially serious asymptomatic overdoses as it provides rapid
resolution or prevention of seizures, corrects the metabolic
acidosis, and reverses coma. The amount of pyridoxine
administered should be equal to the estimated isoniazid dose
in grams following acute ingestion (up to 5 g). If the quantity of
isoniazid taken is unknown, 5 g of pyridoxine should be
administered (pediatric dose: 70 mg kg�1 up to 5 g). The rate of
administration should be 1 g every 2–3 min. A repeat dose of
pyridoxine may be necessary should signs of toxicity persist
beyond the initial 5 g. Pyridoxine treatment may be supple-
mented with a benzodiazepine or barbiturate anticonvulsant.
Phenytoin should not be administered since its mechanism of
action is not through the GABAergic pathway and will likely be
ineffective. Hemodialysis may be considered to enhance
elimination for those unresponsive to other therapies.

In patients that develop isoniazid-induced hepatitis from
chronic use, therapy should be terminated. Pyridoxine does not
reverse hepatic injury. However, in patients that develop
neurologic toxicities from chronic use, pyridoxine may be used.
See also: Niacin; Pyridoxine; Rifampin.
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l Name: Isophorone
l Chemical Abstracts Service Registry Number: 78-59-1
l Synonyms: Isoacetophenone; 1,1,3-Trimethyl-3-cyclohexene-

5-one; 1,5,5-Trimethyl-1-cyclohexen-3-one; 3,5,5-Trimethyl-
2-cyclohexen-1-one; 3,5,5-Trimethyl-2-cyclohexenone;
3,5,5-Trimethylcyclohex-2-enone; 3,5,5-Trimethylcyclohex-
enone; Alpha-isophorone; Isoacetophorone; Isoforon

l Chemical/Pharmaceutical/Other Class: Ketones
l Molecular Formula: C9H14O
l Chemical Structure:
H3C

H3C

CH3

O

Background Information

Isophorone is a widely used industrial ketone. It is colorless but
has a distinctive aroma of peppermint, which is generally
detectable at around 0.2 ppm. Isophorone may occur naturally
in cranberries. It is generally not considered to be of concern in
the workplace based on its short half-life in the atmosphere,
and is not considered an ecotoxin for this reason as well.
Generally effects include mild central nervous system (CNS)
depression and irritation to mucus membranes.
Uses

Isophorone is used as an intermediate in the production of
certain chemicals, and as a solvent for resins, polymers, and
pesticide formulations. It is used as a solvent for concentrated
vinyl chloride/acetate-based coating systems, as an adhesive for
plastics, and is found in metal paints, nitrocellulose finishes,
printing inks for plastics, and some herbicide and pesticide
formulations.
Environmental Fate and Behavior

If released to the environment, isophorone is expected to
preferentially partition to the soil and water. Bioconcentration
and bioaccumulation potential is expected to be low, based
on the estimated bioconcentration factor and experimental
octanol–water partition coefficient. Biodegradation is not
expected to occur rapidly. Volatilization is expected to be an
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important fate and transport process based on the Henry’s law
constant and vapor pressure. When released into the air,
isophorone is expected to have a short half-life of much less
than 1 day.
Exposure and Exposure Monitoring

Exposure to isophorone can occur via inhalation, ingestion,
and skin or eye contact, and there is potential for skin
absorption. Inhalation and dermal contact are expected to be
the primary routes of occupational exposure. The general
population may be exposed to isophorone via ingestion of
contaminated drinking water.
Toxicokinetics

Rapid absorption and elimination are expected after oral or
inhalation exposure, though the rate, extent, and relative tissue
distribution are not well characterized. Pharmacokinetic
studies in rats indicated that the majority of orally adminis-
tered isophorone was eliminated in the urine (predominantly),
expired air, and feces, within 24 h. Studies in experimental
animals suggest that isophorone is metabolized to dihy-
droisophorone, isophorol, diisophorone glucuronide, and
other products after oral exposure, though different metabolic
pathways may operate following other routes of exposure.
Mechanism of Toxicity

The toxicological mechanisms of isophorone are not well
characterized. Critical effects include irritation, narcosis,
malaise, fatigue, and CNS depression. Isophorone may induce
its neurological effects by interference with neuronal impulse
transmissions via physical interaction with nerve membrane
components. In animal models, isophorone may also act by
inducing neuropathy, involving binding to globulin proteins,
although this mechanism may not be relevant to humans.
Lesions of the liver have been observed after overexposure in
mouse models, although it is not clear whether isophorone
elicited the lesions directly or by enhancing an age-related
process. DNA-binding studies in mice have shown no signifi-
cant covalent binding of isophorone or its metabolites to DNA
from liver or kidney cells, supporting a potential nongenotoxic
mechanism of toxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

Isophorone causes irritation of the eyes, skin, mucus
membranes, and respiratory tract, and CNS depression.
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00514-5
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Systemic effects of isophorone toxicity in animals include
pulmonary congestion and hemorrhaging, hyperkeratosis of
the forestomach, and liver and kidney damage. Short-term
overexposure of animals to high levels of isophorone resulted
in inactivity and coma. The acute toxicity if isophorone is
low, with oral LD50 values >1500mg kg�1 in the rat,
>2200mg kg�1 in the mouse, and >2000mg kg�1 in the
rabbit. Dermal LD50 values were 1700mg kg�1 in the rat and
>1200mg kg�1 in the rabbit. Acute effects from dermal expo-
sure in experimental animals ranged from mild erythema to
scabs. Conjunctiva and corneal damage have been reported
after direct application to the eye. Skin sensitization potential
has been shown to be low.

In acute and short-term studies on rats given high doses of
isophorone (>1000mg kg�1), degenerative effects in the liver
as well as CNS depression were observed, and there were some
deaths. In 90 day oral studies with laboratory animals, no-
observed-effect levels ranged from 150 to 500mg kg�1 body
weight per day. Acute inhalation exposure of test animals to
isophorone resulted in irritation, decreased body weights,
hematological effects, and pulmonary congestion.
Human

Adverse effects of isophorone reported by people who have
been exposed include irritation of the skin, eyes, nose, and
throat, as well as dizziness and fatigue. Irritant effects have
been reported at air concentrations above 1 mgm�3, whereas
nausea, headache, and dizziness have been reported at above
1142mgm�3. The sharp odor of isophorone may induce
olfactory fatigue. Dermal exposures have caused irritation,
including burning. The lowest published toxic concentra-
tions for humans via inhalation are 140mgm�3 for eye,
nose, and pulmonary system effects. The estimated imme-
diately dangerous to life or health air concentration is
200 ppm.
Chronic Toxicity (or Exposure)

Animal

Isophorone has been investigated for potential genotoxicity,
and has generally been shown to lack significant activity in the
mouse lymphoma, unscheduled DNA synthesis, and micro-
nucleus assays. Animal models are generally negative with
regard to potential reproductive and developmental toxicity of
isophorone at high doses.

Isophorone has been investigated for potential carcinoge-
nicity, and in male rats, caused an increase in tumors of the
kidney, liver, lymph, and reproductive glands when exposed by
ingestion. There was no increase in tumors in female rats
or mice.
Human

The US Environmental Protection Agency (EPA) has classified
isophorone as a possible human carcinogen. The National
Toxicology Program tested isophorone for evidence of
carcinogenicity and found the following: male rat – some
evidence; female rat – no evidence; male mice – equivocal
evidence; female mice – no evidence. European Risk Phrases
suggest there is possible risk of irreversible effects upon
repeated overexposure.
Immunotoxicity

There are not yet any available data based on studies in humans
for immunologic effects resulting from exposure to iso-
phorone; however, the limited data available from testing done
in animals point to this substance being nonimmunotoxic.
Reproductive Toxicity

There are no known reproductive or developmental effects
linked to exposure to isophorone.
Genotoxicity

Isophorone induced sister chromatid exchanges but not chro-
mosome aberrations in Chinese hamster ovary cells. Iso-
phorone was positive in L5178Y tkþ/tk� mouse lymphoma
cell forward mutation assay without metabolic activation.
Isophorone was negative in tests with Salmonella typhimurium
bacterial strains TA98, TA100, TA1535, and TA1537, with or
without metabolic activation.
Carcinogenicity

The degree to which isophorone is carcinogenic is not yet
entirely clear. The American Conference of Governmental and
Industrial Hygiene (ACGIH) has evaluated it to be class A3,
meaning it is a confirmed animal carcinogen with unknown
relevance to humans. The EPA’s Integrated Risk Information
System has evaluated isophorone as classification C, a possible
human carcinogen, based on limited evidence of carcinoge-
nicity in animals. The EPA Office of Pesticide Programs has
evaluated isophorone as classification group C, also meaning it
is a possible human carcinogen.
Clinical Management

Management of individuals overexposed to isophorone
begins with removing those individuals from the source of
exposure, flushing eyes and skin with copious amounts of
water, and removing contaminated clothing. If ingested, oral
administration of charcoal as a slurry may prove therapeutic
in limiting the absorption of isophorone from the intestine.
In cases of respiratory overexposure, the victim should be
moved to fresh air immediately, breathing should be moni-
tored and oxygen supplied if difficult, and treatment given
according to severity of irritation. Medical tests are not well
characterized to determine the extent of overexposure to
isophorone, although tests for kidney and liver function as
well as examination of the eyes and nose for chronic
inflammation may be useful.
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Ecotoxicology

The available data suggest that the aquatic toxicity of iso-
phorone is low, with short-term toxicity values for freshwater
algae, invertebrates, and fish ranging from 100 to 300mg l�1.
The degree to which this compound bioaccumulates and bio-
magnifies is small, and this, combined with a tendency to
volatize to the atmosphere where it is quickly degraded, leads
potential toxicity to organisms to be unlikely and mild.
Other Hazards

Isophorone is flammable and explosive when exposed to heat
or flame; it can react with oxidizing materials.
Exposure Standards and Guidelines

Occupational exposure standards and guidelines for iso-
phorone include an ACGIH 5 ppm ceiling and a US Occupa-
tional Safety and Health Administration permissible exposure
limit at 25 ppm time-weighted average.
Miscellaneous

Isophorone is a colorless to light yellow liquid with a pepper-
mint or camphorlike odor. Odor is generally detected at
concentrations ranging from 0.2 to 2 ppm. It is soluble in water
and with most organic solvents.
See also: Neurotoxicity.
Further Reading
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Chemical Profile

l Name: Isoprene
l Chemical Abstracts Service Registry Number: 78-79-5
l Synonyms: 2-Methyl-1,3-butadiene; Methylbivinyl; Hemi-

terpene; Isopentadiene; 2-Methylbutadiene
l Molecular Formula: C5H8

l Chemical Structure – Source: http://pubchem.ncbi.nlm.
nih.gov
Background

Isoprene is a naturally occurring clear colorless volatile liquid
(at room temperature) with a faint odor. Isoprene is an
important building block for lipids, steroids, terpenoids, and
a wide variety of natural products, including natural rubber.
Isoprene is found in abundance in nature and is produced and
emitted to the environment by plants and trees; it is also
emitted from food crops since isoprene serves as the basic
structural unit of numerous substances such as terpenes and
vitamins A and K. Hence, isoprene is found in ambient air at
low concentrations (e.g., the reported concentration of
isoprene in the ambient air of the United States ranges
between 1 and 21 ppb and is generally less than 10 ppb).
Because the biosynthesis of isoprene is associated with
photosynthesis, emission of isoprene from plants and trees is
negligible at night. Emission of isoprene from plants and trees
is also seasonal with the highest emission occurring in the
summer and the lowest emission occurring in the winter.
Once emitted to the atmosphere, isoprene is converted by free
radicals (e.g., nitric oxide, hydroxyl radicals, ozone) to various
species (e.g., aldehydes, hydroperoxides, organic nitrates,
epoxides) that mix with water droplets and help create aero-
sols and haze.

Isoprene is produced endogenously in experimental
animals and humans. The rate of endogenous production of
isoprene in rats and mice is approximately 1.9 and
0.4 mmol kg�1 h�1, respectively, while in humans it is approx-
imately 0.15 mmol kg�1 h�1 (approximately 2–4 mmol kg�1 per
day). The precursor to endogenous isoprene production in
humans is believed to be mevalonic acid, a precursor of
cholesterol synthesis. Isoprene is the major hydrocarbon found
in human breath, accounting for up to 70% of exhaled
hydrocarbons. The mean concentration of isoprene reported
in human breath is 118 ppb (range 0–474 ppb). The concen-
tration of isoprene in human blood is between 1 and
4.8 mg l�1. The rate of production of isoprene is higher in males
than females and in adults than in children.
Encyclopedia of Toxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-38645
Anthropogenic sources of isoprene include production of
ethylene by cracking naphtha, wood pulping, combustion of
wood and other biomass, tobacco smoke (smoking one ciga-
rette can increase the concentration of isoprene in exhaled air
by 70%), gasoline, and automobile exhaust.
Uses

The primary use of isoprene is the manufacture of poly-
isoprene, or ‘synthetic’ natural rubber, which is subsequently
used to make tires. Other major uses of isoprene include the
production of styrenic thermoplastic elastomer block copoly-
mers (styrene–isoprene–styrene) and butyl rubber (isobutene–
isoprene copolymer). Isoprene is also used to manufacture
other chemicals, intermediates, and derivatives, which are
subsequently used to manufacture vitamins, pharmaceuticals,
flavorings and fragrances, and epoxy hardeners.
Environmental Fate and Behavior

At 25 �C, isoprene has a high vapor pressure of 733 hPa, a low
water solubility of 642 mg l�1, and a Henry’s law constant of
7781 Pam3mol�1. Isoprene’s log Kow is 2.42 while its log Koc

is 1.83. Isoprene’s vapor density relative to air is 2.4. Because of
its high vapor pressure at ambient temperature, isoprene will
partition largely into the atmosphere, with negligible amounts
partitioning to soil and water. Due to a short half-life in air
(0.5 h by reaction with nitric oxide, 1.2–4 h by reaction with
hydroxyl radicals, and 19 h by reaction with ozone), wet
deposition of isoprene from air is not expected to play
a significant role in its atmospheric fate. Although laboratory
testing demonstrates that isoprene has the potential to biode-
grade, microbial metabolism is unlikely to contribute signifi-
cantly to the removal of isoprene from the environment due to
rapid volatilization from terrestrial and aquatic media.
Isoprene has a low bioaccumulation potential and is not
expected to bioaccumulate.
Exposure and Exposure Monitoring

Since there are no direct consumer uses of isoprene monomer
(liquid), exposure to isoprene monomer occurs primarily in
the workplace where it is manufactured or used. Due to its high
vapor pressure, inhalation of isoprene is the primary route of
exposure to workers, followed by dermal contact. However, as
noted above, isoprene is naturally present in the environment
and is produced endogenously by humans and animals; hence,
all humans and animals are exposed to small amounts of
isoprene. Although isoprene is used in the production of
polymers used in consumer products (e.g., paints, footwear,
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adhesives, motor oil), isoprene itself is rarely found in these
products and therefore the potential for consumer exposure
from use of such products is considered to be negligible.
Toxicokinetics

In rodents and humans, isoprene is metabolized by hepatic
microsomal cytochrome P-450-dependent monooxygenases
(principally cytochrome P-450 2E1 in humans) to two major
monoepoxides, 3,4-epoxy-3-methyl-1-butene and 3,4-epoxy-
2-methyl-1-butene. Both of these metabolites may be hydro-
lyzed (catalyzed by epoxide hydrolase) or conjugated with
glutathione (catalyzed by glutathione-S-transferase). The 3,4-
epoxy-2-methyl-1-butene metabolite is a minor metabolite of
isoprene but is further metabolized to isoprene diepoxide, an
animal carcinogen. Comparative studies have shown that the
amount of monoepoxides in mouse liver microsomes can be
2 times that found in rat liver microsomes and 15 times that
found in human liver microsomes. On the basis of a physio-
logically based toxicokinetic model, the rate of metabolism of
isoprene following inhalation of isoprene at likely human
exposure levels (up to 50 ppm) in mice and rats is approxi-
mately 14 and 8 times faster, respectively, than in humans.
Thus, there exists clear differences in the toxicokinetics of
isoprene among different species, and these differences may
contribute to the differences in toxicological response to
isoprene observed between species, in particular, rats and mice.

In rodents, the rate of isoprene metabolism is directly
proportional to the exposure concentration at concentrations
up to approximately 300 ppm; above this concentration, both
species exhibit saturation kinetics. In rats, approximately 75%
of the total metabolites are excreted in urine, independent of
the inhaled isoprene concentration. A higher percentage of
metabolites are excreted in the feces of rats following higher
exposures to isoprene. The biological half-life of isoprene in
rats and mice is 6.8 and 4.4 min, respectively.
Mechanism of Toxicity

The acute effects of isoprene are related to irritation, central
nervous system depression, and asphyxia at high concentra-
tions. The mutagenic and genotoxic effects of isoprene seen in
in vivo and in vitro studies, as well as the carcinogenic effects
of isoprene in experimental animals (principally mice), are
believed to be due to the formation of isoprene diepoxide.
Acute and Short-Term Toxicity

Animal

Although data are limited, isoprene has a low potential for
acute toxicity in experimental animals. The 4-h LC50 in rats is
64 620 ppm and the 2-h LC50 in the mouse is 56 363 ppm. The
oral LD50 in rats is 2043–2210 mg kg�1. Rabbits exposed der-
mally to 100% isoprene were found to have erythema, and it
was judged that isoprene has a low potential for skin irritation.
Isoprene has been reported to cause eye irritation in experi-
mental animals.
Human

Isoprene is irritating to the skin, eyes, and mucous membranes.
Chronic Toxicity

Animal

In a 2-week inhalation study, exposure-related changes in
hematological parameters, body and organ weights, and
microscopic lesions in certain tissues (e.g., forestomach)
were observed in male and female mice at the lowest
concentration tested (438 ppm) but not in male or female
rats at the highest tested concentration (7000 ppm). Similar
species sensitivity was observed when mice and rats were
exposed to isoprene via whole-body inhalation for 13, 26,
and 104 weeks. Thus, there are clear species differences in
response to inhalational exposure to isoprene with mice
being much more susceptible to the adverse effects of
isoprene than rats.
Human

In humans, the chronic effects of isoprene have not been
extensively studied. Inflammation of the mucous membranes
and a loss of the sense of smell have been reported in isoprene
rubber production workers, the prevalence of which increased
with length of exposure.
Reproductive Toxicity

Isoprene has not been shown to cause developmental or
reproductive toxicity in rats exposed via inhalation. Maternal
toxicity, developmental toxicity, and reproductive toxicity have
all been observed in mice exposed to isoprene via inhalation.
Maternal toxic effects observed in isoprene-exposed pregnant
mice include reduced uterine weight and maternal weight gain
at the highest exposure concentrations. Reduced fetal body
weights were observed in both male and female fetuses with
female fetuses being somewhat more sensitive than male
fetuses. Dose-related reproductive toxicity in mice consisted of
testicular atrophy and decreases in sperm head count, sperm
concentrations, sperm motility, and epididymal weight in
males and longer average estrous cycle length in females.
Genotoxicity

Isoprene diepoxide, but not the monoepoxide metabolites
of isoprene or isoprene itself, was positive in the Ames assay.
In mammalian cells in vitro, isoprene did not cause sister
chromatid exchange, chromosomal aberrations, or micro-
nucleus formation, but did cause DNA damage in human
peripheral blood mononuclear cells and human leukemia
cells in the presence of microsomal enzymes. In mice
exposed in vivo, isoprene did cause sister chromatid
exchange in bone marrow cells and micronucleus formation
in peripheral blood erythrocytes. Isoprene did not produce
an increase in micronucleated lung fibroblasts in rats
exposed in vivo.
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Carcinogenicity

There are no epidemiological studies that investigate the
relationship between exposure to isoprene and cancer in
humans. However, there is clear evidence of the carcinoge-
nicity of isoprene in mice, as inhalational exposure to
isoprene produced malignant neoplasms at several sites,
including the liver, lung, Harderian gland, and forestomach,
as well as hemangiosarcomas and histiocytic sarcomas. In
rats, the carcinogenicity of isoprene is less clear, with some
reviews indicating malignant neoplasms in the mammary
gland (both sexes) and kidney (both sexes) following
inhalational exposure but other reviews indicating that
the findings in these organs were benign neoplasms. In its
Report on Carcinogens (Twelfth Edition, 2011), the National
Toxicology Program listed isoprene as ‘reasonably antici-
pated to be a human carcinogen,’ adding that there was no
evidence to suggest that the mechanisms by which isoprene
causes tumors in rats and mice would not also operate in
humans. The International Agency for Research on Cancer
has classified isoprene as a Group 2B carcinogen, indicating
that there was sufficient animal evidence of carcinogenicity
but insufficient evidence in humans.
Clinical Management

Clinical management of individuals who have been exposed to
a high concentration of isoprene is not specific. Exposed skin
and eyes should be flushed with large quantities of water.
Humidified oxygen may be administered after inhalation
exposure to high concentrations of isoprene. Induced emesis
should be avoided in cases of ingestion of isoprene monomer,
but measures to decrease gastrointestinal absorption may be
used (e.g., gastric lavage, activated charcoal, or dilution by
administration of liquids).
Ecotoxicology

The 96-h and 48-h LC50 values for a fish (Oncorhynchus mykiss)
and an invertebrate (Daphnia magna) are 7.4 and 5.8 mg l�1,
respectively. For algae (Pseudokirchneriella subcapitata), the 72-h
EC50 for biomass and growth rate are 15 and >35 mg l�1,
respectively. For this same algae, the 72- and 96-h no observed
effect concentration for biomass and growth rate are 1.7 and
6.0 mg l�1, respectively. There are no data to assess the terres-
trial hazard of isoprene.
Other Hazards

Isoprene is stable under normal conditions but is highly
flammable and will polymerize vigorously or decompose with
abrupt changes in temperature and pressure.
Exposure Standards and Guidelines

In Poland, the time-weighted average and the short-term
exposure limit maximum allowable concentrations for
isoprene are 100 and 300 mgm3, respectively. The American
Industrial Hygiene Association’s 8-h time-weighted average
workplace environmental exposure level is 2 ppm.

See also: Carcinogenesis; Cytochrome P450; Butadiene,
1,3-; Polymers.

Further Reading

Report on Carcinogens Isoprene, twelfth ed., 2011. National Toxicology Program,
Department of Health and Human Services. http://ntp.niehs.nih.gov/go/roc12.
Downloaded November 27, 2011.
Relevant Website
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l Name: Isopropyl alcohol
l Chemical Abstracts Service Registry Number: 67-63-0
l Synonyms: 2-Propanol, 2-Propyl alcohol, Isopropyl alcohol,

Rubbing alcohol, sec-Propyl alcohol, 2-Hydroxypropane,
1-Methylethanol, 1-Methylethyl alcohol

l Molecular Formula: C3H8O
l Chemical Structure: CH3CHOCH3

OH

H3C CH3

Background

Isopropanol is a clear, colorless alcohol that is used in the
production of acetone and as a solvent in the manufacture of
various industrial and commercial products. It is used by the
public for a number of different purposes and is commonly
known as rubbing alcohol. It is flammable and miscible with
both water and many different organic solvents. Isopropanol
can be prepared via three different methods: indirect hydration
of propylene (the ‘strong acid’ method), direct hydration of
propylene, and catalytic hydrogenation of acetone.
Uses

Isopropanol is found in a number of different industrial and
commercial products that are used for different purposes. It is
used in paints, paint thinner, paint remover, inks, fuels,
disinfectants, coatings, dyes, cements, and deicers. It is used in
the production of acetone, waxes, animal and vegetable oils,
and flavorings. It can be found in variable amounts among
common household products such as medications, colognes,
perfumes, toiletries, and windshield and glass cleaning fluids.
Over-the-counter hand sanitizers and hospital hand rubs often
contain isopropanol but at low concentrations (less than 5%).
Some sanitizing wipes, usually labeled ‘rubbing alcohol wipes’
contain up to 70% isopropanol. Because of widespread avail-
ability and low price, rubbing alcohol (typically containing
70% isopropanol) is abused by ingestion in place of ethanol
by people seeking intoxication. Dermal application of iso-
propanol is an inappropriate folk remedy for fever.
Environmental Fate and Behavior

The vast majority of isopropanol in the environment origi-
nates from manufacturing processes. Small amounts are
produced by certain microbes, fungi, and yeast. The high
volatility of isopropanol ensures that when it is released
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into the environment in any state, it eventually ends up in
the atmosphere. There, it can be degraded by hydroxyl radicals
or it can return to soil or water through precipitation. Its
half-life in the environment is approximately 3.2 days and is
highly biodegradable; bioaccumulation in plants and animals
does not occur.
Relevant Physicochemical Properties

Molecular Weight: 60.1 g mol�1

Boiling Point: 82.5 �C (180.5 �F)
Melting Point: �88.5 �C (�127.3 �F)
Critical Temperature: 235 �C (455 �F)
Specific Gravity: 0.785 05 (Water ¼ 1)
Vapor Pressure: 4.4 kPa (at 20 �C)
Vapor Density: 2.07 (Air ¼ 1)
Water/Oil Distribution Coefficient: equally soluble in oil and

water; log(oil/water) ¼ 0.1
Auto-ignition Temperature: 399 �C (750 �F)
Flammable Limits in Air (percent by volume): Lower, 2.0;

upper, 12.7 at 93 �C (200 �F)
Odor Threshold: 22 ppm
Refractive Index: 1.377 6
Acidity: pKa 16.5

Isopropyl alcohol is miscible in water, alcohol, ether, and
chloroform. It will dissolve ethyl cellulose, polyvinyl butyral,
many oils, alkaloids, gums, and natural resins. It is insoluble in
salt solutions. Unlike ethanol or methanol, isopropyl alcohol
can be separated from aqueous solutions by adding a salt such
as sodium chloride, sodium sulfate, or any of several other
inorganic salts, since the alcohol is much less soluble in saline
solutions than in salt-free water. The process is colloquially
called salting out, and causes concentrated isopropyl alcohol to
separate into a distinct layer.

Isopropyl alcohol forms an azeotrope with water, which
gives a boiling point of 80.37 �C and a composition of 87.7
wt% (91 vol%) isopropyl alcohol. Water-isopropyl alcohol
mixtures have depressed melting points. It has a slightly bitter
taste, and is not safe to drink.

Isopropyl alcohol becomes increasingly viscous with decreas-
ing temperature. At temperatures below �70 �C isopropyl
alcohol resembles maple syrup in viscosity.
Partition Behavior

Isopropanol is completely miscible in water and most organic
solvents.

Human Exposure

In occupational settings, exposure is most likely to occur by
dermal or inhalational routes. High-risk fields for occupational
oxicology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-386454-3.00741-7
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exposure include nurses, assemblers, janitors, and printing
machine operators. In nonoccupational settings, the most
likely routes of exposure are dermal and ingestion, but inha-
lational and parenteral exposures have been reported.
Poisoning in the nonoccupational setting probably most often
occurs as a result of ingestion. While most ingestion is via the
oral route, there have been cases of rectal isopropanol admin-
istration resulting in death. Isopropanol has been found in
trace concentrations of some samples of drinking water in the
United States.
Exposure Monitoring

For exposure and exposure monitoring information specific to
the occupational setting refer to the ‘Exposure Standards and
Guidelines’ section. In the nonoccupational setting, exposures
that result in isopropanol poisoning are typically via oral
ingestion for purposes of intoxication or self-harm, and
monitoring usually consists of one or serial serum isopropanol
concentration measurements. However, serum isopropanol
concentrations may not correlate well with clinical symptoms
and mortality. In a nontolerant individual such as a child, any
detectable isopropanol concentration may cause adverse
health effects. In adults, patients have survived with serum
concentrations measuring as high as 200 mg dl�1, but post-
mortem serum concentrations have been reported as low as
55 mg dl�1. The reason for this poor correlation between
clinical effects and serum concentrations can probably be
explained by several factors: co-ingestion of other sedative or
toxic agents in the published case reports, time intervals of
variable duration between exposure and laboratory measure-
ment, and variability in tolerance between individuals as
cross-tolerance between ethanol and isopropanol is observed.
Laboratory testing for serum and urinary acetone may be
useful as surrogate biomarkers for exposure. Clinicians can use
a nonspecific measurement known as the osmol gap to help
determine if an isopropanol exposure occurred. Isopropanol
ingestions can increase the patient’s serum osmolality, which
can be measured via a commonly available laboratory test. The
osmol gap is the difference between the measured serum
osmolality and another, similar value calculated from the
patient’s serum electrolyte measurements (serum osmolarity).
The osmolar gap multiplied by a correction factor for iso-
propanol (1/10th the molecular weight or 6) will provide an
estimated serum isopropanol concentration assuming the
entire gap is due to isopropanol. The baseline osmol gap is
highly variable between individuals, so one should be very
careful in attributing the value of the gap to the presence, or
lack of presence, of an alcohol. Other alcohols such as ethanol,
methanol, and ethylene glycol can increase the osmol gap
when ingested as well. The use and proper interpretation of the
osmol gap can be difficult, and should occur in consultation
with a clinical toxicologist or the local poison control center
(1-800-222-1222).
Toxicokinetics

After ingestion, isopropanol is rapidly absorbed with 80%
absorption within 30 min and 100% by 3 h; the fraction that
reaches the systemic circulation (bioavailability) is high (70%).
Isopropanol is highly water soluble, and after ingestion it is
widely distributed throughout total body water. The volume of
distribution is 0.6–0.7 l kg�1 and there is minimal to no serum
protein binding. Isopropanol metabolism follows first-order
kinetics. The major route of metabolism is by conversion into
acetone via the enzyme alcohol dehydrogenase. Acetone can be
detected in the serum approximately 3–4 h after ingestion. The
presence of alcohol dehydrogenase enzyme inhibitors (such as
ethanol) will decrease isopropanol metabolism and prolong its
elimination half-life. The elimination half-life has been shown
to be approximately 3 h in alcohol-dependent individuals and
around 6 h in non-alcohol-dependent volunteers. Acetone’s
elimination half-life ranges from 7 to 50 h. Approximately
25–50% of isopropanol is excreted unchanged by the kidneys,
and a small amount of isopropanol is eliminated through the
lungs via exhalation.
Mechanism of Toxicity

Isopropanol is similar to other alcohols in its ability to induce
central nervous system (CNS) depression by enhancing
inhibitory neuronal activity and antagonizing excitatory
neuronal activity. It also can cause localized irritation upon
contact with skin and mucous membranes after dermal expo-
sure and ingestion, respectively.
Acute and Short-Term Toxicity (Animal/Human)

The toxicity of isopropanol depends on the route of exposure.
Isopropanol exposure to mucous membranes can cause irrita-
tion of the eyes, nose, and throat. Though rare, there are case
reports of hypotonia and lethargy occurring after widespread
coverage of skin (such as sponge baths) in a small child, sug-
gesting systemic absorption can be significant after dermal
application. After ingesting isopropanol, patients may develop
nausea and vomiting, and in severe cases, gastrointestinal
bleeding. There are case reports of hemorrhagic gastritis asso-
ciated with topical and intravenous isopropanol exposures, so
a mechanism of toxicity other than direct irritation from con-
tact with tissues for this complication is possible. The most
commonly reported adverse health effect after oral exposure is
CNS depression manifesting as inebriation that appears similar
to ethanol intoxication. Sedation and slurred speech can prog-
ress to ataxia, loss of consciousness and even coma in a dose
dependent fashion. In general, isopropanol is believed to be
more sedating than ethanol at similar serum concentrations.
Chronic Toxicity (Animal/Human)

Prolonged or repetitive dermal contact may lead to rash and
sensitization. Long-term use may induce fatty changes in the
liver, which over time can lead to fibrosis and signs and
symptoms of liver cirrhosis. Compared to ethanol, chronic
ingestion of isopropanol is more likely to cause irritation of the
gastric mucosal lining, which can potentially lead to hemor-
rhagic gastritis.
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Carcinogenicity

There are two International Agency for Research on Cancer
(IARC) classifications for isopropanol. Isopropanol is Group 3,
not classifiable as to its carcinogenicity in humans, because
there is inadequate evidence in both humans and experimental
animals. However, observational studies have noted an
increased incidence of paranasal sinus and laryngeal cancer in
workers at factories where isopropanol is manufactured using
the strong-acid process. Therefore, manufacture of isopropyl
alcohol by the strong acid method is classified as IARC I
(carcinogenic) for cancer of the nasal cavity.
Animal Carcinogenicity Data

Carcinogenicity has been tested in mice and rats by exposing
them to volatilized isopropanol. In these small studies, there
was no statistical increase in overall tumors observed but there
was a slight increase in interstitial cell adenomas of the testis
in male rats. Regardless, the IARC has determined there is
inadequate evidence for the carcinogenicity of isopropanol in
experimental animals.
Clinical Management

Management options for isopropanol ingestions resulting in
poisoning are limited. Traditional gastrointestinal decon-
tamination practices (orogastric lavage and activated charcoal
administration) to decrease systemic absorption are unlikely
to be of clinical benefit and not routinely recommended due
to the rapid absorption of isopropanol and an unfavorable
risk to benefit ratio. There is no antidote for isopropanol
toxicity; therefore, care is mainly supportive and consists of
managing the effects of sedation, hypotension, metabolic
abnormalities, and gastritis. Patients with very large inges-
tions causing severe cardiovascular effects such as hypoten-
sion may require extracorporeal elimination techniques such
as hemodialysis to enhance elimination. Hemodialysis can
remove significant quantities of serum isopropanol and
acetone but is not routinely recommended. Typical laboratory
findings are dependent on dose, route of exposure, and time
interval since exposure. Early after moderate to large inges-
tions, an increased measured serum osmolality and increased
osmol gap can be seen. As time elapses and isopropanol is
metabolized to acetone, the osmol gap decreases and keto-
nemia and ketonuria can develop. The anion gap, a measure
of the difference between serum cation and anion concen-
trations, is usually normal or minimally elevated and meta-
bolic acidosis is not a prominent feature of oral isopropanol
poisoning. Isopropanol poisoning lacks the metabolite-
mediated, end-organ specific poisoning seen in other toxic
alcohol ingestions such as methanol (blindness) and ethylene
glycol (acute kidney injury). As discussed, the osmol gap can
be used to help assess the extent of exposure, but should be
interpreted in consultation with a clinical toxicologist or local
poison control center (1-800-222-1222). A small or ‘normal’
osmol gap should not be used to exclude isopropanol
poisoning. In addition, a mild to moderate lactic acidosis may
occasionally be seen. Unlike other volatile alcohols like
methanol or ethylene glycol that produce toxic metabolites,
severe morbidity or mortality from most isopropanol inges-
tions is rare, and most patients do well with supportive care.
Patients with large dermal exposures should be decontami-
nated with soap and water; exposed eyes should be irrigated
with water or normal saline.
Other Hazards

The National Fire Protection Association has assigned iso-
propanol a flammability rating of 3, which signifies a severe fire
hazard. Thus, appropriate precautions should be used when
handling and during transport. For small fires, use dry chem-
ical, carbon dioxide, or alcohol-resistant foam. Use water spray,
fog, or alcohol-resistant foam to fight large fires.
Exposure Standards and Guidelines

There is no currently accepted biological test for monitoring
isopropyl alcohol exposure in the occupational setting. The
current Occupational Safety and Health Administration
(OSHA) permissible exposure limit (PEL) for isopropyl alcohol
is 400 ppm (980 mg m�3) as an 8 h time-weighted average
(TWA). The National Institute for Occupational Safety and
Health (NIOSH) has established a recommended exposure
limit (REL) for isopropyl alcohol of 400 ppm (980 mg m�3) as
a TWA for up to a 10 h workday and a 40 h workweek and
a short-term exposure limit (STEL) of 500 ppm (1225 mg m�3)
for periods not to exceed 15 min. The American Conference of
Governmental Industrial Hygienists (ACGIH) has assigned
isopropyl alcohol a threshold limit value (TLV) of 200 ppm
(492 mg m�3) as a TWA for a normal 8 h workday and a 40 h
workweek and a STEL of 400 ppm (983 mg m�3) for periods
not to exceed 15 min. Values similar to the OSHA PEL and
NIOSH REL are used by most countries except for Denmark
(490 mg m�3) and Sweden (350 mg m�3), which use values
similar to the ACGIH TLV. The immediately dangerous to life
and health level is 2000 ppm.
See also: Occupational Toxicology; Ethanol; Methanol; Ethylene
Glycol.
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Relevant Websites

http://monographs.iarc.fr/ENG/Monographs/vol71/mono71-45.pdf – International
Agency for Research on Cancer monographs.
http://monographs.iarc.fr/ENG/Monographs/vol100F/mono100F-32.pdf – International
Agency for Research on Cancer monographs.

http://www.osha.gov/SLTC/healthguidelines/isopropylalcohol/recognition.html –

Occupational Safety and Health Administration Guidelines.
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FOREWORD

Early humans must have developed, consciously or unconsciously, methods to recognize and avoid toxic plants
and poisonous animals, thus inadvertently establishing toxicology as among the earliest applied scientific
disciplines with a focus on the health and welfare of the human species. While toxicology’s additional emphasis
on the environment is more recent and related to population growth and industry, it is no less important.
Whatever the validity of this claim to origins in antiquity, toxicology’s rapid growth and diversification in
recent decades, particularly since the publication of the second edition of this Encyclopedia of Toxicology, is
undisputed.

Although the US Environmental Protection Agency and the National Institute for Environmental Health
Sciences had already initiated studies of new paradigms in risk assessment at the time, it was the 2007 publi-
cation of “Toxicity Testing in the 21st Century: a Vision and a Strategy” by the National Research Council which gave
rise to a huge interest and effort in molecular and cellular approaches to toxicology and their linkages to risk
assessment. Studying genome wide effects via microarray techniques and high throughput sequencing are but
two fairly recent outgrowths of this emphasis. Research into epigenetics is in its infancy as far as toxicology is
concerned but will doubtlessly grow rapidly in importance and application. An equivalent increase in attention
is being paid to nanotoxicology, and its practical consequences are now becoming evident. These are but a few
of the dramatic developments reflected in this new edition of the Encyclopedia of Toxicology, edited so ably by Phil
Wexler. We owe him a debt of gratitude for all of his efforts.

Despite many changes in the science of toxicology, what remains unchanged is the need for the toxicological
literature to serve many masters. The span from highly specialized researchers and academics in higher
education to those who use toxicology in its applied aspects such as clinical and forensic toxicology, agro-
medicine, risk assessment, consulting and media outreach, is both wide and deep. Clearly, the Encyclopedia of
Toxicology is a necessary resource for all of these professional groups. It functions as an important locus between
the short definitions of dictionaries and the highly detailed narratives of monographs devoted to a single aspect
of research. It is an essential work for all toxicologists interested not only in their own area of expertise but also
in toxicology as a broader interdisciplinary science and profession. I recommend it without reservation to
libraries, not only at institutions of higher learning but also at those of federal, state and private research
institutes, as well as to the chemical and related industries. Needless to say, it will be a valued and much used
addition to many personal bookshelves.

Ernest Hodgson
Distinguished Professor Emeritus

North Carolina Agromedicine Institute and Toxicology Program
Department of Applied Ecology
North Carolina State University
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PREFACE

It has been nearly a decade since the publication of this Encyclopedia’s second edition, and in that time
toxicology has continued to advance its scientific foundations. The “omics” revolution, along with advances in
systems biology, epigenetics, bioinformatics, and computational toxicology are driving toxicology from
a discipline dependent upon whole animal testing to one increasingly comfortable with in vitro and in silico
methodologies. This change is taking place both as a humane alternative and as a more practical and cost
effective way to deal with the vast number of chemicals for which toxicity data is nonexistent. Adverse outcome
pathways are being explored as a means to determine how a direct initiating event at the molecular level can
result in an adverse outcome in the biological organism. The 2007 National Research Council publication of
Toxicity Testing in the 21st Century: A Vision and a Strategy was a seminal event that outlined new technologies
in molecular biology and toxicology, and called for a “paradigm shift” to stimulate innovative approaches to
testing. The Committee (on Toxicity Testing and Assessment of Environmental Agents) responsible for the
report envisioned “a new toxicity-testing system that evaluates biologically significant perturbations in key
toxicity pathways by using new methods in computational biology and a comprehensive array of in vitro tests
based on human biology.” On July 11, 2013, the European Union’s cosmetic regulation, prohibiting animal
testing in the cosmetics industry, came into effect.

Nanotoxicology is another research area which, though certainly not brand new, has come to the fore. Given
the quantum size effects and large surface area to volume ratio, materials at this scale may have properties very
different from their larger scale counterparts. There remains considerable controversy about the toxic potential
of various nanoparticles and debate about how they should be regulated, particularly in products such as
cosmetics. Nanotoxicology will continue to be an active area of investigation in the foreseeable future.

Epigenetics, or the study of changes in gene expression over and above those resulting from alterations to
DNA proper, has made huge strides in the last several years. Thus, toxicants, behavior, stress and diet have all
been shown to play a role in regulating the epigenome. Epigenetic markers have, for example, been shown to
influence expression of genes associated with obesity. Epigenetic mechanisms are also being investigated as
a possible causative factor in asthma.

In clinical/medical toxicology, the human factor comes directly into play, as do veterinary concerns. This is
the branch of toxicology concerned with poisonings. Drugs usually containing a cathinone, marketed as “bath
salts,” started to be reported to US poison centers in large numbers in 2010. A wide range of effects were noted,
ranging from headaches and nausea to hallucinations and paranoia. In 2012, US President Obama signed a bill
to ban several types of synthetic drugs including bath salts. Whether this will actually curtail access and use
remains to be seen but, regardless, new designer drugs are always just around the corner. The research and
clinical communities are, happily, joining forces to probe what has come to be known as “translational toxi-
cology,” in which investigating mechanism of action will lead to a better understanding of treatment for people
intentionally or accidentally exposed to drugs and other chemicals, and biological agents.

Large scale accidents, regrettably, will continue to plague us. The explosion of the Deepwater Horizon drilling
rig in 2010 in the Gulf Coast resulted in the largest offshore oil spill in US history. The long-term effects on the
environment and human health, not only of the oil itself, but of the dispersants applied to clean up the oil are
still being investigated. After decades of factory pollution and neglect, Lake Tai in China was overtaken by a vast
algae bloom and major pollution with cyanobacteria in 2007. Despite a cleanup campaign the situation has
barely improved. Generating power from nuclear energy is another sensitive issue that divides even environ-
mental advocates, with some touting and others damning it. The 2011 nuclear accident in Fukushima, Japan,
triggered by a major earthquake and massive tsunami, caused over 150,000 residents to evacuate their homes
lxix
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for fear of nuclear contamination e its consequences are still being felt. Toxicologists are increasingly being
called upon to assess effects on humans, wild and domestic animals, and the environment, and to offer
solutions when such incidents arise. We will always have to contend with emergencies and disasters andmust be
prepared.

Climate change is another aspect of environmental toxicology which has seen its share of debate in the last
decade. Naysayers who deny its existence or reject the human factor, despite the science, may be lesser in
number and less vocal but are still being heard. Nonetheless, the Intergovernmental Panel on Climate Change
found, in its Fourth Assessment Report, in 2007, that “warming of the climate system is unequivocal”, and
“most of the observed increase in global average temperatures since the mid-20th century is very likely due to
the observed increase in anthropogenic greenhouse gas concentrations.” The Fifth Assessment Report should be
finalized in 2014. Meanwhile, the Doha Amendment to the Kyoto Protocol was adopted in 2012. Countries
which are Parties to the Protocol continue to commit to reducing their greenhouse gas emissions.

Energy production, be it via nuclear, coal, or gas, or even the supposedly more benign solar and wind can
result in consequences, expected and unexpected, which have to be dealt with. The continual search for new
energy sources and for devising means of extracting energy from existing sources has accelerated as the US and
other countries seek energy independence, and has resulted in environmental health dilemmas. Fracking, or
hydraulic fracturing, using sand and chemicals to create fractures in rock, has proven an economically viable
way to extract oil and gas from previously inaccessible locations. We still fall far short of consensus, though, on
fracking’s environmental risks. No doubt one of the next great debates on the energy front will be the potential
health and, particularly, environmental effects, including global warming, of commercial methane hydrate
extraction, once is becomes feasible in the near future.

Accidental and malicious tainting of food, and contamination of consumer products, are of ongoing
concern. In 2007, incidents of renal failure in dogs and cats were traced to contaminated pet food from China.
Recalls were widespread. The chemical culprit turned out to be melamine, which was added to the wheat
gluten to make the food appear higher in protein than it really was. Exported toys from China were found to
have high levels of lead in their paint in the same year. Mattel, for example, had to recall 800,000 Barbie
doll accessories. And, again in 2007, the head of China’s food and drug administration, Zheng Xiaoyu, who,
among other things took bribes from the manufacturers of substandard medicines, became the symbol of poor
quality control, and paid with his life, as he was executed by lethal injection.

Global security, which includes attentiveness to and curtailment of non-traditional weapons such as are
employed in chemical and biological warfare, is another issue which cannot be neglected in the 21st century.
Stockpiles of chemicals still exist in many countries. As recently as 2013, there have been allegations of chemical
weapons use in Syria. Looking toward the positive, in 2013, Somalia became the 189th State Party to the
Chemical Weapons Convention, overseen by the Organisation for the Prohibition of Chemical Weapons
(OPCW).

Beyond seeking to reduce and eliminate chemical weapons, managing chemicals on the global level remains
a challenge, but slow and steady progress continues to be made. In 2009, nine new chemicals were added to the
Stockholm Convention on Persistent Organic Pollutants. Synergies are developing among the Basel, Rotterdam,
and Stockholm Conventions, evidenced by a joint meeting of the conferences of the parties in 2013. The Geneva
Statement on the SoundManagement of Chemicals andWaste, an outcome of this meeting, reaffirmed the three
Conventions’ commitment to achieving the Millennium Development Goals by 2015 and the sound
management of chemicals and hazardous wastes by 2020. 2013 also saw the passage of another global, legally
binding treaty, The Minimata Convention on Mercury, which provides controls and reductions across a range of
products, processes, and industries where mercury is used, released, or emitted. The European Union’s regional
legislation, which entered into force in 2007, has worldwide implications for the control of chemicals.

Controversies, public concern (warranted and otherwise) and media shouting over whatever may be the new
“chemical of the day,” are still with us as, no doubt, they will always be. Whether we talk about phthalates,
bisphenol A, or halogenated flame retardants, the press will have a field day. Arsenic, mercury, and lead are sure
to fill cocktail party conversation when it goes slack. And the old standbys of tobacco, alcohol, and caffeine are
always great silence breakers.

Most of the above topics have been covered, to a greater or lesser extent, in this third edition of the
Encyclopedia of Toxicology. Since its first edition, the objective was to put toxicology in a larger societal and
cultural context. Thus, while the focus here has always been on the science, we have included, in keeping with its
encyclopedic nature, important organizations, laws, and history, narratives of accidents and intrigue, and more.
In addition, the broad scope of toxicology has been taken into account, and hazards related not only to



Preface lxxi
chemicals, but also to biological agents and radiation, have been considered. The Encyclopedia represents an
amalgam of established principles and cutting edge investigations. With toxicology so much a moving target,
and the process of paper publication still a lengthy process, it is not possible to create a book which is absolutely
exhaustive or up-to-the-second in currency. Nonetheless, we hope it is comprehensive in a practical sense and as
timely as possible, and that the gaps are few and far between. The online version, on the other hand, will be the
best place to look, between editions, for late breaking developments. We hope you will find this third edition
useful.

Philip Wexler
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PREFACE TO THE SECOND EDITION

Time passes, but the need for toxicological understanding persists. As much as we might wish for the end of
poverty, ignorance, hunger, and exposure to hazardous chemicals, and as much as we work toward these goals,
the challenges are formidable, and the end is not in sight. Chemicals and finished products made from
chemicals continue to play an ever-present part in our lives. Although it is not evident that the benefits of
chemicals always outweigh their risks, there is little doubt that a wide spectrum of chemicals and drugs has
enhanced both the duration and quality of our lives. That said, certain of them, in certain situations, are clearly
harmful to certain people. Among the fruits of toxicologists’ labors is information on how best to eliminate,
reduce, or prevent such harm.

The discipline of toxicology has made considerable strides in the 7 years since the first edition of this
encyclopedia was published. The understanding of molecular toxicology continues to advance rapidly. Indeed,
it is often much easier to generate the data than to find the time to adequately evaluate it. Genomic, proteomic,
and other ‘omic’ technologies are helping us unravel the complex connection between exposure to environ-
mental chemicals and susceptibility to disease. The US National Center for Toxicogenomics, dedicated to
research on informatics and computational toxicology, was established in 2000. As a result of this and other
research, much more sophisticated approaches are now available for ascertaining chemical safety, and inves-
tigating structure–activity relationships. In addition, analytical instrumentation has becomemore highly refined
and sensitive, making it easier to detect and quantitate even smaller amounts of contaminants in biological
systems and the environment.

With greater consumer (especially Western) acceptance of complementary and alternative medicine, more
people than ever before are being exposed to a vast array of herbal and other plant-based medicinal products.
Although toxicologists have always recognized that ‘natural’ does not necessarily equate with ‘safe’, not much
has been done to assess the hazards of herbal supplements and their interactions with other chemicals. This is
beginning to change.

Chemical, biological, and nuclear warfare have always been subjects of interest, sometimes as practical
matters, and more often as academic ones. In the light of the events of September 11, 2001, there has been an
increased urgency in learning more about nonconventional warfare and its agents, how they operate, and how
to protect ourselves from their effects. Toxicology has found itself broadening its scope to deal with this
resurgent type of weaponry.

The scope of what constitutes hazards waste, an ever-present downside of the benefits we derive from the
manufacture, processing, and use of chemicals and their products, continues to expand as technology moves
forward. In the US two million tons of electronic products, including 50 million computers and 130 million
cellphones, are disposed of every year. According to the International Association of Electronic Recylers, this
number will more than triple by 2010. With such quantities in landfills and rivers, there are bound to be
consequences for our air and water. Potential toxicants include lead, cadmium, and beryllium.

Alternatives to animal studies no longer represent a toxicological sideline. While whole animal testing is
unlikely to disappear soon, if ever, other methods of determining hazard and safety are increasingly being
embraced by the toxicology community and becoming part of mainstream chemical evaluations. In vitro
approaches (e.g., using cell culture or skin irritation potential) and in silico approaches (i.e., using computer
programs to estimate toxic properties based on existing data for similar chemicals with or without supplemental
chemical and physical property data) are both generating increasing amounts of toxicity information.

The marketplace is seeing an increase in products utilizing nanotechnologies, and nanotechnology research
and development is on the upswing. The United States has had an official National Nanotechnology Initiative
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since 2001. A start has also been made by federal agencies and universities in assessing the environmental and
health effects of nanomaterials.

Greater insight into chemical exposures, both actual and anticipated, is helping to develop a more focused
picture of the risks these exposures present to humans and the environment. Growing cooperation between
toxicologists and exposure assessors is proving vital to strengthening the scientific basis of risk assessment, thus
giving risk assessors and managers more credible tools to address the control of chemical hazards.

At the global level, there have been important strides in the control and management of chemicals. The
10-year follow-up to the Rio Earth Summit, the World Summit on Sustainable Development, was held in 2002
in Johannesburg, South Africa. Among the targets it set was to use and produce chemicals by 2020 in ways that
do not lead to significant adverse effects on human health and the environment.

The Stockholm Convention to protect human health and the environment from persistent organic pollutants
(POPs) became binding on May 17, 2004. POPs tend to be toxic, persistent, accumulative, and capable of
traveling long distances in the environment. This Convention seeks to eliminate or restrict the production and
use of such chemicals. The Kyoto Protocol, designed to decrease greenhouse gas emissions, has now become an
international law, despite the resistance of several countries.

The United States hosts a vibrant and growing community of toxicology professionals who perform inno-
vative toxicological research, and scientists in other countries are making their presence felt equally. Global
information sharing and collaborations among these investigators are growing, facilitated by the increased
accessibility of the Internet and its enhanced technologies. Significant work is proceeding under the auspices of
multinational bodies such as Organisation for Economic Co-operation and Development, the European
Commission, and the International Program on Chemical Safety.

Efforts to harmonize and link data and information on toxic chemicals throughout the world have been
multiplying. The Globally Harmonized System (GHS) of classification and labeling of chemicals has been
adopted and is ready for implementation. This will provide a consistent and coherent approach to identifying
hazardous chemicals, as well as provide information on such hazards and protective measures to exposed
populations. Meanwhile in the European Union, a regulatory framework known as REACH (Registration,
Evaluation and Authorization of Chemicals) has been proposed for the registration of chemical substances
manufactured or imported in quantities greater than one ton per year.

Last, but not least, the role that poisons played in personal and political intrigues and vendettas, although it
may have peaked with Borgias, by no means ended there. A case in point was the 2004 presidential elections in
Ukraine. After a bitterly contested battle for the presidency of Ukraine, Viktor Yushchenko emerged victorious
and was inaugurated in January 2005, a happy day for democracy, but with a toxic twist. Yushchenko, according
to physicians, suffered severe facial disfigurement (chloracne) and other ailments by being poisoned with large
dose of dioxins, allegedly mixed in some soup he consumed. Fortunately he is recovering gradually. Although
the full story has not yet emerged, political motivations are suspected.

This second edition has grown from 749 entries submitted by 200 authors to 1057 entries contributed by 392
authors. Virtually all the entries from the first edition have been updated and in some cases entirely new versions
of these entries have been written. Among the 308 topics appearing for the first time in this edition are avian
ecotoxicology, benchmark dose, biocides, computational toxicology, cancer potency factors, metabonomics,
chemical accidents, Monte Carlo analysis, nonlethal chemical weapons, invertebrate ecotoxicology, drugs of
abuse, cancer chemotherapeutic agents, and consumer products. Many entries devoted to specific chemicals are
also brand new to this edition and the international scope of organizations included has been broadened.
Entries describing a number of well-known toxin-related incidents, e.g., Love Canal, Times Beach, Chernobyl,
and Three-Mile Island, have been added. In addition to the scientific-based entries, others focus on the societal
implications of toxicological knowledge. Among them are Toxicology in Culture, Environmental Crimes,
Notorious Poisoners and Poisoning Cases Chemical and Biological Warfare in Ancient Times, and a History of
the US Environmental Movement. Thus, this new edition has been expanded in length, breadth, and depth and
provides an extensive overview of the many facets of toxicology.

Philip Wexler



PREFACE TO THE FIRST EDITION

There are many fine general and specialized monographs on toxicology, most of which are addressed to toxi-
cologists and students in the field and a few to laypeople. This encyclopedia of toxicology does not presume to
replace any of them but rather is intended to fulfill the toxicology information needs of new audiences by taking
a different organizational approach and assuming a middle ground in the level of presentation by borrowing
elements of both primer and treatise.

The encyclopedia is broad-ranging in scope, although it does not aspire to be exhaustive. The idea was to
look at basic, critical, and controversial elements in toxicology, which are those elements that are essential to
an understanding of the subject’s scientific underpinnings and societal ramifications. As such, the encyclo-
pedia had to cover not only key concepts, such as dose response, mechanism of action, testing procedures,
endpoint responses, and target sites, but also individual chemicals and classes of chemicals. Despite the strong
chemical emphasis of the book, we had to look at concepts such as radiation and noise, and beyond the
emphasis on the science of toxicology, we had to look at history, laws, regulation, education, organizations,
and databases. The encyclopedia also needed to consider environmental and ecological toxicology to some-
what counterbalance the acknowledged emphasis on laboratory animals and humans because, in the end, all
our connections run deep.

In terms of the chemicals, we the editors of this bookmade a personal selection based on our own knowledge
of those with relatively high toxicity, exposure, production, controversy, newsworthiness, or other interest. The
chemicals do not represent a merger of regulatory lists or databases of chemicals; they are what we consider to
be, for one reason or another, chemicals of concern to toxicology. The book was not intended as a large-scale
compendium of toxic chemicals, several of which already exist.

In the tradition of many standard encyclopedias, scientific and otherwise, the encyclopedia is organized
entirely alphabetically. Other than in a few useful but smaller scale dictionaries, this style of arrangement
has not been done before for toxicology. This organization, along with a detailed index and extensive cross-
references, should help the reader quickly arrive at the needed information.

Next, although this book should be of use to the practicing toxicologist, it is geared more to others who, in
the course of their work, study, or for general interest, need to know about toxicology. This would include the
scientific community in general, physicians, legal and regulatory professionals, and laypeople with some
scientific background. Toxicologists needing to brush up on or get a quick review of a subject other than their
own specialty would also benefit from it, but toxicologists seeking an in-depth treatment should instead consult
a specialized monograph or journal literature.

The encyclopedia is meant to give relatively succinct overviews of sometimes very complex subjects. Formal
references and footnotes were dispensed with because these seemed less relevant to the encyclopedia’s goals
than a simple list of recommended readings designed to lead the reader to more detailed information on
a particular subject entry. The entry on Information Resources leads readers to print and electronic sources of
information in toxicology.

First and foremost, thanks go to the Associate Editors and contributors, whose efforts are here in print. Yale
Altman and Linda Marshall, earlier Acquisitions Editors for the books, were of great assistance in getting the
project off the ground. Tari Paschall, the current Acquisitions Editor, and Monique Larson, Senior Production
Editor, both of Academic Press, have with great expertise and efficiency brought it to fruition. Organization and
formatting of the original entry manuscripts were handled with skill, patience, and poise by Mary Hall with the
help of Christen Bosh and Jennifer Brewster.
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My work on the Encyclopedia of Toxicology was undertaken as a private citizen, not as a government
employee. The views expressed are strictly my own. No official support or endorsement by the US
National Library of Medicine or any other agency of the US Federal Government was provided or should be
inferred.

Philip Wexler



EDITOR-IN-CHIEF
Philip Wexler has been published, taught, and otherwise lectured extensively in the U.S. and
abroad on toxicology and toxicoinformatics. He is the Editor-in-Chief of three editions of the
Encyclopedia of Toxicology (Elsevier. 3rd ed. 2014) and four editions of Information Resources in
Toxicology (Elsevier. 4th ed. 2009), as well as Chemicals, Environment, Health: A Global Management
Perspective (CRC Press/Taylor and Francis. 2011). He has served as Associate Editor for Toxicology
Information and Resources for Elsevier’s journal, Toxicology and, in that capacity, edited special
issues on Digital Information and Tools. In 2010, he was named the recipient of the US Society of
Toxicology’s Public Communications Award. He is also overseeing a monographic series on
Toxicology History. The first volume, Toxicology in Antiquity, is scheduled for publication by Elsevier
in 2014.

Mr. Wexler is a Technical Information Specialist at the National Library of Medicine’s (NLM)
Toxicology and Environmental Health Information Program, within the Specialized Information
Services Division (SIS). His career at NLM began as a Fellow of the NLM Associate Program and
included a stint with the Reference Services Section. A recipient of the NLM Regents Award for
Scholarly or Technical Achievement and the Distinguished Technical Communication Award of the
Washington chapter of the Society for Technical Communication, he is team leader for the devel-
opment of the ToxLearn online multi-module tutorials, a joint activity with the SOT. Mr. Wexler is also project officer for the LactMed file on
drugs and lactation, and the IRIS (Integrated Risk Information System) and ITER (International Toxicity Estimates for Risk) risk assessment
databases.

Additionally, Mr. Wexler was the guiding force behind, and current federal liaison to, the World Library of Toxicology, Chemical Safety,
and Environmental Health (WLT), a free global Web portal that provides the scientific community and public with links to major
government agencies, non-governmental organizations, universities, professional societies, and other groups addressing issues related to
toxicology, public health, and environmental health. This multilingual resource, fed by information from a roster of international Country
Correspondents, has been widely praised for its success in overcoming barriers to the sharing of information between countries, enhancing
collaboration, and minimizing duplication.

He is federal liaison to the Toxicology Education Foundation (TEF), past Chair of SOT’s World Wide Web Advisory Team, and past
President of its Ethical, Legal, and Social Issues Specialty Section. Mr. Wexler led theWorld Library of Toxicology project prior to its migration
to the INND/Toxipedia group, and remains a federal liaison to the project. He was a member of the Education and Communications Work
Group of the CDC/ATSDR’s National Conversation on Public Health and Chemical Exposure. A co-developer of the Toxicology History
Room, he is co-founder and federal liaison to the Toxicology History Association.
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Mohammad Abdollahi

Mohammad Abdollahi acquired a PharmD in 1988 from the Tehran University of Medical Sciences
(TUMS) and then completed a PhD in Pharmacology/Toxicology in 1994 from the same university;
he completed postdoc training at the University of Toronto in 2001. Since 1988, Mohammad has
worked as an academic at TUMS and has studied in the fields of Pharmacology, Toxicology, and
Medical Sciences. Since 2003 he has acquired full professor honorship of TUMS. So far, he has
contributed to more than 500 papers and 20 books. He is the Editor-in-Chief for two prestigious
TUMS journals in the field of Medicine and Pharmacy published by Elsevier and BMC. At inter-
national level, he cooperates with the OPCW (Organisation for Prohibition of Chemical Weapons)
as a Scientific Advisory Board Member in the Netherlands, the COPE (Committee on Publication
Ethics) as a Council Trustee Member in UK, the WHO (World Health Organization) as a Member
of the Guideline Developing Group for Prevention of Lead Poisoning in Switzerland, the IAS
(Islamic-World Academy of Sciences) as a Fellow, WLT (World Library of Toxicology) as a country
correspondent, and some others. At national level, MA has been President of Iranian Society of
Toxicology (IranTox) for seven years and was involved in establishing the Drug and Poison
Information Centers. He has been the Director of the National Toxicology Examination Board for
nine years. Since 2007, MA has been the Dean of Department of Toxicology and Pharmacology in
TUMS. Current main research interests of MA are Mechanistic Toxicology, Environmental Toxi-
cology, and Evidence-Based Medicine. He studies to uncover the critical connections between the toxicity of chemicals and the etiology of
human diseases.
Ann de Peyster

Ann de Peyster joined the faculty of the Graduate School of Public Health at San Diego State
University in 1983 to found and direct the Toxicology graduate program after completing her
doctorate at U.C. Berkeley. Until 2011 she oversaw development of all aspects of the curriculum and
research laboratories; established partnerships with industry and government toxicologists willing
to participate in the program; andmentored of dozens of graduate students. Initially holding a joint
appointment in SDSU’s Department of Biology and the Graduate School of Public Health, she
developed and taught a wide variety of laboratory and lecture courses in biology, public health,
toxicology and risk assessment, and developed an introductory course in public health research that
is now required for public health undergraduates before leaving full-time teaching in 2012. Her
main research interests and majority of publications focus on mechanisms of action of chemicals
affecting the reproductive system and implications for risk assessment.
In addition to graduate student recruitment and mentoring, she has also served in major administrative roles for the Graduate School of
Public Health, including Interim Director (a.k.a. Dean) of the School from 2004–2007. Also active professionally for many years in SETAC,
Sigma Xi, and Delta Omega (public health honor society), she has contributed most of her non-academic professional time to the Society of
Toxicology. She has devoted special attention to SOT ’s educational efforts, from K-12 through graduate education, and to the Society’s
public communications mission. She received the SOT Public Communications Award in 1999 and also served as an SOT Councilor. She is
a Fellow of the Academy of Toxicological Sciences and a trustee of the Toxicology Education Foundation.

She continues to pursue other personal and professional interests since resigning her full-time tenured professorship at San Diego State
University.
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Shayne C. Gad

Shayne C. Gad, B.S. (Whittier College, Chemistry and Biology, 1970) and Ph.D. in Pharmacology/
Toxicology (Texas, 1977) DABT, ATS, is the principal of Gad Consulting Services, a twenty year old
consulting firm with six employees and more than 500 clients (including 300 pharmaceutical
companies in the US and 20 overseas). Prior to this, he served in director-level and above positions at
Searle, Synergen and BectonDickinson. He has authored or editedmore than 44 published books and
more than350 chapters, articles, and abstracts in the fields of toxicology, statistics, pharmacology, drug
development, and safety assessment. He has more than 35 years of broad-based experience in toxi-
cology, drug and device development, statistics, and risk assessment. He has specific expertise in
neurotoxicology, in vitro methods, cardiovascular toxicology, inhalation toxicology, immunotoxicol-
ogy, and genotoxicology. Past President of the American College of Toxicology, the Roundtable of
Toxicology Consultants and three of SOT’s specialty sections, and recipient of the American College of
Toxicology Lifetime Contribution Award. He has direct involvement in the preparation of INDs (96
successfully to date), NDA, PLA, ANDA, 510(k), IDE,CTD, clinical data bases for phase 1 and2 studies,
and PMAs. He has consulted for FDA, EPA, and NIH, and has trained reviewers and been an expert
witness for FDA, and served as the COO of two pharmaceutical companies while a consultant. He has
also conducted the triennial toxicology salary survey as a service to the profession for the last 22 years.
Helmut Greim

Helmut Greim has studied medicine at the Universities of Freiburg and Berlin, Germany. Thereafter
he had research positions in the institutes of Biochemistry and Pharmacology of the Free University
of Berlin and of the Institute of Toxicology, University of Tübingen. Between 1970 and 1973 he
served as Visiting Research Associate Professor of Pathology, Mount Sinai School of Medicine, City
University of New York, and as Visiting Fellow of Pharmacology, Yale University, New Haven, CT.
After two years back in Tübingen he was appointed as Director of the Institute of Toxicology of the
GSF, a federal Research Institute in Munich. In 1982 he became Professor and Director of the
Institute of Toxicology and Environmental Hygiene, Technical University Munich. He retired from
these positions in 2003.

His research experience is drug metabolism, toxicokinetics, mechanisms of carcinogenic agents,
in vitro test systems. Dr. Greim has published over 500 papers in toxicology and risk assessment and
has lectured on these subjects in Europe and abroad. Besides many contributions to textbooks he
has edited and published two text-books in Toxicology, one in German, the other byWiley, London
(H. Greim and R. Snyder: Toxicology and Risk Assessment. A comprehensive Introduction). In June 2012
the book The cellular response to the genotoxic insult: the question of threshold for genotoxic carcinogens
(H. Greim and R. Albertini) was published by the Royal Society of Chemistry, London.

Dr. Greim has been a member or chair of numerous national and international scientific
committees. Since 1983 he was vice Chairman, and in 1998, Chairman of the German Advisory
Committee on Existing Chemicals of Environmental Relevance (BUA) of the German Chemical Society until 2007. Since 1982 he has been
a member of the Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Areas (MAK-Committee) of the
German Research Foundation and has chaired the committee between 1992 and 2007. Between 1996 and 2011 he was a member of the
Research Expert Panel of the Research Institute for Fragrance Materials, Hackensack, New Jersey, USA and chairman from 2000 to 2008.
Between 1998 and 2008 he was member of the Board of Trustees of the Health and Environmental Safety Institute (HESI) of the Inter-
national Life Science Institute (ILSI) in Washington and has chaired the Board in 2001 and 2002. Until 2012 he chaired the Scientific
Committee on Health and Environmental Risks of the Directorate General (DG) SANCO, Brussels; he is a member of the Scientific
Committee on Occupational Exposure Limits of DG EMPLOYMENT, Luxembourg, and since 2008 until the end of 2013 is a member of the
Risk Assessment Committee of the European Chemicals Agency in Helsinki.

Dr. Greim was chairman of the Toxicology Section of the German Society of Pharmacology and Toxicology (1982 to 1985), and served as
President of the German Society of Pharmacology and Toxicology between 1991 and 1993. In 1998 he organized the International Congress
of Pharmacology in Munich.

In 1996 he received the Arnold Lehman Award of the Society of Toxicology, and in 2001 the Herbert Stockinger Award of the American
Conference of Governmental Industrial Hygienists.



Associate Editors lxxxi
Stacey Harper

Dr. Stacey Harper is an Assistant Professor of Nanotoxicology in a joint position between the
Department of Environmental & Molecular Toxicology and the School of Chemical, Biological &
Environmental Engineering at Oregon State University (OSU), where she employs in vivo
approaches to evaluate the biological activity and toxic potential of novel nanomaterials, and has
established a collaborative, multidisciplinary research program to develop a knowledgebase of
Nanomaterial-Biological Interactions (nbi.oregonstate.edu). She received her doctorate in Biolog-
ical Sciences from the University of Nevada, Las Vegas in 2003 and was a postdoctoral fellow at the
Environmental Protection Agency from 2003–2005, and an NIEHS postdoctoral scholar at Oregon
State University from 2005–2009. Dr. Harper currently serves as the co-chair of ASTM International
E56 Committee on Nanotechnologies. She was recently awarded an Outstanding New Environ-
mental Scientist award from the National Institute of Environmental Health Sciences and the L.L.
Stewart Faculty Scholars award from OSU. From 2011–2012, Dr. Harper served as the president of
the Pacific Northwest Association of Toxicologists, a regional chapter of the Society of Toxicology.
Virginia C. Moser
Dr. Virginia (Ginger) Moser has been at the US Environmental Protection Agency since receiving her
PhD in Pharmacology and Toxicology from the Medical College of Virginia in 1983. She has led an
active research program there since joining the Laboratory as a National Research Council post-
doctoral fellow, and is now a senior toxicologist in the Toxicity Assessment Division of the National
Health and Environmental Effects Research Laboratory. She holds adjunct faculty positions at the
Integrated Toxicology Program at Duke University, and the Department of Pharmacology and
Toxicology, Medical College of Virginia, Virginia Commonwealth University.

Over the years Dr. Moser has focused on using neurobehavioral test methods for both toxicity
screening and mechanistic research of a wide variety of environmental chemicals (including
pesticides, persistent organic pollutants, and drinking water contaminants) following acute,
repeated, and developmental exposures in both rats and mice. Her current research includes eval-
uating unique susceptibilities of developing and young organisms to neurotoxicants. Dr. Moser was
instrumental in validating and promoting the use of neurobehavioral test methods, specifically the
functional observational battery (FOB), for toxicity screening. She helped shape the test guidelines
for neurobehavioral toxicity testing promulgated by the US EPA, OECD, and FDA, and served as
Study Director for an IPCS/WHO international multi-laboratory Collaborative Study on Neuro-
behavioral Test Methods. She has also been involved with training personnel in contract, chemical,
and pharmaceutical testing laboratories in the conduct of these methods, as well as training risk
assessors in the interpretation of those data.
Dr. Moser is a Diplomate of the American Board of Toxicology and served on the Executive Board of Directors and as Treasurer of that
organization. She is also recognized as a Fellow of the Academy of Toxicological Sciences. She has received many honors from the US EPA,
including the Scientific Achievement Award for Human Health Research and the Gold Medal for Exceptional Service. As an active member of
numerous scientific societies, she has held elected officer positions, served on planning committees, and organized meetings, symposia, and
workshops. She is currently Secretary of the Neurobehavioral Teratology Society, and has served as President and Secretary-Treasurer of the
North Carolina Regional Chapter of SOT, Councilor of the International Neurotoxicology Association, and President and Treasurer of the
Behavioral Toxicology Society. Currently she serves as associate editor for the Encyclopedia of Toxicology (3rd edition), Neurotoxicology and
Teratology, and Drug and Chemical Toxicology, and is on editorial boards for Toxicological Sciences, Toxicology and Applied Pharmacology, and
Neurotoxicology. In addition she has served onNIH, NIEHS, VA, Fogarty, and other grant Study Sections. Over the years she has played integral
roles in ILSI/HESI, VCCEP, and OECD expert panels. Within the EPA, she has been involved in numerous pesticide risk assessment
workgroups, a member of the IACUC, and many other internal activities. She has over 130 peer-reviewed manuscripts and book chapters
published or in press.
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Involved in the scientific advisory board of the European Union since 1992 as a member of CSTE, CSTEE, SCHER, and ECHA-RAC and
also provided scientific advice at the OECD and UN levels; chairing the OECD Expert Group on Chronic Aquatic Hazards and the OECD and
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Stockholm Convention.

Full member of the Spanish Royal Academy of Veterinary Sciences, former council member of the Society of Environmental Toxicology
and Chemistry (SETAC), past president of the Ibero-American Society of Environmental Contamination and Toxicology, and vice president
of the Spanish Association of Environmentalist Veterinarian Experts, is also a member of several international scientific societies, and an
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Sidhartha D. Ray

Dr Sidhartha D. Ray is a professor and chair of the Department of Pharmaceutical Sciences of the
Manchester College (Est.) School of Pharmacy. He serves on the editorial boards of several high
impact-factor international journals: Archives of Toxicology, Oxidative Medicine and Cellular
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scientist who passionately teaches his students how to be “Lifelong Learners”!
Timothy J. Wiegand

Timothy J. Wiegand, MD, FACMT holds a board certification in internal medicine and medical
toxicology. He completed toxicology and clinical pharmacology fellowship training at the
University of California, San Francisco in 2006 and is currently the director of toxicology at the
University of Rochester Medical Center in Rochester, New York and an associate clinical professor of
emergency medicine in the Department of Emergency Medicine at Strong Memorial Hospital and
HighlandHospital in Rochester. He is alsomedical director of Huther-Doyle Chemical Dependency
program in Rochester and a consultant toxicologist for the SUNYUpstate Poison Center in Syracuse,
New York. He currently serves as the director of the Toxicology Consult Service at Strong Memorial
Hospital. The service is responsible for the bedside care of poisoned patients and it is the crux of
a toxicology rotation run by him for fellows, residents, and students in both medical and pharmacy
training at Strong Memorial Hospital. He has authored numerous chapters in text books and papers
in peer-reviewed journals and is an associate editor of the Encyclopedia of Toxicology, 3rd edition. His
particular areas of interest are in the bedside care of poisoned patients, in the treatment of alcohol,
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HOW TO USE THE ENCYCLOPEDIA
The chemical substances covered in the Encyclopedia
represent a highly selective and personal list of those
which the editors felt were most noteworthy. Clearly,
with around 1000 chemical entries, there was no
attempt to approach the 70 million or so unique
organic and inorganic chemicals, or even the more
than 80,000 chemicals in commerce (the vast
majority of which, incidentally, are absolutely barren
of toxicity data).
A Note about the format of Entries
Except for chemical substances, the format of entries
tends to be free form narrative. Chemical substance
entries, on the other hand, follow a loose template
including headers such as molecular formula, uses,
environmental fate and behavior, toxicokinetics,
chronic toxicity, etc. Depending upon the type of
chemical, e.g. industrial, pharmaceutical, etc. not
every header is relevant. Primary consideration, thus,
has been given to organizing the entry in a way that
makes sense for the agent in question and the avail-
able information on it, rather than adhering tightly to
an arbitrary format.

The Encyclopedia of Toxicology is a comprehensive
and authoritative study encompassing 1160 articles
on various aspects of this subject, contained in four
volumes. Each article provides a focused description
of the given topic, intended to inform a broad range
of readers, ranging from students, to research
professionals, and interested others.

All articles in the encyclopedia are arranged
alphabetically as a series of entries.

1. Contents
Your first point of reference will likely be the
contents. The complete contents list appears at the
front of each volume providing volume and page
numbers of the entry. We also display the article title
in the running headers on each page so you are able
to identify your location and browse the work in this
manner.

You will find “dummy entries” where obvious
synonyms exist for entries or for where we have
grouped together similar topics. Dummy entries
appear in the contents and in the body of the ency-
clopedia. For example:
Acrylates see Acrylic Acid, Ethyl Acrylate; Methyl Acrylate

2. Cross-references
The majority of articles within the encyclopedia have
an extensive list of cross-references which appear at
the end of each article, for example:

DECANE
See also : Heptane; Hexane; Octane; Pentane; Petroleum
Distillates; Propane.

3. Index
The index provides the volume and page number for
where the material is located, and the index entries
differentiate between material that is a whole article;
is part of an article, part of a table, or in a figure.

4. Contributors
A full list of contributors appears at the beginning of
each volume.

5. Glossary and Appendix
The Encyclopedia of Toxicology contains an extensive list
of terms (glossary) used in toxicology, drawn from
works produced by the International Union of Pure
and Applied Chemistry. The appendix provides
information about a selection of online chemical
compendia.
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Introduction

Itai itai disease is a well-known chronic cadmium poisoning,
occurring among inhabitants of the Jinzu River basin in
Toyama Prefecture, Japan, during and after World War II.
Dr Hagino first reported the disease in 1955. It is charac-
terized by severe pain resulting from osteomalacia; the
name, itai itai disease, means ouch, ouch or painful in
English. According to various studies undertaken by many
researchers and the Toyama Prefecture, the Ministry of
Health and Welfare of Japan declared in May 1968 that itai
itai disease was caused by chronic cadmium poisoning.
Between 1967 and 2011, 196 cases of itai itai disease had
been officially recognized by the Japanese government. Most
of the victims were middle-aged women who were deficient
in calcium due to lactation, multiple pregnancies, and
postmenopausal loss of calcium and had lived in this
community for more than 30 years.
Exposure Pathway

The Jinzu River basin was polluted by heavy metals, mainly
zinc, cadmium, and lead from the Kamioka mine, located
about 20 miles from Toyama Plain. Wastewater from an
upstream mine was discharged into the river for 50 years
between 1910 and the 1950s. The polluted river water was
used for irrigation in this area; consequently, the soils, rice,
vegetables, and fish were highly polluted. According to
a study by Fukushima, cadmium concentrations in rice
paddy soils in this area were higher than those in unpolluted
areas. As a result of pollution of the river, the inhabitants
living in this cadmium-polluted area for a long time accu-
mulated high concentrations of cadmium in their bodies
through their diet. The intake of cadmium among patients
with itai itai disease was 1000 mg day�1, which was about 200
times higher than the normal intake in unexposed pop-
ulations. High concentrations of cadmium were detected in
urine, blood, kidneys, and other organs of patients living in
or near this area.
Symptoms

In the early stage of the disease, patients suffer from pains in the
lumbar areas, shoulders, and eventually the entire body due to
decreased bone mass. In the later, more serious stage, patients
may experience difficulty with mobility due to osteomalacia
with severe pains, and may further experience spontaneous
bone fracture caused by the slightest external pressure, such as
coughing. In addition, patients often suffer from breathlessness
due to renal anemia. Finally, patients waste away and eventu-
ally die due to significant weight loss.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Mechanism of Toxicity

Itai itai disease is mainly characterized by renal tubular
dysfunction, severe osteomalacia, pseudofractures, and anemia.
Chronic cadmium exposure induces renal tubular dysfunction
resulting in decreased reabsorption of many substances,
including calcium, phosphorus, glucose, amino acids, and low-
molecular-weight proteins (such as a1-microglobulin,
b2-microglobulin, lysozyme, retinol binding protein, vitamin D
binding protein, etc.). Hypophosphatemia resulting from
excessive excretion of phosphate can lead to decreased serum
calcium levels and cause osteomalacia, accompanying pseudo-
fractures, and severe bone pains. Renal anemia is often observed
in severe cases of itai itai disease, which is derived from insuf-
ficient renal production of erythropoietin that promotes eryth-
rocyte production.
Clinical Treatments

Renal tubular dysfunction with itai itai disease is irreversible
and progressive even if the cadmium exposure is reduced. There
is no specific treatment for renal tubular dysfunction by chronic
cadmium poisoning. Long-term administration of vitamin D
could be useful in the treatment of osteomalacia; however, its
effectiveness is limited, and the reappearance of osteomalacia
could be observed due to latent renal tubular dysfunction.
Erythropoietin is used for renal anemia.
Resolution

After the official declaration of the disease by the Japanese
government in 1968, the Agricultural Land Soil Pollution
Prevention Law was enacted in December 1970. The
maximum concentration of cadmium is regulated as less than
1 mg kg�1 in rice for agricultural land. Responding to this
law, Toyama Prefecture conducted surveys on the cadmium
levels in the polluted area along the Jinzu River and found
that the cadmium concentration was 1 ppm or more in
brown rice and soils in this area. Based on these surveys,
Toyama Prefecture declared that the upper soil layer of
1500.6 ha of paddy fields along the Jinzu River should be
restored back to normal. The restoration work started in
1980, and by 1997 the average cadmium concentrations in
soils had been reduced from 1.12 ppm (before restoration)
to 0.16 ppm, and from 0.99 ppm (before restoration)
to 0.09 ppm in brown rice. The restoration work was
completed in 2011.

See also: Cadmium; Kidney; Metals; Musculoskeletal System.
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2 Itai Itai Disease
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Introduction

In the time of worldwide transfer of goods going in parallel
with the rapid development of science and increasing aware-
ness about the risks that chemicals may pose to health and the
environment, various national and international authorities
regulate the use of chemical substances in their territories. In
order to facilitate the reporting on these chemical substances,
an International Uniform Chemical Information Database
(IUCLID) has been developed. IUCLID is a key electronic tool
for the administration of data on intrinsic and hazard proper-
ties of chemical substances. This database program has been
designed for entering, storing, and exchanging data on the
properties and uses of substances in an agreed format.
Historical Background

The first version of IUCLID that was used in a regulatory
context was developed by the European Chemicals Bureau
(ECB) of the European Commission in 1993, to fulfill
requirements for the evaluation and control of the risks of
chemicals under the so-called Existing Substances Regulation
(EEC) 793/93. The Existing Substances Regulation required
industry to submit all available data on High Production
Volume Chemicals (HPVCs) in the IUCLID format. IUCLID
was also used as the basic tool for data collection and evalua-
tion within the EU Risk Assessment Programme. Between 1993
and 2001, IUCLID was further developed to address other
regulatory needs; it was adapted to fulfill the requirements of
the OECD SIDS activity of ICCA and the HPVC program of the
US Environmental Protection Agency (EPA). Later on, IUCLID
was also used in the notification procedure of the EU Biocidal
Products Directive 98/8/EC (BPD). Version 4.0 of IUCLID was
released in 2001 to cover both existing chemicals and biocides.
IUCLID 4 was used worldwide by large chemical industry
companies, and regulatory authorities such as the Competent
Authorities of the EU Member States, the US EPA, the Japan
METI, the European Commission, and the OECD Secretariat
for a total of around 500 users.

Despite indisputable improvement of IUCLID during these
years, the design of IUCLID 4 data entry fields was insufficiently
structured to satisfy the needs of the future EU Chemicals
Regulation (REACH). Indeed, in IUCLID 4, the limited number
of well-defined data entry fields was supplemented by
a massive amount of free-text fields hampering the data search
and exchange. Therefore, the new IUCLID 5 system was
developed so as to implement the new harmonized formats for
reporting study summaries developed at the OECD level and in
order to enable the industry to fulfill its obligations under the
Biocides Directive (98/8/EC) and the REACH Regulation (EC)
No. 1907/2006. The first version of IUCLID 5 became available
on 12 June 2007 and by 2012 more than 40 000 users had
downloaded the application. Nowadays, IUCLID 5 is managed
and maintained by the European Chemicals Agency (ECHA) in
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Helsinki and can be obtained/downloaded from the IUCLID
website free of charge. ECHA has also prepared a series of
manuals describing various functionalities and detailing how
IUCLID can be used.
IUCLID 5

IUCLID 5 is a Java-based application that was designed to store
information on chemicals in a structured format via a user-
friendly interface. This application can be deployed either on
single workstations or made available on a server to be accessed
by several users simultaneously. The data in IUCLID 5 are
organized in different layers:

l The raw data layer that is used to manage the information
l The dossier layer that stores snapshots of a selection of

information that can be communicated, in read-only mode,
to other parties, for example, regulatory authorities

l The annotation layer which is the container for comments
made on top of the chemical substance information

l Finally, the XML layer which is used to exchange data in
a standard format

The information in IUCLID 5 is organized in 110 sections
containing a total of about 10 000 fields. Compared with its
previous versions, IUCLID 5 contains more fields for admin-
istrative data where the user can enter information on, for
example, the production sites, tonnage, chemical composition,
and contact persons. It also contains better structured end point
data sections, in which any scientific, substance-related infor-
mation can be recorded. In principal, the three types of infor-
mation that can be managed with IUCLID cover company and
business-related information, substance-related information,
and assessment reports (in the form of attachments).

The content of IUCLID is illustrated in Table 1.
Company-Related Information

This part of IUCLID enables reporting on the owner of the
IUCLID data. In general, it represents the company that will
submit substance information to the regulatory authorities.
IUCLID provides the necessary format and functionality to
identify the company or organization as requested by the
different regulatory programs.
Substance-Related Information

The substance-related part is divided into the following:

l A general part that contains well-structured formats to
report information on the chemical substance identity,
manufacture, use, and exposure, as well as information on
classification and labeling.

l An end point data part that contains study and end point
summaries.
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Table 1 IUCLID content

1. General information (e.g., chemical name, composition, analytical information, information on joint submission or consortia, sponsor country for the
assessment, suppliers, recipients, product, and process oriented research and development).

2. Classification and labeling listing both the GHS criteria (as described in CLP Regulation (EC) No 1272/2008) and the criteria used previously in Europe
under Dangerous Substances Directive, 67/548/EEC and Dangerous Preparations Directive, 1999/45/EC.

3. Manufacture, use, and exposure covering description of the technological processes used in production, relevant volume information, form in the
supply chain, identified uses and exposure scenarios, information on uses advised against, etc.

4. Physical and chemical properties (e.g., appearance, melting and boiling points, density, vapor pressure, partition coefficient, water solubility, surface
tension, dissociation constant, explosivity, and flammability).

5. Environmental fate and pathways (e.g., stability, biodegradation, bioaccumulation, transport, and distribution).
6. Ecotoxicological information (e.g., acute/prolonged toxicity to fish and daphnia, chronic toxicity to fish and daphnia, toxicity to algae and aquatic

plants, sediment toxicity, acute and chronic toxicity to terrestrial invertebrates, plants, and vertebrates).
7. Toxicity studies (e.g., acute toxicity to mammals, irritation/corrosion, sensitization, repeated dose toxicity, genetic toxicity, carcinogenicity, toxicity to

reproduction, and neurotoxicity).

4 IUCLID (International Uniform Chemical Information Database)
The structure of the end point–related data sections is designed
based on the OECD Harmonised Templates which were
developed in order to report, in a harmonized way, the results
of studies performed on chemicals, following guidelines, in
order to determine their properties and effects on human
health and the environment. The templates enable the entry of
scientific data to the level of details allowing a technically
qualified person to make an independent assessment of the
reported study minimizing the need to go back to the full study
report. This degree of complexity, however, is recommended to
be used mainly to document the key studies selected as repre-
sentative information for the hazard assessment. As the OECD
templates have to cover different legislations, various fields can
be relevant for certain regulatory programs only.

As the development of IUCLID coincided with the OECD
project to create standardized reporting forms for chemical test
summaries (in 2004), IUCLID became the first application
fully implementing the OECD Harmonised Templates. The
data contained in these templates are stored in the XML
(Extensible Markup Language) format, as this generic computer
language is used to facilitate the electronic exchange of data
across IT platforms.

The OECD Harmonised Templates are currently available
for reporting information on physicochemical properties,
degradation and accumulation, effects on biotic systems,
various health effects, analytical methods, pesticide residue
chemistry, efficacy, and emissions from treated articles. These
templates are updated regularly when changes are made to test
guidelines and new ones are also continuously generated;
IUCLID is kept synchronized accordingly.
Assessment Reports

IUCLID finally provides a separate section for additional
reports. It serves as a container to attach any assessment
report(s) required by specific regulatory programmes. This
allows the submission of the IUCLID technical dossier and the
assessment report, to the regulatory bodies, in one single
package of data.
IUCLID 5 and REACH

According to the REACH Regulation (EC) No. 1907/2006, the
full documentation on substances manufactured or imported
in Europe shall be prepared in the IUCLID format (Art. 111).
This information is to be submitted to ECHA for the purpose of
registering chemicals. In addition, the REACH text specifies that
ECHA will coordinate the further development of this format
ensuring its maximum harmonization with the OECD
programs.

IUCLID 5 therefore was designed for the chemical industry
to compile, among other dossier types, complete, REACH-
conforming registration dossiers as well as to manage these
data on-site. It also enables ECHA and the European Compe-
tent Authorities to manage industry registrations.

For the purpose of registration under REACH, the level of
detail that needs to be reported in IUCLID depends on different
factors. For key studies, it is important that as many details as
necessary are included in order to describe the test protocol and
justify the validity of the result. This type of ‘complete’ infor-
mation is called a Robust Study Summary (RSS). An RSS
should reflect the objectives, methods, results, and conclusions
of a full study report, including sufficient detail to allow its
assessment, minimizing the need to go back to the full study
report. Therefore, detailed information on the applied meth-
odology, test materials, the study results, and conclusions have
to be provided in the structured fields of IUCLID 5. It should
also be demonstrated whether specific validity, quality, or
repeatability criteria for the study have been met as specified in
the description of the corresponding (EU or OECD) test
method.

The level of detail to be used for the description of
supporting and other studies is usually to be decided on a case-
by-case basis. For information that has been judged as of
insufficient quality by the registrant, a justification should be
given, in particular, for all studies potentially demonstrating
a higher concern than in the retained information. For data that
are judged of insufficient quality and which would demon-
strate a lower concern, only a minimum level of detail can be
reported in IUCLID.

In IUCLID 5, each study is reported in a form of a single
end point study record. It provides a standard format for
reporting the results of a test on a chemical, with predefined
fields and free text prompts that help the user to summarize
a study.

The information summarizing the result of the evaluation
made on all available data for a specific end point is reported in
end point summaries. The outcome of the hazard assessment,
such as the PNECs or DNELs, is documented at this level.
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Since IUCLID 5 has implemented the OECD Harmonised
Templates, IUCLID 5 data collected, for example, for REACH
Regulation purposes can be (re-)used to fulfill other regulatory
requirements in case the submission processes are compatible
with the OECD standardized format.
Future IUCLID Developments

During the years following the first release of IUCLID 5, several
new functionalities have been added either directly to the main
application (e.g., integration of the REACH use descriptor
system in IUCLID 5.2 or the folder structure to organize
IUCLID documents in version 5.4) or with the publication of
plug-ins. Indeed, the functions of IUCLID 5 can be extended by
the users depending on their needs (e.g., the query tool plug-in
that extends the query functionality of IUCLID enabling
searches inside end point study records and allowing the defi-
nition of several query blocks; the report generator plug-in that
can create reports based on the information contained in
a IUCLID dataset).

After 5 years of using IUCLID 5, ECHA decided to initiate
the IUCLID 6 project in order to remedy deficiencies and
limitations identified in the current version. With the wealth of
information generated by the REACH Regulation and the
widespread use of IUCLID 5 in the industry, it has become
obvious that the application should be redesigned to be able to
process tens or hundreds of thousands of datasets efficiently
and also offer a comprehensive and fast search mechanism, not
only for the structured information but also in the reports
embedded in IUCLID dossiers. The integration of IUCLID with
other IT applications will also be one of the main challenges of
this new project.

On the business side, several enhancements have been
suggested by the user community such as a better access
management system in the distributed version and the
possibility to customize the IUCLID application to remove its
apparent complexity for specific users who have to complete
a small number of actions with the information contained in
the IUCLID database. Finally, if IUCLID 5 enables the reporting
of information related to substance properties with a high
degree of detail on the hazard part, only very little information
on condition of manufacture, conditions of use and on the
related exposure can be reported in a structured form. If the
possibility to document information on exposure was slightly
extended in IUCLID 5.4, further work would be needed in
order to reach a similar level of structured and harmonized
format than is currently available for the hazard sections.
See also: The European Chemicals Agency; REACH; REACH-IT;
eChemPortal – The Global Portal to Information on Chemical
Substances.
Further Reading

ECHA, 2010. Practical Guide 3: How to Report Robust Study Summaries, ECHA-10-B-
06-EN, ISBN: 978-92-9217-050-9.

ECHA, 2011. IUCLID 5 End-user Manual.
ECHA, 2012. Guidance on registration, ECHA-12-G-07-EN.
European Parliament and of the Council Regulation No. 1907/2006 of 18 December

2006 Concerning the Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH).
Relevant Websites

http://iuclid.eu/
http://echa.europa.eu/
http://www.oecd.org/
http://www.oecd.org/document/46/0,3746,en_21571361_43392827_44169646_

1_1_1_1,00.html – Introduction to OECD Harmonised Templates



This page intentionally left blank



E

Ivermectins see Avermectin
J
Jet Fuels

U Apte, University of Kansas Medical Center, Kansas City, KS, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Udayan M. Apte, Harihara M. Mehendale, volume 1, pp 635–637, � 2005, Elsevier Inc.
Background Information

Jet fuels (JP) are aviation fuels used mainly by the United States
and other North Atlantic Treaty Organization (NATO) nations
for military establishments. Other fuels called Jet A and Jet A-1
are closely related fuels used by commercial airlines. JP are
a complex mixture of primarily aliphatic (but also aromatic)
hydrocarbons, derived from crude oil and/or kerosene by
refining and adding various other additives such as fuel icing
inhibitors, antioxidants, corrosion inhibitors, metal deactiva-
tors, and static dissipaters. Gas chromatographic analysis of JP-
8, the most recent JP, indicates that it is made up of complex
mixture of 9–17 different hydrocarbons, including thousands
of isomers and three to six performance additives. They are
generally colorless liquids and smell like kerosene. JP-4, the first
wide cut standardized jet fuel came into use in 1951 and an
improved version called JP-8 was developed in 1978. JP-8 has
been much thoroughly studied for toxic effects as compared to
JP-4. Toxic attributes of JP-8 have been extensively reviewed and
several publications have compared toxic profiles of JP-8 with
a variety of other JP.
Exposure Routes and Pathways

Primary exposure routes to JP are inhalation and dermal
exposure to the aircraft maintenance personnel working
directly with the JP. Additionally, populations residing near air
force bases may be exposed to the JP by inhalations route in the
form of vapors and aerosol.
Toxicokinetics

No definitive quantitative data are available on the absorption,
distribution, metabolism, and excretion of JP in humans or in
experimental animals in inhalation, dermal, or oral route of
exposure.
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Acute and Short-Term Toxicity (or Exposure)

Animal

Exposure of male Sprague–Dawley rats to as high as
5000 mg m�3 via inhalation for 4 h did not produce apparent
signs of toxicity or mortality in 2 weeks postexposure obser-
vation period. Similarly, 5000 and 8000 mg kg�1 of acute oral
administration of JP-4 did not produce any conclusive data on
mortality. Dermal exposure to JP-4 and JP-7 resulted in skin
irritation, necrosis, and erythema. Studies where F344 rats were
given pure JP-8 by oral gavage showed the LD50 of JP-8 was
greater than 5 g kg�1. Inhalation studies indicated the LC50 of
JP-8 vapor to be greater than 3.43 mg l�1 and JP-8 vapor mixed
with aerosol to be greater than 4.39 mg l�1. Interestingly, JP-8
exposure by inhalation in combination with 97–102 dB noise
4 h per day for 5 consecutive days resulted in small but
consistent hearing loss. This hearing loss was not observed by
JP-8 exposure alone without the noise.
Human

Although no studies have been reported with acute exposure to
JP in humans, a case was reported where an air force pilot was
exposed to high levels of JP fumes and suffered from imme-
diate intoxication but no long-term adverse effects.
Chronic Toxicity (or Exposure)

Animal

Extensive information has been gathered on subchronic and
chronic exposures of JP in laboratory rodents, mainly via
inhalation and dermal routes of exposure. No mortality has
been observed related to chronic exposure to JP in animals but
significant systemic effects have been recorded. F344 rats
exposed to 500–1000 mg m�3 of 24 h per day of JP-4 for
periods of 90 days to 6 months demonstrated increases in liver
and kidney weight along with fatty degeneration in the liver. In
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the same study, renal tubular hyperplasia, hyaline degenera-
tions, and a-2m-globulin nephropathy were reported. Sub-
chronic exposure to JP induced decrease in white blood cell
counts in rats. A 1 year exposure to JP in mice resulted in
nasolacrimal hyperplasia and testicular atrophy at the end of
12 months exposure. Although 8 months inhalation exposure
to JP-4 in F344 rats did induce intestinal tumors and no other
cancers were reported in any of the species (rats and mice)
tested. Therefore, the risk of cancer occurrence by inhalation
exposure to JP is considered minimal.

Dermal exposure to JP resulted in irritation, necrosis of skin,
and visible separation and sloughing of the skin. A 105 weeks
dermal exposure to mice resulted in increased incidence of
squamous cell carcinoma and fibrosarcoma.
Ecotoxicology

No data are available on the effects of environmental exposure
of JP on any animal species or plants but considerable evidence
exists that JP is biodegradable, mainly by bacteria, in the
environment.

See also: Occupational Exposure Limits; Occupational
Toxicology; Toxic oil spills.
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Harris, D.T., Sakiestewa, D., Titone, D., He, X., Hyde, J., Witten, M., November 2007.
JP-8 jet fuel exposure potentiates tumor development in two experimental model
systems. Toxicol. Ind. Health 23 (10), 617–623.

Karydes, H.C., Zautcke, J.L., Zell-Kanter, M., 2011. Chemical and traumatic occupational
eye exposures in aviation personnel. Aviat Space Environ. Med. 82 (11), 1064–1066.

Krieg Jr., E.F., Mathias, P.I., Toennis, C.A., et al., 2012. Detection of DNA damage in
workers exposed to JP-8 jet fuel. Mutat. Res. 747 (2), 218–227.

Limón-Flores, A.Y., Chacón-Salinas, R., Ramos, G., Ullrich, S.E., 2009. Mast cells
mediate the immune suppression induced by dermal exposure to JP-8jet fuel.
Toxicol. Sci. 112 (1), 144–152.

Mattie, D.R., Sterner, T.R., 2011. Past, present and emerging toxicity issues for jet
fuel. Toxicol. Appl. Pharmacol. 254, 127–132.

Sharma, R., Locke, B.R., 2010. Jet fuel toxicity: skin damage measured by 900-MHz
MRI skin microscopy and visualization by 3D MR image processing. Magn. Reson.
Imaging 28 (7), 1030–1048.

Smith, K.W., Proctor, S.P., Ozonoff, A., McClean, M.D., 2010. Inhalation exposure to
jet fuel (JP8) among U.S. Air Force personnel. J. Occup. Environ. Hyg. 7 (10),
563–572.

Sweeney, L.M., Prues, S.L., Reboulet, J.E., 2013. Subacute effects of inhaled Jet
Fuel-A (Jet A) on airway and immune function in female rats. Inhal. Toxicol. 25 (5),
257–271.

Tesseraux, I., 2004. Risk factors of jet fuel combustion products. Toxicol. Lett. 149
(1–3), 295–300.

Touri, L., Marchetti, H., Sari-Minodier, I., et al., 2013. The airport atmospheric
environment: respiratory health at work. Eur. Respir. Rev. 22 (128),
124–130.

Tracey, R., Manikkam, M., Guerrero-Bosagna, C., Skinner, M.K., 2013. Hydrocarbons
(jet fuel JP-8) induce epigenetic transgenerational inheritance of obesity, repro-
ductive disease and sperm epimutations. Reprod. Toxicol. 36, 104–116.
Relevant Websites

http: www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid¼149 – ATSDR Toxico-
logical Profile for Jet Fuels.

http://www.nap.edu/openbook.php?record_id¼10578&page¼41 – Natl. Acad. Press.

http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0060
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0060
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0065
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0065
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref0065
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref9065
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref9065
http://refhub.elsevier.com/B978-0-12-386454-3.00325-0/ref9065
http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid&equals;149
http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid&equals;149
http://www.nap.edu/openbook.php?record_id%3D10578%26page%3D41
http://www.nap.edu/openbook.php?record_id%3D10578%26page%3D41
http://www.nap.edu/openbook.php?record_id%3D10578%26page%3D41


Joint FAO/WHO Expert Meetings (JECFA and JMPR)
O Sabzevari, Tehran University of Medical Sciences, Tehran, Iran
A Tritscher, WHO, Geneva, Switzerland

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Angelika Tritscher, volume 2, pp 660–662, � 2005, Elsevier Inc.
History

The Joint FAO/WHO Expert Committee on Food Additives
(JECFA) and the Joint FAO/WHO Meeting on Pesticide Resi-
dues (JMPR) are independent scientific expert panels formu-
lating scientific advice at the international level. The expert
meetings are administered jointly by the Food and Agriculture
Organization (FAO) and the World Health Organization
(WHO) of the United Nations. The experts invited by FAO and
WHO perform the toxicological evaluation of chemicals and
food ingredients in foodstuffs in global commerce, estimate
dietary exposure to consumers, and specify the chemical and
technological characteristics of the chemicals evaluated.

International evaluation of food additives was initiated as
a result of a Joint FAO/WHO Conference on Food Additives
held in Geneva, Switzerland in 1955. The Conference recom-
mended to the Directors General of FAO and WHO that one or
more expert committees should be convened to address the
technical and administrative aspects of chemical additives and
their safety in food. This recommendation provided the basis
for the first meeting of JECFA in 1956.

JECFA assessments form the scientific basis for the estab-
lishment of international standards for protection of consumer
health and to ensure fair practices in the international trade of
foodstuffs. Its mandate has been expanded from the assess-
ment of food additives to contaminants, natural toxins, and
residues of veterinary drugs in food. The Committee also
develops principles for the safety assessment of chemicals in
food that are consistent with the current thinking in risk
assessment, and take account of recent developments in toxi-
cology and other relevant scientific areas such as microbiology,
biotechnology, exposure assessment, food chemistry including
analytical chemistry, and assessment of maximum residue
limits (MRLs) for veterinary drugs. These principles were orig-
inally published in 1987 as Environmental Health Criteria
(EHC) 70: Principles for the Safety Assessment of Food Addi-
tives and Contaminants in Food. The principles for evaluations
have been continuously reviewed and updated to include new
scientific knowledge.

JMPR consists of the FAO Panel of Experts on Pesticide
Residues in Food and the Environment, and the WHO Core
Assessment Group. Joint meetings have been held annually
since 1963, and so far approximately 280 pesticides have been
evaluated, many of them on several occasions. The JMPR has
also developed principles originally published in 1990 as EHC
104: Principles for the Toxicological Assessment of Pesticide
Residues in Food. During the meetings, the FAO Panel of
Experts is responsible for reviewing residue and analytical
aspects of the pesticides under consideration. The WHO Core
Assessment Group is responsible for reviewing toxicological
and related data.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Considerable changes have taken place in the procedures
and complexity of assessments of chemicals in food since the
preparation of EHC 70 and EHC 104. There have been signif-
icant advances in chemical analysis, toxicological assessment,
and risk assessment procedures, and JECFA and JMPR have
developed many new general principles. In light of this and the
recognition that the evaluations performed by JECFA and JMPR
serve as the scientific foundation for international food stan-
dards that are of increasing importance within the Codex Ali-
mentarius Commission (CAC) and the World Trade
Organization (WTO), FAO and WHO have updated and
consolidated these principles, which have been published in an
extensive monograph as EHC 240: Principles and Methods for
the Risk Assessment of Chemicals in Food.
Mission and Purpose

JECFA and JMPR serve as independent, international scientific
advisory bodies that perform toxicological evaluation and risk
assessments on chemicals and provide advice to FAO, WHO,
and the member countries of both organizations, as well as to
the CAC. The CAC was created in 1963 by FAO and WHO to
develop food standards, guidelines, and related texts such as
codes of practice under the Joint FAO/WHO Food Standards
program. The main purposes of this program are protecting the
health of consumers, ensuring fair trade practices in the food
trade, and promoting coordination of all food standards work
undertaken by international governmental and nongovern-
mental organizations.

All countries need to have access to reliable risk assessments
of chemicals in food, but relatively few have the expertise and
funds available to carry out separate risk assessments on large
numbers of chemicals. JECFA and JMPR perform a vital role in
providing a reliable source of independent expert advice, and
some countries establish their national regulatory programs
using information from these bodies. In the same way, based
on JECFA evaluations on food additives, contaminants, and
naturally occurring toxicants, the Codex Committee on Food
Additives, the Codex Committee on Contaminants, and the
Codex Committee on Residues of Veterinary Drugs in Food
develop standards and guidelines, and the Codex Committee
on Pesticide Residues provides advice, based on the evaluations
of JMPR, on appropriate standards for pesticide residues in
food, for adoption by the CAC.

An important aspect of the Codex Committees work results
from the agreement, as a result of the Uruguay Round in which
the WTO achieved the General Agreement on Tariffs and Trade,
that scientific, risk-based standards adopted by the CAC should
be applied under the terms of the Sanitary and Phytosanitary
(SPS) agreement to address fair trade practices. Governments
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wishing to argue particular cases at WTO are likely, therefore, to
turn increasingly to Codex, and through Codex to JECFA,
JMPR, and other FAO/WHO scientific bodies, for advice on
their own legislation. Within the WTO-SPS agreement, Codex
standards are listed as the international benchmark.
Procedures and Membership of the Scientific
Committees

Member selection is made only after careful consideration of
the scientific credentials of the various candidates (depending
on the agenda). In addition to scientific and technical excel-
lence in expert selection, FAO and WHO consider diversity and
complementarities of scientific backgrounds and balanced
representation from geographic regions as well as gender.

Individuals participate in meetings as independent scientific
experts and do not represent any government or organization.
Expert duties are to prepare preliminary working documents in
advance of the meeting and take responsibility for decisions
and the final report at the meeting.
JECFA

JECFA normally meets twice a year with individual agendas
covering either (1) food additives such as flavoring agents,
contaminants, and naturally occurring toxicants in food, or
(2) residues of veterinary drugs in food. The membership at the
meetings varies accordingly, with different sets of experts being
called upon depending on the subject of the meeting. FAO and
WHO have complementary functions in selecting members for
JECFA. FAO is responsible for selecting members to deal with
(1) the development of specifications for the identity and
purity of food additives, (2) the assessment of residue levels of
veterinary drugs in food, and (3) assessment of the quality of
contaminant monitoring data. WHO is responsible for select-
ing members for the toxicological and epidemiological evalu-
ations of the substances under consideration, in order to
establish acceptable daily intakes (ADIs), or other relevant
guidance, or to give a quantitative estimate of the health risk.

For food additives including enzymes and flavors, and for
contaminants and naturally occurring toxicants, the
Committee:

1. Elaborates principles for evaluating their safety and for
quantifying their risks;

2. Conducts toxicological and epidemiological evaluations
and establishes ADIs or tolerable intakes for chronic expo-
sure or other relevant guidance, such as for acute exposure;

3. Assesses the performance, quality, and applicability of
analytical methods;

4. Prepares specifications of identity and purity for the food
additive being evaluated; and

5. Assesses dietary exposure of populations to chemical
substances in food.

For residues of veterinary drugs in food, the Committee:

1. Elaborates principles for evaluating their safety and for
quantifying their risks;

2. Establishes ADIs for chronic and acute reference doses
(ARfDs) for acute exposure;
3. Recommends MRLs for target tissues in food-producing
animals; and

4. Determines proper criteria for the appropriate methods of
analysis for detecting and/or quantifying residues in food.

For Exposure Assessment: Estimating dietary exposure of
food additives, veterinary drug residues, contaminants and
naturally occurring toxins, experts are called upon to:

1. Evaluate food consumption by human populations
(including specific subpopulations such as children and the
elderly, vegetarians, etc.) using validated methods and
protocols;

2. Analyze the concentration of chemicals occurring in food
items and statistically evaluate data received;

3. Model/extrapolate the dietary intake of chemicals in food
by humans using food consumption information; and

4. Estimate the intake of food chemicals by humans using
a variety of techniques, including stochastic modeling.
JMPR

JMPR usually meets once every year. FAO and WHO call on
experts with complementary responsibilities. The FAO experts
are responsible for reviewing the residue and analytical aspects
of the pesticides under consideration, including data on their
metabolism, fate in the environment, and use patterns, and for
estimating the maximum residue levels that might occur as
a result of the use of pesticides according to good agricultural
practices. The WHO experts are responsible for reviewing
toxicological, epidemiological, and related data in order to
estimate, where possible and considered necessary, ADIs for
chronic intake or ARfDs for acute intake (24 h or less) of the
pesticides under consideration.

In summary, for pesticide residues in food, JMPR experts:

1. Elaborate principles for evaluating their safety and for
quantifying their risks;

2. Establish ADIs, ARfDs, and recommend MRLs for pesticide/
crop combinations;

3. Determine criteria for the appropriate methods of analysis
for detecting and/or quantifying residues in food; and

4. Estimate acute and chronic dietary exposure to pesticide
residues in food.

Both FAO and WHO place great value on the technical
qualifications and independence of the participating experts
and on the transparency of its selection process. Therefore, both
organizations have developed well-defined procedures for
selecting experts who promote the excellence and indepen-
dence of the assessments provided.

FAO and WHO establish lists of experts, called rosters;
appointments are for a period of 5 years. Experts are selected
from those rosters for each meeting, in which capacity they
either attend the meeting as members or assist the Secretariat
with preparatory work before the meeting and usually partici-
pate in the meeting itself. As a joint committee of FAO and
WHO, the organizational framework of JECFA and JMPR
comply with the rules of both organizations. The selection
process for experts is undertaken in mutual consultation by the
Joint Secretariats. When calling for and selecting experts, FAO
and WHO ensure that selections complement each other.
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Rules and procedures for the work of these expert bodies
have beenmade publicly available on the respective websites of
FAO and WHO.
Evaluations

JECFA

To date, JECFA has evaluated more than 2600 food additives,
approximately 50 contaminants and naturally occurring toxi-
cants, and residues of approximately 95 veterinary drugs.

For food additives, JECFA normally establishes ADIs on the
basis of available toxicological and other relevant information,
or concludes on the health concern at the current estimated
level of dietary exposure. Specifications for the identity and
purity of food additives are also developed, which help to
ensure that the product in commerce is of appropriate quality,
can be manufactured consistently, and is equivalent to the
material that was subjected to toxicological testing. JECFA
attempts to harmonize with specifications in other interna-
tional compendia.

For contaminants and naturally occurring toxicants, levels
corresponding to tolerable intakes, such as the provisional
maximum tolerable daily intake or provisional tolerable
weekly intake, are established when there is an identifiable no
observed effect level (NOEL), that is, a threshold of effect can
be assumed based on available data. When an NOEL cannot be
identified, the Committee aims to provide other advice
depending on the circumstances and the data available, such as
identification of the food(s) that contributes most to intake.
This allows for targeted management actions in order to
decrease exposure.

With veterinary drug residues, data on good practice in the
use of veterinary drugs are evaluated and corresponding MRLs
in animal tissues, milk, and/or eggs are recommended. The
application of these MRLs are intended to provide assurance
that when the drug has been used properly, the intake of resi-
dues of the drug present in food is unlikely to exceed the ADI
and is therefore not of concern to health.

In addition to the review of information submitted by
sponsors (i.e., manufacturers) and national governments,
JECFA experts are expected to conduct extensive literature
searches on the chemicals for consideration by the committee.
JMPR

JMPR establishes ADIs (based on chronic toxicity) and ARfDs
(based on acute toxicity) on the basis of the toxicological data
and related information available on the substances that are
being evaluated. In addition, JMPR reviews pesticide use
patterns, data on the chemistry and composition of pesticides,
and methods of analysis of pesticide residues. It recommends
MRLs for pesticides that occur in food commodities following
their use according to good agricultural practice. The potential
intake of pesticide residues is compared with the ADI and ARfD
to estimate the potential dietary risks associated with the
adoption of the MRLs.

The scope of the toxicological evaluations has been
expanded to include assessment of other routes of exposure
that are relevant for public health, for example, for the
treatment of drinking water for vector control. In addition,
some environmental hazard assessments have been performed.
In addition to reviewing the information submitted by spon-
sors (i.e., pesticide manufacturers) of the chemicals under
review, JMPR participants are also expected to conduct exten-
sive literature searches on substances they are considering.
Reports and Publications

Summary Reports

A brief summary report of the meeting’s main findings and
conclusions is published electronically by the Joint Secretariat
on the Web site of JECFA at FAO and WHO shortly after each
meeting, prior to the publishing of in-depth documentation.
The information usually is in tabular format and provides basic
details relating to acceptable or tolerable intakes (ADIs/TDIs)
and other toxicological conclusions, and specifications or
MRLs. These summaries are not available in print but are
posted on the Web site.
Reports

Approximately 6–8 months after the meeting, the concise
description of the key data used in the assessments, the eval-
uation of these data, and the conclusions of the committee are
published as reports in the WHO Technical Report Series for
JECFA meetings and in the FAO Plant Production and Protec-
tion Paper series for JMPR reports. Reports reflect the agreed
view of the Committee or Meeting as a whole, and describe the
basis for the conclusions. In the very rare event of some
members not accepting all the conclusions, a minority report
may be included as an annex.
Monographs

JECFA toxicological, intake, and exposure assessment mono-
graphs are published 8–12 months after JECFA meetings in
the WHO Food Additive Series. These monographs contain
the detailed description and evaluation of all the biological,
toxicological, and epidemiological data considered in the
Committee’s risk assessments and provide full references to the
relevant literature. A detailed exposure assessment is also
included. All WHO publications are available from the JECFA
publications Web site: http://www.who.int/foodsafety/chem/
jecfa/publications/en/index.html.

Specifications monographs on the identity and purity of
food additives developed and agreed at meetings have been
published in the Compendium of Food Additive Specifications
(Food and Nutrition Paper (FNP) 52) and are available from
the FAO JECFA Web site: http://www.fao.org/food/food-safety-
quality/scientific-advice/jecfa/jecfa-publications/en/. Anewcom-
bined compendium replaces the earlier edition and incorporates
all the additions and revisions made since 1992, up to and
including those contained in FNP52Addendum13. Information
on the activities and output from JECFA meetings are available
at the dedicated FAO and WHOWeb sites.

JMPR toxicological evaluations on pesticides residues in
food are published by WHO in a dedicated series (Interna-
tional Program on Chemical Safety (IPCS); comprehensive

http://www.who.int/foodsafety/chem/jecfa/publications/en/index.html
http://www.who.int/foodsafety/chem/jecfa/publications/en/index.html
http://www.fao.org/food/food-safety-quality/scientific-advice/jecfa/jecfa-publications/en/
http://www.fao.org/food/food-safety-quality/scientific-advice/jecfa/jecfa-publications/en/


12 Joint FAO/WHO Expert Meetings (JECFA and JMPR)
information is available in the article International Programme
on Chemical Safety). These detailed monographs summarize
all the data used in JMPR’s risk assessments and provide full
references to the relevant literature. Full residues monographs,
which contain information on pesticide use patterns, data on
the chemistry and composition of pesticides, methods of
analysis for pesticide residues, and information on MRLs, are
published in the FAO Plant Production and Protection Paper
series.

All JMPR publications are available from the respective Web
sites:

FAO: http://www.fao.org/agriculture/crops/core-themes/theme/
pests/pm/jmpr/jmpr-rep/en/

WHO: http://www.who.int/foodsafety/chem/jmpr/publications/
en/index.html

Most of the JECFA and JMPR toxicological monographs are
available online through IPCS INCHEM. In addition, user
friendly, searchable databases for JECFA and JMPR assessments
have been developed by FAO and WHO and these are also
accessible from the relevant publications Websites.
Further information, including future agenda, call for data,
and call for experts, is available on the Web.

See also: Flavor and Extract Manufacturers Association; Food
Additives; Generally Recognized as Safe (GRAS); Information
Resources in Toxicology.
Relevant Websites

http://www.fao.org/agriculture/crops/core-themes/theme/pests/pm/jmpr/en/ – JMPR
at FAO.

http://www.who.int/foodsafety/chem/jmpr/en/index.html – JMPR at WHO. About the
Joint FAO/WHO Meeting on Pesticide Residues (JMPR).

http://www.fao.org/food/food-safety-quality/scientific-advice/jecfa/en/ – JECFA at FAO.
http://www.who.int/foodsafety/chem/jecfa/en/index.html – JECFA at WHO. About the

Joint FAO/WHO Expert Committee on Food Additives (JECFA).
http://www.inchem.org – Most of the JECFA and JMPR Toxicological Monographs are

Available Online through IPCS INCHEM.

http://www.fao.org/agriculture/crops/core-themes/theme/pests/pm/jmpr/jmpr-rep/en/
http://www.fao.org/agriculture/crops/core-themes/theme/pests/pm/jmpr/jmpr-rep/en/
http://www.who.int/foodsafety/chem/jmpr/publications/en/index.html
http://www.who.int/foodsafety/chem/jmpr/publications/en/index.html
http://www.fao.org/agriculture/crops/core-themes/theme/pests/pm/jmpr/en/
http://www.who.int/foodsafety/chem/jmpr/en/index.html
http://www.fao.org/food/food-safety-quality/scientific-advice/jecfa/en/
http://www.who.int/foodsafety/chem/jecfa/en/index.html
http://www.inchem.org
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Pipermethystine
l Chemical Abstracts Service Registry Number: 9000-38-8
(kava kava extract)

l Synonyms: Kava kava extract, Kava kava, Kawa kawa, Piper
methysticum extract, Resin kava-kava

l Molecular Formula and Structure: Unspecified (according to
ChemIDplus)
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Figure 2 Structures of alkaloids in different species of Piper
methysticum.
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Background Information

Kava or Piper methysticum is a shrub of the pepper family,
native to Micronesia, Melanesia, and Polynesia. There are
approximately 150 different cultivars with different content
and composition of active ingredients, consequently result-
ing in different intoxicating effects after ingestion. On
average, the kava lactones account for 3–20% of dry weight
of the kava root and have relatively low solubility in water.
The active components of kava are mostly contained in the
lipid-soluble resin where the lactones account for approxi-
mately 96%.

So far, 18 different lactones have been identified, and the six
most predominant are shown in Figure 1. Beside the lactones,
the resin also contains alkaloids (Figure 2) and chalcones, also
known as flavokavains (Figure 3). The composition of the
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Methysticin 7,8-Dihydromethysticin

Kavain 7,8-Dihydrokavain

ure 1 The major constituents in kava (kavalactones).

OOH

R = OCH3: Flavokavain A
R = H: Flavokavain B
R = OH: Flavokavain C

Figure 3 Structures of flavokavain A, B and C.

cyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
lactones varies according to the plant parts and the kava species
used for extraction. The aerial parts of the shrub contain
a relatively higher amount of alkaloids and are generally
avoided in traditional preparations.

Traditionally, extractions are made with cold water or
coconut milk from macerated dry or fresh root. Due to the low
water solubility of the lactones, commercial kava products
such as herbal supplements are made from organic solvents
(i.e., acetone and ethanol).

During the 1990s, kava became very popular in Western
countries resulting in increased import and demand. Following
4-3.00034-8 13
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this popularity boom, a number of suspected kava-induced
hepatotoxic events were reported. Kava preparations were
banned in a number of European countries and the US Food
and Drug Administration (FDA) issued warnings.
Uses

Aqueous extracts from the root of kava has been used for
centuries in the South Pacific. The extract is used as a ceremonial
and intoxicating drink, but has also been used as amedicine for
various illnesses, including migraines and bladder disorders.
The pharmacologically active compounds are the kava lactones,
which allegedly possess analgesic, anticonvulsive, spasmolytic,
and antimycotic effects.

In Western countries, organic kava extracts have gained
popularity in the twentieth century as herbal supplements for
treating anxiety and insomnia.

Exposure Routes and Pathways

The route of exposure is oral ingestion. The effects of kava occur
within 2 h, and the lactones are metabolized to their respective
glucuronide and sulfate conjugates prior to excretion into the
urine. Unchanged compounds can be found in the feces.

Crude kava is available as root and root powder for use in
making extracts or tea. The content of active ingredients varies
according to kava species and age.

Standardized kava products contain more than 30%
lactones and are available as capsules (with dried extract),
extracts, and tinctures. The composition of active ingredients in
standardized products varies according to the preparation
method and kava species used.

Toxicokinetics

The lactones are readily absorbed in the gastrointestinal tract
and are made bioavailable to the central nervous system. The
sedative and anxiolytic effects are postulated to resemble the
mechanism of benzodiazepines and include blockade of
voltage-gated cation channels and facilitation of gamma-
aminobutyric acid (GABA)ergic transmission. Coadministra-
tion of kava and benzodiazepines has resulted in enhanced
sedative effects.

Upon absorption, the lactones are metabolized and excreted
in the urine. Chemically reactive metabolites of two lactones
have been identified in vivo in humans as their corresponding
mercapturic acid conjugates.
Mechanisms of Toxicity

Mechanisms of action to explain kava’s pharmacological and
toxicological properties are still incompletely understood.
Known side effects are relatively mild and include allergic
reactions and gastrointestinal complaints. Kava dermopathy is
a well-recognized symptom in heavy kava users. It appears after
weeks of ingestion as a scaly rash; however, the skin returns to
normal upon cessation. There is an apparent dose–response
relationship and the prevalence in heavy kava users has been
reported to be 78%.

Amore serious issue is suspectedkava-inducedhepatotoxicity.
This has resulted in extensive studies of kava lactones, chalcones,
and alkaloids. To date, there are no indisputable explanations
and, due to the lack of dose dependency, kava-induced hepato-
toxicity has been classified as idiosyncratic, possibly with
involvement of the immune system.

Ninety-three cases of suspected kava-induced hepatotoxicity
have been reviewed by theWorld Health Organization (WHO).
However, in most cases the information was inadequate to
determine whether hepatotoxicity was caused by kava. The
reported symptoms were hepatitis, hepatic failure, cholestatic
hepatitis, jaundice, abnormal hepatic function, and cirrhosis.
The outcome in seven of the reviewed cases was death and 14 of
the cases resulted in liver transplant. The mean duration to
onset was 111 days and positive rechallenge tests were seen in
five patients.

The form of kava use in the South Pacific and in Aboriginal
communities is apparently not associatedwith the hepatotoxicity
reported in Western countries. Elevated liver enzymes (gamma-
glutamyl transferase (GGT) and alkaline phosphatase (ALP))
have been reported in these kava users, consuming an average
118 g week�1. The symptoms were reversible upon cessation.

Involvement of glutathione (GSH) and possibly depletion
of endogenous GSH has been proposed to be involved in the
toxic mechanism. A recent study revealed that in vitro toxicity
of kava and acetaminophen (APAP) was intensified by coad-
ministration. Toxicity of APAP is due to formation of a reac-
tive metabolite causing depletion of GSH. The increase in
toxicity when kava was coadministered suggests that GSH
somehow could be involved in detoxification of kava.

The possibility of kava acting as an inhibitor of specific
metabolic enzymes has been investigated. In vitro results have
shown that kava is indeed capable of altering the metabolic
capacity of a number of P-450 enzymes; however, the relation
to hepatotoxicity remains unclear.

Flavokavains have been identified as the most potent
cytotoxic compounds in kava. Recently, the flavokavains
gained attention as they have shown apoptotic effects on cancer
cells. Among others, the targets include nuclear factor kappa
beta (NF-kB), Bax, reactive oxygen species, and growth arrest
and DNA-damage-inducible protein (GADD153). Like the
lactones, these compounds have very low solubility in water.
Thus, an organic extract would be expected to contain much
higher concentrations than an aqueous extract. The toxicity of
flavokavains is yet to be examined in vivo.

Poor quality kava products have been accused of being
involved in the increased prevalence of kava-induced hepa-
totoxicity in Western countries. Due to the popularity boom,
aerial parts of the shrub allegedly have been included in the
material used to produce commercial kava preparations.
Aerial parts are generally avoided in the South Pacific as they
contain a relatively high amount of alkaloids such as piper-
methystine, which has been reported to decrease cellular
ATP levels and mitochondrial membrane potential and
induce apoptosis in human HepG2 cells. Pipermethystine
has, however, not been identified in commercial products in
clinically significant amounts.
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Another aspect of poor quality kava has recently been
addressed. It has been proposed that, due to high temperatures
and humidity in the South Pacific, mold would be able to
develop rapidly in kava plant material not stored correctly. It
has been suggested consequently that hepatotoxins including
aflatoxins could be present in poor quality kava plant material.
Acute and Short-Term Toxicity (or Exposure)

Animal

Animal studies suggest that kava is safe in animals, even in high
doses. Lethal dose 50% (LD50) for intraperitoneal administra-
tion of individual kava lactones in mice and rabbits ranged
from 300 to 400 mg kg�1. LD50 for oral administration in mice
has been reported to be 920 mg kg�1 for dihydrokavain and
1050 mg kg�1 for dihydromethysticine. High doses (more than
500 mg kg�1) of kava results in decreased motility and loss of
muscle control.

Human

Kava has been included in a number of clinical studies without
any reports of elevated liver enzymes or other serious side
effects. A single clinical study reported ataxia, tremors, seda-
tion, and disorientation after ingestion of an ethanolic kava
drink containing 205 g kava powder. The average rate of
ingestion was 16.4 g h�1.
Chronic Toxicity

Animal

Rats exposed to 73 mg kava lactones kg�1 day�1 did not display
any signs of hepatotoxicity after 6 months. A time-dependent
effect on liver enzymes has been demonstrated with higher
doses of kava.

Human

Clinical studies have not revealed any chronic toxicity. However,
surveillance studies of Aborigines who regularly use kava have
been published. An average of 55 g kava l�1 of cold water was
reported as the usual kava drink and the average intakewas 118 g
kava week�1. GGT and ALP were significantly elevated in kava
users who had been ingesting kava recently.

In the South Pacific, it is well recognized that heavy use of
kava results in a scaly skin rash called kava dermopathy.
Immunotoxicity

Kava-induced hepatotoxicity occurs only in very rare cases and
not in a dose-dependent manner. This type of toxicity is often
referred to as idiosyncratic. The actual mechanism involved is
yet to be defined; however, it is a widespread theory that the
immune system is involved. Specific constituents in kava or
possibly metabolites thereof may trigger an immune response
resulting in liver damage.
Reproductive Toxicity

Comparative studies have revealed an association between
heavy kava use and impotence or loss of sexual drive. To our
knowledge, there are no studies addressing the toxic effects of
kava on fetuses; however, kava use is not recommended for
pregnant or lactating women.
Genotoxicity and Carcinogenicity

None of the kava lactones have been found to exert muta-
genic properties. However, two C-glycoside flavonoids iso-
lated from an n-butanol fraction of kava leaves were found to
display positive mutagenic activity tested by the umu test.
This in vitro genotoxicity screening test is sensitive for
point mutations and detects DNA-damaging agents using
a specially developed strain of Salmonella typhimurium
bacteria.

No studies could be found in the peer-review literature that
tested kava for cancer-causing effects. On the contrary,
flavokavain A, a minor constituent in kava, has shown
apoptotic effects on bladder cancer cells.
Clinical Management

According to the WHO, risk factors for development of
hepatotoxicity include the use of organic kava extracts,
heavy alcohol intake, preexisting liver disease, and coad-
ministration of potentially hepatotoxic drugs or interacting
drugs. Treatment of kava hepatotoxicity consists of with-
drawal from ingestion of kava or in worst cases, liver
transplant.

Exposure Standards and Guidelines

The variable compositions of extracts from crude kava make
it a challenge to establish guidelines for safe use. For those
who elect to use kava, the maximum of 2–4 g of crude kava
root used 1–3 times a day by a healthy adult would normally
avoid serious side effects. However, a number of kava
manufacturers have recipes on their web sites describing
a much larger amount of crude kava powder. This dosage
also depends on the preparation method used. Users should
keep in mind that the coexistence of one or more other risk
factors for hepatotoxicity discussed earlier should also
be taken into account when using kava. For kava capsules
and other standardized products, the effective dosage is
150–300 mg day�1 and for no longer than 3 months, pref-
erably supervised by a physician. These guidelines have been
issued by the manufacturers of kava products. It should be
taken under consideration that liver toxicity has occurred
even in the recommended dosage range.

See also: Immune System; Glutathione.
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l Name: Kerosene
l Chemical Abstracts Service Registry Number: 8008-20-6
l Synonyms: Straight-run kerosene (petroleum), Range oil,

Fuel oil no. 1, Deobase
l Molecular Formula: UVCB
l Chemical Structure: Kerosene is a mixture of petroleum

hydrocarbons, chiefly of the methane series having from
10 to 16 carbon atoms per molecule. It constitutes the fifth
fraction in the distillation of petroleum. CxH2xþ2
Background

Kerosene is primarily derived from refined petroleum. Kero-
sene was discovered in 1853 by Abraham Gesner, a British
physician, through an extraction process of inflammable liquid
from asphalt, a waxy petroleummixture. Kerosene, therefore, is
often called coal or fuel oil because of its asphalt origins.
Kerosene was the first material to be chemically extracted on
a large commercial scale.
Uses

Kerosene, originally used for lighting and heating, is also used
as a diesel fuel, as a component in blending aviation fuels, as
a solvent and carrier for a wide range of products (including
cleaning compositions and pesticides), and as a mold-release
agent in the ceramic and pottery industry.
Environmental Fate and Behavior

Color/Form: pale yellow or water-white, mobile, oily liquid
Other: strong odor
Boiling point: 175–325 �C
Solubilities: miscible with other petroleum solvents, miscible
in water

Kerosene is composed of aliphatic hydrocarbons with
10–16 carbons per molecule and benzene and naphthalene
derivatives. Because kerosene is a complex mixture of various
hydrocarbon fractions, its transport and transformation in the
environment are dependent on the environment fate of the
individual hydrocarbons that comprise it. Kerosene can enter
the environment because of its uses – engine fuels, domestic
heating, pesticide, and solvent. Environmental releases of
kerosene predominantly results in portioning to air. The half-
life reaction is calculated to be 0.27–2.2 days. Photo-
degeneration is rapid in the air phase. Kerosene is expected to
have low mobility and some immobility when released to soil.
Volatilization does occur. Kerosene is biodegradable in soil,
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
although some components of the mixture adhere strongly to
the soil. Kerosene is also biodegradable in surface water.
However, some components of the mixture may bio-
concentrate in fish and other aquatic organisms. Hydrolysis is
insignificant because kerosene lacks the functional groups that
hydrolyze under environmental conditions.
Exposure Routes and Pathways

The major route of exposure is by inhalation of liquid (aspi-
ration). Kerosene may enter the water or soil environment as
a result of regular use (e.g., evaporation of pesticide solvent),
from spills during use or transportation, or from leaking
storage facilities. The relatively low vapor pressure of kerosene
makes inhalation exposure unlikely under ordinary occupa-
tional conditions unless conditions of poor ventilation
exist. The combustion product of burned kerosene, carbon
monoxide, is of real concern when kerosene heaters are not
vented. Exposure to kerosene mist can occur as kerosene is
often applied in the form of a spray. Eye and skin contact with
kerosene and kerosene mists and vapors can occur. The expo-
sure pathway usually of most concern is ingestion because this
is the most common means of acute poisoning, especially in
children.
Toxicokinetics

No or little quantitative data are available concerning the
absorption, distribution, metabolism, and excretion of kero-
sene. Indirect evidence suggests that kerosene may be absorbed
through the respiratory tract, the gastrointestinal tract, and
percutaneously. Limited data from metabolism studies sug-
gested that kerosene is removed from circulation by the liver
and lungs.
Mechanism of Toxicity

The specific mechanism of toxicity of kerosene has not been
completely determined. The primary risk from ingestion of
kerosene is aspiration during emesis, which may cause
pneumonitis. The biochemical mechanism of lung response
to large concentrations of aerosolized kerosene (resulting in
bronchoconstriction and asthma-like symptoms) may involve
the parasympathetic nervous system via a direct effect on the
vagus nerve or by inhibition of acety1cholinesterase. The
mechanism(s) of central nervous system (CNS) depression
from kerosene exposure has not been elucidated, but
undoubtedly includes disruption of the membranes of nerve
cells.
4-3.00866-6 17
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Acute and Short-Term Toxicity (or Exposure)

Animal

The acute toxicities (LD50/LC50) for kerosene are >5 g kg�1

(oral; rats), >2 g kg�1 (dermal; rabbit), and >5 mg l�1 per 4 h
(inhalation; rats). Skin exposure >4 h resulted in mild to
severe irritation in rabbits and other experimental animals.
Prolonged eye exposure caused mild irritation in rabbits, and
kerosene is an important potential poison to pet cats and
dogs.
Human

Kerosene is of low-order toxicity following oral, dermal, or
inhalation exposure. Kerosene is a moderate eye irritant and is
not a skin sensitizer. Symptoms from exposure to high levels of
kerosene may include hypoactivity, ataxia, and prostration,
consistent with CNS depression, including coma and death.
Pneumonia (chemical pneumonitis) is the major lethal
complication after ingestion of kerosene caused by aspiration
into the lungs after vomiting or emesis. Tachycardia, nausea,
abdominal cramps, and diarrhea have also been associated
with the ingestion of kerosene. Skin irritation, which can be
severe, can occur especially after prolonged or repeated expo-
sure. Respiratory tract irritation may occur after inhalation of
mists or aerosols. Slight eye irritation may occur if exposure is
prolonged. Kerosene was not identified as a skin sensitizer in
experimental animals.
Chronic Toxicity (or Exposure)

Animal

Chronic dermal applications of kerosene caused skin carci-
noma in mice. Kerosene has been reported to have weak
cancer-promoting activity but no cancer-initiating activity.
Repeated applications of kerosene to the skin of laboratory
animals caused moderate to severe skin irritation with an
increase in skin tumors after long latency periods. The increase
in skin tumors was considered to be the result of the severe skin
damage. This explanation is consistent with the general lack of
activity of kerosene in genotoxicity assays.
Human

Kerosene can cause chemical pneumonia. Prolonged or
repeated contact of the skin with kerosene may result in drying
of the skin and dermatitis, which may lead to severe skin
damage with degenerative changes. Repeated inhalation of
kerosene vapors may cause symptoms consistent with CNS
depression, such as headache and vertigo. Other symptoms
reported in experimental animals and/or humans after
repeated exposure to kerosene include neuralgia, loss of
memory, blood changes, kidney effects, and respiratory
disturbances.
Immunotoxicity

Kerosene is not a dermal sensitizer in guinea pigs.
Reproductive Toxicity

Kerosene does not have a measurable effect on human repro-
ductive toxicity in accordance with animal studies.
Genotoxicity

An increase in cytogenetic changes, such as chromosomal
aberrations in peripheral lymphocytes and bone-marrow
micronuclei, has been reported in a limited study of workers
exposed to a mixture of kerosene. However, the results of the
mixed exposure are inconclusive and do not correlate with the
effects of kerosene-only exposure in animals or in vitro muta-
genicity tests.
Carcinogenicity

IARC concluded that there was inadequate evidence to classify
kerosene as a human carcinogen based on limited evidence for
the carcinogenicity of kerosene to experimental animals.
Clinical Management

Asymptomatic individuals should be observed for 48 h after
exposure for the development of symptoms. Respiratory and
cardiovascular functions should be supported in symptomatic
individuals. If there is suspicion of aspiration, breathing should
be observed and the patient should be treated symptomati-
cally. If kerosene has been ingested, nothing should be
administered by mouth and vomiting should not be induced.
Gastric decontamination is not usually indicated after inges-
tion because of the possibility of aspiration. If necessary, gastric
lavage must only be performed after cuffed endotracheal
intubation. Treatment should be symptomatic. Antibiotic and
corticosteroid therapy may be considered for treatment of
possible chemical pneumonitis resulting from aspiration. If
aspiration is expected to have occurred (i.e., a coughing
symptomatic individual), arterial blood should be monitored
to ensure adequate ventilation. The development of pulmonary
edema may be delayed in onset up to 24–72 h after exposure.

For skin contact, affected areas should be washed thoroughly
with soap and water. For eye contact, the eyes should be gently
flushed with copious amounts of water for at least 10 min.
Ecotoxicology

Kerosene has moderate volatility and moderate solubility.
Kerosene possesses moderate to high acute toxicity to biota
caused by spills that could result in potential acute toxicity to
some forms of aquatic life.
Exposure Standards and Guidelines

The recommended exposure limit, 10 h time-weighted average,
is 100 mg m�3.
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See also: Petroleum Hydrocarbons; Pollution, Water.

Further Reading

Gerarde, H.W., 1959. Toxicological studies and recommended treatment of kerosene
poisoning. Toxicol. Appl. Pharmacol. 1, 462–490.

Ritchie, G., Still, K., Rossi, J., et al., 2003. Biological and health effects of exposure to
kerosene-based jet fuels and performance additives. J. Toxicol. Environ. Health
B Crit. Rev. 6 (4), 357–451.

Segev, D., et al., 1999. Kerosene-induced severe acute respiratory failure in near drowning:
reports on four cases and review of the literature. Crit. Care Med. 27 (8), 1437–1440.
Sharanova, N., Breus, I., 2012 May. Tolerance of cultivated and wild plants of
different taxonomy to soil contamination by kerosene. Sci. Total Environ. 424,
121–129.

Venkatesh, C., Sriram, P., Adhisivam, B., Mahadevan, S., 2011 Jul. Clinical profile of
children with kerosene aspiration. Trop. Doct. 41 (3), 179–180.
Relevant Websites

http://emedicine.medscape.com/article/821143-overview – Medscape: Hydrocarbons
Toxicity.

http://www.pesticideinfo.org – PAN Pesticide Database: Search for kerosene.

http://emedicine.medscape.com/article/821143-overview
http://www.pesticideinfo.org


Kidney
GO Rankin and MA Valentovic, Physiology and Toxicology, Joan C. Edwards School of Medicine, Marshall University,
Huntington, WV, USA

� 2014 Elsevier Inc. All rights reserved.

Introduction Each kidney also contains over one million nephrons, which
The kidney is an organ that performs several important func-
tions essential to sustain life. These functions include the
regulation of volume and electrolyte homeostasis, control of
acid–base balance, and the excretion of waste products. The
kidney also has endocrine functions including renin secretion,
stimulation of erythropoietin formation, and activation of
vitamin D. Numerous disease states (e.g., infections, shock,
diabetes, gout) can affect the ability of the kidney to perform its
normal functions, and if these diseases are not properly treated,
serious illness or death can result.

The kidney is also a major target organ for the toxic effects
induced by numerous chemical and physical agents. Renal
toxicity or nephrotoxicity can be the result of a direct toxic effect
of an agent on renal tissue (e.g., mercuric salts, cyanide ion) or
a secondary event following toxicity or tissue damage at a site
other than the kidney (e.g., carbon monoxide poisoning, crush
injury). The kidney may also be damaged by toxic metabolites
that originate at renal or extrarenal sites. In addition, the
nephron, the functional unit of the kidney, is composed of
several distinct anatomical segments. Some compounds or their
metabolites induce toxicity to only one segment of the nephron
and are considered to be site-selective nephrotoxicants, while
other agents may induce widespread renal damage and are
considered to be nonsite selective toxicants.

An understanding of how and why chemicals induce
nephrotoxicity requires some familiarity with the anatomy and
physiology of the kidney. In addition, interpretation of renal
toxicology studies will require a working knowledge of the
various techniques used for evaluating renal function. It is also
important to be aware of which nephrotoxicants require
biotransformation before they induce nephrotoxicity, nephro-
toxic mechanisms when known, and the site(s) of renal
damage for the various nephrotoxicants.
Renal Anatomy and Physiology

In mammalian species, the two kidneys carry out the normal
physiological and endocrine functions described above. The
kidney receives blood via the renal artery and blood leaves the
kidney by way of the renal vein. In adult humans, the rate of
blood flow through both kidneys is about 1.2 l min�1 or about
20% of the cardiac output for a 70 kg individual. Urine formed
within the kidneys is transported from kidneys through the
ureters to the bladder, a reservoir for the urine until it is excreted.

Each kidney is subdivided anatomically into three zones:
(1) an outer zone called the cortex, (2) an intermediate zone
called the medulla, and (3) an innermost zone called the
pelvis. The cortex and medulla have important characteristics
that help facilitate the formation of urine and control the
composition of waste products, electrolytes, and water.
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are the functional units of the kidney. Nephrons originate in the
cortex where an afferent arteriole forms a specialized capillary
bed known as the glomerulus (Figure 1). Some nephrons
originate near the surface of the kidney and are called superficial
nephrons, while other nephrons originate near the cortical-
medullary region and are called juxtamedullary nephrons.

The glomerulus, which forms within Bowman’s capsule, is
a special capillary bed with large pores, and substances that are
not bound to plasma proteins and have molecular weights less
than albumin (w69 000) can be filtered at the glomerulus and
enter Bowman’s capsule. This glomerular filtrate is essentially
protein-free plasma, although a small amount of low molec-
ular weight protein is also filtered by the glomerulus. The rate at
which the glomerular filtrate is formed, the glomerular filtra-
tion rate (GFR), is about 125mlmin�1 in humans and serves
as an important measure of renal function.

The glomerular filtrate flows from Bowman’s capsule into
the proximal tubule. The proximal tubule can be subdivided
into three segments (S1, S2, and S3). The S1 segment is closest to
the glomerulus and is localized in the cortex, while the S3
segment is furthest from the glomerulus and is found in both
the cortex and the outer portion of the medulla. The S1 and S2
segments comprise the pars convoluta, while the latter portion
of the S2 segment and the S3 segment comprise the pars recta or
straight portion.

The proximal tubule cells contain numerous fingerlike
projections on the luminal surface, which markedly increase
the luminal surface area of the cells and help promote reab-
sorption of substances filtered at the glomerulus. Under
normal conditions, approximately 65–70% of filtered sodium,
chloride, calcium and water; 80–90% of filtered bicarbonate,
phosphate, and urate; and essentially all of the filtered amino
acids, glucose, and low molecular weight proteins are reab-
sorbed from the glomerular filtrate as the filtrate passes the
length of the proximal tubule. Reabsorption occurs without
a major change in the osmolality of the filtrate, such that, the
fluid leaving the S3 segment of the proximal tubule has essen-
tially the same osmolality as the fluid entering the S1 segment.
However, the quantity of the glomerular filtrate is markedly
reduced during its transit through this nephron component.

Proximal tubule cells also contain active transport systems
on the basolateral or antiluminal side of the cells that are
capable of transporting weakly acidic or weakly basic
compounds from the interstitial space into the proximal
tubular cells. These transport systems are distinct systems and
transport either organic anions (weakly acidic compounds) or
organic cations (weakly basic and quaternary ammonium
compounds). As a result of transport into proximal tubule cells,
weak acids and bases can achieve intracellular concentrations
that are hundreds of times higher than the corresponding
plasma concentration for the compound. The prototypic
organic anion for studying the organic anion transporter is
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00326-2
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Figure 1 Anatomy of the nephron. RC, renal corpuscle (includes glomerulus and Bowman’s capsule); PCT, proximal convoluted tubule; PST,
proximal straight tubule; DLH, descending limb of the loop of Henle; ALH, ascending limb of the loop of Henle; TALH, thick ascending limb of the loop of
Henle; MD, macula densa; DCT, distal convoluted tubule; CT, connecting tubule; CD, collecting duct.
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p-aminohippurate (PAH) and the prototypic organic cation for
examining organic cation transport is tetraethylammonium
(TEA). Accumulated material can then enter luminal fluid via
either passive diffusion or facilitated transport.

The location of the organic anion and cation transport
systems is not homogeneous along the entire proximal tubule.
In the rabbit, PAH transport is greatest in the S2 segment and
lower in the S1 and S3 segments. In contrast, organic cation
transport is highest in the S1 segment and lowest in the S3
segment. In superficial nephrons, the transport of organic
cations in the S2 segment is intermediate between the S1 and S3
segments, but is about equal to the capacity of S1 segments in
juxtamedullary nephrons. Although the organic anion and
cation transporters are clearly localized in the proximal tubules
for all mammalian species studied to date, the segmental
localization of these transporters has not been studied in great
detail in species other than the rabbit. Nevertheless, the ability
of many nephrotoxicants to induce nephrotoxicity to proximal
tubular segments is dependent on the compound or its
metabolites being accumulated in proximal tubule cells via one
of these organic transport systems. The function of these
systems also serves as a sensitive measure of renal function and
is routinely used to monitor renal function in animal models.

Luminal fluid leaving the proximal tubule enters the
descending limb of the loop of Henle. This nephron segment
passes deeper into the medulla than the proximal tubule, and
the high medullary interstitial osmolality causes water to move
from the luminal fluid and into the medullary interstitial space.
As a result, the luminal fluid becomes more concentrated as it
passes through the descending limb. Organic compounds (e.g.,
sulfonamides, methotrexate) that have poor water solubility can
precipitate in this nephron segment, once their water solubility
limit is reached, and block luminal flow and glomerular
filtration.
When the luminal fluid reaches the thick ascending limb of
the loop of Henle, water no longer can freely move from the
luminal fluid into the medullary interstitial space. Instead, this
portion of the nephron is impermeable to water reabsorption
and actively reabsorbs sodium, chloride, and potassium ions.
Approximately 20–25% of filtered sodium and calcium ions are
reabsorbed at this location. In addition, most, if not all, of the
potassium ions reaching the thick limb of the loop of Henle
are reabsorbed as well. Thus, as the luminal fluid passes through
the ascending limb, the luminal fluid becomes more dilute.

Although the ascending limb of the loop of Henle begins in
the medulla, it ends in the cortex where it joins the distal
tubule. Sodium chloride is also reabsorbed in the early segment
of the distal tubule, and the combination of this segment with
the cortical portion of the thick ascending limb of the loop of
Henle is referred to as the cortical diluting segment of the
nephron. In the late distal tubule, sodium ions are reabsorbed
in exchange for potassium or hydrogen ions. The secretion of
hydrogen ions in exchange for sodium ions results in the
acidification of the urine. The process of sodium exchange is
partially under the control of mineralocorticoids (e.g., aldo-
sterone) and accounts for the reabsorption of 2–3% of filtered
sodium ions.

The kidney also has the ability to respond to changes in the
glomerular filtration rate through the action of specialized
distal epithelial cells called the macula densa. These cells are in
close contact with the glomerular apparatus of the same
nephron and can detect even small changes in the flow of
luminal fluid. Increases in the flow rate activate the macula
densa cells to communicate with the granular cells and vascular
components of the juxtaglomerular apparatus and stimulate
the release of renin. Renin release results in the formation of the
vasoactive peptide angiotensin II and subsequent vasocon-
striction, which leads to a decrease in the GFR and the luminal
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flow rate. Thus, the distal tubule is not only important for urine
formation, but also plays a role in regulating the GFR.

Another important urinary regulatory mechanism involves
the effects of vasopressin, also known as antidiuretic hormone
(ADH). A decrease in blood pressure or an elevation in plasma
osmolality will result in the release of ADH from the posterior
pituitary. ADH is carried by the blood to the nephron where
ADH increases the reabsorption of water from the collecting
tubule. Thus, in the presence of ADH, water reabsorption is
increased and urine becomes more concentrated, while
decreased ADH secretion will result in diuresis and a more
diluted urine.
Mechanisms of Nephrotoxicity

The kidney is a target organ for many chemicals, in large part
because of the physiology of the kidney described above. The
substantial blood flow through the kidneys results in the
kidneys being exposed to significant amounts of chemicals and
their metabolites. The ability of the proximal tubular cells to
transport organic anions and cations can lead to the intracel-
lular accumulation of weakly acidic or basic chemicals as well
as amino acid conjugates and quaternary compounds (e.g.,
paraquat) in this renal nephron segment. Such accumulations
can eventually lead to toxic levels of the chemical in proximal
tubular cells. In addition, the large demand for energy to
support the reabsorption and secretion processes makes the
kidney particularly susceptible to compounds (e.g., cyanide
ion) that inhibit the production of cellular energy and/or
oxygen utilization.

There are several mechanisms by which renal toxicity can be
induced (Table 1). Direct tubular toxicity is one of the most
common mechanisms by which chemicals or their toxic
metabolites induce nephropathy. Proximal tubule cells are
especially susceptible to toxicity via this mechanism because (1)
the proximal tubule is one of the first segments of the nephron to
be exposed to toxicants and (2) these cells can accumulate
toxicants by actively transporting the toxicants into this tubular
Table 1 Mechanisms of nephrotoxicity

Direct tubular toxicity
Examples: amphotericin B, aminoglycosides, cidofovir, cisplatin,
vancomycin, heavy metals, cysteine conjugates, 4-aminophenol, many
others

Altered renal hemogynamics
Examples: angiotensin converting enzyme (ACE) inhibitors, cyclosporine,
nonsteroidal antiinflammatory drugs (NSAIDs)

Tubular obstruction
Examples: sulfonamides, methotrexate, oxalic acid, acyclovir, protease
inhibitors

Tubulointerstitial nephritis
Examples: analgesics, penicillins, cephalosporins, heavy metals,
cisplatin, nitrosoureas, NSAIDs, cimetadine, many others

Glomerular injury
Examples: heavy metals, d-penicillamine, captopril, methimazole, heroin,
puromycin aminonucleoside

Fluid/electrolyte imbalance
Examples: chlorpropamide, lithium, captopril, NSAIDs, fluoride, diuretics,
ACE inhibitors
segment and achieving high intracellular concentrations of toxic
chemical species or their precursors. The exact mechanism of
direct tubular toxicity or the critical cellular target is not known
with certainty for most toxicants. However, nephrotoxicants can
induce direct toxicity by several mechanisms including (1)
alkylation of cell macromolecules (e.g., phosgene formed from
chloroform), (2) complexation with cellular sulfhydryl groups
and other ligands (e.g., heavy metals), (3) generation of free
radicals and/or initiation of lipid peroxidation (e.g., paraquat),
or (4) disruption of mitochondrial function and energy
production (e.g., cysteine conjugates, cyanide).

Nephrotoxicity can also occur following an alteration in
renal hemodynamics. Since renal blood flow (RBF) is impor-
tant for maintaining a steady supply of oxygen and nutrients to
renal cells, a reduction in blood flow to the kidney can result in
decreased oxygen delivery (ischemia), decreased energy
production, and decreased renal function. The vasodilatory
prostaglandins PGE2 and PGI2 can be important in maintain-
ing proper renal perfusion. Inhibition of renal cyclooxygenase
by administration of nonsterodial antiinflammatory drugs
(NSAIDs), such as indomethacin, can result in a decrease in
production of the vasodilatory prostaglandins, overriding renal
vasoconstriction, and ultimately renal failure. In disease states,
such as congestive heart failure and cirrhosis with ascites, where
renal perfusion may be augmented by the synthesis of PGE2,
NSAIDs can cause reversible acute renal failure.

The obstruction of renal tubules can occur following the
precipitation of compounds with low water solubility. The
obstruction of tubules prevents the filtration of blood at the
glomerulus and can lead to oliguric acute renal failure charac-
terized by a decrease in urine volume and a rise in the blood
urea nitrogen (BUN) concentration. Precipitation of the toxi-
cant occurs as the luminal fluid passes through the descending
limb of the loop of Henle and the fluid becomes more
concentrated. When the solubility limit of the toxicant is
exceeded, the toxicant begins to precipitate and obstruct flow.
Tubular obstruction was occasionally seen following the use of
some of the early sulfonamide antimicrobial agents, but is less
of a problem with the currently used drugs. High dose meth-
otrexate therapy or rapidly infused acyclovir can also result in
tubular obstruction. The use of cancer chemotherapeutic agents
can lead to rapid cell killing and the delivery of large amounts
of uric acid to the kidney. Uric acid is particularly prone to
deposit in acidic urine so that therapy to prevent uric acid
deposition can include alkaline diuresis, hydration of the
patient with intravenous fluid administration and allopurinol,
an inhibitor of xanthine oxidase, which decreases uric acid
formation. Oxalic acid, which is formed from the biotransfor-
mation of ethylene glycol and other compounds, can also
deposit in renal tubules and may contribute to the nephro-
toxicity induced by these agents.

Tubulointerstitial nephritis can be either acute or chronic in
nature. Acute interstitial nephritis (AIN) is characterized by an
acute renal interstitial inflammatory response with urinary
eosinophils and nonoliguric acute renal failure. The more
common drugs that induce AIN include penicillins, rifampicin,
sulfonamides, and cimetadine. Chronic tubulointerstitial
nephritis is most commonly associated with the long term use
of large amounts of analgesics and antiinflammatory agents
(e.g., NSAIDs).



Table 2 Common parameters of renal function monitored in in vivo

studies

Clearance of organic compounds; creatinine, urea, inulin, PAH, phenol
red, TEA

Comment: allows for the determination of GFR or RBF (PAH)
Urinary volume
Comment: reflects absorption capability of nephron or altered GFR
Urinary free water/osmolality
Comment: represents the ability of the kidney to concentrate urine
Enzymuria/proteinuria
Comment: changes reflect cellular toxicity and/or altered glomerular
function; can be early biomarkers of renal injury such as KIM-1

Glucosuria/amino aciduria
Comment: increasing amounts of either in urine suggest proximal tubular
damage, extrarenal effects also possible (e.g., diabetes)

Electrolyte excretion; pH
Comment: may be influenced by many factors
Kidney weight
Comment: can increase (edema and hypertrophy) or decrease (atrophy)
Morphological changes
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Glomerular toxicity is frequently seen as a ‘leaky sieve’
effect. Normally, the glomerulus serves as a barrier to high
molecular weight (>50 000–60 000) proteins, however, when
the glomerulus is damaged, proteinuria can be observed.
Chemically induced glomerular disease is frequently immune
mediated with the observation of immunoglobulin and
complement deposits in renal biopsies noted in some cases.
Heavy metals such as mercuric salts may induce their glomer-
ular effects via an immune mediated pathway, but the exact
mechanism of this effect is unclear.

Many drugs and other chemicals can adversely affect renal
function by directly or indirectly affecting the reabsorption of
electrolytes and water in the kidney. Chlorpropamide can
enhance the secretion of ADH and promote the water conser-
vation actions of the hormone, while lithium use can lead to
a nephrogenic diabetes insipidus. NSAIDs block the formation
of renal prostaglandins, which can result in hyperkalemia.
Hyperkalemia may also result from the use of beta blockers,
potassium-sparing diuretics, and cyclosporine.
Comment: provides information on the sight and nature of the lesion

Abbreviations used: PAH, p-aminohippurate; TEA, tetraethyl-ammonium; GFR,
glomerular filtration rate; RBF, renal blood flow.
Methods for Evaluating Nephrotoxicity

There are numerous methods to determine the nephrotoxic
potential of a chemical or to study the mechanism(s) by which
a chemical induces nephrotoxicity. In humans, the concern is
most often related to either drug-induced or occupationally
associated nephrotoxicity. Evaluation of nephrotoxicity in
humans is primarily limited to the measurement of urinary
changes (e.g., volume, enzymes, protein, etc.), BUN or serum
creatinine concentrations, creatinine clearance, or renal
biopsy. The measurement of an increase in urinary N-acetyl-b-
D-glucosaminidase (NAG) or alanine aminopeptidase (AAP)
levels, enzymes primarily localized on proximal tubule cells,
has been used for many years as early markers for drug-
induced nephrotoxicity. More recently, the search for new
biomarkers of renal injury has led to the discovery of several
potential new early markers of drug- and chemically induced
kidney injury. Among the leading candidates as potential early
biomarkers of renal damage are clusterin, b2-microglobulin,
cystatin C, trefoil factor 3, and kidney injury molecule-1
(KIM-1). In laboratory animals, many techniques and models
are available for monitoring renal function both in vivo and
in vitro.
In Vivo Techniques

There are two general models for evaluating the nephrotoxic
potential of chemicals that utilize whole animals. In one
model, conscious animals are administered the test compound
and renal functional parameters (Table 2) evaluated over
a period of hours or days. Some of the urinary parameters
routinely monitored using in vivo nephrotoxicity studies
include volume, osmolality, and contents. Urine volume can
increase (polyuria), decrease (oliguria), or approach a zero
value (anuria). Urinary osmolality is a measure of the ability of
the kidney to concentrate urine. In polyuric states, urinary
osmolality usually decreases from control levels, while in
oliguric states urine tends to be more concentrated and urinary
osmolality values rise above the control level.
The urinary contents can also provide important informa-
tion concerning the presence of nephrotoxicity. The presence or
elevated levels of enzymes, protein, amino acids, glucose,
blood, or casts in the urine can signal renal injury. Enzymuria
primarily results from the loss of the brush border (microvilli)
of proximal tubular cells or from the rupture of necrotic tubular
cells with the release of cytosolic enzymes and organelles. The
appearance of significant enzymuria has been used as an early
indicator of nephrotoxicity and for predicting the injured
nephron site. Proteinuria is also an index of chemically induced
nephrotoxicity. The total amount of protein present in the
urine can be used as a measure of the relative degree of renal
damage, while the nature of the protein can provide informa-
tion on the site of the lesion. Low molecular weight proteins
such as b2-microglobulin (w12 000Da) are freely filtered at
the glomerulus and almost completely reabsorbed by the
proximal tubule, while high molecular weight proteins (e.g.,
albumin, w69 000Da) are not normally filtered at the
glomerulus. Thus, the appearance of increased amounts of
albumin can indicate glomerular damage, and an increased
excretion of b2-microglobulin or a decreased ratio of albumin
to b2-microglobulin can be indicative of proximal tubule
damage. As mentioned above, the appearance of specific
urinary protein biomarkers of renal origin (e.g., KIM-1) can be
early and sensitive indicators that nephrotoxicity is developing.

The appearance of amino acids and/or glucose in urine can
also indicate proximal tubule toxicity. Both nutrients are
almost entirely reabsorbed in the proximal tubule and prox-
imal tubular damage can lead to the increased excretion of both
compounds. However, reabsorption of these materials is
dependent on membrane transport systems, which can become
saturated and lead to the increased excretion of the amino acid
or glucose (e.g., uncontrolled diabetes). Recent studies have
suggested that examination of urine using nuclear magnetic
resonance technology might be useful in characterizing the
degree and type of nephrotoxicity present (i.e., tubular versus
glomerular) following exposure to a renal toxicant.
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Creatinine, an endogenous end product of muscle metab-
olism, is often measured in plasma and urine to determine
creatinine clearance. Since creatinine is freely filtered at the
glomerulus and is not reabsorbed or secreted by the proximal
tubule of most species, creatinine clearance provides a good
measure of the GFR. Another endogenous compound, urea, is
also cleared mainly by renal filtration and excretion. Increases
in the blood or serum concentration of urea are indicative of
decreased GFR. However, increases in BUN concentration occur
only after substantial renal damage has been established. Thus,
BUN concentration is not a sensitive indicator of nephrotoxi-
city and changes usually occur later than changes in other
parameters (e.g., enzymuria).

At the end of a screening protocol in animal models, the
kidneys can be removed and examined for morphological
changes (light or electron microscopy) or used in an in vitro
model as described below to further evaluate renal function
following in vivo exposure to the test agent. Kidney weight can
also be easily measured at the end of a screening period as one
index of nephrotoxicity. Some nephrotoxicants induce an
increase in kidney weight, while exposure to other neph-
rotoxicants results in a decreased kidney weight.

A second in vivo model involves the use of anesthetized
animals. The animals used in these studies are either untreated
or have received the test agent or procedure before anesthesia.
Changes in GFR are frequently measured by determining the
urinary clearance of inulin, an exogenously administered
polysaccharide that is freely filtered at the glomerulus but is not
secreted or reabsorbed by the nephron. Changes in RBF,
a measure of renal hemodynamics, can be monitored by
measuring the renal clearance of PAH or other organic
compounds, which are essentially 100% extracted from the
peritubular fluid but poorly reabsorbed from the luminal fluid
or by the use of electromagnetic flow probes placed on one or
both renal arteries. In addition, to determining changes in GFR
and RBF, the excretion patterns of electrolytes, protein,
enzymes, glucose, water, and other urinary components can be
determined both before and after exposure to a nephrotoxicant
to provide information on the relative renal toxicity of test
compound, the temporal aspects of toxicity, and the nephron
segment where toxicity occurs. Kidneys may be perfused with
fixative solutions at the end of the experiment to allow for
histological examination of tissue.
In Vitro Techniques

There are a large number of in vitro techniques available for
evaluating the nephrotoxic potential of an agent or examining
potential mechanisms by which an agent induces nephro-
toxicity (Table 3). These techniques employ various levels of
Table 3 Common in vitro models for examining nephrotoxicity

Isolated perfused kidney/tubule
Renal cortical slices
Nephron segments
Isolated renal epithelial cells
Renal cell cultures (e.g., LLC-PK1, HK-2 cells)
Isolated renal organelles (e.g., mitochondria)
Membrane vesicles (basolateral or luminal)
tissue organization including whole kidneys, tubules or
tubule segments, cortical slices, cells, and isolated cellular
components. In vitro techniques offer the advantage of
allowing the investigator to study the direct effects of a
compound on renal function without the contribution of
extrarenal or indirect mechanisms (e.g., extrarenal biotrans-
formation or altered renal hemodynamics). However, many
in vitro systems remove the integral nature of the kidney, and
in other in vitro models the in vivo cellular characteristics
change over time (e.g., cell culture techniques). The relative
importance of these factors for the induction of nephrotoxi-
city by a test compound will determine the toxic potential of
that agent in the various in vitro systems. Therefore, the use of
in vitro systems may not always provide the same results as
will be obtained in whole animals. Nonetheless, valuable
information can be obtained once the toxicant species has
been identified and an appropriate in vitro model is selected
for use. In the remainder of this section, a general description
of the more common in vitro systems for examining nephro-
toxicity is provided.

The isolated perfused kidney allows the investigator the
ability to monitor the effects of chemicals on the intact kidney
without the effects of extrarenal systems. Transport of chem-
icals occurs via normal mechanisms as vasculature and tubular
lumen remain open in the perfused state, and renal handling
and biotransformation of chemicals can be evaluated using this
technique. However, to utilize an isolated perfused kidney
preparation, a special apparatus must be used.

Renal cortical slices offer a convenient and sensitivemodel for
determining the induction of nephrotoxicity following either
in vivo or in vitro exposure to a nephrotoxicant. Slices can be
prepared freehand or by the use of a mechanical tissue slicer.
When isolated from different depths of the cortex, renal cortical
slices can provide one method for examining cell- or site-specific
damage. Superficial slices contain S1 and S2 segments of the
proximal tubule, while deeper slices can be prepared that mainly
contain the S3 segment. Thus, effects of nephrotoxicants on S1, S2
segments versus S3 segments can be performed. Renal function
parameters monitored in renal slices can include organic ion
(PAH, TEA) accumulation, gluconeogenesis, lactate dehydroge-
nase release, oxygen consumption, electrolyte levels, ATP
production, and morphology. In addition, the order of nephro-
toxic potential of several agents (mercuric chloride> potassium
dichromate> hexachloro-1,3-butadiene> cephaloridine> gen-
tamicin) is the same in vivo and in renal cortical slices fromFischer
344 rats.

Renal tubules or tubule segments can be isolated from the
kidneys of a variety of species and either perfused with or
suspended in an appropriate medium. The rabbit is commonly
used as the model for tubule perfusion studies, although renal
tubules frommany species, including humans, have been used.
Tubule segments allow the renal cells to remain in contact, but
tubule collapse may occur in nonperfused segments, which
could hinder absorption of toxicants from the lumen. If the
normal route of entry into renal tissue for a toxicant is via
absorption at the luminal surface, then a reduction in the
nephrotoxic potential of the toxicant might be observed using
nonperfused tubule segments. However, the perfused tubule
allows ready access to the luminal surface when the toxicant is
added to the perfusate. Also, addition of a toxicant to the
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bathing media provides exposure of the basolateral membrane
to the toxicant for the measurement of transport and toxico-
logical parameters as well following exposure of this cell
surface to the test compound. Thus, the perfused tubule
segment can provide an in vitro model with many of the char-
acteristics of the in vivo model.

Isolated renal cortical epithelial cells and cultured cell
lines have become standard in vitro model systems for
examining the nephrotoxic potential of toxicants, toxicant
bioactivation, and direct mechanisms of toxicity. Enriched
populations of freshly isolated proximal and distal tubular
cells can be obtained to examine the effects of toxicants on
these distinct cell populations. Growing freshly isolated cells
for several days can provide primary cultures of renal cells
that can be used to study transport and toxicity of
compounds. Such primary cultured cells can be obtained
from proximal tubule or distal tubule/collecting duct cells.
There are also several cell lines (e.g., LLC-PK1, MDKC, HK-2)
to study the effects of chemicals on renal tissue. In addition,
cell lines have been developed from specific segments of the
proximal tubule. Overall, these cell systems allow for the
rapid screening of chemicals, exposure to apical and/or
basolateral surfaces, and more detailed studies of specific cell
populations. However, cells in culture can exhibit reduced
functional and metabolic characteristics with time. These
changes might impact on the potential effects of some
chemicals in cell culture systems. Therefore, toxicity in the
specific cell line to be used should be validated prior to
mechanistic studies.

Isolated renal cell components (cytosol, organelles,
membranes) are also commonly used in vitro systems. Renal
microsomes and cytosol are useful in examining the renal
biotransformation and bioactivation of nephrotoxicants. Since
mitochondria are frequently targets for nephrotoxicants, iso-
lated renal mitochondria are also an important model system
for determining the toxic mechanism(s) of some compounds.
Also, the direct effects of toxicants on renal cell membranes can
be studied in vesicles prepared from either the luminal (brush
border) or basolateral (antiluminal, peritubular) membrane of
renal cortical cells. The use of isolated cell components is
helpful in answering specific questions about mechanisms of
nephrotoxicity and bioactivation of nephrotoxicants.
Nephrotoxicants

Nephrotoxicants can be classified in many different ways
including chemical class (e.g., heavy metals, halogenated
hydrocarbons), intended use (e.g., drugs, agricultural agents),
site of toxicity (e.g., glomerular toxicants, proximal tubule
toxicants), and mechanism of toxicity (e.g., crystalluria, inter-
stitial nephritis, direct tubular toxicity). Nephrotoxicants can
also be considered either primary or secondary nephrotox-
icants. Primary nephrotoxicants (e.g., heavymetals) are capable
of inducing nephrotoxicity as the parent compound, while
secondary nephrotoxicants (e.g., trichloroethylene) require
bioactivation to the ultimate nephrotoxicant species. In the
following sections on specific nephrotoxicants, nephrotoxic
agents will be divided into therapeutic and environmental
nephrotoxicants. Sites of toxicity, mechanisms of toxicity, and
the ultimate nephrotoxicant species, if known, will be
discussed.
Therapeutic Nephrotoxicants

Many drugs have the potential to alter renal function. In the
case of the diuretic drugs, such as furosemide and hydrochlo-
rothiazide, the increased urine flow rate and sodium excretion
that these drugs induce is a desirable, therapeutic response.
However, for most therapeutics, drug-induced effects on renal
function are not desirable and constitute a toxic response.
Examples of some drug classes whose members induce neph-
rotoxicity include the antimicrobials, nonsteroidal antiin-
flammatory agents, analgesics, cancer chemotherapeutic
agents, immunosuppressives, and radiocontrast media. In
addition, there are several miscellaneous drugs within other
pharmacological classes that affect renal function. The nature
and magnitude of the nephrotoxic response greatly varies
among these drugs, and a single drug may induce more than
one type of nephrotoxic response depending on dose, duration
of therapy, age of the patient, and other patient variables.

Antimicrobials
Several different classes of antimicrobial agents contain
members that induce nephrotoxicity. The primary groups of
drugs that induce nephrotoxicity include the b-lactams (peni-
cillins, cephalosporins, carbapenems), aminoglycosides, the
antifungal agent amphotericin B, vancomycin and the tetracy-
clines. The spectrum of nephrotoxic effects and mechanism(s)
of nephrotoxicity vary among these agents, and the potential
for a nephrotoxic response can be increased by combining two
antimicrobial drugs that can induce renal toxicity or by
combining a nephrotoxicant antimicrobial with other neph-
rotoxicant drugs.

The b-lactam antimicrobials
The b-lactam antimicrobial drugs (penicillins, cephalosporins,
carbapenems; Figure 2) are chemically related by the presence
of a four-membered ring containing a nitrogen atom adjacent
to a carbonyl group (a b-lactam ring). This b-lactam ring also
confers antimicrobial activity to these drugs, since hydrolysis of
the ring results in inactive drugs. Because these drugs are weakly
acidic drugs, they are actively secreted by the organic anion
transport system of the proximal tubule and can concentrate in
this nephron segment during the secretory process. The neph-
rotoxicity observed following administration of a b-lactam
antibiotic can occur by different mechanisms depending on the
antibiotic used and patient variables.

Penicillin-induced renal toxicity is most commonly seen as
allergic AIN. Methicillin is the most common penicillin to
induce AIN, but the use of penicillin G, ampicillin, amoxacillin,
oxacillin, and carbenicillin also can lead to the development of
AIN. Typically, acute renal failure follows 1 or 2 weeks of
treatment with fever or rashes sometimes occurring before
overt renal dysfunction. Removal of the penicillin generally
allows renal function to return to normal within a few days or
weeks. AIN can also be induced by certain cephalosporins (e.g.,
cephalothin, cephalexin, cephradine, cefoxitin, cefotaxime)
and non-b-lactam antimicrobials (e.g., sulfonamides, rifam-
picin, tetracyclines, erythromycin).



Figure 2 Structure of b-lactam antimicrobials.
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In addition to inducing AIN, several of the cephalosporins
(e.g., cephaloridine (no longer therapeutically used), cepha-
loglycine, cefaclor, and cephalothin) are directly toxic to the
proximal tubule. Accumulation in proximal tubular cells via
the organic anion transporter is an important step in cepha-
losporin nephrotoxicity, since inhibition of cephalosporin
transport by probenecid also attenuates cephalosporin neph-
rotoxicity. In addition, the site of the cephalosporin-induced
renal lesion correlates with the proximal tubular segment
having the greatest capacity for organic anion transport for
a particular species.

The cellular mechanism of direct cephalosporin-induced
nephrotoxicity may include several possible actions of the
cephalosporins. Nephrotoxic cephalosporins are known to
induce lipid peroxidation and cellular membrane damage,
acylate cellular proteins, and/or interfere with mitochondrial
respiration. Mitochondrial respiration appears to be inhibited
due to acylation of mitochondrial transporters for metabolic
substrates, thereby depriving mitochondria of the necessary
intermediates to utilize oxygen. Ultimately, the formation of
adenosine triphosphate (ATP), needed to supply cellular
energy, also declines to inhibit energy-dependent cellular
functions.

Imipenem, a carbapenem antimicrobial, also possess
nephrotoxic potential. In animal models, nephrotoxicity is
dose-dependent and characterized by tubular necrosis. Inter-
estingly, imipenem nephrotoxicity is markedly attenuated by
coadministration of cilastatin, an inhibitor of the cytosolic and
brush border enzyme dehydropeptidase I (DHP). Although
DHP is responsible for hydrolyzing imipenem to inactive
metabolites, the major protective effect of cilastatin appears to
be due to inhibition of renal imipenem accumulation rather
than DHP inhibition.

Aminoglycosides
The aminoglycosides are antimicrobial drugs used alone or in
combination with b-lactam antibiotics for the treatment of
certain serious aerobic gram (�) infections. Chemically, the
aminoglycosides consist of various sugars containing amino
groups linked by glycosidic bonds. The amino groups are
ionized at physiological pH and give the aminoglycosides
polycationic character and a highly polar nature.
Aminoglycosides concentrate in the S1 and S2 segments of
the proximal tubule via a high capacity adsorptive endocytotic
mechanism following binding to cellular membrane acidic
(anionic) phospholipids. This endocytotic process primarily
occurs at the brush border membrane. Following adsorption,
aminoglycoside-containing vesicles bind to secondary lyso-
somes where the drug becomes sequestered. Lysosomes
become early targets for aminoglycoside-induced effects with
inhibition of phospholipid degradation and subsequent
myeloid body formation being characteristic of aminoglyco-
side nephrotoxicity. Some lysosomes may rupture to release
lysosomal enzymes into the cytosol of renal cells. Changes in
brush border microvilli, alterations in rough endoplasmic
reticulum, and increased numbers of cytoplasmic vacuoles also
occur. Mitochondrial swelling, decreased mitochondrial respi-
ration, and inhibition of basolateral Naþ/Kþ-ATPase activity
precede tubular necrosis. Ultimately, nonoliguric renal failure
results, which may not be completely reversible following
cessation of aminoglycoside administration.

Although all aminoglycosides possess the ability to induce
nephrotoxicity, differences exist in the nephrotoxic potential of
the various drugs. Neomycin and gentamicin are the most
potent nephrotoxicant aminoglycosides, while amikacin and
netilmicin are the least nephrotoxic aminoglycosides. Other
aminoglycosides are intermediate in nephrotoxic potential.

The exact mechanism of aminoglycoside nephrotoxicity is
unclear. As discussed above, release of lysosomal enzymes can
contribute to altered cellular function. Hydroxy radicals may
also play a role in aminoglycoside mitochondrial effects, since
catalase inhibits in vitro alterations of mitochondrial function
by gentamicin and the use of hydroxy radical scavengers or iron
chelators reduces gentamicin nephrotoxicity in vivo. Addition-
ally, aminoglycoside-induced decreases in cellular pyridoxal
50-phosphate may contribute to nephrotoxicity by removing an
important cellular cofactor.

Amphotericin B
The drug of choice for treating many serious systemic fungal
infections is the broad spectrum antifungal agent amphotericin
B. Unfortunately, nephrotoxicity is a common side effect
of amphotericin B administration with up to 50–80% of
amphotericin B–treated patients experiencing adverse renal
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effects. Amphotericin B nephrotoxicity is characterized by
a distal renal tubular acidosis, potassium wasting, and a defect
in urinary concentration. In some cases, nephrotoxicity may
progress to renal failure with azotemia.

Amphotericin-induced renal effects are due to the ability
of the drug (1) to induce renal vasoconstriction that leads to
a decrease in RBF and GFR, and (2) to cause an increase in
tubular permeability, particularly in the distal segments of
the nephron. Tubular permeability changes are the result of
the association of amphotericin B with the sterols in the cell
membrane to form a pore or channel. Chemically, ampho-
tericin B is a cyclic molecule composed of lipophilic
(multiple conjugated double bonds) and hydrophilic regions
(Figure 3) such that insertion of amphotericin B into the cell
membrane facilitates passive movement of water, potassium
ions, hydrogen ions, and other small molecules through the
newly created pore and across the membrane. These fluxes
appear to account for the decrease in urinary concentrating
ability, potassium wasting, and renal tubular acidosis.
Although it is not clear why the distal segments of the
nephron are the major targets for amphotericin B, one
explanation may be that the greater level of sterols found in
distal membranes might facilitate the binding of amphoter-
icin B to these sites.

Vancomycin
Vancomycin is an antibiotic produced by Streptococcus orientalis.
It is bactericidal, but vancomycin-induced toxicity has
primarily limited its use to the treatment of serious infections
(e.g., methicillin-resistant staphalococci). Nephrotoxicity is
manifest as proximal tubular toxicity. Elimination of impuri-
ties from early preparations and careful monitoring of vanco-
mycin blood levels have reduced the number of cases of
nephrotoxicity. However, vancomycin use may potentiate
aminoglycoside nephrotoxicity when the two agents are
concurrently used.

Tetracyclines
Tetracyclines are broad spectrum antibiotics obtained from
Streptomyces strains or semisynthetically prepared. Use of
tetracyclines has resulted in three types of renal effects. First,
the use of outdated tetracyclines results in direct proximal
tubular toxicity characterized by the increased excretion of
amino acids, glucose, and phosphate (Fanconi syndrome).
The mechanism of this response is unclear, but appears to be
due to the formation of the degradation product anhydro-4-
Figure 3 Structure of the antifungal drug amphotericin B.
epi-tetracycline. Second, administration of some tetracyclines,
particularly demeclocycline, can result in a dose-dependent
reversible nephrogenic diabetes insipidus, which appears to
result from an inhibition of ADH effects on water reabsorp-
tion. Last, in patients with preexisting compromised renal
function, tetracyclines can induce increased sodium excretion
and azotemia. The mechanism of the natriuresis may be due to
an effect of tetracyclines on luminal membrane sodium
conductance, while the azotemia appears to result from the
antianabolic effects of the tetracyclines.

Antiviral drugs
Nonretroviral antiviral drugs are useful in the treatment of
herpes and other viral infections. Although the frequency of
nephrotoxicity induced by these drugs is not clearly estab-
lished, they appear to be able to induce renal failure through
various mechanisms. Acyclovir, adefovir dipivoxil, cidofovir,
tenofovir, and valacyclovir all have the ability to induce
nephrotoxicity, at least in part through a direct effect on renal
tubular function. Nephrotoxicity is the main dose-limiting
adverse effect of cidofovir and is characterized by proteinuria,
azotemia, glycosuria, metabolic acidosis, and, rarely, Fanconi
syndrome. Acyclovir is poorly soluble in renal luminal fluid
and can induce nephrotoxicity via crystal deposition and
obstructive nephropathy.

Nonsteroidal Antiinflammatory Drugs
The NSAIDs as a class possess the ability to induce renal
failure characterized by a rapid decrease in urine volume and
significant sodium and water retention which is also rapidly
reversed when the drug is removed. Conditions that decrease
renal perfusion (e.g., congestive heart failure, decreased
blood volume, chronic renal disease, etc.) also predispose
individuals to the renal effects of NSAIDs. Under these
conditions, RBF and GFR are maintained by a balance of the
vasoconstrictor actions of angiotensin II and the vasodilatory
effects of prostaglandin E2 (PGE2). NSAID-induced renal
failure results as a consequence of NSAID inhibition of renal
cyclooxygenase with a subsequent inhibition of PGE2
synthesis. Renal vasoconstriction predominates under these
conditions resulting in acute oliguric renal failure. While all
NSAIDs have the potential to induce acute renal failure,
sulindac appears to have less of an effect on renal PGE2
synthesis and may be the drug of choice in patients with
preexisting conditions which would predispose them to
NSAID-induced renal effects.



Figure 4 Bioactivation of acetaminophen.
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Nonnarcotic Analgesics
Nonnarcotic analgesic drugs are widely used for the relief of
minor pain, to reduce fever and/or as antiinflammatory agents.
Acetaminophen (paracetamol) is perhaps the most commonly
used agent in this class of drugs which also includes aspirin and
phenacetin. Analgesic use can result in acute or chronic neph-
rotoxicity depending on the amount of drug ingested and
patient variables. Normally, acute nephrotoxicity results from
acute overdose, while chronic use of single or combination
products can result in renal papillary necrosis and chronic
interstitial nephritis.

Acute overdose with acetaminophen (>300mg kg�1)
results in hepatotoxicity and/or nephrotoxicity. Although
hepatotoxicity is frequently the predominant toxicity, acet-
aminophen nephrotoxicity can occur in the absence of marked
hepatic toxicity. In these cases, liver function returns to normal
or near normal levels before the onset of nephrotoxicity. Acute
acetaminophen nephrotoxicity is generally characterized as
oliguric acute renal failure with acute tubular necrosis. Acet-
aminophen can also induce acute nephrotoxicity in therapeutic
doses, but chronic alcohol intake usually accompanies renal
toxicity in these patients.

The mechanism of acute acetaminophen nephrotoxicity is
related to the bioactivation of acetaminophen and/or its
metabolites to highly reactive species that are capable of ary-
lating renal macromolecules or generating reactive oxygen
species. Acetaminophen hepatotoxicity is the result of conver-
sion of acetaminophen to the reactive intermediate N-acetyl-p-
benzoquinoneimine (NAPQI), which can covalently bind to
hepatic macromolecules. It is less clear what role the formation
of NAPQI in the kidney plays in acetaminophen nephrotoxicity.
In some species (e.g., the Fischer 344 rat), deacetylation appears
to be an important biotransformation step in acetaminophen
nephrotoxicity, while in other species (e.g., the CD-1 mouse),
bioactivation does not appear to require deacetylation of acet-
aminophen before the ultimate nephrotoxicant species is
produced. Therefore, the role of NAPQI in acute acetaminophen
nephrotoxicity might be species dependent.

Biotransformation of acetaminophenby deacetylase enzymes
in liver or kidney produces the metabolite 4-aminophenol
(Figure 4). Evidence suggests that at least part of acetaminophen
nephrotoxicity may result from 4-aminophenol formation. In
animal studies, 4-aminophenol is a more potent nephrotoxicant
than acetaminophen and inhibition of deacetylase enzymes also
attenuates acetaminophen nephrotoxicity. Deacetylase enzymes
are also present in higher levels in renal cortex, the target for
acetaminophennephrotoxicity, than in liver or renalmedulla and
there is a positive correlation between renal cortex deacetylase
activity and susceptibility to acetaminophen nephrotoxicity in
various animal models.

The mechanism of 4-aminophenol nephrotoxicity remains
to be determined with certainty. The current hypothesis suggests
that 4-aminophenol is oxidized by cytochrome P-450 isozymes
or peroxidases to p-benzoquinoneimine, which can arylate renal
macromolecules and/or redox cycle between 4-aminophenol
and p-benzoquinoneimine to form reactive oxygen species.
Recent studies have suggested that 4-aminophenol might be
converted to a glutathione conjugate in the liver prior to
transport to the kidney (Figure 4), and that the glutathione
conjugate or one of its metabolites is the form that accumulates
in kidney from extrarenal sources. Thus, acetaminophen neph-
rotoxicity could result from production of more than one
reactive intermediate.

Chronic analgesic nephrotoxicity is characterized by renal
papillary necrosis and interstitial nephritis rather than the
proximal tubular necrosis observed in acute nephrotoxicity.
In most cases, chronic nephropathy results from abuse of
combination analgesic preparations (phenacetin, acetamino-
phen, and/or a salicylate) over a long period of time. In these
situations, the primary nephrotoxicant appears to be acet-
aminophen, which concentrates more in the renal medulla
than in renal cortex or blood. Within the medulla, acet-
aminophen can be converted to the reactive intermediate
NAPQI by the prostaglandin hydroperoxidase component of
the prostaglandin H synthase complex. NAPQI interactions,
within medullary tissue, results in a depletion of the cyto-
protective tripeptide glutathione. As glutathione becomes
depleted, arylation of medullary macromolecules by NAPQI
occurs. In addition, acetaminophen in therapeutic doses can
increase prostaglandin hydroperoxidase activity and, there-
fore, stimulate formation of its own reactive metabolite
NAPQI.

Aspirin also has the potential to increase acetaminophen
nephropathy. Aspirin inhibits the cyclooxygenase component



Table 4 Cancer chemotherapeutic drugs capable of inducing
nephrotoxicity

Alkylating agents
Cisplatin
Cyclophosphamide
Ifosfamide
Nitrosoureas
Antibiotics
Doxorubicin
Mitomycin C
Plicamycin
Antimetabolites
5-Azacytidine
High dose methotrexate
Miscellaneous
Celiptinium
Interferon
Interleukin-2
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of prostaglandin H synthase without effect on the prosta-
glandin hydroperoxidase component, while salicylic acid
(the deacetylated metabolite of aspirin) decreases renal glu-
tathione concentrations. Thus, coadministration of aspirin
with acetaminophen (or phenacetin) results in a synergistic
nephrotoxicity.

Cancer Chemotherapeutic Drugs
Cancer chemotherapeutic drugs can be lifesaving in the treat-
ment of certain cancers. Unfortunately, host systems are also
a target for these agents with several antineoplastic drugs pos-
sessing the potential to induce nephrotoxicity (Table 4). In
some cases, nephrotoxicity only occurs at high doses (e.g.,
methotrexate, 6-thioguanine) or is a low risk (e.g., 5-fluoro-
uracil, interferon). However, nephrotoxicity can be a significant
toxicity following administration of certain antineoplastic
drugs (e.g., cisplatin), which can require additional efforts to
minimize the development of renal failure.

Alkylating agents
Perhaps the cancer chemotherapeutic drug which is most
commonly associated with the induction of nephrotoxicity is
cisplatin (Figure 5). Cisplatin is a member of the platinum
complex class of antineoplastic drugs, which also includes
carboplatin and iproplatin. However, the nephrotoxic potential
of cisplatin appears to be greater than the nephrotoxic potential
of the other clinically useful platinum agents.

In rat models of cisplatin nephrotoxicity, cisplatin nephro-
toxicity is observed as acute proximal tubular necrosis with the
primary target being the S3 segment. However, in humans,
Figure 5 Platinum cancer chemotherapeutic drugs.
cisplatin nephrotoxicity is characterized by tubular necrosis
with the distal tubules and collecting ducts affected along with
proximal tubules. Early changes in renal function include
enzymuria (e.g., NAG) and b2-microglobinuria, which suggests
that the proximal tubule is an initial target for cisplatin.
Diuresis, increased BUN concentration, decreased creatinine
clearance, and magnesium wasting soon develop, indicating
the presence of renal failure.

The mechanism of cisplatin nephrotoxicity is unclear,
although numerous hypotheses have been proposed. Cisplatin
is primarily excreted via the kidneys by both filtration and
secretion using the organic cation transporter, which indicates
that the kidney will be exposed to a large percentage of the
administered dose. It is believed that the chloride groups are
replaced by water molecules in vivo, ultimately forming
a hydrated or hydroxylated platinum species that might interact
with renal macromolecules (e.g., DNA) leading to nephrotox-
icity. Other postulated targets for cisplatin are renal ATPase
enzymes and renal mitochondria. Recent evidence has also
suggested that cisplatin-induced oxidative stress can contribute
to cisplatin nephrotoxicity, as some antioxidants have been
shown to reduce cisplatin nephrotoxicity.

The nitrosoureas include streptozotocin, an agent useful in
treating pancreatic (islet cell) tumors, and the carmustine,
lomustine, and semustine group, useful in treating brain and
gastrointestinal tumors. Streptozotocin induces a reversible,
mild nephropathy characterized by proteinuria in 50–70% of
patients and decreased creatinine clearance in 20–30% of
patients. Renal phosphate wasting and proteinuria are early
signs of nephrotoxicity. The primary target in the kidney for
streptozotocin is the proximal tubule with glomerular abnor-
malities also noted. Removal of the drug results in return to
normal renal function within weeks.

Semustine is the most common agent to induce nephro-
toxicity among the second group of nitrosoureas. Semustine
nephrotoxicity results from bioactivation of the nitrosourea to
an alkylating metabolite, which mainly attacks proximal
tubular cells. Carbamoylating metabolites of semustine are
also formed in vivo but do not appear to contribute to renal
toxicity. Renal failure occurs most often following high dose
(>1200mgm�2, total dose) administration. Onset of nephro-
toxicity (glomerulosclerosis, renal interstitial nephritis, prox-
imal tubular degeneration) can be delayed for over 1 year
following therapy and may progress to irreversible renal failure.

Cyclophosphamide, a nitrogen mustard alkylating agent, is
a widely used cancer chemotherapeutic drug to treat lym-
phomas, leukemias, multiple myeloma, and numerous solid
tumors. Cyclophosphamide can induce nephrotoxicity charac-
terized as decreased water excretion and an inappropriate
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concentration of urine. These effects are due to a direct effect of
one or more alkylating cyclophosphamide metabolites at distal
tubules and collecting ducts. Special caution is warranted to
avoid water-induced diuresis or diuretic therapy in these
patients as hyponatremia can become a problem.

Antimetabolites
Nephrotoxicity is generally not a major toxicity of antimetab-
olite therapy, except when these drugs are administered in high
doses or in susceptible patients. Acute renal failure is the most
common type of nephropathy induced by the antimetabo-
lites with methotrexate treatment possessing the greatest risk.
Acute renal failure has also been reported as a potential toxicity
for 5-fluorouracil, 6-thioguanine, cytosine arabinoside, and
5-azacytidine.

Methotrexate is an antimetabolite of folic acid useful in
combination therapy for a wide range of cancerous conditions.
When methotrexate is administered in high doses
(�50–250mg kg�1 to 1–7 gmm�2), solubility limits may be
exceeded with a resultant precipitation of methotrexate and its
7-hydroxy metabolite within the renal lumina. Tubular
obstruction can reduce GFR by as much as 50%. Methotrexate
might also have a direct effect on proximal tubular function,
since proximal tubular necrosis may be seen in the absence of
precipitated material within the renal lumina. In addition,
a direct effect of methotrexate on glomerular hemodynamics
has been postulated. Renal toxicity induced by methotrexate
can also enhance other methotrexate toxicities (e.g., myleo-
suppression) by decreasing the excretion of the drug from the
body.

Antibiotics
The clinical use of three antibiotic cancer chemotherapeutic
drugs (mitomycin C, mithramycin, and doxorubicin) has been
associated with the development of nephrotoxicity. Each of
these drugs is commonly used in combination chemotherapy,
which in some cases might result in additive or enhanced
nephrotoxicity.

Mitomycin C is isolated from Streptomyces caespitosis and is
used in the treatment of solid tumors. Renal failure (elevated
BUN and serum creatinine concentration, proteinuria) induced
by mitomycin C is dose-dependent and cumulative. When
administered alone, the incidence of nephrotoxicity is less than
1%, but in combination with 5-fluorouracil, nephrotoxicity
occurs more frequently and can be marked. The chemical
species responsible for mitomycin C nephrotoxicity appears to
result from the formation of alkylating metabolites.

Mithramycin is an antibiotic antineoplastic drug isolated
from Streptomyces tanashiensis. In early studies, treatment with
mithramycin (25 or 50mg kg�1 day�1 for 1 week or three times
per week each month) resulted in decreased GFR in up to 40%
of patients and proteinuria in 78%. Morphological changes
included proximal and distal tubular necrosis, atrophy, or
swelling. Single dose administration of mithramycin to treat
the hypercalcemia sometimes associated with cancer generally
does not induce renal toxicity. However, a few isolated case
reports suggest that in patients with compromised renal func-
tion, nephrotoxicity may occur following single dose therapy.

Nephrotoxicity associated with doxorubicin use is also
dose-dependent and occurs at the same time as doxorubicin-
induced cardiotoxicity. Studies in animal models reveal
glomerular effects, renal interstitial fibrosis, and vacuolization
of tubules. However, clinical evidence of nephrotoxicity in the
absence of cardiotoxicity is limited suggesting that dose
reduction efforts to minimize cardiotoxicity also reduce the risk
of nephrotoxicity.

Miscellaneous cancer chemotherapeutic agents
The lack of curative treatments for most malignancies has
stimulated the search for newer more efficacious cancer
chemotherapeutic agents. Interferon-a has recently been
obtained using molecular biology techniques in sufficient
quantities to begin clinical testing against various cancerous
conditions including hairy cell leukemia, non-Hodgkin’s
lymphoma, and Karposi’s sarcoma. A few reports suggest that
reversible acute renal insufficiency associated with proteinuria
may occur following continued interferon-a administra-
tion. Morphological changes are consistent with the presence
of AIN.

Celiptinium is useful in the treatment of metastatic breast
cancer and is useful in combination therapy because of
minimal hematotoxicity. Acute and chronic renal failure has
been detected in patients treated with celiptinium. Acute renal
failure is dose-dependent, while chronic effects appear to be
cumulative in nature. The primary manifestation of celiptinium
nephrotoxicity is tubular necrosis, with celiptinium-induced
lipid peroxidation in proximal tubular cells proposed as the
mechanism of toxicity.

Immunosuppressive Drugs
The modern development of drugs to suppress the immune
system has made organ and bone marrow transplants possible
and has saved countless lives. Two important drugs in this class
of agents are cyclosporine (cyclosporin A) and tacrolimus
(fk506), fungal products with immunosuppressive properties.
Cyclosporine primarily acts by inhibiting helper T-cell activa-
tion following the binding of cyclosporine to a cytoplasmic
receptor protein, cyclophilin. Other effects on the immune
system are also observed, but appear to be less important than
T-cell effects. Tacrolimus also inhibits T-cell activation but via
interaction with a different cytoplasmic receptor than cyclo-
sporine. Two other immunosuppressive agents of interest are
sirolimus, an inhibitor of the protein kinase mTOR, and mur-
omonab-CD3, an antibody that targets the CD3 glycoprotein
of T cells.

Nephrotoxicity is a common toxicity and significant
problem associated with the use of cyclosporine in humans.
Three types of nephrotoxicity have been observed in patients
receiving cyclosporine: (1) an acute, reversible renal failure, (2)
acute vasculopathy or thrombotic microangiopathy, and (3)
chronic renal failure with interstitial fibrosis that may not be
reversible.

Cyclosporine-induced acute renal failure is characterized by
decreased GFR and urine volume and elevated BUN and serum
creatinine concentrations. These effects are dose-dependent
and rapidly reverse when cyclosporine therapy is discontinued.
The mechanism of the acute renal failure appears to be related
to cyclosporine-induced renal vasoconstriction to reduce
glomerular filtration. The precise mechanism responsible for
the resultant vasoconstriction remains to be determined with
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certainty. However, stimulation of the renin-angiotensin
system, alteration of renal prostaglandin status (increased
vasoconstrictor and/or decreased vasodilatory prostaglandin
levels) and stimulation of adrenergic nerves have been
proposed as possible mechanisms.

A second form of cyclosporine-induced nephrotoxicity is
acute thrombotic microangiopathy. The mechanism for
induction of this toxicity is unclear but may be due to a direct
toxic effect of cyclosporine on renal arterioles and glomerular
capillaries. Histologically, arterioles exhibit protein deposits
while glomeruli show thrombosis and endothelial cell damage.
These effects are similar in nature to transplant rejection
thrombotic microangiopathy, but arcuate and interlobular
arteries rather than arterioles are primarily affected with
transplant rejection.

Chronic cyclosporine nephrotoxicity can develop in
patients receiving the drug for one year or longer. In these
patients, there is a gradual decline in renal function. While GFR
may not be markedly reduced, significant morphological
changes including vascular changes, glomerular sclerosis,
interstitial fibrosis, and tubular atrophy have been reported.
Chronic effects may not be reversible upon discontinuation of
cyclosporine, and the renal effects may progress to end-stage
renal failure. The mechanism underlying cyclosporine-induced
chronic renal failure is unclear. However, it has been proposed
that the renal vasoconstriction induced by cyclosporine results
in both acute and, ultimately, chronic renal failure.

Tacrolimus nephrotoxicity can occur as proximal tubular
vacuolization, proximal tubular necrosis, or glomerular capil-
lary/arteriolar thrombi. Although there are reports that tacro-
limus may be less potent as a nephrotoxicant than
cyclosporine, tacrolimus potentiates cyclosporine nephrotoxi-
city in humans.

Sirolimus does not appear to be nephrotoxic in a healthy
kidney, but can be nephrotoxic in diseased kidneys, presum-
ably due to an impairment of tissue repair. Muromonab CD-3,
an immunosuppressive monoclonal antibody, can induce
systemic vascular changes (leaky syndrome) and prerenal
azotemia, presumably by stimulating the release of cytokines
(e.g., tumor necrosis factor). These effects are seen more often
in poorly hydrated patients. There is also evidence that mur-
omonab-CD3 may induce a direct tubular toxicity, since
significant numbers of patients developing renal insufficiency
also exhibit enzymuria.

Radiocontrast Media
The use of radiocontrast media to visualize organs in the body
has been a common practice for over 50 years. However, the
use of these agents is now recognized as a significant cause of
hospital-acquired acute renal failure with up to 10% of all
cases due to the administration of a radiocontrast agent.
Numerous factors may increase the risk of acute renal failure
developing following a diagnostic procedure with a radio-
contrast agent including existing renal insufficiency, diabetes
mellitus, dehydration, anemia, cardiovascular disease, age and
many others.

Typically, radiocontrast-induced acute renal failure is diag-
nosed when oliguria or a �50% rise above baseline in serum
creatinine develops within 24–48 h following the radiocontrast
procedure. The most predominant morphological change seen
in the kidney is extensive vacuolization of proximal tubular
cells.

The agents currently used as radiocontrast media are triio-
dinated benzoic acid derivatives andmay be ionic (e.g., sodium
diatrizoate) or nonionic (e.g., iotrol, iopamidol). The mecha-
nism of nephrotoxicity induced by radiocontrast media
involves both renal hemodynamic changes and direct tubular
injury, and these effects are related to the high osmolarity of the
drugs (up to 1965mOsm l�1).

Radiocontrast agents can enter the nephron by filtration
and/or secretion, depending on the agent administered. The
changes in renal hemodynamics induced by radiocontrast
media primarily result from the large osmotic load delivered to
the distal segment of the nephron. At the level of the macula
densa, this osmotic load is detected and the tubuloglomerular
feedback system is activated to stimulate vasoconstriction and
decrease GFR. While evidence exists for direct tubular toxicity
(enzymuria, naturesis, diuresis greater than an osmotic effect),
the mechanism is unclear. However, tubular injury may be
exacerbated by the production of reactive oxygen species
generated from mesangial cells and polymorphonuclear
leukocytes and macrophages that migrate into glomerular and
tubular sites following radiocontrast administration.
Environmental Nephrotoxicants

Exposure to nephrotoxicants not only occurs in the clinical
setting, but also occurs from environmental sources. Environ-
mental nephrotoxicants are defined as nephrotoxicants found
in nature, the home, and/or work environment that have no
therapeutic utility. Unlike therapeutic nephrotoxicants, which
are administered to obtain a beneficial health effect, exposure
to environmental nephrotoxicants usually occurs accidentally
or in suicide/intentional poisoning cases.

Although environmental nephrotoxicants markedly differ
in their chemical nature, there are several distinct classes of
environmental nephrotoxicants. These classes include the
metals, halogenated solvents, agricultural agents, and natural
products. A diverse array of miscellaneous nephrotoxicants also
exists and will be briefly discussed at the end of this section.

Metals
A wide range of metals induce nephrotoxicity in humans and/
or in animal models (Table 5). Some of these metals (e.g., iron,
cobalt, copper) are essential elements required for normal body
function, while others can be useful in treating diseases. For
example, gold salts are useful in treating rheumatoid arthritis,
lithium salts are occasionally used for the treatment of manic-
depressive illness; and aluminum and bismuth salts are avail-
able to treat indigestion and stomach aches. However, exposure
to these and other metals can occur from environmental
sources and, in excessive concentrations, can lead to
nephropathy.

Many of the metals are potent nephrotoxicants, inducing
marked renal effects at concentrations far lower than many
other classes of nephrotoxicants. The proximal tubule is
a major target for metal toxicity and in some cases, renal
hemodynamic changes are also important for initiating and/or
maintaining the renal damage. Although metal-induced
nephrotoxicity has been studied for many years, the precise



Table 5 Nephrotoxicant metals

Aluminum
Antimony
Arsenic
Beryllium
Bismuth
Cadmium
Chromium
Cobalt
Copper
Gallium
Germanium
Gold
Indium
Iron
Lead
Lithium
Manganese
Mercury
Molybdenum
Nickel
Platinum
Silver
Thallium
Uranium
Vanadium
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cellular mechanisms that underlie the potent nature of this
class of toxicants are not fully elucidated. However, there are
several reasons why the kidney is susceptible to metal-induced
effects.

The large reabsorptive nature of the kidney insures that
filtered proteins, electrolytes, and water will be conserved and
homeostasis maintained in the body. Metals make use of these
reabsorptive processes to gain entry into renal cells. For
example, chromate can enter proximal tubular cells via the
sulfate transporter, while cadmium binds to metallothionein,
a low molecular weight metal-binding protein, and enters
proximal tubular cells along with the protein. Once inside
kidney cells, the metals may substitute for endogenous mole-
cules. Arsenate can substitute for phosphate in oxidative
phosphorylation within mitochondria to cause a decrease in
ATP synthesis. Also, lead can substitute for calcium to alter
a large number of calcium-mediated events within cells. Metals
also have a high affinity for sulfhydryl and amino ligands and
form complexes or chelates with these organic functional
groups. Formation of these chelates with essential functional
groups of cellular macromolecules can markedly alter cell
function to eventually lead to cell death. In addition to direct
interaction of metals with cellular targets, radioactive metals
that accumulate in renal tissue can release radiation to initiate
the formation of cellular free radicals to disrupt cell function
and membrane integrity.

The chemical form of a metal that accumulates in the kidney
may vary among the metals. However, the ionic form of a metal
is normally much more potent as a nephrotoxicant than the
elemental form. Once in the body, metal ions interact with
numerous molecules (albumin, metal-binding proteins,
glutathione, amino acids, etc.) and move around the body
primarily as reversible complexes. Unfortunately, little infor-
mation is available on the chemical form of most metals that
actually enters proximal tubular cells and additional research is
needed in this area.

Mercury
The effects of various forms of mercury on renal function have
been known for centuries. Therapeutically, the first class of
highly efficacious diuretic drugs was the organomercurials (e.g.,
mersalyl), but these agents have now been replaced by the loop
or high-ceiling diuretics. Toxicological interest has centered on
inorganic mercury salts, primarily in the form of mercuric
chloride (HgCl2), and organic mercury, mainly methylmercury
salts (CH3Hgþ). In the natural environment, elemental
mercury can be converted bymicroorganisms to both inorganic
mercury salts and organic mercurials, which can find their way
into the food chain. Mercurials are also agriculturally used as
insecticides and fungicides so that exposure to these agents can
occupationally occur, from industrial wastes or agricultural
runoff.

Acute exposure to mercuric salts targets the S3 segment of
the proximal tubule to induce severe necrosis. Acute renal
failure rapidly develops characterized by decreased RBF and
GFR, oliguria, glucosuria, proteinuria, and elevated BUN
concentration. Renal vasoconstriction contributes to the
developing nephrotoxicity and may be due to activation of the
renin-angiotensin system. At higher doses or later time points,
S1 and S2 segments of the proximal tubule are also damaged.

The mechanism of proximal tubule toxicity following
administration of mercuric chloride has been extensively
studied. However, the key sequence of events leading to cell
death remains to be determined with certainty. Mercuric ions
induce mitochondrial toxicity, alter cell membrane function,
disrupt cell calcium homeostasis and cause changes in
membrane phospholipid composition. Binding of mercuric
ions to enzymatic sulfhydryl groups and ischemia-induced
mitochondrial toxicity have been proposed as the basic
mechanisms leading to these cellular effects and ultimately to
cell death.

Another aspect of mercuric ion-induced tubule toxicity
relates to the nature of the chemical species responsible for
proximal tubule damage. Recent studies have suggested that,
in vivo, mercuric ion forms diconjugates with thiol-containing
molecules such as glutathione or homocysteine. When the
kidney is exposed to these diconjugates (e.g., glutathionyl–
Hg–glutathionyl or cysteinyl–Hg–cysteinyl), the conjugates are
accumulated via amino acid transporters or processing enzymes
to increase the proximal tubule cell concentration of mercury.
The accumulated mercury then interacts with critical intracel-
lular targets to induce toxicity. Thus, the conjugates provide
a mechanism for facilitating mercuric ion entry into renal cells,
which leads to toxicity.

In addition to tubule effects, glomerular changes are also
noted. These effects are due to the formation of an autoanti-
body that localizes along the glomerular basement membrane.
Glomerular damage then occurs from complement-mediated
events or circulating lymphocytes. Chronic exposure to low
levels of mercuric salts or mercury vapor can also induce
immune-mediated glomerular toxicity, which is more clinically
common than necrosis.

Organic mercurials are capable of inducing nephrotoxicity
in S2 and S3 segments of the proximal tubule. Part of the S3
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damage results from the biotransformation of the organic
mercurial to release mercuric ions. Methylmercury (CH3Hgþ)
readily concentrates in renal proximal tubular cells and alters
mitochondrial function and lysosomes. At least part of
methymercury-induced nephrotoxicity may be due to homo-
lytic scission of methylmercury to release methyl radicals and
to lipid peroxidative toxicity.

Cadmium
Cadmium has a variety of uses including electroplating,
galvanizing, as a color pigment, and in the manufacture of
batteries. Industrial exposure is a major source of cadmium in
humans, but cadmium is also found in food. Concentrations of
cadmium in food widely varies, with shellfish (e.g., oysters,
mussels, scallops) being a major dietary source of cadmium
(100–1000 mg kg�1). Cigarettes also contain cadmium and it
has been estimated that smoking one or more packs of ciga-
rettes per day may double the body burden of cadmium.

Cadmium nephrotoxicity occurs when renal accumulation
of cadmium exceeds 200 mg Cd2þ g�1 tissue. Nephrotoxicity is
characterized by low molecular weight proteinuria (e.g., b2-
microglobulinuria in humans), glucosuria, calciuria, amino-
aciduria, phosphaturia and interstitial inflammatory reactions,
and fibrosis. These effects are primarily due to damage of the S1
and S2 segments of the proximal tubule. Glomerular damage
may also occur, since albuminuria is also occasionally
observed.

Exposure to cadmium results in hepatic stimulation of the
metal-binding protein metallothionein, a small protein with
a molecular weight of approximately 6500–6800 d. Metal-
lothionein is composed of 20 cysteine residues whose sulfhy-
dryl groups readily complex with seven metal ions such as
cadmium. The metallothionein–cadmium complex is released
from damaged hepatocytes and is carried via the blood to the
kidney. The low molecular weight of the metallothionein–
cadmium complex allows it to be readily filtered at the
glomerulus and enter the tubular lumen. The complex is
absorbed from luminal fluid via a pinocytotic mechanism in
the S1 and S2 segments and degraded by lysosomal proteases to
release free cadmium. The free cadmium can then bind to renal
metallothionein or attack targets such as calmodulin within
proximal tubular cells.

Lead
Lead is the most ubiquitous of the nephrotoxicant metals in the
environment. Like mercury, the health effects of lead have been
recognized for centuries with the nervous system as well as the
kidney being a target for certain forms of these metals. Sources
of exposure to lead include food (w100 mg or less per day for
adults), lead-based paints, industrial emissions, lead dusts, and
lead-glazed pottery.

Clinically, lead nephropathy is seen as either reversible
tubular dysfunction or as an irreversible interstitial nephrop-
athy. Tubular toxicity most commonly occurs in children
following acute exposure and is characterized by glucosuria,
phosphaturia, aminoaciduria, and occasionally proteinuria.
One unique morphological feature of lead exposure is the
formation of nuclear inclusion bodies within renal tubular
cells. These bodies are complexes between lead and an acidic
protein aggregate. Recently, it has been suggested that proteins
in humans similar to rat a2u-globulin bind lead in the liver (or
other tissues) and transport lead to the kidney where the lead:
lead-binding-protein complex is absorbed by an endocytotic
mechanism. Within the renal cells, most of the lead is associ-
ated with the nuclear inclusion bodies. However, the lead–
protein complex can be reversed with ethylenediamine tetraa-
cetate and lead excretion promoted.

The cellular mechanism of lead nephrotoxicity appears to
be due to an alteration of calcium homeostasis. Lead (Pb2þ)
competes with calcium (Ca2þ) for transport, binding to
calmodulin and at other cell calcium regulatory sites. Lead can
accumulate in mitochondria using the calcium transporter and
disrupt respiration. Interactions of lead with calmodulin can
result in a disruption of the calcium messenger system to
adversely affect normal cell function. The nuclear inclusion
bodies may also alter the cellular function of DNA, although
this interaction has not been fully elucidated.

Chronic exposure to low levels of lead results in lead
accumulation within the body. Workers who have been
chronically exposed to lead develop interstitial fibrosis,
vascular and glomerular sclerosis, and tubular atrophy and/or
hypertrophy. Although acute lead nephropathy is reversible
with chelator therapy and/or removal from exposure, chronic
effects may be irreversible. In addition, chronic exposure to
leadmay result in a gouty nephropathy as lead reduces uric acid
excretion and elevates blood uric acid levels.

Halogenated Hydrocarbons
Halogenated hydrocarbons encompass a large group of
chemicals with a wide range of applications. Many of these
compounds are organic solvents (e.g., chloroform, trichloro-
ethylene) or chemical intermediates (e.g., bromobenzene,
chloroanilines) used in laboratory, industrial or commercial
applications. Halogenated hydrocarbons are also used in agri-
culture as pesticides (e.g., 1,2-dibromoethane). The majority of
nephrotoxicant halogenated hydrocarbons contain chloro and/
or bromo groups with only a few nephrotoxicants substituted
with fluoro or iodo groups.

The site and severity of the nephrotoxic lesion also widely
varies among the halogenated hydrocarbons depending on
chemical class, number and position of halogen groups, age,
sex, species, dose, and preexisting conditions. Unlike the
metals, halogenated hydrocarbons are usually not direct
nephrotoxicants and require bioactivation before the ultimate
nephrotoxicant species is produced. Several mechanisms of
bioactivation have been identified for the halogenated hydro-
carbons including oxidation, free radical formation, intra-
molecular cyclization, and conjugation with glutathione
(Table 6). In the following sections, specific examples of
halogenated hydrocarbons and their mechanisms of bio-
activation will be discussed.

Chloroform
Chloroform (trichloromethane, Figure 6) has been used in the
past as an anesthetic and as an additive in pharmaceutical
preparations. Today, chloroform is primarily used as an organic
solvent, although use is declining due to the carcinogenic
nature of chronic chloroform exposure. Chloroform-induced
nephrotoxicity is primarily seen as proximal tubular toxicity
with minimal changes in distal tubular function and no



Table 6 Mechanisms of bioactivation of halogenated hydrocarbons

Oxidation
Example: Chloroform
Free radical formation
Example: Carbon tetrachloride
Intramolecular cyclization
Example: 2-Bromoethylamine
Glutathione conjugation
Intramolecular cyclization
Example: 1,2-Dibromoethane
Cysteine conjugate b-lyase activation
Example: Trichloroethylene
Facilitated transport
Example: Bromobenzene

Figure 6 Bioactivation of chloroform and carbon tetrachloride.
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evidence of glomerular effects. Nephrotoxicity is characterized
by proteinuria, glucosuria, elevated BUN concentration and
kidney weight, decreased accumulation of organic ions by renal
cortical slices, and a fatty degeneration of proximal tubular
cells. Species and sex differences exist in the susceptibility to the
nephrotoxic effects induced by chloroform, with certain strains
of male mice (e.g., DBA/2J) being particularly sensitive.

The mechanism of chloroform nephrotoxicity involves the
oxidation of chloroform to trichloromethanol by renal cyto-
chrome P-450 isozymes such as CYP2E1 (Figure 6). The tri-
chloromethanol readily eliminates HCl to form the highly
reactive toxicant phosgene (COCl2). The phosgene can (1) be
detoxified by conjugation with two molecules of glutathione,
(2) react with water to form two molecules of HCl and one
molecule of CO2, or (3) covalently bind to renal macromole-
cules to disrupt cellular function and induce nephrotoxicity.

There are several lines of evidence that support the forma-
tion of phosgene as the ultimate nephrotoxicant species
following exposure to chloroform in mice and rabbits. First,
susceptible strains of male mice oxidize chloroform faster than
resistant strains. Second, deuterium labeling of chloroform, to
form CDCl3, results in the formation of a chloroform derivative
that is oxidizedmuch slower than chloroform and is less potent
as a nephrotoxicant. In addition, trapping experiments with
cysteine have documented the formation of phosgene as
a product of chloroform biotransformation. Although these
results support phosgene as the toxicant species in mice and
rabbits, it is not known with certainty if the same mechanism
for nephrotoxicity is operating in humans. In humans, chlo-
roform nephrotoxicity has been documented in both males
and females, while only male mice exhibit nephrotoxicity
following chloroform administration. Thus, additional or
alternate mechanisms may be contributing to chloroform
nephrotoxicity in humans.

Carbon tetrachloride
Carbon tetrachloride (CCl4) was widely used as a dry cleaning
solvent until its potential as a hepatotoxicant, nephrotoxicant,
and carcinogen was recognized. Currently, CCl4 is used as an
organic solvent, although, like chloroform, use has been
declining due the carcinogenic nature of chronic CCl4 expo-
sure. Nephrotoxicity associated with dermal or inhalation
exposure to CCl4 is seen as acute tubular necrosis, which is
delayed in onset. Death occurs from acute renal failure, usually
within 3 weeks of intoxication. Interestingly, humans appear to
be more sensitive to acute CCl4-induced nephrotoxicity than
most animal models.

The mechanism of carbon tetrachloride nephrotoxicity
involves the initial homolytic cleavage of CCl4 by cytochrome
P-450 to form the trichloromethyl and chlorine free radicals
(Figure 6). The trichloromethyl free radical can then alkylate
renal macromolecules or interact with membrane unsaturated
fatty acids to initiate lipid peroxidation. The trichloromethyl
free radical may also combine with molecular oxygen to form
a peroxy free radical, which is more reactive than the tri-
chloromethyl free radical. The peroxy radical could also
interact with unsaturated fatty acids in membranes to induce
lipid peroxidative damage. Recently, it has been proposed that
under anaerobic conditions, carbon tetrachloride is converted
to a carbene metabolite (Cl3C), which can covalently bind to
cell macromolecules in the liver. However, the role of the
carbene metabolite in carbon tetrachloride nephrotoxicity is
less clear.

N-(3,5-Dichlorophenyl)succinimide
During the 1970s, a large number of N-(halophenyl)succini-
mides were synthesized and evaluated as agricultural fungi-
cides. The most promising agent in this class of compounds
was N-(3,5-dichlorophenyl)succinimide (NDPS), which had
a broad spectrum of antifungal activity. NDPS, marketed as
dimetachlone (Ohric), also proved to be a nephrotoxicant and
to promote the carcinogenic activity of several nephrocarci-
nogens. As a result of potential health hazards, NDPS
production was halted for many years. However, recently,
NDPSmanufacture and sales have begun again in China for use
as an agricultural antimicrobial agent.

Acute NDPS nephrotoxicity is characterized by diuresis,
proteinuria, glucosuria, hematuria, elevated BUN concentra-
tion and kidney weight, decreased organic ion accumulation by
renal cortical slices, and marked proximal tubular necrosis. Sex
differences exist for NDPS nephrotoxicity with female Fischer
344 rats being twice as sensitive as males. Interestingly, the
primary site of the renal lesion in males is the S1 and S2
segments of the proximal tubule, while the S3 segment is the
most affected segment in females. Chronic NDPS nephrotoxi-
city is seen as marked renal interstitial nephritis.



Figure 8 Intramolecular cyclization of haloethylamines.
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The ultimate nephrotoxicant species responsible for acute
or chronic NDPS nephrotoxicity is related to the formation of
sulfate and possibly glucuronide conjugates of NDPS metab-
olites. Oxidation of the succinimide ring in the liver via
phenobarbital-inducible cytochrome-P-450 isozymes forms N-
(3,5-dichlorophenyl)-2-hydroxysuccinimide (NDHS, Figure 7),
an essential bioactivation step in acute nephrotoxicity. Both
NDHS and its hydrolysis product, N-(3,5-dichlorophenyl)-2-
hydroxysuccinamic acid (NDHSA) are four times more potent
as nephrotoxicants than NDPS, while the decarboxylation
metabolite of NDHSA is a nonnephrotoxicant. However,
neither NDHS nor NDHSA appear to be directly toxic to renal
cortical slices, proximal tubule suspensions, or renal mito-
chondria. Studies also suggest that NDHSA can cyclize in vivo to
form NDHS, which further clouds the identity of which NDPS
metabolite ultimately gives rise to the toxicant species.

Recent reports suggest that the sulfate conjugate of NDHS
(NSC) may be the ultimate or penultimate toxic metabolite.
NSC is formed in the liver and is directly toxic to proximal
tubule cells in vitro. Whether NSC directly interacts with intra-
cellular targets or breaks down to release N-(3,5-dichlor-
ophenyl)maleimide (NDPM), a highly reactive chemical
species, as the ultimate toxic species, remains to be determined.
However, NSC and NDPM exhibit similar nephrotoxic poten-
tial in vitro with freshly isolated renal cortical cells.

2-Haloethylamines
The 2-haloethylamines are model nephrotoxicants that target
different segments of the nephron depending on the halogen
atom. The bromo derivative, 2-bromoethylamine (BEA),
concentrates in the renal medulla and induces renal papillary
necrosis. The renal effects of BEA are dependent on the urinary
concentrating ability of an ADH. In the absence of an ADH,
urine is not concentrated in collecting ducts and BEA nephro-
toxicity is diminished. The chemical species responsible for
BEA nephrotoxicity is believed to be ethyleneimine formed by
the intramolecular cylization of BEA, which then alkylates renal
macromolecules (Figure 8).

The chloro derivative, 2-chloroethylamine (CEA), is less
potent as a papillotoxin than BEA, presumably due to the fact
that the bromo group is a better leaving group than the chloro
group. Thus, the reactive intermediate, ethyleneimine,
would form faster from BEA than CEA. The fluoro derivative,
2-fluoroethylamine (FEA), is more lethal than BEA, but at
nonlethal doses is toxic to the S3 segment of the proximal
tubule rather than the renal papilla. Since the fluoro group is
Figure 7 Oxidative biotransformation of N-(3,5-dichlorophenyl) succinimide
a poorer leaving group than chloro or bromo groups, it is not
clear if FEA nephrotoxicity is due to FEA, ethyleneimine, or an
FEA metabolite.

Glutathione conjugates
Glutathione (GSH) is a tripeptide (g-Glu-Cys-Gly) that forms
bonds between the sulfhydryl group of cysteine and electro-
philic sites in xenobiotics or their metabolites. The formation
of these GSH conjugates is catalyzed by one or more of the
glutathione S-transferase enzymes. The a forms of glutathione
S-transferase can also catalyze detoxification of organic perox-
ides to protect cells against free radical toxicity as well as elec-
trophilic attack. Thus, interactions with GSH serve as an
important mechanism for detoxifying reactive chemical species
within cells.

Although interactions between glutathione and electro-
philic molecules normally lead to detoxification, there are also
several examples of bioactivation of chemicals to nephrotox-
icants following glutathione conjugation. Glutathione conju-
gates can be formed in most segments of the kidney with
(NDPS).



Figure 9 Glutathione conjugation with 1,2-dihaloethanes.
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glutathione S-transferase activity being highest in proximal
tubular cells. However, glutathione conjugates of many elec-
trophiles are primarily formed in the liver and transported to
the kidney either as the glutathione conjugate or as a GSH
conjugate metabolite.

Glutathione conjugates formed in the liver can leave
hepatocytes and enter the blood or the bile. Biliary excretion of
the glutathione conjugate can result in degradation of the GSH
conjugate to the cysteine conjugate within the biliary tract and
small intestine. This degradation is catalyzed by g-glutamyl
transpeptidase (removes glutamate) and peptidases (remove
glycine). The N-acetylcysteine conjugate, also known as a mer-
capturate, can be formed in the intestinal tract or liver
following absorption of the cysteine conjugate from the small
intestine by action of an N-acetylase enzyme. The relative
amounts of the three conjugates that reach the kidney from
extrarenal sites primarily depend on the chemical nature of the
halogenated hydrocarbon and the animal species studied.

The kidney can also process and transport GSH, cysteine,
andN-acetylcysteine conjugates. Glutathione conjugates can be
converted to the cysteinylglycine conjugate by g-glutamyl
transpeptidase, which is primarily located in the kidney at the
brush border membrane. The action of brush border dipepti-
dase enzymes (e.g., aminopeptidase M) then removes the
glycine residue from the dipeptide conjugate to release the
cysteine conjugate, which is usually accumulated within prox-
imal tubular cells. Glutathione conjugates may also be directly
transported into renal cells at the basolateral membrane via
a sodium dependent uptake mechanism. Once inside the cell,
the glutathione conjugate may be a substrate for g-glutamyl
cyclotransferase and peptidases to release the cysteine conju-
gate. Cysteine conjugates can also be substrates for amino acid
uptake systems and accumulate in proximal tubular cells via
the amino acid transporters, while mercapturates accumulate
in proximal tubular cells via the organic anion transporter at
the basolateral membrane. Accumulated mercapturates may
then be secreted into the urine or deacetylated to release the
corresponding cysteine conjugate. Thus, the kidney can be
exposed to metabolites formed from glutathione conjugation
originating at renal or extrarenal sites.

Several mechanisms have been identified for the generation
of nephrotoxicants following conjugation of halogenated
hydrocarbons with glutathione (Table 6). These mechanisms
include intramolecular cyclization, activation by cysteine
conjugate b-lyase, and facilitated renal accumulation of the
toxicant. Examples of each of these bioactivation mechanisms
will be discussed in the following sections.

Intramolecular cyclization – The 1,2-dihaloethanes
(XCH2CH2X) are used as pesticides, lead scavengers, industrial
solvents, and/or grain fumigants. Both 1,2-dichloroethane and
1,2-dibromoethane are hepatotoxicants, nephrotoxicants, and
potential carcinogens. Acute renal effects induced by these alkyl
halides are characterized as proximal tubular necrosis,
primarily in the juxtaglomerular regions. The mechanism of the
nephrotoxicity induced by the 1,2-dihaloethanes is believed to
initially involve conjugation of the halogenated hydrocarbon
with glutathione (Figure 9). Both 1,2-dichloroethane and 1,2-
dibromoethane form glutathione conjugates in liver, but only
1,2-dibromoethane forms a glutathione conjugate in the
kidney.
The glutathione conjugate formed from 1,2-dibromoethane
is relatively unstable and quickly undergoes intramolecular
cyclization via displacement of the second bromo group by the
glutathionyl sulfur to form an episulfonium ion (Figure 9). The
episulfonium ion then readily forms adducts with renal cell
macromolecules, including DNA, which leads to altered cell
function and toxicity. Because of the highly reactive nature of
the glutathione conjugate formed from 1,2-dibromoethane, it
is likely that only the renally-formed glutathione conjugate
contributes to nephrotoxicity.

The glutathione conjugate formed in the liver from 1,2-
dichloroethane is more stable than the conjugate formed from
1,2-dibromoethane and may be transported to the kidney as
the glutathione or related conjugate. Within the kidney, both
glutathione and cysteine conjugates appear to contribute to
1,2-dichloroethane nephrotoxicity by forming episulfonium
ions that can interact with cellular macromolecules (Figure 9).
Reactivity of the glutathione and cysteine conjugates toward
DNA is greatest for the cysteine conjugate, but the relative
contribution of these conjugates to the carcinogenic mecha-
nism for 1,2-dichloroethane remains to be determined.

Two additional compounds containing 1,2-dihaloethyl
groups are also nephrotoxicants. The nematocide and soil
fumigant 1,2-dibromo-3-chloropropane and the flame retar-
dant tris(2,3-dibromopropyl)phosphate both induce acute
tubular necrosis. Although conjugation with glutathione may
play a role in the toxicity induced by these agents, the mecha-
nism responsible for the nephrotoxicity induced by these
compounds is not known.

Cysteine conjugate b-lyase activation – There are numerous
glutathione and/or cysteine conjugates of unsaturated



Table 7 Some halogenated hydrocarbons whose glutathione and/or
cysteine conjugates are nephrotoxicants and/or nephrocarcinogens

1-Chloro-1,2,2-trifluoroethylene
1,1-Dibromo-2,2-difluorethylene
Dichloroacetylene
1,1-Dichloro-2,2-difluoroethylene
Hexachloro-1,3-butadiene
Hexafluoropropene
Tetrachloroethylene
Tetrafluoroethylene
Trichloroethylene
1,1,2-Trichloro-3,3,3-trifluoro-1-propene
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halogenated hydrocarbons that are nephrotoxicants and/or
nephrocarcinogens (Table 7). These conjugates induce neph-
rotoxicity following cleavage of the cysteine conjugate by the
enzyme cysteine conjugate b-lyase to form pyruvate, ammonia,
and a reactive thiol. Acute nephrotoxicity induced by these
conjugates is characterized by diuresis, proteinuria, glucosuria,
elevated BUN concentration, and proximal tubular necrosis.
The site of the lesion appears to be species dependent with
most rodent models exhibiting the initial lesion in the corti-
comedullary region (S3 segment of the proximal tubule).
However, the initial lesion in dogs appears in the S1 and S2
segments of the proximal tubule. In addition, age, gender, and
strain differences exist for susceptibility to the nephrotoxicity
induced by these conjugates.

The nature of the ultimate nephrotoxicant species formed
following the action of cysteine conjugate b-lyase is determined
by the halogen substitution on the parent haloalkene. When
the haloalkene is a geminal difloroalkene (e.g., tetrafluoro-
ethylene), then the resulting glutathione conjugate and subse-
quent cysteine conjugate is a saturated or alkyl conjugate
(Figure 10). However, if the haloalkene is a geminal dichlor-
oalkene (e.g., trichloroethylene), then unsaturated conjugates
are formed (Figure 10). The saturated cysteine conjugates are
bioactivated by b-lyase to form a thionoacyl fluoride, which
Figure 10 Glutathione conjugation with geminal difluoro- or
dichloroalkenes.
can rapidly acylate renal macromolecules to induce toxicity,
while the unsaturated cysteine conjugates are bioactivated
by b-lyase to the highly reactive thioketene metabolites
(Figure 11). Primary targets for these reactive intermediates
appear to be the renal mitochondria, which contain a portion
of cellular cysteine conjugate b-lyase.

The reasons why the kidney is a major target for cysteine
conjugate toxicity are not completely understood, particularly
since cysteine conjugate b-lyase is present in organs other than
the kidney. However, the ability of the kidney to (1) accumu-
late metabolites formed by the glutathione conjugate pathway
from blood, (2) convert glutathione and N-acetylcysteine
conjugates to cysteine conjugates, and (3) rapidly activate
nephrotoxicant cysteine conjugates to their reactive interme-
diate may explain the susceptibility of the kidney to these
agents.

The toxicity induced by nephrotoxicant glutathione,
cysteine, and N-acetylcysteine conjugates can be modified by
a variety of compounds. Probenecid, an inhibitor of the
organic ion transporter, can reduce the nephrotoxicity induced
by glutathione conjugates, presumably by decreasing the
renal accumulation of the mercapturate. Acivicin (AT-125),
an anticancer agent, is an irreversible inhibitor (>97%) of
g-glutamyl transpeptidase and can attenuate the toxicity of
nephrotoxicant glutathione conjugates by inhibiting conver-
sion of the glutathione conjugate to the cysteine conjugate. In
addition, aminooxyacetic acid (AOAA) inhibits the action of
pyridoxal-dependent enzymes (e.g., b-lyase) and blocks the
conversion of cysteine conjugates to their ultimate neph-
rotoxicant species. These inhibitors are useful tools in the
study of glutathione and cysteine conjugate nephrotoxicity,
but they may not always give clear results. Probenecid has
biological effects unrelated to inhibition of organic ion
transport, and AT-125 pretreatment can fail to protect against
Figure 11 Cysteine conjugate b-lyase bioactivation of cysteine conju-
gates of haloalkenes.
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haloalkene (e.g., hexachloro-1,3-butadiene) nephrotoxicity
even when it is known that glutathione and/or cysteine
conjugates of the parent haloalkene are nephrotoxicants. Also,
AOAA not only inhibits b-lyase but can inhibit oxidative
enzymes and other pyridoxal-dependent pathways as well.

Recent work has also shown that S-oxide metabolites of
cysteine conjugates metabolites of haloalkenes (e.g., trichlo-
roethylene) can also be nephrotoxicants. These S-oxide
metabolites are formed by the action of S-oxidases and can
serve as substrates for cysteine conjugate b-lyase, but other
mechanisms also appear to be important for bioactivation and
reactivity.

Facilitated accumulation of nephrotoxicants – Bromobenzene,
a chemical intermediate, is both a hepatotoxicant and a neph-
rotoxicant. Bromobenzene-induced nephrotoxicity is charac-
terized by glucosuria, enzymuria, proteinuria, elevated BUN
concentration and kidney weight, and proximal tubular
necrosis with the S3 segment exhibiting the greatest damage.
Bromobenzene hepatotoxicity is due to cytochrome P-450
mediated formation of a 3,4-epoxide (arene oxide) metabolite
of bromobenzene, which can arylate hepatic tissue. However,
the formation of the ultimate nephrotoxicant species appears
to require multiple biotransformation steps and possibly
multiple toxicant species.

The first step in the bioactivation of bromobenzene to
a nephrotoxicant is the hepatic cytochrome P-450 mediated
oxidation of bromobenzene to 2-bromophenol, which is
further oxidized in the liver to 2-bromohydroquinone.
2-Bromohydroquinone can be activated by a renal quinol
oxidase to 2-bromoquinone (Figure 12), which can directly
arylate renal macromolecules. Although 2-bromoquinone
can undergo redox cycling to potentially generate oxidative
stress and reactive oxygen species, arylation appears to be
more important for the cellular toxicity induced by
2-bromoquinone.

Recent studies have also demonstrated that mono- and di-
glutathione conjugates of 2-bromohydroquinone can be
formed in vivo in rats (Figure 12). The diglutathionyl conju-
gate of 2-bromohydroquinone (a quinol-thioether) induces
nephrotoxicity, which is indistinguishable from bromo-
benzene, 2-bromophenol, or 2-bromohydroquinone
Figure 12 Bioactivation of bromobenzene to nephrotoxicant
metabolites.
nephrotoxicity, but occurs at a dose 10–15 times lower than
with 2-bromohydroquinone. The ability of AT-125, but not
AOAA, to attenuate nephrotoxicity induced by the digluta-
thionyl conjugate has suggested that g-glutamyl trans-
peptidase, but not b-lyase, is important in activating the
conjugate. Thus, entry into renal tissue via g-glutamyl
transpeptidase is a key step for diglutathionyl conju-
gate nephrotoxicity. Partial protection by AT-125 against
2-bromohydroquinone nephrotoxicity in vivo suggests that
the mono- and/or diglutathionyl conjugates of 2-bromohy-
droquinone may be extrarenally formed, and that glutathione
conjugation may play a role in the transport and selective
accumulation of 2-bromohydroquinone in renal tissue.

The cellular mechanism of nephrotoxicity induced by the
quinol-thioethers appears to be related to the ability of the
conjugates to undergo redox cycling with the concomitant
formation of reactive oxygen species and oxidative stress. The
cysteine conjugates of 2-bromohydroquinone are more readily
oxidized than the corresponding glutathione conjugates or
mercapturates, and therefore, are probably responsible for
most of the conjugate-induced oxidative stress and resultant
nephrotoxicity. However, the exact nature of the subcellular
targets and relative contributions of the various bromobenzene
metabolites to bromobenzene nephrotoxicity remains to be
determined with certainty.

Mycotoxins
The mycotoxins are secondary products of fungal metabolism.
Numerous mycotoxins have been identified as toxicants in
humans and/or animal models with several organ systems,
including the kidney, being targets for these fungal products.
These mycotoxins include aflotoxin B1, fumonisin B1 and B2,
patulin, citrinin, and ochratoxin A. Perhaps two of the myco-
toxins that have received the most attention as nephrotoxicants
are citrinin and ochratoxin A. These two mycotoxins originally
received particular interest due to their possible role in endemic
Balkan nephropathy, which now appears to be mainly due to
ingestion of wheat contaminated with aristolochic acid,
a compound found in the seeds of Aristolochia clematitis.

Citrinin is produced by several Penicillium and Aspergillus
species, which may be found associated with grains (e.g.,
wheat, oats, etc.). Humans and animals eating the grain can
experience citrinin-induced nephrotoxicity, which is charac-
terized by diuresis, decreased urinary osmolality, glucosuria,
proteinuria, and elevated BUN concentration. Morphological
changes included cytoplasmic vacuolization of proximal
tubular cells, mitochondrial swelling, and, ultimately, prox-
imal tubular necrosis. The exact site of the renal lesion may vary
depending on the species studied.

The mechanism of citrinin-induced nephrotoxicity has not
been completely elucidated. However, it appears that citrinin
accumulates in proximal tubular cells via the organic ion
transporter, and that the parent compound is the nephrotox-
icant species. Mitochondria are early targets for citrinin with
multiple effects on mitochondrial function observed following
exposure of mitochondria to citrinin, including uncoupling of
mitochondrial respiration. The subsequent loss of cellular ATP
content may eventually lead to cell death.

Ochratoxin A is also produced by Aspergillus species and is
one of the most widely occurring mycotoxins in food and



Table 8 Miscellaneous nephrotoxicants

Aristolochic acid
Bisphosphonates
Brown recluse spider venom
Carbon disulfide
Carbon monoxide
3-Chloroprapane
Crotalus venom
Crush injuries
Decalin
1,4-Dichlorobenzene
Diquat
Ethylene glycol
Glycerol
Glycols
d-Limonene
Lindane
Mushroom poisoning
Oxalic acid
Paraquat
Petroleum
Propylene glycol
Radiation
D-Serine
Tetralin
Venoms
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grains. Ochratoxin A nephrotoxicity is similar to citrinin
nephrotoxicity but can also include renal interstitial fibrosis
and glomerular changes. Like citrinin, ochratoxin A accumu-
lates in proximal tubular cells via the organic anion transporter
and appears to induce nephrotoxicity without bioactivation to
a toxic metabolite. Mitochondria are also a target for ochra-
toxin A with proximal tubular ATP content significantly
decreased in the presence of as little as 10�8 M ochratoxin A.
However, ochratoxin A also inhibits renal gluconeogenesis and
lowers mRNA levels, and it has been suggested that these events
may also contribute to ochratoxin A nephrotoxicity. While each
of these cellular effects might contribute to the renal toxicity
induced by ochratoxin A, the precise cellular mechanism of
toxicity remains to be determined.
Miscellaneous Nephrotoxicants

There are numerous additional agents that have been identified
as nephrotoxicants (some of these chemical and physical
agents are shown in Table 8). In addition to the compounds
listed, there are hundreds of chemicals whose effects on the
kidney are either unknown or are poorly characterized, and
unquestionably this list will continue to grow with the ongoing
development of newer drugs, agricultural agents, and industrial
intermediates.
See also: Cyclosporine; Cancer Chemotherapeutic Agents;
Paraquat; Acetaminophen; Alkyl Halides; Aminoglycosides;
Bromobenzene; Cisplatin; 1,1-Dichloroethane; Mechanisms of
Toxicity; Mercuric Chloride (HgCl2); Methyl-CCNU (Semustine);
Plants, Poisonous (Animals); Carbon Tetrachloride;
Chloroform; Mycotoxins; Limonene; Semustine; Acetylsalicylic
Acid; Cyclophosphamide; Ethylene Glycol; Mithramycin;
Snakes; Spiders; Cadmium; Cephalosporins; Glutathione; Lead;
Mercury; Metals; Methylmercury; Mitomycin C; Phenacetin;
Platinum; Tetrachloroethane; Solvents; Chlorofluorocarbons;
Aristolochic Acids.
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In August 1986, an explosion occurred in Lake Nyos in
Cameroon, releasing vast amounts of CO2 and killing
about 1700 people up to 26 km from the lake. A smaller gas
emission burst from Lake Monoun in August 1984, which
killed 37 people.

This phenomenon arises when enormous amounts of dis-
solved CO2 gas trapped at the bottom of the lake is released
suddenly. Nevertheless, the natural hazards produced by such
fatal gas discharge from lakes are very rare. Only three lakes in
the world are known to contain high concentrations of dis-
solved gas in their bottom waters: Lakes Nyos and Monoun in
Cameroon and Lake Kivu in East Africa, on the border between
Rwanda and the Democratic Republic of Congo. Only two of
these lakes, Nyos and Monoun, are known to have recently
released gas resulting in human death.

Volcanoes emit large quantities of carbon dioxide. Carbon
dioxide is heavier than air and collects in low spots, displacing
air in these locations.

Carbon dioxide is an asphyxiant and an irritant gas. It acts
as a simple asphyxiant by displacing the oxygen in the
respiratory system. If the level of CO2 in the air reaches more
than 15%, loss of consciousness happens in less than
a minute while death occurs within minutes at 30%. CO2

potently dilates the cerebral vessels, which explains the
various manifestations of CO2 toxicity such as headache,
dizziness, and narcosis.
Figure 1 Lake Nyos. Photo by Jack Lockwood of the US Geological
Survey.
Increase of Gas

In order for CO2 accumulation to reach dangerous levels in
lakes, two conditions are essential: (1) the existence of
a rich source of CO2 and (2) the lake must be strongly
stratified; a situation in which the bottom and surface waters
do not mix, so that the CO2 can be trapped in the bottom
waters.

In Cameroon, geological conditions are mostly favorable
for CO2 gas production. This gas is discharged safely to the
atmosphere in several soda springs throughout the country. In
nearly all of Cameroon’s crater lakes, protection from the wind
and great depth facilitate the creation of constant stratification.
When gas-rich springs flowing into stratified lakes combined,
the outcome was a disastrous increase in gas release from the
bottom waters of Lake Nyos in 1986 and Lake Monoun in
1984. Earlier research has shown that such conditions do not
arise in any other lakes in Cameroon, and no other lakes
contain hazardous amounts of CO2. The phenomenon was not
a volcanic event, but was due to release of the gas stored in the
bottom waters before the event. Originating from magma 80–
90 km beneath the lake, the gas rose through the fractured rock
below the lake and reached the surface. Subsequently, it dis-
solved in groundwater, which was injected into the lake, as
shown by the similar chemistry between the groundwater and
the lake water.
40 Encyclopedia of T
Gas Discharge

Weakened stratification can lead to gas release. This weakening
of strength is lowest when the surface waters lose heat, which
arises in the monsoon season when air temperatures decline
and solar energy input decreases. In Cameroon, the monsoon
season occurs in August, which may explain the explosions in
the two lakes in August. Moreover, both events occurred in the
mid-1980s and this can probably be explained by the long-
term drifts of weather in Cameroon.

The exact cause of the gas burst is unknown, although any
disturbance that moves deep gas-rich water closer to the surface
may well result in gas discharge. When that deep water rises, the
weight of water over it decreases and the dissolved gas pressure
equals the hydrostatic pressure. Hence, there is nothing to force
the gas to stay soluble resulting in formation of gas bubbles.
The bubbles increase rapidly, dragging the deep water to the
surface and more deep water is drawn upward and depressur-
ized. The outcome of such a cyclic reaction is violent release of
massive quantities of lethal CO2 gas.

Lake Nyos and LakeMonoun continue to have increased gas
levels in thebottomwaters. This indicates that the gas is supplied
gradually rather than injected through a volcanic event.
Lake Nyos

In 1986, a huge CO2 explosion triggered one of the world’s
most destructive natural disasters at Lake Nyos, west of
Cameroon. Over 1700 inhabitants were killed and livestock
flocks were reduced up to 25 km (15 miles) away. Dissolved
CO2 was trapped in deep water because the lake bottom
extended so far beneath the surface. However, over time,
bubbles started to appear until eventually the soda lake erup-
ted, turning itself upside down in a few days of devastation
(Figures 1 and 2).
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00624-2
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Figure 2 A cow suffocated by gases from Lake Nyos. Photo by Jack
Lockwood of the US Geological Survey.
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Lake Monoun

Two years before the catastrophe at Lake Nyos, on 15 August
1984, a similar incident, albeit on a smaller scale, happened at
Lake Monoun, about 60 miles south of Lake Nyos. Located in
a crowded area, Lake Monoun is surrounded by farms and
bounded in part by a road. One of the residents was cycling to
the village when he came across a pickup truck belonging to
a local Catholic priest. He found the priest’s corpse next to the
truck. Moving on, he found another dead body, a man’s body
still astride a stalled motorcycle. Beginning to climb uphill, he
encountered a friend who wanted to warn him to turn back, but
the man had lost the capacity to speak.
Lake Kivu

A third lake, Lake Kivu in Rwanda, has been highlighted in
a survey of deep lakes in Africa and Indonesia as another
location where this type of disaster could happen from
a massive geologic event, for example, an earthquake or
volcanic eruption. Lake Kivu was found to have high concen-
trations of dissolved CO2 in its bottom waters. It is one of the
largest and deepest lakes in Africa with two million people
living on its shore. Lake Kivu lies in the Great Rift Valley, where
tectonic forces are slowly ripping Africa apart. That movement
brings up molten rock, which releases carbon dioxide that
seeps into the bottom of Lake Kivu. Bacteria convert some of
the carbon dioxide into methane, and other bacteria produce
methane by breaking down organic matter in the deep waters.
Deeper than about 50–80 m, the lake is anoxic and the
concentrations of dissolved CO2 and methane increase with
depth. Lake Kivu is more than 3000 times larger and contains
more than 350 times as much gas as was released from Lake
Nyos. The shores of Lake Kivu are also densely populated.
Hazard Remediation

After the events of the 1980s, Lakes Nyos and Monoun went
through CO2 recharge at alarming rates of up to 80 molm�2

per year. Total gas pressures reached 8.3 bar in Lake Monoun
and 15.6 bar in Lake Nyos, resulting in gas saturation levels up
to 97%. Steps to reduce the hazard have included the use of
pipes inserted into each lake to pump the gas-rich bottom
waters to the surface, where the gas can be discharged safely to
the atmosphere. An international advisory committee is coor-
dinating this effort, with major funding from the Cameroon
government, the US Office of Foreign Disaster Assistance (part
of the US Agency for International Development), and the
French Embassy in Cameroon. Researchers involved in the
degassing project have been funded partially by their home
institutions. In addition, private donations have helped to
support CO2 early-warning systems.

With the longer term aim of returning displaced commu-
nities to their land and rebuilding livelihoods around Lake
Nyos, the United Nations Development Program and partners
have also been involved in the degassing process. Moreover,
two columns have been added to a degassing pipe laid in 2001
as an experiment by Cameroon’s geological, mining, and
research community, with support from the Cameroon
government and the European Union, who were seeking
innovative ways to reduce the occurrence of high levels of
carbon dioxide in the 200-m-deep lake that caused it to
explode in 1986.

The scale of the disaster led to much study on how a recur-
rence could be prevented. Estimates of the rate of CO2 entering
the lake suggested that out-gassings could occur every 10–30
years. Several researchers independently proposed the instal-
lation of degassing columns from rafts in the lake. In this
method, a pump lifts water from the bottom of the lake,
heavily saturated with CO2, until loss of pressure leads to
release of the gas from the diphasic fluid and thus makes the
process self-powered. In 1992 at Lake Monoun, and in 1995 at
Lake Nyos, a French team demonstrated the feasibility of this
approach. In 2001, the US Office of Foreign Disaster Assistance
funded a permanent installation at Lake Nyos.

More pipes are expected to be needed to make the lake safe;
the original French estimates called for five pipes, and the
current Office of US Foreign Disaster Assistance project calls for
an additional two pipes, each with 10 times the capacity of the
current single pipe (Figure 3).

Experts at the country’s Institute of Geological and Mining
Research say the lake will be secure in 2 years, allowing former
residents to return to their homes. Authorities for the region of
Menchum, the site of Lake Nyos, have also put in place emer-
gency response measures, including a solar-powered alarm
system triggered by excessive carbon dioxide levels, first aid
training, and mapping of safe havens. A successful evacuation
simulation was conducted in March 2011.

Although survivors of the Lake Nyos event were previously
relocated, they are gradually moving back into the abandoned



Figure 3 Degassing pump schematic.
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area. In contrast, survivors of the Lake Monoun event were not
relocated. However, in recent years, more inhabitants have
settled around the lake and new farmlands have been taken up
adjacent to the lakeshore. Numerous cultural, communal, and
political aspects will influence the local populations due to the
degassing plan for Lake Nyos, including the gas hazard.

See also: Carbon Dioxide; Methane.
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Background

The lanthanides occur in the Earth’s crust at concentrations
exceeding some commonly used industrial elements making
the term ‘rare earths’ something of a misnomer. For example,
yttrium, cerium, lanthanum, and neodymium are present in
the Earth’s crust at higher concentrations than lead. Of the 15
lanthanides, only promethium does not occur in nature.
Although the lanthanides are not so rare, they are only
economically feasible to mine in a few places (e.g., China,
North America, and Australia) and their increased use in
emerging technology applications has made them a highly
valuable commodity. All of the lanthanides have similar
physical and chemical properties and are often described as
a group. Within the lanthanide group, however, there are
differences between the toxicity of the in`dividual lanthanide
elements and their compounds. Because of their generally low
toxicity and use in emerging technologies, especially
Table 1 Lanthanide elements, common compounds, and other
information

Chemical name Lanthanides

Synonyms Rare earths, rare earth metals
Chemical/

pharmaceutical/
other class

Transition metals, the green elements

Representative
chemicals

Cerium (Ce), dysprosium (Dy), erbium (Er),
europium (Eu), gadolinium (Gd), holmium (Ho),
lanthanum (La), lutetium (Lu), neodymium
(Nd), prometheum (Pm), praseodymium (Pr),
samarium (Sa), scandium (Sc), terbium (Tb),
thulium (Tm), ytterbium (Yb), and yttrium (Y)

Chemical abstract
services registry
number

Cerium (7440-45-1), dysprosium (7429-91-6),
erbium (7440-52-0), europium (7440-53-1),
gadolinium (7440-54-2), holmium (7440-60-0),
lanthanum (7439-91-0), lutetium (7440-94-3),
neodymium (7440-00-8), prometheum (7440-
12-2), praseodymium (7440-10-0), samarium
(7440-19-9), scandium (7440-20-2), terbium
(7440-27-9), thulium (7440-30-4), ytterbium
(7440-64-4), and yttrium (7440-65-5)

Molecular formula
(common
compounds)

Cerium chloride: CeCl3; Cerium oxide: Ce2O3;
Cerium nitrate: Ce(NO3)3; Gadolinium oxide:
Gd2O3; Lanthanum carbonate: La2(CO3)3;
Lanthanum oxide: La2O3;Yttrium oxide: Y2O3
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renewable energy, the lanthanides are often referred to as the
‘green elements’. Table 1 includes a summary of the lantha-
nide elements, their chemical abstract services numbers, and
other information.
Uses

The industrial uses of the lanthanides require compounds
(e.g., oxides), pure elements (e.g., neodymium), and mixtures
of lanthanides as they occur in ores (e.g., lanthanum concen-
trate). The major uses are the following:

l Magnets: Powerful neodymium magnets are essential to
a variety of technologies including electric motors, wind
turbines, cell phones, tablets, computers, speakers, and
microphones.

l Carbon-arc lighting: The US Army, Navy, and Coast Guard
searchlights all use lanthanide-cored carbons.

l Lanthanide alloys: These alloys are used in cigarette lighter
flints, magnesium alloys, and ferrous alloys.

l Glass industry: The coloring and decoloring of glass, the
polishing of spectacle and optical instrument lenses,
manufacture of ultraviolet cut glass, the surface preparation
of mirror glass, and other glass specialties.

l Medicine: Gadolinium diethylenetriamine pentaacetic acid
(DTPA) is routinely used as an intravenous contrast agent
for magnetic resonance imaging (MRI) and lanthanum
carbonate is used to reduce blood phosphate levels in
patients with kidney disease.

l Electronic industry: Electrical materials, rotating electronics,
and household electrical equipment.

Other applications include phosphors for X-ray screens and flat
panel displays, catalysts, lasers, compact fluorescent light bulbs,
diesel fuel additives, advanced water filtration systems, and
high-temperature superconductors.
Environmental Fate and Behavior

The lanthanides can be found in the Earth’s crust at a wide
range of concentrations. For example, thulium is present at
only 0.5 ppm, whereas lanthanum and cerium are present at
30 and 60 ppm, respectively. The mineralized forms of the
4-3.00515-7 43
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lanthanides that are of greatest commercial and mining interest
are monazite, bastnasite, and cerite. The most common
commercial forms of the lanthanides are the oxides and
carbonates, which have low solubility and mobility and tend to
precipitate out of waste streams limiting offsite migration. In
contrast, the lanthanide chlorides, nitrates, and acetates,
because of their high solubility, are more likely to leach into
groundwater and surface water.
Partition Behavior in Water, Sediment, and Soil

Several studies have identified key environmental factors which
impact lanthanide form and behavior in the environment.
Important parameters influencing lanthanide behavior in water
include pH, alkalinity, organic matter, and carbonate concen-
tration. Carbonate in the environment, especially in marine
and freshwater systems, has been shown to preferentially
scavenge and deplete free cerium as compared to the other
lanthanides.

In soil, the light rare earths (from lanthanum to europium)
and heavy rare earths (from gadolinium to lutetium) behave
differently and the Earth crust contains a higher concentration
of the lighter rare earths. Different parameters impact lantha-
nide soil mobility with the most important including pH,
oxidation state, water flow in soil, organic composition, and
the presence of microorganisms. Some microorganisms have
been shown to solubilize lanthanides, whereas the organic
carbon in soil scavenges them, decreasing the mobility,
transport, and dissemination of the lanthanides. Although
these organic carbon–lanthanide complexes are relatively
stable under alkaline pH, the lanthanides can be released
under acid conditions.
Environmental Persistence/Long-Range Transport

While the form of the lanthanides can change in soil and water,
depending on various parameters (e.g., pH or organic carbon
content), little is known about their long-term fate and trans-
port or environmental persistence.
Bioaccumulation and Biomagnification

Several studies have shown some bioaccumulation of rare
earths in ferns, mosses, and lichens. At low concentrations,
lanthanides can increase plant growth by replacing the calcium
in enzymatic pathways, however, at higher concentrations,
lanthanides have a negative effect on plant growth. The accu-
mulation of the lanthanides, including lanthanum, cerium,
and yttrium, appears to occur in the cortical cells and plant
roots surface as a precipitated form. The concentration in plants
is time dependant and impacted by the relationship between
soil microorganisms, soil properties, and the roots, similar to
other metals. Medical studies in mammals, including humans,
on gadolinium DTPA, and lanthanum carbonate indicate,
little, if any bioaccumulation. Limited bioconcentration occurs
in simple marine organisms such as daphnia and phyto-
plankton but does not occur in higher organisms such as
shellfish and fish. Little is known about the potential for bio-
accumulation and biomagnification in other organisms.
Exposure and Exposure Monitoring

Routes and Pathways

Direct eye or skin contact with powder or liquid forms of the
soluble lanthanides (e.g., chlorides and acetates) can cause
irritation. These forms are the most likely to cause damage at
the point of contact. The highly insoluble lanthanide oxides
and carbonates may cause mild abrasive irritation upon dermal
contact. Inhalation of lanthanide particulates has been the
exposure route of most concern in occupational settings as well
as in some environmental releases.
Human Exposure

Occupational exposure may occur through inhalation of dust
and dermal contact. The general population may be exposed to
naturally occurring concentrations of the oxides in soil or
through medical procedures such as the intravenous adminis-
tration of MRI contrast agents. The ever increasing use of
the lanthanides in industrial and technological applications
increases the likelihood of human exposure by the oral,
dermal, and inhalation routes.
Environmental Exposure

Environmental lanthanide exposure is well-known in China,
where lanthanides are used as fertilizer. Lanthanide
compounds are also found in wastewater from precious metal
mining (e.g., gold or uranium mining). Mining activities and
lanthanide refining have some unintended environmental
consequences including (1) some ores naturally contain
uranium and thorium which present a slight natural radioac-
tivity and may be present in wastes and/or lanthanide prod-
ucts; and (2) refining requires acids, which solubilize the
lanthanides increasing bioavailability and potential fate and
transport in both water and in soil. During the last decade,
increased utilization of the lanthanides in new industries has
increased the potential environmental and human exposure to
these chemical compounds. The potential environmental
exposure, human toxicity, and ecotoxicity of the lanthanides
very much depend on their bioavailability which is related to
their form (complexed or free) and solubility.
Toxicokinetics

Different forms of lanthanide differ in their toxicity. There are
three major forms of lanthanides: soluble (chlorides, nitrates,
acetates), insoluble (oxides, carbonates), and chelated
compounds (DTPA). Most of the available information on
lanthanide absorption and toxicity comes from the soluble
lanthanide salts and those lanthanides used routinely in
medicine (e.g., gadolinium DTPA and lanthanum carbonate).
In one study, rats given DTPA (chelating agent) 1 or 2 days after
oral administration of cerium chloride were found to have
significantly reduced whole body retention of soluble cerium
(from 40 to 2%). Lanthanum carbonate oral bioavailability
was found to be very low (<0.0007%) with limited retention in
bone, liver, and the gastrointestinal tract occurring only after
chronic exposure.



Table 2 Acute toxicity of select lanthanides and common mixtures

Compound Eye irritation Skin irritation Oral LD50 (g/kg)

Cerium concentrate Moderate Nonirritant >5
Cerium chloride Severe Severe 2.8
Cerium nitrate Severe Mild 4.2
Lanthanum concentrate Minimal Nonirritant >5
Lanthanum oxide Mild Nonirritant >5

Reproduced from Lambert, C.E., Barnum, E.C., Shapiro, R., 1993. Acute
toxicological evaluation of cerium chloride. Journal of the American College
of Toxicology 12: 614.
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Different forms of lanthanide have different organ distri-
bution and excretion rates. Intravenous injected chelated
lanthanide (gadolinium DTPA) is transiently accumulated in
the kidney with most of the injected dose excreted in the
urine. However, intravenous injected soluble lanthanide salt
is taken up by the reticuloendothelial cells, with most of the
dose accumulating in the liver and spleen, resulting in liver
necrosis.

The lanthanide oxides and carbonates have been shown in
in vitro bioaccessibility studies to have a very low gastrointes-
tinal bioaccessibility of approximately 6%.
Reproduced from Lambert, C.E., Barnum, E.C., Shapiro, R., 1993. Acute
toxicological evaluation of cerium nitrate. Journal of the American College

of Toxicology 12: 615.
Reproduced from Lambert, C.E., Barnum, E.C., Shapiro, R., 1993. Acute
toxicological evaluation of lanthanum concentrate. Journal of the American
College of Toxicology 12: 621.
Reproduced from Lambert, C.E., Barnum, E.C., Shapiro, R., 1993. Acute
toxicological evaluation of lanthanum oxide. Journal of the American
College of Toxicology 12: 622.
Reproduced from Lambert, C.E., Barnum, E.C., Shapiro, R., 1993. Acute
toxicological evaluation of cerium concentrate. Journal of the American
College of Toxicology 12: 633.
Mechanism of Toxicity

The soluble lanthanide salts (e.g., chlorides, nitrates, and
acetates) can be severely irritating to the skin, eye, and mucous
membranes. The irritation appears to be a result of exposure to
the anion (e.g., nitrate) and not the lanthanide cation.

Effects from oral exposure to the soluble lanthanides include
eosinophil infiltration of the submucosa, hyperkeratosis of the
stomach, and gastric hemorrhages. As with the irritation that
occurs after skin or eye exposure, the hyperkeratosis and gastric
hemorrhages seen in the stomach appear to be the result of the
acidic environment produced by the anion.

Some research suggests that the similarity in ionic radius
between the lanthanide trivalent and the calcium divalent form
imparts to some lanthanides the ability to replace calcium in
animal enzymatic mechanisms which may partially explain
some of the toxicity to mammalian cells. Other research has
shown that the lanthanides may cause oxidative stress in
hepatic cells, potentially accounting for the hepatotoxicity
observed after intravenous exposure to the soluble salts.
Acute and Short-Term Toxicity

The lanthanides have historically been characterized as low
toxicity metals. Because human exposures have rarely reached
toxic levels, few instances of human toxicity have been
observed, despite the widespread industrial and medical uses
of the lanthanides. The following discussion of toxicity focuses
on the soluble forms and the oral route of exposure.
Animal

Most of the LD50 values for the lanthanides are high. For
example, data for lanthanum oxides, carbonates, and concen-
trates show the value of LD50 above 5000 mg lanthanumper
kilogram animal body weight. This LD50 range is generally
regarded as ‘practically nontoxic’. However, some lanthanides
appear to be more toxic than the oxides and carbonates – with
both the compound solubility and the form of the anion playing
a role in toxicity. For example, the lanthanum chlorides, nitrates,
and acetates have LD50 values in the 1600–5000 mg kg�1 body
weight range, putting them in the ‘slightly toxic’ range. Common
symptoms of acute toxicity seen after these very high doses
included writhing, ataxia, slightly labored and depressed respi-
ration, arched back, stretching of limbs on walking, and lacri-
mation. Table 2 includes a summary of oral LD50, eye and skin
irritancy data for individual lanthanide compounds, and some
commonly used mixtures.
Human

In one of the best documented human lanthanide exposure
studies to date, the toxicity of gadolinium in 151 patients with
impaired kidney function was assessed. Patients were assessed
after a dose of 0.1 mmol gadolinium DTPA kg�1 body weight
was administered as a contrast agent for MRI examinations.
A retrospective analysis of physician and nursing records,
radiology reports, laboratory data, and autopsy records for
3 days prior to the MRI and 30 days after was completed. No
significant adverse effects were observed after intravenous
gadolinium exposure in this sensitive subpopulation.

Subchronic
A number of studies have been completed in which the soluble
lanthanide chlorides were given orally to animals over the
course of a month. In several studies, rats were given the
hydrated chloride forms of lanthanum, yttrium, and europium
by oral gavage at doses of 0, 40, 200, or 1000 mg kg-day�1 for
consecutive 28 days. Those animals administered lanthanum
chloride demonstrated a slight decrease in body weight due to
decreased food intake at the 200 and 1000 mg kg�1 doses.
Changes in serum transaminase activity were also observed at
the higher dose (1000 mg kg�1). These findings suggest liver
toxicity, though no corresponding histopathological changes
were observed. At the higher dose, stomach lesions were also
observed. This is not surprising, given the chloride form of the
lanthanides and its potential for irritation. Similar effects were
observed for the other lanthanides tested.

In another series of studies of the soluble lanthanide chlo-
rides, rats were fed gadolinium, samarium, terbium, thulium,
ytterbium, praseodymium, neodymium, lutetium, europium,
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dysprosium, holmium, and erbium chloride in their diet at
doses of 0, 5, 50, and 500 mg kg-day�1 for 12 weeks. Only
ytterbium chloride caused any significant effect, with the high
dose causing gastric hemorrhages. The other lanthanides
caused no adverse effects at the maximum 500 mg kg�1 dose.
Chronic Toxicity

Animal

In one of the only drinking water studies of the lanthanides,
mice consumed yttrium nitrate at 5 ppm for 18 months. Based
on this concentration, the calculated dose was 0.95 mg kg-day�1.
A decrease in body weight was observed in the animals over the
course of the study. However, survival of the animals compared
to controls was not affected following lifetime exposure.

Human

A 3-year study of dialysis patients taking oral therapeutic
doses of lanthanum carbonate as high as 3000 mg day�1

indicated no clinical evidence of treatment-related chronic
toxicity. Current literature on long-term (20-year), occupational
inhalation exposure to high levels of lanthanide dust suggests
that the lanthanide oxides may cause benign pneumoconiosis
(the deposition of material in the lung, visible on X-ray,
without any impairment of lung function). This conclusion is
further supported by animal studies. Pneumoconiosis was the
key potential human health effect identified by the United
States Environmental Protection Agency (US EPA) in a recent
toxicological review of cerium oxide.
Immunotoxicity

Several immunotoxicity related studies of the lanthanides have
shown impacts on lung inflammation. The degree of inflam-
mation seems dependent on particle size, solubility behavior,
and differences between individual lanthanides. Lanthanide
nanoparticles have caused an inflammatory response in both
lung in vivo and in vitro studies.
Reproductive Toxicity

In a reproductive toxicity study, a diet containing a number of
heavy metals including the lanthanides (as oxides) was fed to
mice over three generations. The highest calculated lanthanide
dose in the diet was a combination of the following: 156 mg
dysprosium kg-day�1, 5 mg europium kg-day�1, 52 mg lantha-
num kg-day�1, 104 mg samarium kg-day�1, 156 mg terbium kg-
day�1, 16 mg ytterbium kg-day�1, and 10 mg thulium kg-day�1.
After three generations of exposure, no reproductive or other
health effects were observed in the treated animals. At much
higher doses, mixed results were seen in developmental studies
of lanthanumcarbonate in rats and rabbits. In pregnant rats, oral
administration of lanthanum carbonate at doses as high as
2000 mg kg-day�1 resulted in no evidence of harm to the fetus.
In pregnant rabbits, oral administration of lanthanumcarbonate
at 1500 mg kg-day�1was associatedwith a reduction inmaternal
body weight gain and food consumption, increased post-
implantation loss, reduced fetal weights, and delayed fetal
ossification. Lanthanum carbonate, at doses of up to
2000 mg kg-day�1, did not affect fertility ormating performance
of male or female rats.
Genotoxicity

Extensive studies of lanthanumcarbonate demonstrated that it is
not genotoxic in the bacterial reverse mutation assay, the HPRT
gene mutation assay in Chinese hamster ovary cells, rodent
micronucleus tests, and rat liver unscheduled DNA synthesis
bioassay. Cerium oxide, lanthanum concentrate (mixture of
lanthanide hydroxides and chlorides), and leached bastnasite
concentrate (mixture of lanthanide fluorocarbonates) were also
foundnot to be genotoxic in thebacterial reversemutation assay.
Carcinogenicity

Only lanthanum carbonate has undergone carcinogenicity
testing in lifetime rodent studies. Oral administration of
lanthanum carbonate at doses as high as 1500 mg kg-day�1

for 104 weeks resulted in no evidence of carcinogenic
potential in rats. However, mouse oral dosing with
1500 mg kg-day�1 for up to 99 weeks was associated with
some increased incidence of glandular stomach adenomas in
male mice.
Clinical Management

The soluble forms of the lanthanides may cause severe eye and
skin irritation. If direct eye contact, immediately hold eyelids
apart and flush the affected eye(s) with clean water for several
minutes. If skin contact, cleanse affected area(s) thoroughly
washing with mild soap and water.

Ingestion of the soluble lanthanides may cause gastric irri-
tation. The stomach contents can be diluted by drinking
copious amounts of water. Because of potential gastrointestinal
irritation, vomiting should not be induced.

The lanthanide oxides and carbonates have a low degree of
toxicity by ingestion, however, dusts may be abrasive and irri-
tating to the eyes and skin.

Lanthanides, because of their high density, may produce
striking abnormalities on chest X-rays. However, lantha-
nides are generally not believed to be fibrogenic and the
lesions typically have little or no clinical significance.
Occasional cases of suspected pneumoconiosis have been
reported.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

Aquatic toxicology data were found for both the lanthanide
soluble salts and insoluble compounds. The soluble salts are
generally known to have high chronic toxicity in fish and
moderate chronic toxicity in green algae based on exposures in



Table 3 Aquatic toxicity of cerium oxide and bastnasite

Lanthanide Species LC50 (mg/l)

Cerium oxide Fathead minnow 96-h LC50> 50 000
Ceriodaphnia dubia 48-h LC50> 50 000
Green algae 96-h IC25¼ 34 484

Bastnasite Fathead minnow 96-h LC50> 50 000
Ceriodaphnia dubia 48-h LC50> 50 000
Green algae 96-h IC25¼ 23 995

Lambert CE Unpublished data.
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moderately hard water in terms of lanthanide per liter. Some
forms of lanthanum are known to inhibit algal growth by
chelating free phosphate. The high toxicity of the soluble
lanthanides to several species of algae has been demonstrated
and the lanthanides are therefore used in some water treatment
applications to control algae. The insoluble compounds
(oxides and carbonates) generally have low aquatic toxicity as
demonstrated by recent aquatic toxicity data for cerium oxide
and bastnasite (a common mixture of lanthanide fluorocar-
bonates) shown in Table 3.
Marine Organisms Toxicity

Few studies have been conducted in order to determine the
behavior of the lanthanides in the marine environment. As part
of long-termmarine toxicity assessments somebioaccumulation
studies have been undertaken. The bioaccumulation concen-
tration factor for lanthanideshas been shown tobehigher for the
simple organisms such as daphnia and phytoplankton as
compared to more complex species such as shellfish and fish.
Studies on shellfish and fish demonstrate that the soluble
lanthanides have overall low bioaccumulation potential.
Terrestrial Organisms Toxicity

There is limited information available on the terrestrial eco-
toxicology. Lanthanides do not appear to be essential elements
for plants and animals, though low concentrations can increase
plant growth. In general, plants do not absorb lanthanides well
from soil. This negligible accumulation of lanthanides by
plants blocks the dietary transfer of lanthanides from the soil to
wildlife. In mammals, the gastrointestinal absorption of most
lanthanides is poor.

One study assessed the toxicity of lanthanides in soil
invertebrates. In this study, native microflora were exposed
to soils treated with 57 ppm lanthanum chloride for 23
days. Reduced respiration, which can be directly related to
reproductive success, was observed at 57 ppm lanthanum
chloride.
Other Hazards

Always refer to the appropriate Material Safety Data Sheet and/
or Safety Data Sheet for detailed information on handling and
disposal of a specific lanthanide material. The soluble lantha-
nides may be corrosive. Some lanthanide materials are known
to contain small amounts of thorium – the US EPA has
determined that generally the amount of thorium present is too
small to produce any effect due to radiation.
Exposure Standards and Guidelines

Of the lanthanides, only yttrium has occupational exposure
standards: American Conference of Governmental and
Industrial Hygienists threshold limit value (ACGIH TLV) of
1 mgm�3 time-weighted average. The other lanthanides
have toxicity similar to or less toxic than yttrium and
therefore the exposure limits set for yttrium or the ACGIH
dust exposure limit (10 mgm�3) are generally used for
the other lanthanides. The US EPA has recently developed
a reference concentration for cerium oxide inhalation
exposure of 0.0009 mgm�3 that is protective of the general
population.

See also: Kidney; Metals.
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Introduction

As society has become more sensitive to both actual and
perceived toxic threats to human health and the environment
in recent decades, toxicologists have become indispensable to
certain types of legal proceedings. Legislators, regulatory offi-
cials, judges, and juries depend on toxicologists to provide
expert advice, opinions, and testimony that often determine
the course and scope of laws and regulations, as well as the
outcome of lawsuits. The purpose of this article is to describe
the interplay between toxicology and various aspects of the law,
including regulation, legislation, and civil and criminal litiga-
tion. The final section offers an overview of the expert witness
process so that a toxicologist who is considering a request to
provide expert testimony will know what to expect.
Toxicology and Regulation

The US Congress authorizes specific governmental entities to
write regulations, which provide the regulatory officials with
instructions for implementing the laws they administer, and
regulated industries with information on how laws will be
enforced. These regulations include the mandatory technical,
operational, and legal requirements that apply to businesses,
state and local governments, and other regulated entities.
Toxicologists perform a vital role by evaluating scientific
information within the framework of laws and regulations
administered by several federal regulatory agencies, including
the Consumer Product Safety Commission (CPSC), the Envi-
ronmental Protection Agency (EPA), the Food and Drug
Administration (FDA), and the Occupational Safety and Health
Administration (OSHA). The discussion that follows provides
a brief summary of each of these agencies, their regulatory
mandates, and specific examples of administrative actions or
lawsuits that involved scientific data.
Consumer Product Safety Commission

The CPSC protects the public from unreasonable risks of injury
or death by ensuring the safety of consumer products, such as
toys, power tools and household chemicals (Cf. household
pesticides are addressed by the EPA under the Federal Insecti-
cide, Fungicide, and Rodenticide Act). The CPSC administers
a number of laws; however, its jurisdiction primarily comes
from the Consumer Product Safety Act (15 U.S.C. x 2501, et.
seq.), the Consumer Product Safety Improvement Act (CPSIA;
15 U.S.C. x 2087), and the Federal Hazardous Substances Act
(FHSA; 15 U.S.C. 1251 et. seq.). The FHSA regulates hazardous
substances, including mixtures of hazardous substances, in
consumer products that are toxic, corrosive, irritating, sensi-
tizing, flammable, or combustible. The FHSA sets forth specific
definitions for these hazards and applicable testing criteria.
Toxicologists employed by the CPSC test substances or
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mixtures that possess these properties to determine whether
they “may cause substantial personal injury or substantial
illness during or as a proximate result of any customary or
reasonably foreseeable handling or use, including reasonably
foreseeable ingestion by children.” No formal guidance is
available to evaluate exposure; however, the CPSC takes the
following into consideration when determining potential
exposures:

1. How the contents and form of the product might cause an
injury,

2. the product’s intended handling, use, and storage, and
3. any accidents that might foreseeably happen during the

handling, use, or storage that could hurt the purchaser, user,
or others, including young children who might get into the
package of the product.

If the CPSC determines that a substance is hazardous and
that exposures are likely to occur, the FHSA requires that
a prominent label be placed on the product, which includes
a signal word (e.g., ‘DANGER’), statement of the principal
hazard(s) (e.g., ‘HARMFUL OR FATAL IF SWALLOWED’), etc.

Under x212 of the CPSIA, the CPSC has developed an
online searchable database of product recalls and reports
available at: http://www.saferproducts.gov/Search/default.
aspx. The database allows interested parties to search product
categories, dates, etc., for specific recalls and reports. Recalls can
occur for a number of reasons, including the identification of
post-marketing hazards. For example, on 14 August 2012,
Canon USA, Inc. recalled the EOS Rebel T4i digital SLR camera
because a specific chemical used in the rubber hand grips posed
a skin irritation risk.
Environmental Protection Agency

The EPA administers dozens of laws in whole or in part that are
designed to enable the Agency to protect human health and the
environment. These laws empower the Agency to regulate new
and existing industrial chemicals and pesticides, chemical
emissions from air and water sources, etc. A complete review of
the EPA’s role in administering these laws is beyond the scope
of this article. An example of how toxicologists interact with
EPA, however, is the EPA’s Integrated Risk Information System
(IRIS).

IRIS develops health assessments (i.e., hazard identification
and dose–response evaluation) that are used by different
offices within the Agency. IRIS values include non-cancer
reference values (i.e., oral reference doses or RfDs and inhala-
tion reference concentrations) and cancer risk estimates (i.e.,
oral slope factors and inhalation unit risks). IRIS also assigns
weight-of-evidence descriptors to describe a substance’s
potential to cause cancer in humans. IRIS values are commonly
used with informing EPA’s regulatory decision-making activi-
ties under the Safe Drinking Water Act (SDWA; 42 U.S.C. x300f
et seq), the Comprehensive Environmental Response,
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00992-1
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Compensation and Liability Act (Superfund; 42 U.S.C. x9601 et
seq.).

Under the SDWA, EPA is authorized to set drinking water
quality standards, which specify health-based limits for
contaminants through non-enforceable maximum contami-
nant level goals (MCLGs), as well as enforceable maximum
contaminant levels (MCLs) or treatment technologies (TTs).
MCLGs are developed based on non-cancer or cancer effects
and are defined as “the level at which no known or anticipated
adverse effects on the health of persons occur and which allows
an adequate margin of safety.” For non-cancer effects,
a drinking water equivalent level (DWEL) is derived using the
following formula:

DWEL ¼ ðRfD� bodyweightÞ � daily water intake

where,

RfD ¼ mg per kg-bw per day
Body weight ¼ 70 kg (adult) or 10 kg (child)
Daily water intake ¼ 2 l day�1 (adult) or 1 l day�1 (child)

The DWEL is then multiplied by the relative source contri-
bution (RSC) of water, assumed to be 20%, to determine the
MCLG. The RSC is based on a percentage of the RfD that takes
into account exposures from other routes, such as diet or
inhalation. The MCL is then set as close to the MCLG as
possible. However, TTs may be established in place of MCLs
when no reliable methods exist that are economically or tech-
nically feasible for measuring a contaminant at low concen-
trations. For substances classified as possible human
carcinogens, MCLGs are calculated as discussed; however, an
additional safety factor of 10 is applied. For example, the
DWEL for di(2-ethylhexyl)adipate is 20 mg l�1. This value was
multiplied by an RSC of 20% and then divided by a safety
factor of 10 to derive the MCLG of 0.4 mg l�1. For substances
classified as likely, probable, or known human carcinogens, the
MCLG is set at a default value of zero – that is, the presumption
is that no known level of exposure will be without an adverse
effect. This default approach has, however, been challenged in
court because the SDWA requires the Agency to use “the best
available, peer-reviewed science and supporting studies con-
ducted in accordance with sound and objective scientific
practices.”

In 1994, EPA set the chloroform MCLG at zero based on the
absence of evidence at that time to support a nonlinear or
threshold carcinogenic effect. When this value was reevaluated
in 1998, new scientific evidence was available that supported
that chloroform was carcinogenic by a mode of action that
indicated a threshold. Specifically, EPA published a request for
comments on a notice of data availability in March 1998 in
which it stated: “EPA concludes that the nonlinear default or
margin of exposure approach is the preferred approach for
quantifying the cancer risk associated with chloroform because
the evidence is stronger for a nonlinear mode of carcinogenic
action.” However, in December 1998, EPA issued the final rule
and set the chloroform MCLG at zero. In response, the Amer-
ican Chemistry Council’s Chlorine Chemistry Council sought
judicial review of this rule because it claimed that that EPA had
not used the best available science, as required by the statute,
when deriving this value. The court agreed and concluded
“.the Agency’s December 1998 rule adopting a zero MCLG for
chloroform to be arbitrary and capricious and in excess of
statutory authority.” The current MCLG for chloroform is set
at 0.07 mg l�1 and is based on the IRIS program’s carcinoge-
nicity evaluation, which concluded that chloroform is
a threshold carcinogen.
Food and Drug Administration

The FDA is a regulatory agency within the US Department of
Health and Human Services. Its primary authority is derived
from the Federal Food, Drug, and Cosmetics Act of 1938
(FD&C Act; 21 U.S.C. x301 et seq., and amendments by
subsequent enactments). The FDA is responsible for ensuring
the safety of human and veterinary drugs, biologics, and some
medical devices through premarket approval. FDA also regu-
lates the labeling of dietary supplements and cosmetics;
however, these products do not undergo premarket approval,
rather the product manufacturers are responsible for con-
ducting safety evaluations and ensuring that the products are
otherwise compliant with the FD&C Act. Finally, the FDA has
regulatory authority over the safety and security of food,
which includes regulating a number of naturally occurring
substances based on whether they are ‘added’ or ‘nonadded.’
An infamous lawsuit developed over this latter distinction,
which resulted in a judicially developed action level for
mercury in fish.

In 1970, the FDA began enforcing an action level of
0.5 ppm mercury in fish, which was subsequently proposed
through informal rulemaking. This value resulted in a de facto
ban on swordfish, an apex predator, which typically has higher
levels of mercury. Therefore, selling swordfish with levels of
mercury above the action level was considered ‘adulterated’
under the FD&C Act. During this same time period, FDA
promulgated regulations that distinguished ‘added’ versus
‘nonadded’ naturally occurring substances and concluded that
mercury was an ‘added’ substance under the FD&C Act. In
April 1977, the United States filed an injunction against
Anderson Seafoods, Inc., and its president, Charles F. Ander-
son, to prevent them from selling swordfish that contained
mercury in excess of the action level (i.e., selling an adulter-
ated food). One month later, Anderson sought a declaratory
judgment that fish containing 2.0 ppm mercury or less were
not adulterated. The presiding judge denied both the injunc-
tion and the declaratory judgment, determined that mercury
was an ‘added’ substance, and concluded, based on expert
testimony, that “.swordfish containing 1.0 ppm or less of
mercury pose no reasonable possibility of injury to anyone’s
health.[and] cannot be deemed adulterated within the
meaning of section 342(a)(1).” The FDA continues to enforce
an action level for methylmercury of 1.0 ppm in fish to
this day.
Occupational Safety and Health Administration

OSHA is a regulatory agency that is part of the US Department
of Labor. OSHA is responsible for administering the Occupa-
tional Safety and Health Act of 1970 (OSH Act; 29 U.S.C. x
651). Under the OSH Act, OSHA is required to ensure safe and
healthful working conditions by enforcing standards devel-
oped under the Act, assisting states with ensuring safe and
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healthful working conditions, and providing education,
training, and research in occupational safety and health.

With regard to standards, OSHA establishes legally
enforceable permissible exposure limits (PELs), which are
subject to pre-enforcement judicial review. The OSH Act
defines a standard as being “.reasonably necessary or appro-
priate to provide safe or healthful employment and places of
employment.” When promulgating PELs for “toxic materials
or harmful physical agents,” the Act requires that the standard
be set at a level “.which most adequately assures, to the extent
feasible, on the basis of the best available evidence, that no
employee will suffer material impairment of health or func-
tional capacity.” PELs represent the airborne concentration
limit for a substance over an 8 h time-weighted average,
although PELs may also contain skin designations. OSHA has
established nearly 500 PELs. It is noteworthy that OSHA’s PEL
for benzene, a known human carcinogen, resulted in a legal
challenge that was ultimately decided by the US Supreme
Court.

On 21 May 1977, OSHA issued an emergency standard that
reduced the PEL for benzene from 10 to 1 ppm, based on
information indicating that benzene may cause leukemia at
exposures below 25 ppm. This standard was challenged in
court, and on 17 May 1977, the Court of Appeals for the Fifth
Circuit issued a temporary restraining order. Thereafter, OSHA
abandoned the emergency standard and proposed a draft PEL
for benzene of 1 ppm, which was finalized on 10 February
1978. In response, the American Petroleum Institute, along
with other petitioners, filed an application for pre-enforcement
judicial review. The Court granted review and determined that
OSHA had not shown under x652(8) that the reduced PEL was
‘reasonably necessary’ and that x655(b)(5) ‘does not give
OSHA the unbridled discretion to adopt standards designed to
create absolutely risk-free workplaces regardless of the cost.’
The Court concluded that reducing the PEL for benzene from
10 to 1 ppmwas not “.reasonably necessary to provide safe or
healthful employment.” After this ruling, OSHA and an
industrial labor union department filed a petition for writ of
certiorari; however, the US Supreme Court affirmed the lower
Court’s ruling.

The OSHA PEL for benzene remained at 10 ppm until 1987,
when OSHA had provided the requisite information to support
lowering the PEL to 1 ppm, where it remains today.
Toxicology and Legislation

In the United States, public officials at many levels of govern-
ment are responsible for setting environmental health and
safety standards. Because civil servants and legislators often do
not have a background in science, they look to experts to assist
them with these tasks. Legislative committees are routinely
formed to take evidence and hear testimony regarding health,
safety, and environmental issues (e.g., product safety and risks,
vehicle and power plant emission standards, the potential
impacts of oil and gas exploration). Special committees or task
forces are also formed to respond to catastrophic events caused
by or involving releases of toxic substances (e.g., oil spills or
plant explosions). Toxicologists may be asked to provide
reports to legislative committees or to testify regarding the
potential health effects of human contact with environmental
toxicants. Legislators then consider toxicologists’ testimony in
deciding whether or how to draft new legislation or how to vote
on pending legislation.

Toxicologists can become involved in these proceedings in
several ways. Often, they are retained by a company or an
industry group whose product is the subject of legislative
scrutiny. In such cases, the toxicologist will be asked to draft
a report addressing one or more specific aspects of the product
or summarizing the available scientific literature regarding
a product’s known or suspected toxic effects at various dose
levels. Toxicologists may also be retained by public interest or
advocacy groups to present testimony regarding the alleged
effects of human or animal exposure to a product. Finally,
toxicologists may be asked or compelled (via subpoena) by the
legislators to appear before legislative committees for the
purpose of providing information or answering questions
about their research on or work with a particular substance or
chemical.

An Internet search of ‘toxicologist congressional testimony’
will return over onemillion results. Some examples from recent
years include:

l 25 April 2012: House Committee on Science, Space and
Technology, Subcommittee on Investigations and Oversight
and Committee on Small Business, Subcommittee on
Healthcare and Technology, Joint Hearing: How the Report
on Carcinogens Uses Science to Meet its Statutory Objec-
tives and its Impact on Small Business. Witnesses included
Linda Burnbaum, director of the National Institute of
Environmental Health and Sciences and National Toxi-
cology Program, US Department of Health and Human
Services and James S. Bus, director of External Toxicology,
Toxicology and Environmental Research Consulting, The
Dow Chemical Company.

l 28 March 2012: House Committee on Energy and
Commerce, Subcommittee on Health. Michael D. Bartolo-
meis, toxicologist and head of the Safe Cosmetics Program
for the California Department of Health, testified about safe
ingredients in personal care products.

l 4 October 2011: House Committee on Science, Space and
Technology: Subcommittee on Energy and the Environ-
ment: Quality Science for Quality Air. Witnesses included
Dr. Roger O. McClellan, advisor, Toxicology and Human
Health Risk Analysis and Dr. Michael Honeycutt, chief
toxicologist, Texas Commission on Environmental
Quality.

l 8 June 2011: Joint Hearing of the Senate Subcommittees on
Clean Air and Nuclear Safety and Children’s Health and
Environmental Responsibility. Dr. Julie Goodman, a toxi-
cologist and epidemiologist with Gradient Corporation,
testified about air quality and children’s health.

l 15 September 2010: House Committee on Transportation
and Infrastructure. Scott Masten, senior scientist, National
Toxicology Program, testified about the impacts of the
Enbridge Oil Pipeline Spill in Marshall, Michigan.

These are but a few examples of the kinds of testimony
toxicologists are called to give. Hundreds of toxicologists
provide such testimony each year to federal and state legislative
committees, administrative bodies, and public forums.
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Toxicologists have occasionally expressed frustration over
their interactions with the legislative process. This is not
surprising. Legislators are not scientists. They are politicians
and policy makers. Their efforts are sometimes guided by
scientific evidence and at other times may be perceived as
antagonistic to good science. Even when a legislator takes
science into account and tries to apply it to legislation, other
legislators with differing agendas will necessarily become
involved at various points in the legislative process. The result
is most often a compromise, which, to a toxicologist, may
appear to reflect a misapplication of the scientific evidence he
or she presented to the legislators. As Otto Von Bismarck is
purported to have said, however, if you like either laws or
sausages, you do not want to know too much about how either
is made. Still, despite the vagaries of the legislative process,
toxicologists should not shy away from opportunities to
present their research and opinions to legislative committees.
While good science may not always result in well-designed
laws, an absence of good science will all but guarantee unin-
formed legislation.
Toxicology and Litigation

In the courtroom, the role of the toxicologist almost always
revolves around the question of causation. Whether the matter
is civil or criminal, the toxicologist’s role is to provide an expert
opinion regarding whether a particular substance can or has
caused a particular effect.
Criminal Cases

Anyone who has watched a crime drama on television or read
amystery novel is familiar with the scene where the toxicologist
gives dramatic testimony regarding the cause of the victim’s
death. While reality is usually not quite so dramatic, toxicolo-
gists are often employed to testify regarding elements of crim-
inal cases. Toxicologists have been called upon to provide
evidence of alcohol or cannabis intoxication based on analyses
of blood samples; arsenic poisoning based on tissue, hair, and
fingernail samples; Darvon poisoning based on bile samples;
and methamphetamine possession based on urine samples. In
one recent case, a toxicologist was asked to testify in a homicide
case. Relying on blood tests, the toxicologist opined that the
defendant placed a potentially fatal dose of an anti-depressant
into the victim’s coffee, but the actual cause of death was
carbon monoxide poisoning arising from the fire the defendant
set in the victim’s mobile home.

Each state has its own court system governed by its own
rules. The federal court system, by contrast, follows unified sets
of rules of evidence and procedure in all 50 states and all US
territories. Criminal cases involving murder, arson, drug
possession, and similar crimes are usually filed in state courts
rather than in federal court, so rules on the admissibility of
toxicological evidence in such cases will differ slightly from
state to state. Generally speaking, however, a toxicologist
providing evidence in a criminal case will need to testify
regarding his or her qualifications, the laboratory procedures
and protocols he or she employed, the accuracy or reliability of
the test methods, and whether the test methods employed are
of a type commonly relied on by experts in the field. The
toxicologist or some other qualified witness may also have to
verify that the test was administered properly and that the
evidence was not contaminated or tampered with prior to
testing. The toxicologist’s testimony will either provide
evidence of the crime itself (i.e., poisoning or drug possession)
or will be evidence of an aggravating circumstance giving rise to
a more serious crime or stiffer penalty (i.e., evidence of intox-
ication supporting a charge of vehicular homicide as opposed
to vehicular assault). Often, toxicological testing in criminal
cases is provided by a toxicologist employed or retained by the
state crime laboratory. Defendants, however, usually present
rebuttal evidence from a private clinical toxicology laboratory.
Civil Cases

Types of Cases in Which Toxicologists Might Testify as Experts
Civil cases are the cases in which money damages rather than
jail time or fines are at stake. Toxicologists become involved in
such cases most often when the plaintiff is claiming that he or
she has suffered personal injury or property damage as a result
of contact with a hazardous substance. Examples include
wrongful death cases, disease claims, medical monitoring cases,
and trespass or nuisance cases. In these types of matters,
commonly known as ‘toxic tort’ litigation, toxicologists or
similar professionals are essential to proving or disproving the
element of causation. Without the assistance of a toxicologist,
the plaintiff may not be able to carry his or her burden of proof,
and the case may not be allowed to go to the jury. Defendants
often use toxicologists to refute plaintiffs’ claims of cause and
effect or to identify alternative causes for a plaintiff’s condition.

Admissibility of Expert Testimony
For expert testimony to be useful in court, however, it must first
be admissible. ‘Admissible’means that the judge will allow the
testimony into evidence at trial and will allow the jury to
consider it. Much of the case law in recent decades dealing with
toxicology has revolved around the question of what sort of
toxicological evidence is admissible. There is good reason for
this.

Experts are called upon when the subject matter at issue is
‘beyond the ken’ (i.e., over the head) of the average layman.
The job of an expert is to explain highly technical subjects to
jurors who generally have no background in those subjects.
Think of it this way: In the space of a few minutes or (at most)
a few hours, an expert must teach a college-level mini-course to
a group of people who were involuntarily summoned to jury
service and have no personal interest in the outcome of the
case. The jurors are subjected to conflicting expert opinions on
some key aspect of the case and are expected to decide which
expert is right, and which side should win. But because the
jurors are not generally given – and could not be expected to
understand – the expert’s underlying data or background
research, there is a significant danger that an unscrupulous or
unqualified expert could convince the jury to make its decision
based on ‘bad’ science. It is the judge’s responsibility to make
sure experts are well qualified and that their work follows
rigorous scientific methods. Because, however, the Seventh
Amendment to the US Constitution guarantees the parties the
right to a trial by jury, the trial court must be careful not to
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interfere with the jury’s role in deciding the facts. This can be
a difficult balance. Fortunately, a significant body of law has
developed to guide judges in making these critical decisions.

Daubert: Focus on Methodology
The admissibility of expert testimony in federal court is gov-
erned by Federal Rule of Evidence 702, as interpreted by the
Supreme Court in Daubert v. Merril Dow and subsequently
amended. Under Rule 702, when scientific, technical, or other
specialized knowledge will assist the trier of fact in under-
standing the evidence or determining a fact in issue, “a witness
qualified as an expert by knowledge, skill, experience, training
or education, may testify in the form of an opinion or other-
wise if (1) the testimony is based upon sufficient facts or data,
(2) the testimony is the product of reliable principles and
methods, and (3) the witness has applied the principles and
methods reliably to the facts of the case.” Rule 702 gives trial
courts a gatekeeping responsibility to ensure that expert opin-
ions presented to a jury are based on an adequate factual
foundation and are the product of reliable methodology. The
judge achieves the necessary balance by exercising this gate-
keeping role. If the judge admits only testimony from qualified
experts who have based their opinions on appropriately strin-
gent methods, then the jury will be allowed to decide the case
based on ‘good’ science, even if the opposing expert’s express
conflicting opinions on a key issue, such as causation.

Daubert requires the trial judge to ensure that any scientific
testimony or evidence admitted is not only relevant, but also
reliable. While the Supreme Court did not set out a definitive
checklist or test for reliability, it did list several factors that
should be considered in ruling on the admissibility of expert
testimony, including whether a scientific theory or technique
has been or can be tested; whether the scientific theory has been
subjected to peer evaluation and publication; the actual or
potential error rate and existence of any standards controlling
the technique’s operation; and whether the theory has been
generally accepted in a particular field. The test of reliability,
however, is flexible and there is no requirement that the judge
consider each one of the factors when making an admissibility
ruling. As one court recently observed:
Exactly what is involved in ‘reliability’ was not and could not have
been filled out by Daubert. Rather, the answers must come from
developing case law in adjudicating individual controversies. The
question of admissibility must be tied to the facts of a particular case.

The purpose of the rule in Daubert “is to make certain that
an expert, whether basing testimony upon professional studies
or personal experience, employs in the courtroom the same
level of intellectual rigor that characterizes the practice of an
expert in the relevant field.” In other words, Daubert “separates
expert opinion evidence based on ‘good grounds’ from
subjective speculation that masquerades as scientific
knowledge.”

Since the Daubert decision in 1993, federal courts across the
country have handed down hundreds of decisions analyzing
which sorts of opinions are admissible and which are not.
Courts have excluded expert testimony on the basis of various
methodological flaws. A few examples include:
l Porter v. Whitehall Laboratories, Inc. The Seventh Circuit
affirmed rejection of proposed causation opinions where
the witnesses could not distinguish their opinions from
mere subjective belief. Even experts must show that they
used science and not speculation to come to their
conclusions.

l Cavallo v. Star Enterprise. The Eastern District of Virginia
excluded opinions from a toxicologist and immunologist,
finding that they had failed to explicate what scientific
methods they had followed. The toxicologist failed to
identify ‘no effect levels’ for the chemicals he identified as
causal agents of plaintiff’s respiratory sensitization. The
literature upon which he relied did not directly support his
conclusions. The immunologist’s testimony regarding
causation was also excluded because he was unaware of the
duration and intensity of the exposure and was unable to
support his opinion other by relying on the temporal
sequence and some effort to eliminate other possible causes.

l Schmaltz v. Norfolk & Western Ry. Co. The Northern District
of Illinois excluded proffered testimony by a treating
physician who (1) was unaware of the level of plaintiff’s
exposure; (2) knew of no documented cases of defendant’s
product causing reactive airway dysfunction syndrome; and
(3) relied on studies of eye irritation in animals rather than
respiratory problems in humans. A second expert’s opinion
was excluded because it was based principally on temporal
congruity and not application of scientific analysis.

l Knight v. Kirby Inland Marine. The Northern District of Mis-
sissippi provided a detailed analysis of theDaubert standard.
The Knight court held that an expert must follow a trans-
parent and reproducible method to arrive at a conclusion
about general causation. The court held that it is important
to know whether the theory can and has been tested,
whether the known or potential rate of error is acceptable.
The Knight court reiterated that science in the courtroom
should be no less rigorous than science in the laboratory. It
is not enough to show the data, then hide the analytical
method in a ‘black box’ so that no one can tell how the
expert worked through the data to arrive at his ultimate
conclusion. If an expert’s opinions do not follow a repro-
ducible methodology, then they are nothing more than
learned ‘say-so.’

Because the Supreme Court in Daubert did not set down
a definitive checklist for admissibility of expert testimony, the
lower courts have grappled with how to applyDaubert in a wide
variety of situations. The post-Daubert cases, however, tend to
share common elements. If a toxicologist wants his or her
testimony to be admissible in a civil case, he or she must follow
a reproducible method that can be tested by other scientists. At
a minimum, the toxicologist must be willing to ‘show his (or
her) work.’ It is not enough for an expert to say that he or she
considered the evidence, applied his or her knowledge and
training, and then arrived at a scientific conclusion.
Joiner: Focus on Extrapolation
Because no two exposures and no two plaintiffs are ever exactly
the same, toxicologists in the courtroom are often asked to
analogize or extrapolate from the available scientific evidence
to the particular facts of plaintiff’s case. For example, there may
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be no human epidemiology studies demonstrating that
chemical X causes disease Y, but there may be animal studies
that link the exposure to the disease. Alternatively, it may never
have been demonstrated that chemical X caused plaintiff’s
particular disease, but there may be evidence indicating that the
chemical has caused a related disease. For a toxicologist to
opine on causation in such a case, he or she will need to engage
in a process of extrapolation. Here again, the courts require
a reproducible methodology.

The Supreme Court dealt with this issue in General Electric v.
Joiner. In Joiner, the plaintiff was an electrician. He was exposed
to PCBs on the job, and later contracted lung cancer. He had
been a smoker, and had significant exposure to second-hand
smoke. Plaintiff’s experts claimed that PCBs ‘promoted’ plain-
tiff’s lung cancer, and that the cancer would not have occurred
but for the exposure.

The defendants contended that plaintiff’s experts’ opinions
were no more than speculation, because they were not sup-
ported by relevant human epidemiology studies, but rather by
isolated studies of laboratory animals. The animal studies
involved infant mice who were given subcutaneous injections
of high levels of PCBs and later developed cancer. Plaintiff, by
contrast, was an adult male whose exposure to PCBs was much
more indirect. Further, the mice and the plaintiff developed
different forms of cancer. Nonetheless, plaintiff’s experts
opined that the animal studies and a handful of human
epidemiology studies (examining exposures and populations
that were very dissimilar from plaintiff’s circumstances) were
proof that plaintiff’s PCB exposure caused his disease. The US
Supreme Court found that the experts’ testimony was not
admissible under Daubert because the experts had not suffi-
ciently explained how they extrapolated from the available
evidence to their opinions. In one of the more famous passages
in this area of the law, Justice Rehnquist stated:
Trained experts commonly extrapolate from existing data. But
nothing in either Daubert or the Federal Rules of Evidence requires
a district court to admit opinion evidence that is connected to
existing data only by the ipse dixit of the expert. A court may conclude
that there is simply too great an analytical gap between the data and
the opinion proffered.

Trial judges may evaluate the data offered to support an
expert’s opinion to determine if the data provides ‘adequate
support to mark the expert’s testimony as reliable.’ This does
not mean that trial courts are empowered to determine which
of several competing theories ‘has the best provenance.’ Dau-
bert, Joiner and related cases do not require that a party who
proffers expert testimony prove – prior to trial – that the
expert’s assessment of the situation is correct. The proponent
must only show that the expert reached his or her conclusion in
a scientifically sound and methodologically reliable fashion.
Milward, and Recent Case Law Examining the Difficulty of
Separating Method from Substance
The substance of an expert’s testimony (i.e., did exposure to
chemical X cause plaintiff’s illness?) should, in theory, be easy
to separate from the issue of the admissibility of that testimony
(i.e., is the expert’s methodology sufficiently robust and has he
or she explained it with sufficient clarity?) In practice, however,
issues of substance and admissibility often become inter-
twined. Indeed, the Supreme Court in Joiner observed that
“conclusions and methodology are not entirely distinct from
one another.” This interrelationship between method and
substance may be due to the inherent difficulty in proving
causation. That is, the expert’s opinion on whether a substance
did or did not cause a particular injury will – or at least should
– follow as a natural consequence of the method the expert
employed in coming to his or her conclusion. By challenging
an expert’s methodology for reaching his or her opinions,
a lawyer is also challenging the substance of those opinions.
But what happens when an expert’s opinion appears to be
based on a robust methodology, yet results in a novel, untested,
or even surprising conclusion? That was the problem the First
Circuit confronted in Milward v. Acuity Specialty Products Group.

In Milward, a plaintiff was a refrigeration technician who
claimed that he had contracted acute promyelocytic leukemia
(APL) from exposure to benzene-containing products manu-
factured or supplied by defendants. The defendants contended
that benzene exposure is not generally accepted to be a cause of
APL. After a four-day Daubert hearing, the trial court agreed,
and ruled that the expert’s opinion “that exposure to benzene
can cause APL lacks sufficient demonstrated scientific reliability
to warrant its admission under Rule 702.” The First Circuit
reversed.

The First Circuit examined the evidence the expert had
submitted in support of his opinion and his methodology for
arriving at that opinion. The expert claimed to have used a five-
step weight of the evidence methodology, based on the Brad-
ford-Hill criteria. The Court recognized, however, that the Hill
criteria are not a litmus test. Any scientist employing the Hill
criteria or any other structured method for evaluating scientific
evidence must, in the end, make a judgment as to whether the
available evidence supports any inference of causation. The
Court observed:
This “weight of the evidence” approach to making causal determi-
nations involves a mode of logical reasoning often described as
“inference to the best explanation,” in which the conclusion is not
guaranteed by the premises. As explained by plaintiffs’ expert, . . .
inference to the best explanation can be thought of as involving six
general steps, some of which may be implicit. The scientist must (1)
identify an association between an exposure and a disease, (2)
consider a range of plausible explanations for the association, (3)
rank the rival explanations according to their plausibility, (4) seek
additional evidence to separate the more plausible from the less
plausible explanations, (5) consider all of the relevant available
evidence, and (6) integrate the evidence using professional judgment
to come to a conclusion about the best explanation.

In this mode of reasoning, the use of scientific judgment is
necessary. No algorithm exists for applying the Hill guidelines to
determine whether an association truly reflects a causal relationship
or is spurious.
* * *
The fact that the role of judgment in the weight of the evidence
approach is more readily apparent than it is in other methodologies
does not mean that the approach is any less scientific.

The First Circuit held that the trial court had erred by
excluding the expert’s testimony based primarily on the trial
court’s finding that the connection between APL and benzene
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was not generally accepted in the scientific community. The
First Circuit acknowledged that the expert’s opinions might
eventually prove to be unconvincing, or even wrong, but still
held that the lower court erred in excluding the testimony:
The court’s analysis repeatedly challenged the factual underpinnings
of [the expert’s] opinion, and took sides on questions that are
currently the focus of extensive scientific research and debate – and
on which reasonable scientists can clearly disagree. In this, the court
overstepped the authorized bounds of its role as gatekeeper. The
soundness of the factual underpinnings of the expert’s analysis and
the correctness of the expert’s conclusions based on that analysis are
factual matters to be determined by the trier of fact. When the factual
underpinning of an expert’s opinion is weak, it is a matter affecting
the weight and credibility of the testimony – a question to be
resolved by the jury.

The Milward case has proved to be extremely controversial.
Some commentators contend that Milward has opened the
door to the admission of unreliable testimony, as long as the
expert can claim to have followed a detailed methodology. One
commentator even referred to Milward as the “holistic-weight-
of-the-evidence-via-subjective-judgment-performed-by-an-
adequately-credentialed-person ‘general causation test.’”
Nonetheless, other courts have begun to follow Milward.

For example, in Kuhn v.Wyeth, Inc., the plaintiffs claimed that
short-termexposure toPrempro, a hormone replacement therapy
manufactured by defendant, caused them to develop breast
cancer. Plaintiffs’ expert opined that short-term exposure to Pre-
mprohadbeenproven to causebreast cancer. The trial court ruled
that the expert had not followed a reproducible methodology,
and so excluded the testimony. The plaintiff appealed.

On appeal, the Eighth Circuit reversed. Wyeth had claimed
that a randomized controlled study of over 160 000 women
(the ‘WHI Study’) had demonstrated that Prempro did not
increase a woman’s risk of breast cancer over the short term.
Wyeth argued that there was no reliable scientific basis for
plaintiffs’ expert’s conclusion regarding the risks of short-term
exposure. In making this assertion, Wyeth relied on the WHI’s
Study’s conclusion that women who took Prempro for 3 years
or less actually had a lower risk of breast cancer than women
who took a placebo, and also on the general assertion that the
medical and scientific communities had accepted the WHI
Study as a definitive ‘gold standard’ study.

In response, the plaintiffs’ expert argued that the WHI Study
was not powerful enough to detect short-term effects, and the
Prempro could act as a ‘growth promoting agent’ causing
cancer-susceptible cells to become cancerous. Plaintiffs’ experts
also cited a number of observational studies that found an
increase of breast cancer after 3 years or less of Prempro
therapy. Wyeth replied that plaintiffs’ experts had ‘cherry
picked’ studies that showed an increase in risk rather than
acknowledging that the overwhelming weight-of-evidence
demonstrated no increased risk.

In ruling that the plaintiffs’ experts opinions were admis-
sible, the Eighth Circuit observed that, at the Daubert-hearing
stage, the plaintiff is not required to prove that his or her expert
is correct on the merits. Further, plaintiffs’ experts do not have
the burden of disproving the defense’s evidence (in this case the
WHI Study) but rather only to show that they reached their
contrary opinions by reliable scientific methods. Who is right
and who is wrong is for the jury to sort out based on the parties’
presentation of the evidence followed by rigorous cross-
examination. The Eighth Circuit implied that the plaintiffs’
experts’ opinions were ‘shaky,’ but because they followed
a clear, reproducible methodology, they were admissible. The
court concluded:
[Plaintiffs’ expert] has presented reliable epidemiological evidence to
support his opinion that short-term use of Prempro increases the risk
of breast cancer. There may be several scientific studies supporting
Wyeth’s contrary position, but it is not the province of the court to
choose between competing theories when both are supported by
reliable scientific evidence.

Defense attorneys tend to disparage decisions like Milward
and Kuhn because the courts have allowed what could be
characterized as transparently flimsy expert opinions to be
admitted into evidence. TheMilward and Kuhn courts, however,
would presumably respond that it is not a trial judge’s job to
exclude expert opinions which the scientific community
generally considers to be ‘wrong’ or ‘false.’ Rather, in the exer-
cise of their gatekeeping roles, judges are only to consider
whether the experts’ opinions are methodologically sound. The
truth or falsity of the experts’ opinions is for the jury to decide.
Frye and the General Acceptance Tests
The state courts are separate from the federal court system, and
as such are not obligated to follow Federal Rule of Evidence
702 or the Daubert/Joiner line of cases. Each state is entitled to
consider the issue of admissibility and to decide on its own. A
majority of states have elected to follow various formulations
of the Daubert standard. The remaining states follow varying
standards, mostly based on a 1923 D.C. Circuit Decision, Frye
v. U.S.

The Frye standard is sometimes called the ‘general accep-
tance’ test. Under Frye, scientific evidence is admissible at trial if
the methodology upon which the expert’s opinion is based is
“sufficiently established to have gained general acceptance in
the particular field in which it belongs.” If the court finds that
the underlying method the expert uses is reasonably relied
upon by other experts in the field, the evidence is admissible,
even if the expert’s conclusion is novel.

‘General acceptance’ is not the same thing as universal
acceptance. Some courts have found that general acceptance is
established if the expert’s methodology is supported by a clear
majority of the members of the relevant scientific community.
However, a methodology is not generally accepted if it is
‘experimental or of dubious validity.’ Furthermore, the results
of a controversial technique will not be admitted if the scien-
tific community remains significantly divided.

In examining whether a scientific methodology is generally
accepted in the relevant scientific community, Frye courts have
examined (1) publications; (2) the testimony of other experts
in the field; (3) practical applications; (4) biological plausi-
bility; (5) case studies and reports; and (6) prior judicial
decisions. Frye courts typically find an expert’s methodology
generally accepted when published scientific literature supports
the expert’s theories or observations.
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Other courts have held that an expert’s methodology is
generally accepted in the scientific community when it has been
published in a peer-reviewed journal. Moreover, experts who
have received awards for their research on causation theories
and have been asked to present their research at international
conferences have met the general acceptance test. Courts look
favorably upon experts whose articles are published in highly
prestigious medical journals and referenced in medical text-
books. Courts have also found that an expert’s methodology is
generally accepted when premier institutions or regulatory
bodies support the expert’s methodology.

Critics of the Frye standard argue that it is open to mischief
on the part of plaintiffs and their experts. Frye courts are not
obligated to examine the expert’s methodology, but rather
simply to assess whether it is generally accepted by others. Most
often, the evidence of general acceptance comes from the expert
himself or herself. For example, the lawyer presenting the
expert simply asks, “In reaching your conclusions, have you
followed a method that is generally accepted in your field?” If
the expert says yes, the follow-up question is, ‘Please explain.’
That’s all there is to it in some courts. Therefore, critics argue, all
a dishonest expert needs to do is to couch his or her opinions in
terms that appear to parallel a generally accepted field, and the
opinion is admissible even if it is novel, unprecedented, or
transparently false. While a few states tenaciously adhere to the
Frye standard, support for the Frye standard around the United
States appears to be diminishing.

The Substance of a Toxicologist’s Testimony in Civil Cases:
Proving Causation
Despite the varying standards for admissibility, courts generally
agree that proof of causation in toxic tort cases is a two-pronged
inquiry: “Scientific knowledge of the harmful level of exposure to
a chemical, plus knowledge that the plaintiff was exposed to such
quantities, are minimal facts necessary to sustain the plaintiff’s
burden.” The first prong is called ‘generic’ or ‘general’ causation;
the second is known as ‘specific’ or ‘individual’ causation.

General Causation
Plaintiffs establish general causation by demonstrating, often
through a review of epidemiological literature, that exposure to
a substance can cause a particular disease (e.g., that smoking
cigarettes can cause lung cancer). Before a jury can be asked to
decide whether a substance caused a specific injury, the plaintiff
must first independently ‘rule in’ the toxin in question as
a matter of general causation. Cases from federal and state
courts around the country generally hold that the plaintiff must
establish general causation as a threshold matter: “[W]ithout
general causation, there can be no specific causation.”

In evaluating an alleged association between a chemical
agent and a particular disease, epidemiological studies are
considered by courts and by scientists to be the best evidence. A
lively debate exists in the legal community about the proper
use of epidemiological studies to prove a general association
between common exposures and uncommon ailments. For
some exposures – such as asbestos and mesothelioma or
cigarette smoking and lung cancer – the association between
the exposure and the disease is well established in the medical
literature. As one court noted, “Toxic tort cases usually come in
two broad categories: first, those cases in which the medical
community generally recognizes the toxicity of the drug or
chemical at issue, and second, those cases in which the medical
community does not generally recognize the agent as both
toxic and causing the injury plaintiff alleges.” More often, as in
the Milward case, an expert will use evidence that a substance
has been associated with one disease (i.e., high levels of
benzene and AML) to argue that the same substance can cause
a different disease (e.g., low levels of benzene and APL). Courts
have grappled with the question of how much evidence, in the
form of epidemiological studies or otherwise, is enough to
prove general causation, and whether an expert can use
epidemiological studies to support conclusions that the
epidemiology studies themselves did not reach.

Specific Causation
Once the alleged toxin has been ruled in as a potential cause of
a plaintiff’s illness, the plaintiff must prove that his or her
exposure to the alleged toxin was intense enough to cause his
or her disease. Stated another way, “The plaintiff must show
that she was exposed to the toxic substance and that the level of
exposure was sufficient to induce the complained-of medical
condition.” It is important to note that the specific causation
prong does not require the toxicologist to demonstrate that the
exposure at issue did in fact cause the plaintiff’s condition, but
rather that the plaintiff’s exposure was high enough so that the
toxicologist can opine that it is ‘more probable than not’ that it
caused the illness. Here again, an expert toxicologist may face
major hurdles to proving causation.

The biggest difficulty with proving specific causation is
usually dose reconstruction. In many cases involving workplace
exposures or community exposures, the plaintiff’s exposure
level or internal dose level is unknown. In order to recreate
exposure and dose, toxicologists sometimes have the aid of
historical industrial hygiene monitoring data or other
measurements of air or water quality. More often than not,
however, the toxicologist must re-create the plaintiff’s exposure
history by relying on anecdotal information from the plaintiff
or family members combined with what little information can
be gleaned from environmental samples. As an alternative,
a toxicologist may attempt to reason by analogy to exposure
studies contained in the published literature. The plaintiff’s
toxicologist’s dose reconstruction will almost always be subject
to attack by the defendant and its counsel because dose recon-
structions are by necessity based on assumptions. A flimsy dose
reconstruction can also get an expert’s opinions excluded under
Daubert. This can be problematic for plaintiff’s experts because
most cases are filed many years after the plaintiff was exposed to
the substance that allegedly caused the disease. While the best
practices for dose reconstruction are beyond the scope of this
article, it is important to note that exposure and dose recon-
struction issues are a major subject of Daubert case law.

The case of Savage v. Union Pacific highlights the difficulty. In
Savage, the plaintiff claimed that he ‘wallowed’ in chemicals,
including creosote, at work, and that he would come home
each day ‘covered from head to foot with oils and grease’.
Plaintiff’s expert concluded that plaintiff’s creosote exposure
caused or contributed to his development of basal cell carci-
noma. Based on plaintiff’s own testimony, plaintiff’s expert
testified that plaintiff had ‘years of exposure’ and that plaintiff’s
exposure to creosote was ‘prolonged.’



56 Law and Toxicology
In rejecting plaintiff’s expert’s causation testimony under
Daubert, the court stated:
There is sufficient evidence that Plaintiff was around and physically
in touch with the creosote. In Dr. Boyd’s view the Plaintiff had
“prolonged exposure,” indeed, “years” of exposure. But Plaintiff has
produced no scientific data showing the nature of creosote exposure
required to initiate or promote the development of basal cell carci-
noma. Nor has he shown the level of such exposure needed to cause
such skin cancer in humans generally. Nor does he show with any
degree of scientific reliability the level of his own exposure. In sum,
Plaintiff has failed to present the fundamental information necessary
to establish the scientific validity of Dr. Boyd’s opinions. For this
reason, Dr. Boyd’s opinions with respect to creosote cannot meet the
requirements of Daubert.

Savage also highlights the difficulty with the second leg of
the specific causation analysis: Was plaintiff’s exposure high
enough or intense enough to cause plaintiff’s illness? The mere
fact that plaintiff claimed to have been continually exposed to
a substance at a high level was not enough to prove that his
exposure was ‘enough.’

Pluck v. B.P. Oil Pipeline Co. was a similar case. Plaintiffs
claimed that their property was contaminated with benzene,
and that Ms. Pluck contracted non-Hodgkin’s lymphoma as
a result of exposure to benzene spills. The Seventh Circuit held
that the District Court had properly excluded the testimony of
plaintiff’s expert, Dr. James Dahlgren. The Seventh Circuit
observed that Dr. Dahlgren:
[did] not ascertain Ms. Pluck’s level of benzene exposure, nor did he
determine whether she was exposed to quantities of benzene
exceeding the EPA’s safety regulations. To the contrary, Dahlgren
admitted that he had limited exposure data, and that the results of
soil and water tests from the Pluck’s property were still pending.
Nevertheless, he concluded that chronic low level exposure can and
does cause NHL; Ms. Pluck ‘probably had years of exposure to
benzene and other organic solvents considerably above background’
and that ‘there is no safe level of benzene in terms of causing cancer.’

The court held that this speculative approach to dose
reconstruction was simply not enough to establish specific
causation.

There is no doubt that proving specific causation in toxic
tort cases is often the most difficult hurdle plaintiffs must
overcome. Courts understand that many substances are toxic or
even carcinogenic, and also that people are exposed to such
substances every day through air, water, food, and other
contacts with the outside world. Courts are also generally
attuned to attempts by experts to reason from effects to cause
(i.e., we know she was exposed, and we know she got sick, so
she must have had enough exposure to get sick). The reported
cases contain more decisions holding that the plaintiffs’ experts
failed to meet this criterion than cases holding that the plain-
tiffs’ experts succeeded.
Practical Considerations

A toxicologist who is asked to participate in a civil case as an
expert will need to follow several steps. The first will be the
preparation of an expert report. Under Rule 26 of the Federal
Rules of Civil Procedure, the expert report must contain (note:
state courts sometimes require less extensive expert witness
disclosures):

l a complete statement of all opinions the witness will
express and the basis and reasons for them;

l the facts or data considered by the witness in forming them;
l any exhibits that will be used to summarize or support

them;
l the witness’s qualifications, including a list of all publica-

tions authored in the previous 10 years;
l a list of all other cases in which, during the previous 4 years,

the witness testified as an expert at trial or by deposition;
and

l a statement of the compensation to be paid for the study
and testimony in the case.

At some time after the expert produces the report, he or she
will likely be asked to provide sworn deposition testimony. The
deposition will be transcribed and likely video-recorded. The
opposing parties’ counsel will ask questions regarding the
report and all bases and potential bases of the expert’s opinion.
The expert should be prepared to fully explain and support
each of his or her opinions related to general causation, specific
causation, or both. Should the expert fail to support any of his
or her opinions, it is likely that those opinions will be excluded
by the trial judge. Both the report and the deposition should
include a description of the expert’s methodology for reaching
his or her conclusions. Once again, the expert’s opinion will
likely be excluded if he or she cannot describe a transparent,
reproducible method for reaching his or her opinions.

Daubert motions are a common next step. The opposing
counsel may file a motion, relying on Daubert, Joiner, and
related cases, claiming that the expert’s opinions are not
admissible for one or all of the reasons described. The expert
may be asked to prepare a supplemental affidavit in opposition
to the motion, further explaining the basis for his or her
opinions. To the extent, however, that any of the statements
contained in a supplemental affidavit are not referenced in the
expert’s report, they will likely be excluded. The judge may also
schedule a Daubert hearing. At the Daubert hearing, the expert
may be cross examined by opposing counsel or the judge
regarding the basis for his or her opinions.

Most cases settle, so an expert should not be too upset if he
or she does not get to testify at trial. Should a trial occur, the
expert will work closely with the attorney who retained him or
her to craft a presentation that is both entertaining to the jury
and contains all the elements necessary to carry the plaintiffs’
burden of proof. Most often the process of preparing for trial
involves creating PowerPoint slides or other visual aids that
will help the expert explain his or her opinions in a way that
will be both interesting and understandable to a jury
comprised of nonscientists.
Conclusion

Toxicologists, therefore, are critical to certain aspects of legal
proceedings. These include the creation of risk-based regulatory
standards and the proof of causation in civil and criminal trials.
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A significant body of law has developed regarding when and
how toxicology experts’ opinions will be used in legal
proceedings. This article has endeavored to provide an over-
view of the case law and statutes that apply to toxicologists. For
more information, readers are encouraged to contact the
authors.

See also: Alcoholic Beverages and Health Effects;
Amphetamines; Arsenic; Blood; Carbon Monoxide; Chemicals
in Consumer Products; Consumer Product Safety Commission;
Criminal Enforcement of Environmental Laws; Environmental &
Health Laws, Europe; Environmental Protection Agency, US;
Environmental Risk Assessment, Cosmetic and Consumer
Products; Food, Drug, and Cosmetic Act, US; Forensic
Toxicology; Marijuana; National Institute for Occupational
Safety and Health; Occupational Exposure Limits; Occupational
Safety and Health Act, US; Occupational Safety and Health
Administration; Opium and the Constituent Opiates; Recalls,
Drugs and Consumer Products; Safe Drinking Water Act;
Tricyclic Antidepressants.
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Introduction

The 50% lethal dose (LD50) is the statistically calculated dose (or
concentration) of a material (generally expressed as the amount
of material per unit of body weight) that would be expected to
cause the death of half the members of the target species
receiving it. The 50% lethal concentration (LC50) is the equiva-
lent statistical projection for inhalation. Until the mid-1980s,
these figures were considered perhaps the basic component of
a toxicity profile for any chemical or drug. However, after many
years of controversy and debate on a number of fronts, including
objections from animal rights advocates, three alternative
animal tests have been developed to replace the LD50. They are
thefixed dose procedure, the acute toxic classmethod and the up
and down (or up/down) method, and their use has led to
significant improvements in animal welfare. These new tests
have undergone revision and refinement to improve their
scientific performance and increase their regulatory acceptance.
Further, research into replacements for test animals, such as
cellular cultures, organs harvested from slaughterhouses, in silico
(computer) modeling, and physical/chemical systems, has been
extensive. Although these approaches will not completely
replace the use of animals in the foreseeable future, they have
a bright future.

The in vitro cytotoxicity tests that have been developed can
already help to reduce the number of animals used in acute oral
toxicity testing. For example, cytotoxicity data are being used
to determine the starting dose for in vivo testing by applying
a standard regression between cytotoxicity and acute oral LD50

values. A database of correlations between cytotoxic responses
and the acute oral LD50 of rats or mice has been determined for
hundreds of chemicals. Using this approach, it has been
proposed that a tiered in vitro/in vivo testing process will reduce
animal use in the up/down method. For example, the in vitro
cytotoxicity of a new chemical is determined as the first step,
and the LD50 value (mg kg�1) is predicted from the cytotoxicity
data. The predicted LD50 dose is then used as the starting dose
in the up/down protocol.

In silico models (or expert systems) have also been devel-
oped. These are computer software-based structure–activity
relationship and quantitative structure–activity relationship
analyses of data libraries of acute toxicity data developed for
use in evaluating and predicting the acute oral and inhalation
toxicity potential of a chemical or drug.

Although most of the focus has been on the potential for
oral toxicity, in vitro testing and computer modeling for the
evaluation and prediction of respiratory toxicity are also being
developed. For example, one strategy consists of checking the
existing data available for the test material itself, or on related
substances, followed by acquiring knowledge on the physico-
chemical properties of the test material. These steps are fol-
lowed by the use of computer modeling techniques to try to
predict the likely toxic effects and target sites. In vitro tests could
then follow to identify likely target cells and evaluate the
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specific effects on the cells (e.g., morphology could be deter-
mined and assessments of the cellular energy status). A further
phase of in vitro tests could then be conducted on the basis of
results obtained in the first phase of in vitro testing, choosing
from tests using various types of respiratory tract cells.

When did modern Western society become concerned with
lethality testing? For what reasons were protocols developed for
describing lethality in animals in quantitative terms for the
purposes of making scientific, regulatory, or marketing deci-
sions? Interestingly, in this age of genetic engineering, few
people realize that biologically derived materials were the
subject of regulations well before the passage of the Pure Food
and Drug Act in the United States in 1906. In 1901, a diph-
theria epidemic broke out in St. Louis, MO, because of
improperly manufactured anti-diphtheria toxin. In response to
the resulting public outcry, the US Congress passed the Virus
Act of 1902. It regulated all viruses, serums, toxins, antitoxins,
and other such products sold for the prevention or cure of
disease in humans. Among other things, the bill eventually
established consistent potency criteria. In fact, by World War II,
the US FDA was requiring batch-to-batch certification and
release for biologicals, a policy that remains in effect for certain
drugs. Hence, the earliest lethality testing was for the purpose
of establishing consistent potencies of biologicals, such as
diphtheria toxin, and not for evaluating synthetic chemicals.

One of the earliest publications discussing lethality testing
was an investigation into the lethality of diphtheria toxin in
guinea pigs. The publication described lethality empirically in
terms of percentage of dead animals at each dosage because
methods for calculating lethality curves and the median lethal
dosage had not yet been developed. The authors reported that
lethal response to a given dosage of toxin varied with the time
of the year. Hence, years before the term LD50 came into
parlance, supposedly as an exact indicator of toxicity, data had
been published attesting to the volatility and imprecision of
this calculated parameter.

Because the first use of lethality testing was in describing the
potency of biologicals, it only makes sense that the same
methods were soon applied to extracted botanicals. (Note:
There is no doubt that both the Germans and the English tested
in animals the various poison gases employed during World
War I. Little of this work, however, appears to have been
published in the open scientific literature, although portions of
it have recently been made public.) In 1926, de Lind van
Wijngaarden published on the lethality of digitalis extracts.
Interestingly, he did not plot his data as mortality versus dose.
He delivered his extracts intravenously and titrated the dosage
until he achieved complete heart stoppage. He was thus able to
determine the precise lethal dosage for each animal and noted
that these followed a bell-shaped or Gaussian distribution. His
experiments took 5 years and usedmore than 500 cats, an effort
that would have been excessive and expensive by today’s
standards. However, he did conclude that no more than nine
cats would normally be required to ‘calibrate’ an extract of
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00867-8
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digitalis. Trevan, in a pivotal paper (1927), described the
lethality of strophanthin, cocaine, and insulin. Modern reviews
have focused a great deal of attention on the large number of
frogs used by Trevan. Most of the data he discussed, however,
were derived from experiments in mice using cocaine or
insulin. Perhaps so little attention was given to this aspect of
Trevan’s paper, even though it comprised the major portions of
his work (which ran to 31 pages and contained 11 figures and 6
tables of data), because it has never been replicated. For some
of the lethality curves reported by Trevan, well over 900 mice
were dosed. Again, such efforts would be excessive and
expensive by today’s standards but were necessitated, in part,
by the less rigorous method of deriving lethality curves and
calculating the median lethal dosage (LD50). Modern methods
of data transformation and statistical analysis were, at that
time, still in their infancy. He also recognized that it was not
necessary to describe an entire dosage–response curve to
calculate an LD50. He, in fact, recommended that lethality
determinations start with small groups of two or three animals
each and that larger groups be used for confirmatory purposes.

Behren confirmed the observations of both de Lind van
Wijngaarden and Trevan. It is clear from his article that the use
of animals for standardizing digitalis extracts was accepted to
the point of being incorporated into the German and Dutch
pharmacopoeias. The objective of his paper was to compare the
cat and frog methods and develop a basis for using fewer
animals. He concluded that the frog method was superior and
that no more than 44 frogs needed to be used, which was
considerably less than the 100–200 frogs prescribed in the
German pharmacopoeia of that period. Interestingly, these
early papers are often criticized with regard to the numbers of
animals used, but the objectives and conclusions are often
ignored.

Both Trevan and Behrens noted that when the percentage of
animals that died at specific dosages was plotted against the
logarithm of the dosage, the resulting curve (the lethal dosage
curve) had a sigmoidal shape slope and range that was ‘char-
acteristic’ for the species and the test substance. Shackell (1925)
first pointed out that such curves are integrated or cumulative
frequency curves (or ogives) and coined the term ‘dose–
response ogive’ (curve). Trevan noted that these curves owe
their shape to the fact that different individual animals require
different quantities of poison for death to occur. It was also
Trevan who identified the midpoint on this curve as being the
dosage that would kill 50% of the animals exposed. He
designed that point as the median lethal dose, or LD50, and,
thus, is widely credited with having developed the classical
LD50. Trevan and Behrans essentially read the LD50 directly
from their mortality dose–response curves.

Lethality testing of biologicals and botanicals was essen-
tially a response to governmental regulation. It was only
natural that similar methods would be applied to synthetic
chemicals. Major chemical companies started establishing
toxicity or industrial health laboratories during the 1930s; the
lethality testing of synthetic chemicals was established by the
1930s. However, there were no regulatory requirements for
such tests. In fact, there was no premarketing toxicity testing of
synthetic chemicals required at all. In 1937, an elixir or sulfa-
nilamide dissolved in ethylene glycol was introduced into the
market. More than 100 people died as a result of ethylene
glycol toxicity. The public response to this tragedy helped
prompt the US Congress to pass the Federal Food, Drug, and
Cosmetic Act of 1938. It was this law that mandated the
premarket testing of drugs for safety in experimental
animals. By the mid-1940s, most chemical and pharmaceutical
companies were routinely testing new chemicals for lethality.
In fact, until the 1960s, preclinical or premarketing toxicity data
packages normally consisted of little more than acute lethality
data. Recently, new laws, increased scientific sophistication,
and greater societal concern over sublethal chronic toxicity has
led to more extensive and expensive preclinical or premar-
keting toxicity testing packages, in which acute lethality is
a small, but still real, concern.

The protocols used to assess lethality have changed
considerably since the 1920s. Although the principles origi-
nally described by Trevan have never been questioned, the
methods for calculating the LD50 have become more sophis-
ticated and the need for a high degree of precision has been
questioned. The practical result is that by using modern
protocols, relatively few animals and species (generally rats
and mice) are employed and only two routes of administration
are used. At least one route must be the intended or the
most probable human exposure route. Hence, such protocols
generally result in the generation of eight lethal dosage curves
(one/route/sex/species). In the drug industry (in which this
approach is common), the two routes are generally oral and
intraperitoneal for an oral drug and oral and intravenous for an
intravenous drug.
Protocol Design Considerations

Whatever type of experimental protocol one chooses to use in
a lethality test, there are certain principles and criteria that
should be universally applied. The principles are especially
relevant in studies in which small numbers of animals are used.

First, a wide variety of intrinsic and extrinsic factors can
influence the outcome of a lethality test. These include species,
strain or substrain, age, weight, and sex of the animals;
husbandry practices (e.g., type of bedding and cage pop-
ulation); environmental conditions; feed and water quality;
nutritional state; and volume and vehicles of test substance
delivery. The point to be made here is that the criteria for all
these factors should be specified in detail in the protocol and
strict adherence to the protocol observed. Otherwise, intrastudy
comparisons are invalid. Small differences in protocols can
cause large differences in the LD50 and are probably the major
cause of the considerable laboratory-to-laboratory variation in
the LD50s.

Second, because the animals generally receive a single
exposure, great care must be given to the preparation and
delivery of the test articles. In a chronic study, occasional
miscalculations or misdelivery of the dosage would not
generally greatly affect the study outcome, but would clearly
have a greater effect on the conclusions of a lethality screen.
One should always include appropriate safeguards.

Third, one must make sure that all animals are successfully
dosed and that accidental deaths are identified as such. In acute
rodent studies, we routinely assign spare animals to a dosing
group. Permanent numbers are not assigned until we are
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certain that the dose has been successfully delivered (e.g., Was
the supposedly intraperitoneal dose accidentally delivered
intravenously? Was there reflux from the site?). Spare animals
not dosed are returned to the pool of animals available for the
study. Animals found dead should be examined for evidence of
accidental trauma. For example, it is not uncommon for a rat
to suddenly move while being gavaged. This may result in
a torn esophagus that may take 1 or 2 days to become evident.
Depending on the administration route, one must pay close
attention to dosing techniques and the volume limitations
imposed by these techniques. For example, 20ml kg–1 is the
maximum volume that should be given orally to a rodent.
Deaths that are clearly accidental should not be considered in
the final conclusions.

Fourth, lethality protocols, by the nature of the question
they address, do not specify all dosages. This can sometimes
result in a study in which absurdly high dosages are adminis-
tered. Hence, all protocols should clearly state what the ceiling
or limit dosage will be and the reasons for selection.
Classical (Traditional) Designs

The classical or traditional methods of determining the lethality
of a substance have been established since the 1920s. In dis-
cussing this type of study design, it is assumed that what are
desired, are an LD50 and the slope of the lethality curve. In
general, these are only necessary for meeting specific regulatory
guidelines. If less precise information will suffice (which is
generally the case), other protocols can be used. Briefly, this type
of protocol specifies that animals (of the same species/strain,
sex, and age) be divided into groups. All the animals are treated
via the same route. The animals are then held and observed for
a set and consistent period of time, usually 14 days.

Mortality in each group is calculated on the basis of the
number of animals that die during the observation period and
is normally presented in percentage terms: (number dead/
number dosed)/100. If mortality at each dosage is plotted
against dosages, a sigmoidal dose–response curve is obtained.
The LD50 is simply the dosage, either observed or calculated,
that yields 50% mortality. Seldom are such curves reported as
such because the LD50 is difficult to read off a curvilinear plot
and the small number of dosages normally used makes
drawing an accurate lethal dosage curve difficult. It is most
common to prohibit transforming the data to obtain a recti-
linear plot.

Traditionally, because of US FDA and foreign regulatory
guidelines, protocols have frequently been designed as
batteries, including both sexes of two species (generally rats
and mice) and two routes of administration. At least one route
must be the intended or most probable human exposure route.
Hence, such protocols generally result in the generation of eight
lethal dosage curves (one/route/sex/species).

Although such extensive data packages may still be
required for regulatory purposes, scientifically they are of
little value. First, there is no reason to assume that either the
rat or the mouse is the better predictor for humans – or for
each other. The only general correlation between the rat and
mouse LD50 is that when one is high, so is the other.
Obtaining lethality data from two different rodents, rather
than a single species, does not generally change our
conclusions or improve our understanding of the toxicity of
a drug or chemical or the potential hazard to humans. It is
recommended that a simple preliminary screen be performed
to pick out the most sensitive species and a rigorous protocol
applied only to that species. Because the slope of the fitted
line in these assays has a very large uncertainty, in relation to
the uncertainty of the LD50 itself (the midpoint of the
distribution), great caution must be used with calculated
lethal doses other than LD50s. It is quite possible to calculate
values for other points along the lethality curve, such as the
LD35, a value close to the LD50, but these are not precise or
statistically ‘stable’ values because of the shape of the curve
in areas away from the center point.

Note: The Registry of Toxic Effects of Chemical Substances
(http://www.cdc.gov/niosh/rtecs.html) is among the largest
single collections of LD50 and LC50 values.

See also: Animal Models; Dose–Response Relationship; Food,
Drug, and Cosmetic Act, US; Levels of Effect in Toxicology
Assessment; Maximum Tolerated Dose; Toxicity Testing,
Alternatives.
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l Name: Lead
l Chemical Abstracts Service Registry Number: 7439-92-1
l Synonym: C.I. Pigment Metal 4
l Molecular Formula: Pb
l Valence States: 0, þ2, þ4
Background

Lead was one of the earliest metals used by humans, with
possible use extending as far back as the seventh millennium
BC, and reaching its preindustrial peak usage during the
reign of the Roman Empire, around the beginning of the
Common Era.
Uses

Lead and its compounds are widely used throughout industry.
They are found in lead acid storage batteries, paints, sheet
metal, bearings, solder, piping, and ammunition. Lead arsenate
is used in insecticides and herbicides. Lead chromate is used as
a yellow pigment in paints, rubber, plastics, and ceramic
coatings. House paints must have <0.05% lead.

Various arts and hobbies involve lead-containing materials.
Lead is found in artist’s paints (certain pigments), ceramic
glazes (particularly reds), solder used in stained-glass windows,
and linings in containers used for distilling homemade
whiskey. Certain Mexican, Middle Eastern, and Asian folk
remedies and cosmetics contain lead.

In the past, lead solder was used to seal canned foods and
lead pipes were used to carry drinking water. Tetraethyl lead
was once routinely added to gasoline as an antiknock agent;
certain vehicles may still use leaded gasoline (e.g., agricultural
vehicles). Lead was commonly used in paint, with certain
formulations containing up to 50% lead.
Environmental Fate

Lead in the earth’s crust is about 15–20 mg kg�1. Lead occurs
naturally in the environment. However, most of the lead
dispersed throughout the environment comes from human
activities. Before the use of leaded gasoline was limited, most of
the lead released into the US environment came from car
exhaust. Because the EPA has limited the use of leaded gasoline,
the amount of lead released into the air has decreased. Other
sources of lead released into the air include burning fuel, such
as coal or oil, industrial processes, and burning solid waste.

The release of lead to air is now less than the release of lead to
soil. Most of the lead in inner city soils comes from landfills and
leaded paint. Landfills contain waste from lead ore mining,
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ammunition manufacturing, and other industrial activities such
as battery production. Very little lead goes directly into water.

Higher levels of lead from car exhausts can be measured
near roadways. Very low levels of lead from car exhausts are
found at distances of 25m (82 ft) from the road edge.
However, once lead goes into the atmosphere, it may travel
thousands of miles if the lead particles are small or if the lead
compounds are volatile. Lead is removed from the air by rain as
well as by particles falling to the ground or into surface water.
Once lead deposits on soil, it usually sticks to soil particles.
Small amounts of lead may enter rivers, lakes, and streams
when soil particles are displaced by rainwater. Lead may
remain stuck to soil particles in water for many years. Move-
ment of lead from soil particles into underground water or
drinking water is unlikely unless the water is acidic or ‘soft.’

Some of the chemicals that contain lead are broken down
by sunlight, air, and water to other forms of lead. Lead
compounds in water may combine with different chemicals
depending on the acidity and temperature of the water. The
lead atom cannot be broken down.

The levels of lead may build up in plants and animals from
areas in which air, water, or soil are contaminated with lead. If
animals eat contaminated plants or animals, most of the lead
they eat will pass through their bodies. The small amount
absorbed can cause harmful effects. The amount of lead in
paints sold for consumer use may not exceed 0.06%.

Releases from lead-based paints are frequently confined to
the area in the immediate vicinity of painted surfaces, and
deterioration or removal of the paint can result in high local-
ized concentrations of lead in indoor air and on exposed
surfaces. Sandblasting procedures to remove paint may
disperse lead into the local environment.

The largest volume of organolead vapors released to the
atmosphere results from industrial processes such as primary
and secondary nonferrous metal smelting, and from the use of
leaded gasoline, which contains tetraethyl lead as an antiknock
additive. These vapors are photoreactive, and their presence
in the local atmosphere is transitory. Halogenated lead
compounds are also formed and, ultimately, oxides and
carbonates. Tetra-alkyl lead compounds have been found to
contribute 5–10% of the total particulate lead present in the
atmosphere. Organolead vapors are most likely to occur in
occupational settings (e.g., gasoline transport and handling
operations, gas stations, and parking garages) and high traffic
areas.

Although aquatic releases from industrial facilities are
expected to be small, lead may be present in significant levels in
drinking water. In areas receiving acid rain (e.g., northeastern
United States) the acidity of drinking water may increase, thus
increasing the corrosivity of the water, which may, in turn,
result in the leaching of lead from water systems, particularly
from older systems during the first flush of water through the
4-3.00868-X 61
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pipes. Fish in more acidic waters accumulate more lead than
fish in a more alkaline environment.

The grounding of household electrical systems to the
plumbing can increase corrosion rates and the subsequent
leaching of lead from the lead solder used for copper pipes.
Areas in which the pH of the water is <8.0 may have higher
lead drinking water levels as well.

Canning foods in lead-soldered cans may increase levels of
lead 8- to 10-fold; however, the impact of canning appears to
be decreasing as a result of a decrease in the use of lead-
soldered cans. Additional exposure to lead through dietary
intake by people living in an urban environment is estimated
to be w28 mg day�1 for adults and 91mg day�1 for children,
all of which can be attributed to atmospheric lead (dust).
Atmospheric lead may be added to food crops in the field or
garden (through uptake from soil and from direct deposition
onto crop surfaces), during transport tomarket, processing, and
kitchen preparation.

Lead may leach from lead crystal decanters and glasses into
the liquids they contain. Flaking paint, paint chips, and
weathered powdered paint, which are most commonly asso-
ciated with deteriorated housing stock in urban areas, are major
sources of lead exposure for young children residing in these
houses, particularly for children with pica (i.e., the compulsive,
habitual consumption of nonfood items). Lead concentrations
of 1000–5000mg cm�2 have been found in chips of lead-based
paint, suggesting that consumption of a single chip of paint
would provide greater short-term exposure than any other
source of lead.
Exposure Routes and Pathways

Lead is a multisource pollutant. Exposure to lead and its
compounds may occur through ingestion, inhalation, or
dermal contact. The specific characteristics of a lead compound
influence how exposure is to occur through a particular route
and the degree of absorption into the body through that route.
Most inorganic forms of lead are not well absorbed through the
skin, whereas organic forms (e.g., tetraethyl lead) are more
likely to be absorbed through the skin.

For the general population, ingestion of contaminated water
and food is the primary source of exposure to lead. The average
adult ingests w300 mg of lead each day in food. Inhalation is
the most significant route of exposure to lead in the workplace.

Respirable particulate or gaseous forms of lead may be
inhaled. Sources include cigarette smoke; vehicle exhaust;
emissions from municipal waste incinerators, iron and steel
plants, smelting and refining operations, lead acid battery
manufacturing facilities, and sandblasting; and burning of
surfaces coated with lead paint. Particulate air emissions may
eventually deposit and contaminate the soil.

Direct release of lead-containing industrial wastewater into
surface water or ground water may ultimately impact drinking
water. Lead may also be present in drinking water because of
leaching from old pipes, solder, water coolers, or faucets. Some
historians attribute the fall of the Roman Empire to the effects
of lead leaching from drinking-water pipes and wine casks.

Food may contain low levels of lead because of uptake
from the environment or higher levels because of lead
leaching from containers (e.g., lead crystal or lead containing
glazes on earthenware). An important cause of lead poisoning
in young children is ingestion of peeling and chipping lead-
based paint in older homes.
Toxicokinetics

Lead is readily absorbed through the digestive tract. Absorption
becomes less efficient with age. Children absorb between
30 and 50% of ingested lead, whereas adults absorb less than
one-third of that amount (between 5 and 15%). This absorp-
tion is enhanced by diets deficient in iron, zinc, and calcium.
Absorption is generally greater for organic forms. Lead is well
absorbed from the lung (from 50 to 70% of respirable lead
particulate). Generally, inorganic forms of lead are not absor-
bed through the skin, whereas organic forms (e.g., tetraethyl
lead) can be absorbed.

Once absorbed, lead is distributed throughout the body
tissues via the blood. Almost all (w95%) of the lead in the
blood is found in red blood cells. There are two primary sites in
the red blood cell where lead forms complexes include the
membrane and the hemoglobin. The concentration of lead in
the blood is used as an indicator of recent lead exposure.

Lead tends to accumulate in the kidneys, the brain (i.e., the
gray matter and various nuclei), and the skeleton. Lead can
cross the placenta and has been shown to accumulate in the
developing child. Prolonged exposure to lead (44 weeks) in
young children can lead to the accumulation of lead in the
growth plates at the end of the long bones.

The total body burden of lead is a function of the balance
between the amount being taken in (all routes combined), the
amount distributed throughout the tissues, and the amount
being excreted. Most of the body burden of lead is sequestered
in the bones and teeth: >70% in children and >90% in
adults. The remainder of the body burden is distributed
between soft tissue and the blood. Lead is stored in the bone
for the greatest length of time. The estimated half-lives of lead
range from 10 to 30 years in bone, are 40 days in soft tissues,
and range from 28 to 36 days in blood (in adults). Children
tend to retain approximately five times more absorbed lead
than adults.

In young children (<3 years), the blood–brain barrier (an
anatomical barrier that limits access to the brain) is not fully
developed. Inorganic lead circulating in the blood is much
more likely to reach the brain in an infant or a very young child.

Chronic high-level exposure to lead can result in the accu-
mulation of large stores of lead in the bone, which can be
slowly released over many years after the initial exposure has
stopped. The release of lead from bone may be accelerated
under certain conditions, including high stress, certain meta-
bolic fluctuations, and pregnancy.

Lead is excreted from the body in bile (into feces), and in
urine, sweat, sloughed-off skin cells, and lost hair.
Mechanism of Toxicity

Lead can affect most organs and systems in the body. It can
interfere with certain cellular signaling processes, the generation
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of action potentials in certain nerve cells, and the function of
a number of enzymes. Lead interferes with the sodium–

potassium ATPase pump on cell membranes, the metabolism of
vitamin D, heme synthesis, certain enzymes involved in oxida-
tive phosphorylation (cytochromes), and calcium uptake and
metabolism. In addition, lead can interfere with signal trans-
missions in nerve cells, including dopaminergic transmissions
and signaling processes at the postsynaptic and presynaptic
junctions. Lead can depress the function of the adrenal glands
and the thyroid.

Lead binds certain active groups on protein (e.g., sulfhydryl
groups) and therefore may change the structure and function of
certain proteins and enzymes. Lead interferes with the
biosynthesis of heme in at least two steps in the multi-step
process. Heme proteins are important to the structure and
function of hemoglobin in red blood cells. Lead binds with
8-aminolevulinic acid dehydratase and depresses its activity.
This biochemical block explains the occurrence of anemia
found in chronic lead poisoning. Measurement of the blood
levels of this enzyme is used as a test for lead intoxication. Lead
also interferes with the incorporation of ferrous iron into the
porphyrin ring. If iron is not attached to heme, then zinc will
occupy the iron-binding site. The concentration of zinc proto-
porphyrin also can be used as a diagnostic tool for lead
poisoning.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute lead exposure can lead to renal toxicity. The acute
intraperitoneal LD50 for lead acetate in rodents is 100–
200 mg kg�1. Lead acetate is considerably less toxic by the oral
route (LD50 44 g kg�1 in rats). The acute oral LD50 of tetraethyl
lead in rodents is 10–100 mg kg�1. Acute organo-lead exposure
can sensitize dopaminergic neurotransmission in the central
nervous system.
Human

Anorexia, vomiting, malaise, and convulsions (caused by
increased intracranial pressure) are most commonly seen in
children. Sources of childhood exposures are typically envi-
ronmental such as to paint chips, pottery, drinking water, and
dust. Acute exposure in adults may cause gastrointestinal
effects, pain in arms and legs, and hypertension. Exposure to
very high levels may cause tremor, memory loss, confusion,
stupor, renal failure, convulsions, and coma.
Chronic Toxicity (or Exposure)

Animal

Lead is a tumorigenic, mutagenic, reproductive and develop-
mental toxicant. Neural, renal, and hematologic toxicity are all
possible with chronic exposures. In dogs, sheep, goats, and
cattle, there have been reports of toxicity resulting from contact
with environmental lead. Sources of exposure may include lead
salts, lead-based paints, and waste oils.
Human

Lead can disturb cellular and molecular processes in the body
and affect many organs and physiological functions. The
probability of adverse health effects occurring is related to the
level of exposure, duration of exposure, and total body burden.
The adverse effects associated with exposure to lead are
a function of dose and are usually the same regardless of the
route of exposure. The primary targets for toxicity are the
nervous system, the blood, and the kidneys. Other effects
include impairment of the immune system, which has been
associated with joint pains (lead arthralgia) related to gout,
myocarditis, cardiac fibrosis, weight loss, and anemia.

The most sensitive and vulnerable target for lead appears to
be the nervous system. Exposure to high concentrations of lead
can cause either encephalopathy or peripheral neuropathy.
Encephalopathy is rare in adults but is more likely to occur in
significantly exposed children. It has been observed in young
children (1 and 3 years) following chronic lead poisoning
resulting from ingestion of significant amounts of lead-based
paint. Typically, there is gastrointestinal distress (e.g., colic),
disorientation, stupor, seizures, and coma.

Exposure to lead in adults has been associated with hyper-
tension, nephropathy, decreased hearing acuity, anemia,
peripheral neuropathy, and encephalopathy. Onset of symp-
toms may be slow with chronic exposure. Anemia, common in
chronically exposed adults and children, tends to bemore severe
in children. The life span of red blood cells decreases when lead
concentrations in blood increase. In the past, themorphology of
various blood cells was used to diagnose lead poisoning. Zero
content is allowed in food (Food and Drug Administration).
Immunotoxicity

There are few experimental studies of effects of lead on the
immune system. Lead reduces resistance to infection and
increases mortality of experimental animals when infected with
a broad range of bacterial and viral agents. Lead impairs anti-
body production in animals and generally decreases immu-
noglobin-producing cells.
Reproductive/Developmental Toxicity

In animals, lead can disrupt learned behavior in certain adult
animals and has been shown to disrupt learning and memory
in certain young animals. Young animals tend to be more
susceptible to the effects of lead than older animals. Studies
on monkeys have shown the abnormalities and effects after
lead exposure. Effects included encephalopathy and offspring
that exhibited neurological and behavioral symptoms at
maturity. Reproductive effects can also occur and include male
infertility, abortion, and neonatal morbidity and mortality.
Lead may damage sperm and parts of the reproductive tract.

Inhumans, significant early childhoodexposure (>0.05mg%,
and arguably lower) has been associated with certain neuropsy-
chiatric changes, including learning disorders, decreased IQ,
behavioral abnormalities (e.g., hyperactivity), and deficits in
vocabulary. In addition, decreased growth, loss of hearing acuity,
deficits in reaction time, fine-motor dysfunction, developmental
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abnormalities, deficits in hand–eye coordination, anemia,
and death have been associated with exposure in children.
Symptoms of acute exposure in young children include anorexia,
vomiting, and irritability. In cases of very high levels of exposure,
symptoms may also include slurred speech, peripheral neurop-
athy, paralysis, convulsions, and coma.
Genotoxicity

Lead has in vitro and in vivo clastogenic effects, inducing chro-
mosome aberrations, micronuclei, and sister chromatid
exchanges in lead workers.
Carcinogenicity

Lead is an established animal carcinogen based on data
collected from animal experiments that have shown a tumori-
genic effect of lead. Oral exposure to certain soluble lead
compounds, such as lead acetate and subacetate, has been
shown to induce tumors in kidneys and brain of rats and mice
in more than 20 studies. Rats and mice, exposure to high doses
of lead in the diet, developed ‘chronic cystic nephritis’ after
about 6 months. This was followed by multiple renal tumors,
either adenomas or adenocarcinomas associated with hyper-
plastic foci, and regenerating renal epithelium.

Based on such animal data, lead is classified as a probable
human carcinogen by several agencies including the US Envi-
ronmental Protection Agency (EPA).
Clinical Management

The decision to actively treat a patient exposed to lead is made
based on a number of criteria, including patient history,
symptomatology, blood lead levels, and other indicators of
level of exposure. It is common to screen for exposure to lead
based on blood lead levels (mg dl�1). Certain exposure criteria
are expressed in terms of an acceptable blood lead level. The
Centers for Disease Control and Prevention in Atlanta defines
above 9 mg dl�1 as a trigger of concern in young children. The
concentration of erythrocyte protoporphyrin (EP; a heme-
containing protein) in red blood cells is also used to indicate
exposure levels. The higher the concentrations of EP, the higher
is the exposure level. X-ray techniques may be used to estimate
concentrations of lead in bones and teeth.

Chelation therapy is usually the treatment of choice.
Both CaNa2-EDTA (calcium disodium salt of ethyl-
enediaminetetraacetic acid) and British Antilewisite compound
(BAL; 2,3-dimercaptopropanol) are commonly used to
remove lead from the body. Both are administered via
intramuscular injection. BAL binds lead to sulfhydryl groups
and chelates metal from both inside and outside the cellular
space. Lead removal through the bile and urine is increased
within 30 min of administration. BAL is the common choice
when there is known toxicity to the kidney, but it is contra-
indicated if there is liver failure or glucose-6-phosphate
dehydrogenase deficiency. BAL treatment has produced
a number of adverse reactions, including nausea, vomiting,
tachycardia, and fever.
CaNa2-EDTA binds extracellular lead. After administration,
excretion of lead through the kidneys may be increased 20- to
50-fold. If there is renal dysfunction, use of CaNa2-EDTA may
enhance toxicity.

Blood lead levels may rise after the administration of
CaNa2-EDTA alone. BAL is usually given with CaNa2-EDTA to
reduce toxicity associated with the mobilization of lead stored
in soft tissues. CaNa2-EDTA is usually not used for patients
with known low zinc stores. Sodium-EDTA is not used to treat
lead poisoning because it will also chelate and reduce calcium
in the body.

D-Penicillamine, a chelating agent that can be administered
orally, is currently used to chelate lead on an experimental
basis. Individuals who are allergic to penicillin may experience
adverse reactions to this agent. Toxic effects have been reported
in as many as 20% of the patients treated with this compound.

2,3-Dimercapto-1-propanesulfonic acid and dimercapto-
succinic acid have mechanisms of action similar to BAL. Both
are water-soluble analogs of BAL that can be administered
orally, are less toxic, and have fewer unpleasant side effects than
BAL. They have been found to be effective in removing lead via
the kidneys. Treatment regimens may also include removal
from the source of exposure and changes in the patient’s diet.
Ecotoxicology

The impact of environmental lead on wildlife and ecosystems
has been a subject of study and concern. Water fowl may
become poisoned from ingesting lead shot. Poisoning may
lead to anorexia, lethargy, coma, and death. Other birds have
also been shown to be impacted by environmental lead. Water
fowl can also be contaminated with lead by swallowing fishing
sinkers, in particular the small ‘split shot’ type.
Exposure Standards and Guidelines

Most adult exposure is occupational. The Immediately
Dangerous to Life or Health value for lead is 100 mg m�3. The
recommended exposure limit is 0.1mgm�3 and the permissible
exposure limit/threshold limit value for lead is 0.05 mg m�3.

See also: Behavioral Toxicology; Developmental Toxicology;
EDTA (Ethylenediaminetetraacetic Acid); Kidney; Metals;
Neurotoxicity; Occupational Toxicology; Pollution, Air in
Encyclopedia of Toxicology; Pollution, Water; Psychological
Indices of Toxicity; Reproductive System, Male;
Musculoskeletal System; The History of Toxicology;
Veterinary Toxicology.
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Levels of Effect in Toxicology Assessm
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Within the framework of the risk assessment and risk manage-
ment paradigm of the US National Academy of Sciences (NAS,
1983), the intention of the hazard identification and dose–
response assessment, also known as a toxicity assessment, is to
describe the adverse effects of a chemical on a biological system
and then extrapolate these adverse effects to human beings. The
hazard identification and dose–response assessment of a chem-
ical can be influenced by many different factors, such as route of
administration (oral, inhalation, injection, dermal, etc.), time
and number of exposures (acute, subacute, subchronic, chronic,
or life span), the physical form of the toxin (solid, liquid, and
gas), the genetic makeup of an individual, an individual’s overall
health, and many others. Essentially, all chemicals can cause an
adverse effect if given at high doses in a certain time.

In fact, a continuum of effects is potentially associated with
any chemical exposure and reflects a sequence of effects of
differing severity. From least to most severe, these effects
include adaptive, compensatory, critical, adverse, and frank. At
low dose adaptive effects first occur, where the organism’s
ability to withstand a challenge is enhanced. Doses associated
with such effects are often referred to as no observed adverse
effect levels (NOAELs). The NOAEL is defined as an exposure
level at which there is no statistically or biologically significant
increases in the frequency or severity of adverse effects
between the exposed population and its appropriate control;
some effects may be produced at this level, but they are not
considered neither adverse nor precursors to specific adverse
effects. In an experiment with several NOAELs, the regulatory
focus is primarily on the NOAEL seen at the highest dose. This
leads to the common usage of the term NOAEL to mean the
highest exposure without adverse effect. As dose increases,
compensatory effects occur, which enable the organism to
maintain overall function without further enhancement or
significant cost. Doses associated with such effects are also
often NOAELs.

As dose further increases, the critical effect, the first adverse
effect, or its known precursor, that occurs to the most (relevant
or) sensitive species as the dose rate of an agent increases. Note
that the bracketed phrase ‘relevant or’ is important since the
most relevant species is always preferred over the most sensitive
species (e.g., if data show that the rat is more sensitive than the
human, the human data are still preferred). Also the term
‘precursor’ in this definition is singular, meaning the imme-
diate precursor, not just any prior effect. This restriction is
important both because it ties the concept of critical effect into
6 Encyclopedia of T
common medical practice and because the resulting dose
response, such as a reference dose (RfD), is more meaningful –
without this restriction many lower RfDs can be estimated.
Many examples of appropriate choice of critical effect by
different groups are found on International Toxicity Estimates
for Risk (ITER) database available at http://toxnet.nlm.nih.gov.

Doses associated with such critical effects are generally
considered to be the lowest observed adverse effect levels
(LOAELs). The LOAEL is defined as the lowest exposure level at
which there is statistically or biologically significant increases in
the frequency or severity of adverse effects between the exposed
population and its appropriate control group.

As dose further increases, the critical effect is exceeded, and
adverse effects are manifested as biochemical changes, func-
tional impairments, or pathologic lesions. These progressively
more severe effects impair the performance of the organism
and/or reduce its ability to respond to additional challenges. At
some point, these adverse effects become manifestly overt and
irreversible, and frank effects or disease ensues.

Other terms are often part of the parlance of this area of risk
assessment. These terms include:

l Threshold dose, which is generally assumed to lie in the
interval between the NOAEL and the LOAEL.

l Acceptable daily intake (ADI): The daily intake of a chem-
ical, during a lifetime, appears to be without risk on the
basis of known information at the time, which is generally
assumed to be the NOAEL for a sensitive subpopulation of
humans.

l Tolerable daily intake (TDI): An estimate of the quantity of
a chemical contaminant in food or water, which can be
ingested daily over a lifetime without posing a significant
risk to health. ‘Contaminants’ are different from ‘residues’ in
this context: a contaminant is a chemical that its presence in
food or water does not serve, and never has served, any
useful purpose. TDIs are thus distinct from ADIs, which
relate to residues of chemicals that have been deliberately
added to a product, for example, residues of pesticide sprays
or antifungal agents. However, TDIs are also generally
assumed to be the NOAEL for a sensitive subpopulation of
humans.

l RfD: An estimate (with uncertainty spanning perhaps an
order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to
be without substantial risk of deleterious effects during
a lifetime. It is derived from NOAEL (or the LOAEL if
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a reliable NOAEL is not available) by dividing by an
uncertainty factor (UF). As with the former two terms, the
RfD and its counterpart for inhalation exposures – the
reference concentration (RfC) – are generally assumed to be
the NOAEL for a sensitive subpopulation of humans.

l UF/safety factor (SF): One of several factors for uncertainties
in data that are used in operationally deriving an ADI, TDI,
or RfD from experimental data. If a dose of toxin is safe for
a laboratory rat, a factor of 10-fold might be used to esti-
mate a dose that might be safe for a human to allow for
interspecies differences between two mammals. Similarly,
an UF of 10-fold might be used to protect individuals
believed to be more susceptible to toxic effects such as in
pregnancy or with certain diseases. Although such factors
are not arbitrary (e.g., one does not use a factor for experi-
mental animal to human extrapolation when the point of
departure is from human data), they are imprecise. The
factor generally used is 10-fold, for example, which is
known to be somewhat greater than that needed in an
extrapolation area for an average chemical. Chemical
specific data are now routinely being used to replace these,
and other, default factors.

l Tolerance concentration (TC): A concentration (mgm�3) to
which it is believed that a person can be exposed continu-
ously over a lifetime without deleterious effect. They are
based on noncarcinogenic effects. This has also been
referred to as the RfC.

l LD50: The dose of chemical that is estimated to cause death
in 50% of treated animals usually from acute toxicity testing
when exposure is by swallowing, through skin contact, or by
injection. This measure of acute lethality may not accurately
reflect the full spectrum of toxicity, or hazard, associated
with exposure to a chemical. The LD50 is only a ballpark
figure so that lethal toxicity can be compared among
chemicals. This value reveals little about levels at which
other acutely toxic, but nonlethal, effects might occur.
Despite its former widespread use as a measure of the
relative hazard of a compound to cause serious, life-
threatening poisoning from a single exposure, the LD50 is
widely recognized to be of marginal value currently.

l LC50: The concentration of a chemical that is estimated to
kill 50% of a sample population. It is generally used when
exposure to a chemical is through breathing but in envi-
ronmental studies, it can also mean the concentration of
a chemical in water. This value is also now recognized to be
of marginal value.

l LT50: The time required for half the experimental subjects to
die indicating the time course of the toxic effects but does
not indicate whether one chemical is more toxic than
another. This value is also now recognized to be of marginal
value.

See also: Modifying Factors of Toxicity; Dose–Response
Relationship; Standards and Guidelines for Toxicity Testing;
Toxicity, Acute; Toxicity, Subchronic and Chronic; Uncertainty
Factors; Reference Dose (RfD); LD50/LC50 (Lethal Dosage 50/
Lethal Concentration 50); Maximum Tolerated Dose.
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l Name: Lewisite
l Military Symbol: Lewisite (L)
l Chemical Abstracts Service Registry Number: CAS 541-25-3

(Lewisite 1: 2-chlorovinyldichloroarsine), CAS 40334-69-8
[Lewisite 2: (2-chlorovinyl)chloroarsine], CAS 40334-70-1
[Lewisite 3: Tris(2-chlorovinyl)arsine]

l Synonyms: Arsine, Arsonous, Dichloroarsine, L
l Molecular Formula: C2H2AsCl3
l Chemical Structure: ClCH]HC–AsCl2
Background (Significance/History)

Dr Wilford Lee Lewis first synthesized lewisite in 1918 for use
as a vesicant chemical warfare agent. This synthesis was based
on the thesis work of Julius Arthur Nieuwland at the Catholic
University of America. Its discovery was made too late for use
during World War I, but was later weaponized and garnered the
nickname ‘Dew of Death.’ Several countries have manufactured
and stockpiled lewisite; however, none have officially reported
its battlefield use.
Uses

Lewisite is an arsenical vesicant/blister agent used in chemical
warfare.
Environmental Fate and Behavior

The chemical and physical properties of lewisite (L-1) are
summarized below:

Molecular weight: 207.32 gmol�1

Physical state: oily brown liquid; colorless when pure
Odor: geranium-like scent when impure; odorless when pure
Boiling point: 190 �C
Melting point: 0.1 �C
Specific gravity (water¼ 1): 1.888 at 20 �C
Vapor density (air¼ 1): 7.1
Vapor pressure: 0.34mmHg at 25 �C; 0.22mmHg at 20 �C
Volatility: 0.77–2.5 gm�3 at 20 �C
Exposure and Exposure Monitoring

Lewisite is an oily liquid that is both colorless and odorless
when pure. It most commonly exists in its impure form, where
it has an amber to black color and a geranium-like scent. Like
* The views of the authors do not purport to reflect the position of the US
Department of Defense. The use of trade names does not constitute official
endorsement or approval of the use of such commercial products.
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other vesicants, such as mustard agent, lewisite is used to directly
induce casualties as well as for area denial. Lewisite is also more
volatile than mustard agent and is commonly mixed with this
agent to lower the freezing point to allow for more effective
dispersal in colder climates. The skin, eyes, and respiratory tract
are the main routes of exposure in either its liquid or vapor
states; it can also be ingested through contamination of water
and food supplies.
Toxicokinetics

Overall, very little is known about the toxicokinetics of lewisite.
It is a lipophilic molecule that is readily absorbed into both
skin and mucous membranes. The human estimated median
lethal dose (LD50) for liquid dermal exposure in a 70 kg man is
35–40mg kg�1 and 14 mg of liquid is estimated to be required
for vesication. Inhalation toxicity of lewisite expressed as the
median lethal exposure (LCt50) in a 70 kg man is estimated to
be 1500mgminm�3.
Mechanism of Toxicity

The exact mechanism of lewisite toxicity is not very well
understood. It is hypothesized that the trivalent arsenic in
lewisite combines with the thiol groups in many enzymes,
leading to toxicity. It is easily absorbed by the skin, eyes, and
respiratory tract; lewisite can also enter the body through
ingestion of contaminated material. Areas that come into
direct contact with this agent, such as the skin and mucous
membranes, will form blisters. Once absorbed into the body,
lewisite causes an increase in capillary permeability, which can
induce hypovolemia, shock, and organ damage. This reaction
is known as ‘lewisite shock.’ In contrast to the mustard agents,
lewisite vapor or liquid causes immediate pain or irritation,
although the full effects of exposure are not observed until up
to 18-h following exposure.
Acute and Short-Term Toxicity (Animal/Human)

Lewisite is acutely toxic to the skin, eyes, and respiratory tract as
both a vapor and a liquid. Ingestion of lewisite through
contaminated food or water will cause acute gastrointestinal
toxicity. Other than the specific sites of exposure, lewisite can
be systemically toxic. Concentrations as low as 8mgminm�3

will induce nasal irritation, and its odor is usually detected at
approximately 20mgminm�3. The acute clinical effects of
lewisite are indicated in Table 1.

Studies have been performed to examine the toxicity of
lewisite in various species. These data are summarized in
Tables 2 and 3.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00626-6
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Table 1 Acute clinical effects of lewisite

Organ or system Common effects Notes

Eyes Pain, tearing, blepharospasm, conjunctiva/eyelid
edema, iritis, corneal damage

Blindness is likely if treatment of lewisite injury does
not occur rapidly

Nose/throat Runny nose, sneezing, epistaxis, sinus pain,
hoarseness

Gastrointestinal tract Nausea, vomiting, diarrhea
Pulmonary tract Pulmonary edema, shortness of breath, cough Sloughing of the respiratory epithelium can occur. This

can lead to pseudomembrane formation and airway
obstruction

Skin Pain, erythema, blister formation Erythema and blister formation occurs more rapidly
than in mustard agent exposures (12–18 h)

Central nervous system Cerebral edema/hemorrhage Central nervous system effects following lewisite are rare
Cardiovascular system Increase in permeability of systemic capillaries This can result in hypovolemia, shock, and organ

congestion, which is commonly referred to as
‘lewisite shock’

Table 2 Lewisite animal toxicity data. All values are LD50 (mg kg�1)

Route of

administration

Species

Dog Goat Guinea pig Mouse Rabbit Rat

Oral ND ND ND ND ND 50
Dermal 15 15 12 15 6 24
Subcutaneous 2 ND 1 ND 2 1
Intravenous ND ND ND ND 0.5 ND

Table 3 Lewisite animal inhalation toxicity data

Species LCt50 (mg min m
�3)

Dog 1400
Goat 1250
Guinea pig 1200
Mouse 900
Rabbit 1000
Rat 1500
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Chronic Toxicity (Animal/Human)

There are little available human data to accurately assess the
chronic toxicity of lewisite; however, these data suggest that
long-term exposure to lewisite could be associated with chronic
respiratory disease. The long-term effects of lewisite exposure
do not include skin lesions like that of exposure to other
vesicants such as mustard agent.
Carcinogenicity

Lewisite is a suspected carcinogen, but there are insufficient
data to effectively confirm this suspicion.
Clinical Management

Rapid decontamination within minutes after exposure is
required to prevent or lessen lewisite-induced damage. The
patient’s fluid balance must be closely monitored because
lewisite can cause fluid loss due to increased capillary perme-
ability. British anti-lewisite (BAL) or dimercaprol was devel-
oped at the Oxford University during World War II as
a treatment for lewisite exposure. It is used in medicine as
a chelating agent for heavy metals and has been used to treat
heavy metal poisoning. BAL skin and ophthalmic ointments
decrease the severity of skin and eye lesions when applied
immediately after early decontamination, but neither of these
ointments is currently manufactured.
Ecotoxicology

There are little data regarding the ecotoxicology of lewisite, but
the ultimate end degradation product of this chemical warfare
agent is inorganic arsenic. The environmental impact on
arsenic has been widely studied and will not be discussed in
this entry. From World War I until 1970, approximately
64million tons of chemical weapons, including lewisite, were
dumped into the ocean by the US military. At the time of the
disposals, it was believed that mixing with ocean water would
dilute and decontaminate much of the agent. Localized envi-
ronmental risks could occur if lewisite munitions leak into the
surrounding ocean water.
Exposure Standards and Guidelines

The National Institute for Occupational Safety and Health has
issued the following exposure limits for lewisite:
Agent
 GPL (24 h)
 WPL (8 h)
 STEL (15 min)
 IDLH (30 min)
Lewisite
 3� 10�3
 3� 10�3
 3� 10�3
 ND
ND, not determined; GPL, general population limit; WPL, worker population limit;
STEL, short-term exposure limit; IDLH, immediately dangerous to life or health.
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Also, acute exposure guidelines (AEGLs) have been estab-
lished to describe the risk to humans following the exposure to
lewisite:
10 min 30 min 1 h 4 h 8 h

AEGL-1 (nondisabling)

Lewisite NR NR NR NR NR

AEGL-2 (disabling)

Lewisite 0.65 0.23 0.12 0.035 0.018

AEGL-3 (lethal)

Lewisite 3.9 1.4 0.74 0.21 0.11

NR, not recommended.
Values are reported as mg m–3.
US troops are deployed to many different regions of the
world. During these deployments, it is possible that the
drinking water may be contaminated with chemical warfare
agents. In response to this possibility, the National Research
Council (NRC) has established guidelines for the concentra-
tions of lewisite in drinking water that will not cause harmful
effects to soldiers. The NRC has recommended that it is
possible for soldiers to consume 5 l of water per day that
contains a concentration of 80 mg l�1 lewisite or 15 l of water
per day that contains a concentration of 27 mg l�1 lewisite over
the course of a 7-day period.

See also: Nitrogen Mustards; Blister Agents/Vesicants; Sulfur
Mustard.
Further Reading
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l Name: Lidocaine
l Chemical Abstracts Service Registry Number: 137-58-6
l Synonyms: Dilocaine, Lidoderm, Lidoject-1, Lignocaine,

Nervocaine, Nulicaine, Octocaine, Solarcaine, Xylocaine,
Xylocard

l Chemical/Pharmaceutical/Other Names: Amino–amide
local anesthetic, Class IB antiarrhythmic

l Chemical Structure: Alpha-diethylamino-2,6-dimethyl
acetanilide
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Uses

Lidocaine is primarily used as a local anesthetic for surgery and
neuropathic pain relief. Lidocaine is also used for the treatment
of cardiac arrhythmias. Lidocaine is injected locally for dental
procedures and used topically for burning or itching. In addi-
tion to solutions and as topical gel, lidocaine is available as
a patch (Lidoderm�) with 5% lidocaine concentration.
Background

Lidocaine was the first amide–amino type local anesthetic.
It was initially named xylocaine by Nils Lofgren, the Swedish
chemist responsible for the synthesis. Lidocaine was first mar-
keted in 1949.
Environmental Fate and Behavior

Physicochemical Properties

Lidocaine has a melting point of 68 �C and boiling point of
350.8 �C at 760 mm Hg. The density of lidocaine is
1.026 g cm�3 and it has a refractive index of 1.547 and molar
refractivity of 72.42 cm3. The flash point for lidocaine is
1.66 �C and enthalpy of vaporization is 59.55 kJ mol�1. The
vapor pressure of lidocaine is 4.28E-05 mm Hg at 25 �C.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure Routes and Pathways

Routes of administration of lidocaine include topical, via the
parenteral routes, i.e., intravenous, subcutaneous, intrathecal,
and extradural. Ingestion or aspiration of topical solutions
containing lidocaine has been reported. Death can result from
gargling 800 mg of lidocaine or ingestion of 6 g of lidocaine.
Doses of around 1.2 g cause altered consciousness. Inadvertent
intravascular administration should be avoided to prevent
toxicity; however, in the treatment of critical ventricular
arrhythmias this may be necessary.
Toxicokinetics

Following ingestion, levels of lidocaine peak within 40 min.
First-pass metabolism takes place in 60–70% of lidocaine and is
effectively absorbed through mucous membranes. The hepatic
amidase CYP3A4 dealkylates 95% of lidocaine to mono-
ethylglycinexylidide (active metabolite) ultimately metabo-
lizing to the inactive glycine xylidide to be renally excreted.
The average half-life of lidocaine varies between 1.5 and 2 h
depending on whether there is preexisting renal or hepatic
impairment in which case this would be prolonged.
Mechanism of Toxicity

The potency of lidocaine depends on various factors including
age of the subject, weight, physique including obesity, vascu-
larity of the site, and indication for use, as this would deter-
mine the absorption and excretion rate. Physiologically,
lidocaine blocks neuronal transmission by interfering with the
flow of sodium across excitable membranes. A single lidocaine
molecule binds to a single voltage-gated sodium channel
impeding the movement of sodium ions across neuronal
membranes. Consequently repolarization is prevented and
further depolarization is not possible. Toxicity is dose related
and results from excessive quantities of lidocaine.
Acute and Short-Term Toxicity (or Exposure)

Animal

Toxic effects of lidocaine are similar in both animals and
humans. The LD50s of lidocaine in guinea pigs when admin-
istered subcutaneously and intravenously are 120 and
65 mg kg�1, respectively.
Human

Lidocaine’s effective absorption across mucosal membranes
allows it to be used in concentrations up to 10%. If not used
4-3.00742-9 71

http://dx.doi.org/10.1016/B978-0-12-386454-3.00742-9


72 Lidocaine
topically, then concentrations should not exceed 1% in
strength. With the addition of adrenaline (epinephrine), the
duration of neuronal blockade is 90min. The therapeutic serum
concentration of lidocaine is 1–5 mg ml�1. Concentrations
greater than 5 mg ml�1 result in systemic and local reactions.
These include central nervous system depression/disturbance,
e.g., lightheadedness, circumoral paresthesia, sensory (visual,
auditory) disruption, reduced consciousness, and muscle
fasciculations and convulsions. Respiratory depression leads to
respiratory arrest. At even higher doses, cardiovascular reactions
occur including depression of sinoatrial node function. Local
reactions include peripheral vasodilatation, which can cause
hypotension. The toxic dose low (TDLo) (oral) in children is
21 mg kg�1, which is reported to result in possible hemody-
namic effects with blood pressure lowering. In adults the TDLo
(intravenous) dose that results in neuromuscular adverse effects
(i.e., myoclonus or spasticity) is 23 mg kg�1.
Chronic Toxicity (or Exposure)

Animal

In mice, exposure to lidocaine at concentrations of 0.25 mg per
10 g bodyweight, four times a day for a week results in
impairment in lymphocyte function and alterations in the
immune response.
Human

The metabolite 2,6-xylidine has shown potential for carcino-
genicity in preclinical toxicological studies evaluating chronic
exposure. Convulsions have been documented in teething
pediatric patients exposed to 2% topical lidocaine five to six
times a day. Accumulation of lidocaine and its metabolites may
occur in those patients using lidocaine to control acute
arrhythmias, which is compounded further by altered renal and
hepatic clearance. Such accumulation can result in systemic as
well as local toxicity.
In Vitro Toxicity Data

Mutagenic potential of lidocaine has not been demonstrated in
the Ames Salmonella assay and using human lymphocytes and
mouse micronucleus tissue, chromosomal abnormalities are
not demonstrated.
Genotoxicity

In studies involving the induction of gene mutation with
lidocaine using Salmonella typhimurium and Escherichia coli no
gene mutations were found.
Reproductive Toxicity

Reproductive studies have been done in rats using lidocaine and
no evidence of teratogenicity has been found. Lidocaine is ex-
creted in breast milk. The milk to plasma ratio of lidocaine is 0.4.
Carcinogenicity

While lidocaine is not thought to be carcinogenic, the
metabolite 2,6-xylidine has shown potential for carcinoge-
nicity in preclinical toxicological studies evaluating chronic
exposure.
Clinical Management

Acute toxicity should be managed by early recognition and
resources for cardiopulmonary resuscitation should be readily
available. Airway compromise from respiratory depression
should be managed with mechanical ventilation if there is
apnea. Seizures should be controlled with anticonvulsant
therapy. Intravenous fluids with plasma expanders should be
used to treat profound hypotension and antimuscarinic drugs,
e.g., atropine with vasopressors if necessary should be used to
treat bradyarrhythmias. Sodium bicarbonate could also be
instituted to reverse the effects of sodium channel blockade.
Use of intravenous lipid emulsion has been reported to
successfully reverse both nervous system and cardiac toxicity in
lidocaine overdose during use as local anesthetic. Cases of
methemoglobinemia following lidocaine administration have
been documented in the literature with management involving
the intravenous administration of methylene blue (methyl-
thionium chloride) if methemoglobin levels are 30% or more.
Lidocaine should thus be avoided in those patients with
congenital or idiopathic methemoglobinemia, infants less than
a year of age, patients susceptible to methemoglobinemia (e.g.,
with glucose-6-phosphate deficiency), or patients taking drugs
associated with methemoglobinemia (e.g., acetaminophen,
nitrofurantoin).
Exposure Standards and Guidelines

Lidocaine hydrochloride (1%) solution has a Hospira
employee exposure limit over an 8-h time-weighted average of
500 mg m�3. Neither the US Occupational Safety and Health
Administration nor the American Conference of Governmental
Industrial Hygienists has established exposure limits for lido-
caine hydrochloride.
See also: Anesthetics; Poisoning Emergencies in Humans.
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Introduction

Addressing environmental challenges requires integration of
environmental considerations into a number of different types
of decisions made by business, individuals, public adminis-
trations, and policymakers. Many of these decisions concern
products and services. Examples include decisions about fuels
for vehicles and electricity production, choices between waste
management alternatives, and choice of consumer products
such as ICT (information and communication technologies)
products or building materials. Supporting decisions with
sound environmental information often needs taking a life
cycle perspective that considers production, use of products
and materials, and waste management, including recycling.

Life cycle assessment (LCA) is a tool for assessing potential
environmental impacts throughout a product’s life cycle, i.e.,
from natural resource acquisition, via production and use stage
to waste management. The waste management stage includes
disposal as well as recycling. The term ‘product’ may include
goods, technologies, and services. LCA is a comprehensive
assessment and considers all aspects of natural environment,
human health, and resources. LCA focuses on products in a life
cycle perspective, and covers a broad range of environmental
impacts. The comprehensive scope of LCA is useful in order to
avoid problem shifting, for example, from one stage of the life
cycle to another, or from one environmental impact to another.

The interest in LCA grew rapidly during the 1990s. At that
time LCA was regarded with high expectations, but its results
were also often criticized. This initiated a strong method
development and harmonization resulting in a series of inter-
national standards (i.e., the International Organization for
Standardization (ISO) 14040 series), complemented by
a number of guidelines and textbooks. The method develop-
ment and harmonization activities have increased the maturity
and methodological robustness of LCA. The development of
the method is still continuing. There are also several ongoing
international initiatives to consolidate consensus and provide
recommendations.

Sustainability assessment of goods, technologies, and
services may encompass impacts in the social, the environ-
mental, and the economic dimensions. All three dimensions
benefit from the life cycle perspective to avoid problem shifting
in the product system. The solid framework for environmental
LCA has inspired work on the development of methods for
social LCA. This has resulted in guidelines for social LCA under
the United Nations and the Society for Environmental Toxi-
cology and Chemistry Life Cycle Initiative. Also life cycle
costing is currently being developed as a method on its own.
This article, however, focuses on environmental LCA.

LCA can be used in many applications: for product and
process development, marketing, policy making, and strategic
planning. It can be used both as tool for decision making and
for learning.
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LCA Framework and Methodological Implications

There are four phases in an LCA study: goal and scope defini-
tion, life cycle inventory analysis (LCI), life cycle impact
assessment (LCIA), and interpretation. The goal definition
includes the reasons for carrying out the study, the intended
application, and the audience. The scope definition specifies
how the LCA is performed. It is the phase where the system
boundaries of the study are described and a functional unit is
defined. The functional unit specifies the functions that the
good (or service) alternatives in the LCA should provide. The
functional unit consists of a quantitative part (the amount of
function delivered), but also the qualitative properties that the
product alternatives need to comply with.

The LCI results in a compilation of the environmental
inputs (natural resources) and the outputs (emissions) over all
the processes in the product’s life cycle expressed per functional
unit. The LCIA aims at understanding and evaluating the
magnitude and significance of the potential environmental
impacts of the studied system. In the interpretation, the results
from the previous phases are evaluated in relation to the goal
and scope in order to reach conclusions and recommendations.

The product system focus in LCA has important implica-
tions for how impacts can be assessed. The life cycle
perspective leads to extended product systems in both time
and space. Processes within one life cycle can geographically
take place all over the world (e.g., product use in Sweden and
resource extraction in Africa), and between now and in the far
future (e.g., degradation in landfills). Both for practical and
theoretical reasons it may therefore not be possible to have
knowledge about the (exact) geographical location of the
individual emissions. Also, the (exact) timing (e.g., now or
future) and time span (e.g., instantaneous or continuous) of
the emissions may be unknown. The assessment is further-
more only concerned with the share of the emissions related
to the functional unit. The LCIA can therefore only operate on
mass loads representing a share of the full emissions of
a certain process. This usually prevents detailed knowledge
about the resulting absolute concentration in the receiving
environments, but estimates of concentration increases are
within some boundaries feasible.

There are possibilities for including some site-dependent
information in impact assessment (e.g., to quantify site-
dependent increases of exposure and subsequent impacts),
but there is still a fundamental lack of information about
site- and time-specific details. LCA is thus no substitute for
(environmental) risk assessment. Where (environmental)
risk assessment typically estimates absolute impacts from the
full emissions of known sources, the results from the LCIA
instead reflect potential increases or contributions per func-
tional unit to actual impacts or risks, depending on the
relevance and validity of the reference conditions assumed in
the underlying models.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00627-8
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Goal and Scope Definition

Goal definition involves formulating questions or hypotheses,
and this largely defines the appropriate scope and LCA
methods of the individual study. A distinction is often made
between two types of LCA methods: attributional and conse-
quential LCA. Attributional LCA is defined by its focus on
describing environmentally relevant physical flows to and from
a life cycle and its subsystems. Consequential LCA is defined by
its aim to describe how these flows will change in response to
possible decisions.

The different focuses of attributional and consequential
LCA are reflected in several methodological choices in LCA.
One is the choice between average and marginal data in the
modeling of subsystems of the life cycle. Average data for
a system, as typically used in attributional LCA, include the
average environmental burdens for producing a unit of the
good or service in the system. Marginal data, as typically used in
consequential LCA, represent the effects of a change in the
output of goods and/or services from a system on the envi-
ronmental burdens of the system. Attributional LCA in prin-
ciple excludes the use of marginal data, and consequential LCA
should in principle use marginal data. In practice both types of
data may be used in the same studies, sometimes as approxi-
mations of the most appropriate data.
Life Cycle Inventory

In LCI, the inputs and outputs to the product systems are
collected and processed. This phase starts with identifying
relevant processes in the product system and next acquiring
data for subsequent quantification of inputs and outputs per
functional unit for each of these processes. Inputs to a process
can be natural resources, or the economic outputs of previous
processes (i.e., upstream processes). Outputs from processes
can be emissions to nature, or the economic outputs that
may form the input to following processes (i.e., downstream
processes). All processes in a product system are connected to
each other.

Since the LCA is a systems analysis, the concept of system
boundaries is significant. There are three major types of system
boundaries in the LCI:

l between the technical system and the environment,
l between significant and insignificant processes, and
l between the technological system under study and other

technological systems.

The system boundary between the technical system and the
environment in principle is defined by coverage of the entire life
cycle of a product as representing the technical system in an
LCA. Life cycle inventory data quantifies the interactions
between the technical system and the environment or nature.
Thus, the inputs to all previous or upstream processes should
ideally be traced back to resources as found in nature. For
example, crude oil can be a natural input to the life cycle, but
not diesel oil since the latter is not found in nature but
produced within the technical system. In practice, a compara-
tive LCA usually includes only those processes that are different
in nature or in quantitative flows between the involved product
systems. Note that consequential LCAs are basically always
about comparing products (i.e., comparing different products
with the same function, or comparing a product with improved
versions of itself). In parallel with the inputs, also the outputs
should ideally be emissions to nature.

The system boundary between significant and insignificant
processes is difficult since it is generally not known in advance
what data are insignificant. Moreover, once you know the data
for a process, there is no specific reason to leave it out. The
contribution of processes to the overall product’s life cycle is
sometimes used as a cut-off rule (e.g.,<1% of mass). However,
since environmental impacts may be poorly related to mass,
this approach may lead to significant underestimations. For
example, a study on floor coverings in the early days of LCA
illustrated that producing the pigment titanium dioxide
(5 mass% of linoleum) makes up 20% of accumulated energy
for linoleum. Amore sensible approach can be to include easily
accessible data, check the importance of the data, and refine if
necessary, and possible to perform the LCI and LCIA in iterative
loops until the required precision has been achieved. The
possibilities for doing this have increased with the develop-
ment of better databases.

The system boundary toward other technological systems also
has to be defined. This is particularly at stake when the LCA
includes ‘multifunctional processes.’ Amultifunctional process is
shared between several product systems, and it is not clear to
which product system the environmental impacts from the
process should be allocated. There are basically three types of
multifunctional processes: multioutput processes (in which
a process produces several products; e.g., a refinery), multiinput
processes (in which one process receives several inputs; e.g., a
waste incinerator), and open-loop recycling processes (in which
one disposed product is recycled into another product; e.g., PET
bottles are recycled into textile fibers).

Allocating the impact of the multifunctional processes over
the involved product systems is one of the most-discussed
methodological issues in LCA. The ISO standard and different
national and international guidelines, for example, the guidelines
published by the European Commission, recommend avoiding
allocation where possible. This can be done by expanding the
systemboundaries. In thisway credit canbegiven, for example, to
recycling by assuming that recycled products can replace a similar
product produced from virgin materials.

An LCI requires much data. Setting up inventory data can be
one of the most labor- and time-intensive stages of an LCA.
This is often challenging due to the lack of appropriate data for
the product system under study. In order to facilitate the LCI
and avoid duplication in data compilation, many databases
have therefore been developed in the last decades. Several
national and international public databases have been released
in the past, among them the Swiss Ecoinvent database and
the European Reference Life Cycle Database. In addition,
numerous international business associations worldwide have
created their own inventory datasets to support the demand for
industry data.

Performing an LCA requires some sort of software.
Spreadsheet models may be sufficient for simple calculations.
More complicated models may require dedicated LCA software.
The market offers some commercial software as well as some
open-source software.
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The traditional way of performing the inventory analysis is
to analyze each process within the system boundary in relation
to the functional unit and add all inputs and outputs together.
An obvious drawback of this approach is that it will in practice
not be possible to include all processes. There will therefore be
cut-offs that, although each of them may have limited impact,
still may be significant when added together. An alternative
approach may be LCA based on input–output analysis (IOA).

IOA is field of economics that deals with the connections
between industry sectors and households in a national
economy in the form of supply and consumption of goods and
services, formation of capital, and exchange of income and
labor. Compilation of input–output tables (IOTs) is a part of
the national accounts in most industrialized countries. The IOT
states, in average monetary terms and for each economic sector,
how much the sector buys from each of the other sectors, for
each unit produced in the sector. An IOT becomes useful for
LCA practitioners when information on average resource use
and environmental emissions from each sector are added to
the table. Then, it can be used for a simplified estimate of
the environmental interventions generated throughout the
upstream supply chain to deliver a certain amount of different
goods and services. The precision of this approximation can be
good or bad and depends on how typical or atypical the
studied product or product group is in relation to the other
products from this sector. It is clear that the more atypical the
product is in relation to the sector in question, the less
adequate can be the approximation. The advantage of the
approach is, however, that no cut-offs have to be made since
the IOA includes the whole economy.

The two approaches for doing LCA, process-based and IOA-
based, can be combined into hybrid approaches. In this way
the better precision of the process-based LCA can be combined
with the completeness of the IOA-based LCA.
Life Cycle Impact Assessment

The purpose of LCIA is to translate the results from the LCI into
their potential contributions to environmental impacts so as to
better understand their environmental significance. LCIA
converts the inventory results into their potential contribution
to a number of selected impact categories, and are sometimes
are further modeled into what is referred to as the ‘areas of
protection’ of the LCIA. These areas of protection, representing
the entities that society wants to protect by using the LCA, are
often taken as human health, natural environment, and natural
resources.

A distinction can be made between midpoint and endpoint
assessment. Endpoint assessment uses indicators at the level of
the areas of protection, while midpoint indicators are defined
somewhere between the emission and the endpoint. As an
example, consider climate change. Greenhouse gases like CO2

and CH4 cause an increment in the atmosphere’s ability to
absorb infrared radiation. This is one of the first impacts after
emission and commonly used as midpoint indicator for
climate change (i.e., by expressing greenhouse gases in kilo-
gram CO2–equivalents). The absorbed infrared radiation
impact leads to a chain of other impacts, e.g., an increase in the
atmospheric heat content and temperature, which in turn are
causing changes in regional and global climates and sea-level
rise, eventually leading to damages in each of the areas of
protection: human health, natural environment, and natural
resources.

Different LCIA methods exist for midpoint and endpoint
indicators. When applied, most of them calculate impact
indicators by simple multiplication of impact factors with the
relevant resource extractions and emissions. These LCIA
methods are thus easy to apply, but the modeling underlying
the impact factors can be fairly complex.

Midpoint factors are typically based on relative robust
impact modeling. Impacts on the areas of protection are
modeled with the best available but typically more uncertain
knowledge of relationships between resource extractions and
emissions, and their endpoint impacts, i.e., damages in the
areas of protection. Some practitioners prefer endpoint
assessment with the less reliable damage factors, as the number
of damage indicators is typically small compared to midpoint
assessment with often a multiplicity of impact indicators. The
indicator results, for both midpoint and endpoint assessments,
are sometimes ‘normalized’ by relating them to reference
values. Normalization expresses the relative magnitude of the
indicator scores on a scale that is common to all involved
impacts (typically the background impacts from society’s total
activities) in order to facilitate the interpretation of the results.

The normalized impact indicators are often further
processed by ‘grouping or weighting.’ Weighting may be
particularly needed when trade-off situations occur, e.g., where
improvements in one impact score are obtained at the expense
of another impact score. Where normalization expresses the
relative magnitudes of the impact scores and resource
consumptions, weighting expresses their relative significance in
accordance with the goal of the study.

According to the ISO standard on LCA, quantification of
impact indicators is mandatory in LCIA, but subsequent
normalization and weighting are optional and sometimes not
permitted. The weighting step is the most normative part of the
method with its application of preferences and stakeholder
values in a ranking, grouping, or quantitative weighting of the
impact categories. There is no objective way to perform
weighting and hence, no ‘correct’ set of ranks or weighting
factors. The ISO standard for LCIA does not permit weighting to
be performed in studies supporting comparative assertions
disclosed to the public.
Concluding Remarks

The methodology for environmental LCA has over the last
20 years been firmly established. The ISO 14040-series
provides the procedure, and methodological details can be
found in (inter-)national guidelines that are increasingly
converging. The strongest differences and need for methodo-
logical development can be found in impact assessment (e.g.,
regionalization, new impact categories), and with regard to
better modeling of consequences in LCA (i.e., consequential
LCA). Environmental LCA has evolved into an indispensable
analytical tool in support of sustainability management.
Meanwhile, the methodology for social and economic LCA is
still in an early stage of development.
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See also: Society of Environmental Toxicology and Chemistry;
Risk Assessment, Human Health; Ecotoxicology;
Environmental Exposure Assessment; Environmental Risk
Assessment, Aquatic; Environmental Risk Assessment, Marine;
Environmental Risk Assessment, Terrestrial; Site-Specific
Environmental Risk Assessment; Environmental Toxicology;
Risk Assessment, Ecological; Sustainability.
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Table 1 Chemical and physical properties of the pure substance

Relative molecular mass 136.236
Description Colorless liquid with a citrus-like odor;

found in a large number of oils;
dissolving agent for gall stones
and guttapercha

Boiling point 176.0 �C
Melting point �9.50Eþ01 �C
LogP (octanol–water) 4.57
Solubility Slightly soluble in water

(13.8 mgml�1 at 25 �C);
soluble in acetone, dimethyl sulfoxide, and
ethanol

Vapor pressure 1.55 mmHg at 25 �C
Henry’s Law constant 0.032 atm m3 molecule�1 at 25 �C
Atmospheric OH rate

constant
1.49E�10 cm3 molecule�1 s�1
l Chemical Abstracts Service Registry Number: 138-86-3
l Chemical Name: 1-Methyl-4-(1-methylethenyl)cyclohexene;

Limonene; Dipentene
l IUPAC Systematic Name: 1-Methyl-4-(1-methylethenyl)

cyclohexene; p-Mentha-1,8-diene
l Synonyms: (þ)-Dipentene; 4-Isopropenyl-1-methyl-1-cyclo-

hexene; 1,8-p-Menthadiene; DL-Limonene; Di-p-mentha-1,
8-diene; (�)-alpha-Limonene; 1-Methyl-4-isopropenyl-1-
cyclohexene; 1-Methyl-p-isopropenyl-1-cyclohexene; Cyclo-
hexene, 1-methyl-4-(1-methylethenyl)-; (�)-alpha-Limonene

l Molecular Formula: C10H16

l Chemical Structure:
All data taken from ChemlDplus.
Background

Pure limonene is a colorless liquid that is classified as
a monoterpene. It is made up of two isoprene units.
Limonene occurs in two optically active forms: L-limonene
and D-limonene. The two isomers have different odors:
L-limonene (CAS 5989-54-8) smells like pine and turpentine
and D-limonene has a pleasing orange scent. Limonene also
comes in the form of D,L-limonene (CAS 138-86-3)
commonly known as dipentene; it is a mixture of the two
isomers. The isomers are chemically identical except for their
molecular structures, which are mirror images of each other
(optical isomers).

D-Limonene is one of the most common terpenes in nature,
occurring in citrus and a wide variety of other plant species. It is
a major constituent of oil of citrus rind, dill oil, and oil of
cumin, neroli, bergamot, and caraway. The chemical and
physical properties of limonene are shown in Table 1.
Uses

D-Limonene has been produced since 1995 and has been used
as a flavor and fragrance additive in cleaning and cosmetic
8 Encyclopedia of T
products, food, beverages, and pharmaceuticals. It is also
increasingly used as a solvent. It is used in the manufacturing of
resins, as a wetting and dispersing agent, and in insect control.
It is present in most of the essential oils commonly used in
Australia, particularly citrus oils. In the workplace, products
such as hand cleaners, industrial cleaners, degreasers, and
strippers may also contain limonene as a solvent. Industrial
limonene is produced by alkaline extraction of citrus residues
and steam distillation. This distillate contains more than 90%
D-limonene.

Limonene is used as a substitute for chlorinated hydro-
carbons, chlorofluorocarbons, and other solvents. It is used in
degreasing metals (30% limonene) prior to industrial
painting, for cleaning in the electronics industry (50–100%
limonene), for cleaning in the printing industry (30–100%
limonene), and in paint as a solvent. Limonene is also used as
a solvent in histology laboratories and as a flavor and
fragrance additive in food, household cleaning products,
and perfumes. D-Limonene has been used as a gallstone
solubilizer in humans.

D-Limonene has also been used as a sorption promoter or
accelerant for improving transdermal drug delivery and works
by penetrating the skin to reversibly decrease barrier resistance.
Commercial mixtures of D-limonene molecules may contain
other forms of limonene (L-limonene and D,L-limonene), which
are called terpenes, and related compounds such as p-cumene.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00628-X
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Some studies have indicated that limonene has anticancer
effects. Limonene increase the levels of liver enzymes involved
in detoxifying carcinogens. The glutathione-S-transferase (GST)
system eliminates carcinogens. The GST system can be
promoted by limonene in the liver and small bowel leading to
a decrease in the damaging effects of carcinogens. Animal
studies demonstrated that dietary limonene reduced mammary
tumor growth.
Environmental Fate and Behavior

Limonene is insoluble and is stable in water. Substances like
limonene that are monoterpenes are released in large
amounts mainly to the atmosphere. The chemical and phys-
ical properties of limonene also indicate that limonene is
distributed mainly to air. Based on the physical and chemical
properties of limonene, when this substance is released to
ground, it has low to very low mobility in soil. The soil
adsorption coefficient (Koc), calculated on the basis of the
solubility (13.8 mg l�1 at 25 �C) and the log octanol/water
partition coefficient (4.232), ranges from 1030 to 4780.3.
Henry’s Law constant indicates that limonene rapidly
volatilizes from both dry and moist soil; however, its strong
adsorption to soil may slow this process. In the aquatic
environment, limonene is expected to adsorb to sediment and
suspended organic particles to rapidly volatilize to the
atmosphere, based on its physical and chemical properties.
The estimated half-life for volatilization of limonene from
a model river (1 m deep, flow 1 m s�1, and wind speed
3 m s�1) is 3.4 h. The bioconcentration factor, calculated on
the basis of water solubility and the log octanol/water
partition coefficient, is 246–262, suggesting that limonene
may accumulate in fish and other aquatic organisms.
Exposure and Exposure Monitoring

Limonene occurs naturally in certain trees and bushes
(e.g., citrus and other fruits), vegetables, meats, and spices. It is
used in a variety of foods, beverages, soaps, and perfumes for
a lemon-like flavor and aroma. Limonene is generally recog-
nized to be safe as a food additive or flavoring, and as
a fragrance additive. The US Environmental Protection Agency
has granted limonene an exemption from the requirement of
a tolerance when it is used as an inert ingredient in pesticide
formulations, and when used as an insect repellent tablecloth.
As an active ingredient in pesticides, limonene is not registered
for food or feed crop uses and is not expected to result in
dietary exposure.

Limonene can be used in household cleaners; therefore,
people and pets may be exposed to limonene during and after
application in household settings. Human exposure may occur
during application of pet flea products, animal repellent
granules or insecticide sprays, and during use of insect repellent
impregnated tablecloths.

In general, limonene is used as a flavoring agent and is
produced naturally in nature; therefore, dietary exposure to
limonene is not a concern. There are some toxicological concerns
for humans from exposure to limonene in household cleaners
and settings, which include skin irritation, sensitization, and
ocular irritation if limonene products accidentally enter the eye
and are not washed away. Limonene is used in certain shampoos
and spray products that are made especially for animals to
remove fleas and ticks. Adverse reactions have been reported in
a small percentage of animals, especially cats, following expo-
sure to limonene products. Additional precautionary statements
are required on limonene product labeling to reduce the
potential for adverse effects among users and treated pets.
Toxicokinetics

There are many studies on the effect of D-limonene in human
volunteers. D-Limonene is absorbed from the gastrointestinal
tract. Two male volunteers given 1.6 g D-limonene orally
excreted 52–83% of the dose in their urine within 48 h. The
major urinary metabolite isolated was 8-hydroxy-para-menth-
1-en-9-yl-b-D-glucopyranosiduronic acid.

The toxicokinetics of D-limonene were studied in volunteers
exposed by inhalation for 2 h to 10, 225, or 450 mgm�3

D-limonene and to a workload of 50 W to simulate light
physical activity; 10 mgm�3 was considered as the control
concentration. The relative pulmonary uptake was approxi-
mately 70% of the amount supplied. Three linear phases of
elimination could be distinguished in the time studied:
a terminal phase of slope g for slow elimination (320–
1300 min after exposure), an intermediate phase of slope b for
rapid elimination (16–319 min after exposure), and an initial
phase of slope a (0–15 min after exposure). The plasma half-
life of D-limonene was approximately 2.6 min for the a phase,
32 min for the b phase, and 75 min for the g phase. The lung
clearance rate in 4 h was 1.1 l kg�1 h�1 for 225 mgm�3 and
1.4 l kg�1 h�1 for 450 mgm�3; the lung clearance rate in 21 h
was 1.1 l kg�1 h�1 for 450 mgm�3.

A pilot study was conducted in healthy volunteers (five
women and two men) to investigate the metabolism and
toxicity of pharmacologically administered D-limonene. After
the volunteers had ingested 100 mg kg�1

D-limonene in
custard, blood samples were taken at 0 and 24 h for blood
chemistry and at 0, 4, and 24 h for analysis of metabolites. Gas
chromatography–mass spectrometry indicated the presence of
five metabolites of D-limonene in plasma. Two major peaks
were identified as dihydroperillic acid and perillic acid and
a third major peak was identified as limonene-1,2-diol. Limo-
nene itself was only a minor component. Two minor peaks
were found to be the respective methyl esters of the acids. In all
volunteers, the metabolite concentrations were higher at 4 h
than at 24 h, but a half-life value was not determined.

The toxicokinetics of D-limonene were studied in two
women with breast cancer and one man with colorectal cancer.
The patients received 0.5–12 gm�2 body surface area per day
orally for 21 days, and plasma and urine samples were
collected on days 1 and 21. The metabolites were characterized
and their structure elucidated by liquid chromatography–mass
spectrometry and nuclear magnetic resonance spectrometry.
Five major metabolites were detected in plasma including
limonene-1,2-diol, limonene-8,9-diol, perillic acid, an isomer
of perillic acid, and dihydroperillic acid. The urinary metabo-
lites comprised the glucuronides of the two isomers of perillic
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acid, limonene-8,9-diol, and monohydroxylated limonene.
The results are consistent with those of previously published
studies on humans and animals, but this study was the first in
which limonene-8,9-diol and an additional isomer of perillic
acid were identified.

In a phase I clinical trial of orally administered D-limonene,
17 women and 15 men aged 35–78 years (median, 57 years)
with advanced metastatic solid tumors received an average of
three treatment cycles of 21 days (one dose on day 1, then three
daily doses on days 4–21) at doses ranging from 0.5 to
12 gm�2 body surface area. D-Limonene was slowly absorbed
and the maximal plasma concentration was attained in 1–6 h.
The mean peak plasma concentrations of D-limonene were 11–
20 mmol l�1, and the predominant metabolites were perillic
acid (21–71 mmol l�1), dihydroperillic acid (17–28 mmol l�1),
limonene-1,2-diol (10–21 mmol l�1), uroterpinol (14–
45 mmol l�1), and an isomer of perillic acid. After reaching
these peaks, the plasma concentrations decreased according to
first-order kinetics. The values for the integrated area under the
time–concentration curve showed little variation with admin-
istered dose. There was no accumulation of the parent or
metabolites after a treatment cycle.
Mechanism of Toxicity

D-Limonene can cause a renal syndrome in male rats. Male rats
have a background of spontaneous protein droplets in the
proximal tubule, particularly within the cells of the P2 segment.
D-Limonene can increase the formation of protein droplets,
and experiments show that the only protein accumulating is
a2u-globulin. a2u-Globulin is synthesized in the liver, then it is
released into the general circulation and reabsorbed by renal
proximal tubule cells. Synthesis of a2u-globulin occurs only in
adult male rats and to understand the critical role of a2u-
globulin in the renal effects of D-limonene the absence of
histopathological changes can be studied in female rats, since
they cannot produce a2u-globulin. It was concluded from these
studies that D-limonene does not have a renal toxicity effect on
species that do not synthesize a2u-globulin, for example,
female rats, male and female mice, and dogs.

To develop nephropathy, there is a prerequisite step in
which an agent binds to a2u-globulin and in the case of
D-limonene, this agent is 1,2-epoxide. Binding of this agent to
a2u-globulin reduces the rate of degradation relative to that of
native protein, thereby causing it to accumulate. Accumulation
of a2u-globulin can be observed after a single oral dose of
D-limonene and continued treatment results in additional
histological changes in the kidney. Renal function can be
observed by increasing the amount of a2u-globulin in urine.
These functional changes occur only in male rats and only at
doses that exacerbate protein droplet formation. In response to
the cell death and functional changes, there is an increase in cell
proliferation in the kidney. With continued treatment, cell
proliferation persists but it does not restore renal function.
Increasing cell proliferation is directly related to the develop-
ment of renal tubular tumors and is dependent on the presence
of a2u-globulin. a2u-Globulin nephropathy and renal cell
proliferation occur at the same doses consistent with those that
produce renal tubular tumors.
a2u-Globulin is one type of superfamily proteins that bind
and transport a variety of agents. Many of these proteins are
synthesized in mammalian species, including humans. The
protein that can be found in human urine is very different from
that in rat urine. About 1% of the protein concentration inmale
rat urine can be found in human urine. Human urinary protein
is predominantly a species of high molecular mass, and there is
no protein in human plasma or urine identical to a2u-globulin
and there is no protein-like a2u-globulin detected in human
kidney tissue. Even though the binding of D-limonene-
1,2-epoxide to a2u-globulin can be shown in vitro, other
superfamily proteins, especially those synthesized by humans,
do not bind 1,2-epoxide.

There is no verification that any human protein can
contribute to a renal syndrome similar to a2u-globulin
nephropathy, and consequently no evidence can be found that
D-limonene is carcinogenic in humans by a mechanism similar
to a2u-globulin nephropathy. The initiation of renal cell
tumors in male rats by binding to agents that act through an
a2u-globulin-associated response is not projected as a carcino-
genic hazard to humans. This can be concluded based on an
extensive evidence that the presence of a2u-globulin is an
absolute requirement for the carcinogenic activity. Therefore,
D-limonene has no carcinogenic activity in human since neither
a2u-globulin nor any protein that can function like a2u-
globulin is synthesized by humans.
Acute and Short-Term Toxicity

Technical limonene is practically nontoxic to birds on
a subacute dietary basis, and it is slightly toxic to freshwater fish
and invertebrates on an acute basis. The formulated product is
practically nontoxic to birds on an acute and subacute dietary
basis. It is practically nontoxic to freshwater fish and slightly
toxic to freshwater invertebrates on an acute basis. Based on
acute toxicity data using rats, limonene is practically nontoxic
to mammals.

A potential risk to birds might occur from ingesting limo-
nene granules spread on lawns, sidewalks, or driveways, or
from consuming insects contaminated with limonene.
However, based on the lack of toxicity of limonene to birds,
little risk is anticipated. Similarly, mammals are not likely to
ingest a sufficient quantity of limonene granules to be at risk,
particularly since limonene is practically nontoxic to mammals.

The lethal dose 50% LD50 values for D-limonene in male
and female mice were reported to be 5.6 and 6.6 (oral), 1.3 and
1.3 (intraperitoneal), and>42 and >42 (subcutaneous) g kg�1

body weight, respectively; those in male and female rats were
reported to be 4.4 and 5.1 (oral), 3.6 and 4.5 (intraperitoneal),
>20 and >20 (subcutaneous), and 0.12 and 0.11 (intrave-
nous) g kg�1 body weight, respectively. The acute oral LD50 in
rats and the acute dermal LD50 in rabbits were reported to
exceed 5 g kg�1 body weight.
Chronic Toxicity

Many studies have been done on the effects of the D-limonene
on animals and human volunteers. A chronic toxicity study on
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the oral administration of D-limonene at a dose of 1.2 ml kg�1

body weight per day for 6 months in dogs showed a 35%
increase in serum alkaline phosphate and cholesterol levels and
a slight increase in total and relative liver weights in dogs.
Moreover, the oral administration of D-limonene caused
nausea and vomiting.

In a 2-year study, D-limonene was administrated 5 days per
week to groups of rats and mice. The results showed slightly
lower body weights for rats and female mice in the high-dose
groups. However, there were no clinical symptoms related to
the administration of D-limonene, but the survival rate was
reduced for female rats in the high-dose group after 39 weeks.
There was clearly some evidence showing carcinogenic activity
of D-limonene in male rats based on a dose-related increase of
hyperplasia and adenoma/adenocarcinoma in renal tubular
cells. The carcinogenic response in male rat kidney has been
found to have a close relationship with a unique renal pertur-
bation involving a2u-globulin. However, there was no evidence
of carcinogenicity in female rats or in male and female mice.
The effect of D-limonene on increasing renal cell proliferation
and the development of renal adenomas in male rats when the
animals were administrated with D-limonene by stomach tube
(about 150 mg kg�1 body weight per day for 5 days per week
for 30 weeks) was not significant. The study indicated that
when 500 ppm of N-ethyl-N-hydroxyethylnitrosamine was
used as an initiator in the drinking water for 2 weeks, exposure
to D-limonene caused a significant increase in the number of
atypical tubules and atypical hyperplasias in male rats. More-
over, there was a significant decrease in the incidence of liver
tumors in animals exposed to N-ethyl-N-hydroxyethylnitros-
amine and D-limonene, compared with N-ethyl-N-hydrox-
yethylnitrosamine exposure alone.
Immunotoxicity

In a study designed to evaluate the immunological effects of D-
limonene on B- and T-cell responses, mice were administered
by forced intragastric feeding of 0.1 ml of D-limonene daily for
9 weeks. Prior to exposure to D-limonene, mice were given
keyhole limpet hemocyanin and they responded with sup-
pressed primary and secondary anti-keyhole limpet hemocy-
anin. The results showed that the mice administrated keyhole
limpet hemocyanin before exposure to D-limonene had
significantly increased antibody and mitogen-induced prolif-
erative responses.
Reproductive Toxicity

Studies on the reproductive toxicity of limonene were not
identified. However, delayed ossification and decreased total
body and organ weights (thymus, spleen, and ovary) were
observed in the offspring of animals. There is no evidence that
limonene has teratogenic or embryotoxic effects in the absence
of maternal toxicity. In rats, oral administration of D-limonene
resulted in decreased body weight and deaths among the dams.
Reduced growth in the mothers and a significantly increased
incidence of skeletal anomalies and delayed ossification in the
offspring occurred after oral administration of D-limonene in
mice. The oral administration of D-limonene to rabbits had no
dose-related effects on offspring. The results showed that at the
highest dose, there were some deaths and reduced weight gain
among the dams; at the intermediate dose, growth was
decreased.
Genotoxicity

From the data available for D-limonene studies, there was no
evidence that D-limonene or its metabolites were genotoxic or
mutagenic. In in vitro studies, limonene and its epoxides were
not mutagenic using different strains of Salmonella typhimu-
rium, in the presence or absence of metabolic activation.
D-Limonene did not increase the frequency of forward
mutation in mouse cells, induce cytogenetic damage in
Chinese hamster ovary cells, or malignantly transform Syrian
hamster embryo cells. In one in vitro study, D-limonene
inhibited the formation of transformed cell colonies in
tracheal epithelium isolated from rats following exposure to
benzo[a]pyrene. No evidence of mutagenicity was reported in
an in vivo spot test with mice.
Carcinogenicity

To determine the carcinogenicity of D-limonene by oral
administration, two groups of animals were tested in
several two-stage experiments with multi-organ carcinogens.
D-Limonene significantly increased the occurrence of renal
tubular tumors (adenomas and carcinomas) and provoked
atypical renal tubular hyperplasia in male rats, which nor-
mally synthesize a2u-globulin in the liver, but not in female
rats or in mice of either sex. It consistently improved the
incidence of renal tubular tumors and atypical renal tubular
hyperplasia initiated by carcinogens in two-stage carcino-
genesis assays in male rats of a strain usually used in
bioassays, but not in a strain that lacks hepatic synthesis
of a2u-globulin. D-Limonene has also been tested for
cancer treatment. In this test, D-limonene was used as
a cancer-preventive agent in other experimental models with
known carcinogens. The test results showed that lung
carcinogenesis in mice, preneoplastic stages of colon
carcinogenesis in rats, and pancreatic carcinogenesis in
hamsters were inhibited.
Clinical Management

Some adverse reactions occur after dermal exposure to
D-limonene. These reactions include mild irritation and skin
sensitization. Hematuria and albuminuria may occur after
ingestion of large amounts of this substance. Other symp-
toms following limonene ingestion include a burning pain in
the mouth and throat, abdominal pain, nausea, vomiting,
diarrhea, transient excitement, ataxia, delirium, stupor,
coughing, choking, dyspnea, cyanosis, fever, and tachycardia.
In addition, pulmonary edema and pneumonitis may occur
after aspiration of limonene or systemic absorption,
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and dizziness and suffocation may arise after by inhalation of
limonene.

Milk should be given to mitigate gastric irritation after acute
ingestion. Fluids should be given to accelerate elimination of
limonene from the body and maintain maximum urinary
output. For inhalation exposure, patients should be moved to
fresh air and monitored for respiratory distress. Exposed eyes
should be treated and washed immediately with copious
amounts of water at room temperature. Contaminated clothing
should be removed and the exposed skin should be washed
thoroughly with soap and water.
Ecotoxicology

D-Limonene may accumulate in fish and aquatic organisms
based on the water solubility of D-limonene and its estimated
log octanol/water partition coefficient. In addition, D-limonene
has been studied for general lethality and neurotoxic effects in
earthworms. Generally, the chronic and acute intoxication of
earthworms involves a rapid and predictable cascade of
behavioral and morphologic symptoms. Studies showed that
chronic D-limonene exposure leads to significant weight loss;
however, there was no effect on the conduction velocity of
median giant nerve fibers and lateral giant nerve fibers.
Acute exposure, however, induced significant decreases in
conduction velocity that were reversible once D-limonene
exposure ceased.
Exposure Standards and Guidelines

D-Limonene is regulated as an air pollutant in Florida when
released from citrus processing plants, because it can combine
with NO to form ozone, contributing to smog, on hot days.
The legislation establishes that 65% of the citrus oil
(D-limonene) be captured for all plants. Most plants now
capture between 40% and 45% of the oil. A time-weighted
average (TWA) or other occupational exposure limit is not
available for D-limonene. The workplace environmental expo-
sure level for limonene (terpenes) is 30 ppm as an 8-h TWA.

See also: Behavioral Toxicology; Cancer Potency Factor;
Carcinogen Classification Schemes; Carcinogenesis; Food
Additives; Food Safety and Toxicology; Ecotoxicology;
International Fragrance Association (IFRA); International
Organization of the Flavor Industry; Research Institute for
Fragrance Materials; Risk Assessment, Ecological; Risk
Assessment, Human Health; Toxicity Testing, Sensitization;
Toxicity, Acute; Toxicity Testing, Carcinogenesis; Toxicity,
Subchronic and Chronic; Standards and Guidelines for Toxicity
Testing.
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l Chemical Name: 3-(3,4-Dichlorophenyl)-1-methoxy-1-
methylurea

l Chemical Abstracts Service Registry Number: CAS 330-55-2
l Synonyms: Afalon; Garnitan; Linex; Linorox; Linurex; Lorox;

Premalin; Sarclex; Sinuron; N0-(3,4-Dichlorophenyl)-N-
methoxy-N-methyl urea

l Chemical/Pharmaceutical/Other Class: Phenylurea herbicide
l Molecular Formula: C9H10Cl2N2O2

l Chemical Structure:
Background

Linuron is found as white crystals that have no smell. It is very
slightly soluble in water. Linuron can enter the body either by
ingestion of contaminated food or water or by dermal contact.
Linuron can cause nausea, vomiting, and diarrhea. Eye contact
can cause irritation. There is little evidence available as to the
effects of exposure to linuron on human health. However,
exposure to linuron at normal background levels is unlikely to
have any adverse effect on human health.
Uses

Linuron is used to control annual and perennial broadleaf and
grassy weeds on crop and noncrop sites. It is used as a pre- and
post-emergent herbicide. It works by inhibiting photosynthesis
in target weed plants. It is used in soybean, cotton, potato, corn,
bean, pea, winter wheat, asparagus, carrot, and fruit crops. It is
also used on crops stored in warehouses and storerooms.
Linuron is classified by the US Environmental Protection
Agency (EPA) as a Restricted Use Pesticide (RUP).
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Linuron is moderately persistent (half-life ranging from 30 to
150 days) and relatively immobile. Increased mobility can
occur in coarse soils and soils with low organic content.
Linuron is effectively degraded by biotic processing including
microbial degradation. Processes of adsorption and microbial
degradation limit its migration to groundwater. Runoff to
surface waters can occur. Linuron has been detected in
groundwater in Georgia, Missouri, Virginia, and Wisconsin.
Exposure and Exposure Monitoring

Oral exposure is the primary route from dietary sources.
Toxicokinetics

Linuron is rapidly absorbed with oral dosing. Linuron is effi-
ciently metabolized in rat liver and does not accumulate in
mammalian systems. With intravenous dosing, linuron distrib-
utes quickly and widely to peripheral tissues with rapid
elimination. Primary metabolites were identified as N0-(3,4-
dichlorophenyl)-N-methoxyurea, N0-(3,4-dichlorophenyl) urea,
and N0-(6-hydroxy-3,4-dichlorophenyl) urea. Linuron is a liver
enzyme inducer in rats.
Mechanism of Toxicity

As a reproductive and developmental toxicant, linuron works
via androgen receptor antagonist activity; that is, it competes
with testosterone for binding to the androgen receptor. In
mouse tissues, linuron competitively blocked transcription
through androgen receptor induced by dihydrotestosterone in
a concentration-dependent manner.
Acute and Short-Term Toxicity

Animal

Linuron is slightly toxic by dermal, oral, or inhalation route of
exposure (US EPA Toxicity Category III). The acute oral LD50 of
linuron for rats is 4000mg kg�1. The dermal LD50 in rabbits is
greater than 5000mg kg�1. The reported LC50 for linuron in
trout and bluegill is 16mg l�1.
Human

Linuron has little acute toxicity potential except for skin, eye,
and respiratory tract irritations.
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Chronic Toxicity

Animal

In chronic toxicity studies with beagle dogs, linuron caused red
blood cell destruction and changes in liver weight. Testicular
tumors, red blood cell damage, and growth retardation were
noted in long-term studies using rats. Statistically significant
increases in liver tumors, reductions in body weight, and
increased liver weights were noted in mice with chronic
bioassays.
Human

Relatively little is known of the long-term effects of linuron in
humans.
Reproductive Toxicity

Linuron interfered with the transmission of male hormones in
a reproductive toxicity study. Linuron exposure induced mal-
formations of the epididymis and the vas deferens. Develop-
mental toxicity was selective to males.
Genotoxicity

Linuron is not mutagenic.
Carcinogenicity

Linuron is classified in the United States as a possible (group C)
human carcinogen.
Clinical Management

There is no specific antidote for linuron poisoning. Treatment
includes removing exposure (decontamination) and supportive
therapy.
Ecotoxicology

In acute studies, linuron was slightly to moderately toxic to
cold and warm water fish.

Technical linuron is highly toxic to aquatic invertebrates,
while the formulated product is less toxic. Linuron was highly
toxic to sheepshead minnow and moderately toxic to eastern
oyster and mysid shrimp. Linuron is practically nontoxic to
honeybees. Reproductive deficits have been noted in birds
treated with linuron.
Exposure Standards and Guidelines

The acceptable daily intake for linuron is 0.005mg kg�1 day�1.
See also: Diuron; Pesticides.
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l Name: Lipid metabolism modifying (statins, cholesterol)
l Chemical Abstracts Service Registry Numbers: See indi-

vidual compounds
l Chemical/Pharmaceutical/Other Class: Lipid metabolism

modifiers
l Representative Chemicals: Atorvastatin (Lipitor and Tor-

vast), Fluvastatin (Lescol), Lovastatin (Mevacor, Altocor,
Altoprev), Pitavastatin (Livalo, Pitava), Pravastatin (Pra-
vachol, Selektine, Lipostat), Rosuvastatin (Crestor) and
Simvastatin (Zocor, Lipex), Niacin, Tetrahydrolipstatin,
Lipstatin, Anacetrapib, Evacetrapib, Torcetrapib, and Dal-
cetrapib, Lomitapide

l Synonyms: Varies according to manufacturer
Background (Significance/History)

Lipid modifiers are drugs that in some way influence the body’s
natural processes of producing, metabolizing, or storing lipids.
This is especially true of cholesterol, which has been the target
of much attention with regard to its management, both clini-
cally and at home. The current top-selling prescription drug of
all time, in fact, is the statin atorvastatin (Lipitor), a drug
designed to effectively hijack the body’s natural process of
producing cholesterol – in particular, low-density lipoprotein,
or LDL.

Elevated cholesterol levels have been associated with
cardiovascular diseases, and drugs that manipulate the body’s
ability to produce cholesterol have shown efficacy in reducing
such diseases. Lipid modifiers on the market today are
primarily of the statin class; however, other classes of lipid
modifiers share the market, although largely as adjunct miti-
gation strategies due to their separate mechanisms of action;
many are taken concomitantly with statins for an enhanced
effect. The most common lipid-modifying drugs are discussed
below.
Statins

Statins are the most popular class of lipid modifier. One
molecule in particular, atorvastatin (Lipitor, Torvast), has the
distinction of being the highest-grossing drug of all time, with
well over $100 billion in sales since its approval in 1996.
Several other statins have been on the market for some time,
and each has a separate efficacy profile.

Statins are enzyme inhibitors that interfere with the body’s
natural ability to produce cholesterol, particularly in the liver.
Thesedrugsbind to theHMG-CoA(3-hydroxy-3-methylglutaryl-
coenzyme A) reductase enzyme, effectively taking the place of
HMG-CoA due to their similarity in size and structure to the
molecule. The presence of a statin molecule in the HMG-CoA
reductase enzyme prevents the production of mevalonate,
which is the first molecule in the cascade of reactions that
eventually produces cholesterol and other compounds.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
In addition to inhibiting cholesterol synthesis, statins also
work by increasing the body’s uptake of LDL, a certain type of
cholesterol also termed ‘bad cholesterol.’ Due to falling
cholesterol levels in the blood following the interruption of the
lipid’s synthesis, the body upregulates the production of LDL
receptors in the liver, resulting in the accelerated uptake of LDL
into the liver where it is incorporated into bile salts.
Fatty Acid/Cholesterol Absorption Blockers
(Tetrahydrolipstatin and Ezetimibe)

Although the name suggests another statin, tetrahydrolipstatin
(also known as Orlistat) is neither an HMG-CoA reductase
enzyme inhibitor nor a mitigator in the body’s natural
production of cholesterol in particular or lipids in general. Tet-
rahydrolipstatin is a drug intended to treat obesity, and is sold
over the counter in the United Kingdom and the United States.

Tetrahydrolipstatin inhibits lipase enzymes in the gastro-
intestinal tract and the pancreas. This process disrupts the way
the body breaks down triglycerides consumed in the diet.
Without this enzymatic degradation, triglycerides are not
broken down into fatty acids that can be absorbed; these
nondigestible lipids are subsequently excreted, reducing fat
absorption and caloric intake.

Ezetimibe is similar to tetrahydrolipstatin, although it
specifically limits the absorption of cholesterol from the
intestine; niacin, however, has been found to be more effective
than ezetimibe in reducing secondary markers of cholesterol
reduction when used along with a statin.
Niacin

Niacin is a natural lipid modifier that works upstream of the
process by which statins interrupt the production of cholesterol
in the body. Found in many foods and as a dietary supplement,
niacin inhibits the breakdown of fat in adipose tissues by
binding to the GPR109A receptor (a G-protein-coupled
receptor). The lipids that are normally produced from adipose
tissue are used downstream in the cholesterol production
cascade to synthesize very-low-density lipoproteins (VLDL)
and finally LDL, which are thought to be the primary contrib-
utors to cardiovascular disease; niacin reduces the liberation of
these precursor lipids from adipose tissues.

It has been suggested that when used concomitantly with
statins, the addition of 2000mg day�1 of extended-release
niacin was effective in reducing a key marker of atherosclerosis,
carotid intima-media thickness. This effect was found to be
more effective than ezetimibe (Zetia), a cholesterol-absorption
prevention drug.
Phytosterols

Sharing a similar structure to cholesterol, phytosterols are
steroids that occur naturally in plants. The cholesterol-lowering
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effects of these compounds are relatively straightforward owing
to their similarity in structure, where in the gut they compete
for absorption with cholesterol. Phytosterols have been shown
to lower cholesterol; however, their effect on cardiovascular
disease is unclear. Concomitant use of statins enhances the
cholesterol-lowering effect.
Cholesterylester Transfer Protein Inhibitors

In contrast to most lipid-modifying drugs (which have
LDL-lowering primary mechanisms), cholesterylester transfer
protein (CETP) inhibitors act by elevating high-density lipo-
protein (HDL) levels. These drugs bind to and inhibit CETP,
the protein responsible for the conversion of HDL (thought to
be ‘good cholesterol’) to VLDL or LDL (both thought to be ‘bad
cholesterols’).

Drugs in this subclass of lipid modifiers, including anace-
trapib, evacetrapib, torcetrapib, and dalcetrapib, have yet to
prove especially efficacious in trials; many have resulted in high
mortality or otherwise have shown little improvement in
clinical signs or effects of cardiovascular disease.
Bile Acid Sequestrants

These polymeric compounds are effectively ion exchange
materials that bind to bile acids, preventing them from entering
enterohepatic circulation. Bile acid sequestrants work primarily
in the gastrointestinal tract and prevent the reabsorption of
lipid-containing bile acids, thereby lowering systemic choles-
terol. Typically, both the sequestrant and the bile acid to which
it is bound are excreted together.
Lomitapide

Lomitapide is a drug intended to treat hereditary hypercho-
lesterolemia. Approved for use in 2012, lomitapide reduces
LDL cholesterol in addition to reducing total cholesterol, and
apolipoprotein B by inhibiting the microsomal triglyceride
transfer protein (MTP; MTTP), a protein that facilitates the
production of VLDL in the liver; this product is intended for
patients with homozygous familial hypercholesterolemia.
Table 1 Statin pharmacokinetics

Drug Tmax (h)
Protein

binding (%)

Oral bioavailability

(%, range)

Elimination

half-life (h)
Uses

Lipid-modifying drugs are intended tomodify the way in which
the body produces, absorbs, or breaks down lipids, particularly
with respect to the various forms of cholesterol. The ultimate
goal of the use of these compounds is the reduction or elimi-
nation of cardiovascular disease, although they are generally
marketed with respect to their ability to lower bad (VLDL, LDL)
cholesterol levels and/or raise good (HDL) cholesterol levels.
Atorvastatin 1–2 98 14 14
Fluvastatin <1 98 24 (9–50) <3
Lovastatin 2 >95 <5 3
Pitavastatin 1 >99 51 12
Pravastatin 1–1.5 50 17 77
Rosuvastatin 3–5 88 – 19
Simvastatin 4 95 <5 –
Environmental Fate and Behavior

In general, most lipid modifiers have large Koc values, sug-
gesting that they will have relatively low mobility in soil.
Essentially, all compounds in this class have very low vapor
pressures, and are not expected to volatilize fromwaters or soils
to a significant degree. Many are generally lipophilic, and bind
readily to particulate matter in waterways, and may concentrate
in sediments and within the local biota.

For most members of this class, drug hydrolysis is not
expected to occur readily due to the absence of hydrolyzable
groups and their relative hydrophobicities. In influent studies
in several wastewater treatment plants, up to 90% of statins
present in influent streams were found to be effectively
removed via the treatment process, resulting in effluent
concentrations several orders of magnitude lower than reported
ecotoxicity thresholds for the drugs investigated.

Lipid modifiers have varied environmental fate profiles. As
a comprehensive list of all the drugs that fall under this category is
beyond the scope of this entry, each compound should be
referenced individually to evaluate its effects on the environment.
Exposure and Exposure Monitoring

Exposure to lipid-modifying drugs may occur where the
materials are produced or packaged. Exposure is primarily
dermal or inhalational in these cases. If exposure to toxic doses
is suspected, remove the individual from the area of contami-
nation. Observe for symptoms; no monitoring protocols have
been established.
Toxicokinetics

Very little data have been published with regard to the tox-
icokinetic profiles of lipid modifiers, including statins. In
general, observed toxicities have been low, with myotoxicity
being among the most common adverse events occurring with
statin use. Toxic effects can appear within 1–2 h of adminis-
tration, and sustained use of the drug is associated with an
increase in the likelihood of adverse reactions.

The pharmacokinetics of lipid modifiers can vary greatly
between the statins as well as the other subclasses of these drugs.
Table 1 outlines key pharmacokinetic parameters of several sta-
tins, where these differences are at once apparent. For most sta-
tins, excretion is primarily via the feces (60–90%of administered
oral dose) with a small amount excreted renally (2–20%).
Mechanism of Toxicity

Myotoxicity is the most severe toxic effect of many lipid modi-
fiers, yet the mechanism by which the reaction occurs is largely
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unknown. Muscle degeneration is generally not observed until
very high doses of the drug are administered, particularly the
statins. The inhibition of posttranslational modification of
specific cellular geranylgeranylation proteins is hypothesized to
be part of the mechanism for this myotoxic response.

Coadministration of cyclosporine Awith statins dramatically
increases the likelihood and severity of myotoxic responses,
although evidence suggests that cyclosporine A increases the
bioavailability of statins significantly. In these cases, it is thought
that cyclosporine A inhibits the biliary clearance of statins.

In rodents, neoplasms can occur with high frequency
following statin administration, while this is not the case in
other species. The mechanisms for these reactions – particu-
larly hepatocellular adenomas and adenocarcinomas – are not
clear. Typically, these rodents have received several times the
recommended human dose relative to body weight. Increases
in follicular cell adenomas are also more common in rodents
than in other species; this has been found to be related to
secondary effects on thyroxin metabolism following statin
action in the liver.
Acute and Short-Term Toxicity (or Exposure)

Animals

In laboratory animals, short-term effects of statin use have been
mostly associated with elevated liver enzymes and muscle
problems, especially myotoxicity. Decreases in cognitive func-
tion, neuropathy, pancreatic dysfunction, hepatic dysfunction,
and sexual dysfunction have also been reported.
Humans

In humans, nausea, flatulence, diarrhea, and abdominal pain
have been the most common acute effects; this is particularly
true of statins. Renal failure, pancreatitis, chest pain, atrial
fibrillation, vasculitis, hemolytic anemia, thrombocytopenic
purpura, thrombotic thrombocytopenic purpura, akathisia,
extrapyramidal effects, nasopharyngitis, upper respiratory
infection, cough, lung fibrosis, and peripheral neuropathy have
also been reported in rare cases.
Chronic Toxicity (or Exposure)

Animals

Chronic toxic effects of some lipid modifiers can include
myositis and myopathy with the potential for rhabdomyolysis
and eventually renal failure. In dogs, there have been reports of
testicular abnormalities occurring in rare instances, including
decreased testicular weight, atrophy or degeneration of semi-
niferous epithelial cells, disruption of spermatocyte matura-
tion, and increases in multinucleated giant cells. High doses of
statins in dogs have been associated with CNS toxicity,
including vascular endothelial degeneration and hemorrhage;
these results may occur after significant periods of time in
which no symptoms occur.

In rodents exposed to statins, increases in hepatocellular
tumors have been reported, in addition to increases in pulmo-
nary adenomas and forestomach squamous papillomas.
Humans

In humans, increases in the risk of diabetes have been reported
and are correlated to the dose received. Among other effects of
chronic use in humans reported in the literature, the following
are the most common: myopathy, myalgias, rhabdomyolysis,
elevated liver enzymes, hepatitis, dermatitis, diplopia, ble-
pharoptosis (ptosis), ophthalmoplegia, tendinitis, and tendon
rupture.

In the rarest cases, the following toxicities have been re-
ported in humans (with the associated drug): hyperkalemia
(lovastatin), photosensitivity (simvastatin), dermatomyositis
(simvastatin and pravastatin), limb compartment syndrome
(simvastatin and atorvastatin), acute renal failure (lovastatin),
pancreatitis (pravastatin and lovastatin/gemfibrozil), chest
pain (pravastatin), atrial fibrillation (simvastatin), vasculitis
(atorvastatin), hemolytic anemia (lovastatin), thrombocyto-
penic purpura (atorvastatin), thrombotic thrombocytopenic
purpura (simvastatin), akathisia (lovastatin), extrapyramidal
effects (lovastatin), nasopharyngitis (atorvastatin), upper
respiratory infection (pravastatin), cough (pravastatin), lung
fibrosis (simvastatin), and peripheral neuropathy (lovastatin
and simvastatin).
Immunotoxicity

No evidence of immunotoxicity has been demonstrated with
this class of drug.
Reproductive Toxicity

In laboratory animals, niacin has been associated with birth
defects at doses used to lower cholesterol.

Rosuvastatin has been shown in at least one study to be
fetally toxic at doses of 25mg kg�1 in rats (15mg kg�1 no
observed adverse effect level, or NOAEL), with maternal
toxicity being observed at this dose as well. Effects of maternal
toxicity were reduced body weight, reduced food consump-
tion, liver toxicity, and renal toxicity; effects of fetal toxicity
were reductions in progeny, low fetal body weight, low inci-
dence of pups with eyes open, increases in visceral malfor-
mation and skeletal variations, and retarded ossification.
Maternal and fetal toxicity has been observed at rosuvastatin
doses of 3mg kg�1 in rabbits (1 mg kg�1 NOAEL) as well;
maternal toxicities observed included mortality, low body
weight, hypoactivity and debility, and histopathologic changes
in the liver, gallbladder, kidney, heart, and muscle; fetal
toxicities included dead fetuses and decreases in fetal viability
index.
Genotoxicity

Several statins and other lipid-modifying drugs test nega-
tive in Ames test, mouse lymphoma assays, chromosome
aberration assays, and mouse micronucleus tests, and
little or no evidence exists suggesting genotoxicity of these
compounds.
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Carcinogenicity

Aside from the noted neoplasms found in rodents receiving oral
doses of lipid modifiers, there have been no reports of increases
in the risk of cancer in humans following regimens of the drugs.
Clinical Management

Treatment of exposure to lipid modifiers is largely the same
regardless of the subclass of the material. Symptomatic and
supportive treatment is recommended. Activated charcoal and/
or gastric lavage may be given if exposure has occurred within
2 h of treatment, particularly if coingestion of other substances
has occurred.
Ecotoxicology

There have been few published studies exploring the ecotox-
icology of lipid-modifying drugs beyond a few isolated cases.
There is also little agreement on toxicological values between
studies among various organisms despite numerous studies
focusing on the presence of the compounds as influents and
effluents of wastewater treatment plants.
Other Hazards

Drug Interactions

Statins combined with fibrates or niacin have been reported to
increase the risk of rhabdomyolysis by several fold, to approxi-
mately 6 per 10 000 person-years. Grapefruit and/or grapefruit
juice has been shown to inhibit themetabolismof specific statin
drugs, and any citrus fruit may produce similar effects.

Protease inhibitors may also interfere with certain statins.
Protease inhibitors may increase the bioavailability of statins,
enhancing potential toxic effects.
Exposure Standards and Guidelines

Few, if any, exposure standards or guidelines have been
established for these materials.

See also: Cardiovascular System; Niacin.
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Introduction

The ability of free radicals to ‘abstract’ electrons from
membrane lipids, causing membrane injury and resulting in
increased production of free radicals, is defined as lipid per-
oxidation. At high temperatures, lipid peroxides decompose to
produce a range of unpleasant-tasting and foul-smelling
products such as epoxides, ketones, acids, and aldehydes. Most
biological membranes are extended bilayers of amphiphilic
lipids with hydrophobic moieties directed to the center and
hydrophilic head groups at the two surfaces. Biological cell
membranes are packed with polyunsaturated fatty acids
(PUFAs) such as arachidonic and docosahexaenoic acids
(omega-3 fatty acid), in either the isolated form or the incor-
porated form in triacylglycerides and phospholipids. PUFAs are
particularly susceptible to peroxidation. With increasing
concerns about the potential adverse effects of lipid perox-
idation in cellular membranes, the relevance of lipid perox-
idation to biology and human diseases has been extensively
explored since the 1950s.

Low levels of lipid peroxidation are a natural metabolic
process under normal conditions. Lipid peroxidation of bio-
logical membranes is considered an irreparable event in a cell’s
life that it can be divided into three stages: initiation, propa-
gation, and termination. The initiation phase includes activa-
tion of oxygen and is rate limiting. PUFAs (the main
component of membrane lipids) are susceptible to perox-
idation. Lipid peroxidation is one of the most investigated
consequential actions of reactive oxygen species (ROS) on
membrane structure and function. The idea of lipid perox-
idation as a solely destructive process has transformed during
the past decade. Abundant experimental evidence now suggests
that lipid hydroperoxides and oxygenated products of lipid
peroxidation as well as initiators of lipid peroxidation (i.e.,
ROS) can participate in the signal transduction cascade, the
control of cell proliferation, and the induction of differentia-
tion, maturation, and apoptotic cell death. It has been shown
that lipid peroxidation and ROS-mediated oxidative stress are
powerful triggers for various forms of cell death (apoptosis and
necrosis). Apoptosis facilitates removal of precancerous,
cancerous, virus-infected, and otherwise injured cells that
threaten the well-being of the organism. Prooxidants typically
facilitate cancer growth, whereas antioxidants usually counter
such events, and this elimination is proportional to the inhi-
bition of lipid peroxidation products by antioxidants.
Mechanism of Lipid Peroxidation

Intracellular prooxidant/antioxidant imbalance leads to
oxidative stress, resulting in lipid peroxidation. Lipid perox-
idation leads to generation of peroxidation products, which in
turn can escalate nonspecific free radical reactions. The process
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of lipid peroxidation involves three stages, initiation, propa-
gation, and termination, in which oxidative stress serves as the
initiation phase. Oxidative stress is mainly caused by free
radicals. A free radical is defined as any chemical species pos-
sessing one or more unpaired electrons and capable of inde-
pendent existence. Hydroxyl (OHl) and superoxide (Ol

2) are
examples of oxygen-centered radicals. There are also other types
of radicals such as thiyl (RSl), trichloromethyl (CCl3

l), nitric
oxide (NOl), and peroxynitrite (ONOOl). A free radical is
marked by a dot, which designates the presence of one or more
unpaired electrons.

The initiation phase of lipid peroxidation involves
hydrogen atom abstraction. A very small number of radicals
(e.g., transition metal ions or a radical generated by photolysis
or high-energy irradiation) can abstract hydrogen from lipid
molecules to yield free radicals of lipids or fatty acid radicals,
which are unstable molecules.

Xl þ RH / Rl þ XH
Because fatty acid radicals are unstable, they readily react

with molecular oxygen, thereby creating a peroxyl-fatty acid
radical. This too is a highly unstable species that reacts with
another free fatty acid, producing a different fatty acid radical
and lipid peroxide, or cyclic peroxide if it had reacted with
itself. This cycle continues, as the new fatty acid radical reacts in
the same way which results in propagation.

Rl þ O2 / ROOl

ROOl þ RH / ROOHþ Rl

Thus, the events form the basis of a chain-reaction process.
The lipid hydroperoxide decomposition produces more radi-
cals and noxious aldehydes.

ROOHeROl; ROOl; aldehydes
When the substrate is depleted, the termination reaction

begins. Two radicals combine the unpaired electrons to form
a nonradical product.

Rl þ Rl / RR
The chain reactions are also terminated when antioxidants

(A–H), which provide easily donatable hydrogen for abstrac-
tion by peroxyl radicals, combine with lipid radicals to halt
further propagation.

AHþ ROOl / ROOHþ Al

The antioxidant-derived radical (Al) could be dimerized
harmlessly into A2, or it could be converted back to A–H
by reaction with another molecule; it might also react
with another ROOl to become a nonradical. The most
important chain-breaking antioxidant in human lipids is
a-tocopherol.

ROOlðlipid peroxyl radicalÞ þ a-tocopheroleOH
/ROOHþ �a-tocopherol-Ol

The resultant tocopheroxyl radical is relatively stable and, in
normal circumstances, insufficiently reactive to initiate lipid
peroxidation itself. It has been demonstrated in vitro that
a-tocopherol radical can be converted back to a-tocopherol by
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reduction with ascorbic acid at the surface of biological
membranes.

Al þ ascorbic acid/ ascorbic acidl þ A�H
However, it is uncertain that this reaction actually happens

in vivo.
There are two types of lipid peroxidation: chemical

(nonenzymatic) peroxidation and enzyme-catalyzed perox-
idation. The nonenzymatic peroxidation has been described
above. In the enzyme-catalyzed peroxidation, lipoxidases (or
lipoxygenases), which are present in both plants and animals,
catalyze the following reaction:

That is, the addition of molecular oxygen to a 1, 4-cis, cis-
pentadiene moiety produces a 1-hydroperoxy-2, 4-trans, cis-
pentadiene unit. The product of the enzymic reaction, a hydro-
peroxide, is similar to the products of purely chemical reaction,
but the lipoxidase reaction has a number of distinguishing
features. The activation energy is smaller than that for the
chemical reaction, and the enzyme has very specific substrate
requirements. To be a substrate, the fatty acid must contain at
least two cis double bonds interrupted by a methylene group.
Thus, linoleic and �a-linolenic acids are good substrates for the
plant enzymes while arachidonic acid, the major PUFA in
mammals, is the target for the animal lipoxygenases in their
tissues when it is released from complex lipids.
Reactive Oxygen Species That Initiate Lipid
Peroxidation in Cells

Initiation of lipid peroxidation is still not fully understood. Its
promotion by oxygen, singlet oxygen, hydroxyl radical, super-
oxide anion, or some form of preferred ion has been proposed.
High-energy irradiation of aqueous solutions produces highly
reactive hydroxyl radicals (OHl) that can attack all biological
molecules, including membrane lipids. This is probably
a mechanism accounting for initiation of lipid peroxidation in
irradiated organisms. With the exception of such an unusual
circumstance, ROS that initiate lipid peroxidation in cells are
produced during normal metabolism and generally produced
by electron transfer reactions.

Superoxide free radical (O2
�l) and H2O2 are continuously

produced in vivo. In normal circumstances, electron ‘leakage’
from electron transport chains, such as those in mitochondria
and the endoplasmic reticulum, to molecular oxygen can
generate the superoxide radical.

O2þ e–/O2
–l

Superoxide can also be produced by other enzymes such as
the range of flavin oxidases located in peroxisomes, and by
oxidation of certain compounds including ascorbic acid, thiols,
and adrenaline in the presence of transition metal ions. The
autoxidation of reduced transition metal can also generate the
superoxide.

Fe2þþO2/ Fe3þþO2
–l

Cu1þþO2/Cu2þ þO2
–l

Hydrogen peroxide is often produced in biological systems
via the generation of superoxide: Two superoxide molecules
can react together to form hydrogen peroxide and oxygen.

2O2
–l þ 2Hþ/H2O2þO2

Although superoxide is a free radical, it is not a particularly
damaging species and it does not appear to be capable of
initiating lipid peroxidation. Its major significance is as a source
of hydrogen peroxide and as a reductant of transition metal
ion. Hydrogen peroxide is not a free radical but falls into the
category of ROS. It is a source of hydroxyl radicals. In the
presence of reactive transition metal ions, hydrogen peroxide
can rather easily break down to produce the hydroxyl radical,
the most reactive and damaging oxygen free radical that will
attack most biological molecules and initiate lipid perox-
idation at diffusion-controlled rates.

H2O2þ Fe2þ/OHl þOH–þ Fe3þ

In summary, the ROS that initiate lipid peroxidation
include oxygen itself, superoxide, hydrogen peroxide, transi-
tion metal ions, and the hydroxyl radical. These ROS are
normally produced during metabolism and, in the absence of
adequate defense mechanisms, ROS can attack DNA, proteins,
and lipids in the body. However, ROS are not always harm-
ful. For example, they are involved in the destruction of
pathogens by phagocytes, and several recent publications
suggest that they are instrumental to signal transduction
pathways.
Biological Effects of Lipid Peroxidation

Although ROS are continuously produced during normal
metabolism, the integrated antioxidant systems in the body
prevent lipid peroxidation. In the absence of adequate
defense mechanisms, lipid peroxidation can directly damage
the structure of the membrane. Peroxidation of lipids can
disturb the assembly of the membrane, causing changes in
fluidity and permeability, alterations of ion transport, and
inhibition of metabolic processes. Injury to mitochondria
induced by lipid peroxidation can result in further ROS
generation. Disruption of cellular membrane structure may
further cause antioxidant systems to be ineffective. In addi-
tion, decomposition of lipid hydroperoxides produces
hydrocarbon gases (such as ethane and pentane), more
radical species, and cytotoxic aldehydes. Thus, the decompo-
sition products of lipid peroxidation can indirectly damage
other cellular components.

Lipid peroxidation has been implicated in a wide range of
tissue injuries and diseases, and even in the aging process. The
liver toxicity of carbon tetrachloride (CCl4), acetaminophen,
furosemide, and doxorubicin is a classic example of the
destructive effects of lipid peroxidation. A very small portion of
administered carbon tetrachloride is metabolized into tri-
chloromethyl free radical (CCll3) by the action of cytochrome
P450 in the liver. This radical reacts rapidly with oxygen and
gives rise to the trichloromethylperoxyl radical.

CCll3þO2/CCl3O
l

2
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This trichloromethylperoxyl radical can efficiently abstract
hydrogen atoms from lipids and initiate lipid peroxidation.

R–HþCCl3O
l

2/ Rl þCCl3O2H
Eventually, these reactions result in the oxidative destruc-

tion of cellular membranes and serious tissue damage in the
liver, even though only 0.5% of CCl4 is ever metabolized.
Involvement of lipid peroxidation has been proved to be an
essential step in the events leading to death of hepatocytes in
acute intoxication with other haloalkanes such as bromotri-
chloromethane (CBrCl3), dibromoethane, and halothane.
Lipid peroxidation is also involved in the hepatotoxicity
induced by toxic doses of ethanol, allyl alcohol, bromo-
benzene, dimethylnitrosamine and some drugs like Adria-
mycin, furosemide, and acetaminophen.

Atherosclerosis is an irregular thickening of the inner wall of
the artery that reduces the size of artery lumen, particularly near
junctions in the arterial tree. Atherosclerosis involves the
buildup of deposits in the inner arterial walls, characterized by
high concentrations of lipids that derive from plasma lipo-
protein. Lipids are also involved in the formation of thrombi
that may lead to the blockage of blood vessels narrowed by
atherosclerosis. It is currently believed that lipid peroxidation is
involved in the pathogenesis of atherosclerosis through
oxidative modification of low-density lipoprotein (LDL) and
peroxidation of the apoB100. The oxidized LDL has reduced
affinity for the LDL-receptor, and instead become ligands for
the family of scavenger receptors. Therefore, the macrophages
can engulf large amounts of lipid in an uncontrolled manner
with the development of foam cells and the initiation of the
atherosclerotic lesion. The oxidized LDL deposited in the
arterial wall may continuously release highly cytotoxic lipid
peroxidation products such as certain aldehydes, irritating the
endothelial cell layer and causing a range of other effects that
may contribute toward the development of the lesion.

Lipid peroxidation has also been suggested to be involved
in the pathogenesis of several lung diseases and injuries. One of
the important events for several lung diseases is arachidonic
acid (AA) release induced by lipid peroxidation and metabo-
lism of released AA to active products. Hydroperoxides have
been shown to induce lipid peroxidation in the isolated
perfused lung, which could lead to a perturbed plasma
membrane and the activation of phospholipase A2 (PLA2). As
a result of the activation of PLA2, an excessive amount of AA is
released. The released AA and its metabolites of eicosanoids,
such as prostaglandins, prostacyclin, thromboxane, and
leukotriene, can lead to vasoconstriction and bronchocon-
striction as well as development of edema.

Recent research has indicated that lipid peroxidation is
involved in the pathogenesis of other human diseases such as
ischemia-reperfusion injury, various types of cancers, Alz-
heimer’s disease, rheumatoid arthritis, renal dysfunction,
ocular degeneration, and diabetes mellitus. However, it must
be pointed out that in most cases, an increase in the bulk
peroxidation of cell membrane lipids is not the only cause of
cell damage, but one of the consequences of cell damage.
Increased intracellular free Ca2þ perturbation, structural and
functional damage to proteins, and DNA damage are more
serious causes of cell injury than is the bulk peroxidation of
membrane lipids. Although controversies exist regarding
timing of the lipid peroxidation, it is often a late event,
accompanying rather than causing final cell death and often
occurring after cell death, leading to putrefaction and added
generation of products such as ethane.
Defenses against Lipid Peroxidation

Antioxidants (glutathione(GSH)/oxidized glutathione (GSSG)
ratio, vitamin A, vitamin E, vitamin C, catalase, superoxide dis-
mutase (SOD), and food derived) are believed to play a critical
role in the body’s defense system against ROS. Antioxidants are
substances that inhibit, delay, or slow the rate of lipid oxidation
reactions. They inhibit the formation of free radicals or detoxify,
and hence contribute to the stabilization of the lipids. Antioxi-
dant defenses consist of two categories: those preventing the
generation of free radicals and those intercepting the generated
radicals. The preventive defenses include efficiency of electron
transfer (i.e., no leakage of electrons from the respiratory chain)
and sequestration of transition metal ions. Iron, for example, is
held tightly bound to special proteins such as transferrin and
ferrin. Another type of preventive antioxidant defense is the
removal of peroxides that reactwith transitionmetal ions to form
reactive free radicals. Catalase and glutathione peroxidase are
examples of this type of defense. Catalase is mainly located in
peroxisomes and detoxifies hydrogen peroxide; glutathione
peroxidase is found in the cytosol of most cells and is active
toward both hydrogen peroxide and fatty acid hydroperoxides.
The reaction sequence can be depicted as follows:

2H2O2/catalase/2H2OþO2
ROOHþ 2GSH/ROHþH2Oþ GSSG

The intercepting defenses scavenge the generated free radi-
cals. As mentioned previously, superoxide dismutase and
a-tocopherol are good examples of enzyme and nonenzyme
scavengers, respectively. Some dietary minerals are essential for
the function of antioxidant enzymes (e.g., the various isoforms
of superoxide dismutase use copper and zinc or manganese as
cofactors, whereas an isoform of glutathione peroxidase uses
selenium).

The repair system removes damaged biomolecules before
cell metabolism or viability has been altered due to their
accumulation. Oxidatively damaged nucleic acids are repaired
by specific enzymes, oxidized proteins are removed by
proteolytic systems, and oxidized membrane lipids are pro-
cessed by lipases, peroxidases, and acyl transferases.

Naturally, there is a dynamic balance between the amount
of free radicals generated in the body and antioxidants to
quench and/or scavenge them and protect the body against
their deleterious effects. However, the amounts of these
protective antioxidants present under the normal physiological
conditions are sufficient only to cope with the physiological
rate of free radical generation. However, stress conditions
(drug, chemical, or microbial exposure) tilt the normal balance
progressing into a diseased condition.
Measurement of Lipid Peroxidation

Lipid peroxidation can be determined quantitatively or quali-
tatively by a variety of methods. It can be measured by losses of
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fatty acids; amounts of primary peroxidation products; amounts
of secondary products such as carbonyls and hydrocarbon gases;
and reduction in antioxidant activity. Some of the commonly
used methods are described below. Analysis of fatty acids by gas
liquid chromatography (GLC) or high-performance liquid
chromatography (HPLC) is used for measuring the loss of
unsaturated fatty acids, a consequence of lipid peroxidation.
Lipid hydroperoxides, the primary product of peroxidation, can
be directly measured by HPLC with chemiluminescence detec-
tors. Iodine liberation and glutathione peroxidase methods are
often used formeasuring lipid peroxides. Lipid peroxides oxidize
I� to I2 for titration with thiosulfate and thus consumption of
thiosulfate indirectly indicates the quantity of lipid peroxides.
Hydrogen peroxides and hydroperoxides oxidize reduced GSH
to GSSG. The addition of glutathione reductase and NADPH
reduces GSSG back to GSH, requiring consumption of NADPH,
which can be related to peroxide content. Spin traps (phenyl
t-butylnitrone) are frequently used for trapping intermediate
radicals. Products of lipid peroxide decomposition, such as
hydrocarbon gases and cytotoxic aldehydes, can be measured by
GLC or HPLC. Lipid peroxidation products may cause damage
to DNA, and formation of 8-oxo-20-deoxyguanosine (8oxodG)
is a marker of oxidative damage to DNA. Contents of 8oxodG in
DNA can be quantified by HPLC with an EC detector and by an
immunochemical method (ELISA).

The most popular assays for measurement of lipid perox-
idation are the thiobarbituric acid (TBA) test and diene conju-
gation determination. In the TBA test, lipid-containing samples
are heated with TBA and an LP product, malondialdehyde
(MDA) at low pH to allow the formation of a pink colored
complex (see reaction below). Density of the color is related to
the extent of lipid peroxidation. Because of its simplicity and
economy, this method is used extensively in in vivo and in vitro
settings. During the process of lipid peroxidation, diene
conjugations (a double bond–single bond–double bond
structure) are formed (see enzyme-catalyzed peroxidation),
which absorb ultraviolet (UV) light in the wavelength range of
230–235 nm. The absorption of UV light at this wavelength can
be related to contents of diene conjugates in lipid extracts of
tissues and, thus, to extent of lipid peroxidation.
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Other newly developed, routinely used, methods are 4-
hydroxynonenal assay and 8-iso-prostaglandin F2a assay.
Elisa kits are now mostly used to detect various lipid per-
oxidation adducts. These kits are readily available on the
market, are quite specific, and give accurate results. Since
both MDA and hydroxynonenal (HNE) have been shown to
be capable of binding to proteins and forming stable
adducts, they are also considered advanced lipid perox-
idation end products (ALEs). Ethanal, propanal, hexanal,
glyoxal, methylglyoxal, 4-hydroxy-2-hexenal, acrolein,
formaldehyde, and acetaldehyde are considered ALEs. These
are reactive carbonyl compounds (RCCs) and sugar glyco-
xidation products (called advanced glycation end products)
that usually accumulate with aging and oxidative stress-
related diseases such as atherosclerosis, diabetes, or neuro-
degenerative diseases. RCCs induce the ‘carbonyl stress’
characterized by the formation of adducts and cross-links on
proteins, which progressively leads to protein malfunction
and damages in all tissues and pathological consequences,
including cytotoxicity, cell dysfunction, inflammation, and
apoptotic cell death. Further interaction with proteins by
these ALEs can cause both structural and functional changes
of oxidized proteins. Specifically, 4-HNE can react with
lysine, histidine, or cysteine residues in protein to form
adducts. The enzyme immunoassay that is developed is for
rapid detection and quantification of these adducts. In these
assays, the quantity of adduct in protein samples is deter-
mined by comparing its absorbance with that of a known
adduct – BSA standard curve.

LDL cholesterol, generally referred to as bad cholesterol, is
even more dangerous when it becomes oxidized. Oxidized
LDL (OxLDL) is more reactive with surrounding tissues and
can collect within the inner lining of arteries. Macrophages,
cholesterol, and other lipids can accumulate at the site
(atherosclerosis), ultimately forming a plaque that can lead to
heart attack, stroke, or death. LDL oxidation affects both the
lipid and protein components of LDL. Reactive aldehyde
products formed during the oxidation of PFAs, such as MDA
and 4-HNE, are capable of attaching covalently to the e-
amino groups of lysine residues of ApoB-100 to form MDA-
Lys and HNE-Lys adducts (MDA-LDL and HNE-LDL).
Advanced glycosylation such as the formation of CML-LDL
and CEL-LDL is also involved in LDL oxidation. The enzyme
immunoassay is developed for the detection and quantitation
of human OxLDL in plasma, serum or other biological fluid
samples. The kit, which is readily available, contains a copper
oxidized LDL standard.
Historically, the measurement of MDA by TBARS
(thiobarbituric acid reactive substances) assay has been
frequently used to determine the extent of LP. It is consid-
ered nonspecific, and is generally poor when applied to
biological samples. Recent assays are based on the
measurement of MDA or HNE-lysine adducts. These are
likely to be more applicable to biological samples, since



Lipid Peroxidation 93
adducts of these reactive aldehydes are relatively stable. The
discovery of the isoprostanes as lipid peroxidation products,
measured by GCMS or immunoassay, has opened a new
avenue for indirect quantitation of lipid peroxidation
in vivo.

See also: Acetaminophen; Carbon Tetrachloride; Ethanol;
Kidney; Liver; Mechanisms of Toxicity; Oxidative Stress;
Paraquat; Respiratory Tract Toxicology.
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l Name: Lithium
l Chemical Abstracts Service Registry Number: 7439-93-2
l Synonyms: Cibalith, Eskalith, Lithane, Lithobid, Lithonate,

Lithotabs, Carbolith, Cibalith-S, Duralith, Lithizine, Lithicarb
l Molecular Formula: Liþ
Background

Lithium is an alkali metal with physiologic actions similar to
potassium and sodium. Lithium was discovered as a salt in
1817 by Johan August Arfwedson. It does not occur in nature as
a free metal but is found in minerals such as spodumene,
petalite, and eucryptite. It is the 27th most abundant element
in Earth’s crust. Lithium was used to treat gout, as a salt
substitute, and as a major constituent of the soft drink 7-Up
before 1950.
Uses

The most widely known use of lithium is that of lithium
carbonate in treating manic-depressive affective disorders; the
mechanism by which it alleviates depression in some people is
not known. Industrially, lithium and its compounds are used
in metal alloys, lubricants, nuclear reactor coolant, ceramics,
alkaline storage batteries, and electronic tubes. It is also used as
a catalyst and as a reducing agent.
Environmental Fate and Behavior

Lithium is a soft, silver-white metal that is highly reactive and
flammable. It is typically stored in mineral oil. Lithium
concentrations in the earth’s crust are estimated to be
20–70 ppm by weight. Lithium is widely distributed in nature.
Some trace amounts can be found in manyminerals, rocks, and
soils and in many natural water sources. In air, lithium
compounds exist as particulate but their ionic nature makes
them nonvolatile and may be removed by wet and dry depo-
sition. In soil, lithium compounds are expected to adsorb
moderately to soils and sediments. A lithium ion would not
undergo oxidation–reduction reactions and exists in its þ1
oxidation or dissolved ions. Lithium ions may undergo
precipitation, sorption, or ligand exchange reactions. In water,
lithium compounds are not expected to adsorb to suspended
solids and sediments. Volatilization and bioconcentration are
insignificant.

Concentrations of lithium in surface waters are typically
very low (<0.04mg l�1). Seepage into ground water and
surface water from storage sites (e.g., the US Department of
Energy’s Y-12 plant) may lead to concentration much higher
(0.15mg l�1).
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Exposure and Exposure Monitoring

Ingestion is the most common exposure pathway; lithium
carbonate is administered orally. Occupational exposures to
lithium may occur through inhalation and dermal routes, but
rarely produce toxicity. The general exposures of lithium to the
public may occur via inhalation of ambient air or ingestion of
food and drinking water. Lithium occurs in breast milk of
nursing women.
Toxicokinetics

Lithium is readily absorbed when administered orally in the
gastrointestinal tract and is widely distributed in the body,
mainly intracellularly to the liver and kidneys. It is carried into
the red blood cells by the sodium transport carrier and enters the
central nervous system, mostly concentrated both in the pitui-
tary and thyroid glands. Lithium can penetrate the placental
barrier. Lithium is not bound to plasma proteins and does not
undergo hepatic metabolism. It is excreted in the urine; excretion
depends on sodium and water balance and the glomerular
filtration rate. The rate is decreased if salt intake is limited.
Mechanism of Toxicity

The exact mechanism of lithium toxicity is unknown. It may be
related to lithium’s displacement of potassium, producing an
unusual equilibrium within the cells. Another hypothesis is that
lithium is competitive with sodium for binding sites in various
organs such as the kidney and the central nervous system.
Acute and Short-Term Toxicity (or Exposure)

Animal

The LD50 of lithium chloride following subcutaneous adminis-
tration in mice was w17–19mmol kg�1 (w700–800mg kg�1).
The acute oral LD50 in rats is w500mg kg�1. Acute lithium
exposure elicits excessive urination and polydipsia.
Human

Lithium hydride rapidly converts to lithium hydroxide in
contact with water. Lithium hydroxide is corrosive to all tissues,
outer skin, as well as lung cells.
Chronic Toxicity (or Exposure)

Animal

Long-term dietary lithium can lead to renal failure, hyperten-
sion, and proteinuria. Lithium is toxic to the central nervous
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00869-1

http://dx.doi.org/10.1016/B978-0-12-386454-3.00869-1


Lithium 95
system. Interestingly, long-term exposure to lithium chloride
dramatically protected cultured nerves against glutamate-
induced excitotoxicity via apoptosis mediated by N-methyl-D-
aspartate receptors. High dietary potassium can prevent lithium
toxicity following repeated exposures in hamsters and rats.

Human

Lithium can cause kidney injury. The first sign of intoxication in
patients is usually a fine hand tremor. Occupational lithium
toxicity is rare. The use of lithium carbonate for depression may
result in damage to the neuromuscular system, resulting in
ataxia and tremors. Toxicity often occurs after weeks of chronic
intake. The first signs of toxicity are nausea, vomiting, and
abdominal pain. The action on the central nervous system can
result in tremors, epileptic-type seizures, impediment of
speech, and even short blackout periods. The heart can also be
affected, resulting in hypertension and arrhythmias. Nephro-
toxicity has been recorded in some patients. Long-term lithium
treatment of pregnant women has been associated with fetal
cardiac abnormalities. Chronic lithium treatment also appears
to disrupt thyroid function and may lead to hypothyroidism.
Reproductive Toxicity

In animals, reproductive and developmental effects such as
decrease in litter size, decrease in live pups, reduced growth,
and increased incidence of cleft palate have been reported in
rodents exposed to lithium salts during gestation. In humans,
studies also showed evidence that women on lithium therapy
may have a higher risk of premature births.
Genotoxicity

Lithium is neither genotoxic nor mutagenic.
Carcinogenicity

Lithium and lithium compounds have not been classified by
the US EPA as carcinogenic in humans or animals.
Clinical Management

There is no specific antidote for lithium toxicity. For acute over-
dose, administration of syrup of ipecac followed by gastric lavage
is recommended. Electrolyte replacement should follow. An
infusion of mannitol or urea and increasing the alkalinity of the
urine will enhance lithium excretion. For abnormal motor
activity, a tranquilizer such as diazepam is helpful. High salt
intake protects against lithium toxicity in the kidneys. Hemodi-
alysis may also be used. As noted above, diets high in potassium
may also afford protection against chronic lithium toxicity.
Ecotoxicology

The 68 h LD50 (gastric lavage) in common carp was
>400mg kg�1. The 96 h LC50 in Fundulus heteroclitus was
8–39mg l�1. Lithium was reported to induce microcephaly in
frogs and salamanders.
Other Hazards

Lithium crosses the placenta readily. Newborn lithium toxicity
has been reported and may cause floppy baby syndrome. Lithium
can also inhibit release of thyroid hormone and can increase
thyroid-stimulating hormone production, resulting in goiter in
neonates.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value (TLV) – time-weighted average
for lithium hydride is 0.025mgm�3. The TLV for lithium
chloride or lithium carbonate is not established.

Miscellaneous

Women who continue to take lithium during pregnancy should
be counseled about the risks to the fetus and benefits to the
mother.
See also: Kidney; Metals; Potassium; Sodium.
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Introduction

The liver is the largest organ in the human body, weighing
approximately 1.5 kg (around 2.5% of body weight) in adults.
Although not an elegant organ in its structure, having (and
needing) no constant form, its highly complex activities are
essential for life. The liver accommodates its form to its
surroundings and expands into any part of the abdominal area
not occupied by other viscera. Details of arrangement and loba-
tion vary greatly from species to species and even between indi-
viduals of the same species. Ancient priests divined the future
from the liver patterns of sacrificed animals (hepatomancy); they
found plenty of scope for personalized interpretations!

The liver performs four basic functions which are essential
for the maintenance of homeostasis and integration of
metabolism:

1. Storage and filtration of blood
2. Metabolism and storage of many xenobiotics (compounds

that do not occur in an organism’s normal metabolic
pathways), as well as nutrients and endogenous
compounds such as bile acids, fatty acids, and steroids and
other hormones

3. Secretory and excretory activities involved in bile formation
and flow (exocrine functions)

4. Synthesis of a variety of important constituents of blood
plasma, which are secreted directly into the blood (endo-
crine functions)

Many toxic substances enter the body via ingestion and after
absorption are carried directly to the liver via the portal circu-
lation. Thus, the liver is the first organ that is exposed to
absorbed substances, which may be highly concentrated in the
portal blood. The liver is the metabolic center of the body, rich
in both biotransforming enzymes that maintain nutrient
homeostasis and facilitate detoxification and excretion of
xenobiotics and nuclear receptors that regulate expression of
these enzymes in response to xenobiotics (xenosensors). This
elimination or reduction of xenobiotics before they reach the
systemic circulation and other organs is called the ‘first pass’
effect. The liver possesses a remarkable capacity for regenera-
tion following injury. In some cases, however, the bio-
transforming enzymes create toxic metabolites that can injure
the liver itself as well as other tissues. Furthermore, the liver has
a high concentration of binding sites and therefore a tendency
to accumulate certain xenobiotics. The toxicity of certain
compounds may be amplified and perpetuated by the activities
of resident immune cells. Finally, even chemicals that are
successfully excreted in the bile can return to the liver via the
cycle of enterohepatic circulation.
Review of Liver Structure and Function

Correlation of the liver’s structure with its many functions, and
an appreciation of the systemic consequences of toxic injury to
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this vital organ, depends on an understanding of its specialized
structure and strategic location in the circulation.
The Liver Functions as an Interface between the Digestive
Tract and the Systemic Circulation

The liver’s interposition between the digestive tract and the
systemic circulation is responsible for both its primary role in
metabolism of xenobiotics and its susceptibility to their toxic
actions. The liver receives about 30% of the total blood volume
every minute. It has a dual blood supply, which enters at the
porta (Latin for ‘gate’) and then ramifies together into a second
capillary bed, the hepatic sinusoids. The principal afferent
(incoming) vessel, the portal vein, contributes around 80% of
the liver’s blood supply. It drains the capillary beds of the
intestine and spleen into the hepatic sinusoids. The liver thus
directly receives all the material (including xenobiotics)
absorbed from the intestine (except lipid chylomicrons, which
are transported by lymphatic vessels). This special arrangement
of blood vessels – where blood collected from one set of
capillaries passes through a larger vessel into a second set of
capillaries before entering the venous circulation – is called
a portal system. The hepatic artery, which contributes the
remaining 20% of the total afferent blood flow, provides
freshly oxygenated blood. The hepatic blood vessels are
accompanied throughout the parenchyma by bile ducts and
lymphatic vessels. The liver is drained by the efferent
(outgoing) hepatic veins into the inferior vena cava near the
heart.

The hepatic sinusoids differ from ordinary capillaries in
several respects. They are larger and more variable in diameter,
and their walls are lined with both specialized endothelial cells
and very large, actively phagocytic Kupffer cells, the resident
macrophages of the liver. Unlike most other blood vessels
in vertebrates, the sinusoids have discontinuities of as much as
a micrometer in diameter between the endothelial cells,
allowing the blood plasma, including plasma proteins (but not
blood cells), to pass freely through into the space of Dissé
(space between the sinusoidal endothelium and hepatocytes)
and directly contact the liver cells. The direct access of the
plasma to the surface of the liver cell is a structural feature of
great functional importance in the active exchange of materials
between the liver and the bloodstream.
The Liver Serves as a Blood Filter and Reservoir

Because the liver is a soft, expansible structure, large volumes of
blood can be stored in its vessels. The normal hepatic blood
volume is about 450 ml or almost 10% of the normal human
total blood volume. As much as another liter can be stored
when blood volume is high. Likewise, the liver can supply extra
blood when the circulatory volume is diminished.

Blood entering the hepatic sinusoids carries many bacteria
from the digestive tract. The phagocytic Kupffer cells interspersed
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00629-1
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among the typical endothelial cells lining this specialized
capillary bed rapidly phagocytize more than 99% of bacteria and
other foreign particles in the blood.
Cellular Components of the Liver

The normal liver contains at least 15 cell types. Hepatocytes, the
liver parenchyma, carry out the liver’s characteristic metabolic
and synthetic functions. They make up approximately 60% of
hepatic cells and 80% of the cytoplasmic volume. Hepatocytes
possess extraordinary functional diversity, complexity, and
flexibility in responding to varying metabolic demands, serving
to regulate intermediary metabolism, detoxify endogenous
and xenobiotic compounds, manufacture critical circulating
proteins, and generate bile acid-dependent bile flow. They are
polyhedral cells with abundant cytoplasm and three func-
tionally distinct membrane surfaces: intercellular (bordering
other hepatocytes), perisinusoidal (bordering the sinusoidal
space), and pericanalicular (bordering bile canaliculi). Hepa-
tocytes are arranged in single-cell-thick plates or sheets that
appear to radiate out from terminal branches of the hepatic
veins. Neighboring plates are separated by sinusoids, which are
closely applied to the sheets of liver cells and intercommuni-
cate through fenestrations to form a labyrinthine system
covering a very large area of liver parenchyma. As discussed
below, hepatocyte characteristics and functions vary with their
position in the liver lobule.

Although the hepatocyte is a highly differentiated cell that
rarely divides in adult vertebrates, it possesses a tremendous
capacity for compensatory hyperplasia after injury or removal
of liver tissue. This remarkable property has been recognized
since ancient times, as reflected in the macabre Greek myth of
the titan Prometheus, whose punishment for gifting mortals
with fire stolen from Zeus was to have his liver eaten by a great
eagle – an ordeal to be repeated every day because it grew back
overnight. The complex regenerative response requires the
activation of multiple complex and interdependent pathways
and involves, depending on the nature of the injury, different
cell types. It is now generally accepted that there are two types
of regeneration following liver injury. The primary mechanism
is compensatory hyperplasia of mature hepatocytes. However,
in the event that mature hepatocytes are unable to divide
rapidly enough due to massive damage or inhibition of
proliferative capacity, hepatic progenitor cells (referred to as
hepatoblasts in humans and oval cells in rodents) are activated
to differentiate into hepatocytes and bile duct cells.

The diverse population of nonparenchymal liver cells
includes liver sinusoidal endothelial cells, phagocytic Kupffer
cells, dendritic cells, stellate (Ito) cells, intrahepatic lympho-
cytes, and bile duct cells. Lymphocytes are distributed
throughout the liver as well as in the portal tracts. The average
human liver contains approximately 1010 lymphocytes of both
the innate and the adaptive arms of the immune system,
including natural killer cells, natural killer T cells, and T and
B lymphocytes.

Liver sinusoidal endothelial cells make up 50% of the
nonparenchymal cells. As mentioned previously, they differ
considerably from typical vascular endothelia, being discon-
tinuous, lacking basement membranes, and containing
numerous fenestrae (Latin for ‘windows’). The sinusoids form
a sieve-like interface that permits intimate access of blood-
borne molecules to hepatocytes while preventing cellular
components from leaving the sinusoids. Kupffer cells account
for about 20% of nonparenchymal cells in the liver and are
the largest group of fixed macrophages in the body. They are
attached to the sinusoidal surface of endothelial cells,
predominantly in the periportal area. Their primary functions
are phagocytosis of debris, microorganisms, and endotoxins,
secretion of mediators that influence the functions of both
adjacent and distant cells, and production of cytokines that
contribute to both protection and injury of the liver. Also
present in the sinusoids are pit cells and liver-resident
dendritic cells.

Stellate cells, comprising around 15% of hepatic cells,
contain vitamin A and other fat-soluble vitamins and reside in
the space of Dissé. They are important in the development of
cirrhosis, because they synthesize and excrete collagen and
other extracellular matrix proteins when activated.

Sinusoidal endothelium, Kupffer cells, stellate cells, and
dendritic cells are also resident antigen-presenting cells,
capturing antigens that pass through the liver or are released
when pathogen-infected hepatocytes die. Antigen-presenting
cells are thought to be crucial for the maintenance of tolerance.
Anatomical and Functional Units of the Liver

The structural and functional organization of the liver has been
debated for over 300 years. Several models of liver organization
have been proposed; the three most important are (1) the
classical lobule proposed by Kiernan in 1833, (2) the acinus
(Latin for ‘berry’) proposed by Rappaport in 1954, and (3)
a subdivision of the classical lobule, the primary lobule,
proposed by Matsumoto in 1979 and its further subdivision,
the hepatic microvascular subunit. Blood enters the sinusoids
via fine terminal branches of the afferent vessels which leave
the portal spaces at intervals, coursing perpendicular to the
central vein (or terminal hepatic vein) and along the sides of
the hexagons forming classical lobules (Figure 1). The corners
of the polygonal lobules are each occupied by portal space
containing portal triads: branches of portal venule, hepatic
arteriole, and bile ductule. The human liver contains 50 000–
100000 of these typically hexagonal structures, 2 or 3 mm in
length and 1 or 2 mm in diameter. Each fine terminal afferent
vessel supplies blood to only sectors of adjacent lobules. Rap-
paport proposed that the associated mass of parenchymal
tissue which they preferentially supply, termed as acinus,
should be considered the basic functional unit of the liver. The
acinus lies between two or more terminal hepatic venules
(central veins in the classical terminology), with which its
vascular and biliary axis interdigitates. Acini are irregular in size
and shape, and there is no distinct physical separation between
them. As in the classical lobule, there are distinct circulatory
zones within each acinus, depending on their distance from the
afferent vessels.

Matsumoto’s concept that each classic lobule consists of
several primary lobules, cone-shaped subunits supplied by
portal and arterial blood at the periphery with its apex at the
central venule, is now considered to best comport with all
available information. Hepatic microcirculatory subunits
within each primary lobule are defined as groups of sinusoids



Figure 1 Diagram illustrating the classic liver lobule, showing (1) the radial disposition of the liver cell plates and sinusoids around the central
vein, (2) the centripetal flow of blood from branches of the hepatic artery and portal vein, and (3) the centrifugal flow of bile (small arrows) to the small bile
duct in the portal space. Reproduced with permission from Bloom, W., Fawcett, D.W. (Eds.), 1968. A Textbook of Histology, ninth ed. Saunders,
Philadelphia (redrawn and modified from Ham, Textbook of Histology, Lippincott, Philadelphia).
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supplied by individual inlet venules and their associated
branch of the hepatic arteriole. The three distinct zones of the
classical lobule based on differential metabolic activities,
referred to as periportal (Zone 1), midlobular (Zone 2), and
pericentral (Zone 3), are also evident in the primary lobule.
Nonparenchymal cells also display differences among the
zones. For example, the fenestrations between sinusoidal
endothelial cells gradually increase in number from the peri-
portal to the pericentral end of the sinusoid, allowing the
remaining nutrients greater access to the centrally located cells.
The relationship between these alternative views of liver orga-
nization is illustrated in Figure 2.

Many studies have demonstrated zone-specific differences
in the expression and activity of enzymes of intermediary
metabolism and other proteins, including receptors and
transport systems. Metabolic activities with activity gradients
along the portal/ central axis are shown in Figure 3. Several
of the well-documented zonal differences in the levels and
activities of key enzymes of various pathways of intermediary
metabolism can be explained, at least in part, by corresponding
differences at the mRNA level in periportal and pericentral
hepatocytes, indicating that regulation at the transcriptional or
translational level determines their zonal expression in liver.
The mechanisms underlying zonal gene expression in the liver
are not yet fully elucidated. Recent studies with transgenic mice
have identified the Wnt/b-catenin developmental pathway as
a master regulator of this phenomenon. This signaling pathway
is activated in pericentral hepatocytes, in which it simulta-
neously induces a genetic expression pattern specific to peri-
central cells and represses the periportal genetic program.
The Liver is an Exocrine Gland, Secreting Bile

The liver functions as an exocrine gland, with each hepatocyte
continually secreting a small amount of bile into tiny bile
canaliculi located between adjacent pairs of parenchymal cells.
Bile is a complex mixture of bile salts, bile pigments, phos-
pholipids, cholesterol, inorganic electrolytes, and end products
of metabolism important both as a digestive secretion and as
a medium of excretion. Bile canaliculi form a continuous
network from lobule to lobule throughout the organ. The
canaliculi are smallest near the central vein, increasing in
diameter with proximity to the portal triads. The canaliculi
coalesce into biliary ductules, interlobular bile ducts, and larger
hepatic ducts. The main hepatic duct joins the cystic duct from
the gallbladder to form the common bile duct, which drains
into the duodenum. The total secretion of bile by the human
liver is approximately 700–1200 ml per day.

Bile salts perform two important functions in the digestive
tract:

l Act as detergents, emulsifying large fat droplets into small
ones. This action creates a much larger surface area for the
action of lipase in the small intestine, thereby increasing
lipid absorption.

l Form minute complexes called micelles with the emulsified
lipids. The electrical charges of the strongly ionized bile salts
render these micelles highly soluble, aiding in their trans-
port to the absorptive surfaces of the intestinal brush
border. The fats readily diffuse across the membrane,
leaving the charged bile salts to retrieve more fats in
a ‘ferrying’ activity.



Figure 2 Contiguous hepatic lobules illustrating the interconnecting network of sinusoids derived from two portal venules (PVs). The central venule (CV)
forms the axis of the classic lobule. Hepatic arterioles (HAs) supply blood to sinusoids near the periphery of the lobule, usually by terminating in inlet
venules or terminal PVs. As a result, three zones (1, 2, and 3) of differing oxygenation and metabolism have been postulated to compose a hepatic acinus,
with its axis being the portal tract (lower left). Each classic lobule contains several cone-shaped subunits having convex surfaces fed by portal and arterial
blood at the periphery and its apex at the CV (upper left). A, B, and C represent hemodynamically equipotential lines in a ‘primary lobule.’ A recent
modification further subdivides lobules into conical hepatic microcirculatory subunits (HMS), each being supplied by a single inlet venule. Modified and
reproduced with permission from Boyer, T.D., et al. (Eds.), 2012. Zakim and Boyer’s Hepatology. A Textbook of Liver Disease, sixth ed. Saunders,
Philadelphia (an imprint of Elsevier, Inc., Philadelphia).
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Bile salts are extensively metabolized to secondary bile acids by
intestinal microflora in the gut. Approximately 94% of the bile
salts are reabsorbed at special mucosal receptor sites in the
distal ileum and reused by the liver by the process of
Figure 3 Schematic representation of metabolic processes taking place in diffe
activities of zonated pathways and shows the gradients in oxygen tension, horm
gene expression in the liver. Reproduced with permission from Braeuning, A., I
2006. Differential gene expression in periportal and perivenous mouse hepatoc
enterohepatic circulation. In enterohepatic circulation,
compounds secreted in bile are reabsorbed in the gastrointes-
tinal tract and returned to the liver. On reaching the liver in the
portal blood, almost all of the bile salts are taken up across the
rent hepatocyte subpopulations along the portocentral axis summarizing the
ones/growth factors, and b-catenin signaling thought to influence zonal
ttrich, C., Köhle, C., Hailfinger, S., Bonin, M., Buchmann, A., Schwarz, M.,
ytes. FEBS J. (273), 5051–5061.
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sinusoidal membranes of hepatocytes (predominantly in per-
iportal regions). The bile acids are then resecreted into the bile.
On average, these salts make the entire circuit about 18 times
before being lost in the feces. Thus, enterohepatic circulation of
toxicants increases their half-life in the body and hence their
opportunity to exert toxic effects.

Bile pigments are products of red blood cell destruction. The
hemoglobin released when red blood cells rupture is rapidly
taken up by tissue macrophages in many parts of the body,
but especially by the Kupffer cells of the liver. The porphyrin
portion of the hemoglobin molecule is oxidized in the
macrophages to biliverdin, which is rapidly reduced to the
yellow–green bile pigment bilirubin. The macrophages release
bilirubin into the blood, where it binds tightly to albumin and
is transported throughout the circulation to the liver. Inside
hepatocytes, it associates with proteins that effectively trap it
inside the liver cells. It is subsequently removed from these
holding proteins and conjugated with glucuronide, sulfate, and
other substances. These conjugated forms are then actively
transported into the bile canaliculi and largely eliminated with
the feces. Bilirubin is highly soluble in all cell membranes and
also very toxic; hence, its excretion is one of the liver’s most
important functions. Interestingly, however, recent studies
have demonstrated that bilirubin is an effective antioxidant of
possible physiological importance.
Table 1 Major liver functions and systemic health consequences
of toxic injury

Liver function Consequence of toxic injury

Metabolic homeostasis Hypoglycemia, hypercholesterolemia,
hyperammonemia

Filtration of particles Systemic infection, endotoxemia
Protein synthesis Hypoalbuminemia, fatty liver, bleeding
Bile formation Jaundice, gallstones, malnutrition
Xenobiotic metabolism Diminished detoxification, systemic toxicity
The Liver Plays a Key Role in the Integration of Metabolism

The liver is the metabolic center of the body transforming
ingested food into a balanced cell culture medium via meta-
bolic interconversion of amino acids, carbohydrates, and lipids
and synthesizing many substances that are subsequently
exported for use in other areas of the body. It is also a major
locus of biotransformation of xenobiotic compounds to both
harmless (detoxification) and toxic (bioactivation) metabo-
lites. Phase I enzymes (principally the cytochromes P450,
located in the smooth endoplasmic reticulum) catalyze
hydrolysis, reduction, and oxidation reactions that render
substrates more polar, while Phase II enzymes catalyze conju-
gation of xenobiotic molecules with hydrophilic moieties such
as glucuronic acid and the tripeptide glutathione to make them
more water soluble. The end result is a water-soluble metabo-
lite that can be excreted.

The balance between bioactivation and detoxification
reactions determines whether adverse effects occur. Given the
complex metabolic machinery of the liver and the presence
of multiple chemicals (both endogenous and xenobiotic), it is
inevitable that metabolic and toxicologic interactions among
chemicals often occur.

Carbohydrate Metabolism
The liver serves as an energy reservoir, storing glucose as
glycogen for release on demand. It thus plays a very important
role in maintaining a normal blood glucose concentration. In
the event of severe glucose deficiency, the liver can convert
amino acids into glucose.

Fat Metabolism
The liver also plays a central role in synthesis, oxidation,
storage, and distribution of lipids. It not only aids in the
absorption of fats through the action of the bile salts, but also
(1) both synthesizes and oxidizes fatty acids, cholesterol, tri-
acylglycerols, and phospholipids (the major components of
cell membranes); (2) synthesizes most of the plasma lipopro-
teins; and (3) converts carbohydrates and proteins into fat.

About 80% of the cholesterol synthesized in the liver is
converted into bile salts. The remainder of the cholesterol, tri-
acylglycerols, other lipids, and hydrophobic substances
(including xenobiotics) are transported to other tissues
throughout the body by plasma lipoproteins. These lipopro-
teins, which are classified according to density, consist of
apoproteins (also made by the liver) and various combinations
of fat and fat-soluble compounds. The liver also stores vita-
mins, especially vitamin A but also vitamins D, E, K, and B12,
in fat-storing Ito cells, located between endothelial cells and
hepatocytes.

Protein Metabolism
The most important functions of the liver in protein metabo-
lism are (1) deamination of amino acids for use as energy or
conversion into fats and carbohydrates, (2) synthesis and
interconversion of amino acids and other metabolically
important compounds, (3) formation of urea for excretion of
ammonia, and (4) formation of plasma proteins.

Approximately 90% of the plasma proteins are formed by
the hepatocytes. Among these important products are albumin
(involved in the maintenance of osmotic pressure), clotting
and anticlotting factors, and immunoglobulins. The remaining
10% are largely g-globulins synthesized by plasma cells.
Toxic Liver Injury

Liver injury by chemical substances has been recognized for
more than 100 years. Several unique characteristics of the liver
make it especially susceptible to toxic insult. Its ‘first pass’
uptake of absorbed material from the digestive tract, the ready
accessibility of plasma solutes to the space of Dissé, and the
hepatocytes’ high surface area and specialized uptake processes
can result in highly elevated intracellular concentrations. The
high metabolic activity of hepatocytes, particularly their
enrichment in biotransforming enzymes, results in elevated
exposure to reactive metabolites and free radicals. Because of
the unique zonal topology of cellular functions within the liver
lobule, many hepatotoxicants preferentially damage one type
of liver cell. Some health effects associated with disruption of
key liver functions are listed in Table 1.



Table 2 Broad classes of hepatotoxic chemicals

Class Examples

Metals Arsenic, beryllium, copper, iron, manganese
Endogenous

compounds
Androgens, estrogens, glucocorticoids, vitamin A

Drugs Acetaminophen, amoxicillin, ethanol, halothane,
isoniazid, phenobarbital, valproate

Xenobiotics Allyl alcohol, bromobenzene, carbon tetrachloride,
hexachlorobenzene, PFOA, TCDD, vinyl chloride

Toxins Mycotoxins (aflatoxin B1, fumonisins, sporidesmin,
amatoxins, phalloidin)

Plant toxins (pyrrolizidine alkaloids, lantadene)

Liver 101
Types of Hepatotoxic Agents

Many chemicals can be hepatotoxic, including several metals,
a wide variety of natural compounds such as vitamins and
bacterial, fungal, plant, and animal toxins, and thousands of
synthetic drugs and chemicals. Examples of major classes of
hepatotoxicants are provided in Table 2.

Several systems can be used to categorize types of hepato-
toxic agents. They can be broadly classified based on the nature
of the host’s response. The majority of agents, referred to as
intrinsic hepatotoxicants, cause prompt and predictable toxic
effects in most individuals of most species in a dose-dependent
fashion. In contrast, idiosyncratic (meaning ‘individual’) reac-
tions to hepatotoxicants are rare, not dose dependent, delayed
in onset, and unpredictable with existing animal models. For
example, anabolic or contraceptive steroids cause diminished
biliary excretion (cholestasis) in most humans, with a few
showing jaundice. It is not clear whether the occasional jaun-
dice is the result of an allergic response or an extreme reaction
to diminished biliary excretion. Likewise, many drugs, for
example, isoniazid and halothane, can precipitate a potentially
fatal viral-like hepatitis in susceptible subjects. Idiosyncratic
responses have long been understood to entail hypersensitivity
(allergic) reactions or exaggerated responses to minor alter-
ations in liver function. More recently, several other nonex-
clusive hypotheses have been proposed to explain idiosyncratic
responses, including unusual genetic polymorphisms, mito-
chondrial dysfunction, failure to adapt to modest liver injury,
and inflammatory stress. It is possible that various combina-
tions of these modes of action may be involved, even for
a single chemical.
Mechanisms of Toxic Liver Injury

The development of toxic liver injury has been conceptualized
as a two-stage process, in which Stage I is the toxic injury and
Stage II consists of the opposing responses – damage
progression vs. damage repair –whose balance determines the
final outcome. As shown in Figure 4, toxic injury initiates
a cascade of distress signals that stimulates surrounding
healthy cells to divide in order to replace the dead cells.
Depending on the extent of damage and the temporal and
dose relationships, recovery may occur or the injury may
progress. These processes are shown in more detail in
Figure 5.
Stage I: Toxic Injury
Initial mechanisms of toxicity can cause cell damage through (1)
direct cell stress, (2) disruption of mitochondrial function, and
(3) stimulation of autoimmune responses. In addition, some
chemicals (and/or theirmetabolites) interact directlywithspecific
nuclear receptors, triggering up- or downregulation of receptor-
activated signaling pathways that cause beneficial or detrimental
effects. Nuclear receptors of particular hepatotoxicological
importance are the aryl hydrocarbon receptor (AHR), the
constitutive androstane receptor (CAR), and the peroxisome
proliferator-activated receptor-a (PPARa). Although conserved in
evolution and of evident physiological importance as
xenosensors, a key characteristic of these receptors is the quali-
tative and quantitative variability of the responses (toxic and
otherwise) they mediate by species, animal strain, gender, and
organ. While PPARa plays a critical role in lipid and energy
homeostasis and regulation of the inflammatory response, the
native functions of the AHR and CAR remain to be elucidated.

The most common mechanism of hepatocellular injury is
damage caused by reactive metabolites produced by the cyto-
chrome P450 system. Some metabolites are potent electro-
philes (positively charged molecules that are attracted to
electrons) that can form adducts (covalent bonds) with struc-
turally and functionally critical nucleophilic (possessing free
pairs of electrons) macromolecules such as proteins and
nucleic acids, as well as low-molecular-weight nucleophiles
such as glutathione. Depletion of glutathione can result in
oxidative stress, which can lead to damage to proteins, DNA,
and lipids, including lipid peroxidation. Changes in the redox
state of a cell can also perturb regulatory systems that are
sensitive to these changes. Adducts formed with essential
cellular enzymes can cause acute cell injury or death. Adducts
can also form between reactive metabolites and the nucleic
acids DNA and RNA. Adducts formed with RNA can interfere
with protein synthesis and lead to acute hepatic toxicity, while
certain kinds of DNA adducts can result in DNA mutations
(irreversible, heritable changes in DNA structure) and promo-
tion (clonal expansion of mutated cells), which may exert long-
term consequences such as neoplasia.

Mitochondrial damage can cause (1) uncoupling or inhibi-
tion of mitochondrial respiration, resulting in ATP depletion
and increased concentrations of reactive oxygen species (ROS),
(2) inhibition of b-oxidation of fatty acids, causing steatosis
(accumulation of lipid droplets within hepatocytes), (3) damage
to mitochondrial DNA, or (4) mitochondrial permeability
transition (a calcium-induced permeabilization of the mito-
chondrial inner membrane that results in collapse of the
membrane potential and depletion of cellular ATP).

Reactivecompounds canalsoact ashaptens, formingDNAand
protein adducts that are recognized as foreign antigens, leading to
autoimmune liver injury. A classic exampleof this phenomenon is
the anesthetic agent halothane, which undergoes P450-mediated
oxidation to trifluoracetyl chloride. Trifluoracetyl chloride binds
to free amino groups on proteins, creating neoantigens.

Stage II: Repair or Progression
Tissue repair is a dynamic process, modified by species, strain,
age, and other individual characteristics, that opposes
progression of injury from developing into organ failure and
death. Tissue repair has been observed to increase in a dose-



Figure 4 Mechanistic two-stage model of hepatotoxicity. During Stage I, toxic chemicals initiate tissue injury via well-established bioactivation-based
events. Injury further progresses due to some unknown mechanisms. During Stage II, infliction of injury stimulates compensatory tissue repair
response after treatment with low to moderate doses of the toxicant (þtissue repair) leading to prompt regression of injury permitting animal survival.
In contrast, high dose of the toxicants inhibit tissue repair (�tissue repair) leading to unrestrained progression of injury and animal death.
Reproduced with permission Mehendale, H.M., 2005. Tissue repair: an important determinant of final outcome of toxicant-induced injury. Toxicol. Pathol.
33(1), 41–51.
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dependent manner up until a threshold dose is exceeded. Low
to moderate doses stimulate tissue repair, but its onset is
increasingly delayed as the dose rises. Thus, at doses beyond
a certain threshold, the tissue repair response is too little and
too late to arrest the progression of injury.

While much is known about the Stage I injury processes, the
mechanisms responsible for Stage II events are less well
understood. Three mechanisms appear to be involved in
progression of injury: (1) activation of inflammatory cells, (2)
production of free radicals and oxidative stress, with subse-
quent lipid peroxidation, and (3) leakage of degradative
enzymes from the dying and injured cells.
Toxic Responses of the Liver

Toxic liver lesions may be categorized by the duration of
exposure to the causal agent: Some injuries typically occur after
acute exposure, while others require chronic exposure. For
example, an acute effect of ethanol is fatty change (intracellular
accumulation of triacylglycerols), while cirrhosis (replacement
of liver parenchyma with fibrotic scar tissue) occurs after pro-
longed exposure. Some injuries may be transient, while others
are irreversible. For example, fatty change is often transient and
not necessarily indicative of functional compromise. Cirrhosis,
in contrast, is an end-stage disease, the final result of repeated
injuries. Although previously thought to be irreversible, there is
now ample evidence that cirrhosis can be reversed by treat-
ments that effectively target its underlying pathophysiology.
Malignant transformation is irreversible and seriously disrupts
hepatocellular function. Necrosis (cell death), while irrevers-
ible for the dead cells, may not be life threatening given the
liver’s great capacity for regeneration.

The following discussion distinguishes between generally
acute and generally chronic forms of toxic liver injury, with
consideration of the mechanisms by which selected
compounds exert these effects. Examples of chemicals causing
the various types of injuries are presented in Table 3.
Acute Toxic Effects
l Intracellular accumulations: Disturbances in cellular metab-

olism can cause swelling and accumulation of materials such
aswater (hydropic change) or lipid (fatty change or steatosis).
These changesmay be reversible. Hydropic change, which can
be caused by carbon tetrachloride, results from compromised
intracellular sodium ion balance. It often precedes steatosis.
Steatosis may be brought about by several distinct mecha-
nisms involving fatty acid and protein metabolism, resulting
in an imbalance between uptake of fatty acids and their
secretion as very low-density lipoproteins. Two of many
causative agents are carbon tetrachloride and ethanol.
Although steatosis is not necessarily destructive to cellular
function, it can develop into the inflammatory condition
steatohepatitis,which is associatedwith significant liver injury
and can progress to cirrhosis and hepatocellular carcinoma.

Some chemicals, notably peroxisome proliferators such as
perfluorooctanoate (PFOA), cause accumulation of lipofuscin
pigment, thought to represent lysosomal accumulation of
incompletely digested lipid. Excessive exposure to iron and
copper can result in accumulation of thesemetals in hepatocytes.

l Cell death: Liver cells can die by two distinctmechanisms: (1)
oncotic (swelling) necrosis (characterized by increased cell
volume, swelling of organelles, nuclear disintegration, and
rupture of the cellmembrane and release of cell contents) and
(2) apoptosis (programmed cell death, characterized by cell
shrinkage, chromatin condensation, nuclear fragmentation,
and formation of apoptotic bodies). Whereas apoptosis
occurs via distinct signaling pathways, necrosis is an ‘acci-
dental’ death. Both necrosis and apoptosis are frequent
consequences of toxic liver injury, often preceded by cell
swelling and lipid accumulation, and both activate inflam-
matorypathways that can lead to further pathological changes
(fibrosis, cirrhosis, and cancer).

The mode of death caused by hepatotoxic agents may be
dose dependent, with apoptosis predominating low doses and



Figure 5 Events associated with the toxicity of drugs and xenobiotics. After a chemical enters a cell, it can either interact directly with a receptor and
evoke beneficial or detrimental responses by up or downregulation of receptor-activated signaling pathways or it can undergo metabolism to products that
in turn react with the receptor. Some of these products are reactive and bind to nucleophiles – for example, proteins, DNA, and small molecules such as
glutathione (GSH). The formation of DNA adducts is generally genotoxic, and modification of proteins can have detrimental effects through a variety of
mechanisms. One possibility is that conjugates of the activated chemical with endogenous small molecules have direct effects in cells. Depletion of GSH by
reaction with chemicals results in oxidative stress, which can lead to damage to proteins, DNA, and lipids. Irrespective of the mechanism of damage,
a gradation of protective responses, apoptosis (programmed cell death), and necrosis can result, depending on the extent of damage and the temporal and
dose relationships. Reproduced with permission from Liebler, D.C., Guengerich, F.P., 2005. Elucidating mechanisms of drug-induced toxicity. Nat. Rev.
Drug Discov. 4, 410–420.
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necrosis at high doses. It was previously thought that apoptosis
and necrosis are fundamentally different processes, but they are
now understood to share common features and pathways. In
particular, both forms of cell death result from opening of high-
conductance permeability transition pores in mitochondria,
initiating onset of the mitochondrial permeability transition.
Toxicant-induced cell death can affect small groups of cells
(focal), groups of cells located in discrete zones (zonal), or
many cells (massive).

As mentioned previously, hepatotoxicants often preferen-
tially damage liver cells according to their position within the
lobule. The midzonal area, which consists of only two or three
cells in the middle of the lobule, is the least common target of
hepatotoxicants. Periportal hepatocytes receive the highest
concentration of xenobiotics absorbed from the digestive tract.
In keeping with the lower concentration of cytochromes P450
in this area, agents preferentially damaging periportal cells tend
to be primary toxicants, not requiring bioactivation. Higher
oxygen tension in this area can also play a role in susceptibility.
In addition, Kupffer cells are more numerous in the periportal
region and may contribute to adverse effects on hepatocytes
there. Well-known examples of periportal hepatotoxicants are
allyl alcohol and iron overload. Excess iron deposition in the
liver occurs preferentially in periportal hepatocytes, which are
also the site of subsequent fibrosis. Allyl alcohol preferentially
causes periportal damage because it is predominantly taken up
in this region, and because the higher oxygen tension there
enhances formation of superoxide anion with resultant lipid
peroxidation when glutathione is depleted.

Pericentral hepatocytes are by far the most frequent targets
of hepatotoxicants, reflecting the fact that many toxic agents
are bioactivated to toxic metabolites by the biotransforming
enzymes enriched in these cells, together with their lower
concentrations of glutathione. Well-known causative agents are



Table 3 Examples of liver toxicants causing specific types of nonneoplastic injury

Cell type Example toxicants Causal factors

Periportal hepatocyte
necrosis

Iron
Allyl alcohol

Highest concentration in portal blood
[Oxygen

Pericentral hepatocyte
necrosis

Acetaminophen
Aflatoxin B1
Bromobenzene
Carbon tetrachloride
Ethanol
Pyrrolizidine alkaloids

[P450
YGlutathione
YOxygen

Massive (diffuse)
necrosis

Acetaminophen
Carbon tetrachloride

High dose

Halothane
Isoniazid

Idiosyncratic response

Cholestasis Anabolic steroids
Contraceptive steroids
Chlorpromazine
Lantadenes
Sporidesmin
Phalloidin

Reduced biliary secretion
Bile duct necrosis

Disruption of cytoskeleton
Porphyria Hexachlorobenzene

TCDD
Mediated by AHR in mice

Fibrosis and cirrhosis Acetaminophen
Aflatoxin B1
Carbon tetrachloride
Ethanol
Isoniazid

Chronic tissue injury and inflammation
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the industrial chemicals bromobenzene and carbon tetrachlo-
ride, the drugs acetaminophen and ethanol, and the natural
toxins aflatoxin B1 and pyrrolizidine alkaloids.

High doses of acetaminophen and carbon tetrachloride can
also cause massive (diffuse) necrosis. Most of the unpredictable
idiosyncratic forms of toxic liver injury are also diffuse, con-
sisting of necrosis with significant inflammatory reaction. A
clinical syndrome indistinguishable from viral hepatitis (hence
the name viral-like hepatitis) has been associated with several
drugs, e.g., isoniazid and halothane. This appears histologically
as generalized parenchymal damage with disruption of the
normal liver cell arrangement, often accompanied by fever,
rash, arthralgias, and eosinophilia. The cells may be swollen
and hydropic, especially in the pericentral regions. There may
be a progression to a massive necrosis typical of viral hepatitis.
Granulomatous hepatitis, characterized by well-demarcated
aggregates of inflammatory cells, occurs with or without other
types of hepatic injury in response to several drugs. Typical
causal agents are sulfonamides and sulfonylurea derivatives.

l Hepatobiliary dysfunction: Cholestasis, generally defined as
reduced bile flow, can arise from extrahepatic obstruction of
bile flow or intrahepatic disorders that impair bile forma-
tion. The mechanisms of intrahepatic cholestasis include
the following:
B Obstruction of bile flow (proliferation of bile duct

epithelia)
B Inhibition or downregulation of bile salt transporters,

leading to impaired secretion into bile canaliculi
B Disruption of actin filaments around the bile canaliculi,

preventing movement of bile to the bile ducts
B Inhibition of physiological downregulation of bile acid

synthesis (inhibition of negative feedback mechanisms)
B Induction of genes encoding enzymes involved in bile
acid synthesis

Because their elimination is impeded, bile substances
(including bile acids and pigments, cholesterol, and various
endogenous and exogenous conjugated products) accumulate
within the liver cells, causing injury that may be exacerbated by
the subsequent inflammatory response. Many drugs and
chemicals are known to cause cholestasis; prominent examples
are anabolic and contraceptive steroids, chlorpromazine,
lantadene, sporidesmin, and phalloidin.

l Acute toxic porphyria: The porphyrias (derived from the
Greek word porphyra (purple) because mammalian
porphyrins are deep red or purple in color) are a heteroge-
neous group of diseases, all of which involve disorders of
heme biosynthesis resulting in accumulation and increased
excretion of porphyrins or porphyrin precursors. The
porphyrias are of two major types: hereditary porphyrias,
some of which can be exacerbated by exposure to certain
chemicals, and toxic porphyrias, which can be produced by
exposure to certain chemicals in susceptible individuals.
The pattern of excretion of porphyrins and porphyrin
precursors is characteristic for each type. Clinical symptoms
consist mainly of cutaneous photosensitivity and/or
neurological disturbances.

The human disease porphyria cutanea tarda is a sporadic
disorder characterized by decreased activity of uroporphyri-
nogen decarboxylase (UROD), resulting in increased levels of
uroporphyrins. It is triggered by idiosyncratic hepatic interac-
tion between genetic factors and chemicals such as alcohol and
estrogenic drugs. A similar response occurs in humans
and susceptible mouse strains exposed to hexachlorobenzene,



Table 4 Examples of genotoxic rodent hepatocarcinogens

Acetylaminofluorene
Aflatoxin B1
Aromatic amines
Benzo(a)pyrene
Diethylnitrosamine
Dimethylnitrosamine
Heterocyclic amines
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2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and other
dioxin-like compounds. Susceptibility to hexachlorobenzene-
and TCDD-induced porphyria was shown to be greater in mice
with alleles of the Ahr gene coding for higher affinity form of
AHR. The essentiality of AHR in this process was demonstrated
by studies with Ahr knockout mice. However, no linkage of
human AHR polymorphisms with susceptibility to porphyria
cutanea tarda has yet been reported.
2-Nitropropane
Pyrrolizidine alkaloids
Safrole
Tamoxifen
Vinyl chloride
Chronic Toxic Effects
l Fibrosis and cirrhosis: The normal liver maintains a balance

between collagen production and degradation. Following
toxic injury, the liver reacts in a ‘wound-healing’ response.
Many of the factors that drive Kupffer and other cells of the
innate immune system to resolve hepatic damage can result
in a chronic inflammatory condition characterized by
overproduction of extracellular matrix and deposition of
scar tissue (fibrosis) if damage to the liver persists, either
continuously or through repeated acute episodes. The major
source of the excess extracellular matrix is stellate cells that
have been activated by profibrogenic cytokines, ROS, and
other factors by Kupffer and other cells, including necrotic
and apoptotic hepatocytes. Advanced liver fibrosis results in
cirrhosis, characterized by diffuse destruction and partial
regeneration of parenchymal tissue and the formation of
collagen septa distributed throughout most of the liver.
Cirrhosis can lead to portal hypertension, liver failure, and
hepatocellular carcinoma. As mentioned previously,
fibrosis and cirrhosis are fortunately no longer considered
irreversible processes due to advances in understanding of
their pathophysiological mechanisms.

Cirrhosis is the most common cause of death in the United
States due to nonneoplastic hepatobiliary and digestive
diseases. In humans, hepatic fibrosis and cirrhosis are mostly
due to chronic infection with hepatitis viruses B or C, alcohol
abuse, nonalcoholic steatohepatitis, autoimmune hepatitis,
and metabolic disorders like hemochromatosis (a hereditary or
acquired disorder in which excess iron is absorbed and
deposited in the body). Fibrosis and cirrhosis can be induced
by chronic exposures to arsenic, aflatoxins, carbon tetrachlo-
ride, and other chemicals that promote architectural disruption
and/or inflammation of the liver. Common drugs known to
cause cirrhosis include acetaminophen, isoniazid, and
sulfonamides.

l Neoplasia: Liver cancer is the fifth leading cause of cancer
death worldwide and is expected to be responsible for
around 4% of cancer deaths in the United States in 2012. It
is more common in parts of Africa and Asia than in devel-
oped countries, but the incidence of liver cancer has been
increasing in the United States over the past decade. Liver
tumors may arise from hepatocytes, bile duct cells, or
sinusoidal lining cells (angiosarcoma), but hepatocellular
carcinoma is the most common primary liver tumor.
Cirrhosis of any etiology is the leading risk factor for
hepatocellular carcinoma. Worldwide, infection with
hepatitis B virus accounts for the majority of cases, whereas
in the United States, chronic hepatitis C is the most
common risk factor. According to the American Cancer
Society, the increased incidence in the Unites States is
consistent with an aging cohort of people infected with
hepatitis C through past intravenous drug use. Other
important risk factors for liver cancer include alcohol-
induced liver disease, smoking, obesity, and diabetes.

In the complex process of carcinogenic transformation,
susceptible cells undergo genetic and epigenetic alterations that
impart a selective growth advantage and the ability to evade
normal growth controls. The transformation process requires
both mutation and promotion. In contrast with mutation,
promotion is a reversible process. Agents that cause mutations
are typically referred to as ‘genotoxic,’ while those that do not
directly affect DNA but drive clonal expansion are termed
‘nongenotoxic.’ Recent studies have revealed distinctive gene
expression, messenger RNA, and microRNA profiles associated
with the two broad types of hepatocarcinogens, offering
new strategies for mechanistic understanding and prediction
of liver cancer.

A large number of chemicals – endogenous, naturally
occurring, and xenobiotic – are known to induce liver cancers
in experimental rodents, acting by a variety of both genotoxic
and nongenotoxic mechanisms. In fact, liver is the most
common tumor site in National Toxicology Program cancer
bioassays in female rats and both sexes of mice. Some examples
of genotoxic animal hepatocarcinogens are listed in Table 4.
Important nongenotoxic modes of action for rodent hep-
atocarcinogens include the following:

B Interaction with specific nuclear receptors such as steroid
hormone receptors, PPARa, AHR, and CAR

B Induction of prolonged oxidative stress
B Induction of cytotoxicity and regenerative hyperplasia

Examples of chemicals that cause liver tumors via these
modes of action are provided in Table 5. It is clear that there is
significant overlap between the receptor-mediated and oxida-
tive stress modes of action. For example, receptor-mediated
induction of characteristic suites of cytochrome P450 enzyme
activities, with resultant induction of oxidative stress, is a well-
known hepatocarcinogenic stimulus in rodents. The most
potent known rodent hepatocarcinogen is TCDD, the best
studied of a large group of structurally similar halogenated
aromatic hydrocarbon compounds whose effects are mediated
by binding to the AHR. Phenobarbital, a CAR activator, is
a benchmark enzyme inducer and rodent hepatocarcinogen.
Peroxisome proliferators are a large family of structurally
diverse compounds that exert many of their effects, including



Table 5 Examples of nongenotoxic rodent hepatocarcinogens

Nongenotoxic mode of action Example compounds

Receptor-mediated AHR TCDD
Dioxin-like PCBs
PAHs

CAR Phenobarbital
DDT
Dieldrin?

PPARa Trichloroethylene
Perchloroethylene
DEHP
PFOA

Oxidative stress Ethanol
TCDD
Dieldrin
Metal overload (e.g., iron and copper)

Cytotoxicity and regenerative
hyperplasia

Chloroform
Carbon tetrachloride
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rodent hepatocarcinogenicity, via PPARa. Examples of peroxi-
some proliferators include many drugs (e.g., fibrates, aspirin,
and acetaminophen), phthalate plasticizers, PFOA, tri and
tetrachloroethylene, and natural compounds (hormones,
eicosanoids, green and black tea, and omega-3 fatty acids).

Despite extensive human exposure to well-known non-
genotoxic rodent hepatocarcinogens, there is little or no
evidence that these compounds are associated with human
liver cancer. In contrast with the large number of rodent hep-
atocarcinogens, only aflatoxins and vinyl chloride are impli-
cated in causing liver cancer in humans. This disparity
highlights one of the great difficulties in assessing the potential
risks of human exposure to chemicals – the fact that the
protocols historically used in chronic chemical toxicity assess-
ment studies tend to overpredict human cancer risk, for two
main reasons. First, the doses administered are often far
beyond the range of possible human exposures, evoking
responses that do not occur at lower doses. Second, detailed
mechanistic studies indicate that the nongenotoxic modes of
action underlying rodent liver tumors (especially those medi-
ated by nuclear receptors) do not occur in humans due to
inherent differences in molecular structure and function.

See also: Acetaminophen; Aflatoxin; Allyl Alcohol; Arsenic;
Biotransformation; Blood; Bromobenzene; Carbon
Tetrachloride; Carcinogen–DNA Adduct Formation and DNA
Repair; Carcinogenesis; Chloroform; Chlorpromazine; Copper;
Cytochrome P450; DDT (Dichlorodiphenyltrichloroethane);
Dieldrin; Ethanol; Excretion; Hexachlorobenzene; Iron; Isoniazid;
Lipid Peroxidation; Mode of Action; Modifying Factors of
Toxicity; Mycotoxins; Nitrosamines; Oxidative Stress;
Perfluorooctanoic Acid ; Peroxisome Proliferators; Polycyclic
Aromatic Hydrocarbons (PAHs); Safrole; Tamoxifen; TCDD
(2,3,7,8-Tetrachlorodibenzo-p-dioxin); Tetrachloroethylene;
Trichloroethylene; Vinyl Chloride.
Further Reading

American Cancer Society, 2012. Cancer Facts and Figures 2012.
Anderson, N., Borlak, J., 2008. Mechanisms of toxic liver injury. In: Hepatotoxicity.

John Wiley & Sons, Ltd, pp. 189–286.
Badr, M.Z., Belinsky, S.A., Kauffman, F.C., Thurman, R.G., 1986. Mechanism of

hepatotoxicity to periportal regions of the liver lobule due to allyl alcohol: role of
oxygen and lipid peroxidation. J. Pharmacol. Exp. Ther. 238, 1138–1142.

Boelsterli, U.A., 2007. Mechanistic Toxicology: The Molecular Basis of How Chemicals
Disrupt Biological Targets, second ed. Informa Healthcare.

Boyer, T.D., Manns, M.P., Sanyal, A.J. (Eds.), 2011. Zakim and Boyer’s Hepatology:
A Textbook of Liver Disease, sixth ed. Saunders Elsevier.

Braeuning, A., Ittrich, C., Köhle, C., Hailfinger, S., Bonin, M., Buchmann, A.,
Schwarz, M., 2006. Differential gene expression in periportal and perivenous
mouse hepatocytes. FEBS J. 273, 5051–5061.

Cohen, S.M., 2010. Evaluation of possible carcinogenic risk to humans based on liver
tumors in rodent assays. Toxicol. Pathol. 38, 487–501.

Corton, J.C., 2010. Mode of action analysis and human relevance of liver tumors
induced by PPARa activation. In: Hsu, C.-H., Stedeford, T. (Eds.), Cancer Risk
Assessment. John Wiley & Sons, Inc, pp. 439–481.

Cullen, J.M., 2005. Mechanistic classification of liver injury. Toxicol. Pathol. 33, 6–8.
Haschek, W., Rousseaux, C., Wallig, M., 2010. The liver. In: Fundamentals of Toxi-

cologic Pathology, second ed. Elsevier/Academic Press, pp. 197–235.
Jaeschke, H., 2008. Toxic responses of the liver. In: Klassen, C.D. (Ed.), Casarett

and Doull’s Toxicology: The Basic Science of Poisons, seventh ed. McGraw-Hill,
pp. 557–582.

Klassen, C.D. (Ed.), 2008. Casarett and Doull’s Toxicology: The Basic Science of
Poisons, seventh ed. McGraw-Hill, New York.

Klaunig, J.E., 2010. Rodent hepatocarcinogenesis. In: Hsu, C.-H., Stedeford, T. (Eds.),
Cancer Risk Assessment. John Wiley & Sons, Inc, pp. 419–438.

Koufaris, C., Wright, J., Wright, R., Gooderham, N., 2012. Hepatic microRNA profiles
offer predictive and mechanistic insights after exposure to genotoxic and epigenetic
hepatocarcinogens. Toxicol. Sci., doi: 10.1093/toxsci/kfs170.

Lake, B.G., 2009. Species differences in the hepatic effects of inducers of CYP2B and
CYP4A subfamily forms: relationship to rodent liver tumour formation. Xenobiotica
39, 582–596.

Liebler, D.C., Guengerich, F.P., 2005. Elucidating mechanisms of drug-induced
toxicity. Nat. Rev. Drug Discov. 4, 410–420.

Malarkey, D.E., Johnson, K., Ryan, L., Boorman, G., Maronpot, R.R., 2005. New
insights into functional aspects of liver morphology. Toxicol. Pathol. 33, 27–34.

Malhi, H., Guicciardi, M.E., Gores, G.J., 2010. Hepatocyte death: clear and present
danger. Physiol. Rev. 90, 1165–1194.

Mehendale, H.M., 2005. Tissue repair: an important determinant of final outcome of
toxicant-induced injury. Toxicol. Pathol. 33, 41–51.

Pascussi, J.M., Gerbal-Chaloin, S., Duret, C., Daujat-Chavanieu, M., Vilarem, M.J.,
Maurel, P., 2008. The tangle of nuclear receptors that controls xenobiotic
metabolism and transport: crosstalk and consequences. Annu. Rev. Pharmacol.
Toxicol. 48, 1–32.

Racanelli, V., Rehermann, B., 2006. The liver as an immunological organ. Hepatology
43, S54–S62.

Roskams, T., Katoonizadeh, A., Komuta, M., 2010. Hepatic progenitor cells: an
update. Clin. Liver Dis. 14, 705–718.

Roth, R.A., Ganey, P.E., 2011. Animal models of idiosyncratic drug-induced liver
injurydcurrent status. Crit. Rev. Toxicol. 41, 723–739.

Russmann, S., Kullak-Ublick, G.A., Grattagliano, I., 2009. Current concepts of
mechanisms in drug-induced hepatotoxicity. Curr. Med. Chem. 16, 3041–3053.

Smith, A.G., Elder, G.H., 2010. Complex gene–chemical interactions: hepatic uro-
porphyria as a paradigm. Chem. Res. Toxicol. 23, 712–723.

Torre, C., Perret, C., Colnot, S., 2010. Chapter 5-molecular determinants of liver
zonation. In: Klaus, H.K. (Ed.), Progress in Molecular Biology and Translational
Science. Academic Press, pp. 127–150.

U.S. National Library of Medicine, March 30, 2012. LiverTox (Clinical and Research
Information on Drug-Induced Liver Injury). http://livertox.nih.gov/.

Vanden Heuvel, J.P., 2010. 14.17-receptor-mediated carcinogenesis. In: Charlene, A.M.
(Ed.), Comprehensive Toxicology, second ed. Elsevier, Oxford, pp. 349–369.

Vollmar, B., Menger, M.D., 2009. The hepatic microcirculation: mechanistic contribu-
tions and therapeutic targets in liver injury and repair. Physiol. Rev. 89, 1269–1339.

Wallace, K., Burt, A.D., Wright, M.C., 2008. Liver fibrosis. Biochem. J. 411, 1–18.

http://livertox.nih.gov/


Lotronex
SC Gad, Gad Consulting Services, Cary, NC, USA

� 2014 Elsevier Inc. All rights reserved.
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l Chemical Abstracts Service Registry Number: 122852-69-1
l Chemical/Pharmaceutical/Other Class: Serotonin 5HT3-

receptor antagonist
l Synonyms: Alosetron hydrochloride; 2,3,4,5-Tetrahydro-5-
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Background Information

Lotronex (alosetron) was developed for the treatment of severe
irritable bowel syndrome (IBS), and was approved for use by
the US Food and Drug Administration (FDA) in 2000.
Although Lotronex had a relatively high improvement rate in
patients taking the drug for IBS, it was voluntarily pulled from
the market by GlaxoWellcome that same year due to reports of
severe adverse side effects, some resulting in death.

In 2002, Lotronex was reapproved in a supplemental New
Drug Application for use under more restrictive conditions.
Now with a risk management program to be consulted prior to
administration of the drug, Lotronex is designated to be
prescribed only when its medical benefits outweigh the risks of
toxic effects; women with severe diarrhea-predominant IBS are
now the focal point of prescriptions for Lotronex.
Uses

Lotronex is used for severe diarrhea-predominant IBS in
women. There are other potential uses, as animal models have
shown at least some evidence for the ability of Lotronex to
mitigate the effects of psychosis, anxiety, cognitive impairment,
emesis, and drug withdrawal. These possibilities have not been
verified in humans, however.
Environmental Fate and Behavior

The environmental fate and behavior of Lotronex is uncertain,
as formal studies regarding its release into the environment are
virtually nonexistent in the literature. Limited water solubility
(61mgml�1) may lead to persistence in soils, and in sediment
following aquatic release, although specific fates with regard to
degradation, bioaccumulation, and transport are unknown.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Oral ingestion is the primary route of exposure to Lotronex. The
powder used inmanufacturing tablets and capsulesmay present
a risk for inhalation, although only in rare cases of occupational
exposure under such conditions. Ingested quantities are gener-
ally metabolized and excreted within hours of exposure.
Toxicokinetics

Lotronex (alosetron) is rapidly absorbed following oral
administration, and has a mean absolute bioavailability of
50–60%. It is rapidly metabolized, and only 1% of radio-
labeled doses could be detected as unchanged drug in fecal
matter following administration. In men, plasma concentra-
tions of Lotronex tend to be 30–50% lower than those of
women following the same oral dose; the toxic effects of
Lotronex are more pronounced in men than in women.

The terminal elimination half-life of Lotronex is approxi-
mately 1.5 h with a plasma clearance of about 600mlmin�1.
Only 6% of the dose of Lotronex is eliminated renally, with
a renal clearance of approximately 94mlmin�1. Metabolism of
Lotronex in humans is rapid and extensive; the primary
mechanism of this metabolism is via multiple cytochrome
P450 pathways. Hydroxylation, oxidation, and N-demethyla-
tion of the drug occur readily, although the toxicological
activity of these resulting compounds is unknown.

Some studies have indicated that Lotronex metabolites reach
plasma concentrations several-fold greater than Lotronex itself.
Studies utilizing a radiolabel have found that plasma half-lives
following administration of Lotronex are twofold that of the
parent drug, indicating the formation and prolonged circulation
ofmetabolites.Withonly6–7%of thedrug recoveredunchanged,
nearly 73% of the original dose was recovered by way of radio-
labeled product in the urine, with a further 24% in the feces.

Studies reporting the toxicokinetic profiles of Lotronex
specifically are virtually nonexistent, largely due to the exten-
sive and rapid metabolism of the parent compound to form
a large variety of by-products.
Mechanism of Toxicity

A highly potent and selective 5-HT3 receptor agonist, Lotronex
rapidly binds to cation channels that exist on enteric neurons in
the human gastrointestinal tract in addition to other central
and peripheral locations. Lotronex inhibits the activation of
these channels, resulting in effects to the enteric nervous system
whereas the activation of these channels regulates (promotes)
colonic transit, visceral pain pathways, and gastrointestinal
secretions – all of which are processes related to the patho-
physiology of IBS. The binding of Lotronex to 5-HT3 receptors
reduces the rate at which fecal matter moves through the large
intestine and increases water absorption. The toxic effects of
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Lotronex are related to the relative activation/inactivation of
the cation channels responsible for mediating these processes.
Acute and Short-Term Toxicity (or Exposure)

Human

The acute effects of exposure to Lotronex (alosetron) center on
the gastrointestinal tract. Constipation is the most common
effect, with most cases occurring in the first month of treatment.
Other common side effects reported with the use of Lotronex
(alosetron) include severe constipation, fecal impaction, and
ischemic colitis. Approximately 10% of patients undergoing
Lotronex treatment in clinical trialswithdrewdue to constipation.
Chronic Toxicity (or Exposure)

Animal

Chronic effects resulting from use of Lotronex (alosetron) are
rare, possibly due to the fast and thorough metabolism of the
compound. It has been shown to neither lead to cancer nor
lead to reproductive effects in both mice and rats.

Human

Chronic effectsofLotronex(alosetron)use inhumansare rare. This
ismost likelydue to rapidandextensivemetabolismofLotronex in
humans, and rapid clearance times. In one study, a small
percentage (2–3 per 1000) of patients undergoing treatment with
Lotronex developed ischemic colitis in months 3–6 of treatment.
Reproductive Toxicity

No evidence of reproductive toxicity has been reported for
Lotronex (alosetron). Studies in rats and rabbits receiving 160
times and 240 times the recommended human dose of
Lotronex, respectively (correcting for body surface area), have
revealed no effects on fertility or the fetus. It is not clear how
well these studies may translate to human outcomes, although
no reports of reproductive effects in humans have been found.

Genotoxicity

In several tests, Lotronex (alosetron) has been shown to be
negative for genotoxicity. These include the Ames test, themouse
lymphoma cell (L5178Y/TK�) forward gene mutation test, the
rat hepatocyte unscheduled DNA synthesis test, and the human
lymphocyte chromosome aberration test. Lotronex (alosetron)
has also shown negative results in the rat micronucleus assay.
Carcinogenicity

No recorded evidence for the carcinogenicity of Lotronex
(alosetron) was found. It has been shown to be noncarcinogenic
inmice following oral administration for 2 years at doses of up to
30mg kg�1 day�1, and in rats indosesofup to40mg kg�1 day�1.
Based on body surface area, these doses were 60 and 160 times,
respectively, the recommended human dose of Lotronex.
Clinical Management

Exposure or ingestion of alosetron (Lotronex) should be
treated as exposure to a general toxic substance, and should
be treated symptomatically.
Ecotoxicology

Little is known about the ecotoxicological effects of alosetron
(Lotronex). Few, if any, studies have been reported that inves-
tigate its effects on organisms outside of humans and labora-
tory animals.
Exposure Standards and Guidelines

The Approved Drug Products with Therapeutic Equivalence
Evaluations List identifies currently marketed prescription drug
products, including isotretinoin, approved on the basis of
safety and effectiveness by FDA under sections 505 of the
Federal Food, Drug, and Cosmetic Act.

No further exposure guidelines have been established for
Lotronex (alosetron).

See also: Accutane; Recalls, Drugs and Consumer Products.
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Introduction

LoveCanalwas anordinaryneighborhood in theCity ofNiagara
Falls, New York, until about 30 years ago, when it became the
symbol of the dangers of hazardous wastes placed in and on
the ground as a result of the boom in industrial activity during
and after World War II. The national publicity devoted to this
site focused public attention on the health threats to commu-
nities from buried hazardous wastes. As a result, Love Canal
became the quintessential ticking time bomb that citizens at
contaminated sites around the country referred to when they
asked the government for help with their problems.

The Love Canal incident brought to light a serious envi-
ronmental problem that had not been taken care of by the
environmental legislation passed in the 1970s that addressed
air and water pollution as well as the future generation,
transport, and disposal of hazardous wastes. It was the catalyst
for both federal and state legislation to address this gap. On the
federal level, it led to the enactment of the Comprehensive
Environmental Response, Compensation and Liability Act
(CERCLA), also known as the Superfund Act, in 1980. This Act
provided a mechanism for assessing and remediating the worst
waste-disposal sites across the United States and thus ensuring
that there would be no more Love Canals.

It was clear as soon as it was passed that CERCLA would
address only the most serious sites and that there were literally
thousands of other sites containing hazardous wastes that also
needed to be dealt with. In the absence of federal resources for
this task, a number of states passed their own legislation to
identify, assess, and remediate such sites. Activities undertaken
under both the federal and state statutes revealed that
hazardous wastes had been buried not only in industrially
owned sites but also in municipal and private landfills. Indeed,
some of these hazardous wastes were the result of citizen
disposal practices. Thus, the dimensions of the problems that
Love Canal uncovered were revealed to be larger than first
thought and the resources needed to address them much
greater than anticipated. Over 30 years later, these problems
persist and many sites still await remediation.
Love Canal

The neighborhood called Love Canal was named for a partially
built canal that was abandoned late in the nineteenth century.
The canal was used for a variety of purposes, mainly recrea-
tional, during the early twentieth century. However, by mid-
century, it became the dumping grounds for wastes from
a variety of sources, most importantly for chemical wastes
produced by local industries, particularly Hooker Chemical
Corporation, which took title to the site in the 1940s. Intensive
dumping of chemicals was carried out from about 1942 to
1953 when the canal was covered over. It is estimated that
Hooker disposed of approximately 40million pounds of
chemicals in the canal during this time.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
As a result of the housing boom following World War II, the
character of the Love Canal neighborhood changed from
largely rural and agricultural to mainly residential. In light of
this, the City of Niagara Falls was looking for sites for new
school buildings at the time the canal was covered over. After
some negotiation, the city purchased the Love Canal site from
Hooker Chemical for a nominal fee. A school was placed on
a small part of the canal area and other parts of the site were
used for the construction of roads. This, in turn, attracted more
inhabitants and the number of homes adjacent to the canal
grew over time.

Soon after the canal was first used as a disposal site, there
were complaints about odors and chemical contamination.
These complaints were ongoing and did not cease even after the
disposal operations were discontinued. The postdisposal
problems arose because buried chemicals were brought to the
surface by natural percolation of liquids upward in the soil as
well as by disturbance of the soil during school and road
construction. In addition to esthetic complaints, there were
incidents of burns caused by contact with contaminated soil.
This situation was exacerbated in 1976–77 because of much
above normal rainfall. These rains raised the water table and
brought more buried chemicals, as well as some buried drums,
to the surface.

By early 1978, the problems at Love Canal had attracted the
attention of the local media as well as the local member of
congress. This led to sampling of the site and homes around the
canal by the US Environmental Protection Agency (EPA) and
the State of New York. These tests revealed the presence of
benzene in indoor air and seepage of a number of volatile
organic chemicals, including chloroform, trichloroethylene,
and tetrachloroethylene, off site. These discoveries led to the
conduct of preliminary health studies that indicated an
increased rate of miscarriages in women living near the canal
and identified several cases of congenital abnormalities in
children from this same population.

Release of this information to the community resulted in
citizen outrage and the formation of homeowner organizations
to bring pressure for swift action to be taken. Soon afterward, in
early August, the New York State Commissioner of Health
decided the data required the declaration of a health emergency
and the recommendation that pregnant women and families
with children under 2 years of age who were living adjacent to
the canal move from their homes.

In light of the organized public response to these recom-
mendations, less than a week later the governor of New York
promised that the state would purchase all of the houses in the
ring closest to the canal, a total of almost 240 homes. A few
months later remedial action was begun to reduce the threat of
exposure from the canal to the remaining residents in the area.
However, progress was slow and in 1979, the state health
commissioner recommended that pregnant women and fami-
lies with children under the age of 2, living in the ring of houses
beyond those already vacated, temporarily relocate. In the face
of continuing problems in controlling the chemicals in the
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canal, a few months later more than 400 additional residents
were temporarily relocated.

The concerns of the residents intensified in May 1980, when
the EPA announced that a study had found chromosome
damage in 11 of 36 Love Canal residents tested. This study had
serious scientific flaws but was widely publicized and became
the focus of deep debate. The results of the chromosome study,
as well as those from the studies of fetal outcomes, were eval-
uated by an expert panel that was established by the governor
of New York soon after the release of the chromosome damage
reports. This expert group, known as the Thomas panel, came
to the conclusion that no acute health effects related to expo-
sure to the hazardous wastes had been established and that
studies of chronic effects, including cancer and reproductive
effects, such as low birth weights and congenital defects, were
inconclusive. Not surprisingly, the reactions to this report were
mixed and reflected the positions staked out by the various
actors in the Love Canal story, including a number of scientists.

Despite these findings, in October 1980, President Carter
signed a federal-state agreement for the purchase of the homes
located in a ring just outside the homes that had previously
been purchased by the state. In December 1980, the Superfund
Act was signed into law and subsequently applied to Love
Canal and thousands of other sites across the country. As part
of the cleanup of the Love Canal site, the homes in the inner-
most ring closest to the landfill were razed and studies were
conducted to decide on the habitability of the outer-ring
homes. The conclusion was that they were habitable and an
authority was set up to rehabilitate and sell them. By 1996,
almost all of these homes were sold and the neighborhood was
renamed Black Creek Village.
Summary

From a societal perspective, probably the most important
outcome of Love Canal was that it led to the enactment of
national and state legislation, especially the federal Superfund
Act, to deal with hazardous wastes that had been placed in the
environment before stricter standards for waste disposal went
into effect in the mid-1970s. The events at Love Canal were
important because they set the tone for subsequent actions that
were taken at contaminated sites around the country; in
particular, these events revealed the potent role that citizen
activism could play. In addition, they contributed to increased
international attention to the possible health effects from
hazardous wastes.
From a toxicological viewpoint, Love Canal illustrated the
difficulties in assessing the relationship between chemical
exposures and human health effects in an atmosphere of
public activism and contentious policy debate. Instead of
well-designed and peer-reviewed studies forming the scientific
basis for assessing and managing the potential risks, prelim-
inary and poorly designed studies served this purpose. In
addition, data that might have been valuable in conducting
better studies were lost in the heat of the events. Unfortu-
nately, this pattern seems common as can be seen in looking
at other notorious contamination incidents, for example,
Times Beach, Missouri.

Love Canal also contributed strongly to the development of
risk assessment methodologies because the Superfund Act
required that determinations of cleanup levels be based on
a scientific assessment of data on the toxicity of contaminants
found at the hazardous waste sites and the potential for
exposure to those contaminants. In light of the limitations in
available knowledge, new approaches had to be devised to
answer the question of, How clean is clean? The methodology
that was adopted married scientific data to value judgments
about acceptable risk and margins of safety. This approach
remains in use.
See also: CERCLA; Revised as the Superfund Amendments
Reauthorization Act (SARA); Silent Spring; Valley of the Drums;
Risk Perception; Risk Communication; Times Beach.
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The contamination of our world is not alone a matter of mass
spraying. Indeed, for most of us this is of less importance than the
innumerable small-scale exposures to which we are subjected day by
day, year after year. Like the constant dripping of water that wears
away the hardest stone, this birth-to-death contact with dangerous
chemicals may in the end prove disastrous. Each of these recurrent
exposures, no matter how slight, contributes to the progressive
buildup of chemicals in our bodies and so to cumulative poisoning.
(Rachel Carson, Silent Spring)
From the day of conception until an individual is born or hatched,
the development of each stage of life is fully under the control of
hormones. Changes that happen during development are far less
reversible [than those occurring in an adult]; you can’t go back and
rewire the brain. (Theo Colborn)

Introduction

In 1962, Rachel Carson’s book Silent Spring was published,
providing the public with the first in-depth view of countless
examples of poisonings by pesticides, insecticides, and herbi-
cides. Carson’s work was some of the first to show that chem-
icals that were widely applied, and generally thought to be safe,
could have adverse effects on both wildlife and humans.
Although the term ‘endocrine disruptor’ would not be coined
for several decades, Carson’s work highlighted several aspects of
endocrine disruptor science, including issues related to devel-
opmental and reproductive toxicity for a number of chemicals.

Today, w80 000–100 000 chemicals are in use on the
international market, and w2000 new chemicals are intro-
duced each year. Testing for these chemicals is minimal at best,
thus the long-term consequences of their use remain unknown.
In recent years, the US Food and Drug Administration (FDA)
estimated that w1200 of these chemicals are putative or
acknowledged endocrine-
disrupting chemicals (EDCs). This number is likely to be an
underestimate, as comprehensive studies to determine the
endocrine-disrupting properties of many of these chemicals
simply have not been performed.

This article will provide an overview of endocrine disruptor
science from its earliest inception to today. I will discuss how
endocrinologists have approached the testing and character-
ization of endocrine disruptors, and how principles of endo-
crinology have been proposed for the understanding of their
toxicity. This will include analysis of how endocrine disruptors
can act at low doses – and thus may affect humans and wildlife
at concentrations that have long been considered ‘safe.’ Finally,
this article will examine bisphenol A (BPA), a widely used
endocrine disruptor, as a case study to understand how expo-
sures occur, what kinds of endpoints are affected by BPA
exposures, and how risk assessment agencies have responded to
the available data, as well as some controversies that persist for
studies of this chemical.
yclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Endocrine-Disrupting Chemicals: The Early Years

Following the publication of Silent Spring, many researchers
continued to study the effects of environmental chemicals on
human and wildlife health. One researcher, Dr Theo Colborn,
made great advances in the 1980s and 1990s toward under-
standing how fish and birds were adversely affected by pesti-
cide exposures. She noted that wildlife were affected by these
chemicals in a variety of ways, including diminished repro-
duction, thyroid problems, altered behavior, and metabolism
changes, including wasting. She also noted that most of these
effects were observed in the offspring of exposed animals, and
not in the adults that were directly exposed. In 1991, Colborn
organized a group of scientists from a variety of backgrounds
who gathered at the Wingspread Conference Center in Racine,
Wisconsin. These scientists produced a consensus statement
that stated that a large number of synthetic chemicals that had
been released into the environment had been shown to disrupt
the endocrine systems of animals and humans. Thus, this
group devised the term ‘endocrine disruptor’ which was
broadly defined as a chemical that disrupts the endocrine
system. Additional Wingspread conferences were held
throughout the 1990s; several focused on the effects of envi-
ronmental chemicals on the reproductive, immune, nervous,
and endocrine systems of various wildlife species as well as
humans.

In 1995, the US Environmental Protection Agency (EPA)
sponsored a workshop to identify and prioritize research needs
for the risk assessment of the effects of EDCs on both wildlife
and human populations. At that time, an endocrine disruptor
was defined as “an exogenous agent that interferes with the
synthesis, secretion, transport, binding, action, or elimination
of natural hormones in the body that are responsible for the
maintenance of homeostasis, reproduction, development and/
or behavior.” Although this definition is used by many
researchers and risk assessors, other definitions have been
introduced including the World Health Organization defini-
tion, which states that an EDC is “an exogenous substance or
mixture that alters function(s) of the endocrine system and
consequently causes adverse health effects in an intact
organism, or its progeny, or (sub)populations.” Finally, in
2012, the Endocrine Society simplified the definition
stating that an EDC is “an exogenous chemical, or mixture of
chemicals, that can interfere with any aspect of hormone
action.”
A Modern Overview of EDCs

Much of the early research on environmental chemicals and
EDCs in particular focused on various pesticides, including
insecticides, herbicides, and fungicides. As Carson noted in the
1960s, many of these chemicals were shown to bioaccumulate
in the bodies of individuals animals, and therefore could be
compounded through the food chain. In fact, the human food
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chain was shown to be contaminated with a large number of
pesticides, including meat, eggs, and dairy products from cattle,
pigs, and chickens. Carson noted that studies performed by the
US Public Health Service found dichlorodiphenyltrichloro-
ethane (DDT), a then-widely used insecticide, in every restau-
rant and institutionally prepared meal examined, with
concentrations in many foods in the high parts per million
range.

Our knowledge of EDCs has expanded greatly since that
time, and these chemicals are now known to include plasti-
cizers and other chemicals used in plastic resins, ingredients in
personal care products, antioxidants and preservatives, deter-
gents, flame retardants, coolants, water additives, antibacterial
agents, lubricants, and other industrial chemicals. Thus,
humans are encountering these chemicals not just in their
foods and during the application of chemicals to their lawns
and gardens, but also when they clean their homes, clothing,
and bodies; when they breathe near upholstery or in a car;
when they ingest dust and drink water; and when they apply
their makeup. Just as was the case 50 years ago, most of these
exposures are unsuspected; the general public is largely
unaware that these consumer products contain chemicals that
can mimic or block the actions of endogenous hormones.

There is no organ or system in the body that is not
controlled by the endocrine system in some way. In both
humans and animals, several dozen hormones circulate
throughout the body at all times. These include the well-
studied sex hormones estrogen and testosterone, thyroid
hormone, many hormones released by the pituitary and the
hypothalamus, hormones secreted by the digestive tract and
adipose tissue, and hormones from the adrenals and kidneys,
as well as others. Most EDCs that have been identified to date
are agonists and antagonists of the estrogen receptors,
androgen receptor, and thyroid hormone receptor. For these
endpoints, a number of sensitive and specific in vitro and in vivo
assays have been developed, which have been employed both
to test new chemicals for hormonal activity prior to their entry
into the environment via the food supply, packaging materials,
or as waste and to test chemicals that are already in use for their
hormonal activity. The relative paucity of information about
EDCs that target other hormone receptors and signaling path-
ways is likely due to the fewer number of assays currently
available to test them.

In recent years, a significant amount of attention has been
given to distinguishing EDCs from other environmental
chemicals and general toxicants. A large body of work from
endocrinologists, including two policy statements from the
Endocrine Society, supports that these chemicals are toxicants,
but that they follow the ‘rules’ of hormones, and therefore have
actions that are somewhat different from other classes of toxi-
cants. Thus, it has been suggested that to understand chemicals
that mimic or block the actions of natural hormones, these
chemicals must be studied in a way that respects and
acknowledges the principles of endocrinology. In short, these
principles state that (1) hormones integrate the systems of the
body and therefore effects on one system can have effects on
another organ that may initially seem to be unrelated; (2) the
effects of hormones are mediated via their interaction with
receptors and therefore their actions are context specific;
(3) hormones typically circulate in the parts-per-trillion and
parts-per-billion ranges and therefore have actions at incredibly
low concentrations; (4) hormones produce nonlinear and
often nonmonotonic responses and therefore high doses
cannot be used to predict the effects of low doses; and
(5) hormones have roles from conception to death, but their
effects are life-stage dependent.

Applying the principles of endocrinology to EDCs requires
an understanding of the following: (1) Because hormones
integrate many systems of the body, disruptions of hormone
action can have widespread effects on a variety of endpoints.
For example, an EDC that mimics estrogen is likely to have
effects on the usual estrogenic endpoints such as the female
reproductive tract and the mammary gland, but will also have
effects on the brain and male reproductive tract, which are
sensitive to estrogens during early development. Furthermore,
estrogens can affect the metabolic machinery of the body, bone
health, and the immune system; thus an estrogen receptor
agonist can have effects on body weight and glucose tolerance,
bone development, and immune responses to allergens.
(2) Because hormones act via receptors, chemicals that antag-
onize those receptors should have only direct effects on cells
and tissues that express the receptor in question. However,
many EDCs interact with hormone receptors in slightly
different ways than the endogenous hormone; thus, many
environmental estrogens do not produce exactly the same
effects as natural estrogens. (3) Hormones act at low doses, and
EDCs also act at relatively low doses. Although many EDCs
have lower binding affinities for receptors compared to the
endogenous ligands, they are still biologically active in the
parts-per-billion and parts-per-million ranges. (4) Just as
natural hormones produce nonmonotonic dose responses for
a number of biological endpoints, several hundred non-
monotonic responses have been observed and analyzed for
EDCs. These have been demonstrated in in vitro cell culture,
whole animal, and even human population studies. (5) Similar
to what has been observed for natural hormones, the effects of
EDC exposures are more concerning when they occur during
sensitive periods of development. As mentioned above,
hormones are responsible for the differentiation and develop-
ment of specific tissues, including regions of the brain;
disrupting these hormone pathways – by blocking the
hormone or via overexposure to the hormone – will have
effects on those developmental endpoints that are irreversible.
Furthermore, the effects of hormone/EDC exposure during
early development can take years to observe, and often mani-
fest as adult diseases, even when exposures were limited to
gestation or the perinatal period.
EDCs and Low-Dose Effects

One of the major issues surrounding endocrine disruptor
science that has been raised by basic scientists, toxicologists,
epidemiologists, and risk assessors is whether these chemicals
have effects at the concentrations that are found in the general
environment. Thus, the question is whether these chemicals are
safe for humans and wildlife as they are currently used. Tradi-
tional toxicology is based on the premise that higher doses
should have greater effects; thus, chemical safety is determined
by testing high doses of chemicals and extrapolating – using
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multiple safety factors – to lower doses that are expected to
have little or no effect on exposed populations. But, as
discussed briefly above, hormones and EDCs often have non-
monotonic dose responses, and therefore understanding the
effect of high doses is not sufficient to predict the effects of low
doses and therefore not appropriate to extrapolate to ‘safe’
doses that are never actually tested.

Another issue that is worth discussing is whether the
endpoints that are examined in conventional toxicology testing
of environmental chemicals are sufficient to determine whether
a chemical causes harm. Chemical safety testing depends on
the use of validated endpoints – endpoints that are well-
established measures that can be conducted in a reproducible
way between laboratories. These endpoints include measures
such as the weight of organs, the number of pups delivered,
body weight, and survival. Yet, many EDC studies show effects
on other endpoints that have not been validated by interna-
tional agencies. These include changes to the size of regions of
the brain; expression of hormone receptors in the brain and
other organs; changes to maternal behavior; expression of other
abnormal behaviors, including aggression, anxiety, and diffi-
culty with learning; changes to the morphology of the
mammary gland; or increased sensitivity to hormones and
chemical carcinogens in adulthood. Because these endpoints
are largely not considered ‘validated,’ there remain questions
about whether they represent adverse endpoints. If these
endpoints are not interpreted as adverse, some toxicologists
have argued that they are not of concern to human health.

Yet, one answer to these questions of whether EDCs have
adverse effects on human health has been provided from
epidemiology studies. For years, most epidemiology studies of
EDCs focused on individuals who had been exposed to high
levels of chemicals following accidental occupational expo-
sures, industrial accidents, or pharmaceutical administration of
poorly studied synthetic hormones (i.e., diethylstilbestrol,
DES). In contrast, over the last decade, a large number of
studies have examined correlations between EDC exposure
levels and disease endpoints in the general population. There
are now several hundred studies linking specific EDCs to
endpoints such as diabetes, obesity, infertility, polycystic
ovarian syndrome, endometriosis, bone mineral density,
sperm count, arthritis, Alzheimers disease, depression, infant
mental development scores, hypertension, and others.
Although epidemiology studies by design cannot prove cause–
effect relationships, they do provide evidence that chemical
exposures at concentrations that are widely believed to be safe
for the general population may not be safe.

In 2000, the US EPA requested that the National Toxicology
Program (NTP) analyze the ‘low-dose’ data for EDCs. In 2002,
the NTP expert panel described low-dose effects as “biologic
changes that occur in the range of human exposures or at doses
lower than those typically used in the standard testing para-
digm of the US EPA for evaluating reproductive and develop-
mental toxicity.” Examining the animal literature, they found
sufficient evidence for low-dose effects for several EDCs,
including the effects of genistein on brain sexual dimorphisms,
male mammary gland morphology, and immune responses;
the effects of DES on prostate weight; the effects of methoxy-
chlor on the immune system; and the effects of nonylphenol
on brain sexual dimorphisms, thymus weight, estrus cyclicity,
and immune responses. They also examined evidence for
low-dose effects of BPA; although some studies indicated that
there were effects of BPA at low doses, other studies provided
conflicting results. Thus, the NTP panel made no conclusive
statement about the presence of low-dose effects for this
chemical.

Importantly, in 2012, a group of scientists performed
a similar analysis to the one conducted by the NTP expert
panel. This group identified a larger number of low-dose effects
for an expanded list of EDCs. These included the effects of PCBs
on sexual dimorphisms in the brain, the effects of DDT on
neurobehaviors, the effects of nicotine on male genital tract
malformations, the effects of octylphenol on the testes, and the
effects of tributyltin on obesity and adipogenesis, among
others. This group also performed in-depth weight-of-evidence
analyses for five well-studied examples: the effects of atrazine
on male sexual differentiation in amphibians, the effects of
BPA on prostate weight, the effects of BPA on mammary gland
development, the effects of dioxin on spermatogenesis, and the
effects of perchlorate on thyroid hormone. Overwhelmingly,
this group found convincing evidence for low-dose effects for
a number of EDCs that had not been identified by the NTP
panel. In fact, the limitation they identified for finding
low-dose effects was the relative paucity of studies examining
low doses; for chemicals where low doses had been examined,
effects were generally observed. The remainder of this article
will focus on BPA as a case study for understanding endocrine
disruptor science.
Overview of BPA

BPA was first synthesized in 1891, and was then tested in the
1930s when there was a worldwide attempt to identify
synthetic hormones. At that time, BPA was found to have
estrogenic properties, but was abandoned for pharmaceutical
use when DES was found to be more potent. In the 1950s and
1960s, BPA was once again identified as a useful compound,
but this time for its ability to produce hard yet clear plastics and
suitable epoxy resins.

BPA is prepared by the combination of two equivalents of
phenol with one equivalent of acetone in the presence of an
acid catalyst. Because it is easy to manufacture and has uses in
numerous consumer products, it has become one of the highest
volume chemicals produced worldwide. Approximately 6
billion pounds are produced each year, and estimates indicate
that more than 100 tons are released into the atmosphere
during the production process. BPA is produced in the United
States, Europe, and Asia, and profits associated with this
product are in the range of several billion dollars (US).

Why is BPA used as a case study to understand other EDCs?
Unlike many other chemicals that are poorly studied or remain
unstudied, there are more than 1000 studies on this chemical,
including several hundred examining the effects of this chem-
ical on laboratory animals, including rodents and nonhuman
primates. Thus, BPA may not be a model for how other EDCs
act (as discussed in some detail below), but is rather one of the
only EDCs that have been studied in sufficient detail. Further-
more, there are some assertions that the lessons that can be
learned from one EDC can be broadly applied to other EDCs if
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these chemicals follow the same ‘rules’; therefore, if low-dose
effects exist for BPA, they are likely to exist for other EDCs, and
similarly if low-dose effects can be definitively ruled out for
BPA, the argument that they exist for other EDCs will be much
more difficult to make.

It is worth keeping in mind that there are many extra-
scientific pressures that can affect the analysis of studies of this
chemical. As mentioned above, there are significant financial
incentives to keep this chemical on the market. Thus, there is
strong evidence for the ‘funder effect,’ i.e., a relationship
between the source of funding for various scientific studies and
their ability to identify hazardous properties of a chemical. This
type of funder effect has been observed for a number of EDCs
and other chemicals, and therefore studies that are performed
at the behest, and with funding from, industry should be
examined with caution.
Human Exposures to BPA

One of the major sources of controversy surrounds whether
humans are exposed to BPA, and whether they are exposed to
high-enough concentrations to allow BPA to circulate in
blood. This is a central point of controversy because only the
free form of BPA is estrogenic, and if only BPA metabolites
circulate in blood, it is much less likely to have adverse health
effects. Biomonitoring studies from around the world have
examined BPA concentrations in children, adolescents, and
adults; these studies typically examine urine, but other tissues
and fluids have been included in these studies as well. Urine
studies focus on BPA metabolites as this is the form of BPA
that comprises the majority of what is found in urine. In large
reference populations from the developed world, over 90% of
individuals have detectable levels of BPA in their urine, with
median concentrations in the range of 1–4 ng ml�1. Impor-
tantly, many individuals have much higher concentrations in
urine samples, but most studies focus on spot urine samples,
and therefore it is difficult to determine whether a select
portion of the population is regularly excreting larger
concentrations of BPA metabolites or whether these higher
concentrations occur in most individuals at some point in
the day.

As mentioned above, blood concentrations are considered
the most important measure for determining whether BPA will
have adverse health consequences for exposed individuals.
More than two dozen studies have reported free BPA concen-
trations in the range of 0.5–2 ngml�1 in blood and serum of
adults. Yet, these studies have been challenged because of the
ubiquitous nature of BPA in the environment; it has been
suggested that these concentrations are due to BPA contami-
nation from collection materials or analytical apparatuses
rather than actual circulating concentrations. Although many
studies are very careful to eliminate BPA contamination from
external sources, these concerns persist. One reason is that
toxicokinetic modeling suggests that very little BPA should
circulate in the human body. A small number of human
toxicokinetic studies have been performed following acute oral
administration of BPA; these studies suggest that free BPA is
undetectable following oral administration. Yet these studies
have been strongly challenged because of flaws in the blood
detection methods, inappropriate data manipulations, and the
limited (acute, oral) exposure.

At this time, the controversy surrounding BPA concentra-
tions in human blood remains. Although urine studies quite
definitively indicate that the general population is exposed to
this chemical, there are still discussions regarding whether
these concentrations are of concern if the body efficiently
metabolizes it. A consortium of scientists assembled by the
National Institutes of Environmental Health Sciences is
working to address these controversies, with results expected in
2013.
Sources of BPA Exposure

A large number of studies have been dedicated to under-
standing how BPA is used in consumer products, and therefore
which are the major sources of human exposures. For decades,
BPA has been used in the production of epoxy resins that line
the insides of food and beverage cans; BPA is known to leach
from these resins under normal conditions of use, and leaching
is accelerated under additional conditions, including high heat,
longer periods of storage, and certain pH ranges. BPA is also
a major building block of polycarbonate plastics; these plastics
are used in a range of consumer products including reusable
food and beverage containers. In fact, for years polycarbonate
baby bottles were considered a major source of exposure for
infants and toddlers.

Oral exposures from food and beverage containers are
thought to be amajor source of human exposures. Importantly,
BPA has been detected in the majority of canned foods tested in
the United States and Canada. Even more striking is the large
variability in BPA concentrations for the same foodstuff,
manufactured by the same producer, selected off the same
grocery shelf. Thus, there is currently no way for a consumer to
estimate exposures from a single type of food, manufacturer, or
seller.

There are additional sources of BPA exposure that are
important when considering the entirety of exposures that an
individual can encounter throughout the day. Drinking water,
including bottled water, from many sources has been demon-
strated to contain measurable concentrations of BPA (often in
the ng l�1 concentration range). Household dust and air both
contain measurable concentrations of BPA – with some dust
samples containing relatively large amounts (in the mg g�1

range). Thermal papers such as those used for cash register
receipts and airline tickets contain relatively large concentra-
tions of BPA, which is applied directly and in free form to the
surface of the paper. This unbound BPA is easily passed to the
skin where it can be rapidly absorbed into the bloodstream.
BPA is also found in cigarette filters in relatively large quanti-
ties. Several studies comparing BPA concentrations in smokers
and nonsmokers indicate that urinary metabolite concentra-
tions are higher in the smoking population.

Because BPA is a building block of polycarbonate plastics, it
is found in a range of consumer products, including eyeglass
lenses, windshields, childrens toys, sports equipment, and
medical devices. Although exposures to the general population
from these sources are expected to be very low, exposures of
vulnerable populations via medical equipment pose serious
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dilemmas about the treatment of susceptible individuals with
products containing this EDC. A study of infants in a neonatal
intensive care unit showed that these vulnerable individuals are
exposed to very high concentrations of BPA at a time when
their bodies are most sensitive to hormone mimics. Perhaps
most striking was that there were differences in the exposures of
infants depending on the hospital they were in; some hospital
units are better able to avoid medical equipment containing
BPA than others.

Perhaps most concerning is that BPA continues to find new
uses in consumer products, and the public is generally not
informed about these uses. Thus, individuals that choose to
avoid or limit BPA exposures cannot do so because of the lack
of information about all sources of BPA. For example, in the
last few years, it has been discovered that BPA is being used in
personal care products, including cosmetics; thus, individuals
that use these products may have higher exposures than the
rest of the population, and they may be absorbing BPA
directly into their bloodstreams from these dermal
applications.
Molecular Aspects of BPA Action

BPA is widely acknowledged to be an EDC, and this is an
obvious designation due to the estrogenic properties of this
chemical that were discovered in the 1930s, long before its
earliest uses in consumer products. For many years, BPA was
classified as a ‘weak’ estrogen because it binds to the classical
estrogen receptors (a and b) with a binding affinity that is
1000–10 000 times weaker than estradiol, the potent
endogenous estrogen. However, many recent studies indicate
that BPA can have actions that are equally potent to estradiol
when binding occurs via membrane-bound estrogen recep-
tors. Furthermore, there are examples of BPA having equal
potency to estradiol in specific biological contexts. Some of
this potency is due to the presence of specific cofactors and
coregulators in specific cell types. This high potency is also
due to factors related to the period of exposure in animal
studies; as discussed earlier in this article, exposures that
occur during early development, during the period where the
development and differentiation of tissues in the embryo or
fetus are highly sensitive to hormones, can have irreversible
effects. These exposures are compounded by the fact that
endogenous hormones are typically bound to proteins in the
blood that prevent their action in the fetus, but BPA does not
bind these same proteins and therefore all BPA circulating in
the blood is biologically active. Thus, the characterization of
BPA as a weak estrogen is an outdated and inaccurate picture
of this EDC.

Equally important is the view that BPA does not bind to
the estrogen receptors in the exact same way that estradiol
does; thus, it is not a perfect estrogen mimic, and exposures to
BPA therefore produce effects that vary somewhat from the
effects of endogenous hormone. Furthermore, in vitro
screening of BPA demonstrates that this chemical binds to
a large number of additional receptors, including estrogen-
related receptor gamma, estrogen-related receptor alpha,
GPR30, androgen receptor, and thyroid receptor, among
others. BPA has different affinities for these receptors, and
therefore different concentrations of BPA are likely to act via
different receptors. Thus, the effects of this EDC are quite
variable, and are not expected to necessarily be dose depen-
dent because different doses can trigger effects via different
receptors.
BPA and Laboratory Animal Studies

As discussed earlier in this article, when the NTP expert panel
was examining evidence for low-dose effects of EDCs, they did
include a section focused on low-dose effects of BPA. In 2002,
the NTP panel found that “[s]everal studies provide credible
evidence for low-dose effects of bisphenol A” including effects
on prostate weight, timing of female puberty, and serum
prolactin levels, but the presence of other studies that found no
evidence of low-dose effects for the same endpoints prevented
the NTP from making a conclusive decision about this
chemical.

Since that time, an incredibly large number of published
studies have reported effects of BPAonawide range of endpoints,
including development of the male and female reproductive
tracts, neurobehaviors, development of the brain, metabolic
responses, development of the mammary gland, response of
the prostate to hormonal challenges in adulthood, and response
of the mammary gland to chemical carcinogens. Most of
these studies have focused on doses below the cut-off established
by the NTP of 5mg kg�1 day�1. In fact, a large number of stud-
ies have examined doses below the reference dose (i.e., the ‘safe’
dose for human exposures) of 50 mg kg�1 day�1 set by the US
EPA.

The existence of low-dose effects for BPA remains contro-
versial and hotly debated. A large amount of this debate stems
from the presence of a small number of studies that are unable
to detect any low-dose effects. The inability of these studies to
identify low-dose effects is concerning to risk assessors and
regulatory agencies because these are guideline-compliant
studies, using ‘Good Laboratory Practices,’ examining validated
endpoints. The studies that do demonstrate low-dose effects
often, but not always, examine nonvalidated endpoints.
Importantly, as eluded to earlier in this article, the vast majority
of studies that are unable to detect hazard or harm from BPA
exposures are conducted at the behest and funding of the
polycarbonate and chemical industry.

Importantly, the NTP identified several concerning factors
for those studies that were unable to detect low-dose effects.
First, they noted that studies that included DES as a positive
control for estrogenicity and were able to detect effects of DES
were also able to detect effects of BPA. Those studies that
showed no effect from DES exposure – meaning that their
positive control had no effect on the endpoints studied – were
also unable to show effects of BPA. Thus, the NTP noted that
many of the industry-funded studies were poorly conducted
because their positive control group failed. The NTP also noted
that many of the studies that showed no effects of BPA utilized
a strain of rat that is known to be insensitive to estrogens, and
noted that all studies conducted on environmental estrogens
should use rodent strains that are responsive to estrogens at
appropriately low doses. Yet, many studies continue to use
strains that do not respond to estrogens. Other studies do not
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use positive controls, or use positive controls that are not
administered properly.

Although many regulatory agencies have made public
health decisions based solely or largely on the few studies that
show ‘no effect’ from BPA exposures, widespread concern
about BPA exists. In fact, restrictions on BPA use have been
imposed around the world, with some jurisdictions acting
much stricter than others. In the United States, a 2008 expert
panel assembled by the NTP found “some concern” for the
effect of BPA on the development of the prostate, brain
development, and neurobehaviors. None of these endpoints
were ever shown to be affected in a guideline-compliant study
examining validated endpoints. Thus, the NTP decision must
be made at least in part by relying on studies conducted in
academic laboratories. Furthermore, in 2010, following years
of confusing and conflicting decisions, and reprimands by their
scientific advisory panel, the US FDA agreed with the conclu-
sions reached by the NTP panel, reiterating that there was some
concern for the effects of BPA on developing fetuses and
infants.

In 2012, the FDA took steps to ban the use of BPA in
baby bottles. Although many public health advocates lau-
ded this decision as a step toward better protection of
vulnerable populations, the FDA did not pursue this ban for
health reasons. Instead, the ban was introduced at the
behest of industry, who asked for the ban as a way to
prevent ongoing legislative action to ban BPA in baby
bottles in counties and states throughout the United States;
these kinds of legislative action require costly and time-
consuming responses from industry, and thus a ban would
potentially save the chemical industry the time and money
required to respond. The industry supported this ban
because BPA had been phased out of baby bottles following
consumer demands.
BPA and Epidemiology

As mentioned earlier in this article, epidemiology studies of
EDCs and health endpoints have provided additional infor-
mation to suggest that this chemical could have adverse effects
on human populations. BPA is one of the best-studied chem-
icals, and although the total number of epidemiology studies is
nowhere near the number of laboratory animal studies, these
examinations of human populations do highlight concerns
that current exposure levels are not safe for the general public.
A large number of studies have linked BPA exposures to various
aspects of metabolic syndrome, including obesity, type 2
diabetes, liver function, and cardiovascular disease. Other
epidemiology studies suggest correlations between urinary BPA
metabolite concentrations and infertility, poor response to IVF
treatment, male sexual dysfunction, sex hormone concentra-
tions, and neurobehaviors.

There are, of course, serious limitations to these studies.
Most examined a single spot urine sample, and because
urinary BPA concentrations can fluctuate throughout the day
and are highly variable from day to day, a single measure may
not appropriately characterize a persons typical exposures.
Yet, that makes these statistical correlations even more con-
cerning; variability in exposure characterizations should make
it more difficult to find associations, particularly associations
that have been demonstrated in multiple studies. Another
limitation is that many of these studies characterize exposures
at the same time that they characterize the incidence of
disease. In contrast, exposures from decades previous are the
ones most likely to be responsible for diseases that manifest in
adulthood. Several longitudinal studies have been conducted,
where BPA exposures are assessed in healthy adults and then
compared to disease incidence years later; these studies,
although limited in number, lend strong support to the rela-
tionships between exposure and disease observed in cross-
sectional studies.
Conclusions

This article has focused on EDCs, with a particular emphasis on
understanding how extremely low concentrations of these
chemicals can affect humans and wildlife. Just as hormones are
responsible for the health and well-being of individuals from
conception until death, chemicals that interfere with the
actions of hormones can have effects that extend throughout
the lifespan. Our understanding of hormones has shed great
light on how EDCs perturb development and can induce
diseases, many of which do not manifest until years or decades
after exposures occur.

BPA, a ubiquitous environmental estrogen, is often
considered a model EDC. It is certainly one of the best-studied
chemicals on earth, with several thousand publications
dedicated to it. A relatively large number of these studies
indicate that low doses of BPA can induce adverse or delete-
rious health effects in exposed rodents and nonhuman
primates. Many studies have demonstrated that doses that are
in the range of what are considered ‘safe’ for humans produce
effects on the developing male and female reproductive tracts,
the development of the brain and neurobehaviors, and the
development of the mammary gland and its susceptibility to
carcinogenic insults. Although a small number of studies have
examined internationally validated endpoints and found no
evidence for low-dose effects of BPA, these studies raise
concerns about the role of the funder effect, as well as
concerns that the endpoints examined in traditional toxi-
cology studies are not sufficient, nor are they sensitive enough
to detect the effects of EDCs.

The fact that BPA exposures have been associated with
diseases and dysfunction in the general population is of great
concern. Unlike many epidemiology studies that examine and
compare two groups – one administered a drug and an unex-
posed control group – studies of BPA must compare groups
that have lower exposures with those that have higher expo-
sures; there is no ‘negative control’ group for BPA, because there
is no unexposed population. In this way, the general public is
part of an ongoing human health experiment, performed
without their consent or knowledge, because exposures to this
EDC are so ubiquitous. The data available today suggest that
BPA does cause harm as it is currently being used, and the
collective picture produced by examining low-dose laboratory
animal studies and the epidemiology studies performed on
a cross section of the general public is consistent and points to
concern.
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l Name: Loxapine
l Chemical Abstracts Service Registry Number: 27833-64-3
l Synonyms: Loxapine hydrochloride; Loxapine succinate;

2-Chloro-11-(4-methylpiperazin-1-yl)dibenz[1,4]oxazepine;
Oxilapine; Loxitane

l Chemical/Pharmaceutical/Other Class: Dibenzoxazepine
antipsychotic

l Molecular Formula: C18H18ClN3O
l Chemical Structure:
N

N NCH3

O

CI
Background

Loxapine was first developed in the late 1960s and was intro-
duced into clinical practice in the following decade. It is used
primarily to treat the psychotic symptoms of schizophrenia.
It is a member of the dibenzoxazepine class and is structurally
related to clozapine. The introduction of newer antipsychotic
agents has resulted in the reduced utilization of loxapine over
the last few decades.
Uses

Loxapine is used to treat and control the psychotic symptoms
of both acute and chronic schizophrenia. Other uses include
treatment of dementia, anxiety neurosis, hostile/aggressive
behavior, and psychotic depression. An inhalation powder of
loxapine (Adasuve�) was recently approved in the United
States and the European Union for the acute management of
agitation in patients with bipolar disorder or schizophrenia.
18 Encyclopedia of T
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Physicochemical Properties

Loxapine has a melting point of 109–110 �C. The log P,
refractivity, and polarizability of loxapine are 3.6, 95.11, and
34.99, respectively. Loxapine succinate (salt) has a melting
point of 150–152 �C, boiling point of 458.6 �C at 760 mmHg,
and flash point of 231.1 �C.
Exposure Routes and Pathways

Loxapine is available in oral liquid, oral capsule, and injectable
dosage forms. The principal exposure pathway is intentional
ingestion by adults or accidental ingestion by children.
Toxicokinetics

Loxapine is readily but incompletely absorbed. Due to first-
pass metabolism, oral bioavailability is 30% less than
bioavailability after intramuscular injection. Peak blood
levels occur 1 or 2 h after oral administration and 5 h after
intramuscular injection. Loxapine is extensively metabolized
in the liver through aromatic hydroxylation, N-demethyla-
tion, or N-oxidation. The metabolite amoxapine is active
and marketed as an antidepressant. Loxapine is widely
distributed throughout the body, including the central nervous
system. The main metabolites are excreted both in the urine
and feces, and 50% of a single oral dose is eliminated within
24 h. The mean half-lives of oral loxapine and that adminis-
tered through intramuscular injection are 4 and 12 h,
respectively.
Mechanism of Toxicity

Loxapine has antagonistic action on alpha1 adrenergic,
muscarinic, serotonergic, and dopaminergic receptors. It is
thought to change the level of excitability in subcortical
inhibitory areas of the brain by reducing the firing threshold
of some polysynaptic neurons leading to seizure activity.
Anticholinergic effects are also reported with loxapine
intoxication.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00743-0
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Acute and Short-Term Toxicity (Animal/Human)

Animal

No specific information is identified. Signs of toxicity are
expected to include sedation, dullness, hypotension, respiratory
depression, anorexia, colic, weakness, fever, icterus, restlessness,
and seizures. Treatment consists of aggressive supportive care
and gastric decontamination. The LD50 (oral) in mice is
65 mg kg�1.
Human

Clinical signs of toxicity most frequently seen include sedation,
coma, seizures, extrapyramidal symptoms, and rarely hypo-
tension and cardiac arrhythmias. Coma and seizures may
develop rapidly following an exposure to loxapine. Cardiac
effects include prolonged QRS, Q–T intervals, and mild
hypotension; however, the cardiac effects are less pronounced
than those associated with tricyclic antidepressants. Anti-
cholinergic effects, including dry mouth, blurred vision, and
tachycardia, have been seen. Neuroleptic malignant syndrome
has been reported after therapeutic use and acute intoxication.
Hypokalemia has also been noted.
Chronic Toxicity

Human

Adverse reactions following therapeutic use include sedation,
dizziness, insomnia, agitation, tardive dyskinesia, dysphoria,
dystonic reactions, tachycardia, syncope, anorexia, nausea,
vomiting, constipation, diarrhea, and dyspepsia. The most
frequently reported dystonic reactions include akathisia, stiff
neck, stiff or protruding tongue, and tremor. Gynecomastia can
occur with chronic use as well.
Reproductive Toxicity

No teratogenicity was observed in studies of loxapine in preg-
nant rats, dogs, or rabbits. In rats treated from midpregnancy
with 0.6 and 1.8 mg kg�1 renal papillary abnormalities were
seen in their offspring. Neonates that are exposed to loxapine
during the third trimester may be at risk for extrapyramidal
symptoms and possibly withdrawal symptoms after delivery.
Agitation, hyper and hypotonia, tremors, somnolence, respi-
ratory difficulties, and poor feeding in neonates exposed to
loxapine in utero. Loxapine has been shown to be transported
into milk from nursing dogs. It is not known if it is excreted
in human milk. Nursing mothers should avoid loxapine if
possible.
Clinical Management

Basic and advanced life-support measures should be utilized
as needed. There is no antidote for loxapine exposure. In
patients presenting within 1 h of ingestion, activated charcoal
should be administered. Benzodiazepines are the drug of
choice for seizures. Initial treatment of conduction distur-
bances should include electrolyte normalization and intrave-
nous sodium bicarbonate. Antidysrhythmic class 1A agents
should be avoided. Dystonic reactions respond well to intra-
venous benztropine or diphenhydramine. Oral therapy with
diphenhydramine or benztropine should be continued for
2 days to prevent recurrence of the dystonic reaction. For
patients with neuroleptic malignant syndrome, rapid external
cooling and aggressive muscle relaxation with benzodiazepines
or nondepolarizing neuromuscular blocking agents and quality
supportive care are the mainstay of therapy. Bromocriptine has
been used in conjunction with other supportive measures.
Hemodialysis and hemoperfusion have not been shown to be
effective.
See also: Alpha Blockers; Phenothiazines; Poisoning
Emergencies in Humans; Tricyclic Antidepressants.
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Adusave™ inhalation powder approved for schizophrenia or bipolar agitation.
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l Name: LSD (Lysergic Acid Diethylamide)
l Chemical Abstracts Service Registry Number: 50-37-3
l Synonyms: 9,10-Didehydro-N,N-diethyl-6-methylergoline-

8b-carboxamide; Acid; Beast; Ben; Blotter; Blue caps; Blue
drops; Brain buster; Brown caps; Cubes; Face melter; Ghost;
Green caps; Hawk; Heavenly blue; Microdots; Paper acid;
Pearly gates; Pink drops; Purple haze; Purple wedges; Royal
Blue; Sunshine; Wedding bells; White lightning; Window
Pane; Yellow caps; Yellow drops

l Molecular Formula: C20H25N3O
l Chemical Structure:

Background

Lysergic acid diethylamide (LSD) is synthetically derived from
the fungus, Claviceps purpuria. Several isomers of this
compound exist, although only the D-isomer is considered
active. LSD was first synthesized by Albert Hofmann in 1938 in
a search for an analeptic drug. After finding its psychogenic
activity, it was marketed by Sandoz laboratories under the
name Delysid�. It was also reportedly used by the Central
Intelligence Agency as a tool for interrogation. Due to its
potential for ‘bad trips,’ ‘flashbacks,’ and potential risk for
brain injury, LSD was banned federally in 1966 and is
currently only used illicitly. LSD is chemically similar to other
naturally occurring lysergamides found in multiple species
of morning glory.
Counterculture of the 1960s

The counterculture of the 1960s was led by young adults that
were pushing the boundaries of the day’s social norms.
Psychedelic agents such as LSD, psilocybin, and peyote were
commonly available. LSD provided consumers hallucinogenic
experiences that influenced cultural experimentation in many
avenues, including artistry, music, literature, sex, and spiritual
exploration, which has become synonymous with the Hippie
movement. The effects of LSD are varied and dramatic even
at doses of 25 ug. Consumers of LSD have described seeing
vibrant colors, hearing light, sensations of floating, and
auditory hallucinations, just to name a few. Counterculture
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supporters described the experiences as ‘freeing’ and allowing
them to catch what they described as ‘glimpses behind the veil.’
LSD may also induce negative experiences including terror,
anxiety, panic attacks, or any number of negative experiences.
The counterculture views of the government led to its idoliza-
tion of LSD’s proponents including the chemist Albert Hof-
mann, who was the first to synthesize LSD and experience its
hallucinogenic effects. Dr Timothy Leary, a Harvard professor
as well as a counterculture and hallucinogenic proponent,
came under investigation by the government for his LSD
experiments. His research efforts ultimately led to his leaving in
1963 from Harvard and popularizing the drug, and himself,
with the counterculture movement. Hunter S. Thompson,
another notable LSD proponent, wrote Fear and Loathing in Las
Vegas: A Savage Journey to the Heart of the American Dream –

a novel describing his exploits while under the influence of
LSD and other hallucinogenic agents. Since the publication of
the novel in 1971, there have been multiple attempts to
develop the novel into a film. These efforts were finally realized
in 1998 and demonstrated the public’s continued fascination
with both the mind-altering effects of LSD as well as with the
people that championed its use.
Uses

LSD is an illicit drug abused as a hallucinogen or illusinogen.
LSD is listed as having no legitimate medical applications

by multiple governments despite having been under investi-
gation for potential medical uses since its synthesis. An inves-
tigation into a severely painful headache disorder known as
cluster headaches led to the researchers’ discovery that a small
number study participants that had self-treated with LSD
experienced some amount of symptom relief. A follow-up
study employed a nonhallucenogenic analog of LSD, 2-bromo-
LSD, and patients reported a significant beneficial effect on
frequency of the headaches. The small number of patients in
both studies, and the lack of a controlled double-blind study,
means the benefits described are attributable to a placebo
effect. LSD has also been investigated as a treatment for alco-
holism at doses too small to produce hallucinations. A meta-
analysis of randomized studies was performed to assess any
benefits from LSD treatment. The analysis demonstrated that
a short-term decrease in alcohol misuse was correlated to the
LSD intervention. The reduction in alcohol abuse from LSD
was lost after 1 year.
Environmental Fate and Behavior

LSD may exist in the air or soil. In the air, LSD may be
susceptible to photochemical reactions with subsequently
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00744-2
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induced radical analogs. Photolysis and oxidative degradation
may occur with an airborne half-life of 18min. LSD’s pKa of 7.8
will have a meaningful percentage of the drug in the cationic
form allowing it to interact with soil.
Exposure and Exposure Monitoring

The most common route of exposure is oral ingestion. Due to
the small dose required for clinical effects, LSD is often diluted
and put on larger materials such as stamps and sugar cubes,
allowing topical routes of administration. Nasal insufflation,
pulmonary absorption, or intravenous injection can also be
utilized.
Toxicokinetics

The absorption of LSD is described as rapid, with clinical effects
within 15 min and peak concentrations within 60 min after
ingestion. Protein binding is greater than 80% and the volume
of distribution is small at approximately 0.3 l kg�1. LSD
is metabolized to inactive metabolites with less than 1%
excreted unchanged. The drug penetrates into the central
nervous system (CNS), concentrating in the visual brain areas
and the reticular activating systems. The elimination half-life
is approximately 2–5 h.
Mechanism of Toxicity

LSD’s mechanism of action is not completely understood.
LSD’s hallucinogenic effects are secondary to its ability to
increase central serotonin activity. LSD also stimulates both
D1 and D2 dopamine receptors.
Acute and Short-Term Toxicity

Rats exposed to large doses of LSD, >150 ug kg�1, developed
respiratory failure. Rabbits also can develop hyperthermia
when large doses are administered. In humans, the most
common effect after using LSD is distortion in perception.
These changes in perception include sight, time, touch, odor,
hearing, and sensation of body movement and image. These
are usually identified by the intoxicated person as not real
occurrences and may be considered illusiongens. True hallu-
cinations, in which the individual believes the illusions are
real, are less common and seen at higher doses. Other possible
CNS effects include depersonalization, decreased ability to
think, make judgments, and changes in mood and behavior.
Patients are generally quiet and withdrawn, though aggression
and bizarre behavior can occur. Acute panic attacks may occur,
especially with unexpected use and less experienced users.
Acute psychotic reactions can also occur. Seizures, hyper-
thermia, rhabdomyolysis, hypertension, hyperreflexia,
tremors, anisocoria, hippus, and coma are rare but are asso-
ciated with severe LSD intoxication. Serotonin syndrome may
occur.
Chronic Toxicity

LSD has been studied as a model for schizophrenia in rats.
Chronic toxic effects can persist long after the last use of LSD
and may include flashbacks or psychosis. Flashbacks are the
recurrence of the CNS changes associated with acute LSD use,
which can occur up to 4 years after the last use. Flashbacks
occur in 15–77% of persons who use LSD. Both mental and
physiological stresses can precipitate flashbacks. Despite the
possibilities for hallucinogen persisting perception disorder
there is no evidence that LSD induces long-term neurological
damage in humans.
Immunotoxicity

Leukocyte culture studies have demonstrated chromosomal
breakage when exposed to LSD. Clastogenicity studies have also
demonstrated suppression of mitosis. Other studies have shown
LSD to have either no or only weakly mutagenic effects.
Reproductive Toxicity

An increased risk of congenital abnormalities in the fetus may
occur when LSD is used during pregnancy. Pregnant women
who were taking other illicit drugs, suffering from infectious
diseases, or those suffering from malnutrition saw additional
difficulties in their pregnancy while taking LSD.
Genotoxicity

LSD did not cause chromosomal damage in moderate does.
Higher doses may cause chromosomal aberrations.
Clinical Management

The patient’s airway, breathing, and circulation should be
assessed and supportive care instituted as necessary. Many
patients are anxious and respond to reassurance and a quiet,
nonthreatening, and nonstimulating environment. Benzodi-
azepines may be necessary for agitation or anxiety. Hyper-
thermia and seizures should be managed using standard
therapy, a cool mist spray, fans for hyperthermia, and
a benzodiazepine for seizures. Psychosis may require treat-
ment with antipsychotics.
See also: Drugs of Abuse.
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l Name: Lye
l Chemical Abstracts Service Registry Numbers: 1310-73-2

(sodium hydroxide), 1310-58-3 (potassium hydroxide)
l Synonyms: Caustic potash, Caustic soda, Potassium lye
l Chemical Structures:

Na OH K OH

Background Information

Lye generically refers to any strong alkali, usually sodium
hydroxide (caustic soda) or potassium hydroxide (caustic
potash). Historically, lye was used in combination with fat to
make soap and cleaning products. Lye referred to in those
references may be potash, which is defined as strong liquor
leached from wood ashes and high in potassium carbonate
content. Potash derived from this procedure can be further
processed to form potassium hydroxide. Today, potassium
hydroxide is produced via the electrolysis of potassium chlo-
ride. Sodium hydroxide is made from the reaction of sodium
carbonate with calcium hydroxide, sodium chloride electrol-
ysis, or sodium metal reacted with water under low tempera-
tures. Solid lye chemicals are commonly available as flakes,
pellets, microbeads, and coarse powder as well as solutions of
varying concentrations.
Uses

Sodium hydroxide and potassium hydroxide are found in
household products, including drain cleaners, oven cleaners,
paint and varnish removers, degreasing agents, automatic
dishwasher detergents, and alkaline batteries, and as stabilizing
agent in bleaches. They are also used in the manufacture of
soaps, mercerized cotton, cellophane, paper, aluminum
production, rayon production, in synthetic organic chemical
synthesis, and biodiesel production. The Clintest� tablet,
which contains sodium hydroxide, is used by diabetics in an
in vitro diagnostic product to detect glycosuria.
Environmental Fate and Behavior

Properties of lye predict that aquatic environments are
predominantly impacted upon the release of lye chemicals into
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
the environment. Potassium hydroxide and sodium hydroxide
are very soluble in water and will rapidly dissolve into their
component ions. In addition, these chemicals are hygroscopic
with low vapor pressure. Emitted aerosols of sodium and
potassium hydroxides are rapidly neutralized by carbon
dioxide in the atmosphere. In soil, ions of these chemicals are
neutralized rapidly via the soil’s buffering capacities. In the case
of a sodium hydroxide spill on soil, groundwater pollution will
occur if precipitation occurs prior to clean-up. Dissolving solid
can give off much heat and will create an aqueous solution of
sodium hydroxide, which then would be able to infiltrate the
soil. The greatest negative impacts from a release of potassium
hydroxide or sodium hydroxide into the environment are due
to resulting pH changes. Hydroxyl ions in soil and aquatic
environments are commonly monitored by pH determination.
World freshwater ecosystems typically have a pH between 6.5
and 8.3. The buffering capacity of aquatic ecosystems and soils
depends on the equilibrium between CO2, HCO3, and CO3

and affects pH. pH changes will also be affected by water
volume, temperature, water movement, and amount of alkali
released. Neutralization of released lye chemicals in commer-
cially produced effluents is important in the maintenance of
neutral pH values of aquatic ecosystems. Sodium and potas-
sium hydroxides are inorganic compounds and are not thought
to bioaccumulate in the food chain.
Exposure and Exposure Monitoring

Exposure to lye chemicals may occur via dermal contact,
inhalation (as a mist or spray), or oral routes. Human exposure
to lye from the environment is insignificant. Most exposure
comes from accidental or intentional ingestion or dermal or
eye contact. Occurrences of children being exposed to lye
chemicals through ingestion or contact with various household
products such as drain cleaners have been widely reported.
Sodium hydroxide is digested most often compared to other
strong alkalis. Workplace exposures to these chemicals have
also been reported.
Mechanism of Toxicity

Themechanisms of toxicity for lye are those common to alkalis,
including saponification of fats, protein denaturation, protein
4-3.00871-X 123
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solubilization, and tissue liquefactive necrosis. Internal tissue
destruction caused by these chemicals can cause complications
of strictures or perforations in esophageal or gastrointestinal
tissues, requiring surgeries and rehabilitative care. Severe scar
formation occurring in esophageal or intestinal tissue can cause
luminal narrowing. The hygroscopic property of lye can draw
water from the tissue and promote deep penetration. The
severity of corrosion is determined by pH, viscosity, concen-
tration, exposure volume, and contact time. Ocular contact to
lye is particularly damaging. Strong alkali chemicals can readily
penetrate permeability barriers and move in to damage all
layers of the cornea. By combining with lipids from the cell
membrane, lye will disrupt the cells. Collagen of the cornea can
be damaged and inflammatory responses can cause ulceration,
vascular invasion, scarring, and corneal perforation.

Toxicity is mainly due to the hydroxyl ion, though high
levels of potassium or sodium can also be toxic in the body.
Potassium at concentrations between 250 and 310mg l�1 can
produce moderate toxicity. Potassium and sodium occur
naturally in the body and participate in nerve conduction and
muscle function via sodium/potassium pumps. Above
310mg l�1, potassium will cause muscle paralysis and at 370–
490mg l�1 can cause cardiac arrest.
Acute and Short-Term Toxicity (or Exposure)

Animal

Numerous animal studies have been done using sodium and
potassium hydroxides to better understand commonly occur-
ring human injuries due to accidental exposure to these
substances. For instance, in rats, varying concentrations of
sodium hydroxide from 5 to 50% were applied to the esoph-
agus. High rates of fatality occurred at the concentrations above
40%. Esophageal strictures were significant at concentrations of
30–40% and general tissue damage occurred at concentrations
above 20%. Skin studies were done on Yorkshire weanling pigs
where concentrations (8–24%) of sodium hydroxide were
applied to the lower abdomen and resulting tissue damage was
assessed. After 15min, gross blisters were formed at all
concentrations, and at 8–16% severe necrosis was observed in
all tissue layers. At 24% sodium hydroxide, numerous severe
blisters were formed, with damage affecting subcutaneous
layers. For sodium hydroxide, LD50 oral for rat is 140–
340mg kg�1, LD50 dermal for rabbit is 1350mg kg�1, and
LD50 for mouse is 40mg kg�1. For potassium hydroxide, the
LD50 oral for rat is 273mg kg�1.
Human

Lye is a strong eye, skin, and mucous membrane irritant and
corrosive. Ingestion is followed by severe pain, vomiting, diar-
rhea, and collapse. Ingestion of lye causes swallowing to
become painful and difficult almost immediately. Burning pain
extends down the esophagus to the stomach. Contaminated
areas of lips, chin, tongue, and pharynx become edematous and
covered with exudate. Profuse salivation occurs because of
pharyngeal and esophageal edema, and it may become
impossible after a few hours to swallow even saliva. Mucous
membranes are at first white but later brown, edematous,
gelatinous, and necrotic. Vomitus is thick and slimy due to
mucus; later it may contain blood and shreds of mucous
membrane. Inhalation of mist or dust can cause mild to
moderate nasal and throat irritation at a concentration of
0.5mgm�3 (AIHA, 2002; OEHHA, 1999). Burning of nasal and
respiratory pathways can occur with higher concentrations. Skin
burns from lye may be hard to assess as initially pain may be
slight and skinmay turn black or brown. Ocular contact with lye
can cause extensive damage to the eye andmay cause blindness.
Chronic Toxicity

Animal

In a 46-week study in mice in which the subjects were exposed
dermally to an aqueous solution of potassium hydroxide, the
mice showed development of tumors identical to those
produced by exposure to coal tar. In rats exposed to airborne
sodium hydroxide, pulmonary damage developed over the
course of a 2.5-month study.
Human

A study of a male repeatedly exposed to sodium hydroxide mist
in a work environment over a 20-year period showed
obstructive airway disease. Chronic skin exposure can cause
dermatitis.
Immunotoxicity

Lye is not thought to be a sensitizing agent.
Reproductive Toxicity

Both forms of lye tend to dissociate before reaching repro-
ductive organs, and therefore outside of possible direct expo-
sure to the corrosive effects, lye is not reproductively toxic. No
human endpoints for reproductive toxicity testing were found;
however, there is testing evidence that lye exposure in rats is not
teratogenic.
Genotoxicity

Neither sodium hydroxide nor potassium hydroxide has been
found to be genotoxic in tests with Escherichia coli (strain Sd-4).
Carcinogenicity

Currently, sodium hydroxide and potassium hydroxide are not
chemicals thought to cause cancer or reproductive toxicity in
humans. Studies of potash miners did not show a higher
incidence of lung or other cancers. Ames tests done with
Salmonella on KOH were negative. No positive tests showing
mutagenicity were found. However, in a study where rats were
painted with a 3–6% solution of potassium hydroxide
frequently for 46 weeks, tumors were produced.
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Clinical Management

Lye is a very corrosive chemical. Exposure can result in serious
injuries. Medical attention should be sought. With potassium
hydroxide, solutions above 2% are corrosive, while solutions
between 0.5 and 2% are irritating. Alkalis penetrate the skin
slowly, making the extent of damage dependent on the dura-
tion of contact. Contaminated clothing should be removed and
affected skin should be washed with running water until free of
alkali as indicated by the disappearance of the ‘soapy’ feeling.
Severe burns can be covered with wet bandages and medical
attention should be sought.

In cases of eye exposure, eyes should immediately be
flushed with water or saline solution until pH of the eye
remains neutral for at least 2 h. Medical attention should be
sought.

In the case of accidental ingestion, oral fluids should be
given. Neutralizing agents are not recommended. Gastric
lavage and emesis are not recommended due to reinjury of the
esophagus. For severe cases, breathing should be monitored
and the patient should be treated for shock. Internal injuries
should be assessed. Long-term hospitalization and surgical
interventions may be required. For accidental ingestion of
Clintest� tablets, water milk or orange juice can be given.
Ecotoxicology

Environmental hazards of potassium and sodium hydroxide
are mainly due to the hydroxyl ions and its effect on pH. The
capacity for the affected medium to buffer the effects on pH
will determine the extent of damage to the organisms. For
potassium hydroxide, the LC50 in fish is 80mg l�1 and 125–
189mg l�1 for sodium hydroxide. Sodium hydroxide LC50

for the invertebrate Ceriodaphnia dubia is 40mg l�1. There is
much variability in different ecosystems depending on the
buffering capacity. Directive 78/659/EEC considers an aquatic
pH upper limit for fish survival to be 9. Other considerations
for potassium hydroxide and sodium hydroxide released into
the environment from an effluent are salts formed from the
potassium and sodium ions such as sodium chloride and
potassium chloride. The LC50 of fish toxicity due to KCl is
880mg l�1 and LC50 values for invertebrate toxicity for KCl are
660mg l�1 for Daphnia magna and 630mg l�1 for C. dubia.
EC50 for KCl in the algae Nitscheria linearis is 1337mg l�1.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial Hygien-
ists has a ceiling limit of 2.0mgm�3 and the US Occupational
Safety and Health Administration has a permissible exposure
limit, 8 h time-weighted average of 2.0mgm�3. In addition, the
US National Institute for Occupational Safety and Health
recommends a 15min ceiling value of 2.0mgm�3 and an
‘immediately dangerous to life or health’ value of 10mgm�3.
Other occupational permissible levels include Australia
(2.0mgm�3 peak limit), Federal Republic of Germany
(2.0mgm�3 short-term level, and 4.0mgm�3 for 5min, eight
times per shift), Sweden (2.0mgm�3 ceiling limit), and the
United Kingdom (10min short-term exposure limit of
2.0mgm�3).
FIFRA Requirements

Residues of sodium hydroxide are exempted from the
requirement of a tolerance when used as a neutralizer in
accordance with good agricultural practices as inert (or occa-
sionally active) ingredients in pesticide formulations applied to
growing crops or to raw agricultural commodities after harvest.
Clean Water Act Requirements

Sodium hydroxide is designated as a hazardous substance
under section 311(b) (2) (A) of the Federal Water Pollution
Control Act and further regulated by the Clean Water Act
Amendments of 1977 and 1978.
FDA Requirements

Sodium hydroxide used as a general purpose food additive in
animal drugs, feeds, and related products is generally recog-
nized as safe when used in accordance with good
manufacturing or feeding practice.
Allowable Tolerances

Residues of sodium hydroxide are exempted from the
requirement of a tolerance when used as a neutralizer in
accordance with good agricultural practices as inert (or occa-
sionally active) ingredients in pesticide formulations applied to
growing crops or to raw agricultural commodities after harvest.

Immediately Dangerous to Life or Health: 10mgm�3.

See also: Corrosives; Alkalies.
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Relevant Websites

http://www.inchem.org – Alkalis. Poisons Information Monograph from the Interna-
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Introduction

Lyme disease is named after Lyme, Connecticut, where it was
first identified in the late 1970s as the result of an investigation
of a cluster of children with arthritis. The disease has now been
found nationwide although it is mostly localized to the
northeast, mid-Atlantic, and upper north-central regions of the
United States. However, much smaller numbers of cases have
occurred in other parts of the country, including south,
southwest, and far west regions. In 2009, about 30 000
confirmed cases were reported to the Centers for Disease
Control and Prevention and over 90% of these occurred in
northeastern, mid-Atlantic, and north-central states. The State
of New York had the greatest number of cases from 1999 to
2008, while in 2008, the incidence was highest in Delaware.

In the early 1980s, the vector for the disease – blacklegged
ticks – and the causative agent – the bacterium Borrelia burg-
dorferi – were identified. These ticks, also known as deer ticks,
are much smaller than ticks commonly found in pets and farm
animals. Most often, they become infected after feeding on
rodents that serve as reservoirs for the Borrelia bacteria.
Lyme Disease

While the probability of contracting Lyme disease is higher in
areas where deer ticks are endemic, the risk is still low. The
reasons are: (1) the chance of being bitten is not high, espe-
cially if precautions have been taken; (2) not all deer ticks are
carriers of the bacteria that cause Lyme disease; and (3) being
bitten by an infected tick does not necessarily lead to the
disease. The tick needs to be attached for an extended period
of time, 12–36 h, before it can transmit Lyme disease.

For humans who have been infected, the incubation period
is generally 7–14 days after exposure. The characteristic
symptom seen in most infected individuals is a red, slowly
expanding, ‘bulls-eye’ rash. This is accompanied by general
malaise, fever, headache, muscle aches, and joint pain. If the
infection is not treated, the exposed individual may develop
arthritis, neurological symptoms, e.g., facial palsy, nerve,
and/or brain inflammation and, rarely, cardiac abnormalities.

Diagnosis is usually based on clinical signs and known, or
putative, exposure. Serological testing may be performed to
support the diagnosis and also to assess the severity of the
disease. However, because antibodies may persist for months
or years after successful treatment, serological endpoints
cannot be used as markers of active disease.

Early disease is treated with antibiotics, such as doxycycline
or amoxicillin, over a 3–4 week period. If the disease has
progressed significantly, it may be necessary to administer
intravenous antibiotics for 4 or more weeks. In some cases,
there may be relapses and retreatment may be necessary. In a
limited number of cases, Lyme disease may lead to chronic,
disabling effects. Even more rarely, it may be fatal.
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While Lyme disease is treatable, it can cause serious health
effects and the best way to avoid these is prevention – mini-
mizing the possibility of being infected by the deer tick. There
are several ways to accomplish this. First is to recognize those
areas that are likely to be tick infested and avoid them as much
as possible. A second step is to use insect repellents, such as
diethyltoluamide (DEET), to discourage ticks from attaching to
skin. Third is to understand that clothing can be an effective
barrier if it is worn properly, e.g., pants tucked into socks or
high rubber boots. A fourth and very important step is to check
for ticks after being in areas where exposure is likely. The checks
should be done soon after every possible exposure since it
generally takes about 12–36 h after a tick bite for infection to
occur. Embedded ticks should be removed with tweezers and
the area cleansed with an antiseptic.

In the mid-1990s, an effective vaccine against Lyme disease
was developed. However, soon after it was brought to market,
there were claims that the vaccine caused serious side effects
including a form of arthritis. While the merits of this claim were
debated, sales of the vaccine decreased significantly and the
manufacturer withdrew it from the market in 2002. Research
into a new Lyme disease vaccine is continuing and a new
vaccine may be on the market in the near future.

It has also been suggested that antibiotics may be adminis-
tered prophylactically to individuals who think that they might
have been exposed to the infectious agent. However, there is one
serious drawback to this approach; it would likely expose a large
number of individuals to antibiotics unnecessarily. This, in turn,
could contribute to the development of antibiotic-resistant
organisms and thus compromise the health of others who
depend on these same drugs. On balance, it appears that the risks
of routine use of antibiotics outweigh the benefits.
Summary

Lyme disease is a serious problem in certain areas of the United
States and can lead to serious long-term effects. However,
preventive steps can significantly reduce the risks and the
disease can be treated effectively, especially when detected
early. No vaccine against Lyme disease is currently available but
researchers are working at filling this gap.
See also: DEET (Diethyltoluamide).
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Centers for Disease Control and Prevention, 2007. Lyme disease – United States,
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Rahn, D.W., Evans, J. (Eds.), 1998. Lyme Disease. American College of Physicians,
Philadelphia, PA.
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http://www.cdc.gov/lyme B Centers for Disease Control and Prevention (2011) Lyme
Disease Home Page. Centers for Disease Control, Atlanta, GA.
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l Chemical Abstracts Service Registry Number: 7439-95-4
l Synonyms: Magnesium metal, Magnesium metallicum,

Magnesium powdered, Magnesium sheet
l Molecular Formula: Mg
Background

Magnesium is the most abundant divalent cation in cells,
where it is essential for a wide range of cellular functions.
Magnesium is the eighth most abundant metal on earth, and
dissolved magnesium constitutes 0.13% of seawater. It is found
naturally only in the form of its salts. Magnesium, first isolated
in metallic form by Sir Humphrey Davy in 1808, is an essential
nutrient necessary for human, animal, and plant health as it is
an important component of red blood cells, a cofactor in over
300 cellular processes, and central to the chlorophyll molecule.
The physiological role of magnesium was essentially ignored
until recently. With the development of new technologies to
measure the intracellular free concentration of magnesium
([Mg2þ]i), the biologically important fraction, there has been
a large increase of interest in the molecular, biochemical,
physiological, and pharmacological functions of magnesium.
Moreover, improved methods for assessing magnesium status
in the clinic have contributed to the further understanding of
magnesium regulation in health and disease. Magnesium
deficiency is now considered to contribute to many diseases,
and the role for magnesium as a therapeutic agent is being
tested in numerous large clinical trials. Specific clinical condi-
tions in which magnesium deficiency has been implicated to
play a pathophysiological role include hypertension, ischemic
heart disease, arrhythmias, pre-eclampsia, asthma, and critical
illness. There are two conditions in which magnesium is now
considered the therapeutic agent of choice, pre-eclampsia and
torsades de pointes. Future research at the fundamental and
clinical levels will lead to further increases in the understanding
of how magnesium contributes to pathological processes and
under what circumstances it should be used therapeutically.
Uses

The elemental form of magnesium is used in light metal alloys,
some aspects of metallurgy, and in the production of precision
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
instruments and flares. Many foods contain magnesium and
vitamins are often supplemented with it. Magnesium sulfate
may be used topically as a soak, internally as a laxative, or
intravenously during pregnancy to control eclamptic seizures
and uterine activity. Many antacids contain magnesium oxide
or trisilicate as active ingredients.
Environmental Fate and Behavior

Relevant Physicochemical Properties

Color/form ¼ silvery-white metal; hexagonal crystal structure
Boiling point ¼ 1100 �C
Melting point ¼ 651 �C
Solubilities: insoluble but reactive in water, liberating
hydrogen gas
Partition Behavior in Water, Sediment, and Soil

Aquatic fate: Because of magnesium ion’s high solubility in
water, it is the third most abundant element dissolved in
seawater, because rainwater falling on rocks can also increase
the level of magnesium in river and seawater.
Exposure and Exposure Monitoring

Routes and Pathways

The primary route of exposure is ingestion. Secondary routes
can include intravenous, ocular, or inhalation.
Human Exposure

Occupational exposure to magnesium may occur during
mining, processing, and production of magnesium alloys.
For the general public, exposure to magnesium occurs by
consuming foods and drinking water containing magnesium.
However, the levels normally present within these sources are
unlikely to cause harm.
Environmental Exposure

Magnesium can enter the environment from discharge
and emissions from industries that use or manufacture
magnesium.
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Toxicokinetics

Homeostasis of magnesium is tightly regulated in humans and
depends on the balance between intestinal absorption and
renal excretion. Thirty to forty percent of ingested magnesium
is absorbed by the gastrointestinal system, mostly by the small
bowel. Most of the magnesium in the body is stored intracel-
lularly or in the skeleton; <1% is extracellular. In plasma,
w65% is in ionic form, with the rest being bound in proteins.
The primary route of excretion is through the kidneys, but it is
also excreted in sweat and breast milk. Various hereditary
disorders of magnesium handling have been clinically charac-
terized, and genetic studies in affected individuals have led to
the identification of some molecular components of cellular
magnesium transport.
Mechanism of Toxicity

Magnesium is a vital cation involved in cell homeostasis. In
normal humans, magnesium increases cardiac output, dilates
the coronary arterioles, and decreases systolic arterial pressure
and systemic vascular resistance. However, magnesium levels
outside of the normal range alter cellular ion balances and
activity, especially Ca2þ activity, which directly affects neural
and muscular functions. Parenterally administered magne-
sium decreases acetylcholine in motor nerve terminals and
acts on myocardium by slowing rate of SA node impulse
formation and prolonging conduction time. One study also
found magnesium in relatively high amounts in about half of
human colon cancers, but the relationship is unknown and
animal studies have found that magnesium actually reduces
sarcoma incidence in some nickel- and cadmium-induced
tumors.
Acute and Short-Term Toxicity

Animal

Acute animal toxicity resembles acute human toxicity. A unique
effect of magnesium when introduced in small amounts into
the skin of animals has been called ‘gas gangrene’ or ‘magne-
siogenous pneumagranuloma.’ Necrosis and tumor-like
formation are caused by the production of hydrogen and
magnesium hydroxide when metallic magnesium reacts with
water of body fluids.
Human

Magnesium is a skin, eye, and pulmonary irritant. Inhalation
of fumes can cause metal fume fever characterized by cough,
sore throat, tightening of the chest, and headache. Acute
systemic toxicity, defined as serum concentrations
>2.8 mEq1�1, is almost always caused by both overingestion
and reduced renal excretion together. Hypotension starts
around 3mEq1�1 and significant prolongation of cardiac
intervals occurs between 4 and 6 mEq1�1. Higher serum levels
lead to coma and paralysis and heart stoppage occurs around
14–15 mEq1�1. Ingestion of food and drinking water con-
taining high levels of magnesium can cause vomiting and
diarrhea, thirst, tiredness, slurred speech, confusion, muscular
weakness, and breathlessness.
Chronic Toxicity

Animal

Chronic animal toxicity resembles human toxicity.
Human

There is no hormonal regulation of systemic magnesium
levels, so toxic effects occur frequently with both hyper-
magnesemia and hypomagnesemia but systemic toxicity
is rare in adults unless there is impaired renal function.
Hypomagnesemia is most commonly associated with
alcoholism or small bowel disease and is often accompa-
nied by other electrolyte deficiencies, mostly hypokalemia
(K deficit) and hypocalcemia (Ca shortage). The symptoms
most commonly include tremor, neuromuscular irritability,
and widening of the QRS complex. Human hyper-
magnesemia is generally caused by either increased inges-
tion or renal impairment. The symptoms of moderate
increases include hypotension, sedation, and somnolence.
The possible association between the risk of ovarian cancer
and the levels of calcium and magnesium in drinking water
from municipal supplies was investigated in a matched
case–control study in Taiwan. The results of the study show
that there may be a significant protective effect of magne-
sium intake from drinking water on the risk of ovarian
cancer death. Another study has produced data supporting
a protective role of higher intake of magnesium in reducing
the risk of developing type 2 diabetes, especially in over-
weight women.
Reproductive Toxicity

No teratogenicity studies were found for magnesium salts.
However, magnesium deficiency (0.2 mg/100 diet during
days 6–12 of gestation) has been associated with defects in
rat fetuses. These defects occurred in 14% of the viable
fetuses and included skeletal malformations, cleft lip,
hydrocephalus, and heart, lung, and urogenital anomalies. A
significant number of fetal resorptions were also noted.
Genotoxicity

Magnesium is not genotoxic, but is highly required to maintain
genomic stability. In cellular systems, magnesium is the second
most abundant element and is involved in all metabolic path-
ways. Besides its stabilizing effect on DNA and chromatin
structure, magnesium is an essential cofactor in almost all
enzymatic systems involved in DNA processing.
Carcinogenicity

In animal studies, magnesium oxide (MgO) is considered as
‘experimental tumorigen’ as it resulted in an induction of
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histiocytic lymphomas in hamsters via MgO dust instilled
intratracheally for 30 weeks. No carcinogenicity data are
found in humans, and carcinogenicity has not been
demonstrated other than in the hamster as previously
mentioned.
Clinical Management

Hypomagnesemia is treated initially with oral, intramuscular,
or intravenous administration of magnesium salts. Immediate
control of the symptoms of acute hypermagnesemia is
obtained with doses of intravenous calcium repeated hourly
but extreme toxicity may require cardiac support or mechanical
ventilation. Calcium gluconate and calcium chloride can also
be administered as antidotes. Serum levels are lowered by
reducing intake and by normal methods of excretion, with
diuretics given to patients with normal renal function. Other
accompanying electrolyte imbalances should be treated
concurrently, followed by treatment of the condition(s) that
lead to the imbalances.
Ecotoxicology

Magnesium and its compounds are not significantly ecotoxic.
Other Hazards

Magnesium sulfate is classed by the US Food and Administra-
tion as pregnancy risk category B. It is used widely to treat pre-
eclampsia.
Exposure Standards and Guidelines

The AmericanConference of Governmental Industrial Hygienists
threshold limit value, 8 h time weighted average, is 10 mg m�3.

See also: Calcium Channel Blockers; Metals; Vitamin A;
Vitamin C (Ascorbic Acid); Vitamin D; Vitamin E.
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Introduction and Objectives

The DFG (Deutsche Forschungsgemeinschaft) Commission for
the Investigation of Health Hazards of Chemical Compounds
in the Work Area (MAK Commission) derives MAK values
(‘maximale Arbeitsplatz-Konzentration’: maximum workplace
concentration) and maximum excursion factors for short-term
peak concentrations if the scientific database is sufficient and
there is relevant exposure at the workplace. The commission
also establishes threshold values in biological material. More-
over, the commission reviews substances for carcinogenicity,
germ cell mutagenicity, sensitizing effects and percutaneous
absorption and for possible effects during pregnancy. The
analytical methods used to monitor the MAK values both in air
and in biological liquids are also established and published.
Threshold values and classifications are derived by the MAK
Commission on the basis of the effects of the substances;
scientific criteria for the prevention of adverse effects on health
are the determining factor rather than technical or economic
feasibility.

The decisions made by the commission are published in
the List of MAK and BAT Values every year and documented
in ‘Toxikologisch-arbeitsmedizinische Begründungen für MAK-
Werte’ and ‘BiologischeArbeitsstoff-Toleranz-Werte (BAT-Werte)’
as well as in ‘Luftanalysen’ and ‘Analysen in biologischem
Material’; these publications are also available in English trans-
lation. Both the German and English documentation are
publicly available (http://onlinelibrary.wiley.com/book/10.
1002/3527600418/topics). These detailed scientific reports
elucidate both the derivation of the threshold values and the
specific classifications and allow an update to bemade whenever
new scientific data are available. For several years now, the
commissionhasput up the results of its investigation for scientific
discussionwith anopen-for-comment periodof 6months before
their final publication.

In addition to assessing the hazard posed by individual
chemicals or dusts, the commission performs all kinds of
conceptual work by developing assessment concepts that take
into account new scientific data. Examples are the categories for
carcinogens and germ cell mutagens newly established in 1998;
new evidence frommolecular biology being taken into account
in the classification of carcinogens; the assessment of historical
control data in carcinogenicity studies; and the assessment of
pheochromocytomas, peroxisome proliferation, or thyroid
tumors in animal studies. Furthermore, assessments are made
for groups of substances such as fibers, nanoparticles, and
biopersistent granular dusts, and sensitizing properties are
evaluated. Other topics include the extrapolation of doses from
results of animal studies to humans, the establishment of
criteria for the assessment of developmental toxicity and
immunotoxicity, and the involvement of susceptibility and
biomonitoring of humans at the workplace.

At present, the MAK Commission consists of 36 members
from the specialties of toxicology, occupational medicine,
dermatology, pulmonology, allergology, epidemiology,
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pathology, and analytics and scientists from related disciplines.
There are also ‘permanent guests,’ i.e., experts from advisory
institutions such as the Federal Institute for Occupational Safety
and Health (Bundesanstalt für Arbeitsschutz und Arbeitsmedi-
zin), the Federal Institute for Risk Assessment (Bundesinstitut
für Risikobewertung), the Federal Environmental Agency
(Umweltbundesamt), and the German Statutory Accident
Insurance (Deutsche Gesetzliche Unfallversicherung). The
experts come from universities and other research institutions
and also from industrial companies; however, they are never
representatives of the particular corporate group, but proven
experts in their specialty. This is guaranteed by an appointment
procedure carried out by the DFG. The members of the
commission are supported by the commission’s scientific
central office consisting of more than 20 toxicologists, chemists,
biologists, physicists, or physicians and technical staff. All the
activities mentioned are performed within several working
groups and ad hoc working groups or with the support of
further ad hoc experts on certain questions.
General Principles for the Derivation of MAK Values
and Classifications

General principles for assessing chemicals are applied to the
classification of substances in the work area and, if necessary, to
the establishment of threshold values. Data on toxicokinetics,
i.e., on absorption, distribution, biotransformation and excre-
tion, and on toxicodynamics are included in an assessment.
The basis is a literature search as comprehensive as possible.
The published literature is evaluated with regard to epidemi-
ological findings, occupational medical reports, toxicological
studies, and other relevant information such as mechanistic
studies. Unlike many international bodies, the commission
also considers unpublished data, e.g., company studies;
however, these are used for an assessment only if a complete
study report, which is treated confidentially, is made available
with the detailed results because this enables the commission’s
experts to conduct their own peer review.

The data collected are checked for their relevance for the
specific assessment, then the validity of the available studies is
evaluated. Studies that were carried out according to generally
accepted regulations, for example, Organisation for Economic
Co-operation and Development (OECD) guidelines, are of
considerable relevance. Otherwise, the quality of the study is
assessed on the basis of the commission’s expert judgment.

The identification of the hazardous properties of
a substance is ideally based on data of toxicokinetics, acute
toxicity, subacute, subchronic or chronic toxicity, skin and eye
irritation, sensitization of the skin or respiratory tract, geno-
toxicity and carcinogenicity, reproductive toxicity, and also on
information on mechanisms of action. Finally, a risk assess-
ment is made; the conclusions drawn here with regard to
reversibility and a dose–response relationship may lead to the
derivation of a no observed effect level (NOEL) or a no
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01231-8
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observed adverse effect level (NOAEL) and the establishment
of threshold values.
Establishment of MAK and BAT Values for Substances
without Genotoxic or Carcinogenic Properties

MAK and BAT values are derived from the NOAEL of the most
sensitive end point of toxicological relevance. All available data
are evaluated for every substance. All relevant end points
including toxicokinetic and toxicodynamic aspects, chemical
reactivity, and, if necessary, structure–activity relationships are
taken into account. This likewise applies to all other classifi-
cations and designations.

Extrapolation of data from animal studies and decisions
about the difference between the NOAEL and the MAK or BAT
value are made separately for each substance on the basis of the
MAK Commission’s expert judgment; this information is
described and documented in the detailed scientific reports.
The necessary transparency is guaranteed by the detailed
description and publication of each individual decision.

A MAK or BAT value is derived only if the scientific database
is sufficient. Otherwise, a MAK value is not established for the
specific substance, but it is listed in Section IIb of the List of
MAK and BAT Values. This is associated with a request to the
scientific community and to industry to generate the missing
data or to the occupational safety experts to look for other
possibilities of protecting exposed persons in practice.

If a MAK value can be established, further relevant aspects
have to be taken into account. One of them is the limitation
of short-term exposure peaks above the MAK value.
Substances for which local irritation is decisive for estab-
lishing the MAK value are classified in Peak Limitation
Category I. Substances for which systemic effects are the most
sensitive end point are assigned to Category II. Moreover,
substance-specific excursion factors of 1 to a maximum of 8
are derived; if there are no relevant data, the factor of 1
applies to substances of Peak Limitation Category I and the
factor of 2 to Category II.

The MAK value also provides protection against undesirable
effects in the case of a pregnancy. Substances are assigned to
four groups: developmental toxicity is expected even when
MAK or BAT values are observed (Group A); developmental
toxicity cannot be excluded (Group B); there is no reason to
fear developmental toxicity (Group C); and the currently
available data are not sufficient for any conclusions (Group D).

Parallel to setting a threshold value for the workplace air,
the commission examines whether the establishment of
a threshold value in biological material is possible. The MAK
Commission has been leading the way in this field since the
1980s. The US Biological Exposure Indices Committee, and
much later the European Commission and the Scientific
Committee on Occupational Exposure Limits, have followed
the example of the MAK Commission and now also establish
threshold values in biological material. These threshold values
are of special relevance if the (threshold) value in air is not
conclusive for an assessment of actual exposure, i.e., for
substances that are readily absorbed through the skin; in this
case, dermal absorption plays a major role as well as inhala-
tion. Examples include dimethylformamide, the group of
glycol ethers, and substances of low volatility like heavy metals.
Thus, air monitoring and biomonitoring are complementary
methods for occupational safety. Exposure equivalents for
carcinogenic substances (biological guidance values) serve as
indicators for necessary protective measures. Since 2008, bio-
logical reference values are available in addition to the bio-
logical tolerance values.

Regardless of whether a MAK or BAT value can be derived,
every substance is examined for its possible sensitizing effects
on the skin or in the respiratory tract (designation with Sa, Sh,
or Sah), for possible photocontact sensitization (S(P)), or for
the danger of its percutaneous absorption and possible adverse
effects on health by this route (H).

Each substance is also examined for its possible carcinoge-
nicity and germ cell mutagenicity. No MAK or BAT values are
derived unless a substance can be classified into Carcinogen or
Germ Cell Mutagen Category 4 or 5 (see below) or into Cate-
gory 3B if the substance is not genotoxic.

Finally, the commission considers it necessary to monitor
its threshold values by developing and examining analytical
methods of detection in the air and biological materials.
Carcinogenic Substances

The MAK Commission established five categories for carcino-
genic substances in order to differentiate them not only
according to their mechanism of action, but also according to
their potency under conditions at the workplace.

Category 1 includes substances that cause cancer in humans
and can be assumed to contribute to cancer risk. The classifi-
cation is generally based on the epidemiological data and, if
available, on further information about the mechanism of
action.

Substances that are considered to be carcinogenic for
humans because they lead to tumors in long-term animal
studies, or because there is specific evidence from animal
studies and epidemiological studies supported by information
on the mechanism of action, are classified in Category 2.

No MAK or BAT values are assigned to either category since
a linear dose–response relationship is assumed on the basis of
a lack of data in the low-dose range and thus an NOAEL cannot
be identified.

Category 3 applies to substances that cause concern that
they could be carcinogenic in humans; the classification is
provisional. Category 3A lists substances for which the
criteria for classification in Category 4 or 5 are fulfilled (see
below), but for which there is insufficient information for
the establishment of a MAK or BAT value. For substances of
Category 3B, in vitro or animal studies have yielded evidence
of carcinogenic effects that is not sufficient for classification
in one of the other categories. Further studies are required
before a final decision can be made. MAK or BAT values can
be established if no genotoxic mechanism of action has been
found.

Categories 4 and 5, which were newly established for
carcinogens in 1998, were an important step toward a differ-
entiation of carcinogens according to their carcinogenic risk in
the low-dose range. The criteria were based on taking the
mechanism of action into account.
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Substances with carcinogenic potential for which a non-
genotoxic mechanism of action is of prime importance and
genotoxic effects are not relevant provided the MAK and
BAT values are observed are classified in Category 4.
Required for classification are the data about the mecha-
nism of action, such as increases in cellular proliferation,
inhibition of apoptosis, and disturbances in cellular differ-
entiation; no contribution to the cancer risk is expected if
the MAK value is observed.

Category 5 applies to substances with carcinogenic and
genotoxic effects, for which a contribution to human cancer
risk is very low at the individual MAK and BAT values. This
classification also requires data about the mechanism of action,
dose dependence, and toxicokinetics pertinent to species
comparison; these are described in detail in the specific
documentation.

The last two categories require comprehensive data for
a classification and establishment of a MAK value.
See also: Pollution, Air in Encyclopedia of Toxicology;
Biomonitoring; Carcinogen Classification Schemes;
Occupational Exposure Limits; Skin; Recommended Exposure
Limits; Toxicity Testing, Reproductive.
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l Chemical Abstracts Service Registry Number: CAS 121-75-5
l IUPAC Name: Diethyl 2-dimethoxyphosphinothioyl

sulfanylbutanedioate
l Synonyms: Carbofos, Chemathion, Cythion, Diethyl (dime-

thoxyphosphinothioylthio) succinate, Diethyl ((dimethoxy
phosphinothioyl)thio) butanedioate, EPA Pesticide Chemi-
cal Code 57701, Karbophos, Maldison, Mercaptothion,
O,O-Dimethyl dithiophosphate of diethyl mercaptosucci-
nate, Phosphothion, Prioderm, S-(1,2-bis(ethoxycarbonyl)
ethyl)O,O-dimethyl-phosphorodithioate

l Chemical Class: Organophosphorus insecticide
l Chemical Structure: http://pubchem.ncbi.nlm.nih.gov/

image/structurefly.cgi?cid¼4004&width¼400&height¼400

l Molecular Formula: C10H19O6PS2
l Molecular Weight: 330.36 gmole�1

l Density: 1.23 g cm�3 at 25 �C
l Vapor Pressure: 5 mPa (4� 10�5 mm Hg) at 30 �C (range:

0.45–24 mPa at 20–30 �C)
l Boiling Point: 156–157 �C at 0.7 mmHg; 60 �C

(decomposes)
l Melting Point: 2.9 �C
l Flash point: 163 �C
l Conversion Factor: 1 ppm¼ 13.51 mg m�3 at 25 �C
l Appearance: Clear to yellow or brown liquid
l Odor: Skunk- or garlic-like odor
Background

Malathion, an organophosphorus (OP) insecticide, was first
registered in theUnitedStates in1956.Asa resultof assessmentby
regulatory agencies, product labels detail safe use practices as
presently conceived. The oxidative metabolite and degradate
malaoxon is more toxic than the parent molecule. In risk assess-
ment, the cooccurrence ofmalathion andmalaoxon is addressed
by applying a toxicity equivalence factor (TEF) (or relative
potency factor) to malaoxon. The estimated acute and chronic
malaoxon TEFs relative to malathion are 22 and 61, respectively.

More than 20 OP pesticides are available for crop protection
and other uses. Monitoring data indicate that humans are
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
concomitantly exposed to multiple cholinesterase inhibiting
chemicals. The US Food Quality Protection Act of 1996
requires that in addition to single pesticide risk assessment,
cumulative risks from chemicals that share a common mech-
anism of toxicity should be addressed. TEFs are also used in this
endeavor.
Uses

Malathion is a broad-spectrum insecticide used to control
agricultural, industrial, and outdoor home and garden pests. It
is also used in area-wide application for public health and
regional pest control (e.g., mosquito abatement for vector-
borne diseases, Mediterranean fruit fly eradication). Lastly,
malathion is used to control ectoparasites in animals and head
and body lice in humans.
Environmental Fate and Behavior

Malathion has low persistence in air, soil, and water. Airborne
malathion is degraded through photolysis and reaction with
hydroxyl radicals, with an estimated half-life of approximately
5 h. The calculated Henry’s law constant of 4.9� 10�9 atm-m3

mol�1 indicates that volatilization from soil and water is
unlikely.

Malathion is readily soluble in ethyl ether and soluble in
ethanol and acetone. Its water solubility is 130–145 mg l�1 at
20–25 �C. Malathion undergoes biodegradation and hydro-
lysis in soil and water. The half-life varies with environmental
conditions. For example, hydrolysis is rapid at alkaline pH but
slow at acidic pH (11 h at pH 9 versus more than 100 days at
pH 5). Biodegradation is virtually complete after 7–10 days in
soil. Thus, although the Log Koc of approximately 2.2 suggests
leaching potential, the rapid degradation of malathion likely
contributes to its low historical occurrence in groundwater. The
Log Kow of 2.36–2.89 indicates that malathion has low bio-
accumulation potential in aquatic life.
Exposure and Exposure Monitoring

Inhalation and dermal contact are the main exposure routes for
workers involved in manufacturing or applying malathion.
Agricultural applications include aerial and ground spray,
dusting, fogger, and irrigation. Personal protective equipment
is prescribed to minimize exposures during mixing, loading,
and application. Agricultural workers are also subject to dermal
exposure through dislodgeable foliar residues.

The general public is exposed to malathion through
inhalation and dermal contact resulting from agricultural and
home and garden uses. Levels in environmental media vary
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with geography, climate, use, and application pattern.
Particulates or droplets from agricultural applications can
drift off the target site or be dispersed through fog. Air
concentrations associated with pesticide applications have
been detected. Buffer zones that increase the distance between
treatment sites and residential locations are established to
reduce the exposure of local populations. Dermal exposures
occur through home and garden use and from treatment for
lice. Farm worker households receive unique exposure
through dust, drift, and contaminated clothing, equipment,
and vehicles.

Pesticide residues left in or on foods result in long-term
dietary exposure. Maximum residue levels (or ‘Tolerances’ in
the United States) are established for more than 100 agricul-
tural commodities as the highest allowable concentrations in
or on them. Spray drift and field runoff can contaminate water
sources, resulting in drinking water exposure. At a given envi-
ronmental level, children generally have higher body burden
from all routes due to their higher intake (inhalation volume
and amount of food intake) or contact on a per body weight
basis.
Toxicokinetics

Malathion is rapidly absorbed after oral exposure. A study with
14C-succinyl malathion showed 89% absorption in mice
within the first hour. Dermal absorption is lower and pro-
tracted, varying widely among species and experimental
protocol. Urinary recovery in human volunteers showed 4–8%
absorption after aqueous 14C-malathion application to ventral
forearms.

Oxidative metabolism through cytochrome P-450
enzymes converts the P¼S bond to the more toxic P¼O
compound malaoxon, which is responsible for most of the
cholinergic toxicity. The predominant detoxification pathway
is through esterase-mediated carboxylester hydrolysis to form
malathion or malaoxon monocarboxylic acid (MCA) and
dicarboxylic acid (DCA). These acids are further metabolized
to dimethyl dithiophosphate, dimethyl thiophosphate, and
dimethyl phosphate. While MCA and DCA serve as mala-
thion-specific biomarkers, their metabolites are nonspecific
urinary markers shared by other OPs. The involvement of
carboxylesterase accounts for the relatively low mammalian
toxicity compared with other OPs. Inhibition of this enzyme
by formulation impurities such as isomalathion potentiates
malathion’s toxicity. A minor metabolic pathway of mala-
thion and malaoxon is demethylation through glutathione-S-
transferase.

Malathion is widely distributed in animal and human
tissues. It was detected in adipose tissue, liver, kidneys, brain,
and muscles of rats that received 467 mg kg�1 by gavage.
Malathion, MCA, and DCA were detected in these tissues in
autopsies of intentional ingestion death. Placental transport
was indicated by the inhibition of fetal plasma and brain
cholinesterase in pregnant rabbits receiving 126 mg kg�1 day�1

malathion by gavage on gestation days 28–30.
Liver and kidneys are primary sites of rapid detoxifica-

tion and clearance of malathion. A single low oral dose
(40 mg kg�1) in rats resulted in w79% excreted in
urine within 12 h. The half-life following intravenous
administration in human volunteers was approximately 3 h.
Peak urinary level in humans from dermal exposure was
reached at 4–8 h.
Mechanism of Toxicity

Malaoxon, the oxygen analog of malathion, inhibits acetyl-
cholinesterase by phosphorylation of the serine moiety at the
enzyme active site, with resultant acetylcholine accumulation
and hyperstimulation at cholinergic neuroeffector and neuro-
muscular junctions, autonomic nerves, and brain. Signs and
symptoms are a function of the anatomic site impacted. Non-
cholinergic mechanisms may also be operative for some forms
of toxicity.

The action of malathion is partially reversed by dephos-
phorylation of acetylcholinesterase. However, demethylation
of the phosphorylated enzyme, a phenomenon known as
‘aging,’ prolongs the inhibition indefinitely by blocking
dephosphorylation. Synthesis of new enzyme is required to
recover activity.
Acute and Short-Term Toxicity

Animal

In rats, the oral LD50 is 5.4–5.7 g kg�1, dermal LD50 is >2 g
kg�1, and inhalation LC50 is >5.2 mg l�1. Based on these
values, US Environmental Protection Agency (USEPA) ranked
malathion as a Category IV (practically nontoxic) toxicant by
oral and inhalation routes and Category III (slightly toxic) by
dermal route. Malathion is a Category III eye irritant (slight
conjunctival and dermal irritation) and Category IV skin irri-
tant (slight dermal irritation).

Cholinergic syndromes are commonly expressed in
animals. Nonlethal effects reported after acute and short-
term oral exposures include respiratory distress, dyspnea,
bradycardia, tachycardia, nausea, cramping, diarrhea, vom-
iting, hematological and liver enzyme changes, and
muscular twitches. Rats receiving a single gavage dose
showed motor control decrements and degeneration in
lumbar root axon and lumbar dorsal and tibial fiber. No
delayed neuropathy was observed in hens with two single
doses 21 days apart.

Young animals are more sensitive than adults. Applying the
Benchmark Dose (BMD) analysis, USEPA established a lower
bound of BMD (BMDL) at 13.6 mg kg�1 day�1 based on 10%
red blood cell (RBC) cholinesterase inhibition in postnatal day
(PND) 11 male rats after a single oral exposure.
Human

Based on cases of intentional ingestion, a lower estimate of
the lethal dose was 350 mg kg�1 malathion from a 35%
formulation. Impurities from commercial preparations may
potentiate malathion toxicity. Although the toxicity of mala-
thion is relatively lower than other OP pesticides, the signs
and symptoms of poisoning are similar, and as typically
observed in animals.
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Chronic Toxicity

Animal

Systemic effects described for acute and short-term toxicity
were also observed with chronic exposures. Histopathological
observations after oral exposures included nonneoplastic nasal
lesions, fatty liver, and hepatocellular hyperplasia. Increased
kidney weight and chronic nephropathy were also observed.
Cholinesterase inhibition remains as the most sensitive toxicity
criterion. USEPA established a BMDL of 7.1 mg kg�1 day�1

based on 10% RBC cholinesterase inhibition in PND 21 male
rats after 11 days of oral exposures.
Human

Both population-basedmultiyear biomonitoring (e.g., National
Health and Nutrition Examination Survey) and longitudinal
farming-related monitoring provide data that facilitate recent
efforts to relate exposure levels to OP toxicity in human pop-
ulation.While relationships betweenhealth effects andmultiple
OP exposures have been explored using the nonspecific urinary
biomarkers, epidemiological studies using malathion- and
malaoxon-specific markers MCA and DCA are presently
unavailable.
Immunotoxicity

Rodent studies conducted over the past three decades suggest
that relatively low doses of malathion can alter immune system
function under some conditions. Oral exposure has been
shown to affect immunologic parameters involved in antigen
responses, including thymic lymphocyte number, splenic cell
proliferation, macrophage function (respiratory burst activity,
activation and release of inflammatory mediators and other
substances, migratory responses), mast cell degranulation, and
antibody production. There is some question as to whether the
immunologic alterations represent direct effects of malathion
or are secondary to cholinergic stress. Contact sensitization has
been demonstrated in some individuals subjected to dermal
exposures under laboratory conditions.
Reproductive and Developmental Toxicity

Animal

A rat two-generation feeding study conducted to support
registration showed no effect of malathion on reproductive
parameters, though maternal body weights were impacted at
7500 ppm and pup weights at 5000 and 7500 ppm. Several
studies have, however, indicated effects of orally administered
malathion on reproductive cells and tissues of rats and mice.
For example, rats exposed by gavage to 40 mg kg�1 day�1 on
postnatal days 4 and 5 showed decreased numbers of sper-
matogonia, pachytene spermatocytes, and Sertoli and Leydig
cells. Similar results were obtained in a separate study in which
rats were exposed to dietary malathion for 7 days at 163 mg
kg�1 day�1. Impacts on the female reproductive system,
including ovarian desquamation, absence of Graafian follicle,
distortion of uterine epithelium, and enlargement of tubular
uterine glands, were also detected. No effect was observed at
18.5 mg kg�1 day�1 in that study.

Teratogenicity was not evident when pregnant rats were
subjected to daily gavage with up to 800 mg kg�1 day�1

malathion on gestation days 6–15, despite the presence of
maternal clinical signs. Pregnant rabbits dosed by gavage on
days 6–18 showed elevated resorptions and reduced maternal
body weights at 50 and 100 mg kg�1 day�1. Other studies
yielded similar effects, leading to a general conclusion that
malathion is not teratogenic at submaternally toxic doses.
There is, however, evidence that in utero exposure decreases
cholinesterase activities and increases metabolizing enzymes
such as carboxylase, glutathione-S-transferase, and cytochrome
P-450 in young animals. In addition, studies with chlorpyrifos
and diazinon suggest a developmentally toxic role for these
OPs at dose levels too low to cause substantial cholinesterase
inhibition. Whether or not this is also the case for malathion is
currently unknown.
Human

A 1992 study of 7450 pregnant California women exposed to
malathion during a Mediterranean fruit fly aerial eradication
campaign in the early 1980s revealed no clear association with
spontaneous abortion, intrauterine growth retardation, or most
congenital abnormalities. There was a moderate association
with stillbirths and gastrointestinal anomalies, but exposure
assessment limitations combined with the rarity of these
outcomes precluded definitive assignment of causation. Recent
studies indicate correlations between nonspecific OP metabo-
lites in maternal urine and neurodevelopmental impacts in
offspring exposed in utero.
Genotoxicity

In prokaryotes, malathion did not cause gene mutation in
multiple strains of Salmonella typhimurium, but DNA damage
was detected in one of two strains of Bacillus subtilis. Weak DNA
damage was also reported in the Escherichia coli WP2uvrA
plasmid and in the B. subtilis rec assays. Dominant lethal and
sex-linked recessive lethal tests gave mixed results in Drosophila
strains, but were not observed in mice.

Chromosomal aberrations were reported in mouse bone
marrow and spermatocytes in several (but not all) studies.
Chromosomal aberrations were absent in rat bone marrow but
were detected in human lymphocytes. Sister chromatid
exchange was reported in mouse spleen cells. Micronucleus
tests were positive in mouse bone marrows but not in human
lymphocytes.

USEPA concluded that the evidence did not support
a mutagenic mechanism for malathion-induced carcinogenesis
(see below).
Carcinogenicity

Results from animal bioassays suggestive of malathion carci-
nogenicity include liver adenomas in female rats and adenomas
and combined adenomas and carcinomas in male and female
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mice at toxic dose levels. Rare tumors in rats, including oral
cavity tumors in the females and nasal tumors in the males and
females, have also been noted, but bear an uncertain relation
to malathion exposure. There was equivocal evidence for
malaoxon-induced thyroid C-cell adenomas and carcinomas in
male and female rats and a positive dose-related trend (but
insignificant pairwise comparison to the controls) for mono-
nuclear cell leukemia in male rats.

Data from several epidemiological studies suggested
a possible association between malathion exposure and non-
Hodgkin’s lymphoma, leukemia, and/or rectal cancers.
However, they were insufficient for carcinogenicity evaluation
due to uncertainties in the exposure estimates and concomitant
exposures to other chemicals.

The International Agency for Research onCancers concluded
in 1998 that malathion was not classifiable as to its carcinoge-
nicity to humans (Group 3). A 2009 evaluation by USEPA
classified malathion in the category “suggestive evidence of
carcinogenic potential,” designated for chemicals for which
“a concern for potential carcinogenic effects in humans is raised,
but the data are judged not sufficient for a stronger conclusion.”
Clinical Management

Actions for terminating exposure include removing contami-
nated clothing, transfer to uncontaminated area, eye irrigation
for ocular exposure, and soap and water washing of contacted
skin areas. Gastric lavage can be helpful in ingestion poisoning
if administered in time. Supportive care is administered as
needed, e.g., for respiratory distress.

Atropine and pralidoxime (2-pyridine aldoxime methyl
chloride (2-PAM)) are the most common treatments for OP
poisoning. Atropine, a competitive antagonist at muscarinic
receptors, dries excess secretion and restores adequate
oxygenation. It is also effective for central nervous system
(CNS) effects since it crosses the blood–brain barrier (BBB).
Alternatively, glycopyrrolate which does not cross the BBB
is used to avoid further adverse CNS reactions to atropine.
2-PAM treats nicotinic effects (e.g., muscle paralysis)
by reversing the acetylcholinesterase phosphorylation
before the onset of aging. Multiple administrations of these
drugs may be necessary throughout the course of
management.
Ecotoxicology

Malathion is highly toxic to bees and moderately toxic to avian
species. The LD50 for ring-necked pheasant is 2639 ppm in the
diet (5 days) and 1485 mg kg�1 for mallard. Malathion is
highly toxic to aquatic species. The LC50 for water flea
(Daphnia) is 1.0 ppb for 48 h and 0.06 ppb for 21 days,
showing greater toxicity with prolonged exposure. The acute
LC50 for fish ranged widely, e.g., 20–30 ppb (96 h) for bluegill
sunfish and 8.6 ppm for fathead minnows. Toxicities to
rodents and other mammals are presented in the acute and
chronic toxicity sections.

Fish kill incidents have been reported. USEPA determined
in 2009 that acute exposure of aquatic organisms near the
application areas and the endangered bird species exceeded
their risk level of concern.
Other Hazards

Concomitant exposure to other OPs with similar mode of
action can result in cumulative health effects greater than from
malathion alone. Malathion toxicity can also be potentiated by
other OPs that inhibit carboxylesterase, especially the liver
enzyme (e.g., ethyl-p-nitrophenyl thionobenzenephosphonate,
triorthocresyl phosphate) or reduced by agents that enhance
metabolic, especially detoxifying, enzyme activities (e.g.,
phenobarbital).
Exposure Standards and Guidelines

l American Conference of Governmental Industrial Hygien-
ists (ACGIH) Threshold Limit Value (TLV): 1 mg m�3

(0.07 ppm) Time-Weighted Average (TWA)
l National Institute for Occupational Safety and Health

(NIOSH) Recommended Exposure Limit (REL): 10 mg m�3

(0.7 ppm) (up to 10-h workday during a 40-h workweek
TWA); [Skin]

l NIOSH Immediately Dangerous to Life or Health Concen-
tration (IDLH): 250 mgm�3 (18.5 ppm)

l Occupational Safety and Health Administration (OSHA)
Permissible Exposure Limit (PEL) (Total dust): 15 mg m�3

(1.1 ppm, 8-h TWA); (Skin)–potential for dermal absorption
l USEPA Population-Adjusted Dose (PAD) (oral): 0.14 mg

kg�1day�1 aPAD(acute); 0.07 mgkg�1day�1 cPAD(chronic)

See also: Behavioral Toxicology; Developmental Toxicology;
Toxicity Testing, Developmental; Carboxylesterases;
Chlorpyrifos; Cholinesterase Inhibition; Diazinon; Neurotoxicity;
Organophosphorus Compounds; Pesticides; National Institute
for Occupational Safety and Health; Carcinogen Classification
Schemes; Federal Insecticide, Fungicide, and Rodenticide Act,
US; Immune System; International Agency for Research on
Cancer; Regulation, Toxicology and; Toxicity Testing,
Reproductive; Risk Assessment, Human Health; ACGIH

�

(American Conference of Governmental Industrial Hygienists);
Ecotoxicology; Food Quality Protection Act;
Children’s Environmental Health; Epidemiology.
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l Name: Maleic anhydride
l Chemical Abstracts Service Registry Number: 108-31-6
l Synonyms: 2,5-Furandione; cis-Butenedioic anhydride;

Dihydro-2,5-dioxofuran; Maleic acid anhydride; Toxilic
anhydride

l Molecular Formula: C4H2O3

l Structure:

Background

Maleic anhydride (CAS 108-31-6) derives from natural malic
acid. Maleic anhydride as well as maleic and fumaric acids were
first prepared in the 1830s. However, commercial manufacture
did not begin until a century later. In 1933, the National Aniline
and Chemical Co., Inc., used a process for producing maleic
anhydride based on benzene oxidation using a vanadium oxide
catalyst. Advances in catalyst technology, increased regulatory
pressures, and continuing cost advantages of butane over
benzene have led to a rapid conversion of benzene- to butane-
based plants. By the mid-1980s in the United States, 100% of
maleic anhydride production used butane as the feedstock.

At room temperature, maleic anhydride is a white crystal-
line solid with an acrid odor, but is a liquid or gas during
production. Two acid carbonyl groups and a double bond
appear in its formula, which make it useful for broad industrial
applications. Manufacturing processes for maleic anhydride
include those using fixed-, fluidized-, and transport-bed tech-
nologies for selective oxidation of butane.
Uses

Maleic anhydride is a chemical intermediate that can be used in
several applications in nearly every field of industrial chemistry.
Maleic anhydride has several uses, almost all of them related to
the synthesis of other chemicals as fumaric and tartaric acids,
certain agricultural chemicals (i.e., maleic hydrazide, mala-
thion), lubricants, surface active agents, resins in different
products, dye intermediates, pharmaceuticals, and more. This
chemical is also used in copolymerization reactions as
a comonomer for unsaturated polyester resins, preservative for
oils and fats, and permanent-press resins (textiles). The lami-
nating polyester resins have high structural strength and good
dielectric properties, and have a variety of applications in
automobile bodies, building panels, molded boats, chemical
storage tanks, lightweight pipe, machinery housings, furniture,
radar domes, luggage, and bathtubs.

Selective gas phase oxidation of butane over vanadium-
phosphorous oxide catalysts is one of the most common
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commercial processes for maleic anhydride production, either
in fixed- or in fluidized-bed reactors. Maleic anhydride also is
a by-product of the production of phthalic anhydride.
Environmental Fate and Behavior

The physicochemical properties of maleic anhydride include
a boiling point at 202.0 �C at 760mmHg and melting point at
52.8 �C. At room temperature it is a white crystalline solid with
an acrid odor. Its density is 1.48, it has a log Kow of 1.62, and its
Henry’s law constant is 3.93� 10�6 M atm�1 at 25 �C.

It is soluble in water, forming maleic acids, and also in other
solvents such as acetone (25 �C: 227 g/100 g), ethyl acetate
(112 g/100 g), chloroform (52.5 g/100 g), benzene (50 g/
100 g), toluene (23.4 g/100 g), o-xylene (19.4 g/100 g), carbon
tetrachloride (0.60 g/100 g), and ligroin (0.25 g/100 g), and it
is soluble in alcohol with ester formation.

As it was described, maleic anhydride may be used as
a chemical reactant and intermediate, thus resulting in its
release to the environment through various waste streams.
Pharmaceuticals and agricultural chemicals (maleic hydrazide,
malathion) containing maleic anhydride may result in its direct
release to the environment.

Nevertheless,maleic anhydridehas a shorthalf-life. Indeed, its
hydrolysis takes 0.37min, based on a rate constant of 0.0314 s�1

at 25 �C.Hydrolysis is expected to be the predominant fate of this
chemical in moist soil and water. Due to its rapid hydrolysis,
bioconcentration of maleic anhydride in aquatic organisms is
unlikely. Maleic anhydride is not expected to volatilize from dry
soil surfaces based upon a vapor pressure of 0.25mmHg.

Maleic anhydride may appear in effluents and atmospheric
samples when close to unabated process exhaust of phthalic
anhydride manufacturing plants.
Exposure and Exposure Monitoring

Routes and Pathways

The annual statewide industrial emissions from facilities report-
ing under the Air Toxics Hot Spots Act in California based on
the most recent inventory were estimated to be 7366 pounds
of maleic anhydride.

Maleic anhydride may experience several reactions, thus
triggering different compounds. After hydrogenation, a process
where both hydrogenation and hydrogenolysis reactions are
involved, maleic anhydride results in succinic anhydride,
g-butyrolactone, tetrahydrofurane, and 1,4-butanediol, impor-
tant starting materials in chemical industry in order to obtain
polymers, pharmaceutical compounds, and additives.

Maleic anhydride is probably hydrolyzed to maleic acid and
then hydroxylated to malic acid, which participates in the Krebs
cycle or may be excreted unchanged or in conjugated form.
Maleic acid is an antimetabolite of fumaric acid.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01185-4
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Human Exposure

In many occupational situations, workers are exposed to either
maleic anhydride or other similar compounds included in the
group of acid anhydrides, including phthalic anhydride and
trimellitic anhydride. The main route for human contact with
this chemical is occupational exposure, being reported a high
tax of detection in US workers (estimated in 81 551 workers
potentially exposed to maleic anhydride). Inhalation and
dermal contact with maleic anhydride at workplaces can be the
major occupational exposure pathways, mainly in places where
this compound is produced or used.

Several case reports have been described, including asth-
matic responses possibly related to maleic anhydride expo-
sures. An individual occupationally exposed to this chemical
developed wheezing and dyspnea upon exposure. The
patient had two episodes of severe hemolytic anemia after
two re-exposures, even with a period without exposure in
between.

Acutepoisoningwithnervous, respiratory, and cardiovascular
systems disorders was reported in workers exposed in manual
processing of polyester lacquers (where maleic anhydride was
included as chemical substance) without safety precautions.

Risk of exposure for the rest of the population is unlikely
even when this chemical can exist as vapor in dry air, due to its
rapid hydrolysis.
Toxicokinetics

There are no many available pharmacokinetic data related to
this compound. In a study in dogs, maleic anhydride was
administered over a long time period (90 days). Plateau levels
(99% of steady state) after 55 days and trace ones at the end of
the experiment were detected in plasma.

Several studies were performed where maleic anhydride was
used together with other chemicals. Some of them showed an
additive effect. Others showed antagonistic effects, as happened
after dermal exposure of mice to a mixture of maleic anhydride
and benzo(a)pyrene and dibenzo(a,h)anthazene, retarding the
carcinogenic activity of both carcinogen compounds.
Mechanism of Toxicity

Maleic anhydride was described as having anticarcinogenic
properties, and some of the maleic copolymers can have bio-
logic activity by themselves, especially antitumor activity.
Information related to this compound is contradictory. Chro-
mosomal aberrations in cultured hamster cells but no muta-
genicity in in vitro tests in bacteria have been reported.

No effects on cholinesterase activity have been described
after exposure to maleic anhydride.
Acute and Short-Term Toxicity

Animals

The oral LD50 values of maleic anhydride are similar in rat,
mouse, and guinea pig, estimated as 400, 465, and
390mg kg�1, respectively. However, a higher oral LD50 of
875mg kg�1 has been reported in rabbit. Dermal LD50 values
are higher, estimated as 20 000 and 2620mg kg�1 in guinea pig
and rabbit, respectively.

The LD50 by intraperitoneal injection in rats was
97mg kg�1.

Maleic anhydride showed corrosive effects in studies
developed in rabbit after exposure to 45mg of finely ground
maleic anhydride placed into the conjunctival sac.

The clinical symptoms in rats and rabbits were the same
after acute oral and dermal exposure, respectively, presenting
reduced appetite and activity, increasing weakness, collapse,
and death. Moreover, inhalation causes coughing, sneezing,
and throat irritation. Dermal exposure may cause irritation and
redness. Exposure to vapors of maleic anhydride causes severe
eye irritation, photophobia, and double vision being probable
symptoms. Other symptoms may be a decrease in body weight
and vomiting, including blood, and diarrhea and bloody
stools, as was reported after oral exposure in dogs.
Humans

Acute exposures in humans have shown nasal irritation after
only 1min of exposure to 1.5–2 ppm of maleic anhydride,
followed by eye irritation in 15min. As was reported before, it
seems that previous exposures provoked a late asthmatic reac-
tion and increase in airway responsiveness. Thus the strong
respiratory irritant effect of acute maleic anhydride exposure in
humans was confirmed.

In humans, mainly asthmatic responses were reported to
possibly result from exposure to maleic anhydride, usually at
workplace concentrations. An individual showed an acute
asthmatic reaction after exposure to dust containing maleic
anhydride (workplace concentrations were 0.83mgm�3 in the
inspirable and 0.17mgm�3 in the respirable particulate mass).
Exposure of this individual showed a response of cough,
rhinitis, and tearing within 2min. Within 30min, rales devel-
oped in both lungs. Pulmonary edema can result from airborne
exposure.
Chronic Toxicity

Animals

Chronic toxicity of maleic anhydride was examined in rats,
hamsters, and monkeys by the inhalation route of exposure.
Dose and exposure-related effects were observed at all exposure
levels, although mild and reversible. As was previously
described, exposure to maleic anhydride vapors resulted in
respiratory disorders, as hyperplastic change in the nasal
epithelium of rats and hamsters. Moreover, all species showed
signs of irritation at all exposure levels.

Rats exposed to air concentrations of 0.032 and 0.086mg l�1

of maleic anhydride for 4 weeks showed varying degrees of
nasal and ocular irritation, significant depression of bodyweight
gain and food consumption, and effects on relative and absolute
organ weights. Exposure to higher concentrations (250mg l�1)
results in kidney alterations (increased size, pale coloration,
diffuse tubular dilatation, hypertrophy, and degeneration and
regeneration of tubular epithelium). The no observed adverse
effects level (NOAEL) was 40mg kg�1 of body weight.
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Inhaled maleic anhydride in rats, hamsters, and monkeys
resulted in the same effects after 5 weeks of exposure to 1.1,
3.3, or 9.8 mgm�3 of total maleic, i.e., maleic anhydride
plus maleic acid. All lesions were considered to be
reversible.

Male white rats were exposed by inhalation to concentra-
tions of 0.00003, 0.00008, 0.00034, 0.0008mg l�1 for 70 days.
At the 0.00008mg l�1 exposure, histopathology analysis
showed atrophy of the nasal mucosa and pulmonary inflam-
mation changes, especially around fine bronchi. In this case,
the NOAEL was 0.00003mg l�1 and the lowest observed
adverse effects level (LOAEL) was 0.00008mg l�1.

Analogous to the results obtained with rats, rabbits dosed
by gavage with 2.5mg kg�1 of body weight for 6 months
showed alterations in liver glycogen-forming function and
leukocyte phagocytic activity. Histology examination revealed
signs of parenchymatous dystrophy in the liver, kidneys,
spleen, and gastrointestinal tract mucosa.
Humans

An increased incidence of bronchitis and dermatitis has
been noted among workers with long-term exposure. An
individual occupationally exposed to maleic anhydride
developed wheezing and dyspnea upon exposure. After
a period without exposure, two re-exposures both resulted
in episodes of severe hemolytic anemia. There was no
evidence of pulmonary hemorrhage. Radioallergosorbent
testing showed specific IgE antibodies against human serum
albumin conjugates with maleic anhydride, phthalic anhy-
dride, and trimellitic anhydride, but not with tetra-
chlorphthalic anhydride. A critique to this case report
questions the relationship of maleic anhydride exposure to
the onset of the anemia, since there were extended periods
of exposure to maleic anhydride before symptoms
appeared.
Reproductive Toxicity

After intraperitoneal administration of maleic anhydride to
mice on pregnancy days 8–10 or 11–13 several effects were
reported. Treatment on days 8–11 was associated with
abnormal ribs or vertebrae; however, administration on days
11–13 resulted in cleft palate as the most common lesion. The
minimum dose to produce a significant increase in fetal defects
on days 11–13 was 0.375mmol kg�1.

Teratogenicity was evaluated by oral exposure of preg-
nant rats with maleic anhydride in corn oil at concentra-
tions of 30, 90, or 140mg kg�1 day�1 from gestational
days 6–15. No statistically significant dose-related effects
were observed in maternal weight gain, implantation,
fetal viability, postimplantation loss, fetal weight, or
malformations.
Genotoxicity

No evidence of genotoxicity was found after exposure of rats to
vapors of maleic anhydride: no signs of chromosomal damage
appeared in rat bone marrow cells. Results were also negative
after cell culture and bacterial exposures.
Carcinogenicity

Maleic anhydride is not included in the carcinogenic substances
presented in the database from IARC.

The American Conference of Governmental Industrial
Hygienists (ACGIH) stated that it is not classifiable as a human
carcinogen.
Clinical Management

There is no antidote in this poisoning. The care given to the
victims of poisoning is usually determined by the symptom-
atology produced, accompanied by supportive care.
Ecotoxicology

Ecotoxicological studies have been mainly conducted in
aquatic organisms. In fish, the acute LC50 has been reported
to range from 138 to 275mg l�1 in bluegill, mosquitofish
and golden orfe. An EC50 of 88 mg l�1 24 h�1 and 77mg l�1

21 days�1 has been reported in Daphnia magna and of
29 mg l�1 72 h�1 in a growth inhibition test in the algae
Scenedesmus subspicatus.
Exposure Standards and Guidelines

A threshold limit value (TLV) of 0.1 ppm in an 8-h time
weighted average (TWA) has been stated by American Confer-
ence of Governmental Industrial Hygienists (ACGIH).

The permissible or recommended exposure limit by the
US Occupational Health and Safety Administration and the US
National Institute for Occupational Safety and Health (NIOSH)
is 0.25 ppm (1mgm3) in an 8-h TWA. A concentration of
10mgm3 is immediately dangerous to life.

See also: Occupational Toxicology; Respiratory Tract
Toxicology; Malathion; Butane.
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l Name: Malonitrile (GI) tract and eliminated through expired air as the parent

l Chemical Abstracts Service Registry Number: 109-77-3
l Synonyms: Propane dinitrile; Methylene cyanide; Dicya-

nomethane; Methane, dicyano; Malonodinitrile; Cyanoa-
cetonitrile; Malonic acid dinitrile; Methylenedinitrile

l Chemical Formula: CH2(CN)2
l Chemical Structure:
Background Information

Malonitrile is an aliphatic nitrile. It can release cyanide through
either chemical or biological transformation. Malonitrile was
used decades ago for treating certain forms of mental illness.
Uses

Malonitrile is a reactive chemical intermediate. It is also
a lubricant additive.
Environmental Fate and Behavior

When heated to decomposition, nitriles may release cyanide.
Malonitrile appears to decompose rapidly in contact with soil
and sediment.
Exposure Routes and Pathways

Dermal, oral, and inhalation routes are all primary exposure
pathways.

Toxicokinetics

Toxicokinetic data are available for the related alkyl nitrile,
propionitrile. When administered as a 14C radioisotope in rats,
93% of the compound was recovered. Most radioactivity was
eliminated in air or urinewithin 24 h. About 27%was recovered
as volatile organic material within 30 min of gavage exposure.
By 3 h, either carbon dioxide or cyanide exhalation was esti-
mated at 38–49% of the total. At 24 h, recovery in the urine was
0.8–6%. Less than 2% was found in liver and kidneys at 72 h
after dosing. It was concluded that propionitrile and related
alkyl nitriles are rapidly absorbed from the gastrointestinal
2 Encyclopedia of T
compound, CO2 or cyanide.
Mechanism of Toxicity

The acute toxicity of malonitrile and related alkyl nitriles is
thought to be due to release of cyanide through metabolism of
the parent compound. Signs of acute malonitrile intoxication
including dyspnea, ataxia, and convulsions are similar to those
noted with acute cyanide intoxication. The onset and duration
indicate that these nitriles require metabolism to elicit toxicity.
Cyanide and thiocyanate have both been found in urine and
blood after malonitrile exposure.
Acute and Short-Term Toxicity (or Exposure)

Animal
The oral LD50 values in rats for malonitrile are from 14 to
100 mg kg�1. Relatively similar oral toxicity was noted in
mouse. The dermal LD50 value in rat was 350 mg kg�1.
Subacute administration of malononitrile led to hepato-
megaly, renomegaly, and splenomegaly in rabbits. Mice
exposed to malonitrile via inhalation showed restlessness,
increased respiration followed by cyanosis, incoordination,
trembling, convulsions, and death. Malonitrile elicited lesions
in the corpus striatum, and in some cases demyelinating lesions
of the optic tract and nerve, lesions of the cerebral cortex, and
lesions of the olfactory bulb and substantia nigra.
Human
Malonitrile was used decades ago for treating certain forms of
mental illness. Patients experienced tachycardia, nausea, vom-
iting, headache, shivering, muscle spasms, and numbness. It is
a skin and eye irritant.
Chronic Toxicity (or Exposure)

Animal
Subchronic exposure tomalonitrile in rats up to10 mg kg�1 day�1

led to no significant clinical findings. There was a 6% reduction in
body weights with 10 mg kg�1 day�1 dosing. Transient changes
in hematology and clinical chemistry markers were noted with
2–10 mg kg�1 day�1 exposures. Liver weights were increased with
10 mg kg�1 day�1 dosing.

Human
Little is known regarding chronic effects of malonitrile expo-
sure in humans.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01186-6
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In Vitro Toxicity Data

Alkyl nitriles are generally negative in in vitro mutagenicity and
cytogenetics assays. No chemical specific genotoxicity data are
available for malonitrile.
Clinical Management

For mild signs of intoxication (nausea, dizziness, drowsiness),
with blood cyanide concentrations <2 mg l�1, give oxygen and
bed rest. With more severe intoxication exhibiting short-lived
periods of unconsciousness, convulsions, vomiting, and/or
cyanosis and with blood cyanide concentrations of >2 mg l�1,
provide l00% oxygen for not more than 24 h and observe in
intensive care area. Give 50 ml of 25% sodium thiosulfate
solution (1.5 g) intravenously over 10 min.
Ecotoxicology

Malonitrile is considered very toxic to aquatic organisms. In
fathead minnows, the LC50 (96 h) was 0.51 mg L�1.
Exposure Standards and Guidelines

The time-weighted average (TWA) for malonitrile is 8 mgm�3.
No permissible exposure limit (PEL) or reference concentration
(RfC) is available.
See also: Cyanide.
Further Reading
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http://www.epa.gov/oppt/chemtest/pubs/osw.pdf – US Environmental Protection

Agency: Solid Waste Chemicals - Results of testing.
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l Name: Mancozeb
l Chemical Abstracts Service Registry Number: CAS 8018-01-7
l Synonyms: Dithane-D45; Manzate 200; Fore; Manzeb;

Riozeb; Policar; Karamate; Nemispot
l Chemical/Pharmaceutical/Other Class: Ethylene (bis)

dithiocarbamate
l Molecular Formula: (C4H6MnN2S4)a(Zn)y
l Chemical Structure:
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Background

Mancozeb (MZ) is a zinc ion complex of maneb that was first
registered in 1962 and has become the most commercially
significant of all ethylene bisdithiocarbamate (EBDC)
compounds. It is applied to over 70 different crops and is used
to control over 400 different fungal pathogens. Additionally,
MZ is more active than other EBDC fungicides.
Uses

MZ is a general use pesticide that is employed as a broad-
spectrum fungicide. It is a member of the EBDC class of
compounds, a class that also includes the fungicides maneb
and metiram. For example, potato, tomato, vine, and apple
represent over 90% of total sales of MZ in Europe. In North
America, key uses are within vegetable crops like tomatoes,
onions, and cucurbits.
Environmental Fate

Similar to all EBDC, MZ is generally unstable in the presence of
moisture and oxygen and in biological systems. These
compounds also rapidly degrade to ethylene thiourea (ETU).
MZ is virtually insoluble in water; therefore, it does not
represent a threat to groundwater. ETU, on the other hand, has
the potential to move through the soil as a result of ground-
water movement. MZ degrades in soil in a manner similar to
maneb, and it has a half-life of 4–8 weeks under normal field
conditions. MZ does not enter into plant tissues and does not
represent a significant risk to crops and other plants.
Exposure Routes and Pathways

The primary routes of exposure in humans include dermal
and inhalation; however, residues of EBDC compounds are
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regularly detected on food. Individuals involved in manufac-
turing, mixing/loading, and applying the fungicide represent
the group with the highest risk of exposure and adverse events.
Toxicokinetics

Studies of the pharmacokinetics and metabolism of MZ and
similar EBDC compounds in laboratory animals have
demonstrated that they are only partially absorbed, rapidly
metabolized, and excreted without any evidence of bio-
accumulation. For example, most of an orally administered
dose is eliminated within 24 h, with about half excreted in
the urine and half in feces. These data indicate incomplete
gastrointestinal absorption. Additionally, low-level residues
are found in tissues, with the thyroid as a primary target
organ. The major metabolite of MZ and other EBDC is ETU.
In rats, approximately 7.5% of the dose is metabolized to
ETU; however, mice produce a slightly lower level of ETU
(5–6%).
Mechanism of Toxicity

The mechanism of toxicity for MZ is similar to other EBDC
fungicides like maneb. EBDC are able to modify and inactivate
redox-sensitive proteins. Because of the thiol reactivity of
these compounds, redox-sensitive processes like transcription,
translation, and other metabolic processes can be altered,
resulting in cytotoxicity. It is due to this multitarget mode of
action that MZ and other EBDC compounds are used in
fungicide resistance management programs. In contrast to
other fungicidal agents, in over 40 years of use, resistance to
any of the EBDC compounds has never developed. MZ has
also been reported to cause oxidative stress, DNA damage, and
apoptosis in rat cells. Additionally, like all EBDC, MZ can act
as a chelating agent, allowing it to interfere with enzymes that
contain metals which are essential for activity, like dopamine
b-hydroxylase.
Acute and Short-Term Toxicity

Animals

MZ has very low acute toxicity in mammals. For example, LC50

values for acute oral exposures in rats and mice are greater than
5000mg kg�1. Due to poor gastrointestinal absorption, the
LC50 dramatically decreases to 380mg kg�1 in rats if the dose is
administered via intraperitoneal injection. The skin is also an
effective barrier against MZ. The LC50 value for acute dermal
toxicity in rabbits is also greater than 5000mg kg�1. EBDC are
moderately irritating to the skin and respiratory mucous
membranes.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00157-3
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Humans

Acute intoxication due to MZ exposure is unlikely to occur in
humans due to the low acute toxicity of EBDC. The low toxicity
can be attributed to poor gastrointestinal and transdermal
absorption, and rapid metabolism. MZ can act as an irritant
and common symptoms of poisoning include itching, scratchy
throat, sneezing, coughing, inflammation of the nose and
throat, and bronchitis.
Chronic Toxicity

Animals

The primary target organ of repeated MZ exposure is the
thyroid gland. Chronic exposure can lead to altered thyroid
hormone level as well as changes in organ weight. Follicular
cell hyperplasia/hypertrophy may also occur with chronic
exposure. The toxicity of MZ is comparable to that of maneb
and no observed effect level values that range from 3.7 to
7.3mg kg�1 day�1 have been calculated for several different
species. All of the major findings of these studies cite alterations
in thyroid function and organ weight.

Most dithiocarbamate compounds have neurotoxic effects,
including MZ. Very high doses are required for acute neuro-
toxicity. Hindlimb paralysis occurs at high doses of all EBDC
and this property is attributed to a secondary metabolite, eth-
ylenebisisothiocyanate sulfide. It should also be noted that
high mortality was also observed at these doses and duration.
Coexposure of maneb, a compound similar to MZ, with other
neurotoxicants like Paraquat and MPTP potentiate alterations
in the dopaminergic system, resulting in Parkinson’s disease
features, but maneb alone did not cause significant changes.
Due to these observations concerning maneb and the broad use
of MZ, especially in Europe, the potential involvement of MZ in
the environmental hypothesis of Parkinson’s disease should be
further investigated.
Humans

Most human exposure to MZ is via occupational exposure;
however, residues of EBDC are detected on treated crops.
Residue levels are determined by measuring the carbon
disulfide level, and the results typically conclude that the
levels are below the maximum residue level. Epidemiological
evidence has indicated that chronic exposure to maneb, an
EBDC that is very similar to MZ, will significantly increase
the risk of developing Parkinson’s disease, and individuals
who have been exposed to both Paraquat and maneb (MB)
have an even greater risk. Additionally, humans do not
develop thyroid-related pathology after chronic MZ expo-
sure, and this outcome may be representative of a species-
specific effect.
Immunotoxicity

Few studies have been conducted on fungicides’ ability to be
immunotoxic. Of the few studies available, MZ has been shown
to be an immunomodulatory agent by increasing the T-cell
functional response in MZ exposed workers. MZ has also
been shown to be able to inhibit NF-kB-mediated cytokine
production. Finally, no inhibition of lymphocyte mitogenesis
was observed in a study that screened over 200 environmental
chemicals for their ability to inhibit lymphocyte mitogenesis.
Reproductive Toxicity

A three-generation rat study utilizing a 50mg kg�1 dietary
administration of MZ revealed decreased fertility, but no
indication of embryotoxic or teratogenic effects. Additional
studies, however, have reported fetotoxicity, but this occurred
at exposures that were also maternally toxic. Developmental
abnormalities have been reported in rats that were given
1320mg kg�1 on the 11th day of pregnancy. These abnor-
malities included alterations in the body wall, central nervous
system, eye, ear, and musculoskeletal system. Pregnant rats fed
5mg kg�1 day�1 resulted in delayed hardening of the bones of
the skull.
Genotoxicity

MZ is similar to maneb in that it was not found to be muta-
genic using the Ames test.
Carcinogenicity

The primary metabolite of MZ, ETU, can cause cancer in
experimental animals. Additionally, a study of long-term MZ
exposure, 0–1000 ppm MZ in the feed for 104 weeks, reported
a compound-dependent increase in tumor development.
Clinical Management

Risk of accidental exposure can be mitigated by utilizing proper
personal protective equipment and maintaining equipment
required for pesticide application. Similar to maneb, the degree
of MZ exposure will determine the initial treatment. In the case
of skin contact, the contaminated clothing should be removed
immediately and the affected skin should be thoroughly
washed with soap and water. Similarly, if the exposure involves
the eyes, they should be flushed with water or an isotonic saline
solution for at least 15min, being sure to flush under both the
upper and lower eyelids. Inhalation exposures require the
exposed individual to be removed from the exposure area to an
area of fresh air. If necessary, rescue breathing should be initi-
ated and medical attention should be sought immediately. In
the event of ingestion, one should induce vomiting immedi-
ately. Activated charcoal solutions should then be administered
to adsorb any remaining fungicide, followed by a sodium or
magnesium cathartic to speed elimination.
Ecotoxicology

MZ has very low toxicity in birds; the LC50 in bobwhite quails
and mallard ducklings is greater than 10 000 ppm. It is
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generally toxic to fish and is highly toxic to warm-water fish.
MZ is also moderately toxic to cold-water fish. Additionally, the
72 h LC50 in crayfish is greater than 40 ppm; the 48 h LC50 in
tadpoles is 3.5 ppm. Due to this aquatic toxicity, care should be
taken in storage and disposal to avoid areas of water runoff.
Finally, MZ is not hazardous to honey bees.
Exposure Standards and Guidelines

l US Occupational Safety and Health Administration:
5 mgm�3

l US Environmental Protection Agency chronic reference
dose: 0.005mg kg�1 day�1.
See also: Dithiocarbamates; Maneb; Neurotoxicity; Pesticides.
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Background

Maneb (MB) is a member of the ethylene (bis)dithiocarbamate
(EBDC) class of compounds. This class of compounds was first
developed in the 1940s, and MB was first patented in 1950. MB
was found to be a more potent fungicide compared to its
predecessors. By the mid-1960s, EBDC fungicides had become
one of the most versatile and important group of organic
fungicides to be discovered.
Uses

MB is employed as a fungicide used to control over 400 fungal
pathogens and is applied to more than 100 different crops.
Some of these crops include grapes, potatoes, citrus, and
apples. It is used to control early and late blights on these crops
as well as ornamental plants. MB and other EBDC are key
components of fungicide resistance management programs due
to a multisite mode of action; therefore, in over 40 years of use,
no resistance has ever developed to MB or any of the EBDC
fungicides. MB is available as granular, wettable powder,
flowable concentrate, and ready-to-use formulations, in addi-
tion to being a component of fungicide mixtures. It should also
be noted that MB is also used by the plastics and rubber
industries as accelerators and catalysts.
Environmental Fate

MB, similar to other EBDC, is generally unstable in the presence
of moisture and oxygen and in biological systems. MB will
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
rapidly degrade to ethylene thiourea (ETU). It has low persis-
tence, with a field half-life of 12–36 days. MB binds strongly to
soil and has poor solubility in water; therefore, it is not very
mobile and does not represent a significant threat to ground-
water. For example, in one particular study it was found that
MB did not leach below the top 5 inches of soil. The primary
breakdown product, ETU, however, is both more persistent and
mobile. MB breaks down rapidly to ETU in water, with a half-
life of approximately 1 h. Water can be contaminated by MB
due to poor storage, use, or disposal.
Exposure Routes and Pathways

Common routes of MB exposure include inhalation, oral, and
dermal. Occupational exposure to this compound during
manufacturing, mixing/loading, spraying, and crop harvesting
can occur via the dermal and inhalation routes. Another route
of human exposure includes the consumption of crops that
contain MB residue. Residues of MB and its metabolites have
been detected in and on treated crops. These residue levels
change over time in storage, handling, and cooking due to
parent compound transformation and degradation.
Toxicokinetics

MB is absorbed via the skin, mucous membranes, and respi-
ratory and gastrointestinal tracts. Absorption through the skin
and gastrointestinal tract is poor and only approximately 50%
is absorbed; however, after absorption, the compound is
rapidly metabolized. ETU is themajor metabolite, with 7.5% of
the parent compound converted to ETU in rats and 5–6% in
mice. Additional metabolites of MB include ethylenediamine,
ethylenebisisothiocyanate sulfide, and carbon disulfide. ETU
can be broken down further and incorporated in intermediate
cellular metabolites like oxalic acid, glycine, urea, and lactose.
MB does not accumulate to high levels in most tissues and
organs due to its rapid metabolism and poor absorption, but
the thyroid gland does achieve somewhat higher levels. Finally,
in most species, the majority (greater than 70%) of an oral dose
is eliminated in the urine within 48 h.
Mechanism of Toxicity

The mechanism of toxicity of MB is believed to be largely
similar to that of its primary metabolite, ETU. Dithiocarbamate
compounds, like MB, are capable of inactivating redox sensitive
proteins in a manner similar to thiol-specific modifying agents
like N-ethylmaleimide. By inactivating sulfhydryl-containing
proteins, MB can cause derangement of many cellular processes
4-3.00158-5 147
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like gene transcription, translation, protein degradation, and
other metabolic processes. Due to the multimodal action of
MB, fungi are unable to develop resistance. MB has also been
reported to inhibit complex III of the mitochondrial electron
transport chain, resulting in mitochondrial dysfunction. MB
also possesses metal-chelating properties, and dithiocarba-
mates have been shown to bind and redistribute toxic metals
like cadmium. Finally, MB potentiates the neurotoxic effects of
Paraquat and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in mice resulting in a phenotype similar to Parkinson’s
disease.
Acute and Short-Term Toxicity

MB, like other EBDC, possesses very low acute toxicity via oral,
dermal, and respiratory routes. Additionally, the World Health
Organization has classified MB as a compound that is unlikely
to present an acute exposure hazard under the conditions of
normal use. Initial skin contact does not result in irritation, and
MB is only slightly irritating to eyes and mucous membranes.
Prolonged or repeated skin exposure, however, can result in
dermatitis.
Animals

Large doses of MB are required to cause toxicity via oral and
dermal exposure. For example, the oral LC50 in rats is greater
than 5000mg kg�1 and over 2000mg kg�1 for dermal expo-
sures in rabbits. Large doses (greater than 2000mg kg�1) have
been reported to cause motor disorders like hind limb paralysis
and muscular atrophy. In regard to reproductive toxicology,
reproduction is generally unaffected by MB exposure. Malfor-
mations and embryo-fetotoxicity are observed at doses that are
maternally toxic. It should be mentioned, however, that mice
that were exposed to MB in utero exhibited increased sensitivity
to the neurotoxic effects of Paraquat, resulting in loss of dopa-
minergic neurons and Parkinson’s disease–related pathology.
Humans

Acute intoxication due to MB exposure is unlikely to occur. This
is due to the low acute toxicity of MB, poor absorption, and
rapid metabolism. Occupational exposures primarily result in
irritation and allergic responses. Skin irritation and sensitiza-
tion have been studied in humans, and common symptoms
include itching and mild erythema. A case of acute kidney
insufficiency was reported to occur in a 62-year-old man
following MB application; however, due to additional con-
founding health complications, the exact contribution of the
MB exposure remains unclear.
Chronic Toxicity

Animals

The principal target organ of repeated MB exposure is the
thyroid gland, but reproductive and neurotoxic effects have
also been observed. Effects on the thyroid include increased
thyroid weight, follicular cell hyperplasia, decreased
serum thyroxin, and increased incidence of diffuse follicular
epithelial hypertrophy/hyperplasia. In comparison to labora-
tory animals, humans are predicted to be less sensitive to the
thyroid effects due to the substantial reserve supply of thyroid
hormone that humans possess. Therefore, humans must be
exposed to significantly higher doses of MB to achieve the
hormone decreases observed in laboratory animals. The
no observed adverse effect level ranges from 3.7 to
7.3mg kg�1 day�1 in multiple species and all of the major
findings of these studies cite alterations in thyroid function and
organ weight.

Most dithiocarbamate compounds have neurotoxic effects,
including MB. Very high doses are required for acute neuro-
toxicity. However, rats treated orally twice a week with 350 or
1750mg kg�1 for 4months resulted in paresis of the hind
limbs progressing to complete paralysis. It should also be
noted that high mortality was also observed at these doses
and duration. Coexposure of MB with other neurotoxicants
like Paraquat and MPTP potentiate alterations in the dopa-
minergic system, but MB alone did not cause significant
changes.
Humans

Most human exposure to MB is via occupational exposure;
however, residues of EBDC are detected on treated crops. These
residue levels are determined by measuring the carbon disul-
fide level, and the results typically conclude that the levels are
below the maximum residue level. Epidemiological evidence
has indicated that chronic exposure to MB, occupational and
residential exposures, will significantly increase the risk of
developing Parkinson’s disease, and individuals who have been
exposed to both Paraquat and MB have an even greater risk.
Immunotoxicity

Dithiocarbamate compounds like MB are known to inhibit
NF-kB activity. MB has been reported to inhibit natural killer
cell activity in vitro. Also, MB has been shown to weakly inhibit
lymphocyte mitogenesis.
Reproductive Toxicity

Altered reproduction was also observed after chronic exposure
to MB. Rats fed MB for 90 days prior to mating exhibited
decreased fertility and alterations to reproductive and endo-
crine structures. Similar to the data from acute studies, terato-
genicity was observed only at significantly high levels of
exposure. For example, offspring of albino rats treated with
either 700 or 1400mg kg–1 MB twice a week for 4.5 months
displayed congenital deformities in the caudal vertebrae,
palates, limbs, and tail.
Genotoxicity

Utilizing gene mutations and chromosomal damage as major
endpoints for genotoxicity, MB, along with the metabolite
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ETU, has been shown to not possess mutagenic activity in
mammalian systems.
Carcinogenicity

MB is not mutagenic; however, chronic exposures do result
in follicular hypertrophy/hyperplasia. Additionally, chronic
administration of 440mg kg�1 day�1 resulted in the develop-
ment of hepatocellular adenoma in mice.
Clinical Management

The degree of exposure will determine the initial treatment. In
the case of skin contact, the contaminated clothing should be
removed immediately and the affected skin should be thor-
oughly washed with soap and water. Similarly, if the exposure
involves the eyes, they should be flushed with water or an
isotonic saline solution for at least 15min, being sure to flush
under both the upper and lower eyelids. Inhalation exposures
require the exposed individual to be removed from the exposure
area to an area of fresh air. If necessary, rescue breathing should
be initiated and medical attention should be sought immedi-
ately. In the event of ingestion, one should induce vomiting
immediately. Activated charcoal solutions should then be
administered to adsorb any remaining fungicide, followed by
a sodium or magnesium cathartic to speed elimination.
Ecotoxicology

MB is practically nontoxic to birds. The 5-day dietary LC50 in
bobwhite quails and mallard ducklings is greater than
10 000 ppm. This is not the case with fish as MB is highly toxic
to fish. The 96 h LC50 for bluegill sunfish is 1 ppm and the 48 h
LC50 in rainbow trout is 1.9 ppm. Crop foliage that has been
treated with MB may also be toxic to livestock. Finally, MB is
not thought to be toxic to bees.
Exposure Standards and Guidelines

l US Occupational Safety and Health Administration ceiling
limit: 5 mgm�1

l Reference dose: 0.005mg kg�1 day�1

l Acceptable daily intake: 0.03mg kg�1 day�1
See also: Dithiocarbamates; Mancozeb; Manganese;
Mitochondrial Toxicity; Neurotoxicity; Paraquat; Pesticides.
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l Name: Manganese
l Chemical Abstracts Service Registry Number: 7439-96-5
l Synonyms: Colloidal manganese, Mangan, Manganese

metal alloy, Magnacat
l Molecular Formula: Mn
l Valence States: 0, þ2, þ3, þ4, þ6, and þ7
l Chemical Structure:
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Background

Manganese occurs as a free element in nature and is ubiquitous
in the environment. The origin and uses of this black mineral
date back to the Greek golden period. Manganese was known
as pyrolusite or manganese dioxide. A Swedish chemist, Carl
Wilhelm Scheele, used pyrolusite to produce chlorine in the
mid-eighteenth century. But not until 1774 was manganese
isolated and purified as a metal by Johan Gottlieb Gahn by
reducing the dioxide with carbon. Manganese is an essential
element for humans and animals.
Uses

There are two forms of manganese in the environment. Inor-
ganic manganese compounds are used in the production of
steel, batteries, ceramics, and dietary supplements. These
manganese compounds are also generated as combustion
products from motor vehicles and coal-burning industrial
plants. Organic manganese compounds are used in some
pesticides, fertilizers, and in a gasoline additive called meth-
ylcyclopentadienyl manganese tricarbonyl. Manganese is an
essential trace element and its concentrations are highest in
tissues rich in mitochondria, where it forms stable complexes
with ATP and inorganic phosphate. Manganese functions as
a constituent of metalloenzymes and an activator of enzymes.
Environmental Fate and Behavior

Higher levels of environmental exposures to manganese are
most likely to occur in or near a factory or a waste site that
releases manganese dust into air. Manganese is also released
into air by combustion of unleaded gasoline that contains
manganese as an antiknock ingredient. Some manganese
compounds are readily soluble, so significant exposures can
also occur by ingestion of contaminated drinking water.
However, manganese in surface water may oxidize or adsorb to
sediment particles and settle out. Manganese in soil canmigrate
as particulate matter to air or water, or soluble compounds may
be dissolved by water and leached from the soil. Elemental
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manganese and inorganic manganese compounds have negli-
gible vapor pressures, but may exist in air as suspended
particulate matter derived from industrial emissions or the
erosion of soils. The half-life of airborne particles is usually on
the order of days, depending on the size of the particle and
atmospheric conditions.

The transport and partitioning of manganese in water are
controlled by the solubility of the specific chemical form present,
which in turn is determined by pH, Eh (oxidation–reduction
potential), and the characteristics of available anions. The
metal may exist in water in any of four oxidation states (2þ,
3þ, 4þ, or 7þ). Divalent manganese (Mn2þ) predominates in
most waters (pH 4–7), but may become oxidized at pH
greater than 8 or 9. The principal anion associated with Mn2þ

in water is usually carbonate (CO3
2�), and the concentration

of manganese is limited by the relatively low solubility
(65 mg l�1) of MnCO2. In relatively oxidized water, the
solubility of Mn2þ may be controlled by manganese oxide
equilibria, with manganese being converted to the (3þ) or
(4þ) valence state. In extremely reduced water, the fate of
manganese tends to be controlled by the formation of the
poorly soluble sulfide.

Manganese in water may be significantly bioconcentrated at
lower trophic levels.

Manganese is a natural component ofmost foods. The highest
manganese concentrations (up to 40 ppm) are found in nuts and
grains, with lower levels (up to 4 ppm) found in milk products,
meats, fish, and eggs. Concentrations of manganese in infant
formulas range from 34 to 1000 ppb, compared to concentra-
tions of 10 ppb in human milk and 30 ppb in cow’s milk.
Exposure and Exposure Monitoring

Ingestion is the primary exposure pathway for the general
population; sources of exposure include grains, nuts, fruits, and
tea. Inhalation is a significant exposure pathway in industrial
settings. Air and water pollution are minor sources in most
areas. Manganese is a ubiquitous constituent in the environ-
ment, occurring in soil, air, water, and food. Thus, all humans
are exposed to manganese and manganese is a normal
component of the human body. Food is usually the most
important route of exposure for people, with typical daily
intakes of 2.5–5 mg day�1.
Toxicokinetics

There are no quantitative animal data on absorption rates for
inhaled manganese due to manganese dioxide and other
inhaled manganese compounds being practically insoluble in
water. Less than 5% of ingested manganese is absorbed from
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00873-3
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the gastrointestinal tract. Manganese is carried in blood serum
by a b-globulin, which may be specific for this metal. Manga-
nese is a cofactor for enzymes related to the synthesis of
cholesterol and also fatty acids. It is necessary for phosphory-
lation reactions. In some cases it can substitute for magnesium.
The highest levels of manganese can be found in the liver,
pancreas, and kidneys and the lowest levels in bone and fat.
Manganese is excreted mainly in the bile, but systemic loads are
slowly cleared.
Mechanism of Toxicity

Brain extracellular concentrations of amino acids and diva-
lent metals (e.g., manganese) are primarily regulated by
astrocytes. Adequate glutamate homeostasis is essential for
the normal functioning of the central nervous system (CNS),
for example, glutamate is important for nitrogen metabolism
and, along with aspartate, is the primary mediator of the
excitatory pathways in the brain. Similarly, the maintenance
of proper manganese levels is important for normal brain
functioning. In vivo and in vitro studies have linked increased
manganese concentrations with alterations in the content
and metabolism of neurotransmitters, for example, dopa-
mine, g-aminobutyric acid, and glutamate. Rat primary
astrocytes exposed to manganese display decreased gluta-
mate uptake, thereby increasing the excitotoxic potential of
glutamate. Furthermore, decreased uptake of glutamate has
been associated with decreased gene expression of gluta-
mate–aspartate transporter in manganese-exposed astrocytes.
Other studies suggest that attenuation of astrocytic glutamate
uptake by manganese may be a consequence of reactive
oxygen species generation. These data suggest that excito-
toxicity may occur due to manganese-induced altered gluta-
mate metabolism, representing a proximate mechanism for
manganese-induced neurotoxicity.
Acute and Short-Time Toxicity (or Exposure)

Animal

Manganese is less toxic than most of the metals. The average
LD50 values range from 400 to 830mg kg�1 (guinea pig,
mouse) and 9000mg kg�1 (rat) for oral administration of
soluble manganese compounds and from 38 to 64mg kg�1

(rat, mouse) for parenteral injections. Manganese has been
shown to accumulate in maternal liver and to cross the placenta
in rats.
Human

Available human toxicity data are limited to the industrial
setting, where adverse health effects have resulted from inhala-
tion of manganese (primarily as manganese dioxide). Inhala-
tion of particulate manganese compounds such as manganese
dioxide (MnO2) or manganese tetraoxide (Mn3O4) can lead to
an inflammatory response in the lung. Acute inhalation expo-
sure produces manganese pneumonitis; the incidence of respi-
ratory disease among exposed workers is higher than that of the
general population.
Chronic Toxicity (or Exposure)

Human

In workers with chronic inhalation exposure, iron deficiency
and liver cirrhosis are commonly observed. Chronic inhala-
tion exposure also affects the CNS, resulting in manganism,
which has parkinsonian-like symptoms, such as muscle stiff-
ness, lack of coordination, tremors, difficulties with breathing
or swallowing, and other neuromuscular problems. Mental
aberrations are also observed. The psychiatric disturbance has
been called ‘manganese madness.’ Symptoms include confu-
sion, unusual behavior, and sometimes hallucinations.
Apathy, difficulty with speech, and loss of balance are most
common. Other symptoms include difficulty with fine motor
movement, anxiety, and pain. Manganese intoxication can
result in a syndrome of parkinsonism and dystonia. If these
extrapyramidal findings are present, they are likely to be
irreversible and may even progress after termination of
exposure to manganese. Clinical features are usually sufficient
to distinguish these patients from those with Parkinson’s
disease. The neurological syndrome does not respond to
levodopa. Imaging of the brain may reveal magnetic reso-
nance imaging signal changes in the globus pallidus, striatum,
and midbrain. Positron emission tomography reveals normal
presynaptic and postsynaptic nigrostriatal dopaminergic
functions. The primary site of neurological damage has been
shown by pathological studies to be the globus pallidus.
While rare in occurrence, manganese deficiency in humans
has been reported. It is characterized by skeletal abnormalities
and seizure activity, probably due to decreased MnSOD and
glutamine synthetase activities.
Immunotoxicity

An increase in susceptibility to infection has been observed in
mice and guinea pigs exposed to manganese via inhalation of
airborne particulate matter for a short period. Altered blood
levels of leukocytes, lymphocytes, and neutrophils have also
been observed in rats and mice via oral administration of
manganese for a short duration. However, there is still limited
information that is associated with any significant impairment
of the immune system.
Reproductive Toxicity

Exposure of adult male rabbits to manganese via a single
intratracheal dose led to degeneration of the testicles, accom-
panied by a loss of spermatogenesis and complete infertility.
Lifetime exposure (in utero through adulthood) of iron-
deficient rats or manganese exposure of adult mice via drinking
water led to impaired spermatogenesis and fertility. Pregnant
females exposed to high concentrations of manganese orally or
by injection experienced fewer pregnancies in rats or increased
postimplantation losses (fetal deaths) in mice. In humans,
impotence and loss of libido are common complaints in
workers occupationally exposed to manganese who have been
afflicted with clinical signs of manganism, a neurological
syndrome effect of manganese.
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Genotoxicity

Exposure to high doses of manganese affects DNA replication
and repair in bacteria and causes mutations in microorganism
andmammalian cells. However, the Ames test does not seem to
be responsive to manganese. In mammalian cells, manganese
causes DNA damage and chromosome aberrations. High
amounts of manganese affect fertility in mammals and are toxic
to the embryo and fetus. Thus, no overall conclusion can be
made about the possible genotoxic hazard to humans from
exposure to manganese compounds.
Carcinogenicity

There is limited information on cancer induced by manganese
with evidence for the carcinogenicity of manganese being at
least mixed and inconclusive. Environmental Protection
Agency (EPA) concluded that the available studies were inad-
equate to assess the carcinogenicity of manganese and assigned
it a D classification, meaning that it is not classifiable as
a human carcinogen.
Clinical Management

Many symptoms of manganese toxicity disappear after the
victim is removed from the source of exposure. L-Dopa
(levodopa) can reverse some symptoms, but complete recovery
is not expected. The calcium disodium salt of ethyl-
enediaminetetraacetic acid will help improve an acute
manganese-induced psychosis.
Ecotoxicology

Manganese, an essential trace element for aquatic and terres-
trial biota, is only slightly to moderately toxic to aquatic
organisms in excessive amounts.
Other Hazards

Manganese, used in some pesticides, such as maneb or man-
cozeb, is known to be developmentally toxic due to the expo-
sure of ethylene thiourea.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value, 8 h time-weighted average
(TWA), is 0.2mg m�3 for elemental manganese and inorganic
compounds. The (US) Occupational Safety and Health
Administration permissible exposure limit, 8 h TWA, is
5 mg m�3 for manganese as a fume and 0.2 mg m�3 for
manganese as a particulate matter. The US EPA recommends
a concentration of manganese in drinking water not in excess of
0.05 ppm. The US Food and Drug Administration has set the
same level for bottled water.
See also: Metals.
Further Reading

Bingham, E., Cohrssen, B., 2012. Patty’s Toxicology, sixth ed. John Wiley & Sons,
Inc., New York.

Elbetieha, A., et al., 2001. Effects of long-term exposure to manganese chloride on
fertility of male and female mice. Toxicol. Lett. 119 (3), 193–201.

Erikson, K.M., Aschner, M., 2003. Manganese neurotoxicity and glutamate-GABA
interaction. Neurochem. Int. 43, 475–480.

Flynn, M.R., Susi, P., 2009 Sep. Neurological risks associated with manganese
exposure from welding operations – a literature review. Int. J. Hyg. Environ. Health
212 (5), 459–469.

Goyer, R.A., Klaassen, C.D., Waalkes, M.P., 1995. Metal Toxicology. Academic Press,
San Diego, CA.

Guilarte, T.R., 2010 Aug. Manganese and Parkinson’s disease: a critical review and
new findings. Environ. Health Perspect. 118 (8), 1071–1080.

Lima, P.D., Vasconcellos, M.C., Montenegro, R.C., Bahia, M.O., Costa, E.T.,
Antunes, L.M., Burbano, R.R., 2011 Oct. Genotoxic effects of aluminum, iron and
manganese in human cells and experimental systems: a review of the literature.
Hum. Exp. Toxicol. 30 (10), 1435–1444.

Norberg, G.F., Flower, B.A., Norberg, M., Friberg, L.T., 2007. Handbook on the
Toxicology of Metals, third ed. Elsevier, Burlington, MA, pp. 599–643.

Pal, P.K., Samii, A., Calne, D.B., 1999. Manganese neurotoxicity: a review of clinical
features, imaging and pathology. Neurotoxicology 20, 227–238.
Relevant Websites

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
Toxicological Profile for Manganese.

http://www.inchem.org – International Programme on Chemical Safety. Manganese
(Environmental Health Criteria 17). See also: Manganese and its Compounds
(Concise International Chemical Assessment Document, CICAD).



MARCAR

� 2014 Elsevier Inc. All rights reserved.

Definition and Impact conducting reliable short-term studies which will reduce the
The main impact of the MARCAR project will be to establish,
for the first time, the proof of concept that early biomarkers can
reliably and robustly predict later cancer development. Vali-
dation of the biomarkers identified in the initial experiments
will be a key stage in the project as early biomarkers of carci-
nogenicity would be immensely valuable in preclinical devel-
opment of new drug compounds.

The identification of these early biomarkers will not only
allow for the reduction/refinement/replacement of experi-
mental animal use, they will also be of benefit to pharmaceu-
tical companies through much earlier deselection of potential
drug compounds which are carcinogenic with consequent
saving of time, effort, and money spent on promising drug
candidates which eventually turn out to be carcinogenic. It will
also prevent the futile efforts being pursued so that drugs that
work can be developed. It will also mean fewer delays and
adverse effects during late-phase drug development and much
improved preclinical carcinogenicity safety assessment prior to
clinical trials. Translation of early cancer biomarkers into the
clinic would also improve safety for patients participating in
clinical trials.
Concept

Identification of biomarkers will be achieved using techniques
that, at a molecular level, can identify changes occurring as
a result of exposure to drug compounds. This analysis will
predict the induction of cancer in well-developed preclinical
models similar to those currently used by pharmaceutical
companies for identifying genotoxic carcinogens. This study
will generate a profile of the early changes occurring in cells
after exposure to known nongenotoxic carcinogens (NGCs).
From these profiles it is anticipated that novel markers will be
identified which predict drug-induced alterations, which
precede and predict the eventual manifestation of tumors.

State-of-the-art analytical techniques will be used to identify
the cause of precancerous changes and tumors that develop as
a result of exposure to NGCs. MARCAR will carry out studies to
find biomarkers and to identify tumors, which arise sponta-
neously and distinguish them from those, which arise as
a result of exposure to an NGC. To analyze the validity of the
biomarkers, the results from these studies will be collated using
novel bioinformatics approaches and standardized data
management. The output will identify novel candidate
biomarkers that can identify the causes of cancer development.
These biomarkers will then be incorporated into the new bio-
logical testing systems that will test their reliability in predicting
the cause and onset of drug-induced cancer.

One of the main drivers behind finding early biomarkers for
risk assessment is the potential to reduce animal use in drug
and chemical risk assessment, i.e., the NC3Rs directive on the
reduction/refinement/replacement of experimental animal use.
MARCAR aims to tackle this issue by developing a method for
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need for long-term biological testing, and by exploring the use
of noninvasive imaging techniques to monitor precancerous
changes and tumor development.
Objectives

The following are the main objectives of the project:

l Identify early biomarkers for more reliably predicting which
compounds have a potential for later cancer development.

l Improve the scientific basis for assessing the carcinogenic
potential of nongenotoxic drugs.

l Identify the molecular response to an NGC exposure that
underpins development of early exposure biomarkers.

l Improve drug safety and the efficiency of drug development
by progressing the development of alternative research
methods (such as the ‘3Rs’ concept: reduction, refinement,
and replacement of animal experimentation).
Achievements

l Substantial progress toward enabling development of
safer drugs by identifying specific genes that may be
able to predict potential cancer inducing properties of
drugs as they progress through the drug development
pipeline.

l Implementation of state-of-the-art molecular techniques
to identify changes in liver which are likely to induce
cancer after exposure to drug compounds. This includes
discovery of changes happening in specific parts of
DNA, which represent fingerprints of exposure to NGC
compounds.

l Development of new tools with the capacity to automati-
cally map the relationships between biological processes at
a molecular level. The tool has already been made available
to the wider research community via open access.

l Successful determination of the mutation status of tumors
exposed to the model NGC phenobarbital. The results
indicate overexpression of specific genes in tumors resulting
from an NGC exposure. Identification of these genes may
act as markers to determine if tumors have occurred as
a result of exposure to an NGC or if they have occurred
spontaneously.

l Evidence that model NGCs have a direct inflammatory
effect on liver cells may favor the development of cancerous
cells. These results have led to the current hypothesis that
genes involved in growth selection of precancerous liver
cells within an NGC-stressed liver, may serve as candidate
biomarkers predicting the carcinogenic activity of NGCs in
model systems.

l Completion of genome-wide histone modification analysis
showing NGC-induced histone modification perturbations.

l Development of a locus specific assay that is indicative of an
NGC exposure.
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l Generation of lists of putative target genes, which appear to
be activated in mesenchymal cells and hepatocytes when
treated with a model NGC.

l Significant progress toward the development of a model,
which mimics the human hepatic situation in vitro.

l Integrated analysis of epigenetic, expression, and proteomic
data sets, and development of high-level processing and
analysis methods across different platforms.

l Validation of a reporter model that can report on oxidative
stress, which is potentially an early indicator of tumor
development.
See also: Biomarkers, Human Health; International Agency for
Research on Cancer; Environmental Biomarkers.

Further Reading

Eichner, J., Kossler, N., Wrzodek, C., Kalkuhl, A., Bach Toft, D., Osten feldt, N.,
Richard, V., Zell, A., 2013. A toxicogenomic approach for the prediction of murine
hepatocarcinogenesis using ensemble feature selection. PLoS One 8 (9), e73938.

Lempiainen, H., Muller, A., Brasa, S., Teo, S.-S., Roloff, T.-C., et al., 2011.
Phenobarbital mediates an epigenetic switch at the constitutive androstane
receptor (CAR) target gene Cyp2b10 in the liver of B6C3F1 mice. PLoS One
6 (3), e18216.

Lempiainen, H., Couttet, P., Bolognani, F., Muller, A., et al., 2013. Identification of
Dlk1-Dio3 imprinted gene cluster non-coding RNAs as novel candidate biomarkers
for liver tumor promotion. Toxicol. Sci. 131 (2), 375–386.
Schmid, A., Rignall, B., Pichler, B.J., Schwarz, M., 2012a. Quantitative analysis of the
growth kinetics of chemically-induced mouse liver tumors by magnetic resonance
imaging. Toxicol. Sci. 126 (1), 52–59.

Schmid, A., Schmitz, J., Mannheim, J.G., Maier, F.C., Fuchs, K., Wehrl, H.F.,
Pichler, B.J., 2012b. Feasibility of sequential PET/MRI using a state of-the-art
small animal PET and a 1 T benchtop MRI. Mol. Imaging Biol.

Thomson, J.P., Lempiainen, H., Hackett, J.A., Nestor, C.E., Muller, A., Bolognani, F.,
Oakley, E.J., Schubeler, D., Terranova, R., Reinhardt, D., Moggs, J.G.,
Meehan, R.R., 2012. Non-genotoxic carcinogen exposure induces defined changes
in the 5-hydroxymethylome. Genome Biol. 13 (10), R93.

Thomson, J.P., Hunter, J.M., Meehan, R.R., 2013a. Deep C diving: mapping the low-
abundance modifications of the DNA demethylation pathway. Genome Biol.
14, 118.

Thomson, J.P., Hunter, J.M., Lempiainen, H., Muller, A., Terranova, R., Moggs, J.G.,
Meehan, R.R., 2013b. Dynamic changes in 5-hydroxymethylation signatures
underpin early and late events in drug exposed liver. Nucleic Acids Res., 1–16.

Wrodek, C., Eichner, J., Zell, A., 2012. Pathway-based visualisation of cross-platform
microarray datasets. Bioinformatics 28 (23), 3021–3026.

Wrzodek, C., Buchel, F., Hinselmann, G., Eichner, J., Mittag, F., et al., 2012. Linking
the epigenome to the genome: correlation of different features to DNA methylation
of CpG islands. PLoS One 7 (4), e35327.

Wrzodek, C., Eichner, J., Buchel, F., Zell, A., 2013. InCroMAP: integrated analysis
of cross-platform microarray and pathway data. Bioinformatics 29 (4),
506–508.
Relevant Websites

http://www.imi.europa.eu/content/marcar – Innovative Medicines Initiative – MARCAR.
http://www.imi-marcar.eu/ – MARCAR – towards novel biomarkers for cancer risk

assessment.

http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0055
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0060
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0060
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>01246<?show $132#?>-<?show $132#?>X<?thyc?>/ref0060
http://www.imi.europa.eu/content/marcar
http://www.imi-marcar.eu/


Margin of Exposure (MOE)
U Apte, University of Kansas Medical Center, Kansas City, KS, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Udayan M. Apte and Harihara M. Mehendale, volume 3, pp 13–14, � 2005, Elsevier Inc.
Background

Chemicals that give rise to toxic endpoints other than cancer
and gene mutations are often referred to as systemic toxicants
because of their effects on the function of various organ
systems. In addition, chemicals that cause cancer and gene
mutations also commonly evoke other toxic effects (i.e.,
systemic toxicity). Based on our understanding of homeo-
static and adaptive mechanisms, systemic toxicity is treated
as if there is an identifiable exposure threshold (both for the
individual and for populations) below which there are no
observable adverse effects. This characteristic distinguishes
systemic endpoints from carcinogenic and mutagenic
endpoints, which are often treated as nonthreshold
processes.

Systemic effects have traditionally been evaluated using
such terms as acceptable daily intake, safety factor, and margin
of safety, concepts that are associated with certain limitations.
The US Environmental Protection Agency (EPA) Reference
Dose (RfD) Work Group addressed these concerns. The RfD
Work Group has drawn on traditional report on risk assess-
ment, to more fully articulate the use of noncancer, non-
mutagenic experimental data in reaching regulatory decisions
about the significance of exposures to chemicals. In the
process, the work group has coined less value-laden
terminology – RfD; uncertainty factor (UF); margin of expo-
sure (MOE); and regulatory dose – to clarify and distinguish
between aspects of risk assessment and risk management.
These concepts are currently in general use in many parts of
US EPA.

An alternative measure that may be useful to risk assessment
is MOE, which is the magnitude by which the no observed
adverse effect level (NOAEL) of the critical toxic effect exceeds
the estimated exposure dose (EED), where both are expressed
in the same units as: MOE ¼ NOAEL (experimental dose)/EED
(human dose). When MOE is equal to or greater than UF
(uncertainty factor) � MF (modifying factor), the need for
regulatory concern is likely to be small.
Definition

MOE is defined as the ratio of the NOAEL to the estimated
exposure dose:

MOE ¼ NOAEL
Estimated exposure dose

The determination of MOE is a part of the risk character-
ization process of a compound. MOE is a way to express the
risk of noncarcinogenic effects of a compound. It uses the
NOAEL determined in animals and EED to human pop-
ulation. NOAEL is the highest dose level of a chemical that
does not produce a significantly elevated increase in an
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adverse response. NOAEL is determined in test animals such
as rats and is expressed in milligrams per kilogram per day.
The estimated exposure dose is determined by estimating
amounts of the chemical in the sources of contamination
(e.g., water supply) and is expressed in milligrams per kilo-
gram per day. MOE indicates how close the estimated expo-
sure of the toxicant is to the dose that produces no observable
adverse effect in a test animal. Low values of MOE indicate
that the human exposure of the chemical in the target pop-
ulation is close to the NOAEL in the animals. MOE values
below 100 are considered unacceptable and generally warrant
further investigation. Higher values of MOE indicate that the
exposure of the chemical is much lower than the NOAEL in
animals. It should be noted that the MOE calculation does not
take into account the differences in animal-to-human
susceptibility or the extrapolation of dose from animals to
humans.
Example of MOE

Consider that the human exposure of a chemical X calculated
via drinking water supply is 2 ppm; that is, 2 mg l�1 day�1.
Suppose a 70-kg man consumes 2 l of drinking water per
day, then the estimated exposure dose would be
2 mg kg�1 day�1 � 2 l day�1 divided by 70 kg (body weight),
which is equal to 0.057 mg kg�1 day�1. Suppose that the
NOAEL of chemical X is 150 mg kg�1 day�1, then the MOE
would be more than 2600. This indicates that the exposure of
chemical X is much below its NOAEL and the risk to public
health is very low.
See also: Risk Assessment; NOAEL.
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l Name: Delta-9-Tetrahydrocannabinol
l Chemical Abstracts Service Registry Number*: 1972-08-3
l Synonyms*: Dronabinol, (�)-delta(sup 1)-3,4-trans-

Tetrahydrocannabinol
l Molecular Formula*: C21H30O2

l Chemical Structure*:
*All from ChemIDplus.
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Background

Marijuana comes from marihuana, which was first noted in
colloquial Mexican Spanish. It first appeared in English when
the author Hubert Howe Bancroft included it in his work in
1873, The Native Races of the Pacific States of North America.
Marijuana is the term given to the flowering portions and
leaves of the cannabis plant when used recreationally or
medicinally. Marijuana or cannabis has been used for thou-
sands of years for a vast range of purposes including as hemp in
the construction of rope, paper, or canvas, as medicine in the
treatment of disease, and as an intoxicant for euphoria and
relaxation. A synthetic version of tetrahydrocannabinol (THC),
the primary psychoactive component of marijuana is named
dronabinol, is available through prescription to treat such
things as cancer chemotherapy associated nausea and for
appetite stimulation in HIV- or AIDS-associated wasting
syndrome. Marijuana is one of the most widely used intoxi-
cants in the world.
Uses

Dronabinol is a synthetic pharmaceutical cannabinoid
prescribed for refractory nausea, appetite stimulation, and
intraocular pressure reduction. Marijuana is typically
a substance of abuse used for its psychoactive effects;
however, it is also used by patients for the same reasons as
dronabinol. The United States has legalized or made medical
marijuana available in 18 out of its 50 states to a certain
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
degree. Marijuana is the most commonly used illicit drug in
the US, with 17.4 million past-month users in 2011. A report
by the National Survey on Drug Use and Health found that in
2011, 12.5, 28.8, and 36.4% of 8th, 10th, and 12th graders in
the United States had used marijuana in the past year,
respectively. Hemp has a long history of cultivation for
nondrug use, with the global market estimated to consist of
over 25 000 products. In 2013, it is estimated that the US
retail sales of all hemp-containing products may reach almost
$500 000 per year. Federal laws consider all cannabis plant
varieties as a Schedule I controlled substance, so there are
strict controls that limit industrial hemp production in the
US. Therefore, the US market depends on imported hemp
ingredients and final products. In 2013, Congress has
considered legislation that would allow commercial cultiva-
tion of industrial hemp production provided the THC content
is below a certain threshold.
Environmental Fate and Behavior

THC has a vapor pressure of 4.6 � 10�8 mmHg at 25 �C,
so when it is released to air it exists in both vapor and
particular phases. Henry’s law constant of THC is
2.44 � 10�7 atm-m3 mol�1, so it is not expected to volatize
from moist soil surfaces. THC has a molecular weight of
314.4 g mol�1 and the boiling point is 200 �C. THC has high
lipid solubility; the water solubility is 2.8 mg l�1.
Exposure and Exposure Monitoring

Dronabinol is ingested orally as a capsule. Marijuana can be
inhaled as vapor, smoked, or ingested. Marijuana is one of
the most commonly tested substances in workplace drug
testing. It is a component of the five categories of abused
drugs required for detection by the National Institute of Drug
Abuse, among cocaine, amphetamines, opiates, and phen-
cyclidine. Marijuana use can be detected in urine, blood,
body fluids, and tissues such as saliva, hair, and nail. THC is
highly lipid soluble, thus it is stored in fatty tissue and slowly
reenters the blood at low levels. Detection depends upon the
method used and how often THC is used. In single users,
THC can be detected in urine for up to 7 days, hair for up to
90 days, saliva for up to 2 days, and blood for up to 3 days.
In chronic heavy users, THC can be detected in urine for
36 days, hair for 90 days, saliva for 2 days, and blood for
2 weeks. In performance impairment testing, complex
formulas are utilized to predict the amount of time elapsed
from recent use if the concentrations of delta-9-THC and
other metabolites like 11-COOH-THC are known. Spice, K2,
4-3.00745-4 15
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and related products are not detected by standard urine
toxicology screens.
Toxicokinetics

When smoked, 10–50% of the available THC is absorbed.
Clinical effects are seen within 7–8 min and peak effect is
seen after 20–30 min. When ingested, 1–10% of THC is
absorbed, clinical effects are seen in 45 min with peak effect
after 2–3 h of ingestion and the effects typically last longer
than inhalation. When ingested, THC undergoes first-pass
metabolism by the hepatic cytochrome P450 system into
alcohol-containing metabolites such as 11-hydroxy-THC,
which are then excreted in feces or metabolized by alcohol
dehydrogenase into inactive metabolites, mainly 11-COOH-
THC. This is then excreted in urine, primarily as a glucuronic
acid conjugate. THC is greater than 99% protein bound and
has a volume of distribution of 10 l kg�1, which is increased
by chronic use. Due to storage in adipose tissue, THC has
a half-life of 25–57 h in the naive user, and 20–28 h in the
chronic user.
Mechanism of Toxicity

The exact mechanism of THC’s clinical effects is not completely
understood. THC binds to cannabinoid receptors in the central
nervous system (CNS) and peripheral tissues. Partial agonism
at CB1 receptors in the CNS triggers a complex interaction of
multiple neurotransmitters including dopamine, gamma-ami-
nobutyric acid (GABA), histamine, and serotonin. These central
receptors are thought to be responsible for the psychoactive
and antiemetic effects of THC. Antagonism of the central
vomiting center is thought to be responsible for marijuana’s
antiemetic effect. CB2 receptors primarily in the periphery can
be found in the spleen, heart, and blood vessels and may
contribute to immunosuppressive and cardiovascular effects.
Spice contains synthetic cannabinoid products that are highly
potent full agonists at the CB1 receptor.

Marijuana is manipulated to be abused in a number of
different forms with different concentrations of THC. Simple
marijuana is the most commonly consumed form for the
average user, and consists of dried leaves and flowers (buds) of
the female cannabis plant. Depending on the crop, this form
contains somewhere between 3% and 20% of THC. Hashish is
a concentrated mass of compressed kief. Kief is a powder that
holds an abundance of trichomes, the harbor of high concen-
trations of THC. Kief can be compressed into a cake or ball and
holds a greater THC concentration than simple marijuana.
Butane hash oil, also known as ‘honey oil,’ is the most
concentrated form and may contain up to 60% THC. Users
discharge butane gas through a hollow tube filled with
cannabis, causing the butane and crystallized resins to be
trapped in a liquid solvent. The solvent is then heated, causing
the butane to evaporate, leaving the crystallized resins with
isolated high THC content to be collected.

Toxicity from marijuana can vary somewhat depending
upon the mode of ingestion, the concentration of active
cannabinoids as well as other factors including user experience.
Acute and Short-Term Toxicity

Animal

Marijuana has similar effects on animals and humans, espe-
cially locomotor skill impairment. Outside the laboratory, the
most common source of exposure for animals is ingestion of
the owner’s marijuana.

Human

The CNS and cardiovascular system are the main organ systems
affected. Mild intoxication can elicit a feeling of euphoria,
relaxation, intensified sensory perception, and increased
appetite. Greater intoxication causes lethargy, acute memory
impairment, decreased psychomotor skills, and poor percep-
tion of time. Acute intoxication can increase the risk of users
harming themselves or others by significantly affecting their
ability to drive a car. Dizziness, tachycardia, and orthostatic
hypotension can occur. Physical examination will reveal
conjunctival injection due to blood vessel dilatation. Acute
anxiety and paranoia are the effects most common with young
or inexperienced users. Synthetic cannabinoid products have
similar effects as THC but may be more likely to cause acute
psychosis, possibly due to their properties as full agonists at the
CB1 receptor.
Chronic Toxicity

Animal

Studies in mice found that subchronic THC exposure in mice
resulted in decreased motor coordination and eyeblink reflex
conditioning, representing decreased cerebellar-associated
learning.

Human

Tolerance to tiredness, dizziness, and some psychoactive effects
develops with chronic use over days to weeks. Cognitive
performance, mainly the ability to retain new information,
may be decreased with chronic heavy use. This is important to
consider if cannabinoids are to be prescribed for use in children
and adolescents. Abrupt cessation in long-term users may
experience withdrawal symptoms such as anxiety, irritability,
insomnia, and loss of appetite. Inhalation of marijuana can
contribute to lung disease.
Immunotoxicity

Marijuana use may contribute to decreased immune system
factors including immunoglobulins and mononuclear
lymphocytes. Studies in high school and college students using
marijuana for as little as 6 months may be associated with
decreased antibodies, complement proteins, B and T lympho-
cytes, and natural killer cells.
Reproductive Toxicity

Decreased sperm motility has been demonstrated in studies of
sperm exposed to THC in vitro. THC rapidly crosses the
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placenta, however, 11- or 9-carboxy-THC does not. It has been
shown that marijuana can alter the fetal brain, resulting in
decreased protein and lipid creation. Increased startles and
tremors are associated with prenatal marijuana exposure.
Genotoxicity

Marijuana is thought to have potential as a mutagen, based on
animal and human studies. Studies in vitro show marijuana
smoke condensates significantly increase DNA breakage and
chromosomal changes in human lung cancer cells. THC,
cannabinol, and cannabidiol have been shown to induce
cytogenetic changes in in vivo and in vitro mammalian cells.
Alveolar macrophages recovered from marijuana smokers
show evidence of single strand DNA breaks.
Carcinogenicity

Although marijuana smoke contains carcinogens, light–
moderate use has not been shown to increase risk for lung
cancer. Alternatively, chronic heavy users may be exposed to
increased carcinogenic risk.
Clinical Management

Marijuana intoxication rarely requires more than supportive
care. Intravenous fluids and head-down (Trendelenburg)
positioning can treat orthostatic hypotension. Anxious patients
may require reassurance and placement in a dark, quiet room.
In more severe cases, benzodiazepines may be used, especially
in precipitated acute psychosis. Marijuana intoxication should
not be confused with the presentation of synthetic cannabinoid
intoxications. These synthetic cannabinoids are found in
products such as Spice or K2, and are known to be used in
conjunction with marijuana. In these cases, an association with
severe autonomic hyperactivity, seizures, and psychosis has
been shown; thus, clinical management may require a more
extensive diagnostic workup and additional treatment with
fluids and evaporative cooling to prevent complications like
rhabdomyolysis and hyperthermia.
Marijuana is commonly incorporated into candies, cookies,
brownies, and other foods appealing to children. In pediatric
accidental ingestions, the most common symptom is lethargy
and the most serious concern is respiratory insufficiency.
Somnolence and respiratory insufficiency can be prolonged
and may require intubation. As a result of these presentations,
these patients often receive a more extensive diagnostic
workup. Length of symptoms depends on the amount ingested
and concentration of THC in the ingested product. Reports exist
of coma lasting over 48 h in pediatric ingestion of hashish.
Activated charcoal administration is a treatment option for
large ingestions under appropriate clinical conditions.
See also: Cannabinoids; Drugs of Abuse; Lysergic Acid
Diethylamide; Mescaline; Poisoning Emergencies in Humans.
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Introduction

What is a toxin? It can be defined broadly as a naturally
occurring molecule that is recognized as being injurious to
some living organism. Like other molecules, a toxin possesses
a defined molecular weight, elemental composition, and
covalent structure. Toxic substances made with human hands
(andminds) are generally referred to as poisons. Toxinsmay be
produced for internal use, such as the complement proteins
and defensin peptides that help our bodies defend against
infectious diseases. However, most toxins are elaborated for
external use, namely to defend against predators or herbivores.
Many animals and a few plants secrete venoms to either defend
themselves or to paralyze their prey. Generally, venoms are
complex mixtures of substances that, when acting together,
exert a greater effect than a single substance. For instance,
phospholipases, proteases, and hyaluronidases, commonly
present in animal venoms, facilitate the distribution of the
toxins within the body by permeabilizing lipid membranes
(lysolecithin), digesting proteins, and breaking down
connective tissues, respectively, that are barriers to the distri-
bution of toxins throughout the body.

Many toxins act rapidly on their victims to immobilize prey
or survive an attack by apredator. Rapidly acting toxins generally
affect electrically excitable cells, such as nerves and muscles
(including themyocardium), that are necessary for locomotion,
breathing, or cardiovascular function. The cellular targets
(receptors) of these toxins include voltage-gated sodium,
calcium and potassium ion-passing channels involved in the
generation of action potentials, and ligand-gated ion channels
that occur at synapses and open in response to a neurotrans-
mitter. These ion channels are membrane proteins that open in
response to either a change in the electrical potential across the
membrane or to the sudden appearance of a neurotransmitter.
Whereas action potentials are generally all-or-none type signals
of a constant amplitude, the synaptic potentials generated by
ligand-gated ion channels are often proportional to the neuro-
transmitter concentration bathing the receptor and are thus of
variable magnitude. Their function is generally to allow trans-
mission of excitation from one neuron to another or to generate
an effector response, such as amuscle contraction or a glandular
secretion. Besides being important for the generation of action
potentials in smooth and cardiac muscle, voltage-gated calcium
channels at the nerve terminal are necessary for stimulating
neurotransmitter release through the sudden elevation of
intracellular calcium. Many slower-acting toxins target other
processes such as water and electrolyte balance, protein
synthesis, or cell duplication.

This article focuses on toxins and venoms with life-
threatening actions that may be encountered in the marine
environment or may be ingested accidentally while eating
seafood. The molecular nature of each toxin and its sites and
modes of action are considered.
160 Encyclopedia of T
Bacterial Toxins

Toxins and other natural products present in marine bacteria
were largely unknown until recently, due to the relative diffi-
culty of collecting and culturing these organisms. However, it is
now apparent that the bacterial diversity of the marine envi-
ronment is very high and that the organisms are not as similar
to those from terrestrial environments as was originally
thought. Blue-green algae, many of which contain toxins, were
found to be colonial bacteria (cyanobacteria). It has become
apparent that many of the toxins found in marine animals
actually are synthesized by symbiotic bacteria living within
their tissues. These include tetrodotoxin (TTX), palytoxin,
ciguatera toxin, and okadoic acid, all potent toxins capable of
producing extreme sickness in humans and sometimes death.

TTX was originally isolated from the viscera of a species of
puffer fish (family Tetrodontidae), occurring along the coast
of Japan. The fish is considered a deadly delicacy in that country
and chefs receive special training so they can carefully prepare
the flesh of this fish free of the visceral and skin tissues that
contain the toxin. TTX is a relatively small but complex mole-
cule containing a strongly basic guanidinium group that is just
the right size to fit into the pore of voltage-gated sodium
channels. Fortunately, the myocardial sodium channel is only
blocked by micromolar TTX concentrations, approximately
1000 times higher than the nanomolar concentrations that
block most neuronal sodium channels. It is also fortunate for
intoxicated individuals that TTX, being a very ionized (cationic)
molecule, is not able to penetrate across the blood–brain barrier
and enter the brain. The most serious medical problem for
victims is respiratory failure due to paralysis of themotor nerves
and skeletal muscles needed for breathing. Puffers apparently
use TTX only as a chemical defense against predators. After
many years, TTX was demonstrated to be produced by a marine
bacterium that lives within the poisonous tissues of the fish.
This may explain why TTX also occurs in a wide variety of other
marine and freshwater animals including the blue-ringed
octopus, marine crabs, and two phyla of marine worms, and an
amphibian (the California newt). The most dangerous of these
animals is the Australian blue-ringed octopus, which is a small,
colorful octopus that is frequently found by swimmers at bea-
ches. Octopi in general possess very large posterior salivary
glands containing protein toxins not very dangerous to humans
that are injected to immobilize fish and crustacean prey. The
posterior salivary gland of the blue-ringed octopus instead
contains TTX in sufficient amounts that it can kill a human. The
octopus, like the puffer fish, is resistant to TTX.

Palytoxin, ciguatera toxin, and okadoic acid are much larger
molecules called polyethers, because they consist of many
repetitions of similar chemical groups. Palytoxin is largely
confined to zoanthid cnidarians similar to sea anemones. It is
probably the most potent marine toxin, partly because it targets
a membrane protein essential for the life of every cell, namely
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00035-X
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the sodium–potassium pump. This active transport protein
occurs in the cell membrane of every cell in the body and is
responsible for maintaining electrolyte concentrations in a very
narrow range that is compatible with life. When this pump is
blocked by digitalis glycosides, the cell loses its high potassium,
low sodium state and ultimately sodium and chloride ions
flood the cell to the point that the cell swells and ultimately
bursts and dies. Palytoxin, rather than blocking this pump,
transforms it into a highly permeable pore for these cations,
which causes osmotic lysis and death of the cell even more
rapidly.

Ciguatera poisoning from eating certain fish is common in
many tropical seas of the world. Ciguatera toxins are very
lipophilic molecules that are concentrated in the flesh of
predatory animals as they are passed up the food chain from
herbivore to primary predator and then to the ultimate pred-
ator fish eaten by humans. This type of toxin can lead to the
activation of voltage-gated sodium channels in the nervous
system, even in the absence of electrical stimulation. Ciguatera
poisoning can be minimized by public health monitoring of
food fish and avoidance of species most likely to have the
highest concentrations of the toxin. The highly lipophilic
ciguatera toxins leave the victims very slowly, sometimes over
months or a year, thus prolonging the misery.

Okadoic acid is the cause of diarrhetic shellfish poisoning
(DSP). This toxin acts entirely differently from the other marine
bacterial toxins by inhibiting phosphatase enzymes that limit
the activity of certain protein kinases. Although it produces
intense gastrointestinal problems, it is rarely fatal.
Dinoflagellate Toxins

These single-celled organisms abound in aquatic environments
including the seas and oceans. Although most prokaryotes do
not contain toxins, some marine dinoflagellates can secrete or
release upon death very potent toxins capable of causing harm
to a variety of animals including humans. One of the most
cosmopolitan dinoflagellates (genus Gonyaulax) contains
a toxin called saxitoxin (STX), which blocks voltage-gated
sodium channels in a manner almost identical with TTX. STX
is concentrated by clams and mussels as well as other filter-
feeding animals that feed on Gonyaulax. Although they are
relatively insensitive to the high concentrations of this toxin
attained in their tissues, animals that feed on contaminated
bivalves can be paralyzed by this toxin, thus the designation
paralytic shellfish poisoning (PSP). Shellfish harvested for
human consumption are monitored by federal agencies
for dinoflagellate toxin levels to ensure they are safe for
consumption. Fortunately, saxitoxin is a very polar molecule,
and thus is unable to readily enter the brain. When PSP does
occur, symptomatic treatment in a hospital setting is used to
get the patient through the critical period of respiratory
weakness.

There are several other marine dinoflagellates that also
release toxins into the seawater primarily when their pop-
ulation density becomes extremely high, causing massive fish
mortalities. In the Gulf of Mexico the most common red tide
organism is Karenia breve. The so-called brevetoxins, like
ciguatoxin, are large polyether molecules that tightly bind to
voltage-gated sodium channels in excitatory cells and, like
ciguatera toxins, enhance electrical excitability. Because fish
sodium channels are very sensitive to the brevetoxins, they
usually die before they are caught and consumed by humans.
Thus, this toxin is primarily injurious to marine ecosystems due
to massive mortalities of fish and other animals. The only
common human effect is bronchoconstriction of the airways
resulting from inhalation of brevetoxins, which can be airborne
in coastal regions experiencing this red tide.

Although red tides are known to have occurred before
coastal regions became heavily populated, the increased
frequency and widespread occurrence of particular red tides
may be due to increasingly eutrophic conditions along coasts
caused by runoff of agricultural fertilizers and animal wastes.
Unfortunately, the spores of these organisms are readily
transported from one sea to another in the ballast waters of
ships.

In recent decades there have been several major out-
breaks of fish kills and some human health problems
(respiratory and eye irritation, skin rashes, gastrointestinal
and neurological symptoms) reported along the middle
Atlantic seaboard of the United States that have been related
to the presence of yet another dinoflagellate (Pfiesteria sp.).
The mortality resulting from exposure to this dinoflagellate
is not yet understood.
Marine Plant Toxins

A group of red algae (family Rhodomelaceae) produces
kainate, a dicarboxylic acid analog of glutamic acid, that is also
a potent agonist at a particular type of excitatory glutamate
receptor in the brain. This type of receptor is referred to as the
kainate receptor. In Asia, the dried algae of this group has been
used as a antihelmintic (parasitic worm) therapy for many
centuries. Some other algae produce terpenoid substances (e.g.,
caulerpins) that are distasteful and toxic to herbivores when
ingested chronically.

Another glutamate-like molecule, produced by marine
diatoms, is domoic acid. This substance is even more toxic
than kainate on kainate-type glutamate receptors. In 1987,
many persons on Prince Edward Island, Canada, became sick
from eating mussels that contained high concentrations of
domoic acid. The symptoms included severe gastrointestinal
disorders and neurological symptoms including disorienta-
tion, seizures, and memory deficits in some individuals. As
a result of this amnesic shellfish poisoning (ASP), animals that
either directly (shellfish) or indirectly (some fish) consume
these diatoms are routinely monitored to avoid such intoxi-
cations in the future.
Animal Toxins

Sessile marine animals such as encrusting sponges, bryozoans,
and tunicates are known to harbor a variety of toxins that may
serve as chemical defenses against predators. Many of the toxins
and repellant substances originate in bacteria or other plank-
tonic organisms that are concentrated by these filter-feeding
animals. The Caribbean Fire Sponge (Tedania sp.) possesses
as yet unidentified substances that cause a delayed
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hypersensitivity reaction that slowly develops after contact.
The inflammatory constituents of another Caribbean sponge
(Neofibularia nolitangere) that is dangerous to handle have not
yet been characterized.

The phylum Cnidaria consists of hydrozoans (including
Portuguese Man O’War medusae and fire corals), scypho-
zoans (jellyfish), and anthozoans (soft corals, hard corals, and
sea anemones). All these animals are covered with stinging
capsules (cnidae) that are used to paralyze prey and defend
against predators. The known jellyfish and hydrozoan toxins
are large proteins that form large pores in cell membranes,
causing cells to swell and ultimately burst due to the osmotic
imbalance. Jellyfish and hydrozoan stings can be very painful
and in some instances fatal. Anthozoans such as sea anem-
ones and scleractinian corals produce neurotoxic as well as
cytolytic peptide toxins that can paralyze prey or predators.
The neurotoxins prolong the duration of the nerve or muscle
action potential either by delaying the inactivation of the
sodium channels or by blocking the potassium channels that
are responsible for restoring the resting membrane potential.
This leads to an abnormally large release of neurotransmitters
at nerve endings, and can result in a spastic paralysis of small
animals. The other sea anemone toxins are larger peptides that
also form large ion channel pores in cell membranes and are
often referred to as actinoporins. Soft corals (Octacorallia), in
contrast to the above-mentioned cnidarians, seem to rely on
the synthesis of myriad terpenes to deter their potential
predators. These cnidarians are not injurious on human
contact.

It is not surprising that some marine worms contain toxins,
since almost half the 25 known animal phyla are worms. One
well-known worm toxin is nereistoxin, a small, disulfide bond-
containing alkaloid that inhibits nicotinic receptors. It was
isolated from a Japanese bait worm after fisherman noticed that
flies that ate the flesh of the dead worms were paralyzed. It later
became an important agricultural insecticide because it is
particularly effective on rice stem-boring insects. Nemertines
are another phylum of predominantly marine worms that are
active predators. Hoplonemertines inject a venom into their
prey with the assistance of a mineralized stylet located in their
proboscis. Their toxins are alkaloids similar to nicotine that
affect nicotinic acetylcholine receptors. A synthetic derivative of
one of these alkaloids, anabaseine, has been found to selec-
tively stimulate a particular subtype of nicotinic receptor
(alpha7) involved in cognition and is currently in clinical tests
to treat schizophrenics. A synthetic derivative of anabaseine,
DMXBA (also called GTS-21), is in clinical tests to treat deficits
in cognitive function in schizophrenics (Freedman et al.,
2008). Heteronemertines possess peptide toxins that appear to
be only defensive, as these animals have no means of injecting
a venom. The peptides include neurotoxins that enhance the
excitability of nerve membranes and cytolysins that per-
meabilize and destroy cell membranes.

Starfishes and sea urchins (both Echinoderms) contain
toxic venoms serving as a chemical defense against predators.
Starfishes make saponins (diterpene glycosides) that are
chemically similar to the saponins found in unripe tomatoes
and potatoes. These saponins form complexes with
membrane cholesterol. This makes the membrane leaky to
ions and water, causing cytolysis. Among the spines of sea
urchins are found small flower-like appendages, pedicellariae,
some of which are venomous. Their toxins are peptides that
have not yet been characterized biochemically. They target
small animals that might otherwise attach (settle) to the
surface of the urchin.

While most mollusks possess a protective shell, some also
possess powerful venoms that can be used as a further defense
against predators and for paralysis of their prey. Undoubtedly,
the best known among marine snails is the cone snail. The
genus Conus actually contains more than 400 species and it is
likely that all cones secrete venoms harmful to some animal.
Only a small number (<10%) of species are harmful to
vertebrates; these usually prey on fish and may be harmful to
man. Venoms of the species may also contain peptide toxins
affecting vertebrates but are unlikely to be lethal. When scuba
diving or snorkeling, it is best not to handle cones. The number
of venom peptides in a single species has been estimated to
exceed 1000. Many different types of peptide toxins acting on
voltage-gated and ligand-gated ion channels have been isolated
and some are being used as research tools and even as drugs.
Octopi are also venomous as mentioned in an earlier section
on bacterial toxins.

Many fishes possess poisonous spines, most notably the
stone fishes and lion fishes occurring in the IndoPacific and
contiguous seas (Indian Ocean, Red Sea, etc.). The stone
fish is a grotesque fish that quietly rests on the rocky
bottom of shallow coastal waters waiting for its prey.
Unlike other species, it does not move when a human
intruder appears, but rather holds its ground. Thus, people
who are wading in shallow waters sometimes step on their
upright dorsal fin spines, which can readily puncture the
skin and produce extremely painful stings. Lion fish have
large pectoral and dorsal fins that have numerous
poisonous spines possessing protein toxins that depress
neurotransmitter release. Lion fish now occur in the trop-
ical western Atlantic ocean and Gulf of Mexico as well as
in the Pacific Ocean, because aquarium fish were set free in
these waters; treatment of envenomation by this fish has
been reported (Vetrano et al., 2002). Perhaps the most
commonly encountered fishes with poisonous spines are
sting rays. Waders in waters infested with these bottom-
dwelling fishes are advised to walk in a shuffling gait, as
they usually swim away when disturbed. Their proteina-
ceous toxins have not yet been isolated and characterized.
Therapy of poisonous fish spine envenomations is still
largely symptomatic because antivenins are not usually
available.

Sea snakes (family Hydrophiidae) are close relatives of the
deadly cobra snake. Although usually not very aggressive, they
are potentially dangerous because their venoms are capable of
causing locomotor and respiratory paralysis. Sea snakes are
currently confined to the Pacific Ocean and contiguous tropical
seas including the Red Sea. They use their venom to paralyze
prey, primarily fish. Their most life-threatening toxin is a so-
called a-neurotoxin peptide that blocks the skeletal muscle
nicotinic acetylcholine receptor on neuromuscular synapses.
The most common means of treating a sea snake envenoma-
tion involves intravenous injection of sea snake antivenin
containing antibodies directed toward the various toxic peptide
constituents. When antivenin is unavailable, cholinesterase
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inhibitors might be an useful therapy. Artificial ventilation
must be maintained until the victim is able to breathe spon-
taneously again.

Besides being harmful, toxins and venoms remain an
important source of new chemical tools for studying biomed-
ical phenomena and are being used to design new drugs for the
treatment of myriad diseases, including cancers (Mayer et al.,
2010).

See also: Algae; Animals, Poisonous and Venomous;
Ciguatoxin; Okadaic Acid; Shellfish Poisoning, Paralytic; Red
Tide; Saxitoxin; Tetrodotoxin.
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The maximum tolerated dose (MTD) is commonly estimated
to be the maximum dose that can be administered for the
duration of a specific study that will not compromise the
survival of the animals by causes other than carcinogenicity. If
the MTD has been chosen appropriately, there should be no
adverse effect on survival, only a modest decrement in body
weight gain and minimal overt signs of toxicity. The MTD has
been exceeded if there is increased mortality, severe body
weight decrement, or marked signs of toxicity. It should be
noted that another meaning for MTD has sometimes been
‘minimum toxic dose.’

The information used for dose selection usually comes from
subchronic toxicity studies, but other information about the
pharmacological effects of a drug and its metabolism and
pharmacokinetics may also be considered. The maximum rec-
ommended human dose (MRHD) of the drug might be an
additional criterion, if this is known when the carcinogenicity
studies are being designed.

For most pharmaceutical companies, the doses selected are
as follows: The highest dose is selected to be the estimated
MTD, the lowest dose is usually a small multiple of the MRHD
(one to five times), and the mid-dose approximates the
geometric mean of the other two doses.

The procedures for dose selection described previously are
generally consistent with major regulatory guidelines for car-
cinogenicity and other studies, for example, the Redbook from
the US Food and Drug Administration. Earlier versions of the
Redbook focused on direct food additives and color additives
used in food. The Redbook 2000 provides guidance for the
safety assessment of food ingredients, including direct food
additives, color additives used in food, generally recognized as
safe substances, food contact substances and constituents, or
impurities of any of the above. There are, however, exceptions
to the general approach described previously. For example, for
nontoxic drugs, the difference between the high and the low
doses may be many orders of magnitude if the high dose is set
at the estimated MTD and the low dose is a small multiple of
the clinical dose. Some guidelines require that the low dose be
no less than 10% of the high dose. In this situation, it may be
acceptable to set the high dose at 100 times the MRHD, even if
the MTD is not achieved. Similarly, when a drug is adminis-
tered in the diet, the highest concentration should not exceed
5% of the total diet, whether or not the MTD is achieved.

Metabolism and/or pharmacokinetic data, when available,
should also be considered in the dose selection process. It is
desirable that a drug not be administered at such a high dose
that it is excreted in a different manner than at lower doses,
such as the MRHD. Similarly, the high dose should not lead to
the formation of metabolites other than those formed at lower
(clinical) doses. If data show that a given dosage produces
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maximum plasma levels, administration of higher doses
should be unnecessary. These considerations may be very
useful when interpreting the results of the study or attempting
to extrapolate the results to humans.

The dose range–finding study is necessary in most cases, but
the suppression of body weight gain is a scientifically ques-
tionable benchmark when dealing with the establishment of
safety factors. Physiologic, pharmacologic, or metabolic
markers generally serve as better indicators of systemic
response than body weight. A series of well-defined acute and
subchronic studies designed to determine the ‘chronicity factor’
and to study onset of pathology can bemore predictive for dose
setting than body weight suppression.

Also, the MTDmay well be at a level at which the metabolic
mechanisms for handling a compound at real-life exposure
levels have been saturated or overwhelmed, bringing into play
entirely artifactual metabolic and physiological mechanisms.
The regulatory response to questioning the appropriateness of
the MTD as a high level has been to acknowledge that occa-
sionally an excessively high dose is selected, but to counter by
saying that using lower doses would seriously decrease the
sensitivity of detection.

See also: Food Safety and Toxicology; Toxicity, Acute; Toxicity,
Subchronic and Chronic; Acceptable Daily Intake (ADI); Food
and Drug Administration, US; Redbook (Redbook 2000 :
Toxicological Principles for the Safety of Food Ingredients);
Threshold of Toxicological Concern (TTC); Dose–Response
Relationship.
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Background

The topic of this article, Mechanisms of Toxicity, is by defini-
tion very broad. Mechanisms vary depending on hierarchical
organization level – organismal (individual variation), target
organ (liver vs kidney vs heart), tissue (periportal vs cen-
trilobular in the liver; cortex vs glomerulus in kidneys), cellular
(neurons vs microglia; Kupffer cell vs hepatocytes; Clara cell vs
Type-I cell in lung), and at the molecular level. Understand-
ably, no general framework can be developed to address all
possible types of mechanisms exhibited by a single toxic entity
across diverse body locations. Historically, factors that were
taken less into account while describing mechanisms, such as
age, gender, genetic makeup, preexisting conditions, obesity,
pregnancy, diet, nutrition, and others are considered far more
important today. This understanding has stimulated new
dimensions of research to understand mechanistic toxicology.
For example, genomics (pharmacogenomics and toxico-
genomics), proteomics, and metabolomics are powerful tools
to study, understand, and predict mechanisms of toxicity. One
of the most important breakthrough in the past decade has
been the growing use of mechanistic data for toxicology risk
assessment.

Development of toxicity after chemical exposure proceeds
through various stages. The intensity of a toxic response
depends on the concentration and persistence of the toxicant at
the target site. While absorption from the external environment
increases toxicant concentrations in the systemic circulation,
the process of presystemic or first-pass elimination can elimi-
nate a significant fraction of this toxicant before it reaches its
target site. For example, morphine is glucuronidated in the liver
and intestinal mucosa, a majority of acetaminophen is sulfated
or glucuronidated in the liver, and cyclosporine is pumped
from enterocytes into the intestinal lumen by P-glycoprotein
transporters. In the process of protecting the target sites, pre-
systemic elimination often results in increased toxicity to liver
and digestive mucosa due to the accumulation of toxic chem-
icals at these sites. Interestingly, it is not uncommon in toxi-
cology that many compounds that act by a common or similar
mechanismmay exhibit the same critical effect, act on the same
molecular target at the same target tissue, act by the same
biochemical mechanism of action, and share a common toxic
intermediate. Examples are most of the agents that undergo
redox cycling such as organophosphate insecticides.

Select tissues, namely liver, lung, skin, intestine, and DNA
have an inherent capacity to repair, renovate, or regenerate in
response to a loss of tissue mass or DNA architecture. Other
tissues have a very poor capacity to regenerate (neurons and
heart) or a limited ability to repair. It is also true that organs
have a range of functional capacity that exceeds the require-
ments for the normal homeostasis, referred to as functional
reserve capacity. Reserve capacity allows the body to survive
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
severe toxic insults that lead to significant loss of organ func-
tions. Humans can function at or near normal levels with one
kidney and part of the lung or a significant part of the liver
removed.

In addition to these considerations, several mechanisms
facilitate toxic reactions in a particular organ and other mech-
anisms act to oppose toxic reactions. A balance between these
opposing forces determines the final outcome of toxicity.
Molecular targets in tissues may include proteins, lipids, DNA,
RNA, receptors, and enzymes. Certain factors facilitate the
transport of toxic chemicals to target sites: (1) increased
membrane porosity or permeability (liver and kidney), (2)
specialized transport across the plasma membrane (Naþ/Kþ-
adenosine triphosphatase (ATPase) for thallium ions, voltage-
gated Caþ2 channels for lead), (3) accumulation in cell
organelles (mitochondria or lysosomes for amiodarone-
induced pulmonary phospholipidosis), and (4) reversible
binding to intracellular compounds (manganese binding to
melanin; acetaminophen binding to site III of electron trans-
port chain (ETC) of mitochondria). In contrast, certain
processes can result in decreased toxicant accumulation at the
target sites: (1) drug binding to plasma proteins, (2) presence of
specialized barriers (e.g., blood–brain barrier), (3) accumula-
tion in storage sites (lead accumulation in bones; accumulation
of lipophilic chlorinated hydrocarbon insecticides in adipo-
cytes), (4) export mechanisms (multidrug resistant proteins in
the blood–brain barrier; ATP-binding cassette transporters),
and (5) association with intracellular binding proteins
(cadmium induction of and binding to metallothionein).
Similarly, excretion and reabsorption can have opposing effects
on the resulting levels of chemicals in the body.

Some xenobiotics are directly toxic, including asbestos,
cadmium, isoniazid, nicotine, ethylene oxide, acetaldehyde,
hexanol, hydrogen cyanide, and carbon monoxide. Others
require biotransformation from a nontoxic parent entity to an
ultimate toxicant. Examples of this class of toxicants include
production of oxalic acid from ethylene glycol, formaldehyde
from methanol, acrolein from cyclophosphamide, phosgene
from chloroform, and formation of paraoxon from the inactive
pesticide parent parathion. This process termed toxication or
metabolic activation results in the generation of varied reactive
chemical species: (1) nonionic electrophiles (acetaldehyde
from ethanol), (2) cationic electrophiles (diaquo-diamino
palatinate II from cisplatinum), (3) nucleophiles (cyanide from
amygdalin), and (4) redox-active reactants (dapsone hydrox-
ylamine from dapsone). During biotransformation reactions,
secondary toxicants like reactive oxygen species (ROS) and
reactive nitrogen species (RNS) are also produced due to
a variety of specific molecular interactions. These secondary
reactive species usually foster toxic reactions.

There are many ways in which a chemical can interfere
with the normal biochemistry and physiology of the cells.
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166 Mechanisms of Toxicity
The broad categories of the mechanisms that follow are neither
comprehensive nor mutually exclusive. They cover the major
mechanisms of toxicity of a large number of drugs, chemicals,
and environmental agents. A general scheme of ‘Mechanisms
of Toxicity’ is presented in Figure 1.

Many xenobiotics fall within one of a limited number of
toxicant categories through their actions that directly or indi-
rectly target the mitochondria, nucleus, plasma membrane, or
the endoplasmic reticulum prior to causing oxidative stress.
Cytochrome P450-mediated metabolism, if activated, can
sharply accelerate the toxication process, accentuate oxidative
stress, and lead to a myriad of toxic events: induction of DNA
damage, inhibition of DNA repair, stimulation of lipid perox-
idation, suppression of antioxidant enzyme activity, promo-
tion of procell death gene expression, and inhibition of anticell
death gene expression. The intensity of toxication process in
relation to protective events ultimately determines the degree
of injury. Injury is typically accompanied by repair mecha-
nisms. In cases where injury is high and functional reserve
capacities are exceeded, repair and restoration process become
limited leading to loss of cell functionality and propagated
waves of cell death. Extensive injury leads to organ dysfunction
or failure. Various types of cell death processes including
apoptosis, necrosis, and autophagy are in a dynamic flux from
the time of injury initiation to the end outcome of injury and
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metabolism and homeostasis. Toxicity can be initiated when
the efficiency of plasmamembrane’s energy-dependent sodium
pump is reduced. This results in an influx of sodium ion into
the cell, and a concomitant efflux of potassium ion out of the
cell. Major disruption of this critical exchange balance leads to
an increase in cellular electrolytes that causes swelling of the
cell and dilation of the endoplasmic reticulum. Cellular
calcium ion pumps are also known to fail, leading to an influx
of calcium ions into the cell. Cyanide, hydrogen sulfide, and
azides bind to cytochrome oxidase, block utilization of oxygen
by different tissues, and inhibit ATP production. Acetamino-
phen and its reactive intermediate N-acetyl-p-benzoquinonei-
mine bind to sites of ETC, inhibit respiration, and deplete ATP.
Rotenone and antimycin A interfere with specific enzymes in
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ATP. Increased glycolysis leads to a rapid depletion of the
body’s glycogen reserves, the intracellular accumulation of
lactic acid and inorganic phosphate, and reduced intracellular
pH with associated reduction in the activity of many cellular
enzymes. Prolonged ATP depletion leads to the structural
breakdown of the protein synthetic apparatus, including
detachment of ribosomes from the rough endoplasmic retic-
ulum and dissociation of polysomes into monosomes. In cells
deprived of glucose, proteins become misfolded, triggering the
cellular reaction known as the unfolded protein response that
may lead to cellular death.
Interference with Calcium Homeostasis

Because excessive calcium ion is an important and powerful
mediator of cell injury, it is very tightly regulated by all living
cells. Intracellular calcium (Ca2þ) deregulation can result from
abnormal influx, increased release from intracellular stores, or
inhibition of extrusion by the plasma membrane. Both mito-
chondria and plasmamembranes are critical sites in the normal
control of Ca2þ balance. The concentration of Ca2þ is several
orders of magnitude higher outside the cells. If large amounts
of Ca2þ enter the cell due to perturbation of plasmamembrane,
Ca2þ-ATPase pumps located in the plasma membrane can
remove excessive Ca2þ from the cell. Additional fine Ca2þ

regulation inside the cell is accomplished mainly by two
mechanisms – mitochondrial sequestration of excess overflow
of Ca2þ and endoplasmic reticular sequestration of smaller
amounts of Ca2þ. This mutual cooperation in Ca2þ seques-
tration often continues during early stages of redox cycling of
Ca2þ until the cell returns to normal homeostasis or injury
proceeds to more catastrophic consequences.

Interference with the normal processes responsible for
regulation of intracellular Ca2þ plays a common role in
chemical-mediated cell injury and various forms of cell death.
A toxic chemical may perturb one or more of these regulatory
mechanisms. Accumulation of Ca2þ in the cells has been
correlated with necrotic and ischemic cell injury and cell death.
The development of membrane abnormalities with the
disruption of cytoskeletal structure such as disruption of actin
microfilaments by the activation of phospholipases and
proteases have been seen in vitro after increases in intracellular
Ca2þ. Acetaminophen, doxorubicin (DOX), nitrophenols,
quinones, peroxides, aldehydes, dioxins, halogenated alkenes,
alkanes, and some metal ions cause toxicity by disrupting Ca2þ

homeostasis. Disruption of Ca2þ homeostasis has also been
implicated in apoptosis, where increased levels of Ca2þ in
the cytoplasm or nucleus activate caspase-activated DNAses
resulting in chromatin condensation and orderly DNA
fragmentation.
Oxidative Stress

Free radicals are reactive chemical species that contain a single
unpaired electron in an outer orbit. Free radicals formed within
the cell often react with oxygen or nitrogen to form ROS or
RNS, respectively. These produce wide-ranging effects on
cellular integrity. Mitochondrial perturbations are commonly
associated with oxidative stress. Cells have several defense
mechanisms to prevent or reduce injury caused by these ROS.
However, any significant deficit in cellular ability to scavenge or
detoxify such free radicals results in oxidative stress. ROS may
arise within the cell in different ways, including as a result of
normal metabolic processes, from enzymatic metabolism of
exogenous chemicals (e.g., CCl4), from electron transfer via
transition metals, from redox cycling of drugs, and from
conversion of nitric oxide (NO) to the highly reactive perox-
ynitrite anion (ONOO�). Whereas ROS are produced as by-
products of normal aerobic respiration in mitochondria,
xenobiotic metabolism is considered the greatest producer by
far of toxic ROS. ROS, RNS, or their hybrids cause membrane
lipid peroxidation (described in the following sections). Bio-
logical reactive intermediates (BRIs) distinct from ROS and
RNS are produced during drug or chemical metabolism and
can themselves cause lipid peroxidation.

The effects of reactive species generated during oxidative
stress are wide ranging but three types of damage are of
particular relevance.
Lipid Peroxidation

The body of toxicology literature is replete with examples
of inducers of lipid peroxidation. Acetaminophen, benzo[a]
pyrene (BaP), cadmium, carbon tetrachloride (CCl4), cyclo-
phosphamide, diclofenac, DOX, ethanol, and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) represent well-known
examples. These compounds or their BRIs induce lipid perox-
idation across a host of organs. The cleavage of a carbon–
chlorine bond in CCl4 by the cytochrome P450 mixed
function oxidase system generates the trichloromethyl free
radical ($CCl3) which reacts rapidly with oxygen to form tri-
chloromethyl peroxy radical ($CCl3O2). These free radicals
can initiate a process of autocatalytic lipid peroxidation by
attacking the bridges of unsaturated fatty acid side chains of
microsomal lipids. Unsaturated fatty acids in other cellular
membranes are also affected. Once organic free radicals are
generated in this manner, a self-propagating and amplifying
series of reactions leads to rapid destruction of cellular
membranes associated with cell death.

Oxyradicals and oxyradical stress may also cause lipid per-
oxidation. Free radical forms of oxygen include superoxide
anion (O2

$�) and hydroxyl radical (OH$). These radicals are
formed by stepwise one-electron reductions of O2. Reduction
of H2O2 leads to the formation of water (H2O). Superoxide
anion (O2

$�) is metabolized by a cellular enzyme known as
superoxide dismutase, resulting in the formation of H2O2.
Cellular iron can catalyze the conversion of O2

� to OH$ and
hydroxy anion (OH�) radicals via the Fenton reaction. Under
certain circumstances, singlet oxygen can also be formed from
O2. In normal cellular metabolism, small amounts of oxy-
radicals are always being generated. However, no toxic conse-
quences are seen because cellular defense mechanisms
involving superoxide dismutase, catalase, glutathione peroxi-
dase (GPX), and vitamin E efficiently detoxify the oxyradicals.
Chemical toxicants may disrupt this balance to either produce
excessive O2 radicals and/or to compromise the cellular
defenses that detoxify O2 radicals.
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Certain toxic chemicals may form organic radicals by being
reduced by one electron, a reaction mediated by the flavin
adenine dinucleotide enzyme, nicotinamide adenine dinucleo-
tide phosphate (NADPH) cytochrome P450 reductase. These
organic one-electron reduction products or semiradicals can
donate this electron to O2 in the cell to form O2

�. The regen-
erated parent compound is now free to be reduced again by the
reductase and generate additional O2

� radicals. This reduction–
oxidation cycle can continue as long as the chemical, cellular
O2, and reducing equivalents in the form of NADPH are available
within the cell. Thus, redox cycling can generate an overwhelming
supply of oxyradicals. The herbicide paraquat, anticancer agent
bleomycin, and antibiotics nitrofurantoin and mitomycin are
examples of chemicals that readily undergo redox cycle.

Reperfusion injury has also been directly linked to oxy-
radicals. During hypoxia associated with the cessation or
reduction of blood supply to tissue, which occurs following
infarct or with some surgical procedures, the cells may shut
down the normal defense mechanisms. When the blood supply
is restored by angioplasty or resumes after surgery, tissues
encounter normal availability of O2 and this leads to the
formation of oxygen free radicals. Typically, hypoxic tissue
induces the xanthin oxidase enzyme and upon reoxygenation,
which converts oxygen to superoxide anion (O2

$�) and lipid
peroxidation. This is termed the ischemia–reperfusion paradox.
Regardless of how they are formed, oxygen free radical can also
initiate and propagate lipid peroxidation leading to tissue
injury. Excessive lipid peroxidation can cause very rapid cell
death. Lipid peroxidation has been used for several decades as
a biomarker of free radical production as well as a tool to study
mechanisms of toxicity. Examples of end product biomarkers
of lipid peroxidation are malondialdehyde, 4-hydroxynonenal,
isoprostanes, and several lipid hydroxides including hydrox-
yoctadecadienoic acids, hydroxyeicosatetraenoic acids, and
hydroxycholesterols.
Oxidative Modification of Proteins

Proteins are continuously oxidized under normal physiological
conditions. This process is increased in various disorders
including atherosclerosis, Parkinson’s disease (PD), and aging.
All amino acid residues of a protein are subject to radical attacks
by ROS and RNS. Tyr, Phe, Trp, His, Met, and Cys residues are
preferred targets for hydroxyl radicals. Oxidation results in the
formation of protein cross-linkages in the form of disulfide
bonds and/or damage to the protein backbone followed by
protein fragmentation. Neurotoxins such as 1,3-dinitrobenzene,
3-nitropropionic acid, and 3-chloropropanediol alter mito-
chondrial membrane potential (MMP, DJm) by protein
carbonylation, enhance oxidative stress, and coupled with
mitochondrial injury, produce subsequent toxicity through
selective, yet shared, pathways of protein modification by
oxidative carbonylation.

Salsolinol or methyl-6,7-dihydroxy-1,2,3,4-
tetrahydroisoquinoline is an endogenous neurotoxin impli-
cated in the pathogenesis of PD. Oxidative modification of
cytochrome c and carbonyl compound formation resulting
in increased iron accumulation in cells has been suggested as
the mechanism underlying salsolinol-mediated cell injury.
This effect is considered a precipitating factor in the patho-
genesis of PD.

Another example is the accumulation of a-synuclein (ASN)
in the pathophysiology of PD, Alzheimer’s disease, and other
synucleinopathies. Buildup of ASN is viewed as a key molecular
event. Alterations of ASN expression and impairment of its
degradation can lead to the formation of intracellular deposits
of this protein, called Lewy bodies. It has been shown that
overexpressed or misfolded ASN can be secreted to the extra-
cellular space, and that the migration of ASN oligomers to
neighboring cells correlates with protein modification and
propagation of neurodegeneration in the brain. Additionally,
ASN-evoked protein oxidation, nitration, and nitrosylation can
lead to disturbances in synaptic transmission and cell death
under oxidative/nitrosative stress.

These examples clearly suggest the role of modified proteins
in mechanistic toxicology.
Nuclear Damage and DNA Lesions

Because DNA is the chief repository of genetic information in
living cells, safeguarding DNA integrity and stability are among
the most aggressively protected functions of cells. DNA is the
master operator of intracellular and extracellular activities,
particularly in maintaining internal and external communica-
tions for optimally coordinated tissue function. DNA, however,
is not inert. It is a chemical entity that is subject to continuous
threat from the external environment as well as from normal
and aberrant intracellular events. Damage that remains unre-
paired will lead to mutation and possibly toxicity and disease.
It is well appreciated that DNA is vulnerable to free radicals
(ROS, RNS, ROS/RNS hybrids, BRIs) in addition to carcinogens
and noncarcinogenic alkylating agents. All these agents typi-
cally react with the bases or covalently bind to nuclear and
mitochondrial DNA, particularly thymine, producing DNA
strand breaks. DNA strand breaks occur in many forms: single
stranded breaks; double stranded breaks; DNA laddering: site-
specific caspase-activated DNAse-mediated fragmentation; and
cleavage at internucleosomal linker regions producing DNA
fragments that are multiples of 180–185 base pairs. The type of
DNA injury can determine the means of cell death (apoptosis,
necrosis, necroptosis autophagy), cell aging, and malignant
transformation. In reality, whenever DNA is damaged, multiple
repair pathways launch into motion to stabilize, reduce, and
repair the injury. A classic example involves activation of
poly(ADP-ribose) polymerase. Activation of this enzyme has
been shown under numerous circumstances and served as
a biomarker of DNA damage.

One of the most noteworthy successes to come out of DNA
research is the Human Genome Project. It has provided
a window into the intricacies of the sequence information while
exponentially increasing the amounts of data that can be
retrieved from biomedical experiments. Western blot, southern
blot, andmicroarray technology have supported the progress of
genome research and have advanced gene expression profiling
from future prospect to daily reality. All these advances
contribute to an improved understanding of global, coordi-
nated cellular events in a variety of paradigms. For the field
of toxicology, they have given rise to the new field of
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toxicogenomics. The potential application of toxicogenomics
to produce intricate toxicity profile maps for unknown
compounds has joined othermore classicalmethods of deriving
genetic information andwill likely take precedence over them in
the near future. The field of toxicogenomics is rapidly advancing
with the assumption that global changes in the expression of
individual messenger RNAs (mRNAs), the transcriptional
responses of cells to toxicants, will be sufficiently distinct,
robust, and reproducible to allow discrimination of toxicants
from different classes, understanding of mechanism of action,
and translation of such information into improved health
protection. However, affirmative data showing specific genetic
fingerprints as opposed to nonspecific general stress responses
for numerous chemicals are still pending. It is possible that
footprints and genetic signatures may be concordant or even
indistinguishable across many compounds and therefore may
not be suitable as probes of toxic mechanisms. The major
obstacle encountered in these types of studies is the lack of
reproducible gene responses, presumably due to biological
variability and technological limitations, although predictive
values are immense. Nevertheless, effective combined use of
these technologies can simultaneously assess diverse processes
such as DNA damage, DNA repair, xenobiotic metabolism,
transcriptional activation, structural maintenance, cell cycle
control, signal transduction, and apoptosis.

Although gene expression profiles are often measured as
alternative biomarkers in monitoring biological effects of
toxicants, conflicting results among molecular, biochemical,
tissue responses are quite frequent. The links between effects
occurring at various levels are often masked by another world
of nongenomic or epigenetic processes affecting mRNA
stability and protein turnover, timing for transcriptional and
translational mechanisms, metabolic capability of tissues,
posttranscriptional modifications of proteins, biphasic
responses of antioxidant enzymes, and interactions occurring
in chemical mixtures. In this regard, extra caution should be
taken in monitoring experimental data where mRNA levels of
toxicant-induced responses could represent a snapshot of cell
activity at a given time.
Mitochondrial Damage

Mitochondria are important targets for all types of xenobiotics.
Many of the processes reviewed to this point lead to morpho-
logical and functional changes in mitochondria. Mitochondria
may be damaged by increases in cytosolic free calcium, by
oxidative stress, and by lipid breakdown products such as fatty
acids and ceramide. One of the primary mechanisms of
damage is the formation of a high-conductance channel in the
inner mitochondrial membrane. Formation of this nonselec-
tive pore is reversible in the early stages of toxic insult, but
become permanent if noxious stimuli persist. Because main-
tenance of the proton motive force depends on the inner
membrane potential, damage to the membrane leads to
mitochondrial death. MMP frequently plays a decisive role in
initiating a variety of toxic reactions. Failure to maintain MMP
leads to ETC dysfunction and ultimately loss of ATP produc-
tion. Additionally, disruption of MMP can lead to activation
cell death signaling pathways via transition pore formation and
cytochrome c release. Likewise, different ion channels maintain
the stability of excitable membranes that are necessary for
normal functioning of the body. Saxitoxin, tetrodotoxin, and
dichlorodiphenyltrichloroethane cause toxicity by blocking
sodium channels in excitable membranes. On the other hand,
organic solvents cause toxicity by changing the membrane
fluidity of neurons in the central nervous system. Many toxi-
cants change fluidity of mitochondrial membranes. Mito-
chondrial DNA is another susceptible target that can modulate
toxic events. Examples of some of the events follow.

Considering the complexity and vital role of mitochondria,
it is not surprising that the pathogenesis of many adverse
drug events involves drug-induced mitochondrial injury.
Xenobiotic-induced mitochondrial toxicity can occur through
manymechanisms: depletion of mitochondrial DNA (mtDNA),
inhibition of fatty acid b-oxidation (valproic acid), opening of
the mitochondrial permeability transition pore (anthracy-
clines), formation of mitochondrial oxidative stress and deple-
tion of the mitochondrial glutathione pool (acetaminophen),
uncoupling of electron transport from ATP synthesis (tamox-
ifen), inhibition of mitochondrial ETC complexes (acetamino-
phen, simvastatin), gross changes in the MMP, induction of
transition pore formation, and activation of a number of
complex cell death pathways (inducers of apoptosis).

A representative framework of mitochondria-centric death
pathways as induced by the chemotherapeutic agent DOX is
depicted in Figure 2. This diagram represents howmultiple vital
target organs can get affected via a single toxicant, DOX, by per-
turbingmitochondrial events in individual organs. This diagram
summarizes possible toxic events that are based on the reported
literature and on the observations published by the authors.

There are three main metabolic routes of anthracycline meta-
bolism: one-electron reduction, two-electron reduction, and
deglycosidation. Over 50% of DOX is eliminated from the body
unchanged. The pathway shows how DOX and its metabolites
influence mitochondria-dependent events during DOX-induced
organ toxicity in vivo. DOX is metabolized predominantly by
the liver to the major metabolite, doxorubicinol, and several
cytotoxic aglycone metabolites in addition to BRIs and, possibly
several forms of ROS. These toxic by-products target mitochon-
dria in multiple organs such as the heart, liver, and kidneys,
leading to oxidative stress. Although DOX metabolism in the
heart and liver has been extensively investigated, toxic effects of
its biotransformation products in other target organs remain
largely unknown to date. Uncontrolled oxidative stress irrevers-
ibly changes several cellular and molecular events ([ indicates
increase; Y indicates decrease) and profoundly influences pro-
and antiapoptotic gene products eventually perturbing genomic
integrity. Genomic instability coupled with insufficient repair
initiates and propagates the cell injury process by offsetting
antiapoptotic genes. Therefore, continued cell injury in the
absence of restoration and repair mechanisms leads to various
forms of cell death in various target organs.
Possible Role of MicroRNA in Mechanisms of Toxicity

MicroRNAs (miRNAs), first reported in the worm Caeno-
rhabditis elegans, are short, approximately 22–25 nucleotides,
single-stranded RNA segments that function to modulate the
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expression of target genes. The human and mouse genomes
encode over 1400 and 700 miRNAs, respectively, and most
cellular pathways are believed to be modulated by miRNAs.
miRNAs are RNA molecules that are complementary to the 30

untranslated regions (UTRs) of the target transcript, and typi-
cally possess the reverse complement of the mRNA transcript of
another protein-coding gene. Its diverse expression patterns
during development across organisms, ranging from worms to
humans, suggest that these molecules represent a gene family
that has evolved from an ancient ancestral small RNA gene.
Additionally, detection of miRNAs in body fluids has generated
considerable interest as potential biomarkers of various
diseases and conditions. As for nomenclature, miRNAs are
assigned sequential numerical identifiers. The gene names are
intended to convey limited information about functional
relationships of mature miRNAs. For example, has-miR-101
in human and mmu-miR-101 in mouse are orthologous, and
more than half of the known miRNAs are conserved across
vertebrate animals. Similar tomRNAs, miRNAs are expressed in
a tissue- or cell-specific manner. miRNAs can potentially
regulate every aspect of cellular processes such as differentia-
tion, proliferation, apoptosis, and necrosis as well as a large
range of physiological processes.

The notion that circulating plasma profiles of miRNA
change after a drug exposure was first documented in 2009.
Investigators showed changes in miR-122 and miR-192 levels
in the liver and plasma of acetaminophen-intoxicated mouse
in dose- and time-dependent manner. Plasma alanine
aminotransferase (ALT) and histopathological changes in the
liver correlated with miRNA changes. This discovery of drug-
induced changes in plasma miRNA has opened up a new
dimension of research and the prospect that monitoring
miRNA can be used as a sensitive, informative, and nonin-
vasive biomarker for drug-induced organ injury and toxico-
logical outcome. The role of circulating miRNAs in the clinical
diagnosis and prognosis of cancer is well known, but very few
articles have been published in relation to toxic effects of
drugs or chemicals. It has been reported that increased plasma
concentrations of miR-122, miR-133a, and miR-124 corre-
spond to liver, muscle, and brain injuries respectively. CCl4
and trichlorobromomethane (CBrCl3) were used to induce
liver injury, hydroxymethylglutaryl-CoA-reductase inhibitor
and 2,3,5,6-tetramethyl-p-phenylenediamine were used to
induce muscle injury, and middle cerebral artery occlusion
was used to induce brain injury. A potentially important
observation was the increase in miR-122 concentration in
plasma preceding ALT release. This was found to be more
specific for viral-, alcohol-, and chemical-induced liver injury
than other organ damage and was more stable and reliable
than other biomarkers.
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Investigations focusing on TCDD have demonstrated that
it dysregulates the expression of miR-101a and miR-122 in
addition to cyclooxygenase-2 (COX-2). Apparently COX-2, a
target of miR-101a, plays a significant role in TCDD-induced
liver injury in mice. BaP, on the other hand, causes wide-
spread changes in gene expression in mice, but with no
apparent hepatic changes in miRNA expression. In contrast, it
was shown that BaP at oral doses of 150 or 300 mg kg�1 for
3 days caused downregulation of miR-150, miR-241-5p, and
miR-122 and upregulation of miR-34c, miR-34b-5p, and miR-
29b in mouse lung. Similarly, chronic BaP exposure of 50 and/
or 75 mg kg�1 BaP for 28 days demonstrated significant
elevation of the miR-34a expression only in the mouse liver.
Based on these observations, it appears that miRNAs can be
used as a new tool for evaluating environmental chemical
exposure. Data generated from miRNA studies may be appli-
cable for human risk assessment.

Regulation of the expression of drug- and xenobiotic-
metabolizing enzymes and nuclear receptors by a variety of
miRNAs is another area of research opportunity in toxicology.
Several laboratories have demonstrated miRNA-mediated
posttranscriptionally regulated P450 isozymes and nuclear
receptors including human CYP1B1, CYP3A4, pregnane X
receptor, and CYP2E1. Among these, human CYP3A4 is an
important isoenzyme that facilitates the metabolism and
elimination of more than 50% of all clinically relevant drugs
and a diverse variety of xenobiotics. Likewise, human CYP2E1
is a pharmacologically and toxicologically important P450
isoform that is known to catalyze the metabolism of numerous
low molecular weight drugs and chemicals including acet-
aminophen, isoniazid, and bromobenzene, organic solvents
like ethanol, acetone, carbon tetrachloride, chloroform, vinyl
chloride, glycerol, hexane, and toluene, and procarcinogens
like N-nitrosodimethylamine, N-nitrosomethylethylamine,
and N-nitrosopyrrolidine. Another CYP isozyme, CYP2A3, has
been isolated from a rat lung cDNA library and is expressed in
lung but not in liver, kidney, or small intestines. Rat lung
CYP2A3 is a principal catalyst of 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) a-hydroxylation, the primary
bioactivation pathway for NNK. The chronic administration of
NNK to F344 rats reduced the expression of several miRNAs
including miR-126* and miR-34 in lung. It was reported that
both human CYP24A1 and the vitamin D receptor (VDR) are
posttranscriptionally regulated by miR-125b. A potential miR-
125b recognition element in the 30-UTR of human CYP24A1
and VDR mRNA was functional to these target proteins. A
review of miRNA regulation of CYP and nuclear receptor
regulation reveals that miRNA regulatory networks are complex
because a single miRNA can target numerous mRNAs, often in
combination with other miRNAs and nuclear receptors, and
a single target can be regulated by different kinds of miRNA. As
we learn more about this important research field, it is antici-
pated that miRNAs will be shown to contribute fundamentally
to understanding mechanisms of toxicity and for predicting the
risk susceptibility for drugs, chemical toxicants, and environ-
mental pollutants.

Peroxisome-proliferator-activated receptor alpha (PPARa)
receptor is another example, which is an important transcrip-
tional factor that regulates genes encoding several xenobiotic
and lipid-metabolizing enzymes. miR-21 and miR-27b
negatively regulate the expression of PPARa in human liver,
and because PPARa is an important regulator of fatty acid
catabolism, miR-21 and miR-27b may contribute to the regu-
lation of lipid metabolism. Although the precise roles of
miRNA in the response to xenobiotics, drugs, and chemical
toxicants, remain to be established, there is little doubt that
miRNAs are important in the cellular and in vivo responses to
xenobiotics. However, the regulatory networks of miRNAs are
complex, and decreased expression of miRNAs will generally
lead to high expression of the target proteins. In contrast,
increased expression of miRNAs may be less likely to be asso-
ciated with toxicological phenomena. Comprehensive studies
using miRNA arrays as well as DNA microarrays and proteo-
mics analyses are powerful tools to investigate the mechanisms
of individual susceptibility to toxicants and adverse drug
reactions. Recently, a large number of studies on the roles of
miRNAs in cancer have been completed, but few studies have
reported the altered expression profiles of miRNA in drug-
related adverse reactions and in toxicology-related outcomes.

Toxicogenomics studies have evaluated the responses of
miRNAs in rodent liver to identify potential biomarkers for
toxicological risk assessment. It was reported that a single
administration of acetaminophen or carbon tetrachloride to rats
resulted in different expression profiles of miRNA in the liver.
Changes in miRNA-298 and miR-370, which presumably target
oxidative stress-related enzymes including thioredoxin reduc-
tases (RXRs), were noted. Suppression of miRNA was evident as
early as 6 h after toxin exposure, which coincided with early
phase toxicity, well prior to onset of necrotic cell death.

There are several other reports that show how miRNAs can
influence toxic responses. For example, regulation of matrix
metalloproteinase-1 and superoxide dismutase-2 (SOD-2) has
been shown to be governed by human miR-222. Arsenite,
which is known to activate nuclear factor-erythroid 2-related
factor 2 (Nrf2), modulates miRNA expression in human lym-
phoblastoid TH-6 cells, and miR-17* suppresses primary
mitochondrial antioxidant enzymes such as SOD-2, GPX-2,
and RXR-2 in prostate cancer PC-3 cells. Additional studies
suggest that the plasma miRNA profiles could mirror specific
types of liver injury including acute/chronic liver injury or
hepatocellular injury, cholestasis, steatosis, steatohepatitis,
fibrosis, and identified the miRNAs that could be specific and
sensitive biomarkers of liver injury. Using miRNA array anal-
ysis, several investigators have shown that the levels of a large
number of miRNAs (121–317 miRNAs) were increased
twofold and the levels of a small number of miRNAs (6–35
miRNAs) were decreased below half in all models except in that
of cholestasis caused by bile duct ligation. Although many
challenges remain to be resolved in this arena, circulating
miRNAs have high potential in toxicological studies as a novel,
noninvasive method for the extrapolation of the toxicity data
from animal to human.
Role of Cell Cycle in Toxic Mechanisms

All cells are vulnerable to DNA damage from a variety of
endogenous and exogenous sources, including ROS, UV light,
and environmental factors. In order to protect the integrity
of DNA from these threats, cells have evolved complex
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mechanisms known as the DNA damage response (DDR) that
facilitate DNA repair and minimize the possibility of lethal or
permanent genetic lesions. The DDR operate through a number
of highly organized repair mechanisms and signal transduction
pathways that effect cell cycle checkpoint arrest and/or
apoptosis. These regulatory mechanisms involving an intricate
network of protein kinase signaling pathways (see Figure 3) are
central to the maintenance of genomic integrity and the
fundamental viability of cells. Intact and efficient execution of
DDR pathways is essential for preventing the replication of
damaged DNA templates and the transmission of mutations to
daughter cells. Incompetent and/or defective DDRs result in the
accumulation of genetic mutations, gene amplification, and
chromosomal alterations leading to malignant transformation
and various forms of cancer.

By definition, all genotoxins directly alter DNA structure. A
large number of nongenotoxic agents indirectly produce DNA
injury. Several other bystander events such as oxidative stress
can induce DNA damage. An imbalance in redox state of the
cell can further threaten the integrity of the DNA. For example,
an imbalance between ROS production and antioxidant status
floods the cell with ROS that target DNA. In response to DNA
damage, cells launch the DDR and elegant networks of genome
surveillance mechanisms called cell cycle checkpoints. These
processes detect and repair damaged DNA and return their
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defects in checkpoints are predisposed to neoplastic trans-
formation. Cell signaling mechanisms are integrated into and
regulate these pathways.

Regardless of mechanism, toxic or physical injury elicits an
endogenous cell proliferative and a tissue repair response in the
affected organs of the body. This compensatory response can
vary depending on the chemical, strain, tissue type, and species
involved. In the human body, surviving cells respond to injury
by receiving and sending appropriate cellular and molecular
signals that lead to cell cycle arrest or progression beginning
with G0–G1 and G1–S-phase synthesis. The first line of defense
occurs when a small population of G2 cells divides. This occurs
within a few hours of exposure to toxic chemicals. When these
cells divide, a host of molecular messages is expressed that
facilitate surviving cells to divide. Thus, this tissue repair
response usually takes the form of a biphasic cell proliferation
response. At low to moderately toxic doses, the tissue repair
response shows a classic dose–response relationship reflecting
the amount of injury. This allows the body to repair the injured
tissue and to restore its structure and function, thereby
permitting partial or complete regression of injury, tissue
recovery, and organism survival. At high levels of injury, the
tissue repair response is saturated, diminished by extensive
damage, and/or delayed. This results in unrestrained progres-
sion of injury independent of the mechanism of initiation.

Cell cycle progression is crucially important for the body. In
newborns and young adults it provides for the normal devel-
opment of body organs, while in adults it is essential for
replacing cells that are dead or dying from normal aging or
chemical-induced necrosis or apoptosis. Usually, most cells in
an adult are in resting or G0 phase of cell division. As a response
to cell injury or impeding cell death, cells transit across G1, S,
G2, and then M or the mitotic phase of cell division to produce
newly divided daughter cells. Cancerous growth is a result that
involves abnormal and uncontrolled cell division. Chemical
carcinogenesis, as in cancers of unknown or viral etiology, is
characterized by unregulated tumor growth due to uncon-
trolled cell division that is not balanced by cell loss. Cancer
cells typically avoid the apoptosis induction machinery by
dodging checkpoints to survive. This attribute makes such
cells immortalized. Toxicants or their metabolites can induce
abrupt death by paralyzing checkpoints or antagonize one or
more ongoing pathway to/and produce death more slowly.
Many of these events bypass checkpoints to produce their toxic
outcome.

Under normal conditions, each phase of cell division is
finely regulated by growth factors, cytokines, and multiple
products influencing gene expression like cyclins. Checkpoints
function in normal cell cycle progression to ensure the fidelity
and completion of each phase of the cycle before progression to
the subsequent phase, and in response to external stresses.
When functioning properly, checkpoints allow the production
of genetically identical daughter cells even under conditions of
modest to moderate internal and external stress. Cellular
transduction mechanisms are clearly involved in the regulation
of cell cycle progression. This finely regulated balance is per-
turbed by many agents but particularly cancer-causing chem-
icals. Chemotherapeutic agents cause toxicity by blocking the
progression of cells through the cell cycle, and initiate robust
cell cycle checkpoint responses in normal tissues and in cancer
cells. They can either arrest cells in different phases of cell
division or they can block specific enzymes needed for cell cycle
progression. Colchicine, a common anticancer drug, not only
blocks the M phase of cell division cycle but also inhibits the
activity of the enzymes thymidylate synthetase and thymidine
kinase to arrest the cells in S phase of cell division. Taxol is
another example of an anticancer agent that works by blocking
cell division. In contrast to colchicine, which blocks cell divi-
sion by inhibition of S-phase synthesis and by preventing
microtubular function, taxol works by interfering with micro-
tubule aggregation. Antimetabolites such as hydroxyurea and
5-FU block replication triggering an S-phase arrest. Similarly,
alkylating agents or topoisomerase II inhibitors trigger G2

phase checkpoints, while antimicrotubule drugs trigger the
mitotic checkpoint arrest. In summary, although major gaps
continue to remain in our understanding of cell signaling and
cell cycle regulation, this body of knowledge has provided new
insights that have contributed to a deepened appreciation of
toxicity and its role in cell life and death.
Cell Signaling in Toxicity

A large number of diseases are caused by defects in signaling
pathways. The nature of these defects and how they are
generated vary enormously. Toxicants that cause cell injury
often stress multiple intracellular organelles including mito-
chondria and the endoplasmic reticulum to turn on signal
transduction pathways that determine cell survival or cell
death. In most instances, cells adapt to toxic stress by activating
adaptive signaling pathways, such as mitochondrial adaptive
responses and Nrf2, a transcription factor that upregulates
antioxidant defenses. Cell injury, whether due to toxic or
extrinsic assault, triggers a secondary wave of signaling changes
associated with adaptation, cell death, and repair. If toxic stress
and injury pass a critical threshold, then death signaling
pathways such as c-Jun N-terminal kinase (JNK) dominate and
cells enter a special mode to undergo self-destruction. Most
toxic injury can be viewed as an active process involving
recruitment of death signaling pathways that mediate cell death
rather than a passive process due to overwhelming biochemical
injury. Since signaling pathways, in most instances, are signal
specific (toxin or stress), a list of such pathways and the primary
inducers appears in Figure 3 and Table 1. Because of broad
availability of microarray technology, signaling pathways have
been readily mapped. Two classic signaling pathways are dis-
cussed below.

For example, Cd2þ-induced cytotoxic stress does not force
the cell into committing to die from the outset. Instead,
detoxification and adaptive responses are activated simulta-
neously, in order to allow survival pathways to become oper-
ational until normal functions are reestablished. However, in
the presence of high Cd2þ concentrations, death pathways
become operational. In contrast to all these mechanisms, when
cells are subjected to sublethal levels of stress for prolonged
periods, as in chronic low level Cd2þ exposure, adaptive and
survival mechanisms deregulate leading to tumorigenesis.
Hence, death and malignancy are viewed as the two ends of
a continuum of cellular responses to Cd2þ, primarily governed
by the magnitude and duration of Cd2þ-induced toxic stress.



Table 1 Key signaling pathways involved in various mechanisms of toxicity

Name of the pathway Major function Key modulator

Apoptosis cascades Regulation of apoptosis
Inhibition of apoptosis
Death receptor signaling
Mitochondrial control of apoptosis

Acetaminophen, doxorubicin, cisplatin

Apoptosis regulation Inhibition of apoptosis
Death receptor signaling
Mitochondrial control of apoptosis

Pilsicainide, propranolol, verapamil, amiodarone,
phenylalanine, phorbol 12-myristate 13-acetate

Autophagy signaling Autophagy signaling Cadmium
Chromatin regulation/acetylation Protein acetylation

Histone methylation
Examples of cross talk between posttranslational
modifications

Chromium, resveratrol

Mitogen-activated protein kinase
(MAPK) cascades

MAPK/Erk in growth and differentiation
G-protein-coupled receptors signaling to MAPK/Erk
SAPK/JNK signaling cascades
p38 MAPK signaling pathways

Acetaminophen, capsaicin, cadmium, doxorubicin,
thalidomide, telmisartan, nicotine

PI3K/Akt signaling PI3K/Akt signaling Cadmium, arsenic trioxide, doxorubicin, vincristine
Translational control eIF4E/p70 S6 kinase

mTOR signaling
Perhexiline, metformin, niclosamide, amiodarone,

thalidomide, sodium arsenite, rapamycin
Ca2þ, cAMP, and lipid signaling Protein kinase C signaling

Phospholipase signaling
Capsaicin, flurazepam, phorbol 12-myristate 13-acetate

Cell cycle/checkpoint control G1/S checkpoint
G2M/DNA damage checkpoint

Vincristine, 13-hydroxy-15-oxozoapatlin, Cr(VI)

DNA damage Cr(VI)
Jak/Stat pathway IL-6 receptor signaling Guggulsterone, lestaurtinib
NF-kB signaling NF-kB signaling

Toll-like receptor signaling
TCDD, cadmium, diclofenac, doxorubicin, sulindac

TGF-b signaling TGF-b signaling Salvianolic acid B, low molecular weight heparin
Nuclear receptor Nuclear receptor signaling
Wnt/Hedgehog/Notch Wnt/b-Catenin signaling

Hedgehog signaling in vertebrates
Notch signaling
Hippo signaling

Cadmium, diclofenac, rhamnetin, cirsiliol, curcumin,
sulindac

Glucose metabolism Insulin receptor signaling
AMPK signaling

Metformin, ceramide, cyclosporin A

Tyrosine kinase/adaptors ErbB/HER signaling Clozapine
Neuroscience Dopamine signaling in Parkinson’s disease MPTP

SAPK, stress-activated protein kinase; PI3K, phosphoinositide 3-kinase; Akt, Akt, also known as protein kinase B (or PKB); eIF4E, eukaryotic translation initiation factor 4E;
mTOR, mammalian target of rapamycin or FK506 binding protein 12-rapamycin associated protein 1 (FRAP1); cAMP, cyclic adenosine monophosphate involved in adenylyl-
cyclase pathway; TGF, transforming growth factor beta; AMPK, 50 AMP-activated protein kinase; HER, human epidermal growth factor receptor (HER) signaling
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This represents a typical scenario where signaling cascades play
sophisticated roles orchestrating cellular reaction to Cd2þ.

Another mechanism where cell signaling plays a role is
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced death of dopaminergic neurons in the substantia nigra
in PD. Major obstacles in designing anti-PD agents are
primarily due to a lack of crystal clear understanding of the key
molecular events that provoke neurodegeneration. The
discovery of PD genes has led to the hypothesis that protein
misfolding and dysfunction of the ubiquitin–proteasome
pathway are crucial to PD pathogenesis besides mitochondrial
dysfunction and oxidative stress. Uncontrolled glial activation
and neuroinflammation both are considered linked to oxida-
tive stress. Activation of a new player, apoptosis signal regu-
lating kinase 1 (ASK1), has generated a lot of interest in this
regard. ASK1, a member of the mitogen-activated protein
kinase 3 family, is activated by oxidative stress initiating
the death signaling pathway. ASK1 is inhibited by PARK7
(Parkinson disease (autosomal recessive, early onset) 7 or DJ-1
gene which is a redox-sensitive chaperone and sensor for
oxidative stress), which is linked to recessively inherited PD,
and it has been determined that DJ-1 insufficiency intensifies
the toxicity of the mitochondrial complex I inhibitor, MPTP.
All these activate ASK1 in the midbrain. Microglia and astrocyte
activation is common in wild-type mice challenged with MPTP,
whereas ASK�/� mice show marked attenuation. These obser-
vations clearly indicate ASK1’s possible signaling route in
MPTP-induced toxicity and it is very likely that inhibiting this
kinase may be a viable therapeutic approach for protecting
dopamine neurons in PD.
Summary

Mechanisms of toxicity are a complex area of research. Factors
that govern mechanisms are infinite, such as, epidemiology,
routes of exposure, dose–response relationships, genetic
susceptibility, preexisting conditions, diet, environment, age,
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target organ, gender, and many others. This is certainly an area
where much more experimentation and new insights are
needed. The authors acknowledge that only widely acclaimed
select mechanisms are discussed but the scope of this area is
immense. This field will continue to expand exponentially as
the technology advances, newer tools are added, and nascent
molecular approaches are discovered to study mechanisms of
toxicity. All these are critical in devising toxicology testing
strategies, risk assessment, and determination of pathway
targets.

See also: Apoptosis; Acetaminophen; Amiodarone;
Biotransformation; Carcinogenesis; CS; Paraquat;
Benzo(a)pyrene; Genetic Toxicology; Lipid Peroxidation;
Liver; Kidney; Molecular Toxicology: Recombinant DNA
Technology; Neurotoxicity; Organophosphorus Compounds;
Oxidative Stress; Tissue Repair; Cell Cycle; Cell Proliferation.
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l Name*: Mecoprop
l Chemical Abstracts Service Registry Number*: 93-65-2 and

7085-19-0
l Synonyms*: MCPP, a-(2-Methyl-4-chlorophenoxy) pro-

pionic acid, 2-(2-Methyl-4-chlorophenoxy) propanoic acid,
2-(4-Chloro-2-methylphenoxy) propionic acid, 2-(4-Chloro-
phenoxy-2-methyl) propionic acid

l Molecular Formula*: C10H11ClO3

l Chemical Class: Chlorophenoxy acid or ester
l Chemical Structure*:

*All from ChemIDplus
Background Information

Mecoprop (MCPP) is a member of the chlorophenoxy herbi-
cide group, which also includes 2-methyl-4-chlorophenoxy-
acetic acid (MCPA) and 2,4-dichlorophenoxyacetic acid (2,
4-D), among others. This group of herbicides was developed in
1934 but first available in the market in 1946 as acids, salts,
amines, and ester products. Since 1947, this class of herbicides
has been in continuous, extensive, and uninterrupted use,
becoming the most common family of herbicides. Both the
European Union and the United States still approve the use of
MCPP and MCPP-p [(þ)-R2-(4-chloro-2methylphenoxy)
propanoic acid], and the commercial and agricultural products
of MCPP and MCPP-p are generally formulated as soluble
liquid concentrates and, also soluble, granular formulations.
While MCPP-p can be found in the market as single compound
in the product, both MCPP and MCPP-p are usually sold in
combination with other herbicides such as nitrile (bromoxinil
or ioxinil), other chlorophenoxy herbicides (MCPA or 2,4-D),
triazolinones (carfentrazone-ethyl), carboxamides, or proto-
porphyrinogen oxidase inhibitors (pyraflufen-ethyl).

Chlorophenoxy herbicides are analogs of auxines, the
growing hormones of the plants. The herbicide activity is based
in an abnormal and excessive cell division and growth that
damages vascular tissue. This is due to the capacity to increase
cell-wall plasticity, the biosynthesis of proteins, and the
production of ethylene. This causes an elongation of the
growing terminals, distortion and collapse, withering, and
death in 7–10 days. For this reason, the most susceptible tissues
are those undergoing active cell division and growth.
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According to their use, chlorophenoxy herbicides are classified
as postemergent, because they are applied after the crop has
emerged. MCPP’s most common uses include ornamental
lawns, recreational turf, sports fields, sod farms, roadsides,
industrial sites, and rights-of-way. In agriculture, MCPP is used
for the control of broad-leaved weeds in wheat, barley, oats,
rye, corn, herbage seed crops, and grassland, under fruit trees
and vines, and to control docks in meadows and pastures.
Environmental Fate and Behavior

MCPP is a colorless or white to tan crystalline powder that is
soluble in water (620mg l�1 at 20 �C), with a melting point of
94.5 �C and boiling point of 298 �C. The residues of chlor-
ophenoxy herbicides in the environment are mainly due to the
direct application of these compounds to agricultural and
nonagricultural areas. In the case of MCPP, residues can persist
in soil up to 2months following application. In addition, MCPP
has a very low adsorptivity to soil and is readily leached after
application. For the same reason, MCPP is not expected to bind
to sediment or particulatematter in the water column. Due to its
low Henry’s law constant (1.82� 10�8 atmm�3 mol�1), MCPP
would not be volatile from water. Biodegradation is the main
route of elimination from the environment, which is very fast in
soil (MCPP is broken down in soil to 4-chloro-4-methylphenol,
with a T1/2 of 7–9 days, or even shorter when microorganisms
are acclimated to MCPP). However, decreasing temperature,
increased organic matter or clay, flooded/anaerobic conditions,
higher MCPP concentrations, and increased soil depth may lead
to a decrease in degradation rate. Photolysis and hydrolysis also
contribute to their removal. Since its vapor pressure is extremely
low (0.31MPa at 20 �C), it is not expected to volatilize from
soil. MCPP could be found in air as an aerosol after spraying
applications but would be removed by gravitational settling and
the reaction with photochemically produced hydroxyl.

MCPP is a weak acid (pKa dissociation constant of 3.1 at
24 �C) and will therefore be completely dissociated in the
environmental pH range. In basic waters, phenoxy herbicide
esters are hydrolyzed to the anionic forms; in acidic waters,
photodegradation or vaporization predominates, depending
on the ester.
Exposure and Exposure Monitoring

Occupational exposure can occur during production, formula-
tion, application, and disposal of MCPP, mainly by inhalation
and dermal absorption. Levels of exposure in working places
would occur only as a result of accidents such as spills. Workers
may be exposed to low levels while ground spraying andmanual
application of herbicides containing MCPP, and handling of raw
materials, intermediates, and finished products during pesticide
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01187-8
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manufacture or during waste processing. Chlorophenoxy
herbicides may be present in food as a result of their direct
application to crops, but usually at low concentrations.

Due to its low persistence in the environment, the highest
concentrations of MCPP are expected immediately after ground
spraying and/or granular treatments in soil surface and foliage,
such as short and tall grasses or broadleaf plants, seeds, and
insects on treated areas. In addition, direct exposure is also likely
to occur in terrestrial animals that may ingest granules. Never-
theless, MCPP’s estimated bioconcentration potential in aquatic
organisms is moderate (BCF¼ 141) and, although residues of
MCPP-p from single and multiple applications may be found
on avian and mammalian food items, bioaccumulation in the
food chain is not expected to be a significant exposure source to
nontarget terrestrial organisms.

In 262 surface water samples from Canadian rivers collected
between 1992 and 2002, MCPP was the most frequent
compound out of 152 pesticides and 8 metabolites, but not
exceeding the water quality criteria.
Toxicokinetics

Absorption of ingested phenoxy acid derivatives is rapid and
high. Peak levels are reached in 10min to 24 h, depending on
the species, dose, and chemical form. A steady-state level in the
human body will be achieved within 3–5 days after exposure. In
the case of MCPP, more than the 90% of the dose is rapidly
absorbed and widely distributed in the body. However, this
compound is not potentially accumulated and excretion is also
rapid: between 75 and 95% of the dose can be excreted within
96 h, mainly by the urine (81%). Excretion can be slower in
dogs due to their relatively poor urinary clearance, and thus they
may be more susceptible to MCPP’s toxic effects. The main
metabolic route for MCPP is hydroxylation, but it is limited and
about 45%of the ingested dose is excreted as parent compound.
Mechanisms of Toxicity

The mechanism of action of MCPP and other phenoxy deriva-
tives is not accurately known. It is known that these compounds
can depress ribonuclease synthesis, damage cell membrane,
uncouple oxidative phosphorylation, disrupt acetyl coenzyme A
metabolism, and increase the number of hepatic peroxisomes.
However, the relationship between these biochemical changes
and the clinical effect is not clear. Direct damage of muscle
membranes has been evidenced only in dogs.

On the other hand, phenoxy acid derivatives can increase
the toxicity of some plants, either increasing their nitrate
content or increasing their palatability, and hence increasing
the risk of poisoning from these plants. Cattle and poultry seem
to be less sensitive than dogs.
Acute and Short-Term Toxicity

Animal

Dermal and eye irritation has been found in rabbits.
At high dosages, two types of syndromes have been de-

scribed. Gastrointestinal syndrome includes anorexia, rumen
atony, diarrhea, ulceration of oral mucosa, bloat, and rumen
stasis in cattle and vomiting, metabolic acidosis, bloody diar-
rhea, or salivation in dogs and pigs. Regarding neuromuscular
syndrome, depression and muscular weakness were found in
cattle while ataxia, weakness of pelvic limbs, and periodic
clonic spasms (at high doses) were found in dogs.

Short-term oral exposure in rats caused decreased body
weight (�18%), decreased absolute adrenal weight, increased
AP and ALT, increased absolute and relative weight, and
histological changes in liver and kidney transitional epithelial
cells in urine. Other short-term exposure studies have also
shown decreased hemoglobin content, packed cell volume
and erythrocyte counts, and changes in kidney relative
weights. Similar studies in dogs caused a depression of body
weight gain, increased relative weights of heart, liver, kidney,
brain, and lungs, increased blood urea levels, decreased
hemoglobin, and decreased packed cell volume and red blood
cells.

Chlorophenoxyacid herbicides also showed inhibition of
platelet aggregation in rabbits, which is probably the cause of
the hemorrhages in tissues of intoxicated animals.
Human

MCPP in human is irritating for the skin and severely irri-
tating for the eyes. The first symptoms after ingestion are
vomiting, abdominal pain, diarrhea, and, occasionally,
gastrointestinal hemorrhage. This hemorrhage could be due
to the inhibition of platelet aggregation, which has been
evidenced in in vitro studies. Hypotension is a common
symptom, mainly caused by intravascular volume loss, but
also vasodilation and direct myocardial toxicity. As a result,
some symptoms like coma, hypertonia, hyperreflexia, ataxia,
nystagmus, miosis, hallucinations, convulsions, fascicula-
tion, and paralysis can be found. Hypoventilation is usually
caused by the depression of central nervous system, although
respiratory muscle weakness can be a factor in the develop-
ment of respiratory failure in some patients. Other symptoms
are limb muscle weakness, muscle cramps, rhabdomyolysis
with renal failure, electrocardiographic changes, metabolic
acidosis, loss of tendon reflexes, myotonia, increased creatine
kinase and aminotransferase activities, and pyrexia. Occupa-
tional inhalatory exposure has sometimes caused mild, tran-
sient, gastrointestinal and peripheral neuromuscular
symptoms. LD50 in humans has been set at 300–700mg kg�1

but oral doses of 5mg kg�1 have not been related to any
detrimental effect.
Chronic Toxicity

Animal

Long-term exposure in rats has been related to an increase of
absolute and relative liver and kidney weights, increased liver
enzymes, and chronic nephropathy in females.
Human

Main symptoms of chronic exposure in workers in the manu-
facture of chlorophenoxy compounds were chloracne (most
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probably related to the dioxins present in the products), mucus
irritation, hematotoxicity and renal alterations, porphyria,
cephalea, muscular fatigue, emotional instability, and altered
peripheral nervous system.
Immunotoxicity

Short-term oral exposure caused a decrease in neutrophils and
lymphocytes in rats but decreased lymphocyte and increased
neutrophil counts in dogs.
Reproductive Toxicity

Exposure to MCPP during gestation in rats has caused intra-
uterine deaths, decreased crown–rump lengths, and an
increased incidence of delayed or absent ossification of the
sternebrae, as well as skeletal malformations and embryotox-
icity. MCPP was found able to readily cross the placental
barrier.

Effects of MCPP on reproduction in humans are unknown,
but miscarriages, stillbirths, and congenital malformations
have been caused by other phenoxy acid derivatives (2,4-D plus
and 2,4,5-T).
Genotoxicity

Based on reverse-mutation assays with Salmonella typhimu-
rium and Escherichia coli and the forward-mutation test in
Streptomyces coelicolo, MCPP was considered nonmutagenic.
MCPP did not induce point mutation, nondisjunction, or
mitotic crossing-over in Aspergillus nidulans, but it did induce
mitotic gene conversion in yeast cultures heteroallelic at
two loci.
Carcinogenicity

Chlorophenoxy herbicides, including mecoprop, have been
classified by the International Agency for Research on Cancer
(IARC) as Group 2B (possibly carcinogenic to humans) on the
basis of limited evidence in human and insufficient evidence in
experimental animals. While the epidemiological studies
reviewed by IARC suggested connections between exposure to
chlorophenoxy herbicides and non-Hodgkin’s lymphoma
(NHL) as well as soft-tissue sarcoma, the studies had several
limitations and results were inconsistent.
Clinical Management

Cases of poisoning due to MCPP have been usually related
to intentional ingestion to commit suicide. Because no
specific antidote for these compounds has been developed,
treatment of intoxication is usually symptomatic and sup-
portive: fluid therapy to restore intravascular volume loss and,
if necessary, inotropic medicines. In case of severe respiratory
depression, invasive mechanic respiration will be practiced.
Corrective treatment should be applied to eliminate any other
symptoms such as convulsions, arrhythmia, metabolic
acidosis, or hyperthermia. In order to decrease digestive
absorption, oral activated charcoal should be given if the
patient arrives within 1 h of ingestion and before 6 h post-
ingestion. Forced alkaline diuresis by including sodium
bicarbonate (44–88mEq l–1) enhances MCPP elimination.
Urine pH should be maintained between 7.6 and 8.8. Serum
electrolytes, especially calcium and potassium, should be
carefully monitored. Although sometimes recommended,
hemodialysis does not seem to benefit patients intoxicated by
chlorophenoxy compounds, due to the highly protein-bound
nature of these herbicides.
Ecotoxicology

According to a US Environmental Protection Agency (EPA) risk
assessment of MCPP-p, terrestrial animals (birds, mammals,
reptiles, and terrestrial-phase amphibians) nesting in or near
a treated field may be exposed due to direct deposition from
labeled uses of the pesticide, runoff, and spray drift onto areas
adjacent to treated sites.

MCPP-p acute oral toxicity to avian andmammalian species
is moderate. For example, the LD50 in northern bobwhite quail
(Coturnix coturnix) and laboratory rat is 491 and 414mg acid
equivalent (ae) per kg body weight, respectively, while the LC50

for mallard duck (Anas platyrhynchos) is>4.13mg ae kg�1.
Acute toxicity of MCPP is low for fish.

MCPP is toxic to honey bees (Apis mellifera) with a 48 h
LD50 of 1.67 mg per bee.
Other Hazards

Chlorophenoxy compounds are derived from chlorophenols
that could be contaminated by dioxins. For this reason, dioxin-
related effects (chloracne, impaired liver function, peripheral
neuropathies, and altered blood biochemical parameters)
could also be found after the application of chlorophenoxy
herbicide preparations.
Exposure Standards and Guidelines

The World Health Organization (WHO) has classified MCPP as
a class II (moderately hazardous) active pesticide, although was
previously classified as class III (slightly hazardous).

According to the Commission Regulation (EC) No 149/
2008, the maximum residue levels for sum of MCPP-p and
MCPP (expressed as MCPP) for fresh or frozen fruits, nuts, fresh
or frozen vegetables, and sugar plants is of 0.05mg kg–1; and
for tea, coffee, herbal infusions, cocoa, hops, and spices of
0.1mg kg–1. Regarding EPA guidelines, MCPP-p reference
doses (RfDs) for dietary and nonoccupational exposure are
shown in Table 1, and RfDs for occupational exposure are
shown in Table 2. The WHO has also established guidelines for
contaminants in drinking water. In the case of MCPP, the limit
is 10 mg l–1. The workplace exposure limits indicated in the
European Chemicals Agency (ECHA) dissemination database



Table 1 Reference doses for dietary and nonoccupational exposure
assessment of MCPP-p (mg kg–1 per day)

Exposure/scenario NOAEL RfD

Acute dietary (females aged 13–49 years) 50 aRfD¼ 0.5
Acute dietary (general population, including

infants and children)
175 aRfD¼ 1.75

Chronic dietary (all populations) 35 cRfD¼ 0.04
Incidental oral short term and intermediate

term
35 LOC¼ 100

Dermal (all durations) N/A N/A
Inhalation (short term, intermediate term) 35 LOC¼ 100

N/A¼ not applicable; short term¼ 1–30 days; intermediate term¼ 1–6 months;
NOAEL¼ no observed adverse effect level; aRfD¼ acute reference dose;
cRfD¼ chronic reference dose.

Table 2 Reference doses for occupational exposure assessment of
MCPP-p (mg kg–1 per day)

Exposure/scenario NOAEL RfD

Dermal (all durations) N/A N/A
Inhalation (short term, intermediate term) 35 LOC¼ 100

N/A¼ not applicable; short term¼ 1–30 days; intermediate term¼ 1–6 months.
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for occupational exposure were of 10mgm–3 (8 h time-
weighted average) and 20mgm–3 (15min short-term exposure
limit).

See also: Pesticides; Chlorophenoxy Herbicides;
Biocides; Environmental Risk Assessment, Pesticides
and Biocides; Nonlethal Weapons; Tcdd
(2,3,7,8-Tetrachlorodibenzo-p-dioxin).
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Medical surveillance is a commonly utilized term that has no
generally accepted definition. Medical surveillance involves
performing observational studies of individuals or pop-
ulations and includes the collection, collation, analysis, and
dissemination of data in an effort to identify conditions or
factors that pose an increased risk of adverse health effects.
The data acquired vary, and may be related to exposures,
disease, injury, death, and/or disability. There are numerous
examples of medical surveillance with vastly different
models. For example, the United States has formed the Army
Medical Surveillance Activity (AMSA). Its main functions are
to analyze, interpret, and disseminate information regarding
the status, trends, and determinants of the health and fitness
of America’s Army and to identify and evaluate obstacles to
medical readiness. AMSA is the central epidemiological
resource for the Army utilizing a central repository of
medical surveillance data, the Defense Medical Surveillance
System.

In order to adequately develop a medical surveillance plan,
one must perform a thorough assessment of the physical,
biological, and/or chemical hazards to which personnel may be
exposed and have the potential to cause adverse health effects.
For certain chemical substances, medical surveillance is
prescribed by law. These standards are set by the Occupational
Safety and Health Administration (OSHA) (Table 1). Attention
to sensitivity, specificity, and predictive value is particularly
important in occupational screening programs. The primary
purpose of medical surveillance is the elimination of exposures
that cause disease, through a process of early detection and
prevention.
Table 1 Published exposure limits

Occupational Safety and Health Administration (OSHA)
Permissible exposure limits (PELs) and a guide to OSHA standards

for screening and surveillance

200 Constitution Ave. NW
Washington, DC 20210
Tel.: þ1 202 693 2300
Website: http://www.osha.gov

American Conference of Government Industrial Hygienists
Threshold limit values (TLVs) and biological exposure indices (BEIs)

1330 Kemper Meadow Dr.
Suite 600
Cincinnati, OH 45240
Tel.: þ1 513 742 2020
Website: http://www.acgih.org

National Institute for Occupational Safety and Health (NIOSH)
Recommended exposure limits (RELs)

1600 Clifton Rd. NE
Atlanta, GA 30333
Tel.: þ1 800 356 4674
Website: http://www.cdc.gov/niosh/homepage.html
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Prevention

l Primary prevention

Primary prevention pertains to actions that are taken to
avoid the occurrence of disease. The first line of defense against
toxin-induced disease is the recognition that specific exposures
are hazardous. This distinction is typically based on either prior
human experience or experimental evidence. Once hazards are
recognized, they may then be eliminated from the environment
through substitution, engineering controls, or use of personal
protective equipment.

l Secondary prevention

Secondary prevention involves the early detection of
a disease when the individual is often asymptomatic. Medical
screening is the periodic examination of an individual in order
to detect preclinical disease. Examples of medical screening
include use of urinary cytology in workers exposed to bladder
carcinogens and mammography for asymptomatic cancer of
the breast.

l Tertiary prevention

Tertiary prevention is the detection of clinical signs and
symptoms of an existing disease process before significant
adverse consequences occur. It is also the delivery of optimal
clinical care to minimize the consequences of symptomatic
disease.
Biological Monitoring

Biological monitoring involves the examination of a sample
from an individual (i.e., urine or blood) to look for evidence of
exposure to chemical hazards. Depending on the chemical of
interest, biological monitoring may evaluate the unchanged
chemical in body fluids, a metabolite of the original chemical,
an enzymatic alteration, a physiological effect, or a secondary
clinical finding. Examples of biological monitoring include
obtaining a blood lead level and/or zinc protoporphyrin level
in a worker with known lead exposure, obtaining a urinary
phenol level in a worker with benzene exposure and obtaining
a red blood cell cholinesterase level in a worker with organo-
phosphate pesticide exposure. The American Conference of
Governmental Industrial Hygienists publishes guidelines and
reference values (biological exposure indices) for biological
monitoring (Table 1).
Sentinel Events

Medical surveillance also includes monitoring for a single case
of new disease caused by an agent that triggers alarm in an
astute clinician. Such cases, termed sentinel events, result in
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00746-6
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additional study and analysis to determine a true cause and
effect relationship. Historically, numerous chemical agent
induced disease processes have been discovered through
medical surveillance and sentinel event determination. For
example, the relationship between vinyl chloride exposure and
hepatic angiosarcoma development was determined by astute
medical surveillance.
Public Health Surveillance

Public health surveillance is defined as the ongoing, systematic
collection, analysis, interpretation, and dissemination of data
regarding health-related events. This information is used to
enact public health interventions to improve health by
reducing morbidity and mortality. Public health surveillance
pursues a number of goals. The first is the estimation of the
magnitude of disease occurrence and its trends over time. The
second is the identification of new opportunities of prevention
including entirely new diseases as well as old diseases in new
circumstances. Cases of well-established occupational disease,
with known preventable etiologies, are known as Sentinel
Health Events, Occupational (SHEO). Each case represents
a failure of prevention. Investigation of SHEOs and interven-
tion may lead to the identification of root causes of the failure
of prevention and hence to improved prevention. The third
goal is identifying epidemic clusters or epidemics of diseases,
so that resources can be targeted toward their prevention.
Conclusion

The goal of medical surveillance is prevention through obser-
vation and identification of potential health risk. Medical
surveillance is an ambiguous term that includes the surveillance
of individuals (medical surveillance) as well as populations
(public health surveillance). It includes interest in early disease
detection (medical screening) as well as identifying evidence
of exposure (biological monitoring). Medical surveillance is
the predecessor of prevention. It is imperative that medical
surveillance work is in conjunction with environmental moni-
toring to establish a true cause and effect relationship.
See also: Occupational Exposure Limits; Information Resources
in Toxicology.
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Medical and healthcare textiles include products derived from
natural and artificial materials, composed of fibers, filaments,
hairs, yarns, or polymers, which are designed or produced for
any use in a variety of medical or healthcare applications
(Figure 1). Textiles are represented in all medical device classes,
and are used in a broad range of applications. They can be
patient specific, procedure specific, or intended for general
patient management. The five categories of applications these
textiles can be placed into include:

l Healthcare/hygiene products – Products used within the
operating room, hospital, and over the counter to protect
against infection and prevent the transmission of disease.
B Disposables – diapers, sanitary napkins, tampons,

incontinence products, panty shields, and wipes
B Clothing – surgical gowns, caps, masks, uniforms, and

protective clothing
B Barrier materials (infection control) – protective respi-

rators, waterproof and breathable
B Antimicrobials
B Flame retardants
B Antistatics
B Dental products
Manufactured 
fiber

Rubber

Natural 
fiber

SyntheticAnimal 
(protein)

Regenerated 
animal fiber

Vegetable 
(cellulose)

Regenerated 
cellulose fiberSilk CatgutWool

/hair

BastSeed Leaf

Metal

Mineral

Figure 1 Fiber/filament/polymer classifications for medical and healthcare textiles.
l Extracorporeal devices – Mechanical organs and devices
used for blood purification, filtration, and circulation:
B Artificial kidney (hemodialyzer)
B Bioengineered devices – bioartificial kidney, bio-

artificial liver, bioartificial pancreas
l Implantable materials (biotextiles or bioengineered

textiles) – Serve to assist in healing and repair of the body,
intended to react with biological systems
B Sutures – natural or synthetic, absorbable or

nonabsorbable
B Vascular grafts (impregnated or not) – woven, weft-

knitted, warp knitted, membrane, or polyurethane-
polymer based.

B Ligament prostheses
B Grafts – for hernia repair, bioengineered skin grafts,

bioengineered vascular grafts (scaffolds)
B Resorbable polymers
B Resorbable Spunlaid nonwovens

l Nonimplantable materials – Wound care and materials
used for external medical or healthcare applications that
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may or may not come in contact with the skin, these items
are designed to protect against infection and promote
healing.
B Absorbent (non-occlusive) – hydrogel, alginate,

Hydrofiber, chitosan, collagen, nanofibrous, odor
absorbent, X-ray detectable

B Semipermeable (semi-occlusive) – film, foam, hydro-
colloid, polyurethane foam

B Secondary dressings (not applied in direct contact with
wound bed) – non-adherent, low-adherent, or adherent

B Vapor permeable
B Pressure garments – elastic compression bandages or

nonelastic compression bandages categorized by level
of compression: 3a (light) through 3d (high), and by
support: 1 (light) through 3 (strong)

l Intelligent medical and healthcare textiles
B Chromic materials – photochromistic, thermochro-

mistic, electrochromistic, halochromistic
B Phase changing materials – intelligent hydrogels, ther-

moregulating, shape memory polymers
B Intelligent textile systems – active smart, passive smart,

or adaptive function
Medical and Healthcare Textiles Suitability for Use

Requirements for suitable use in these applications vary
according to use, and they include biocompatibility, non-
toxicity, noncarcinogenicity, nonallergenicity, durability, and
ability to be sterilized. These requirements can be derived
through manufacture, but more often are dependent on the
component material’s fiber classification (Table 1).

Biocompatibility

Biostability refers to the ability of a material to maintain its
physical and chemical integrity after implantation into a living
tissue.

Nontoxicity

Fiber polymer or fabrication techniques must be nontoxic and
fibers should be free of contaminants. Toxicity could stem from
ionic groups attached to the polymer backbone.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01053-8

http://dx.doi.org/10.1016/B978-0-12-386454-3.01053-8


Medical Textiles 183
Nonallergenicity

Allergies caused by textiles are classified as type IV, delayed
contract cellular immune hypersensitization. The most
common reaction is allergic contact dermatitis (ACD), and
some cases of contact dermatitis caused by silk as a result of
remaining sericin silk gum residue have been reported. These
reactions can generally be traced back to manufacturing of the
product, or to chemical and organic dyes used.
l Known allergens to cause ACD include formaldehyde,
nickel, N-methylol compounds, chromium, cobalt, and
dyes classified as disperse dyes (anthraquinone or azo
structures)

l Latex allergies are classified separately from other textiles as
type I, immediate-type hypersensitivity responses caused by
skin or mucus membrane hypersensitivity.

l The most common toxicity testing done to identify
common allergens in textiles is the Oeko-Tex�

Standard 100.
Table 1 Fiber classifications and examples of each used in medical textile

Class Name CAS# and toxicity Appli

Natural/cellulosic (plant fibers)

Bast Flax First known medical textile
(linen)

Used
w
de
im
fa

Hemp 8063-14-7 Antim
gr

Wood pulp N/A Disp
w

Leaf Abaca N/A Hern
dr

Nettle (Urtica dioica) 84012-40-8 Pant
he

Alginate (ALG) 9005-32-7 Nontoxic Wou
tre
he

Seed Cotton Multiple CAS#s Surg
un
st
b

Branan ferulate/corn bran
(polysaccharide)

Wou

Name CAS# and toxicity Appli

Natural/animal (protein)

Silk (fibroin) Multiple Soft
te
su

Wool (hair) N/A, noted allergic
reactions
Noncarcinogenicity

Not known to cause carcinogenesis.
Durability

l Breaking point
l Tenacity

Fungal growth on textile materials is more rapid at
a relative humidity greater than 80%. Higher resistance
properties exist in textiles with high wickability and small
pore size. Fabrics where antibacterial agents have been added
to the fiber structure resist growth of bacteria such as Staph-
ylococcus aureus and Escherichia coli at a rate 5 times higher
than fabrics where such agents were applied only to the
surface.

Patency?
Static regurgitation?
Dynamic regurgitation?
Belastic hydrodynamics?
s

cations Properties

to draw infection from
ounds, tissue repair drug
livery, wound management,
plantables, interactive
brics, pressure garments

Biodegradable, high tenacity, hollow
core, bamboo pole shape

icrobial release, skin
afting, diapers, sutures

Biodegradable, high tenacity

osables, composites,
adding

Biodegradable

ia mesh, wound
essing

Hydrophobic, biodegradable,
hydroscopic, high tenacity

y liners, hygiene textiles,
mostatic dressing

Breathable, soft hand, high
abrasion resistance

nd care (dressings and
atments), matrix simulation,
mostyptic, and emulsifier

Biodegradable, bioabsorbable, ion
exchange, ion exchange, can
activate macrophages, hemostatic

ical gowns, bedding,
iforms, compression
ockings, wound care,
andages, gauzes, lint

Biodegradable, kidney bean shape,
twisted, high abrasion resistance
and strength, hydrophilic, low
elasticity, soft hand, hollow canal

nd care

cations Properties

tissue implants, artificial
ndons and ligaments,
tures, wound care

Hydrophilic, biocompatible, high
tenacity, smooth surface

Absorbent, resilient, elastic,
crimped, round shape, high
tenacity, hydrophilic,
hygroscopic, low mechanical
strength

(Continued)



Catgut (protein) Multiple Wound care, sutures Absorbable, bioabsorbable, low
biocompatibility

Class Name CAS# and toxicity Applications Properties

Manufactured/(mineral and metal fibers D rubber)

Mineral Glass (fiberglass) 65997-17-3
Noted skin irritant and

inhalation toxicity

Hemostatic bandages, dental
materials, regenerative
medicine, plasters

Hydrophilic, thermoplastic, high
mechanical strength

Activated Charcoal fibers 16291-96-6 Wound care
Metal Metal (silver, gold, steel) Multiple Sutures Nonbiodegradable

Nitinol 52013-44-2 Stents Biocompatible, resistant to corrosion
and thrombogenicity, unique thermal
shape memory, superelasticity, and
high damping properties

Natural rubber Latex (elastodiene) 9006-04-6
Possible allergen

Disposable gloves, condoms,
catheters

High elasticity and high elastic
recovery

Name CAS# and toxicity Applications Properties

Manufactured (regenerated animal)

Chitosan/chitin: (polysaccharide) 9012-76-4
Nontoxic

Wound treatment, drug
release membranes,
artificial skin, retention
bandages, support and
compression bandages

Biodegradable, subject to hydrolysis,
biocompatible, bioabsorbant,
antibacterial, high surface area,
bioactive, antithrombogenic,
hemostatic, antibacterial properties

Collagen 9050-08-2 Contact lenses, wound care, sutures,
artificial cornea, cosmetic surgery,
burn care, cell culture research,
artificial esophagus, orthopedics

Biodegradable, biocompatible,
bioabsorbable, low mechanical
strength, promotes wound
healing, high tenacity, low
antigenicity, promotes cellular
attachment & growth

Gelatin (collagen) 900-70-8
Possible mucosal

irritation or injury
to gastrointestinal
tract

Adult cell preparation, induced
pluripotent stems (iPS), Cell
cultures, reagents, blocking
reagents, substrates, buffers &
blockers, plasma & blood proteins,
plasma, blood, proteins, adhesives

Name CAS# & toxicity Applications Properties

Manufactured/(regenerated cellulose)

Cellulose 9004-34-6 Dialysis tubing, extracorporeal
devices

Biodegradable, subject to hydrolysis,
hemocompatible

Dextrane 9004-54-0 Regenerative medicine Causes contact dermatitis in women
after systemic exposure

Fibrin 9001-31-4 Regenerative medicine, tissue
adhesive, scaffolds

Forms part of the blood clot in the
presence of thrombogen

Hyaluronic acid 9004-61-9 Regenerative medicine, scaffolds
for tissue engineering

High viscosity, biocompatible,
bioresorbable

Lyocell (rayon) N511 (TRIS Sys Chem ID) Medical dressings, baby diaper
wipes

Soft, absorbent, high tenacity
when wet or dry

Polylactic acid (PLA) 26100-51-6 Sutures, stents, dialysis media &
drug delivery devices, dental
implants atissue engineering

Biodegradable, biocompatible,
hydrophobic, chiral molecule
resorbable, insoluble

Poly L-lactic acid (PLLA) 26811-96-1 Coating for implantables, implants
and prostheses, embedding
medium for microscopy, contact
lenses, keratin composites

Rigidity, stiffness, biocompatible
hydrophilic, bioresorbable,
semicrystalline, thermoplastic

(Continued)
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Name CAS# and toxicity Applications Properties
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Polyglycolic acid (PGA) 26009-03-0 Sutures, anastomosis rings, pins,
rods, plates and screws, scaffolds
for tissue engineering, metered
dose drug delivery, nonwoven
meshes

Biodegradable, resorbable, high
rate of hydrolysis, highly
crystalline, biocompatible

Poly(lactic-co-glycolic acid)
(PLGA) copolymer
of PLA and PGA

Local tissue reactions
may occur

Grafts, implants, prosthetic devices,
sutures, micro and nanoparticles

Short absorption time,
biodegradable, manipulatable
degradation time

Polyethylene (PE) 9002-88-4 Artificial tendons, artificial cartilage,
artificial joints & bones, surgical
drapes, diapers

Nonbiodegradable

Viscose (rayon) 9051-13-2 Sutures, wound care, plasters,
bandages, gauzes, wadding,
artificial kidneys & livers, surgical
caps & masks, wipes, bed sheets,
plasters

Biodegradable, striated, irregular
shape, hydrophilic, low tenacity,
low stiffness, soft hand,
hypoallergenic

Name CAS# & toxicity Applications Properties

Manufactured/(synthetic)

Polyoxymethylene (POM) 30846-29-8 Artificial joints/bones, insulin
pens, MDIs, prosthesis

Nonbiodegradable, subject to
hydrolysis, highly crystalline,
high strength

Polyacrylonitrile (PAN) 25014-41-9
Rat LD oral >3 g kg�1

(3000 mg kg�1) changes
in liver weight and
adrenal
weight, nontoxic

Capillary membranes,
vascular grafts

Thermoplastic, semicrystalline

Polyacrylonitrile (PAN) 37243-36-0
Nontoxic

Dental materials Thermoplastic

Polycaprolactone (PCL)
(C6H10O2)n

24980-41-4 Implantables, drug delivery devices,
sutures, adhesion barriers,
scaffolding, GBR membrane,
encapsulations (targeted drug
delivery), composites, root canal
filings

Biodegradable, biocompatible,
semicrystalline, bioabsorbable,
flexible

Polydioxanone (PDS) 31621-87-1 NOAEL Wound care, barbed sutures,
ligating clips, ligament
reinforcement

Resorbable, biodegradable,
biocompatible, flexible, high
elasticity, shape memory properties

Polyether ether ketone (PEEK) 31694-16-3 Orthopedics, suture anchors High tenacity, rigidity,
radiolucency, subject to
hydrolysis, biocompatible,
nonbiodegradable

Polyethylene glycol (PEG) 25322-68-3 Drug delivery, implants, matrix
simulation, dressings, laxatives,
excipients

Soluble

Polyurethane (PU, PUR) 9009-54-5 Orthopedic cushion bandages,
wound dressings

Flexible, high resiliency

Polyhydroxyethyl methacrylate
(pHEMA)

2549-16-5 Contact lenses, coating for
implants & prostheses

Biocompatible, hydrophilic

2-Hydroxyethyl methacrylate
(HEMA)

868-77-9 Contact lenses, cartilage
replacement, drug delivery systems

Permeable, hydrophilic

Polystyrol/polystyrene 9003-53-6 Regenerative medicine, tissue
engineering

Thermoplastic, biocompatible

Polysulfone (PSU) 25135-51-7 Membranes, capillary membranes,
hemodialysis, dentures

Hemocompatible

Polyamide Multiple Sutures, artificial tendons,
compression stockings,
coextrusion with cosmetic
ingredients

Nonbiodegradable

(Continued)
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Polypropiolactone (PPL)
– polymerized propiolactone

57-57-8
Known irritant
Known carcinogen

Synthetic muscle, medicine bottles Biodegradable, high flexibility

Polyester (PET) 25038-59-9 Orthopedic cushion bandages,
artificial kidneys tendons &
ligaments, sutures, vascular
grafts, heart valves, surgical
gowns & masks, bedding,
protective clothing, diapers,
compression stockings,
artificial arteries

Nonbiodegradable. High tensile
strength & abrasion
resistance, round shape,
straight, high elongation
and recovery, hydrophobic, subject
to hydrolysis, inert

Polymethyl methacrylate
(PMMA)

9011-14-7 Contact lenses, artificial cornea,
regenerative medicine, devices,
tissue separation, intraocular
lenses, bone cement, dentures,
dental filings, bioprocess
chromatography tubes,
microfluidic lab-on-a-chip devices

Nonbiodegradable, hydrophilic

Polyanhydride (Class of compound)
Nontoxic

Short-term drug delivery Biodegradable, biocompatible

Polyolefin (Class of compound) Bandages, packaging for
blood platelets

Nonbiodegradable

Polypropylene (PP) 9003-07-0 Orthopedic cushion bandages,
mechanical lungs, sutures,
surgical gowns, diapers,
protective clothing, hernia
repaira, nonabsorbable
sutures, plasters

Nonbiodegradable, high tenacity,
lightweight, high abrasion
resistance, medium elasticity,
high elastic recovery, zero
absorbent, low static buildup,
excellent wickability

Polytetrafluoroethylene
(PTFE)

9002-84-0 Sutures, soft tissue implants,
artificial tendons & ligaments,
vascular grafts, artificial blood
vessels, cardiovascular
implants, coating for surgical
implants, prosthetics

Nonbiodegradable, low coefficient
of friction, dielectric properties,
high resistivity

Elastane 24937-78-8
May cause contact

dermatitis

Compression stockings
& bandages

High elasticity

Spandex
(also known as lycra)

Polyurethane-polyurea
copolymer

Pressure garments,
elastic tubular bandages

High flame resistance, high
elasticity, and elastic recovery

Nylon
(nylon 6)
(nylon 6, 6)

63428-83-1 Pressure garments, dental
floss, sutures

Nonbiodegradable, high tenacity
and mechanical strength, high
elasticity and abrasion resistance,
good elasticity and recovery,
high static buildup, absorbent

Silicone 63148-53-8
Possible skin/eye

irritant

Bandages, breast implants,
contact lenses, scar
treatment, artificial cornea,
mechanical lungs, artificial
joints/bones

Nonbiodegradable

Polyvinylpyrrolidone
(PVP)

9003-39-8 Dressing materials,
controlled-rate release,
blood plasma expander

Chemical resistant,
bonding agent

Polyaspartic acid
(polyaspartate)

26063-13-8 Diapers, feminine hygiene
products, hydrogels,
oncology

Nontoxic, biodegradable

Acrylic acid 79-10-7
Possible skin and

respiratory irritant

Active dressings, matrices
for controlled-rate release
systems, tissue engineering

Strong chemical reactivity

Acrylic (acrylonitrile) 107-13-1
Known toxicity

Antibacterial wound care Hydrophobic, allows
modification by
copolymerization

(Continued)

Table 1 Fiber classifications and examples of each used in medical textilesdcont'd

Name CAS# and toxicity Applications Properties
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Methacrylic acid 79-41-4
Known toxicity

Controlled-rate release
of active substance
matrices

N,N 0-Methylenebisacrylamide 110-26-9
Known toxicity

Active dressings, matrices for
controlled-rate release systems,
tissue engineering

Carbon 7440-44-0 Artificial ligaments, bones & joints,
bond graph reinforcement

Nonbiodegradable, thermoplastic, high
tensile strength

aCurrently under evaluation for use as.

Table 1 Fiber classifications and examples of each used in medical textilesdcont'd

Name CAS# and toxicity Applications Properties
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Viability of Textile Materials

Determining which materials are toxicologically viable for
medical and healthcare textile drugs and devices to meet these
suitability requirements involves careful analysis of properties
inherent to a raw material’s chemical composition, molecular
formation, and physical attributes. Medical grade fiber is
becoming increasingly available, and the trend inmanufacturing
is moving away from industrial-grade raw material usage.
Chemical Composition

Biodegradable fibers are those that are absorbed by the body
within 2–3 months after implantation, and fibers that
take longer than 6 months to degrade are considered
nonbiodegradable.
Molecular Formation

Higher degrees of orientation indicate higher degrees of cell
alignment.

Higher degrees of crystallinity indicate higher strength,
stable structures that are less absorbent, stiffer, and more
resistant to deteriorating chemicals.

Forces of attraction that occur between polymers within
fibers include van der Waals forces, dipole–dipole interactions,
hydrogen bonding, and ionic bonding.

Cross-linking through covalent bonds is also possible.
Physical Attributes

Physical attributes include effect resiliency, elasticity, abrasion
resistance, wickability, hand/comfort, bulk, warmth, rate of
tissue encapsulation, drug release rate, rate of proliferation,
loading capacity, and elongation.
Longitudinal Configuration

l The cross-sectional shape of a fiber can be classified as
hollow core, round, dogbone, peanut, square with voids,
flat and oval, trilobal, or irregular.
l Lengthwise, their shape may be classified as straight,
twisted, coiled, or crimped.

l Surface contour can be classified as smooth, rough, slightly
grooved, deeply channeled, lobed, serrated, convoluted,
pitted, scaly, striated, or wrinkled.

l Porosity influences the rate at which tissue will grow and
encapsulate the implant, where higher porosity generally
promotes faster proliferation.

l Fiber membrane permeability regulates drug release rate,
loading capacity, and rate of proliferation.
Fiber Length

Fibers that are 1.5–6.5 inches are considered staple length, and
anything longer is classified as a filament length.

Fiber diameter – Fibers with larger diameters generally have
faster proliferation rates.

l Denier (US) – weight in grams per 9000 m of a linear
material

l Tex (used worldwide) – weight in grams per 1000 m of
a linear material

l Stress (gram per denier) where denier ¼ weight (grams/
(9 � fiber or polymer length in kilometer)), or (N/Tex)
where Tex ¼ weight (gram/fiber or polymer length in
kilometer)
Flexibility

l Malleability
l Ductility
l Elasticity
Medical and Healthcare Textile In-Use Properties

Toxicological soundness of medical and healthcare textile
products depends not only on the properties of the raw
materials these products are composed of, but also can be
a result of their engineering and manufacture (Figure 2 and
Table 2). General measures of properties resulting from
production and development include fluid control, durability,
hand, air permeability, barrier capacity, and microbial control.
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Figure 2 Basic manufactured textile structures.
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Sterilizability

Hospitals use peroxide plasma systems, steam autoclaves, and
ethylene oxide chambers for sterilization with temperatures
between 126 and 132 �F. Products destined for hospital use
must be designed to withstand these conditions.
Dying and Finishing

Microbial Control and Odor Management Finishing

These treatments must be quick-kill, nontoxic, and reload-
able/rechargeable. Current microbial control materials for
medical and healthcare textiles are biostatic rather than
biocidal.
Fluid Control

Absorbency
Wickability
Strike-through
Durability

Implants and vascular grafts may be subjected to fatigue, which
can cause creep, a type of failure. Abrasion and friction resis-
tance are also important.

Hand affects comfort, depends on the number of fibers and
yarns (picks), length of component fiber/polymer ends, flexi-
bility, and absorbency of components.

Air permeability and barrier capacity affect comfort and
promote air exchange to prevent overheating. Partial barrier
resistance is labeled resistant and total resistance is labeled
proof. Porosity determines the rate at which tissue will grow
and encapsulate the implant.
Regulatory Agencies

l FDA – Food and Drug Administration (USA)
l MHRA – Medicines and Healthcare Products Regulatory

Agency (UK)
l MDD – Medical Device Directive (EU)
l CSA – Canadian Standards Association (Canada)
l PAL – Pharmaceutical Affairs Law (Japan)
l The Healthcare Laundry Accreditation Council (HLAC)
Regulations

l CEN/TR 15917 – Guidance on labeling, determining wash
permanence, conducting studies for claim substantiation,
and safety evaluation.

l The Directive of Textile Names (96/74/EC) – Requires fiber
composition disclosure for all textile products.

l Textile Fiber Products Identification Act
l Advanced Therapy Medicinal Products
l Bloodborne Pathogen Rule. (via US Occupational Safety

and Health Administration)
l DIN EN 14065 – Wäschereien aufbereitete Textilien –

Kontrollsystem Biokontamination (Textiles – Laundry
processed textiles – Biocontamination control system)

l EC No 1223/2009 – Section of Cosmetics Directive 76/768/
EEC which applies directly to cosmetotextiles.

l ISO 13485 – standard assigning the general ISO 9000 quality
management standards to medical device manufacturers.

l ISO 10993 & EN 30993 – toxicological testing requirements
for interaction between medical textiles and the body.

l ISO 9092 & EN 29092 – defines nonwoven textiles
l NFPA code 99 – static resistant requirements for surgical

suites utilizing flammable anesthetics
l ANSI/AAMI PB70-2003 – Liquid barrier performance and

classification of protective apparel and drapes intended for
use in healthcare facilities.

l Care Labeling Rule (US Federal Trade Commission
regulation)

l Flammable Fabrics Act
B 16 CFR 1610 – patient apparel & all healthcare

garments
B 16 CFR 1615 & 16 CFR 1616 – children’s sleepwear
B 16 CFR 1632 – Mattresses and bedding

l Federal Insecticide, Fungicide and Rodenticide Act –

Antimicrobials
l FDA CFR title 21 – Medical devices
l FDA CFR Title 21, part 820 – quality control regulations



Table 2 Textile manufacturing methods and their uses in medicine: drugs and devices

Method of manufacture Properties Applications

Nonwoven
fabric

Dry spinning (dry-laid)
Methods: needle-punched, bonded web,
electrospun

Cost-effective, high tenacity and absorption,
good uniformity, fast liquid transfer, low
weight bulk, air permeable, good wash
resistance, high loading capacity, fair to
good transfer to skin

Sutures, dialysis tubing, dressings,
bandages, wound coverage, absorbent
pads, bedding, diapers, protective
garments, sanitary napkins, surgical
drapes, surgical masks, surgical sutures,
wound dressings, plasters, breast
implants, dental splints, root canal
filling

Wet Spinning (wet-laid)
Methods: bonded web and spunlaced

High loading capacity, wash resistance
dependent on fiber binder selection,
fair to good transfer to skin

Sutures, wound treatment, insulin pens

Melt spinning (polymer-laid)
Methods: spunbonded, hydroentanglement,
melt-blown, bonded, wet-adhesive, foam-
flame bonded, thermal bond, chemical
bond, foam laminated, gel-spun, melt-
electrospun

High bulk and tensile strength, soft hand,
excellent drapability, high tenacity and
elasticity, soft, good wickability and
breathability, hydrophobic

Sutures, MDI’s, insulin pens, delivery
devices, scaffolding, GBR membrane,
wound dressings, artificial organs,
gauze, plasters, sponges, disposable
clothing, artificial cartilage, artificial skin,
diapers, orthopedic cushion bandages,
contact lenses, drug release membranes,
encapsulation, impregnation, contact
lenses, wound care, artificial cornea,
tissue engineering, mechanical lung,
orthopedic cushion bandages, wadding

Yarns Wire Stents
Pile yarn Scaffolds, tissue engineering,
Specific-use ‘fancy’ yarns Reinforced wound dressings, surgical PA

threads
Multifilament and ‘braided’ filament yarns Implants, stents, sutures, artificial tendon,

artificial ligament
Woven

fabric
Plain weave, twill weave, and satin weave Bandages, bedding, surgical gowns,

compression, surgical drapes, diapers,
orthopedic bandages, gauze, lint, wound
care, surgical masks, surgical wipes and
towels, vascular grafts, heart valves,
uniforms, encapsulation, sutures, bone
and joint replacement, arteries,
esophagus, artificial tendons

Knit fabric
(weft or
warp)

Crochet Excellent drapability Compression stockings
Flat Excellent drapability Surgical caps, bandages, gauzes, vascular

grafts, hernia repair, stents, low-adherent
dressings

Circular Excellent drapability Artificial kidney, artificial liver, compression
stockings, heart valves, artificial arteries,
branched grafts, flared cuffs
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l Antimicrobial regulations (ISO 22610 Wet bacterial pene-
tration test, ASTMF 1671:2003, AATC test method 100, 147,
42:2000, and 127:1198)

l CS-191-53 – the US Consumer Product Safety Commission
requires a 3.5 s burn time for gowns, head coverings, and
surgical masks.
See also: Polymers; Implant Studies; Dyes and Colorants;
Charcoal; Silver; Gold; Polyethylene Glycol; Silicones; Acrylic
Acid; Acrylonitrile.
Further Reading

Anand, S.C., Miraftab, M., Rajendran, S., 2006. Medical Textiles and Biomaterials
for Healthcare. CRC Press, Woodhead Publishing in Textiles, Cambridge,
England.

Bartels, V.T., 2011. Handbook of Medical Textiles, first ed. Woodhead Publishing,
Oxford.

Horrocks, A.R., Anand, S.C., 2004. Handbook of Technical Textiles. CRC Press,
Woodhead Publishing in Textiles, Cambridge, England.

Langenhove, L.V., 2007. Smart Textiles for Medicine and Healthcare: Materials,
Systems and Applications. CRC Press, Woodhead Publishing in Textiles, Cam-
bridge, England.

Nierstrasz, V.A., Cavaco-Paulo, A., 2010. Advances in Textile Biotechnology. The
Textile Institute, Woodhead Publishing in Textiles, Oxford.

http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0030
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Sivaramakrishnan, C.N., 2009. Anthology of Specialty Chemicals for Textiles, first ed.
COLOURAGE, Colour Publications Pvt. Ltd, Mumbai, India.
Relevant Websites

http://www.aatcc.org/ – American Association of Textile Chemists and Colorists
(AATCC).

http://www.astm.org/index.shtml – American Society for Testing and Materials (ASTM).
http://www.tx.ncsu.edu/research/researchgroups/biomedicaltextiles/ – Dr. Martin W.
King’s Bio-Medical Textiles Research Group.

http://www.hlacnet.org/ – Healthcare Laundry Accreditation Council.
http://www.infectioncontroltoday.com/reports/2011/03/healthcare-textiles-laundry-

science-and-infection-prevention.aspx – Healthcare Textiles: Laundry Science and
Infection Prevention.

https://www.oeko-tex.com/en/manufacturers/concept/oeko_tex_standard_100/oeko_
tex_standard_100.xhtml – International Association for Research and Testing in
the Field of Textile Ecology (Oeko-Tex® ).

http://www.particleandfibretoxicology.com – Particle and Fibre Toxicology.

http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.01053-8/ref0035
http://www.aatcc.org/
http://www.astm.org/index.shtml
http://www.tx.ncsu.edu/research/researchgroups/biomedicaltextiles/
http://www.hlacnet.org/
http://www.infectioncontroltoday.com/reports/2011/03/healthcare-textiles-laundry-science-and-infection-prevention.aspx
http://www.infectioncontroltoday.com/reports/2011/03/healthcare-textiles-laundry-science-and-infection-prevention.aspx
https://www.oeko-tex.com/en/manufacturers/concept/oeko_tex_standard_100/oeko_tex_standard_100.xhtml
https://www.oeko-tex.com/en/manufacturers/concept/oeko_tex_standard_100/oeko_tex_standard_100.xhtml
http://www.particleandfibretoxicology.com
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l Name: Melphalan
l Chemical Abstracts Service Registry Number: 148-82-3
l Synonyms: Alanine, 3-[p-(bis(2-chloroethyl)amino)phenyl]-

L,L-; alanine nitrogenmustard; Alkeran; 4-[bis(2-chloroethyl)
amino]-L-phenylalanine; L-phenylalanine mustard

l Molecular Formula: C13H18Cl2N2O2

l Structure:
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Background

Melphalan is a nitrogen mustard derivative of the large neutral
amino acid L-phenylalanine. It was first synthesized in 1953 by
Bergel and Stock and is the active L-isomer of the compound.
The D-isomer, known as medphalan, is less active against
certain animal tumors, and the dose needed to produce effects
on chromosomes is larger than that required with the L-isomer.
The racemic (DL-) form is known as merphalan or sarcolysin.
Uses

Melphalan is an antineoplastic agent that acts as a bifunctional
alkylating agent. It is therapeutically indicated for the treatment
of selective human neoplastic diseases: multiple myeloma,
malignant melanoma, tumor of the testis, carcinoma of the
ovary, breast carcinoma, sarcoma of the extremities, chronic
granulocytic leukemia, childhood neuroblastoma, and poly-
cythemia vera. Also, it is used as an insect chemosterilant in
control or eradication programs.
Environmental Fate and Behavior

The release to the environment of melphalan may result
through various waste streams. It is practically insoluble in
water, insoluble in chloroform and ether, slightly soluble in
methanol, and soluble in ethanol, propylene glycol, 2% car-
boxymethyl cellulose, and alkaline and dilute acid solutions. It
hydrolyzes in aqueous solution.

If released into water, melphalan is expected to adsorb to
suspended solids and sediment in the water based on the
estimated Koc, using a structure estimation method based on
molecular connectivity indices, of 355. Volatilization from
water surfaces is not expected to be an important fate process
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
based on this compound’s estimated Henry’s law constant,
developed using a fragment constant estimation method, of
4.2� 10�13 atmm3mol�1 and its estimated vapor pressure,
according to a model of gas/particle partitioning of semivolatile
organic compounds in the atmosphere of 3� 10�10mmHg at
25 �C. Hydrolysis in water and in moist soil will be an impor-
tant fate process according to melphalan’s experimental neutral
aqueous hydrolysis rate constant at 25 �C of 0.15 h�1 which
corresponds to a half-life of 4.6 h at pH 7. In line with soil
compartment, insufficient data are available to determine the
rate or importance of biodegradation of melphalan in water.

If released to soil, it is expected to have moderate mobility
based on its estimated Koc. Volatilization from moist soil
surfaces is not expected to be an important fate process based
on its estimated Henry’s law constant, or from dry soil surfaces,
based on its estimated vapor pressure. Contrarily, hydrolysis in
moist soil may be an important fate process according to its
experimental neutral aqueous hydrolysis rate constant and its
half-life. There are no available data to determine the rate or
importance of biodegradation of melphalan in soil.

If released to air, the value of its vapor pressure indicates
that it will exist solely in the particulate phase in the atmo-
sphere. Melphalan will be removed from the atmosphere by
wet or dry deposition. On other hand, vapor-phase melphalan
will be degraded in the atmosphere by reaction with photo-
chemically produced hydroxyl radicals with an estimated half-
life of about 1.7 h.

An estimated bioconcentration factor value of 0.24, from an
experimental log Kow of �0.52, suggests that the potential for
bioconcentration in aquatic organisms is very low.
Exposure and Exposure Monitoring

Given the fact that this compound is mainly used for the treat-
ment of neoplastic diseases in human, the most important
human exposure route occurs through ingestion of the
prescribed drugs containing this compound. The general pop-
ulation is not expected to be exposed to melphalan, because
of its limited medical use. Occupational exposure may occur
through inhalation of drug dusts or droplets and dermal contact
with this compound at workplaces where melphalan is formu-
lated, packaged, and dispensed. So, health professionals who
handle it (pharmacists, nurses, and physicians) could potentially
be exposed during drug preparation, administration, or cleanup.

Melphalan’s production and use may result in its release to
the environment through various waste streams.
Toxicokinetics

Following oral administration, melphalan is absorbed from the
gastrointestinal tract in an incomplete and variable manner. It
also exhibits considerable variability with respect to the time of
its appearance in the plasma (rangew0 to 6 h), and in the peak
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plasma concentration achieved (range 70–4000 ngml�1,
depending on the dose). Approximately 60–90% of plasma
melphalan is bound to plasma proteins such as albumin. Most
of administered dose is chemically inactivated in the plasma by
nonenzymatic spontaneous hydrolysis and its metabolites
(monohydroxy and dihydroxy derivatives) persist in the body.
It is distributed to organs and tissues of the body (liver, spleen,
kidney, intestine, and to a lesser extent bone marrow, muscle,
skin, testis, and brain) when administered to rats. Elimination
of this compound is significantly correlated with the glomer-
ular filtration rate. In spite of renal clearance, about 30% of oral
administered melphalan (including metabolites) is excreted in
the urine within 9 days of administration. This is not its only
route of excretion, elimination also occurs in bile (20–50% of
the 14C-labeled drug is recovered in feces). Between 10 and
15% of the administered dose is excreted unchanged in the
urine within 24 h of administration.
Mechanism of Toxicity

Melphalan is a bifunctional alkylating agent of the nitrogen
mustard type that binds to cellular macromolecules and it is cell
cycle phase-nonspecific. This drug has the capacity to interfere
with normal mitosis and cell division in rapidly proliferating
tissues. Activity occurs as a result of formation of an unstable
ethylenimmonium ion, which alkylates or binds with many
intracellular molecular structures including nucleic acids. Its
cytotoxic action is primarily due to cross-linking of strands of
DNA and RNA, as well as inhibition of protein synthesis.
Acute and Short-Term Toxicity

Melphalan is usually given orally as a single daily dose or in
divided doses; it is also given intravenously as the hydrochloride.

The oral LD50 values of melphalan determined in rats range
from 13.0 to 16.0mg kg�1, indicating that this compound is
very toxic to mammals.

Overdoses, including doses up to 50mg day�1 for 16 days,
have been reported. Immediate effects are likely to be vomiting,
ulceration of the mouth, diarrhea, and hemorrhage of the
gastrointestinal tract. The principal toxic effect is bone marrow
suppression.

Subchronic exposure to doses similar to the LD50 values in
rats has been reported to produce general toxic signs: depres-
sion of spontaneous movement, blepharoptosis, piloerection,
roughing of hair, pallor of skin (ear), hypothermia, lacrima-
tion, diarrhea with weight loss, pigmentation around eyes and
nose, abnormal gait, and prostration. Deaths occurred from 4th
day to 10th day following administration and were associated
with dyspnea. The anatomopathological findings included
petechial hemorrhages in mucosa of distal intestinal tract,
decrease in cellularity of bone marrow, slight atrophy of spleen,
and congestion of liver, kidney, and adrenals.

Convulsions and progressive muscular paralysis were also
demonstrated in laboratory studies in animals receiving
melphalan.

In addition, this alkylating agent is a strong irritant to eyes,
skin, and mucous membranes.
Chronic Toxicity

Patients with melanoma who were treated with melphalan
underwent muscle atrophy or fibrosis, limb malfunction,
neuropathy, pain, and recurrent infections 1 year after perfu-
sion. A chronic exposure to melphalan may also cause gastro-
intestinal disturbances such as nausea and vomiting, diarrhea,
and oral ulceration. The major long-term toxicities are related
to infertility and secondary malignancies.
Immunotoxicity

One of the principal toxic effects of melphalan is bone marrow
suppression that results in hematological alterations such as
leukopenia, thrombocytopenia, and anemia. Leukocyte and
platelet counts usually return to normal levels during the fifth
week, but leukopenia or thrombocytopenia may persist for
6 weeks or longer after the drug is discontinued. However,
irreversible bone marrow depression has been reported in
some patients receiving the drug.
Reproductive Toxicity

Melphalan has strong reproductive effects in human. After
therapy with this agent, suppression of ovarian function in
premenopausal women resulting in amenorrhea has been
described. Melphalan causes impairment of spermatogenesis
such as azoospermia in men. Reversible and irreversible
testicular suppression have been reported.

Studies in laboratory animals have reported that this
compound is embryolethal and teratogenic in rats following
oral and intraperitoneal administration. Malformations
resulting from melphalan include alterations of the brain and
eye, reduction of the mandible and tail, as well as hepatocele.
Based on these studies, melphalan is considered a potentially
teratogenic agent.
Genotoxicity

Chromosomal aberrations and sister chromatid exchange in
peripheral blood lymphocytes have been reported in multiple
studies of patients treated therapeutically with melphalan just
like induction of micronuclei, chromatid breaks, and chro-
mosomal rearrangements in bone marrow cells in rats. This
compound produces cytotoxicity in specific male germ cell
stages. Thus, in the mouse-specific locus mutation and heri-
table translocation tests, increases in mutations were seen in
both spermatogonial and postspermatogonial germ cells. The
observed mutations originated primarily from large deletions
in the postspermatogonial cells whereas other types of muta-
genic mechanisms predominated in the spermatogonial cells.
Carcinogenicity

Epidemiological studies of patients with ovarian carcinoma,
multiple myeloma, or breast cancer have consistently shown
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a development of nonlymphocytic leukemia,myeloproliferative
syndrome, and carcinoma in the decade following therapy with
melphalan. Published reports of leukemia in patients who have
received melphalan suggest that the risk of leukemogenesis
increaseswith chronicity of treatment andwith cumulative dose.

Intraperitoneal administration and dermal application of
melphalan in rats and in mice for several months followed by
postdose observation produced peritoneal sarcomas, lympho-
sarcomas, skin papillomas and carcinomas, mammary gland
tumors, and lung tumors.

Thus, there is sufficient evidence for the carcinogenicity of
melphalan in humans and in experimental animals. Therefore,
according to the evaluation of carcinogenic risk to humans,
melphalan is classified by International Agency for Research of
Cancer as an agent carcinogenic to humans (Group 1).
Clinical Management

The potential benefits from melphalan therapy must be
weighed on an individual basis against the possible risk of the
induction of a second malignancy. Melphalan should be used
with extreme caution in geriatric patients, because elderly
individuals are more likely to have renal impairment. Because
normal defense mechanisms may be suppressed by melphalan
therapy, this should be used with extreme caution in patients
whose bone marrow reserve may have been compromised by
prior irradiation or chemotherapy, or whose bone marrow
function is recovering from previous cytotoxic therapy. The
bone marrow depressant effects of melphalan may result in an
increased incidence of microbial infection and bleeding. So,
hematologic parameters should be closely followed for 3–6
weeks. It has been suggested that the administration of autol-
ogous bone marrow or hematopoietic growth factors may
shorten the period of pancytopenia. General supportive
measures, together with appropriate blood transfusions and
antibiotics, should be instituted as deemed necessary by the
physician.

Administration of live virus vaccines to immunocompro-
mised patients should be avoided, because melphalan may
potentiate the replication of the vaccine virus, increase the
adverse effects of the vaccine, and decrease the patient’s anti-
body response to the vaccine.

No studies have been reported documenting the safety of
melphalan during pregnancy in human; melphalan is consid-
ered a potentially teratogenic agent and should not be used in
human during the pregnant period unless absolutely necessary.
In general, use of a contraceptive is recommended during
cytotoxic drug therapy.

Nowadays, there is no specific information available
regarding whether melphalan is excreted in breast milk.
Nevertheless, breast-feeding is not recommended while this
antineoplastic agent is being administered because of the risk
to the infant (adverse effects, mutagenicity, carcinogenicity).
Ecotoxicology

Melphalan pass unchanged through wastewater treatment
plants to surface water but there are no data available regarding
toxicity ofmelphalan to aquatic organisms. Cyclophosphamide,
other classical nitrogenmustard likemelphalan andwith similar
mechanisms of toxicity, has been reported to pose minimal risk
to aquatic organisms (algae and microcrustaceans).
Exposure Standards and Guidelines

Melphalan is a prescription drug subject to specific labeling
requirements by Food and Drug Administration.

Persons in charge of vessels or facilities are required to notify
the National Response Center immediately, when there is
a release of this designated hazardous substance, in an amount
equal to or greater than its reportable quantity of 0.454 kg.

When as a commercial chemical product or manufactur-
ing chemical intermediate or an off-specification commercial
chemical product, melphalan becomes a waste, it must be
managed according to Federal and/or State hazardous waste
regulations.
See also: Cancer Chemotherapeutic Agents;
Cyclophosphamide.
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on Carcinogens, Twelfth ed. National Toxicology Program, DHHS, pp. 258–259.
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IARC, Lyon, pp. 167–180.

Shelby, M.D., Gulati, D.K., Tice, R.R., Wojciechowski, J.P., 1989. Results of tests for
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Relevant Websites
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http://www.iarc.fr/ – International Agency for Research of Cancer.
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB – Toxicology Data Network.
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l Chemical description and names: Mephedrone is the
common name for 4-methylmethcathinone. The systematic
IUPAC name is (RS)-2-methylamino-1-(4-methylphenyl)
propan-1-one. It is a synthetic ring-substituted cathinone
closely related to the phenethylamine family, differing only
by a keto functional group at the beta carbon.

l Synonyms: Mephedrone is also known by some of its code
names – MMC or 4-MMC (which is an abbreviation for
4-methylmethcathinone), M-CAT or MMCAT. Other ‘street’
synonyms have been: subcoca-I, Plant Food, Meow Meow,
Miaow Miaow, Drone, Meph, Bubbles, Spice E, Charge,
M-Cat, Rush, Ronzio, Fiskrens, and MMC Hammer.

l Molecular formula: C11H15NO
l Molecular weight: 177.242
l Chemical Abstracts Service Registry Number: 1189805-46-6

(base); 1189726-22-4 (hydrochloride salt).
Physical Description

Mephedrone hydrochloride salt is a white powder, whereas its
free base is a yellowish liquid at ambient temperature. Meph-
edrone is typically sold as water-soluble crystalline stable
hydrochloride salt powder, white or lightly colored; most
probably as a racemic mixture of the R and S enantiomers. The
powder can be dissolved for oral/rectal use or for injection.
Mephedrone has also been found as capsules containing
powder and as tablets pressed from powder.
History and Epidemiology

In 1929, Saem de Burnaga Sanchez first described the synthesis
of mephedrone. The first online reference to mephedrone
occurred in 2003, although its availability for online purchase
and related popularity started in 2007. In 2010, many countries
in all regions, particularly Europe, North America and Oceania,
reported the use of mephedrone as substitutes for controlled
stimulants such as amphetamines, including methylenediox-
ymethamphetamine (MDMA; ‘ecstasy’). Although mephe-
drone has been under national control in European Union
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Member States since 2010, it is still being sold both online as
a legal ‘high,’ as well as through the same illicit supply networks
used for drugs such as MDMA and cocaine.
Uses

Mephedrone is used in recreational settings because of its stim-
ulant effects similar to amphetamines (particularly MDMA) and
cocaine. Mephedrone has no established or acknowledged
medical value or use (human or veterinary). There are no indi-
cations that it may be used for any other purpose.
Routes of Administration

The main routes of administration for mephedrone are repor-
ted as snorting (nasal insufflation) and swallowing (oral
ingestion), sometimes after dissolving with water. As mephe-
drone is primarily available in powder form, injecting use has
been reported but appears to be rare.
Toxicokinetics

Typical doses of mephedrone are 100–200 mg orally, with
onset of expected effects around 30–45 min and duration of
action between 2 and 5 h. When taken by nasal insufflation,
doses of mephedrone vary from 5 to 125mg, with a more rapid
onset of effects (within 10–20 min) and lasting approximately
1–2 h. Users may consume multiple doses during a session to
prolong the duration of the desired effects.

Following absorption, mephedrone undergoes extensive
Phase 1 metabolism. It is metabolized by a number of path-
ways, including (1) N-demethylation to the primary amine
(metabolites nor-mephedrone, nor-dihydro mephedrone, and
nor-hydroxytolyl mephedrone); (2) reduction of the keto
moiety to the respective alcohol (metabolites nor-dihydro
mephedrone and 4-carboxy-dihydro mephedrone); and
(3) oxidation of the tolyl moiety to the corresponding alcohol
(metabolites hydroxytolyl mephedrone and nor-hydroxytolyl
mephedrone) and the carboxylic acid (metabolite 4-carboxy-
dihydro mephedrone). The main enzyme involved is CYP2D6.
Besides these metabolites, the parent drug mephedrone is also
excreted in urine. Hydroxytolyl mephedrone and nor-
hydroxytolyl mephedrone metabolites are partly excreted in
the urine as sulfate and/or glucuronide conjugates.
User Reports

The desired psychological and behavioral effects reported
by users include euphoria, general stimulation, enhanced
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01189-1

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.01189-1


Mephedrone 195
music appreciation, elevated mood, decreased hostility,
improved mental function, and mild sexual stimulation.
Overall, these effects seem comparable to that reported for
other stimulant drugs such as MDMA, other amphetamines,
and cocaine.
Pharmacodynamics

Mephedrone is a psychoactive substance that belongs to the
group of synthetic cathinone derivatives. As a b-ketoamphetamine,
mephedrone acts as a central nervous system stimulant by
promoting the release of monoamine neurotransmitters and
inhibiting their reuptake. In accordance, mephedrone inhibits
vesicular monoamine transporters in rat striatal synaptosomes.
Mice hyperlocomotion induced by mephedrone is prevented
by 5-HT2A and D2 antagonists. The b-keto group creates
a more polar molecule with lower ability to cross the blood–
brain barrier, which lowers its potency. The presence of the ring
substituent on the phenethylamine core modifies the phar-
macological properties by giving the compound some MDMA-
like effects.
Mechanisms of Toxicity

The effect profile and clinical presentations of mephedrone
intoxications share some features seen with MDMA and
cocaine (e.g., seizures, agitation, paranoia, hallucinations),
implicitly supporting a sympathomimetic activity of mephe-
drone. Conversely, symptoms of depression and anhedonia
could be tentatively associated to a putative depletion of
serotonin and dopamine as a consequence of drug use, simi-
larly to what may occur with other stimulants. In fact, binge
administration of mephedrone (4 � 10 or 25 mg kg�1 sc per
injection), in a rat model, results in a rapid decrease in striatal
dopamine (DA) and hippocampal serotonin (5-hydroxytryp-
tamine; 5-HT) transporter function. Like MDMA, but unlike
methamphetamine or methcathinone, repeated mephedrone
administrations also caused persistent serotonergic, but not
dopaminergic, deficits.
Acute and Short-Term Toxicity

Animal

Several studies using animal models revealed the powerful
stimulant effects of mephedrone. Repeated and binge admin-
istration resulted in hyperthermia. The reported neurophar-
macological actions include behavioral effects and
hyperlocomotion in mice and rats. Cardiovascular effects,
including increased heart rate and blood pressure were
observed in rats. Animal studies have also provided evidence
supporting the abuse liability of this drug.
Human

Mephedrone shares a common toxicological profile with clas-
sical stimulants as its presumed mechanism of action involves
the increased release and re-uptake inhibition of monoamine
neurotransmitters. However, mephedrone comparatively pres-
ents a lower incidence of adverse effects, which result from
lower potency and shorter duration of action.

Typical stimulant-related effects are the most frequently
reported by mephedrone users. The most intense acute effects
include euphoria, increased concentration, talkativeness, urge
to move, empathy, jaw clenching, reduced appetite, and
insomnia. Reported dependence symptoms and a strong
compulsion to use the drug add to the health risk liability of
the drug. Patients with psychiatric, cardiac, or neurological
disorders may be at higher risk for developing adverse reactions
to the drug.

The irritant properties of mephedrone cause local effects
such as sore nasal passages, nosebleeds, sore mouth, and sore
throat, associated with the nasal insufflation of the drug.

Excessive sympathomimetic reactions accompanied by
extreme agitation, aggression, chest pain, nausea, panic,
increased body temperature, dehydration, confusion, halluci-
nations, seizures, cardiovascular symptoms (including hyper-
tension, tachycardia, and palpitations), and paranoid episodes
have been reported and are consistent with stimulant-induced
intoxications.

Repeated abuse of mephedrone has been recently associated
with acute kidney injury in one individual presenting also
neurological and cardiovascular symptoms. This patient also
developed rhabdomyolysis, hyperuricemia, and metabolic
acidosis.

Severe intoxications may lead to cardiovascular and
neurological complications and death. Several cases of fatal
intoxications have been recently reported. In most cases,
mephedrone was consumed in combination with other illicit
drugs, ethanol, and/or prescribed medications. Reported blood
concentrations in these lethal cases range between 0.13 and
22 mg l�1.
Clinical Management

Data to guide clinical management of patients intoxicated with
mephedrone is very scarce. Use of empirical measures extrap-
olated from treatment of intoxications caused by longer
established stimulant drugs has been advised. Reported treat-
ment measures include benzodiazepines administration for
management of agitation, and antipsychotic medications when
patients present intense psychotic symptoms.
Methods for Mephedrone Determination

Color screening test

Cathinone derivatives and in particular mephedrone do not
give a colored reaction with the classical Marquis Field test.
Screening and quantification

Analytical methods found in the literature report the analysis of
mephedrone in powder and capsules and/or in biological
specimens, including urine, plasma, and hair.

The current immunoassay screening methodologies used to
detect sympathomimetic amines on routine urine ELISA-based
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drug screening for amphetamines fail to detect mephedrone,
hence, only GC- or LC-MS methodologies have been used to
detect and quantify mephedrone. Due to its very polar
characteristics all the developed GC-MS methodologies
involve a pre derivatization procedure (by acetylation, meth-
ylation, or perfluoroacylation).
See also: Drugs of Abuse.
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l Names: (1) Methyl mercaptan, (2) Propenyl mercaptan, (3)
Phenyl mercaptan, (4) Furyl mercaptan

l Chemical Abstracts Service Registry Numbers: (1) 74-93-1,
(2) 122694-34-2, (3) 108-98-5, (4) 13129-35-6

l Synonyms: (1) Methanethiol, (2) Prop-1-enethiol, (3)
Benzenethiol, Thiophenol, (4) Furan-2-thiol

l Molecular Formulas: (1) CH4S, (2) C3H6S, (3) C6H6S, (4)
C4H4OS

l Chemical Structures:

CH3SH HS

SH

O

SH

(1) (2) (3) (4)

Background

The name ‘mercaptan’ is derived from the term ‘corpus mer-
curium captans’ (‘a substance that seizes mercury’) a name
given to these substances by early chemists, who showed that
they readily reacted with salts of mercury to form insoluble
complexes. The term ‘mercaptan’ is used interchangeably with
‘thiol,’ the latter term being derived from the Greek ‘thion’
(sulfur) plus ‘alcohol,’ reflecting the fact that mercaptans are
the sulfur analogs of alcohols. ‘Thiol’ is the more modern and
the preferred nomenclature for these compounds.
Uses

The most noticeable feature of mercaptans is their organoleptic
properties. Low molecular weight aliphatic mercaptans are
detectable in air at a concentration of 1 ppb or below, as is
phenyl mercaptan. These compounds are very important for
the taste and smell of food, with propenyl mercaptan being
a major contributor to the organoleptic properties of onions,
and furyl mercaptan to those of cooked meat. Other mercap-
tans have been shown to contribute to the taste and smell of
a diverse range of foodstuff, including milk, cheese, peas,
potatoes, cabbage, soy sauce, and oysters. Many mercaptans are
deliberately added to processed food in order to improve the
organoleptic properties of the product.

While food is an important source of exposure to many
mercaptans by humans, volatile mercaptans are released during
industrial processes such as oil refining and paper making and
from the effluent from facilities involved with the intensive
rearing of farm animals, particularly pigs. Mercaptans are also
formed during the decomposition of organic matter, and are
found in the effluent from dumpsites. Mercaptans are also
found in sewage treatment works and are released from feces
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
spread on farmland as fertilizer. They are also formed through
hydrolysis of certain organophosphorus compounds used in
agriculture. Humans are also exposed to mercaptans in indus-
trial processes through their use as synthetic intermediates in
the manufacture of methionine and of certain pesticides, and
from their use as odorants for natural gas.
Environmental Fate and Behavior

Low-molecular-weight aliphatic mercaptans undergo oxidation
in vivo, and are largely excreted as inorganic sulfate. Longer
chain aliphatic mercaptans and aromatic mercaptans are
methylated on sulfur to form the corresponding sulfide. The
sulfides subsequently undergo oxidation, and are excreted as
the corresponding sulfoxides and sulfones.
Mechanism of Toxicity

The major target tissue of mercaptans following inhalation,
skin application, or ingestion is the blood. These compounds
undergo oxidation by reaction with hemoglobin, forming the
disulfide, with concomitant production of superoxide radical,
hydrogen peroxide, and hydroxyl radical, the so-called reactive
oxygen species (ROS). The disulfide undergoes rereduction
within the erythrocyte, thus establishing a redox reaction for
generation of the highly toxic ROS. These oxygen derivatives
destroy the erythrocytes, leading to hemolytic anemia,
a phenomenon known as ‘oxidative hemolysis.’
Acute and Short-Term Toxicity of Mercaptans

Toxicity by Inhalation

The median lethal concentrations (LC50s) of a number of
mercaptans in rats are shown in Table 1.

Of the aliphatic mercaptans, methyl mercaptan is the most
toxic. Among straight-chain compounds, toxicity was found to
decrease up to the butyl derivative, but increased again with
pentyl and hexyl mercaptans. The branched-chain butyl deriv-
atives were much less toxic by inhalation than n-butyl
mercaptan. Phenyl mercaptan was shown to be highly toxic by
inhalation, with an LC50 more than 20 times lower than that of
methyl mercaptan.

Exposure of rats to methyl mercaptan for 90 days at
a concentration of 50 ppmwas not lethal, but caused hemolytic
anemia. Similarly, sec-butyl mercaptan at 400 ppm for 90 days
caused hemolytic anemia in rats. In the later study, there was
also evidence of renal tubular degeneration and damage to
nasal turbinates at 400 ppm. No effects were seen at a concen-
tration of 100 ppm.

A laborer exposed to high levels of methyl mercaptan by
inhalation and possibly also by skin contamination became
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Table 1 Acute toxicity of mercaptans by
inhalation

Compound LC50 (ppm)

Methyl mercaptan 675
Ethyl mercaptan 4420
Propyl mercaptan 7300
n-Butyl mercaptan 4020
Isobutyl mercaptan >25 000
tert-Butyl mercaptan 22 500
Pentyl mercaptan w2000
n-Hexyl mercaptan 1080
Phenyl mercaptan 33
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comatose. Hematological examination revealed methemo-
globinemia and severe hemolytic anemia developed over the
next few days. The patient subsequently died. There was
evidence that the erythrocytes of this individual were deficient
in glucose-6-phosphate dehydrogenase, an enzyme that
is crucial in protecting red blood cells against oxidative
hemolysis.

In an incident in Spain, a young man became unconscious
after inhaling methyl mercaptan in an industrial accident. He
regained consciousness after removal from the work area.
Examination in hospital showed no adverse effects other than
slight methemoglobinemia. This resolved within 36 h, and the
erythrocyte effects did not progress to hemolytic anemia. The
patient made an uneventful recovery.

Seven workers in Italy who were accidentally exposed to
high levels of butyl mercaptan for 1 h showed muscle weak-
ness, nausea, dizziness, and headache. One lapsed into a coma.
All recovered within a few days.

In a Japanese experiment, individuals were exposed to ethyl
mercaptan at 50 or 112 ppm for 20 min. Apart from a slight
and inconsistent decrease in respiration rate, no effects were
seen, and the subjects reported nothing other than the objec-
tionable odor of the test substance.

Effects in humans associated with odorous mercaptan-
containing discharges from animal facilities and wastewater
treatment plants have been extensively reported. Symptoms
described include eye, nose, and throat irritations, rhinorrhea,
headache, nausea, diarrhea, sore throat, cough, chest tightness,
palpitations, stress, depression, shortness of breath, drowsiness,
and mood alterations. Similar symptoms have been reported in
individuals living near to crops treated with the nematocide
ethoprop (O-ethyl S,S-dipropyl phosphorodithioate), which
releases propyl mercaptan through hydrolysis, and the defoliant
DEF (S,S,S-tributyl phosphorotrithioate), which is hydrolyzed
to butyl mercaptan.

In 1973, a ship carrying drums of merphos (S,S,S-tributyl
phosphorotrithioite, which, like DEF, releases butyl mercaptan
on hydrolysis) docked in Auckland, New Zealand, en route to
Australia. When the ship berthed, some of the drums of mer-
phos were found to be damaged and leaking, and were moved
ashore while authorities decided what steps to take with regard
to disposal. Butyl mercaptan escaped from the storage facility,
and permeated though a residential area of the city. Residents
became alarmed by the offensive smell, and a civil defense
emergency was subsequently declared. Six thousand people
were evacuated from their homes, and 600 people presented to
hospital in the belief that they had been poisoned by butyl
mercaptan. The effects reported in humans associated with
odors from animal production sites and wastewater treatment
plants, and after exposure to propyl and butyl mercaptan
derived from organophosphorus pesticides and defoliants are
of interest. The reported symptoms are quite consistent, but
a cause and effect relationship with mercaptan exposure is by
no means proven. Eye, nose, and throat irritations are reported
at concentrations far below those shown to cause irritation in
animals, and experiments in humans have shown that inha-
lation of high concentrations of mercaptans (albeit for short
periods of time) do not cause such symptoms. While health
effects following use of DEF have been reported, studies in
California have shown ambient concentrations of n-butyl
mercaptan no higher than 10 ppb, which is above the odor
threshold but well below the level expected to cause toxic
effects. Furthermore, the incidence and severity of the physical
symptoms in individuals exposed to mercaptan-containing air
pollution were not proportional to the intensity of the odor but
rather to the emotional response that it induced. Unpleasant
odors, such as those emitted by intensive animal production
faculties, can induce stress and negative mood, and people who
report that they are annoyed by odorous emanations from
waste treatment or animal facilities are more likely to report
adverse health effects than those who are indifferent to such
odors. The fact than the odor of mercaptans is perceived as
unpleasant may also be a factor, since unpleasant odors are
perceived as being more harmful than neutral or pleasant ones.
In the case of odors from animal production facilities, the
possibility must also be considered that the mercaptans simply
act as indicators of pollution, and the health effects are caused
not by these substances but by copollutants, such as dust,
endotoxins, allergens, or particles of fecal matter. The incident
in Auckland, initially described as indicating poisoning by
butyl mercaptan, was later reevaluated, with a diagnosis of
mass hysteria.
Toxicity by Skin Application

Phenyl mercaptan is highly toxic when applied to the skin. No
animal data on the toxicity of other mercaptans via skin
application are available.
Toxicity by Oral Administration

The median lethal doses (LD50s) of various mercaptans
following oral administration to animals are shown in Table 2.

Again, the toxicities of propyl and butyl mercaptans were
found to be lower than that of ethylmercaptan, while that of the
hexyl derivative was slightly higher. The acute toxicities of the
unsaturated phenylmercaptan and 2-methylfuryl mercaptan are
much higher than those of the saturated derivatives.

Repeated oral administration of aliphatic, aromatic, and
heterocyclic mercaptans to rodents has been shown to cause
hemolytic anemia. Aromatic mercaptans and aliphatic
mercaptans with a double bond adjacent to the thiol group are
much more powerful hemolytic agents than saturated
mercaptans, since the unsaturated linkage facilitates ROS
production via redox cycling.
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Plants of the Brassica family contain substantial amounts of
S-methyl cysteine sulfoxide. After crushing or chewing, this
substance is degraded to dimethyl disulfide, in redox equilib-
rium with its reduction product, methyl mercaptan. Kale
(Brassica oleracea) is widely used as winter-feed for ruminants,
but excessive consumption of this plant by the animals leads to
hemolysis and anemia, sometimes resulting in death.

Onions, shallots, chives, and leeks contain high levels of
S-propenyl cysteine sulfoxide, which is broken down to the
unsaturated compounds, propenyl mercaptan and dipropenyl
disulfide. Since unsaturation increases ROS production from the
redox cycling between mercaptans and disulfides, it would be
expected that ingestion of these vegetables would be particularly
effective in inducing hemolytic anemia. There is no evidence of
such an effect in humans, even in populations with a high intake
of these vegetables, but sheep, cattle, and chickens do suffer
hemolytic anemia when fed waste containing these vegetables or
if allowed access to fields containing the remains of onion crops,
and many deaths have been reported in such animals. Dogs and
cats are also vulnerable to the toxic effects of onions.

Farmers should be aware of the danger of allowing access of
ruminants or chickens to plants of the Allium family, and of the
risk of feeding excessive amounts of brassica vegetables.
Furthermore, pet owners should never feed dogs or cats with
onions or similar vegetables, since even small amounts can
cause severe toxic effects.

There appears to be little likelihood of harm to consumers
from the use of mercaptans as food additives. The levels
employed are very low. And the amounts that can be added to
food are controlled by regulatory authorities.
Irritant Activity of Mercaptans

Instillation of undiluted ethyl, propyl, or butyl mercaptan into
the eyes of rabbits caused mild to moderate irritation. Hexyl
mercaptan was not an irritant, while severe irritant effects were
seen with phenyl mercaptan.
Chronic Toxicity

No information on the long-term toxicity or carcinogenicity of
mercaptans is available.
Table 2 Acute oral toxicity of mercaptans

Compound Species LD50 (mg kg�1)

Ethyl mercaptan Mouse
Rat

w1500
682

Propyl mercaptan Mouse
Rat

3000
1790

n-Butyl mercaptan Mouse
Rat

w3000
1500

Isobutyl mercaptan Rat 7168
tert-Butyl mercaptan Rat 4729
n-Hexyl mercaptan Rat 1254
Phenyl mercaptan Rat 55
2-Methylfuryl mercaptan Mouse 100
Reproductive Toxicity

No evidence of teratogenicity was observed in an inhalation
study with n-butyl mercaptan in rats and mice. No other
mercaptans appear to have been tested for possible effects on
reproduction or development.
Genotoxicity

No information on the genotoxicity of mercaptans is avail-
able. Certain sulfides, which are formed through in vivo
metabolism of mercaptans, and disulfides, the oxidation
products of mercaptans, have been shown to protect against
the action of known genotoxins such as cyclophosphamide
and aflatoxin.
Clinical Management

In the event of severe exposure to mercaptans, affected indi-
viduals should be removed from the area of exposure and
contaminated clothing should be removed. Emergency services
should be alerted and the victim’s skin and eyes should be
thoroughly washed with water. Subsequent follow-up should
include checks for symptoms of oxidative hemolysis (methe-
moglobin and Heinz bodies in erythrocytes) and regular
hematological assays in order to detect the possible onset of
anemia.
Ecotoxicology

Methyl mercaptan has been shown to be lethal to fish at
a concentration of 1 ppm in water. No information on the
ecotoxicity of other mercaptans is available.
Exposure Standards

The US National Institute of Occupational Safety and Health
has set a limit of 0.5 ppm in air by volume, determined as
a ceiling concentration for any 15 min period, for exposure to
aliphatic mercaptans in workplace air, and a limit of 0.1 ppm
for phenyl mercaptan.
Other Hazards

The most likely situation leading to poisoning in humans is
industrial accidents, involving the release of bulk quantities of
mercaptans. In this situation, death is possible, particularly
among individuals from ethnic groups, such as American
Blacks and people from certain areas of the Mediterranean that
show a relatively high incidence of erythrocytic glucose-
6-phosphate dehydrogenase deficiency. Aromatic mercaptans,
such as phenyl mercaptan, should be handled with particular
care, since they are significantly more toxic than the aliphatic
derivatives.
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See also: Food Additives; Mercaptoethanol, 2-; Merphos;
Methyl Disulfide; Occupational Toxicology.
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l Name: Mercaptoethanol, 2-
l Chemical Abstracts Service Registry Number*: 60-24-2
l Synonyms*: b-Mercaptoethanol; Mercaptoethanol; Thio-

ethanol; 2-Hydroxy-1-ethanethiol; Mono-
thioethyleneglycol; Thiomonoglycol; 2-Thioethanol;
2-mercapto-, thioglycol

l Molecular Formula*: C2H6OS
l Chemical Structure*:

OH

HS

*All from ChemIDplus.
Background

2-Mercaptoethanol (2-ME) is a clear colorless to very faint
yellow liquid that boils at 157–158 �C and has a concentration
of 14.3 M (mol l�1). The bulk product decomposes slowly in
air. If kept sealed at room temperature, it will remain pure
(more than 99%) up to 3 years. 2-ME is miscible in water in all
proportions, and miscible in alcohol, ether, and benzene.
Solution of 2-ME is readily oxidized in air to a disulfide,
particularly at high pH values.

It should be remembered that its reaction with strong acids
or alkali metals will release flammable hydrogen gas, and it is
combustible as a liquid or vapor. 2-ME can be toxic if ingested,
and fatal if inhaled or absorbed through the skin. 2-ME was
found to be more toxic than ethanol to all tissues but showed
a significant diminished toxicity upon dilution.
Uses

2-ME is used to reduce disulfide bonds and can act as a bio-
logical antioxidant by scavenging hydroxyl radicals (among
others).

Some proteins can be denatured by 2-ME via its ability to
cleave disulfide bonds. By breaking the S–S bonds, both the
tertiary structure and the quaternary structure of some proteins
can be disrupted. Because of its ability to disrupt the structure
of proteins, it is used in the analysis of proteins, for instance, to
ensure that a protein solution contains monomeric protein
molecules, instead of disulfide linked dimers or higher order
oligomers.

2-ME is used in some RNA isolation procedures to eliminate
ribonuclease released during cell lysis. Numerous disulfide
bonds make ribonucleases very stable enzymes, so 2-ME is used
to reduce these disulfide bonds and irreversibly denature the
proteins. This prevents them from digesting the RNA during its
extraction procedure.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Dietary effects of 2-ME on health and disease have been
investigated. The studies revealed that 2-ME is beneficial for both
growth/function of other cell-types in vitro, including those of
other species, and when fed orally, it impeded and/or reversed
some in situ physiological changes associated with aging.
Environmental Behavior, Fate, Routes, and Pathways

2-ME is considered a toxin, causing irritation to the nasal
passageways and respiratory tract upon inhalation, irritation to
the skin, vomiting and stomach pain through ingestion, and
potentially death if severe exposure occurs. 2-ME has a very low
odor threshold (0.12–0.64 ppm) and smells like the odorant
used in natural gas. Symptoms of exposure may include
burning sensation, coughing, wheezing, laryngitis, shortness of
breath, headache, nausea, and vomiting.
Exposure and Exposure Monitoring

Inhalation, eyes, and dermal contact are possible routes of
exposure. 2-ME vapors can irritate the eyes, mucousmembranes,
and respiratory tract. Symptoms of inhalation exposure may
include coughing, sore throat, and/or shortness of breath.
Mechanism of Action

Studies by Fontaine et al. exhibited that 2-ME increased
nonspecifically the potency of different agonists (acetylcholine,
5-hydroxytryptamine, nicotine,bradykinin, prostaglandinE2)on
the guinea pig ileum. These effects are of noncholinergic origin
and are not related toprostaglandin synthesis. In this study, itwas
clear that 2-ME acted directly on the smooth muscle cells of the
guinea pig ileum which is probably related to reduction of
disulfide bonds located on the membrane surface and by this
mechanism modulated the muscular contractile activity.

In another study when rats were exposed to 2-ME,
a remarkable increase was observed in liver triacylglycerol and
blood-free fatty acid levels. Also a slight reduction of liver
phospholipids and a significant reduction of blood tri-
acylglycerol and blood phospholipids were reported.
Acute and Short-Term Toxicity

Animal

Animal experiments indicated that ingestion of less than 40 g
may be fatal. In a study, it caused long-lasting, moderately
severe, corneal opacity in rabbit eyes. It was found that respi-
ratory depression has occurred in animals following inhalation
of high concentrations. Also cyanosis, central nervous system
depression (muscle weakness, incoordination, coma), and
death were reported. Chronic subcutaneous injection in labo-
ratory animals produced minor cardiovascular system
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regulatory disorders, decreased hemoglobin, and other hema-
topoietic effects.

Human

Decreased respiratory rate was reported in two persons. In the
Eriksson study (1989), a suicide due to oral intake of 2-ME was
reported. High concentrations of 2-ME and its metabolite
2-mercaptoacetate were found in the urine and gastric content
of the victim.
Chronic Toxicity

Chronic exposure of baboons led to the production of arte-
riosclerosis in them.
Immunotoxicity

Incubation of stimulated/mouse/lymphocytes with 2-ME for
72 h produced a significant further elevation of glutathione
(GSH) levels and thymidine incorporation. 2-ME also increased
the GSH content in unstimulated cultures, but it had little effect
on thymidine incorporation. IL-2 increased GSH content and
decreased thymidine incorporation in unstimulated lympho-
cytes. Exposure of cells to DL-buthionine-(S,R)-sulfoximine, an
inhibitor of GSH biosynthesis, significantly depleted GSH and
lowered the proliferative response, suggesting a crucial role of de
novo GSH synthesis for lymphocyte activation.
Reproductive and Development Toxicity

No studies were found regarding the reproductive effects of
2-ME in humans. It was found that 2-ME inhibits closure of
neural tube in explanted chick embryos.
Genotoxicity

2-ME increased sister chromatid exchange rates in Chinese
hamster ovarian cells, was negative in the Ames Salmonella
typhimurium assay, and produced equivocal results in the
mouse lymphoma forward mutation assay.
Carcinogenicity

Harker et al. studies showed that 2-ME had cytotoxic activity on
endothelial cells in vitro.
Clinical Management

As mentioned, exposure can occur by inhalation, ingestion, or
dermal contact. If eyes are exposed to 2-ME, they should be
washed with large amounts of water for at least 15 min, occa-
sionally lifting the upper and lower eyelids. In the case of skin
contact, medical aid should be provided immediately and the
affected area should be washed with plenty of soap and water
for at least 15 min while removing contaminated clothing and
shoes. If ingested, nothing must be given by mouth to an
unconscious person. In the case of inhalation of 2-ME, the
exposed person should be moved to fresh air immediately. If
not breathing, give artificial respiration or oxygen (no mouth-
to-mouth resuscitation).
Ecotoxicology

The environment could be polluted by waste-derived 2-ME
production and its use in a wide spectrum of industries.
2-ME is soluble in water and has very high mobility in soil.
Also, it is very toxic to aquatic life and organisms, with long-
lasting effects.
Exposure Standards and Guidelines

Workplace environmental exposure level: 8 h time-weighted
average 0.2 ppm, skin.
See also: Mercaptans.
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l Name: Mercuric chloride
l Chemical Abstracts Service RegistryNumber: CAS 7487-94-7
l Molecular Formula: HgCl2
l Chemical Structure:

CI CI
Hg

Background

Mercury is found in trace amounts in the air, but the largest
deposits on earth are as cinnabar (mercuric sulfide). It exists in
several forms such as a liquid metal (quicksilver), as a vapor,
and in compounds (organic and inorganic). Mercury has been
used as a medicine, to make amalgams, and in many industrial
applications. Exposure to mercury can be toxic in any of its
forms, in any route (ingestion, skin contact, and inhalation)
depending on the dose and duration of exposure. Thermom-
eters, ‘button’ batteries, the new energy-saving fluorescent light
bulbs, and many seafood (shellfish, tuna, marlin, and many
others) contain mercury, and are, therefore, potential sources
of mercury poisoning. The primary intracellular target of
mercury is the sulfhydryl groups in many tissue enzymes and
proteins. Binding of –SH– groups paralyzes vital functions,
eventually causing failure of organ systems such as the lungs,
kidneys, or the nervous system.

Industrial disasters cause release of mercury or methylmer-
cury into the environment. The classic example of such
a disaster is the contamination of Minamata Bay in Japan,
where the term Minamata disease originated. Studies from
about 1956 to 1960 suggested the unusual symptoms
(neurological) found in people in this area was traced back to
industrial wastewater containing methylmercury. Nearly 2200
people were diagnosed and over 1700 deaths were eventually
attributed to methylmercury poisoning. Mercury has been used
in skin creams; the most recent problem cream was identified
in 1996 from Mexico named ‘Crèma de Belleza-Manning.’
Mercury poisoning can be caused by all forms of mercury
(elemental, vapor, inorganic, and organic).
Uses

Mercuric chloride is used in preservatives for wood and
anatomical specimens, embalming solutions, disinfectants,
photographic intensifiers, leather tanning, seed treatments,
analytical reagents for organic syntheses, and the manufacture
of other mercury-containing compounds. Pharmaceuticals
containing mercuric chloride have also been used therapeuti-
cally as topical antiseptics and disinfectants.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Mercury adsorbed from mercuric chloride and 2-methoxy-
ethylmercury chloride (Aretan) solutions by three contrasting
soils showed a dependence on soil–solution ratio and initial
mercury (Hg) concentration in soil solution. Changing the
soil–solution ratio from 1:10 to 1:100 but keeping the initial
concentration constant resulted in an increase in initial
concentration but, on the other hand, resulted in decrease in
Hg adsorption. Upon manipulation of the pH of the surface
soils, adsorption of mercuric chloride at 100 mg Hg l�1

concentration increased from w70 to over 95 mg Hg kg�1

when the pH was raised from 5.0 to 8.0. Precipitation of Hg
may also have contributed to this trend. Removal of organic
matter from soil resulted in large reductions of Hg adsorbed, as
much as 95% from the mercuric chloride solutions. Mercuric
compounds found in the atmosphere are likely to be trans-
formed by chemical or physical processes. Theoretical calcula-
tions on the photodissociation of mercuric compounds have
indicated that mercuric chloride and mercuric cyanide are
stable, while mercuric hydroxide may dissociate in the gas
phase. Exchange reactions between water and mercury
compounds are likely to occur in the atmosphere. These
exchange reactions eventually result in the release of elemental
mercury into the gaseous phase.
Exposure Routes and Pathways

In its elemental form, mercury is a heavy silvery liquid at
room temperature and has a very high vapor pressure.
Mercury vapor is more soluble in plasma, whole blood, and
hemoglobin than in distilled water, where it dissolves only
slightly. The major natural sources of mercury are degassing of
the earth’s crust, emissions from volcanoes, and evaporation
from natural bodies of water. (The worldwide mining of
mercury is estimated to yield w10 000 tons per year. The
activities lead to some losses of mercury and direct discharges
to the atmosphere.) Other important sources are fossil fuel
combustion, metal sulfide ore smelting, gold refining, cement
production, refuse incineration, and industrial applications of
metals.

Occupational exposure to inorganic mercury has been
investigated in chloralkali plants, mercury mines, thermometer
factories, refineries, and dental clinics. High mercury levels
have been reported for all these occupational exposure situa-
tions, although levels vary according to work environment
conditions.
Toxicokinetics

Gastrointestinal absorption of mercuric chloride from food is
less than 15% in mice and w7% in a study of human
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volunteers. In humans and other mammals, the kidneys
are the primary targets where mercuric ions accumulate.
Renal uptake and accumulation of mercury in vivo are rapid.
As much as 50% of low dose of mercuric chloride
(0.5 mmol kg�1) has been shown to be present in the kidney of
rats within a few hours after exposure. Within the kidney it
accumulates primarily in the cortex and outer stripe of outer
medulla. Mercuric chloride does not readily cross the blood–
brain barrier but will accumulate in the placenta. Urinary and
fecal excretion of mercury is the principal means by which
humans and other mammals eliminate the different forms of
mercury from the body. Under most circumstances, a greater
fraction of a dose of mercury is excreted in the feces than in the
urine early after exposure to a nonnephrotoxic dose of
mercuric chloride.
Mechanism of Toxicity

A reference from Middle Ages in Goldwater’s book on mercury
describes oral ingestion of mercury as causing severe abdom-
inal cramps, bloody diarrhea, and suppression of urine. This is
an accurate report of the effects following accidental or suicidal
ingestion of mercuric chloride. Injection of mercuric chloride
produces necrosis of the epithelium of the pars recta kidney.
Cellular changes include fragmentation and disruption of the
plasma membrane and its appendages, vesiculation and
disruption of the endoplasmic reticulum and other cytoplasmic
membranes, dissociation of polysomes and loss of ribosomes,
mitochondrial swelling and loss of amorphous intramatrical
deposits, and condensation of nuclear chromatin. Although
exposure to a high dose of mercuric chloride is directly toxic to
renal tubular lining cells, chronic low-dose exposure may
induce an immunologic glomerular disease. This form of
chronic mercury injury to the kidney is clinically the most
common form of mercury-induced nephropathy. Experimental
studies have shown that the pathogenesis of chronic mercury
nephropathy has two phases: an early phase characterized by
anti-basement membrane glomerular nephritis followed by
a superimposed immune complex glomerulonephritis with
transiently raised concentrations of circulating immune
complexes.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute LD50 of mercuric chloride lies between 10 and
20 mg kg�1 i.p. for rodents. The features of acute toxicity
usually consist of shock, cardiovascular collapse, acute renal
failure, and severe gastrointestinal damage. Exposure of
animals to mercuric chloride primarily causes nephrotoxicity.
Renal injury induced by mercuric chloride is generally
expressed fully during the initial 24 h after exposure and can be
induced in rats with single dose as low as 1.5 mmol Hg kg�1.
Rats tend to be more vulnerable to nephrotoxic effects of
mercuric chloride than New Zealand white rabbits or several
strains of mice. In rats, nephrotoxic doses of mercuric chloride
produce selective alterations in the pars recta causing selective
necrosis of the proximal tubules. p-Aminohippuric acid is
produced in the pars recta, and its secretion is very sensitive to
mercuric chloride.

A 16 day study was conducted by the National Toxicology
Program in which rats and mice of each sex were administered
six different concentrations (0–20 for rats and 0–80 mg kg�1

for mice) of mercuric chloride in deionized water by gavage for
12 days. A significant mortality was recorded with adminis-
tration of the highest dose of mercuric chloride in both rats and
mice. Analysis of kidney, liver, and brain tissues for mercury
residues revealed that the highest concentration was in the
kidneys of rats and mice. Acute renal tubule nephropathy
occurred in dosed rats and was slightly more severe in males
than in females. Chemical-related lesions in mice included
renal tubule necrosis, inflammation and necrosis of the for-
estomach, and necrosis of the glandular stomach.
Human

Mercuric chloride is primarily a skin and mucous membrane
irritant that is rapidly absorbed. Acute poisoning by ingestion
or inhalation may cause severe nausea, vomiting, hematemesis,
abdominal pain, diarrhea, melena, renal damage, and pros-
tration. Ingestion of 1–2 gmercuric chloride may be fatal. Acute
poisoning and death have also resulted from dermal applica-
tions of mercuric chloride solutions. In 1951, 18 cases of
human poisoning were reported following oral ingestions of
single dose of mercuric chloride, nine of which resulted in
death. The lethal doses ranged from 29mg kg�1 body weight to
at least 50 mg kg�1. The most common autopsy findings in
these cases were gastrointestinal lesions (ranging from mild
gastritis to severe necrotizing ulceration of the mucosa) and
renal lesions that had resulted in renal failure.
Chronic Toxicity (or Exposure)

Animal

Groups of rats and mice (n ¼ 60) of each sex received three
different concentrations (0, 2.5, or 5 mg HgCl2 kg�1 for rats
and 0, 5, or 10 mg kg�1 for mice) in deionized water by gavage
5 days per week for 2 years. A 15 month interim evaluation
suggested that the severity of nephropathy was increased
in male rats and mice as compared to females. Chronic
nephropathy appeared to develop at an accelerated rate and led
to decreased survival in both dosed male rat groups at the end
of 2 years. Secondary effects of renal dysfunction in dosed male
rats resulted in increased incidences of fibrous osteodystrophy
of the bone, mineralization of various tissues, and parathyroid
gland hyperplasia. Under the conditions of these 2 year gavage
studies, focal papillary hyperplasia and squamous cell papil-
lomas in the forestomach as well as thyroid follicular cell
adenomas and carcinomas were observed in male rats. In the
same study, evidence for increases in squamous cell papillomas
in the forestomach of female rats was equivocal. An equivocal
evidence for renal adenomas and adenocarcinomas was
observed in male mice. This tumor type is rare in mice, and the
increase in incidence was statistically significant when
compared with historical controls. Two other nonpositive
lifetime rodent studies were considered inadequate. Based on
the absence of data in humans and limited evidence of
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carcinogenicity in rats and mice it has been termed as a Class 3
carcinogen. The relevance of the forestomach papillomas to
assessment of cancer in humans is questionable because no
evidence indicated that the papillomas progressed to malig-
nancy. The relevance of the increase in thyroid tumors has also
been questioned because these tumors are generally considered
to be secondary to hyperplasia; this effect was not observed in
the high-dose males. It should also be noted that the authors
considered the doses used in the study to exceed the maximum
tolerated dose for male rats.
Human

Most of the studies with potential mercury toxicity in humans
deal with metallic mercury vapor or methylmercury. There are
no adequate epidemiological studies with mercuric chloride
exposure in humans.
In Vitro Toxicity Data

Results from genetic toxicity studies using a variety of assays
indicate that mercuric chloride is not mutagenic in bacteria or
yeast, but it may produce chromosomal damage and mitotic
disruption (c-mitosis) in some plant and animal test systems.
Clinical Management

A patient airway should be established. Suction may be used
if necessary. Signs of respiratory insufficiency should be
watched out for and assisted ventilations provided if necessary.
Oxygen should be administered by nonrebreather mask at
10–15 l min�1. Pulmonary edema should be monitored and
treated if necessary; shock should be monitored and treated if
necessary. Seizures should be anticipated and treated if neces-
sary. For eye contamination, eyes should be flushed immedi-
ately with available water. Each eye should be irrigated
continuously with normal saline during transport. Emetics
should not be used. For ingestion, the mouth should be rinsed
and 5 ml kg�1 up to 200 ml of water for dilution should be
administered if the patient can swallow, has a strong gag reflex,
and does not drool. Activated charcoal should be administered.
Chelation therapy for acute inorganic mercury poisoning can
be done with DMSA, 2,3-dimercapto-1-propanesulfonic acid
(DMPS), D-penicillamine (DPCN), or dimercaprol (BAL). Only
DMSA is FDA approved for use in children for treating mercury
poisoning.
Ecotoxicology

The organic forms of mercury are generally more toxic to
aquatic organisms than the inorganic forms. Aquatic plants are
more affected by mercury in the water at concentrations
approaching 1 mg l�1 for inorganic mercury (mercuric chlo-
ride) but at much lower concentrations of organic mercury.
Aquatic invertebrates vary greatly in their susceptibility to
mercury. Generally, larval stages are more sensitive than adults.
The 96 h LC50 varies between 33 and 400 mg l�1 for freshwater
fish and is higher for seawater fish. However, the organic
mercury compounds are more toxic.
Environmental Bioconcentration

Bioconcentration factors of 10 000 and 40 000 have been ob-
tained for mercuric chloride and methylmercury with oyster.
Atmospheric Concentrations

In the atmosphere, particulate-bound mercury constitutes only
w2% of total mercury in the air and has normally been found
to be less than 0.1 ng m�3 in regions unaffected by local
sources. Some other mercury compounds, which may exist in
the atmosphere, are mercuric chloride, mercuric bromide,
mercuric hydroxide, mercuric sulfide, and mercuric cyanide.
The rest is elemental mercury in the gaseous phase. In remote
areas over the Atlantic and Pacific oceans, mercury bound to
particulate matter concentrations are generally at or below the
picogram per cubic meter level.

See also: Kidney; Mercury.
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l Chemical Name: Mercury
l Chemical Abstracts Service Registry Number: 7439-97-6
l Synonyms: Hydrargyrum, Liquid silver, Quicksilver
l Chemical/Pharmaceutical/Other Class: Metals
l Molecular Formulas: Hgþ; Hg2þ
Background

Elemental mercury, a silver-white metal, is also known
‘quicksilver’ or ‘hydrargyrum.’ Mercury has been discovered in
Egyptian tombs dating as far back as 1500 BC. The chemical
symbol, Hg, is derived from the Greek word hydrargyros,
meaning ‘water silver.’ Mercury was known in antiquity and
used by alchemists. Its neurological effects were recognized
early, and its use in the hat-making trade gave rise to the phrase
‘mad as a hatter.’ Mercury has been used commercially and
medically for centuries. In the past it was a common constit-
uent of many medications, for example, it was used in the
treatment of syphilis. Use of mercury has been drastically
reduced in recent years. Within the twentieth century, mercury
used to be in every physician’s or pharmacist’s armamen-
tarium, for example, calomel was commonly used in infant
teething powders in the 1930s and 1940s.
Uses

The predominant use of mercury today is in the manufacture of
electrical meters, industrial control instruments, and dry
batteries.

The antibacterial and antifungal properties of organomer-
curials have also resulted in their long-term use as topical
disinfectants (thimerosal and merbromin) and preservatives in
medical preparations (thimerosal) and grain products (both
methyl and ethyl mercurials). Phenylmercury has been used in
the past in paints, and dialkyl mercurials are still used in some
industrial processes and in the calibration of certain analytical
laboratory equipment. A major issue in recent years has been
the presence of mercury in some vaccines, for example, in the
vaccine preservative thimerosal – this has led to suspension of
some vaccination programs and the development of preserva-
tive-free (i.e., mercury-free) vaccines as replacements.

Mercury can be used for the extraction of gold. In hospitals
and homes, it is still used in thermometers and blood pressure
cuffs, can be found in batteries, switches, and fluorescent light
bulbs. Large amounts of metallic mercury are employed as
electrodes in the electrolytic production of chlorine and
sodium hydroxide from saline. Today, exposure of the general
population comes from three major sources: fish consumption,
dental amalgams, and vaccines.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Despite the extensive knowledge of the dangers of mercury,
it is still misused and mishandled. For example, mercury has
been sold in recent years in the United States under the name
Azogue in Hispanic botanicas for oral administration to treat
constipation, colic, or stomachache, and there have also been
cases of mercury poisoning because of the use of a beauty
cream, Crema de Belleza–Manning (6–10% w/w mercury),
produced in Mexico but ‘commonly used among women of
childbearing age.’
Environmental Fate and Behavior

Mercury is a naturally occurring metal found throughout the
environment as the result of normal breakdown of minerals in
the earth’s crust by weathering processes involving wind and
water.

With the exception of mercury ore deposits, the amount of
mercury that naturally exists in any one place is usually very
low. Natural phenomena (approximately about 80%) such as
erosion and volcanic eruptions, and anthropogenic activities
(15%) like metal smelting and industrial production (5%) and
use may lead to substantial contamination of the environment
with mercury.

Mercury present as a liquid at room temperature and has
a vapor pressure of 0.002 mmHg at 25 �C. Mercury can exist in
three oxidation states – elemental (Hg), mercurous (Hgþ), and
mercuric (Hg2þ) – and it can be part of both inorganic and
organic compounds. Metallic mercury released in vapor form
to the atmosphere can be transported long distances before it is
converted to other form of mercury, and wet and dry deposi-
tion processes return it to land and water surfaces. Most inert
mercury (Hg2þ) in precipitation may bound to aerosol partic-
ulates and is relatively immobile when deposited on soil or
water. Mercury is transformed in the environment by biotic and
abiotic oxidation and reduction, bioconversion of inorganic
and organic forms, and photolysis of organomercurials.

Microorganisms, such as methanobacterium and fungi, can
convert inorganic mercury to methylmercury which may enter
into water or soil and may remain there for a long period of
time. Methylmercury is soluble, mobile, and quickly enters the
aquatic food chains. Biotransformation of inorganic mercury to
methylmercury by aqueous microorganisms is very important,
as methylmercury bioaccumulates.
Exposure Routes and Pathways

Humans may be exposed to organic forms of mercury by either
inhalation, oral, or dermal routes, and the effects of such
exposure depend on both the type of mercury to which exposed
and the magnitude of the exposure. Most of the mercury found
4-3.00875-7 207
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in the environment is inorganic mercury (metallic mercury and
inorganic mercury compounds). This inorganic mercury can
enter the air from deposits of ore that contain mercury, the
burning of coal or garbage, and the emissions of factories that
use mercury. Inorganic mercury may also enter water or soil
from rocks that contain mercury, factories, or water treatment
facilities that release water contaminated with mercury, and the
disposal of wastes. Inorganic or organic compounds of mercury
may be released to the soil through the use of mercury-con-
taining fungicides.

If mercury enters the water in any form, it is likely to settle to
the bottom, where it can remain for a long time. Mercury also
remains in soil for a long time. Mercury usually stays on the
surface of the sediments or soil and does not move through the
soil to underground water. It is a liquid at room temperature,
and evaporates into the air.

Inhalation and ingestion are the major routes of exposure,
but it can also be absorbed through the skin. In its elemental
form, mercury is the only metal that is in a liquid state at
room temperature. It readily volatilizes at standard tempera-
ture and pressure, and its presence in open containers can
result in biologically significant air concentrations in unven-
tilated or poorly ventilated spaces. As an example, in
a hospital laboratory study, mercury vapor levels of up to
0.71mgm�3 were reported in the general air of the institu-
tions’ laboratories; this was not surprising given the
approaches to mercury cleanup in nonchemical laboratory
areas included ‘sweeping up with Kimwipes,’ ‘wipe up with
filter paper,’ or ‘try to retrieve it.’

Extensive studies have been conducted on the consumption
of mercury (as methylmercury) from fish.
Toxicokinetics

Absorption varies significantly according to the form of
exposure (elemental, inorganic, or organic). Inhaled mercury
vapor crosses through the alveolar cells readily, is w75%
absorbed, and is carried by the red blood cells. Catalase in
these cells oxidizes elemental mercury almost at once to the
divalent state. Alcohol inhibits the catalase activity; however,
in the seconds it takes for a complete blood circulation cycle,
a significant amount of free mercury can cross the blood–
brain barrier.

Ingested or dermally applied elemental mercury is essen-
tially not absorbed (an exception involved infants who absor-
bed mercury from disinfected diapers). It is estimated that
humans absorb <10% of ingested elemental mercury; whereas
absorption of ingested methylmercury can be as high as 90%.

Mercury will cross the placental barrier. In mammalian
tissue, organic mercury, especially alkyl mercury, is converted
to inorganic forms but not vice versa. Inorganic forms of
mercury (not organic forms) induce a metallothionein. Inor-
ganic mercury concentrates mainly in the kidney. Organic
mercury compounds, being lipid soluble, concentrate in
adipose tissue and the brain. Elimination is primarily in the
urine and the feces, with small amounts in breath, sweat, and
saliva.

Mammalian tissue does not convert elemental mercury to
methylmercury.
Mechanism of Toxicity

Mercury has a great affinity for sulfhydryl moieties and, hence,
binds and inactivates a variety of enzymes. Methylmercury also
initiates lipid peroxidation, which can produce alterations in
cell membranes. Mercury damages the microtubules in the
brain by reacting with the protein tubulin.
Acute and Short-Term Toxicity (or Exposure)

Animal

Evidence of damage to brain, kidney, heart, and lungs have
been reported in rabbits exposed acutely to metallic mercury
vapor at certain concentrations. Both reversible and irreversible
toxic effects may be caused by mercury and its compounds. The
rabbit (inhalation) LCLo is 29 mg m�3 over 30 h, and another
rat (inhalation) TCLo is 4 mg m�3 over 2 h a day for 11 days.
Human

Mercury is an accumulative poison. Its toxicity depends on its
form. Symptoms may start rapidly after acute exposure to high
air concentrations of mercury vapor, and can include fever,
chills, and nausea. In severe cases (e.g., as a consequence of
heating), pulmonary edemamay cause death within a few days.
Acute exposure to mercury vapor can also produce bronchitis
and interstitial pneumonitis. The toxicity of mercuric chloride
(i.e., corrosive sublimate) has been well established. Oral
ingestion causes severe abdominal cramps, possible ulceration
and bleeding of the gastrointestinal tract, and bloody diarrhea.
Loose teeth are noted and hepatitis has been recorded.
Nephritis is common; if the renal tubes are extensively
damaged, it could lead to a possible fatal uremia. Renal failure
occurs rapidly and, when patients survive, they must be
maintained by dialysis. Regeneration of some kidney cells is
possible but the damage is usually permanent. Mercurous
chloride is relatively insoluble and, thus, much less toxic than
the soluble mercuric chloride.
Chronic Toxicity (or Exposure)

Animal

The carcinogenicity and mutagenicity of mercury have been
claimed; however, further verification is needed. Although
mercury is fetotoxic, the teratological aspect also needs further
study. The rat inhalation TCLo is 1 mgm�3 over 24 h a day for 5
weeks, 8mgm�3 over 6.5 h a day for 41 weeks, and 17mgm�3

over 2 h a day for 31 days.
Human

The neurotoxicity of mercury is devastating, especially for the
central and peripheral nervous systems of children. Central
nervous system defects and erethism as well as arrhythmias,
cardiomyopathies, and kidney damage have been associated
with mercury exposure. The central nervous system symptoms
include loss of memory, excitability, fever, and local tremors
that can progress to the entire body. Necrotizing bronchitis
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and pneumonitis from inhalation of mercury vapor can lead
to respiratory failure. Mercury is also considered a potent
immunostimulant and suppressant, depending on exposure
dose and individual susceptibility, producing a number of
pathological sequelae including lymphoproliferation, hyper-
gammaglobulinemia, and total systemic hyper- and hypo-
reactivities. Other clinical signs include inflammation of the
mouth and gums (gingivitis), tremors, loosening of teeth, jerky
gait, personality change, depression, irritability, and nervous-
ness. Other congenital abnormalities can occur with prenatal
exposure to methylmercury.

The importance of workplace and home diligence in the
handling and disposal of mercury is illustrated by a 9-year-old
boy who developed encephalopathy and peripheral neurop-
athy as a result of having dismantled, 3 months before the visit
to the doctor, a sphygmomanometer that had been provided
by the hospital for monitoring of blood pressure at home. The
family was unaware of the potential risks of mercury and when
the boy informed his mother a few days after spilling the
mercury in his bedroom, she attempted to dispose of the
mercury by vacuuming it and then flushing it down the toilet.
He was found to have a blood mercury level of 1000 nmol l�1

(normal ¼ 30 nmol l�1) but slowly recovered after chelation.
Mammalian tissue does not convert elemental mercury to
methylmercury; however, methylmercury can reside in the
muscle and liver of fish, and has led to disasters such as the
Minamata Bay and Niigata in Japan involving consumption of
mercury-contaminated fish. Various ocean or river biota that
had been eaten by the fish converted elemental mercury to the
lipid-soluble mercury compound, methylmercury; clinical
symptoms included encephalitis and disease or loss of the
general senses (touch, smell, taste, hearing, and vision). In Iran,
a local population ate bread that contained wheat seed that had
been dusted with a fungicide consisting of methylmercury. The
seed was intended for planting only. Symptoms of methyl-
mercury poisoning included difficulty in walking, ataxia,
paresthesia, sensory disturbance, and even deafness. A number
of brain centers were damaged in the visual cortex and
cerebellum.
Immunotoxicity

Oral exposure to inorganic and organic mercury in animals
indicated that the immune system may be a target organ for
mercury. Immune deposits were observed in the intestines and
kidneys of rats exposed to mercuric chloride for 2 months.
Suppression of the lymphoproliferative response occurred at
a higher dose of mercury in mice exposed to mercuric chloride
for 7 weeks. Reduced natural killer cell activity in spleen and
blood was exhibited in mice administered a diet containing
methylmercury for 12 weeks. However, adverse effects on the
immune system from exposure to mercury are unknown.
Reproductive Toxicity

Occupational exposure to metallic mercury has not been
shown to result in statistically significant effects on male
fertility. However, an increase in the rate of spontaneous
abortions may occur. A spontaneous abortion in a female was
observed after ingesting an acute dose of mercuric chloride.
Adverse effects on spermatogenesis and on histopathology of
the testes have also been reported in several studies in animals
exposed to methylmercury.

Methylmercury crosses the placental barrier. Thus, the
developing fetus can be exposed to mercury from the preg-
nant woman’s body through the placenta. Infants may also
be exposed to mercury from a nursing mother’s milk. Preg-
nant women who have not displayed any signs of mercury
toxicity have given birth to infants with birth defects. Some
infants were mentally retarded; some had palsy. However,
additional reproductive studies are still needed for further
assessment.
Genotoxicity

There are data from several in vivo studies on rats (oral expo-
sure) and mice (intraperitoneal) indicating that inorganic and
organic mercury compounds can cause clastogenic effects in
mammalian germinal cells. There is convincing evidence that
inorganic mercury compounds can interact with and damage
DNA in vitro. However, the combined results from these studies
do not suggest that metallic mercury is a mutagen.
Carcinogenicity

Mercuric chloride has been shown to demonstrate some
carcinogenic activity in male rats, but the data for female rats
and mice have been equivocal or negative. There is no credible
evidence that human exposure to either elemental mercury or
inorganic mercury compounds results in cancer.
Clinical Management

Management of the patient with elemental mercury inhalation
focuses on immediate removal of the patient from the source of
exposure, treatment of pulmonary effects, followed by identi-
fication and elimination of the source. Initial treatment of
inorganic mercury ingestion focuses on immediate manage-
ment of caustic ingestion followed by methods to increase
elimination of absorbed mercury. Symptomatic and suppor-
tive care is the mainstay of treatment for organic mercury
intoxication.

Normally, British anti-Lewisite (BAL; 2,3-dimercaptopro-
panol), administered intramuscularly, is used as an antidote for
mercury poisoning. Oral D-penicillamine has been used for
less severe cases. The I-acetyl derivative has been tested with
good results. Experimentally, oral m-2,3-dimercaptosuccinic
acid and the less toxic 2,3-dimercaptopropane-l-sulfonate are
more effective than BAL.
Other Hazards

For more than a century and a half, silver/mercury amalgam
fillings have been used in dental practice as the preferred tooth
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filling material. Such amalgams contain approximately 50%
elemental mercury.
Ecotoxicology

Mercury can be bioaccumulated in sea life and ‘magnified’ in
the food chain. Small fish and other organisms living in the
water can take up methylmercury and inorganic forms of
mercury. When larger fish eat small fish or other organisms that
contain methylmercury, most of the methylmercury originally
present in the small fish will be stored in the bodies of the large
fish. As a result, large fish living in contaminated waters can
collect a relatively large amount of methylmercury. Plants may
have a greater concentration of inorganic mercury in them if
they are grown in soil that contains higher than normal
amounts of mercury.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value, 8 h time-weighted average is
0.025 mg m�3 for mercury vapor and inorganic mercury. The
(US) National Institute for Occupational Safety and Health
Immediately Dangerous to Life or Health value is 10 mg m�3.
The US Food and Drug Administration permits zero addition
to the 20 mg of mercury contained in the average daily diet.
Much of this comes from consumption of fish and seafood.

When mercury does spill, a thorough cleanup is necessary,
and various commercial spill kits are available. Scrubbing with
an aqueous solution of sodium thiosulfate has been reported
to work well. A written set of work procedures and personal
protective equipment should be considered in situations where
mercury spills can occur.
Miscellaneous

Other countries with mercury-related exposure issues
include Iraq, Ghana, the Seychelles, and the Faroe Islands –

the exposures and effects of which have been extensively
studied.
See also: Button Batteries; Environmental Processes; Kidney;
Metals; Methylmercury; Neurotoxicity.
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Introduction

Mercury is just one of many hazardous substances that people
are being exposed to at ever-increasing rates. Incidents
involving mercury exposure such as the outbreaks in Mina-
mata, Japan, Iraq, New Mexico, and the Great Lakes all serve as
strong warnings of what unchecked industrial pollution and
careless handling of toxic substances can do to humans, wild-
life, and their surroundings. Industry, government, and
communities must work together to support regulations,
education, and enforcement to prevent the suffering and trag-
edies that are preventable today.
Sources of Mercury

Mercury is found in the environment in the metallic form and in
different inorganic and organic forms.Most of themercury in the
atmosphere is elemental mercury vapor; most of the mercury in
water, soil, sediment, plants, and animals is inorganic and
organic mercury (primarily methylmercury). Mercury occurs
naturally and is distributed throughout the environment by both
natural processes and human activities. Solid waste incineration
and fossil fuel combustion processes and human activities
contribute approximately 87% of the emissions of mercury in
the United States. Mercury is found in coal, and coal fired electric
power generating facilities are a major source of atmospheric
mercury in the United States and indeed worldwide. Other
sources of mercury releases to the air include mining and
smelting, which are industrial processes involving the use of
mercury such as chlor-alkali production facilities and production
of cement. Mercury is released to surface waters from naturally
occurring mercury in rocks and soils and from industrial activi-
ties, including pulp and paper mills, leather tanning, electro-
plating, and chemical manufacturing. An indirect source of
mercury in surface waters is mercury in the air; it is deposited
from rain and other processes directly to water surfaces and to
soils. Mercury also may be mobilized from sediments if
disturbed (e.g., flooding and dredging). Sources of mercury in
soil include direct application of fertilizers and fungicides and
disposal of solid waste, including batteries and thermometers, to
landfills. The disposal of municipal incinerator ash in landfills
and the application of sewage sludge to cropland result in
increased levels of mercury in soil. Mercury in air also may be
deposited in soil and sediments (see Figure 1).
Inorganic Mercury Exposure Incidents
Enc
“For then she bare a son, of many shifts, blandly cunning, a robber,
a cattle driver, a bringer of dreams, a watcher by night, a thief at the
gates, one who was soon to show forth wonderful deeds among the
deathless gods .”

Description of the birth of the Greek god Mercury
yclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Inorganic Mercury – Introduction

Elemental mercury, also known as quicksilver or metallic
mercury, is a silvery liquid at room temperature, with a low
boiling point, a high vapor pressure at room temperature, and
a high density, weighing 13.6 times as much as water. Stone,
iron, lead, and even humans can float on its surface. Its
toxicity has been recognized since Roman times when slaves
mined it in Almaden, Spain. While many rock types contain
somemercury, cinnabar contains the greatest concentration of
inorganic mercury (>80%). Elemental mercury is produced
from cinnabar by condensing the vapor of heated ore. Direct
mining for mercury is no longer practiced, but elemental
mercury is produced as a by-product of mining for other
metals.

Elemental mercury is used industrially in electric lamps
and switches, gauges and controls (e.g., thermometers,
barometers, and thermostats), battery production, nuclear
weapons production, and the specialty chemical industry,
including the production of caustic soda. Because elemental
mercury has a high affinity for gold and silver, it has been, and
continues to be used, in precious metal extraction from
ore. Elemental mercury has been used for over 100 years
in mercury–silver amalgam preparations to repair dental
caries. Mercury continues to be used in folk remedies and in
certain cultural practices, with unknown public health
implications.
Effects of Inorganic Mercury Exposure

Elemental mercury in the form of mercury vapor is readily
and rapidly absorbed into the blood stream when inhaled
and easily crosses the blood–brain barrier and the placenta.
After entering the brain, mercury is oxidized and will not
transfer back across the blood–brain barrier; thus continued
exposure to mercury vapor will result in mercury accumula-
tion in the nervous system. Oral ingestion of elemental
mercury is far less hazardous than inhalation of mercury
vapor due to its poor absorption in the gut. Acute, high-level
exposure to mercury vapor can result in respiratory, cardio-
vascular, neurological, and gastrointestinal effects, and even
death.

Either acute, high-dose or chronic, low-dose exposure to
mercury vapor can result in increasing and irreversible neuro-
logical effects. Symptoms include tremors and loss of feeling in
the hands (paresthesia or stocking-glove sensory loss),
emotional instability, insomnia, memory loss, and neuro-
muscular weakness. Exposure to mercury vapor may precipitate
tremor, drowsiness, depression, and irritability; such symp-
toms form the basis for the expression “mad as a hatter” and
the Mad Hatter in Lewis Carol’s, Alice’s Adventures in Wonder-
land. Decreased performance on memory tests and verbal
concept formation has also been documented in industry
workers exposed to mercury vapor.
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Figure 1 Environmental fate and distribution of mercury.
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The Hatting Industry

Inorganic mercury (as an acid of mercury nitrate) was used in
the felting industry to aid in matting felt. Felting was actually
a leading source of occupational mercury exposure in the
United States in the 1940s. A 1937 Census of Manufacture of
the US Census Bureau reported 5.2 million pounds of hatter’s
fur used in the production of over 30 million felt-hat bodies
among 140 factories in the United States. Danbury, Con-
necticut, was known as the hat-making capital of the world in
the late nineteenth century. A study of 25 Connecticut hat
factories demonstrated evidence of chronic mercurialism
among 59 of 534 hatters. Exposure to mercury vapor may
precipitate tremor, drowsiness, depression, and irritability;
such symptoms form the basis for the expression “mad as
a hatter” and the Mad Hatter in Lewis Carol’s, Alice’s Adventures
in Wonderland published in 1865 (Figure 2).
Thermometer Factory

Thermometers contain the less toxic elemental form of
mercury. Mercury in thermometers has almost never been
a safety issue in peoples’ homes if spills due to breakage are
detected and proper disposal occurs. However, in the 1970s
and 1980s, workers at the Staco thermometer plant in Poult-
ney, Vermont, began to notice a common series of health
problems – headaches, bleeding or sore gums, upset digestive
systems, and coordination problems. On investigation,
mercury was detected in the air of workers’ homes, on their
clothing and furniture, and most tragically, in the bodies of
many workers and their children. This was the first time in
which the children of mercury-handling workers were shown to
be directly affected. The plant was closed in 1984. Several plant
workers have since settled lawsuits with the company for
undisclosed sums.
Mercury in Floorboards of Residential Building

In January 1995, pools of mercury were discovered in the
floorboards of a residential building in Hoboken, New Jersey.
This building had been previously used to manufacture
mercury vapor lamps. There were 32 residents, including
6 children, exposed to mercury vapor while living in condo-
miniums of the converted manufacturing building. Air and
urine samples documented the exposure.
Mercury and Gold Mining

Environmental contamination from the use of mercury in gold
mining started centuries ago and continues till date. The
Peruvian Incas first used elemental mercury in gold mining in
the 1500s. The gold binds to the mercury and when the
mercury is removed, the gold is left behind. Imagine heating
a pan of a silvery substance (mercury–gold amalgam) and
watching it turn to gold, a trick worthy of any alchemist. The
mercury literally evaporates into the atmosphere leaving the



Figure 2 The Mad Hatter in Lewis Caroll’s, Alice’s Adventures in Wonderland.
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gold behind. This practice continues today in Central and
South America, Africa, and the Philippines. It is estimated that
it takes approximately 3–5 kg of mercury to extract 1 kg of gold.
A large portion of this mercury contaminates the local envi-
ronment, and by moving into the atmosphere can be rained
down to earth manymiles and even counties away contributing
to the global mercury contamination. The elemental mercury is
converted to methylmercury by bacteria after which it moves
up the food chain, often in fish that are consumed by a variety
of animals and humans. Local miners, their families, and
particularly children suffer from mercury exposure.
Skin-Lightening Creams

Inorganic mercury is added to skin-lightening creams because it
inhibits melanin formation when absorbed by the skin and
serves as a bactericide and fungicide. A recent report found
that the mercury content in consumer-purchased skin creams
was measured at 2.0–5.7% by weight. Mercury exposure
occurs by absorption through the skin as well as inhalation.
In five households studied, 22 people were identified as
possibly mercury exposed as both users and nonusers of the
mercury-contaminated creams. Mercury urine assessments
indicated that both cream users and nonusers had elevated
mercury excretion levels. The exposed nonusers included an
infant of 8 months of age. Six skin-lightening cream users had
symptoms consistent with chronic exposure to mercury,
including numbness, tingling, dizziness, forgetfulness, head-
aches, and depression. This a serious incident in which there
was documented exposure to mercury from mercury vapor,
skin exposure, and the potential exposure from breast milk for
infants. This is just one example of numerous studies that have
documented mercury exposure from cosmetic creams.
Organic Mercury Incidents

Organic Mercury: Introduction

Potential sources of human exposure to mercury include food
contaminated with mercury, inhalation of mercury vapors in
ambient air, and exposure to mercury through water, soil, and
sediment. Dietary intake is by far the most important source of
exposure to mercury for the general population. Fish and other
seafood products are the main source of methylmercury in the



Figure 3 Biomethylation and bioaccumulation of mercury.
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diet; studies have shown that methylmercury concentrations in
fish and shellfish are approximately 10–100 times greater than
in other foods, including cereals, potatoes, vegetables, fruits,
meats, poultry, eggs, and milk. The typical fish consumption
advisory is directed to women who may become pregnant,
pregnant women, nursing mothers, and the parents of young
children about the health benefits from eating fish and shellfish
lower in mercury (for example, shrimp, canned light tuna,
salmon, pollock, and catfish), while minimizing mercury
exposure by avoiding fish that are higher in mercury (for
example, shark, swordfish, tilefish, and king mackerel). As of
December 1998, mercury was the chemical contaminant
responsible, at least in part, for the issuance of 1931 fish
consumption advisories by 40 states, including the US territory
of American Samoa. The total number of fish advisories in effect
has continued to increase from 4249 in 2008 to 4598 in 2010.

The first reported use of organic mercury compounds in
chemical research occurred in 1863. Their synthesis immedi-
ately led to the recognition of their extremely high toxicity
relative to inorganic mercury forms, and by 1866 two chemists
had died from organic mercury poisoning. Therapeutic appli-
cations of organic mercurials in the treatment of CNS syphilis,
which began in 1887, led to nonoccupational poisoning. The
use of organic mercury-based medicines ceased soon after
because of their extremely high toxicity. The use of synthetic
organic mercurials as antifungal dressings for agricultural seeds
began in 1914. Their use in this industry has resulted in scat-
tered case reports of acute poisoning associated with the
chemical manufacture, application, and inadvertent consump-
tion of either the treated grain or of animals fed with the treated
grain. The use of organic mercurials in agriculture has resulted
in large-scale poisoning episodes worldwide, such as that
occurred in Iraq.

Both elemental mercury and inorganic mercury are used
in chemical manufacture, including vinyl chloride and
acetaldehyde synthesis (inorganic mercury) and chlor-alkali
production (elemental mercury). For example, in the
Minamata disaster – a tragic incident discussed in more
detail below – the factory involved used mercuric oxide
dissolved into sulfuric acid as a catalyst for the hydration
of acetylene to acetaldehyde. In addition, vinyl chloride
production at the Minamata factory used mercuric chloride
adsorbed onto activated carbon for the production of vinyl
chloride from acetylene and hydrogen chloride. It is these
processes that directly led to the contamination of Mina-
mata Bay and the Agano River, and Niigata by mercury
effluent. This discharge resulted in the large-scale human
methylmercury exposure and toxicity during the 1950s and
1960s and led to the present-day appreciation of mercury’s
environmental cycling, biomethylation, and food chain
transfer (see Figure 3).

Organic mercury compounds have also been used in latex
paint to extend the shelf life, though such uses are currently
restricted in the United States following the recognition of this
potential hazard to children. Subsequent evaluation of interior
rooms of homes painted with mercury-containing latex paint
found that mercury vapor concentrations were elevated and in
several cases were above the 0.5 mgm�3 concentration recom-
mended by the Agency for Toxic Substances and Disease
Registry.
Effects of Organic Mercury Exposure

Minamata Disease

The tragic developmental consequences of methylmercury
exposure first became evident in Japan. Two major epidemics
of methylmercury poisoning occurred in Japan (in Minamata
Bay and the Agano River in Niigata) between 1953 and 1960.
In both cases, mercury was discharged as mercuric chloride,
a catalyst for production of vinyl chloride and acetaldehyde.
Bacteria methylated the inorganic mercury and the methyl-
mercury bioaccumulated in fish and shellfish. In both cases,
there was an association between fish consumption and
incidence and severity of disease. Mercury was found in
concentrations of w10 mg kg�1 of fish. In Minamata Bay, cats
were first noted to fall ill, become ataxic, and die. Subsequently,
a neurologic syndrome developed in adults and children. ‘Fetal
Minamata Disease’ was the name given to the observed
epidemic of ‘cerebral palsy’ (CP) in Minamata (6% of births in
Minamata with CP compared to 0.5% of births elsewhere in
Japan): 121 cases and 46 deaths were reported in Minamata
from a neurologic disease manifested as paresthesias, con-
stricted visual fields, ataxia, and deafness (frequently tremor).
The clinical presentation varied with the age group. Mortality
was 50% in adults, 33% in children, and 12% in fetal exposure.
Fetal exposure resulted in CP, involuntary movement, difficulty
in chewing, abnormal speech, abnormal deep tendon reflexes,
but no deafness or visual deficits.
Other Consequences of Adult Exposure
to Methylmercury from Fish

While the primary focus of fish consumption advisories has
been on the developmental effects of mercury exposure, there is
growing evidence of adverse effects in adults who eat fish with
high levels of methylmercury. At the same time, fish are
an important source of protein and fatty acids, and there are
well-documented benefits from consumption of fish low in
methylmercury. Methylmercury accumulates in long-lived fish
high on the food chain such as tilefish from the Gulf of Mexico,
king mackerel, bluefin and bigeye tuna, shark, and swordfish.
Clinical symptoms of low-level methylmercury exposure are
variable and may be difficult to distinguish from background
health issues. Mercury-related health concerns may include
fatigue, headache, difficulty concentrating, memory loss, sleep
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disturbance, muscle and joint pain, and other disturbances.
High-level or chronic methylmercury exposure may result in
tremor, numbness, or tingling around the mouth, clumsy gait,
difficulty walking (ataxia), slurred speech, and ultimately visual
and auditory effects. Effects were evident in a review of 24
individual cases of clinically symptomatic methylmercury
poisoning associated with a range from 7 to 125 mg l�1 blood
mercury, and the majority of cases had levels below 40 mg l�1.
The Centers for Disease Control and Prevention define exces-
sive mercury exposure as a blood level above 10 mg l�1, while
others have suggested that action should be taken at blood
mercury levels above 5 mg l�1. Individual case histories indicate
that the elevated mercury blood levels are related to
consumption of fish known to accumulate mercury. People
with elevated mercury levels should be advised to limit
consumption of fish to those with lower mercury levels. The
Pomo Indians in California in 1983 had to stop eating local
fish because of high mercury in the fillets. Chippewa Indians in
Wisconsin in 1990 were found to have blood levels of mercury
high enough to cause developmental problems in fetuses.
The Chippewas consumed the walleye that swam in local
lakes. Ultimately, there need to be curbs on the release of
mercury into the environment to reduce mercury accumulation
in fish. The US Food and Drug Administration set a limit
of 1 ppm in commercially harvested fish, and the US Envi-
ronmental Protection Agency established a reference dose
of 0.1 mg kg�1 day�1.
Seed to Pigs to Family

In 1969 in Alamagordo, New Mexico, a farmer worked in
a seed store that supplied local farmers, and he maintained
a few pigs at home. He noticed a significant amount of
wastage in the form of spilled seed grain (treated with methyl
mercuric dicyandiamide) at the store, and he began sweeping
it up to feed to his pigs. Within a short time, his pigs became
ill. Of 18 pigs, 14 developed a neurologic illness and 12 died.
Fearful of the loss of his investment, the farmer had the rest of
the pigs butchered and froze the meat for the use of his family.
Within 2 weeks of eating the poisoned pork, 3 out of the
family of 10 were stricken with brain and spinal cord damage.
One girl lay unconscious for 8 months in the hospital before
waking totally blind and unable to speak. Twenty-two years
after this incident, all surviving members of the family were
carefully examined and tested. In this interim, the two youn-
gest children had died, and autopsy and toxicological findings
were available from one of these. Both were left in a vegetative
state until their deaths. Some recovery did occur in the older
children, but the visual defects, including blindness in one
and constricted visual fields in the other, did not improve.
Neither parent showed signs of poisoning, although both
were exposed.
Seed Grain

In 1971–72, a major epidemic occurred in Iraq in which 6530
persons were hospitalized and almost 500 died. In a well-
intentioned humane response to famine, several nations
shipped wheat grain intended for planting to Iraq. The seeds
had been treated with a methylmercury-containing fungicide to
hold down mold growth and preserve the viability of the seeds.
The seeds were also dyed red to serve as a warning, and
attempts were made to inform the natives of the hazards of
eating the seeds directly. Unfortunately, the dye washed off
readily and the fungicide did not; also, the warnings on the
bags were in Spanish because some of the grain had originated
in Mexico. Though the bags were also marked with the skull
and crossbones, as meaning poison, in the face of starvation,
many families milled the seeds directly into flour and made
and consumed the contaminated bread. Average intake
was three loaves of bread per day, 80–250 mg kg�1 day�1.
A neurological syndrome of paresthesias (peripheral nervous,
sensory dysfunction) ataxia, dysarthria, and deafness was
observed.
Mercury in Paint

Prior to the 1990s,mercury compoundswere routinely added to
interior and exterior paint to prevent bacterial and fungal
growth. The practice of addingmercury to paint was halted after
the adverse effects of inhaled mercury were seen in a 4-year-old
boy. The child’s unventilated bedroom was painted with
mercury-containing interior latex paint. The boy was diagnosed
with acrodynia, a rare disease caused by mercury exposure and
characterized by flushed cheeks, pink, scaling palms and toes,
profuse sweating, insomnia, and irritability. Manufacturers
agreed to discontinue the use of mercury in paint in 1991, but
because people often store paint for long periods of time, this
existing paint could still cause health problems.
Laboratory Exposure to Dimethylmercury

Mercury caused another tragic incident in Hanover, New
Hampshire. The story of Dartmouth College Chemistry
Professor Karen E. Wetterhahn made national headlines when
dimethylmercury (DMM) exposure caused her death at the
age of 48. In August of 1996, Wetterhahn, a specialist in toxic
metals, was working under a $7 million federal grant to study
toxic metals. She was poisoned in her lab by a drop of an
experimental mercury compound DMM, which accidentally
penetrated her latex glove and seeped through to her skin.
Symptoms began gradually like a stomach flu, but then she
began bumping into doors and suddenly falling down. Words
became difficult, her hands tingled, and 5 months after the
spill she was taken to the emergency room. Symptoms then
progressed rapidly: By the weekend she could not walk, her
speech was slurred, and her hands trembled. Diagnosed as
mercury poisoning, treatment was started, but little was
known about the rare man-made chemical DMM, a colorless
liquid that looks like water but is three times heavier and far
more toxic than other forms of mercury. Dr Wetterhahn
became ill in January of 1997 and was hospitalized. She
rapidly went into a coma and died that June. As a result of her
tragedy, safety standards for gloves and other protective
equipment were revised, and a movement began to eliminate
production and use of this most deadly form of mercury. The
first indication of the extreme toxicity of DMM was docu-
mented in 1863 when two laboratory assistants died of DMM
poisoning while synthesizing DMM in the laboratory of
Frankland and Duppa. Another case of DMM poisoning
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occurred when a Czech chemist in 1972 suffered similar
symptoms as Dr Wetterhahn and also died. For additional
information, see Dimethylmercury.

See also: Mercury; Methylmercury; Dimethylmercury;
Minamata; Neurotoxicity.
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l Name: Merphos
l Chemical Abstracts Service Registry Number: 150-50-5
l Synonyms: Tributyl phosphorotrithioite (IUPAC); Tributyl

phosphorotrithioite (CAS), also known as tributyl phos-
phorotrithioite; Tributyl trithiophosphite; Chemagro
B-1776; Easy Off-D; Folex; S,S,S-tributyl trithiophosphite;
Tributylthiofosfin; Phosphorotrithious acid, tributyl ester;
Butyl phosphorotrithioite ((bus)3p); Phosphorotrithious
acid, S,S,S-tributyl ester; S,S,S-tributyl phosphorotrithioite

l Molecular Formula: C12H27PS3
l Chemical Structure:
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Background (Significance/History)

Synthesis

Reaction between butyl mercaptan and phosphorus trichloride.
Classification and Labeling

Merphos has not been evaluated for classification for its hazard,
on the basis of the Global Harmonized System developed by
United Nations in the European regulation (EU) (Annex VI EU
Reg 1272/2008).
Uses

Merphos is an organothiophosphorus compound used as
a defoliant but the active ingredient is no longer contained in
any registered pesticide product in the US and in EU. Therefore,
Environmental Protection Agency (EPA) is characterizing it as
canceled.

The status of merphos in the EU pesticide database is ‘Not
Approved’ under the Regulation EC 1107/2009 and not
authorized at national level in EU countries. However
a maximum level of residues (MRL) is regulated in foods as the
default MRL of 0.01 mg kg�1 according to Art 18(1)(b) Reg
396/2005.

Merphos was used to defoliate cotton at application rates
of 1.1–2.2 kg active ingredient per acre and can induce leaf
abscission in some other plants, such as roses and hydrangeas.
It was particularly suited for total defoliation of cotton
preparatory to machine harvesting because the natural action
of the substance causes the leaves to drop in a relatively green
state with fresh weight adequate to cause them to fall to the
ground.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
The technical product used to have 95% purity. Formula-
tion used to contain 720 g active ingredient per liter or being an
emulsifiable concentrate containing 6 lb per gallon.
Environmental Fate and Behavior

Artificial Pollution Sources

Merphos will be released to the environment as a result of its
use as a defoliant on cotton preparatory to machine harvesting
for which it is used as an aqueous emulsion. It may also be
released during its production, transport, formulation, and
disposal. As it is currently not registered as a pesticide (at least
in European Union and the United States), the exposure is
expected to be unlikely.

Physicochemical Properties

Molecular weight: 298.5
Color/form: pale amber liquid
Odor: mild characteristic odor
Boiling point: 115–134 �C at 0.08 mm Hg
Density/specific gravity: 0.99–1.01 at 20.4 �C
Solubilities: sparingly soluble in water, soluble in acetone,

ethyl alcohol, benzene, hexane, kerosene, diesel, oil, heavy
aromatic naphthas, xylene, methylated naphthalene

Spectral properties: refraction index: 1.55 at 20 �C
Environmental Fate

Merphos is adsorbed strongly to soil and oxidized to
S,S,S-tributyl phosphorotrithioate (DEF). The Koc estimated for
merphos is theoretically 62 000; accordingly, merphos would
be immobile in soil.

In water, merphos will be oxidized to DEF. The fact that
merphos is expected to adsorb strongly to particulate matter in
the water column, apparently did not impede its oxidation.

In the atmosphere, merphos will exist as an aerosol and be
removed by gravitational settling and readily oxidized to DEF.
Vapor-phase merphos will react with photochemically
produced hydroxyl radicals, with an estimated half-life of 4.9 h.
Environmental Bioconcentration

Using an estimated log octanol/water partition coefficient of
7.67(1), one would estimate a bioconcentration factor of 40.
This would indicate that merphos would bioconcentrate in
aquatic organisms. However, merphos’ rapid oxidation in
water would suggest little tendency to bioconcentrate.

Volatilization from Water/Soil

The Henry’s Law constant for merphos estimated from struc-
ture activity relationships is 2.27 � 10�5 atm-cu-m mol�1.
Using this value, it is estimated a volatilization half-life for
4-3.01190-8 217
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merphos of 3 days in a model river 1 m deep flowing at 1 m s�1

with a wind speed of 3 m s�1. Similarly, the volatilization half-
life of merphos from a model lake 1 m deep, with a 0.05 m s�1

current and a 0.5 m s�1 wind speed is estimated to be 27 days.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Environmental Water Concentrations
Merphos was not detected in any of the 434 wells sampled
according to EPA’s Pesticides in Groundwater Database and
was not detected in any of the 54 wells, primarily municipal
supply systems for urban and residential use, in the early 1980s
performed in the United States.

Atmospheric Concentrations
Merphos was found in only one of 2479 air samples taken as
part of a national pesticide air monitoring program in the
United States during 1970–72. The positive sample contained
8.8 ng cu�1 and was 275 m from a formulation plant in North
Memphis in 1971.

Food Survey Values
Merphos was detected in food in Federal Drug Administration’s
adult Total Diet Study. Fewer than 10 of the 1044 composite
samples contained the pesticide. Merphos was detected in 9 of
6391 domestic agricultural commodities during surveillance
sampling during 1982–86 in the range 0.05–2 ppm. Of these,
seven samples exceeded EPA’s tolerance. During the same time
period, merphos residues were not found in samples of 12 044
imported agricultural commodities.
Human Exposure and Human Toxicity Cases

Human exposure to merphos may be mainly occupational,
especially by inhalation of aerosols or by dermal contact during
application. Merphos has been detected in some food and
therefore the general population may be exposed to merphos
in their diet. Currently it is no longer used as a defoliant and so
exposure is expected to be unlikely.

Two studies in human have been reported in relationship
with delayed neurotoxicity. They are described in the section
below specifically dealing with delayed neuropathy of
merphos.

Merphos is considered moderately toxic: probable oral
lethal dose (human) 0.5–5 g kg�1, between 3 and 130 g for
a 70 kg person.
Toxicokinetics

Absorption, Distribution and Excretion, and Metabolism/
Metabolites

Oral merphos was rapidly metabolized in gastrointestinal tract
directly to n-butyl mercaptan or following its oxidation to DEF.
N-butyl mercaptan apparently caused the late acute toxic
effects.

Merphos is readily absorbed through the skin. Topical
administration caused more prolonged inhibition of plasma
butyrylcholinesterase activity than oral dosing. Topically
administered merphos, which was not metabolized in gastro-
intestinal tract, caused delayed neurotoxicity but did not
produce a late acute effect.
Acute and Short-Term Toxicity

Effects on Animals

The toxicological information available in scientific open
literature and toxicity database is very limited and is mainly
about acute toxicity, cholinesterase inhibition, and delayed
neurotoxicity. Data of systemic toxicity in repeated dose study
are reports not publicly available but summarized in database.
The delayed neurotoxicity is described separately as is histori-
cally important and has been a matter of discussion.

When 23-day-old weanling male rats were compared with
that in adults the weanlings were found to be approximately
twice as susceptible to merphos acute toxicity.

The nature of the systemic toxic syndrome has not been
described, but at least some signs in animals are consistent with
cholinesterase inhibition.

In 90-day feeding trials, dogs and rats, receiving 750 mg
active ingredient per kilogram diet, showed depression of
cholinesterase levels but no other effects on pathology or
histology.

Fourteen cattle and twenty sheep were administered single
oral doses (25–200 mg kg�1 bw). Most prominent effects were
depression of blood cholinesterase activity and emaciation, with
or without diarrhea. The most prominent effects after up to 10
daily doses from 2.5 to 25mg kg�1 bwwere depression of blood
cholinesterase activity, with or without diarrhea and emaciation.
LD50 Values (From Toxicology Data Network, TOXNET: Merphos
Human Health Effects)

Rabbit percutaneous 5–10 g kg�1; rat oral male 1475 mg kg�1;
rat oral female 910 mg kg�1; rat dermal male 690 mg kg�1; rat
dermal female 615 mg kg�1; rabbit dermal 4600 mg kg�1; rat
oral 1.3 g kg�1.

Repeated dose toxicity data as reported in the Hazardous
Substances Data Bank.

1. 90-Day oral – hen: lowest effect level (LEL) ¼ 0.5 mg kg�1

per day; no observed adverse effect level
(NOAEL) ¼ 0.1 mg kg�1 per day. Hens receiving doses of
0.5–10 mg kg�1 per day lost weight, but regained it by the
end of the observation period. These hens also showed mild
to gross ataxia, and equivocal or negative histopathological
changes in the spinal cord and peripheral nerves (Abou-
Donia et al., 1980).

2. 90-Day feeding – rat: No observed effect level
(NOEL) ¼ 20 ppm (1.8 mg kg�1 per day); LEL ¼ 35.2 ppm
(3.8 mg kg�1 per day) reduced brain cholinesterase (ChE)
activity; no core grade (Virginia Carolina Chemical Corp.,
1960a).

3. 90-Day feeding – rat: reduced ChE NOEL¼ 0.5 mg kg�1 per
day; systemic NOEL ¼ 0.5 mg kg�1 per day;
LEL ¼ 2.5 mg kg�1 per day (increased liver weight); no core
grade.
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4. 90-Day feeding – rat: reduced ChE and systemic
NOEL ¼ 25 mg kg�1 per day; no core grade.

5. 90-Day feeding – dog: ChE NOEL ¼ 0.75 mg kg�1 per day;
LEL ¼ 2.5 mg kg�1 per day (plasma ChE inhibition); no
core grade.

6. 112-Day feeding – rat: ChE NOEL ¼ 0.1 mg kg�1 per day;
LEL¼ 0.25 mg kg�1 per day (red blood cells ChE inhibition
in females); no core grade.

7. 40-Day feeding – rat: ChE and systemic NOEL ¼ 1 mg kg�1

per day; no core grade.
Delayed Neurotoxicity Studies with Merphos

Merphos is neurotoxic to hens, the recommended model for
testing delayed neuropathy. The organophosphorus induced
delayed neuropathy is a neurodegenerative syndrome caused by
some organophosphorus compounds and was first described in
thousands of cases intoxicated with an arylphosphate tri-o-cre-
sylphosphate (TOCP) in 1920–30 in the United States and in
1959 in Morocco. DEF and tributyl phosphorotrithioite (mer-
phos; folex) were initially shown by Casida Baron, Eto and Engle
(1963) to induce clinical signs of ataxia in hens following a series
of intraperitoneal injections. These were the first alkyl esters
showed to induce signs of delayed neurological ataxia in hens.
Therefore, is especially relevant to point out under toxicological
and historical points of view, the delayed neurodegenerative
toxicity properties of merphos and its metabolite DEF.

DEF and merphos produced central and peripheral nervous
system lesions accompanied by clinical signs of ataxia similar to
those seen following administration of TOCP. Histological
examination (utilizing the Marchi stain) showed spinal cord
disruption before the onset of clinical ataxia. Oral administration
did not induce signs of peripheral weakness. However, severe
lesions in the spinal cord and sciatic nerve were prominent.
Enzymatic examination of the effect of DEF on spinal cord and
brain esterases at various intervals following administration
showed a pattern of esterase inhibition similar to that found after
TOCP, dyflos, and other organophosphates.

In a survey testing 40 organophosphorus (OP) compounds,
DEF induced ataxia if given dermally or orally at over 21mg kg�1

per day for up to 90 days, while merphos in this study did not
induce consistent ataxia whether administered orally or dermally.

In a more detail study, groups of mixed breed hens
(5 per group) were given a daily oral dose of 0.1, 0.5, 1.0,
2.5, 5.0, 10, 20, 40, or 80 mg kg�1 of merphos in gelatin
capsules for 3 months. The highest two doses needed
atropine sulfate as protection against cholinergic effects.
Appropriate positive (10 mg kg�1 per day TOCP) and
negative (1 mg kg�1 per day parathion) and atropine
controls were done. Birds were observed for 1 month after
dosing then sacrificed and tissues from the central and
peripheral nervous systems were taken for histological
examination. Hens receiving 20–80 mg kg�1 per day lost
weight and developed severe ataxia and delayed neurotox-
icity that progressed to paralysis including some mortalities.
Hens receiving doses of 0.5–10 mg kg�1 per day lost weight,
but regained it and also showed mild to gross ataxia, and
equivocal or negative histopathological changes in the
spinal cord and peripheral nerves. Hens with dose of
0.1 mg kg�1 showed no ataxia.
In another study a single oral dose of merphos ranging
between 200 and 2000 mg kg�1 caused mild ataxia and
neurotoxicity in hens. Doses of 0.1 mg kg�1 cause no effect.
Topical application of single or daily doses caused degenera-
tion of nerve tissues. Degeneration of myelin and axons in
spinal cord was the most consistent histological change.

In humans, cases have been reported attributing delayed
neuropathy caused by merphos.

A case of delayed neurotoxicity was reported in 28-year-old
man who accidentally splashed merphos on his bare arms over
a period of 3 days while working with the defoliant. Approxi-
mately 14 days after exposure, complete facial diplegia was
developed. Electromyography demonstrated decreased voltage
of muscle action potential, delayed conduction velocity in
motor nerve fibers, increased insertional activity, and dener-
vation potentials. He recovered completely.

Inhibition of the neurotoxic esterase in lymphocytes was
measured in seven workers exposed during aerial and ground
application of these defoliants on cotton fields as was periph-
eral nerve function. The major route of exposure was via the
skin. Lymphocyte neurotoxic esterase was affected in exposed
workers according to both intensity and length of exposure.
There were no detectable electrophysiological effects.

In a review about OP compound pesticide poisoning in
human was evaluated appropriate data of evidence of delayed
neuropathy attributed to several OP compounds. However case
reports where neuropathies were not convincingly attributed to
merphos and other compounds have been reported. Several
observational studies on long-term, low-level exposures to OPs
sometimes reported mild, inconsistent, and unexplained
changes of unclear significance in peripheral nerves but mer-
phos is not reported in such cases.

It is concluded that merphos and DEF are causing delayed
neuropathy in hens, that the effects are observed after repeated
dose but ataxia is not so evident after single dose, and the
effects in humans are not convincingly observed.
Carcinogenicity Assessment for Lifetime Exposure

This substance/agent has not undergone a complete evaluation
and determination for evidence of human genotoxicity, carci-
nogenic potential, for teratogenicity and reproduction.
Ecotoxicology Values

The 96 h LC50 in 0.6 g wt. rainbow trout (Oncorhynchus mykiss)
is 33 mg l�1 at 12 �C (95% confidence limit: 20–53) under the
following conditions: static bioassay without aeration, pH
7.2–7.5, water hardness 40–50 mg l�1 as calcium carbonate
and alkalinity of 30–35 mg l�1.
Other Hazards

Fire potential: slight, when exposed to heat or flame. It can react
vigorously with oxidizing materials. Flash point: 146 �C, when
heated to decomposition emits highly toxic fumes of po(x) and
so(x). Protective equipment and clothing for protection during
application: wear hat, long-sleeved shirt, and trousers. In
addition, mixer/loaders must wear rubber or neoprene gloves.
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Disposal methods: consult with environmental regulatory
agencies for guidance on acceptable disposal practices.
Exposure Standards and Guidelines

Reference Dose for Chronic Oral Exposure

The oral reference dose (RfD) is based on the assumption that
thresholds exist for certain toxic effects such as cellular necrosis.
It is expressed in units of mg kg�1 per day.

The chronic oral RfD (as evaluated by EPA Integrated Risk
Information System, 1991) was derived as 0.03 mg kg�1 per day
based from a study designed for testing delayed neurotoxicity
in a 90-day dosing study in hens. The lowest observed adverse
effect level was 0.5 mg kg�1 per day and the NOAEL was
0.1 mg kg�1 per day. An uncertainty factor (UF)¼ 3000 (Abou-
Donia et al., 1980) was applied. The reference study (Abou-
Donia et al., 1980) is commented before in the section of
delayed toxicity. The UFs of 3000 that include uncertainties in
extrapolation from laboratory animals to humans (10x), sub-
chronic to chronic exposure (10x), sensitive human subpopu-
lations (10x), and an incomplete database (3x).
See also: Mercaptans.
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l Name: Mescaline
l Chemical Abstracts Service Registry Number: 54-04-6
l Synonyms:3,4,5-Trimethoxyphenethylamine; Peyote;Mescal;

Mescal button
l Molecular Formula: C11H17NO3

l Chemical Structure:
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Background

Mescaline is one of the main active ingredients in the peyote
plant, Lophophora williamsii. It is also found in several other
cacti including the South American Trichocereus otherwise
known as the Peruvian torch species. Mescaline can also be
synthesized in the laboratory. It is one of the oldest known
hallucinogenic drugs. Ingestion of mescaline via use of the
peyote cactus has been used in rituals by North American
Indians dating back thousands of years. Ingestion of peyote
was also common among the Aztec, Apache, and Pima
Indians for religious, ceremonial, and medicinal purposes.
Mescaline was isolated from peyote in 1896 by the chemist
Hefter and in 1919, the chemical structure was confirmed by
Spath. There are many analogs of mescaline with over 250
being prepared and self-tested by the chemist and pharma-
cologist, Alexander Shulgin (aka Sasha Shulgin). Mescaline
became a Schedule I drug and was placed in Controlled
Substances Act in 1970. Many of the related chemicals or
analogs of mescaline were also placed in Schedule I of the
Controlled Substances Act.
Uses

Mescaline is used recreationally as a hallucinogenic drug and it
is used in religious ceremonies for spiritual purposes by groups
such as the Native American church. Mescaline is purported not
to have any therapeutic benefits based on its Schedule I status.
When used recreationally typical doses range from 300 to
500 mg orally.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Routes and Pathways

The primary exposure pathway is oral via ingestion of the
chemical powder or salt or via ingestion of peyote ‘buttons.’
These buttons are the round, fleshy tops of the cactus that are
sliced and dried. Multiple buttons of peyote are typically
ingested due to the relatively small content (i.e., 40–50 mg) of
individual peyote buttons.
Relevant Physicochemical Properties

Melting point: 35–36 �C
Boiling point: 180 �C (12 mmHg)
Appearance: long needle-shaped white crystals
Molecular weight: 211.26
Highly soluble in: isopropyl alcohol
Soluble in: alcohol, chloroform, benzene, xylene, toluene,

acetone, dichloromethane
Moderately soluble in: water
Insoluble in: practically insoluble in ether or petroleum ether
Henry’s law constant: 1.68E-010 atm m3 mol�1 (25 �C)
Environmental Persistency (Degradation/Speciation)

Upon prolonged exposure to air, mescaline carbonate is
formed.
Exposure and Exposure Monitoring

Human Exposure

Mescaline containing peyote has been used for thousands of
years and illicit use is well established; however, medical litera-
ture reveals only isolated case studies. A recent 12-year statewide
review in California showed 31 cases of mescaline exposure.
Thirty (97%) were intentional and were through oral ingestion
and one (3%) was through insufflation of mescaline powder.
Twenty-six (84%) required management in a healthcare facility.
Toxicokinetics

Each button of peyote contains approximately 45 mg of
mescaline, with 6–12 buttons typically ingested to attain
hallucinogenic effect. Mescaline is well absorbed from the
gastrointestinal tract. Peak blood levels occur 2-h post-
ingestion. Clinical effects occur within 1 h and last for typically
6–12 h. Mescaline does not bind to plasma proteins. The exact
volume of distribution is unknown, but it is thought to be
above 1 l kg�1. Mescaline is metabolized by the liver to inactive
metabolites. Over 90% of a dose is recovered in the urine
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during the first 24 h, with 60% as mescaline and the remaining
as mescaline metabolites.
Mechanism of Toxicity

The exact mechanism of mescaline has not been clearly
defined. The central nervous system effects of mescaline appear
to involve stimulation of both serotonin and dopamine
receptors. In experimental studies, these effects can be blocked
by either serotonin antagonists such as methysergide or
dopamine antagonists such as haloperidol. Mescaline is struc-
turally related to the amphetamines and cathine and cath-
inone, which are found in the plant Catha edulis. Mescaline is
a ring-substituted phenethylamine. Sympathomimetic effects
can occur and are thought to be centrally mediated. High doses
of peyote/mescaline can produce more pronounced sympa-
thomimetic effects such as tachycardia and hypertension.
Hallucinations may be associated with homicidal, suicidal, or
psychotic behaviors. There have been no reported deaths due to
the physiological effects of peyote/mescaline. Traumatic deaths
have occurred secondary to hallucinations. Mescaline does not
appear to inhibit monoamine oxidase.
Acute and Short-Term Toxicity

Animal

Acute exposure has been shown to cause ataxia and dose-
dependent myoclonus, decreased appetitive motivation, and
aggression. Zebrafish, which are emerging as a new model
organism for neuroscience research are sensitive to mescaline.
In dose–response studies (5–20 mg l�1) mescaline caused
a dose-dependent increase in top activity in the novel tank test.
Mescaline also markedly increased shoaling behavior at the
highest doses. Whole-body cortisol was not altered by mesca-
line even at the highest doses.
Human

Peyote buttons taste bitter. After ingestion, a transient initial
phase of nausea, vomiting, and generalized abdominal
discomfort typically occurs. This is followed by a sympatho-
mimetic phase including increased blood pressure, tremor,
mydriasis, diaphoresis, and tachycardia. Approximately 4–6 h
after ingestion, a phase similar to lysergic acid diethylamide
intoxication occurs. This may include euphoria, depersonal-
ization, disorientation, anxiety, ataxia, nystagmus, and vivid
visual hallucinations. Changes in taste, smell, and hearing can
also be present. Larger doses can produce bradycardia, hypo-
tension, and respiratory depression. There is an increased risk
for trauma in the mescaline-intoxicated individual due to the
altered perception and increased emotional lability, panic
attacks, and anxiety. Symptoms usually resolve over 6–12 h.
Chronic Toxicity

Animal

No chronic toxicity in animals has been reported.
Human

Studies of life-long peyote users did not find evidence of
increased chromosomal abnormalities or teratogenic effects.
Mescaline may be associated with the phenomenon of
‘flashbacks’ and while physical dependence does not
develop with chronic use, users may display psychological
dependence.
Reproductive Toxicity

One study of mescaline exposure to pregnant hamsters showed
a dose-dependant decrease in litter size and delay in skeletal
ossification.
Genotoxicity

There are currently no data to suggest mescaline causes any
genotoxicity.
Clinical Management

Acute mescaline toxicity can be treated with supportive care.
The patient’s airway, breathing, and circulation should initially
be assessed and therapy provided as required. Reassurance and
provision of a quiet, nonthreatening environment may be
effective in decreasing anxiety. Benzodiazepines should be
utilized to alleviate sympathomimetic effects, anxiety, or panic
attacks that do not respond to reassurance. If additional drug
therapy is required for agitation or psychosis, haloperidol
should be considered.
See also: Lysergic Acid Diethylamide;
Methylenedioxymethamphetamine; Mushroom, Psilocybin;
Peyote; Phencyclidine; Poisoning Emergencies in Humans.
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Effects assessment of an environmental stressor at the individual
level is typically well served by standardized laboratory testing,
but when ecological interactions are a concern, i.e., indirect
effects, test systems that incorporate organisms as functioning
populations, at multiple trophic levels, are required. While some
use can be made of field studies such as before-and-after and
exposed-and-control/reference protocols, the range of stressor
concentrations or intensities may not be wide enough to fully
characterize the effects of the stressor in order to fully inform
decision making. One way around this is to conduct controlled
experiments under seminatural conditions in field- or labora-
tory-based experimental systems called microcosms or meso-
cosms (cosms). Most of this work has been carried out in aquatic
systems (Figure 1) but some terrestrial systems have also been
used (for examples of these systems, see suggestions for further
reading). This chapter will focus on aquatic systems, as this is
where the preponderance of work has been conducted.

The suffix ‘cosm’ generally refers to a wide variety of experi-
mental systems, ranging from small laboratory flasks to large
outdoor tanks, ponds, or enclosures (also called limnocorrals).
Dr JWG Lund first used the approach experimentally for studying
Figure 1 Aquatic microcosms at the University Guelph, Ontario, Canada. (a
sampling devices. (b) Addition of chemical into a stream of recirculating water
of residues. (d) Monitoring the reproduction of fish held in cages in the micr
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populations of phytoplankton in experimental enclosures
knownas ‘Lund Tubes’ in the 1970s in the LakeDistrict of theUK.
The distinguishing feature of cosms is the inclusion of multiple
ecological components (species, functional groups, or habitat
types) to simulate ecological processes as they occur in nature.
Depending on the test system, this can also include exposure to
natural climatic conditions as (e.g., temperature, precipitation,
and light) an ongoing colonization by organisms (e.g., insects
and microbes). The terminology to describe these systems has
been inconsistently applied in the literature, withmicrocosmand
mesocosmused interchangeably for what are effectively the same
general systems. A general classification system is suggested in
Table 1. While closely related, limnocorrals and other related
field enclosures will not be specifically discussed here but further
information is available in the suggested references.

Cosms are used to integrate, confirm, and extend the
information derived from conventional laboratory toxicity tests
and environmental fate studies. They can be used to evaluate
the environmental effects of pesticides and other regulated
substances, to determine the limit of acceptable stressor expo-
sure (i.e., exposure that does not produce adverse ecological
) Series of replicated microcosms each containing 12 000 l of water and
to ensure rapid mixing. (c) Sampling water in the microcosms for analysis
ocosms (all photographs from K Solomon).
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Table 1 Types and characteristics of cosms

Type Size (l)

Number of

trophic

levels

Length of

time used Location

Nanocosm 1–100 2 <8 weeks Indoor
Microcosm 100–15 000 �3 �1 season Indoor or

outdoor
Mesocosm >15 000 �3 >1 season Outdoor
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effects), to identify sensitive species and environmental
processes, to assess the need for further testing, and to generate
hypotheses about how effects might be manifested at higher
levels of biological organization.

Studies in cosms provide measures of effect that are more
realistic than single species laboratory assays because:

l They incorporate the aggregate responses of multiple
species – often several dozen – in each trophic level. Because
organisms will likely vary widely in their sensitivity to the
stressor, the overall response of the community may be
quite different from the responses of individual species as
measured in laboratory toxicity tests.

l The observation and mechanism of recovery of the pop-
ulation and community from the effects of the stressor can
be studied.

l Studies with cosms allow measurement of indirect effects of
stressors on other trophic levels. Indirect effects may result
from changes in food supply, habitat, or environmental
quality (depletion of oxygen). Such effects may be inferred
by extrapolation from laboratory toxicity data, but they are
best observed and tested in multi-trophic systems.

l Cosm studies can be designed to approximate realistic
stressor exposure regimes and stressor fate patterns. Most
studies, especially those conducted in outdoor systems,
incorporate partitioning, degradation, and dissipation –

important factors in determining exposure. These factors are
rarely accounted for in laboratory toxicity studies, but may
greatly influence themagnitude of ecological response, both
in terms of mitigating and enhancing possible effects.

Results of studies in cosms have yielded much useful
information and some of these observations are discussed
below.
Fate of Chemicals under Realistic Conditions

The fate of chemicals added to the experimental system, plus
their subsequent breakdown products, can be monitored by
sampling and analysis of the sediments, water, biota, and other
substrates such as the material from which the microcosms are
made. This allows for partitioning by the test substance
between sediments, the water column, and other compart-
ments to be characterized andmodeled. In addition, photolysis
and other degradation processes can be studied under natural
conditions. Measurements of exposures and how they change
with time also provide information for characterizing and
relating the observed response of the system to decreasing
concentrations over time.
Acute and Chronic Responses

The acute toxic effects of stressors under field conditions can be
observed as a precipitous decline in numbers within a short
time after adding the stressor (e.g., 24 h). Chronic effects are
observed after longer exposures and would depend on the type
of chemical being tested and how persistent it is in water and
sediment. In some cases, such as pharmaceuticals, which are
considered pseudo-persistent because of continuous release to
the environment, repeated treatments may be necessary to
characterize chronic effects.

The advantage of assessing this type of change, both
acutely and chronically under field conditions, is the large
number of species that may be monitored at any one time,
many of which cannot be tested in the laboratory. As well,
not all organisms will be sensitive to the stressor to the same
degree and this will be observable in the field, providing an
understanding of the distribution of species sensitivities.
Added to this is the fact that the organisms are under
climatological, predatory, and other stresses (e.g., competi-
tion for resources) in the field that are not captured under
typical conditions in the laboratory. This may make them
more susceptible to the effects of the stressor of interest and
thus indicate more accurately those groups of organisms that
may be affected under actual conditions of use. It is also
likely that some organisms may be less susceptible under
field conditions than in the laboratory because of double
jeopardy factors (such as loss of predation) that exist in the
field but not in the laboratory or as a result of rapid dissi-
pation of the stressor from the system.

Recovery of organisms, and particularly the time required
for recovery, after exposure to a stressor is also useful infor-
mation from a regulatory point of view and can only be
observed in the field or under field conditions.
Structure and Diversity

Acute and chronic effects noted in numbers of organisms
(structure) may also be reflected in measurements of their
diversity. These responses will usually be observed in a strict
hierarchy, that is, changes in numbers must precede changes in
diversity and these usually precede changes in function
(discussed below). A long-term change in diversity may have
subsequent indirect effects, such as those caused by the
replacement of one type of food organism by another. While
most predators or herbivores would not be affected under the
condition of the study, others may have specific food require-
ments and respond to the lack of a typical source of food,
usually after some delay.

Structural observations may be based on species or larger
groupings of organisms such as classes. To simplify analysis,
species may be aggregated into groups for analysis. This is the
recommended procedure when the numbers of individuals in
a species is small. Trophospecies are a type of aggregation that
is used by ecologists. A trophospecies comprise species of
trophic similarity, either by evolutionary or functional rela-
tionship, and are considered the basic units of study in food
web and ecosystem research. Others have suggested that traits
such as morphology, life history, physiology, and feeding
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ecology could be predictors of sensitivity and could be used to
group species in microcosms into logical groupings. Some
resources related to the identification of species are saved in
this way and the responses have some meaning in the context
of trophic relationships. However, data are hidden and
keystone organisms (species that perform critical and nonre-
dundant functions in an ecosystem) would not be specifically
identified. By identifying all species in the system, trait-based,
or trophospecies analysis, can be applied after the fact.
Functional Responses

Effects observed on the structure of the community may also be
reflected in the function (processing of energy, production of
biomass, etc.) of the ecosystem. A number of functional
endpoints can be studied in cosms, based on the information
from physicochemical parameters. The most common measures
are in system efficiency and energetics, which include rates of
system metabolism, oxygen use and oxygen availability per unit
biomass, and biomass supported per unit energy flow. Each of
these examples can be measured using traditional endpoints;
these are calculated frommeasurements of rates of consumption
of oxygen (respiration and/or photosynthesis), concentrations of
chlorophyll a, and standing crop biomass. Other functional
measures, including nutrient cycling, are derived from measure-
ments of nitrogen and phosphorus.

Ecosystem function is usually strongly conserved in the face
of a stressor because of ecological redundancy. However, for
some substances that are not highly acutely toxic, such as
pharmaceuticals, function may be more sensitive than
structure.

Function in ecosystems may also be affected by behav-
ioral responses in organisms. Some behavioral responses can
be studied in the laboratory but others, that involve inter-
actions between organisms, are better interpreted in cosm
studies where the consequences of the behavioral responses
can be characterized under realistic conditions. An example
of this is the effect of mercury on the predatory behavior
in fish.
Table 2 Classes of effects and responses observed in cosm studies in in

Class Effect Description

1 Effect could not be demonstrated
(NOECcosm)

No statistically s
substance, an
causal relation
similar to thos

2 Slight effect Responses repo
restricted to s
times.

3 Pronounced short-term effect
(A or B)

Clear response o
the first (effec
Responses ar

4 Pronounced effect in short-term study Clear responses,
too short to de
the test subst

5 Pronounced long-term effect
(A or B)

Clear response o
application, bu
class 5A) or r
before the sta

Reproduced from Brock, T.C.M., Arts, G.H.P., Maltby, L., and van den Brink, P.J., 2006.
legislation. Integr. Environ. Assess. Manag. 2, e20–e46.
Defining the Concentration–Response

While cosms studies typically exhibit high variability in many
measured endpoints, they do allow the use of concentration–
response studies on entire populations and communities. This
allows the assessment of no-observed-effect-concentrations
(NOECs), concentrations producing an effect in a proportion
(n) of a species (ECn), or concentrations lethal to a proportion
(n) of a species (LCn) under field conditions and provides
much more useful data for risk assessment than do single-
species laboratory tests. Advantages include the following:

l A well-chosen range of concentrations will likely capture all
the probable concentrations that will occur in the real world
as well as all the possible effects (from none to major
disruptions).

l A range of concentrations will allow interpolation of effects
and the use of different endpoints (as appropriate) for the
assessment of ecosystem risks indifferent situationswhere, for
example, the benefit of the stressor-inducing activity is great or
the value of the particular ecosystem is judged to be small.

l The data can be revisited at later times to examine newly
identified endpoints.

l The slope of the across-species concentration–response curve
can be used to assess resiliency of the response of the
ecosystem. A steep slope would suggest little resiliency to
changes in concentrationof the stressor,while a shallow slope
would suggest greater tolerance to changes in concentration.

l Recovery, if measured, can be related to concentration (and
duration of exposure), thus allowing interpolation and
prediction of recovery as an assessment measure.
Categorizing Responses in Cosm Studies

Specific effect classes have been developed to summarize the
observed effects in aquatic cosm studies. Because the classes
of effect are numerical, this is a weight of evidence scheme
that allows comparison across ecosystems and chemicals.
In Europe, these effect classes (Table 2) have been used to
creasing order of severity and importance

ignificant responses observed as a result of the treatment with the test
d observed differences between treatment and controls show no clear
ship. Causality in this context is judged through the use of guidelines
e developed for identifying causative agents of disease.
rted in terms of slight or transient. Responses are short term and/or
ensitive endpoints or species. Effects only observed at individual sample

f sensitive species but full recovery of affected species within 8 weeks after
t class 3A) or last (effect class 3B) application of the test substance.
e temporary and involve several but not all species.
such as large reductions in numbers of sensitive species, but the study is
monstrate complete recovery within 8 weeks after the (last) application of
ance.
f sensitive endpoints and recovery time longer than 8 weeks after the last
t full recovery is demonstrated to occur in the season of application (effect
ecovery cannot be demonstrated before termination of the experiment or
rt of the winter period (effect class 5B).

Aquatic risks of pesticides, ecological protection goals and common aims in EU



226 Mesocosms and Microcosms (Aquatic)
evaluate the data as a whole for semi-field tests submitted for
the registration of pesticides in the European Union.

Aquatic cosms can be very useful tools to assess and char-
acterize responses to toxicants at the level of the community
and ecosystem. They provide information on indirect effects of
toxicants in food webs and also allow the potential for recovery
to be measured under realistic conditions. In this, they provide
a link between laboratory and field and are potentially useful
in confirming extrapolations from laboratory data to the
environment.

See also: Toxicity Testing, Aquatic; Terrestrial Microcosms and
Multispecies Soil Systems.
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l Name: Metaldehyde
l Chemical Abstracts Service Registry Number: 108-62-3
l Synonyms: 2,4,6,8-Tetramethyl-1,3,5,7-tetroxocane; Acetal-

dehyde tetramer; Al3-15376; Ariotox�; Caswell No. 548;
Cekumeta�; Corry’s Slug Death; EINECS 203-600-2; EPA
Pesticide Chemical Code 053001; Metacetaldehyde; Metal-
dehyd; Metason�; r-2,c-4,c-6,c-8-Tetramethyl-1,3,5,7-tetrox-
ocane; Slug-Tox�; UNII–4CI033VJYG

l Molecular Formula: C8H16O4

l Chemical Structure:
Background

Metaldehyde (CAS: 108-62-3) is a polymer of acetaldehyde
that is used as a pesticide against snails and slugs, and also as
a fuel. It was discovered by von Liebig in 1835, and a century
later its use as a molluscicide was proposed by Gimingham and
Newton in 1937. It is manufactured by reacting acetaldehyde
with various acids at a low temperature. As a molluscicide,
metaldehyde is used for controlling slugs and snails in gardens
of a variety of vegetable and ornamental crops. For this purpose
it is available in both solid and liquid formulations with
metaldehyde concentrations ranging from 1.8 to 8% in pellet
form, or in concentrations of up to 20% in liquid formulations.
Some metaldehyde formulations may consist of other pesti-
cides, such as arsenic; while others may contain toxic solvents
like ethylene glycol. Therefore, a thorough forensic analysis of
the product is recommended to assess complete risk associated
with ingestion of these products.

Children under the age of 3 years and pets are most
commonly poisoned by ingestion of pellets or cakes containing
metaldehyde. Intoxication by metaldehyde is typically acute,
characterized initially by gastrointestinal and subsequently
followed predominantly by neurologic signs. Vomiting, diar-
rhea, ataxia, tremors, convulsions, and hyperthermia are
among the most common toxic signs in children and animals.
Other clinical signs in children include mental confusion,
muscle cramps and tremors, loss of consciousness, and coma.
The proximate neurotoxic mechanisms are not known but
reduced levels of neurotransmitters such as serotonin and
g-aminobutryric acid (GABA) are implicated. Delayed effects of
acute exposure include hepatotoxicity characterized by hepatic
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necrosis and increased serum liver enzymes. In general, males
metabolize metaldehyde twice as fast as females. Therefore,
female animals are more sensitive to metaldehyde poisoning
compared to males. Most of the neurotoxic signs are seen at
dose levels greater than 100 mg of metaldehyde per kilogram.
Developmental studies have shown that metaldehyde exposure
during pregnancy does not adversely affect fetuses.

Chronic metaldehyde exposure is unlikely. However,
experimental research has shown that metaldehyde is toxic
under chronic exposure conditions. In males, chronic metal-
dehyde exposure causes testicular atrophy and is also toxic to
the prostate gland. It causes atrophy of the prostate gland. It is
not clear whether the effects on male gonads are due to
endocrine disruption or through a different mechanism. There
is also suggestive evidence of carcinogenic potential based on
the presence of benign tumors in female rats and mice of both
sexes.

Provided treatment is initiated early in cases of acute
exposure, prognosis is good. In dogs, the mortality rate in
a recently completed study was 16%. Because there is no
specific antidote, treatment consists of decontamination
measures and symptomatic therapy. Recent formulations of
metaldehyde pesticides contain denatonium benzoate,
a bittering agent. The purpose of adding the bittering agent
is to deter excessive ingestion of the products. This, along
with new labeling guidelines highlighting the risk to chil-
dren and pets has caused annual cases to drop significantly
since 2006.
Uses

There are over 50 pesticides containing metaldehyde registered
for use in the United States.

It is commonly used as a pesticide against slugs and snails. It
is formulated in ready to use liquid, paste, granules, pellets,
minipellets, or meal baits. It is also used as a camping fuel. It
may be purchased in a tablet form for the latter use.
Environmental Fate and Behavior

Metaldehyde is of low persistence in the soil. It is degraded
aerobically with a half-life of approximately 67 days to inactive
residues. Metaldehyde is soluble in water. Metaldehyde
undergoes rapid hydrolysis to acetaldehyde in an aquatic
environment.
Exposure and Exposure Monitoring

Metaldehyde poisoning typically results from the ingestion of
ready to use pesticide products containing the active ingredient.
There is also a risk of exposure during mixing, loading, and
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applying liquid concentrates but dermal and inhalation routes
are generally considered less hazardous. The oral route is
considered the most likely to result in intoxication. The use of
molluscicides increases the risk of exposure for pets with access
to treated areas. Some of the formulations resemble food and
are attractive to dogs. With respect to exposure monitoring,
forensic analysis of the vomit, stomach contents, and liver is
recommended in animals that have died of exposure. Metal-
dehyde can also be detected in blood.
Toxicokinetics

Metaldehyde is readily absorbed from the gastrointestinal tract.
It is quickly metabolized and excreted predominantly by
exhalation. In rodents, the half-life of metaldehyde is report-
edly 8.8 h in females and 3.4 h in males. It is excreted as carbon
dioxide. Of the ingested metaldehyde, 2.5% is excreted in urine
and 5% is excreted in feces.
Mechanism of Toxicity

The toxic mechanism in snails and slugs is different from that
in mammals and birds. Metaldehyde irreversibly damages
mucous secreting cells of snails and slugs on which these
organisms depend. In animals and birds, the proximate toxic
mechanism of metaldehyde is not known, but is either due
to toxicity of metaldehyde itself or of its metabolite acetal-
dehyde on the brain and other tissues. The fundamental
neurotoxic molecular mechanisms are not known, but
a depression of serotonin and GABA is suspected to play
a role.
Acute and Short-Term Toxicity

Animal

Metaldehyde is moderately toxic by ingestion. Products con-
taining metaldehyde are in the US Environmental Protection
Agency Toxicity Class II or III. The LD50 varies from 100 to
1000 mg kg�1 of body weight in different animal species.
Clinical signs of intoxication can manifest as early as 30 min
postexposure. The most common clinical signs include
convulsions, drooling, twitching, tremor, hyperesthesia, ataxia,
vomiting, hyperthermia, and diarrhea. Less commonly
encountered clinical signs include tachycardia, elevated liver
enzymes, and blindness among others.
Human

The following symptoms appeared in humans, hours following
ingestion: abdominal pain, nausea, vomiting, diarrhea, fever,
convulsions, coma, and persistent memory loss. High acute
exposure can also lead to tachycardia, respiratory panting, acute
asthmatic reaction, depression, drowsiness, high blood pres-
sure, excessive urination and defecation, muscle tremors,
sweating, excessive salivation, tearing, cyanosis, acidosis,
stupor, and unconsciousness. Some symptoms can persist for
months following acute poisoning.
Chronic Toxicity

Animal

Metaldehyde poisoning is mostly acute in nature. However,
experimental research has shown that metaldehyde is toxic
under chronic exposure conditions. In males, chronic metal-
dehyde exposure causes testicular atrophy and atrophy of the
prostate gland. It is not clear whether these effects on male
gonads are due to endocrine disruption or not. There is also
suggestive evidence of carcinogenic potential based on the
presence of benign tumors in female rats andmice of both sexes.
Human

The effects of chronic exposure to metaldehyde in humans are
unknown.
Reproductive Toxicity

Experimental research on pregnant rats and rabbits has not
found any effects on developing fetuses. Highest exposures in
rats and rabbits were 150 and 80 mg kg�1, respectively.
However, it appears that pregnant rats experience increased
toxicity to metaldehyde compared to nonpregnant ones. In
a multigenerational study in a rat model, survival of the
offspring was lowered, but only at very high doses. Chronic
exposure to metaldehyde causes atrophy of the testes and
prostate gland in male rodents. Metaldehyde is not teratogenic
basing on currently available published data.
Carcinogenicity

A comprehensive review of the literature indicates a suggestive
evidence of carcinogenic potential. There was a slight increase
in hepatocellular adenomas in mice and rats. However, there is
lack of mutagenicity data.
Clinical Management

Decontamination, including emetics, adsorbents, and/or
gastric lavage together with use of sedatives is the standard
treatment approach since no specific antidote exists.

Emetics, such as apomorphine, should be administered to
induce vomiting and prevent further absorption. If seizures are
manifesting, it is best to avoid emetics. Gastric lavage can be
performed to remove metaldehyde from the gastrointestinal
tract. Sedatives, for example, diazepam, can be given to control
anxiety, seizures, and tremors. If hyperthermia is noted, a cool
water bath can be given to lower body temperature. Intrave-
nous fluids should be given to correct dehydration and
acidosis.
Ecotoxicology

Metaldehyde is toxic to terrestrial mammals and birds. The
lethal dose in dogs and likely other mammals is 10 g of bait
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per kilogram body weight (100–1000 mg of metaldehyde per
kilogram body weight). In rats, the LD50 is 283 mg of metal-
dehyde per kilogram body weight. In birds, the minimum
lethal dose of metaldehyde is 500 mg of metaldehyde per
kilogram body weight. Arthropods and earthworms appear
not to be affected by metaldehyde. There is conflicting infor-
mation on metaldehyde toxicity to aquatic organisms. There
are reports indicating the 96-h LC50 for bluegill fish as 10 ppb
and that of trout as 62 ppb. Yet other reports indicate that
aquatic organisms are not affected by metaldehyde.
Exposure Standards and Guidelines

The pesticide should be used according to the label. It should
not be applied to edible parts of vegetables. Appropriate
personal protective equipment should be worn during mixing
and application of baits. Appropriate medical attention should
be sought after exposure.

See also: Acetaldehyde.
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Metallothioneins (MTs) are a class of intracellular, low-
molecular-weight (6000–7000 Da), cysteine-rich proteins.
They are ubiquitous in eukaryotes, and have unique structural
characteristics giving them potent metal-binding and redox
capabilities. Although MTs were discovered many years ago,
their functional significance remains obscure; that is, the
primary role for MTs has not been identified and new functions
are being discovered. MTs have been shown to be involved in
many pathophysiological processes such as metal ion
homeostasis and detoxification, protection against oxidative
damage, cell proliferation and apoptosis, chemoresistance, and
radiotherapy resistance. MTs have been implicated as a tran-
sient response to any form of stress or injury providing cyto-
protective action. Further, MT isoforms have been shown to be
involved in the carcinogenic process, and cancer development
and progression; however, the use of MT as a potential marker
of tumor differentiation or cell proliferation, or as a predictor
of poor prognosis remains unclear.

Four major MT isoforms, MT-1, MT-2, MT-3, and MT-4,
have been identified in mammals. The most widely expressed
isoforms in mammals, MT-1 and MT-2, are rapidly induced in
the liver by a wide range of metals, drugs, and inflammatory
mediators. In the gut and pancreas, MT responds mainly to Zn
status. A brain isoform, MT-3, has a specific neuronal growth
inhibitory activity, whereas MT-1 and MT-2 have more diverse
functions related to their thiolate cluster structure. These
include involvement in Zn homeostasis, protection against
heavy metal (especially Cd) and oxidant damage, and meta-
bolic regulation via Zn donation, sequestration, and/or redox
control. A possible role for MT-4 is related to copper require-
ments in epithelial differentiating tissues.

MTs are key in protecting organs and tissues against the
toxic effects of heavy metals. Although found throughout the
body, metallothionein is most prevalent in the kidneys and
liver. MTs bind with metals, rendering them biologically inac-
tive as they enter the kidneys and liver. Once within these
organs, the metal–MT complex breaks down, releasing the
metal, which may cause toxic effects.

Outside the hepatic system, MTs facilitate absorption of
metals such as cadmium into the kidneys and liver. Also, the
induction of MTs via reactive metals protects hepatic enzymes
against cellular damage. Without this intervention, zinc may
stimulate glutathione concentration and reduce catalase
activity. Cadmium reduces the amount of cytochrome P450
and its activity toward testosterone oxidation. The liver usually
can produce sufficient amounts of the protein to bind to any
free metals.

The kidneys are at greater risk for toxicity because they must
manage free metals that enter without MTs binding as well as
those freed through biotransformation. In the kidney, the
cadmium–MT compound is filtered by the glomerulus and then
reabsorbed by the proximal tubule. Lysosomal degradation in
the tubular cells may break the molecular binding and release
free cadmium into the kidney, which prompts further MT
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production. If the productionwithin the kidney is insufficient to
absorb the concentration of a free metal, it may produce kidney
damage or other pathologies. Similar effects are seen with
aluminum as well, which may create tubular damage in free
concentrations.

Wilson’s disease is an autosomal recessive inherited
disorder of copper metabolism resulting in accumulation of
copper in various tissues. Rats raised to have a large accumu-
lation of copper hadw80 times greater concentration of MTs in
their liver compared with controls (5016 mg g�1 vs.
65 mg g�1). MTs appear to respond to other reactive substances
such as trihalomethanes. A single dose of chloroform signifi-
cantly increased metallothionein levels for up to 6–12 h
following exposure. Although this indicates a response, it is not
clear whether metallothionein protects against the harmful
effects of this substance as well.

Toxicity caused by insufficient MTs depends on factors such
as age, gender, and health status. Young mice were found to
have a fourfold greater accumulation of cadmium in their
brains than adult mice, and significantly less metallothionein.
Because cadmium interacts with calcium, women may lose
cellular calcium. Diabetics experience glomerular damage and
greater sensitivity.

In protecting the body against toxic metals, MTs interact
with endogenous metabolic enzymes such as glutathione and
mercapturic acid. This makes sense because cysteine is
a substrate of glutathione. Supplements such as cysteine may
elevate levels of MTs and zinc in the kidneys.

See also: Glutathione; Kidney; Liver; Metals; Trihalomethanes.
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No general principles that govern the toxicity of all metals and
their compounds exist; however, a few generalizations are
possible. For the purposes of this discussion, the term metals
includes both their ions and compounds.

Oxidation state and solubility are critical factors in toxic
reactions. Metals can react with enzymes, cell membranes, and
specific cell components. These reactions can inhibit or stim-
ulate the actions of these substances and components.

Metals are generally circulated bound to some blood
protein and can selectively bioaccumulate. Thus, metals can
affect either specific target organs or multiple anatomic sites.
For example, lead can deposit in the bone, affect the central
nervous system (CNS), and interfere with the metabolism of
the heme in hemoglobin; cadmium appears to concentrate in
the kidneys and the liver; and mercury is a CNS toxin.

The metabolic product of the metal can determine the
action in the organ in which the metal is deposited. Usually,
metabolism of metals can lead to detoxification and often to
excretion. Some metals, such as seleniummetal and oxides, are
converted to the volatile trimethyl derivative and are exhaled.
On the other hand, mercury is converted to methyl mercury
chloride, which is soluble in lipids and appears to be concen-
trated overtime in organs with high lipid content.

Some metals (cadmium, zinc, copper, and mercury) induce
special protein complexes called metallothioneins. Iron forms
a number of other protein complexes (ferritin, hemosiderin,
and transferrin).

For the general population, inhalation is a secondary
exposure route for metals. Usually, metals are ingested with
food or with drinking water.

Acute toxicity frommetals can follow similar patterns; these
can be essentially nonspecific like nausea and vomiting. A few
metals and their compounds are carcinogenic to humans; the
vast majority are not.
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A few metals, such as lead and mercury, can cross the
placental barrier. The very young population and the older
population are most susceptible to metal toxicity.

Some metals are essential for good health (e.g., copper,
chromium, selenium). Others are suspected not to be essential
(e.g., beryllium, lead, tin). Still others are under investigation
(e.g., arsenic).

See also: Aluminum; Antimony; Arsenic; Barium; Beryllium;
Bismuth; Boron; Cadmium; Cesium; Chromium; Cobalt;
Copper; Gallium; Iron; Lead; Lithium; Manganese; Mercury;
Metallothionein; Molybdenum; Nickel and Nickel Compounds;
Platinum; Potassium; Selenium; Silver; Sodium; Tellurium;
Thallium; Tin; Titanium; Tungsten; Uranium; Vanadium; Zinc.
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Background (Significance/History)

Methamidophos (O,S-dimethyl phosphoramidothioate; Chem-
ical Abstracts Service Registry Number 10265-92-6) is the active
ingredient in several commercial organophosphate insecticides
including Monitor7, Tamaron7, and Swipe7. It was patented by
Bayer Corporation in 1965 and Chevron Chemical Corporation
in 1967. In 1996, following occupational worker safety concerns
by the US Environmental Protection Agency (EPA), Bayer
Corporation voluntarily canceled registration except for cotton,
potatoes, and tomatoes. In 2009, the US EPA canceled the last
registered products used in the United States. These products
were registered for use on a variety of food crop and nonfood
sites, and posed a risk to birds in the United States. The cancel-
lations were effective from 31 December 2009. Distributors,
retailers, and growers can sell and use Monitor on registered
crops up to 31 December 2013. The US EPA classifies meth-
amidophos as a class I compound and it is highly toxic by all
routes of exposure.
Uses

Methamidophos is a broad-spectrum foliar insecticide for
chewing, mining, and sucking insects (aphids, leafhoppers,
leaf-eating caterpillars) and has acaricidal side effects. It is used
on numerous crops including citrus, corn/maize, cotton, rice,
and grapevine/grape.
Environmental Fate and Behavior

Routes and Pathways

The productionofmethamidophosmay result in its release to the
environment through various waste streams. There may be direct
release to the environment through the application to crops.
Relevant Physicochemical Properties

l Methamidophos is a racemic mixture of two stereoisomers:
dextrorotary D (þ) and levorotary L (�)

l Molecular weight: 141 g mol�1

l Physical state: colorless, crystalline solid
l Odor: smelly (sulfur)
l Solubility: water, >200 g l�1, 20 �C; benzene, xylene

<100 g l�1; chloroform, dichloromethane, diethyl ether,
20–25 g l�1; kerosene, <10 g l�1
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l Vapor pressure: 2.3 mPa (20 �C) to 40 mPa (30 �C)
l Henry’s Law constant: 8.7� 10�10 atm m3 mol�1

l Density/specific gravity: 1.27 g cu cm�1 at 20 �C
l Melting point: 44.9 �C
l Refractive index (n40D ): 1.5092

Partition Behavior in Water, Sediment, and Soil

l Log Kow: �0.8 at 20 �C
l Koc: 5.00–8.00 (very high mobility in soil)

Environmental Persistency (Degradation/Speciation)

Methamidophos is rapidly hydrolyzed under alkaline condi-
tions but is stable under sterile, acid conditions (pH 5). Half-
lives for the hydrolysis of methamidophos at 22 �C and pH 4,
7, and 9 have been reported to be 1.8 years, 120 h, and 70 h,
respectively. The aqueous photolysis is 90 days. Soil degrada-
tion occurred rapidly under aerobic conditions in the dark,
with a half-life of 14 h on sandy loam soil. Under dark
anaerobic conditions, the half-life using the same soil type was
4 days.
Long-range Transport

Methamidophos is weakly adsorbed to soil and has a high
aqueous solubility. This suggests a high leaching potential but
there is little tendency to leach due to its rapid breakdown in
the environment. In water, methamidophos is not expected to
adsorb to suspended solids and sediment. Volatilization of
methamidophos frommoist or dry soil surfaces is not expected
to be an important fate process. Vapor-phase methamidophos
is degraded in the atmosphere by reaction with photochemi-
cally produced hydroxyl radicals and the half-life for this
reaction is estimated to be 12 h.

Bioaccumulation and Biomagnification

An estimated bioconcentration factor of 3.1 suggests that the
potential for bioconcentration in aquatic organisms is low.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

See Environmental Fate.
Human Exposure

Occupational exposure to methamidophos may occur through
inhalation and dermal contact. Monitoring data indicate that
the general population may be exposed to methamidophos via
ingestion of food. Secondary exposure of children through
contact with their parents’ contaminated clothing can also
occur.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00160-3
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Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

According to the US EPA, methamidophos was not detected in
779 wells sampled from California (1984–89), but was detected
in 4 of 35 wells in Maine (1986–87) at concentrations ranging
from trace to 10 mg l�1. Mean concentrations in surface water
from 22 sites collected during 1989–90 from the Guadalquivir
River Basin in Spain ranged from 0 to 0.11 mg l�1. Concentra-
tions in sediment collected during 1988–89 from three sites
from the Sarno River, southern Italy were 117, 130, and
200 ng g�1 dry weight. In a residue study on tomatoes, the
application of 0.5 kg ha�1 resulted in levels of 0.072 mg kg�1 at
2 weeks, 0.068 mg kg�1 at 4 weeks, 0.013 mg kg�1 at 6 weeks
and <0.01 mg kg�1 at 8 weeks. Similarly, in five studies on
potatoes, residues were <0.01 mg kg�1 at 15 or 30 days.

Toxicokinetics

Methamidophos can be readily absorbed through the skin, lung,
and gastrointestinal tract. The bioactivation of methamidophos
(replacement of covalent sulfur with oxygen) is accomplished
primarily by the liver microsomal enzymes. A variety of hydro-
lysis reactions to alkyl phosphates and various leaving groups
can occur; none of which are considered to be cholinesterase
inhibitors. Methamidophos is fairly well distributed throughout
the tissues, with marked accumulation in the liver, kidney, and
adipose tissue. Excretion in the urine is the major elimination
pathway. Methamidophos is formed from biotransformation of
another organophosphate insecticide, acephate.

Mechanism of Toxicity

Methamidophos is a potent, direct acetylcholinesterase inhib-
itor that acts by interfering with the metabolism of acetylcho-
line. As a result, acetylcholine accumulates at neuroreceptor
transmission sites. The organophosphorylated enzyme is fairly
stable and thus recovery may be slow. Methamidophos also
inhibits the neuropathy target esterase at high concentrations
(5–7 times the lethal dose 50% (LD50)). Studies suggest that
the (�) isomer could be considered a possible trigger for
organophosphate-induced delayed polyneuropathy (OPIDP).
Acute and Short-Term Toxicity

Animal

Methamidophos has high mammalian toxicity. The oral LD50

value in rats is w20 mg kg�1. Dermal LD50 values in rats and
rabbits are about 100 mg kg�1. The inhalation lethal concen-
tration 50% (LC50) (1 h) is 241–377 mg m3. The no observed
adverse effect level (NOAEL) from an acute neurotoxicity study
based on inhibition of plasma, erythrocyte, and brain cholin-
esterase in rats was 0.3 mg kg�1 day�1. Methamidophos is
capable of being readily absorbed from the conjunctival sac of
the eye into the blood stream with resultant signs of toxicity.
Methamidophos causes moderate eye irritation.

Human

Classic signs of acute toxicity involve muscarinic, nicotinic, and
central nervous system manifestations. They include pinpoint
pupils, muscular fasciculations, slow pulse, excessive salivation
and lacrimation, and gastrointestinal symptoms (nausea,
abdominal cramps, diarrhea, and loss of sphincter control). In
severe cases, convulsions, coma, and heart block are common.
Death is generally attributed to respiratory center depression,
paralysis, and increased bronchial secretions. In children, the
classic signs described above may be infrequent, with the major
symptoms being central nervous system depression, stupor,
flaccidity, dyspnea, seizures, and coma. Methamidophos is
implicated in causing OPIDP in humans but at excessively high
levels.
Chronic Toxicity

Animal

Methamidophos can cause delayed neurotoxicity in hens. The
NOAEL from a long-term dosing study in rats was
0.03 mg kg�1 day�1 based on brain cholinesterase. The 21-day
dermal lowest observed effect level (LOEL) and no observed
effect level (NOEL) in rats was 15 and 0.749 mg kg�1 day�1,
respectively, based on brain, red blood cell, and plasma
cholinesterase inhibition. The 56-day oral LOEL and NOEL in
rats was 0.06 and 0.03 mg kg�1 day�1.

Human

Cholinesterase inhibition may persist for 2–6 weeks. Signs of
delayed neuropathy in humans have been reported following
dermal and/or inhalation exposure. Progressive distal weak-
ness, ataxia, flaccid paralysis, or quadriplegia may ensue.
Additional chronic toxicities, such as memory impairment,
language defects (slowed speech and slurring), and behavior
disorders have been reported.
Immunotoxicity

While there is a paucity of data on the immunotoxicity of
methamidophos, there is evidence that other organophosphate
insecticides affect the immune response, including effects on
antibody production, interleukin-2 production, T-cell prolif-
eration, and cytotoxic T lymphocyte (CTL) activities. However,
there is no definitive evidence that environmental exposure
poses a significant effect to the immune system in humans.
Reproductive Toxicity

It was concluded that organophosphate pesticides have a small
effect onmale reproductive hormones, suggestive of a secondary
hormonal disturbance after testicular damage. Other studies
indicate there was no evidence of reproductive toxicity. There is
no evidence to indicate that developmental effects occur at lower
doses than those causing maternal toxicity.
Genotoxicity

The majority of the tests were negative for genotoxicity and
therefore it appears that methamidophos has a low potential to
be genotoxic to humans.
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Carcinogenicity

Cancer classification: not likely to be carcinogenic to humans.
Clinical Management

Rescuers and health care providers must take measures to
prevent direct contact with the skin or clothing of contaminated
victims, because secondary contamination and serious illness
may result. For exposure to eyes, eyelids should be held open
and the eyes flushed with copious amounts of water for 15 min.
For exposure to skin, affected areas should be washed immedi-
ately with soap and water. Medical attention is necessary if irri-
tation develops and persists. For exposure through inhalation,
the victim should be removed to fresh air and, if not breathing,
given artificial ventilation. The victim should receive medical
attention as soon as possible. For ingestion, vomiting should not
be induced, keeping in mind the possibility of aspiration of
solvents. Gastric decontamination should be performed within
30 min of ingestion to be most effective. Initial management of
acute toxicity is establishment and maintenance of adequate
airway and ventilation. Atropine sulfate in conjunction with
pralidoxime (2-PAM) can be administered as an antidote.
Atropine by intravenous injection is the primary antidote in
severe cases. Test injections of atropine (1 mg kg�1 in adults and
0.15 mg kg�1 in children) are initially administered followed by
2–4 mg kg�1 (in adults) or 0.015–0.05 mg kg�1 (in children)
every 10–15 min until cholinergic signs (e.g., bronchial secre-
tions, salivation, diarrhea) decrease.
Exotoxicology

Toxicity of freshwater/sediment organisms

l Common carp 96-h LC50¼ 69 mg l�1

l Rainbow trout static 96-h LC50¼ 25 mg l�1

l Bluegill sunfish static 96-h LC50¼ 34 mg l�1

l Daphnia magna 48-h static half maximal effective concen-
tration (EC50)¼ 0.026 mg l�1

l Amphibian (tadpole) 48-h LC50¼ 27.16 mg l�1

Toxicity of marine organisms

l Sheepshead minnow 96-h LC50¼ 5.6 mg l�1

Toxicity of terrestrial organisms (soil microorganisms,
plants, terrestrial invertebrates, terrestrial vertebrates)

l Earthworm 14-day LC50¼ 34 mg active ingredient kg�1

dry soil
l Bobwhite quail acute LD50¼ 10 mg kg�1

l Mallard duck LC50 (5-day dietary)¼ 1302 mg kg�1
Other Hazards

Methamidophos can be easily ignited by heat, sparks, or
flames. Vapors may form explosive mixtures with air. Vapors
may travel to the source of ignition and flash back. Most vapors
are heavier than air. They will spread along the ground and
collect in low or confined areas (sewers, basements, tanks).
Vapor explosions and poison hazards can occur indoors,
outdoors, or in sewers.
Exposure Standards and Guidelines

There are no Occupational Safety and Health Administration
(OSHA) permissible exposure limit (PEL), American Confer-
ence of Governmental Industrial Hygienists (ACGIH)
threshold limit value (TLV), or National Institute for Occupa-
tional Safety and Health (NIOSH) recommended exposure
limit (REL) values for methamidophos. The acceptable daily
intake (Food and Agriculture Organization (FAO)/World
Health Organization (WHO)) is 0.004 mg kg�1. Oral reference
dose (RfD) is 0.00005 mg kg�1 day�1 (uncertainty factor (UF)
1000, modifying factor (MF) 1). State Drinking Water Guide-
lines (FL) is 5 mg l�1.
Miscellaneous

Measurement of whole blood acetylcholinesterase is the most
widely adopted method for monitoring the effects of occupa-
tional exposure to organophosphorus insecticides. Physiolog-
ical variations in blood cholinesterase levels occur in a healthy
person and are seen among a population. It has been estimated
that the coefficient of variation for acetylcholinesterase activity
in samples from an individual is 8–11%, and that a decrease of
23% below pre-exposure level may, therefore, be considered
significant.

See also: Organophosphorus Compounds; Cholinesterase
Inhibition.

Further Reading

De Haro, L., Arditti, J., David, J.M., Jouglard, J., 1999. Methamidophos intoxication:
immediate and late neurological toxicity; two case reports. Acta Clinica Belgica
Supplementum 1, 64–67.

Hussain, M.A., Mohamad, R.B., Oloffs, P.C., 1985. Studies on the toxicity, metabo-
lism, and anticholinesterase properties of acephate and methamidophos. Journal of
Environmental Science and Health, Part B 20, 129–147.

Relevant Websites

www.cdpr.ca.gov/docs/risk/rcd/methamidophos.pdf – Methamidophos Risk Charac-
terization Document.

www.extoxnet.orst.edu/pips/ghindex.html – Pesticide Information Profiles.
www.toxnet.nlm.nih.gov/ – Toxicology database.
www.epa.gov/ – U.S. Environmental Protection Agency.

http://www.cdpr.ca.gov/docs/risk/rcd/methamidophos.pdf
http://www.extoxnet.orst.edu/pips/ghindex.html
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l Chemical Abstracts Service Registry Number: 74-82-8
l Synonyms: Natural gas, Fire damp, Marsh gas, Methane

(compressed, UN1971, DOT), Methane (refrigerated liquid,
UN1972, DOT), Methyl hydride

l Chemical/Pharmaceutical/Other Class: Aliphatic
hydrocarbon

l Molecular Formula: CH4

l Chemical Structure:
Background

Methane is a colorless, odorless, highly flammable gas that is
lighter than air. It is the principal component in natural gas
occurring at concentrations ranging from 60 to 80%. It evolves
naturally from marshes and highly reducing sediments as
a result of microbiological decay of vegetation and organic
matter. Volcanoes also emit large volumes of methane and
ruminants produce large concentrations as a by-product of
their digestive process (anaerobic fermentation). It is also
found in coal deposits and is produced as a by-product of some
industrial processes, including fermentation and sludge diges-
tion. Methane is also found in tobacco smoke and in emissions
from the incomplete combustion of coal, wood, and petroleum
fuels.

Methane is stored as methane hydrates in immense
amounts both in Arctic regions and in deep marine sediments.
The worldwide amounts of methane hydrates are conserva-
tively estimated twice the total amount of carbon found in all
known fossil fuels on the Earth. Methane’s production and use
as a constituent of illuminating and cooking gas, as a product
of petroleum refining, and in organic synthesis result in direct
releases to the environment. Methane also is released to the
environment as emissions from automobile, turbine, and
diesel exhaust.
Uses

In industry, methane is used to make methanol, halogenated
methanes, ethylene, carbon tetrachloride, chloroform, acety-
lene, hydrogen cyanide, and methyl chloride. In the form of
natural gas, methane is used as a fuel, as a source of carbon
black, and as a starting material for the manufacture of
synthetic proteins. It is also used as a fuel in gas fired utilities
and in the home (home heating, gas dryers, and gas stoves).
Environmental Fate and Behavior

Methane is a relatively potent greenhouse gas. The concentra-
tion of methane in the Earth’s atmosphere in 1998, expressed
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
as a mole fraction, was 1745 ppb, up from 700 ppb in 1750.
By 2008, however, global methane levels, which had stayed
mostly flat since 1998, had risen to 1800 ppb.

Methane has a molecular weight of 16.04 g mol�1.
At 25 �C, methane has solubility in water of 22 mg l�1, an
estimated vapor pressure of 466 000 mmHg, and aHenry’s law
constant of 0.66 atm-m3mol�1 (HSDB, 2011). The log octa-
nol/water partition coefficient is 1.09. Conversion factors for
methane in air are as follows: 1 mgm�3¼ 1.52 ppm; and
1 ppm¼ 0.66 mgm�3.

If released into air, the very low boiling point (�161 �C)
and high vapor pressure predict that methane will exist
solely as a vapor in the ambient atmosphere. Vapor-phase
methane will be degraded in the atmosphere by a reaction
with photochemically produced hydroxyl radicals; the half-
life for this reaction in air is estimated to be 6 years
(HSDB, 2011).

If released into water, liquid methane would boil off. Any
residual methane would only moderately adsorb to suspended
solids and sediment based on an estimated Koc (organic carbon
partition coefficient) of 90. Volatilization from water surfaces is
expected to be the dominant fate process based on the estimated
Henry’s law constant. Estimated volatilization half-lives for both
a model river and a model lake are 2 h (US EPA, 2011). Utiliza-
tion of methane by soil microorganisms has been detected from
five soil samples collected from sites near Adelaide, South
Australia. The biodegradation half-life of methane was estimated
to be 70 days to infinity based on gas exchange biodegradation
experiments conducted in model estuarine ecosystems (HSDB,
2011).

If released to soil, methane would be expected to rapidly
volatilize. Any methane that migrated to the subsurface would
have high to moderate mobility in the subsurface based on
the relatively low Koc value. Volatilization of methane from
moist soil surfaces is expected to be an important fate process
(HSDB, 2011).

Using a measured log Kow (octanol water partition coeffi-
cient) of 1.09, the US Environmental Protection Agency’s
(USEPA) EPI Suite computer program estimates both a bio-
concentration factor (BCF) and a bioaccumulation factor
(BAF) of 2. This predicts that bioaccumulation and/or bio-
magnification would be insignificant. Methane would therefore
not be expected to be found in the tissues of fish or wildlife as
methane contains no persistent functional groups (e.g., chlorine,
bromine) and exposure would be expected to be low.
Exposure and Exposure Monitoring

Because methane is volatile and exists as a gas at normal
temperature and pressure, exposure occurs by inhalation and
is most likely to occur near its principal sources, for example,
in the exhaust of vehicles, home heating vents, and waste
4-3.00409-7 235
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incinerators. The concentration of methane in ambient air is
approximately 1.8 ppm.

National Institute for Occupational Safety and Health
(NIOSH) has statistically estimated that 65 649 workers are
potentially exposed to methane in the United States. Occupa-
tional exposure to methane will also occur through inhalation
at workplaces where this compound is produced or used. A
liquid spill (e.g., from a compressed tank) could cause imme-
diate frostbite.
Toxicokinetics

Methane is absorbed through the lungs in mammals. When
inhaled, the majority of the absorbed dose is exhaled
unchanged. A small amount of methane is converted to
methanol and ultimately to carbon dioxide. Uptake in humans
is less rapid than in the rats.
Mechanism of Toxicity

Methane acts as an asphyxiant at concentrations that are high
enough to displace oxygen.
Acute and Short-Term Toxicity (Animal/Human)

Animal

Methane is a gas of low anesthetic potency and is practically
inert. At very high concentrations, however, it can displace
oxygen required for normal respiration, so acts as a simple
asphyxiant. A concentration of 87% has caused asphyxiation,
and at concentrations on the order of 90%, respiratory arrest
occurred in mice. Rabbits can inhale a mixture of one volume
of oxygen and four volumes of methane for any length of time
without showing any ill effects.
Human

Other than the fact that high concentrations of methane are
able to act as an asphyxiant by displacing oxygen in air, no
studies were identified in which humans were exposed to
methane gas and adversely affected.
Chronic Toxicity

Human

Methane is not inherently toxic to humans.Methane is, however,
a simple asphyxiant. Concentrations that are high enough to
displace oxygen would be expected to cause lightheadedness,
loss of consciousness, and possibly death. No studies could be
found on the chronic toxicity of methane to humans.
Reproductive Toxicity

Pregnant mice were exposed on the 8th day of gestation for
1 h to 5–8% concentration of fuel gas. In addition to 85%
methane, most natural gases contain small amounts of ethane,
propane, and butane. Abnormalities of the fetal brains were
found to result in brain hernia and hydrocephalus.
Carcinogenicity

Methane is not listed as a carcinogen by the National Toxi-
cology Program, the Occupational Safety & Health Adminis-
tration, or the International Agency for Research on Cancer
(section Chronic Toxicity (animals)).
Clinical Management

Persons who are exposed to high concentrations of methane in
air should vacate or be removed from the source and seek fresh
air. Oral ingestion of the liquid is not possible due to its
colligative properties. In areas of expected increased concen-
tration, extreme care must be taken to use explosion proof
apparatus and keep the areas free from ignition sources, such as
sparks from static electricity.
Other Hazards

The lower explosion limit is 5% by volume and the upper limit
is 15% by volume. Extreme care must be taken to keep areas of
high concentration free from ignition sources, such as sparks
from static electricity. Explosion proof equipment should also
be used in these areas.

Methane is extremely flammable. It will be easily ignited by
heat, sparks, or flames and will form explosive mixtures with
air. Vapors from liquefied gas are initially heavier than air and
spread along ground. Vapors may travel to source of ignition
and flashback. Cylinders exposed to fire may vent and release
flammable gas through pressure relief devices. Containers may
explode when heated. Ruptured cylinders may rocket.
Exposure Standards and Guidelines

Industrially, methane is categorized as C1–C4 alkanes, and the
American Conference of Governmental Industrial Hygienists
suggests an 8 h workplace threshold limit of 1000 ppm
(660 mgm�3). Many states regulate methane as a hazardous
substance based on its flammable properties (typically over
10 000 lbs).

See also: Decane; Gasoline; Hexane; Heptane; Octane;
Petroleum Distillates; Petroleum Hydrocarbons; Pollution, Air
in Encyclopedia of Toxicology; Sensory Organs; Skin; Toluene.
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l Name: Methanol
l Chemical Abstracts Service Registry Number: 67-56-1
l Synonyms: Methyl alcohol, Methyl hydroxide, Carbinol,

Wood spirit, Wood alcohol
l Molecular Formula: CH4O
l Chemical Structure: HO–CH3
Background

Methanol occurs naturally in humans, animals, and plants.
Reports of exposure and toxicity from industrial and occupa-
tional exposures to methanol go back more than 100 years.
Recent reports of methanol poisonings are largely due to acci-
dental or intentional consumption of methanol such as in
adulterated grain alcohols.
Uses

Methanol has many general (e.g., use as a solvent) and specific
industrial uses. It is a raw material used to manufacture form-
aldehyde and other chemicals and it is used in the manufacture
of commercial products such as windshield washer fluid and
pharmaceuticals. Methanol is also used as a fuel additive and in
hydraulic fracturing (fracking) to recover oil and natural gas
from underground rock formations.
Environmental Fate and Behavior

Methanol’s low vapor pressure (127 mm Hg at 25 �C) and
Henry’s law constant of 4.55 � 10�6 atm-m3 mol�1 are
significant factors in its propensity to volatilize from soil and
water into air. The measured Koc of 2.75 indicates that meth-
anol will be highly mobile in soils and will not adsorb onto
sediments and suspended soils in water.

In water, volatilization is expected to be a more important
environmental behavior than adsorption onto sediments. In
soil, methanol is expected to be highly mobile and to volatilize,
especially frommoist soil. Because it does not bind well to soil,
methanol can migrate through the soil and enter groundwater.

In air, methanol degrades via reaction with airborne
hydroxyl radicals and has a half-life in air of w18 days.
Methanol can be removed from air by rainwater. The half-life of
methanol in sandy loam soil ranges from 1 to 3 days.

Methanol biodegradation can be rapid depending on soil
characteristics. Several species of methylobacterium and
methylomonas can use methanol as a carbon source. The
potential for bioconcentration in aquatic organisms is low. Its
negative octanol–water partition coefficient (�0.77) indicates
its preference for solubility in water over solubility in lipids.
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Exposure and Exposure Monitoring

Methanol can be released from natural sources (e.g., emissions
from certain plants, as a by-product of degradation of organic
material) as well as from human use of methanol as a solvent.
According to the Environmental Protection Agency’s (EPA’s)
Toxic Release Inventory, in 2011, companies across a wide
range of industries reported that 103 534 415 pounds of
methanol were released to air, 13 987 379 pounds were
released as underground injections, 3 838 319 pounds were
released to water, and 2 255 595 were reported released to land.

Methanol is a normal part of the human diet (via low levels
in fresh fruits and vegetables) and is produced in the body by
metabolic breakdown of other products. Food is the primary
source of human methanol exposure. Workplace exposures to
methanol may occur through inhalation and dermal contact
with this compound. The general population may be exposed
to methanol via inhalation of ambient air, ingestion of food
and drinking water, use of products that contain methanol
(e.g., paints, windshield wiper fluid), and smoking tobacco
products. Mthanol levels of 80–180 mg per cigarette have been
detected in cigarette smoke.

National monitoring data sets on methanol in air or water
were not located. In rural locations levels of methanol in air
were found to range from about 2 to 12 parts per billion.
Methanol has been detected in finished drinking water.
Toxicokinetics

Irrespective of route of exposure, methanol distributes readily
and uniformly to all organs and tissues as a function of their
water content. Absorption via inhalation has been reported to
be w60% of the inhaled dose. Methanol is absorbed through
intact human skin.

In humans, methanol does not remain in the body due to
its breakdown and removal in expired air or urine. Upon
absorption, methanol is excreted unchanged in urine, exhaled
in breath, or metabolized in the liver, and eventually excreted
as carbon dioxide. Greater than 90% of the administered dose
is metabolized with w2% excreted unchanged in expired air
and 1% unchanged in urine. Depending on dose, half-lives for
methanol elimination range fromw1 day or more for doses of
1 g kg�1 or greater than w3 h for doses of <0.1 g kg�1.

The oxidation of methanol to carbon dioxide (CO2)
proceeds through several enzymatic steps. Methanol is first
converted to formaldehyde via either a catalase/peroxidase
reaction (prevalent in rats) or an alcohol dehy-
drogenase oxidation (predominant in humans and monkeys).
Methanol-derived formaldehyde is then conjugated with
glutathione to form S-formylglutathione via a nicotinamide
adenine nucleotide–dependent formaldehyde dehydrogenase.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00748-X
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The S-formylglutathione conjugate is subsequently hydrolyzed
by thiolase to form formic acid and glutathione. Formic acid, in
the form of formate, then enters the body’s carbon pool in the
liver through complexation with tetrahydrofolate, where upon
subsequent oxidation it is released as CO2.
Mechanism of Toxicity

The toxic properties of methanol are the result of accumulation
of the formate intermediate in the blood and tissues of exposed
individuals. Formate accumulation produces metabolic
acidosis leading to the characteristic ocular toxicity (blindness)
observed in human methanol poisonings.

Humans and primates appear particularly sensitive to
methanol toxicity when compared to rats. This is attributed to
the slower rate of conversion in humans of the formate
metabolite via tetrahydrofolate. This step in methanol metab-
olism occurs in rats at a rate w2.5 times that observed in
humans.

Formate appears to directly affect the retina and optic nerve
by acting as a mitochondrial toxin. It is believed that formate
acts as a metabolic poison by inhibiting cytochrome oxidase
activity. The cells of the optic nerve have low reserves of cyto-
chrome oxidase and thus may be particularly sensitive to
formate-induced metabolic inhibition.
Acute and Short-Term Toxicity

Theacute and short-term toxicityofmethanol ishighest in species
with a relatively poor ability to metabolize formate, the penul-
timate metabolite of methanol. The acute lethality of methanol
is low in nonprimate animals by oral, dermal, and inhalation
routes of exposure. The acute oral lethal dose (LD50) ranges from
approximately 2–3 g kg�1 in monkeys to 6 g kg�1 in rats to
8 g kg�1 in dogs to 14 g kg�1 in rabbits. An acute dermal LD50

in rabbits has been reported as w16 g kg�1. Acute inhalation
lethal concentrations (LC50s) ranged from w85 mg l�1 (4.5-h
exposure in cats) tow64 000 mg l�1 (4-h exposure in rats).

Sublethal doses have been shown to elicit central nervous
system (CNS) effects, metabolic acidosis, ocular toxicity, and
liver effects. Rats receiving oral doses of 1.0, 100, or
500 mg kg�1 day�1 methanol for 1 month showed liver
changes characterized by enlarged hepatic cells and changes in
some microsomal enzymes. Rabbits exposed via inhalation to
46.6 ppm methanol for 6 months exhibited changes in the
photoreceptor cells of the retina which were observed upon
electron microscopic examination. Monkeys exposed to 0, 10,
100, or 1000 ppm methanol, 22 h per day for up to 2 years
exhibited slight changes in the liver and kidney at the
1000 ppm dose level. Pathologic changes in the nervous system
of all animals at 1000 ppm were observed but were considered
transient and probably reversible. In the rabbit, undiluted
methanol is a moderate irritant to the eye and causes corneal
opacity and conjunctivitis.

For humans, acute methanol exposure can occur by inha-
lation, ingestion, or dermal absorption and the toxicity is the
same regardless of the route of exposure. Inhalation toxicity can
occur in occupational settings or as a result of inhalant abuse
(huffing). Exposure for a period of at least 1 h to concentrations
of methanol in excess of 200 ppm is sufficient to cause eye
irritation. Clinical studies of individuals acutely poisoned by
methanol ingestion have identified visual disturbances and
possibly blindness as the most notable toxic effects. Methanol
is also a CNS depressant, although less potent than ethanol,
and acute intoxication manifests initially as narcosis. Methanol
has also been shown to produce liver damage upon over-
exposure. Exposing skin to methanol causes it to become dry
and cracked.

At high doses, methanol can cause reversible or permanent
blindness, and in severe cases, death. Methanol can cause
permanent damage to the optic nerve and central and periph-
eral nervous system with just a single acute exposure. Visual
problems include eye pain, blurred vision, constriction of
visual field, and possibly permanent blindness, which can
develop in as little as 48 h. The lethal dose of methanol in
untreated individuals is estimated to be in the range of
0.8–1.5 mg kg�1, which translates into approximately
56–100 g, or 70–130 ml of 100% methanol, for the average
individual (70 kg). Typically, the effects noted in methanol
poisoning can be divided into three stages: (1) narcosis or CNS
depression similar to that observed in ethanol intoxication; (2)
a latent period, generally 10–15 h but can be prolonged if
ethanol is coingested; and (3) visual disturbances, metabolic
acidosis and possibly multiorgan failure leading to death.
Chronic Toxicity

There are few reports of effects following chronic exposure to
methanol. Due to its solvent properties, repeated skin exposure
to methanol leads to eczema, redness, and scaling. Available
information indicates that eye irritation, headache, CNS effects,
gastrointestinal problems, and especially ocular effects are
caused by repeated exposure to methanol. Workers with
inhalation and dermal exposure to methanol in duplicator
fluid for 3 years experienced effects (ocular irritation and CNS
toxicity) similar to those from acute methanol exposure but
less severe. Chronic effects can occur when methanol concen-
trations exceed the threshold limit value (TLV) of 260 mg m�3

(200 ppm). Overall, information based on a limited number of
case reports and poorly characterized studies suggests that
repeated or extended exposure to methanol may cause effects
qualitatively similar to those observed from relatively high
levels of acute exposure, including CNS and visual disorders.
Immunotoxicity

There is limited evidence that methanol as a fuel has negative
effects on some measures of immune function but that exhaust
of gasoline without methanol had a stronger effect than
methanol exhaust.
Developmental and Reproductive Toxicity

The developmental toxicity of methanol has been examined in
rats and mice via inhalation and oral exposure. Rats exposed by



240 Methanol
inhalation to 10 000 and 20 000 ppm methanol 7 h per day
during gestation have produced offspring with reduced body
weights and a high incidence of malformations. Similarly, mice
exposed to 4000 and 5000 ppm methanol 7 h per day during
gestational days 6–15 experienced a high incidence of embry-
otoxicity and encephalopathy in surviving offspring. Single oral
dosing of rats on gestational day 10 produced an increase in
malformations at 1.3, 2.6, and 5.2 ppm methanol. These
malformations are likely due to toxic mechanisms discussed
above and folate depletion that can occur following metabo-
lism of formic acid.

Unlike animal studies of developmental toxicity, animal
studies of the reproductive toxicity of methanol are not
consistent. In rats, inhalation exposure to methanol did not
affect the structure of the male reproductive system. In another
rat inhalation study, effects on parturition, litter size, and pup
survival were seen at the highest test concentration. A study of
reproductive function in female monkeys exposed to methanol
vapors found no effects on menstrual cycles or conception
rates.

No studies of reproductive effects of methanol in humans
were located. Methanol is not generally considered a repro-
ductive toxicant.
Genotoxicity

Methanol was negative in most in vitro tests of mutagenicity in
bacterial or mammalian cells. Particles of gasoline exhaust
without methanol were more mutagenic than particles from
gasoline alcohol blends. Animal studies of methanol mutage-
nicity were negative.
Carcinogenicity

There is no evidence from rodent studies that methanol is
a carcinogen following oral or inhalation exposure.
Clinical Management

Because methanol is rapidly absorbed, gastrointestinal decon-
tamination may be useful only for individuals shortly after
large ingestions. Treatment with either ethanol or fomepizole
(4-methylpyrazole) prevents the metabolic formation of
formate. Fomepizole is more expensive than ethanol but is
easier to dose and to maintain therapeutic concentrations.
Metabolism of formic acid is enhanced by the administration
of intravenous folinic acid. Hemodialysis may also be required
to correct severe metabolic abnormalities and to enhance
methanol and formate elimination.
Ecotoxicology

Aerobic, gram-negative bacteria (65 strains) isolated
from seawater, sand, mud, and weeds of marine origin
utilized methanol as a sole carbon source. The toxicity
threshold of methanol for microorganisms ranged from
530 mg l�1 for algae to more than 10 000 mg l�1 for proto-
zoan organisms.

Bioaccumulation in aquatic organisms is not expected to be
significant and methanol toxicity to aquatic organisms is low.
Lethal concentrations are much greater than 100 mg l�1.

Methanol is a normal growth substrate for many soil
microorganisms, which are capable of completely degrading
methanol to carbon dioxide and water. Several species of
methylobacterium and methylomonas isolated from soils are
capable of utilizing methanol as a sole carbon source. Meth-
anol is of low toxicity to terrestrial organisms and is not
bioaccumulated.
Exposure Standards and Guidelines

American Conference of Governmental Industrial Hygienists
TLV: 200 ppm 8–h time–weighted average.

Occupational Safety and Health Administration permissible
exposure limit: 200 ppm 8–h time–weighted average.

National Institute for Occupational Safety and Health
immediately dangerous to life or health: 6000 ppm.

National Toxicology Program carcinogenic classification:
not listed.

International Agency for Research on Cancer carcinogenic
classification: not listed.

EPA carcinogenic classification: not listed.
EPA inhalation reference concentration: not established.
Agency for Toxic Substances and Disease Registry inhalation

minimal risk level: not established.
Food and Drug Administration (FDA) Class 2 pharmaceu-

tical solvent permitted daily exposure: 30 mg day�1.
FDA Class 2 pharmaceutical solvent concentration limit:

3000 ppm.
Disclaimer

The findings and conclusions in this entry are those of the
authors and do not necessarily represent the official position of
the FDA.
See also: Ethanol; Ethylene Glycol; Poisoning Emergencies in
Humans.
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l Name: Methomyl
l Chemical Abstracts Service Registry Number: 16 752-77-5
l Synonyms: Lannate; Mesomile; Methomex; Nudrin; (E,Z)-

methylN{[(methylamino)carbonyl]oxy}ethanimidothioate;
(S-methyl N-[(methylcarbamoyl)oxy]thioacetimidate)

l Chemical Class: Carbamate insecticide
l Molecular Formula: C5H10N2

l Chemical Structure:
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Background

Methomyl is a broad-spectrum, systemic, anticholinesterase,
carbamate insecticide that was discovered and subsequently
registered for use in the mid to late 1960s. Pure methomyl is
a colorless crystalline solid with a slightly sulfurous odor.

Methomyl was introduced in 1966 as a broad-spectrum
insecticide. It is also used as an acaricide to control ticks and
spiders. It is used for foliar treatment of vegetable, fruit and
field crops, cotton, and commercial ornamentals, and in
and around poultry houses and dairies. It is also used as a fly
bait. Methomyl is effective in two ways: (a) as a ‘contact
insecticide,’ because it kills target insects upon direct contact
and (b) as a ‘systemic insecticide’ because of its capability to
cause overall ‘systemic’ poisoning in target insects, after it is
absorbed and transported throughout the pests that feed on
treated plants. It is capable of being absorbed by plants without
being ‘phytotoxic,’ or harmful, to the plant. It is one of a class of
chemicals called carbamates. The carbamates work by inhibit-
ing cholinesterase, an essential enzyme for proper functioning
of the nervous system.
Uses

Methomyl is registered by the US Environmental Protection
Agency (EPA) for use on a variety of agricultural crops
(primarily vegetable, fruit, and field crops) and commercially
grown ornamental plants. As methomyl is highly acutely toxic
to humans, it is a restricted-use pesticide andmay be purchased
and used only by certified applicators.
Environmental Fate and Behavior

Because of its high solubility in water (58 000 mg ml�1) and its
soil half-life (33 days), methomyl may have potential for
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groundwater contamination. It is very mobile in sandy loam
and silty clay loam soils, but only slight leaching was observed
in a silt loam and in a sandy soil. Adsorption of methomyl to
soil particles is weak to moderate. In one national survey,
which did not detect methomyl in groundwater, methomyl was
found in drinking water from groundwater sources. It was also
found in a survey of widely used pesticides in Palm Beach
County, Florida. Methomyl has been detected at very low
levels, 9 ppb and 1.2 ppb, respectively, in groundwater in New
York and New Jersey. A lifetime health advisory level of
200 ppb has been established for methomyl.

Methomyl is rapidly degraded by soil microbes. The dissi-
pation half-life for methomyl in soil is reportedly three to six
weeks. However, one month after methomyl treatment, test
soil had traces of the insecticide and some of its breakdown
byproducts, or ‘metabolites.’ Methomyl residues are not ex-
pected to be found in treated soil after the growing season in
which it is applied.

Under aerobic conditions, methomyl has a soil half-life of
30–45 days and degrades predominately to carbon dioxide. It is
relatively stable to hydrolysis under neutral and acidic condi-
tions. Under basic conditions, it degrades with a half-life of
30 days. Under anaerobic conditions, acetonitrile is the major
metabolite in the early stages of degradation, but carbon
dioxide is the end product, with total conversion within 8 days.

Methomyl should be kept out of any body of water and
should not be applied where runoff is likely to occur. Aqueous
solutions of methomyl have been reported to decompose more
rapidly on aeration, in sunlight, or in alkaline media. One
study indicated a half-life of 6 days for the insecticide in water.
Its hydrolysis half-life in soil, or the time that it takes for half of
it to be broken down in groundwater, is estimated at over
25 weeks. In one experiment, the hydrolysis half-lives of
methomyl in solutions at pHs of 6.0, 7.0, and 8.0 were 54, 38,
and 20 weeks, respectively. In pure water, the hydrolysis half-
life has been estimated to be 262 days. Methomyl is unlikely
to bioconcentrate in aquatic systems.

Following soil treatment, plants take up methomyl through
their roots and move it throughout the plant by a process called
‘translocation.’Whenmethomyl is applied to plants, its residues
are short lived. After it is applied to leaves, it has a 3–7 day half-
life. Less than 3% methomyl remained in cabbage plants one
week after they were given foliar treatment with the insecticide.
Toxicokinetics

Absorption, distribution, metabolism, and excretion of orally
administrated methomyl in animals are rapid and generally
complete in a few days. For example, in rats dosed with radi-
olabeled methomyl (5 mg kg�1 body weight), 54% of the dose
was excreted in urine, 2–3% in feces, and 34% in expired air
within 7 days. After 7 days, only 8–9% of the dose remained in
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00161-5
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the tissues and carcass, which was incorporated into endoge-
nous constituents. The proposed metabolic pathway of
methomyl in animals is shown in Figure 1 (WHO, 1996).
Mechanism of Action

Methomyl is a highly toxic inhibitor of cholinesterase, an
essential nervous system enzyme, and the signs and symptoms
of carbamate poisonings are characteristic of cholinesterase
inhibitors. The carbamates are hydrolyzed enzymatically by the
liver; degradation products are excreted by the kidneys and the
liver. Respiratory depression combined with pulmonary edema
is the usual cause of death from poisoning by carbamate
compounds. As with organophosphates, the signs and symp-
toms are based on excessive cholinergic stimulation. Unlike
organophosphate poisoning, carbamate poisonings tend to be
of shorter duration because the inhibition of nervous tissue
acetylcholinesterase (AChE) is reversible, and carbamates are
more rapidly metabolized. Muscle weakness, dizziness,
sweating, and slight body discomfort are commonly reported
early symptoms. Headache, salivation, nausea, vomiting,
abdominal pain, and diarrhea are often prominent at higher
levels of exposure. Contraction of the pupils with blurred
vision, incoordination, muscle twitching, and slurred speech
have been reported.
Acute and Short-Term Toxicity

Methomyl is potentially a highly poisonous material in
humans. It is highly toxic if ingested or absorbed through the

http://www.inchem.org/documents/ehc/ehc/ehc178.htm
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eyes, moderately poisonous when inhaled, but of lower toxicity
with dermal exposure. The most common route of entry is
either by inhalation or by ingestion or via secondary exposure
by the dermal route. Dermal exposure is much less hazardous
than inhalation or ingestion exposure. For example, the dermal
LD50 of methomyl is greater than 2000 mg kg�1, whereas the
oral LD50 is 32 m kg�1 in rats.

The carbamylation of the enzyme is unstable, and the
regeneration of AChE is relatively rapid compared with that
from a phosphorylated enzyme. This means the neurotoxic
effects observed at sublethal doses are rapidly reversible. It is
this concept of rapid reversibility that accounts for the differ-
ences in dose tolerance observed between the acute and the
subchronic studies.

The route, duration, and concentration of methomyl
exposure will affect the severity of poisoning and the number
and types of symptoms that occur. Complete recovery from an
acute poisoning by methomyl, with no long-term health
effects, is possible if exposure ceases and the victim has time to
reform their normal level of cholinesterase and to recover from
symptoms.

Carbamates are generally excreted rapidly and do not
accumulate in mammalian tissue. If exposure does not
continue, cholinesterase inhibition reverses rapidly. In non-
fatal cases, the illness generally lasts less than 24 h.

Application of the dry material or a 10% solution caused
mild inflammation, but no injury to the cornea in the eyes of
rabbits. Pain, shortsightedness, blurring of distant vision,
tearing, and other eye disturbances, as well as previously
mentioned symptoms of cholinesterase inhibition, may occur
within a few minutes of eye contact with methomyl. Absorp-
tion through the eyes may be fatal.
Chronic Toxicity

Administration of methomyl in the diet of rats at ppm levels
results in a slow intake of the substance as rats consume small
quantities over a period of several hours. With this method of
administration, due to the rapid reversal of the inhibition of
AChE, recovery actually occurs during the exposure resulting in
less toxicity on a mg kg day�1 basis.

In a 24 month study with rats fed doses of 0, 2.5, 5, or
20 mg kg�1, the NOEL was 20 mg kg�1. At 20 mg kg�1, red
blood cell counts and hemoglobin levels were significantly
reduced in female rats.
Immunotoxicity

Methomyl has been extensively studied in subchronic and
chronic protocols with several different mammalian species.
There is no evidence suggestive of an effect on any component
of the immune system.
Reproductive and Developmental Toxicity

In a multi-generation reproduction study in rats, the no
observed adverse effect level (NOAEL) for parental toxicity was
4.6 mg kg day�1 and the NOAEL for reproductive and fertility
effects was >60 mg kg day�1, the highest dose tested. The
NOAEL for pup growth and development was 4.6 mg kg day�1

based on body weight reductions at higher doses.
Developmental toxicity studies were conducted with

methomyl in rats and rabbits. Methomyl was not teratogenic
nor was it too uniquely toxic to the conceptus. The NOAEL for
maternal effects in rats was 9.4 mg kg day�1 and the NOAEL for
fetal effects was 33.9 mg kg day�1. In the developmental study
in rabbits, the maternal no observed effect level (NOEL) was 6
mg kg day�1 while the fetal NOEL was 16 mg kg day�1, the
highest dose tested. Methomyl is therefore not considered to
have the potential to be a reproductive or developmental
toxicant.
Genotoxicity

Methomyl is not mutagenic and negative results have been
observed in a battery of genotoxicity studies. Therefore, it can
be concluded that methomyl is not a genotoxicant.
Carcinogenicity

There was no evidence of carcinogenicity in either rats or dogs
that were involved in 2 year feeding studies. Methomyl was not
carcinogenic in 22 and 24 month studies with rats fed doses of
up to 20 mg kg�1, nor in a 2 year study with mice fed dietary
doses of up to 93.4 mg kg day�1.

In a 2 year feeding study with mice fed 0, 2.5, 3.75, or
10 mg kg�1, no compound-related tumors formed at any level.
In another 2 year feeding study with dogs fed 0, 1.25, 2.5, 10, or
25mg kg�1 the NOEL was 2.5 mg kg�1 based on the occurrence
of hemolytic anemia and non-neoplastic changes in the kidney
and spleen at higher doses. No tumors were observed at any
dose. Methomyl does not cause tumors in rats or mice.

Acetamide, a suspected oncogen, is a minor metabolite of
methomyl. No valid study of the metabolism of methomyl in
the human body is available. Tests for acetamide levels are
needed and have been called for by the EPA.
Clinical Management

Administer atropine sulfate as an antidote until complete
atropinization (1.2–2.0 mg i.v. every 10–30 min). Artificial
respiration or oxygen may be necessary.
Ecotoxicology

Methomyl is highly toxic to birds. The acute oral LD50 for
bobwhite quail is 24.2 mg kg�1. The oral LD50 of methomyl
was 28 mg kg�1 in hens. All deaths occurred within 10 min of
dosing. The clinical signs of toxicity included tearing of the
eyes, salivation, occasional convulsions, and respiratory
disorders. In Japanese quail, the LD50 was 34 mg kg�1. The
LD50 of a 90% pure formulation was 15.9 mg kg�1 in 8-month-
old mallards, and 15.4 mg kg�1 in 3–4-month-old male



Methomyl 245
pheasants. The LD50 for starlings was 42 mg kg�1 and for
redwinged blackbirds was 10 mg kg�1.

There are seven bird incidents reported in the Avian Incident
Monitoring System (www.abcbirds.org). Two of the incidents
were from registered uses of methomyl in France over 20 years
ago. The effects were reported on finches and designated as
‘likely’ to have been from exposure to methomyl. The other five
incidents were from non-labeled uses of methomyl. There have
been no bird incidents reported in the Avian Incident Moni-
toring System for nearly 10 years.

Methomyl is moderately to highly toxic to fish and highly
toxic to aquatic invertebrates. The 96 h LC50 in rainbow trout
for a liquid formulation of methomyl is 3.4 mg l�1; for bluegill
sunfish, it is 0.8 mg l�1. A 28 day fish residue study indicated
that methomyl did not accumulate in fish tissue. The 48 h LC50

for Daphnia magna (a small, freshwater crustacean) is
28.7 ppb.

Methomyl is highly toxic to bees both by direct contact and
through ingestion. Applications should be coordinated with
periods of minimum bee activity so that methomyl is never
applied while bees are actively visiting treatment areas.

The LD50 for a 90% pure formulation of methomyl was
11.0–22.0 mg kg�1 in mule deer. Symptoms of acute poisoning
in these animals included drowsiness, drooling, diarrhea, and
tremors.
Exposure Standards and Guidelines

The most appropriate and relevant chronic reference dose
(CRfD) (or acceptable daily intake (acute reference dose
(ADI))) for methomyl is 0.02 mg kg day�1, based on a scien-
tifically sound and ethically conducted volunteer study, which
is consistent with the basis of setting the ARfD/ADI by the
World Health Organization for Joint FAO/WHO Meeting on
Pesticide Residues (JMPR) 2001. Based on a 5 mg kg�1 NOEL
in a 2 year feeding study with dogs, and utilizing a 100-fold
safety margin, the US EPA has established an ADI for
methomyl of 0.025 mg kg day�1.

EPA has established a lifetime health advisory level of
200 ppb for methomyl. Water containing methomyl at or
below this level is acceptable for drinking every day over the
course of one’s lifetime and does not pose any health risk.
Miscellaneous

Always read and follow pesticide labels. First, the pesticide
label provides information on how to legally and lawfully
apply a given pesticide. Second, the label contains directions
that when followed can greatly reduce exposure to nontarget
organisms. Using methomyl as an example, the following
instructions may be found on certain labels: Do not apply
directly to water, or to areas where surface water is present, or to
intertidal areas below the mean high water mark. Run-off from
treated areas may be hazardous to aquatic organisms in
neighboring areas. Do not contaminate water when cleaning
equipment or disposing of equipment washwater or rinsate.
Do not apply this product if bees are visiting the treatment.
See also: Pesticides; Carbamate Pesticides; Cholinesterase
Inhibition.
Further Reading

Gupta, R.C., 2006. Toxicology of Organophosphate and Carbamate Compounds.
Elsevier Academic Press, Burlington, MA.

Much of the information in this chapter was used by permission from World Health
Organization, 1996. Environmental Health Criteria 178. Methomyl. Geneva.

Van Scoy, A.R., Yue, M., Deng, X., Tjeerdema, R.S., 2013. Environmental fate and
toxicology of methomyl. Rev. Environ. Contam. Toxicol. 222, 93–109.
Relevant Websites

http://www.cdc.gov/niosh/npg/npgd0387.html – Centers for Disease Control and
Prevention.

http://www.epa.gov/oppsrrd1/REDs/factsheets/0028fact.pdf – Environmental Protec-
tion Agency.

http://www.inchem.org/documents/ehc/ehc/ehc178.htm – International Programme
On Chemical Safety Environmental Health Criteria.

http://www.abcbirds.org
http://refhub.elsevier.com/B978-0-12-386454-3.00161-5/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00161-5/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00161-5/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00161-5/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00161-5/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00161-5/ref0020
http://www.cdc.gov/niosh/npg/npgd0387.html
http://www.epa.gov/oppsrrd1/REDs/factsheets/0028fact.pdf
http://www.inchem.org/documents/ehc/ehc/ehc178.htm
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Chemical Profile

l ChemicalAbstracts ServiceRegistryNumber:CAS40596-69-8
l Synonyms: Altosid; Altosand; Apex; Manta; Minex; Diacon;

Dianex; Juvemon; Kabat; Pharorid; Precor; Isopropyl(2E,
4E,7R,S)-11-methoxy-3,7,11-trimethyl-2,4-dodecadienoate

l Chemical/Pharmaceutical/Other Class: Synthetic terpenoid
l Molecular Formula: C19H34O3

l Chemical Structure:
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Background Information

Methoprene is the common name for a racemic mixture of two
enantiomers (R and S in a ratio of 1:1). The activity of the
compound as a juvenile hormone (JH) mimic is restricted to
the S enantiomer. Methoprene was the first insect growth
regulator approved in the 1970s by the US Environmental
Protection Agency after extensive studies showing low toxicity
to vertebrates and rapid natural chemical degradation in the
environment and through organism metabolism. Nowadays, it
is one of the most widely used and successful insect growth
regulators. Different products containing methoprene (e.g.,
pesticides, veterinary drugs) are commercially available in
different forms (emulsifiable concentrates, granules, pellets,
briquettes, aerosols, or sustained-release formulations). Some
of these are applied to water for mosquito control whereas
others are sprayed in areas where foods are stored to prevent
insect infestations. Methoprene may be used in combination
with other active insecticides to optimize pest control.
Uses

Methoprene is a broad-spectrum synthetic JH mimic, which
acts as an insect growth regulator (insecticide). It prevents
larval insect stages from undergoing metamorphosis to viable
adults and thus acts as a larvicide. Methoprene is considered
a biochemical pesticide because rather than controlling target
pests through direct toxicity, methoprene interferes with the
insect life cycle, preventing the insect from reaching maturity
or reproducing.

It is useful for control of a variety of insect pests including
ants, mosquitoes, flies, fleas, beetles, lice, and moths, but is
only effective against larvae, not adults or pupae. In order to
control some of these insects, methoprene is used in the
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production of a number of foods including meat, milk,
mushrooms, peanuts, rice, and cereals. Many different products
(e.g., pesticides, veterinary drugs) and formulations containing
methoprene are commercially available. Methoprene products
used for protecting pets such as cats and dogs include capsules
administered orally and flea collars used externally. Production
animals (e.g., cattle) typically receive methoprene in the diet as
a food additive. Other formulations of methoprene include
emulsifiable concentrates, pellets and tablets, granules, and
aerosols. Some of these are applied to water for mosquito
control whereas others are sprayed in areas where foods are
stored to prevent insect infestations. A potential therapeutic use
of methoprene was proposed in the context of African sleeping
sickness, since it was observed that this compound killed
Trypanosoma brucei in culture. However, methoprene acid,
resulting from the insecticide metabolism, exhibited no effi-
ciency as trypanocide. Consistently, methoprene administered
to infected mice showed to be unable to eliminate trypano-
somes from the blood.
Environmental Fate

Methoprene may be degraded by demethylation, hydrolysis,
oxidative cleavage, and photodegradation, resulting in the
formation of a series of metabolites that include methoprene
acid and citronellic acid. The primary modes of degradation are
photodegradation and degradation by aquatic microorganisms.

It is metabolized rapidly in soil under both aerobic and
anaerobic conditions (half-life ¼ 10–14 days). The major
microbial degradation product is carbon dioxide. Degradation
in both freshwater and saltwater is also quite rapid with a half-
life of 10–35 days at 20 �C. Methoprene is not very soluble in
water (<2 ppm) and as a result is not highly mobile in soil.
Because of this and its rapid biodegradation, methoprene does
not persist for long periods in soil and is unlikely to contam-
inate groundwater. When released into water, methoprene is
expected to adsorb to suspended solids and sediment. A high
potential for bioconcentration in aquatic organisms has been
suggested, with an estimated bioconcentration factor of 3400.
However, studies with bluegill sunfish, showed no significant
bioconcentration of methoprene in fish tissues as a result of
aquatic exposure.

Methoprene rapidly degrades in plants, with a half-life of
1–2 days in alfalfa when applied at a rate of 1 pound per acre.
In rice, the half-life is less than 1 day. In wheat, its half-life was
reported to be 3–7 weeks, depending on the level of moisture
in the plant.
Exposure Routes and Pathways

Methoprene usage as an insecticide is expected to result in its
direct release to the environment. Therefore, marine organisms
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00516-9
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are not likely to be exposed to methoprene, unlike for example
estuarine organisms, or those developing in water deposits
near/in sites where methoprene is applied as a mosquito
larvicide, which are especially susceptible. Although concen-
trations of methoprene did not generally exceed the strictest
guideline levels, concentrations of metabolites in catch basins,
particularly methoprene acid, sometimes exceeded those of
methoprene. Therefore, the metabolites should be considered
in any assessment of potential environmental impacts of
methoprene application.

Dermal contact and eye contamination are the most
common routes through which humans are exposed to
methoprene, during its application as insecticide. A very low
exposure is expected through the diet. Inhalation also consti-
tutes a pathway through which workers involved in metho-
prene production may be exposed to this insecticide
(occupational exposure).
Toxicokinetics

Methoprene may be absorbed from the gastrointestinal tract,
through the intact skin, and by inhalation of spray mist. The
metabolism of methoprene has been studied in rat, mouse,
guinea pig, cow, and chicken given single doses. No studies of
metabolism after repeated exposures have been conducted.
Available studies indicate that methoprene is metabolized
rapidly and extensively when given in low doses and excreted
in urine, feces, and expired air. Metabolism is primarily via
hepatic microsomal esterases, which initially produce
methoprene acid. This compound undergoes both alpha- and
beta-oxidation to form acetate, of which the majority is
transformed via the Kreb’s cycle into carbon dioxide and
respired as such. Some carbon dioxide was also incorporated
into natural products such as triglycerides, bile acids, and
cholesterol. When administered at high dose levels, large
quantities of methoprene are excreted unchanged in the feces,
but are not found in the urine or blood, suggesting that
intestinal absorption is slowed greatly but that metabolism is
not saturated.
Mechanisms of Action

JHs are one of the three types of internal regulators of insect
growth and metamorphosis. These hormones are synthesized
and released in a regulated way into the hemolymph. Imma-
ture larvae require these hormones to progress through the
regular larval stages. Methoprene mimics the insect JH by
binding to corresponding receptors. Thus, methoprene
disrupts JH-regulated processes and prevents metamorphosis,
prolonging the larval stage. Insects are, hence, prevented from
reaching adult stage and reproducing. Methoprene also affects
female insect reproduction by interfering with egg maturation,
and interferes with midgut remodeling during insect
metamorphosis, by modulating ecdysone action. The metho-
prene-tolerant gene (Met) was identified from a screen of
mutagenizedDrosophila melanogaster as conferring resistance to
both the toxic and the morphogenetic effects of methoprene.
The methoprene-tolerant protein specifically binds JH III and
its biologically active mimics, methoprene and pyriproxyfen,
through its C-terminal domain.
Mechanisms of Toxicity to Nontarget Species

It was hypothesized that methoprene may exert toxicity to
crustaceans in a way similar to the action toward insects, by
mimicking or interfering with methyl farnesoate, a crustacean
juvenoid. Therefore, methoprene may act as a crustacean
endocrine disruptor.

Studies have shown that methoprene is a membrane-active
compound, and effects at the biomembrane level may also
represent molecular mechanisms underlying nonselective
effects of this insecticide on nontarget organisms. Consistently
with its high lipophilic character and predictably strong
incorporation into biological membranes, as deduced from the
partition coefficient in octanol/water (log Kow ¼ 5.5), metho-
prene showed to induce significant disturbance of membrane
physical properties, monitored by differential scanning calo-
rimetry and fluorescence polarization in membrane models
prepared from synthetic lipids and membrane lipid extracts.
On the other hand, studies conducted with rat liver mito-
chondria showed that this insecticide did not significantly
affect mitochondria bioenergetics, but exhibited an inhibitory
action on the induction of mitochondrial permeability transi-
tion (MPT). Since MPT induction has been shown to play
a critical role in apoptosis during metamorphosis processes, its
inhibition was proposed as an alternative or additional toxi-
cological mechanism to methoprene effect on the retinoic acid
signaling pathway, for the impairment of the development of
organisms depending on metamorphosis.
Acute and Short-Term Toxicity (or Exposure)

Animal

Methoprene has extremely low acute toxicity in laboratory
animals. The oral LD50 value for rats is >30 000 mg kg�1 and
the value for dogs is between 5000 and 10 000 mg kg�1.
The acute dermal LD50 for rabbits is >2000 mg kg�1. The acute
(4-h) inhalation LC50 in the rat and guinea pig is >210 mg l�1.
Methoprene is not irritating to the eye or skin when tested on
rabbits and did not act as a skin sensitizer when tested on
guinea pigs.
Human

No clinical effects or overt signs of toxicity are known to have
occurred in humans due to methoprene exposure. Because of
its mechanism of action, methoprene has high selectivity for
insects and no acute toxicity is expected in humans even after
ingestion of large doses.
Chronic Toxicity (or Exposure)

Animal

Several chronic and subchronic toxicity studies conducted in
animals have shown that methoprene displays little toxic
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potential. The main effect observed at high dose levels was an
increase in the liver weight compared to body weight. Rats
receiving up to 5000 ppm in the diet for 2 years did not exhibit
any increases in tumor incidences; however, increased numbers
of hepatic lesions were found at the highest dose level. The no
observed adverse effect level was 1000 ppm, equivalent to
44 mg kg�1 body weight per day. Similarly, in mice fed up to
2500 ppm in the diet for 18 months, no toxicologically rele-
vant effects were observed except for focal accumulations of
macrophages with brownish foamy cytoplasm in livers and an
increased frequency of amyloidosis of the intestine at
2500 ppm. The no observed effect level (NOEL) for systemic
toxicity in this study was established at 1000 ppm, equivalent
to 130 mg kg�1 body weight per day. In separate 90-day
feeding studies, the NOEL in both rats and dogs was 500 ppm
in the diet. Increased liver weights in rats and dogs and renal
tubular degeneration effects in some rats were observed at
higher dose levels; however, the significance of these effects is
questionable because they were not observed in longer feeding
studies. In a 30-day dermal toxicity study on rabbits, the NOEL
values for systemic effects and local effects were 300 and
100 mg kg�1, respectively. In a 21-day inhalation toxicity study
in rats, the NOEL for methoprene was 20 mg l�1.

Human

No clinical effects or symptoms of toxicity are known to have
occurred in humans due to methoprene exposure alone;
however, some commercial formulations may potentially
contain additional ingredients that cause skin or eye irritation
or allergic reactions after repeated exposures.
Reproductive and Developmental Toxicity

Data available for the evaluation of the developmental and
reproductive effects of methoprene in animals suggest that it is
not a developmental toxicant, as evaluated in rabbits (NOEL,
2000 mg kg�1, the highest dose tested) and mice (NOEL
600 mg kg�1 day�1, the highest dose tested). A three-generation
reproduction study conducted in rats also revealed a NOEL
of 2500 ppm (highest dose tested) for reproductive effects.
The high NOELs reported in these studies should mean that
no developmental toxicity can be expected in humans from
exposure to residues of methoprene either during pregnancy or
during early childhood.
Genotoxicity

Methoprene is not genotoxic based on negative results in the
Ames Salmonella test, several other genotoxicity assays, and
a dominant lethal study in rats. Based on the results of these
studies, it is very unlikely that methoprene poses a genotoxic
risk to humans.
Clinical Management

In cases of skin exposure, the exposed area should be thor-
oughly washed with soap and water. Eyes should be washed
with copious amounts of room-temperature water in cases of
eye contamination. If small amounts are ingested, no treat-
ment is generally needed. Emesis is seldom necessary due to
low toxicity; it is contraindicated when methoprene is in
a hydrocarbon base. Activated charcoal is preferred. It can be
administered as aqueous slurry or as a mixture of charcoal
with saline cathartics or sorbitol. Symptomatic treatment is
recommended.
Ecotoxicology

Although methoprene is most toxic to Dipterans, it is also toxic
to nontarget insects, including Hemipterans, Lepidopterans,
and Coleopterans.

Methoprene is practically nontoxic to birds with an acute
oral LD50 of >2000 mg kg�1 in mallard ducks and an 8-day
dietary LC50> 10 000 ppm in bobwhite quail. In avian repro-
duction studies, methoprene had no effects on reproductive
parameters at dietary concentrations of 30 and 3 ppm in quail
and mallards, respectively.

Methoprene toxicity has been studied extensively in aquatic
life as a result of concern over possible effects on nontarget
organisms. Toxicity to fish is slight to moderate with a 96-h LC50

of 1.5 mg l�1 (ppm) for bluegill sunfish and >50 mg l�1 for
rainbow trout. Toxicity to aquatic invertebrates is generally
moderate to high, although there is considerable species-to-
species variation in sensitivity. Acute LC50 values for most
invertebrates are >900 mg l�1 (ppb). The issue of methoprene
toxicity to estuarine invertebrates was alleviated as a result of
submission of the estuarine invertebrate life cycle toxicity study
in 1996, which indicated minimal chronic risk to Mysid shrimp.

Methoprene showed adverse effects on all life stages of the
lobster, Homarus americanus, especially on larvae, therefore
being proposed as playing a part in the reduction of lobster
population in some areas.

Effects on reproductive parameters have been observed at
lower concentrations in studies with invertebrates. Methoprene
has been shown to inhibit or retard larval development of
some estuarine crustaceans. Eggs and the earliest hatched stages
of salt marsh copepod were reported to be sensitive to
methoprene. For example, exposures of Daphnia pulex to
nominal concentrations of 10 and 100 mg l�1 caused changes
in the incidence of all-male and all-female broods compared to
controls.

Methoprene has also been reported to produce develop-
mental toxicity (malformations) in exposed amphibians, but
only at concentrations that produce other toxic effects and that
are greater than those typically resulting from field applications
of mosquito control products.

Methoprene was found to hold toxicity toward microor-
ganism viability and proliferation. The growth of Bacillus
stearothermophilus, used as a microorganism model due to its
high sensitivity to lipophilic compounds, is halted by metho-
prene in a process that may involve membrane physical
perturbation and inhibition of the redox flow in the bacterium
respiratory system.

Methoprene is nontoxic to plants. Methoprene residue
determination on wheat has shown that this compound does
not translocate in plants and is not picked up from soil.
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Exposure Standards and Guidelines

The acceptable daily intake (ADI) for racemic methoprene is up
to 0.09 mg kg�1 body weight. For S-methoprene, the ADI is up
to 0.05 mg kg�1 body weight.

See also: Pesticides.
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l Name: o-Anisidine
l Chemical Abstracts Service Registry Number: 90-04-0
l Names and Synonyms: 2-Anisidine, 2-Aminoanisole,

2-Methoxybenzenamine, o-Methoxyphenylamine,
o-Anisilamine

l Molecular Formula: C7H9NO
l Chemical Structure:

Background

o-Anisidine was produced commercially in the United States
from the 1920s until late 1950s. By 2009, worldwide only six
industries manufactured o-anisidine, but none produced
hydrochloride salt. o-Anisidine was available from 44 suppliers,
including 20 US suppliers, and the hydrochloride salt was
available from eight suppliers, including five US suppliers. US
imports of o-anisidine and its hydrochloride salt are reported in
the category ‘o-anisidines, p-anisidines, and p-phenetidine,’ and
US exports are reported in the category ‘anisidines, dia-
nisidines, phenetidines, and their salts.’ From 1989 to 2008,
imports ranged from a high of over 4.6 million kg in 1996 to
zero in 2007 and 2008, and exports ranged from zero to
262 000 kg. Reports filed under the US Environmental
Protection Agency’s (EPA) Toxic Substances Control Act
Inventory Up Rule indicated that United States production plus
imports of o-anisidine totaled 500 000 lb–1 million lb in 1986,
1990, and 2006; 1 million–10 million lb in 1990 and 1998;
and 10 000–500 000 lb in 2002.
Uses

It is primarily used as a chemical intermediate in the produc-
tion of pigments, dyes, pharmaceuticals, and fragrances.
o-Anisidine hydrochloride is used as a chemical intermediate in
the production of numerous azo and triphenylmethane dyes
and pigments (e.g., C.I. direct red 72, disperse orange 29, direct
yellow 44, direct red 24, and acid red 4); in the production of
pharmaceuticals, including the expectorant guaiacol; as
a corrosion inhibitor for steel; and as an antioxidant for poly-
mercaptan resins.
Stability

Stable. Incompatible with strong oxidizing agents, acid anhy-
drides, chloroformates, acids, some plastics, rubber. Air sensi-
tive. Some physical properties are listed.
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Property o-Anisidine o-Anisidine HCl
oxicology, Volume 3 http://dx.do
i.org/10.1016/B978-0-12-3
Molecular weight
 123.2
 159.6
Specific gravity
 1.10 at 15 �C
 NR
Melting point
 5 �C
 225 �C
Boiling point
 225 �C
 NR
Log Kow
 1.18
 NR
Water solubility
 14 g l�1 at 25 �C
 Soluble
Vapor pressure
 0.08 mm Hg
at 25 �C
0.414 mm Hg
at 25 �C
Vapor density relative to air
 4.25
 6.77
Dissociation constant (pKa)
 4.53
 NR
Environmental Fate and Behavior

Since o-anisidine is extensively used as a chemical intermediate in
the production of pigments, dyes, and pharmaceuticals, its
release to the environment through various waste streams is very
likely. A vapor pressure of 8 � 10�2 mm Hg at 25 �C indicates
o-anisidine will exist solely as a vapor in the atmosphere if
released into the air. A reaction with photochemically produced
hydroxyl radicals will degrade vapor-phase o-anisidine in the
atmosphere; estimated half-life for this reaction would be slightly
over 4 h. Aromatic amines such as aniline have weak absorption
bands that extend beyond 290 nm; therefore, o-anisidine may be
susceptible to direct photolysis, but the kinetics of this reaction
are unknown. If released to soil, o-anisidine is expected to have
very highmobility based on an estimatedKoc of 46. The pKa of o-
anisidine is 4.53, indicating that this compound will exist
partially in cation form in the environment, and cations generally
adsorb more strongly to soils containing organic carbon and clay
than their neutral counterparts. Volatilization from moist soil
surfaces may be an important fate process based on an estimated
Henry’s Law constant of 9.3� 10�7 atm-m3 mol�1. Utilizing the
JapaneseMinistry of International Trade and Industry (MITI) test,
40–69.1% of the theoretical biochemical oxygen demand (BOD)
was reached in 2 weeks, indicating that biodegradation is an
important environmental fate process, provided microorganisms
are not killed by high concentrations of the compound. If
released into water, o-anisidine is not expected to adsorb to
suspended solids and sediment based on the estimated Koc.
Volatilization from water surfaces is expected to be an important
fate process based on this compound’s estimated Henry’s Law
constant. Estimated volatilization half-lives for a model river and
model lake are 44 and 320 days, respectively. An estimated
bioconcentration factor (BCF) of 2 suggests the potential for
bioconcentration in aquatic organisms is low. Hydrolysis is not
expected to be an important environmental fate process since
this compound lacks functional groups that hydrolyze under
environmental conditions.
86454-3.01224-0
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Exposure and Exposure Monitoring

Acute (short-term) exposure to o-anisidine results in skin irri-
tation in humans. Workers exposed to o-anisidine by inhala-
tion for 6 months developed headaches, vertigo, and effects on
the blood. Animal studies have reported effects on the blood
from chronic (long-term) dermal exposure to o-anisidine. No
information is available on the reproductive, developmental,
or carcinogenic effects of o-anisidine in humans. Animal
studies have reported tumors of the urinary bladder from oral
exposure to o-anisidine. EPA has not classified o-anisidine for
carcinogenicity. The International Agency for Research on
Cancer (IARC) has classified o-anisidine as a Group 2B,
possible human carcinogen.
Lethal dose data

Species Reference Route LD50 (mg kg�1) LDLo (mg kg�1) Adjusted LD Derived value

Rat IARC 1982 Oral 2000 – 14 000 mg m�3 1400 mg m�3

Mouse IARC 1982 Oral 1400 – 9800 mg m�3 980 mg m�3

Rabbit IARC 1982 Oral 870 – 6090 mg m�3 609 mg m�3

Other animal data: mice have survived exposures to concentrations of 10–30 mg m�3 for 2 h per day, 6 days per week for 1 month with only
a decrease in the excitability of nerves noted.
Source: Data from Centers for Disease Control and Prevention.
Toxicokinetics

There is no specific information about the absorption of
o-anisidine following exposure by inhalation, skin contact, or
ingestion, although the evidence of toxicity by all these
routes indicates that some level of absorption occurs.
Following intraperitoneal administration of (H3)-labeled
o-anisidine in rats, the highest concentrations of the radio-
label were found in the liver, kidney, and muscle tissue.
The metabolism and mode of action of o-anisidine are not
well established. Other aromatic amines are oxidized to an
N-hydroxy derivative that interacts with the heme group of
hemoglobin to form methemoglobin. Significantly elevated
methemoglobin levels were found in mice and rats at 3–48 h
following exposure by gavage to doses of 690 or
1380 mg kg�1. In cats, a single intravenous injection of
7.7 mg kg�1 resulted in significantly elevated methemoglobin
levels in samples taken 1–5 h after administration. Cats are
regarded as having a similar capacity to form methemoglobin
as humans. Following intraperitoneal administration of
radiolabeled o-anisidine, about 70% of the administered
dose was eliminated in urine after 72 h. The main urinary
metabolites identified were N-acetyl-2-methoxyaniline and
N-ethyl-4-hydroxy-2-methoxyaniline.
Mechanism of Action

It is primarily metabolized by cytochrome P450 isozymes, and
it forms two o-anisidine–DNA adducts with DNA. It causes
DNA damage by a metabolite in the presence of metals such
as Cu(II). It can also cause Cu(II)-mediated oxidative DNA
damage.
Acute and Short-Term Toxicity

Animal

Tests involving acute exposure of rats and mice have shown
o-anisidine to have moderate acute toxicity from oral expo-
sure. Some hematological changes, anemia, and nephrotoxi-
city have been described. o-Anisidine induces methemoglobin
formation. Few studies have shown induction of ataxia,
lacrimation, eyelid constriction, and orange urine after o-ani-
sidine exposure.
Human

There are few human data for irritation from o-anisidine.
o-Anisidine is a skin irritant. Acute exposure to o-anisidine in
humans results in skin irritation.
Chronic Toxicity

Animal

Animal studies have reported effects on the blood (anemia and
reticulocytosis) from chronic dermal exposure to o-anisidine.
Most studies were targeted to explore carcinogenicity of this
o-Anisidine. Rats when treated with BBN (N-butyl-N-
(4-hydroxybutyl)nitrosamine), lost body weights and the
histological examination of the urinary bladder showed
a significant incidence of papillary and nodular hyperplasias,
papillomas, and carcinomas of the urinary bladder. Similar
experiments with mice showed induction of bladder papil-
lomas and carcinomas (Table 1).

Human

Workers exposed to o-anisidine by inhalation for 6 months
developedheadaches, vertigo, and effectson theblood (increased
sulfhemoglobin and methemoglobin). EPA has not established
a reference concentration or a reference dose for o-anisidine.
Genotoxicity

Salmonella typhimurium (one or more of the five standard
strains: TA98, TA100, TA1535, TA1537, and TA1538) was used



Table 1 LD50 of o-Anisidine in different experimental models

Organism Test type Route Reported dose (normalized dose) Effect Source

Bird–wild LD50 Oral 422 mg kg�1 (422 mg kg�1) Archives of Environmental Contamination And
Toxicology, 12: 355, 1983.

Mouse LD50 Oral 1400 mg kg�1 (1400 mg kg�1) Blood: normocytic anemia
Kidney, ureter, and bladder:

other changes
Blood: other changes

IARC Monographs on the evaluation of carcinogenic
risk of chemicals to man. 27: 63, 1982.

Rabbit LD50 Oral 870 mg kg�1 (870 mg kg�1) Kidney, ureter, and bladder:
other changes

Blood: normocytic anemia
Blood: other changes

IARC Monographs on the evaluation of carcinogenic
risk of chemicals to man, 27: 63, 1982.

Rat LD50 Oral 1150 mg kg�1 (1150 mg kg�1) Trudy Leningradskogo Sanitarno-Gigienicheskogo
Meditsinskogo Instituta, 128:14, 1979.
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in histidine reverse gene mutation assay and Ames assay;
however, results were inconclusive.
Carcinogenicity

Oral exposure to o-anisidine HCl salt caused tumors in two
rodent species and at two different tissues. Dietary adminis-
tration of o-anisidine HCl increased the combined incidence of
benign and malignant urinary-bladder tumors (transitional-
cell papilloma and carcinoma) in rats and mice of both species.
Male rats developed kidney cancer (transitional-cell carcinoma
of the renal pelvis) and increased the combined incidence of
benign and malignant thyroid-gland tumors (follicular-cell
adenoma and carcinoma, papillary cystadenoma, and
cystadenocarcinoma).

No information is identified on the carcinogenic effects of
o-anisidine in humans. A National Cancer Institute study re-
ported that oral exposure to 2-methoxyaniline HCl (a salt of
o-anisidine) resulted in tumors of the urinary bladder in male
and female rats and mice, in the pelvis of the kidney in male
rats, and in the thyroid of male rats. EPA has not classified
o-anisidine for carcinogenicity. IARC has classified o-anisidine
as a Group 2B, possible human carcinogen.
Clinical Management

On acute exposure, cardiac status is monitored, and mental
status, body temperature, etc. are taken care of. Patients with
coma or altered metal status should receive oxygen, naloxone
(Narcan(R)), and thiamine (in adults), and have glucose level
measured immediately or receive D50.
Exposure Standards and Guidelines

Biological exposure index (BEI): Methemoglobin in
blood ¼ 1.5% of hemoglobin during or at end of shift.

Skin designation: Yes.
Other animal data: Mice have survived exposures to

concentrations of 10–30 mg m�3 for 2 h per day, 6 days per
week for 1 month with only a decrease in the excitability of
nerves noted.
Human data: None relevant for use in determining the
revised Immediately Dangerous to Life or Health Concentra-
tions (IDLH).

Revised IDLH: 50 mg m�3 (unchanged).
Basis for revised IDLH: based on subchronic inhalation

toxicity data in animals, the original IDLH for o-anisidine
(50 mg m�3) is not being revised at this time. (Note: The
National Institute for Occupational Safety and Health
(NIOSH) recommends as part of its carcinogen policy that the
‘most protective’ respirators be worn for o-anisidine at
concentrations above 0.5 mg m�3.)

NIOSH recommended exposure limit: 0.5 mg m�3 time-
weighted average (TWA) (skin); NIOSH considers o-anisidine
to be a potential occupational carcinogen as defined by the
Occupational Safety and Health Administration carcinogen
policy (29 CFR 1990).

Current OSHA permissible exposure limit (PEL):
0.5 mg m�3 TWA (skin).

1989 OSHA PEL: Same as current PEL.
1993–94 ACGIH threshold limit value: 0.1 ppm

(0.5 mg m�3) TWA (skin).
See also: Dyes and Colorants; Tobacco.
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adduction. Carcinogenesis 15 (10), 2291–2296.
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Relevant Websites

http://www.epa.gov/ttnatw01/hlthef/methoxya.html – Environmental Protection Agency.
http://www.cdc.gov/niosh/idlh/90040.html – National Institute for Occupational Safety

and Health.
http://toxnet.nlm.nih.gov/ – National Library of Medicine: search for Methoxyaniline.
http://ntp.niehs.nih.gov/ntp/roc/twelfth/profiles/Anisidine.pdf – National Toxicology
Program-National Institutes of Health-National Institute of Environmental Health
Sciences.

http://www.osha.gov/dts/chemicalsampling/data/CH_251820.html – Occupational
Safety and Health Administration.

http://www.epa.gov/ttnatw01/hlthef/methoxya.html
http://www.cdc.gov/niosh/idlh/90040.html
http://toxnet.nlm.nih.gov/
http://ntp.niehs.nih.gov/ntp/roc/twelfth/profiles/Anisidine.pdf
http://www.osha.gov/dts/chemicalsampling/data/CH_251820.html
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l Name: Methoxychlor
l Chemical Abstracts Service Registry Number: CAS 72-43-5
l Synonyms: 1,1,1-Trichloro-2,2-bis(p-methoxyphenyl)-ethane;

1,10-(2,2,2-Trichloroethylidene)bis(4-methoxy-benzene);
Dimethoxy-DT; DMDT; ENT1716; Higalmetox; Methoxy-
chlore; Marlate; Methoxy-DDT; OMS 466; Prentox; Marlates;
Metoxs; Chemform

l Chemical/Pharmaceutical/Other Class: Organochlorine
insecticide

l Molecular Formula: C16H15Cl3O2

l Chemical Structure:
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Background

Methoxychlor is a pale-yellow powder that has a slightly fruity or
musty odor. It is a synthetic chemical. Methoxychlor is mainly
used as an insect killer. It does not easily evaporate into air or
dissolve in water. When used as a pesticide, it is dissolved in
apetroleum-based liquidandappliedasa spray,or it canbemixed
with other chemicals and applied as a dust. The use of methoxy-
chlor is highly seasonal (spring and summer). The environmental
exposure tends to be greater during periods of insect control.
Uses

Methoxychlor is effective against flies, mosquitos, cockroaches,
and a wide variety of other insects. This insecticide is used on
agricultural crops and livestock, and in animal feed, barns, and
grain storage bins. Some pesticide products that contain
methoxychlor are used for controlling insects in gardensoronpets.
Environmental Fate and Behavior

Methoxychlor is very persistent in soil. Its half-life is 120 days.
Methoxychlor degrades much more rapidly in aerobic condi-
tions than in anaerobic conditions. Methoxychlor is tightly
bound to soil and is insoluble in water. The risk to groundwater
should be low. Movement of the pesticide is likely via
adsorption to suspended soil particles.
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Exposure Routes and Pathways

Ingestion and dermal contact are possible routes of exposure.
Individuals may be exposed by ingestion of food or drinking
water contaminated with methoxychlor.
Toxicokinetics

Chlorinated hydrocarbon insecticides, when dissolved in oil
or other lipid, are readily absorbed by the skin and alimentary
canal. Although methoxychlor is slowly metabolized to
a small extent by pathways similar to those of DDT, the major
pathway is by O-demethylation and subsequent conjugation.
Methoxychlor has been detected in the blood of agricultural
workers. All organochlorines are likely to be excreted in the
milk of lactating women. Methoxychlor is excreted mainly in
feces, and to a lesser extent in urine.
Mechanism of Toxicity

Methoxychlor undergoes hepatic microsomal mono-
oxygenase(s)-mediated activation, and the resultant reactive
metabolites (possibly free radicals) bind covalently to
microsomal components. Methoxychlor is considered to have
estrogenic activity. Methoxychlor can be metabolized in vivo
into two demethylated compounds (2,2-bis-(p-hydroxyphenyl)-
1,1,1-trichloroethane (HPTE) and 2,2-bis-(p-hydroxyphenyl)-
1,1,1-dichloroethane (HPDE))and two O-ring methylated
compounds. These metabolites interact with the estrogen and
androgen receptors. Exposure to methoxychlor, therefore, may
impair reproductive function through actions on estrogen and
androgen receptors.
Acute Toxicity

Ocular toxicity has been reported from systemic exposure to
methoxychlor.

In extreme overdoses, central nervous system depression
may occur. In general, for chlorinated hydrocarbon insecti-
cides, aspiration of insecticide-containing petroleum distillate
may result in pneumonitis. In addition, nausea, vomiting, and
diarrhea may follow ingestion; blood dyscrasias, anemia, and
leukemia have been associated with organochlorine exposure,
and extensive contact results in dermal irritation. The approx-
imate fatal dose is 6 g kg�1.
Chronic Toxicity

Chronic intoxication of dogs at dosages of 2000mg kg�1 day�1

in the diet led to convulsions in 6 weeks and death in
9 weeks; weight loss, high alkaline phosphatase and serum
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00162-7
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transaminase, and intestinal congestion were seen; and swine
showed kidney injury and uterine and mammary enlargement.
Rabbits given 200mg kg�1 day�1 orally died after four or five
doses; autopsy findings included mild liver damage and
nephrosis.

Chronic exposure may cause kidney damage in humans.
Reproductive Toxicity

Atrophy of the testes was observed in rats given 1% methoxy-
chlor in the diet. In rats given 100 or 200mg kg�1 day�1,
arrested spermatogenesis was noted after 70 consecutive days
of treatment; corpora lutea failed to develop in female rats
treated with similar dosages for 14 days before and after
mating. Administration of 1000mg kg�1 in the diet to preg-
nant rats caused early vaginal openings in their offspring; both
male and female offspring had reduced fertility when they
attained maturity. No abortions were observed in pregnant
cows given methoxychlor at 10mg kg�1 day�1.

Little information is available regarding the effects of
methoxychlor in children. The reproductive system is likely to
be the most sensitive target of methoxychlor in both adults
and children. Methoxychlor does not cause structural birth
defects in animals, but exposure to high levels of methoxy-
chlor during pregnancy caused reduced survival of fetuses.
There is no evidence in humans that methoxychlor causes
birth defects.
Genotoxicity

Methoxychlor does not appear to be genotoxic in prokaryotic
test systems.

Mixed results have been obtained in genotoxicity tests using
mammalian cells in vitro.

In vivo genotoxicity studies generally yielded negative
results. Injection of a 0.1% solution of methoxychlor did not
induce sex-linked recessive lethal in male Drosophila mela-
nogaster. There is not enough information available to defi-
nitely state whether methoxychlor causes cancer. Most of the
information indicates that methoxychlor does not cause cancer.
Carcinogenicity

In a 27-month study in rats, 1000 ppm methoxychlor was
administered in the diet; there were no differences in deaths or
the incidence and distribution of benign or malignant tumors
in treated animals versus controls. There is no evidence of
carcinogenicity in animals or humans.
Clinical Management

In general, following acute exposure to chlorinated hydrocarbon
insecticides, blood chlorinated-hydrocarbon levels are not clini-
cally useful; for most compounds it reflects cumulative exposure
over a period ofmonths rather than recent exposure. Emesis may
be indicated and is most effective if initiated within 30min
postingestion. In addition, an activated charcoal/catharticmay be
given. For seizures, diazepam should be administered as an
intravenousbolus.Oils shouldnotbegivenbymouth.Adrenergic
amines should not be administered because they may further
increasemyocardial irritability and produce refractory ventricular
arrhythmias. If clothing is contaminated, it should be removed.
Ecotoxicology

Methoxychlor is slightly toxic to bird species. Methoxychlor is
highly toxic to fish and aquatic invertebrates. Methoxychlor
accumulates in aquatic organisms because these organisms
metabolize methoxychlor very slowly. The compound is rela-
tively nontoxic to bees.
Exposure Standards and Guidelines

Theoral referencedose formethoxychlor is 0.005mg kg�1 day�1,
based on litter loss in a rabbit teratology study.

See also: Pesticides.

Further Reading

Cummings, A.M., 1997. Methoxychlor as a model for environmental estrogens. Crit.
Rev. Toxicol. 27 (4), 367–379.

Eroschenko, V.P., Amstislavsky, S.Y., Schwabel, H., Ingermann, R.L., 2002. Altered
behaviors in male mice, male quail, and salamander larvae following early exposures
to the estrogenic pesticide methoxychlor. Neurotoxicol. Teratol. 24 (1), 29–36.

Palanza, P., Morellini, F., Parmigiani, S., vom Saal, F.S., 2002. Ethological methods to
study the effects of maternal exposure to estrogenic endocrine disrupters: a study
with methoxychlor. Neurotoxicol. Teratol. 24 (1), 55–69.

Tiemann, U., 2008. In vivo and in vitro effects of the organochlorine pesticides DDT,
TCPM, methoxychlor, and lindane on the female reproductive tract of mammals:
a review. Reprod. Toxicol. 25 (3), 316–326.
Relevant Websites

http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid¼151 – Agency for
Toxic Substances & Disease Registry.

http://www.eco-usa.net/toxics/chemicals/methoxychlor.shtml – ECO-United States of
America.

http://extoxnet.orst.edu/pips/methoxyc.htm – The Extension Toxicology Network.
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l Name: Methoxyethanol
l Chemical Abstracts Service Registry Number: 109-86-4
l Synonyms: Methyl cellosolve, Methyl glycol, Glycol methyl

ether, Monoethylene glycol methyl ether, Monomethyl
glycol ether

l Molecular Formula: C3H8O2

l Chemical Structure:
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Background (Significant/History)

Methoxyethanol is a glycol ether that has been known since the
1920s, but its use significantly increased in the 1970s. Cello-
solve was a solvent product containing glycol ethers and
registered in the 1920s by Carbide and Carbon Chemicals
Corp. Glycol ethers are derived from either ethylene oxide
(E-series) or propylene oxide (p-series) combined with an
alcohol. Methoxyethanol is an E-series glycol ether derived
from methanol and ethylene oxide. Other commonly used
glycol ethers include ethoxyethanol, butoxyethanol, and
methoxypropanol. Use of methoxyethanol has declined in
recent years due to risk management procedures and replace-
ment by other substances.
Uses

Methoxyethanols, like other glycol ethers, are highly flam-
mable, colorless liquid that readily dissolve in water. Their
chemical properties allow them to be used mainly in surface
coatings. Methoxyethanol is widely used in paints, lacquers,
stains, nail polishes, surface coatings, and food-contact plastics.
It is also used in printing, inks, leather processing, photography
and photolithography processes such as in the semiconductor
industry, and textile finishing. Methoxyethanol has also been
used as a deicing ingredient in jet fuels and lubricants.
Environmental Fate and Behavior

Methoxyethanol is very volatile and will exist solely as a vapor
in ambient atmosphere. It is easily degraded by direct photol-
ysis of sunlight. Half-life in the atmosphere is estimated to be
5.7–57 h. Since methoxyethanol is highly miscible with water
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and readily breaks down by several enzymatic routes, bio-
concentration is unlikely and has not been shown to occur. In
water, it is not expected to absorb to suspended solids or
sediment and will also volatilize rapidly from water. Methox-
yethanol does not bind to soil well and should rapidly
biodegrade in soil. Estimated half-lives in surface water and
groundwater are 1–4 and 2–8 weeks, respectively. It has
a molecular weight of 76.09 g mol�1, a boiling point of
124.5 �C, melting point of �85 �C, density of 965 kg m�2,
vapor density of 2.62, vapor pressure of 0.09 mm Hg at 16 �C,
pKa ¼ 14.8, and skin absorption of 2.82 mg cm�2 h�1.
Exposure and Exposure Monitoring

Exposures can occur via oral, dermal, and inhalation routes. As
a solvent with relatively high vapor pressure, exposures to both
liquid and vapor states can occur simultaneously. Gastroin-
testinal absorption can occur by deliberate or accidental
ingestion of methoxyethanol-containing liquids. Exposure to
methoxyethanol can also occur after exposure to the acetic acid
ester, methoxyethyl acetate. Methoxyethyl acetate ester is
readily hydrolyzed to release methoxyethanol by esterases in
tissues lining the respiratory system, in blood cells, and in deep
body organs. Medical surveillance for the population with
direct contact with methoxyethanol in their field of work
should consist of medical examination with the focus on
a neurologic examination.
Toxicokinetics

Systemic toxicity has occurred after methoxyethanol expo-
sure to skin, gastrointestinal tract, and lungs. In rats, 90%
was absorbed after an oral dose. Its water solubility favors
distribution to all body tissues except adipose tissue.
Methoxyethanol is a substrate for alcohol dehydrogenase,
and the resultant methoxyacetaldehyde is metabolized to the
primary metabolite, methoxyacetic acid, by aldehyde dehy-
drogenase. Methoxyacetic acid is then conjugated to glycine
or O-demethylated and oxidized to produce carbon dioxide.
Other metabolites include direct conjugation via glucuronyl-
and sulfotransferase. A minor pathway involves demethyla-
tion by undefined enzymes to small amounts of ethylene
glycol and formaldehyde. In rats, pretreatment with pheno-
barbital decreased the formation of methoxyacetaldehyde
but accelerated the formation of methoxyacetate in liver
cytosolic fractions.

In Sprague–Dawley rats, males and females quickly elimi-
nate methoxyacetate at similar rates in the urine, but the male
excretes the unmetabolized compound more slowly (t1/2 of
50 min vs 30 min). This may be because the activity of alcohol
dehydrogenase in the liver is higher in female rats than in the
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00410-3
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male rats. Methoxyacetate and methoxyacetylglycine are the
principal metabolites in rat urine, with minor amounts of
sulfate and glucuronide derivatives also excreted. Human
volunteers exposed to methoxyethanol vapors resulted in
respiratory retention of 80% of the inhaled methoxyethanol.
Another human volunteer study showed that uptake through
the skin was estimated to be 55%. The half-life of methox-
yethanol is estimated to be w77 h in humans. The compound
does not bioaccumulate.
Mechanism of Toxicity

High acute doses of methoxyethanol have a sedative and
hypnotic effect. Kidney and lung damages, accompanied by
hemoglobinuria, follow exposures to high doses. Toxicity is
attributed to the active metabolites: methoxyacetaldehyde and
methoxyacetate. In vitro studies with radiolabeled methox-
yethanol indicate that formation of methoxyacetyl-coenzyme A
may lead to the formation of methoxyacetyl derivatives of
Krebs cycle intermediates. Methoxyacetate produces the same
testicular lesions in rodents as does the parent compound,
although the immunosuppression elicited by methoxyethanol
exposure may depend on the putative metabolite, methox-
yacetaldehyde. In both the testicular lesion and the immune
suppression, some data suggest that the pattern of cell death
termed ‘apoptosis’ may be stimulated. Methoxyacetate stimu-
lates synthesis of progesterone by luteal cells in culture. This
disturbance of luteal function may be related to the prolon-
gation of gestation in rodents. Teratogenicity appears to be
related to interference by methoxyethanol, or its metabolites,
with one carbon metabolism in the synthesis of nucleotide
precursors, and can be relieved by administration of other
substrates, such as serine and glycine, which also provide
substrates for nucleotide synthesis. It has also been suggested
that toxicity is mediated through inhibition of flavoprotein
dehydrogenase-catalyzed reactions.
Acute and Short-Term Toxicity

Oral LD50 values range from 1 to 3 g kg�1 in rodents. A dermal
LD50 of 1.3 g kg�1 was determined in rabbits. An inhalation
LC50 of 1480 ppm for 7 h was determined in mice. In animals,
systemic effects from sublethal, or short-term exposures, are
kidney damage, thymic involution, depression of blood cell
counts, and depression of bone marrow cellularity. Depression
of the primary antibody plaque-forming cell response in rats
suggests that methoxyethanol could inhibit the humoral
immune system. Testicular atrophy and depression of sperm
counts are noted in animal studies. Methoxyethanol, along
with several other known testicular toxins, causes an increase in
the urinary creatine/creatinine ratio as one of the earliest and
most sensitive markers of testicular damage after acute expo-
sure. Methoxyethanol is considered to be a mild skin and eye
irritant. Methoxyethanol is not a contact sensitizer.

Deliberate or accidental human exposures have defined the
toxicity expected from acute and short-termexposures to
methoxyethanol by all routes. High doses can kill by severe
central nervous system(CNS)depression andacidosis. Ahuman
death resulted from hemorrhagic gastritis and degeneration of
liver, kidney, and pancreas following ingestion of w240 ml
(3.34 g kg�1) of methoxyethanol. Two individuals who drank
w100ml each ofmethoxyethanol survived, but were severely ill
with symptoms of severe intoxication, metabolic acidosis,
hyperventilation, tachycardia, nausea, weakness, and cyanosis.
Chronic Toxicity

Both chronic and subchronic studies indicate that rabbits are
more sensitive to methoxyethanol than rats and mice; primates
are more sensitive to the teratogenic effects of methoxyethanol
than any rodent species. A dose of 12 mg kg�1 day�1 during the
second trimester of pregnancy in monkeys produced 29% dead
or resorbed fetuses, while 36 mg kg�1 day�1 caused 100% fetal
death. Doses of 25 mg kg�1 day�1 are the lowest reported to
cause fetal abnormalities in rodents, with skeletal abnormali-
ties of the extremities as one remarkable feature. Dose levels of
25 mg kg�1 day�1 during the sensitive period of gestation in
rodents are also associated with reduced litter size, reduced
litter weight, and prolongation of pregnancy. Examination of
rodent fetuses at different periods during development indi-
cates that repair of early damage occurs when the exposure
ceases, which may contribute to the greater tolerance rodents
display toward methoxyethanol.

Methoxyethanol is a male reproductive toxin. Males display
testicular atrophy, tubular degeneration, and reduced sperm
counts at doses as low as 25 mg kg�1 day�1 (rabbits), with
symptoms increasing in severity as dose levels increase. Loss of
pachytene spermatocytes in a stage-specific manner is the
earliest noted lesion. Effects are reversible after low doses.

As the dose level of chronic exposures increases, methox-
yethanol becomes immunosuppressive. Thymic involution,
decrease of spleen weight, and suppression of various
lymphocyte and antibody responses are noted at doses as low
as 50 mg kg�1 in rats and mice, although comparison of several
studies indicates that rats may be more susceptible than mice.
Effects becamemore severe as the dose level of methoxyethanol
increased in the studies.

Chronic effects of methoxyethanol that have been observed
in humans include hematologic, neurologic, reproductive, and
pulmonary, which appear to be reversible after several months.
Workers for printing solvents exposed up to 7 months to
60–3000 ppm showed anemia and granulocytopenia. Neuro-
logic symptoms included dizziness, fainting, headache, and
behavior changes. Reproductive toxicity included infertility and
developmental abnormalities. However, many of these were
mixed exposures.
Immunotoxicity

Previous studies have shown methoxyethanol is immunotoxic
to rats. It can cause thymic involution, along with suppressed
lymphocyte immunoglobulin production. This has not been
the case in mice, and no human studies exist. Examinations of
humans exposed to methoxyethanol reveal hematopoietic
effects manifested as anemia and alterations in numbers of
white blood cells.
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Reproductive Toxicity

Methoxyethanol has been associated with reproductive and
developmental toxicity in animal models. Methoxyethanol has
been shown to be a potent male reproductive toxicant. Exposed
mice had testicular atrophy, abnormal sperm head
morphology, and infertility. The metabolite methoxyacetate
inhibits lactate production by testicular cells in culture. Preg-
nant animals with methoxyethanol exposures reported
increases in embryonic deaths, fetal abnormalities, and
maternal deaths.

There is some epidemiologic evidence to show it may also
have human reproductive and developmental toxicity. A small
human population study involving workers manufacturing and
packaging methoxyethanol did not show effects on fertility at
low levels. Another human study showed a possibility of
reproductive toxicity at high (60 ppm) concentrations, but they
were also exposed to other chemicals.

Evidence gathered from pregnant women exposed to
methoxyethanol in the semiconductor industry would suggest
that methoxyethanol is a human teratogen as well as a repro-
ductive toxin. Decreased fertility, increased incidence (roughly
twofold) of spontaneous abortion, and prolongation of the
menstrual cycle were found in women exposed to a variety of
solvents that included methoxyethanol. In one report, six
children delivered by five women heavily exposed to methox-
yethanol in the workplace displayed characteristic dysmorphic
features. Cleft palate, CNS malformations, mental retardation,
and musculoskeletal malformations were noted in the
offspring born to mothers with exposure to methoxyethanol.
However, no quantitative measurements were given, and not
all outcomes were assessed. Thirty-five children delivered by
a matched population of 23 nonexposed women in the same
workforce did not present a similar pattern of lesions. Another
small study did not show any association with neural tube
defects. It is difficult to ascertain the exposure history associated
with the human subjects as many reports did not gather
quantitative data, and most were mixed exposures.

Reduced sperm counts, decreased testes size, decreased
circulating testosterone and follicle-stimulating hormone
levels, and an increase in luteinizing hormone were reported in
men occupationally exposed to methoxyethanol at levels in the
range 5.4–8.5 ppm. A tendency toward reduced fertility in the
spouses of men exposed to methoxyethanol was also observed
in this study. Increases in the incidence of oligospermia and
azoospermia were found in painters exposed to methox-
yethanol (mean level of exposure less than 1 ppm). However,
no reduction of fertility was noted. The study was complicated
by the simultaneous exposure of the workers to ethoxyethanol.
No paternal effects on offspring have been associated with
human methoxyethanol exposures.
Genotoxicity

Methoxyethanol has not been shown to have significant gen-
otoxicity. Short-term tests for mutagenicity, such as the Ames
assay, and various mammalian cell culture assays indicate that
methoxyaldehyde may be mutagenic at high doses but
methoxyethanol does not produce any positive response.
Methoxyethanol did not induce chromosome aberrations in
mammalian cells unless very high doses were used, and there
were no signs of chromosome aberrations in mice.
Clinical Management

Symptoms of patients acutely exposed to methoxyethanol
depend on route of exposure. Inhalation exposure can lead to
irritation of the respiratory tract and rarely delayed pulmonary
edema. Patients should be removed from the exposure and
taken to fresh air. Symptoms of bronchospasm should be
treated symptomatically with agents such as beta-agonists.
Contaminated clothing should be removed and methox-
yethanol washed away with soapy water as quickly as possible
after dermal exposure. Prompt flushing with copious amounts
of water is recommended after eye contact. After significant oral
exposure, recommend an observation period of 8–12 h for
symptoms of CNS depression or intoxication, along with
worsening metabolic acidosis and renal failure. Treatment of
toxicity is symptomatic and supportive care. Severe acidosis can
be treated with intravenous sodium bicarbonate and fluid
resuscitation. Ethanol and Fomepizole have been used with
varying success to block metabolism, but hemodialysis may be
required in cases of severe acidosis, fluid-electrolyte abnor-
malities, or renal failure. For chronic exposures, a complete
blood count and urinary analysis can be obtained as part of the
evaluation. Urinary methoxyacetic acid (an active metabolite)
can be used as an indicator of overall exposure.
Ecotoxicology

The acute and chronic effects of methoxyethanol and its acetate
ester on aquatic ecosystems are limited, but are unlikely to have
a significant effect. The flagellate protozoan Chilomonas para-
mecium appears to be the most sensitive. Effects on terrestrial
animals have not been studied, but would be unlikely to affect
terrestrial animal unless at very high concentrations. The effects
of methoxyethanol are judged to be negligible at the range of
concentrations expected in the environment.
Exposure Standards and Guidelines

The AmericanConference of Governmental Industrial Hygienists
reports threshold limit values exposure limit for an 8 hwork shift
is 25 ppm and short-term exposure limit (STEL) for up to 15min
is 35 ppm. The Occupational Safety and Health Administration
recommends a permissible exposure limit, 8 h time-weighted
average, of 25 ppm (80 mg m�3). Many manufacturers have
adopted exposure limits below current permissible exposure
limits ranging from 2 to 10 ppm. National Institute of Occupa-
tional Safety andHealth reports the level immediately dangerous
to life or death as 200 ppm.Health exposure controls include the
use of personal protective equipment such as respirators,
chemical-resistant gloves, and chemical safety goggles. Contam-
inated clothing should be washed before reuse. Spills on skin or
eye splash should be thoroughly removed by flushing with
copious amounts of water. Methoxyethanol is subject to SARA
section 313 reporting requirements.
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See also: Jet Fuels; Reproductive System; Glycol Ethers.

Further Reading
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Relevant Websites

http://www.cdc.gov/niosh/docs/83-112/ – Centers for Disease Control and Prevention.
http://www.who.int/ipcs/publications/cicad/methoxyethanol.pdf – Concise International

Chemical Assessment Document 67. Selected Alkoxyathanols: 2-Methoxyethanol.
http://www.epa.gov/chemfact/s_methox.txt – Environmental Protection Agency.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under HSDB for

Methoxyethanol.
http://www2.epa.gov/toxics-release-inventory-tri-program – US Environmental

Protection Agency: Toxics Release Inventory (TRI) Program.
http://www.epa.gov/emergencies/content/epcra/tier2.htm – US Environmental

Protection Agency: Tier2 Submit Software.
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l Chemical Abstracts Service Registry Number: 298-81-7
l Synonyms: Xanthotoxin, 9-Methoxypsoralen, Ammoidin,

Oxsoralen, Methoxsalen, 8-MOP
l Chemical/Pharmaceutical/Other Class: Coumarin
l Molecular Formula: C12H8O4

l Chemical Structure:
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Background Information

8-Methoxypsoralen (8-MOP) and other psoralens are naturally
found in plants, including common fruit and vegetable crops.
Uses

Synthetic forms of 8-MOP and 5-methoxypsoralen (bergapten)
are widely used as drugs in skin photochemotherapy, for
example, with longwave ultraviolet (UV) light in the treatment
of psoriasis, vitiligo, and mycosis fungoides. The combination
of UVA light and psoralens is called psoralen ultraviolet A
(PUVA) therapy. They have also been used as tanning activators
in many sunscreen preparations. Unfortunately, the use of
psoralens in skin photochemotherapy has been shown to have
major side effects. Concomitant therapy with 8-MOP and other
systemic or topical photosensitizing agents (e.g., anthralin, coal
tar or coal tar derivatives, griseofulvin, phenothiazines, nali-
dixic acid, halogenated salicylanilides, sulfonamides, tetracy-
clines, thiazides, or certain organic staining dyes such as
methylene blue, toluidine blue, rose bengal, and methyl
orange) may produce additive photosensitizing effects. Partic-
ular caution is necessary if 8-MOP is administered concomi-
tantly with any topical or systemic photosensitizing agent.
Environmental Fate and Behavior

The industrial use of 8-MOP results in its release into the
environment through multiple pathways, and its existence as
a natural substance in plants further expands exposure to the
environment. Airborne 8-MOP will exist in the vapor and
particulate phases, and will be degraded in air by reaction with
photochemically produced hydroxyl radicals, with an esti-
mated half-life of approximately 1.2 h, it may also be subject to
direct photolysis by sunlight. Particulate 8-MOP will be
removed from the atmosphere by wet or dry deposition. If
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released into the soil, it is expected to have high mobility and is
not expected to volatilize. 8-MOP does not biodegrade. In
aqueous environments, 8-MOP is not expected to hydrolyze, it
will, however, adsorb to suspended solids and sediment. Due
to 8-MOP’Ks resistance to degradation by many routes, it is
expected to remain in the environment for a prolonged period,
and as such will also be subject to long-range transport. 8-MOP
has an estimated bioconcentration factor (BCF) of 9, meaning
that bioconcentration and bioaccumulation are low in aquatic
organisms.
Exposure and Exposure Monitoring

Dermal and oral exposures are the most likely to occur in
humans. Dermal exposures are the most frequent therapeutic
use of 8-MOP, but there are oral forms of treatment for the
same indications. Oral exposure is also possible if one were to
consume a plant which naturally contains the chemical.
Toxicokinetics

8-MOP is extensively metabolized, and is demethylated to
8-hydroxypsoralen (8-HOP). 8-MOP and 8-HOP are conju-
gated with glucuronic acid and sulfate; other unidentified
metabolites have also been detected. 8-MOP and 8-HOP
and their conjugates are excreted in urine. Following oral
administration of 8-MOP, 80–90% of the drug is excreted in
urine within 8 h as hydroxylated, glucuronide, and sulfate
metabolites; less than 0.1% of a dose is excreted in urine as
unchanged drug. About 95% of the drug is excreted in urine
within 24 h as metabolites. When oral 8-MOP is administered
with food, the extent of absorption and the peak serum
concentration appear to be increased. The mechanism of this
interaction is not known but may involve the effect of food on
dissolution or hepatic metabolism of 8-MOP.
Mechanism of Toxicity

The toxic effects of psoralens almost never occur without
exposure to UV light. These are photosensitizing materials that
exert their primary effect on the skin. 8-MOP, when activated
by long-wavelength UV light in the range of 320–400 nm, is
strongly erythemogenic, melanogenic, and cytotoxic in the
epidermis. The mechanisms of action of 8-MOP in inducing
repigmentation of vitiliginous skin have not been established.
Repigmentation depends on the presence of functioning
melanocytes and UV light. 8-MOP may activate the functional
and dihydroxyphenylalanine-positive melanocytes present in
vitiliginous skin. An increase in the activity of tyrosinase, the
enzyme that catalyzes the conversion of tyrosine to dihydrox-
yphenylalanine (a precursor of melanin), has been shown in
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00878-2
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melanin-producing cells exposed in vitro to trioxsalen and UVA
light. In addition, binding of photoactivated psoralens (in
triplet states) to pyrimidine bases of nucleic acids, with
subsequent inhibitions of DNA synthesis, cell division, and
epidermal turnover, has been demonstrated. Following pho-
toactivation, 8-MOP forms covalent bonds with DNA to
produce monofunctional (addition to a single strand of DNA)
and bifunctional adducts (cross-linking to both strands of
DNA). Reactions with other proteins also occur. Psoralens may
also increase melanin formation by producing an inflamma-
tory reaction in the skin. Other mechanisms of increased
pigmentation may include an increase in the number of func-
tional melanocytes (and possibly activation of dormant
melanocytes); enhancement of melanin granule synthesis;
stimulation of the movement of melanocytes up hair follicles
resulting in melanocytic repopulation of the epidermis; and/or
hypertrophy of melanocytes and increased arborization of their
dendrites. Since psoriasis is a hyperproliferative disorder and
other agents effective in the treatment of psoriasis are known to
inhibit DNA synthesis, the therapeutic effect of 8-MOP in the
treatment of psoriasis probably involves binding to DNA and
inhibition of DNA synthesis resulting in decreased cell prolif-
eration; other vascular, leukocyte, or cell regulatory mecha-
nisms may be involved. It has been suggested that at low drug
load, 8-MOP binds to DNA as an intercalator, whereas at higher
ratios of 8-MOP to DNA, it binds to the outside of DNA,
probably in the minor groove and causes some compaction in
DNA. Protective eyewear is used to prevent irreversible binding
of 8-MOP to proteins and DNA components of the lens. The
central hypothesis for the reproductive toxicity of 8-MOP is
that it produces reproductive effects by disrupting the hypo-
thalamus–pituitary axis, and the alternative hypothesis is that
this compound targets gonadal function, resulting in alteration
of pregnancy outcome.
Acute and Short-Term Toxicity (or Exposure)

Animal

The LD50 value for rat is 451mg kg�1. Female rats had reduced
birth weights, a reduced number of implantation sites, pups,
and corpora lutea when given 8-MOP. Exposure can also
induce formation of cataracts, devascularization of the irises,
and enlargement of the pupil; other effects on the eye
demonstrated by exposure in guinea pigs include ulceration of
the lids, edema of the corneas, congestion of iris vessels,
permanently dilated pupils, and multiple anterior cortical
punctate opacities in the lenses.
Human

Since 8-MOP is a strong photosensitizer capable of producing
severe burns if used improperly, it shouldbeusedonly under the
supervision of a physician with special training and experience
in photochemotherapy. 8-MOP lotion should be applied only
by a physician under controlled conditions for light exposure
and subsequent light shielding. The 8-MOP lotion should be
applied only to small, well-defined vitiliginous lesions, prefer-
ably those lesions that can be protected by clothing or
a sunscreen from subsequent exposure to UVA light. Because of
the potential for serious adverse effects (e.g., ocular damage,
aging of the skin, and skin cancer (including malignant mela-
noma)) resulting from PUVA therapy, the patient should be
fully informed by the physician of the risks associated with the
treatment. To prevent serious adverse effects, the physician
should carefully instruct the patient to adhere to the prescribed
8-MOP dosage regimen and schedules for UVA exposure.

Side effects after oral 8-MOP therapy are usually mild and
include gastric discomfort, nausea, nervousness, insomnia, and
depression. Mild, transient erythema occurring 24–48 h after
PUVA therapy is an expected cutaneous reaction, and indicates
that a therapeutic interaction between 8-MOP and UVA has
occurred. Areas of skin showing fiery erythema with edema
should be shielded during subsequent UVA exposures until the
erythema has resolved. Fiery erythema with edema that occurs
within 24 h following UVA exposure may indicate a potentially
severe burn, since the peak erythemal reaction usually occurs
48–72 h following PUVA therapy. Following 8-MOP ingestion
and controlled exposure to UVA or sunlight, patients must
avoid additional, direct, or indirect exposure to sunlight for at
least 8 h; following topical treatment with 8-MOP, additional
exposure to UV light should be avoided for at least 12–48 h. If
exposure to sunlight cannot be avoided, the patient should
wear protective clothing (e.g., hat and gloves) and/or apply
sunscreens to all areas of the body that may be exposed to the
sun (including lips).

Exposure of animals to large doses of PUVA without eye
protection has produced cataracts and 8-MOP enhances this
effect; however, in patients receiving PUVA therapy who use
appropriate eye protection, there is no evidence for an
increased risk of cataract formation. Prior to the initiation of
PUVA therapy and yearly thereafter, patients should have an
ophthalmologic examination because of the cataractogenic
potential of psoralens. Because psoralens have caused photo-
allergic contact dermatitis and may precipitate sunlight allergy,
8-MOP should be used with caution in patients with a family
history of sunlight allergy. The drug should also be used with
caution in patients with gastrointestinal diseases or chronic
infection. Oral or topical 8-MOP should be used with partic-
ular caution in patients receiving topical or systemic therapy
with known photosensitizing agents. Oral or topical 8-MOP is
contraindicated in patients exhibiting idiosyncratic reactions to
psoralens or with a history of a sensitivity reaction to the drugs;
in patients with diseases associated with photosensitivity (e.g.,
lupus erythematosus, porphyria cutanea tarda, erythropoietic
protoporphyria, variegate porphyria, xeroderma pigmentosum,
albinism, hydroa vacciniforme, leukoderma of infectious
origin, and polymorphous light eruptions), except under
special circumstances; in patients with melanoma or history of
melanoma; and in patients with invasive squamous cell carci-
noma. Oral 8-MOP is also contraindicated in patients with
aphakia (absence of lenses) because of the increased risk of
retinal damage.

Damage to the nail beds can be induced by 8-MOP and
sunlight. Histologic examination of the nail beds showed that
the photosensitizing effect of the drug induced the generation
of many multinucleated epithelial cells and fibroblasts in the
dermis.

The 8-MOP concentrations andUV irradiation conditions to
which human lymphocytes are exposed therapeutically in vivo
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have been shown to be too low to induce observable numbers of
sister chromatid exchanges. However, more point mutations, as
indicated by the increased incidence of 6-thioguanine-resistant
lymphocytes, were observed in patients treated with psoralen
drugs and UV irradiation than in healthy controls. Because oral
8-MOPandUVA radiation therapy aremutagenic, concern exists
about the potential for teratogenic effects resulting from the use
of this therapy at the time of conception and during pregnancy.
The pregnancy outcomes among over 1000 patients who were
documented and who received UVA radiation treatments have
been examined in a prospective study. Although the power of
this study to detect an increase in the risk of specific defects is
limited, the results found no evidence to suggest that UVA
radiation is a potent teratogen.
Chronic Toxicity (or Exposure)

Animal

8-MOP is a reproductive and developmental toxicant in rats;
however, in rabbits, doses that caused minor maternal toxicity
did not affect fetal growth, viability, or morphological devel-
opment. The International Agency for Research on Cancer
(IARC) has deemed 8-MOP to be carcinogenic to animals. For
example, rats exposed by gavage for 2 years had clear evidence
of carcinogenic activity of 8-MOP without UV radiation for
male rats, as shown by increased incidences of tubular cell
hyperplasia, adenomas, and adenocarcinomas of the kidney
and carcinomas of the Zymbal gland. Subcutaneous tissue
fibromas and alveolar/bronchiolar adenomas of the lung in
male rats may have been related to 8-MOP administration.
Dose-related nonneoplastic lesions in male rats included
increased severity of nephropathy and mineralization of the
kidney and forestomach lesions.

There was no evidence of carcinogenic activity of 8-MOP for
female rats in the same study.
Human

8-MOP can cause hyperpigmentation and abnormal nail
pigmentation. 8-MOP is a known human carcinogen.
Reproductive Toxicity

There have been teratogenic results in animals; however, this
may be due to the defensive nature of the compound in plants
and is not known to occur in humans.
Genotoxicity

8-MOP is mutagenic in the Ames Salmonella assay, and in yeast,
human lymphocyte, sister chromatid exchange, unscheduled
DNA synthesis (UDS), and Chinese hamster ovary chromo-
some aberration studies. In a micronucleus test using V79 cells
adapted to photogenotoxicity testing, 8-MOP was found to
cause micronuclei toxicity upon photochemical activation.
Induction of UDS by 8-MOP plus UVA was investigated in the
epidermis of female hairless mice by means of an in vivo–in vitro
assay using a liquid scintillation counting method. The results
showed that PUVA causes a small induction of UDS, which
might be due to slow DNA excision repair over a long period.
Carcinogenicity

The IARC has classified 8-MOP to be in Group 1 (i.e., the agent
is carcinogenic to humans). Studies have shown that patients
with a history of methotrexate, ionizing radiation, or skin type I
or II have an increased chance of developing cutaneous carci-
nomas when psoralen–UV light therapy is used.
Clinical Management

Many of the acute symptoms of psoralen toxicity can be avoi-
ded by simply avoiding UV light. Severely exposed patients
should be kept in a darkened room for 8–48 h depending on
which psoralen is involved. Treatment of burns after PUVA
therapy is symptomatic and supportive. UV-absorbing wrap
should be used around sunglasses for 24 h after 8-MOP
ingestions to decrease the potential for cataract formation. The
body should be shielded from sunlight for at least 48 h after
8-MOP exposure.
Ecotoxicology

8-MOP’Ks estimated BCF of 9 suggests that bioconcentration
and bioaccumulation are low in aquatic organisms. The
compound does persist in the environment due to the difficulty
with which it is degraded, it may therefore accumulate to higher
levels given consistent exposure. General toxicity to organisms
is low, but there are insect species to which it is highly toxic.
Exposure Standards and Guidelines

No regulatory agencies have established exposure standards
for this compound.
See also: Photoallergens; Toxicity Testing, Mutagenicity.
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l Chemical Abstracts Service Registry Number: 96-33-3
l Synonyms: 2-Propenoic acid, methyl ester; Acrylic acid,

methyl ester; Methyl 2-propenoate; Methyl acrylate,
monomer.

l Molecular Formula: C4H6O2.
l Chemical Structure:
Background

Methyl acrylate is a chemical intermediate manufactured and
processed almost entirely within closed systems to produce
homopolymers and copolymers with little remaining mono-
mer (<0.1 wt%). Methyl acrylate readily polymerizes on
standing and typically contains inhibitors to prevent sponta-
neous polymerization during storage. Methyl acrylate is
a volatile component of pineapple concentrate.
Uses

Methyl acrylate is combined with other monomers (e.g., acrylic
acid) to produce copolymers used in the production of surface
coatings (e.g., latex finishes, floor and fabric finishes), acrylic
fibers (used in carpets, clothing, blankets, and curtains), plas-
tics (e.g., medical and dental prostheses), as well as adhesives,
detergents, and sealants.
Environmental Fate and Behavior

Methyl acrylate is a volatile (90 hPa at 20 �C) liquid under
normal environmental conditions. At equilibrium in the
environment, methyl acrylate partitions primarily to air (82%)
and water (18%) with only trace amounts (0.01%) to soil and
sediment. In air, methyl acrylate is slowly removed by reaction
with photochemically produced hydroxyl radicals (half-life
1.7 days) and ozone (half-life 6.5 days). In water, although
methyl acrylate is relatively stable to hydrolysis at acidic and
neutral pHs, it is removed by both volatilization to air (Henry’s
law constant of 9.4 Pam3mol�1) and biodegradation (60–
100% removal in 28 days). Based on its estimated organic
carbon partition coefficient (Koc of 6.4), methyl acrylate
exhibits high mobility in soil where it may leach to ground-
water or volatilize to air from surface soils. Similarly, it is not
expected to bind significantly to sediments or suspended
particulate matter. Based on its relatively low octanol–water
partition coefficient (logKow of 0.74) and rapid metabolism in
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biological systems, methyl acrylate does not pose a significant
bioaccumulation hazard.
Exposure and Exposure Monitoring

Exposures to methyl acrylate monomer are most likely to occur
in an occupational environment via inhalation and skin
contact. However, these exposures are limited since methyl
acrylate is a chemical intermediate that is manufactured and
processed within closed systems accompanied by the use of
industrial hygiene controls and personal protective equipment.
The acrid odor of methyl acrylate, which can be detected at
0.002–0.014 ppm, also serves to limit exposure. Studies in
workers involved in the production of the monomer have
indicated that mean exposures to methyl acrylate are typically
<1 ppm. The general population is not expected to receive
a significant exposure to methyl acrylate monomer due to low
concentrations of residual monomer in consumer products.
Toxicokinetics

Data from animal experiments indicate that methyl acrylate is
readily absorbed from the respiratory and gastrointestinal
tracts. Absorption of methyl acrylate through the skin occurs
less readily and may be limited by its hydrolysis to acrylic acid
and methanol and/or evaporation if methyl acrylate is applied
unoccluded. The primary route of methyl acrylate metabolism
is its rapid hydrolysis by tissue and circulating carboxylesterases
to acrylic acid and methanol, which undergo further metabo-
lism. Another route of methyl acrylate metabolism is conju-
gation with the sulfhydryl group of glutathione. Methyl acrylate
is rapidly distributed throughout the body. Following intra-
peritoneal administration, methyl acrylate and/or its metabo-
lites can be detected in all organ systems, with the highest
concentrations being present in the liver, kidneys, and lungs.
More than 90% of orally administered methyl acrylate is
excreted within 24 h via the lungs (40–50%) as CO2 and via the
kidneys (40–50%) as products of glutathione conjugation.
Mechanism of Toxicity

The toxic mode of action for methyl acrylate is unknown.
However, the parent compound may play a significant role
since pretreatment of rats with a carboxylesterase inhibitor
enhances the respiratory irritation and lethality produced by
the inhalation of methyl acrylate. The enhanced toxicity could
be a direct effect of methyl acrylate on surrounding tissues and/
or a secondary effect due to the increased conjugation of
methyl acrylate with glutathione that occurs under these
conditions, which in turn can result in toxicity due to the
depletion of local glutathione stores.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00517-0
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Acute and Short-Term Toxicity

Animal

Toxicological studies in animals indicate that methyl acrylate
exposures do not generally result in systemic toxicity at
sublethal doses. Methyl acrylate toxicity is largely limited to
irritant effects, and their sequelae, at the site of application.
The acute oral lethal dose 50% (LD50) in rats is 768 mg kg�1;
the rabbit dermal LD50 under occlusive conditions is
1250 mg kg�1. The 4-h lethal concentration (LC50) for methyl
acrylate vapor in rats is 1850 ppm. Methyl acrylate can
produce an allergic contact dermatitis and may cross-react
with other acrylic esters.
Human

Methyl acrylate can be highly irritating to the skin, eyes, and
respiratory tract. The severity of the reaction depends on the
concentration of the applied dose as well as the duration and
frequency of contact. Methyl acrylate may cause an allergic
contact dermatitis that may cross-react with other acrylate esters.
Chronic Toxicity

Animal

Repeated inhalation exposures to irritating concentrations
of methyl acrylate can damage the respiratory tract and eyes,
while systemic toxicity is relatively minor, being limited to
some organ weight changes without accompanying his-
topathology.

Toxicity associated with repeated oral exposures is generally
limited to decrements in body weight and the exacerbation of
spontaneously occurring disease states.

In a 12-week inhalation study, male and female rats were
exposed to methyl acrylate concentrations of 0, 23, 124, 242,
and 626 ppm for 6 h day�1, 5 days week�1. Reduced body and
organ weights were noted at concentrations �124 ppm. At
242 ppm, degeneration of the olfactory epithelium as well as
transient eye and respiratory tract irritation were noted. At
626 ppm, the irritation was more severe and resulted in
complete mortality during the first half of the study. Histo-
pathological changes in the sex organs were not observed. The
no observed adverse effect level (NOAEL) was 23 ppm. Results
of a lifetime inhalation study are presented below under the
section Carcinogenicity. In a 3-month drinking water study,
male and female rats were exposed to methyl acrylate at doses
of 0, 1, 5, and 20 mg kg�1. Toxicity was limited to the high dose
and consisted of slight decreases in body weight gain and water
consumption as well as an increase in relative kidney weight
and in the severity of chronic progressive nephropathy that
occurs spontaneously in Fischer 344 rats. The histopathology
of other organs, including the sex organs, was normal. The
NOAEL was 5 mg kg�1.
Reproductive Toxicity

As presented elsewhere in this article, reproductive function in
rodents, as shown by the absence of histopathological changes
in sex organs, was not affected by inhalation exposures of
626 ppm for 12 weeks and 135 ppm for 24 months or by oral
exposures of 20 mg kg�1 for 3 months. In a two-generation
study, rats were exposed to 0, 5, 25, and 75 ppm methyl acry-
late vapor for 6 h day�1, 7 days week�1, with the exception that
maternal rats were not exposed from gestational day 20 to
lactational day 4. Parental body weights and feed consumption
were decreased at 75 ppm and nasal lesions were seen at 25 and
75 ppm. Reproduction function and pup survival were not
affected at any concentration, although pup body weights at
75 ppm were decreased on postnatal days 14–28. The parental
and pup effects were likely secondary to the stress associated
with nasal irritation. In a developmental study, pregnant rats
were exposed to methyl acrylate at concentrations of 0, 25, 50,
or 100 ppm for 6 h day�1 on days 6–20 of gestation. The two
highest doses produced marked decrements in maternal body
weight gain and food consumption. Decrements in fetal body
weight were observed only at 100 ppm; decreases in embryonic
survival and increases in fetal malformations were not observed
at any concentration. The NOAELs for maternal toxicity,
developmental toxicity, and teratogenicity were 25, 50, and
100 ppm, respectively. In another developmental study, preg-
nant rabbits were exposed to methyl acrylate at concentrations
of 0, 5, 15, and 45 ppm for 6 h day�1, 5 days week�1 on days
6–28 of gestation. At 45 ppm, degeneration and atrophy of the
olfactory epithelium was noted in does. Despite the respiratory
tract distress experienced by the does, effects on the pups were
not observed at any concentration. The NOAELs for maternal
toxicity, developmental toxicity, and teratogenicity were 15, 45,
and 45 ppm, respectively. The absence of effects on reproduc-
tive function in animals at parentally toxic exposures combined
with the occurrence of rat fetotoxicity only in the presence of
maternal toxicity suggests that methyl acrylate does not pose
a significant reproductive and developmental hazard to
humans.
Genotoxicity

In vitro mutagenicity studies in bacteria were negative, both
with and without metabolic activation. In the absence of
metabolic activation, in vitro mutagenicity tests with mamma-
lian cells gave both negative (Chinese hamster ovary cells) and
positive (mouse lymphoma cells) results. Methyl acrylate also
produced chromosomal aberrations in vitro in the absence of
metabolic activation. All positive in vitro results were associated
with moderate to severe cytotoxicity (i.e., cell survival of
�60%). In vivo mouse micronucleus studies using oral and
inhalation exposures were negative. Given that the few
instances of in vitro genotoxicity were seen only in the presence
of significant cytotoxicity and that genotoxicity was not
observed in vivo following dosing via multiple routes of expo-
sure, methyl acrylate is unlikely to be genotoxic in vivo.
Carcinogenicity

In a lifetime inhalation study, rats were exposed to methyl
acrylate concentrations of 0, 5, 15, and 45 ppm for 6 h day�1,
5 days week�1 for the first 13 weeks followed by 15, 45, and
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135 ppm until study termination at 24 months. At these irri-
tating concentrations, the primary effect was damage to the
nasal and respiratory mucosa and the eyes at all three
concentrations; systemic toxicity was observed primarily in
the high-dose group and was limited to a slight but reversible
body weight gain and changes in organ weights without asso-
ciated histopathology. The histopathology of the sex organs
was normal. There was no increase in the incidence of pre-
neoplastic or neoplastic lesions.
Clinical Management

Clinical management involves removal from exposure and
treatment of symptoms.
Ecotoxicology

Methyl acrylate is acutely toxic to aquatic organisms. In a series
of studies with analytically measured concentrations, methyl
acrylate exhibited 96-h LC50 of 3.4 mg l�1 in freshwater fish
(Oncorhynchus mykiss, flow-through) and 1.1 mg l�1 in marine
fish (Cyprinodon variegatus, flow-through), a 48-h half maximal
effective concentration (EC50) (mobility) of 2.6 mg l�1 in
a freshwater invertebrate (Daphnia magna, flow-through),
a 96-h EC50 (mobility) of 1.6 mg l�1 in a marine invertebrate
(Americamysis bahia, flow-through), and 72-h EC50 of
3.55 mg l�1 (growth rate) and 2.02 mg l�1 (biomass) in algae
(Pseudokirchnerella subcapitata, static). In a 21-day flow-through
study in Daphnia magna with a surrogate chemical (ethyl
acrylate), the EC50 (mobility) and no observed
effect concentration (NOEC) (reproduction) were 0.5 and
0.19 mg l�1, respectively. Methyl acrylate is not anticipated to
have a significant effect on soil microflora since the 28-day
EC50 (glucose-induced respiration rate) was >1000 mg kg�1

dry soil, the highest concentration tested.
Other Hazards

Methyl acrylate is highly flammable with lower and upper
explosive limits of 2.4 and 18.6%, respectively.
Exposure Standards and Guidelines

International occupational exposure limits (OELs) for
methyl acrylate generally range from 2 to 10 ppm as an 8-h
time-weighted average (TWA); 2 ppm is the TWA OEL
established by the American Conference of Governmental
Industrial Hygienists (ACGIH). International short-term
exposure limits (STELs) generally range from 5 to 20 ppm.
The US Occupational Safety and Health Administration
(OSHA) lists a permissible exposure limit (PEL) of 10 ppm
for methyl acrylate (8-h TWA). The National Institute for
Occupational Safety and Health (NIOSH) has a recom-
mended exposure limit (REL) of 10 ppm methyl acrylate
(TWA) and lists 250 ppm methyl acrylate as immediately
dangerous to life or health. The International Agency for
Research on Cancer (IARC) indicates methyl acrylate is not
classifiable as to its carcinogenicity to humans (Group 3).

See also: Acrylic Acid; ACGIH
�
(American Conference of

Governmental Industrial Hygienists); Ames Test;
Carboxylesterases; Chromosome Aberrations; Developmental
Toxicology; Dose – Response Relationship; Aquatic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Environmental Exposure Assessment; Environmental Protection
Agency, US; Ethyl Acrylate; Gastrointestinal System; Genetic
Toxicology; Glutathione; International Agency for Research on
Cancer; LD50/LC50 (Lethal Dosage 50/Lethal Concentration 50);
Mechanisms of Toxicity; Mode of Action; National Institute for
Occupational Safety and Health; The National Toxicology
Program; Occupational Exposure Limits; Occupational Safety
and Health Administration; Respiratory Tract Toxicology; Risk
Assessment, Human Health; Toxicity Testing, Aquatic; Toxicity
Testing, Carcinogenesis; Toxicity Testing, Developmental;
Toxicity Testing, Mutagenicity; Toxicity Testing, Reproductive;
Toxicity, Acute; Toxicity, Subchronic and Chronic;
Pharmacokinetics.

Further Reading

Murphy, S.R., Davies, J.H., 1993. Methyl acrylate health effects overview. In:
Tyler, T.R., Murphy, S.R., Hunt, E.K. (Eds.), Health Effect Assessments of the Basic
Acrylates. CRC Press, Boca Raton, FL, pp. 33–52.

Relevant Websites

http://apps.echa.europa.eu/registered/registered-sub.aspx – European Chemicals
Agency. Information on Methyl Acrylate: search for Methyl Acrylate.

http://webnet.oecd.org/Hpv/UI/Search.aspx – Organization for Economic Cooperation
and Development OECD) Existing Chemicals Database. SIDS Initial Assessment
Report on Methyl Acrylate: search for Methyl Acrylate.
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l Name: Methylamine
l Chemical Abstracts Service Registry Number: 74-89-5
l Synonyms: Methanamine, Aminomethane
l Molecular Formula: CH5N
l Structure:

l Chemical/Pharmaceutical/Other Class: Alkyl amine
Uses

Methylamine is a chemical intermediate. It has been used as the
base for a variety of products including pharmaceuticals,
insecticides, explosives, surfactants, and accelerators. It is
commonly used in the tanning and dyeing industries and as
a fuel additive.
Environmental Fate and Behavior

Methylamine will exist solely as a gas in the atmosphere. It will
degrade by reaction with hydroxyl radicals with a half-life of
18 h or by interaction with ozone with a half-life of 540 days.
Methylamine is expected to have moderate mobility through
soil and will exist in the cation form in the environment.
Volatility from the soil is not expected and biodegradation is an
important fate process in both soil and water. In water,
methylamine will adsorb to suspended solids and sediment.
The potential for bioconcentration in aquatic organisms is low
and hydrolysis is not expected to be an important fate process.
Exposure Routes and Pathways

Since methylamine exists as a gas, occupational exposure to
methylamine will occur primarily through inhalation in the
workplacewhere it is produced or used as a chemical intermediate.
Dermal contact would be possible where the chemical is liquefied.
Monitoring and use data indicate that the general populationmay
be exposed via inhalation of ambient air, ingestion of food and
contaminated drinking water, and dermal contact with products
containing methylamine. Dietary studies suggest that certain fish
and seafood, fruits, and vegetables can add to an estimated daily
output of approximately 10 mg in urine. This dietary contribution
however is considered to be relatively small. Ingestion of creatinine
also added to the total output of methylamine. Methylamine is
a constituent of cigarette smoke and is the major end product of
caffeine metabolism.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

Methylamine is rapidly absorbed by humans, dogs, and
rabbits. Only small amounts of unchanged compound are
found in urine. Metabolism of this amine proceeds by dehy-
drogenation to the intermediate imine which then reacts with
water to form an aldehyde and ammonia. Methylamine is
found in human saliva, blood, and gastric fluid in concentra-
tions much lower than that found in the urine.
Mechanism of Toxicity

The corrosive nature of methylamine produces irritation effects at
all points of contactwhich is largely responsible for its toxic actions.
Using radiotracer techniques, labeled macromolecules were frag-
mented and the formaldehyde generated interacts with proteins in
vivo suggesting a risk factor for initiation of endothelial injury and
subsequent atherosclerosis. Increased semicarbazide-sensitive
amine oxidase catalyzes the conversion of methylamine to form-
aldehyde and increased activity has been found in patients with
diabetes mellitus, chronic heart failure, and cerebral infarct and is
associated with obesity. The deamination of methylamine may
contribute to protein deposition, the formation of plaques, and
inflammation and be may be involved in the pathophysiology of
chronic vascular and neurologic disorders such as diabetes,
atherosclerosis, and Alzheimer’s disease.
Acute and Short-Term Toxicity

Animal

Methylamine is highly irritating to the skin and eyes of animals
with relatively small amounts leading to necrosis of the
skin and very severe eye irritation. Lethal doses orally are in the
100–200 mg kg�1 range indicatingmoderate acute oral toxicity.
Acute oral treatment has produced duodenal ulcers in rats
indicating the irritancy of methylamine to the gastrointestinal
tract. A 2-h inhalation LC50 of 2400 mgm�3 in mice has been
reported and clinical signs indicative of irritation were seen.
Human

Methylamine is highly irritating and can cause serious injury to
the eyes, nose, and throat. Irritation of the respiratory tract can
result in rhinorrhea, coughing, and dyspnea and signs of
pulmonary edema such as shortness of breath, cyanosis, and
expectoration may occur. For most exposed individuals,
symptoms will clear over several weeks but those with severe
inhalation exposures may suffer residual chronic lung disease.
Estimated dosimetry suggests exposure from 0.01 to 20 ppm
will be perceived as a fishlike odor and some tolerance will
develop. Slight visual disturbances are associated with expo-
sures from 5 to 25 ppm and transient mucous membrane
4-3.00518-2 267
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irritation is likely from 10 to 100 ppm. Concentrations
exceeding 50 ppm are expected to result in marked irritation of
skin, eyes, and upper respiratory tract with conjunctivitis, sore
throat, and coughing. Experimentally, transient eye, nose, and
throat irritation was produced in human volunteers by brief
exposure at 20–100 ppm methylamine with no evidence of
response at lower concentrations. No accounts of skin reactions
or sensitization have been reported in the literature. In dialysis
patients with end-stage renal disease, urinary methylamine
levels are approximately two times above normal. In healthy
men using creatinine supplementation, increased urinary
methylamine is found but no detrimental effects on kidney
permeability were seen.

Dermal contact with aqueous methylamine is expected to
cause severe skin irritation and skin burns, with cold burns/
frostbite also possible following contact with liquefied
methylamine. Ingestion is expected to cause burns along the
entire gastrointestinal tract with possible perforation of the
esophagus and stomach.
Chronic Toxicity

Animal

Repeated inhalation exposures of 75 and 250 ppm to rats
produced necrosis and ulceration of the respiratory mucosa
and atrophy of the olfactory mucosa. No evidence of systemic
effects was seen at these two exposure concentrations and
recovery from the upper respiratory tract changes was incom-
plete in the 2-week recovery period studied. Exposure to higher
concentrations (750 ppm) was poorly tolerated with severe
weight loss and indications of liver damage seen in the
surviving rats. Rabbits given oral doses for 6 months showed
evidence of damage to the cardiovascular endothelium. No
studies looking at the long-term toxicity or carcinogenic
potential of methylamine have been reported.

A single oral dose on a single gestational day to mice gave no
evidence of either maternal or fetal toxicity. Repeated injections
throughgestation topregnantmice alsodidnot exert anyobvious
maternal or fetal effects. When added to mouse embryos in
culture, a dose-dependent decrease in size, DNA, RNA, and
protein content along with deceased embryo survival was seen.
Human

The effects of longer term exposure have not been reported. In
the workplace, threshold concentrations of up to 5 ppm are
considered to be appropriate for those exposed tomethylamine
and such conditions would not be expected to produce any
adverse effects including point of contact irritation. Repeated
exposures to higher concentrations would be expected to
produce irritation to the eyes, nose, and throat and could
potentially aggravate existing respiratory disease.
In Vitro Toxicity

Methylamine was not mutagenic in bacterial test systems but
high concentrations did induce a mutagenic response in
a mouse lymphoma cell assay.
Clinical Management

Since methylamine is a gas and most exposures involve inha-
lation, basic treatment requires a patent airway using suction if
necessary. Watch for signs of respiratory insufficiency and assist
ventilation if necessary including administration of oxygen at
10–15 l min�1. Monitor for pulmonary edema, shock, and
seizures and treat as indicated. For eye contamination, flush
eyes immediately with water and irrigate continuously with
normal saline. Do not use emetics. For ingestion, rinse mouth
and administer 5 mg kg�1 up to 200 ml of water for dilution if
the patient can swallow, has a gag reflex, and does not drool.
Activated charcoal should be administered. Cover dermal
burns with dry sterile dressings after decontamination with
copious amounts of water.

For advanced treatment, consider orotracheal or naso-
tracheal intubation for airway control if the patient is uncon-
scious, has severe pulmonary edema, or is in severe respiratory
distress. Positive-pressure ventilation techniques with a bag-
valve-mask device could be beneficial. Consider drug therapy
for pulmonary edema and monitor cardiac rhythm and treat
arrhythmias as necessary. If the patient is symptomatic with
severe hypoxia, cyanosis, and/or cardiac compromise not
responding to oxygen, administer a 1% solution of methylene
blue. Treat seizures with either diazepam or lorazepam. To
assist eye irrigation, use proparacaine hydrochloride.
Ecotoxicity

LC50 values of 10–30 ppm were obtained in creek chubs
exposed for 24 h, 56 ppm for rainbow trout exposed for 48 h,
1000 ppm for medaka exposed for 24 h, and 90–150 ppm for
brook trout exposed for 22 or 62 h respectively suggesting
moderate to low concern for acute environmental effects.
Other Hazards

High airborne concentrations of methylamine can form based
on its vapor pressure, with potential for serious eye, nose, and
respiratory tract irritation, escape impairment, and possible
death. The immediately dangerous to life or health concen-
tration for methylamine is 100 ppm. Anhydrous methylamine
is a flammable gas and aqueous methylamine is a flammable
liquid. Vapors can travel a considerable distance to an igni-
tion source and flash back because methylamine is heavier
than air.
Exposure Standards and Guidelines

Occupational exposure standards and guidelines for methyl-
amine include the following:

United States: ACGIH TLV of 5 ppm (6.4 mgm�3) with an
STEL of 15 (19 mgm�3) ppm based on eye, skin, and upper
respiratory tract irritation.

OSHA permissible exposure limit is 10 ppm (12 mgm�3).
NIOSHrecommendedexposure limit is 10 ppm(12 mgm�3).
Australia: 10 ppm.
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Germany: 10 ppm with a short-term level of 20 ppm for
10 min (four times/shift).

Sweden: 10 ppm, with a short-term value of 20 ppm for
15 min (skin notation).

United Kingdom: 10 ppm.

See also: Corrosives; alkylamines.

Further Reading

Clayton, G.D., Clayton, F.E. (Eds.), 1994. Aliphatic and Alicyclic Amines, Patty’s
Industrial Hygiene and Toxicology, fourth ed. Wiley & Sons, New York,
pp. 1089–1098.
Relevant Websites

European Chemicals Agency (ECHA): registered substances http://echa.europa.eu/
web/guest/information-on-chemicals/registered-substances

TOXNET, Specialized information services, National Library of Medicine, http://toxnet.
nlm.nih.gov/ Search for methylamine by CAS No. 74-89-5.

Methylamine (Right-to-Know Hazardous Substance Fact Sheet from the state of New
Jersey). http://nj.gov/health/eoh/rtkweb/documents/fs/1225.pdf

http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances
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Background

Methyl bromide is released to the atmosphere from natural and
human activities. The ocean releases methyl bromide made by
algae and kelp, and also serves as a sink for atmospheric
deposition. Methyl bromide is formed in the burning of
biomass. It was first marketed in 1961 as a fumigant to control
pests in soil, commodities, and structures. Methyl bromide is an
ozone-depleting substance (ODS). It breaks down stratospheric
ozone through cyclical reactions in the presence of ultraviolet
(UV) light. The ozone thinning results in increased UV radia-
tion to the earth’s surface, a cause of serious worldwide health
and ecological concerns (e.g., skin cancer, cataracts, damage to
plants, and phytoplankton). Under the Montreal Protocol on
Substances that Deplete the Ozone Layer, the complete phase
out of methyl bromide uses is the year 2005 for developed
counties and 2015 for developing counties. Qualified critical
uses, quarantine and preshipment uses, and emergency uses are
exempted. In theUnited States, the phase out and ban ofmethyl
bromide uses are mandated by the Clean Air Act.
Chemical Profile

l Chemical Abstracts Service Registry Number: CAS 74-83-9
l IUPAC Name: Bromomethane
l Synonyms: Celfume, Curafume, Embafume, EPA Pesticide

Chemical Code 053201, Halocarbon 40B1, Halon 1001,
Haltox, MeBr, Monobromomethane, Terabol, Zytox

l Chemical Class: Halogenated hydrocarbon
l Chemical Structure: http://pubchem.ncbi.nlm.nih.gov/

image/structurefly.cgi?cid¼ 6323&width¼400&height¼ 400
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l Molecular Formula: CH3Br
l Molecular Weight: 94.94 gmol�1

l Density: 3.974 g l�1 (gas; 20 �C); 1.7 g cm�3 (liquid; 0 �C)
l Vapor Pressure: 1620 mm Hg (216 kPa) at 25 �C
l Boiling Point: 3.56 �C
l Melting Point: �93.66 �C
l Flash Point: None
l Conversion Factor: 1 ppm¼ 3.89 mgm�3 at 25 �C
l Appearance: colorless gas
l Odor: odorless at low concentration and ambient temper-

ature; sweetish at high concentration
Uses

Methyl bromide is a broad-spectrum pesticide mainly used as
a preplanting soil fumigant for the control of nematodes, insects,
Encyclopedia of T
weeds, and other soil-borne pests and diseases. It is injected into
the soil and may be covered with a plastic tarp for a prescribed
period after application. A tarp is also used in the fumigation of
structures. Because its toxicity level is lower than the lower end
of the odor threshold (approximately 80 mgm�3; 20.6 ppm),
chloropicrin, a noxious odorous agent, is often added to warn
against overexposure. Methyl bromide is also used in green-
houses to treat soil and nursery stocks, and in sealed chambers to
fumigate postharvest and nonfood commodities. It is released
from the fumigated site or material during postapplication
aeration period. Regulatory agencies establish safe use practices
on the product labels. The nonpesticidal uses of methyl bromide
include degreasing wool or extracting oil from plant products,
and industrially as a methylating agent.
Environmental Fate and Behavior

Methyl bromide is soluble in water (solubility at 15.2 g l�1 at
20 �C) and readily soluble in alcohol, chloroform, ether,
carbon disulfide, carbon tetrachloride, and benzene. The
Henry’s law constant of approximately 0.00734 atm-m3mol�1

(744 Pa-m3mol�1) indicates that it is readily released into the
air after soil application.

Methyl bromide undergoes biotic and abiotic degradation in
water and soil. The hydrolysis half-life is 11–15 days in distilled
water. The Koc is 7–32 l kg�1 in different soil types. Depending
on soil conditions, the half-life for aerobic hydrolysis is 4–57
days. Tarping the field after soil injection increases the degra-
dation aswell as delays and reduces release to air. Photolysis and
breakdown through reaction with atmospheric hydroxyl radi-
cals are slow. The estimated half-life in the troposphere is
0.2–1.7 years. With the measured Log Kow at 1.19–1.94, methyl
bromide is not likely to bioaccumulate in aquatic organisms.
Exposure and Exposure Monitoring

Inhalation is the major route of human exposure to gaseous
methyl bromide. Workers handling liquid methyl bromide can
also have dermal contact either directly or through accidental
spills or contaminated clothing. Personal protective equip-
ment, including self-contained breathing apparatus, may be
required to minimize the exposure. Buffer zones that increase
the distance between treatment sites and residential locations
reduce the exposures of those who are nearby. Methyl bromide
air concentration is measured by air sampling or estimated
from air dispersion models.

Consumers of fumigated postharvest commodities may be
exposed to methyl bromide and inorganic bromide.
Maximum residue levels (MRLs, or ‘Tolerances’ in the United
States) of inorganic bromide are established for more than 90
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00163-9

http://pubchem.ncbi.nlm.nih.gov/image/structurefly.cgi?cid&equals;6323&amp;width&equals;400&amp;height&equals;400
http://pubchem.ncbi.nlm.nih.gov/image/structurefly.cgi?cid&equals;6323&amp;width&equals;400&amp;height&equals;400
http://pubchem.ncbi.nlm.nih.gov/image/structurefly.cgi?cid&equals;6323&amp;width&equals;400&amp;height&equals;400
http://pubchem.ncbi.nlm.nih.gov/image/structurefly.cgi?cid&equals;6323&amp;width&equals;400&amp;height&equals;400
http://pubchem.ncbi.nlm.nih.gov/image/structurefly.cgi?cid&equals;6323&amp;width&equals;400&amp;height&equals;400
http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00163-9


Methyl Bromide 271
commodities. These are the highest concentrations allowable
in or on the commodities. No MRLs or tolerances are estab-
lished for methyl bromide, which has been detected in some
treated commodities (e.g., nuts). At a given exposure
concentration, children generally have higher overall body
burden from all routes due to their higher intake (inhalation
volume, amount of food intake) or contact on a per body
weight basis.
Toxicokinetics

Inhalation studies with 14C-methyl bromide showed that it is
rapidly absorbed, and to a similar extent, in rats (48%), dogs
(40%), and humans (50%). The absorption in rats was reduced
at higher concentration (310 ppm; 1206 mgm3), compared to
at �170 ppm. The absorption in rats was approximately 90%
through oral or intraperitoneal administration.

Methyl bromide is readily distributed to tissues with high
levels in the lungs and nasal turbinates after inhalation and in
the liver after oral or intraperitoneal exposure. Lower levels are
detected in tissues such as the kidney, testes, adrenals, and
brain. The tissue 14C-radioactivity is likely associated with
metabolites because methyl bromide is rapidly metabolized to
methanol, bromide, and CO2 through glutathione conjuga-
tion. Bromide ion has been detected in the blood and tissues of
humans exposed to high concentrations.

In rats, the expired air and urine are the primary routes of
excretion. After inhalation, oral, or intraperitoneal exposure,
85% of the dose was eliminated within 65–72 h. Most
(32–47%) of the absorbed dose was found in the expired air as
CO2 and 16–40% in the urine. Some intact methyl bromide
(4–20%) has been detected in the expired air. Very low level
(1–2%) is excreted in the feces.
Mechanism of Toxicity

Methyl bromide is amethylating agent and can bind irreversibly
to sulfhydryl groups of enzymes and proteins. Methyl bromide-
induced neurotoxicity has been attributed to its inhibition of
the detoxification enzyme glutathione-S-transferase (GST), and
depletion of glutathione in the brain. The degeneration of rat
olfactory epithelium may also be related to the inhibition of
GST as well as the generally high metabolic activity at this site.
Glutathione involvement in the toxicity is demonstrated by the
higher survival in rats given exogenous glutathione when
exposed to a lethal dose of methyl bromide. Methyl bromide
genotoxicitymay be associatedwithDNA alkylation. The role of
bromide is unclear because its level has not correlated with the
symptoms of poisoning in humans.
Acute and Short-Term Toxicity

Methyl bromide is highly irritating to the skin and eyes and is
moderately toxic by the oral and inhalation routes. Toxicity by
the inhalation route is both time and concentration dependent,
with the central nervous system as the target organ for both
animal and human.
Animal

The inhalation LC50 in rats are 2830 ppm (30 min), 780 ppm
(4 h), and 302 ppm (8 h). The LC50 in mice are 1700 ppm
(30 min) and 405 ppm (4 h). The oral LD50 in rats is
104–214 mg kg�1.

Methyl bromide–induced neurotoxicity included tremors,
ataxia, hypothermia, prostration, decreased activity, and labored
breathing. The reported lowest observed effect levels (LOELs) are
233 ppm for 7 h (dogs), 338 ppm for 4 h (rats), 125 ppm for 8 h
(rats), and 700 ppm for 1 h (mice). With short-term exposure
(7 h day�1) in dogs, decreased activity was reported at 50 ppm
(14 days), 100 ppm (9 days), and 158 ppm (2 days).

Methyl bromide causes olfactory damage in rodents.
Epithelial degeneration, metaplasia, and reduced function were
observed at or above 200 ppm (4–6 h) in rats, and metaplasia
at 338 ppm (4 h) in mice. Other rat tissues showed degenera-
tion after 6 h per day exposure for 5 days including the adrenals
(at 175 ppm), and liver and brain (at 250 ppm).

Human

Accidental deaths are mainly associated with the very high
methyl bromide concentration (>6000 ppm) used in structural
fumigation. Death is due to respiratory paralysis and circula-
tory failure. In acute exposure (250 ppm for 2 h), the early
symptoms of acute toxicity included headache, dizziness,
nausea, and vomiting. Continued exposure resulted in more
severe neurotoxicity such as visual and speech disturbances,
extremity numbness, mental confusion, and hallucination.
Delayed onset and persistence of neurotoxicity are possible
when exposed to high concentrations. Direct skin exposure to
methyl bromide (9000 ppm) resulted in erythema with
multiple vesicles and bullae at the contact site.
Chronic Toxicity

Animal

In rats, mortality was observed at 400 ppm for 3 weeks and
90 ppm for 2 years but not at 120 ppm for 13 weeks. In mice,
mortality occurred at 100 ppm for 20 weeks but not at 33 ppm
for 2 years. No death was found in dogs at 5 ppm for 6 weeks.
In rabbits, lethality was reported at 66 ppm for 2–10 weeks.
Monkeys at 100 ppm for 11 exposures showed severe
neurotoxicity.

Subchronic or chronic inhalation exposure resulted in
toxicity of the central nervous system, nasal tissue, and the
heart in rodents. In rats with a 6 h per day, 5 days per week
regimen, 13 weeks of exposure resulted in reduced brain weight
at 30 ppm, decreased motor activity at 70 ppm, and death at
140 ppm. The LOELs for nasal cavity degeneration and
hyperplasia were 30 ppm for 12–24 months or 3 ppm for
24–29 months. At 30 ppm, reduced kidney weight was found
at 1 year and brain weight at 29 months. With a 4 h per day,
5 days per week regimen, heart lesions were observed at
150 ppm for 11weeks and at 300 ppm for 6weeks. Inmice with
a 6 h per day, 5 days per week regimen, 13 weeks of exposure
resulted in changes in hematology parameters at 40 ppm and
reduced weight gain and neurotoxicity at 120 ppm. In addition,
neurotoxicity and lesions in the brain, heart, and nasal tissues
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were found at 100 ppm for 20 weeks and decreased motor
activity at 10 and 33 ppm for 6 and 12 months.

Rabbits exposed to 65 ppm (7.5 h per day, 4 days per week)
for 4 weeks showed impaired nerve conduction velocity and
eye blink reflex, but they were not affected at 27 ppm (7.5 h per
day, 25 h per week for 20 weeks). In dogs, one 6-week study
suggested a neurotoxicity LOEL for unresponsiveness at 5 ppm
methyl bromide (7 h per day, 5 days per week). However,
another study reported no treatment-related neurotoxicity at
20 ppm.
Human

Repeated exposures have been associated with peripheral
neuropathies, impaired gait, behavioral changes, and mild liver
and kidney dysfunction. Visual impairment secondary to optic
nerve atrophy has been reported. Workers exposed to methyl
bromide reported to have lower performance in neuro-
behavioral tests and some also showed mild neurological
dysfunctions. However, several confounding factors may have
influenced these findings.
Reproductive and Developmental Toxicity

In rabbits, methyl bromide caused developmental toxicity
above 20 ppm (7 h per day during gestation days 7–19). Gall
bladder agenesis occurred in fetuses of dams exposed to
80 ppm in two studies. Rat fetuses of dams exposed at 70 ppm
(7 h per day during gestation days 1–19) showed delayed skull
ossification. No developmental toxicity was found in rats or
rabbits from oral exposure.

In a two-generation study, rats were exposed to methyl
bromide (6 h per day, 5 days per week) during premating,
gestation, and lactation. The pups were exposed to methyl
bromide in utero during gestation and through the milk during
lactation. Effects observed in the F1 and F2, but not the F0,
included decreased pup body weights (30 or 90 ppm of F1 and
F2 litters), fertility index (secondmating of the 30 or 90 ppm of
F1 adults), and absolute brain weight and cerebral cortex width
(90 ppm of F1 adults).
Genotoxicity

Methyl bromide is a direct-acting mutagen in in vitro studies
with Salmonella typhimurium strains TA100 and TA1535,
Escherichia coli, and Saccharomyces cerevisiae. It induced
thymidine kinase forward mutation in mouse lymphoma
assay, and sister chromatid exchanges in Chinese hamster
ovary cells.

In in vivo studies, methyl bromide increased micronuclei
formation in peripheral erythrocytes and sister chromatid
exchanges in bone marrow cells of female mice exposed by
inhalation (100 or 200 ppm) for 2–12 weeks of exposure.
Tissue DNA adducts were detected after oral (0.58–8 mg kg�1

in rats), intraperitoneal (417 mg g�1 in mice), or inhalation
(36 ppm in mice, 131–263 ppm in rats) exposures. No
unscheduled DNA synthesis in rat hepatocytes or sperm
abnormalities was found in mice. Methyl bromide (up to
70 ppm for 5 days, 7 h per day) also did not cause dominant
lethal mutations in male rats or structural chromosomal
aberrations in rat bone marrow.

There is limited evidence of genotoxicity in human. In one
study, soil fumigators had elevated sister chromatid exchanges
in lymphocytes and S-methylcysteine adducts in the blood. In
another study, fumigators showed increased hypoxanthine-
guanine phosphoribosyl transferase gene mutation in the
lymphocytes and increased micronuclei in oropharyngeal
cells.
Carcinogenicity

There is no clear evidence of carcinogenicity in animals or
humans even though methyl bromide showed genotoxicity. A
2-year inhalation study with methyl bromide in Fischer 344
rats showed increased pituitary adenomas in 100 ppm males.
Other inhalation toxicity studies did not show carcinogenicity
in rats (up to 90 ppm) or mice (up to 100 ppm). Preneoplastic
lesions (hyperplasia and metaplasia) of the olfactory epithe-
lium were reported in rats and mice. Methyl bromide given by
gavage caused forestomach tumors in rats.

In a study of male pesticide applicators in Iowa and North
Carolina, methyl bromide use was associated with a statistically
significant increase of prostate cancer cases. However, the
results are not definitive because of potential recall bias and
lack of actual exposure data.

The 1986 weight of evidence evaluation by the International
Agency for Research on Cancer concluded that methyl bromide
is not classifiable as to its carcinogenicity to humans (Group 3).
Clinical Management

There is no antidote for methyl bromide poisoning. Medical
intervention is limited to treatment of the symptoms and
monitoring for potential delayed effects. There is no specific
laboratory test to detect the presence of or diagnose an expo-
sure to methyl bromide. Serum bromide level can be increased
but it does not accurately predict clinical course.
Ecotoxicology

Aquatic organisms may be exposed to methyl bromide in
surface water contaminated by field runoff. The acute lethality
concentration for methyl bromide in several fish species
ranged from 0.7 to 20 mg l�1. The LC50 is 3.9 mg l�1 (96 h)
for rainbow trout, 2.6 mg l�1 (48 h) for Daphnia, and
2.2 mg l�1 (24 h) for algae. Bromide is the major methyl
bromide degradate in water. Compared to methyl bromide, its
acute toxicity is lower by at least 4000-fold in fish andDaphnia
and at least 2400-fold in algae. Due to partitioning of methyl
bromide from water into the air, chronic exposure of aquatic
organisms is unlikely.

Inhalation is the major route of exposure to methyl
bromide for nontarget terrestrial species. No acute or chronic
toxicity data are available for birds. Toxicity to rodents and
other mammals are presented in the acute, short-term, and
chronic toxicity sections.
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Other Hazards

The liquid or gas cylinders of methyl bromide can explode
from pressure build up in the heat of fire. In the presence of
oxidizers and depending on the source of fire and heat,
combustion of methyl bromide produces toxic gas and vapor,
e.g., bromine, hydrogen bromide, carbonyl bromide, and
carbon monoxide.
Exposure Standards and Guidelines

l American Conference of Governmental Industrial Hygien-
ists Threshold Limit Value: 1 ppm (4 mgm�3) Time
weighted average; (Skin) – potential for dermal absorption

l National Institute for Occupational Safety and Health
Immediately Dangerous to Life or Health Concentration:
250 ppm (9725 mgm�3) – a potential occupational
carcinogen

l Occupational Safety and Health Administration Permissible
Exposure Limit: 20 ppm (80 mgm�3; Ceiling); (Skin) –

potential for dermal absorption

See also: Toxicity Testing, Developmental; Neurotoxicity;
Pesticides; Chloropicrin; Health Assessments;
National Institute for Occupational Safety and Health; Volatile
Organic Compounds; Carcinogen Classification Schemes;
Carcinogenesis; Federal Insecticide, Fungicide, and
Rodenticide Act, US; Genetic Toxicology; International Agency
for Research on Cancer; Regulation, Toxicology and;
Respiratory Tract Toxicology; Risk Assessment, Human Health;
Ecotoxicology; ACGIH

�
(American Conference of Governmental

Industrial Hygienists); Carcinogen–DNA Adduct Formation and
DNA Repair; Children’s Environmental Health; Glutathione;
Ozone; Environmental Fate and Behavior.
Further Reading
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rcd.htm.

National Institute for Occupational Safety and Health (NIOSH), 2007. Pocket Guide to
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Control and Prevention. DHHS (NIOSH) Publication No. 2005-149. September
2007. http://www.cdc.gov/niosh/docs/2005-149/pdfs/2005-149.pdf.
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tion, Pesticides and Toxic Substances, U.S. Environmental Protection Agency,
Washington, DC. http://www.regulations.gov/#!documentDetail;D¼EPA-HQ-OPP-
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l Chemical Abstracts Service Registry Number: 56-49-5
l Synonyms: MCA, 3-MC
l Chemical Formula: C21H16

l Chemical Structure:
Background

3-Methylcholanthrene (3-MC) is a member of the polycyclic
aromatic hydrocarbon (PAH) family and is used as an experi-
mental cancer research chemical. As other PAHs, 3-MC might be
found in trace quantities in coal tar and heavy-end petroleum
hydrocarbons.

Uses

3-MC is used experimentally as a positive control in cancer
research and in biochemical research to induce specific forms
of cytochrome P450. Other than this, there is no particular
use for this chemical except as a possible chemical
intermediate.

Environmental Fate and Behavior

3-MC, when released to soil, adsorbs strongly to the soil and
does not leach. It does not biodegrade or hydrolyze signifi-
cantly but may evaporate from dry soil. If released to water, it is
expected to adsorb strongly to sediment and to bioconcentrate
in aquatic organisms. If released into the atmosphere, it may be
subject to direct photolysis because it absorbs strongly in the
ultraviolet (UV) spectrum of light. It may also react with per-
oxyl radicals already present in the atmosphere. Its estimated
half-life in the atmosphere is 2.8 h. Considering an octanol/
water log concentration ratio of 6.42, a bioconcentration factor
of 45 000 has been estimated.
Exposure and Exposure Monitoring

3-MC may be absorbed via inhalation, ingestion, or dermal
contact. Exposure to this chemical is limited to workers in
laboratories in which this chemical is used in research.
274 Encyclopedia of T
Toxicokinetics

Animal studies with structurally related PAHs, such as benzo[a]
pyrene, benzo[a]anthracene, and 3-MC, have confirmed that
intestinal transport readily occurs primarily by passive diffu-
sion after oral dosing. From the partitioning parameters, the
rate-limiting step involves solvation of transfer species in the
interfacial water at the phospholipid surface.

Metabolic products vary with the type of enzyme inductions.
In fetal rat livers, several compounds, such as 1- or 2-hydroxy-,
cis- and trans-dihydroxy-, 11,12-dihydroxy-11,12-dihydro-,
and 1- and 2-keto-3-cholanthrene have been identified. Most
frequently, it is the liver that produces a variety of electrophilic
reactants that covalently bind to macromolecules. Metabolism
or bioactivation may also be extramicrosomal or be carried out
by fetoplacental tissue or gut bacteria.

PAHs are highly soluble in adipose tissue and lipids. In vivo
binding of 3-MC to liver and lung DNA was studied in A/J mice
and demonstrated DNA binding in the liver and lung.
Mechanism of Toxicity

Metabolic activation of PAHs consists of oxidation of the rings
of unsubstituted PAHs. These oxidations are carried out by
mixed function oxidases of the liver, which contain cytochromes
P450 and P448 and require reduced nicotine adenine dinucle-
otide and oxygen. In this oxidation, an epoxide intermediate is
formed that has been shown to have the requisite chemical
reactivity to bind covalently withDNA and histones and to serve
as the ultimate carcinogenic form of PAH. Administration of 3-
MC to rats increased hepatic nuclear proteins and caused
a turnover of protein of the endoplasmic reticulum. Studies of
14C amino acid incorporation showed that 3-MC causes
increased protein synthesis and reduced degradation of protein.
Acute and Short-Term Toxicity

3-MC has a low order of acute toxicity but at high concentra-
tions it can produce eye, skin, and respiratory tract irritation.

The minimum lethal human exposure and the maximum
tolerated human exposure to this agent have not been
delineated. PAHs are eye irritants and produce photo-
sensitivity, respiratory irritation, cough, mild hepatotoxicity,
and nephrotoxicity.
Chronic Toxicity

3-MC is a powerful irritant and is an experimental carcinogen
producing neoplastic responses by various dosing routes
including oral, dermal, intravenous, parenteral, subcutaneous,
intrarenal, intrapleural, intratracheal, and implant. 3-MC is
hepatotoxic, nephrotoxic, and immunotoxic and has been
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00037-3
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reported to produce agranulocytosis, anemia, leukopenia, and
pancytopenia in exposed animals.

Exposure of mice to 3-MC produces a marked depression in
serum antibody response to sheep erythrocytes. Subsequent
studies confirmed that 3-MC does indeed suppress the immune
system resulting in long-term immunsuppression.

Chronic exposure to 3-MC can result in irritation, chronic
cough, bronchitis, and bronchogenic cancer. Leukoplakia and
cancers of the lip and oral cavity can develop. Dermal contact
has been associated with precancerous lesions called coal tar
warts, which are enhanced by exposure to UV light. Erythema,
dermal burns, acneiform lesions, photosensitization, and
cancer may develop after chronic exposure.
Immunotoxicity

In mice, 3-MC was shown to depress serum antibody response
to sheep erythrocytes. It appears that 3-MC has the capacity to
suppress immune responses. The suppression may result in
long-term reductions in antibody-producing cells.
Reproductive Toxicity

Treated pregnant rats produce offspring with major birth defects
including open neural tubes, abnormal flexure rotation, and
proencephalicdefects, amongothers. In addition, offspringof rats
given 3-MC had a higher than normal incidence of lung tumors.
In experimental animals, PAHs such as 3-MC and metabolites
have been noted to produce decrements in fertility as a result of
decreased numbers of oocytes. PAHs are strongly lipophilic and
are excreted in breast milk thereby resulting in a secondary
exposure to nursing infants. PAHs also cross the placenta adding
an additional burden to the fetus and the neonate.
Genotoxicity

3-MChasbeen found to cause bacterialmutations, chromosome
breaks in bone marrow, and induce DNA adducts in animals.
3-MC was also found to form DNA adducts and mutations.
Increased numbers of chromosomal aberrations have been
reported to be a sensitive marker for exposure to PAHs.

3-MC is mutagenic in a number of in vitro and in vivo assays
and is used regularly as a positive control in these assays. 3-MC
has been shown to covalently bind to DNA and other macro-
molecules. Using TA100 strain of Salmonella in the Ames test,
S-9 liver microsomal fractions from mice, rats, hamsters, pig,
and humans produced a doubling of the reversion rate for all
liver fractions except the pig. 3-MC has also produced positive
findings in the Ames test using S-9 rat liver microsomal frac-
tions stimulated with Aroclor-1254 in strains TA100, TA1535,
TA1537, TA1538, and in TA1538, TA98 with rat liver S-9 frac-
tions stimulated with phenobarbital. Positive mutagenic find-
ings were also noted in the Chinese hamster V-79 thioguanine
assay, in unscheduled DNA assays done in human fibroblasts,
in rodent primary cells and hepatocytes, in the Chinese ham-
ster ovary hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) assay but not in several Escherichia coli WP2 uvrA
assays with S-9 activation. Positive findings were also reported
in human lymphocyte assays showing increased sister chro-
matid exchanges.
Carcinogenicity

In mice, skin application leads rather quickly to carcinoma
formation. Subcutaneous injection produces sarcomas in rats
or mice. Oral administration in sesame oil to female Sprague–
Dawley rats results in rapid induction of breast cancer, and oral
administration to mice during the last week of pregnancy
produced a threefold increase in incidence of tumors. The most
common types were lymphoma and lung tumors. 3-MC has
reportedly produced skin tumors in mice, injection site tumors
in rats, large intestinal tumors in Sprague–Dawley rats treated
intrarectally, lung adenomas in mice treated via intraperitoneal
injection, and lung tumors in neonatal mice treated
transplacentally.

PAHs as a class of compounds are generally classified by the
International Agency for Research on Cancer as being possibly
carcinogenic to humans and mixtures of these compounds,
such as coal tar pitch and coke production, are classified as
being carcinogenic to humans. Increased incidences of skin,
bladder, lung, and possibly gastrointestinal tract cancers have
been reported in PAH-exposed workers, particularly associated
with coal carbonization, coal gasification, and coke oven work.

Workers routinely exposed to PAHs have been reported to
show increased incidences of skin, bladder, lung, and gastro-
intestinal cancers. Other studies have also demonstrated
increased incidences of lung and scrotal cancer. 3-MC is a PAH
and is considered to be carcinogenic in humans.
Clinical Management

There is no special clinical treatment for overexposure to 3-MC.
Implement basic life support measures and the prevention of
further chemical exposure and absorption by removing
contaminated clothing and washing the affected area. If
ingested, the esophagus and digestive tract may be irritated and
may be burned. Therefore, perform a careful examination and
institute gastric lavage only if the esophagus is not damaged
and it is believed that lavage may be effective at removing the
ingested material. Medical examination should look for signs
of irritation, abnormalities, and hypersensitivity. Because the
clinical management for overexposure varies depending on the
dose absorbed, route of administration, the patient’s age and
health status, time elapsed since exposure, etc., medical prac-
titioners treating a patient suspected of 3-MC overexposure
should consult clinical specialists or other published literature
for treatment options.
Ecotoxicology

Pretreatment of experimental aquatic species with 3-MC
resulted in increased toxicological response of benzo[a]pyrene
and polychlorinated biphenyls. The increased toxicity is due to
3-MC’s capacity to induce cytochrome P450 enzymes.
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Other Hazards

3-MC is a potent inducer of cytochrome P450IA, a family of
enzymes that catalyze the metabolic activation of numerous
chemicals. Administration of 3-MC along with xenobiotics
that are activated by P450IA can significantly increase and/or
exacerbate the toxicity of such xenobiotics.
Exposure Standards and Guidelines

The US Environmental Protection Agency’s Carcinogen Assess-
ment Group has placed 3-MC on a list of compounds for which
strong evidence exists for either causing cancer in humans or in
multiple animal species. No occupational exposure limits have
been established for 3-MC.

See also: Carcinogenesis; Carcinogen–DNA Adduct Formation
and DNA Repair; Polycyclic Aromatic Hydrocarbons (PAHs);
Toxicity Testing, Carcinogenesis.
Further Reading

Hazardous Substances Database (HSDB), 2011. National Library of Medicine (NLM).
Specialized Information Service. Online Database. http://toxnet.nlm.nih.gov/cgi-bin/
sis/search.
Relevant Websites

http://www.state.nj.us – New Jersey Department of Health and Senior Services,
Hazardous Substance Fact Sheet, 3-Methylcholanthrene; August 1988.

http://toxnet.nlm.nih.gov – TOXNET, Specialized Information Services, National Library
of Medicine. Search for Methylcholanthrene, 3-.

http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://www.state.nj.us
http://toxnet.nlm.nih.gov
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l Name: Methyl-CCNU
l Chemical Abstracts Service Registry Number: 13909-09-6
l Synonyms: 1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-

1-nitrosourea; Semustine; Me-CCNU
l Molecular Formula: C10H18ClN3O2
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Background

In October 2008, scientists of the International Agency for
Research on Cancer reaffirmed the Group 1 classification
‘carcinogenic to humans’ of 20 pharmaceutical agents
including semustine. Me-CCNU [1-(2-chloroethyl)-3-
(4-methylcyclohexyl)-1-nitrosourea] is an alkylating agent of
the nitrosourea group, used alone or in combination with other
chemotherapeutic agents to treat several types of cancers,
including primary and metastatic brain tumors, Lewis lung
tumor, and L1210 leukemia. It has also been used to treat
cancers of the digestive tract, Hodgkin lymphoma, malignant
melanoma, and epidermoid carcinoma of the lung. Doses varied
depending on the type of cancer and body weight of the indi-
vidual. The typical oral dose was 125–200 mgm�2 body surface
area, and was repeated every 6 weeks. An alternative regimen
was reported to be 200–225 mg m�2 orally every 6–8 weeks.
Me-CCNU is a bifunctional antineoplastic agent that undergoes
spontaneous chemical decomposition, yielding electrophilic
compounds and ultimately inducing alkylation and carbamoy-
lation of cellular macromolecules, including DNA and protein.
Uses

Me-CCNU is an investigational drug used in chemotherapy to
treat various types of cancers like Hodgkin’s disease, malignant
gliomas, gastrointestinal tract adenocarcinomas, breast carci-
nomas, squamous-cell carcinomas, malignant melanoma, and
epidermoid carcinoma of the lung. It is an antineoplastic agent
that functions as an alkylating agent. An emerging trend in this
arena has been to design hybrid steroid compounds of anti-
cancer agents, because they presumably produce less toxicity,
significantly lower than the cytotoxic components alone, and
increase anticancer activity of alkylating esters.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Semustine is released to the environment through a number of
routes because of its production and use as an antineoplastic
agent. Semustine is an alkylating agent that may hydrolyze
under environmental conditions. Upon its released into air,
semustine will exist in both the vapor and particulate phases in
the atmosphere because of its estimated vapor pressure of
5.6 � 10�6 mm Hg at 25 �C. Semustine when in vapor phase
will be degraded by reaction with photochemically produced
hydroxyl radicals in the atmosphere (estimated half-life for this
reaction in air is approximately 16 h). Particulate-phase
semustine is removed via wet or dry deposition. Semustine
chromophores (absorbs at 290 nm) are susceptible to direct
photolysis by sunlight. If released to soil, semustine is expected
to have moderate mobility based on an estimated Koc of 330.
Volatilization from moist soil surfaces is not expected to be an
important fate process based on an estimated Henry’s Law
constant of 2.5 � 10�10 atm-cu m mol�1. Biodegradation data
for this compound are not available. Semustine is expected to
adsorb to suspended solids and sediment based on release into
water (based on estimated Koc). Based on this compound’s
estimated Henry’s Law constant, volatilization from water
surfaces is not expected to be an important fate process. An
estimated bioconcentration factor of 70 suggests moderate
bioconcentration in aquatic organisms. Occupational exposure
to semustine is very likely via skin contact at workplaces where
semustine is produced or used. The general population is highly
unlikely to be exposed to this compound unless receiving
specific treatment with semustine as an antineoplastic agent.

Based on the overall literature, it appears that some phar-
maceutically active compounds originating from human or
veterinary therapy are not completely eliminated in municipal
sewage treatment plants and are therefore discharged into
receiving waters. Wastewater treatment processes often were
not designed to remove them from the effluent. Selected
organic waste compounds may be degrading to new and more
persistent compounds that may be released instead of or in
addition to the parent compound.
Exposure Routes and Pathways

The most common exposure pathway is ingestion. The second
route is occupational exposure via dermal contact with this
compound at workplaces where semustine is produced or used.

Cancer patients are exposed during chemotherapy.
Semustine is available in 10, 50, and 100 mg capsules.
The recommended adult oral dose ranges from 125 to
200 mgm�2, given as a single dose every 6 weeks, as directed
by the investigational study. An alternative regimen of
4-3.00332-8 277
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200–225 mgm�2 orally every 6–8 weeks has also been sug-
gested. Dosage may vary depending on the type of cancer and
body weight and size of the individual. When used simulta-
neously with other antineoplastic drugs, the dose is usually
reduced by 25–50%. Health care personnel preparing and
administering anticancer therapies may be occupationally
exposed to semustine by inhalation, dermal contact, or acci-
dental ingestion.
Exposure Standards and Guidelines

According to the European Union directives, semustine is
classified as T (toxic). Risk phrases: 45, 46, 23/24/25, 36/37/38
(May cause cancer. May cause heritable genetic damage. Toxic
by inhalation, in contact with skin, and if swallowed. Irritating
to eyes, respiratory system, and skin.) Safety phrases: 53, 22, 26,
36/37/39, 45 (Avoid exposure. Obtain special instructions
before use. Do not breathe dust.) Wear suitable protective
clothing, gloves, and eye/face protection. In case of accident or
if you feel unwell, seek medical advice immediately (show the
label where possible).
Other Hazards

Hazardous combustion or decomposition products include
carbon monoxide, carbon dioxide, hydrogen chloride gas, and
nitrogen oxides.
Toxicokinetics

Me-CCNU, a lipid-soluble agent, has a short plasma half-life
and easily crosses the blood–brain barrier. Therefore, it has
good therapeutic utility in various central nervous system
neoplasms. Me-CCNU, when orally administered to humans,
is well absorbed from the gastrointestinal tract. It undergoes
rapid chemical decomposition and oxidative metabolism, and
its systemic biodistribution is very rapid. Radioactive Me-
CCNU is detected in plasma within 10 min, with peak plasma
levels attained within 3–6 h when exposed to cancer patients.
Me-CCNU and all its metabolites (chloroethyl and cyclohexyl
moieties) are completely cleared within 72 h. A lion’s share
(>60%) of the administered radioactivity is excreted in the
urine within 2 days. Cytochrome P450 (CYP) mono-
oxygenase system metabolizes Me-CCNU on the cyclohexyl
ring carbons and the 2-chloroethyl side chain. The alkylating
metabolites bind covalently to DNA and protein, and increase
mutagenicity in bacteria. Carbamoylating species are also
produced on Me-CCNU metabolism, but subsequent carba-
moylation reactions are not significantly affected by enzymatic
microsomal metabolism.
Mechanism of Toxicity

Me-CCNU exerts its toxicity by cross-linking with DNA or
DNA-alkylation, carbamoylation of proteins besides DNA
strand breakage. It is cytotoxic in all stages of the cell cycle.
Phenobarbital (PB) pretreatment increases nephrotoxicity of
this compound, suggesting enhanced metabolism of this
compound coupled with generation of reactive intermediates.
PB pretreatment is also known to cause increased alkylation
of both liver and kidney macromolecules and an increase in
the urinary clearance of ethylene-labeled Me-CCNU. Modu-
lation of liver biotransformation influenced the level of
covalent binding and alkylation, which correlated with the
degree of Me-CCNU-induced nephrotoxicity. Evidence in
favor of Me-CCNU liver biotransformation came from an in
vivo/in vitro colony-forming assay that demonstrated the
presence of a cytotoxic metabolite in the bile of a Me-
CCNU-administered rat. These studies suggest that hepatic
metabolism contributes significantly to the alkylating activity
of Me-CCNU in the liver and the kidney, and indicate that
a liver-derived metabolite may be responsible for the renal
toxicity of Me-CCNU.
Developmental or Reproductive Toxicity

Exposure to a single intraperitoneal high dose (LD10) of Me-
CCNU to sexually mature male mice resulted in severe inhi-
bition of spermatogenesis and reduction in testicular wet
weight, without significant changes in plasma testosterone
levels, and with hyperplasia of the interstitium, including
Leydig cells, in the testis. These effects were reversible within
50 days after treatment. Mating of the treated males with
normal females demonstrated absolute sterility at 20 days and
full recovery at 50 days after treatment. Exposure to a single
lethal dose (38 mg kg�1, LD70) of Me-CCNU to immature
(25 day-old) male mice also caused severe but temporary
inhibition of spermatogenesis, and mating of mice that
survived the treatment and reached sexual maturity, with
normal females, resulted in 80–100% pregnancies at 40 and
70 days after treatment, respectively. Multiple doses of
30 mg kg�1 (at 10-day intervals) of Me-CCNU to 2-week-old
male mice resulted in inhibition of spermatogenesis without
alteration in plasma testosterone. Three months of such
treatment caused in a significant drop in pregnancy (40%)
when exposed males were mated with normal females.
Exposure to Me-CCNU a few days prior to and a few days after
mating resulted in a total failure of pregnancies. This situation
was partly resolved when the time lag after Me-CCNU expo-
sure was increased.
Acute and Short-Term Toxicity (or Exposure)

Animal

Me-CCNU causes toxicity to kidney in male Fischer 344 rats.
Even a single acute dose may lead to chronic and irreversible
effects on the kidney. But lethal doses of Me-CCNU (100–
180 mg kg�1) produce minimal proximal tubular injury.
A 250 mg kg�1 dose of Me-CCNU results in massive papillary
necrosis within 1 week, with only limited necrosis to the
proximal tubules. Sublethal doses result in a similar, chronic,
progressive nephropathy, which is delayed in onset and is
characterized by polyuria, enzymuria, and a decrease in urine-
concentrating ability and in renal slice organic ion
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accumulation. Studies suggest that hepatic metabolism
contributes significantly to the alkylating activity of Me-CCNU
in the liver and the kidney, and indicate that a liver-derived
metabolite may be responsible for the renal toxicity of Me-
CCNU. LD50 dose in mouse has been determined to be
50 mg kg�1 orally. Administration of a single subcutaneous
dose of the nephrotoxic anticancer agent Me-CCNU to rats led
to a time-dependent decrease in renal function (i.e., renal slice
anion accumulation, renal concentrating ability, and urinary
output), which was correlated with the accumulation of car-
bamoylating and alkylating intermediates of 14C-labeled Me-
CCNU that bound irreversibly to kidney protein. Me-CCNU
also produced a dose-dependent decrease in glutathione
preferentially in liver, but not in kidney.
Human

Protracted myelosuppression, a condition in which bone
marrow activity is decreased, resulting in fewer red blood
cells, white blood cells, and platelets, is the dose-limiting
toxicity of Me-CCNU. Renal and hepatic toxicities and
pulmonary fibrosis are seen infrequently after exposure to Me-
CCNU. It exhibits dose-dependent nephrotoxicity. Proximal
tubular cells are attacked, with renal failure occurring when
high doses are administered. It also produces acute nausea
and vomiting.
Chronic Toxicity (or Exposure)

Animal

Data on Me-CCNU were included in a report in which a large
number of cancer chemotherapeutic agents were tested for
carcinogenicity by intraperitoneal injection in Sprague–Dawley
rats and Swiss-Webster mice. In male rats injected with
Me-CCNU thrice weekly for 6 months, total tumor incidence
was reported to be increased 1.5–2-fold over that in controls at
18 months. A slight increase in tumor incidence was reported
in mice. Intravenous administration of Me-CCNU to rats
induced lung tumors. In another study, a single subcutaneous
injection of Me-CCNU (20–140 mg kg�1) resulted in rapid
decrease in renal function, leading to a chronic progressive
nephropathy in male Fischer 344 rats.
Human

Me-CCNU is known to be a human carcinogen based on
sufficient evidence of carcinogenicity in humans.
Genotoxicity

As with other chloroethylnitrosoureas, the majority of the
alkylation reactions occur at the N7 position of guanine, but
the critical reaction leading to cytotoxicity is reported to
involve alkylation of the O6 of guanine, which leads to G–C
cross-links in DNA. Carbamoylation of proteins is also
believed to contribute to the toxicity of Me-CCNU, and may
contribute to carcinogenesis through inhibition of
DNA-repair processes. Me-CCNU has been tested for
genotoxicity in several short-term assays in vitro and in vivo.
The administration of Me-CCNU in vivo results in DNA
adducts in multiple target organs (bone marrow, spleen, and
colon of treated mice, and in the kidney, liver, and lung of
treated rats). Me-CCNU was found to cause large increases in
the frequency of micronuclei in the bone-marrow erythrocytes
of mice, besides inducing a multitude of changes (chromo-
somal aberrations, micronuclei, sister chromatid exchange,
and DNA strand breaks) in human or rodent cells in vitro. It
also induces mitotic crossing-over in yeast and is mutagenic in
bacterial systems. In addition, patients treated with Me-CCNU
(in combination with 5-fluorouracil and vincristine) as cyto-
static therapy consistently exhibited increased frequencies of
sister chromatid exchange and chromosomal aberrations in
their peripheral blood lymphocytes. Me-CCNU can cause
myelosuppression and acute myeloid leukemia that develops
in patients who have previously been treated with alkylating
agents such as Me-CCNU. This is because it frequently exhibits
distinctive characteristics that allow it to be distinguished
from acute myeloid leukemia induced by other agents
(topoisomerase II inhibitors) or acute myeloid leukemia that
occurs spontaneously. One of the hallmarks of leukemias
induced by alkylating agents is that they frequently exhibit
a clonal loss of either chromosome 5 or 7 (�5,�7) or a loss of
part of the long arm of one of these chromosomes (5q�,
7q�). Several studies have shown elevated levels of chromo-
somal aberrations in the peripheral blood lymphocytes of
patients treated with Me-CCNU; increased levels of chromo-
somal aberrations in these cells means increased risk of
developing cancer.
Carcinogenicity

Me-CCNU is known to be a human carcinogen based on
sufficient evidence of carcinogenicity in humans. Me-CCNU
was tested for carcinogenicity by repeated intraperitoneal
injection in rats and mice. The compound increased the inci-
dence of total tumors in rats and slightly increased the inci-
dence of leukemia and lymphosarcomas in female mice. When
administered by intravenous injection, Me-CCNU induced
lung tumors in rats.
Clinical Management

A patent airway should be established. Suction can be used if
necessary. Signs of respiratory insufficiency should be watched
for and ventilations should be assisted if needed. Oxygen should
be administered by nonrebreather mask at 10–15 l min�1.
Pulmonary edema and shock should be monitored and treated
if necessary. Seizures should be anticipated and treated if neces-
sary. For eye contamination, eyes should be flushed immediately
with water. Emetics should not be used. For the patient who
is unconscious, has severe pulmonary edema, or is in severe
respiratory distress, orotracheal or nasotracheal intubation for
airway control should be considered.
See also: Alkyl Halides; Methylnitrosourea.
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Background

Methyl disulfide is a volatile, flammable liquid with an intense
distinctive odor. Its aroma is described variously as ethereal,
onion-like, or smelling of boiled cabbage or rotten cabbage. It
has a low odor threshold in the range of 0.0098–0.02 ppm.

Methyl disulfide occurs naturally in the environment and
plays a role in the natural global sulfur cycle. It is released to the
atmosphere in emissions from the oceans, soil, plants,
microbes, and food and animal wastes. Other emission sources
include wastewater treatment plants, landfills, pulp and paper
mills, oil refineries, and gasoline engines. It can be produced by
bacteria, is found in activated sludge, and is also one of the
compounds responsible for human fecal odor. Methyl disulfide
is also synthesized for a variety of commercial uses.

Small amounts of methyl disulfide have been used
commercially for many years. Its history dates back to 1840
when it was first synthesized in Germany. Because of its solvent
characteristics, its odor, and its chemical reactivity, methyl
disulfide has since found wide use in the chemical industry and
is now available as a bulk organic chemical.

Chemically, methyl disulfide is a nonpolar (not water
soluble), water-white liquid, boiling at 37 �C. It is capable of
dissolving a wide range of organic and inorganic materials and
forming stable complexes with many inorganic compounds. It
is an extremely stable molecule that normally undergoes reac-
tions only at the sulfur atom. The hydrogen atoms in methyl
disulfide are normally quite inert, but they can be attacked by
halogens. In some cases, the initial reaction product rearranges
to produce a final product in which the hydrogen atom on
a carbon is replaced by the introduced group.

Methyl disulfide has been identified as an important
element in the flavor and odor characteristics of dairy products,
fish, tea, and other food products. Dimethyl sulfide has
a distinctive, ethereal odor, and intensifies and enhances other
odors. This property has also prompted its use in natural gas
odorants and as an intensifier in odor masking compounds.

Dimethyl disulfide has also been confirmed as one of the
volatile compounds emitted by the ornamental fly-attracting
plant known as Dead Horse Arum lily (Helicodiceros muscivorus;
syn. Helicodiceros crinitus, Dracunculus crinitus), an ornamental
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
plant native to the northwestern Mediterranean region. It
reproduces the stench of rotting meat, attracting carrion-
seeking flies that help to pollinate this plant. One of a rare
group of thermogenic plants, the Dead Horse Arum can raise its
temperature by thermogenesis. This also helps to lure flies into
the plant to contact its pollen.

Certain marine algae also produce methyl disulfide that
enters the atmosphere as tiny droplets. The salty sea smell
experienced when on or near the ocean is not just from the salt
alone. Gas and vapor compounds diffuse across the air–sea
interface, many of which are synthesized and emitted by
microalgae, and methyl disulfide is one of these vapors. It has
been suggested relatively recently that variations in algal
production of these natural gases and vapors play an important
role in moderating climate through their aerosol effects on
backscattering solar radiation and in cloud formation.
Uses

Methyl disulfide is probably best known for its use as a compo-
nent of flavoringmaterials. It has an intense onion odor by itself.
Ironically, although many find its odor objectionable at high
concentrations as noted above, when diluted, its aroma has also
been described as pleasant. Methyl disulfide is often used in
combination with other flavor compounds in food products,
including baked goods, cheese, frozen dairy products, meat
products, soups, savory flavors, fruit flavors, soft candy, gelatin,
puddings, and both alcoholic and nonalcoholic beverages.

Industrially, methyl disulfide is also used as a sulfiding
agent to catalyze reactions in oil refineries and other industries.
It has a low flash point of 16 �C (61 �F) that presents fire
hazards during refinery usage. Due to its strong odor and low
flash point, methyl disulfide typically requires storage under
nitrogen pressure in closed containers.

Other novel applications are being explored, including
inclusion of methyl disulfide in insect trap baiting products to
attract biting flies and mosquitos. It is also proposed as an
insecticidal fumigant substitute for methyl bromide. Methyl
disulfide formed during irradiation of foods also has potential
to be used as irradiation detection marker for frozen-stored
meats under oxygen-permeable packaging conditions. Among
sulfur volatiles, only methyl disulfide was found in meat after 6
months of storage at �40 �C (40 �F). Methyl disulfide is also
being studied as a signaling molecule in marine ecosystems to
study effects of climate change.
Environmental Fate and Behavior

Naturally occurring methyl disulfide is present in small
amounts throughout the natural environment. Accidental
4-3.00036-1 281
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releases of larger quantities of methyl sulfide from industrial
processes can also potentially enter the environment as liquid
or vapor. It is immiscible with water, so it is unlikely to be
found in high concentrations in water supplies, but it is
miscible with most common organic solvents.

The Hazardous Substances Data Bank (HSDB) provides
a good, detailed explanation of environmental fate. When
released to air, a vapor pressure of 28.7 mmHg at 25 �C indi-
cates that methyl disulfide will exist as a vapor in the ambient
atmosphere. Vapor-phase methyl disulfide is degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals. The half-life for this reaction in air is esti-
mated to be 4 h. Direct photolysis (half-life of 3.2–4.6 h at full
sunlight) and reaction with nitrate radicals (half-life of 1.1 h
during night-time hours) will also contribute to its atmospheric
degradation.

If released to soil, methyl disulfide is expected to have
moderate mobility based upon an estimated Koc of 220. In
water, methyl disulfide is not expected to adsorb to suspended
solids and sediment in water based on its Koc value. In both soil
and water, volatilization to the atmosphere is expected to be
the major transport process, based on a Henry’s law constant of
1.21� 10–3 atm-m3mol–1. Estimated volatilization half-lives
for a model river and model lake are 3 h and 4 days, respec-
tively. Volatilization from dry soil surfaces is possible given the
vapor pressure of this compound. Since methyl disulfide
photolyzes readily in sunlight, photodegradation on soil or
water surfaces exposed to sunlight could be an important
transformation process. Other than photodegradation, because
it is such a stable molecule, methyl disulfide is not readily
biodegradable by microorganisms and therefore can be rela-
tively persistent in the environment. Although limited
biodegradation data suggest that methyl disulfide can biode-
grade, insufficient data are available to predict its relative
environmental importance in soil or water. An estimated bio-
concentration factor (BCF) of 13 suggests the potential for
bioconcentration in aquatic organisms is low.
Exposure and Exposure Monitoring

Methyl disulfide can be encountered as either a liquid or vapor
by itself or in combination with other materials. Occupational
exposure can occur through inhalation or dermal contact where
the compound is produced, in the manufacture of flavoring
materials where it is a component of that flavor, or when the
final flavor is being added to a food product. Workplace
exposures can also occur in the petroleum industry, kraft paper
mills, sewage treatment plants, and household waste sorting
centers.

Concentrations of 0.01–0.07m–3 in air were detected in
workplace air of sewage treatment plants. Exposure levels of
<0.05–1.50 ppm were detected in a kraft paper mill. Air
samples from the digesting departments of three sulfate pulp
mills in eastern and southeastern Finland contained methyl
disulfide at concentrations ranging from <0.09 to 0.64m–3.

Other than exposure to trace quantities of naturally occur-
ring methyl disulfide in the natural environment, most expo-
sure for the general population is through various food
products. Methyl disulfide was detected in 27 of 46 composites
of human adipose tissue as analyzed for the USEPA’s National
Human Adipose Tissue Survey (NHATS). Although those
measurements were made in FY 1982 and are now relatively
old, it is safe to assume that the potential for population
exposures to methyl disulfide in foods consumed has not
diminished. Methyl disulfide was also detected in 2 of 10
samples of expired air from humans. Its presence was consid-
ered to be of metabolic origin. In an analysis of 387 expired air
samples from 54 healthy, nonsmoking adults, methyl disulfide
was detected in 33.1 samples at a mean concentration of
1.94 ng l�1. Methyl disulfide was also detected in 6 of 12
samples of human milk collected from volunteers in Bayonne,
NJ, Jersey City, NJ, Bridgeville, PA, and Baton Rouge, LA.

Methyl disulfide is considered to be the main sulfur-
containing gas emitted from the oceans where concentrations
have also been monitored above the sea surface. Airborne
levels measured at the sea–air boundary have ranged from <1
to more than 1.5 mgm–3.
Toxicokinetics

No studies were found focusing specifically on absorption,
distribution, metabolism, or excretion by mammals following
exposure to methyl disulfide. This chemical is a stable metab-
olite of other chemicals. It has been found as a natural
component in urine vapor of laboratory mice that have not
been exposed to exogenous sources of methyl disulfide. As
noted, it has also been detected in human fat tissue, breast
milk, and expired air, suggesting significant distribution
throughout the body.
Mechanism of Toxicity

Very little information is available on mechanism of toxicity.
Although the authors of one experimental animal study sug-
gested that methyl disulfide toxicity resembles that of hydrogen
sulfide, it is not at all clear that cytochrome oxidase inhibition
can result from methyl disulfide exposure. Mechanistically
hydrogen sulfide is classified as a chemical asphyxiant because
of its known ability to disrupt electron transport and oxidative
phosphorylation by interaction with the enzyme cytochrome
oxidase. Other sources classify methyl disulfide a simple
asphyxiant, which means that it is nonreactive with enzymes or
other cell components and simply displaces oxygen in the air.

Some information indicates that neurotoxicity to insects
results when methyl disulfide disrupts calcium-activated
potassium channels in insect pacemaker neurons.
Acute and Short-Term Toxicity

Animal

Oral exposure showed methyl disulfide to be moderately toxic
to rats (LD50 190mg kg–1). Inhalation exposure for rats showed
the material to be slightly toxic (4 h LC50 805 ppm). Rats
exposed by inhalation to 7.1–26mg l–1 of methyl disulfide for
30–35min had pulmonary irritation with lung ecchymoses
(small hemorrhages) and convulsions.
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Methyl disulfide is slightly irritating to the eyes and skin of
rabbits. Dermal testing using rabbits showed it to be no more
than slightly toxic (LD50> 2000mg kg–1). A single application
to the skin of rabbits produced no mortality, but it did result in
eye irritation and an effect on the central nervous system and
respiratory system. All of the effects disappeared within a day
after exposure.

In rats, 5–40 ml was found to inhibit thyroid function. Toxic
levels were between 50 and 400 ml.

Hepatic encephalopathy with coma and convulsions can
also be produced by administration of methyl disulfide to
experimental animals. Rats exposed to 805 ppm of methyl
sulfide for 4 h had no mortality and only suggestions of liver
damage upon histopathological examination. Inhalation of
2 ppm for 3 months also caused microscopic liver damage.
These liver effects have not been reported in exposed humans.

Alkyl disulfides in general are of moderate toxicity and can
cause hemolytic anemia. A potential for development of renal
failure from red blood cell breakdown products excreted in the
urine would most likely exist, but there is very little documen-
tation of this in the published literature on methyl disulfide.
Human

The principal hazard of methyl disulfide for humans is as skin
and eye irritant. Prolonged contact can result in the removal of
oil from the skin and may dry the skin and cause irritation,
redness, and a rash. High vapor concentrations can be irritating
to the eyes and respiratory tract. High vapor inhalation
concentrations can also result in headache, dizziness, drowsi-
ness, nausea, vomiting, and loss of muscle coordination.

In severe exposure, loss of consciousness is possible, at least
in theory. One source consulted stated that methyl disulfide
vapor can reach high enough concentrations at room temper-
ature to act as a simple asphyxiant, and that workers exposed to
high concentrations could suffer respiratory collapse and death.
It has been noted that the powerful and penetrating odor of this
material is likely to limit voluntary exposure, so loss of
consciousness would be an unusual occurrence. Coma and
convulsions have been seen in exposed experimental animals;
however, these effects have not been reported in exposed
humans known to be overexposed to methyl disulfide. Again,
given its unusual odor (some people call it objectionable), it
seems more likely that most people would avoid situations
where methyl disulfide levels could reach sufficiently high
concentrations to cause asphyxiation.
Chronic Toxicity

Toxicity testing using rats showed that exposure to levels of
250 ppm by inhalation, up to 6 h per day, 5 days per week for
up to 4 weeks resulted in lethargy, respiratory difficulties, and
reduced weight gain. On necropsy, the organs were found to be
congested. Exposure under the same conditions to levels of
100 ppm showed no toxic signs and the organs were normal.

Oral administration for 5 months found a no-effect level of
0.007mg kg–1. At 0.5mg kg–1, there were cardiovascular and
kidney effects with dystrophic disease of the kidneys and
cardiac muscles.
Human

Allergic dermatitis is the most significant effect of chronic skin
exposure in humans. Chronic inhalation exposures have also
reduced the ability of workers to sense methyl disulfide in their
environments. Systemic effects of methyl disulfide in humans
are not well documented.
Immunotoxicity

Repeat exposures sensitize tissues, resulting in allergic
dermatitis.
Reproductive Toxicity

At the time of this review, no studies were found evaluating
reproductive or developmental effects of methyl disulfide.
Genotoxicity and Carcinogenicity

Methyl disulfide is not mutagenic when tested in the in vitro
Ames Salmonella mutagenicity screening assay. At the time of
this review, no other information was available on genotoxic or
carcinogenic potential.
Clinical Management

Eyes should be flushed with a large amount of water for at least
15min. Skin should be washed with soap and water. If irrita-
tion continues, medical attention should be sought.

If inhalation exposure occurs, the person should be
removed to fresh air immediately and monitored for respira-
tory distress. If breathing has stopped, artificial respiration
should be initiated and oxygen administered if necessary.

For a person who is conscious, two glasses of water or milk
should be given if the material is ingested. Vomiting should be
induced and medical attention sought. If the person is
unconscious or drowsy, liquids should not be given and
medical attention should be sought immediately.
Ecotoxicology

Methyl disulfide has been found to be moderately toxic to
Daphnia with a 48 h LC50 of 4mg l–1 and to trout with a 120 h
LC50 of 1.75mg l–1. It is slightly toxic to algae with a 72 h LC50

of 11–35mg l–1 and to guppies with a 96 h LC50 of 50mg l–1.
Exposure Standards and Guidelines

The ACGIH recommended an 8 h time-weighted average (TWA)
TLV (threshold limit value) of 0.5 ppm based on skin effects
(2008). The Excursion Limit Recommendation is as follows:
Excursions in worker exposure levels can exceed three times the
TLV–TWA for no more than a total of 30min during a work day,
and under no circumstances should they exceed five times the
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TLV–TWA, provided that the TLV–TWA is not exceeded. For
emergency response planning, the ACGHI recommends the
following in Emergency Response Planning Guidelines (ERPG):
ERPG (1) 0.01 ppm (nomore thanmild, transient effects) for up
to 1 h exposure; ERPG (2) 50 ppm (without serious, adverse
effects) for up to 1 h exposure; and ERPG (3) 250 ppm (not life
threatening) up to 1 h exposure.

Methyl disulfide is a Food and Drug Administration-
approved flavor material (21 CFR 172.515) and is FEMA
(Flavor and Extract Manufacturers Association) GRAS number
3536. As such, it is permitted for direct addition to food for
human consumption as a synthetic flavoring substance and
adjuvant as long as it is used in the minimum quantity
required to produce the intended effect, and otherwise in
accordance with all the principles of good manufacturing
practice.
Other Hazards

Methyl disulfide decomposes on heating to release
hydrogen sulfide and sulfur oxides. Hydrogen sulfide itself
is a chemical asphyxiant and sulfur oxides contribute to air
pollution.
See also: Food Additives; Hydrogen Sulfide; Mercaptans.
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l Name: 4,40-Methylenedianiline
l Chemical Abstracts Service Registry Number: 101-77-9
l Synonyms: 4-(4-Aminobenzyl)aniline; 4,40-Diaminodi-

phenylmethane (DDM); Epicure DDM; MDA; 4,40-
Methylendibenzolamine

l Molecular Formula: C13H14N2

l Chemical Structure:
Background

4,40-Methylenedianiline (MDA) is synthesized by the reaction
of formaldehyde and aniline in the presence of hydrochloric
acid. It is a colorless (like an ice cube) to pale yellow solid with
a faint amine odor (sharp odor). It is very slightly soluble in
water (does not mix well with water), readily soluble in
alcohol, benzene, and ether, and does not readily evaporate at
room temperature. If left in an open container, it slowly turns
brown because of chemical reactions with components present
in air.

The toxicity of this compound was first documented
following the Epping jaundice incident which took place in
1964, when 84 people accidentally consumed MDA and
subsequently suffered symptoms of toxic hepatitis. This and
other accidental and occupational exposures to this compound
have resulted in fever, jaundice, toxic hepatitis, cholangitis with
cholestasis, skin rash, and in two acute cases, cardiomyopathy
and retinopathy.
Table 1 Physicochemical properties of 4,40-methylenedianiline

Property Value

Molecular weight 198.27
Color Colorless to pale brown
Physical state Crystalline solid
Melting point 92.5 �C
Boiling point 398 �C
Specific gravity 1.1
Odor Faint aminelike
Water solubility 1000 mg l�1

Vapor pressure 2.970 mmHg
Henry’s law constant 5.60E-11 atm m3 mol�1

Organic solvent(s) Readily soluble in ethanol,
benzene, diethyl ether
Uses

MDA has been available commercially since the 1920s and is
an industrially produced compound that is not known to
occur naturally. The major use of this substance is as chemical
intermediate in the production of isocyanates and poly-
isocyanates, which are further processed to polyurethanes.
These polyurethane polymers are used in the manufacture of
insulation materials, seat cushions, wire coatings, aircraft
parts, and medical devices, such as dialysis tubing, orthopedic
and odontologic implants, intra-aortic balloons, and vascular
grafts. MDA is also used as curing agent for epoxy resins and
urethane elastomers; in the production of polyamides; in the
determination of tungsten and sulfates; in the preparation
of azo dyes; and as corrosion inhibitor in the preparation
of dyes.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

MDA is a pale brown crystalline powder with a faint aminelike
odor. Exposure to air and light results in polymerization and
oxidation of MDA. When heated, MDA produces toxic fumes of
aniline and nitrogen oxides. Relevant physicochemical prop-
erties are presented in Table 1.

Most MDA enters the environment when it is produced or
used to make other compounds. Forty-five percent of the
produced compound is released to deep soil, 52.6% to the air,
and 2.4% to land and water. Once in the environment, it will
be mainly present as tiny particles in the air and it is removed
from the atmosphere by dry deposition, rain, and snow
scavenging. A small amount is transformed by reaction with
hydroxyl radicals. In water, most of MDA will attach to
particles and sediments, and will eventually settle to the
bottom.

The estimated half-life of biodegradation in surface water,
groundwater, and soil is 1–7 days, 2–14 days, and 1–7 days,
respectively. With respect to aquatic ecosystems, bio-
concentration factor values of 3.0–14 suggest that bio-
concentration is low, in addition this compound does not tend
to build up in the food chain. When released to soil, it is
expected to have slight to no mobility. Similarly, volatilization
from both moist and dry soil surfaces is not expected to be
important.
Exposure and Exposure Monitoring

Occupational exposure to MDA takes place through inhalation
of dust or aerosol, and dermal contact with contaminated
surfaces at workplaces where they are produced or used
(polyurethane industry). In fact this compound has been
detected in workplace air, in skin patches worn by workers,
and in the urine of workers. With respect to the general
4-3.01193-3 285
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population, it may be exposed to low levels of these
compounds through consumer goods such as polyurethane
cushioning or products that contain epoxy. Food exposure has
been estimated to be virtually zero. Based on its physical and
chemical properties, consumption of certain types of plants
(e.g., root crops) grown in contaminated soil may be
a possible way of exposure. Trace amounts of free MDA might
be released by irradiation sterilization of polyurethane mate-
rials which are used in medical devices such as potting mate-
rials in plasma separators and artificial dialyzers. Therefore,
patients receiving frequent blood transfusions or kidney dial-
ysis may be exposed.

Exposure to MDA can be assessed by monitoring the acet-
ylated metabolites MDA and N-acetylmethylenedianiline in
the urine. Quantification of these substances is performed by
gas chromatography–mass spectrophotometry. In addition to
the analysis of urine samples for MDA and acetylated metab-
olites, the ability of MDA to bind to hemoglobin is used for
biological monitoring. Both methods give a useful estimate of
the internal dose of MDA absorbed via all routes of exposure.
Determination of the hemoglobin adducts has the advantage
over monitoring MDA excretion in the urine, because it
provides the opportunity for biological monitoring of cumu-
lative exposures.
Toxicokinetics

Information on toxicokinetics of MDA is retrieved from
animal studies and cases of accidental ingestion or occupa-
tional exposure. In humans, the rate of absorption of MDA
through the respiratory tract is faster than dermal absorp-
tion. The first documented case of human poisoning in 1965
provided clear evidence that the chemical can be absorbed
from the gastrointestinal tract, but at date there are no many
other relevant data. Based on its chemical properties, MDA
is expected to be passively transferred across cell membranes
in the intestine, but no quantitative estimates of oral
absorption have been made. In animals, very limited and
only indirect evidence of pulmonary absorption exists.
When considering dermal contact, a higher absorption rate
can be observed in rats when compared with guinea pigs;
dermal studies also showed that MDA is more extensively
absorbed and consequently more toxic when applied with
ethanol.

Biological accumulation of this compound is not remark-
able. Liver seems to have a higher concentration than other
tissues, other organs involved are kidneys, spleen, thymus,
uterus, adrenal glands, and thyroid.

Limited information exists regarding the metabolism of
MDA. Biotransformation is mediated by the cytochrome
P-450, generating metabolites that can undergo conjugation
with glutathione and get excreted in the urine. Acetylation,
a reaction shown to occur in humans and animals, leads to
less-toxic derivatives (N-acetylmethylenedianiline or N,N0-
diacetylmethylenedianiline), representing an adequate detox-
ification pathway since these metabolites did not show
mutagenic effect. However, MDA is also oxidized by the
monooxygenase system leading to the formation of poten-
tially toxic derivatives.
Mechanism of Toxicity

Currently, the mechanism of action is not completely under-
stood and has been mostly assessed from information on
structurally similar compounds. Many of the toxic properties of
MDA have been attributed to metabolic intermediates, as these
compounds are metabolically activated by N-oxidation to
metabolites, such as N-hydroxymethylenedianiline, that react
with DNA, RNA, and proteins.

Different studies suggest that both liver and thyroid are
targets for MDA toxicity in humans and animals. Liver
toxicity has been linked to impair mitochondrial function
and structure, apoptosis, and increased oxidative stress. It
may be caused by a reactive electrophile formed during
metabolism since liver has the enzymatic routes necessary for
such activation. Experimental studies indicate that biliary
epithelial cells are damaged earlier than parenchymal cells
and bile is a major route of exposure to MDA. The mecha-
nism of thyroid toxicity has not yet been resolved. It has
been observed that MDA exposure can induce a slight
decrease in thyroid hormones in rats, thus triggering secre-
tion of thyroid-stimulating hormone (TSH), which induced
thyroid hyperplasia. Some of the induced adverse effects
observed after MDA exposure (e.g., reduced food consump-
tion, lower body weight gain, and effects on red cells,
lymphocytes, and clotting parameters) could be explained as
secondary responses.

MDA is carcinogenic to animals. The mechanism of liver or
thyroid tumor development remains unclear. Even if cell
injury may give indications of a nongenotoxic mechanism, it
remains still unproved, and there are also positive genotoxic
data in vitro and in vivo which indicate that a genotoxic
mechanism may be related to the formation of a reactive
metabolic intermediate cannot be excluded. Regarding thyroid
cancer, hypersecretion of TSH may have a contribution to
tumor formation.
Acute and Short-Term Toxicity

Different studies have been developed in several animal species
in order to determine the acute toxicity of MDA. The LD50 value
of MDA in rats was 347mg kg�1 after oral administration and
200mg kg�1 after subcutaneous administration. Exposure to
very high doses through skin induced death after several days
with apathy, hyperchromodacryorrhea, and jaundice as clinical
signs. The lowest lethal dose by oral administration to beagle
dogs was 300mg kg�1.

In humans, the clinical features were initially described after
an outbreak of toxic hepatitis in the Epping district of Essex,
UK. Eighty-four subjects experienced hepatotoxicity after
consumption of bread baked with contaminated flour. Clinical
manifestations included pain or discomfort in the upper
abdomen and lower chest, flulike syndrome with fever, and
increasing jaundice. Laboratory tests showed increased trans-
aminase level, serum bilirubin, and alkaline phosphatase
activity. Subsequent liver biopsies in eight of these persons
revealed portal zone cholangitis as an early finding, whereas
centrilobular cholestasis with necrosis was observed later in the
course of the disease. Several additional cases of cholestatic
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jaundice after accidental exposure to MDA have been described
with similar clinical and laboratory findings. All patients
recovered completely within 2–3months. Myocardial effects
and persistent retinal damage have been reported in other
human exposure cases.

In animals, damage to the liver and kidneys has been
reported to be the most prominent toxic effects in rodents. Cats
and dogs seem to be much more sensitive than rats with
fatalities observed after oral application of 25–50mg kg�1,
liver and kidney damages and blindness due to retinal atrophy
being the most severe effects, and liver damage at lower doses.
This interspecies sensitivity difference is evident when consid-
ering that rabbits given 500mg kg�1 survived with liver and
kidney damages, while dogs and cats displayed both liver and
kidney damages after a single oral dose of 100mg kg�1.

Experimental exposure of guinea pigs to an aerosol of MDA
showed no respiratory distress during exposure and histo-
pathologic examination of the lungs revealed mild pneumonia
and pulmonary granulomas. Regarding eye instillation, only
a mild reaction was observed in rabbits after a single applica-
tion of MDA into the conjunctival sac. For dermal exposures,
the administration vehicle plays a major role in the toxicity of
MDA, possibly by influencing absorption.
Chronic Toxicity

No studies were located following chronic-duration inhalation
or oral exposure to MDA in humans. Data concerning dermal
exposure are similar to those observed with acute studies,
suggesting that the liver is a target organ for MDA chronic
toxicity. Examination of human beings occupationally exposed
(i.e., long-term exposure) revealed that this compound can be
absorbed through the lungs and the skin.

With respect to animal studies, chronic (16 weeks) periods
of oral administration of 8mg kg�1 caused liver damage in rats,
with the formation of hyperplastic nodules, adenoma-like bile
duct proliferation, and cirrhosis-like changes. The lowest
observable adverse effect level, representing the most sensitive
adverse (nonneoplastic) effect after repeated (long term) oral
application, was derived from a study with rat of both sexes and
was reported to be 9mg kg�1 day�1. In dogs, lesions in the
kidney and urinary bladder were observed after long exposition
(54–84months) to MDA. Kidney abnormalities included
rough surface, congestion, glomerulonephritis, cloudy
swelling, and thickening of the basement membrane.
Immunotoxicity

Information on humans indicates that dermal contact with
MDA may trigger allergic dermal reactions in some individ-
uals. Animal studies have provided limited information. An
acute oral study found histopathological alterations in the
thymus from rats, and in some animals, approximately 50%
of the thymus cortex was necrotic 24 h after dosing. However,
no histopathological alterations were observed in the spleen.
Some immune parameters (e.g., serum immunoglobulin
levels, response to mitogen stimulation) have been found to
be quite sensitive to chemical insult.
Reproductive and Developmental Toxicity

Reproductive function has not been examined in acute-dura-
tion studies by any route in humans. Nevertheless, some
studies have been conducted with animal species and oral
exposure. No gross or histopathological alterations were
observed in the ovaries, uterus, mammary glands, seminal
vesicles, prostate, or testes of rats administered MDA for
13 weeks. However, fetuses from pregnant rats treated orally
with MDA on gestation days 14–20 had liver alterations in the
form of fatty infiltration of the parenchyma. At higher doses,
neural tube defects without hepatic lesions were observed.
Other findings were delayed closing of the calvaria, enlarged
tongue, and an abnormally large snout. In dogs, endometrial
hyperplasia was reported after chronic treatment with relatively
low doses of the compound.
Genotoxicity/Mutagenicity

MDA was found to be mutagenically active when tested in the
bacteria Salmonella typhimurium following metabolic activation.
Similarly, MDA was shown to be mutagenic in the yeast
Saccharomyces cerevisiae with and without metabolic activation.
It was evaluated in primary cultures of hepatocytes and thy-
reocytes from both rat and human donors, and a statistically
significant increase in the frequency of DNA lesions was
revealed by the Comet assay, the response being dose depen-
dent. In two bone marrow experiments, increased micronu-
cleus frequencies were observed. An in vivo alkaline elution
assay with liver DNA from Sprague–Dawley rats led to a posi-
tive result. Single intraperitoneal administration induced
evident increases in DNA fragmentation 4 and 24 h after
treatment.
Carcinogenicity

MDA and its dihydrochloride were tested for carcinogenicity
by oral administration in mice, rats, and dogs. Treatment-
related increases in the incidences of thyroid follicular cell
adenomas and hepatocellular carcinomas were observed in
animals of both genders. In rats, treatment-related increases in
the incidences of thyroid follicular cell carcinomas and hepatic
nodules were observed in males and cystic and/or hyperplastic
follicular thyroid lesions were increased in high-dose female
rats. In a study in rats in which MDA was administered orally
in conjunction with a known carcinogen, the incidence of
thyroid tumors was greater than that produced by the carcin-
ogen alone.

With respect to human studies, a retrospective study tried to
determine, in 1992, the health status of 197 power generator
workers, exposed to MDA between 1963 and 1968. Although
one case of bladder cancer occurred in this group, it was
concluded that there was no statistically significant evidence of
an increased overall or bladder cancer risk compared to the
total population. In 1994, a similar study was conducted with
10 workers exposed to MDA, who left the factory after devel-
oping an acute jaundice and 23 years after this in one of the
workers bladder cancer was diagnosed. A retrospective study of
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595 workers exposed to an epoxy resin containing MDA in
Sweden showed no relation between exposure and cancer
morbidity, but the authors indicate that the results should be
interpreted with caution. The follow-up of the Epping-
contaminated bread consumption episode did not reveal
obvious links between the causes of death and the poisoning
episode.

Due to the inadequate evidence in humans, the overall
carcinogenic evaluation of MDA by the International Agency
for Research of Cancer, MDA has been included in Group 2B
(possibly carcinogenic to humans).
Clinical Management

A medical surveillance program should be established to
prevent the adverse health effects in workers resulting from
exposure to MDA. Close monitoring of the exposed individual
and symptomatic treatment are advisable, and thus laboratory
tests such as transaminases, bilirubin, creatinine, and electro-
lytes are necessary. A smoking cessation program should be
provided, because cigarette smoking is a well-established risk
factor for bladder cancer.

The examining physician should pay attention to the
skin, liver, urinary, respiratory, and gastrointestinal tracts,
and to the endocrine system. In case of inhalation, move
patient to fresh air and monitor for respiratory distress. If
cough or difficulty in breathing develops, it is adequate to
evaluate for respiratory tract irritation, bronchitis, or pneu-
monitis. Administer oxygen and assist ventilation as
required. When ingested, administer charcoal as a slurry
(240ml water/30 g charcoal). After eye exposure, irrigate
exposed eyes with copious amounts of room temperature
water for at least 15 min. If there is a dermal exposure,
remove contaminated clothing and wash exposed area
thoroughly with soap and water. Although the efficacy of
immunosuppressive agents in MDA-induced hepatotoxicity
has not been proven, in published case reports the initiation
of therapy with corticosteroids resulted in rapid clinical and
laboratory improvement.
Ecotoxicology

When considering aquatic ecosystems, the most sensitive
effects have been reported for the cladoceran crustacean species
Moina macrocopa, with an acute 24-h half maximal effective
concentration (EC50) of 2.3 mg l�1, and a 14-day reproduction
no observed effect concentration (NOEC) of 0.15mg l�1. In
fish, the 96-h median lethal concentration (LC50) was esti-
mated as 42–65 and 39.0mg l�1, respectively, for Brachydanio
rerio and Oncorhynchus mykiss (rainbow trout), and the 48-h
LC50 for the Japanese medaka, Oryzias latipes, was 32.0mg l�1.
The 72-h EC50 for the unicellular algae, Scenedesmus subspicatus,
was estimated as 21mg l�1.

With respect to terrestrial ecosystems, the LC50 of MDA in
the bird Agelaius phoeniceus was estimated as 148mg kg�1. In
the earthworm Eisenia fetida, this LC50 was estimated as
444.0mg kg�1 dry weight (dw) soil in a 14-day study, whereas
the 14-day NOEC for weight increase was of 32mg kg�1 dw
soil. Terrestrial plants seem to be slightly more sensitive, with
an EC50 of 128mg kg�1 for Lactuca sativa.
Exposure Standards and Guidelines

In the United States, the Occupational Safety and Health
Administration has established permissible exposure limit of
10 parts per billion (ppb) as an 8-h time-weighted average and
short-term exposure limit of 100 ppb over a 15-min sampling
period for the construction industry, and Agency for Toxic
Substances and Disease Registry has calculated an intermediate
oral minimal risk level of 0.08mg kg�1 body weight day�1

based on liver effects in rats.
In the European Union, Scientific Committee on Occupa-

tional Exposure Limits has recently published an opinion
considering that MDA is a carcinogen Group A considered as
a nonthreshold genotoxic carcinogen, and accordingly, the
derivation of a health-based occupational exposure limit is not
possible; recommending a biological guidance value equiva-
lent to the analytical detection limit of 1 mg l�1 urine.

See also: Isocyanates.
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l Name: Methylenediphenyl diisocyanate
l Chemical Abstracts Service Registry Number: 101-68-8

(4,40-Methylenediphenyl diisocyanate); 5873-54-1 (2,40-
Methylenediphenyl diisocyanate); 2536-05-2 (2,20-Methyl-
enediphenyl diisocyanate); 26447-40-5 (Generic methyl-
enediphenyl diisocyanate); 9016-87-9 (Polymeric
methylenediphenyl diisocyanate)

l Synonyms: 4,40 Diphenylmethane diisocyanate;
Methylenebis(4-phenylisocyanate); 4,40-Diisocyanatodi-
phenylmethane; 4,40-Methylenebis(phenyl isocyanate);
Lupranate� (BASF monomeric-/polymeric-MDI); Mon-
dur�/Desmodur� (Bayer monomeric-/polymeric-MDI);
Isonate�/Papi� (Dow monomeric-/polymeric-MDI);
Rubinate� (Huntsman monomeric-/polymeric-MDI)

l Molecular Formula: C15H10N2O2

l Chemical Structure:
Background

Pure methylenediphenyl diisocyanate (MDI) is an odorless
white solid comprised of about 98% monomeric 4,40-MDI
(101-68-8) with a small percentage of 2,40- and 2,20-MDI
monomers. A mixture of 4,40-MDI and its two monomers is
sometimes referred to as generic MDI (26447-40-5). The
4,40-MDI isomer is isolated from pMDI, the form of MDI
produced commercially, by either distillation or crystallization
and represents about 20% of total MDI production. Polymeric
MDI (9016-87-9) is a translucent brown mixture of mono-
meric MDI (w50%) and higher molecular weight species with
3-ring (w25%), 4-ring (w12%), and 5-ring (w6%) structures.
Unless specified otherwise, MDI in this article refers to generic
MDI and pMDI.

The free isocyanate groups (–N]C]O) of MDI are highly
reactive with nucleophilic compounds (e.g., alcohols, amines,
thiols); the isocyanate in the 4-position is more reactive than
that in the 2-position, which is adjacent to the methyl group.
This reactivity is responsible for the commercial value of MDI
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
and for its behavior in environmental and biological systems.
Industrially, MDI is commonly reacted with compounds con-
taining multiple hydroxyl or amino groups to form polymeric
substances (e.g., rigid polyurethane foam). Both pure MDI and
pMDI can be partially reacted with other chemicals (e.g., long-
chain polyethers, polyesters, polyols) to form prepolymers that
improve handling and increase the diversity of the properties in
the final polymer.

MDI production occurs in closed systems that limit worker
exposures. With few exceptions, the reaction between MDI
and other compounds approaches completion in the indus-
trial setting such that MDI is completely bound within the
polymer matrix (i.e., cured) before sale in the marketplace.
While a small fraction (parts per million) of the polymer-
bound MDI in cured polyurethane foam may have unreac-
ted isocyanate groups, these groups are not freely or
biologically available.
Uses

MDI is used primarily in the production of rigid (60%) and
flexible (10%) polyurethane foam (e.g., home and freezer
insulation, seating), 20% is used for polyurethane and poly-
urea coatings and binders (e.g., particle board, truck bed liner,
rock consolidation in tunneling), with the remainder divided
among microcellular plastic foam (e.g., lighter and stronger
automotive components), cast elastomer (e.g., wheels and tires,
bowling balls), and thermoplastic elastomer (e.g., ski boots,
electrical cabling, medical devices) applications.
Environmental Fate and Behavior

Due to its low vapor pressure (0.000 62 Pa at 20 �C), MDI
partitioning to the atmosphere is limited; and vapors are
rapidly eliminated by reaction with hydroxyl radicals (22 h
half-life). Degradation by either direct photolysis or hydrolysis
by water vapor to methylenedianiline (MDA) does not play
a significant role in the atmospheric fate of MDI. In water, the
isocyanate group of MDI can be rapidly hydrolyzed to an
amine (<1min half-life) that in turn reacts at a much faster rate
with another isocyanate group to yield urea. Because MDI has
two isocyanate groups, these reactions lead to cross-linked
polyureas, which are inert, insoluble solids. Unless MDI is
well dispersed in water, these processes result in the formation
of a solid polyurea crust that encases the unreacted material,
restricts both water ingress and amine egress, and leads to
higher yields of polyurea. Under stirred aqueous conditions,
the fraction of 4,40-MDI converted to 4,40-MDA is less than 1%;
unstirred, the fraction is 0.005%. MDI released to soil will not
exhibit significant transport to other environmental media due
to the favored reaction with water to form inert polyureas and
binding to the soil biomass. As expected, pMDI and the water-
insoluble oligo- and polyureas that form when pMDI enters an
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http://dx.doi.org/10.1016/B978-0-12-386454-3.01211-2


290 Diphenylmethane diisocyanate (MDI), 4,4’-
aqueous environment showed no biodegradation over 28 days
in a guideline study.
Exposure and Exposure Monitoring

Occupational exposures can occur by inhalation or dermal
contact at places where MDI is produced or used. Under
ambient conditions, exposure to MDI vapor is limited (i.e.,
saturated vapor concentration of w7 ppb) by the low vapor
pressure of MDI. However, upon heating or in spray applica-
tions that generate inhalable aerosols, MDI exposures may
become more significant. In the 1970s, w15% of workplace
MDI air levels exceeded the current time-weighted average
(TWA) occupation exposure limit of 50–51 mg m�3 (5 ppb if all
vapor) recognized in much of the Americas and Europe. More
recent studies in the 1980s and 1990s indicate that <2% of
workplace MDI levels exceeded 50 mg m�3, and the majority of
MDI measurements in air were below the level of detection.
These decreasing exposure levels reflect the increasing emphasis
on improved product formulations (e.g., use of reactive cata-
lysts that decrease availability of monomeric MDI) as well as
industrial hygiene practices such as engineering controls (e.g.,
ventilation), modified work practices (e.g., lower reaction
temperatures, fewer spray applications), and personal protec-
tive equipment (e.g., respirators, chemical-resistant clothing).
Consumer exposures are unlikely because MDI is produced,
transported, and used in closed systems that preclude its release
to the environment and because most products made withMDI
are fully cured (i.e., MDI is polymer bound) before sale. There
are some sealants and insulating foams available to consumers
that contain MDI prepolymers with a small amount (�2%) of
unreacted MDI. Although the MDI in these applications cures
within minutes, such uses present a limited potential for
dermal exposure to unreacted MDI.

Biomonitoring has conventionally been performed by
hydrolyzing biological samples (e.g., urine) overnight in the
presence of excess acid or base and high heat, which convert
MDI- and MDA-conjugates to free MDA, which is then used as
a measure of exposure to MDI; free MDA is not detected in
unhydrolyzed biological fluids. Some have reported that
hydrolysis of MDI to MDA occurs in vivo because small
amounts of free MDA can be detected in the urine of MDI
exposed workers after hydrolysis with base at room tempera-
ture. This claim is based on the stability of urea bonds (–NH–

CO–NH–) under these conditions and the assumption that
only urea bonds are formed in vivo when isocyanate groups
react with proteins. However, this may be an oversimplification
since it is known that isocyanate groups react with some amino
acids to produce carbamate (–NH–CO–O–) and thio-
carbamate (–NH–CO–S–) bonds that are hydrolyzed under
these mild alkaline conditions. More recently, techniques
involving the quantitation of MDI conjugated to plasma
albumin, the major reaction target for MDI in vivo, and to
hemoglobin have been explored for their potential utility in
biomonitoring. The MDI-albumin conjugates are thought to be
formed via an MDI-glutathione intermediate. For example,
when MDI is inhaled, the isocyanate groups of MDI react with
glutathione present in the lungs at millimolar levels to form an
MDI-glutathione conjugate. Since the thiocarbamate bond in
this conjugate is relatively labile, the conjugated MDI can be
transferred via a transcarbamoylation exchange reaction to
proteins (e.g., albumin) at physiological pH without the
intermediate formation of MDA.
Toxicokinetics

The behavior of MDI is different in pure aqueous versus
complex biological systems. In macromolecular-poor envi-
ronments (e.g., water, in vitro assay media), the predominant
reaction pathway is the formation of ureas and polyureas with
small amounts of free MDA. In contrast, the macromolecular-
rich environments associated with physiological exposures
favor the conjugation of MDI with biomolecules in the lung
(e.g., glutathione) and skin; free MDA is not detected in bio-
logical fluids without prior hydrolysis.

After rats were exposed head only to a condensation aerosol
of radiolabeled MDI for 6 h, much of the dose immediately
postexposure had deposited on the skin of the head (28%) and
remaining pelt (8%), with the remainder associated with the
skinless carcass. Thus, oral exposure via grooming likely
contributed to the total dose absorbed. Following absorption,
MDI was widely distributed to all organs examined with the
highest concentrations in portal of entry tissues (i.e., respiratory
and gastrointestinal tracts). At 48 h postexposure,w60% of the
dose has been excreted in feces (34%), bile (14%), and urine
(12%), with the remainder found in the gastrointestinal
contents (24%) and carcass (16%). No radioactivity was
recovered in air. By 168 h postexposure, almost 80% of the
MDI had been excreted in feces, with only 5.8% remaining in
the body, primarily in the lungs (3.6%), gastrointestinal
contents (0.6%), and liver (0.4%). MDI was extensively trans-
formed after uptake via spontaneous formation of mixed
molecular weight polyureas and the enzyme-catalyzed
conversion of systemically available MDI to N-acetylated
metabolites. The polyureas were the only transformation
product found in feces and the major product found in bile;
N-acetylated products were also found in bile and the only
metabolites identified in urine. Free MDA was not detected in
any of the three biomatrices.

In a dermal study, radiolabeled MDI was applied to the
skin of rats under occluded conditions for 8 h and then
washed off. Little of the applied dose appeared in the skin
wash (<0.5%); the bulk of the applied dose was associated
with the protective cover (66%). At 0 h postexposure, 34% of
the applied dose was found at the application site (30%) and
nearby skin (4%); the amount of absorbed radioactivity was
0.2%. At 24 h and 120 h postexposure, the absorbed radio-
activity had increased to 0.7 and 0.9% of the applied dose,
respectively. At 120 h, 23% of the absorbed dose was found in
feces (14%) and urine (9%), with the remainder associated
with the gut and its contents (54%) as well as the skinless
carcass (23%). When the epidermis was bypassed via an
intradermal injection of radiolabeled MDI, the bulk of the
administered dose (74%) at 120 h postdosing again was found
at the site of application (66%) and surrounding skin (8%);
systemic absorption was 26%. At that time, most (86%) of the
absorbed radiolabel had been excreted in feces (66%) and
urine (20%), with much of the remainder found in the skinless
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carcass (8%), multiple organ systems (3%), and gastrointes-
tinal tract with its contents (3%).
Mechanism of Toxicity

The primary health concern with exposure to MDI is dermal
and respiratory sensitization. Both are initiated by conjugation
of MDI isocyanate groups with macromolecules at the point of
contact, which forms a hapten that subsequently activates
immunologic processes resulting in sensitization. Data in
animals indicate dermal contact with MDI can lead to respi-
ratory sensitization. However, the human relevance of these
observations is unclear since there are no validated animal
models that accurately reflect the respiratory sensitization
process and responses seen in humans. The low incidence of
pulmonary tumors observed in chronic inhalation studies at
maximum tolerated concentrations of pMDI is most likely the
result of nongenotoxic cell proliferation associated with
chronic inflammation and/or hyperplasia rather than a direct
effect on DNA.
Acute and Short-Term Toxicity

The oral LD50 for MDI in male and female rats is
>2000 mg kg�1; no mortality was noted at this dose. In
another study in male rats with pMDI, no mortality was
observed at a limit dose of 10 000mg kg�1. The dermal LD50 of
pMDI is >9400 mg kg�1 in rabbits when applied undiluted to
intact or abraded skin for 24 h. Because MDI is not acutely toxic
at its saturated vapor concentration (w7 ppb), acute inhalation
studies have been performed using specific techniques (e.g.,
heat, cooling, size selection) to generate a mixture of MDI
vapor and respirable aerosol. Such test atmospheres do not
reflect the larger aerosols associated with human exposures in
the workplace or spray applications. Under these artificial
laboratory conditions, the 4 h LC50 for MDI in rats is
310–500 mg m�3.

MDI is considered a skin, eye, and respiratory tract irritant in
animals and humans, although eye irritation studies in rabbits
have reported either no (4,40-MDI) or only slight (pMDI) irri-
tation. The concentration required to reduce the respiratory rate
of mice by 50% (RD50) after a 4 h exposure to MDI was
32 mg m�3. Other studies indicate that 6 h exposures of rats to
pMDI at levels of up to 20mgm�3 can transiently affect the air/
blood barrier as evidenced by elevated levels of total protein in
bronchoalveolar lavage fluid; the no observed adverse effect
level for this effect observed in short-term inhalation study
(6 h day�1, 5 days week�1 for 14 days) was 0.5 mg m�3. Partial
glutathione depletion aggravates this effect, reflecting the
protective role of nonprotein sulfhydryl constituents in
the lung.

Skin and respiratory tract sensitization represents the
primary health concern with MDI. While MDI is generally
categorized as a potent skin sensitizer in experimental animals,
skin sensitization is a relatively uncommon observation in the
workplace. This may be due to the extreme exposure conditions
associated with animal protocols and the absence of well-
documented cases of skin sensitization in the occupational
setting. Pulmonary sensitization, a well-known adverse health
effect of MDI in susceptible humans, has been difficult to study
as there is not yet a validated animal model that reflects
pulmonary sensitization in man. As a result, the role that
dermal contact with MDI plays in the development of asthma
in humans remains an open question.
Chronic Toxicity

Two lifetime inhalation exposures have been conducted in rats.
In the first, rats were exposed (6 h day�1, 5 days week�1) to
respirable pMDI at concentrations of 0.2, 1, or 6 mg m�3;
effects were confined to the respiratory tract. The two highest
concentrations were associated with degeneration and hyper-
plasia of the nasal olfactory epithelium, as well as alveolar duct
epithelialization and localized fibrosis surrounding accumu-
lations of alveolar macrophage containing MDI-associated
refractile material. Eight pulmonary adenomas and one
pulmonary adenocarcinoma were observed at 6 mg m�3. The
study no observed adverse effect concentration (NOAEC) was
0.2 mg m�3. As indicated in the Integrated Risk Information
System (IRIS), the US Environmental Protection Agency (EPA)
used this value to derive a reference concentration for MDI of
0.000 6 mg m�3. In the second, female rats were exposed
(18 h day�1, 5 days week�1) to respirable monomeric MDI at
concentrations of 0.2, 0.7, or 2 mg m�3. Again effects were
confined to the respiratory tract, consisting of bronchoalveolar
hyperplasia and interstitial fibrosis in all high-dose animals,
with a lower incidence of these lesions in the two lower dose
groups. One pulmonary adenoma was found in the high-dose
group. A comparison of the two studies indicated that the lungs
respond in a qualitatively similar and dose-related fashion to
both polymeric and monomeric MDI.
Immunotoxicity

Immunotoxicity is not anticipated for a point of entry toxicant
like MDI.
Reproductive Toxicity

Although the effects of MDI on fertility have not been studied,
histological lesions were not seen in the reproductive organs of
rats exposed to pMDI (�6 mg m�3) via inhalation for 2 years.
The absence of reproductive effects is consistent with data from
other repeated-dose studies on MDI that consistently show
toxicity is confined to the portal of entry (e.g., respiratory tract)
as well as results from a 2 year chronic inhalation study and
a two-generation inhalation reproductive toxicity study with
toluene diisocyanate (TDI), another diisocyanate.

In a developmental toxicity study, pregnant rats were
exposed by inhalation to pMDI concentrations of 0, 1, 4, or
12 mg m�3 on days 6–15 of gestation. Maternal toxicity (e.g.,
death, respiratory tract damage, reduced body weights, and
weight gain) was observed at 12 mg m�3; minor fetal toxicity
(reduced fetal body weights and increased incidence of skel-
etal variations and retardations) occurred only at the high
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dose. No teratogenic effects were observed. The NOAEC for
maternal and developmental toxicity was 4 mg m�3. The
minor developmental effects seen in the presence of severe
maternal toxicity suggest that pMDI is not a developmental
toxin and that effects on the fetus are secondary to those on
the dams.
Genotoxicity

MDI is mutagenic in bacteria in the presence of metabolic
activation only under conditions that result in the formation of
MDA, as found in in vitro tests of MDI where dimethyl sulfoxide
is used as a solvent. MDI is not mutagenic in the presence of
a different solvent (ethyleneglycol dimethylether) that does not
facilitate the transformation of MDI to MDA. MDI is also not
genotoxic in vivo. The nose-only exposure of rats to pMDI
(1 h week�1 for 3 weeks) at 110 mg m�3, a concentration high
enough to produce portal-of-entry effects (e.g., increased lung
weights), failed to induce the formation of micronuclei. Studies
of MDI-DNA adduct formation in animals have produced
questionable results. The overwhelming majority of MDI
binding occurs with proteins at the site of administration.
When MDI-DNA adducts have been reported, they were at the
level of detection for the assay, could not be distinguished from
incorporation of MDI metabolites or protein bound MDI, and
occurred at MDI concentrations well above the irritant levels
associated with cell proliferation and in MDI-affected tissues
(e.g., olfactory epithelium) where tumors have not been
observed.

Attempts to associate MDI exposures with in vivo genetic
damage in humans have similarly been unsuccessful. Studies in
exposed volunteers detected DNA fragmentation in peripheral
white blood cells using different electrophoretic methods, but
the same authors could not detect DNA strand breaks in
similarly exposed volunteers using the more widely accepted
and highly sensitive Comet assay. Studies in occupationally
exposed workers have also produced mixed results, and the
weak cytogenetic effects (e.g., micronuclei) that have been re-
ported are confounded by multiple factors, including coex-
posures to known clastogens.
Carcinogenicity

Similar results were noted in the two cancer bioassays described
previously. At the highest concentration of pMDI tested
(6 mg m�3), a low incidence of pulmonary adenomas was seen
in male (6/60) and female (2/59) rats, while one pulmonary
adenocarcinoma was noted in a male rat. Similarly, only one
pulmonary adenoma (1/80) was observed with monomeric
MDI, again at the highest test concentration tested (2 mg m�3).
In humans, three epidemiological studies with updates, rep-
resenting the combined long-term mortality experience of
more than 17 000 polyurethane foam production workers,
failed to find an association between occupational exposure to
diisocyanates (MDI and/or TDI) and an increased risk of
cancer. In its IRIS assessment, US EPA concluded that one
adenocarcinoma in a chronic study does not constitute clear
evidence of a carcinogenic potential, although the possibility
could not be excluded. In its review of the available animal and
human data, the International Agency for Research on Cancer
concluded that MDI was not classifiable as to its carcinogenicity
in humans.
Clinical Management

Flush contaminated eyes with copious amounts of water for at
least 15 min. Affected skin should be treated similarly by
washing well with soap and water. Individuals experiencing
breathing difficulties after exposure to MDI should be removed
from exposure and made to rest while immediate medical
attention is obtained. There are no antidotes; treatment is
essentially symptomatic for primary irritation and broncho-
spasm. The onset of symptoms may occur several hours after
exposure.
Ecotoxicology

The hydrophobic nature of MDI and its reactivity with water
preclude the occurrence of significant levels of MDI in aqueous
solutions; aquatic toxicity will result from soluble products of
hydrolytic degradation (e.g., MDA) rather than MDI itself. The
96 h LC50 value in a semi-static freshwater test with Japanese
medaka (Oryzias latipes) was>3000mg l�1; the 96 h LC50 value
in a static freshwater test with zebrafish (Danio rerio) was
>1000 mg l�1. In a short-term study, pMDI was mixed with
water via magnetic stirring at 1000 rpm. Freshwater inverte-
brates (Daphnia magna) exposed to this solution exhibited
a 24 h EC50 of >1000 mg l�1. When stirring was raised to
24 000 rpm, the 24 h EC50 decreased to 130 mg l�1. The latter
value likely reflects increased levels of MDA that form under
high-sheer mixing and the fact that daphnids are more sensitive
to MDA than are fish and aquatic plants. The 72 h EC50 (growth
rate) for the freshwater algae (Desmodesmus subspicatus) exposed
to pMDI was >1640 mg l�1.
Other Hazards

MDI is stored under nitrogen or dry air in a temperature-
controlled area to prevent its potential reaction with moisture
in the air. When MDI reacts with water, it generates insoluble
polyureas that can block orifices in pumps and metering
equipment as well as CO2 gas that may lead to a potentially
dangerous pressure build-up in the container; the latter reac-
tion is accelerated at temperatures exceeding the maximum
recommended storage temperatures of 0 �C (pure MDI solid)
and 25 �C (pMDI).
Exposure Standards and Guidelines

Based on the toxicological similarity between 4,40-MDI and
2,4-/2,6-TDI, the American Conference of Governmental
Industrial Hygienists recommends an 8 h threshold limit value
of 5 ppb (TWA) to minimize the potential for loss of pulmo-
nary function and the development of respiratory sensitization.
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This value is the same as the recommended exposure limit for
4,40-MDI listed by the National Institute of Occupational Safety
and Health (NIOSH), which also recommends a 10 min ceiling
limit of 20 ppb. The US Occupational Safety and Health
Administration permissible exposure limit for 4,40-MDI is
20 ppb (not to be exceeded at any time). Based on acute
inhalation toxicity in rats, the NIOSH lists 75 mg m�3

(w7.5 ppm) 4,40-MDI as immediately dangerous to life or
health.

See also: ACGIH
®

(American Conference of Governmental
Industrial Hygienists); Ames Test; Biomonitoring;
Carcinogenesis; Aquatic Ecotoxicology; Environmental
Protection Agency, US; Genetic Toxicology; Glutathione;
International Agency for Research on Cancer; LD50/LC50 (Lethal
Dosage 50/Lethal Concentration 50); Mechanisms of Toxicity;
Occupational Exposure Limits; Occupational Safety and Health
Administration; Organization for Economic Cooperation and
Development; Oral/Dermal Reference Dose (RfD)/Inhalation
Reference Concentration (RfC); Respiratory Tract Toxicology;
Toxicity Testing, Aquatic; Toxicity Testing, Carcinogenesis;
Toxicity Testing, Mutagenicity; Toxicity, Acute; Toxicity,
Subchronic and Chronic; Pharmacokinetics.
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l Name: Methylenedioxymethamphetamine
l Chemical Abstracts Service Registry Number: CAS 69610-

10-2
l Synonyms: 3,4-Methylenedioxymethamphetamine;

3,4-methylenedioxy-N-methylamphetamine; Adam; Bean
Doctor; E; Ecstasy; Essence; MDM; MDMA; M & Ms; Molly;
Roll; The Substance; X; XTC

l Chemical/Pharmaceutical/Other Class: Synthetic phenyl-
alkylamine derivative of amphetamine

l Molecular Formula: C11H15NO2

l Chemical Structure:
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Background

Methylenedioxymethamphetamine (MDMA) was originally
synthesized in 1912 and patented by Merck Pharmaceuticals in
1914 for use as a precursor from which to synthesize other
research chemicals, ultimately with the goal of finding an effi-
cacious and marketable appetite suppressant. In 1978, in
a report called The Psychopharmacology of Hallucinogens, Alex-
ander Shulgin and David Nichols reported that MDMA inges-
tion caused heightened emotional awareness with significant
‘sensual overtones.’ Through the 1970s and 1980s MDMA was
used by psychiatrists as a tool for psychotherapy. Recreational
use surfaced in the 1980s and in 1985, as recreational use
increased, MDMA was emergency scheduled by the Drug
Enforcement Administration as a schedule I drug.
Uses

MDMA was initially investigated as a psychotherapeutic agent;
it is now principally a recreational drug of abuse. However, in
recent years there has been renewed interest in MDMA use for
treatment of certain psychiatric disease states and it is being
investigated in research studies involving posttraumatic stress
disorder as well as for other psychiatric treatments.
Environmental Fate and Behavior

Physicochemical Properties

MDMA is a white semisolid chemical that is highly soluble
in water. It forms a clear, colorless liquid with a slightly
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alcoholic odor in water. MDMA has a boiling point of
100–110 �C at 0.4 mmHg. The specific gravity of MDMA is
0.7913 and the vapor density is 1.11. It has a vapor pressure
of 97 mmHg at 70 F.
Exposure Routes and Pathways

MDMA is most commonly produced in tablet form; capsules
and powder or crystalline forms may occasionally be available.
Ingestion is the most common route of exposure; more rarely
insufflation, rectal administration, and intravenous injection
have also been described.
Toxicokinetics

MDMA is well absorbed following oral administration, with
peak blood concentrations typically occurring within 2 h
in healthy volunteers; peak concentrations of the major
metabolite, methylenedioxyamphetamine (MDA), are
measured 4 h postingestion. The onset of effects is typically
within 1 h, with a duration of 4–6 h. Volumes of distribution
for MDMA range between 5 and 8 l kg�1. N-demethylation
metabolizes MDMA to MDA with subsequent formation
of monohydroxy- and dihydroxy-derivatives and finally
conjugation. Urinary excretion is the dominant form of
elimination with half-lives of 7 and 13 h for MDMA and
MDA, respectively.
Mechanism of Toxicity

MDMA causes the release of endogenous catecholamines
including serotonin, norepinephrine, and, to a lesser extent,
dopamine. Serotonin reuptake into presynaptic vesicles is
additionally inhibited. The main mechanism causing the
neurological effects of MDMA is the increase in the intra-
synaptic concentrations of serotonin leading to increased
postsynaptic receptor activation. The increased release of
norepinephrine is largely responsible for the stimulant
effects, which are similar to those produced by amphetamine.
MDMA also has some direct effects on several receptor
types including serotonin receptors, H1-histamine receptors,
M1-muscarinic receptors, and alpha-2-adrenoreceptors.

Based predominantly on animal models, the administra-
tion of MDMA can lead to reduced numbers and function of
serotonin reuptake transporters (SERT). Recovery can occur
following brief exposure, but long-term use can lead to the
permanent damage of serotonergic neurons. In humans, posi-
tron emission tomography can show evidence of decreased
SERT function in chronic MDMA users.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00750-8
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Acute and Short-Term Toxicity (or Exposure)

Animal

Exposures to MDMA in small animals have produced a range of
effects including gastrointestinal disturbances, tachycardia,
hypertension, cardiac dysrhythmias, mydriasis, hyperthermia,
hyperventilation, lactic acidosis, and hypoglycemia. More
severe effects including seizure, coma, rhabdomyolysis, and
acute renal failure may occur.
Human

While the majority of people who use MDMA experience no
complications, effects that may develop after acute ingestion
include anxiety, agitation, hallucinations, tachycardia, hyper-
tension, tachypnea, mydriasis, nystagmus, trismus (contraction
of the muscles of mastication), bruxism (clenching or grinding
of the teeth), and diaphoresis. Complications of severe toxicity
can include psychosis, seizure, hyperthermia, disseminated
intravascular coagulation, rhabdomyolysis, acute renal failure,
pulmonary edema, adult respiratory distress syndrome, cardiac
dysrhythmia, hypotension, cardiovascular collapse, and death.
Hepatic damage is well recognized, potentially causing hepa-
tomegaly, jaundice, increased liver enzymes, and bleeding
tendency. Recovery is usually spontaneous; however, fulminant
hepatic failure requiring liver transplant may occur. Profound
hyponatremia may occur due to profuse sweating, excessive
water consumption, and/or inappropriate secretion of anti-
diuretic hormone leading to water retention. Hyponatremia
can lead to seizure, cerebral edema, coma, and death. Serotonin
syndrome is a further potential complication; those particularly
at risk include those who have coingested other serotonergic
compounds either therapeutically or recreationally. Blood
concentrations of MDMA can be used to confirm exposure but
do not correlate with toxicity.
Chronic Toxicity (or Exposure)

Animal

Neurotoxicity including cognitive and behavioral deficits has
been displayed in animal models of chronic MDMA exposure.
Primates appear to be more sensitive and damage to brain
serotonergic neurons may produce adverse effects of increased
anxiety-like behavior and impairments inmemory and learning.
Human

Long-term use of MDMA may lead to chronic toxicity. Studies
in former users of MDMA have revealed a decrease in serotonin
neurons and reduced serotonin system function. While these
studies cannot prove that MDMA use caused the changes, these
abnormalities may be the possible cause of a variety of neuro-
psychiatric problems seen following chronic use. The effects
have included impaired memory and decision making,
greater impulsivity, depersonalization, paranoia, panic attacks,
psychotic episodes, hallucinations, flashbacks, and major
depression.Adverse effectsonother organ systemshave alsobeen
demonstrated following long-term use and may include necro-
tizing vasculitis, pulmonary hypertension, cardiomyopathy,
and ischemic colitis. Hepatic toxicity has also been described
after chronic use.
Immunotoxicity

Acute administration of MDMA may produce immune
dysfunction in humans including causing a decrease in CD4

T-helper cells and increase in natural killer cells and respon-
siveness to lymphocytes to mitogenic stimulation. Poor
metabolizers of MDMA may have more prolonged immuno-
suppression. In a 2-year observational study of recreational
MDMA users, immune function was statistically decreased
compared to controls. In rats administered MDMA, a rapid
suppression of induced lymphocyte proliferation occurs along
with a decrease in circulating lymphocytes.
Genotoxicity

In an in vitromicronucleus (MN) test and in vitro chromosomal
aberration (CA) test using Chinese hamster lung fibroblast cell
lines, no increased frequency of micronucleus toxicity was
found for MDMA; however, the nitroso-metabolite of MDMA,
which is created from the reaction of nitrates in the stomach
and MDMA, was found to have increased frequency of MN
toxicity. In the CA test no aberrations were found for MDMA
but aberrations were found for N-MDMA. Results on mutage-
nicity show that MDMA is not mutagenic by itself but it is
converted into mutagens via certain activation pathways
including reaction with nitrates in the stomach.
Reproductive Toxicity

There are limited studies assessing MDMA for reproductive or
developmental effects; however, in at least one model of
developmental toxicity MDMA did not produce adverse
effects on the developing organism whereas MDMA-related
compounds did.
Carcinogenicity

MDMA is not thought to be carcinogenic in humans or
animals.
In Vitro Toxicity Data

Reduction and loss of function of SERTs have been investi-
gated, in part, with in vitro techniques. Investigations of causes
have shown evidence of oxidative stress due to the generation
of free radicals, excitatory dysfunction, predominantly due to
excessive glutamate release, and mitochondrial disruption.
Clinical Management

There is no specific antidote for MDMA poisoning; supportive
care forms the mainstay of management. The efficacy of
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gastrointestinal decontamination is questionable as the
hallucinogenic amphetamines are rapidly absorbed and
patients are unlikely to present early enough for decontami-
nation to be beneficial.

The administration of a benzodiazepine is recommended
for controlling agitation and seizures, although those with
severe agitation or psychosis may require administration of
a major tranquilizer such as haloperidol. Fluid balance
should be closely monitored and dehydration should be
managed with intravenous fluids. Serum electrolytes, espe-
cially sodium concentrations, should be measured. Hypona-
tremic patients should only require fluid restriction and rapid
correction with hypertonic fluid is not typically required
unless seizures occur in the setting of severe hyponatremia. If
cerebral edema is evident, loop diuretics or mannitol can be
administered.

Hyperthermia requires aggressive treatment; benzodiaze-
pines can be used to abolish muscular overactivity. In severe
cases neuromuscular paralysis and intubation with respiratory
support may be required. External cooling methods including
use of cooling blankets, water mist and fans, or ice packs or
baths are recommended. Hypertension may also respond to
benzodiazepine administration; however, if further control is
required medications such as isosorbide dinitrate, nitroglyc-
erine, nitroprusside, or an alpha-adrenergic blocking agent
such as phentolamine should be administered. Beta-blocker
medications are relatively contraindicated in this situation as
theoretically, blockade of beta-receptors could exacerbate
hypertension due to unopposed alpha agonism. Labetalol,
however, has mixed alpha- and beta-receptor antagonist
properties and has been recommended for patients with
refractory hypertension.

Serotonin syndrome may occur following use of MDMA,
especially in the situation of use in combination with other
therapeutic or recreational serotonergic compounds. If a diag-
nosis of serotonin toxicity is made, sedation along with
administration of cyproheptadine or chlorpromazine is rec-
ommended. The patient should be closely monitored for
further complications such as rhabdomyolysis, disseminated
intravascular coagulation, hepatotoxicity, and renal failure.
If these complications present, robust symptom-directed
supportive care is recommended.
MDMA and Drug Testing

MDMA is not a standard component in drug tests; however, it is
available in extended drug tests. Amphetamine positives may
be triggered throughMDMA cross-reactivity in some qualitative
immunoassay screens. Detection period in urine is 1–3 days
after single use and 3–5 days after heavy use.

See also: Drugs of Abuse; Amphetamines; Mescaline; Lysergic
Acid Diethylamide; Poisoning Emergencies in Humans.
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Chemical Abstracts Service Registry Number: 78-93-3
Synonyms: MEK, 2-Butanone, 2-Oxobutane, Ethyl methyl
ketone
Molecular Formula: CH3COCH2CH3

Chemical Structure:
Background (Significance/History)

Methyl ethyl ketone (MEK) is an organic compound. This
colorless liquid ketone has a sharp, sweet odor reminiscent of
butterscotch and acetone. It is produced industrially on a large
scale, and also occurs in trace amounts in nature. It is soluble in
water and is commonly used as an industrial solvent.
Uses

MEK is used as a solvent for various coating systems, for
example, vinyl, adhesives, nitrocellulose, and acrylic coatings.
It is used in paint removers, lacquers, varnishes, spray paints,
sealers, glues, magnetic tapes, printing inks, resins, rosins,
cleaning solutions, and for polymerization. It is found in other
consumer products, for example, household and hobby
cements, and wood-filling products. MEK is used in dewaxing
lubricating oils, the degreasing of metals, in the production of
synthetic leathers, transparent paper and aluminum foil, and as
a chemical intermediate and catalyst. It is an extraction solvent
in the processing of foodstuffs and food ingredients. MEK can
also be used to sterilize surgical and dental equipment.

In addition to its manufacture, environmental sources of
MEK include exhaust from jet and internal combustion
engines, and industrial activities such as gasification of coal. It
is found in substantial amounts in tobacco smoke. MEK is
produced biologically and has been identified as a product of
microbial metabolism. It has also been found in plants, insect
pheromones, and animal tissues, and MEK is probably a minor
product of normal mammalian metabolism. It is stable under
ordinary conditions but can form peroxides on prolonged
storage; these may be explosive.
Environmental Fate and Behavior

MEK reacts to form a haloform that is more toxic than the
original compound in water containing free halogens or
hypohalites. MEK is expected to have very high mobility in soil.
It does not accumulate in any environmental compartment and
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
is rapidly metabolized by microbes and mammals. MEK
evaporates readily into the atmosphere and is subject to rapid
photochemical decomposition. There is no evidence indicating
the bioaccumulation of MEK.
Exposure and Exposure Monitoring

Inhalation, ingestion, and dermal contact are all possible
routes of exposure. MEK is a natural component in some foods.
Indoor air pollution (and inhalation) can occur from volatili-
zation of MEK from consumer and building products.

Methyl ethyl ketone occurs as a metabolic byproduct of
plants and animals and is released into the atmosphere by
volcanoes and forest fires. Methyl ethyl ketone is emitted from
pencil cedar, Zeravshan juniper, European firs, Evergreen
Cyprus, blooming rape, and southern pea seeds.

Methyl ethyl ketone’s production and use as a solvent for
coatings, resins, rubbers, plastics, pharmaceuticals, adhesives,
and rubber cements may result in its release to the environment
through various waste streams. Its use as a starting material or
intermediate in the manufacture of chemical products may also
lead to its release to the environment.
Toxicokinetics

MEK is rapidly absorbed by inhalation, skin contact, and
ingestion, and transferred into the blood and other tissues. MEK
is metabolized in the liver, mainly to 3-hydroxy-2-butanone and
2,3-butanediol that are eliminated in urine. Most MEK probably
enters the general metabolism in the body and is converted to
acetate that is eventually broken down to carbon dioxide and
water that are then eliminated in exhaled air and urine. Small
amounts of MEK itself are also eliminated in exhaled air and
urine. MEK and its metabolites are mostly cleared from the body
within 24 h, and MEK does not accumulate in the body.
Mechanism of Toxicity

There is very limited information on the mechanisms of
toxicity of MEK. Relatively high-inhaled concentrations of
1475–29 500 mg m�3 (500–10 000 ppm) caused pulmonary
vasoconstriction and hypertension in cats and dogs. There are
several human case reports of neurological effects resulting
from high exposure to MEK in combination with other
solvents, and animal studies have confirmed synergism
between MEK and ethyl n-butyl ketone, methyl n-butyl ketone,
n-hexane, carbon tetrachloride, 2,5-hexanedione, and chloro-
form. The main target organs involved in toxicological inter-
actions are the nervous system and liver, and the lung has also
been mentioned.
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Acute and Short-Term Toxicity (or Exposure)

Animal

MEKcauses central nervous systemdepression inanimals. Theoral
LD50 in rats is 6.86ml kg�1 (2737mgkg�1) and 4050mg kg�1 in
mice. Inhalation LC50 is 23 500mgm�3 in rats and 32mgm�3 in
mice. The intraperitoneal LD50 is 607mgkg�1 in rats, 616mgkg�1

in mice, and 2 g kg�1 in guinea pigs. Animal studies indicate that
MEK is amild-to-moderate skin irritant, and amoderate-to-severe
eye irritant.
Human

The major acute toxicity of MEK is mucosal irritation, and MEK
can irritate the eyes, nose, and respiratory system. No irritation
was produced when 20% MEK in petrolatum was applied to
volunteers for 48 h in a closed patch test; however, it can be irri-
tating to the skin by defatting. It can cause dizziness, fatigue,
memory alteration, dermatitis, headaches, nausea, and pares-
thesia of extremities, diminished vision, acidosis, and vomiting.
Acute inhalation can cause central nervous system depression.
MEK vapor is irritating to mucous membranes and conjunctivae
at200ppmafter15min,but theodor isnoticeable at25ppm.The
results from animal evidence suggest that MEK can be aspirated
during ingestion or vomiting, and could result in severe lung
damage (edema), respiratory failure, cardiac arrest, and death.
Chronic Toxicity (or Exposure)

Animal

Exposure to 5000 ppm for 13 weeks produced an exposure-
related effect on body and liver weights in rats, as well as
a depression in brain weight in females. Guinea pigs and rats
were exposed to 235 ppm for 12 weeks (5 days week�1,
7 hday�1). There were no deaths and no signs of toxicity.
Extensive neurological studies with high exposures have shown
no effects. In one study, rats were initially exposed to
10000 ppm that was reduced to 6000 ppm due to severe irri-
tation of the upper respiratory tract. Temporary signs of muscle
incoordination and gait disturbances were observed. Exposures
continued for only 7 of the planned 15 weeks because some
animals died of bronchopneumonia; there were no neurological
symptoms. In the other study, rats were exposed to 1125 ppm
continuously for up to 55 days with no signs of neurotoxicity.
Human

A mortality study of hundreds of workers who had worked at
MEK dewaxing plants concluded that there was no evidence of
a cancer hazard. The average follow-up was 14 years. This study
is limited by the small size of the cohort and the relatively short
follow-up period.
Immunotoxicity

There is no evidence indicating that MEK is immunotoxic.
Reproductive Toxicity

Pregnant rats were exposed by inhalation to up to 3000 ppm
on days 6–15 of gestation; at 3000 ppm, there was a low but
statistically significant increase in malformations. Sternebral
and soft tissue anomalies were also increased. There was also
a statistically significant increase in total skeletal anomalies at
1000 ppm. Maternal toxicity was not observed. In subsequent
studies, pregnant rats and mice were exposed to up to
3000 ppm by inhalation during days 6–15 of gestation. There
were no embryotoxic or teratogenic effects at any exposure
level. There were fetotoxic effects (increased incidence of minor
skeletal variations; delayed bone formation; reduced fetal
weight) with very slight maternal toxicity at 3000 ppm.
Genotoxicity

MEK was not mutagenic in Ames (Salmonella) and Escherichia
coli tests, but induced aneuploidy in Saccharomyces cerevisiae.
MEK was not found to be genotoxic in the mouse lymphoma
assay, in Chinese hamster ovary cell, unscheduled DNA
synthesis assay, or micronucleus assays.
Carcinogenicity

The International Agency for Research on Cancer has not
evaluated the carcinogenicity of MEK, the American Conference
of Governmental Industrial Hygienists has not assigned a car-
cinogenicity designation for MEK, and the US National Toxi-
cology Program has not listed MEK in its report on carcinogens.
MEK is classified as a Group D chemical by the US Environ-
mental Protection Agency, that is, it is not classifiable as to
human carcinogenicity.
Clinical Management

Remove from exposure in all cases. In case of dermal exposure,
immediately wash all affected areas thoroughly. In the event of
ingestion, vomiting should not be induced due to the risk of
aspiration, if a large amount has been ingested, arterial blood
gases should be monitored. In ocular exposure, irrigate the
patient’s eye with 0.9% saline for 10–15 min. In all cases,
administer additional symptomatic treatment.
Ecotoxicology

The LC50 for MEK in bluegill ranges from 5640 to 1690 mg l�1.
The LC50 values for Daphnia magna range from 1382 to
8890 mg l�1. MEK is produced by fungi in concentrations that
affect the germination of some plants. The effect of MEK on the
alarm behavior of social insects has been studied. It was
considered inactive in producing alarm behavior in the ant
Iridomyrmex preinosus.
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Exposure Standards and Guidelines

The (US) Occupational Safety and Health Administration
permissible exposure limit, 8-h time-weighted average (TWA)
is 200 ppm, and the (US) National Institute for Occupational
Safety and Health (NIOSH) recommended exposure level,
averaged over a 10-h work day is 200 ppm. The NIOSH short-
term exposure limit, for a 15-min exposure, is 300 ppm.
FIFRA Requirements

Residues of MEK are exempted from the requirement of
a tolerance when used as a surfactant in accordance with good
agricultural practice as inert (or occasionally active) ingredients
in pesticide formulations applied to growing crops only.
Acceptable Daily Intakes

An Acceptable Daily Intake (ADI), defined as the amount of
a chemical to which humans can be exposed on a daily basis
over an extended period of time (usually a lifetime) without
suffering a deleterious effect, for MEK is 3.2 mg day�1 for oral
exposure.
TSCA Requirements

Pursuant to Section 8(d) of TSCA, EPA promulgated a model
Health and Safety Data Reporting Rule. The Section 8(d) model
rule requires manufacturers, importers, and processors of listed
chemical substances and mixtures to submit to EPA copies and
lists of unpublished health and safety studies. Methyl ethyl
ketone is included on this list.
CERCLA Reportable Quantities

Persons in charge of vessels or facilities are required to notify
the National Response Center (NRC) immediately when there
is a release of this designated hazardous substance in an
amount equal to or greater than its reportable quantity of
5000 lb or 2270 kg.
RCRA Requirements

U159: As stipulated in 40 CFR 261.33, when 2-butanone, as
a commercial chemical product or manufacturing chemical
intermediate or an off-specification commercial chemical
product or a manufacturing chemical intermediate, becomes
a waste, it must be managed according to Federal and/or State
hazardous waste regulations. Also defined as a hazardous waste
is any residue, contaminated soil, water, or other debris
resulting from the cleanup of a spill, into water or on dry land,
of this waste. Generators of small quantities of this waste may
qualify for partial exclusion from hazardous waste regulations.
Atmospheric Standards

This action promulgates standards of performance for equip-
ment leaks of Volatile Organic Compounds (VOC) in the
Synthetic Organic Chemical Manufacturing Industry (SOCMI).
The intended effect of these standards is to require all newly
constructed, modified, and reconstructed SOCMI process units
to use the best demonstrated system of continuous emission
reduction for equipment leaks of VOC, considering costs, non-
air quality health, and environmental impact and energy
requirements. Methyl ethyl ketone is produced, as an inter-
mediate or final product, by process units covered under this
subpart. It is listed as a hazardous air pollutant (HAP) generally
known or suspected to cause serious health problems. The
Clean Air Act, as amended in 1990, directs the EPA to set
standards requiring major sources to sharply reduce routine
emissions of toxic pollutants. The EPA is required to establish
and phase in specific performance-based standards for all air
emission sources that emit one or more of the listed pollutants.
Methyl ethyl ketone is included on this list.
Federal Drinking Water Guidelines

EPA 4000 mg l�1.

See also: Neurotoxicity.
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l Name: N-phenyl-N-[1-(1-phenylpropan-2-yl)-4-piperidyl]
propanamide (a-methylfentanyl)

l Chemical Abstracts Service Registry Number: CAS 79704-
88-4

l Synonyms: N-[1-(1-Methyl-2-phenylethyl)-4-piperidinyl}-
N-phenylpropanamide, China White, Synthetic heroin

l Chemical/Pharmaceutical/Other Class: a-Methylfentanyl is
a narcotic analgesic analogue of fentanyl

l Molecular Formula: C23H30N2O
l Chemical Structure:

CH3

H3C

N

N

O

Background

a-Methylfentanyl is an opioid and an analogue of the widely
used analgesic fentanyl. It was originally developed in the
1960s by the Belgium Company, Janssen Pharmaceutica. It
began to appear on the illicit drug market under the name
‘China White’ around mid-1970s. In late 1979, two victims in
Orange County, California, were identified as having over-
dosed on an unknown opioid agent. This episode followed
death of 13 additional victims overdosed on the same agent in
1980. Eventually, a-methylfentanyl was identified as the caus-
ative drug. a-Methylfentanyl was a legal drug until September
1981, but its extreme potency and abuse potential resulted in it
being placed on the list of Schedule I drugs. a-Methylfentanyl
or ‘China White’ is considered hundreds of times more potent
than heroin. In its prescription form, fentanyl is known as
Actiq, Duragesic, and Sublimaze. Street names for the drug
include Apache, China girl, China White, dance fever, friend,
goodfella, jackpot, murder 8, TNT, as well as Tango and Cash.
Uses

Alpha-methylfentanyl is a derivative of the fentanyls, which is
a family of highly potent, synthetic narcotic analgesics with 10
other identified analogues to date. Alpha-methylfentanyl is
twice as potent as fentanyl and longer acting due to the alpha-
methyl group interfering with metabolic enzymatic ability to
bind. a-Methylfentanyl’s high potency and abuse potential
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precludes its use for medical or pharmaceutical purposes;
rather, it is sold on the streets for its fast-acting narcotic anal-
gesia and euphoria as ‘China White’ or ‘synthetic heroin.’
a-Methylfentanyl possesses up to 1000 to 2000 times greater
potency than heroin. High abuse potential exists in racehorses
as well for its stimulatory and analgesic effects. Known as a
designer drug prior to classification in the US Code of Federal
Regulations, Title 21, Part 1308.11 as a controlled substance,
a-methylfentanyl also falls under the Federal Analog Act, 21
U.S.C., Section 813, along with all designed fentanyl derivatives.
Exposure Routes and Pathways

The primary route of exposure is intravenous injection due to
immediate onset of action and analgesic effect appearing
before any adverse effect. Intramuscular injection is the second
preferred route of exposure, which may be painful and leads to
erratic absorption.
Toxicokinetics

High lipid solubility of a-methylfentanyl results in rapid absorp-
tion and large volume of distribution, including the central
nervous system (CNS) most significantly. a-Methylfentanyl is
highly metabolized by the liver, and eliminated to inactive
metabolites by biotransformation; the metabolites are mostly
excreted via the kidneys in the urine, with an insignificant
amount in the feces.
Mechanism of Toxicity

By binding with specific opioid receptors in the brain, spinal
cord, and other tissues throughout, a-methylfentanyl acts as an
agonist; a-methylfentanyl binds mostly to mu receptor sites
and exerts its effects primarily on the CNS and organs con-
taining smooth muscle.
Acute and Short-Term Toxicity (or Exposure)

Animal

In horses, a-methylfentanyl produces locomotive responses,
determined by the increased number of footsteps per time unit.
The peak stimulatory effect occurred approximately 10 min
after horses were treated with greater than 4 mg kg�1 body
weight.
Human

With a rapid onset of action, a-methylfentanyl results in
euphoria, marked muscular rigidity, and respiratory depression
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00334-1
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at high dosages. Respiratory paralysis is the most significant
acute toxic effect and cause of overdose death. Cholinergic
stimulation by a-methylfentanyl may result in bradycardia and
possibly asystole. In addition to its high potency and fast
action, further danger is compounded by its poor ability to mix
or be diluted with cutting agents used with illicit drugs.
Monoamine oxidase inhibitors, alcohol, and other CNS
depressants potentiate effects, possibly leading to respiratory
failure, cerebral vascular accidents, and death.
Clinical Management

Toxicity can be managed with narcotic m-antagonists such as
Naloxone to counteract a-methylfentanyl’s m-agonist effects.
Respiratory support with resuscitative equipment may be
required.

See also: Behavioral Toxicology; Neurotoxicity; Drugs of Abuse.
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l Name: Methylglyoxal
l Chemical Abstracts Service Registry Number: 78-98-8
l Synonyms: Pyruvaldehyde; Pyruvic aldehyde;

2-Oxopropanal; 2-Ketoproprion-aldehyde; Acetyl-
formaldehyde

l Molecular Formula: C3H4O2

l Structure:

HH3C

OO

Background

Methylglyoxal (MG) is a highly reactive a-dicarbonyl
compound that is primarily generated endogenously during
glycolytic pathways (glucose and fructose metabolism) in cells
and exogenously due to autoxidation of sugar, degradation of
lipids, and fermentation during food and drink processing.
Methylglyoxal polymerizes readily; it is hygroscopic and
incompatible with strong oxidizing agents and bases. Methyl-
glyoxal may be present as a free molecule in the diet or bound
to biological materials, such as proteins, and as advanced gly-
cation end products (AGEs), which are poorly absorbed.
Methylglyoxal has been indicated in pathological events asso-
ciated with hyperglycemia in both type 1 and type 2 diabetes
and in other diabetic complications as either a direct toxin or as
a precursor for AGEs. In animal studies, MG has been shown to
induce tumorigenesis, but has also been reported as a tumori-
static agent. Methylglyoxal has been identified as the dominant
antibacterial constituent of manuka honey.
Uses

Used in organic synthesis, as a flavoring agent, and in tanning
leather. Commercial formulation is available as a 30% aqueous
solution. No safety concern at current levels of intake when
used as a flavoring agent.
Environmental Fate and Behavior

Methylglyoxal production and use as a chemical intermediate
and flavoring agent may result in its release to the environment
through various waste streams. If released into water, MG is not
expected to adsorb to suspended solids and sediment based on
the estimated Koc. Volatilization from water surfaces is not
expected to be an important fate process based upon the esti-
mated Henry’s Law constant. If released to soil, MG is expected
to have very high mobility based upon an estimated Koc of 1
determined from the structure estimation method. Hydrolysis
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is not expected to be an important environmental fate process
since this compound lacks functional groups that hydrolyze
under environmental conditions.

Methylglyoxal serves as a substrate for the isozymes E1, E2,
and E3 of human aldehyde dehydrogenase. Oxidation of MG
by these isozymes generated pyruvate. Methylglyoxal is
a partially oxidized compound obtained from the tropospheric
oxidation of numerous hydrocarbons, of both biogenic and
anthropogenic origin. If released to the air, an estimated vapor
pressure of 27 mmHg at 25 �C indicates MG will exist solely as
a vapor in the atmosphere. Vapor-phase MG will be degraded
in the atmosphere by reaction with photochemically produced
hydroxyl radicals; the half-life for this reaction in air is esti-
mated to be 30 h. Methylglyoxal absorbs light at wavelengths
>290 nm and, therefore, is susceptible to direct photolysis by
sunlight; half-lives of 2–4 h have been reported.
Exposure and Exposure Monitoring

Exposure routes include endogenous formation in the body,
ingestion, and inhalation.

Methylglyoxal is a reactive carbonyl species generated
endogenously, primarily during glycolysis in cells. Further-
more, endogenous exposure of MG may also occur due to
catabolism of glycated proteins.

Exogenous MG is generated during sugar autoxidation, the
Maillard reaction, and the degradation of lipids during storage
and processing. The general population may be exposed via
ingestion of alcoholic drinks (wine and beer), food (bread,
soya, and honey), and dairy products, as these preparations
involve microbial fermentation processes, during which
microorganisms release MG into food products. Methylglyoxal
has been detected in parts per million levels in wine, vinegar,
and brandy. In two studies involving manuka honey, high
levels of MG have been reported, ranging from 48 to
743 mg kg�1 and from 189 to 835 mg kg�1.
Toxicokinetics

All living organisms are endowed with the glyoxalase system
pathway, which is able to inactivate MG. It consists of two
enzymes: (1) glyoxalase I (GLX I): GLX I catalyzes the conver-
sion of MG to S-D-lactoylglutathione, and (2) GLX II: converts
S-D-lactoylglutathione into D-lactate and glutathione.
Mechanism of Toxicity

Endogenously formed MG modifies arginine and lysine resi-
dues in proteins that form AGEs, which have been associated
with diabetic complications and some neurodegenerative
diseases. In different cell lines, MG treatment has been shown
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01225-2

http://dx.doi.org/10.1016/B978-0-12-386454-3.01225-2


Methylglyoxal 303
to induce apoptosis as measured by nuclear fragmentation and
apoptotic body formation, indicating an increase in apoptosis.
At the mitochondrial level, exogenous MG is highly toxic as it
promotes proliferation, swelling, and membrane derangement.
In both in vitro and in vivo studies, MG treatment has been
shown to significantly reduce antioxidant enzymes and elevate
reactive oxygen species that lead to oxidative stress-mediated
cell death. Genotoxicity has been observed in both in vivo
and in vitro studies, as MG is capable of binding to cellular
macromolecules and forming DNA adducts.
Acute and Short-Term Toxicity (or Exposure)

Animal

In mice, the LD50 of MGwas established after 24 h with a single
dose at 290 mg kg�1. Notably, a single intraperitoneal dose at
800mg kg�1 of MGwas lethal to mice within 4 h. In treatments
less than the lethal dose, a decrease of liver weight proportional
to the dose administered was observed at 24 h.

Non-human toxicity values reported for MG are:

LD50 rat 1165 mg kg�1 (oral)
LD50 mouse 179 mg kg�1 (intraperitoneal)
LD50 mouse 252 mg kg�1 (intravenous)

Administration of MG at 300–600 mg kg�1 by gastric tube
resulted in a 100-fold induction of ornithine decarboxylase
within 7 h, a 26-fold increase in DNA synthesis within 16 h,
and apparent unscheduled DNA synthesis within 2 h in F344
rat glandular stomach mucosa. In mice, depending on the dose
of MG ranging from 50 to 400 mg kg�1 and the time after
administration (6, 12, and 24 h), significant decreases in
superoxide dismutase (SOD), glutathione-S-transferase (GST),
catalase, glyoxalase I (GLY I), and glyoxalase II (GLY II) activity
were observed in the liver. MG treatment has also been shown
to decrease Glutathione (GSH) content and enhance lipid
peroxidation in the liver at these doses. With these doses,
significant decreases in catalase and glyoxalase I activity were
observed in the spleen. Conversely, one study indicated no
toxic effect on the gross physical and behavioral conditions in
animals (mouse, rat, rabbit, and dog) when MG was admin-
istered for 1 day via oral, subcutaneous, or intravenous routes.
Chronic Toxicity (or Exposure)

Animal

Exposure of low levels of MG (1% v/v) via drinking water while
in utero and continuing until 2 months of age resulted in
a depletion of blood GSH. Collagen accumulation in the
kidneys of female mice was observed after oral administration
of MG for 5 months, at a level of 50 mg kg�1 per day. Chronic
infusion of MG (60 mg kg�1day�1) through a minipump for
28 days was shown to cause pancreatic beta-cell dysfunction,
leading to type 2 diabetes in Sprague–Dawley rats.

Methylglyoxal has been shown to induce tumors in Fisher
344 rats when administered subcutaneously. In this experiment,
0.2 ml of a solution of MG in saline at a concentration of
10 mg ml�1 was injected subcutaneously twice a week for
10 weeks in 18 rats (8 male and 10 female). After 20 months,
three males and one female of the MG-treated rats developed
tumors at the injection site, while no tumors were detected in
the saline-injected control group. However, these studies do not
provide evidence of systemic carcinogenicity. In contrast, several
studies have indicated an antitumor activity in vivo and in vitro.

Another report suggested no toxic effect on the gross phys-
ical and behavioral conditions of animals (mouse, rat, rabbit,
and dog) with chronic oral, subcutaneous, or intravenous MG
treatment. Furthermore, no apparent adverse effects on the
reproductive organs of the animals or fetuses were observed in
fertility and teratogenicity studies.
Humans

No data are available regarding the chronic toxicity of MG in
humans to date. However, the effects of high endogenous levels
of MG have been noted in humans. Plasma MG levels in
healthy humans are 1 mmol l�1 or less and are elevated two to
fourfold in diabetic patients. In patients with diabetic ketoa-
cidosis, increased levels of MG have been noted. This increase
in the levels of MG during diabetic conditions may enhance
posttranslational protein modification, resulting in protein
dysfunction and potentially leading to further diabetic
complications. A study in older people indicated a role of MG
in cognitive decline and neurodegeneration.
In Vitro Toxicity Data

Treatment of isolated murine hepatocytes with concentrations
of MG above 1 mM led to an inhibition of protein synthesis. In
several cell lines, MG treatment was shown to increase reactive
oxygen species. In cultured rat hepatocytes, MG increased
lactate dehydrogenase release and trypan blue uptake in a
concentration-dependent manner, indicating a role in cell
toxicity. It has been tested positive in the sister chromatid
exchange assay with Chinese hamster ovary cells at concentra-
tions between 7.2 and 54 mg ml�1.

In carcinoma cells as compared to normal cells, MG has
beneficial effects with regard to its anticancer mechanisms that
include a reduction in oxygen consumption, depletion of
intracellular ATP, and inhibition of mitochondrial respiration.
Reproductive Toxicity

During Bufo bufo embryonic development, exogenous exposure
to MG (150 and 600 mM) has been shown to enter the embryo,
rendering MG as teratogenic. A significant decrease in GLO I
and GLO II activity has been observed during development at
stage 25. Moreover, in the early stages of development, a strong
retardation of cell division (antiproliferative) was observed,
which resulted in numerous developmental abnormalities.

On the contrary, teratogenicity and fertility studies per-
formed in rats subjected to chronic toxicity tests showed no
damage to the reproductive system, resulting in healthy litters
that developed into adulthood with no signs of abnormalities.
In the teratogenicity study, pregnant female rats received
treatment (oral and intravenous) of MG for 3 weeks. In the
fertility study, three female rats and one male rat were housed
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together and administered MG orally or intravenously to
assess chronic toxicity. Each female animal gave birth to
a healthy litter, with no signs of organ deformation or other
abnormalities.
Genotoxicity

In in vitro studies, MG was found to induce mutations in
Salmonella typhimurium strains TA100, TA102, and TA104 at
a concentration of 12–470 mg plate�1, gene conversions and
reverse mutations in Saccharomyces cerevisiae (strain D7) at
concentrations of 0.5–1.5 mg ml�1, and diphtheria toxin
resistance in Chinese hamster lung cells at a concentration of
24–66 mg ml�1. In human lymphocytes, mutagenic activity of
MG was assessed. MG was found to induce chromosomal
aberrations (CAs), sister chromatid exchanges (SCEs), and
micronuclei without, but not with, a microsomal enzyme
preparation (S9).

In an in vivo study in mice, oral administration of
600 mg kg�1 of MG resulted in an increased incidence of SCEs,
but not CAs, in duodenal cells. Negative results for CA induc-
tion were observed in the ileum.
Carcinogenicity

The International Agency for Research on Cancer has deter-
minedMG to be not classifiable as a carcinogen (Group III). No
data on the carcinogenicity of MG in humans are available.
Clinical Management

Exogenous exposure: MG is harmful if swallowed and is irri-
tating to eyes, skin, mucous membranes, and upper respiratory
tracts. In case of contact with the eyes, rinse immediately with
plenty of water and seek medical advice.

Endogenous exposure: In type 2 diabetes, metformin
treatment reduced systemic high levels of MG in a dose-
dependent manner and minimized the effect of worsening
glycemic control. Metformin, therefore, may be beneficial in
reducing MG-induced diabetic complications.
Ecotoxicology

An estimated bioconcentration factor (BCF) of 3 was calculated
in fish for MG, which suggests that the potential for bio-
concentration in aquatic organisms is low.
Other Hazards

MG is poison by intraperitoneal exposure and is moderately
toxic by ingestion. When heated to decomposition, it emits
acrid smoke and irritating fumes. It is combustible when
exposed to heat or flame.
Exposure Standards and Guidelines

FDA Requirements

Pyruvaldehyde is an additive permitted for direct addition
to food for human consumption as a synthetic flavoring
substance and adjuvant in accordance with the following
conditions: (1) it is used in the minimum quantity required
to produce its intended effect and otherwise in accordance
with all the principles of good manufacturing practice, and
(2) it consists of one or more of the following: used alone
or in combination with flavoring substances and adjuvants
generally recognized as safe in food, prior-sanctioned for
such use, or regulated by an appropriate section in this
part.
See also: Genetic Ecotoxicology; Sister Chromatid Exchanges;
Toxicity, Acute; LD50/LC50 (Lethal Dosage 50/Lethal
Concentration 50).
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Background

Methyl isocyanate (MIC) is produced industrially by reacting
methylamine with phosgene. At temperatures below 39 �C
(102 �F), MIC is a highly flammable, colorless liquid. When
exposed to air it readily evaporates. MIC in gaseous form
is w1.4 times heavier than air. Therefore, it tends to settle near
the ground. MIC can undergo degradation resulting from
pyrolysis and interaction with water, but none of the break-
down products can duplicate the extent of toxicity observed in
Bhopal, India, in 1984 and in animal models. MIC may be the
most toxic of all isocyanates because of its very high vapor
pressure relative to other isocyanates and because of its ability
to exert toxic effects on numerous organ systems.

The Union Carbide’s pesticide plant accident in Bhopal
released over 40 metric tons of methyl isocyanate into the
atmosphere within few hours; it is probably one of the worst
industrial accidents known to humans in modern history. This
toxicological disaster took lives of nearly 4000 people within
hours to days, and affected millions for decades. Major organs
exposed were the eyes, respiratory tract, and skin. Extensive
follow-up epidemiological studies continue to reveal acute and
chronic, submassive to massive, pulmonary, ophthalmic,
reproductive, immunologic, neurological, and hematologic
toxicity among the survivors. Although MIC is extremely reac-
tive, it is presumed that it can cross cellular membrane barriers
and reach distant organs, perhaps in the form of glutathione
conjugate, which explains some of the systemic effects of MIC.
The rate at which chemical accidents occurred in the last two
decades can be used as a reference for assessment and surveil-
lance of chemical disasters.

A review of the health effects of the Bhopal incident shows
continuing morbidity of a multisystemic nature in the exposed
population. Investigational debates continue surrounding the
causes of the accident, the spectrum of health effects, under-
standing of the toxic substances released in the gas cloud, and
their roles in the causation of health effects. Although mortality
was initially high, it declined over time, but remained elevated
among the most severely exposed population. Follow-up
studies on victims showed persistent irritant effects, including
ocular lesions and respiratory impairment. Studies conducted
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during the late recovery period focused on various systemic
health endpoints. Significant neurological, reproductive, neu-
robehavioral, and psychological effects were also observed.
Clinical dilemmas, medical management, and public health
issues associated with disasters of such magnitudes remain
a major concern for health care professionals.
Uses

MIC is used as an intermediate in organic synthesis, especially
in the production of carbamate-based pesticides. It is also used
to produce polyurethane foams and plastics. Occasionally, it is
present in cigarette smoke in very minute quantities.
Environmental Fate and Behavior

Terrestrial Fate

If MIC is released to soil, it is expected to rapidly hydrolyze if
the soil is moist. Since it rapidly hydrolyzes, adsorption to and
volatilization from moist soil are not expected to be significant
processes, although no specific data regarding the fate of MIC
in soil are available.

Aquatic Fate

If MIC is released to water, it is expected to rapidly hydrolyze
with half-lives of 20 and 9 min at 15 and 25 �C, respectively.
The products of hydrolysis may include N-carboxymethyl-
amine, methylamine, carbon dioxide, and N,N 0-dimethylurea.
Since MIC rapidly hydrolyzes, bioconcentration, volatilization,
and adsorption to sediment and suspended solids are not ex-
pected to be significant processes. However, some studies have
shown that the alkylisocyanates like MIC are relatively resistant
(compared to the arylisocyanates) to hydrolysis in water.
Hence, despite the high water reactivity of MIC, this compound
could possibly persist in the environment for many days after
an initial release. No data were found concerning biodegrada-
tion of MIC.

Atmospheric Fate

If MIC is released to the atmosphere, it is expected to exist
almost entirely in the vapor phase, based on a reported vapor
pressure of 348 mm Hg at 20 �C. It is also susceptible to
photooxidation via vapor phase reaction with photochemi-
cally produced hydroxyl radicals, though this process is slow
(t1/2 ¼ 3 months).
Other Hazards

MIC reacts violently with water. MIC is incompatible with
oxidizers, acids, alkalis, amines, iron, tin, and copper.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00333-X
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Table 2 MIC’s lethal concentration data

Species LC50 (ppm) LCLo (ppm) Time (h)

Adjusted 0.5 h

LC (CF) (ppm)

Derived

value (ppm)

Rat
Mouse
G. pig
Rat

6.1
12.2
5.4
21

–

–

–

–

6
6
6
2

14 (2.3)
28 (2.3)
12 (2.3)
34 (1.6)

1.4
2.8
1.2
3.4

Table 3 MIC’s lethal dose data

Species Route

LD50
(mg kg�1)

LDLo

(mg kg�1)

Adjusted

LD (ppm)

Derived

value (ppm)

Mouse
Rat

Oral
Oral

120
51.5

–

–

354
152

35
15
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Exposure and Exposure Monitoring

Inhalation is the major route of exposure of MIC. MIC in the
gaseous form is readily absorbed through the lungs. The odor
threshold is approximately 2–5 ppm. However, odors of MIC
maynot provide adequatewarning of hazardous concentrations
since the immediately dangerous to life or health (IDLH) limit is
only 3 ppm. Acute exposure to MIC vapors below the odor
threshold can be irritating to the eye and respiratory epithelium.
Acute exposure to higher vapor concentrationsmay cause severe
pulmonary edema and injury to the alveolar walls of the lung
leading to death due to respiratory failure. Significant exposures
to MIC occur primarily in occupational settings or due to acci-
dental release as occurred in Bhopal in 1984. The primary
adverse effect was pulmonary edema with some alveolar wall
destruction leading to respiratory failure that took several lives.
Exposure in poorly ventilated enclosed or low-lying areas could
result in asphyxiation. Children exposed to the same levels of
MIC as adults may receive larger doses because they have rela-
tively greater lung surface area:body weight ratios and higher
minute volume:weight ratios. In addition, they may be exposed
to higher levels than adults in the same location because of their
short stature and the higher levels of MIC found nearer to the
ground since it is heavier than the air.
Exposure Standards and Guidelines

Over an 8 h work shift, the US Occupational Safety and Health
Administration (OSHA) permissible exposure limit (PEL) is
0.02 ppm ((0.05 mg m�3) time-Weighted Average (TWA)
(skin)). The IDLH established by the US National Institute of
Safety and Health (NIOSH) is 3 ppm for MIC.

American Industrial Hygiene Association (AIHA)
Emergency Response Planning Guidelines (ERPG) defined as
0.5 ppm as the maximum airborne concentration below which
nearly all persons could be exposed for up to 1 h without
experiencing or developing irreversible or other serious health
effects or symptoms that could impair their abilities to take
protective action. The current exposure standards and guide-
lines are summarized in Table 1.
Toxicokinetics

Studies conducted in Swiss Webster mice (males and pregnant
females) indicate that the absorption of MIC is very rapid and it
appears in the arterial and venous blood within few minutes
after exposure to MIC vapors. Clearance of MIC is slower and
Table 1 Summary of exposure criteria for arsine

Agency Criteria Averaging time

NIOSH IDLH 3 ppm NA
OSHA PEL 0.02 ppm 8 h work shift/day
CalEPA Chronic Reference

Exposure Level (REL)
0.001 mg m�3

EPA has not established a reference concentration (RfC) or a reference dose (RfD)
for MIC.
Conversion: 1 ppm ¼ 3.19 mg m�3
may takew3 days. The clearance is more rapid in urine than in
bile. The highest concentrations of MIC in male mice 2 h after
exposure are found in the lung, sternum, gastrointestinal tract,
spleen, and kidney. Twenty-four hours after exposure, highest
MIC concentrations are found in the blood and lungs. In
female mice, the highest concentrations at 2 h after exposure
are found in the lungs, fetus, spleen, uterus, and kidney. After
24 h, the highest concentrations appear in the lung, spleen, and
fetus. MIC’s lethal concentration data and MIC’s lethal dose
data are given in Tables 2 and 3, respectively.

Since MIC is highly reactive, it is not metabolized in
the classical sense. Conjugation of MIC with glutathione
(GSH) forming an adduct S-(N-methylcarbamoyl) glutathione
and corresponding cysteine adduct S-(N-methylcarbamoyl)
cysteine appears to represent an important pathway of
biotransformation of MIC in the rats exposed to MIC intra-
peritoneally. The reaction of MIC with GSH and with cysteine is
reversible, and can provide a source of free MIC in the tissues. It
is speculated that these carbamate thioester conjugates of MIC
may actually contribute to toxic effects of MIC. Similar studies
in experimental animals exposed to MIC by inhalation route
have not been reported.
Mechanism of Toxicity

The exact mechanisms of MIC toxicity are not known; however,
carbamylation of globin and other blood proteins has been
speculated to contribute to MIC-induced toxicity. Acute expo-
sure via inhalation of MIC vapors is known to cause irritation to
respiratory tract, causing severe pulmonary edema and injury
that can lead to death. It is also corrosive to the eyes, causing
severe corneal damage. Survivors of acute exposuresmay exhibit
long-term respiratory and ocular effects. Direct skin contact of
MIC in the liquid or gaseous form causes irritation of the skin.
Acute and Short-Term Toxicity

Animal

Acute and subacute toxicity studies conducted in Charles Foster
rats showed that MIC exposure significantly inhibits weight
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gain in a dose-dependent manner. These rats showed patho-
logical lesions in the viscera, bronchial tree, lungs, liver, and
kidneys. In another study, F344 rats exposed to 3 ppm MIC for
6 h day�1 for 4 days showed significant mortality within
28 days.

According to one report, in the case of the Bhopal accident,
several thousand animals (cattle w4000) were reported dead
due to the MIC leakage. Information on fowl and other animals
is not available.
Human

The respiratory system is the major target for MIC toxicity. In
addition, MIC is also corrosive to skin and eyes. Upon inges-
tion, MIC shows corrosive action in the GI tract. MIC exposure
is rare in the general population except for the exposure
occurring due to accidental release, as occurred in the Bhopal
accident. The estimated immediate mortality resulting from
this accidental exposure to MIC is believed to be between 2500
and 5000. Respiratory failure due to MIC inhalation was the
principal cause of death. MIC caused bronchial necrosis and
pulmonary edema. Within the first 24 h after the accident,
around 90 000 patients were admitted in local hospitals and
clinics with multiple symptoms of respiratory distress, breath-
lessness, choking, cough, chest pain, and hemoptysis. Acute
ophthalmic effects were also reported, with severe eye irritation
and watering of the eyes.

Reproductive and gynecological effects were investigated by
retrospective cohort studies. In an epidemiological survey
conducted 9 months after the accident, it was seen that 43% of
865 pregnancies among exposed women suffered fetal loss, as
compared to 6–10% among the general Bhopal population.
The spontaneous abortion rate was highest among those
exposed during their first trimester. Studies conducted
105–110 days after the accident showed a higher incidence of
abnormal uterine bleeding and abnormal Pap smears among
exposed women in the childbearing age.

Few immunological toxicity studies of MIC have been re-
ported. A study of humoral and cell-mediated immunity in
exposed subjects 2 months after exposure found that cell-
mediated immunity was suppressed, and that MIC-specific
antibodies persisted for several months after the accident.
Chronic Toxicity

Human

Around 50 000 survivors are estimated to be suffering from
long-term health effects that are termed as ‘Bhopal syndrome’
due to a lack of information on the exact constituents of the gas
cloud other thanMIC. The Indian Council for Medical Research
established a field office called as Bhopal Gas Disaster Research
Centre (BGDR) immediately after the accident. In addition, the
International Medical Commission on Bhopal (IMCB) was
established in 1993 comprising 15 professionals from 12
different countries. BGDR and IMCB have reported that after
15 years of exposure, the affected population is still suffering
from multisystemic toxicities. The major long-term health
effects observed are shortness of breath, chest pain, muscle/
bone pain, asthma, reproductive problems in the form of
increased spontaneous abortions, and certain psychological
problems. A randomized retrospective cohort study undertaken
10 years after exposure indicates the presence of persistent
small airways obstruction. Lung examinations carried out in
the survivors several months later exhibited the presence of
obliterative bronchiolitis and interstitial fibrosis. Thirty-nine
percent of 783 patients examined showed ventilatory impair-
ment. Recent studies indicate that even the second generation
of the exposed population is adversely affected. According to
this study, significant growth retardation was observed in boys
who were either exposed to the gases as toddlers or born to
exposed parents. Interestingly, no significant effects have been
observed in girls. Human volunteers experience eye irritation
and lacrimation after 1–5 min at 2 ppm, with more marked
irritation at 4 ppm; exposures were unbearable at 21 ppm. In
another study, volunteers noted eye irritation and lacrimation
at 5 ppm in less than 50 s.
In Vitro Toxicity Data

In vitro studies in Chinese hamster ovary cells indicate that MIC
is capable of inducing chromosomal aberrations and sister-
chromatid exchanges in the 0.9–3.1 mg ml�1 dose range;
however, it is not a mutagen.
Clinical Management

In acute exposure, prompt medical attention is critical. Persons
exposed only to MIC gas pose no risk of secondary contami-
nation to rescuers. Persons whose skin or clothing is contam-
inated with liquid MIC can secondarily contaminate response
personnel by direct contact or through off-gassing of vapor.
There is no antidote for MIC poisoning. Treatment consists of
removal of the victim from the contaminated area and support
of respiratory and cardiovascular functions. In the event of
ingestion of MIC, intragastric instillation of activated charcoal
is useful; however, emesis is strictly avoided since this may
cause additional corrosion of the GI tract. Upon eye and skin
exposures, washing the exposed area with ample amount of
water is necessary. If the injury and pain are evident, the patient
should be transferred to a critical care unit to ensure contin-
uous support therapy.
See also: Bhopal Accident: Release of MIC; Isocyanates.
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l Name: Methyl isothiocyanate
l Chemical Abstracts Service Registry Number: 556-61-6
l Synonyms: MITC, Methyl isothiocyanate, Isothiocyanato-

methane, Methyl mustard
l Molecular Formula: C2–H3–N–S
l Chemical Structure:
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Background

Methyl isothiocyanate (MITC) is a breakdown product of the
pesticides dazomet, metam-sodium, and metam-potassium.
The parent pesticides are applied to soil prior to planting and
seeding, where they are quickly broken down on a mole-to-
mole basis to MITC in the presence of moisture. MITC is
a multipurpose fumigant for use against nematodes, fungi, and
weeds through a mechanism involving nonselective enzyme
inhibition. There are a number of agricultural, financial, and
environmental benefits to the use of these pesticides for
increasing crop yield, reducing production costs, and increased
management flexibility along with reduced environmental
impact as compared to other fumigants.
Uses

MITC is registered for use in the US as an antimicrobial agent
for wood pilings, utility poles, and timbers for control of rot
and decay. MITC is also a building block for the synthesis of
1,3,4-thiadiazoles, which are heterocyclic compounds used as
herbicides.
Environmental Fate and Behavior

Conversion of metam-sodium to MITC in soil was reported in
3–4 h for >90% of compound, where it was distributed in the
vapor and liquid phases of the soil. The half-life of MITC in soil
was estimated to range from 0.5 to 50 days due to biodegra-
dation using first order kinetics. Biodegradation rate increased
with duration of field exposure and was faster in previously
treated soils, suggesting changes to the biotic microbial
communities postexposure that enhance degradation. Degra-
dation in soils is expected to increase with temperature and
moisture content, and initial soil content and microbiota can
have a large impact on decomposition rate. One study identi-
fied agricultural field soil respiration was less sensitive to MITC
exposure than were other soil types, such as river soils. Total
degradation and volatilization of MITC from soil is expected in
3–4 weeks, and half-lives for degradation were reported as
310 Encyclopedia of T
8–14 days. Mobility in soil was about 9 inches after application
and undetected after 13 days.

MITC is poorly water soluble and is expected to volatilize
from water surfaces, and the half-life in water was estimated at
19 h from a model river and 9 days from a model lake.
Hydrolysis half-lives were estimated at 50–178 days and were
dependent on pH and temperature. The major degradation
product in water is methylamine, although hydrogen sulfide is
also transiently produced either in dilute aqueous conditions
or in contact with moist soil. The estimated photolysis half-
lives in water ranged from 1.6 to 210 h and depended on UV
wavelength and other environmental conditions. The major
photolysis degradation product of MITC is methyl isocyanate.
MITC is not expected to adhere to sediments or soils in water,
and the potential for bioconcentration in aquatic organisms is
low. Thus, it is expected that a large portion of environmental
MITC will enter the atmosphere.

The vapor pressure indicates that MITC is volatile and
will remain as a vapor in the atmosphere. The main degra-
dation pathway in the air is photolysis and atmospheric half-
life has been estimated from 10 h using laboratory lighting
to 1 day in sunlight. Estimated half-life in the troposphere
was 33 h.
Exposure and Exposure Monitoring

MITC can be released into the environment from application of
the parent pesticide compounds directly to soils, through
production releases into streams, and through spills. Annual
application of metam-sodium was reported as exceeding 50
million pounds. MITC is expected to volatilize and remain as
a vapor in the atmosphere until degradation through photol-
ysis and can move via diffusion and advection through the
atmosphere. Human exposure can occur occupationally and
includes inhalation and dermal contact during production or
use of parent pesticide compounds, although exposure toMITC
in some cases is expected to be lower than exposure to the
parent pesticide being applied. However, postapplication
inhalation exposure is of concern. Nonoccupational exposure
can also occur from MITC vapor in the air surrounding appli-
cation sites. MITC has been detected in groundwater samples
�0.42 mg l�1 and has been detected but not quantified in
surface water samples. Air concentrations of 67 mg m�3 were
identified within 12 h of soil fumigation and as high as 200 mg/
m3 following field injection. Atmospheric concentrations
downwind of fumigated fields ranged from >3 mg m�3 after
1 day to 1.6 mg m�3 after 9 days. MITC concentrations were
detected downwind over 50 m from field application sites.
Absorbed daily dose for adult males were estimated at 0.21–
917 mg kg�1 bw per day, and seasonal average daily dose for
different populations were estimated as follows: 0.0005–
66.8 mg kg�1 bw per day for adult males; 0.001–180 mg kg�1

bw per day in 6-year-old children.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01191-X
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Toxicokinetics

Studies are available that investigate the absorption, distribu-
tion, metabolism (or biotransformation), and elimination/
excretion of MITC in rats and mice following oral and/or
parenteral (intraperitoneal) routes of exposure only. Following
oral exposure in rats, MITC was completely absorbed through
the gastrointestinal tract (GIT) and was readily distributed to
several tissues or organs including the thyroid, liver, kidneys,
whole blood, and adrenals, as well as the lungs. The thyroid,
liver, kidney, and hair were identified as the sites of distribution
of radiolabeled MITC following intraperitoneal injection or
oral gavage. Results indicated that MITC is widely distributed in
experimental animals following both oral and intraperitoneal
administration. Following oral gavage dosing in rats and mice,
metabolism of MITC involves glutathione S-transferase to yield
the glutathione (GSH) conjugates or mercapturates. MITC was
also reported to react directly with GSH to yield methylamine.
There were no glucuronide or sulfate conjugates identified.
Mercapturates were the major metabolites identified following
oral and intraperitoneal dosing. Urine was identified as the
major route of elimination with expired air as an additional
route, with no parent compound identified in the urine.
Mechanism of Toxicity

MITC stimulates chemesthesis, the activation of receptors
associated with sensations of pain, touch, or thermal percep-
tion, through activation of transient receptor potential (TRPA1)
ion channels. Isothiocyanate molecules have an electrophilic
carbon atom that reacts with nucleophilic components, such as
cysteine residues in the TRPA1 channels that are highly sensi-
tive and serve as a warning mechanism to prevent tissue
damage. MITC can form a reversible covalent bond with
receptors to stimulate a reaction instead of acting directly
through tissue damage. MITC is less potent than other iso-
thiocyanates, such as allyl isothiocyanate (i.e., the active
component of horseradish, wasabi, and mustard). At low
concentrations, endogenous nucleophiles (e.g., GSH) may
neutralize the electrophilic carbon and, therefore, prevent
damage, but as concentrations increase their effectiveness
decreases. Although the mode of action of MITC for systemic
toxicity is not known, MITC is proposed to react with, and
inactivate, the sulfhydryl group of essential enzymes in living
organisms.
Acute and Short-Term Toxicity

The oral LD50 values for MITC range from approximately 21.5
to 305 mg kg�1, as determined for rats, mice, dogs, rabbits, and
monkeys. Acute oral exposures in this range result in sedation,
dyspnea, spasms, vocalization, exophthalmos, and abnormal
or altered body positions. Dermal exposure (LD50 ¼ 145–225
in rats and rabbits) resulted in similar clinical signs.

The inhalation LC50 values are much more varied and range
from 79.1 to 540 mg m�3 (26.4–180 ppm) for 4-h exposures
and have been reported to be as high as 1900 mg m�3

(633 ppm) for 1-h exposures in rats. Eye irritation appears to be
the most sensitive endpoint following airborne exposure to
MITC; 100% of exposed rats immediately exhibited clinical
signs of eye irritation at 282 mg m�3 (93 ppm), the lowest
tested concentration in that study. Clinical signs of lung irri-
tation were also observed at this concentration, but with
reduced time-dependent frequency. Exposure to 100 ppm for
4 days caused clinical signs of irritation (e.g., apathy, wet noses
and mouths) in rats exposed for 1 h per day; however, when
exposure was increased to 4 h per day, signs of irritation
became more pronounced (e.g., bloody noses and mouths)
and 80% of the animals died.

Sensory and respiratory irritation likely occurs at concen-
trations much lower than those tested in experimental animal
studies. Eye irritation was reported by volunteers exposed to
eye-only concentrations of 0.8 ppm after 2–3 h of exposure in
a clinical study. However, estimated concentrations as low as
0.6 ppm have been reported to cause headaches, vomiting,
nausea, asthma, and upper and lower respiratory irritation in
persons accidentally exposed to MITC following improper field
application of metam-sodium.
Chronic and Long-Term Toxicity

A 4-week inhalation toxicity study in which rats exposed to low
concentrations of MITC reported eyelid closure, somnolence,
and ruffled fur while higher doses caused additional effects
including nasal discharge, salivation, eye discharge, dyspnea,
and nasal and lung lesions. In another inhalation study in
which rats were exposed to MITC for 12–13 weeks, MITC
caused reduced body weight gain and apathetic appearance,
salivation, and nasal discharge. A 3-month oral gavage study in
mice reported that MITC caused stomach lesions, liver
inflammation, spermatogenic disturbance, and alteration in
adrenal and ovarian weights. Nasal epithelial atrophy observed
in rats exposed to 0.3 ppm for only 4 weeks indicates that
sensory irritation is the most sensitive endpoint. In another oral
toxicity study with mice, body weight gain was reduced while
liver weight was increased by MITC.

In chronic oral toxicity studies, MITC caused decreased
body weight gain in both mice and rats. The decreased body
weight gain in rats was likely secondary to decreased water
consumption, which in turn may be caused by a lack of
palatability and not directly due to exposure to MITC. Dogs
orally dosed with MITC had excessive salivation, increased
platelet count, and activated partial prothromboplastin time,
decreased blood protein and albumin values, and increased
liver weight.
Immunotoxicity

In an oral gavage study in which female mice were adminis-
tered MITC for 5 days, total white blood cells and the
percentage of blood neutrophils were increased, while there
was a decrease in the percentage of blood lymphocytes. Body
weight was slightly decreased. Other effects included significant
changes in thymus weight and thymus cell subpopulations, but
there was no effect on spleen weight or natural killer activity.
MITC also caused a decrease in CD4þCD8þ thymocytes and an
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increase in the percentage (but not absolute number) of
CD4�CD8� thymocytes.
Reproductive/Developmental Toxicity

Reproductive and developmental toxicity studies conducted
with MITC did not indicate that MITC is a reproductive or
developmental toxicant. A two-generation drinking water study
found a decrease in preweaning viability in F1 pups at all doses.
However, there were no dose-related responses or statistical
significance, and MITC exposure was not likely to be respon-
sible for the effect observed. In a three-generation oral gavage
study, results indicated that MITC caused increases in the
incidences and severity of mucosal acanthosis and hyperkera-
tosis in the forestomach of treated animals (F0, F1, and F2
generations). MITC did not cause alterations in reproductive
performance parameters or in the incidences of gross fetal
abnormalities in any generation. However, neither of these
studies was considered acceptable by Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA) standards. No inhala-
tion exposure studies were identified that evaluated the
potential of MITC to be a reproductive toxicant.

Three oral developmental toxicity studies were identified for
MITC. In the rat, MITC caused fetal growth retardation and
decreased body weight gain in the dams. In one study with
rabbits, there was a marginal decrease in food consumption
and weight gain during the early stages of treatment. In this
study, MITC reduced fetal weights and crown-rump length
observed in fetuses. In another study in rabbits, MITC was re-
ported to cause maternal toxicity (unspecified) and an increase
in the incidence of incidental skeletal findings. No inhalation
studies that evaluated the potential of MITC to cause devel-
opmental toxicity were identified in the published literature.
Genotoxicity

Genotoxicity studies were conducted in in vitro and in vivo test
systems with MITC. A gene mutation test at the hypoxanthine-
guanine phosphoribosyltransferase locus in Chinese hamster
V79 cells was also conducted and provided no evidence that
MITC has mutagenic potential. A test for chromosomal aber-
rations in human lymphocytes in vitro and tests for DNA
damage (rec assays in Bacillus subtilis and unscheduled DNA
synthesis assay in primary rat hepatocytes) were also negative.
MITC is not a clastogen in a mouse micronucleus test in vivo,
but was equivocal in an in vitro clastogenicity test (chromo-
some aberration test in Chinese hamster V79 cells). Based on
these studies, MITC could be considered to be equivocal for
clastogenic potential.
Carcinogenicity

The 2-year oral toxicity studies in both rats and mice did not
provide strong evidence that MITC has the potential to be
carcinogenic in male or female rats or mice. The potential of
MITC to be carcinogenic following inhalation exposure could
not be evaluated due to lack of chronic inhalation toxicity
studies.
Clinical Management

Clinical experience with healthy persons manifesting signs of
toxicity related to MITC mostly occurs following accidental
airborne releases of metam-sodium/MITC. In California, out of
390 reported cases of illness or injury related to metam
sodium/MITC in 1990–1999, only 76 were occupationally
related. Removal from exposure generally results in the disap-
pearance of effects, especially those related to sensory irritation.
Oxygen and/or corticosteroids may be used to help minimize
respiratory distress. Toxicity following oral exposure to MITC is
rare; treatment with emesis is not recommended due to the
potential for irritation, and dilution with milk or water is rec-
ommended to reduce esophageal and GIT irritation or burns.
For more severe cases, activated charcoal is effective. Gastric
lavage is recommended as a last resort due to the severe risk of
complication.
Ecotoxicology

MITC is toxic to aquatic organisms – LC50s in fish are reported
in the range of 94–570 mg l�1 and for water fleas from 55 to
280 mg l�1. However, chronic exposure is expected to be low in
these organisms due to low aquatic persistence. The EC50 for
green algae ranged from 254 to 1500 mg l�1. In clawed frog
embryos, 100% mortality was reported at concentrations as
low as 1 mg l�1. Monitoring and modeling air concentration
data did not predict a significant risk to terrestrial organisms
exposed to MITC. Data are lacking for avian species. It is ex-
pected that some nontarget plant species, including aquatic
plants, could be susceptible to atmospheric MITC, as MITC has
been reported as toxic to all green plants. MITC has been shown
to be bioavailable to plants and readily metabolized.
Other Hazards

The effects of MITC on the cardiovascular system, blood
coagulation, hemolysis, and central nervous system were
investigated in experimental animals. Following oral exposure,
rats experienced increased blood pressure immediately after
administration, but the blood pressure gradually decreased in
direct relation to a decrease in pulse pressure. The heart rate
increased from 60 to 90 min, and ECG revealed a decrease in
the voltage of QRS complex 10–15 min after administration.
Respiration was markedly affected, becoming slow only after
90 min and stopped completely by 120 min, followed by
cardiac arrest. At necropsy, there were no ‘serious’ toxic effects
on the GIT.

MITC did not affect the prothrombin time, activated partial
thromboplastin time, or color of venous blood when rats were
orally administered MITC. MITC also did not cause hemolysis
when blood samples from rabbits were treated with the
compound. MITC caused slight excitation at a low dose but
marked excitation at a lethal dose. In rabbits, MITC did not
cause excitation at any dose, but marked intoxication (hypo-
pnea and flaccid muscles) was reported prior to death.
Necropsy evaluation revealed congestion and hemorrhage in
the stomach and intestines of dead mice and rabbits.
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Exposure Standards and Guidelines

No occupational exposure limits have been derived for MITC
by authoritative regulatory agencies. This does not, however,
mean that exposure to MITC is not harmful. The United States
Environmental Protection Agency (US EPA) National Advisory
Committee proposed an acute exposure guideline level (AEGL-
1) of 0.8 ppm (800 ppb). This AEGL-1 was considered by US
EPA to be relevant for exposures from 10min to 8 h. The AEGL-
1 is defined as a concentration that nominally protects the
general population, including sensitive individuals, from
discomfort, irritation, or other asymptomatic, nonsensory
effects, which must be nondisabling and reversible.

See also: Dichloropropene; Methyl Bromide; Pesticides;
Phosphine; Methyl Isocyanate; Biocides.
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l Name: Methyl methacrylate
l Chemical Abstracts Service Registry Number: 80-62-6
l Synonyms: 2-(Methoxycarbonyl)-1-propene; Acrylic acid, 2-

methyl-, methyl ester; Methacrylic acid methyl ester; Methyl
2-methylpropenoate; Methyl 2-methylprop-2-enoate

l Molecular Formula: C5H8O2

l Chemical Structure:

Background

Acrylates and methacrylates are key raw materials used
in diverse applications, including coatings, printing inks,
varnishes, sealants, caulks, adhesives, textiles, and plastics,
and as chemical intermediates. Acrylates are esters of acrylic
acid, resulting from a catalyzed condensation between one
acrylic acid moiety (monofunctional) or more than one
acrylic acid moiety (multifunctional) and an alcohol. Meth-
acrylates are esters formed in a similar manner using meth-
acrylic acid. Both the monofunctional and multifunctional
acrylate analogs and the methacrylate esters (monofunctional
and multifunctional) possess a similar spectrum and pattern
of toxicity.

Methylmethacrylate (MMA)was first produced commercially
in Germany in 1933. Global production of MMA was estimated
to be 1.4million ton in 1988. For the first quarter of 1987, nearly
120million kg of the monomer was produced; this indicates an
annual production of approximately 480million kg in the
United States. Moreover, between 1990 and 1992 production of
MMA ranged from 380 000 to 536 000 ton in the United States
and from 384 000 to 403 000 ton in Japan. Total production
volume within the European Union was 447 000 ton in 1993.
Demand for MMA declined, however, in the 1990s due to the
faltering of the automobile and construction industries.

Approximately 60% of the monomer is used in the manu-
facture of poly(methyl methacrylate) (PMMA), the main
constituent of acrylic sheets (Plexiglass), acrylic molding, and
extrusion powders. Approximately 20% of the compound is
used to produce copolymers that act as coating binders in
acrylic surface coatings such as latex paint and lacquer.
Approximately 10% of the monomer is used in the manufac-
ture of emulsion polymers such as floor polishes, textile
backing coatings, paper coating, sealants, and adhesive
cements. MMA is also used in dental and orthopedic surgeries
as ‘bone cement’ to fill spaces in bones and in the manufacture
of dental prostheses.

MMA has been found in ambient air, commercial poly-
styrene plastics, plant sewers, and wastewater, river water, and
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drinking water. The compound has also been found in the
tissues of patients receiving ‘bone cement’ in dental or ortho-
pedic surgery.
Uses

The principal application of MMA is the production of acrylic
plastics (Plexiglas and Lucite) and resins for sheeting and
molding compounds, which are used in construction, auto-
motive/transportation, consumer products, and industrial
applications. The largest surface coating application is exte-
rior latex house paint that is based on emulsions containing
MMA. Moreover, MMA monomer and polymers have wide
applicability in medical technology as bone cement, but have
been partially replaced by bucrylate and similar synthetics.
MMA also serves as medicinal spray adhesive or nonirritant
bandage solvent, and in dental technology as ceramic filler of
cement; it can also be used as a water repellent on concrete
surfaces. Hard contact lenses with wettable surfaces were
prepared from copolymers of hydroxyethyl methacrylate with
MMA.

Moreover, PMMA is used as block binding agent in
marblelike surfaces/basins/panels (kitchens, bathrooms);
nitrile rubber comonomer; engineering adhesives; industrial
flooring compositions; reactive diluent (unsaturated polyester
resins); and resin mortars (self-leveling floors, jointless floor/
wall coatings).
Environmental Fate and Behavior

If released to air, with a vapor pressure of 38.5 mmHg at 25 �C,
MMA will exist solely as a vapor in the atmosphere. Vapor-
phase MMA will be degraded in the atmosphere by reaction
with photochemically produced hydroxyl radicals and ozone.
MMA does not contain chromophores that absorb at wave-
lengths >290 nm (wavelength max¼ 239 nm) and therefore
is not expected to be susceptible to direct photolysis by
sunlight.

If released to soil, MMA is expected to have very high to high
mobility based upon Koc values of 9–95. It is likely to undergo
significant evaporation from soil and, in cases where the
evaporation or biodegradation of the chemical is delayed (such
as near a spill or a dumpsite where the concentration may be
higher), MMA may leach into groundwater.

If released into water, the biodegradation of MMA is very
important. Volatilization from water surfaces is expected to
be an important fate process, based upon this compoundKs
estimated Henry’s law constant. Estimated volatilization
half-lives for a model river and model lake are 5.7 h and
4.8 days, respectively. Moreover, MMA is expected to adsorb
to suspended solids and sediment based upon the Koc

values.
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Exposure and Exposure Monitoring

There are limited available monitoring data which estimate the
fate and concentrations of MMA in the environment. A study
developed for southern Ontario estimated that relative
proportions of MMA for air, water, soil, and sediment at steady
state were 26.6, 60.8, 12.6, and 0.03%, respectively. Although
the amount of water exposure seems to be very high, when
analyzed river water, MMA is not detected in most cases (with
detection limits of 0.005–1 mg l�1).

Human exposure to MMA is primarily occupational,
through dermal and inhalation routes at workplaces where it
is produced or used. The potential for exposure exists for
employees of manufacturers of MMA and its polymers, as well
as doctors, nurses, dentists, and dental technicians. Individ-
uals may also be exposed to MMA via consumption of
contaminated water. Monitoring indicates that the general
population may be exposed to MMA via inhalation of
ambient air, ingestion of food and drinking water, and dermal
contact with this compound or other products containing
MMA.
Toxicokinetics

MMA is rapidly absorbed and distributed following inha-
lation or oral administration. It is distributed to most major
organs of the body, blood, heart, lungs, liver, kidneys, and
salivary glands. On the basis of available data, MMA
appears to be rapidly metabolized to methacrylic acid by
carboxylesterases. Methacrylic acid is transformed via
physiological metabolic pathways and enters the citric acid
cycle via methylmalonyl-CoA and succinyl-CoA. Another
pathway of metabolism involves conjugation with gluta-
thione via the Michael addition reaction or glutathione-S-
transferase. The lower molecular weight esters are rapidly
metabolized and eliminated, and therefore will not likely
cause cumulative toxicity. However, the toxicokinetics de-
pends on the input way. Once absorbed, MMA is rapidly
eliminated, primarily via the lungs in expired air. After oral
or intravenous administration to rats, approximately 65%
of the dose was exhaled in the expired air as CO2 within
2 h. Lesser amounts are eliminated in the urine, and an
even smaller fraction in the feces. Dermal absorption is
possible and increases with the occlusion, and it is irritating
to the skin.
Mechanisms of Toxicity

The mitochondria are regarded as the main intracellular
target of MMA. If isolated rat liver mitochondria are incu-
bated with MMA, oxygen consumption increases. This is
the result of an uncoupling of the mitochondrial respira-
tory chain, as seen from the expected influence on state 4
and state 3 respiration. State 4 respiration is stimulated. As
has been reported for organic solvents, MMA attacks
complex I of the respiratory chain close to the rotenone-
binding site. This means that substrates which are oxidized
in conjunction with nicotinamide adenine dinucleotide
inhibit the flow of electrons and thus also ATP synthesis.
Unlike classical uncouplers, MMA stimulates the Mg2þ-
dependent ATPase bound to the inner mitochondrial mem-
brane. Structural changes in the inner membrane, as found
with nonionic detergents, were observed by electron micro
scopy. The release of enzymes indicates disintegration of
the membrane.
Acute and Short-Term Toxicity

The acute toxicity of this compound is low. Oral LD50 values in
animals for MMA are as follows: 7.8–9.4 g kg�1 for rats,
4.7 g kg�1 for dogs, 5.2 g kg�1 for mice, 5.9 g kg�1 for guinea
pigs, and 6.6 g kg�1 for rabbits. Death, decreases in body
weight, changes in respiration rate, increases in level of blood
urea nitrogen, and pulmonary damage were observed after
exposure to high concentrations in short-term repeated dose
studies in rats and mice in which inhaled concentrations of
MMA ranged up to 5000 ppm. Cardiovascular effects (irregular
electrocardiogram, changes in blood pressure) were also
observed in rats exposed to undocumented concentrations of
vaporized MMA. In short-term studies, mice were more
susceptible than rats, with respiratory adverse effects after
exposure to 500 ppm. Irritation of the skin, eye, and mucosa of
the respiratory tract has been observed in rodents and rabbits
exposed to relatively high concentrations of MMA (dermal
application of approximately 2–38 g kg�1 body weight; inha-
lation of 100–17 600 ppm (410–72 160mgm�3); or instilla-
tion of approximately 0.1ml into the cornea).
Chronic Toxicity

In the few studies identified in which the chronic toxicity of
MMA was investigated, the observed effects were, in general,
similar to those reported in short-term studies and included
inflammation and epithelial hyperplasia of the nasal cavity and
degeneration of the olfactory sensory epithelium.

Hypotension, changes in pulse rate, and cardiac arrest have
been reported following bone replacement surgery with
PMMA-cemented prostheses; however, the significance of these
observations with respect to MMA exposure is questionable
owing to lack of correlation between peak plasma concentra-
tions of MMA and reported effects and the absence of similar
effects in younger patients.

There are reports of skin irritation and sensitization in
human volunteers and in patients suspected of occupational
sensitization to acrylates from exposure to dental materials or
anaerobic sealants. Occupational asthma associated with MMA
has also been reported; however, there is no conclusive
evidence that MMA is a respiratory sensitizer, and the possi-
bility of a nonspecific response due to respiratory tract irritation
cannot be excluded.
Immunotoxicity

The effect of MMA in the immune system was studied in albino
rabbits exposed to 1ml of MMA intramuscularly. The results
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indicated that MMA was a specific antigen capable of inducing
cellular immune reaction.
Reproductive Toxicity

Embryotoxicity, fetotoxicity, or variations in developmental
effects were not detected following exposure for 6 h day�1 on
days 6–15 of gestation to concentrations of MMA that ranged
from 99 to 2028 ppm. However, there were treatment-related
effects on maternal body weight at all concentrations.
Developmental effects, including decreases in fetal weights,
embryo-fetal deaths, and skeletal abnormalities, were ob-
served in rats following inhalation of concentrations of MMA
that were toxic to the dams. Similar effects were reported in
studies in mice in which maternal toxicity was not addressed
and in studies in rats in which the protocol and results were
not well documented.

No teratogenic effects have been found when MMA was
administered up to 1000 ppm by inhalation. Adverse effects on
the reproductive organs of experimental animals were observed
in repeated dose studies in animals exposed to MMA.
Genotoxicity

Some studies conducted in vitro have demonstrated that MMA
is not mutagenic in Salmonella typhimurium with or without
metabolic activation. However, MMA has been found muta-
genic and clastogenic in mammalian cells in culture. It induced
gene mutation in mouse lymphoma L5178Y cells without
metabolic activation in five investigations and was positive
with metabolic activation in all of the three investigations in
which it was examined. Results for chromosomal aberrations
and micronucleus formation were also positive in this cell line
without metabolic activation at concentrations at which there
was poor cell survival. An increase in chromosomal aberrations
and sister chromatid exchanges in Chinese hamster ovary cells
has also been observed in the presence and absence of meta-
bolic activation.

There has been limited evidence of genotoxicity in in vivo
inhalation studies conducted to date, although there was clear
evidence of toxicity within the target tissue in these studies. No
significant increase in the incidence of micronuclei was
observed in the bone marrow of mice following a single
administration of MMA by gavage at doses up to 4.52 g kg�1

body weight. However, concentration of about 1000 ppm
caused significant reductions in the mitotic activity in the bone
marrow of rats. Although not mutagenic in bacterial systems in
vitro, MMA has induced mutation and chromosomal aberra-
tions in mammalian cells in vitro.
Neurotoxicity

In rats, the oral administration of 500mg kg�1 of MMA has
produced impaired locomotor activity and learning while
significantly increasing aggressive behavior in male rats.
Moreover, an overall increase in levels of biogenic amine in
the pons–medulla and hippocampus was found. Levels of
noradrenaline in the cerebral cortex and 5-hydroxytryptamine
in the midbrain and the hypothalamus were increased, whereas
there was a slight decrease in dopamine levels in the corpus
striatum.

Studies carried out in dental technicians and factory
workers exposed to MMA have found nerve degeneration in
their hands and ‘nervous disorders’, respectively. Neurotoxic
effects of MMA can be related to the fact that it decreases the
amplitude of the action potential in peripheral nerves by
causing lysis of membrane lipids and destruction of the myelin
sheath.
Carcinogenicity

The International Agency for Research on Cancer (IARC, 1994)
has classified MMA as Group 3 (not classifiable as to its carci-
nogenicity to humans) based on inadequate evidence for car-
cinogenicity in humans and evidence suggesting a lack of
carcinogenicity in experimental animals.
Clinical Management

In case of oral exposure the treatment is symptomatic and
supportive, correcting hypotension with intravenous fluids and
dopamine or norepinephrine if necessary; gastrointestinal
decontamination is generally not warranted. In case of local
exposure remove the product in contact with eyes or skin and
irrigate or expose the area with water; treat dermatitis with
topical corticosteroids. In case of inhalation exposure remove
the patient from exposure and give supplemental oxygen if
necessary. There is no antidote.
Ecotoxicology

MMA has a relatively low ecotoxicity. The fish 96-h LC50 for
Lepomis macrochirus was 191mg l�1. In Oncorhynchus mykiss the
96-h no-observed-effect concentration (NOEC) for abnormal
behavior was 40mg l�1. In invertebrates, the Daphnia magna
48-h EC50 for immobilization was 69mg l�1 and the 21-day
NOEC for reproduction was 37mg l�1. In the algae Selenastrum
capricornutum, the 72-h NOEC was 49mg l�1 for biomass and
110mg l�1 for growth rate.

Some effects in bivalves have been described where an
increase in lipid peroxidation and mortality at 30mg l�1 after
15 days of exposure was found. Data on the toxicity of MMA to
terrestrial animals are limited to a single study on soil micro-
flora in which no effects of biological significance were
observed.
Exposure Standards and Guidelines

The Clean Air Act Amendments of 1990 list MMA as
a hazardous air pollutant. Occupational exposure to MMA is
regulated by the Occupational Safety and Health Administra-
tion (OSHA). The permissible exposure limit is 100 ppm as an
8-h time-weighted average. In addition to OSHA, other
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agencies and groups may develop recommendations to assist in
controlling workplace exposure.
See also: Acrylic Acid.
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l Name: Methylmercury
l Chemical Abstracts Service Registry Number: 22967-92-6
l Synonyms: Monomethylmercury, Monomethylmercury(II)

cation
l Chemical/Pharmaceutical/Other Class: Organometals
l Molecular Formula: The term ‘methylmercury’ generally

refers to monomethylmercury, but several organic forms
can exist. CH3Hgþ (methylmercury cation) is usually asso-
ciated with simple anions, that is, Cl�. (CH3)2Hg is
dimethylmercury

l Chemical Structure:
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Background Information

Much of the notoriety of methylmercury has been generated
from three separate mass poisoning events, two in Japan and
one in Iraq. These events, at Minamata Bay in Niigata prefec-
ture, and in Basra, demonstrated the potential lethality of
methylmercury after it was a known toxic substance, and,
though mercury is still an important risk factor for develop-
mental toxicity, since the 1970s there have not been any
large-scale poisonings of this type. Methylmercury is formed
naturally in aquatic environments through the action of
anaerobic bacteria on inorganic mercury.
Uses

Organomercury compounds such as aryl and alkoxy-aryl have
been used in medicine, agriculture, and laboratory research.
Their use in medicine and in fungicides has been greatly
reduced or eliminated.
Environmental Fate and Behavior

Inorganicmercury introducedas a pollutant intonaturalwaters is
scavenged by particulate matter and deposited into bottom
sediments. Free Hg2þ is gradually released from this pool of
slightly soluble inorganic mercury and is then transformed by
microbial activity into methylmercury. Methylmercury diffuses
into thewater columnand is takenupbyfishandotherorganisms
(either directly through water or through the food chain), and
accumulated in their tissue. The degree to which mercury is
transformed into methylmercury and transferred up the food
chain through bioaccumulation depends on a variety of factors,
including water chemistry and the complexity of the food web.
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Exposure and Exposure Monitoring

The major route of general population exposure to methyl-
mercury is through the consumption of contaminated fish and
fish products. This occurs as a result of inorganic mercury from
natural or manmade sources being methylated by microor-
ganisms in aquatic sediments. Methylmercury is then bio-
magnified in the food chain with relatively high concentrations
accumulating in the edible tissues of fish. A minor route of
exposure is through inhalation of vaporized methylmercury
and organomercurials from the atmosphere or industrial
workplace.
Toxicokinetics

Methylmercury from dietary and inhalation exposures is
almost completely absorbed (w90%) into the bloodstream.
Methylmercury may be converted to inorganic mercury in both
experimental animals and humans by intestinal flora and
macrophage cells. Glutathione and sulfhydryl peptide
complexes have been observed in the bile. Methylmercury is
rapidly distributed to all tissues with high concentrations
accumulating in the brain, the target organ of toxicity.

Methylmercury moves readily across the placenta, and
higher concentrations are found in cord blood compared to
maternal blood. The fecal pathway is responsible for w90%
of the total elimination of mercury following methylmercury
exposure. The majority of methylmercury resulting from
biliary secretion is demethylated by intestinal flora and
eliminated in the feces as inorganic mercury. The remaining
methylmercury can enter the enterohepatic circulation, while
a small percentage of inorganic mercury is absorbed and
distributed to the tissues. The half-life of methylmercury
in fish-eating humans is estimated to be between 39 and
70 days.
Mechanism of Toxicity

All mercury compounds exhibit high affinity for sulfhydryl
groups in proteins. As a result, a variety of enzymes and
structural proteins containing free sulfhydryl groups can be
modified and their functions affected. Inhibition of protein
synthesis is an early biochemical event following exposure. The
integrity of the blood–brain barrier can be disrupted by
methylmercury, which results in the alteration of amino acid
uptake and subsequent brain metabolism. Methylmercury can
alter cell division during critical stages of central nervous
system (CNS) development, at least in part through inhibition
of microtubule function. However, there is uncertainty whether
methylmercury or the mercuric ion following cleavage from
methylmercury is the ultimate toxicant.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00881-2
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Acute and Short-Term Toxicity (or Exposure)

Animal

The oral LD50 for methylmercury in rats is 58mg kg�1. Meth-
ylmercury causes mutations in rodents at 20–40mg l�1.
Human

Although methylmercury is generally recognized as a cumula-
tive poison, acute effects such as headache, gastrointestinal
irritation (nausea, vomiting, abdominal pain, and diarrhea),
and paresthesia of the extremities have been reported. Severe
neurologic toxicity, described below, may occur several weeks
or months following exposure. Renal failure normally associ-
ated with inorganic mercury poisoning is seldom observed
with methylmercury. At high concentrations, methylmercury is
corrosive to the skin and eye.

Dimethylmercury is more toxic than the monomethyl form.
In a well-publicized case, it was associated with the fatality of
a research chemist. The researcher was exposed by dermal
absorption after spilling a small amount of the compoundonher
latex gloves.Dimethylmercurywas found topenetrate disposable
latex andpolyvinyl chloride gloves in15 s or less.Where possible,
the use of inorganicmercury salts is recommended as a substitute
in laboratory research. These compounds are less volatile and
lipid soluble thandimethylmercury and scientists face a lesser risk
of exposure to mercury.
Chronic Toxicity (or Exposure)

Animal

Methylmercury causes neurotoxicological effects in cats and
dogs. Cats ingesting contaminated fish around Minamata Bay,
Japan, died after paroxysmal fits (i.e., cat-dancing disease).
Mink are particularly sensitive to the toxicity of methylmercury.
Methylmercury is also fetotoxic and teratogenic in laboratory
mammals.
Human

Poisoning episodes in humans have occurred as a result of
environmental contamination of fish due to industrial
discharges (Minamata and Niigata, Japan) and through seed
grains contaminated with a methylmercury fungicide (Iraq). In
these episodes, most of the signs and symptoms of methyl-
mercury poisoning were attributed to damage to the CNS;
effects on nonnervous tissue were absent or negligible.

Characteristics of methylmercury poisoning in adults
include a long latent period (several months) and a continu-
ation of early nonspecific symptoms such as paresthesia,
blurred vision, and malaise. A 5% increase in the incidence of
paresthesia has been linked to a daily methylmercury intake
of 3–7 mg kg�1 body weight. Daily intakes of 0.4 mg kg�1 body
weight will not result in any detectable adverse effects. After
time, additional signs may appear, including concentric
constriction of the visual field, deafness, speech difficulties,
and ataxia (known as Hunter Russell syndrome). Severely
exposed patients may lapse into a coma and ultimately die,
although there is no clear pattern of mercury-related deaths.
Many effects in severe cases are irreversible due to destruction
of neuronal cells. In less severe cases, some degree of recovery
in each symptom may occur depending on the compensatory
function of the CNS. At high doses, methylmercury also
causes neuromuscular weakness from effects on the peripheral
nervous system. The developing CNS is more sensitive to
damage than the adult CNS. Some infants who have been
exposed to high maternal blood levels of methylmercury were
born with cerebral palsy. The main pattern of severe toxic
effects includes microcephaly, hyperreflexia, and gross motor
and mental impairment, sometimes associated with blindness
and deafness. Milder degrees of the affliction show mainly as
psychomotor impairment and persistence of pathological
reflexes.
Immunotoxicity

Methylmercury exposure can cause depressive immunotoxic
effects, primary among these being reduction of B-lymphocytes
and CD4-lymphocytes, as well as increased levels of immu-
noglobulin E. Anti-DNA and antinucleolar antibodies are not
found.
Reproductive Toxicity

While both uptake and clearance of methylmercury are higher
than that of inorganic mercury, they both accumulate in the
testes. Other effects seen as a result of exposure include adverse
effects on spermatogenesis, testicular morphology, and fertility.
Methylmercury also depresses DNA synthesis in spermato-
gonia. In monkeys, exposure has demonstrated a decrease in
conception rates and increase in stillbirths as well as early
abortions.
Genotoxicity

In vitro exposure of primary cultures of rat cerebellar granule
cells to methylmercury resulted in a time- and concentration-
dependent cell death. Some in vitro models have shown that
organic mercury may interfere with the bacteriocidal capacity of
polymorphonuclear leukocytes. Methylmercury has been
shown to inhibit nucleolus organizing activity in human
lymphocytes.
Carcinogenicity

The US Environmental Protection AgencyK IRIS has given
methylmercury a C classification, deeming it a possible human
carcinogen based on inadequate data in humans and limited
evidence of carcinogenicity in animals.
Clinical Management

There is no known useful treatment for methylmercury
poisoning. A variety of chelating agents such as D-penicillamine,
1-acetyl-D,L-penicillamine, thiol resins, activated charcoal, BAL
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(British anti-Lewisite; 2,3-dimercaptopropanol), and meso-2,3-
dimercaptosuccinic acid have been used to treat methylmercury
exposure but with limited to no success. Thus, the best approach
is prevention. Since young children appear to be the most
sensitive to methylmercury toxicity, children under 7 years and
pregnant or breast-feeding women should limit their
consumption of fish that are known to have high levels of
methylmercury in their edible tissues.
Ecotoxicology

Methylmercury is a natural product of inorganic mercury
undergoing reactions in anaerobic bacteria in aquatic environ-
ments. Being kinetically inert, it is not readily decomposed. As
a known neurotoxin in high dose ranges, the difficult work
currently in progress is to determine the effects of environmental
levels of methylmercury. Some decrease in the efficiency of
predators, Eudocimus albus, has been noted after exposure.

The range of effects seen due to exposure to methylmercury
is broad, and, as bioaccumulation and magnification are high,
almost all living species near a source of exposure can be
expected to be affected. The two primary fields of toxic activity
are neurologic and reproductive, often with the two
combining.
Exposure Standards and Guidelines

The US Environmental Protection Agency has set a criterion of
0.3mg methylmercury per kg in fish tissue that should not be
exceeded to protect the health of consumers of noncommercial
freshwater/estuarine fish.

The joint expert committee for food additives and
contaminants revised the Provisional Tolerable Weekly Intake
for methylmercury, recommending that it be reduced to
1.6 mg kg�1 body weight per week in order to sufficiently
protect the developing fetus.

See also: Mercury; Metals; Neurotoxicity; Mercury Tragedies:
Incidents and Effects; Minamata.

Further Reading

Bingham, E., Cohrssen, B. (Eds.), 2012. PattyKs Toxicology, sixth ed. John Wiley &
Sons, Hoboken, New Jersey.

Castoldi, A.F., Coccini, T., Manzo, L., 2003. Neurotoxic and molecular effects of
methylmercury in humans. Rev. Environ. Health 18 (1), 19–31.

Dart, R.A., 2004. Medical Toxicology, third ed. Williams and Wilkins, Philadelphia, PA,
pp. 1387–1474.

Dourson, M.L., Wullenweber, A.E., Poirier, K.A., 2001. Uncertainties in the reference
dose for methylmercury. Neurotoxicology 22 (5), 677–689.

Murata, K., Yoshida, M., Iwai-Shimada, M., Yaginuma-Sakurai, K., Tatsuta, N.,
Iwata, T., Karita, K., Nakai, K., 2011. Recent evidence from epidemiological studies
on methylmercury toxicity. Jap. J. Hyg. 66 (4), 682–695.

Nordberg, G.F., Fowler, B.A., Nordberg, M., Friberg, L.T., 2007. Handbook on the
Toxicology of Metals, third ed. Associated Press, London.

Ralston, N., Raymond, L., 2010. Dietary seleniumKs protective effects against
methylmercury toxicity. Toxicology 278 (1), 112–123.

Tsubaki, T., Irukayama, K., 1977. Minamata Disease. Elsevier, New York.
World Health Organization (WHO), 1989. Environmental Health Criteria 86: Mercury-

Environmental Aspects. WHO, Geneva.
World Health Organization (WHO), 1990. Environmental Health Criteria 101: Methyl-

mercury. WHO, Geneva.
Relevant Websites
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Chemical Profile

l Chemical name: Methylnitrosourea
l Chemical Abstracts Service Registry Number: CAS 684-93-5
l Synonyms: N-Methyl-N-nitrosourea; 1-Methyl-1-nitro-

sourea; MNU; 1-Nitroso-1-methylurea; NMU
l Molecular Formula: C2H5N3O2

l Chemical Structure:

Background

Methylnitrosourea (MNU) is a methylated nitrosourea com-
poundwith alkylating,mutagenic, teratogenic, carcinogenic, and
cytotoxic properties. The toxic effects of MNU are caused by the
transfer of its methyl group to nucleobases in nucleic acids.
Uses

MNU is the starting material for diazomethane generation.
Diazomethane provides methyl derivatives with carboxylic
acids and phenols in a very smooth and gentle reaction.
Phenols are slower in their reactivity compared to carboxylic
acids and should be converted at temperatures greater than
0 �C. However, since MNU is unstable at temperatures greater
than 20 �C and is shock sensitive to a degree, other (N-methyl)
nitrosamides have replaced MNU for use in diazomethane
generation, and most chemical supply houses no longer carry
MNU. MNU has been studied as a chemotherapeutic agent as
it is an effective therapy for mice that are intraperitoneally or
intracerebrally implanted with L1210 leukemia cells. MNU is
currently used as a research chemical to develop animal models
for human diseases.
Environmental Fate and Behavior

There is no evidence that MNU has ever been produced or used
commercially; therefore, no data from human case reports or
epidemiological studies are available. MNU is available in small
quantities for research purposes and may be released into the
environment with laboratory waste. In air, MNU is expected
to exist solely as a vapor with an estimated vapor pressure of
2.9� 10�2 mmHg at 25 �C. Vapor-phase MNU is expected to
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
degrade in the atmosphere by reaction with photochemically
producedhydroxyl radicalswithan estimatedhalf-life of 10days.
MNU is expected to hydrolyze in moist soils; therefore, MNU
adsorption and volatilization from soil are not expected to be
prevalent. Inwater,MNU is expected to hydrolyze andhas a half-
life of 1.2 h at pH 7 and 20 �C; therefore, volatilization,
adsorption into suspended solids and sediments, biodegrada-
tion, and bioconcentration are not expected to be important
processes in aquatic systems. Occupational exposure to MNU
may occur through oral contact, inhalation, and/or dermal
contact at workplaces where it is used as a research chemical.
Potential exposure may occur during the preparation and
administration ofMNUor during clean up. To avoid spills,MNU
should be transported in securely sealed glass bottles or ampules,
which should themselves be placed inside strong screw-cap or
snap-top containers that will not open when dropped. Both
bottle and theoutside container shouldbe appropriately labeled.
Storage

The actual potential for human exposure is quite limited, as
MNU is not produced or used in large quantities. Occupational
exposure to MNU may occur in places where it is used as
a research chemical. MNUmust be stored under refrigeration to
avoid sudden decomposition, which occurs after storage at an
ambient temperature slightly greater than 30 �C. Material
stored at 20 �C explodes after 6 months. Explosive decompo-
sition and ignition of solvent ether occur when 50 g of the
compound in a nickel spoon is added to 40% potassium
hydroxide solution to generate diazomethane. MNU decom-
poses to diazomethane in alkaline solutions. The stability of
MNU in aqueous solution is pH dependent: at pH 4.0, the half-
life is 125 h; at pH 6.0, the half-life is 24 h; at pH 7.0, the half-
life is 1.2 h; at pH 8.0, the half-life is 0.1 h; and at pH 9, the
half-life is 0.03 h (at 20 �C). In addition, MNU is sensitive to
humidity and light, so storage under refrigeration below
�10 �C in the dark in tightly sealed bottles with a desiccant is
recommended. MNU stability depends on the pH of the
solvent; thus, it should be dissolved in physiological saline
containing 0.05% acetic acid just before use in animals.
Toxicokinetics

MNU is rapidly absorbed from the gastrointestinal tract. Whole-
body autoradiography showed that 2 min after an intravenous
dose of [14C] MNU was administered to rats, 14C was fairly
evenly distributed in most tissues. The half-life of MNU under
physiological conditions is <1 h, and the half-life in plasma is
only 5–15 min.MNU is not detected in the blood of rats 15 min
after an intravenous injection of 100 mg kg�1 body weight.
4-3.01023-X 321

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.01023-X


322 Methylnitrosourea
Mechanism of Toxicity

MNU is a direct-acting alkylating agent that interacts with DNA
to yield a variety of reaction products. The predominant adduct
(70–90%) is at the nucleophilic position 7 of guanine, yielding
7-methyldeoxyguanosine (7-medGua). While 7-medGua does
not appear to be directly mutagenic, the presence of 7-medGua
in susceptible tissues and cells can be used as a marker of recent
exposure to methylating agents such as MNU, because it is
more stable than mutagenic O6-medGua. Alterations in DNA
structure that are left unrepaired may lead to an accumulation
of mutations and eventually enhance cancer risk. When the
DNA damage is very severe, MNU may act as a cytotoxic agent
and cause cell death.
Acute and Short-Term Toxicity

MNU is acutely cytotoxic to cells that have a rapid turnover rate
either continuously or at certain stages of development.
Hematopoietic cells are the targets of MNU, and the subse-
quent myelosuppression can cause death in laboratory
animals. MNU targets stem cells in a variety of organs and is
cytotoxic to hematopoietic cells, gastrointestinal cells, and
germ cells. In addition, MNU causes cell death in rodent
neuronal precursor/stem cells, lens epithelial cells, retinal
photoreceptor cells, and hair matrix cells by an apoptotic
mechanism. In humans, acute exposure to MNU can result in
skin and eye irritation, headache, nausea, vomiting, epigastric
pain, diarrhea, and leukopenia. Nausea and vomiting occur
after the intravenous injection of 4 mg kg�1 body weight MNU
to patients. Skin contact may cause alopecia, and eye contact
may cause irritation, cataract formation, and retinal damage.
MNU in combination with cyclophosphamide causes myelo-
suppression in human patients. The LD50 for both oral and
intravenous administration in rats is 110 mg kg�1.
Genotoxicity

InV79Chinesehamster lung cells,mutagenicity causedbyMNU
apparently correlates with lesions that produce DNA single-
strand breaks in alkali. Concentration-dependent mutagenic,
clastogenic, and cytocidal activities of MNU have been detected
in the TK6 human lymphoblast cell line. Mutagenesis by MNU
exhibits DNA sequence specificity; approximately 82% of the
MNU-induced mutations are GC to AT mutations occurring at
the middle guanine of the sequence 5’-GG (A or T)-3’.
Immunotoxicity

Hematopoietic and lymphoid cells are the targets of MNU, and
the subsequent myelosuppression can cause death in labora-
tory animals. MNU in combination with cyclophosphamide
can also cause myelosuppression in human patients.
Reproduction Toxicity

MNU may cause reproductive harm. MNU treatment of
paternal germ cells or preimplantation embryos significantly
increases the incidence of abnormal fetuses as compared to
the controls. In rodents, MNU induces the death of all
differentiating spermatogonia in males and granulosa cells
in females.
Teratogenicity

MNU is teratogenic and embryotoxic in laboratory animals and
causes microcephalus, exencephalus, cleft palate, malformed
vertebrae, increased fetal resorption, and fetal growth retarda-
tion. Exposure to MNU during the embryonic period or by
paternal exposure can result in these defects. MNU may be
a teratogen in humans since it has been shown to be a teratogen
in animals.
Chronic Toxicity and Carcinogenicity

MNU is carcinogenic in a variety of animal species, incluing
shrews, mice, rats, hamsters (Syrian golden, Chinese and
European), guinea pigs, rabbits, gerbils, pigs, dogs, and
monkeys. Phylogenetically, MNU is carcinogenic to all classes
of vertebrata. It induces benign and malignant tumors
following its administration by different routes and at different
frequencies. It produces tumors at different sites, such as the
nervous tissue, teeth, esophagus, stomach, intestine, pancreas,
respiratory tract, kidney, prostate, lymphoreticular tissues, and
skin. A single intraperitoneal injection of MNU to susceptible
strains of rats that are between 4 and 7 weeks of age causes
a high incidence of estrogen receptor- and/or progesterone
receptor-positive mammary tumors. MNU-induced mammary
tumors show a GGA to GAA transitional mutation in H-ras
codon 12. In MNU-induced rat kidney mesenchymal tumors,
the K-ras gene is activated by a G-to-A transition at codon 12. In
MNU-induced mouse thymic lymphomas, a G-to-A transition
of the K-ras gene occurs at codon 12 or 13. MNU is used as an
initiator for short-term and multiorgan carcinogenic tests in
p53 knockout mice and rasH2 transgenic mice. No data are
available for humans; however, based on sufficient evidence of
carcinogenicity in animals, MNU is also likely carcinogenic in
humans (International Agency for Research on Cancer Group
2A carcinogen).
Cytotoxicity

Rapidly proliferating cells and/or retinal neuronal cells are the
targets of MNU. In addition to hematopoietic cells, MNU
damages several other cell types. Microcephaly occurs after
gestational 13.5- to 15.5-day-old mouse neuronal precursor/
stem cells in the dorsal telencephalon are damaged by MNU.
Alopecia is caused by MNU-mediated damage to 8-day-old
mouse hair matrix cells. Cataracts are formed after 0- to 15-day-
old rat lens epithelial cells are exposed to MNU. Retinal
dysplasia occurs after 0- to 3-day-old mouse and rat outer
neuroblastic/nuclear layer cells are exposed to MNU. Retinal
degeneration (retinitis pigmentosa) occurs after 11-day-old or
older rodent photoreceptor cells are exposed to MNU. MNU
induces cell death via an apoptotic mechanism.
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Ecotoxicology

Aquatic organisms, such as fish mollusks and phytoplankton,
are adversely affected by MNU.
Emergency Procedures

Affected persons should be decontaminated with caution
because MNU is likely toxic to humans. Symptoms should
be treated as they appear. If MNU is ingested, do not induce
vomiting. If the victim is conscious and not convulsing,
provide one or two glasses of drinking water to dilute the
chemical, and immediately call a hospital or poison control
center. Be prepared to transport the victim to a hospital if
advised by a physician. If the victim is convulsing or uncon-
scious, do not give anything by mouth, ensure that the
victim’s airway is open and lay the victim on his/her side
with the head lower than the body. Immediately transport
the victim to a hospital. If MNU is inhaled, the victim
should immediately be taken away from the contaminated
area and told to take deep breaths of fresh air. Immediately
call a physician and be prepared to transport the victim to
a hospital even if no symptoms develop. Symptoms such as
wheezing, coughing, shortness of breath, or burning in the
mouth, throat, or chest may develop. Provide proper
respiratory protection for rescuers entering the area.
Whenever possible, a self-contained breathing apparatus
should be used. In cases of skin contact, immediately flood
affected skin with water while removing and isolating all
contaminated clothing. Gently wash all affected skin areas
thoroughly with soap and water. If symptoms such as
redness or irritation develop, immediately call a physician
and be prepared to transport the victim to a hospital for
treatment. In cases of ocular exposure to MNU, first check
the victim for contact lenses and remove if present. Flush
the victim’s eyes with water or normal saline solution for
20–30 min while simultaneously calling a hospital or
poison control center. Do not put any ointments, oils, or
medication in the victim’s eyes without specific instructions
from a physician. Immediately transport the victim to
a hospital after flushing the eyes, even if no symptoms
develop. Symptoms, such as redness or irritation, may
develop.
Preventive Measures

Avoid skin contact with MNU. Wear protective gloves and
clothing. Dispensers of liquid detergent should bemade readily
available when MNU is being handled. In the laboratory, gloves
and protective clothing should always be worn but should not
be assumed to provide full protection. Carefully fitted masks or
respirators may be necessary when working with particulates or
gases, and disposable plastic aprons might provide additional
protection. Protective clothing should be a distinctive color, as
a reminder not to be worn outside the laboratory. Eye protec-
tion and respiratory protection are essential. Wear a National
Institute of Occupational Safety and Health-approved half-face
respirator equipped with a combination filter cartridge, i.e.,
organic vapor/acid gas/high-efficiency particulate filter (HEPA)
(specific for organic vapors, HCl, acid gas, SO2, and a high-
efficiency particulate filter).
Accidental Release

If you spill MNU, you should dampen the solid spill material
with 5% acetic acid, and then transfer the dampened material
to a suitable container. Use absorbent paper dampened with
5% acetic acid to pick up any remaining material. Your
contaminated clothing and the absorbent paper should be
sealed in a vapor-tight plastic bag for eventual disposal. Wash
all contaminated surfaces with 5% acetic acid followed by
washing with a soap and water solution. Do not reenter the
contaminated area until the Safety Officer or other responsible
person has verified that the area has been properly cleaned.

See also: Carcinogen Classification Schemes; Carcinogen–DNA
Adduct Formation and DNA Repair; International Agency for
Research on Cancer; Toxicity Testing, Carcinogenesis.
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Background

Methyl parathion is an insecticide with broad applications. It is
no longer used in the European Union, China, Japan, and other
countries. Uses of methyl parathion in the United States are
being canceled effective 31 December 2012. Methyl parathion
does remain in use in some countries, however. As with other
organophosphorus insecticides, methyl parathion elicits toxicity
in both target and nontarget species by inhibiting acetylcholin-
esterase. Methyl parathion has a history of misuse and illegal
applications in homes in the United States, leading to substan-
tial contamination issues and cases of human intoxication.

l Molecular Formula: C8H10O5NSP
l Chemical Structure
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l Trade Names: Bladan M; Dalf; Folidol-M; Metacide; Nitrox;
Penncap-M
Uses

Methyl parathion is a contact insecticide effective on a variety
of crop insects.
Environmental Fate and Behavior

There is little possibility of methyl parathion accumulating
in aqueous environments. Methyl parathion is relatively
rapidly degraded in fresh water, with one study reporting
about 80% loss within 2 weeks. It appears to partially
associate with sediment in fresh water, followed by subse-
quent release for degradation. Vegetation appears important
in transport and minimizing toxicity to downstream aquatic
species. Alkaline conditions increase dissipation in water.
Photolysis can be important in the degradation of methyl
parathion. There is relatively little possibility of long-range
transport or bioaccumulation.
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Dermal and inhalation routes are the most relevant for occu-
pational exposure. Accidental exposure through the oral route
has also been reported. Methyl parathion is available as emul-
sifiable concentrates, wettable powders, and dusts of various
concentrations. Runoff of methyl parathion can occur into
waterways with adverse effects on aquatic organisms possible.
Monitoring of methyl parathion exposure, as with other organ-
ophosphorus insecticides, is generally by measurement of alkyl
phosphates in the urine. As methyl parathion has a dimethyl
structure, dimethyl phosphate and dimethyl thiophosphate are
more selective urinary markers. In addition, the measurement of
blood cholinesterase activity is often used as a marker of expo-
sure to methyl parathion and other cholinesterase-inhibiting
agents.
Toxicokinetics

Methyl parathion is rapidly absorbed by all routes. Maximum
tissue levels are achieved in 1 or 2 h following oral exposure.
Methyl parathion is activated via the cyp450 enzymes (in
particular CYP3A and CYP2C11 isoforms) to the oxygen
analog, methyl paraoxon. The oxon is metabolized in the liver
to p-nitrophenol and dimethyl phosphate and these can be
conjugated as glucuronides and glycosides. Glutathione-
mediated demethylation also occurs. Methyl parathion is
rapidly distributed to various tissues. The water-soluble
metabolites are primarily excreted through the urine. A trace
amount of the unmetabolized parent compound is also elim-
inated through the urine. Excretion of the major metabolite,
p-nitrophenol, is essentially complete in 24 h following oral
exposure. The excretion of dimethylphosphate and dime-
thylthiophosphate is more protracted.
Mechanism of Toxicity

As with other organophosphorothioate agents, the acute
toxicity of methyl parathion is due to inhibition of acetylcho-
linesterase by the active metabolite (i.e., methyl paraoxon),
resulting in stimulation of the central nervous system, the
parasympathetic nervous system, and the somatic motor
nerves. It is generally agreed to be somewhat less toxic than its
diethyl analog, parathion.
Acute and Short-Term Toxicity (or Exposure)

Animal

Clinical signs of acute methyl parathion intoxication include
excessive salivation, hypermotility of gastrointestinal tract,
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00164-0
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abdominal cramping, vomiting, diarrhea, sweating, dyspnea,
cyanosis, miosis, muscle fasciculations (in extreme cases, tetany
followed by weakness and paralysis), and convulsions. Signs of
acute toxicity in adult rodents have been reported at exposure
levels from about 2 to 10mg kg�1. Studies evaluating acute
toxicity in immature animals report lower toxic levels
compared to adults.
Human

Eye contact may cause pain, moderate eye irritation, and
temporary corneal injury. Prolonged dermal exposure may
cause local skin irritation. Ingestion of methyl parathion
has caused typical symptoms of acute organophosphorus
poisoning, including headache, weakness, incoordination,
muscle fasciculations, tremor, nausea, cramps, diarrhea, and
sweating (see Cholinesterase Inhibition). When inhaled, initial
signs or symptoms include bloody or runny nose, coughing,
chest discomfort, and difficulty breathing. Miosis can be an
early systemic response to methyl parathion exposure.
Chronic Toxicity (or Exposure)

Animal

Relatively low, daily methyl parathion exposures during
gestation were reported to cause embryo resorption and altered
cholinergic neuron development. Repeated exposures in adults
led to reduced testes weights, altered sperm morphology, and
disruptions in the estrous cycle.
Human

With repeated exposures, acetylcholinesterase inhibition can
persist without indications of toxicity. In most cases, cholin-
esterase inhibition is without overt effects. Methyl parathion
does not cause delayed neurotoxicity.

As noted, methyl parathion has been used illegally in the
past for residential pest control. In the 1980s and 1990s,
several misuses of methyl parathion in residential settings in
the United States led to criminal prosecution of those
involved. Substantial costs were associated with decontami-
nation and clean-up. Deaths of a number of household pets
were reported. Some follow-up findings suggest persistent
neuropsychiatric sequelae in persons exposed with these
residential exposures.

Immunotoxicity

One study reported immunosuppressive actions of methyl
parathion in vitro (decreased response to sheep red blood cells),
but there is relatively little other information to support
immunotoxicity potential at dosages below those eliciting
neurotoxicity.
Reproductive Toxicity

There is little evidence of reproductive effects following methyl
parathion exposure, in the absence of overt neurotoxicity in
the dam.
Genotoxicity

Methyl parathion was reported to elicit genotoxicity in
mammalian cells in vitro, but relatively little information is
available to suggest substantial genotoxic potential.
Carcinogenicity

There is little evidence of carcinogenesis following methyl
parathion exposure.
Clinical Management

For exposure to eyes, eyelids should be held open and the eyes
flushed with copious amounts of water for 15min. For expo-
sure to skin, affected areas should be washed immediately with
soap and water. The patient should receive medical attention if
irritation develops and persists. For inhalation, the individual
should be removed to fresh air and, if not breathing, given
artificial ventilation. For oral ingestion, vomiting is induced
keeping in mind the possibility of aspiration. Gastric decon-
tamination should be performed within 30min of ingestion to
be most effective.

Initial management of acute intoxication with methyl
parathion is establishment and maintenance of adequate
airway and ventilation. Atropine sulfate in conjunction with
pralidoxime chloride can be administered as antidotes. Atro-
pine by intravenous injection is the primary antidote in severe
cases. Test injections of atropine (1mg in adults and
0.15mg kg�1 in children) are initially administered, followed
by 2–4mg (in adults) or 0.015–0.05mg kg�1 (in children)
every 10–15min until cholinergic signs (e.g., diarrhea, saliva-
tion, and bronchial secretions) decrease. High doses of atro-
pine over several injections may be necessary for effective
control. If lavage is performed, endotracheal or esophageal
control is suggested. At first signs of pulmonary edema, the
patient should be placed in an oxygen tent and treated
symptomatically.
Ecotoxicology

Methyl parathion is considered highly toxic to birds, aquatic
organisms, mammals, bees, and beneficial insects. Estuarine
and marine fish appear more sensitive than freshwater species
in controlled studies.
Exposure Standards and Guidelines

The time-weighted average for methyl parathion is 0.2mgm�3

(10-h workday). The most recent RfD for methyl parathion
is 0.25 mg kg�1 day�1. The chronic RfC for methyl parathion
is 2 mg l�1.
See also: Cholinesterase Inhibition; Organophosphorus
Compounds; Parathion; Neurotoxicity.



326 Methyl Parathion
Further Reading

Cox, R.D., Kolb, J.C., Galli, R.L., Carlton, F.R., Cook, A.M., 2005. Evaluation of
potential adverse health effects resulting from chronic domestic exposure to the
organophosphate insecticide methyl parathion. Clin. Toxicol. (Phila) 43, 243–253.

Garcia, S.J., Abu-Qare, A.W., Meeker-O’Connell, W.A., Borton, A.J., Abou-
Donia, M.B., 2003. Methyl parathion: a review of health effects. J. Toxicol. Environ.
Health B Crit. Rev. 6, 185–210.

Jaga, K., Dharmani, C., 2006. Methyl parathion: an organophosphate insecticide not
quite forgotten. Rev. Environ. Health 21, 57–67.

Moore, M.T., Bennett, E.R., Cooper, C.M., Smith Jr., S., Farris, J.L., Drouillard, K.G.,
Schulz, R., 2006. Influence of vegetation in mitigation of methyl parathion runoff.
Environ. Pollut. 142, 288–294.
Relevant Websites

http://www.apvma.gov.au/products/review/docs/parathionmethyl_intro.pdf – Australian
Pesticides and Veterinary Medicines Authority.

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry
(ATSDR): Search for Methyl Parathion.

http://edexim.jrc.ec.europa.eu/index.php – European Commission Joint
Research Centre: Institute for Health and Consumer Protection (IHCP).

http://www.regulations.gov – regulations.gov - your voice in federal decision-making:
Search for Methyl Parathion.

http://www.apvma.gov.au/products/review/docs/parathionmethyl_intro.pdf
http://www.atsdr.cdc.gov
http://edexim.jrc.ec.europa.eu/index.php
http://www.regulations.gov


Metribuzin
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l Name: Metribuzin
l Chemical Family: Triazinone
l Synonym: 4-Amino-6-(1,1-dimethylethyl)-3-(methylthio)-

1,2,4-triazin-5(4H)-one
l Molecular Formula: C8H14N4OS
l Chemical Structure

Uses

Metribuzin, registered in the United States in 1973 for use as
a herbicide, is widely used on a wide range of sites, including
vegetable and field crops, turf grasses (recreational areas), and
noncrop areas, to selectively control certain broadleaf weeds
and grassy weed species. The U.S. Environmental Protection
Agency (EPA) (1998) estimated US average annual use for the
years 1990–94 at approximately 2.8 million pounds of active
ingredient with approximately 8.5 million acres treated (EPA,
2003). According to metribuzin labels, impregnated fertilizer is
applied to alfalfa and soybeans at a maximum rate of 1 lb active
ingredient metribuzin per acre. Treated fertilizer of 200–450 lbs
may be applied per acre (EPA, 1998). All products containing
metribuzin are primarily intended for industrial use. No
products containing metribuzin are intended primarily for
homeowner use. Metribuzin does not present unreasonable
risks to humans or the environment.
Mode of Action

Metribuzin is a photosynthesis-inhibiting herbicide.
Exposure Routes and Pathways

Agricultural workers are those most likely to be exposed to
metribuzin. Those who work on mixing, loading, or handling
the substance before it is applied in the field can also poten-
tially be exposed. There is also some exposure to the general
population from consumption of vegetables, and possibly
through contact with ornamental plants and landscaping
(California Environmental Protection Agency, 2001).

Wheat flour and boneless beef have been identified as the
foods with the largest contributions to dietary exposure to
metribuzin. Metribuzin was not detected in 9438 domestic
and imported food items analyzed during Food and Drug
Administration (1999) pesticide regulatory monitoring.
Based on this, the typical average daily intake of metribuzin
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
from food for the general population is anticipated to be close
to zero (EPA, 2003).

Drinking water (groundwater and surface water) also
contributes to the dietary intake of metrizubin. Metribuzin
was detected in Brazilian surface waters in concentrations up
to 0.138 mg l�1 (Dores et al., 2008). The EPA (1988) has
established a lifetime health advisory level of 200 mg l�1 for
metribuzin and a health reference level of 91 mg l�1 (EPA,
2003). Water containing metribuzin at or below this level is
acceptable for drinking everyday over the course of one’s life-
time, and does not pose any health risk. The Guidelines for
Canadian Drinking Water Quality have set a maximum
acceptable concentration of 0.08 mg l�1 (Health Canada,
2012) and the EU has set a limit value for metribuzin in
drinking water of 0.1 mg l�1 (Kjaer, 2005).

The EPA (1998) has no concerns regarding chronic dietary
consumption of metribuzin in groundwater or surface water,
but believes that reserving 1% of the Reference Dose (a RfD of
0.013mg kg�1 per day is used for assessing chronic dietary risk)
for the general population and 4% of the RfD for children
(1–6) for drinking water to be appropriate assumptions.
Toxicokinetics

No studies have been located which examine the pharmaco-
kinetics of metribuzin in humans but there have been several
studies in rats, and also studies in mice, dogs, and farm
animals. In general, orally administered metribuzin is fairly
rapidly absorbed, with peak blood or tissue levels around 4 h
after single administration. It is also fairly rapidly excreted, with
the majority of metribuzin or its metabolites appearing in the
urine or feces between one and a few days after administration.
Several metabolites of metribuzin have been identified: desa-
minometribuzin, desaminodiketometribuzin (DADK), and
diketometribuzin (DK). There is evidence that cytochrome
P450 is involved in its initial metabolism. Glucuronidation
and sulfation do not play a major role in metabolism or
excretion. In contrast, conjugation with glutathione followed
by conversion to mercapturic acid derivatives appears to play
a major role in detoxification and excretion.

The highest concentrations of metribuzin and/or its metab-
olites are found in the liver followed by the kidney. There is
evidence that at very high levels, or in the absence of nonprotein
sulfhydrils, metribuzin metabolites can bind to proteins.
Mechanism of Toxicity

No studies have been located which examine the effects of
metribuzin exposure on humans, and the Joint FAO/WHO
Meeting on Pesticide Residues has not evaluated metribuzin.
Of the several species tested, rats had the highest LD50s, and
guinea pigs the lowest by oral gavage.
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Metribuzin was classified as group D, not classifiable as to
human carcinogenicity based on the lack of evidence for car-
cinogenicity (EPA, 1998). Based on the results of the existing
studies, at this time metribuzin is not considered to be
a developmental toxin (EPA, 1998).
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute toxicity studies with metribuzin indicate low toxicity.
Metribuzin is practically nontoxic to avian species on
a subacute dietary basis; slightly toxic (category III) to small
mammals on an acute oral basis; practically nontoxic to bees
on an acute contact basis; slightly toxic to practically nontoxic
to freshwater fish on an acute basis; moderately to slightly
toxic to aquatic invertebrates on an acute basis; slightly toxic
to estuarine/marine fish on an acute basis and slightly toxic to
estuarine/marine invertebrates on an acute basis. Symptoms
observed following high, acute exposures include a profound,
nonarousable sedation, labored breathing, and coarse coat.

Acute oral LD50s range from2200mg kg�1 in themaleWistar
rat to 245 mg kg�1 in the male guinea pig (California Environ-
mental Protection Agency, 2001). For developmental toxicity,
the no observed effect Level (NOEL) is 30 mg kg�1 day�1 and
the lowest observed effect level (LOEL) is 85 mg kg�1 day�1

based on an increased incidence of irregular spinous processes
(EPA, 1998). Metribuzin is not considered to be a develop-
mental toxin.

Human

The Acute Toxic Hazard Category according to the Globally
Harmonized System of Classification and Labeling of Chem-
icals criteria classifies metribuzin as category 4 with an oral
LD50 of 300–2000 mg kg�1 bw associated to a hazard state-
ment of ‘Harmful if swallowed’ and a dermal LD50 of
1000–2000 mg kg�1 bw associated to a hazard statement of
‘Harmful if brought in contact with skin’ (WHO, 2009).
Chronic Toxicity (or Exposure)

Animal

In chronic and subchronic studies, treatmentwithmetribuzinhas
resulted in mortality, reduced body weight, and increased liver
weight. Subchronic studies have also found effects on circulating
thyroid hormones, thyroid weight, or thyroid histology. Tran-
sient neurobehavioral effects have also been observed. The
mechanism of all these effects has not been explained.
Human

For assessing chronic dietary risk the RfD is used. The RfD for
metribuzin was established at 0.013 mg kg�1 day�1 based
upon a 2-year feeding study in rats with an NOEL of
1.3 mg kg�1 day�1 and an uncertainty factor of 100. The effect
observed at the LOEL (13.8 mg kg�1 day�1) was decreased
body weight gains, increased thyroid and liver weights.

The theoretical maximum residue contribution for the US
population is 0.0046, which is 36% of the RfD. The NOEL to be
used for calculating the margin of exposure (MOE) is
15 mg kg�1 day�1 from an oral developmental toxicity study in
rabbits (MRID 00087796).

Little is known about the potential carcinogenicity of met-
ribuzin. A potential association between metribuzin use and
certain lymphohematopoietic malignancies has been sug-
gested. However, having not been observed previously, caution
should be used in interpretation (Delancey et al., 2009).
According to U.S. EPA carcinogens list, metribuzin is consid-
ered as ‘D’/unclassifiable, ambiguous data.
Ecotoxicology

Metribuzin is weakly sorbed to soil, and therefore leaches easily
to lower soil profiles (Majumdar and Singh, 2007). The major
degradates of metribuzin in soil, reported to exhibit similar
mobility and persistence to that of the parent, include DK and
DADK.

Metribuzin is clearly a compound that will leach to ground-
water and therefore has been identified as a groundwater
pollutant (Fernández-Pérez et al., 2010). A substantial portion of
appliedmetribuzin could be available for runoff to surfacewaters
for several weeks tomonths postapplication. In theUnited States,
metribuzin is one of the 21 most commonly detected pesticides
in groundwater according to the National Water-Quality Assess-
ment data collection (EPA, 2003). Although the occurrence in
groundwater is lower than in surface water in the United States,
1.95%of groundwater samples shows amaximumconcentration
of 0.300 mg l�1 of metribuzin. In both surface and groundwaters,
metribuzin was more frequently detected in agricultural regions
as compared to urban areas (EPA, 2003). The risks of ground-
water contamination by metribuzin are linked to its high
mobility in soils, in connection with its high water solubility
(1.05 g l�1 at 20 �C). Metribuzin, for shallow groundwater,
demonstrates a statistically significant correlation between
detection frequency and intensity of use (EPA, 2003).

This photosynthesis-inhibiting herbicide may not only
affect algal community structure, but also provide cyanobac-
teria founder populations a window for dominance and thus
play an important role in promoting cyanobacteria blooms
(Lürling and Roessink, 2006).

Metribuzin is susceptible to direct aqueous photolysis.
Photodecomposition on the soil surface and in aqueous media
is an important process in the degradation of metribuzin.
Furthermore, the increase in soil organic matter enhances
degradation (Khoury et al., 2006). A reduction in the recom-
mended dose of metribuzin can be achieved by employing
PC-clay formulations, which reduces the environmental risk
associated with herbicide applications (Undabeytia et al.,
2011). Educational materials should be developed to inform
users about the potential problems that metribuzin poses to
groundwater quality, and monitoring programs should be
established to further investigate its ecotoxicological effects.
Clinical Management and First Aid

In case of inhalation exposure, fresh air, rest, and medical
attention are recommended. In the event of skin contact, one
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should rinse and wash with water and soap. If metribuzin gets
into the eyes, one should first rinse with water for several
minutes, remove contact lenses if applicable, and then consult
a doctor. After ingestion, one should rinse the mouth, rest, and
seek medical attention.
See also: Atrazine; Chlorophenoxy Herbicides; Glyphosate;
Alachlor; 2,4-D (2,4-Dichlorophenoxy Acetic Acid); Triazines.
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l Name: Metronidazole
l Chemical Abstracts Service Registry Number: 443-48-1
l Synonym: Flagyl, 2-(2-methyl-5-nitro-1H-imidazol-1-yl)

ethanol
l Molecular Formula: C6H9N3O3
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Background

Metronidazole is a nitroimidazole antibiotic first isolated in the
1950s. Many nitroimidazoles were being studied at the time,
as the class was found to have trichomonacidal properties.
Metronidazole was of particular interest due to its high activity
against Trichomonas vaginalis and Entamoeba histolytica both
in vitro and in vivo as well as clinical activity against many
anaerobic pathogens including Gram-positive and Gram-
negative bacteria and Giardia lamblia. Metronidazole is often
used clinically for intra-abdominal infections and is the first-
line treatment for Clostridium difficile–associated diarrhea.
Uses

l Trichomoniasis
l Bacterial vaginosis
l Giardiasis
l Infections caused by obligate anaerobic bacteria such as

Bacteroides and Clostridium spp.
l Infections caused by Helicobacter
l Amebiasis

Metronidazole is available as oral, intravaginal, topical, and
parenteral preparations. It is manufactured by several compa-
nies, but is only available by prescription. Unintentional
environmental exposure is unlikely, and if it occurs, it is very
unlikely to cause toxicity.
Environmental Fate and Behavior

Due to metronidazole’s use as a pesticide, it may have been
directly released into the environment. It lacks an adequate
chromophore for absorbing light and undergoing photolytic
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degradation. In addition, in vitro assays demonstrated the
compound’s robust stability in the atmosphere or aqueous
environments. Metronidazole exhibited a soil half-life between
10 and 27 days.
Exposure and Exposure Monitoring

Metronidazole exposure is not expected to occur beyond
patients being administered the drug.
Toxicokinetics

Bioavailability of oral doses of metronidazole approaches
100% and peak serum concentrations occur within 1–2 h
following a 500-mg dose. The volume of distribution is
w0.74 l kg�1. Total protein binding is less than 20%. It readily
crosses the placenta (contraindicated in the first trimester of
pregnancy) and is excreted in breast milk at levels that
approximate that of the serum concentration in the mother.
It is not recommended for mothers who are breastfeeding.
Metronidazole also penetrates well into vaginal secretions,
seminal fluid, saliva, and cerebrospinal fluid. Repeated doses,
every 6–8 h, can result in minor accumulation of the drug.
Metronidazole is metabolized predominantly in the liver and
undergoes biotransformation through hydroxylation, oxida-
tion of side chains, and glucuronidation to form two primary
metabolites. Greater than 75% of metronidazole is eliminated
by the kidney as metabolites and about 10% as the parent drug.
The half-life of metronidazole is typically 8 h. The elimination
half-life is unchanged except in patients with severe renal
impairment or possibly in those with hepatic insufficiency.
Mechanism of Toxicity

Metronidazole is a prodrug that requires reductive activation
of the nitro group by susceptible organisms. The reduction
causes nitro radical formation and destruction of the organ-
ism’s DNA. The mechanism of neurotoxicity is thought to be
due to axonal degeneration. Metronidazole has been shown to
bind neuronal RNA in rodent models, thus inhibiting protein
synthesis and causing degeneration. Metronidazole is also
capable of producing a disulfiram-type reaction with ethanol
ingestion. This reaction is hypothesized to occur due to
metronidazole inhibition of aldehyde dehydrogenase.
Acute and Short-Term Toxicity

There is no documented acute lethal dose or published human
mortality from metronidazole overdose in the literature.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00751-X
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Side effects are rarely severe enough to discontinue therapy.
Commonly seen acute effects include headache, dry mouth,
nausea, and vomiting. Rare neurologic effects including dizzi-
ness, vertigo, encephalopathy, seizures, and ataxia may warrant
discontinuation of metronidazole. Metronidazole should also
be discontinued if peripheral numbness or paresthesias occur.
Peripheral neuropathy occurs more often after chronic use but
has been reported after less than 72 h of therapy. When taken
concurrently with ethanol, a disulfiram-type reaction can occur
with nausea, flushing, hypotension, headache, and shortness of
breath. Therefore, patients should be discouraged from using
ethanol during or within 3 days of treatment despite the low
incidence of this reaction.
Chronic Toxicity

With chronic toxicity, similar symptoms may occur (nausea,
anorexia, headache, vomiting, andmetallic taste in the mouth).
However, chronic use has been associated with neurologic
sequelae including dizziness, vertigo, encephalopathy, seizures,
ataxia, and peripheral neuropathy. In a recent review of the 64
cases, the median duration of metronidazole at neurologic
symptom onset was 54 days. Nearly all symptoms improved or
completely resolved after cessation of metronidazole. Neu-
tropenia has also been observed, but it is generally reversible
after the cessation of the drug. Lastly, metronidazole pigments
may cause a dark brown discoloration of urine, but this is not
clinically significant.

Metronidazole use can lead to problematic drug interac-
tions. It is a moderate CYP3A4 inhibitor and may increase the
effects of warfarin, lithium, and cyclosporine. Acute psychosis
and confusion have also been reported in patients simulta-
neously receiving disulfiram and metronidazole.
Immunotoxicity

A small number, approximately 1%, of patients have reported
leukopenia while onmetronidazole. This effect occurs in the first
month of therapy predominately in patients 50 years or older.
After the first month, the leukopenia decreases significantly.
Reproductive Toxicity

Metronidazole is able to cross the placenta but there are no
controlled studies assessing the impact of metronidazole on
human fetuses. As described above, breast milk contains drug
levels close to those observed in the patient’s serum. Although
metronidazole is still not recommended for nursing mothers or
during the first trimester, a study demonstrated that metroni-
dazole treatment was not correlated to early birth or pregnancy
complications. In animals, pregnant rats have been adminis-
tered large doses, five times the recommended human dose,
with no reported deleterious effects.
Carcinogenicity

Chronic feeding studies of rats and mice have demonstrated
increased tumor development in treated animals compared
to controls, but this has never been replicated in humans.
Human carcinogenicity studies with metronidazole have been
inconclusive.
Clinical Management

Clinical management of acute metronidazole ingestion is
supportive. Administration of activated charcoal can be
considered for patients with substantial ingestions that present
within an hour of the exposure. There are no specific laboratory
tests indicated for this isolated ingestion. With chronic metro-
nidazole toxicity or toxicity resulting from interaction with
other drugs, discontinuation of metronidazole is recom-
mended. Supportive care and cessation of metronidazole are
sufficient for the vast majority of patients.
Ecotoxicity

Metronidazole is generally viewed to be environmentally safe.
It has been employed to protect metal against acidic environ-
mental degradation.
Exposure Standards and Guidelines

The typical dose for metronidazole for most infections is
250–500 mg three times daily for 1–2 weeks. However,
patients may receive longer courses for certain disease states
such as chronic C. difficile infection.
See also: Disulfiram.
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l Name: Mevinphos
l Chemical Abstracts Service Registry Number: 7786-34-7
l Synonyms: O,O-Dimethyl-1-carbomethoxy-1-propen-2-yl

phosphate; Phosdrin; Phosfene; Durafos; Apavinfos
l Molecular Formula: C7H13O6P
l Chemical Structure:
Background

Mevinphos is a highly toxic broad-spectrum organophos-
phate insecticide used for control of a variety of insects. It is
also used as an acaricide that kills or controls mites and ticks.
It acts quickly both as a contact as well as a systemic insecti-
cide, being extremely effective at very low dosage rates.
Mevinphos was originally registered for use in 1957; however,
owing to its high acute toxicity, use of mevinphos was dis-
continued by the recommendation of the United States
Environmental Protection Agency (USEPA) on 1 August 1994.
Mevinphos has been designated as a restricted insecticide in
selected countries. It is known to exist in two different iso-
forms, E-mevinphos (alpha isomer) and Z-mevinphos (beta
isomer). A common source of human exposure is through
food. Chemically, mevinphos is classified as an acetylcholin-
esterase inhibitor, which leads to accumulation of acetyl-
choline (Ach) in synaptic clefts resulting on cholinergic
overstimulation followed by depression or paralysis of
cholinergic nerves within central and peripheral nervous
system. Characteristic signs and symptoms of mevinphos
toxicity resulting in muscarinic and nicotinic cholinergic
stimulation include headache, restlessness, insomnia, anxiety,
slurred speech, tremors, ataxia, convulsion, depression of
respiratory and circulatory center, coma, and death. Based on
a very short-term (2 h) dog dietary study, a reference dose of
0.000 25 mg kg�1 per day was established for mevinphos,
based on a no observed effect level (NOEL) of 0.025 mg kg�1

per day for inhibition of plasma and red blood cell cholin-
esterase activity, by the USEPA’s Pesticide Programs. NOEL for
mevinphos is typically used for assessment of potential die-
tary and occupational exposure to mevinphos. Some
commonly used trade names of mevinphos are Phosfene,
Phosdrin, Mevinox, Meniphos, Fosdrin, and Apavinphos.
Phosdrin 10.3, which is the technical formulation of mevin-
phos, consists of 60% alpha isomer (E-mevinphos) and 40%
beta isomer (Z-mevinphos).
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Mevinphos is an organophosphate insecticide that is used on
a broad range of foliage, vegetable and fruit crops, particularly
lettuce and cole crops. It is also used as an acaricide against
aphids, mites, grasshoppers, cutworms, leafhoppers, and
caterpillars. Mevinphos is primarily used as a ‘cleanup’ prior to
harvest.
Environmental Fate and Behavior

E- and Z-isomeric forms of mevinphos are readily water-
soluble and hydrolyze at pH 7, with half-lives of 15 and
39 days, respectively. Neither isomer is photolabile but both
are susceptible to rapid metabolism with half-lives below 25
and 36 h in soil under aerobic and anaerobic conditions,
respectively. Owing to its rapid rate of hydrolysis and metab-
olism in soil, mevinphos is unlikely to cause groundwater
contamination. Mevinphos does not readily adsorb to soil
particles, having a soil half-life of 3 days. It is readily hydro-
lyzed resulting in loss of its insecticidal activity within
2–4 weeks. Based on desorption constant, estimated leaching
potential of mevinphos is as follows: sandy loam (medium to
high mobility), silt loam (high mobility), loam (high to very
high mobility), and clay loam (high mobility).

Mevinphos is released to the environment when it is used as
a systemic and contact insecticide for the control of sap-feeding
insects, mites, beetles, and caterpillars on certain vegetables
and fruit. Its production, transport, formulation, and disposal
are additional routes of exposure. If released to soil, mevinphos
may leach, especially in sand soils. As the clay content of
the soil increases, adsorption to soil will increase (half-life:
3–13 days). Microbially mediated degradation and hydrolysis
in alkaline waters is common. It may adsorb to sediment with
a high clay content, and ordinarily it would not volatilize or
bioconcentrate in aquatic organisms. If mevinphos is released
into the atmosphere as an aerosol during spraying, it will be
removed by gravitational settling. Vapor phase mevinphos will
react with photochemically produced hydroxyl radicals result-
ing in an estimated atmospheric half-life of 4.5 h. In the
darkness or high pollution level, reaction with ozone will also
contribute to mevinphos’ degradation in air. Dermal contact is
possible via touching treated plants and soil before the insec-
ticide is dissipated. Food is another route through which the
general population may be exposed to this compound.
Exposure Routes and Pathways

Oral, dermal, and inhalation routes are the most common
routes of accidental and intentional exposure to mevinphos.
Inhalation of mevinphos can lead to nausea, vomiting, dizzi-
ness, convulsions, sweating, and pupillary constriction. Expo-
sure to eyes is likely to induce blurring of vision.
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Toxicokinetics

Mevinphos is efficiently absorbed from the gut, through the
skin, and across the pulmonary membrane. The compound is
hydrolyzed in the body to alkyl phosphate. Mevinphos is
rapidly degraded by the liver. Consequently, it is more toxic by
peripheral exposure routes, such as dermal or intravenous, that
bypass the liver.
Mechanism of Toxicity

The organophosphorus insecticide, mevinphos, exerts its acute
toxicity by directly inhibiting the hydrolytic enzyme, acetyl-
cholinesterase. This causes an increased accumulation of Ach at
the synaptic nerve terminals, thereby resulting in excessive
stimulation of the cholinergic nerves. The inactivation of
cholinesterase by cholinesterase inhibitor pesticides allows the
accumulation of large amounts of Ach, with resultant wide-
spread effects that may be separated into four categories: (1)
potentiation of postganglionic parasympathetic activity; (2)
persistent depolarization of skeletal muscle; (3) initial stimu-
lation following depression of cells of central nervous system
(CNS); and (4) variable ganglionic stimulation or blockade.
Recent studies have demonstrated that mevinphos intoxication
may result from nitric oxide produced upon activation of the
M2 subtype of muscarinic receptors by the progressive accu-
mulation of Ach.
Acute and Short-Term Toxicity (or Exposure)

Mevinphos is highly toxic through all routes of exposure,
including ingestion, dermal absorption, and inhalation.
Mevinphos poisoning affects the CNS, the cardiovascular
system, the respiratory system, and the eyes. It is not a likely
carcinogen or reproductive toxin.
Animal

Mevinphos is highly toxic to mammals, rated as ‘toxicity cate-
gory I’ by EPA. Mevinphos has been reported to have an oral
LD50 of 3–12 mg kg�1 in rats and 4–18 mg kg�1 in mice. It is
highly toxic via the dermal route as well, with dermal LD50

value reported to be 4.2 mg kg�1 in rats and 40 mg kg�1 in
mice. The 1 h LC50 for mevinphos was reported to be
0.125 mg l�1 in rats, indicating high inhalation toxicity. A 1 h
exposure of rats to the above concentration of mevinphos
resulted in acute pulmonary edema accompanied with changes
in the structure or function of salivary glands. Mevinphos is
highly toxic to birds, fishes, and bees following exposure to
direct treatment or residuals on crops.
Human

Effects of acute mevinphos exposure are similar to those due to
exposure to other organophosphates. However, acute mevin-
phos toxicity may occur at much lower doses than with other
organophosphates. Symptoms of acute exposure include
numbness, tingling sensations, incoordination, headache,
dizziness, tremor, nausea, abdominal cramps, sweating, blur-
red vision, respiratory depression, and slow heartbeat. Very
high doses may result in unconsciousness, incontinence and
convulsions, or fatality. The greatest occupational hazard of
mevinphos is its absorption through the skin, lungs, and
mucous membranes. Symptoms of mevinphos poisoning may
appear as early as 15 min to 2 h following exposure to
mevinphos. However, the onset of symptoms may be delayed
for as long as 2 days. Persons with respiratory ailments, recent
exposure to cholinesterase inhibitors, impaired cholinesterase
production, or with liver malfunction are at increased risk from
exposure to mevinphos.

An impairment of judgment in the ability to reason is an
early and important symptom of mevinphos poisoning from
dermal exposure. When inhaled, the primary effects are usually
respiratory and may include bloody or runny nose, coughing,
chest discomfort, difficulty breathing, or shortness of breath.
Following exposure by any route, systemic effects may begin
within a few minutes or be delayed for up to 12 h. These may
include pallor, nausea, vomiting, diarrhea, abdominal cramps,
blurred vision, constriction or dilation of the eye pupils, etc.
Severe poisoning will affect the CNS, producing incoordina-
tion, slurred speech, loss of reflexes, weakness, fatigue, invol-
untary muscle contracts, and eventually paralysis of the body
extremities and respiratory muscles. Death may be caused by
respiratory failure or cardiac arrest.
Chronic Toxicity (or Exposure)

Animal

The oral and dermal LD50 of mevinphos in male rats are 6.1
and 4.7 mg kg�1, respectively. Following exposure to 50 ppm
mevinphos for 60 days, rats showed reduced growth, slight
tremors, and brain cholinesterase that was 20% of normal
levels. Other signs and symptoms in rats following exposure to
mevinphos include nonspecific degeneration of the liver and
kidneys and degeneration of the epithelial cells lining ducts
and acini of salivary, lacrimal, and other exocrine glands. Dogs
exposed to mevinphos at a dietary level of 0.1 mg kg�1 per day
for 14 weeks showed a reduction in both erythrocyte and
plasma cholinesterase activity; however, the brain enzyme
remained normal. Administration of 20 mg kg�1 per day of
mevinphos to rats in their diets for 13 weeks resulted in death
of the animals. Dietary doses of 10 mg kg�1 per day for
14 weeks proved to be lethal for dogs. Rats given dietary doses
of 10 or 20 mg kg�1 per day for 13 weeks exhibited degener-
ation of the liver, kidney, and cells lining the salivary, tear, and
other glands.
Human

The lowest oral dose of mevinphos responsible for toxic
effects (peripheral nervous system effects) in humans was
690 mg kg�1 when given intermittently over 28 days. Repeated
or prolonged low-level exposure to mevinphos may cause
effects similar to those observed with acute exposure. Mevin-
phos is a compound of high toxicity, not only orally but also
dermally. It is a direct inhibitor of acetylcholinesterase. Signs
and symptoms involving overstimulation of the muscarinic
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receptors include bronchoconstriction, increased bronchial
secretion, bradycardia, salivation, lacrimation, diaphoresis,
vomiting, diarrhea, and pupillary constriction (miosis). The
nicotinic effects following exposure to mevinphos include
tachycardia, hypertension, muscle fasciculations, weakness,
muscle cramps, and respiratory paralysis. Excessive stimula-
tion of the CNS receptors (both muscarinic and nicotinic) is
responsible for some of the higher order symptoms such as
anxiety, restlessness, CNS depression, agitation, confusion,
delirium, coma, and seizures. Mevinphos-induced cholines-
terase inhibition can persist for 2–6 weeks. Monitoring of
cholinesterase levels through regular blood testing is highly
recommended for individuals exposed to mevinphos.
Genotoxicity

Mevinphos was mutagenic in a dose-dependent manner, with
and without metabolic activation, in both an assay with Salmo-
nella typhimurium (strains TA98, TA100, TA1535, TA1537, and
TA1538), and in an assay with Chinese hamster ovary (CHO)/
hypoxanthine-guanine phosphoribosyltransferase (HGPRT)
cells. Mevinphos, with and without metabolic activation,
also caused chromosomal aberrations in CHO cells in vitro,
but no unscheduled DNA synthesis. These results indicate
a strong probability that mevinphos is genotoxic.
Carcinogenicity

It is classified as category A4 and not classifiable as a human
carcinogen. In a mouse oncogenicity study acceptable under
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
guidelines, CD-1 mice (50/sex/group) were fed on a diet con-
taining 0, 1, 10, or 25 ppm mevinphos (100%) for 18 months.
No carcinogenicity or other adverse effects were noted,
although a transient decrement in body weight gain for both
sexes did occur at 25 ppm.
Reproductive Toxicity

Nodevelopmental toxicitywas noted in either rats or rabbits. The
maternal NOEL for cholinergic signs (fine and coarse tremors) in
rats was 0.2 mg kg�1. The NOEL for plasma cholinesterase
activity depression in rabbits was 0.05 mg kg�1 per day, and the
lowest observed effect level (LOEL) for red blood cell cholines-
terase activity depression was 0.05 mg kg�1 per day.
Clinical Management

For exposure to eyes, eyelids should be held open and the eyes
flushed with copious amounts of water for 15 min. For expo-
sure to skin, affected areas should be washed immediately with
soap and water. The victim should receive medical attention if
irritation develops and persists. For exposure through inhala-
tion, the victim should be removed to fresh air and, if not
breathing, given artificial ventilation. The victim should receive
medical attention as soon as possible.
First aid for ingestion victims would be to induce vomiting,
keeping in mind the possibility of aspiration of solvents.
Gastric decontamination should be performed within 30 min
of ingestion to be most effective. Initial management of acute
toxicity is establishment and maintenance of adequate airway
and ventilation. Atropine sulfate in conjunction with prali-
doxime chloride can be administered as an antidote. Atropine
by intravenous injection is the primary antidote in severe cases.
Test injections of atropine (1 mg in adults and 0.15 mg kg�1 in
children) are initially administered followed by 2–4 mg (in
adults) or 0.015–0.05 mg kg�1 (in children) every 10–15 min
until cholinergic signs (e.g., diarrhea, salivation, and bronchial
secretions) decrease. High doses of atropine over several
injections may be necessary for effective control of cholinergic
signs. If lavage is performed, endotracheal and/or esophageal
control is suggested. At first signs of pulmonary edema, the
patient should be placed in an oxygen tent and treated
symptomatically.
Ecotoxicology

Mevinphos is highly toxic to birds, fish, and bees. Conse-
quently, areas frequented by wildlife, including lakes or ponds
inhabited by fish, should not be contaminated by use of
mevinphos. Aquatic invertebrates have a very high degree of
sensitivity to mevinphos, spray drift being the most likely route
of exposure. Toxicity of mevinphos is expected to have a short
duration, owing to its rapid degradation in water. Environ-
mental impact of mevinphos is limited to areas beside sprayed
crops. Mevinphos is highly toxic to birds and mammals and
extremely toxic to fish and aquatic vertebrates. However, birds
and mammals are expected to be significantly exposed only if
they enter a recently sprayed area.
Exposure Standards and Guidelines

Mevinphos air concentration of 40 mg m�3 is immediately
dangerous to life or health.

The Occupational Safety and Health Administration
(OSHA), American Conference of Governmental Industrial
Hygienists (ACGIH), and National Institute for Occupational
Safety and Health (NIOSH) recommended time-weighted
average (TWA) for skin exposure to mevinphos is 0.1 mg m�3.

OSHA short-term exposure limit (STEL), ACGIH STEL, and
NIOSH recommended STEL: 0.3 mg m�3.

Acceptable daily intake: 0.0025 mg kg�1 per day, based on
a 2-year rat-feeding study and a 10-fold safety factor.
See also: Cholinesterase Inhibition; Neurotoxicity; Pesticides.
Further Reading

Chan, S.H., Chan, J.Y., Hsu, K.S., et al., 2011. Amelioration of central cardio-
vascular regulatory dysfunction by tropomyocin receptor kinase B in a mevin-
phos intoxication model of brain stem death. Br. J. Pharmacol. 164 (8),
2015–2028.

http://refhub.elsevier.com/B978-0-12-386454-3.00335-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00335-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00335-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00335-3/ref0010


Mevinphos 335
Chan, J.Y., Chan, S.H., Dai, K.Y., et al., 2006. Cholinergic-receptor-independent
dysfunction of mitochondrial respiratory chain enzymes, reduced mitochondrial
transmembrane potential and ATP depletion underlie necrotic cell death induced by
the organophosphate poison mevinphos. Neuropharmacology 51 (7–8), 1109–1119.

Chan, J.Y., Cheng, H.L., Chou, J.L., et al., 2007. Heat shock protein 60 or 70
activates nitric-oxide synthase (NOS) I- and inhibits NOS II-associated signaling and
depresses the mitochondrial apoptotic cascade during brain stem death. J. Biol.
Chem. 282 (7), 4585–4600.

Cochran, R.C., Formoli, T.A., Silva, M.H., et al., 1996. Risks from occupational and
dietary exposure to mevinphos. Rev. Environ. Contam. Toxicol. 146, 1–24 (Review).

Kangas, J., Laitinen, S., Jauhiainen, A., Savolainen, K., 1993. Exposure of sprayers
and plant handlers to mevinphos in Finnish greenhouses. Am. Ind. Hyg. Assoc. J.
54 (4), 150–157.

Li, F.C., Li, B.P., Wu, J.C., Chang, A.Y., July 28, 2013. Transition from oxidative stress
to nitrosative stress in rostral ventrolateral medulla underlies fatal intoxication
induced by organophosphate mevinphos. Toxicol. Sci. (Epub ahead of print).

Moser, V.C., 2011. Age-related differences in acute neurotoxicity produced by
mevinphos, monocrotophos, dicrotophos, and phosphamidon. Neurotoxicol.
Teratol. 33 (4), 451–457.

Verberk, M.M., Sallé, H.J., 1977. Effects on nervous function in volunteers ingesting
mevinphos for one month. Toxicol. Appl. Pharmacol. 42 (2), 351–358.
Relevant Websites
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In the last decade following the completion of the Human
Genome Project, genomic techniques such as microarrays and
next-generation sequencing have revolutionized our under-
standing of biology and medicine in general. Utilization of
microarrays for gene expression analysis has been the most
successful and widely used technique of these genome-
wide approaches. However, recent advances in standardized
hybridization protocols, accurate scanning technologies, and
novel bioinformatics methodologies have greatly expanded the
utility of microarrays from simple tools to assess gene expres-
sion. The expanded menu of utilities includes detecting single
nucleotide polymorphisms (SNPs), copy number variations,
alternate RNA splicing, analysis of noncoding RNAs (micro-
RNA), microbial genetics, and epigenetic analysis. Epigenetics
refers to the study of stable changes to DNA sequences and
chromatin structure without alterations in the actual sequence
of DNA. Methylation of CpG and CHG cytosines and meth-
ylation/acetylation of histone tails are important epigenetic
marks. These biological processes can be monitored using
microarrays called tiling arrays via hybridization of immuno-
precipitated DNA (ChIP-on-chip assays).

DNA microarrays provide an unprecedented and revolu-
tionary platform to perform genome-wide expression analyses.
Monitoring changes in messenger RNA (mRNA) in cells has
been used as an indirect measure to characterize changes in
proteins. There are basically two types of DNA microarrays in
use for gene expression analysis: oligonucleotide-based arrays
and cDNA arrays. Oligonucleotide arrays are made by in situ
chemical synthesis of single-stranded oligonucleotides (w22
nt long) using photolithographic mask, light, or other methods
to generate the sequence order in the synthesis. This results in
the formation of high-density short oligonucleotide probes
that are synthesized at specific predefined positions. Many
different probes covering a single gene may exist on the
microarray. The most widely used microarrays in clinical and
basic research so far are the oligo-based microarrays from
Affymetrix (Santa Clara, CA). The standard human genome
expression array (HG U133 plus 2.0) array has 1.3 million
features covering 54 000 probe-sets including all known
human genes. cDNA microarrays on the other hand contain
partial cDNAs (500–2000 bp) that correspond to unique gene
sequences spotted onto surfaces of treated glass using a high-
speed robotic printer. Spotted cDNAs represent either known
genes or collections of partially sequenced cDNA derived from
expressed sequence tags corresponding to mRNAs of genes of
unknown function. It is possible to print more than 25 000
cDNAs on a single microarray.
Gene Expression Analysis

A typical microarray experiment involves isolation of total or
poly-A RNA from either experimental or control (tissue or cells)
sample. Newer reagents available commercially now allow
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extraction of RNA from formalin-fixed paraffin-embedded
archival samples. Fluorescent cDNA probes are generated from
control and experimental RNA samples in a single round of
reverse-transcription in the presence of fluorescently labeled
dUTP, such that control and test products are labeled with
different fluorescent labels (e.g., control Cy3-dUTP and test is
Cy5-dUTP). The labeled cDNAs from both control and test
groups are then mixed and hybridized to a glass microarray.
The fluorescent signal is detected using a scanning confocal
microscope equipped with lasers for fluor excitation. This
method eliminates the need for a separate hybridization for
control samples. The data acquired are generally represented as
ratios of the fluorescent signals (Cy3/Cy5). For analysis using
oligonucleotide microarrays, sample preparation involves
generation of ds-cDNA from either total RNA or poly (A)þ
RNA followed by antisense RNA synthesis in an in vitro tran-
scription reaction with biotinylated or fluortagged nucleotides.
The RNA probe is then fragmented to facilitate hybridization
and visualization done using a confocal scanner. The widely
used Affymetrix GeneChip microarrays use the above-
mentioned single-color process. Postprocessing of scanned
images results in numerical intensity values for each location
on the arrays, which corresponds to intensities for a particular
gene. Data summarization methods such as the robust multi-
array estimate background noise from the integrated signal for
each spot. Prior to statistical analysis (using either Student’s
t-test or ANOVA), baseline of the data is adjusted and log-
transformed, followed by normalization using scaling or
quantile-normalization methods. Finally, it is often necessary
to control for false positives introduced due to multiple
hypothesis testing. A commonly employed correction is the
false discover rate developed by Benjamini and Hochberg.
A number of statistical analyses such as supervised and unsu-
pervised hierarchical clustering, k-means clustering, and self-
organizing maps can be applied to the differentially
expressed set of genes based on the experimental design.
Further, microarray-based identification of ‘signature’ genes can
be utilized to build predictive models (using Bayesian statis-
tics) to classify samples based on gene expression patterns.
Studying Genetic, Epigenetic, and Gene Regulation
with Microarrays

The human genome between individuals is heterogeneous and
carries at least 10 million SNPs. Occurrence of SNPs at specific
loci may be linked to increased disease risk. Large genome-wide
association studies (GWAS) have successfully begun to unravel
the links between genetic differences and risk for specific
diseases and phenotypes. A prime example of this is the gene
FTO (fat mass and obesity associated), in which an SNP in its
first intron is robustly associated with body mass index and
obesity. However, currently, microarrays allow analyzing only
a small proportion of all existing SNPs. Moreover, GWAS
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require large numbers of sample (often in the tens of thou-
sands) to identify linkages of high-frequency, low-penetrance
alleles with diseases that are polygenic. The impact on
medical care from GWAS could potentially be substantial. Such
research is laying the groundwork for the era of personalized
medicine. Microarrays are also used for cytogenetic analysis
and identification of chromosomal abnormalities. Another
novel application of microarrays is the analysis of epigenetic
changes, especially DNA methylation. Methylation of cytosine
bases at CpG sites leads to gene silencing and is an evolu-
tionarily conserved mechanism of long-term heritable gene
regulation. These methods require enrichment of methylated
DNA using antibodies against methyl-cytosine or with mag-
netic beads covalently linked to methyl-binding protein with
affinity to methylated DNA regions. Enriched DNA is amplified
and labeled with a fluorophore and hybridized on either
a whole-genome or promoter tiling array. A conceptually
similar method that has been widely used recently is the ChIP-
on-chip technique to assess recruitment of transcription factors
to specific genomic regions. In this method, chromatin is cross-
linked with formalin, fragmented, and subjected to immuno-
precipitation using an antibody against the transcription factor
of interest. The immunoprecipitated chromatin is then reverse-
crosslinked and DNA is amplified, labeled, and hybridized to
whole-genome tiling arrays. These studies are highly informa-
tive regarding the dynamics of gene regulation. However,
with the recent rise in massively parallel signature sequencing
(next-gen sequencing), ChIP-on-chip approaches have almost
completely been replaced by ChIP-seq (i.e., chromatin immu-
noprecipitation followed by sequencing of DNA libraries).
Finally, microarrays have increasingly been used to study
expression of microRNAs. MicroRNAs (miRNA) are short
(w22 nt) noncoding regulatory RNA that are transcribed and
regulate their target genes by binding to complementary
sequences in the 30 UTR of generally of multiple target genes.
Implications of Microarray in Toxicology

Most toxic reactions alter gene expression either directly or
indirectly. The biggest challenge for toxicologists is to define
a specific pattern of gene expression under a given set of
experimental conditions and provide a mechanistic rationale
for such changes. In this regard, microarray technology offers
a near-perfect platform for this type of analysis and possibly
serves as a foundation for a fundamentally new approach to
toxicology testing. The common methods for assessment of
exposure to chemical toxicants are based on quantitation of
tissue toxin levels or on surrogate markers of toxicity termed
biomarkers. In contrast, gene expression is a sensitive endpoint.
A gene expression pattern validated with microarray analysis
may be useful as a new biomarker to accurately identify hazards
and to assess exposure. Similarly, microarrays can be used in
several settings. For example, in environmental toxicology the
effect of potential contaminants on the gene-expression
profiles of resident organisms can be studied. In an analo-
gous fashion, microarrays could be used to measure gene-
expression endpoints in subjects in clinical trials. Another
important application of microarray technology, within the
context of toxicology studies, is its use as a screening tool for
the identification of molecular mechanisms of toxicity. These
approaches along with appropriate data comparison with
established biomarkers allow researchers to precisely identify
those genes and their products (proteins) that are involved in
toxic reactions. There are numerous issues that need to be
addressed before the full potential of this technology in toxi-
cology research can be realized. For example, selection of
model system and the dose, temporal nature of gene expres-
sion, and the variability in the global gene expression between
organisms before and after toxicant exposure are some
examples.
See also: Biomarkers, Human Health; High Throughput
Screening; Mechanisms of Toxicity; Molecular Toxicology:
Recombinant DNA Technology.
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The micronucleus assay is an in vivo or in vitro assay for the
detection of genetic damage caused by chemicals through the
presence of micronuclei in the cytoplasm of interphase cells
(Heddle et al., 1984; Mavourninet et al., 1990; Wakata et al.,
1998). In vivo assays have an advantage over in vitro assays, as
metabolism and other physiological functions and interactions
have the ability to transpire.

Reticulocytes or polychromatic erythrocytes are newly
formed immature red blood cells. These are larger than red
blood cells and have retained some ribosomal RNA. These cells
are detectable from normochromatic erythrocytes, mature
erythrocytes that lack ribosomes, by their staining properties.
Micronuclei are particles in a cell that contain complete or
partial nuclear DNA, separate from and additional to the main
nuclei of the cell. Micronuclei are formed due to breakage of
chromatin or chromosomes, from spindle fiber or chromo-
some abnormalities, or from an entire chromosome that may
have lagged behind in anaphase. After an insult that would
increase the frequency of micronuclei, micronucleated poly-
chromatic erythrocytes levels would increase at about 10–12 h
and remain elevated for 20 h, with a possible twofold increase
at 24 h (Heddle et al., 1984). Micronucleated polychromatic
erythrocytes levels may take longer to be at their peak if there is
a mitotic delay or slower uptake of the material or a metabolite
due to metabolism. Therefore, it is prudent to have dose groups
sacrificed over more than 1 day.

The in vitro assay primarily utilizes human lymphocytes,
but other mammalian cells have been used. One technique
incorporates a cytokinesis-block technique. Cytoplasmic divi-
sion is inhibited, thereby resulting in binucleated and multi-
nucleated cells (Fenech and Morley, 1989).

In the in vivo assay, animals are dosed with the test mate-
rials by the appropriate route, and subsequently, cells are
collected by cytogenic analyses. The primary animal species for
these tests are mice and rats. Chinese hamsters are also used for
this assay; however, the FDA Redbook (CFSAN, Toxicological
Principles for the Safety of Food Ingredients, Redbook, 2000)
requests justification for any other species used besides the
mouse and rat.

Rodents are typically administered a single dose of the test
article. To obtain micronucleus information from a subgroup
of a larger, repeated daily dose toxicity study lasting over
4 weeks, the ratio of micronucleated mature (normochro-
matic) erythrocytes in the peripheral blood to mature eryth-
rocytes is determined. As long as there is no proof that the test
material or a metabolite cannot act on the bone marrow, this
assay may be used.

The International Conference on Harmonization (ICH) has
published a Step 4 Guidance (S2(R1)) that details information
for genetic toxicology study integration into repeated dose
toxicology studies. Acceptable designs would incorporate
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a limit dose of 1000 mg kg�1, dosing for at least 14 days, and
evidence of exposure.

The Environmental Protection Agency (EPA) and Food and
Drug Administration (FDA) Redbook state that there should be
at least five analyzable animals per sex per group (EPA). The
ICH guidelines recommended by the FDA Center for Drug
Evaluation and Research state males are the most sensitive
gender and that unless there is obvious metabolism differences
between male and females, or that a gender-specific material is
to be tested, males should be used. Gender differences have
been shown in at least one experiment (Heddle et al., 1984), so
studies utilizing different genders are important.

The EPA and FDA state that there is no standard treatment
schedule; therefore, one dose or more every 24 h is acceptable
as long as toxicity has been demonstrated or that a limit dose
has been achieved. In addition, if a large volume of material
needs to be administered to the rodents, it may be adminis-
tered as a divided dose, as long as the doses are not separated
by more than a few hours.

Doses may be selected from the results of a range finding
study, or any preliminary tests done with the rodents after
administration via the same route. The highest dose selected for
the main assay would produce some bone marrow toxicity,
including, in the bone marrow or peripheral blood, a decreased
number of immature erythrocytes to total erythrocytes. In the
case of a nontoxic test article, the limit dose is defined as
2000 mg kg�1.

Negative (solvent) and positive controls may be utilized.
ICH states that concurrent positive controls are no longer
required in every in vivo assay. An historical database must be
maintained for these results for comparisons. A positive control
must produce a noticeable increase in micronucleated cells as
compared to the solvent controls. Examples of positive control
substances include:

l Chemical and CAS No:
B Ethyl methane sulfonate (CAS no. 62-50-0)
B Ethyl nitrosourea (CAS no. 759-73-9)
B Mitomycin C (CAS no. 50-07-7)
B Cyclophosphamide (monohydrate) (CAS no. 50-18-0

(CAS no. 6055-19-2))
B Triethylenemelamine (CAS no. 51-18-3)

After sacrifice, bone marrow cells are extracted from femurs
or tibias, prepared and placed on slides, and then stained for
microscopic evaluation. When peripheral blood is used, the
blood is collected at appropriate times after treatment and
smear preparations are made and stained. If using peripheral
blood, care should be taken to ensure that the species selected
for study had a spleen that cannot remove micronucleated
erythrocytes. The mouse was the species of choice for the
measurement of micronucleated immature (polychromatic)
erythrocytes in peripheral blood, but the rat has also been
shown to have good results in this test (Wakata et al., 1998).
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EPA and FDA CFSAN, Redbook 2000, state that the propor-
tion of immature erythrocytes among the total erythrocytes for
each animal is determined by counting at least 200 erythrocytes
for bone marrow and 1000 erythrocytes for peripheral blood.
At least 2000 immature erythrocytes per animal should be
scored for a micronucleated immature erythrocyte count.
Heddle et al. (1984) state that statistical studies have been
performed that show that between 4000 and 5000 poly-
chromatic erythrocytes are needed to detect a doubling of
spontaneous frequencies that fall in to the 1–3% range.
Micronuclei may also be counted in the mature erythrocytes.

Many compounds that are positive in the micronucleus
assay are mammalian carcinogens; however, there is not an
exact correlation between the micronucleus assay and carci-
nogenicity. Correlation may be dependent on chemical class.

The micronucleus assay is one type of study recommended
by the FDA Redbook and ICH guidelines as part of a standard
genetic toxicology battery. The other assays include the Ames
(bacterial reverse mutation) and mouse lymphoma tests. In the
new ICH S2(R1) guidance, rat blood may be acceptable for an
in vivo micronucleus assay.

To ensure that the results of an assay are valid, specific
criteria have been determined. The frequency of micro-
nucleated cells needs to be within the normal historical control
range. The frequency of micronucleated cells in the positive
controls needs to be significantly increased over the vehicle
control. In addition, there must be five surviving animals per
group.

There are several criteria for determining a positive result,
such as a dose-related increase in the number of micro-
nucleated cells or a statistical, repeatable increase in the
number of micronucleated cells in a single-dose group at
a single sampling time. Biological relevance of the results
should be considered even if there is statistical significance.
Negative results indicate that the test substance does not
produce chromosomal or spindle damage leading to the
formation of micronuclei in the immature erythrocytes of the
test species. An equivocal study may result from only one
group that had a statistically significant increase and should be
elucidated by further testing, preferably using a modification
of experimental conditions.

The in vitro micronucleus assay has been widely evaluated
in international collaborative studies (Kirsch-Volders et al.,
2003), is validated by the European Center for the Validation of
Alternative Methods (Corvi et al., 2008; ECVAM, 2011), and is
the subject of an Organisation for Economic Cooperation and
Development (OECD) guideline 487. The in vitro assay utilizes
cultured primary human peripheral blood lymphocytes and
a number of rodent cell lines such as CHO, V79, CHL/IU, and
L5178Y cells. Exogenous metabolic activation system may
be used, as per the guidelines. It is critical in this assay to ensure
that the cells being scored have completed mitosis during
the treatment or the posttreatment incubation period. The
OECD guidelines have more details on the procedure for this
assay.

See also: Federal Insecticide, Fungicide, and Rodenticide Act,
US; Food and Drug Administration, US; The International
Conference on Harmonisation; Genetic Toxicology; Good
Laboratory Practices; Toxicity Testing, Mutagenicity; Redbook
(Redbook 2000 : Toxicological Principles for the Safety of Food
Ingredients).
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Definition of Minamata Disease

Minamata disease in Japan is the most famous case of methyl-
mercury food poisoning. The first patient was officially notified
to the local Public Health Center in May 1, 1956. The source and
transmission mode is contaminated fish and shellfish. The etio-
logic agent is methylmercury, a by-product of acetaldehyde
production, which was discharged from the Chisso factory from
1932 until 1968. During this period, the discharge was not
stopped, and no effective measures or investigations were
undertaken. The target organ of methylmercury is the central
nervous system. The affected patients manifest neurological
signs, including paresthesia, ataxia, dysarthria, constriction of the
visual field, and/or hearing difficulties. These neurological signs
were observed even among residents with hair mercury content
below 50 mg g�1. The affected residents manifest psychiatric
symptoms (e.g., impairment of intelligence and mood and
behavioral dysfunction) as well. It is also reported that the
prevalence of hypertension was elevated in the affected areas. A
particularly distressing aspect of the disease is that methylmer-
cury can be transferred to fetuses. Severely affected children born
with congenital Minamata disease are mental retarded and have
disturbed coordination, deformities of the limbs, poor reflexes,
poor nutrition and growth, and, in some cases, show other
effects. Up to March 2011, 2271 patients were officially recog-
nized as having Minamata disease, but it is estimated that the
number of patients in the affected areas who exhibit neurological
signs of methylmercury poisoning is in the several tens of
thousands.

In this article, the history of Minamata disease is presented
in chronological order, followed by a discussion on several
points from the history of Minamata disease.
History

Outbreak (1956)

Minamata is the southwestern part of Kumamoto Prefecture in
Japan, facing the Shiranui Sea (Figure 1). On May 1, 1956, the
Minamata Public Health Center was officially notified of two
young sisters showing unknown neurological signs by the
doctors at Chisso Hospital. A newspaper reported the disease
on May 8. Then, the disease became of great concern to the
local community because the residents dreaded being infected
with the disease by the patients. This was the beginning of what
later came to be called Minamata disease.

Epidemiological Investigations (1956–1957)

In response to the outbreak, a local university established
a research group including various medical departments in
August 1956. In an epidemiological study, the time sequence of
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cases was evaluated on a spot map, which indicated that the
disease was not contagious. A relationship between family
occupation (fishing) and the disease was also indicated. In
addition, the association between eating fish and the disease
was strengthened when the analysis was limited to fishing in the
Minamata Bay area. Minamata Bay is an arm of the Shiranui Sea
and the etiological agent of the disease was discharged directly
into Minamata Bay. Subsequently, on November 4, 1956, the
research group at the local university reported that the disease
was not contagious but a food poisoning incident by intake of
contaminated fish from the Minamata Bay area, and that it was
caused by a heavy metal, probably from a factory’s effluent.

In response to the results of the epidemiological studies, the
local Prefecture Government considered the use of the Food
Sanitation Act in March 1957. The local government had the
authority to decide whether to apply the Act, but it asked for
the opinion of the Japanese Government. Subsequently, on
September 11, 1957, the Chief of the Public Health Bureau of
the Ministry of Health and Welfare of Japan (MHWJ) replied to
the local government as follows:

1. We recommend that you should continue your policy of
warning against the ingestion of fish and shellfish caught in
a specified area of Minamata Bay because it may lead to the
occurrence of the unknown disease of the central nervous
system.

2. There was no clear evidence that “all” fish and “all” shellfish
are poisoned in the specified area in Minamata Bay.
Therefore, we have decided that it is impossible to apply
Provision 4-2 of the Food Sanitation Act to all the fish and
shellfish to be caught in that area.

The Japanese Food Sanitation Act is a law that deals with
food poisoning. According to the Act, the health center in the
related local government area has to investigate the outbreak in
detail and take measures against the food poisoning. In this
setting, despite the warning written in (1) of the above reply,
the consumption of contaminated fish was not prohibited
because of (2) in the above reply. As a result, the health center
did not investigate the area or the exposed residents in the
Minamata disease outbreak. Consequently, the residents
continued to eat contaminated fish without any effective
information.
Organic Mercury Theory (1958–1959)

As the government did not take appropriate measures to
control the outbreak, the exposure continued and spread. In
September 1958, the factory changed the drainage route from
Minamata Bay to the Shiranui Sea. Therefore, the exposure
spread not only inMinamata Bay but also along the entire coast
of the Shiranui Sea (Figure 1). Therefore, patients who
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Figure 1 Map of Minamata area.
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manifested similar neurological signs began to be identified
among the residents not only in the Minamata Bay area but
also in the other villages around the Shiranui Sea.

Since there was no countermeasure after the identification
of the cause/transmission, efforts to find the etiological
agent(s) of Minamata disease were continued by researchers in
the local university. Since these neurological signs were similar
to Hunter–Russell syndrome, researchers suspected that the
etiological agent was methylmercury. After extracting signifi-
cant levels of mercury from patients’ organs at autopsy as well
as mud and shellfish in the Minamata Bay area, the researchers
concluded that the etiological agent was methylmercury in
1959. Subsequently, methylmercury was recognized as the
etiological agent by the Minamata Food Poisoning Committee
organized by MHWJ in October 12, 1959. However, the MHWJ
committee was suddenly dissolved for no apparent reason.

At the same time, the factory established a purifying
system for the contaminated water in December 1959. The
public believed that the discharge of the etiological agent
would soon cease. However, in fact, the system was ineffective
at removing methylmercury. As a result, residents continued to
be exposed.
Detecting the Process Producing Methylmercury (1960–1962)

Despite identifying the etiological agent, there were no steps
taken to control the poisoning. Therefore, researchers were
eager to find the mechanism by which methylmercury was
produced. They succeeded in 1962 when methylmercury
chloride was extracted from the sludge of an acetaldehyde
production process in the factory. The research clearly showed
the following: methylmercury was produced as a by-product in
the process of producing acetaldehyde; it was the etiologic
agent of Minamata disease; it had been discharged from the
factory. However, neither implementation of the Food Sanita-
tion Act nor any regulation of the factory was conducted.

In 1960, the Kumamoto Prefecture Institute for Health
Research investigated the mercury concentration in hair
samples of 1645 healthy fishermen from around the Shiranui
Sea. It was the first large survey using hair samples. The
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distribution of a high concentration (0–357 ppm) of methyl-
mercury among the hair samples indicated that the contami-
nation had spread throughout the entire Shiranui Sea.
Although two other investigations were also conducted up to
1962, the investigation was stopped in 1962. Furthermore, the
health status of the fishermen who provided hair samples was
never followed up and the fishermen were never informed
about the results of mercury concentration.
Niigata Minamata Disease and Approval of the Causal
Relationship (1963–1968)

Despite the detection of a causal institution, causal food,
etiologic agent, and identification of the process producing
methylmercury, the government did not regulate the factory
waste. Subsequently, in January 1965, similar methylmercury
food poisoning occurred in Niigata, the so-called Niigata
Minamata disease. The factory that was responsible for the
disease operated in the same way as the Chisso factory in
Minamata. That is, the etiological agent, methylmercury, was
produced in the process of acetaldehyde production. Although
the damage was much smaller compared with Minamata, the
number of exposed patients was over 1500. Had the process
producing acetaldehyde been regulated in the factory in Niigata
as well as in the Chisso factory in Minamata, Niigata Minamata
disease would not have occurred.

In September 1968, after the case relating to Niigata Min-
amata disease went on trial in 1967, the Japanese Government
officially approved the causal relationship between wastewater
from the Chisso factory and Minamata disease. However,
methylmercury production had already stopped by May 18,
1968, since it had already become unnecessary for the factory
to produce acetaldehyde. Twelve years had passed since the
causal food was identified.
History of Accreditation System (1968–current)

After the Japanese Government accepted the causal relationship
between the Chisso factory and Minamata disease in 1968,
attention shifted to the accreditation of the disease in indi-
vidual patients, in order to determine compensation claims.

Prior to 1969, the initial disease accreditation system,
referred to as the Screening Council for Minamata Disease
Patients, was used to identify patients who deserved (a
nominal amount of) mimaikin (sympathy money) payments
from the factory. This was not considered compensation, nor
was it done based on any law because the factory insisted that it
was not proved that the factory was the cause of Minamata
disease. Up until 1969, 89 patients with Minamata disease,
excluding those with congenital Minamata disease, had been
accredited through this system.

After the Japanese Government officially recognized the
causal relationship between methylmercury poisoning and
Minamata disease in 1968, the Judgment Committee for
Minamata Disease Accreditation was established in 1969
according to the Act on Special Measures for Pollution-Related
Health Damage Relief (later changed to Pollution-Related
Health Damage Compensation Act in 1973). To this day, this
committee remains the official channel for adjudicating on
cases of Minamata disease.
In 1971, the Notice of the Administrative Vice Director of
the Environment Agency of Japan was published, and speci-
fied that if a patient developed neurological signs character-
istic of methylmercury poisoning after consuming polluted
seafood, then he/she should be presumed to be affected by
Minamata disease, even if other causes were possible. This
Notice did not require combinations of neurological signs in
order for a patient to be accredited as suffering from Mina-
mata disease.

Following a dramatic increase in the number of accredita-
tion applicants, the 1971 Notice was subsequently revised and
a new and more rigid set of criteria for Minamata disease,
known as the 1977 Criteria, was introduced. The 1977 Criteria
require a combination of neurological signs in order for
accreditation to be granted, and paresthesia of the extremities is
now regarded as a necessary but insufficient criterion for
accreditation (in contrast to the 1971 Notice). Subsequently,
the number of unaccredited patients (people who had
methylmercury-related symptoms but were not accredited)
increased.

These 1977 Criteria became a continuing source of dispute.
In August 1985, the Fukuoka High Court handed down
a decision that indicated that the criteria for accreditation
should be relaxed, allowing more people to qualify. In
response, in October 1985, the Environment Agency of Japan
(EAJ) summoned eight medical ‘specialists’ to reconsider the
1977 Criteria. Their Expert Opinion stated that the Criteria
remained valid and again asserted that it was not certain that
paresthesia occurred in isolation in Minamata disease, and
should therefore not be used to accredit patients. However, the
meeting was both closed and short and the minutes of the
meeting were not published. No medical evidence was given in
public to support their conclusion.

By the early 1990s, many outstanding accreditation
applicants (including new applicants and those who had
reapplied) and lawsuits remained in part because the 1977
Criteria were too narrow and a large number of the patients
who satisfied the diagnostic criteria were not in fact accredi-
ted. To deal with these situations, EAJ asked the Japanese
Central Council for Environmental Pollution Control, an
advisory body of the Director of EAJ, to discuss the counter-
measure of the issue in 1991. Then, the Council stated that its
recognition of Minamata disease was in accordance with the
medical ‘specialists’ who produced the 1985 Expert Opinion
and proposed a medical project. Then, under a condition that
there was no liability on the government, in 1995/1996,
a reconciliation (the so-called first political solution) was
reached. According to this reconciliation, instead of further
issuing Minamata disease accreditation, the Chisso factory
would make a lump sum payment to patients who had
methylmercury-related symptoms and who lived in the
exposed areas, but that these patients must withdraw any
legal action or claim against the factory. In this reconciliation,
about 10 000 patients received lump sum money as relief
money (not as compensation). Then, the number of accred-
itation applicants decreased to zero; but one legal action
continued in Osaka, where some affected residents born in
Minamata now lived.

In October 2004, the Japanese Supreme Court handed
down a decision regarding the legal action in Osaka, which
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confirmed National and Kumamoto Prefecture governmental
liability for damage caused by methylmercury poisoning in the
Minamata area. In addition, the Japanese Supreme Court also
ruled that the 1977 Criteria should be relaxed. Remarkably, the
EAJ has still not changed their basic policy on the criteria. As
a result of the Court’s ruling, the number of accreditation
applicants began to grow again, exceeding 6000 by 2008 and
8000 by 2010. Subsequently, in 2009, an Act on Special
Measures (the so-called second political solution) was passed
without changing the narrow criteria. It was determined that
the Chisso factory should pay lump sum money to patients
who had paresthesia as a sole symptom, and who had lived in
defined affected areas for at least one year during a defined
period of time. Similar to the first reconciliation in 1995/1996,
the lump sum money is not compensation but relief money,
and the patients are not formally recognized as having Mina-
mata disease. This situation yields a perplexing phenomenon:
although 2271 patients were officially recognized as having
Minamata disease in the affected prefectures, there are also at
least several tens of thousand patients who have neurological
signs characteristic of methylmercury poisoning but are not
formally recognized as having Minamata disease and have not
been properly compensated.

Despite the Act on Special Measures, several lawsuits are
still ongoing because the Act defined the area or the duration
without investigation or defining the evidential criteria.
These problems would not have happened in the first place if
the investigation based on the Food Sanitation Act was
conducted.
Commentary

Several important points from the history of Minamata disease
contain valuable lessons for the future as emphasized below.
Interested readers should refer to Further Readings.

1. Prompt countermeasures should be conducted when a cause
is identified and should not be postponed until an etiolog-
ical agent is identified.

Whether investigation or control has priority depends on
the levels of certainty about the etiology and source/mode of
transmission. When we look back over the history of Minamata
disease, the source/mode of transmission (i.e., eating contam-
inated seafood) was proved in 1956, but the etiological
agent(s) were not fully demonstrated. Therefore, both investi-
gation and control should have been conducted, although no
effective control was undertaken and the residents continued to
be exposed. In this Minamata incident, the appropriate public
health response (i.e., Food Sanitation Act) should have been
applied in 1956.

2. Lack of investigation obscures the features as well as the
expansion of the disease and unnecessarily confuses the
situation.

As mentioned, the Food Sanitation Act was not applied. The
Act is a law for investigation of an outbreak (active surveil-
lance) and for implementing measures against food poisoning.
Because of a lack of investigation based on the Act, no one
knows how many people died or became ill following the
outbreak and how far exposure spread. This also led to the lack
of epidemiological studies, which obscured the features of the
disease and resulted in unnecessary diagnostic difficulties and
compensation problems. Such difficulties or problems do not
usually arise in food poisoning incidents in Japan.

In the case of Minamata disease, instead of conducting
active surveillance, the Japanese Government applied passive
surveillance (i.e., patients needed to come forward on their
own initiative to be classified). The government then used the
criteria for diagnosis (1977 Criteria mentioned above), which
required combinations of signs. Although the EAJ advocates
that the criteria are medically correct, the truth is that the EAJ
recognized a lack of medical evidence on the criteria. Moreover,
the medical community in Japan have pointed out that the
criteria were medically incorrect. Furthermore, of the patients
who satisfied the 1997 Criteria and who should have been
accredited according to the 1977 Criteria, only a fraction (e.g.,
one-third) had been accredited. These situations led to a per-
plexing phenomenon that about 2200 patients were diagnosed
with Minamata disease and have been compensated, whereas
at least several tens of thousands of victims who have neuro-
logical signs characteristic of methylmercury poisoning have
not been recognized as patients and have not been not properly
compensated.

3. The womb is the environment.

In the Minamata disease incident, congenital Minamata disease
occurred. These patients manifest mental retardation, distur-
bance of coordination, deformities of the limbs, poor reflexes,
poor nutrition, and impaired growth. The patients symptoms
were coincident with Minamata disease both in timing and
location, and their mothers consumed a large amount of fish
and exhibited mild symptoms of Minamata disease. Before
congenital Minamata disease was demonstrated, it was
believed that the womb protected the fetus from poisons. This
was the first clear-cut case of chemical poisoning transmitted
through the placenta to the fetus.

This incident shows that the womb is the environment. To
pollute the exterior environment is to pollute the womb, that
is, to pollute future life.

4. Social circumstances (e.g., power of the factory and
discrimination) can induce disease.

Social circumstances in the 1950s and 1960s, which placed great
emphasis on industry development as well as discrimination
against poor fishermen in South Kyushu, could be important
factors that induced the disease. While fishermen did not have
any political power either locally or nationally, the Chisso
factory was supported by the local government and the Ministry
of International Trade and Industry of Japan. In the late 1950s
and 1960s, the Chisso factory in Minamata produced 80–90%
of the octanol in Japan, which was the main ingredient of
plastics. The economic and political power of one factory or
stakeholder can dominate the public health interests within
a context that is strongly prion support of economic growth.

See also: Food Safety and Toxicology; Pollution, Water;
Epidemiology; Methylmercury; Acetaldehyde; Environmental
Health.
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Background

Mirex was used extensively in the United States to control
imported fire ants, and has been used in various products as
a flame retardant. Similar to many other organochlorine
compounds, it degrades slowly in the environment and is
metabolized slowly in biological systems. Its use has been
banned in a number of countries.

l Molecular Formula: C10Cl12
l Trade Names: Bichlorendo; Dechlorane; GC-1283
l Chemical Structure:
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Uses

Mirex was used in the United States primarily to control
imported fire ants and as a flame retardant in plastics and other
items. Mirex was used in Australia and other countries as
a termiticide.
Environmental Fate and Behavior

Environmental Fate

As with other organochlorine insecticides, mirex undergoes
relativelyminimal biotransformation and degrades slowly in the
environment. Residues can remain in soil and water for years.
Mirex does not evaporate to any degree from surface water or
soil. Mirex is practically insoluble in water, but adsorbs to soil
and sediment, with an estimated half-life in sediment of around
a decade. Mirex does not appreciably leach into groundwater.
Bioaccumulation in fish and other aquatic organisms and
animals that eat those organisms is therefore a concern.

Mirex has been extensively used in South America and
South Africa. It can be photoactivated in sunlight to photo-
mirex, a more potent toxicant. Mirex has been detected in Arctic
freshwaters and in terrestrial organisms and sediment samples
from the Great Lakes. High consumption of fish is associated
with higher levels of mirex in human milk. Inuit from northern
Canada have approximately an order of magnitude higher
mirex levels in breast milk compared to residents of southern
Canada, and even higher levels are noted in Inuit from
Greenland. Mirex has been recognized as a persistent, bio-
accumulative toxicant by the Oslo–Paris Convention for the
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Protection of the Marine Environment of the North-East
Atlantic and the Stockholm Convention on Persistent Organic
Pollutants. The Stockholm Convention included mirex in the
‘dirty dozen’ list of persistent organic pollutants as high-
priority contaminants.
Exposure and Exposure Monitoring

Exposure to mirex occurs primarily from direct contact with
contaminated soil or from consumption of contaminated food
(e.g., fish). Mirex has been found in at least seven sites on the
US Environmental Protection Agency’s (USEPA’s) National
Priorities List of contaminated waste sites. Thus, since mirex
uses were eliminated in the United States in 1978, exposure
would be most likely around contaminated waste sites. Mirex
may still be used in other countries, leading to more wide-
spread exposure in the general population. Monitoring is by
chemical analysis of residues in environmental media, wildlife,
human breast milk (as noted above), and food products.
Toxicokinetics

Mirex is poorly absorbed from the oral tract. About half of an
oral dose in rats was recovered unchanged in the feces. After an
initial rapid rate of excretion, the half-life was estimated at 100
days. Storage in tissues is high, often failing to reach a plateau
with long-term exposures. To a limited extent, mirex is con-
verted into 2,8-dihydromirex and 5,10-dihydromirex. Mirex is
excreted unchanged in milk, thus posing a hazard for nursing
infants. Approximately 90% of mirex residues are in fat.
Mechanism of Toxicity

Mirex is a potent microsomal enzyme inducer. Mirex can
inhibit NaK-ATPase and interfere with energy production and
utilization. Mirex is also a tumor promoter.
Acute and Short-Term Toxicity

Animal

Mirex causes liver toxicity; increased cholesterol and triglycer-
ides; hypoglycemia; signs of neurotoxicity, including hyperex-
citability, tremors, convulsions, and lethargy; increased adrenal
weights; and developmental toxicity.

Mirex is a relatively weak acute toxicant with oral LD50

values in rats ranging from about 0.5 to 2 g kg�1. The acute oral
LD50 in dogs was >1 g kg�1. A single dose of mirex in rats
elicited hepatic centrilobular hypertrophy with a marked
increase (twofold) in liver weight. High levels of mirex can
affect the stomach, intestine, liver, kidneys, eyes, thyroid, and
nervous and reproductive systems. Multiple doses over
a number of days appear to elicit more extensive toxicity.
4-3.00165-2 345
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Human

There is little information on effects of acute exposure to mirex
in humans.
Chronic Toxicity

Animal

Mirex is more hazardous with repeated dosing. Lethality was
increased in adult male rats at dosages as low as
5mg kg�1 day�1 for 30 days and in adult females at dosages as
low as 6.2mg kg�1 day�1 for 90 days. In mice, 100% mortality
occurred following exposure at 1.3mg kg�1 day�1 for 60 days.
Dietary mirex for 148 days in rats led to reduced motor activity,
irritability, and tremors. Similar dosing led to decreased litter
sizes and decreased mating in rats.

Mirex is listed by the Minister of the Environment of Japan
as an endocrine-disrupting chemical. Chronic dosing in rats led
to increased incidence of hepatic tumors.
Human

The US National Toxicology Program lists mirex as “reasonably
anticipated to be a human carcinogen.” Exposure to mirex is
still possible due to its previous extensive use and its persis-
tence in the environment. There is relatively little information
on chronic toxicity of mirex in humans, however.
Immunotoxicity

Mirex led to increased blood corticosterone levels. The immu-
nosuppressive effects of this hormone may therefore lead to
immunotoxicity with mirex exposure. Mirex dosing also led to
decreased spleen weights.
Reproductive Toxicity

Mirex reportedly influences reproductive function in multiple
ways. Dietary exposure with mirex (2mg kg�1 day�1 for 3
months) led to impaired reproductive performance in male
mice. Mirex exposures during gestation were associated with
reduced litter sizes. Changes in luteinizing hormone were
correlated with reduced ovulation. Cross fostering studies
suggested litter viability was related to exposures via lactation.
A number of studies reported cataract formation in offspring
from reproductive toxicity studies.
Genotoxicity

Mirex was negative in Ames mutagenesis assays and the
dominant lethal test.
Carcinogenicity

Maximum tolerated doses of mirex led to increased incidence
of hepatoma in mice. Rats showed increased liver tumor
incidence following mirex exposure (100 ppm) in the diet for
13 months.
Clinical Management

In general, a person exposed to mirex should be observed for
any behavioral change, for example, slurred speech. If
convulsions occur, these need to be treated with a benzodiaz-
epine or other anticonvulsant. The airway must be main-
tained. Oxygen is administered and mechanically assisted
ventilation is provided if respiration is depressed. If exposure
was via contaminated clothing, clothes should be removed
and the skin is washed with soap and water. After ocular
exposure, eyes are flushed with copious amounts of water.
After oral exposure, gastric lavage should be considered in
alert patients, with caution due to possible onset of convul-
sions. Cardiac and respiratory function should be closely
monitored. Epinephrine should be avoided because of
possible sensitization to catecholamines.
Ecotoxicology

Mirex is highly toxic to a number of aquatic organisms, with
crustaceans, including commercially important species of
shrimps and crabs, being particularly sensitive. Mirex can affect
mammals and birds via accumulation in prey species. Some
studies suggested relatively high dietary concentrations of
mirex were needed to adversely affect birds.
Exposure Standards and Guidelines

As noted, mirex use, synthesis, export, and import were all
banned in the United States in the late 1970s. The oral reference
dose for mirex is 0.5 mg kg�1 day�1.
See also: Organochlorine Insecticides; Persistent Organic
Pollutants; PBT (Persistent, Bioaccumulative, and Toxic)
Chemicals.
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l Name: Mithramycin
l Chemical Abstracts Service Registry Number: 18378-89-7
l Synonyms: Plicamycin; Aureolic acid; Mithramycin A;

Mitramycin (2S-(2alpha, 3beta(1R*,3R*,4S*)))-6-
((2,6-Dideoxy-3-O-(2,6-dideoxy-beta-D-arabino-hexopyr-
anosyl)-beta-D-arabino-hexopyranosyl)oxy)-2-((O-
2,6-dideoxy-3-C-methyl-beta-D-ribo-hexopyranosyl-(1-4)-
O-2,6-dideoxy-alpha-D-lyxo-hexopyranosyl-(1-3)-
2,6-dideoxy-beta-D-arabino-hexopyranosyl)oxy)-3-
(3,4-dihydroxy-1-methyl-2-oxopentyl)-3,4-dihydro-
8,9-dihydroxy-7-methyl-1(2H)-anthracenone

l Molecular Formula: C52H76O24

l Chemical Structure:
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Background

Mithramycin is an antineoplastic antibiotic produced by
Streptomyces plicatus. It is well known as the aureolic acid
antitumor antibiotic that inhibits both cancer growth and
bone resorption by cross-linking GC-rich DNA, thus
blocking binding of Sp-family transcription factors to
gene regulatory elements. Transcription of c-Src, a gene
implicated in many human cancers and required for
osteoclast-dependent bone resorption, is regulated by the
binding of Sp factors to specific elements in its promoter.
Therefore, this gene represents an important anticancer
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
target and a potential lead target through which mithra-
mycin displays action against osteoclastic bone resorption
via an unknown mechanism. Hazards of handling this
drug by the health-care personnel arise from a combina-
tion of factors: (1) its inherent toxicity and (2) the extent
to which workers are exposed to the drug in the course of
carrying out their duties. This exposure may be through
inadvertent ingestion of the drug on foodstuffs (e.g.,
workers’ lunches), inhalation of drug dusts or droplets, or
direct skin contact. Mithramycin has been used to
decrease bone resorption in patients with humoral
hypercalcemia and Paget’s disease.
Uses

Mithramycin is used as a DNA-binding fluorescent dye, as an
antineoplastic agent, and to reduce hypercalcemia, especially
due to malignancies. Mithramycin is a potent inducer of fetal
hemoglobin production in erythroid cells and is being inves-
tigated to alleviate the symptoms underlying beta-thalassemia
and sickle cell anemia.

Exposure Pathways

Intravenous infusion is the only reported exposure pathway.
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Toxicokinetics

Mithramycin peak levels are achieved immediately through the
intravenous route. It is rapidly cleared from the blood within
the first 2 h. Nearly 70% is excreted in the urine within the first
4 h and over 90% is recovered within the first 24 h. There is no
evidence of protein binding.
Mechanism of Toxicity

Mithramycin inhibits mRNA and protein synthesis by adhering
to DNA. Mithramycin appears to affect bone resorption by
stimulating osteoclast activity and results in hypocalcemia and
hypophosphatemia. It is believed to lower serum calcium
concentrations, but the exact mechanism is unknown. It may
act by blocking hypercalcemic action of vitamin D or by
inhibiting the effect of parathyroid hormone on osteoclasts. Its
inhibition of DNA-dependent RNA synthesis appears to render
osteoclasts unable to fully respond to parathyroid hormone
with the biosynthesis necessary for osteolysis.
Human Toxicity

Mithramycin is toxic to bone marrow, liver, and kidneys. It
produces hemorrhagic diathesis in up to 10% of patients
treated daily. This hemorrhagic diathesis may manifest early
with epistaxis or gastrointestinal bleeding, with laboratory
findings significant for thrombocytopenia, increased coagula-
tion times, leukopenia, and/or anemia. Adverse gastrointes-
tinal, cutaneous, and neurological manifestations may occur
and include anorexia, nausea, vomiting, diarrhea, stomatitis,
fever, malaise, headache, facial flushing, and skin rash.
Mithramycin-induced hypocalcemia may result in fatigue,
depression, muscle cramps, fasciculations, and tetany.
Clinical Management

In patients manifesting clinical toxicity, discontinuation of
mithramycin should be considered and supportive care insti-
tuted. Administration of calcium and blood products may be
necessary depending upon the degree of toxicity.
See also: Poisoning Emergencies in Humans.
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Mitochondrial Biology

Virtually, all eukaryotic cells can maintain a mitochondrial
population that directly reflects the cellular energy demand.
Mitochondria are a double-membraned organelle that forms
a syncytium in the cell where ‘grain’ (Greek: chondros) shaped
mitochondria bud off a larger reticulum of ‘thread-like’ (Greek:
mitos) mitochondria. Mitochondria replicate independently of
cell cycle and the estimates of half-life in rodent liver range
from several days to several weeks, the former being more
likely. Mitochondria contain multiple circular copies of DNA
(mtDNA) that lack introns and histones; that have Watson–
Crick codons different from nuclear DNA (nDNA); and that
encode 13 proteins, 22 tRNAs, and 2 subunits of ribosomes
that, when assembled, are similar to those in bacteria. More-
over, the mtDNA polymerase gamma (Polg) required for
replication more closely resembles viral polymerase than
bacterial or eukaryotic.

Such characteristics are akin to bacterial DNA which has
fueled endosymbiotic models of eukaryotic evolution from
alphaproteobacteria. The presence of cardiolipin, an atypical
phospholipid in the inner membrane with four acyl chains that
is found only in the inner membrane of the mitochondria and
bacteria, underscores this bacterial origin. As a result, antibi-
otics, such as the oxazolidines, that target bacterial protein
expression via ribosomal inhibition also impair mitochondrial
protein expression, thereby gradually eroding the cellular
bioenergetic capacity. Similarly, antivirals that target Polg and
impair mtDNA replication contribute to the lipodystrophies
and lipoatrophies in AIDS patients undergoing highly active
antiretroviral therapy.

When mitochondrial capacity is eroded, the cell’s ability to
tolerate stress is diminished. If mitochondrial capacity declines
precipitously the cell is at risk of necrosis, whereas gradual loss
increases the likelihood of apoptosis.

The upshot of the above is that mitochondria are complex
organelles where drug-induced dysfunction can arise from the
impairment of replication, protein expression, and budding-
fusion, in addition to direct inhibition and uncoupling of
oxidative phosphorylation (OXPHOS); and inhibition of
particular enzymes located within the mitochondria.

ATP production is dependent on oxygen consumption
(OXPHOS), consists of the electron transport system (ETS)
and the phosphorylation process. In the ETS, electrons are
removed from substrates in the Kreb’s cycle and enter at two
sites whereupon they cascade down a series of redox centers in
four respiratory complexes, finally reducing oxygen to water.
Complex I consists of over 40 proteins only some of which are
encoded by mtDNA, whereas Complex II is completely
encoded by nDNA. Both complexes in turn reduce ubiqui-
none which shuttles the electrons to Complex III which
reduces a second shuttle, cytochrome c, which then reduces
Complex IV. When Complex IV accumulates four electrons,
oxygen is tetravalently reduced to water. In several ETS
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
reactions, oxygen can be univalently reduced to the super-
oxide radical, a process accelerated when ‘downstream’ ETS is
inhibited, thereby increasing the reduction state of ‘upstream’

components.
The reactions in Complexes I, III, and IV have reaction

energies sufficient to pump protons across the inner membrane,
thereby generating a membrane potential of �220mV (inside
negative) composed of both chemical (DJ) and pH (DpH)
components, but DJ is the typical abbreviation. Complex V,
also known as ATP synthase, regulates the flow of protons down
their concentration gradient and uses this potential energy to
phosphorylate ADP to ATP. Complex V operates like a compli-
cated proteinmotor where some proteins serve as ‘stators,’while
others form a rotor. Membrane potential is also important for
Ca2þ regulation and for the import of material to support
anabolic processes such as heme and steroid productions.

Given this complexity, OXPHOS is an extraordinarily
‘target-rich’ environment for drug-induced impairment and, as
discussed below, a wide variety of xenobiotics, including drugs,
directly inhibit OXPHOS. Moreover, for OXPHOS to be effec-
tive, the inner membrane must be impermeable to protons,
otherwise the potential energy of the gradient is dissipated as
heat and not used for ATP production. This heat is essential for
endothermic animals and plants that melt through ice to grow
and most species express uncoupling proteins to help regulate
temperature. When the membrane becomes proton permeable,
ETS is said to be ‘uncoupled’ from phosphorylation and many
xenobiotics (drugs) are uncouplers.

How important is mitochondrial ATP production for
human metabolism? At rest (sitting quietly) women and men
generate approximately 6100 and 8000 kJ per 24 h, respec-
tively. Under physiological conditions, ATP hydrolysis yields
42–50 kJ mol�1, so that women use 133 and men 173mol of
ATP per day. The molecular weight of ATP is 504, so that
women turn over 67 kg day�1 and men 88 kg day�1. Thus,
resting humans turn over their body weight every day, and
since 95% of this ATP is generated by OXPHOS, mitochondrial
impairment emerges as an important consideration. As mito-
chondrial capacity is diminished, glycolysis accelerates to
compensate increasing lactate efflux that, when impairment is
severe, can lead to clinically pathological acidosis.
Drug-Induced Mitochondrial Dysfunction

We have long known that a wide variety of xenobiotics derived
from plants and fungi have specific and toxic effects on mito-
chondria, and so on organisms. For example, rotenone inhibits
Complex I of the ETS, antimycin inhibits Complex III, and
oligomycin inhibits Complex V. It should therefore not be
surprising that synthetic xenobiotics could have comparable
effects. For example, the thiazolidinediones, biguanides, sta-
tins, and many other drug classes inhibit one or more of the
ETS complexes. Several thiazolidinones have either been
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withdrawn from the market (troglitazone for fatal liver
damage) or have received a black box warning from the FDA
(pioglitazone and rosiglitazone). Several biguanides were
withdrawn because of fatal lactic acidosis (phenformin,
buformin), while another member of the class is better toler-
ated (metformin). Cerivastatin was withdrawn due to rhab-
domyolysis, and statins as a class inhibit ETS and are
uncouplers. Antivirals (stavudine) are known to target Polg
and a variety of antibiotics inhibit mitochondrial protein
synthesis (e.g., linezolid). For a comprehensive list of drugs
known to cause mitochondrial impairment, please refer to
Table 1.

If assays could be developed to identify such mitochondrial
liabilities, compounds with a safer mitochondrial profile could
be selected, thereby reducing adverse drug events, black box
warnings, and late-stage attrition. For example, it has been
shown that all biguanides inhibit ETS in Complex I to
a different extent, whereas the thiazolidinones inhibit
Complexes IV and V. Despite close chemical similarities in each
class, there is heterogeneity in the response. For example, dar-
glitazone inhibits Complexes IV and V, but also Complex III,
whereas rosiglitazone modestly inhibits only Complex I. This
suggests that structure–activity relationships can be resolved
Table 1 Drugs known to cause mitochondrial liabilities

Drug Drug class Mitochondrial off-targ

Phenformin, buformin,
metformin

Biguanide Complex I

Troglitazone Thiazolidinedione Complexes I–V; perm
transition pore

Fenofibrate, ciprofibrate,
clofibrate, gemfibrozil

Fibrate Complex I

Simvastatin, lovastatin,
cerivastatin

Statin Permeability transitio

Linezolid Oxazolidinone mtDNA-encoded prot

Chloramphenicol – mtDNA-encoded prot
Tetracycline Tetracyclines mtDNA-encoded prot

fatty acid oxidation
Gentamicin Aminoglycoside mtDNA-encoded prot
Trovafloxacin Fluoroquinolone Oxidative stress, mtD

loss
Zalcitabine, didanosine,

stavudine
NRTI mtDNA synthesis

Nimesulide, diclofenac Nonsteroidal anti-
inflammatory drug

Uncouples electron t
synthesis; permea

Chlorpromazine Antipsychotic Complex I and V; un
transport from ATP

Nefazodone Antidepressant Complex I
Amineptine, tianeptine Tricyclic antidepressant Fatty acid oxidation
Tolcapone Catechol-O-methyl

transferase inhibitor
Uncouple electron tra

synthesis
Amiodarone, perhexiline – Uncouple electron tra

synthesis; oxidativ
Valproic acid – Fatty acid oxidation
Tamoxifen Estrogen receptor

antagonist
Uncouple electron tra

synthesis; Comple
Flutamide Nonsteroidal

antiandrogen
Complex I

Doxorubicin Anthracycline Oxidative stress
allowing mitochondrial toxicity to be circumvented while
retaining the efficacy.

If mitochondrial toxicity is as important as contended here,
how could it have been overlooked for so long? In part this
happened because of inadequate assays, a circumstance now
rectified by the development of novel assays as described
below. And also in part because of an accident of history, first
pointed out over 80 years ago by Crabtree and Warburg.
Crabtree noted that respiration (¼OXPHOS) is inhibited by
elevated glucose, while Warburg noted that aerobic glycolysis
yields lactate efflux despite competent mitochondria. For
generations, almost all cell cultures have been done at high
concentrations of glucose (25mM) that are five times physio-
logical levels. Under these conditions, cells rely on glycolysis
and do not use OXPHOS; most mitochondrial toxins elicit little
or no pathology in cell culture. In order to detect mitochondrial
toxins cells must be forced to become aerobic, and this is done
by substituting galactose for glucose in the culture media.
Because of slower reaction kinetics, galactose yields 80% less
ATP from glycolysis than glucose, thereby recruiting mito-
chondrial OXPHOS. For example, fully 85% of the cells in
glucose remain alive at a concentration of oligomycin that kills
all the galactose-grown cells. In many laboratories, differential
et Clinical observations

Lactic acidosis

eability Steatosis, bile duct hyperplasia, apoptosis, hepatic
necrosis, hepatotoxicity

Hepatocarcinogenesis, hepatic cell death

n pore Myopathy

ein synthesis Myelosuppression, optic neuropathy, peripheral
neuropathy

ein synthesis Myelosuppression
ein synthesis; Hepatotoxicity

ein synthesis Nephrotoxicity, ototoxicity
NA-encoded protein Acute hepatitis

Steatohepatitis

ransport from ATP
bility transition pore

Acute hepatic failure, hepatotoxicity, intestinal
inflammation

couples electron
synthesis

QT prolongation

Hepatic necrosis, hepatitis
Hepatic steatosis

nsport from ATP Fulminant hepatitis

nsport from ATP
e stress

Hepatotoxicity, Hepatitis108

Hepatic steatosis
nsport from ATP
x IV

Steatohepatitis, hepatic necrosis

Acute hepatitis, hepatic failure

Cardiomyopathy
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susceptibility in cells grown in galactose versus glucose is now
taken as prima facie evidence for mitochondrial toxicity.
Assays

No single assay identifies all mechanisms of drug-induced
mitochondrial dysfunction. We describe here some of the
current in vitro methods that are being utilized to identify
mitochondrial toxicity and can be deployed in academic
institutions for research purpose and in industrial settings to
yield safer drugs.
Measurement of ATP Levels in Cells Grown in Glucose- and
Galactose-Containing Media

Cell viability assays where ATP levels are measured are
routinely used to identify compound-induced toxicity. Often,
this is done with immortalized cell lines due to the ease with
which these cells can be handled. Paradoxically, most immor-
talized cell lines, although possessing the capacity to be
aerobic, have a preference for producing ATP via glycolysis
when grown in glucose-rich medium. This phenomenon,
known as the Crabtree effect, makes the identification of
mitochondrial toxicants difficult. In order to overcome this,
cells can be grown in medium containing galactose instead of
glucose. Galactose-grown cells are forced to rely on mito-
chondria for their ATP production and are, hence, more
susceptible than glucose-grown cells to mitochondrial toxicity
(Figure 1). This assay only identifies compounds which cause
toxicity primarily through mitochondrial targets (e.g., nefazo-
done) from those that cause toxicity through multiple targets
(e.g., tamoxifen).
Figure 1 Cells grown in galactose-containing media are susceptible to
drugs that cause primarily mitochondrial toxicity than cells grown in high
glucose media.
Mitochondrial Membrane Potential Measurements

One of the commonest methods to detect mitochondrial
dysfunction has been to monitor the mitochondrial membrane
potential. A variety of fluorescent dyes such as tetrame-
thylrhodamine methyl ester, JC-1, rhodamine 123, and
MitoTracker

�
Red have been used in traditional fluorescence

microscopy, automated high-content imaging, or high-
throughput screening assays utilizing fluorescence plate readers.
These dyes are cations that distribute to the mitochondrial
matrix as a function of the Nernst equation. It is noteworthy to
point out that a decrease in membrane potential is not neces-
sarily due to a direct impairment of mitochondria: cells
undergoing apoptosis or necrosis will also show a decrease in
mitochondrial membrane potential even in the absence of
direct mitochondrial impairment.
Oxygen Consumption Measurements

A conjugated Pt-porphyrin probe with long-decay phospho-
rescence that is quenched by molecular oxygen has been used
extensively in a plate-based format to assess oxygen
consumption of isolated mitochondria and, to a lesser extent,
in intact cells. This soluble oxygen sensor allows measurements
both in 96-well format and in 384-well format, enabling high-
throughput screening of compounds.
While oxygen sensors are sufficient for investigating acute
effects of compounds on OXPHOS in isolated mitochondria,
a decrease in oxygen consumption in cells cannot be inter-
preted as mitochondrial toxicity per se since a dying cell,
regardless of the mechanism of toxicity, will also display
a decrease in oxygen consumption. Hence, soluble and solid
pH sensors have been developed for measuring the extracel-
lular acidification rate, and hence, glycolytic flux, of cells. This
measurement provides the necessary information to delineate
between compounds that directly impair mitochondrial func-
tion from those that cause general cytotoxicity since there is,
generally, a compensatory increase in the glycolytic rate of cells
when compounds impair OXPHOS, whereas this effect is not
seen with compounds that merely cause cytotoxicity.
Assays for Measuring the Activity of Enzymes Involved in
OXPHOS

If inhibition of oxygen consumption is observed in either iso-
lated mitochondria or cells, the specific target of inhibition of
OXPHOS can be identified either by classical biochemical
methods or by immune capturing the individual protein
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complexes (Complexes I–V) from the cells/tissue of interest in
96-well plates and determining the activity in the presence of
the test compounds.
Measurement of mtDNA-Encoded Protein Levels in Cells

Compounds which impair mtDNA replication (e.g., nucleoside
reverse transcriptase inhibitors (NRTIs)) or mtDNA-encoded
protein synthesis (e.g., some antibiotics) are seldom identified
in 24–72 h cell viability assays since both mtDNA and the
13 proteins they encode have low turnover rates. Recently,
a 96-well high-content imaging assay thatmeasures the level of an
mtDNA-encoded protein (subunit 1 of Complex IV) synthesized
on mitochondrial ribosomes and the level of a nDNA-encoded
protein (Complex V-a subunit) synthesized on cytosolic ribo-
somes can be utilized to assess the effect of antibiotics and
antiretrovirals.
Confounding Effects of Bioaccumulation and
Transporters

As a class, the biguanides also have mitochondrial liabilities in
accord with their clinical disposition, but also with some
informative caveats. Phenformin and buformin were with-
drawn from the market because of fatal lactic acidosis, while
metformin remains available. The EC50s for lactic acidosis in
rats are 5, 120, and 730 mM. And this rank order persisted in a
series of assays including viability of HepG2 cells grown in
galactose, respiration by isolated mitochondria, simultaneous
monitoring of O2 consumption and media acidification
(metabolic profiling) of HepG2 and primary human hepato-
cytes, and activities of immune-captured respiratory complexes,
among others. Interestingly, inhibition of the isolated
complexes required very high concentrations (mM), suggesting
that bioaccumulation would be needed to yield OXPHOS
inhibition. This was corroborated using isolated mitochondria
where preincubation (40min) exacerbates respiratory impair-
ment and is required to reveal the inhibition by metformin.
Metabolic profiling of intact cells not only detected respiratory
inhibition, but also revealed compensatory increases in lactate
production from accelerated glycolysis. These data indicate that
biguanide-induced lactic acidosis can be attributed to the
acceleration of glycolysis in response to mitochondrial
impairment. Ironically, the desired clinical outcome, i.e.,
decreased blood glucose, could be due to increased glucose
uptake and glycolytic flux in response to drug-induced mito-
chondrial dysfunction.

Mitochondrial drug accumulation is a function of cytosolic
concentrations, which in turn are dictated by permeability and
plasma membrane transporters. For example, the muscle fibers
at highest risk of statin-induced rhabdomyolysis are the fast
twitch, anaerobically poised, type 2 fibers, not the aerobic,
slow-twitch fibers enriched with mitochondria. This reflects the
distribution of the plasma membrane transporter mono-
carboxylate isoform 4 (MCT-4) which effectively pulls the sta-
tins into the fibers, thereby increasing the concentrations that
the mitochondria are exposed to. Overexpression of MCT-4
sensitizes natal skeletal muscle cells in culture to statin toxicity,
and conversely, knocking MCT-4 down provides resistance.
Mitochondrial Dysfunction and Idiosyncratic Drug
Toxicity

The human metabolism data discussed earlier are for resting
state, but animals accelerate ATP turnover simply by exercising
and trained athletes can increase metabolism up to 20-fold.
This ‘reserve capacity’ must be eroded before only resting
metabolism is supported. But as mitochondrial capacity is
reduced, the ability to exercise diminishes, and at some phys-
iological level, viability is imperiled and pathology emerges.
The ability to maintain or replenish ATP is a function of ATP
utilization and mitochondrial biomass which increases with
exercise. The reserve capacity varies idiosyncratically across the
population depending on genetics, age, and exercise (at least
for those tissues subject to training).

At the cellular level, as mitochondrial capacity declines,
glycolysis accelerates to compensate, and so does mitochon-
drial biogenesis. Although cellular bioenergetics is maintained,
energy and raw materials are being diverted to make new
mitochondria, yielding a zero-sum game (depending on
etiology). If the cell can replace mitochondrial capacity to keep
pace with its erosion, it might remain viable. However, note
that many of the drugs with mitochondrial liabilities are for
chronic diseases, so that the new mitochondria are equally
susceptible to drug-induced dysfunction leading to a negative
feedforward loop. For example, a hallmark of metformin
treatment is increased mitochondrial biomass. The ability to
make new mitochondria varies across the population idiosyn-
cratically based on genetics and nutrition.

Similarly, affinity of plasma membrane transporters for
substrate varies by isoform, i.e., genetically. Individuals with
high-affinity transporters will experience higher drug expo-
sures, and hence are at higher risk of pathology. For example,
affinity for statins of the hepatic organic acid transporter
(OATP) varies by isoform. Individuals with OATP isoform
SLCO1B1 are exposed to much higher levels of simvastatin
plasma than fluvastatin, while individuals with ABCG2 iso-
form are modestly exposed to fluvastatin, but to almost no
pravastatin. Moreover, cytosolic concentration also depends on
plasma membrane transporters like MCT-4, thereby con-
founding PK considerations. In this way, plasma and cyto-
plasmic exposures vary idiosyncratically as a function of
genetics and which drug is being used.

Given the conserved nature of the OXPHOS proteins, and of
mitochondrial function in toto, it seems likely that a given drug
with mitochondrial liabilities will impose comparable toxicity
to a wide range of mitochondria. However, mitochondrial
function does vary across tissues; myocardial mitochondria
tolerate Ca2þ transients that destroy neuronal mitochondria. As
a result, to a large extent mitotoxic drugs yield pathology in
tissues where they get to, not systemically, which is a function
of transporter genetics.

The proximate determinates of pathology are drug
concentration in the organelle in a specific individual with
a given reserve capacity that results from the combination of
transporter isoforms, all of which are idiosyncratic variables.
Moreover, the two primary risk factors for idiosyncratic drug
toxicity are age and being female. Mitochondrial bioenergetic
capacity declines with age, and it starts out lower in women
(resting metabolism), thereby diminishing the reserve capacity.
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Implications for Drug Development

Now that mitochondrial toxicity, both via direct effects and via
impairment of protein expression and mtDNA replication, is
being revealed, the next steps are to determine how such
preclinical findings translate into the clinic, i.e., how much
mitochondrial toxicity is too much. For some antibiotics that
are known to repress mitochondrial protein expression, toxicity
can be avoided by limiting exposure to a few weeks. As data
accumulate for compounds that directly inhibit or uncouple
OXPHOS, SAR will become better resolved. But until the
in silicomodels become more predictive, mitochondrial toxicity
needs to be examined empirically.
See also: Liver; Kidney; Apoptosis; Rotenone; Biguanides; Lipid
Metabolism Modifying (Statins, Cholesterol); Tamoxifen.
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Relevant Websites

http://www.luxcel.com – Fluorescence-based, high throughput approach to the direct
real-time analysis of mitochondrial oxygen consumption. The easy to use assays
measure oxygen consumption of isolated mitochondria, cell populations, small
organisms, tissues and enzymes.

http://www.mitologics.com – Mitologics S.A.S. is a biotechnology company specialized
in detection of mitochondrial alterations. Mitologics owns a technological platform
dedicated to compounds screening on isolated mitochondria from healthy tissues
and tumor cells.

http://www.mitosciences.com/ – MitoSciences is a leading developer of mitochondrial
antibodies and mitochondrial assays. Our scientists directly support all of our
products, which is why we have a 100% guarantee for everything sold.

http://www.mitoresearch.org/ – The Mitochondria Research Society (MRS) is
a nonprofit international organization of scientists and physicians. The purpose of
MRS is to find a cure for mitochondrial diseases by promoting research on basic
science of mitochondria, mitochondrial pathogenesis, prevention, diagnosis and
treatment throughout the world.

http://www.icdd-sas.com/ – The Mitosafe� technology is a cellular biological system
approach based on the analysis of the mitochondrial functioning inside the living
cell. It uses the mechanistic knowledge of mitochondrial targets and their inter-
actions to study in isolation or in integration the effect of drugs on the mitochondrial
system.

http://www.mitosoc.org/ – The Mitochondrial Medicine Society is monitoring the state
of clinical mitochondrial medicine in the US.

http://www.umdf.org/ – United mitochondrial disease foundation.
http://www.seahorsebio.com/ – XF technology non-invasively profiles the metabolic

activity of cells in minutes, offering scientists a physiologic cell-based assay
for the determination of basal oxygen consumption, glycolysis rates, ATP
production, and respiratory capacity in a single experiment to assess mitochondrial
dysfunction.
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l Name: Mitomycin C
l Chemical Abstracts Service Registry Number: 50-07-7
l Molecular Formula: C15H18N4O5

l Chemical Structure:
Background Information

Mitomycin C is naturally produced by Streptomyces caespitosus,
an Actinobacteria found in soil. Mitomycin C has antibiotic
and antitumor activities and has been studied extensively since
the 1950s. A unique feature of this drug is strong bioreductive
alkylation under hypoxic conditions. Oxygen-poor cells
internal to solid tumors provide an environment in which this
drug is highly activated. As an antitumor agent, it has shown
efficacy in a wide variety of cancers, including gastric cancer,
pancreatic cancer, breast cancer, non-small-cell lung cancer,
cervical cancer, prostate cancer, and bladder cancer. The side-
effect profile is large, which prohibits its widespread use.
Mitomycin C is antibacterial to gram-positive, gram-negative,
and acid-fast bacilli.
Uses

Mitomycin C is used as an antineoplastic agent and for slowing
of fibroblast formation in open-angle glaucoma. Recently,
mitomycin C has been used to induce tumor responses in
patients with many types of cancer. For example, mitomycin C
has been used in combination with other drugs for adenocar-
cinoma of the stomach and pancreas as well as palliative
treatment of anal, bladder, breast, cervical, colorectal, head and
neck, and non-small-cell lung cancer. In addition to its systemic
use in combination regimens for these tumors, mitomycin has
been used as a single agent given by intrahepatic infusion for
hepatic metastases from colorectal carcinoma and by intra-
vesical instillation for carcinoma in situ of the bladder.
Environmental Fate and Behavior

Mitomycin C is naturally produced by S. caespitosus, a micro-
organism found in soil and decaying vegetation. As
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a compound potentially released in commercial solid waste or
in spill or container residue, mitomycin C is not thought to
persist in soil and water. Calculations based on its hydrolysis
rate in water at 25 �C show a half-life of 12.9 days. It is readily
soluble in water, so mobility in groundwater is high. Mito-
mycin persistence in air is low and bioaccumulation is low.
Exposure and Exposure Monitoring

Mitomycin C is administered intravenously to patients as
a therapeutic agent in a health care setting. The most common
route of exposure to health care workers administering drug
treatment is through accidental injection, needle stick, skin
contact from spills, and droplet inhalation. This drug, consid-
ered a toxic substance according to the US Occupational Safety
and Health Administration 29CFR1900.1200, is recommended
by the US National Institutes of Health to be prepared in a class
II laminar flow hood by health care workers.
Toxicokinetics

Mitomycin C is absorbed inconsistently from the gastrointes-
tinal tract with a volume of distribution of 16–56 l m�2,
a primary means of elimination is by hepatic metabolism, but
it is also excreted in urine. Half-life in humans is approximately
8 min.
Mechanism of Toxicity

Mitomycin C inhibits DNA synthesis and cross-links DNA at
the N6 position of adenine and at the O6 and N2 positions of
guanine. In addition, single-strand breakage of DNA is caused
by reduced mitomycin C (this can be prevented by free radical
scavengers). Its action is most prominent during the late G1
and early S phases of the cell cycle. Mitomycin C can inhibit
RNA and protein synthesis at high concentrations. Mytomycin
C is an aneuploidy-inducing agent. Oxygen and radiation
therapy have been shown to enhance the development of
toxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

The intravenous LDLo is 1500mg kg�1. In rats, the intravenous
TDLo is 2.6mg kg�1 and the oral LD50 is 68mg kg�1. Oral
mouse LD50 is 88 660mg kg�1, and oral LDLo in dogs and
monkeys is w10mg kg�1. At the highest concentration of
mitomycin C, in a rabbit experiment, the cornea was inflamed,
with stromal necrosis and marked endothelial loss. Hemor-
rhagic iris necrosis was also observed.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00883-6
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Mitomycin C 355
Human

Hemolytic anemia, thrombocytopenia, and renal dysfunc-
tion, leading to potentially fatal hemolytic uremic
syndrome, can occur in patients given tamoxifen with or
shortly after mitomycin C. Mitomycin C is contraindicated
in patients with preexisting myelosuppression and anemia.
Vinblastine and vindesine can increase the pulmonary
toxicity of mitomycin C. Severe and life-threatening bron-
chospasms and two cases of fatal acute respiratory failure
have been reported.
Chronic Toxicity (or Exposure)

Animal

Mitomycin C is a carcinogen (sarcomas and other cancers) in
mice and rats after intraperitoneal, intravenous, or subcuta-
neous injections. It is teratogenic in mice (including skeletal
defects). It is nephrotoxic. It is mutagenic in sister chromatid
exchange assays.
Human

Intravenous administration of mitomycin C has resulted in
dyspnea and lung fibrosis. Other effects include dermatitis,
nausea, myelosuppression, fever, malaise, and glomerular
damage. On rare occasions, interstitial pneumonitis, hemolytic
uremic syndrome, and pulmonary fibrosis have occurred. It is
a nephrotoxin and a male reproductive toxin. Mitomycin C
causes alopecia and pulmonary damage and can cause severe
tissue damage if it escapes from vasculature. Serious and
potentially life-threatening intravascular hemolysis and kidney
failure may develop after long-term use of mitomycin and
fluorouracil.
Immunotoxicity

A common side effect of mitomycin C administration to the
bladder is an allergic contact dermatitis.
Reproductive Toxicity

Studies in both rats and mice given at least 0.5mg kg�1 day�1

intraperitoneally during organogenesis showed an increase in
fetal deaths. At 2mg kg�1 day�1,mitomycinCwas lethal tomice
offspring. At lower doses fetal toxicity was evident as reduced
birth weight, developmental delays, external anomalies, and
reduced reproductive tract development. Mitomycin C has been
classifiedby theUS Food andDrugAdministration as pregnancy
category X, meaning that there is positive risk to a fetus during
dosing of this drug, and it is strongly counterindicated in
conjunction with pregnancy or possible pregnancy.
Genotoxicity

DNA damage, mutations, and chromosomal aberrations have
been reported. Bioreduction of this compound produces alky-
lating agents that irreversibly bind to DNA. Published studies
suggest that the mutational spectrum of mitomycin was caused
by preferential binding to guanidine residues. Mutations seen
were mostly base substitutions and deletions. Studies also have
shown genotoxicity in bacteria, mammalian cells in vivo,
animals, and Drosophila melagaster (oocytes). It also induced
dominant and recessive mutations in the Braconid Habrobracon
hebetor.
Carcinogenicity

The EPA classification for this drug is B2, indicating possible
carcinogenicity in humans. While no studies have been done in
humans, animal studies provide sufficient evidence for this
classification. In addition, the US Environmental Defense Score
card lists mitomycin C as a potential carcinogen as does
California Proposition 65.
Clinical Management

Early withdrawal of the drug and administration of cortico-
steroids appear to significantly improve the outcome. Topical
application of dimethyl sulfoxide may be effective for
management of mitomycin C extravasation.
Other Hazards

Mitomycin C has been shown to be a potent teratogen in
animals. In animal studies, fetal death and congenital malfor-
mations have been seen.
Exposure Standards and Guidelines

Occupational exposure limits have not been determined for
this drug.
Miscellaneous

Aclarubicin: The bone marrow depressant effects of aclar-
ubicin can be increased by previous treatment with
mitomycin.

Doxorubicin (adriamycin): An increased incidence of late
onset congestive heart failure has been seen in patients
treated with mitomycin who had previously been given
doxorubicin.
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See also: Carcinogenesis; Chromosome Aberrations; Sister
Chromatid Exchanges.
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Human health risk assessment of chemical mixtures is the
process of evaluating the biological consequences of human
exposures to groups of chemicals. This article provides a broad
overview of chemical mixtures risk assessment, introducing
fundamental concepts and describing approaches for evalu-
ating the risks that mixtures pose. Here, a mixture is defined as
a combination of two or more chemicals that influences
a population’s risk of chemical toxicity. We note that exposures
to mixtures could occur at different times and through different
routes; chemicals forming a mixture may originate from
different sources. We encounter many different mixtures in our
environment; for example, there may be mixtures of small
quantities of dioxins in our food. Exposures to some of these
mixtures can be deleterious to our health. Identifying these
potentially harmful mixtures and quantifying the risks that they
pose are among the goals of mixture risk analysis. Although we
focus on the evaluation of human health risks, most of the
concepts are applicable to ecological risk assessment. For
a detailed treatment of mixtures risk assessment, read the US
Environmental Protection Agency’s (EPA’s) Supplementary
Guidance for Conducting Health Risk Assessment of Chemical
Mixtures or the Health Council of the Netherlands’ Exposure to
Combinations of Substances: A System for Assessing Health Risk.
Basic Mixtures Concepts

For environmental health hazards, we typically rely on the US
National Research Council’s Risk Assessment Paradigm to
guide the evaluation of whether or not a risk to human health is
posed. This paradigm is composed of a series of interconnected
processes, including hazard identification, dose–response
assessment, exposure assessment, and risk characterization.
Mixtures are evaluated through the same processes used in
single chemical risk assessment, but with ancillary consider-
ations such as interactions between compounds, changes in the
composition of the mixture over time, and the similarity
between mixtures that have been tested toxicologically and the
mixtures we encounter in our environment.

Specific terms are used to describe potential interactions
between and among the chemical components of mixtures.
Additivity implies that the effect caused by a mixture can be
estimated directly from the sum of the scaled exposure levels
(dose addition) or the sum of the risks (risk or response
addition) of the individual components in the mixture. When
evaluating the risk posed by a mixture, it is initially assumed
that the components act in an additive manner. Mixtures
producing risks greater than expected from additivity are
described as synergistic, and those producing risks less than
expected from additivity are described as antagonistic. The
designation of synergism and antagonism, therefore, depends
on the definition of additivity.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Assessing exposures to mixtures can be complex. The initial
composition and physical characteristics of a mixture can differ
depending on how the mixture is produced; even the compo-
sition of mixtures produced by the same general process can
differ dramatically (e.g., the components formed in chlorinated
drinking water vary by the temperature and the source of
the water). Once released into the environment, the compo-
sition of a mixture typically changes. Some components may
be selectively retained in one environmental medium (e.g.,
certain dioxin congeners released from the stacks of combus-
tion sources appear to be selectively taken up and retained in
plant tissues. See the work of Lorber). Cacela shows that
other components such as polychlorinated biphenyls may be
transformed by biological, chemical, or physical processes in
the environment. These differences in the composition of
mixtures result in differences in the exposures experienced by
the population, potentially resulting in different biological
consequences. Given the large number of mixtures and the
variability of their components, we cannot test the toxicity of
every mixture to examine the biological consequences.

The term ‘similar mixtures’ describes test mixtures that differ
slightly in composition from an environmental/toxicological
mixture of interest, but that are expected to share comparable
environmental fates and toxicokinetic and toxicodynamic
processes. Similar mixtures may have the same components
but in slightly different proportions, or have most components
in nearly the same proportions with only a few different (more
or fewer) components than an environmental mixture of
interest. Risk assessors judge whether or not the toxicity of a test
mixture is sufficiently similar to that of the environmental
mixture of interest. If judged to be ‘sufficiently similar,’ then the
toxicity exhibited by the test mixture is used as a surrogate for
the environmental mixture of interest (i.e., the biologic
consequences of exposure to the two mixtures are judged
indistinguishable).
Chemical Mixtures Toxicology

Chemical mixtures toxicity test strategies may analyze a whole
mixture, a defined mixture, or individual mixture components.
Samples of whole mixtures may be composed of both known
and unknown component chemicals, where the fraction of the
mixture mass represented by known chemicals may often be
smaller than that of the unknown chemicals. The whole-
mixture approach offers a considerable advantage because it
captures the toxicity of all the components and all interactions
between and among the known and unknown component
chemicals. However, toxicological evaluation of the whole
mixture is often fraught with technical difficulties. As the
concentration of environmental mixtures is typically required
prior to conducting a toxicologic evaluation, careful
4-3.00447-4 357
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consideration must be given to the environmental realism of
the resulting sample. Have toxicologically important chemicals
been lost or have chemical artifacts been introduced into the
sample during the concentration process? Are the relative
proportions (the mixing ratios) of the resulting concentrate
similar to those in the environmental samples? Is the sample
matrix compatible with the biological test system? Given that
careful attention must be paid to sample quality, and sample
preparation is often time consuming and costly, toxicological
evaluation of complex environmentally realistic mixtures may
best be focused on classes of mixtures, such as mixtures
resulting from chlorination of drinking water, for which there is
widespread human exposure, significant portions of the
mixture mass are unknown, and there is some, even if limited,
epidemiologic information suggestive of adverse human health
effects.

The toxicological testing of defined mixtures includes the
preparation of chemical mixtures by adding individual compo-
nents known to comprise whole mixtures. The component
concentrations are designed to mimic the component ratios
observed in whole mixtures (or a range of such ratios). The
defined mixture approach has suffered historically from lack of
experimental designs and corresponding statistical analysis
techniques that compensate for the fact that traditional full
factorial experimental designs become technically infeasible as
the number of both component chemicals and dose levels
increase. Increasingly, less-than-full factorial designs, such as
those described by Teuschler, are being developed and used.
Toxicological evaluation of defined mixtures is most useful
when the research effort targets data collection either on
mixtures of component chemicals that frequently occur together
in the environment or on toxicologically significant combina-
tions of chemicals; the experimental design includes environ-
mentally relevant mixing ratios; the experimental design
includes data points at the lower end of the dose–response curve;
and efficient experimental designs are employed and predictive
modeling is incorporated into the study.

Toxicity tests conducted on individual components of
whole mixtures also provide useful information to risk asses-
sors. These tests may be conducted in isolation, in combination
with other components of the mixture, or as an element of
a defined mixture study. Individual component approaches can
be used to examine the assumptions underlying component-
based risk assessment methods described in the next section.
Toxicity tests on individual components are less expensive and
faster than whole mixture and defined mixture approaches but
lack information on interactions and unknown components.
Mixtures Risk Assessment Methods

When possible, risk assessors prefer to make assessments using
epidemiologic or toxicologic data on the environmental
mixture to which people are exposed. A second approach,
described above, uses data from a test mixture judged to be
sufficiently similar to the environmental mixture. A third
option is to use data from a group of sufficiently similar
mixtures; for example, a group of similar mixtures could be
generated by the same commercial process or from similar
emissions sources (e.g., diesel engines from emergency
generators or from off-road vehicles). These mixtures may be
readily available for testing, but may vary in composition.
Based on toxicity test results from any of these three sources of
whole mixtures, a safe level (e.g., a reference dose (RfD)) could
be developed from an experimental no-observed-adverse-effect
level or a benchmark dose, as could a cancer risk slope.

Component methods include those based on the assump-
tion of response addition (e.g., addition of probabilistic cancer
risks) or dose addition (e.g., relative potency factors (RPFs),
hazard indexes (HIs)). The advantages of component methods
include an ability to utilize single chemical exposure and dose–
response information to estimate a mixture risk and the flexi-
bility to compare mixtures containing the same chemicals, but
in different concentrations and proportions.

The RPF method is based on dose addition and assumes
that the chemicals in a mixture share a common toxic mode of
action; this means that when tested in the same bioassay, the
dose–response curves of each component should be similarly
shaped. The components in this ‘similarity group’ are assumed
to be true ‘toxicologic clones’ of each other and have similar
toxicokinetics, so that isoeffective doses differ by a fixed pro-
portionality constant. The RPF method also requires the iden-
tification of an index chemical (IC). IC is the mixture
component that best represents the toxicity of the other
members of the mixture and preferably has the highest quality
dose–response information.

In the RPF method eqn [1], the user must identify the
constraints of the application of a set of RPFs. For example, the
health effect, dose range of component doses, route(s) of
exposure, and duration(s) of exposure for which the RPFs can
be applied must be specified (e.g., a set of RPFs may be con-
strained to oral exposures and not be used for exposures to
the same mixture through the inhalation route). To apply the
method, an RPF is estimated for each mixture component; the
RPF estimates the toxicity of the component relative to that of
the IC. RPFs are commonly estimated from a ratio of equally
toxic doses of the individual dose–response functions for the
component and the IC. For example, the quotient of the
effective dose at which 10% of a test population exhibits an
effect (ED10) of the IC and the component could serve as a
value for the component’s RPF; obviously, the RPF for the IC
equals 1. The IC equivalent dose of an individual component is
the product of the component dose and the RPF of the
component. These equivalent doses are summed across all
components. The risk posed by the mixture is estimated by
comparing the summed IC equivalent doses of the mixture to
the dose–response function of the IC using eqn [1].

Rm ¼ f1

 Xn
i¼ 1

RPFi � Di

!
[1]

where Rm is the risk posed by the chemical mixture, f1(*) is the
dose–response function of IC, Di is the dose of the ith mixture
component (i¼ 1,.,n), and RPFi is the toxicity proportionality
constant relative to the IC for the ith mixture component
(i¼ 1,.,n). n is the number of mixture chemicals in the
similarity group.

The HI, as described by Svensgaard, is another commonly
used component method based on dose addition, where the
component doses are scaled by their relative toxicity and then
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summed. HI serves to indicate concern rather than predict risk.
When HI is less than 1, the mixture exposure is usually
considered to pose no appreciable risk. Typically, the inverse of
an acceptable, safe level (e.g., an RfD) is used to scale the
component’s toxicity. As described by the US EPA in 1989, the
HI formula for oral exposures using RfDs appears in eqn [2].

HI ¼
Xn
i¼ 1

Ei
RfDi

[2]

where Ei is the oral exposure dose for the ith chemical, and RfDi

is the RfD for the ith chemical. Ei and RfDi have the same units
and n is the number of chemicals in the mixture.

A more general component formula can be applied to
mixtures of synergistic or antagonistic chemicals. US EPA
(2000) describes a formula incorporating available toxicolog-
ical interaction studies for pairs of component chemicals, based
on the formula in eqn [2]. For each chemical pair, a determi-
nation is made of the weight of evidence (WOE) that an
observed toxicological interaction is relevant to human risk.
TheWOE classification is converted to a score that is used along
with the component doses to estimate the mixture response.
The formula for this interaction-based HI (HIINT) is in eqn [3].

HIINT ¼
Xn
j¼ 1

0
@HQj �

Xn
ksj

fjkM
ðBjkgjkÞ
jk

1
A [3]

where Bjk is the WOE interaction score for the influence of
chemical k on chemical j, Mjk is the interaction magnitude of
the influence of chemical k on chemical j, f, and g are functions
of the component exposure levels, and HQj, the hazard
quotient (equal to Ei/RfD in eqn [2]), represents the toxicity
contributed by the jth component chemical if there were no
interactions.

This formula adjusts each chemical’s toxicity by the infor-
mation on pairwise toxicological interactions involving that
chemical. Agency for Toxic Substances and Disease Registry
(ATSDR) has posted several interaction profiles with WOE
determinations. If no interactions existed, then the second sum
is always 1 and the formula reduces to the HI formula based on
dose addition given in eqn [2]; Hertzberg provides additional
details about this equation.

While it appears complicated, this formula is the sum of
chemical toxicities adjusted by pairwise interactions. Because
there is no extrapolation parameter that can be gradually
varied to move from the component and pairwise data to the
mixture response, this interaction formula can be viewed as an
extrapolation from dose addition to the mixture response.
Comparing eqns [2] and [3] the pairwise interactions can be
viewed as ‘correction steps’ roughly accounting for all the
interactions (pairwise, three-way, etc.) in the mixture (see the
work of Hertzberg). As long as each pairwise interaction
magnitude is fairly small, the estimated mixture response will
be a minor extrapolation away from dose addition. Few
interaction studies attempt to quantify the interaction
magnitude. Among those that do, the magnitude, expressed as
a change in effective dose, is usually less than fivefold; the US
EPA (2000) correspondingly set the default interaction
magnitude at 5. This default magnitude limits the interaction-
based HI to fivefold change in the additive HI. The strongest
influence of the interactions will be when the evidence is
excellent so the WOE scores are highest (B¼ 1), when all the
pairs are at equitoxic levels (so every g¼ 1), and when all
interactions are in the same direction. For example, if all
pairwise interactions were synergistic, then the resulting
calculation gives a maximum interaction-based index of
HIINT¼ 5 * HI.

Note that the interaction WOE score is based on judgment:
the weaker the evidence, the closer the score is to zero and
the less impact the interaction has on the estimated mixture
response. For most mixtures, no data exist on the whole
mixture, so that accuracy checks are usually not possible.
As a consequence, the quality of the component-to-mixture
extrapolation is then judged by the quality and relevance of
both the component data and pairwise interaction data.
Toxicity and Assessment of Chemical Mixtures

In 2011, the three Scientific Committees of the Directorate-
General for Health and Consumers of the European Commis-
sion have prepared the document: Toxicity and Assessment
of Chemical Mixtures. http://ec.europa.eu/health/scientific_
committees/environmental_risks/docs/scher_o_155.pdf.

Their general conclusion is as follows:
The EU chemicals legislation is based predominantly on

assessments carried out on individual substances. Since
humans and their environments are exposed to a wide variety
of substances, there is increasing concern in the general public
about the potential adverse effects of the interactions between
those substances when present simultaneously in a mixture.
Based on their analysis of the available scientific literature, the
nonfood Scientific Committees of the European Commission
reached the following conclusions:

1. Under certain conditions, chemicals will act jointly in a way
that the overall level of toxicity is affected.

2. Chemicals with common modes of action will act jointly to
produce combination effects that are larger than the effects
of each mixture component applied singly. These effects can
be described by dose/concentration addition.

3. For chemicals with different modes of action (indepen-
dently acting), no robust evidence is available that exposure
to a mixture of such substances is of health or environ-
mental concern if the individual chemicals are present at or
below their zero-effect levels.

4. Interactions (including antagonism, potentiation, and
synergies) usually occur at medium or high dose levels
(relative to the lowest effect levels). At low exposure levels,
they are either unlikely to occur or are toxicologically
insignificant.

5. In view of the almost infinite number of possible combi-
nations of chemicals to which humans and environmental
species are exposed, some form of initial filter to allow
a focus on mixtures of potential concern is necessary.
Several criteria for such screening are offered.

6. With regard to the assessment of chemical mixtures, a major
knowledge gap at the present time is the lack of exposure
information and the rather limited number of chemicals for
which there is sufficient information on their mode of action.

http://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_155.pdf
http://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_155.pdf
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Currently, there is neither an agreed inventory of mode of
actions nor a defined set of criteria on how to characterize or
predict a mode of action for data-poor chemicals.

7. If no mode of action information is available, the dose/
concentration addition method should be preferred over
the independent action approach. Prediction of possible
interaction requires expert judgment and hence needs to be
considered on a case-by-case basis.

Based on these conclusions, a decision tree for evaluating
the risk of chemical mixtures is proposed.

See also: Dose–Response Relationship; Risk Assessment,
Ecological; Risk Assessment, Human Health.
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Mode of Action vs Mechanism of Action

Mode of action (MOA) refers to how a chemical exerts its toxic
effects. Its meaning is similar to ‘mechanism of toxicity’ or
‘mechanism of action.’ Some scientists use the terms inter-
changeably, while others draw distinctions, with ‘mechanism’

indicating a more detailed understanding. For the purposes of
this essay, MOA and mechanism of action are distinguished by
the level of detail. For example, the International Programme
on Chemical Safety (IPCS) of the World Health Organization
(WHO) defines MOA as “a biologically plausible sequence of
key events leading to an observed effect supported by robust
experimental observations and mechanistic data. It describes
key cytological and biochemical events – that is, those that are
both measurable and necessary to the observed (effect) – in
a logical framework.” Thus, an MOA is defined by a series of
key events, and is contrasted with mechanism of action, which
refers to a detailed understanding at the molecular level of how
the chemical causes toxicity. Examples of MOAs include (1)
cytotoxicity followed by regenerative cell proliferation leading
to tumors; or (2) induction of liver metabolic enzymes leading
to increased hepatic clearance of thyroid hormones, compen-
satory feedback, and increased thyroid stimulating hormone
(TSH), resulting in thyroid hypertrophy, hyperplasia, and
eventually thyroid tumors.
Framework for Evaluating MOA

Overview of Framework and Use of the Modified Hill Criteria

Although the concept of MOA was initially in the context of
cancer risk assessment, it can be applied broadly for evaluating
toxic effects regardless of the nature of the effect. Similar
conceptual frameworks for evaluation of MOA have been
developed by the IPCS, the International Life Sciences Institute
(ILSI), and the United States Environmental Protection Agency.
The MOA framework is based partly on a modification of the
Bradford-Hill criteria for causality. Under this framework, each
MOA is analyzed separately, noting that multiple MOAs may
contribute to the development of a given effect, and that
a single chemical may cause different effects (or the same effect,
such as tumors, in different tissues) by different MOAs. The
MOA assessment represents a portion of the hazard character-
ization step in the overall risk assessment. The MOA framework
includes a series of steps to aid in the transparency and
harmonization of the process:

1. Introduction – identifies the observed effects, and which
one(s) are being addressed in the analysis.

2. Postulated MOA – brief description of the sequence of
events on the path to the effect of interest.

3. Identification of the ‘key events’ – measurable events that
are critical to the induction of the effect of interest as
hypothesized in the MOA.
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4. Dose–response concordance – evaluation of whether the
dose–response for the key events parallels and precedes the
dose–response for the effect of interest.

5. Temporal association – evaluation of the sequence of
events, and whether the key events precede the response for
the effect of interest.

6. Strength, consistency, and specificity for the effect of
interest and the key events – discussion of the weight of
evidence linking the key events, precursor lesions, and the
effect.

7. Biological plausibility and coherence – consideration of
whether the postulated MOA is consistent with current
understanding of the effect in general (biological plausi-
bility) and the specific chemical (coherence).

8. Other MOAs – discussion of alternative MOAs that logi-
cally present themselves, each of which requires a separate
framework analysis.

9. Uncertainties, inconsistencies, and data gaps – uncer-
tainties include those related to biology of the effect of
interest, database deficiencies, and inconsistencies.

10. Assessment of postulated MOA – overall conclusion, with
the level of confidence in the postulated MOA.
Implications for Dose–Response

Historically, separate approaches for dose–response assess-
ment have been used for cancer and noncancer effects. Non-
cancer effects were assumed to have a threshold, and risk
assessment was done by extrapolating from the known data to
an estimate of a dose without appreciable risk to the human
population (also termed as ‘safe dose,’ or terms such as
reference dose, acceptable daily intake, etc.). Operationally,
this is done by dividing a point of departure, such as a no
observed adverse effect level from an animal or human study,
by uncertainty factors, an approach termed nonlinear
extrapolation. Cancer was assumed not to have a threshold,
based on the concept from radiation biology that ‘one hit’
could cause cancer. Risk assessment approaches have included
estimating the risk per unit dose (e.g., by linear extrapolation
from the experimental range to low doses), estimating
a deminimized risk level, or determining whether an adequate
margin exists between tumorigenic doses and estimated
exposures.

Focusing on MOA shifts, the approach from a cancer/non-
cancer dichotomy to a situation where the approach for
extrapolation from animal data depends on the MOA, and thus
on the underlying biology. Thus, nonthreshold approaches
would be used for chemicals that cause their toxic effects by
interacting with DNA, regardless of whether the resulting effect
is a tumor or a noncancer effect. Similarly, dose–response
assessment for tumors that results from MOAs other than DNA
reactivity (more loosely sometimes termed a nongenotoxic
4-3.00630-8 361
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MOA), would be conducted using an uncertainty factor
approach. Similarly, an understanding of MOA can be used to
identify dose-related transitions between mechanistically
linked, saturable, rate-limiting steps leading from exposure to
the apical toxic effect. It has been suggested that MOA infor-
mation could be used to identify a ‘transition dose’ to be used
as a point of departure for risk assessments.

Because of the importance of MOA in determining the
dose–response approach for cancer, there has been a particular
focus on characterizing relevant cancer MOAs. The following
examples are not intended to be exhaustive, but they do
provide examples of the major MOAs relevant to
carcinogenesis.

l Mutagenicity – interacting with DNA to cause DNA changes
that can be inherited by daughter cells. The reaction with
DNA may be direct or indirect.

l Mitogenesis – stimulation of cell division. Examples include
disruption of hormone, homeostasis, and interfering with
the cell signaling pathways.

l Inhibition of cell death – programed cell death (apoptosis)
is used by organisms to eliminate damaged cells. Inhibition
of this process can allow cells with damage to the cell cycle
control system to proliferate.

l Cytotoxicity – cellular toxicity; potentially with reparative
cell proliferation.

l Immune suppression – decreased activity of the immune
cells that monitor for damaged cells (natural killer cells) can
allow the damaged cells to proliferate.
Human Relevance Framework

One of the most important applications of the MOA frame-
work has been the extension to evaluation of human relevance
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indicate that the weight of evidence shows the MOA is likely relevant to huma
cases the assessment continues with the hazard characterization and dose–re
of endpoints observed in animal studies, using the mode
of action/human relevance framework (MOA/HRF). The
MOA/HRF provides a rigorous and transparent approach for
determining whether a hypothesized MOA for a chemical and
the resulting effects observed in experimental animals are
relevant to humans. This framework has been applied to
a variety of MOAs and endpoints, including DNA- and
nonDNA-reactive carcinogens, and noncancer endpoints, such
as reproductive, developmental, neurological, and renal effects.
The HRF is based on three questions (Figure 1):

1. Is the weight of evidence sufficient to establish the MOA in
animals?

2. Can human relevance of the MOA be reasonably excluded
on the basis of fundamental, qualitative differences in key
events between experimental animals and humans?

3. Can human relevance of the MOA be reasonably excluded
on the basis of quantitative differences in either kinetic or
dynamic factors between experimental animals and
humans?

Note that the focus of the evaluation is on the key events
relating to the MOA, rather than on the specific endpoints.
Depending on the MOA, some effects of a given chemical may
be relevant to humans, while others may not be (see the
example, below).

The MOA/HRF begins with evaluation of the MOA in the
experimental animal species using the MOA framework (steps
1–10 above) and incorporates a weight of evidence evaluation
for other possible MOAs. Once the MOA in animals is identi-
fied, the MOA/HRF first considers the potential for qualitative
differences between animals and humans (Question 2) and
then address quantitative differences (Question 3). A key aspect
for addressing Question 2 is that both chemical-specific infor-
mation and a general understanding of biology and physiology
are used to address the issue of qualitative differences.
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In particular, information from the medical literature is often
useful.

If an MOA is determined not to be relevant to humans, then
effects resulting from that MOA can be excluded from the
human health risk assessment, although effects resulting from
other MOAs would need to be considered. If the human rele-
vance cannot be excluded based on qualitative or quantitative
differences, then the MOA is assumed to be applicable to
humans. If quantitative differences in toxicokinetics or tox-
icodynamics exist that do not exclude the relevance to humans,
it may be possible to use information on these differences to
replace default uncertainty factors with chemical-specific
adjustment factors. Following the overall human relevance
assessment, a statement of confidence including an evaluation
of data gaps and implications, should be included.
Example

Application of the MOA framework has been documented in
a large and diverse group of case studies developed under the
auspices of IPCS and ILSI. One such example illustrates how
a single chemical can cause some effects that are relevant to
humans and some that are not relevant to humans, all starting
with the same key event. Thiazopyr is an herbicide that alters
thyroid homeostasis, resulting in both thyroid tumors and
developmental effects in rats. The MOA for thyroid tumors
includes the following key events: (1) induction of the meta-
bolic enzyme T4-uridine diphosphate glucuronyl transferase in
the liver; (2) increased hepatic clearance of thyroid hormone;
(3) decreased serum levels of the thyroid hormones T3 and T4;
(4) a compensatory increase in serum levels of TSH; (5) thyroid
follicular hypertrophy; (6) thyroid hyperplasia; and (7)
tumors. Thiazopyr is not mutagenic. The rat thyroid tumors
resulting from exposure to thiazopyr are not considered rele-
vant to humans, based on quantitative differences between rats
and humans. The reserve capacity for T4 is much smaller in rats
than in humans, and the rat half-life of T4 is much shorter.
These factors mean that the basal activity of the thyroid is much
higher in the rat, and prolonged increases in TSH result in
hyperplasia, while in humans, only hypertrophy (goiters)
results.

In contrast, the neurodevelopmental effects of thiazopyr are
considered relevant to humans. This effect shares key events
1–3 with the cancer endpoint. The remaining key events are (4)
decreased thyroid hormone levels during critical develop-
mental periods; (5) altered expression of genes in the devel-
oping brain responsive to thyroid hormone; and (6) adverse
neurological outcomes. All of these key events are relevant to
humans, and so the MOA for neurodevelopmental effects, and
therefore the effects themselves, are relevant to humans.
Understanding of the toxicokinetics and toxicodynamics could
be used to refine the interspecies extrapolation.
The Key Events Dose–Response Framework

The Key Events Dose–Response Framework (KEDRF) extends
the MOA/HRF to consider the dose–response and variability
associated with each key event, including both toxicokinetic
and toxicodynamic key events in the pathway between
exposure and the effect of interest. This allows the assessor to
better understand and potentially quantitate the impact on
the dose–response assessment of each of these factors,
providing a refined understanding of the shape of the dose–
response curve for the effect of interest, as well as providing
insight into the drivers of the dose–response. The under-
standing of the fundamental factors that affect the individual
pathways can reduce the reliance on default uncertainty
factors, with the potential of resulting in more evidence-based
decisions. The KEDRF can both improve the basis for
choosing between linear and nonlinear extrapolation, if
needed, as well as connecting the dose–response data on
biological transitions for early key events to the dose–
response for the effect of interest.
Further Developments

Risk assessors are continuing to refine the MOA/HRF. For
example, while early analyses focused on yes/no answers to
the framework, it is now recognized that such answers may
not be needed. Instead, the MOA/HRF questions provide
a structure for describing the degree of confidence and
uncertainties associated with application of the available data
in risk assessments. Recent work has also focused not only on
key events, but also on ‘modulating factors,’ which can
modulate key events and may contribute to inter- or intra-
species variability and susceptibility. Modulating factors may
include factors such as genetic polymorphisms, preexisting
disease states, and concurrent chemical exposures. Finally,
although the concept of MOA was originally developed in
the context of in-depth assessments for data-rich chemicals,
there is a growing awareness of the utility of the concept for
initial screening and prioritization of chemicals. These range
from general approaches based on structure–activity rela-
tionships to more detailed analyses based on modeling of
quantitative structure–activity. The former approaches might
include general predictions of effects based on physical and
chemical properties, such as reactivity, volatility, and lipid
solubility. Together, the range of approaches can provide
a biological underpinning to predictive toxicology, applying
increasingly data-informed approaches to address the ques-
tions of interest.
See also: Chemical-Specific Adjustment Factor (CSAF);
Dose–Response Relationship; Hazard Identification; Risk
Assessment, Human Health; Pharmacokinetics; Uncertainty
Factors.
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The nature and extent of the adverse responses in an organism
that is exposed to a toxic substance depend on a variety of
factors. Exposure to a substance in certain instances produces
a reaction in one individual but not in another. While there
may be a difference in sensitivity between these individuals, it
is also possible that the responsive person was previously
exposed (i.e., this individual is actually subjected to a higher
concentration of chemical). Some of the factors known to
modify the toxic consequences of exposure to chemicals are the
dose and route and duration of exposure This article will focus
on the modification of toxicity by other factors including the
species and strain of the animal, its sex and age, and its nutri-
tional and hormonal status. Various physical factors also play
a part. In addition, the toxic effect of a chemical may be
influenced by simultaneous and consecutive exposure to other
chemicals. The toxic effects may be modified in a number of
ways: alteration of the absorption, distribution, or excretion of
a chemical; an increase or decrease of its biotransformation;
and changes of the sensitivity or number of receptors at the
target organ.
Factors Which May Increase the Fraction of Available
Chemical Moiety in the Systemic Circulation
(and Therefore Potential Toxicity)

l Renal Impairment
l Hepatic Impairment
l Impaired Gastrointestinal Absorption
l Hypoalbuminemia
l Presence of other moieties that displace test agent from

proteins in circulation
able 1 Factors predisposing to pharmacological type A ADRs (susceptib

ype Example

harmaceutical Phenytoin

harmacokinetic (can involve
absorption, distribution,
metabolism, and excretion)

Digoxin

harmacodynamic Indomethacin
enetic Nortriptyline

rug–drug interactions Lithium and nonsteroidal
antiinflammatory drugs
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l Pregnancy
l Gender

Predictable adverse drug responses (ADRs) are called
type A responses (Table 1 below gives some examples).
Those adverse drug responses that cannot be readily pre-
dicted from available animal data are called idiosyncratic or
type B ADRs. Understanding relevant modifying factors can
serve to shift ADR profiles from being considered type B to
type A.

It should be remembered that the outcome of adverse
effects predicted in humans is based on data generated in
animals since drugs released on the market for prescription
in humans must be tested on animals. Hence, a clear
understanding of the existence of these factors and of their
mode of action is important in designing the protocols of
toxicological investigation. It is equally important in evalu-
ating the significance of the toxicological data and in
assessing the safety/risk to humans under specified condi-
tions of exposure. This is not always possible, however,
because in certain circumstances the testing in animals is
improper (i.e., a test for toxicity is carried out in an animal,
but humans respond differently). The use of thalidomide in
pregnant women as a sedative resulted in fetal malforma-
tions in humans, but this drug did not produce these effects
in rats, unless exposure was exaggerated. Another example of
a lack of specific conditions of human exposure is related to
a long latency period. Pregnant mothers were administered
diethylstilbestrol to prevent miscarriage, only to discover that
20 years later female offspring developed vaginal cancer. An
industrial accident involving the release of methyl isocya-
nate, an intermediate in the synthesis of the pesticide
ility factors)

Toxicity Mechanism

Phenytoin toxicity (ataxia,
nystagmus, etc.)

Increase in bioavailability because of
a change in formulation

Digoxin toxicity (nausea,
arrhythmias, etc.)

Decreased elimination if renal function
is impaired

Left ventricular failure Water and sodium retention
Confusion Reduced hepatic elimination because

of a deficiency of CYP2D6
Lithium toxicity Inhibition of excretion of lithium
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carbaryl, by a subsidiary of the Union Carbide Corporation
in Bhopal, India, resulted in long-term health effects and
thousands of deaths. The toxicological profile of more than
short-term exposure to methyl isocyanate (the intermediate
in carbaryl) was not known, and the chemical was released
under uncontrolled conditions. Industrial accidents by defi-
nition are not specified conditions of exposure but must be
borne in mind as a factor to consider. With increased
knowledge of chemicals and the factors that affect these
chemicals, the ability to assess and react to adverse condi-
tions is enhanced.
Modifying Factors (Also Called Susceptibility Factors)

Species

Differences of adverse effect from one species to another have
long been recognized. Knowledge in this field has been used to
develop, for example, pesticides, which are more toxic to pests
than to humans and other mammals. Among various species of
mammals, most effects of toxicants are somewhat similar. This
fact forms the basis for predicting the toxicity to humans from
results obtained in toxicological studies conducted in other
mammals, such as the rat, mouse, dog, rabbit, and monkey.
There are, however, notable differences in toxicity even among
mammals. Table 2 presents examples of such species-specific
differences.

Some of these differences can be attributed to variations in
detoxication mechanisms. For example, the loss of conscious-
ness induced in several species of laboratory animals by
hexobarbital (a barbiturate derivative that depresses the central
nervous system (CNS)) shows marked differences; these are
attributable to the activity of the detoxication enzyme that
inactivates this chemical. In the mouse, the activity of the
detoxifying enzyme is 16-fold greater than that in the dog,
which is reflected by 12 min of hexobarbital-induced sleep in
the mouse vs 315 min of sleep in the dog. There are other
examples of species-related differences in the ability to detoxify
chemicals that consequently result in differences in toxicity.
Other examples include the industrial chemicals, ethylene
glycol, and aniline. Ethylene glycol is metabolized to oxalic
acid, which is responsible for its toxicity, or to carbon dioxide.
The rank order of ethylene glycol toxicity in animals is as
follows: cat � rat � rabbit; this is the same for the extent of
oxalic acid production. Aniline is metabolized in the cat and
dog mainly to o-aminophenol, and these species are more
Table 2 Species-specific toxic effects

Type of toxicity Structure Sensitive species

Ocular Retina Dog
Ocular Retina Any with pigmen
Stimulated basal metabolism Thyroid Dog
Porphyria Liver Human, rat, guin
Tubular necrosis Kidney Rats (male)
Urolithiasis Kidney and bladder Rats and mice
Teratogenesis; fetal mortality Fetus Rats and mice
Cardiovascular Heart Rabbits

aMore sensitive than humans for many agents (such as caprolactam and halogenated so
prone to toxicity; however, in the rat and hamster aniline is
metabolized mainly to I-aminophenol and thus these species
are less susceptible to aniline toxicity.

A more serious example in which animal data are of little
clinical relevance is the release of butadiene gas in the
production of rubber products. Butadiene is converted to
butadiene monoepoxide, which is believed to be responsible
for carcinogenesis in rodents but not in humans. In humans,
butadiene monoepoxide is further converted to butenediol and
conjugation with glutathione results in no toxicity. In rodents,
however, there is direct conjugation of butadiene monoep-
oxide with glutathione, which presumably is not adequate, and
thus cancer initiation occurs. In this example, it can be seen that
rodent data are a poor indicator for prediction of risk in
humans because the detoxification pathways differ.

Differences in bioactivation also account for dissimilarities
in toxicity. A notable example is 2-naphthylamine, which can
produce bladder tumors in the dog and human but not in the
rat, rabbit, or guinea pig. Dogs and humans, but not the others,
excrete the carcinogenic metabolite 2-naphthyl hydroxylamine.
Acetylaminofluorene (AAF) is carcinogenic in many species of
animals but not in the guinea pig. The N-hydroxymetabolite of
AAF, however, is carcinogenic to all animals including the
guinea pig, demonstrating that the difference between the
guinea pig and the other animals is not in their response to the
toxicant but in the bioactivation, that is, the guinea pig lacks
the ability to form the toxic metabolite.

There are other factors, including absorption, distribution,
and excretion of chemicals, to consider in trying to understand
differences in toxicity between individuals. Paraoxon is the active
metabolite of the organophosphate insecticide parathion.Hence,
a difference in the rate of formation of this metabolite is attrib-
utable to a difference in toxicity. This has been reported in rats, in
which females are more susceptible to parathion neurotoxicity
than males and in which paraoxon formation occurs faster in
the female resulting in greater toxicity in this sex. This phenom-
enonhas beenwidely studied in humanswith the drug isoniazid.
For example, there are ‘slow inactivators,’ who are deficient in
acetyltransferase. Such individuals acetylate isoniazid only slowly
and are thus likely to suffer from peripheral neuropathy resulting
from an accumulation of isoniazid. On the other hand, people
with more efficient acetyltransferase, termed ‘fast metabolizers,’
require larger doses of isoniazid to obtain its therapeutic
effect. Since large amounts of drug are needed, these individuals
aremore likely to suffer fromhepatic damage caused by isoniazid
because isoniazid also acts on the liver.
Mechanism of toxicity

Zinc chelation
ted retinas Melanin binding

Competition or binding
ea pig, mouse, and rabbit Estrogen-enhanced sensitivity

Androgen-enhanced sensitivitya

Uricase inhibition
Uricase inhibition
Sensitivity to microvascular constriction

lvents).
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Strain

It is essential to determine the safety of new pharmaceutical
agents for humans using the appropriate mammalian toxicity
tests mandated by governmental regulatory agencies (e.g., US
Food and Drug Administration and Health and Welfare
Canada). This necessitates the use of a species that can be
compared to humans for factors such as pharmacokinetics,
metabolism, excretion, absorption, and distribution of the test
material. The rat is one of the species that has proven to be
extremely useful in pharmacological and toxicological research
because there are many similarities between rat and human
metabolic pathways; many anatomical and physiological
characteristics are similar, allowing for comparisons in
absorption, excretion, and pharmacokinetics. The rat is also of
a convenient size, is relatively docile, has a short life span and
gestation period, and is economical to maintain. There is
a large database of its characteristics, which is invaluable in the
interpretation of the relevance of animal data for humans.

There are three main classes of rats used in research; they are
inbred strains, outbred stocks, and mutants (including trans-
genic stocks). It is very important that research workers
understand the characteristics of these three classes of stock
because they may have a profound influence on the quality of
their research. For example, outbred stocks such as Wistar rats
may be segregating at many genetic loci, which are important in
drug metabolism, so that different individuals within a colony
will react differently. In many cases it does not make much
sense to do detailed pharmacological studies against such
a variable genetic background. The characteristics of the three
main classes of stock are briefly summarized in the following
sections.
Inbred Strains
Inbred strains are produced by at least 20 generations of
brother� sister mating, with all individuals being derived from
a single breeding pair in the twentieth or subsequent genera-
tion (this eliminates parallel sublines). For most practical
purposes, an inbred strain can be regarded as an immortal
clone of genetically identical individuals. Inbred strains have
a number of properties that make them the animal of first
choice for most types of research. Because the strain is isogenic
(i.e., all individuals are genetically virtually identical), the
genotype of the whole colony can be determined at a particular
genetic locus by typing a single individual. Many genetic
markers are fixed in each strain so that the authenticity of the
strain can be determined. This can now be done using DNA
markers detected by the polymerase chain reaction. This
contrasts sharply with outbred rats, in which currently there are
not even any genetic markers that can be used to distinguish
between Wistar and Sprague–Dawley stocks.

All inbred animals are homozygous at all genetic loci, so
there are no ‘hidden’ recessive genes that could cause confusion
in experiments involving breeding. As a result of this homo-
zygosity, the strain stays genetically constant for many gener-
ations. This is valuable because it makes it possible to build up
background data on genetic characteristics that should remain
valid for a long period of time. Of course, the phenotype (but
not the genotype) may alter if the diet, environment, or asso-
ciated microorganisms change. However, over a period of
several generations, an inbred strain will remain much more
constant than an outbred stock.

The isogenicity and homozygosity together tend to lead to
greater phenotypic uniformity of inbred animals. This is
important because greater uniformity leads to more statistically
powerful experiments (within the constraints of animal
numbers used) that are able to detect a given biological effect
with fewer animals. The degree of the contrast with outbred
stocks depends on the character being studied. Clearly, for
characters controlled by a single or small numbers of genetic
loci, such as the major histocompatibility complex or the drug
metabolizing enzymes, animals within an inbred strain will be
uniform, whereas animals of an outbred stock will usually not.
However, the greater uniformity of inbred animals may not be
apparent for characters such as body and organ weights (which
also depend on environmental and chance factors), unless very
large numbers are studied. At the same time, the species of
concern (humans) are very heterogeneous, and their members
more varied.

Each inbred strain has its own unique pattern of behavior,
growth patterns, reproductive performance, spontaneous
disease (including tumors), and response to xenobiotics.
Differences between strains are an indication that the observed
character is under genetic control. Currently, there are over 200
inbred rat strains.

Outbred Stocks of Laboratory Animals
So-called outbred stocks are usually maintained as closed
colonies of rats of undefined genotype and sometimes known
by generic names, such as Wistar, Sprague–Dawley, or Long–
Evans, which indicate their historical origin. The amount of
genetic variation present in any given colony depends on its
history. At one extreme, if the colony has been maintained as
a closed colony for many years with small numbers of breeding
animals each generation, it may be genetically highly uniform
to the extent that it will closely approximate an inbred strain. If
the colony has become inbred, it may have gone through
a period of rapid genetic drift so that it will differ from other
colonies with the same historical origin. At the other extreme,
a colony that has recently been crossed to an unrelated stock
should be genetically highly variable.

Mutants or Transgenics
Over 300 genetic loci associated with mutants and poly-
morphisms of various sorts have been described in the rat,
and more than 1000 in the mouse. A mutant can be created by
insertion of DNA from an external source, be it a virus,
recombinant DNA, or deletion of an already present gene, etc.
The inserted DNA is referred to as a transgene and the recip-
ient host, a transgenic animal, and the methodology for
insertion of DNA is termed transgenic technique. The
sequence of DNA in the transgene can be similar to sequences
already present in the host or the sequence can be different. If
the inserted DNA sequence is not novel, the new mutant
created is termed a ‘knockout’ mutant or animal. Some of
these, such as the polymorphisms associated with drug
metabolizing enzymes and mutants such as acholuric jaun-
dice (widely known as the ‘Gunn’ rat) and the Rowett, athy-
mic nude, are important in pharmacological and toxicological
research. Recently, ‘mutants’ such as the ‘Big Blue’ rats have



Table 3 Examples of mouse mutants of medical interest and of
biochemical and immunological polymorphisms

Mouse mutants of biomedical interest

Models of disease Gene Name

Anemia sla Sex-linked anemia
Sl Steel
W Dominant spotting

Chediak–Higashi syndrome bg Beige
Diabetes and/or obesity Ay Yellow

Avy Viable yellow
db Diabetes
dbab Adipose
ob Obese
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been produced using transgenic techniques. Transgenic and
knockout rats produced by gene targeting techniques are
likely to be of increasing importance in toxicological research.
Mutants and transgenes can be placed on any genetic back-
ground by suitable breeding techniques. Thus, the jaundice
gene from the Gunn rat is available on the inbred ACI, LEW,
R/A, and RHA genetic background, as well as on a number of
outbred genetic backgrounds. For this reason, it would be
incorrect to discuss drug metabolism in the Gunn rat (or any
other mutant or transgenic) without specifying its genetic
background because drug metabolism will depend on many
genes in addition to the specific locus that is abnormal in the
Gunn rat. Table 3 presents some major available mouse
mutant models.
Inborn errors of metabolism his Histidinaemia
pro Prolinemia

Kidney disease kd Kidney disease
Muscular dystrophy dy Dystrophia-muscularis

dy2j Dystrophia-muscularis-2J
Neuromuscular mutants jp Jimpy

med Motor and plate disease
qk Quaking
Swl Sprawling
Tr Trembling

Genetic alterations or deficiencies
Embryonic defects t-alleles Tailless alleles
Hair absent hr Hairless

hrrh Rhino
N Naked

Hair and thymus absent Nu Nude
Growth hormone absent dw Dwarf
Resistance to androgen Tfm Testicular feminization
Sex reversal Sxr Sex reversal
Spleen absent Dh Dominant hemimelia

Biomedical and immunological polymorphisms
Choice of Strain in Research and Screening

There seem to be no serious disadvantages (apart from cost)
and many advantages in the use of inbred strains rather than
outbred stocks in academic research. These animals offer the
nearest equivalent to pure reagents that is possible when using
animals in research, particularly if they are also of a high health
status. In disciplines other than toxicology, there has been
a relentless trend toward the increased use of inbred strains. It is
not entirely clear why their use is not more widespread in
toxicological research. Any disadvantage in terms of initial cost
should be amply compensated for by improved research
quality and the need for fewer animals. In toxicological
screening, the relative merits of inbred strains vs outbred stocks
has been debated for more than 50 years without reaching
a consensus. An inbred rat strain F344 is used in the National
Toxicology Program carcinogenesis bioassay, but most
commercial screening is done using outbred stocks.
Polymorphism Gene locus

Aromatic hydrocarbon Ahh
Pancreatic Amy-2
b-D-Galactosidase activity Bgs
Liver catalase Ce-1
Erythrocyte antigens Ea-1 to Ea-7
Esterases (serum and kidney) Es-1 to Ds-7
Friend virus susceptibility Fv-1, Fv-2
G-6-Pd regulators Gdr-1, Gdr-2
Hemoglobin alpha chain Hba
Hemolytic complement He
Histocompatibility H-1 to H-38
Immunoglobulin Ig-1 to Ig-4
Macrophage antigen-1 Mph-1
Major urinary protein MUP-1
Phosphoglucomutase Pgm-1, Pgm-2
Sex-limited protein Slp
Thymus cell antigen-1 Thy-1
Thymus leukemia antigen Tla

Source: Reproduced from Festing, M.F.W., 1978. Genetic variation and adaptation in
laboratory animals. In: W.H. Weihe (Ed.), Das Tier in Experiment. Switzerland: Hans
Huber, Bern, pp. 16–32.
Gender

Male and female animals of the same strain and species usually
react to toxicants similarly. It must be borne in mind, however,
that there are marked differences in the hormonal makeup
between sexes, and this can result in notable differences in
responses. Chloroform produces damage to liver and kidney in
humans and mice. In mice, however, chloroform produces
nephrotoxicity only in males. Furthermore, administration of
testosterone (male hormone) to the female mouse followed by
chloroform results in kidney damage. Clearly, there are
androgen (male) receptors in the kidney that sensitize males to
chloroform-induced nephrotoxicity. In rats, exposure to the
hydrocarbon decalin results in a renal nephropathy and tumor
formation in the male but not in the female, and this is asso-
ciated with an a-2-globulin protein accumulation. Treatment
of females with testosterone followed by decalin also produces
renal toxicity and protein accumulation. These examples
demonstrate that kidney function differs between the sexes
and, consequently, toxic manifestations will vary between
males and females.

There are metabolic differences between the sexes. Many
barbiturates induce more prolonged sleep in female rats than
inmales. The shorter duration of action of hexobarbital in male
rats is related to the higher activity of the liver microsomal
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enzymes stimulated by testosterone to hydroxylate this chem-
ical. This higher activity can be reduced by castration or
pretreatment with estrogen (female hormone).

Female rats are also more susceptible than males to such
organophosphorus insecticides such as azinphosmethyl and
parathion. Castration or estrogen treatment of the male
reverses this difference. The male rat is far more susceptible to
carcinoma than the female as shown in the following examples:
Males are more susceptible to the induction of pancreatic
tumors by azaserine, colonic carcinoma by dimethylhydrazine,
intestinal tumors by dimethylnitrosamine, renal tumors by
decalin, and liver cirrhosis by AAF. In the case of hydroqui-
none, which is present in photographic material, acute expo-
sure produced renal toxicity in the female; but in a chronic
2-year study, the male, and not the female, was found to have
tubular degeneration and adenoma.

Imbalances of nonsex hormones can also alter the suscep-
tibility of animals to toxicants. Hyperthyroidism, hyperinsu-
linism, adrenalectomy, and stimulation of the pituitary–
adrenal axis have all been shown to be capable of modifying
the effects of certain toxicants. One of the functions of thyroid
hormone involves the maintenance of normal heart activity; in
hyperthyroidism, however, there is tachycardia and hyperten-
sion. In normal circumstances, ingestion of caffeine, which is
a cardiac stimulant, does not affect heart function but large
doses of caffeine produce cardiac arrhythmias. It is thus evident
that a hyperthyroid patient drinking excess coffee would be
more prone to cardiac dysfunction than a normal individual.
Hyperinsulinism is manifested by a hypoglycemic coma
through a depletion of carbohydrate stores and lack of CNS
energy supply. The insecticide dichlorodiphenyltrichloro-
ethane (DDT) in toxic doses is known to produce CNS excit-
ability, tremors, and convulsions and is associated with
carbohydrate store depletion. Thus, it can be seen that in
conditions of hyperinsulinemia, exposure to DDT or the heavy
metal cadmium, which acts in a similar fashion, results in
a greater sensitivity of the CNS to toxicity.
Age

The pharmacokinetic principles applied in pediatric drug
therapy are, in general, similar to those utilized for adults. Data
obtained in adult studies, however, are not always applicable to
rational therapy in infants or young children. The infant must
be regarded as a distinct organism (not a small adult), and lack
of appreciation of this fact can result in serious harm and
potentially in death.

A number of important characteristics exist that distinguish
drug therapy in infants from adult medication protocols. For
example, after intramuscular administration, drug absorption
is partially dependent on blood flow in the muscle bed.
Abnormal drug absorption following intramuscular injection
can occur in premature infants, in whom muscle mass is small
and blood flow to the musculature is poor. Examples of adverse
effects attributed to altered drug absorption are the reactions of
infants to cardiac glycosides and anticonvulsants.

In the infant, absorption from the gastrointestinal tract of
an orally administered drug differs from that in adults. Certain
toxicants are absorbed to a greater extent by the young than by
the adult. For example, young children absorb 4 or 5 times
more lead and 20 times more cadmium than adults. In both
adults and infants, the rate and extent of drug absorption
depend on the degree of ionization, which, in turn, is influ-
enced by pH. Within the first 24 h of life, gastric acidity
increases rapidly, and this is followed by an elevation in alka-
linity over the next 4–6 weeks. These conditions result in drugs
existing in the infant gastrointestinal tract in states of ioniza-
tion other than might be observed in adults. The higher inci-
dence of methemoglobinemia in young infants has been
explained on the basis that their lower gastric acidity allows
upward migration of intestinal microbial flora and the reduc-
tion of nitrates to a greater extent. Furthermore, infants have
a higher proportion of fetal hemoglobin, which is more readily
oxidized to methemoglobin. Other factors that modify
gastrointestinal drug absorption in the young infant include an
irregular neonatal peristalsis, a greater gastrointestinal tract
surface to body ratio, and enhanced b-glucuronidase activity in
the intestinal tract. The significance of b-glucuronidase is that it
converts drug-bound glucuronide to the free form and thus
increases drug bioavailability.

Differences exist in the organ distribution of drugs between
newborns and adults. The greater susceptibility of the young to
morphine is attributable to a less efficient blood–brain barrier.
In the newborn, a higher percentage of body weight is repre-
sented by water, so extracellular water space is proportionally
larger. To initiate a receptor response, the distribution of drugs
must occur predominantly in the extracellular space, so the
amount of drug reaching the receptor sites is higher in
neonates. Furthermore, the ability of newborn infants to bind
drugs in plasma is significantly less than that in adults. This
again suggests that neonates could be expected to be more
susceptible to the effects of drugs. Differences also exist with
respect to drug-metabolizing enzymes. It has been clearly
demonstrated that the drug inactivation rate is generally slower
in newborns. The available information indicates that the
greater susceptibility of the young animals to many toxicants
can be attributed to deficiencies of various detoxications
enzyme systems. Both phase I and phase II reactions may be
responsible. For example, hexobarbital at a dose of 10 mg kg�1

induced a sleeping time of longer than 360 min in 1-day-old
mice compared to 27 min in 21-day-old mice. The proportion
of hexobarbital metabolized by oxidant in 3 h in these animals
was 0 and 21–33%, respectively. On the other hand, chlor-
amphenicol (an antibiotic) is excreted mainly as a glucuronide
conjugate. When a dose of 50 mg kg�1 was given to 1- or 2-day-
old infants, the blood levels were 15 mg ml�1 or higher over
a period of 48 h. In contrast, children aged 1–11 years main-
tained such blood levels for only 12 h.

Not all chemicals, however, are more toxic to the young.
Certain substances, notably CNS stimulants, are much less
toxic to neonates. The acute toxicity of DDT was reported more
than 20 times smaller in newborn rats than in adults, in sharp
contrast to the effect of age on malathion.

Furthermore, the ability of the neonate to eliminate drugs
via the kidney, the major excretion pathway, is significantly
limited by the state of development of this organ. Penicillin
and tetracycline (two antibiotics) are excreted more slowly and
hence are more toxic in the young. Consideration of these
factors indicates that the susceptibility and responsiveness of
newborns to drug therapy are different from those of adults.
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Old animals and humans are also more susceptible to
certain chemicals. This problem has not been studied as
extensively as in the young. The available evidence indicates
that the aged patients are generally more sensitive to many
drugs. A prime example is the use of antibiotics to treat
infections in geriatric patients. Since the detoxification of
antibiotics is dependent on renal clearance, which is gener-
ally slower in the aged, drug accumulation and toxicity are
higher in elderly patients. The possible mechanisms include
reduced detoxification and an impaired renal excretion. In
addition, the distribution of chemicals in the body may also
be altered because of increased body fat and decreased body
water. A number of drugs have been found to be likely to
induce more severe signs of toxicity. These include most CNS
depressants, certain antibiotics, cardiac glycosides, and
hypotensive agents.
Pregnancy

During the course of a pregnancy a mother is likely to take
a number of drugs for therapeutic reasons. In addition, with
more number of women in the workforce, there is an increased
potential of exposure to a variety of chemicals under occupa-
tional conditions. Furthermore, a large number of women
indulge in a variety of recreational chemicals including ciga-
rettes and alcohol. The consequences attributed to exposure to
a pharmaceutical product can be advantageous to the mother;
however, in many instances the effects are deleterious to the
fetus. Exposure to occupational and/or environmental chem-
icals is more likely to result in adverse effects than to be
beneficial. Thus, it may be stated that the fetus is at some
jeopardy as a result of exposure to foreign chemicals.

Nutrients essential for fetal growth and development
require an active transport system to be moved from the
maternal circulation to the fetal circulation against a concen-
tration gradient. By contrast, drugs and other chemicals cross
the placenta by simple diffusion. The amount of a chemical
that is transferred to the fetus is dependent on lipid solubility,
the degree of ionization, and the molecular weight. Lipophilic
chemicals tend to diffuse across the placenta readily, while
highly ionized compounds penetrate the placental membrane
slowly. The molecular weight of a chemical affects placental
transfer, with the larger molecules crossing the placental barrier
less readily. Protein binding of a chemical or its metabolites
will affect the rate and the amount transferred to the fetus.
Exposure of fetal target tissues to chemical entities may also be
influenced by metabolism in the placenta or the fetal liver.

An important component to consider is the stage of fetal
development at the time of chemical exposure. During the first
week of development after fertilization, the embryo undergoes
the process of cleavage and gastrulation. Exposure to chemicals
or drugs such as antimetabolites, ergot alkaloids, or diethyl-
stilbestrol at this stage can result in termination of pregnancy.
Organogenesis is the next developmental stage covering weeks
2–8 of gestation. Exposure to drugs or other chemicals
including thalidomide, alcohol, and phenytoin during this
phase can result in serious structural abnormalities. Drugs and
chemicals such as cigarette smoke, heavy metals, or carbon
monoxide may affect development during the remaining
gestational period ranging from 9 weeks to 9 months.
Predominant effects are alterations in the differentiation of the
reproductive system and CNS. Consequently, altered brain
function and growth retardation are some of the principal
adverse effects due to exposure at this stage.
Lactation

The nursing mother can serve as a source of exposure for the
neonate to drugs and environmental chemicals. Most drugs are
detectable in breast milk regardless of whether they are over-
the-counter medication or something prescribed by
a physician. In addition, exposure of the nursing mother to
environmental pollutants can result in chemical contamination
of breast milk. The presence of a drug or chemical in maternal
milk may be construed as a potential hazard to the infant even
though only 1% or 2% of total intake is likely to be found here.
Hence, the primary consideration in maternal drug therapy or
exposing a lactating mother to industrial chemicals is the risk to
the nursing infant rather than the mere presence of a xenobiotic
in the milk.

Several factors play a role in determining the quantity of
a drug or chemical that will be transferred to breast milk. The
amount of drug or chemical that is actually available for
transfer to milk is dependent on certain maternal factors
including amount of drug or chemical absorbed, frequency and
route of exposure, xenobiotic biotransformation, and protein
binding and excretion.

Drug utilization can to a large extent be controlled, so the
prudent use of drugs during lactation is imperative because of
the potential transfer of these agents or their metabolites into
the milk. Certain drugs should be totally avoided during
lactation. Certain foods or nutritional supplements have also
been shown to cause adverse effects in the infant as a result of
lactational exposure.

It is much more difficult to control exposure to environ-
mental chemicals. For example, a mother has no knowledge of
what pesticides may have been used on the fruits or vegetables
purchased for consumption. Nor is there an easy way to protect
a person from ambient industrial pollution. Some examples of
environmental agents known to produce adverse effects in the
nursing infant include lead and tetrachloroethylene (dry
cleaning solvent).
Nutritional Status

The principal biotransformation of toxicants is catalyzed by the
microsomal mixed function oxidase system (MFO). A defi-
ciency of essential fatty acids generally depresses MFO activi-
ties. This is also true with protein deficiency. The decreased
MFO has different effects on the toxicity of chemicals. For
example, hexobarbital and aminopyrine are detoxified by these
enzymes and are thus more toxic to rats and mice with these
nutrient deficiencies. On the other hand, the toxicity of afla-
toxin is lower in such animals because of their depressed bio-
activation of this toxicant. MFO activities are decreased in
animals fed with high levels of sugar.

A number of carcinogenesis studies have demonstrated that
restriction of food intake decreases tumor yield. Deficiency of
protein generally lowers tumorigenicity of carcinogens, such as
aflatoxin and dimethylnitrosamine. It is well known that
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enzymes, derived from protein, are required to produce reac-
tive, toxic metabolites of aflatoxin or dimethylnitrosamine.
Hence, with protein deficiency the toxic metabolite cannot be
generated. The importance of diet on carcinogenesis is further
demonstrated by the fact that rats and mice fed with diets rich
in fats have higher tumor incidences compared to those that are
given a restricted diet.
Chemical Interaction

The toxicity of a chemical in an organism may be increased or
decreased by a simultaneous or consecutive exposure to
another chemical. If the combined effect is equal to the sum of
the effect of each substance given alone, the interaction is
considered to be additive, for example, combinations of most
organophosphorus pesticides on cholinesterase activity. If the
combined effect is greater than the sum, the interaction is
considered to be synergistic, for example, carbon tetrachloride
and ethanol on the liver and asbestos exposure and cigarette
smoking on the lung. In the latter example, there can be
a fivefold increase in lung cancer incidence among asbestos
workers, an 11-fold increase among cigarette smokers, and
a 55-fold increase among asbestos workers who are cigarette
smokers. The term potentiation is used to describe the situation
in which the toxicity of a substance on an organ is markedly
increased by another substance that alone has no toxic effect on
that organ. For example, isopropanol (a solvent) has no effect
on the liver, but it can increase considerably the hepatotoxicity
of carbon tetrachloride (another solvent).

The exposure of an organism to a chemical may reduce the
toxicity of another. Chemical antagonism denotes the situation
wherein a reaction between the two chemicals produces a less
toxic product, for example, chelation of heavy metals by
dimercaprol. Functional antagonism exists when two chem-
icals produce opposite effects on the same physiological
parameters, such as the counteraction between CNS stimulants
and depressants. Competitive antagonism exists when the
agonist and antagonist act on the same receptor, such as the
blockade of the effects of nicotine on ganglia by ganglionic
blocking agents. Noncompetitive antagonism exists when the
toxic effect of a chemical is blocked by another not acting on
the same receptor. For example, atropine reduces the toxicity of
acetylcholinesterase (AChE) inhibitors not by blocking the
receptors on the AChE, but by blocking the receptors for the
acetylcholine accumulated.

Chemical interactions are achieved through a variety of
mechanisms. For instance, nitrites and certain amines can react
in the stomach to form nitrosamines, the majority of which are
potent carcinogens, and thus greatly increase the toxicity. On the
other hand, the action of many antidotes is based on their
reactivity with the toxicants; for example, thiosulfate is used in
cases of cyanide poisoning. Furthermore, a chemical may
displace another from its binding sites on plasma protein and
thereby increase its effective concentration. A chemical may
modify the renal excretion of weak acids and weak bases by
altering the pH of urine. Competition for the same renal trans-
port system by one chemical can hinder the excretion of another.
A notable example is the administration of the drug probenecid
along with the antibiotic penicillin to reduce the renal excretion
of the antibiotic, thereby prolonging its duration of action.
One important type of interaction involves the binding of
chemicals with their specific receptors. An antagonist blocks the
action of an agonist, such as a neurotransmitter or a hormone,
by preventing the binding of the agonist to the receptor.

Another important type of interaction results from alter-
ations of the biotransformation of a chemical by another. Some
chemicals are inducers of xenobiotic-metabolizing enzymes.
They augment the activities of these enzymes, perhaps mainly
by de novo synthesis, a fact that is consistent with the finding
that repeated administrations are necessary. The common
inducers include phenobarbital, 3-methylcholanthrene
(3-MC), polychloro biphenyls, DDT, and benzo(a)pyrene.
The inducers may lower the toxicity of other chemicals by
accelerating their detoxication. For example, pretreatment
with phenobarbital shortens the sleeping time induced by
hexobarbital and the paralysis induced by zoxazolamine.
In addition, 3-MC pretreatment greatly reduces the liver injury
produced by bromobenzene, probably by increasing the
activity of the epoxide hydrase. On the other hand, pretreat-
ment with phenobarbital augments the toxicity of acetamino-
phen and bromobenzene, apparently by increasing the toxic
metabolites formed. Repeated administration of a chemical
may induce its metabolizing enzymes, as has been shown with
the industrial chemical vinyl chloride.

Piperonyl butoxide, isoniazid, and SKF 525A and related
chemicals are inhibitors of various xenobiotic-metabolizing
enzymes. For instance, piperonyl butoxide increases the
toxicity of pyrethrum (an insecticide) by inhibiting MFO
activity in insects that detoxifies this agent. Isoniazid, when
taken along witzid inhibits monoamine oxidase and increases
the cardiovascular effects of tyramine, which is found with
cheese normally readily metabolized by the oxidase.
Temperature

Changes in temperature may alter the toxicity of a compound.
For example, at ambient temperatures colchicine and digitalis
are more lethal to the rat than to the frog. But the sensitivity of
the frog can be increased by raising the environmental
temperature of the two species. The duration of response
also decreases as the temperature is raised, suggesting that
a temperature-dependent biotransformation of these
compounds is involved.

Temperature may include both the background environ-
mental temperature and the internal, physiologically regulated
temperature of the animal itself. Many chemicals can
profoundly alter body temperature to the acceleration of reac-
tion rates, but rather were due to alterations in the rates of
physical factors, such as the absorption rate.

Keplinger et al. investigated the toxicity of 58 chemicals
under different ambient conditions, including temperature. He
found that many of the patterns of acute toxicity response were
biphasic relative to ambient temperature, with some tempera-
ture in the ambient range being associated with a peak sensi-
tivity in many cases.
Humidity

Selisko et al. investigated the effects of a number of environ-
mental factors on the acute intraperitoneal toxicity of nicotine



372 Modifying Factors of Toxicity
to mice and found only humidity to have a significant influ-
ence. Humidity does not have a marked influence on absorp-
tion through the skin except at the extreme limits of its range,
and the relationship between humidity and transdermal water
loss in sweating animal species is not linear. The relationships
in nonsweating species (which include all of our common
laboratory species) are even more complex.

The physiological status of the test animal in terms of
hydration can markedly influence its response to toxicants.
Muller and Vemikos-Danelis showed that the LD50s of
caffeine and dextroamphetamine in mice were markedly
affected by both ambient temperature and the animals’
hydration, with caffeine showing a large potentiation of
toxicity at 30 �C, whereas dextroamphetamine showed much
less change. At lower temperatures (22 and 15 �C) the acute
toxicity of both compounds was much less influenced by
hydration.

Environmental temperature and humidity are generally
closely related and as such have frequently been considered
together. Understanding the basis for the temperature depen-
dence of many of the actions of biologically active compounds
has been an area of significant progress over the last 20 years.
Belehradek successfully combined his own and other investi-
gators’ research to produce unified theory of cellular rate
processes based on an analysis of the actions of temperature.
He concluded that the rate processes based on an analysis of
the actions of temperature. He concluded that the rate of bio-
logical processes is primarily dependent on the resistance of
cellular matter to the free movement of molecules within the
cells rather than the rate of actual chemical reactions them-
selves. He was enthusiastic about the relationship between the
rate responses of cellular systems and Slotte’s temperature–
viscosity relationship formula. Brody has, however, reviewed
the applicability of this last to vertebrate animals and pointed
out its shortcomings.

The relationship between responses to toxicants and
ambient temperature in animals is sometimes paradoxical.
Unsinger investigated this in mice and found a series of
biphasic relationships with ‘optimal,’ or peak ranges. Mean
oxygen consumption per unit body weight diminishes as
temperature increases further. Likewise, he measured the rectal
temperatures occurring when the ambient temperature was
25 �C, increasing on either side of this temperature.

Ahdaya et al. investigated thermoregulation in mice
exposed to parathion, carbaryl, and DDT at temperatures of
1, 27, and 38 �C. All three of the pesticides were found to
be least toxic at 27 �C. John Doull has reviewed these
temperature-dependent responses for many chemicals and
presented the hypothesis that temperature is directly corre-
lated with the magnitude and inversely correlated with the
duration of the biological response to biologically active
xenobiotics in many organisms. Though this temperature
dependence stands as a general rule, there are a number
of special case exceptions. And it is clear that the effect
of temperature on one response variable may not necessarily
be predictive of effects on other biological response
variables.

Baetjer and Smith found that the onset of death, rate of
dying, and rate of recovery due to parathion in mice were more
rapid, whereas the mortality was higher at 35.6 �C than at
22.8 �C. At 15.5 �C, the onset of death was delayed and the
total mortality was greater than at 22.8 �C. They also investi-
gated the influence of both pre- and postexposure temperatures
on the response of the mice and determined that mortality
varied directly with the pre- and inversely with the post-
exposure ambient temperatures. Their conclusion was the
results could not be attributed.
Barometric Pressure

Interest in the effect of atmospheric pressure on the toxicity of
chemicals is fairly recent, arising from human activities in space
and deep-sea diving vessels. At high altitudes, the toxicities of
digitalis and strychnine are decreased, whereas that of
amphetamine is increased. The influence of atmospheric
pressure seems to be mainly (but not entirely) attributable
to altered physiological oxygen tension rather than a direct
pressure effect. Recently this interest has taken a new turn as
concern as to the possible hazard of fires and atmospheric
contaminants on submarines has surfaced.
Light

Whole body irradiation with electromagnetic radiation,
including light, increases the toxicity of CNS stimulants and
decreases that of CNS depressants. The toxicity of analgesics
such as morphine does not seem to be altered. Many toxicants
to exhibit a diurnal pattern of response in animals that is
generally related to the light pattern. In rats and mice, P450
enzyme activity is at its greatest at the beginning of the dark
phase of the cycle.
Social Factors

A variety of social factors (interactions between individual
animals and between animals and research workers) can
modify the toxicities of chemicals in animals and undoubtedly
also in humans (list below). Animal handling, housing (singly
or in groups), types of cages, and laboratory routine are all
important components of such considerations.

Edward (1982) should be consulted for a good overview of
the factors to be considered in the design and operation of
a laboratory in terms of both good science and economic and
regulatory considerations.
Psychological functions showing time-based cyclic variations

Activity/sleep
Body temperature
Pain threshold
Adrenocortical function
Skin histamine sensitivity
Liver function
Renal function
Eosinophil count
Mitotic rates
Food consumption
Body weight
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Temporal Factors (Chronological Toxicology)

Most biological organisms are influenced, directly and/or
indirectly, by a stream of daily and annual variations in their
environment. These variations include light, temperature,
social interactions, and food, and have resulted in notable
cyclical variations in function.

Many of these cycles can be considerably amplified and/or
modified. Liver function, for example, includes liver glycogen
(which is also seasonally variable), glycogen phosphorylase,
tyrosine transaminase, tryptophan pyrrolase, and esterase;
some of these rhythmic changes are reflected in hepatic cell
ultrastructure. Renal function includes urine volume and pH,
and excretion of sodium, potassium, chloride, phosphate, uric
acid, adrenal cortex, and probably other tissues as well. Blood
leukocytes other than eosinophils show daily variation,
although the eosinophilic changes have probably been the
most studied.

Many unicellular organisms also show cyclically varying
functions such as cell generation time, photosynthetic capacity,
phototaxis, and luminescence. In higher plants, growth, leaf
and petal movement, and CO2 fixation are rhythmic functions,
and in fungi, spore discharge.

An interesting feature of these rhythms is that they continue
when rhythmic external stimuli are removed. If the daily light/
dark cycle is turned into continuous light and if temperature
variation is suppressed, and if, in humans, clues like watches
and clocks and fixed meal times are removed, the rhythmic
variation in function continues, but with a period which may
differ slightly from the original 24 h. This is the so-called free-
running period. A 24-h rhythmmay become, for example, 25.0
or 22.9 h (usually, however, between 20 and 28 h), and settles
to this new period indefinitely until external clues are restored.
This phenomenon is the origin of the expression ‘circadian,’
meaning about a day’s length.

Considerable work has gone into trying to identify the
biological clock, which maintains these rhythms, so far without
clear-cut success. Does the clock reside in an organ (e.g., the
CNS or the adrenal cortex), or is it a cellular function? The
answer is probably both: that the cell has mechanisms which
allow it to entrain to environmental rhythms, and that in
higher organisms these become systematized in regulatory
organs to coordinate the functioning of the body as a whole in
response to environmental changes.

Both unicellular organisms and avian and mammalian cells
in culture show circadian rhythms in the absence of exogenous
influences. Present arguments center around whether the
cellular clock is based on sequential DNA transcription or
biochemical networks with natural oscillatory periods. A more
recent hypothesis suggests that the cell membrane, with its
stable lipids and mobile protein ionic gates, may serve as an
oscillator with the underlying slow periodically.

The majority of the laboratory animals used in toxicology
are nocturnal, and they do not change while in the laboratory.
Our procedures rarely take the fact and implication of this
underlying biological activity rhythm into account.
Diurnal rhythms (more correctly nychthemeral; diurnal
refers to daytime, nocturnal to the night) are probably the most
important, but there are almost certainly other cyclical changes
in physiological function, connected to season or to sexual
function, which for the most part we disregard, and which may
occasionally be important.

The significance of circadian variation for drug action and
toxicology will depend very much on the nature of the drug,
its absorption characteristics, and on the way in which it is
administered. Toxicity from continuous atmospheric exposure
is not likely to show much circadian dependence, nor from
a drug only slowly absorbed or slowly metabolized to an active
component. But these are perhaps the exceptions, and with
the increasing range of drugs showing some clinical effective-
ness, many of which also carry undesirable side effects, it
would seem sensible to administer these in a regimen which
allows them to exert their maximum desired effect with
a minimum of side effects. While drugs acting on the CNS, the
cardiovascular system, and the kidney and the steroids are
obvious candidates for such consideration, there is evidence
that susceptibility to infection is also circadian dependent,
and chemotherapeutic agents and the antibiotics may not be
outside such an inquiry.

In addition, a sizable proportion of the population has its
biological clock thrown into potential disarray. Besides the
pilots and aircrew of long-distance flights and the jet-set trav-
eler, the night-shift workforce is numerous enough, and
includes not only the factory workers and truck drivers, but
hospital staff and watchkeepers at sea, all carrying considerable
responsibilities. If there is a relationship between drug action
and the circadian cycle, it deserves proper evaluation.
See also: Absorption; Analytical Toxicology; Biotransformation;
Distribution; Environmental Exposure Assessment;
Mechanisms of Toxicity; Mixtures, Toxicology, and Risk
Assessment; Pharmacokinetics; Resistance to Toxicants;
Transgenic Animals.
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Background

Molecular biology and recombinant DNA technology have
revolutionized the field of toxicology. These techniques are
powerful tools for better understanding and assessment of the
mechanisms of action of substances that may adversely affect
human and environmental health.

The application of recombinant DNA technology has accel-
erated scientific discovery in all areas of biological research at an
unprecedented rate. This technology has enabled researchers to
examine the molecular mechanisms and structures responsible
for such complex processes as cell growth, metabolism, differ-
entiation, and development. More significantly, it provides
a means to manipulate molecules critical to these processes and
an opportunity to examine the effects of these manipulations in
living systems, and to elucidate the physiological roles of the
protein under investigation. The application of recombinant
DNA techniques has had a profound impact on the science of
toxicology, and will continue to have a similar impact on the
future direction of scientific research in general.

Molecular toxicology has enabled toxicologists to under-
stand events at the molecular level and examine alterations
in fundamental biological processes that lead to the manifes-
tation of toxic responses. As a result, toxicologists are
examining the mechanisms of action of toxic substances to
identify molecular changes predictive of exposure to harmful
substances. This information can be used to identify suscep-
tible groups within a population or establish safe levels of
exposure, using a mechanistic approach as an alternative to
association of risk based on extrapolation of high-dose studies
in rodent models to low-level human exposures. This molec-
ular or reductionist approach is not intended to circumvent
in vivo studies but to introduce mechanistic data into risk
assessment, to define the possible implications of exposure to
potentially harmful substances. The inclusion of recombinant
DNA technology in toxicological research has facilitated our
understanding of the mechanisms of action of many toxic
substances. This information has subsequently been used by
toxicologists in risk assessment and in the development of
assays that identify and assess the potential adverse effects
posed by uncharacterized toxic substances.
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Figure 1 A schematic representation of the polymerase chain reaction
(PCR). Repetitive cycles of DNA denaturation followed by annealing of the
primers and primer extension results in the exponential amplification of
the DNA fragment, whose boundaries are determined by the primers.
The Polymerase Chain Reaction

Perhaps the single most important advance in the last 40 years
of medical science was the development of the polymerase
chain reaction (PCR) protocol. PCR exploits features of DNA
replication, which provide researchers endless possibilities in
the manipulation of DNA. The technique involves two primers
that are designed to be complementary to the boundaries of the
desired DNA segment and DNA polymerase that produces
copies of the DNA sequence between the primers (Figure 1).
The cycling of this replicative reaction results in the exponential
4 Encyclopedia of T
production of a DNA fragment whose boundaries are deter-
mined by the primers. The most powerful advantage of this
technology is its ability to produce enormous numbers of
copies of a specific DNA sequence from a minute sample. In
addition, advance PCR techniques, together with basic cell
transfection and selection techniques, allow for DNA sequence
identification, deletion, transposition, and mutation. PCR can
also be used to isolate, characterize, or quantify mRNA through
the use of reverse-transcriptase PCR (RT-PCR), which uses viral
reverse-transcriptase enzymes to produce complementary DNA
(cDNA) sequences from isolated mRNA. PCR has applications
not only in research but also in forensic toxicology, evolu-
tionary studies, and in the diagnosis of infectious diseases,
genetic abnormalities, and cancer. This technique is so sensitive
that forensic scientists can obtain sufficient amounts of DNA
extracted from saliva left on postage stamps or discarded
cigarettes to implicate individuals in criminal activities. More
recent advances in PCR technology have produced real-time
PCR, in which the PCR reaction can be monitored in real time
with the use of fluorescent dyes or labeled DNA probes. This
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00039-7
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technique is even more sensitive than standard PCR, and has
proved to be significantly more effective for quantification of
gene expression.

Recombinant DNA technology has provided a dramatic
expansion in our knowledge of the structure, function, multi-
plicity, and regulation of xenobiotic metabolizing enzyme
(XME) superfamilies. Its use has resulted in the sequencing of
the entire human genome, and the cloning of cDNA sequences
that encode or act as the blueprint for the synthesis of proteins
that are important in toxicology. The increased availability of
cDNA and deduced protein sequences has provided a rational
foundation for the development of standardized nomenclatures
based on amino acid sequence similarities. These systems are
a welcome alternative to the multiple, laboratory-specific clas-
sifications that have led to considerable confusion particularly
in the P450 superfamily, in which over 200 unique cDNAs have
been identified. In addition to the characterizationof thehuman
enzymes, XMEs from a variety of other species have been cloned
using the same techniques. Comparisons of the XME sequences
between species can enhance our understanding of the critical
amino acids for enzyme functionality, and has led to rapid
advances in the field of evolutionary toxicology.
Advancing Understanding of XMEs and Other Proteins

A major emphasis in drug metabolism research has been
focused on determining the role of individual XMEs in the
in vivo biotransformation of drugs and chemicals in order to
understand their role in eliciting adverse drug reactions. The
identification of specific XMEs that are responsible for adverse
drug effects has been difficult because multienzyme super-
families made up of enzymes with diverse structure and
overlapping substrate specificities are involved in metabolism.
A further complication has been the relatively low abundance
of individual forms of XMEs. This limitation has been over-
come by using heterologous expression systems to produce
large quantities of specific XMEs. These systems use cloned
XME cDNAs and take advantage of the protein-production
machinery in bacteria, yeast, insect, or mammalian cells in
culture to overexpress large quantities of a desired protein. The
enzymatic activity of recombinant proteins can be directly
measured from whole cells or isolated subcellular fractions.
Heterologous expression systems have also been used to
produce sufficient quantities of desired protein for subsequent
purification to homogeneity and biophysical investigations.
Many heterologous expression systems are commercially
available and provide all the necessary materials to express the
desired product in a variety of organisms.

Cell lines that stably express a specific XME isoform have
also been produced. For example, cDNAs encoding for detox-
ification enzymes, such as N-acetyltransferase and glutathione
S-transferase (GST), have been introduced into Ames tester
strains and mammalian cells, which are naturally devoid
of these enzymatic activities. This has enabled researchers
to examine the mutational specificity of a chemical follow-
ing metabolism or bioactivation by specific detoxification
enzymes. Furthermore, a series of bioengineered cell lines
expressing various human P450s and phase II enzymes have
been prepared and are commercially available. Results from
these in vitro test systems combined with data gained from
experiments investigating differential regulation, tissue-specific
expression, and interindividual variation in human XMEs
allow for the rapid screening of novel compounds for potential
deleterious interactions with common drugs, and should
provide a sound mechanistic basis for assessing human risk
following metabolism of xenobiotics (Figure 2).

In addition to in vitro systems expressing XMEs, other
proteins of toxicological significance can be expressed and used
to identify potential toxicities. Using this technology, high-
throughput screening of receptors, ion channels, transporters,
and enzymes involved in critical biological functions can be
carried out to assess potential effects of novel compounds on
various physiological systems.One such commonly used in vitro
assay is the human ether-a-go-go-related gene (hERG) assay. The
hERG gene encodes an ion channel responsible for the rapidly
repolarizing cardiac Kþ current. Inhibition of this repolarizing
current has been linked to QT prolongation and a cardiac
arrhythmia termed torsade de pointes, which is often associated
with sudden cardiac death. Several drugs were withdrawn from
the market following deaths due to cardiac arrhythmias,
including the antihistamine terfenadine. Subsequent research
identified the hERG channel as a target of many of these drugs,
and an in vitro assay was developed to screen novel drugs for this
serious cardiac liability. In this assay, the hERG gene is expressed
in a mammalian cell model using recombinant DNA tech-
nology. Test compounds are added, and Kþ channel effects are
assessed using a patch-clamp procedure. This powerful in vitro
tool has considerably improved the cardiac safety of pharma-
ceutical products, and is now required by regulatory agencies
prior to initiation of human clinical trials with novel drugs.
Recombinant DNA Technology and Molecular
Toxicology

Recombinant DNA technology has also led to techniques in
which individual bases in a cDNA sequence can be changed
with great precision in the laboratory. This allows for site-
directed mutagenesis, which, in addition to altering the
sequence of a cDNA, can alter the amino acid sequence of the
protein produced in expression systems. This is of great
importance in the study of the molecular mechanisms of XMEs,
as individual amino acids within the active sites of these
enzymes can be changed sequentially to determine their rela-
tive importance in the functionality of the enzyme. Heterolo-
gous expression technology has also been an important
technique in assessing the functional consequences of XME
polymorphisms. Expression of cDNAs with variant DNA
sequences using heterologous systems allows one to identify
protein products with altered catalytic activity without having
to perform lengthy, labor-intensive purification protocols from
tissue samples from multiple phenotypic populations. In
addition, these studies may assist in the identification of critical
residues within XMEs that are required for optimal catalytic
activity. This information may lead to improved drug design
and efficacy by introducing modifications that minimize
metabolic transformations to reactive metabolites responsible
for eliciting adverse reactions, or facilitate synthesis of prodrugs
that exhibit better pharmacokinetic properties.
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Figure 2 Methods of altering XME gene expression in vitro. (a) Modulation of endogenous gene activity. Gene transcription can be induced by the
application of pharmacological inducers, such as TCDD for CYP1A1, or inhibitors. siRNA can be used to knock down protein expression. (b) Expression of
functional cDNAs. Vectors containing XME cDNAs can be introduced to a cell-culture expression system. Strong positive regulators such as the SV40
enhancer can be used to drive overexpression of the XME gene product. XME structure and function can be altered by site-directed mutagenesis of the
cDNA. (c) Expression of regulatory region and reporter gene. The 50 regulatory region or promoter can be fused to a reporter gene such as luciferase,
which allows for the rapid analysis of gene expression using a simple biochemical assay. Specific regulatory elements within the promoter can then be
removed or mutated, allowing for identification of the critical elements for control of XME expression.
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The advancement of recombinant DNA technology has
also allowed for the study of proteins in a modular sense.
Individual domains of proteins can be removed entirely by
manipulation of the cDNA sequence to determine their
function. Furthermore, domains from entirely different
proteins can be fused together to create fusion proteins. One
example of the usefulness of this technique is the creation of
GST-fusion proteins, in which a small domain from the GST
gene is fused to a gene of interest before introduction into an
expression system. The small GST domain usually does not
affect the functionality of a protein, but it allows for the fast
and simple purification of the fusion protein using an affinity
column. A second example of the usefulness of fusion
proteins is the yeast two-hybrid system. In this system, a gene
of interest is fused to the DNA-binding domain of a yeast
transcription factor, such as Gal-4, and a library of cDNA
sequences from the same species or cell type are fused to the
transactivation domain of the same yeast transcription factor.
These fusion cDNAs are then introduced into an expression
system in yeast, and proteins that physically interact with the
protein of interest bring the DNA-binding domain and the
transactivation domain of Gal-4 into close proximity, acti-
vating expression of a reporter gene. The cDNA sequences can
then be isolated and cloned, and the identity of the interacting
proteins discovered, even if they were not previously
characterized. This technique is a powerful tool for identifi-
cation of proteins that interact directly with XMEs or tran-
scription factors that regulate XME expression.

In addition to investigating the structural features of drug-
metabolizing enzymes, molecular biology has also enhanced
our understanding of how the expression of these enzymes is
regulated. The XME whose transcriptional regulation is the
most well characterized is CYP1A1. Its expression has been
linked to the bioactivation of a number of carcinogens, and
studies have found that it is inducible by a variety of structur-
ally diverse compounds, including 3-methylcholanthrene,
b-naphthoflavone, and halogenated aromatic hydrocarbons
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The
induction of CYP1A1 expression is mediated by a specific
cytosolic protein referred to as the aryl hydrocarbon receptor
(AhR). The AhR is a ligand-inducible transcription factor that
contains separable and distinct domains for ligand binding,
DNA binding, and transcriptional activation for gene expres-
sion. The AhR is a member of the PAS (PER, ARNT, SIM) family
of proteins, which also includes its dimerization partner, the
Ah receptor nuclear translocator (ARNT), hypoxia-inducible
factor 1a (HIF-1a), and period (PER1). The members of this
protein family tend to act as environmental sensors. For
instance, while the AhR mediates responses to xenobiotics,
HIF-1amediates responses to low oxygen levels, and PER1 and



Molecular Toxicology: Recombinant DNA Technology 377
MOP3 are involved in the circadian rhythmicity, which, in part,
is a response to light.

Ligand binding to the AhR causes the release of cytoplasmic
cofactors, which enables the receptor to move into the nucleus
and heterodimerize with ARNT. The resulting complex exhibits
high affinity for DNA and seeks out specific DNA sequences
referred to as dioxin or xenobiotic response elements (DREs or
XREs) located in the 50 regulatory region of the CYP1A1 gene.
Binding of the complex to DREs results in the recruitment of
factors that facilitate the increased rate of CYP1A1 gene tran-
scription. Analysis of the CYP1A1 50 regulatory region has
identified six DREs, all of which contain the core sequence,
50-GCGTG-30, and have a role in the dramatic increase in
CYP1A1 activity following treatment with TCDD. In addition
to CYP1A1, other TCDD-inducible genes such as the rat GST Ya
subunit, CYP1A2, and quinone oxidoreductase also possess
DREs in their 50 regulatory regions. Although the mechanism
by which TCDD and related compounds cause toxicity has not
been fully elucidated, it is generally believed that the AhR plays
a role. In support of this, mice lacking the AhR are virtually
immune to the effects of TCDD, and CYP1A1 null mice are
resistant to some, but not all, of the toxic effects of this toxicant.
Molecular toxicology has also provided great advances in our
understanding of the role of XME and XME-regulating genes in
normal physiology. For instance, mice lacking the AhR exhibit
a number of cardiovascular and reproductive defects that
suggest that this protein plays a role in normal physiology, in
addition to its control of XME induction.

Methods for investigating the control of XME gene expres-
sion by the AhR and similar xenobiotic-sensing transcription
factors such as the constitutive adrostane receptor (CAR),
pregnane X receptor (PXR), and peroxisome proliferator-
activated receptors (PPARs) have also been greatly enhanced
through the use of recombinant DNA technology. The 50

regulatory region, or promoter sequences, of XME genes can be
linked to reporter genes that are then controlled in an expres-
sion system via the same mechanisms by which XME expres-
sion is controlled. This allows for the study of critical response
elements that are involved in the control of XME expression.
Examples of reporter genes include firefly luciferase, bacterial
chloramphenicol acetyltransferase, bacterial b-galactosidase,
green fluorescent protein, and heat-resistant mammalian
alkaline phosphatase. Reporter genes provide sensitive, rapid,
and easily measured enzymatic activities that are usually absent
in the host cell. The XME promoter can then be altered by the
same site-directed mutagenesis methods that are used to alter
amino acid sequence in the coding region of the XME for
functional analysis. Results of these studies can pinpoint the
regulatory elements involved in controlling gene expression.
For instance, removal of the DRE sequences in the CYP1A1
promoter eliminates the ability of TCDD to induce expression
of this gene.

Reporter gene technology, which also involves recombinant
DNA techniques, has also been exploited to develop bioassays
that assist toxicologists in the detection and assessment of
potentially toxic substances. These bioassays consist of reporter
genes whose expression is controlled by the 50 promoter of
a target gene. This allows for identification of substances that
activate gene expression with a simple biochemical assay, and
without direct mRNA quantification. Several different reporter
gene bioassays are currently being used to assess the potential
toxicity of individual chemicals as well as complex mixtures.
These bioassays can detect a number of different substances
including halogenated aromatic hydrocarbons, sex steroid
mimetics, peroxisome proliferators, metals, and inducers of
oxidative stress. Such assays are a critical aspect of early
screening for toxicity of new chemical entities or potential
pharmaceutical therapies.

Recombinant DNA technology was critical in the recent
discoveries of short-inhibitory RNA (siRNA) and microRNA
(miRNA). These small noncoding RNAs have been found to be
critical regulators of gene expression, and have been the subject
of intense investigation since their discoveries in the 1990s. By
controlling post-translational gene expression, miRNA may be
involved in the response to numerous toxicants. In addition to
acting as a defense mechanism against invasive nucleic acids,
siRNA has added even more power to the use of cell-culture-
based expression systems by taking advantage of an unexpected
mechanism by which a short, double-stranded RNA of known
sequence will initiate the degradation of complementary RNA.
This allows researchers to knock down the expression of
proteins by introducing these siRNAs via the same protocols
commonly used to introduce exogenous cDNA expression or
reporter constructs. Although some difficulties in design and
effectiveness of siRNAs still exist, this technique, together with
traditional expression vectors, allows for the inhibition or
overexpression of most genes whose mRNA sequences have
been characterized. Importantly, these techniques allow toxi-
cologists the opportunity to modulate the function of endog-
enous XMEs within an expression system.

In addition to the controlled expression of genes made
possible by available expression systems and siRNA, specific
control of gene expression in the whole animal has been made
possible by recombinant DNA technology. These transgenic
and knockout animals have been invaluable in the dissection
of a number of important toxicological pathways, and are
discussed further in the transgenic/“knockout” technology
chapter.
Elucidation of Interspecies and Interindividual
Differences

Molecular biology has also allowed for the elucidation of
mechanisms of intraspecies differences in toxicant or drug
susceptibility. Differences in gene function and expression of
XMEs can lead to species-specific toxicities. One example of this
type of intraspecies variation is uridine 50-diphospho-glucur-
onosyltransferase 1A6 isoform (UGT1A6), which is responsible
for phase II detoxification of a number of common toxicants
and drugs. Molecular analysis has revealed that cats and many
other members of the family Felidae harbor genetic mutations
that inactivate the UGT1A6 gene. As a result, these animals do
not metabolize certain phenolic compounds, leading to
a unique sensitivity to the toxic effects of common drugs such
as aspirin and acetaminophen. Recombinant DNA technology
has led to identification of numerous other examples of such
intraspecies variability in XME function and expression.

Pharmacogenetics, the study of genetically determined
variations in drug response, has been profoundly transformed



378 Molecular Toxicology: Recombinant DNA Technology
by molecular biology. Genetic polymorphisms have been
traditionally defined as the occurrence in a population of more
than one allele of a particular gene, with the prevalence of the
less common form being at least 1%. Prior to recombinant
DNA technology, genetic polymorphisms were identified by
familial and population studies following the observation of
an atypical drug reaction in a population. Classification of
individuals as poor or extensive metabolizers was determined
by measuring drug clearance of a substance that was metabo-
lized by a specific XME. On this basis it became evident that
there were genotypic variants in a wide variety of human XMEs.
Recombinant DNA technology has advanced the characteriza-
tion and study of these polymorphisms tremendously.
Hundreds of polymorphisms in cytochrome P450s and other
drug metabolism enzymes have now been identified (Table 1).
It is believed that adverse drug reactions account for up to 5%
of all hospital admissions in the United States, and many of
these reactions may be due to XME polymorphisms. Also,
polymorphisms in proteins that are not involved in xenobiotic
metabolism, but which have substantial effects on the thera-
peutic effectiveness or tolerance of certain drugs, have also been
identified. For example, polymorphisms in glucose-6-dehy-
drogenase, which reduce the activity or expression of this
enzyme affect more than 400 million people worldwide, and
can cause adverse reactions to primaquine and sulfonamides.

In addition to altering the metabolism of, and causing
adverse reactions to, pharmacological agents, XME poly-
morphisms also have the potential to alter the susceptibility of
individuals to environmental toxicants. Many xenobiotics are
metabolized by XMEs to form toxic metabolites which then
lead to toxicity, and functional alterations of these XMEs could
lead to altered production of these toxic metabolites. For
example, a number of XME polymorphisms are linked to an
increased risk for smoking-related cancers. However, the link
between XME polymorphisms and cancer risk is poorly
understood. Epidemiological studies of large populations have
shown only a moderate increase in risk for the development of
these cancers in individuals with XME polymorphisms. These
results are confounded by the involvement of multiple poly-
morphisms, the genetic variability of the human population in
general, and in difficulties in assessing exposure levels. Trans-
genic mice may add to our understanding of the role of XME
polymorphisms in potentiation or protection from xenobiotic
toxicity. For example, mice lacking the AhR are immune to
benzo(a)pyrene carcinogenicity, presumably because of an
inability to induce CYP1A1 expression.

By combining allele-specific DNA sequence information
with PCR, noninvasive assays have been developed that can be
Table 1 Some common XME polymorphisms and their clinical importanc

Enzyme Substrates Fu

CYP1A2 Olanzapine Re
Cyp2C8 Taxol Re
CYP2C9 Phenytoin warfarin Re
CYP2C19 Diazepam Re
CYP2D6 Perhexilene Re
CYP3A4 Nefedipine Re
NAT2 Sulfonamides Re
Aldehyde dehydrogenase 2 Ethanol Ina
rapidly performed to identify individuals susceptible to adverse
drug reactions. The three strategies that have been successfully
employed include the amplification of a DNA sequence con-
taining a restriction fragment length polymorphism (RFLP)
that identifies a variant phenotype, the use of allele-specific
PCR primers designed to hybridize to a sequence only if
a known variation is present, and the use of allele-specific DNA
probes during real-time PCR (Figure 3).

RFLPs involve the digestion of DNA with purified bacterial
enzymes, known as restriction endonucleases, which recognize
and cleave specific DNA sequences. The digested DNA frag-
ments are subsequently separated based on size using gel
electrophoresis, and the resultant DNA fragment lengths are
determined by comparison to a known standard. These frag-
ments can then be further amplified and sequenced for exact
characterization of the polymorphism. RFLPs have been used
in the identification of DNA sequence changes that are
responsible for genetic diseases, as well as in forensic science to
establish an association between an individual and the human
tissues such as blood, saliva, or semen collected at a crime
scene. Genetic polymorphisms that involve changes in DNA
sequence at restriction enzyme recognition sites can be directly
detected following restriction enzyme digestion of both normal
and variant DNA. However, polymorphisms that alter restric-
tion endonuclease recognition sites and cause abnormalities in
protein function are rare. It should also be emphasized that the
majority of the DNA sequence variations located in or around
a gene do not necessarily explain the observed phenotypic
variants, since many of the differences detected by RFLP anal-
ysis are silent polymorphisms that do not result in changes at
the protein level and, therefore, have no functional conse-
quences. For example, in the CYP2D6 polymorphism, diges-
tion of genomic DNA with 20 different restriction enzymes
identified the presence of 14 different RFLPs. However, only
two of these RFLPs correlated with specific DNA sequence
variations that were associated with the poor metabolizer
phenotype.

In contrast to RFLP analysis and standard PCR techniques,
real-time PCR analysis can easily and rapidly detect a single
nucleotide polymorphism in a gene of interest without the
need to run the products on a gel. This technique uses a fluo-
rescent dye-labeled probe that specifically recognizes and binds
to polymorphic sequences during the PCR reaction, and is
detected in real time using a sensitive camera. Real-time PCR is
extremely fast and sensitive, and has been used successfully to
genotype a number of important polymorphic genes.

The development of these techniques for rapid analysis of
XME polymorphisms may eventually lead to routine, detailed
e
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Figure 3 Methods for identification of XME polymorphisms. (a) RFLP analysis. Genomic DNA is digested with restriction endonucleases, hybridized to
a radioactive DNA, and run on a gel. The asterisk indicates a restriction endonuclease site that is found only in variant A. Gel analysis demonstrates three
different banding patterns, corresponding to the three possible genotypes. (b) XME polymorphism identification using allele-specific primers. Standard
PCR is performed using a primer that only recognizes one allele. The resulting products are run on a gel, and visualized as bands following staining with an
intercalating dye. No bands are seen in A/A individuals, a strong band in B/B individuals, and an intermediate band in A/B individuals. (c) XME poly-
morphism identification using real-time PCR. A florescent-labeled DNA probe that only recognizes variant B is used to monitor the progress of the PCR
reaction. A/A individuals produce no fluorescence, because the probe will not bind variant A. B/B individuals produce a rapid increase in fluorescence as
the product is produced, and A/B individuals will produce a slower increase in fluorescence, because of the 50% reduction in available B alleles at the start
of the PCR reaction.
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genotyping in a clinical setting. Indeed, the use of PCR-based
genotyping to determine the proper pharmacological interven-
tion in patients who may be treated with drugs that are metab-
olized by polymorphic XMEs has been widely suggested. This
may be particularly useful prior to the use of drugs metabolized
by CYP2C9, CYP2D6, and CYP3A4, which are responsible for
metabolism of 60–70% of all therapeutic drugs and are highly
polymorphic. However, the use of these technologies to deter-
mine individual XME genotypeswithin a clinical settingmust be
balancedwith ethical concerns regardingpatient confidentiality.
In oncology, the use of PCR-based diagnostic assays to identify
patients most likely to respond to certain therapies is beginning
to emerge. One example is the kinase inhibitor Imatinib
(Gleevec�), for which a PCR-based assay is used to identify
chronic myeloid leukemia patients with a key mutation. Ima-
tinib inhibits the activity of an abnormal protein produced as
the result of this mutation. This strategy has dramatically
improved the survival of patients with chronic myelogenous
leukemia since its introduction in 2001.

The ability of toxic substances to induce gene expression has
been successfully used to develop assays that assist in the iden-
tification of substances that may cause adverse effects. In the
past, toxicologists relied on physiological responses, such as
decreased body weight or lethality, to assess the effects of a toxic
substance. As more information regarding the mechanism of
action of compounds was acquired, biochemical responses such
as enzyme activities were used to determine the potential adverse
health effects resulting from exposure to toxic substances.
Molecular toxicology provides techniques such as RT-PCR and
real-time PCR, which have enabled toxicologists to directly
measure subtle changes in the expression of specific target genes,
including those directly involved in eliciting the observed toxic
responses. Such gene expression profiling, along with profiling
of the expression of potentially upregulated XMEs, can be used
as biomarkers of xenobiotic exposure or toxicity. Differential
hybridization to microarrays containing thousands of genes has
been successfully used to identify structurally unrelated genes
that are regulated by a common mechanism such as exposure to
a specific chemical agent. These powerful techniques are dis-
cussed in the Microarray Analysis chapter.
Summary

The development of recombinant DNA technology and
molecular biology techniques has accelerated the rate of
discovery in all major areas of biological research. The
incorporation of this technology into the field of toxicology
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has enhanced both the basic and applied aspects of the
discipline. These technological advances have enabled toxi-
cologists to elucidate the mechanisms of action of toxic
substances at the molecular level, and this information has
been successfully used to engineer and improve the sensitivity
and specificity of a number of assays commonly used to
assess the potential toxicity of a substance. Furthermore, the
use of this technology has also contributed to our under-
standing of the normal physiological roles of proteins and
enzymes that are disrupted by toxic substances. In conclu-
sion, the use of recombinant DNA technology will extend the
comprehensive nature of toxicology and will assist toxicolo-
gists in identifying and predicting the potential risks an
unknown substance may pose to human health and envi-
ronmental quality.

See also: hERG (Human Ether-a-Go-Go Related Gene);
Mechanisms of Toxicity; Microarray Analysis; Transgenic
Animals; Forensic Toxicology; Genetic Toxicology; Risk
Assessment, Human Health; Analytical Toxicology;
Carcinogen–DNA Adduct Formation and DNA Repair; In Vitro
Tests; Toxicity Testing, Mutagenicity; Environmental
Toxicology.
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l Chemical Abstracts Service Registry Number: 2212-67-0
l Synonyms: Ordram, R-4572, Yalan
l Molecular Formula: C9H17NOS
l Chemical Structure:
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Background (Significance/History)

The US manufacturers voluntarily terminated all uses of
molinate in 2009. The chemical is a preemergence herbicide
applied by aerial spraying, mainly to rice fields.
Uses

Molinate is a selective thiocarbamate herbicide that was used to
control broadleaf and grassy plants primarily in rice produc-
tion. Molinate was available in granular and emulsifiable
liquid formulations.
Environmental Fate and Behavior

Molinate will rapidly volatilize from moist soils and flooded
fields with half-lives of 21 days and 1–6 days, respectively.
Biodegradation is also an important fate process, with aerobic
metabolism of molinate under normal use conditions much
faster than that measured under anaerobic conditions. Moli-
nate does not adsorb to soil, and is unlikely to be mobile due
to high solubility. While molinate is stable to aqueous
hydrolysis, it has been shown to undergo photooxidation
degradation. In the atmosphere, reaction of vapor phase
molinate with photochemically produced hydroxyl radicals is
the major fate process. The chemical is rapidly taken up by
plants.
Exposure and Exposure Monitoring

Most human exposure is from inhalation and dermal contact
through occupational production and use. Inhalation exposure
is also possible in the vicinity of aerial spraying. Molinate has
not been detected in rice but has been found at low levels in
drinking water and well water.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

Molinate is readily absorbed via ingestion, inhalation, or
dermal exposure. It is metabolized to more polar products and
excreted primarily in the urine. Seventy-five percent of the ring-
labeled molinate was excreted within 24 h after administration
via oral gavage of the rat. Molinate did not bioconcentrate in
the body tissues. The major metabolic pathway in laboratory
animals involved sulfoxidation, conjugation with glutathione,
and excretion in the urine as a mercapturic acid derivative.
Hydrolysis of the sulfoxidized and hydroxylated derivatives
represented another major metabolic process. The metabolism
of molinate appeared to be similar between female and male
rats. The major urinary metabolite in monkeys and humans
appeared to be 4-hydroxy molinate.
Mechanism of Toxicity

The targets for molinate toxicity are the male reproductive
system and the nervous system. Reproductive effects of
molinate may depend on inhibition of neutral cholesterol
ester hydrolase, leading to disruption of mobilization of
cholesterol from high-density lipoprotein, a process selective
for rodents. The selectivity of this mechanism or others in
rodents relative to reproductive toxicity, however, remains
unclear. Molinate can inhibit acetylcholinesterase as well
as aldehyde dehydrogenase.
Acute and Short-Term Toxicity

Animal

Molinate is moderately toxic by oral and inhalation routes,
with the toxicity variable depending on the formulation
tested. Oral LD50 values of 369–720mg kg�1 in rats and
530–795mg kg�1 in mice have been reported. Dermal LD50

values are >2000mg kg�1 in rabbits. The chemical is mildly
irritating to rabbit skin and moderately irritating to rabbit
eyes, and is not a skin sensitizer. A 4-h inhalation LC50 of
>2.0 mg l�1 has been reported for rats. In the inhalation
study, dose-related and time-dependent testicular damage
was observed in male rats.
Human

Irritation of the skin and eyes has been reported for agricultural
workers handling molinate. Four families were poisoned from
well water contaminated with molinate run-off from a nearby
treated field. Affected individuals had nausea, diarrhea,
abdominal pain, fever, weakness, and conjunctivitis. Recovery
was complete, with no indication of persistent effects.
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Chronic Toxicity

Animal

The target effects for repeated exposures to molinate are repro-
ductive toxicity and neurotoxicity. Most of the shorter term
studies focused on the effect of molinate on male reproduction
in rats. Reduced fertility and sperm abnormalities were seen
following 5 days with 50mg kg�1 day�1 or following 5 weeks
0.98mg kg�1 day�1. Similar effects occurred when male rats
were exposed to molinate either by inhalation or through the
diet for up to 13 weeks. Reproductive effects were also seen
in male mice and rabbits but higher doses were required.

Chronic administration of molinate at
13–15mg kg�1day�1 to rats caused lesions in the testes in
males and in the ovaries of females after 1 or 2 years. Histo-
pathological examination of the sciatic nerve in both males and
females at 1 year revealed degeneration/demyelination and
after 2 years, some animals exhibited hind limb ataxia. Skeletal
muscle atrophy, peripheral nerve degeneration, and distal
spinal cord changes were observed at doses as low as
0.3mg kg�1 day�1. Inhibition of red blood cell cholinesterase
activity was measured at higher doses.
Human

Little information was found on the chronic effects of molinate
exposure in humans. In a study of male workers at a molinate
production facility, no evidence was found for effects on
reproductive parameters, including sperm concentration,
motility, morphology, and serum follicle-stimulating horm-
one, luteinizing hormone, and testosterone levels.
Developmental/Reproductive Toxicity

Female rats given molinate by gavage during gestation showed
reduced food consumption and weight gain as well as excess
salivation at 140mg kg�1 day�1. Increased resorption and fetal
growth retardation were also seen at this dose. Rabbits also had
decreased bodyweight gain, increased fetal loss, anddelayed fetal
ossification when given 200mg kg�1 day�1 during gestation.

Male rats administered molinate by gavage had dose-related
alterations in sperm morphology at �4mg kg�1 day�1. An
increase in the number of resorptions per litter was found when
these males were mated to untreated females. Other studies on
male rats suggest that the adverse effect of molinate is on the
Sertoli cells as neither gonadotropin nor androgen levels were
affected. In addition to causing decreased male fertility and
increased sperm abnormalities, molinate induced reduced
fertility in female rats when administered in the diet for two
generations. While no clinical signs of toxicity were observed,
females given about 3.7mg kg�1 day�1 had reduced litter sizes
and microscopic lesions in the ovary.
Genotoxicity

Molinate was positive for mutagenicity with mouse lym-
phoma cells with metabolic activation. It was also positive in
one bone marrow micronucleus test, but negative in another.
No mutagenic activity was indicated in microbial systems,
with or without metabolic activation.
Carcinogenicity

Lifetime exposure of rats to molinate resulted in kidney tumors
at only the highest dose (29mg kg�1 day�1) in males but not in
females. Neither male nor female mice exhibited increased
tumor formation related to molinate treatment. The USEPA has
not evaluated the carcinogenicity of molinate in humans.
Clinical Management

Exposure to molinate can cause skin and eye irritation and
nausea, diarrhea, abdominal pain, fever, weakness, and
conjunctivitis. Decontamination of skin and eyes should be
accomplished by flushing with copious amounts of water.
Activated charcoal is recommended following large amounts
of ingested material. First aid is based on clinical symptoms.
Ecotoxicology

Molinate appears to be practically nontoxic to birds. Previous
use of the chemical on rice fields posed an acute risk to fish,
amphibians, and aquatic invertebrates in small streams and
tributaries that were subject to high exposure from runoff. Due
to lack of persistence in the environment, molinate does not
present a current risk to wildlife.
Exposure Standards and Guidelines

The reference dose for molinate is 0.002mg kg�1 day�1.
Miscellaneous

Molinate was voluntarily withdrawn from pesticide registration
and use by the manufacturers in 2009.
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Background

Molybdenum minerals have long been known, but the
element was identified as a specific material in 1778 by
German pharmacist Carl Wilhelm Scheele who decomposed
molybdenite by heating it in air to yield a white oxide powder.
It was subsequently isolated in 1781 by Swedish chemist Peter
Hjelm when he established that molybdenum was neither
graphite nor lead by reducing the oxide with carbon and
linseed oil to obtain a dark metallic powder that he named
molybdenum. The term molybdenum is from Latin Molyb-
daenum and from Greek MÓlUbdO2, meaning lead-like,
because its ores were easily confused with lead ores. Molyb-
denum does not occur as a free metal, but rather in various
oxidation states in minerals such as wulfenite (PbMoO4),
powellite (CaMoO4), and molybdenite (MoS2), making it
difficult to isolate and use commercially. In 1906, William
Coolidge, a physicist at General Electric, developed a method
to use molybdenum in furnaces and light bulbs. Soon there-
after, a process was developed to more effectively recover
molybdenum from ores, setting the stage for its heightened
commercial use as an alloy to harden steel.
Uses

Molybdenum is primarily used as an alloying agent because
it contributes to the hardening and malleability of tempered
steels and increases the strength of steel at high tempera-
tures. Since its initial application as a steel alloy, molyb-
denum has seen a dramatically expanding range of
applications for the metal, its alloys, and its compounds.
Rising demand has been accompanied by new processing
technologies with superior recovery rates. It is also used in
electrodes for heated glass furnaces, in nuclear energy
applications, in missile and aircraft parts, in the production
of tungsten, in glass to metal seals, and in colloidal form as
a lubricant additive. Molybdenum occurs naturally in various
ores, the most important being molybdenite (MoS2), which
is converted to molybdenum trioxide (MoO3) for use in
ferro- and manganese alloys, chemicals, catalysts, selective
oxidation of methanol and propene, smoke suppressants in
wire and cable applications, ceramics, and pigments.
Molybdenum is also used as a catalyst in petroleum refining
processes.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental, Behavior, Fate, Routes, and Pathways

Molybdenum is a silvery-white transition metal in Group 6
between chromium and tungsten on the periodic table. It is
mined as a principal ore, and is also recovered as a byproduct of
copper and tungsten mining. Molybdenum does not react with
oxygen or water at room temperature, and the bulk oxidation
occurs at temperatures >790 �C, resulting in molybdenum
trioxide, MoO3. Other common molybdenum compounds
commonly encountered include molybdenum trioxide,
sodium molybdate, Na2MoO4$2H2O, and ammonium di- and
heptamolybdate, (NH4)2Mo2O7, and (NH4)6Mo7O24$4H2O.
In aqueous solution, molybdenum is present as the simple
molybdate [MoO4]

2� ion which is similar to sulfate or a poly-
meric polymolybdate ion. The lower oxidation state is found in
the commonest ore of molybdenum the disulfide, MoS2. The
majority of atmospheric molybdenum emissions are anthro-
pomorphic sources such as its use in alloys, flame retardants,
smoke oppressors, catalysts, lubricants, and corrosion inhibi-
tors, and also by mining activities, the application of biosolids
and fertilizers, and atmospheric deposition from smelters. Coal
combustion is the largest atmospheric source of molybdenum.
In water, molybdenum exists primarily as the molybdate ion or
various polymeric compounds depending upon the pH. In
soils, molybdate is sorbed primarily to high-calcium, high-
chloride soils with retention lesser in low-sulfate soils.

The primary pathway for molybdenum exposure is inges-
tion by water or food. Molybdenum is found in leafy vegeta-
bles, legumes, meat, and many grains. Molybdenum does not
appear to be absorbed dermally. Molybdenum dusts and
fumes, which can be generated by mining or metalworking,
may be inhaled. The concentrations of molybdenum in the
ambient air are normally low compared with other trace
elements; in urban areas, molybdenum ranged from 0.01 to
0.03 mg m�3, and in nonurban areas it varied between 0.001
and 0.0032 mg m�3. Fruits, root vegetables, and muscle meat
are poor sources of molybdenum; however, high concentra-
tions have been found in shellfish and fish, which contain
about 1 mg kg�1, and plants, which contain 0.03–5 mg kg�1.
Molybdenum levels in drinking water range from 0 to 68 mg l�1,
but usually do not exceed 10 mg l�1. Bioconcentration in most
fish appear to be exposure concentration dependent because it
has been demonstrated that at low environmental concen-
trations, molybdenum is concentrated, whereas at high envi-
ronmental concentrations it is not concentrated. Molybdenum
levels are elevated in terrestrial flora near anthropomorphic
sources such as mining, fossil fuel plants, and industrial waste
sites. In these areas, the concentrations of molybdenum in
fish, wildlife, and invertebrates were low when compared with
those in terrestrial plants; therefore, there may be some bio-
concentration occurring in the flora. In addition, aquatic flora
and fauna seem to be comparatively resistant to molybdenum
salts and this evidence further indicates a lack of bio-
accumulation in fish. Molybdenum occurs naturally in soils at
4-3.00884-8 383
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background concentrations ranging between 0.2 and 6 mg
kg�1, whereas metal-rich soils may contain 10–100 mg kg�1.
Exposure and Exposure Monitoring

Molybdenum is an essential trace element for both animals
and plants; hence, trace quantities of molybdenum are bene-
ficial and perhaps essential for the normal growth and devel-
opment of plants and animals. In mammals, molybdenum is
a component of certain metalloflavoproteins, including
xanthine oxidase, sulfite oxidase, and aldehyde oxidase, and it
protects against poisoning by copper, mercury, and other
metals, and may have anticarcinogenic properties. In plants, it
is necessary for fixing of atmospheric nitrogen by bacteria at the
start of protein synthesis. For all organisms, the interpretation
of molybdenum residues depends on knowledge of not only
molybdenum, but also copper and inorganic sulfate concen-
trations in diet and in tissues. Suggested safe and adequate
molybdenum intake levels for infants are 0.015–0.04 mg
day�1, 0.025–0.15 mg day�1 for children aged 1–10, and
0.075–0.25 mg day�1 for all individuals greater than the age of
10. Gastrointestinal absorption is a significant portion of the
ingested amount and depends on the water solubility of the
compound involved. Exposure to water-soluble molybdenum
increases absorption and toxicity may be greater than that from
non-water-soluble compounds.

The human body contains about 0.07 mg of molybdenum
per kilogram, with higher concentrations in the liver and
kidneys and in lower concentrations in the vertebrae. The
average daily intake of molybdenum varies between 0.12 and
0.24 mg, but it depends on the molybdenum content of the
food. Pork, lamb, and beef liver each have approximately 1.5
parts per million of molybdenum. Other significant dietary
sources include green beans, eggs, sunflower seeds, wheat flour,
lentils, cucumbers, and cereal grain. Little data on human
toxicity of molybdenum are available; however, in 1961,
a goutlike syndrome was associated with excessive exposure
(10–15 mg day�1) to molybdenum. The disease occurred in
Armenians living in areas rich in molybdenum, which
produced hyperuricemia, arthralgias, erythema, edema, and
deformity of the knees, hands, and feet. Although the exact
cause of this disease remains to be established, it is intriguing
that the soil has unusually high concentrations of
molybdenum.
Toxicokinetics

Water-soluble molybdenum compounds are readily taken up
through the lungs and the gastrointestinal tract. The rate of
gastrointestinal absorption of molybdenum is influenced by its
chemical form and the animal species; for example, hexavalent
molybdenum is readily absorbed, whereas tetravalent molyb-
denum is not readily absorbed following oral administration.
Water-soluble molybdates, thiomolybdates and oxothiomo-
lybdates, andmolybdenum in herbage and green vegetables are
absorbed 75–97% by laboratory animals and ruminants. In
animals, absorption varies between 75 and 97%, whereas in
humans, absorption of molybdenum via the digestive tract
after oral intake has been calculated at 28–77%. It is not known
whether molybdenum in drinking water is absorbed more
rapidly than that contained in food.

Following absorption, molybdenum rapidly appears in the
blood, where it binds to a2-macroglobulins in the form of
molybdate and is distributed throughout the body, with the
highest levels generally found in the liver, kidneys, spleen, and
bones. In rodents, molybdenum is distributed mainly to the
liver, converted to molybdate with 36–90% of the total dose
excreted in the urine, less than 1% in the bile and a minimal
amount in the feces. In rabbits and guinea pigs, molybdenum
is deposited in the tissues within 4 h after initial high blood
and bile levels and eliminated within 72 h by the kidneys.
There is no apparent bioaccumulation of molybdenum in
human tissues.

The biological half-life of molybdenum is estimated to be
up to several weeks in humans, whereas the biological half-
time varies from a few hours to several days in small laboratory
animals. Data suggest that 25–50% of an oral dose is excreted
in the urine, with small amounts eliminated in the bile. More
than 50% of molybdenum is excreted primarily through the
kidneys, with approximately 6% excreted through the bile
when excess molybdenum is present. In rodents, molybdenum
compounds are excreted largely in the urine and only to a small
extent in feces. The biological half-life may vary from several
hours in laboratory animals to as much as several weeks in
humans. The vast majority of molybdenum found in the liver is
concentrated in the outer membrane of the mitochondria,
where it is available as a cofactor in enzyme reactions.
Molybdenum intake and excretion are balanced in most
nonruminant species, including humans. Molybdenum is
excreted rapidly primarily, as in urine, as molybdate.

Molybdenum metabolism is related to copper and sulfur
metabolism. In animals, molybdenum interacts in a complex
manner with copper and sulfate by a mechanism that is not
well understood. Animals on copper-deficient diets are gener-
ally more susceptible to molybdenum toxicity than those on
copper-adequate diets. The biological half-life varies from a few
hours to several days in small laboratory animals and is related
to copper and sulfur metabolism. Molybdenum is present in
humans, with an average total adult content of 9 mg with
blood levels averaged approximately 5 ng ml�1.
Mechanism of Toxicity

Normally, enzymes containing molybdenum catalyze basic
metabolic reactions in the carbon, sulfur, and nitrogen cycles.
In plants, molybdenum acts as an enzyme activator for
nitrogen metabolism via reactions with nitrogenase, a nitrate
reductase. Consequently, molybdenum deficiency in legumes
produces effects similar to nitrogen deficiency. In mammals,
the types of reactions involving molybdenum-containing
enzymes include the transfer of oxygen atoms to or from the
electron pair of a substrate, and the oxidative hydroxylation of
aldehyde and aromatic compounds. Molybdenum is an
essential constituent of aldehyde oxidase, xanthine oxidase/
dehydrogenase, and sulfite oxidase, all of which catalyze
oxidation–reduction reactions. Molybdopterin maintains the
molybdenum atom to the active site of the protein in reactions
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of the sulfur and carbon cycles. A deficiency of molybdopterin
has been associated with severe cerebral atrophy.

Molybdenosis or teart is a form of molybdenum toxicity
that produces a disease in ruminants similar to copper defi-
ciency in which trithiomolybdate ultimately alters the distri-
bution and elimination of copper. Signs of molybdenum
toxicity in animals include anemia, anorexia, profound diar-
rhea, joint abnormalities, osteoporosis, hair discoloration,
reduced sexual activity, and death.

There is a paucity of data available on the human toxicity of
molybdenum. A goutlike syndrome and pneumoconiosis have
been associated with excessive concentrations of molybdenum,
but the inadequate design of the studies prevents an adequate
determination of the etiology of these effects.
Acute and Short-Term Toxicity

There is considerable variability in the toxicity of molybdenum,
depending on the chemical form and the animal species.
Generally, soluble compounds are more toxic than insoluble
compounds. In animals, acutely toxic oral doses of molyb-
denum result in severe gastrointestinal irritation with diarrhea,
coma, and death from cardiac failure. The rat oral lethal doses
(LD50s) values are 188 mg kg�1 for molybdenum trioxide, and
680 mg kg�1 for ammonium molybdate. The LD50 for water-
insoluble molybdentite (MoS2) is >500 mg kg�1 and expo-
sures at this level for 44 days exhibited no adverse effects. Oral
subchronic median LD50s for molybdenum oxide, calcium
molybdate, and ammonium molybdate in rats were 125, 101,
and 330 mg kg�1 day�1, respectively, with deaths occurring
over a period of 8–232 days. Molybdenum compounds
produce varying degrees of eye and skin irritation, with
molybdenum trioxide producing eye and respiratory irritation.
Rabbits exposed to dietary doses of ammonium molybdate at
0.025, 0.5, 5, and 50 mg kg�1 day�1 for 6 months resulted in
liver changes that generated a NOAEL of 0.5 mg kg�1 day�1.
Guinea pigs are a less-sensitive species after dietary exposure to
sodium molybdate for 8 weeks yielded a LOAEL of 75 mg kg�1

day�1. Anemia, as well as anorexia, weight loss, alopecia, and
bone deformities occurred in young rabbits maintained for
4–17 weeks on a diet containing 0.1% molybdenum (as
sodium molybdate). Anemia was also observed in rats main-
tained on a diet containing 0.04% Mo (as sodium molybdate)
for 5 weeks, in rabbits on a dietary level of 0.2% sodium
molybdate for 5 weeks, and in chicks on a dietary level of 0.4%
sodium molybdate for 4 weeks. Signs of anemia and marked
erythroid hyperplasia of the bone marrow were observed in
rabbits maintained for 11 days on a diet containing 0.4%
sodium molybdate. Bone and connective tissue disorders
observed in animals receiving dietary levels of molybdenum
0.04% for 4 weeks or longer included mandibular exostoses,
joint deformities, detachment of tendons, epiphyseal line
fractures, and epiphyseal plate widening.

The liver can be affected to varying degrees by excessive
intake of molybdenum. Significantly elevated levels of serum
bilirubin were observed in dogs receiving 20 mg kg�1 of
ammonium molybdate in their diets for 5.5 months. Fatty
changes in the liver occurred in rabbits dosed with 50 mg kg�1

day�1 of ammoniummolybdate for 6 months, and guinea pigs
dosed with 25 mg kg�1 day�1 of molybdenum dioxide for
14 days. Histopathological changes in the liver and altered
glycolytic enzyme activity were observed in rats dosed with
289 mg kg�1 day�1 (as ammonium molybdate) in drinking
water for 28 days. Severe liver damage, consisting of perilobular
necrosis, nuclear clumping, and an increase in Kupffer cells,
occurred in rats receiving 489 mg kg�1 day�1 (as ammonium
molybdate) in their diet for 20 days. A 72% reduction in
glycogen levels occurred in rats receiving the same dietary level
for 30 days. An increase in kidney weight and indications of
mild renal failure (decreased glomerular filtration as measured
by a reduction in creatinine clearance) occurred in rats dosed
for 8 weeks by gastric intubation with 80 mg kg�1 day�1

(as (NH4)6Mo7O24$4H2O). Histological changes in kidneys
were also observed in rats dosed with 289 mg kg�1 day�1 (as
ammonium molybdate) in drinking water for 28 days. Severe
kidney damage, including glomerular shrinkage and epithelial
alterations in the distal and proximal renal tubules, occurred in
rats receiving 1000 mg kg�1 day�1 of ammonium molybdate
(489 mg kg�1 day�1) in their diet for 20 days.

In sheep and cattle, a condition known as ‘teart disease’
occurs when these animals graze on plants containing abnor-
mally high amounts of molybdenum. Dietary levels �10 ppm
molybdenum can cause teart disease. Symptoms that may
occur within 24 h include weakness and diarrhea. Longer
exposure can lead to discoloration of hair, skeletal deformities,
sterility owing to damage to testicular interstitial cells, poor
conception, and deficient lactation.

Inhalation exposures to molybdenum compounds have
resulted in respiratory tract irritation, pulmonary hemorrhages,
perivascular edema, and liver and kidney damage. Other effects
reported in animals include muscle incoordination, loss of
hair, loss of weight, changes in electrocardiograms, increased
arterial blood pressure, increased serum lactate dehydrogenase,
increased cardiac adrenaline, and noradrenaline levels.

Acute molybdenum poisoning in human beings is very
unlikely because massive doses are required. No adverse
effects were noted in a study on four men volunteers who were
fed dietary doses of metallic molybdenum ranging from 0.022
to 1.490 mg day�1 for 24 days. Compared with some metals
used industrially (antimony, arsenic, beryllium, cadmium,
chromium, lead, mercury) molybdenum has very low toxicity.
Some molybdenum compounds, such as molybdenum
trioxide and sodium molybdate, are strong eye and skin irri-
tants; however, other compounds such as calcium and zinc
molybdate are not primary irritants. Exposure to molyb-
denum dust causes an increase in serum uric acid and
ceruloplasmin.
Chronic Toxicity

There are no published animal studies longer than a 6-month
duration. There is no information available on the chronic oral
or inhalation toxicity of molybdenum in humans. However, in
studies conducted in a region of Armenia in which levels of
molybdenum in the soil are high (77 mg kg�1), many of the
adults examined were found to have elevated concentrations of
uric acid in the blood and urine, increased blood xanthine
oxidase activity, and goutlike symptoms such as arthralgia,
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articular deformities, erythema, and edema. The daily molyb-
denum intake was estimated to be 10–15 mg. An outbreak of
genu valgum (knock knees) in India was attributed to an
increase in molybdenum levels in sorghum, the main staple
food of the region (the estimated daily molybdenum intake
was 1.5 mg). Serum uric acid levels were compared in
individuals of two Colorado cities with low (2–50 mg l�1) and
high (�220 mg l�1) molybdenum levels in their drinking water.
Among subjects consuming water containing up to 50 mg l�1

molybdenum, plasma molybdenum levels were within the
normal range and no adverse biochemical nor systemic effects
were noted. However, the �220 mg l�1 molybdenum intake
was associated with higher serum ceruloplasmin and lower
serum uric acid. In a 2-year study of humans exposed via
drinking water, the NOAEL was found to be 0.2mg l�1;
however, there are some concerns about adequate controls in
this study. Studies of chronically exposed employees indicate
a high incidence of weakness, fatigue, headache, irritability,
lack of appetite, epigastric pain, joint and muscle pain, weight
loss, red andmoist skin, hand tremors, sweating, and dizziness.
Immunotoxicity

There is evidence that occupational exposure to molyb-
denum may result in increased serum bilirubin levels and
decreased blood IgA/IgG ratios owing to an increase in
a-immunoglobulins.
Reproductive Toxicity

Molybdenum is a suspected reproductive toxicant and expo-
sure to it has the potential to negatively effect the reproductive
system. Effects on the female reproductive systems can include
menstrual irregularities, altered sexual behavior, infertility,
altered onset of puberty, altered duration of pregnancy, lacta-
tion irregularities, altered menopause onset, and irregular
pregnancies. Effects on the male reproductive system can
include altered sexual behavior, altered fertility, and irregular
sperm shape and/or count.

Rats exposed to molybdenum dust (19.7 mg m�3, 4 h
day�1 over 4 months) exhibited inflammation of the uterine
horns with necrotic foci and endometrial atrophy. Severe
demyelinization of the central nervous system occurred
in newborn lambs born to dams maintained on high-
molybdenum diets during pregnancy. Seventy-five percent
of male rats maintained on a diet containing 80 or 140 ppm
molybdenum (as sodium molybdate dihydrate) from wean-
ing until mating became sterile, and histological examination
revealed seminiferous tubule degeneration. Female fertility,
gestation, and litter size were not affected by these dietary
levels of molybdenum; however, weaning weight of offspring
was reduced, indicating deficiencies in lactation. Sterility
resulting from damage to testicular interstitial cells, poor
conception, and deficient lactation has also been reported in
cattle ingesting large amounts of molybdenum. A three-
generation study conducted on mice found that 10 ppm
molybdenum in drinking water (1.9 mg kg�1 day�1) resulted
in a significant increase in the number of dead offspring in the
F1 and F3 generations compared with controls; however, the
total number of litters per generation and the average litter
size per generation were not affected by the molybdenum
treatment. Molybdenum is neither teratogenic nor embry-
ocidal to golden hamsters at doses �mg kg�1, nor has any
measurable effect on fertility or gestation of female rats given
similar high doses.

In a 9-week study in Sprague-Dawley rats on the effects of
molybdenum supplementation on estrus activity, fertility and
fetal development, male sterility, and embryotoxic effects of
sodium molybdate were observed in rats, and particularly
reduced fetal weight gain, delayed histological development
of fetal structures, and increased fetal resorption. The NOAEL
was determined to be 0.9 mg kg�1 day�1 for reproductive
toxicity. In a 13-week study, Long–Evans rats were given dietary
doses of sodium molybdate corresponding to 2, 8, 14, 70 mg
kg�1 bw day�1 and either 5 or 20 mg copper kg�1 bw
additionally. Growth depression was observed at the lowest
dose in males. Male fertility was depressed at 14 mg kg bw�1

day�1 as shown by fewer litters and degeneration of seminif-
erous tubules. There was decreased milk production by
females on high-dose molybdenum as pups gained less weight.
The LOAEL for growth depression for males was
2mg kg�1 day�1 and the NOAEL for infertility of males was
2mg kg�1 day�1. For females, the NOAEL for growth depres-
sion was 2mgkg�1 day�1.
Genotoxicity

Both negative and positive responses on bacteria have been
obtained with molybdates. Ammonium molybdate induced
chromosome aberrations and sister-chromatid exchanges in
human lymphocytes in vitro. Molybdenum trioxide but not
ammonium molybdate induced chromosome damage in
mouse bone marrow, but dominant lethal mutations were
induced in Drosophila exposed to ammonium molybdate.
In a micronucleus assay in human lymphocytes, ammo-
nium molybdate was more potent than sodium molybdate
in inducing chromosome loss in cultured human
lymphocytes.
Carcinogenicity

There are no published carcinogenicity studies on molyb-
denum, nor is it listed as a carcinogen by the (US) Envi-
ronmental Protection Agency (EPA), the International
Agency for Research on Cancer (IARC), the (US) National
Institute of Environmental Health Sciences’ National Toxi-
cology Program (NTP), the (US) Occupational Safety and
Health Administration (OSHA), and the American Confer-
ence of Governmental Industrial Hygienists (ACGIH).
Animal data indicate that molybdenum may have an inhib-
itory effect on esophageal and mammary carcinogenesis.
However, intraperitoneal injections of MoO3 in mice
produced a significant increase in the number of lung
adenomas per mouse and an insignificant increase in the
number of mice bearing tumors. Hence, the carcinogenicity
status of molybdenum is unresolved. Molybdenum is not on
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the list of unequivocally proven and justifiably suspected
carcinogenic compounds in Germany (MAK).
Molybdenum Regulations

Regulating

body Standard Classification

International
International Agency

for Research on
Cancer (IARC)

Carcinogenicity No data

World Health
Organization
(WHO)

Drinking water guideline No data
Air quality guideline No data

MAKa Carcinogenicity No data
US
Clinical Management

There is no antidote for molybdenum toxicity; however,
treatment consists of support for respiratory and cardiovas-
cular functions and skin, eye, and respiratory irritation are
treated symptomatically. The usual measures for gastrointes-
tinal tract decontamination (lavage, emesis, and activated
charcoal) may be used within the first 1–2 h post ingestion. In
most circumstances, the minimal acute toxicity of molyb-
denum limits the necessity of decontamination measures
following the ingestion of doses of �100 mg. The association
of increased molybdenum toxicity with deficiencies of copper
and of sulfate suggests that diets rich in these substances may
enhance recovery from the chronic ingestion of molybdenum,
but no data are available to evaluate the efficacy of these
supplements.
American Conference
of Governmental
Industrial Hygienists
(ACGIH)

TLVb (8-h TWAc)
Insoluble molybdenum 10 mg m�3,d

3 mg m�3,e

Soluble molybdenum 0.5 mg m�3,d

Carcinogenicity
classification
Soluble molybdenum

A3f

EPA RfDg 0.005 mg kg�1

day�1

RfCh No data
Carcinogenicity

classification
No data

National Institute for
Occupational Safety
and Health (NIOSH)

Soluble molybdenum
RELi (10-h TWA)

5 mg m�3

IDLHj 5000 mg m�3

Occupational Safety
and Health Administration
(OSHA)

PELk (8-h TWA) 15 mg m�3

aMaximale Arbeitsplatz-Konzentration (MAK) (Germany).
bThreshold limit value.
cTime weighted average.
dMeasured as inhalable fraction of the aerosol.
eMeasured as respirable fraction of the aerosol.
fConfirmed animal carcinogen with unknown relevance to humans.
gReference dose (RfD) – an estimate of a continuous oral exposure level to people
(including sensitive subgroups) that is likely to be without risk of deleterious effects
during a lifetime.
hReference concentration (RfC) – an estimate of a continuous inhalation exposure
concentration to people (including sensitive subgroups) that is likely to be without
risk of deleterious effects during a lifetime.
iRecommended exposure limit.
jImmediately dangerous to life or health.
kPermissible exposure limit.
Ecotoxicology

Molybdenum is essential for plant growth because of its role in
the fixation of nitrogen by bacteria using the enzymes nitro-
genase and nitrate reductase, and plants readily accumulate
MoO4 except under conditions of low pH, high sulfate, and
low phosphate, and in some highly organic soils. Molybdenum
is considered essential for aquatic plant growth, but the
concentrations required are not known with certainty and are
considered lower than those for any other essential element.
Lethality generally does not occur unless acute exposure to
molybdenum exceeds 100 mg l�1. Studies of molybdenum
toxicity yielded variable results across species and environ-
ments; however, for most studies, the results to date indicate
low risk from fish to invertebrates. A series of experiments were
conducted to determine the physiological impact of acute
sublethal molybdenum exposure to juvenile kokanee salmon.
Molybdenum was relatively nontoxic to juvenile kokanee as
the 96 h LC50 was >2000 mg l�1. Exposure to either 25 or 250
mg l�1 for 7 days was found to stimulate a significant dose-
dependent increase in ventilation. Acute sublethal molyb-
denum exposure was found to have little or no impact on
kokanee oxygen consumption at rest or immediately following
a bout of forced activity, or on physiological indicators of stress
such as plasma lactate, sodium, and cortisol. Despite these
findings, prior exposure to 25 or 250 mg l�1 resulted in post-
exercise loss of equilibrium and exercise-induced delayed
mortality. The findings suggest that despite the nontoxic nature
of molybdenum, acute sublethal exposure to this metal has
physiological consequences to fish exposed for only a brief
time span. The early life stages of rainbow trout over 32 days up
to a maximum molybdenum concentration of 400 mg l�1. An
additional bioassay exposing early life stages of rainbow trout
to a maximum molybdenum concentration of 1500 mg l�1 for
32 days did not cause sufficient mortality to allow an LC50 to be
calculated.

Molybdenum occurs naturally in seawater as MoO4 at
about 10 mg l�1. Phytoplankton contains low levels of
molybdenum. Generally, both freshwater and seawater fish are
resistant to molybdenum, although freshwater fish tend to be
more sensitive than seawater fish and younger fish are more
sensitive than older fish.
Exposure Standards and Guidelines
See also: Metals.
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Relevant Websites
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http://www.epa.gov/ – US Environmental Protection Agency.
http://www.who.int/en/ – World Health Organization.
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l Name: Monoamine oxidase inhibitors
l Representative Chemicals: Phenelzine (Nardil),

2-Phenylethylhydrazine
l Chemical Abstracts Service Registry Number: 51-71-8
l Synonyms (Other Drugs in the Same Class): Tranylcypromine

(Parnate): (�)-trans-2-Phenylcyclopropylamine sulfate (2:1);
Isocarboxazid (Marplan): 5-Methyl-3-isoxazolecarboxylic
acid-2-benzylhydrazide or 20-benzyl-5-methylisoxazole-
3-carbohydrazide; Moclobemide (Avrorix): 4-Chloro-N-
(2-morpholinoethyl)benzamide; Selegiline (Eldepryl): (R)-
(�)-N-2-dimethyl-N-2-propynylphenethylamine; Rasagiline
(Azilect): (R)-N-(prop-2-ynyl)-2,3-dihydro-1H-inden-1-amine;
Others: Clorgyline, Benmoxin, Echinopsidine, Mebanazine,
Metralindole, Pargyline, Pheniprazine phenoxypropazine,
Pirlindol, Toloxatone

l Chemical/Pharmaceutical/Other Class: Antidepressants
l Molecular Formula (Phenelzine): C8H12N2

l Chemical Structure (Phenelzine):

HN

NH2

Ph
Background

Monoamine oxidase inhibitors (MAOIs) were the first antide-
pressant drugs introduced during the 1950s. Associated with
many side effects and, in particular, drug–drug and drug–food
interactions, their use declined with the subsequent introduc-
tion of the tricyclic antidepressants and specific serotonin
reuptake inhibitors as first-line treatments for depression.
Uses

MAOIs are used to treat atypical and refractory depression.
They have also been used in the treatment of panic attacks,
narcolepsy, and bulimia. Selective monoamine oxidase B
(MAO-B) inhibitors such as selegiline are used to treat
Parkinson’s disease.
Environmental Fate and Behavior

MAOIs are available orally. Accidental or intentional ingestion
are the most common routes of exposure.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Monitoring

MAOIs represent a large class of chemically diverse drugs.
Exposure and monitoring should be taken on a drug-by-drug
basis.
Toxicokinetics

MAOIs are rapidly and completely absorbed orally reaching
peak blood levels within 2 h. MAOIs are acetylated in the liver
to many active and inactive metabolites. The volume of
distribution is estimated to range from 1 to 4 l kg�1.
The inactive metabolites are excreted by the kidneys. The
elimination half-lives of MAOI parent compounds range from
15 min to 3.5 h. The biological half-life often significantly
exceeds the elimination half-life due to continued inhibition
of monoamine oxidase.
Mechanism of Toxicity

Monoamine oxidase is the enzyme principally responsible
for degradation of amine neurotransmitters (norepinephrine,
epinephrine, serotonin, and dopamine). There are two
isoenzymes of monoamine oxidase: monoamine oxidase A
(MAO-A) and MAO-B. MAO-A preferentially deaminates
serotonin, norepinephrine, and epinephrine as well as dietary
vasopressors such as tyramine. MAO-B preferentially deami-
nates dopamine and phenethylamine. MAOIs block the
monoamine oxidase enzymes leading to neurotransmitter
accumulation. The older MAOIs such as phenelzine, tranylcy-
promine, and isocarboxazid were irreversible and nonselective
and inhibited both MAO-A and MAO-B. Moclobemide is
a reversible MAO-A inhibitor used in the treatment of depres-
sion. Selegiline and rasagiline are irreversible selective MAO-B
inhibitors and are approved to treat Parkinson’s disease.
MAOIs do not have any effect on monoamine oxidase
production. Once irreversibly blocked, the monoamine oxidase
enzyme level then regenerates over many weeks. MAOIs may
also stimulate the release of norepinephrine from some nerve
endings while having a sympatholytic effect at postganglionic
terminals. Since selegiline is MAO-B selective, its use does
not result in as many drug–drug and drug–food interactions
as the other MAOIs.
Acute and Short-Term Toxicity

MAOIs are not used therapeutically in animals. Toxicity would
be expected to resemble that observed in humans. In humans,
MAOIs may cause significant toxicity at therapeutic dose and
after an overdose. At therapeutic doses, the most commonly
4-3.00753-3 389
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reported adverse effects are dizziness, headache, nervousness,
sleep disorders, drowsiness, ataxia, constipation, dry mouth,
weight gain, postural hypotension, and edema. MAOIs
combined with sympathomimetic drugs or tyramine-containing
foods such as cheese, in either therapeutic amounts or in
overdose, may result in a hyperadrenergic state and hyperten-
sive crisis characterized by severe headache, tachycardia, and
diaphoresis. In very severe cases, subarachnoid hemorrhage and
death have resulted. The use of MAOIs with other serotonergic
drugs such as dextromethorphan or meperidine may cause the
serotonin syndromemanifested by severe autonomic instability
including hyperpyrexia, myoclonus or rigidity, agitation, and
altered sensorium. The clinical effects of MAOI overdose have
been categorized into four phases. Phase 1 is an asymptomatic
period of 12–24 h. Sympathomimetic stimulation characterizes
Phase 2. Symptoms in this phase include headache, agitation,
mydriasis, tachycardia, drowsiness, hyperreflexia, flushing, and
nausea. Symptoms may worsen to coma, muscle rigidity,
hyperpyrexia, hypotension, seizures, and cardiac arrest. Phase 3
is cardiovascular or central nervous system (CNS) collapse.
Phase 4 is marked by secondary complications that may include
renal failure, pulmonary edema, and asystole.
Chronic Toxicity

Symptoms in humans include drowsiness/CNS depression
and other CNS effects (e.g., psychosis, myoclonus, seizures,
extrapyramidal effects).
Reproductive Toxicity

MAOI risks during pregnancy have not been determined.
MAOIs are generally not recommended for pregnant patients
due to the potential hypertensive crisis that may result with
this therapy regimen.
Carcinogenicity

Procarbazine has been associated with increased development
of tumors in several animal models compared to controls.
Clinical Management

Basic and advanced life-support measures should be aggres-
sively implemented. Gastric decontamination with activated
charcoal should be performed in patients with recent inges-
tions. Hypertension should be managed with intravenous
sodium nitroprusside or with phentolamine. Conversely, the
hypotensive patient should be placed in Trendelenburg’s
position and given intravenous fluids and very small doses of
pressors such as norepinephrine or dopamine as needed.
Agitation, muscle rigidity, and seizures may be controlled with
intravenous diazepam or other benzodiazepines. External
cooling should be used in hyperpyrexic patients. Hemodialysis
and hemoperfusion have not been shown to lead to any
improvement in clinical status.
Ecotoxicology

Phenelzine breaks down rapidly in the air when exposed to
light. It lacks the necessary functional groups to undergo
aqueous hydrolysis but significant aqueous stability data were
unavailable.
See also: Tricyclic Antidepressants; SSRIs (Selective Serotonin
Reuptake Inhibitors).
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l Synonyms: L-Glutamate; Sodium glutamate; Glutamic acid

monosodium salt; L-Glutamic acid monosodium salt; MSG;
Chinese seasoning

l Chemical Formula: C5H8NO4$H2O$Na
l Chemical Structure:
Background

Monosodium glutamate (MSG) is the sodium salt of
glutamic acid, one of the most abundant nonessential
amino acids found in nature. Virtually all foods including
meat, vegetables, poultry, and fish contain glutamate. It
can be synthesized in vivo. By weight, w10–14% of
proteins are composed of the amino acid. In 1908,
Professor Kikunae Ikeda of Tokyo Imperial University
extracted crystals of glutamic acid from broth prepared
from a type of seaweed. He recognized that the
compound imparted a taste distinct from sweet, salty,
bitter, and sour. He termed this new taste ‘umami’
(savory) and decided to use the newly isolated glutamic
acid as a seasoning to enhance the original flavor of
food. The use of MSG in Chinese cuisine has been con-
nected to a complex of symptoms termed Chinese
restaurant syndrome (CRS) or MSG symptom complex.
The most common symptoms are burning sensations in
the mouth, facial pressure, chest pain, flushing, headache,
tingling, numbness, and generalized weakness. It is
thought that w1–2% of the population is sensitive to
MSG. However, two extensive scientific reviews, one in
1987 by the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) and another in 1995 by the Federation
of American Societies for Experimental Biology (FASEB),
cyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
both concluded that concentrations of MSG in food are
not hazardous to human health. The latter source does
indicate, however, that there is a subset of individuals
who are sensitive and may suffer transient adverse
symptoms due to consumption of large amounts of MSG.
Uses

MSG is used as a food additive, mainly in oriental cuisine, to
enhance and impart a meaty flavor.
Environmental Fate and Behavior

MSG is a white, odorless powder with high water solubility. If
released into the air, it remains in the particulate phase until
removed by deposition.

Exposure Routes and Pathways

Ingestion of food containingMSG is themain route of exposure.
Toxicokinetics

Absorption of dietary glutamate occurs by an active amino acid
transport system. The mucosal cells of the gastrointestinal tract
then metabolize and utilize it as an energy source. Thus, the
amount of glutamate that actually enters theportal blood supply
is very low. However, if very large concentrations >5 g of MSG
are ingested, the plasma levels can rise significantly. Ingestion of
carbohydrates significantly attenuates this effect. The blood–
brain barrier is very effective in blocking the passive transport of
glutamate into the central nervous system even when the levels
of glutamate are elevated in the plasma. The fetus is also pro-
tected from any adverse effects because the placenta is imper-
meable to glutamate. Studies of human infants show that they
are capable of metabolizing glutamate similarly to adults.
Mechanism of Toxicity

Although several mechanisms have been proposed to be
responsible for causing CRS, none has been extensively studied.
One hypothesis has been that the effects are due to an imme-
diate hypersensitivity reaction. Since no immunoglobulin E
(IgE)-mediated reaction has been documented, there is no
direct evidence that this is the case. Another hypothesis is that
4-3.00040-3 391

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00040-3


392 Monosodium Glutamate (MSG)
vitamin B6 deficiency plays a role in the response because the
symptoms were prevented by supplementing individuals with
the vitamin. Since glutamate can be converted to acetylcholine
by the tricarboxylic acid cycle, it has also been proposed that
the effects are due to an increase in acetylcholine levels. It has
been noted that after MSG ingestion, there is a decrease in the
levels of cholinesterase (the enzyme that breaks down acetyl-
choline). Due to inadequate investigations, it is not currently
known if any or all of these mechanisms are responsible for
CRS. The neurotoxicity of MSG has only been demonstrated in
rodent species and rabbits after exposure to very large doses.
The neurotoxic effect has been attributed to excitotoxicity.
Acute and Subchronic Toxicity

Animal

Large concentrations of MSG administered by gavage or
intravenous injection cause focal lesions in the hypothalamus
of rodents and rabbits. These occur only hours after exposure.
The mouse appears to be the most sensitive species. Neonatal
animals are more sensitive to MSG neurotoxicity. Neuronal
damage occurs in neonatal mice when plasma levels reach
between 100 and 300 mmol dl�1. In adults, the plasma levels
have to reach>630 mmol dl�1 before similar effects are noted.
None of the primate studies were able to demonstrate hypo-
thalamic lesions after exposure to MSG.

Human

The plasma levels of glutamate necessary to cause hypo-
thalamic lesions in mice are never reached voluntarily in
humans since the highest palatable dose is well below the
concentrations needed to cause toxicity. However, because
of the animal studies, MSG is not recommended as an
ingredient in baby formulas. Double-blind controlled trials
have failed to demonstrate an unequivocal link between
exposure to MSG and CRS because many of the individuals
who had a history of suffering from symptoms after inges-
tion of MSG also reacted positively to the placebo.
Furthermore, upon second challenge, the symptoms were
different than what they had experienced previously.
Therefore, although there may be cases of individuals who
are sensitive to MSG, the response is difficult to evaluate
clinically. It has been suggested that MSG can trigger an
asthma attack in sensitive individuals suffering from severe
unstable asthma. However, the studies investigating this link
have been inconclusive.

Chronic Toxicity

There is no evidence of chronic toxicity in either animals or
humans.
Clinical Management

The symptoms caused by MSG exposure are uncomfortable,
but not serious. Those who experience adverse effects should
avoid foods containing MSG.

Other Hazards

The salt is stable under normal conditions. Burning of MSG
may produce gases such as carbon monoxide and nitrogen
oxides.
Exposure Standards and Guidelines

An acceptable daily intake has not been set for MSG because
the levels typically found in food do not pose a health hazard.
However, the FASEB review indicates that a subset of MSG-
sensitive individuals will experience CRS after ingestion of>3 g
bolus of MSG in the absence of food.

See also: Food Safety and Toxicology; Food Additives.
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A Brief History and Introduction of Uncertainty
Analysis in Risk Assessment

For much of its early and short history, the field of human
exposure/risk assessment has focused on characterizing the
highest levels of exposure to a substance that will occur to an
individual or a population over time as the result of interaction
with a specific source. Examples of substances and their sources
include residues in drinking water, chemicals present indoors
in a factory or residence, contaminants at a waste disposal site,
or a pesticide-containing product used by a consumer or
worker. The approach that has been used is to characterize the
upper bound of exposure using simple models of the doses
received from exposure sources. These source-to-dose models
are then evaluated with a series of conservative model inputs.
This approach has great value for screening out exposures that
are of little concern, and it has formed the basis for the US
Environmental Protection Agency (EPA) and other exposure
and risk assessment guidance. Examples of this are the EPA’s
Risk Assessment Guidance for Superfund and the Office of
Pesticide Programs’ Residential Standard Operating Proce-
dures. Some risk assessors and risk managers followed these
initial efforts by seeking analyses that were m\ore sophisticated.
Instead of just an upper bound worst-case overestimate, they
wanted more information on the actual range of variation of
the exposure, and some measure of the uncertainty associated
with the estimate.

A better method for performing quantitative risk analysis is
the Monte Carlo simulation technique. This technique was
developed in the 1940s by a group of mathematicians working
on the Manhattan Project in the Los Alamos National Labo-
ratory. The name was coined in tribute to the famous Monte
Carlo casino. The Monte Carlo method or simulation is
a computer-based analytical method in which uncertain vari-
ables are represented by ranges of possible values commonly
referred to as probability distributions. Probability distribu-
tions enable variables to have different probabilities of various
resulting outcomes, thus allowing considerably greater accu-
racy in describing the uncertainty in the variables used. This
type of technique is primarily used when it is not feasible to
compute exact results.

Monte Carlo techniques have broad applications and are
used in various simulations involving physical and mathe-
matical systems. Variations of these techniques have been used
in evaluating multidimensional definite integrals with
complicated boundary conditions, as well as in simulating
systems involving numerous coupled degrees of freedom, such
as, for example, disordered materials, fluids, strongly joined
solids, and even cellular structures. Monte Carlo simulations
are widely use in the calculation of various risk assessments in
such areas as business, engineering, project management,
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
research and development, manufacturing, transportation,
insurance, finance, and even space exploration.

It has been stated that any time we are absolutely certain of
a fact, we are almost surely wrong. One cannot measure any
physical quantity without error, and any activity that aspires to
gain and transmit knowledge, including exposure and risk
assessment, requires a frank and explicit understanding and
communication of inherent uncertainty associated with that
practice.
Analyzing Uncertainty: Elements
and a Simple Example

The following discussion centers on uncertainty related to the
estimation of human exposure. Many of the general principles
are applicable to both exposure and toxicology, and the
connection and context of this treatment of uncertainty asso-
ciated with toxicological determinations are made later in this
discussion.

Uncertainty concerning the determinants of human expo-
sure can be considered as coming from the following two
sources or types:

1. The natural variability of these predictors in any particular
scenario of interest;

2. Our lack of knowledge about the basic nature of these
variables (i.e., our fundamental ignorance of the reality and
relationships within that reality that cause the exposure to
occur).

We can describe type 1 uncertainty with sampling statistics.
These, in turn, describe a tolerance of knowledge around the
measurement or estimate.

The second source of uncertainty (type 2 from our lack of
basic knowledge) is typically much more troublesome, and
tends to dominate because it is often much larger than that
posed by type 1. Thus, it is incumbent on the risk assessor to
understand and describe this unavoidable subjectivity in as
much detail as possible to facilitate the understanding of those
who rely on the work, allowing them to comprehend and
appreciate its boundaries and limitations.

Historically, the first and more conventional method to
examine uncertainty in human exposure assessment is to look
at predictions of dose based on reasonable worst-case scenarios
and the impact or sensitivity of the uncertainty for individual
variables.

An example for this discussion is a simple indoor air model

C ¼ G=Q;

where C is the equilibrium airborne concentration of a toxicant
�3 �1
(mgm ), G is the steady (unvarying) generation rate (mg h ),

and Q is the steady (unvarying) ventilation rate (m3 h�1).
4-3.00631-X 393
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Figure 1 Measured/fitted probability distribution of the source
generation rate (G).

Figure 2 Ascribed probability distribution of the ventilation rate (Q).
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A conventional way of addressing uncertainty in risk
assessments is to estimate and assign reasonable worst-case
conditions for our evaluations or models. Thus, in this case,
one would typically pick the worst case (highest G and lowest
Q) to estimate a worst case for C. This could then be combined
with the best-case estimates (lowest G and highest Q) to
provide a range for C. Finally, the impact or sensitivity ofG orQ
on either best- or worst-case scenarios could be determined by
calculating the results of varying these predictors from
maximum to minimum individually in each case.

Unfortunately, when a single or bright-line prediction for an
exposure potential is required, often it is only the worst-case
estimate that is reported and used. This single worst-case value
is the compounding of all the worst-case uncertainty in all of
the predictors. Our example has only two variables, but in
some cases with many predictors, the estimate of exposure
becomes compounded to amuch higher order. Historically, the
mention or note of the average case or best case is often
omitted. Doing so essentially hides valuable information about
uncertainty because those viewing the results have no knowl-
edge and thus no sense of the relative width of the error band
around the prediction.

Using the example, assume that one has data on the source
rate (G) that indicates that between residence values are
normally distributed with a mean of 50 mg h�1 and a stan-
dard deviation of 5 mg h�1 for the particular source of
interest. (This is an example of uncertainty type 1 above,
a known and measured quantity with natural variability.) We
might take a worst-case estimate of G to be the meanþ 3
standard deviations. This is 50þ 15 or 65 mg h�1, which is
a value greater than 99.8% of the values in this predicted set of
values. Best case would be the mean� 3 standard deviations
or 35 mg h�1. Thus

l Reasonable worst case, G¼ 65 mg h�1

l Average case, G¼ 50 mg h�1

l Reasonable best case, G¼35 mg h�1

However, for the ventilation rate (Q) in this case, there is
much less certain information or knowledge available. (This is
an example of uncertainty type 2, uncertainty from ignorance
or a basic lack of knowledge.)

Assume that this particular source will be used in large and
small industrial settings almost invariably without the benefit
of local exhaust. Experience indicates that the general venti-
lation rate will not likely be less than 0.2 mixing air changes
per hour and will most likely not be higher than 30 air
changes per hour. (Note Q¼ (air change per hour)(� room
volume).) However, the average or most likely level of
ventilation is essentially unknown. Venturing a guess that it is
halfway between 0.2 and 30 without data or confident
knowledge would be unwise.

So we have

l Worst-case air change per hour¼ 0.2
l Best case air change per hour¼ 30

Using the traditional reasonable worst case approach, one
could simply take a worst-case estimate of G (the meanþ 3
standard deviations¼ 50þ 3(5)¼ 65) and use the worst-case
estimate of ventilation as 0.2 air changes per hour. Assuming
a relatively small room of 3 m� 3 m� 2 m:
C ¼ 65 mg h�1

ð0:2 h�1Þð18 m3Þ ¼ 18 mg m�3:

Best case is

C ¼ 35 mg h�1

ð30 h�1Þð18 m3Þ ¼ 0:065 mg m�3:

There is no average case because there is not enough
confidence in any estimate of an average ventilation rate to
use it.

The uncertainty range (prediction of exposure) in this
analysis varies 277-fold from best to worst case.

Monte Carlo simulation is a computer-based analytical
method used for problem solving. The technique approximates
the probability of certain outcomes using random variables in
a series of multiple trial runs, called simulations. This
computer-aided stochastic (i.e., random, involving chance)
probability analysis technique allows one to more trans-
parently and completely present information about the
predictions of exposure and the uncertainty associated with
these predictions. In this method, the predictor variables, in
this case G and Q, are described as distributions rather than
point estimates of best, worst, or average.

Figure 1 shows the attributed distribution for the source
rate (G) in the example where G has normal or Gaussian
distribution with mean¼ 50 and standard deviation¼ 5.0.

Figure 2 shows the attributed distribution for the venti-
lation rate expressed in air changes per hour as a uniform
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(i.e., totally random) distribution from 0.2 to 30 air changes
per hour. In a room 3 m� 3 m� 2 m (18 m3), this is
a uniform distribution of the ventilation rate expressed in
m3 h�1 of Q¼ 3.6–540 m3 h�1. That is, a distribution in
which there is an equal probability of any values occurring
within this range and a zero probability of any value occurring
outside this range.

The distribution chosen for the air changes per hour is
ascribed based on professional judgment; as such, it is a direct
result of our lack of knowledge about it. It is important to note
that this distribution is not reality, but instead is our best
subjective description of our knowledge of reality. There is
most likely some finite probability of air change rates being
below 0.2 or above 30, and there is certainly some central
tendency to this universe of values; however, this distribution
represents the quantification of our best knowledge and
professional judgment of this situation. Additional data could
be used to refine this estimated distribution to make it closer to
the truth. Thus, this analysis allows for a distribution (more
accurately termed a probability density function or PDF) of
values to be used for these two input variables (G and Q), and
these PDFs reflect the quality of our understanding and data.
Using a personal computer and readily available Monte Carlo
modeling software, a large number (normally 10 000 or more)
of independent samples consisting of sets of values for each of
the input variables are obtained, and the corresponding
distribution of predicted airborne concentration is calculated.
This is done by repeated computer runs through the concen-
tration estimation algorithm using PDF selected values for the
input parameters.

These values are constrained by the known or inferred
ranges, means, and probability distributions of the individual
input parameters. The resulting output is displayed as a forecast
graph that shows the entire range of possible outcomes and the
likelihood of achieving any of them. This includes a mean
concentration and the probability for any concentration above
and below the mean. It also provides the upper and lower
limits as a measure of dispersion. Figure 3 shows the output
distribution for this example.

This distribution has the following properties:

l Median¼ 0.19 mgm�3

l Mean¼ 0.46 mgm�3

l 5th percentile¼ 0.09 mgm�3

l 95th percentile¼ 1.7 mgm�3
Figure 3 Forecast concentration distribution (C) in mgm�3.
It is interesting to note that our worst-case estimate of
18 mgm�3was not reached in the 10 000 run simulation;
the highest prediction in this run (i.e., the 100th percentile)
was 14.5 mgm�3. Similarly, the lowest value (i.e., the 0th
percentile) was 0.07 mgm�3, which is relatively close to the
0.065 mgm�3value as the absolute best case.

An added benefit of Monte Carlo analysis is that a common
by-product of this computerized examination is a sensitivity
analysis that shows how much each predictor variable
contributed to the uncertainty or variability of the predictions.
This, in turn, tells both the risk assessor and the risk manager
which portion of the variability is from natural fluctuation and
how much is caused by lack of knowledge. Given this infor-
mation, decisions can be made as to where the most cost-
effective allocation of resources may occur to refine the esti-
mate of exposure and risk. In the example, the sensitivity
analysis shown in Figure 4 presents the apportionment of
variance for the model.

In this analysis, estimates of G contributed 2.4% of the
variance of the predictions and estimates of Q contributed
97.6% of the variance of the predictions.

Clearly and not surprisingly, the lack of knowledge about
the ventilation (Q) in this scenario added most of the uncer-
tainty to this analysis. Most important is that the estimate of the
95th percentile of concentration is significantly higher than it
would have been with a more accurate description of the
ventilation rates in these scenarios.
Relevance to Toxicology and Risk Assessment

The general equation for risk assessment is the product of
exposure and toxic potential. The above discussion, focused on
human health exposure assessment, is clearly applicable to the
analysis of uncertainty in the determinants and predictions of
toxic effect per unit exposure. Indeed, the complete assessment
of risk and its uncertainty comes from the integrated evaluation
of uncertainty associated with both toxicity and exposure. It is
simply an extension of the technique demonstrated above with
the addition of algorithms for toxic effect yielding a forecasted
distribution of predicted risk.
Direction of the Field and Related Topics

The next step in the fields of exposure and risk assessment is
simulation modeling. Simulation models of exposure and risk
have been developed in recent years by the US EPA, industry
trade associations, private firms, nonprofit organizations, and
academia to answer a need: the obligation to understand
aggregate and cumulative exposure.

These simulation models use probabilistic approaches, but
are much more complex than the simple Monte Carlo models
described above that have been used in exposure assessments.
Monte Carlo analysis has been applied to simple spreadsheet
calculations of dose using add-in software programs such as
@Risk� or Crystal Ball�. These analyses seek to understand
the uncertainty and variation in the predictions of these
simple dose models. In contrast, these new models are stand-
alone computer programs written in computer languages such



Figure 4 Sensitivity: relative contribution to model variance by each predictor variable.

396 Monte Carlo Analysis
as Cþþ, Visual Basic, or SAS. This modeling is sufficiently
complex that it can only be investigated using probabilistic
techniques.

The specific models vary in their details and in the sources of
exposure that they consider, but simulationmodels have a set of
common characteristics. The primary characteristic is a focus on
modeling people, not sources of pollution. The models seek to
simulate people, their patterns of daily activities (e.g., what they
eat, what they do, what consumer products they buy, the kinds
of residences they live in, where they live geographically, and
how long they live in a residence before moving to a new resi-
dence), and their physiological characteristics (e.g., how much
they weigh, their breathing frequencies and breathing volumes,
and the sizes of various organs of relevance to the assessment).
These simulations seek to characterize both how one individual
varies from the other and how each individual varies over time.

Each of the models defines individuals’ exposures as a series
of separate events. These events are defined in a way that allows
the calculation of the dose received during the event. An event
may consist of eating a specific food (an apple, a slice of pizza,
or a fish from a contaminated river) or a specific act (mowing
a lawn, applying a pesticide, or refueling a car).

The characteristics of these exposure events are allowed to
change from one event to the next. The changes can reflect the
day-to-day variation in the types and amounts of foods
consumed, the levels of chemical residues in the foods, and the
activities and characteristics of the person. These changes can
reflect factors such as seasonal changes in diet or pesticide
residues on foods, seasonal activities such as fishing or
gardening applications, changes in activities at weekends versus
weekdays, and physiological changes as a person grows from
childhood to adult. The result is a set of time-varying doses that
occur at specific times in an individual’s life. Together, the
doses create an exposure history for a simulated individual.

These exposure histories can be used in a number of ways.
The doses from all the events in a day can be summed to give an
estimate of the daily dose. The daily doses can be averaged to
produce long-term estimates of dose (7-day, seasonal, annual,
and, in some cases, lifetime). The models can also be used to
look at the doses when the simulated individual was a child or
during certain seasons of the person’s life.

By repeating this process for different types of individuals,
the models create a picture of the exposure histories of
a representative population of individuals. The variation of
exposures in such a population can be used to estimate the
variation in the US population or other population of interest.

The models provide a powerful tool for evaluating aggregate
exposures (the simultaneous exposure to multiple sources of
a single chemical) and cumulative exposures (simultaneous
exposures to multiple chemicals). They provide the framework
for the accurate portrayal of human exposure in the real world,
including its uncertainty, while pointing toward the critical
research needs in the realm of exposure assessment and toxi-
cology. The models have the potential to fully integrate expo-
sure and toxicity models. By defining the person exposed and
the temporal patterns of dose, the simulation models can serve
as the starting point for pharmacokinetic and pharmacody-
namic models of the occurrence of adverse effects. Such models
may replace the current system of toxicological safety factors
and policy-driven assumptions with actual predictions of risk
to humans from chemical exposure.

See also: Risk Assessment, Uncertainty; Uncertainty Analysis.
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The mouse lymphoma (MOLY) assay is an in vitro
mammalian cell gene mutation test that can be used to detect
gene mutations induced by chemical substances. The cell line
used is the L5178Y mouse lymphoma cell. In these cell lines,
the most commonly used genetic endpoints measure muta-
tion at the thymidine kinase (TK) locus on the mouse
chromosome 11b.

In the early 1950s, while attempting to induce tumors in
female DBA/2 mice by painting them with 3-methylcholan-
threne, Dr Lloyd W. Law at the National Cancer Institute iso-
lated the L5178Y cell line. Later, in 1958, Dr G. Fischer at Yale
University was successful in getting the L5178Y cells to grow
in vitro, using a semidefined medium (Fischer’s medium). In
the early 1970s, D. Clive et al. developed the mouse lymphoma
forward mutation assay.

TK is an enzyme that allows cells to take up thymidine from
the surrounding medium for incorporation into the DNA.
Specifically for this assay, the TKþ/� phenotype is used. If
a thymidine analog were added to suspension or soft agar, it
would eventually be incorporated into the DNA, thereby
resulting in the death of the cell. Cells deficient in thymidine
kinase (TK�/�) due to the mutation (TKþ/� / TK�/�) are
resistant to the cytotoxic effects of the pyrimidine analog tri-
fluorothymidine (TFT). Thymidine kinase-proficient cells are
sensitive to TFT, which causes the inhibition of cellular
metabolism and halts further cell division. Thus mutant cells
are able to proliferate in the presence of TFT, whereas normal
cells, which contain thymidine kinase, are not.

When TFT is used as the selective agent and the (TKþ/�

/ TK�/�) mutation occurs, a possibility of two colony sizes of
mutants may be observed. Large colonies of TK�/� mutants
would have cytogenically normal 11b chromosomes, whereas
smaller colonies of TK�/� mutants would have cytogenically
damaged 11b chromosomes. Therefore, increased numbers of
the smaller mutant colonies are generally considered to be the
result of a clastogen. This assay is unique in that it can detect
chromosomal damage because the TK is functionally hetero-
zygous. Therefore, if a deleted essential function is supplied by
the homologous portion of the homologous chromosome, the
cells will survive but the colony may be slower growing and
hence, smaller. Other mammalian mutagenesis assays do not
pick up the chromosomal damage.

The preferred selective agent, 5-trifluorothymidine (TFT),
may be used in this study as a thymidine analog. 5-Bromo 20-
deoxyuridine (BUdR) has also been successful in selecting
mutants; however, BUdR is mutagenic in mammalian cells and
it requires several cell divisions before triggering cell death, and
is presently not used very often. Cells exposed to TFT do not
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
need to go through the prolonged cell division, and therefore,
treating with TFT creates a clearer background lawn.

Many compounds that are positive in the MOLY assay are
mammalian carcinogens; however, there is not an exact corre-
lation between the MOLY assay and carcinogenicity. Correla-
tion may be dependent on chemical class. There is a possibility
that pseudodiploid transformed cells may affect the response
and thymidine analogs are not recommended for testing with
this assay. Care should be taken to avoid conditions that would
lead to results not reflecting authentic mutagenicity. Positive
results that do not reflect authentic mutagenicity may arise
from changes in pH, osmolality (including very high concen-
trations of test article), extended exposure to an S9 (a rat liver
homogenate prepared from the livers of rodents treated with
enzyme-inducing agents such as Aroclor 1254), or high levels
of cytotoxicity.

The MOLY assay is one of the recommended mammalian
genetic toxicology assays as per ICH guidelines as part of
a standard genetic toxicology battery. The other mammalian
genetic toxicology assays include the in vitro metaphase chro-
mosome aberration assay and the micronucleus assay, and
in vivo tests, including either micronuclei in erythrocytes
(in blood or bone marrow) or chromosome aberrations in
metaphase cells in bone marrow. The Ames (bacterial reverse
mutation) is also one of the tests in a standard battery.

Cultures of established cell lines or cell strains should be
used. These should be determined to be mycoplasma-free and
should be karyotyped. To reduce the spontaneous frequency of
the TK�/�mutants, the cells should be cleansed, i.e., exposed to
conditions that inhibit this phenotype, then returned to
normal growth media for a few days before the start of the
study. The cells used are selected on the basis of growth ability
in culture and stability of the spontaneous mutation frequency.

Tests conducted in vitro generally require the use of an
exogenous source of metabolic activation. This metabolic
activation system simulates the metabolic characteristics of
a mammal under in vivo conditions. Therefore, a typical assay
should determine the chemical’s mutagenic potential in the
absence and presence of a metabolic activation system (S9). For
both of the metabolic situations, a negative (solvent) and the
appropriate positive control should be tested concurrently.

The mouse lymphoma assay consists of a preliminary dose
range-finding phase and the final mutagenicity phase. For the
dose range-finding phase, cells in suspension or monolayer
culture are exposed to the test substance, both with and
without metabolic activation, for about 4 h or any other suit-
able period of time. Nine to ten concentrations should be used.
They are then subcultured to determine cytotoxicity and to
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allow phenotypic expression prior to mutant selection. The
vehicle used may include sterile water, dimethylsulfoxide,
ethanol or acetone. Cytotoxicity is usually determined after 24–
48 h by measuring the relative cloning efficiency (survival) or
the reduction in relative total growth of the cultures after the
treatment period as compared to the negative controls.

Concentrations for the mutagenicity phase are then selected
by determining at least 4, but up to 10, concentrations that
cover a range of 0–50% to 80–90% reduction in growth. Test
and control cultures are prepared with freshly cleansed cells.
The cells, with and without S9, should then be exposed to the
test article, as appropriate. The cells are treated for 4 h, then are
washed and placed in growth medium. The cells are counted
and diluted twice in the next 2 days. After the second dilution,
cultures are cloned; a specific number of cells are added to
a flask containing cloning medium. Some of those cells are
then exposed to TFT, and some of the cells are allowed to grow
for the determination of cloning efficiency of the cells. Cells are
incubated for a sufficient period of time to allow for pheno-
typic expression of induced mutations (10–12 more days).
After this incubation time, colonies are counted. Mutant
frequency is determined by seeding known number of cells in
a medium containing the selective agent to detect mutant cells,
and in a medium without selective agent (nonselective) to
determine the cloning efficiency (viability). The mutant
frequency is the number of mutant cells observed divided by
the number of viable cells.

A typical MOLY study utilizes 10 ml of test article solution.
A newer screening study only requires 2 ml of solution, thereby
reducing the amount of test article needed for exposure to the
cells by 20%.

Negative (solvent) and positive controls must be utilized for
a valid study. An historical database must be maintained for
these results. Examples of positive control substances that
detect both large and small colonies include the following:

Absence of exogenous metabolic activation:
Methylmethanesulfonate [CAS no.66-27-3]
Ethylmethane sulfonate [CAS no.62-50-0]

Presence of exogenous metabolic activation:
Cyclophosphamide (monohydrate) [CAS no.50-18-0 (6055-
19-2)]
Benzo(a)pyrene [CAS no.50-32-8]
3-Methylcholanthrene [CAS no.56-49-5]

To ensure that the results of an assay are valid, specific
criteria have been determined. The mutation frequency of the
positive control group should be twice that of the solvent
control group. The solvent controls should have a spontaneous
mutation frequency between 20 and 100 per 106 surviving
cells. In addition, the plating efficiency of the solvent controls
must be greater than 50%.

Once the data are available for analyses, evaluation of the
results follows. A positive result is one from which the test
article, at two or more concentrations that produce greater than
10% growth, produces a concentration-related increase in
mutant frequency that is twofold greater than the background
level. An equivocal result is one from which the test article, at
a concentration that produce greater than 10% growth,
produces a mutant frequency that is twofold greater than the
background level. In this case, the study should be repeated and
if the results were repeatable, the study is positive. A negative
result is one from concentrations that produced greater than
10% growth, there were no concentration-related increase in
mutant frequency and no twofold greater increase in the
background level.
See also: Ames Test; Federal Insecticide, Fungicide, and
Rodenticide Act, US; Food and Drug Administration, US; The
International Conference on Harmonisation; Genetic
Toxicology; Good Laboratory Practices; Micronucleus Assay;
Redbook (Redbook 2000 : Toxicological Principles for the Safety
of Food Ingredients); Toxicity Testing, Mutagenicity.
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Introduction

Ideally, when assessing the ecological risks of a stressor like
a pesticide, one investigates its fate and effects under realistic
field conditions, taking into account normal usage and the
spatial and temporal variability of the ecosystems that are
potentially under stress. The time, costs, and logistics necessary
for this approach, however, make it impossible to evaluate all
active stressors in this way. Therefore, over the past decades,
a wide array of aquatic toxicity test approaches have been
developed and applied to determine side effects posed by
stressors on freshwater community structure and functioning.
These tests range from relatively simple laboratory bioassays to
large complex field studies (Figure 1). The dilemma in risk
assessment, however, is that on the one hand insight into the
fate and effects of stressors at the ecosystem level is essential for
an accurate risk assessment but large-scale experiments with
stressors (e.g., toxicants) in natural ecosystems should be
avoided for ethical and financial reasons and because the
higher level of complexity makes that causal–effect relation-
ships more difficult to establish (Figure 1). Therefore, the use
of tiers or steps in the process of criteria setting in Environ-
mental Risk Assessment (ERA) has frequently been
recommended.
Tiered Risk Assessment

The effect assessment in lower or first tier ERA is based on the
data from laboratory single-species toxicity tests to which
conservative assessment criteria are applied. The initial use of
a lower or first tier allows substances that do not present a risk
to be eliminated from the risk assessment early, thus allowing
the focus of resources and expertise on more problematic
stressors in a higher tier evaluation. From lower to higher tiers,
the exposure and effect estimates become more realistic, and
hence the uncertainty in the extrapolation of effects is reduced.
Figure 1 Different levels of ecotoxicological testing and their advan-
tages and shortcomings; microcosms and mesocosms provide a bridge
between the laboratory and the field. Reproduced from Brock, TCM, Arts

GHP, Maltby, L., Van den Brink, P.J. 2006. Aquatic risks of pesticides,

ecological protection goals and common aims in EU Legislation. Integrated
Environmental Assessment and Management 2: e20–e46.
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The lowest tier consists of concentration–effect relation-
ships studied in the laboratory with a limited number of
‘standard’ species, viz. an alga, Daphnia, and fish. These species
have been chosen because of their ease of handling and rearing
in the laboratory. Their test procedures are highly protocolized
and well described in, for instance, Organization for Economic
Cooperation and Development (OECD) guidelines. The stan-
dard test species are regarded as convenient surrogates for
sensitive indigenous species of aquatic ecosystems, despite
a general awareness of the uncertainty associated with the
extrapolation from one species to another. These single-species
toxicity tests have historically been the source of biological data
for ERA. This historical background explains why only a very
limited amount of ecological theory has become integrated
into the field of ecotoxicology and ERA.

If laboratory sensitivity data are available for several species,
the species sensitivity distribution (SSD) concept is often used
to reduce the uncertainty related with possible differences in
the sensitivity of standard test species and those expected to be
exposed in nature and uses interspecific variation in sensitivity
to stressors to predict effects at the community level. The SSD
is defined as a cumulative distribution function of the toxicity
of a single stressor or mixture of a set of species that constitute
an assemblage or community. In the United States and
European Union (EU), the SSD concept has been used during
the previous decade to set water quality criteria and estimate
risks based on results of water quality monitoring programs.
A small cutoff value in the left tail of the distribution must be
chosen to estimate a concentration below which the fraction of
species exposed above their no observed effect concentration/
ECx level is considered acceptable. Usually, a cutoff value of 5 is
chosen and its corresponding concentration is named the
hazardous concentration for 5% (HC5 of the species). Although
SSD addresses the interspecies variability in sensitivity toward
a specific stressor, it still ignores population ecology, interspe-
cies interactions, and recovery of affected populations.

Only multispecies testing designs allow for considering
species interactions, and hence the evaluation of indirect effects
and functional redundancy, and to evaluate the recovery
potential of impaired ecosystems. Alternative testing strategies
to single-species toxicity tests include a wide range of experi-
mental designs, from simple indoor multispecies assemblages
to field studies. During the past decades, great progress in the
development of such designs has been made on the experi-
mental side and, more recently, some also on the modeling
side.
Multispecies Bioassays

A multispecies toxicity test consists of at least two interacting
species in which two or more species are selected, as well as
the volume and complexity of substrate and heterogeneity of
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the environment to be used, depending on the research ques-
tion. For example, Sánchez and Tarazona (2002) conducted
a multispecies test with a combination of three species that
were selected since they have different reproductive strategies
(the cladoceranDaphnia magna, the insect Chironomus prasinus,
and the snail Lymnaea peregra) to study the suitability of the
standard test speciesD. magna for testing endocrine disrupting
chemicals. They concluded that the combination of three
species with different reproductive strategies offered a suitable
approach for assessing ecologically relevant effects related to
any mechanism of action, including endocrine disruption.
Overall, these tests are thus especially useful when the aim of
the present study is to evaluate toxicity to a limited number of
species with specific traits, or if an interrelationship between
two or more specific species (e.g., predator–prey) is to be
elucidated.
Model Ecosystem Studies

Model ecosystem experiments have frequently been performed
in the higher tier ERA of chemicals. They are constructed by
collecting parts of natural ecosystems and bringing them
together into an artificial housing or by enclosing parts of
existing ecosystems in the field (enclosures). Although the test
systems are usually characterized by a reduction in size and
complexity when compared with natural ecosystems, they have
to include an assemblage of organisms representing several
trophic levels and this assemblage should be in equilibrium
with its ambient environment.

Depending on their dimensions, and hence often their
complexity, model ecosystems may also be referred to as
microcosms (relatively small test systems) and mesocosms
(relatively large test systems). Following the definition by
Crossland et al. (1992) for aquatic model ecosystems,
microcosms are man-made test systems with a water volume
of less than 15 m3 or experimental streams less than 15 m in
length, while mesocosms are defined as model ecosystems
containing more than 15 m3 water or experimental streams
longer than 15 m. It is very important that the dimensions,
and hence often the complexity, of the test system meet the
requirements needed to solve the research question. Thus, if
scaled properly, the use of model ecosystems can provide the
best of both worlds (i.e., laboratory and field); and if their
dimensions are not adjusted to the research needs, it can
suffer the disadvantages of both. Unlike as is the case for
single-species toxicity tests, no standard operating procedures
(e.g., as developed by International Organization for Stan-
dardization, OECD, or Environmental Protection Agency
(EPA)) exist for model ecosystem studies. Subsequently, the
diversity in types of model ecosystems is large. A major divi-
sion is that between ‘generic’ and ‘semirealistic’ model
ecosystems. The ‘generic’model ecosystems do not mimic any
natural system in particular, but rather exhibit some basic
properties common to all ecosystems, such as species inter-
action, production, decomposition, and nutrient cycling.
These systems are intended to contain only certain defined
species and defined abiotic qualities chosen by the experi-
menter, and they are relatively simple and readily standard-
ized, such as the standardized aquatic microcosm or ‘Taub
microcosm’ as developed by Frieda Taub and colleagues. Most
model ecosystems used in ecotoxicology are of the ‘semi-
realistic’ type in that they attempt to mimic real ecosystems.
They can be classified according to the environmental
compartment (e.g., terrestrial, freshwater, and marine) and
type of natural ecosystems (e.g., marine: artificially lined
limnocorrals and freshwater: plankton dominated or macro-
phyte dominated) that they represent, and whether they are
situated indoors or outdoors.

Model ecosystem studies yield substantial amounts of data
over many (functional and structural) endpoints, which make
them difficult to interpret. Specifically in the case of the first
model ecosystem studies, which were performed in the 1970s
and 1980s, an additional complication arose from the fact
that many of the studies were not yet optimally designed for
the purpose of risk evaluation (e.g., large variability, presence
of fish, demonic intrusions, incomplete data, and studies were
long and costly). Because of these difficulties, the US EPA
stopped requiring mesocosm studies in 1992. However, the
gained knowledge and experience was used for further
development and harmonization of micro- and mesocosm
studies and resulted in a large number of guidance documents
from the early 1990s onward. From the late 1990s onward,
guidance document became more focused on the ecological
interpretation of studies, on the evaluation of experimental
designs and on the implementation of data into risk assess-
ment, and eventually culminated in the EU aquatic ecotox-
icology guidance document ‘Guidance Document on Aquatic
Ecotoxicology in the Context of Directive 91/414/EEC.’
Pesticide studies in aquatic microcosms and mesocosms have
frequently been used for both regulatory and scientific
purposes. Recent challenges that are being tackled in model
ecosystem studies include extrapolations across exposure
patterns (e.g., single peak, multiple pulsed, and chronic
treatments), ecosystem complexity (e.g., small-scale versus
large-scale test systems), geography (e.g., studies conducted in
temperate versus tropical regions), and the evaluation of
mixture toxicity.
Example: Ecological Effects of an Insecticide and Recovery
of Affected Populations

One of the aims ofmultispecies tests is to gain insight into long-
term community responses and into the factors determining the
recovery of affected populations. In this paragraph, an example
on the effects after a single application of an insecticide in
experimental ditches as described by Van den Brink et al.
(1996) will be shown. As was expected from its mode of action,
application of chlorpyrifos (an organothiophosphate cholin-
esterase inhibitor that is used as an insecticide and as an acar-
icide) resulted in large adverse effects on arthropod taxa, which
were visualized by the use of multivariate analyses. Because this
experiment was performed in relatively large outdoor systems,
the recovery of the affected populations could be investigated.
The recovery of populations of individual species was highly
dependent on their life cycle characteristics, such as the number
of generations per year, the presence of resistant life stages, and
the ability to migrate from one system to another. This is
illustrated by the responses of two mayflies, cladocerans and an
amphipod. The mayflies Cloeon dipterum and Caenis horaria do
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not have life stages resistant to chlorpyrifos, but are able to
migrate from one ditch to another. They are also almost equally
susceptible to chlorpyrifos in the laboratory but showed a very
different recovery pattern. The former species recovered within
12 weeks at the highest treatment level, whereas the latter
species took 24 weeks to recover fully. This can be explained
from the difference in the number of generations per year.
C. dipterum has many generations per year and thus recolonizes
the ditch repeatedly, thus recovering as soon as the concentra-
tion of chlorpyrifos allows this. C. horaria, however, produces
only one generation per year, so that recovery can only take
place when the next generation recolonizes the ditch. Unlike
mayflies, cladocerans are not able to migrate actively from one
ditch to the other, but they did, however, show a very fast
recovery at the higher chlorpyrifos concentrations. This is
possible because they have a short generation time and resistant
life stages in the form of ephippia (resting eggs). If a taxon is not
able to recolonize an impacted system and does not have
resistant life stages, the species can become extinct in isolated
systems like the experimental ditches. This applies for the
amphipod Gammarus pulex, which became extinct at the two
highest concentrations and did not recover within the 55-week
experimental period. No significant effects on the invertebrate
community, with the exception of Gammarus, were found
from week 24 after insecticide application onward, suggesting
recovery.
Ecological Modeling

As shown in the previous paragraph, depending upon the
class of organisms, recovery may be difficult to evaluate using
mesocosms, because the limited time span of most studies
(typically no longer than a year and often much shorter) may
not adequately capture life history dynamics. Furthermore,
the isolated nature of model ecosystems may not offer the
same opportunities for recovery through immigration as
observed in real environments. To address this shortcoming
of model ecosystems, population models are increasingly
used in the ecological risk assessment of pesticides. Pop-
ulation simulation models typically address the dynamics in
the abundance or distribution of a single species and are
increasingly being used to predict field-level responses on the
basis of laboratory toxicity data and the life cycle character-
istics of a species. Population models serve an important role
in ecological risk assessment because they provide informa-
tion that supports the goal of ecological risk assessment,
which is often the protection of populations, biodiversity, and
system function, rather than individuals. The main focus of
population models is to estimate the response dynamics,
particularly recovery, of populations following short-term
exposure to a chemical, and to estimate long-term conse-
quences of sublethal effects.

Another example in which the information and experience
of multispecies tests is incorporated into modeling are the
informatics model that predicts the ecological risks of
PESTicides in freshwater (PERPEST) and the food web
AQUATOX model. PERPEST predicts the effects of a particular
concentration of a pesticide on various (community)
endpoints simultaneously based on a large database
comprised of results from aquatic model ecosystem experi-
ments evaluating the effects of pesticides. This results in
a prediction showing the probability of classes of effects (no,
slight, or clear effects) on community metabolism and various
taxonomic groups separately. An approach that is still in an
early stage of development is the use of food web modeling to
calculate the chemical effects on many different functional
properties of functional groups and ecosystems from
measured effects on species abundances.

See also: Biomonitoring; Chemicals of Environmental Concern;
Dose–Response Relationship; Ecological Quality Standards
(EQS) Global; Ecotoxicology; Aquatic Ecotoxicology;
Ecotoxicology, Aquatic Invertebrates; Ecotoxicology Terrestrial;
Environmental Fate and Behavior; Environmental Risk
Assessment, Aquatic; Environmental Risk Assessment, Marine;
Environmental Risk Assessment, Pesticides and Biocides;
Environmental Risk Assessment, Terrestrial; Environmental
Toxicology; Aquatic Mesocosms and Microcosms; Pollution,
Water; Predicted No Effect Concentration (PNEC); Risk
Assessment, Ecological; Terrestrial Microcosms and
Multispecies Soil Systems; Toxicity Testing, Aquatic.
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Introduction

This article describes the principal components and functions
of the human musculoskeletal system and highlights the main
toxic effects of a wide range of prescription drugs and other
chemicals that can affect this system. It is important to
emphasize that most medications andmedical devices have the
potential for causing some type of adverse effect. Not all of the
drug-related toxicities mentioned in this article apply to any
given individual. Consultation with a well-informed health
professional who is qualified to speak knowledgeably and
objectively about medication and other chemical risks and risk
benefits is always advisable.
Bone

The skeleton is a dynamic organ that provides structural
integrity to the body, enables locomotion, and protects vital
internal organs. Bone is required to have a unique combination
of strength, structure, and flexibility to withstand daily external
mechanical stressors. Strength and structure are required to
prevent deformation and possible fractures when subjected to
external forces. Flexibility is required to absorb energy and
avoid microcracking and fractures. Bone also has to be light
weight for facilitating locomotion.

Bone is also metabolically active and serves as a storehouse
of minerals. It is essential in maintaining calcium and phos-
phate homoeostasis. Ninety-nine percent of total body calcium
is stored in bone. Bone cavities contain bone marrow with
hematopoietic cells that form blood elements.

There are two main types of bone. Cortical bone is dense
and forms the outer shell of most bones. It provides much of
the skeletal strength and composes about 80% of skeletal mass.
Cancellous or trabecular bone is ‘lace like’ and composes the
inside of long and flat bones, vertebral bodies, and the inner
portion of the pelvis. Trabecular bone is more metabolically
active than cortical bone and serves to maintain mineral
balance, but also provides mechanical support to resist tensile
stressors.

Bone is composed of a mineralized matrix, known as
osteoid, and a highly active cellular component. Osteoid is
principally composed of Type 1 collagen (90%), which is
a rigid molecule composed by the intertwining of two a1
chains and one a2 chain into a helical Type 1 procollagen. The
nonhelical portions at the terminal carboxy and amino regions
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
are referred to as the C-telopeptide (CTX) and N-telopeptide
(NTX) regions. Cleavage of amino and carboxy terminal
peptides leads to formation of tropocollagen. Tropocollagen is
strengthened by pyridinoline cross-linking, including CTX and
NTX to help form Type 1 collagen. Small amounts of non-Type
1 collagen proteins are also found in osteoid, including
osteocalcin, matrix G1a protein, glycoproteins, arginine-
glycine-aspartate (RGD)-containing proteins, and cag proteins.
Noncollagenous proteins are thought to affect bone minerali-
zation and cell binding.

Bone has about 60% mineral content, which provides
stiffness. Most of the mineral content consists of calcium and
phosphorus hydroxyapatite crystals. Magnesium, sodium,
potassium, and carbonate are also present. Agents with struc-
tural and charge similarities to calcium, such as lead and
strontium, or hydroxyl group similarity such as fluoride, can be
incorporated into the hydroxyapatite matrix. Some radioiso-
topes stored in bone may emit alpha radiation (e.g., strontium-
90, uranium-235, or plutonium-239) and lead to bone and
other cancers.

Bone is continually remodeled. Initial bone resorption is
followed by bone formation or rebuilding and is affected by
systemic and local factors. Hormones including estrogens,
androgens, insulin growth hormone, thyroid hormone, para-
thyroid hormone, and glucocorticoids affect growth. Local
factors include cytokines, prostaglandins, growth factors, bone
morphogenic proteins, and Wnt glycoproteins. The process of
bone remodeling enables the skeleton to maintain strength by
removing damaged bone, repairing microfractures, and modi-
fying structure in response to external biomechanical stressors.
Bone remodeling enables the skeleton to reach peak strength
during growth.

Bone is developed by two methods. Intramembranous
development involves bone formation occurring typically in
flat bones (i.e., skull, scapula, or outer surfaces of long bones).
Osteoblasts directly deposit osteoid adjacent to a cartilage
template derived from mesenchymal tissue. The initial bone
appears disorganized and ‘woven’ but is quickly converted to
organized, lamellar bone by osteoblasts.

The other method of bone formation is endochondral
ossification, which is not completed until 18 years of age or
later. Mesenchyme-derived cartilaginous tissue, which is
formed during early fetal development, contains chondrocytes
and provides structure for subsequent bone growth. The carti-
laginous tissue undergoes a series of changes, which initiates
the process of bone formation. The center of this cartilage
4-3.00063-4 403
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undergoes degradative changes that involve mineralization
and, later, resorption by osteoclast-type cells. This process
moves up and down the cartilaginous tissue and is accompa-
nied by the ingrowth of blood vessels and osteoprogenitor
cells, which become new bone-forming cells. The remnants of
the mineralized cartilage serve as a framework for new bone
deposition. These changes produce an area of cartilage between
two centers of bone formation known as the growth plate.

Osteoblasts are highly specialized cells derived from
mesenchymal cells that form osteoid, which subsequently
becomes mineralized. Osteoblast cell membranes contain
alkaline phosphate and secrete collagenous and noncollagenous
proteins. Osteoblasts also mediate bone resorption through
local osteoclastic activity during the release of chemical
messengers. Osteoblasts have varying fates, including cell death
from apoptosis. Osteoblasts also produce growth factors and
cytokines for growth and development of hematopoietic cells in
bone marrow.

Osteoclasts are multinucleated cells derived from the
hematopoietic (granulocyte–monocyte) cell line. Osteoclasts
are primarily responsible for bone resorption, secreting
enzymes, and hydrochloric acid break down of the collagen
matrix to help dissolve bone. The site at which the osteoclast
membrane lies adjacent to bony tissue is known as Howship’s
lacunae. Osteoclast cell membranes can develop motile
microvilli that form a specialized seal with the underlying bone
to form a microenvironment in which enzymes and hydro-
chloric acid are released to degrade bone, leading to collagen
digestion and release of pyridinoline residues.

This process also releases growth factors previously depos-
ited in bone by osteoblasts, which are responsible for main-
taining the process of new bone regeneration. Osteoblasts and
osteoclasts form the basic multicellular unit (BMU), which
controls bone formation and resorption.

Osteoblasts encased in matrix become osteocytes. Osteo-
cytes maintain communication with other cells and general
circulation through a network of tunnels located in the bony
matrix, called canaliculi. Osteocytes play several roles in body
homeostasis, including maintenance of normal serum calcium
and serum phosphorus levels, and repairing bone damage.

Peak bonemass is reached in early adulthood after cessation
of growth. Several factors influence final bone mass, including
polymorphisms in vitamin D receptors, hormonal status,
nutrition, physical activity, and age. During adulthood, about
10–15% of the skeletal mass undergoes remodeling and
resorption yearly, and this process remains balanced. The
amount of resorbed bone begins to exceed the amount of
newly deposited bone by the third or fourth decade of life.

Osteoporosis is a bone disease characterized by low bone
mass associated disruption of bone microarchitecture with
decreased bone mineral density (BMD). The bone can be
thought of as having increased porosity, which results in
increased fragility and fracture risk. Osteopenia is a loss of BMD
to a lesser extent than osteoporosis.

Osteoporosis is the most common metabolic bone disease
affecting the general population and begins to occur in both
sexes at age 46–50 years. The lifetime risk for osteoporotic
fractures after age 50 is about 50% for women and 25% for
men. Aging and estrogen deficiency are major risk factors.
Postmenopausal women are particularly vulnerable to
osteoporosis, especially of the trabecular bones. Secondary
causes include calcium or vitamin deficiency and increased
parathyroid levels. The lifetime risk for osteoporotic fractures
after age 50 is about 40% for women and 13% for men.
Screening for osteoporosis is performed for at-risk persons by
measuring BMD with dual X-ray absorptiometry (DXA) scans
of the spine, hip, or forearm.

Aging is associated with a decreased synthetic capability of
osteoblasts, decreased biologic activity of growth factors con-
tained in the organic bone matrix, and diminished physical
activity. Bone growth is stimulated by skeletal loading and
muscle contraction associated with resistive exercises, such as
weight training. Bone loss occurs in astronauts in a weightless
environment, with bed rest, or with immobilization or paral-
ysis of an extremity.

Estrogen is thought to exert effects on bone formation
through local factors, including IL-1 (which stimulates
osteoclastic activity and bone resorption) and TNF-a, evi-
denced by bone loss being blocked in ovariectomized labo-
ratory rats by inhibiting these cytokines. Low estrogen levels
in males are associated with decreased BMD and an increased
fracture risk.

Several hormonal agents can induce osteoporosis. Long-
term use of glucocorticoids leads to osteoporosis characterized
by low bone-turnover rate, increased bone resorption, and
decreased bone formation. Potential mechanisms include
impaired intestinal calcium absorption, enhanced osteocyte
apoptosis, and diminished osteoblastic formation. Aromatase
inhibitors, which block sex hormone production and are used
to treat breast cancer and endometriosis in women and prostate
cancer in men, can result in rapid bone loss. Overtreatment of
hypothyroidism with thyroxin can lead to enhanced bone
resorption and osteoporosis. Medroxyprogesterone acetate
used to treat birth control and endometriosis results in sup-
pressed estrogen production and decreased BMD with
increased fracture risk that can be restored after medication is
discontinued.

Other xenobiotics can lead to osteoporosis or decreased
BMD, including thiazolidinediones, serotonin reuptake inhi-
bitors, anticonvulsants (including barbiturates, phenytoin, and
carbamazepine), heparin, proton pump inhibitors, oral anti-
coagulant, calcineurin inhibitors, and immunosuppressive
agents, including cyclosporine. Cadmium intake in the general
US population is considered a risk factor for osteopenia and
osteoporosis.

Osteomalacia is a bone disorder characterized by impaired
mineralization of newly synthesized organicmatrix. Xenobiotics
that inhibit mineralization, such as fluoride and aluminum, can
lead to osteomalacia. Hypophosphatemia from decreased
phosphate absorption secondary to excessive use of antacid can
lead to osteomalacia. Intake of cadmium-contaminated rice
resulted in a painful bone disorder known as itai–itai disease
(ouch–ouch disease), characterized by osteomalacia, micro-
fractures, and disturbances in calcium metabolism, primarily in
postmenopausal multiparous women. Other causes for osteo-
malacia include underlying genetic disorders, vitamin D defi-
ciency or resistance, hypophosphatemia, chronic kidney disease,
renal tubular acidosis, and inadequate calcium intake.

Increased bone density can result in brittle bones that are
subject to easy fracture. Osteosclerosis is a thickening of
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cancellous bone, whereas hyperostosis refers to widening of
cortical bone. Large intake of fluoride can lead to osteosclerosis.
Vitamin D intoxication can result in osteosclerosis in children,
as well as metastatic calcifications on joints, periarticular, and
kidney. Excessive vitamin D intake can demineralize bone,
resulting in multiple fractures from very slight trauma.

In clinical medicine, several biomarkers are used to measure
bone turnover. Serum bone specific alkaline phosphatase and
the amino terminal propeptides of Type 1 procollagen (PINP)
reflect bone formation and osteoblast function. Serum CTX and
urinary NTX are markers of bone resorption.

Bone is a highly vascular tissue that can undergo avascular
necrosis. Several xenobiotics have been associated with this
disorder, including glucocorticoids and excessive alcohol use.
The mechanism(s) of action is not known, but involves
compromise of bone vasculature.

Bisphosphonates used to treat and prevent osteoporosis by
suppressing osteoclastic activity have been associated with
osteonecrosis of the jaw. Bisphosphonate can induce profound
inhibition of osteoclast function, leading to impaired bone
turnover of a magnitude such that even minor local trauma
from normal stress cannot be repaired. Radiation therapy can
also lead to osteonecrosis, called ‘osteoradionecrosis.’
Skeletal Muscle

Skeletal muscle, which originates from dense connective tissue
or bone, functions to generate force, resulting in limb move-
ment and maintenance of body posture. Skeletal muscle also
generates heat and accounts for about 40–50% of body weight.
Skeletal muscle is composed of myoblasts, which are special-
ized striated cells.

Muscle fibers are composed of hundreds or thousands of
myocytes. Consequently, muscle fibers are multinucleated cells
at lengths of up to 10 cm with diameters ranging from 10 to
100 mm. Muscle fibers are seldom as long as the muscle they
compose and they form interlocking, irregular polygons.

Striated skeletal muscle fibers are bound together by
collagenous connective tissue to form individual muscles. The
connective tissue covering a muscle is known as the epimy-
sium, which forms a resilient, elastic sheath covering that
separates the muscle from surrounding structures, such as
tendons and bone.

Connective tissue extends into muscle fibers and separates
groups of individual muscle fibers, or fasciculi. This connective
tissue is known as the perimysium. Each muscle cell is sur-
rounded by connective tissue known as the endomysium. This
collagenous membrane and the adjacent muscle cell
membrane are termed the sarcolemma. This tissue maintains
a framework for striated muscle cells. As long as the connective
tissue remains intact, skeletal muscle can regenerate following
injury and grow in the pattern provided by this tissue.

Themyoblast cell membrane is termed the sarcolemma. The
cytoplasm of the muscle cell is filled with myofilaments, which
formmyofibrils. Myofibrils are composed of sarcomeres, which
consist of longitudinally directed thin and thick filaments, and
perpendicularly disposed z-bands that are bound to actin fila-
ments. The myofibrils form the contractile apparatus of the
muscle.
The sarcolemma membrane has invaginations running
parallel to the z-bands. These invaginations are also known
as the T-system and are involved in the release of calcium
into the cell. The release of calcium leads to myofibril
contraction. Sarcoplasm accounts for w40% of the volume
of the fiber and contains glycogen, mitochondria, and lipid
vacuoles.

The two principal types of skeletal muscle fibers in human
are Type 1 and Type 2 fibers. These muscle fibers can be thought
of as corresponding to red and white muscle. Type 1 fibers, or
dark fibers, have more myoglobin, maintain sustained force,
and also have weight-bearing capacity.

Type 2 fibers, or white fibers, are important for performing
sudden and rapid movements. These fibers have abundant
glycogen, but scant mitochondria and are not able to maintain
sustained activity because they accumulate lactic acid. Strength
training increases the number and size of Type 2 fibers. Aerobic
training leads to hypertrophy of Type 1 fibers, whereas physical
activity can increase Type 2 fiber size in both sexes, although
children have smaller fibers, and men have larger fibers than
women of comparable age.

Muscle injury can be clinically assessed by measuring serum
levels of muscle enzymes. Creatinine kinase (CK) is a principal
enzyme measured for assessing persons for muscle injury. CK is
in the mitochondrial membrane, in cytoplasm and myofibrils,
and catalyzes ATP production. Skeletal muscle CK is 99% MM
dimer type. Other enzymes released with muscle injury include
aldolase, lactate dehydrogenase, and aminotransferases, but
these are less specific for muscle than CK.

A number of pathological processes can affect skeletal
muscle. Because individual muscle fiber is formed by
numerous myoblasts, any injury or pathological change may
only affect a small part of a muscle fiber. This has clinical
significance, as biopsy of a small segment of muscle may
provide a nonrepresentative sample for assessment of a myop-
athy. Handling of specimens can be difficult and may lead to
artifactual lesions from fractures from processing the muscle. In
addition, the reactions of muscle are not specific to any disease
or toxic agent.

Myotoxic effects can produce a wide spectrum of effects,
ranging from isolated symptoms of myalgia, with or without
increased CK levels, asymptomatic CK increases, and weakness,
to life-threatening rhabdomyolysis. Rhabdomyolysis is a condi-
tion characterized by muscle necrosis and release of intracellular
muscle constituents into circulation. Rhabdomyolysis occurs
when the energy source of muscle is depleted and intracellular
changes lead to release of proteolytic enzymes that degrade the
muscle. Large amounts of potassium enzymes, including CK and
myoglobin, can be released into circulation. Excess myoglobin
results in direct nephrotoxicity and renal obstruction, which if
severe, can result in acute renal failure.

The pathoetiology of many drug-induced myopathic effects
is poorly understood. However, toxicity can occur by three
main mechanisms:

l Direct toxicity
l Immunologically induced inflammatory response
l Indirect muscle damage

Multiple agents can result in direct myotoxicity. Epidemi-
ologic data are lacking for many medications. Thus, most
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artificial disk replacements (ADRs) are largely based on case
reports and pharmacovigilance surveillance data. Statin medi-
cations account for the majority of skeletal related ADRs. Most
frequent complaints are myalgias without CK elevations, in
which severe effects are rare. Abnormalities of protein pre-
nylation and induction of proapoptotic pathways and several
single-nucleotide polymorphisms in the protein-coding
SLCO1B1 gene are implicated. Fibrates used medicinally for
lowering lipids can cause direct myotoxicity and increased risk
of statin effects when combined.

Glucocorticoids are a common cause of myotoxic effects.
Muscle weakness, nonspecific histologic changes including
Type 2 fiber atrophy, inflammation, and occasional necrosis
can be observed. Rarely, an inflammatory, necrotizing myop-
athy is reported following corticosteroid use.

Many other agents can produce direct myotoxicity,
including amiodarone, colchicine, chloroquine, cyclosporine,
tacrolimus, ketoconazole, and itraconazole (antifungal agents)
oncology agents, including vincristine, and all-trans-retinoic
acids. Zidovudine (ZVD) and other nucleoside-analog reverse-
transcriptase inhibitors (NRTIs) can lead to proximal muscle
weakness potentially as a result of impaired muscle mito-
chondrial function.

Myopathies can be associated with immunologic reactions,
with features similar to autoimmune disorders. An eosinophilia–
myalgia syndrome was caused by a contaminant in some
L-tryptophan preparations used as a dietary supplement. D-Peni-
cillamine can induce polymyositis or dermatomyositis. Alpha
interferon has produced myositis. Statins can also cause a rare
immune-mediatedmyopathy that does not improve when statin
use is discontinued.

Myopathies and skeletal muscle injury occur secondarily to
other conditions. Muscle compression can induce ischemia,
which leads to necrosis. This can occur with drug-induced
coma. Hyperkinetic states can occur for several reasons,
including seizures from intoxication or drug withdrawal.
Delirium tremens from alcohol withdrawal, dystonic states
from phenothiazines, and hyperthermia from neuroleptic
malignant syndrome can result in muscle damage, including
life-threatening rhabdomyolysis.

Select drugs injected by the intramuscular route can produce
focal necrotizing myopathic changes. Paraldehyde, chlor-
promazine, and a number of antibiotics have produced this
type of reaction.

Local release of large quantities of metal ions from metal-
on-metal (MoM) hip prosthesis can result in metallosis. Effects
can include periprosthetic soft tissue reactions, including
necrosis and pseudotumors, which occur as a result of hyper-
sensitivity reactions to metal ions such as cobalt and chromium
released from MoM prostheses.
Tendons

Tendons, which transfer force frommuscle contractions to bone,
are composed ofw90% Type 1 collagen, elastin, proteoglycans,
and lipids. Biomechanical properties of tendons include tensile
strength and elasticity, which are required to reduce stress-
induced friction. Tendon cell types include fibroblasts and
tendon surface cells. Tendinopathy, including tendonitis and
tendon rupture, can occur from fluoroquinolone antibiotic use.
Between 2 and 6% of Achilles tendon ruptures in persons greater
than age 60 have been attributed to fluoroquinolone use. The
pathoetiology of this effect is unclear, but has been postulated to
include chelating effect on magnesium and alteration of integrin
function. Arthropathies have also been reported with fluo-
roquinolone use.
Summary

This overview of toxicity to the musculoskeletal system,
including many therapeutic drug-related exposures is based on
a variety of laboratory animal studies, epidemiology, and
clinical case reports. Detailing the types of studies and pop-
ulations exposed, doses employed, and duration of exposure to
the substance that caused the toxicity is beyond the scope of
a short overview, but all of these factors are important
considerations. It is helpful for a consumer to be aware of
possible side effects, but also keep basic toxicology principles
in mind and consult reputable health professionals when
making choices for themselves.

See also: Blood; Cadmium; Eosinophilia–Myalgia Syndrome;
Itai Itai Disease; Lead; Radiation Toxicology, Ionizing and
Nonionizing; Tissue Repair; Vitamin A; Vitamin C (Ascorbic
Acid); Vitamin D; Vitamin E.
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l Name: Mushrooms, coprine
l Synonyms: Coprinopsis atramentaria (Common ink cap, Inky

cap, Tippler’s bane)
Background

Coprine-containingmushrooms such asCoprinopsis atramentaria,
also known as the common inky cap mushroom is found in
Europe and North America. It is a common fungus and arises
often after rain showers throughout the northern hemisphere in
the spring through autumn. It is edible; however, poisonous
when consumed with alcohol –which is the source of one of the
common names for this mushroom – tippler’s bane.

Coprine has been isolated from C. atramentaria formerly
Coprinus atramentarius; however, otherCoprinus species suchas the
commonedibleCoprinus comatus (ShaggyMane, Lawyer’swig)do
not contain coprine.Othermushroomspecies are known tocause
alcohol intolerance: Verpa bohemica, Clitocybe clavipes, Pholiota
squarrosa, Tricholoma flavovirens, Mochella angusticeps, and Lepiota
aspera, however, their mechanism of toxicity is unknown.
Chemical Structure

Coprine is a hydrolyzed to 1-aminocyclopropanol and a glu-
tamic acid residue. Ammonia is released producing 1,1-cyclo-
propanediol in equilibrium with cyclopropanone. Coprine and
its metabolites appear to be heat-stable and nonvolatile.
OH

O

O

OHH2N

HN2

OH

ONH
Uses

Coprinus comatus is a common edible mushroom; however,
may be mistaken for C. atramentaria because they share the
property of deliquescence or autodigestion to an inky liquid to
facilitate spore release. Coprine is not used clinically as an
ethanol consumption deterrent because of mutagenic and
gonadotoxic properties seen in some animal experiments.
Exposure Routes and Pathways

Oral ingestion of coprine mushrooms is the only reported
exposure route.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

‘Coprinus syndrome’ (inhibition of aldehyde dehydroge-
nase (ALDH)) may develop several hours after C. atra-
mentaria consumption. Ingestion of mushrooms containing
coprine can result in the disulfiram-like reaction, which is
caused by the coprine-mediated inhibition of the enzyme
ALDH in the presence of ethanol. ALDH inhibition may last
for 2–5 days during which time ethanol consumption
results in acetaldehyde accumulation. Accumulation of
acetaldehyde is responsible for the effects of the Coprinus
syndrome or disulfiram-like reaction.
Mechanism of Toxicity

The simultaneous consumption of C. atramentariamushroom
and ethanol will not cause toxicity. Accumulation of acetal-
dehyde will cause a disulfiram (Antabuse)-like reaction.
Acetaldehyde is responsible for familiar symptoms associated
with post-ethanol binge ‘hangovers’ including nausea, vom-
iting, malaise, skin flushing, and headache. Unlike disulfiram,
coprine does not inhibit dopamine beta hydroxylase there-
fore less hemodynamic effects may be observed. Populations
with intrinsic reduced ALDH may be more vulnerable to
develop symptoms with small amount of ethanol (elixirs,
syrups).
Medications reported to similarly inhibit ALDH include
metronidazole (Flagyl), tolbutamide (Orinase), cefoperazone
(Cefobid), cefotetan (Cefotan), griseofulvin (Fulvicin), and
calcium cyanamide (Temposil).
Acute Toxicity

Animal

Acute animal toxicity has rarely been described after C. atra-
mentaria and subsequent ethanol consumption. Coprine has
been found experimentally to be a mutagen and is gonadotoxic
in some mammalian species such as rats and dogs with chronic
large exposures.
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Human

Fewer than a dozen cases of alcohol intolerance following C.
atramentaria ingestionare reported toUSPoison centers annually.

Within 5–120 min of ethanol ingestion, rapid develop-
ment of nausea and vomiting will begin. Symptoms may
progress to include flushing of the head and upper torso,
headache, metallic taste, and generalized malaise. Chest pain,
shortness of breath, tachycardia, and hypotension may
develop but are less common. No fatalities have been reported
though syncope and dysrhythmias are possible. Because
coprine metabolites do not inhibit dopamine beta hydroxy-
lase conversion to norepinephrine, tachycardia is more likely
than with disulfiram (Antabuse). Ingestion of coprine-con-
taining mushrooms should not cause specific laboratory
abnormalities unless Coprinus syndrome develops with the
ingestion of coprine-containing mushrooms in the presence of
ethanol. In this setting, nonspecific laboratory abnormalities
(i.e., similar to those associated with a gastrointestinal illness)
may occur depending upon the degree of symptoms. No
specific biological specimen testing is available for coprinus
ingestion.
Clinical Management

Most individuals present after ethanol consumption therefore
oral decontamination is not indicated. Supportive care may
include intravenous crystalloid and symptomatic relief with
antiemetics and nonsteroidal antiinflammatories. Avoidance of
ethanol consumption is most important for at least 3–5 days to
prevent recurrence of symptoms. 4-methyl pyrazole (4-MP or
Fomepizole) inhibits ALDH and thus limits the accumulation
of acetaldehyde. This is useful in toxic alcohol exposures
(methanol, ethylene glycol); however, it should not be
considered in Coprinus syndrome.

See also: Mushrooms, Cyclopeptide; Mushrooms, Ibotenic
Acid; Mushrooms, Monomethylhydrazine (MMH) - Generating;
Mushrooms, Muscarine; Mushroom, Psilocybin; Poisoning
Emergencies in Humans.
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Relevant Website

http://www.rogersmushrooms.com/gallery/ – Rogers Mushrooms is a website with
information useful for the identification and use of various mushrooms. Like is for
Coprinus atramentarius in Rogers Mushrooms website.
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l Name: Mushrooms, cyclopeptide
l Chemical Abstracts Service Registry Number: Alpha-amanin

23109-05-9
l Synonyms: Destroying angel (Amanita virosa), Death cap

(Amanita phalloides)
l Molecular Formula: Alpha-amanin C39H54N10O14S
l Chemical Structure: Alpha-amanitin
Background

Several genera of mushrooms contain toxic cyclopeptides;
these mushrooms include but are not limited to Amanita
bisporigera, Amanita hygroscopica, Amanita ocreata, Amanita
phalloides (Figure 1), Amanita suballiacea, Amanita tenuifolia,
Amanita verna, Amanita virosa, Galerina autumnalis, Galerina
fasciculata, Galerina marginata, Galerina sulcipes, Galerina ven-
enata, Lepiota castanea, Lepiota helveola, Lepiota subincarnata,
Lepiota josserandii, Conocybe filaris. Amanita phalloides is
considered the most toxic of the cyclopeptide-containing
mushrooms. Amatoxin-containing mushrooms grow in
many countries with temperate climates. In 2011, the Amer-
ican Association of Poison Control Centers’ National Poison
Data System listed 50 case mentions of cyclopeptide mush-
rooms exposures. There are several fatalities reported annually
in the United States.
Uses

There are no uses for mushrooms in this group (Figure 1). They
are usually consumed when mistaken for edible mushrooms.
This is particularly common in Southeast Asian immigrants.
Alpha-amanitin is used in biochemical research because of its
preferential binding affinity for eukaryotic RNA polymerase II.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure Routes and Pathways

Ingestion is the route of exposure. The toxin is not destroyed by
exposure to heat, drying, or freezing.
Toxicokinetics

Amatoxins are absorbed rapidly from the gastrointestinal tract.
These toxins may be detected in the urine as early as
90–120 min after ingestion of the mushrooms. Radiolabeled
amatoxins given to a dog showed a volume of distribution
equal to the volume of extracellular water (160–290 ml kg�1).
Amatoxins disappear rapidly from the blood because they are
taken into cells rapidly. There is some evidence for enter-
ohepatic circulation. Amatoxins are found in the urine shortly
after ingestion of the mushrooms and continue to be detectable
for up to 96 h after ingestion. They have also been detected in
diarrhea fluid and bile.
Mechanism of Toxicity

Cyclopeptide mushrooms contain both amatoxins and phal-
lotoxins. Studies in animals have shown that, although the
phallotoxins are highly toxic when given parenterally, they are
not absorbed from the gastrointestinal tract and do not
produce toxicity when given orally. The toxicity of cyclopeptide
mushrooms is believed to be due to the amatoxins. At least six
amatoxins have been identified that differ according to amino
acid substitutions on the peptide ring. Alpha- and beta-
amanitins are felt to be the predominant cyclopeptides
4-3.00755-7 409
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Figure 1 Mushrooms showing the features of (a) mature and (b) immature Amanita species.
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producing systemic toxicity. The phallotoxins may contribute
to gastrointestinal symptoms but this is unclear. Amatoxins
interfere with RNA and DNA transcription by interfering with
RNA polymerase II. The liver is primarily affected.
Acute and Short-Term Toxicity (or Exposure)

Animal

Ingestion of these mushrooms in dogs has taken place both
accidentally and experimentally. The toxic effects mimic those
seen in humans. Some animals can ingest amatoxin-containing
mushrooms without toxicity.
Human

Humans are reportedly more susceptible to alpha-amanitin
than rodents. There is typically a delay of 6–24 h between the
ingestion of the mushrooms and the onset of symptoms. The
shorter the delay the more severe the toxicity. The first symp-
toms are nausea, severe vomiting, and diarrhea, which may
result in severe dehydration and electrolyte imbalances.
Hypoglycemia is common. Gastrointestinal symptoms may
persist for several days. Over the course of the next 24–36 h,
evidence of hepatic injury becomes evident both clinically and
by laboratory measurements. Patients may progress to hepatic
failure with coma, hemorrhage, and renal failure or begin to
recover depending on the degree of injury. Amanitin is also
a direct-acting nephrotoxin and causes tubular necrosis. In fatal
poisonings, death usually occurs after 5 or 6 days. Mortality
ranges up to 50% in untreated patients and appears to be less in
patients who receive modern intensive supportive care. Liver
transplantation is used when the toxicity is severe. The severity
of poisoning also seems to correlate with the amount of toxin
ingested on a body weight basis. The mortality in children
appears to be greater probably because of the larger amount of
toxin ingested in relation to their body size.
Clinical Management

Immediate and vigorous fluid and electrolyte replacement is
often necessary. Oral activated charcoal may be given within
24 h of ingestion but is difficult if vomiting has already begun.
No specific antidotal therapy exists for the treatment of this
ingestion, although many substances have been tried. The
mainstay of therapy is meticulous supportive care.

Some advocate the use of multiple dose–activated charcoal
or gastro-duodenal drainage, but evidence for the effectiveness
of these procedures is lacking. Treatment of hepatic failure
follows the routine supportive procedures standard for this
process. Liver transplantation and extracorporeal molecular
adsorbent recirculating system has been used successfully in
patients who developed severe hepatic failure. While animal
experiments support the use of high-dose penicillin, human
experience shows little positive and possible negative effect.
Silibinin (silymarin) is a free radical scavenger and may limit
uptake of the toxin. It has shown some promise given intrave-
nously. It is available in Europe and in the United States
through the poison center network. High-dose cimetidine
protects animals and may have been beneficial in a few human
exposures. Thioctic acid has also been advocated, but its efficacy
is unclear. Forced diuresis, hemodialysis, or hemoperfusion
have not been shown to enhance survival and hemodialysis is
only indicated as a supportive measure in patients who develop
renal failure. Early transfer to a tertiary center that has liver
transplant capabilities should be considered.

See also: Food Safety and Toxicology; Gastrointestinal System;
Plants, Poisonous (Humans); Cytochrome P450; Liver;
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l Chemical Name: Ibotenic acid
l Chemical Abstract Service Registry Number: Ibotenic acid

(2552-55-8); Muscimol (2763-96-4) major metabolite of
ibotenic acid

l Synonyms: A. muscaria; Fly agaric; A. pantherina; Panther
mushroom; (S)-2-amino-2-(3-hydroxyisoxazol-5-yl) acetic
acid

l Molecular Formula: C5H6N2O4

l Chemical Structure:
Background

There are no current medicinal uses for ibotenic acid-
containing mushrooms but some individuals still forage
or cultivate this fungus for its psychoactive properties and
others will parboil this mushroom and then eat it once
the cooking has detoxified it. Internet botanical vendors
often sell Amanita muscaria and other ibotenic acid-
containing mushrooms for their psychoactive effects. A
manita muscaria is one of the most striking mushrooms
with a red top and white dots; it is the prototypical
‘toadstool’ feature in fairy tales such as Alice in Wonder-
land by Lewis Caroll.
Uses

Use of A. muscaria for intoxicating and religious purposes has
been reported in several cultures, however, the Siberians were
the main users of this mushroom. The common name, fly
agaric, comes from A. muscaria’s use as an insecticide. Pieces of
this mushroom were broken and added to milk, which was
thought to ward off and kill flies, among other bugs. Today,
unintended ingestion can occur because of misidentification
at the immature button stage. Mature Amanita pantherina can
be confused with the edible Amanita caesarea (Caesar’s
amanita).
412 Encyclopedia of T
Environmental Fate and Behavior

Physicochemical Properties

Ibotenic acid
Molecular weight: 158.11 g mol�1

Melting point: 151–152 �C (anhydrous); 144–146 �C
(monohydrate)

Solubility: very soluble in methanol and water
Muscimol
Molecular weight: 114.10 g mol�1

Melting point: 184–185 �C
Solubility: very soluble in water and methanol, slightly soluble

in ethanol
Exposure Route

The primary route of exposure is oral ingestion. Ibotenic acid is
an isoxazole that is decarboxylated to muscimol. Muscimol is
excreted unchanged in the urine. In religious and traditional
use, A. muscaria would be eaten and community members who
were not able to partake the initial mushroom eating would
drink the urine of the individuals, as the urine contained
significant amounts of the psychoactive metabolite of ibotenic
acid, muscimol.
Toxicokinetics

The onset of symptoms is rapid within 0.5–2 h. Effects typi-
cally peak within 5 h and may last up to half a day. Residual
psychological effects reportedly may linger for several days.
The doses of ibotenic acid and muscimol likely to cause
symptoms are 60 mg and 6 mg, respectively, or approximately
the amount found in one A. muscaria cap. Fifteen times these
doses are thought to be potentially fatal. The LD50 dose in rats
of ibotenic acid is 42 mg kg�1 (intravenous) and 129 mg kg�1

(oral).
Mechanism of Toxicity

Ibotenic acid is structurally similar to glutamic acid exhibiting
an affinity for neuroexcitatory N-methyl-D-aspartate (NMDA)
glutamate receptors. Ibotenic acid is decarboxylated to musci-
mol, which is structurally similar to gamma amino butyric acid
(GABA). Muscimol exerts increased activity at the GABAA

receptors causing central nervous system (CNS) depression.
Minute amounts of muscarine present in these mushrooms do
not contribute to toxicity.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00756-9
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Acute and Short-Term Toxicity

Animal

Amanita muscaria was traditionally believed to be both attrac-
tive to and harmful for common houseflies; however, its
insecticidal properties have been disproved. Animal models
have demonstrated clinical effects similar to human exposure.
Ingestion of a single A. pantherina in a small puppy may be
fatal. A psychoactive dose of muscimol is reported to be
between 8 and 15 mg. As little as a gram of dried A. muscaria
may contain this amount of muscimol; however, the potency
varies greatly among mushrooms. The LD50 of muscimol is
3.8 mg kg�1 subcutaneously and 2.5 mg kg�1 intraperitoneally
and the LD50 in rats is 4.5 mg kg�1 orally.
Human

The severity of symptoms can vary from mild nausea to
complete obtundation. Some have described the delirium as
a state of intoxicating bliss. CNS symptoms can wax and wane
and may include confusion, dizziness, dysphoria, visual
hallucinations, agitation, ataxia, fasciculations, seizures, and
coma. Initial variable symptoms often give way to drowsiness
and sleep. Amnesia to events may persist during recovery. There
are no confirmed cases of human death.
Clinical Management

Most cases of A. muscaria ingestion can be managed with
supportive care only. The role of gastric decontamination is
unknown. A low stimulus care environment may reduce
agitation. Symptomatic patients may require antiemetics,
intravenous fluids, and small aliquots of benzodiazepines.
Rapid acting parenteral benzodiazepines are first-line therapy
to manage seizures. Airway support is unlikely to be needed
except in extreme intoxication. Atropine (antimuscarinic) and
physostigmine (cholinergic) have no role in treatment.
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l Chemical Names: Gyromitrin (acetaldehyde methyl formyl
hydrazone) has been isolated in small quantities (0.1–
0.2%) from species of Gyromitra primarily from esculenta
but also from Gyromitra fastigiata, Gyromitra infula, Gyromitra
gigas complex, and Gyromitra ambigua. Closely related
genera such as Verpa, Helvella, Paxina, and Sarcosphaera may
also contain smaller amounts of gyromitrin.

l Synonyms: Gyromitra (gr. spiral headband); Gyromitra escu-
lenta (l. edible): False Morel, Beefsteak mushroom, Elephant
ears, Brain mushroom

l Chemical Structure:
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Gyromitrin

Gyromitrin is a hydrazone that is rapidly broken down upon
heating or in acid media such as stomach acid to N, N methyl
formyl hydrazine (MFH) with release of acetaldehyde. A slower
hydroxylation results in the formation of mono-
methylhydrazine (MMH), the principle toxic agent. Longer
chain N, N methyl formyl hydrazones (pentanal, hexanal, 3
methyl butanal) are also present that may contribute to MMH
formation. The lethal dose of gyromitrin has been estimated to
be 10–50 mg kg�1. Agaritine is an aromatic hydrazine found in
Agaricus species that is not thought to be hydrolyzed to MMH.
Background

MMH-generating mushrooms include the G. esculenta, G. fas-
tigiata, G. infula, and the G. gigas complex and G. ambigua.
Gyromitra esculenta is known as the ‘false morel.’ These mush-
rooms contain hydrazines, hydrazones, and hydrazides
including gyromitrin. Gyromitrin is a hydrazone that is rapidly
broken down upon heating or in stomach acid to MFH with
release of acetaldehyde. Gyromitra species are orange-brown in
color and have no gills. They are typically found growing
directly on rotten wood or on the ground nearby. Their
‘brainlike’ caps may cause them to be mistaken for certain types
of morels. Gyromitras are often called ‘false-morels’ in fact.
Most poisonings from Gyromitra species occur in the spring or
early summer.
Uses

Gyromitra esculenta is regarded as an edible by some foragers
in the western United States. Documented cases of toxicity
however question this assertion. Confounding factors
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regarding their toxicity may include cooking methods such as
parboiling, variable host toxin sensitivity, and a wide range of
gyromitrin content within collected specimen. Misidentifica-
tion of brown nongilled, spring growth mushroommay lead to
Gyromitra ingestion. Only the true pitted Morchella are thought
to be a safe edible.
Exposure Routes and Pathways

Intentional oral ingestion by foragers is the most likely expo-
sure route resulting in toxicity. Accidental ingestion of small
amounts is unlikely to produce significant symptoms. A
paucity of cases in the United States is reported compared with
other parts of the world possibly related to smaller amount of
gyromitrin present in American specimen. A theoretical addi-
tional exposure pathway is via inhalation of volatile MMH
fumes (boiling point 87.5 �C) off gassing during the cooking
process however no modern cases can be identified. Lesser
amounts of toxin are present when mushroom are dried or
eaten after parboiling (liquid decanted).
Toxicokinetics

Gyromitrin is a hydrazone that is rapidly broken down upon
heating or in stomach acid to MFH with release of acetalde-
hyde. A slower hydroxylation results in the formation of
MMH, the principle toxic agent. Longer chain N, N methyl
formyl hydrazones (pentanal, hexanal, 3 methyl butanal) are
also present that may contribute to MMH formation. The lethal
dose of gyromitrin has been estimated to be 10–50 mg kg�1.
Agaritine is an aromatic hydrazine found in Agaricus species
that is not thought to be hydrolyzed to MMH.

Initial gastrointestinal symptoms typically develop within
5–10 h. The onset, severity, and duration of gastrointestinal
symptoms are related to the amount of toxin consumed.
Accompanying minor neurological complaints are common
including headache, dizziness, and lethargy. A vast majority of
exposures resolve within 1–2 days.

A small minority of patients develop liver dysfunction, renal
failure, and seizures over the course of several days following
ingestion. Severe cases may result in death in up to 5–15%
without effective intensive care.
Mechanism of Toxicity

Some hydrazones, hydrazines, and hydrazides are known to
be hepatotoxic causing hepatic necrosis via unclear mecha-
nisms that may progress to acute liver failure. Variable sensi-
tivity to the hepatic effects is thought to be related to the
efficiency of liver acetyl transferase enzymes. Hydrazines exert
oxidant stress on hemoglobin resulting in methemoglobi-
nemia, intravascular hemolysis, and subsequent potential renal
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00757-0
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tubular injury. Hydrazines inhibit the vitamin cofactor pyri-
doxal (vitamin B6) phosphate, which is responsible for the
conversion of glutamate to gamma amino butyric acid (GABA).
Generalized seizures intractable to benzodiazepines (GABA-
dependent chloride channel openers) have responded to high
dose (70 mg kg�1) pyridoxine.
Acute Toxicity

Animal

Animal species have variable sensitivities to the hepatic, renal,
and neurological effects of hydrazines. Hypoglycemia inde-
pendent of hepatic dysfunction has been observed. Hemolysis
and hemoglobinuria have been demonstrated in some
animals. Carcinogenicity has been described in animals with
chronic exposure; however, hydrazines are felt to be unclassi-
fiable human carcinogens.
Human

A vast majority of symptomatic cases result in minor
gastrointestinal symptoms alone. The onset of nausea,
vomiting, diarrhea, and abdominal discomfort begins typi-
cally 5–10 h following ingestion. Patients may develop
typical signs and symptoms of dehydration. Those patients
that suffer hepatic injury may experience general malaise,
jaundice, and other typical features of liver dysfunction.
Intravascular hemolysis may result in gross hematuria. Renal
injury may progress to peripheral edema and oliguria. Signs
of neurological abnormalities include delirium, muscle
fasciculations, ataxia, convulsions, and coma. Respiratory
arrest and circulatory collapse have been described as
preterminal events.
Clinical Management

Recognized ingestions of large amounts of misidentified
Gyromitra may be managed early with cautious oral decon-
tamination using activated charcoal 1 g kg�1 during the initial
asymptomatic period. Gastrointestinal symptoms may be
treated with antiemetics and intravenous fluid replacement
therapy to maintain adequate urine output. Rarely will
hemolysis require transfusion. Intravenous administration of
methylene blue 1% solution is unnecessary unless the methe-
moglobinemia is severe. The addition of bicarbonate to the
intravenous fluids is of unknown clinical importance. The role
for hepatoprotective agents such as n-acetylcysteine is unclear.
Neurological signs and symptoms are managed with standard
supportive care including airway protection and anticonvul-
sants as needed in a standard titrated dosing regimen. High
dose parenteral pyridoxine 25–70 mg kg�1 up to 5 g per dose
may be considered for recalcitrant seizures. Folinic acid
supplementation has been suggested to combat peripheral
neuropathy, though this is of likely importance only in chronic
exposures.
See also: MMH; Folic Acid; Hymenoptera; Rocket Fuel.
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l Name: Mushrooms, Muscarine
l Chemical Abstracts Service Registry Number: Muscarine

300-54-9
l Synonyms: Mushrooms, Cholinergic
l Molecular Formula: Muscarine C9H20NO2

þ

l Chemical Structure:

Background

Mushrooms that contain muscarine are commonly found
throughout the United States, Europe, and Asia. Muscarine is
present in high concentrations up to 1.6% by weight in many
species of Clitocybe (funnel caps, blewits) and Inocybe (fiber
caps). Other mushrooms that contain significant amounts of
muscarine include several Omphalotus, red-spored Boletus,
Mycena pura, and Entoloma rhodopolium. Species that contain
higher amounts of muscarine include but are not limited to:
Clitocybe cerrusata, Clitocybe dealbata, Clitocybe dilatata, Clitocybe
rivulosa, Inocybe calamistrata, Inocybe fastigiata, Inocybe geophylla,
Inocybe patouillardi, Inocybe pudica, Inocybe purica, Inocybe sororia,
Boletus calopus, Boletus luridus, Boletus pulcherrimus, and Boletus
satanas. Many mushrooms contain insignificant amounts of
muscarine including Russula, Lactarius, Hygrocybe, and Amanita
muscaria (0.0003% by weight).
Uses

Muscarine-containing mushrooms are considered poisonous
and are most often encountered clinically as accidental inges-
tions due to misidentification. Several rare species of Inocybe
contain psilocybin, a hallucinogen. Mistaken intentional
consumption may therefore occur related to attempted hallu-
cinogen (psilocybin) seeking. Repeated abuse has not been
reported. Muscarine has no clinical uses but is used as
a cholinergic agent in research for its selective effect on tissues
innervated by postganglionic cholinergic nerves.
Exposure Route

Oral ingestion is the only route of exposure reported.
Toxicokinetics

Muscarine is poorly absorbed from the gastrointestinal tract.
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Mechanism of Toxicity

Muscarine bindsmuscarinic-type acetylcholine receptors (M1–5)
of the parasympathetic autonomic nervous system while
nicotinic-type receptors are unaffected.Muscarine is a quaternary
amine that does not pass the blood–brain barrier, so there is
no central nervous system toxicity.Muscarine is resistant to rapid
degradation by acetylcholesterase.Muscarine is not destroyed by
cooking.
Acute and Short-Term Toxicity

Animal

Dogs may be more susceptible to symptomatic poisoning than
humans due to their indiscriminate eating habits and relatively
small body weight.
Human

Symptoms typically occur early within 15–120 min following
ingestion. The effects may continue for hours up to a day.
Patients may complain of eye pain, blurry vision, cough,
difficulty breathing, abdominal cramping, and light-
headedness. Muscarinic signs (DUMBBELS) include diarrhea,
diaphoresis, urination, miosis, bronchorrhea, bradycardia,
bronchoconstriction, emesis, lacrimation, and salivation.
Exacerbation of reactive airway disease has been reported.
Rare complications include seizure, respiratory failure, circu-
latory shock, and death. These may be more common in
larger ingestions, age extremes, and with underlying medical
comorbidities.
Clinical Management

There are no rapid diagnostic assays for muscarine detection.
The prognosis for muscarine poisoning is excellent. Manage-
ment should be based upon clinical observations. There is no
clear role for gastrointestinal decontamination. Supportive care
should include administration of intravenous (IV) fluids to
replace losses. Atropine is a muscarinic antagonist that can
reverse cholinergic symptoms in a dose-dependent manner.
Atropine may be administered 0.02 mg kg�1 IV doses in chil-
dren every 5 min (adults 1–2 mg) titrated for reduction of
respiratory secretions. Titrating to pupillary response will lead
to excessive dosing.
o

See also: Plants, Poisonous (Humans); Carbamate Pesticides;
Cholinesterase Inhibition; Organophosphorus Compounds;
Plants, Poisonous (Animals); Nerve Agents; Ginger Jake.
xicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00758-2

http://dx.doi.org/10.1016/B978-0-12-386454-3.00758-2


Mushrooms, Muscarine 417
Further Reading

Benjamin, D.R., 1995. Chapter 18. Muscarinic poisoning. Mushrooms, Poisons and
Panaceas. W.H. Freeman and Co, New York, ISBN 0-7167-2600-9.

Berger, K.J., Guss, D.A., 2005.Mycotoxins revisited: Part II. J. Emerg.Med. 28 (2), 175–183.
Chew, K.S., Ahmad, M.Z., Kamauzaman, T.H., et al., 2008. Early onset muscarinic

manifestations after wild mushroom ingestion. Int. J. Emerg. Med. 1, 205–208.
Cope, R.B., 2007. Mushroom poisoning in dogs. Vet. Med. 2, 95–100.
French, A.L., Garrettson, L.K., 1988. Poisoning with the North American Jack O’

Lantern mushroom. Clin. Toxicol. 26 (1&2), 81–88.
Lee, S., Nam, S.J., Choi, R., et al., 2009. Mushroom poisoning by Inocybe fastigiata in

a maltese dog. J. Anim. Vet. Adv. 8 (4), 708–710.
Lurie, Y., Wasser, S.P., Taha, M., et al., 2009. Mushroom poisoning from species of genus

Inocybe: a case series with exact species identification. Clin. Toxicol. 47 (6), 562–565.
Pauli, J.L., Foot, C.L., 2005. Fatal muscarinic syndrome after eating wild mushrooms.
Med. J. Aust. 182, 294–295.

Puschner, B., Wegenast, C., 2012. Mushroom poisoning cases in dogs and cats. Vet.
Clin. North Am. Small Anim. Pract. 42, 375–387.
Relevant Websites

http://emedicine.medscape.com/article/167398-overview – Medscape: Mushroom
Toxicity.

http://academic.evergreen.edu/projects/mushrooms/phm/s39.htm – Poisonous and
Hallucinogenic Mushrooms.

http://www.rogersmushrooms.com – RogersMushrooms.
http://botit.botany.wisc.edu/toms_fungi – Tom Volk’s Fungi.

http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.00758-2/ref0050
http://emedicine.medscape.com/article/167398-overview
http://academic.evergreen.edu/projects/mushrooms/phm/s39.htm
http://www.rogersmushrooms.com
http://botit.botany.wisc.edu/toms_fungi


Mushroom, Psilocybin
T Peredy, Florida Poison Information Center (FPIC) - Tampa, Tampa General Hospital, Tampa, FL, USA
H Bradford, Tufts University School of Medicine, Boston, MA, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Anthony S. Manoguerra, volume 3, pp 173–174, � 2005, Elsevier Inc.
l Name: Mushroom, Psilocybin
l Chemical Abstracts Service Registry Number: 520-52-5
l Synonyms: Blue foot, Hallucinogenic mushroom, Laughing

gym, Liberty cap, Magic mushroom, Mower’s mushroom,
Teonanacatl, Dung Mushroom

l Molecular Formula: C12H17N2O4P
l Chemical Structure: Psilocybin

Background

The intentional ingestion of hallucinogenic mushrooms by
Mesoamerican natives dates back centuries. Early European
explorers documented the Mayan and Aztec symbolism
depicting the use of mushroom during spiritual ceremonies.
Albert Hofmann first synthesized lysergic acid diethylamide
(LSD) from psilocybin extracted from mushrooms. During the
1960s and 1970s, researchers conducted experiments on the
utility of psilocybin for psychotherapy before drug laws curbed
its use. Psilocybin is described as an entheogen, a substance
used to raise spiritual consciousness. Today most countries
have outlawed psilocybin possession; however, widespread
illicit use continues.
Uses

The most common use of this mushroom is to induce recrea-
tional hallucinations. Some Native American groups continue
to employ psilocybin-containing mushroom species in official
ceremonies. The adjunctive use of psilocybin for mainstream
psychotherapy has been discontinued. Hallucinogenic mush-
rooms are generally considered a low-harm drug of abuse.
Exposure Routes and Pathways

Oral ingestion is the only common route of exposure. The
mushrooms are ingested shortly after local harvesting or are
dried (commonly purchased as desiccated). Mushrooms may be
brewed in hot tea or added to food. An ethanolic distillate has
been described. There are conflicting reports on the abuse
potential of smoking psilocybin-containing mushroom as the
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active ingredients may be denatured upon pyrolysis. The highest
concentrations of hallucinogens (up to 1.15% of psilocybin and
0.90% psilocin) are found in Psilocybe cyanescens.
Toxicokinetics

The psilocybin content of most dried mushroom species ranges
from 0 to 2%. Alterations in perception are caused by 3–6 mg
of psilocybin (20–30 g of fresh or 3–8 dried mushroom)
beginning 20–60 min after ingestion and lasting 3–6 h. The
intensity of the response is dose and host dependent with less
experienced users exhibiting more unpleasant events (one-
third of users). There are case reports of recurrent and pro-
longed hallucinations.
Mechanism of Action

Psilocybin is dephosphorylated to its active metabolite psilocin
(4-hydroxy-N,N-dimethyltryptamine), which can cross the
blood–brain barrier. Like serotonin, psilocin has a tryptamine
structure demonstrating affinity for certain central nervous
system serotonin receptors. Altered perception, changes in
mood, hallucinations, and distortion of time are due to inhi-
bition of firing of serotonin-dependent neurons. The effects of
hallucinogens are highly variable. Dose is the most significant
predictor of psilocybin response but other non-
pharmacological variables such as personality; mood; psycho-
pathology; drug use; and previous experience with
hallucinogens, demography, and environment contribute to
response to psilocybin. There is relatively little dopamine
agonism compared with other hallucinogens such as LSD.
Psilocin may exert sympathomimetic (hyperkinetic, dilated
pupils, rapid heart rate) and anticholinergic (agitation, dry
mouth, urinary retention) in some recreational users.
Acute Toxicity

Animal

Livestock and domesticated pets have been reported to
consume of hallucinogenic mushrooms. Significant alterations
in behavior have been observed. Risk of injury to the animal
and their owners may be increased until effects wane. The
median lethal intravenous dose of psilocybin in rabbits
(12.5 mg kg�1) is lower than in rodents (w280 mg kg�1).
Human

In the United States, there were 478 exposures reported to US
poison centers in 2010 with no reported deaths. The large
majority of these exposures were for intentional abuse. The
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00759-4
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most common findings were mydriasis, tachycardia, nausea,
and vomiting. Complications from exposure include exacer-
bation of underlying medical conditions such as seizures,
rhabdomyolysis, dysrhythmias, and traumatic self-injury.
There are no reports of adverse physical effects from chronic
use. However, long-term effects such as flashbacks, risk of
psychiatric illness, impaired memory, and tolerance have been
described in case reports. The effects of psilocybin, which
appear within 20 min of ingestion, last approximately 6 h.
Hallucinations occur in less than half of people who ingest
psilocybin-containing mushrooms.
Clinical Management

There are no reliable field methods (blue staining) to identify
mushrooms that contain psilocybin; therefore, misidentifi-
cation resulting in ingestion of a poisonous mushroom must
be considered. Rapid turnaround time routine drugs of abuse
urine screens do not detect psilocybin or psilocin. Testing for
hallucinogens via liquid chromatography/time of flight mass
spectroscopy in a variety of biological matrices can be done in
a special circumstances. Oral decontamination is not indi-
cated. Patients who take serotonin reuptake inhibitors may be
more likely to experience central serotonin syndrome after
psilocybin mushroom ingestion. Treatment is symptomatic
and supportive utilizing a low-stimulation environment.
Sedation and seizure management may be provided using
benzodiazepines titrated to effect. Generally, drugs with
anticholinergic properties including some antipsychotics
should be considered second-line behavioral control agents
in patient refractory to adequate benzodiazepine
administration. Psychological dependency may respond to
addiction psychotherapy; however, no significant physical
withdrawal occurs with abstinence. Regional poison centers
and drug treatment facilities may be consulted to identify
local usage trends and follow-up resources.
See also: Plants, Poisonous (Humans); Plants, Poisonous
(Animals).
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l Name: Myclobutanil
l Chemical Abstracts Service Registry Number: 88671-89-0
l Synonyms: 2-(4-chlorophenyl)-2-(1H-1,2,4-triazol-1-ylmethyl)

hexanenitrile;2-p-chlorophenyl-2-(1H-1,2,4-triazol-1-ylmethyl)
hexanenitrile; alpha-Butyl-alpha-(4-chlorophenyl)-1H-1,2,4-tri-
azole-1-propanenitrile; Nova; Rally; Systhane;

l Molecular Formula: C15H17ClN4

l Structure:

Background

Myclobutanil is a broad-spectrum systemic foliar-applied
fungicide of the substituted triazole chemical class of
compounds, with protective, eradicative, and curative action. It
disrupts membrane function in fungi by inhibition of sterol
biosynthesis.

It is produced by the alkylation of 4-chlorophenylacetoni-
trile with butyl chloride, followed by treatment with dibro-
momethane and sodium hydroxide in dimethyl sulfoxide. The
resulting intermediate is then reacted with the potassium salt of
1,2,4-triazole in dimethyl formamide.

Commercially, myclobutanil is presented as different
formulations or preparations with concentrations up to 60%
active ingredient (a.i.). It is formulated as a wettable powder
(2–40% a.i.) or as an emulsifiable concentrate (1–25% a.i.),
granular (<1% a.i.), dust (5% a.i.), dry flowable (60% a.i.), and
ready to use (<1% a.i.) solutions to be used in agriculture or in
domestic activities by homeowners.

It is also used at lower concentrations in combination
with other agrochemicals such as pyretroids (permethrin),
fludioxonil, mefenoxam, azoxistrobin, mancozeb, sulfur, or
fluoxastrobin.
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Uses

As a broad-spectrum triazole fungicide, it is used for control of
ascomycetes, fungi imperfecti, and basidiomycetes on a wide
variety of crops. It is used as a foliar treatment for control of
scab and powdery mildew in apples and pears; powdery
mildew, shot-hole, blossom blight, and rust in stone fruit;
powdery mildew in vines and cucurbits; powdery mildew and
rusts on ornamentals; rusts on perennial grasses grown for seed,
and various diseases of wheat; as a seed treatment for control of
seed- and soil-borne diseases in barley, maize, cotton, rice, and
wheat; and as a postharvest drench or dip.

It is also used as a food additive and wood preservative.
Environmental Fate and Behavior

Relevant physicochemical properties are estimated Koc value
of 950, log Kow of 2.94, estimated Henry’s law constant of
4.3� 10�9 atmm3mol�1 at 25 �C, vapor pressure of 1.6� 10�6

mmHg, and water solubility of 140mg l�1.
In soil under aerobic conditions, myclobutanil exhibits high

to very high persistence, and medium to low mobility, forming
the minor soil metabolite myclobutanil butyric acid which
exhibits low to moderate persistence and very high mobility in
soil. Both adsorptions are affected significantly by differing soil
pH. Volatilization frommoist soil surfaces is not expected to be
an important fate process. The biodegradation half-life of
myclobutanil in silt loam soil is about 66 days. No degradation
was observed under anaerobic conditions.

In aquatic environments, it is expected to adsorb to sus-
pended solids and sediment. Volatilization from water surfaces
is not expected. In dark natural sediment water systems,
myclobutanil partitioned from the water column to sediment,
where it exhibited very high persistence. Aqueous solutions of
myclobutanil decompose on exposure to light with half-lives of
222 days in sterile water, 0.8 days in sensitized sterile water,
and 25 days in pond water. Hydrolysis was not observed after
28 days at pH values of 5, 7, and 9 at 28 �C.

An estimated bioconcentration factor of 37 suggests the
potential for bioconcentration in aquatic organisms is mod-
erate, provided the compound is not metabolized by the
organism.

In the ambient atmosphere, it is expected to exist in both
the vapor and particulate phases. Vapor-phase myclobutanil is
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01195-7
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degraded by reaction with photochemically produced hydroxyl
radicals; the half-life for this reaction in air is estimated to be
2.3 days. Particulate-phase myclobutanil may be removed from
the air by wet or dry deposition.
Exposure and Exposure Monitoring

Production of myclobutanil may result in its release to the
environment through various waste streams; its use as
a systemic fungicide on a wide variety of crops will result in its
direct release to the environment.

Occupational exposure to myclobutanil may occur through
inhalation of mists or aerosols and dermal contact at work-
places where it is produced or used. Monitoring data indicate
that the general population may be exposed via ingestion of
food containing this fungicide.
Toxicokinetics

Myclobutanil is rapidly absorbed when administered orally
and completely eliminated by 96 h. The principal routes of
excretion are via the urine and feces, with no significant
residual tissue accumulation.

It is extensively metabolized to more polar compounds
prior to excretion. At least seven major metabolites were
recovered and identified, and the highest concentrations were
found in liver, kidneys, and large and small intestines. Myclo-
butanil is metabolized (oxidated) at the n-butyl side-chain,
cytochrome P450 (CYP)2C and CYP3A being the most active
enzymes. 1,2,4-Triazole (1,2,4-T), triazole alanine (TA), and
triazole acetic acid (TAA) are common metabolites to the class
of compounds known as triazoles. 1,2,4-T is rapidly conjugated
with serine to form TA. The TA can then be oxidized to form
TAA. The extent to which 1,2,4-T, TA, and/or TAA forms is
primarily dependent on the parent triazole-derivative fungi-
cide. Unchanged parent detected in the excreta accounted for
<8% of the administered dose.
Mechanism of Toxicity

Target organ in animal studies is the liver, as exposure to myclo-
butanil resulted in liver hypertrophy or hepatotoxicity mediated
byCYP induction; also reproductivemodificationswere reported.

Triazole fungicides are designed to inhibit the fungal CYP51
enzyme but can also modulate the expression and function of
mammalian CYP genes and enzymes. Triazoles affected the
expression of numerous CYP genes in rat liver and testis,
including multiple CYP2C and CYP3A isoforms as well as other
xenobiotic metabolizing enzyme (XME) and transporter genes.
For some genes, myclobutanil and other triazoles had similar
effects on expression, suggesting possible common mecha-
nisms of action. Many of these CYP, XME, and transporter
genes are regulated by xenobiotic-sensing nuclear receptors,
and hierarchical clustering of CAR/PXR-regulated genes
demonstrated the similarities of toxicogenomic responses in
liver between all triazoles and in testis between myclobutanil
and triadimefon. Triazoles also affected expression of multiple
genes involved in steroid hormone metabolism in the two
tissues.

Conazole fungicides induce a thyroid response in rats.
Myclobutanil produced a dose-dependent decrease in T3 and
T4, related to an induction of uridine diphospho-glucuronosyl
transferase (UDPGT), the T4-metabolizing enzyme, although
thyroid hormone levels did not differ from control values after
90 days and TSH was not increased in any exposure group.
Acute and Short-Term Toxicity

Acute toxicity studies with technical myclobutanil have been
performed in several animal species. Myclobutanil upon oral
administration is only slightly toxic to rodents, with LD50

values higher than 1600mg kg�1 in rats. It is practically
nontoxic by the inhalation and dermal routes. The technical
grade active ingredient has been classified by the World Health
Organization (WHO) as slightly hazardous (Class III).

Overt clinical signs of toxicity reported in an LD50 study in rats
at and above 500mg kg�1 day�1 included diarrhea, salivation,
lacrimation, red-stained muzzle, chromodacryorrhea, chromor-
rhinorrhea, anogenital stains, lethargy, and piloerection.
Chronic Toxicity

The primary target organ of myclobutanil, and other triazoles,
following subchronic or chronic dietary exposure is the liver.
Histomorphological changes in the liver were observed at high
dietary concentrations and include increased weight, cen-
trilobular hepatocytic hypertrophy, swollen-vacuolated cen-
trilobular hepatocytes, single large hepatocyte vacuoles,
periportal punctate vacuolation, centrilobular individual cell
hepatocyte necrosis, centrilobular necrotic hepatitis, and
Kupffer cell pigmentation. Other microscopic treatment-related
changes were increased kidney weights, pigmentation in
convoluted kidney tubules, and slight vacuolar degeneration of
the renal tubular epithelium; in the adrenal glands, vacuoli-
zation of the cortical cells, cytoplasmic eosinophilia, and
hypertrophy of the cells of the zona fasculata were observed.

Additional effects of treatment were related to scant fecal
droppings and fluctuations in hematological and blood
biochemical parameters (increased alkaline phosphatase, GGT,
ASAT, ALAT, triglycerides, cholesterol andBUN; anddecreased T3
and T4). Other changes were increased mixed-function oxidase,
high levels of pentoxyresorufin-O-dealkylase, and increased
hepatic UDPGT activity. In chronic bioassays in rats, myclobu-
tanil was hepatotoxic but had no effect on the thyroid gland.

Related to the liver alterations, an overall subchronic no
observed adverse effect level (NOAEL) of 100 ppm has been
proposed (3.09mg kg�1 day�1).

In long-term studies in rat, the target organ appeared to be the
testes (bilateral testicular atrophy and aspermatogenesis), and the
relevant NOAEL for long-term toxicity was 2.5mg kg�1 day�1.

The rat developmental toxicity study was considered as the
most appropriate to use for setting the acute reference dose
(ARfD) by the European Food Safety Authority (EFSA). An
NOAEL of 31.3mg kg�1 day�1 was established due to embry-
otoxic effects (altered viability index). Based on this NOAEL
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and an assessment factor of 100, the proposed ARfD was
0.31mg kg�1.
Reproductive and Developmental Toxicity

In a two-generation rat study, treatment-related effects on
reproduction were denoted at dietary level of 1000 ppm by
a decreased number of females delivering litters, a decreased
mean number of pups per litter (first mating of second gener-
ation), and an increased number of stillborn pups (all matings
of both generations). This chronic exposure at high dietary
levels induced increases in bilateral aspermatogenesis in the
testes, increases in the incidence of hypospermia and cellular
debris in the epididymides, and increased incidence of arteritis/
periarteritis in the testes. The NOAEL for reproductive effects
was 200 ppm, and at 1000 ppm the reproductive toxicity was
related to a significant increase in the incidence of unilateral
and bilateral testicular and prostate atrophy, reduced preg-
nancy rate associated with liver toxicity, slightly increased
incidence of stillborn fetuses, and retarded growth of pups
during lactation. The seminiferous tubules were frequently
devoid of spermatid formation and germinal epithelial cells. In
several cases, only Sertoli cells remained.

Other findings such as increased anogenital distance (indi-
cating hypervirilization), delayed vaginal opening, and
increased ovarian, testis, and relative ventral prostate weights
were observed in rats exposed via feed to myclobutanil at
2000 ppm. Insemination and fertility were impaired, serum
testosterone was increased, and sperm motility was decreased
by myclobutanil treatment, although no treatment-related
testis histopathology was observed.

These reproductive effects are consistent with the disruption
of testosterone homeostasis as a key event in the mode of
action for triazole-induced reproductive toxicity.

Myclobutanil was not teratogenic when administered to
pregnant rabbits at dose levels of up to 200mg kg�1 at days
7–19 of gestation. Embryofetal toxicity was manifest at
200mg kg�1 day�1 as an increased frequency of abortion and
total litter resorption, an increased incidence of litters with
resorptions, and reduced litter size and fetal weight. In rats, an
increase in the incidence of skeletal variants at 312.6mg kg�1

and above was observed.
Genotoxicity/Mutagenicity

Myclobutanil did not reveal any evidence of genotoxic poten-
tial when investigated in a battery of assays specific for gene
mutation in microbial and mammalian cells. In cytogenetic
studies, no increase in chromosome aberrations has been
reported in Chinese Hamster Ovary (CHO) cell cultures
exposed to myclobutanil, or in mice given concentrations up to
1170mg kg�1, although some animals died with this high
dose, which was approximately the LD10. Myclobutanil did not
induce unscheduled DNA synthesis in isolated rat hepatocytes
and was negative in a DNA repair test with Bacillus subtilis.
A dominant lethal study in rats was also negative. Also, no
increase in reversion rate has been reported in plate incorpo-
ration assay (Ames test) with Salmonella typhimurium strains
TA1535, TA1537, TA98, and TA100 with concentrations up to
7500 mg plate�1.
Carcinogenicity

Myclobutanil is not carcinogenic and is classified by the US
Environmental Protection Agency in the Group E of chemicals
evaluated for carcinogenic potential as “Evidence of non-car-
cinogenicity for humans”. It has not been evaluated by the
International Agency for Research of Cancer.
Other Toxicity (Irritation and Sensitization)

Treatment of the eyes with higher purity technical material
produced both corneal and conjunctival effects suggestive of
moderate to severe irritating potential. Myclobutanil with
a purity of 78.4% was only slightly irritating to the eyes of
rabbits, resulting in reversible conjunctival effects.

Technical myclobutanil applied dermally to shaved backs
was practically nonirritating to the skin of male rabbits.
Clinical Management

Symptomatic and supportive care is the mainstay of therapy.
The basic treatment consists of establishing a patent airway;
watching for signs of respiratory insufficiency, pulmonary
edema, and shock; monitoring cardiac rhythm; and treating if
necessary. For eye contamination, rinse eyes immediately with
water or 0.9% saline.
Ecotoxicology

With respect to terrestrial ecosystems, the oral LD50 of myclobu-
tanil in birds is 510mg kg�1 in bobwhite quail (Colinus virgin-
ianus) and 1635mg kg�1 in gray partridge. When it is
administered in feed, theLC50 ishigher than5000 ppmfor8days.

In fish, the LC50-96 h was 2.4 mg l�1 for bluegill (Lepomis
macrochirus), 4.2mg l�1 for rainbow trout (Oncorhynchus
mykiss), and 4.7mg l�1 for sheepshead minnow (Cyprinodon
variegatus). In other aquatic organisms, the ecotoxicological
values are as follows: LC50-96 h of 0.24mg l�1 in opossum
shrimp (Americamysis bahia); EC50-96 h of 0.68mg l�1 in
American or Virginia oyster (Crassostrea virginica); EC50-5 days
of 0.83mg l�1 in green algae (Pseudokirchneriella subcapitata)
when the effect assayed was population abundance; and EC50-
48 h of 11mg l�1 in water flea (Daphnia magna) when the effect
assayed was intoxication or immobilization.
Exposure Standards and Guidelines

Myclobutanil has been detected in monitoring studies con-
ducted on national and imported food, mainly vegetables, with
residues ranging from <0.01 to <0.5 mg g�1. This created the
need to establish limits in food. Allowable tolerances
(maximum residue levels) have been established for combined
residues of the fungicide myclobutanil and its alcohol
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metabolite (alpha-(3-hydroxybutyl)-alpha-(4-chlorophenyl)-
1 H-1,2,4-triazole-1-propanenitrile (free and bound)), in or on
food commodities.

An acceptable daily intake (ADI) of 0–0.03mg kg�1 was
proposed by the Joint Meeting on Pesticide Residues of the
Food and Agriculture Organization/WHO in 1992 and is still
unchanged.

Theacceptableoperator exposure level of0.03mg kg�1 day�1

was agreed in an EFSA report to be based on the overall NOAEL
(90-day and 1-year in dog) of 3.09mg kg�1 day�1, with a safety
factor of 100.
See also: Food Safety and Toxicology; Pesticides; Triadimefon;
Federal Insecticide, Fungicide, and Rodenticide Act, US;
Amitrole; Propiconazole.
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Relevant Websites
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l Name: Mycotoxins
l Representative Compounds: Aflatoxins (AFB1, AFB2, AFG1,

AFG2, AFM1, and AFM2); Ochratoxin A (OTA); Fumonisins
(FB1, FB2, and FB3); Zearalenone (ZEA); Ergot alkaloids
(EA) (ergometrine, ergotamine, ergosine, ergocristine,
ergocryptine, ergocornine, and the corresponding – inine
epimers); Citrinin (CTN); Patulin (PAT); Trichothecenes
(TCT); Stachybotrys toxin

l Chemical Abstracts Service Registry Numbers: Aflatoxin B1
CAS No.: 1162-65-8; Aflatoxin B2 CAS No.: 7220-81-7;
Aflatoxin G1 CAS No.: 1165-39-5; Aflatoxin G2 CAS No.:
7241-98-7; Aflatoxin M1 CAS No.: 6795-23-9; Ochratoxin A
CAS No. 303-47-9

l Molecular Formulas:C17H12O6 (AflatoxinB1);C20H18ClNO6

(Ochratoxin A)
l Chemical Structures:

Uses

While most mycotoxins do not have beneficial uses, some of
them present pharmacological activities and certain derivatives
have been used as antibiotics, growth promoters, and other
classes of drugs. Ergotamine and ergometrine salts have ther-
apeutic uses. For example, ergometrine has been used to induce
uterine contractions and in the treatment of migraine. Some
mycotoxins such as trichothecene (TCT) are potential threats
because they can be used as chemical warfare agents.
Background Information

Mycotoxins are secondary metabolites of mycotoxigenic
fungi like Aspergillus, Alternaria, Claviceps, Fusarium, Penicillium,
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and Stachybotrys. Mycotoxins represent a very diverse group
(300–400 different mycotoxins have been recognized) that
differ from each other structurally and in their toxicity. Most are
not of significant concern in terms of human health, although
aflatoxin B1 (AFB1) is well known for its great public health
impact. When ingested by animals or humans, mycotoxins
cause a toxic response known as mycotoxicosis. Nephropathy,
various types of cancer, alimentary toxic aleukia, hepatic
diseases, various hemorrhagic syndromes, and immune and
neurological disorders are the most common diseases that can
be related to mycotoxicosis.

Mycotoxins are often detected in damp environments, and
they occur most often in a wide range of moldy foods, found all
over the world. Mycotoxins are generally produced during the
growth or storage of vegetable commodities (e.g., cereal grains,
nuts, corn, coffee, wine, beer and grape juice, sorghum, rice,
dried beans, apples, pulses, cacao products, spices, and some
animal-derived products).

Mycotoxins seldom develop alone; usually a number of
types and/or classes form in the same substrate. For example,
fumonisins (FUM) commonly occur with other fusarium
toxins, such as zearalenone (ZEA) and deoxynivalenol. Never-
theless, maximum acceptable levels have only been regulated
for a handful of mycotoxins, in a relatively small number of
food situations.

In the Middle Ages, the consumption of grains, flour, or
bread contaminated by ergot alkaloids (EA) caused the
condition known as St Anthony’s fire or ‘ergotism.’ Since then,
several interventions to reduce and prevent mycotoxin toxicity
have been developed. Good agricultural practices followed by
good manufacturing practices during the handling, storage,
processing, and distribution of cereals for human food and
animal feed represent the primary line of defense against
contamination of cereals with mycotoxins.
Exposure Routes and Pathways

Human exposure to mycotoxins occurs mostly through diet but
can also occur by dermal contact and inhalation. The main
route of exposure for animals and humans is the intake of
contaminated agricultural products or residues due to carryover
or metabolite products in foods of animal origin, such as milk
and eggs.

Dermal exposure data for mycotoxins are very scarce and
fragmentary, despite their widespread skin contact and hazard
toxicity.
Toxicokinetics

AFB1 is absorbed into the blood, excreted mainly through bile,
and can cross the placenta. In urine, AFB1 is excreted as aflatoxin
M1. The liver is the primary site of metabolism, with P450 CYP
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00519-4
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3A4 and 1A2 being primarily involved in the activation to highly
reactive species. Half-lives in humans are short (8 h or less).

Ochratoxin A (OTA) is absorbed predominantly from the
small intestine in its lipid-soluble, nonionized form. Oral
bioavailability in experimental animals is between 40 and
60%. To plasma proteins 99.9% of the circulating OTA is
bound. OTA is poorly metabolized and slowly excreted with
a plasma half-life of 230 h. Elimination occurs in the form of
the parent compound and as OTA following hydrolysis of the
peptide bond, presumably by carboxypeptidases produced by
the intestinal microflora.

FUM are poorly absorbed and the oral bioavailability
remains generally below 5% for FB1, and seems to be even
lower for FB2. The absorbed fractions are rapidly distributed
and eliminated. FB1 is glucuronidated and excreted with bile
fluid (approximately 1.4% of the dose), which may result in
enterohepatic recirculation and a delayed elimination.

ZEA is extensively absorbed and metabolized by three major
routes. Reduction results in formation of a-zearalenol, which is
more estrogenic, and b-zearalenol, which is less estrogenic than
ZEA. Efficient glucuronidation of ZEA in the small intestine and
liver significantly reduces the amounts of unconjugated (i.e.,
receptor-active) parent compound that reaches the circulation.
Cytochrome P450-mediated oxidation produces catechol
metabolites that are subject to redox cycling to reactive quinones.

EA are absorbed from the gastrointestinal tract and sub-
jected to oxidative biotransformation, primarily by cytochrome
P450 3A4. Some EAs (e.g., ergometrine) can subsequently be
conjugated with glucuronic acid.
Mechanism of Toxicity

Mycotoxin-related mechanisms of toxicity are still not
completely understood. AFB1 is transformed in the liver into
a highly reactive epoxide that forms covalent bonds with DNA,
RNA, and proteins. Toxicity and carcinogenicity are attributed to
interaction with nucleic acid and proteins resulting in the inhi-
bition of nucleic acid synthesis. OTA shows complex mecha-
nisms of action, similar to that of aflatoxins, including evocation
of oxidative stress, bioenergetic compromise, inhibition of
protein synthesis, production of DNA single-strand breaks, and
formation of OTA-DNA adducts. Evidence for DNA adduction
by OTA has strengthened the argument for involvement of direct
genotoxicity in OTA-mediated renal carcinogenesis.

FUM toxicity is thought to result from blockage of sphin-
golipid biosynthesis. ZEA interferes with blood coagulation
and iron storage processes. The inflammatory pathway and
blood rheology may involve in citrinin (CTN)-induced renal
impairment. Patulin (PAT) has a strong affinity for sulfhydryl
groups and PAT adducts formed with cysteine are less toxic
than the unmodified compound in acute toxicity, teratoge-
nicity, and mutagenicity studies. This affinity for SH-groups
explains its inhibition of many enzymes.
Acute and Short-Term Toxicity (or Exposure)

Animal

The oral LD50 of AFB1 is 9 mg kg�1 in mice, 4.8 mg kg�1 in rats,
and 10 mg kg�1 in hamsters. Acute exposures to AFB1 have
been shown to cause liver damage in rodents. Dermal effects
are apparent at 2–12mg kg�1. The LD50 (oral) of AFB1 in a day-
old duckling was 18.2 mg kg�1 bw. OTA is a potent renal
carcinogen in rodents and its toxicity has been intensively
studied. The kidney is the main target of OTA toxicity in all
animal species tested. Dogs and pigs (LD50 0.2 and 1 mg kg�1

bw, respectively) have been shown to bemore sensitive to acute
toxicity of OTA than rats (LD50 20–30 mg kg�1 bw) and mice
(LD50 46–58 mg kg�1 bw).

FUMB1 is carcinogenic in rodents, but it is devoid of signifi-
cant genotoxic activity. Equidae and porcine species are consid-
ered to be the most sensitive animal species to FUM, developing
species-specific clinical syndromes such as equine leukoence-
phalomalacia (ELEM) and porcine pulmonary edema (PPE).
Ruminants and poultry show a low responsiveness to FUM.

While ZEA is a mycoestrogen, CTN and PAT show organo-
toxicity in mature animals and cause profound nephrotoxicity
in histological structure and biological function of zebrafish
embryos.

Human

Acute aflatoxicosis (caused by extremely high doses of afla-
toxin) is characterized by hemorrhage, acute liver damage,
edema, and death. AFB1 is the most potent hepatocarcinogenic
substance known. Since 2004, 477 aflatoxin poisonings asso-
ciated with eating contaminated maize have been documented
in Eastern Kenya, with a case-fatality rate of 40%.
Chronic Toxicity (or Exposure)

Animal

AFB1 is carcinogenic to a wide variety of animal species; rats are
particularly sensitive to this effect. Chronic low dose (0–
1.5 mg kg�1 day�1) dietary exposure of rainbow trout to
AFB1 resulted in liver cancer. It is also mutagenic and terato-
genic in rodents. Death usually occurs from hepatoxicity. Afla-
toxins were discovered in toxic peanut meal causing turkey ‘X’
disease, which killed large numbers of turkey poults, ducklings,
and chicks in the UK in the early 1960s. Effects of aflatoxin on
growth impairment in animals have also been studied.

Animal studies with OTA demonstrated nephrotoxicity,
teratogenicity, carcinogenicity, and immunosuppression;
however, species and gender-related differences in sensitivity
have been noted. FUM has been shown to cause leucoence-
phalomalacia in horses, pulmonary edema in swine and hep-
atoxicity in rats.

ZEA is significantly toxic to the reproductive system of
animals due to its estrogenous action. Exposure to EA by live-
stock (pigs and poultry) and domestic animals (as a result of
consuming rations containing cereal grains and cereal by-
products) has been associated with health impairing effects.

Only a few studies have examined the toxicity of CTN in
target animal species, focusing on the adverse effects of CTN in
pigs, rabbits, poultry, and dogs.
Human

The International Agency for Research on Cancer classified AFB1
as a group 1 human carcinogen in 1993, based on sufficient
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evidence in humans and experimental animals and it is now
considered to be the most potent natural carcinogen. Low
exposures to AFB1 have been linked to liver damage and liver
cancer, especially in individuals who have been exposed to
hepatitis B. AFB1 and hepatitis B appear to be synergistic in the
induction of liver cancer. This mycotoxin has also been linked to
cancers in other organs, particularly the lungs, and it has been
recently proven that AFB1 is also genotoxic. Effects of aflatoxin
on growth impairment in children have also been studied.

No report of a direct association between OTA and human
cancer is available and no data were available on the genetic
and related effects of OTA in humans. OTA is a nephrotoxic and
nephrocarcinogenic compound. Although the epidemiological
data are insufficient to establish a causal link, for many years,
dietary human exposure to OTA has been suspected to be
involved in Balkan endemic nephropathy, a progressive tubu-
lointerstitial kidney disease associated with an increased risk
for the development of urothelial cancers.

Apart from being immunosuppressive, common toxic
effects of TCT include gastrointestinal effects, anemia, leuko-
penia, skin irritation, feed refusal, and abortion.

For CTN, a level of no concern for nephrotoxicity of
0.2 mg kg�1 bw per day was determined but based on the avail-
able data, a concern for genotoxicity and carcinogenicity could
not be excluded at the level of no concern for nephrotoxicity.
Clinical Management

Themain approach to reduce human exposure to mycotoxins is
to keep mycotoxin levels as low as reasonably achievable,
based on best practices for agricultural storage and processing.

Many strategies have been developed to reduce aflatoxin or
its toxicity. Aflatoxin risk-reduction strategies include prehar-
vest (field), postharvest (drying, storage, transportation, etc.)
conditions, dietary and clinical settings.

Reducing exposure, and especially dietary exposure, is the
first line of defense. For oral ingestion, it is recommended to
rinse the mouth and use water for dilution if the patient can
swallow. It is not recommended to use emetics. Patients
exposed to high doses of aflatoxin should be watched for signs
of pulmonary insufficiency and provided ventilation if needed,
and monitored for shock (and treated if necessary). For eye
contamination, it is recommended to flush the eyes immedi-
ately with water and then irrigate with saline.
Ecotoxicology

The persistence of mycotoxins and their metabolites in agri-
cultural products is a major safety concern because of their high
resistance to all kinds of decontamination techniques. Despite
its hydrophobic character, ZEA is also found in surface and
groundwaters, which suggests an environmental risk for
aquatic animals.
Additional Information

The best way to reduce the mycotoxin content in food and feed
is the prevention of mycotoxin formation in the field, but this is
often not sufficient, so other methods are needed. To decon-
taminate and/or detoxify mycotoxin-contaminated food and
feed, the most prevalent approach in the feed industry is the
inclusion of sorbent materials in the feed. Another reliable
approach is to add enzymes or microorganisms capable of
detoxifying some mycotoxins. Pulsed light technology is now
also being used for the degradation of mycotoxins.

Methods of sampling and analysis for the official control of
mycotoxins must be updated and regulated. Maximum levels
in food and feed should be set for more mycotoxins.
Exposure Standards and Guidelines

European Food Safety Authority (EFSA)’s panel on contami-
nants in the food chain (CONTAM) has set maximum levels of
mycotoxins (such as OTA, deoxynivalenol, or ZEA) in food and
feed, as well as tolerable daily intakes (TDI) for various
mycotoxins. With regard to mycotoxins in feed, the CONTAM
panel also considers the level of carryover from feed to foods of
animal origin and identifies feed materials, which could be
considered as sources of exposure.

EFSA (2010) recently established a tolerable weekly intake
of 120 ng kg�1 bw for OTA based on a lowest observed adverse
effect level of 8 mg kg�1 bw per day for early markers of renal
toxicity in pigs (the most sensitive animal species) and
a threshold-based approach for risk assessment due to absence
of specific OTA-derived DNA adducts.

A provisional maximum tolerable daily intake of 2 mg kg�1

bw per day for FUM was set by the Joint FAO/WHO Expert
Committee on Food Additives (FAO/WHO, 2001).

The EFSA panel on CONTAM (2011) established a TDI for
ZEA of 0.25 mg kg�1 bw. Moreover, limited data indicate that
dietary exposure of vegetarians to ZEA could be up to twofold
higher than for the general population. ZEA, CTN, and PAT are
commonly found in food and animal feed materials
worldwide.

A TDI of 0.6 mg kg�1 bw per day for EAs has been recently set
by the EFSA (2012).

See also: Aflatoxins, Mold; Veterinary Toxicology.
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Introduction

The keratinized matrices such as hair and nails have gradually
been receiving attention in the fields of toxicology and forensic
science. The nails of the fingers and toes are theoretically ideal
biological indicators of drug and chemical intake, abuse, or
exposure. The main advantages of the nail are the small sample
size required for analysis, easy and noninvasive collection, and
stability at room temperature. Moreover, the slow rate of nail
growth (0.1 mmday�1 for fingernails and 0.03–0.04 mmday�1

for toenails) makes them a good candidate for retrospective
studies. The drug content in nail clippings correlates with drug
exposure over a fairly long period of time. Factors such as race,
gender, age, season, nail biting, diseases, and malnutrition may
alter the nail growth, and this should be taken into account
when interpreting nails for drug exposure.

Practically, there are limitations in using keratinized
matrices such as nails for the detection and evaluation of
internal and external drug exposure, because external contam-
ination of the samples by abundant heavy metals is inevitable.
This is due to their considerable capability to trap elements
within. Because of this property, nails have been implicated for
assessment of occupational exposure to pollutants such as
nicotine, transition metals such as lead, and environmental
exposure to elements such as cadmium, copper, lead, zinc, iron,
chromium, and magnesium. Studies have shown that the level
of nickel in nail clippings is correlated with the level of expo-
sure to this element in the work environment. Furthermore,
nails have been used for detection of arsenic intoxication in
forensic science. Other trace elements that have been measured
in nails are aluminum, gold, manganese, mercury, selenium,
and silver. The great toenail is commonly used for these
purposes as it is less exposed to external contamination and it
can reveal the body’s exposure to chemicals and drugs in the
previous 12 months.

Molecular size, hydrophilicity, hydrophobicity, and the
nature of the vehicle are some of the factors affecting the
permeability and uptake of a drug or chemical in the nails.
Damaged, unhealthy, or hydrated nails exhibit altered perme-
ability toward chemicals. Another substantial limitation is the
biokinetics of heavy metals in nails, which are not yet fully
understood, and therefore these matrices are still not the best
candidates for analysis.

Fingernails usually have more proliferative nail bed cells
compared with toenails. Therefore, the incorporation rate of
a substance can be faster in fingernails. For instance, it was
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
previously shown that the level of cocaine metabolites in
fingernails is generally greater than in toenails. There have been
cases in which a substance has been detected in the fingernails
but not the toenails of the same individual.

In addition, nails can be used to detect drugs of abuse, or
more generally therapeutic drugs, to monitor drug compliance,
and in drug screening to detect prenatal exposure in newborns.
Incorporation of Drugs into the Nails

The nail matrix is a highly proliferative epidermal tissue con-
taining layers of keratinized cells. These cells generate the nail
plate and keratinization occurs on the ventral and dorsal sides
forming a tightly knit structure with no cell exfoliation. The nail
plate covers the nail bed and is responsible for carrying nail bed
cells toward the free margin during growth.

Two mechanisms have been suggested to be involved in
drug incorporation into the nails: (1) the blood flow in the nail
matrix can deposit the drug and its metabolites into the root of
the growing nail; (2) the drugs and their metabolites can be
incorporated through the nail bed while it is growing from the
lunula (the crescent-shaped whitish mark at the base of a nail)
to the beginning of the free margin.
Applications of Nail Analysis

Nails Analysis for Forensic Sciences

Nails of the fingers and toes can be critical substrates for
diagnosis of drug abuse. The presence of the drug together with
its metabolites in the nail clippings may indicate ingestion of
the substance followed by metabolism and incorporation into
the keratinic matrix. When the metabolites are not present, the
possibility of exogenous contamination is considered. Toxic
elements such as arsenic and thallium may also result in
various abnormalities in nails. Arsenic toxicity is usually
revealed with multiple parallel white lines on the nails known
as transverse leukonchia (Mee lines).

Nails are also used as important matrices for detection of
drugs postmortem. It is sometimes impossible to get enough
body fluids or there is a possibility of false-negative and
false-positive results, due to instability of the substrates and
analytes or the presence of interference. Substances and
drugs such as amphetamine/methamphetamine, cannabi-
noids, cocaine, benzoylecigonine, nicotine and cotinine, sex
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hormones, methadone, morphine and other opioids, benzo-
diazepines such as diazepam, anticonvulsive medications,
neuroleptics, antifungal medications such as triazole deriva-
tives and terbinafine, and several trace elements have been
detected in nail clippings. Nail samples of victims have been
used for detection of the DNA of violators. In cases of male
aggressors and female victims, detection of the Y chromosome
using the polymerase chain reaction is helpful.
Nails Analysis for Intrauterine Drug Exposure

In utero drug exposure can significantly affect the mental and
psychological status of the exposed newborn, causing physical
abnormalities and growth retardation or even neonatal death.
Neonatal nail clippings could be an accessible noninvasive
source for analysis of intrauterine drug exposure. The nails are
formed during the third trimester of pregnancy. Both fetal
blood and amniotic fluid are believed to be involved in
mediating incorporation of drugs into the nails. The amniotic
fluid is generated at the beginning of pregnancy; therefore, the
drug content in the nails may also reflect drug exposure during
the first and second trimesters of gestation. Several drugs and
substances have been detected and measured in newborn nails,
including but not limited to caffeine, nicotine, cotinine,
cocaine, benzoylecigonine, morphine, and methadone.
Other Applications

The absorption of antifungal medications into the nail matrix
has made it possible to use them topically or systemically to
treat onchomycosis. Itraconazole, a member of the antifungal
family of triazoles has been detected in nail samples after
3 months of therapy. This confirms the incorporation of this
drug to the nail bed and matrix. The incorporated itracona-
zole is only eliminated when the nail is replaced with a newly
formed nail. Fluconazle, a hydrophilic triazole, is rapidly
incorporated into the nail plates. A study has revealed that
fluconazole may be diffused to the nail plate through sebum
and sweat. Terbinafine, an allylamine antifungal agent, is
rapidly absorbed following ingestion. The incorporation of
this lipophilic drug into the nails is rapid and extensive and
the primary route of penetration is diffusion through the nail
plate.

Nail clippings have also been used in the evaluation of
defective hepatic metabolism of alcohol and drugs. This can be
investigated by genotyping alcohol dehydrogenase in these
samples. Moreover, nail clippings may be used to examine
long-term blood glucose levels in diabetics. The existence of
furosine and fructoselysine in the nails is an indicator of
periods of hypoglycemia in the last 3–5 months. Nail clippings
have been implicated for the diagnosis of hepatitis B virus.
Furthermore, increased creatinine in distal nail clippings is
a differentiating factor in acute and chronic renal failure.
Toxicity and Complications

Nail Abnormalities Associated with Cosmetics

The nail plate, the dead part of the nail unit, is the main part of
the nail exposed to cosmetics. Research has shown that
procedures such as acrylic painting, application of preformed
plastic tips and artificial nails, metal nail sculptures, filing, and
polishing, can cause damage leading to unhealthy nails.
Conditions such as paronychia (inflammation of periungual
soft tissue, situated or occurring around the nail), onycholysis
(separation of the nail plate from the nail bed), onychoschizia
(horizontal splitting and peeling of the nail plate, also known
as lamellar dystrophy), onychorrhexis (longitudinal splitting
and ridging), and brittle nails are some of the consequences of
application of nail cosmetics. Patients with brittle nails expe-
rience soft, dry, weak, and easily breakable nails. Although
most cases of brittle nails are idiopathic, it is believed that
a major causative factor is dehydration of the nail plate, which
can result from the use of cosmetics.

One important concern with nail cosmetics is the risk of
poisoning associated with these products. This could include
inhalation of the volatizing products applied to the nails or
direct ingestion via nail biting or finger sucking. Nail polishes
can contain toxic solutions such as toluene, 1,1,1-trichloro-
ethane, and phthalates. Ethyl acetate is mainly found in nail
polish removers.

According to the American Association of Poison Control
Centers database in 2004, almost 85% of childhood exposure
to artificial nail products occurred at home. Nail technicians
and specialists, who are constantly being exposed to various
solvents, nail polishes, methacrylates, etc., have been found to
develop small but notable cognitive and neurologic symptoms.
Furthermore, artificial nails have the tendency to trap bacteria
that are not removed by conventional detergents and antibac-
terial solutions. Acute bacterial and chronic fungal paronychia
and candidiasis of the nails can result.
Drug-Induced Nail Abnormalities

Acute toxicity to the nail epithelia is the main contributing
factor in drug-induced nail abnormalities. Although most of
these changes are transitory and disappear with discontinua-
tion of the drug, some may persist over time. In addition, some
abnormalities may resolve or improve without drug with-
drawal. Due to the slow growth rate of the nail plates, the
changes may develop weeks after initiation of the drug.

Patients who have received antiretroviral therapies such as
lamivudine, azidothymidine, or indinavir, have developed
conditions such as paronychia and pseudopyogenic-
granulomas of the fingernails and toenails. These conditions
usually appear soon after initiation of the therapy and the
severity is correlated with the drug dosage. Azidothymidine can
also slow down the growth rate and result in discoloration and
pigmentation of the nails.

The consumption of anticoagulants during gestation,
especially warfarin, may result in abnormalities in newborn
nails ranging from mild hypoplasia to complete absence of the
nail. Nail hypoplasia might improve within the first month
after birth. Furthermore, anticoagulants can result in subungual
hemorrhages (i.e., occurring under the nail) most evident in the
toenails.

Consumption of anticonvulsants such as carbamazepine,
hydantoin, trimethadione, and valproic acid, can lead to
hyperpigmentation, onycholysis, and onychomadesis (separa-
tion and shedding of the nail from the nail bed). These
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medications are also known to cause nail hypoplasia in the
fetus if used during pregnancy. Nail hyperpigmentation, ony-
cholysis, and onychomadesis also may be seen in adults
receiving these drugs.

Blue-brown pigmentation of the nail bed is usually
observed in patients receiving antimalarial medications. The
deposition of these drugs in the dermis is the main cause of nail
pigmentation, which may persist over time even after with-
drawal of the drug.

Beta-blockers impair distal digital perfusion leading to
ischemia or necrosis. Complications may vary from Raynaud's
phenomenon to gangrene in severe cases.

Beau's lines and onychomadesis (an extreme form of Beau's
lines) are typical signs of acute and severe toxicity to the nail
matrix keratinization with a transient decrease or arrest in
production of the nail plate. These conditions are repeatedly
observed during courses of chemotherapy. In the case of Beau's
lines, the degree of the insult is evaluated by measuring the
depth of the depression; the width of the depression represents
the duration of the damage.

Chemotherapeutic agents can lead to nail fragility by
repressing nail plate production. The toxic effect of chemo-
therapeutic agents on the proximal nail matrix can result in
superficial nail fragility (elkonyxix). Diffuse damage to the nail
matrix gives rise to a thin, delicate nail plate.

Onycholysis, resulting from acute toxicity to the nail bed
epithelium, is frequently observed in patients treated with
docetaxel and paclitaxel or other taxane chemotherapeutic
agents. This is accompanied by loss of the nail plate and nail
bed adhesion. These medications have also been reported to
cause subungual hemorrhages and hematoma by thrombocy-
topenia or extravasation of blood. The hemorrhages develop
mainly in the fingernails, are dose dependent, and disappear
after drug withdrawal.

Treatment with doxorubicin, cyclophosphamide, and
vincristine result in true transverse leukonychia, a sign of
transient impairment of the distal nail matrix keratinocytes.
Anticancer agents may also cause apparent leukonychia
appearing as transverse, parallel, pale white bands (Muehrcke's
lines) resulting from damage to the nail bed.

Paronychia associated with pyogenic granulomas has
recently been observed in patients receiving tumor suppres-
sants such as cetuximab/C225 (anti-epidermal growth factor
receptor monoclonal antibody) and gefitinib (epidermal
growth factor receptor tyrosine kinase inhibitor).

Drug-induced activation of the nail matrix melanocytes
results in overproduction of melanin, giving rise to melano-
nychia (black or brown discoloration or pigmentation of the
nail plate). Patients undergoing chemotherapy exhibit mela-
nonychia as multiple light brown-black longitudinal or trans-
verse bands on the nails.

Clofazimine, used for the management of mycobacteria, is
usually stored in the nail plate and results in dark-brown
pigmentation of the nail plate where the drug is stored. Other
nail-associated complications include subungual hyperkera-
tosis, onycholysis, and melanonychia.

Cyclosporine A is known to slow down the rate of nail
growth and cause true transverse leukonychia.

Patients treated with lithium develop a yellow color in the
distal nail plate as well as crosswise, brown-black pigmented
bands on the fingernails with onychomadesis. Lithium therapy
can also result in decreased rate of nail growth.

Psoralens therapy plus ultraviolet A radiation may lead to
drug-induced photoonycholysis. The dissociation of the nail
plate or nail bed is caused by a photomediated toxic or allergic
effect of the drug. Melanonychia can also be observed in
a longitudinal pattern in the fingernails of patients receiving
psoralens.

Most nail complications and abnormalities caused by reti-
noids are due to their effects on keratinization. Patients
undergoing retinoid therapy can develop Beau's lines, ony-
chomadesis, and true transverse leukonychia as a result of
drug-induced nail matrix damage. This damage is usually dose
related. Retinoids also alter the rate of nail growth. Etretinate
therapy causes nail fragility, particularly lamellar onychoschi-
zia. Retinoids can also induce acute paronychia, followed by
erythematous, inflammation and pain in the proximal nail
fold. The incidence of this condition is higher with isotretinoin
consumption and is dose related. Retinoids can result in
multiple pyogenic granulomas in proximal or lateral nail folds.

Patients undergoing tetracycline therapy may develop
yellow fluorescence of the lunulae under a Wood's lamp or
yellow discoloration of the entire nail plate. Tetracyclines and
mainly doxycycline are also reported to be associated with
photoonycholysis. Blue-gray pigmentation of the proximal nail
bed is seen in patients consuming minocycline.

See also: Arsenic; Cadmium; Chromium; Cocaine; Copper;
Cosmetics and Personal Care Products; Cyclosporine; Ethyl
Acetate; Forensic Toxicology; Hair; Lead; Lithium; Magnesium;
Methyl Acrylate; Nickel and Nickel Compounds; Phthalates;
Trichloroethane; Toluene; Zinc.
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Background

Naled is a fast-acting, nonsystemic, contact, and stomach
organophosphate insecticide used to control insect pests in
a variety of settings. It is considered as a moderately toxic,
general use pesticide and is available in dust, emulsion
concentrate, liquid, and ULV formulations. Naled is marketed
under several trade names, including Bromex, Dibrom, Fly
Killer-D, and Lucanal. Naled was first registered for use in the
United States in 1959 and is currently registered for use in the
United States and several other countries, including Australia
and Canada.
Uses

Naled is primarily used in outdoor mosquito control and is
also registered in the United States for the control of insects on
fruits, vegetables, and nuts. Other reported used include the
control aphids, mites, mosquitoes, and flies in greenhouses,
mushroom houses, animal and poultry houses, food process-
ing plants, and aquaria. Liquid formulations can be applied on
greenhouse heating pipes or placed on a hot plate to kill insects
via vapor action.
Environmental Fate and Behavior

Naled has a molecular weight of 380.79 g mol�1; a specific
gravity of 1.9711; a melting point of 26.5–27.5 �C; a boiling
point of 110 �C at 0.5 mmHg; and a vapor pressure of
2 � 10�3 mmHg at 20 �C. The octanol–water coefficient and the
Henry’s law constant for Naled are log P ¼ 2.18 at 500 ppm and
5.014 � 10�8 atm m3 g mol�1, respectively. Naled is soluble in
water at 0.2 g 100 ml�1 and it is completely hydrolyzed within
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48 h in water at 22 �C. Naled is degraded by hydrolysis,
photolysis, or photodegradation, andmicrobial degradation and
is practically nonpersistent in soil. In soil, naled has a half-life of
<1 day and in the presence of sunlight is rapidly degraded to
dichlorvos. In water, naled is hydrolyzed and has a half-life of 2
days. Naled is moderately volatile and volatilization from soils
and/or water is a major mode of environmental transport for
naled and its degradate, dichlorvos. For additional information
on the environmental fate of dichlorvos, the reader is directed to
the chapter on dichlorvos.
Exposure

Naled exposure may occur through the dermal, respiratory, or
oral route.
Toxicokinetics

Naled is rapidly absorbed following all routes of exposure and
quickly converted to a number of metabolites. Metabolites
include dichlorvos, dichlorobromoacetaldehyde, dimethyl
phosphate, and complex amino acid conjugates. Naled is well
distributed throughout the body. A study in Sprague–Dawley
rats showed naled was distributed to the gut, liver, and blood
within 2 h of oral exposure. In the same study, gut levels of
naled declined and kidney, testicles, heart, muscle, fat, and
brain levels increased at 24 and 96 h postexposure. Naled
metabolites are primarily excreted in the urine and are also
excreted as carbon dioxide in expired air. Naled does not
accumulate in body tissues but repeated exposure may have
a cumulative effect on cholinesterase levels.
Mechanism of Toxicity

Naled inhibits acetylcholinesterase activity resulting in the
accumulation of acetylcholine within nerve synapses in
nervous, muscle, blood, and secretory tissues.
Acute and Short-Term Toxicity

Animal

Naled is moderately highly toxic via the oral route and
moderately toxic via the dermal route. The oral LD50 value
for naled ranges from 91 to 439 mg kg�1 in rats and from
330 to 375 mg kg�1 in mice. The dermal LD50 values for
naled in the rabbit and the rat are 1100 and 800 mg kg�1,
respectively. Naled may be corrosive to skin and eyes and
causes dermatitis and skin sensitization. Effects of naled
exposure are similar to those caused by other organophos-
phorus pesticides.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00167-6
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Human

The acute effects of naled exposure in humans will be similar to
what is typically seen with other organophosphorus pesticides.
These effects include numbness, tingling, incoordination,
headache, dizziness, tremor, nausea, abdominal cramps, blur-
red vision, sweating, difficulty breathing, respiratory depression,
and bradycardia. High doses can result in unconsciousness,
incontinence, convulsions, and death. Other clinical signs
commonly reported following acute naled exposure include
contact dermatitis, erythematous, and macropapular rashes,
which may be followed by edematous vesiculating blisters.
Chronic Toxicity

Animal

Chronic exposure may lead to nervous system toxicity owing to
cumulative acetylcholinesterase inhibition. Rats receiving
28 mg kg�1 day�1 for 9 weeks showed moderate inhibition of
acetylcholinesterase but no clinical signs of intoxication were
exhibited. Little information is available on the effects of
chronic exposure to naled, but chronic exposure may have
a cumulative effect on acetylcholinesterase levels and lead to
neurological and neuromuscular effects typically associated
with cholinesterase inhibition.
Human

Little is known about the chronic toxicity of naled in humans.
However, chronic exposure to organophosphates can cause
neurological consequences associated with cholinesterase
inhibition.
Reproductive Toxicity

In a two-generation reproductive toxicity test, there was loss of
body weight in the F1 males and decreased survival, body
weight, and litter size in the pups at certain dose levels.
Decreases in offspring fetal body weight were seen in devel-
opmental toxicity studies when dams (rats and rabbits) were
exposed to naled at a large enough dose to cause cholinergic
signs of toxicity.
Genotoxicity

Naled was negative for genotoxicity in in vivo and in vitro
studies.
Carcinogenicity

Naled is not considered oncogenic in rodents or dogs.
Clinical Management

Clinical management consists of appropriate decontamination
procedures, and then institution of standard treatment,
symptomatic, and supportive measures for organophosphorus
pesticide intoxication. Decontamination procedures for dermal
exposure should include removal of contaminated clothing
and washing of skin, hair, and fingernails with soap and
copious amounts of water. If ocular exposure has occurred, the
eyes should be flushed with copious amounts of water. Gastric
lavage and activated charcoal may be useful in the case of recent
oral exposures. Following decontamination, continued treat-
ment should follow the recommendations for treatment of
organophosphorus pesticide intoxication.
Ecotoxicology

Naled is moderately highly acutely toxic to birds and fish, and
slightly toxic on a subacute dietary basis in birds. Acute oral
LD50 values in mallard ducks, the sharp-tailed grouse, Canadian
geese, ring-neck pheasants, and chickens are 52, 65, 35–50, 120,
and 59 mg kg�1, respectively. The 5- to 8-day dietary LC50

values for naled ranged from 1328 ppm in Japanese quail to
2724 ppm in mallard ducks. In fish, 96-h LC50 values for naled
ranging from 0.087 mg l�1 in lake trout to 3.3 mg l�1 in fathead
minnow were reported. Naled is also highly toxic to honey bees
and aquatic invertebrates with 96h LC50 values ranging from
0.4 mg l�1 in Daphnia to 18 mg l�1 in scuds and sideswimmers.
Exposure Standards and Guidelines

The US EPA reference dose for naled is 0.002 mg kg�1 day�1

and the 8-h permissible exposure limit is 3 mg m�3.

See also: Organophosphorus Compounds; Dichlorvos;
Pesticides.
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http://www.cdpr.ca.gov/docs/risk/rcd/naled.pdf – California Environmental Protection
Agency, Department of Pesticide Regulation, naled Risk characterization Document.

http://www.epa.gov/pesticides/reregistration/REDs/naled_red.pdf – US Environmental
Protection Agency, Office of Pesticide Programs, Reregistration Eligibility Decision
for Naled.

http://extoxnet.orst.edu/pips/ghindex.html – Extension Toxicology Network, Oregon
State University. Naled Pesticide Information Profile.

http://www.epa.gov/oppsrrd1/REDs/factsheets/naled_fs.htm – US Environmental
Protection Agency, naled facts.

http://www.cdpr.ca.gov/docs/risk/rcd/naled.pdf
http://www.epa.gov/pesticides/reregistration/REDs/naled_red.pdf
http://extoxnet.orst.edu/pips/ghindex.html
http://www.epa.gov/oppsrrd1/REDs/factsheets/naled_fs.htm


Nanotoxicology
DW Hobson, LoneStar PharmTox, LLC, Bergheim, TX, USA
RC Guy, Robin Guy Consulting, LLC, Lake Forest, IL, USA

� 2014 Elsevier Inc. All rights reserved.
Introduction

Nanotechnology is the study and development of very small,
nanometer-scale materials and structures and is considered by
many as the next logical step in science, integrating engineering
with biology, chemistry, and physics. The size range of 100 nm
or less is identified by the US National Nanotechnology
Initiative (NNI) as the general size range where the properties
of matter exhibit quantum interactions differential to atomic
and small molecule pure chemical interactions. The NNI
describes ‘nanotechnology’ as “science, engineering, and tech-
nology conducted at the nanoscale, which is about 1 to 100
nanometers.”

Interestingly, very small particles or ‘ultrafine’ particles have
been denoted by air quality scientists as having at least one
dimensional aspect of 100 nm or less and have been long
recognized as having unique properties worthy of special
consideration for toxicologic study. The study of the toxicity of
‘nanoparticles’ was, therefore, termed ‘nanotoxicology’ in 2004
by inhalation scientists engaged in studies of these unique
toxicologic properties. Nanotoxicology has been more recently
defined as “the study of the adverse effects of engineered
nanomaterials (ENMs) on living organisms and the ecosys-
tems, including the prevention and amelioration of such
adverse effects.”

There are many forms of natural NPs, including examples
such as natural dusts, particles generated from ocean spray, and
particulates from volcanic ash, and even viruses are elegant
NPs. The effects from exposures to NPs of natural origin are of
interest to toxicologists, and the hazards from these particles
range from low to negligible in the case of ocean spray to very
high in the case of viral pathogens.

The study of nanotoxicology is also considered an aspect of
‘nanoscience’ which has been defined by the Royal Society as
“the study of phenomena and manipulation of materials at
atomic, molecular and macromolecular scales, where the
properties differ significantly from those at a larger scale.”

Internationally, the rapidly advancing technical capability
to develop or manufacture purpose-directed or ‘engineered’
nanomaterials is cause for significant interest in essentially
every aspect of business, science, and technology. The discovery
and development of newmaterials and devices with nanometer
dimensions or ‘nanotechnology’ is currently an interesting and
commercially significant endeavor for many chemists, physi-
cists, engineers, and other scientists that may well be the first
major technology advance of the twenty-first century and
possibly beyond. Researchers and developers in ‘nanoscience’
are hard at work toward improving the quality of life through
the application of novel nanotechnologies in virtually every
aspect of human endeavor. Research to discover and under-
stand the unique properties of materials at the nanometer scale
has grown so rapidly over the past decade that current projec-
tions of a multitrillion dollar international market demand for
nanomaterials is not unreasonable. International funding for
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the discovery and development of nanotechnology is also
substantial as countries compete for their positions of mastery
of different aspects of this new technology world of the very
small.

In the ‘nano’ size domain, novel properties of common
materials have already realized valuable commercial applica-
tions. Nanomaterials are becoming increasingly present in
cosmetics, pharmaceuticals, medical devices, antimicrobial
products, coatings, ink, electronics, structural materials, sun-
screens, toothpastes, sanitary ware coatings, and even food
products. Manmade NPs range from the well-established
multiton production of carbon black and fumed silica for
applications in plastic fillers and car tires to microgram
quantities of fluorescent quantum dots used as markers in
biological imaging. As nanosciences are experiencing massive
investment worldwide, there will be a further rise in consumer
products relying on nanotechnology as well as an increased
need for nanotoxicology assessment of potential adverse
effects.

The rapid rate of development of new nanomaterials and
their steadily increasing use in everyday products is well ahead
of the current ability to obtain toxicology data for such a large
and growing number of new materials and molecular struc-
tures. The emerging, new, sub-discipline of toxicology termed
‘nanotoxicology’ is therefore growing rapidly in interest as well
as scientific knowledge of the toxicologic effects of these
materials.
Toxicity from Nanomaterials

Even though it was recognized early on that the primary
routes for human exposure to NPs was by inhalation, on the
skin, or from oral ingestion, the fundamental aspect of
understanding the toxicity of NPs and nanomaterials is their
physicochemical characterization with respect to a number
of factors, in addition to their chemical composition and
properties regardless of exposure route or location. In addi-
tion to their small size and dimensions, surface characteristics
and material interfaces are significant factors for biologi-
cal interactions with nanomaterials (sometimes termed
‘bio–nano’ interactions within the discipline). These bio–
nano interactions are essential to understanding the bio-
distribution and toxic effects of many nanomaterials both in
vitro and in vivo. Nanomaterials may coalesce and form larger
‘aggregates’ or ‘agglomerates’ when in contact with biologic
fluids and culture solutions, resulting in exposures that may
substantially alter the exposure and toxicity of the original
nanomaterial. There is substantial interest in the formation of
proteinaceous ‘coronas’ on NPs that significantly affect
toxicity in vivo and in vitro. As particles become smaller, the
proportion of atoms found at the particle surface increases
geometrically relative to the proportion contained within the
particle volume. Therefore, as particles decrease into the
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01045-9
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nanoscale and become NPs, they can become more reactive
and exhibit different properties from both their atomic
constituents as well as larger raw material forms. For example,
nanomaterials are increasingly used for the creation of more
effective catalysts or engineered molecular materials that
allow substantial weight reduction and increased strength in
nanocomposite materials. These properties also result in
differential toxicologic characteristics for NPs in contrast to
their atomic constituents and larger, macromolecular forms.
NPs and nanomaterials often have dimensions smaller than
cellular structures and as such have the potential to interfere
significantly with important biologic processes at the cellular
and subcellular level.

Both the US Food and Drug Administration (FDA) and US
Environmental Protection Agency (EPA) have acknowledged
that engineered nanomaterials must be recognized toxico-
logically as having effects potentially differential to their
chemical constituents and larger bulk material forms. When
evaluating the toxicology of nanomaterials, however, the FDA
considers new nanomaterials on a ‘case-by-case’ basis whereas
the EPA has the need to be able to classify new nanomaterials,
if possible, into toxicologically characterized ‘groupings’ for
environmental regulatory efficiency. These same issues are
evident worldwide as different regulatory bodies work to
establish guidelines for the toxicologic evaluation of new,
engineered nanomaterials.

Oxidative stress has frequently been reported as a mecha-
nism by which at least some NPs are toxic at the cellular level.
For example, the expressions of ho-1 and mt-2A, well-known
oxidative stress-related genes, were reported to be up-regulated
by exposure to silver (Ag) NPs. These and other findings are
showing that apoptosis resulting from silver NP exposure as
well as possibly other NPs may result from the generation of
reactive oxygen species (ROS).

Chronic intracellular ROS production can overwhelm
cellular defenses, resulting in DNA damage, gene alterations,
cell death, or mutagenesis with the potential for carcinogenesis.
NPs such as Ag NPs, gold (Au) NPs, and titanium dioxide
(TiO2) NPs have all been shown to produce ROS leading to
genetic damage. DNA damage following exposure to NPs may
include single-strand breaks, double-strand breaks, deletions,
and genomic instability. Comet assays andmethods to evaluate
DNA repair and proteomic effects resulting from DNA damage
are proving useful in studying the genotoxicity resulting from
NP exposure. The cytotoxicity of a growing number of metal
and metal oxide NPs appears to involve oxidative and
inflammatory effects, which then have genotoxic and cytotoxic
outcomes.

Conventional methods and test procedures used in toxi-
cological evaluation can be difficult to apply to the evaluation
of nanomaterials. Nanotoxicological testing often must be
designed to allow for small test article amounts, unique
physicochemical characteristics of NPs, and very large surface
area to weight characteristics. Oberdorster et al., for example,
found that ultrafine TiO2 was more toxic based on measure-
ments of polymorphonuclear neutrophils in lung lavage fluid
as an index of inflammation than larger fine TiO2 particles
considering mass unit dose, but when surface area was
considered, the toxicity of both types of particles was
equivalent.
In vivo and in vitro test correlation is critical in the validation
of in vitro test methods and understanding results to be applied
to safety evaluations. When evaluating NP toxicity, the char-
acterization of the NP and describing the unit dose accurately is
so important that early studies of NP toxicologic effects are
often of little or no value due to inadequate dose character-
ization relative to more recent studies where rigorous dose
characterizations and comparisons have been done.

There is also much still to be learned about the interpre-
tation of nanotoxicology findings as well. In 2007, for
example, one experienced group of nanotoxicologists studied
and compared fine particle and NP toxicity of identical
materials in vitro using alveolar macrophages and a pulmo-
nary epithelial cell line and compared these results with
measurements of the in vivo pulmonary inflammation
induced by the same particles in rats. This study was well done
and presented, and they reported no significant in vitro to in
vivo correlation with their results and proposed the use of
more sophisticated in vitro cell culture systems for more
predictive and effective in vitro comparison of the toxicity of
NP effects to in vivo findings. However, when the results re-
ported from the 2007 study were reanalyzed using a more
refined and current approach in 2010 using NP surface area as
the dose unit, the in vitro and in vivo results of the original
2007 study showed significant correlation.
Current Issues

Improving the quality of nanotoxicology study data presenta-
tion, particularly in the area of test article characterization, is
a significant issue for toxicological and scientific journals that
publish findings from nanotoxicology studies. Various working
groups internationally have proposed sets of required and
desired parameters for nanotoxicology nanomaterial charac-
terization. A general consensus is currently that test article
characterization and presentation of nanotoxicology findings
should address the following minimal set of parameters:
particle size and distribution, chemical composition, impuri-
ties, degree of nanomaterial aggregation or agglomeration
under the experimental conditions, surface chemistry, surface
area, morphology, surface reactivity, and persistence.

Current issues in nanotoxicology include understanding
structure–activity characteristics that might allow in silico
prediction of nanomaterial toxicologic characteristics such that
they might be avoided by design.

The development of time and cost-efficient, tier-based,
toxicologic screening procedures uses innovative combina-
tions of in silico, in vitro, and in vivo tests to reduce the cost and
time required to evaluate the toxicity of the growing number
of nanomaterials that need to be characterized and selected
for hazard potential during the discovery and development
stages.

The design of novel in vitro and in vivo toxicologic study
protocols that allow for the effective evaluation of nano-
material toxicity using very small amounts of test material
is an important current issue for nanotoxicology. Nano-
materials that can be extremely costly on a per weight basis
to produce need test models that are valid for reliable risk
assessment.
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Summary

Nanotoxicology is a new and rapidly emerging and cross-
cutting, essential scientific discipline of toxicologic science,
bionanotechnology, and nanoscience that will continue to
expand and increase our knowledge of the current state of the
art and exciting new materials that nanotechnology and
nanoscience promise to provide over many decades to come.

See also: Food and Drug Administration, US; Environmental
Protection Agency, US; Federal Insecticide, Fungicide, and
Rodenticide Act, US; Occupational Safety and Health
Administration; Organization for Economic Cooperation
and Development.
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Chemical Abstracts Service Registry Number: 91-20-3.
Synonyms: Naftalen, Naphthene, NCI-C52904, Albocarbon,
Dezodorator, Camphor tar, Mothballs, Moth flakes, Naph-
thene, Tar camphor, Naftaleno
Molecular Formula: C10H8

Chemical Structure:

Background

Naphthalene is a component of crude oil and is found in
petroleum-derived fuels and consumer products. The most
common use of naphthalene in consumer products is in the
production of mothballs. The two active ingredients in moth-
balls are naphthalene and para-dichlorobenzene. There is
sufficient experimental evidence that shows naphthalene is
carcinogenic in animals. However, there is inadequate evidence
that naphthalene can be carcinogenic to humans. Therefore,
naphthalene is classified as a possible human carcinogen.
Uses

Naphthalene is commonly used in the manufacture of dyes,
resins, and mothballs and may also be found in association
with coal tar production and wood preservatives. It is also used
as a chemical intermediate in the synthesis of pharmaceuticals,
insect repellents, and pesticides.
Environmental Fate and Behavior

Naphthalene may be released to the environment as a wood
and fossil fuel combustion product or from unintentional,
accidental release of petroleum fuels. It is relatively volatile at
room temperature and tends to evaporate readily. In air,
naphthalene will react with hydroxyl and nitrate radicals. This
compound has a relatively short half-life in soil and water due
to its volatility and rapid degradation. The half-life of naph-
thalene in soil ranges from 2 to 18 days.
Exposure and Exposure Monitoring

The primary exposure route for naphthalene is via inhalation,
although it may also be absorbed into blood from the gastro-
intestinal tract and the skin. However, percutaneous absorption
is too limited to produce acute systemic reactions except in
newborns.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Employees exposed to naphthalene at potentially
hazardous levels should be enrolled in a medical monitoring
program. Initially, the employee should undergo a medical
examination to establish his/her baseline health conditions.
The initial evaluation should include a complete history and
physical examination. The purpose of the initial examination is
to detect existing conditions that might place the exposed
employee at increased risk. Examination of the skin (particu-
larly hands and face), eyes, liver, and kidneys should be
included. A complete blood count should be performed,
including red/white cell counts, a differential count, as well as
hemoglobin and hematocrit. A urinalysis should be performed,
including at a minimum: specific gravity, albumin, glucose,
and a microscopic examination. Following initial examination,
the employee should be scheduled to undergo annual medical
examinations and the abovementioned tests and examinations
should be included.
Toxicokinetics

Naphthalene ingestion can result in acute as well as delayed
toxicity. The primary target organs of toxicity are the blood and
the eyes. Individuals deficient in glucose-6-phosphatase dehy-
drogenase are especially sensitive to the hemolytic effects of
naphthalene. Normal individuals may also develop hemolysis
when exposed to high doses.
Mechanism of Toxicity

Systemic absorption of naphthalene vapor may result in
cataracts. The biochemical basis for naphthalene cataract has
been investigated. Naphthalene is metabolized in the liver to
1,2-dihydro-1,2-dihydroxynaphthalene. Lenticular catechol
reductase biotransforms 1,2-dihydro-1,2-dihydroxynaph-
thalene to 1,2-dihydroxynaphthalene, which, in turn, is
auto-oxidized in air at neutral pH to 1,2-naphthoquinone
and hydrogen peroxide. Ascorbic acid reverses the latter
reaction and forms dehydroascorbic acid, which diffuses out
of the lens very slowly. Dehydroascorbic acid has been
shown to accumulate in the lens of rabbits that were fed
naphthalene and lens incubated in vitro with 1,2-dihydro-
1,2-dihydroxynaphthalene. The sequence of reactions
involves the reduction of ascorbic acid by 1,2-naph-
thoquinone in the aqueous humor to dehydroascorbic acid,
which rapidly penetrates the lens and is reduced by gluta-
thione. Oxidized glutathione and 1,2-naphthoquinone may
compete for enzyme glutathione reductase, which normally
maintains high reticular levels of reduced glutathione. A
reduction in the concentration of these coupled with the
removal of oxygen from the aqueous humor due to the auto-
oxidation of 1,2-dihydroxynaphthalene may make the lens
sensitive to naphthalene toxicity.
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Acute and Short-Term Toxicity

Acute ingestion of naphthalene by rabbits produced effects
similar to those observed in humans. Rabbits fed acute doses of
naphthalene presented browning of the lenses and eye humors
and developed cataracts. In contrast to humans, where the
major target organs of toxicity are the blood and the eyes, for
rats and mice the major target organ of toxicity is the lung.

The maximum air concentration of naphthalene that can be
generated (78 ppm) has not been shown to be lethal to rats.
Animal studies report that the oral lethal dose 50% (LD50) for
naphthalene ranges from 354 mg kg�1 in mice to
2400 mg kg�1 in rats. In extreme circumstances, death may also
occur as a result of dermal exposure.

Skin or eye surface contact may result in naphthalene
cataracts, ocular irritation, skin irritation, and in the case of
a sensitized person, severe dermatitis. Topical lesions will clear
spontaneously as soon as the exposure is terminated.

Inhalation of vapor may result in headache, confusion,
excitation, nausea, and sometimes vomiting and extensive
sweating. Dysuria, hematuria, and acute hemolytic reaction can
also be seen.

Ingestion may cause abdominal cramps with nausea,
vomiting, diarrhea, headache, profuse perspiration, listlessness,
confusion, and coma with or without convulsions in a case of
severe poisoning. It also may cause irritation of the urinary
bladder, dysuria, the passage of brown or black urine with or
without albumin and casts, and acute intravascular hemolysis.

Adverse neurologic effects have also been reported in
humans who ingested naphthalene. Signs and symptoms
reported include vertigo, lethargy, muscle twitching, decreased
response to painful stimulus, and coma. It has been speculated
that the neurological symptoms may have resulted from cere-
bral edema produced by acute hemolysis and not from a direct
toxicological effect of naphthalene.

There are no reported cases of death due to inhalation of
naphthalene. Naphthalene-induced deaths are usually related
to mothball ingestion during suicide attempts. Based on
suicide data, the lethal dose in humans is estimated to range
from 319 to 574 mg kg�1. The most prominent effect of high-
dose naphthalene exposure in humans is hemolytic anemia.
There is a report of an infant who died of acute hemolytic
anemia after being exposed to mothball-treated diapers.
Another infant reportedly experienced skin rashes, systemic
poisoning, and then death apparently due to naphthalene
exposure from mothballs used with clothes or blankets that
had been stored in or near the infant’s room.

Reported effects of naphthalene overexposure in humans
include hemolytic crisis, characterized by increased bilirubin
levels; and the appearance of Heinz bodies and fragmented red
blood cells. Other effects that have been associated with the
ingestion of high doses include gastrointestinal distress, vom-
iting, nausea, jaundice, proteinuria, hemoglobinuria, methe-
moglobinemia, kernicterus, and coma.
Chronic Toxicity (Animal/Human)

Oral administration of 1000 mg kg�1 day�1 in rabbits leads to
lenticular changes, initially observed as swelling in the
peripheral portion of the lens. Within 2 weeks, the whole lens is
affected with mature cataract. The biochemical basis for cata-
ract has been shown to be related to a liver metabolite of
naphthalene, 1,2-dihydro-1,2-dihydoxynaphthalene.

Selective lung damage and necrosis occurred in the Clara
cells of mouse administered naphthalene. It produced selective
depression of pulmonary monooxygenase activities without
accompanying changes in hepatic monooxygenase. A dose-
dependent alteration of Clara cells (bronchiolar epithelial
cells) was noted.

Mice exposed to naphthalene vapor at concentrations as
high as 30 ppm in air for 6 h a day, 5 days a week for 104 weeks
developed nose and lung lesions. These lesions were described
as nose inflammation accompanied by metaplasia and hyper-
plasia of the olfactory and respiratory epithelia.

Reports of adverse effects following chronic naphthalene
exposure include the development of cataracts and retinal
hemorrhage in a 44-year-old man occupationally exposed to
powdered naphthalene. Unilateral chorioretinitis was reported
in a coworker and cataracts developed in 8 of 21 workers
exposed to naphthalene fumes or dust for about 5 years in an
industrial setting. Chronic exposure to powdered naphthalene
in the workplace has been associated with an increased inci-
dence of cataracts. However, few of these effects have been
confirmed in animal studies.
Immunotoxicity

There is no evidence for naphthalene immunotoxicity in mice
despite prolonged exposures. The lack of immunotoxicity
response observed may be related to the inability of spleno-
cytes to metabolize naphthalene. Another possible explanation
is the relatively low concentrations of naphthalene metabolites
that may be generated in the liver and diffuse to the spleen.
Reproductive Toxicity

Female CD-1 mice treated with naphthalene by gavage at doses
of 300 mg kg�1 day�1 for 8 consecutive days beginning on day
7 of gestation showed maternal toxicity as evidenced by
increased mortality and reduced body weight gain. In addition,
fetotoxicity was observed in the offspring as a reduced number
of live young at birth.
Genotoxicity

Several in vitro genotoxicity studies have been conducted for
naphthalene. Naphthalene has not been found to be genotoxic
in the Salmonella reverse mutation assay. However, naphtha-
lene has been reported to have genotoxic effects in non-
mammalian assay studies. In various in vitro studies,
naphthalene has been shown to have the potential to induce
chromosomal damage in mammalian cells.
Carcinogenicity

Carcinogenicity studies conducted in rats and mice prior to
1992 reported either negative or nonconclusive results.
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Continued efforts to determine the potential carcinogenicity of
naphthalene have resulted in improved design studies. Some of
these studies have reported evidence of carcinogenic activity for
naphthalene. For example, rats of both sexes exposed to
naphthalene by inhalation presented a dose-dependent
increased incidence of respiratory epithelial adenoma and
olfactory epithelial neuroblastoma.

Carcinogenicity studies conducted in the late 1990s and
early 2000s have found some evidence that naphthalene may
be carcinogenic to rats. These findings have prompted the
International Agency for Research on Cancer to classify naph-
thalene as a chemical that is possibly carcinogenic to humans
(Group 2B classification).
Clinical Management

Naphthalene is irritating to the eyes, skin, and mucous
membranes. Toxicity is most common following ingestion, but
can also occur after dermal or inhalation exposure.

There is no specific antidote for naphthalene toxicity.
Treatment is symptomatic and supportive. Gastric decontami-
nation should be considered with emesis or lavage, followed by
activated charcoal. Hemolysis may require urinary alkaliniza-
tion and transfusion. Methemoglobinemia may be treated with
methylene blue. Emesis is more useful for mothballs because of
its size. Lavage may be useful for ingestion of flakes. Informa-
tion on activated charcoal is scant, but adsorption is thought to
occur. Mothballs dissolve slowly; gastric decontamination
should be performed even in patients presenting late after
ingestion. Emesis may be indicated in recent substantial
ingestion unless the patient is or could rapidly become
obtunded, comatose, or convulsant. It is most effective if
initiated within 30 min of ingestion. The recommended dose
of ipecac syrup is 30 ml for an adult and 15 ml for a child.

Gastric lavage may be indicated if performed soon after
ingestion or in patients who are comatose or at risk of
convulsing. The airway should be protected by placement in
Trendelenburg and left lateral decubitus position or by cuffed
endotracheal intubation.
Ecotoxicology

The fish 96-h lethal concentration 50% (LC50) was estimated to
range from 0.96 mg l�1 for pink salmon fry (Oncorhynchus
gorbuscha) to 150 mg l�1 for mosquito fish (Gambusia affinis).
Care should be taken while interpreting these experimental
results as the upper end of the range exceeds the solubility limit
for naphthalene (31.70 mg l�1).

The 48-h LC50 for water flea (Daphnia magna) was reported to
range from 2.16 to 24.1 mg l�1.

The 96-h LC50 for estuarine and marine crustaceans was
reported to range from 0.8 to 17 mg l�1.
The LD50 for terrestrial insects was studied in instar crickets
(Acheta domesticus). The LD50 was reported to be more than
15 g kg�1 when administered in the diet.

Naphthalene uptake and accumulation were studied in an
oyster tissue flow-through system. Naphthalene uptake was
observed to be relatively constant after only a few hours of
exposure. However, naphthalene tissue accumulation was
reported to be influenced by nutritional state, lipid concen-
tration, length of naphthalene exposure, and naphthalene
concentration in the bathing solution.
Other Hazards

Naphthalene is flammable and combustible. Naphthalene may
be ignited by friction, heat, sparks, or flames. Volatiles,
powders, dusts, shavings, or cuttings may mix with air and
explode or burn violently. When burning, naphthalene may
produce irritating and/or toxic gases. Contact with combustion
products may cause burns to skin and eyes. Contact with
molten substance may cause severe burns to skin and eyes.
Exposure Standards and Guidelines

Occupational Safety and Health Administration Permissible
Exposure Limit is 10 ppm or 50 mgm�3.

American Conference of Governmental Industrial Hygienists
8 h time-weighted average is 10 ppm and the short-term
exposure limit is 15 ppm.

United States Environmental Protection Agency (US EPA)
Drinking Water Standard for naphthalene is 20 mg l�1.

State regulated Drinking Water Standards for naphthalene
range from 6.8 mg l�1 in Florida to 300 mg l�1 in Minnesota.

The US EPA 10-day Health Advisory (HA) for a 10 kg child is
approximately 0.5 mg l�1.

The US EPA long-term HA for a 10 kg child is approximately
0.4 mg l�1.

The US EPA long-term HA for a 70 kg adult is approximately
1 mg l�1.

The US EPA lifetime HA for a 70 kg adult is approximately
0.02 mg l�1.

See also: Blood; Polycyclic Aromatic Hydrocarbons (PAHs).
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l Chemical Name: 2-Naphthylamine
l CAS Number: 91-59-8
l Synonyms: 2-Aminonaphthalene, b-Naphthylamine, 2NA,

BNA, Fast Scarlet Base B
l Chemical Class: Aromatic amine
l Molecular Formula: C10H7NH2

l Molecular Weight: 143.2
l Chemical Structure:

NH2
β-Naphthylamine
Background (Significance/History)

In the British rubber industry, the use of b-naphthylamine
ended in 1949 and was mainly replaced by N-phenyl-
2-naphthylamine (PBNA), which contained 2NA (1–2%) as
impurities up to the early 1960s until further purification
steps were introduced (Weiss et al., 2007). The production of
PBNA in the United States was terminated at the beginning
of the 1980s but was still a key component in rubber
mixtures from other parts of the world. In addition, antiox-
idants in the rubber industry such as PBNA and N,N0-di-
2-naphthyl-p-phenylenediamine have been shown to be
metabolized to 2NA following absorption. However, the
observed quantities of urinary 2NA in workers exceeded the
exposure to 2NA impurity by factors between 50 and 400
and have yet to be explained. 2NA and other aromatic
amines such as 4-aminobiphenyl are also produced during
the burning of tobacco, especially low-temperature burning,
and when cooking fats and oils are heated. Trace amounts of
2NA have been found in dye containing products such as
children’s finger paints.
Uses

2-Naphthylamine (2NA) was used as an intermediate in the
dye industry and as an antioxidant in the rubber industry (e.g.,
the last company to manufacture it in the United States
supposedly ceased production in 1972). However, it probably
still presents an exposure hazard for at least some time after-
ward as a contaminant of dye stocks such as Broenner’s acid
and replacement antioxidants that retain the 2NA nucleus, for
example, Nonox S (which contains 2.5% 2NA).

2NA has been found in emissions from industries
where nitrogen-containing organic matter is pyrolyzed, in
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cigarette smoke, in coal tar, and as impurity in commercial
1-naphthylamine.
Environmental Fate and Behavior

2NA will exist solely as a vapor in the ambient atmosphere
based on a vapor pressure of 2.56 � 10�4 mm Hg at 25 �C.
Vapor-phase 2NA will be degraded in the atmosphere by
reaction with photochemically produced hydroxyl radicals; the
half-life for this reaction in air is estimated to be 1.9 h.

2NA is expected to have low mobility in soil based upon
a Koc of 1000. Volatilization from moist soil surfaces is not
expected to be an important fate process based upon a Henry’s
law constant of 8.10 � 10�8 atm m3 mol�1. 2NA will partially
exist in cation form in the environment (pKa is 4.16) and hence
adsorb to organic carbon and clay. 2NA is not expected to
volatilize from dry soil surfaces based upon its vapor pressure.
2NA biodegradation in soil will be slow (no primary biodeg-
radation after 90 days in chernozem soil and initial minerali-
zation rate in soil/water suspension was 0.12 mg g�1 day�1).

2NA is expected to adsorb to suspended solids and sedi-
ment in water based upon the Koc and to biodegrade slowly in
water (based on the primary soil biodegradation and miner-
alization studies). Volatilization from water surfaces is not
expected to be an important fate process based upon 2NA’s
Henry’s law constant. Hydrolysis is not expected to be an
important environmental fate process since 2NA lacks func-
tional groups that hydrolyze under environmental conditions.
Exposure and Exposure Monitoring

2NA is well absorbed through the skin, as well as via the
gastrointestinal and respiratory tracts. With this and other
aromatic amines, the skin appears to be a significant, if not the
major occupational exposure pathway. This is not true for
PBNA, which appear to penetrate skin poorly (Wellner et al.,
2008). Workers tolerate skin contamination since the acute
effects of exposure are minimal. Inhalation is the major route
of exposure for tobacco smokers. There have been reports that
passive burning of tobacco (environmental tobacco smoke)
produces larger amounts of 2NA and other aromatic amines on
a per cigarette basis than is seen with active smoking. Thus,
there is some concern that passive smoke exposure may
contribute to the burden of urinary bladder cancer in the
nonsmoking population.

Occupational exposure to compounds containing a 2NA
nucleus can result in 2NA exposure if metabolic enzymes can
degrade the material. For example, workers inhaling approxi-
mately 30mg in 1 day PBNA excreted 3–4 mg 2NA in their urine
over the next 24 h. This is the 2NA exposure equivalent of
smoking approximately five packs of cigarettes.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00634-5
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Toxicokinetics

Aromatic amines are well absorbed from the skin, the gut, and
the respiratory tract. Aromatic amines like 2NA aremetabolized
rapidly and several systems compete for these agents as
substrate. For example, the majority of 2NA is excreted in the
urine as the glucuronide that is deconjugated prior to analysis.
Ring oxidation and N-acetylation are considered the detoxifi-
cation reactions and this is evidenced by the finding that
person with the slow N-acetyltransferase 2 phenotype and
exposed to many aromatic amines are at elevated risk of urinary
bladder cancer in comparison to their fast acetylating cohorts.
N-oxidation by cytochrome P450 (CYP450) enzymes is
considered activating for bladder carcinogenesis. Poly-
morphisms of CYP4B1, involved in the metabolism of 2NA,
may modify bladder cancer risk; e.g., subjects carrying the
CYP4B1*1/*2 or *2/*2 genotypes had a 1.75-fold increased
risk of bladder cancer compared with subjects carrying the
CYP4B1*1/*1 genotype (Sasaki et al., 2008).

Also, 2NA has enhanced (in vitro) the impact of benzo(a)
pyrene on Ah receptor-dependent genes (Borza et al., 2008).
Mechanisms of Toxicity

The acute toxicity of 2NA is low and due to the formation of
methemoglobin. However, this is greatly overshadowed by the
urinary bladder carcinogenicity of this compound. The
proposed mechanism for this affect includes N-oxidation and
excretion of the amine into the blood in an unconjugated form.
Then, the N-hydroxy-2-naphthylamine is co-oxidized to the
corresponding nitroso form while hemoglobin is oxidized to
methemoglobin. 2-Nitrosonaphthalene is then capable of
covalent binding with sulfhydral groups on hemoglobin,
forming stable hemoglobin adducts.

The mechanism of chronic toxicity is related but not
identical. 2NA and other aromatic amines including benzi-
dine and 4-aminobiphenyl are potent human urinary blad-
der carcinogens. Apparently N-hydroxy-2-naphthylamine is
N-glucuronidated and the product is transported from the
liver to the urinary bladder, where the glucuronide can be
hydrolyzed liberating N-hydroxy aromatic amine. This mate-
rial is capable of binding with DNA in the urothelium of the
exposed persons. While this pathway has not been shown
specifically using 2NA as a substrate in humans, it is consis-
tent with the animal data.

The low acute toxicity of 2NA masks its extreme carcino-
genicity as exposed persons experience no or very slight ill
effects and assume that the material is not toxic. The latency
period for 2 NA urinary bladder cancer is estimated from 16 to
30 years after initial exposure.
Acute or Short-term Toxicity

Animal

Dogs and cats have been shown to be sensitive to methemo-
globinemia following exposure to 2NA. A dose of 200 mg kg�1

was found to produce this effect ‘reliably’.
Human

Methemoglobin formation was considered the most serious
health outcome following exposure to 2NA until the increased
rate of urinary bladder tumors was confirmed in the workers.
Methemoglobinemia is symptom less until acutely toxic. In
one report, workers exposed to 2NA were required to pass
through the medical department following their shift so that
any cyanosis could be ascertained.
Chronic Toxicity

Human

Chronic exposures to 2NA have been associated with bladder
cancer (IARC group 1) and it can cause hematuria, dysuria,
and hemorrhagic cystitis. Epidemiologic studies examining
nonurological cancer risks among workers exposed to
aromatic amines are few and inconsistent. Functional human
NAT are present in different lung epithelial cells indicating
that inhaled aromatic amines may undergo NAT-dependent
metabolism in lung epithelium, and genetic and nongenetic
impairment of this enzyme may compromise the detoxifica-
tion pathway of aromatic amine N-acetylation in the lung
(Dairou et al., 2009).
Immunotoxicity

In workers exposed to benzidine and b-naphthylamine,
a decrease of CD4þ T lymphocytes was found (Araki et al.,
1993). This decrease might be compensated by the increase in
CD57þ CD16� cells, i.e., circulating peripheral lymphocytes
with poor NK cell activity (Tanigawa et al., 1996).
Genotoxicity

Mutagenicity testing was positive in the Salmonella test (8.5
revertant colonies per nmol; 590 revertant colonies at 10 mg per
plate) (Verschueren, 1983), in a series of wild-type and repair-
deficient strains of Drosophila melanogaster (Vogel et al., 193), in
several genetic loci in Chinese hamster ovary cells without
microsomal activation (weakly mutagenic) (Gupta and Singh,
1982), induced crossing over in Saccromyces cerevisiae in the
presence of hydroxylation medium (De Serres and Hollaender,
1978), in a test with a co-oxidizer (prostaglandin endoperoxide
synthetase) (Robertson et al., 1983). Overall, 2NA exhibits
weak mutagenicity in the microbial assays and in some
mammalian systems in vitro.
Carcinogenicity

Humans exposed to 2NA during the production of this
compound are at dramatically increased risk of urinary
bladder cancer. According to one report, all 15 workers
involved with distilling the product fell victim to the disease.
In other rubber plants, clustering of relatively uncommon
urothelial tract cancer were found in the early stages in
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processing such as mixing and milling where dust and fume
exposures were greatest (Veys, 2004). Bladder cancer risk
ceased in one rubber plant when the use of the 2NA product
ended. In other studies, the relative risk of urinary bladder
cancer ranged from 30 to 60 times higher than expected with
it not being uncommon that 50% of the exposed workforce
were prevalent cases. As noted above, the estimates of the
so-called ‘latency’ (time between first exposure and disease)
period ranged from 16 to 30þ years for 2NA-exposed
workers.
Clinical Management

Fortunately, urinary bladder cancer is amendable to effective
treatment if detected early. A full spectrum of biomarkers and
early diagnostic screens are available to alert the health
professional when exposure to 2NA has occurred and when
changes consistent with early neoplasia are occurring.

The (US) Occupational Safety and Health Administration
(OSHA) standard for 2NA, 29 CFR 1910.1009, contains regu-
lations covering periodic medical surveillance, examinations,
and medical records for current employees who may have been
exposed to 2NA. However, it should be noted that these
regulations do not apply to former employees and that medical
surveillance or treatment of former employees is not regulated
or required by OSHA.
Ecotoxicology

None reported (checked: algae growth inhibition test, Daphnia
sp. reproduction test, fish, early life stage test, activated sludge,
respiration inhibition test).
Other Hazards

Other symptoms of exposure include methemoglobinemia,
dyspnea, ataxia, and dermatitis.
Exposure Standards and Guidelines

As indicated above, 2NA is one of the carcinogens covered
under a specific OSHA regulation, 29 CFR 1910.1009. The
American Conference of Governmental Industrial Hygienists
(ACGIH) indicates that exposure by all routes to 2NA should
be controlled to levels as low as possible. IARC (IARC, 2010)
concluded that there was sufficient evidence in humans for the
carcinogenicity of 2NA. 2NA causes cancer in the human
urinary bladder.

Comprehensive Environmental Response, Compensation,
and Liability Act (CERCLA), commonly known as Superfund,
requires that the National Response Center (NRC) is notified
immediately, when there is a release of this designated
hazardous substance, in an amount equal to or greater than
its reportable quantity of 1 lb or 0.454 kg 2NA is regarded as
hazardous waste, hence it must be managed according to
federal and/or state hazardous waste regulations, which
includes not only the substance itself or mixtures but also
any residue, contaminated soil, water, or other debris (40
CFR 261.5).
Miscellaneous

The molecular weight of BNA is 143.2. It has a negligible vapor
pressure (2.56� 10–4 mmHg at 25 �C) until heated; at 108 �C
(226.4 �F), the vapor pressure is 1 mm Hg. The concentration
of 2NA in the air can be determined using NIOSH method
5518 and it oxidizes in air. Biological monitoring has been
done for this material using urinary analysis of metabolites by
high-performance liquid chromatography, hemoglobin
adducts using gas chromatography–mass spectroscopy, and
DNA adducts in lymphocytes and exfoliated urothelial cells
using 32P-postlabelling.

See also: Aminobiphenyl, 4-; Acetylaminofluorene; Benzidine;
Cytochrome P450; National Center for Toxicological Research,
US; Carcinogenesis; Polycyclic Aromatic Amines; Tobacco.
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l Name: Naphthylisothiocyanate
l Chemical Abstracts Service Registry Number: 551-06-4
l Molecular Formula: C11H7NS
l Synonyms: alpha-Naphthylisothiocyanate, ANIT, 1-Isothio-

cyanato-naphthalene, 1-Naphthylisothiocyanate, kesscocide,
1-Naphthyl ester, Isothiocyanic acid

l Chemical Structure:

N

S

Background Information

1-Napthylisothiocyanate is a toxic chemical that has been used
to create experimental cholestasis in rodents. Laboratory
studies have also shown that 1-napthylisothiocyanate can act as
a chemoprotectant in rodents challenged with a tumor-
inducing agent such as phorbol-12 myristate 13-acetate.

Uses

1-Naphthylisothiocyanate is used as an ingredient in insecti-
cides. It is also found in cyanamide, which is used in many
industrial applications. It is commonly used in medical and
drug studies in animals as a model hepatotoxicant producing
experimental cholestasis in rats and mice.
Environmental Fate and Behavior

Naphthylisothiocyanate is moisture sensitive and insoluble in
water. The hydrolysis rate is slow.
Exposure Routes and Pathways

Inhalation, ingestion, and dermal contact are all possible
routes of exposure.
Mechanism of Toxicity

1-Naphthylisothiocyanate causes separation of extracellular
tight junctions that seal bile canaliculi, impairing bile
formation. 1-Naphthylisothiocyanate inhibits microsomal
drug-metabolizing activity. In rats, 1-naphthylisothiocyante-
glutathione complex is formed in hepatocytes, then transported
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to the bile ducts, where it is released from the glutathione, and
then selectively injures biliary epithelial cells, resulting in
reduced bile flow.
Acute and Short-Term Toxicity (or Exposure)

Animal

A single dose can induce intrahepatic cholestasis (reduction in
bile flow) in rats, producing hyperbilirubinemia. In China,
several herbal formulations have been shown to reduce the
liver damage caused by naphthylisothiocyanate in rats. The oral
LD50 in rats is 200mg kg�1.
Chronic Toxicity (or Exposure)

Animal

1-Naphthylisothiocyanate is a potent hepatotoxin and possible
mutagen in animals.
Human

1-Naphthylisocyanate can cause liver and kidney damage as
well as dermatitis, ocular irritation, and corrosion. This chem-
ical is considered toxic if inhaled or ingested. It causes skin
burns and severe eye damage.
Clinical Management

After ocular exposure, eyes should be immediately flushed
with water for at least 15 min. Following skin exposure, the
skin should be flushed with water for at least 15 min. If
ingested, vomiting should not be induced. If conscious, the
individual should ingest two to four cupfuls of milk or
water. After inhalation exposure, the individual should be
removed to fresh air immediately and provided breathing
support if necessary. Mouth-to-mouth resuscitation should
not be used.
See also: Kidney; Liver; Pesticides.
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l Name: a-Naphthylthiourea
l Chemical Abstracts Service Registry Number: 86-88-4
l Preferred Name: ANTU
l Synonyms: a-Naphthyl urea; 1-(1-Naphthyl)-2-thiourea; a-

Naphthyl thiocarbamide
l Molecular Formula: C11H10N2S
l Chemical Structure:

Background

a-Naphthylthiourea (ANTU; also called DIRAX) is toxic by
inhalation, ingestion, or skin contact. Due to its very narrow
spectrum of activity, production was discontinued a long time
ago. Exposure to ANTU causes pulmonary edema; therefore, it
is often used as an experimental pneumotoxin. ANTU is a gray-
colored, prism-shaped, odorless powder with a bitter taste. It
has a molecular weight of 202.28 and melting point of 200 �C
and does not ignite readily. However, on interaction with
potential oxidizing agents, it may cause fire and explosions,
which can lead to hazardous decomposition products such as
sulfur dioxide, nitrogen dioxide, and carbon monoxide. The
structure of ANTU contains the naphthalene chromophore,
which absorbs UV light at w311 nm. This suggests that ANTU
can undergo photolysis.
Uses

ANTU an organosulfur is a derivative of thiourea. It is a single-
dose rodenticide that is specifically used against Norway rats as
a bait. However, it is futile against all other species of rodents.
Because of its tendency to cause resistance and specificity only
toward Norway rodents, this poison rapidly lost popularity and
is no longer manufactured in the United States.
Environmental Fate and Behavior

ANTU’s former production and use as a rodenticide may have
resulted in its direct release to the environment. If released to
air, an estimated vapor pressure of 6.6 � 10�6 mm Hg at 25 �C
indicates ANTU will exist in both the vapor and particulate
phases in the ambient atmosphere. Vapor-phase ANTU will be
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degraded in the atmosphere by reaction with photochemically
produced hydroxyl radicals; the half-life for this reaction in air
is estimated to be 1.7 h. Particulate-phase ANTU will be
removed from the atmosphere by wet and dry deposition. The
naphthalene chromophore of ANTU absorbs light at
w311 nm; this makes it susceptible to direct photolysis. ANTU
is expected to have moderate mobility in the soil based on an
estimated Koc of 190. Volatilization from moist soil surfaces is
not expected to be an important fate process based on an
estimated Henry’s Law constant of 8.5 � 10�9 atm-m3 mol�1.
ANTU is not expected to volatilize from dry soil surfaces based
on its vapor pressure. If released into water, ANTU may adsorb
to suspended solids and sediment based on the estimated Koc.
Volatilization from water surfaces is not expected to be an
important fate process. An estimated BCF of 3.7 suggests the
potential for chances of bioconcentration in aquatic organisms
is very low. The hydrolysis half-life for ANTU is 361 days based
on a measured hydrolysis rate constant of 2.2 � 10�8 l mol�1

per second at pH 7 and 25 �C.
Exposure Routes and Pathways

Inhalation, ingestion, and direct skin contact are the most
common routes of exposure of ANTU. Those workers who
were handling thiourea products showed ready penetration
through skin, leading to destructive changes in the thyroid
gland. ANTU is not that volatile as a compound and volatili-
zation of ANTU is not expected to contribute toward its
exposure. In general, occupational exposure and general
population exposure are very low or nonexistent since ANTU is
no longer produced or used.
Toxicokinetics

Limited work has been done to understand the toxicokinetics
of ANTU, but the toxicity of ANTU in the rat is believed to
depend on metabolic activation via the hepatic and lung
microsomal enzymes to form a hydrosulfide and a-naph-
thylurea (ANU). The in vivo administration of the radiolabeled
ANTU to rats leads to the covalent binding of radioactivity
to the macromolecules of the lung and liver. Very little radio-
activity is bound in these organs when an equal amount of
the (14)C-labeled oxygen analog of ANTU, (14)C-ANU, is
administered. ANU is essentially nontoxic to rats. ANTU is
metabolized in vitro by lung and liver microsomes to an
intermediate that covalently binds to the macromolecules of
the microsomes.

The in vitro metabolism of ANTU was examined using [35S]
and [14C] ANTU and microsomes isolated from the liver and
lung of phenobarbital-treated rats. ANTU was metabolized by
4-3.00337-7 445
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this system to ANU. A portion of the sulfur released in this
reaction binds covalently to microsomal proteins. The Km

values for the formation of ANU using the liver and lung
microsomal system were 4.56 and 4.18 mM, respectively.
A portion of the sulfur released during the oxidative desulfur-
ation of [35S] ANTU to ANU was shown to react with the
sulfhydryl group of cysteine residues in the microsomal
proteins to form a hydrodisulfide.
Mechanism of Toxicity

ANTU toxicity in the rat is thought to depend on metabolic
activation via the hepatic and lung microsomal enzymes. Two
important metabolites are formed: ANU and atomic sulfur.
ANTU pulmonary toxicity may result, in part, from covalent
binding of sulfur or a metabolite containing carbonyl carbon of
ANTU to macromolecules of liver and lung microsomes. The
covalent binding of atomic sulfur released in the cytochrome
P450 monooxygenase-catalyzed metabolism of thiono-sulfur
compounds is responsible for monooxygenase activity being
inhibited. Damage to liver and possibly lung edema and
neoplasia result from the covalent binding of the electrophilic
S-oxides, S-dioxides or carbene derivatives of these S-oxides
and S-dioxides to tissue macromolecules.

However, it is not known if these metabolites are seen in
humans. ANTU is believed to act on certain enzyme systems
involving the sulfhydryl group similar to other sulfhydryl
inhibitors, such as alloxan, iodoacetamide, and oxophe-
narsine, which cause pulmonary edema. Hence the mecha-
nism of action of causing pulmonary edema from the toxic
effects of these sulfhydryl inhibitors and ANTU is assumed to
be similar. Additionally, ANTU-induced lung damage has
been linked to the formation of oxygen free radicals produced
via the cyclooxygenase pathway. Following exposure to
ANTU, there are a number of biochemical events, such as
alteration in carbohydrate metabolism, adrenal stimulation,
and interaction of the chemical with sulfhydryl groups, but
none of these appear to bear any relationship to the observed
signs of toxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

Toxicity of ANTU is strikingly higher for wild Norway rats than
for other species. Mice and dogs rank next in susceptibility.
Young animals are less resistant. Rats that survive sublethal
doses develop a high degree of tolerance owing partly to refusal
to eat freely. Symptoms in rats appear within 12–25 min with
a sharp fall of body temperature, huge pleural and intra-alve-
olar edema, anuria, dyspnea, and death. Blood sugar rises to
nearly three times the normal level within 2.5 h, with a severe
fall of liver glycogen and failure to deposit liver glycogen.
Observations in experimental animals indicate that the prin-
cipal organ affected is the lung; pulmonary edema and pleural
effusion develop due to the action of ANTU on pulmonary
capillaries causing marked edema of the subepithelial spaces of
the alveolar walls; pericardial effusion is less marked. Dogs are
quite susceptible to toxicity but may be protected by prompt
vomiting. Pulmonary effusion in dogs showed an increase in
albumin globulin ratio.

Hemorrhagic glomerular nephritis has been seen after acute
exposure in rats. Hyperglycemia has been reported in experi-
mental animals.

Nonhuman toxicity: LD50 values

LD50 rat oral 3 mg kg�1

LD50 monkey oral 4000 mg kg�1

LD50 rat i.p. 2.47 mg kg�1

LD50 mouse i.p. 10 mg kg�1

LD50 dog oral 0.38 mg kg�1

LD50 dog i.p. 16 mg kg�1

LD50 rabbit i.p. 400 mg kg�1

LD50 guinea pig i.p. 140 mg kg�1

LD50 cat oral 500 mg kg�1

LD50 dog dermal 38 mg kg�1

LD50 monkey i.p. 175 mg kg�1

Source: http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbsþhsdb:@termþ@rnþ@
relþ86-88-4 – National Library of Medicine – Hazardous Substances Data Bank.
Human

The estimated mean lethal dose in humans is 25 g per 70 kg.
ANTU is classified as being moderately toxic. No human
fatalities have been reported. It is probably not toxic to humans
except in large amounts. Although it appears that humans are
resistant to ANTU intoxication, probably because insufficient
quantities are ingested, poisonings have occurred, with
tracheobronchial hypersecretion of a white, nonmucous froth
containing little protein, pulmonary edema, and respiratory
difficulty. Ingestion may cause vomiting, shortness of breath,
and bluish discoloration of the skin. Inhalation of ANTU
powder may result in dyspnea, rales, cyanosis, and pulmonary
edema or effusion. A case of contact eczema due to handling
a rat poison containing ANTU as a base has been reported.
Chronic Toxicity (or Exposure)

Animal

Chronic exposure in rats results in stunted growth, thinning
and coarsening of hair, deformities of the legs and feet,
hyperplasia of the thyroid and splenic pulp, hyaline changes in
the hepatic cells, decreased thickness of the adrenal cortex, and
calcified tubular casts. Continued administration to cats
produces fatal intrahepatic obstructive jaundice without
pulmonary lesion. Available data were inadequate to evaluate
the carcinogenicity of ANTU in experimental animals.
Human

Chronic exposure to ANTU led to the investigation of two cases
of bladder cancer in two rodent operators. Therefore, the use of
ANTU was restricted to professional operators. Available data

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+86-88-4
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+86-88-4
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+86-88-4
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+86-88-4
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+86-88-4
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/r?dbs+hsdb:@term+@rn+@rel+86-88-4
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were inadequate to evaluate carcinogenicity in humans.
Chronic sublethal exposure may result in antithyroid activity
and hyperglycemia.
Mutagenicity

ANTU was found to be positive by cell transformation/clonal
assay in Syrian hamster embryo cells.
Carcinogenicity

ANTU is not classifiable as a human carcinogen (Cat. A4).
Clinical Management

For ingestion, emesis is indicated unless the patient becomes
comatose or shows convulsions. Emesis is most effective if
initiated with 30 min of ingestion. Syrup of ipecac can be
used for inducing emesis. Charcoal slurry, aqueous or mixed
with saline cathartic, or sorbitol may be used. Treatment
would be by liberal gastric lavage, the substance being only
slightly soluble. Ventilation and oxygenation with close
arterial blood gas monitoring should be maintained in case
of pulmonary edema. In the case of an inhalation exposure,
the patient should be moved to fresh air and monitored for
respiratory distress. The person should also be evaluated for
respiratory tract irritation, bronchitis, or pneumonitis.
Humidified supplemental oxygen (100%) with assisted
ventilation may be administered as required. Exposed eyes
should be irrigated with copious amounts of tepid water. For
dermal exposure, the affected skin should be washed with
soap and water. Iodine or iodide given to animals 6 h prior to
ANTU affords significant protection, but neither is effective
after exposure.

Oral ingestion should be dealt with gastrointestinal
decontamination with activated charcoal, supportive care, and
monitoring of electrolytes and glucose. Pulmonary edema may
be delayed up to 72 h. Patients ingesting more than 5 mg kg�1

body weight should be admitted for observation.
When 2 mg kg�1 of superoxide dismutase was infused with

ANTU to 10 dogs, the increased vascular permeability and
pulmonary edema were prevented in only five dogs, indi-
cating that the lung damage was mediated by free radicals.
Catalase (8 mg kg�1) was ineffective in preventing this
damage, indicating that OH radicals or H2O2 from tissue
sources are not the primary mechanism of injury. No anti-
dotes are established. Since ANTU is a sulfhydryl blocking
agent, cysteine has been tried in rats and was effective in some
cases. There is no human experience with cysteine and its use
is not recommended.
Exposure Standards and Guidelines

US Occupational Safety and Health Administration Standards

Permissible exposure limit: One 8 h time-weighted average
(TWA): 0.3 mg m�3.
Threshold Limit Values

8 h TWA: 0.3 mg m�3, skin.
Excursion Limit Recommendation

Excursions in worker exposure levels may exceed three times
the threshold limit values (TLV)-TWA for no more than a total
of 30 min during a work day, and under no circumstances
should they exceed five times the TLV-TWA, provided that the
TLV-TWA is not exceeded.
National Institute for Occupational Safety and Health
Recommendations

Recommended exposure limit: 10 h TWA: 0.3 mg m�3.
Immediately Dangerous to Life or Health

100 mg m�3.

See also: Pesticides.
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Agency for Toxic Substances and Disease Registry

The Agency for Toxic Substances and Disease Registry (ATSDR)
is a federal government public health agency of the US
Department of Health and Human Services and is a sister
agency to the Centers for Disease Control and Prevention
(CDC). Based in Atlanta, Georgia, ATSDR also operates
10 regional offices located throughout the United States.
ATSDR is an advisory, nonregulatory agency that conducts
research on the health impacts of hazardous waste sites and
provides information and recommendations to federal and
state agencies, community members, and other interested
parties. However, ATSDR is not involved in cleanup of those
sites, nor can ATSDR provide or fund medical treatment for
people who have been exposed to hazardous substances.

Environmental disasters in the late 1970s caused Congress
to recognize the need for more attention to the issue of toxic
substance exposure. Tons of hazardous chemical wastes were
found to be buried beneath 100 homes and a school near the
Love Canal in Niagara Falls, New York. Around the same time,
an industrial fire in Elizabethtown, New Jersey, set off the
release of highly toxic fumes into the air in a densely populated
area. In 1980, Congress passed the Comprehensive Environ-
mental Response, Compensation, and Liability Act (CERCLA),
commonly referred to as the ‘Superfund’ act, giving federal
authorities the ability to address the dangers of abandoned or
uncontrolled hazardous waste dumps. CERCLA created ATSDR
as a new entity to protect public health from hazardous wastes
and environmental spills of hazardous substances. The Super-
fund Amendments and Reauthorization Act of 1986 broadened
ATSDR’s responsibilities to each of the areas listed below.
ATSDR Activities

Public Health Assessments

ATSDR conducts public health assessments (PHAs) at each of
the sites on the US Environmental Protection Agency (EPA)
National Priorities List (NPL). The NPL is the list of national
priorities among the known releases or threatened releases
of hazardous substances, pollutants, or contaminants
throughout the United States and its territories that guide the
EPA in determining which sites warrant further investigation.
ATSDR uses PHAs to find out if people are being exposed to
hazardous substances and, if so, whether that exposure is
harmful and should be stopped or reduced. PHAs are also
conducted when petitioned by concerned individuals and are
carried out by environmental health scientists from ATSDR
and from the states with which ATSDR has cooperative
agreements.

The PHA process allows scientists flexibility in the format
or structure of their response to the public health issues at
hazardous waste sites. For example, a PHA could be one
document or it could be a compilation of several health
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consultations – the structure may vary from site to site.
ATSDR actively gathers information and comments from the
people who live or work near a site, including residents of
the area, civic leaders, health professionals, and community
groups. The PHA process is not considered complete until
the public health issues at the site are addressed. Through the
PHA process, ATSDR has worked in over 900 communities or
tribal governments throughout the United States and its
territories.
Healthy Registries

ATSDR maintains registries of people who were exposed to
certain toxic substances or have certain diseases. Participa-
tion in these registries is voluntary, and individual data and
personal information are kept private. The information
collected is used by epidemiologists and other researchers to
examine long-term health outcomes or risk factors for
illness. Registries can also help doctors diagnose those
health conditions in other individuals and treat them earlier.
The agency also uses registries to contact registered indi-
viduals with important health information. ATSDR worked
with the New York City Health Department to establish the
World Trade Center (WTC) Health Registry in 2002, with
the goal of monitoring the health of people directly exposed
to the WTC disaster. In late 2010, ATSDR established
the Amyotrophic Lateral Sclerosis (ALS) Registry to collect,
manage, and analyze data about people with ALS
(Lou Gehrig’s disease).
Toxicological Profiles

ATSDR’s toxicological profiles describe the toxicologic and
adverse health effects information for the hazardous substance
described in each profile. ATSDR produces toxicological
profiles on hazardous substances found at NPL sites. ATSDR
also prepares toxicological profiles for the US Department of
Defense and the US Department of Energy on substances
related to federal sites.
Emergency Response

When harmful chemical exposure happens suddenly, ATSDR’s
emergency response teams are available 24 h a day. For
example, in 2007, the Verdigris River flooded the town of
Coffeyville, Kansas, exposing residents to floodwaters
contaminated with oil from a local refinery. ATSDR’s toxicol-
ogists, physicians, and other scientists were on the scene
quickly, partnering with the local department of health and
EPA to evaluate residents’ health risk, advise on safety precau-
tions, and develop a screening system to ensure homes and
business were safe for returning residents.

In 2003, ATSDR consolidated with CDC’s National Center
for Environmental Health (NCEH) to form NCEH/ATSDR.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00338-9
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NCEH plans, directs, and coordinates a national program to
maintain and improve the health of the American people by
promoting a healthy environment and by preventing prema-
ture death and avoidable illness and disability caused by
noninfectious, nonoccupational environmental, and related
factors. NCEH is especially committed to safeguarding the
health of populations that are particularly vulnerable to certain
environmental hazards – children, the elderly, and people with
disabilities.

In 1980, CDC established the Center for Environmental
Health (CEH) to focus on solving health problems related to
the environment. In 1987, CEH incorporated responsibility for
nonoccupational injury control programs and was renamed the
Center for Environmental Health and Injury Control. Because
of the breadth of its activities, in 1991, CEH was renamed the
National Center for Environmental Health and Injury Control
(NCEHIC).

By 1992, the injury program had grown so much that CDC
reorganized NCEHIC into two centers: the National Center for
Injury Prevention and Control and the NCEH. NCEH retained
its mission to carry out a national environmental health
program and today continues to determine the health effects
on humans of numerous environmental hazards – both tech-
nologic and natural.
NCEH Activities

NCEH activities cover a broad scope of environmental issues.
Air Pollution and Respiratory Health

This program focuses on chronic diseases resulting from envi-
ronmental exposure as well as threats to respiratory health,
such as carbon monoxide. CDC’s National Asthma Control
Program aims to reduce the number of deaths, hospitaliza-
tions, emergency department visits, school or workdays missed,
and limitations on activities due to asthma. The program
develops and implements evidence-based best practices that
reduce asthma-related morbidity and mortality and funds
asthma program grantees in 34 states, the District of Columbia,
and Puerto Rico.
Healthy Homes and Lead Poisoning Prevention

This program takes a holistic approach to the numerous
environmental health threats in substandard housing,
including fires, falls, and other injuries, indoor air toxicants,
pests, and lead. The program includes services from public
health and environmental health practitioners and housing
specialists, as well as training and tools necessary to address
housing deficiencies and hazards. The Lead Poisoning
Prevention program leads the national initiative to eliminate
lead poisoning in the United States. It has funded nearly
60 childhood lead poisoning prevention programs and
provides technical assistance supporting state and local
lead screening plans, abatement laws, and strategic lead
poisoning elimination plans. The program also maintains
the Childhood Blood Lead Surveillance System through
which 46 states currently report data to CDC. NCEH data
indicate that between 1991 and 2006, the number of US
children aged 1–5 years with elevated blood lead levels
dropped from 4.4 to 0.6%.
Laboratory Sciences

NCEH’s Division of Laboratory Sciences (DLS) uses advanced
laboratory science to improve the detection, diagnosis, treat-
ment, and prevention of environmental, tobacco, nutritional,
newborn, selected chronic, and selected infectious diseases.
DLS also improves the rapid and accurate detection and diag-
nosis of chemical threat agents (chemical terrorism) and
radiologic threat agents (radiologic terrorism). The NCEH lab’s
Newborn Screening Program is the world’s only comprehensive
source dedicated to quality screening and proficiency testing.
The lab also creates the National Report on Human Exposure to
Environmental Chemicals, along with updated tables, the most
comprehensive assessment of environmental chemical expo-
sure in the US population. Since 1999, CDC has measured 219
chemicals in people’s blood or urine.
National Environmental Health Tracking

This program collects and provides data to help scientists
understand the relationship between the environment and
chronic diseases, including data about health conditions and
diseases; chemicals or other toxic substances; the amount of
chemicals in a person’s body; and other helpful data such as
age, sex, and behavior.
Health and Epidemiological Studies

NCEH responds to national and international requests for
assistance in investigating disease. Recent investigations
include lead poisoning in gold mining villages in Kenya,
mercury poisoning in gold miners in Peru, and liver disease in
Ethiopia.
Training and Technical Assistance

These programs provide assistance to state, local, and tribal
environmental health agencies to prevent and respond to the
environmental health challenges. Free national training
programs include the Environmental Public Health Leadership
Institute and the Environmental Health Training in Emergency
Response.
Cruise Ship Inspections

At the request of cruise ship companies, the Vessel Sanitation
Program provides free ship inspections to ensure the health and
safety of passengers and crew members.
Chemical Weapons Elimination

This program provides independent oversight to the US
chemical weapons elimination program, ensuring the safe
destruction of chemical warfare material.
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Contact Details

4770 Buford Hwy NE, Atlanta, GA 30341. Contact CDC:
þ1 800 232 4636/TTY: þ1 888 232 6348. E-mail: cdcinfo@
cdc.gov.

See also: American Board of Toxicology; American College
of Toxicology; The Hamner Institutes for Health Sciences;
EUROTOX; The International Society for the Study of
Xenobiotics; Society of Environmental Toxicology and
Chemistry; International Union of Toxicology; Society
of Toxicology.
Relevant Websites

www.atsdr.cdc.gov – Agency for Toxic Substances and Disease registry.
http://www.atsdr.cdc.gov/sites/peer_review/ – Agency for Toxic Substances and

Disease registry: NCEH/ATSDR Scientific Information Quality - Peer Review Agenda.
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The National Center for Toxicological Research (NCTR),
located in Jefferson, Arkansas, is a component of the Jeffer-
son Laboratories of the US Food and Drug Administration
(FDA). NCTR supports the mission of the FDA and the
Department of Health and Human Services (DHHS) to
protect and promote public health. NCTR’s mission is to
promote personal and public health by conducting innova-
tive research, providing interdisciplinary scientific expertise,
participating in national and international efforts to develop
standardized technologies and risk-assessment methods, and
working cooperatively with scientists not only in the FDA
and other government agencies but also in industry and
academia, to formulate sound regulatory policies based on
solid scientific foundations. Research findings of the NCTR
provide the basis for FDA to make science-based risk
management decisions that promote the health of the
American people.

NCTR has five research focus areas: (1) biomarker iden-
tification, which aims to discover and evaluate translational
biomarkers of disease and toxicity, and develop alternative
models for assessing efficacy and toxicity of products regu-
lated by the FDA; (2) bio-imaging, which includes the use of
electronic images as tools for pathology review and the use
of PET imaging to follow the biological course of diseases at
the molecular level before changes to the anatomy are
apparent; (3) nanotechnology, with the goal of developing
analytical tools to quantify nanomaterials in complex
matrices and developing procedures for characterizing
nanotechnology in products regulated by the FDA; (4)
personalized medicine, which aims to improve health,
reduce costs, maximize benefits, and minimize side effects of
preventions and therapies based on individual factors (such
as gender and lifestyle) that influence susceptibility to
specific diseases or responses to particular treatments; and
(5) regulatory science training, which provides hands-on
laboratory training alongside experienced researchers to
undergraduate and graduate students, postgraduate scien-
tists, college and university faculty, scientists from other
countries, and others.

NCTR conducts translational research (i.e., interpretation
and/or revision of basic scientific concepts) focused on devel-
oping a sound scientific basis for regulatory decisions and
reducing the risks associated with FDA-regulated products. This
research is aimed at determining the biological effects of
potentially toxic chemicals or microorganisms, defining the
complex mechanisms that govern their toxicity, understanding
critical biological events in the expression of toxicity, and
developing methods to improve assessment of human expo-
sure, susceptibility, and risk. Customized assessment of
chemicals of vital interest to the FDA involves the coordination
of expertise in the areas of biochemical and molecular
markers of safety and toxicity, neurotoxicology, microbiology,
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
chemistry, genetic or molecular toxicology, and systems-
biology assessments to identify an individual’s health status,
disease risk, and susceptibility to toxicants.

Using its existing strengths in methods development, statis-
tics, analytical chemistry, and spectroscopy, NCTR is developing
and standardizing new technologies such as genomics, proteo-
mics, metabolomics, and nanotechnology in conjunction with
quantitative risk assessment methods to identify early bio-
markers of toxicity. NCTR is providing a foundation for better
predictive toxicology through the combination of traditional
toxicological data with toxicoinformatics to manage and inte-
grate data from new technologies.

Following are the NCTR’s bioinformatics tools. Specific
information can be found using the following URL: http://
www.fda.gov/AboutFDA/CentersOffices/OC/OfficeofScientific
andMedicalPrograms/NCTR/default.htm

1. ArrayTrack�
2. Decision Forest
3. Endocrine Disruptor Knowledge Base (EDKB)
4. FDALabel
5. Gene Ontology for Functional Analysis (GOFFA)
6. Liver Toxicity Knowledge Base (LTKB)
7. MicroArray Quality Control (MAQC)
8. Mold2
9. NCTR Liver Cancer Database (NCTRltcb)
10. SNPTrack

NCTR shares knowledge through collaborations with
scientific staff from other FDA centers representing numerous
disciplines in addition to researchers at other government
agencies and in industry and academia. Dissemination of
research results not only to other scientists but also to the
American public is a goal of NCTR’s strategic plan. To this end,
NCTR staff participated in over 160 publications during fiscal
year 2010, and an outreach and communications plan will
inform broader audiences of the content and relevance of
NCTR’s contributions.

The NCTR is an FDA-owned facility that occupies a million
square feet of floor space in 30 buildings on 496 acres.
Laboratory and support space includes 132 general or special
purpose research labs, 82 animal rooms, a nonhuman-
primate research facility, a phototoxicology research center,
an imaging center, and 23 specialized laboratories for path-
ological processing and evaluation. A BioSafety Level 3
(BSL-3) laboratory complex contains 10 individual BSL-3
laboratories. An onsite housing unit can accommodate up to
16 visiting scientists.

NCTR’s online scientific journal, Regulatory Research
Perspectives, highlights some of the latest research topics in the
scientific regulatory arena. This publication as well as addi-
tional information about the NCTR is available on the NCTR
website.
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Contact Details

National Center for Toxicological Research, Food and Drug
Administration, 3900 NCTR Road, Jefferson, AR 72079, USA.
Tel.: þ1 870 543 7000. URL: http://www.fda.gov/NCTR/.
See also: Food and Drug Administration, US; Regulation,
Toxicology and; Toxicology; Translational Toxicology.
Relevant Websites

http://www.fda.gov/NCTR – National Center for Toxicological Research.
http://www.fda.gov/ – U.S. Food and Drug Administration.

http://www.fda.gov/NCTR/
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l Agency: US Council on Environmental Quality
l Year passed: 1969
l Groups regulated: US government agencies
Synopsis of Law

The National Environmental Policy Act (NEPA) was passed
in 1969 and enacted on 1 January 1970. It established
a national policy to protect the environment, created a Council
on Environmental Quality (CEQ), and required that environ-
mental impact statements (EIS) be prepared for major federal
actions having a significant effect on the environment. The
CEQKs efforts laid the groundwork for almost all current US
environmental legislation, except for Superfund and asbestos
control legislation. The CEQ also developed guidelines for the
EIS process. The NEPA process resulted in amajor change in the
way governments deal with environmental issues, and this
model has been replicated in whole or in part in 23 states.

The Council on Environmental Quality oversees the NEPA
and its duties include:

l Gathering information on the conditions and trends in
environmental quality

l Evaluating federal programs in light of the goals established
in Title I of the act
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
l Developing and promoting national policies to improve
environmental quality

l Conducting studies, surveys, research, and analyses relating
to ecosystems and environmental quality

There have been no amendments to this act since 1975.
See also: Clean Air Act (CAA), US; Clean Water Act (CWA), US;
Ethanol; Resource Conservation and Recovery Act (USA); Toxic
Substances Control Act.

Further Reading

Bass, R.E., Herson, A.I., Bogdan, K.M., 2001. The NEPA Book: A Step by Step Guide
on How to Comply with the National Environmental Policy Act, second ed. Solano
Press Books.
Relevant Websites

http://ceq.hss.doe.gov/nepa/regs/nepa/nepaeqia.htm – Full Text of the Act.
http://www4.law.cornell.edu – National Environmental Policy (from the US Code).
http://ceq.eh.doe.gov – NEPANet.
http://www.epa.gov – US Environmental Protection Agency (EPA) website on ‘NEPA:

Past, Present, and Future.’
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http://www4.law.cornell.edu
http://ceq.eh.doe.gov
http://www.epa.gov
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The National Institute for Occupational Safety and Health
(NIOSH) is the federal agency responsible for conducting
research and making recommendations for the prevention of
work-related injury and illness. NIOSH is an agency established
to help ensure safe and healthful working conditions for
working men and women by providing research, information,
education, and training in the field of occupational safety and
health. Within the US Department of Health and Human
Services, NIOSH is a part of the Centers for Disease Control and
Prevention (CDC). NIOSH provides national and world lead-
ership to prevent work-related illness, injury, disability, and
death by gathering information, conducting scientific research,
and translating the knowledge gained into products and
services, including scientific information products, training
videos, and recommendations for improving safety and health
in the workplace.

The Occupational Safety and Health Act of 1970 created
both NIOSH and the Occupational Safety and Health
Administration (OSHA). OSHA is in the US Department of
Labor and is responsible for developing and enforcing
workplace safety and health regulations. NIOSH is in the US
Department of Health and Human Services and is an agency
established to help ensure safe and healthful working
conditions for working men and women by providing
research, information, education, and training in the field of
occupational safety and health.

The mission of NIOSH is to generate new knowledge in the
field of occupational safety and health and to transfer that
knowledge into practice for the betterment of workers. To
accomplish this mission, NIOSH conducts scientific research,
develops guidance and authoritative recommendations,
disseminates information, and responds to requests for work-
place health hazard evaluations.

As part of its mission, NIOSH operates programs in every
state to improve the health and safety of workers. As part of
these state activities, NIOSH:

l Evaluates workplace hazards and recommends solutions
when requested by employers, workers, or state or federal
agencies

l Builds state worker safety and health capacity through
grants and cooperative agreements

l Funds occupational safety and health research on a wide
variety of topics at universities and other organizations

l Supports occupational safety and health training
programs

NIOSH has a diverse staff of 1200 scientists from the
fields of epidemiology, medicine, industrial hygiene, safety,
psychology, engineering, chemistry, statistics, economics,
and administration. In addition to the research NIOSH
conducts in its own laboratories, NIOSH also serves as the
major support for occupational safety and health research in
academic centers in the United States. In 1996, NIOSH and
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more than 500 partners established the National Occupa-
tional Research Agenda (NORA), a framework to guide the
efforts of the occupational safety and health community in
21 priority research areas. NORA encompasses research areas
such as traumatic injury, asthma and chronic obstructive
pulmonary disease, hearing loss, and control technologies.
These priority areas were identified through extensive input
from NIOSH’s federal and nonfederal partners. Since 1996,
NIOSH has aligned its intramural and extramural research to
increase its investment in NORA priority areas. To ensure
that NORA research has impacts on the lives of workers and
their families, NIOSH uses a research-to-practice focus for all
its intramural and extramural activities. Through its Research
to Practice (r2p) Initiative, NIOSH works closely with part-
ners to transfer and translate research findings, technologies,
and information into highly effective prevention practices
and products that can be adopted immediately in the
workplace.

Developing and supporting a new generation of researchers
and practitioners is critical to the future of occupational safety
and health. NIOSH funds programs to support occupational
safety and health research and education through 17 regional
university-based Education and Research Centers; 8 Centers for
Agricultural Disease and Injury Research, Education, and
Prevention; and 31 Training Project grants that train occupa-
tional health professionals and researchers to help meet the
increasing demand for occupational physicians, occupational
nurses, industrial hygienists, and safety professionals. The
NIOSH-supported centers also conduct research and preven-
tion projects to address the nation’s occupational health and
safety problems.
Toll-Free Information Service

The 800 number (1-800-232-4636) is a toll-free information
service that provides public access to NIOSH and its infor-
mation resources. Callers can request information about
NIOSH activities, order NIOSH publications, or request
information about any aspect of occupational safety and
health. However, this toll-free number is NOT a hotline for
medical emergencies.

The automated system operates 24 h a day. It provides
recorded information on a variety of topics, including direc-
tions for ordering NIOSH publications. In addition, callers
can speak directly with an information specialist or to
a publications representative from 8:00 a.m. until 8:00 p.m.
(EST) except for holidays. Information is provided free of
charge.
o

See also: Occupational Safety and Health Administration;
Occupational Safety and Health Act, US.
xicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00340-7
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Further Reading

CDC, 2007. Nonfatal occupational injuries and illnesses – United States, 2004. MMWR
56, 393–397.

Steenland, K., Burnett, C., Lalich, N., Ward, E., Hurrell, J., 2003. Dying for work: the
magnitude of U.S. mortality from selected causes of death associated with
occupation. Am. J. Ind. Med. 43, 461–482.
Relevant Websites

http://www.cdc.gov – The NIOSH homepage is located on this URL. The homepage
provides access to information about NIOSH and related activities, including NIOSH
documents, databases, and other resources. The eNews weblink is a monthly
electronic update that highlights the latest news at NIOSH.
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l Name: NIEHS (http://www.niehs.nih.gov/)
l Address: NIEHS, Research Triangle Park, NC 27709, USA.

Tel.: þ1 919 541 3345; fax: þ1 301 480 2978. E-mail:
birnbaumls@niehs.nih.gov

The National Institute of Environmental Health Sciences
(NIEHS) is one of the 27 institutes and centers of the National
Institutes of Health (NIH). NIEHS aims to reduce human
illness and frailty by understanding the influence of environ-
ment on the growth and advancement of human disease. This
is achieved by focusing deeply into various aspects of basic
science research, disease-oriented research, clinical research,
and global environmental health. NIEHS is also dedicated to
the promotion of multidisciplinary research and provision of
training in interdisciplinary fields to researchers so as to foster
the development of the next generation of environmental
health scientists. To engage in such diverse research practices
across the country, NIEHS operates via three main divisions:

1. Division of Intramural Research, which refers to in-house
research done at NIEHS.

2. Division of Extramural Research and Training, which funds
research carried out at institutions, agencies, or universities
apart from NIEHS.

3. Division of the National Toxicology Program, which is an
interagency setting headquartered at NIEHS.
Division of Intramural Research

Intramural research refers to the in-house research done by
eminent scientists employed by NIEHS Division of Intramural
Research (DIR) who have laboratories at the Research Triangle
Park (RTP), North Carolina. The Intramural Research branches
and laboratories are organized into four programs:

1. Environmental biology
2. Environmental disease
3. Medicine, clinical research
4. Environmental toxicology

The research conducted within these four different programs
include epidemiology, biostatistics, molecular genetics, signal
transduction, reproductive and developmental toxicology, res-
piratory biology, molecular carcinogenesis, and other environ-
mental research areas. In-house scientists collaborate extensively
among themselves and with scientists who are part of other
research institutions, organizations, and universities across the
country and around the world. Moreover, each division within
the intramural research program has a director or associate
director, who is responsible for assisting and advising the
scientific director for the effective functioning of the program. In
general, as a publicly funded institute, the NIEHS is committed
to conducting the most rigorous research in environmental
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health sciences, and communicating the results of this research
to public across the globe.
The Division of Extramural Research and Training

The Division of Extramural Research and Training plans and
supports research and training in environmental health outside
NIEHS. It leads the organization’s grant program by providing
financial support to the investigators working in many disci-
plines from various organizations whose research will have
a direct impact in the field of environmental health sciences.
The research pursuits supported by NIEHS range from basic
mechanistic research to clinical and epidemiologic studies
using human subjects. The investigators funded by NIEHS are
currently determining how environmental agents trigger or
aggravate array of human diseases such as autism, breast
cancer, cardiovascular disease, neurodegenerative diseases,
obesity, and diabetes, to name a few. However, their efforts to
target the potential threats causing human diseases do not
undermine the efforts of those scientists who are working to
gain an insight in exposure research.

Since a single environmental exposure can also trigger an
onset or acuteness of diseases, NIEHS funds portions of
researchers who are evaluating the impact of the exposure of air
pollution, nanomaterials, and other contaminants on the
health. Some of these researchers are also trying to ascertain the
degree of susceptibility of a patient to an exposure, studying
multiple exposures, and are developing new ways to measure
personal environmental exposures over time.

Thus the overall goal of this extramural program is to
prioritize and propose the funding levels to various
researchers outside NIEHS who are involved in both direct
human disease and exposure research, so as to ensure greatest
exploitation of available resources to meet the objectives of
the institution. Thus this division is responsible for main-
taining the awareness of national research efforts and assesses
the need for research and research training in environmental
health.
The National Toxicology Program

The National Toxicology Program (NTP) is an interagency
program of the NIEHS that is dedicated to testing and evalu-
ating substances in our environment. The NTP is responsible
for the following:

1. Providing toxicological inputs on agents/pollutants that are
of public health concern.

2. Developing and validating newly established toxicological
methods for their effectiveness, sensitivity, and specificity in
the shortest duration of time.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00341-9
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3. Generating data so as to strengthen the science base for risk
assessments and communicating these results to their
stakeholders.

Thus NTP provides a science-based approach in dealing
with critical issues to present solution for environmental
health issues and is providing the best science available.
Hence, NTP is continually evolving to remain at the fore-
front of scientific research so as to develop and apply new
technologies.

Apart from these three divisions, NIEHS also regulates an
active clinical trials program and is committed to protecting
and improving global health.
Clinical Trials Program

The Clinical Trials Program, fully supported and funded by
NIEHS, conducts the clinical studies to determine the expo-
sure of chemicals or other agents in the environment and their
influence on variety of diseases. In general, many human
diseases result from exposure to environmental agents that
can selectively affect individuals who are genetically suscep-
tible to the development of a disease. The Clinical Trials
Program of NIEHS has an active research program that
investigates the mechanisms of such diseases by translating
basic laboratory findings to humans and studying correlation
between genetic vulnerability and environmental factors
responsible for diseases.

Clinical trials are mainly conducted at two facilities. The
clinical research units are located in RTP and at NIEHS at the
NIH Clinical Center in Bethesda, Maryland. The Office of
Human Research Compliance at NIEHS supports the clinical
researchers by ensuring human research subjects’ protection,
and provides a facility that supports study planning, subject
recruitment, and research conduct.
Global Environmental Health

The NIEHS is also committed to protecting and improving
global health. As a matter of fact, NIEHS aims to provide
“global leadership for innovative research that improves
public health by preventing disease and disability.” Since
environmental health problems are not confined to the
national boundaries, NIEHS is involved in conducting studies
around the world that would benefit not just those in areas
being studied, but all people who suffer from the identical or
interconnected environmental health problems. Global
environmental health (GEH) research assists the NIEHS in
achieving its goals in global environmental health research,
GEH translation, and GEH scientific capacity. Thus the
inclusion of GEH demonstrates NIEHS’s global leadership
and fortitude for solving the most important environmental
health issues and improving the lives of vulnerable pop-
ulations not only in the United States, but also across the
globe.
The founding principles of NIEHS are as follows:

1. Reduce the onus of disease on mankind throughout the
world, by broadly focusing on the environmental causes of
disease.

2. Engage in basic science, disease-oriented, and clinical
research.

3. Use global environmental health by counteracting disease
and disability throughout the world.

4. Prepare the next generation of environmental health
scientists by providing training in interdisciplinary fields.

Environmental toxicology and chemistry embrace major
fields of study that include the following:

1. Analytical chemistry
2. Atmospheric sciences and engineering
3. Biology (all areas included)
4. Classical toxicology
5. Ecology
6. Economics
7. Environmental chemistry
8. Environmental assessment and management
9. Genetics
10. Life cycle assessment
11. Microbiology
12. Molecular biology (genomics, metabolomics, and

proteomics)
13. Organic chemistry
14. Physiology
15. Risk assessment
16. Soil sciences and engineering
17. Water sciences and engineering
Miscellaneous Resources

NIEHS routinely provides information to the public on its
programs, breakthroughs in environmental sciences, updates on
ongoing issues, informative seminars on health-related topics,
position of the government on certain public issues, and world-
wide environmental disasters through podcasts, live webcasts,
news releases, newsletters, and videos. Readers are advised to
visit http://www.niehs.nih.gov/news/index.cfm for further info.

See also: The International Society for the Study of Xenobiotics;
National Center for Environmental Health-ATSDR; National
Center for Toxicological Research, US; National Institute for
Occupational Safety and Health; Society of Environmental
Toxicology and Chemistry; Society of Toxicology.

Relevant Websites

http://www.niehs.nih.gov/ – National Institute of Environmental Health Sciences.
http://www.niehs.nih.gov/research/atniehs/dir/index.cfm – National Institute of

Environmental Health Sciences: Intramural Research Division.
http://www.niehs.nih.gov/research/atniehs/dntp/index.cfm – National Institute of

Environmental Health Sciences: National Toxicology Program (NTP) Division.

http://www.niehs.nih.gov/news/index.cfm
http://www.niehs.nih.gov/
http://www.niehs.nih.gov/research/atniehs/dir/index.cfm
http://www.niehs.nih.gov/research/atniehs/dntp/index.cfm
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Introduction

The National Institutes of Health (NIH) is the primary federal
biomedical research agency in the United States; its goals are to
improve national health through discovery and innovation,
foster resources that prevent disease, expand the biomedical
knowledge base, and to promote high-level scientific conduct.
These goals support NIH’s mission to “enhance health,
lengthen life, and reduce the burdens of illness and disability”
through supporting and conducting scientific research.

The history of NIH originates in a small laboratory within
the Marine Hospital Service (MHS) established in 1887 in
response to developments in microbiology and resulting efforts
to better understand infectious diseases such as cholera. In
1902, Congress passed legislation designating this ‘Hygienic
Laboratory’ as the Division of Pathology and Bacteriology
which, along with the newly created Divisions of Chemistry,
Pharmacology, and Zoology, was housed in the MHS, reor-
ganized as the Public Health and Marine Hospital Service (PH-
MHS, eventually shorted to Public Health Service). A key aspect
of this legislation was that it allowed the PH-MHS to hire
scientist researchers, in addition to physicians, to carry out the
Service’s mission of public health research. In 1930, under the
Ransdell Act, the Hygienic Laboratory became the National
Institutes of Health, with its research focus expanded to include
general biomedical research. Between 1937 and 1998, the
organization expanded to include the 27 institutes and centers
comprising the NIH today. The origin of the modern NIH
grants program can be traced to the work of the National
Cancer Institute (NCI), established in 1937, and expanded to
the NIH with the 1944 Public Health Service Act.
Organization

NIH is an operating division of the Department of Health and
Human Services. In the fiscal year 2012, NIH had a budget of
$30 900million. Over 80% of the budget is dedicated to
competitive grants awarded to researches at institutions
worldwide; approximately 10% of the budget supports
research conducted at NIH facilities. Nearly 6000 research
scientists were employed by NIH in 2012. The following
research-focused and/or academic institutes and centers
execute NIH’s mission of conducting and supporting biomed-
ical research:

l NCI: As the world’s foremost cancer research organization,
NCI supports cancer research in orientation ranging from
basic scientific to clinical at NCI laboratories, designated can-
cer centers, universities, and hospitals distributed throughout
the United States. NCI provides support for greater than 1300
clinical trials of over 200000 patients annually.

l National Eye Institute (NEI): NEI currently supports
vision research at over 250 health care institutions and
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universities, as well as distributing information, con-
ducting research, and providing training in ocular
health.

l National Heart, Lung, and Blood Institute (NHLBI):
Programs at the NHLBI lead education, research, and
training regarding a wide range of diseases including, for
example, hypertension, arrhythmias, sickle cell disease,
heart failure, and numerous others.

l National Human Genome Research Institute (NHGRI):
Initially the National Center for Human Genome Research,
the NHGRI led the successful International Human
Genome Project, which was completed in 2003 with the
sequencing of the entire human DNA sequence. NHGRI’s
mission has expanded to include clinical application of
genome research and assessment of ethical, legal, and social
implications of this work.

l National Institute on Aging (NIA): NIA supports behavioral,
biomedical, and social research related to issues and disease
affecting geriatric patients, with a special emphasis on
information dissemination to patient, families, health care
professionals, and policy makers.

l National Institute on Alcohol Abuse and Alcoholism
(NIAAA): NIAAA’s mission is to guide nationwide effort to
decrease alcohol-related issues through research in areas
such as epidemiology, etiology, and treatment of alcohol-
related disorders.

l National Institute of Allergy and Infectious Diseases
(NIAID): Special focus in the following areas is given in
NIAID’s mission to improve prevention and treatment of
allergic, immunologic, and infectious diseases: acquired
immunodeficiency syndrome (AIDS), asthma and allergic
diseases, biodefense, emerging and re-emerging infectious
diseases, enteric diseases, fundamental immunology,
genetics and transplantation, immune-mediated diseases,
influenza, pathogen genomics, sexually transmitted
infections, vaccinations, drug research and development,
antimicrobial resistance, and minority and women’s
health.

l National Institute of Arthritis and Musculoskeletal and Skin
Diseases (NIAMS): Focused on research regarding causes,
prevention, and treatment of arthritis and related diseases,
NIAMS supports a broad range of basic science and clinical
researchers.

l National Institute of Biomedical Imaging and Bioengi-
neering: This institute is focused on improving health
through research and development of biomedical technol-
ogies, supporting a wide array of disciplines including
physical science, mathematics, engineering, and related
biomedical research.

l Eunice Kennedy Shriver National Institute of Child Health
and Human Development (NICHD): NICHD is focused
on supporting basic and clinical research to ensure safe
reproduction, pregnancy, and childhood development.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00342-0
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l National Institute on Deafness and Other Communication
Disorders (NIDCD): NIDCD focuses on research regarding
disorders of communication processes including balance,
hearing, language, taste, and others.

l National Institute of Dental and Craniofacial Research
(NIDCR): NIDCR focuses on research, training, and
distributing information related to craniofacial, dental, and
oral health.

l National Institute of Diabetes and Digestive and Kidney
Diseases: Activities of this institute center on research,
training, and information distribution related to diabetes
and a wide variety of other diseases including nutritional
disorders, obesity, urologic, kidney disease, and others.

l National Institute on Drug Abuse (NIDA): NIDA leads and
supports a variety of research, including basic sciences,
social sciences, and clinical, related to issues of drug abuse
and its impact on society with focus on both outcomes and
prevention.

l National Institute of Environmental Health Sciences
(NIEHS): The scope of NIEHS includes investigation into
determining the impact of the environment on public
health and communicating that information to the public.
NIEHS also has a role in chemical safety assessment.

l National Institute of General Medical Sciences (NIGMS):
NIGMS focuses on advancing the general medical practices
of diagnosis, treatment, and prevention with a special focus
on research training.

l National Institute of Mental Health (NIMH): The focus of
NIMH is to conduct and support research improving
knowledge and treatment of mental illness with emphasis
on translational research, public health impact, and better
understanding causes of brain disorders.

l National Institute on Minority Health and Health Dispar-
ities (NIMHHD): The mission of the NIMHHD is to elim-
inate health disparities and improve health of minorities
through research support, training, and distribution of
information.

l National Institute of Neurological Disorders and Stroke
(NINDS): NINDS aims to decrease neurological disease
burden in the general population through basic, clinical,
and translational research.

l National Institute of Nursing Research (NINR): NINR
promotes health of the public through foundational
research that builds clinical nursing practice. This institute
also has a focus on health promotions, symptom control,
and palliative care.

l National Library of Medicine (NLM): NLM is the largest
health science library and disseminates health information
to millions of users, including consumers, health care
professionals, and scientists, daily.

l National Center for Complementary and Alternative
Medicine (NCCAM): With a primary role of investigating
the safety and efficacy of complementary and alternative
medicine (CAM), NCCAM has goals of improving symptom
management, promoting health and well-being, and
improving the ability of health care professionals to make
evidence-based decisions regarding CAM.

In addition to the listed institutes and centers, the following
centers also support the NIH mission: Center for Information
Technology, Center for Scientific Review (CSR), John E. Fogarty
International Center, National Center for Advancing Trans-
lational Sciences, National Center for Research Resources, and
the Office of the Director (OD). OD also houses programs
focused on AIDS, social/behavioral sciences, disease preven-
tion, and women’s health research. Finally, the NIH Clinical
Center is the nation’s largest research-focused hospital.

NIEHS, in collaboration with the National Center for
Toxicological Research (NCTR) at US Food and Drug Admin-
istration (FDA) and the National Institute for Occupational
Safety and Health of the Centers for Disease Control and
Prevention, houses the National Toxicology Program. This
program coordinates and improves toxicology testing,
conducts basic science research in toxicology, and disseminates
information to other agencies, scientists, and the public.

Many other institutes besides NIEHS conduct specialized
research and programs in toxicology that are related to their
individual scopes. For example, the Laboratory of Human
Carcinogenesis,withinNCI, has toxicological focusonexamining
cellular mechanisms of carcinogenicity and extrapolating animal
carcinogenicity data to humans. Additionally, the National
Children’s Study, conducted at NICHD, is a large cohort study
examining the effect of numerous exposures on over 100000
children from birth to age of 21 years. The goal of this study is to
identify the impact of numerous biological, social, and environ-
mental factors on health and disease. Another example is the
InvestigationalNewDrugToxicologyProgramsponsoredbyNIA.
Through this program, NIA conducts toxicological studies
required by the US FDA for the development of newmedications
for treatment and prevention of Alzheimer’s disease.
NIH Grants

NIH grant proposals should be high quality, distinct, and of
relevance to public health; grant proposals may be solicited in
response to an NIH call for research or unsolicited. Grant appli-
cants are not required to have completed specific experiences or
prerequisites and special programs are in place to encourage
research on the part of new investigators. NIH is similarly flexible
in terms of the institution type and nationality of grant appli-
cants. Prior to submitting an application, NIH encourages grant
applicants to discuss the proposal with a staff member. Appli-
cations may be submitted electronically or on paper.

See also: Food and Drug Administration, US; National Institute
for Occupational Safety and Health; The National Institute of
Environmental Health Sciences; The National Toxicology
Program; Evidence-Based Toxicology.
Further Reading

Office of NIH History. A Short History of the National Institutes of Health. http://history.
nih.gov/exhibits/history/index.html (accessed 11 July 2012).

Relevant Websites

NIH: http://www.nih.gov
NTP: http://ntp.niehs.nih.gov/
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The US National Library of Medicine (NLM) has played
a critical role in publicly disseminating toxicology informa-
tion, initially just bibliographic, dating back to its origins as
the Library of the Surgeon General’s Office of the US Army in
1836. Its Index-Catalogue and Index Medicus, which began
publication in the late nineteenth century, attempted to cover
the broad scope of biomedical literature, which necessarily
includes toxicology. Index Medicus evolved into MEDLINE
and it and PubMed continue to this day to provide coverage
not only of the extensive bioinformatics framework but also
much more. In the meantime, in 1967, the Toxicology
Information Program, precursor to the current Toxicology
and Environment Health Information Program (TEHIP), was
established.

TEHIP resides in NLM’s Division of Specialized Infor-
mation Services (SIS) and offers a broad array of free and
publicly accessible Web databases and other digital infor-
mation resources in toxicology and environmental health.
Its staff responds to queries and collaborates with other
federal agencies. TEHIP is considered one of the worlds’
major providers of toxicology and environmental health
information resources. TEHIP’s primary information
resource repository is the TOXNET system of databases.
Following are some of the major toxicology resources
provided by NLM.
Chemical Specific Factual Databanks

Chemical Carcinogenesis Research Information System

Chemical Carcinogenesis Research Information System (CCRIS)
is a scientifically evaluated and fully referenced data bank,
developed by the National Cancer Institute (NCI), but no longer
updated. It contains over 9000 chemical records with carcino-
genicity, mutagenicity, tumor promotion, and tumor inhibition
test results. Data are derived from studies cited in primary
journals, current awareness tools, NCI reports, and other special
sources. Test results have been reviewed by experts in carcino-
genesis and mutagenesis.
GENE-TOX

GENE-TOX is a toxicology data file created by the US Envi-
ronmental Protection Agency (EPA) and contains genetic
toxicology (mutagenicity) test data, resulting from expert peer
review of the open scientific literature, on over 3000 chem-
icals. The GENE-TOX program was established to select assay
systems for evaluation, review data in the scientific literature,
and recommend proper testing protocols and evaluation
procedures for these systems. Although no longer updated, it
contains important and still valid information.
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Hazardous Substances Data Bank

Considered TOXNET’s flagship database, Hazardous Substances
Data Bank (HSDB) focuses on the toxicology of potentially
hazardous chemicals. It covers information on human expo-
sure, industrial hygiene, emergency handling procedures, envi-
ronmental fate, regulatory requirements, nanomaterials, and
related areas. All data are referenced and derived from a core set
of books, government documents, technical reports, and
selected primary journal literature. HSDB is peer reviewed by
the Scientific Review Panel, a committee of experts in the major
subject areas within the data bank’s scope. HSDB contains over
5000 extensive and highly structured individual chemical
records.
Integrated Risk Information System

Integrated Risk Information System (IRIS) is a toxicology data
file that contains data in support of human health risk assess-
ment. It is compiled by the US EPA and contains over 550
chemical records. IRIS data, focusing on hazard identification
and dose–response assessment, are reviewed by work groups of
EPA scientists and represent EPA consensus. Among the key
data provided in IRIS are EPA carcinogen classifications, unit
risks, slope factors, oral reference doses, and inhalation refer-
ence concentrations.
International Toxicity Estimates for Risk

International Toxicity Estimates for Risk (ITER) is a toxicology
data file that contains data in support of human health risk
assessments. It is compiled by Toxicology Excellence for Risk
Assessment (TERA) and contains some 700 chemical records
with key data from the Agency for Toxic Substances and Disease
Registry, Health Canada, the International Agency for Research
on Cancer, the Dutch National Institute of Public Health and
the Environment (RIVM), National Science Foundation Inter-
national, the US EPA, and independent parties whose risk values
have undergone peer review, and values derived by independent
parties whose risk values have undergone peer review through
TERA’s ITER Peer Review process. ITER provides a comparison
of international risk assessment information in a tabular format
and explains differences in risk values derived by different
organizations. ITER data, focusing on hazard identification and
dose–response assessment, are extracted from each agency’s
assessment and contain links to the source documentation.
LactMed (Drugs and Lactation)

LactMed is a database of drugs, herbals, and other substances to
which breast-feeding mothers may be exposed. It includes
information on the levels of such substances in breast milk and
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00681-3
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infant blood, and the possible adverse effects in the nursing
infant. Suggested therapeutic alternatives to those drugs are
provided, where appropriate. All data are derived from the
scientific literature and fully referenced. Data are organized into
substance-specific records, which provide a summary of the
pertinent reported information and include links to other NLM
databases. Supplemental links to breast-feeding resources from
credible organizations are also provided.
Chemical Dictionary

ChemIDplus

ChemIDplus is a search system that provides access to structure
and nomenclature authority files used for the identification of
chemical substances cited in NLM databases. ChemIDplus also
provides structure searching and direct links to many
biomedical resources at NLM and on the Internet for chemicals
of interest. The database contains nearly 400,000 chemical
records, of which over 295,000 include chemical structures,
and is searchable by Name, Synonym, Chemical Abstract
Service (CAS) Registry Number, Molecular Formula, Classifi-
cation Code, Locator Code, Structure, Toxicity, and Physical
Properties.
Toxic Releases

Toxics Release Inventory

Toxics Release Inventory (TRI) is an annually compiled series of
databases beginning with the 1987 reporting year and
continuing to date, and which contains information on the
annual estimated releases of toxic chemicals to the environment.
It is based upon data collected by the US EPA. Mandated by the
Superfund legislation (Emergency Planning and Community
Right to Know Act of 1986), TRI’s data cover air, water, land, and
underground injection releases, as well as transfers to waste sites,
and waste treatment methods and efficiency, as reported by
industrial facilities in the United States. TRI also includes data
related to source reduction and recycling.
Bibliographic Databases

ALTBIB

ALTBIB is a bibliographic database designed to assist in iden-
tifying methods and procedures helpful in supporting the
development, testing, application, and validation of alterna-
tives to the use of vertebrates in biomedical research and
toxicology testing. It is produced from MEDLINE database
searches, performed and analyzed by subject experts from the
TEHIP of the SIS Division of the NLM.
Developmental and Reproductive Toxicology

Developmental and Reproductive Toxicology (DART) is a
bibliographic database that covers teratology and other
aspects of developmental and reproductive toxicology. It
contains over 200,000 references to literature published since
1965. No longer updated, DART was funded by the US EPA,
the National Institute of Environmental Health Sciences, the
National Center for Toxicological Research of the Food and
Drug Administration, and NLM.
TOXLINE

TOXLINE is a bibliographic database covering the multidisci-
plinary literature of toxicology. Its records provide bibliographic
information on the biochemical, pharmacological, physiolog-
ical, and toxicological effects of drugs and other chemicals.
TOXLINE contains over 4 million bibliographic citations, most
with abstracts and/or indexing terms and CAS Registry Numbers.
TOXLINE references are drawn from various sources organized
into component subfiles. Literature comes from PubMed/MED-
LINE, DART (see above), International Labor Office, Toxicology
Document and Data Depository (National Technical Informa-
tion Service), Toxicology Research Projects (Computer Retrieval
of Information on Scientific Projects), and a number of archival
databases no longer being updated.
Health and Biomedicine Directory

DIRLINE

DIRLINE is a database containing location and descriptive
information about a wide variety of information resources
including organizations, research resources, projects, and
databases concerned with health and biomedicine. This infor-
mation may not be readily available in bibliographic data-
bases. DIRLINE contains over 8500 records and focuses
primarily on health and biomedicine, although it also provides
limited coverage of some other special interests. DIRLINE
includes records pertinent to the areas of toxicology, chemical
safety, and environmental health.
Additional Specialized Resources

Carcinogenic Potency Database

The Carcinogenic Potency Database (CPDB) reports analyses of
animal cancer tests on 1547 chemicals. It includes 6540
chronic, long-term animal cancer tests, both positive and
negative for carcinogenicity, from the general published liter-
ature as well as the NCI and the National Toxicology Program.
Such tests are used in support of cancer risk assessments for
humans. CPDB has been developed by the Carcinogenic
Potency Project at the University of California, Berkeley, and
the Lawrence Berkeley National Laboratory Carcinogenic
Potency Database. TD50, a numerical description of carcino-
genic potency, is the daily dose rate in mg kg�1 body weight per
day for life to induce tumors in half of test animals that would
have remained tumor-free at zero dose. TD50 provides a stan-
dardized quantitative measure that can be used for compari-
sons and analyses of many issues in carcinogenesis.
Chemical Hazards Emergency Medical Management

Chemical Hazards Emergency Medical Management (CHEMM)
is designed to enable first responders, first receivers, other health
care providers, and planners to plan for, respond to, recover
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from, and mitigate the effects of mass-casualty incidents
involving chemicals and to provide a comprehensive, user-
friendly, web-based resource that is also downloadable in
advance, so that it would be available during an event if the
Internet is not accessible. It was produced by the US Depart-
ment of Health and Human Services, Office of the Assistant
Secretary for Preparedness and Response, Office of Planning
and Emergency Operations, in cooperation with the NLM,
Division of SIS, and other medical, emergency response, and
toxicology experts.
Comparative Toxicogenomics Database

The Comparative Toxicogenomics Database (CTD) elucidates
molecular mechanisms by which environmental chemicals
affect human disease. It contains manually curated data
describing cross-species chemical–gene/protein interactions
and chemical– and gene–disease relationships. The results
provide insight into the molecular mechanisms underlying
variable susceptibility and environmentally influenced
diseases. These data will also provide insights into complex
chemical–gene and protein interaction networks. CTD is
compiled by the Mount Desert Island Biological Laboratory,
http://www.mdibl.org/.
Enviro-Health Links

Enviro-health links provide selected links to information on
environmental health and toxicology, including Arsenic and
Human Health, Biological Warfare, Chemical Warfare, Chil-
dren’s Environmental Health, Climate Change and Health,
Environmental Justice, Epigenomics, Health Effects from the
Collapse of the World Trade Center, Hexavalent Chromium,
Indoor Air, Pesticides Used for Mosquito Control in West Nile
Virus Control, etc.
Haz-Map

Haz-Map is an occupational health database designed for
health and safety professionals and for consumers seeking
information about the health effects of exposure to chemicals
at work. The main links in Haz-Map are between chemicals and
occupational diseases, in which causality has been established
based on current scientific evidence. Haz-Map shows diseases
linked to each agent and agents linked to each disease. Agents
are chemical, e.g., formaldehyde, or biological, e.g., grain dust.
Information from textbooks, journal articles, Documentation of
the Threshold Limit Values (published by American Conference
of Governmental Industrial Hygienists), and electronic data-
bases such as NLM’s HSDB� is classified, summarized, and
regularly updated to create the database.
Household Products Database

The Household Products Database links over 11,000 consumer
brands to health effects from Material Safety Data Sheets
(MSDS) provided by manufacturers and allows scientists and
consumers to research products based on chemical ingredients.
The database is designed to help answer the following typical
questions: What are the chemical ingredients and their
percentage in specific brands? Which products contain specific
chemical ingredients? Who manufactures a specific brand?
How do I contact this manufacturer? What are the acute and
chronic effects of chemical ingredients in a specific brand?
What other information is available about chemicals in the
toxicology-related databases of the NLM? The database allows
browsing of product categories and searching of products by
type, manufacturer, product ingredient/chemical name, and
health effects. The record for each product shows the ingredi-
ents as reported in the manufacturer’s MSDS and includes
other information such as handling, disposal, and health
effects.
LiverTox

LiverTox provides up-to-date, accurate, and easily accessed
information on the diagnosis, cause, frequency, patterns, and
management of liver injury attributable to prescription and
nonprescription medications, herbals, and dietary supple-
ments. It also includes a case registry that will enable scientific
analysis and better characterization of the clinical patterns of
liver injury.
NLM-Tox-Enviro-Health-L Listserv

The NLM-Tox-Enviro-Health-L listserv is an e-mail announce-
ment list whose purpose is to broadcast updates on SIS’s
resources, services, and outreach in toxicology and environ-
mental health. The NLM-Tox-Enviro-Health-L Archives allow
users to search list postings and to modify subscription
options. Anyone interested in subscribing to this listserv should
send an e-mail to listserv@list.nih.gov, with SUBSCRIBE NLM-
Tox-Enviro-Health-L your name in the body.
PillBox

PillBox was developed to aid in the identification of unknown
solid dosage pharmaceuticals. The system combines high-
resolution images of tablets and capsules with appearance
information (imprint, shape, color, etc.) to enable users to
visually search for and identify an unknown solid dosage
pharmaceutical. It is designed for use by emergency physicians,
first responders, other health care providers, Poison Control
Center staff, and concerned citizens.
Radiation Emergency Medical Management

Radiation Emergency Medical Management (REMM) provides
guidance for health care providers, primarily physicians, about
clinical diagnosis and treatment of radiation injury during
radiological and nuclear emergencies. It also offers just-in-time,
evidence-based, usable information with sufficient background
and context to make complex issues understandable to those
without formal radiation medicine expertise, and presents Web-
based information that is also downloadable in advance, so
that it would be available during an emergency if the Internet is
not accessible. REMM was produced by the Department of
Health and Human Services, Office of the Assistant Secretary
for Preparedness and Response, Office of Planning and Emer-
gency Operations, in cooperation with the NLM, Division of
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SIS, with subject matter experts from the NCI, the Centers for
Disease Control and Prevention, and other consultants.
ToxLearn and ToxTutor

NLM’s Toxicology Tutorials are written at the introductory
college student level and are intended to provide a basic
understanding of toxicology as an aid for users of the toxi-
cology literature, such as that found in the TOXNET databases
described above. Toxicology Tutor I is the first in a set of three
tutorials and covers basic principles of toxicology. Toxicology
Tutor II covers toxicokinetics, while Toxicology Tutor III deals
with the basic toxic mechanisms that operate at the cellular
level, including those that interfere with normal biochemical
functions. ToxTutor is undergoing a major revision in a project
involving NLM and the Society of Toxicology; the new, upda-
ted, graphically enhanced, and more interactive tutorials,
known as ToxLearn, are gradually being introduced. For the
time being, both ToxTutor and the new ToxLearn will be
available online.
TOXMAP

TOXMAP� is a Geographic Information System that uses maps
of the United States to help users visually explore data from the
EPA’s TRI and Superfund Programs. Superfund sites are those
throughout the United States and its territories that contain
substances that are either designated as hazardous under the
Comprehensive Environmental Response, Compensation, and
Liability Act, or identified as such under other laws. TOXMAP
helps users create nationwide, regional, or local area maps
showing where TRI chemicals are released on-site into the air,
water, and ground. It also identifies the releasing facilities, and
color codes release amounts for a single year or year range, and
provides multiyear aggregate chemical release data and trends
over time, starting with 1988. Maps can also show locations of
Superfund sites on the National Priority List, listing all chem-
ical contaminants present at these sites.
ToxMystery

Developed for use by elementary school teachers in science or
health classes.
Tox Town

Tox Town, an interactive guide to commonly encountered toxic
substances, is designed to provide the following: information
on common locations where one might find toxic chemicals,
nontechnical descriptions of chemicals, links to selected,
authoritative information about chemicals on the Internet,
information concerning environmental impacts on human
health, and Internet resources on environmental health topics.
Tox Town uses color, graphics, sounds, and animation to add
interest to learning about connections between chemicals, the
environment, and public health. Tox Town’s target audience is
high school and college students, educators, and the concerned
public. Tox Town also provides some resources in Spanish and
has a text version. Tox Town currently offers the following
scenes: Port, City, Town, US–Mexico Border, Farm, and US
Southwest.
Wireless Information System for Emergency Responders

Wireless Information System for Emergency Responders
(WISER) is a system designed to assist first responders in
hazardous material incidents. The application provides a wide
range of information on hazardous substances, including
substance identification support, physical characteristics, human
health information, and containment and suppression guidance.
More

One of NLM’s newer organizational components, comple-
mentary to TEHIP and utilizing a number of its resources, is the
Disaster Information Management Research Center (DIMRC).
DIMRC is charged with the effective collection, organization,
and dissemination of health information for natural, acci-
dental, or deliberate disasters. Its scope includes but expands
beyond toxic exposures to include disasters such as floods,
hurricanes, earthquakes, etc.

It should also be noted that NLM seeks new and better ways
to deliver information, and is increasingly embracing mobile
database applications, and social media approaches. Mobile
interfaces are now available for many NLM resources. Among
the toxicology related databases available as apps are the Drug
Information Portal, REMM, WISER, and LactMed, for devices
such as iPhone, iPod Tourch, iPad, Android, and Blackberry.
And it is also easy to stay up-to-date and connected to TEHIP's
toxicology activities via Facebook and Twitter, for example.

See also: Information Resources in Toxicology.
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Mission and Organization

The National Toxicology Program (NTP) is an interagency
program, established in 1978 as a cooperative effort within the
US Public Health Service of the Department of Human
Services. The need for a program like the NTP arose because of
increasing scientific, regulatory, and Congressional concerns
about the human health effects of chemical agents in our
environment. Many human diseases were thought to be
directly or indirectly related to chemical exposures; therefore, it
was thought that decreasing or eliminating human exposures
to those chemicals would help prevent some human disease
and disability.

Themission of the NTP is to evaluate agents of public health
concern by developing and applying tools of modern toxi-
cology andmolecular biology. This is accomplished bymeeting
the four goals initially established for NTP, namely (1) coor-
dinate toxicology research and testing activities within the
department; (2) provide information about potentially toxic
chemicals to health regulatory and research agencies, scientific
and medical communities, and the public; (3) strengthen the
science base in toxicology; and (4) develop and validate
improved testing methods.

Relevant activities within three core agencies form the NTP,
namely, the National Institute of Environmental Health
Sciences of the National Institutes of Health (NIEHS/NIH), the
National Institute for Occupational Safety and Health of the
Centers for Disease Control and Prevention (NIOSH/CDC),
and the National Center for Toxicological Research of the Food
and Drug Administration (NCTR/FDA) (Figure 1). The NTP is
headquartered within the Division of the National Toxicology
Program (DNTP) at the NIEHS/NIH in the Research Triangle
Park, North Carolina, and the Director of NIEHS also serves as
Figure 1 The NTP. The NTP encompasses specific activities within three
core agencies: NIEHS/NIH, NIOSH/CDC, and NCTR/FDA. The NTP is
headquartered within the DNTP at the NIEHS/NIH in the Research Triangle
Park, North Carolina (DERT, Division of Extramural Research and
Training; DIR, Division of Intramural Research).
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the Director of the NTP. Information about the program
with links to individual components is available on the NTP
website (http://ntp.niehs.nih.gov).

Over the past three decades, the NTP has become a world
leader in designing, conducting, and interpreting various types
of assays for toxicity. Through its activities, the NTP provides,
directly or indirectly, a large component of the basic scientific
data that other federal and state scientific and regulatory
agencies, as well as private sector organizations, use in
responding to issues relevant to the effects of chemical and
physical agents on human health and the environment. All of
the NTP’s activities are fully transparent, include requests for
public comment at open meetings, and encourage communi-
cation with all interested parties. The NTP draws strength and
direction from the commitment of its scientists to exchanging
information openly, maintaining impartiality, and applying
rigorous scientific peer review.

The charter agencies of the NTP were the NIEHS of the NIH,
the National Cancer Institute (NCI) of the NIH, the NIOSH/
CDC, and the US FDA. In 1981, the carcinogenesis bioassay
program of the NCI was transferred to the NIEHS. Although no
longer a core NTP agency, the NCI remains active in the NTP
and serves on the NTP Executive Committee.

The NTP relies on voluntary allocations from the program’s
core agencies NIEHS, NCTR, and NIOSH to support its
research, testing, analysis activities, and outreach, and conducts
its research studies through contract laboratories, via inter-
agency agreements with its core agencies and other federal
partners and through in-house research capabilities. NTP also
supports cooperative and/or collaborative agreements. Funds
are also used to sponsor workshops and conferences and to
produce and distribute programmatic materials.
Oversight

The NTP relies on several external groups for advice on its
activities: NTP Executive Committee, NTP Board of Scientific
Counselors (BSC), and Scientific Advisory Committee on
Alternative Toxicological Methods (SACATM). The NTP also
uses special emphasis panels for independent scientific peer
review and advice on targeted issues.

NTP Executive Committee: This committee provides policy
oversight to the NTP. It is composed of the heads (or their
designees) of federal health regulatory and research agencies
including Agency for Toxic Substances and Disease Registry
(ATSDR)/National Center for Environmental Health,
Consumer Product Safety Commission (CPSC), Environ-
mental Protection Agency (EPA), FDA, NCI, NIEHS, NIOSH,
Department of Defense (DOD), and Occupational Safety and
Health Administration (OSHA).

NTP BSC: This committee provides scientific oversight to
the NTP. It is a federally chartered advisory committee whose
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01035-6
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members are appointed by the Secretary of the Department of
Health and Human Services (HHS). The BSC meets once or
twice each year, and meetings are open to the public.

SACATM: This federally chartered committee provides
advice to the NTP Interagency Center for the Evaluation of
Alternative Toxicological Methods (NICEATM) and the Inter-
agency Coordinating Committee on the Validation of Alter-
native Methods (ICCVAM) on priorities and directives related
to the development, validation, scientific review, and regula-
tory acceptance of new or revised alternative test methods, and
on ways to foster partnerships and communication with
interested parties. Its members are appointed by the NIEHS/
NTP director. SACATM meets once or twice each year, and
meetings are open to the public.

Special emphasis panels: These are technical, scientific
panels convened, as needed, to provide independent scientific
peer review and advice to the NTP on specific issues. They help
to ensure transparent, unbiased, and scientifically rigorous
input to the program. This input helps the NTP make credible
decisions about human health hazards, set research and testing
priorities, and evaluate test methods for toxicity screening.
Research and Testing Program

The NTPmaintains a balanced research and testing program that
provides data on a wide variety of issues important to human
health. The NTP continually solicits nominations of substances
for study and invites nominations from all interested parties and
groups. In particular, the NTP seeks nominations of studies that
enhance the predictive ability of future NTP studies, address
mechanisms of toxicity, or fill significant gaps in the knowledge
of the toxicity of chemicals or classes of chemicals. Nominations
undergo several levels of review that include the opportunity
for public comment. The NTP strives to balance the selection
of substances for study (e.g., occupational exposures, environ-
mental pollutants, food additives, consumer products, and
pharmaceuticals). Selected substances are evaluated for a variety
of health-related effects, such as general toxicity, reproductive
and developmental toxicity, genotoxicity, immunotoxicity,
neurotoxicity, metabolism, disposition, and carcinogenicity.

The review and selection of substances and issues nomi-
nated for study is a multistep process. A broad range of
concerns are addressed during this process through the partic-
ipation of representatives from the NIEHS, other federal
agencies, NTP BSC, NTP Executive Committee, and the
public. This multistep evaluative process provides the NTP
with direction and guidance to ensure that its research and
testing program addresses toxicological concerns relative to all
areas of public health, and furthermore, that there is balance
among the types of substances selected for study (e.g., indus-
trial chemicals, consumer products, therapeutic agents). As
such, it should be recognized that at any given time, the new
study nominations under consideration do not necessarily
reflect the overall balance of substances historically or currently
being evaluated by the NTP in its toxicology testing activities.

The NTP evaluates substances for a variety of health-related
effects, generally using rodent models for study and protocols
specifically designed to fully characterize the toxic potential.
The NTP’s research and testing program includes chronic
bioassays, short-term toxicity studies, mechanistic studies,
model development, alternative models, and human studies.

For each agent studied, a project leader designs a compre-
hensive testing strategy to address the identified research and
testing needs. A project review committee evaluates the testing
strategy and proposes an appropriate mechanism for per-
forming the study.

The NTP publishes results of short-term rodent toxicology
studies in the NTP Toxicity Report series, and results of long-term
studies, generally 2-year rodent toxicology and carcinogenesis
studies, in the NTP Technical Report series or in peer-reviewed
scientific journals. The findings and conclusions from NTP
report series undergo formal external peer review prior to being
finalized and published and are indexed in PubMed. Other
studies designed to evaluate specific effects on biological systems
are generally published in the open, peer-reviewed literature.
Study Data

The NTP makes available data from more than 500 two-year,
two-species, toxicology and carcinogenesis studies collected by
the NTP and its predecessor, the NCI’s Carcinogenesis Testing
Program, and are stored in a publicly accessible database at
NIEHS. The NTP database also contains the results collected on
approximately 300 toxicity studies from shorter duration tests
and from genetic toxicity studies, which include both in vitro
and in vivo tests. In addition, test data from immunotoxicity,
developmental toxicity, and reproductive toxicity studies are
continually being added to this database. The Chemical Effects
in Biological Systems (CEBS) data management system houses
data of interest to environmental health scientists. CEBS is
a public resource, and has received depositions of data from
academic, industrial, and governmental laboratories. CEBS is
designed to display data in the context of biology and study
design, and to permit data integration across studies for novel
meta-analysis.
The NTP Vision for the Twenty-First Century

The last decade of the twentieth century and the turn of the
twenty-first century have produced dramatic technological
advances in molecular biology and computer science. During
this period, scientists have increasingly identified critical
cellular and molecular events (mechanisms) that lead to
adverse responses to toxicants. The NTP recognizes that over
the coming decades, the expanding knowledge of the physi-
ological, biochemical, and molecular basis of disease will lead
to improvements in our ability to predict the toxicological
impact of environmental agents. As a focal point within the
federal government for providing information about poten-
tially hazardous agents, the NTP seeks to leverage these
advances and identify and incorporate more mechanistic
approaches into its toxicology assessments. The NTP Vision
for the twenty-first century is to support the evolution of toxicology
from a predominantly observational science at the level of disease-
specific models to a predominantly predictive science focused upon
a broad inclusion of target-specific, mechanism-based, biological
observations. The intent of the NTP vision is to expand the
scientific basis for making public health decisions on the
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potential toxicity of environmental agents. The NTP has
developed a ‘roadmap’ or framework for implementation of
the NTP vision that it believes will strategically position the
program at the forefront for providing scientific data and for
guiding the interpretation of those data to maximize their
impact on public health. The roadmap’s initiatives aim to (1)
refine traditional toxicology assays, (2) develop rapid,
mechanism-based, predictive screens for environmentally
induced diseases, and (3) improve the overall utility of NTP
products for public health decisions.
High Throughput Screening Program and the Tox 21 Partnership

As part of its vision, the NTP established a high throughput
screening (HTS) program. Traditional toxicological testing is
based largely on the use of laboratory animals. However, this
approach is hindered by expensive, low throughput assays and
difficulties inherent to interspecies extrapolation. The NTP is
charged with addressing increasingly complex issues involving
a very large number of chemicals and chemical mixtures, about
which there are inadequate toxicological data. To meet this
challenge, the NTP is taking advantage of the recent dramatic
technological advances in molecular biology and computer
science. These advances provide an opportunity to use in vitro
biochemical and cell-based assays and nonrodent animal
models for toxicological testing.

The HTS program represents a new paradigm in toxicolog-
ical testing. The HTS program’s approach is to identify and/or
develop toxicological testing screens for mechanistic targets
active within cellular pathways considered critical to adverse
health effects such as carcinogenicity, reproductive and devel-
opmental toxicity, genotoxicity, neurotoxicity, and immuno-
toxicity in humans. The Biomolecular Screening Branch with
the DNTP at NIEHS administers the NTP’s HTS program.

The goals of the HTS program are to prioritize substances
for further in-depth toxicological evaluation, identify mecha-
nisms of action for further investigation (e.g., disease-associ-
ated pathways), and develop predictive models for in vivo
biological response (predictive toxicology).

Through a 5-year memorandum of understanding, initially
established in 2008, the NIEHS/NTP has entered a partnership
with three other government organizations: National Human
Genome Research Institute’s NIH Chemical Genomics Center
(NCGC), EPA’s National Center for Computational Toxicology,
and FDA. Together these partners (informally known as the
‘Tox21’ community) will test a large number of compounds,
broadly characterizing and defining the chemical–biological
space occupied by chemicals of toxicological concern. Each
partner provides needed expertise to the coordinated ‘Tox21’
effort. The NIEHS/NTP, EPA, NCGC, and FDA bring together
expertise in experimental toxicology, computational toxicology,
high throughput technologies, and human disease, respectively,
to further a coordinated effort toward developing new tools and
assays to revolutionize chemical toxicity evaluation.
Alternative Toxicological Methods

The NTP plays a key role in the development and validation of
alternative test methods for regulatory safety testing that will
reduce, refine (by causing less pain and distress), or replace
animal use – the 3Rs of alternatives. Two groups are specifically
responsible for furthering these efforts and promoting the
regulatory acceptance and national and international harmo-
nization of alternative test methods – ICCVAM and the
NICEATM. The ultimate goal is the validation and regulatory
acceptance of test methods that are more predictive of adverse
human and ecological effects than currently available methods,
supporting improved protection of human health and the
environment.

Established by NIEHS in 1997 and US law in 2000, ICC-
VAM is a 15-member interagency group with representatives
from regulatory and research agencies that generate or use
toxicological testing data to safeguard the health of people,
animals, and the environment. Members of ICCVAM include
representatives from ATSDR, CPSC, Department of Agricul-
ture, DOD, Department of Energy, Department of Interior,
Department of Transportation, EPA, FDA, NIEHS, NIOSH,
NIH, NCI, National Library of Medicine, and OSHA.
NICEATM administers ICCVAM and provides operational and
scientific support for ICCVAM-related activities and facilitates
communication between the agencies and test method
developers. NICEATM also conducts validation studies to
evaluate new or revised alternative test methods that may
impact the 3Rs and coordinates workshops and disseminates
information about alternative methods and current best
practices for the humane care and use of animals in toxicology
research and testing.

In the past 12 years, ICCVAM has evaluated more than 200
test methods, many of which are in widespread use around the
world including 43 alternative methods adopted or approved
by the United States and international regulatory authorities. In
2009, NIEHS/NTP signed a memorandum of cooperation with
representatives from the European Union, Japan, and Health
Canada to promote international cooperation and coordina-
tion on the scientific validation of non- and reduced-animal
toxicity testing methods. In March 2011, the Republic of Korea
joined the agreement.
NTP Health Assessment Activities

In addition to its focus on identification of potentially
hazardous substances through research and testing, the NTP
carries out activities to identify substances that may cause
cancer or noncancer health effects through evaluations of the
published literature.

Office of Health Assessment and Translation (OHAT): The
evaluation of chemicals that may cause reproductive harm or
affect the development of children is a special priority for the
NTP. As a consequence in 1998, NTP established the Center for
the Evaluation of Risks to Human Reproduction (CERHR). In
2011, the functions of CERHR were incorporated into a newly
created Office of Health Assessment and Translation (OHAT)
located at the NIEHS.

OHAT serves as an environmental health resource to the
public and to regulatory and health agencies. This office
conducts evaluations to assess the scientific evidence that
environmental chemicals, physical substances, or mixtures
(collectively referred to as ‘substances’) cause adverse health
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effects and provide opinions on whether these substances may
be of concern given what is known about current human
exposure levels. A variety of substances have been evaluated
including industrial chemicals, drugs, and chemicals such as
bisphenol A and phthalates found in some consumer prod-
ucts. The findings and conclusions from these evaluations
undergo peer review by special emphasis panels or the BSC
prior to their publication. Results of these assessments are
published as NTP Monographs and indexed in PubMed.
OHAT also organizes workshops or state-of-the-science eval-
uations to address issues of importance in environmental
health sciences.

The Report on Carcinogens (RoC): The ROC is one of the
world’s leading compilations of data on agents, substances,
mixtures, and exposure circumstances that may pose a cancer
risk to humans. The RoC is a congressionally mandated,
science-based, public health report that identifies agents,
substances, mixtures, or exposures (collectively called
‘substances’) in our environment that may potentially put
people in the United States at increased risk for cancer. The
report lists substances in two categories, known to be a human
carcinogen and reasonably anticipated to be a human carcinogen.
The NTP prepares the RoC on behalf of the HHS Secretary.

The RoC lists substances that are known or reasonably antic-
ipated to cause cancer in humans, and to which a significant
number of people living in the United States are exposed. It
combines data from both federal and nongovernmental sour-
ces into one document, including the carcinogenicity, geno-
toxicity, and biological mechanisms (modes of action in the
body) of the listed substance in humans and/or animals; the
potential for human exposure to these substances; and federal
regulations to limit exposures. The NTP follows a formal,
multistep review process and uses established criteria to eval-
uate the scientific evidence on a substance and determine
whether it should be listed in or removed from the RoC. The
most recent 12th RoC was published in 2011 and contains 240
listings, some of which consist of a class of structurally related
chemicals or agents.

See also: Toxicology in the US Department of Defense (DoD);
Food and Drug Administration, US.
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It is a commonly held misconception that artificial products are
necessarily more toxic to humans than natural products, which
are typically deemed ‘good.’ However, natural products, no
differently than synthetic substances, vary widely in their rela-
tive toxicity, and the degree is related to the dose. But at low
levels, determining the difference between beneficial and
detrimental substances was a necessary trial-and-error process,
which human societies had to practice in order to survive.

Using sources in nature to develop drugs (pharmacognosy
being the science of identifying drugs in natural products) is the
oldest method of drug development. For thousands of years,
plants and animals have been utilized (whether effective or
not) to treat disease in humans. The three main sources of
natural products are plants, marine, and microbial sources;
a lesser, though an important source of natural products is
venoms and poisons. These sources are the most frequently
used because they pose less of an ethical question than higher
life forms, and venoms and poisons can generally be removed
from organisms without harming them. The origin of these
compounds can range from tree bark, to fish, to microbes, and
it is nearly impossible to evaluate potential in a species before
testing. There are still many parts of the world in which tradi-
tional medicine is the only available therapeutic route; and
even in more developed parts of the world, drugs derived from
natural sources compose a large percentage of drug sales.

There are a few traditional medicine preparations that are
the basis for modern use of natural products.

A decoction contains the liquid extracts of active components
and volatile oils from natural products.

A tincture is made by steeping fresh or dried herbs in alcohol or
vinegar.

A syrup is made by combining tinctures or medicinal liquors
with honey or glycerin.

An ointment is generally prepared by mixing floral or plant
ingredients with essential oil and wax, such as beeswax.
Plant Sources

Plants are generally considered the first natural products the
human race used, being plentiful, easily manipulated, and
frequently producing clearly discernible effects. Their large
biomass often makes plants appealing choices as targets for
drug research owing to the need for large amounts of material
to test and ultimately produce drug compounds.
Marine Sources

Due to the extended period of evolutionary process, the
majority of the organic diversity on this planet occurs in the
world’s oceans and large bodies of water, specifically those
parts which are shallow or close to land. Combined with the
large variety of environmental factors present, this makes for
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a huge repository of chemical sources. It is also believed that
generally compounds found in marine organisms are of higher
potency due to the diluting factor of the aquatic medium. Of
specific interest of late have been cyanobacteria.
Microbial Sources

Microbes present the least barrier to ethical concerns when
seeking new natural products, being the life source furthest
from a perceived intelligence. They have also had longer to
evolve into many different forms, potentially creating
compounds uniquely useful to the world of science.
Development

While there are several routes one might take to develop
a natural product, in one of the most frequent processes,
a species of interest will be chosen, often for having other known
properties, and it is broken down into its constituent
compounds, using alcohol or a small number of other methods.
This often vast volume of chemicals from the breakdown of an
organism is run through screens, aided today by computing and
robotics technology, to cut down compounds that merit further
testing for therapeutic properties.

Even drugs that can be created entirely synthetically, which
were derived from organisms, can be considered natural
products, however the ease or price of synthesis can dictate the
drug’s passage into common use.
Venoms and Poisons

Venomous animals are those armed with toxins and a capable
delivery system, whereas poisonous plants and animals are
most often ingested before toxic action occurs. Venom delivery
systems act either as defensive or offensive (or both), and
placement of these systems is generally dictated by their use,
with offensive systems being generally around the head, and
defensive systems being arranged along the spine. Venoms are
well known as extraordinarily efficient chemical weapons,
which are composed of, at times, hundreds of independent
compounds. While generally, as is the purpose behind venoms,
these compounds confer deleterious effects, some can be iso-
lated and targeted to have activity which is beneficial, particu-
larly in the case of certain congenital or degenerative diseases,
often neurological.
Well-Known Naturally Developed Drugs

Penicillin

The story of the birth of penicillin, attributed to Alexander
Fleming, is a famous one. The discovery took place when he
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00972-6
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noticed that a mold in a petri dish had killed off his culture of
Staphylococcus, thus demonstrating that the mold attacks
bacteria. Fleming understood the product’s antibiotic proper-
ties, but believed that penicillin posed a cost barrier, due to his
inability at the time to purify the drug without destroying it.
Aspirin

Precursors to modern aspirin have existed for centuries; prepa-
rations of salicylate-rich plants such as the willow (genus Salix)
have been used for relief of pain, especially during childbirth.
Digoxin

The source plant for digoxin, foxglove (Digitalis lanata), is
extremely toxic in humans, with even a small ingestion of the
plant causing nausea, vomiting, diarrhea, and potentially
death. Withering first described use of the plant in treatment of
heart conditions in 1785, and it is used to this day in many
forms in the treatment of arrhythmias.
Paclitaxel

Developed from the bark of the Pacific yew tree (Taxus brevifolia),
it is ironic that such a popular oncology drug could be developed
from a tree, which had been a representative symbol for death
throughout the human experience. Aside from the known toxic
nature of the trees via consumption, yew has also been used in
the making of weapons for centuries, and has even been incor-
porated into myth and art as nearly synonymous with death.
The initial fervor over this drug vastly outpaced the rate at which
it could be produced, a single dose requiring an entire tree’s
bark to produce. It became clear that continued production of
the drug from this source would result in the extinction of the
tree. Fortunately, a solution came about when it was found that
the European yew’s (Taxus baccata) needles had a close precursor
to the compound in the North American tree, which can be
converted to the final product with a four stage synthesis.
Insulin

A diagnosis of diabetes used to be a death sentence until rela-
tively recently, and the development of an insulin drug became
of high importance after the discovery of the mechanism by
which blood glucose is regulated. Many other animals have
insulin forms, which are very similar to that of human, with
that of pigs being the closest match. While most insulin used
today (in the United States, all which is available without
importing) is manufactured in laboratories, animal insulin is
also available for use.

Many natural products have played a role in the discovery of
various aspects of physiology and managing their normal
function (e.g., insulin, glucagon, and thyroxin).

The extent to which naturally derived products were avail-
able for use in medicine was limited until more modern tech-
niques for isolating and purifying compounds were discovered.
High throughput screening as well as high performance liquid
chromatography, nuclear magnetic resonance, and other tech-
niques allow the vast number of compounds available to be
screened for useful properties.

Unfortunately, although there are an astounding number of
compounds in existence, it will become decreasingly likely that
they will reach testing stages for drug development. Destruction
of habitat reduces or eliminates the availability of novel species
for study, and with them potential cures.

See also: High Throughput Screening.
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l Name: n-Butyl Alcohol
l Chemical Abstracts Service Registry Number: 71-36-3
l Synonyms: 1-Butyl alcohol; n-Butanol; 1-Butanol; Butyric

alcohol; n-Butan-1-ol
l Molecular Formula: C4H10O
l Chemical Structure:
OH CH3

Background (Significance/History)

n-Butyl alcohol is a four-carbon straight chain alcohol that is
a clear and highly flammable liquid with a strong alcoholic
odor. The molecular weight is 74.121 gmol�1 and it has
a boiling point at 118 �C and a melting point at �89 �C. The
density is 0.81 g cm�3 at 20 �C. n-Butyl alcohol is miscible with
many organic solvents such as benzene, ethanol, and diethyl
ether and readily dissolvable in water. Commercially, n-butyl
alcohol is obtained via n-butyraldehyde formed from the oxo
reaction of propylene.
Uses

There are many uses for n-butyl alcohol including as a direct
solvent, as an intermediate, as a flavoring agent, and as an
extractant. n-Butyl alcohol is used as a direct solvent and as an
intermediate in manufacturing of other organic chemicals such
as butyl acrylate, glycol ethers, plasticizers, and amino resins.
Uses for n-butyl alcohol include as a solvent for paints, coat-
ings, varnishes, resins, gums, dyes, camphor, vegetable oils,
dyes, fats, waxes, resins, shellac, rubbers, and alkaloids. n-Butyl
alcohol is used as an extractive agent in the manufacturing of
antibiotics, vitamins, and hormones. It is also approved by the
US Food and Drug Administration (USFDA) for use as
a synthetic flavoring substance. More recently, n-butyl alcohol
has been used as an oxygenate in fuels.
Environmental Fate and Behavior

Relevant Physicochemical Properties

n-Butyl alcohol has a vapor pressure of 7mmHg at 25 �C and is
a vapor when released into the air. In soil, n-butyl alcohol is
expected to be highly mobile because of an estimated Koc of 72.
In water, based on the estimated Koc, n-butyl alcohol is not
likely to adsorb to sediment in water.
Partition Behavior in Water, Sediment, and Soil

n-Butyl alcohol can be released into water through waste-
water emissions from industrial sources, including chemical
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manufacturing plants, textile plants, sewage treatment plants,
and oil refineries. Primary release of n-butyl alcohol to the soil
is from disposal of the chemical or materials containing the
chemical into landfills. Presence of n-butyl alcohol in the
atmosphere is due to volatilization of the compound from
human and natural sources as well as volatilization from the
soil and water releases.
Environmental Persistency (Degradation/Speciation)

In terms of persistence and transformation, once n-butyl
alcohol has been volatilized in the air, it is hypothesized to be
primarily degraded from a reaction with photochemically
produced hydroxy radicals with an estimated half-life of 2.2
days and can also be removed from the atmosphere by wet
deposition. In soil, n-butyl alcohol is predicted to leach into
groundwater due to its high solubility in water and can also
undergo biodegradation and some volatilization based on
a Henry’s law constant of 8.8� 10�6 atm-m3mol–1, which
primarily occurs within the first 2 days. In water, studies have
indicated that n-butyl alcohol primarily undergoes biodegra-
dation processes, and degradation is predicted to be complete
within 4 days under anaerobic conditions and approximately
50% complete under aerobic conditions within the same
duration. n-Butyl alcohol can also volatilize into the air from
water, but studies have demonstrated that hydrolysis and
photolysis are not likely to be pathways of degradation.
Bioaccumulation and Biomagnification

Using mathematical models, it has been estimated that the
bioconcentration factor of n-butyl alcohol is 3 l kg�1 using
a log Kow of 0.88. The low bioconcentration factor suggests that
there is a low bioaccumulation and biomagnification potential.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

n-Butyl alcohol is released into the environment through
natural and human sources. Natural sources of n-butyl alcohol
include dried beans (0–7 ppb), split peas (150 ppb), and lentils
(120 ppb); it has been reported as a volatile component of pear
and apple aromas, mountain cheese, roasted filberts, fried
bacon, and grapes. Human sources of n-butyl alcohol release
include uses as a solvent for manufacturing, extracting, and as
a fuel oxygenate.
Human Exposure

Exposure to n-butyl alcohol can occur occupationally in
a manufacturing facility or industry that uses n-butyl alcohol.
Occupational exposure could be via inhalation or dermal
contact. Potential for oral exposure is rare. General exposure
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01109-X
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can occur through inhalation of ambient air, environmental
releases of n-butyl alcohol in soil or water, ingestion of foods
naturally containing n-butyl alcohol, or usage of consumer
products that contain this compound.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

Most of the environmental exposure is expected to occur in air
(99.75%). n-Butyl alcohol has also been detected in surface
water discharge, in underground injection, and through
releases to land.
Toxicokinetics

n-Butyl alcohol is readily absorbed following oral administra-
tion in rats, moderately absorbed following an inhalation
exposure in rats and humans, and poorly absorbed following
an in vitro dermal exposure. Once absorbed, n-butyl alcohol is
rapidly distributed to many tissues, including the liver, kidney,
lung, brain, and heart. n-Butyl alcohol is rapidly metabolized to
butyric aldehyde by alcohol dehydrogenase (ADH) and further
to n-butyric acid by aldehyde dehydrogenase. n-Butyl alcohol is
also oxidized by cytochrome P450 in rat liver. Further oxida-
tion of n-butyric acid produces CO2. A minor conjugation
pathway exists resulting in n-butanol-O-glucuronide or
n-butanol-O-sulfate, which are excreted in the urine. In addi-
tion to exogenous sources of n-butyl alcohol, this alcohol is
readily and rapidly metabolized from n-butyl acetate. Excretion
of n-butyl alcohol is primarily as CO2 in exhaled breath with
minor amounts eliminated in rat urine (2.6–5.1%) and feces
(0.6–1.1%).
Mechanism of Toxicity

The primary effects observed following oral and inhalation
exposure in rats and mice to n-butyl alcohol include neuro-
logical and neurodevelopmental effects. n-Butyl alcohol has
been evaluated in a large number of experimental animal and
in vitro studies examining possible mechanisms for alcohol-
induced neurotoxicity. One proposed mechanism is that alco-
hols, in general, produce neurological changes by disrupting
the lipid bilayer. A few experimental animal studies have
shown that n-butyl alcohol, like other alcohols, can disrupt
membrane integrity. Other in vitro and experimental animal
studies have demonstrated that n-butyl alcohol interacts with
protein-receptors and modulates their effects such that it
potentiates inhibitory g-aminobutyric acid (GABA) and glycine
receptors and inhibits excitatory neuronal receptors such
a glutamate. This modulatory action of n-butyl alcohol is
supportive of the observed neurobehavioral changes (e.g.,
central nervous system (CNS) depressant profile) associated
with n-butyl alcohol exposure in humans.

In addition, experimental animal studies have shown that
n-butyl alcohol inhibits fetal rat brain astroglial cell prolifera-
tion by disrupting the phospholipase D (PLD) signaling
pathway. Inhibition of astroglial cell proliferation, which has
been postulated as a mode of action for ethanol-induced
microencephaly and mental retardation observed in cases of
fetal alcohol syndrome. These mechanisms can also be relevant
to the observed dilation in the brain that has been noted in
animals gestationally exposed to n-butyl alcohol.
Acute and Short-Term Toxicity (Animal/Human)

Dermal contact to n-butyl alcohol has been demonstrated to
irritate the skin and cause a burning feeling or rash. Acute and
short-term inhalation studies in humans with n-butyl alcohol
suggest that exposure can cause eye, nose, and throat irritation,
as well as CNS effects including increased response latencies,
inhibition of the blinking reflex, headaches, and dizziness.

Among rats, rabbits, hamsters, and mice, oral LD50 values
ranged from 1200 to 4360mg kg�1. Behavioral toxicities
following or during an acute exposure included narcosis, and
necropsies indicated that there was necrosis of the liver and
kidney as well as general organ congestion.

In short-term studies of animal exposure to n-butyl alcohol,
high doses caused systemic toxic effects including narcosis,
fatty infiltration of the liver and kidney, effects on temperature
regulation, and death. Other commonly seen effects at various
doses are irritation, somnolence, and altered sleep patterns.
Chronic Toxicity (Animal/Human)

Human occupational studies have reported eye irritation,
corneal inflammation, and hearing loss. There are no evalua-
tions of toxicity from a chronic exposure to n-butyl alcohol in
animals. A few subchronic exposure studies in animals have
identified changes in cell counts of erythrocytes, white blood
cells, and decreased hemoglobin as well as increased body
weights in comparison to untreated animals. The increased
body weight may be due, in part, to increased lipid perox-
idation in the liver, which is consistent with studies on obesity.
Impaired neuromuscular function has also been reported in
animals subchronically exposed to n-butyl alcohol.
Immunotoxicity

There is limited information with respect to immunotoxicity
and n-butyl alcohol exposure in humans. Inhalation exposure
studies in animals have shown that there is a decrease in white
blood cell count, but other immunological parameters (e.g.,
antibody measurement, spleen/thymus evaluation) have not
been evaluated. Oral exposure to n-butyl alcohol has been
associated with anti-inflammatory effects in animals. Immu-
nological effects of n-butyl alcohol have not been studied in
humans.
Reproductive and Developmental Toxicity

In humans, there have been no published reports of association
with n-butyl alcohol and reproductive toxicity. Animal studies
have found that with n-butyl alcohol exposure there is no effect
on female reproductive parameters. Male reproductive
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parameters have not been fully evaluated, but in limited eval-
uations, no toxicities to the male reproductive system in
experimental animals have been noted.

Developmental toxicities have been observed in experi-
mental animals gestationally exposed to n-butyl alcohol in
mothers orally or inhalationally exposed to the test compound.
Primary developmental toxicities following oral and inhalation
gestational exposure include increases in skeletal and visceral
malformations/variations as well as increased dilation in the
brain potentially leading to hydrocephaly.
Genotoxicity

n-Butyl alcohol has not been reported to induce mutations in
Salmonella typhimurium with or without exogenous metabolic
activation, and does not increase the frequency of micronuclei
or sister chromatid exchanges in Chinese hamster cells or in
chick embryos in culture. Studies of DNA and RNA replication
have shown that n-butyl alcohol can exert an inhibitory effect
on these processes.
Carcinogenicity

Human occupational health studies and available animal
studies have not either evaluated or reported any potential
carcinogenicity associated with n-butyl alcohol.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

The available data for n-butyl alcohol indicate that acute
toxicity to aquatic life may occur at concentrations greater than
100mg l�1.
Terrestrial Organism Toxicity

n-Butyl alcohol has been demonstrated to reduce seed germi-
nation in lettuce (EC50¼ 390mg l�1) and cucumber (EC100¼
2500mg l�1), but was beneficial to oat seedlings. The esti-
mated LD50 was less than 2500mg kg�1 day�1 in European
starlings orally dosed with n-butyl alcohol by gavage.
Exposure Standards and Guidelines

Oral

USFDA (updated April 2010): Direct Food Additive Status for
Human Consumption: 21CFR172.515 – For use as a synthetic
flavoring substance and/or adjuvant.

US Environmental Protection Agency (1986) – Chronic
reference dose¼ 0.1mg kg�1 day�1.
Inhalation

Occupation Safety and Health Administration (OSHA) permis-
sible exposure limit (PEL) for General Industry (2004):
100 ppm, 300mgm�3

– Time-weighted average (TWA)
concentration for up to an 8-h workday during a 40-hworkweek.
The American Conference of Governmental Industrial
Hygienists (ACGIH) threshold limit value (TLV): 20 ppm,
61mgm�3

– TWA concentration for up to an 8-h workday
during a 40-h workweek.

National Institute for Occupational Safety and Health
(NIOSH) recommended exposure limit (REL) (2010): 50 ppm,
150mgm�3

– TWA concentration for up to a 10-h workday
during a 40-h workweek.

Ontario’s Ministry of the Environment (2007) – 24-h average
AAQC¼ 0.9mgm�3, half-hour standard¼ 2.76mgm�3, 10-min
AAQC¼ 2.10mgm�3, and half-hour guideline¼ 1.54mgm�3.

Massachusetts Department of Environmental Protection
(1995) – Threshold effects exposure limit: 0.41mgm�3,
Annual allowable ambient limit: 0.41mgm�3.

State of Michigan (1998) – 24-h initial threshold screening
level: 0.35mgm�3.
Disclaimer

The views and information presented in this excerpt reflect
those of the authors and are not affiliated with the agency.
See also: Fetal Alcohol Spectrum Disorders; Ethanol;
Ecotoxicology; High Production Volume (HPV) Chemicals;
Environmental Fate and Behavior; Solvents.

Further Reading

ACGIH (American Conference of Governmental Industrial Hygienists), 2002. n-Butanol.
In: Documentation of the Threshold Limit Values and Biological Exposure Indices.
American Conference of Governmental Industrial Hygienists, Cincinnati, OH.

ECETOC (European Centre for Ecotoxicology and Toxicology of Chemicals), 2003.
n-Butanol (CAS No. 71-36-3). JACC No. 41. Brussels, Belgium.

HSDB (Hazardous Substances Data Bank). n-Butyl Alcohol. Hazardous Substances
Data Bank. National Library of Medicine. Available online at: http://toxnet.nlm.nih.
gov/cgi-bin/sis/htmlgen?HSDB.

McLain, V.C., 2008. Final report of the addendum to the safety assessment of n-butyl
alcohol as used in cosmetics. Int. J. Toxicol. 27 (Suppl. 2), 53–69.

OECD (Organisation for Economic Co-operation and Development), 2001. n-butyl
alcohol. SIDS Initial Assessment Report for SIAM 13. United Nations Environment
Programme. http://www.chem.unep.ch/irptc/sids/oecdsids/71363.pdf.

Ontario’s Ministry of the Environment, 2007. Ontario Air Standards for n-Butanol
Available at: http://www.ene.gov.on.ca/envision/env_reg/er/documents/2007/
PA05E0020-f.pdf.

US EPA, 1994. OPPT Chemical Summary for 1-Butanol. EPA749F94007.
US EPA, 2005. Inert Reassessment – n-Butanol, CAS#71-36-3, and Isobutyl Alcohol,

CAS#78-83-1.
US EPA, 2009. Toxic Release Inventory – n-Butanol.
WHO (World Health Organization), 1987. Environmental Health Criteria 65. Butanols:

Four Isomers. United Nations Environment Programme. International Labour
Organisation. World Health Organization, Geneva.
Relevant Websites

OSHA: http://www.osha.gov/dts/chemicalsampling/data/CH_222900.html
OECD SIDS: http://www.inchem.org/documents/sids/sids/71363.pdf
NIOSH: http://www.cdc.gov/niosh/npg/npgd0076.html
US EPA: http://www.epa.gov/iris/subst/0140.htm
Wikipedia: http://en.wikipedia.org/wiki/N-Butanol
WHO: http://www.inchem.org/documents/ehc/ehc/ehc65.htm

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen%3FHSDB
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen%3FHSDB
http://www.chem.unep.ch/irptc/sids/oecdsids/71363.pdf
http://www.ene.gov.on.ca/envision/env_reg/er/documents/2007/PA05E0020-f.pdf
http://www.ene.gov.on.ca/envision/env_reg/er/documents/2007/PA05E0020-f.pdf
http://www.osha.gov/dts/chemicalsampling/data/CH_222900.html
http://www.inchem.org/documents/sids/sids/71363.pdf
http://www.cdc.gov/niosh/npg/npgd0076.html
http://www.epa.gov/iris/subst/0140.htm
http://en.wikipedia.org/wiki/N-Butanol
http://www.inchem.org/documents/ehc/ehc/ehc65.htm
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l Name: Nematicides
l Chemical Abstracts Service Registry Number(s): Varies
l Chemical/Pharmaceutical/Other Class: Varies
l Representative Chemicals: 1,2-Dibromo-3-chloropropane;

Dibromo chloropropane; Carbofuran; Oxamyl; Temik;
Azadirachtin (neem tree extract); 1,3-Dichloropropene;
Methyl bromide; Chloropicrin; Metam sodium; Methyl
isothiocyanate (MITC); Sodium tetrathiocarbonate; Aldox-
ycarb; Fenamiphos; Cadusafos; Fosthiazate; among others

l Synonym: Nematocides
l Chemical Structure: Varies
Background Information

The use of pesticides to specifically control nematode infesta-
tions in crops dates back at least as far as the 1850s, when
carbon disulfide was used to fumigate vineyard soils in France.
Formal research as to the efficacy of carbon disulfide began
around 1870. Following the First World War, tear gas (chlo-
ropicrin) surpluses were used due to demonstrated efficacy of
that compound to control nematodes, fungi, and wireworms.

Following developments in synthetic chemistry and
demonstrable crop yield improvements from the use of certain
pesticides, new compounds became available. Halogenated
hydrocarbons like methyl bromide were used for decades.
The development and implementation of 1,2-dibromo-3-
chloropropane (DBCP) during the 1950s further advanced the
field of nematode control, as it maintained the potency of
methyl bromide but was less toxic to the developing crop: it
could be applied either before or after planting, unlike methyl
bromide. The use of DBCP, however, has been suspended in
many countries due to its potential to lead to sterility in male
workers exposed to the compound.

During the last 50 years, many new nematicidal compounds
have been introduced, and are a ubiquitous part of agriculture
the world over. This class of pesticides alone accounts for
numerous compounds spanning several different chemical
classes, including carbamates, organophosphates, and haloge-
nated hydrocarbons, as well as polymers. Modern attempts in
nematicide development have included the use of naturally
derived products such as a polysulfide extracted from garlic,
liquid extracts from the fruit of the neem tree (Azadirachta
indica), as well as marigold root extract (Tagetes).

A 1959 amendment to the Federal Insecticide, Fungicide,
Rodenticide Act (first effective 1947) added nematicides to its
purview.
Uses

Nematicides are pesticides that kill parasitic worms such as
roundworms and threadworms. Early nematicides were
primarily used as soil fumigants. Since the 1960s, several new
groups of nonfumigant nematicides have been developed.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
With the number of nematode species approximated at over
1million, and dozens of compounds and materials currently
being utilized worldwide to control them, nematicides as
a class are both functionally and chemically diverse. Research
focused on novel modes of action, improved efficacy, and the
increased safety of nematicides is ongoing.
Environmental Fate and Behavior

The primary applications of nematicides are directly to the soil
surface, with the intention of having the compounds make
their way into the soil. This is accomplished by spraying the
material directly on the soil, irrigating with nematicide solu-
tions, or a combination; tarpaulins or similar membranes may
also be applied to minimize volatilization to the atmosphere,
and to increase the relative amounts delivered to target areas.
Once delivered, nematicides may either degrade or leach into
surrounding soils and groundwater, or volatilize to the
atmosphere.

The degradation or distribution pathway will be determined
by the specific nematicide. For example, oxamyl is a systemic
nematicide that is taken up by plants then hydrolyzed into the
effective oximino compound. Others work more directly on
nematodes without intermediate pathways. In some cases, total
degradation of the compound has been documented. In the
soil, microbial or other chemical degradation may occur.

Apart from diffusion to surrounding soils and potential for
volatilization, excess nematicidal compounds may leach into
groundwater sources as they travel down the concentration
gradient. If not degraded, these compounds may persist,
particularly if applications are repeated and no degradation
occurs. The inverse may be true of certain nematicides such as
some carbamates, which appear to induce accelerated micro-
bial degradation with repeated applications.
Exposure and Exposure Monitoring

Dermal contact, inhalation, and ingestion are possible expo-
sure pathways. As a class, nematicides vary in terms of their
physical form (including how they are stored and/or applied),
their volatility, and their chemical structure. Ranging from
plant- or microorganism-derived compounds to industrially
synthetic compounds with classifications, including carba-
mates, organophosphates, halogenated hydrocarbons, isocya-
nates, and others, the effects of the specific compound should
be evaluated separately andmonitored accordingly. See Section
See also for some commonly used nematicides.
Toxicokinetics

Refer to the specific compound in question for toxicokinetic
profiles, as these can vary significantly between compounds.
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Mechanism of Toxicity

Refer to the specific compound in question for information
regarding mechanisms of toxicity, as these can vary significantly
between compounds.
Acute and Short-Term Toxicity (or Exposure)

Animal

Refer to the specific compound in question for animal acute
toxicity information, as it can vary significantly between
compounds.
Human

Refer to the specific compound in question for human acute
toxicity information, as it can vary significantly between
compounds.
Chronic Toxicity (or Exposure)

Animal

Refer to the specific compound in question for animal chronic
toxicity information, as it can vary significantly between
compounds.
Human

Refer to the specific compound in question for human chronic
toxicity information, as it can vary significantly between
compounds.
Immunotoxicity

Refer to the specific compound in question for immunotoxicity
information, as it can vary significantly between compounds.
Reproductive Toxicity

Refer to the specific compound in question for specific repro-
ductive toxicity information, as it can vary significantly between
compounds.
Genotoxicity

Refer to the specific compound in question for specific genotoxi-
city information, as it can vary significantly between compounds.
Carcinogenicity

Refer to the specific compound in question for specific carci-
nogenicity information, as it can vary significantly between
compounds.
Clinical Management

As a class, nematicides vary in terms of their physical form
(including how they are stored and/or applied), their
volatility, and their chemical structure. Ranging from plant-
or bacteria-derived compounds to industrially synthetic
compounds with classifications including carbamates,
organophosphates, halogenated hydrocarbons, isocyanates,
and others, the effects of the specific compound should be
evaluated and monitored accordingly. See cross references for
commonly used nematicides. Treatments are mainly
symptomatic.
Ecotoxicology

See Section See also.
Other Hazards

Other hazards vary by compound.
Exposure Standards and Guidelines

See Section See also.
Miscellaneous

Miscellaneous information varies by compound.

See also: Aldicarb; Carbamate Pesticides; Carbofuran;
Chloropicrin; Common Mechanism of Toxicity in Pesticides;
Dibromochloropropane; Dichloropropene; Environmental Risk
Assessment, Pesticides and Biocides; FIFRA; Methyl Bromide;
Methyl Isothiocyanate; Pesticides.

Further Reading

Bingham, E., Cohrssen, B. (Eds.), 2012. Patty’s Toxicology, sixth ed. Wiley,
Hoboken, NJ.

Krieger, R., 2001. Handbook of Pesticide Toxicology, second ed. Academic Press,
San Diego, CA.

Perry, R.N., Moens, M., 2006. Plant Nematology. CABI, Wallingford, England.
Relevant Website

http://nematology.ucdavis.edu – University of California, Davis Department of Nema-
tology. Search for “Historical Development of Nematicides”.
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l Chemical Abstracts Service Registry Number: 7440-01-9
l Synonyms: None
l Chemical Formula: Ne
Background Information

In 1898, Dr William Ramsay and Morris M. Travers, a Scottish
scientist and a British scientist, respectively, discovered neon as
a condensation product in liquefied air, as in a process similar
to that used to collect neon today. Neon’s use in lighting
evolved from discoveries that gases under low pressure conduct
electricity. When some flowing electrons collide with residual
gas in an evacuated glass tube, the resulting ions emit light as
they return to their nonexcited state. The color of the light
depends on the residual gas; neon gas produces a red color and
argon, another inert gas often used in tubes (which are
frequently and incorrectly called neon lights), produces a blue
color. These two basic colors are often modified into many
different hues by the addition of such elements as mercury and
cadmium. The neon found on the Earth is considered to be
primordial in origin. Most of the neon is sequestered in the
Earth’s rocks or dissolved in water, with small amounts
escaping into the atmosphere during geologic weathering. The
escaped gas is slowly lost into space faster than it is replenished.
Consequently, neon constitutes only a small part (0.0018%) of
the Earth’s atmosphere, although this element is estimated to
be the fourth most abundant in the universe.
Uses

Neon is primarily used in luminous tubes (vacuum electric
discharge tubes), airplane beacons, helium–neon lasers, high-
voltage indicators, cryogenic refrigerant, and laboratory
experiments. Other noble gases, especially helium and xenon,
have been found to be useful in anesthesiology and for
neuroprotection, but the few studies using neon have not
confirmed its usefulness in clinical medicine.
Exposure and Exposure Monitoring

The most important route of exposure is inhalation. Skin
exposure and ingestion can also occur; however, only the
inhalation route is considered to be important from a toxico-
logical standpoint, because of the way inhalation of excessive
concentrations of this inert gas can potentially produce harmful
effects (see Mechanism of Toxicity).
Toxicokinetics

Neon gas is inert and no information on toxicokinetics is
reported in the literature.
cyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Mechanism of Toxicity

Neon gas is a simple asphyxiant. It displaces the oxygen
necessary to support life. When normal levels of oxygen are not
present in the body, then all tissues, organs, and organ systems
eventually malfunction. Tissues with particularly high oxygen
and energy requirements, including the brain and heart, are
particularly susceptible to harmful effects resulting from
reduced levels of oxygen in the body.
Acute and Short-Term Toxicity

The primary adverse health effect attributed to neon exposure is
simple asphyxiation due to the displacement of oxygen
necessary for life. No animal or in vitro studies were found in
the scientific literature, but it is known that humans and other
animals requiring oxygen can die by asphyxiation, if exposed to
high concentrations of neon.
Chronic Toxicity

The typically small quantities of gas in the environment and
amounts used in manufacturing consumer products result in
very low levels of neon in workplace and ambient environ-
ments, and thus cause negligible health risks to workers and the
general public.
Clinical Management

Oxygen should be provided to the affected individual.
Ecotoxicology

No known reports on ecotoxicology of neon could be found.
Neon is very inert and does not deplete ozone.
Other Hazards

Neon is not explosive or flammable. Hazards related to
neon include use of cryogenic liquid-neon tanks, emission
of eye-damaging light from lasers, or escape of mercury,
cadmium, or lead from luminous tubes. Manufacture of
neon-type advertising signs are of special concern because
this work is frequently performed by small business artisans
who may have limited knowledge or resources to deal with
hazardous materials that have been documented to
contaminate these workplaces.

Handheld helium–neon (He–Ne) lasers, most familiar as
handheld pointers used during presentations, produce a red
4-3.00041-5 475
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light with wavelength of 630–670 nm. He–Ne lasers are
sometimes called cold lasers because they do not generate
much heat; neither do they produce ionizing radiation.
However, even low-energy He–Ne laser pointers can be
momentarily hazardous when directly viewed with the unaided
eye; and the risk of eye injury increases if observers are using
optical devices, such as binoculars.
Exposure Standards or Guidelines

No standards or guidelines are available for neon gas. He–Ne
lasers are classified and consensus standards are set by the
International Electrotechnical Commission (IEC) and by
many individual nations. Within the United States, the
Federal Food and Drug Administration regulates manufacture
of lasers, and the Occupational Safety and Health Adminis-
tration regulates the use of lasers in the workplace; individual
states may have regulations for the public use of lasers. The
IEC standards state that if He–Ne lasers are for sale to the
public, they are restricted to a power output of less than
5 mW (milliwatts).

See also: Helium; Cadmium; Lead; Mercury.
Further Reading

Dickinson, R., Franks, N., 2010. Bench-to-bedside review: Molecular pharmacology
and clinical use of inert gases in anesthesia and neuroprotection. Crit. Care
14 (4), 229.

Ewers, L., Page, E., Mortimer, V., 2003. Hazards associated with the manufacture
and repair of neon lights. Appl. Occup. Environ. Hyg. 18 (1), 1–9.

Rizvi, M., Jawad, N., Li, Y., Vizcaychipi, M., Maze, M., Ma, D., 2010. Effect of noble
gases on oxygen and glucose deprived injury in human tubular kidney cells. Exp.
Biol. Med. 235 (7), 886–891.
Relevant Websites

http://www.iec.ch/ – International Electrotechnical Commission.
http://www.inchem.org/documents/icsc/icsc/eics0627.htm – International Programme

on Chemical Safety (Canada).
http://www.epa.gov/radtown/lasers.html – U.S. Environmental Protection Agency.
http://www.osha.gov/SLTC/laserhazards/index.html – U.S. Occupational Safety and

Health Administration site.
https://apps.who.int/inf-fs/en/fact202.html – World Health Association Fact Sheet.

http://www.iec.ch/
http://www.inchem.org/documents/icsc/icsc/eics0627.htm
http://www.epa.gov/radtown/lasers.html
http://www.osha.gov/SLTC/laserhazards/index.html
https://apps.who.int/inf-fs/en/fact202.html
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History of Neonicotinoid Development

Neonicotinoids are a new class of synthetic insecticides that
became commercially available in the 1990s. Currently, there
are several neonicotinoid insecticides on the market but
those are being increasingly used with a good prognosis
for their further development. This new generation of insecti-
cides is replacing organophosphorus and methylcarbamate
insecticides.

Nicotine (Figure 1) isolated from tobacco plants (Nicotiana
tabacum) has been used as a systemic insecticide against sucking
insects for centuries. The nicotinic acetylcholine receptor –

Naþ/Kþ ionophore of the insect central nervous system is the
target site for nicotine, with the toxic consequences of the
altered cholinergic neurotransmission as the insecticidal action
of nicotine. Because nicotine is equally or more toxic to
mammals than to insects, the major objective in developing
new insecticides modeled on nicotine has been to change this
unfavorable feature and synthesize compounds with greater
selectivity and toxicity to insects. Preservation of the nicotinic
acetylcholine receptor as a target for these novel insecticides
was important so as to address the development of insect
resistance to other insecticides. Nicotine and its analogs, such
as nornicotine and anabasine (Figure 1), are grouped together
as nicotinoids. Neonicotinoids are synthetic, newly developed
insecticides with the nicotinic acetylcholine receptors as their
target but, in contrast to nicotinoids, have a high degree of
selectivity toward insects.

Nithiazine, 2-nitromethylene tetrahydro-1,3-thiazine
(Figure 2), was the first neonicotinoid developed by Shell
(Modesto, USA) in the 1970s. It was selected from a series of
nitroalkyl heterocyclic compounds, themolecularmodels being
distinct from nicotine but acting on nicotinic acetylcholine
receptors such as nicotine. Nithiazine is selectively toxic to
insects, but its field application has been limited because of its
low photostability.

Nithiazine was the lead compound in syntheses of the first
commercially successful neonicotinoids that surpassed the
parent compound in both insecticidal properties and envi-
ronmental stability. Chloropyridinyl, chlorothiazolyl, and/or
tetrahydrofuryl moieties (X), a heterocyclic or acyclic spacer (Y)
with an electronegative tip (Z) are the three principle functional
components of neonicotinoid (X–YZ) (Figure 3). The first
generation of neonicotinoids consists of a 6-chloro-3-methyl-
pyridinyl moiety and a spacer with the electronegative tip of
varying structures (Figure 3). They are also called chlor-
onicotinyls or chloropyridyls and are best represented by imi-
dacloprid (Nihon Bayer Agrochem, Japan) (Figure 2).

Further efforts in the development of neonicotinoids
focused on the search for the structural components that would
improve insecticidal properties of the current compounds,
including the management of insect resistance. This search was
a compromise between the requirements for the optimal elec-
tron distribution in the pharmacophore needed for insecticide
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
binding to the receptor subsites and the need for hydropho-
bicity of a neonicotinoid for its efficient penetration through
the protective lipoid shield that surrounds the insect central
neural system. The synthesis of thiamethoxam (compound
CGA 293 343; Novartis, Switzerland) from a heterocycle
2-chloro-5-methylthiazole and a spacer 4-nitroimino-N5-
methyl-1-oxa-3,5-diazine was the first success in the develop-
ment of the second generation of neonicotinoids also called
thianicotinyls. Examples of the second generation of neon-
icotinoids that have been introduced on the market are shown
in Figure 4. Most recently, a furanicotinyl neonicotinoid
dinotefuran has been developed (Figure 4).
Uses

The low photostability of the first neonicotinoid nithiazine has
limited its field use. It has been used indoors as an active
ingredient in flytraps. The currently available more stable
neonicotinoids are effective against homopterans, coleop-
terans, and lepidopterans. They act systemically, being espe-
cially active against sucking insects. Their water solubility
makes them useful for application in seed treatments. Low
mammalian toxicity allows their use for flea control in dogs
and cats. Their environmental stability at neutral or mild acidic
media is valuable in soil applications, for example, against
termites.
Mechanism of Neonicotinoid Action

The nicotinic acetylcholine receptors of the neural excitatory
cholinergic system are the targets for both nicotine and neon-
icotinoids in mammals and insects. Nicotinic acetylcholine
receptors regulate the flow of Naþ and Kþ through the
channels in the neural postsynaptic membranes. Opening and
closing of the channels by acetylcholine maintains the dynamic
ratio of the intracellular to extracellular concentrations of Naþ

and Kþ, which is needed for initiation of the electric signal in
the postsynaptic neurons. Nicotine and neonicotinoids both
act as agonists at the nicotinic acetylcholine receptor – Naþ/Kþ

ionophore. The structural differences between the insect and
mammalian receptors define the selectivity of neonicotinoid
toxicity to insects and nicotine toxicity to vertebrates. The
proposed concept of the neonicotinoid electronegative phar-
macophore model (Figure 5) considers the presence of a posi-
tively charged site unique for the insect receptor that interacts
specifically with the negatively charged tip of neonicotinoid
spacer. On the other hand, protonation of the nicotinoid
nitrogen at physiological pH is the determining factor for their
strong binding to the vertebrate receptors. It also negatively
affects their penetration into the insect central nervous
system, in contrast to nonionized and more hydrophobic
neonicotinoids.
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Figure 1 Nicotinoids.

Figure 2 Nithiazine and the first generation of chloronicotinyl neonicotinoids.
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Neonicotinoid Toxicity to Nontarget Species

Acute Toxicity

Unlike nicotine, neonicotinoids are only moderately toxic to
mammals mainly because of their lower affinity for the
mammalian nicotinic acetylcholine receptors. In laboratory
animals, high neonicotinoid doses that are near the LD50s
cause tremor, gait incoordination, and hypothermia appearing
2–6 h after oral administration. The signs generally cease
within 24 h following treatment. LD50 values of the currently
used neonicotinoids are in the range of 170–2000 mg kg�1 for
oral administration and >2000 mg kg�1 for dermal adminis-
tration, dependent on animal species and the type of neon-
icotinoid. Death from the oral overdose occurs within 3–7 h.
Subchronic and Chronic Toxicity

Tests of neonicotinoids for neurotoxicity, reproductive
toxicity, teratogenesis, and mutagenesis in a variety of
laboratory animals, generally conducted for the purpose of
insecticide registration, were negative. Neither of the neon-
icotinoids induced growth of malignant tumors in laboratory
animals. Based on the current knowledge, neonicotinoids can
be considered safe for both humans and farm animals or
pets.
Environmental Toxicity

Some toxic consequences of neonicotinoids for nontarget
beneficial aquatic and terrestrial arthropods such as bees can be
expected because these creatures have nicotinic acetylcholine
receptors as functional components of the cholinergic system
similar to those of insect pests. Surprisingly, neonicotinoid
toxicity to numerous nontarget insect species and wildlife
marker vertebrates; for example, rainbow trout, is lower than
expected. In general, the environmental safety of neon-
icotinoids surpasses that of other insecticides.



Figure 4 The second and third generation of neonicotinoids.

Figure 3 Neonicotinoid structural components. X, heterocycle; Y, spacer, with an electronegative tip Z.
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Neonicotinoid Stability

Physical–Chemical Factors

Neonicotinoids, the compounds with medium to high water
solubility, are relatively stable in water, buffers, or physiological
media in pH range 5–7. Their stability decreases with both
increasing and/or decreasing pH (e.g., t1/2 for thiamethoxam
at pH 5–7 is >1 year, whereas only a few days at pH 9).
Photostability of neonicotinoids with a nitromethylene
group (]CHeNO2) is low because this group absorbs strongly
sunlight in the range of 290–400 nm. For instance, degradation
of nithiazine in direct sunlight is complete within several
minutes. The photodegradation products are inactive as insecti-
cides. Replacement of the nitromethylene group with groups
that absorb less, or do not absorb sunlight such as the nitroimine
(]NeNO2) in imidacloprid or cyanoimine (]NeCN) in acet-
amiprid, significantly improved neonicotinoid photostability.
Metabolism

Neonicotinoid metabolism in vertebrates, insects, and plants
has many common features. The metabolic changes may start
by N-methylene hydroxylation, resulting in a separation of the
heterocycle (X) and the spacer moiety (YZ) as an aldehyde
and a corresponding amine, respectively. The aldehyde of
a heterocycle can be further reduced to alcohol and/or
oxidized to acid. The chlorine substituent on a heterocycle can



Figure 5 Molecular models of binding subsites in Drosophila and vertebrate nicotinic acetylcholine-regulated receptors. The electronegative tip of
a neonicotinoid interacts with the positive putative insect nicotinic acetylcholine receptor subsite. The nitrogen of the nicotinoid (here it is presented as
a reduced product,]NeNO2 to]NeNH2, of the neonecotinoid) is protonated under the physiological conditions and interacts with a negative nicotinic
acetylcholine receptor subsite consisting of aromatic residues. Reprinted with permission from Tomizawa, et al., 2003. Biochemistry 42, 7819–7827;
American Chemical Society.
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be displaced by glutathione followed by a formation of
N-acetylcysteine and S-methyl metabolites. The pyridinyl
moiety can be metabolized to 6-hydroxypyridinyl-3-carboxylic
acid and corresponding N-methylpyridone. The tetrahy-
drofuryl moiety can undergo hydroxylation of ring methylenes
resulting in the opening of the ring.

The metabolic changes of the spacer moieties differ with
their structures. Imidazolidine methylenes of imidacloprid can
be hydroxylated; olefin may be formed after elimination of
water. N1-ethyl, N3-methyl groups in nitenpyram spacer
moiety can be N-deethylated and N-demethylated. Thiazoli-
dine of thiacloprid can undergo methylene hydrohylation and
by a formation of the olefin after elimination of water. The ring
can be opened by sulfur oxidation forming sulfoxide or
sulfonic acid. N-demethylation of the spacer moieties
of acetamiprid, clothianidin, and dinotefuran can be fol-
lowed by N-remethylation. Thiamethoxam undergoes an
important metabolic activation to another neonicotinoid,
clothianidin, via opening the oxadiazine moiety to form
N-methylguanidinyl moiety.

The metabolic changes that occur at the spacer tips alter most
critically neonicotinoid toxicity because of the critical role of
their electronegativity in the selective neonicotinoid interactions
with the insect receptors. The N-nitroimine (]NeNO2) can
be reduced to N-nitrosoimine (]NeNO), then N-aminoimine
(]NeNH2, aminoguanidinyl); the latter metabolite can react
with methylglyoxal forming methyltriazinone, and/or degrade
to guanidine and urea as the final products. The nitromethylene
(]CHeNO2) can form a carboxylic acid via formation of
a cyanide. The carboxylic acid can then undergo decarboxyl-
ation. The N-cyanoimine (]NeCN) can be reduced to guani-
dine or hydroxylated to N-carbamoylimine.

An intact parent molecule can undergo metabolic reactions
similar to the reactions that occur with its separated compo-
nents. Oxidations, reductions, and elimination reactions are
the major mechanisms that result mostly in a reduced or
diminished insecticidal potency of the metabolites. Dehydra-
tion of 4-hydroxyimidazolidinyl resulting in a formation
of the imidazolinyl (olefin) or a reduction of the N-nitroimine
(]NeNO2) to N-nitrosoimine (]NeNO) (Figure 6) are the
examples of a limited number of metabolic conversions
leading to an increased insecticidal potency. Some metabolic
reactions can be detoxifying for insects, but activating in
mammals. N-desmethylation of N1-methyl in nitempyram
spacer moiety and formation of a nonsubstituted imine
represent detoxification reactions for insects, but activation
for mammals. Similarly, loss of an N-nitro-group from
N-nitroimine in imidacloprid or N-cyano-group from N-cya-
noimine in thiacloprid is a detoxification process in insects but
an activation step in mammals.

Most of the reactions of phase I metabolism are catalyzed
by the family of microsomal cytochrome P450s. Oxidative
metabolism catalyzed by CYP450s can be prevented by piper-
onyl butoxide and/or O-propyl O-(propynyl)phenylphosphate
inhibitors. This strategy is being used to overcome resistance
against neonicotinoids that has developed in some insects. Liver
cytosolic NADPH-independent aldehyde oxidase is another
enzyme that acts specifically on some neonicotinoids. As
neonicotinoid nitroreductase, it catalyzes reduction of a nitro
group in imidacloprid. Phase II metabolic reactions of neon-
icotinoids result in detoxification of the parental compounds.
Glucuronides, glycosides, amino acid, and glutathione conju-
gates are the major types of phase II reactions.
Toxicokinetics

The excretion of neonicotinoid metabolites, some as conju-
gates, is fast with only low accumulation of the parent
compound in treated organisms. Fast recovery from poisoning
by neonicotinoids is in accordance with their high rates of
absorption, distribution, and elimination.

Imidacloprid metabolism (Figure 6) is a typical example of
the metabolic behavior of chloronicotinoids. In rats, imida-
cloprid is readily absorbed from the gastrointestinal tract and
distributed into the organs within 1 h. The liver and kidney are
the target organs for neonicotinoids. No residues of imida-
cloprid were found in the central nervous system or in fat



Figure 6 Imidacloprid metabolites in rats, insects, and plants. I, 6-chloronicotinic acid (mammalian route of elimination); II, nitrosoimine; III, 4-hydroxy;
IV, 5-hydroxy; V, guanidine; VI, urea; VII, olefin; VIII, 4,5-dihydroxy derivatives.

Figure 7 A proposed activation of thiamethoxam in insects and plants.
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tissues or bones. Imidacloprid is metabolized in two distinct
pathways in rats. In one pathway, it is oxidatively cleaved into
6-chloro-3-methylpyridine and 2-nitroiminoimidazolidine.
The latter product is excreted directly in urine, whereas
6-chloro-3-methylpyridine is eliminated as a glycine or
a glutathione conjugate. More than 90% of the administered
compound is excreted within 24 h with the majority of the
metabolites (w80%) in urine; the rest is eliminated in feces. In
the second metabolic pathway, the imidazolidine ring of imi-
dacloprid undergoes hydroxylation at the 4- and/or 5-position,
possibly followed by dehydration to olefin imidazolinyl. The
latter metabolite has a higher affinity for the nicotinic acetyl-
choline receptors and is a more potent insecticide. Reductions of
a nitroimino group to nitroso- and hydrazono-(amino-
guanidinyl), orbreaking theN–Nbondand forming a guanidine-
like derivative followed by a possible oxidation to urea-like
derivative are the optional routes in insects, vertebrates, and
plants.

The toxicokinetics of thianicotinyl thiamethoxam is
similar to that of imidacloprid. When applied orally to rats,
goats, or chickens, thiamethoxam is rapidly and almost
quantitatively absorbed. Its excretion, predominantly in
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urine, is fast. Accumulation in tissues is negligible. Thiame-
thoxam itself is not a potent agonist at the nicotinic acetyl-
choline receptor, but it is activated in insects and plants by
a conversion to clothianidin, a neonicotinoid with a higher
affinity for the insect receptors. It is proposed that this acti-
vation proceeds via formation of an N-desmethyl thiame-
thoxam intermediate, another compound that acts at the
neonicotinoid-binding site (Figure 7).

See also: Insecticides; Nicotine; Nicotinic Acetylcholine
Receptor; Nithiazine.
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Background (Significance/History)

Nerve agents were developed in the mid- to late-twentieth
century for use as chemical warfare agents. Tabun was the first
nerve agent, synthesized by the German chemist Gerhard
Schrader in 1936 while he was developing organophosphate
(OP) compounds for use as insecticides. He was the first to
synthesize sarin soon thereafter, and soman was first
position of the US
t constitute official
product.

0.1016/B978-0-12-38645
synthesized in 1944 by Richard Kuhn, another German
chemist. The German Ministry of Defense quickly realized the
potential of these chemicals as weapons, and tabun and sarin
were both mass produced and loaded into munitions during
World War II. However, they were never used on the battlefield
during World War II for reasons that are not clear and are still
debated among historians. After the war, other nations
including the United States, United Kingdom, and former
Soviet Union were also quick to realize the weaponization
potential of OP nerve agents and establish research and
development programs of their own. As a result, cyclosarin and
VX were developed in the late 1940s and early 1950s, and the
United States and former Soviet Union both developed large
stockpiles of nerve agents during the Cold War. Nerve agents
first saw military use during the Yemen Civil War in the 1960s.
In the 1980s, Iraq used them against Iran in the Iran–Iraq War,
and it has also been suggested that the former Soviet Union
deployed nerve agents in Afghanistan around the same time. In
the 1990s, it became evident that nerve agents could be
produced by a non-State entity and used effectively in terrorist
attacks when members of the Aum Shinrikyo cult dispersed
sarin in two separate attacks in Japan in 1994 and 1995, killing
20 people. Later in the 1990s, the production, stockpiling, and
use of chemical weapons (including nerve agents) by nations
were banned by the Chemical Weapons Convention (CWC),
an international agreement that entered into force in 1997. The
CWC is implemented by the Organisation for the Prohibition
of Chemical Weapons (OPCW) and requires the destruction of
existing chemical weapons stockpiles. Nearly all of the nations
in the world are members of the OPCW, and destruction of
existing chemical weapons stockpiles is still ongoing at the time
of writing this article in 2012.
Uses

Nerve agents are synthetic OP compounds used in chemical
warfare and terrorism.
Environmental Fate and Behavior

Chemical and physical properties are given in Table 1.
4-3.00635-7 483
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Table 1 Chemical/physical properties

Tabun Sarin Soman Cyclosarin VX

Molecular weight (g mol�1) 162.13 140.09 182.17 180.16 267.37
Physical state Colorless to amber liquid Colorless liquid Colorless liquid Colorless liquid Colorless liquid
Odor None or faintly fruity None or faintly fruity Faintly fruity or

camphor like
None or faintly fruity None

Boiling point 240 �C 150 �C 167 �C 239 �C 298 �C
Melting point �50 �C �56 �C �42 �C �30 �C Below �51 �C
Liquid density (g ml�1)a 1.07 1.09 1.02 1.13 1.008
Vapor density (air¼ 1) 5.6 4.86 6.3 6.2 9.3
Vapor pressure (mmHg)a 0.07 2.86 0.4 0.093 0.0007
Volatility (mgm�3)a 610 22 000 3900 600 10.5
Octanol/water partition

coefficient (log Kow)
0.38 0.3 1.78 1.6 2.09

aAt 25 �C.
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Exposure and Exposure Monitoring

Inhalation and dermal contact are the primary routes of
exposure, although other routes are possible including ocular,
ingestion, and injection.

VX and other V-series nerve agents are oily liquids that
evaporate very slowly, and their relative lipophilicity and low
volatility both facilitate effective percutaneous absorption. VX
may be inhaled as a vapor or aerosol but is generally
considered to be less of an inhalation hazard than the G-series
agents, which are more volatile. Sarin is the most volatile, but
evaporates less readily than water, while cyclosarin is the least
volatile of the G-series agents. Clothing can off-gas after
contact with nerve agent vapor, which can lead to the inad-
vertent spreading of the agent. Ingestion of or contact with
water or other liquids or food products that have been
contaminated with nerve agent are other possible routes of
exposure.
Toxicokinetics

Nerve agents are readily absorbed through the skin and respi-
ratory system. The onset of signs and symptoms following
exposure can range from seconds to hours depending on the
route, duration, and amount of exposure. Generally, signs and
symptoms appear much more rapidly after inhalation than
they do following a dermal exposure. Once they enter the
bloodstream, nerve agents are distributed throughout the body
including the central nervous system, since they readily cross
the blood–brain barrier.

Nerve agents are metabolized by OP hydrolases such as
paraoxonase 1. The metabolism of sarin, soman, tabun, and
diisopropyl fluorophosphate occurs at approximately the
same rate, while VX is metabolized more slowly. The isomers
of the asymmetric OPs may differ in overall toxicity, rate of
aging, rate of cholinesterase inhibition, and rate of detoxifi-
cation. The rates of detoxification differ for different animal
species and routes of administration. There is little to no
latent period following inhalation exposure of high concen-
trations, where loss of consciousness and seizures can occur
within 1 min.
Mechanisms of Toxicity

Nerve agents are irreversible cholinesterase inhibitors. The
clinical effects of nerve agent exposure result primarily from
their inhibition of acetylcholinesterase (AChE), although they
do inhibit other cholinesterases as well, including butyr-
ylcholinesterase (BuChE). The most important biological
function of AChE is the degradation of acetylcholine, an
important neurotransmitter that is found in nerve terminals
in both the peripheral and central nervous systems. Generally,
acetylcholine stimulates secretion of bodily fluids and
contraction of skeletal muscles in the periphery and affects
a multitude of neural pathways in the central nervous system.
Normally, the actions of acetylcholine on its receptors are
terminated when it is hydrolyzed by AChE, thus preventing
continual overstimulation of the receptors. Inhibition of
AChE blocks its ability to degrade acetylcholine, resulting in
an accumulation of acetylcholine and cholinergic
overstimulation of the target tissues. Effects of AChE inhibi-
tion include involuntary muscle contractions and increased
fluid secretion (e.g., tears, saliva) resulting from acetylcholine
accumulation in the peripheral nervous system and seizures
resulting from acetylcholine accumulation in the central
nervous system. The cause of death is typically respiratory
dysfunction resulting from paralyzation of the respiratory
muscles, bronchoconstriction, buildup of pulmonary secre-
tions, and depression of the brain’’s respiratory center.

The binding of nerve agents to AChE is generally considered
irreversible unless removed by therapy. This removal is called
reactivation, which can be accomplished by the use of oximes
prior to ‘aging’. Aging is the biochemical process by which the
agent–enzyme complex becomes refractory to reactivation.
Spontaneous reactivation in the absence of oximes is possible
but is unlikely to occur at a high enough incidence to be clin-
ically important. The aging halftime varies greatly between
different nerve agents, ranging from minutes to days.

Circulating cholinesterases in the blood act as effective
scavengers of nerve agents and blood cholinesterase levels may
be used to approximate tissue levels of functional AChE
following an exposure to a nerve agent or another cholinesterase
inhibitor. Red blood cell cholinesterase (RBC-ChE) and BuChE
are both found in blood, the latter in the plasma and the former
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in erythrocytes. The affinity for BuChE vs. RBC-ChE varies
between different cholinesterase inhibitors. RBC-ChE enzyme
activity is restored at the rate of red blood cell turnover, which is
w1% per day. Tissue AChE and plasma BuChE activities return
with synthesis of new enzymes, the rate of which differs between
plasma and tissues as well as between different tissues.

Although cholinesterase inhibition is the primary mecha-
nism of toxicity following exposure to OP nerve agents, recent
investigations have assessed noncholinergic effects of OP nerve
agent poisoning. OP nerve agents and pesticides have been
shown to induce noncholinergic effects including changes
in the levels of neurotransmitters other than acetylcholine,
including g-amino-butyric acid, dopamine, serotonin, and
norepinephrine. These changes may be due to a compensatory
mechanism in response to overstimulation of the cholinergic
system, direct action of the OP on the proteins responsible for
noncholinergic neurotransmission, or perhaps both. Recent
studies have also suggested that neuroinflammation is one
putative mechanism for noncholinergic neurotoxicity of OP
nerve agents. Some toxicity to the pulmonary and cardiovas-
cular systems may result from direct toxicity to the organs;
nerve agent exposure has been reported to cause secondary
pneumonia and pulmonary edema, and several OP cholines-
terase inhibitors have been reported to trigger cardiac arrhyth-
mias and lesions. The etiology of these toxic effects is not well
understood and could be due to the cholinergic disruption that
follows cholinesterase inhibition and/or other mechanisms
Table 2 Acute clinical effects of nerve agents

Organ or system Common effects

Eye Miosis (constricted pupils); pain, dim, or blur
vision

Nose Rhinorrhea (runny nose)

Mouth Excessive salivation
Gastrointestinal tract Nausea, vomiting, and diarrhea; increased se

and motility; cramps and pain
Pulmonary tract Tightness in the chest and shortness of breat

bronchoconstriction; increased secretions
and coughing

Skin Excessive sweating

Skeletal muscles Fasciculations; twitching; paralysis

Central nervous
system

Decreased memory and comprehension; diffi
sleeping; nightmares; irritability; depressio
convulsions and seizures; loss of consciou

Cardiovascular Changes in heart rate and blood pressure; arr

Table 3 Human toxicity estimates for nerve agents

Route of administration Tabun Sarin

Inhalation LCt50 (mg min m�3) 70 35
Intravenous LD50 (mg kg�1) 0.08 0.014
Percutaneous LCt50 (mgmin m�3) 20 000 12 000
Percutaneous LD50 (mg kg�1) 21 24
Oral LD50 (mg kg�1) 0.36–0.71 0.07–0

ND: Not determined or not available.
that are yet to be identified. It is worth mentioning that mice
lacking AChE are actually more sensitive to OP poisoning than
wild type mice, supporting the notion that OP cholinesterase
inhibitors exert their toxic effects through other mechanisms in
addition to AChE inhibition.
Acute and Short-Term Toxicity (Animal/Human)
(to Include Irritation and Corrosivity)

In humans, rhinorrhea and/or miosis are typically the first signs
of exposure to small amounts of nerve agent vapor. After
exposure to high concentrations/doses by any route, rhinorrhea
occurs as part of the generalized increase in secretions. Direct
ocular contact to nerve agents may cause miosis, conjunctival
injection, pain in or around the eyes, and dim or blurred vision.
Acute exposure of 3mgminm�3 of sarin vapor will produce
miosis in most of the exposed population. The onset of miosis
occurs within seconds to minutes following aerosol or vapor
exposure but may not be maximal for up to 1 h, especially
following exposure to low concentrations of aerosol or vapor.
The duration of miosis varies and is dependent on the extent of
exposure. The ability of the pupil to dilate maximally in
darkness may not return for up to 6 weeks. There is little to no
correlation between miosis and blood cholinesterase levels.
Respiratory distress may also occur within seconds to minutes
following aerosol or vapor exposure.
Notes

red Usually occurs following vapor exposure, may not
occur following exposure via other routes.

May be sudden and severe, especially following vapor
exposure.

cretions

h; May be sudden following vapor exposure; may resolve
quickly even without treatment if a very small
amount of vapor was inhaled.

Initially localized to the site of exposure following
dermal exposure.

Initially localized to the site of exposure following
dermal exposure.

culty
n;
sness

Effects may linger for days to weeks, or even longer.

hythmia Bradycardia and tachycardia have both been reported.

Soman Cyclosarin VX

35 35 15
ND ND 0.008
ND ND ND
5 5 0.315

.29 0.07–0.29 0.14 0.04–0.14



Table 4 Nerve agent animal toxicity data

Agent

Inhalation

LCt50 (mg min m
�3)

LD50 (mg kg
�1)

IM a IP b IV c PC d SCe

Cat

Tabun
Sarin 30–35
Soman 15
Cyclosarin
VX 5
Chicken

Tabun
Sarin
Soman 71 50
Cyclosarin
VX 30
Dog

Tabun 135 84 30 000
Sarin 60 19
Soman 5 12
Cyclosarin
VX 15 63 10
Guinea pig

Tabun
Sarin
Soman 24
Cyclosarin 100
VX 8
Monkey

Tabun 187 50 9300
Sarin 74 22.3
Soman 9.5 13
Cyclosarin 130 46.6
VX 50 6
Mouse

Tabun 440 600 287 1000
Sarin 222 420 113 1080
Soman 89 35 1080
Cyclosarin 243
VX 50 22
Rabbit

Tabun 960 63 375
Sarin 120 275 15 925 30
Soman 160 11 20
Cyclosarin 550 15 100
VX 25 66 8.4 14
Rat

Tabun 450 800 490 66 18 000 300
Sarin 150 218 39 103
Soman 230 62 98 44.5 7800 132
Cyclosarin 180 400 5.3 225
VX 17 37 7 12

aIntramuscular.
bIntraperitoneal.
cIntravenous.
dPercutaneous.
eSubcutaneous.
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The cardiovascular effects of nerve agent exposure are vari-
able. Bradycardia may occur via vagal stimulation, but other
factors such as fright, hypoxia, and adrenergic stimulation,
secondary to ganglionic stimulation may produce tachycardia
or hypertension. The acute clinical effects of nerve agents are
summarized in Table 2 and human toxicity estimates for the
nerve agents are summarized in Table 3.

Generally, acute exposure to a nerve agent has similar effects
on most commonly used laboratory animal species as on
humans, although the severity of individual signs may vary
between species. Following nerve agent exposure, animals
exhibit hypothermia resulting from the cholinergic activation
of the hypothalamic thermoregulatory center. In addition,
plasma levels of pituitary, gonadal, thyroid, and adrenal
hormones are increased during OP intoxication. Available
animal LD50 values for nerve agents are summarized in Table 4.
Chronic Toxicity (Animal/Human)

Nerve agents are acutely toxic at low doses and relatively few
studies have assessed the effects of repeated low-level exposures
on humans or animals. However, repeated exposure to many
OP pesticides that are structurally related to nerve agents is
known to cause a collection of neuropsychological symptoms
called organophosphate-induced delayed neuropathy (OPIDN).
These symptoms include anxiety, depression, psychosis, and
a number of cognitive and memory deficits. OPIDN symptoms
do not appear to be dependent on AChE inhibition and they
may occur without cholinergic signs and symptoms.
Immunotoxicity

Immunotoxicity has not been assessed extensively for tabun,
soman, cyclosarin, or VX, although soman has been shown to
have an immunosuppressive effect in rats. Sarin has been
shown to have immunomodulatory effects in animals, with
inconsistent results.
Reproductive Toxicity

The developmental and reproductive toxicity of tabun or
cyclosarin has not been assessed. Studies in experimental
animals have not revealed any sarin-, soman-, or VX-induced
reproductive or developmental toxicity.
Genotoxicity

Tabun is weakly mutagenic. Sarin is not mutagenic. The muta-
genic effects of soman or cyclosarin have not been assessed. VX
is very weakly mutagenic or not mutagenic.
Carcinogenicity

The carcinogenicity of tabun, sarin, soman, cyclosarin, or VX has
not been assessed, although development of lymphoma in a rat
has been linked to chronic sarin exposure in at least one study.
Clinical Management

Management of nerve agent intoxication consists of decon-
tamination to terminate the exposure, ventilation,
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administration of antidotes, and supportive therapy. Drug
therapy for treatment of nerve agent intoxication typically
includes an anticholinergic drug, an oxime, and an anticon-
vulsant. The anticholinergic drug atropine is a muscarinic
receptor antagonist that is effective in blocking the effects of
excess acetylcholine at peripheral muscarinic receptors. The
usual dose is 2 mg given intravenously (IV) or by intramuscular
(IM) injection, which may be repeated at 5–10min intervals
until secretions and shortness of breath subside. Atropine may
also be applied topically directly to the eye to relieve miosis
(constricted pupils), dim vision, and eye pain that are often
caused by nerve agent intoxication. Pralidoxime chloride (2-
PAM Cl) is an oxime used to break the agent–cholinesterase
bond and restore the normal activity of the enzyme. The usual
starting dose is 600mg given orally, IV, or IM. This may be
repeated two or three times as long as no more than 2000mg is
given in 1 h, due to the undesirable hypertensive effects of 2-
PAM Cl. Diazepam, an anticonvulsant benzodiazepine drug, is
used to decrease convulsive activity and reduce brain damage
that may occur from prolonged seizures. The usual starting
dose of diazepam is 10mg (IM), which may be repeated one or
two times at 10min intervals until convulsions/seizures cease.
It is worth noting that atropine, 2-PAM Cl, and diazepam are
the drug combination of choice in the United States for treating
OP cholinesterase poisoning, but other drugs are used in other
countries. However, even when different drugs are used, they
are generally compounds from the same drug families of
anticholinergics, oximes, and anticonvulsants.

Respiratory supportive therapy may include ventilation via
an endotracheal airway and suctioning of excess secretions in
the airways. Supportive care should also include monitoring
patients for cardiac arrhythmias, which are not uncommon in
patients who have been exposed to an OP cholinesterase
inhibitor and subsequently treated with atropine. Patients
who exhibit arrhythmia may require treatment with magne-
sium sulfate and potassium as well as other pharmacological
interventions and/or insertion of a temporary pacemaker to
restore a normal rhythmic beating pattern.
Ecotoxicology

Nerve agents were developed for use in warfare and most
studies have focused on their acute toxic effects on humans
rather than their impact on the environment. Like the struc-
turally related OP pesticides, they are highly toxic to other
animals and one could speculate that they would have similar
environmental effects as OP pesticides.
Other Hazards

Other hazards have not been extensively studied or described.
Exposure Standards and Guidelines

US Public Law 91-145 (50 USC 1521) mandates that stored
chemical warfare agents be destroyed by the US Department of
Defense (DoD). Public Laws 91-121 and 91-441 (50 USC
1512) mandate that the US Department of Health and Human
Services (DHHS) review DoD plans for disposing of the stored
munitions and make recommendations to protect public
health. Thus, DHHS and the Centers for Disease Control and
Prevention revised the airborne exposure criteria for tabun,
sarin, and VX. Worker population limits (WPLs), short-term
exposure limits (STELs), general population limits (GPLs), and
immediately dangerous to life or health (IDLH) values are used
as guidelines to protect workers and the general population
during routine chemical demilitarization activities. The rec-
ommended airborne exposure limits for tabun, sarin, and VX
(in mgm�3) in demilitarization operations are as follows:
Agent
 GPL (24 h)
 WPL (8 h)
 STEL (15 min)
 IDLH (30 min)
Tabun
 1� 10�6
 3� 10�5
 1� 10�4
 0.1
Sarin
 1� 10�6
 3� 10�5
 1� 10�4
 0.1
VX
 6� 10�7
 1� 10�6
 1� 10�5
 0.003
Acute Exposure Guideline Levels (AEGLs) are intended to
describe the risk to humans resulting from a rare exposure to
airborne chemicals. Through a collaborative effort of the
public and private sectors worldwide, AEGLs have been
established for a large number of chemicals, including nerve
agents. They are threshold exposure limits for the general
public and are applicable to emergency exposure periods that
would occur infrequently in a person’s life. The AEGL-1 is the
airborne concentration above which the general population,
including sensitive individuals, could experience notable
discomfort, irritation, or certain asymptomatic nonsensory
effects. The effects are not disabling and are transient and
reversible upon cessation of exposure. AEGL-2 is the airborne
concentration at which the same population experiences
irreversible or other serious, long-lasting adverse health
effects or an impaired ability to escape. AEGL-3 is the air-
borne concentration predicted to cause life-threatening health
effects or death. For nerve agents, these values are as follows
(in mgm�3):
AEGLs
 10 min
 30 min
 1 h
 4 h
 8 h
AEGL-1 (nondisabling)
Tabun
 0.0069
 0.0040
 0.0028
 0.0014
 0.0010
Sarin
 0.0069
 0.0040
 0.0028
 0.0014
 0.0010
Soman
 0.0035
 0.0020
 0.0014
 0.00070
 0.00050
Cyclosarin
 0.0035
 0.0020
 0.0014
 0.00070
 0.00050
VX
 0.00057
 0.00033
 0.00017
 0.00010
 0.000071
AEGL-2 (disabling)
Tabun
 0.087
 0.050
 0.035
 0.017
 0.013
Sarin
 0.087
 0.050
 0.035
 0.017
 0.013
Soman
 0.044
 0.025
 0.018
 0.0085
 0.0065
Cyclosarin
 0.044
 0.025
 0.018
 0.0085
 0.0065
VX
 0.0072
 0.0042
 0.0029
 0.0015
 0.0010
(Continued)
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dcont'd
AEGLs
 10 min
 30 min
 1 h
 4 h
 8 h
AEGL-3 (lethal)
Tabun
 0.76
 0.38
 0.26
 0.14
 0.10
Sarin
 0.38
 0.19
 0.13
 0.070
 0.051
Soman
 0.38
 0.19
 0.13
 0.070
 0.051
Cyclosarin
 0.38
 0.19
 0.13
 0.070
 0.051
VX
 0.029
 0.015
 0.010
 0.0052
 0.0038
Following the events of 11 September 2001, the President’s
Commission concluded that water supplies to US communities
were potentially vulnerable to terrorist attack, especially if
contaminants were inserted at critical points in the system. In
the United States and in areas around the world where US
troops are deployed, concern for ensuring safety of water
supplies can be traced back to at least the 1980s when Tri-
Service Standards for some chemical warfare agents were
established. The guidelines in the following table were estab-
lished by the National Research Council based on Tri-Service
Standards developed by the US Army in collaboration with
Lawrence Livermore National Laboratory. These levels are those
that should not cause acute adverse health effects or degrade
military performance following ingestion for 7 days of 5 or 15 l
of water per day. The 5 l per day consumption is considered the
average for a soldier under normal working conditions, while
under stress and exertion; consumption may rise to 15 l per
day. The guidelines are presented in the following table (agent
concentrations are in mg l�1):

Agent 5 l per day 15 l per day
Tabun
 140
 46
Sarin
 28
 9
Soman
 12
 4
VX
 15
 5
See also: Tabun; Sarin (GB); Soman; Cyclosarin (GF); V-Series
Nerve Agents: Other than VX; VX; Organophosphorus
Compounds.
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Introduction

Neurotoxicity refers to the direct or indirect effect of chemicals
that disrupt the nervous system of humans or animals.
Numerous chemicals can produce neurotoxic disease in
humans, and many more are used as experimental tools to
disturb or damage the nervous system of animals. Some act
directly on neural cells, others interfere with metabolic
processes on which the nervous system is especially dependent.
Some disrupt neural function; others induce maldevelopment
or damage to the adult nervous system. Perturbations may
appear and disappear rapidly, evolve slowly over days or weeks
and regress over months or years, or cause permanent deficits.
Neurotoxicity is usually self-limiting after exposure ceases and
rarely progressive in the absence of continued exposure,
although there may be a significant delay between exposure
and manifestation of neurotoxic effects.
Table 1 Naturally occurring substances with mammalian neurotoxic
potential

Life form Substance with neurotoxic potential

Bacterium Diphtheria toxin
Alga Anatoxin-a
Fungus 3-Nitropropionic acid
Plant L-BOAA
Coelenterate Palytoxin
Insect Apamin
Arachnid Scorpion toxins
Molluscs Conotoxins
Fish Ciguatoxin
Amphibia Batrachotoxin
Reptile Dendrotoxin
Bird Batrachotoxin
Mammal Vitamin A
Occurrence

Chemicals with the potential to disrupt the mammalian
nervous system may occur naturally (neurotoxins) or arise by
synthesis (neurotoxicants). While chemicals with neurotoxic
potential are conveniently termed ‘neurotoxins’ or ‘neuro-
toxicants,’ this is not an intrinsic property but rather the
description of an effect that may occur if the tissue concentra-
tion exceeds a certain threshold. Biological chemicals with
neurotoxic properties often have high target specificity and
toxic potency, discrete biological actions, and are among the
best understood mechanistically. Examples of chemicals with
direct or indirect neurotoxic potential are found in bacteria,
algae, fungi, plants, coelenterates, insects, arachnids, molluscs,
amphibians, reptiles, fish, and certain mammals (Table 1).

Other less potent naturally occurring substances exhibit
neurotoxic effects when encountered in large concentration for
sufficient periods of time. Examples include metals (arsenic, lead,
mercury) and certain compounds containing these elements
(methylmercury) (Table 2). Some elements (manganese, selenium)
and compounds (vitamin B6) in this group, while neurotoxic in
sustained heavy doses, are required in smaller amounts to
support normal physiological function, including that of the
nervous system. Natural substances (thiaminase) that interfere
with required substances (thiamine) are also associated with
neurological disease in animals and humans.

Synthetic chemicals with neurotoxic potential (Table 2) are
most commonly encountered in the form of prescription
(ethambutol, isoniazid, vincristine) and over-the-counter phar-
maceutical agents (bismuth preparations), domestic products
used in antidandruff shampoos (pyridinethione), fragrance raw
materials (2,6-dinitro-3-methoxy-4-tert-butyltoluene), pyrolysis
products in broiled, baked, or fried food (acrylamide), beverages
(ethanol), workplace chemicals (n-hexane), pest-control agents
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(aldrin), environmental pollutants (mercury), and substances
(methamphetamine) used to induce euphoria. Others are asso-
ciated with special applications, such as chemical warfare in
military and civilian settings (sarin).

Direct-acting substances with neurotoxic potential are sup-
plemented by other agents that initiate neurological change as
a consequence of effects on another organ system on which the
brain depends for normal function. Substances that target the
liver, kidneys, or lungs fall into this category, as do agents that
interfere with the continuous supply of oxygen (cyanide, azide)
and glucose (6-chloro-6-deoxyglucose) required by the nervous
system for normal function. Chronic liver failure and manga-
nese intoxication are both associated with high signal abnor-
malities in the basal ganglia on T1-weighted magnetic
resonance images, suggesting that the metal accumulates
because it cannot be cleared normally by the liver.
Neurotoxic Effects

The nervous system has a vast repertoire of functional reactions
to chemical perturbation, and these responses give rise in the
aggregate to a plethora of neurological and psychiatric
phenomena, many of which recapitulate the clinical manifes-
tations of disease of nontoxic origins. Large single doses of
certain substances, such as organic solvents (ethanol, toluene)
that intoxicate, induce functional changes in the organism that
appear and disappear rapidly. Other agents, such as the anti-
cholinesterase nerve agents, induce a subset of functional changes
(e.g., parasympathomimetic effects) that reverse when the
inhibited target protein (acetylcholinesterase) is reactivated or
replaced. Sometimes, as in the case of methanol, the latent
period (hours) between exposure and effect is associated with
the production and action of a toxic metabolite (formate).
Single exposures to large amounts of other substances (arsenic,
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Table 2 Heavy metals and synthetic substances with neurotoxic potential

Substance Primary neurotoxic effects

Acrylamide Peripheral neuropathy (axonal degeneration), cerebellar ataxia
Arsenic Acute encephalopathy (brain swelling and hemorrhage), peripheral neuropathy (axonal degeneration)
Barbiturates Acute encephalopathy (sedation and coma), chronic encephalopathy, developmental neurotoxicity,

facilitated g-aminobutyric acid neurotransmission
Carbamate pesticides Acute encephalopathy (cholinergic syndrome), neuromuscular transmission dysfunction,

acetylcholinesterase inhibition
Carbon disulfide Acute psychosis, chronic peripheral neuropathy (axonal degeneration), parkinsonism
Carbon monoxide Encephalopathy/delayed parkinsonism, neuronal and tissue necrosis secondary to hypoxia
Carbon tetrachloride Acute encephalopathy, visual dysfunction
Doxorubicin Progressive ataxia (rodents), sensory neuronal degeneration
Ethanol Fetal alcohol syndrome, acute encephalopathy (agitation, sedation, ataxia, coma), chronic encephalopathy

(cognitive impairment, dementia), myopathy, peripheral neuropathy (vitamin B1 deficiency?)
n-Hexane Peripheral neuropathy (axonal degeneration)
Lead, inorganic Peripheral neuropathy (axonal loss and demyelination), acute encephalopathy (seizures), cognitive

dysfunction
Manganese, inorganic Emotional disturbance, psychoses, parkinsonism/dystonia, neuronal degeneration in striatum and globus

pallidus
Mercury, inorganic Cerebellar syndrome (tremor, ataxia), psychobiological reaction (anxiety, personality changes, memory loss)
Methanol Optic neuropathy (axonal degeneration, primary demyelination), extrapyramidal syndrome (necrosis of

putamen), retinopathy (edema)
Methylmercury Developmental toxicity and teratogenesis, visual dysfunction (tunnel vision), cerebellar syndrome (ataxia),

peripheral neuropathy, chronic encephalopathy (cognitive dysfunction)
Organophosphorus compounds

(pesticides and warfare agents)
Cholinergic syndrome (certain compounds), peripheral neuropathy (certain compounds only),

acetylcholinesterase inhibition
Phenytoin Fetal phenytoin syndrome, cerebellar syndrome (ataxia, nystagmus), chronic encephalopathy (cognitive

dysfunction), extrapyramidal syndrome (chorea, dyskinesia), peripheral neuropathy
Toluene Acute encephalopathy (sedation, coma), chronic encephalopathy (cognitive dysfunction)
Tricyclic antidepressants Seizure disorder (myoclonus), psychobiological reaction (serotonin syndrome, anticholinergic syndrome),

tremor, extrapyramidal syndrome (dyskinesia)
Trimethyltin Acute encephalopathy (neuronal degeneration of limbic system) – rodents, chronic encephalopathy

(cognitive dysfunction, neuronal loss in hippocampus)
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mercury, thallium) may be followed by a latent period of days or
weeks before structural and functional changes become
evident. While certain substances (acrylamide) can induce
neurological damage after single large exposures, smaller doses
over a long period of time are also effective, but the pattern of
neurological deficit may be distinct in the two dosing scenarios.
Neurotoxic disorders typically progress during the period of
exposure and immediately following exposure, when the
pathological events already in progress may take time to unfold
before stabilization or recovery can begin. Prospects for func-
tional recovery depend on the presence or absence of tissue
damage, the extent of damage, and whether neuropathological
changes have occurred in the central nervous system (CNS)
(poor prognosis).

An unanswered question is whether in some instances
disease may progress or recur after chemical exposure has
ceased. Certainly, catastrophic and fatal neurodegeneration
after a delay period may follow acute carbon monoxide
poisoning, but this is an isolated example. Relapses occur in
ciguatoxicity presumably because the offending agent is released
from fat stores under certain physiological conditions.
Progressive visual defects may occur from release of chloroquine,
which has been sequestered in the choroid layer of the eye.
There is also concern that certain substances (carbon disulfide,
organochlorine pesticides) might predispose or accelerate the
onset of age-related diseases of the nervous system, such as
Parkinson’s disease. Finally, research is underway to determine
whether certain DNA-damaging agents (methylazoxymethanol
(MAM)) may predispose neurons to tardive degeneration
because of their low capacity for DNA repair. Studies reported
in 2011 suggest that genotoxins such as MAM have biphasic
effects depending on the ability of the targeted cells to divide:
cycling cells undergo proliferation as a result of mutation
arising from DNA damage (O6-methylguanine (O6-mG)),
while noncycling neurons respond through related signal
transduction pathways with degeneration.
Principles of Nervous System Vulnerability

There are many factors that determine the response of the
nervous system to chemical exposure. Species, gender, genotype,
age, nutritional status, body temperature, and activity are key
determinants, as are chemical access, structure, and biotrans-
formation. The time of day has been found to affect the degree of
ataxia induced in mice treated with sodium nitroprusside.

Metabolic activity of the brain may serve to activate
a neurotoxic substance, as in the conversion of methylphenyl-
tetrahydropyridine (MPTP) to the mitochondrial toxin N-methyl-
4-phenylpyridinium ion (MPPþ), which targets substantia nigra
neurons and precipitates parkinsonism in humans and other
mammals. b-N-Methylamino-L-alanine (L-BMAA) is metabolized
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to formaldehyde in rodent brain tissue, thereby transforming an
excitant amino acid to a potential genotoxin. Hepatic biotrans-
formation is broadly concernedwith the conversion of lipophilic
chemicals to less toxic hydrophilic metabolites (Phase I) and
their conjugation (Phase II) prior to excretion. Occasionally,
Phase I metabolism may increase the neurotoxic potential of an
exogenous substance, as in the case of the stepwise conversion of
n-hexane to 2,5-hexanedione, a solvent that targets neuroproteins
and causes nerve fiber degeneration in the CNS and peripheral
nervous system (PNS). Co-exposure to substances such asmethyl
ethyl ketone or toluene may impact Phase I enzyme function and
thereby markedly modify (increase or decrease, respectively) the
quantitative neurotoxic response to n-hexane.

Most mammalian species reproduce the qualitative
response of the human nervous system to chemical perturba-
tion, but the sensitivity may differ markedly among species. For
example, relative to humans, primates, and cats, rodents are
relatively refractory to organophosphate-induced neuropathy.
Gender is a factor in risk for tardive dyskinesia (stereotypic
behaviors, dystonia, myoclonus, and tics) associated with the
dopamine receptor-blocking properties of neuroleptic drugs.
Gender as a determinant of biotransformation may be less
important in humans than in rats, where marked differences in
the metabolism and consequent functional responses to indi-
vidual chemicals such as parathion may be noted. 3,4-Methyl-
enedioxymethamphetamine (MDMA) may depress serotonin
more in female than male rats. Differences in genotype may
determine the presence of neurotoxic responses, as in the rare
mitochondrial polymorphism that results in hypersensitivity to
aminoglycoside-induced deafness. Age in humans is generally
associated with increased susceptibility to many chemical
substances largely because of reductions in biotransformation,
renal clearance, and biliary excretion, as well as factors such
as reduced body weight, inanition, and polypharmacy that
promotes drug and chemical interactions. In addition, neurons
display age-related increases of DNA damage, regional nerve
cell loss (e.g., substantia nigra), and axonal pathology (e.g.,
spinal roots). Nutritional status may predispose to human
neurotoxicity as seen in minimally nourished Africans who
develop spastic paraparesis from a combination of sulfur
amino acid deficiency and exposure to cyanogenic substances,
both of which arise from dietary dependence on the root
crop cassava (Manihot esculenta). Substances that interfere
with vitamin production or utilization, including thiamine
(pyrithiamine), riboflavin (quinacrine), niacin (3-acetylpyridine,
6-aminonicotinamide), or cyanocobalamin (nitrous oxide),
produce various types of severe neurological deficit, as does
excessive exposure to vitamin A. Other types of neuro-
degeneration are seen with substances that chelate physiolog-
ically important metals ions (pyridinethione, 8-hydroxyquinolines,
ethambutol), such as zinc. Excessive dietary intake of sulfur
and selenium produces neuronal lesions in ruminants and
pigs, respectively. Body temperature is an important determi-
nant of the neurotoxic response of rodents, primates, and
possibly humans to the psychostimulant methamphetamine:
hyperthermia exacerbates and hypothermia attenuates
methamphetamine-induced dopamine neurotoxicity. Finally,
excessive physical activity has been associated with the acute
onset of central motor weakness in cassavism and lathyrism,
the latter associated with dietary dependency on grasspea
(Lathyrus sativus), a legume that contains the excitant amino
acid b-N-oxalylamino-L-alanine (L-BOAA).

The structure of chemicals and their differential access to the
nervous system are of cardinal importance in determining the
presence and nature of the neurotoxic response. While access to
nervous tissue dictates the possibility of a direct neurotoxic
effect, neurotoxicity ultimately depends on the ability of the
substance to bind to neural tissue targets and interfere with
functional or structural integrity. Structure–activity relation-
ships are therefore of critical importance. For example,
1,2-diacetylbenzene but not 1,3-diacetylbenzene induces leg
weakness in rodents because only the former binds to and
cross-links neuroproteins, interferes with anterograde transport
of neurofilaments, and causes giant proximal axonal swellings
that disrupt nerve conduction. Triethyltin targets the myelin
sheath and trimethyltin damages neurons, but tributyltin lacks
neurotoxic properties – another illustration of the critical
importance of chemical structure in determining the presence
and nature of the neurotoxic response. Even stereological
properties of molecules can dictate the presence or absence of
neurotoxic properties: L-BOAA (but not D-BOAA) is a potent
agonist of neuronal DL-a-amino-3-hydroxy-5-methyl-4-iso-
xazole propionic acid (AMPA) receptors. Only levo-naloxone
displays opioid receptor antagonistic activity, and studies
published in 2011 indicate enantioselective neurotoxicity of
chiral polychlorinated biphenyls (PCBs).

The large majority of the nervous system is protected from
direct exposure to chemicals in the bloodstream and the cere-
brospinal fluid (CSF) by blood–brain/nerve/CSF regulatory
interfaces. These cell-based molecular separate the microenvi-
ronmentof the brain parenchyma fromchanges in circulating ion
andmetabolite concentrations. Regulation of blood–brain/nerve
interchange is a key function of capillaries coursing through
nervous tissue. Structural specializations of capillary walls in the
form of tight junctions between adjacent endothelial cells
constitute a diffusion barrier. This allows the endothelium to
regulate the selective transport and metabolism of substances
from blood to brain and vice versa. While gases (oxygen, carbon
monoxide, nitrous oxide) cross capillary walls with ease, many
substances are excluded or their access to nervous tissue impeded
by the presence of the capillary barrier. Lipophilicity and size are
key elements in regulating the passage of macromolecules across
the blood–brain barrier. Key nutrients and macromolecules
required by the brain cross via facilitated diffusion or specific
carriers. The epithelial junctions that constitute the blood–CSF
barrier at the choroid plexus are somewhat more permeable and
allow greater passage of drugs and toxicants into the interstitial
fluid that bathes brain tissue. Many metals are required for
normal CNS function and are thus transported across the blood–
brain and blood–CSF barriers. However, excess metal may
accumulate in their endothelial cells and give rise to toxic damage
of the cellular barrier. Several metals are known to accumulate
in both barriers, including substances with neurotoxic potential
such as lead, mercury, arsenic, and manganese. Lead accumulates
in the choroid plexus and alters key functions, including
transthyretin, the binding protein for thyroid hormone.
High concentrations of lead damage the blood–brain barrier
cause vascular leakage and may result in brain swelling accom-
panied by herniation, ventricular compression, and petechial
hemorrhages.
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Some regions of the brain (e.g., hypothalamus) and PNS
(spinal and autonomic ganglia) lack capillary barriers and are
thus directly exposed to chemicals circulating in the blood-
stream. Damage to the hypothalamus can have far reaching
effects on somatic metabolism, reproductive function, and
growth. The adult obesity of rats treated postnatally with
monosodium glutamate (MSG) exemplifies the effect and raises
important questions for human health in regard to past expo-
sure to glutamate-rich foods during postnatal development. In
the PNS, the selective loss of sensory neurons in rats treated
with doxorubicin arises because spinal ganglia lack a protective
capillary-nerve barrier.

Certain other substances (tetanus toxin) reach nerve cell
bodies directly via distal axonal entry and retrograde axonal
transport. Tetanus toxin is transported to the spinal anterior
horn cell, subsequently translocates and binds to inhibitory
presynaptic inhibitory (glycinergic) nerve terminals impinging
on the motor nerve cell, and thereby suppresses the inhibition
of motor neuron activity leading to hyperexcitation. Violent
and sustained muscle contraction (tetany) in response to
external stimulation results. Another example of peripheral
entry to the CNS is the transport and delivery of metals
(manganese, aluminum) from the nose along olfactory neurons
to the brain of laboratory animals.

The mammalian nervous system has functional design
features that predispose it to chemical perturbation. Conse-
quently, neurological dysfunction is among themost commonof
the toxic responses of humans to chemical substances. Some
neurotoxic agents perturb energy generation by interfering with
glycolysis (arsenic), while others (3-nitroprionic acid, cyanide, rote-
none) disrupt sites in the electron transport chain. Some agents
(metronidazole, misonidazole) damage brain regions such as the
brainstem nuclei that seem to have a high requirement for
glucose.
Architectural design is another important determinant of
vulnerability both at the cellular and organ level. Unlike most
organs (liver, kidney, testes), the nervous system is regionally
organized; motor function, memory, vision, audition, and
olfaction require the function and interaction of different brain
regions. Whereas small lesions of the liver and kidney have
little functional impact, a chemical that damages the hippo-
campus (domoic acid), visual cortex (methylmercury), or the
peripheral vestibular and auditory system (streptomycin) may
have devastating effects on function of the organism. Moreover,
whereas tissue repair follows damage to many organs, the CNS
recovers from injury poorly. Some recovery may be afforded by
neurogenesis and/or reorganization of synaptic connections on
surviving nerve cells, but regrowth and reconnection of
damaged axons are impeded by postinjury proliferation of
astrocytes.

Cellular architecture is yet another important factor in
determining vulnerability to chemical attack. Unlike most
types of mammalian cells, mature neurons and myelinating
cells in the CNS (oligodendrocytes) and PNS (Schwann cells)
possess elongated cellular processes that expose vast surface
areas of membrane to chemicals present in extracellular fluid
(Figure 1). Additionally, each of these cells has a segregated
anabolic region (cell body) that is responsible for supplying the
metabolic needs of proportionately huge volumes of cytoplasm
(axons, dendrites, myelin). The unusual architecture of these
cells demands the presence of a distribution system that effi-
ciently transports materials from sites of production to sites of
utilization. Within neurons, chemicals that disrupt axonal
transport (taxol, vincristine) are known to induce axonal
degeneration with consequent effects on sensory and motor
function. The special vulnerability of the longest and large-
diameter axons leads clinically to sensory dysfunction and
motor weakness in a stocking-and-glove distribution.
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Neural cells are highly interconnected and dependent upon
each other’s presence and physiological activity for normal
function. Thus, chemicals that disrupt Schwann cells (diphtheria
toxin) or myelin (hexachlorophene) secondarily disturb nerve
conduction along the axonal processes of neurons with which
they are physically associated. Other agents interfere directly with
electrical transmission (pyrethroids) or the orderly conveyance of
signals via synapses (certain organophosphates) that connect nerve
cells to each other. Similarly, agents (nitrofurantoin) that cause
peripheral axons to degenerate thereby sever neuronal connec-
tions with muscle cells and cause muscle weakness.

Given the nervous system has built-in redundancy, the loss
of neurons or axons must exceed a certain threshold for clinical
effects to become apparent. That redundancy of nerve cells may
be substantially reduced with the advance of age, such that
regional loss of CNS striatal dopaminergic neurons is thought
to be a factor in dictating susceptibility to agents (carbon
disulfide) that can trigger parkinsonism. Similarly, age-related
spinal nerve root demyelination and distal axonal degenera-
tion of long and large-diameter axons may predispose elderly
individuals to substances that cause peripheral neuropathy
(vide infra).
Vulnerability of Neurons and Their Processes

Nerve cells are vulnerable to chemical attack at many loci,
including protein synthesis, mitochondrial, and nucleic acid
function. Somal DNA is predisposed to damage by reactive
oxygen species because of the high oxygen consumption and
metabolic activity of neurons. The cycad genotoxin MAM, an
agent that alkylates DNA with formation of O6-mG and other
adducts, interferes with neuronal development and has been
implicated in a long-latency progressive neurodegenerative
disease (O6). Adult neurons have very low levels of the specific
DNA repair enzyme, O6-methylguanine methyltransferase,
such that long-term neuronal effects might occur as a conse-
quence of unrepaired DNA damage. Mitochondrial DNA chain
growth is blocked by certain anti-HIV drugs (2’,3’-dideox-
yinosine, 2’,3’-dideoxycytidine) that cause painful axonal
neuropathy. Interference with neuronal protein synthesis
occurs with agents (ricin) that disrupt polypeptide elongation
and trigger axonal degeneration. Chemicals that alter the
mitochondrial electron transport chain (cyanide, rotenone) have
a propensity to induce basal ganglia damage. Substances (bro-
mothelin, pentachlorophenol) that uncouple electron transport
and oxidative phosphorylation elevate temperature and induce
tremor and hyperexcitability. Several neuronal enzymes are key
sites of chemical attack, including synaptic acetylcholinesterase
(organophosphates, carbamates) and neuropathy target esterase
(a subset of organophosphates), with resulting neuroexcitation
and axonal degeneration, respectively. Lead interferes with
oxidative phosphorylation by potently activating protein
kinase C.

The excitable membrane of neurons is the target of a rich
array of neurotoxins that interfere with ion channels required
for the proper functioning of neurons, axons, muscle, and glial
cells. These agents are often complex structures generated by
invertebrate species and plants presumably for purposes of
chemical defense. Sodium ion channels are common targets.
Agents that bind to the outer surface of the Naþ channel and
prevent ion influx are found in dinoflagellates (saxitoxin),
vertebrates, including fish, octopus and salamander (tetrodo-
toxin), and cone snails (geographutoxin). Lipid-soluble anes-
thetics (lidocaine, procaine) bind to a hydrophobic site in the
channel and interfere with the gating mechanism. Activation of
Naþ channels by opening or impeding normal closure is seen
with certain plant chemicals (grayanotoxin; pyrethrin), dinofla-
gellate chemicals (ciguatoxin) stored in fish, amphibian skin
toxins (batrachotoxin), scorpion a-toxins, and synthetic pesticides
(pyrethroids). Interference with Naþ channel function is usually
heralded by abnormal sensation (paresthesias) in the tongue,
around the mouth and in the extremities. While usually tran-
sient, ciguatoxin is a fat-soluble agent that may cause repeated
neurotoxic events after single exposures presumably because of
tissue sequestration and periodic release within the affected
subject. Kþ-channel toxins with selective blocking actions have
been identified in the venom of certain scorpions, bees, and snakes.
Thallium and bromine ions are transported by Kþ and Cl�

channels, respectively, with significant neurological and
psychiatric consequences for the affected subject. Calcium
channel blockers are produced by certain plants, insects, spiders,
snails, and snakes. Divalent lead ions interfere with intracellular
processes regulated by Ca2þ ions and accumulate in the same
intramitochondrial compartment as calcium. Alternative pre-
RNA splicing in the gene (Ca(V)2.2) that codes for N-type Ca2þ

channels in nociceptors modulates opioid channel inhibition
and spinal analgesia.
Neurotransmitter Systems

Numerous substances target mechanisms involved in neuro-
transmitter (NT) synthesis, transport, synaptic release, reup-
take, the interaction between NT and postsynaptic receptor, or
the removal of NT from the synaptic gap. Neurotoxicity occurs
when the agent reduces or increases NT release, alters NT
concentration or resident time, or acts as an agonist or anta-
gonist at a postsynaptic NT receptor.

Acetylcholine synapses at neuromuscular junctions are
targets for a number of biologic and synthetic substances
(Figure 2). Neurotransmission is disrupted by agents that
interfere with choline transport (hemicholinium, choline), with
acetylcholine synthesis (triethylcholine), or synaptic vesicle
uptake (vesamicol). Other agents (b-bungarotoxin, crotoxin) target
mechanisms involved in presynaptic NT release. Botulism ari-
ses from the action of a zinc-endopeptidase (the light chain of the
botulinum toxin dipeptide) in blocking synaptic transmission by
cleaving synaptic-vesicle fusion proteins required for NT
exocytosis. Botulinum-induced blockade of normal depolar-
ization-induced NT release at the neuromuscular junction leads
to flaccid muscle weakness. Conversely, a-latrotoxin in venom
of the black widow spider causes massive NT release at verte-
brate neuromuscular junctions resulting in a painful disorder
featured by dysarthria, tremor, clonic muscle contraction, and
paralysis. Numerous chemicals interfere with acetylcholines-
terase, the enzyme that terminates NT action at the neuro-
muscular junction. Certain anticholinesterases (edrophonium)
bind directly to the active center of the enzyme and act rather
briefly; others (physostigmine) carbamylate the enzyme and have
longer lasting actions. The large class of organophosphates, which
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include high-potency agents used in chemical warfare and less
hazardous materials employed as agricultural pesticides,
interact with the anionic and/or esteratic sites in the active
center of acetylcholinesterase to form complexes; the stability
of the phosphorylated enzyme is further enhanced by the loss
of one of the alkyl groups, a phenomenon known as (chemical)
aging. Biological anticholinesterases include the product of
a cyanobacterium (anatoxin-a(s)) and certain snake toxins
(fasciculins).

Acetylcholine receptors provide another target for chemicals
with neurotoxic potential; most of these act as antagonists.
D-Tubocurarine is the classical nicotinic receptor antagonist,
and curare-like substances are found in elapid and hydrophid
snakes (a-neurotoxins), such as cobra (a-cobratoxin) and krait
(a-bungarotoxin), molluscs (a-conotoxin), corals (lophotoxin), and
certain plants, such as the delphinium (methyllcaconitine).
Anatoxin-a is a potent agonist at neuromuscular, autonomic, and
brain nicotinic receptors. Muscarinic receptor antagonists
include atropine, scopolamine, and the synthetic warfare agent
quinuclidinyl benzilate, which induces dryness of the mouth,
blurred vision, confusion, delirium, and coma.

Glutamate receptors, which mediate most excitatory
synaptic traffic in the CNS, are another important target of
chemical substances linked to human disease. Fast synaptic
transmission is mediated by AMPA-type glutamate receptors,
a target of L-BOAA that causes pyramidal tract degeneration and
spastic paraparesis (lathyrism). Seaweed (kainic acid) and
dinoflagellate (domoic acid) toxins act as agonists at the kainate
subclass of glutamate receptors, the latter causing significant
CNS neuronal excitotoxicity and CNS degeneration in humans.
Glutamate receptors that respond to N-methyl-D-aspartate
(NMDA) have numerous antagonists, including the anesthetic
agent ketamine and phencylidine (angel dust). Termination of
excitatory neurotransmission by removal of synaptic glutamate
is perturbed by dithiocarbamate pesticides. Ionotropic glutamate
receptors also play an important role in mediating neuronal
death secondary to energy deficits induced by hypoxia.

g-Aminobutyric acid (GABA), which is synthesized from
glutamic acid decarboxylase (GAD), is the major inhibitory NT
in the mammalian brain. GAD inhibition (2-amino-4-pentenoic
acid) induces convulsions. Numerous compounds bind to and
act as antagonists (picrotoxin) or agonists (muscimol) at GABAA

receptors, which employ chloride (Cl�) channels to mediate
fast inhibitory postsynaptic potentials. Enhanced GABAergic
transmission occurs under the action of benzodiazepine and
barbiturate drugs, while organochlorine insecticides (lindane,
aldrin) exert convulsant effects mediated through picrotoxin-
binding sites.
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Glycine receptors, which mediate inhibitory neurotransmis-
sion in the brainstem and spinal cord, have a number of plant-
derived antagonists (strychnine, hydrastine) that elicit hyperreflexia
and tetanic muscle contraction among other signs. Tetanus toxin
from Clostridium tetanii triggers generalized muscle rigidity by
binding to glycinergic nerve terminals (and inhibiting glycine NT
release) after crossing from anterior horn cells that retrogradely
transport the agent from a peripheral wound site.

Several other NT systems and pathways are impacted by
chemicals that exhibit neurotoxicity. Dopamine mediates
communication in a number of important pathways, including
the nigrostriatal tract (a key component of basal ganglia
mechanisms for control of the quality of motor movement)
that degenerates in Parkinson disease and MPPþ-induced
toxicity. Extrapyramidal movement disorders occur as a side
effect of a number of therapeutic drugs acting on dopaminergic
pathways. Chemicals that perturb adrenergic function may
interfere with NT synthesis (a-methyltyrosine), serve as false NTs
(methyl-dopa), block vesicular uptake (reserpine), inhibit the
cleavage enzyme catechol-O-methyltransferase (pyrogallol), or
promote NT release (amphetamine). Substituted amphetamines
(MDMA) damage axons derived from the dorsal raphe
serotonergic projection system of rodents and primates.
Natural substances in plants interfere with substance P neuro-
transmission (capsaicin), cannabinoid receptors (cannabis),
purinoceptors, and adenosine receptors (caffeine). Caffeine
intoxication is characterized by anxiety, sleep disturbance, and
mood changes, while caffeine withdrawal in sensitive subjects
leads to vascular headache, drowsiness, and fatigue.
Axonal Transport

Disruption of the transport of materials along axons is another
method by which chemicals perturb neural function and induce
changes, including focal axonal pathology and axonal degener-
ation (axonopathy). Some agents interfere with the anterograde
transport of materials from sites of synthesis (cell body) to sites
of utilization (axon and terminal) (b-b’-iminodipropionitrile, 1,2-
diacetylbenzene), some with retrograde axon transport (acryl-
amide), and others with the return of materials from nerve
terminals (zinc pyridinethione). Certain plant-derived chemicals
(colchicine, vinca alkaloids) bind to tubulin, inhibit microtubule-
based function, and thereby block bidirectional axonal trans-
port. Taxol, originally isolated from the Pacific yew tree, interferes
with axonal transport by promoting microtubule assembly and
stabilization. Retrograde axonal transport may also serve to ferry
foreign substances (ricin, tetanospasmin, certain metals) to targets
in neuronal somata.
Neuroglia and Myelin

Neuroglia include (1) ependymal cells lining the ventricles of the
brain and the central canal of the spinal cord; (2) cells of the PNS
(Schwann cell) and CNS (oligodendrocyte) that wrap around
axons to form compacted plasma membranes (myelin) that
provide electrical insulation to speed nerve conduction; (3) cells
(astrocytes) that interface between nerve cells and capillaries in
the CNS, regulate interstitial water content, Kþ concentration,
remove and metabolize certain NT molecules, and proliferate
following injury; and (4) microglia, which are phagocytic cells
that function as endogenous immune cells in the brain.

Ependymal cells are susceptible to agents (amosconate)
present in CSF. Astrocyte foot processes investing cerebral
capillaries undergo marked swelling in water intoxication, lead
encephalopathy and in hypercapnia, and after the experimental
administration of 6-aminonicotinamide, isoniazid, misonidazole,
or ouabain. Astrocytes increase their glycogen content in
a variety of insults (methionine sulfoxamine), form intranuclear
inclusion bodies in lead intoxication, and greatly increase the
relative size of the nuclear compartment in hepatic encepha-
lopathy, which is thought to be triggered by hyperammonemia.
The food-associated mycotoxin ochratoxin A inhibits glutamate
uptake by astrocytes, which has been proposed to increase
extracellular glutamate, excitotoxicity, and neuronal loss.

Myelinating cells are susceptible to substances that disrupt
the synthesis of myelin components, the best example of which
is diphtheria toxin, which has access to peripheral nerves where it
inhibits Schwann cell protein synthesis and causes primary
demyelination. Oligodendrocyte demyelination can be induced
experimentally by diphtheria toxin and by other protein
synthesis inhibitors, such as ethidium bromide and actinomycin D.
The latter induces widespread status spongiosus of white matter,
with edema fluid in the periaxonal space and between myelin
membranes split open at the intraperiod line. Cuprizone (biscy-
clohexanone oxalylhydrazone) induces oligodendrocyte degenera-
tion with intramyelinic edema. Several other agents (cycloleucine,
hexachlorophene, triethyltin) trigger reversible changes in CNS and/
or PNS myelin without apparent damage or loss of the myelin-
forming cells.
System Vulnerability

Developing Nervous System

The dominant host factor influencing response of the nervous
system to exogenous chemicals is developmental age. The
intrinsic neural factors that determine or influence response to
chemicals differ in development, at maturity, and in late life.
Thus, physiological differences between developing and adult
organisms underlie potentially significant differences in distri-
bution, metabolism, and excretion of neurotoxic agents. As
a result, neurotoxic effects observed following developmental
exposure differ both quantitatively and qualitatively from
those seen following adult exposure. Quantitatively, the
developing nervous system is generally more sensitive to
neurotoxic agents. Studies of both humans and rodents indi-
cate that intrauterine exposure to lead or to PCBs is more
damaging to the nervous system than exposure later in life.
Neurotoxic effects may also differ qualitatively as a function of
developmental age. For example, infants of mothers treated
with the anticonvulsant drug sodium valproate may display
congenital malformations, including neural tube defects,
whereas neurotoxicity in the adult is manifest as tremor,
a confusional state and, in rare cases, parkinsonism.

The influence of developmental age on the response to
neurotoxic agents largely reflects the susceptibility of develop-
mental processes occurring in the developing brain. Neuro-
development is a complex process that is precisely regulated in
time and space, with the basic framework of the nervous system
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laid down in a step-by-step process in which each step is
dependent upon the proper completion of the previous one. In
both humans and rodents, normal neurodevelopment begins
very early in the fetus and is not complete until puberty. Active
organogenesis, which occurs during the period from implan-
tation through mid-gestation, requires the concomitant and
coordinated ontogeny of cell proliferation, differentiation, and
migration. During late gestation and the early neonatal period,
the processes of synaptogenesis, apoptosis, and myelination
are predominant. These processes continue throughout later
stages of neurodevelopment, and together with elimination of
extraneous synapses via axon and dendrite retraction function
to refine patterns of neuronal connectivity. Experimental and
clinical data suggest that errors in timing, spatial resolution, or
magnitude of any of these developmental events can have
functional consequences. For example, magnetic resonance
imaging studies of patients with schizophrenia reveal excessive
pruning of axons and dendrites in the cerebral cortex during
late adolescence, coincident with the onset of symptoms.
Importantly, substances have been identified that interfere with
each of these processes in animal models and, in some
instances, humans. The outcome of such interactions ranges
from death to gross structural abnormalities to subtle defects in
structure or function: early gestational exposure to substances
such as fumonisins can produce neural tube defects; exposure to
ionizing radiation produces altered brain morphology and
mental retardation; exposure to high concentrations of ethanol
causes mental retardation, while moderate levels of alcohol
exposure can delay motor development; intrauterine exposure
to cocaine causes excessive outgrowth of dendrites; and expo-
sure of infants and children to relatively low levels of lead is
linked to reduced scores on tests of cognitive development and
to increased aggressive tendencies.

A critical determinant of the pattern of damage induced by
neurotoxic agents is the timing of exposure relative to ongoing
ontogenetic events. For example, vitamin A and other retinoic
acid derivatives cause marked and irreversible abnormalities,
including anencephaly and spina bifida, when exposure occurs
during gestation days 5–10 in rats. In contrast, administration
of retinoic acid on gestational day 12 fails to perturb brain
development. There are at least four scenarios to explain how
timing of exposure influences neurotoxic outcome. First, later
stages of neurodevelopment depend on successful completion
of early stages; therefore, even relatively minor disturbances
early in neurodevelopment may cause significantly more
damage than perturbations occurring at later stages. For
example, inhibition of cellular proliferation by agents, such as
MAM, lead, mercury, or ethanol, can subsequently impact
migration, differentiation, and ultimately neuronal connec-
tivity. Second, individual neurodevelopmental events may be
differentially vulnerable to specific substances. It has been
clearly demonstrated that specific brain regions are vulnerable
to antimitotic agents during the developmental period when
cells in these region are actively proliferating. The DNA-
damaging agent MAM disrupts regional mouse brain devel-
opment in an O6-mG-dependent manner, with little change
from normal in MAM-treated animals that overexpress the
specific DNA-repair enzyme O6-mG methyltransferase. Third,
since different brain regions develop on different time lines
during prenatal and postnatal life, a chemical may produce
impairment in different functional domains depending on the
time of exposure. Changing the time at which neonatal rats are
exposed to ethanol can trigger neuronal cell loss via apoptosis in
different brain regions, thereby giving rise to different profiles
of functional deficits. Fourth, the expression and/or function of
target proteins can vary in the developing versus adult brain.
The alpha subunit of the glycine receptor exists in several iso-
forms that are transcriptionally regulated during development.
The adult isoforms of the alpha subunit have a higher affinity
for strychnine than the neonatal isoforms; thus, the developing
nervous system is less vulnerable to strychnine than the adult.
Another important example includes NTs and enzymes that
metabolize NTs, such as acetylcholinesterase. In the adult
nervous system, these proteins function in neurotransmission;
however, during development, NTs and acetylcholinesterase
act as morphogenic factors that modulate patterns of neuronal
connectivity. Therefore, substances that target NT systems
(chlorpyrifos) may have quite different effects on the developing
fetus or child compared to the adult, and this has been
demonstrated in animal models.

The potential for chemical exposure to the fetus begins
before conception in that prior parental exposure to toxicants
can have a major impact on the developing fetus. Parental
exposures threaten fetal health by either altering maternal or
paternal reproductive organs directly or via release of stored
neurotoxic agents from maternal tissues during pregnancy.
Yusho disease is a tragic example of preconception exposure to
polychlorobiphenyl compounds (PCBs) influencing fetal neuro-
development. Women in the Japanese town of Yusho who
consumed cooking oil contaminated with PCBs up to a year
prior to conception gave birth to infants exhibiting a constel-
lation of symptoms including dysmorphism, skin lesions,
hepatic dysfunction, and cognitive abnormalities. PCBs stored
in maternal tissues were mobilized during pregnancy. Simi-
larly, lead can be mobilized from storage depots in bone
during pregnancy. Once in the maternal blood supply,
chemicals may diffuse across the placenta and enter the fetal
circulation. Some agents (organoarsenicals) accumulate in the
placenta, which shields the offspring from exposure. However,
the placenta does not block small molecular weight
compounds (carbon monoxide), lipophilic compounds (PCBs,
ethanol, methylmercury), or compounds using active transport
mechanisms (lead). Once in the fetal circulation, the devel-
oping brain is protected by the same brain barrier mechanisms
that protect the adult brain. Contrary to a long-standing belief,
functional brain barrier mechanisms are in place after neural
tube closure. The vulnerability of the developing brain may be
enhanced, however, by inward transport mechanisms for
nutrients such as amino acids, glucose, and trace metals, which
are more active than in the adult brain and thus may facilitate
the entry of neurotoxins such as mercury, lead, and manga-
nese. The lower concentration of proteins in fetal and neonatal
plasma may allow their binding capacity for drugs and toxi-
cants (heavy metals) to be exceeded more easily than in the
adult. In addition, the presence of transport mechanisms that
are unique to the developing brain may similarly increase the
vulnerability of the developing brain. Prior to keratinization of
the human fetal epidermis, beginning at 20 weeks of gestation,
exogenous chemicals may also diffuse from the amniotic fluid
into the developing fetus. After birth, exposure to potential



Neurotoxicity 497
toxicants may occur via breastfeeding and consumption of
other contaminated foodstuffs, oral contact via hand-to-
mouth activity, dermal contact, or inhalation. Compared with
adults, children in all postnatal developmental stages have
higher rates of respiration and energy consumption per kilo-
gram of body weight, which increases their exposure rates.
In addition, skin is highly permeable during the newborn
period and several epidemics of developmental neurotoxicity
have been described involving percutaneous absorption of
chemicals. These include hypothyroidism from iodine in
povidone iodine (Betadine) scrub solutions and myelin disorders
consequent to bathing infants in hexachlorophene. The expres-
sion of Phase I and Phase II metabolic enzymes is also
developmentally regulated, resulting in altered abilities of
developing organisms to detoxify and excrete chemicals rela-
tive to adults. This difference may confer increased resistance
when a substance must be metabolized to an active metabo-
lite. But, more frequently, the metabolic differences manifest
as a decreased capacity of children to excrete toxins as
compared to adults, and thus they are more vulnerable to
certain neurotoxic agents. The lack of functional paroxonase,
the enzyme that detoxifies many organophosphates, contributes
to the increased vulnerability of the developing nervous
system to the neurotoxic effects of these agents.

Many chemicals are recognized teratogens in animals;
a significantly smaller subset of these is known or suspected to
cause toxic effects in the developing human nervous system.
Some of the more significant human developmental neuro-
toxicants include ethanol, which causes a constellation of
effects ranging from fetal alcohol syndrome to alcohol-related
neurodevelopmental disorder; maternal tobacco use (fetal
tobacco syndrome); excess vitamins A and D; metals, particularly
inorganic and organic mercury, lead, arsenic, magnesium, and
cadmium; anticonvulsants, such as phenytoin, valproate, pheno-
barbital, carbamazepine, and primidone; drugs of abuse, including
cocaine, cannabis, andmescaline; persistent aromatic hydrocarbons,
especially PCBs; and both organochlorine and organophosphate
pesticides.

Detecting effects in the human population is difficult
because they may be subtle (small shifts in IQ scores, slight
changes in behavior) or because neurotoxicity does not become
manifest until a significant period of time after the develop-
mental exposure. Delayed neurotoxicity may arise via two
different mechanisms. One of these involves a developmental
insult in which anatomical and/or functional effects may be
masked or attenuated initially because of compensatory
mechanisms or plasticity. However, these developmental
perturbations predispose the individual to neural deficits
following subsequent insults, such as chemical exposure,
disease, or aging because of decreased reserve capacity. This
phenomenon has been demonstrated in animal models for
organochlorine pesticides, and in both animal models and
humans following developmental exposures to methyl mercury.
The second mechanism involves the occurrence of a toxic insult
early in neurodevelopment, but with manifestation of the
pathological change much later in neurodevelopment when
function of the affected cells is normally activated. An agent
that causes this type of delayed neurotoxicity experimentally is
the food additivemonosodium glutamate (MSG). Developmental
exposure to MSG causes excessive apoptosis of neurons via
activation of NMDA glutamate receptors in the developing
hypothalamus. However, the fetal loss of these hypothalamic
neurons becomes evident (as hypogonadism and infertility)
only in adolescence when the neuroendocrine function of these
neurons is normally activated.

The identification of the food additive MSG as a potential
developmental neurotoxicant triggered studies of other
substances that modulate excitatory and/or inhibitory
neurotransmission in the developing brain. The culmination
of this work is the recognition that neuroactive compounds
that either block NMDA glutamate receptors or promote
inhibitory neurotransmission at GABAA receptors can also
trigger neuronal apoptosis in the immature rodent brain.
Ethanol, which has both NMDA antagonist and GABAmimetic
properties, causes enhanced neuronal apoptosis relative to
compounds with only one of these activities. The period of
peak vulnerability for this toxic effect coincides with the
developmental period of rapid synaptogenesis, also known as
the brain growth spurt, which occurs in the early postnatal
period in mice and rats, and from the third trimester to several
years after birth in humans. These studies have generated
significant concern in the clinical setting because a number of
anesthetics used in pregnant women and infants function by
blocking NMDA receptors (ketamine) or promoting GABA
neurotransmission (midazolam, diazepam, propofol). These
anesthetic drugs have been shown to cause widespread
developmental neurodegeneration via apoptosis and persis-
tent cognitive deficits in rodents exposed to clinically relevant
levels, and similar effects have been demonstrated for ket-
amine in nonhuman primates. Recent epidemiological studies
support a link between brief anesthesia exposure during early
infancy and poor neurodevelopmental outcome; however,
interpretation is confounded by the potential impact of the
surgical procedure, concurrent illness, or coexisting pathology.
This case study is an illustration of some of the issues asso-
ciated with confirming developmental neurotoxicity in
humans, even for compounds with known mechanisms of
action.

Additional emerging issues in developmental neuro-
toxicology that merit mention include endocrine disruption
as a mechanism of developmental neurotoxicity and gene–
environment interactions as determinants of risk and/or
severity of neurodevelopmental disorders. With respect to
the former, sex steroids, thyroid hormones, and neuropep-
tides are known to modulate key neurodevelopmental
processes including neuronal differentiation, migration,
survival and apoptosis, neuronal connectivity, and synaptic
plasticity. Alteration of hormonal status during brain devel-
opment can cause functional deficits in adolescence and
adulthood, as illustrated by cognitive dysfunction associated
with fetal hypothyroidism. While a number of chemicals with
known endocrine disrupting activity have been shown to
interfere with neurodevelopment (PCBs, bisphenol A), it
remains to be established whether the developmental
neurotoxicity of these compounds is mediated by endocrine
disruption and whether endocrine disruption alters neuro-
development in humans.

The second emerging issue in developmental neuro-
toxicology reflects a growing consensus that environmental
factors, potentially including environmental pollutants,
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drugs, or dietary factors, interact with genes of susceptibility
to determine risk and/or variable expression of complex
neurodevelopmental disorders, including autism spectrum
disorder (ASD), attention-deficit disorder, and schizophrenia.
This paradigm shift is driven in part by evidence that the
prevalence of neurodevelopmental disorders is increasing. For
examples, decades ago, ASD was considered rare, occurring in
approximately 1 in 2500 individuals. The Centers for Disease
Control and Prevention reported that in 2002, 1 in 150 eight-
year-old children in the United States had ASD. More recent
data indicate that the current prevalence of ASD is between 1
in 90 and 1 in 64. While this increased prevalence can be
attributed in part to the broadening of diagnostic criteria and
greater awareness of ASD in recent years, recent studies
confirm that these factors alone do not fully explain the
observed increase in the prevalence of ASD. This implies that
environmental factors are contributing to the rapid increase
in ASD prevalence. Additionally, a number of studies have
now documented genetic mutations linked to neuro-
developmental disorders that are expressed in both a non-
affected parent and an affected child, further supporting the
concept that environmental factors determine risk and/or
severity. Direct ‘proof-of-concept’ evidence in support of
the hypothesis that environmental factors influence risk of
neurodevelopmental disorders comes from clinical and
epidemiological studies linking ASD with perinatal exposure
to viruses such as rubella and cytomegalovirus, chronic
inflammation, and gestational exposure to potent teratogens
including thalidomide, valproic acid, hydantoin, and ethanol.
Exposure during critical phases of development to antithyroid
agents (certain plant flavonoids, mercury, perchlorate, thiocyanate)
has been proposed as an avenue of research in relation to
autism. Sources of antithyroid substance thiocyanate (the
major metabolite of cyanide) include tobacco smoke and
numerous cyanogenic plants used for food.

Gene–environment interactions have been proposed (e.g.,
organophosphorus pesticides and genetic mutations in the gene
encoding paraoxonase-1, the enzyme that detoxifies these
pesticides that have been linked to ASD) but as yet, there is
no definitive evidence of a specific gene–environment inter-
action that confers susceptibility to a neurodevelopmental
disorder. However, examples of environmentally triggered
diseases associated with mutations in RYR, the gene that
encodes the ryanodine receptor, provide support for this
hypothesis. Humans who are heterozygous for these muta-
tions are fully viable and asymptomatic, but they respond
adversely to halogenated hydrocarbon anesthetics with a fulmi-
nant malignant hyperthermic episode. Interestingly, it has
been reported that the nondioxin-like PCB 95 is significantly
more potent and efficacious in disrupting cation regulation
by ryanodine receptors expressing mutations associated with
malignant hyperthermia than by wild-type ryanodine
receptors.
Adult Nervous System

Chemicals generally perturb neurological function of the adult
by interfering differentially with the structure and function of
specific neural pathways, circuits, and systems. Vulnerable
circuits within the brain include those that modulate and effect
efferent output. Most commonly affected, however, are the
peripheral neurons in pathways that relay information to and
from the brain.

The special senses of vision, audition, balance, gustation,
and olfaction depend on neural pathways that originate in
peripheral receptors and terminate in the brainstem or cere-
bral cortex. Afferent pathways for taste, smell, hearing, and
balance employ sensory neurons in ganglia that lack a blood–
nerve barrier. However, chemicals that perturb the special
senses seem most commonly to interfere with the structure or
function of the peripheral sensory receptors. Olfaction and
gustation are subserved by cilia-bearing sensory neurons that
are continuously generated from stem cells, a process of
cellular replacement that is disrupted by antiproliferative
drugs such as vincristine and doxorubicin. For vision, the
function of retinal cells is perturbed by a large number
of substances, some of which produce reversible change
(cardiac glycosides and trimethadone), while others (amino-
phenoxyalkanes) elicit morphological damage. For retinal
ganglion cells, the nerve fibers that form the optic pathway are
sites of vulnerability to toxic attack. Substances that impair
energy metabolism (thallium, cyanide) tend to damage prox-
imal regions of axons projecting into the optic nerve from the
papillomacular bundle, while distal axonal degeneration,
with damage to the optic tracts, is seen with drugs such as
clioquinol and ethambutol. Vestibular and auditory function
may be affected concurrently by agents that target receptor
cells in the inner ear of rodents (2-butenenitrile, 2-penteneni-
trile) and humans (streptomycin). Other potentially ototoxic
substances include cisplatin, furosemide, and imipramine. Noise
may exacerbate the neurotoxic effects of some ototoxic agents.
Disturbance of human oculomotor function may take the
form of nystagmus (carbon monoxide) or opsoclonus (chlor-
decone), two types of abnormal eye movement. Certain
neurotoxic substances produce lesions of vestibular and
cochlear nuclei in rodents (6-chloro-6-deoxyglucose) and
primates (1-amino-6-chloropropane).

Sensorimotor function is altered by a number of chemicals
that act at different sites in the neuraxis. Most affect the axons
or somata of lower motor neurons in the anterior horn of the
spinal cord or primary sensory neurons in dorsal root ganglia.
Some substances target the nerve cell body of sensory neurons
that detect touch and vibration (methylmercury), position sense
(pyridoxine), or pain (capsaicin), or of neurons that regulate
cardiac muscle (doxorubicin) or voluntary muscle function
(domoic acid, b-N-methylamino-L-alanine). Others target motor
nerve terminals (botulinum toxin, a-latrotoxin) or the enzyme
that targets acetylcholine NT (anticholinesterases), both of which
produced acute alterations of neurotransmission associated
with reduced or enhanced synaptic transmission. Temporary
disruption of electrical impulse conduction is another neuro-
toxic effect. Agents (pyrethroids, ciguatoxin, tetrodotoxin) that
perturb electrical activity in the excitable membrane (axo-
lemma) of the nerve cell produce rapidly reversible sensory
abnormalities (paresthesias) in the distribution of trigeminal
and elongate peripheral nerves. Those substances (hexachloro-
phene, ethidium bromide) that attack the myelin sheath or mye-
linating cell precipitate focal demyelination and remyelination,
with consequent disruption and restoration of nerve conduc-
tion and associated sensory motor phenomena over a period of
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several weeks. Focal demyelination and remyelination may
also result from exposure to chemicals that block neurofila-
ment transport and cause focal axonal swellings to develop
proximally (1,2-diacetylbenzene, 3,4-dimethyl-2,5-hexanedione)
or distally (2,5-hexanedione, carbon disulfide, acrylamide).
Chemicals that produce distal (acrylamide), but not proximal
(b-b’-iminodipropionitrile), giant axonal neurofilamentous
swellings trigger retrograde distal axonal degeneration (distal
axonopathy). Long and large-diameter myelinated axons in the
PNS and CNS are vulnerable to distal axonopathy caused by
a number of compounds (organophosphates, isoniazid, thalido-
mide), the resulting clinical picture being one of symmetrical
sensory loss and muscle weakness in the distal extremities
(stocking-and-glove polyneuropathy). Shorter and thinner
nerve fibers, including postganglionic nerves of the autonomic
nervous system, may become involved in distal axonopathies.
This common type of neurodegeneration usually occurs after
repeated exposure, evolves during and shortly after the period
of intoxication, and then reverses as regenerating axons rees-
tablish functional contact with denervated sensory terminals
and muscle. Significant atrophy may result from prolonged
skeletal muscle denervation, and recovery of sensory-motor
function may be slow, progressive, and incomplete. When
central motor pathways are heavily impacted by distal axono-
pathy (leptophos, clioquinol), those affected may display
permanent residual spasticity.

The motor pathway from brain to muscle is modulated by
two other CNS structures that are vulnerable to substances
with neurotoxic potential, namely the basal ganglia and
cerebellum. Damage to the cerebellum may result in loss of
coordination of limb and eye movement and in an ataxic gait
(methylmercury, 3-acetylpyridine). Sida carpinifolia and Ipomea
carnea are rich in swainsonine, a toxin that inhibits the enzyme
alpha mannosidase and induces a cerebellar syndrome. The
cerebellum and basal ganglia are both sensitive to hypoxia
and related states induced by agents that impair energy
metabolism (cyanide) and promote glutamate-mediated
excitotoxicity. Other energy-disrupting agents elicit neuronal
damage in the putamen (3-nitropropionic acid, methanol), pal-
lidum (carbon monoxide), substantia nigra (MPTP, paraquat),
or other parts of the basal ganglia (manganese). These types of
neurotoxicity may find clinical expression as parkinsonism,
tremor, dystonia, and other clinical signs of extrapyramidal
dysfunction. Movement disorders of various types may result
from the side effects of several therapeutic agents (amphet-
amines, anticonvulsants, anticholinergics, neuroleptics, dopamine
agonists, lithium, tricyclic antidepressants). Atypical parkin-
sonism has been linked to ingestion of fruit of the Annona-
ceae family (corossol, soursop), which contain isoquinolinic
alkaloids and acetogenins. A large component of aspartate,
together with glutamate, is found in water-soluble compo-
nent of the Yellow Star thistle (Centaurea solstitialis), which
together with Russian knapweed (Acroptilon repens), induces
a degenerative extrapyramidal disorder in horses known as
equine nigropallidal encephalomalacia.

Autonomic regulation of the pupil, lacrimal and salivary
glands, airway, heart, gut, bladder, genitalia, and blood vessels
involves sympathetic, parasympathetic, and enteric neurons.
Unlike their somatic counterparts in the spinal cord, efferent
neurons of the autonomic nervous system are housed in
peripheral ganglia with permeant blood vessels. Autonomic
function is disrupted by agents that target synapses that utilize
acetylcholine since this is the principal NT for all preganglionic
autonomic fibers, all postganglionic parasympathetic fibers,
and some postganglionic sympathetic fibers. Drugs that
selectively block nicotinic receptors (curare) curtail ganglionic
output, while muscarinic agents (atropine) block transmission
to effector cells. Anticholinesterase agents (fasciculins, organo-
phosphates) stimulate sympathetic and parasympathetic
activity, sometimes with the dramatic clinical consequences of
a cholinergic crisis (nerve agents). Direct contact of anticho-
linesterase nerve agents (sarin, O-ethyl S-2-diisopropylaminoethyl
methylphosphonothioate, or VX) with the eye, nasal passages, and
bronchi leads to pupillary constriction (miosis), blurred
vision, rhinorrhea, bronchoconstriction, and increased secre-
tions. Systemic exposure results in creased salivation, brady-
cardia, enhanced lacrimation, urination, and defecation.
Attendant muscle fasciculation, weakness, and seizures arise
from peripheral somatic and CNS actions of anticholinesterase
nerve agents.

The autonomic nervous system and endocrine function are
regulated by the hypothalamus and associated limbic struc-
tures of the brain. Hypothalamic functions, including the
regulation of temperature, heart rate, blood pressure, blood
osmolarity, circadian control, and water and food intake, may
be impacted by a range of chemicals. Parts of the hypothal-
amus lack a blood–brain barrier: Infant mice treated with
excitotoxic agents (glutamate, aspartate, cysteic acid) display
extensive damage of the arcuate nucleus and develop
a syndrome of obesity, skeletal stunting, reproductive failure,
and gonadal hypoplasia. The hypothalamus receives major
input from the hippocampus, which functions in the storage
of declarative memory, uses cellular circuitry that involves
glutamatergic synapses vulnerable to excitotoxins (domoic
acid) and certain other agents (trimethyltin, trimethyl lead,
soman), the latter possibly as a result of seizure-associated
hypoxia.

See also: Anesthetics; Arsine; Behavioral Toxicology;
Developmental Toxicology; Ethylene Oxide; Food Safety and
Toxicology; Marine Venoms and Toxins; Monosodium
Glutamate (MSG); Occupational Toxicology; Plants, Poisonous
(Humans); Psychological Indices of Toxicity; Cancer
Chemotherapeutic Agents; Avermectin; Carbamate Pesticides;
Chlorpyrifos; Cholinesterase Inhibition; Common Mechanism
of Toxicity in Pesticides; Dichlorvos; Dieldrin; Endosulfan;
Endrin; Maneb; Pesticides; Pyrethrins/Pyrethroids; Rotenone;
Anticholinergics; Bromine; Cisplatin; Fetal Alcohol Spectrum
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Hexane; Tetrachloroethylene; Xylene; Carbon Disulfide; Curare
(D-Tubocurarine); Hexachlorophene; Hydrogen Sulfide;
Mycotoxins; Nicotine; Cn Gas; Cyclosarin (GF); G-Series Nerve
Agents; Nerve Agents; Ricin and Other Toxalbumins; Sarin
(GB); Soman; Tabun; V-Series Nerve Agents: Other than VX;
VX; Drugs of Abuse; Amiodarone; Amphetamines; Atropine;
Barbiturates; Benzodiazepines; Caffeine; Carbon Monoxide;
Cocaine; Opium and the Constituent Opiates; Colchicine;
Isoniazid; Lysergic Acid Diethylamide; Marijuana; Mescaline;



500 Neurotoxicity
Methanol; Sedatives; Methylenedioxymethamphetamine;
Metronidazole; Mushrooms, Ibotenic Acid; Pyridoxine;
Strychnine; Tetrodotoxin; Thalidomide; Tricyclic
Antidepressants; Aluminum; Antimony; Antimony Trioxide;
Arsenic; Aspartame; Barium; Bismuth; Ginger Jake; Lead;
Lithium; Manganese; Mercury; Metals; Methyl Ethyl Ketone;
Methylmercury; Nitrous Oxide; Petroleum Hydrocarbons; Red
Tide; Saxitoxin; Tellurium; Thallium; Tin; Toluene Diisocyanate;
Trichloroethane; Trinitrotoluene; Animals, Poisonous and
Venomous; Batrachotoxin; Solvents; Okadaic Acid.
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Introduction and History

Over the past 50 years, there has been a remarkable increase in
the scientific understanding of the human genome and the
genetic code. Among the first generation sequencing technolo-
gies, the Sanger method, capable of sequencing �1000 bp frag-
ments, though still popular (due to its quality sequence reads
and thoroughly understood chemistry), typically lacks adapt-
ability to high-throughput sequencing demands. Additionally,
since the completion of initial draft assembly of the human
genome in 2003, with an estimated cost of about $3 billion, the
demand for revolutionary sequencing technologies capable of
delivering faster and, more accurate results at a much cheaper
cost became ever increasing. Therefore, to address the limitations
of these first generation sequencing technologies, researchers
over the past decade have developed a number of new
sequencing platforms collectively referred to as ‘Next Generation
Sequencing’ (NGS) technologies. These technologies are capable
of producing orders of magnitude higher quality sequence data
at a significantly faster rate and cheaper cost. Since the intro-
duction of NGS technologies, in a span of less than a decade the
cost of human genome sequencing came down drastically, with
most recent claims of ability to achieve it at a cost of $5000.With
third generation sequencing (TGS) technologies under devel-
opment, boasting faster and cheaper sequence data generation
compared with NGS, getting one’s personal genome sequenced
for a few hundred dollars seems more realistic than ever before.
Although different NGS technologies currently on the market
have been summarized (Table 1), detailed methods and
protocols used by these different NGS technologies along with
a description of their relative advantages and disadvantages is
outside the scope of this article. We recommend the interested
readers to the references listed under Further Reading for more
detailed information (Figure 1).
able 1 Currently available NGS technologies/platforms comparison

. No NGS platform Technology utilized Read le

Roche 454 GS FLX/FLXþ PCR Based 400–8
Illumina/Solexa HiSeq 1000/200 Solid-Phase 100–2
Life/AB SOLiD 5500/5500xl emPCR 35–75
Life/AB Ion Torrent emPCR 100–2
Helicos HeliScope SMS ~30
Pacific Biosciences System SMS ~1500
Complete Genomics PCR on Nanoballs ~70

ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
NGS Platforms and Technologies

The sequence of events in NGS protocols involves the following
eight general steps:

1. Extraction of DNA from the source
2. Fragmentation of the DNA and size selection of DNA

fragments
3. Ligation of adapters
4. Amplification of fragments using primers targeted to known

adapter sequences
5. Immobilization of amplified templates by arraying them

spatially
6. Sequencing the reactions in large numbers in parallel
7. Data generation and checking for accuracy of sequence

generated
8. Aligning the sequences generated to a reference genome

NGS technologies typically involve massively parallel
sequencing by monitoring the sequential addition of nucleo-
tides to a large number of immobilized DNA templates in
a single reaction. However, these NGS technologies drastically
differ from others in template generation, imaging of nucle-
otide incorporation, and data analysis methods. The two
commonly used template generation methods used in NGS
are clonally amplified templates originating from single DNA
molecules and single DNA molecule templates. Among the
sequencing methods, the commonly used methods in NGS
include cyclic reversible termination (CRT), single-nucleotide
addition (SNA), sequencing by ligation (SBL), and real-time
sequencing. The imaging technologies include measuring
bioluminescent signal to multicolor imaging of single
molecular events. The lists of currently available NGS tech-
nologies with summaries of their capabilities are listed in
Table 1.
ngths (bp) Max. number of reads/run Sequencing output in bps/run

00 1� 106 �700 MB
00 3–6� 109 300–600 GB

2–6� 109 100–300 GB
00 6–11� 106 0.1–1 GB

1� 109 20–30 GB
50� 103 60–75 MB
– 20–60 GB
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1953 Watson and Crick DNA structure model

1963

1972

1977

1985

1958 Meselson and Stahl DNA replication model

Identification of triplet code linking genes and proteins

First generation of DNA sequencing – Sanger Method

Paul Berg created first recombinant DNA molecule

Invention of PCR by Kary Mullis

1987

1986

1990

1996

2003

1994

1995

1999

2000

2001

2001

Automated sequencing by Leroy Hood and Lloyd Smith

DOE/ NIH initiates Human Genome Project

BLAST algorithm developed

First Human Genetic Map published

First genome sequence of bacteria published

International Human genome Project Consortium introduced Bermuda rules 

First Human Chromosome sequence published

First Drosophila genome sequence published

First draft of Human Genome sequence published

First Human Genome Sequence completed

Next generation sequencing (NGS) technologies entered market

Polony NGS technique by George Church2005

Figure 1 Evolution of DNA and DNA sequencing technologies.
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Utilities of NGS Technologies

NGS technologies can be used for wide range of nonclinical
and clinical toxicological research applications. A list of those
applications are listed and discussed in brief below.
Whole Genome Sequencing

This includes sequencing the complete genome by deep
sequencing of millions of fragmented genomic DNA of
interest. The whole genome sequencing (WGS) covers coding
and noncoding sequences, circulating DNA, copy number
variations, and genomic structural rearrangements (deletions,
translocations etc). This kind of global WGS sequencing
approach is useful to get an idea of total number of genes in
a species genome, for personalized medicine applications, etc.
Targeted Sequencing

Unlike WGS application, targeted sequencing focuses on deep
sequencing of targeted part of genomic DNA of any model
species. Typically, this involves deep sequencing of a targeted
area, to get complete coverage of sequence information with
multiple overlapping reproducible sequences for higher
accuracy and confidence in the sequence data generated.
Exome Sequencing

This is a targeted sequence approach that involves sequencing
of the exons or protein coding regions of the whole genome.
This would help in understanding the polymorphism between
individuals within a species.
RNA Sequencing

A mammalian transcriptome on an average consists of 2–4%
messenger RNA (mRNA, that encodes proteins), 80–90%
ribosomal RNA (rRNA), 5–15% transfer RNA (tRNA), and only
1% of intergenic and intragenic noncoding RNA (ncRNA). The
main goal of RNA sequencing is to identify and characterize all
transcripts that are expressed in specific cells/tissues under
investigation. RNA sequencing would facilitate identification
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of differentially expressed genes more effectively and efficiently
compared with microarray and other toxicogenomic
approaches that were previously employed.

Pyrosequencing

Pyrosequencing is a sequencing technique used primarily to
quantitatively measure methylated cytosines interspersed in
genomic DNA, although it can be used for general sequencing
as well. DNA methylation is an epigenetic phenomenon, with
hypermethylation of genomic DNA facilitating silencing of
genes and hypomethylation of genomic DNA facilitating
expression of genes, encompassed in the genomic DNA region
being investigated.

ChIP-Sequencing

Chromatin immunoprecipitation (ChIP) assay is a unique tool
that facilitates studying DNA-protein interactions at a specific
locus or at a global level. NGS technologies facilitate researchers
to study specific protein bound to genomic DNA or post-
translational epigenetic chromatin modifications at a genome
level. These genome-wide epigenetic modification studies are of
great help to understand the epigenetic landscape of different
disease states/treatment conditions with their respective controls.

Biomarkers Identification

Using any of the NGS utilities listed above the chances of
identifying novel, specific and sensitive biomarkers increase
tremendously. A recent study using RNA sequencing to study
differentially expressed genes (DEGs) in Aristolochic acid
treated rats concluded that the RNA-sequencing technique is
more sensitive in identifying DEGs over traditional tox-
icogenomic approaches. Along similar lines is also the potential
future utility of data obtained from RNA-sequencing efforts in
toxicological research for efforts such as chemical class predic-
tion or mode of action prediction of various chemicals. A very
recent study by Van Delft et al. showed RNA-seq to provide
novel and valuable allele-specific changes in gene expression
following exposure of HeG2 hepatoma cells to benzo(a)pyrene,
a well-known human carcinogen and environmental pollutant.

Other Utilities

NGS sequencing technologies can be used for a multitude of
applications, given their ability to generate large sets of data at
a faster and cheaper rate compared with the first generation
sequencing methodologies. One such application is meta-
genomics, the sequencing of pooled genomes of microflora
and microfauna that exist in gastrointestinal cavities of
animals, to better understand their role in drug metabolism
and several other physiological processes they may regulate.
Challenges of NGS Technologies

Ironically, the biggest advantage of NGS platforms, their ability
to generate massive amounts of data in quick time itself serves
as its major limitation. Analysis, interpretation, and drawing
conclusions from giga base pairs of sequence data generated is
beyond human manual skills by itself and needs help from
advanced automated computer and/or computing systems
capable of utilizing sophisticated software and algorithms. The
vast amount of data generated by NGS technologies needs to be
stored with data tracking and quality control capabilities,
which adds a substantial burden on information technology
resources available with respective organizations using these
NGS technologies. It’s quite possible that the costs associated
with the downstream events such as data storage and analysis
might be higher than the costs associated with sequence data
generation itself. Although, there exist several challenges yet to
be addressed in association with NGS technologies, the
advantages provided by these technologies certainly outweigh
the disadvantages that come along with them. Like any other
modern technology, NGS technologies are evolving on a daily
basis, but surely in the right direction for fostering the
advancement of scientific community.
Conclusions and Future Prospects

NGS technologies have undoubtedly provided and continue to
provide researchers with a wide range of opportunities to
conduct research facilitating thebetter understandingof scientific
problems at the systemic or whole genome level rather than
organ or tissue specific levels.WithNGS technologies evolving at
a rapidpace, the introductionofmore advanced third-generation
sequencing technologies is almost right around the corner. A
bigger challenge remains the better harmonization between
bioinformatics and information technology to tackle the analysis
and interpretation of enormous sequence data generated by the
existing NGS technologies or to be generated by TGS technolo-
gies, yet to be introduced. It is quite conceivable that we are not
too far from achieving human genome sequencing for under
$1000, which will be a great boon for exploring the possibilities
of personalized medical care to humans.

See also: Toxicity Testing in the 21st Century: Approaches to
Implementation; Omics and Related Recent Technologies;
Systems Biology Application in Toxicology.
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l Name: Niacin
l Chemical Abstracts Service Registry Number (From Chem-

IDplus): 59-67-6
l Synonyms (From ChemIDplus): Vitamin B3, Nicotinic acid,

3-Pyridinecarboxylic acid
l Molecular Formula (From ChemIDplus): C6H5NO2

l Chemical Structure (From ChemIDplus):

N

O

OH

Uses

Niacin is a water-soluble B complex vitamin found in various
plant and animal products. It is commonly used as a nutri-
tional supplement for the treatment of dyslipidemia as well as
vitamin B3 deficiency and related conditions such as pellagra.
Niacin needs may be altered during chronic illnesses such as
diabetes mellitus, malignancy, metabolic diseases, hyperthy-
roidism, infections, alcoholism, and during pregnancy and
lactation. It is also used in large doses in attempts to pass urine
drug screens by those taking illegal drugs.
Environmental Fate and Behavior

No data identified.
Exposure Routes and Pathways

It is recommended that supplemental niacin be administered
orally or intravenously; however, subcutaneous and intra-
muscular administrations are also possible. Dietary sources
rich in niacin are meat, eggs, fish, milk, yeast, beans and
legumes, green vegetables, and fortified cereals and whole
grains.
Toxicokinetics

Niacin is quickly and easily absorbed from the intestinal tract
and distributed extensively to body tissue after being hepati-
cally metabolized. It is converted by the body to its active
coenzyme forms, nicotinamide adenine dinucleotide and
nicotinamide adenine dinucleotide phosphate. For oral dosing,
an immediate release form will reach peak serum concentration
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within 45 min of ingestion while an extended release form
will peak 4–5 h after ingestion. The serum half-life of niacin is
20–40 min. The majority of niacin is renally excreted as nic-
otinuric acid. The urinary excretion of unaltered niacin
increased following excess intake.
Mechanisms of Toxicity

The mechanisms of niacin action have not been well defined.
As an antilipemic, it has been shown to consistently decrease
synthesis of low-density lipoproteins with a resulting increase
in high-density lipoproteins, presumably by preventing the
synthesis of triglycerides.

Cutaneous flushing and pruritus are the most commonly
reported adverse effects of niacin therapy. Principally associ-
ated with immediate release dosing, these vasodilatory effects
have been found to be a result of increased D2 and E3 pros-
taglandin production via G protein-coupled receptors.

Sustained release forms have been associated with
elevated liver enzymes, hepatitis, and other signs of liver
dysfunction. The mechanism for niacin-induced hepatotox-
icity is unknown.
Acute and Short-Term Toxicity

Niacin flush is a temporary side effect found with ad-
ministrations of 0.5–1.0 g day�1. The onset is generally 10–45
min after ingestion and varies in intensity and duration, from
several minutes to 2–3 h. This effect is minimized after several
weeks of consistent use or by premedication with aspirin,
ibuprofen, or prostaglandin inhibitors. It may be worsened if
niacin is taken without food or with increased alcohol intake.

Extended release formulas may cause nausea, vomiting,
abdominal pain, headache, and dizziness.

There have been many case studies detailing intentional
overdosing of niacin in efforts to mask illegal drugs on urine
drug screens. Ingested amounts of both sustained release and
immediate release vary widely from 2 to 22 g and more. These
megadoses lead to numerous malignant reactions including
respiratory failure, acute renal failure, severe hypotension,
hepatotoxicity, metabolic acidosis, hypoglycemia, nausea,
vomiting, and dizziness.
Chronic Toxicity or Exposure

Consistent use of extended release niacin, approximately 1 g
day�1, has been associated with hepatotoxicity and cystoid
maculopathy.

With consistent doses exceeding 2–3 g day�1, cases
of hyperglycemia, cardiac arrhythmias, cystoid maculopathy,
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00760-0
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hyperuricemia, hepatotoxicity, myopathy, and hyperkeratotic
pigmented skin lesions have been reported.
Reproductive and Developmental Toxicity

Consumption of niacin within the recommended daily intake
(RDI) is considered safe during pregnancy. Effects on the fetus
and mother of supplemental niacin dosages above the RDI
have not been studied and, therefore, labeled as a pregnancy
class C drug.
Clinical Management

Mild to moderate effects from ingestion rarely require treatment.
The niacin flush will gradually subside; nausea, vomiting,
diarrhea, or abdominal discomfort may be treated symptomat-
ically if necessary.

For acute intentional overdoses as well as chronic toxicity,
niacin supplement use should be discontinued and the patient
should be treated symptomatically.
See also: Dietary Supplements.
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l Representative Chemicals: Metallic nickel (Ni), Nickel
subsulfide (Ni3S2), Nickel sulfate (NiSO4), Nickel carbonyl
(Ni(CO)4), Nickel oxide (NiO). Nickel can exist in a variety
of other forms, but this text focuses on the primary envi-
ronmentally relevant forms

l Chemical Abstracts Service Registry Number: 7440-02-0
l Chemical/Pharmaceutical/Other Class: Metals
l Nickel Valence States: 0, þ2
Background Information

Officially discovered in 1751, nickel has been used unknow-
ingly for thousands of years in various forms, particularly in
alloys of copper and iron. Nickel metal and nickel compounds
are currently used in numerous industries the world over.
Nickel is ubiquitous; it is found in air, water, soil, food, certain
work environments, and many products from jewelry and
coinage to aerospace technology. Nickel is one of the compo-
nents that give stainless steel the properties of corrosion and
oxidation resistance. Low concentrations are found in soils and
in plant and animal tissues. Nickel may be released into the
ambient air with emissions from certain industrial processes
and with smoke from the combustion of coal and petroleum
products. Cigarette smoke may contain up to 3mg of nickel per
cigarette.
Uses

Nickel and nickel compounds are widely used in plated coat-
ings, in nickel-containing batteries (Ni-Cad, nickel metal-
hydride, etc.), in pigments and ceramic glazes, and as industrial
and laboratory catalysts. Nickel subsulfide is used in refining
certain ores and in smelting operations. Nickel is commonly
used in alloys such as stainless steel, alloy steel, and nonferrous
metal mixtures to improve their strength, hardness, and
corrosion resistance. Coins, jewelry, plumbing equipment, and
electrodes are often made from nickel-containing alloys. The
breakdown for world use of nickel as of 2012 is as follows: 46%
used in the manufacture of nickel steels, 34% in nonferrous
alloys and superalloys, 14% used in electroplating, and 6% in
other uses.
Environmental Fate

Nickel and its compounds are naturally present in the Earth’s
crust, and nickel can be released into the atmosphere via
natural discharges such as windblown dust and volcanic
eruptions. It is estimated that 8.5 million kilograms of nickel
are emitted into the atmosphere from natural sources such
as windblown dust, volcanoes, and vegetation each year.
Anthropogenic activities constitute significant discharge into
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the environment, particularly in the form of particulate matter
and nickel compounds not normally found naturally; these
sources comprise five times the quantity estimated to come
from natural sources.

Nickel releases are mainly in the form of aerosols that cover
a broad spectrum of sizes. Particulates from power plants tend
to be associated with smaller particles than those from
smelters. Atmospheric aerosols are removed by gravitational
settling and dry and wet deposition. Submicrometer particles
may have atmospheric half-lives as long as 30 days. Monitoring
data confirm that nickel can be transported far from its source,
and that the form of nickel emitted to the atmosphere will vary
according to the type of source. Species associated with
combustion, incineration, and metals smelting and refining are
often complex nickel oxides, nickel sulfate, metallic nickel, and
in more specialized industries, nickel silicate, nickel subsulfide,
and nickel chloride.

Nickel may be transported into streams and waterways from
the natural weathering of soil as well as from anthropogenic
discharges and runoff. This nickel can accumulate in sediment,
with the adsorption of the metal to the soil depending on pH,
redox potential, ionic strength of the water, concentration of
complexing ions, and the metal concentration and type.
Soluble nickel compounds such as nickel chloride would be
expected to release divalent nickel into moist environments.
Since these compounds quickly dissolve upon exposure to
water, and partially due to the ubiquity of nickel in soil, water,
and air, tracking the course of these compounds through the
environment is difficult. This is particularly due to nickel’s
ability to complex with anionic species other than chloride to
form nickel oxide, sulfate, nitrate, carbonate, or acetate, among
others.

Industrial uses of nickel result in nickel being distributed
mainly at soil surfaces and through surrounding waterways and
water tables. Once distributed to the soil, nickel(II) ions can
potentially form inorganic crystalline minerals or precipitates,
can complex or adsorb onto organic and inorganic surfaces, can
participate in cation exchange, and can exist as free-ion or
chelated metal complexes in soil solution.
Exposure and Exposure Monitoring

Humans are frequently exposed to metals due to their ubiquity,
wide use in industries, and persistence in the environment.
Many nickel compounds are released into the atmosphere
during mining, smelting, and refining operations. Exposure to
nickel and its compounds may occur through ingestion, inha-
lation, or dermal contact, although ingestion and inhalation
are the primary modes of exposure in humans and animals.
The specific characteristics of the compound determined the
likelihood of exposure through a particular route and the
amount absorbed into the body through that route.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00889-7
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Nickel is commonly ingested with food, and is found at low
levels in drinking water. Although nickel is poorly absorbed
from the gastrointestinal tract, exposure via food and drinking
water provides most of the intake of nickel and nickel
compounds. Elemental nickel, nickel oxide, and nickel sub-
sulfide may occur as a particulate or adsorbed onto other
particles in ambient air. Nickel carbonyl is a highly reactive gas,
with a half-life in air of w100 s, and so exposure would occur
only in the immediate vicinity of a release. Cigarettes pose
another route of exposure to nickel, particularly nickel
carbonyl. Skin exposure may occur during contact with nickel-
containing products (e.g., jewelry).

Humans and animals absorb w1–10% of dietary nickel,
and similar values were reported for drinking water exposure.
Nickel metal is poorly absorbed dermally, but some nickel
compounds such as nickel chloride or nickel sulfate can
penetrate occluded skin, resulting in up to 77% absorption
within 24 h. Nickel is excreted in the urine and feces, but
because it is poorly absorbed, most ingested nickel is excreted
in the feces. The average daily intake of nickel in food is
w0.002mgNi kg�1 day�1 and the tolerable intake of nickel
chloride, for example, is 0.0013mgNi kg�1 day�1.
Toxicokinetics

The toxicokinetics of nickel compounds depend on their
solubility in water and biological fluids. Nickel sulfate and
nickel chloride are highly soluble in water, while nickel oxide is
insoluble. Nickel subsulfide is poorly soluble, but is more
soluble in biological fluids, presumably due to the effects of
local pH, enzymes, and other nickel-binding agents. Nickel and
its inorganic compounds are not well absorbed through the
skin or the gastrointestinal tract. Absorption is higher when
soluble forms of nickel are administered in drinking water or to
fasting subjects than when administered with food. The
absorption of inhaled nickel particles depends, in part, on the
size of the particles and the solubility of the compound, with
soluble forms being rapidly absorbed and distributed, and
insoluble forms being retained in the respiratory tract for much
longer periods. Mucociliary clearance of particulate forms of
nickel leads to absorption through the gut rather than the
respiratory tract. Nickel carbonyl is rapidly absorbed from the
lungs. Generally, absorption for nickel carbonyl is greater
than soluble compounds which is greater than insoluble
compounds. Once absorbed, nickel is transported with plasma,
in a form bound to serum albumin and a-2-microglobulin in
the circulatory system. Nickel is found at elevated levels in the
kidneys, liver, and brain, and has been found in adipose tissue.
Percutaneous absorption is negligible, but is important in the
pathogenesis of contact hypersensitivity.

The half-life of nickel in nickel platers (exposed primarily to
nickel sulfate) was found to be 20–34 h in plasma and 17–39 h
in urine. In refinery workers (exposed to a mixture of soluble
and insoluble forms of nickel), the half-life in the nasal mucosa
was found to be several years. The major route of excretion for
absorbed nickel is in urine; insoluble forms are generally
excreted through the feces. Animal studies indicate that 60% of
the nickel introduced into the body via injection is excreted in
the urine and to a lesser extent through the bile into the feces.
Some nickel is excreted in perspiration. Ingested, insoluble
nickel is primarily eliminated in the feces, with only w10%
excreted in the urine. Nickel is able to cross the placenta.
Absorption is related to the solubility of the compound, and
nickel given orally to rats as the chloride in the drinking water
was eliminated mainly in the feces. Intubation of rats with
nickel chloride led to 3–6% absorption of the labeled nickel,
regardless of the administered dose. These studies suggest that
very little nickel in water or beverages is bioavailable, and that
large doses are required to overcome the intestinal absorption-
limiting mechanism.
Mechanism of Toxicity

Skin sensitization is believed to occur as a result of nickel
binding to proteins (particularly on the cell surface) and
hapten formation. The nickel–protein complex is recognized as
foreign and an immune reaction follows. For example, sweat
may react with the nickel in plated jewelry that comes in direct
contact with skin; dissolved metal may penetrate and react with
proteins in the skin, leading to immune sensitization. Nickel
may substitute for certain other metals (especially zinc) in
metal-dependent enzymes, leading to altered protein function.
High nickel content in serum and tissue may interfere with
both copper and zincmetabolism. It also readily crosses the cell
membrane via calcium channels and competes with calcium
for specific receptors.

Nickel can alter the sodium balance and lipid metabolism
and can induce metallothionein synthesis. Dissolved nickel
also affects the T-cell system and suppresses the activity of
natural killer cells. If given orally or by inhalation, nickel
chloride has been reported to decrease iodine uptake by the
thyroid gland. The lipid peroxidation properties of nickel can
introduce potential malignancies in humans, as DNA strand
gaps and breaks in DNA–protein cross-links can form. The
down-regulation of glycoprotein metabolism by nickel ions
may produce nephrotoxicity in humans as well. Nickel
carbonyl can cross-link amino acids to DNA and lead to
formation of reactive oxygen species. Nickel carbonyl can also
suppress natural killer cell activity and production of some
interferons.

Responses in many of these assays were weak and occurred
at toxic doses, and were affected by tissue culture conditions
modifying uptake by the cell. The mechanism of nickel carci-
nogenesis is controversial, and is likely to vary with the form of
nickel. The nickel ion (Ni2þ) alone does not form premuta-
genic DNA lesions, suggesting that nickel causes indirect DNA
damage, perhaps due to oxidative stress or blocking DNA repair
mechanisms.

Nickel is an essential trace nutrient in plants and certain
animal species (e.g., rat and chick); however, it has not been
shown to be essential in humans.
Acute and Short-Term Toxicity (or Exposure)

Animal

In fish, the 96-h LC50 values generally fall within the range
4–20mg nickel l–1 whereas the mouse oral LD50 for nickel
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chloride is 48mg kg�1 and the intraperitoneal LD50 is
11mg kg�1. Nickel chloride is a dermal sensitizer, and when
injected interperitoneally into mice and rats caused a rapid
decrease in body temperature. The alveolar macrophage was
a cellular target for nickel toxicity following parenteral expo-
sure to nickel. Subcutaneous administration of nickel (in the
form of nickel chloride) to rats caused nickel uptake into and
activation of alveolar macrophages, followed by reduced
phagocytic capacity. Nickel(II) ion induces DNA damage in
mouse leukocytes. The significant DNA damage observed after
treatment with nickel chloride agrees with the results obtained
for other metals like lead, chromium, and cadmium in mice
and mercury in rats.

The ability of nickel chloride to induce chromosome aber-
rations in male mice was tested by the micronucleus test and
the dominant lethality test. Nickel chloride failed to produce
micronuclei in polychromatic erythrocytes whereas cyclo-
phosphamide, used as positive control, raised their incidence
markedly. In contrast to the results obtained with cyclophos-
phamide, nickel chloride did not increase the rate of post-
implantation death, but did decrease significantly the rate of
pregnancy as well as the amount of preimplantation loss.
Taking into account these results and the data in the literature,
it was concluded that nickel probably has no clastogenic
properties in mammals. Administration of nickel chloride to
pregnant rats on days 7–11 of gestation resulted in significant
embryotoxic effects such as increased resorption rate, decreased
fetal weight, delays in skeletal ossification, and a high incidence
of malformation.
Human

The skin and respiratory tract are primary target organs. Inha-
lation of dust causes irritation of nose, throat, and eyes. Nickel
poisoning has been reported in electroplaters who accidentally
ingested water contaminated with nickel chloride, and there
was rapid development of symptoms (e.g., nausea, vomiting,
abdominal discomfort, diarrhea, giddiness, lassitude, head-
ache, cough, dyspnea) that typically lasted a few hours, but
persisted for 1–2 days in some cases.

Nickel carbonyl is very reactive, and highly acutely toxic.
Nickel carbonyl is very irritating to the respiratory tract, and
exposure may lead to pulmonary edema, pneumonia, and
death. Adverse reactions on exposure to other forms of nickel
may occur at the site of contact (skin, respiratory tract, and
gastrointestinal tract) or systemically (heart, blood, and
kidneys). Ingestion of high doses of nickel and certain nickel
compounds has been shown to cause stomach pain, increases
in the number of red blood cells, and kidney damage.
Chronic Toxicity (or Exposure)

Animal

Different nickel compounds have been shown to have varying
toxicity in animals. Both soluble and insoluble forms of nickel
have been shown to damage the lung. Chronic inhalation
studies (certain forms) have shown pulmonary inflammation,
damage to certain regions of the respiratory tract mucosa and
epithelium, and damage to the nasal olfactory epithelium.
Nickel has been shown to be carcinogenic in animals via
injection and implantation. Nickel subsulfide and nickel
carbonyl have been shown to be carcinogenic via inhalation.
Inhaled nickel oxide was carcinogenic in rats, but not in mice.

Nickel has been shown to adversely affect the blood (e.g.,
severe erythrocytosis) in experimental rats. Oral exposure to
soluble nickel has been shown to cause increased prenatal or
neonatal mortality.
Human

Nickel and nickel compounds are skin sensitizers, leading to
irritation, eczema, and allergic contact dermatitis. Oral expo-
sure may elicit allergic dermatitis in sensitized individuals.
Allergy-related asthma and skin reactions (‘nickel itch’ and
contact dermatitis) have been associated with exposure. Skin
sensitivity may even develop from contact with jewelry or coins
made of nickel-containing alloys. Approximately 2.5–5% of
the general population may be sensitized to nickel. A higher
percentage of women than men are sensitized, probably
because of direct contact with nickel-plated jewelry. Skin
sensitization reactions can progress to erythema, some erup-
tion, and in more extreme cases to pustules and ulcers. Severe
skin reactions are most likely to occur in occupational settings
where higher exposure is likely.

Exposure to certain nickel compounds is associated with
development of cancer. Nickel particulate (e.g., elemental and
subsulfide) has been associated with nasal and lung cancer
after workplace exposures. Chromosomal aberrations have
been noted in lymphocytes in occupationally exposed indi-
viduals. The American Conference of Governmental Industrial
Hygienists (ACGIH) classifies inhalable nickel particulate –

insoluble compounds as confirmed human carcinogens (A1).
The US Environmental Protection Agency (EPA) classifies
nickel refinery dust and nickel subsulfide as known human
carcinogens (A) and nickel carbonyl as a probable human
carcinogen (B). The International Agency for Research on
Cancer (IARC) classifies nickel and nickel compounds as
having sufficient evidence of cancer in humans (group 1);
however, IARC notes that the evaluation applies to the group in
general and not necessarily to all compounds in the group.

Chronic exposure to aerosols of nickel chloride, emitted as
mists from electroplating baths, may lead to chronic rhinitis,
nasal sinusitis, anosmia, and perforation of the nasal septum.
Asthma and chronic restrictive lung disease, nasal polyps, and
nasal septum perforation can also occur if nickel chloride is
inhaled. Orally, nickel chloride can lead to cardiomyopathies.
Immunotoxicity

Allergic reactions constitute the main immunotoxic effects of
nickel exposure. Allergic skin reactions are the most common
in humans sensitive to nickel. In-depth studies of immunotoxic
effects of nickel are limited. Although allergies are the most
common toxicological results to ingestion or exposure to
abnormally high concentrations of nickel chloride and the
resulting divalent nickel, nickel exposure can also produce
various other immunotoxic effects. In one study, for example,
induction of superoxide anion generation and phagocytosis
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activity in the hemolymph of crabs was observed following
exposure to nickel chloride. In humans, inhalation is
a common exposure route in the workplace; as a result, skin
allergies, lung fibrosis, and cancer of the respiratory tract have
been observed. It should be noted, however, that these exam-
ples required environments that were highly polluted with
nickel.

In mice, single or multiple intramuscular injections of
nickel chloride caused a significant reduction in numerous
immune cells and functions. Suppression of the lymphoproli-
ferative responses to the T-cell mitogens, phytohemagglutinin
and concanavalin A, and a reduction in the number of theta-
positive T-lymphocytes were observed in the spleens of nickel
chloride–injected mice. Suppression of natural killer cell
activity has been detected by in vitro and in vivo assays, although
no significant reduction in spleen cellularity or the production
of suppressor cells was observed.
Reproductive Toxicity

When nickel crosses the human placenta, teratogenesis and
embryonic effects can result. Induced lipid peroxidation can
lead to damage to the placental membrane; prenatal nickel
exposure may also lead to mutations in the mitotic apparatus
that exacerbate cell death during fetal development. Nickel has
also been indicated in promutagenic damage to spermDNA. As
with many other metals and metal compounds, generation of
reactive oxygen species can lead to DNA and RNA damage
(such as cross-linking, cleaving), particularly during key
developmental stages. In mice, deformed sperm cells have been
observed, and an increase in spontaneous abortions and
reduced body weight of offspring has been shown as well.

In rats, intracutaneous injection of nickel sulfate (concen-
tration of 0.04 mmol nickel sulfate per kg body weight) revealed
shrinkage of testicular tubules and degeneration of the sper-
matozoa. Infertility in rats was observed following 120 days of
daily ingestion of 25mg nickel sulfate per kg. Dose-related
increases in fetal deaths in CD-1 mice have been reported
following studies using intramuscular injections of nickel
chloride in pregnant females. In rats, administration of 30mg
nickel subsulfide per kg via intrarenal injection 1 week prior to
breeding resulted in erythrocytosis in the dams but not among
offspring. Postpartum, the mean body weights of the pups were
reduced significantly.

Nickel carbonyl exposure has been shown to result in
numerous malformations in hamsters and rats. For example,
intravenous injection of 11mg nickel carbonyl per kg body
weight in Fischer rats during gestation led to fetal mortality,
reduced body weight in pups, and increased incidence of fetal
malformations such as microphthalmia, cystic lungs, anoph-
thalmia, and hydronephrosis.
Genotoxicity

Nickel compounds are generally negative in bacterial gene
mutation assays, but positive responses have often been found
in in vitro mammalian cell assays. Nickel chloride induced
substantial induction of DNA repair synthesis in cultured
Syrian hamster embryo and Chinese hamster ovary (CHO)
cells. Chromosomal aberrations have been observed in ham-
sters in the form of breaks, exchanges, and fragmentations
following nickel sulfide and nickel chloride treatment of CHO
cells; nickel sulfide also caused selective fragmentation at the
heterochromatic long arms of the X-chromosome.
Carcinogenicity

The carcinogenicity of nickel has been shown to be propor-
tional to its intracellular concentration. Because of this, water-
soluble nickel compounds such as nickel chloride tend not to
be listed on known carcinogen lists, whereas water-insoluble
nickel-containing compounds (NiS and Ni3S2, for example)
demonstrate higher risk, and tend to lead to more malignancies
than their soluble counterparts.

The species of nickel-delivering compound is directly
related to potential carcinogenicity. For example, there is
significant evidence in animals for the carcinogenicity of
metallic nickel, nickel monoxides, nickel hydroxides, and
crystalline nickel sulfides; there is less evidence in animals
for the carcinogenicity of nickel alloys, nickelocene, nickel
carbonyl, nickel salts, nickel arsenides, nickel antimonide,
nickel selenides, and nickel telluride; lastly, there is insufficient
evidence in animals for the carcinogenicity of nickel trioxide,
amorphous nickel sulfide, and nickel titanate.

While a nickel-containing compound may not directly be
carcinogenic, it can enhance the carcinogenic effect of other
carcinogens. For example, in a two-stage carcinogenesis assay,
orally administered nickel chloride increased the renal carci-
nogenicity of N-ethyl-N-hydroxyethyl nitrosamine in rats. Its
effect on other carcinogens was negligible.

The IARC classifies nickel and nickel compounds as having
sufficient evidence of cancer in humans (group 1), although the
IARC specifies that the evaluation applies to the group overall
and not specifically to all compounds in the group. The ACGIH
classifies inhalable nickel particulate and insoluble compounds
as confirmed human carcinogens (A1). The US EPA classifies
nickel refinery dust and nickel subsulfide as known human
carcinogens (A) and nickel carbonyl as a probable human
carcinogen (B).

There is evidence in humans for the carcinogenicity of nickel
sulfate, and of combinations of nickel sulfides and oxides
common in nickel refining. There is also evidence in humans
for the carcinogenicity of metallic nickel and nickel alloys.
Nickel particulate (nickel metal, nickel subsulfide, among
others) has been linked to nasal and lung cancer following
workplace exposure.
Clinical Management

For inhalation exposure (typically to nickel carbonyl), the
victim should be moved from the source of the exposure to
fresh air. Contaminated clothing should be removed and
contaminated skin washed. Blood, urine, and fecal nickel levels
may be used as indicators of the level of recent exposure.

Chelating agents may be used to reduce the body burden
after exposure. Diethyldithiocarbamate is the preferred chelating
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agent. D-Penicillamine and calcium ethylenediaminetetraacetate
may also be effective in enhancing excretion of nickel.

Oral toxicity of elemental nickel is low. Treatment of illness
caused by ingestion of nickel salts is usually limited to fluid
replacement in cases of severe vomiting and diarrhea. Once
sensitization has occurred, contact with nickel should be
strictly avoided since reactions may occur after exposure to very
low levels. This is particularly important in the workplace
where high-level exposures are more likely to occur. Disulfiram
has been used to clear cases of nickel dermatitis.
Ecotoxicology

The speciation and physicochemical state of nickel are impor-
tant in considering its behavior in the environment and avail-
ability to biota. For example, the nickel incorporated in some
mineral lattices may be inert and have no ecological signifi-
cance. Most analytical methods for nickel do not distinguish
the form of nickel; the total amount of nickel is reported, but
the nature of the nickel compounds and whether they are
adsorbed to other material are not known. This information,
which is critical in determining nickel’s liability and avail-
ability, is likely to be site specific.

In rainbow trout, 96 h LC50 values were from w8 to 36mg
Ni l�1 with highly soluble compounds (e.g., chloride, sulfate,
and acetate salts). LC50 values in fathead minnows ranged from
3 to 90 mg l�1. In studies with Daphnia, 48 h LC50 values
ranged from 0.5 to 7 mgNi l�1.
Exposure Standards and Guidelines

The USOccupational Safety andHealth Administration (OSHA)
permissible exposure limit (PEL) time-weighted average (TWA)
for nickel metal and other nickel compounds as nickel is
1 mg m�3; the PEL TWA for nickel carbonyl is 0.007mg m�3.
The ACGIH threshold limit values (TLVs) for nickel metal,
insoluble compounds, soluble compounds, nickel carbonyl,
and nickel subsulfide, all expressed as nickel, are 1.5, 0.2, 0.1,
0.12, and 0.1 mg m�3, respectively. Except for nickel carbonyl,
all of the TLVs are expressed in terms of inhalable particulate.
The US EPA reference dose for soluble nickel salts is 0.02 mg
kg�1 day�1.

The ACGIH threshold limit value, 8 h time-weighted
average, is 0.1 mg m�3 as inhalable fraction. The OSHA per-
missible exposure limit, 8 h TWA, is 1.0mg m�3. The US
National Institute for Occupational Safety andHealth (NIOSH)
considers nickel metal and other compounds to be a potential
occupational carcinogen. NIOSH recommends that occupa-
tional exposures to carcinogens be limited as much as possible.

Nickel chloride is listed as a US hazardous air pollutant,
generally known or suspected to cause serious health problems.
The US EPA is required to establish and phase in specific
performance-based standards for all air emission sources that
emit one or more listed pollutants. Nickel is also a toxic
pollutant designated pursuant to Section 307(a) (1) of the
Clean Water Act and is subject to effluent limitations.
See also: Metals; Metallothionein; Hypersensitivity, Delayed
Type; International Agency for Research on Cancer; Kidney;
Respiratory Tract Toxicology; Skin.
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Background Information

Nickel chloride, NiCl2, is a water-soluble salt used in a variety
of industries. It is typically produced and used either as an
anhydrous salt or as a hydrate: nickel chloride hexahydrate as
well as nickel chloride dihydrate. Nickel chloride is very rarely
found in nature, and is produced via extraction from nickel-
containing ores via treatment with hydrochloric acid.
Uses

Nickel chloride is used for nickel plating cast zinc, as an agent
in electrolytic refining of nickel, as a chemical intermediate for
nickel catalysts and complex nickel salts, as an absorber of
ammonia gas in industrial gas masks, as a catalyst in diaryl-
amine and silicon tetrachloride production, as an agent in
electrodeless plating of nickel, as an agent in tin–nickel alloy
plating, and as a fungicide for control of rust and rustlike
disease. However, workers exposed to different forms of nickel
have an elevated risk of lung cancer. Besides, Ni and its
compounds (particularly insoluble compounds of nickel) have
been reported to be potent carcinogens and toxic agents in
humans and experimental animals. Therefore, Ni compounds
are considered to be an industrial/occupational health hazard.
Environmental Fate and Behavior

Nickel chloride is water soluble (642 g l�1 for anhydrous;
2540 g l�1 for hexahydrate) and would be expected to release
divalent nickel into the water. Since nickel chloride quickly
dissolves upon exposure to moist environments, and partially
due to the ubiquity of nickel in soil, water, and air, tracking the
course of the salt through the environment is difficult. This is
particularly due to nickel’s ability to complex with anionic
species other than chloride to form nickel oxide, sulfate, nitrate,
carbonate, or acetate, among others.

Industrial uses of nickel chloride result in nickel being
distributed mainly at soil surfaces and through surrounding
waterways and water tables. Once distributed to the soil, nickel
chloride produces nickel(II) ions to potentially form inorganic
crystalline minerals or precipitates, can complex or adsorb onto
organic and inorganic surfaces, can participate in cation
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
exchange, and can exist as free-ion or chelated metal complexes
in soil solution.
Exposure and Exposure Monitoring

Humans are frequently exposed to metals due to their ubiquity,
wide use in industries, and persistence in the environment.
Many nickel compounds are released into the atmosphere
during mining, smelting, and refining operations. Although
nickel is poorly absorbed from the gastrointestinal tract,
exposure via food and drinking water provide most of the
intake of nickel and nickel compounds; smoking is another
route of exposure to nickel, particularly nickel carbonyl.

Humans and animals absorb w1–10% of dietary nickel,
and similar values were reported for drinking water exposure.
Nickel metal is poorly absorbed dermally but some nickel
compounds such as nickel chloride or nickel sulfate can
penetrate occluded skin, resulting in up to 77% absorption
within 24 h. Nickel is excreted in the urine and feces, but
because it is poorly absorbed, most ingested nickel is excreted
in the feces. About 80–90% of nickel chloride is excreted and
only a small amount is retained. The average daily intake of
nickel in food is w0.002mgNi kg�1 day�1 and the tolerable
intake of nickel chloride is 0.0013mgNi kg�1 day�1.
Toxicokinetics

Adverse effects can result from ingestion, skin contact, inhala-
tion, or parenteral routes of exposure; nickel may be absorbed
from the gastrointestinal and respiratory tracts as well as
percutaneously; however, it is poorly absorbed orally. Nickel is
bound to albumin and a-2-microglobulin in the circulation.
Nickel chloride is a water-soluble salt, and respiratory absorp-
tion with secondary gastrointestinal absorption of nickel
(insoluble and soluble salts) is the major route of entry during
occupational exposure. A significant quantity of inhaled
material is swallowed following mucociliary clearance from the
respiratory tract. Percutaneous absorption is negligible, but is
important in the pathogenesis of contact hypersensitivity.

Absorption is related to the solubility of the compound,
and nickel given orally to rats as the chloride in the drinking
water was eliminated mainly in the feces. Intubation of rats
with nickel chloride led to 3–6% absorption of the labeled
nickel, regardless of the administered dose. These studies
suggest that very little nickel in water or beverages is bioavail-
able, and that large doses are required to overcome the intes-
tinal absorption-limiting mechanism.
Mechanism of Toxicity

The parent metal alters sodium balance and lipid metabolism;
it induces metallothionein synthesis. Nickel chloride affects the
4-3.00890-3 511
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T-cell portion of the immune system and suppresses the activity
of natural killer cells. If given orally or by inhalation, nickel
chloride has been reported to decrease iodine uptake by the
thyroid gland. The lipid peroxidation properties of nickel can
introduce potential malignancies in humans, as DNA strand
gaps and breaks in DNA–protein cross-links can form. The
downregulation of glycoprotein metabolism by nickel ions
may produce nephrotoxicity in humans as well.
Acute and Short-Term Toxicity (or Exposure)

Animal

The mouse oral LD50 for nickel chloride is 48mg kg�1 and the
intraperitoneal LD50 is 11mg kg�1. Nickel chloride is a dermal
sensitizer, and when injected intraperitoneally into mice and
rats caused a rapid decrease in body temperature. The alveolar
macrophage was a cellular target for nickel toxicity following
parenteral exposure to nickel chloride. Subcutaneous admin-
istration of nickel chloride to rats caused nickel uptake into and
activation of alveolar macrophages, followed by reduced
phagocytic capacity. Nickel chloride induces DNA damage in
mouse leukocytes. The significant DNA damage observed after
treatment with nickel chloride agrees with the results obtained
for other metals like lead, chromium, and cadmium in mice
and mercury in rats.

The ability of nickel chloride to induce chromosome aber-
rations in male mice was tested by the micronucleus test and
the dominant lethality test. Nickel chloride failed to produce
micronuclei in polychromatic erythrocytes whereas cyclo-
phosphamide, used as positive control, raised their incidence
markedly. In contrast to the results obtained with cyclophos-
phamide, nickel chloride did not increase the rate of post-
implantation death, but did decrease significantly the rate of
pregnancy as well as the amount of preimplantation loss.
Taking into account these results and the data in the literature,
it was concluded that nickel probably has no clastogenic
properties in mammals. Administration of nickel chloride to
pregnant rats on days 7–11 of gestation resulted in significant
embryotoxic effects such as increased resorption rate, decreased
fetal weight, delays in skeletal ossification, and a high incidence
of malformation.
Human

Inhalation of dust causes irritation of nose, throat, and eyes.
Nickel poisoning has been reported in electroplaters who
accidentally ingested water contaminated with nickel chloride,
and there was rapid development of symptoms (e.g., nausea,
vomiting, abdominal discomfort, diarrhea, giddiness, lassi-
tude, headache, cough, dyspnea) that typically lasted a few
hours, but persisted for 1–2 days in some cases.
Chronic Toxicity (or Exposure)

Animal

There is sufficient evidence in experimental animals for the
carcinogenicity of metallic nickel, nickel monoxides, nickel
hydroxides, and crystalline nickel sulfides. There is limited
evidence in experimental animals for the carcinogenicity of
nickel alloys, nickelocene, nickel carbonyl, nickel salts, nickel
arsenides, nickel antimonide, nickel selenides, and nickel
telluride. There is inadequate evidence in experimental animals
for the carcinogenicity of nickel trioxide, amorphous nickel
sulfide, and nickel titanate. In a two-stage carcinogenesis assay,
orally administered nickel chloride enhanced the renal carci-
nogenicity of N-ethyl-N-hydroxyethyl nitrosamine in rats, but
not the hepatocarcinogenicity of N-nitrosodiethylamine,
the gastric carcinogenicity of N-methyl-N-nitro-N-nitro-
soguanidine, the pancreatic carcinogenicity of N-nitrosobis
(2-oxopropyl)amine, or the skin carcinogenicity of
7,12-dimethylbenzanthracene.
Human

Chronic exposure to aerosols of nickel chloride, emitted as
mists from electroplating baths, may lead to chronic rhinitis,
nasal sinusitis, anosmia, and perforation of the nasal septum.
Asthma and chronic restrictive lung disease, nasal polyps, and
nasal septum perforation can also occur if nickel chloride is
inhaled. Orally, nickel chloride can lead to cardiomyopathies.
The International Agency for Research on Cancer deems nickel
compounds to be carcinogenic to humans (group 1); that is,
there is sufficient evidence in humans for the carcinogenicity of
nickel sulfate and of the combinations of nickel sulfides and
oxides encountered in the nickel refining industry. There is
inadequate evidence in humans for the carcinogenicity of
metallic nickel and nickel alloys.
Immunotoxicity

Allergic reactions constitute the main immunotoxic effects of
nickel chloride exposure. Allergic skin reactions are most
common in humans previously sensitized to nickel. In-depth
studies of immunotoxic effects of nickel are limited. Although
allergies are the most common toxicological results of inges-
tion or exposure to abnormally high concentrations of nickel
chloride and the resulting divalent nickel, it can also produce
various other immunotoxic effects. In one study, for example,
induction of superoxide anion generation and phagocytosis
activity in the hemolymph of crabs was observed following
exposure to nickel chloride. In humans, inhalation is
a common exposure route in the workplace; as a result, skin
allergies, lung fibrosis, and cancer of the respiratory tract have
been observed. It should be noted, however, that these exam-
ples required environments that were highly polluted with
nickel.
Reproductive Toxicity

When nickel crosses the human placenta, teratogenesis and
embryonic effects can result. Induced lipid peroxidation can
lead to damage to the placental membrane; prenatal nickel
exposure may also lead to mutations in the mitotic apparatus
that exacerbate cell death during fetal development. Nickel has
also been indicated in promutagenic damage to spermDNA. As
with many other metals and metal compounds, generation of
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reactive oxygen species can lead to DNA and RNA damage
(such as cross-linking and cleaving) particularly during key
developmental stages. In mice, deformed sperm cells have been
observed, and an increase in spontaneous abortions and
a decrease in body weight of offspring have been shown.
Genotoxicity

Nickel chloride induced substantial induction of DNA repair
synthesis in cultured Syrian hamster embryo and Chinese
hamster ovary cells. Nickel chloride was not mutagenic in an
Escherichia coli assay. The ability of nickel chloride to induce
chromosomal aberrations in Chinese hamster ovary and
C3H1OT1/2-mouse cell lines was investigated, and nickel
chloride induced chromosomal aberrations primarily in
heterochromatin in both cell lines.
Carcinogenicity

The carcinogenicity of nickel has been shown to be propor-
tional to its intracellular concentration. Because of this, water-
soluble nickel compounds such as nickel chloride are not listed
on known carcinogen lists, whereas water-insoluble nickel-
containing compounds (NiS and Ni3S2, for example) demon-
strate higher risk, and tend to lead to more malignancies than
their soluble counterparts.
Clinical Management

Fluid replacement is indicated in the case of ingestion causing
serious vomiting and diarrhea. For inhalation exposures, the
patient should be moved to fresh air, and be provided
with symptomatic and supportive treatment. Dieth-
yldithiocarbamate is the chelating agent of choice. Disulfiram
has been used to clear cases of nickel dermatitis.
Ecotoxicology

Numerous LC50 values are available for nickel chloride; for
example, the LC50 for Daphnia magna (cladoceran) was
demonstrated to be 510mg l�1 for a 48 h test and 0.13mg l�1

for a 3 week test. Reproductive impairment of D. magna was
observed at 30–95mg l�1 in a 64 h study.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value, 8 h time-weighted average is
0.1mg m�3 as inhalable fraction. The US Occupational Safety
and Health Administration permissible exposure limit, 8 h
TWA, is 1.0mg m�3. The US National Institute for Occupa-
tional Safety and Health (NIOSH) considers nickel metal and
other compounds (as Ni) to be a potential occupational
carcinogen. NIOSH usually recommends that occupational
exposures to carcinogens be limited to the lowest feasible
concentration.

Nickel chloride is listed as a US hazardous air pollutant,
generally known or suspected to cause serious health problems.
The Clean Air Act, as amended in 1990, directs the US Envi-
ronmental Protection Agency (EPA) to set standards requiring
major sources to sharply reduce routine emissions of toxic
pollutants. EPA is required to establish and phase in specific
performance based standards for all air emission sources that
emit one or more of the listed pollutants. Nickel is also a toxic
pollutant designated pursuant to Section 307(a) (1) of the
Clean Water Act and is subject to effluent limitations.
See also: Metallothionein; Metals; Nickel and Nickel
Compounds.
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Chemical Profile

l Chemical Abstracts Service Registry number: CAS 54-11-5
l Synonyms: 1-methyl-2-(3-pyridyl)pyrrolidine; 3-(1-methyl-

2-pyrrolidinyl)-pyridine; methylpyridylpyrrolidine
l Molecular Formula: C10–H14–N2

l Chemical Structure:
Uses

Nicotine is an alkaloid found predominately in tobacco plants
(0.3–5% of the tobacco plant by dry weight) and tobacco
products including cigarettes, cigars, and oral tobacco products
such as snuff, chewing tobacco, and snus (nicotine content
9–30 mg per cigarette; 10–444 mg per cigar; 0.2–34 mg g�1

oral tobacco products). Nicotine is also used in smoking
cessation products including nicotine gum (2–4 mg per piece),
lozenges (2–4 mg per piece), transdermal patches (5–21 mg
per patch), nasal and mouth sprays (0.5–1.0 mg per spray),
inhalers (2–4 mg per use), and electronic nicotine delivery
systems (e-cigarettes) (9.9–43.2 mg/100 ml puff). Historically,
nicotine has been used as an insecticide. However, there is
currently only one nicotine product registered for use in the
United States. In 2008, the US Environmental Protection
Agency received a request to cancel the registration for the sole
remaining nicotine pesticide product effective 31 December
2013, with existing stocks permitted to be sold by dealers and
distributors for one additional year.
Environmental Fate and Behavior

Nicotine’s production and use as a pharmaceutical and the
disposal of cigarettes/cigarette butts containing nicotine may
result in its release to the environment through various waste
streams. Its use as a pesticide, albeit limited, results in its direct
release to the environment. At ambient temperatures, nicotine
will exist as a vapor. Vapor-phase nicotine is degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals (t1/2 approximately 4 h). Nicotine’s mobility
in soil is somewhat dictated by the pH; absorption on soil
particles occurs in neutral and acidic soils, whereas in alkaline
soils nicotine has a high mobility. Information on the
degradation of nicotine in soil is limited; however, the
514 Encyclopedia of T
breakdown products include oxynicotine, 3-pyridylmethyl
ketone, 2-3-dipyridyl, and N-methyl myosmine. In water,
nicotine is not expected to bind to sediment or suspended
particles unless the pH is neutral or acidic and volatilization
from water surfaces is not expected to occur. The potential for
nicotine to bioconcentrate in aquatic organisms is low.
Exposure and Exposure Monitoring

Human Exposure

Exposure to nicotine can be via inhalation (smoking tobacco-
containing products or exposure to sidestream smoke), dermal
contact (use of transdermal nicotine-containing patches or
during theharvest of tobaccoplants), orally (useofnicotine gum,
lozenges, oral sprays, or oral tobacco products), or absorption
through the nasal mucosa (nasal sprays and snuff). Infants and
children may also be exposed to nicotine following ingestion of
discarded cigarette butts at home or in public places. As nicotine
crosses the placenta, concentrates in fetal blood and amniotic
fluid, and is detectable in breast milk during lactation, maternal
use of nicotine-containing products can also result in fetal and
neonatal exposure. As there are no registered food uses for
nicotine, food and drinking water exposures are not expected.
Environmental Exposure

The main route of nicotine exposure for terrestrial mammals,
birds, and companion animals is via the ingestion of discarded
cigarette butts. Littered cigarette butts which have entered the
storm sewer system waterways leach nicotine into the aquatic
environment.
Toxicokinetics

Absorption

Nicotine is a weak base with a pKa value of 7.9. It is readily
absorbed via the lung, oral and nasal mucosa, skin, and
gastrointestinal (GI) tract. The dose of nicotine received via
tobacco smoking varies a great deal and is highly dependent on
the smoking behavior of the individual. Nicotine from tobacco
smoke is rapidly absorbed by the lung leading to a rapid rise in
blood nicotine concentrations (Tmax 3–8 min). Similarly, the
use of nasal sprays results in rapid delivery of nicotine to the
bloodstream. Nicotine is easily absorbed through skin and oral
mucosa; however, absorption is slower than with smoking
(Tmax dermal: 3–12 h; Tmax oral: 30–66 min). The use of oral
tobacco products also results in nicotine exposure through the
GI tract as a result of tobacco juice swallowing. Absorption
through the GI tract is limited in the stomach but extensive in
the intestines due to a higher pH. Bioavailability varies from 20
to 90% depending on the route of exposure.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00521-2
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Distribution

Nicotine has an apparent volume of distribution in adults of
1.7–3.0 l kg�1. Plasma concentrations of nicotine appear to
decline in a biphasic manner. The reported half-life of nicotine is
2–3 min in the initial phase and 30–120 min in the terminal
phase. Protein binding is approximately 4.9%. Nicotine is widely
distributed in the body to the brain, lungs, adrenals, heart, GI
tract, spleen, thymus, kidney, skeletalmuscle, pancreas, and saliva.
During pregnancy, nicotine is found in placental tissue, amniotic
fluid, fetal blood, and fetal tissues. Nicotine is also distributed
into breast milk. Penetration through biological membranes
occurs via passive diffusion rather than active transport.
Metabolism

The metabolism of nicotine is similar regardless of the route of
exposure. Nicotine is extensively metabolized by first pass
metabolism in the liver. The lung and kidneys can also
metabolize nicotine but to a much smaller extent. The major
metabolite of nicotine is cotinine (70–80%); nicotine-10-N-
oxide is a minor metabolite (4–7%). The major metabolic
pathway of nicotine is the C-oxidation to cotinine through
a nicotine-D-10-(50)-iminium ion intermediate catalyzed by
CYP 2A6. Metabolism also occurs via N-oxidation and glu-
curonidation of nicotine, cotinine, and trans-3-hydrox-
ycotinine. Nicotine-10-N-oxide is reduced to nicotine by
bacterial flora in the large intestine via an N-oxide reductase
system and subsequently undergoes enterohepatic circulation
and repeat metabolism in the liver. Nicotine metabolism
between individuals is highly variable and can be affected by
polymorphisms in the CYP 2A6 gene as well as diet, age, sex,
pregnancy, and medication use.
Excretion

Nicotine and its metabolites are rapidly excreted in the urine.
The half-life of nicotine in plasma is 1.6–2.8 h and that for
cotinine is 8–29.3 h. Approximately 5–20% of the absorbed
nicotine dose is excreted unchanged, an amount which is
dependent on the pH of the urine.
Mechanism of Toxicity

Nicotine is an agonist of the nicotinic acetylcholine receptors
that are found throughout the body, most notably in the
central and autonomic nervous systems. Toxic effects are dose
related and result from overstimulation of nicotinic receptors,
often causing inhibition of receptor action following initial
stimulatory effects. The prominent effects relate to an initial
transient stimulation of the adrenal medulla, central nervous
system, and cardiovascular system due to the release of cate-
cholamines. Parasympathetic stimulation of the GI tract, sali-
vary and bronchial glands, and the medullary vomiting center
is also an early effect of nicotine exposure. Following these
initial effects, nicotine causes blockade of the autonomic
ganglia and the neuromuscular junction transmission, inhibi-
tion of catecholamine release from the adrenal medulla, and
central nervous system depression.
Acute and Short-Term Toxicity

Animal

Nicotine causes initial hyperexcitability, hyperpnea, salivation,
vomiting, and diarrhea and then respiratory depression, inco-
ordination, and paralysis in both small and large animals. The
lowest reported oral LD50 values for dogs, mice, and rats are
9.2, 3.3, and 50 mg kg�1, respectively. Dermal toxicity is
slightly less, with a reported LD50 for rats of 140 mg kg�1.
Human

Mild toxicity may result from the use of nicotine replacement
products. Symptoms may include local irritation, headaches, or
sleep disturbances. Clinical manifestations of mild to moderate
nicotine toxicity include nausea, vomiting, abdominal or chest
pain, and increased salivation. With nicotine poisoning,
hypertension, tachycardia, and tachypnea may occur, followed
by hypotension, bradycardia, and bradypnea. Respiratory
stimulation is one of the principal signs of nicotine poisoning.
High doses can produce fatal respiratory depression of both
central and peripheral origin. The reported adult lethal oral
dose for nicotine is 60 mg. In young children, 1–2 mg may be
toxic; indeed, reports of accidental consumption of cigarettes
and nicotine toxicity in children have been reported.
Chronic Toxicity

Animal

There are no apparent species differences in nicotine toxicity
between animals and man. The consequences of chronic
nicotine exposure in adult animals are similar to those seen in
humans, namely GI problems, cardiovascular effects, changes
in neurochemistry, decreased fertility, and impaired gamete
quality. Prenatal exposure to nicotine has profound effects on
fetal growth and the development of multiple organ systems,
including the nervous, respiratory, and cardiovascular systems.
Reported postnatal consequences of fetal and/or neonatal
nicotine exposure include increased weight gain/adiposity,
impaired lung function, increased blood pressure, increased
anxiety-like behaviors, impaired glucose control, reduced
fertility, neurobehavioral defects, and respiratory dysfunction.
Human

Chronic exposure through tobacco use can produce nicotine
dependence disorders. Withdrawal symptoms following
cessation of cigarette smoking may include anxiety, impaired
concentration and memory, depression, hostility, sleep
disturbances, and increased appetite. Although the adverse
effects of smoking have been well documented, in humans the
contribution of nicotine to these chronic diseases is less clear.
To date, the long-term, chronic use of nicotine replacement
therapy has been associated with hyperinsulinemia, insulin
resistance, and elevated leptin levels. The use of nicotine
replacement therapy during pregnancy has been associated
with an increased risk for infantile colic and congenital mal-
formations. There is evidence to suggest that nicotine alters
fetal growth; an increased incidence of both low and high birth
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weights have been reported with the use of nicotine replace-
ment therapy during pregnancy.
In Vitro Toxicity data

Nicotine was not found to be mutagenic in the Ames assay
using several strains of Salmonella typhimurium with or without
S9 activation. Tests for aneuploidy/chromosome aberrations
using Neurospora crassa were also negative. Nicotine has been
identified as a potential teratogen in the Frog Embryo Terato-
genesis Assay (Xenopus), and in cultured rat embryos, nicotine
was a nervous system teratogen. Nicotine has also been shown
to cause DNA damage including increases in (1) the frequency
of chromosome aberrations, (2) sister chromatid exchange rate,
and (3) DNA strand breaks in a number of mammalian cell
types. However, in humans, nicotine replacement therapy use
was not a significant predictor of any cancer including lung and
GI (including oral) cancers.
Clinical Management

Nicotine’s rapid absorption, swift onset of symptoms, and
quick metabolism and excretion necessitate the need for early
supportive measures to be instituted in cases of severe acute
intoxication. With mild toxicity, clinical effects may last for
1–2 h while with severe toxicity, effects may persist for 8–24 h.
For mild tomoderate toxicity, treatment is primarily supportive
and symptomatic. Persistent vital sign abnormalities (pulse,
blood pressure, respiration), altered mental status, muscle
weakness, and seizures indicate a more severe poisoning
requiring further interventions. Such interventions may include
the administration of intravenous 0.9% NaCl, dopamine, or
norepinephrine for hypotension and providing mechanically
assisted respiration which may also include the use of supple-
mental oxygen (if accessible) for signs of respiratory depres-
sion. If seizure activity is noted, the use of diazepam or
barbiturates should be considered as therapy for seizure
control. Atropine may be used to control excess bronchial
secretions, salivation, and diarrhea. For oral exposure to nico-
tine, GI decontamination procedures may be considered if
performed soon after ingestion and only if the patient’s level of
consciousness allows this method to be used. If so, slurry of
activated charcoal may be administered orally or via gastric
lavage, since this will serve to decrease nicotine absorption in
the intestinal tract. Emesis is usually spontaneous and the
alkalinity of an antacid increases the absorption of nicotine.
Therefore, neither ipecac for emesis nor antacid by mouth
should be administered, as such treatment is contraindicated.
Ecotoxicology

Nicotine was evaluated for acute aquatic toxicity in rainbow
trout and daphnia. The mean 96-h LC50 for rainbow trout and
the 48-h EC50 for daphnia are 4 and 0.24 mg l�1, respectively.
Nicotine sulfate was also evaluated in multiple aquatic species
for lethality. The species and the corresponding toxicity are as
follows: fathead minnow (96-h LC50 ¼ 19.7 mg l�1), rainbow
trout (96-h LC50 ¼ 7.31 mg l�1), bluegill (96-h LC50 ¼
4.31 mg l�1), goldfish (96-h LC50 ¼ 13.1 mg l�1), Daphnia
magna (48-h EC50 ¼ 3.25 mg l�1), midge (48-h LC50 >

27 mg l�1), crayfish (96-h LC50> 38.2 mg l�1), and snail (96-h
LC50 > 38.2 mg l�1). The toxicity of nicotine in wildlife has
received little attention.
Other Hazards

Nicotine is stable under normal conditions but is combustible
in the presence of high temperatures or ignition sources (open
flames and sparks). Decomposition products include carbon
oxides (CO, CO2), nitrogen oxides, and highly toxic fumes.
Nicotine is reactive with oxidizing materials and acids; contact
with these substances should be avoided.
Exposure Standards and Guidelines

The Occupational Safety and Health Association permissible
8-h time-weighted average exposure limit for nicotine is
0.5 mgm�3 (skin); the threshold limit value set by the
American Conference of Governmental Industrial Hygienists is
the same. The National Institute for Occupational Safety and
Health has set the recommended exposure limit at a 10-h time-
weighted average of 0.5 mgm�3 (skin). The level that is
immediately dangerous to life or health is 5 mgm�3.

Nicotine is a hazardous substance under the Comprehen-
sive Environmental Response, Compensation, and Liability
Act. Nicotine is subject to reporting requirements when stored
in amounts in excess of 100 lbs. In the case of releases of 100 lb
or more, the National Response Center is to be notified
immediately. When nicotine and salts, as a commercial
chemical product or manufacturing chemical intermediate,
become a waste, it must be managed according to federal and/
or state hazardous waste regulations.

See also: Tobacco.
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l Chemical Abstracts Service Registry Number: 58842-20-9
l Synonyms: (E,Z)-2-Nitromethylene-1,3-thiazinane (IUPAC);

Tetrahydro-2-(nitromethylene)-2H-1,3-thiazine (CAS);
2H-1,3-Thiazine, tetrahydro-2-(nitromethylene)

l Chemical/Pharmaceutical/Other Class: Neonicotinoid
insecticide

l Molecular Formula: C5H8N2O2S
l Chemical Structure:

S NO2
NH
Background Information

Nithiazine has historical importance as the compound on
which neonicotinoids, a new class of insecticides, has been
modeled. Its synthesis was accomplished by Shell (Modesto,
CA) in the 1970s based on the selection from a series of
nitroalkyl heterocyclic compounds. Its commercial use is
limited by its photoinstability. The toxicity profile is considered
to be similar to other neonicotinoids.

Uses

Nithiazine is used as an active ingredient in fly strips (e.g.,
QuickStrikes Fly Abatement Strip, Sandoz 9023 fly bait
station). The strips are most effective against houseflies (Musca
domestica). They can be placed in or around the house, animal
housing, recycling facilities, or other facilities where abundant
houseflies are a nuisance; however, the manufacturer currently
does not support residential uses.
Environmental Fate

Nithiazine is extremely unstable in sunlight due to the nitro-
methylene chromophore. This group absorbs strongly in water at
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Figure 1 The major products of nithiazine photoreduction and dimerization.
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365 nm with an extinction coefficient about 40 000M�1 cm�1.
Direct irradiation results in a loss of the insecticidal activity and
formation of a mixture of more than 40 degradation products.
The major products of nithiazine photoreduction and dimer-
ization from irradiation at 360 nm in water are nitrile, nitroso,
and oxim derivatives, and dimers (Figure 1). Consequently,
nithiazine half-time on foliage is only about 30min. Low pho-
tostability is the primary reason that nithiazine is not used as an
insecticide for field and other environmental applications.
Nithiazine stability in aqueous environments is affected by pH.
Its half-time is greater than 3months at pH 7, while it is only 3 h
at pH 1.1.
Exposure Routes and Pathways

Exposure due to inhalation is minimal because nithiazine has
a low vapor pressure (4� 10�7 mmHg). Accidental dermal
contact and ingestion are two potential exposure routes.
Toxicokinetics

The kinetics of nithiazine are considered to be similar to other
neonicotinoids.
Mechanism of Toxicity

Nithiazine is an agonist acting at the neural nicotinic acetyl-
choline receptor –Naþ/Kþ ionophore in mammals and insects.
The nicotinic acetylcholine receptors regulate the flow of Naþ

and Kþ through the channels in the neural postsynaptic
membranes. Opening and closing of the channels by acetyl-
choline maintains the dynamic ratio of the intracellular to
extracellular concentrations of Naþ and Kþ needed for the
initiation of the signal in the postsynaptic neuron. The struc-
tural differences between insect and mammalian receptors
determine the high selectivity of nithiazine toxicity to insects.
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Acute and Short-Term Toxicity

Animal

The data on nithiazine toxicity are scarce since nithiazine is
being registered only for terrestrial nonfood use. High oral
dosages (>100mg kg�1 body weight (bw)) of nithiazine to
male rats caused a decrease in body temperature, decreased
locomotor activity (rearing), lower arousal, increased saliva-
tion, and increased fecal boluses. These signs were more
extensive in female rats. Additional functional observations in
female rats were tremors, abnormal cage behavior, increased
urination, ataxic gait, reduced reaction to visual stimuli and tail
pinch, and reduced visual placing response. The results of gross
necropsy and neurohistology were normal. The oral LD50 in
rats was 303mg kg�1 bw, while the dermal LD50 was greater
than 2000mg kg�1 bw.

Human

Very little is known regarding acute toxicity of nithiazine in
humans.
Chronic Toxicity

Little is known regarding chronic toxicity of nithiazine in
humans or animals. It is reasonable to conclude, however,
based on the data obtained in animal studies and in vitro tests,
and on nithiazine selective affinity for insect nicotinic acetyl-
choline receptors, that nithiazine chronic toxicity to humans
and domestic animals or pets is low.
Genotoxicity

Tests for genetic toxicity (Ames assay using Salmonella typhi-
murium, mouse bone marrow micronucleus assay, chromo-
some aberrations in human lymphocytes and/or Chinese
hamster ovary cells, or in vitro unscheduled DNA synthesis
assay in primary rat hepatocytes) were all negative.
Ecotoxicology

Nithiazine has extremely low toxicity toward avian species,
freshwater fish, and invertebrates. It is less toxic to bees than
other neonicotinoids, and exposure potential is minimal.
Exposure Standards and Guidelines

Due to the exclusive use of nithiazine in fly bait stations, no
tolerances have been established.
See also: Acetylcholine; Federal Insecticide, Fungicide, and
Rodenticide Act, US; Neonicotinoids.
Further Reading
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l Name: Nitrapyrin
l Chemical Abstracts Service Registry Number*: 1929-82-4
l Synonyms: 2-Chloro-6-(trichloromethyl)pyridine, Dowco-

163, US EPA Pesticide Chemical Code 069203, N-Serve,
Instinct nitrogen stabilizer

l Molecular Formula*: C6H3Cl4N
l Chemical Structure*:
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*All from ChemIDplus
Background

Nitrapyrin is a nitrification inhibitor that extends the rate of
ammonium conversion to nitrate (nitrification process) when
applied with fertilizers and liquid animal wastes. The effec-
tiveness of nitrapyrin was first demonstrated in 1962 by C.A.I.
Goring from the Agricultural Products Department of the Dow
Chemical Company in Midland. In 1969, a US patent for
the production of 2-chloro-6-(trichloromethyl)pyridine was
assigned to this company.

After nitrapyrin was first registered in the United States in
l974 as a nitrification inhibitor, several trademarks with this
active ingredient have been produced in the United States, such
as N-Serve 24 and Instinct (Dow AgroSciences) or N-lock
nitrogen stabilizer (Makhteshim Agan of North America).
Current products range from 17.7 to 22.2% active ingredient.

A metaevaluation of nitrapyrin effectiveness on corn
production in the United States concluded that its application
leads to a 7% increase in crop yield, a 28% increase in soil N
retention, a 16% decrease of N leaching losses, and a 51%
decrease in greenhouse gas emission.
Uses

Nitrapyrin is very selective, interfering in the metabolism of
Nitrosomonas bacteria involved in the nitrification process by
depressing their activity for a period of time. This chemical
decreases the risk of large losses of nitrate by leaching out of the
rooting zone or transformed into N2O gas through denitrifi-
cation before the fertilizer N is utilized by plants.

Nitrapyrin is used as a nitrification inhibitor on corn, wheat,
and sorghum. However, of the total use, more than 90% is on
corn, with less than 1% used on wheat and sorghum. There are
no registered residential uses. It may be applied mixed with
liquid fertilizers such as aqua ammonia or other liquid
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ammoniacal or urea nitrogen fertilizer compositions, mixed
with liquid manure and impregnated onto dry fertilizers.

N-Serve 24 labels indicate that it must be injected or
incorporated into a zone or band in the soil at a minimum
depth of 5–10 cm during or immediately after the nitrogen
fertilizer application. There is also microencapsulated formu-
lation of nitrapyrin (Instinct, Dow AgroSciences) that prevents
evaporation losses of nitrapyrin for up to 10 days. Incorpora-
tion can be achieved mechanically or by moisture (rainfall or
overhead irrigation).
Environmental Fate and Behavior

Nitrapyrin is a white crystalline solid with mildly sweet
odor, moderately volatile (Henry’s law constant at 25 �C of
1.4 Pam3mol�1), and with very low water solubility
(0.004 g 100 g�1 at 20 �C). Nitrapyrin potential for mobility in
soil is medium, with adsorption coefficient (Kd) ranging from
0.947 to 19.9 and soil organic carbon/water partition coeffi-
cient (Koc) between 150 and 500. The bioconcentration factor
is moderate (between 100 and 3000). Measured log octanol/
water partition coefficient (log Pow) is 3.32.

Nitrapyrin activity may be affected by several mechanisms
such as volatilization from the soil, leaching, and degradation
to 6-chloropicolinic acid (6-CPA). Volatilization from soil
probably depends on the depth of incorporation, airflow rates,
texture, and temperature of soils. Because hydrolysis to 6-CPA
is rapid and is usually regarded as the most important loss
mechanism, this compound should not persist in most envi-
ronments. The half-life (T1/2) of nitrapyrin varies between 4
and 77 days depending on the soil type and temperature.
Temperature is an important factor affecting nitrapyrin
hydrolysis, with higher losses with increasing temperatures.
The rate of hydrolysis at 4 �C is very low, thus probably little
nitrapyrin will be hydrolyzed over the winter when applied
with fertilizers in the fall. The rate of hydrolysis is independent
of pH, and is not affected by sorption on colloidal surfaces. The
hydrolysis and photolysis rates of nitrapyrin in dilute aqueous
solution are also independent of pH, and simulations at 25 �C
predict that nitrapyrin will be half gone in 0.5 day.

The first and main metabolite from decomposition of
nitrapyrin, 6-CPA, does not affect nitrification in soils. After
nitrapyrin applications to soils, very low 6-CPA concentrations
were found in runoff water and none was found in ground-
water. Crop planted on soil treated with nitrapyrin may contain
low residues throughout the plant, mainly of 6-CPA formed in
the soil by hydrolysis of nitrapyrin, rather than the parent
compound.
Exposure and Exposure Monitoring

When considering human dietary exposure through food and
water, theHealth Effects Division (HED) concluded that there is
4-3.01196-9 519
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reasonable certainty that no harm to any population subgroup
will result from chronic dietary exposure to nitrapyrin. HED has
determined that with the current uses of nitrapyrin, there is no
reasonable expectation of residues in meat, milk, poultry, or
eggs; and drinking water assessment for nitrapyrin and 6-CPA
showed that estimated environmental concentrations in surface
water and groundwater are not of concern.

Residential exposure is not expected since there are no
registered residential uses for nitrapyrin. Regarding occupa-
tional workers, they can be exposed to nitrapyrin through
manufacturing, mixing, loading, and/or applying a pesticide.
Postapplication exposures to workers are expected to be low,
since nitrapyrin is applieddirectly to the soil and ismechanically
incorporated into soil before plants mature. However, nitra-
pyrin is a Toxicity Category II eye irritant and there is a reentry
postapplication interval of 24 h with protective eyewear
required. In general, personal protective equipment is recom-
mended for workers who may have contact with nitrapyrin.
Toxicokinetics

Metabolism studies with oral doses of nitrapyrin in rats andmice
have similar results. Absorption, metabolization, and elimina-
tion of nitrapyrin were rapid and complete within 72 h in rats.
About 94% of the dose was eliminated, withw80% in the urine
and>11% in the feces. Urinary metabolites were identified as 6-
CPA and the glycine conjugate of 6-CPA. This conjugate repre-
sented over 70% of the administered dose in mice, and at least
80% in one female dog. Nitrapyrin did not exhibit potential for
tissue accumulation, neither did 6-CPA. Moreover, nitrapyrin is
readily absorbed by the skin, with dermal absorption up to
34.61% at 72 h postdosing in rats.

Regarding 6-CPA, 97.64% of the dose was eliminated in the
urine 48 h after administration of 10mg kg�1 to rats.
Mechanism of Toxicity

A significant increase in the hepatocyte proliferation index was
found in mice receiving nitrapyrin at feeding dose of 200 or
400mg kg�1 day�1 for 2 weeks. The Cancer Assessment Review
Committee (CARC) concluded that the available data were
limited to determine the mode of action of nitrapyrin.

Liver and forestomach cell proliferation was also evaluated
in mice given 125 or 250mg kg�1 day�1 for 12 and 24 months.
The presence of hepatocellular proliferation secondary to the
hepatocellular necrosis suggests that cellular proliferation
occurred to replace necrotic cells as a compensatory response to
cellular injury. In view of the genotoxicity studies, Science
Advisory Group considered it is unlikely that nitrapyrin was
acting through a genotoxic mode of action. Therefore, necrosis
and cytotoxicity are potential mechanisms of liver carcinogenic
action via enhanced cellular proliferation. Nitrapyrin irritation
potential is proposed as mode of action for the development of
hyperplasia, hyperkeratosis, papilloma, and squamous cell
carcinomas of the mucosa of the forestomach.

Mode of action of nitrapyrin and carcinogenicity are dis-
cussed in more detail in a review listed in Further Reading
(Yano et al., 2008).
Acute and Short-Term Toxicity

Nitrapyrin has low acute toxicity with the exception of it being
a Toxicity Category II eye irritant, being able to cause corneal
opacity, conjunctivitis, and iritis. The acute oral toxicity is low
(Category III) based on oral lethal dose for 50% of the test
population (LD50) of 713mg kg�1 for rabbits, 710mg kg�1 for
mice, and 1072 and 1231mg kg�1 for male and female rats,
respectively. Nitrapyrin is also placed in Category III with
regard to its acute dermal toxicity, with LD50 for skin absorp-
tion in rabbits of 2830mg kg�1 in solid and 848mg kg�1 in
solution. It is not considered a dermal irritant (Category IV),
but caused sensitization in a Maguire dermal study.

Regarding acute lethal toxicity of the main nitrapyrin
metabolite, 6-CPA, the oral LD50 is 2830 and 2180mg kg�1 for
male and female rats, respectively; and 1835 and 1089mg kg�1

for male and female mice, respectively.
In rats, mice, rabbits, and dogs, nitrapyrin affected blood,

liver, kidney, ovary, and testes. Short-term and subchronic
studies with nitrapyrin dietary exposure have shown main
effects such as decreased body weight and food consumption;
reduced packed cell volume, hemoglobin, hematocrit, and
platelet counts; increased reticulocyte, leukocyte, and lympho-
cyte counts; increased serum total bilirubin, aspartate
transaminase or aspartate aminotransferase, and alanine trans-
aminase or alanine aminotransferase (ALT) activities; decreased
glucose, total protein, albumin, and albumin/globulin ratios;
increased liver and adrenal weights; microscopic liver effects;
changes in kidney weights; tubular necrosis in kidney; and
decreased ovary and testes weights. The no observed effect
level (NOEL) was established at 10mg kg�1 day�1 in rats,
15mg kg�1 day�1 in dogs, and 45mg kg�1 day�1 in mice. A
subchronic (3 months) oral toxicity study in mice also found
hypoplasia/atrophy of the ovary and uterus at 400mg kg�1 day�1.
Whennitrapyrin is applied to the skin of rabbits, themain effects
observed are very slight erythema and slight exfoliation.
Chronic Toxicity

Two-year chronic toxicity and oncogenicity studies of dietary
nitrapyrin in rats have shown main effects such as decreased
body weight gain, increased liver and kidney weight, protein
droplet accumulation in the epithelial cells of the proximal
tubules, and hypertrophy and fatty vacuolation in hepatocytes.
NOEL was established at 5mg kg�1 day�1 for males and
20mg kg�1 day�1 for females. Possible adverse effects include
primary renal tumors in males and chronic progressive glo-
merulonephropathy in both sexes at 60mg kg�1 day�1.

Decreased cholesterol levels and increased serum ALT,
increased staining properties in the duodenum, and altered
cytoplasmic homogeneity in hepatocytes were found in another
2-year study with orally treated mice. The chronic NOEL was
established at 5mg kg�1 day�1. A similar 2-year studywithmice
found reduction in body weight, increased liver weights, hepa-
tocellular hypertrophy, hepatocellular necrosis and associated
compensatory hepatocellular proliferation that led to increased
frequency of hepatocellular neoplasms, increased incidence of
hyperplasia, papillomas, and/or squamous cell carcinomas of
the nonglandular mucosa of the stomach, and vacuolation,
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hyperplasia, and hypertrophy of the mucosal epithelial cells of
the duodenum and jejunum. The NOEL was determined to be
lower than 125mg kg�1 day�1.

One-year nitrapyrin feeding toxicity study in dogs found
hepatotoxicity exhibited as increased alkaline phosphatase
activity and cholesterol levels at 15mg kg�1 day�1, and an
increased liver weight and diffuse hypertrophy of hepatocytes.
NOEL was determined to be 3mg kg�1 day�1. Moreover,
a 900mg kg�1 day�1 6-CPA feeding study in mice reported
decreased body weight and renal changes characterized by total
or near-total loss of normal vacuolation in proximal tubule
epithelial cells.
Immunotoxicity

In an experimental study with rats orally treated with nitra-
pyrin, it was considered that nitrapyrin does not have immu-
notoxic potential.

TheUnited States Environmental ProtectionAgency (US EPA)
considered that an immunotoxicity study available to the Agency
is required to detect and more fully characterize the potential
immunotoxic effects of nitrapyrin.
Reproductive Toxicity

Nitrapyrin produced slight histopathologic changes in the
livers of pregnant rats dosed at 5, 15, or 50mg kg�1 day�1, and
no evidence of fetotoxicity or teratogenicity among fetuses was
found.

Decreased body weight, increased liver and kidney weights,
and histopathological effects in liver and kidney were found in
a two-generation reproduction study in rats exposed to dietary
nitrapyrin. NOEL was set at 5mg kg�1 day�1 for adults,
20mg kg�1 day�1 for neonatal, and the reproductive NOEL
was set at 75mg kg�1 day�1.

Nitrapyrin administration in rats during gestation caused
decreases in dam body weight gain and food consumption,
increased emaciation, excessive salivation, alopecia, anogenital
stains, decreased fecal volume, and increased kidney and liver
weights. Fetal body weights decreased, and there was a signifi-
cant increase in fetal ossification variations indicative of
possible adverse effects on fetal skeletal development. NOEL
was set at 15mg kg�1 day�1 for maternal toxicity and
50mg kg�1 day�1 for developmental toxicity.

Oral exposure in rabbits has found decreased weight gain,
significantly increased liver and kidney weights in dams, and
increased incidence of crooked hyoid bones in rabbit fetuses.
The maternal NOEL and the developmental NOEL were set at
10mg kg�1 day�1.
Genotoxicity

Ames test using Salmonella typhimurium, the rat hepatocyte
unscheduled DNA synthesis assay, the Chinese hamster
ovary cell/hypoxanthine–guanine phosphoribosyl transferase
forward mutation assay, and the in vivo micronucleus test in
mice found no evidence of increase in mutation frequency.
A study conducted by the National Toxicology Program
(NTP) reported mutagenicity in the S. typhimurium strains
TA97, TA98, and TA100 in the presence of S9 metabolic acti-
vation at the levels of 333 and 666 mg per plate. However,
a later Ames test was done using S. typhimurium strains TA98,
TA100, TA1535, and TA1537, and Escherichia coli strain
WP2uvrA, with and without S9 mix at doses of up to 200, 500,
or 1000 mg per plate. In this Ames assay, nitrapyrin did not
cause a positive increase in the reversion rate.

Genotoxicity is discussed in more detail in a review listed in
Further Reading (Yano et al., 2008).
Carcinogenicity

Two-year chronic toxicity and oncogenicity studies of dietary
nitrapyrin in rats have shown primary renal tumors in males
and chronic progressive glomerulonephropathy in both sexes
at 60mg kg�1 day�1. However, 2-year exposure in mice did not
identify any oncogenic effect (NOEL� 75mg kg�1 day�1). A
later oncogenicity study in dietary-exposed mice (0, 125, or
250mg kg�1 day�1 for 2 years) revealed hepatocellular necrosis
and associated compensatory hepatocellular proliferation in
both doses and sexes. These changes led to the development of
an increased frequency of hepatocellular adenomas and/or
carcinomas. Both sexes had an increased incidence of hyper-
plasia, papillomas, and/or squamous cell carcinomas of the
nonglandular mucosa of the stomach. In addition, males had
a significant increase in malignant epididymal sarcomas, and
a significant increase in Harderian gland adenomas was noted
in females. The NOEL for both males and females was estab-
lished at <125mg kg�1 day�1.

Based on these results, CARC classified nitrapyrin as ‘Likely
to be Carcinogenic to Humans’ in May 2000. The carcinogenic
potential of a compound (Q1*) was determined to be
4.25� 10�2 mg kg�1 day�1 human equivalents. The CARC
concluded in 2011 that nitrapyrin should be reclassified as
‘Suggestive Evidence of Carcinogenicity’ based on information
such as the tumor response occurred late in the treatment and
was driven by adenomas, mutagenicity has been ruled out as
a mode of action for this response, and no liver tumors were
seen in the 2-year carcinogenicity study in rats.
Clinical Management

Nitrapyrin has been reported to be involved in some human
incidents. Mild corneal clouding, blurry vision, corneal abra-
sion, skin irritation, erythema, pruritus, rash, and dyspnea have
been reported after the product splashed on the face and hands
of several people. Dizziness and drowsiness have also been
reported.

There is no specific antidote and the treatment is based on
judgment of the physician in response to reactions of the
patient. Nitrapyrin safety data sheet indicates the general
treatment. Do not induce vomiting if swallowed unless
directed to do so by medical personnel, and remove to fresh air
if effects after inhalation occur.

The recommendations for workers are to use protective
clothing chemically resistant to this material. Selection of
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specific items such as face shield, gloves, boots, apron, or full
body suit will depend on operation. Safety shower should be
located in immediate work area. It is recommended to use
chemical goggles, and when respiratory protection is required
for certain operations use an air-purifying respirator or a dust
respirator in dusty atmospheres.
Ecotoxicology

Nitrapyrin acute toxicity to aquatic organisms is moderate.
Lethal concentration for 50% of the test population (LC50) in
water flea (Daphnia magna) is 2.2–5.8mg l�1, in rainbow trout
(Oncorhynchus mykiss) the LC50 is 6.5–9.1mg l�1, and in fathead
minnow (Pimephales promelas) the LC50 is 9.6–10.2mg l�1.
Regarding terrestrial organisms, this compound is moderately
toxic to practically nontoxic to birds on an acute basis
(LD50> 2000mg kg�1), and is slightly toxic to birds on a dietary
basis (LC50 between 1001 and 5000 ppm). In this sense, acute
oral LD50 in mallard ducks (Anas platyrhynchos) is 2708mg kg�1;
and dietary LC50 is 1466 and 820 ppm in mallard and Japanese
quail (Coturnix coturnix japonica), respectively. Nitrapyrin is
classified as slightly toxic to mammals on an acute basis;
however, adverse effects were demonstrated in several studies.

Acute risks to aquatic species, birds, and mammals are not
of concern when nitrapyrin products are incorporated imme-
diately upon application. For use without immediate soil
incorporation, the levels of concern for the US EPA are excee-
ded and there are potential risks to estuarine/marine inverte-
brates, and small and medium birds and mammals. However,
the Agency requires immediate soil incorporation for nitra-
pyrin products. For terrestrial organisms there is no chronic risk
above US EPAs level of concern if nitrapyrin is incorporated
immediately posttreatment, but the Agency has no chronic
toxicity data for estuarine aquatic organisms.
Other Hazards

Available nitrapyrin toxicity studies showed no neurotoxicity.
However, these studies do not use optimal methods to evaluate
the nervous system structure and function. Therefore, US EPA
suggests that neurotoxicity studies are required.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration recom-
mends a permissible exposure limit of 5mgm�3 (respirable
fraction) and 15mgm�3 (total dust), measured as 8-h time-
weighted average limit (TWA). The National Institute of
Occupational Safety and Health recommended exposure limit
for nitrapyrin is 10mgm�3 (total dust) and 5mgm�3 (respi-
rable dust), both measured as 10-h TWA, and a short-term
exposure limit (STEL) of 20mgm�3. The American Conference
of Governmental Industrial Hygienists recommends
a threshold limit value of 10mgm�3 as an 8-h TWA and an
STEL of 20mgm�3.

Residue limits for nitrapyrin in fat, meat, and meat by-
products of cattle, goat, hogs, horse, and poultry were set at
0.05 ppm, and can be found in the web page of the United
States Department of Agriculture, Food Safety and Inspection
Service. However, HED has determined that there is no
reasonable expectation of residues in meat, milk, poultry, or
eggs, and no tolerances are required for animal commodities.
Moreover, tolerances for residues are established for the
combined residues of nitrapyrin and its metabolite, 6-CPA, in
or on raw agricultural commodities at 0.1 ppm for corn grain
and sorghum grain; at 0.5 ppm for sorghum stover and forage
and wheat grain; and at 1.0 ppm for corn stover and forage.
Detailed information about tolerances can be found in the
electronic Code of Federal Regulations.

See also: Carcinogenesis; Carcinogen Classification Schemes.
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Background

Nitrate is commonly found in drinking water sources especially
in agricultural areas where nitrogen fertilizer is used, and where
unregulated shallow private wells are more at the risk of
contamination. The World Health Organization (WHO)
guideline of 50 ppm and the US maximum contaminant level
(MCL) of 45 ppm for nitrate in drinking water have been
established for protecting infants from methemoglobinemia,
commonly known as blue baby syndrome. The health protec-
tive value continues to be a subject of public health interest for
many years, with varying opinion on whether it is too high or
too low. Evaluation of nitrate will need to include consider-
ation of nitrite because both are closely related in the nitrogen
cycle in the environment and the body, and nitrite plays
a major role in inducing toxicity after its formation from
nitrate. More recently, reports of nitrate in drinking water,
especially at levels higher than 50 ppm, have been associated
with other health effects other than methemoglobinemia. This
toxicological review provides an update on the health effects of
nitrate with a focus on methemoglobinemia, reproductive and
developmental effects, potential carcinogenicity, and especially
endocrine/thyroid effects.
Uses

Nitrate is used in fertilizers; in the manufacture of nitrites,
nitrous oxide, explosives, pyrotechnics, matches, freezing
mixtures, and special cements; as a coloring agent and
preserving additive in food; for coagulation of latexes; in the
nuclear industry; and for odor (sulfide) and corrosion control
in aqueous systems.
Environmental Behavior, Fate, Routes, and Pathways

Nitrate (NO3
�), a product of nitrogen oxidation, is a naturally

occurring ion in the environment and integrated into complex
organic molecules such as proteins and enzymes required by
living systems. Nitrate is a more stable form of oxidized
nitrogen than nitrite; however, it can be reduced by microbial
action to nitrite, which, in turn, can be reduced to various
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compounds or oxidized to nitrate by chemical and biological
processes. Nitrates occur naturally in soil from microbial
oxidation of ammonia derived from organic nitrogenous
materials such as plant proteins, animals, and animal excreta.
Other source contributions are wastewater, septic tank runoffs,
airborne nitrogen compounds emitted by industry and auto-
mobiles, nitrogen fertilizer, and manure from animal feeding.
Nitrate in groundwater is generally found below 10 ppm, with
higher levels in areas of high agricultural activities.
Exposure and Exposure Monitoring

The contribution of drinking water to nitrate intake is usually
less than 14%, food and drinking water are the major sources
of exposure, especially food (green vegetables and cured meat)
unless the water level is higher than 45 ppm. Overall, for an
average adult consumer who lives in an area with high water
contamination, total exposure to nitrate from food and
water is estimated to be about 60–90 mg per person per day,
of which at least 90% is from food. The intake of nitrate may
reach 200 mg per person per day for a high vegetable consumer
orwhen thewater is higher than theMCL. For infants, an average
daily intake of nitrates from consumption of vegetable-based
foods was reported to be 7.8 mg. For bottle-fed infants, intake
from milk formula made with water containing 50 mg l�1

nitrate would average about 8.3–8.5 mg nitrate kg�1 day�1.
Toxicokinetics

Nitrate is widely distributed in the body via the nitrogen cycle.
Nitrate ingestion is followed by endogenous nitrate synthesis,
release from blood to saliva, conversion of nitrate to nitrite by
bacteria in saliva, conversion of nitrite to nitrate in blood, and
ultimate excretion mainly as nitrate in the urine. Bioavailability
from food or drinking water is at least 92%. Absorbed nitrate is
rapidly transported via the blood. Plasma nitrate is dose-
dependently secreted by the salivary gland via an active trans-
port mechanism shared with iodide and thiocyanate. This
amounts to approximately 25% of the ingested nitrate in saliva,
or 10 times the concentration in plasma. Nitrate is secreted by
passive diffusion into breast milk.

Of toxicological concern is the metabolism of nitrate to
nitrite and N-nitroso compounds. Approximately 5–20% of
the ingested nitrate is reduced by oral bacteria to nitrite, and the
in vivo nitrite formed represents 80% of total nitrite exposure.
Nitrate biosynthesis appears to be from nitric oxide to N2O3

and the reaction of N2O3 with water to yield nitrite. Nitrite is
rapidly oxidized to nitrate through reaction with hemoglobin.
Other cell types can also form nitric oxide, generally from
arginine. Ingested nitrate can result in the formation of N-
nitroso compounds with concomitant ingestion of nitrosation
cofactors and precursors (e.g., protein). Such endogenous
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nitrosation can occur in the stomach, small intestine, and other
parts of the body where the bacterial flora reduce nitrate to
nitrite. Active secretion of nitrate and conversion of nitrate to
nitrite in saliva occur in humans and most laboratory species
except rats.

The endogenous production of nitrate and its role in the
nitric oxide pathway is beneficial for protecting against oral and
gastrointestinal diseases and also for its role in vascular fitness
and exerting antihypertensive effects.
Mechanism of Toxicity

The acute oral LD50 values for sodium nitrate range from 2480
to 9000 mg kg�1 in rats, mice, and rabbits. Acute, subchronic,
and chronic animal toxicity studies showed low toxicity for
nitrate as sodium or potassium nitrate. A long-term study
showed a slight depression in growth rate. Nitrite, but not
nitrate, is capable of inducing methemoglobinemia (see
Nitrites, for more details).

Nitrate has been reported to be associated with thyroid
effects in experimental animals and humans. Possible mode of
action includes inhibition of iodine uptake to thyroid, serum
T3 and T4 changes, and tissue T3 changes. However, there is
a lack of knowledge on the differences in the mode of action to
permit animal-to-human extrapolation. While the data indi-
cate humans and rats exhibit similar dose–response relation-
ships in acute inhibition of thyroidal iodide uptake, they show
differences in thyroid hormone response following iodide
uptake inhibition. Comparative data are needed for serum and
brain tissue levels of thyroid hormones and characterization of
the dose–response relationship between changes of thyroid
hormone levels and adverse effects.

Early experimental and field studies in mammals have
found inorganic nitrate to be goitrogenic. The effects were
observed in rats following oral and parenteral administration
of potassium and sodium nitrate, whereas antithyroid effects
were also reported in sheep and pigs administered potassium
nitrate. Nitrate exposure through diet or drinking water caused
functional and histological changes to the thyroid gland in rats
and pigs. More recent investigations between 2000 and 2010
reported changes in thyroid and thyroid activity following
exposure to nitrate. In these more recent studies, nitrate expo-
sure has consistently resulted in increases in thyroid weight
and/or changes to the follicle cell; however, the reported
thyroidal hormone changes have not been as consistent. The
studies reported increased thyroid weights with a decrease in
thyroid hormones (i.e., T3 and T4) and/or decrease in thyroid
stimulating hormone. However, not all the results are consis-
tent with the expected outcome of a sodium–iodide symporter
(NIS) inhibitor, which can be seen as supplementation of
iodine in the diet that did not result in thyroid changes.
Overall, the data support that nitrate impairs thyroid function
involving the hypothalamic–pituitary–adrenal axis.
Acute and Short-Term Toxicity

The major acute toxicity concern is methemoglobinemia
after oral ingestion. Ingested nitrate is reduced to nitrite in the
gastrointestinal tract and binds to hemoglobin to form
methemoglobin. Nitrite absorbed in the blood stream is
involved in the oxidation of hemoglobin to methemoglobin
in which the iron has been oxidized from the ferrous to the
ferric state.
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Nitrate is a competitive inhibitor of iodide uptake to
thyroid at the NIS. It binds to NIS on the surface of thyroid
follicular cells that can result in depression of thyroid hormone
depression. It is believed to have a common mode of action
with some other contaminants. In rats tested for radioactive
iodine uptake, nitrate was found to be the least potent when
compared with perchlorate and thiocyanate on a molar basis.
Perchlorate was 10 times more potent than thiocyanate and
300 times more potent than nitrate. When the relative poten-
cies of the three anions were determined in Chinese hamster
ovary cells, perchlorate inhibited 125I� uptake at the NIS at 15,
30, and 240 times that of thiocyanate, iodide, and nitrate,
respectively. It was noted that the results are consistent with
a common mode of action by these anions of simple
competitive interaction, in which any one of the anions, either
individually or in a mixture of the three, is indistinguishable
from a concentration or dilution of either one of the remaining
two ions in inhibiting iodine uptake at the NIS.

The available data indicate that humans and rats exhibit
similar dose–response relationships in terms of acute inhibi-
tion of thyroidal iodide uptake, but there are notable differ-
ences in terms of thyroid hormone response, which lead to
iodide uptake inhibition. When dose–response data for
changes in serum T3, T4, and thyroid stimulating hormone
(TSH) levels from studies in humans, rats, mice, and rabbits
were analyzed, thyroid homeostasis in the rat appears to be
much more sensitive to perchlorate than the other species. Rats
showed an increase in serum TSH at 0.1 mg kg�1 day�1,
whereas other species were still unresponsive at
10 mg kg�1 day�1. Less pronounced but consistent effects were
seen with serum T3 and T4. These cross-species comparisons
provide a basis for special consideration in evaluating rat
studies for their relevance to humans.
Chronic Toxicity

Associations of nitrate exposure and thyroid effects in humans
have been reported in the literature since 1994, and are the
subject of ongoing investigations and research. The consump-
tion of drinking water containing nitrate at levels higher than
50 ppm has been associated with: (1) increased thyroid volume
and subclinical thyroid disorders (thyroid hypoechogenicity by
ultrasound, increased serum thyrotropin level, and positive
thyroperoxidase antibodies in school children in Eastern Slo-
vakia); (2) increased thyroid volume in healthy women in the
Netherlands; (3) increased incidence of goiter in children in
villages of Bulgaria; and (4) increased relative risk of thyroid
disorder and goiter rates in pregnant women in Bulgaria.
In a cohort study of 21 977 women in Iowa, the authors
reported an increased risk of thyroid cancer with higher average
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nitrate levels in water and with longer consumption of water
exceeding 22 ppm nitrate, but no association between nitrate in
drinking water and prevalence of hypothyroidism or hyper-
thyroidism. Increased dietary nitrate was also associated with
an increased risk of thyroid cancer and with the prevalence of
hypothyroidism.

Studies that did not report a relationship between nitrate
and thyroid changes included: (1) a study in 10 adult volun-
teers given sodium nitrate in drinking water that found no
effect on thyroidal I131 uptake and plasma concentrations of
thyroid hormones (T3, rT3, T4, and TSH); (2) a study in 3059
clinically healthy people aged 18–70 from different regions of
Germany that found no influence of urinary nitrate excretion
on the prevalence of goiter; (3) a study of 3772 subjects aged
20–79 from Pomerania/Germany that showed no diagnosed
thyroid disorder; (4) a study of infants that found no associa-
tion between cord blood levels of nitrate, thiocyanate, and
perchlorate anions and newborn weight, length, and head
circumferences; and (5) an analysis of the urinary levels of
nitrate, perchlorate, and thiocyanate; urinary iodide concen-
tration; serum levels of thyroid hormones (T4, TSH), albumin,
cotinine, and c-reactive protein in 2299 men and women (aged
12 years and higher, noninstitutionalized) in the 2001–02 US
National Health and Nutrition Examination Survey.
Reproductive Toxicity

In four teratogenicity studies by the US Food and Drug
Administration (FDA), sodium and potassium nitrate were
given orally at four dose levels to pregnant hamsters, mice, rats,
and rabbits. No teratogenicity, soft or skeletal tissue abnor-
malities, or other effects were observed on nidation, maternal
or fetal survival, fetal toxicity, malformations, or maternal
reproductive effects. Testicular toxicity has been reported in rats
and mice following subchronic exposure to nitrate.

Epidemiological studies have suggested an association
between exposure to nitrate in drinking water and spontaneous
abortions, intrauterine growth restrictions, and birth defects,
but no clear exposure–response relationship can be estab-
lished. A case–control study in New Brunswick, Canada
examined the relationship between maternal exposure to
nitrates in drinking water and risk of delivering an infant with
a central nervous system malformation. A population-based
case–control study in California investigated the association
between maternal periconceptional exposure to nitrate from
drinking water and diet and risk for neural tube defects. A study
investigated the relationship between community drinking
water quality and spontaneous abortion in patients who
entered Boston Hospital for Women Division of Brigham and
Women’s Hospital in Massachusetts. A case–control study in
South Australia investigated malformation (mainly neural tube
defects and defects affecting multiple systems) in women and
association with drinking water consumption from specific
sources differing in nitrate content. A case–control study in the
Mount Gambier region of South Australia investigated the
relationship between mothers’ maternal drinking water source
and malformations in offspring as a follow-up study. A case–
control study in Prince Edward Island, Canada investigated
the dose–response relationship between nitrate level and
intrauterine growth restriction and prematurity. A case–control
study examined all deliveries in Sweden for neural tube defects.
A retrospective cohort study in Ostergotland County, Sweden
investigated the association between water nitrate at or greater
than 2 mg l�1 and cardiac malformation using a geographic
information system to link periconceptional or early pregnancy
address to water supplies. A case–control study of counties
along the Texas–Mexico border tested the association between
increased water nitrate and spina bifida and anencephaly.
A cross-sectional study in South Africa investigated the associ-
ation between water from high nitrate regions and prematurity
or size of South West Africa/Namibian infants based on
samples taken from wells used at the time of home visit.
A study investigated clusters of spontaneous abortion reported
in Le Grange County, Indiana, after which the water was tested
for nitrate.
Genotoxicity

Genotoxicity studies showed mostly negative responses for
nitrate.
Carcinogenicity

Sodium and potassium nitrate have been tested for potential
carcinogenicity, alone and in combination with nitrosatable
compounds. Nitrosating agents can be ingested from food and
drinking water, and synthesized from ingested nitrate and
nitrite. Nitrosating agents can react under certain conditions
with nitrosatable compounds to form N-nitrosamines and N-
nitrosamides, some of which are animal carcinogens. Nitro-
sating agents (e.g., nitrous acid and nitrous anhydride) that
arise from nitrite under acidic gastric conditions can react with
amines or amides to form nitrosamines or nitrosamides, and
the induction of tumors in animals via endogenous synthesis
of N-nitroso compounds has been demonstrated. Nitrosa-
mines need to be activated metabolically by cytochrome P450
enzymes to electrophilic intermediates to exert a carcinogenic
effect, while nitrosamides are direct-acting carcinogens. Ascor-
bic acid is an inhibitor of nitrosation reactions. It has been
shown to lower the incidence of tumors in animal experiments,
and reduce the risk for cancer that is associated with ingested
nitrite in epidemiological studies.

NTP chronic bioassay studies in rats and male mice did not
show carcinogenicity where nitrate was administered alone in
drinking water or diet (three studies in mice and four studies in
rats) or was coadministered with nitrosatable compounds, and
when nitrite was given alone in the diet by gavage or in the
drinking water to rats and mice.
Ecotoxicology

Various ecological studies, case–control studies, and cohort
studies conducted worldwide on the relationship between
human exposure to nitrate and the risk for various cancers re-
ported inconsistent results. These were reviewed by the Inter-
national Agency for Research in Cancer (IARC) and included
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studies of: (1) cancers of the colon, liver, pancreas, and rectum
in Canada, China, Slovakia, and Thailand; (2) leukemia and
lymphoma in Canada, China, Egypt, Finland, Italy, Slovakia,
the United Kingdom, and the USA; (3) gastric and esophageal
tumors in China, Columbia, Costa Rica, Denmark, Japan,
Netherlands, Poland, Scotland, Spain, Sweden, the United
Kingdom, and the USA; (4) tumors of the nervous system,
mainly brain, in Australia, Canada, England, France, Germany,
Israel, and the USA; and (5) genital and urinary tract tumors in
Denmark, Egypt, Germany, Slovakia, Spain, and the USA. An
increased risk of non-Hodgkin’s lymphoma and urinary
bladder was reported in some studies but not others at similar
exposure levels of nitrate in drinking water. Meta-analysis of
prospective, case–control, and cohort studies reported greater
risks for colorectal cancer associated with consumption of
processed meat.

IARC concluded that ingested nitrate under conditions that
result in endogenous nitrosation is probably carcinogenic to
humans (Group 2A). The underlying mechanism for the carci-
nogenicity determination is endogenous nitrosation that
results in the formation of N-nitroso compounds, some of
which are known carcinogens. There is an active endogenous
nitrogen cycle in humans wherein nitrosating agents that arise
from nitrite under acidic gastric conditions react readily with
nitrosatable compounds, especially secondary amines and
amides, to generate N-nitroso compounds. These nitrosating
conditions are enhanced following ingestion of additional
nitrate, nitrite, or nitrosatable compounds. Specifically, for
nitrate alone, IARC found that there is inadequate evidence in
humans for the carcinogenicity of nitrate in food. There is
inadequate evidence in humans for the carcinogenicity of nitrate
in drinking water. There is inadequate evidence in experimental
animals for the carcinogenicity of nitrate. For nitrite, in food,
IARC found that it is associated with an increased incidence of
stomach cancer. There is sufficient evidence in experimental
animals for the carcinogenicity of nitrite in combination with
amines or amides. There is limited evidence in experimental
animals for the carcinogenicity of nitrite per se.

More recent studies after the IARC evaluation did not
report an association between nitrate in water and non-
Hodgkin lymphoma, breast, bladder, colon, urinary, and
pancreatic cancer. Studies on dietary intake of nitrate/nitrite
reported some associations with increased risk of bladder
cancer, esophageal squamous cell carcinomas, colorectal
cancer, and thyroid cancer. Studies in Iowa reported no
association to renal cell carcinoma (>5 and >10 ppm nitrate-
N); no association with non-Hodgkin lymphoma (below
3 ppm); and increased risk of thyroid cancer in older women
(>5 ppm nitrate for 5 years or longer, relative risk ¼ 2.6, 95%
confidence interval ¼ 1.6–6.2) (no association with preva-
lence of hypothyroidism or hyperthyroidism). Study on die-
tary intake of nitrate and nitrite (National Institutes of
Health–American Association of Retired Persons Diet and
Health Study) suggested a role and further studies on ovarian
and thyroid cancer risk and pancreatic cancer in men.

Overall, interpretation of the data is complicated by various
factors such as the amount of nitrate/nitrite ingested, the
concomitant ingestion of nitrosation cofactors and precursors,
specific factors that increase nitrosation, and some study
limitations.
Carcinogenicity

Carcinogenicity is a possible endpoint of concern because
of the biological plausibility of endogenous nitrosation of
ingested nitrate and nitrite, with the conversion of nitrate to
nitrite, and formation of genotoxic/carcinogenic N-nitroso
compounds, such as N-nitrosamines and N-nitrosamides,
some of which are known carcinogens. The mechanism may
involve acid-catalyzed (e.g., in acidic stomach) or cell-mediated
(such as bacteria and immune cell, neutral pH) formation. In
humans, nitrite swallowed in saliva is usually first converted in
the stomach to nitrous acid (HNO2) which is spontaneously
converted to the active nitrosating species nitrous anhydride
(N2O3). Nitrous anhydride is a strong nitrosating agent, which
donates NOþ to secondary and tertiary amines to form nitro-
samines. Nitrous acid can also be protonated to nitrous acid-
ium ion, which reacts directly with neutral amides to form
nitrosamides. About 40–70% of total human exposure to N-
nitroso compounds is from endogenous formation.
Clinical Management of Methemoglobinemia

People may have lifelong methemoglobinemia and can be
asymptomatic at relatively high levels. Methemoglobinemia is
a side effect of nitric oxide therapy for acute respiratory stress
syndrome and persistent hypertension in newborns. Rapidity
of methemoglobin formation may lead to severe symptoms.
Acquired methemoglobinemia can also result from exposure to
other chemicals and pharmaceuticals. People with glucose-6-
phoshate dehydrogenase deficiency and infants aged 6 months
and less are at increased risk. Methemoglobinemia should be
suspected in patients with central cyanosis and low oxygen
saturations, which are unresponsive to oxygen therapy. Treat-
ment should be guided by the severity of the symptoms
initially, aimed at decreasing the level of methemoglobin
found in the blood, and accompanied by removal from expo-
sure. Methylene blue is used when significant symptoms are
present (dizziness, confusion, seizure, somnolence, and head-
ache), with clinical observation of lowering methemoglobin
levels. However, methylene blue will not be responsive in
patients with G6PD deficiency, and it has not been FDA
approved for the pediatric population.
Other Health Effects

Associations between nitrate in drinking water and hyperten-
sion, immunologic effects, recurrent respiratory tract infection,
diarrhea, and childhood onset of diabetes mellitus have been
reported. The data are very limited and not convincing, and
results were conflicting in studies of childhood diabetesmellitus.
Exposure Standards and Guidelines

The WHO guideline for nitrate in drinking water is 50 ppm.
The US MCL for nitrate in drinking water is 45 ppm as nitrate,
or 10 ppm as nitrate-N, and 1 ppm for nitrite as nitrite-N.
The combined MCL is 10 ppm nitrate/nitrite-N.
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See also: Ammonium Nitrate; Butyl Nitrite; Nitrites; Amyl Nitrite;
Nitrite Inhalants.
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l Name: Nitric oxide
l Chemical Abstracts Service Registry Number: 10102-43-9
l Synonyms: Mononitrogen monoxide, Nitrogen monoxide
l Molecular Formula: NO
l Chemical Structure:
HN O
Background

While nitric oxide is produced by some natural phenomena
such as lightning or other atmospheric combustion, major
contributions to atmospheric levels are made through auto-
mobile exhaust, mediated to some degree by the modern use of
catalytic converters.
Uses

Nitric oxide is used in the manufacturing of nitric acid. It is also
used as a stabilizer for propylene and methyl ether, and to
bleach rayon. Nitric oxide is a natural product of fuel
combustion and a component of smog.
Environmental Fate and Behavior

Nitric oxide is converted spontaneously in the air to nitrogen
dioxide; hence, some of the latter gas is present whenever nitric
oxide is found in air (at concentrations below 50 ppm). Nitric
oxide is a contributor to photochemical air pollution.
Exposure and Exposure Monitoring

Since nitric oxide is a gas at standard conditions, inhalation is
the most likely route of exposure. However, it is also produced
endogenously from arginine by humans. In industrial settings
where nitric acid is made or used, likelihood of exposure to
nitric oxide is higher. The primary source of atmospheric nitric
oxide, particularly in urban areas, is combustion of fossil fuels.
Other anthropogenic sources include some forms of welding,
electroplating, dynamite blasting, or combustion of nitrocel-
lulose or certain shoe polishes, and in the reaction between
nitric acid and any organic materials.
Toxicokinetics

When exposed to air, nitric oxide may be converted to nitrogen
dioxide or nitrogen tetraoxide, both of which are highly toxic.
Conversion is slower at concentrations below 1 ppm. Other
contaminants such as ozone in the air expedite the conversion
process.
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Mechanism of Toxicity

A cytotoxic free radical, nitric oxide impairs mitochondrial ATP
synthesis by inhibiting the citrate cycle and other cellular
mechanisms of electron transport.
Acute and Short-Term Toxicity (or Exposure)

Animal

Inhalation can lead to the formation of methemoglobin and
resultant toxic effects, for example, respiratory distress. The
inhalation LC50 in rats is 1068mgm�3. In mice, the
LCLo¼ 320 ppm.
Human

Contact with skin and mucous membranes such as those in the
eyes and lungs may be highly irritating. Inhalation leads to
methemoglobin formation, which interferes with normal
oxygen utilization. This can lead to fatigue, uneasiness, and
respiratory distress.
Chronic Toxicity (or Exposure)

Animal

Nitric oxide is a mutagen in somatic cells. It has been shown to
cause lung damage after long exposure periods.
Human

Effects similar to those seen on acute exposure are also seen
chronically. In addition, if the compound is converted to
nitrogen dioxide or nitrogen tetraoxide, toxicities associated
with these compounds can also be observed.
Immunotoxicity

Nitric oxide is an important activator of immune responses, but
that which is used is generally produced inside the body, and is
unaffected by exterior inputs. Effects on mice include leuko-
cytosis and a decrease in hemoglobin content of red blood
cells.
Reproductive Toxicity

Nitric oxide is an important functional mediator in a variety of
systemic processes, but can become cytotoxic when present in
high concentrations or for long periods of time. It appears to
have reproductively toxic action largely on sperm, causing low
viability and motility as well as increasing the difficulty with
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00891-5
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which sperm bind to oocytes. In rodents, there have been
effects monitored on newborns. Methemoglobin induction is
harmful to fetuses.
Genotoxicity

Nitric oxide has been shown to have a wide range of genotoxic
activities. These activities include the formation of nitro-
sothiols, formation and activation of N-nitroso compounds,
formation of DNA-lipid peroxidation intermediates, inhibition
of DNA repair enzymes, and most important, deamination of
DNA. Nitric oxide is weakly mutagenic in the Salmonella assay.
Carcinogenicity

The degree to which nitric oxide can function as a genotoxin
may allow it to contribute to carcinogenesis; however, there are
currently no human study data. Nitric oxide has not been
evaluated by carcinogenesis regulatory agencies.
Clinical Management

Given the gaseous state of nitric oxide, before treatment begins,
remove patient to fresh air. Oxygen therapy should be provided
for cyanosis of dyspnea. Prednisone or prednisolone should be
given at 5mg every 6 h to reduce inflammation in the lungs.
Use of mechanical ventilationmay be required. Methylene blue
should be administered via IV to symptomatic patients.
Exposures to eyes and skin are less common, and after removal
from exposure, treatment should be symptomatic. Oral expo-
sures are extremely rare.
Ecotoxicology

Nitric oxide functions in other organisms similarly as in
humans; the required volumes of the material are generated
inside the body and other concentrations are generally ignored.
Due to the short lifespan of nitric oxide in the environment,
exposures are generally small and transport is limited. Nitric
oxide does not bioaccumulate or biomagnify and is generally
not of ecological concern.
Other Hazards

Nitric oxide can be explosive when mixed with a variety of
other substances. When heated to decomposition, it yields
highly toxic fumes in the form of nitrogen oxides.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit as well as the National Institute for
Occupational Safety and Health (NIOSH) time-weighted
average is 25 ppm. NIOSH has set the immediately dangerous
to life or health limit at 100 ppm.

See also: Photochemical Oxidants; Pollution, Air in
Encyclopedia of Toxicology; Nitrogen Dioxide (Formerly
Nitrogen Oxides).
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l Chemical Abstracts Service Registry Number: Amyl nitrite
(463-04-07); butyl nitrite (544-16-1); isobutyl nitrite (542-
56-3)

l Synonyms for amyl nitrite: Aspiral; Isoamyl nitrite;
Nitramyl; Nitrous acid, isopentyl ester; Vaporole

l Synonyms for butyl nitrite: BRN 1701036; CCRIS 838; NSC
8426; Nitrous acid, n-butyl ester; n-Butyl nitrite

l Synonyms for isobutyl nitrite: Blackjack; BRN 1699518;
IBN; Nitrous acid, 2-methylpropyl ester; Nitrous acid, iso-
butyl ester

l Molecular Formulas: Amyl nitrite, C5H11NO2; Butyl nitrite,
C4H9NO2; Isobutyl nitrite, C4H9NO2

l Chemical Structures:

l Amyl nitrite

l Butyl nitrite

l Isobutyl nitrite
Background

The properties of inhalable nitrites were first described in the
mid-nineteenth century. They are colorless or yellow liquids at
room temperature and often have a fruity or pungent odor. All
are esters of nitrous acid and are highly volatile.

Nitrite inhalants have become well recognized as substances
of abuse. They are often referred to as poppers because of the
sound that results from breaking open amyl nitrite ampules.
Nitrite inhalants are an attractive substance of abuse due to
their availability in commercial products, short duration of
action, and lack of detectability with standard drug abuse
screening. Many governments have restricted or banned the
commercial sale of volatile nitrites to minimize their illicit use.
While their popularity as a substance of abuse has declined in
recent decades, they are still being intentionally misused for
their intoxicating effects.
0 Encyclopedia of T
Uses

Amyl nitrite is the only member of this class of compounds that
has been used widely for therapeutic use. It has been used as
a vasodilator drug, a diagnostic agent, and a cyanide treatment
adjunct. Butyl nitrites are ingredients in some video head-
cleaning solutions. Isobutyl nitrite is an ingredient of various
incenses or room odorizers, and it is also used as a jet
propellant and in the preparation of fuels.
Exposure and Exposure Monitoring

Nitrites are usually inhaled but have been ingested, either
accidentally or with suicidal intent.
Toxicokinetics

Effects following inhalation occur in 10 s, peak at 30–60 s, and
last for 3–5 min. Nitrites are hydrolyzed to nitrite ion and
alcohol within seconds. Approximately 60% of the nitrite ion is
biotransformed; ammonia is a metabolite. Almost 40% of the
nitrite ion is excreted unchanged via the kidneys. Elimination
follows first-order kinetics.
Mechanism of Toxicity

Nitrites produce relaxation of vascular smooth muscles,
causing cardiovascular effects through coronary and peripheral
vasodilation. They are oxidizing agents, in excess, induce
formation of methemoglobin, abnormal hemoglobin that is
unable to bind and transport oxygen or carbon dioxide. Nitrites
can also precipitate an intravascular hemolysis with formation
of Heinz bodies. The resulting anemia can compound the
hypoxic effects of methemoglobinemia.
Acute and Short-Term Toxicity

Animal

Hearing loss, weight loss, lacrimation, changes in visual acuity,
nausea, vomiting, decreased motor performance, tachypnea,
seizures, immunosuppression, decrease in immune cells,
methemoglobinemia, and alteration in hepatic angiogenic
gene expression have been induced in animal studies.
Human

Users claim aphrodisiac effects from heightened stimulation,
enhanced penile erection, and relaxation of the anal sphincter
and rectum. Because of the rush of blood and oxygen to the
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00042-7
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brain, facial flushing and a temporary euphoria occur several
seconds after inhalation. Perception of time is slowed.

Typical effects of inhalation abuse are dizziness, palpita-
tions, blurred vision, headache, nausea, and irritation of the
nasal passages, eyes, and throat. There is a fall in blood
pressure with a reflexive increase in pulse rate. Combining
nitrite inhalants with selective phosphodiesterase inhibitors
used to treat erectile dysfunction can potentially result in
a severe drop in blood pressure. Pulmonary irritation,
tachypnea, and shortness of breath are described. Cardiovas-
cular collapse, coma, anion gap acidosis, visual defects, and
seizures can occur in severely poisoned patients. Methemo-
globinemia may occur, characterized by cyanosis, a chocolate-
brown coloring of the blood, and respiratory depression.
Ingestion of nitrites seems to produce a more rapid and
malignant methemoglobinemia than inhalation. Blood
methemoglobin levels should be monitored in symptomatic
patients. Methemoglobin levels of 20–30% produce mild
symptoms, levels of 30–45% produce moderate effects, and
levels of 50–70% are associated with severe toxicity. Levels
>70% are often lethal if untreated. Plasma nitrite levels are
not clinically useful.
Chronic Toxicity

Animal

Significant evidence of increase in tumor growth and carcino-
genic activity of isobutyl nitrite was observed in male and
female rats in 2-year inhalation studies.
Human

Repetitive abuse can cause dermatitis on exposed skin and
telangiectasis (angioma or hyperemic spots). Tracheobronchial
irritation with dyspnea and hemoptysis has been reported.
Damage to the lungs, liver, kidneys, bone marrow, red blood
cells, and brain is possible. Tolerance can occur.
Immunotoxicity

Immunotoxicity has been reported in rodents. Human data are
inconclusive.
Reproductive Toxicity

It is not known whether these compounds cause fetal harm if
exposure occurs during pregnancy.
Genotoxicity

Isobutyl nitrite has been found to be mutagenic in in vitro
studies.
Carcinogenicity

Isobutyl nitrite was found to be carcinogenic in rodents. No
human data are available.
Clinical Management

Airway management, respiratory support, and high flow
oxygen are indicated for the cyanotic patient. The cardiovas-
cular, neurological, and metabolic effects should respond to
the usual therapeutic agents. Methemoglobinemia is treated
with 1 or 2 mg kg�1 of methylene blue, given intravenously
over a 5-min period and repeated if needed. Methylene blue is
recommended for symptomatic patients and for patients with
methemoglobin levels>30%. Patients with preexisting anemia
or cardiovascular disease may need treatment even if their
methemoglobin levels are as low as 15%. Exchange transfusion
has been used in severely symptomatic patients who were
unresponsive to methylene blue treatment. Hyperbaric oxygen
and exchange transfusion have been used in severe cases.
Gastric decontamination may be indicated following imme-
diate, large oral exposure. It is necessary to monitor complete
blood count and arterial blood gases.
Other Hazards

Inhalable nitrites are highly flammable and explosive.
Exposure Standards and Guidelines

Standards for occupational or environmental exposures have
not been established.

See also: Butyl Nitrite; Drugs of Abuse; Nitrous Oxide.
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l Representative Chemical: Sodium nitrite, Potassium nitrite
l Chemical Abstract Service Register Numbers: CAS 14797-

65-0 (Nitrite); CAS 7632-00-0 (Sodium nitrite); CAS 7758-
09-0 (Potassium nitrite)

l Molecular Formulas: NO2
� (Nitrite); NaNO2 (Sodium

nitrite); KNO2 (Potassium nitrite)
l Chemical Structure: (Nitrite ion)
O O–
N

Usage

Nitrites are primarily used for the rapid curing of meat,
employing sodium nitrite and potassium nitrite. Also relevant
is the use of nitrates as food preservatives to maintain the red
color of cured meats, delaying the onset of food rancidity and
preventing the development of malodor and off flavor during
storage. In addition, nitrates slow down a potential release of
botulinum toxin by Clostridium botulinum.

Medical applications of nitrites make use of their capacity as
vasodilators, circulatory depressants, and antidotes for cyanide
and hydrogen sulfide poisoning (sodium and amyl nitrites).

However, nitrites can also be applied differently, for
example, as anticorrosive agents in cooling fluids.
Environmental Fate and Behavior

Nitrates, as well as nitrites come, from the nitrogen cycle, the
atmosphere being the main reservoir of nitrogen. Higher living
beings cannot use the N2 from the atmosphere and depend
exclusively on its fixing in the ground or the water by certain
microorganisms.

Much of the nitrogen derives from the decomposition of
organic matter. The incorporated nitrogen compounds are
degraded by heterotrophic bacteria and other saprophytic
microorganisms, which use the energy stored in the organic
material and release excess N2 in the form of ammonia (NH3)
or ammonium (NH4

þ) as by-products of microbial metabo-
lism. Subsequently, this NH3 is converted into nitrite through
the nitrification process performed by autotrophic bacteria of
the generaNitrosomonas, Nitrococcus, Nitrocystis, andNitrosogloea.

Nitrobacter oxidizes NO2
� to NO3

�. In general, the oxidation
rate of nitrite to nitrate is much higher than the velocity of
nitrite formation from ammonia, which is why nitrites are
found in small quantities. However, they may accumulate in
alkaline soils, as NH3 is toxic to these bacteria.

The nitrate levels in water are usually increased if impacted
by organic wastes, fertilizers, ammonia, or all of them together.
In soil, nitrate-containing compounds are water soluble and
readily leach from soil to groundwater.
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Exposure and Exposure Monitoring

The primary way of exposure to nitrites is the oral one,
although other routes of uptake like the dermal and the ocular
ones are possible, and of course via inhalation also exists.

The principal source of exposure to nitrites is vegetables
(mainly broccoli, spinach, cauliflower, collard greens, and root
vegetables), followed by meat and cured meat products, while
other foods only contain undetectable levels of nitrite. The
secondmost significant source of exposure consists of ingestion
of drinking water contaminated by feces, especially from wells
near areas of intense agricultural activity, where potent fertil-
izers, on the basis of nitrogen compounds, are used or where
there are other human activities (urine and feces) or the use of
dynamite (nitroglycerin) to blast wells and galleries.

Of particular importance are possible intoxications of
sucklings and children under three through exposure to
contaminated water that is used for the preparation of feeding
bottles and infant formula.

Also, noteworthy are accidental poisonings due to confu-
sion between table salt and sodium nitrate.

Medications can also become a source of nitrite poisoning,
especially through abuse of volatile nitrites (amyl, butyl, and
isobutyl nitrites intended for medical use) or recreational drugs
presented in small vials under various trademarks (Rush�,
Stud�, Locker Room�, Liquid Gold�, etc.).
Toxicokinetics

Nitrites are primarily absorbed orally, dermally, and through the
lungs. In humans, 90–95%of orally administered sodiumnitrite
is absorbed in thegastrointestinal tract, about25%of the ingested
dose of nitrate is secreted with the saliva, and 20–46% of these
25% are reduced to nitrite by microorganisms in the oral cavity.

The main feature from the metabolic point of view is the
conversion of nitrates into nitrites within the body. The
ingested nitrates and nitrites are rapidly absorbed in the
stomach and upper small intestine. Once absorbed, nitrite is
rapidly distributed throughout the body via the blood plasma
by fast binding to erythrocytes.

Nitrates are also introduced into the body in the lower part
of the small intestine, where they can be converted into reactive
nitrite ions through the action of gut bacteria. These reactive
nitrites are reabsorbed in the lower intestine and then react
with the ferrous ion of hemoglobin, converting it into methe-
moglobin (which contains ferric iron, Fe3þ).

However, unless the conditions for the reduction of nitrate
to nitrite in the intestine are favorable (i.e., high pH and
adequate intestinal microbiota), ingested nitrate (NO3

�) is
metabolized and excreted without apparent adverse effects.

Nitrate is quickly excreted via the urine and, therefore, does
not accumulate in tissues. However, nitrites also have a fairly
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00522-4
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short half-life within the body (1 h), although some nitrite
metabolites may have longer lifetimes (1–8 h).
Mechanisms of Toxicity

The toxic effects of nitrite are the same whether nitrite-con-
taining compounds are ingested, or inhaled, or form within the
body, reduced from nitrates.

The main and most toxic action of nitrites consists of con-
verting hemoglobin to methemoglobin. Hemoglobin mole-
cules contain heme iron within a porphyrin structure. The iron
in hemoglobin adopts the state of Fe2þ but can be oxidized to
Fe3þ to form methemoglobin. The converted methemoglobin
thereby loses its ability to transport oxygen. Naturally, less than
1% of total hemoglobin exists as methemoglobin, because
several enzyme systems maintain hemoglobin in its reduced
state (NADH-dependent methemoglobin reductase and to
a lesser extent NADPH-dependent methemoglobin reductase,
and a third system that works via reduced glutathione, mainly
stored in erythrocytes).

The decisive problem in the presence of methemoglobin
results from the fact that this molecule is not capable of
transporting oxygen to the tissues and cells of the body.
Therefore, body systems with high oxygen demand are the
most vulnerable, such as the central nervous system, particu-
larly the areas that control the heart and respiratory system.

Another serious effect caused by exposure to nitrite is the
relaxation of smooth muscle, causing hypotension in individ-
uals, though this effect usually does not occur by ingestion of
nitrites in food or water.
Acute and Short-Term Toxicity

Animal

Predominant clinical signs of acute toxicity of nitrites consist of
high pulse, dyspnea, amyostasia, weakness, vomiting, unstable
gait, cyanosis, and death, usually due to methemoglobinemia.
In addition, nitrite intoxication may cause irritation of the eyes,
skin, and respiratory tract.

It has to be mentioned that the microbiota of many animal
species do not produce nitrate reductase, which means that
they are not appropriate models for the formation of methe-
moglobin. Accordingly, animals exhibit toxic effects only when
directly exposed to nitrite via any route of entry. For example,
mice that inhaled butyl nitrite displayed methemoglobinemia.
Nitrite intoxication in ruminants is scarcely seen.

For animals in general, acute nitrite intoxication associates
with contaminated drinking water, with lethal doses for sheep,
for example, between 67 and 110mg kg�1 bodyweight and for
pigs at 20mg kg�1 bodyweight.
Human

Nitrites can cause severe respiratory disease, skin and eye irri-
tation, and even fatality at exceptionally high levels of
exposure.

Acute exposure can cause visual field defects, hypotension,
tachycardia, respiratory depression, cyanosis, and tissue anoxia
due to the formation of methemoglobin. Other symptoms
include headache, confusion, convulsions, dizziness, loss of
consciousness, nausea, vomiting, and diarrhea.

Nitrites represent a major toxicity hazard to children aged
from 0 to 3 due to their higher sensitivity to nitrite and nitrate
poisoning. The reason is that babies have a higher stomach pH
than adults (pH 4 vs. pH 2); also, the normal intestinal flora of
children at that age contain more nitrate-reducing bacteria
(with NADH- and NADPH-dependent enzymes). Therefore,
children have less capacity to reduce methemoglobin to
hemoglobin and additionally possess a high percentage of fetal
hemoglobin, which is more susceptible to oxidation and is
oxidized by nitrite at a speed twice as fast as the one of adults’
hemoglobin.

The consequence of all these points is that nitrite-intoxi-
cated children experience severe breathing difficulty, which
results in tissue anoxia and, therefore, a blue coloration of the
skin. For that reason, the disease is known as blue baby
syndrome.
Chronic Toxicity

Animal

Signs of chronic and subchronic toxicity include reduced food
intake (anorexia), reduced milk production in dairy cattle,
rough hair coat, weight loss or difficulties to gain weight,
decreased concentrations of vitaminA (in rats, pigs, poultry, and
sheep) and vitamin E, reduced fertility, and abortion.

In a study, rats received 100mg kg�1 of sodium nitrite in
their drinking water daily throughout their lives and during
three successive generations. There was no evidence of chronic
toxicity, carcinogenicity, or teratogenicity. In a two-year study
on carcinogenicity of sodium nitrite in mice (50 male and 50
female B6C3F1 mice) exposed to daily doses in drinking water
equivalent to 0, 60, 120, and 220mg kg�1 body weight per day
(corresponding to 0, 40, 80, 147mg kg�1 of body weight per
day of nitrite for male) and 0, 45, 90, or 165mg kg�1 body
weight per day (corresponding to 0, 30, 60, 111mg kg�1 body
weight per day of nitrite for female), no differences were
observed between the control and study groups although there
was anorexia in female mice.
Human

Prolonged exposure to nitrite, as well as to nitrate, enhances
diuresis due to increased urine formation in the kidney.
Moreover, increased numbers of starch deposits appear, which
may also lead to bleeding in the spleen.
Reproductive Toxicity

No evidence of teratogenicity was observed in rats receiving
100mg kg�1 of sodium nitrite in their drinking water daily
throughout their lives and during three successive generations.

Health implications associated with exposure to nitrites and
nitrates during pregnancy include increased incidence of
intrauterine growth retardation, heart defects, and central
nervous system damage in neonates, as well as increased
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incidence of sudden infant death syndrome (SIDS) and
increased incidence of miscarriages.
Genotoxicity

Nitrites have tested negative in DNA repair bacterial assays.
Positive results were reported in mammalian cytogenetics and
sister chromatid exchange studies.
Carcinogenicity

No evidence of carcinogenicity was observed in rats receiving
100mg kg�1 of sodium nitrite in their drinking water daily
throughout their lives and during three successive generations.

While nitrites are generally not considered as human
carcinogens, the US Environmental Protection Agency (EPA)
concluded that there is an association between exposure to
nitrates or nitrites during pregnancy and the potential inci-
dence of cancer in children. Two studies reported an increased
risk of brain tumors in children significantly associated with
increasing maternal consumption of cured meats (containing
nitrates and nitrites) during pregnancy.

Although nitrites in principle are not considered carcino-
genic, they can combine under certain conditions with amines,
resulting in N-nitroso compounds, which are toxic themselves,
mutagenic, teratogenic, and carcinogenic. The carcinogenicity
of nitrosamines is unquestionable, and the most affected
organs are the liver, lungs, stomach, kidneys, pancreas,
esophagus, bladder, and tongue.

There are two possible ways of exposure to nitrosamines in
humans: the ingestion of cheeses, alcohol, or meat products
simultaneously preserved by salting and nitrites, and nitrosa-
mine synthesis in the body. The only potential site of synthesis
is the stomach, although certain chemicals such as vitamin C
(ascorbic acid) may limit the conversion of nitrites to nitrosa-
mines. In fact, the US Department of Agriculture (USDA)
recommends the addition of ascorbic acid to cured bacon to
avoid a potential formation of these compounds.
Clinical Management

When exposure to nitrite occurs via inhalation, the patient
must bemoved away from the exposure zone andmonitored in
case of respiratory insufficiency.

In case of dermal exposure, the patient must be undressed
and washed thoroughly with soap and warm water. In case of
eye exposure, soap may not be used; hence, the eye must be
rinsed extensively with warm water for at least 15min. Then
medical help must be sought.

In case of ingestion of nitrite, emesis or stomach lavage and
administration of activated charcoal is recommended, provided
that the intake occurred less than 4 h ago and the patient remains
conscious. Convulsions can be treated with intravenous diaz-
epam. For hypotension, intravenous fluids may be indicated.

If the patient is suffering from methemoglobinemia, base
treatment should be initiated as soon as possible, consisting of
an active reduction of hemoglobin to methemoglobin. In case
of a mild or moderate methemoglobinemia, high doses of
ascorbic acid (1–4 g intravenously) should be administered.
When methemoglobinemia is above 30%, the drug of choice
for treatment is 1% of methylene blue, administered intrave-
nously (1–2mg kg�1) for 10min. This treatment can be
repeated when there is no treatment response, but elevated
only to a maximum dose of 7mg kg�1, as methylene blue itself
works as a metahemoglobinizing agent at higher doses.
Patients deficient in glucose-6-phosphate dehydrogenase may
not be treated with methylene blue.

Alternative treatments have been proposed, like cytochrome
P450 inhibitors (cimetidine, ketoconazole) in case of methe-
moglobinemia secondary to dapsone toxicity and N-acetyl
cysteine, especially in patients deficient in glucose-6-phosphate
dehydrogenase, but in both cases studies are still preliminary.

In the event of associated hemolysis, if the patient is in
a comatose state or does not respond to treatment with
methylene blue, renal replacement therapy, blood transfusion,
and even hyperbaric therapy are indicated.
Ecotoxicology

Nitrites are toxic to aquatic organisms.Nitrosomonas sp. bacteria
oxidize ammonia to nitrite. Ammonia results from decom-
posing organic matter and is excreted by fish. Nitrites are less
toxic to fish than ammonia; however, chronic exposure to low
levels increases stress on the fish population, leading to stress-
related disease states such as fin rot, bacterial ulcers, additional
physiological consequences that include reduced oxygen
transport, disruption in the osmo- and iono-regulation, and
immunological alterations. At higher concentrations, nitrites
can cause damage to fish skin and gills (hyperplasia, hyper-
trophia, elevation and necrosis of the epithelium) and increase
the likelihood of bacterial infections and the propagation of
parasitic organisms. In addition, higher nitrite levels in the
blood stream may lead to the conversion of hemoglobin to
methemoglobin, reducing the fish’s ability to transport oxygen,
which may potentially lead to asphyxiation.
Other Hazards

Nitrites are not compatible with flammable materials, strongly
oxidizing, reducing agents, organics, and finely powdered
metals. They tend to be hygroscopic. Sodium nitrite is not
flammable; however, it may enhance the combustion of other
compounds.

Reactions may lead to fire, explosions, or both. Such fires
may produce irritating and toxic fumes.
Standards and Guidelines for Exposure

The US federal primary drinking water standard maximum
contaminant level (MCL) and the maximum contaminant level
goal (MCLG) for nitrite (measured as nitrogen) are both set at
1mg l�1. The MCL was established to protect infants (below 6
months of age). The MCL and MCLG for nitrates are 10mg l�1

each.
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The US EPA Integrated Risk Information System provides
a reference dose for chronic oral exposure (RfD) of
0.1mg kg�1 day�1 (last file update September 1997). The RfD
is based on a critical effect of methemoglobinemia in infants
chronically exposed to nitrites in drinking water. The US Food
and Drug Administration (FDA) is the federal agency respon-
sible for monitoring the proper use of nitrite by meat proces-
sors. The USDA established guidelines to reduce or eliminate
nitrosamine formation in nitrite- and nitrate-cured meats in
1973 (see Federal Register, Vol. 38, No. 221, Friday, 16
November 1973, p. 31679). Sodium nitrite limits for curing
meat are defined in the Meat Inspection Regulations (Title 9,
Chapter 111, Subchapter A, Code of Federal Regulations,
1974). The final calculated concentration of sodium nitrite in
cured meat products (processed with nitrites, nitrates, or
a combination) must not exceed 200 ppm.

The European Union’s Scientific Committee for Food
(SCF) reviewed the toxicological effects of nitrite and
established temporarily acceptable daily intakes (ADI)
of 0–0.06mg kg�1 bw day�1 in 1995 (EU, 1995). In 2002, the
JECFA (Joint Expert Committee for Food Additives) set an ADI
of 0–0.07mg kg�1 bw day�1 (WHO, 2006). An ADI for nitrate
of 3.7 mg kg�1 bw day�1 was established by the former SCF and
was reconfirmed by the JECFA in 2002 and the Panel on
Contaminants in the Food Chain (CONTAM Panel) of the
European Food Safety Authority (EFSA) in 2008 (EFSA, 2010).

See also: Food Additives; Food Safety and Toxicology;
Nitrosamines; Blood; Respiratory Tract Toxicology.
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l Name: Nitrobenzene
l Chemical Abstracts Service Registry Number: CAS 98-95-3
l Synonyms: Nitrobenzol, Mononitrobenzol, Essence of

mirbane, Essence of myrbane, Mirbane oil
l Molecular Formula: C6H5NO2

l Chemical Structure:
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Uses

Nitrobenzene is a pale yellow oil with an almond-like odor.
Most of the nitrobenzene produced in the United States is used
to manufacture aniline. Other chemical products of nitroben-
zene include benzidine, quinoline, and azobenzene. It is also
used to produce lubricating oils such as those used in motors
and machinery. A small amount of nitrobenzene is used,
sometimes as a solvent, in the manufacture of dyes, polishes,
paints, drugs, pesticides, and synthetic rubber. It has also been
used as solvent for cellulose ethers and in petroleum refining. It
is present in a number of commercial products, such as shoe
and metal polishes and soaps.
Environmental Fate and Behavior

Routes and Pathways Relevant Physicochemical Properties

Molecular weight: 123.11
Density: 1.2 g ml�1 (at 20 �C)
Melting point: 5.7 �C
Boiling point: 210.8 �C
Vapor density: 4.25
Vapor pressure: 0.15 mm Hg at 20 �C/0.27 mm Hg at 25 �C
Water solubility: 1.9 g l�1 (at 20 �C)
Henry’s law constant: 2.4 � 10�5 atm-m3 mol�1 (at 25 �C)
Octanol/water partition coefficient (Log Kow): 1.85
Partition Behavior in Water, Sediment, and Soil

Nitrobenzene dissolves when mixed with water. Most releases
of nitrobenzene to the US environment are to underground
injection sites. It can also evaporate slowly from water and soil
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exposed to air. The physical properties of nitrobenzene suggest
that transfer from water to air would be significant, although
not rapid. Because it is a liquid that does not bind well to soil,
nitrobenzene that makes its way into the ground can permeate
the ground and enter groundwater.
Environmental Persistency

Nitrobenzene can undergo degradation by both photolysis and
microbial biodegradation. Once in air, nitrobenzene breaks
down to other chemicals including ortho- and para-nitro-
phenols, as well as nitrosobenzene. Removal processes for
nitrobenzene in air may involve settling of vapor due to its
higher density relative to air. Photodegradation of nitroben-
zene in air and water is slow. In water bodies, direct photolysis
appears to be the degradation pathway that proceeds most
rapidly, whereas indirect photolysis (photooxidation with
hydroxyl radicals, hydrogen atoms, or hydrated electrons) plays
a minor role. Microorganisms living in water and in soil also
break down nitrobenzene.
Bioaccumulation and Biomagnification

Nitrobenzene may bioconcentrate in terrestrial plants, but is
not expected to accumulate in fish. The measured bio-
concentration factors for nitrobenzene in several organisms
range from 10 (golden orfe) to 15 (fathead minnows) indi-
cating minimal bioconcentration in aquatic organisms. Plant
uptake is a possible route of human exposure to nitrobenzene.
Exposure and Exposure Monitoring

Routes and Pathways

Very low levels of nitrobenzene may be found in air. It may be
present in water from industrial releases but in water, nitro-
benzene is broken down by sunlight. Nitrobenzene is a liquid
that does not bind well to soil; therefore, in soil, it can move
into groundwater, be taken up by plants, evaporate into air,
and be broken down by bacteria. It does not appear to
concentrate in fish or other aquatic animals.

Most releases of nitrobenzene to the US environment are to
underground injection sites. Only a small percent (6%) of
environmental releases of nitrobenzene is to air. It can also
evaporate slowly from water and soil exposed to air.
Human Exposure

Significant human exposure is possible, due to the moderate
vapor pressure of nitrobenzene and extensive skin absorption.
Furthermore, the relatively pleasant almond smell of
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01024-1
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nitrobenzene may not discourage people from consuming
contaminated food or water. Nitrobenzene exposure is pre-
dominantly occupational via the inhalation and/or dermal
routes. For members of the general population, both inhala-
tion (ambient air) and ingestion (drinking water) exposures
are possible and are likely to be highest for those individuals
living near industrial/manufacturing sources or hazardous
waste sites. Potential exposure through the use of consumer
products is also possible, but data are lacking to quantify
these exposures.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

In the early 1980s, reported air concentrations of the US cities
ranged between <0.05 and 2.1 mg m�3 (<0.01 and 0.41 ppb).
The US Environmental Protection Agency (EPA) in 1985 re-
ported that less than 25% of air samples in the United States
were positive, with a median concentration of w0.05 mg m�3

(0.01 ppb); in urban areas, mean levels were generally less
than 1 mg m�3 (0.2 ppb), with slightly higher levels in
industrial areas (mean of 2.0 mg m�3 (0.40 ppb)). In 1991, 42
out of 49 air samples in Japan had detectable levels, ranged
between 0.0022 and 0.16 mg m�3. Levels in urban areas and
waste disposal sites were significantly lower (or undetectable)
in winter than in summer.

Water levels generally ranged between w0.1 and 1 mg l�1

depending on the location and season. The highest level
reported was 67 mg l�1 in the river Danube, Yugoslavia, in 1990.
However, nitrobenzene was not detected in any surface water
samples collected near a large number of hazardous waste sites
in the United States (reported in 1988). Limited data suggest
that there may be greater potential for contamination of
groundwater than of surface water; several sites measured in the
United States in the late 1980s had levels of 210–250 and
1400 mg l�1 (with much higher levels at a coal gasification site).
Nitrobenzene has been reported in only a small proportion of
drinking water samples in studies conducted in the 1970s and
1980s in the United States and the United Kingdom, but it was
not detected in 30 Canadian drinking water samples.
Toxicokinetics

Nitrobenzene is readily absorbed in the small intestine after
oral exposure and in the lungs after inhalation exposure. In
addition, dermal contact with nitrobenzene vapor or its solu-
tion will also result in skin absorption. Nitrobenzene and its
metabolites are widely distributed among themajor organs and
tissues. The processes driving the metabolism of nitrobenzene
in mammals display tissue specificity. In humans and animals,
the majority of nitrobenzene is metabolized and eliminated in
urine within 3 days as p-nitrophenol and p-aminophenol.
Mechanism of Toxicity

The intermediates and products of nitrobenzene reduction
can cause methemoglobinemia (a condition in which the
blood’s ability to carry oxygen is reduced) by accelerating the
oxidation of hemoglobin to methemoglobin. Three primary
metabolic mechanisms have been identified: reduction of
nitrobenzene to aniline by intestinal microflora, its reduction
to aniline occurring in hepatic microsomes and erythrocytes,
and nitrobenzene oxidative metabolism to the nitrophenols
by hepatic microsomes. Many of the toxicological effects are
likely triggered by metabolites of nitrobenzene. For example,
methemoglobinemia is caused by the interaction of hemo-
globin with the products of nitrobenzene reduction (i.e.,
nitrosobenzene, phenylhydroxylamine, and aniline). The
anaerobic metabolism occurring in the gastrointestinal track is
much faster than reduction by the hepatic microsomal frac-
tion; therefore, the action of bacteria normally present in the
small intestine is an important element in the formation of
methemoglobin.
Acute and Short-Term Toxicity

Animal

The oral LD50 in rats was reported ranging from 600 to
640mg kg�1 bodyweight. After a single oral dose of 550mg kg�1

of body weight, rats were lethargic and ataxic within 24 h, and
displayed moderate to severe ataxia and loss of righting reflex
and no longer responded to external stimuli within 36–48 h. By
48 h, petechial hemorrhages were observed in the brain stem and
cerebellum and bilaterally symmetric degeneration (malacia) in
the cerebellum and cerebellar peduncles.

After repeated exposure, nitrobenzene causes toxicity in
multiple organs by all routes. The formation of methemo-
globin in the blood appears to be a consistent and the most
sensitive feature of almost all experimental studies. Methe-
moglobinemia could result from oral, dermal, subcutaneous,
and inhalation nitrobenzene exposure in mice and rats, with
consequent hemolytic anemia, splenic congestion and liver,
bone marrow, and spleen hematopoiesis. In addition to
hematological effects, the male reproductive system (i.e., testis,
epididymis, and seminiferous tubules) comprises an important
target for nitrobenzene toxicity in rodents. In subchronic oral
and dermal studies in mice and rats, central nervous system
lesions in the cerebellum and brain stem were apparent and
included petechial hemorrhages. Depending on the dose, these
neurotoxic effects were grossly apparent as ataxia, head-tilt and
arching, loss of righting reflex, tremors, coma, and convulsions.
Other target organs of nitrobenzene toxicity following oral
administration to rodents include the liver, kidney, thyroid,
and brain, as indicated by changes in relative organ weights and
the appearance of histopathologic lesions. Systemic toxic
effects of inhalation exposure to nitrobenzene were generally
similar to those observed following oral exposure. In addition,
portal-of-entry effects following subchronic inhalation expo-
sure to nitrobenzene included bronchial hyperplasia in rats and
mice.
Human

Nitrobenzene is toxic by all routes of exposure. A small amount
of nitrobenzene may cause mild irritation if it contacts the
skin or eyes directly. Initial symptoms may be delayed for up to
12 h after oral ingestion. Methemoglobinemia with associated
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headache, nausea, lethargy, depressed respiration, and cyanosis
may occur. During this condition, the skin may turn a bluish
color and nausea, vomiting, and shortness of breath may occur.
Clinical effects such as headache, irritability, dizziness, weak-
ness, and drowsiness may also occur. A bitter almond odor may
be present, which suggests cyanide poisoning, but cyanide
produces symptoms much more rapidly than nitrobenzene. In
severe nitrobenzene poisoning, neurological symptoms such as
progressive drowsiness and coma, hemolytic anemia, tachy-
cardia, hypotension, respiratory depression/failure, cardiac
arrhythmias, or even death may also occur. Repeated exposure
may be followed by liver impairment up to atrophy, hemolytic
icterus, and anemia of varying degrees, with the presence of
Heinz bodies in the red blood cells.

Fetuses and infants may be especially at risk because
fetal hemoglobin is more easily oxidized to methemoglobin
than adult hemoglobin, and fetal activities in NADH-
cytochrome b5 reductase and glucose-6-phosphate dehydro-
genase (G6PD) activity, the enzymes crucial for recovering
(a reduction process) methemoglobin to hemoglobin, are
lower in the red blood cells. Individuals with G6PD deficiency
or chronic congenital methemoglobinemia may also be
special-risk groups. Additionally, individuals consuming alco-
holic beverages may be at greater risk.
Chronic Toxicity

Animal

Toxic effects of inhalation exposure to nitrobenzene were
generally similar to those observed following oral exposure (i.e.,
methemoglobinemia, altered hematology with signs of hemo-
lytic anemia, damage to the male reproductive system, changes
in relative organ weights, and pigment deposition in organs). In
addition, portal-of-entry effects following chronic inhalation
exposure to nitrobenzene included alveoli bronchiolization
and olfactory epithelial degeneration in mice.
Reproductive Toxicity

Rats exposed to nitrobenzene had testicular atrophy, bilateral
degeneration of the seminiferous tubules, and a reduction in or
absence of mature sperm in the epididymis. In a two-
generation study in rats, nitrobenzene exposure resulted in
decreased fertility indices for the first and second generations
due to male reproductive toxicity as evident by atrophy of
seminiferous tubules, spermatocyte degeneration, and reduced
testicular and epididymal weights in first- and second-genera-
tion male rats.
Genotoxicity

Results of genotoxicity testing are mixed. Nitrobenzene appears
to be at most weakly genotoxic. This determination is based on
the almost exclusively negative results in Salmonella assays
(Ames tests; the only exception is TA98 in the presence of
a comutagen), as well as negative clastogenic findings from
in vivo assays of sister chromatid exchange, unscheduled DNA
synthesis, and chromosomal aberrations. In vitro chromosomal
aberration results were mixed, as were the DNA breakage and
micronucleus data. In addition, nitrobenzene did not cause cell
transformation.
Carcinogenicity

A carcinogenic response was observed after inhalation exposure
to nitrobenzene in rats and mice. These responses include liver
adenomas or carcinomas, and thyroid follicular cell adeno-
carcinomas in rats and mice, and mammary adenocarcinomas
in female mice. There are no studies that identify the carcino-
genicity of nitrobenzene in humans. The International Agency
for Research on Cancer has determined that nitrobenzene is
possibly carcinogenic to humans. US EPA has characterized
nitrobenzene as ‘likely to be carcinogenic to humans’ (U.S.
EPA, 2009).
Clinical Management

Nitrobenzene is toxic by all routes of exposure including
dermal absorption. Systemic effects may be delayed a few hours
following exposure and they closely resemble those of aniline.
Initial care should include adequate gastrointestinal and
dermal decontamination. The patient should be given oxygen
and monitored for cyanosis and cardiac rhythm. Exposed eyes
should be irrigated with large amounts of water for at least
15 min and exposed skin areas should be washed thoroughly
with soap and water.

Plasma nitrobenzene levels are not clinically useful. The
metabolites in urine, p-nitro- and p-aminophenol, primarily in
long-term exposure to nitrobenzene can be used as evidence of
exposure. Methemoglobin levels should be determined in all
cyanotic patients; cyanosis that does not respond to oxygen
therapy may appear when the plasma methemoglobin level
reaches 15%. Symptomatic methemoglobinemia should be
treated with methylene blue.
Ecotoxicology

Freshwater Organisms Toxicity

Ninety-six-hour LC50 values for fish are as follows: 42.6 mg l�1

for Lepomis macrochirus (bluegill sunfish), 117 mg l�1 for
Pimephales promelas (fathead minnow), 112.5 mg l�1 for Bra-
chydanio rerio (zebrafish), and 58.6 mg l�1 for Cyprinodon vari-
egatus (sheepshead minnow). Forty-eight-hour LC50 values
for fish are as follows: 105 mg l�1 for L. macrochirus (bluegill
sunfish), 156 mg l�1 for P. promelas (fathead minnow),
60–89 mg l�1 for Leuciscus idus melanotus (golden orfe),
20 mg l�1 for Oryzias latipes (medaka), and >120 mg l�1 for C.
variegatus (sheepshead minnow).
Terrestrial Organisms Toxicity

Nitrobenzene is unlikely to exist in US terrestrial environments
in sufficient concentrations to cause serious acute or chronic
effects to terrestrial organisms. Toxicity information reported
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for rats, mice, and rabbits suggest that no acute effects would be
seen at normally expected US environmental concentrations.
Exposure Standards and Guidelines

US EPA (2009) derived an oral reference dose of
2 � 10�3 mg kg�1 per day (based on increased methemo-
globin in rats), an inhalation reference concentration of
9� 10�3 mg m�3 (based on bronchiolization of the alveoli in
mice) as well as an inhalation cancer unit risk of 4 � 10�5

mg m�3 (based on all tumor types in rats). National Institute
for Occupational Safety & Health, Occupational Safety
& Health Administration, and American Conference
of Governmental Industrial Hygienists have established
a time-weighted average of 1 ppm (5 mg m�3) for their
recommended exposure limit, permissible exposure limit
or threshold limit value, respectively, based on dermal
exposure.

See also: Reproductive System, Male; Aniline; Cyanide.
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l Chemical Formula: [C6H7O2(ONO2)3]n
Background

Early explosives used nitric acid. They were so unstable to handle
that European scientists tried to find an explosive compound for
better safety. Around 1846, it was discovered that concentrated
nitric acid absorbed into cotton was not explosive until dried;
thus, guncotton was developed by chemical binding of nitrate
to cellulose. Preventing spontaneous explosions during the
manufacturing process required extensive washing and drying of
the cotton. In 1884, a French chemist made smokeless powders
from nitrocellulose. Their more stable and slower burning
properties enabled development of firearms and artillery
ammunitions. Eastman Kodak film products used nitrocellulose
as early as 1889. The filmwas used until 1933 for X-ray films and
for motion picture films until 1951.

Nitrocellulose can take on various physical forms, from
white fibers to thin sheets to thick liquid. Nitrocellulose can
also be a white, yellow, or transparent plastic. Its rigidity varies
from brittle to flexible. The unique properties enable nitrocel-
lulose to be used now in a wide variety of products. The vari-
ability in physical properties comes from the content of
nitrogen and determines the use. The molecular weight of
nitrocellulose ranges from 459.28 to 594.28, and the molecular
formula is expressed as [C6H7O2(ONO2)3]n. The hydroxyl
group of glucose units react to form nitrocellulose chains and
membranes.

Nitrocellulose is thus a fibrous solid polymer consisting of
the cellulose ester of nitric acid. Its specific gravity is 1.66. Its
form can be a white pulpy, cotton-like, amorphous solid in the
dried state, or a colorless liquid to semisolid, depending on the
degree of nitration. It has low water solubility; however, it is
soluble in 25% of a mixture of 1 volume of alcohol and 3
volumes of ether, forming collodion. Nitrocellulose is also
soluble in organic solvents such as methanol, acetone, glacial
acetic acid, and amyl acetate.
Uses

Products using nitrocellulose range from a strong, resistant
plastic to an unstable class B (highly flammable, explosive
when confined) explosive material. The major products include
smokeless gun powder, waterproof fuses in pyrotechnics, inks,
adhesives, varnishes, resins, lacquer coatings, embedding
sections in microscopy, photography, and plastics. Nitrocellu-
lose membranes are used to immobilize DNA, RNA, or protein
to probe with a labeled sequence or antibody in experimental
laboratory methods such as Western blotting. Other uses
0 Encyclopedia of T
include skin protectants for cosmetics and microfilters. Nitro-
cellulose is also currently utilized in photography, lacquers,
patent and natural leathers, artificial pearls, process engraving,
and cements. Guncotton dissolved in a 25% acetone solvent
can be used for wood finishing, providing deep luster.
Environmental Fate and Behavior

The physicochemical properties of nitrocellulose limit disper-
sion throughout the environment. In addition to those noted
earlier, the melting point of the solid is relatively high (between
169 and 170 �C), the flash point is 12.8 �C, and nitrocellulose
is nonvolatile. Nitrocellulose is insoluble in water, and thus is
not detected in high concentrations in water, and tends to stay
on sediments. Direct decomposition of nitrocellulose is
unlikely, as the degradation process needs a severe chemical
reaction like alkaline hydrolysis to break its beta 1 / 4-
glucoside units bond linkages.

Because of its particulate character, specific gravity, and
low solubility, nitrocellulose particles tend to accumulate in
sediments in aqueous systems. The settled particles are very
stable and resistant to degradation for long periods of time.
They appear to remain unchanged in the environment. Their
biodecomposition by microorganisms is also not likely. No
studies are available on their long-range transport.
Exposure and Exposure Monitoring

Human Exposure

Accidental oral exposure is most likely. Skin exposure and
inhalation of airborne fibers are also possible in occupational
settings, but these are unlikely routes for the general public. Two
epidemiology studies report that exposure of nitrocellulose and
organic solvents to women polishers and upholsterers resulted
in disruption of their menstrual cycles; however, these reports
did not clarify if these outcomes were due solely to nitrocellu-
lose. A medical case report also addresses allergic contact
dermatitis by contact with nail lacquers containing nitrocellu-
lose as plasticizers and coloring agents. The victim’s face and
neck were severely affected. Again, no direct relationship was
confirmed between nitrocellulose and the medical problems.
Environmental Exposure

Nitrocellulose has been detected in tissue samples collected
from adult fish living near streams containing nitrocellulose,
but there was no biomagnification of nitrocellulose by aquatic
species. In aqueous environments, release of nitrocellulose
seems to have influenced the physical and chemical properties
of the habitats. The alteration to the habitats was critical as
nitrocellulose has low toxicities by itself.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00043-9
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One report discussed the water quality of the wastewater
discharge from nitrocellulose manufacture. The results showed
detectable levels of nitrocellulose in the water (1 to 12.1 ppm)
and sediments (17.8 to 296 ppm) of streams and ponds
receiving the waste discharges. Several major parameters of
water quality of the aqueous systems and sediments were
significantly affected. However, these negative effects may not
be due solely to nitrocellulose, but to habitat alterations.
Another report from the Radford Artillary Ammunitions Plant
showed that the wastewater discharge from the nitrocellulose
production facility brought suspended dissolved solids to
a high level due to nitrocellulose. Both reports suggested that
nitrocellulose fibers could bring about physically permanent
habitat alteration, especially to the benthic community.
Toxicokinetics

A metabolism study tested two adult male rats fed nitrocel-
lulose made with 14C-labeled cotton. The rats were dosed with
a nitrocellulose suspension at a rate of 1 ml per 100 g per day
for 4 days. Radioactivity was only found in their gastrointes-
tinal tract and feces. The study concluded that nitrocellulose
was not absorbed by the rats. No human studies were
available.
Acute and Short-Term Toxicity

Animal Studies

Two doses of 5% dry weight nitrocellulose suspension in water
were given 30 min apart to rats and mice by gastric intubation.
No toxic effects were noted during the 14 days of observation
after dosing in animals receiving the highest dose of 5000 mg
per kg of body weight. The study proposed a lethal dose 50%
(LD50) of more than 5000 mg kg�1. Rabbits were exposed to
a 33% solution of nitrocellulose on their intact and abraded
skin and eyes. Skin irritation was evaluated at 24 h and 72 h,
showing no irritation or corrosion.
Human Studies

An acute response from exposure to a mixture of nitrocellulose
and nitromethane was reported, showing dramatic intravas-
cular hemolysis and secondary neuropathy with anuria. The
study did not clarify if the effects were caused by exposure
solely to nitrocellulose.
Subchronic Toxicity

Animal Studies

Thirteen-week subchronic studies on nitrocellulose ingestion
were performed on dogs, rats, and mice given 0, 1, 3, and 10%
(dry weight). A 10% cotton linter control group was included
to observe the effects of processing nonnutritive bulk by the
gastrointestinal system. Weight gain was generally observed
over the study period. No adverse effects were detected in
animals in the 1 or 3% nitrocellulose diet groups and in dogs
receiving 10% nitrocellulose or 10% cotton linter diets. Several
mice died due to fiber impaction in the lower intestinal tract
during the study period.
Chronic Toxicity

Animal Studies

Two-year studies were carried out in dogs, rats, and mice using
the same dietary regime and species from the previous 13-week
subchronic study. The report concluded that nitrocellulose in
the diet played a role as nonnutritive bulk, and showed no
observed adverse effects at the 10% level in dogs and rats, and
at the 3% level in mice (about 5620 mg kg�1 per day for
females). Thus, long-term effects of nitrocellulose appeared to
be minimal. No observable adverse effect levels was found
ranging from 5135 to 5737 mg kg�1 body weight per day for
dogs, and from 8798 to 10 373 mg kg�1 per day for rats.
Reproductive Toxicity

Animal Studies

A three-generation reproductive toxicity study on nitrocellulose
was performed using rats. The dietary doses were 0, 1, 3, and
10%, and a control group receiving 10% cotton linter was also
included. After 6 months of exposure, the parental rat groups
were mated to produce their second generations. Likewise, the
following third generations were also reproduced. The fertility
of the males and females in all dose groups showed no adverse
effects from nitrocellulose, compared with their controls.

Human Studies

Two studies in Bulgaria reported that exposures to organic
solvents and nitrocellulose lacquers in the workplace were
related to the occurrence of obstetric and gynecologic disor-
ders. However, the association between the extent of the
occupational exposure to nitrocellulose and the occurrence of
disease does not necessarily mean that nitrocellulose itself
was the causal agent.

Genotoxicity

A short-term test for genotoxic effects of nitrocellulose was
performed using the Ames Salmonella assay. There were no
significant number of revertant colonies over control plates,
so the study concluded that nitrocellulose was non-
genotoxic. Another report showed an evaluation of cytoge-
netic effects in rats fed 0, 1, 3, and 10% nitrocellulose diets
during a 24-month period. No significant chromosomal
effects supported that nitrocellulose was not genotoxic,
either.
Carcinogenicity

Animal Studies

Chronic 2-year bioassays on dogs, rats, and mice were per-
formed, as described in the sections on Subchronic and
Chronic Toxicity. The report indicated that no tumors or other
lesions were observed.
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Human Studies

In a case–control retrospective study, 2490 male workers
exposed to nitrocellulose and other various chemicals
showed an association between rectal cancer and cellulose
nitrate production, although not at a statistically significant
level.
Clinical Management

Recommended treatment for acute collodion ingestion is
similar to that recommended for ethanol or ether overdose,
including gastric lavage. Move the victim by the vaporous
collodion to fresh air and give artificial respiration or oxygen, if
necessary.
Ecotoxicology

Four invertebrate and four fish species were tested using static
exposure conditions and accepted US Environmental Protec-
tion Agency aquatic toxicity test methods. Nitrocellulose
concentrations of 0, 560, 750, and 1000 mg l�1 were held in
suspension using a mechanical stirrer. There were no observed
acute adverse effects on any species up to 1000 mg l�1.

Four algal species were exposed to nitrocellulose concen-
trations of up to 1000 mg l�1. Toxicity to Selenastrum capri-
cornutum showed a 96-h EC50 value (median effective
concentration required to induce 50% of the maximum adverse
effect) of 579 mg l�1.
Other Hazards

The primary danger of nitrocellulose is its physical harm from
fire or explosion, but there are many clinical case reports on
accidental ingestion of collodion, a liquid form of nitrocellu-
lose in mixed solvent of ether (70%) and ethanol (24%). High
concentrations of ether fumes could lead to narcosis, loss of
consciousness, and respiratory paralysis if inhaled. Contact
with eyes could cause irritation.

The medical symptoms upon exposure are similar to that of
ethanol intoxication (exhilaration, talkativeness, impaired
motor coordination, slowed reaction time, ataxia, flushing, and
drowsiness). However, the onset of the symptoms is more
rapid than with ethanol, and the stomach can become
promptly distended due to high volatility of collodion.
Collodion is classified as moderately toxic. The oral lethal dose
of collodion for humans is 1.5 g kg�1.
Exposure Standards and Guidelines

According to the US Food and Drug Administration require-
ments, collodion is an indirect food additive for use only as
a component of adhesives used in packaging.
Miscellaneous

Nitrocellulose is very flammable and may explode or ignite
without warning when dried. Nitrocellulose is classified under
the Organization for Economic Cooperation and Development
(OECD) standards as: R1, explosive when dried; R3, extreme
risk of explosion by shock, friction, fire, or other sources of
ignition; R11, highly flammable; S16, keep away from sources
of ignition; S33, take precautionary measures against static
discharges; S35, this material and its container must be
disposed of in a safe way; S37, wear suitable gloves; S39, wear
eye and face protection.

See also: Bioaccumulation; Cosmetics and Personal Care
Products; Department of Energy, US; Ecotoxicology; Aquatic
Ecotoxicology; Ecotoxicology, Aquatic Invertebrates; Effluent
Biomonitoring; Ethanol; International Labor Organization
(ILO); Nitrite Inhalants; Nitrites; Nitromethane; Occupational
Toxicology; PBT (Persistent, Bioaccumulative, and Toxic)
Chemicals; Physical Hazards; Toxicity Testing, Aquatic;
Toxicity, Acute; Toxicity, Subchronic and Chronic.
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Background

Nitroethane is a colorless oily liquid, which can be prepared by
several methods. Preparation of nitroethane is based on two
strategies. First is the nucleophilic addition in which metal
nitrite (sodium, potassium, or silver nitrite) reacts with ethyl
precursors (diethyl sulfate or ethyl halides) and second is the
oxidation of ethylamine with a suitable oxidant like potassium
permanganate or peracids. Nitroethane as a flammable
compound has a lower vapor pressure than air and can travel
long distances. Excessive inhalation of nitroethane can cause
irritation to the nose and throat and symptoms such as head-
ache, dizziness, and drowsiness as well. Eye and skin contact
with nitroethane may cause irritation and redness. Nitroethane
can inhibit ruminal methanogenesis by as much as 90% in vitro
and more than 43% in vivo through inhibition of formate and
hydrogen oxidation, reducing substrates used by ruminal
methanogens. Nitroethane is known as a terminal electron
acceptor by the ruminal bacteriumDentitrobacterium detoxificans
and thereby can consume reducing equivalents at the expense
of methane production. Recent study shows, nitroethane can
cause to reduce the volatile fatty acid production in rumen
contents collected from sheep and cattle orally exposed to
nitroethane at doses to achieve approximately 14 mmol ml�1.
On the other hand, nitroethane together with populations of
ruminal microbes can increase rates of ruminal nitroalkane-
degradation. It has the potential to inhibit Salmonella and Lis-
teria in ruminal contents in vitro as well as Salmonella and
Campylobacter in swine. It can enhance Escherichia coli and
Salmonella killing by experimental chlorate product. It shows
inhibitory activity on the growth of certain zoonotic pathogens
such as Campylobacter and Salmonella spp and partially on the
growth and survivability of Listeria monocytogenes.
Uses

Nitroethane is an industrial chemical used in various chemical
reactions to manufacture nitroalcohols, pharmaceuticals, and
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
organic synthesis. It is extensively used as a solvent to solu-
bilize nitrocellulose, cellulose esters, acrylic and vinyl resins
used in dyestuffs and waxes. Extraction and purification of
some inorganic materials like nitric acid and uranyl ions
based on nitroethane as solvent have been studied. Nitro-
ethane is useful as an inhibitor to prevent the decomposition
of halogenated hydrocarbon solvents used as degreasing
solvents and refrigerants. It is also demonstrated that
complexation of anhydrous aluminum chloride with nitro-
ethane as solvent forms a 1:1 complex which is active as
a Friedel–Crafts catalyst. Nitroethane is extensively used as
a synthetic intermediate. Introduction of nitro groups into
molecules is convenient via the base-catalyzed addition and
condensation reactions of nitroethane because of the acidity
of its a-hydrogen atoms. For instance, condensation of
nitroethane with chlorobenzaldehyde is the first step of
Prolan (insecticide) synthesis. In addition, reduction of nitro
compounds to the corresponding amino compounds has
provided a convenient way to convert nitroethane derivatives
to the amino analogs.
Environmental Behavior, Fate, Routes, and Pathways

Nitroethane’s production and use as a solvent, artificial
fingernail glue remover, and chemical intermediate may
result in its release to the surroundings through various
waste streams. After liberation of nitroethane to air, it is
expected to have a vapor pressure of 20.8 mmHg at 25 �C,
which indicates that nitroethane exclusively exists as a vapor
in the ambient atmosphere. Photochemically produced
hydroxyl radicals in the atmosphere can cause degradation
of vapor-phase nitroethane. Estimated half-life for this
reaction in air would be 110 days. After liberation of
nitroethane to soil, nitroethane will have very high mobility
due to its estimated soil–water partition coefficient (Koc) of
30 l kg�1. Nitroethane will volatilize from moist and dry soil
surfaces due to its Henry’s law constant of 4.76 � 10�5 atm-
m3 mol�1 and vapor pressure of 20.8 mmHg at 25 �C,
respectively. Based on conflicting data, biodegradation in
aerobic soil may occur with 23.9% mineralization using
activated sludge but less than 1% degradation in a closed
bottle test. In anaerobic soil, nitroethane was not bio-
degraded over a 35-day period. Nitroethane will not adsorb
to suspended solids and sediment after releasing into the
water due to its estimated Koc. Based on limited conflicting
aqueous biodegradation data, nitroethane may biodegrade
under aerobic conditions but not under anaerobic condi-
tions. Nitroethane will volatilize from water surfaces due to
its Henry’s law constant. Estimated half-lives for volatiliza-
tion of nitroethane from a model river and lake were 18 h
and 8 days, respectively.
4-3.00761-2 543
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Exposure and Exposure Monitoring

Occupational exposure to nitroethane may occur through
inspiration and skin contact with consumer products contain-
ing nitroethane. The current Occupational Safety and Health
Administration (OSHA) standard for nitroethane is 310 mg of
nitroethane per cubic meter of air (mg m�3) equal to 100 parts
of nitroethane per million of air (ppm) averaged over an 8 h
work shift. Usually, gas chromatography and flame ionization
detector are technical methods for nitroethane measurement.
Toxicokinetics

Human Data

Oral intoxication of nitroethane can lead to methemoglobi-
nemia (MHb) in children after 4 h post-ingestion. Its concen-
tration may reach to high levels after 20 h due to slow
gastrointestinal (GI) absorption, enterohepatic cycle, and
metabolic activation.

Oxidation of nitroethane to acetaldehyde and nitrite fol-
lowed by reaction with hemoglobin can furnish MHb. It could
be possible to rescue most of the children who ingest nitro-
ethane 2 days after the exposure, because of low level of MHb.
Taking into account a delayed GI absorption, the toxic value of
nitroethane can be considered as upper boundary in human.
Animal Data

In anesthetized rats, which were exposed to 1000 ppm
(3120 mg m�3) of the nitroethane, the overall absorption of
nitroethane was 58%, wherein upper respiratory tracts
absorption was comparable to that in the lower respiratory
tracts, owing to the ‘scrubbing tower’ function of nose.
However, when the upper airways are bypassed, the absorption
fractions in the isolated upper and lower airways are roughly
equal. Dose per unit area is 1000 times greater in the upper
airways rather than the lower one, regarding the different
surface areas of the upper and the lower airways. So far, there
are no quantitative data for the oral and dermal absorption.

After oral ingestion or inhalation, nitroethane can be
metabolized to ethanol and nitrite, and the latter possibly
to nitrate. It was revealed that nitroethane was metabolized
by microsomal cytochrome P450 monooxygenases and flavo-
enzyme oxidases through an oxidative denitrification pathway
(Health Communication Network: HCN, 2004). After expo-
sure, nitroethane is rapidly metabolized and mostly excreted
within 30 h. It is partly excreted in exhaled air.
Skin Absorption

There were no relevant data retrieved from the American
Conference of Governmental Industrial Hygienists (ACGIH,
2001a), The Deutsche Forschungsgemeinschaft (DFG; English:
German Research Foundation, 2000a), the Dutch (HCN,
2004), or the Nordic (Zitting, 1988) occupational exposure
limit (OEL) documentations and PubMed on nitroethane skin
absorption by searching (Chemical Abstracts Service Registry
Number and skin and absorption) and also closely related
nitromethane, 1-nitropropane, and 2-nitropropane.
For nitromethane, ACGIH (2001b) did not give a skin
notation as “skin application to animals gave no evidence of
sufficient absorption to result in systemic injury.” On the
contrary, the German DFG (DFG 2000b) gave a skin entry
including two studies.

In a nonpublished study, nitromethane solution (47.1 mg,
5.5% (v/v)) was applied on two female rhesus monkeys
through shaved skin and after 12 h the metabolites could be
traced in urine and feces. After 72 h, 15.4 mg of initial nitro-
methane had been excreted and a little amount of nitro-
methane (3.5 mg) could be detected in the skin.

These results could not be used to evaluate skin absorption,
because of the extremely small amount of the applied dose in
this study.

Nitromethane may have been tremendously exhaled,
unchanged, and metabolized by denitrification that would
result in nitrite and formaldehyde formation, in which form-
aldehyde could be metabolized to carbon dioxide.

The German DFG assigned a skin notation based on the
elder quantitative structure activity relationship (QSAR) study,
in which skin penetration of nitromethane was estimated
0.6 mg (cm2 h)�1. This estimation corresponded to dose of
1200mg applied on skin area of 2000 cm2 during 1 h exposure.

In conclusion, no relevant experimental data are identified
concerning skin absorption of nitroethane. Skin notations
assigned to compounds closely related to nitroethane were
based on estimation from QSARs not due to experimental data.
The molecular size of nitroethane and its octanol–water parti-
tion coefficient are responsible for absorption through skin area.
Therefore, the absorption of nitroethane might be considerable
compared to that inhaled dose at the recommendedOEL during
an 8 h working day (10 m3 � 62 mg m�3 ¼ 620 mg).
Upper Boundary Estimates of Methemoglobin in Humans

MHb (HbFe3þ) is mainly derived from deoxyhemoglobin
(HbFe2þ) and oxyhemoglobin (Hb(FeO2)

2þ). MHb produc-
tion by nitrite is a complex process in which nitrite is oxidized
to nitrate by hemoglobin in the red blood cells. In humans, the
half-lives of blood nitrite and MHb are about 35 and 16 min,
respectively.

It was found that administration of sodium nitrite to 10
healthy volunteers intravenously at a dose rate of 6 mg min�1

(5.2 mmol h�1) for about 50 min could result in MHb levels
between 5 and 12%.

In a more recent study, sodium nitrite was applied at
doubling rates of 100, 200, 400, 800, and 1600 nmol (min kg)�1

every 5 min for 25 min. To keep away the dose from fast elimi-
nation, themajority (77%) of the infused dose was administered
during the last 10 min of the period. The total infused dose
(0.0155 mmol kg�1) was resulted in 3%MHb in the blood and
the resulting steady-state range was 8–19% MHb.

The generation of nitrite in human by exposing to
62 mg m�3 nitroethane (the recommended OEL) can be esti-
mated assuming that all absorbed nitroethane are metabolized
to nitrite.

Considering the same relative respiratory uptake as in rats
(58%), a lung ventilation of 10 m3 in 8 h and a molar weight of
75.07, the resulting maximum formation rate of nitrite is
0.6 mmol h�1.
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These estimations do not consider the local metabolism of
nitroethane that potentially may cause high local tissue
concentrations. Although nitroethane is mainly metabolized
by the liver, however any liver toxicity was observed neither in
human nor in animals using repeated dose. It can be concluded
that delivery of nitrite to the blood compartment is similar to
those estimations that are mentioned above. Taken together,
the two independent studies give similar results and suggest
that even if all nitroethane is converted to nitrite, the MHb level
will be around 2%. It would be possible to extrapolate the
results from rats to human.
Acute and Short-Term Toxicity

Human Data

Resulting MHb after ingestion of artificial nail polish removers
containing nitroethane by children needs to be treated with
methylene blue. Noother symptomswere reported except for the
MHb related symptoms. In all cases, MHb had a delayed onset.

Acute nitroethane poisoning may lead to some clinical
manifestations such as oral irritation, increase in body temper-
ature, sleepiness, spontaneous emesis, and respiratory symp-
toms (type not reported). Following using the methylene blue
treatment, MHb concentration decreases to low level while
current respiratory symptoms will persist for the next few days.

In a case study, a 13-month-old girl weighing 10.2 kg
ingested an unknown amount of artificial nail remover con-
taining nitroethane. She was asymptomatic when seen in the
emergency department. However, emesis, lethargy, tachypnea,
tachycardia, cyanosis, and an MHb level of 48% appeared 7 h
after the ingestion, which was decreased after methylene blue
treatment. A return was observed 23 h after the intake when the
MHb level was 53%, which was treated with a further dose of
methylene blue. The MHb level decreased to 5.5%, 42 h after the
ingestion, at which time no symptoms were observed. Serum
liver enzyme levels were within laboratory standard values.

A 2-year-old male was asymptomatic 30 min after the
ingestion. He was lavaged and given activated charcoal. After
5 h he looked gray, requiring three doses of methylene blue
treatments to control poisoning.

A 2-year-old female was cyanotic and tachypneic 22 h after
the ingestion and the MHb concentration was 56%. She was
fully recovered after getting one dose of methylene blue.

A 2-year-old boy with a body weight of 9.5 kg ingested 10ml
of a 98% artificial nail polish remover containing nitroethane.
Activated charcoal was administered and 1 h later, theMHb was
14.5% and 4.5 h later 33%. He was treated with methylene blue
and the level decreased to 24% at 9.5 h posthospitalization.
However, it increased to 34% at 13.5 h posthospitalization. At
that point he was treated with another dose of methylene blue.
It decreased the level to 25.9% at 16 h, but it jumped back after
24 h posthospitalization. When the level was 40% exchange
transfusion was initiated. The child was asymptomatic 38 h
posthospitalization with an MHb level of 1.7%.
Animal Data

A single inhalation exposure (6–7 h) of rats to 13 000 ppm
(40 560 mg m�3) showed the lethal effect on all animals in
which the MHb level of the animals was 2.8%. No signs of
toxicity were observed after inhalation exposure (5 � 6 h) of
rats to 2200 ppm (6864 mg m�3). Concentrations of 480–
28 850 ppm (1500–90 000 mg m�3) for 0.5–12 h were
applied on rabbits and guinea pigs. Increased mortality was
observed in rabbits after exposure to 90 000 mg m�3 (0.5 h),
15 000 mg m�3 (3 h), or 3000 mg m�3 (12 h). Coma and
narcosis was observed being exposed to 3000 mg m�3 (5–6 h),
30 000 mg m�3 (3 h), or 90 000 mg m�3 (1 h).

The oral LD50 was 1625 mg kg�1 in rats, 2159 mg kg�1 in
mice, and 500–750 mg kg�1 were lethal for rabbits.

No liver toxicity was observed after a single intraperitoneal
(I.P.) administration of 9 mmol kg�1 (676 mg kg�1) nitro-
ethane in male BALB/c mice based on the liver histopathology
and level of related enzymes (sorbitol dehydrogenase, alanine,
and aspartate aminotransferase).

Wistar rats were treated with a single I.P. dose of
200 mg kg�1 of nitroethane and the animals were monitored
4–48 h after the administration.

The liver glutathione level decreased significantly (4 h
posttreatment) followed by a significant increase (24 and 48 h
posttreatment). The cytochrome c reductase (EC 1.6.2.4;
also known as NADPH: ferrihemoprotein oxidoreductase)
decreased significantly (48 h posttreatment) and
7-ethoxycoumarin O-deethylase (24 and 48 h posttreatment)
did as well. Both the uridine 50-diphospho-glucuronosyl-
transferase (UDP-glucuronosyltransferase) and epoxide
hydrolase (24 and 48 h posttreatment) increased (4–48 h
posttreatment). Electron microscopy showed progressing
diffuse accumulation of lipid material in hepatocytes and in
Kupffer cells. Degranulation was observed in the rough endo-
plasmic reticulum (4 h posttreatment) and later disorganiza-
tion. Brain glutathione increased (4 h posttreatment) as did
acid phosphatase (4–48 h posttreatment) and acetylcholine
esterase (4–48 h posttreatment). Regarding liver toxicity, rats
seem to be more sensitive than mice.
Animal Data

Fertility
No significant exposure-dependent effects on reproduction were
detected in a three-generation study in Swiss mice. The animals
were exposed by inhalation to concentrations of 11 ppm
(34.3 mg m�3) nitroethane in combination with 8 ppm dieth-
ylhydroxylamine for about 8 h day�1, 5 days week�1. There was
further continuous exposure (24hday�1 for 7daysweek�1)byan
unknown concentration of diethylamine hydrogen sulfite.
Control groups were exposed to filtered air. There was no statis-
tical difference between litter size in controls and exposed mice.
Microscopic examination of the second and the third generation
showed a very small number of lesions. There were no lesions of
reproductive organs in Long–Evans rats, which inhaled 263 or
525mgm�3, 7 hday�1, 5 daysweek�1 for 2 years; prostate, testes,
epididymis, and seminal vesicles in males and the cervix, uterus,
oviduct, and ovaries in females were examined.

Developmental Toxicity
Combination of 14.3 ppm (44.6 mg m�3) nitroethane for
about 8 h day�1 and 9 ppm diethylhydroxylamine followed by
continuous exposure to an unknown concentration of
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diethylamine hydrogen sulfite were applied on pregnant Swiss
mice. Control animals were taken delivery of filtered air. On
day 18 of gestation, the females were sacrificed and fetuses were
removed by caesarean section. In controls and the exposed
group, pregnancy ratios (pregnant/bred) were 23/25 and 24/
25, respectively, implantation sites (left horn/right horn) 126/
125 and 144/137, respectively, resorptions/live fetuses 0/251
and 2/279, respectively, the average fetal weights were 1.03 and
1.06 g, respectively, and the mean live litter sizes were 11 and
12 pups, respectively. Neither significant maternal nor devel-
opmental effects were observed. Furthermore, there were no
unusual skeletal variations in the fetuses (Beliles et al. 1978).

Nitrite
Since nitrite is an important metabolite of nitroethane, its
reproductive effects were evaluated in relation to exposure at
the proposed OEL. It was revealed that this metabolite may not
lead to reproductive toxicity.

Several studies with high doses (about 200 mg kg�1 day�1 or
more) of sodium nitrite (NaNO2) in pregnant rats indicated that,
nitrite can pass the placenta and can cause mortality, liver
damage, and decreased hematopoiesis among pups. A drinking
water study with NaNO2 showed a ‘no observed effect level’
(NOEL) of about 50 mg kg�1 day�1 (0.72 mmol kg�1 day�1).
Moreover, generation reproductive toxicity study exhibited no
effect on litter size, postnatal mortality, growth rate, or life span at
the top dose (23 mg kg�1 day�1, 0.33 mmol kg�1 day�1) (Joint
FAO/WHO Expert Committee on Food Additives:JECFA 1996).

The F0 generation of Swiss CD-1 mice was exposed to
drinking water containing 0.06, 0.12, and 0.24% (w/v) of
NaNO2 for the continuous cohabitation phase. The corre-
sponding doses were 120, 260, and 420 mg kg�1 body weight
(bw) per day and a control group was also included. Since no
effects on reproduction were found during this phase, only the
group with highest dose and control were considered after
weaning and examination for further potential reproductive
toxicity in the F1 and F2 generations. There were no side effects
on reproduction or reproductive performance at dose of
420 mg kg�1 per day (6.1 mmol kg�1 per day), which was
considered the NOEL for reproductive toxicity. At the recom-
mended OEL, a 70-kg man is exposed to less than
0.07 mmol kg�1 nitrite JECFA (2003).
Genotoxicity

In Vitro

Nitroethane was not mutagenic in several Ames tests with
Salmonella typhimurium strains TA92, TA98, TA100, TA102,
TA1535, TA1537, and TA1538 when tested with and without
metabolic activation.
In Vivo – Animal Data

Micronucleus test in Charles-River mice furnished a negative
result. The animals were exposed for two consecutive days to
oral doses at 0.26, 0.53, and 1.05 g kg�1 followed by examining
the bone marrow 6 h after the last dose. The protocol represents
sampling at both 6 and 30 h posttreatment and the highest
dose was about the LD50. Methyl methanesulfonate as
a positive control agent (90 mg kg�1 day�1 I.P.), induced
a highly positive response (p � .001), which increased the
micronucleus formation to about 10 times the background
level. Sampling at 24, 48, and 72 h posttreatment has been
recommended by a United States Environmental Protection
Agency working group to detect slowly metabolized
compounds. Ethyl methanesulfonate (closely related to the
positive control substance used in this study) is an appropriate
control compound for an early response and
7,12-dimethylbenzanthracene for later sampling times. Taking
into account the dose levels, the adequate positive control
response, and the fact that nitroethane is rapidly metabolized,
the negative response may rather represent a real finding than
a false negative result.

Applying mixed exposure study using combined inhalation
exposure of male animals to 10 ppm nitroethane, 9 ppm
diethylhydroxylamine (both about 7 h day�1, 5 days week�1),
and a low level of diethylamine hydrogen sulfide (24 h day�1,
7 days week�1) for several months on Long–Evans rats led to
a negative result in a dominant lethal test. It was exhibited that
the fertility rate of the animals was low, 59% in the treated and
39% in the unexposed controls. The study has several limita-
tions, including the low exposure level.

Multinucleated spermatids were observed in 2/5 mice,
which exposed by inspiration to 1000 ppm (3120 mg m�3) on
6 h day�1, 5 days week�1 for 13 weeks, which could be
considered as chromosomal damage.
Carcinogenicity

Human Data

Human data on carcinogenic effects were not available.
Animal Data

A 2-year low-dose mixed exposure of diethylhydroxylamine
(10 ppm, 6–8 h day�1, 5 days week�1), nitroethane (10 ppm,
6–8 h day�1, 5 days week�1), and diethylamine hydrogen
sulfide (�1 ppm, 24 h day�1, 7 days week�1) was conducted in
40 male (M) and 40 female (F) Swiss mice.

Survival in the combined control group (M þ F) was 79%
and in the combined exposed group (M þ F) was 93%.
Extensive histopathology was performed and it was proved
that, in male controls and male exposed mice, the incidence of
all kinds of tumors was 0.41 and 0.63 (p ¼ .12), respectively,
whereas the opposite trend was observed in females (0.68 vs
0.36 (p < .0005)). Moreover, the incidence of primary skin
tumors (malign and benign combined) was 8% in the male
controls and 24% in the exposed males (p ¼ .048).

No neoplastic skin lesions were seen in either control or
exposed females excepting one adenoma in an exposed female
mouse. There were no exposure-dependent neoplastic lesions
in mice at 10 ppm nitroethane.

Long–Evans rats were exposed for up to 2.5 years with
interim sacrifice. Exposed rats (27 males and 18 females)
received about 9 ppm diethylhydroxylamine (7–12 h day�1, 5–
6 days week�1), 9 ppm nitroethane (7–12 h day�1, 5–
6 days week�1), and a low diethylamine hydrogen sulfite
level (24 h day�1, 7 days week�1). No important difference was
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found between body weight, hematology, and blood bio-
chemistry parameters.

Two testis tumors in the exposed group were observed,
whereas none was observed in the controls.

In another study, male (M) and female (F) Long–Evans
rats were exposed to 0 (50 M and 40 F controls), 263 (40 M
and 40 F), and 525 mg m�3 (41 M and 39 F) of nitroethane
7 h day�1, 5 days week�1 for 2 years. The study was con-
ducted at Alamogordo, New Mexico, which is situated 1.3 km
above sea level and thus the appropriate exposure metrics is
the mg m�3 level, whereas the ppm cannot be readily
interpreted.

After 2 years of exposure 50.0, 47.5, and 58.5 (M) and 42.5,
42.5, and 64.1 (F) percentages of rats, survived respectively,
and thus, nitroethane did not affect the survival. No pharma-
cological or no other overt effect of exposure was observed. The
mean body weights (g) were generally less in the nitroethane
groups. Thus, at the end of the 2 year period, the mean male
body weight was 686, 645 (94% of controls), and 653 (95% of
controls), respectively, and the mean female body weight was
439, 386 (88% of controls), and 382 (87% of controls),
respectively. In the males, a statistically significant decrease was
observed in the low-dose group and occasionally in the top-
dose group, where the decrease was statistically significant
within the weeks 6–15. In the females, a significant decrease
was always observed in the top-dose group and occasionally in
the low-dose group. There was no effect on the hematological
parameters, erythrocyte count, packed cell volume, mean
corpuscular volume, hemoglobin, and leukocyte counts.
Exposure-dependent effects increased total protein and blood
urea nitrogen in the female top-dose group. There was no
consistent exposure-dependent effect on relative and absolute
weights of the liver, kidney, brain, heart, and lungs. The
microscopic examinations comprised numerous tissues, but
only age-dependent degenerations were observed, which
showed neither exposure-dependent nor carcinogenic effects.
Thus, the total number of tumors in male and female controls
was 46 and 46, respectively. In the low-dose group, there were
56 tumors in females and 44 in males and in the top-dose
group there were 33 and 45, respectively. According to the body
weight of exposed groups, a significant weight loss was
observed in the low-dose males and occasionally in the females
and suggests a lowest observed adverse effect level (LOAEL) of
263 mg m�3.
Clinical Management

When dermal or eye contact occurs, the affected areas should be
irrigated repeatedly with water for at least 15 min and contam-
inated clothing should be removed. Patient should be seen in
a health care facility if irritation, lacrimation, swelling, pain, or
photophobia persists. In case of inhalation, the patient should
be moved to fresh air and monitored for respiratory irritation
and pulmonary edema. Acute lung injury, cough, or difficulty
breathing may be occurred by inhalation exposure to nitro-
ethane. Thereby, use of oxygen and ventilation may be needed.
If ingestion occurs, basic and advanced life-support measures
should be utilized as necessary. Ipecac-induced emesis is
unlikely to provide clinical benefit due to the potential for
central nervous system depression and seizures. Stomach flush
should be considered within 1 h after ingestion of potentially
life endangering amount of nitroethane. Airway protection by
endotracheal intubationmay be necessary for patients. After oral
exposure to nitroethane, consumption of corrosives and
hydrocarbons should be avoided. The use of methylene blue
should be considered in the treatment of nitroethane-induced
MHb (1–2 mg kg�1 of 1% methylene blue). Repeat doses of
methylene blue may be necessary for patients with profound
MHb. Activated charcoal can be administered as slurry (240 ml
water for 30 g charcoal). Ordinary dose is 25–100 g in adults to
teenagers, 25–50 g in children (1–12 years), and 1 g kg�1 in
babies less than 1 year. A benzodiazepine IV, diazepam, or lor-
azepam can be administered for patients with seizures. Usual
dose of diazepam is 5–10 mg in adult, 0.2–0.5 mg kg�1 in
children. Propofol or phenobarbital can consider if seizures
recur after diazepam 30 mg (adults) or 10 mg (children
>5 years). Dysrhythmia, hypotension, hypoglycemia, respira-
tory depression, hypoxia, and need for endotracheal intubation
should be monitored.

See also: Nitrocellulose; Nitromethane; Derived Minimal Effect
Level (DMEL); 2-Nitropropane.
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l Name: 2-Nitrofuran
l Chemical Abstracts Service Registry Number: 609-39-2
l Synonyms: Nitrofuran; 2-Nitro-fura; 2-Nitrofuran; 5-Nitro-

furan; 2-Nitrofurane; Furan, 2-nitro-
l Molecular Formula: C4H3NO3

l Chemical Structure:
Uses

Nitrofurans are a class of broad-spectrum antibacterial
compounds that are commonly added to water to destroy
bacteria. However, nitrofurans have recently been withdrawn
for use in the United States by the US Food and Drug
Administration (FDA). Now, 2-nitrofuran is used as a minor
antimicrobial in veterinary medicine.
Environmental Fate and Behavior

2-Nitrofuran is a yellow crystalline solid with molecular weight
of 113.07152 g mol�1. The boiling point of 2-nitrofuran is
84 �C at 17 hPa and the melting point is 29–33 �C. It is
a flammable solid. Its flash point is 88 �C (closed cup). Vapor
pressure is 0.398 mmHg at 25 �C. This compound is soluble in
H2O and ethanol. Its density is 1.344 g cm�3.

The partition behavior of 2-nitrofuran in water, sediment,
and soil is 0.8. No data are available on its environmental
persistency (degradation/speciation), long-range transport,
bioaccumulation, and biomagnification. This chemical is
stable but it is incompatible with strong oxidizing agents.
Mechanism of Toxicity

2-Nitrofuran reacts with DNA to form complexes, induces
interstrand cross-links, produces alkali-labile lesions, and
interferes with nucleic acid synthesis. Removal of the nitro
group decreases the mutagenic activity.
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Acute and Short-Term Toxicity

Human

Acute exposure to 2-nitrofuran in humans causes skin, lung,
eye, and respiratory tract irritation. Evidence on humans is
limited. It is not classified as harmful by ingestion, but it
may cause gastrointestinal discomfort and produce nausea
and vomiting. This material is not an irritant but direct
contact with the eye may produce transient discomfort
characterized by tearing or redness. 2-Nitrofuran is not
thought to produce adverse health effects or skin irritation
following contact in animal models. Good hygiene practice
requires that exposure to this compound is kept to
a minimum and suitable gloves should be used in occupa-
tional settings. Lesions, cuts, and abrasions allow this
chemical to enter the blood stream and may produce
systemic injury with harmful effects. Evidence of adverse
health effects or irritation of the respiratory tract is limited
but animal models showed no adverse health effects or
irritation of the respiratory tract. However, suitable control
measures should be used in occupational settings.
Animal

Nitrofurans were found to be carcinogenic in the urinary
bladder of rats and dogs after 6 months of treatment.
Chronic Toxicity

Human

Incoordination, loud vocalization, opisthotonos (arching of
the head and spine in a backward direction), aimless running,
flying, partial paralysis, convulsions, and ascites have been
reported as symptoms of chronic toxicity of 2-nitrofuran.
Furthermore, catarrhal enteritis, lung edema, congestion of the
kidneys or liver, cardiac enlargement, and ascites have also
been observed.
Immunotoxicity

Nitrofurans inhibit mitogenesis or DNA synthesis of T cells
in human blood. Inhibition of mitogenesis in human
T cells occurred at drug levels similar to those that inhibit
DNA synthesis and growth in bacteria under aerobic
conditions.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01137-4
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Genotoxicity

DNAmay be a principal target for nitrofuran action. Nitrofurans
are radiomimetic, induce prophage development in Escherichia
coli lysogenic for phage A, and inhibit DNA synthesis. Nitrofu-
rans caused single-strand breaks in the DNA of bacterial strains
that contained the enzyme capable of reducing nitrofurans.
Mechanism of Carcinogenicity and Mutagenicity

Carcinogenicity andmutagenicity are due to metabolites of this
group of substances in the microbial and animal metabolism.
The mutagenic or carcinogenic metabolites are either excreted
or covalently bound in the animal organism and may then
form persistent residues in the slaughtered animal. If active at
all, such residues are toxicologically less active than free
metabolites. To determine their bioavailability and to exclude
any risk to the consumer, toxicological studies in animals
should be completed. Removal of the nitro group decreases the
mutagenic activity.
Carcinogenicity

Carcinogenic effects are limited and no reported data are
available.
Mutagenicity

The mutagenic activity of nitrofurans was tested on Salmonella
typhimurium strains TA 100, TA 1535, and TA 1438, and E. coli
WP2 uvrAþ and WP2 wrA. All nitrofurans tested had a marked
mutagenic effect on strain TA 100 and, partially, on strain TA
1535. No significant mutagenic effects of nitrofurans were
observed with strain TA 1538.
Clinical Management

After human inhalation exposure, the person should be moved
into fresh air and if not breathing, artificial respiration should
be given. In cases of skin contact, wash off with soap and plenty
of water. In the case of eye contact with this chemical substance,
the eyes should be rinsed with plenty of water for at least
15 min. If 2-nitrofuran swallowed, never give anything by
mouth to an unconscious person. Rinse the mouth with water.
Ecotoxicology

Nitrofuran toxicity is usually caused by the ingestion of food or
water with too high a level of the antibacterial drug, nitro-
furone. 2-Nitrofuran can cause toxicity in chickens, turkeys, and
ducks of all ages.

See also: Alkalies; Carcinogen–DNA Adduct Formation and DNA
Repair; Carcinogenesis; Environmental Fate and Behavior;
National Institute for Occupational Safety and Health;
Occupational Safety and Health Administration; Solvents;
Toxicity Testing, Carcinogenesis; Toxicity Testing, Dermal;
Toxicity Testing, Mutagenicity; Toxicity, Acute; Veterinary
Toxicology.

Further Reading

Mercado, C., Molina, F., Navas, J., Quiñones, C., Eylar, E.H., 1991. Inhibition of T cell
mitogenesis by nitrofurans. Biochem. Pharmacol. 41 (4), 503–508.

Quillardet, P., Bilger, C., Demerseman, P., Royer, R., Hofnung, M., 1988. Evaluation of
the genotoxic activity of 2-nitroanthrafurans. Mutation Res. 204 (2), 141–147.

Soska, J., Koukalova, B., Ebringer, L., 1981. Mutagenic activities of simple Nitrofuran
derivatives. Comparisons of related compounds in the phage inductest, chloroplast-
bleaching and bacterial-repair and mutagenicity tests. Mutation Res. 81 (1), 21–26.

Touati, E., Krin, E., Quillardet, P., Hofnung, M., 1996. 7-Methoxy-2-nitronaphtho[2,1-
b]furan (R7000)-induced mutation spectrum in the lacI gene of Escherichia coli:
influence of SOS mutagenesis. Carcinogenesis 17 (12), 2543–2550.
Relevant Websites

http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://chem.sis.nlm.nih.gov/chemidplus

http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://chem.sis.nlm.nih.gov/chemidplus
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l Name: Nitrofuran carboxaldehyde
l Chemical Abstracts Service Registry Number: 698-63-5
l Synonyms: AKOS B004244; Nitrofurfural; 5-Nitrofurural; 5-

Nitro-furfura; 5-Nitrofurfural; Furfural, 5-nitro-; 5-Nitro-
furaldehyde; 5-Nitro-2-furaldehyde; Nitrofuraldehyde; 2-
Formyl-5-nitrofuran

l Molecular Formula: C5H3NO4

l Chemical Structure:
Background

Nitrofuran carboxaldehyde (NFC) is used to synthesize
many drugs and chemicals such as nifuraldezone, pur-
aguanidine, nifuratrone, furmethoxadone, etc. Furfural the
main structure of NFC was determined many years ago to be
a byproduct of formic acid synthesis. Furfural is produced
from agricultural byproducts such as sugarcane bagasse and
corncobs.
Uses

NFC and its derivatives have antibacterial and antifungal
activities. They destroy both gram-positive and gram-negative
organisms such as Staphylococcus aureus, Salmonella schotmuelleri,
Pseudomonas aeruginosa, Proteus vulgaris, Escherichia coli, and
Streptococcus pyogenes. They may be used as antibacterial agents
in a prophylactic manner, for example, in cleaning and dis-
infecting products. This compound also has antitrichomonal
and antifungal activities.
Environmental Fate and Behavior

Physicochemicals Properties

NFC is pale yellow in petroleum ether with a molecular weight
of 141.08 gmol�1. The boiling point of this compound is
128–132 �C at 4 hPa and the melting point is 35 �C. It is
slightly soluble in water and in petroleum ether.
Mechanism of Toxicity

NFC inhibits the uptake of oxygen and disrupts cellular respi-
ration within mitochondria. NFC and other nitrofurans are
relatively potent inhibitors of monoamine oxidase enzyme in
mammalian and avian species.
550 Encyclopedia of T
Acute and Short-Term Toxicity

Human

There are very little data available on the toxicity of NFC after
an overdose but it may be harmful. Acute oral overdose has
only caused vomiting. It may be harmful if inhaled and may
cause respiratory tract irritation. It may be harmful if absorbed
through the skin and may cause skin irritation. It may cause eye
irritation.
Animal

Signs of NFC toxicity in animals are roughened coats, hyper-
excitability, tremors, reduced activity, weakness, convulsions,
and respiratory collapse.
Chronic Toxicity

Human

No component of this product present at levels greater than or
equal to 0.1% has been identified as a probable, possible, or
confirmed human carcinogen by the International Agency For
Research on Cancer (IARC), American Conference of Industrial
Hygienists (ACGIH), National Toxicology Program (NTP), and
Occupational Safety and Health Administration (OSHA).
Genotoxicity

In vitro studies of forward mutation in bacteria and cells, sister
chromatid exchange, DNA damage, and tests for clastogenicity
have proved positive but in vivo studies, including those for
cytogenetic effects and the micronucleus test, have proved
negative.
Mechanism of Carcinogenicity and Mutagenicity

The mechanism of mutagenicity of nitrofural and nitrofurans is
unclear but it seems that nitro reduction is an early step.
Carcinogenicity

Carcinogenicity studies on NFC were performed in rats and
mice. In female mice, NFC induced a high incidence of ovarian
atrophy and ovarian tubular-cell hyperplasia.
Mutagenicity

NFC was tested for its ability to induce forward mutations in
bacteria, yeast, and mammalian cells in vitro. Positive results
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01138-6
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were obtained in the majority of the studies. Positive results
were also noted in tests for DNA damage in bacteria and in
mammalian cells in vitro, in in vitro studies for clastogenic
effects in Chinese hamster ovary or bone marrow cells, and in
human lymphocytes. However, in vivo studies on the clasto-
genic potential of NFC in Chinese hamster or rat bone marrow
were negative. The results suggest that NFC is genotoxic in vitro
but not in vivo.
Ecotoxicology

Avoid the formation of dust and aerosols. Provide appropriate
exhaust ventilation at places where dust is formed. Keep away
from sources of ignition and smoking. Take measures to
prevent the buildup of electrostatic charge.
Other Hazards

NFC is highly flammable and has a possible risk of irreversible
effects.
Exposure Standards and Guidelines

NFC should be kept away from sources of ignition. Protective
clothing and suitable gloves are needed for those who might
have close exposure to NFC. In storage, the container
should be kept tightly closed in a dry and well-ventilated
cool place.

See also: 2-Nitrofuran; Nitrofurfuryl Alcohol; 5-Nitro-2-Furoic
Acid.

Further Reading

Sharma, S., Athar, F., Maurya, M.R., Naqvi, F., Azam, A., 2005. Novel bidentate
complexes of Cu(II) derived from 5-nitrofuran-2-carboxaldehyde thiosemicarbazones
with antiamoebic activity against E. histolytica. Eur. J. Med. Chem. 40 (6),
557–562.

Relevant Websites

http://toxnet.nlm.nih.gov/cgi-bin/sis/search
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Chemical Profile

l Name: Nitrofurfuryl alcohol
l Chemical Abstracts Service Registry Number: 2493-04-1
l Synonyms: 2-Furanmethanol, 5-nitro-; 2-Furfuryl alcohol,

5-nitro-; 5-Nitro-2-furanmethanol
l Molecular Formula: C5-H5-N-O4

l Chemical Structure:
Background (Significance/History)

Nitrofurfuryl alcohol has been used as an antibacterial, anti-
protozoal, and antihelminthic drug in human and animals.
The mechanism of nitrofurfuryl alcohol toxicity is not clear but
the nitro group is believed responsible for the carcinogenicity
and mutagenicity of nitrofurfuryl alcohol.
Use

5-Nitro-2-furfuryl alcohol is used as an antibacterial, anti-
protozoal, and antihelminthic drug in humans and animals. The
relationshipbetween the antibacterial effect and themutagenicity
of this compound and its oxidized metabolites is important.
Environmental Fate and Behavior

Routes and Pathways and Relevant Physicochemical Properties

Nitrofurfuryl alcohol form is a brown liquid with molecular
weight equal to 143.1 gmol�1 and a density of 1.283 g cm�3 at
25 �C. Boiling and flash points of this compound are
104–105 �C at 4 hPa – lit and 113 �C – closed cup.
Environmental Degradation

Hazardous decomposition products formed under fire condi-
tions are carbon oxides and nitrogen oxides.
Mechanism of Toxicity

The mechanism of nitrofurfuryl alcohol toxicity is not clear but
the nitro group is believed responsible for the carcinogenicity
and mutagenicity of nitrofurfuryl alcohol.
552 Encyclopedia of T
Acute and Short-Term Toxicity

Human

Acute (short-term) exposure to nitrofurfuryl alcohol in
humans causes skin, lung, eye, and respiratory tract irritation.
Small doses of furfuryl alcohol stimulate human respiration,
but larger doses decrease respiration, reduce body tempera-
ture, and produce nausea, salivation, diarrhea, dizziness, and
diuresis.
Animal

Severe falls in blood pressure, temporary apnea, eye irritation,
and drowsiness have been seen.
Chronic Toxicity

Human

No information is available on the chronic (long-term),
reproductive, developmental, or carcinogenic effects of nitro-
furfuryl alcohol in humans.
Mechanism of Carcinogenicity and Mutagenicity

Data compiled on structure and activity relationships strongly
suggest that the nitro group is responsible for the carcinoge-
nicity and mutagenicity of nitrofurfuryl alcohol.
Carcinogenicity

International Agency for Research on Cancer reported that no
component of nitrofurfuryl alcohol present at levels greater
than or equal to 0.1% is identified as probable, possible, or
confirmed human carcinogen.
Clinical Management

In human inhalation exposure, the person should be moved
into fresh air. In case of skin contact, wash off with soap and
plenty of water. In case of eye contact, rinse thoroughly with
plenty of water for at least 15 min. If this chemical compound
is swallowed, never give anything by mouth to an unconscious
person. Rinse mouth with water.

Personal protective equipment including respiratory
protection with masks, hand protection with gloves, eye
protection with face shield and safety glasses, and skin and
body protection with suitable closes are required according to
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01139-8
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the concentration and amount of the dangerous substance at
the specific workplace.

See also: Furfural; Carcinogenesis; Solvents; Carcinogen–DNA
Adduct Formation and DNA Repair; Toxicity Testing,
Carcinogenesis.
Relevant Websites

http://toxnet.nlm.nih.gov/ – US National Library of Medicine TOXNET
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine ChemIDplus
http://pubchem.ncbi.nlm.nih.gov/ – US National Institutes of Health Pubchem
http://www.chemicalbook.com/ProductChemicalPropertiesCB6200787_EN.htm –

Chemical Book

http://toxnet.nlm.nih.gov/cgi-bin/sis/search
http://chem.sis.nlm.nih.gov/chemidplus
http://pubchem.ncbi.nlm.nih.gov/
http://www.chemicalbook.com/ProductChemicalPropertiesCB6200787_EN.htm


Nitro-2-Furoic Acid, 5-
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Chemical Abstracts Service Registry Number: 645-12-5
Molecular Formula: C5H3NO5

Chemical Structure:
Use

5-Nitro-2-furoic acid is a representative of 2-substituted
5-nitrofurans. A number of nitrofurans have been used as
antibacterial, antiprotozoal, and anthelmintic drugs in
humans and animals. 2-Substituted 5-nitrofurans have been
used worldwide as human and veterinary medicines, food
preservatives, and feed additives, and they are utilized in
human medicine as antibacterial agents. Therefore, the rela-
tionship between the antibacterial effect and the mutagenicity
of these compounds and their oxidized metabolites is
important. Comparison of the antibacterial effects and geno-
toxic potencies of nitrofuran drugs and their oxidative
metabolites may provide a new direction for selecting nitro-
furan drugs for human use.
Environmental Fate and Behavior

Physicochemical Properties

5-Nitro-2-furoic acid is a yellow crystalline powder with molec-
ular weight of 157.08 g mol�1 and density of 1.72 g cm�3. The
boiling point is 332.4 �C and the melting point is 185.00–
189.00 �C at 760 mmHg. Vapor pressure is 5.83E�05 mm Hg
at 25 �C and enthalpy of vaporization is 60.71 kJ mol�1.
5-Nitro-2-furoic acid is very soluble in water. It is stable under
normal temperature and pressure.
Environmental Degradation

Hazardous decomposition products of this chemical come in
contact with nitrogen oxides, carbon monoxide, and carbon
dioxide. This is incompatible with strong oxidizing agents.
Keep away from high temperatures, flames, and sparks.
Exposure and Exposure Monitoring

The main exposure routes are chemical waste from research
laboratories and occupational contact.
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Mechanism of Toxicity

The toxicological properties of this compound have not been
fully investigated. However, as a minimum precaution, it
should be considered harmful. Precautions should be taken
and procedures adopted to prevent exposure.
Acute and Short-Term Toxicity

Human

Acute (short-term) exposure to 5-nitro-2-furoic acid in humans
causes skin, lung, eye, and respiratory tract irritation. It also
causes digestive tract disturbances.
Animal

Many 2-substituted 5-nitrofurans are mutagenic in bacteria and
mammalian cells and tumorigenic in experimental animals.
Mechanism of Carcinogenicity and Mutagenicity

The mechanisms of enzymatic activation of 2-substituted 5-
nitrofurans that result in biological effects are not known,
although nitroreduction has been proposed as an important
activation pathway. Data on structure and activity relationship
strongly suggest that the nitro group is responsible for the car-
cinogenicity andmutagenicity of nitrofurans. Nitroreduction of
nitrofuran was observed in animal tissue and bacteria.
Chronic Toxicity

No information is available on the chronic (long-term),
reproductive, developmental, or carcinogenic effects of 5-nitro-
2-furoic acid in humans.
Mutagenicity

There are several reports of mutagenicity on bacterial strains.
Studies have shown that 5-nitro-2-furoic acid has a mutagenic
effect on TA 100 strain of Salmonella typhimurium. Also studies
on S. typhimurium TA 98 and TA 100 have shown that nitro-
furans are mutagenic in TA 100. Therefore, 5-nitro-2-furoic acid
is known as a noncarcinogen but a weak mutagen.
Genotoxicity

Nitrofurans are known to inhibit DNA synthesis in both
bacterial and mammalian cells. Such effects on DNA synthesis
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01140-4
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may play a role in the process of chemical carcinogenesis and
may indicate a functional impairment that correlates with drug-
induced structural defects such as DNA strand breakage. Inhi-
bition of DNA synthesis by nitroaromatics occurs over a wide
range of concentrations. Little is known about the genotoxicity
of 5-nitro-2-furoic acid.
Carcinogenicity

The potential carcinogenicity of nitrofurans has been known
since 1966. Nitrofurans with short-chain substitutes were
shown to be generally weak or noncarcinogens. 5-Nitro-2-
furoic acid was not carcinogenic in rats.
Clinical Management

In cases of human inhalation exposure, the person should be
moved to fresh air. In cases of serious discomfort, medical
attention should be sought. Trained personnel should admin-
ister oxygen or artificial respiration in serious cases. Flushing
with copious amounts of water for at least 20 min is recom-
mended after eye and skin exposure.

See also: Solvents; Bioaccumulation; 4-Nitrophenol;
2-Nitrofuran.
Further Reading

Badr, S.M., Barwa, R.M., 2011. Synthesis of some new [1,2,4]triazolo[3,4-b][1,3,4]
thiadiazines and [1,2,4]triazolo[3,4-b][1,3,4] thiadiazoles starting from 5-nitro-2-
furoic acid and evaluation of their antimicrobial activity. Bioorg. Med. Chem. 19
(15), 4506–4512.

Ni, Y.C., Heflich, R.H., Kadlubar, F.F., Fu, P.P., 1987. Mutagenicity of nitrofurans in
Salmonella typhimurium TA98, TA98NR and TA98/1,8–DNP6. Mutat. Res. 192
(1), 15–22.

Olive, P.L., 1979. Inhibition of DNA synthesis by nitroheterocycles. I. Correlation with
half-wave reduction potential. Br. J. Cancer. 40 (1), 89–93.

Sriram, D., Yogeeswari, P., Vyas, D.R., Senthilkumar, P., Bhat, P., Srividya, M., 2010.
5-Nitro-2-furoic acid hydrazones: design, synthesis and in vitro antimycobacterial
evaluation against log and starved phase cultures. Bioorg. Med. Chem. Lett. 20
(15), 4313–4316.

Wang, C.Y., Muraoka, K., Bryan, G.T., 1975. Mutagenicity of nitrofurans, nitro-
thiophenes, nitropyrroles, nitroimidazole, aminothiophenes, and aminothiazoles in
Salmonella typhimurium. Cancer Res. 35 (12), 3611–3617.

Relevant Websites

http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for
5-Nitro-2-furoic acid.

http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus
Advanced: Search for: 5-Nitro-2-furoic acid.
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l Name: 5-Nitrofuroyl chloride
l Chemical Abstracts Service Registry Number: 25084-14-4;

ChEBI: 553511; CID: 90711; NSC: 74620; EC/EINECS: 246-
607-6; ZINC: 01621102

l Synonyms: 5-Nitrofuroyl chloride; 5-Nitrofuran-2-carbonyl
chloride; 5-Nitro-2-furancarbonyl chloride; 5-Nitro-2-
furoyl chloride

l Molecular Formula: C5H2ClNO4

l Chemical Structure:

Cl O–

+
N

O

O

O

Background

5-Nitrofuroyl chloride is a furan chain bound to an acyl and
a nitro group. Nitrofuran derivatives have been used as
antibiotic and antimicrobial drugs but the acyl group bound
to furan (furoyl chloride) is an intermediate for the synthesis
of pharmaceuticals (e.g. antibiotics). 5-Nitrofuroyl chloride
has been used as a reagent for the synthesis of some
compounds with antibacterial properties and other
chemicals.
Use

5-Nitrofuroyl chloride has been used in the synthesis of certain
ureides of furanmonocarboxylic acid and in the synthesis of
two salts of the mesoionic compound with an influence on the
effectiveness of norfloxacin, tetracycline, and erythromycin.
There is a study on the antibacterial effects of some 5-nirto-
furoyl derivatives but not on 5-nitrofuroyl chloride. There are
no reports on its commercial use.
Environmental Fate and Behavior

5-Nitrofuroyl chloride is a colorless crystal with molecular
weight of 175.53 gmol�1. It is stable under normal tempera-
ture and pressure on the basis of its melting point (38–14 �C).
There are no available data on its solubility in water. The bio-
accumulation factor (BCF) for this compound is 4.29 at pH 7.4,
which indicates low accumulation in aquatic organisms. The
soil adsorption coefficient normalized to the content of organic
carbon (Koc value) is 98.92 at pH 7.4, which indicates high
mobility in soil.
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Exposure and Exposure Monitoring

Routes and Pathways

5-Nitrofuroyl chloride may be released to the environment
with laboratory waste.

Human Exposure

Occupational exposure to 5-nitrofuroyl chloride may occur for
a small number of individuals but there are no reports on this.

Environmental Exposure

As 5-nitrofuran has no special commercial use, the level of
pollution in air, water, sediment, soil, and biota has not been
studied.
Toxicokinetics

The absorption, distribution, biotransformation, and excretion
of 5-nitrofuroyl chloride have not been studied.
Acute and Short-Term Toxicity

Human

5-Nitrofuroyl chloride is classified as a corrosive that, in the
case of acute (short-term) exposure to humans, may cause
severe skin burns and eye damage. It might be harmful if
inhaled or swallowed. It is extremely destructive to the tissue of
the mucous membranes and upper respiratory tract. Ingestion
can cause burns. The signs and symptoms of exposure are
cough, shortness of breath, headache, nausea, and vomiting.
Animal

There is no information on the toxicity of 5-nitrofuroyl chloride
in animals but it can cause burns as it is a corrosive compound.
Chronic Toxicity

Human

No information is available on the chronic (long-term) effects
of 5-nitrofuroyl chloride in humans but prolonged or repeated
exposure may cause allergic reactions in certain sensitive
individuals.
Clinical Management

In the case of ingestion, immediately give a couple of glasses of
water or milk. Do not induce vomiting. Get medical attention
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01141-6
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immediately. If it is inhaled, move the patient to fresh air.
Alternatively, artificial respirationmay be required. Get medical
attention if any discomfort continues. For skin exposure,
promptly wash contaminated skin with soap or mild detergent
and water. Promptly remove clothing if soaked through and
wash as above. Chemical burns must be treated by a physician.
In the case of eye exposure, promptly wash the eyes with plenty
of water while lifting the eyelids. Continue to rinse for at least
15 min. Seek a doctor or an eye specialist.
Ecotoxicology

Freshwater/Sediment Organisms

5-Nitrofuroyl chloride has not been determined in water or
sediments but since it is not used widely in industry, the
amount in water or sediments could not be significant.
Marine Organisms

Based on its BCF, low accumulation in aquatic organisms
occurs.
Terrestrial Organisms

5-Nitrofuroyl chloride is not used in industry and the soil
adsorption coefficient normalized to the content of organic
carbon (Koc value) for this compound is 98.92 at pH ¼ 7.4.
This means high mobility in soil but 5-nitrofuroyl chloride is
not likely to be widely distributed in soil as a pollutant.

See also: 2-Nitrofuran.
Further Reading

Almeida, M.V., Hyaric, M.L., et al., 2001. Synthesis of furan derivatives condensed
with carbohydrates. Molecules 6, 728–735.

www.inchem.org
Oliveira, C.S., Falcão-Silva, V.S., et al., 2011. Drug resistance modulation in Staph-

ylococcus aureus, a new biological activity for mesoionic hydrochloride
compounds. Molecules 16, 2023–2031.

Pires, J.R., Saito, C., Gomes, S.L., Giesbrecht, A.M., Amaral, A.T., 2001. Investigation
of 5-nitrofuran derivatives: Synthesis, antibacterial activity, and quantitative
structure-activity relationships. J. Med. Chem. 44 (22), 3673–3681.
Relevant Websites

http://www.chemspider.com – Royal Society of Chemistry: ChemSpider: Search for:
5-Nitrofuroyl chloride.

http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for
5-Nitrofuroyl chloride.

http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus
Advanced: Search for: 5-Nitrofuroyl chloride.
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l Name: Nitrogen dioxide
l Chemical Abstracts Service Registry Number: CAS 10102-

44-0
l Synonyms: Oxoazane oxide, Dioxidonitrogen
l Chemical/Pharmaceutical/Other Class: Inorganic, Gas,

Pollutant
l Molecular Formula: NO2
Uses

There are uses for the nitration and oxidation of various organic
compounds, including rocket propellants and synthesis of
explosives. Reaction with water generates nitric acid.
Background Information

The suffocating gas, which is a free radical, has a brown color.
One of the main properties is as an oxidizing agent. The gas is
generated by combustion processes, mainly involving motor
vehicles, in addition to heaters. Other sources are oxidation of
NO in the air and from lightning. In vivo, it is a product of
metabolism involving nitrates and nitrites. Ozone is generated
when nitrogen oxides, including NO2, react in air with oxygen
under catalysis by sunlight. The monomer is in equilibrium
with the dimer, N2O4, on the liquid phase, with dimer disso-
ciation occurring in the gas phase.
Metabolism and Excretion

The major interaction of NO2 in the lung was formation of
nitrite. Rats exposed to low levels of the gas, generated nitrate in
the urine after 24 h. The pollutant can also act as an agent for
N-nitrosation.
Absorption and Distribution

In monkeys, 50–60% of inspired NO2 remained in the lungs
for prolonged periods, whereas dissemination to other sites
occurred via the blood stream.
Cell Signaling

Potential cell signaling mechanisms include mitogen-activated
protein kinase, c-Jun N-terminal kinase, and the Fas/Fas ligand
pathways. Activation of NF-kappa b was promoted by airway
epithelial cells.
558 Encyclopedia of T
Mechanism of Toxicity

The gas operates as a lung toxin involving inflammation,
a condition known to entail free radicals. Lipid free radicals
formed in a peroxidative pathway participate in cell insults.
Damage to amino acids and protein is induced by NO2. The
observed DNA breaks likely involve radical species. Various
reports deal with protection from the deleterious effects by anti-
oxidants (AOs), which support involvement of reactive oxygen
species.
Immunotoxicity

Impairment of the immune system may participate in the
facilitation by NO2 of cancer cell metastasis in the lung of
animal model.
Reproductive Toxicity

Exposure of pregnant Wistar rats to 5 ppm of NO2 led to
developmental delays and disturbances in neuromotor devel-
opment in the offspring.
Genotoxicity

Various studies were made of genotoxicity resulting from air
pollutants, including NO2. In a study of possible genotoxicity
by NO2 in urban areas, permanent DNA damage was not
observed. On the other hand, genotoxicity occurred at concen-
trations found in urban areas during short exposure durations.
DNA alterations from an exposure time of 3 h indicated
significant DNA alteration, possibly hazardous to humans. Rats
exposed to 15 ppm of NO2 showed concentration-dependent
increase in mutation to ouabain resistance in lung cells, and
chromosome aberrations were observed. Beta-carotene, an AO,
contributes to the prevention of genotoxicity by the gas.
Carcinogenicity

NO2 facilitates cancer cell metastasis to lungs by injuring
capillary endothelium and by formation of microthrombi.
Breast cancer incidence trends were compared with the trend of
NOx, including NO2, emission. The upward, followed by the
downward, trend is similar to the breast cancer incidence trend,
but with an effect of 20 years earlier. The incidence and
multiplicity of lung tumors is increased by NO2 in mice;
however the data are not always statistically significant. There
is little evidence to implicate the pollutant directly as
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01025-3
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a pulmonary carcinogen, but it may modify trend influence in
the carcinogenic process in the lung. A study showed the effect
of NO2 on promotion of lung tumorigenesis induced by
N-bis(2-hydroxypropyl) nitrosamine in male rats.
Exposure Hazards and Safe Limits

A study involved personal exposure, both indoor and outdoor
in various seasons, at different concentrations. Exposure of
asthmatic subjects in homelike environments was reported.
The severity of acute lung injury is increased by ventilation and
exercise. Pulmonary responses to brief high-level lung exposure
to NO2 included radical formation and elevation of lipid per-
oxidation. Long-term exposure may contribute to ischemic
stroke. The gas also causes lymphoid tissue damage. There is
moderate evidence that long-term exposure is associated with
adverse health effects. Epidemiological evidence suggests that
exposure to NO2 from unvented gas cookers is associated with
respiratory symptoms. The minimum adverse effect level for
human short-term exposure is assessed to be 900 mg m�3. Safe
exposure values are recommended as 100 mg m�3 for 1 h and
50 for 24 h. Toxic silo gases, including NO2, are a hazard to
both animals and humans.
Human

Acute exposure guideline values were developed for NO2 based
on epidemiologic, clinical, and animal studies. Exposure to
0.50ppm levels ofNO2 from10min to8h leads to slight burning
of the eyes, slight headache, chest tightness, or labored breathing.
However, the effects are nondisabling, transient, and reversible
upon cessation of exposure. Exposure levels and the response of
asthmatics to NO2 are variable. Exposure to 6.0–20 ppm of NO2

from 10 min to 8 h leads to burning sensation in nose, throat
mucous membrane, and chest, along with cough, dyspnea, and
frothy sputum production. The effects were nondisabling and
reversible after cessation of exposure. Exposure to 25–75 ppm of
NO2 leads to reversible pneumonia and bronchiolitis.
Chronic Toxicity (or Exposure)

Animal

Exposure to a lethal dosage of 50 ppm and above, over a period
of 2 h in monkeys, leads to marked changes in the lungs. Injury
involved areas of the lung collapsed with basophilic alveolar
septa, bronchi inflamed with proliferation of the surface
epithelium, fibrosis, edema of cardiac tissue, glomerular tuft
swelling in the kidney, lymphocyte infiltration in the kidney
and liver, and congestion and centrilobular necrosis in the liver.
Lethality levels in five animal species were studied for 4 h at
72 ppm for dog, 1 h for rabbit, 50 ppm for 1 h in guinea pig,
and 50 ppm for 24 h in rat and mouse.

Human

Allometric scaling on minute volume and LC50 values for NO2

for five animal species was used to calculate a human LC50 of
174 ppm. Concentrations of >200 ppm are reported to induce
symptoms of bronchiospasm and pulmonary edema and may
cause syncope, unconsciousness, and quick death.
Clinical Management

Individuals exposed to NO2 should be moved to fresh air and
administered oxygen. For skin contact, the exposed area should
be washed with soap and water. For eye contact, flushing
should be done with plenty of water.
Environmental Fate

The NO2 in air is rapidly converted to nitric acid on interaction
with water. Since the dioxide is a powerful oxidizing agent,
there is the potential for combination with a variety of atmo-
spheric components, including hydrocarbons.
Ecotoxicology

One of the main adverse effects is generation of acid rain,
which adversely affects forests, lakes, rivers, and coastal waters.
In the United States, coal-powered plants are a principal source
of NO2. One route to ozone, a lung pollutant, is from NO2 (see
Environmental Fate). Deleterious effects are felt on both
aquatic and terrestrial systems. Animal and human toxicity data
are provided in other portions of this section.
Exposure Standards and Guidelines

The air quality standard is 0.053 ppm according to the Envi-
ronmental Protection Agency. An exposure limit of 1 ppm is
recommended by the National Institute for Occupational
Safety and Health.

See also: Nitrite Inhalants; Oxidative Stress; Nitrosamines;
Diesel Fuel; Nitric Oxide; Nitrogen Tetraoxide; Nitrous Oxide;
Nitrate.
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l Name:
- HN-1: Bis(2-chloroethyl)ethylamine; 2-Chloro-N-(2-chlor-

oethyl)-N-ethylethanamine; 2,21-Dichlorotriethylamine; Eth-
ylbis (2-chloroethyl)amine; Ethyl-S

- HN-2: MBA; Mechlorethamine; Mustine; 2,21- Dichloro-N-
methyldiethylamine; Dichloren; Caryolysin; Chlormethine;
Bis(2-chloroethyl)methylamine; Leukeran

- HN-3: Tris(2-chloroethyl)amine; 2-Chloro-N,N,-bis(2-
chloroethyl) ethanamine; Trichlorotriethylamine; Nitrogen
mustard-3; Mechlorethamine; Mustargen

l Chemical Abstracts Service Registry Number: CAS 538-07-8
(HN-1), CAS 51-75-2 (HN-2), CAS 555-77-1 (HN-3)

l Molecular Formula: C6H13Cl2N (HN-1), C5H11Cl2N
(HN-2), C6H12Cl3N (HN-3)

l Chemical Structure:
HN-1 HN-2 HN-3 
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Background (Significance/History)

Nitrogen mustard, a vesicant agent, is known as HN-3. It was
synthesized and reported during the 1930s. Later, the German’s
and American’s defense organizations initiated the military
production of nitrogen mustard agent in 1941 and 1943,
respectively. England abandoned its development due to a fatal
accident that occurred during its productions. The production
of nitrogen mustard agents was initiated in order to find
alternative compounds that are less volatile than that of sulfur
mustard gases. Nitrogen mustard agents’ uses as chemical
weapons were not reported, and their usefulness is limited to
their shelf lifetime, where they become unstable after long-term
storage of over 1–3 months. However, during WW II, in 1943,
German warplanes attacked Allied tankers and munitions ships
in Bari Harbor off the southeast coast of Italy. This air raid
incident led to the release of mustard gas into seawater that
affected hundreds of soldiers and civilians who survived the
attack on those ships. Medical examination of the survivors
showed a decreased number of lymphocytes, and such obser-
vation started the investigation of utilizing nitrogen mustards
for therapeutic applications. Nitrogen mustard gases are clas-
sified as schedule 1 chemical agents according to the Chemical
y Deceased.
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Weapons Convention established by the Organization of
Prohibition of Chemical Weapons.
Uses

Nitrogen mustards are among the blister agents/vesicants used
in chemical warfare. HN-1 was originally designed to remove
warts and later identified as a potential chemical warfare agent.
HN-2 was designed as a military agent, but later used in cancer
chemotherapy. HN-3 was developed as a military chemical
warfare agent. Nitrogen mustards have also found therapeutic
applications in cancer treatment, and there are several phar-
maceutical derivatives that were developed as cancer thera-
peutic agents.
Environmental Fate and Behavior

According to the physical and chemical properties in Table 1,
HN-1 andHN-2 are considered to havemoderate environmental
persistence compared to that of HN-3. Under alkaline condi-
tions, nitrogen mustards are mainly hydrolyzed in water
and soil. Because of nitrogen mustards’ low vapor pressure,
<1 mm Hg at 20–25 �C, their concentration in the air is
not present at toxic levels. The estimated volatility values for
nitrogen mustards from water or moist soil indicate no-to-little
vapor concentration of mustard gas in the atmosphere. An esti-
mated biological concentration factor of 7 suggests the potential
for bioconcentration in aquatic organisms is low. Because of the
high toxicity of nitrogen mustards, strict safeguards are
employed to control their release into the environment. Thus,
occupational exposure of the general public to nitrogen mustard
compounds via dermal and inhalation routes is unlikely.
Environmental Persistency (Degradation/Speciation)

Nitrogen mustards undergo dimerization in the presence of
water and are amenable to degradation at temperatures above
50 �C and after few days of distillation. Nitrogenmustards have
varied solubility ranging from 0.16 g l�1 for HN-1 and HN-3 to
12 g l�1 for HN-2. Nitrogen mustards undergo hydrolysis
processes, and their rate of hydrolysis varies from half-life
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00636-9
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Table 1 Physical properties of nitrogen mustards (blister agents)

Property HN-1 HN-2 HN-3

Description Colorless to pale yellow
oily liquid

Pale amber to yellow oily liquid Colorless to pale yellow oily liquid

Warning
properties

Faint fishy or musty odor Faint soapy odor at low concentrations;
fruity odor at high concentrations

Faint butter almond odor

Molecular
weight

170.08 Da 156.07 Da 204.54 Da

Boiling point (760 mm Hg) ¼ 381 �F (194 �C) (760 mm Hg) ¼ 167 �F (75 �C) (760 mm Hg) ¼ 493 �F (256 �C)
(decomposes)

Freezing point 29.2 �F (�34 �C) �85 to �76 �F (�65 to �60 �C) 25.3 �F (�3.7 �C)
Specific gravity No data (water ¼ 1.0) No data (water ¼ 1.0) No data (water ¼ 1.0)
Vapor pressure 0.25 mm Hg at 77 �F (25 �C) 0.427 mm Hg at 77 �F (25 �C) 0.010 9 mm Hg at 77 �F (25 �C)
Vapor density 5.9 (air ¼ 1.0) 5.4 (air ¼ 1.0) 7.1 (air ¼ 1.0)
Liquid density 1.09 g ml�1 at 77 �F (25 �C) 1.15 g ml�1 at 68 �F (20 �C) 1.24 g ml�1 at 77 �F (25 �C)
Solubility in

water
Sparingly soluble Sparingly soluble Practically insoluble

Volatility No immediate danger of fire
or explosion

No immediate danger of fire or explosion;
however, polymerization results in
components that present an explosion
hazard in open air

No immediate danger of fire or explosion;
however, polymerization results in
components that present an explosion
hazard in open air

NAERG# 153 153 153

Source: Agency for Toxic Substances and Disease Registry, 4770 Buford Hwy NE, Atlanta, GA 30341 http://www.atsdr.cdc.gov/mmg/mmg.asp?id¼920&tid¼189.
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times of 11 h for HN-2, 24 h for HN-3, and 12 days for HN-1.
Theoretical studies on the mobility of nitrogen mustards in soil
indicate that HN-2 has higher mobility than HN-3 but no
experimental data validated those results. There are no experi-
mental data that measures the biodegradation of nitrogen
mustards; however, there are experimental data that describe
the biodegradation of their hydrolysis products, and the rate of
the process is dependent on the microbial acclimation in
a given soil.
Exposure and Exposure Monitoring

Ocular, percutaneous, inhalation, ingestion, and injection are
all possible routes of nitrogen mustard exposure; effects of
exposure may be local, systemic, or both. All three of the
nitrogen mustards are oily liquids that are colorless to pale
yellow and evaporate slowly. Both HN-1 and HN-2 have
a slight fishy or soapy odor when pure. HN-3 is odorless when
pure. These agents are more dangerous than sulfur mustard but,
like sulfur mustard, they are derivatives of ammonia. HN-2 is
the most toxic and volatile of the nitrogen mustards, but HN-3
is more likely to be produced for use in chemical warfare
because it is more stable.

The route of exposure to nitrogen mustards includes the
inhalation of its vapor at various concentrations. The estimated
inhalation median lethal dosage (LCt50) for HN-3 in humans is
1500 mg min m�3. Moreover, exposure to nitrogen mustards
vapor can cause injury to the eyes, skin, and mucous
membranes at lower concentrations. Direct contact with the
liquid nitrogen mustards can cause skin and eye burns. The
estimated percutaneous vapor LCt50 is 10 000 mg min m�3,
and the estimated percutaneous liquid LD50 is 1400 mg for
a 70 kg man. The percutaneous median incapacitating dosage
(LCt50) in humans has been estimated at 2500 mg min m�3;
the dose to produce eye vesication has been estimated at
200 mg min m�3. Mild eye effects can be observed with
exposures as low as 25 mg min m�3. These ocular effects will
worsen with increased exposure time. Ingestion of nitrogen
mustard is an uncommon route for exposure but can lead to
local effects such as esophageal or gastrointestinal burns and
systemic toxicity. The airborne exposure limit for HN-1 is
0.003 mg m�3 as a time-weighted average, while none exist for
HN-2 and HN-3.

There are no reported data about the release of nitrogen
mustards into the environment. There is a potential that
nitrogen mustard could accidentally be released to air at
nonstockpile sites across the United States where nitrogen
mustard is known to be located. However, the safety regula-
tions and exposure mitigation efforts by the Army makes such
events very rare to occur and have any exposure on the general
population. No releases of sulfur mustard to the air have been
reported beyond the confinement of these facilities. No
known releases of nitrogen mustard to the atmosphere have
been reported with the destruction of nitrogen mustard by
incineration.
Toxicokinetics

The nitrogen mustards combine predominantly with the thiol
group of molecules and are excreted as conjugated cysteinyl
derivatives, similarly to sulfur mustards. Both nitrogen and
sulfur mustards have structural similarities and have common
chemical reactions. A key reaction is the intramolecular
cyclization in a polar solvent such as water that forms a cyclic
onium cation and a free anion. Nitrogen mustards form
the immonium cation, while the sulfur mustard forms the
sulfonium cation. The cyclized form is responsible for the
varied effects of mustards, which are similar between the two

http://www.atsdr.cdc.gov/mmg/mmg.asp%3fid%3d920%26tid%3d189
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classes of chemicals. In nitrogen mustards, the sulfur is
replaced by nitrogen.
Table 2 Animal toxicity values for HN-3

Species Toxicities

Inhalation time (min) LCt50 (mg min mL3)
Mouse (10) 165 (vapor)

345 (aerosol)
Rat (10–100) 670 (vapor)
Rat (0.25–2.0) 800 (aerosol)
Cat (10) 400–1000
Dog (10) 400–1000

Percutaneous LD50 (mg kgL1)
Mouse 7.0
Rat 4.9
Rabbit 19.0
Dog 10.0

Intravenous LD50 (mg kgL1)
Mouse 1
Rat 0.7
Rabbit 2.5
Dog 1.0

Subcutaneous LD50 (mg kgL1)
Mouse 2.0
Rat 2.0
Rabbit 2.0
Dog

Intragastric LD50 (mg kgL1)
Mouse
Rat 2.5
Rabbit
Dog

Source: OSRD (Office of Scientific Research and Development). 1943a–b. Toxicity of
chemical warfare agents. Informal Progress Report No. 1. NDRC. 9:4:1. Div.
9-125-M2. Univ. of Chicago Toxicity Laboratory. February 10. Cited in NDRC, 1946.
Mechanism of Toxicity

Nitrogen mustards produce damage to the eyes, respiratory
tract, and skin, and suppress the immune system. Systemically
they produce cytotoxicity, with the hematopoietic and
lymphoid tissues being especially sensitive. The nitrogen
mustard mechanism of toxicity is not studied well but it is
suggested to resemble that of sulfur mustard, which is DNA/
RNA alkylation. In the DNA alkylation mechanism, nitrogen
mustard induces the secretion of proteases, genotoxicity, and
inhibition of mitosis.

Eye irritations following a single exposure to nitrogen
mustards occur at doses that do not affect the skin or respira-
tory tract and appear sooner than with sulfur mustard. Mild-to-
moderate exposures cause slight smarting and lacrimation
within 20 min, becoming persistent approximately 2.5 h later,
and reaching a maximum at 8–10 h. The effects include
erythema and edema of the palpebral and bulbar conjunctiva
with superficial, steamy haziness of the cornea, irritation,
lacrimation, deep eye pain, miosis, and photophobia.

Following severe exposure to nitrogen mustard, these signs
and symptoms progress for 24 h or longer, and are followed by
spotty hemorrhagic discoloration of the iris and a roughened
lusterless surface of the corneal epithelium, which demon-
strates punctuate fluorescein staining. The corneal epithelium
may exfoliate. Clouding and edema of the cornea and necrosis
may cause rupture of the globe. There may be no skin lesions
following mild vapor exposures; however, severe vapor or
liquid exposure to nitrogen mustard will produce effects
similar to those of sulfur mustard, but with sooner onset
compared to sulfur mustard. These effects include erythema,
irritation, and itching, with blisters developing in the
erythematous areas.

Exposure of the respiratory tract to nitrogen mustard
produces the same effects as sulfur mustard. These include the
delay in onset, irritation of the nose and throat, hoarseness
progressing to aphonia, persistent cough, fever, dyspnea, and
moist rales. After 24 h, chemical pneumonitis may appear.

Following oral administration or systemic absorption of
nitrogen mustards, the intestinal tract may be damaged. In
animals, severe diarrhea occurred, which may be hemorrhagic.
The lesions were most marked in the small intestine and con-
sisted of degenerative changes and necrosis in the mucosa. In
humans, ingestion of 2–6 mg causes nausea and vomiting.

Following absorption of nitrogen mustard from intact skin
or respiratory or gastrointestinal tract, the most specific effects
are on the hematopoietic and lymphoid tissues. In bone
marrow, the degenerative changes can be detected within 12 h
and may progress to severe aplasia. The thymus, spleen, and
lymph nodes involute rapidly with necrosis and phagocytosis
of their lymphocytes. This is evident from the transient
leukocytosis in the blood, which is followed by severe lym-
phopenia, granulocytopenia, and thrombocytopenia, for
5–10 days following exposure. The white blood cell count may
fall to 500 cells mm�3 or lower. The various nitrogen mustards
differ in their ability to produce these changes.
Acute and Short-Term Toxicity (Animal/Human)

Acute Human Toxicity

No data are available regarding lethality in humans following
exposure to nitrogen mustard. Limited data on human
exposure to nitrogen mustards have been reported by the
National Resources Defense Council (NRDC). Also, there are
reported human toxicity estimates for the nitrogen mustard
compound. The toxicity data collected by NRDC study
showed that the body parts affected by the exposure were
directly related to the type of nitrogen mustard vapor and to
the concentration level. Overall, nitrogen mustards have
a relative potency of HN-3>HN-1>HN-2, and concentration
increases inflict erythema on the neck, upper back, and
auxiliary folds.
Acute Animal Toxicity

Reported data on the acute animal toxicity of nitrogen mus-
tards are limited to HN-3 and to its hydrolysis degradation
products. The animal toxicity reported for HN-3 is described in
Table 2.

The main degradation product for HN-1 is diethanola-
mine (C4H11NO2), for HN-2 it is N-methyldiethanolamine
(C5H13NO2), and for HN-3 it is triethanolamine (C6H15NO3).
Overall, the HN-1 hydrolysis byproducts cause severe eye
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irritation in rabbits and low oral toxicity in rats, but demon-
strated evidence of male rat reproductive toxicity and carcino-
genicity in mice, Table 3. Evidence shows it causes leukemia
and cancers of the lungs, liver, uterus, and large intestine in
animals.
Chronic Toxicity (Animal/Human)

The chronic physiological effects may include, for severe
exposure, scarring of the cornea and the iris frequently
becoming discolored and atrophied. Repeated skin burns may
lead to hypersensitivity of the skin, which is an effect similar to
that of sulfur mustard. That is, reexposure will cause erythema,
with or without edema, and pronounced itching and burning
that occurs within 1 h of exposure. Lower concentrations of
nitrogen mustards will produce these effects in sensitized
persons. Frequent manifestations of reexposure in sensitized
Table 3 Effects of acute exposure to HN-1, HN-2, and HN-3 degradation

Degradation product (formula; CAS no.) LD50 or LC50

HN-1 hydrolysis
N-Ethyldiethanolamine (C6H15NO2;139-87-7) Rat: oral, 4570 mg kg

Diethanolamine (C4H11NO2;111-42-2) Rat: oral, 710 mg kg�

Mouse: oral, 3300 m
Rabbit: oral, 2200 mg
Guinea pig: oral, 2 g
Rabbit: dermal, 11.9
Guinea pig: dermal,
11 900 pl kg�1 (210)

HN-2 hydrolysis
N-Methyl-2-hydroxy-2-chloro-diethyl ammonium

chloride (C5H13NOCI$HCI; 63905-05-5)
Rat: oral, 80 mg kg�

Mouse: oral, 25 mg k
Rat: sc, 20 mg kg�1

Mouse: sc, 16 mg kg
2-(2-Chloroethyl) methylamine ethanol hydrochloride

(C5H13NOCI; 51822-57-2)
N-Methyldiethanolamine (C5H13NO2:105-59-9) Rat: oral, 4,780 mg k

Rabbit: dermal, 5,990

N,N 0 -Dimethyl-N,N 0 bis (2-chloroethyl) piperazinium
(C10H22CI2N2;51822-58-3)

HN-3 hydrolysis
Bis(2-chloroethyl)-2-hydroxyethyl
Ammonium chloride (C6H13NOCI2$HCI;

63978-53-0)

Mouse: ip, 1500 mg k

2-Chloroethyl-bis(2-hydroxyethyl) ammonium
chloride (C6H14NOCI2$HCI;63978-75-6)

Mouse: ip, 16 mg kg�

Mouse: sc, 5 mg kg�

Triethanolamine (C6H15NO3;102-71-6) Rat: oral, 4920 mg kg
Mouse: oral, 5846 m
Rabbit: oral, 2200 mg
Guinea pig: oral, 220
Rat: dermal, >16 ml
Rabbit: dermal, >20

No effects were found in the literature for lowest lethal dose (lowest lethal concentration
Abbreviations: HN-1, ethylbis(2-chloroethyl)amine; HN-2, methylbis(2-chloroethyl)amine
tion; LD50, median lethal dose; sc, subcutaneous.
individuals include a morbilliform rash and eczematoid
dermatitis surrounding old lesions. The International Agency
for Research on Cancer has classified nitrogen mustard as
probably carcinogenic to humans (group 2A).
Immunotoxicity

Comparison of the immunotoxicity of sulfur mustard and
nitrogen mustard on humoral and cell-mediated immunity of
mice showed similar effects on thymic and splenicweight, spleen
cell number, and the formation of antibody. Nitrogen mustards
induced splenic and thymicweight loss.When splenic cellularity
was depressed, the total number of cells producing antibody
response was decreased. Nitrogenmustard had an immunotoxic
effect of decreasing host resistance to tumor cells. Overall, the
immunotoxic effect of nitrogenmustardwas tolerated at a higher
dose than that of sulfur mustard compounds.
products

Other effects

�1 (70) Rabbit: skin, 10 mg 24 h�1 open, mild irritation (70)
Rabbit: skin, 500 mg 24 h�1, mild irritation (110)
Rabbit: eye, 750 mg open, severe irritation (70)

1 (89)
g kg�1 (208)
kg�1 (209)

kg�1 (157)
ml kg�1 (205)

Rabbit: skin, 50 mg open, mild irritation (207)
Rabbit: skin, 500 mg/24 h�1, mild irritation (110)
Rabbit: eye, 5500 mg/24 h�1, severe irritation (64)
Rabbit: eye, 750 mg 24 h�1, severe irritation (110)

1 (66)
g�1 (66)
(66)
�1 (7)

Human: skin, delayed hypersensitivity, positive
for HN-2 cross-reaction (211)

g�1 (70)
ml kg�1 (70)

Human: skin, delayed hypersensitivity, negative
for HN-2 cross-reaction (211)

Rabbit: skin, 10 mg 24 h�1, open, mild (70)
Rabbit: skin, 502 mg, open, mild (70)
Rabbit: eye, 20 mg open, effect not specified (70)
Human: skin, delayed hypersensitivity, negative

for HN-2 cross-reaction (211)

g�1 (60)

1 (66)
1 (66)
�1 (212)
g kg�1 (214)
kg�1 (127)

0 mg kg�1 (127)
kg�1 (212)
ml kg�1 (217)

Human: skin, 15 mg 3 days�1, mild (213)
Rabbit: skin, 560 mg 24 h�1, mild (215)
Rabbit: eye, 20 mg, severe (64)
Rabbit: eye, 10 mg, mild (216)
Rabbit: eye, negligible to moderate irritation (194)

).
; HN-3, tris(2-chloroethyl)amine; ip, intraperitoneal; LC50, median lethal concentra-
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Reproductive Toxicity

The utilization of nitrogen mustard derivatives as anticancer
alkylating agents is suspected in causing reproductive toxicity.
This was concluded from the disruption of the vimentin fila-
ment structure of Sertoli cells isolated frommice testes. Animal
studies showed that nitrogen mustards are potent teratogens.
Nitrogen mustards have produced developmental effects in
animals. Nitrogen mustard has also been associated with
damage to the oocytes in the female reproductive system. The
scarce and uncertain studies do not allow for a clear under-
standing of human reproductive risk from exposure to nitrogen
mustards.
Genotoxicity

Nitrogen mustard can induce chromosomal aberrations in
a wide variety of plant and animal species, and produce sister
chromatid exchanges. The cytotoxic effects of nitrogen
mustards are attributed to the complete block in
deoxyribonucleic-acid (DNA) replication. Derivations of
nitrogen and sulfur mustards differed only quantitatively in
their mode of action.
Carcinogenicity

Nitrogen mustard, particularly HN-2, was found to be a potent
tumorigen and carcinogen. In mice testing, HN-2 produced an
increase in lung tumor nodules from both intravenous and
intraperitoneal injections. Subcutaneous exposures of mice to
HN-2 produced pulmonary tumors. HN-2 increases the action
of both X and UV radiation, and thymic lymphomas had been
reported. Mustard agents are well known to be multifunctional
DNA alkylating agents and are extremely cytotoxic at low doses.
Nitrogen mustards alkylate RNA and proteins and produce
DNA lesions. The DNA alkylation is responsible for the
mutagenic consequence of cellular exposure. Thus, nitrogen
mustards potentially induce a wide variety of genetic lesions in
various mammalian cells in vitro in a dose-related fashion.
There is evidence from therapeutic use of nitrogen mustard that
clearly indicates a causal association with skin cancer.
Clinical Management

The victim must be removed from the source of contamination
quickly by adequately protected attendants and then decon-
taminated using a solution of sodium hypochlorite, liquid
household bleach, or fuller’s earth. Oxygen and/or artificial
respiration should be administered if dyspnea is present or
breathing has stopped.

Erythema should be treated with calamine or other
soothing lotions or creams to reduce burning and itching. Large
blisters should be unroofed and covered with a sterile dry
dressing if the patient is ambulatory or left uncovered if the
patient is not ambulatory. Denuded areas should be irrigated
with saline or soapy water and covered with a topical antibiotic
(e.g., silver sulfadiazine or mafenide acetate). Multiple or large
areas of vesication require hospitalization and whirlpool irri-
gation. Systemic analgesics are indicated, especially prior to
manipulation of the patient or irrigation of the burn areas.
Systemic antipruritics (e.g., trimeprazine) may also be used.

Treatment of ocular injury includes thorough irrigation,
application of homatropine (anticholinergic) ophthalmic
ointment, and topical antibiotics several times daily. Vaseline
or similar products should be applied regularly to the edges of
the eyelids to prevent them from sticking together. Topical
analgesics may be useful in severe blepharospasm for exami-
nation of the eye but should be used sparingly. Sunglasses may
reduce discomfort from photophobia, and the victim must be
reassured that complete healing and restoration of vision will
result.

Steam inhalation and cough suppressants may relieve upper
airway symptoms, sore throat, nonproductive cough, and
hoarseness. Appropriate antibiotic therapy should only be
instituted following confirmation of infection by positive
sputum tests (Gram stain and culture). Intubation should be
accomplished prior to the development of laryngeal spasm or
edema so that adequate ventilation is established and suction
of necrotic and inflammatory debris can be facilitated. Oxygen
may be required as well. Early use of positive expiratory pres-
sure or continuous positive airway pressure may be useful.
Bronchoscopy may be required if pseudomembrane has
developed to permit suction of the necrotic debris by direct
vision. Bronchodilators or steroids may also be used to relieve
bronchospasm.

Death may occur between the fifth and tenth day post-
exposure because of pulmonary insufficiency complicated by
a compromised immune response frommustard-induced bone
marrow damage.

Atropine (0.4–0.6 mg intramuscular or intravenous) or
other anticholinergic or antiemetic drugs may be used to
control nausea and vomiting. Sterilization of the gastrointes-
tinal tract by nonabsorbable antibodies may reduce the possi-
bility of infection from enteric organisms. Bone marrow
transplants or blood transfusions may be indicated. The recent
introduction of granulocyte colony stimulating factor may offer
hope in the management of bone marrow depression.

A victim of nitrogen mustard exposure also requires the
general supportive care given to a severely ill patient as well as
the specific care given to a burn patient. This includes the liberal
use of systemic analgesics and antipruritics and the mainte-
nance of fluids and electrolyte balance. Parenteral food
supplements and vitamins may also be beneficial.
Ecotoxicology

The acute toxicity of three degradation products, N-ethyl-
diethanolamine, diethanolamine, and triethanolamine, of
nitrogen mustards indicate that these hydrolysis products
exhibit low-to-moderate toxicity to aquatic organisms.
Lethality of nitrogen mustard compounds for fish was
measured and showed relative potency of HN-3>HN-2>HN-1.
Nitrogen mustards were less toxic than sulfur mustard to
phytoplankton and higher aquatic plants. Measurement of the
bioconcentration factor and water solubility for the nitrogen
mustard hydrolysis products indicated those compounds will



Table 4 Summary of AEGL values for nitrogen mustards

Classification 10 min 30 min 1 h 4 h 8 h Endpoint (reference)

AEGL-1 (nondisabling) NRa NRa NRa NRa NRa Not recommended
AEGL-2 (disabling) HN-1,

HN-2, HN-3
0.13b 0.044b 0.022b 0.005 6b 0.002 8b Threshold for ocular irritation in humans sufficient to

compromise operational effectiveness (Porton Report,
19421, 1943d; US Army Med. Div. 1945c,d)

AEGL-3 (lethality) HN-1,
HN-2, HN-3

2.2b 0.74b 0.37b 0.093b 0.047b Lethality threshold in rats estimated as three-fold
reduction of LCt50 values (Porton Report, 1943b,c; US
Army Med. Div., 1945a)

aNR: not recommended due to insufficient data and because adverse effects are known to occur in the absence of detection.
bBy consensus vote, the AEGL-2 values for HN-2 and AEGL-3 values for HN-3 are representative of all nitrogen mustards reviewed.
Source: http://www.epa.gov/opptintr/aegl/pubs/nitrogen_mustard_1_interim_v1_nov_2007.pdf.
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not bioconcentrate in aquatic organisms. No data were located
on toxicity of nitrogen mustards or their degradation products
to terrestrial plants or wildlife.
Other Hazards

Exposure Standards and Guidelines

The National Advisory Committee for Acute Exposure Guide-
line Levels (AEGL) selected the AEGL-2 values for HN-2 to
represent AEGL-2 values for all of the reviewed nitrogen
mustards and the AEGL-3 values for HN-3 as representative of
AEGL-3 values for all of the reviewed nitrogen mustards, see
Table 4.

The releases of Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) hazardous
substances are subject to the release reporting requirement of
CERCLA section 103, codified at 40 CFR (Code of Federal
Regulations) part 302, in addition to the requirements of 40
CFR part 355. Ethyl bis (2-chloroethyl) amine is an extremely
hazardous substance subject to reporting requirements when
stored in amounts in excess of its threshold planning quantity
of 500 pounds.

Miscellaneous

There are varieties of devices capable of detecting blister agent
vapor and liquid. The most portable of the vapor detectors are
the M256A1 card or ticket and the Chemical Agent Monitor.
Direct reading instruments that are available include special-
ized gas chromatographs (Minicams) and ion mobility spec-
trometers such as the APD 2000. Since some of these detectors
cannot adequately detect the agents at safe airborne levels,
users should be trained in the use and limitations of the
detectors. Those detectors have a range of nitrogen mustard
sensitivity of 0.01 mg m�3.

See also: Blister Agents/Vesicants; Lewisite; Sulfur Mustard.
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http://toxnet.nlm.nih.gov/ – elucidates molecular mechanisms by which environmental

chemicals affect human disease � 2004–2010 Mount Desert Island Biological
Laboratory.
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directs, and coordinates a national program to maintain and improve the health of
the American people.

http://www.ndma.gov.in – National Disaster Management Guidelines: Management of
Chemical (Terrorism) Disaster. National Disaster Management Authority, Govern-
ment of India.

http://toxnet.nlm.nih.gov/index.html – National Library of medicine databases on
toxicology, hazardous chemicals, environmental health, and toxic releases.
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l Chemical Abstracts Service Registry Number: 10544-72-6
l Synonyms: Dinitrogen dioxide, Nitrogen oxide, Dinitrogen

tetroxide, Dinitrogen tetraoxide, Nitrogen tetraoxide
l Molecular Formula: N2O4
l Chemical Structure:
Background (Significance/History)

Nitrogen tetraoxide is primarily known for its use as a rocket
propellant and became an oxidizer of choice by the late 1950s.
Nitrogen tetraoxide has been used as a propellant for missiles
as well as for spacecraft beginning with its use in Titan rockets
in the late 1950s.
Uses

Nitrogen tetraoxide is formed by pressurizing liquid nitrogen
dioxide. It is a gas at normal temperature and pressure, and is
used in the manufacture of explosives and rocket fuels.
Nitrogen tetraoxide is used as a catalyst in oxidation reactions
and in many other industrial applications. It is also a compo-
nent of nitric and sulfuric acid.
Environmental Fate and Behavior

Nitrogen tetroxide is released into the atmosphere where it can
undergo reactions, leading to air pollution.
Routes and Pathways, Relevant Physicochemical Properties

Molecular Weight: 92.02.
Melting Point: �9.3 �C.
Boiling Point: 21.15 �C.
Density/Specific Gravity: 1.45 g m�3 at 20 �C.
Vapor Pressure: 9.04 � 102 mmHg at 25 �C.
Partition Behavior in Water, Sediment, and Soil

Nitrogen tetraoxide is soluble in soil. In water, nitrogen tetra-
oxide will decompose to nitrous acid and nitric acid.
Environmental Persistency

Upon emission into the atmosphere, nitrogen tetraoxide
undergoes a series of reactions resulting in photochemical air
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
pollution. The major components are ozone, oxides of
nitrogen, aldehydes, peroxyacetyl nitrates, and hydrocarbons.
Long-Range Transport

Long-range transport of nitrogen tetraoxide may result in
emission of volatile organics and nitrogen oxides.
Bioaccumulation and Biomagnification

Nitrogen tetraoxide does not bioaccumulate.
Exposure and Exposure Monitoring

Routes and Pathways

Inhalation.
Human Exposure

Occupational exposure may occur wherever nitric acid is made
or used, for example, inhalation of industrial gases, fumes
resulting from the welding process, vapors arising from the
contact of nitric acid with organic materials, from the exhaust
of metal cleaning processes, vapors associated with electro-
plating, engraving, and photogravure operations, dynamite
blasting.
Environmental Exposure

Exposure to the general population may occur via diesel engine
exhaust and polluted air resulting from internal combustion
engine exhaust.
Toxicokinetics

Little data is available concerning the toxicokinetics of nitrogen
tetraoxide. Toxic effects have been reported following inhala-
tion, indicating absorption by this route.
Mechanisms of Toxicity

Nitrogen tetraoxide is absorbed through the respiratory system
and reacts with blood, reducing fluid levels, inducing massive
pulmonary edema and a severe reduction in hemoglobin levels.
Acute and Short-Term Toxicity (or Exposure)

Animal

The inhalation LC50 is 315 ppm in rabbits. Nitrogen tetraoxide
as a liquid can cause severe burns from even brief contact with
the skin or eyes.
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Human

The liquid is highly corrosive to the skin andmay cause chemical
burns. Oral ingestion may cause severe burns. The vapor is
extremely irritating to the eyes, and is capable of causing pain
and severe conjunctivitis. A review by the American Conference
of Governmental Industrial Hygienists (ACGIH) suggests that
a 60-min exposure to 100 ppm leads to pulmonary edema and
death; 50 ppm to pulmonary edema with possible subacute or
chronic lesions in the lungs; and 25 ppm to respiratory irritation
and chest pain. About 50ppm ismoderately irritating to the eyes
and nose; 25 ppm is irritating to some people. The effects of
exposure are insidious, leaving an exposed person asymptom-
atic for days, even at a fatal dosage. Only high concentrations
show immediate toxic effects. The latent periodmaybe from5 to
72 h, and initial symptoms include coughing and nausea. Vapor
can cause pain, severe conjunctivitis, and other effects to the eye.
The liquid is highly corrosive to the skin. Nitrogen tetraoxide is
a class A poison (US Code of Federal Regulations (CFR) 173,
Section 173.326).
Chronic Toxicity (or Exposure)

Human

Long-term exposure of small levels can cause bronchitis,
interstitial edema, epithelial proliferation, and possible
emphysema and fibrosis. It is classified by the ACGIH as
Category A4 (not classifiable as causing cancer in humans).
Clinical Management

Exposure to nitrogen tetraoxide in the missile industry can
lead to symptoms identical to those from nitrogen dioxide.
Medical assistance should be sought immediately after
any inhalation exposure, however small. Ventilation and
oxygenation should be maintained. Oxygen should be used
when necessary. Methemoglobinemia and mild acidosis may
occur but tend to be less serious in nature. In symptomatic
patients, methemoglobinemia may be treated by adminis-
tering 1–2 mg kg�1 of 1% methylene blue slowly,
intra venous (IV). Although specific treatment for these
conditions is for patients with bronchiolitis, steroids may be
beneficial in decreasing inflammation. If eyes or skin are
exposed, these should be well rinsed with water.
Other Hazards

Exposure Standards and Guidelines

The ACGIH threshold limit value, 8-h time-weighted average,
is 3 ppm (6 mg m�3), and the short-term exposure limit
(STEL) is 5 ppm (10 mg m�3). The US National Institute for
Occupational Safety and Health (NIOSH) STEL, for a 15-min
exposure, is 1 ppm (1.8 mg m�3), and the NIOSH Imme-
diately Dangerous to Life or Health value is 20 ppm.
Miscellaneous

Nitrogen tetraoxide occurs in equilibrium with nitrogen
dioxide. As a result, it is difficult to distinguish the toxicities
between these two compounds.

See also: Nitrogen Mustards; Nitrous Oxide.
Further Reading

Liekauf, G.D., Prows, D.R., 2001. Inorganic compounds of carbon, nitrogen, and
oxygen. In: Bingham, E., Cohrssen, B., Powell, C.H. (Eds.), Patty’s Toxicology, fifth
ed., vol. 3. Wiley, New York, pp. 607–730.
Relevant Websites

http://esis.jrc.ec.europa.eu/ – European Commission, ESIS; IUCLID dataset, dinitrogen
tetraoxide.

http://www.intox.org – International Programme on Chemical Safety (IPCS). Nitrogen
Oxides, 2nd edition (Environmental Health Criteria 188).
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l Chemical Name*: Nitroglycerin
l Chemical Abstract Service Registry Number*: 55-63-0
l IUPAC Systematic Name*: 1,2,3-Trinitroxypropane
l Synonyms*: 1,2,3-Propanetriol, trinitrate; 1,2,3-Propane-

triyl nitrate; Adesitrin; Glycerine trinitrate; Glycerintrini-
trate; Glyceryl; Nitric acid triester of gylcerol; Nitrocerin

l Molecular Formula*: C3H5N3O9

l Chemical Structure*:

l Relative Molecular Mass*: 227.09
l Chemical and Physical Properties of the Pure Substance:

B Description*: Heavy colorless oily, explosive liquid
B Boiling Point*: 250 �C
B Melting Point*: 13.5 �C
B Log P (octanol–water)*: 1.62
B Density*: 1.6 g cm�3 at 15 �C
B Water Solubility*: 1380 mg l�1 at 20 �C
B Vapor Pressure*: 4.5 mmHg at 25 �C
B Henry’s Law Constant*: 9.87E-08 atmm3mol�1 at

25 �C
B Atmospheric OH Rate Constant*: 1.10E-12 cm3

molecule�1 s�1 at 25 �C

*All from ChemlDplus.
Background

Nitroglycerin also known as glyceryl trinitrate is a heavy,
colorless, and oily explosive liquid produced by nitrating glyc-
erol. Nitroglycerin belongs to a class of drugs called nitrates.
Glyceryl trinitrate is used in the treatment of angina pectoris
(heart pain). It was synthesized in 1846 and was first used to
treat angina attacks in 1879. It was granted US Food and Drug
Administration (FDA) approval in 1938. Heart pumps the
blood returning from the body in the veins through the lungs
and into the arteries against the high pressure in the arteries. In
order to achieve this, the heart’s muscle must produce and use
energy where oxygen works as a source of energy. Angina pec-
toris heart pain occurs when there is no adequate flow of blood
and oxygen to the muscle of the heart. Nitroglycerin corrects the
imbalance between the flow of blood and oxygen to the heart
and the work that the heart must do by widening thearteries and
veins in the body. By dilation (widening) of the veins, the
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amount of blood that returns to the heart reduces which makes
the heart work less and requires less blood and oxygen. Dilation
of the arteries also lowers the pressure in the arteries against
which the heart must pump. As a consequence, the heart works
less and requires less blood and oxygen.

Nitroglycerin is manufactured by using ratio of nearly 1:1
mixture of concentrated sulfuric acid and concentrated nitric
acid. The process can be done in two ways. The first way is
mixing the white fuming nitric acid in which the oxides of
nitrogen have been removed, as opposed to red fuming nitric
acid, which contains nitrogen oxides and concentrated sulfuric
acid. The second method which is more common is a mixture
of fuming sulfuric acid known as oleum which is sulfuric acid
containing excess sulfur trioxide and azeotropic nitric acid
consisting of about 70% nitric acid, with the rest being water.
Uses

Nitroglycerin has been used as an active ingredient in the
manufacture of explosives, mostly dynamite since 1860.
Nitroglycerin is also a main component in double-based
smokeless gunpowders used by reloaders. If nitroglycerin mixes
with nitrocellulose, there would be hundreds of combinations
used by rifle, pistol, and shotgun reloaders.

In medical practice, nitroglycerin is known as glyceryl tri-
nitrate and used as a vasodilator to treat heart conditions, such
as angina and chronic heart failure. Glyceryl trinitrate is one of
the oldest and most useful drugs for treating and preventing
attacks of angina pectoris. In 2002, the effect of nitroglycerin
treatment discovered that nitroglycerin is converted into nitric
oxide in the body by mitochondrial aldehyde dehydrogenase,
and nitric oxide is a natural vasodilator in the body. Glyceryl
trinitrate has also been suggested for other uses such as an
adjunct therapy in prostate cancer.

Nitroglycerin comes in forms of tablets, sprays, skin oint-
ment, or patches. Nitroglycerin comes in quick-acting forms
and long-acting forms. To relieve angina before activities that
cause angina, quick-acting forms of nitroglycerin in forms of
tablets or sprays are used. The tablets are placed under the
tongue or between the cheek and gum. The spray is used on or
under the tongue. Long-acting forms of nitroglycerin are used
to prevent angina from happening. They are not used to stop
sudden symptoms of angina. These long-acting forms include
pills, tablets, skin ointment, and skin patches.
Environmental Fate and Behavior

Nitroglycerin is used for heart-related illness treatment and it
may be released to the environment through various waste
streams. With a vapor pressure of 2.0E-4 mmHg at 20 �C,
nitroglycerin exists in both the vapor and particulate phases in
4-3.01142-8 569
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the ambient atmosphere. Vapor-phase nitroglycerin will be
degraded in the atmosphere by reaction with photochemically
produced hydroxyl radicals with the half-life of 15 days.
Nitroglycerin absorbs light weakly in the environmental ultra-
violet spectrum, but it is unknown whether it undergoes
significant direct photolysis in the atmosphere. Particulate-
phase nitroglycerin will be removed from the atmosphere by
wet and dry deposition. When nitroglycerin releases to the soil,
the effects are expected to be moderate based on its estimated
Koc of 180. However, volatilization from moist soil surfaces is
not expected to be an important fate process. In the case that
nitroglycerin releases into water, it is expected to adsorb to
suspended solids and sediment based on the estimated Koc.
Nitroglycerin may be completely biodegraded in 13 days using
river water and river water/sediment microcosms. The volatili-
zation from water surfaces is not expected to be an important
fate process. Although hydrolysis is not an important environ-
mental fate process at neutral pH, hydrolysis may be important
under alkaline conditions based on half-lives of 37 and 96 days
at pH 9 and 25 and 18 �C, respectively. Nitroglycerin may
undergo photolysis in sunlit surface waters. The photolysis half-
life for nitroglycerin in distilled water, filtered river water, and
filtered pond water exposed to sunlight was 116, 57, and 73
days, respectively.
Exposure and Exposure Monitoring

National Institute for Occupational Safety andHealth (NIOSH)
has statistically estimated that 38 473 workers (29 146 of these
are female) are potentially exposed to nitroglycerin in the
United StatesOccupational exposure to nitroglycerinmay occur
through dermal contact with this compound at workplaces
where nitroglycerin is produced or used. The general population
is not expected to be exposed to nitroglycerin except for persons
who may need to use this compound to treat and prevent chest
pain from angina pectoris or other heart-related conditions.

Fishes were exposed to the nitroglycerin in ethanol at
nominal concentrations and all fish exposed to 6.25 mg l�1

died within 24 h and all fish exposed to 3.89 mg l�1 died
within 72 h. Mortality rates at 96 h were 90 and 10% for the
2.47 and 1.46 mg l�1 concentrations, respectively. No
mortality was noted at 0.91 mg l�1 or in the control groups.
Toxicokinetics

There were no quantitative data available on absorption by
inhalation exposure for humans. In a study on workers exposed
to nitroglycerin, dermal absorption was considered to be more
important than the absorption by inhalation.

There were no quantitative data available on absorption by
inhalation exposure for animals. Absorption by the oral route
in rodents, rabbits, dogs, and monkeys was almost complete
within 24 h.
Mechanism of Toxicity

The bioavailability after oral application was <1% and after
sublingual application was 36%. The actual rate of oral
absorption was presumed to be higher due to a rapid
metabolism of nitroglycerin. Skin absorption in nitroglycerin-
exposed workers was demonstrated by elevated concentra-
tions of glycerol dinitrates in urine. In clinical studies, the
dermal absorption rate of glycerol dinitrates from patches was
0.5 mg cm�2 and the bioavailability has been estimated to be
68–76%. Glycerol dinitrates were rapidly metabolized within
a few minutes to 1,2- and 1,3-glycerol dinitrates. In addition
to hepatic metabolism, there was relevant extrahepatic
metabolism such as intestine, kidney, vascular endothelial
and muscle cells, as well as skin.

The dermal absorption rates in rats were 0.6–0.9 mg cm�2.
Nitroglycerin was rapidly metabolized to 1,2- and 1,3-glycerol
dinitrates, glycerol mononitrate, glycerol, and NO, the latter
possessing vasodilator properties. After oral glycerin exposure
of rats, glycerol dinitrates and glycerol mononitrate as well as
glycerol were eliminated in urine (40–50% of the administered
dose, partially as glucuronide conjugates), and 17–33% were
exhaled as CO2 within 24 h. Dogs and rabbits excreted up to
70% of an administered oral dose in urine.
Acute and Short-Term Toxicity

Toxic effects of nitroglycerin are caused by vasodilatation and
methemoglobinemia. Venous and arterial vasodilatation cau-
ses lowering of blood pressure leading to shock. Heart, blood
vessels, and red blood cells are the target organs in nitroglycerin
poisoning.

The most common effect of acute nitroglycerin exposure is
the occurrence of throbbing headache, with decrease in blood
pressure. This happens due to a vasodilatory effect on vascular
muscles. Higher doses produced depression, confusion,
methemoglobinemia, and cyanosis.

Study showed acute exposure of workers was 0.5 mgm�3 of
amixture of nitroglycerin and ethylene glycol dinitrate produced
headaches and a decrease in blood pressure within 25 min. The
occurrence of headache was also observed in workers exposed to
0.3–1.0 mgm�3 of nitroglycerin two or three times a week. The
studies showed that when the exposure concentrations were
reduced to 0.09 mgm�3, the symptoms disappeared.
Chronic Toxicity

There were no human data available to support chronic toxicity
studies. In the chronic rat study, there was a marked increase in
hepatocellular carcinomas and/or neoplastic nodules in the
high-dose groups.
Immunotoxicity

Immunotoxicity can be defined as adverse effects on the func-
tioning of the immune system that result from exposure to
chemical substances. Immunotoxicity leads to the increased
incidence or severity of infectious diseases or cancer, since the
immune system’s ability to respond adequately to invading
agents is suppressed. Identifying immunotoxicants is difficult
because chemicals can cause a wide variety of complicated
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effects on immune function. Observations in humans and
studies in rodents have clearly demonstrated that a number of
environmental and industrial chemicals can adversely affect the
immune system. However, there were no data available for
immunotoxicity studies.
Reproductive Toxicity

There are no human data available on nitroglycerin reproduc-
tive toxicity. Also, studies showed that there was no effect noted
in the reproductive organs of animal females.
Genotoxicity

There were no data available on genotoxic effect on human.
The studies showed the genotoxic effect on rats exposed to
nitroglycerin was 3–363 mg kg�1 day�1 in feed for 13 weeks.
There were no numerical or structural chromosomal aberra-
tions in kidney cells of rats fed nitroglycerin in doses of
59 mg kg�1 day�1 for 5 weeks and 230 mg kg�1 day�1 for an
additional 8 weeks or in the bone marrow or kidneys of rats
exposed to doses of about 400 mg kg�1 day�1 for 2 years.
Carcinogenicity

The studies on about 900 exposed Swedish workers of
explosives factory and 5500 exposed US ammunition workers
showed no excess mortality from all cancers, lymphatic or
hematopoietic neoplasm, compared to the controls observed
on coexposure of mixture of nitroglycerin and ethylene glycol
dinitrate with a slight increase in lung cancers but statistical
significance was not stated. There were nonneoplastic liver
lesions at the highest dose. The incidences of interstitial
tumors of the testes were also increased accompanied by
testicular atrophy and a-spermatogenesis. No statistical eval-
uation was given.
Clinical Management

Characteristics of nitroglycerin poisoning may appear within
a fewminutes to 1 h ormore after exposure. There is tachycardia
and hypotension followed by bradycardia and collapse. Flush-
ing of the face, headache, dizziness, restlessness, syncope,
convulsions, and coma may be present. Some of the other
features are vomiting, diarrhea, cyanosis, methemoglobinemia,
and respiratory failure. Effects of nitroglycerin are enhanced by
alcohol.
Other Hazards

The National Fire Protection Association has assigned a flam-
mability rating of 2 (moderate fire hazard) to nitroglycerin. The
flash point is indicated as explodes and the autoignition
temperature is known as 270 �C.
Exposure Standards and Guidelines

The current Occupational Safety and Health Administration
(OSHA) permissible exposure limit (PEL) for nitroglycerin
is 0.2 ppm parts of air (2 mgm�3) as a ceiling limit. A worker’s
exposure to nitroglycerin shall at no time exceed this
ceiling level. The OSHA PEL also bears a ‘Skin’ notation,
which indicates that the cutaneous route of exposure
(including mucous membranes and eyes) contributes to overall
exposure.

NIOSH has established a recommended exposure limit
for nitroglycerin as a short-term exposure limit (STEL) of
0.1 mgm�3 for periods not to exceed 15 min. Exposures at
the STEL concentration should not be repeated more than
four times a day and should be separated by intervals of at
least 60 min. NIOSH also assigns a ‘Skin’ notation to
nitroglycerin.

The American Conference of Governmental Industrial
Hygienists (ACGIH) has assigned nitroglycerin a threshold
limit value of 0.05 ppm (0.46 mgm�3) as a time-weighted
average for a normal 8-h workday and a 40-h workweek. The
ACGIH also assigns a ‘Skin’ notation to nitroglycerin.

CERCLA Reportable Quantities states that the persons in
charge of vessels or facilities are required to notify the National
Response Center immediately, when there is a release of this
designated hazardous substance, in an amount equal to or
greater than its reportable quantity of 10 lb or 4.54 kg. The rule
for determining when notification is required is stated in 40
CFR 302.4 (Section IV D.3.b).

Resource Conservation and Recovery Act Requirements
(U081): As stipulated in 40 CFR 261.33, when nitroglycerin,
as a commercial chemical product or manufacturing chem-
ical intermediate becomes a waste, it must be managed
according to Federal and/or State hazardous waste regula-
tions. Also defined as a hazardous waste is any residue,
contaminated soil, water, or other debris resulting from the
cleanup of a spill, into water or on dry land, of this waste.
Generators of small quantities of this waste may qualify for
partial exclusion from hazardous waste regulations (40
CFR 261.5).

The FDA requirements are that the Approved Drug Prod-
ucts with Therapeutic Equivalence Evaluations List identify
currently marketed prescription drug products, including
nitroglycerin, approved on the basis of safety and effectiveness
by FDA under sections 505 of the Federal Food, Drug, and
Cosmetic Act.

Drug preparations intended for human use contain certain
‘coronary vasodilators.’ The FDA finds that the following
‘coronary vasodilators’ are extensively regarded by physicians
as safe and useful as employed under medical supervision for
the management of angina pectoris in some patients.

See also: Blood; Sensory Organs; Carcinogenesis; Chemical
Hazard Communication and Safety Data Sheets; Chemicals of
Environmental Concern; Risk Assessment, Ecological; Risk
Assessment, Human Health; Toxicity, Acute; Toxicity Testing,
Carcinogenesis; Toxicity, Subchronic and Chronic; Standards
and Guidelines for Toxicity Testing.
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l Chemical Abstracts Service Registry Number: CAS 75-52-5
l Synonyms: CAS No. 75-52-5, Nitromethane, Nitroalkane,

Nitro Fuel, Nitrocarbol, Nitroparaffin
l Molecular Formula: C–H3–N–O2

l Structure:
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Background

Nitromethane (75-52-5) is an explosive material that was
originally manufactured for various applications including
mining, construction, demolition, law enforcement, and
military uses. However, due to threats of terrorism and
increased attention to accident prevention, regulations con-
cerning the transportation, storage, use, and transfer relating to
explosives have steadily increased over the last few years and
manufacturing limited.
Uses

Nitromethane is a clear, mobile, and colorless liquid at room
temperature with a moderately strong characteristic odor. Its
primary use is as a chemical intermediate in the synthesis of
biocides, chemicals, and agricultural products and intermedi-
ates. Other uses include use as a fuel for professional racing and
hobby cars, an explosive in mining, oil-well drilling, and
seismic exploration.
Environmental Fate and Behavior

Production and use as a solvent and fuel additive may result
in its release into the environment, principally the atmosphere.
Nitromethane’s potential for mobility in soil is very high based
on the vapor pressure. It is not considered readily biodegrad-
able; however, this does not necessarily mean that the
nitromethane is not biodegradable under environmental
conditions.
Exposure and Exposure Monitoring

Occupational exposure to nitromethane may occur through
inhalation and dermal contact with this compound at work-
places where nitromethane is produced or used. Exposure may
occur from the use of solvents, propellants, and fuels con-
taining nitromethane via dermal exposure or accidental
xicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
ingestion. Monitoring data indicate that the general population
may be exposed to nitromethane via inhalation of ambient air
and dermal contact with this compound and other products
containing nitromethane.
Toxicokinetics

There is limited data on the toxicokinetics of nitromethane.
However, in vitro studies with liver microsomes suggest
nitromethane may be metabolized to formaldehyde although
only in trace amounts. Other data suggest that nitromethane
may form a cytochrome P450 NO complex. Nitromethane
appeared to compete with carbon monoxide for a common
binding site. However, nitromethane appears to undergo
limited metabolic denitrification.
Mechanism of Toxicity

Nitromethane affects the central nervous system (CNS) via
narcosis as a solvent. It is also a mild pulmonary irritant.
In addition, nitromethane produces histidinemia in rats by
decreasing hepatic histidase activity, leading to increased tissue
levels of histidine.
Acute and Short-Term Toxicity

Pure nitromethane has low acute toxicity following acciden-
tally ingestion or dermal exposure where small quantities are
not likely to cause injury; however, ingestion of larger amounts
may cause injury. Nitromethane is a mild eye irritant and is not
likely to cause significant irritation to the skin.
Chronic Toxicity

Excessive exposure to nitromethane vapors can cause
irritation in the upper respiratory tract and lungs. Vapor
concentrations could cause CNS effects including headache,
dizziness, drowsiness, unconsciousness, or even death. There
is no epidemiological evidence or case reports specific to
human exposure to nitromethane in the published scientific
literature.
Reproductive Toxicity

Studies conducted in laboratory animals showed a dose-
related decrease in sperm motility following inhalation of
nitromethane as well as a species-specific (mice) increase
in estrous cycle length. There are no data on the reproductive
or developmental effects of nitromethane in humans.
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Genotoxicity

No mutagenic activity has been detected in either in vivo or
in vitro studies with nitromethane.
Carcinogenicity

There are no epidemiological data relevant to the carcino-
genicity of nitromethane. However, results from a 2-year
chronic inhalation study in rats conducted by the U.S.
National Toxicology Program (NTP) reported evidence of
carcinogenic activity in female rats, male and female mice
(not in male rats). As a result nitromethane is listed as
a potential carcinogen to humans in Group 2B by the
International Agency for Research on Cancer (IARC) and in
Group A3 by American Conference of Governmental Indus-
trial Hygienists (ACGIH).
Clinical Management

Those working with nitromethane in manufacturing opera-
tions could be exposed to either liquid or vapor during
maintenance, transfer, sampling, testing, disposal, or other
procedures. Adequate ventilation, thorough training, appro-
priate work processes, and proper safety equipment should be
in place to limit unnecessary exposure. In the case of over
exposure to nitromethane, immediate removal from exposure
to fresh air, washing skin, and irrigation of eyes are
important.
Ecotoxicology

Nitromethane has a low bioconcentration potential and is only
slightly toxic to aquatic organisms.
Other Hazards

Nitromethane can be explosive when mixed with small
amounts of certain compounds such as amines, acids, or bases.
Increased temperature can also increase the explosion potential
of nitromethane. Understanding the hazards and strict adher-
ence to proper storage and handling is necessary.
Exposure Standards and Guidelines

Occupational Safety and Health Administration (OSHA)
permissible exposure limit-time-weighted average (PEL-TWA)
of 100 ppm (250 mgm�3)

ACGIH threshold limit value-time-weighted average
(TLV-TWA) of 20 ppm (50 mgm�3)

Regulations that govern the manufacture, sale, and trans-
portation, use and/or disposal of nitromethane may exist and
vary by city, state, country, or geographic region.

See also: Carcinogen Classification Schemes; Import/Export of
Hazardous Chemicals.

Further Reading

International Agency for Research on Cancer (IARC) 2000. IARC monographs on the
evaluation of carcinogenic risks to humans. Some Industrial Chemicals, vol. 77,
pp. 487–502. http://monographs.iarc.fr

Nitromethane Technical Data Sheet: Storage and Handling Guidelines, 2000. ANGUS
Chemical Company, Form No. 319-00012.
Relevant Websites

http://www.dow.com/greaterchina/en/products/chemical/design/angus.htm – For
business information about nitromethane, visit the ANGUS website.

http://ecb.jrc.it/esis/ – European Chemicals Bureau, ESIS, look for CAS 75-52-5.
http://www.inchem.org/documents/iarc/vol77/77-15.html – International Agency for

Research on Cancer (IARC) Summary – Nitromethane.
http://ntp.niehs.nih.gov/ – National Toxicology Program – Nitromethane.
http://www.dow.com/webapps/msds/msdssearch.asp – Safety Data Sheet.
http://www.scorecard.org/chemical-profiles/ – Scorecard Chemical Profiles –

Nitromethane.
http://www.ilo.org/safework/info/publications/WCMS_113134/lang–en/index.htm –

World Health Organization (WHO) Chemical Cards, International Program on
Chemical Safety (IPCS) – Nitromethane.

http://monographs.iarc.fr
http://www.dow.com/greaterchina/en/products/chemical/design/angus.htm
http://ecb.jrc.it/esis/
http://www.inchem.org/documents/iarc/vol77/77-15.html
http://ntp.niehs.nih.gov/
http://www.dow.com/webapps/msds/msdssearch.asp
http://www.scorecard.org/chemical-profiles/
http://www.ilo.org/safework/info/publications/WCMS_113134/lang--en/index.htm


Nitrophenol, 4-
M Abdollahi and A Mohammadirad, Pharmaceutical Sciences Research Center, Tehran University of Medical Sciences, Tehran, Iran

� 2014 Elsevier Inc. All rights reserved.
Chemical Profile

l Name: 4-Nitrophenol
l Chemical Abstracts Service Registry Number: 100-02-7
l Synonyms: 4-Hydroxynitrobenzene, p-hydroxynitrobenzene,

NCI-C55992, Niphen, 4-nitrofenol (Dutch), p-nitrofenol,
paranitrofenol (Dutch), paranitrofenolo (Italian), para-
nitrophenol, 4-nitrophenol, p-nitrophenol, PNP

l Molecular Formula: C6H5NO3

l Chemical Structure:
Background (Significance/History)

4-Nitrophenol (also called p-nitrophenol or 4-hydroxynitro-
benzene) is a phenolic compound that has a nitro group at the
opposite position of hydroxyl group on the benzene ring.
4-Nitrophenol shows two polymorphs in the crystalline state.
The alpha form is colorless pillars, unstable at room tempera-
ture, and stable toward sunlight. The beta form is yellow pillars,
stable at room temperature, and gradually turns red upon
irradiation of sunlight. Usually 4-nitrophenol exists as
a mixture of these two forms. Generally, 4-nitrophenol is used
in manufacturing of drugs (e.g., acetaminophen), fungicides,
methyl and ethyl parathion insecticides, and dyes, and to
darken leather.
Uses

4-Nitrophenol is an intermediate in the synthesis of para-
cetamol. It is reduced to 4-aminophenol, then acetylated with
acetic anhydride. 4-Nitrophenol is used as the precursor for the
preparation of phenetidine and acetophenetidine, indicators,
and raw materials for fungicides. Bioaccumulation of this
compound rarely occurs. 4-Nitrophenol is a product of the
enzymatic cleavage of several substrates. In peptide synthesis,
carboxylate ester derivatives of 4-nitrophenol may serve as
activated components for construction of amid moieties.
4-Nitrophenol is a product of the enzymatic cleavage of several
substrates. Amounts of 4-nitrophenol produced by a particular
enzyme in the presence of its corresponding substrate can be
measured with a spectrophotometer at or around 400 nm and
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
used as a proxy measurement for the amount of the enzyme in
the sample.
Environmental Fate and Behavior

Routes and Pathways Relevant to Physicochemical Properties

4-Nitrophenol’s production and use in the manufacturing of
methyl and ethyl parathion, N-acetyl-p-aminophenol (acet-
aminophen), dyestuffs, as well as a leather treatment agent may
result in its release to the environment through various waste
streams. The Henry’s law constant for 4-nitrophenol is
1.3� 10�8 atmm3mol�1 at 20 �C. This constant indicates that
4-nitrophenol is not expected to volatilize from water surfaces.
The pKa of 4-nitrophenol is 7.15, indicating that this
compound will partially exist in the ionized form in water and
moist soils and the anion will not volatilize. 4-Nitrophenol is
not expected to volatilize from dry soil surfaces based on
a vapor pressure of 9.79� 10�5 mmHg at 20 �C.
Partition Behavior in Water, Sediment, and Soil

The partitioning of 4-nitrophenol from water to air and
different aquatic phases will depend on its volatility from water
to air and its distribution between water, sediment, and biota.
Experimental volatilization rates for either of the compounds
from water are unavailable.
Long-Range Transport

The Koc of 4-nitrophenol was reported as 55 in Brookston clay
loam and the logKoc was reported as 1.7 in a second study.
According to a classification scheme, these Koc values suggest
that 4-nitrophenol is expected to have high mobility in soil.
Bioaccumulation and Biomagnifications

According to a classification scheme, the bioconcentration
factor values of 4-nitrophenol suggest that bioconcentration in
aquatic organisms is low to moderate.
Environmental Persistency (Degradation/Speciation)

The general population may be exposed to 4-nitrophenol via
inhalation of ambient air and ingestion of contaminated water
or soil. The biodegradation half-life of 4-nitrophenol is 18 h
and 6.8 days in aerobic and anaerobic waters, respectively. The
biodegradation half-life of 4-nitrophenolin in an acidic soil
was reported as 2.5 days and the biodegradation half-life in
a basic soil was reported as 10.2 days. Vapor-phase 4-nitro-
phenol is degraded in the atmosphere by reaction with
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photochemically produced hydroxyl radicals; the half-life for
this reaction in air is estimated to be 4 days.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

The substance can be absorbed into the body by inhalation,
through the skin and by ingestion.

No information is available on the levels of 4-nitrophenol
in ambient air or in food, and 4-nitrophenol has not
been detected in drinking water. Occupational exposure to
4-nitrophenol may occur for these workers involved in the
manufacturing or use of 4-nitrophenol.
Human Exposure

Possible sources of human exposure to 4-nitrophenol can
result from microbial or photodegradation of the parathion or
from in vivo metabolism following ingestion of parathion or
other similar organophosphate insecticides.

Occupational exposure to 4-nitrophenol may occur through
inhalation and dermal contact with this compound at work-
places where 4-nitrophenol is produced or used or where the
pesticide parathion is used. The general population may be
exposed to 4-nitrophenol via inhalation of ambient air and
ingestion of contaminated water.
Toxicokinetics

Absorption, Distribution, and Excretion

Based on the rapid urinary elimination of the mono-
nitrophenols, the compounds may be restricted primarily to the
blood and urine following absorption by humans. Nitrophenols
are readily absorbed through intact skin and by inhalation.
Mononitrophenols are readily absorbed by the gastrointestinal
tract and rapidly excreted primarily in the urine.

Excretion by mice, rats, rabbits, and guinea pigs is rapid.
Most doses were completely eliminated from blood within 2 h
after administration. Elimination of 4-nitrophenol by monkey
following oral and intraperitoneal doses of 20 mg kg�1 is
complete within 5 h.

Excretion of 4-nitrophenol, a metabolite of the organophos-
phorous pesticides, parathion, methylparathion, O-ethyl O-(p-
nitrophenyl) phenyl phosphorothioic acid (EPN), and decap-
thion, is a good indicator of human exposure to these pesticides.
Metabolism

The major route of mononitrophenol metabolism is
undoubtedly conjugation and the resultant formation of either
glucuronide or sulfate conjugates. Following the administra-
tion of a single dose of 4-nitrophenol to rats, 35% was excreted
in the urine in the form of 4-nitrophenyl sulfate and 40% in
the form of the glucuronide, with no difference between sexes.
The chemical reactions and pathways involving a phenol, any
compound containing one or more hydroxyl groups directly
attached to an aromatic carbon ring.
Mechanism of Toxicity

The major hazards has been encountered in the use and
handling of 4-nitrophenolstem from its toxicologic properties.
4-Nitrophenol irritates the eyes, skin, and respiratory tract. It
may also cause inflammation of those parts. It has a delayed
interaction with blood and forms methemoglobin which is
responsible for methemoglobinemia, potentially causing
cyanosis, confusion, and unconsciousness. When ingested, it
causes abdominal pain and vomiting. Prolonged contact with
skin may cause allergic response.
Acute and Short-Term Toxicity

Human

Acute inhalation or ingestion of 4-nitrophenol in humans
causes headache, drowsiness, nausea, and cyanosis. Contact
with the eyes causes irritation.
Animal

A study examining the acute effects of 4-nitrophenol from
inhalation exposure in rats reported an increase in methemo-
globin and corneal opacity. Tests involving acute exposure of
rats and mice have shown 4-nitrophenol to have high toxicity
from oral and dermal exposure.
Chronic Toxicity

Animal

An animal study examining the chronic effects of 4-nitrophenol
from dermal exposure reported no effects on the respiratory,
cardiovascular, gastrointestinal, muscular, immune, and central
nervous systems, or the liver and kidney. The only effects noted
were dermal irritation consisting of erythema, scaling, scab-
bing, and cracking of the skin.
Reproductive Toxicity

Animal

One animal study reported no histological alterations in the
testes and epididymis in mice exposed to 4-nitrophenol by
inhalation, while in another study no changes were observed in
the reproductive index of pregnant mice given 4-nitrophenol by
gavage (placing the chemical experimentally in the stomach).
Genotoxicity and Carcinogenicity

No information is available on the carcinogenic and genotoxic
effects of 4-nitrophenol in humans. There is no evidence
on carcinogenic activity in mice dermally exposed to
4-nitrophenol for 18 months.
Clinical Management

Contact with 4-nitrophenol should be protected by wearing
butyl rubber gloves, boots, chemical protective clothing which
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is specifically recommended by the shipper or producer, a dust
mask, organic vapor canister respirator, or in emergency situ-
ations, a self-contained breathing apparatus. If contact does
occur, immediately flush affected skin or eyes with running
water for at least 15 min, and remove and isolate contaminated
clothing at the site. While 4-nitrophenol does not ignite easily,
it can burn, emitting toxic oxides of nitrogen. Also, containers
may explode in the heat of a fire. For small fires involving
4-nitrophenol, extinguish with dry chemical, CO2, Halon,
water spray, or standard foam, and for large fires, use water
spray, fog, or standard foam. Runoff from fire control water
may give off poisonous gases or cause pollution, and should be
controlled by diking, as necessary.
Ecotoxicology

LC50 in Pimephales promelas (fathead minnow) was reported to
be 41.0 (37.7–44.6) mg l�1.

See also: Solvents; Environmental Exposure Assessment;
Environmental Fate and Behavior; Toxicity Testing,
Mutagenicity; Toxicity Testing, Carcinogenesis; Toxicity
Testing, Inhalation; Mechanisms of Toxicity; Toxicity, Acute;
Toxicity, Subchronic and Chronic; Toxicity Testing, Dermal;
Ecotoxicology; Dinitrophenols; Acetaminophen;
Organophosphorus Compounds.
Further Reading

Koizumi, M., Yamamoto, Y., Ito, Y., Takano, M., Enami, T., Kamata, E., Hasegawa, R.,
2001. Comparative study of toxicity of 4-nitrophenol and 2,4-dinitrophenol in
newborn and young rats. J. Toxicol. Sci. 26 (5), 299–311.

Schultz, T.W., Holcombe, G.W., Phipps, G.L., 1986. Relationships of quantitative
structure-activity to comparative toxicity of selected phenols in the Pimephales
promelas and Tetrahymena pyriformis test systems. Ecotoxicol. Environ. Saf. 12
(2), 146–153.

Zoh, K.D., Kim, T.S., Kim, J.G., Choi, K., Yi, S.M., 2006. Parathion degradation and
toxicity reduction in solar photocatalysis and photolysis. Water Sci. Technol. 53 (3),
1–8.
Relevant Websites

http://hazmap.nlm.nih.gov – Haz-Map: Search for 4-Nitrophenol.
http://www.inchem.org – International Programme on Chemical Safety: INCHEM:

Search for 4-Nitrophenol.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for

4-Nitrophenol.

http://hazmap.nlm.nih.gov
http://www.inchem.org
http://toxnet.nlm.nih.gov
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l Chemical Abstracts Service Registry Number: 79-46-9 and
104306-46-9

l Synonyms: 2-NP; 2-Nitropropane; Dimethylnitromethane;
Isonitropropane; Nitroisopropane; b-Nitropropane

l Molecular Formula: C3H7NO2

l Chemical Structure:
Background

2-Nitropropane (2-NP) exposure occurs mostly in workers in
contact with this chemical and in cigarette smokers (1.1–
1.2 mg per cigarette). It is also used in coatings on, for
example, beverage cans, in adhesives, and printing ink; vege-
table oils are fractionated with 2-NP, and it is a gasoline
additive.
Uses

2-NP is used as an industrial solvent and additive solvent in
vinyl, epoxy resin coatings, nitrocellulose, varnishes, paints,
chlorinated rubber, printing inks, adhesives, printing (roto-
gravure and flexographic inks), traffic markings, marine coat-
ings in shipbuilding, food packaging, plastic products, rocket
propellant, and as an industrial intermediary in explosives and
an additive in gasoline.
Environmental Fate and Behavior

Routes and Pathways Relevant to Physicochemical Properties

2-NP is clear colorless liquid with a slightly fruity odor that is
flammable and stable under normal conditions. It is slightly
soluble in water and miscible in numerous solvents including
most aromatic hydrocarbons, ketones, esters, and ethers.

Koc values (the soil adsorption coefficient normalized to the
content of organic carbon) of 0.11 and 3.8 indicate that 2-NP is
expected to have very high mobility in soil and cannot adsorb
to suspended solids and sediment. Henry’s law constant
(1.19� 10�4 atmm3mol�1), vapor pressure (17.2 mm Hg),
and water solubility (1.70� 10þ4 mg l�1) indicate that volatil-
ization from moist soil and water surfaces is expected to be an
important fate process and 2-NP can be volatilized from dry soil
surfaces and exist as a vapor in the atmosphere. This compound
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exists in anion form (pKa 7.68) in the environment and cannot
absorb more strongly to organic carbon than its neutral coun-
terparts. According to its bioconcentration factor (BCF) of<8.4,
the concentration of 2-NP in aquatic organisms is low.
Partition Behavior in Water, Sediment, and Soil

2-NP is highly mobile in the environment, slightly soluble in
water, slightly bioaccumulative, and highly evaporative.
Environmental Persistency (Degradation/Speciation)

Ninety-five percent of 2-NP is degraded in the atmosphere by
a photochemical reaction that can produce hydroxyl radicals
and has a half-life of 9.8 days in the air. Biodegradation in soil
is based on conversion to CO2 in aerobic and anaerobic soil
based on mineralization in water after 5 days. Hydrolysis is not
expected to be an important environmental fate process since
this compound lacks functional groups that hydrolyze under
environmental conditions.
Long Range Transport

The half-life of 2-NP measured during aerobic batch labora-
tory microcosm experiments was 0.66 days in an acid clay
soil, 0.5 days in a basic sandy soil, and 9.8 days in the
atmosphere.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Alkyl nitrates are formed as secondary products of the photo-
oxidation of hydrocarbons in the atmosphere. The use of 2-NP
as a solvent in inks, paints, adhesives, varnishes, and polymers,
and as a solvent for vinyl and epoxy coatings, an ingredient in
rocket propellant, and a gasoline additive may cause its release
to the environment through various waste streams.
Human Exposure

Inhalation of ambient air and dermal contact with products
containing 2-NP occur during lacquer spraying. The sensitive
individuals are workers.
Toxicokinetics

Absorption

Low amounts can be absorbed via the skin, lungs, and
gastrointestinal tract. At least 40% of the inhaled compound
is absorbed. Blood concentration of 2-NP decreased in an
apparent first-order manner (half-life 48 min). Half-lives for
the biphasic elimination of radioactivity from blood were
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01144-1
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two to four times longer, indicating that metabolites have
a greater potential to accumulate. The major route of excre-
tion was the expired air. Plasma contained approximately
0.4% as 2-NP and 7.2% as metabolites of inhaled 2-NP, and
3.3% of the dose as 2-NP and 1.9% as metabolites after
intraperitoneal injection. It has 90% absorption via the
gastrointestinal tract.

Distribution

One hour after intraperitoneal injection, it is concentrated in
fat and moderate amounts are found in the blood, liver, and
kidneys, and lower amounts in other tissues. After 40 h, the
highest concentrations were found in bone marrow and
adrenal tissue; intermediate amounts were found in the
kidneys, liver, spleen, lungs, and omental fat. At 8 days after
exposure, it was only found in adrenal tissue.

Metabolism

2-NP is metabolized to nitrous acid and acetone by enzymatic
denitrification in rats. Microsomal metabolism of 2-NP in mice
results in the release of nitrite in a cytochrome P450-dependent
reaction.

Excretion

2-NP is eliminated unchanged in expired air and mainly in
urine (nitrite and nitrate).
Mechanism of Toxicity

DNA damage can cause 2-NP metabolites such as N-isopropyl
hydroxylamine (IPHA) and hydroxylamine-O-sulfonic (HAS)
acid by a reactive oxygen generating process that canbe inhibited
by free hydroxyl radical scavengers, catalase, and deferoxamine
mesylate, an iron chelating agent. IPHA causes DNA damage at
thymine and HAS most frequently induces DNA damage at
50-TG-30, 50-GG-30, and 50-GGG-30 sequences. Formation of
8-oxodesoxyguanine by IPHA or HAS increased in the presence
ofmetal ions.DNAdamage caused by 2-NPmetabolites plays an
important role inmutagenicity and carcinogenicity of 2-NP. The
liver damage induced by 2-NP is related to oxidative damage and
reduction in catalase (CAT) activity.
Acute and Short-Term Toxicity

Human

In acute exposure via inhalation, the signs are irritation of the
eyes, headache, depressed appetite, nausea, vomiting, anorexia,
diarrhea, and chest and abdominal pains. Acute hepatic failure
(lung edema, gastrointestinal bleeding, and respiratory and
kidney failure) and death occur within 4–26 days.
Animal

Toxicity in animals presents as dyspnea, cyanosis, prost-
ration, convulsions, lethargy, weakness, proceeding to coma,
pulmonary edema and hemorrhage, selective disintegration of
brain cells, hepatocellular damage, general vascular endothelial
injury, liver parenchymal, heart, kidney degeneration, and
death 1–4 days later.
Chronic Toxicity

Human

Chronic toxicity in humans presents as anorexia, nausea,
vomiting, headache, and diarrhea in industrial workers.

Animal

Chronic toxicity in animals presents as hepatocellular hyper-
trophy, hyperplasia, and necrosis.
Reproductive Toxicity

Abnormalities in the cardiovascular system of rat pups from
mothers that have ingested 2-NP has been reported.
Genotoxicity

Elevation of DNA repair synthesis occurs in hepatocyte cultures
exposed to 2-NP and in vivo. Chromatid type aberrations and
sister chromatid exchanges occurred in cultured human
lymphocytes. Increase in revertants in the Salmonella typhimu-
rium/mammalian microsome (Ames) test was observed.
In the micronucleus test, negative mutagenic potential was
reported.
Carcinogenicity

As 2-NP is carcinogenic in rats (hepatocellular carcinoma), it
can be anticipated to be a human carcinogen (group 2B).
Clinical Management

Flush eyes immediately with water for eye contamination.
If the patient has ingested 2-NP, rinse the mouth and
administer water for dilution, activated charcoal, without
induction of vomiting using emetics. History and periodic
medical examinations, such as liver and kidney function tests,
respiratory and central nervous system control, the presence
of Heinz bodies, and methemoglobin levels, are of interest.
Ecotoxicology

There was no significant mortality in fathead minnows
(Pimephales promelas) after aquatic exposure to 2-NP. 2-NP in
seawater induced narcosis in barnacle larvae.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists (ACGIH) has recommended 36 mgm�3 as the 8-h
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time-weighted average threshold limit value for occupational
exposure to 2-NP in workplace air.

See also: Ames Test; Bioaccumulation; Chromosome
Aberrations; Cytochrome P450; Environmental Exposure
Assessment; Environmental Fate and Behavior; Environmental
Protection Agency, US; Mechanisms of Toxicity; Nitrites;
Oxidative Stress; Solvents; Toxicity Testing, Carcinogenesis;
Toxicity Testing, Dermal; Toxicity Testing, Inhalation; Toxicity
Testing, Mutagenicity; Toxicity, Acute; Toxicity, Subchronic
and Chronic.

Further Reading

Borges, L.P., Nogueira, C.W., Panatieri, R.B., Rocha, J.B., Zeni, G., 2006. Acute liver
damage induced by 2-nitropropane in rats: effect of diphenyl diselenide on anti-
oxidant defenses. Chem. Biol. Interact. 160, 99–107.

El-Sokkary, G.H, 2002. Inhibition of 2-nitropropane-induced cellular proliferation, DNA
synthesis and histopathological changes by melatonin. Neuro Endocrinol. Lett.
23, 335–340.
Lewis, T.R., Ulrich, C.E., Busey, W.M., 1979. Subchronic inhalation toxicity of nitro
methane and 2-nitropropane. J. Environ. Pathol. Toxicol. 2 (5), 233–249.

Nolan, R.J., Unger, S.M., Muller, C.J., 1982. Pharmacokinetics of inhaled [14C]-2-
nitropropane in male Sprague-Dawley rats. Ecotoxicol. Environ. Saf. 6 (4), 388–397.

Sakano, K., Oikawa, S., Murata, et al., 2001. Mechanism of metal-mediated DNA
damage induced by metabolites of carcinogenic 2-nitropropane. Mutat. Res. 479,
101–111.

Ullrich, V., Hermann, G., Weber, P., 1978. Nitrite formation from 2-nitropropane by
microsomal monooxygenases. Biochem. Pharmacol. 27 (19), 2301–2304.

Wilhelm, E.A., Jesse, C.R., Prigol, M., et al., 2010. 3-Alkynyl selenophene protects
against carbon-tetrachloride-induced and 2-nitropropane-induced hepatic damage
in rats. Cell Biol. Toxicol. 26, 569–577.
Relevant Websites

http://www.iarc.fr – International Agency for Research on Cancer.
http://www.inchem.org – International Programme on Chemical Safety: INCHEM:

Search for 2-Nitropropane.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for

2-Nitropropane.
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus

Advanced: Search for: 2-Nitropropane.

http://www.iarc.fr
http://www.inchem.org
http://toxnet.nlm.nih.gov
http://chem.sis.nlm.nih.gov/chemidplus
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l Name: 1-Nitropyrene
l Chemical Abstracts Service Registry Number: 5522-43-0
l Synonyms: 1-Nitropyrene; 3-Nitropyrene; Pyrene, 1-nitro
l Molecular Formula: C16H9NO2

l Structure

N+
O O–
Background (Significance/History)

1-Nitropyrene (1-NP) is a nitro-polycyclic aromatic hydro-
carbon (PAH) and a byproduct of incomplete combustion
product from stationary combustion sources and in vehicle
exhaust fumes.
Uses

1-NP has been reported to use as a chemical photosensitizer in
photocopy toners. It is available for research purposes as
a reference material with different purities.
Environmental Fate and Behavior

Routes and Pathways Relevant Physicochemical Properties

1-NP creates yellow needles in ethanol, and it has a melting
point of 155 �C. It is partially insoluble in water (0.02 mg l�1,
25 �C); very soluble in diethyl ether; and soluble in acetone,
ethanol, benzene, toluene, and tetrahydrofluorenone.

1-NP upon an estimated Koc value (soil adsorption coeffi-
cient normalized to the content of organic carbon) of 13 500 is
immobile in soil and adsorb to sediment and solids from
water. According to Henry’s law constant of 2.5� 10�8 atm-
cum mol�1 and vapor pressure (8.3� 10�8 mmHg at 25 �C)
volatilization from moist soil surfaces and water is not an
important fate process. It is expected to exist solely in the
particulate phase in the ambient atmosphere. Adsorptions to
the particulate phase cause occurring photolysis in lower rate
and decompose by wet and dry deposition. An estimated bio-
concentration factor of 4100 suggests that its concentration in
aquatic organisms is very high.
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Partition Behavior in Water, Sediment, and Soil

1-NP upon Koc value of 13 500 is immobile in soil and adsorb
to sediment and solids from water. The mineralization of 1-NP
in aerobic sediment/water microcosms is slow with only 0.24–
0.76% mineralization reported after 8 weeks.
Environmental Persistency (Degradation/Speciation)

1-NP in the environment is photodegraded (visible and UV
light) into 9-hydroxy-1-nitropyrene to become a less mutagenic
compound (2-propanol). After heating, emits toxic fumes of
nitrogen oxides. Mycobacterium sp. appears promising for the
bioremediation of this ubiquitous pollutant in contaminated
waste. Intestinal microflora plays an important role in activa-
tion of glutathione conjugates of 1-NP oxides. 1-NP has not
hydrolyzable functional groups for environmental hydrolysis.
The microflora in the environment plays an important role in
the primary degradation and decontamination of relatively low
concentrations of NPs.

Long Range Transport

Photolysis is much lower when 1-NP is adsorbed on to
particulates and a half-life of 40–50 days was estimated for
adsorbed 1-NP exposed to sunlight.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

1-NP is present in diesel particulates, production process of
carbon blacks (photocopy toner), in stack gases from coal-fired
power plants, aluminum smelters, coal fly ash, exhaust water
from gasoline station, and exhaust particles from kerosene
heaters and grilled chicken. 1-NP is formed spontaneously
through atmospheric reaction of nitrogen oxide with pyrene
in the presence of nitric acid and by photooxidation of
1-aminopyrene under ultraviolet irradiation.
Human Exposure

Humans are exposed to 1-NP mainly by inhalation and dermal
contact with incomplete combustion product, ingestion of food
and drinking water that was contaminated with this product.
People who work in power supplies, forklifts, trucks, caterpillar
vehicles, trains, ships’ engines, and vehicles in city traffic have
higher risk of exposure to this product.
Environmental Exposure (Monitoring Data in Air, Water,
Sediment, Soil, and Biota)

1-NP has been found at concentrations of up to 57 pgm�3 in
the air over urban and suburban areas. Sediment samples
4-3.01145-3 581
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collected from the Suimon River (Ogaki City, Japan) contained
1-NP at 25.2 mg kg�1 sediment.
Toxicokinetic

Absorption

The no-observed-adverse-effect level (NOAEL) for male rats
was 0.5 mgm�3 in nose-only inhalation.
Distribution

1-NP bind to rat albumin at a level of 0.04� 0.01% of the dose
administered by gavage and is capable to crossing the placenta
or mammary tissues to expose the offspring.
Metabolism

1-NP is detoxified mainly to 1-aminopyrene by nitroreduction
by bacterial and gut microflora from animals and humans and
can also undergo ring oxidation andN-(deoxyguanosin-8-yl)-l-
aminopyrene as a DNA adduct depending on the concentration
of oxygen.

The cytochrome P450-mediated metabolism of 1-NP to
epoxides, phenols, and dihydrodiols. The principal metabolite
from cytochrome P450 was 1-nitropyren-3-ol, produced in at
least fourfold greater abundance than the mixture of 1-nitro-
pyren-6-ol and 1-nitropyren-8-ol, or the K-region dihydrodiols.
Excretion

In bile duct cannulated rats, over 60% of the dose in 24 h was
excreted in bile (glucuronide and glutathione conjugates of
oxidized nitropyrene metabolites) and excreted in the feces
over 80% within 96 h. A study on rat with radiolabeled 1-NP
was revealed that excretion via feces was two to three times
greater than excretion via urine (glucuronic acid-conjugated
metabolites). Its elimination half-life in urine and feces was
about 15–20 h and in the lungs and plasma was, respectively, 6
and 1 h for rats exposed to 50 mgm�3 via inhalation. In the
lungs of rats exposed to coated diesel particles, its halftime for
clearance was 36 days. Another excretion pathway in inhalation
exposure is mucociliary clearance in the upper respiratory
airways with subsequent ingestion as well as by absorption into
the blood.
Mechanism of Toxicity

1-NP can generate aryl nitrenium ions by nitroreduction or
K-region nitropyrene epoxides by ring oxidation. This chemical
can form DNA adducts. Both nitroreduction and the hydrolysis
of glucuronides are essential in generating mutagenic metab-
olites. Another mechanism of toxicity is superoxide radical
generation. The activation of 1-NP to a bacterial mutagen has
been attributed to nitroreduction. However, enzymes of
mammalian and microbial systems can reduce it to products
such as 2-aminofluorene and 4-aminobiphenyl that react with
nucleic acid and can be further metabolized byO-acetylation to
yield products that can react with C-8 of guanine.
Acute and Short-Term Toxicity

Human

Dermal photosensitivity, coal tar warts, erythema, dermal
burns, acneiform lesions, dermal and respiratory irritation,
leukoplakia in mouth.
Animal

Mild hepatotoxicity or mild nephrotoxicity.
Chronic Toxicity

Human

Increased incidences of cancers of the skin, bladder, lung, and
gastrointestinal tract have been described in PAH-exposed
workers.

In an epidemiologic studies of employees of photocopy
toner, manufacturers identified no health effects that were
related to exposure to these materials.
Animal

Kidney and bladder cancer, hematuria, agranulocytosis,
anemia, leukopenia, and pancytopenia.
Genotoxicity

1-NP in the hepatocyte primary culture/DNA repair test was
weakly positive and induced gene mutations in human diploid
fibroblasts and in a human hepatoma-derived cell line, as well
as in mouse lymphoma cells and Chinese hamster ovary cells.
Single-strand DNA breaks determined by alkaline elution in
primary mouse hepatocytes and Chinese hamster DON lung
fibroblasts, unscheduled DNA synthesis in mice cultured
hepatocytes, human hepatocytes, and tracheal epithelial cells,
chromosomal aberrations (chromosome, chromatid deletions,
and asymmetrical exchanges) in Chinese hamster DON lung
fibroblasts, and sister chromatid exchanges in cultured Chinese
hamster CHO cells and bone marrow cell are common mech-
anism which have been reported.

It was mutagenic in Escherichia coli and several strains of
Salmonella typhimurium inducing both frameshift and base-pair
substitution mutations. Urine samples from male rats exposed
to 1-NP were mutagen in Ames assay using the newly devel-
oped S. typhimurium strains YG1012 and YG1024 (over-
producing O-acetyltransferase).
Carcinogenicity

1-NP is a tumorigen in laboratory animals. The metabolic
pathways involved in its metabolism to a tumorigen are not
known but may involve nitroreduction, ring oxidation, or
a combination of the two. Nose-only inhalation exposure
conditions lead to significant accumulations of 1-NP in the
lungs for 13 weeks and induced squamous metaplasia of the
laryngeal and bronchial respiratory epithelium in male and
female rats.
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Pure 1-NP after intraperitoneal injection increased incidence
of lung tumors in mice and male mice are more sensitive than
female mice. Also induction of malignant fibrous histiocytomas
has occurred in rat at the site of subcutaneous injection.

See also: Polycyclic Aromatic Hydrocarbons (PAHs);
Environmental Exposure Assessment; Coal Tar; Neon;
Molecular Toxicology: Recombinant DNA Technology; Coal
Tar; Toxicity Testing, Mutagenicity; Toxicity Testing,
Carcinogenesis; Toxicity Testing, Inhalation; Mechanisms of
Toxicity; Toxicity, Acute; Toxicity, Subchronic and Chronic;
Toxicity Testing, Dermal; Escherichia coli.
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Chemical Structure

The name nitrosamines applies to a family of compounds that
have an alkyl and an aryl group attached to the chemical group,
N–N¼O¼N–N¼O.
Uses

Nitrosamines have no known industrial use. However, they can
be found in processed foods as unintentional by-products of
food preparation and processing.
Background

Nitrosamines are formed by a reaction between nitrates or
nitrites and certain amines. Nitrosamines and/or their precur-
sors can be found in diverse consumer products such as pro-
cessed meats, alcoholic beverages, cosmetics, and cigarette
smoke. In recent years, it has been discovered that disinfection
of drinking water with dichloramine may result in the forma-
tion of trace levels of nitrosamines. The predominant
nitrosamine formed is N-nitrosodimethylamine (NDMA).
Nitrosamines may be formed as disinfection by-products when
dichloramine in water reacts with available organic matter of
either natural or man-made origins. It is believed NDMA is
formed when dichloramine reacts with dimethylamine and
forms dimethylhydrazine. Dimethylhydrazine is then oxidized
to form NDMA.

In 1957, a new malignant disease was reported in Norway’s
fur farms. Farmed mink fed a diet containing fish (herring)
meal developed an unknown liver disease. Later, in the early
1970s additional outbreaks of liver disease and cancer were
reported in Norway’s farm animals. Feeding experiments and
extensive toxicological research using herring meal on cows
and sheep resulted in liver damage and death of some animals.
Upon examination, nitrite-treated herring meal was found to
contain up to 100 ppm dimethylnitrosamine. At the time of the
incident, sodium nitrite was used in Norway as a preservative of
fish meal. It is now known that sodium nitrate reacted with
amines normally present in fish to produce dimethylnitrosa-
mine, a potent nitrosamine carcinogen.
Exposure and Exposure Monitoring

The most common route of exposure is by oral ingestion of
nitrosamines in food. It has been estimated that the general
population consumes approximately 0.1 mg of nitrosamines
per day in their diet. Nitrosamines can be found in foods
preserved with nitrates as well as in untreated foods such as
mushrooms, alcoholic beverages, smoked fish, bacon, ham,
and some cheeses. Nitrosamines have also been found in
tobacco smoke and urban air. Nitrosamines can also be formed
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in the mouth or stomach if the food contains nitrosamine
precursors. Under acidic pH in the mouth or stomach, nitrite or
nitrates added to food or naturally occurring may combine
with amines to form nitrosamines (see Nitrites).

While the major route of exposure for the general pop-
ulation is through the consumption of nitrosamines in food
and water, the total dose consumed by cigarette smokers is
considerably larger. It has been estimated that cigarette smokers
may inhale up to 17 mg of nitrosamines per day.
Toxicokinetics

Physical properties of nitrosamines vary widely depending on
the nature of the substituent groups R1 and R2. Similarly, the
nature of the substituent group has an effect on the toxico-
logical properties of the nitrosamine. For example, the LD50 of
nitrosamine compounds is directly proportional to the carbon
chain length of the substituent. Long-chain substituents have
a higher LD50. Also, the nature of the substituent group has an
effect on the carcinogenicity properties of nitrosamines.
Dimethyl and diethyl compounds cause predominantly liver
tumors, while dibutyl compounds tend to cause bladder
tumors.

Nitrosamines have a short half-life that has been measured
in the order of minutes.
Mechanism of Toxicity

Nitrosamines are not carcinogenic at the point of application.
They require bioactivation. One possible mechanism of
biotransformation is by enzymatic transformation to a car-
bonium ion. Activation is known to proceed first by hydrox-
ylation of an alpha carbon. The resulting hydroxyalkyl moiety
is eliminated as an aldehyde, and an unstable primary nitro-
samine is formed. The unstable nitrosamine ultimately tauto-
merizes to a carbonium ion. The highly reactive carbonium ion
readily alkylates with nearby cellular macromolecules. Cancer
and mutagenicity develops when reactive nitosamine metab-
olites alkylate to genetic macromolecules.
Acute and Short-Term Toxicity

Nitrosamines are strong hepatotoxic agents. Large, acute doses
produce liver necrosis and hemorrhages in the liver and other
tissues.
Chronic Toxicity (Animal/Human)

Nitrosamines and N-nitroso compounds are strong carcino-
gens that produce cancer of the liver and kidneys. In experi-
ments conducted to date, 75–80% of nitrosamines tested have
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00523-6
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been found to be carcinogenic to mammals. Dimethylnitro-
samine, a member of the nitrosamine family, is highly carci-
nogenic to the liver and kidneys in almost all mammalian
species tested.

Rats exposed to tobacco-derived nitrosamines developed
tumors at the nose, mouth, esophagus, lung, and pancreas.
Tobacco-derived nitrosamines caused upper respiratory tract
cancers in exposed hamsters.

It appears that all animals are susceptible to the carcino-
genic action of nitrosamines. For example, dimethylnitrosa-
mine given by gavage, in drinking water or in the feed,
produced liver tumors in rats, mice, guinea pigs, hamsters,
rabbits, dogs, and monkeys.

Chronic, continuous exposure to low doses of nitrosamines
in the diet is considered to be of toxicological importance to
humans. There is a significant body of epidemiological data
that links exposure to nitrosamines and human cancer.

Tobacco-derived nitrosamines are considered to be one of
the major cancer-causing agents found in tobacco smoke and
tobacco products. This is of importance as up to 90% of
human lung cancers can be linked to cigarette smoking. The
most potent carcinogen found in tobacco is the nicotine-
derived nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone.
Genotoxicity

In vitro studies have demonstrated the mutagenic activity of
nitrosamines. For example, mutagenicity assays using dimeth-
ylnitrosamines have been positive for Salmonella typhimurium,
Escherichia coli, and Neurospora crassa. Dimethylnitrosamine
also produced mitotic recombination in Salmonella cerevisiae,
recessive lethal mutations in Drosophila melanogaster, and
chromosomal aberrations in mammalian cells.
Carcinogenicity

Nitrosamines are considered to be strong carcinogens that may
produce cancer in diverse organs and tissues including lung,
brain, liver, kidney, bladder, stomach, esophagus, and nasal
sinus.
Clinical Management

Nitrosamine exposure is not an acute hazard. Health hazards
associated with nitrosamine exposure are limited to cancer
and liver and kidney damage associated with chronic expo-
sure. No specific treatment exists for nitrosamine intoxication.
Supportive and symptomatic treatment should be provided.

Since nitrosamines and their precursors are present in the
food, exposure to nitrosamines cannot be avoided. However,
recent studies have shown that ingestion of adequate quanti-
ties of vitamin E and selenium may reduce the risk of cancer. It
is known that carcinogenic nitrosamines are formed from the
reaction of some amines with nitrites and nitrates present in
the diet. Vitamin E and selenium have been found to mini-
mize or prevent the reaction of nitrites/nitrates with amines
and hence prevent or reduce the formation of carcinogenic
nitrosamines.

Vitamin C (ascorbic acid) is known to inhibit nitrosamine
formation. For this reason, manufacturers of cured meat are
now required to add Vitamin C to their meat products.
Exposure Standards and Guidelines

The U.S. Environmental Protection Agency (EPA) has included
some nitrosamines under its B2, probably human carcinogens
classification.

The U.S. EPA has estimated oral cancer slope factors
for some of the most common nitrosamines. Cancer slope
factors published in the EPA’s Integrated Risk Information
System range from 4.9� 10�3 mg�1 kg�1 day�1 for N-nitro-
sodiphenylamine (CAS No. 86-30-6) to 150 mg�1 kg�1 day�1

for N-nitrosodiethylamine (CAS No. 55-18-5). The same
agency has established inhalation unit risk factors that range
from 6.4� 10�4 mg�1 m�3 for N-nitrosopyrrolidine (CAS No.
930-55-2) to 4.3� 10�2 mg�1 m�3 for N-nitrosodiethylamine.

See also: Carcinogen–DNA Adduct Formation and DNA Repair;
Carcinogenesis; Tobacco.
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l Name: Nitrous oxide
l Synonyms: Dinitrogen monoxide; Laughing gas; Hyponi-

trous acid anhydride; Factitious air; Nitrogen monoxide;
Entonox; Nitronox

l Chemical Abstracts Service Registry Number: 10024-97-2
l Chemical/Pharmaceutical/Other Class: An oxide of nitrogen
l Molecular Formula: N2O
l Chemical Structure:

LN]ND]O
Background Information

Nitrous oxide has been used as an anesthetic since 1844. This
colorless gas is still widely used in dental and medical practices.
Once thought of as a completely harmless substance, nitrous
oxide has been shown to have some negative biological effects in
animals and humans, especially when chronically exposed. An
important discovery was that nitrous oxide inactivated vitamin
B12 and inhibited the enzymemethionine synthase. These along
with hypoxia are thought to be major causes of its toxic effects.
Occupationalmonitoring and exposure limits have been devised
to decrease exposure in health care professionals using nitrous
oxide. The chronic abuse of this inhalant is a common problem.
Recognized as a potent greenhouse gas, nitrous oxide was 4% of
greenhouse gas production in2010 in theUnited States.Methods
to decrease its production and release are under consideration.
Uses

Nitrous oxide is used in clinical settings as an anesthetic at
concentrations of 50–70% in oxygen or as an analgesic often in
combination with other drugs. It is also used in the formula-
tion of rocket fuel and as a propellant for whipped cream.
Nitrous oxide is a common inhalant drug of abuse.
Exposure Routes and Pathways

Inhalation is the main route of exposure. It is shipped in the
form of liquid compressed gas. In liquid form, contact with
skin and eyes can cause frostbite and freezing burns.
Toxicokinetics

Nitrous oxide is rapidly absorbed from inspired air. It is almost
entirely eliminated through the lungs, with small amounts
through the skin and in urine.
Mechanism of Toxicity

Large amounts of released nitrous oxide can decrease the
amount of available oxygen. Medical complications of nitrous
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oxide inhalation are due to varying degrees of hypoxia affecting
primarily the heart and brain. By inactivating vitamin B12,
a critical cofactor in hematopoiesis and lipid membrane
formation, nitrous oxide can cause anemia and neuropathy via
selective inhibition of methionine synthase, a key enzyme in
methionine and folate metabolism.
Acute and Short-Term Toxicity (or Exposure)
Animal

The primary toxicological action of nitrous oxide is vitamin
B12 depletion in mammals, in which it is an essential cofactor.
It is an asphyxiate and narcotic at higher concentrations.
The inhalation LC50 is 160mgm�3 in rats.
Human

Nitrous oxide can cause dizziness, drowsiness, and headache.
Loss of consciousness can occur at concentrations of 400 000–
800 000 ppm. Anesthesia with nitrous oxide as the sole
anesthetic in normal humans for periods of 2–4 h has induced
tachypnea, tachycardia, increased systemic blood pressure,
atrioventricular junctional rhythm, acute cardiovascular failure,
mydriasis, diaphoresis, and occasional clonus and opisthotonus.
Chronic Toxicity (or Exposure)
Animal

Developmental toxicity has been observed in studies of rats,
rabbits, cat, and hamsters exposed to nitrous oxide. Rats
exposed to nitrous oxide showed an increase in fetal death and
skeletal malformations.
Human

Occupational exposure has been associated with impairment
of psychological functions, but these effects do not occur with
trace concentrations. Recent studies seem to show a correlation
between nitrous oxide anesthesia and hyperhomocysteinemia,
an independent risk factor for coronary artery disease. Long-
term exposure to high concentrations of nitrous oxide may
cause megaloblastic bone-marrow depression and neurological
symptoms. Bone-marrow depression was observed in humans
exposed for 4 days to high concentrations of nitrous oxide in
the treatment of tetanus. Nitrous oxide is a common inhalant
drug of abuse, and severe myeloneuropathy has been observed
as a complication.
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Immunotoxicity

Chronic exposure to nitrous oxide can cause megaloblastic
anemia, leukopenia, and thrombocytopenia and depressed
bone marrow by the inactivation of vitamin B12 and selective
inhibition of methionine synthase. Methionine is integral in
several biochemical pathways and if disrupted can impede
DNA synthesis. The inhibition of methionine synthase is
especially relevant in patients with vitamin or nutritional
deficiencies. Studies show increases in surgical complications
or infections in patients administered nitrous oxide. Nitrous
oxide has been shown to inhibit neutrophil chemotaxis and the
mobilization of neutrophils from peripheral storage.
Reproductive Toxicity

Nitrous oxide can readily pass through the placenta, though
serum half-life for nitrous oxide is less than 3min. Increases in
the rates of spontaneous abortions in medical personnel
working with nitrous oxide have been reported. Nitrous oxide
is listed on the California Proposition 65 list of potential
reproductive toxicants.
Carcinogenicity

Nitrous oxide is not thought to be carcinogenic. A carcinogen
bioassay of nitrous oxide in mice exposed for 4 h per day,
5 days per week for 78 weeks found no neoplastic or non-
neoplastic lesions judged to be related to nitrous oxide. Nitrous
oxide is listed as A4 (not classifiable as a human carcinogen) by
the American Conference of Governmental Industrial Hygien-
ists (ACGIH).
Clinical Management

Exposure should be terminated immediately. Oxygen therapy
should be provided if respiratory difficulties are present.
Environmental Fate

Nitrous oxide is a powerful greenhouse gas with global warming
potential 296 times higher than CO2. The US Environmental
Protection Agency estimated that nitrous oxide accounted for
4%of total greenhouse gas emission in the United States in 2010
due to human activities. Emission of nitrous oxide frommedical
use has been estimated to contribute less than 0.05% to total
annual greenhouse gas emission. Most of the nitrous oxide
releases occur from the use of synthetic fertilizers in the agri-
culture industry. Other, smaller sources for nitrous oxide release
include nitrogen breakdown in livestock manure and urine, as
a by-product of nitric acid and adipic acid synthesis in the
chemical industry, and due to the burning of transportation
fuels. Naturally, nitrous oxide is released by the breakdown of
nitrogen in soils and oceans by bacteria. Nitrous oxide persists
for about 120 years in the atmosphere before it is broken down
or used in chemical reactions.
Exposure Standards and Guidelines

The ACGIH threshold limit value, 8 h time-weighted average
(TWA), is 50 ppm, and the US National Institute for Occupa-
tional Safety and Health recommended exposure level is 25 ppm
as a TWA during the period of anesthetic administration.
See also: Global Climate Change and Environmental Toxicology;
Anesthetics.
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Relevant Websites

http://toxnet.nlm.nih.gov/ – Toxnet homepage, search for ‘nitrous oxide.’
www.fda.gov – Food and Drug Administration homepage, search for ‘nitrous oxide.’
www.epa.gov – Environmental Protection Agency homepage, search for 'nitrous oxide.’
www.osha.gov – Occupational Safety and Health Administration homepage, search for

‘nitrous oxide.’
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l Chemical Abstracts Service Registry Number: 000872-50-4
l Synonyms: 1-Methyl-2-pyrrolidinone; 1-Methylpyrrolidone;

2-Pyrrolidinone, 1-methyl; Methylpyrrolidone; N-Methyl-2-
pyrrolidinone; 1-Methyl-2-pyrrolidone; M-Pyrol

l Molecular Formula: C5H9NO
l Molecular Weight: 99.131060 gmol�1

l Chemical Class: Cyclic amide
l Chemical Structure:
Background

N-Methylpyrrolidone (NMP) is a liquid solvent with a high
power for solubilizing many chemicals and pharmaceutical
agents. NMP is a product of the petroleum industry and can
be recycled by distillation and extraction with water.
Production of NMP in the European Union in 1997 was
38 000 tons year�1 and was about 6000 tons year�1 in Japan
in 1995. This is a high volume chemical with production
exceeding 454 000 kg (1 000 000 b) annually in the United
States. World production capacity for NMP was more than
100 000 000 kg in 2006.

NMP is chemically stable, has a low vapor pressure, is
miscible in water, and is often used as a substitute for more
toxic ozone-depleting substances, such as halogenated (espe-
cially chlorinated) solvents (e.g., dichloromethane, trichloro-
ethylene, or chlorofluorocarbons).
Uses

NMP is used in many different fields as a safe organic solvent.
Industrial Applications

NMP has been used in a variety of industrial applications,
including electrics, electronics, petroleum, paint, paint
removers, textiles, rubber, chemical, polymer, pesticides,
veterinary drugs, pharmaceuticals; in various syntheses; and
different analytical methods. NMP is widely used as a solvent
or intermediate in the petrochemical processing industry and
by producers of cleaners and coatings. In addition, it is used in
agricultural and photographic chemical applications.

NMP is mainly used as an extraction solvent in the
petrochemical industry, as a paint stripper in occupational
(e.g., graffiti removal) and consumer (e.g., furniture) settings,
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as a solvent in the microelectronics industry, and as a chemical
reaction medium. NMP is used as a formulating agent in
pigments, dyes, and inks. It has been used increasingly as
a replacement for chlorinated solvents, which may pose greater
health risks.
Pharmaceutical Applications

Solvent or cosolvent
NMP is one of the main pharmaceutical cosolvents, acting as
a very strong solubilizing excipient in parenteral and oral
medications. It is an important solvent used in the extraction,
purification, and crystallization of drugs. A few commercial
pharmaceutical products containing NMP, which are all
nonaqueous formulations, are currently available on the
market. As a controlled-release gel for subcutaneous injection,
NMP diffuses away from the injection site, providing a depot of
drug that is released over a period of 1–6 months. NMP is used
as a solubilizing agent to increase the uptake of poorly soluble
drugs.

Penetration enhancer
NMP is a chemical penetration enhancer and is used for
enhancement of transdermal delivery of hydrophilic and
hydrophobic drugs from an aqueous phase. It is used as a good
enhancer in topical formulations. NMP can be used as
a permeability enhancer for both hydrophilic and lipophilic
drugs in ophthalmic drug-delivery systems. It is a nonirritant
compound at concentrations of 0–10% (v/v).

Other applications of NMP in the pharmaceutical field
NMP can also play important roles in chemical reactions,
such as oxidation, hydrolysis, condensation, conversion
with chlorinating agents, O-alkylation, polymerization, and
related reactions. In addition, NMP has been used as
a reducing agent to synthesize metal nanoparticles. It can
also be used in the preparation of nanotubes. In one report,
NMP has been proposed as a potent drug for bone–tissue
regeneration. NMP has been reported to inhibit osteoclast
differentiation and attenuate bone resorption. Therefore,
NMP could prove useful for the treatment of osteoporosis or
other bone diseases associated with excessive bone
resorption.
Environmental Fate and Behavior

Physicochemical Properties

NMP belongs to the group of aprotic solvents. It is a slightly
yellow, clear, colorless, hygroscopic liquid with a fish-like
odor and is miscible with water, low molecular weight
alcohols, ketones, polyethylene glycols, and other solvents
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00637-0
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such as ethyl acetate, chloroform, and benzene. It has low
volatility and low flammability, with the necessary solubi-
lizing power to make it a suitable solvent in different fields
of applications. It does not form an azeotropic mixture with
water. NMP can simultaneously act as a cosolvent and
a complexing agent.

The NMP molecule has nonpolar carbons, which can
weaken the hydrogen-bonded structure of water, thus enabling
it to act as a cosolvent. In addition, the presence of a large
planar nonpolar region can lead to hydrophobic interactions
between NMP and drugs. Other physical properties of NMP are:
boiling point, 202 �C; melting point, �24 �C; relative density
(water¼ 1), 1.03; solubility in water, very good; vapor pressure
at 25 �C, 66 Pa; relative vapor density (air ¼ 1), 3.4; relative
density of the vapor–air mixture at 20 �C (air ¼ 1), 1.00; flash
point, 96 �C (open cup), autoignition temperature, 270 �C;
explosive limits, 0.99–3.9 vol% in air.
Partition Behavior in Water, Sediment, and Soil

When released into the environment, NMP is expected to
partition almost exclusively into water at equilibrium, where it
is readily biodegraded. Due to its low Henry’s law constant
(1.6 � 10�3 Pam3mol�1), significant volatilization of NMP
from water is not expected. Any NMP that reaches the atmo-
sphere is removed by reaction with photochemically produced
hydroxyl radicals (half-life of 5.2 h) and rain washout. NMP is
not expected to adsorb significantly to soil and sediment
matrices based on its calculated absorption coefficient (Koc) of
9.6; the half-lives of NMP in various soil matrices are 4 days
(clay), 8 days (loam), and 12 days (sand).
Environmental Persistence

NMP is biodegradable and can be easily recycled. Therefore,
environmental pollution considerations are few and it is more
compatible with green chemistry guidelines. Based on its low
bioconcentration factor (0.16) and log octanol–water partition
coefficient (�0.73), NMP should not pose a significant
bioaccumulation hazard. It is reported that NMP isolated from
a marine sponge might be biosynthesized.
Exposure and Exposure Monitoring

Because of its widespread use and potential exposure to worker
populations, establishing an occupational exposure limit (OEL)
for NMP is important. Many countries and agencies have
derived OELs for NMP, with values ranging from 1 (Japan) to
100 ppm (South Africa).

The most recent NMP OEL (10 ppm) was published by the
Scientific Committee on Occupational Exposure Limits of the
European Commission. This OEL is consistent with the work-
place environmental exposure level (WEEL) value (10 ppm)
published by the American Industrial Hygiene Association
(AIHA) and the value (20 ppm) established by the Deutsche
Forschungsgemeinschaft German Research Foundation. All
three OELs are based on or considered as developmental effects
(decrements in fetal/pup body weight) in rats.
OELs

A threshold limit value has not been established. Maximum
allowable concentration, 20 ppm, 82 mg m�3; peak limitation
category, II(2); skin absorption (H). Animal reproduction
studies have shown an adverse effect on the fetus and there are
no adequate and well-controlled studies in humans, but
potential benefits may warrant use of NMP in pregnant women
despite potential risks (pregnancy risk group C).
Routes and Pathways

NMP is a liquid under normal environmental conditions. Due
to its low vapor pressure, human exposure is primarily limited
to dermal contact. Significant inhalation exposure to NMP is
possible during applications that generate NMP aerosols
(e.g., graffiti removal) or vapors (e.g., unventilated cleaning
baths containing heated NMP). Due to its complete miscibility
in water, NMP vapor concentration in the atmosphere is
limited by the relative humidity, ranging from 0 ppm
(100% relative humidity) to 315 ppm (0% relative humidity).
However, human studies have shown that the total cumulated
excretion of NMP and its metabolites in urine after exposure in
humid air compared with dry air was not significantly
increased. In addition, there was no difference in the levels of
peak concentrations in either plasma or urine and no difference
was found in the area under the curve between the exposures.
However, there were large individual differences, especially for
exposure in humid air.
Toxicokinetics

Absorption

NMP is freely soluble in both polar and nonpolar solvents
and should readily cross biological membranes. NMP is
easily absorbed from human skin and in the gastrointestinal
and respiratory tracts. Experimental studies indicate that
NMP is well absorbed following inhalation (40–60%), oral
(about 100%), and dermal (�100% depending on condi-
tions) exposure. Dermal absorption has been extensively
studied as it typically poses the greatest potential for human
exposure. Due to its irritant properties, neat NMP is unlikely
to remain in voluntary contact with the skin for more than
a few hours. During this time, the flux of NMP through the
skin is about 2 mg cm�2 h�1. The presence of cosolvents can
affect NMP flux. Water inhibits dermal absorption; other
organic solvents (e.g., D-limonene) can increase it. For
example, the dermal flux of 10% NMP in water is about
0.01 mg cm�2 h�1. Prolonged NMP exposure can increase the
permeability of the skin to NMP and other compounds; the
dermal permeability to water increases sevenfold following
exposure to neat NMP for 4–6 h. The permeability rate of
NMP was found to be higher than that of other solvents.
NMP vapors were assumed to access both nude skin and
under clothing, and the exposed skin surface was assumed to
be 35% of the total skin surface area. The dermal absorption
of NMP vapors is much higher than the rate of absorption of
NMP as a liquid.
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Distribution

Following absorption, NMP is uniformly distributed through-
out all major organs in the rat with a volume of distribution that
approximates total body water (about 0.7 l kg�1). NMP is
distributed quickly in most organs, with a relatively high
concentration in the sexual organs. Repeated exposure may be
one of the reasons for infertility.
Metabolism

In both rats and humans, NMP is eliminated primarily by
metabolism to other compounds via a saturable process; only
about 2% of the absorbed NMP is excreted unchanged. NMP is
hyroxylated to 5-hydroxy-N-methyl-2-pyrrolidone (5-HNMP)
as a major metabolite (50–70%), by isoform 1E of cytochrome
P450 (CYP1E), and oxidized to N-methylsuccinimide (MSI);
MSI is then hyroxylated to 2-hydroxy-N-methylsuccinimide
(2-HMSI).

A new metabolite in humans, 2-pyrrolidone (2-P), was
identified that may be of importance for the developmental
toxicity of NMP, since 2-P has been reported to have repro-
ductive toxicity.
Elimination

The half-lives of unchanged NMP in the plasma after oral or
dermal administration and inhalation exposure are 9–12 h and
4 h, respectively. Studies with radiolabeled NMP indicate that
most of the radiolabel is excreted in the urine (�95%), with
lesser amounts in the feces (�5%) and expired air (�2%). The
metabolites of NMP, such as 5-HNMP, are excreted by the
kidneys through the urine. 5-HNMP may be a useful urinary
biomarker for human exposure to NMP. Elimination of NMP is
a saturable process, and unchanged NMP is extensively reab-
sorbed by the glomeruli. The elimination of 5-HNMP in
humans is proportionally much higher than observed in rats,
which is reflected in the higher rate of metabolism in humans.
The Biological Exposure Index of 5-HNMP in urine was given
as 100 mg l�1 (end of shift) by the American Conference of
Governmental Industrial Hygienists (ACGIH).

There is a report indicating that the concentration of
2-HMSI in plasma and urine increased during exposure and
reached a peak approximately 15 h after the end of exposure
in six healthy male volunteers who were exposed to NMP in
an exposure chamber for 8 h at concentrations of 10, 25,
and 50 mgm�3. There were very close correlations between
the air levels of NMP and concentrations of 2-HMSI in
plasma (r ¼ 0.98) and creatinine-adjusted urinary 2-HMSI
levels (r ¼ 0.96).

The renal clearances for NMP, 5-HNMP, MSI, and 2-HMSI
were 0.13, 1.4, 0.12, and 1.2 l h�1, respectively. The total
clearances for NMP, 5-HNMP, MSI, and 2-HMSI were 11.4, 3.2,
8.5, and 1.1 l h�1, respectively. The apparent volumes of
distribution for NMP, 5-HNMP, MSI, and 2-HMSI were 41, 28,
120, and 28 l, respectively. Toxicokinetic parameters for NMP,
5-HNMP, MSI, and 2-HMSI have been estimated. Furthermore,
2-HMSI is applicable as a biomarker of exposure to NMP, and
the levels in plasma and urine may be used to indicate exposure
over 3 days.
Mechanism of Toxicity

Developmental toxicity is the most sensitive end point
associated with NMP exposure in experimental animals.
Although the mechanism responsible for this effect is
unknown, available data suggest that NMP may be the
proximate toxin.
Acute and Short-Term Toxicity

Knowledge about the toxicity and side effects of NMP in
human and animals is useful. Numerous studies have been
carried out on living organisms, including bacteria, human cell
lines, mice, rats, dogs, and humans.
Animal

It is reported that NMP exhibits slight acute toxicity, and
moderate irritant, embryotoxic, and teratogenic effects.
Rats exposed to NMP for 10 weeks at 1000 mg kg�1 per
os led to gonadotoxicity, producing male infertility and
extensive damage to the seminiferous epithelium in the
seminal tubules of the testis. However, subchronic expo-
sure to NMP did not significantly affect fertility or spermato-
genesis when administered at 100 mg kg�1 or 300 mg kg�1.
Exposure to NMP at 100 mg kg�1 did not influence either the
viability or the development of their offspring in the first
month of life; exposure at 300 mg kg�1 resulted in a
significantly lower viability of the offspring in the first 4 days
of life.

The oral lethal dose 50% (LD50) values for NMP in
multiple species range between 3500 and 7900 mg kg�1;
the dermal LD50 values in rats and rabbits range between
4000 and 10 000 mg kg�1. Rats exposed nose-only to an
NMP vapor–aerosol mixture of 5100 mgm�3 for 4 h showed
respiratory tract irritation, but no deaths were observed.
NMP is irritating to the skin and eyes. When instilled into the
eye, NMP caused corneal opacity, iritis, and conjunctivitis;
however, these effects were reversible within 21 days. Sensi-
tization studies have been negative. In 28-day feeding studies
(�1230 mg kg�1), decreased body weight, clinical chemistry
changes, centrilobular liver hypertrophy, and testicular
degeneration were observed in rats; in similarly exposed
mice, toxicity was limited to epithelial swelling of the kidney
distal tubules at �2130 mg kg�1. The 28-day no observed
adverse effect levels (NOAELs) in rats and mice were about
450 and about 800 mg kg�1, respectively. In 90-day feeding
studies in rats, decreased body weight and changes in 3 of 36
neurobehavioral parameters occurred at �430 mg kg�1;
increased liver weight (with centrilobular hypertrophy)
and increased kidney weight (without associated histopa-
thology) were observed at �1340 mg kg�1. In 90-day feeding
studies in mice, toxicity was limited to centrilobular liver
hypertrophy at �620 mg kg�1. The 90-day NOAELs were
169–217 mg kg�1 day�1 (rats) and 229–324 mg kg�1 day�1

(mice). NMP is not clastogenic in vivo. The lowest lethal
concentration via inhalation in rats was reported to be
1000 mgm�3.
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Only a few surveys have been conducted to clarify the rela-
tionship between exposure concentrations and medical
examinations in an occupational setting. Eye irritation
and headache were reported for three employees exposed
to 0.7–1.5 ppm (3–6 mgm�3) for 30 min. In another study,
no irritation or pulmonary effects were found in six volunteers
exposed to NMP up to 12.5 ppm (50 mgm�3) for 8 h.
Volunteers exposed to �12 ppm NMP for 8 h did not experi-
ence any eye or respiratory tract irritation, symptoms such as
headache, dizziness, or nausea, or changes in pulmonary
function measured by spirometry. At 12 ppm NMP, two of six
subjects reported an acetone-like odor. NMP did not produce
signs of sensitization in a repeated-insult patch test with NMP,
although a minor and transient irritation was observed. NMP is
a mild irritant to the eyes, mucous membranes, and skin.
Effects on the respiratory system and hematopoietic and
lymphoid tissues were found after inhalation and oral
administration. These effects, for example, lethargy and irreg-
ular respiration, were possibly attributed to a neurotoxic effect.
Stillbirth was reported for a worker exposed to NMP during
gestation, but the causal relationship between the stillbirth and
NMP exposure was not clearly established due to unmeasured
exposure concentrations. No sensory irritation or undue
annoyance was reported in 15 volunteers exposed to NMP up
to 40 ppm (160 mgm�3). No changes in hematological or
biochemical parameters were reported in 12 workers exposed
to NMP at levels up to 0.69 ppm. Workplace exposure to NMP
does not seem to cause any health complaints, except in the
case of persons not using personal health-protection equip-
ment. A significant amount of NMP can be taken up from the
vapor phase after dermal exposure to the vapors. After evalu-
ating the possible effects on human health of NMP exposure in
the workplace, it seems that there is no significant change in
human physiology.
Chronic Toxicity

Animal

Whole-body exposure of rats to �100 ppm NMP vapor for
6 h day�1, 5 days week�1 for a lifetime resulted in only
a slight decrease in male body weight at 100 ppm. In another
study, rats receiving lifetime dietary exposure to NMP
exhibited a decrease in body weight and an increase in
the severity of chronic progressive nephropathy (males
only) at the highest doses tested, 678 mg kg�1 (males)
and 939 mg kg�1 (females); the lifetime NOAELs were
207 mg kg�1 (males) and 283 mg kg�1 (females). In both
studies, sex organ histopathology was normal and the inci-
dence of cancer was not increased. Mice receiving lifetime
dietary exposure to NMP exhibited an increase in hepato-
cellular adenomas and carcinomas at the highest doses
tested, 1089 mg kg�1 (males) and 1399 mg kg�1 (females);
centrilobular liver hypertrophy was also noted in males at
the high dose. Sex organ histopathology was normal. The
lifetime NOAELs in mice were 173 mg kg�1 (males) and
221 mg kg�1 (females). The increased tumor incidence seen
in mice may occur via a nongenotoxic mechanism given the
negative results seen with NMP in both in vitro and in vivo
genotoxicity tests. The human relevance of these positive
results in mice is unknown.

In two multigeneration rat reproduction studies, dietary
exposure to NMP at the highest dose tested (350 mg kg�1)
produced some signs of systemic toxicity in parental animals
but did not affect reproductive performance or fertility;
however, this dose resulted in decreases in pup survival and
body weight. Sex organ histopathology and sperm parameters
were normal. The NOAEL for reproduction was 4350 mg kg�1;
the NOAEL for developmental toxicity was 160 mg kg�1.
The normal sex organ histopathology noted in chronic and
multigeneration reproduction studies combined with the
normal reproductive performance in the latter studies suggest
that NMP does not pose a significant reproductive hazard to
humans.

Developmental studies have been performed via the
dermal, oral, and inhalation routes of exposure in both rats and
rabbits. Based on the results of these studies, it seems that NMP
can sometimes cause developmental effects in the absence of
maternal toxicity. Developmental toxicity is typically man-
ifested by fetotoxic effects (e.g., decreased fetal body weight),
although malformations have been observed above fetotoxic
doses. NMP also seems to be a more potent developmental
toxin via the inhalation route (lowest observed adverse effect
level (LOAEL) equivalent to about 120 mg kg�1 day�1) than
either the oral (LOAEL about 250 mg kg�1 day�1) or dermal
(LOAEL about 750 mg kg�1 day�1) routes; NOAELs associated
with these exposure routes are about twofold lower than the
LOAELs.

This solvent is classified as a teratogenic compound in
PubChem. Studies on mice, rats, dogs, and human subjects
yielded conflicting results. A teratogenicity study of NMP
with doses of 75 and 235 mg kg�1 day�1 through the skin did
not induce any teratogenicity in rats. However, a dose of
750 mg kg�1 has been found to cause maternal abnormalities
in rats.

NMP has significant cardiovascular toxicity, and the
change in arterial pressure induced after interarterial infu-
sion is more than that caused by other solvents. According to
the data available at PubChem, some NMP activity bioassay
reports are found regarding its carcinogenic potency on
multicell call, single-cell call, and in mice. Chronic toxicity
of orally administered NMP at doses of 25, 79, and
250 mg kg�1 day�1 for 13 weeks in dogs showed no signifi-
cant changes in physiological signs, except a dose-dependent
decrease in body weight and an increase in platelet count in
both male and female dogs, in addition to a decrease in
blood cholesterol levels in male dogs. It has been shown
that NMP has no teratogenicity in rats when inhaled at doses
of 0.1 and 0.36 mg l�1 for 6 h day�1 and no toxicity at doses
of 0.1 and 0.5 mg l�1 for 6 h day�1, 5 days week�1 for
4 weeks. However, in rats that had an intake of 1 mg l�1,
lethargy, respiratory difficulty, and excessive mortality has
been found, in association with focal pneumonia, bone-
marrow hypoplasia, and atrophy of the lymphoid tissue in
the spleen and thymus, which are all reversible after 2 weeks.
Doses of 0.04 or 0.4 mg l�1 for 6 h day�1, 5 days week�1 for
2 years in male rats showed no significant life-shortening
effects.
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Increase in the hemoglobin level and leukocyte count in the
peripheral blood of workers exposed to vapors of a mixture of
N-dimethylacetamide and NMP has been reported. In addi-
tion, an increase in glutamate pyruvate transaminase and
glutamate oxaloacetate transaminase levels over 2 years of
surveillance occurred.

There is a report that a 23-year-old woman delivered
a stillborn fetus after chronic and acute laboratory exposure to
NMP during pregnancy. In one study on NMP-exposed workers
with mean concentrations from 0.14 to 0.26 ppm throughout
the work week, the mean urinary NMP levels at the end of each
work day were reported from 0.17 to 0.22 mg l�1. In this study,
the highest exposure concentration to NMPwas 0.8 ppmwhich
was lower than the OEL of 1 ppm recommended by the Japan
Society for Occupational Health (JSOH). However, no positive
correlation between exposure to NMP and urinary NMP levels
was established. In addition, no significant health effects on
sensory and motor nerve conduction velocities, hematological
and blood biochemical parameters, and other subjective
symptoms were found in any workers exposed to NMP.

In one study, a permeability test on protective gloves
showed that liquid NMP easily penetrates protective gloves
made of polyethylene. Since NMP is reported to be a substance
with high percutaneous uptake, a considerable amount of NMP
might be absorbed into the body through the skin of workers
handling NMP wearing such ineffective gloves in comparison
with the amount of NMP absorbed through inhalation.

Severe eye irritation and headache were reported to occur
in workers exposed to NMP in the range of 0.75–1.5 ppm
(3–6 mgm�1), but there is also a report indicating no self-
reported subjective symptoms of irritation in the eyes, nasal
mucosa, and respiratory system in volunteers exposed to
12.5 ppm (50 mgm�1) NMP.

The literature review shows that NMP is an acceptable
pharmaceutical solvent and its side effects and possible
toxicities are comparable with those of other common
cosolvents.
Reproductive Toxicity

It has been reported that NMP is toxic to the reproductive
system. In developmental and reproductive toxicity studies on
rodents, the most sensitive toxic end point is reduced fetal/pup
body weight after oral, dermal, and inhalation exposure of
dams to NMP. Decreased body weight after exposure to NMP
vapor resulted in blood levels lower than that of oral or dermal
exposure.

The reduced fetal/pup body weight is attributed to the
parent compound. In developmental studies, the no observed
effect concentration (NOEC) for decreases in fetal body weight
with inhalation of NMP was reported as 60 ppm; the no
observed effect levels (NOELs) for oral (gavage) and dermal
exposure are 125 and 237 mg kg�1 day�1, respectively.

In reproduction studies, the NOEC for a decrease in pup
body weight associated with inhalation of NMP is 50 ppm; the
NOEL for oral (diet) exposure is 160 mg kg�1 day�1.

The decrease in pup body weight does not appear to be
biologically significant since the effect was transient (i.e., pup
body weight returned to the control level 1 week after termi-
nating maternal inhalation exposure) and the affected pups
subsequently went on to reproduce normally.

On the basis of animal studies, NMP at lower doses can
cause adverse and toxic effects on males in comparison with
females. In addition, exposure to high concentrations of
NMP during pregnancy in rats can cause abnormalities in
fetuses. It has been shown that daily exposure to NMP at
1000 mg kg�1 causes infertility in male rats. In rat whole-
embryo cultures, the NMP parent compound was shown to
have the most embryotoxic effects. The parent compound
was also noted to be the most developmentally toxic form
of NMP. After exposure of pregnant rats with NMP at
150 ppm for 6 h day�1, newborn rats weighed less and had
delayed physical growth; they could perform simple tasks
similar to other rats but they could not perform more
complex tasks.

In another study on male and female rats and mice,
NOAELs up to 6000 and 18 000 ppm for male and female rats,
respectively, and 2500 ppm for mice were reported after oral
administration of NMP. At higher doses, NMP caused
a decrease in body weight. In other study, rats fed 15 000 ppm
NMP for 2 years showed loss of body weight, nephropathy, and
possible oncogenicity; and mice fed 7200 ppm NMP showed
liver-related pathologies. It is suggested that the NOAEL for rats
is 5000 ppm; and 600 and 1200 ppm for male and female
mice, respectively.

It has been shown that, in rats, a dose of 500 mg kg�1 day�1

of NMP administered orally and 120 ppm NMP administered
by the inhalation route can damage the fetus. Two metabolites
of NMP, 5-HNMP and 2-HMSI, were found to have no
significant effect on embryos, whereas another metabolite, MSI,
had lower toxicity compared with NMP. There is a report on the
developmental toxicity of the three main metabolites of NMP,
5-HNMP, MSI, and 2-HMSI, in rats. No evidence of maternal
toxicity was observed in dams given 5-HNMP. 2-HMSI induced
overt maternal toxicity including a significant reduction in
weight gain and food consumption at the beginning of the
treatment, at a dose of 500 mg kg�1 day�1 and at higher doses.
There was no evidence of embryo/fetal toxicity in any of the
groups treated with 5-HNMP or 2-HMSI. MSI produced
marked developmental toxicity in the presence of maternal
effects. However, MSI was much less potent than the parent
compound. The results of this report indicate that the embry-
otoxic and teratogenic effects of NMP are not attributable to
these metabolites.
Genotoxicity

It has been shown that NMP is not genotoxic in in vitro and
in vivo bacterial and mammalian tests.
Carcinogenicity

Carcinogenic effects were not observed in rats after long-term
exposure to NMP by inhalation or in the diet. Liver tumors were
observed inmice at very high oral doses (>1000 mg kg�1 day�1).
No carcinogenic potency has been reported for rats and
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Salmonella; moreover, it is reported to have anticancer activity
toward seven types of cancerous substances.
Clinical Management

When skin is exposed, remove contaminated clothes. Decon-
tamination methods should be used. Exposed skin should be
irrigated with plenty of water to minimize irritation and
systemic absorption. Medical attention should be sought if
symptoms or health concerns persist.

Exposed eyes should be irrigated immediately with copious
amounts of 0.9% saline for at least 30 min, until pH is neutral
and the eyes are free of particulate material. Remove contact
lenses if possible. An eye examination should always be per-
formed, including slit lamp examination. Ophthalmologic
consultation should be obtained. Antibiotics and mydriatics
may be indicated.

Following inhalation, move to fresh air and then refer for
medical attention.

Following oral exposure, rinse the mouth with water. If this
liquid is swallowed, aspiration into the lungs may result in
chemical pneumonitis, therefore, do not induce vomiting.
Refer for medical attention.
Ecotoxicology

The 96-h lethal concentration 50% (LC50) values for a variety
of fish species range between 680 and 4000 mg l�1. For
a variety of aquatic invertebrates, the 48-h LC50 value is
41 000 mg l�1; in algae the half-maximal effective concentra-
tion (EC50) value is 4500 mg l�1.

Data on the mutagenicity and clastogenicity of NMP in vitro
are negative.
Exposure Standards and Guidelines

International OELs for NMP generally range between 5 and
50 ppm as an 8-h time-weighted average (TWA). The ACGIH
has not established an 8-h TWA OEL for NMP. The AIHA has
established a WEEL 8-h TWA of 10 ppm. Several countries
have established a short-term excursion limit of 75 ppm. The
California Office of Environmental Health Hazard Assessment
has identified NMP as a reproductive toxin and established
maximum allowable daily limits for exposure of 3200 mg day�1

(via inhalation) and 17 000 mg day�1 (via dermal contact).
The results of investigations are cited in a document on the

OEL of NMP by the JSOH, and might have influenced
the establishment of an OEL value of 1 ppm. However, no
well-designed epidemiological survey has been performed to
clarify the dose–response relationship between NMP exposure
and health effects.

The geometric mean of the point of departure derived from
rat studies was estimated to be 350 mg h�1 (expressed in terms
of internal dose), a value that corresponds to a human equiv-
alent concentration (HEC) of 480 ppm (occupational exposure
of 8 h day�1, 5 days week�1). The HEC is much higher than the
recently developed, internationally recognized OEL for NMP of
10–20 ppm, suggesting that these OELs adequately protect
workers exposed to NMP vapor.
Miscellaneous

NMP is listed in a number of pharmacopeias including the
European Pharmacopeia, the United States Pharmacopeia/
National Formulary, and the British Pharmacopeia. The US
Food and Drug Administration has approved a daily exposure
of 5.30 mg day�1 for NMP and its use as a constituent in
medical devices; it is also included in the list of indirect addi-
tives in food-contact materials.

See also: Environmental Toxicology; Green Chemistry;
Occupational Exposure Limits; Occupational Safety and
Health Act, US; Occupational Toxicology; Pharmaceuticals
Effects in the Environment; Solvents; Toxicity Testing, Dermal;
Toxicity Testing, Inhalation; Toxicity Testing, Sensitization.
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l Name: N,N-dimethylacetamide
l Chemical Abstracts Service Registry Number: 127-19-5
l Synonyms: Acetdimethylamide, DMA, DMAA, DMAC,

Dimethylamide acetate
l Molecular Formula: C4H9NO
l Chemical Structure:
Background

Dimethylacetamide (DMAC) is a synthetic organic compound
that is produced from a reaction of dimethylamine and acetic
acid or acetic anhydride. It is a colorless to yellow liquid with
a faint odor resembling ammonia. DMAC has similar density
to water and is miscible with water and organic substances. This
organic compound is commonly associated with many indus-
trial uses, either as a starting material or an intermediate.
DMAC is a good solvent that is used in polymer dissolution,
especially in the fiber industry. Historically, DMAC was also
tested as a possible antineoplastic agent in a phase 1 study
involving 17 patients. However, liver and central nervous
system (CNS) toxicity associated with DMACwas observed and
these patients had altered mental states, resulting in no further
drug development.
Uses

DMAC is primarily used as an industrial solvent and inter-
mediate in the manufacture of pharmaceuticals, fine chem-
icals, agrochemicals, polymers, and resins. It is also used as
a spinning solvent in the production of fibers of various
polymers, including acrylic, polyurethane, polyurea copol-
ymer, and meta-aramid. Moreover, this aprotic dipolar solvent
is also used in X-ray and photographic products and in the
production of polyimide films. The polyimide films are
produced for a variety of industries, including consumer
electronics, solar photovoltaic and wind energy, aerospace,
automotive, and industrial applications. DMAC has other
minor uses, including removal of ink, stripping of paint, and
also for laboratory use.
Environmental Behavior, Fate, Routes, and Pathway

The release of DMAC to water and air can occur through waste
streams, including wastewater treatment plants and incinera-
tors. Although it is not easily hydrolyzed, it can still be naturally
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degraded (77–83% after 14 days). When released to air, DMAC
will be in the vapor phase and will eventually be degraded by
photochemical reactions with a half-life of 6.1 h. DMAC can
also be removed by wet deposition, which may contaminate
the soil. The volatilization of DMAC from moist soil surfaces
and also water surfaces is not expected. However, there is
a possibility of volatilization occurring from dry soil surfaces.
Furthermore, DMAC is also expected to have a high mobility in
soil as this substance does not bind to suspended solids and
sediments. DMAC is readily biodegradable and is not expected
to bioaccumulate and persist in the environment where the
estimated log octanol/water partition coefficient (log Kow) and
bioconcentration factor are �0.77 and 0.008, respectively.
Exposure and Exposure Monitoring

In 2000, the production of DMAC worldwide was estimated to
be from 50 000 to 60 000 tons year�1. DMAC is processed at
the production sites and manufactured in closed systems.
Hence, limited exposure is predicted to occur during produc-
tion and recovery of DMAC and direct exposure of DMAC to
workers is not significantly expected. Occupational exposure to
DMAC primarily occurs through inhalation and the dermal
route. The exposure can be controlled to below the permissible
exposure levels with the appropriate personal protective
equipment for skin and lung exposure. For example, air
extraction equipment can be placed above the processing units
to limit any exposure and workers are also required to wear
solvent-proof gloves, especially during crucial operations, such
as fiber spinning. Moreover, due to the controlled use of DMAC
as an industrial solvent in the manufacture of agrochemicals,
pharmaceuticals, and fine chemicals, DMAC is not intended to
be used by the general public. When DMAC is used in textile
industries, textile articles containing acrylic are either 100%
articles or in mixtures with, for example, wool or cotton, dyed
or bleached, which will then reduce the DMAC content to
<0.01% in relation to the acrylic. If DMAC is still released into
the environment, levels of DMAC can be expected in waste-
water, solid wastes, and exhaust gas (in air by vent), and its
residue may also be found in raw acrylic fiber and in raw elastin
yarns. In order to ensure that exposures are maintained at
the lowest practicable levels, air and biological monitoring can
also provide information for risk assessment. Exposure to
consumers is not expected as migration tests with simulated
sweating and textile articles showed levels of residual DMAC
between 0.001 and 0.01%. DMAC and its urinary metabolites
can be analytically determined using gas chromatography–
mass spectrometry.
Toxicokinetics

Due to its physicochemical properties, DMAC is easily absor-
bed by inhalation and ingestion and can penetrate the skin. It is
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01223-9
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rapidly absorbed through biological membranes in the body
and largely accumulated in fat and muscles. DMAC is
sequentially N-demethylated (major metabolic pathway) and
excreted in the urine as N-monomethylacetamide (MMAC),
N-hydroxymethylacetamide, acetamide, and some residual
DMAC. Animal studies in rats employing 14C-labeled DMAC
given orally showed urinary metabolites of 60–70% MMAC,
7–10% N-hydroxymethylacetamide, and 7–10% acetamide,
and less than 1% was hydrolyzed and removed as carbon
dioxide. Similar metabolites were also found when the rats
were exposed to DMAC subcutaneously. It has been shown that
DMAC is metabolized by cytochrome P450, probably CYP2E1,
resulting in a carbon-centered free radical intermediate. This
reactive metabolite dose dependently attacks the heme pros-
thetic group of cytochrome P450, resulting in suicidal enzyme
inactivation. This mechanism of action may be responsible for
liver toxicity.
Mechanism of Action

Little data on the metabolism of DMAC are available in the
literature. Hepatotoxicity of DMAC is believed to be metabo-
lism dependent. From its metabolic activation (by cytochrome
P450s and probably CYP2E1), reactive species and free radical
metabolites are produced and readily attack the heme pros-
thetic group of the liver, leading to suicidal hepatic enzyme
inactivation.
Acute and Short-Term Toxicity (Animal/Human)

The acute oral toxicity of DMAC is relatively low, with an
LD50 ranging from 3000 to 6000 mg kg�1 in rats. Similarly, the
dermal LD50 values for rats and mice were 7500 and
9600 mg kg�1 bw, respectively. Liver toxicity is generally asso-
ciated with DMAC toxicity. In an acute inhalational toxicity
study, the lowest LC50 for rat was 8.81 mg l�1 for 1 h exposure
and 1.47 mg l�1 for 3.5 h in mice. In both species, inhalational
toxicity is associated with degeneration of liver. DMAC is not
classified as a skin or respiratory sensitizer, although itmay cause
mild skin irritation and irritation to the eye.

The no observed adverse effect concentration (NOAECs)
determined from repeated dose inhalation studies of between
14 days and 2 years in rats andmice were 25 ppm (0.09mg l�1)
and higher. Histopathological changes observed were liver
degeneration, irritation to the respiratory tract, and reduction
in body weight gain.
Chronic Toxicity (Animal/Human)

Inhalation of DMAC (40 ppm) for 6 h day�1 for 5 days week�1

over 6 months and DMAC (50 ppm) for 30 weeks resulted in
no liver damage (in dogs and rats) and no injuries (in rabbits
and cats), respectively. Liver injury by DMAC was prolonged at
higher concentrations in the study, while the recovery with no
residual effects occurred in 4–6 months and in repeated inha-
lation of the compound (100–200 ppm) in some rats and
dogs. Repeated intraperitoneal injections of DMAC also
reduced significant weight in rats while administration of
a near lethality dose to mice caused hepatocyte damage,
necrotic pancreatitis, and very significant necrosis of splenic
lymphocytes. Rats received the LD50 of DMAC orally, resulting
in generalized hemorrhage in several organs and necrosis in the
liver and kidneys. Dermally, DMAC at 2 g kg�1 led to death in
rabbits from acute hepatic necrosis and DMAC at
4 g kg�1 day�1 for 5 days week�1 for 6 weeks exposed dermally
also killed dogs after experiencing other effects such as weak-
ness, ataxia, diarrhea, loss of weight, and jaundice. However,
dogs treated with 1 g kg�1 DMAC survived for 6 months with
only a pale coloration and fatty liver degeneration. At higher
doses, DMAC also caused toxic effects such as electroenceph-
alographic changes, dysrhythmias, and electrographic seizures
to the CNS of rabbits that were given 0.25–2 g kg�1 DMAC by
different routes for 21 days or longer.

Studies on workers who had been exposed for 2–10 years to
DMAC revealed the occurrence of disorders reflecting liver
damage. Biochemical analysis showed that there were alterations
of proteinemia, cholesterolemia, hepatic enzymes, and bilir-
ubinemia in exposed individuals. Hepatomegaly was also
diagnosed in some of the workers. However, there were no data
to link these changes to dermal contact or specific air levels.
Kidney damage and some systemic injury were also observed
when the workers were exposed to DMAC by inhalation or
dermal contact. Jaundice was also reported in workers exposed
repeatedly at 20–25 ppm through dermal contact. Hallucination
occurred in workers administered with DMAC (40 mg kg�1)
orally. Depression, lethargy, confusion, and disorientation
ensued with a daily dose of 400 mg kg�1 of DMAC for 3 days or
more. Other side effects included visual and auditory halluci-
nations, perceptual distortions, delusions, emotional detach-
ment, and effective blunting. Dizziness, sleepiness, and
weakness were also reported from DMAC exposure at 109.5–
337 mg m�3 in air of a metal surface finishing process.
Reproductive Toxicity

One-generation reproduction test in rats treated with DMAC by
inhalation did not show clinical signs of toxicity and bodyweight
gain. Treatment at a higher concentration (300 ppm) caused liver
damage in parental rats but had no effects on fertility and
embryofetal development. DMAC was tested for developmental
toxicitywhere oral doseswere administered to pregnant rats from
gestation period of 7–21 days. Maternal and fetal effects
including malformation were observed. Similarly, pregnant rats
treated with DMAC by the inhalation route also demonstrated
reduced male live fetuses, a tendency for intrauterine death, and
various cardiovascular and skeletal malformations. This
substance has recently been added to the list of chemicals known
to cause reproductive toxicity under the Safe Drinking Water and
Toxic Enforcement Act of 1986 (Proposition 65), Office of Envi-
ronmental Health Hazard Assessment within the California
Environmental Protection Agency.

Genotoxicity

DMAC is not found to be mutagenic in the in vitro screening
assays, including Ames test, cytogenetic assay on human
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lymphocytes, and unscheduled DNA synthesis assay in human
embryonic intestinal cells. Similarly, in vivo studies using
Muta� Mouse (lacZ) and the Big Blue� (lacI) transgenic mouse
mutation assays also demonstrated that DMAC is not muta-
genic. In addition, DMAC was also found to be negative in the
dominant lethal assays with rats (dermal and inhalation) and
mouse (dermal, inhalation, and intraperitoneal). A cytogenetic
assay on human lymphocytes from 20 workers who were in
contact with DMAC also did not show significant chromosome
aberration.
Carcinogenicity

DMAC is not classifiable as a human carcinogen. In a retro-
spective epidemiological cohort study undertaken on 571
workers in an acrylic fiber factory with simultaneous exposure
to acrylonitrile and DMAC, there was no relationship between
mortality from tumors and DMAC exposure. No dose–
response relationship was established in a 2 year drinking
water study in rats and the incidences of thymomas in female
rats in the same study were also not thought to be related to the
treatment. Similar results were also observed in an 18 month
inhalation study in rats and mice, in which increases in squa-
mous cell papilloma in the stomach of females rats and in
lymphoma in female mice (at 350 ppm DMAC) were not
chemical-related effects and both were found to be within the
range of controls.
Clinical Management

Currently there is no antidote for DMAC. Treatment is
primarily supportive based on the symptoms of the patient.
Oral ingestion of DMAC may require gastric lavage. In addi-
tion, water and milk may be given immediately for dilution
after ingestion. Isotonic fluid infusions are used for low blood
pressure and if hypotension is still prolonged, dopamine or
noradrenaline can be administered. If exposure is by inhala-
tion, the patient should be moved immediately to fresh air. If
there is breathing difficulty, oxygen or other bronchodilators
may be required. Bronchospasm can be treated with inhaled
beta2-adrenoceptor agonist and severe hallucination treated
and monitored with intravenous benzodiazepines. Eye expo-
sure to DMAC should be followed by irrigation with copious
amount of saline, and an examination at a health care facility
may be required. Decontamination is crucial; the patient
should remove contaminated clothing and the affected area,
especially the skin, should be washed thoroughly with soap
and water. Possible skin irritation can occur and if prolonged,
DMAC can result in second-degree burns.
Ecotoxicology

Major aquatic toxicity testing that included several fish
species, daphnids, and other aquatic organisms were used to
examine DMAC acute toxic effects. A no observed effect
concentration (NOEC) was not established except for Mysi-
dopsis bahia (NOEC at 96 h was 320 mg l�1) since most of
the toxicity tests were limit tests. Therefore, DMAC is not
acutely toxic to aquatic organisms. However, there were no
data available for chronic toxicity tests, but the most sensi-
tive species was found to be the green algae Scenedesmus
suspicatus. Other long-term effect values are also not
available.

In a terrestrial organisms’ toxicity study, DMAC was found
to be very toxic to earthworms. In this study, 90 chemicals were
also tested without the use of soil and organophosphorus
insecticide was ranked as extremely toxic and carbamate
insecticides as supertoxic. But, due to its high mobility and
biodegradability, DMAC is also not expected to accumulate or
to reach dangerous concentrations in soil.
Exposure Standards and Guidelines

The exposure standard for DMAC has been established for
occupational exposure. The current permissible exposure
limit assigned by the US Occupational Safety and Health
Administration is 10 ppm (35 mg m�3). This value is for an
8 h time-weighted average (TWA) and the threshold limit
value established by the American Conference on Govern-
mental Industrial Hygienists (ACGIH) is also 10 ppm. The
short-term exposure limit (STEL) for 15 min exposure to
DMAC is 20 ppm. However, countries like France have set
a lower occupational exposure limit of 2 ppm for 8 h TWA and
10 ppm for STEL. A skin notation has been assigned that
indicates that dermal exposure to DMAC liquid and vapor
may significantly contribute to the total body burden of
DMAC. ACGIH has established a biological exposure index
(BEI) for DMAC to account for exposure from both inhalation
and skin. The urinary metabolite of DMAC is MMAC and
a BEI of 30 mg MMAC g�1 creatinine end of shift at the end of
a workweek is derived to reflect inhalation exposure of
10 ppm.

Since DMAC has been used in the pharmaceutical
industry as a solvent, its residue may still be present in drugs
and this may pose a safety concern for patients. A guideline
for a permitted daily exposure (PDE) as a pharmaceutically
acceptable intake of residual solvents has been established as
reported in the International Conference on Harmonization
of Technical Requirements for Registration of Pharmaceuti-
cals for Human Use in 2011. The PDE for DMAC is set at
10.9 mg day�1 and a concentration limit of 1090 ppm.
DMAC is categorized as a Class 2 solvent, which is a class
where the solvents used should be limited as the solvent is
suspected of significant toxicity.

See also: Acetamide; Occupational Toxicology; Solvents.
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Chemical Profile

l Name of Chemical: N-Nitrosodimethylamine
l Chemical Abstracts Service Registry Number: 62-75-9
l Synonyms: DMN; NDMA; DMNA; Dimethylamine; N-

nitroso-, dimethylnitrosamin, dimethylnitrosamine; EINECS
200-549-8;HSDB1667;Methanamine;N-methyl-N-nitroso-,
N,N-dimethylnitrosamine; N-dimethyl-nitrosamine; N-
methyl-N-nitrosomethanamine; N-nitroaodimethylamine;
N-nitroso-N,N-dimethylamine;N-nitrosodimethylamine

l Molecular Formula: C2H6N2O
l Chemical Structure:
Background

Nitrosamines are chemicals that possess the general structure
R1N(R2)-N¼O. These chemicals have been used in the manu-
facture of rocket fuel, cosmetics, pesticides, and polymers.
Research studies dating back to the 1950s have demonstrated
that most nitrosamines (>90%) possess some degree of toxicity.

Of particular interest is the nitrosamine N-nitro-
sodimethylamine (DMN). This semi-volatile organic
compound is highly toxic and is a suspected human carcin-
ogen. At higher doses, it has been shown to be a hepatotoxin
that causes liver fibrosis and cancer in several animal species. Its
toxic effects were first reported by British scientists John Barnes
and Peter Magee in 1956 during their screening of chemicals
that were being used as solvents in the dry cleaning industry.
Since then, levels of DMN have been detected in food, drinking
water, soil, and air.

The consumption of contaminated food and water accounts
for the majority of the exposure to DMN. Most nonoccupa-
tional exposure to DMN is a result of chemical reactions
between precursors that form DMN, rather than the industrial
utilization of the chemical itself. For example, after DMN was
discovered in beer in Europe in the 1970s, it was shown that the
direct firedrying of the malt barley used was the DMN source.
Modifications to the drying procedure were able to substan-
tially reduce the levels of DMN found in beer today. Addi-
tionally, the formation of DMN was attributed to an outbreak
of liver cancers and disorders in livestock that were fed herring
meal in Norway in the 1970s. Subsequent studies showed that
reaction of dimethylamine (naturally occurring in fish) with
nitrosating reagents derived from sodium nitrite (a widely used
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preservative) formed the NMD responsible for the liver toxic-
ities. These studies caused widespread concern over the use of
sodium nitrite in many foods consumed by humans. To
ameliorate the formation of DMN in food caused by sodium
nitrite, manufactures now add antioxidants such as ascorbic
acid (vitamin C), erythorbic acid (an isomer of ascorbic acid),
and a-tocopherol (vitamin E).

DMN has been found in groundwater in many states. Major
sources of DMN in groundwater include rocket fuel produc-
tion, and water treatment via chlorination or chloroamination
of wastewater. The removal of DMN from drinking water
usually involves ultraviolet treatment or reverse osmosis.
Uses

DMN is currently produced in the United States only for use as
a research chemical. Formerly, it was used in the production of
liquid rocket fuel, cosmetics, antioxidants, pesticides, and
softeners for polymers.
Environmental Fate, Behavior, Routes, and Pathways

Very little environmental data are available regarding the fate of
DMN. Based on the estimated Koc value (a method to predict
the mobility of organic compounds in soil) of DMN, it is
expected to be highly mobile in soil and to leach. Experimental
data showed that volatilization of DMN plays an important
role in its clearance from moist, warm soil (70% of DMN had
evaporated after 5 h). Volatilization from drier soils is consid-
erably longer (half-life of around 3 weeks). Biodegradation
also plays a role in the clearance of DMN from soil.

In aquatic environments, DMN has been shown to volatilize
from river and lake surfaces with half-lives of 26 and 190 days,
respectively. Bioaccumulation is low. Photolysis is important to
DMN degradation, with a half-life of 79 h reported in laboratory
settings. No biodegradation was observed in lake water samples.

Airborne DMN is mainly degraded via reaction with photo-
chemically produced hydroxyl radicals, with a half-life of 6 days.
Exposure and Exposure Monitoring

The primary sources for human DMN exposure are diet (cured
meats, beer, fish, cheese, and other food items), tobacco smoke,
toiletry and cosmetic products (shampoos and cleansers),
detergents, and pesticides. Additionally, DMN is produced in
the stomach by the digestion of alkylamine-containing foods.
Occupational exposure occurs in tanneries, rubber and tire
factories, fish processing plants, foundries, and industries that
use alkylamines. Researchers making or using DMN are also
exposed to this compound.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00343-2
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DMN is not widely used in industry and occupational
exposure to DMN occurs as a result of chemical formation of
the compound from its precursors and not utilization of the
substance itself. As such, it is difficult to establish point sources
for DMN exposure. Chemical reactions that produce DMN are
well characterized. Of occupational interest are processes that
employ dimethylamine or trimethylamine. These volatile
amines react readily with nitrogen oxides to produce DMN.
One study suggests a statistical relationship between high levels
of NO2 and incidence of cancer in particular urban areas.

The detection/quantification of DMN in the air and water is
performed using several techniques, including gas chromatog-
raphy, mass spectrometry, electrolytic conductivity, nitrogen-
selective flame ionization, laser Raman spectroscopy, and
thermal energy analysis. These methods have detection limits
ranging from 1 to 10 ppb.
Toxicokinetics

DMN is rapidly absorbed into the body by all routes of expo-
sure. DMN itself is unreactive; it must undergo bioactivation of
the P-450 system to exert its toxic effects. An intravenous bolus
dose of 1.35 mmol kg�1 (100 mg kg�1) to Fisher 344 rats
revealed a predominantly hepatic clearance of 2.5 min to 3 h.
Orally administered DMN (2.02–4.05 mmol kg�1) cleared
between 5 and 120 min. Intravenously injected DMN concen-
trations declined in a biexponential manner with a terminal
half-life of 10 min. The apparent total systemic blood clearance
distribution was 39 mlmin�1 kg�1. The apparent steady-state
volume of distribution was 297 ml kg�1. The rate of metabo-
lism of DMN after larger oral doses (10 mg kg�1) is
5 mg kg�1 h�1 and follows zero-order kinetics. Terminal bio-
logical half-life is 11 min, and elimination is predominantly by
liver. No data are currently available for humans.
Mechanism of Toxicity

DMN must undergo bioactivation to exert its toxic properties,
and this process is thought to play an important role in
determining tissue- and species-specific toxicity. Bioactivation
of DMN involves oxidation of one of the N-methyl groups to
a primary alcohol by various cytochrome P-450s, followed by
expulsion of a formaldehyde molecule to give an unstable
monomethylnitrosamine product. This then collapses to
produce a highly reactive carbocation, which has been shown
to react with biomolecules such as protein, DNA, and RNA.
Single- and double-strand breaks in DNA and DNA fragmen-
tation in the form of a ladder have been observed in cells and
tissues.

The bioactivation of DMN is catalyzed by numerous cyto-
chrome P-450 isoforms, mainly in the liver. Various isoforms
of cytochrome P-450 possess differing affinities for DMN; the
isoforms participating in DMN activation is dependent on
DMN concentration. In humans, for example, P-450IIE1 has
high affinity for DMN and a high turnover number in cata-
lyzing the methylation and denitrozation of DMN. Its homo-
logue is present in rats, rabbits, and other animals, and is
inducible by a variety of substances, including acetone,
ethanol, pyrazole, and isoniazid, as well as by physiological
conditions such as fasting and diabetes. In contrast, human
isoform P-450IIBI metabolizes DMN when it is present at high
concentrations. Since animals and humans are rarely exposed
to such high levels of DMN, it is believed that P-450IIE1is the
isoform responsible for the toxic effects of DMN.

DMN metabolism has been shown to be affected by the
levels of micronutrients. For example, ascorbate deficiency can
result in a net decrease in levels of cytochrome P-450 and
cytochrome b5, and hence lower DMN bioactivation and
toxicity. Interestingly though, excessive intake of ascorbate did
not result in significant enrichment in levels of cytochromes P-
450 and b5.
Acute and Short-Term Toxicity

In humans, acute poisoning may invoke headaches, malaise,
fever, or general weakness. Gastrointestinal effects include
abdominal cramping, nausea, and vomiting, eventually leading
to diarrhea. Hepatomegaly and jaundice may follow if the
exposure is severe or prolonged. Usually, irritation of skin or
mucous membranes is not observed. Exposure to rats to high
concentrations of DMN over short periods or as a single dose
produced kidney tumors. Humans that were intentionally
poisoned with unknown amounts of DMN as single or
multiple doses died from severe liver damage and showed
internal bleeding.
Chronic Toxicity

DMN is very harmful to the liver of animals and humans. Rats,
mice, and hamsters that were exposed to low levels of DMN
(through food, water, or air) for periods of more than several
weeks developed liver and lung cancers, as well as noncan-
cerous liver damage. Internal bleeding and death usually
resulted from this low-level exposure. The carcinogenicity of
DMN is discussed further in the Carcinogenicity section.
Immunotoxicity

DMN has been shown to be toxic to the immune system.
Exposure to DMN in vitro suppressed human antibody
responses. Chronic exposure to DMN at low doses in mice
suppressed humoral and cellular immune responses consider-
ably, and could be reversed by the removal of DMN from
drinking water. DMN suppresses many immune response
features in animals. There are not much data available
regarding the immunotoxicity of DMN in humans.
Reproductive Toxicity

DMN acts as a transplacental carcinogen when administered to
pregnant rats, mice, and Syrian golden hamsters by several
routes. Mice that were fed DMN gave birth to offspring that
were either dead or died shortly after birth. No corresponding
human studies were found.
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Genotoxicity

Many studies have shown DMN to be genotoxic in various
in vitro nonhuman systems. DMN was shown to be mutagenic
in bacterial and mammalian cell lines. NMN induced
unscheduled DNA synthesis in mouse and rat hepatocytes, and
chromosomal and sister chromatid exchanges in Chinese
hamster ovary cells.

In vivo studies have reported that DMN causes DNA meth-
ylation, DNA fragmentation, DNA synthesis and repair, and
chromosomal aberrations in various species.
Carcinogenicity

There is no evidence directly linking DMN to cancer in humans.
However, many studies have reported DMN causing tumors
and cancer in animals. Continuous low-dose exposure of DMN
via food, water, or air for several months resulted in liver cancer
in several animal species. Higher concentrations for shorter
periods, or as a single dose, resulted in kidney tumors. The fact
that a single exposure to DMN produced cancer is alarming.
DMN is also known to produce many hemangiomatous
tumors and some parenchymal cell tumors in the livers of rats
after oral administration. Due to similarities in the metabolic
activation of DMN across species, it is believed that humans are
equally susceptible to the toxic effects of DMN as animals.
Clinical Management

If exposed to DMN, affected individuals should be immedi-
ately removed from the site of exposure and be given fresh air.
If exposure to mucus membranes is suspected, repeated
flushing with water will help to prevent absorption. The
individual should wash contaminated body parts with soap
and water.

After exposure, thorough evaluation of hepatic and renal
function should be performed, paying special attention to
liver size. Chest X-ray and cancer screening are also necessary.
Ecotoxicology

No studies investigating the ecotoxicity of DMN were found.
The bioaccumulation of DMN is thought to be low. Based on
the toxicology data of DMN for in vivo and in vitro laboratory
systems, DMN is expected to be toxic to many animal species.
The toxicity to plants is not well known.
Exposure Standards and Guidelines

As of 2008, the United States Environmental Protection Agency
listed DMN as an ‘Emerging Contaminant’ and has not yet set
federal standards for levels in drinking water. Additionally, it is
classified as a B2 carcinogen, meaning that it is ‘probably
a human carcinogen.’

See also: Chemicals of Environmental Concern; Liver; Volatile
Organic Compounds.
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Chemical Profile

l Name: N-Nitrosopyrrolidine
l Chemical Abstracts Service Registry Number: 930-55-2
l Synonyms: 1-Nitrosopyrrolidine; Nitrosopyrrolidine; N-

Nitrosopyrrolidine; N-N-pyr; NO-pyr; Pyrrole, tetrahydro-
N-nitroso-; Pyrrolidine, 1-nitroso-

l Molecular Formula: C4H8N2O
l Chemical Structure:

Background and Uses

N-Nitrosopyrrolidine (NPYR) is a nitrosamine compound that
is used primarily as a research chemical and is not produced
commercially. There is the possibility of generating NPYR after
frying in dry-cured bacon. The major amine precursors to NPYR
in cooked bacon are free proline in the adipose tissue and to
a lesser extent, collagenous connective tissues. When proline
peptides were heated with nitrite at pH 3.4, small amounts of
NPYR were formed from all tested peptides. There are several
potential sources of exposure of man to this group of potent
carcinogens. Certain foods were thought to be derived from the
interaction of nitrite with secondary amines in the food, either
spontaneously or by the agency of bacteria. Recently the
possibility that nitrosamines may be formed from secondary
amines and nitrite in the gastrointestinal tract has been
explored. The acid conditions that prevail in the human
stomach favor the nitrosation of dimethylamine. In addition,
at neutral pH, many secondary amines can be nitrosated by
nitrite or nitrate in the presence of intestinal bacteria, or the
cecal contents of the rat, and soluble enzymes which catalyze
the N-nitrosation of several secondary amines have been
extracted from two microorganisms. The rate of nitrosamine
formation depends greatly on the basicity of the amine; the less
basic amines such as diphenylamine and pyrrolidine are
nitrosated far more readily than the strongly basic dimethyl-
amine and diethylamine.
Environmental Fate and Behavior

Routes and Pathways Relevant to Physicochemical Properties
(E.g., Solubility, Pow, Henry Constant, Etc.)

It is a yellow liquid at room temperature. It is totally soluble in
water with solubility of 1.00� 10þ6 mg l�1 and also is soluble
in organic liquids and lipids. Log Pow is �0.19 that expected to
move readily from water to soil, sediment, or biota. According
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
to Henry’s law constant 4.89� 10�8 atmm3mol�1 and vapor
pressure 0.06 mmHg in 20 �C, volatilization from water and
solid surface is expected to be rapid and an important fate
process.
Environmental Persistency (Degradation/Speciation)

This compound is decomposed in the light and is especially
sensitive to ultraviolet light. The toxic fumes of nitrogen oxides
are produced by heating decomposition. NPYR is oxidized by
strong oxidants to nitrosamine and can be reduced to hydra-
zine and/or amine.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Exposure happens through inhalation of vapors released
during cooking or ingestion of food. Nitrite preservatives in
especially fatty foods can produce NPYR by heat according to
the amount of sodium nitrite. Investigators have also found
NPYR in tobacco smoke at concentrations up to 0.113 mg/
cigarette. Furthermore, wastewater from chemical factories has
had NPYR at concentrations of 0.09–0.20 mg l�1.
Human Exposure

The most probable route of human exposure to NPYR by the
general population is through inhalation of tobacco smoke
and vapor from frying bacon and other cured meats and the
ingestion of certain foods, especially cured meats and fish.
Occupational exposure via inhalation and dermal contact
may occur in industries such as rubber manufacturing.
Industries found 0.26 mgm�3 of NPYR in air sampling of
rubber plants.
Toxicokinetics

The bioactivation of NPYR by cytochrome P-450 occurs
via alpha-hydroxylation forming 2-hydroxy tetrahydrofuran
(2-OHTHF) as the major metabolite and several other reactive
electrophilic intermediates via alpha-hydroxylation is believed
to be the key activation pathway in their carcinogenesis. P-450
2As are important enzymes of nitrosamine alpha-hydroxyl-
ation. These results demonstrate that crotonaldehyde is formed
on metabolic alpha-hydroxylation of NPYR and suggest that it
may be involved in NPYR–macromolecule interactions. There
is a relationship between the formation of 1,4-butanediol and
the mutagenic activity of NPYR. The Salmonella typhimurium
strain TA 1530 is able to partially transform 4-hydroxybutanal,
the first identifiable microsomal metabolite of NPYR, into its
ultimate metabolite (1,4-butanediol).
4-3.01147-7 601
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Mechanism of Toxicity

2-OHTHF and several other reactive electrophilic intermediates
can bind with proteins and form DNA adducts mainly with
guanines.
Acute and Short-Term Toxicity (Animal/Human)
(to Include Irritation and Corrosivity)

Human

Potential symptoms in human are irritation of eyes and skin.
Animal

Oral administration of NPYR in drinking water caused hepa-
tocellular carcinoma in rat liver of both sexes and benign
adenoma in mice lung of both sexes.
Genotoxicity

NPYR causes mutations at AT base pairs in DNA of rat liver.
Aldehyde metabolites of this compound have diverse DNA
adduct chemistry. NPYR after hydrolysis is capable of
binding to Salmonella DNA and this DNA binding product
appears to be repaired by the excision repair system.
Assessment of NPYR mutagenicity potential in Ames
Salmonella and Escherichia coli assay revealed a reversion the
missense stain of TA1535 strain and arginine reversion in
the E. coli assay.
Carcinogenicity

No data are available in humans but there is sufficient evidence
of carcinogenicity in animals. It produces hepatocellular
carcinomas and lung adenomas following its oral
administration. NPYR, a hepatic carcinogen, is weakly carci-
nogenic in the nose.

According to Environmental Protection Agency, Interna-
tional Agency for Research on Cancer, and National Toxi-
cology Program it can be anticipated to be a human
carcinogen.

See also: Oxidative Stress; Sodium Nitrite; Nitrites; Nitrite
Inhalants; Crotonaldehyde; Environmental Exposure
Assessment; Environmental Fate and Behavior;
Bioaccumulation; Environmental Protection Agency, US;
Toxicity Testing, Mutagenicity; Toxicity Testing,
Carcinogenesis; Toxicity Testing, Inhalation; Mechanisms of
Toxicity; Toxicity, Acute; Toxicity, Subchronic and Chronic;
Toxicity Testing, Dermal; Escherichia coli; Ames Test.
Further Reading

Hecht, S.S., Upadhyaya, P., Wang, M., 2011. Evolution of research on the DNA adduct
chemistry of N-nitrosopyrrolidine and related aldehydes. Chem. Res. Toxicol. 24,
781–790.

Wang, M., Lao, Y., Cheng, G., et al., 2007. Analysis of adducts in hepatic DNA of rats
treated with N-nitrosopyrrolidine. Chem. Res. Toxicol. 20, 634–640.
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sonornicotine enantiomers, N-nitrosopiperidine, and N-nitrosopyrrolidine. Chem.
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Relevant Websites

http://www.epa.gov/iris/ – Environmental Protection Agency.
http://www.iarc.fr – International Agency for Research on Cancer.
http://www.inchem.org – International Programme on Chemical Safety: INCHEM:

Search for N-Nitrosopyrrolidine.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for

N-Nitrosopyrrolidine.
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus

Advanced: Search for: N-Nitrosopyrrolidine.
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Introduction

Nonlethal weapons (NLWs) are weapons that are less likely to
kill a living target than conventional weapons and are intended
to incapacitate or repel personnel without injuring them. NLWs
are now considered for the full spectrum of conflicts from
major theater wars to personal defense. Chemical agents that
can be used as NLWs include riot control agents (RCAs),
calmatives, and various types of disabling biochemical agents
such as incapacitating agents (ICAs).
Riot Control Agents

An RCA is designed to temporarily disable by causing intense
irritation of the mucous membranes, eyes, and skin. RCAs have
three common characteristics: rapid onset of effect, brief
duration of effect, and high safety ratio. However, high-level
exposure or the use of RCAs in enclosed spaces can cause
ocular, pulmonary, and dermal injuries.

These compounds act primarily on the eyes, the most
sensitive target organ; however, the pulmonary system and the
skin are also affected by most RCAs. These chemicals interact
pharmacologically with the sensory nerve receptors of the
mucosal surfaces and the skin at the site of contamination,
resulting in localized discomfort or pain with associated
reflexes. For example, the biological response in the eyes
results in pain (warning), excess lacrimation and blepharo-
spasm (protection), and conjunctival injection. This causes
the eyes to close. The mucous membranes of the mouth feel
discomfort, burning, and salivation, accompanied by pain
inside the nose. There is tightness in the chest, coughing, and
sneezing. Psychological effects such as anxiety and panic are
common reactions on exposure to RCAs, and these reactions
can lead to cardiovascular changes such as increased blood
pressure.

Physiologically, RCAs may be classified as lacrimators,
which primarily cause eye irritation and lacrimation; vomiting
agents, which cause vomiting; and sternutators, which mainly
cause uncontrolled sneezing and coughing.

The physicochemical and toxicological properties of RCAs
are shown in Tables 1 and 2 and their chemical structures are
shown in Figure 1. The clinical manifestations and complica-
tions of RCAs are summarized in Table 3.
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
ortho-Chlorobenzylidene Malononitrile

ortho-Chlorobenzylidene malononitrile (CS) can be
dispersed by spraying a solution, explosive dispersion, or as
smoke. Due to the poor water solubility of CS, it is difficult
to decontaminate and CS remaining on floors or furniture
could be re-aerosolized. It is flammable and only slightly
soluble in ethyl alcohol and carbon tetrachloride. At high
temperature and humidity, the effects of exposure to CS
may be more severe. CS is more effective than chlor-
oacetophenone (CN) and it replaced CN as the standard
RCA or irritant agent in the US Army in 1959. Individuals
can develop a tolerance to CS, especially on regular or
prolonged exposure.

The absorption of CS from the respiratory tract is very rapid
and because CS is usually disseminated as an aerosol (powder or
in solution), this is the usual route of absorption. However, it has
been theorized that significant amounts of CS would not be
absorbed via inhalation at or near the tolerable concentration in
humans. The half-life of CS and its principal bioconversion
products is extremely short. The elimination of CS follows first-
order kinetics over the dose range examined. Urine is the major
route of CS elimination. CS spontaneously hydrolyzes to malo-
nonitrile, which is transformed to cyanide in animal tissues,
although the total amount of cyanide generatedmaybeminimal.

The potential for eye damage with CS is significantly less
than with CN. Ocular effects of CS include intense irritation,
excessive tearing, conjunctivitis, photophobia, discomfort and
pain, and uncontrolled blinking (blepharospasm) with no
corneal damage. If CS is sprayed into the eyes, they cannot be
opened for 10–135 s.

Respiratory signs and symptoms of CS exposure include
excessive rhinorrhea or discharge of nasal mucous, sneezing,
coughing, increased trachea–bronchial secretions, and tight-
ness of the chest.

A sensation of discomfort or burning with excess salivation
occurs in the mucous membranes of the mouth, including the
tongue and palate. Irritation of the gastrointestinal tract by CS,
when it is digested, may cause vomiting and/or diarrhea;
however, the victims usually do not swallow much and it is
suggested that anxiety from RCAs exposure causes disturbed
bowel function.

Skin injury is elicited in all types of CS usage. Typically,
several minutes after acute exposure to a low concentration of
CS, a prickly feeling or burning is felt in exposed areas of the
4-3.00638-2 603
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Table 1 Chemical identification of RCAs

Name Synonyms

Chemical Abstracts Service

Registry Number Abbreviation

ortho-Chlorobenzylidene malononitrile 2-Chlorobenzalmalononitrile, alonitrile 2698-41-1 CS
Malononitrile, BRN 1866635
CCRIS 2377, CS (lacrimator)
USAF KF-11, propanedinitrile, 2-((2-Chlorophenyl)methylene)

Chloroacetophenone 1-Chloroacetophenon, BRN 0507950 532-27-4 CN
2-Chloro-1-phenylethanone, CN (lacrimator)
Phenylchloromethylketone, mace
u-Chloroacetophenone, phenacyl chloride
Chloromethyl phenyl ketone, 2-Chloroacetophenone

Dibenz[b,f]1,4-oxazepine Agent CR, dibenzoxazepine 257-07-8 CR
HSDB 7598, NSC 293779
CR (lacrimator)

Bromobenzene cyanide Acetonitrile, bromophenyl, BBN 5798-79-8 CA, BBC
Bromobenzylnitrile, CA (tear gas)
Camite, HSDB 198
a-Bromobenzyl cyanide

Bromoacetone 1-Bromo-2-propanone, HSDB 315 598-31-2 BA
2-Propanone, 1-bromo-, BA (tear gas)
Acetylmethyl bromide, acetonyl bromide
Bromomethyl methyl ketone, monobromoacetone

Oleoresin capsicum Oleo-capsicum resins, UNII-UW86K581WY 8023-77-6 OC
Oleoresin of capsicum, capsicin
Red pepper oleoresin, cayenne
Resins, oleo-, capsicum, FEMA no. 2233

Diphenylaminochlorarsine 10-Chloro-5,10-dihydroarsacridine 578-94-9 DM
5-Aza-10-arsenaanthracene chloride
DM [Chemical Warfare Agent], adamsit
Phenarsazine chloride, BRN 0178698
Fenarsazinchlorid [Czech], caswell no. 648
HSDB 7599

Chloropicrin Chloroform, nitro-, acquinite 76-06-2 PS
Chlorpikrin, CCRIS 146
Methane, trichloronitro-, Dolochlor
OG 25, TRI-CON
Trichloronitromethaan, microlysin
Tricloro-nitro-metano, Pic-Clor
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skin. This sensation is more noticeable if the skin is wet or
freshly abraded (e.g., after shaving). The sensation may be
accompanied or followed by erythema, which usually persists
for an hour or less. If the amount of CS, the temperature, and
the humidity are all high, the erythema becomes more pro-
longed and severe; and edema and vesication appear hours
later. The time course is the same as that for the skin damage
after exposure to mustard. Hypochlorite, which is a useful
decontaminator of most chemical agents, is not recommended
for decontamination of CS on skin. Workers in a CS manu-
facturing unit developed rashes, pruritis, vesicles, and wheals,
which may have been representative of sensitization and reac-
tion to reexposure. CS is also a sensitizer and can cause allergic
contact dermatitis, which is the result of a delayed hypersen-
sitivity reaction that presents with erythema, edema, vesication,
and, in severe instances, purpura and necrosis.

The lethal effect of CS by inhalation in animals is due to lung
damage, such as alveolar hemorrhage and edema, which leads to
asphyxia and circulatory failure. Bronchopneumonia secondary
to respiratory tract injury also may be a cause of death.

There are no positive findings on fetotoxicity and/or terato-
genicity of CS. The results of studies on themutagenic potentials
of CS and CS2, a formulation containing CS in a mixture of 5%
Cab-o-Sil and 1% methyldisilizane, indicated that CS2 induced
sister chromatid exchanges, resulted in chromosomal aberra-
tions, and caused induction of trifluorothymidine resistance.
However, conclusions drawn from carcinogenicity studies
suggest that CS2 is noncarcinogenic for rats and mice.
Chloroacetophenone

CN is a solid and can be disseminated as smoke. It is also
available in powder and liquid formulations with an apple-
blossom odor and has been used for self-protection as mace for
many years. CN has been mostly used by military and law
enforcement officials and is commonly referred to as tear gas,



Table 2 Physicochemical and toxicological properties of RCAs

Name Molecular formula Characteristics

Time to

activation

Duration of

action (min)

ICt50
(mg min m�3)

LCt50
(mg min m�3)

CS C10H5ClN2 Pepper odor; microparticles;
dispersing effect (grenades)
crystalline solid

10–60 s 10–30 5 25 000–150 000

CN C8-H7-Cl-O Apple odor; powder or
emulsion aerosol

3–10 s 10–20 20–50 8500–25 000

CR C13H9NO Odorless; aerosol; persists for
prolonged periods in the
environment or on clothes

Instantaneous 15–60 1 >100 000

CA or BBC C8H6BrN 30 8000–11 000
OC Unspecified Pepper odor; persists for

prolonged periods in the
environment or on clothes;
short distance spray

Rapid 30–60 – –

DM C12H9AsClN Odorless or slightly bitter
almond odor; emetic

Rapid >60 20–150 11 000–35 000

ICt50, concentration that will incapacitate 50% of the exposed population in 1 min; LCt50, concentration that will kill 50% of the exposed population in 1 min.

Nonlethal Weapons 605
but in most countries CS is now used instead. CN is also one of
the constituents of pepper spray. The clinical effects of CN are
similar to those of CS, but it is more toxic (Table 2) and more
likely to cause serious side effects (Table 3), particularly in skin
and eyes. The concentration of CN required to cause harass-
ment is 2.5 times that of CS (Table 2).

CN acts directly on the mucous membranes to produce
intense ocular and respiratory irritation with burning and pain
sensation in the eyes, nose, throat, and lungs. Ocular effects
consist of intense lacrimation, blepharospasm, and conjuncti-
vitis. High concentrations of CN may result in chemical injury
to the eye, with corneal and conjunctival edema, corneal
erosion or ulceration, chemosis, and focal hemorrhages.

Irritation of the respiratory tract by CN produces sneezing,
coughing, secretions, nasal congestion, and a sense of suffo-
cation. The onset of some or all of these symptoms is imme-
diate and persists for up to 20 min after removal from the
contaminated atmosphere. Animal studies showed that
pathologic findings in the lung after exposure to CN were more
severe than with CS, with more edema; patchy acute inflam-
matory cell infiltration of the trachea, bronchi, and bronchi-
oles; and more evidence of early bronchopneumonia. The
main cause of death following CN inhalation was pulmonary
system injuries.

Skin exposure to CN has been associated with primary
irritation and allergic contact dermatitis. CN is not only a more
potent skin irritant but also a more potent skin sensitizer than
CS. Severe exposure to CN results in skin injury, which may
consist of severe generalized itching, diffuse and intense
erythema, severe edema, and vesication.

CN exposure was reported to increase fibroadenomas of the
mammary gland in female rats, but no carcinogenic activity was
found in other species or in males.
Dibenz[b,f]1,4-oxazepine

Dibenz[b,f]1,4-oxazepine (CR) ismore potent but less toxic than
CS. The irritating effects on the eyes and skin irritation are more
transitory than those of other RCAs such as CS. Vesication or
contact sensitization is not associated with CR exposure. Part of
its high safety profile is due to its low volatility, which mini-
mizes its effects on the pulmonary system. It does not degrade in
water and thus persists in the environment. The effects on the
skin or eyes do not appear to be persistent. Reversible slight
redness and mild chemosis were observed in rabbit eyes after
a single application of a 1% solution of CR, and after the
application of a 5% solution of CR, moderate conjunctivitis
with normal corneal and eyelid tissues was reported.

On contact with the skin, CR elicits transient erythema
lasting for 1–2 h, with a burning sensation lasting 15–30 min
on the exposure site but without any vesication, contact
sensitization, or delay in the healing of skin injuries, even
under adverse conditions. The burning sensation is more
intense and lasts longer on exposure to CR than CS. Many areas
of the skin are resistant to irritation, including the ears, nose,
scalp, palms of the hands, knees, and the lower legs.

Aerosols of CR are rapidly absorbed in the respiratory tract,
and its plasma half-life is about 5 min. The cornea readily takes
up CR and metabolizes CR to a lactam derivative. Based on the
overall observations, it seems that CR is neither teratogenic nor
embryotoxic to rats and rabbits.

Bromobenzene Cyanide

Bromobenzene cyanide (BBC or CA) was introduced before
World War I and it is the most potent RCA. It corrodes iron and
steel, is not chemically stable in storage, and is sensitive to heat;
all these characteristics made it unsuitable for storage and use
in artillery shells. It causes lacrimation of the eyes at low
concentrations. CA is rarely used.
Bromoacetone

Bromoacetone (BA) is prepared by reacting bromine and
acetone (a common solvent). It was used duringWorld War I as
a lachrymator.



Figure 1 Chemical structure of RCAs.
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Oleoresin Capsicum and Capsaicin

Oleoresin capsicum (OC) is an oily extract of pepper plants of
the genus Capsicum. It is also the principal active ingredient in
OC spray and is a mixture of complex soluble phenols known
as capsaicinoids. Capsaicin (trans-8-methyl-N-vanillyl-6-non-
enamide) and dihydrocapsaicin make up 80–90% of OC. The
amount of OC in pepper spray varies widely from about 1.2 to
12.6%, and the concentration of the pepper extract varies from
5 to 15%. OC has more or less replaced mace as a personal
defense spray and exposed individuals in most cases can be
subdued easily. N-Vanillyl nonanamide (VN), which is
commonly known as pelargonic acid vanillylamide (PAVA),
is 15 times more toxic than capsaicin.

It is now well accepted that the specific action of capsaicin is
due to the activation of a specific receptor that recognizes
capsaicin/capsaicin-like compounds (the vanilloid receptor) and
stimulates influx of cations into cells. Capsaicin induces selective
depletion of substance P. It also depletes other neuropeptides
from primary sensory neurons, namely, neurokinin A, calcitonin
gene-related peptide, somatostatin, and kassinin. Capsaicin has
a spectrum of effects on sensory neurons, ranging from excita-
tion to degeneration and cell death.

Absorption of capsaicin and capsaicinoids occurs rapidly
from the stomach and small intestine, but the degree and
processes of absorption in the respiratory tract have not been
elucidated. Capsaicin and capsaicinoids undergo bioconver-
sion, which involves oxidative and nonoxidative pathways,
and metabolic products are excreted in the urine, mostly as
glucuronides.

Exposure to aerosols of OC typically induces lacrimation,
conjunctival inflammation, redness, severe burning pain,
swelling, and blepharospasm, due to neurogenic inflamma-
tion, and quickly produces involuntary closure of the eyes.



Table 3 Clinical manifestations and complications of RCAs

Name Clinical manifestations Potential complications

CS Eyes Tearing, burning sensation, blepharospasm,
photophobia, corneal edema

Delayed pulmonary edemaRespiratory Severe rhinorrhea, sneeze, cough, dyspnea
Skin Rash, erythema
Others Buccal irritation, salivation, hypertension

CN Eyes Tearing, burning sensation, blepharospasm,
photophobia, conjunctival edema, chemosis

Keratitis, intraocular hemorrhage,

Bronchospasm, hypoxemia, irritant
dermatitis, facial edema, allergic dermatitis

Respiratory Sneezing, coughing, secretions, nasal congestion
Skin Edema, erythema, blistering, severe generalized itching

CR Eyes Mild chemosis, slight eye redness
Skin Transient erythema, burning sensation

OC Eyes Severe burning pain, swelling and blepharospasm,
loss of the blink reflex

Corneal erosion

ApneaRespiratory Bronchoconstriction, coughing, sneezing, increased
nasal mucosal volume

Skin Burning pain, tingling, edema, erythema
Others Neuromotor dysfunction

DM Eyes Lacrimation, blepharospasm, and eye pain Corneal opacity, blepharitis
Gastrointestinal Odynodysphagia, abdominal pain, diarrhea,

nausea, vomiting
Skin Erythema Skin necrosis
Respiratory Burning in the throat, tightness in the chest,

uncontrollable coughing
Others Headache, mental depression, chills
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In humans, it can cause loss of the blink reflex (corneal reflex)
and unresponsiveness to chemical and mechanical stimuli.

In the nasal passages, activation of capsaicin-sensitive sensory
nerves results in profound vasodilation, secretion, and increased
nasal mucosal volume. Capsaicin activates protective reflexes
such as bronchoconstriction, sneezing, coughing, apnea, and
rapid shallow breathing in response to airway irritation. Apnea
followed by rapid shallow breathing is the classic chemoreflex
response on stimulation of sensory neurons in the lung.

Dermal exposure to aerosols containing OC produces an
intense burning pain, tingling, edema, erythema, and occa-
sionally blistering. Multiple exposures of the skin over a period
of minutes exaggerate the response. It is postulated that
capsaicin amplifies inflammation via the release of substance P
from the skin.

OC may also cause neuromotor dysfunction (i.e., loss of
motor control). Capsaicin affects thin sensory neurons, non-
sensory neurons, and nonneural excitable cells. These effects
include inhibition of cardiac muscle excitability, inhibition of
visceral smooth muscle activity, and contraction of vascular
smooth muscle.

Results from mutagenicity studies have indicated that
capsaicin is positive for mutagenicity and these compounds
should be regarded as having genotoxic potential. An increased
incidence of gastrointestinal cancer has been reported in human
populations who routinely include peppers in their diet.
Diphenylaminochlorarsine

Diphenylaminochlorarsine (DM) is one of several com-
pounds classified militarily as vomiting agents, including
diphenylchloroarsine (DA), diphenylcyanoarsine (DC), and
chloropicrin (PS). DM has been categorized as both a vomiting
agent and a sternutator, and was previously known as adamsite.

DM is a yellow-green, odorless, crystalline substance that is
not very volatile. It is insoluble in water and relatively insoluble
in organic solvents. The threshold for irritation is low and it is
more toxic than other RCAs; it is considered a potentially
dangerous agent (Table 2).

It produces symptoms with slightly delayed onset and has
a relatively long recovery period, up to several hours. It
primarily affects the upper respiratory tract by causing irri-
tation of the nasal and sinus mucosa, burning in the throat,
and tightness of the chest. Uncontrollable coughing and
sneezing with eye irritation can also occur. DM can also
cause headaches, mental depression, chills, nausea, abdom-
inal cramps, vomiting, diarrhea, unsteady gait, and weakness
and trembling in the limbs, which last for several hours after
exposure.

Eye irritation and lacrimation on exposure to DM are
similar to other tear gases. Local application of DM to rabbit
eyes has resulted in conjunctivitis, blepharitis, and corneal
opacity. The ocular effects of human inhalation exposure to
DM consist of lacrimation, blepharospasm, and eye pain. In
addition, DM has been noted to produce necrosis of the
corneal epithelium in humans.

Skin effects include erythema and local application can
produce skin necrosis. Studies have shown that DM is not
a skin sensitizer.

Exposure to high concentrations of DM can result in serious
illness, as a result of pulmonary damage and edema, or death,
all of which have been reported.
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Chloropicrin

PS was used extensively as a lachrymator, choking agent, and
vomiting agent by France, Germany, Russia, and the United
Kingdom duringWorldWar I. Soldiers have been exposed to PS
for training purposes, and it has also been used to control pests.
Medical Care

The effects from RCAs are usually self-limiting. Exiting
the contaminated area should bring some measure of relief in
15–30 min or sooner. For decontamination, the use of water on
the skin may result in transient worsening of the burning sensa-
tion. Soap and water may be more effective but may also cause
a momentary increase in the symptoms. For dermatitis, a topical
steroid preparation (e.g., triamcinolone acetonide) is the prin-
cipal therapeutic agent.Oozing lesions shouldbe treatedwithwet
dressings (Burow solution). Oral antihistamines should be given
for itching. Vesicating lesions have been successfully treated with
compresses of a cold silver nitrate solution. The eyes should be
thoroughly flushed to remove any particles of the agent and
a local anesthetic can be applied once for severe pain, but should
not be continued. Individuals with cough, chest discomfort,
andmilddyspneausually recoverwithin30 minafter exposure to
clean air. An individual who has prolonged dyspnea or objective
signs should be hospitalized under careful observation.
Calmatives

Calmative agents (a military, not a scientific term) are
psychoactive substances that produce effects ranging from
unconsciousness to hallucinations. Calmatives produce rapid
onset of symptoms, 1 min when inhaled and 3–5 min when
absorbed through the skin. Examples of calmatives are ben-
zodiazapines, alpha adrenergic receptor agonists, dopamine
D3 receptor agonists, selective serotonin reuptake inhibitors,
opioid receptors and Mu agonists, neuroleptic anesthetics,
corticotropin-releasing factor receptor antagonists, receptor
antagonists, and cholecystokinin B receptor antagonists. Safe
use of calmatives requires a delivery system that limits exposure
to below the levels that lead to death or cause serious harm. For
further information, see specific sections for each component.
Incapacitating Agents

ICA is a chemical agent that produces a temporary disabling
condition that persists for hours to days after exposure (unlike
the short-term effects of RCAs). ICAs temporarily impair the
performance of the central nervous system (CNS). ICAs (1) are
highly potent; (2) alter the regulatory activity of the CNS; (3)
have duration of action of hours to days; (4) are not dangerous
to life except at many times the effective dose; and (5) are not
likely to produce permanent injury. These criteria eliminate
many drugs, such as various opiates and sedatives, from use as
ICAs. Such agents pass the blood–brain barrier and interfere
with higher brain functions. Medical treatment after exposure
to an ICA may not be necessary but may facilitate recovery.

ICAs can be categorized according to their principal physio-
logical effects as psychochemical agents, stimulants, depressants,
psychedelics, and deliriants. None of the stimulants (amphet-
amines, caffeine, cocaine, and nicotine) is potent enough to be
used as an ICA. Opioids are potential incapacitants but are
usually too potent to be used. Depressants, such as barbiturates,
appear to be potentially more useful as incapacitants.

Anticholinergic agents appear to be most suited for military
use. Scopolamine is about seven times more potent than
atropine: about 2 mg of scopolamine can incapacitate a soldier;
10–12 mg of atropine are required to produce the same effect,
lasting for 4–8 h. Another anticholinergic, 3-quinuclidinyl
benzylate (BZ), is a psychedelic warfare agent. It not only
blocks the action of acetylcholine on both the peripheral nerves
and the CNS, but also stimulates the action of noradrenaline in
the brain in a manner similar to the effect of amphetamines
and cocaine. BZ also induces hallucinations and sedates after
exposure. Delirium is common.

Other compounds that were studied for possible use as ICAs
include cocaine, amphetamine, dexamphetamine, metham-
phetamine, mescaline, psilocybin, lysergic acid diethylamide
(LSD), Kolokol-1, EA-3167, and phenylcyclidine (PCP).

See also: Ancient Warfare and Toxicology; Atropine;
Barbiturates; Blister Agents/Vesicants; 3-Quinuclidinyl
Benzilate (BZ): Psychotomimetic Agent; Caffeine; Chemical
Warfare; CN Gas; CS; International Agency for Research on
Cancer; Lysergic Acid Diethylamide; Opium and the Constituent
Opiates; Poisoning Emergencies in Humans; Sedatives; Skin;
Sulfur Mustard; Toxicity Testing, Dermal; Toxicity, Acute;
Pharmacokinetics.
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Introduction

The constant development of new technologies promising to
make our lives easier comes with the price of potential expo-
sure to novel chemicals about which very little is known
regarding their impact on human health. We have arrived at
a point where our ability to discover new chemicals has sur-
passed our ability to determine their safety. A major challenge
in toxicity testing has been the identification of appropriate
animal models in cases when alternatives to mammalian
animal testing are desired. In the past, primates and rodents
have been the animal models of choice because of their simi-
larity to humans. While studies in mammals are most relevant
to human health, they are cost and time prohibitive, making
them ill-suited for the rapid throughput testing required if
new chemicals are to be tested before they are used in products
that enter the consumer market. In contrast to mammalian
models, there are several nonmammalian systems that offer
advantages for rapid-throughput toxicity testing. The main
nonmammalian animal models that have been used in the
field of toxicology are Drosophila melanogaster (fruitfly), Caeno-
rhabditis elegans (roundworm), and several fish models,
including Danio rerio (zebrafish), Oryzias latipes (medaka fish),
Pimephales promelas (fathead minnow), and Oncorhynchus
mykiss (rainbow trout). Each model offers unique characteris-
tics that are useful for toxicity testing. Here, the advantages and
limitations of the two invertebrate models and a representative
fish model, zebrafish, are described from a chemical toxicity
screening point of view.
Caenorhabditis elegans (Roundworm)

The invertebrate species C. elegans provides an attractive alter-
native model because of its short life cycle, low maintenance
cost, and high degree of genetic conservation with higher
eukaryotes. Caenorhabditis elegans is a small nematode worm
normally found in soil that offers the simplicity of working
with cultured cells in a complex, multicellular organism.
A typical adult C. elegans is roughly 1mm long and contains
approximately 1000 somatic cells and various tissue types such
as muscle, nerves, and intestinal cells. This worm has a short
life cycle and high rate of progeny propagation; it takes 3.5 days
to progress from embryo to mature adult and each adult
generates 300–1000 progeny. Fertilization of eggs and
embryogenesis take place inside a hermaphrodite adult and
once the embryos reach the 28–30 cell stage, they are laid into
the environment. The remaining course of embryogenesis
continues outside the body. At the end of embryogenesis,
a larva hatches out and goes through four larval stages (L1–L4)
before reaching the young adult stage. Embryos can be easily
propagated to adulthood in liquid medium in a standard 96-
well microtiter plate, thus making this model amenable to
high-throughput chemical screening. Furthermore, C. elegans
embryos, larvae, and adults are transparent, which enables
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
researchers to observe in great detail the fate of any compound
coupled to a fluorophore that is ingested by the worm. It is very
easy to perform forward genetic screening in C. elegans (i.e.,
using chemical mutagens to determine if a gene plays a role in
a given phenotype without prior knowledge of the gene’s
function). In addition, it is very easy to rapidly identify func-
tion of genes present by using a reverse genetics method such as
RNA interference (RNAi). The other important aspect of
C. elegans is the ability to freeze and recover the nematode after
long-term storage. In combination, these physical characteris-
tics make C. elegans an excellent nonmammalian model for
toxicology testing.

Different toxicity endpoints, including growth, reproduc-
tion, movement, feeding, and optical properties, have been
designed to assess C. elegans sensitivity to different chemicals.
Duration of a typical toxicological screening experiment
depends on the endpoint being evaluated and can range from
24 to 72 h. An additional behavioral endpoint, locomotion, is
also a powerful tool for predicting mammalian toxicity. Tech-
nological advances have facilitated using locomotion to screen
for chemical toxicity in a high-throughput manner. Automated
sublethal toxicological assays have been developed incorpo-
rating liquid handling robotic workstations to dispense
embryos into 96-well plates, the Complex Object Parametric
Analyzer and Sorter (COPAS) Biosort is used to measure
nematode length and fluorescence, and imaging workstations
are used for motion tracking and multidimensional image
analysis. Individual nematodes at different stages are loaded
into each well of a 96-well plate containing different concen-
trations of chemicals that were dispensed by the robotic liquid
handler system. After defined time periods of exposure to the
chemicals (e.g., 24 or 72 h), their growth, reproduction,
movement, or feeding is analyzed using a combination of
different tools, including the COPAS Biosort and an imager
workstation. In addition tomonitoring behavioral endpoints in
wildtype C. elegans, transgenic strains have been developed to
monitor several toxicological responses, including biotrans-
formation, DNA damage, apoptosis, and metal response. Using
this approach, effect of a toxicant exposure may be quantified
by measuring the expression of Green Fluorescent Protein
(GFP) in a transgenic line using an imaging workstation, for
example. Thus C. elegans provides several qualities that make it
a suitable model organism for toxicity testing in a low-cost and
high-throughput manner (Figure 1).

Despite all of the advantages of the C. elegans model, there
are some limitations that may render it ill-suited for certain
assays. The worm does not have homologs of some key genes
present in humans and lacks key organ systems such as
a specific sexual system and a centralized brain capable of
performing complex behaviors. The worms may also metab-
olize certain compounds differently and thus some aspects of
their physiology may not be relevant to humans. If these traits
are not important for the molecules being screened, the worm
can serve as an excellent model organism for toxicity
screening.
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Figure 1 An overview of high-throughput screening performed in different nonmammalian species. To achieve high-throughput screening, the fruit fly,
nematode, or zebrafish is embryonically exposed to different concentrations of test chemicals in a multiwell plate or array of tubes for a certain period of
time. They are then evaluated using a variety of different approaches to measure morphology in response to chemical exposures (Images shown:
exoskeletal wing deformities in flies treated with methotrexate, lack of normal vulva phenotype and presence of vacuoles in C. elegans treated with
enzastaurin, and pericardial and yolk sac edema in zebrafish in response to bisphenol A exposure). Changes in gene expression in response to chemicals
can be evaluated by visually observing the expression pattern (Images shown: Drosophila embryo expressing sog (red), ind (green), msh (magenta), wg
(yellow), and en (blue) transcripts and zebrafish embryo showing expression of fli (green) and esrrg (red)). Transgenic reporters can be utilized to visualize
specific targets of a chemical in the live animal (Images shown: nematode with specific neurons expressing GFP in the head and tail, fly expressing pan-
neuronal GFP in the CNS and PNS, and transgenic fish expressing GFP-tagged secondary motor neurons). Finally, behavior assays can be performed to
determine if changes in movement, gait, feeding, etc. are altered (Images shown: individual movement tracks from a behavior assay performed on
zebrafish larvae in a 96-well plate and the tracking data quantified using commercially available software to observe activity during different lighting
conditions). Images adapted from Loganathan et al., 2011 (wormmorphology); Affleck et al., 2006 (fly morphology); Kosman et al., 2004 (Drosophila gene
expression); Rand et al., 2009 (Drosophila transgenic reporter).
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Drosophila melanogaster (Fruit fly)

Drosophila melanogaster has been used as a model organism for
decades in the biological sciences. Several features of the fruit
fly make it a very attractive model organism in the fields of
genetics, neuroscience, and toxicology. Drosophila was one of
the first complex organisms to have its genome completely
sequenced and annotated. There is 80–90% similarity between
fruit fly and human sequences in conserved functional
domains of different homologs and approximately 40% simi-
larity overall between the homologs. Roughly 75% of the
disease-related genes in humans have been estimated to have
functional orthologs in Drosophila. The fruit fly has a relatively
short lifecycle with a high rate of progeny propagation. A single
mating pair can produce hundreds of offspring in 12 days at
room temperature. Development of the fruit fly starts externally
with the fertilized egg, continues through different larval stages
before reaching pupa in 4–5 days, after which it takes another
4–5 days to become an adult.

Unlike the nematode, the fly is a complex organism with
structures that perform equivalent functions as the mammalian
gut, heart, lung, kidney, reproductive organs, and others. The
fly has a better-organized brain structure capable of more
complex behavior than that of the worm. Various endpoints
have been developed to evaluate effects of chemical exposure at
different life stages. Larvae can be evaluated for pattern
formation, organogenesis, cell fate determination, neuronal
development, lethality, body size, locomotor defects, and
response to pain. Typical adult endpoints are lethality, body
size, stress test, retinal regeneration, courtship behavior,
feeding behavior, aggression, flight ability, learning and
memory, response to pain, and visual discrimination, among
others. Type of exposure depends on the life stage; larval stage
exposure is waterborne, whereas adult exposure is via aerosol,
feeding, application to exposed nerve cord, or as an injection.
Throughput of the chemical toxicity screening also depends on
the type of assay and degree of automation. Assays involving
lethality, body size, flight ability, and stress test can be done in
a high-throughput manner, whereas assays involving loco-
motor defects, response to pain, retinal degeneration, courtship
behavior, and learning and memory are usually lower
throughput. Automatic sorters similar to that described for
C. elegans can be used to load a 348-well or 96-well plate, which
can then be automatically scored after exposure to chemicals of
interest by using an optically distinct phenotype (e.g., viable
versus dead) (Figure 1). Adult-specific behaviors such as
locomotor and circadian activity can also be automated by
utilizing commercially available monitors. This involves
placing flies individually in small capillary tubes that are placed
in an array, after which activity is measured by a computer.
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Other behavior assays such as aggression, courtship, learning,
and memory can be automated by use of commercially avail-
able video tracking software, which can simultaneously analyze
up to 96 different fly groups.

Despite the various advantages the fly has to offer, there are
several important differences between the fly and humans that
preclude its use for certain assays. For example, metabolism of
xenobiotic compounds in the fly can differ significantly from
that of rodents and humans, leading to a chance of under-
estimating toxicity in cases where the fly metabolizes a chem-
ical to a nontoxic product that mammals are incapable of
producing or overestimation of toxicity in the opposite case.
Determination of a relevant dose response for humans based
on toxicology screening in flies is difficult because of the above
reasons. Another difference is the lack of human orthologs in
theDrosophila genome for certain key physiological and cellular
processes. Because they do not share all the organ structures
that humans have, flies are usually good for modeling only
certain aspects of a physiological processes. Extrapolation of
the results for use in humans can become very difficult for this
reason. However, flies are useful as a first-tier or comparative-
testing organism as long as follow-up studies are performed to
confirm screening results.
Danio rerio (Zebrafish)

For the past three decades, zebrafish (D. rerio) have been used
extensively as a vertebrate animal model for studying devel-
opment and neurobiology. The characteristics of small size,
short life cycle, embryo transparency, and external fertiliza-
tion and development also make this model ideal for devel-
opmental toxicity testing. The major advantage of using
zebrafish as compared to the nematode or the fruit fly is the
fact that zebrafish are vertebrates and contain most of the
organs and similar cellular pathways present in mammals.
Similar to the nematode, and fruit fly, forward genetics
screens are routine to investigate the genes controlling
development in zebrafish. Advances in genetics research have
enabled complete sequencing and extensive annotation of the
zebrafish genome, thus facilitating genetic manipulations and
investigations into genetic changes in response to chemical
exposures. Identification of the molecular mechanisms
underlying phenotypic abnormalities following develop-
mental chemical exposure can be achieved by using powerful
genetic tools such as antisense morpholino knockdown of
target genes, chemical genetics, and proteomics. It is also
relatively easy to generate and screen transgenic fish express-
ing fluorescent protein in specific organs that can be used to
investigate effects of chemicals on particular genes regulating
different systems.

Zebrafish and humans share similar physiology and
conserved molecular signaling pathways; thus, there are
several endpoints that can be investigated using zebrafish for
toxicity screening. These endpoints include responses to
chemical exposure in the major organ systems (i.e., repro-
ductive, nervous, cardiovascular, gastrointestinal, and endo-
crine system) and carcinogenicity in various organs. Similar
to any vertebrate, zebrafish are most susceptible to toxicity
from chemical exposures during development. Because of the
short duration of development and transparency of larvae, it
is straightforward to identify toxic effects in target organs with
visual inspection at relatively low magnification. The different
physical abnormalities in response to chemical exposure
during the critical period of organogenesis (8–120 h post-
fertilization; hpf) that can be detected are development of
eye, jaw, snout, brain, notochord, heart, fins, pigmentation,
body segmentation, and body shape. In addition, sponta-
neous movement between 18 and 22 hpf and locomotor
activity after 120 hpf can be assessed even when the exposure
concentration does not cause any visible physical abnormal-
ities (Figure 1). The effect of a chemical exposure on tissue
and organ development provides important clues about its
mode of action.

Toxicogenomics has been applied to study the role of genes
in eliciting toxic responses to chemical exposure. As noted
earlier, it is routine now to interrogate the genome of the
zebrafish because of the available molecular and genetic tools
such as transgenic animals, which are genetically modified to
lack a gene or express additional genes, or morpholinos, which
are used to rapidly and transiently knock down a gene. Changes
in the zebrafish genome in response to a chemical exposure can
be evaluated, saved to a database, and used to predict toxicity
to individual organs or the whole organism. Because of the
compact size of zebrafish, gene expression changes in the whole
animal or in individual tissues can be investigated simulta-
neously, leading to important conclusions about fate of gene
expression from the broad organismal level all the way down to
the molecular level. Availability of tools to transiently knock
down genes, express transgenic genes, and create mutations in
the zebrafish genome have made it possible to identify several
genes whose expression is critical for proper development
along with the morphological abnormalities that may arise due
to aberrant expression of those genes. Toxicogenomics in
combination with the identification of phenotypes associated
with chemical exposures can provide vital clues about a chem-
ical’s mode of action, thereby helping predict its toxicity in
humans.

In order to use zebrafish in a rapid-throughput manner for
chemical toxicity screening, embryos are loaded individually
into the wells of 96-well or 384-well microtiter plates, exposed
to a range of chemical concentrations, and scored for physical
abnormalities or behavior deficits. Automation of different
components of the screening process can be implemented to
further accelerate the screening process. Steps of the chemical
screening for which automation has been used are (1)
dechorionation to remove the protective outer shell from
embryos in order to ensure uniform chemical exposure, (2)
loading of viable embryos to the multiwell plate, (3) assess-
ment of phenotypic endpoints with image analysis worksta-
tions, and (4) analysis of behavioral endpoints using
computational approaches. Use of automation in various
components of the toxicity screening process would increase
the number of endpoints that can be assessed and facilitate
screening several hundred chemicals rapidly within about
5 days. The ability to screen a large number of chemicals in
a cost-effective manner in a very small amount of time is an
enormous advantage over traditional rodent models, for
which the time and space required for toxicity screening are
prohibitive.



Table 1 Comparison of the different characteristics offered by the three nonmammalian models for toxicity testing

Characteristics C. elegans D. melanogaster D. rerio

Time to adulthood 3.5 days 12 days 3 months
In vitro fertilization – – Yes
Progeny propagation High High High
Distinct features in different larval stages Limited Limited Yes
Chemical exposure during developmental stages Waterborne Aerosol, Waterborne, Vapor Waterborne
High throughput screening Yes Yes Yes
Endpoints

Developmental progression Yes Yes Yes
Growth Yes Yes Yes
Mortality Yes Yes Yes
Organ toxicity – Limited Yes
Morphological evaluations Limited Yes Yes
Locomotor evaluations Yes Yes Yes
Aggression – Yes Yes
Learning & memory Limited Yes Yes
Courtship behavior Yes Yes Yes
Regeneration assay – Yes Yes
Feeding behavior Yes Yes Yes
Stress response – Yes Yes

Use of transgenic animal in screening Yes Yes Yes
Analysis of gene expression changes Yes Yes Yes
Human relevance Low Moderate High
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An abundance of toxicological studies conducted in zebra-
fish is contributing to mounting evidence that there is indeed
a close association between zebrafish and mammalian physi-
ology, rendering zebrafish useful for predicting toxic responses
to chemical exposure in humans. However, validation studies
are needed before we can utilize the true potential of zebrafish
to accurately predict each chemical’s mechanism of toxicity in
humans from a pharmacological point of view.
Conclusions

The three nonmammalian model systems described here have
unique characteristics that make them useful for chemical
toxicity screening (Table 1). Each of these models has advan-
tages and limitations for their use in toxicity screening.
In general, these three models provide rapid, cost-effective
alternatives to rodent-based toxicity screening and offer tools
for understanding the genetic and cellular processes respon-
sible for a particular endpoint. The nematode with its simple
structure, high propagation rate, and affordability may be
a good choice if physiologically relevance to humans is not
a priority. Flies provide intermediate organ and gene similarity
compared to humans, but they also suffer from a lack of
complexity and dissimilar physiology. The zebrafish, being
a vertebrate, has a high degree of similarity to mammals in key
physiological organ systems and gene homology. The zebrafish
model is on par with the worm and the fly regarding the rapid-
throughput screening process, but lags behind them on the cost
effectiveness of maintenance and on the availability of
advanced genetic tools. Despite their limitations, these non-
mammalian models are far more suitable for widespread
toxicity screening of different chemicals as compared to rodents
or any other mammalian model. Additionally, in an age when
the identification of alternatives to animal testing is important
to toxicologists, the ability to replace mammals with less-
evolved life forms is desirable. The nonmammalian models
thus represent effective model systems for understanding the
toxicity of the thousands of individual chemicals or mixtures to
which we are exposed each day.
See also: Behavioral Toxicology; Molecular Toxicology:
Recombinant DNA Technology; Toxicity Testing,
Developmental; Toxicity, Acute; Neurotoxicity; High
Throughput Screening; The International Society for the Study
of Xenobiotics; Mechanisms of Toxicity; Toxicity Testing,
Aquatic; Toxicity Testing in the 21st Century: Approaches to
Implementation; Omics and Related Recent Technologies;
Animal Models; In Vivo Tests; Toxicity Testing, Alternatives;
Toxicity Testing, Behavioral; Standards and Guidelines for
Toxicity Testing; ‘Toxic’ and ‘Nontoxic’: Confirming Critical
Terminology Concepts and Context for Clear Communication.
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l Name: Nonylphenol
l Chemical Abstracts Service Registry Numbers: 25154-52-3

(nonylphenol); 84852-15-3 (phenol, 4-nonyl-, branched);
104-40-5 (4-nonylphenol); 136-83-4 (2-nonylphenol);
11066-49-2
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ylphenol; 4-Nonylphenol (branched); 2-Nonylphenol;
4-(2,4-Dimethylheptan-3-yl)phenol

l Molecular Formula: C15H24O
l Chemical Structure:

R

OH

Background

Nonylphenol (NP) is a light yellow viscous liquid produced on
an industrial scale by the alkylation process of phenols. The
carbon nonyl group may be branched or linear, and bound at
ortho-, meta-, or para-position of the phenol group. Production
of NP in the United States was estimated to be 380 million
pounds in 2010.
Uses

The primary use of NP is in the manufacture of nonylphenol
ethoxylates (NPEs). NPEs are nonionic surfactants that are used
as lubricators, defoaming agents, emulsifiers, (de)wetting
agents, and stabilizers in a variety of industrial applications and
consumer products.
Environmental Fate and Behavior

The log octanol/water partition coefficient of NP was deter-
mined to be in the range of 3.8–4.77 at 20 �C. NP has low
14 Encyclopedia of T
water solubility (11 mg l�1 at 20 �C). A low value of Henry’s
law constant of 11.02 Pa m3 mol�1 suggests that NP is not
likely to be transported very far in the atmosphere and vola-
tilization is not a significant removal mechanism of NP from
water. In the atmosphere, NP is degraded rapidly by hydroxyl
radicals and is not expected to be persistent in air. NP has
shown a significant biodegradation after 28 days in ready
biodegradation tests (>50%) and is considered to be inher-
ently biodegradable and therefore is not to be potentially
persistent. NP is expected to be absorbed strongly to soils and
sediments in the environment. Half-lives for biodegradation
of 300 and 150 days in soil and surface water, respectively
have been estimated even though biodegradation of NP may
be dependent upon multiple factors on the environmental
conditions present. NP may be accumulated to a significant
extent in aquatic organisms with bioconcentration factors of
up to 1300 in fish.
Exposure and Exposure Monitoring

There are environmental releases of NPs to water during their
manufacture and uses; during production of NPEs, NP/form-
aldehyde, epoxy resins, and plastics; during paints, lacquers,
and varnishes manufacturing processes and agricultural use; in
industrial and institutional cleaning products; in textiles
processes including wool scouring; from emulsion polymeri-
zation processes; paper processes; printed circuit boards
manufacturing processes; metal extraction; refining; and pro-
cessing industry. In a study designed to measure the concen-
trations of NPs in representative river samples in the United
States, the majority of water samples did not have detectable
concentration of NP. The National Occupational Exposure
Survey estimated that more than 300 000 workers were
potentially exposed to NP in the United States between 1981
and 1983. Occupational exposure is estimated at about
0.9 mg m�3 (8-h time-weighted average) for both production
and use of NP according to the European Union Risk Assess-
ment. General population to NP exposure has been reported
from biomonitoring data in breast milk (<56.3 mg l�1),
umbilical blood, and urine.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00413-9
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Toxicokinetics

Excretion studies with 14C-labeled NP in rats showed that
about 70% of the orally or intraperitoneally administered 14C
was excreted via feces, and 20% via urine within 3- to 7-day
period. No 14C was detected in the expired CO2 from
NP-treated animals. Identical results were obtained for orally
and intraperitoneally administered doses. In oral gavage
studies in rats, NP was detected in blood as early as 10min after
administration, indicating rapid initial uptake from the
gastrointestinal (GI) tract. From intravenous application
studies in rats, the elimination half-life of NP was estimated to
be 310 min.
Mechanism of Toxicity

The exposure of male and female rats to NP resulted in
biological effects consistent with estrogenic activity of NP.
Alterations in reproductive organ were observed upon
exposure of NP to female rats. The hormonal profiles of male
rats showed reductions in testosterone, increases in follicle
stimulating hormone, and increases in luteinizing hormone.
The relative potencies of estrogenic activity of NP in rats,
however, were several orders of magnitude lower than
observed for the physiological hormone 17b-estradiol. NP
was shown to potentially interfere with the complex network
of thyroid hormone action and metabolism, and might
impact brain development or skeletal growth in rats; but
more studies are needed prior to the determination that
thyroid hormone function interference is an important bio-
logical effect of NP.
Acute and Short-Term Toxicity

NP’s acute (oral and dermal) toxicity is low with the reported
oral LD50 values of 1000–5000 mg kg�1 bw in rats and the
reported dermal LD50 values of >2000 mg kg�1 bw in rabbits.
NP did not show any significant sensitization potential, but
was highly irritating and corrosive to the skin and eye when
evaluated in laboratory animals.
Chronic Toxicity

In a 28-day toxicity study in rats, animals given NP by oral
gavage had enlarged livers and kidneys in both sexes with
increase of relative liver and kidney weights as well as histo-
pathological changes, such as centrilobular liver cell hyper-
trophy and a variety of renal tubular lesions, and alteration of
serum biochemical parameters. In a multiorgan carcinogenesis
bioassay, rats given NP in the diet at concentrations of 25 or
250 ppm for 28 weeks had a higher incidence of lung
adenomas and carcinomas than those given a diet without
NP. DNA from lung tissue of rats given 25 or 250 ppm NP
had an increased amount of 8-hydroxy-2-deoxyguanosine,
indicating reactive oxygen species formation during metabo-
lism of NP.
Immunotoxicity

Quails injected with NP in doses of 10, 100, and
1000 ng g�1 bw from 4 to 7 weeks of age had many empty
vacuoles and increased connective tissue in bursa of Fabricius
without affecting the structures of the spleen and thymus. In
a two-generation feeding study in rats, the dietary exposure to
NP resulted in increase in splenic killer cell activity and sple-
nocyte subpopulation numbers in the F1 generation rats,
without similar changes to F0 generation. NP might stimulate
or suppress the immune system and alter immune response
pathways.
Reproductive Toxicity

NP produced a decrease in adult female body weight and
number of live pups per litter in rats at a dietary dose of
650 ppm (30–100 mg kg�1 day�1). A dose of
250 mg kg�1 day�1 produced testicular toxicity and enlarge-
ment of the kidneys and liver, but a dose of 125 mg kg�1 day�1

did not produce any significant adverse effects in rats.
Genotoxicity

NP did not show genotoxicity activity in a micronucleus assay
dosed at 500 mg kg�1 day�1 in mice. NP was not mutagenic in
hypoxanthine-guanine phosphoribosyltransferase mammalian
cell gene mutation assay with and without activation. NP
showed nonmutagenic response in a bacterial mutagenicity
(Ames) assay with and without activation.
Carcinogenicity

There is very little information on the carcinogenicity of NP. In
a multiorgan carcinogenesis bioassay, however, rats given
dietary NP for 28 weeks had shown to have a higher incidence
of lung adenomas and carcinomas than rats given a diet
without NP.
Clinical Management

The most common effects are skin, mucosal, and eye irrita-
tion; vomiting and diarrhea may occur. Aspiration can cause
upper airway irritation and respiratory distress, most often in
young children. Ingestion can cause caustic injury to the GI
tract. Eye exposure should be treated with irrigation until the
conjunctival pH is normalized. Patients with persistent
symptoms or evidence of corneal injury should have an
ophthalmology evaluation. Patients with respiratory irrita-
tion might be administered aerosolized beta agonists
(albuterol). Airway swelling may necessitate intubation.
Patients with significant pain suggesting GI tract injury (such
as persistent vomiting, abdominal pain, or inability to
swallow) should have nothing by mouth and be evaluated
by endoscopy.
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Ecotoxicology

NP is highly toxic to fish, aquatic invertebrates, and aquatic
plants. The 96-h no observed effect concentration (NOEC) and
LC50 in Cyprinodon variegatus (marine fish) are 0.24 mg l�1 and
0.31 mg l�1, respectively. The 96-h LC50 in Pimephales promelas
(freshwater fish) is 0.135 mg l�1. The 14-day NOEC in Leuciscus
idus (freshwater fish) is 0.25 mg l�1. The 48-h LC50 in L. idus is
0.95 mg l�1. The 96-h LC50 in Salmo gairdneri (freshwater fish)
is 0.56–0.92 mg l�1. The 48-h EC50 in Daphnia magna (Crus-
tacea) is 140 mg l�1. The 96-h NOEC and EC50 in Mysidopsis
bahia (Crustacea) are 0.018 and 0.043 mg l�1, respectively. The
96-h EC50 in Selenastrum capricornutum (algae) is 0.41 mg l�1.

The 96-h EC50 in Skeletonema costatum (algae) is
0.27 mg l�1. The 33-day NOEC in P. promelas (freshwater fish)
is 7.4 mg l�1. The 28-day NOEC in M. bahia (Crustacea) is
3.9 mg l�1.
Other Hazards

Studies conducted with cultured cells/tissues and laboratory
animals suggest that NP might adversely affect brain develop-
ment and nervous systems.
Exposure Standards and Guidelines

In Europe, NPs and NPEs (Date of inclusion: 2013/06/20;
Decision number ED/69/2013) are included in Candidate List
of Substances of Very High Concern (SVHC) for Authorisation
under the regulation concerning the Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH). In the
United States, appendix B to 49 CFR 172.101 lists potential
marine pollutants. NP is included in this list.
See also: Endocrine System; Ecotoxicology; Aquatic
Ecotoxicology; REACH.
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l Chemical Structure:
Background

Norbormide was first introduced on the market in 1964 as
a selective raticide, but does not have a current registration for
commercial use in the European Union or North America.
Current use as a pesticide is minimal to nonexistent world-
wide. This compound’s toxicity is highly specific for rats.
Uses

The only commercial use was as a rodenticide specifically for
Rattus species. However, there have been some reports of this
compound or its derivatives being investigated as a calcium
channel blocker for use as a potential drug to treat human
cardiovascular disease.
Environmental Fate and Behavior

Because of its use as a rodenticide, norbormide may have
entered the environment, particularly as a soil contaminant.
The vapor pressure for norbormide is estimated to be
4.3� 10�22 mmHg at 25 �C, while Henry’s constant is
2.7� 10�23 atmm3mol�1. Therefore, volatilization from wet
or dry soil is not likely to occur. If present in contaminated soil,
norbormide may be transported in the air and undergo wet or
dry deposition. Also, with a Koc of 2000, there would be some
minor soil mobility. The high Koc coupled with a bio-
concentration factor (BCF) of 290 predicts that norbormide
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
contaminating aquatic systems would adsorb to suspended
solids or sediments and would bioconcentrate.
Exposure and Exposure Monitoring

Norbormide can enter the body through oral or dermal expo-
sure, but is most likely to occur through inhalation of
contaminated dust or soil particles.
Toxicokinetics

Norbormide parent compound is rapidly absorbed after oral
ingestion. Once ingested, most species appear to produce
hydroxylated metabolites. Both parent compound and
metabolites are rapidly cleared from the blood in <10 min.
Intravenous toxicity studies in rats demonstrated rapid lethality
with little or no metabolites produced, strongly suggesting that
the parent norbormide compound is responsible for toxicity.
Mechanism of Toxicity

Norbormide causes an extreme and irreversible vasoconstric-
tion in small arteries in rats following both systemic and local
administration. However, large rat arteries (e.g., aorta),
nonvascular rat smooth muscles (e.g., duodenum and trachea),
and all smooth muscles from non-rat species do not constrict
even at high concentrations/doses of norbormide. The massive
peripheral vasoconstriction in small rat arteries subsequently
reduces coronary blood flow rate, leading to cardiac arrhyth-
mias and possible death. However, small artery vasoconstric-
tion in vascular beds supplying other organs (e.g., brain,
kidney, and liver) and subsequent severe ischemic damage are
likely responsible for death in most cases. The norbormide-
induced vasoconstriction is mediated by activation of phos-
pholipase C/protein kinase C and calcium influx via L-type
voltage-dependent calcium channels. In contrast, norbormide-
resistant arteries and smooth muscles exhibit inhibition of
L-type voltage-dependent calcium channels and instead exhibit
a mild relaxation response. A lethal dose of norbormide in rats
(1 g kg�1) can also elevate the blood glucose level twofold with
a decrease in both liver and muscle glycogen. Exposed animals
became comatose within 30 min to 2 h after treatment. The
hyperglycemic effect of this compound in rats is considered to
be a secondary effect.
Acute and Short-Term Toxicity (or Exposure)

Animals
Laboratory rats showed difficulties in locomotion and ataxia
but no hind limb paralysis after treatment with norbormide.
Death occurs within 15 min to 4 h after struggling, dyspnea,
hypothermia, and convulsions. Oral lethal dose 50% (LD50)
values for Norway rats ranged from 5.3 to 15 mg kg�1. Rodents
4-3.00171-8 617
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other than rats have considerably higher oral LD50 values (e.g.,
hamster, 140 mg kg�1; guinea pigs, 300 mg kg�1; and mice,
1000–2250 mg kg�1). However, no effect was detected with
1000 mg kg�1 doses of norbormide in dogs, cats, monkey,
sheep, pigs, chickens, mallard ducks, and prairie dogs. Inter-
estingly, L-type voltage-dependent calcium channels in guinea
pig heart were relatively selectively inhibited by norbormide in
the sinoatrial and atrioventricular nodes, suggesting a possible
therapeutic benefit for norbormide in treating supraventricular
arrhythmias in heart failure.

Humans
Human toxicity due to norbormide exposure is highly unlikely
because of its relatively selective toxicity in rats. Human
volunteers given 20–300 mg showed only a minimal hypo-
tensive effect, which returned to control levels within 2 h.
A dose of 300 mg corresponds to 60 g of the 0.5% bait and 30 g
of the 1% bait. Although a hypotensive effect of norbormide
was cited as a potential toxic sign, the maximum reduction
in body temperature was found to be 0.71 �C following
20–80 mg of norbormide in human volunteers. Also, a hyper-
glycemic effect was not evident in humans.
Chronic Toxicity

Little information is available on chronic effects of norbormide
in humans or animals. Due to the selective toxicity in rodents,
in particular Norway rats, little persistent toxicity would be
expected in other species.
Clinical Management

As mentioned earlier, human toxicity due to overdose of nor-
bormide is not expected because of its selectivity for rats. The
only sign identified was a mild reduction of systolic blood
pressure for a short period of time; therefore, only symptomatic
and supportive care has been recommended in cases of nor-
bormide ingestion. Activated charcoal is recommended as
a precaution in cases of recent substantial ingestion of nor-
bormide. Exposed eyes should be washed with tepid water for
15 min. In case of dermal exposure, the contaminated
area should be washed with a sufficient amount of soap and
water.
Ecotoxicology

Although norbormide has high stability in formulated prod-
ucts and the potential to bioconcentrate, there is little concern
for adverse effects because of low toxicity in any terrestrial
species other than rats. Information on toxicity to aquatic
organisms is lacking.
Other Hazards

No other hazards are known for norbormide.
Exposure Standards and Guidelines

Because norbormide has been found on Superfund sites in the
United States, it is covered under the Comprehensive Envi-
ronmental Response, Compensation, and Liability Act (CER-
CLA). Norbormide is classified as an extremely hazardous
substance (EHS) subject to reporting requirements when stored
in amounts in excess of its threshold planning quantity (TPQ)
of 100/10 000 lbs.

See also: Calcium Channel Blockers.
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l Chemical Abstracts Service Registry Number: 68-22-4 norethisterone, volatilization fromwater andmoist soil surfaces

l Synonyms: 19-Nor-17a-ethynyltestosterone; 17-Ethinyl-

19-nortestosterone; 19-Nor-17a-pregn-4-en-20-yn-3-one,
17-hydroxy; Anovule; Brevinor; Camila; Ethynylnortestos-
terone; Gencept; Mini-pill; Norcept-E; Norethin; Norfor;
Norgestin; Noriday; Orlest; Synphase

l Chemical Class: Synthetic progestational hormone
l Molecular Formula: C20H26O2

l Chemical Structure:
Background

Norethisterone was synthesized as the first oral, highly active
progestin by chemists at Syntax in 1951.
Uses

The action of norethisterone is similar to that of progesterone
but it is a more potent inhibitor of ovulation. It also has slight
estrogenic and androgenic properties. It has been used to treat
amenorrhea, functional uterine bleeding, endometriosis, and
for contraception.
Environmental Fate and Behavior

Waste streams from manufacturing plants producing contra-
ceptives containing norethisterone can be sources of its release
to the environment. If released to the air, norethisterone exists in
both vapor and particulate phases in the atmosphere as deduced
from a vapor pressure of 3.1� 10�7mmHg at 20 �C. This vapor
pressure indicates that norethisterone is not expected to be
volatile from dry soil surfaces. Furthermore, based on an esti-
mated Henry’s law constant of 5.8� 10�10 atm m3 mol�1 for
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
is not plausible.
In aquatic systems, norethisterone is expected to adsorb to

suspended solids and sediments given by its Koc value (soil
organic carbon–water partitioning coefficient) of 220.

In the air, the vapor phase of norethisterone can be
degraded by reaction with photochemically produced hydroxyl
radicals with an estimated half-life of 1.1 h; the particulate
phase can be removed by wet or dry deposition. Norethisterone
is likely susceptible to photolysis by sunlight because of the
presence of chromophores that absorb at wavelengths more
than 290 nm. Hydrolysis of norethisterone is not anticipated
under environmental conditions because of the lack of a func-
tional group to hydrolyze.

In terrestrial systems, the Koc value of 220 suggests that
norethisterone has moderate mobility in soil.

An estimated bioconcentration factor (BFC) of 42 for nor-
ethisterone indicates that its potential for bioconcentration in
aquatic organisms is moderate.
Exposure and Exposure Monitoring

People who work in plants producing and manufacturing nor-
ethisterone can be exposed through inhalation and dermal
contact with this compound. For the general population,
exposure to norethisterone is likely to happen via drinking
water. Norethindrone was reported in unspecified drinking
water and reservoir samples at concentrations of<10 ng l�1; the
highest concentration reported for surfacewater was<17ng l�1.
Toxicokinetics

When ingested, norethisterone is rapidly absorbed and ach-
ieves maximum serum concentration within 1–4 h. Its oral
bioavailability ranges from 47 to 73% (mean 64%). With
a volume of distribution of 4 l kg�1, norethisterone is bound to
sex hormone-binding globulin (SHBG) and albumin 36% and
61%, respectively. The plasma clearance value for norethister-
one is estimated to be 0.4 l h�1 kg�1. It undergoes extensive
biotransformation via reduction of ring A to form 5a-dihydro-
and 3b-5a-tetrahydro-norethisterone metabolites and then
conjugation with sulfate and glucuronide. The majority of
circulatory metabolites are sulfates, which are mostly excreted
as glucuronide in the urine. The elimination half-life for nor-
ethisterone ranges from 4.8 to 12.8 h (mean 7.6 h)
4-3.01148-9 619
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Mechanism of Toxicity

As a synthetic progestin, norethisterone enters the target cells
by passive diffusion and binds to its intracellular receptor to
initiate transcription and protein synthesis. It changes the
cervical mucus so that sperm migration or implantation of
the fertilized ovum in the uterus is inhibited. Repeated low
doses of norethisterone can change the rate of ovum trans-
port by affecting motility and secretion in the fallopian
tubes. When administered at high doses, norethisterone can
suppress ovulation and cause ovarian and endometrial
atrophy. Variable suppression of follicle stimulating
hormone (FSH) and luteinizing hormone (LH) occurs with
low doses.
Acute and Short-Term Toxicity

Animal

Norethisterone has low to moderate acute toxicity in experi-
mental animals. The acute oral lethal dose 50% (LD50) of
norethisterone inmice has been estimated to be 6 g kg�1. When
rodents were given large acute doses of norethisterone, death
occurred mainly because of liver and kidney failure. It is not
thought to be an eye or skin irritant.
Human

Acute toxicity following norethisterone overdose is unlikely in
humans. Nausea and vomiting may occasionally occur after
ingestion of high doses. Withdrawal bleeding may occur in
females. Norethisterone has been categorized as a moderately
toxic substance with a probable oral lethal dose ranging from
0.5 to 5 g kg�1.
Chronic Toxicity

Animal

Chronic administration of norethisterone to animals does not
cause treatment-related mortality or hematologic or behav-
ioral changes. However, reduced body weight gain, testes
atrophy, enlarged ovaries and liver, and cholestasis have been
reported.
Human

Chronic exposure to norethisterone by ingestion or implan-
tation of contraceptives can result in headache, dizziness,
jaundice, oligomenorrhea or amenorrhea, congestion of the
breasts, decreased libido, thromboembolic state, stroke,
myocardial infarction, visual disturbances, and hypertension.
It may also aggravate epilepsy and migraine when used for
a long period.
Immunotoxicity

There is no evidence of immunotoxicity of norethisterone in
animals or humans.
Reproductive Toxicity

Norethisterone has been indicated to cause infertility by pre-
venting follicular development and inducing atresia in rats.
Embryo lethality has also been reported in mice and rabbits.
When administered during gestation, norethisterone can cause
fetus anomalies such as retarded development, hydrocephalus,
clubfoot, and pseudohermaphroditism in addition to mascu-
linization in females and cryptorchidism in males. It is classi-
fied by the US Food and Drug Administration (FDA) as
pregnancy category X.
Genotoxicity

According to acceptable data, the genotoxic hazard of nor-
ethisterone is considered low. However, mutagenic effects on
mammalian somatic cells as well as induction of chromosomal
aberrations, sister chromatid exchanges, and micronuclei
formation by norethisterone in vitro have been reported.
Carcinogenicity

Norethisterone is listed as reasonably anticipated to be
a human carcinogen, according to the US National Toxicology
Program’s Twelfth Report on Carcinogens. Based on the find-
ings from animal studies, norethisterone has been shown to
cause some malignancies including benign liver cell tumors,
pituitary tumors, mammary tumors, hepatoma, and granulosa
cell tumors of the ovary.
Clinical Management

Poisoning rarely occurs after single acute overdose of nor-
ethisterone. In case of intoxication, emergency care should
involve maintaining an open airway and establishing adequate
ventilation if necessary. Administration of activated charcoal is
preferable for decontamination. In chronic toxicity, a baseline
complete blood cell count and hepatic/renal function tests
should be obtained and the patient should be treated
symptomatically.
Ecotoxicology

Norethisterone has a lethal concentration 50% (LC50) of
6410 mg l�1 inDaphnia magna, and is considered highly toxic to
aquatic organisms. It may cause long-term adverse effects in the
aquatic environment.
Other Hazards

Norethisterone is contraindicated in patients with thrombo-
embolic disorders and it should be monitored in patients with
diabetes because decreased glucose tolerance has been observed
in women receiving combined oral contraceptives. Cigarette
smoking should be avoided in women who use oral contra-
ceptives because of the higher risk of cardiovascular side effects.
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Exposure Standards and Guidelines

The lowest published toxic dose (toxic dose low, TDLo) of
orally administered norethisterone in women has been estab-
lished as 42mgkg�1 body weight.
Miscellaneous

Progestin-only compounds, such as norethisterone, are
considered the hormonal contraceptives of choice during
lactation; therefore, studies on the concentration of nor-
ethisterone in human milk and in infants have been imple-
mented. Norethisterone reaches its peak level in milk 2–4 h
after ingestion and the serum level in infants has been estab-
lished as 80% of that in maternal serum. However, no
consistent physical or mental defects have been reported in
infants whose mothers used norethisterone during breast
feeding.

See also: Estrogens I: Estrogens and Their Conjugates;
Progesterone and Progestin Mimics; Reproductive System,
Female; Developmental Toxicology.
Further Reading
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Introduction

There have been numerous notorious poisoners and
poisoning cases throughout history. Some ancient incidents,
such as the poisoning of Socrates, are intriguing due to their
historical significance. Other incidents are particularly noto-
rious because of the panic induced by the poisoning and the
subsequent response that occurred to prevent future poison-
ings (e.g., the 1982 Chicago Tylenol tampering that resulted
in more stringent medication packaging). There have been
numerous notorious cases employing commonly utilized
poisons (e.g., arsenic). However, there have also be highly
publicized notorious cases involving unique toxins (e.g.,
2,3,7,8-tetrachlorodibenzodioxin (TCDD), polonium-210)
in attempts to confuse clinicians and avoid detection by
common analytical methodology. The purpose of this article
is to concisely present a few notorious poisoners and
poisoning cases to exemplify the challenges such incidents
present.
Socrates (Greece, 420 BC)

Socrates was born in 470 BC in Athens, Greece and was taught
his family’s trade of sculpture, as well as receiving an education
in geometry and astronomy. At first he was an enthusiastic
student in the sciences. However, he soon came to regard his
teachers as merely imparting received knowledge that they
could not themselves prove, and he set out to seek true
knowledge of ‘causes’ and ‘good.’

Socrates became involved in Athenian life because of his
ideas and was friendly with many of those in power. As was
required of all citizens, he also served as a soldier and was
decorated for bravery. He came to be widely known and
respected for his wisdom, although he famously said that his
wisdom relied on the fact that he fully recognized his own
ignorance.

Socrates made it his mission to seek out people whose
reputation in society he felt was undeserved. He confronted
these people and questioned them on their positions and views
before leading them through further questioning into inevi-
table contradictions. He called this questioning ‘elenchus.’
Despite the fact that Socrates was polite and considerate in
these exchanges, they were often conducted in public places.
The Athenian youth came to view these public humiliations as
a form of entertainment, and others used the same method in
a less polite and more personal manner.

In 399 BC, Socrates was accused of impiety, neglect of the
gods whom the city worships, practice of religious novelties,
and corruption of the youth. It is probable that the charges
resulted from resentment of influential figures toward Socrates’
methods of questioning, and the way in which younger
members of society were using it to upset the establishment.
622 Encyclopedia of T
Socrates had also openly ridiculed the method of election in
parliament by lot. “In no other craft,” he claimed, “would the
craftsmen be chosen in this way.” In addition, references he
made to his personal spirit or ‘daimonion,’ raised public
suspicion that he rejected the state religion.

Socrates was found guilty of these charges and sentenced to
death. Though his friends were willing to organize his escape,
Socrates accepted his fate despite feeling the sentence to be
unjustified. The rule of law decreed death by drinking the state
poison. The Greeks were fond of the poison Hemlock, and it
was often used for suicidal purposes. The state poison was
a species of Hemlock known as Cicuta. However, the admin-
istered dose was often not fatal and had to be repeated. Plato
famously describes how Socrates was put to death by drinking
the state poison in prison in 402 BC.
The Borgia Family (Italy, Fifteenth and Sixteenth
Century)

The Borgias, a noble Spanish family from Valencia, established
themselves in Italy during the fifteenth and sixteenth centuries.
Alfonso de Borgia pursued an ecclesiastical career and became
Pope Callixtus III in 1455. Rodrigo Borgia followed his foot-
steps and became a cardinal of the Roman Catholic Church and
then Pope Alexander VI in 1492. Rodrigo and his mistress
Vannozza Catanei had five children, two of them, Cesare and
Lucrezia, became notorious (along with their father) for their
supposed use of a secret poison, known as ‘La Cantarella,’ to
dispatch of several of their rivals. Although the exact compo-
sition of ‘La Cantarella’ is not known, it is thought to have been
a mixture of copper, arsenic, and phosphorus, prepared in the
decaying carcass of a hog, itself poisoned with arsenic.

Cesare Borgia (1475–1507) rose to the level of cardinal as
his father had done before him, but his skills lay in politics, and
when his father became pope in 1492, Cesare became his
personal advisor. However, when Cesare’s younger brother
Juan overtook Cesare in status by being made Duke of Gandía,
Cesare reputedly became jealous, and when Juan was myste-
riously murdered in 1497, many suspected Cesare of killing his
brother. This was never proved and Cesare went on to marry
and receive the title of Duke of Valentinois. As captain general
of the papal army, and with his father’s support, Cesare
attempted to establish a secular kingdom in central Italy. He
was determined to establish himself as an Italian Prince before
his father’s death deprived him of the papal support he relied
on. Cesare was ruthlessly single-minded in this quest and he is
reported to have assassinated numerous political figures who
were standing in his way.

Cesare’s sister Lucrezia Borgia (1480–1519) helped to raise
the political profile of the Borgia family by marrying into
prominent families. However, her first two marriages ended
unhappily. Her marriage to Giovanni Sforza, Lord of Pesaro,
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01026-5

http://dx.doi.org/10.1016/B978-0-12-386454-3.01026-5


Notorious Poisoners and Poisoning Cases 623
Milan, was annulled by her father, the Pope, after Giovanni fled
Rome in response to the Pope making an enemy of Milan.
Lucrezia’s second husband, Alfonso, Duke of Bisceglie (son of
Alfonso II of Naples) was murdered by Lucrezia’s brother
Cesare. It is not known whether Cesare murdered Alfonso to
sever Rome’s ties with Naples or it was the result of a personal
vendetta. In any case, it was seen as highly suspicious that
Lucrezia allowed the murder to go ahead. Lucrezia’s reputation
was further soiled by the appearance of her son in 1501,
rumored to be the child of either Alexander or Cesare Borgia.
Despite this reputation, Alfonso d’Este, son of the Duke of
Ferrara, married Lucrezia in 1501.

Lucrezia Borgia has long been accused of sharing in her
father’s and brother’s crimes by poisoning rivals with ‘La
Cantarella’ powder from a ring on her finger, and her reputa-
tion as a ruthless murderer has been immortalized in Victor
Hugo’s drama and Donizetti’s opera. However, it would appear
on hindsight that she was simply an instrument for the political
ambitions of her family.

In 1503, Pope Alexander VI (father to Lucrezia and Cesare)
died. Ironically, it is thought that his death was the result of
poisoned wine, although it is not known whether he was
accidentally served wine meant for one of his rivals, or one of
his rivals had in fact intended to poison him. Following the
Pope’s death, an enemy of the Borgias, Giuliano della Rovere,
was elected as Pope. Cesare Borgia was arrested and imprisoned
under his rule and although he escaped in 1506, he died in
battle in 1507. Lucrezia Borgia retired to the Ferrara courts after
her father’s death and lived out her remaining days there as
a patron of the arts. She died at the age of 39.

The Borgia family began to decline toward the end of the
sixteenth century and by the mid-eighteenth century the name
had disappeared completely.
The Affair of the Poisons (France, 1679)

In seventeenth century France, it was fashionable among Pari-
sians to seek advice and aphrodisiacs from fortune-tellers.
These fortune-tellers, however, also sold poisons (often called
‘inheritance powders’ as they enabled those who made use of
them to claim their inheritance ahead of time by dispatching of
their parents or spouse).

An inquiry lead by Nicolas de la Reynie in 1679 exposed
a number of these ‘fortune-tellers’ and as a result, a special
tribunal, known as the Chambre ardente (burning court), was
set up for the trial of those accused of witchcraft and poisoning.

Perhaps the most famous case to be tried in the Chambre
ardente was that of the midwife and fortune-teller La Voisin
(born Catherine Deshayes Monvoisin). She was exposed by La
Reynie as a supplier of poisons, put to trial, and sentenced to
death by burning; a sentence carried out in 1680. La Voisin was
supposed to have sold mixtures of arsenic, aconite, belladonna,
and opium in many forms including cosmetics. Several
members of French society were implicated following the
exposure of La Voisin, including Madame de Montespan, the
mistress of King Louis XIV. She was accused by La Voisin’s
daughter of seeking poison and black magic from La Voisin in
her attempts to win the King’s affections and later in (failed)
attempts to dispatch her rivals in court and ultimately the King
himself. Although these charges against Madame de Monte-
span were never proved, a permanent stain was left on her
name and she eventually left the King’s court in 1691 to join
a convent.

Other prominent French figures connected with La Voisin
includeOlympeMancini (niece of CardinalMazarin andmother
of Prince Eugene of Savoy), her sister Marie Anne Mancini, and
Marshal Luxembourg (duke and peer of France and one of the
military heroes of the time). The Duke of Buckingham was also
rumored to have been one of La Voisin’s clients.

Following the success of the Chambre ardente in impris-
oning and executing poisoners such as La Voisin, the poisoning
epidemic that had taken hold of France for so long came to
an end.
Toffana (Italy, 1690)

Perhaps the most notorious poisoner of the seventeenth
century was an Italian woman named Madame Giulia Toffana.
She invented an arsenical solution in 1690, called ‘Aqua Tof-
fana,’ which she sold in phials bearing the representation of
a saint, usually Saint Nicholas of Bari (Bari was a town whose
water was supposed to have had healing properties). The phials
were sold to women under the pretense that Aqua Toffana was
good for a woman’s complexion (as arsenic is), but Toffana
also sold her solution to women who wanted to rid themselves
of their husbands. It was apparently colorless, tasteless, and
miscible with wine, and therefore very easy to administer.

Toffana is said to have been responsible for as many as 600
murders and for this she was executed in Naples in 1709.
However, Toffana had her followers and one of them, Hier-
onyma Spara, developed her own version of the poisonous
solution, named Aquetta di Perugia, in Rome in 1695. She too
was responsible for a number of deaths and, like Toffana, was
executed for her crimes.
Thomas Wainewright (England, 1830)

At the age of 30, Thomas Wainewright was a popular and
successful gentleman in the literary and artistic circles of Lon-
don society; he was a friend of William Blake and Charles
Dickens, a published writer and an exhibited artist. At 40 years
of age, he was working on a chain gang in a Tasmanian penal
colony, shackled to thieves and murderers.

Born in 1794 and orphaned at a young age, Thomas Grif-
fiths Wainewright was brought up by his grandfather, the editor
of The Monthly Review (London’s first literary magazine), into
London’s high society, which was at the time of the Romantic
Revolution, a world of dandies and dilettantes, painters, and
poets. With an artistic temperament and considerable wit and
charm, Wainewright seemed perfectly suited to the lifestyle of
dinner parties and art galleries. He showed talent as a painter
himself, exhibiting on several occasions at The Royal Academy,
and wrote regularly for various magazines and journals.
However, his glamorous lifestyle was expensive, and by his late
20s, he found himself in financial difficulties.

In 1822, by which time he was married, Wainewright turned
his artistic talents to forgery, counterfeiting signatures on
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documents to allow him immediate access to some of his
inheritance, which was held in a trust fund. However, this
money did not last long, and he was soon borrowing money
from loan sharks and friends, and running up large debts.

In 1828, Wainewright, his wife Eliza, and their son moved
into Linden House, the impressive country home in which
he had grown up, and which was now owned by his uncle.
Within a year, his uncle had died in mysterious circumstances,
leaving his house and estate to Wainewright. The Waine-
wrights then invited Eliza’s mother and two sisters to come
and stay with them at Linden House. In the following months,
Wainewright, Eliza, and Helen Abercrombie (the youngest
sister), set up an elaborate insurance fraud. They insured
Helen’s life with five different companies and on false
pretenses, lying about Helen’s age and the Wainewrights’
financial situation.

Helen’s mother seems, understandably, to have disapproved
of this, but in 1830 she too died suddenly in mysterious
circumstances. The fraud was completed in the same year. It is
hard to imagine why Helen would cooperate with a scheme that
it seems could only have been successfully completed by her
own death, but she was present at many of the negotiations and
aware of at least some of the deception involved. It seems likely
that she was being manipulated and deceived by Wainewright,
and possibly by her sister, although the extent of Eliza’s
involvement is unclear. An actuary reported that, when asked
why she wanted to insure her life, Helen said that she had been
told it was proper to do it. Almost as soon as the insurance
policies were in place, Helen, up until then a healthy 21 years of
age, was taken ill. She died within a few days, in the grip of
painful convulsions, which, one servant of the household re-
ported, were identical to those experienced by both Waine-
wright’s uncle and Mrs Abercrombie. Helen’s death certificate
recorded the cause of death as ‘cerebral hemorrhage.’ However,
the insurance companies refused to pay out on the basis of
‘misrepresentation,’ having identified the fraud. Wainewright
promptly initiated legal action against them, but his reputation
had taken a serious blow and there were widespread suspicions
about the deaths. He decided it would be prudent to lie low,
and moved to France, where he stayed for the next 5 years.

No charge of poisoning was ever brought against Waine-
wright, as there was insufficient evidence. It cannot be said with
absolute certainty that he was responsible for his relatives’
deaths, although the circumstantial evidence seems reasonably
compelling. At this time, forensic detection of poisons was
difficult, and if Wainewright was indeed a poisoner, he was
canny and skillful. The most widely accepted story of Helen’s
death is that she was poisoned first with antimony, causing her
to suffer from symptoms such as nausea and vomiting.
However, at the same time the Wainewrights served a relatively
indigestible meal, providing an alternative explanation for her
sickness. Then, after a couple of days and a visit from the
doctor, she was fed jelly laced with strychnine. The bitter taste
of the strychnine would have been masked by the sweet jelly,
and she may have been told that the powder was an all-purpose
remedy, such as a ‘black draught’ laxative, which was widely
used at the time. In her weakened state, she would have died
almost immediately. The convulsions described by the servant
as being common to all three deaths are characteristics of
poisoning with strychnine, which would have been easily
available from an apothecary. There are also reports that Wai-
newright had several books on poisons in his library.

After five difficult and largely impoverished years in France,
Wainewright returned to London, but was promptly arrested
for the forgery he had committed 10 years previously. He was
held in Newgate Prison for some time, and then transported to
Hobart Town in Tasmania, where he lived until his death in
1847. Initially he worked on a chain gang building roads, but
eventually he was allowed to work as a hospital orderly and
even paint again. He painted portraits of many of the local
dignitaries and their families, which are generally thought to be
his most accomplished works as an artist.
William Palmer (England, 1855)

Lauded as the ‘Prince of Poisoners’ by the press of the time,
William Palmer is believed to have murdered using strychnine.
He was Britain’s first recorded ‘serial killer’ and his effigy stood
in the Chamber of Horrors at Madame Tussaud’s Waxworks for
127 years.

Palmer was born in Staffordshire, England on 6 August
1824, the sixth of seven children. At the age of 10, he was sent
to Rugeley Free Grammar School, which he attended as a day
scholar. Some accounts state that he was a boisterous child and
a bully; others claim that he was the most well-behaved of all
the children. It would seem that his true personality fails to
have been documented. When Palmer was 12, his father died.
Without their father’s strict governance, William and his
siblings were free to run wild.

At the age of 17, Palmer left school and began an appren-
ticeship, which his mother had arranged for him at a wholesale
chemist in Liverpool. This job ended abruptly when his
employers discovered that Palmer had been stealing money
from them. He was in fact stealing money to buy gifts to
impress his girlfriend. His mother intervened and paid back the
money he had stolen to prevent his employers reporting him to
the police. A second apprenticeship was arranged with
a physician in a medical practice, but this too was doomed to
fail as Palmer, still obsessed with the same girlfriend, stole
money from his new employer. His mother’s attempts to have
William forgiven were futile and he was sent to Stafford Infir-
mary to serve an apprenticeship as a ‘walking pupil.’His love of
women and alcohol, however, continued to grow.

It was during his time at Staffordshire Infirmary that Palmer
is thought to have become interested in poisons and he may
have been behind a suspicious death of a patient while being
a student at the infirmary. It is claimed that Palmer laced
brandy with poison and challenged his patient to a ‘drinking
contest’ after which the patient died. Palmer continued his
training at St Bartholomew’s Hospital in London. However,
things did not go well, and he persisted in drinking and
womanizing. It was only after his mother intervened yet again
and employed a private tutor that Palmer managed to settle,
study, and eventually qualify as a doctor in 1846.

Upon returning to Rugeley in 1847, Palmer set up a surgery
from a rented house. Business went well and he was soon able
to afford an assistant. However, he became heavily involved in
horse racing and gambling, and at one point owned 15 race-
horses. Eventually, he could no longer sustain his gambling
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addiction and fell into debt. His financial situation became so
desperate that at one point he resorted to drugging a competing
horse. This earned him the title of ‘nobbler,’ and he was dis-
credited by the racing authorities. Despite this, his gambling
addiction grew and Palmer came to rely on moneylenders to
finance his habit. In order to secure loans to buy more horses,
he began to forge his mother’s signature and went further into
debt.

Palmer met his wife, Annie Thornton in 1845. She had
completed her studies at finishing school, and Palmer was
attracted to her beauty, charm, and wealth. They married in
1847, despite the audible displeasure of her mother, a rich
widow. Palmer and his mother-in-law did not have a good
relationship. She was a difficult woman by all accounts,
drinking heavily and becoming violent. It is even supposed
that she drove her own husband to suicide. Following
a particularly heavy drinking binge, she became so ill that she
needed to be nursed at her daughter and son-in-law’s house.
Within 2 weeks she died. At the time it was presumed that she
had died from the effects of prolonged alcohol abuse, but
later, as suspicions surrounding Palmer’s activities grew, many
began to suspect that Palmer was responsible for his mother-
in-law’s death.

Four of Annie and William Palmer’s five children died
within weeks of their birth. The death certificate in each case
cited convulsions as the cause of death. However, Palmers’
housekeeper claimed that Palmer had murdered the children
by dipping his finger in poison, then honey, and then into their
mouths. She claimed he had commented that he could not
afford so many mouths to feed. Whether this was the case, or
whether there was a medical explanation for the deaths of
Palmer’s children has never been established.

Palmer had a close friend, fellow gambler, John Parsons
Cook. Cook had inherited a significant sum of money and
retired from his work as a solicitor, choosing to spend his time
andmoney on horse racing. Having never enjoyed good health,
his newfound wealth led him into a more ‘riotous’ lifestyle and
he is reported to have caught syphilis, for which he was treated
by Palmer.

In mid-November 1855, Palmer and Cook attended the
Shrewsbury Races, where Cook won a large amount of money.
Palmer was not so lucky and he had begun to receive threat-
ening letters from his moneylenders. Shortly after his friend’s
win, both were dining at a local inn, when Palmer was seen
mixing up some kind of concoction in a room away from his
friend. He returned to his friend and a tray of brandy was
brought in. Upon drinking his brandy, Cook complained that it
burnt his throat and thought it may be drugged. He retired to
bed feeling unwell. Over the next few days, his condition
deteriorated. Palmer attended to him, and even traveled to
London with Cook’s betting books to collect his winnings for
him (money, Palmer later claimed, that was owed to him). By
20 November 1855, Cook was very unwell, and in the early
hours of the next day, he suffered violent convulsions and
subsequently died.

Palmer was arrested on suspicion of Cook’s murder and
taken to Stafford jail where he went on hunger strike before
being threatened with force-feeding by the jail governor. On 4
May 1856, Palmer was transferred to London for his trial in
Westminster.
Reports claiming that Palmer had bought strychnine around
the time of Cook’s death, and claims by maids in attendance of
Cook that food sent by Palmer had made them sick resulted in
Palmer being the first man in British history to be tried for
murder by strychnine poisoning. However, strychnine was
never found in the body of John Parsons Cook and although
this was blamed on an inadequate postmortem, many,
including Cook’s own doctor who was present at the time of
death, believed that Cook had died of tetanus.

During Palmer’s trial, other suspicious deaths were investi-
gated. Palmer had insured his wife’s life in spring 1854 and by
the autumn of the same year she died. Her death certificate
stated that she died from English cholera. Her symptoms were
recorded to include retching and vomiting, but no convulsions.
Annie Palmer’s body was exhumed for examination of her
stomach contents. There were no traces of strychnine, but
a small amount of antimony was found. Antimony can be used
as a poison but at the time Annie Palmer died it was also often
used to treat symptoms such as the ones she was suffering from.

Similarly, Palmer had insured his brother Walter’s life. It is
widely accepted that Palmer was defrauding the insurance
companies as he actually employed someone to keep Walter
sober while medical clearance was obtained for the insurance
to be validated. Walter died soon after and the money went to
Palmer. As with Annie, Walter’s body was ordered to be
exhumed when Palmer was awaiting trial for the murder of
Cook. However, Walter’s body was in such a state of decom-
position that the coroner was unable to perform a satisfactory
postmortem, and the case was dropped. Whether the death was
due to alcohol or poisoning by Palmer is still unclear.

Other suspicious deaths were also investigated: an uncle of
Palmer died shortly after a night of drinking brandy with him,
and a friend of Palmer’s died after being treated by him.

After a 12-day trial, the jury of 12 men took less than 2 h to
reach a unanimous verdict of guilty. Palmer was sentenced to
death for the murder of John Parsons Cook, and was publicly
hanged in Stafford on 14 June 1856, at the age of 31, still
protesting his innocence.

It is supposed that Palmer poisoned at least 11 victims, and
as many other suspicious deaths also carry his hallmarks.
However, much debate still exists as to whether Palmer actually
was a murderer, or whether he was simply labeled a killer by
the misfortune of circumstantial evidence.
Markov (London, 1977)

Georgi Markov, a Bulgarian writer who lived in his home
country until 1969, defected to the West at the age of 40. Living
in London, he worked as a broadcast journalist for the BBC,
Radio Free Europe, and the German Deutsche Welle. He had
a large audience in Bulgaria, and his outspoken views against
the ruling Communist Party were seen as the inspiration for the
Bulgarian dissident movement. While in London, he continued
writing analyses on life in Communist Bulgaria.

There were three reported attempts on Markovs’ life
including an attempted poisoning at a dinner party. The
successful attempt took place in London on 7 September 1978.
Markov worked a double shift at the BBC, and after working the
early morning shift, he traveled home to rest. On returning to
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work, he parked his car South of Waterloo Bridge and made his
way to the bus stop to catch the bus to the BBC headquarters. As
hewaited for thebus, he felt a stabbingpain inhis right thighand
turned to see a man stoop and pick up an umbrella. The man
apologized in a foreign accent anddepartedhurriedly in a taxi. In
pain,Markovboarded thebus forwork,wherehe told colleagues
whathadhappened.Henoticed a spot of bloodonhis jeans, and
showed a friend a pimplelike red swelling on his thigh.

He developed a fever that evening and the next day Markov
was admitted to St James Hospital in Balham. Examination of
his right thigh showed a central puncture wound of about
2 mm diameter, and a circular area of inflammation. A diag-
nosis of septicemia was made, due to the very high white cell
count. He died 3 days later of multiorgan system failure.

During the postmortem, a single metal sphere the size of
a pinhead was excised from the wound. It was 1.52 mm in
diameter and composed of 90% platinum and 10% iridium. It
had two holes bored through it, with diameters of 0.35 mm,
leaving 0.28 mm3 available for toxin placement. Dr David Gall
at the government chemical defense establishment Porton
Down hypothesized that ricin could be the only possible
poison used, owing to the exceptionally small dose and the
symptoms Markov had experienced. After the fall of the Soviet
Union, it was revealed that ricin was used in an umbrella
mechanism for injecting poison spheres into victims, a tech-
nique developed in the secret Komitet gosudarstvennoy bezo-
pasnosti (KGB) laboratory ‘the Chamber.’
Tylenol Poisonings (Chicago, 1982)

In September 1982, Tylenol capsules filled with potassium
cyanide caused the deaths of seven people in the Chicago area
over a 3-day period. The first victim, Mary Kellerman, was
a 12-year-old girl who was found dead on her bathroom floor
on the morning of September 29 after taking a capsule of Extra-
Strength Tylenol to relieve a headache. That same day, Adam
Janus, a 27-year-old postal worker from Arlington Heights, IL,
also took a capsule of Extra-Strength Tylenol and died at
Northwest Community Hospital. His death was originally
thought to have been caused by amassive heart attack; however
later testing revealed that he had actually died of cyanide
poisoning. That evening, while gathered at Adam’s home to
discuss plans for his funeral, Adam’s brother Stanley and sister-
in-law Theresa each took a capsule of Tylenol from the bottle
on Adam’s counter in an attempt to ease their headache. Both
were taken to Northwest Community Hospital where Stanley
died that night and Theresa just 2 days later. The fifth victim
was Paula Prince, a United Airlines flight attendant, also died in
a similar manner. The next day, Johnson & Johnson recalled
Extra-Strength Tylenol capsules from the lots that were known
to have been contaminated in an attempt to prevent any more
deaths. Unfortunately, this announcement came too late for
Mary McFarland and Mary Reiner, who both died of cyanide
poisoning on September 30 after taking Extra-Strength Tylenol
capsules. OnOctober 5, Johnson & Johnson recalled all Tylenol
products nationwide.

The investigation that ensued produced no clear criminal
behind the plot. In addition to the five bottles that caused
deaths, three other tampered with bottles were also discovered
containing cyanide capsules. Sabotage by an employee during
production was ruled out because the bottles all came from
different factories; however, all of the poisonings occurred in
the Chicago area. It has subsequently been hypothesized that
the poisoner must have removed the Tylenol bottles from store
shelves, opened the capsules, replaced the acetaminophen
contents with potassium cyanide powder, and replaced the
bottles on store shelves around the Chicago suburbs. The case
remains open.

The greatest legacy of the 1982 Tylenol poisonings was the
impact it had on the pharmaceutical, food, and consumer
product industries in the development of tamper-evident
packaging. The ‘Tylenol Bill,’ passed in May 1983, made
product tampering a federal crime. The use of induction sealing
and tamper-evident safety seals became standard practice.
Johnson & Johnson reintroduced Tylenol with new tamper-
resistant packaging and eventually replaced the capsule with
the solid caplet, which is much less susceptible to product
tampering.
Harold Shipman (England, 1970–90s)

Harold Frederick Shipman was born to a working class family
in Nottingham on 14 January 1946. Intelligent and successful
at school, he endeavored to study medicine after the death of
his mother from lung cancer when he was 17. In 1965, he
realized this ambition and began a medical degree at Leeds
University. Graduating in 1970, Shipman qualified as a general
practitioner (GP) in 1974, and went to work at the Abraham
Ormerod Medical Practice in Todmorden, West Yorkshire.

It was during his time at this practice that colleagues
discovered his addiction to the opioid pethidine. Shipman was
disciplined by the General Medical Council (GMC), but was
not struck off the medical register. It is now understood that
Shipman murdered his first victim during his time there in
1975. As a result of his newly discovered history of opioid
abuse, Shipman was dismissed from the Todmorden practice.
However, he reappeared as a GP in Hyde, Greater Manchester
in 1977, this time working at the Donnybrook House Practice.

Solid indications that he had been conducting murderous
activities became apparent during his time at Donnybrook
House, when the death rate among his patients was three times
higher than that of his colleagues in the same practice. It is
believed that Shipman murdered a further 71 patients while at
this practice.

In 1993, Shipman set up his own practice on Market Street
in Hyde, after falling out with the partners at Donnybrook
House. He was to go on to murder another 143 patients while
in this practice. It was not until 1998 that Shipman’s crimes first
came to light when the daughter of one of his victims grew
suspicious following her mother’s death.

Kathleen Grundy, an 81-year-old previous mayoress, was
found dead in her home. Shipman had visited her house on the
morning of her death. His visit had been prompted by
a consultation the previous day, when he had requested her
help in a survey of aging, as he proposed that she was extremely
fit and well for her age. Mrs Grundy readily agreed, and
Shipman arranged to take the required ‘blood sample’ for
inclusion in the survey. Under the pretenses of taking such
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a sample, he in fact injected her with a lethal dose of dia-
morphine, which led to swift respiratory depression and death.
He was to state on her death certificate that she died simply
from ‘old age’ – a strange conclusion to draw considering his
conversation with her the previous day.

Mrs Grundy’s last will and testament were scrutinized.
A recently redrafted will replaced the original that her family
were familiar with, and to their surprise left all estate and
monies to Dr Shipman, in recognition of his ‘attentive care.’
The new document was poorly drafted and the signature of
Mrs Grundy did not correspond to her usual hand.

Mrs Grundy’s daughter, Angela Woodruff, voiced her
suspicions to the police that Dr Shipman may have forged her
mother’s will, and possibly undertaken more sinister actions.
Owing to the severity of the allegations, the body of Kathleen
Grundy was exhumed for postmortem 1 week after her burial
in Hyde Chapel cemetery. Forensic teams took prints from the
body, looking for matches on the will to indicate her handling
of the document but none were found. Tissue samples were
taken from thigh muscle and liver for determining drug levels.
Using mass spectrometry, it was ascertained that diamorphine
was indeed present at highly toxic levels in the samples. The
levels were consistent with those found in fatal overdose cases.

Rumors about Shipman spread, and on 19 September 1997,
the Manchester Evening News published a story detailing these.
In response, many concerned families came forward, and as
a result, further bodies of elderly females who had lived alone,
and died under ‘suspicious circumstances’ were also exhumed
and tested for diamorphine. Similar results were found.

Shipman was arrested on suspicion of murder on 7
September 1998, just over a year since the investigation had
begun. At no point did Shipman confess to having any
knowledge regarding the murders. He claimed that many of
these women had in fact been substance abusers. He cited
mainly codeine as the probable drug of abuse and said that he
could prove his claims by retracing medical records where he
had made entries indicating his suspicions. Forensic document
analysts and computer experts were later to show that Shipman
had in fact tampered with records on the actual day of the
deaths (some hours after he had administered lethal doses of
opioid to them). The truth was uncovered when the built-in
clock in his practice computer verified the exact time of new
entries to medical records, regardless of their apparent chro-
nological ordering to the onlooker. Shipman’s ‘perfect’ plan
was crushed. His fabricated suggestions that patients had
suffered from life-threatening illnesses or drug abuse were
thrown out in court on the basis of the computer evidence.

However, an important question remained, which was, how
did Shipman obtain so much diamorphine in order to murder
so many? After his reprimand from the GMC in the 1970s
following his pethidine addiction, he was banned from
holding controlled drugs in his surgery. However, calling upon
the help of local pharmacists, police discovered in controlled
drug registers that Shipman had indeed prescribed morphine
and diamorphine for many patients – both those with and
without terminal illnesses.

When local registered nurses working in home care settings
of the terminally ill were interviewed, it became apparent that
Shipman had frequently failed to deliver the full prescription of
controlled drugs to patient’s homes when he had collected
them from pharmacies on their behalf. Shipman was effectively
stealing up to 60% of the diamorphine prescribed for his
patients.

Shipman’s claims that those patients who were found with
opiates in their dead body tissues were habitual drug abusers
still needed to be quashed. The prosecution brought in an
expert forensic hair analyst. As hair grows at a rate of 1 cm per
month, the expert could identify evidence of opioid use by
quantifying levels in strands of hair. Using mass spectrometry,
he discovered that the amount present in the victims’ hair was
consistent with opioid use on only one or two occasions. In
a narcotic abuser, it is normal to find 2 ng of the substance per
milligram of hair – this level was 200 times more than that
found in the victims’ hair samples.

Expert forensic psychiatrists believe that Shipman was
indeed a psychopath, feeding a need to maintain a perfect
public and personal perception of him. His addiction to the
power of a perfect murder grew in strength and momentum
over time, and cost the lives of many of those who entrusted
their care to him. John Pollard, a coroner who knew and
worked with Shipman has theorized “the only valid possible
explanation for it is that he simply enjoyed viewing the process
of dying and enjoyed the feeling of control over life and death.”

On 31 January 2000, Dr Harold Shipman was given 15 life
sentences and 4 years to serve in prison for 15 murders and the
forging of a will. A public enquiry later concluded that
Shipman had killed at least 215 of his patients over a period of
23 years. The youngest victim was a 41-year-old man and the
oldest was a 93-year-old woman.

Shipman never publicly accepted responsibility for the
death of his victims and showed no remorse for his crimes. He
was found hanging from bedsheets in his prison cell in the
early hours of 13 January 2004, 1 day before his 58th birthday.
He left behind his wife, Primrose, three sons, and a legacy of
misunderstanding, doubt, and public loss of trust in the
medical profession. The full extent of his crimes will never be
known.
Swango (United States and Africa, 1980–90s)

In 1972, Michael Swango graduated valedictorian from his
high school, served in the Marine Corps until his honorable
discharge in 1980, and went on to graduate summa cum laude
from Quincy College with the American Chemical Society
award. He later matriculated at Southern Illinois University
School of Medicine in 1979. By 2000, Swango was one of the
most prolific American serial killers in history. On 6 September
2000, Swango plead guilty to three federal murder charges in
New York and one state charge in Ohio. He was previously
indicted for seven poisoning charges in Zimbabwe and Africa
and suspected of as many as 60 murders in his career. He is
a horrendous example of a medical murderer who employed
poisons.

Michael Swango was born in 1954 to Muriel and John
Swango who was a career officer in the United States Army.
Swango grew up in Quincy, Illinois and although raised as
a Presbyterian, attended Catholic school. While in medical
school, Swango preferred to drive great distances to work as
a part-time emergency medical technician to the neglect of his
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studies and rigorous curriculum. Classmates referred to him as
‘Double-O-Swango’ in reference to James Bond’s 007 license to
kill. A month before Swango was due to graduate, he was
caught falsifying records during a rotation. Rather than being
dismissed, he was allowed to repeat the rotation and graduated
in 1983. In July 1983, Swango began a general surgery intern-
ship and neurosurgery residency at Ohio State University.
During this time, supervisors noted that his medical histories
were cursory at best and he had difficulty performing basic
surgical procedures. He was placed on probation in January
1984. Within weeks, several suspicious patient deaths occurred
on the floor where Swango worked; many of whom Swango
had visited just before their medical codes. Initially, only an
internal inquiry was performed and due to uneasiness and
suspicion from the nurses and doctors, Swango was dismissed
after completing his internship.

After leaving Ohio State University, Swango worked as
a paramedic at the same Emergency Medical Services company
that employed him in medical school. In time, several
coworkers became ill with headaches, stomach cramps, and
vomiting after eating donuts that Swango had brought or coffee
that he had brewed. On suspicion of poisoning, drinks that
Swango had prepared were tested and proved positive for
arsenic. He was arrested and convicted of aggravated battery for
poisoning coworkers. He was sentenced to 5 years in prison,
serving only 2.5 years. Police found insect and rodent poisons,
needles and syringes, several books about poisons, and even
recipes for ricin, cyanide, and botulism in Swango’s home.

After being released from prison in 1988, Swango moved to
Virginia where he briefly worked at a placement center, coun-
seling students applying to medical schools. He quickly quit
when suspicions circulated after coworkers became ill from
drinking office coffee. Swango moved on to working as
a laboratory technician for a coal company. Soon employees
there began complaining of the same symptoms as previous
fellow employees, such as headaches and abdominal pain. He
resigned his employment in 1991, legally changed his name to
Daniel J. Adams and began working as a physician in the
residency program in Sioux Falls, South Dakota. Swango
falsified documents to avoid revealing his past. In October
1992, Swango applied to the American Medical Association
that, following a background check, found his poisoning
conviction. He was subsequently fired.

Swango subsequently managed to secure a psychiatric
residency program position at SUNY School of Medicine in
Stony Brook, New York. He was assigned to the internal
medicine department at the Veterans’ Administration (VA)
Medical Center in Northport, New York. Once again, his
patients began dying suspiciously. Swango aggressively tried to
obtain do not resuscitate (DNR) orders from elderly patients
and on one known occasion entered a DNR order without the
patient’s consent. Once again, Swango’s background was called
into question and he was fired from the VA Medical Center.

Swango then applied to work as a physician in Africa
through the Evangelical Lutheran Church using forged medical
documents. In November 1994, Swango arrived in Zimbabwe
and began working at Mnene Lutheran Mission Hospital.
Again, his patients began dying mysteriously. As the criminal
probe expanded, Swango fled to Zambia and obtained medial
work at the University Teaching Hospital (UTH) in Lusaka. At
UTH, nurses began noticing his indifference to patients and his
lack of surgical skills. Informed that Swango was suspected of
killing patients in Zimbabwe, UTH suspended him and con-
ducted a morphology study. When Zambian immigration
officials arrived at UTH to question him, Swango climbed out
a window and fled to Namibia were he tried unsuccessfully to
obtain medical work.

Unable to find work in Africa, Swango made arrangements
to work at a hospital in Saudi Arabia, which would require him
to return to the United States to obtain a visa. He was arrested
at Chicago O’Hare International Airport on the sealed fraud
indictment. In his possession, they found a notebook with
multiple references to death, murder, and plans to make
poisons. Swango pled guilty to the single fraud charge and was
sentenced to 5 years in a federal prison giving the Federal
Bureau of Investigation (FBI) time to further their investigation
in Africa and the United States. They exhumed three bodies in
New York and four in Zimbabwe to discover what had killed
them. FBI agents later visited Swango in prison and informed
him he would stand trial for five capital murder charges and
that if he was acquitted, he would be sent to Africa to stand trial
for murders there. Swango agreed to plead guilty to three
federal murder charges in New York and one state charge in
Ohio. Swango was sentenced to four consecutive life sentences
without parole and charges in Zimbabwe were dropped.
Swango may be responsible for as many as 60 deaths. He has
since claimed that he killed with no emotion and that his
victims were chosen at random. His case contributed to the
medical community performing more extensive background
checks on employees.
Yushchenko (Ukraine, 2004)

The term dioxin represents a family of compounds called the
polychlorinated dibenzo-p-dioxins (PCDDs). The most thor-
oughly studied of these is TCDD, which is also the only PCDD
reported in criminal poisonings. TCDD accumulates at low-
levels in most of the population via the food chain because
of environmental pollution. There have been numerous past
industrial accidents causing human populations to be exposed
to the polyhalogenated aromatic hydrocarbons. The most
notorious events involving polyhalogenated aromatic hydro-
carbon human exposure include the 1953 BASF accident in
Germany, the 1963 Philips-Duphar facility explosion in the
Netherlands, the 1968 Yusho disease in Japan, and the 1973
Yu-Cheng disease in Taiwan. In addition, Operation Ranch
Hand during the VietnamWar exposed US troops to dioxin and
led to numerous long-term investigative studies of that pop-
ulation of soldiers.

There are only two reported criminal poisoning incidents
associated with dioxins, and both incidents involved the
use of TCDD. The first incident involved five workers at
a textile research institute. The second involved President
Viktor Yushchenko of Ukraine. Neither of these two cases has
been solved.

The first case developed initially with one victim. In October
1997, a 30-year-old woman developed follicular pustules on
her face that gradually increased in size and number. Six
months later, she presented to the Department of Dermatology
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at the University of Vienna Medical School, Austria, for a
second opinion. She was diagnosed with acne fulminans and
treated with high-dose steroids and antibiotics. Her inflam-
mation had subsided, but hundreds of cysts developed on her
face, auricular areas, eyelids, genital region, limbs, and trunk.
Chloracne was suspected, and a subsequent level of TCDD
was found to be 144 000 pg TCDD per gram of blood fat,
which was the highest reported level ever recorded in humans.
The calculated body burden was 25 mg kg�1. Her disease
progressed and her face became densely covered with cysts.
Out of 30 other employees working at the institution, only
four others had elevated blood levels of TCDD. The most
likely route of application was by oral ingestion, though this
could not be proven given the delay in exposure, treatment,
and subsequent investigation. Exposures by other routes
would likely have contaminated the whole environment in
order to achieve even close estimates to the high blood levels
in the patients.

The second case involved international implications. In
2004, Viktor Yushchenko ran in the Ukrainian Presidential
campaign. Before the first round of voting, he became ill and
was rushed to the Rudolfinerhaus in Vienna, Austria. It was
later determined that he had high levels of dioxin poisoning in
his bloodstream. In mid-November 2004, Ukraine experienced
massive revolts because of voting injustices; the 13-day revolts
became known as the Orange Revolution. Yushchenko even-
tually took office as President on 23 January 2005.
Litvinenko (England, 2006)

Alexander Litvinenko was a Russian officer who served as
a member of the Soviet KGB and later the Russian Federal
Security Service of the Russian Federation (FSB) through his early
adulthood. In November 1998, Litvinenko and several of his
disaffected FSB colleagues called a news conference to address
corruptionwithin the FSB and to support claims that the FSB had
ordered the assassination of the Russian tycoonBoris Berezovsky.
As a result, Litvinenko spent 8 months in pretrial detention in
Lefortovo prison in Moscow while awaiting trial on five charges
of abuse of power. These charges were eventually dropped for
lack of evidence; however, he was immediately rearrested on
unknowncharges. InDecember 1999, hewas again released from
prison but warned against leaving Russia. The followingOctober,
Litvinenko and his family fled from Moscow to Antalya, Turkey,
and on 1 November 2000 the Litvinenko family arrived at
Heathrow Airport in London and claimed asylum. While in
London, Alexander Litvinenko wrote two books, both of which
were charged with criticism of the Russian secret service and
claims that Vladimir Putin had ordered the murder of journalist
Anna Politskovkaya.

On 17 October 2006, Litvinenko met Andrei Lugovoy and
Dmitri Kovtun, two former KGB agents, for lunch at Itsu sushi
restaurant. Two weeks later, on 1 November 2006, Litvinenko
had lunch with Mario Scaramella, who claimed to have infor-
mation regarding the murder of Anna Politskovkaya. After
dining with Scaramella, he visited Boris Berezovsky, with
whom he had maintained a close relationship while in Lon-
don, in order to share the papers Scaramella had given him.
That evening, Litvinenko again met Lugovoy and Kovtun, this
time for tea at London’s Mayfair Millennium Hotel. Within
a few hours of the last meeting, Litvinenko had fallen ill with
what appeared to be a gastric virus, however his symptoms only
continued to worsen and he was admitted to the local hospital
on 3 November 2006. By November 14, doctors agreed that he
may have been poisoned and transferred him to University
College Hospital, which was better equipped to perform
sensitive toxicological examinations. Initial tests found the
presence of thallium in Litvinenko and doctors began treating
him with Prussian blue while waiting for the results of addi-
tional tests. On November 23, the laboratory results returned
with evidence of massive amounts of polonium-210 in Litvi-
nenko’s body. By that evening, he died. A criminal investiga-
tion was launched and police declared the death as a homicide
on 6 December 2009. As of October 2011, Britain has agreed to
launch a full inquest into the poisoning, and the case remains
open.
Conclusions

Despite improved analytical techniques in modern medicine,
challenges continue to exist when criminal poisonings occur. It
is unusual for medical professionals to consider intentional
poisonings on the differential diagnosis when evaluating
patients who have been criminally poisoned. Even if such
a diagnosis of poisoning is entertained, criminals in modern
society have greater access to the knowledge of poisons and
methods of poisoning via the Internet. Unique and rarely
encountered poisons make the challenge even greater and
require a skilled team of individuals to properly diagnose,
analyze, and prosecute such poisoning cases.

See also: Radiation Toxicology, Ionizing and Nonionizing;
Cyanide; Ricin and Other Toxalbumins;
TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin)
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l Name: Nutmeg
l Chemical Abstracts Service Registry Number: 8008-45-5
l Synonyms: Myristica fragrans, Myristicin, Mada shaunda

‘narcotic fruit’, Brown slime (with cola syrup), Spice of
madness

l Chemical Structures:

Background

Nutmeg is native to a small cluster of islands in Indonesia, the
Banda Islands. It is the seed of a peachlike fruit that grows from
the tree Myristica fragrans. Europeans discovered nutmeg in the
middle ages and it became quite valuable for its culinary and
folk remedy uses. This led to conflict for conquest of the Banda
Islands. By the late nineteenth century, nutmeg was becoming
widespread and its purported uses continued to evolve. Reports
in the medical literature began to appear of women ingesting
large amounts of nutmeg to induce abortion. These ingestions
are some of the first medical descriptions of the nutmeg
toxicity. Ultimately, nutmeg was not effective as an abortifa-
cient and the practice declined. After a lull in the medical
literature, nutmeg reemerged as a drug of abuse in the 1960s.
It continues to be rediscovered by individuals seeking a cheap
and accessible high.
Uses

Ground nutmeg remains a popular spice in home kitchens,
used to flavor holiday staples such as pumpkin pie and eggnog.
The seed has a red, lacy covering that is dried to form mace,
a spice with similar flavor to nutmeg but without toxicity. The
essential oil of nutmeg is extracted for commercial culinary use.
The seed can also be crushed into a butter, which is used as an
industrial lubricant. There is no Food and Drug Administration
approved medical use for nutmeg, although it is sometimes
used as a herbal remedy for arthritis, diarrhea, flatulence, and
gastrointestinal complaints. Nutmeg is abused for its halluci-
nogenic properties, most commonly by adolescent males.
630 Encyclopedia of T
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Nutmeg is most often ingested in the ground or grated form,
usually mixed with a liquid (milk, water), or encapsulated.
Occasionally the powder is sniffed or smoked.
Toxicokinetics

Research on nutmeg and its components peaked in the 1960s.
Myristicin is often implicated as the chemical responsible for
toxicity, but this remains hypothetical. The essential oil contains
5–15% volatile oils. These divide into monoterpine hydrocar-
bons (80%), monoterpine alcohols (5%), an aromatic ether
fraction (myristicin, elemicin, safrole, methyleugenol, eugenol,
isoeugenol, toluene), and miscellaneous compounds. Nutmeg
devoid of its volatile component lacks central nervous system
activity, which suggests the key ingredient for toxicity is within
the aromatic fraction. Myristicin represents the most abundant
component, at about 4–12% of all the compounds present in
the essential oil. The concentrations of components are influ-
enced by botanical source, quality, storage, and overall fresh-
ness. After ingestion, symptoms occurwithin 3–8 h, followed by
6–24 h of alternating periods of stupor and delirium. Recovery
normally occurs within 24 h, but may take several days.
Mechanism of Toxicity

The mechanism of toxicity remains elusive. An early hypothesis
hinged on the similarity of nutmeg’s aromatic compounds to
amphetamine-like compounds, suggesting amination/trans-
amination by hepatic pathways. Myristicin has some similarity
to methylenedioxyamphetamine and elemicin is similar to
mescaline. However, the required pathway for this trans-
formation is not known to exist in humans. Some components
of nutmeg have similarity to serotonin agonists, and others
appear to have weak monoamine oxidase-inhibiting ability.
Further studies are needed.
Acute and Short-Term Toxicity

Animal

Initial studies in the early twentieth century were performed
with cats.Doses large enough to causeobservable effect (5–10 g),
also uniformly led to jaundice, coma, death, and advanced fatty
degeneration of the liver on autopsy. The experiment was
repeated with purified myristicin with similar result. Death
with degenerative hepatic changes was also seen in rabbits and
guinea pigs. More modern studies have found the LD of nutmeg
oil to be 2600, 4620, and 6000 mg kg�1 in rats, mice, and
hamsters, respectively. In rodents, myristicin and elemicin
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00762-4
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impair coordination and decrease motor activity. Safrole,
eugenol, and isoeugenol do not have similar behavioral effects.
Human

Nutmeg is abused for its narcotic and hallucinogenic proper-
ties. One grated nutmeg is typically about one tablespoon and
weighs 6–7 g. Recreational doses typically vary between 5 and
30 g. Symptoms do not usually occur for doses <10 g. Human
studies with purified myristicin have not produced symptoms
consistent with nutmeg toxicity. Nausea and vomiting is often
present with ingestion. Presentation is similar to an anticho-
linergic toxidrome (flushing, tachycardia, hypertension, dry
mouth, blurred vision, delirium). However, mydriasis is
uncommon and often miosis is present instead. These symp-
toms occur with alternating periods of lethargy and delirium.
There may also be hallucinations. Patients describe warmth
and coldness of the extremities, distortion of space and colors,
auditory and tactile hallucinations, and a detached mental state
with a leaden feeling. There is often a sense of doom. The entire
experience is generally unpleasant, and most patients do not
continue to abuse nutmeg. Patients recover without sequelae.
There is no evidence of hepatic changes with nutmeg use in
humans. Medical literature reports two fatalities associated
with nutmeg, but both cases had more likely causes of death.
There are no reports of fatalities directly linked to nutmeg in the
literature.
Chronic Toxicity

Human

Information on chronic human use is limited. Nutmeg is not
known to cause chronic toxicity. Acute psychosis is reversed
after cessation of nutmeg ingestion.
Reproductive Toxicity

Information of nutmeg with pregnancy is sparse. One case
report describes a woman in her third trimester that displayed
symptoms of nutmeg toxicity and went on to deliver a healthy
baby, although the fetal heart rate remained elevated for 24 h
after delivery.
Clinical Management

There is no specific antidote. Nutmeg poisoning may mimic
anticholinergic toxicity, but physostigmine is not indicated.
Supportive care is recommended with antiemetics and fluids.
Decontamination is often not needed because presentation is
usually delayed and the ingestion itself causes vomiting.
Benzodiazepines should be used with caution because there is
often alternating periods of delirium and obtundation. Chro-
matographic methods can detect myristicin from blood
samples; however, toxic concentrations are not known. Routine
laboratory tests are generally normal. The ingestion of nutmeg
does not produce positive urine drug screens.

See also: Drugs of Abuse; Lysergic Acid Diethylamide;
Marijuana; Mescaline; Methylenedioxymethamphetamine;
Mushroom, Psilocybin; Peyote.
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Introduction

Obesity has been reported to have steadily risen in the United
States for the last 150 years, and to have had a particularly high
rate of increase in recent decades. Currently, in the United
States, more than 35% of adults and nearly 17% of children
and adolescents (2–19 years of age) are obese. Obesity is not
only a problem of increasing concern in the United States but
also throughout the world. The obesity ‘epidemic’ is considered
a global health issue and there is increasing literature exploring
its possible origin and potential solutions.

For many years, the increasing rate of obesity has been
regarded as the result of a widening imbalance in the amount of
energy or calories ingested versus those utilized; in other words,
the result of increasingly poorer diets and more sedentary life-
styles. There is little disagreement that these factors contribute to
the obesity issue but there is an increasing sentiment that factors
other than diet and exercise must be involved.

Experimental evidence that exposure to chemicals may
contribute to weight gain can be traced back to at least the
1970s. This early work was cited by Paula Baillie-Hamilton in
2002 as the basis for her idea that exposure to environmental
chemicals might be a contributing factor to the rapidly
increasing rate of obesity in the world. The term ‘obesogen’ was
coined in 2006 by biologist Bruce Blumberg following his
discovery that exposure to the organotin compound, tributyltin
(TBT), predisposed laboratory mice to gain weight. Obesogens
are chemicals that disrupt the body’s normal homeostatic
controls in such a way as to promote adipogenesis and lipid
accumulation. Current thought is that the majority of obeso-
genic chemicals are environmental pollutants or trace chem-
icals (e.g., leachable components of plastics) to which
individuals are exposed in normal everyday life.
Mechanisms of Action

Theoretically, any process or pathway in the body that is
involved in lipid or energy metabolism is a potential site for the
action of an obesogen. To date, several specific sites within
multiple regulatory pathways have been linked to the action of
obesogenic chemicals.
Action on Metabolic Sensors

The peroxisome proliferator-activated receptors (PPAR a, g,
and d) represent a group of nuclear receptors (NR) that serve
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
as metabolic sensors for a number of endogenous ligands
including lipophilic hormones, dietary fatty acids, and certain
lipid metabolites. In order to function as metabolic sensors and
transcription regulators, these receptors must heterodimerize
with a second receptor, the 9-cis retinoic acid receptor (RXR).
Activation of the (RXR)-PPARa heterodimer by agonist binding
serves to promote proliferation of peroxisomes, resulting in
increased b-oxidation of fatty acids and a subsequent reduction
in serum levels of fatty acids. In contrast, activation of the
(RXR)-PPARg heterodimer promotes biosynthesis and storage
of lipids, and increased serum lipid levels. Activation of this
complex also promotes differentiation of preadipocytes and
the conversion of mesenchymal progenitor cells to pre-
adipocytes in adipose tissue.

Obesogenic chemicals are known to target these receptor
dimers, mimicking the action of endogenous agonists. It is
possible that, at least some, obesogens bind and activate both
the PPARa and PPARg dimers. Even if this is the case, it appears
that the overall effect will be proadipogenic. Some evidence
suggests that the PPARg dimer is more sensitive to activation
than the PPARa dimer, or that the gamma form may require
only a single activation event as opposed to multiple activating
events for the alpha form. It also appears that activation of the
(RXR)-PPARa dimermay have additional effects. Administration
of agonists that bind selectively to the alpha isoform results in
abnormal regulation of testicular steroidogenesis, leading to
obesogenic effects from reduced androgen levels in the body.
Dysfunction of Sex-Linked Steroid Hormones

A second mechanism by which obesogens commonly act is
through disruption of the normal effects of the sex hormones.
Under normal physiological conditions in adults, sex
hormones act in combination with peptide hormones such as
growth hormone to counteract the lipid accumulation medi-
ated by cortisol and insulin, and to mobilize the body’s lipid
stores. In contrast, fetal or neonatal exposure to estrogens leads
to a disturbance in lipid accumulation in later life. Exposure of
neonatal female mice to the synthetic estrogen diethylstilbes-
trol (DES) results initially in depressed body weight followed
by weight gain in adulthood. Neonatal male mice exposed to
DES showed a dose-dependent decrease in body weight.
Disruption of Energy Balance Integration

Obesogens may also act by disrupting the central mechanisms
that control and balance energy homeostasis in the body.
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http://dx.doi.org/10.1016/B978-0-12-386454-3.01234-3


634 Obesogens
The hypothalamic-pituitary-adrenal axis represents a major
component of the neuroendocrine system that controls and
regulates many body processes, including digestion, the
immune system, mood, sexuality, and energy balance. Several
obesogens are thought to act by disrupting the balance between
the interactions of this control system.
Types of Obesogens

By definition, an obesogen can be any type of chemical that
disrupts the body’s normal homeostatic controls in such a way
as to promote adipogenesis and lipid accumulation.

Typically, exposure to obesogens is thought to occur in one
of the two ways. First, obesogens may be chemicals that are
introduced into the body through intentional administration.
The most likely scenario for this type of exposure is ingestion or
inhalation of pharmaceutical agents. In some cases, the patient
may be unaware of the obesogenic properties of the drug and
exposing themselves unknowingly. In other instances, the
obesogenic effects of the drug may be known but are out-
weighed by the drug’s therapeutic benefits. Exposure to
obesogens may also be unintentional, as for example, envi-
ronmental pollutants or trace contaminants in air or food.
Many of the known obesogens are also known to be endocrine
disruptors.
Bisphenols, Nonylphenols, and Xenoestrogens

Bisphenols represent a large class of chemical compounds that
contain two hydroxyphenyl functionalities within the mole-
cule. They are used primarily in the production of poly-
carbonate plastics and epoxy resins. Bisphenol A (BPA) is the
most widely used and studied of the bisphenols. BPA is used in
the production of plastics, food can linings, dentistry sealants,
and thermal paper. BPA is considered to be a xenoestrogen
(a compound that mimics the activity of estrogen), despite the
fact that it has only moderate estrogenic activity compared to
17b-estradiol (E2). BPA has been detected in human serum at
levels approaching 5 ng ml�1 and positive correlations have
been reported between serum BPA levels and obesity.

Another ubiquitous class of xenoestrogens are the non-
ylphenols. These are a family of chemicals that are synthesized
by alkylation of phenol with nonenes (alkanes containing nine
carbon atoms). Nonylphenols are widely used as emulsifiers,
detergents, and pesticides. They are also used in a variety of
other applications and as precursors in the production of
industrial surfactants.

In cell culture studies, treatment of 3T3-L1 preadipocytes
with BPA or nonylphenols, in the presence of insulin,
enhanced upregulation of genes required for adipocyte
differentiation.

In recent studies using human, zebrafish, and Xenopus
(aquatic frogs) cell lines, two halogenated analogs, Tetra-
bromobisphenol A and tetrachlorobisphenol A, of BPA were
found to bind to and activate PPARg. These agents are
commonly used as flame retardants and appear throughout the
environment. Evidence also suggested that these two agents
activate estrogen receptors, ERa and ERb. For both classes of
receptors, activation was related to the halogenation. The
brominated BPA analog was a more effective activator of
PPARg, and the chlorinated analog had greater estrogenic
activity.
Organotin Compounds

Organotin compounds represent one of the most studied
classes of chemicals that are proposed to be obesogenic. They
are organometallic compounds that are used in the preparation
of polyvinylchloride (PVC) plastics. They have also been widely
used as fungicides and pesticides on crops, as slimicides in
industrial water systems, as wood preservatives, and as marine
antifouling agents.

TBT and triphenyltin have been shown to elicit obesogenic
activity via a variety of mechanisms. They are selective and
potent activators of both the RXR and PPAR NR. As noted
above, when activated, the (RXR)-PPARg heterodimer acts as
a transcription factor that leads to adipocyte accumulation,
lipid biosynthesis, and storage. TBT has been found to activate
(RXR)-PPARg-dependent proadipogenesis in liver, adipose
tissue, and bone marrow in vitro. RXR also forms homodimers
that have activity similar to the (RXR)-PPARg heterodimer and
that are also activated by organotin compounds.

Exposing prenatal mice to TBT causes lipid accumulation in
adipose tissues of new borns. Prenatally exposedmice also tend
to gain weight with age.

At micromolar concentrations organotin compounds affect
various enzymes involved in steroid hormone biosynthesis and
degradation but these actions are not observed at lower doses
that are more physiologically relevant.
Perfluorooctanoic Acid and Phthalates

These agents are widely used for industrial and manufacturing
purposes. Phthalates are commonly used as softeners in the
production of PVC plastics. Perfluoro alkyl compounds (PFCs)
are used as surfactants and as surface repellants in consumer
products. Human exposure to these agents results primarily
from the fact that both phthalates and PFCs can leach from
plastics, and may contaminate the contents of packaged foods
or beverages during processing or storage.

In a 2001 study conducted in Japan, diet samples provided
by three hospitals were analyzed to estimate the daily intake of
several plasticizers, including, dibutyl phthalate (DBP), butyl-
benzyl phthalate (BBP), di(2-ethylhexyl) phthalate (DEHP),
diisononyl phthalate (DINP), di(2-ethylhexyl) adipate
(DEHA), diisononyl adipate (DINA) and O-acetyl tributyl
citrate (ATBC). The mean daily intake of plasticizers from all
samples was estimated to be 160 mg DEHP, 12.5 mg DEHA,
4.7 mg DINP, and 3.4 mg BBP. Levels of DINA were relatively
high in meals from one hospital: in those meals, the average
daily intake was 1338 mg. Those of ATBC were also higher in
meals from another hospital: the average daily intake was
1228 mg.

The Centers for Disease Control has reported that
concentrations of urinary phthalate metabolites and serum
levels of some of the major PFCs exceed several micrograms
per liter. In a separate study, a positive association has been
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found between the presence of four phthalate metabolites in
urine and increased waist circumference and insulin resistance
in men. The metabolites found to have positive correlations
with increased waist circumference were mono-benzyl
phthalate (MBzP), mono-(2-ethyl-5-hydroxyhexyl) phtha-
late and mono-(2-ethyl-5-oxohexyl) phthalate, and mono-
ethyl phthalate (MEP). Those correlating to increased
insulin resistance were mono-butyl phthalates, MBzP, and
MEP. The one metabolite that was not found to correlate with
either increased waist circumference or increased insulin
resistance was mono-(2-ethyl)-hexyl phthalate, a known
activator of PPARg.

Both phthalates and PFCs are established activators of one
or more of the PPAR receptors – receptors known to be asso-
ciated with lipid and steroid metabolism.
Pharmaceutical Agents

Many pharmaceutical agents are known to predispose indi-
viduals to weight gain. Although this side effect is usually
undesirable, it is often a necessary consequence of required
therapy. Drugs are known or hypothesized to produce their
obesogenic effects through a variety of mechanisms.

Thiazolidinediones are a class of drugs used in the treatment
of type 2 diabetes mellitus. Major drugs in this class include,
rosiglitazone and pioglitazone. They act as agonists to the PPAR
receptors, with particular affinity for PPARg. These drugs can be
highly effective in the treatment of diabetes but their chronic
use also results in PPARg mediated side effects such as edema
and weight gain.

DES is a xenoestrogen that was first synthesized in 1938.
From about 1940 to 1970 it was prescribed to women to
ameliorate complications during pregnancy. This use was
discontinued when researchers linked the appearance of
a type of cancer (clear cell adenocarcinoma) of the cervix and
vagina in women who had been exposed prenatally (in utero).
DES has been linked to additional sexual and reproductive
problems in both women and men. DES is an endocrine
disruptor and has been shown to cause weight gain in
experimental female mice if they were exposed during
neonatal development. Interestingly, exposure did not result
in abnormal birth weight but significant weight gain did occur
later in adulthood.

A number of neuroactive pharmaceuticals, including
selective serotonin reuptake inhibitors, tricyclic antidepres-
sants, and atypical antipsychotic drugs (AAPDs) modulate
neurotransmitter levels and also act directly on receptors
that influence both behavior and metabolism. For example,
pronounced weight gain is one of the limiting factors in the
use of AAPDs. Weight gain elicited by AAPDs is primarily
mediated by increased food intake, although there may also
be metabolic alterations. Recent studies suggest that the
appetite stimulation-weight gain associated with AAPDs is
mediated by potent and selective activation of hypothalamic
50 adenosine monophosphate-activated protein kinase
(AMPK) linked to blockade of the H1 receptor. AMPK
stimulation parallels the orexigenic actions of the drugs,
with clozapine and olanzapine producing the greatest
effects.
Societal Implications

Obesity is a major public health concern because it predis-
poses the individual to a variety of disorders such as
noninsulin-dependent diabetes, hypertension, stroke, and
coronary artery disease. Obesity has also been associated with
increased incidence of certain cancers, most notably cancer of
the colon, rectum, prostate, breast, uterus, and cervix. Very
obese individuals also have reduced psychological health.
They may have reduced self-esteem, anxiety, and depression.
In certain societies, such as America, obesity also carries an
undeniable social stigma. In certain circles, obese individuals
may be ostracized and may be subject to discrimination. In
the United States, among adults under 70, obesity is second
only to tobacco in the number of deaths it causes each year.
Considering the declining use of tobacco and the increase in
obesity, obesity related deaths may soon exceed those of
tobacco.

Considering the negative impact of obesity on the indi-
vidual and the society, understanding the causes of the
continued increase in the rate of this problem is critical. If
exposure to obesogenic agents is found to play an important
role in the rate of increased obesity in society, it is
a problem that society can reasonably solve. As seen above,
most obesogenic agents are chemicals that are used in
manufacturing, and many are associated with the produc-
tion of plastics. If these agents cannot be replaced with other
less noxious chemicals, exposure to them can at least be
minimized. For example, eliminating the use of plastic
containers for packaging and storage of foods and beverages,
the use of less plastics in the environment, and consumption
of more organic foods would all reduce exposure to
obesogens.
Conclusion

Chemicals that are proposed to have obesogenic activity are
ubiquitous throughout the developed societies of the world.
They are present in almost every aspect of our lives, from the
plastic packaging materials we use for storage and preparation
of our foods, to the medications we take, to the materials we
use in our daily lives at work and at home.

There seems little question that many chemicals have obe-
sogenic effects. Certain classes of these agents have been known
for years and weight gain has been a known side effect for some
of them. The major question that remains unanswered is: how
much of the increase in obesity in recent decades, in both
developed and developing countries, is the result of exposure
to obesogens, and how much is related to other factors such as
diet, exercise, stress, etc.?

See also: Developmental Toxicology; Food Safety and
Toxicology; Reproductive System, Male; Reproductive
System, Female; Bisphenol A; Tetrabromobisphenol A;
Diethylstilbestrol; Chemicals in Consumer Products;
Perfluorooctanoic Acid; Phthalates; Tin; Estrogens IV:
Estrogen-Like Pharmaceuticals; Estrogens V:
Xenoestrogens.
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Occupational exposure limits (OELs) provide health and safety
professionals with an important tool to protect the health
of workers. OELs provide health and safety guidance to users
of chemicals, inform workers of potential adverse effects of
chemical exposure, and provide a scientific basis for evaluating
whether existing environmental exposure controls are
adequate. Many organizations around the world develop OELs
using approaches that fit the unique needs of the constituencies
involved and the mission of the organization. For example,
some organizations set health-based guidelines that reflect best
scientific judgment regardless of other considerations; many
regulatory organizations evaluate policy and management
issues such as implementation costs and technical feasibility as
part of the OEL determination. Nevertheless, the general
scientific approach used by most organizations is similar and
includes a detailed critical review of the epidemiology and
toxicology information to identify potential hazards, selection
of sensitive adverse effects, dose–response estimation to
determine appropriate thresholds, and an evaluation of tenant
uncertainties to ensure the desired margin of safety.

The level of an OEL depends on the outcome of the risk
assessment and the risk management processes for the corre-
sponding substance. Comparisons of OELs can be the first step
to uncover instances where risk assessment has led to discor-
dant results or where the principles of risk management differ.
Further steps in this process require possible scrutiny of the
documentation and other bases for the OELs in question,
which in turn requires a transparent risk decision process.

There are some general categories of OELs for airborne
chemical exposure, which differ primarily on the duration of
exposure considered relevant for preventing the effect of
concern. The common OEL duration categories include OEL
Mean (OEL-M) defined as the reference value for the mean
exposure concentration at or below which adverse health
effects caused by the substance do not appear in most workers
working for 8 h a day and 40 h a week under a moderate
workload. Exposure above OEL-M should be avoided even
when duration is short or work intensity is high.

The time-weighted average (TWA), which is generally
developed to protect from health effects caused by longer-term
or chronic exposure (e.g., chronic target organ damage), is
compared against air concentrations measured over full-shift
exposure duration (e.g., 8 or 10 h per day during a 40-h week
depending on the organization). However, a higher 15-min
TWA exposure may be set as an additional limit and should not
exceed the 8-h TWA limit. Methods to adjust OELs for other
durations based on toxicokinetic considerations have been
developed for exposure during nonstandard work schedules.

Threshold limit values (TLVs) are used by professional
industrial hygienists. TLV-TWAs are defined as the upper
control limit for each exposure day that should not be
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
exceeded. In consequence, in a controlled work environment,
the long-term, life-term average exposure for each individual
worker has to be less than the TLV-TWA.

A short-term exposure limit (STEL) is generally developed
for substances that induce effects of concern following fairly
brief periods of exposure. For example, many STELs are based
on thresholds for the induction of irritant responses or central
nervous system depression, or for preventing chronic or irre-
versible damage due to brief periods of exposure. Many orga-
nizations establish STELs as a 15-min TWA air concentration
that should not be exceeded during a work shift. Many
compounds do not have sufficient data to serve as the basis for
developing an STEL. However, some organizations recommend
general excursion limits that are a multiple of the full-shift TWA
limit (e.g., three times the TWA), as a measure of protection
from peak exposures even when no STEL has been established.

A ceiling limit is generally developed to protect from effects
caused very quickly if a threshold concentration is exceeded.
For example, ceiling limits are established for many highly
potent irritants or compounds that have a suppressive effect on
the central nervous system. The ceiling limit generally refers to
the maximum concentrations in the air that should not be
exceeded at any time during the work period at or below which
adverse health effects do not appear in most workers.

Derived no effect levels (DNELs) are used in the risk char-
acterization part of a chemical safety assessment as a bench-
mark to determine adequate control for specified exposure
scenarios. Risk to humans can be considered to be adequately
controlled if the exposure levels estimated do not exceed the
appropriate DNEL. Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) specifies that DNELs shall
reflect the likely routes, duration, and frequency of exposure. If
more than one route of exposure is likely to occur (oral,
dermal, or inhalation) then a DNEL should be established for
each route of exposure and for the exposure from all routes
combined. It may also be necessary to identify different DNELs
for each relevant human population (e.g., workers, consumers,
or humans subject to exposure indirectly via the ambient
environment) and possibly for certain vulnerable subpopula-
tions (e.g., children, pregnant women). The DNEL method-
ology is intended to harmonize the approach to occupational
health risk assessment with those used for other types of risk
such as environmental exposure. This is important under
REACH, as manufacturers must assess not only human health
risks but also environmental and physical safety risks.

Most published OELs are derived from adverse effects
arising from occupational exposure to contaminant concen-
trations in the air. However, dermal exposure may also
contribute to the overall body burden. Most organizations that
set OELs have developed qualitative notations to identify
those substances for which dermal exposure may contribute
4-3.00639-4 637
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Table 1 OELs in different authorities

Country/Region OEL Regulatory/Advisory Status Specified Exposure Scenarios

Workers Protected (Specified Health

End Points)

European Union
(CEC, 1999)

Indicative occupational exposure
limit values/binding limit value:
risk of adverse health effect at
specified levels when no effect
level cannot be identified

Recommendation to member states
for adoption into national legislation

– –

European Union
(REACH, 2006)

DNELs Legislation REACH specifies that DNELs shall reflect
the likely routes (oral, dermal, or inhalation),
duration, and frequency of exposure

A level of exposure above which
humans (inclusive of
consumers, workers, etc.)
should not be exposed. This is
important under REACH, as
manufacturers must assess not
only human health risks but also
environmental and physical
safety risks

Germany, Ausschluss
für Gafahrstoffe
(AGS)

Technische Richtkonzentrationen (TRK;
technical guidance concentration)

Common national legislation Category 1, 2, or 3 carcinogens; concentration
in workplace air that can be reached using
best available technology

Healthy adults

Germany (DFG, 2004) Maximale Arbeitsplatzkonzentrationen
(MAK), maximum concentration in
workplace; 8-h TWA

Recommendations to AGS Substance-specific acceptable peak concentrations
and durations defined; skin uptake indicated; MAK
values for category 3 and 4 carcinogens for which
a harmless minimum concentration can be
determined limits for substances in
the human body

Biologische Arbeitsstofftoleranzwerte
(BAT); biological tolerance value

Recommendations In addition to OELs, special rules for individual
substances or substance groups such as
hydrocarbon mixtures, diesel engine emissions,
or different types of fibers and dust

The Netherlands (Dutch
Expert Committee on
Occupational
Standards, 2000)

Maximum air concentration (MAC) in
working area; 8-h TWA, and 15-min
TWA; MAC-C (ceiling value)

Some legally binding, others administrative
and not legally binding

Exposure–response relationship only
(genotoxic carcinogens)

No OEL for genotoxic carcinogens
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UK (HSE, 2002)a Maximum exposure limit (MEL); 8-h
TWA or 15-min STEL

Legally enforceable Exposure reduced as far below level as possible;
set for substances for which it is not possible
to determine a no observed adverse effect level

(e.g., carcinogens and
asthmagens)

Occupational exposure standard (OES);
8-h TWA or 15-min STEL

Legally enforceable Level to which exposure to be reduced; STEL,
only, for substances, for which even brief
exposure is considered critical

No indication of risk to health of
workers exposed by inhalation
day after day

Biological monitoring guidance value Non-statutory Some OELs for multisubstance exposure prescribing
process emissions; e.g., welding fumes

USA (ACGIH 2003) TLV-TWA; 8-h TWA No legal status in the United States. May
have legal status in other countries

Nearly all workers, day after day,
for working lifetime, without ill
effects

TLV-STEL; 15-min TWA No legal status in the United States Continuous exposure for short period not to be
exceeded at any time

To protect from irritation, chronic/
irreversible tissue damage,
narcosis

TLV-C (ceiling) No legal status in the United States Concentration not to be exceeded in any part of
the working day

US National Institute
for Occupational
Safety and Health

Recommended exposure level; TWA;
STEL, ceiling value and biological
exposure indices

No legal force, recommendations to
Occupational Safety and Health
Administration (OSHA)

US OSHA Permissible exposure limit Regulatory; historically based on American
Conference of Governmental Industrial
Hygienists (ACGIH) TLVs

Australia (National
Occupational
Health & Safety
Commission
(NOHSC, 1999)

National exposure standard airborne Advisory character, except where law, other
than the NOHSC Act, or instrument made
under such a law, makes them mandatory;
application of any National Commission
document in any particular state or territory
of Australia is a prerogative of that state or
territory

Concentrations that should neither
impair health nor cause undue
discomfort to nearly all workers;
(additionally, to guard against
narcosis or irritation)

Brazil (ACGIH) TLV Recommendations to Fundacentro Foundation
of Occupational Safety and Medicine
legislation

Ireland (ACGIH) TLV No legal status in Ireland

aOES and MEL have been replaced by the workplace exposure limit.
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significantly to the total body burden. For substances with
a skin notation, caution should be used in interpreting the level
of protection afforded by the OEL if skin exposure may occur.
Therefore, most organizations that set OELs establish qualita-
tive notations to indicate the ability of a compound to induce
dermal or respiratory sensitization. This approach is used
because dose–response thresholds for the induction of these
sensitization responses are generally not well understood, and
sensitized individuals may respond to very low exposure
concentrations and may not be protected by an OEL based on
other toxicity end points.

Organizations differ in their approaches to developing
OELs for carcinogens. Some organizations develop OELs using
a threshold-based assumption for all compounds; others do
not set health-based limits for carcinogens that are believed to
act via linear (e.g., genotoxic) mechanisms. Most organizations
provide some classification approaches to identify carcinogens.
Other Types of OELs

To protect against airborne chemical exposure in traditional
workplace settings, several other types of OELs exist. Skin-
penetrating compounds may exert systematic toxic effects that
cannot be efficiently prevented just on the basis of analytical
control of workplace air.

Dermal contact is the primary route of exposure for many
substances that have low vapor pressure and are not aero-
solized. For these substances and exposure situations, dermal
exposure limits can be valuable. Few dermal exposure limits
have been published by the primary organizations that set
OELs. Nevertheless, the field is maturing with increasing
publication of proposed reference values for dermal exposure
in the literature.

Most OELs are developed to protect workers from the
development of any adverse effects. However, in some cases,
guidance on thresholds for effects of greater severity is an
important tool, in particular for emergency response applica-
tions. There are a number of different organizations that
establish acute emergency exposure values. In occupational
settings, immediately dangerous to life or health values are
often used for setting protective equipment requirements and
in emergency planning.

Assessing exposure to physical agents is also important
for protecting worker’s health. Many organizations establish
workplace exposure guidelines for physical agents and stresses,
including noise, heat or cold, nonionizing and ionizing elec-
tromagnetic radiation, and ergonomic stressors such as vibra-
tion and repetitive trauma.
Key Organizations for Setting OELs

There are many other organizations that establish workplace
exposure guidance. In addition, many companies develop
OELs for their specific products. These company limits are not
often published, but they can be requested from product
suppliers or can be found in company product literature (such
as material safety data sheets) (Table 1).

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); American Industrial Hygiene
Association; Occupational Exposure Limits; National Institute
for Occupational Safety and Health; Occupational Safety and
Health Administration; Occupational Toxicology.
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The Occupational Safety and Health Act (OSHAct) is admin-
istered and enforced by the Occupational Safety and Health
Administration (OSHA). Both OSHA and OSHAct were created
in December 1970, the same month the US Environmental
Protection Agency (US EPA) was created. Unlike the US EPA,
OSHA is essentially an enforcement organization and most of
its employees are inspectors who perform thousands of work-
place inspections per year; it is a division of the Department of
Labor. The OSHAct assures, as far as possible, that all working
men or women have risk-free working environments; and
imposes on employers the obligation to provide employees
with workplaces that are free from recognized health and safety
hazards and to maintain compliance with specific OSHA
standards.

Many states and territories also have their own occupational
safety and health plans that have been approved by OSHA and
many of these are more stringent than the federal OSHA
requirements. The OSHA Hazard Communication Standard,
better known as the ‘Right-to-Know’ law, requires that the
hazards of all chemicals produced in or imported into the
United States are evaluated and that employers provide their
employees with all appropriate hazard information. This
involves providing employees with hazard communication/
training programs and access to material safety data sheets
(MSDSs) and written records. OSHA considers the MSDS the
primary vehicle for transmitting detailed hazard information to
downstream employers and employees.

Chemical manufacturers and importers must make
a ‘hazard determination’ of the chemicals with which they are
involved. This involves an assessment of the physicochemical
properties of a material (e.g., flammability, explosivity, corro-
sivity, and reactivity) as well as potential acute and chronic
toxicities. However, manufacturers and exporters are not
required to conduct additional testing. Typically, the hazard
determination is made on the basis of existing company data or
information from the published scientific literature.
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Worker exposure to chemicals in the workplace is regulated
through the promulgation of permissible exposure limits
(PELs) that are maximum allowable exposure limits or
maximum time-weighted average limits over an 8 h working
day. These are complemented by short-term exposure limits. In
March 1989, OSHA reduced the PELs for many substances and
set new ones for substances previously not regulated; and
OSHA is still in the process of developing permanent health-
based workplace standards. Many of the standards are based on
the recommendations made in criteria documents prepared by
the National Institute for Occupational Safety and Health
(NIOSH), although OSHA has its own standards office.
Another listing of exposure limits contains the threshold limit
values (TLVs) recommended by the American Conference of
Governmental Industrial Hygienists (ACGIH). The standards
recommended by OSHA, NIOSH, and ACGIH often differ from
each other and may be quite controversial. As a result, stan-
dards may become mired in hearings and in the courts.

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); Carcinogen Classification Schemes;
Medical Surveillance; National Institute for Occupational Safety
and Health; Occupational Safety and Health Administration;
Occupational Toxicology.

Further Reading

DiBerardis, L.J. (Ed.), 1998. Handbook of Occupational Safety and Health, second ed.
Wiley-Interscience, Hoboken, NJ.

Relevant Website

http://www.epa.gov/regulations/laws/osha.html – US Environmental Protection Agency.
Summary of the Occupational Safety and Health Act. Washington, DC.
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With the passage of the Occupational Safety and Health Act of
1970, the United States (US) Congress created the Occupa-
tional Safety and Health Administration (OSHA) to assure safe
and healthful working conditions for working men and women
by setting and enforcing standards and by providing training,
outreach, education and assistance. Under the OSH law,
employers are responsible for providing a safe and healthful
workplace for their workers. OSHA is part of the US Depart-
ment of Labor. OSHA is a small agency; including state part-
ners, approximately 2200 inspectors are responsible for the
health and safety of 130million workers, employed at more
than 8million worksites around the nation, which translates to
about one compliance officer for every 59 000 workers. OSHA
has 10 regional offices and 90 local area offices.

OSHA provides leadership and encouragement to US
employers and employees to help them recognize and realize
the value of safety and health on the job. The agency’s goal is to
save lives, prevent injuries and illnesses, and protect the safety
and health of American workers. OSHA’s mission is to assure
safe and healthful workplaces by setting and enforcing stan-
dards and by providing training, outreach, education, and
assistance. Since 1970, workplace fatalities have been reduced
by more than 65% and occupational injury and illness rates
have declined by 67%. At the same time, US employment has
doubled to more than 130million workers at 7.2 million sites.

OSHA has the authority to issue new or revised occupa-
tional safety and health standards. The OSHA standard-setting
process involves many steps and provides many opportunities
for public engagement. OSHA can begin standard-setting
procedures on its own initiative or in response to recommen-
dations or petitions from other parties, including:

l The National Institute for Occupational Safety and Health
(NIOSH), the research agency for occupational safety and
health;

l State and local governments;
l Nationally recognized standards-producing organizations;
l Employer or labor representatives; and
l Any other interested parties.

The OSHAct also encourages states to develop and operate their
own safety and health plans. Approved under Section 18 (b)
of the Act, these plans must adopt and enforce standards at least
as effective as federal requirements.

OSHA offers safety and health training through the OSHA
Training Institute in Arlington Heights, Illinois, and through 25
Education Centers at 44 locations across the country. Training
schedules are available on the agency’s website along with
interactive software called eTools, which offer guidance on
many safety and health issues. More than 65 compliance
assistance specialists in local OSHA offices are also available to
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speak to groups, teach workshops, and present seminars on
safety and health topics. Consultation programs in each state
offer small businesses onsite safety and health guidance from
experts.

OSHA offers free compliance assistance to employers and
workers. Several OSHA programs and services can help
employers identify and correct job hazards, as well as improve
their injury and illness prevention program. Cooperative and
voluntary programs sponsored by OSHA include Voluntary
Protection Programs, recognize employers and workers in
private industry and federal agencies who have implemented
effective safety and health management programs, and main-
tain injury and illness rates below the national average for their
respective industries; OSHA Strategic Partnership Program
(OSPP), which emphasizes effective safety and health
management systems; Challenge Program, which provides
interested employers and workers the opportunity to gain
assistance in improving their safety and health management
programs; and Alliances, which promotes safety and health
training and sharing of best practices.

Contact Details
U.S. Department of Labor Occupational Safety & Health

Administration, 200 Constitution Avenue, Washington, DC
20210,USA. Telephone:þ1 800 321OSHA (6742) Toll FreeU.S.

[International]:
U.S. Department of Labor OSHA Coordinator for Interna-

tional Affairs Occupational Safety & Health Administration –

Room N3641, 200 Constitution Avenue Washington, DC
20210, USA.

See also: National Institute for Occupational Safety and Health;
Occupational Safety and Health Act, US.
Further Reading

CDC, 2007. Nonfatal occupational injuries and illnesses – United States, 2004.
Morbidity and Mortality Weekly Reports 56, 393–397.

Steenland, K., Burnett, C., Lalich, N., Ward, E., Hurrell, J., 2003. Dying for work: the
magnitude of U.S. mortality from selected causes of death associated with
occupation. Am. J. Ind. Med. 43, 461–482.
Relevant Websites

http://www.osha.gov – The Occupational Safety and Health Administration homepage
provides access to information about Occupational Safety and Health Adminis-
tration and related activities, including documents, databases, and other resources.
The Occupational Safety and Health Administration newsletter QuickTakes is
a bimonthly e-news product with information about workplace safety and health.
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Introduction

The goal of occupational toxicology is to help establish safe
working conditions. Historically, occupational studies have
provided some of the strongest evidence that exposure to
substances that are foreign to the body, including chemicals,
metals, and newmaterials, can damage human health. As early
as the fourth century BC, Hippocrates described symptoms of
lead poisoning in a metal worker. In the eighteenth century, Sir
Percival Pott recognized that the high rate of scrotal cancer
among chimney sweeps in Englandwas linked to their exposure
to soot. In the 1970s, studies indicated that the pesticide
dibromochloropropane can cause infertility in male produc-
tion workers and pesticide applicators. The historic link
between occupational exposure and disease raises concern
about how the development and application of emerging
technologies in the workplace, such as nanomaterials, affects
humanhealth. Toxicology studies are needed to investigate how
different types of substances disrupt biological systems to cause
injury and disease, to developmethods to assess the health risks
of workplace exposures, and to establish occupational
exposure limits.
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Figure 1 Toxicology framework.
Use of Toxicological Data

Many occupational health standards and protective health
measures are based on data from toxicology studies. Although
epidemiological data provide the strongest evidence that specific
chemicals affect human health, these types of data are not
available for a large number of substances found in occupational
settings. Traditional in vivo toxicology studies involve exposing
groups of animals, typically rats and mice, to a set of different
doses of a substance and observing the responses. Very simply,
toxicologists use these types of studies to provide information on
the types of major health effects the substance can cause, such as
cancer, neurotoxicity, and organ damage, and to determine the
relationship between dose and the risk that harmful effects will
occur in humans. Traditionally, dose was defined as the amount
of a substance workers are exposed to in an occupational setting,
and response was defined as a health outcome, such as organ
damage or a disease.

Molecular toxicology investigates the biochemical steps that
lead to the toxic responses observed in traditional toxicology
studies. One purpose of the growing field of molecular toxi-
cology is to refine the characterization of the dose–response,
such that the dose reflects the amount of the substance or its
active metabolite that reaches a critical target in the body, and
the response is an early, subtle change in cells or components of
cells that precedes clinical disease. Furthermore, identifying the
critical molecules and cellular processes involved in toxicity can
aid the development of methods to prevent and treat toxicity.
For example, neurotoxic organophosphate insecticides inacti-
vate the enzyme acetylcholinesterase, which results in the
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accumulation of the neurotransmitter acetylcholine. This infor-
mation led to the development of a treatment for organophos-
phate poisoning; atropine is used to block acetylcholine from
binding to muscarinic receptors, and oximes, such as pralidox-
ime are used to reactivate acetylcholinesterase. Molecular toxi-
cology can also help identify biomarkers of exposure and
preclinical toxic effects, such as changes in DNA, proteins, gene
expression, and metabolic profiles.

Several major physiological steps govern the dose–response
relationship following exposure to substances in the workplace
(Figure 1). First, if a substance causes toxicity distant from the
site of exposure, it must be absorbed through a physiological
barrier, such as cells that line the gastrointestinal tract, the
respiratory tract, and that make up skin. Following absorption,
the substance may be distributed to various sites in the body,
including cells that are the target of toxicity, and tissues, such as
fat or bone, that serve as storage depots for the substance. The
substance may also be excreted from the body. Many
substances also undergo biochemical transformation through
a process called biotransformation, which can detoxify the
substance or sometimes transform it into a more toxic
compound. Finally, damage may be eliminated by repair or by
the death and replacement of injured cells.

Making informed decisions regarding worker health
requires a clear understanding of health risk information,
including the uncertainties inherent in each step of the risk
assessment process (Figure 2). Toxicology studies provide
information for the hazard identification and dose–response
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steps of the risk assessment. Hazard identification describes the
types of physiological effects or responses a substance can
cause, such as reproductive toxicity, cancer, respiratory prob-
lems, and allergic reactions. Toxicology studies can also
contribute to exposure assessment. For example, toxicological
research can help identify biomarkers of exposure, such as
metabolites of substances that can be detected in urine or other
biological samples. Risk characterization integrates the infor-
mation gathered in the dose–response, hazard identification,
and exposure assessment steps. This information is impor-
tant for risk management, which can range from recommend-
ing the use of protective equipment to establishing
occupational exposure limits to eliminating a substance from
the workplace.
Exposure Characteristics Affect Toxicity

The route, duration, and frequency of exposure can have
a significant effect on the toxicity of substances. Exposure
scenarios differ depending on the type of occupation. Inhala-
tion and dermal contact are common routes of exposure in
many industries. Medical personnel are at risk of being exposed
to a variety of agents through injection. Accordingly, the
exposure protocol used in in vivo studies should be relevant to
workplace exposures. To ensure worker safety, all possible
pathways of exposure need to be examined.

While some substances can act directly at the site of expo-
sure, others damage tissues that are distant from the site of
exposure. For example, epoxy resins can cause allergic contact
dermatitis, and ultraviolet light can cause skin cancer. By
contrast, inhalation of many solvents such as trichloroethylene
and perchloroethylene can cause liver damage. For a substance
to cause damage distant from the site of exposure, it must be
absorbed through physiological barriers.

The ability of physiological barriers to block the absorption
of substances differs depending on the route of exposure. While
absorption of various substances is a major function of the
gastrointestinal and respiratory tracts, one of themajor functions
of skin is to provide a barrier to the world outside of the body.
Therefore, in general, absorption of foreign substances found in
the workplace is more efficient through oral and inhalation
exposure than through dermal exposure. Ease of absorption
through a particular physiological barrier also depends on the
physical and chemical characteristics of each substance. For
example, organic lead, such as tetraethyl lead, is easily absorbed
through the skin. By contrast, inorganic lead does not easily
penetrate skin, but it is almost completely absorbed through the
lower respiratory tract. Information on ease of absorption is
important for interpreting results of toxicology studies and
determining if the results from a study of one form of
a compound can be used to predict the dose–response for
another form of the compound.

The route of exposure also determines the initial meta-
bolic fate of substances. Chemicals that enter the body
through the oral route of exposure encounter two major lines
of defense before they are absorbed into the general circula-
tory system. First, the acid pH of the stomach and enzymes
present in the gastrointestinal tract can detoxify some
substances. Second, blood flow goes from the gastrointestinal
tract to the liver. The liver contains the highest concentration
of enzymes involved in the biochemical transformation of
substances and acts as the primary site for detoxification. By
contrast, substances absorbed through the respiratory tract or
the skin are transported to the general circulatory system
without first passing through the liver. Therefore, they may
reach a target tissue before exposure to the high concentration
of detoxifying enzymes in the liver. Injection can be a partic-
ularly dangerous route of exposure because the substances
bypass the major physical and biochemical barriers and
directly enter the bloodstream.

The duration and frequency of exposure can also influence
the toxic response to substances. The health effects following
a short-term, high-dose (acute) exposure to a substance can
differ dramatically from the effects of a long-term, low-dose
(chronic) exposure. For example, acute inhalation exposure to
vinyl chloride causes respiratory tract irritation, lethargy, and
headache. Chronic exposure to vinyl chloride can cause a type of
liver cancer called hepatic angiosarcoma. Whereas short-term,
low-dose exposure to a specific substance may not be toxic,
prolonged or frequent exposure to the same substance may
deplete detoxifying or repair systems and result in the accumu-
lation of damaged tissue. Toxicologists interpret short-term
animal studies with care because important toxic responses may
not be detected until long after the time of exposure. For
example, tumorsmay not appear for months in animals exposed
to carcinogens. This also holds true for the interpretation of
epidemiological data, as cancer may not appear in humans until
decades after exposure.
Biotransformation as a Determinant of Sensitivity
to Toxicity

Although biotransformation can detoxify substances, this
process can also bioactivate substances, such that a nontoxic
parent compound is transformed into a more toxic metabolite
that can interact with a molecular target and cause damage.
Other types of environmental exposures, behavior, and
personal characteristics can affect the toxicity of substances, in
part, by affecting the levels and activities of enzymes involved
in biotransformation.
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In general, the process of biotransformation converts
substances into compounds that are more efficiently excreted
by adding chemical groups that increase water solubility and
that may be recognized by cellular transporters. Efficient
excretion prevents the substances from accumulating in the
body and damaging target tissues. Biotransformation is
broadly divided into phase I and phase II reactions. Phase I
reactions prepare substances for phase II reactions by adding
or exposing a functional group (e.g., –OH, –SH, –NH2, or
–COOH). Phase II reactions take advantage of the functional
group to add a water-soluble molecule to the compound.
Substances that already have a functional group can also
undergo phase II reactions. Although biotransformation also
takes place in other organs, the liver generally has higher levels
and a wider variety of phase I and phase II enzymes than other
tissues, and therefore can modify a broader range of
compounds.

The major enzyme family that catalyzes phase I reactions
are the cytochrome P450s. The cytochrome P450 system can
modify remarkably diverse classes of compounds. There are
several isoenzymes of cytochrome P450, which tend to have
broad and overlapping substrate specificities. For example,
substrates for the isoenzyme CYP1A2 include aromatic amines,
while substrates for CYP2E1 include alcohols, yet caffeine is
a substrate for both CYP1A2 and CYP2E1.

Phase II reactions generally require an enzyme that can
catalyze the transfer of a water-soluble group from an endog-
enous cofactor to a substance, which makes the resulting
compound easier to excrete. Phase II reactions are also called
conjugation reactions, and the modified products of these
reactions are called conjugates. Like the cytochrome P450s,
phase II enzymes and their associated cofactors tend to catalyze
conjugation reactions of particular structural classes of
compounds. For example, the enzyme uridine 5-diphospho
(UDP)-glucuronosyl transferase, along with the cofactor UDP-
glucuronic acid, catalyzes the formation of glucuronide
conjugates of aliphatic or aromatic alcohols, carboxylic acid,
sulfhydryl compounds, and amines. Glutathione S-transferases
use the cofactor glutathione to catalyze the formation of
conjugates with various reactive intermediates, including
epoxides.

Because phase I and phase II enzymes have broad and
overlapping substrate specificities, often substances can
undergo competing biotransformation reactions. The levels
and availability of specific enzymes and cofactors help deter-
mine the biotransformation pathways through which a given
substance will be detoxified or bioactivated. For example,
nutritional status, sex, age, genetics, and the presence of, or
previous exposure to, other substances can influence the
toxicological fate of a specific substance by altering enzyme
levels and cofactor pools. Knowledge of how exposures,
behavior, and personal characteristics modulate toxicity can aid
the extrapolation of the results of toxicology studies to
humans, and reveal the underlying causes of individual sensi-
tivities to specific types of exposures.

Many of the enzymes involved in biotransformation reac-
tions are inducible, such that certain compounds can stimulate
an increase in the production of specific isoenzymes, resulting
in an increase in the biotransformation reactions catalyzed by
that isoenzyme. Some substances induce the expression of
enzymes that catalyze their own biotransformation. For
example, the expression of an isoenzyme of cytochrome P450
that catalyzes the hydroxylation of benzo[a]pyrene is induced
benzo[a]pyrene itself. Likewise, an isoenzyme that catalyzes the
oxidation of ethanol is induced by ethanol. Substances can also
induce enzymes that catalyze the biotransformation of other
compounds. For example, pretreatment of rats with 3-methyl-
colanthrene increases the biotransformation of aniline.
Common inducers of cytochrome P450s include 2,3,7,8-tet-
rachlorodibenzo-p-dioxin (also known as TCDD), halogenated
pesticides, such as dichlorodiphenyltrichloroethane (DDT),
and polychlorinated biphenyls. Natural substances in the diet
can also induce enzymes involved in biotransformation, as can
steroid hormones.

Some of the enzymes involved in phase II reactions are also
inducible. For example, 3-methylcholanthrene increases the
expression of glutathione S-transferases. Specific isoenzymes of
UDP-glucuronosyl transferases are also inducible. Phase II
reactions can also be limited by the supply of cofactors. For
example, exposure to high doses of acetaminophen can deplete
the supply of the cofactors 30-phosphoadenosine-50-phospho-
sulfate and glutathione, and thus limit the phase II reactions
catalyzed by sulfotransferases and glutathione S-transferases,
respectively.

It is difficult to predict the dose–response and health effects
that would result from exposure to multiple substances.
Mixtures can cause an additive response. In this case, the
mixture acts like one substance; the dose is equal to the sum of
the doses of the individual components of the mixture.
Substances can also act synergistically, which means that the
response that is greater than additive. The actions of different
compounds may also be antagonistic such that the response is
less than additive. Finally, the components of amixture may act
independently, resulting in no detectable change in response.
Few substances have been tested extensively enough to deter-
mine how they might interact with other compounds. Instead,
most toxicological studies investigate exposures to a single
compound.

The American Conference of Governmental Industrial
Hygienists (ACGIH) recommends assuming that substances in
a mixture induce an additive response when the substances
cause similar responses in common organs or organ systems,
except in cases where available information indicates the
substances act synergistically or through another mechanism
that is not additive. The ACGIH develops guidelines for safe
exposure levels to airborne substances called threshold limit
values (TLVs). The ACGIH recommends using the following
model to estimate safe exposure levels for mixtures when the
action of the substances is assumed to be additive; HI indi-
cates the hazard index, C indicates the concentration of
a substance in the air, and T indicates the TLV for that
substance:

HI ¼ C1=T1 þ C2=T2 þ/þ Cn=Tn

A hazard index greater than 1 indicates that the mixture exceeds
the TLV. A separate hazard index is calculated for each set of
substances in a mixture that cause the same type of toxicolog-
ical effect. For example, a hazard index would be calculated for
all liver toxicants in the mixture. A separate hazard index would
be calculated for substances that cause kidney damage.
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Estimating safe levels of exposure for substances that act
synergistically requires a different, more protective approach.

The level and activity of specific enzymes involved in
biotransformation can differ depending on the species, strain,
age, and sex of the test animal. Such differences are important
to consider when interpreting the results from toxicological
studies and raise the question of whether these types of
characteristics also affect the biotransformation capacity of
humans. For example, cats cannot carry out glucuronidation
reactions and newborn rats have relatively low cytochrome
P450 activity. In addition to their role in biotransformation,
cytochrome P450s are also involved in the biotransformation
and synthesis of endogenous compounds, including fatty
acids, prostaglandins, and steroid hormones. Accordingly,
hormones can regulate the activity of specific cytochrome
P450 isoenzymes. For example, testosterone regulates
CYP2E1 in some strains of mice. CYP2E1 is involved in the
bioactivation of many substances, including organic solvents,
which may help explain why male and female mice can differ
in their sensitivity to specific types of substances.

The field of toxicogenetics focuses on the genetic basis for
differences in biotransformation. This field has grown out of
an interest in identifying individuals who may be particularly
sensitive to certain types of drugs or environmental exposures.
Individual differences in biotransformation result from poly-
morphisms among the population. That is, some members of
the population express different forms of enzymes involved in
biotransformation. For example, one common polymorphism
in the United States is N-acetyltransferase, an enzyme involved
in phase II reactions. Interestingly, a study of workers exposed
to benzidine in the dye industry suggests a link between the
slow acetylator phenotype and the development of bladder
cancer. Genomics, proteomics, and metabolomics, which
provide comprehensive views of gene expression, protein, and
metabolite profiles, are technologies designed to provide
information about the complex responses to occupational
exposures and individual sensitivity to injury and disease. The
use of this type of information to characterize individual
sensitivity to substances raises difficult policy questions. For
example, individuals with certain polymorphisms might be
sensitive to a substance at concentrations below the TLV.
Although this information could be used to recommend
additional protective measures for sensitive workers, there is
also concern that the identification of susceptible individuals
could result in job discrimination.
Biomarkers

One aim of occupational toxicology is to improve exposure
assessment. Estimating exposure typically requires measuring
the amount of the substance in the air, water, dust, or other
media. These types of measurements may be technically diffi-
cult or expensive. In addition, concentrations of substances can
vary depending on time and location. Therefore, these
measurements may not give an accurate estimate of past
exposures. Furthermore, the level of substances in the work-
place does not necessarily indicate the amount that is absorbed
into the body or that reaches the target tissue. Molecular toxi-
cology studies can be used to identify biomarkers, biochemical
and cellular changes that result from exposure to specific
substances that can be measured in accessible biological
samples, such as blood, urine, and some tissues.

Common types of biomarkers include parent compounds
or metabolites that can be measured in urine or exhaled breath
and metals that can be measured in hair. Development of other
types of biomarkers relies on the identification of a molecular
target. For example, lead decreases ferrochelatase activity, an
enzyme important in heme biosynthesis. As a result, some red
blood cells contain zinc-protoporphyrin instead of hemo-
globin. Therefore, zinc-protoporphyrin levels in erythrocytes
have been used as a biomarker of lead exposure. Likewise,
because organophosphate and carbamate pesticides inhibit
acetylcholinesterase, measurement of inhibition of cholines-
terase activity in the blood has been used as a biomarker of
exposure to these pesticides. Some substances bind directly to
DNA or to proteins. For example, benzo[a]pyrene forms
DNA adducts, and ethylene oxide forms protein adducts.
Finally, the profiles of gene expression and protein levels and
modifications, and the composition of metabolites identified
by omics technology may aid in exposure assessment.

A number of parameters must be established in order to
validate the use of biomarkers. If a biomarker is used to assess
exposure, it is important to determine how long the biomarker
persists following exposure. Likewise, the time interval between
exposure and biomarker appearance should be determined. In
addition, often biomarkers cannot be measured in the target
tissue, such as the lung, because the tissue is not easily acces-
sible for sampling. Instead, the biomarker is measured in
a surrogate tissue, such as red blood cells. In such cases, it is
important to establish that the persistence and levels of the
biomarker in the surrogate tissue reflect those of the target
tissue.

Biomarkers can also be used to detect early biological
responses that precede injury or disease, such as mutations in
critical genes, changes in hormonal status, and altered gene
expression. Information gathered from genomic, proteomic,
andmetabolomic profiles may also help reveal early, preclinical
responses to exposure and perhaps indicate if workers are at
increased risk for developing cancer or other diseases.
Regulation

The US Congress passed the Occupational Safety and Health
Act in 1970. This act created the Occupational Safety and
Health Administration (OSHA) in the federal Department of
Labor to establish and enforce safety standards for the work-
place. OSHA standards are called permissible exposure limits
(PELs). Many PELs have been adopted from TLVs developed by
the ACGIH. TLVs are generally defined as air concentrations of
chemicals that most workers can be exposed to for an 8-h
workday, 40 h per week for a working lifetime without
suffering adverse effects. TLVs are specifically focused on the
health of workers; they are not guaranteed as safe exposure
levels for the entire population. Employers may also use
voluntary exposure limits either because an OSHA standard has
not been promulgated for a substance of concern or because
they want to apply an exposure limit that is more protective
than either the PEL or TLV.
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The development of occupational health policy can depend
on economics, technology, and the sociopolitical climate. The
role of occupational toxicology in the development of sound
safety measures is to aid science-based decision making on
health risk.
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�
(American Conference of

Governmental Industrial Hygienists); American Industrial
Hygiene Association; Animal Models; Biomarkers, Human
Health; Cytochrome P450; Distribution; Dose–Response
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Mixtures, Toxicology, and Risk Assessment; National Institute
for Occupational Safety and Health; Occupational Exposure
Limits; Occupational Safety and Health Act, US; Occupational
Safety and Health Administration; Omics and Related Recent
Technologies; Organophosphorus Compounds; Regulation,
Toxicology and; Respiratory Tract Toxicology; Risk
Assessment, Human Health; Risk Assessment, Uncertainty;
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l Name: Octachlorostyrene
l Chemical Abstracts Service Registry Number: 29082-74-4
l Synonyms: Benzene, pentachloro(trichloroethenyl)-;

Styrene, octachloro-; Trichlorovinylpentachlorobenzene;
BRN 2057011; CCRIS 5684

l Molecular Formula: C8Cl8
l Chemical Structure:

Background (Significance/History)

Octachlorostyrene (OCS) is apersistent, highlybioaccumulative,
and toxic halogenated aromatic compound. It is not commer-
cially manufactured, but is reportedly an inadvertent by-product
of processes that combine carbon and chlorine under elevated
temperatures. Magnesium production, chloride solvent
production, aluminum plasma etching, aluminum degassing
with hexachloroethane, chlorination of titanium, waste incin-
eration, and chloro-alkali production with graphite anodes
process are considered to be candidate occupations that produce
OCS (Table 1). However, recent advances have been made in
process technology and pollution prevention practices in some
Table 1 Sources of OCS reported in the literaturea

Industry Indus

Magnesium production Purifi
hig
ma

Chlorinated solvents Com
tet

Semiconductor/microelectronics Alum
Secondary aluminum/metal alloy casting Alum
Niobium and tantalum Ore e
Titanium Chlor

Mg
Incineration Incom
Chloro-alkali/chlorine Prod

ch
in

Primary and secondary copper smelting Chlor
St

ahttp://www.epa.gov/pbt/pubs/octaaction.htm.
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of these industries, such as largely eliminating the electrolytic
manufacture of chlorine and aluminum degassing with hexa-
chloroethane, both of which have likely resulted in reductions
in known sources of OCS.
Uses

OCS is used in pesticide products to increase the effectiveness
of the active ingredients, to make the product easier to apply, or
to allow several active ingredients to mix in one solution.
Environmental Fate and Behavior

OCS is bioaccumulative in aquatic food webs. Due to its low
water solubility (water solubility ¼ 1.74E-03 mg l�1; log P
(octanol–water) ¼ 7.460), OCS tends to rapidly partition from
water and binds to sediments and suspended solids. Bio-
concentration through direct uptake may be an important
mechanism in aquatic species.

In aquatic systems, OCS is expected to adsorb to suspended
solids and sediments based on its Koc value ranging from
200 000 to 10 000 000. OCS has been detected in water at
concentrations as high as 7.2 ng l�1, but levels typically are well
below 1 ng l�1. While there is the potential for volatilization
from aquatic systems based on an estimated Henry’s law
constant of 2.3 � 10�4 atm m3 mol�1, volatilization (vapor
pressure¼ 1.32E-05mmHg) is likely attenuated by adsorption
to particles. Bioaccumulation by aquatic organisms is likely
based on a bioconcentration factor that is estimated to range
from 8100 to 33 000. Field estimates of bioaccumulation
trial process

cation of magnesium with chlorine and carbon under
h temperature, plus electrolytic separation of
gnesium from chlorine with graphite electrodes
mercial production of carbon tetrachloride and
rachloroethylene
inum plasma etching with chlorinated solvents
inum degassing with hexachloroethane
xtraction with chlorine
ination of titanium ore or chlorine regeneration from
Cl2
plete combustion of chlorinated compounds

uction with graphite anodes electrolytic separation of
lorine from brine using graphite electrodes, no longer
use today
inating roasting process not used in the United
ates; recycling of scrap copper
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factors range up to 1 400 000 (from water to rainbow trout in
Lake Ontario). Mean concentrations in Lake Ontario sediments
and rainbow trout were 13.6 ng g�1 dry weight (ppb) and
2.6 ng g�1 wet weight (ppb), respectively. The highest
concentrations found in fish as part of the National Study of
Chemical Residues in Fish (conducted by the US Environ-
mental Protection Agency (EPA)) were from Bayou D’Inde,
Louisiana (138 ng g�1 (ppb)), Freeport, Texas (65.3 ng g�1

(ppb)), River Rouge, Michigan (50.7 ng g�1 (ppb)), and Olcott,
New York (49.6 ng g�1 (ppb)). Temporal studies, while
limited, have indicated a substantial decline in concentrations
of OCS since the 1970s. In contrast, relatively low OCS levels
in freshwater mussels and fish from Belgium and Romania
ranged from 0.01 to 0.18 ng g�1 wet weight (ppb), and those in
marine fish (bib, sole, and whiting) ranged from 0.01 to
0.02 ng g�1 wet weight (ppb).

In terrestrial systems, OCS is expected to bind to soil
particles. In the atmosphere, OCS (in the vapor phase) is
degraded by reactions with photochemically produced
hydroxyl radicals. OCS weakly absorbs ultraviolet light
between 295 and 310 nm with slow photolysis. Major trans-
formation products of photolysis include heptachlorostyrene
and two isomers of hexachlorostyrene, while minor trans-
formation products of photolysis include pentachlorostyrene
and tetrachlorostyrene.

Monitoring of OCS in western Hudson polar bears showed
no change during 1991–2007. This suggests the persistency of
OCS in the environment, though it did not further accumulate.
Exposure and Exposure Monitoring

Potential human exposure pathways for OCS are through
ingestion (especially of contaminated fish), inhalation, and
absorption through the skin. Most of the available data of
human exposure are from monitoring studies in which tissue
residue concentrations were determined for occupational and
nonoccupational populations, including consumers of sea-
food. Occupational exposure has been shown to result in
elevated levels of OCS in the blood of workers at industrial
facilities where OCS is a by-product. OCS levels in plasma of
aluminum foundry workers using hexachloroethane for
degassing and those in controls were investigated. The mean
value for the foundry workers was 54.6 ng g�1 lipid (ppb),
whereas that of the controls was 0.7 ng g�1 lipid (ppb). In the
urine of the aluminum foundry workers, significantly higher
total porphyrins were noted compared to controls, suggesting
that OCS may influence porphyrin metabolism. In Norway, the
blood concentration of OCS was determined for workers in
magnesium production and a control group. The level was
1.24 ppb in the worker group, 6 times higher than that in the
control group at 0.20 ppb.

OCS has been found in the blood of humans ingesting
contaminated fish, and in the breast milk of nonoccupationally
exposedwomen.OCSwas detected in thebloodof 136 residents
of Schleswig-Holstein, Germany, who ate contaminated fish
from the River Elbe at concentrations ranging from less than 0.5
to 9.2 ng l�1 (ppt), with an average of 1.5 ng l�1 (ppt). In
contrast, OCS was detected in breast milk from 412 women
from all provinces of Canada, although the median level was
less than theminimumdetectable level. Thus, although humans
are often potentially exposed to OCS, the levels were clearly
lower for those not occupationally exposed to high levels.

Human adipose tissue of 36 autopsy patients fromWindsor
and 21 autopsy patients from Cornwall, Canada was found to
contain OCS with an 8% frequency of occurrence. OCS was
listed as a contaminant found in the adipose tissue or milk or
both of nonoccupationally exposed humans. The mean
concentration of OCS in Canadian adipose tissue was 1 ng g�1

wet weight (ppb) (N ¼ 108; maximum, 44 ng g�1). Human
milk (497 samples) representing donors from across Canada
was analyzed for OCS; the mean concentrations of OCS in
whole milk and milk fat were 0.05 and 2.16 ng g�1 (ppb),
respectively, with a frequency of 7% for the 497 samples. OCS
levels were monitored in the general population of Belgium,
Romania, and the United Kingdom during 1997–2002, and the
mean amounts were 0.38 ng g�1 wet weight (ppb) and
0.05 ng g�1 wet weight (ppb) in adipose and liver tissues,
respectively.

Samples of blood plasma from 10 randomly selected male
blood donors from Sweden were pooled, and phenolic haloge-
nated compounds that remained in the blood of humans and
wildlife were analyzed. 4-Hydroxyheptachlorostyrene, a metab-
olite ofOCS,wasdetected, in addition to twomajor compounds,
i.e., 2,4,6-tribromophenol and pentachlorophenol.
Toxicokinetics

Following oral administration, 14C-OCS was distributed to all
tissues of rats: the highest concentrations were found in fat,
followed by adrenal glands, skin, and lungs. After intravenous
administration,w8% of the dose was excreted in feces over the
course of 7 days with only a negligible amount in urine. Greater
than 90% of the radioactivity in feces was found to be
unchanged OCS, with the remainder being pentachlorodi-
chlorophenylacetic acid and heptachlorostyrene. Approxi-
mately 1% of the administered dose was detected as 14CO2 in
the expired air. Drug-metabolizing enzymes may play central
roles in these processes, though those exact enzymes could not
be identified. 4-Hydroxyheptachlorostyrene (0.02–0.31 ng g�1

(ppb)) was also detected in fish and polar bears, suggesting that
this is also a metabolite of OCS.

Various nuclear receptors such as aryl hydrocarbon receptor
(AhR) and constitutive androstane receptor (CAR) are already
known to regulate genes encoding cytochrome P450 (CYP) 1A,
UDP-glucuronosyltransferase (UGT) 1A and sulfotransferase
(SULT) 1A families. AhR is transactivated by halogenated
and polycyclic aromatic hydrocarbons such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), benzo[a]pyrene and
3-methylcholanthrene (3MC), resulting in the induction
of CYP1A1, CYP1A2, UGT1A1 and 1A6. CAR is activated
by phenobarbital (PB), 1,4-bis[2-(3,5-dichloropyridyloxy)]
benzene (TCPOBOP) and pyrene, and mediates the induction
of a battery of genes, including the CYP1A, 2B, 2C, and 3A
families, along with UGT1A and SULT1A. Induction of these
enzymes by OCS has been investigated, and it was found that
OCS induced these isoforms in a different manner than the
prototypical AhR activator 3MC in C57BL/6N mice. OCS at
a dose of 32 and/or 64 ml kg�1 induced AhR and CYP1A1/2 in
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a way similar to 3MC only in wild-type mice, while UGT1A6
and SULT1A1 were induced only in the liver of AhR-null mice.
This differed from 3MC, because 3MC induced these enzymes
only in the liver of wild-type mice. The mediator involved in
the induction of these two enzymes by OCS was CAR: OCS
activated AhR in the liver of wild-type mice, while CAR in the
liver of AhR-null mice. In contrast, 3MC hardly activated CAR
in mice lacking Ahr. In this regard, OCS is functionally quite
distinct from 3MC in its ability to activate AhR and CAR. Thus,
OCS transactivated AhR and CAR, but with CAR, the effect was
greater in mice lacking the Ahr gene than in those having the
gene. This action was quite different from that of 3MC, as well
as styrene trimer 1, pyrene, and TCDD.

OCS levels in breast milk from 62mothers with boys having
cryptorchidism and 68 mothers of healthy boys were
measured. The median in the cases was 0.21 ng g�1 lipid (ppb),
and that in the controls was 0.18 ng g�1 lipid (ppb). No
difference was observed between them, suggesting that no
influence of OCS was prevalent in cryptorchidism.
Mechanism of Toxicity

The mechanisms of toxicity and the human toxicological
properties of OCS have not been well characterized. Exposure
to OCS decreased GSH, increased reactive oxygen species and
cytosolic caspase-3 activation in human Chang liver cells, and
led to cell death. These results suggest that the toxicity in cells
may be via apoptotic processes.
Acute and Short-Term Toxicity (Animal/Human)
(To Include Irritation and Corrosivity)

An acute toxicity study was conducted with male rats dosed by
gavage with single doses of OCS at 1300, 1690, 2190, 2850,
and 3710 mg kg�1. Test animals were sacrificed 14 days later.
With all except those at the lowest dose, there was an increase
in liver weight, hepatic microsomal aniline hydroxylase and
aminopyrine demethylase activities, serum cholesterol, and
uric acid levels. No change in plasma T4 levels was found after
oral treatments of 32 and 64 mmol kg�1 OCS for 4 days in
C57BL/6N mice.

In a subacute study, both male and female rats were fed diets
containing OCS at 0.5, 5.0, 50, and 500 mg kg�1 (ppm) for
28 days. Histological changes were observed in the liver and
thyroid of rats exposed to doses equal to or greater than
5 mg kg�1 (ppm). Hepatic microsomal enzyme induction and
liver hypertrophy were observed in the two highest dose groups.
At 500 mg kg�1 (ppm), there was an increase in serum choles-
terol, total protein, potassium, and sorbitol dehydrogenase.
Chronic Toxicity (Animal/Human)

In a chronic study, weanling Sprague–Dawley rats (20 animals
of each sex per exposure group) were fed diets containing 0,
0.005, 0.05, 0.5, 5.0, or 50 mg kg�1 (ppm) OCS for 12 months.
While there was some mortality, it did not appear to be related
to treatment. Similarly, tumor incidence was infrequent and
appeared unrelated to treatment. However, 5.0 and 50 mg kg�1

exposures resulted in kidney effects (e.g., dose-related dilation
of proximal tubules and cytoplasmic eosinophilia along with
granular casts and proteinaceous losses), and induction of
aniline hydroxylase and aminopyrine demethylase activities in
hepatic microsomes of both sexes. At the highest exposure level
only (50 mg kg�1), there was a statistically significant increase
in ratio of liver to body weight. The chronic dietary no observed
adverse effect level (NOAEL) from this study was determined to
be 0.5 mg kg�1 (ppm). After correction for body weight and
ingestion rate, the actual dose for the NOAEL was 0.031 and
0.044 mg kg�1 day�1, respectively, for males and females.

OCS was shown to cause liver hypertrophy, megalocytosis,
porphyries, an increase in heme biosynthesis, and induction of
liver microsomal CYP in Fischer 344 rats and C57BL/6 mice.

The effects of OCS exposure on humans are not well-
known. Urinary porphyrin levels were clearly higher in
workers who engaged in aluminum foundry work in Sweden
(13.63 � 11.13 mmol mol�1 creatinine) than in white-collar
workers (6.24 � 3.84 mmol mol�1 creatinine). The OCS
concentration in the plasma of the exposed group was
54.6 ng g�1 lipid, as opposed to 0.7 ng g�1 lipid in white collar
workers. Thus, the levels of the exposed group were more than
75 times higher than the control group.
Genotoxicity

Mutagenicity tests of OCS had been conducted using Salmonella
typhimurium with and without a metabolic activation system,
and the results were all negative.
Carcinogenicity

Administration of OCS at 0.01% of the diet to C57BL/10ScSn
mice with an iron overload for 18 months produced only a low
incidence of hepatic nodular hyperplasia (2/10 survivors), but
no hepatocellular adenomas or carcinomas.
Ecotoxicology

Among its potential adverse effects, OCS has the potential to
interfere with metabolism in fish and to inhibit photosynthesis
in algae. The EPA has determined that “aquatic toxicity values
indicate that OCS is toxic at relatively low concentrations and
thus is highly toxic to aquatic organisms.” Metabolites of OCS,
such as 4-hydroxyheptachlorostyrene, may have the potential
to disrupt T4 and retinol transport by binding to transthyretin
in some species. Bioaccumulation into higher trophic level
species has been documented to occur with several species,
including herring gulls, double-crested cormorants, black-
crowned night herons, beluga whales, polar bears, and ringed
seals. However, the toxicological significance of the concen-
trations found in wildlife is not clear at this time.

Ecotoxicological effects of OCS on the aquatic larvae Chi-
ronomous tentans (Diptera, Chironomidae). OCT at a dose of
5 mg l�1 (ppm) significantly reduced the ash-free body dry
weight of the midges, and completely decreased total number
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of egg mass and average number of eggs per egg mass, sug-
gesting disturbance of OCS in growth and oviposition of
C. tentans.

See also: Styrene; Pesticides; PBT (Persistent,
Bioaccumulative, and Toxic) Chemicals; Hexachloroethane.

Further Reading

Bester, K., Biselli, S., Ellerichmann, T., et al., 1998. Chlorostyrenes in fish and
sediment samples from the river Elbe. Chemosphere 37 (9–12), 2459–2471.

Chu, I., Villeneuve, D.C., Secours, V.E., Valli, V.E., Leeson, S., Shen, S.Y., 1986.
Long-term toxicity of octachlorostyrene in the rat. Fundam. Appl. Toxicol. 6 (1),
69–77.

Chu, I., Villeneuve, D.C., Secours, V.E., Yagminas, A., Reed, B., Valli, V.E., 1984.
Octachlorostyrene: a 90-day toxicity study in the rat. Fundam. Appl. Toxicol. 4 (4),
547–557.

Chu, S., Covaci, A., Voorspoels, S., Schepens, P., 2003. The distribution of octa-
chlorostyrene (OCS) in environmental samples from Europe. J. Environ. Monit. 5
(4), 619–625.

Damgaard, I.N., Skakkebaek, N.E., Toppari, J., et al., 2006. Persistent pesticides in
human breast milk and cryptorchidism. Environ. Health Perspect. 114 (7),
1133–1138.
Draft PBT National Action Plan for Octachlorostyrene. Prepared by: The US EPA
Persistent, Bioaccumulative, and Toxic Pollutants (PBT), OCS Work Group, June
22, 2000.

Newsome, W.H., Davies, D., Doucet, J., 1995. PCB and organochlorine pesticides in
Canadian human milk–1992. Chemosphere 30 (11), 2143–2153.

Selden, A.I., Floderus, Y., Bodin, L.S., Westberg, H.B., Thunell, S., 1999. Porphyrin
status in aluminum foundry workers exposed to hexachlorobenzene and octa-
chlorostyrene. Arch. Environ. Health 54 (4), 248–253.

Westberg, H.B., Selden, A.I., Bellander, T., 2001. Exposure to chemical agents in
Swedish aluminum foundries and aluminum remelting plants–a comprehensive
survey. Appl. Occup. Environ. Hyg. 16 (1), 66–77. http://dx.doi.org/10.1080/
104732201456140.

Yanagiba, Y., Ito, Y., Kamijima, M., Gonzalez, F.J., Nakajima, T., 2009. Octa-
chlorostyrene induces cytochrome P450, UDP-glucuronosyltransferase, and sul-
fotransferase via the aryl hydrocarbon receptor and constitutive androstane
receptor. Toxicol. Sci. 111 (1), 19–26. http://dx.doi.org/10.1093/toxsci/kfp130.
Relevant Websites

http://chem.sis.nlm.nih.gov/chemidplus – ChemIDplus Advanced.
http://sis.nlm.nih.gov/ – Hazardous Substances Data Bank (accessed 12.07.13).
http://toxnet.nlm.nih.gov – Toxicology Data Network.

http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.00415-2/ref0040
http://dx.doi.org/10.1080/104732201456140
http://dx.doi.org/10.1080/104732201456140
http://dx.doi.org/10.1093/toxsci/kfp130
http://chem.sis.nlm.nih.gov/chemidplus
http://sis.nlm.nih.gov/
http://toxnet.nlm.nih.gov


Octane
SR Clough, Haley & Aldrich, Inc., Bedford, NH, USA

� 2014 Elsevier Inc. All rights reserved.
l Name: Octane
l Chemical Abstracts Service Registry Number: 111-65-9
l Synonyms: n-Octane (UN1262, DOT), Oktan (Polish),

Oktanen (Dutch), Ottani (Italian)
l Chemical/Pharmaceutical/Other Class: Aliphatic hydro-

carbon (C8)
l Molecular Formula: C8H18

l Chemical Structure:
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Uses

n-Octane is used as a solvent and raw material for organic
synthesis reactions and is a very important chemical in the
petroleum industry. It is also widely used in the rubber and
paper processing industries. Isooctane, along with other n-
alkanes and isoparaffins, is used in the blending of fuels to
achieve desired antiknock properties.
Environmental Fate and Behavior

Octane is an eight carbon aliphatic compound that is a natural
constituent of the major paraffin fraction of crude oil and also
found in natural gas. A total of 17 isomers of octane are known
to exist and differ by the amount and location of branching in
the carbon chain. Isooctane (2,2,4-trimethylpentane) is a prin-
cipal ingredient of gasoline and is used as a standard in the
octane rating of gasoline. Pure n-octane is a colorless liquid that
is highly flammable and lighter than water. It has a gasoline-
like odor with an olfactory threshold around 400 ppm.
Octane has a molecular weight of 114.23 g mol�1. At 20 �C,
n-octane has a solubility of 0.66 mg l�1 in water and a Henry’s
law constant of 3.2 atm m�3 mol�1 (USEPA, 2011). The log
octanol/water partition coefficient is 5.18. Conversion factors
for n-heptane in air are as follows: 1 mg m�3 ¼ 0.21 ppm;
1 ppm ¼ 4.67 mg m�3.

If released to air, a vapor pressure of 14.1 mmHg at 25 �C
indicates n-octane will exist solely as a vapor in the ambient
atmosphere. Vapor-phase n-octane will be degraded in the
atmosphere by reaction with photochemically produced
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hydroxyl radicals; the half-life for this reaction in air is esti-
mated to be 44 h (USEPA, 2011). Vapor-phase n-octane will
not undergo hydrolysis in the environment due to the lack of
hydrolyzable functional groups nor photolyze due to the lack
of absorption in the ultraviolet spectrum (>290 nm). Experi-
mental data showed that w33% of the n-octane fraction in
a dark chamber reacted with nitrate radical to form the cor-
responding alkyl nitrate, suggesting nighttime reactions with
nitrate radicals may contribute to the atmospheric trans-
formation of n-octane, especially in urban environments
(HSDB, 2011).

The Henry’s law constant for n-octane indicates that it is
expected to volatilize rapidly from water surfaces. Based on this
Henry’s law constant, the volatilization half-life from a model
river (1 m deep, flowing 1 m s�1, wind velocity of 3 m s�1) is
estimated as 1.1 h. The volatilization half-life from a model
lake (1 m deep, flowing 0.05 m s�1, wind velocity of 0.5 m s�1)
is estimated as 4.2 days (USEPA, 2011). Volatilization from
water surfaces may be attenuated by adsorption to suspended
sediment in the water. The estimated volatilization half-life
from a model pond is 11 months if adsorption is considered.
However, in a study using a jet fuel mixture and sterile fresh-
water controls from the Escambia River (Florida), a 99% loss of
n-octane was attributed to evaporation at 25 �C.

If released to soil, n-octane is expected to have very low
mobility based upon an estimated Koc of 16 000. Volatiliza-
tion from moist soil surfaces is expected to be an important
fate process based upon the estimated Henry’s law constant.
However, adsorption to soil is expected to attenuate volatil-
ization. n-Octane would also be expected to volatilize from
dry soil surfaces based upon its vapor pressure. Octane is
expected to biodegrade in soil under aerobic conditions
(HSDB, 2011).

Using a measured log Kow of 5.18, the United States Envi-
ronmental Protection Agency’s EPI Suite computer program
estimates a bioconcentration factor and a bioaccumulation
factor of 1086 and 1155, respectively (USEPA, 2011). Although
these predicted bioaccumulation and biomagnifications
appear relatively high, n-octane would not be expected to be
found in the tissues of fish or wildlife as (1) n-octane contains
no persistent functional groups (e.g., chlorine, bromine), (2)
exposure would be expected to be low based on a low half-life
in the environment, and (3) subsequent to exposure, n-octane
would be rapidly metabolized by the liver (similar to what
is seen with other organic compounds, such as polycyclic
aromatic hydrocarbons).
Exposure and Exposure Monitoring

Because n-octane can exist as a liquid or vapor at normal
temperature and pressure, the most probable route of exposure,
as seen in most occupational settings, would occur by either
dermal contact or inhalation. Oral exposure would most likely
be either incidental or accidental. Isooctane, an n-octane
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isomer, can comprise up to 1% of the total hydrocarbons
emitted from the exhaust of diesel and gasoline engines.

NIOSH has estimated >9000 workers are potentially
exposed to n-octane in the United States. Occupational exposure
to n-octane may occur through inhalation and dermal contact
with this compound at workplaces where n-octane is produced
or used. At automobile repair shops, petroleum refineries, or
rubber industries requiring vulcanization processes, n-octane air
concentrations can range from 0 to 300 mg m�3.

Octane has been measured in air down to levels as low as
0.1 ppb. It has been measured and detected in both indoor air
(ND–533 mg m�3) and outdoor air (<0.3–1 mg m�3) with the
latter typically a result of automobile emissions (Verschueren,
1996). A review of indoor air concentrations of volatile organic
compounds in North America (Hodgson and Levin, 2003) also
found an average n-octane in ‘existing’ residences of 0.7 ppb
(3.3 mg m�3) and 0.11 ppb (0.5 mg m�3) in office buildings.
Toxicokinetics

Inhaled n-octane is rapidly distributed from the blood to
different organs and tissues, particularly those with high fat
content. After absorption, n-octane is most likely converted to
a hydroxy derivative (e.g., alcohol) via the cytochrome P450
oxidase system. The 1-octanol formed is conjugated with glu-
curonic acid or undergoes further oxidation to octanoic acid.

The urinary metabolites of n-octane in Fischer 344 rats given
the n-octane by gavage included 2-octanol, 3-octanol, 5-
oxohexanoic acid, and 6-oxoheptanoic acid. The sex of the
animals influenced the relative amounts of metabolites formed.
This was the first reported finding of keto acids in hydrocarbon
oxidative metabolism. No kidney damage was found as a result
of n-octane dosing although the 2,2,4-trimethylpentane (iso-
octane) isomer does cause kidney lesions in male rats.
Mechanism of Toxicity

The mechanism of toxicity is suspected to be similar to other
solvents that rapidly induce anesthesia-like effects, i.e.,
a ‘nonspecific narcosis’ due to disruption (solvation) of the
integrity of the cellular membranes of the central nervous
system (CNS).

Octane is generally considered to be relatively nontoxic
relative to the effect seen following exposure to other aliphatic
hydrocarbons. This is probably due to the fact that it is less
volatile than the shorter chain aliphatic hydrocarbons (e.g.,
pentane or heptane) and may not be as readily transferred
across either the pulmonary alveoli or the blood–brain barrier.
If it is aspirated into the lungs, however, n-octane will cause
adverse effects similar to effects seen following aspiration of
other petroleum distillates or compounds.
Acute and Short-Term Toxicity (Animal/Human)

CNS depression was produced in mice in 30–90 min when
exposed at 6600–13 700 ppm n-octane in air. Respiratory
arrest occurred in 1 of 4 mice within 5 min at 16 000 ppm and
in 4 of 4 mice within 3 min when exposed at 32 000 ppm. The
CNS depressant potential of n-octane is approximately
equivocal to heptane, but does not appear to exhibit other
CNS effects seen in lower homologs. Octane does not cause
nerve degeneration.

The reported LC50 following a 4 h exposure of rats to n-
octane via inhalation is 118 g m�3. A concentration of
35 mg l�1 resulted in the loss of righting reflexes in mice and
50 mg l�1 caused a total loss of reflexes. A concentration of
9.5% causes loss of reflexes in mice in 125 min; however, less
than or equal to 1.9% is easily tolerated for 143 min, and the
effects are reversible (HSDB, 2011). For 2,5-dimethylhexane
(an octane isomer), the narcotic concentration in mice was
70 000–80 000 mg m�3 (14 980–17 120 ppm), and the effects
were less severe than those seen for n-octane. In rats, oral
administration of isooctane caused moderate toxicity, and
pulmonary lesions were observed following aspiration of
octane into the lungs. None of the branched octane isomers is
known to have neurotoxic properties.

Acute adverse effects to humans would be expected to be
similar to those seen in laboratory animals that are acutely
exposed to petroleum solvents. Humans who are acutely
exposed to hydrocarbon solvents show, in general order of
increasing exposure, disorientation, euphoria, giddiness,
confusion, unconsciousness, paralysis, convulsion, and death.
Octane is moderately toxic if taken orally and more toxic than
the lower molecular weight analogs by this route. It is similar in
potency to heptane (especially with regard to narcotic effects)
but is apparently without the associated peripheral neurotoxic
signs of heptane and hexane. If it is aspirated into the lungs, it
may cause rapid death due to cardiac arrest, respiratory paral-
ysis, and asphyxia. At high air concentrations (generally
between 5000 and 13 700 ppm for 30 min), it will have an
acute narcotic effect but no adverse effects are apparent in
humans at concentrations below 500 ppm.
Chronic Toxicity (Animal/Human)

A comprehensive search on the adverse effects of n-octane
following chronic exposure could not be found in the public
domain. In subchronic (prechronic) exposures, daily intraper-
itoneal injections of n-octane (1.0 ml kg�1) to rats for 7 days
resulted in a decrease in body weight. In addition, liver
enlargement was seen and there was a loss in drug metabo-
lizing capability as phenobarbital sleep time was increased as
a result of the diminished drug metabolizing activity of the
liver (HSDB, 2011).
Immunotoxicity

A comprehensive search on the adverse effects of n-octane on
the immune system could not find any studies in the public
domain. Pregnant women should, however, avoid inhalation
of any type of petroleum solvent vapors.
Reproductive Toxicity

A comprehensive search on the adverse reproductive effects of
n-octane could not find any studies in the public domain.
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Pregnant women should, however, avoid inhalation of any
type of petroleum solvent vapors.
Carcinogenicity

Octane is not listed as a carcinogen by the National Toxicology
Program, the Occupational Safety & Health Administration
(OSHA), or the International Agency for Research on Cancer.
Clinical Management

Persons who are exposed to high concentrations of n-octane in
air should vacate or be removed from the source and seek fresh
air. Upon oral ingestion, vomiting should not be induced as
pulmonary aspiration may occur, resulting in severe pneumo-
nitis and/or death. In areas of expected increased concentra-
tion, extreme care must be taken to use explosion-proof
apparatus and keep the areas free from ignition sources, such as
sparks from static electricity.
Ecotoxicology

No significant mortalities were reported for young coho
salmon (Oncorhynchus kisutch) exposed to 100 mg l�1 in arti-
ficial seawater after 96 h at 8 �C (Verschueren, 1996). No
significant mortality of the eggs of the Pacific oyster was seen at
concentrations <3500 mg l�1. An EC50 of 120 mg l�1 was
calculated based on the effects on the feeding behavior of a test
population of blue mussels. Some types of soil-dwelling
bacteria can exist using branched chain octanes as the sole
carbon sources.
Other Hazards

Extreme care must be taken to keep areas of expected high
concentration free from ignition sources; for example, sparks
from static electricity. Only explosion-proof equipment should
be used in these areas. The lower and upper explosive limits for
n-octane are 1 and 4.7% by volume, respectively.
Exposure Standards and Guidelines

Octane has an OSHA 8-h time weighted average (TWA) of
500 ppm (2350 mg m�3). The American Conference of
Industrial Hygienists (ACGIH) 8-h TWA is 300 ppm (excur-
sions in worker exposure levels may exceed three times the
TLV–TWA for not more than a total of 30 min during
a workday, and it is recommended that under no circumstances
should they exceed five times the TLV–TWA, provided that the
TLV–TWA is not exceeded).

NIOSH’s recommended exposure limit is a 10-h TWA of
75 ppm (350 mg m�3) with a 15 min ceiling value of 385 ppm
(1800 mg m�3). The level that would be ‘immediately
dangerous to life or health’ is 1000 ppm (based on 10% of the
lower explosion limit for safety considerations even though the
relevant toxicological data indicated that irreversible health
effects or impairment of escape existed only at higher
concentrations.)
See also: Decane; Gasoline; Heptane; Hexane; Petroleum
Distillates; Petroleum Hydrocarbons; Pentane; Polycyclic
Aromatic Hydrocarbons (PAHs).
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eChemPortal, also known as the Global Portal to Information Chemicals Programme. eChemPortal is currently hosted by the

on Chemical Substances, is an Internet portal that provides
regulators, industry, academics, and the general public with
free and efficient access to information needed to assess the
risks of chemicals to human health and the environment. Users
of the website can perform searches by chemical substance
identity or chemical property or effect to retrieve direct links to
multiple websites containing collections of chemical hazard
and risk information prepared for national, regional, and
international chemical review programs.

The information found via eChemPortal focuses on chem-
ical properties and effects (physical–chemical properties,
environmental fate and behavior, ecotoxicity, and toxicity) of
existing and new industrial chemicals, pesticides, and biocides,
and also includes information on use and exposure, and clas-
sification and labeling according to the Globally Harmonized
System of Classification and Labeling of Chemicals, when
available. eChemPortal also provides descriptions of the data
sources and review the data have undergone.
Background

The Organisation for Economic Co-operation and Develop-
ment (OECD) initiated the eChemPortal project in response to
the internationally recognized need to make information on
chemicals properties publicly available as expressed by the
United Nations Conference on Environment and Development
in 1992 and the World Summit on Sustainable Development
in 2002. The Intergovernmental Forum on Chemical Safety at
Forum IV in 2003 invited the OECD to establish a detailed
program for an international repository on hazard information
that would be available free of charge. eChemPortal is also
a contribution to the implementation of the Strategic Approach
to International Chemicals Management and particularly its
recommendation to facilitate public access to appropriate
information and knowledge of chemicals.

The development of eChemPortal, in cooperation with the
European Chemicals Agency, has been a collaborative effort of
the OECD member countries (in particular the United States,
Japan, and Canada), the European Commission, the European
Chemicals Agency, the International Council of Chemical
Industry Associations, the Business and Industry Advisory
Committee to the OECD, the World Health Organization’s
International Programme on Chemical Safety, the United
Nations Environment Program on Chemicals, and environ-
mental nongovernmental organizations as part of the OECD
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
European Chemicals Agency.
eChemPortal was launched in 2007 offering a search by

chemical substance identity, and in 2010 a search by certain
chemical properties and effects was added. In 2011, links were
made to websites of national, regional, and international
chemical assessment programs containing information on
schedules of chemical assessments.
Using eChemPortal

The two main functionalities of eChemPortal, the search by
chemical substance identity and the search by properties and
effects, are directly accessible from the homepage. The menu in
the column on the left of the homepage leads to more infor-
mation, such as information on the data sources linked to from
eChemPortal, news, and help on the use of the website. On
a page also accessible from the left menu, eChemPortal lists
web links to schedules of chemical assessments in national,
regional, and international chemical assessment programs in
an effort to share information that can assist in avoiding
duplication in chemical assessment work (Figure 1).
Chemical Substance Search

Links to information on specific chemicals can be found by using
the search by chemical identity, which consists of two search
fields: chemical number and chemical name. The number search
field is themost precise way to find results for a specific chemical.
The following numbers may be entered in this field: Chemical
Abstracts Service (CAS) Registry Numbers; the European
Commission (EC) Numbers; International Union of Biochem-
istry and Molecular Biology Numbers; Japanese Ministry of
Economy, Trade, and Industry Numbers; United Nations
Numbers; and North American Numbers. The search field for
chemical name allows, not only searches by chemical names but
also synonyms, trade names, and names in languages other than
English and permits searches by partial names using an asterisk as
awildcard. The search resultsmay befiltered to retrieve links only
to specific participating data sources (Figure 2).

The aim of the search by chemical identity is to offer to the
user as many links to chemical information as possible that are
potentially related to the chemical of interest either through
a direct match with the search criteria or through a broader
behind-the-scenes search.
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Figure 2 Search by chemical identity screen.

Figure 1 Homepage of eChemPortal.
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This broad search is one of the added values of eChem-
Portal for finding chemical information. It is achieved
through a progressive three-level search performed in the
background by the eChemPortal search engine. One data
source might provide a chemical name with a related number,
for example, a CAS Registry Number, and another data source
might provide the same chemical name with another related
number, for example, an EC Number. The search engine first
finds all direct matches to the search criteria entered and then,
in a second behind-the-scenes search, looks for matches to the
name or number associated with the direct match. The search
engine then performs yet another search for matches to the
associated name or number found in the second behind the-
scenes-search. To facilitate making these connections, syno-
nyms, trade names, and chemical names in languages other
than English are stored in the eChemPortal index when
available.

A search by chemical identity will offer the user an inter-
mediate search results screen with a list of chemical identities
in three sections based on the results from the progressive
three-level search. When the user selects the results of interest,
the final results screen opens, listing direct web links to
information on that chemical (reports or datasets) available
on the website of the data source (Figures 3–5).
Chemical Property Search

A search for information via the chemical property search can be
done in two ways: (1) users can either search by chemical



Figure 3 Intermediate results screen of the search by chemical identity.

eChemPortal – The Global Portal to Information on Chemical Substances 657



Figure 4 Final results screen of the search by chemical identity.

Figure 5 Website of data source accessed via eChemPortal: The Hazardous Substances Data Bank, the US National Library of Medicine database,
Author’s screenshot.
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Figure 6 Search by property screen.
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identity to find a specific chemical and then go on to search by
specific property or effects for that chemical or (2) search directly
by property or effects without specifying a specific chemical.

The search by property screen displays a list of 68 endpoints
for physical and chemical properties, environmental fate and
pathways, ecotoxicology, and toxicology. For example, 22
endpoints are listed for the following toxicological information:

l Toxicokinetics, metabolism, and distribution
l Acute toxicity
l Irritation/corrosion
l Sensitization
l Repeated dose toxicity
l Genetic toxicity
l Toxicity to reproduction
l Specific investigations: neurotoxicity and immunotoxicity

(Figure 6).

Clicking on an endpoint in the list opens a screen (query
block) for that endpointwhere search criteria canbe entered, such
as numeric values for the upper and/or lower range of an effect
concentration (test substance concentration at which an effect is
seen) and endpoint type, for example LC50, to which the effect
concentration of the test refers. Drop-down lists are available for
mostof the search criteria. A search canalsobeperformedwithout
entering criteria for the query block; this will find results for all
records containing information on that endpoint (Figure 7).

Once a query block is saved, an intermediate search by
property screen displays the criteria chosen and offers the user
the opportunity to create more refined searches by adding
additional query blocks. The query blocks are combined with
AND, OR, or NOT operators. Data sources do not necessarily
have data in their datasets that match every field in the
eChemPortal query blocks. If a data source has no data for
a particular field and a user searches on that field and others
fields in the same query block, no search results are found.
Therefore, query blocks can be combined to capture links to
datasets with less data as well as to capture datasets with more
data. For example, a user might use an OR operator to combine
two different query blocks, one searching for a type of effect
level and the other for a reference year. The results of the search
will include the type of effect searched upon even if there is no
associated reference year but will also indicate the desired
reference year when available. Once defined, queries can be
saved to a user’s local computer and later uploaded to
eChemPortal and run again. As with the search by chemical
substance identity, results may be filtered to retrieve links to
only specific participating data sources (Figure 8).

The final results screen will display the criteria searched,
values found, and a direct link to the relevant data points on
the website of the data source. Links are available also to
the whole dataset in the local data source and to the home-
page of the data source. The user can download the results
in a Comma-separated values file or Microsoft Excel

�
file

(Figure 9).
Interaction with Data Sources

In order to establish a link with eChemPortal, data sources
submit enough data to the eChemPortal index to allow queries
in eChemPortal and retrieve a link to the information on the
data sources’ website. All data sources submit information on
substance identification and web links to their website, and
therefore results for all data sources can be found via the search
by substance. Not all data sources participating in eChemPortal
can be found via a search by property and effects criteria. To
establish a link via the property search, data sources must
provide structured data to the eChemPortal index. Not all data
sources have the capacity to do this, such as data sources where
the information is found typed in a report.



Figure 7 A query block screen of the search by property.

Figure 8 Search by property intermediate result screen.
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Figure 9 Search by property result screen.
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In order to facilitate the exchange of structured chemical
property data, the data structure of eChemPortal is based on the
OECD Harmonised Templates for Reporting Chemical Test
Summaries. The Harmonised Templates are formats by which
data contained in studies related to particular chemical
endpoints can be stored electronically in a database. Data sour-
ces that have implemented the OECDHarmonised Templates or
can map their data to the Harmonised Templates format can
submit data more efficiently to the eChemPortal index.
Participating Data Sources

As stated above, eChemPortal stores only enough data to allow
queries to find web links to data sources. The whole report or
complete dataset can be found on the website of the data
source. Data sources are continually joining the eChemPortal
project. Currently, OECD links to the following data sources:

l US Environmental Protection Agency (EPA) Aggregated
Computational Toxicology Resource: publically available
toxicity data on environmental chemicals.

l AGRITOX – Base de données sur les substances actives phy-
topharmaceutiques: information on properties of pesticide
active substances; maintained by the French agency for food,
environmental, and occupational health safety.

l Canadian Categorization Results (CCR): ecological catego-
rization results for substances on the Canadian Domestic
substance list and the supporting data on inherent toxicity,
persistency, and bioaccumulation.
l Canada’s Existing Substances Assessment Repository: risk
and other regulatory assessment reports on existing chem-
icals that are produced or imported in Canada or released
into the Canadian environment; maintained by the Envi-
ronment Canada in collaboration with Health Canada.

l Collection of Case Studies on Risk Assessments of
Combined Exposures to Multiple Chemicals: variety of
studies where chemicals are grouped together for a risk
assessment that is usually limited to one or a few human
health or environmental endpoint(s) made available by
regulatory agencies or other intergovernmental or nongov-
ernmental organizations.

l European Chemicals Agency’s Dissemination portal with
information on chemical substances registered under
REACH (ECHA CHEM): information, submitted under the
European Union’s REACH (Registration, Evaluation, and
Authorisation of Chemicals) regulation, on chemical
substances manufactured or imported in Europe; main-
tained by the European Chemicals Agency.

l Data Bank of Environmental Properties of Chemicals
(EnviChem): effects, fate, and behavior of chemicals in the
environment; maintained by the Finnish Environment
Institute.

l US EPA Human Health Benchmarks for Pesticides
l US EPA Office of Pesticide Programs’ Aquatic Life

Benchmarks
l European Chemical Substances Information System: prop-

erty datasets and risk assessments on High Production
Volume Chemicals and Low Production Volume Chemicals,
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and Classification, Labeling, and Packaging of substances
andmixtures; maintained by the European Commission, the
Joint Research Centre, and the Institute for Health and
Consumer Protection.

l The Result of the GHS Classification by the Japanese
Government: results of the FY2005–06 GHS classification of
approximately 1500 chemicals by the Japanese government;
maintained by the National Institute of Technology and
Evaluation.

l High Production Volume Information System: information,
submitted through the US EPA’s High Production Volume
Challenge Program, on select health and environmental
effects on chemicals that are produced or imported into the
United States in quantities of 1 million pounds or more
each year; maintained by the US EPA.

l Hazardous Substance Data Bank (HSDB): information on
the toxicology and environmental fate of potentially
hazardous chemicals; maintained by the US National
Library of Medicine.

l New Zealand Hazardous Substances and New Organisms
Chemical Classification Information Database: chemicals
classified by the New Zealand’s Environmental Risk
Management Authority.

l Chemical Safety Information from Intergovernmental
Organizations: collection of chemical safety information
from intergovernmental organizations; maintained collab-
oratively by the International Programme on Chemical
Safety at the World Health Organization and the Canadian
Centre for Occupational Health and Safety.

l Japan CHEmicals Collaborative Knowledge database
(J-CHECK): information on specific endpoint properties for
chemicals substances regarding the Act on the Evaluation of
Chemical Substance and Regulation of Their Manufacture,
etc.; maintained by the National Institute of Technology
and Evaluation.

l Japan Existing Chemical Data Base: toxicity test reports from
Japan’s existing chemicals safety programme; maintained by
the Japanese Ministry of Health, Labor, and Welfare.

l Australian National Industrial Chemicals Notification and
Assessment Scheme assessments of existing chemicals other
than Priority Existing Chemical assessments: reports on
chemicals already in use in Australia conducted to fulfill
a specific need for data on the chemical due to health and/or
environmental concerns; maintained by Australian
National Industrial Chemicals Notification and Assessment
Scheme.

l Australian National Industrial Chemicals Notification and
Assessment Scheme (NICNAS) Priority Existing Chemical
Assessment Reports: reports on chemicals assessed as
Priority Existing Chemicals under Australia’s National
Industrial Chemicals Notification and Assessment scheme;
maintained by the Australian National Industrial Chemicals
Notification and Assessment Scheme.

l OECD Existing Chemicals Database
l OECD Existing Chemicals Screening Information Data Sets

(SIDS) Database
l OECD Initial Assessment Reports for High Production

Volume (HPV) Chemicals including SIDS as maintained by
UnitedNations Environment Programme (UNEP)Chemicals

l Substances in Preparations in the Nordic countries
l UK Coordinated Chemicals Risk Management Programme

Publications: Risk Evaluation Reports containing full risk
assessment for the environment, including the human
health hazard assessment, based on all available valid
data; found on the website of the Environment Agency of
England and Wales.

l US EPA Integrated Risk Information System (IRIS): reports
on specific substances found in the environment and their
potential to cause human health effects; maintained by the
IRIS program managed by the US EPA’s National Center for
Environmental Assessment.

l US EPA Substance Registry Services: information about
regulated and monitored substances; maintained by the US
EPA.

The following four databases are currently linked to via the
search by chemical property:

l CCR
l European Chemicals Agency’s Dissemination portal with

information on chemical substances registered under
REACH (ECHA CHEM)

l J-CHECK
l OECD Existing Chemicals SIDS Database.
Disclaimer

The views and the opinions expressed in the Work are not
endorsed by the OECD, and are of the sole responsibility of the
author or the authors of the Work.

See also: IUCLID (International Uniform Chemical Information
Database); REACH-IT; Organization for Economic Cooperation
and Development.

Relevant Websites

www.oecd.org/ehs/eChemPortal – eChemPortal – the Global Portal to Information on
Chemical Substances.

www.oecd.org/ehs/templates/ – Organisation for Economic Co-Operation and Devel-
opment Harmonised Templates for Reporting Chemical Test Summaries.

http://www.oecd.org/ehs/eChemPortal
http://www.oecd.org/ehs/templates/


E

Ocular Toxicology see Eye Irritancy Testing
Oil, Crude
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Table 1 Categories of crude oil

Category Name Description

Class A Light, volatile oils Highly fluid
Strong odor
Spread rapidly
High volatiles
Penetrates soil
l Chemical Name: Petroleum
l Representative Chemicals: Aliphatic, Aromatic, Paraffinic

hydrocarbons, Naphthenic hydrocarbons, Asphaltic hydro-
carbons, Trace metals

l Chemical Abstracts Service Registry Number: CAS 8002-05-9
l Synonyms: Petroleum, Naphtha, Petrol, Rock oil
l Chemical/Pharmaceutical/Other Class: Petroleum hydro-

carbons

Flammable

Class B Nonsticky oils Adheres to surface
Waxy feel
Can be washed away
Mild volatiles
Nonpenetrating

Class C Heavy, sticky oils Tarry/sticky
Adheres to surfaces
Cannot be washed away
Nonpenetrating
Low volatiles

Class D Nonfluid oils Black/brown solid
Nonpenetrating
Cannot be washed away
Melts upon heating
Nonvolatile
Background

Crude oil is a complex mixture of chemicals. The relative
composition of these chemicals is different in crude oil from
different sources. However, the overall composition remains
fairly consistent between sources. The chemical classes present
in crude oil include paraffinic hydrocarbons, long-chain
straight or branched carbon-based chemicals and naphthenic
hydrocarbons, multiple-ringed carbon-based chemicals. Crude
oil contains more than 30 parent polycyclic aromatic hydro-
carbons (PAHs). The United States Environmental Protection
Agency has designated 16 of them as priority pollutants and
classified 7 of them as probable human carcinogens. Low
percentages of sulfur, nitrogen, and oxygen compounds, and
trace quantities of many other elements such as metals
(cadmium, mercury, lead, vanadium, nickel) are also present.
The petroleum crude category contains only CAS Number
8002059 to identify all conventional crude oils and those
derived from tar sands, regardless of source or hydrocarbon
distribution.

Regulatory agencies have classified crude oil into categories
(summarized in Table 1) that are useful to help understand
how the oil will behave if released into the environment.
However, weather conditions and water temperature greatly
influence the behavior of oil in the environment and a Class B
oil may become a Class C oil as volatiles evaporate, whereas
a Class C oil may solidify and resemble a Class D oil at low
temperatures (e.g., upon going deeper in the sea).
Uses

The world production of crude oil per year is of the order of 3–4
billion tons per year, of which about half is transported by sea.
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
The separation of the components of crude oil into useable
products is known as refining. Each of the crude oil fractions
finds its way into consumer products. A typical list of fractions
is gasoline, kerosene and fuel oil, gas oil, wax distillate, and
bottoms or asphaltics. Refineries must be designed to handle
the type of crude oil they are going to process. For example, if
a crude oil is highly paraffinic in nature, it will yield a lower
amount of gasoline fuel by distillation. Highly paraffinic oils
may be processed into lubricating stock. The chemical fraction
consisting of chemicals with the largest carbon numbers, the
asphaltic fraction, is used as roof or road tar.
Environmental Fate and Behavior

A small fraction of the petroleum products is released to land,
either accidentally or intentionally. Release of refined oils,
particularly gasoline, from leaking underground storage
tanks is the most widely recognized source of petroleum
contamination of soils and groundwater. In contrast, over 2
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million tons of oil per year enter the marine environment
from all sources. Anthropogenic sources (~85%) include
chronic discharges (storage facilities, refineries, tankers),
accidental oil spills and to a lesser extent, river-borne
discharges, and diffuse discharges (industry, offshore oil
platforms, atmosphere). The main source of chronic
discharges offshore is produced water, the maximum
permitted concentration of crude oil in discharged produced
water being 30 mg l�1.

Following release to the environment, petroleum products
may accumulate in soils and sediments where they undergo
dispersal and weathering (changes in physical and chemical
properties). Crude oil spilled on water also undergoes
weathering.

Weathering affects the composition and toxicity of the
hydrocarbon mixtures, occurs by abiotic (volatilization and
oxidation) and biotic processes (including biodegradation),
and begins immediately after crude oil is released into the
environment. Its chemical-specific properties will determine
how an individual compound of crude oil fares during
weathering. Small volatile compounds are lost first from both
land and water releases whereas large paraffinic compounds are
more persistent and asphaltic compounds are the residual
material. Heavy fractions with high density may adsorb to
suspended solids and sink into the sediment. This happens
after the initial removal of the smaller and more volatile
chemicals by either dissolution or volatilization. Persistence
depends on the type of oil, the season, the geomorphology of
the coast and the degree of exposure, and goes from some few
to many decades. After 20 years, most of the oil spilled by
Exxon Valdez was eliminated due to natural weathering
although some subsurface oil residues, sequestered and slowly
affected by natural weathering, remained.

Although controversial due to the well-known side effects
and toxicity, the judicious and proper application of chemical
dispersants may accelerate the dispersion of crude oil from the
sea surface into the water column, which in turn helps to
accelerate its dilution, weathering, and biodegradation.

Biodegradation is a major process that removes hydrocar-
bons released into both soil and aquatic environments.
However, the biodegradation of crude oil is only efficient when
crude oil concentrations are low. It may last for decades and
requires the simultaneous action of different microbial pop-
ulations, including fungi and bacteria. Biodegradation rates for
crude oils will vary considerably, but in standard 28-day
studies, none would be expected to be readily biodegradable.
Most of the nonvolatile constituents of crude oil are inherently
biodegradable but some of the highest molecular weight
components are persistent in water. n-Alkanes are utilized as
food by many marine microbes and readily biodegraded in
seawater. Branched-chain or iso-alkanes are less biodegradable
but they do ultimately biodegrade. Cycloalkanes and aromatic
hydrocarbons are resistant to biodegradation, but a few
microorganisms are able to utilize them. High molecular
weight compounds, the tars and asphaltenes are practically
reluctant to ultimate biodegradation and persist in the envi-
ronment. In soils, 25% total PAHs of spilled crude oil can be
naturally removed by soil microorganisms within a period of 9
months under optimal conditions, but the time needed to
eliminate the remaining PAHs may also extend to decades.
Biodegradation can be enhanced by the presence or earth-
worms and other soil invertebrates that contribute to optimize
microbial habitats and by artificially adding nutrients to stim-
ulate microbial action.
Exposure and Exposure Monitoring

Human Exposure

At any one time worldwide, up to 1 million workers are
employed in crude oil exploration, production, and refining.
Workers employed in these fields can be exposed to crude oil.
Activities associated with exposure include drilling, pumping,
and transportation of crude oil as well as the cleaning and
maintenance of the equipment used in these activities. Gener-
ally, work safety conditions are strictly regulated to avoid
excessive exposure risk but exceptions have been reported. For
instance, maintenance workers in offshore crude oil cargo tanks
(subjected to intensive long working days between extended
periods of leave) present high levels of benzene, a known
carcinogenic and hematotoxic component of crude oil, in the
blood and urine.

Exposure to crude oil can occur through both direct contact
with the material and contact with environmental media
contaminated with crude oil. The primary route of exposure,
both in the workplace and in the environment, is direct dermal
contact with liquid oil but inhalation exposure could also occur
through the production of oil mists or through inhalation of
the volatile fraction of the crude oil. Exposure to crude oil
through contact with environmental media can occur at spill
sites, in former oil fields developed into other uses, or areas of
natural oil seeps. Dermal contact or incidental ingestion of soil
contaminated with crude oil, as well as the inhalation of dust
from crude oil–contaminated soil are common at crude oil–
contaminated sites.
Environmental Exposure

Exposure of aquatic organisms to crude oil PAHs does not only
depend on the concentrations in water and sediments, but also
on factors such as solubility of the particular PAH compound,
ingestion of suspended matter, and the preferred habitat and
food sources of the species in question. Exposure via the food
has been reported in flounder and plaice, among other fish
species.

Wildlife, fish, crustaceans, and to some extent annelids ach-
ieve detoxification through the induction of the mixed function
oxidases activity (e.g., cytochrome P450), which metabolizes
PAHs to diol epoxides and hydroxilated derivatives. These
metabolites are converted into more easily excretable conjugates
that in turn are much more reactive with the molecular
components or the cells than parental PAHs. As a result parental
PAH residues are not bioaccumulated in fish body organs and
tissues and the analysis of the metabolites in bile is used to
monitor for environmental PAH exposure. Metabolite concen-
trations in bile (in contrast with parental PAH levels in tissues)
correlate with exposure to PAHs and its effects.

In bivalves, PAH is bioaccumulated as a result of their low
biotransformation capability; say, their limited elimination
capacity for these contaminants.
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In earthworms, controversial results have been obtained
and it seems that PAHs are limitedly biotransformed and
partially bioaccumulated depending on the species and the
exposure conditions. Thus, the PAH tissue concentration
rarely exceeds a threshold value, no matter whether higher
exposure concentrations or longer exposure times are
accomplished. Bioaccumulation, mediated by passive
absorption of the dissolved fraction in the interstitial water
through the body wall and by intestinal uptake during the
passage of contaminated soil through the gut, depends on
both the body fat content and the soil organic matter content.
Inducible cytochrome P450 has been reported in skin, gut,
and blood cells.

The main route of exposure in terrestrial vertebrates to PAHs
is via the diet but topical exposure can be also relevant, especially
in birds. When incubating, birds become oiled and oil is
subsequently transferred from the feathers to the eggshell. Thus,
eggs are considered good biomonitors of PAH contamination in
birds. Crude oil hydrocarbons are readily measured in early eggs,
before the developing embryo is able to metabolize them.

Tainting (an odor or flavor foreign to the product) occurs in
commercial aquatic species (fish, crustaceans) contaminated
with crude oil. Experimental studies indicate that taints can be
detected when fish are exposed to concentrations of crude oil in
water in the range 0.01–1 mg l�1.
Toxicokinetics

Exposure to crude oil is a concern for the organ of contact. For
dermal exposure the concern is for the skin. For inhalation
exposure, the concern is for the respiratory system. For inges-
tion exposure, the concern is for the digestive system. There-
fore, absorption and distribution kinetics are not well studied
because of these site-of-contact concerns. However, individual
chemicals present in crude oil can be absorbed and will have
biological fate appropriate for that chemical or chemical class
(e.g., PAHs).
Mechanism of Toxicity

The concern for both dermal and inhalation exposures is the site
of contact and effects on that tissue. The mechanism of crude oil
toxicity is mediated through its irritant effects which after suffi-
cient exposure duration and concentration result in tissue
hyperplasia. Chronic hyperplasia leads to subsequent loss of
tissue integrity anddamage and in someanimalmodels of cancer.
It has been suggested that at exposures below levels that cause
chronic irritation, other long-term effects would not be expected.

Although studies on the mechanisms of toxicity of crude
oils are relatively few, there is a substantial body of data on
products derived from crude oils, such as gasoline, diesel fuels,
kerosene and jet fuels, lubricating oils, and white oils. Extrap-
olation from these studies provides insight into biologically
active components of crude oils. Crude oil contains many
chemicals considered toxic and the effects of these individual
chemicals should be evaluated if exposure is possible.
Although polar- and nonpolar compounds contribute to the
toxicity of (weathered) crude oil, the water-soluble fraction
(WSF) is dominated by polar compounds, which accounts for
a large portion of the toxicity.

Crude oil toxicity can vary depending on environmental
factors. For instance, exposure of crude oil to sunlight enhances
the toxicity of its WSF because this contains some hydrocarbon
compounds that are phototoxic or exhibit at least photo-
enhanced toxicity.
Acute and Short-Term Toxicity

Animal

Both eye and dermal irritation have been noted in animal
testing. Dermal irritation has been reported in test animals at
24 h doses of 100 mg. Systemic effects have not been noted and
oral toxicity is low.
Human

A common acute effect of crude oil on humans is narcosis,
which is reversible even after exposure to high concentrations.
Besides, inhalation of vapors can produce pneumonitis and
volatile organic compounds of crude oil (benzene, toluene,
and xylene) can cause respiratory irritation and central nervous
system depression.

There exists evidence on the relationship between expo-
sure to spilled oils and the appearance of acute physical,
psychological, genotoxic, and endocrine effects in the
exposed individuals. Spilled crude oil cleanup workers
present symptoms such as headaches, dizziness, nausea,
vomiting, cough, respiratory distress, and chest pain, which
are typical symptoms of acute exposure to hydrocarbons or
hydrogen sulfide. Skin contact with crude oil, and dispersants
used after oil spills, causes defatting, resulting in dermatitis,
secondary skin infections, and dermal hypersensitivity reac-
tion (erythema, edema, burning sensations, follicular rash).
However, the epidemiological information is not conclusive
because the studies are partial and often lack a matched
control population.
Chronic Toxicity

Animal

Dermal application of crude oil to the shaved backs of model
bioassay animals has produced controversial adverse effects. In
mice, a dose of 25 mg, three times per week for 105 weeks only
produced dermal irritation at the site of application. No systemic
effects were noted. In other studies, however, long-term appli-
cation of unrefined oil to the skin produced skin tumors.

Light crude oil administered at levels of 1.5 g kg�1 forage to
young West African dwarf goats adversely affects blood cell
profile, food intake and conversion efficiency, and survival.
Human

Adverse effects of crude oil on the skin have been reported
in petroleum workers. These effects include dryness, pigmen-
tation, hyperkeratosis, warts, and eczema. Epidemiology
studies of workers exposed to crude oil have been performed in
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petroleum producing, pipeline, and production operations. In
a retrospective cohort mortality study, mortality from all types
of cancer was low, except from thyroid cancer. There was
a significant deficit of lung cancer and no death from testicular
cancer. In a case–control study, an elevated risk for lung cancer
was observed among older men. These workers were also
exposed to welding fumes and paints, and confounding factors
such as diet and smoking were not controlled. In another case–
control study, an excess risk for testicular cancer was observed
among petroleum and natural gas extraction workers. And in
another case–control study, exposure to crude oil was related to
rectal and lung cancers. However, the authors noted that the
study numbers were small and the findings may have been
confounded by lifestyle factors. Thus, evidence for carcinoge-
nicity in humans has been for long considered inadequate.

Recently, it has been reported that workers employed in
upstream offshore petroleum industry have extensive contact
with crude oil and exhibit an excess risk of hematologic
neoplasms, including acute myelogenous leukemia and
multiple myeloma but not non-Hodgkin lymphoma. Indeed,
some of the crude oil compounds are recognized carcinogenic
chemicals. Benzene is known to cause leukemia in humans, and
toluene is a recognized teratogen at high doses. High molecular
weight compounds such as naphthalene evaporate more slowly
and present hazard of long-term exposure. Naphthalene is listed
by the National Toxicology Program as “reasonably anticipated
to cause cancer in humans” based on olfactory neuroblastomas,
nasal tumors, and lung cancers in animals.

Spilled crude oil cleanup workers present a high prevalence
of headache, throat irritation, and sore or itchy eyes weeks or
months after having been exposed. Modestly increased rates of
diarrhea, nausea, vomiting, abdominal pain, rash, wheezing,
cough, and chest pain have been also reported. Increased DNA
damage and alterations in the immune system were found in
volunteers involved in the Prestige oil spill cleanup. Adverse
mental health effects, including generalized anxiety disorder,
posttraumatic stress disorder, and depressive symptoms, were
observed up to 6 years after the Exxon Valdez oil spill in 13
communities of Alaska, women being more vulnerable.
Reproductive Toxicity

There exists evidence of developmental toxicity of crude oil in
rats but only at doses that are high enough to cause significant
maternal toxicity. Dermal application of crude oil to rats results
to be maternally toxic at 500 and 2000 mg kg�1 day�1 and
developmentally toxic at 2000 mg kg�1 day�1. Increased inci-
dence of resorptions and fetal death and decreased fetal body
weight have been reported in rats given crude oil by force-
feeding (1–10 ml kg�1) during the early days of pregnancy but
not in those treated during the later stages of pregnancy. Like-
wise, intraperitoneal injection (2.1 g kg�1) of crude oil to mice
did not cause an increase in the percentage of abnormal sperm.
Genotoxicity

Controversial results have been reported. Results of micronu-
cleus assays in Sprague Dawley rats treated dermally with
different crude oils at concentrations of 0–500 mg kg�1 for
13 weeks demonstrated that these crude oils did not induce
cytogenetic damage in bone marrow of treated rats. Adminis-
tration of heavy crude oil at the same doses and regime in mice
also produced negative results, but a single intraperitoneal
injection at doses of 1.8–7.2 g kg�1 did induce a slight increase
in sister chromatid exchange in mouse bone marrow.

In vitro tests with neat (unextracted) crude oils in bacterial or
mammalian cells did not reveal genotoxicity, which seems to
be attributed to the limited solubility of the whole oil in
aqueous medium and the possible competition of nonbio-
logically active components for available metabolic sites.
However, the neutral fractions of crude oil, which contain
aromatic or polycyclic aromatic compounds, generally exhibit
mutagenic activity in bacteria and mammalian cells. In vitro
gene mutation has been demonstrated in bacterial assays for
a variety of crude oil extracts. The aromatic fraction of crude oil
provokes sister chromatid exchange in cultured mammalian
cells although negative results have been reported in cultured
human lymphocytes.
Carcinogenicity

The International Agency for Research on Cancer (1989) eval-
uation of carcinogenic risk to humans, crude oils were assigned
to Group 3 – not classifiable as to carcinogenicity to humans,
based on “inadequate evidence” for carcinogenicity in humans,
and “limited evidence” for carcinogenicity in experimental
animals. Since there, some few evidences for carcinogenicity in
experimental animals have been reported. A number of crude
oil samples were investigated for their potential to cause skin
cancer in mouse skin painting studies of 104–110-week dura-
tion. All crude oils produced skin tumors in 33–100% of mice
with latency periods of 40–76 weeks, and were considered
dermal carcinogens. Some crude oils produced both benign
and malignant tumors after dermal application, whereas some
others produced no skin carcinoma. In rabbits only one of
these crude oils produced skin papillomas. Tumor incidence
and latency may depend on crude oil composition and dose.
Crude oil–associated skin cancer is preceded by significant
damage to the skin and effects including drying, cracking, irri-
tation, and hyperkeratosis.

Moreover, it has been suggested that carcinogenic effects can
be enhanced when crude oil is exposed to light. Dietary treat-
ment with 0.5 g kg�1 of weathered crude oil exposed for years
to high temperatures and sunlight resulted in cytopathological
alterations both in the nucleus and organelles of rat hepato-
cytes, which were indistinguishable from those caused by
treatment with model carcinogenic compounds.
Ecotoxicology

Oil and petrochemicals exert impacts on the environment
through both physical and chemical (toxic) means. Long-
chain aliphatic hydrocarbons exert their effects by physical
means, coating surfaces, and smothering organisms. Short-
chain, low boiling point compounds, unsaturated com-
pounds, and aromatic hydrocarbons exert their effects by
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primarily chemical (toxic) means, acute toxicity being largely
due to components of the WSF. Thus, different crude oils
present very different toxic properties. Overall, the environ-
mental impact of crude oil depends on its chemical com-
position as well as on the weathering, persistence, and
bioavailability of its compounds.

The physical effects arise from the tendency of crude oils
to coat surfaces, including sediment surfaces, rocky shores,
and vegetation. Crude oil deposits smother benthic organ-
isms and prevent feeding by birds and fish. The primary
effect is to create anoxia in the sediment by preventing
exchange of water between the sediment surface and the
water column.

Marine wildlife (seabirds and mammals) are especially
vulnerable and sensitive to oiling. The most common causes of
seabirds death are loss of body heat, starvation, and drowning
following damage to the plumage by oil. Plumage is essential
to flight, heat insulation, and waterproofing and even small
effects on any of these functions can result in mortality. Besides,
oil ingestion when eating contaminated food can cause direct
toxicity and lead to decreased survival, density, and fecundity
of bird populations. Seals and dolphins are generally able to
avoid any prolonged encounter with an oil slick but internal
damage may result from ingesting contaminated food. More-
over, exposure to hydrocarbons and other chemicals evapo-
rating from the surface of spilled oil causes irritation to the eyes
and lungs and breathing difficulties.

The toxic effects of crude oils have been demonstrated on
a range of marine invertebrates (e.g., polychaetes, crustaceans,
molluscs) and fishes. Oil spills generally have a low acute
toxicity for adult fish but fish kills may occur due to high
exposure to emulsified oil in shallow waters. Generally, early
life stages are more sensitive than adults and many juvenile and
adult crustaceans and echinoderms are more sensitive than
juvenile and adult fish.
Freshwater Organisms Toxicity

A range of measurements of aquatic toxicity has been obtained
in laboratory studies of crude oils. Variability in results may be
related in part to the source of the crude oil, or it may reflect
different approaches to testing. However, studies using either
dispersions of whole oil or employing WSFs or water accom-
modated fraction (WAFs) have given values in the range
1–100 mg l�1 or greater when expressed in terms of oil loading
rate (lethal load 50% (LL50) is the loading rate of test substance
resulting in 50% mortality of the test species exposed to the
WAF). In rainbow trout, crude oil WAF toxicity decreases as its
paraffinic content increases, and the toxicity of dispersed whole
oil is much lower. Crude oil at lower concentrations provokes
damage in gills and in the immune defense system. The widely
used test model crustacean, Daphnia magna, is more sensitive
than fish to dispersed whole oil. Crude oil also affects survival,
morphology, and leaf anatomy in aquatic herbaceous macro-
phytes (e.g., water hyacinth). It must be noted that most tests are
run in open vessels and significant evaporative losses of lower
hydrocarbons occur and the measured LL50 values underesti-
mate ecotoxicity.

In zebrafish embryos, exposure to crude oil (60 mg l�1 PAHs)
produces a lethal syndrome of heart failure. In addition, adults
exhibit subtle changes in heart shape and reduced cardiac output
and swimming performance 1 year after embryonic exposure to
crude oil PAH concentrations below those provoking the lethal
syndrome. These cardiac toxic effects, which are enhanced by
light (photoenhanced toxicity), appear to be caused by the
fraction of tricyclic aromatic compounds.

Short-term and acute exposure of zebrafish to the WSF of
crude oil (w40 mg l�1 PAHs) produces altered neurosteroido-
genesis with consequences for their reproductive physiology.
Marine Organisms Toxicity

In marine ecosystems, the major habitats affected are intertidal
and subtidal sediments and to, a lesser extent, the water
column. Low-energy, marshes and seagrasses are among the
most sensitive and vulnerable shorelines. Benthic algal
coverage is promptly impacted by oil slicks deposition after oil
spills and long-term consequences include the toxic impact of
residual crude oil on algal biomass.

Marine algae germination and growth (tube length) are
affected by whole crude oil exposure (48-h LL50¼ 122 mg l�1).
In plankton cyanobacteria, growth rate is severely affected both
by the whole oil and by its WAF, with an effective median
concentration (EC50) of dissolved hydrocarbons of¼ 5.73–
9.06 mg l�1 after 15-day exposure. In sheepshead minnow,
longnose killifish, and Atlantic silverside exposed to different
crude oils by shaking in water the 96-h lethal concentration
50% (LC50) varies from 3700 to 80 000 mg l�1, depending on
the species and the crude oil. In marine invertebrates, such as
shrimps and kelp forest mysids, whole crude oils (shaked) are
more toxic than in fish, with 96-h LC50 values lower than
119 mg l�1 and even as low as 2.2 mg l�1. However, actual
LC50 values are expected to be even lower because significant
evaporative losses of lower hydrocarbons may have occurred
under the toxicity testing conditions.

Spilled crude oil may be genotoxic to fish, especially to
early life stages (e.g., herring larvae). In vitro experiments with
blood cells demonstrated that diverse crude oils are also
genotoxic for adult marine fishes. Genotoxicity in fish has
been attributed to the crude oil WSF. In vivo, significant DNA
damage occurs even at low PAH concentrations (e.g.,
<1.5 mg l�1 for 4 weeks in polar cod) and is correlated with
the levels of PAH metabolites in the bile. Mechanically
dispersed crude oil at a concentration in seawater of
0.06 mg l�1 provokes oxidative stress, apoptosis and effects
on the immune system, bone resorption, fatty acid metabo-
lism, and cell mobility in juvenile cod fish. In several fish
species, exposure to crude oil hydrocarbons causes liver
neoplasm and necrosis, histopathological lesions in gills, skin
disorders, and organ abnormalities. Impairment of leukocyte
functions, leukocyte proliferation, and alterations in hema-
tological parameters have been reported as well. These
changes in the immune defense system may affect suscepti-
bility to infection and parasitic disease, resistance to carci-
nogenesis, and tissue repair capacity. Growth is reduced in
juvenile flatfish exposed to 1.6 mg l�1 of a crude oil source of
PAHs in sediment. Altered swimming behavior was also
reported on exposure to weathered crude oil containing
1 mg l�1 PAH.
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Crude oil is genotoxic for marine bivalves, as shown both in
the field and in laboratory experiments. Formation of micro-
nuclei, DNA fragmentation, apoptotic, and binucleated cells
have been reported in gills and blood cells of mussels, clams,
and oysters after oil spills and after experimental exposure to
either the water accommodated fraction of crude oil or to
dispersed crude oil. Effects of the crude oil and its aromatic
hydrocarbons on physiology, growth, and behavior (e.g.,
feeding, burrowing, escape responses) have also been reported
in bivalves.

Field and laboratory studies indicate that crude oil hydro-
carbons act as endocrine disruptors and cause reproductive
toxicity in fish. The fraction of alkyl-PAHs of crude oil induces
cytochrome P4501A1 (CYP1A) enzymes and causes blue sac
disease and mortality in larval Japanese medaka. Extracts of
weathered oil in water produce developmental abnormalities
in fish larvae at concentrations as little as 0.4 mg l�1 PAH.
Dispersed crude oil (in the range of 0.1–0.5% v/v) affects
fertilization severely in Atlantic herring and causes blue sac
disease in its embryos. Sensitivity to crude oil decreases with
embryo age, freshly fertilized ones being most sensitive.
Cardiac arrhythmia is the primary response of Pacific herring
embryos exposed to crude oil during weathering. 100% cardiac
dysfunction was caused at tissue tricyclic PAH concentrations
below 1 mmol kg�1. Toxicity is due to PAHs dissolved from oil
rather than to uptake of oil droplets formed by dispersion. It
has been suggested that dispersant application is not more
toxic for marine fish than the natural dispersion occurring in
nearshore areas (e.g., due to waves). However, dispersants can
be highly toxic for other marine organisms.

Dispersed crude oil, dispersants and to a lesser extent its
WSF are toxic to corals, affecting seriously the survival of
nubbins, fecundity and larval morphology, and swimming
behavior. The WSF of crude oil also causes inhibition of
embryogenesis in bivalves and sea urchins. Reproduction
toxicity has also been reported in molluscs and polychaetes.
Histopathological alterations in the gonad have been described
in mussels after an oil spill. The crude oil WAF affects sperm
swimming behavior, reduce post-fertilization development
rates, and has teratogenic effects on early embryonic stages in
marine polychaetes.
Terrestrial Organisms’ Toxicity

The main route of exposure in terrestrial vertebrates to PAHs is
via the diet but topical exposure can be also relevant. When
incubating, birds become oiled and oil is subsequently
transferred from the feathers to the eggshell. However, dehy-
dration and exhaustion seem to be a major cause of death for
seabirds after oil spills. Multiple sublethal changes (mild
pathologies) as a whole have an effect on the ability of the
birds to survive. Moreover, crude oil ingestion and stress affect
the immune system of oiled seabirds. White blood cells
decreases in numbers both in blood and lymphoid organs
whereas red blood cells are more abundant, as a result of the
enhanced metabolism of adrenal corticoids provoked by
crude oil ingestion. Likewise, crude oil ingestion (one single
oral dose of 12 ml) causes reduced growth and hypertrophy of
the adrenal and nasal glands in herring gull nestlings within 8
days of exposure. Overall, oiled birds experience higher
mortality rates and generally fail to breed for 1 or 2 years.
Crude oil embryotoxicity, including embryo death and tera-
togenicity, is well documented in birds. The most embry-
otoxic fractions of crude oils are those containing PAHs,
whereas aliphatic compounds have no significant effect on the
developing embryos. Applying oil directly to the egg surface
provokes chemical toxicity and not anoxia, as originally
thought. The transfer of minute amounts of crude oil to the
eggshell can result in toxic effects (lethal dose 50% (LD50) of
1.3–2.2 ml per egg).

Crude oil PAHs produce both mortality and sublethal
effects in soil invertebrates, plants, and microbes. Earthworms
are more sensitive than microbes (wonefold) and plants
(w1- to 10-folds) but toxicity also depends on the combi-
nation of the crude oil characteristics and the soil properties.
Light crude oil in silt low organic matter soil is generally the
most toxic, while heavy oil in sandy high organic matter soil is
the least toxic.
Other Hazards

Spilled crude oil can also release hydrogen sulfide gas and
contains traces of heavy metals, as well as nonvolatile PAHs
that can contaminate the food chain. Hydrogen sulfide gas is
neurotoxic and has been linked to both acute and chronic
central nervous system effects. Trace amounts of metals such as
cadmium, mercury, and lead occur in crude oil and can bio-
accumulate in fish and shellfish tissues and biomagnify
through the food chain, potentially increasing future health
hazard from food consumption.

Burning crude oil generates particulate matter, which is
associated with cardiac and respiratory symptoms and prema-
ture mortality.

Dispersants, commonly used to fight against crude oil spills
contain detergents, surfactants, and petroleum distillates,
including respiratory irritants such as 2-butoxyethanol,
propylene glycol, and sulfonic acid salts. The use of chemicals
to disperse oil spills raises concerns for organisms living below
the surface of the water. While decreasing the surface area of
the slick, chemical dispersants increase the amount of oil in the
water column, the surface-to-volume ratio of droplets,
the partitioning to water of the toxic constituents of oil, and the
bioavailability of oil to pelagic and benthic organisms.
Chemical dispersion can enhance toxicity as it may increase the
exposure to crude oil PAHs by 100-fold. In freshwater shrimps,
however, it seems that dispersants cause reduction in the
toxicity of light crude oil.
Exposure Standards and Guidelines

No exposure standards for crude oil are available. Occupa-
tional exposures to oil mists are a concern. Both the Occu-
pational Safety and Health Administration permissible
exposure limit and the American Conference of Govern-
mental Industrial Hygienists threshold limit value are
5 mg m�3 for oil mists.

Long-term animal studies of dermal exposure to crude oil
can be used to set a no observed adverse effect level that can be



Oil, Crude 669
used to predict safe human exposure levels for both dermal and
systemic effects. A reference dose of 0.04 mg kg�1 day�1 has
been suggested for exposures to crude oil. The individual
aliphatic and aromatic fractions of crude oil have also been
evaluated for toxicity and sufficient information exists to set
references doses for these fractions. An understanding of the
exposure to the individual fractions is necessary to use this
process. The use of the reference dose for either crude oil as
a whole or the individual fractions is preferable to evaluating
only the toxic constituents in crude oil. This latter strategy is
commonly employed in risk assessment; however, it ignores
the hydrocarbon matrix within which these toxic chemicals are
found. This hydrocarbon matrix affects the exposure to these
toxic constituents which is not accounted for in typical expo-
sure assessments.

See also: Petroleum Distillates; Petroleum Hydrocarbons.
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l Name: Lubricating oils
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l Synonyms: EINECS 278-012-2, Lub oil, Crankcase oil,

Motor oil
l Chemical/Pharmaceutical/Other Class: Petroleum

hydrocarbons
Background

The term ‘lubricating oil’ refers to a wide range of products that
are characterized by hundreds of base chemicals and additives.
Lubricating oils may be either mineral-based or synthetic. The
mineral-based are more widely used than the synthetic oils.
This article focuses on petroleum-based lubricating oils, which
are composed of 80–90% of petroleum hydrocarbon distillates
and 10–20% of additives. Additives are necessary to impart
specific properties to the oil for specific applications and
include among others ‘extreme pressure additives,’ antiwear
additives, corrosion inhibitors, oxidation inhibitors, viscosity
index improvers, or demulsifiers.

Lubricating oils are a complex combination of hydrocar-
bons obtained from solvent extraction and dewaxing processes.
The most relevant lubricating oils and their physical properties
are presented in Table 1. It consists predominantly of saturated
hydrocarbons having carbon numbers in the range C15
through C50, with the heavier distillates having higher
percentages of the higher carbon number compounds. The
mineral-based oils are produced from heavy-end crude oil
distillates and they contain hundreds to thousands of hydro-
carbon compounds, including a substantial fraction of
nitrogen- and sulfur-containing compounds. The hydrocar-
bons are mainly mixtures of straight and branched chain
hydrocarbons (alkanes), cycloalkanes, and aromatic hydrocar-
bons. PAHs (polycyclic aromatic hydrocarbons), alkyl PAHs,
and metals are important components of motor oils and
crankcase oils. Lubricating oil composition changes under the
use conditions of heat and friction and, if appropriate, expo-
sure to exhaust gases of internal combustion engines. Used
lubricating oils or crankcase oils generally have higher
concentrations of PAHs than unused oils and they are consid-
ered to be more toxic. Used lubricating oils are not specifically
addressed in this article.

The petroleum hydrocarbon distillate generally consists of
paraffinic or naphthenic compounds. The exact composition of
mineral-based lubricating oil as petroleum products varies
depending upon (1) the source of the crude oil (crude oil is
derived from underground reservoirs which vary greatly in their
chemical composition) and (2) the refining practices used to
produce the product. All the lubricating oils listed in Table 1
have been classified in Europe on the basis of the Global
Harmonized System (GHS) as carcinogen category 1B (known
or presumed to have carcinogenic potential for humans based
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primarily on animal evidence) with the hazard statement of
H350 may cause cancer.
Uses

Lubricating oils are used for lubrication of various internal
combustion engines. The uses of mineral oils include applica-
tions such as engine oils, automotive and industrial gear oils,
transmission fluids, hydraulic fluids, circulating and hydraulic
oils, bearing oils, and machine oils. Other uses are as machine-
tool oils, compressor and refrigerator oils, textile machine oils,
air tool oils, steam engine oils, and metalworking oils.

Mineral oils have also medicinal and food uses; they are
used as ingredients in various pharmaceutical and cosmetic
preparations and as a vehicle for drugs, and in fungicides,
chemical and plastics industries (e.g., processing medium,
extenders, plasticizers), and animal feed products. Two chem-
ical classes (paraffin waxes, CAS 8002-74-2 and petrolatum,
CAS 8009-03-8) are considered generally recognized as safe
food ingredients by the Food and Drug Administration (FDA).
Environmental Fate and Behavior

Physical–Chemical Properties

The physical–chemical properties of mineral oils depend on
their composition in terms of carbon number distribution,
and this is defined by the source of crude oil. Accordingly,
these physical properties vary widely as shown in Table 1.
It shows the physical–chemical properties of both lubricating
oil in general and the most relevant substances present in
lubricating oils.

Generally, they are viscous fluids with brown to black color.
The higher the carbon number, the higher the viscosity of the
fluid. They are insoluble in water and alcohol, but are soluble
in benzene, chloroform, ether, carbon disulphide, and petro-
leum ether. Lubricating oils are photodegraded by sunlight at
1 000 000 molecule m�3.
Behavior in Air, Soil, and Water

Most of the hydrocarbon components of the lubricating oils
will have little or no tendency to partition to air. The half-
lives for degradation of these hydrocarbons by reaction with
hydroxyl radicals, in the troposphere, under the influence
of sunlight, will all be less than 1 day, by extrapolation from
the data quoted by Atkinson. Accordingly, any hydrocarbon
material, which does partition to air, will be rapidly
photodegraded.

The majority of the hydrocarbon constituents of this group
will distribute principally to soil and sediment, although some
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00525-X
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Table 1 Oil lubricating types and their more relevant physical properties

Substance name, CAS Description

Boiling

point ( �C)
Relative density

(at 15 �C)
Partition

coefficient

Flash point

( �C)

Lubricating oils, 74869-22-0 A complex combination of hydrocarbons obtained
from solvent extraction and dewaxing
processes. It consists predominantly of
saturated hydrocarbons having carbon
numbers in the range C15 through C50.

150–600 0.84–0.94 3.9–6 124–307

Solvent-dewaxed light paraffinic
distillates, 64742-56-9

A complex combination of hydrocarbons obtained
by removal of normal paraffins from
a petroleum fraction by solvent crystallization. It
consists predominantly of hydrocarbons having
carbon numbers predominantly in the range of
C15 through C30 and produces a finished oil
with a viscosity of less than 100 Saybolt
Universal Seconds (SUS) at 100 �F (19 cSt at
40 �C).

280–417 0.8453 – –

Solvent-dewaxed heavy paraffinic
distillates, 64742-65-0

A complex combination of hydrocarbons obtained
by removal of normal paraffins from
a petroleum fraction by solvent crystallization. It
consists predominantly of hydrocarbons having
carbon numbers predominantly in the range of
C20 through C50 and produces a finished oil
with a viscosity not less than 100 SUS at 100 �F
(19 cSt at 40 �C).

337–451 0.8613 – –

Hydrotreated light naphthenic
distillates, 64742-53-6

A complex combination of hydrocarbons obtained
by treating a petroleum fraction with hydrogen
in the presence of a catalyst. It consists of
hydrocarbons having carbon numbers
predominantly in the range of C15 through C30
and produces a finished oil with a viscosity of
less than 100 SUS at 100 �F (19 cSt at 40 �C).
It contains relatively few normal paraffins.

240–424 0.8973 – 124

Hydrotreated heavy naphthenic
distillates, 64742-52-5

A complex combination of hydrocarbons obtained
by treating a petroleum fraction with hydrogen
in the presence of a catalyst. It consists of
hydrocarbons having carbon numbers
predominantly in the range of C20 through C50
and produces a finished oil of at least 100 SUS
at 100 �F (19 cSt at 40 �C). It contains relatively
few normal paraffins.

352–555 0.9390 – 249

Solvent-refined light naphthenic
distillates, 64741-97-5

A complex combination of hydrocarbons obtained
as the raffinate from a solvent extraction
process. It consists of hydrocarbons having
carbon numbers predominantly in the range of
C15 through C30 and produces a finished oil
with a viscosity of less than 100 SUS at 100 �F
(19 cSt at 40 �C). It contains relatively few
normal paraffins.

– 0.8956 – –

Solvent-refined heavy naphthenic
distillates, 64741-96-4

A complex combination of hydrocarbons obtained
as the raffinate from a solvent extraction
process. It consists of hydrocarbons having
carbon numbers predominantly in the range of
C20 through C50 and produces a finished oil
with a viscosity of at least 100 SUS at 100 �F
(19 cSt a 40 �C). It contains relatively few
normal paraffins.

0.9309

Solvent-refined dewaxed,
64742-62-7

A complex combination of hydrocarbons obtained
by removal of long, branched chain
hydrocarbons from a residual oil by solvent
crystallization. It consists of hydrocarbons
having carbon numbers predominantly greater
than C25 and boiling above approximately
400 �C (752 �F).

– – –

(Continued)
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Table 1 Oil lubricating types and their more relevant physical propertiesdcont'd

Substance name, CAS Description

Boiling

point ( �C)
Relative density

(at 15 �C)
Partition

coefficient

Flash point

( �C)

Solvent-refined dewaxed
hydrogenated C17–C32,
101316-70-5

A complex combination of hydrocarbons obtained
by solvent extraction and hydrogenation of
atmospheric distillation residues. It consists
predominantly of hydrocarbons having carbon
numbers predominantly in the range of C17
through C32 and produced a finished oil with
a viscosity in the order of 17–23 cSt at 40 �C
(104 �F).

– – – –

Solvent-refined dewaxed
hydrogenated C20–C35,
101316-71-6

A complex combination of hydrocarbons obtained
by solvent extraction and hydrogenation of
atmospheric distillation residues. It consists
predominantly of hydrocarbons having carbon
numbers predominantly in the range of C20
through C35 and produces a finished oil with
a viscosity in the order of 37–44 cSt at 40 �C
(104 �F).

– – – –

Solvent-refined dewaxed
hydrogenated C24–C50,
101316-72-7

A complex combination of hydrocarbons obtained
by solvent extraction and hydrogenation of
atmospheric distillation residues. It consists
predominantly of hydrocarbons having carbon
numbers predominantly in the range of C24
through C50 and produces a finished oil with
a viscosity in the order of 16–75 cSt at 40 �C
(104 �F).

– – – –

Source: IUCLID Data set Substance ID 74869-22-0 Lubricant oils, European Commission, 2000. Available in: http://esis.jrc.ec.europa.eu/, more directly in: http://esis.jrc.ec.
europa.eu/doc/IUCLID/data_sheets/74869220.pdf.
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of the lower molecular weight components will partially
distribute between air, soil, and sediment. Results for distri-
bution of typical hydrocarbons found in oil lubricating are
shown in Table 2.

When released to soil, the oils would not be expected to
migrate far from the point of release although once bound to
soil, these chemicals can spread as contaminated oil is spread.
When released to surface waters these oils cause surface sheens
and visible contamination.

Environmental Persistency and Biodegradation

There are only limited degradation studies applicable to
lubricating oils. They all contain a mixture of paraffinic,
olefinic, naphthenic, and aromatic hydrocarbons in varying
proportions. From general considerations they will all be
inherently biodegradable in water under aerobic conditions,
but not readily so. In water, the substances are likely to be
adsorbed to particulate matter, and will be ultimately bio-
degraded by microorganisms.

Environmental biodegradation occurs slowly. Different
studies have used aerobic microorganisms to degrade
Table 2 Distribution of typical hydrocarbons found in lubricating

Air (%) Water (%) Soil (%)

n-Tetradecane 76.6 0.0 22.8
n-Eicosane 0.0 0.0 97.7

Source: http://esis.jrc.ec.europa.eu/doc/.
lubricating oils. Biodegradability varies from 6 to 51% after
28 days.
Probable Routes of Human Exposure

Mineral oils (lubricant base oils and derived products) are
produced in large quantities and are contained in a wide variety
of products, which are used primarily for lubricating purposes.
The degree of human exposure to these products varies widely:
in the case of cutting oils, appreciable skin contact and inha-
lation can occur unless adequate care is taken, whereas limited
exposure occurs to oils (such as hydraulic, circulating, turbine,
and engine oils) used in closed systems with which only inci-
dental contact is likely. There are thus various opportunities for
occupational, consumer, and environmental exposure to these
products from their production, use, and disposal.
Routes and Pathways of Human Exposure

Occupational exposure to lubricating oil may occur through
inhalation and dermal contact with this compound at
oil

Sediment (%) Susp. matter (%) Biota (%)

0.5 0.0 0.0
2.2 0.1 0.0

http://esis.jrc.ec.europa.eu/
http://esis.jrc.ec.europa.eu/doc/IUCLID/data_sheets/74869220.pdf
http://esis.jrc.ec.europa.eu/doc/IUCLID/data_sheets/74869220.pdf
http://esis.jrc.ec.europa.eu/doc/
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workplaces where lubricating oils are produced or used.
Exposure of workers to lubricating oils occurs primarily in the
chemical, petrochemical, machine-building, metallurgic, and
car industries. Under worksite conditions, the respiratory
system and the skin are the primary routes of entry for lubri-
cating oils into the human body.

General population may be exposed to lubricating oils as
a consequence of their use when they change the engine oil of
the car. Additionally, the general population may potentially
be exposed to unused and used mineral oils, which are present
as environmental pollutants. These consist of exposure to
contaminated soil via dermal contact, incidental ingestion, or
inhalation of dust particulates. When lubricating oil is released
to water, exposure can occur through ingestion and dermal
contact with contaminated water.
Main Pathways of Human Exposure

Exposure to oil mists is the main pathway of human exposure
in the occupational environment; moreover, environmental
releases of unused lubricating oils have been reported associ-
ated with lubricating oil manufacture and storage.
Monitoring Data

There is very little information on the levels of chemicals in the
environment resulting from releases of mineral-based lubri-
cating oils.
Toxicokinetics

Toxicokinetic studies on lubricating oils are not easy to perform
and analyze due to potential interactions among different
components of the mixtures. Therefore, absorption and distri-
bution kinetics are not well studied. However, it would be
expected that individual chemicals present in lubricating oils
can be absorbed and would have biological fate appropriate for
that chemical class.
Absorption, Distribution, and Excretion

There are some studies related to toxicokinetics of mineral
oils that are used in FDA with similar composition to lubri-
cating oils. Generally, mineral oil is absorbed to only
a limited extent from the gastrointestinal tract and absorption
of mineral oil is reportedly minimal following oral admin-
istration. However, it is found in the liver, spleen, mesenteric
and portal hepatic lymph nodes, and lungs of humans who
have ingested large amounts of liquid paraffin over many
years. When large amounts of liquid petrolatum were fed to
rabbits, rats, and guinea pigs, small quantities were deposited
in the mesenteric lymph nodes and, in several cases, in the
intestinal mucosa, liver, and spleen. Tritiated mineral oil was
administered orally or by intraperitoneal injection to Sprague
Dawley and Holtzman rats. Five hours after oral adminis-
tration of 0.66 ml kg�1 body weight, 1.5% of the dose had
been absorbed unchanged and an additional 1.5% was found
in the carcasses as nonmineral oil substances. Liver, fate,
kidney, brain, and spleen contained mineral oil. Within
2 days, only 0.3% remained in the animals. After intraperi-
toneal administration, the mineral oil was retained to
a greater extent and only 11% had been excreted in the feces
8 days after treatment.
Mechanism of Toxicity

The mechanism of lubricating oil toxicity is mediated through
its irritant effects, which after sufficient exposure duration and
concentration result in tissue hyperplasia. Chronic hyperplasia
leads to subsequent loss of tissue integrity and damage, and
cancer in some animal models.
Acute and Short-Term Toxicity

Lubricating oils have low acute toxicity. Their sublethal acute
effects are generally limited to irritation of those tissues in
contact with the oil. Table 3 shows nonhuman acute toxicity
values of lubricating oils.
Irritation and Sensitization

Table 4 shows some of the irritation and sensitization test
results of lubricating oils. For more information about the
substances tested see Table 4.
Animal Data

Mineral oil mists appear to have a low acute and subacute
toxicity in animals. Single and short-term repeated exposures
(up to 6 months) to relatively high concentrations (well in
excess of 100 mg m�3) have resulted in lung inflammatory
reaction, lipoid granuloma formation, and lipoid pneumonia.
Table 3 shows nonhuman toxicity values of lubricating oils.
Human Data

Low human acute toxicity would be expected due to the use of
oils in food and cosmetic products. However, exposure to oils
can cause irritation of the eyes, skin, and respiratory tract.
Chronic Toxicity

Animal Data

Long-term studies indicate that those oils within a limited
range, which have actually been tested, have a low chronic
toxicity. Repeated prolonged exposures up to a year to very
high concentrations (100 mg m�3 and above) have resulted in
lung inflammatory reactions and lipoid granuloma formation.
Repeated dose toxicity test in rats has shown clinical signs of
central nervous system and dermal effects (>500 mg m�3;
CAS: 101316-71-6; 64742-56-9). In other study, body weights
were not affected by exposures and no clinical signs were



Table 3 Nonhuman acute toxicity studies

Specie/test Test type Dose Effect

Test substance (see Table 1
for more information)

Rat (male/female) oral LD50 >5000 mg kg�1 Nontoxic signs, gross lesions, or mortality was
observed for 14 days.

CAS: 64742-56-9; 64742-65-0;
64741-97-5; 64742-52-5;
64742-53-6; and 64741-96-4

Rat (male/female)
inhalation

LC50 2.18 mg l�1 (4 h) All five male and female rats died after whole-body
exposure to 5.05 mg l�1 for 5 h in phase I of the
study. In phase II, groups of five males and
females were exposed to air only, or 1.04, 1.51,
2.37, or 3.49 mg l�1 level. All rats died at the
highest dose. Pharmacotoxic signs, gross
necropsy findings, and acute histopathological
changes in the lungs were all considered to be
treatment-related. Few morphological
abnormalities were seen in the lungs of 14-day
survivors.

CAS: 6742-53-6

Rat (male/female)
inhalation

LC50 >4 mg l�1 (4 h) All treated animals survived to study termination.
The fur of the animals was saturated with test
material. During the 14-day postexposure
observation interval, alopecia, exfoliation, and
anogenital staining were noted. LC50 values
were estimated to be higher than the actual
mean aerosol concentrations achieved in the
test system.

Three samples were tested
covered by CAS: 101316-71-6,
and 64742-56-9

Rabbit (male/female)
dermal

LD50 >5000 mg kg�1

bw
Exposure sites were abraded. Test materials were
applied neat to gauze sponges backed with
plastic wrap and taped to the animals. At 24 h,
bandaging was removed. No mortality was
induced by any test sample for a period of
14 days.

CAS: 64742-56-9; 64742-65-0;
64741-97-5; and 64741-96-4

Rabbit (male/female)
dermal

LD50 >2000 mg kg�1

bw
Single doses of undiluted test substance were
applied to rabbits: to intact or abraded skin
patches and to shaved or intact backs.

CAS: 64742-53-6 and 64742-52-5

Source: IUCLID Data set Substance ID 74869-22-0 Lubricant oils, European Commission, 2000. Available in: http://esis.jrc.ec.europa.eu/, more directly in: http://esis.jrc.ec.
europa.eu/doc/IUCLID/data_sheets/74869220.pdf.

Table 4 Irritation and sensitization toxicity studies. For more information about the substances tested see Table 1

Substances tested CAS Effect observed

64742-56-9; 64742-65-0; 64741-97-5; 64741-96-4; 101316-70-5;
101316-71-6; 101316-72-7; 64742-62-7; 64742-52-5

Slight skin irritants

64742-53-6 Severe skin irritant
64742-53-6; 64742-52-5 Eye slightly irritating
64742-56-9; 64742-65-0; 64741-97-5; 64741-96-4 Not eye irritating
64742-56-9; 101316-70-5; 101316-71-6; 101316-72-7; 64742-62-7;

64742-53-6; 64742-52-5
Sensitizing under sensitization

test in guinea pig

Source: IUCLID Data set Substance ID 74869-22-0 Lubricant oils, European Commission, 2000. Available in: http://esis.jrc.ec.europa.eu/,
more directly in: http://esis.jrc.ec.europa.eu/doc/IUCLID/data_sheets/74869220.pdf.
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observed. However, treatment-related changes were seen in
the lungs and associated lymph nodes in rats. Alopecia,
induration, and erythema were observed at a repeated dose
toxicity test in rabbits (CAS: 64742-56-9; 64742-65-0; 64741-
97-5; 64741-96-4).
Human Data

Lubricating oils have low chronic toxicity, although long-term
exposure of the skin to oily substances may lead to irritation
and allergic lesions which in turn lead to other effects in
exposed workers.
Reproductive Toxicity

There are no data available on the reproductive toxicity of
lubricating oils. However, mineral oil reproductive toxicity tests
have shown that mineral oil has caused testicular tumors in the
fetus, although the risk of teratogenic effects in humans appears

http://esis.jrc.ec.europa.eu/
http://esis.jrc.ec.europa.eu/
http://esis.jrc.ec.europa.eu/
http://esis.jrc.ec.europa.eu/
http://esis.jrc.ec.europa.eu/doc/IUCLID/data_sheets/74869220.pdf
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to be very low. Mineral oils have been found to be embryotoxic
and teratogenic to birds. Mineral oils are classified as FDA
pregnancy category C.
Genotoxicity

In Vitro Toxicity Data

A number of in vitro assays for mutagenicity have been per-
formed on a variety of lubricating oils and their fractions. With
the exception of oils with high PAH content, the results of the
studies on lubricating oil are negative (CAS: 64742-56-9;
64742-65-0; 64742-53-6).

A series of oils was assayed to demonstrate a possible
correlation between polycyclic aromatic compound (PAC)
content and mutagenicity. The mutagenic assay was shown to
be more predictive of carcinogenicity over a wide range of
samples than the PAC content.
In Vivo Toxicity Data

In rat a significant increase in aberrant cells was observed for
paraffinic oil CAS 64742-65-0. The average number of aberra-
tions per cell was also statistically significant (0.08 per cell
compared to 0.04 per cell) but was at the very limit of the
normal range of historical control data (0.01–0.08) for the
laboratory. The results of micronucleus assay were negative in
mouse.
Carcinogenicity

More than 70 lubricating oils have been tested for their carci-
nogenicity in mouse using dermal application. In an 18-month
study, some of the test substances were carcinogenic, others
noncarcinogenic and the results demonstrate the influence of
refining severity in controlling carcinogenicity. Other study
reported similar results using dermal applications for
24 months.

The effects of solvent refining, hydroprocessing, a combi-
nation of both processes, and the blending of oils processed
were evaluated in standard skin-painting assays. Solvent
refining at normal severities appeared to eliminate carcinoge-
nicity, mild hydroprocessing reduced carcinogenicity potential,
and no tumors were developed in any of the mice treated with
severely hydrotreated oils.

An increase in the number of tumors is associated with
chronic skin irritation and hyperplasia. At doses where these
skin effects were not noted, there were no increases in tumor
incidence rates. There is a correlation between polycyclic
aromatic content and carcinogenicity. It has been suggested
that unused lubricating oils with low PAH content are not
carcinogenic. It has also been suggested that at exposures below
those associated with dermal irritation and hyperplasia, these
lubricating oils are not carcinogenic.

A single listing in Registry of Toxic Effects of Chemical
Substances for lubricating oil suggests tumorigenic potential in
humans exposed via inhalation to 5 mg m�3 for 5 years.

Exposure to mineral oils that have been used in a variety
of occupations has been associated strongly and consistently
with the occurrence of squamous-cell cancers of the skin and
especially of the scrotum. There is sufficient evidence from
studies that mineral oils (containing various additives and
impurities) that have been used in occupations such as mule
spinning, metal machining, and jute processing are carcino-
genic to humans. Production processes for these oils have
changed over time, and with more recent manufacturing
methods, highly refined products are produced that contain
smaller amounts of contaminants, such as PAHs.

On the basis of the content in PAHs under the GHS of
classification developed by United Nations, lubricating oils
have been classified as carcinogen category 1B (known or
presumed to have carcinogenic potential for humans based
primarily on animal evidence) with hazard statement of H350
may cause cancer, in the EU Regulation 1272/2008 unless
a low PAH content (less than 3% dimethyl sulfoxide extract)
can be demonstrated.
Clinical Management

The clinical signs of overexposure to lubricating oil either by
dermal contact or inhalation of mists would be irritation and
inflammation of the contact tissues. This irritation is reversible
and effective management is cessation of exposure by change of
activities and effective use of dermal and/or pulmonary
personal protective equipment. Treatment is symptomatic and
supportive.
Preventive Measures

Good ventilation in working area.
Skin and eye protection: gloves and goggles to avoid direct

contact or splashes.
Respiratory protection: wear a protective mask to avoid vapor

inhalation of heated oils.
Avoid inhalation of mists and vapors from heated oils.
Containers should be properly labeled and sealed and placed

in cool, well-ventilated areas.
Antidote and Emergency Treatment

Mineral oils are considered to be relatively nontoxic.
Exposure Standards and Guidelines

Both the Occupational Safety and Health Administration
permissible exposure limit and the American Conference of
Governmental Industrial Hygienists threshold limit value are
5 mg m�3 for oil mists.
Ecotoxicology

For the assessment of the ecotoxicity of poorly water soluble
mixtures of hydrocarbons, it is now generally accepted that
results should be expressed in terms of the ‘loading rate.’
The ‘loading rate’ may be defined as the amount of the



Table 5 Ecotoxicity assays of lubricating oils to aquatic organisms

Species Test Toxicity value Substances tested CAS

Acute toxicity to fish
Oncorhynchus mykiss ‘Fish acute toxicity test’ LC50 >5000 mg l�1 64742-55-8; 64742-65-0; 64742-54-7;

64741-96-4; 64742-62-7
Salmo gairdneri ‘Exposure to dispersion 96 h’ LC50 >1000 mg l�1 Five solvent-refined distillates and

two solvent-refined residual oils

Acute toxicity to aquatic invertebrates
Daphnia magna ‘Daphnia acute immobilization test’; 48 h EC50 >1000 mg l�1 64742-53-6
Daphnia magna ‘Daphnia acute immobilization test’; 48 h EC50 >100 00 mg l�1 64741-97-5
Gammarus pulex ‘96 h’ EC50 >100 00 mg l�1 64741-97-5

Toxicity to aquatic plants
Scenedesmus subspicatus ‘Algal inhibition test’ 96 h EC50 >1000 mg l�1 64741-89-5

Toxicity to microorganisms
Pseudomonas fluorescens 6 h EC50 >1000 mg l�1 64741-97-5; 64741-96-4; 64742-65-0

Chronic toxicity to aquatic organisms
Chronic toxicity to fish
Pimephales promelas 7 days EC50 >5000 mg l�1 64742-55-8; 64742-65-0; 64742-54-7
Ceriodaphnia Survival and reproduction 7 days NOEC ¼ 552 64742-55-8; 64742-65-0; 64741-96-4;

64742-62-7
Chronic toxicity to aquatic invertebrates
Daphnia magna 21 days NOEC >1000 mg l�1 64742-65-0; 64741-88-4; 64742-55-8
Daphnia magna Reproduction rate, 21 days NOEC ¼ 1020 mg l�1 64742-55-8; 64742-65-0

NOEC, no observed effect concentration.
Source: IUCLID Data set Substance ID 74869-22-0 Lubricant oils, European Commission, 2000. Available in: http://esis.jrc.ec.europa.eu/, more directly in: http://esis.jrc.ec.
europa.eu/doc/IUCLID/data_sheets/74869220.pdf.
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product which must be equilibrated with the aqueous test
medium in order to produce a specific level of effect. Table 5
shows the ecotoxicity values of lubricating oils in terms of
‘loading rate.’
Miscellaneous

The evaluation of petroleum hydrocarbon toxicity and its
application to human health risk assessment is complicated
because the possible toxicity of individual products is depen-
dent upon the quality of the base oils used, the nature and
concentration of additives and contaminants, and the condi-
tions of use.
See also: Fuel Oils; Stoddard Solvent; Oil Spills; The Globally
Harmonized System for Classification and Labeling of the GHS;
Oil, Crude; Petroleum Distillates; Polycyclic Aromatic
Hydrocarbons (PAHs).
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Introduction

Oil spills can be defined as the release of liquid raw/natural
petroleum hydrocarbons into the environment, especially into
the sea. Oil spills are of great concern, and spills at sea can be
life threatening to marine flora and fauna. Recent reports have
documented the release of crude oil from transport tankers as
well as offshore drilling platforms, drilling rigs, and oil wells.
Natural oil spills can occur through petroleum seep, which
occurs due to activity inside the earth causing the escape of
liquid or gaseous hydrocarbons to the earth’s surface. Oil spills
in oceans have occurred for years and range from small releases
to massive dumping of millions of gallons of crude oil into the
environment, causing significant pollution. The spill from
Deepwater Horizon in the Gulf of Mexico in 2010 was the largest
oil spill in American history. Other noteworthy oil spills have
been the Torrey Canyon in the English Channel in 1967; the
Amoco Cadiz off the coast of Brittany, France, in 1978; and the
Exxon Valdez off the Alaskan coast. Other than accidental spills,
intentional spills occurred during the Gulf War in 1991. Oil
spilled from sabotaged fields in Kuwait during the 1991 Persian
Gulf War has been estimated to total 25–50million barrels of
oil. This does not include the 6–8million barrels of oil dis-
charged directly into the Persian Gulf by the retreating Iraqi
forces from 19 to 28 January 1991. Significant but somewhat
smaller spills continue to occur. For example, in 2002, the
tanker Prestige sank off the northern coast of Spain, covering
approximately 350 miles of coastal rocks with oil sludge.

The size of the spill is not the only factor that affects the
impact. The seriousness of the problem is also a function of its
location as well as the type and amount of the various chemical
constituents in the oil. Those spills closest to shore generally
have the greatest adverse effects on the environment since the
oil would not have time to disperse before reaching shore;
therefore, the higher concentrations can significantly impact
the sensitive habitats of a variety of organisms. Very large spills
farther from the shore can also have serious impacts since
a longer stretch of coastline may be affected as the oil spreads
out and, even with dilution, levels may remain high enough to
have serious effects on aquatic and shoreline ecosystems. With
regard to the composition of the oil, one important consider-
ation is the presence and amount of polycyclic aromatic
hydrocarbons, which appear to produce toxic effects on some
marine species at low concentrations.
Oil Spill from Exxon Valdez

The Exxon Valdez, transporting crude oil, grounded on 24
March 1989 at Bligh Reef resulting in the rupture of 8 of its 11
cargo tanks spilling w11million gallons of crude oil into
Prince William Sound, Alaska. Approximately 1300 miles of
pristine shoreline was contaminated with oil to varying
degrees, and Prince William Sound was most severely affected.
A majority of the spill was recovered as a result of the cleanup
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or evaporation by natural processes. However, pockets of crude
oil remain in some locations, where there is evidence of
continuing damage. Figure 1 shows the spread of the spill in
the months following the event. This spill off the coast of
Alaska generated the most comprehensive scientific investiga-
tion of such incidents, although much less oil was spilled than
in many other tanker accidents. For example, the Exxon Valdez
spilled only one-sixth as much oil as the Amoco Cadiz and about
one-half as much as the Prestige. It is estimated that the Amoco
Cadiz spilled approximately 220 000 tons of oil, probably the
largest amount spilled by a tanker in history.

Attempts to clean up the Exxon Valdez spill were made by
a combination of government agencies and Exxon. The main
methods employed were burning the oil, mechanically
removing it from the water and the shore, using chemical
dispersants, and applying hot water to the shore. In addition,
many beaches were fertilized to promote growth of micro-
scopic bacteria that degrade hydrocarbons, a process known as
bioremediation. However, it was later found that some of the
cleanup methods were damaging (e.g., hot water treatment
turned out to be harmful since small organisms were literally
cooked by the hot water).

Ultimately, the cleanup crews collectedw14% of the oil that
was spilled andw13% sunk to the sea floor. A major portion of
the remaining oil evaporated and another portion was naturally
degraded over the years. About 2% (w216 000 gal) remained
on the beaches. The most recent survey of lingering oil was
conducted in the intertidal zone of Prince William Sound in the
summer of 2001 by the National Oceanic and Atmospheric
Administration (NOAA). The survey results indicate that oil
was present at 58% of the sites assessed and that a total shore-
line area of w20 acres in Prince William Sound was still
contaminated.
Deepwater Horizon (Gulf of Mexico)

The largest oil spill incident in American history occurred in the
Gulf of Mexico on April 2010, when BP’s Deepwater Horizon
well exploded, sending oil gushing into the sea for 3 months.
By 25 April 2010, the oil spill covered 580 square miles
(1500 km2), and 30 April 2010, estimates placed the total
spread of the oil at 3850 square miles (10 000 km2). According
to government estimates, 205.8million gallons of oil were
spilled into the Gulf of Mexico in 4 months’ time. This estimate
was derived by NOAA based on wind and ocean current fore-
casts, as well as analysis of aerial photography and satellite
imagery. The BP oil spill is the largest accidental release of oil
into marine waters; the Flow Rate Technical Group estimated
that about 4.9million barrels of oil have come out of the well,
with about 800 000 barrels, or 17%, captured by BP’s
containment efforts. Of the remaining 4.1million barrels of oil
that were released into the waters of the Gulf, more than half
had been burned or skimmed, or had evaporated or dispersed
by the beginning of August 2010. This means that about
4-3.00359-6 677
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Figure 1 Spread of the spill in the months following Exxon Valdez spill. Source: Kamrin, M.A., Limaye, P.B., Mehendale, H.M., 2005. Exxon Valdez.
Encyclopedia of Toxicology, second ed., p. 311.

678 Oil Spills
1.3million barrels of oil was still onshore as tar balls, buried
under sand and sediment, or floating on the ocean surface as
a light sheen (Table 1).
Dispersant Used in Oil Spills

The US government took immediate steps to stop theDeepwater
Horizon oil spill by injecting the dispersants COREXIT 9500A
and COREXIT 9527A directly at the wellhead or end of the rise
pipe at a water depth of 1500m. The goal was to disperse the
oil at depth, preventing large slicks forming directly at the
surface, and to defray the environmental impact of the oil spill.
However, the majority of the 1 800 000 US gallons (6800 m3)
of dispersants which had been used; mostly COREXIT 9500
was sprayed from airplanes or surface craft onto the oil slicks.
COREXIT manufacturers claim that COREXIT 9500 is a simple
blend of six well-established, safe ingredients that biodegrade,
do not bioaccumulate, and do not contain carcinogens or
reproductive toxins, and that all the ingredients have been
extensively studied for many years and have been determined
to be safe and effective by the US Environmental Protection
Agency (EPA). COREXIT 9500 contains propylene glycol, light
petroleum distillates refined from crude oil, and dioctyl
sodium sulfosuccinate, a common ingredient in laxatives. Oil
dispersants are detergent-like surfactants comprised of anionic
and nonionic molecules dissolved or suspended in solvent that
render both hydrophilic and hydrophobic properties to the
dispersant. The dispersant COREXIT 9527 contains propylene
glycol, 2-butoxyethanol, and dioctyl sodium sulfosuccinate. 2-
Butoxyethanol was identified as a causal agent in the health
problems experienced by cleanup workers after the 1989 Exxon
Valdez oil spill. In COREXIT 9500 the toxic 2-butoxyethanol
was replaced with light petroleum distillate. These compounds
enhance the dispersion of oil by reducing the oil/water inter-
facial tension and facilitating the formation of small mixed oil
surfactant micelles within the water column; thus preventing
the oil slick from reaching the shore. It is estimated that
16.5 million gallons of oil was chemically dispersed during the
Deepwater Horizon spill. The ecological and human health
impacts of the Deepwater Horizon oil blowout may differ from
the previous oil spills such as the Exxon Valdez because of the
depth at which the oil leak occurred, the large volume of oil
released, and the unprecedented volume of dispersant (COR-
EXIT 9500 and 9527) used. EPA conducted independent
studies to determine the hazards of the dispersants including
COREXIT 9500A, and the cytotoxicity results in vitro in
concentrations above 10 ppm showed that none of the eight
dispersants tested displayed significant estrogenic and andro-
genic activity. Results of the in vitro tests were similar to the



Table 1 Some of the other major oil spills since 1900

Spill/tanker Location Date US gallons

Lakeview Gusher United States, California 1910–11 378 000
Greenpoint oil spill United States, New York City 1940–50 17 000–30 000
Torrey Canyon United Kingdom, Isles of Scilly 1967 38 000
Sea Star Iran, Gulf of Oman 1972 35 000
Urquiola Spain, A Coruña 1976 31 000
Amoco Cadiz France, Brittany 1978 68 000
Ixtoc Mexico, Gulf of Mexico 1979–80 140 000
Atlantic Empress Trinidad and Tobago 19 July 1979 88 000
Irenes Serenade Greece, Pylos 23 February 1980 30 800
Nowruz Field Platform Iran, Persian Gulf 10 February1983 80 000
Castillo de Bellver South Africa, Saldanha Bay 6 August 1983 78 000
Odyssey Canada 10 November 1988 43 000
Kharg-5 Las Palmas, Canary Islands 19 December 1989 19 000
Kuwaiti oil fires Kuwait January 1991 – November 1991 42 000 000–63 000 000
Gulf War oil spill Iraq, Persian Gulf and Kuwait 19 January 1991 – 28 January 1991 252 000–336 000
MT Haven Italy, Mediterranean Sea near Genoa 11 April 1991 42 000
ABT Summer Angola 28 May 1991 78 000
Fergana Valley Uzbekistan 2 March 1992 88 000
Erika French Atlantic Coast 12 December 1999 3000
Prestige Galicia, Spain 2002 20 000
Hebei Spirit South Korea 7 December 2007 2800

Oil Spills 679
ecotoxicology tests showing generally low dispersant toxicity.
Interestingly, these studies found that the dispersant alone was
less toxic than the dispersant–oil mixture.

The National Institute for Occupational Safety and Health
evaluated the acute effects of inhalation of dispersant in rats on
the respiratory, cardiovascular, and nervous systems as well as
the immune effects of dermal exposure. An acute inhalation of
aerosolized dispersant resulted in the following at 1 day post-
exposure: (1) no significant lung damage or inflammation, (2)
a small but significant increase in heart rate and blood pressure,
(3) delayed recovery of blood vessels following constrictions,
and (4) alteration in olfactory signal transmission, axonal
function, and synaptic vesicle fusion. Dermal application
resulted in skin irritation and sensitization. However, the long-
term impact of exposure has not yet been studied.
Toxicological Impacts

Prevailing models of ecological impacts resulting from oil
pollution are being revised after the April–August 2010 release
of approximately 4.9million barrels of oil into the northern
Gulf of Mexico. In part, this is a legacy of the Exxon Valdez
accident as a watershed environmental catastrophe, and the
extensive research on acute and chronic impacts of the resulting
onshore oil pollution. Unlike the 0.25–0.5million barrels
released by the Valdez, the Deepwater Horizon disaster hemor-
rhaged oil into the open ocean at a 1500 m depth over a pro-
tracted 84-day period. Studies on fish population showed no
catastrophic losses due to the 2010 spill, and no shifts in
species composition following the spill. The potential long-
term impacts on aquatic species as a result of chronic exposure
and delayed, indirect effects require further investigation.
Scientists believe that the death of dolphins in Gulf of Mexico
probably was related to the oil spill. There have been 153
deaths since 1 January 2011; 65 of them were newborn or
stillborn dolphins. The mechanism by which oil expresses
toxicity to the baby dolphins and newborns is unclear. It has
been proposed that oil ingested or inhaled at the time of spill
has taken a belated toll on the marine mammals, possibly
leading to dolphins miscarriages.

The Exxon Valdez supertanker spill damaged more than
1300 miles of shoreline, disrupted the lives and livelihoods of
people in the region, and killed hundreds of thousands of birds
and marine animals. During the 20 years since the Exxon Valdez
oil spill, there has been a continuing research effort to evaluate
the initial and long-term impacts of the spill, how effects were
ameliorated by remedial actions and the passage of time, and
the status of various organisms affected by the spill. Extrapo-
lation from the data that have been collected suggests that the
Exxon Valdez spill led to the deaths of 250 000 seabirds, 3000
sea otters, 300 harbor seals, 250 eagles, and a number of killer
whales. However, other animal populations, such as those of
the bald eagle, recovered fully in the intervening years. The fate
of sea otters falls into an intermediate category, since pop-
ulations took a longer time to recover completely. The Alaska
Department of Fish and Game under the Restoration Project
studied the health and conditions of harbor seals within Prince
William Sound and the Gulf of Alaska from 1991 to 1996. They
measured blood chemistry to evaluate effects of the oil spill
from Exxon Valdez. Most of the seals were found healthy. No
significant changes in blood profile were found with region or
time period after the spill. The problem with studying oil spills
in humans is more complicated than other occupational
studies, where workers’ job responsibilities are clearly defined –

and thus the exposure, whereas cleanup workers’ responsibili-
ties are varied. Possible health effects from picking up tarballs
on the beach, laying booms, or working on the rig itself will
differ significantly. DNA damage in cleanup workers from
the 2002 Prestige tanker spill off the coast of Spain and
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psychological damage in Alaskans affected by the Exxon Valdez
spill were reported recently.

The generic toxicological implications of oil on animals and
birds are not well defined due to the difference in oils and their
hydrocarbon contents. There are four general causes of toxicity
in animals exposed to oil spill residuals. The first is the adverse
impact of the oil on the insulation value of the fur of mammals
and feathers of birds. When oil penetrates into the plumage of
birds and fur of mammals, it alters their insulation ability,
makes the animals more susceptible to temperature fluctua-
tions, and decreases buoyancy in the water. Oil also impairs or
disables birds’ flight abilities, and they in turn become the
victim of predators. The second is acute toxicity from ingesting
oil products, often while the animal is trying to clean oil off
their fur or feathers. As they attempt to preen, birds typically
ingest oil that covers their feathers, causing kidney damage,
altered liver function, and digestive tract irritation. This and the
limited ability to forage quickly cause dehydration and meta-
bolic imbalances. Hormonal balance alteration including
changes in luteinizing protein in birds has also been reported
after exposure to petroleum products. The third is long-term or
delayed toxicity due to oil residue exposures that are not lethal,
but which decrease the hardiness or reproductive fitness of the
exposed animals. The last is brain lesions and disorientation
caused by inhalation of toxic fumes. Most birds affected by an
oil spill die unless there is human intervention. Some studies
have suggested that, even after cleaning, less than 1% of oil
soaked birds survive. Heavily furred marine mammals exposed
to oil spills are affected in similar ways as seabirds. Oil coats the
fur of sea otters and seals, reducing its insulation abilities and
leading to body temperature fluctuations and hypothermia. Oil
may also cause the death by affecting the animal’s lungs or
liver. Oil also can kill an animal by blinding it, leaving it
defenseless. In addition, populations of animals can be severely
affected if oil toxicity adversely impacts the creatures on which
they feed or greatly decreases available habitat. Both of these
problems can affect the organism’s ability to survive and
reproduce. In addition to effects of the spill on larger animals,
there were also impacts on smaller organisms resulting from
the spill and the cleanup. Mortality in microalgae and benthic
invertebrates occurred due to a combination of chemical
toxicity and their physical displacement from natural habitat
by pressurized wash-water that was applied after the spill to
clean up the contaminated area. Because oil floats on top of
water, less sunlight penetrates into the water, limiting the
photosynthesis of marine plants and phytoplankton. This, as
well as decreasing the fauna populations, affects the food chain
in the ecosystem.

Oil spills cause both direct and indirect harm to the envi-
ronment. The oil from the Deepwater Horizon was a dark, thick,
sticky liquidwith a strongodor. Theoilfloatedon the surface and
spread, creating an oil ‘slick’ that covered hundreds of square
miles. It coated everything it touched in a layer of sticky oil.
Ocean animals such as sea turtles and dolphins become exposed
to oil when they come to the surface to breathe. They could be
harmed by chemicals in the oil, especially if they swallowed or
breathed some. Hundreds of sea turtles have died from the spill.
Smaller creatures were affected as well. Countless larvae (young)
of fish, shrimp, crabs, oysters, and turtle hatchlings, which swim
in the open sea, have also been killed by the pollution.
The Gulf of Mexico Coast is one of the most productive
natural areas in the entire world, with millions of acres of
marsh, swamp, forests, and islands. Hundreds of species of
birds and other wildlife feed and nest there, including some
that are rare. The young of many species of fish and other
animals mature in the wetlands. Wetlands also help protect the
coastline from hurricanes. When oil enters a wetland, it covers
almost everything it touches – the plants, the animals that eat
the plants, and the animals that eat the animals that eat the
plants. When birds come to feed, they can get coated in oil or
poisoned by the oil-covered animals they eat. And when the
oil-covered plants die, they wash away, and the wetlands can
disappear. The oil also soaks into the soil and sand and can
suffocate and poison living things.
Postspill Research

One of the aims of the research undertaken after the Exxon
Valdez spill was to understand the impacts of oil spills on the
environment. However, assessing the toxicity of oil spills is
complicated by a number of variables, such as the presence of
oil from other sources, for example, natural seeps, and by the
absence of baseline prespill data with which to compare
postspill environmental levels and effects. In addition, it has
been difficult to determine the natural factors that affect the
persistence of the oil in various environmental locations near
the spill since the persistence was strongly influenced by the
steps taken to remove the oil. Further, the Exxon Valdez spill
occurred in the arctic environment, and it is not clear how valid
it is to extrapolate the data gathered in this environment to
other climates. These considerations suggest that any conclu-
sions drawn about persistence could be situation specific and
hard to apply to other spills.

A further complicating factor is that in a number of cases,
scientific studies were designed to address very specific
concerns related to litigation rather than to answer broad
environmental toxicology questions that might be applicable
to a variety of other locations and situations.

Research into the impact of spills has been aided by the
passage of the US Oil Pollution Act of 1990, which included
a provision establishing the Oil Spill Recovery Institute (OSRI).
OSRI provides funding to support oil-spill-related research as
well as education and technology development for dealing
with oil spills in the arctic environment. The results of research
it supported and other research, such as that funded as part of
litigation activities, were summarized in the 2002 National
Research Council report Oil and the Sea: Inputs, Fates and
Effects. This report also puts into perspective the small contri-
bution of tanker and pipeline spills as compared to other
sources of ocean oil such as land-based runoff, polluted rivers,
and small boats and watercraft, as well natural seeps from the
sea floor. Congress, in response to oil spills on the East Coast
and in Gulf of Mexico, formed a congressional committee to
propose a retrofit on tankers with double hulls that becomes
effective in 2015. Strict regulations also have been proposed for
the oil exploration and drilling from offshore wells. In the wake
of the BP Deepwater Horizon disaster in the Gulf of Mexico, the
National Institute of Environmental Health Sciences (NIEHS)
has launched the largest study ever on the health consequences
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of oil spill cleanup. The GuLF STUDY (Gulf Long-term Follow-
up study) aims to enroll 55 000 workers and volunteers
involved in the BP oil spill response, including 5000 controls,
with a budget of $10million for at least 5 years, looking at
long-term problems such as cancer, birth defects, and psycho-
social issues.
Summary

Accidental oil spills from the tankers provide dramatic exam-
ples of the adverse impacts of large amounts of oil on aquatic
and coastline ecosystems. Deepwater Horizon, Exxon Valdez, and
other similar spills led to great public awareness of this
problem, and subsequent legislation aimed at decreasing the
probability and impact of oil spills, improving our under-
standing of the adverse effects of impacts of such spills, and
increasing our capabilities for dealing with spills of oil. The
Gulf Coast Ecosystem Restoration Task Force recommended
that Congress ensure that a significant portion of the BP oil spill
fines go to restoration of Gulf. The Exxon Valdez, Deepwater
Horizon, and similar oil spill disasters illustrate the dangers of
oil exploration and transportation. Oil spill prevention
remains the only way to manage the transportation and
exploration of this hazardous material, as no foolproof cleanup
methods have been discovered. The continuing occurrence
of tanker spills and the difficulties in dealing with the conse-
quences of such incidents suggest that additional emphasis
should be placed on ways to prevent such incidents in the
future.

See also: Fuel Oils; Occupational Toxicology; Biofuels; Toxicity
Testing, Aquatic; Oil, Crude; Pollution, Water; Environmental
Toxicology.
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Background

Marine algal blooms, natural phenomena produced by the
overgrowth of microscopic marine algae, have become a public
health concern because of their increasing frequency and
severity. About 300 phytoplanktonic species are known to have
the ability to cause these blooms, and one-fourth of them are
able to produce toxins, also called phycotoxins. Shellfish, mainly
bivalve mollusks, and fishmay accumulate these phycotoxins by
direct filtration of the producer algal cells or by feeding on
contaminated organisms. Human intoxications caused by phy-
cotoxins occur worldwide through consumption of marine
fishery products containing bioaccumulated toxins.

According to their toxic effects and chemical properties,
phycotoxins are classified into different categories. Diarrheic
shellfish poisoning (DSP) toxins are one of the most relevant
groups of the phytoplanktonic toxins because its presence
produces not only severe economic losses, but also health effects
in human consumers. The first registered DSP episode after
shellfish consumption occurred in 1961 in The Netherlands.
However, no relationship with the phycotoxins was established
at that time. It was in 1976 when the association between the
frequent occurrence of gastroenteritis and the ingestion of phy-
cotoxin-contaminated shellfish was proved the first time. Since
then, a large number of DSP episodes have been documented
worldwide. However, this number is believed to bemuch higher
because these episodes are not often well documented for the
reason that the acute symptoms are sometimes light and
intoxicated people do not always require medical assistance.

Okadaic acid (OA) and its analogs, the dinophysistoxins
(DTX), are lipophilic marine toxins produced by several
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phytoplanktonic species and responsible for DSP in humans.
OA, the main representative toxin of this group, was first iso-
lated in 1981 from the black spongeHalichondria okadai as well
as from H. melanodocia. It is usually accumulated by several
marine organisms, mainly bivalve mollusks, by eating phyto-
plankton containing OA. This toxin is highly distributed all
over the world, but is especially abundant in Japan in Europe.
OA exposure can represent a severe threat to human health
beyond its DSP effects, because it was demonstrated to be
a specific inhibitor of several types of serine/threonine protein
phosphatases and a tumor promoter in animal carcinogenesis
experiments.
Uses

OA is a natural marine toxin produced by different phyto-
planktonic species mainly from the dynoflagellates group. It
may pass through the food chain to humans who ingest OA-
contaminated organisms. Thus, it does not have any commer-
cial applications in medicine, food, construction, or similar
industries. However, because of its well-known ability to
selectively inhibit several types of serine/threonine protein
phosphatases, it is often used in research as a useful tool for
studying cellular processes regulated by reversible phosphory-
lation of proteins, including control of glycogen metabolism,
coordination of the cell cycle and gene expression, and main-
tenance of cytoskeletal structure.

Furthermore, it was reported that other marine toxins,
different from OA, can also act as specific protein phosphatase
(mainly PP1 and PP2A) inhibitors. They are called OA class
tumor promoters and were proved to be able to cause skin,
stomach, and liver tumors in animals. This has led some authors
to suggest a new concept of tumor promotion: the okadaic acid
pathway. In this regard, studies with OA, as well as with other
OA class tumor promoters, could deepen the knowledge of the
mechanisms of cancer development in humans.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01068-X
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Approximately 5000 species, including dinoflagellates, diatoms,
and cyanobacteria, are described to constitute thephytoplankton.
Among them, 300 show the capability to grow exponentially and
about 80 are able to produce toxins. OA is one of these toxins or
phycotoxins. It is produced principally by dinoflagellates of
the genus Prorocentrum (mainly P. lima) and Dinophysis (mainly
D. acuta andD. acuminata in Europe andD. fortii in Japan), and it
is the main representative DSP toxin. This phycotoxin group is
characterized by inducing gastrointestinal disturbances, mostly
diarrhea (92%), in human consumers.

OA, like other phycotoxins, is accumulated by shellfish,
mainly bivalve mollusks such as mussels, scallops, oysters, or
clams, and several fishes by eating the phytoplankton, and
subsequently can be consumed by humans, causing alimentary
intoxication. Its characteristics are not changed by cooking and
they do not modify the taste of the contaminated organisms so
it is very difficult to detect.

In some organisms, OA can be accumulated without causing
damage to them. This is the case of several sponges, such as H.
okadai and Suberites domuncula. They have been shown to have
OA-binding proteins that can prevent self-intoxication or even
defend against parasite organisms. In other cases, mainly
mollusks, the ingestion of the toxic phytoplankton may modify
the original toxins by means of diverse transformations.
Exposure and Exposure Monitoring

OA is a phycotoxin accumulated in shellfish and fish; thus
ingestion of contaminated seafood is the most common expo-
sure pathway. However, inhalation and dermal exposures can
also happen. These kinds of exposure affect mainly to those
people who are environmentally exposed (e.g., those swimming
in the sea after a harmful algae episode) or occupationally
exposed (e.g., fishermen, shellfish farmers, researchers). In both
cases, OA was found to cause skin and mucous irritation.

Nevertheless, it is not common to be exposed to OA inde-
pendently from other DSP toxins because OA analogs, such
as dinophysistoxin 1 (DTX1) or 2 (DTX2), are frequently
produced by the same organisms that produce OA. This is the
reason why in some studies, especially in vivo, an extract of
contaminated mussels is frequently administered to animals to
test the effects of DSP.

The fact that DSP toxins pose a threat to human health led
a number of countries to establish regulations to control the
presence of these toxins in seafood. Currently, several countries
carry out monitoring programs to detect DSP toxins and have
specific limits for these toxins in fish and shellfish. This is the
main strategy to prevent OA or DSP intoxication. If the
threshold established by law is exceeded, the authorities close
the shellfish or fish production areas.
Toxicokinetics

Apart from a recent in vitro study reporting that OA can
be absorbed by human digestive cells and move into the
bloodstream, no data regarding absorption, distribution,
metabolism, or excretion of OA in humans are available so far.
However, toxicokinetic studies in mice concluded that OA
administered by gavage is well absorbed by the gastrointestinal
tract and quickly distributed. Just 5 min after oral administra-
tion it was found in brain, lung, spleen, heart, liver and gall-
bladder, kidney, stomach, intestine tissue, intestine content,
skin, blood, muscle, urine, and feces, and it was also observed
to pass through the placental barrier of pregnant mice.
Furthermore, OA was detected in different tissues of mice just
1 h after intramuscular injection. It is also suspected to be
absorbed after dermal administration; however, no studies
were found on this regard.

Despite these toxicokinetic studies, there is a lack of
knowledge regarding accumulation and elimination rates in
humans. However, the high concentrations in intestinal rodent
tissue and contents after 24 h demonstrated slow elimination
of OA. OA was detected in mouse liver 2 weeks after its oral
administration and it was excreted in feces during at least 4
weeks. Also, studies with bivalve mollusks demonstrated that
these organisms need at least 40 days to eliminate all the OA
consumed after an initial intake of 1000mg. Although scarce
metabolizing of OA was observed in mammal studies, this
toxin was shown to be metabolized by microsomal enzymes in
cell cultures and by mollusks in in vivo studies. However,
metabolizing products such as methyl okadaate, amide, and
reduced carboxyl (okadaol) derivatives seem to be less effective
in inducing damage that OA itself.
Mechanisms of Toxicity

As the main representative DSP toxin, OA ingestion leads to the
onset of acute gastrointestinal symptoms typical of this intox-
ication (e.g., diarrhea, nausea, vomiting, abdominal pain). It
was suggested that diarrhea in humans is caused by hyper-
phosphorylation of ion channels in intestinal cells impairing
the water balance, or by increased phosphorylation of cyto-
skeletal or junctional elements that regulate solute perme-
ability, resulting in passive loss of fluids. It was also suggested
that OA causes long-lasting contraction of smoothmuscle from
human and animal arteries.

At the molecular level, OA is a potent tumor promoter
and a recognized inhibitor of serine/threonine protein
phosphatases type 1 (PP1) and 2A (PP2A); PP2A is about
200 times more strongly inhibited than PP1. However,
nowadays OA is also known to inhibit PP4, and less effi-
ciently, PP5 and PP2B. This phosphatase activity inhibition
causes a dramatic increase in the phosphorylation levels of
numerous proteins that ultimately results in alterations of
relevant cell processes.

Mostly because of this ability, OA was shown to induce
severe cytotoxic effects that include cell cycle alterations,
morphological changes, apoptosis, viability decreases, and
cytoskeleton disruptions on different cell systems. Besides,
genotoxicity after OA exposure was also reported (see Geno-
toxicity section), and it was also demonstrated to alter gene-
expression patterns in OA-exposed cells. The existence of
OA-binding proteins other than phosphatases has been
demonstrated in several marine organisms but not in
humans.
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Although this toxin is not classified as a neurotoxin, it was
shown to induce some neurotoxic effects both in vitro and
in vivo. In vitro, OA induces apoptosis in a variety of human
and animal neurons, generates redistribution of neuronal
proteins, forces differentiated neuronal cells into the mitotic
cycle, induces disintegration of neuritis, and generates
changes in microtubule-associated proteins concomitant
with early changes in neuronal cytoskeleton. In vivo, OA
exposure was observed to produce inactivity and weakness in
mice as well as hyperexcitation, spatial memory deficit, and
neurodegeneration.
Acute and Short-Term Toxicity

A median lethal dose (LD50) of 192mg kg�1 level was estab-
lished after intraperitoneal injection in mice, whereas the
lowest observed adverse effect level (LOAEL) in mice by acute
oral administration was deduced to be 75mg kg�1 body weight.

The ingestion of OA-contaminated shellfish results in
a syndrome known as diarrheic shellfish poisoning (DSP),
which is characterized by severe gastrointestinal symptoms,
including diarrhea (92%), nausea (80%), vomiting (79%),
abdominal pain (53%), and chills (10%). The intensity of
these symptoms in humans depends on the amount of toxin
ingested. An intake of 40–48mg of OA is the minimum dose
required to produce DSP symptoms in human adults. They
appear within 30min and 4h after intake and continue for
about 3 days, but they are not considered lethal and hospital-
ization is usually not required. DSP is generally considered
nonlife threatening, but complications may occur as a result of
severe dehydration in some patients.

At the tissue level, severe morphological alterations were
observed in different rodent organs, especially intestine and
liver, after OA administration. These alterations include
formation of blebs on the cell surface, pronounced changes of
the cell appearance, desquamation of the degenerated epithe-
lium from the lamina propria, and degeneration of the
absorptive epithelium and endothelial lining cells.

The degree of damage was demonstrated to be dose
dependent, but also may be influenced by the type of exposure.
For instance, intraperitoneal OA injection was observed to
induce changes in rodent enterocytes within 15min after
administration, whereas intravenous injection of OA induces
similar but less extensive changes on the same cells. In the case
of oral OA administration, longer times are needed to observe
severe mucosal injuries in the animal intestine.

Furthermore, acute dermal or inhalational OA exposures
result in local irritation of the skin or respiratory tract, respec-
tively. Also, contact with the eyes must be avoided because it
may cause ocular irritation.
Chronic Toxicity

To date, there are no studies evaluating the chronic or sub-
chronic effects of OA on animal species or humans. However,
on the basis of several in vitro and in vivo studies, chronic
exposure to DSP is suspected to promote tumor formation in
the digestive system. In addition, different parameters of
chronic effects, such as micronucleus or sister chromatid
exchanges, were found to be increased after OA exposure.
Immunotoxicity

OA effects on the immune system of animals and humans have
been poorly studied. In a study employing mice orally fed with
17.8 mg kg�1 OA, different immunotoxic effects were observed,
including thymus morpho-functional modifications and
atrophy, depletion in the lymphoid compartment, and angio-
genesis. Moreover, an inflammatory cell response was activated
in these animals by the recruitment of granulocytes, an increased
number of active macrophages and increased immunoreactivity
to cytokines. In vitro, OA induces a marked depression of
interleukin-1 (IL-1) production in human peripheral blood
monocytes at concentrations of 0.1–1.0mgml�1. At higher
concentrations, OA killed the cells. In this study it was also
observed that the suppressive effect of OA on IL-1 was readily
reversed by specificmonoclonal anti-OA antibody. Despite these
two studies, the immunotoxic OA effects and its action mecha-
nisms on the immune system remain unclear.
Reproductive and Developmental Toxicity

There is no evidence of reproductive or developmental toxicity
of OA on humans; however, several studies performed in
animals, usually fish and frogs, have reported the embryotoxic
effects of this toxin. It was found that microinjection of OA in
frog (Xenopus laevis) oocytes and starfishes (Marthasterias gla-
cialis and Astropecten aranciacus) induced meiotic maturation
and the activation of the mitosis promoter factor. Also, the
incubation of medaka fish (Oryzias latipes) embryos in
a medium containing OA resulted in a retardation of embryo
development and a dose-dependent reduction in survival rate,
achieving 100% mortality at 0.75–1mgml�1. Another study
performed with frog (X. laevis) embryos confirmed that OA
treatment induces embryo malformations, increases in
mortality, and delayed growth in this species. Nevertheless, OA
was recently proved to exhibit weak teratogenicity on cultured
murine embryonic cells.
Genotoxicity

OA did not induce mutations in bacterial assays either in the
absence or presence of metabolic activation. Nevertheless, it is
considered a mutagenic compound because it showed strongly
mutagenic properties in Chinese hamster lung cells without
metabolic activation. In these cells, a mutation frequency
comparable to 2-amino-N6-hydroxylamine was obtained.

OA is also a well-established genotoxic agent; damage in the
genetic material was described in different human and animal
cell types after OA exposure. This damage includes a variety of
DNA lesions such as micronuclei formation, oxidative DNA
damage, sister chromatid exchanges, 8-OH-deoxyguanine
adducts, minisatellite mutations, and DNA strand breaks.
Furthermore, OA was also found to alter the DNA repair
processes. TheDNA repairmachinery is highly necessary to repair
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the damage induced by xenobiotic compounds. Thus, this toxin
could act directly, inducing genotoxicity but also avoiding repair
of the DNA damage induced by other genotoxic compounds.

However, genotoxic OA effects are not entirely defined
because reported data are often contradictory. For instance,
some studies indicated that OA was aneugenic, whereas others
proposed a clastogenic effect for this toxin. There are also
studies reporting that OA needs to be metabolically activated to
exert its mutagenic action, contrasting with other investigations
indicating a direct effect. Moreover, it seems that OA genotoxic
effects are highly dependent on cell type, experimental condi-
tions, dose, and exposure time.
Carcinogenicity

At the moment, OA has not been classified by the Interna-
tional Agency for Research on Cancer (IARC) regarding its
carcinogenicity potential. Nevertheless, OA was reported to
have very potent tumor-promoting activity in two-stage
carcinogenesis experiments involving mouse skin and mucosa
of rat glandular stomach after dermal and oral exposure,
respectively. Furthermore, this toxin was observed to produce
transformation and cell growth, and induce several genotoxic
and cytotoxic effects, including DNA strand breaks, DNA
adducts, cell cycle alterations, apoptosis, oxidative damage,
DNA repair alterations, and micronuclei induction. All these
disruptions, if they are inaccurately repaired or left unrepaired,
may cause genomic instability that lead to severe pathologies,
including cancer.

Besides, two human epidemiological studies, not based on
experimental data but on information from questionnaires,
reported a significant association between diarrheic intoxica-
tion (DSP) and several types of cancer, specifically stomach,
pancreas cancer, esophagus, stomach, colon, and liver. These
results, together with the previous findings in animals, have led
some authors to suggest that continued OA exposure could
induce different types of cancer in humans.
Clinical Management

Because OA is a phycotoxin found in contaminated seafood,
oral ingestion is the most frequent route of OA exposure,
although not the only one. Exposure to this toxin may also
occur by inhalation and dermal contact. Following any kind of
exposure, a series of recommendations must be followed.

In case of ingestion, wash the mouth out with water. Do not
give liquids and do not induce vomiting unless it is directly
indicated by medical personnel. If spontaneous vomiting
occurs, lean the victim forward to reduce the risk of aspiration.
It is also recommended to monitor for breathing difficulties.
Obtain immediate medical attention if any severe symptom
appears.

In OA inhalation, if the victim is breathing, move him or her
into fresh air as soon as possible and monitor the breathing. If
breathing becomes difficult, give oxygen; if not breathing,
apply artificial respiration. In these last two cases, look for
medical attention immediately. Should it be necessary, provide
additional oxygen once breathing is restored. Keep the affected
person warm and at rest.
In OA skin contact, wash the skin with soap and plenty of
water, or a waterless hand cleanser, for at least 15 min. Remove
contaminated clothing and shoes and wash before wearing, and
consult a physician. If irritation or redness develops, take the
victim immediately to the hospital or obtain medical attention.

In OA eye contact, immediately flush the affected eyes with
clean, low-pressure water for at least 15 min. Hold the eyelids
open to ensure adequate flushing. Check for and remove
contact lenses and consult a physician if necessary.
Ecotoxicology

OA is toxic to aquatic organisms because it inhibits the growth
of a variety of non-DSP-producing microalgae at micromolar
concentrations. Moreover, the massive and prolonged over-
growth of several marine microorganisms, such as OA-
producing dinoflagellates, is usually associated with increase in
the stress of themarine ecosystem, depletion of oxygen levels in
the aquatic environment, and production of metabolites that
result in undesirable taste and odor. These changes in the
marine environment lead to mortality of birds, fish, and
shellfish, habitat modification, and decrease of the higher
trophic level species.

In this regard, the continuous presence of phycotoxins, such
as OA, in the marine environment constitutes a threat for
exploitation and marketing of these resources. They generate
a decrease in marine food quality and consequently important
losses for the productive-extractive sector owing to the impos-
sibility of their marketing.
Exposure Standards and Guidelines

Because DSP toxins pose a threat to human health, most
countries have established regulatory levels for the presence of
these toxins in seafood. However, they are mainly focused on
reduction of the gastrointestinal symptoms. The first country to
establish a limit was Japan (50 mouse unit per kg) after an
epidemiological study (1978). Following, Republic of Korea,
New Zealand, Chile, Thailand, Turkey, Uruguay, and Venezuela
regulated the DSP toxins levels in shellfish for human
consumption on the basis of the previous threshold level
established by Japan.

In Europe, the current regulation (Regulation (EC) No. 853/
2004 of the European Parliament and of the Council of 29
April 2004) on the level of DSP toxins establishes the quantity
of 160 mg kg�1 OA or equivalents as the maximum limit in
seafood. Until recently, Canada and the United States had no
official regulations of DSP levels; however, current Food and
Drug Administration (FDA) guidance recommend OA plus
DTX1 not to exceed 20mg per 100 g tissue. At present, this
threshold is especially followed because the presence of OA has
been newly demonstrated in the Texas Gulf coast (2010).

Regarding DSP toxin detection, a variety of analytical tech-
niques are available for the detection and determination of
phycotoxins, but animal tests still play a major role. A mouse
bioassay using an intraperitoneal injection of toxin extracts
with a 24-h waiting period is commonly used for the deter-
mination of DSP toxin content in seafood. The main
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disadvantage of this assay is the lack of specificity because no
differentiation between different DSP toxins, or even other
chemically similar non-DSP toxins, may be done. For this
reason, other methods, such as HPLC, LC-MS, and capillary
electrophoresis, are currently used.

In any case, small quantities of OA may be present in
mollusks that have passed legal controls before marketing;
therefore, chronic exposure to this toxin may exist in regular
consumers.

See also: Red Tide; Marine Venoms and Toxins; Toxicity
Testing, Aquatic; Shellfish Poisoning, Paralytic; Ciguatoxin;
Saxitoxin; Mycotoxins; Aflatoxin.
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l
 Name: Oleander
l Synonyms: Nerium oleande, Nerium indicum, Nerium odorum,

Common oleander, Rose-bay, Rose laurel, Yellow oleander,
Thevetia peruviana, Thevetia neriifolia, Cascabela thevetia
Background

Oleander is in the Apocynaceae (dogbane) plant family. The
large ornamental evergreen shrub may grow 20–25 ft in height.
Leaves are long and narrow, with pointed tips. During the
summer months large clusters of white, pink, red, or yellow (for
yellow oleander) flowers appear at the ends of the branches. All
parts of the plant contain cardiac glycosides, although the
highest concentrations are found in the roots and seeds.
Uses

Oleander is used as an ornamental shrub along roadsides and
in gardens. The plant is also used in rodenticides, insecticides,
molluscides, and in homeopathic remedies as an abortifacient
or for the treatment of heart failure and various other
complaints. In some countries, particularly Sri Lanka, this
shrub has become a notorious method of suicide.
Exposure and Exposure Monitoring

Routes and Pathways

Common exposure pathways include ingestion of plant parts
and inhalation from the burning of oleander bushes.
Homeopathic extracts, insecticides, and rodenticide extracts are
other available sources.
Human Exposure

Human exposures to oleander in the United States are moni-
tored through the National Poison Data System, which draws
its information from the Poison Center system.
Toxicokinetics

Rate and extent of absorption of toxins from oleander is highly
variable and depends on how the plant is ingested (e.g., swal-
lowed whole, chewed, crushed, made into tea, etc.) and what
part. Symptoms may appear as early as a few hours or as late as
2 days after ingestion.
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Mechanism of Toxicity

Common oleander contains at least five cardiac glycosides and
the toxicity is identical to digitoxin or digoxin poisoning where
there are two main mechanisms of toxicity. First, these car-
dioactive steroids, like digoxin, increase vagal tone, which leads
to bradycardia and delayed conduction through the atrioven-
tricular (AV) node resulting in first-, second-, or third-degree
heart block. Second, cardiac glycosides inhibit the Naþ/Kþ-
ATPase pump on myocardial cells. This causes Naþ to build up
inside the cell while Kþ remains outside the cell. The increased
intracellular Naþ disrupts the concentration gradient whereby
Naþ enters the cell in exchange for expulsion of Ca2þ. Thus,
there is a net increase of intracellular Ca2þ. The increased Ca2þ

results in greater binding to the ryanodine receptor on the
sarcoplasmic reticulum leading to a larger efflux of Ca2þ to
bind the myosin–actin filaments responsible for muscle
contraction. Increased contractility is the therapeutic mecha-
nism of cardiac glycosides. However, due to the increased
intracellular Naþ and Ca2þ, there is an increase in the resting
membrane potential leading to myocardial excitability and
a greater incidence of inappropriate depolarizations and
ectopic foci. The most common dysrhythmia seen in cardiac
glycoside toxicity is premature ventricular contractions, though
almost any dysrhythmia can be seen.
Acute and Short-Term Toxicity

Animal

Animals have the same potential for toxicity as humans, and
toxicity is expected to manifest in the same way.
Human

Oleander poisoning closely resembles digoxin/digitoxin
toxicity. Nausea, vomiting, abdominal pain, and diarrhea are
common. Neurological manifestations of toxicity include
confusion, altered mental status, ataxia, and weakness. Visual
disturbances such as xanthopsia (yellow vision) are possible.
The most serious and deadly symptoms of oleander
poisoning, however, are the cardiotoxic effects. Bradycardia
and AV block are common, although tachydysrhythmias may
also occur. Myocardial excitability manifests as extrasystole
or atrial or ventricular tachycardias. Due to the interference
with the Naþ/Kþ-ATPase pump, hyperkalemia is common,
and the degree of hyperkalemia correlates with severity of
toxicity.
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Chronic Toxicity

Human

Chronic exposure to oleander has been reported. Symptoms
are similar to that with acute toxicity.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Serum digoxin levels will often be positive with
oleander poisoning, but the level does not correlate well with
the amount ingested or the severity of toxicity, and any positive
finding should be considered significant. With recent inges-
tions, decontamination with activated charcoal should be
considered. Continuous cardiac monitoring and serial potas-
sium levels should be performed. Atropine is useful in
managing bradycardia and varying degrees of heart block.
Hypokalemia and hypomagnesemia should be treated to ach-
ieve levels in the high-normal range. While the administration
of intravenous calcium is controversial in cardiac glycoside
poisoning due to the role calcium plays in the toxicity, serious
hypocalcemia should be treated. Intravenous insulin with
glucose and sodium bicarbonate can be used in life-threatening
hyperkalemia, though the most effective treatment is admin-
istration of digoxin-specific Fab.

Digoxin-specific Fab, which is used to treat severe digitalis
glycoside poisoning, has been demonstrated to be effective in
the management of oleander poisoning and decreases
morbidity and mortality. Digoxin-specific Fab should be used
for patients with significant toxicity characterized by hyper-
kalemia, symptomatic bradycardia, or significant ECG changes.
An empiric dose of 10 vials is recommended due to the diffi-
culties in estimating the dose ingested. For patients who have
persistent severe cardiovascular symptoms or if digoxin-specific
Fab is not available, an electrical pacemaker may be used.

See also: Digitalis Glycosides; Plants, Poisonous (Humans);
Poisoning Emergencies in Humans; Red Squill.
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The Paradigm Shift in Toxicology

The field of toxicology is undergoing a transformation process
from a system relying on apical end points in traditional whole-
animal experiments to a new paradigm based on mechanistic
studies of toxicity pathways using emerging technologies such
as cell-based assays, omics approaches, high content imaging,
and high throughput screening (HTS). The concept of toxicity
pathways was brought forward in the National Research
Council report: Toxicity Testing in the 21st Century: A Vision and
a Strategy. It is believed that chemicals can perturb the cellular
signaling pathways that maintain homeostasis in a biological
system, including pathways controlling cellular function,
communication, and adaptation. The chemical perturbation of
these signaling pathways to an extent beyond adaptation can
generate toxicity pathways, which might eventually result in
toxicity and disease. The authors of the report expect that data
on the generation of toxicity pathways in human cell systems
will be able to provide more accurate information for toxico-
logical risk assessment than traditional whole-animal experi-
ments. Toxicity pathway-based risk assessment uses the
concentration of a compound triggering a toxicity pathway(s)
in a biological system (e.g., human cell-based assay) to
extrapolate a blood or tissue concentration and a corresponding
external dose. Omics and related recent technologies such as
high content imaging and HTS are particularly promising to
study toxicity pathways. Omics technologies allow the
comprehensive measurements a biological systems genome,
proteome, and metabolome. The integration of omics data
from these components can generate a systems biology
approach, which makes it possible to understand the interac-
tions among genes, proteins, and metabolites in functional
networks. Such networks can represent partial or complete
cellular signaling pathways of a biological system. Using
specific chemical perturbations, the adaptive behavior of these
signaling pathways can be established and thereby the genera-
tion of potential toxicity pathways. High content imaging in
living biological systems can provide information on the spatial
and temporal dynamics of these pathways and their adversity;
that is, impaired cellular morphology, function, or death. Once
a number of potential toxicity pathways are identified, they can
be validated for their ability to predict toxicity using HTS. The
latest HTS platforms can efficiently test thousands of
compounds for multiple toxicity pathways in a biological
system. The use of broad concentration ranges allows the
establishment of sensitive concentration–response relation-
ships for accurate risk assessment. Several initiatives
are ongoing to identify toxicity pathways including the
ToxCAST program at the US Environmental Protection Agency
(EPA), the High Throughput Screening Initiative at the National
Institute of Environmental Sciences, and mapping of the
human ‘Toxome’ at the Johns Hopkins Center for Alternatives
cyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
to Animal Testing. The human ‘toxome’ includes the complete
map of all human toxicity pathways. It is thought that this
informationwillmake it possible to determine the toxicological
safety of a compound with high certainty based on the absence
of toxicity pathways at a given concentration.
Toxicogenomics

Toxicogenomics investigates the structure and function of
a biological systems’ genome in response to xenobiotic
exposures. The genome can play an important role in the
mechanistic understanding and prediction of toxicity responses.
The genomic sequence contributes to the susceptibility of a bio-
logical system to a particular xenobiotic exposure, in particular
genes that regulate the biotransformation and detoxification
mechanisms of xenobiotics (e.g., cytochrome P450 enzymes).
Global gene expression can rapidly change in response to
a xenobiotic exposure and changes are often observed before the
occurrence of related histopathology or cell viability alterations.
The latest high-density microarray technologies can simulta-
neously quantify the expression of thousands of individual
genes and facilitate whole-genome studies. Using bioinformatics
approaches (e.g., clustering techniques), genes with a common
expression patterns can be identified assuming they are related in
a functional network. Follow-up studies using gene silencing
or knockout techniques allow the validation of functional
relationships between genes. The expression of the genome
is regulated by epigenetic factors including modifications in
DNA methylation, histone modifications, and chromatin
remodeling. An emerging new area in toxicogenomics, called
toxicoepigenomics, investigates global epigenomics changes in
a biological system in response to xenobiotic exposure. Alter-
ations in epigenetic factors can providemore insight into toxicity
mechanisms and susceptibility differences between biological
systems. The limitation of toxicogenomics is that changes
in gene expression are not always translated upstream and
additional proteomics or metabolomics studies are required to
verify related toxicity outcomes.
Toxicogenomics for the Identification of Toxicity Mechanisms

A gene expression response can provide a preliminary indication
of the biological mechanisms affected by a chemical exposure.
The treatment of characterized biological systems with model
compounds for toxicity mechanisms allows the identification of
a common set of discriminatory genes or ‘gene expression
signature.’ It is important to test compounds with different
mechanisms at broad concentrations and exposure times to
distinguish homeostatic adaptations from adverse toxicity
mechanisms and obtain a detailed understanding of the gene
network involved. Once the gene expression signature for
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a specific mechanism is established, it can be compared to gene
expression changes induced by compounds with unknown
mechanisms. Positive correlations between signatures can be
used to generate hypotheses on mechanisms of toxicity.
Toxicogenomics for Compound Classification and Prioritization

Gene expression signatures have also been used to classify
compounds into different toxicity classes based on mechanism
and target organ specificity or potency. Statistical techniques,
such as discriminant analysis, Bayesian classification, and
neural networks, are used to build prediction models that
automatically classify compounds in different classes based on
gene expression signature correlations. Such classifications can
be useful to prioritize compounds for further testing (e.g., the
most or least hazardous compounds), which improves the
efficiency of the assessment paradigm. The gene expression
responses in biological systems have been collected in public
databases such as the Comparative Toxicogenomics Database
(CTD), Environment, Drugs, and Gene Expression database
(EDGE), and Chemical Effects in Biological System (CEBS)
knowledge base. These databases provide a useful tool for
the analysis and comparison of microarray data and facilitate
the identification of gene expression signatures related to
environmental exposures.
Future Challenges

Although toxicogenomics is widely used for mechanistic
studies, its implementation to identify and prioritize chemicals
for hazard assessment is still limited. To improve imple-
mentation, the storage, sharing, and analysis of toxicogenomics
data via public databases needs to be optimized. Moreover,
additional tools need to be developed for data interpretation,
understanding of biological relevance, and integration of gene
expression data with proteomics and metabolomics data to
obtain a systems biology understanding of functional networks
and identify toxicity pathways.
Proteomics

Proteomics involves the global study of proteins in a biological
system, including quantitative measurement of protein expres-
sion, study of protein structures, and protein–protein interac-
tions. Proteomics studies are complex because the proteome is
extremely dynamic, protein expression can differ from cell to
cell, and there are a number of posttranslational modifications
that change protein function (e.g., phosphorylation). Neverthe-
less, proteomics study has become increasingly attractive due to
its wide range of applications (cells, tissues, and biofluids) and
its ability to provide functional information about toxicity and
disease processes.
Conventional 2D Gel Electrophoresis/Matrix-Assisted Laser
Desorption Ionization–Time-of-Flight Mass Spectrometry

The conventional platform for proteomics studies is 2D gel
electrophoresis combined with matrix-assisted laser desorption
ionization–time-of-flight (MALDI-TOF) mass spectrometry
(MS). The approach separates a protein mixture in a gel based
on isoelectric point andmass, visualizes the protein spots using
a staining, and compares the quantity of protein spots in two or
more gels by imaging software. Recent techniques such as
multiplex fluorescence coloring using differential gel electro-
phoresis have improved between gel comparisons and protein
quantification. To identify the proteins of interest, protein
spots are cut out of the gel, digested into known peptides
fragments (e.g., using trypsin), mixed with a chemical matrix
(a-cyano-4-hydroxycinnamic acid), and spotted on a chip for
MS analysis. In the MALDI-TOF, the matrix–peptide mixture
(crystal lattice) is excited using a laser converting it into a gas of
peptide ions. The peptide ions pass down the mass analyzer
toward a detector and depending on their time of flight the m/z
ratio of the peptide ions is determined. The m/z values of the
peptides can be compared to a database (e.g., SWISS-PROT) for
peptide identification called peptide mass fingerprinting.
Depending on the number of positive peptide hits, the corre-
sponding protein can be identified.
Tandem Electrospray Ionization Mass Spectrometry

Shotgun proteomics combines liquid chromatography with
coupled tandem MS and is particularly suitable to analyze
complex protein mixtures. Using tandem MS, the protein
peptides are fragmented and the resulting (MS–MS) spectra are
searched against a database to identify matching peptide
sequences, which can be reassembled to identify the proteins in
the original sample. Although, shotgun proteomics allows an
automated analysis of protein mixtures without user inter-
vention, the MS–MS fragmentation range of peptides is based
on the intensity of the peptide ion signals. Therefore, abundant
peptides are favored in the MS–MS acquisition and the detec-
tion of low-abundance peptides is limited. Chromatographic
methods are used to separate (based on peptide size or charge)
the peptide mixtures, which increase the detection of low-
abundant peptides. Another method to improve peptide
detection and quantification is isobaric tag for relative and
absolute quantification proteomics. Up to eight different
protein samples can be labeled with a specific isobaric tag. The
tags bind to amine residues of proteins and have an identical
mass when detected in the mass spectrometer. On MS
fragmentation, however, the tags release their specific reporter
ions, and the peptides from the eight different samples can be
distinguished. The intensities of the reporter ions allow protein
quantification, and the specific peptide fragment ions in the
spectra can be searched in a database (e.g., SWISS-PROT) for
protein identification.
Protein Arrays

Protein arrays provide a sensitive, rapid, and cost-effective
screening tool for protein analysis. The main types of arrays
include functional, analytical, and reverse phase arrays.
Functional arrays contain immobilized proteins and are used
to study protein interactions with proteins, DNAs, or other
small molecules. Analytical assays contain affinity agents
(e.g., antibodies or antigens) and are primarily used to measure
protein expression in complex protein samples. Finally, reverse
phase arrays contain cell or tissue lysates or other protein
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samples, which are probed with labeled antibodies to study
protein expression, modifications (e.g., phosphorylation), or
signaling networks. A limitation of arrays is the availability of
antibodies for the protein targets of interest. Although arrays
are not as robust and reliable as previously described
technologies, they are continuously improving and future
applications are likely to increase.
Proteomic Applications for Toxicity Testing

Proteomics applications in toxicology are focused on the
discovery of protein signatures (biomarkers) for toxicity
predictions and improving the understanding of toxicity
mechanisms. Proteomics studies that investigate the effects of
a particular toxicant exposure in a biological system can be
performed at two levels including the following:

l Global protein profiling or mapping to identify alterations
in the proteome structure or expression.

l Global analysis of individual protein attributes (behavior
and structure), which include their 3D structure, folding of
b-pleated sheet or a-helix, posttranslational modifications,
and interaction with other proteins, DNA, and other
biomolecules.

Proteomics has been mostly applied to study drug toxicity
with the aim to identify noninvasive biomarkers to predict drug
toxicity and efficacy. Studies are based on animal models
analyzing biofluids or organ tissues after exposure and results
are often associated with conventional histopathology. In
particular, the analysis of serum and plasma samples can
provide comprehensive and precise proteome information. The
Human Proteome Organization is currently mapping the
human plasma proteome to improve the understanding of
toxicity and disease. Proteomics studies in organ tissues and
biofluids from rodent models exposed to well-characterized
reference compounds have provided insight into drug-induced
toxicity mechanisms and generated predictive biomarkers.
For example, proteomics markers for hepatotoxicity have been
identified using reference compounds including acetamino-
phen, carbon tetrachloride, bromobenzene, and hydrazide.
Future Challenges

The ability to generate proteomics data largely exceeds the ability
to analyze it. Therefore, the major challenges for proteomics
concern the development of improved data analysis and
integration methods linking proteomics data with data on gene
expression. Considering the dynamic character of the proteome,
it is important to obtain more insight into time-course effects
and dose–response relationships of toxicity responses. More
effort is also required to validate proteomics results by
comparison to data from conventional methods such as
enzyme-linked immunosorbent assay, immunohistochemistry,
functional enzymatic activity assays, and histopathology.
Metabolomics

Metabolomics studies the dynamic response of biological
systems to genetic, physical, pathological, or developmental
factors by the characterization and quantification of low
molecular weight metabolites. Toxicity generally disturbs the
dynamic ratios, concentrations, and fluxes of endogenous
metabolites in key intermediary cellular metabolic pathways.
The metabolic adjustment in the biological system is expressed
as a fingerprint of biochemical perturbations, which is charac-
teristic for the nature or site of toxicity. Because metabolic
fluxes in a biological system occur very rapidly, it is important
to measure time-dependent patterns of metabolite changes
after a toxic exposure, to distinguish between adaptive and
adverse toxic effects.
Metabolomics Technologies

The two principle technologies for metabolomics include
nuclear magnetic resonance (NMR) and MS. NMR measures
the proton spectrum of a biological sample, which provides
a rapid, economic, and robust quantitative profile of metabo-
lites. NMR has the advantages of being nondestructive and
information rich with respect to the determination of molec-
ular structures. Magic angle spinning NMR can be used to
perform biochemical studies on intact tissues and cells, which
preserve samples for other studies. Limitations of NMR concern
its relatively low sensitivity compared to MS approaches. MS-
based metabolomics applications have increased over the last
years, due to its high sensitivity, specificity, and ability to detect
and identify large numbers of metabolites. MS-based
approaches require a sample preparation and extraction
procedure. Before MS analysis, the sample with metabolites are
usually fractionated by chromatography. The fractions allow
a more effective detection of metabolites with different prop-
erties and the retention time provides additional information
for metabolite identification. The accurate masses obtained by
MS are used to assign empirical formulae. For high molecular
weight metabolites, however, there is an increased probability
for isomers. To confirm the identities of metabolites, their
accurate mass and retention time parameters are searched in
a database with annotated metabolites. Several commercial
and public databases are available, such as the Human
Metabolome Project or the METLIN database, that contain
thousands of metabolites.
Data Analysis

The complex multidimensional NMR or MS metabolomics
data sets are analyzed by chemometric methods that are able
to reduce the dimensions of data, which allow the visualization
and the identification of inherent patterns. The most common
chemometric methods used include principal component
analysis, soft independent modeling of class analogy, partial
least-square discriminant analysis, and neural networks. The
analysis allows the identification of metabolic perturbations
and metabolite patterns. Based on the metabolite patterns
induced by reference compounds, more complex chemometric
models, for example, neural networks, can be created that allow
automated correlations and subsequent compound toxicity
prediction and classification. The metabolic perturbations
can be integrated with fundamental biochemical infor-
mation (e.g., for human metabolism) to link metabolites into
functional biochemical pathways.
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Metabolomics Applications for Toxicity Testing

Metabolomics has been used to identify toxicity mechanisms,
target organ toxicity, and novel biomarkers for toxicity predic-
tion and classification. Metabolic profiling in biofluid samples
from rodent models was shown to distinguish different modes
of action of compounds based on changes in metabolite
patterns. By establishing a database, the modes of action of
unknown compounds can be screened in a noninvasive and
cost-efficient manner. The COMET consortium established
a database with NMR profiles (urine and blood) that allow
the prediction of liver and kidney toxicity. The prediction of
toxicity based on noninvasive biofluids from animal models is
a promising achievement, since multiple sampling over time
allows the monitoring of chronic toxicity. Moreover, the high
sensitivity of metabolomic makes it suitable for low-dose
toxicity studies, as carried out for phthalate. A limitation for
in vivo metabolomics studies is the potential influenced of
confounding factors such as diet, age, gender, and health status.
In vitrometabolomics studies can be based on the measurement
of intracellular and excreted extracellular metabolites, but for
a complete study, both approaches should be combined. LC-MS-
based metabolomics approaches have been used to study
methylmercury neurotoxicity in rat primary neuronal cells and
valproate toxicity in human embryonic stem cells. Several
teratogens have been tested in human embryonic stem cells to
identify biomarkers for developmental toxicity and generate
a preliminary prediction model. The application of metab-
olomics in human cells systems is particularly promising to
identify human toxicity pathways.
Future Challenges

It is envisioned that the integration of metabonomic data with
those obtained from proteomics and genomics will provide new
insights into the relationships between gene, protein function,
and metabolic control. There is a need for proof-of-principle
studies that demonstrate the integration of different omics
approaches to identify functional networks driving toxicity
responses. To facilitate such studies, international standards
need to be established regarding the generation, quality, storage,
and analysis of metabolomics data. Standards would allow
large-scale data exchange and comparison via public databases.
Finally, improved data analysis and integration tools are needed
for metabolic pathway identification, validation, and annotation
to obtain a systems biology understanding.
High Content Imaging Technologies

High content imaging technologies combine the efficiency of
high throughput systems with the sensitive and quantitative
properties of molecular imaging. The technologies are mostly
based on automated multicolor fluorescent microscopy, which
provides many opportunities due to the large spectrum of
fluorescent labeling techniques. The images are analyzed
by sophisticated algorithms that quantify multiple parameters
and identify unusual phenotypes. Common applications
include the quantification of parameters related to cell signaling
pathways, receptor internalization, protein expression, cell cycle
status, cytoskeleton integrity, energy metabolism, and cell
differentiation.
High Content Imaging Technologies in Toxicology

High content imaging technologies are increasingly applied in
toxicology and have great potential to study the generation of
toxicity pathways. Especially, the combination of high content
imaging with molecular techniques can provide information on
the role of genes and proteins in cellular pathways. The imaging
data can provide complementary quantitative, temporal, and
spatial information on pathways identified using omics
approaches and thereby add valuable information to the systems
biology approach. Imaging studies can contribute to define
adversity by the simultaneous evaluation of parameters related to
toxicity pathways and phenotypic characteristics. The determi-
nation of adversity is important for the proposed toxicity
pathway-based approach, since perturbation in signaling path-
ways does not automatically lead to adverse effects. Imaging
could potentially reveal the dynamic transition from the adap-
tation process to adversity effects in the biological system.
Moreover, imaging can be combined with behavioral studies to
linkmolecular processes tobehavioral changes. Future challenges
for high content imaging include long-term imaging of living
cells, improvement of image analysis algorithms, and creation of
public databases tomake better use of the information generated.
High Throughput Toxicity Testing

HTS systems allow the testing of thousands to more than
a million samples a day. High throughput toxicity testing can
perform according to a bottom-up or top-down approach. In the
bottom-up approach, a single or a number of compounds are
tested for a large number of parameters (assays) with the aim to
identify the key mechanisms of a compound. In the top-down
approach, a large number of chemicals are tested for a single or
small number of parameters to identify compounds with
a similar mode of action. However, in practice, the approach is
often a compromise between both to test the maximum amount
of chemicals in a large number of relevant assays. To generate
relevant data, it is important to select appropriate biological
models and end points. Immortalized cell lines can be useful to
test specific targets, such as receptor-mediated pathways or signal
transduction pathways. However, systems based on more
complex biological models such as nonmammalian organisms
(e.g., zebrafish, Caenorhabditis elegans) are being developed to
generate more relevant and complex information for toxicity
predictions. End points for high throughput toxicity testing are
frequently basedonmolecular targets suchas signal transduction,
nuclear andmembrane receptor binding, ion channel activation,
enzyme activity, apoptosis, oxidative stress, cell proliferation,
DNA recombination, and cell cycle. New targets under develop-
ment include drug transporters, protein–protein interactions,
protein–RNA interactions, and protein–DNA interactions. In
particular, reporter gene-based end points are increasingly
applied, where a fluorescent reporter gene is added to a gene of
interest in the biological system. The assay allows the sensitive
detectionof gene expressionalterations after a chemical exposure.
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Future Challenges

Challenges for HTS in toxicity testing concern the inclusion of
the appropriate metabolic capacity, the control of test chemical
stability and purity, and the development of improved data
analysis and interpretation methods that preferably implement
in silico and pharmacokinetic parameters. To support the devel-
opment of such methods, high-quality toxicity data should
become available in public databases as, for example, the US
EPA ToxCast data.

See also: High Throughput Screening; Microarray Analysis;
Systems Biology Application in Toxicology; Toxicity Testing in
the 21st Century: Approaches to Implementation.
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History was made on 29 April 1997 with the entry into force of
the Chemical Weapons Convention – the world’s first multi-
lateral disarmament agreement to provide for the elimination
of an entire category of weapons of mass destruction within
a fixed time frame and under international verification. The
event marked both the culmination of many years of pains-
taking multilateral negotiations and the birth of an interna-
tional chemical weapons disarmament regime whose
implementation is overseen by the Organisation for the
Prohibition of Chemical Weapons (OPCW). The OPCW strives
to fulfill the Convention’s mandate to end the development,
production, stockpiling, transfer, and use of chemical weapons;
to ensure the elimination of existing stocks of such weapons;
and in so doing, to make the world safe from the threat of
chemical warfare. The Convention also includes provisions for
assistance and protection against the use of chemical weapons,
and for international cooperation in the peaceful uses of
chemistry.
Past Chemical Disarmament Efforts

Though historical examples abound, the employment of toxic
chemicals in warfare has long been stigmatized by an associa-
tion with both unnecessary cruelty and unfair play, something
beneath the standards of ‘civilized’ battle. Because of this,
international efforts to ban chemical weapons took a prom-
inent position in many early disarmament agreements.
However, in spite of these measures, the world witnessed the
application of chemicals in warfare to an unprecedented extent
during the World War I, the first large-scale attack with chem-
ical weapons taking place at Ieper, Belgium, on 22 April 1915.
By the war’s end, some 124200 tonnes of chlorine, mustard,
and other chemical agents had been released, and more than
90 000 soldiers had suffered painful deaths due to exposure to
them. Close to a million more men left battlefields blind,
disfigured, or with debilitating injuries.

After the First World War, public dismay at the horrors of
chemical warfare spurred negotiations on a number of instru-
ments meant to prevent its recurrence, most prominently the
1925 Protocol for the Prohibition of the Use of Asphyxiating,
Poisonous or Other Gases, and of Bacteriological Methods of
Warfare, commonly known as the Geneva Protocol. A number
of shortcomings, however, kept these agreements from effec-
tively eliminating the threat posed by chemical weapons and
chemical weapons continued to be used during the interwar
years. In addition, the development, production, and stock-
piling of chemical weapons continued unabated through
World War II and into the Cold War as chemical agents of ever-
increasing lethality were developed. The United States and
Soviet Union came to maintain enormous stockpiles of tens of
thousands of tonnes of chemical weapons. In time, chemical
warfare agents were again used by the former regime in Iraq
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during the Iran–Iraq War as well as against civilian populations
in the region.
Chemical Weapons Convention Negotiations

Overshadowed by concerns about nuclear war for much of the
post–World War II period, serious consideration was not given
to chemical weapons again until 1968, when discussions on
biological and chemical weapons started at the Disarmament
Conference in Geneva. The treaties to which these discussions
would eventually lead were arrived at by divergent paths. The
Biological Weapons Convention (BWC) was concluded rela-
tively quickly, opening for signature in 1972, though in a form
that lacked verification measures. Significantly for subsequent
efforts to ban chemical weapons, the BWC enunciated the
intent of its States Parties to continue negotiations on chemical
weapons, the goal of which being the institution of measures
mandating their destruction and the prohibition of their
development, production, and stockpiling.

Negotiations on the CWC took much longer, with progress
coming in fits and starts as breakthroughs accompanied polit-
ical and other changes. Exploratory discussions began in 1972
upon the conclusion of the BWC negotiations, but it was not
until 1980 that the Conference on Disarmament established an
ad hoc working group on chemical weapons. Four years later,
the group was assigned the task of elaborating what a ban on
chemical weapons would contain, and thus emerged the
provisional, annually updated ‘rolling text’ of the Convention.
The improvement in superpower relations in the late 1980s, the
chemical attack on Halabja in northern Iraq in 1988, publicity
given the threat of chemical warfare during the 1991 Persian
Gulf War, and the announcement of a bilateral United States–
Soviet Union agreement to destroy most of their chemical
weapons stockpiles and to refrain from further chemical
weapons production all gave impetus to progress in the
Convention’s negotiations.

In spite of these advances, a number of issues still remained
to be ironed out. However, one by one, the obstacles were
removed and outstanding issues were resolved. In 1992, a draft
Convention was formally adopted by the Conference on
Disarmament. The United Nations General Assembly reques-
ted that the UN Secretary-General, the depositary of the
Convention, open it for signature on 13 January 1993 in Paris.
In an unprecedented show of support for an international arms
control treaty, 130 countries signed the Convention during the
Paris signing conference.

The Convention is the first disarmament treaty to include
a time frame for the elimination of an entire class of weapons
of mass destruction, and it is also the first multilateral arms
control treaty to incorporate an intrusive verification regime.
Unlike the earlier BWC, the Convention is a complex document
nearly 200 pages long. It consists of a preamble, 24 articles, and
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01240-9
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three annexes – on chemicals, on implementation and verifi-
cation, and on the protection of confidential information.
The Scope of the Convention

As negotiated, the Convention is very broad in its scope. It
states that all toxic chemicals and their precursors are chemical
weapons, except when used in appropriate types and quantities
for purposes permitted by the Convention. Toxic chemicals are
defined as “any chemical which through its chemical action on
life processes can cause death, temporary incapacitation or
permanent harm to humans or animals.” Precursors are
chemicals involved in production stages for toxic chemicals.
The purposes not prohibited by the Convention are industrial,
agricultural, research, medical, pharmaceutical or other peace-
ful purposes, protective purposes, military purposes not con-
nected with the use of chemical weapons and law enforcement
including domestic riot control. The definition of a ‘chemical
weapon’ established in the Convention is therefore compre-
hensive enough to preclude the use of toxic chemicals for
harmful purposes while at the same time allowing their use for
peaceful applications and purposes. The BWC has a similarly
comprehensive scope relating to biological agents. While the
CWC and BWC are separate legal instruments, the growing
convergence of chemistry and biology means that there are
increasing synergies between them.
The OPCW

The Convention establishes the OPCW, which is the interna-
tional organization responsible for achieving the objectives of
the Convention and for ensuring the implementation of its
provisions, including verification of compliance with it and
maintenance of a forum for consultations and cooperation
among States Parties. All States Parties to the Convention are
automatically members of the OPCW. A State Party cannot be
deprived of its membership of the OPCW, but it may have its
rights and privileges restricted or suspended if it fails to meet its
obligations under the Convention. The OPCW consists of three
principal organs: the Conference of the States Parties, the
Executive Council, and the Technical Secretariat. The OPCW is
based in The Hague in the Netherlands.
The Conference of the States Parties

The Conference of the States Parties oversees the implementa-
tion of the Convention, promotes the treaty’s objectives, and
reviews compliance with the treaty. It also oversees the activi-
ties of the Executive Council and the Technical Secretariat.

The Conference is also authorized to take any measures
necessary to ensure compliance with the Convention and to
redress any situation of noncompliance. In the latter case,
these can include, upon the recommendation of the Council,
the restriction or suspension of a State Party’s rights and
privileges, the recommendation to States Parties of collective
measures and, in cases of particular gravity, the referral of the
issue to the United Nations General Assembly and the Security
Council.
The Conference is composed of representatives of all
Member States of the OPCW, each of which has one vote. It
generally meets annually for one week in The Hague and has so
far met for 17 regular sessions and three special sessions.
Special sessions of the Conference can be convened under the
following circumstances: when decided by the Conference
itself, when requested by the Executive Council, or when
requested by one-third of all States Parties. In 2003, and at five-
yearly intervals thereafter, the Conference convenes in special
sessions to review the operation of the CWC. Such review
conferences have subsequently taken place in April 2008 and in
April 2013. The Conference may also meet to consider
proposed amendments to the Convention, although so far no
amendments have been proposed.
The Executive Council

The Executive Council is the executive organ of the OPCW and
is responsible to the Conference. It promotes the effective
implementation of the Convention, and compliance with it. It
also supervises the activities of the Technical Secretariat. The
Council cooperates with the National Authorities of States
Parties and facilitates consultations and cooperation among
them. Furthermore, the Council is empowered to mediate in
cases of disputes concerning compliance with the Convention.
It can require an offending State Party to take remedial action
within a specified time. It can also inform all States Parties of
the issue, bring it to the attention of the Conference or
recommend that the Conference adopt measures to redress
the situation. In extraordinary cases, the Council may refer the
issue directly to the United Nations General Assembly and the
Security Council.

The Council consists of 41 members from the five regional
groups serving 2-year terms. The Conference elects Council
members nominated by the regional groups with due regard to
ensuring an equitable geographical distribution, the signifi-
cance of national chemical industries, and political and security
interests. A specified proportion of the members from each
regional group are to be from States Parties with the group’s
most significant national chemical industries.
The Technical Secretariat

The Technical Secretariat assists the Conference and the Council
inperforming their tasks andcarriesout theverificationmeasures
of the Convention. The Secretariat is made up of about 500 staff
members recruited frommore than 70 States Parties. It is headed
by a director-general, who can serve two 4-year terms. The
Director-General since 2010 is Ahmet Üzümcü from Turkey.
The first Director-General was Jose Bustani from Brazil, who was
succeeded by Rogelio Pfirter from Argentina. No member of the
professional staff may work for the Secretariat for more than
7 years, making the OPCW a noncareer organization.
The Scientific Advisory Board

The Scientific Advisory Board was established by the director-
general to enable him to render specialized advice in the areas
of science and technology relevant to the Convention to the
Conference, the Council or to States Parties. The Board consists
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of 25 independent experts who are eminent individuals from
research institutes, universities, chemical industry companies,
and defense and military organizations. These individuals are
selected by the director-general from nominations received
from States Parties. The director-general makes his selection on
the basis of the nominees’ knowledge and expertise, also taking
into account the need for an equitable geographical distribu-
tion. Members can serve a maximum of two consecutive 3-year
terms. Currently Board members come from Algeria, Argentina,
Brazil, China, Finland, France, Germany, India, Iran, Italy,
Japan, Pakistan, Philippines, Poland, Russia, Saudi Arabia,
Serbia, Spain, South Africa, Switzerland, Tunisia, Ukraine, the
UK, the USA, and Uruguay. The Board meets once or twice per
year and held its 20th meeting in June 2013. The Board can also
establish temporary working groups on specific issues. There
are currently three such groups in operation on the convergence
of chemistry and biology, on education and outreach and on
verification.
The Verification Regime

The Convention prohibits the development, production,
stockpiling, acquisition, and use of chemical weapons and
requires States Parties to destroy, within specific time frames
and under strict verification by the OPCW, any chemical
weapons (including old and abandoned chemical weapons)
and related production facilities they may possess. In order to
ensure that steps are taken toward meeting these ambitious
objectives, the Convention provides for a complex verification
regime. Featuring on-site inspections and data monitoring, the
regime functions to verify that activities within States Parties
are consistent with the objectives of the Convention and the
contents of declarations submitted to the OPCW. Not to be
confused with the whole verification regime, of which they
constitute but one part, inspections are nonetheless critical to
the implementation of the Convention.

OPCWinspectors are responsible for conducting threedistinct
types of inspections: routine inspections of chemical weapons-
related facilities and chemical industry facilities using certain
‘dual-use’ chemicals; short-notice challenge inspections, which
can be conducted at any location in any State Party about which
another State Party has concerns regarding possible noncompli-
ance; and investigations of alleged use of chemical weapons. To
conduct these inspections on a global basis the OPCW has an
Inspectorate made up of around 120 inspectors recruited from
approximately 60 States Parties. The inspectors, already experts in
their respective fields, are specially selected and trained.

Articles IV and V of the Convention require States Parties to
provide OPCW inspectors with access to any stockpiles of
chemical weapons and to chemical weapons production,
storage and destruction facilities. While establishing the right of
States Parties to develop, produce, otherwise acquire, retain,
and use scheduled toxic chemicals and precursors for purposes
not prohibited, Article VI also obliges States Parties to accept
inspections at sites and facilities that produce or are in other
ways related to such chemicals. Routine inspections are coop-
erative events – the inspection teams are concerned with veri-
fying the contents of declarations and do not adopt an
investigative approach.
International Cooperation and Assistance

The Convention permits States Parties to develop or to main-
tain national programmes for protection against chemical
weapons. Since entry into force, the Technical Secretariat has
conducted a wide range of training and capacity-building
initiatives to help States Parties develop and improve their
own protective programmes. The OPCW is also given respon-
sibility for coordinating the provision of assistance to any State
Party that is attacked or threatened by attack with chemical
weapons. Such assistance may include advice on protective
measures as well as the delivery of specialized equipment. This
includes, but is not limited to, chemical detectors and alarm
systems, personal protective equipment (e.g., protective suits
and masks), decontamination equipment, as well as equip-
ment required for medical countermeasures such as antidotes.

The Convention upholds the right of States Parties to free
trade in chemicals and open exchange of information about
peaceful applications of chemistry. As stated in the Preamble to
the Convention, promotion of these activities is intended to
further the economic and technological development of all
States Parties. Article I of the Convention, however, prohibits
States Parties from assisting or encouraging others in any way
to produce chemical weapons. Furthermore, the Convention
restricts production of many dual-use chemicals. To ensure that
such restrictions do not adversely affect legitimate activity in
chemistry or interfere with the economic and technological
development to which such activity may lead, the Convention
contains provisions mandating implementation in a manner
that neither hampers development nor hinders international
cooperation and the exchange of information related to
chemistry for peaceful purposes.

Similarly the Convention recognizes that all States Parties
have the right to carry out research with, produce, acquire,
transfer, and use chemicals, including toxic chemicals,
provided the Convention’s conditions are not violated. States
Parties have the right to participate in full exchange of chem-
icals, equipment, and information on chemical applications for
industrial, agricultural, research, medical, pharmaceutical, and
all other purposes not prohibited by the Convention. The
Technical Secretariat conducts a wide range of activities to
support the peaceful uses of chemistry, such as an annual
Associate Programme, and conference support and equipment
exchange programmes.
Current Implementation Status

Membership of the Convention is almost universal, 189 States
have joined the Convention and only 7 have not yet done so
(Angola, Egypt, Israel, Myanmar, North Korea, South Sudan,
and Syria). These seven States are being constantly encouraged
to join the Convention by the Technical Secretariat and States
Parties.

Seven States Parties have declared the possession of
approximately 70 000 metric tonnes of chemical weapons. Of
these seven, three have already destroyed their declared stock-
piles (Albania, India, and another State Party which has
requested its identity to remain confidential). Therefore, four
States Parties are still obliged to destroy their chemical weapons
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stockpiles (Iraq, Libya, Russia, and the United States). Of these,
Libya has destroyed almost 85% of its stockpile, the United
States has destroyed almost 90%, and Russia has destroyed
around 75%. Iraq declared a quantity of chemical weapons that
were secured and rendered unusable under the work autho-
rized by the UN Security Council in the 1990s. In all, since the
entry into force of the Convention, almost 80% of the chemical
weapons declared by these seven States Parties have been
destroyed under strict OPCW verification.

At the same time, the OPCW has conducted over 2300
inspections in chemical industrial facilities around the world.

The Convention is not self-executing and States Parties are
required to implement its prohibitions and provisions within
their national jurisdictions. To do so, they commonly have to
pass legislation and enact administrative rules and regulations
applying to activities on their territory. States Parties are also
required to establish or designate a ‘National Authority’ to act
as a focal point for liaison with the OPCW and other States
Parties. While almost all States Parties have done the latter, just
under half are judged to have fully implemented the Conven-
tion nationally. The Technical Secretariat and States Parties in
a position to do so provide support and assistance to those
States Parties that request it.
The Future

The Convention has now been in force for over 15 years and it
is over 20 years since its text was finalized. In that time, the
world has changed dramatically, including in ways, which
impact on the Convention. Such changes include the nature of
armed conflict, structural and technological developments in
the chemical industry, and advances in science and technology.
Therefore, there is a need to adapt verification to the changes in
the world.

In addition, as the fundamental objective of the Convention
– the destruction of existing chemical weapons – nears comple-
tion, there will be a changing balance in the work of the OPCW.
Instead of verifying the destruction of existing stockpiles of
chemical weapons, themain task of the OPCWwill be to ensure
that chemical weapons never reemerge and that toxic chemicals
are not misused for hostile purposes. This rebalancing of the
OPCW’s focus will entail changes in its activities and also in the
size and structure of the Technical Secretariat. Preventing ree-
mergence will require a wider awareness of the prohibitions
enshrined in the Convention among the chemical industry and
the global scientific community.

The future priorities of the OPCW were considered by an
advisory panel established by the director-general in 2010 and
were discussed by States Parties at the Third Review Conference
in April 2013.

See also: Bio Warfare and Terrorism: Toxins and Other Mid-
Spectrum Agents; Blister Agents/Vesicants; G-Series Nerve
Agents; Sulfur Mustard; Nerve Agents; Nitrogen Mustards;
Nonlethal Weapons; Sarin (GB); Soman; Tabun; V-Series Nerve
Agents: Other than VX; VX.
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l Name: Opium
l Chemical Abstracts Service Registry Number: 8008-60-4
l Synonyms: Crude opium, Gum opium, Powdered opium,

Raw opium, Standardized opium powder
l Chemical/Pharmaceutical/Other Class: Opiate agonist
l Structure and Composition:
Background

Opium is the air-dried milky exudate obtained by incising the
unripe capsules of Papaver somniferum. After cuts are made in
the capsule, opium latex seeps out. As it dries, it oxidizes,
turning dark brown to black in color. The pharmacological
effects of opium are primarily due to its content of anhydrous
morphine, as well as small amounts of codeine, thebaine, and
papaverine.

The recorded history of opium dates back to around 1500 BC
in the Ebers Papyrus. Opium poppy extract was reportedly rec-
ommended by Egyptian physicians to pacify incessantly crying
children. In the times of Ancient Greece, Galen and Dioscorides
were both advocates for therapeutic uses of opium and Aristotle
described the poppy as a hypnotic drug. Even Hippocrates, the
father of modern medicine, made note of the medicinal prop-
erties of the poppy. He went so far as to distinguish between the
various species of poppy (based on color), and whether it was
ripe, unripe, or baked. Controversy over the use of opium and its
derivatives is not unique to the modern era. One of the founders
of the Alexandrian school, Epistratos, is reported by Pliny the
Elder to have rejected the use of opium for earache, considering
it a potent poison. The potential for tolerance and overdose
from opium were well known to these early physicians. The use
of opium as a means of suicide was not uncommon, though
those with access to it often failed in suicide due to tolerance
developed from long-term recreational use.

Uses

Opium originated as a drug used for analgesia and sedative–
hypnotic narcosis. Medicinal use of pure and refined opium
698 Encyclopedia of T
has largely fallen out of favor, though current uses include
antiperistalsis and the treatment of neonatal withdrawal.
Many modern opioid analgesics are synthesized from refined
opium. The opiates, morphine and codeine, as well as the
opioid precursor thebaine, can be isolated from opium and
processed to achieve the purity needed for medicinal use.
These purifications are also used in the synthesis of opioid
medications including hydromorphone, hydrocodone, oxy-
codone, and many additional semisynthetic opioids.
Environmental Fate and Behavior

Physical and Chemical Properties

The primary active component of opium, morphine, exists as
white, fine, odorless crystals, powder, or cuboidal masses
with a bitter taste. The boiling point of morphine is 190 �C,
at which point it sublimes, and its melting point is 255 �C.
The vapor pressure of morphine is 1.7 � 10�9 mmHg
at 25 �C. The dissociation constants of morphine are
pKa ¼ 8.21 at 25 �C; pKb ¼ 6.13 and pKa ¼ 9.85 at 20 �C. In
a saturated solution, it has a pH of 8.5. A gram of morphine
is soluble in 500 ml of water, 1100 ml of boiling water,
210 ml of alcohol, 98 ml of boiling alcohol, 114 ml of amyl
alcohol, 10 ml of boiling methanol, 525 ml of ethyl acetate,
1220 ml of chloroform, and 6250 ml of ether. It is freely
soluble in solutions of fixed alkali and alkaline earth
hydroxides, in phenols, and cresols. It is moderately soluble
in mixtures of chloroform and alcohols, and slightly soluble
in ammonia or benzene. Mass spectrometry of morphine
results in intense peaks at 124 m/z, 162 m/z, 268 m/z, and
285 m/z. Henry’s law constant ¼ 1.3 � 10�16 atm-m3 mol�1

at 25 �C.
Environmental Persistency

Opium farming, processing, recreational abuse, and medicinal
use culminate in the release of its active alkaloids (morphine,
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00716-8
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codeine, thebaine, etc.) into the environment through
numerous waste pathways. Morphine is not susceptible to
direct photolysis, since it does not contain chromophores that
absorb at wavelengths >290 nm. With a pKa of 8.21, it will
exist partially in the cation form in the environment, and
adsorb more strongly to soils containing organic carbon and
clay. Based on the vapor pressure of morphine, it is unlikely to
volatilize from dry soil surfaces. The solubility of morphine in
water and its Henry’s law constant are such that morphine
would not be expected to adsorb to suspended solids or sedi-
ment, nor volatilize from the water’s surface in significant
amounts.
Exposure and Exposure Monitoring

Routes and Pathways

Historically, opium has been smoked and ingested orally. It can
be solubilized and given parenterally via intravenous (IV)
injection, orally as tinctures and suspensions, and rectally as
suppositories. In its powdered form, opium can be insufflated
or smoked (often rolled into a cigarette with tobacco and/or
marijuana).
Human Exposure

Occupational exposure to opium in the modern day is
primarily in poppy farmers, law enforcement personnel
involved in the search and seizure of opium, and workers in
manufacturing laboratories (both legal and illegal) where
opium is refined and processed. Occupational exposure to
opioids refined and synthesized from opium are potentially
much more widespread due to their ubiquity within modern
medicine. Risk of accidental occupational exposure to
medicinal opioids is limited by the pathways of administra-
tion, as they are primarily given as enteral tablets or capsules,
or IV injections. Accidental ingestion or IV injection of
a patient’s medications would require highly unusual
circumstances. Among the general population, exposure to
morphine also occurs at low levels via ingestion of
poppy seeds.
Toxicokinetics

Opium contains several alkaloids, including no less than 10%
anhydrous morphine and small amounts of codeine and
papaverine. After oral administration, morphine is absorbed
from the gastrointestinal (GI) tract. The drug is rapidly
metabolized after oral administration and plasma concen-
trations of unconjugated morphine are lower than those
achieved after parenteral administration. Activity following
parenteral administration of concentrated opium alkaloids is
similar to parenterally administered morphine. Peak anal-
gesia occurs within 60 min and can be maintained for up to
7 h. Morphine is distributed throughout the body. Approxi-
mately 36% is protein bound, and muscle tissue binding is
reported to be 54%. The volume of distribution is 1–4.7 l kg�1

following IV administration. The active components of opium
are mostly metabolized in the liver and excreted in the urine.
The major pathway for the metabolism of morphine is
conjugation with glucuronic acid to form both active and
inactive products. Approximately 60% of morphine is
metabolized into morphine-3-glucuronide, which lacks
analgesic properties. Morphine-6-glucuronide, a longer-acting
but less potent analgesic than morphine, is obtained from the
metabolism of 6–10% of morphine. In patients with renal
failure, accumulation of morphine-6-glucuronide may cause
toxicity in the absence of significant morphine levels. Up to
2–12% of a given dose of morphine is excreted unchanged in
the urine.
Mechanism of Toxicity

The pharmacological effects of opium are due to its content of
morphine and, to a lesser extent, codeine. Morphine toxicity is
a result of extensive central nervous system (CNS) depression,
which can result in drowsiness, disorientation, and ataxia at
low doses, and at high doses can lead to loss of consciousness,
apnea, and death. Opiates interact with stereospecific and
saturable binding sites primarily located in the CNS. Interac-
tion with these receptors mimics the actions of endogenous
enkephalins and endorphins. Their action also appears to
involve an alteration in the release of neurotransmitters, such
as the inhibition of acetylcholine, norepinephrine, and
dopamine.
Acute and Short-Term Toxicity (Animal/Human;
Including Irritation and Corrosivity)

Animal

Dogs react similarly to humans – symptoms may include
drowsiness, ataxia, vomiting, respiratory depression, miosis,
coma, and hypotension. Opiates and their derivatives have an
excitatory effect on the CNS of cats and horses. Naloxone may
be used at 0.02 mg kg�1 if needed.
Human

Symptoms of toxicity may occur in varying degrees in non-
tolerant individuals who receive greater than a therapeutic
dosage. The primary insult is respiratory depression from direct
depression of the CNS. This state may then progress to apnea or
respiratory arrest. Pulmonary edema is a common complica-
tion. Therapeutically, opium and its constituent opiates result
in analgesia. In toxic doses, CNS depression ensues and can
progress to coma. Miosis is frequent, but in an acidotic or
asphyxiated state the pupils may be dilated. Laboratory anal-
ysis does not dictate treatment but can confirm the presence of
opiates.
Chronic Toxicity

Human

Opiates have a high potential for abuse. Chronic users may
develop tolerance, thus necessitating larger doses for the
desired effect. Abrupt cessation can cause withdrawal, yielding
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restlessness, vomiting, and diarrhea. Chronic opiate use can
also lead to opioid-induced hyperalgesia from sensitization of
pronociceptive pathways due to neuroplasticity of peripheral
and CNS.
Immunotoxicity

There is evidence from mice and rat studies to suggest that
morphine, the primary opiate in opium, has immunosup-
pressive properties. The mechanisms of action are unknown,
but thought to be related to binding of m-opioid receptors.
Reproductive Toxicity

Many opiates, including those found in opium (morphine
and codeine), diffuse across the placenta and distribute
widely into fetal tissue. Maternal opiate use during pregnancy
carries increased risk for prematurity and small for gestational
age, as well as neonatal abstinence syndrome (NAS). Symp-
toms seen in infants born with NAS (addicted to opiates)
include irritability, hypertonia, wakefulness, diarrhea,
yawning, sneezing, increased hiccups, jitteriness, excessive
sucking, and seizures. Long-term intrauterine exposure may
lead to abnormal neurocognitive and behavioral develop-
ment, as well as increased risk for sudden infant death
syndrome. Opium has a category C rating for all trimesters of
pregnancy. Maternal opioid use can be determined long after
the drugs are out of the mother’s system by testing the
newborn’s meconium for opioid metabolites. Morphine has
been shown to be excreted in breast milk, though the rate of
excretion is inconsistent. In addition to morphine, the
codeine found in opium is also excreted in breast milk.
Metabolism of codeine can be highly variable from person to
person, and in those with multiple functional alleles of
CYP2D6 (one of the cytochrome oxidase enzymes in the liver)
convert codeine into morphine at significantly higher rates,
making it very easy for them to overdose.
Genotoxicity

Some evidence shows evidence of morphine being toxic in vivo,
but this is most likely by a non-DNA reactive mode of action.
Codeine, which is also contained in opium and is metabolized
into morphine in vivo, is not genotoxic in vitro or in vivo.
Carcinogenicity

Direct evidence regarding the carcinogenicity of morphine is
scarce. However, the lack of carcinogenicity of codeine, which is
metabolized into morphine in vivo, has led experts to conclude
that morphine is highly unlikely to be carcinogenic. However,
there is a growing body of evidence to suggest that opium itself
has some carcinogenic effects upon the body (esophageal,
laryngeal, lung, bladder, gastric). Whether this is due to the
drug itself or the means by which it is used (primarily smoking
or eating) has yet to be determined.
Clinical Management

In patients presenting with opium toxicity, the airway should
be patent and adequate ventilation assured. If the patient has
either inadequate ventilation or a poor gag reflex, then the
patient may be at risk for subsequent CO2 narcosis, worsening
acidosis, and/or aspiration. If necessary, endotracheal tube
intubation should be performed. The initial treatment of
hypotension consists of IV fluids. Close monitoring of the
patient’s pulmonary exam should be performed to assure that
pulmonary edema does not develop as fluids are infused. The
patient should be placed on continuous cardiac monitoring
with pulse oximetry. Frequent neurological checks should be
made. GI decontamination should be considered only after
initial supportive care has been provided and airway control
has been assured. Activated charcoal (1 g kg�1) may be
considered for administration to patients who have ingested
opium and present early. Syrup of ipecac is contraindicated
after overdose with the opium due to the potential for rapid
clinical deterioration. Gastric lavage should be avoided. Most
patients with opium ingestion should be managed without GI
decontamination due to the excellent efficacy and use of
naloxone, the opioid antagonist. Naloxone may be of benefit
in reversing the neurological and respiratory depressant
effects of opium. A dose of 0.4–2.0 mg IV is given slowly,
titrated to resumption of adequate respirations, and can be
repeated as needed. The therapeutic effect of naloxone may be
of shorter duration than that of opium activity; therefore, it is
imperative that opium intoxicated patients who demon-
strated improvement after naloxone be closely monitored for
resedation. Vital sign measurements and neurological checks
should be monitored frequently until resolution of intoxica-
tion or for a typical period of 4–6 h after the administration of
naloxone in adult patients. At this point, assuming no return
of clinically apparent toxicity, the patients can be medically
cleared.
Ecotoxicology

Based on the vapor pressure of morphine, it is unlikely to
volatilize from dry soil surfaces. The solubility of morphine in
water and its Henry’s law constant are such that morphine
would not be expected to adsorb to suspended solids or sedi-
ment, nor volatilize from the water’s surface in significant
amounts.
Exposure Standards and Guidelines

Occupational exposure of workers at opioid production facil-
ities has been shown to be primarily through dermal contact
with the drugs. Systemic distribution of the drug through
dermal exposure is significantly slower than other routes of
administration. There is little in the way of strict guidelines
limiting exposure, but recommendations exist for preshift
urinary opioid levels to screen for excessive exposure and
potential risk. There is also some evidence to suggest those with
chronic occupational exposure to low levels of opioids may be
at increased risk for developing allergies to opioid compounds.
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See also: Drugs of Abuse; Poisoning Emergencies in Humans.
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Background

Environmental risk assessments require determination of risks
for physiologically diverse individuals who are exposed to
several air and water pollutants. In risk assessment evaluation,
for the estimation of the threshold dose/concentration, a safe
human dose/concentration (SHD/SHC) can be calculated.
Different national and health agencies have different termi-
nologies for the SHD/SHC. For example, the US Environmental
Protection Agency (EPA) refers to this safe dose as a reference
dose (RfD) or reference concentration (RfC) in the form of
a dose in food or water, amount of chemical in contact with the
skin, or concentration of chemical in air. The US Food and
Drug Administration uses the term allowable daily intake. The
World Health Organisation uses the term acceptable daily
intake. Because a chemical may produce more than one toxic
effect, the first step for these assessments is to identify the
adverse effect that occurs at the lowest dose. The second step is
identifying a threshold dose or the dose below which no
deleterious effect is expected to occur. The threshold dose is
referred to as the lowest observed adverse effect level (LOAEL),
that is, lowest dose tested that produced an adverse effect.
However, for risk assessment purposes, the no observed
adverse effect level (NOAEL), defined as the highest exposure
level at which no statistically or biologically significant
increases are seen in the frequency or severity of adverse effect
between the exposed population and its appropriate control
population, is desired. Alternative to the NOAEL is a bench-
mark dose (BMD) or benchmark dose lower limit (BMDL).
According to, for example, US EPA, deriving a BMDL involves
selecting a predetermined change in the response rate of an
adverse effect (called the benchmark response, generally in the
range of 1–10% depending on the power of a toxicity study)
and the BMDL is a statistical lower confidence limit on the dose
that produces the selected response.

The US EPA has derived toxicity factors or values (RfDs,
RfCs, and cancer slope factors) for many of the most toxic
chemicals such as pollutants in air, food, or water. Values for
a number of these chemicals are available from the EPA’s
online Integrated Risk Information System. These profiles often
contain minimal risk levels, but are frequently based on
different critical studies or derived with different uncertainty
factors (UFs).

RfD/RfC as BMD is quantitative dose–response assessment
of noncancer toxicity for ingested or inhaled chemicals.
Noncancer toxicity refers to adverse health effects other than
cancer and gene mutations. These effects include those on
the tissue or organ where the chemical enters the body, such as
the gastrointestinal tract, respiratory tract, or skin, and also
effects that follow absorption and distribution of the toxicant
to a site remote to its entry point. An acute RfD or RfC is an
estimate of a continuous ingestion or inhalation exposure for
an acute duration (24 h or less) while chronic RfD or RfC is an
estimate of a daily ingestion of or contact with a pollutant or a
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continuous inhalation exposure for a chronic duration (up to
a lifetime) to the human population (including sensitive
subgroups). RfD or RfC is the ingestion dose (or amount in
contact with the skin) or air exposure concentration above
which chronic exposure could cause disease.

The RfC methodology deviates from the RfD approach by
substituting the no-effects atmospheric concentration for the
no-effects inhalation dose. RfC was expanded to account for
the dynamics of the respiratory system and needs dosimetric
adjustments to account for the species-specific relationships
of exposure concentrations to deposited and delivered doses.
The physicochemical characteristics of the inhaled agent can
determine its interaction with the respiratory tract and
disposition.

In acute exposure, an exposure time correction for adjust-
ment of the concentration to account for different exposure
periods was needed. Because the effects of acute exposure to
airborne contaminants depends on momentary concentrations
than on integrated exposures, the use of the total dose over
a period of time is not always appropriate for acute exposures.

The RfD or RfC derivation begins with the identification of
a NOAEL, LOAEL, or BMDL, as the point of departure (POD).
The POD is determined for the specified adverse effect in
animal experiments or in human epidemiological or occupa-
tional studies to human equivalent doses or concentrations.
The RfD or RfC is an estimate that is derived from the POD for
the critical effect by consistent application of safety factor or
UFs. The UFs are applied to account for recognized uncer-
tainties in the extrapolations from the experimental data
conditions to an estimate appropriate to humans.

The uncertainties of available data are because of different
effects in the same tissue, different end points in some studies,
and different species that are used in various studies. One of
several, generally 3- to 10-fold, factors is used in deriving the
oral/dermal RfD or inhalation RfC from experimental data.
Modifying factor may also be applied when scientific uncer-
tainties such as statistically minimal or inadequate sample size
or poor exposure characterization is not addressed by the
standard UFs.

The RfD or RfC is defined as

RfD or RfC ¼ NOAEL ðor LOAEL or BMDLÞ � ðUF�MFÞ
The RfD and the RfC are reported inmilligrams per kilogram

per day and milligram per cubic meter, respectively.
Applicability and Use

The safe dose/concentration (i.e., RfD or RfC) as a quantitative
dose–response estimate is a numeric risk assessment value
that has become a more prevalent basis for decision making
and, because of its scientific quality and clarity of presentation,
has gained unique importance. The RfD or RfC represent
lifetime ingestion dose or inhalation exposure with minimal
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00645-X
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appreciable risk. Doses/concentrations less than the RfD or
RfC are not expected to be associated with health risks, but
doses/concentrations less than the RfC are not necessarily
‘acceptable,’ while doses/concentrations in excess of the RfC
are not necessarily ‘unacceptable.’

The quantitative measure of threshold effects follows
a margin of safety approach referred to as the hazard quotient
(HQ). It is derived from RfC according to the equation

HQ ¼ average daily dose or airborne concentration � RfD=RfC

An HQ of less than one indicates that the exposure is not
likely to result in any adverse effects. An HQ of greater than one
does not suggest that adverse effects are expected but they are
possible.
See also: Uncertainty Analysis; Risk Assessment, Uncertainty;
Modifying Factors of Toxicity; Environmental & Health Laws,
Europe; Environmental Exposure Assessment; Acceptable Daily
Intake (ADI); Toxicology Excellence for Risk Assessment;
Mixtures, Toxicology, and Risk Assessment; Risk
Management; Environmental Risk Assessment, Cosmetic and
Consumer Products.
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The Organization for Economic Cooperation
and Development

The Organization for Economic Cooperation and Develop-
ment’s (OECD) mission is to promote policies that will
improve economic and social well-being around the world.
OECD works with governments to understand the drivers of
economic, social, and environmental change and to seek
solutions to common problems.

OECD has 34 member countries: Australia, Austria,
Belgium, Canada, Chile, Czech Republic, Denmark, Estonia,
Finland, France, Germany, Greece, Hungary, Iceland, Ireland,
Italy, Israel, Japan, Luxembourg, Mexico, Netherlands, New
Zealand, Norway, Poland, Portugal, Slovakia, Slovenia,
South Korea, Spain, Sweden, Switzerland, Turkey, United
Kingdom, and United States. The Russian Federation is in the
process of acceding to the OECD. Brazil, China, India,
Indonesia, and South Africa have a special status as
“enhanced engagement” countries and take part in many
activities. The European Commission also participates in the
organization’s work.

OECD is headquartered in Paris. All member countries have
a Delegation in Paris led by an Ambassador. Together the
Ambassadors meet as the OECD Council, which is the overall
decision-making body. OECD members can conclude agree-
ments that are legally binding (Council Decisions) or politi-
cally binding (Council Recommendations). When a country
has been invited to join the OECD, that country must imple-
ment these agreements.

For each work area of OECD, a Committee of policy makers
in that field, nominated by governments, is established under
the Council. The participants come several times per year from
capitals to Paris to discuss the progress of the work, and to agree
on reports and their conclusions. Input on detailed issues is
provided to the Committees by experts coming from the
countries who meet in Working Parties, Working Groups, or
Task Forces. The OECD Secretariat, led by the Secretary-
General, provides support to the Council and all of its 200
subsidiary bodies. It includes 2500 staff and is organized in
Directorates.
The OECD Environment, Health, and Safety Program

Since 1971, OECD works on chemical safety, first in the
Chemicals Program, and since 1992 in the Environment,
Health, and Safety Program, which also covers biosafety. The
policy directions and priorities for the Program are deter-
mined by Delegates who come from the capitals and meet in
the Joint Meeting of the Chemicals Committee and the
Working Party on Chemicals, Pesticides, and Biotechnology.
Under this Joint Meeting, many expert bodies are working on
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more technical issues. The Program is supported by the
Environment, Health, and Safety Division of the OECD
Environment Directorate.

The main objective of the Program is to assist member
countries in identifying, assessing, and managing the risks of
chemicals. Further goals include preventing unnecessary
nontariff distortions in the trade of chemicals and facilitating
the optimal use of resources available in governments and in
industry for chemicals management. Stakeholders (industry,
trade unions, civil society groups, and, where relevant,
animal welfare groups) participate in the OECD work on
chemical safety. A number of nonmembers also take part in
their fields of specific interest. Nonmembers and stake-
holders are represented in the Joint Meeting without decision
making power. The OECD chemical safety work is carried out
in close coordination with other relevant intergovernmental
organizations through a formal mechanism, the Interorga-
nization Program for the Sound Management of Chemicals.
Such cooperation involves Food and Agricultural Organiza-
tion (FAO), International Labor Organization (ILO), United
Nation Development Program, United Nation Environment
Program (UNEP), United Nation Industrial Development
Organization, United Nation Institute for Training and
Research, World Health Organization (WHO), and the
World Bank. The Program is also a very active contributor to
the UN Strategic Approach on International Chemicals
Management.
The Concept of Mutual Acceptance of Data

One of the most significant achievements of cooperative work
in the OECD is its agreement on Mutual Acceptance of Data
(MAD). This is based on a Council Decision of 1981, which
states that ‘‘data generated in the testing of chemicals in an
OECD member country in accordance with OECD Test
Guidelines and OECD Principles of Good Laboratory Practice
(GLP) shall be accepted by other member countries for
purposes of assessment and other uses relating to the protec-
tion of man and the environment.’’ The intention of this
Council Decision and of the 1997 Council Decision on
Compliance with GLP (see below) is to ensure that tests for use
in a regulatory setting are of high quality and performed
according to internationally harmonized methods. Such tests
can then be used to assess the hazards of the chemical and to
make risk management decisions, as needed. Because an OECD
Council Decision is legally binding, countries are under the
obligation to implement it. Consequently, a test undertaken in
one OECD country under the conditions set out in this Deci-
sion has to be accepted by the other OECD countries to fulfill
a notification or registration requirement. The OECD Test
Guidelines and GLP Principles are the basis for the imple-
mentation of MAD.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00640-0
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The OECD Test Guidelines

The OECD Guidelines for the testing of chemicals are
a collection of currently 150 methods that are used by
professionals in governments, industry, academic institu-
tions, and independent laboratories as standard tools for the
safety testing of chemicals. They cover tests for physical–
chemical properties, effects on biotic systems (ecotoxicity),
environmental fate (degradation/accumulation), health
effects (toxicity), and other tests, such as pesticide residue
testing. Continuously new Test Guidelines are being devel-
oped to address new regulatory requirements of member
countries and Guidelines are systematically updated to
respond to progress in science. Work related to Test Guide-
lines is also reflected in an extensive series of review and
guidance documents and workshop reports. A network of
more than 1000 experts in different fields has been involved
in the OECD work on Test Guidelines. Proposals for new or
updated Guidelines can be made by countries, industry, civil
society groups, the international scientific community, and
the OECD Secretariat. For example, in 1996, the OECD started
a special project on endocrine disrupter testing and assess-
ment. In addition to developing tests for identifying human
health or environmental endocrine disrupting effects, OECD
has also developed a Conceptual Framework for the Testing
and Assessment of Endocrine Disrupters. To become effective,
any new or updated Guideline must be adopted by member
countries as part of the Council Decision on MAD.

Special attention is paid within the Test Guideline program
to animal welfare issues, in line with the principles of 3R
(reduction, refinement, and replacement) regarding the use of
experimental animals. In updating and developing Test
Guidelines, wherever scientifically justified, test methods that
do not require the use of animals or that require fewer test
animals than existing methods are given priority. In certain
areas, a framework for testing has been developed that allows
alternative methods to be applied first.

OECD Principles of GLP

The OECD Principles of GLP provide quality assurance
concepts concerning the organization of test laboratories and
the conditions under which laboratory studies are planned,
performed, monitored, and reported. The purpose of the GLP
Principles is to ensure that test data are reliable. The Principles
of GLP are a part of the 1981 Council Decision on MAD and
have been updated in 1997.

In 1989, the OECD Council adopted a legally binding
Decision on compliance with the principles of GLP; the Deci-
sion was updated in 1995. It requires that member countries
shall establish national procedures for monitoring compliance
with GLP Principles, based on laboratory inspections and study
audits; designate national compliance monitoring authorities
(‘GLP inspectors’); and require the management of test facilities
to issue a declaration in case a study was carried out according
to GLP Principles. The Decision also requires that member
countries shall, under specific conditions, recognize assurance
from other member countries that test data have been gener-
ated in accordance with GLP Principles, and a member will
supply information on GLP compliance by a test facility in its
country to another member country. AWorking Group on GLP,
made up of the Heads of national GLP monitoring authorities
or inspectorates, prepares guidance for laboratory inspections
and study audits and organizes training courses for inspectors
and develops common positions on compliance monitoring,
reflected in Consensus Documents. Within OECD, the inspec-
tors are also undertaking Mutual Joint Visits to review all the
national GLP monitoring programs. Each country is visited by
a team of inspectors of three other countries, which evaluates
the inspection program and procedures and the study audit
process of the country under review. The results are reported to
the Working Group, which can recommend improvements if
needed.
Benefits of MAD for OECD Members and Nonmembers

The OECD Test Guidelines and GLP have been recognized in
both member and nonmember countries as the authoritative
reference tool and de facto global standard for testing chemicals
in a regulatory context. The system of MAD, which is based on
them, has many benefits: international expertise contributes to
high-quality products, unnecessary duplication of testing is
avoided, nontariff trade distortions are minimized, the use and
suffering of experimental animals is greatly reduced, a level
playing field for industry is ensured, and, by using the same
tests, a good basis for work sharing in assessments is estab-
lished. OECD has done studies to quantify the savings for
government and industry derived from the MAD system. The
latest report of 2010 calculates that the net savings amount to
more than €150 million per year.

Nonmembers with an important chemical industry and/
or good test facilities have also seen the benefits of the MAD
system. Since 1997, a procedure through which nonmembers
can adhere to the MAD system, and which specifies a number
of steps, has been embodied in a Council Decision. At this
moment, Argentina, Brazil, India, Singapore, and South
Africa are adhering nonmembers, and Malaysia and Thailand
are provisional adherents. Discussions with China are
ongoing.

New Methods for Generation of Safety Data:
(Quantitative) Structure–Activity Relationships
and Toxicogenomics

Using computational methods to estimate physical–chemical
and biological properties of chemicals based on characteristics
of the molecular structure has been a research topic since the
early 1960s. In some countries, such (Quantitative) Structure–
Activity Relationships – (Q)SARs–have been applied for certain
aspects in the safety assessment of chemicals. If such methods
could be applied more widely and internationally in a regula-
tory context, this would have many benefits in terms of effi-
ciency and animal welfare. Validation of the methods is crucial
to achieve this. In OECD, principles for the validation of (Q)
SAR models could be agreed in 2004. This meant that OECD
could productively start work to facilitate the acceptance of (Q)
SARs for regulatory uses. To this end, the OECD (Q)SAR
Toolbox was developed.

The Toolbox is a software application that can be used by
scientists in governments and from stakeholders to fill gaps in
data needed for the assessment of chemicals. Another main use
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of the Toolbox is that it allows bringing chemicals together in
groups whose (eco)toxicological properties are expected to
follow a regular pattern because of their similarity in chemical
structure. By using this ‘category’ approach, each chemical does
not need to be tested for every toxicological end point because
the available test results for certain of the chemicals in the
category will allow a well-considered estimation of the results
for the untested chemicals by interpolation, extrapolation, or
other ways of reading across results. This way of working has in
recent years successfully been used in the OECD activity on
cooperative assessment of chemicals. The OECD (Q)SAR
Toolbox can be downloaded for free from the OECD Web site.
A first version was released in 2008, version 2.0 in 2010, and
new updated and expanded versions will follow. The OECD
(Q)SAR Toolbox helps to make the use of (Q)SARs transparent,
less demanding in terms of infrastructure and costs and makes
a harmonized use of (Q)SARs internationally available and
readily accessible.

Another new development that has a good potential for an
efficient use in chemical safety assessment is toxicogenomics.
This methodology, which combines toxicology with genomics
and bioinformatics, attempts to derive molecular expression
patterns (molecular biomarkers) that predict toxicity or the
genetic susceptibility to specific toxic effects. The technique
has been used in the pharmaceutical industry and in the
United States for ‘high throughput screening’ of chemicals for
certain properties. While toxicogenomics has not yet been
used to make regulatory decisions, the information it provides
could contribute to elucidating certain mechanisms of toxic
action. OECD works in this field in cooperation with WHO,
with the aim to develop a strategy concerning the future
application of toxicogenomics in regulatory assessment of
chemicals. OECD surveys the available toxicogenomics tools
and has a project on the use of molecular screening for char-
acterizing individual chemicals and chemical categories with
respect to potential toxicity; WHO focuses on biomarkers.
When fully developed, toxicogenomics could be a useful
method for chemical screening and hazard identification and
characterization, and it could provide a cost-effective
approach for hazard prioritization of large numbers of
chemicals in a short period of time.
Information Sharing: Harmonized Reporting Templates
and the eChemPortal

In the process of the management of chemicals, efficiency is
promoted if across countries similar information is generated
for notifications and registrations, so that such information
can be easily shared. Three Council Recommendations lay
down the rules for such information sharing: one on the
protection of proprietary rights to data submitted in notifica-
tions of new chemicals, a second on the exchange of
confidential data on chemicals, and a third on a list of
nonconfidential data on chemicals. Together these three
Council Recommendations provide a solid basis for the poli-
cies of governments on these issues and are used de facto in
relation to all chemical products.

With respect to the notification of new chemicals, OECD
has developed a recommended Minimum Premarketing Set of
Data. Work has continued over the years to look into possi-
bilities for streamlining notification procedures. This has
resulted in agreements on the definitions of key terms in this
field (e.g., polymers) and a certain harmonization of notifica-
tion exemptions and reduced notification requirements for
materials like polymers of low concern. OECD further works to
facilitate cooperation among countries in relation to their new
chemicals assessments, with a long-term vision toward
a Mutual Acceptance of Notifications.

In light of the wide use of information technology (IT) in
notifications and registrations of chemical products, OECD has
recently undertaken a harmonization effort related to the
electronic reporting of studies and developed the OECD
Harmonized Templates. The templates are closely connected to
the Test Guidelines. Templates are guides for structuring data
entry/database management systems that are concerned with
the reporting of a summary of the results of a safety test on
a chemical. Each template lists all of the data elements that
could be relevant for a summary of the study. Each template
has a corresponding common electronic data export/import
format in order for IT developers to build data entry screens
and/or database systems based on these templates, which can
then in turn generate data files that can then be easily imported
into other database systems. Whenever a Test Guideline is
updated, the template is also updated.

In order to respond to requests made by political leaders in
the UN context to make safety information on chemicals better
available, in particular to developing countries, OECD has
developed a global portal to provide easy access to such
information. In developing this eChemPortal, the OECD is
working with member countries, the European Commission,
the European Chemicals Agency, WHO, UNEP, industry, and
Environmental Nongovernmental Organizations (NGOs). The
eChemPortal allows simultaneous searching for properties and
effects data in information collections on chemical hazards and
risks that have been prepared for government chemical review
programs at national, regional, and international levels. Clas-
sification results according to national/regional hazard classi-
fication schemes or to the Globally Harmonized System of
Classification and Labeling of Chemicals (GHS) are provided
when available. Currently, the eChemPortal links to 23 major
databases of countries, the European Commission and WHO,
and to the OECD databases. The eChemPortal can be searched
for information by chemical number, chemical name, and
synonym, including partial names, in several languages. OECD
will continue with an incremental build-up of the functional-
ities of the eChemPortal. Other databases will be continuously
added. By providing direct access to critical scientific informa-
tion needed to meet public health and environmental objec-
tives for the safe use of chemicals, the eChemPortal contributes
in a major way to the global challenge of making chemical
safety information more widely available and better accessible.
Support for Harmonized Global Classification
and Labeling – the GHS

Hazard classification and labeling of chemicals is a practice that
is widely used all over the world to alert workers and the
general public to the possible hazards of the use of specific
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chemicals. One practical problem limiting the effective appli-
cation of this practice was that different national classification
systems existed and that different systems existed for different
types of target groups, transport modes, and environmental
media. When chemical products are shipped across borders,
these differences led to trade barriers, because products needed
to be relabeled or alternatively they led to confusion for the
users of labels because many different labels appeared on one
package to cover all kinds of situations. In the mid-1990s,
countries and stakeholders agreed that a more harmonized
approach would be beneficial for all concerned. To that end,
OECD worked on harmonizing the classification criteria
for human health and environmental hazards, while the
UN Committee of Experts on the Transport of Dangerous
Goods and ILO worked on physical hazards and hazard
communication.

The results of these efforts were submitted to the UN and
formed the basis for their agreement in 2002 on the GHS. The
aim is to work toward its global implementation as a single
classification and labeling system. The GHS is a comprehensive
approach for the classification of physical, health, and envi-
ronmental hazards of chemical products according to defined
hazard criteria and for communicating such hazard informa-
tion, as well as protective measures, on hazard labels and Safety
Data Sheets. The UN established a Subcommittee of Experts on
the GHS to work on this. OECD is the focal point of this
Committee for reviewing new science related to human health
and environment classification criteria, for keeping the criteria
up to date and for developing criteria in a number of areas not
yet covered in the original agreement. New agreed criteria were
developed, for example, for ozone depletion, narcotic effects,
and aspiration hazards.
Hazard Assessment Methods

OECD also works on agreed methods for the assessment of
chemicals. Because WHO focuses on assessment of the effects
of chemicals on human health, OECD work mainly addresses
the assessment of effects of chemicals on the environment and
exposure assessment. A number of Guidance Documents,
which aim to achieve a large degree of compatibility in
assessment methods among countries, have been agreed. Most
recently, OECD has prepared an Environmental Risk Assess-
ment Toolkit as a complement to the WHO Human Health
Risk Assessment Toolkit. These Toolkits are aimed to provide
support to relevant stakeholders in capacity building.

While exposure situations can differ greatly among coun-
tries, member countries considered it useful to work together
on collecting generic exposure information for use in national
assessments. To that end, Emission Scenario Documents
(ESDs) are developed. An ESD is a document that describes
the sources, production processes, use patterns, and disposal
methods of certain types of chemical products with the aim
of quantifying the releases of a chemical into water, air, soil,
and/or solid waste over all stages of the life cycle. The
information in the ESDs can be used in risk assessments as
the basis for estimating the concentration of chemicals in the
environment. Currently, 30 ESDs have been published and
more documents on further production processes and uses
will be prepared.
The work on exposure assessment also includes efforts on
the use of computer modeling to predict the multimedia
behavior of chemicals in the environment. To that end,
a model to estimate overall persistence and the long-range
transport potential of chemicals was developed in cooperation
with UNEP, and made available on the OECD Web site.
Furthermore, activities addressing combined exposures to
multiple chemicals are ongoing.

One challenge that is faced by all involved in the testing and
assessment of the safety of chemical products is finding ways to
make this resource and time-consuming process more efficient,
while at the same time maintaining its scientific rigor. There are
more and different methods available for the data generation
on effects (in vitro tests, tiered testing systems, (Q)SAR Toolbox,
read across, category approaches, and to some extent tox-
icogenomics), and the exposure determination methods have
over the years improved a lot (ESDs, multimedia models), so
there are possibilities to address this challenge. This also means
that the way assessments are being done has to be reconsidered
and that an assessment strategy should be developed that
would allow, in a scientifically sound way, the use of all the
information elements and tools that are available in a struc-
tured framework. To that end, the OECD is working on Inte-
grated Testing and Assessment Approaches (IATA).

Test strategies have already been introduced in a number of
Test Guidelines (for example, skin irritation/corrosion) and in
the Guidance for applying the Conceptual Framework for the
Testing and Assessment of Endocrine Disrupters in order to
assist in making choices about what to study further after the
initial tests. A further aspect that is being dealt with is the use of
mechanistic information for forming chemical categories to fill
data gaps by read-across and how this could be used for
regulatory purposes. Another activity addresses how Adverse
Outcome Pathways (AOPs) can be used to form toxicologically
meaningful categories. AOPs are descriptions of plausible
causal linkages that indicate how a chemical interaction with
a biological system at the molecular level causes biological
effects at the subcellular, cellular, tissue, organ, and whole-
animal levels of observation.

Regulators should feel comfortable that new scientific
approaches form a reliable basis for their risk management
decisions. Regulatory acceptance of such approaches is there-
fore crucial to improve the quality and efficiency of the
assessment process. To that end, OECD wants to ensure that all
assessment information used is still independently verifiable,
reproducible, and transferable and that transparency in
communicating the basis for management decisions to stake-
holders and the general public is maximized. The OECD IATA
work effectively is starting a long-term and iterative process in
which regulators and scientists work together to ascertain
regulatory acceptance of new high-quality approaches.
Cooperative Assessment of Chemicals

The harmonization efforts related to testing and assessment
provide a good basis to take the cooperation concept one step
further by engaging countries in work sharing. Given the large
number of chemicals to be assessed, member countries agreed
that sharing the burden of this work and making cooperative
assessments in OECDwould be an efficient and effective way to
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increase the amount of chemicals that have safety evaluations.
In first instance, High Production Volume chemicals (HPVs)
were addressed because in most cases these would potentially
lead to the largest exposures of man and environment. Industry
obviously holds a great deal of test data and other information
on the chemicals they produce and cooperates very actively in
the work on a voluntary basis. In light of the needed trans-
parency, in addition to industry, also trade unions, environ-
mental NGOs, and animal welfare NGOs are involved. For
each chemical to be dealt with a Screening Information Data
Set (SIDS), which resembles to a large extent the Minimum
Premarket Data for new chemicals, is put together based on
existing data or new tests done to fill data gaps. Assessments are
reflected in SIDS Initial Assessment Reports, which are dis-
cussed in Cooperative Chemicals Assessment Meetings with
participation of stakeholders. A Manual for the Investigation of
HPV chemicals provides, among other aspects, the rules for
quality control and data review. OECD makes all data and
assessments available through its Existing Chemicals Database
and the eChemPortal. Currently, the cooperative assessment
work has dealt with, or is dealing with, 1400 chemicals, with
about 850 assessments published and other chemicals being in
one of the earlier phases of the process.

Based on developing IT possibilities, over time a number of
important innovations have taken place in the way the
assessments are carried out. The assessment process is made
faster and more efficient through the use of the OECD (Q)SAR
Toolbox, which makes it possible to assess categories of
chemicals with a resemblance in their chemical structure, rather
than having to assess each chemical individually. Currently,
not only HPV chemicals but also non-HPV chemicals are
assessed cooperatively, targeted assessments for chemicals and
chemical categories, focusing on specific toxicological end
points, are made, and national or regional assessments are
“internationalized” through review in the OECD context.
Risk Management

After testing and the assessment of hazard, exposure and risk of
a chemical, the next step in the chemical safety process is
making decisions about risk management for those chemical
products for which this is needed. With respect to specific
chemicals, member countries have selected a variety of activi-
ties for work in OECD. OECD countries agreed already in 1984
to a Council Recommendation on Information Exchange
Related to Export of Banned or Severely Restricted Chemicals;
this formed the basis for the UN Rotterdam Convention.
Further work ranges from the production of Risk Management
Monographs for some chemicals to concerted actions through
Council. The Monographs bring together extensive information
on production, use, releases, disposal, health and environ-
mental effects, exposure, national risk reduction measures and
their cost effectiveness, and possible gaps in the risk reduction
mechanisms. Concerted risk reduction action was undertaken
for lead, mercury, and poly-chlorinated biphenyls. For bromi-
nated flame retardants, a voluntary industry commitment for
the phase out of the production of some of them has been
agreed, and for perfluorinated chemicals, an OECD Portal
exists for exchanging risk management-related experiences
among countries.
OECD also works on collecting best practices and methods
on various aspects of chemicals risk management. Several
major documents dealing with socioeconomic analysis in this
field have been produced. Other topics include integrated
pollution prevention and control, nonregulatory initiatives,
and risk communication. Recently, also work has started on the
safety of chemicals in products.

OECD also addresses sustainable chemistry. Sustainable
chemistry is a concept that seeks to stimulate innovation
across all sectors to design and discover new chemicals,
production processes, and product stewardship practices that
will provide increased performance and increased value, while
meeting the goals of protecting human health and the envi-
ronment. OECD disseminates technical information and
promotes the incorporation of sustainable chemistry princi-
ples into various levels of chemical education. Recent OECD
work in this area has focused on developing a better under-
standing of what drives sustainable chemistry innovation,
which could help countries to better focus policies in this field.
A web-based Sustainable Chemistry Platform has been estab-
lished to serve as a networking resource and a place to
disseminate information.
Chemical Accidents

After the major accidents with releases of hazardous chemicals
from production sites in Bhopal, India, in December 1984,
and in Schweizerhalle, Switzerland, in November 1986, the
latter of which brought pollution to neighboring countries,
member countries asked OECD to work on the safety of
installations that produce or use hazardous chemicals. Early
policy action was taken through two OECD Council Deci-
sions: one on the Exchange of Information concerning Acci-
dents Capable of Causing Transfrontier Damage and another
one on Provision of Information to the Public and Public
Participation in Decision-Making Processes related to the
Prevention of and Response to Accidents Involving Hazardous
Substances.

Further work included the development of Guiding Prin-
ciples for Chemical Accident Prevention, Preparedness, and
Response; the Guiding Principles continue to be expanded
and updated. The Principles describe the responsibilities of
all parties involved in production, use, and handling of
hazardous chemicals. Related work includes the preparation
of Safety Performance Indicators, which are also regularly
updated, and which can be used by public authorities
and communities and the public, as well as by the industry
for measuring the effectiveness of activities related to the
safety of hazardous installations. Work on chemical accidents
has also dealt with the allocation of the costs of reasonable
measures to prevent accidents in hazardous installations and
to limit their consequences in case they occur, and the
application of the Polluter Pays Principle to accidental
pollution.
Pesticides and Biocides

The OECD Pesticide Program was established in order to
improve the efficiency and effectiveness of the pesticide regis-
tration processes. It deals with both chemical pesticides
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(insecticides, herbicides, fungicides, etc.) and biological pesti-
cides (bacteria, viruses, and predatory insects) used in agricul-
ture. The registration requirements and dossiers for pesticides
are very large and include many test results that are evaluated
by scientists in the registering country. The same pesticides are
often registered in many countries, but the evaluations are
done in each country, often in a very similar way, by their own
institutions. The Pesticide Program aims to assist governments
in creating the conditions to allow the sharing of the work in
registrations and reregistrations. The work focuses on facili-
tating a certain extent of harmonization in registration practices
and on building up mutual confidence in national evaluation
practices, which is needed for governments in order to engage
on a large scale in work sharing. A further work area is related to
the reduction of risks of pesticide use.

A large number of practical harmonization results are ach-
ieved by the Program; examples include electronic formats for
industry data submissions and for government data reviews
and registration requirements for macrobial and microbial
pesticides and for pheromones. A database of national review
schedules was set up that enables countries to identify coop-
eration opportunities. Thanks to this work a considerable
amount of work sharing is taking place among countries and
OECD continues to work on assisting the countries with work
sharing.

The Program also works with FAO and WHO to promote
that these organizations use OECD harmonized national
reviews for their review processes. In order to support pesticide
risk reduction efforts, pesticide risk indicators were developed
and the underlying pesticide use and sales statistics were
collected. Together with FAO, work on Integrated Pest
Management is undertaken, and together with FAO and
UNEP, the problem of obsolete pesticide stocks in developing
countries and countries with economies in transition is
addressed. Other products of the pesticide work include
a Guidance Document on defining minor uses of pesticides
and a survey of Maximum Residue Limit (MRL) setting poli-
cies. In order to support the work of countries on MRLs, also
Test Guidelines for residue testing have been, and are being,
developed.

Building on the useful results produced by the Pesticide
Program, member countries asked OECD to start similar work
on biocides. Biocides are chemical products that are, like
pesticides, designed to destruct unwanted organisms, but not
in relation to crops. Biocides include disinfectants, sterilizers,
wood preservatives, antifouling agents, rodenticides, etc. These
products fall in most countries under different regulatory
regimes than pesticides, but they also have to be registered. One
focus is harmonization of the testing for efficacy of biocidal
products. Another is exposure assessments; four ESDs have
been developed specifically for biocides. A database with the
schedules of registration reviews is also in this case an impor-
tant tool for facilitating work sharing.
Manufactured Nanomaterials

The term ‘nano’ is used as a measurement of size. A nanometer
(nm) is a millionth of a millimeter. By way of illustration,
a nanometer is about 1/50 000th the width of a human hair,
and a sheet of normal office paper is about 100 000 nm thick.
A nanomaterial or a nanoparticle is in most countries defined
to be a structure between 1 and 100 nm. By putting atoms or
molecules together in coherent new structures, nanomaterials
are created. As nanomaterials, the physical, chemical, and
biological properties of chemicals become different from the
properties of individual atoms and molecules. Research and
development in nanotechnologies is directed toward finding
ways to create such nanomaterials and look for new properties
that could be useful in a vast range of applications, such as in
medicine, electronics, strong light-weight materials, protective
coatings, and energy production and conservation. But such
different properties mean that nanomaterials can also be
different from conventional molecules with respect to the
effects they can have on human health and the environmental
during production, use, and disposal, which raises concerns.
The safety implications of manufactured nanomaterials there-
fore have to be thoroughly investigated before large volumes
reach the market.

In order to address the safety issues, and possibly ensuing
regulatory aspects, of manufactured nanomaterials, member
countries asked OECD to work in this field. The Program on
the Safety of Manufactured Nanomaterials includes work on
a database on relevant environment, health, and safety
research, which can help to coordinate research activities; test
methods, including alternative methods; exposure measure-
ment and mitigation; the environmentally sustainable use of
nanotechnologies; and cooperation on risk assessment and
risk management, in voluntary, as well as regulatory
programs. Nonmembers and all other stakeholders are
involved. The work is well coordinated with the activities in
OECD aimed at looking into the useful applications that can
be derived from nanotechnologies, and with work undertaken
in other intergovernmental organizations and in international
organizations, such as International Organization for
Standardization.

A special and important activity is the Sponsorship Program
on the Testing of Manufactured Nanomaterials. The safety
testing of materials lays at the basis of each risk management
process. It is not clear, however, if the traditional testing (and
assessment) methods used to determine the safety of conven-
tional chemicals are (fully) applicable to nanomaterials. To
elucidate this, member countries, as well as some nonmember
countries and other stakeholders, pool their expertise and fund
the safety testing of 13 different types of specific nanomaterials.
Tests are done for 61 properties and effects, covering material
identification, characterization and safety, physical–chemical
properties, environmental fate, environmental toxicology, and
mammalian toxicology. The nanomaterials that are tested are
well-known and some of them are already in use, so the
information that is being generated is of great practical value
for further safety assessments. Themain purpose of this work is,
however, to evaluate to which extent the test methods that are
traditionally used to determine product safety are adequate for
testing the safety of nanomaterials. Based on the outcomes of
this work, it will be better possible to see whichmethods can be
used, which ones need to be adapted, and if new ones are
needed in order to be able to properly evaluate the risks of
manufactured nanomaterials. If new Test Guidelines need to be
developed, this will be done in OECD in cooperation with the
Test Guidelines Program.
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Pollutant Release and Transfer Registers

A Pollutant Release and Transfer Register (PRTR) is a database
or inventory of potentially harmful releases to air, water, and
soil. Data concerning releases and transfers, such as the type,
quantity, and affected environmental media, have to be
reported by the releasing facility. This information is thenmade
available to the public, so that the public can compare the
environmental performance of facilities, and engage in
discussions with the facility about improvement of its perfor-
mance. Governments provide the legal context for this system,
decide for which pollutants and under which conditions
facilities have to report, and facilitate the dissemination of the
information.

OECD has developed a Guidance Manual for Govern-
ments to help them set up PRTRs and it is continuing work to
help countries with implementing PRTR systems by
producing further guidance and technical documents. The
OECDWeb site hosts a PRTR Data Center, which is a database
set up to share PRTR data as widely as possible. Another tool
for countries is the web-based PRTR Resource Center for
Release Estimation Techniques, which gives guidance on
making estimates when measured data are not available; these
techniques cover point sources, diffuse sources, and off-site
transfers. The PRTR work is closely coordinated with the
activities on exposure assessment.

Environmental Outlook for the Chemicals Industry

OECD publishes regularly its Environmental Outlooks, most
recently an Outlook to 2050. Chemical safety is obviously an
important element in these Outlooks, because it continues to
be listed among the limited number of ‘red light issues,’ which
are those that require urgent attention of policy makers. In
order to support these Outlooks, also an OECD Environmental
Outlook for the Chemicals Industry, which looked forward to
2020, has been produced. The report documents the expected
changes in the chemicals industry and the projected shift in
production from OECD countries to nonmembers. The
challenges for global chemical safety resulting from these
findings are analyzed. The four main conclusions are that an
increased focus is needed for determining the safety of chem-
icals in products; industry has to take full responsibility for the
safety of its products and play a greater role in providing and
assessing safety data; chemical safety information should be
disseminated more widely, so that workers and the public can
play a more active role in monitoring chemical safety; and there
needs to be a greater focus of OECD countries on working with
developing countries and countries with economies in transi-
tion to assist them in establishing their chemical safety
infrastructures.
OECD Publishing

The OECD publishes books, reports, statistics, working papers,
and reference materials. It releases almost 500 books each year.
All OECD publications are available in English through the
iLibrary and the online bookshop, and many also in French.

The Environment, Health, and Safety Program publish
a large number of guidance documents, review papers, and
reports. All documents related to its work are available for free
on the OECDWeb site, including the OECD Guidelines for the
Testing of Chemicals.

See also: Food and Agriculture Organization of the United
Nations; International Labor Organization (ILO);
Inter-Organization Programme for Sound Management of
Chemicals; Hazard Identification; Risk Characterization; Risk
Assessment, Ecological; Risk Management.

Relevant Websites

http://www.oecd.org – OECD.
http://www.oecd.org/env – OECD Environment.
http://www.oecd.org/ehs – OECD Environment, Health and Safety/Chemical Safety.
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Background

Organochlorine pesticides (OCPs) or insecticides are synthetic
chlorinated hydrocarbons, which are used to kill insects (e.g.,
mosquitoes, termites, head lice, fire ant) and to even control
insect-borne diseases in a diversity of fields, including agricul-
ture, industry, medicine, and the household. Organochlorine
insecticides may be divided into three basic groups: dichlor-
odiphenylethanes (e.g., dichloro-diphenyl-trichloroethane
(DDT)), cyclodienes (e.g., chlordane), and hexa-
chlorocyclohexanes (e.g., lindane). Table 1 lists the chemical
identities and the information on environmental persistence,
endocrine disrupting, carcinogenicity, and partition property of
common organochlorine insecticides, including aldrin, chlor-
dane, DDT, dieldrin, endrin, heptachlor, lindane, and toxa-
phene. Obviously, these insecticides have molecular weights
greater than 291 by virtue of their cyclic structure.

DDT or 1,1,1-trichloro-2,2-bis-(4-chlorophenyl)ethane
(Chemical Abstracts Service Registry Number 50-29-3), the first
of the chlorinated organic insecticides, was originally synthesized
in 1874. It was enormously used as an insecticide against a very
wide range of insect pests during World War II and thereafter
because of its insecticidal properties and useful properties (i.e.,
low-cost, broad-spectrum activity, lengthy persistence, and rela-
tive safety to humans and domestic animals).

The success of DDT as an organochlorine insecticide trig-
gered the synthesis and commercial use of chemically similar
organochlorines, such as aldrin, chlordane, dieldrin, endrin,
heptachlor, lindane, and toxaphene, during the decade after
World War II. It has been estimated that the cumulative world
production of organochlorine insecticides was about 10
million tons during the period 1945–65.
Table 1 Information on environmental persistence, endocrine disrupting,
insecticides

Organochlorine insecticides CAS no. Mol. formula Mol. wt. (g mol�1)

Aldrin 309-00-2 C12H8Cl6 364.9
Chlordaneg 12789-03-6 C10H6Cl8 409.8
DDT 50-29-3 C14H9Cl5 354.5
Dieldrin 60-57-1 C12H8Cl6O 380.9
Endrin 72-20-8 C12H8Cl6O 380.9
Heptachlor 76-44-8 C10H5Cl7 373.4
Lindane 58-89-9 C6H6Cl6 290.8
Toxaphene 8001-35-2 C10H16Cl8 413.8

aListed in the Stockholm Convention on Persistent Organic Pollutants (POPs) by the Un
bListed in the endocrine disrupting chemicals (EDCs) by the Ministry of the Environmen
cOverall evaluations of carcinogenicity to humans by the International Agency for Resea
carcinogenic to humans; Group 2B: Possibly carcinogenic to humans; Group 3: Not clas
dUnited States National Toxicology Program (USNTP) by the Department of Health and
carcinogen.
eNot listed.
fOctanol/water partition coefficient (as logarithmic scale).
gTechnical grade.
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These insecticides are believed to be one of the major factors
behind the increase in agricultural productivity in the twentieth
century. Initially, the environmental properties (i.e., low vola-
tility, lipid solubility, and its resistance to destruction by light
and oxidation) of these organochlorine insecticides made them
useful and effective in agricultural applications. Starting in the
1960s, there were concerns about the environmental problems
as a result of the long-term persistence and fat solubility for
nearly all organochlorine insecticides; that is, they have the
potential to significantly alter ecosystems and be toxic to
human health because of their environmental persistence,
long-term (chronic) toxicity, and bioaccumulation (bio-
concentration) in the food chain. Furthermore, many species of
insects developed resistance to DDT and other organochlorine
insecticides; thereafter these insecticides were discovered to be
highly toxic to humans and animals (especially fish). Since the
early 1970s, the use of DDT and common organochlorine
insecticides has been banned in the United States and Europe,
but they are still manufactured and used in developing coun-
tries to control malaria-causing mosquitoes. Although the
environmental levels of organochlorine insecticides are now
slowly declining, most of them are classified as endocrine dis-
rupting chemicals (EDCs) because of their hormone-like effects
on the endocrine systems of wildlife and humans, and persis-
tent organic pollutants (POPs) under the Stockholm Conven-
tion. Some organochlorine pesticides, including mirex (CAS
2385-85-5), chlordecone (CAS 143-50-0), a-hexa-
chlorocyclohexane (CAS 319-84-6), b-hexachlorocyclohexane
(CAS 319-85-7), endosulfan (CAS 115-29-7), hexa-
chlorobenzene (CAS 118-74-1), and pentachlorobenzene (CAS
608-93-5) are not discussed here, but are listed in the
Convention.
carcinogenicity, and partition properties of common organochlorine

POPs a EDCs b IARC c carcinogenicity USNTP d carcinogenicity Kowf

Listed Listed Group 3 –e 6.50
Listed Listed Group 2B – 5.54
Listed Listed Group 2B Reasonable suspected 6.36
Listed Listed Group 3 – 4.32
Listed Listed Group 3 – 5.20
Listed Listed Group 2B – 5.27
– Listed Group 2B Reasonable suspected 3.55
Listed Listed Group 2B Reasonable suspected 4.83

ited Nations Environment Programme (UNEP).
t (Japan).
rch on Cancer (IARC); Group 1: Carcinogenic to humans; Group 2A: Probably
sifiable as to carcinogenicity to humans.
Human Services; Reasonable suspected: Reasonably anticipated to be a human
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Table 2 Health hazards and exposure limits of common organochlorine insecticides

Organochlorine

insecticides Target organs a
OSHA-PELb

(mg m�3)

ACGIH-TLV c

(mg m�3) TLV-basis

Aldrin Central nervous system, liver, kidneys, skin 0.25 (skin) 0.05 Central nervous system impairment;
liver and kidney damage

Chlordane Central nervous system, eyes, lungs, liver, kidneys 0.5 (skin) 0.5 Liver damage; (skin)e

DDT Eyes, skin, central nervous system, kidneys, liver,
peripheral nervous system

1 (skin) 1 Liver damage

Dieldrin Central nervous system, liver, kidneys, skin 0.25 (skin) 0.25 Liver damage; central nervous system
convulsion; (skin)

Endrin Central nervous system, liver 0.1 (skin) 0.1 Liver damage; central nervous system
impairment; headache; (skin)

Heptachlor Central nervous system, liver 0.5 (skin) 0.05 Liver damage; (skin)
Lindane Eyes, skin, respiratory system, central nervous

system, blood, liver, kidneys
0.5 (skin) 0.5 Liver damage; central nervous system

impairment; (skin)
Toxaphene Central nervous system; skin 0.5 (skin) –d –

aNational Institute for Occupational Safety and Health (NIOSH), NIOSH Pocket Guide to Chemical Hazards.
bOSHA-PEL: Occupational Safety and Health Administration – Permissible Exposure Limit based on 8-h time-weighted average.
cACGIH-TLV: American Conference of Governmental Industrial Hygienists – Threshold Limit Value based on 8-h time-weighted average.
dNot available.
eThe designation ‘skin’ refers to the potential significant contribution to the overall exposure by the cutaneous route, including mucous membranes and the eyes.
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Mode of Action

DDT and other organochlorine insecticides act on the nervous
system at the axon, and thus disrupt the movement of ions such
as sodium into and out of nerve cells of insects. On the other
hand, thehigh lipophilic nature of these chlorinated compounds
facilitates absorption through the insect cuticle and further
penetration to thenerve tissues. The axonal voltage-gated sodium
channel is the target of organochlorine insecticides acting as
modulators. The death of insects results from metabolic
exhaustion and the production of an endogenous neurotoxin.
Major Uses

Organochlorine insecticides are commonly used in agricultural
fields, including crops, grains, fruit, seeds, and vegetables, in
the control of insects (e.g., ticks, mosquitoes, and fire ants) and
insect-borne diseases (e.g., malaria, dengue fever, and yellow
fever). They are also used as a soil insecticide for controlling
termites and soil-borne insects whose larvae feed on the roots
of plants.
Exposure Routes and Pathways

Inhalation (pulmonary route) is the main source of toxic
exposure to organochlorine insecticides. Skin absorption
and/or contact (dermal exposure), as well as eye contact
may also occur. Ingestion would be intentional. Because
they are no longer used in the developed countries as
agricultural and domestic insecticides, the exposure to
organochlorine insecticides can occur via contaminated air,
water, and foods (e.g., fish, meat, poultry and dairy prod-
ucts, and leafy vegetables), or through the respiratory and/
or skin pathways in developing countries where they are
still used.
Acute (Short-Term) Health Effects

Although the health effects of organochlorine insecticides
depend on the specific insecticide, level of exposure, and time
of exposure, as well as the individual, their acute toxicities, in
general, tend to be similar, as listed in the column of target
organs (Table 2). The acute health effects from the exposure of
organochlorine insecticides include irritation of the nose,
throat, and skin, causing burning, stinging, and itching as well
as rashes and blisters. Nausea, vomiting, dizziness, and diar-
rhea also have been observed.
Chronic (Long-Term) Health Effects

Concerns about organochlorine insecticides have focused
on their chronic health effects, including cancer (especially
in breast cancer from exposure DDT) and other tumors,
brain and nervous system damage, birth defects, infertility
and other reproductive problems, and damage to the liver,
kidney, lung, and other body organs. It should be noted
that these compounds are xenobiotic chemicals that may
induce the hormone-like effects on the endocrine systems
of wildlife and humans. The endocrine and reproductive
effects of these insecticides are believed to mimic or disrupt
the effect of endogenous estrogens. In the Strategic
Programs on Environmental Endocrine Disruptors ’98 by
the Ministry of the Environmental Government of Japan,
common organochlorine insecticides have been incorpo-
rated into endocrine disrupting chemicals (EDCs), as
shown in Table 1.

Regarding the chronic toxicities of organochlorine insecti-
cides, carcinogenicity is the most important concern as
compared with mutagenicity, teratogenicity, neurotoxicity, and
reproductive toxicity. As also summarized in Table 1, the
United States National Toxicology Program (USNTP) listed
DDT, lindane, and toxaphene as ‘reasonably anticipated to be
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a human carcinogen’ based on sufficient evidence of carcino-
genicity in experimental animals. To be consistent with USNTP,
the International Agency for Research on Cancer (IARC) has
classified these insecticide-POPs and other POPs (i.e., chlor-
dane and heptachlor) as possibly carcinogenic to humans
(group 2B). By contrast, aldrin, dieldrin, and endrin have been
considered as Group 3 (not classifiable as to carcinogenicity to
humans).
Exposure Standards/Limits

Regarding the exposure standards/limits of organochlorine
insecticides (seen in Table 2), some insecticide-POPs,
including chlordane, heptachlor, and toxaphene, have been set
the occupational exposure limit (OEL) to be 0.5 mg m�3 (8-h
time-weighted average) with the ‘skin’ notation (dermal
absorption) in the permissible exposure limit (PEL) by the
Occupational Safety and Health Administration (OSHA) and
the Threshold Limit Value by the American Conference of
Governmental Industrial Hygienists (ACGIH).

See also: Aldrin; Dieldrin; Hexachlorocyclohexanes Including
Lindane; Federal Insecticide, Fungicide, and Rodenticide
Act, US.
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Name

Organophosphorus (OP) compounds are organic compounds
containing trivalent or pentavalent phosphorus. This chapter
focuses on the more common pentavalent phosphorus
compounds.

Synonyms

OP compounds are often referred to generically as organo-
phosphates; however, this is a specific subset comprising
derivatives of phosphoric acid. Many other derivatives are
possible, such as phosphorothioates, phosphonates, phos-
phoramidates, and phosphinates. OP insecticides are typically
organophosphates or organophosphorothioates. OP nerve
agents (nerve gases) are usually organophosphonates; these are
true organophosphorus compounds, as they contain a carbon–
phosphorus covalent bond.

Molecular Formula

Figure 1 shows a generic structure of an OP compound con-
taining pentacovalent phosphorus. In such compounds, the
phosphorus atom has tetrahedral geometry; thus, depending
on the identity of the substituents attached to phosphorus,
optical isomerism is possible.
Figure 1 Generic structure of an organophosphorus (OP) compound
containing pentacovalent phosphorus. The atom connected to phos-
phorus by a double bond is either oxygen or sulfur. Y and Z are linker
atoms or groups that can include O, S, NH, or CH2. R1 and R2 can include
substituted or unsubstituted alkyl or aryl groups. X can be a linker atom or
group as for Y or Z, and R3 can be a substituted or unsubstituted alkyl or
aryl group; in addition, X can be a halogen (typically F) or cyano group
(–CN), in which case R3 is absent. The phosphorus atom has tetrahedral
bonding geometry; thus, depending upon the groups attached to P,
optical isomerism is possible.
Background

OP chemistry can be traced back to the nineteenth century, but
it came to toxicological prominence in the 1930s in Germany
with the development of OP insecticides and nerve agents.
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When organochlorine insecticides were phased out owing to
ecological concerns voiced in the 1960s and 1970s, the use of
OP insecticides increased as replacements. More recently, OP
insecticide use has been curtailed in response to health
concerns and wider adoption of integrated pest management.
Currently, new uses are being found for non-insecticidal OP
compounds. For example, as certain flame retardants, such as
the polybrominated diphenyl ethers (PBDEs), are being phased
out, OP compounds are entering the market as replacements.

Uses

OP compounds are incredibly diverse with respect to chemical
structure and attendant physical–chemical properties; accord-
ingly, the uses of these compounds cover a wide range. Thus,
depending on their molecular structures, OP compounds have
found uses as insecticides, nerve agents, hydraulic fluids, fuel
additives, lubricants, plasticizers, and flame retardants. They
are also used as drugs for a variety of indications, including
cancer (cyclophosphamide), glaucoma (isoflurophate), and
osteoporosis (certain bisphosphonates).
Environmental Fate and Behavior

Because of the diversity of chemical structures and associated
physical–chemical properties of OP compounds, no generaliza-
tions can be made concerning solubility, partitioning, environ-
mental persistence, long-range transport, or bioaccumulation.
Entries for individual compounds should be consulted.
Exposure and Exposure Monitoring

Considering the many uses of OP compounds, exposures can
occur through most of the common media (air, food, surfaces,
and water) and routes of exposure (dermal, ingestion, and
inhalation). Insecticidal OP compounds and nerve agents are
designed to inhibit neuronal acetylcholinesterase (AChE; see
the following). Because humans and other mammals have
AChE in their erythrocytes, the activity of this enzyme can be
assayed in blood samples as a biomarker of exposure. These
compounds often inhibit plasma butyrylcholinesterase (BChE)
as well, providing an additional biomarker of exposure.
Neuropathic OP compounds inhibit neuropathy target
esterase (NTE) in neural tissue; this enzyme is also found in
blood lymphocytes, thereby furnishing a means of assessing
exposure.
Toxicokinetics

The toxicokinetics of OP compounds is as varied as the struc-
tures and uses associated with the members of this broad class
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00173-1
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of chemicals. Because the subset of OP insecticides receives
special scrutiny by the US EPA, toxicokinetic data may be found
for individual chemicals in this category. The insecticidal OP
compounds and nerve agents will usually be readily absorbed
and easily pass into both the peripheral nervous system (PNS)
and central nervous system (CNS) by virtue of their generally
high lipophilicity. At the same time, they are relatively reactive,
and will be hydrolyzed catalytically by A-esterases such as
paraoxonase-1 (PON-1) or stoichiometrically by B-esterases
such as BChE or carboxylesterase (CaE). The hydrolysis products
tend to be relatively water soluble and can be excreted in
the urine.
Mechanisms of Toxicity

Toxicologically, the most prominent subclasses of OP
compounds are OP insecticides and nerve agents, which are
designed to be toxic by virtue of inhibiting AChE in the nervous
system. The mechanism of action of OP nerve agents is the
same as that for OP insecticides; the insecticides are safer,
because they are far less potent than the nerve agents. It so
happens that another subset, with some overlap with the OP
insecticides, can produce OP compound–induced delayed
neurotoxicity (OPIDN), presumably by inhibiting and aging
neuronal NTE (see the following).

Because neurotoxicity is the most conspicuous and well-
studied untoward effect of OP compounds, the remainder of
this chapter discusses the three forms of neurotoxicity associ-
ated with these compounds: acute cholinergic toxicity, inter-
mediate syndrome, and OPIDN. For specific information on
acute, short-term, and chronic toxicity in animals or humans,
as well as special toxic responses (immunotoxicity, reproduc-
tive toxicity, genotoxicity, carcinogenicity, ecotoxicology, or
other hazards), exposure standards, and additional details on
clinical management of toxicities, entries for individual
compounds should be consulted. In the sections on neuro-
toxicity that follow, some general aspects of clinical manage-
ment are briefly discussed.
Acute Cholinergic Neurotoxicity

OP insecticides and nerve agents exert their toxicity by inhibiting
AChE in cholinergic synapses throughout the CNS and PNS.

Each cholinergic synapse is a miniature transducer that
converts a presynaptic electrical signal into a chemical signal
(acetylcholine), which diffuses across the synaptic cleft, where
it triggers another electrical signal on the postsynaptic side by
interacting with acetylcholine receptors.

The supply side of this transduction economics consists of
production, storage, and release of acetylcholine; these
processes are akin to flipping an electrical switch to the ‘on’
position. The demand side entails destroying the chemical
signal by hydrolyzing acetylcholine, thus flipping the switch to
the ‘off’ position – this is the job of AChE, which catalyzes the
hydrolysis of acetylcholine.

When AChE is inhibited, acetylcholine is not hydrolyzed,
and the switch cannot be turned off. Having many of the
cholinergic synapses in the body constantly ‘on’ produces
a drastic overstimulation (and ultimately fatigue) of the many
organs that receive cholinergic innervation. The toxicity is aptly
named cholinergic, because the proximate toxic agent is
the body’s own cholinergic neurotransmitter, acetylcholine,
rapidly building up to toxic levels in cholinergic synapses.

The signs and symptoms arising from AChE inhibition are
a reflection of the cholinergic synapses affected (e.g., CNS
versus PNS), organ system innervated, and type of cholinergic
receptor involved (muscarinic versus nicotinic). In cases of
severe poisoning, the overriding signs can consist of excess
salivation/sweating, lacrimation, urination, and defecation;
collectively, this set of signs is known by the acronym SLUD.
The combination of central nervous system depression,
bradycardia, bronchorrhea, and paralysis of respiratory muscles
can lead rapidly to coma and death.

Fortunately, effective treatments and prophylactic measures
are available for poisoning by OP inhibitors of AChE.

First, atropine is a competitive antagonist of acetylcholine at
muscarinic acetylcholine receptors that is especially useful in
acute life-threatening intoxications. Patients are ‘titrated’ with
frequent small doses (1.0mg s.c. or i.v.) to control initial
muscarinic signs. Relatively large cumulative doses (up to
50mgday–1) may be necessary to control severe muscarinic
signs. Because of the toxicity of atropine, patients should be
monitored by examining dilation of pupils (mydriasis),
absence of secretions (dry mouth), facial flushing, and/or
disappearance of sweating.

To counteract certain central and peripheral effects of AChE
inhibition not treated with atropine, diazepam should be used
in doses of 10mg s.c. or i.v., repeated as needed. Other CNS-
acting drugs should not be used, because of potential respira-
tory depression.

Provided that the inhibited AChE has not undergone the
‘aging’ reaction (see Figure 2 and the discussion that follows),
the full range of cholinergic effects can be controlled by giving
oximes to reactivate inhibited AChE. Typically, pralidoxime
(2-PAM) is given in doses of 1.0 g by slow i.v. infusion over
20 min. Pralidoxime treatment can be repeated; however, it can
bind calcium, thereby inducing muscle cramps and mimicking
one of the signs of OP poisoning, but this effect can be
addressed by giving oral or i.v. calcium solutions.

Figure 2 schematizes the interactions of two types of OP
compounds, a phosphonate and a phosphinate, with AChE,
and the toxicological consequences of each. Inhibition by
either type of compound produces cholinergic toxicity, which
can be treated to some extent with atropine. However, the
phosphonate contains an RO-substituent that is susceptible to
the aging reaction, involving net loss of the R-group and
leaving a negatively charged organophosphoryl group cova-
lently attached to the enzyme. The aged OP moiety resists
reactivation because it is stabilized by the enzyme and it repels
nucleophiles, such as oximes. In contrast, phosphinates are
incapable of aging, owing to the strength of the carbon–
phosphorus bonds linking the R-groups to phosphorus.
Because phosphinylated AChE does not age, its OP group can
be displaced by oximes. Thus, inhibition of AChE alone
produces cholinergic toxicity irrespective of aging, but as aging
transpires, the therapeutic efficacy of oximes diminishes.

Aging is so named because it is a time-dependent reaction.
Early investigations of AChE inhibition by OP compounds
noted that the inhibited enzyme became increasingly



Figure 2 Inhibition of AChE is sufficient for cholinergic neurotoxicity. AChE is represented by a wavy line containing the active site serine hydroxyl
group. Pathway (1) shows inhibition by a phosphonate leading directly to cholinergic toxicity, treatable by both atropine (acetylcholine antagonist) and
oximes (AChE reactivators). If aging occurs, the type of toxicity does not change, but oxime reactivators are no longer effective. Pathway (2) shows
inhibition by a phosphinate, which cannot undergo aging. Cholinergic toxicity still occurs and is treatable by both atropine and oximes. R1 and R2 may be
substituted or unsubstituted alkyl or aryl groups. X is the primary leaving group that is displaced by the serine hydroxyl of AChE and may be, for example,
substituted or unsubstituted alkoxy, aryloxy, or fluorine. Neither inhibition nor aging of inhibited AChE can produce OPIDN – this requires inhibition and
aging of NTE (see Figure 3).
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intractable to reactivation with time; the resistant OP-AChE
conjugate was said to have ‘aged,’ but the mechanism of this
change was not known at the time. It is now known that half-
lives of aging depend on chemical structure and vary from
minutes for some nerve agents tow40 h for diethyl phosphoryl
insecticides. Accordingly, oximes can often be employed
effectively in cases of poisoning by OP insecticides, but not so
in cases of intoxication with some nerve agents.

Because of the rapid rate of aging of AChE inhibited by
some nerve agents, prophylactic measures have been instituted
so that individuals at risk of exposure can be protected before
inhibition and aging have occurred. Pretreatment with pyr-
idostigmine is used to partially inhibit AChE with a spontane-
ously reactivatable carbamate, thereby protecting the enzyme
from longer-term inhibition with a non-reactivatable OP
compound. Prophylactic measures under development include
intravenous injections of human BChE to serve as a stoichio-
metric bioscavenger or with PON-1, engineered to enhance its
activity as a catalytic bioscavenger of OP compounds.

Inhibition of AChE by OP compounds is also a time-
dependent reaction, and it can be characterized by a bimolec-
ular rate constant of inhibition (ki) or an IC50 concentration at
a given time of incubation of enzyme and inhibitor. Thus, the
potency of an inhibitor increases with increasing ki or
decreasing fixed-time IC50. These numbers can be used in
a relative sense to predict the tendency of a compound to
produce acute cholinergic toxicity versus delayed neurotoxicity
(see the section on OPIDN).
Intermediate Syndrome

The intermediate syndrome is usually related to a high-level
exposure to an OP insecticide. Onset occurs w24–96h after
poisoning. When it occurs, it often affects conscious patients
who exhibit no cholinergic signs. Because the onset occurs
between that of acute cholinergic toxicity and OPIDN (see the
following), this effect has been dubbed the intermediate
syndrome. The condition is characterized by marked weakness
of muscles innervated by cranial nerves II–VII and X, sudden
weakness of neck flexor muscles, weakness of proximal limb
muscles, absence of fasciculations but occasional spasticity,
hyperreflexia and dystonia, and decreased or absent tendon
reflexes. Respiratory insufficiency may develop rapidly, causing
patients to use accessory muscles for ventilation along with an
increase in ventilatory rate, cyanosis, coma, and death if these
signs and symptoms are not recognized and treated early
enough.

It is surmised that the intermediate syndrome arises from
a persistent depolarizing blockade and resultant desensitiza-
tion (with possible attendant downregulation) of nicotinic
receptors in neuromuscular junctions caused by excess synaptic
acetylcholine. The result is akin to myasthenia gravis,
which partially inactivates neuromuscular junctions through
a different mechanism, i.e., autoimmunity. In the intermediate
syndrome, the pattern of muscle weakness is similar to that of
the myopathy produced in experimental animal studies
following high levels of localized AChE inhibition, but the
myopathy and the intermediate syndrome are not thought to
be causally linked.
OPIDN (Delayed Neurotoxicity)

The term delayed neurotoxicity may be used to describe any
type of toxicity to the nervous system involving a delay between
the precipitating chemical exposure and the appearance of
neurological signs or symptoms. However, this designation
usually refers to OPIDN, also known as OP compound-
induced polyneuropathy (OPIDP).
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The particular syndrome of OPIDN is produced by certain
organic compounds of pentacovalent phosphorus. The less
common and relatively unstable organic compounds of triva-
lent phosphorus, such as triphenyl phosphite, can produce
a different spatial–temporal pattern of neurodegeneration,
which is distinct from OPIDN.

The underlying pathology in OPIDN involves bilaterally
symmetrical degeneration of sensory and motor axons in distal
regions of peripheral nerves and spinal cord tracts. Generally,
the longest, largest diameter fibers tend to be preferentially
affected. The most prominent lesions are often found in the
dorsal columns of the cervical spinal cord, especially in the
fasciculus gracilis. Injury to this tract results in specific sensory
deficits, including loss of recognition of limb position
(proprioception) and vibration sensitivity. Pathogenesis
studies indicate that the primary lesion in OPIDN is in the axon
rather than the myelin sheath or the cell body of the neuron,
and that demyelination occurs secondarily to axonal degener-
ation. The process has been likened to a ‘chemical transection’
of the axon, with subsequent Wallerian-type degeneration, as
opposed to a ‘dying back’ of the axon following an insult to the
cell body as once hypothesized.

Signs and symptoms of axonopathy appear after a delay of
w8 days following absorption of an effective dose of an
OPIDN-producing (neuropathic) OP compound and consist of
abnormal sensations (paresthesias) in the extremities,
including numbness and tingling. There may also be pain,
particularly in the calves of the legs. Distal reflexes may be
absent or attenuated. The feet and lower legs are usually
affected predominantly and before involvement of the hands
and arms, but severe cases involve the upper and lower limbs in
a ‘glove and stocking’ distribution. Incoordination of move-
ment (ataxia) develops at about the same time as the sensory
disturbances and may progress to partial flaccid paralysis
(paresis) after w10–21 days. Recovery from severe disease is
usually poor, and there is no specific treatment. Over a period
of months to years, flaccidity may be replaced by spasticity,
reflecting regeneration of peripheral nerve injury with residual
damage to descending upper motor neuron pathways in the
spinal cord. Spasticity can be alleviated by treating with anti-
spasticity drugs, such as baclofen.

Because of the ubiquity of OP compounds and the serious
and often irreversible nature of OPIDN, much effort has been
expended to develop ways to identify the OP compounds that
pose a genuine risk of causing this condition. Consequently,
although the pathogenic mechanism remains unknown,
human OPIDN is now an extremely rare disease, with
a worldwide incidence of only about two cases per year, usually
arising from intentional ingestion of massive doses of OP
compounds in attempted suicides. Sporadic episodes of
OPIDN affecting domestic animals and livestock also occur,
largely frommisapplication of OP compounds used directly on
the animals for control of insect or arachnid pests. Most of the
estimated 40 000 human cases that occurred between 1930 and
1960 arose from contamination of cooking oil or beverages
with tri-o-cresyl phosphate (TOCP; also known as tri-o-tolyl
phosphate, TOTP). More than half of the cases of OPIDN have
been attributed to consumption of an alcoholic extract of
Jamaica Ginger (‘Ginger Jake’) that had been adulterated with
solvents containing TOCP. Ginger Jake was used as a source of
alcohol during Prohibition in the United States. The resulting
paralysis became known as ‘Jake Leg’ or ‘Jake Walk.’ Awareness
of OPIDN coupled with the advent of improved methods for
assessing the relative potential of OP compounds to produce
the disease has led to the virtual elimination of human cases.
Nevertheless, neuropathic OP compounds and OPIDN
continue to be active fields of study. This apparent paradox
arises from the importance of OP chemistry in diverse appli-
cations, the potential threat of neuropathic OP compounds as
agents of terrorism or warfare, the promise of neuropathic OP
compounds as tools in neurological research, and the recent
discovery that certain mutations in the gene encoding NTE
produce a form of motor neuron disease.

Experimental studies have identified the adult chicken as
the species of choice for testing OP compounds for their
potential to cause OPIDN. Hens greater thanw8months of age
are now used in routine testing. Other species in addition to
humans and chickens that are known to be susceptible to
single doses of neuropathic OP compounds include certain
nonhuman primates, water buffalo, cattle, swine, sheep, dogs,
and cats. Rats and mice have been considered resistant to the
clinical manifestations of OPIDN. However, recent studies
have shown that histopathological lesions, particularly in the
spinal cord, can be produced in these species by compounds
known to cause OPIDN in the adult hen. The apparent resis-
tance of rodents to OPIDN may result, at least in part, from the
fact that relatively young (less thanw3 months of age) animals
have been used in most studies. Generally, the young of a given
species are much more resistant to OPIDN than adults are. For
example, chicks younger than about 50 days of age will not
develop OPIDN after a single dose of a neuropathic OP
compound. Moreover, chicks are resistant to repeated doses if
they are younger than w14 days of age. Species and age
differences in susceptibility to OPIDN have been attributed to
long axons in large animals and robust repair of neural injury
in young animals.

The complete mechanism of OPIDN has not been eluci-
dated. However, there is good evidence that the disease is
initiated by a concerted two-step reaction involving inhibition
and aging of a critical amount of NTE in target neural tissues.
The net result of the aging step is the rapid formation of
a negatively charged species in the active site of the enzyme
(Figure 3). Such a reaction can take place with OP inhibitors of
NTE such as phosphates, phosphonates, or phosphoramidates,
which have an ester or amide group in addition to the leaving
group (Figure 4). Phosphates and phosphonates undergo
aging by net loss of an R-group. Phosphoramidates having only
a single R-group attached to the phosphoramidate nitrogen
appear to age by loss of the phosphoramidate proton rather
than by loss of an R-group. Compounds that do not inhibit
NTE do not cause OPIDN, even if they belong to a structural
class capable of undergoing the aging reaction. For example,
although paraoxon belongs to the phosphate class of OP
compounds, it does not produce OPIDN because it is a poor
inhibitor of NTE.

NTE inhibition and aging transpire within minutes to hours
following absorption of an effective dose of a neuropathic
OP compound. Thus, events that remain to be elucidated
contribute to the delay of 8–21 days between the exposure and
the initial signs of ataxia and paresis. However, if inhibition but



Figure 3 Inhibition and aging of NTE are required for initiation of OPIDN. NTE is represented by a wavy line containing the active site serine hydroxyl
group. Pathway (1) shows inhibition by a phosphonate, which undergoes rapid aging to yield a negatively charged phosphonyl adduct. OPIDN follows
within 8–21 days and is not treatable. Pathway (2) shows inhibition by a phosphinate, which cannot undergo aging. The neutral phosphinylated adduct
does not trigger OPIDN; however, it confers protection against subsequently administered neuropathic (ageable) NTE inhibitors. For each type of
inhibitor, R1 and R2 may be substituted or unsubstituted alkyl or aryl groups. X is the primary leaving group that is displaced by the serine hydroxyl of
NTE and may be, for example, substituted or unsubstituted alkoxy, aryloxy, or fluorine.
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no aging occurs by dosing with an NTE inhibitor that is inca-
pable of generating a negative charge at the active site, no
OPIDN ensues. Furthermore, an animal whose NTE is inhibi-
ted with a nonaging compound is protected against a subse-
quent dose of an OP compound that would be neuropathic in
a naïve animal (Figure 3). Nonaging inhibitors of NTE include
representatives from the phosphinate class of OP compounds,
certain carbamates, and sulfonyl fluorides, such as phenyl-
methanesulfonyl fluoride (PMSF) (Figure 4).

The threshold of NTE inhibition in target neural tissue that
correlates with the development of OPIDN after a single dose of
a neuropathic OP compound is w70%. For many compounds,
inhibition measured in brain is paralleled in spinal cord and
peripheral nerve, and brain values are often used in screening
tests in hens to assess relative neuropathic potency. Repeated
dosing also appears to require that a high point of inhibition be
reached before OPIDN will develop. The threshold appears to be
the same as for acute dosing for some compounds, but for some
others, the critical level of inhibitionmay be as low as 50%. With
repeated dosing, there still appears to be a delay of w8–21 days
between the time inhibition exceeds the threshold value and
the appearance of signs of OPIDN.

NTE has also been found in circulating lymphocytes and
platelets, where its inhibition has found use as a biomarker of
exposure to neuropathic OP compounds. There is a good
correlation between inhibition of NTE in leukocytes and brain
when the measurements are carried out within 24 h of an acute
exposure. However, a good correlation might not be found
later (even by 48 h) or under conditions of repeated exposures.
Nevertheless, leukocytes provide an accessible source of NTE
for detection of inhibition by neuropathic OP compounds.
Currently, there is considerable interest in using protein mass
spectrometry to detect OP adducts on NTE or other proteins as
sensitive and specific biomarkers of exposure to neuropathic
OP compounds.
It is important to realize that OPIDN depends on a partic-
ular type of chemical modification of NTE rather than mere
inhibition of its enzymatic activity. Inhibition of NTE is
a necessary, but not sufficient, condition for OPIDN. Aging of
the inhibited enzyme results in a complete change in the
toxicological outcome. Whereas inhibition without aging
results in no clinically apparent injury, suprathreshold inhibi-
tion with aging triggers an inexorable neurodegenerative
process leading to evident disease. The situation with NTE is
completely different from that with acetylcholinesterase
(AChE). Inhibition of a sufficient amount of AChE will
produce cholinergic toxicity, regardless of whether or not aging
of inhibited AChE occurs (Figure 2). Aging of inhibited AChE
does not alter the type of toxic response, but it does change the
options available for therapy against cholinergic toxicity. For
example, oximes such as pralidoxime methiodide (2-PAM) are
used to reactivate inhibited AChE, but these agents are inef-
fective if aging of the enzyme has occurred. Moreover, oximes
do not appear to affect the clinical course of OPIDN following
administration of a neuropathic OP compound, except to
allow survival of an otherwise lethal dose of a compound that
also has cholinergic toxicity.

In a homologous series of OP compounds, increasing
potency for AChE inhibition and cholinergic toxicity corre-
lates with decreasing potency for NTE inhibition and OPIDN.
The relative inhibitory potency (RIP) of an OP compound or
its active metabolite for NTE versus AChE in vitro can be used
as a convenient index of the probable neuropathic potential
of the compound. A commonly used measure of inhibitory
potency is the IC50, the concentration required to inhibit 50%
of the enzyme activity under a standardized set of reaction
conditions and time of incubation of the inhibitor with the
enzyme preparation. A better measure of inhibitory potency is
the bimolecular rate constant of inhibition, ki. When pseudo–
first-order kinetics are observed, it is valid to use the



Figure 4 NTE inhibitors. For each type of inhibitor, R–R4 may be
substituted or unsubstituted alkyl or aryl groups. For carbamates, R1 can
be a hydrogen atom, and for phosphoramidates, R1 and/or R3 can be
a hydrogen atom. X is the primary leaving group that is displaced by the
serine hydroxyl of NTE and may be, for example, substituted or unsub-
stituted alkoxy or aryloxy. Fluorine can be a leaving group for the OP NTE
inhibitors and is the most common leaving group for sulfonate NTE
inhibitors. Type A inhibitors are neuropathic and include certain phos-
phates, phosphonates, and phosphoramidates. Mixtures of subtypes are
possible. Phosphonates are intrinsically asymmetric and enantiomers
may have different inhibitory and/or aging properties. Type B inhibitors
are not neuropathic, but pretreatment protects against OPIDN from
subsequent exposure to type A inhibitors. Type B inhibitors include certain
phosphinates, sulfonates, and carbamates.
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relationship, IC50 ¼ 0.693/kit, where t is the time of pre-
incubation of the inhibitor with the enzyme. Comparisons of
AChE/NTE ki ratios or NTE/AChE IC50 ratios in vitro (RIPs)
with toxicity data in vivo have shown that RIP values <1
indicate that the dose required to produce OPIDN is less than
the median lethal dose (LD50). In contrast, RIP values >1
correspond to doses greater than the LD50 required to produce
OPIDN. The higher the RIP, the safer is the compound with
respect to its capacity to produce OPIDN. Thus, insecticidal
OP compounds generally are much more potent inhibitors of
AChE than NTE and do not produce OPIDN except at doses
that would require aggressive treatment for cholinergic
toxicity. On the other hand, compounds can be made that are
better inhibitors of NTE than AChE. If such compounds can
also undergo aging, not only will they produce OPIDN; they
will do so at doses that elicit little or no cholinergic toxicity.

Marginal or subclinical OPIDN can be potentiated to full-
blown disease by subsequent treatment with nonaging inhib-
itors of NTE. The phenomenon is called promotion by some
authors, which is an appropriate term if the initial insult is
undetectable. Potentiation was initially a surprising finding,
especially in view of the fact that reversing the order of dosing
of the nonaging and aging NTE inhibitors affords protection
against OPIDN. However, it now appears that the outcome of
many types of neural injuries, including physical crushing of
nerves, can be exacerbated by dosing with nonaging NTE
inhibitors as well as with inhibitors of other serine esterases or
proteases. The apparent indifference to the method of producing
the initial lesion suggests a general mode of action for potenti-
ation, such as interference with regeneration and repair.

Although the precise physiological function of NTE is
currently unknown, the protein is known to be anchored in the
endoplasmic reticulum and to catalyze the hydrolysis of
membrane phospholipids and lysophospholipids. Moreover, it
has recently been established that NTE belongs to a nine-
member family of patatin-like phospholipase domain con-
taining proteins (PNPLAs), of which NTE is PNPLA6.
Conventional knock-out of the gene is embryonic-lethal in
mice, indicating an essential role in development, and condi-
tional knock-out in the brain results in neurodegeneration. In
addition to its serine hydrolase domain, NTE contains tandem
domains with homology to cyclic nucleotide-binding regions
in other proteins, implying a regulatory or signaling function.
Mutation of a homologous protein called SWS in Drosophila
results in a spongiform neurodegenerative disease, suggesting
that NTE might be associated with neurological or neuro-
developmental disorders. More recently, NTE mutations have
been linked to a form of motor neuron disease in humans.

Certainly, much work remains to be done to elucidate the
normal and pathogenic roles of NTE, but the accomplishments
thus far have proved to be useful in a wide range of fields,
including toxicological risk assessment, developmental neuro-
biology, and clinical neurogenetics.

See also: Acetylcholine; A-esterase; Atropine; Azinphos-Methyl;
Carboxylesterases; Chemical Warfare; Chlorpyrifos;
Cholinesterase Inhibition; Cyclophosphamide; Diazinon;
Dichlorvos; Fenthion; Ginger Jake; Malathion; Methamidophos;
Methyl Parathion; Naled; Nerve Agents; Neurotoxicity;
Parathion; Pyridostigmine; Pyridoxine; Soman; Tabun;
Trichlorfon; V-Series Nerve Agents: Other than VX; VX.
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Background

The use of tributyltin (TBT) and triphenyltin (TPT) as anti-
fouling agents on boats has been widespread because of their
superior effectiveness compared to previously used copper
oxide paints. TBT is a biocide and catalyst used globally. TBT
compounds have particularly been used as biocides in anti-
fouling paints and wood preservatives. TBT leachate has
contaminated both marine and freshwater habitats and it has
been considered to be one of the most toxic agents entering the
environment. The occurrence of TBT in surface water and
sediment has prompted a large number of studies on its
adverse effects on nontarget organisms. By the mid-1980s, it
had become widely recognized that TBT severely affects
nontarget organisms. Abnormal shell thickening has been
reported in the Pacific oyster Crassostrea gigas associated with
areas of high TBT contamination. Other adverse effects of TBT
on organisms include imposex in gastropods. As well as being
an endocrine-disrupting agent TBT has proven to be extremely
toxic to a number of aquatic organisms, in particular during
sensitive early life stages. It was revealed that TBT can induce
cytogenetic damage in the embryos and larvae of the marine
mollusc Mytilus edulis and the polychaete worm Platynereis
dumerilii. Very limited work has been done on the genotoxic
potential of TBT to adult marine organisms. In algae, for
instance, triorganotins had the strongest influence on their
growth and the least on their chlorophyll content.

Organotin compounds (OTCs) with a benzyl radical
inhibited chlorophyll production less than the OTCs with butyl
and phenyl radicals. This phenomenon proves that OTCs with
butyl and phenyl groups have maximum efficiency for biocide
purposes. OTCs have been demonstrated to pose various
adverse effects on marine organisms by causing impairment in
growth, development, and reproduction, and moreover, the
survival of many marine species. OTCs are used for various
agricultural and industrial applications. This can lead to
contamination of municipal wastewater and sewage sludge.
Adverse effects of these contaminants on some biota in
receiving water were similar to those found in plant effluents.
As a result of these and other studies, legislation has been
introduced in several countries restricting the usage of TBT.
More details on the TBT legislation can be found in our
previous article Okoro et al. (2011a) for further readings.
Uses

OTCs are important environmental contaminants belonging to
the most widely used organometallic compounds for agricul-
tural, industrial, and biomedicinal applications. OTCs are also
used industrially as catalysts in the production of polyurethane
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foams and silicones. Amongst other commercial applications is
the production of polyvinyl chloride (PVC) stabilizers, indus-
trial biocides, industrial catalysts, surface disinfectants
including hospital and veterinary disinfectants, surface modi-
fying and curing agents, laundering sanitizers, rodent repel-
lents, scintillation detectors for g- and X-rays, ballistic additives
for solid rocket engine fuels, and homophones in liquid
membrane ion-selective electrodes. OTCs are also used as
fungicides, miticides, molluscicides, nematicides, and ovicides.
In general, the various commercial applications of OTCs gave
rise to a drastic increase in the worldwide production of OTCs.
Sources of OTCs in the Environment

Due to increase in industrial application, large amounts of toxic
OTCs have entered various ecosystems. Research has been
largely concentrated on TBT and TPT pollutions, because these
compounds directly enter the environment through industri-
ally applied organotin biocides. But recently, there was
evidence that municipal and industrial wastewater, sludge, and
landfill leachates are also important sources of organotins.
Physical, biological, and chemical removal mechanisms
contribute to the persistence distribution of OTCs in the envi-
ronment. To date, organotin research has been restricted
mainly to regions having high shipping volumes, harbors and/
or shipyards, because the primary ways in which organotins
reach the environment are through use as antifouling agents.
Physicochemical Properties

OTCs are organic derivatives of tin (Sn4þ) characterized by the
presence of covalent bonds between three carbon atoms and
a tin atom. They are designated as mono, di, tri, and tetraor-
ganotin compounds. OTCs conform to the following general
formula: (n-C4H9) SnX2, chemically represented by the
formulas RSnX3, R2SnX2, R3SnX, and R4Sn, where R is any alkyl
or aryl group and X is an anionic species. The nature of X
influences the physicochemical properties, notably the relative
solubility in water and nonpolar solvent and the vapor pressure.
They are reported to be stable at temperatures up to 200 �C,
thermal decomposition has no significance under environ-
mental conditions, ultraviolet (UV) radiation, strong acids, and
electrophilic agents readily cleave the tin–carbon (Sn–C) bonds.
Generally, the solubility of OTCs in water decreases with
increasing number and length of the organic substituent.
Partition Behavior in Water, Sediment, and Soil

OTCs are of concern, because of their high toxicity, widespread
use, direct input into the environment, and their relatively high
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00174-3
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persistence. The OTCs enter the aquatic system by many routes.
Triorganotin compounds have low aqueous solubility and low
mobility and are easily adsorbed onto suspended particulate
matter (SPM). The concentrations of hepatic butyltin reported
in aquatic animals collected from the Seta Inland Sea, Japan,
were as high as 10 000 ng g�1, whereas the levels in crustaceans
taken from the Japanese coastline ranged from 110 to
5200 ng g�1. Evidence exists to show that legislation intro-
duced to govern the use of TBT in antifouling paints has
reduced aquatic concentrations of this contaminant. TBT was
often found in water at concentrations that could cause chronic
toxicity in a sensitive species. OTCs have been found to exhibit
higher concentrations in the surface microlayer of freshwater
than in subsurface water. TPT in water and sediments exhibits
concentrations similar to that of TBT.

The deposition of SPM leads to the accumulation of
considerable amounts of trisubstituted organotins and their
degradation products in sediments. Several studies have been
conducted on organotin pollution of river, lake, and harbor
Table 1 Butyltin compounds in seawater (ng Sn l�1) reported fo

Sampling location Year

American harbors and marinas
West and East coast, Canada 1995
Asian and Oceania harbors and marinas
Coast, Korea 1997–98
North coast of Kyoto, Japan 2003
European harbors and marinas
South Western coast, Spain 1993
South Eastern coast, France 1998
Coastal waters, Greece 1998–99
North Western coast, Spain Not provided

aBelow detection limit.

Adapted from Okoro, H.K., Fatoki, O.S., Adekola, F.A., Ximba, B.J., Snyman, R
environment. Rev. Environ. Contam. Toxicol. 213, 27–54.

Table 2 Butyltin compounds in sediments around the world

Sampling Location Year

American harbors and marinas
West and East coast, Canada 1995
Crystal Lake, USA 2001–03
Asian and Oceania harbor and marinas
Port of Osaka, Japan 1995–96
Coast, Malaysia 1997–98
Great Barrier Reef World Heritage Area, Australia 1999
Alexandra harbor, Egypt 1999
Mumbai harbor, India 2000–01
Fishing harbors, Taiwan 2001–04
Sanriku coast, Japan 2005
West coast, France 1993
River Thames, UK 1994
Tagus Estuary, Portugal 1998–99
North Western coast, Italy 1999–200

aBelow detection limit.
bWet weight.
cng organotin instead of Sn na, No data available.

Adapted from Okoro, H.K., Fatoki, O.S., Adekola, F.A., Ximba, B.J., Snyman, R
environment. Rev. Environ. Contam. Toxicol. 213, 27–54.
sediments. TBT concentrations are the highest in the inner
harbor and in the upper ca. 10 cm sediment layer. This indi-
cates that there is a risk of TBT mobilization from the sediment
surface, which may be exacerbated by the frequently disturbed
harbor environment. TPT acetate and TPT hydroxide have
increasingly been used as soil treatment fungicides worldwide
to treat a variety of crops. Such treatments have resulted in
increasing levels of TPT acetate and TPT hydroxide in soils. Few
studies have been conducted in which the abundance and
persistence of TPT in soil have been measured. TPT is photo-
lytically degraded in soils only if it is near the soil surface,
where light can penetrate. Existing data on OTCs in seawater
and sediment are presented in Tables 1 and 2.
Degradation

The degradation of the organotins in the environment may be
defined as a progressive loss of organic groups from the Sn
r several regions of the world

MBT DBT TBT

<d.1a, �460 <d.1, �270 <d.1, �500

<d.1–13.4 <d.1–22.3 <d.1, –4.5
2.5–23 2.1–13 3.9–27

<d.1. –51 6.8–20 9.1–79
– – <0.015–0.12
<d.1. –19 <d.1. –159 <d.1.–70
0.8–11.6 0.3–33.7 0.4–196.6

.G., 2011b. Human exposure, biomarkers and fate of organotins in the

MBT DBT TBT

<d.1a,–330 <d.1–1100 <d.1–5100
21.3–320b 59–350b 1.5–14 000b

<d.1 <d.1 10–2100
5.0–360b,c 3.8–310b,c 2.8–1100b,c

<d.1–1.61 <d.1–7.1 <d.1–1275
<0.1–186 <0.1–379 1–2076
<d.1–131c na 4.5–1193c

na na 2.4–8548c

<d.1–3300 <d.1–3400 2–14000
25–74 9–29 7–30
12–172 12–219 1–60
na na 5.4–35c

0 <d.1 <d.1 3–27

.G., 2011b. Human exposure, biomarkers and fate of organotins in the
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cation. UV irradiation, biological cleavage, and chemical
cleavage are the processes through which removal of the
organic groups can be caused. Photolysis by sunlight appears to
be the fastest route of degradation in water. OTC species are
rapidly dealkylated by UV irradiation, while the TBT derivatives
show much lower degradation rates. TPT is photolytically
degraded in soils only if it is near the soil surface, where light
can penetrate.
Bioaccumulation of OTCs

It has been reported widely that TBT is extremely toxic to
marine organisms and they display a remarkable ability to
accumulate this contaminant (up to 5 g g�1). Differences in
most experimental results reported might be due to tempera-
ture which is directly related to the assimilation and the level of
feeding. OTC accumulation by higher trophic aquatic organ-
isms proceeds through either uptake from solution alone or by
a combination with diet digestion. Recent studies have shown
that marine mammals and birds also accumulate high levels of
toxic butyltins in various tissues and organs. Ecotoxicological
implication of sludge-derived organotin pollution on soils is
that bioaccumulation of these compounds in the terrestrial
food web may occur measured exposure levels of OTCs, such
as dibutyltin and tri-n-butyltin compounds in wildlife and
human tissue sample that are reported in the range of
3.0–100 nm.
Human Exposure to Organotins

OTCs such as TBT and TPT have been utilized globally as
biocides, agricultural fungicides, and wood preservatives as
well as disinfecting agents in circulating industrial cooling
water. They have also been used as antifouling paints for
marine vessels. Human exposure to nonpoint sources of
organotin can occur from the contaminated dietary sources
(seafood, shellfish), fungicides on food crops, textiles, and
industrial water systems as well as antifungal agents in wood
treatment. The gastrointestinal tract is a major route by which
humans are exposed to environmental chemicals. A variety of
mono- and di-alkyltins are used prevalently as heat stabilizers
in the manufacture of plastic and humans are exposed to them
through the leaching of PVC from water pipes and PVC plastic
used for packaging of food items. It has been confirmed that
the organotins used in various consumer products can migrate
from such products during normal use and contribute to their
widespread presence in dusts from the indoor environment.
Additional sources include various alcoholic beverages (port,
red, and white wines). OTCs tend to accumulate in higher
species including mammals in organs such as the liver, kidney,
and brain. From previous exposure experiment reported in
literature, it has been observed that the spectrum of potential
adverse chronic systems effects of OTCs in humans is very
broad and this includes primary immunosuppressive, endo-
crinopathic, neurotoxic, metabolic, and enzymatic activity, as
well as liver, kidney, bioaccumulative, and possibly carcino-
genic activity. Various sources of human exposure to OTCs are
shown in Figure 1.
Toxicokinetics

TBT is acutely toxic to aquatic life at concentrations in the low
nanograms per milliliter range. It can cause reproductive
impairment in snails and chambering in oysters when
concentrations in water are between 0.01 and 0.1 ngm�1.
Acute response range has been reported widely on species
exposed to TBT but the kinetics and mechanism of TBT toxicity
have not been thoroughly examined. The rate at which
organisms bioaccumulate and eliminate a contaminant can be
used to predict its biological and bioaccumulation potentials.
The dual rate constant approach for a one-compartment first-
order kinetic model has been used to describe bioconcentration
and toxicity. The assumption in this model includes constant
uptake, dose dependence, kinetics, and instantaneous mixing
within the compartment. Uptake clearance and elimination
rate constants are conditional and this can be affected by
several biological and environmental factors such as tempera-
ture, salinity, body size, and oxygen content. In general,
exposure content is proportional to the whole-body concen-
tration meaning that it is proportional to the concentration of
the toxicant at the site of action.
Mechanism of Toxicity

Organotins are known to be toxic at relatively low levels of
exposure, not only to marine invertebrates but also to mammals
and other animals. Organotin toxicity increases with the number
of alkyl groups attached. Amongst the organotins, the most toxic
ones are the trialkyltin compounds, followed by the dialkyltin
and monoalkyltin compounds, with the ethyl derivative in each
group being reported as the most toxic. Toxicity appears to be
primarily related to relative lipophilicity in marine invertebrates
such that TBT is often more toxic than dibutyltin (DBT), which is
in turn more toxic than monobutyltin to certain enzyme
systems. DBT is a more potent immunotoxin in fish than TBT.
Moreover, trisubstituted organotins also interact with various
intracellular enzymes that may lead to toxicity, mainly cyto-
chrome P450-dependant monooxygenases, which play an
important role in detoxifying xenobiotics.
Acute and Short-Term Toxicity

Acute toxicity studies involve single-dose study which is carried
out to investigate the effects of a compound after oral ingestion.
Acute toxicity tests in rats with single intragastric administration
of TBT compounds were conducted The LD50 values that were
obtained at the end of the experiment ranged between 94 and
224mg kg�1. The pronounced clinical symptoms posed are
apathy and emaciation, and increased salivation. A study
revealed that the larvae of rock shellHaustrum haustorium as well
as the larvae of the disk abalone Haliotis rufescens and the giant
abalone Haliotis sorenseni are relatively sensitive to organotins
such as TBT and TPT, compared to other aquatic organisms like
fish, shellfish, and other invertebrates. It is only recently that
data have become available on the acute toxicity of organotin
salts on adult molluscs, proving that water dissolved TBT is
highly toxic. It has been reported that lethal concentrations for



Figure 1 General sources of organotin compounds for humans. Adapted from Hoch, M., 2001. Organotin compounds in the environment: an overview.
Appl. Geochem. 16, 719–743.
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zooplankton are as low as 0.4 mg l�1. Previous studies have also
shown that OTCs such as dimethyltin chloride cause acute
toxicity to the liver and kidneys, whereas trimethyltin chloride
damages the central nervous system.
Chronic Toxicity

The first indication of the effects of TBT on nontarget molluscs
was noted on Pacific oysters on the French Atlantic coast in the
proximity of a large number of pleasure crafts. The main effects
noted were the shell malformation of the adult oysters. Later
experimental work revealed that TBT is the causative agent
for shell thickening and direct mortality of larvae, since it has
been observed globally that TBT concentrations in seawater
were quite high near harbors all over the world. It has
been confirmed that TBT can cause reproductive failure and
abnormalities in shell production in the Japanese oyster. Thus
it can be said that this contaminant causes the following effects
in molluscs: (1) perturbation of reproduction, (2) decrease of
the growth rate of juveniles, and (3) thickening of the adults’
shells. Prolonged exposure to concentrations below the
48–96 h LC50 for molluscs can cause mortality due to bio-
concentration of the pollutant. TBT is chronically toxic to adult
marine bivalves at concentrations as low as 0.2 g l�1 which
cause 50% mortality after 180 days exposure.
Immunotoxicity

Organotins have been demonstrated to have immunotoxic and
teratogenic properties in mammals. DBT is frequently appear-
ing to be more toxic than TBT. The importance of the precise
timing of exposure to DBT in induction of defects in
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developing rat embryos was demonstrated. For some of a series
of dialkyltin compounds, a selective action on the immune
system of the rat was observed. A dose-related decrease in the
weights of the thymus gland, spleen, and lymph nodes of rats
fed on these compounds for several weeks was caused by dia-
lkyltin compounds. Reduction of thymus gland weight was
observed at dietary exposure concentrations as low as 5mg
DBT or dioctyltin per kg feed. Apparently, various immune
functions investigated like delayed-type hypersensitivity to
tuberculin, allograft rejection, graft-versus-host reaction, and
resistance to Listeria monocytogenes infection indicated that the
cell-mediated immune response was suppressed by these
alkyltin compounds.
Reproductive Toxicity

TBTs and TPTs have been reported to induce toxic effects inmale
and female reproductive organs of rodents. A study revealed that
the contaminants cause tumors in organs of rodents and it has
been stated in literature that this may result in endocrine
disruption. A delay was found in the completion of preputial
separation after 0.5 or 15mg of TBT was administered to male
Wistar rats. It was concluded that peripubertal exposure to TBT
clearly affected male sexual development. In ecotoxicological
studies with snails, it was revealed that this compound interferes
with the sex hormone metabolism and causes an increase in
testosterone concentration. The effects of these endocrine-
disrupting chemicals on the sex hormone system of mammals
include effects on themale and female reproductive organs such
as changes in weight of the ovaries and the testes.

Additionally, the adverse effects of phenyltins include Ley-
dig cell hyperplasia as well as morphological changes of the
endometrium. The US Environmental Protection Agency
(USEPA) has stated that there is a possible relationship
between hormonal effects, development of pituitary and
testicular tumors, and TPT. Therefore, TPT is considered to be
one among the chemicals that disrupt the endocrine system.
Thus, there is a need for more research to be carried out on the
effects of OTCs on the endocrine system and in particular on
the hormonal control of male and female reproduction.
Genotoxicity

TBT has been considered as one of the most toxic contaminants
entering the environment. Its effects are of particular concern
since it causes induction of reproductive abnormalities and
destabilization of female prosobranch. This phenomenon is
known as imposex, and is characterized by the development of
male sex organs in the female gastropods. The toxic effect of TBT
to the marine mollusc M. edulis was investigated and it was
found that TBT is genotoxic to the early life stages of marine
mussels. The authors found a significant increase in DNA
damage when a biomarker was used to test for the genotoxic
effect of TBT. They suggested that TBT could be genotoxic due to
its ability to disrupt calcium homeostasis. The development and
survival of an organism is often closely related to the genotoxic
effects. Mytilus edulis and P. dumerilii have been used in studies
on the check for genotoxic effects of TBTO. It was revealed that
TBTO is toxic and genotoxic to embryo and larval stages of the
two examined species. Platynereis dumerilii was proven to be
more sensitive to TBTO than M. edulis. In general, relatively few
studies have been done on the genotoxic potential of TBT.
Carcinogenicity

TBT has been reported widely to be carcinogenic due to its wide
use as an antifouling agent. The antioxidant response in the
spleen of the rockfish Sebastiscus marmoratus was investigated
after exposure to benzo-[a]-pyrene and TBT. Fish were exposed
to environmentally relevant concentrations of TBT and benzo-
[a]-pyrene as well as their mixture. Biochemical analyses of the
spleens were done after 7, 25, and 50 days exposure. They
found that after 7 days exposure to these chemicals, induction
of glutathione peroxidase (GPx) occurred. However, after 25
and 50 days exposure, inhibition of GPx activity occurred. It
was concluded that TBT induces the antioxidant defense system
even after short-term exposure. In another study conducted by
the Institute of Public Health and Environmental Hygiene in
the Netherlands, TBTO was added to the food of rats at
concentration ranges between 0.5 and 50 ppm over a period of
2 years. Their findings revealed that TBTO causes pancreatic
adenocarcinoma, which is a rare type of tumor in the strain of
female rats used.
Symptoms and Clinical Management of Organotin
Poisoning

OTCs are used as heat stabilizers in industrial and agricul-
tural biocides. Due to the development of industry and
agriculture, OTCs have been used and have become
a common source of occupational poisons. OTCs have been
reported to be toxic to the human liver, kidney, and the
central nervous system investigated. It was found that the
poisoning was mild in four patients, moderate in six, and
severe in five. After hospitalization, the severe patients were
given glucocorticoids intravenously, namely 500mg meth-
ylprednisolone on the first day, followed by 160 g (second
day), and 180mg (third day), respectively. The results
showed that elevated levels of blood ammonia, decreased
levels of blood potassium, and metabolic acidosis are
common effects among patients with organotin poisoning.
They suggested that demyelination can be observed in
patients with severe poisoning. The effect is reversible after
suitable treatments. Manifestations of mild poisoning of
organotins could include headaches, dizziness, hypo-
dynamia, restlessness, inappetence, and nausea. Medium
poisoning may include mental confusion, vomiting, hyper-
somnia, and affective disturbances, while severe poisoning
includes twitching, mental symptoms, epilepsy, and coma.
Exposure Standards and Guidelines

According to the EPA (1997), the exposure standard and
guidelines set for freshwater aquatic life was 0.063 mg l�1, while
for aquatic life it was set at 0.001 mg l�1.
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See also: Toxicity, Acute; Mechanisms of Toxicity;
Environmental Toxicology; Bioaccumulation; Neurotoxicity;
Pharmacokinetic and Toxicokinetic Modeling; Toxicity Testing,
Carcinogenesis.
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l Chemical Abstracts Service Registry Number: 106602-80-6
l Synonyms: OFII
l Molecular Formulas: A mixture of propylene glycol dini-

trate, C3H6N2O6; 2-Nitro-dipheny-alamine, C12H10N2O2;
Dibutyl sebacate, C18H34O4

l Chemical Structures:
Propylene glycol dinitrate:
2-Nitrodiphenylamine:
Dibutyl sebacate:
Background

Otto Fuel II (OFII) was developed by Dr Otto Reitlinger and
introduced by the United States Navy in the mid-1960s as
a monopropellant, a propellant consisting of a chemical or
mixture that can function on its own without the addition of
a separate substance. It is amixtureof three chemical constituents,
propylene glycol dinitrate, dibutyl sebacate, and 2-nitro-
diphenylamine, and has been primarily used as a torpedo
propellant due to its ability to combust in the absence of oxygen.
The development of OFII was significant given that it increased
the speed and range of torpedoes, and despite 50 years in oper-
ation, it currently remains in use as a premier torpedo propellant.
Uses

OFII is used as a propellant for torpedoes and other weapons
systems. OFII exists as a reddish-orange, oily liquid with
726 Encyclopedia of T
a distinct odor and is a mixture of three chemicals, propylene
glycol dinitrate (76%), dibutyl sebacate (22%), and 2-nitro-
diphenylamine (1.5%). The largest component of OFII is
propylene glycol dinitrate, a colorless liquid also known as
1,2-propylene glycol dinitrate, PGDN, or 1,2-propanediol
dinitrate. Propylene glycol dinitrate is a nitrated ester that
constitutes the explosive portion of OFII. OFII’s toxicity is
largely associated with propylene glycol dinitrate.

Dibutyl sebacate, a clear liquid, is added to OFII as
a desensitizing agent to stabilize the mixture. Although
a significant fraction of OFII, dibutyl sebacate is also used in the
production of plastics, including those used for packaging
food, and as a flavor enhancer in foods such as nonalcoholic
beverages, ice creams, candies, and baked goods. Additionally,
it is used as a lubricant in shaving creams. Alternative names for
dibutyl sebacate are decanedioic acid, dibutyl ester, sebacic
acid, and dibutyl decanedioate. The final component of OFII is
2-nitodiphenylamine, a solid that serves as a stabilizer to
control the explosion of propylene glycol dinitrate. It is also
used as a solvent dye. 2-Nitrodiphenylamine is also referred to
as 2-nitrobenzenamine, 2-nitro-N-phenyl, 2-nitro-N-phenyl-
aniline, and Sudan Yellow 1339.
Environmental Fate and Behavior

OFII enters the environment as its three separate chemical
components, with each partitioning into the environment at
rates dependent on their individual chemical and physical
properties. OFII has a relatively low vapor pressure indicating
that little evaporation occurs. OFII is mainly released in water
in waste streams from facilities involved in production or
torpedo rework operations. Limited data on the environmental
fate of OFII indicate that propylene glycol dinitrate is removed
from the water by volatilization, and neither 2-nitrodiphenyl-
amine nor dibutyl sebacate is volatile or soluble enough for the
partitioning to air or water to be significant fate processes.

2-Nitrodiphenylamine tends to precipitate and has been
detected in river sediments receiving wastewater runoff; this is
considered its most likely fate. Data on biodegradation of
propylene glycol dinitrate and 2-nitrodiphenylamine are
mixed. Some studies indicate that these compounds may
biodegrade while other experiments indicate that these
components are largely recalcitrant to degradation. Dibutyl
sebacate is rapidly biodegraded by a variety of microorganisms.
Propylene glycol dinitrate and 2-nitrodiphenylamine are
photolyzed and photooxidized in water and it is likely that
these substances are similarly broken down in the air.

A bioaccumulation factor has been estimated only for
2-nitrodiphenylamine and indicates that it does not bio-
concentrate in aquatic organisms or biomagnify in the food
chain. More information on the bioconcentration potential of
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00046-4
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these chemicals, including experimental data, is necessary to
assess the biomagnification risk in the food chain.
Exposure and Exposure Monitoring

OFII exposure can occur by inhalation, oral, or dermal routes.
Of the three components, the only one with significant vola-
tility is propylene glycol dinitrate; therefore, inhalation expo-
sure to OFII would primarily be to this compound. Propylene
glycol dinitrate may be released into the air during torpedo
maintenance, transport, or similar activities. Oral exposure
to OFII and its components could occur by ingestion of
contaminated water. It is unknown whether oral exposure to
propylene glycol dinitrate and 2-nitrodipheynylamine occurs
by consumption of contaminated food. Ingestion of dibutyl
sebacate likely occurs as a result of its use in food packaging
materials and as a flavor enhancer. Dermal exposure would
most likely occur by direct contact with the fuel.

The populations most likely to be exposed to OFII are those
involved in manufacturing or torpedo maintenance (i.e.,
occupational exposures). Additionally, those located in areas
near where OFII is manufactured may be exposed as it may be
released into wastewater effluent streams, areas where the fuel
is used or where torpedoes are maintained. Levels of propylene
glycol dinitrate have been detected in the air surrounding
torpedo facilities, and 2-nitrodiphenylamine has been found in
water and sediments receiving effluent waste from an ammu-
nition plant.
Toxicokinetics

Data indicate that the only volatile compound of OFII,
propylene glycol dinitrate, is absorbed. There is evidence for
dermal or oral absorption from toxicity studies; however, no
definitive toxicokinetic work has been performed. The predom-
inant metabolite of propylene glycol dinitrate was nitrate with
propylene glycol 2-mononitrate. Information regarding the
metabolism of the other components is not available.

Evidence exists supporting that animals can absorb
propylene glycol dinitrate following inhalation, oral, and
dermal exposure, and 2-nitrophenylamine and dibutyl seba-
cate following oral exposure. The mechanisms for transport to
tissues and distribution patterns are unclear. Animal studies
indicate that propylene glycol dinitrate is reduced to mono-
nitrates and nitrite, eventually becoming inorganic nitrate.
Humans may excrete unmetabolized propylene glycol dinitrate
in expired breath following inhalation exposure. Animals have
been shown to rapidly excrete propylene glycol dinitrate and its
metabolites in urine following subcutaneous injection.
Mechanism of Toxicity

The mechanism of toxicity for OFII is associated with its major
component, propylene glycol dinitrate. Propylene glycol dini-
trate is an organic nitrate and therefore shares the vasodilating
capacity of therapeutic nitrates, such as nitroglycerin used for
treatment of angina pectoris. Organic nitrates cause peripheral
vasodilation, decreased ventricular ejection time, relaxation,
and a longer period of coronary blood flow.

An early consequence of overexposure to propylene glycol
dinitrate (or OFII) is the vasodilation of the cerebral vessels,
which is considered the major contributor in the development
of the typical trinitrotoluene headache. In cases of more severe
overexposure, relaxation of the vascular smooth muscle can
cause a decrease in blood pressure followed by a compensatory
vasoconstriction. The magnitude of the vasodilating effect has
been shown to decrease following repeated exposure to organic
nitrates. While the mechanism for organic nitrate tolerance is
not understood, possibilities include the depletion of sulfhy-
dryl groups at the receptor sites, reduced availability or activity
of the active intermediate S-nitrosothiol, and alterations in the
pharmacokinetics leading to decreased nitrate concentrations
in vascular tissues. Extreme overexposure to propylene glycol
dinitrate can produce toxic levels of methemoglobin, a prop-
erty shared by many organic and inorganic nitrates and also by
aromatic amines, including 2-nitrodiphenylamine. This effect
is significant given that methemoglobin is unable to reversibly
combine with oxygen and carbon dioxide and causes a shift in
the oxygen dissociation curve toward increased oxygen affinity,
inhibiting oxygen transfer from the blood to the tissues. The
mechanism of dibutyl sebacate toxicity is unknown.
Acute and Short-Term Toxicity

Animal

An oral lethal dose 50% (LD50) value of 2000 mg kg�1 in rats
has been reported for OFII. The oral LD50 values for the indi-
vidual components of OFII indicate relatively low toxicity. Oral
LD50 values ranging from 250 to w2000 mg kg�1 have been
reported for propylene glycol dinitrate in rats. Exposure to
propylene glycol dinitrate at concentrations up to 200 ppm for
4 h was tolerated in rats with no signs of toxicity. Elevated
methemoglobin levels were observed in a number of acute-,
intermediate-, and chronic-duration exposure studies in labo-
ratory animals exposed to propylene glycol dinitrate.

Continuous exposure (24 h day�1) of rats, guinea pigs,
canines, and monkeys to propylene glycol dinitrate for 90 days
resulted in increased methemoglobin levels during exposure
and histopathologic evidence of hemolysis was observed in all
four species. Hemosiderin deposits were evident in kidneys and
livers of canines and kidneys of some rats at propylene glycol
dinitrate concentrations as low as 10 ppm. At 35 ppm, all four
species displayed elevated methemoglobin levels. Degenerative
changes in the liver and kidneys were observed in all four
species exposed to propylene glycol dinitrate for 90 days, while
gross and histopathological examination of livers from animals
only intermittently exposed did not reveal adverse effects.
Human

OFII exposure is likely to cause eye and respiratory irritation in
humans with exposure to significant levels. Headaches,
presumably of a vascular origin, are possible based on reports
provided by torpedo maintenance workers. Headaches were
reported by some volunteers when exposed to propylene glycol
dinitrate vapor at concentrations of0.2 ppmforup to8 h. Studies
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designed to evaluate the neurological effects of OFII and its
primary component, propylene glycol dinitrate, in humans have
indicated that an alterationof central nervous systemactivitymay
result from occupational exposures. In one study, workers were
given tests of balance and oculomotor performance before and
after a torpedo maintenance procedure (~30–60 min in dura-
tion) where propylene glycol dinitrate concentrations ranged
from 0 to 0.22 ppm. Subjects exposed to 0.2 ppm propylene
glycol dinitrate for 1 to 8 h reported altered visual evoked
responses. With repeated 7.5–8 h exposures to 0.2 ppm, the
change in the visual evoked responsewas increased inmagnitude
pointing toward a potential cumulative effect. Exposure to
0.5 ppm for 8 h resulted innausea, dizziness, andmoremarkedly
altered visual evoked responses. At the highest concentration
tested, 1.5 ppm, subjects experienced coordination deficits and
altered visual evoked responses.
Chronic Toxicity

No chronic studies on OFII as a mixture are available. Chronic
toxicity studies have been performed for OFII’s major compo-
nent, propylene glycol dinitrate. Chronic inhalation exposure
of rats to propylene glycol dinitrate (generated by volatilization
from OFII) for 1 year resulted in slight respiratory irritation
(mild degeneration of the nasal epithelium and very slight
pulmonary inflammation).

Chronic intermittent exposure of canines to propylene
glycol dinitrate for 14 months revealed a small but statistically
significant increase in methemoglobin levels, as well as anemia.
Rats occupationally exposed to propylene glycol dinitrate for
1 year also displayed a small statistically significant increase
in methemoglobin levels during exposure.
Immunotoxicology

Little information exists regarding the immunotoxicology of
OFII or its components following inhalation, oral, or dermal
exposure. A skin sensitization study performed in humans and
rabbits evaluated the dermal sensitization potential of dibutyl
sebacate and determined there was no sensitization 2 weeks
after exposure. Furthermore, sensitization was infrequently
observed in a study assessing the responses to dibutyl sebacate
in occupationally exposed workers.

Other studies only indirectly evaluated the status of the
immune system following exposure. Hematological tests failed
to identify effects following chronic inhalation or intermediate
dermal exposures to propylene glycol dinitrate on total or
differential leukocyte counts in rats, canines, and rabbits with
the lymph nodes, thymuses, and/or spleens of these animals
appearing normal at necropsy. Similarly, no histopathologic
alterations were seen in the spleens of rats and guinea pigs
following intermediate inhalation exposure or in the spleens of
rats after chronic oral exposure.
Reproductive Toxicity

Minimal data were located regarding reproductive effects of
OFII as a mixture, and limited data are available regarding the
reproductive effects of its individual components. Because the
OFII exposed human population is small, it is difficult to
ascertain meaningful analysis of human data. A dominant
lethal study in mice evaluated oral exposure to OFII and
determined there was no effect on male fertility. A study in rats
was performed to assess the reproductive function following
consumption of large amounts of dibutyl sebacate and indi-
cated there was no adverse effect on fertility, litter size, or
survival. Examination of the reproductive organs of animals
following chronic exposure to propylene glycol dinitrate did
not reveal any abnormalities; however, the effects on repro-
ductive function are unknown.
Genotoxicity

No studies were located regarding genotoxicity of OFII in
humans. Negative results were obtained from microbial gene
mutation assays performed in Salmonella typhimurium and
Saccharomyces cerevisiae. Mammalian cell assays indicated that
OFII increases the frequency of forward mutations, but not
sister chromatid exchange in mouse lymphoma cells. It is
unlikely that a clastogenic response would be observed in
cultured mammalian cells given that OFII did not induce
a genotoxic response or induce delays in the cell cycle with the
sister chromatid exchange assay at doses up to a cytotoxic level.
However, the increased mutation frequencies and observed
mutant colonies in the mouse lymphoma cell forward muta-
tion assay led the USNavy to conclude that OFII was mutagenic
in the mammalian cell line at severely cytotoxic levels.

Two animal studies evaluated the genotoxic potential of
oral OFII on bone marrow and germinal (sperm) cells. Slight
increases in the frequency of chromosome aberrations were
observed in the bone marrow cytogenetic assay, but the data
were not definitive. There was no evidence for clastogenicity in
the dominant lethal sperm assay; however, the number of
pregnant females was too low to be considered a reliable
sample size.

Propylene glycol dinitrate was negative in the Ames test and
2-nitrodiphenylamine did not cause mitotic recombination in
Saccharomyces cerevisiae or gene mutations in Salmonella typhi-
murium. At least one report has indicated that dibutyl sebacate
was negative in the Ames test.
Carcinogenicity

The carcinogenic potential of OFII has not been assessed in
human studies. OFII was evaluated for mutagenesis in
Saccharomyces cerevisiae D4 and several histidine-requiring
mutant strains of Salmonella typhimurium (Ames test) and failed
to induce mutagenic effects. Animal studies evaluating the
carcinogenicity to propylene glycol dinitrate following inhala-
tion exposure of rats and mice have not shown strong evidence
of carcinogenic potential. However, observed osteosarcoma
and osteoma (rare tumors) in rats following a chronic-duration
exposure indicates there may be a carcinogenic risk associated
with exposure to the primary component of OFII. Further
information is needed to determine the potential for carcino-
genicity from OFII exposure.
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Clinical Management

Based on available information, propylene glycol dinitrate is
the constituent of OFII that presents the primary health
concern. Likely exposure to propylene glycol dinitrate would
occur by inhalation or dermal absorption. In an acute expo-
sure situation, general recommendations include removing
the person from the exposure source. Dermal absorption may
be limited by removing contaminated clothing, blotting any
excess liquid material on the skin with an absorbent material,
and washing with mild soap and water. Eyes should be
flushed with water or saline. In cases where ingestion of OFII
or propylene glycol dinitrate has occurred, absorption from
the gastrointestinal tract may be limited by administering
water or milk for dilution and activated charcoal to adsorb the
material.
Ecotoxicology

No studies were found that specifically addressed the toxicity to
organisms in the environment, terrestrial or aquatic, following
OFII exposure. Provided that the risk of OFII to the environ-
ment is mainly in water of waste streams from facilities
involved in production or torpedo rework operations, organ-
isms residing within water/rivers and sediments should be
evaluated.
Exposure Standards and Guidelines

The Agency for Toxic Substances and Disease Registry has deter-
mined three minimal risk levels (MRLs) for inhalation exposure
to propylene glycol dinitrate, the major component of OFII. An
acute inhalation (14 days or less)MRL of 0.003 ppmwas derived
for propylene glycol dinitrate based on altered visual evoked
responses in humans. An intermediate and chronic inhalation
(15–364 and 365 days or more, respectively) MRL of
0.00004 ppmwas derived for propylene glycol dinitrate based on
canine data for decreased levels of hematocrit, hemoglobin, red
blood cells, reticulocytes, and increased methemoglobin.

The US National Institute for Occupational Safety and
Health (NIOSH) recommends that workers not be exposed to
air with propylene glycol dinitrate concentrations in excess of
0.05 ppm during an 8-h work day, 40-h work week.

See also: Ames Test; Nitrites; Nitrate; Trinitrotoluene; Blood;
Cardiovascular System.
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l Name: Oxalate (oxalic acid)
l Chemical Abstracts Service Registry Number*: 144-62-7
l Synonyms: Oxalic acid, Ethanedioic acid
l Molecular Formula*: C2H2O4

l Chemical Structure*:

O O

OHHO

*All from ChemIDplus
Background

Oxalic acid and its salts, mainly calcium oxalate, are present in
all parts of plants of all the species, as well as in fungi and
animals, humans included. In the case of plants, it is believed
that oxalic acid participates in basic functions such as calcium
regulation or metals detoxification. Oxalate poisoning may
occur when animals ingest large amounts of plants, especially
those with the more toxic potassium acid oxalate (plants such
as Oxalis spp. with very acid cell sap, pH¼ 2). Halogeton or
Sarcobatus spp. accumulate oxalate in the form of sodium. In
mammals, it is a metabolite of some amino acids.

First registered as disinfectant in 1957, it is also used as
biologic acaricide against Varroa destructor in honeybee colo-
nies. Oxalic acid is considered a natural compound in honey
and hence, allowed for biological beekeeping (Council Regu-
lation EC, 1804/1999).

Oxalic acid can also be produced in liver from the metab-
olism of ethylene glycol, which is a reaction product of the
ethylene oxide applied to herbs and spices.
Uses

Oxalic acid is registered for use as a disinfectant to control
bacteria and germs, and as a sanitizer, in toilet bowls, urinals,
and bathroom premises. It is also widely used for controlling
V. destructor because of its high efficacy (>90%) and low risk of
hive contamination. It is used as a purifying agent in phar-
maceutical industry and a precipitating agent in rare-earth
mineral processing; as a bleaching agent in the textile activities
and in wood pulp bleaching; as a rust remover for metal
treatment; and as a grinding agent and in waste water treat-
ment. Oxalic acid is used in the manufacture of oxalates,
dextrin, cream of tartar, celluloid, tartaric acid, purified methyl
alcohol, glycerol, and stable hydrogen cyanide.

Oxalic acid is also used as calcium-chelating hard water
inhibitor in pesticides used in outdoor gardens and agricultural
crops.
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Oxalic acid has also been used in veterinary medicine, as
a hemostatic.
Environmental Fate and Behavior

Oxalic acid is a colorless powder or granular solid with no
odor, is nonvolatile (Henry’s law constant at 25 �C of
1.43� 10�10 atmm–3 mol–1), and has a high water solubility
(2.20� 105mg l–1 at 25 �C). The estimated bioconcentration
factor of oxalic acid is 0.6.

Oxalic acid does not adsorb to soils. Under environmental
conditions (pH 5–9), it is in the form of the oxalate ion (pKa1

and pKa2 of 1.25 and 4.28, respectively) and it is expected to
leach in soil (estimated Koc value of 5). In water, oxalate ion
forms complexes with metal ions and oxalic acid is temporarily
immobilized as a result of this complex formation. Adsorption
to sediment, bioconcentration in aquatic organisms, oxidation,
hydrolization, and volatilization may not be important fate
processes for oxalic acid in water systems. Photolysis is expec-
ted to be an important fate process, with a daytime persistence
of oxalic acid on soil and water surfaces of a few hours. Oxalic
acid and its complexes are biodegraded in aerobic and anaer-
obic conditions in soil and water in less than one day. Thus,
very low concentrations of oxalic acid in water sources and in
food crops are expected. In the atmosphere, removal from air
via dry/wet deposition and photolysis is likely to occur.
Exposure and Exposure Monitoring

Exposure of the general population to oxalates may occur
through ingestion of contaminated groundwater and plants.
Being a natural constituent of plants, the highest concentra-
tions of oxalate are found when growing. Leaves, followed by
seeds and finally stems, are the parts where the highest
concentrations are found. Therefore, these compounds are
found in some fruits and vegetables, such as starfruit, rhubarb,
beetroot, spinach, parsley, chives, cassava, and amaranth. Due
to its quick biodegradation in soil and surface waters, it is not
expected to be present in food crops or drinking water sources
at substantial concentrations. Although dietary exposures to
oxalic acid are not expected to be at levels of concern, some
studies have reported poisoning cases by food.

In occupational settings, exposure is likely to occur through
inhalation of vapors and eye or skin contact. However, these
risks should be low as long as product label instructions and
precautions are followed.

Oxalic acid occurs widely in nature. Oxalic acid may be
released into the environment as emissions from processing/
rendering of livestock by-products, tobacco smoke, automobile
exhaust, and pulp kraft mill effluents, and by photochemical
oxidations of synthetic chemical compounds during long-
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00526-1
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range transport. Oxalic acid used as an indoor disinfectant
degrades readily and rapidly under both aerobic and anaerobic
conditions during sewage treatment. Sewage effluents dis-
charged to natural waters are not expected to contain oxalic
acid residues from its use as a pesticide. Any oxalic acid present
in the environment is the result of natural processes and not
from its use as a chemical agent.
Toxicokinetics

In addition to ingestion of food, mainly oxalic acid- or oxalate-
containing plants, these compounds may also be formed in the
body as a result of the normal metabolism and biotransfor-
mation of ethylene glycol and several other compounds, such
as glycolaldehyde, ascorbic acid, xylitol, glycerol, or glycoxylic
acid.

In humans, the majority of oxalate is absorbed in the
proximal portion of the gastrointestinal tract, with both active
and passive uptake mechanisms. In food, oxalic acid is typically
found as soluble sodium or potassium oxalate; insoluble
calcium oxalate; or magnesium oxalate, which is also poorly
soluble in water. The absorption rates of oxalate from different
foods (bioavailability) range from 2 to 15%; and this process is
likely dependent on a number of factors, including, among
others, presence of divalent cations such as calcium and
magnesium that can bind oxalate within the gastrointestinal
tract, the proportion of total dietary oxalate in a soluble form
under different pH conditions in the intestinal tract, and
presence of oxalate-degrading bacteria in the gut.

Humans lack the enzymes needed to metabolize endoge-
nous and dietary oxalate. It is well established that little oxalate
catabolism occurs after absorption and >90% of absorbed
oxalate can be recovered in the urine within 24–36 h after
ingestion. Participation of anaerobic bacteria such as Oxalo-
bacter formigenes is relevant to understand the bioavailability of
oxalate for most animal species, human beings included. These
intestinal bacteria can degrade up to 40% of the ingested
oxalate to nontoxic substances.

Elimination of oxalic acid and oxalates can differ, depend-
ing on the chemical form and the metabolic processes. There-
fore, insoluble calcium oxalate formed in the gastrointestinal
tract can be eliminated in feces, or degraded by gastrointestinal
bacteria (e.g., O. formigenes); and circulating oxalate can be
eliminated through urine.

In humans, the decrease of oxalate plasma concentrations
follows first-order kinetics, and the plasma elimination half-life
is about 2 h. Data about percentage of oxalate recovered in
urine after ingestion are confusing among studies, ranging
between 65 and 97%. Nonrenal loss of oxalate is not an
appreciable factor.
Mechanism of Toxicity

Although its dermal toxicity is low, oxalic acid is irritant to skin,
eyes, and respiratory and digestive tracts after contact.

Oxalic acid has been often classified as an ‘antinutrient’ due
to its ability to bind to various minerals such as calcium,
magnesium, or iron, decreasing their bioavailability, which is
more relevant in the case of calcium ions. Ions of calcium can
bind oxalic acid in the digestive tract, forming insoluble
calcium oxalate with the consequent decrease in calcium
absorption and the increasing risk of hypocalcemia. Oxalic acid
circulating in the blood vessels also combines rapidly with
serum calcium, forming calcium oxalate crystals and increasing
the risk of hypocalcemia due to calcium depletion. As much as
20% of ionized calcium depletion has been related to func-
tional hypocalcemia.

Moreover, circulating crystals of calcium oxalate can injure
internally the capillary vessels inducing microbleedings,
mainly in brain. However, the main target organ is the kidney.
Although moderate amounts of calcium oxalate are excreted
throughout kidneys, it may crystallize as polarizing rosettes
that precipitate and accumulate in the renal proximal convo-
luted tubules, provoking focal necrosis of the tubular epithe-
lium, mineralization and impairment of kidney function. This
process is accompanied by electrolyte imbalance. Experimental
studies in vitro using renal cell cultures suggests that free radicals
may be partly responsible for the kidney cell damage.
Acute and Short-Term Toxicity

Oxalic acid has been classified into category I for acute eye and
skin irritation effects. It is also irritating to the respiratory tract
when inhaled. It is classified in category III for acute oral
exposure (LDLo¼ 1000mg kg–1 in dogs; LD50¼ 300mg kg–1

in gravid rats and 7500mg kg–1 in rats; LD50> 1000mg kg–1 in
ruminants).

Clinical signs in animals have been widely reported. Symp-
toms in poisoned horses usually begin with depression, colic,
weakness, and irregular gait within 2–6 h after ingestion. Horses
may die in 10–12 h, after progressing through lateral recum-
bency, coma, and possible convulsions. These symptoms are
a consequence of hypocalcemia due to formation of insoluble
calcium oxalate. In horses surviving this stage of poisoning, the
circulating oxalic acid rapidly combines with serum calcium,
forming insoluble calcium oxalate crystals. These crystals can
provoke microbleedings in capillary vessels. Moreover, accu-
mulation of these crystals in the renal tubules, mainly in the
proximal convoluted tubules, eventually causes renal failure.
The formation of insoluble calcium oxalate reduces calcium
absorption, causing mobilization of bone calcium to compen-
sate the low blood calcium levels. Over time, the bones become
soft and misshapen. Early clinical signs in sheep and cattle may
occur 2–6 h after ingestion of oxalate. The signs includedmuscle
tremors, ataxia, tetany, salivation,weakness, reluctance tomove,
depression, and recumbency due to hypocalcemia and hypo-
magnesemia. Coma and death may result within 12 h. Animals
that do not die acutely frequently demonstrate kidney failure,
increased serum creatinine and urea nitrogen levels, depression,
coma, and death after a few days.

Subchronic toxicity studies (70 days) in rats treated with
dietary oxalic acid have shown decreased body weights,
restricted growth, and disrupted estrous cycles in females. Rats
also showed renal toxicity (increased water intake and kidney
weight, abnormal gross appearance of kidney and stone
formation), reduced thyroid weights, and changes in iodine
and hormone levels. The lowest observed adverse effect level
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(LOAEL) was set at 1250mg kg–1 day�1. Sodium oxalate
caused hematuria, increased excretion of white blood cells into
urine, and small numbers of oxalate deposits in kidneys when
subcutaneously administered to rats.

The lowest published lethal dose in humans (woman) is
600mg kg–1. Human symptoms include burning pain in the
mouth and throat, gastrointestinal irritation, hypocalcemia, elec-
trolyte imbalance, kidney dysfunction, and effects to the nervous
system. In severe cases, anuria, oliguria, proteinuria, hematuria,
and oxaluria are present. Hypocalcemia may produce paresthe-
sias, tetany, hyperreflexia, muscle twitches, and muscle cramps.

Medical literature, in general, recognizes five hyperoxalurias
categorized as primary and secondary. The secondary hyper-
oxalurias are called dietary, digestive (absorptive), and idio-
pathic hyperoxalurias, respectively. The primary hyperoxalurias
are called type I and II, respectively, and they are related to an
enzymatic deficiency.
Chronic Toxicity

A single subchronic toxicity study in rats fed oxalic acid at
1250–1550 or 2500–3000mg kg–1 day�1 showed decreased
body weight and restricted growth in both sexes. LOAEL was set
at 1250mg kg–1 day�1. Reduced thyroid weights and changes
in iodine and hormone levels were found at the highest dose.

Chronic oral intake in animals produces kidney tubule
damage and disturbances in calcium metabolism. In rats fed
0, 2000, and 5000mg kg–1 day�1 of oxalic acid for 70 days,
depressed growth rate, renal toxicity (increased water intake,
increased kidney weight, abnormal gross appearance of kidneys
at necropsy, and stone formation), and hypothyroidism were
found at the highest dose.

When sodium oxalate was administered subcutaneously to
rats at 25, 50, and 75mg kg–1 day�1 for 2, 3, and 1 week,
respectively, caused lesions indicative ofmild nephrotoxicity due
to tubular obstruction at doses from 25mg kg–1 day�1 repre-
sented by hematuria, increased excretion of white blood cells,
epithelia and casts in urine, and oxalate deposits in kidneys.

Prolonged oxalate ingestion may increase bacteria decom-
position of oxalic acid in the human intestine, thus reducing
bioavailability and toxicity. For the same reason, antibiotic
treatment may increase oxalic acid toxicity mainly due to
reduction of O. formigenes.

The lack of adequate studies in laboratory animals and/or
observations in humans does not allow to set no observed
adverse effect level (NOAEL) data, especially for the relevant
alterations in kidney.

Chronic occupational exposure to oxalic acid fumes has
been associated with headache, vomiting, pain of the lower
back, anemia, and fatigue. Chronic exposure may also lead to
chronic inflammation of the upper respiratory tract and
hypocalcemia. Dermal chronic exposure of oxalic acid caused
dermatitis, cyanosis, and gangrenous changes, probably due to
local vascular damage.
Immunotoxicity

There is no information available about immunotoxic poten-
tial of oxalic acid and its salts. Only a transient reduction in the
relative weight of the thymus was found after a subcutaneous
administration of oxalic acid to rats.
Reproductive Toxicity

In a CD-1-mice fertility study, the treatment of one generation
in the continuous breeding system and the assessment of
fertility parameters of the first generation and developmental
and fertility parameters in a second generation were assessed
for oxalic acid toxicity. According to the results, oxalic acid can
be considered a weak reproductive toxicant in CD-1 mice at
0.2% in drinking water (275mg kg–1 day�1).

A single subchronic toxicity study in rats fed oxalic acid at
1250–1550 or 2500–3000mg kg–1 day�1 showed disrupted
estrous cycles in females.

In vitro exposure to oxalic acid showed embryotoxic effects
at a dose of 2mM, inducing severe dysmorphogenesis and
significantly lower growth and differentiation variables. At
1mM, a significant reduction of crown-rump length was found
as the single effect. The no observed effect concentration was set
at 1mM.
Genotoxicity

Ames testing using Salmonella typhimurium found no evidence
for increase in mutation frequency by oxalic acid. Oxalic acid is
not considered a clastogenic compound based on the results
from the chromosome aberration test in vitro on mammalian
Chinese hamster lung fibroblasts.
Carcinogenicity

There was no evidence of carcinogenicity in rats given
approximately 50–600mg kg–1 day�1 of oxalic acid for 2 years,
and only a slight periportal hypertrophy of the hepatic cells was
found. No differences in incidence of tumors were found
among animal groups. Oxalic acid is not listed by the Inter-
national Agency for Research on Cancer.
Clinical Management

In case of ingestion of oxalic acid, it is recommended to drink
immediately a solution of soluble calcium (e.g., calcium lactate
or calcium chloride) to form insoluble calcium oxalate in the
gastrointestinal tract, therefore avoiding its absorption. Gastric
lavage and emesis should be avoided; however, dilution with
milk or water concomitantly administrated with activated
charcoal (adult: 60–100 g; child: 30–60 g) are measures highly
recommended. In cases of dermal and ocular exposures, they
should be rinsed with water for at least 15min.

In humans, it has been reported that calcium should be given
only if clinical signs or symptoms of hypocalcemia develop. In
general, parenteral or intravenous calcium supplementation
(e.g., calcium gluconate) is a controversial therapy and should
be given cautiously because of the potential risk of further
calcium oxalate precipitation. Supportive measures and specific



Table 1 Chronic dietary risk estimates for oxalic acid

Population subgroup

Estimated exposure

(mg kg–1 day–1) % cPADa

Total US population 0.12 14/04/12
Infants (<1 year) 0.25 30
Children (1–2 years) 0.42 50.4
Children (3–5 years) 0.31 37.2
Children (6–12 years) 0.18 21.6
Youth (13–19 years) 0.1 12
Adults (>20 years)
Females (13–49 years)

85 10/02/12

aChronic population adjusted dose (cPAD)¼ 0.833 mg kg�1 day�1
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treatment against renal failure should be considered. An elec-
trocardiogram and serum calcium monitoring are required.
Renal failure may require hemodialysis.

Findings in experimental in vitro studies suggest that treating
with aluminum citrate attenuates renal injury in rats, appar-
ently by inhibiting calcium oxalate’s interaction with, and
retention by, the kidney epithelium.

In livestock poisoned by ingestion of plants containing high
levels of oxalates, once clinical signs appear, treatment is
usually of little value. However, administration of calcium
gluconate intravenously has been recommended but it should
be applied concomitantly with magnesium sulfate, glucose,
and a balanced electrolyte solution to maintain kidney
perfusion.
Ecotoxicology

Oxalic acid has been frequently registered for indoor uses,
which implies that exposure to wildlife is not likely to occur.
Spillage during transport or sewage leaks could be some sour-
ces for outdoor exposure.

When applied to control varroamite in beehives as liquid or
vapor, exposure is likely to occur by leakage or spillage during
application. However, neither this type of exposure nor the
leachates of oxalic acid from soil would pose a risk of concern
to biota, mainly due to its fast biodegradation. When acute
contact toxicity of oxalic acid to V. destructor and their host Apis
mellifera was assessed in laboratory bioassays, a 24 h LD50 of
1575.85 mg per bee and of 5.12 mg/20ml (mites) was deter-
mined, while the 48 h LD50 was 372.01 mg per bee.

According to structural activity reports, concentrations of
oxalic acid above 1000 ppm are virtually nontoxic for aquatic
organisms of all taxa. Goldfish (Leuciscus idus melanotus)
exposed to oxalic acid during 48 h showed LC50 values between
160 and 325mg l–1. In another acute toxicity test for fish, in
Barbus aurilius, the 96 h LC50 of oxalic acid was found to be
940mg l–1.

In water fleas (Daphnia magna), 48 h EC50 was 136.9mg l–1.
Exposure Standards and Guidelines

Some regulatory agencies such as the US Environmental
Protection Agency (EPA) have excluded oxalic acid from legal
residue limits when applied as inert ingredient in pesticide
formulations for growing or harvested crops. On the contrary,
permissible exposure limit, time-weighted average (PEL–TWA)
and short-term exposure limit (STEL) for oxalic acid in air were
set by the US Occupational Safety and Health Administration
and the American Conference of Governmental Industrial
Hygienists as 1 and 5mgm–3 in air, respectively.

The residues in vegetables after application of end-use
products and in honey when applied to fight varroa mites
would not represent a risk as they are not likely to exceed the
limits of naturally occurring concentrations. In addition,
concentrations in water are expected to be negligible. For these
reasons, oxalic acid is not expected to be a risk from food and/
or water.
EPA determined that there is a reasonable certainty that no
harm to any population subgroup would result from aggregate
exposure to oxalic acid and is included in the List Classification
as 4B.

Table 1 shows a summary of results of chronic dietary risk
estimates for oxalic acid according to EPA.

According to European Chemicals Agency (ECHA) disse-
mination database, dermal derived no effect level (DNEL)
for acute/short-term exposure in workers was 0.69mg cm–2,
2.29mg kg–1 day�1 for long-term exposure, and 4.03mgm–3 for
inhalatory exposure. In the case of general population, dermal
DNEL for acute/short-term exposure was 0.35mg cm–2 and
dermal and oral long-term exposure was 1.14mg kg–1 day�1.
See also: Ethylene Glycol; Kidney; Plants, Poisonous (Humans);
Plants, Poisonous (Animals).
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Cellular Events Leading to Oxidative Stress

Oxygen is critical to sustenance of life in all living organisms.
However, catalytic reactions involving oxygen can also result in
the formation of several free radicals. Formation of the super-
oxide ðO$�

2 Þ and the hydroxyl ðOH$Þ radicals normally occurs
during various biochemical processes, which are duly kept in
check by cellular mechanisms that are designed to quench free
radicals. However, certain toxicants cause a perturbation in this
balance by causing either an increase in the formation of
oxidative free radicals (the bipyridyl herbicide, diquat) or
inhibition of the cellular antioxidant defense mechanisms
(buthionine sulfoximine). Others like the well-known model
hepatotoxin carbon tetrachloride, after being bioactivated to
a reactive trichloromethyl free radical, initiate a ‘run-away’
process of peroxidation of cellular membrane lipids.

Several enzyme systems are also responsible for producing
oxygen-free radicals. Several examples of reactions catalyzed by
the P450 and flavin monooxygenases lead to the generation of
reactive oxygen species (ROS). Microsomal P450s are capable
of undergoing futile cycling in the absence of substrate to
produce ROS. The cytochrome P450, CYP2E1, is notorious in
this regard and has been described as a ‘leaky’ enzyme. CYP2E1
and from recent reports CYP4A enzymes are a major source of
hydrogen peroxide and NADPH-dependent lipid peroxidation.
Other enzyme systems also produce oxidative reactive inter-
mediates. The nicotinamide adenine dinucleotide (NADPH)
oxidase (Nox) is an important source of oxygen radicals.
Originally identified to be critical for functional activated
leukocytes, Nox enzymes have been shown to be important in
producing ROS in several organ systems, including the liver,
kidney, adipose, and bone. There are seven Nox isoforms
(Nox1–5, Duox1, and Duox2), two organizer subunits
(p47phox and NOXO1), two activator subunits (p67phox and
NOXA1), and two DUOX-specific maturation factors
(DUOXA1 and DUOXA2). Nox1 and 2, require the association
with the cytosolic regulatory subunits, for enzymatic activity,
while Nox4 does not appear to require these components to
produce ROS. Once assembled, the complex is active and
generates superoxide by transferring an electron from NADPH
SOD

NO

Cu(I

O2
•–O2

ONOO–•

Figure 1
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in the cytosol to oxygen on the luminal or extracellular space.
Cyclooxygenases, nitric oxide synthases, and prostaglandin
synthases are other sources of ROS in cells. Figure 1 shows
the cascade of reactions as a result of the sequence of events
associated with oxidative stress.
Cellular Defenses against Oxidative Stress

Since several processes can potentially result in a prooxidant
state detrimental to cellular homeostasis, cells have developed
a wide range of antioxidant defense mechanisms to mitigate
oxyradicals. Cellular glutathione is one of the most ubiquitous
of these antioxidant mechanisms. Glutathione is a tripeptide
(L-g-glutamyl-L-cysteinyl-glycine) that is present in varying
concentrations (0.5–10mM) in different cell types. Most of the
cellular glutathione exists in the reduced form (GSH, w95%)
while less than 5% is present as oxidized glutathione disulfide
(GSSG). Four enzymes are critical in maintaining appropriate
levels of GSH in the cell. Gamma(g)-glutamyl cysteine is the
enzyme that transfers a cysteine moiety in the final and rate-
controlling step of GSH biosynthesis. Formation of glutathione
conjugates of electrophilic compounds is mediated by gluta-
thione-S-transferases, a superfamily of enzymes that are
distributed in both the cytosol and microsomal compartments
of cells. The reduced glutathione pool in the cell can be
oxidized via glutathione peroxidase, an enzyme that releases
two molecules of hydrogen peroxide in the process.
Conversely, GSSG can be ‘regenerated’ to the reduced form by
glutathione reductase using NADPH as the proton donor.

Superoxide dismutases are enzymes that catalyze the dis-
mutation of superoxide radicals to hydrogen peroxide and
molecular oxygen. Superoxide dismutases have either Cu2þ

and Zn2þ (cytosolic isoform) or Mn2þ (mitochondrial iso-
form). Reduction of hydrogen peroxides in cells is accom-
plished via catalases to water and oxygen. Cellular organelles
called peroxisomes contain large quantities of catalase. In
addition, NADPH:quinone oxidoreductases (DT-diaphorase)
also act as antioxidant enzymes by catalyzing two-electron
reduction of quinones.
I) Fe(II)

Formation reaction

Catalase

H2O + O2H2O2

•OH
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Oxidative (Redox) Status as a Signaling Event

Since an extreme prooxidant status of a cell can lead to
a progressive loss of cellular function and eventual death, cells
have developed mechanisms to detect changes in the redox
status of cells. These ‘switches’ are used to regulate and turn on
the antioxidant machinery of the cell. These signals are largely
mediated by redox-sensitive transcription factors. Although
a large number of very extensively studied transcription factors
are now know to respond to redox status, nuclear factor-
kappab (NF-kb) deserves special mention. NF-kb usually
resides in the cytoplasm bound to an inhibitor protein, Ikb.
Changes in redox status of a cell (increase in hydrogen
peroxide) will activate enzymes like Mitogen-activated protein
kinases (MAPK) kinases that will phosphorylate and hence
cleave the inhibitory protein from NF-kb. The free NF-kb now
translocates into the nucleus and binds to particular DNA
sequences on specific genes called consensus sequences.
Binding of NF-kb to response elements on genes alters the
transcription of those genes. Several genes including other
transcription factors, which may exert a similar transcriptional
control over gene expression, are also induced or repressed,
and hence create a cascade of signaling events. Several genes
regulated by NF-kb are involved in upregulating antioxidant
defense mechanisms, including catalase. NF-kb also exerts
significant effects on other signaling events that decide cell
proliferation and survival. It must be noted that NF-kb is only
one of numerous transcription factors regulated by redox
status. FoxO family and NRF2 are other notable transcription
factors mediating the response to oxidative stress. The nuclear
factor Erythroid 2-related factor 2 (NRF2), a redox-sensitive
basic leucine zipper protein, orchestrates a number of
important target genes mediating cytoprotection against
oxidative stress. Expression of NRF2 is tightly regulated by the
Keap1. In mammals, the FOXO subgroup comprises four
members (FOXO1, FOXO3, FOXO4, and FOXO6). FOXO
transcription factors promote a variety of cellular responses,
including apoptosis, cell cycle arrest, differentiation, and
resistance to oxidative stress by modulating a series of specific
target genes. Studies have demonstrated that FOXO1, 3, and 4
are also directly involved in cell responses to ROS inducing
the MnSOD and regulating catalase production. Consistent
with these initial findings, hematopoietic stem cells from
FOXO1/3/4-deficient mice display an increased sensitivity to
oxidative stress.
Endogenous and Therapeutic Antioxidants

Antioxidant compounds have a useful place in preventing or
reducing peroxidative damage to cellular macromolecules due
to either an offending xenobiotic or altered pathological state
(diabetes). Several vitamins, both lipid and water soluble,
possess antioxidant properties. Ascorbic acid (vitamin C) is
a water-soluble compound capable of one-electron reduction
of several free radicals. Vitamin E (and other related tocoph-
erols), on the other hand, are lipid soluble and effectively
prevent peroxidation of polyunsaturated lipids present in
membranes. Carotenoids such as b-carotene (vitamin A) inac-
tivate singlet oxygen molecules. Other synthetic compounds
such as promethazine, diethyldithiocarbamate, ubiquinol,
butylated hydroxyanisole, and N-acetylcysteine (NAC), among
others, have been shown to protect against oxidative and
reactive intermediate injury in experimental studies. Indeed,
NAC is the standard treatment for liver injury in humans
following toxic ingestion of acetaminophen. Themechanism of
NAC action is thought to be a precursor for increasing GSH
stores and prevent reactive intermediate-induced damage.
Recent studies also suggest that improving status via GSH may
also improve prognosis via enhancing liver tissue repair.
See also: Carcinogenesis; Cytochrome P450; Diquat;
Glutathione; Mechanisms of Toxicity; Paraquat.
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l Chemical Abstracts Service Registry Number: 301-12-2
l Synonyms: Demeton-S-methyl sulfoxide; Dimethyl S-(2-

eththionylethyl) thiophosphate; Isomethylsystox sulfoxide;
Metasystox-R; Metaisosystox sulfoxide; Metasystemox;
Metasystemox R; O,O-Dimethyl S-(2-(ethylsufinyl)ethyl)
thiophosphate; O,O-Dimethyl S-(2-(ethylsulfinyl)ethyl)
phosphorothioate; Phosphorothioic acid; S-(2-(Ethyl-
sulfinyl)ethyl)-O,O-dimethyl ester

l Chemical Class: Organophosphate insecticide
l Molecular Formula: C6H15O4PS2
l Chemical Structure:
Background

Oxydemeton-methyl is a metabolite of a previously marketed
organophosphate pesticide, demeton-S-methyl.
Uses

Oxydemeton-methyl is a systemic insecticide/acaricide used for
cotton, vegetable, fruit, and field crops to control many insects
including aphids, mites, and thrips.
Environmental Fate and Behavior

Routes and Pathways Relevant Physico-chemicals Properties

Waste streams from agrochemical manufacture and uses of
insecticides on field crops can release oxydemeton-methyl to
the environment. If released to the air, oxydemeton-methyl is
expected to exist in both the vapor and particulate phases in
the atmosphere based on a vapor pressure of 2.85� 10�5mmHg
at 20 �C. This vapor pressure indicates that oxydemeton-
methyl is not expected to be volatile from the surface
of dry soil. Furthermore, based on an estimated Henry’s
law constant of 1.62 � 10�13 atm m3 mol�1 for oxydemeton-
methyl, volatilization from water and moist soil surfaces is
not likely.
Partition Behavior in Water, Sediment and Soil

In aquatic systems, oxydemeton-methyl is soluble in water in
any ratio but the Koc (soil organic carbon-water partitioning
coefficient) of 9 indicates that it is not expected to adsorb to
suspended solids and sediments.
738 Encyclopedia of T
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In air, the vapor phase of oxydemeton-methyl can be degraded
by reaction with photochemically produced hydroxyl radicals
with an estimated half-life 3.6 h; the particulate phase can be
removed by wet or dry deposition. The half-life for hydrolysis
of oxydemeton-methyl at 22 �C is 107, 46, and 2 days at pH 4,
7, and 9, respectively. Oxydemeton-methyl can be degraded by
various soil microorganisms such as Pseudomonas putida and
Nocardia sp. The degradation of oxydemeton-methyl by soil
microorganisms after 14 days ranges from 65 to 99%.
Long Range Transport

In terrestrial systems, the Koc value of 9 suggests that oxy-
demeton-methyl has very high mobility in the soil so that
a leaching more than 35 cm in loam soil at 25 �C in a year has
been estimated.
Bioaccumulation and Biomagnifications

An estimated bioconcentration factor (BFC) of 3.1 for oxy-
demeton-methyl indicates that the potential of bio-
concentration in aquatic organisms is low.
Exposure and Exposure Monitoring

Routes and Pathways

Oxydemeton-methyl’s manufacturing with subsequent waste
streams and usage as an insecticide in agriculture can result in
its release to the environment.
Human Exposure

People who work in the plants that manufacture oxydemeton-
methyl can be exposed through inhalation and dermal contact
with this compound. For the general population, exposure to
oxydemeton-methyl is likely to happen via ingestion of food.
Environmental Exposure

Environmental exposure to oxydemeton-methyl involving
contamination of the soil, waterways, and other areas may
occur due to runoff or spray drift.
Toxicokinetics

Oxydemeton-methyl can be absorbed through oral, dermal,
and respiratory routes. It is rapidly and almost entirely absor-
bed following oral administration so that the peak level in the
blood occurs within 1 h. Dermal application to rats also results
in absorption of approximately 50% of the applied dose with
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01149-0
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peak blood levels occurring within 4 h. After 2 h, the highest
and lowest tissue concentrations are found in the kidneys and
brain, respectively. These levels decrease up to 45–106 times
after 1 day. Over 3 days, most of the administered oxydemeton-
methyl is removed through urinary excretion. It is mostly
excreted as the unmetabolized form but some of its metabolites
have been identified; for example, 2-(ethylsulfinyl)-1-(meth-
ylsufinyl) ethane and 2-(ethylsufonyl)-1-(methylsulfinyl)
ethane have been found in urine and oxydemeton-methyl
sulfide and oxydemeton-methyl sulfone in feces. The half-life
following intravenous administration in rats is 2 h. There is no
evidence of bioaccumulation in any tissue or organ.
Mechanism of Toxicity

Oxydemeton-methyl as an organophosphate insecticide exerts
its effect on both insects and mammals by inhibiting acetyl-
cholinesterase (AChE) in the nervous system, with subsequent
accumulation of the neurotransmitter acetylcholine (ACh),
which can result in hyperstimulation of postsynaptic cells.
Acute and Short-Term Toxicity

Animal

The acute oral lethal dose 50%(LD50) for oxydemeton-methyl is
48 mg kg�1 in rats, 30 mg kg�1 in mice, and 120 mg kg�1 in
guineapigs. The LD50 for dermal exposure in rats is 112mgkg�1.
In rabbits, oxydemeton-methyl leads to slight ocular but no
dermal irritation and it is not a skin sensitizer in guinea pigs.
Human

Acute exposure to oxydemeton-methyl may result in systemic
intoxication due to overstimulation of cholinergic receptors.
The symptoms of poisoning in humans are similar to those of
other organophosphates and include nausea, vomiting, diar-
rhea, cramping, salivation, lacrimation, blurred vision, dizzi-
ness, sweating, dyspnea, bradycardia, and bronchospasm. Very
high exposure may lead to convulsions, cardiac dysregulation,
loss of reflexes, and coma. In severe cases, death may occur due
to respiratory arrest and paralysis of respiratory muscles.
Chronic Toxicity

Animal

The no observed adverse effect level (NOAEL) for oxydemeton-
methyl in rats has been determined to be 0.027 mg kg�1 day�1

in 3-month feeding studies. The results of these studies indicate
symptoms such as weight loss, loss of condition, skin inflam-
mation, ulceration, and changes in plasma enzymes and
proteins. The NOAEL and lowest observed adverse effect level
(LOAEL) values for systemic toxicity in mice administered
oxydemeton-methyl orally for 21 months were determined as
0.5 and 2.3 mg kg�1 day�1, respectively. Weight loss, convul-
sions, and cytoplasmic vacuolation of epididymides in male
animals were seen. In another chronic study, oxydemeton-
methyl was administered to dogs for 12 months and based on
the results, cholinesterase NOAEL and LOAEL were found to be
0.125 and 0.0125 mg kg�1 day�1.
Human

Prolonged exposure to oxydemeton-methyl can result in the
same effects as with acute exposure. Repeated small doses
arising from occupational exposure can lead to cumulative
acetylcholinesterase inhibition and onset of cholinergic crisis.
Oxydemeton-methyl poisoning has been reported to be asso-
ciated with the intermediate syndrome characterized by prox-
imal and diaphragmatic muscle paralysis, but there is no
evidence of delayed neurotoxicity.
Immunotoxicity

There is no evidence on the immunotoxicity of oxydemeton-
methyl in animals or humans.
Reproductive Toxicity

Oxydemeton-methyl has been reported to cause vacuolation of
the epithelium of the corpus epididymis in male rats and
decrease the corpora lutea in the ovaries and implantation sites
in female rats. Musculoskeletal and cardiovascular teratogenic
effects were seen in a dose-dependent manner when oxy-
demeton-methyl was applied to stage 12 chick embryos. In
addition, maternal exposure to oxydemeton-methyl in humans
has been reported twice to be associated with congenital
anomalies including cardiac defects, stenosis of the pulmonary
artery, microphthalmia of the eye, bilateral optic nerve colo-
bomas, cerebral and cerebellar atrophy, and facial anomalies.
Genotoxicity

According to acceptable genotoxicity studies, oxydemeton-
methyl has been indicated to be mutagenic in bacteria and
cultured mammalian cells. It also has clastogenic effects on the
latter. Oxydemeton-methyl can cause DNA single-strand breaks
in cultured Chinese hamster ovary cells and primary rat testes
cells. Mitotic suppression, induction of sister chromatid
exchanges (SCEs) in several mammalian cell lines, and activity
in vitro in both the presence and absence of S9-activation have
been reported.
Carcinogenicity

Based on the findings collected from chronic studies in mice,
rats, and dogs, there is no evidence of a carcinogenic effect of
oxydemeton-methyl.
Clinical Management

The process of decontamination and prevention of further
absorption depend on the route of exposure. For dermal
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exposure, remove contaminated clothing and wash the affected
skin with soap and cold water. If the eyes are exposed, they
should be washed with water for 15 min while the eyelids are
held open. For exposure via inhalation, the victim should be
moved to fresh air and given artificial ventilation if not
breathing. In the case of oral exposure, gastric lavage and acti-
vated charcoal may be considered if ingestion has occurred less
than 1 h before. Because there is the possibility of aspiration of
solvents in the formulation, use of ipecac to induce vomiting can
be deleterious. Emergency care should be administered to
maintain an open airway and establish adequate ventilation if
necessary. Antidote therapy includes atropine, an anti-
muscarinic agent, and the enzyme reactivator, oxime. Atropine
sulfate as the primary antidote is initially administered by
intravenous injection at a dose of 1 mg kg�1 in adults and
0.15mg kg�1 in children and followed by 2–4mg kg�1 in adults
or 0.015–0.05 mg kg�1 in children every 10–15 min until
evidence of atropinization, such as flushing, dry mouth, change
in pupil size, bronchodilation, and increased heart rate, is ach-
ieved. Higher doses of atropinemay be necessary inmore severe
cases. Oximes, such as pralidoxime, obidoxime, and HI-6 can
also be used to reverse muscular weakness and fasciculations.
Care should be taken with the use of oximes because theymight
not be suitable in all cases. Diazepam and other anticonvulsants
may be used to relieve anxiety and treat seizures and muscle
fasciculation. Medical care and examination should be given
according to the severity of intoxication.
Ecotoxicology

l Freshwater/sediment organisms toxicity
l Marine organisms toxicity
l Terrestrial organisms toxicity (soil microorganisms, plants,

terrestrial invertebrates, terrestrial vertebrates)

Oxydemeton-methyl is moderately to highly toxic to fresh-
water fish such as rainbow trout and bluegill sunfish, but for
aquatic invertebrates such as Daphnia magna it is highly to very
highly toxic. It has moderate to high toxicity to birds and
mammals.Oxydemeton-methyl has been identified tobehighly
toxic to honeybees. There is no evidence on its phytotoxicity.
Other Hazards

Subchronic studies in the rat within the context of the neuro-
behavioral system showed that oxydemeton-methyl has
a depressant effect on the central nervous system, extrapyra-
midal features, and proconvulsant potential.
Exposure Standards and Guidelines

The US Environmental Protection Agency has established an
acute reference dose of 0.008 mg�1 kg�1 day�1 and a chronic
reference dose of 0.00013 mg�1 kg�1 day�1 for oxydemeton-
methyl. The acceptable daily intake (ADI) for this chemical is
0.0003 mg�1 kg�1 day�1.
Miscellaneous

There is growing evidence on the association of exposure to
organophosphate pesticides with metabolic disorders, partic-
ularly imbalanced glucose homeostasis, representing their
potential to cause prediabetic states by disrupting insulin
secretion and inducing insulin resistance. Both acute and sub-
chronic exposure to oxydemeton-methyl have been reported to
change carbohydrate metabolism.

See also: A-esterase; Cholinesterase Inhibition; Pesticides;
Carboxylesterases; Neurotoxicity; Organophosphorus
Compounds.
Further Reading
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l Name: Oxygen
l Chemical Abstracts Service Registry Number: 7782-44-7
l Synonyms: LOX, GOX, Dioxygen
l Chemical/Pharmaceutical/Other Class: Elemental gas
l Molecular Formula: O2

l Chemical Structure: O]O
Background Information

Oxygen is a very prevalent and important element and is
necessary for sustaining life on this planet. This element is the
third most abundant in mass behind helium and hydrogen in
the universe. The diatomic form (O2) is the most common pure
form. With a boiling point at �183 �C, O2 exists as a colorless
and odorless gas at standard temperature and pressure. In the
process of cellular respiration, the highly reactive O2 is used as
the oxidant in breaking down food molecules to produce
energy. In turn, photosynthetic organisms generate O2 by using
energy from the sun and water. Other allotropes of pure oxygen
exist, including the trioxygen (O3) form known as ozone, as
well as other, less common allotropes of oxygen such as O4 and
O8. These oxygen allotropes are formed under high pressure
and low temperatures and are solid.
Uses

The most obvious use of oxygen is to support life. The process
of aerobic respiration uses O2 in an oxidation reaction that
produces H2O and energy required for metabolic reactions.
Uses of commercially produced O2 gas are mainly industrial
and medical. O2 is a highly reactive element that reacts readily
with most other chemicals. The process of combustion uses
oxygen as the oxidizing element; for instance, the combustion
of hydrocarbons in cars requires O2 in a chemical reaction to
produce H2O, CO2, and energy as byproducts. Similarly,
rocket fuel containing H2 gas uses liquid O2 in a combustion
reaction to produce water vapor and heat. O2 is used in a wide
variety of commercial industries. Most commercially produced
O2 is used in the production of steel from iron ore. O2 is used
in the production of other metals as well, such as zinc, copper,
and lead. O2 is used in the gasification of coal to promote
more complete combustion in incinerators; in the production
of various chemicals such as ethylene oxide, propylene oxide,
and nitric acid; as a fuel component in blow torches for the
welding and cutting of metals. i.e., oxyacetylene torch; and in
the papermaking industry to bleach pulp. O2 is used in
wastewater treatment facilities and to reduce hydrogen sulfide
in sewers. O2 has many therapeutic uses in medicine. High-
purity O2 gas is used in life support in surgeries, in intensive
care units to assist breathing, for premature babies, and with
inhalation therapies with chronic conditions. Hyperbaric
oxygen chambers provide oxygen at high partial pressures for
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
numerous conditions, including instances of CO poisoning or
in treatment for decompression sickness, or ‘the bends,’ in
divers.
Environmental Fate and Exposure

Atmospheric air contains 20.8% O2. Despite consumption of
O2 through respiration and oxidative processes, this concen-
tration remains constant, most likely due to the depleted O2

being replaced by plant-generated O2 in the photosynthetic
process. O2 does not bioaccumulate in organisms as pure
oxygen.
Exposure and Exposure Monitoring

At standard temperature and pressures, oxygen exists in the
gaseous O2 form and exposure occurs through inhalation and
diffusion through mucous membranes. Too little or too much
O2 can be toxic. As respiration depends on the appropriate
concentration and partial pressure of oxygen, too little O2

availability, known as hypoxia, is harmful. Hypoxia can occur
in closed environments containing other volatile gases that
would replace O2 or at high altitudes where the partial pressure
of O2 is low. Certain chronic medical conditions can result in
low amounts of O2 delivered to tissues. Toxic exposure to O2 at
elevated concentrations or pressure is rare in workplace envi-
ronments. The most prevalent situation where O2 toxicity
occurs is in divers. Environments that are enclosed and which
rely on artificially provided air such as submarines or spacecraft
or where O2 is provided therapeutically for medical conditions,
in surgeries, and for life support are situations where O2

toxicity is possible.
Toxicokinetics

In humans, O2 is absorbed almost entirely through the lungs,
though other points of entry occur through mucous membranes
of the gastrointestinal tract, the middle ear, and sinuses. O2

subsequently diffuses through the lining of the lung alveoli into
the blood capillaries, dissolves in the blood plasma, then
diffuses into the red blood cells, where it binds to hemoglobin. It
is in this form that it is delivered to all organs and tissues of the
body. Binding of oxygen to hemoglobin is a critical process.
Chemicals such as carbon monoxide that bind more tightly to
hemoglobin than O2 can induce hypoxia. Once taken up by
cells, most of the oxygen is converted in the mitochondria to
energy in the form of ATP. Remaining oxygen is used in the
production of cellular structures and elimination products. CO2,
the byproduct of cellular respiration, binds to the hemoglobin
and is transported back to the lungs and released. Water created
in this reaction is eliminated through kidney excretion and
evaporation from the skin.
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Mechanism of Toxicity

The lack of sufficient O2 delivery to tissues of the body and thus
insufficient supply of energy to support cellular processes is
known as hypoxia. The partial pressure of O2 that exists in air is
160mmHg, and hypoxic effects will start to occur at partial
pressures of 120mmHg and below. Occupational Safety and
Health Administration standards require 19.5% oxygen. The
brain, with a high metabolic rate and no O2 reserve, is the most
susceptible to hypoxia. Complex physiological changes occur
in response to hypoxia, including an increase in heart and
respiratory rate and artery constriction, all to try to ensure
adequate tissue oxygenation. Depending on the rate and extent
of hypoxia onset, different symptoms will be prevalent with
loss of consciousness and cessation of respiration and heart
activity in extreme states of hypoxia below about 10% O2.
Hypoxia due to carbon monoxide poisoning is due to the
higher relative affinity of hemoglobin in red blood cells to CO
over O2, resulting in insufficient O2 delivery to metabolizing
tissues, with deleterious effects on the heart and the central
nervous system (CNS) being most problematic. The partial
reduction of molecular oxygen in biological systems produces
cytotoxic intermediates, including the superoxide, hydrogen
peroxide, and hydroxyl radical. The superoxide radical espe-
cially plays a significant role in a number of pathophysiologic
states associated with oxygen toxicity. Reactive oxygen species
(ROS) cause lipid peroxidation in the cell membranes, leading
to cellular damage and death. The ROS generated can also lead
to the production of other free radicals like nitric oxide, per-
oxynitrite, and trioxidane, which can cause damage to DNA
and other molecules. Oxygen radical scavengers such as
superoxide dismutase and catalase protect the body against
oxygen-free radicals produced in day-to-day metabolic
reactions.
Acute and Short-Term Toxicity (or Exposure)

Animal

Animal studies have shown the importance of considering
potential chemical interactions in the production of oxygen-
related toxicity. For example, oxygen tolerance can occur in
mice with pre-exposure to one concentration of oxygen miti-
gating later exposure to 100% oxygen by modifying cellular
and enzymatic composition of the lung. Further, damage of the
alveolar zone in mice by the antioxidant butylated hydrox-
ytoluene (BHT) can be greatly enhanced by subsequent expo-
sure to oxygen concentration that, otherwise, would have little
if any demonstrable effect. The synergistic interaction between
BHT and oxygen results in a resulting interstitial pulmonary
fibrosis. Based on these types of data, it can be seen that acute
or chronic lung disease may be caused not only by one agent,
but very likely in many instances by the interaction of several
agents.
Human

Toxic levels of oxygen cause CNS, ocular, and pulmonary
impairments primarily. CNS effects from oxygen toxicity
manifest in tunnel vision, tinnitus, nausea, facial twitching,
convulsions, and seizures. Toxic effects of hyperoxia have
occurred both at elevated oxygen concentrations and with
elevated partial pressures. Convulsions have occurred in man
after oxygen has been breathed for 45min at 4 atm. After 1–3 h
at 1 atm, neuromuscular coordination and attention were
adversely affected. To study the early changes in the lower
respiratory tract in persons exposed to hyperoxia, which was
normally considered safe, subjects were evaluated by bron-
choalveolar lavage before and immediately after w17 h of
breathing 95% oxygen. A significant alveolar-capillary ‘leak’
was observed, as detected by the presence of increased plasma
albumin and transferrin in lavage fluid. Some of the effects of
exposure to 17 h of more than 95% oxygen are reversible,
though, hyperoxia for this length of time lowers the structural
or functional barriers that normally prevent alveolar-capillary
leak and induces processes that can culminate in fibrosis of the
alveolar wall.
Chronic Toxicity (or Exposure)

Animal

Dogs inhaling 100% oxygen at atmospheric pressure had
adverse effects beginning after 36 h, with death in 60 h.
Inhaling 90% oxygen required double the exposure time for
similar results. Animal studies have found eye effects similar to
those noted below from prolonged exposure to a high
concentration of oxygen.
Human

Concentrations of over 60% cause respiratory/pulmonary
irritation, reduced vital capacity, and substernal distress.
Hyperoxia causes nervousness, muscular twitch, hilarity,
convulsions, and unconsciousness. Severe retinal damage in
adults is rare during hyperoxia; however, in one case, an
individual with myasthenia gravis developed irreversible
retinal atrophy after breathing 80% oxygen for 150 days. The
retinal vasculature was markedly constricted with no blood
flowing through both eyes. Hyperoxia was toxic to cultured
human pulmonary endothelial cells, with impairment of
replicative function, monitored by cell count and tritiated
thymidine incorporation.
Immunotoxicity

Inflammation and subsequent signaling cascades are a result of
hyperoxia.
Reproductive Toxicity

Supplemental oxygen provided to pregnant women does not
have adverse effects. Evidence does exist for the involvement of
ROS in human birth defects. Animal studies that looked at the
effect of oxygen in culture on mouse two-cell pre-embryos
showed developmental delays when the embryos were treated
with normal 20% O2 while the pre-embryos treated with 5%
oxygen showed less inhibitory effects.
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Genotoxicity

Oxidative DNA damage caused by ROS can result in base
changes or modifications, gene duplications or deletions, and
perhaps activation of oncogenes.
Carcinogenicity

No evidence suggests that oxygen itself is a carcinogen;
however, damage to DNA due to generated ROS is known to
play a role in the formation of cancers. Relevant oxygen-derived
free radicals formed in normal metabolic reactions include the
superoxide radical (O2

�), hydrogen peroxide (H2O2), hydroxyl
radical (OH�), and singlet oxygen radical. Certain carcinogens
are thought to exert their effects through the generation of these
reactive species.
Clinical Management

In cases of pulmonary irritation, the oxygen concentration
should be reduced to 60% or less. With oxygen poisoning, the
oxygen concentration should be reduced to 200mm kg�1.
Ecotoxicity

Oxygen readily dissolves in water, and this dissolved oxygen is
necessary to support the life of many plant, animal, and micro-
organism species living in aquatic environments. The amount of
dissolved oxygen in a body of water is often used as an indicator
of water quality. Amounts of dissolved O2 are dependent on
temperature, atmospheric pressure, turbulence, presence of
photosynthetic organisms, and salinity. Dissolved oxygen
concentrations of about 14.6mg l�1 at 0 �C and 8.2mg l�1 at
25 �C occur when the water is saturated with O2 in freshwater at
sea level.While these saturation levels ofdissolvedO2areoptimal
for aquatic life, concentrations less than 5mg l�1 dissolved
oxygen have been shown to have deleterious effects on aquatic
species and concentrations below2mg l�1 has been shown tokill
most fish. The limit of 7mg l�1 is thought to be necessary to
support aquatic health. Chemical contaminants can affect the
ecological balance in aquatic environments, such as the instance
of algal blooms resulting in rapid consumptions of O2 and low
dissolvedO2 levels affecting nearbyfishpopulations. In addition,
the toxic effects of chemical contaminants such as ammonia, zinc,
lead, and copper are increased in some fish species in low dis-
solved O2 areas. Sensitivities to low dissolved oxygen in aquatic
environments vary greatly between species. Negative effects due
to excess O2 exposure have not been seen in fish.
Exposure Standards and Guidelines

US Navy regulations for divers stipulate that at any depth, in
any mixture, O2 must not exceed a partial pressure of 1.6 ATA
for more than 30min. The human TCLo is 100 ppm per 14 h
exposure.
See also: Ozone; Respiratory Tract Toxicology; Combustion
Toxicology.
Further Reading

Bergamini, C.M., Gambetti, S., Dond, A., Cervellat, C., 2004. Oxygen, reactive oxygen
species and tissue damage. Curr. Pharm. Des. 10, 1611–1626.

Bitterman, N., 2004. CNS oxygen toxicity. Undersea Hyperb. Med. 31, 63–72.
Bingham, E., Cohessen, B. (Eds.). Patty’s Toxicology, sixth ed. Wiley, New York.
Quinlan, T., Spivak, S., Mossman, B.T., 1994. Regulation of antioxidant enzymes in

lung after oxidant injury. Environ. Health Perspect. 103 (Suppl. 2), 79–87.
Witschi, H.P., Hakkinen, P.J., 1984. The role of toxicological interactions in lung injury.

Environ. Health Perspect. 55, 139–148.
Relevant Websites

http://www.echemportal.org/ – eChem Portal Substance Search Page, search for:
‘oxygen.’

http://toxnet.nlm.nih.gov/ – Toxnet homepage, search for: ‘oxygen.’
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Chemical Profile

l Name: Oxymetholone
l Chemical Abstracts Service Registry Number: 434-07-1
l Systematic Name: 17Beta-hydroxy-2-hydroxymethylene-

17alpha-methyl-5alpha-androstan-3-one
l Synonyms: (5a,17b)-17-Hydroxy-2-(hydroxymethylene)-

17-methylandrostan-3-one; Anasterone; Adroyd; Anapolon;
Anadrol; Synasteron; 17b-Hydroxy-2-hydroxymethylene-
17a-methyl-3-androstanone; 4,5-Dihydro-2-hydroxy-
methylene-17-a-methyltestosterone

l Molecular Formula: C21H32O3

l Chemical Structure:
Background

Oxymetholone, marketed as Anadrol, is a synthetic anabolic
steroid developed in 1960s. Its primary clinical applications
include treatment of osteoporosis and anemia, as well as
stimulating muscle growth in malnourished or underdevel-
oped patients.
Uses

Oxymetholone is used in treatment of myelofibrosis and
myelosuppression. This drug can provoke bone marrow cells
and rise the blood cells in the peripheral blood vessels. It has
been approved by the US Food and Drug Administration for
the treatment of anemia caused by deficient red cell
production. It is effective in catabolic states, replacement of
male sex steroids in men who have androgen deficiency, and
in eugonadal male and female patients with acquired
immunodeficiency syndrome-associated wasting.
44 Encyclopedia of T
Environmental Fate and Behavior

Oxymetholone may release into the environment through
various waste streams. If released to air, oxymetholone does
not absorb light at wavelengths >290 nm and therefore is
not expected to be susceptible to direct photolysis by
sunlight. If released to soil, oxymetholone is expected to have
moderate mobility. Occupational exposure to oxymetholone
may occur via dermal contact with this compound at work-
places where oxymetholone is produced. It can be overused
intentionally in humans as a performance enhancement drug
in athletes.
Exposure and Exposure Monitoring

Exposure routes of oxymetholone is oral and parenteral.
Intramuscular or deep subcutaneous injection is the principal
route of administration of all the anabolic steroids except the
17-alpha-substituted steroids which are active orally.
Chemical and Physical Properties

Oxymetholone is an anabolic androgenic steroid, odorless or
almost odorless, practically insoluble in water, soluble in
alcohol, freely soluble in chloroform, and slightly soluble in
ether. Avoid contact with ferrous metals.
Toxicokinetics

Absorption, Distribution, and Excretion

Exposure to oxymetholone can occur orally or parenterally. The
absorption of testosterone after oral dosing is fast and probably
the same as other anabolic steroids. Generally, the absorption
of anabolic steroids from the gastrointestinal tract accompany
with extensive hepatic first-pass metabolism that cause inacti-
vation of them. Those compounds which are orally active have
substitution of the 17-carbon that protects them from the rapid
liver metabolism. There are preparations of testosterone that
can be taken sublingually. The main pathway of administration
of all anabolic steroids is intramuscular or deep subcutaneous
except the 17-alpha-substituted steroids which are active orally.
Formulation is an important factor to determine the rate of
absorption from subcutaneous or intramuscular depots. Lipid
solubility is another item that causes absorption of
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01150-7
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oxymetholone slower in combination with cypionate or
enanthate and oily suspensions. The anabolic steroids are
highly protein bound and are carried in plasma by a particular
protein called sex-hormone-binding globulin.

In humans, the rate of renal nitrogen excretion predicts the
activity of anabolic–androgenic steroids. Oxymetholone has
been displayed to be superior to methyltestosterone in terms of
nitrogen retention. A dose–response curve is unobtainable due
to inconsistent results from interpatient and intrapatient vari-
ability. Oxymetholone has been shown to raise urinary eryth-
ropoietin levels by up to fivefold.
Metabolism

Basically, metabolism of absorbed drug is quick and the
eradication half-life from plasma is very short. The period of
the biological effects is therefore determined almost perfectly
by the amount of absorption from subcutaneous or intra-
muscular depots, and on the de-esterification which priors it.
When, oxymetholone enters the bloodstream, oxymetholone
undergoes both phase I and phase II metabolism. Oxy-
metholone interacts with the cytochrome P-450 (CYP) system
in vitro though it is not metabolized by these enzymes. The
results of this interaction with CYP2D6, CYP3A, CYPlA2, or
CYP2C19 are weak inhibition of them and sound to have
little clinical significance. Further clinical studies are needed
to rule out all possible CYP-related drug interactions. The
primary phase I metabolic reactions involve oxidation at C2,
reduction at C3, and hydroxylation at C17. Almost 5% of
oxymetholone is reabsorbed in urine as conjugates of glu-
curonic acid. Two major unconjugated acidic metabolites are
later removed in urine, and five minor acidic metabolites, four
of them unusual seco steroids, have been characterized.
Mechanism of Action

Anabolic steroids bind to specific receptors present particularly
in reproductive, muscle, and adipose tissue. The anabolic
steroids reduce nitrogen excretion from tissue breakdown in
androgen deficient men. They are also responsible for normal
male sexual differentiation. The ratio of anabolic (body
building) effects to androgenic (virilizing) effects may vary
among people. There is no clear evidence that anabolic steroids
rise overall athletic performance.
Drug Interaction

A total of 63 drugs (316 brand and generic names) are known to
interact with oxymetholone. Recently, 4 drugs have been iden-
tified to have a major interaction, warfarin, leflunomide, dicu-
marol, anisindione, and 59 drugs have moderate interactions.
Acute and Short-Term Toxicity (or Exposure)

Animal/Human

No exact data exist for carcinogenicity of oxymetholone in
human and animal. Oxymetholone is generally presumed to be
a nongenotoxic. This statement is based primarily on the results
of mutagenicity test, repeated-dose toxicology studies, and the
predicted results of a 2-year rat carcinogenicity bioassay.

Use of oxymetholone by a pregnant mother can cause
virilization of a female fetus. Oxymetholone overdose
produces symptoms such as nausea and vomiting. Most of the
signs and symptoms appear after chronic toxicity. Patients are
expected to recover rapidly after acute overdose but there are
few data. ‘Body builders’ use doses many times the standard
therapeutic doses for these compounds but do not suffer acute
toxic effects.
Chronic Toxicity (or Exposure)

Human

Liver injury, jaundice, and gynecomastia can occur. Acne,
abnormal lipids, cardiovascular disease (including stroke and
myocardial infarction), abnormal glucose tolerance, muscular
hypertrophy in both sexes, and psychiatric disorder can happen
during or after prolonged treatment. Hypertension, left
ventricular hypertrophy, and premature coronary artery disease
have been reported. Also, stroke, aggressive behavior, depres-
sion, mania, psychotic symptoms of hallucination, and delu-
sion in anabolic steroid abusers are seen. Fluid and electrolyte
impairments and retention of sodium and water in users lead
to edema. Hypercalcemia and insulin resistance with a fall in
glucose tolerance have been reported.
Reproductive Toxicity

Women develop signs of virilism with increased facial hair,
male pattern baldness, acne, deepening of the voice, irregular
menses, and clitoral enlargement. Prostatic hypertrophy,
impotence, and small doses of anabolic steroids are said to
increase libido, but larger doses lead to azospermia and
impotence. Testicular atrophy is a common clinical feature of
long-term abuse of anabolic steroids.
Carcinogenicity

Anabolic steroids may be carcinogenic. They can stimulate
growth of sex-hormone-dependent tissue, primarily the pros-
tate gland in men. Precocious prostatic cancer has been
described after long-term anabolic steroid abuse. Cases where
hepatic cancers have been associated with anabolic steroid
abuse have been reported.
Clinical Management

The management of acute overdose consists of supportive
treatment with fluid replacement if vomiting is severe. Chronic
abuse should be discouraged, and psychological support may
be required as in the treatment of other drug abuses. The
possibility of clinically important depression after cessation of
usage should be kept in mind.

See also: Anabolic Steroids; Androgens.
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Relevant Websites

http://www.iarc.fr – International Agency for Research on Cancer.
http://www.inchem.org – International Programme on Chemical Safety: INCHEM:

Search for Oxymetholone.
http://ntp.niehs.nih.gov/ntp/htdocs/lt_rpts/tr485.pdf – National Toxicology Program

technical report on the toxicology and carcinogenesis studies of Oxymetholone.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for

Oxymetholone.
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus

Advanced: Search for: Oxymetholone.
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l Name: Ozone
l Chemical Abstracts Service Registry Number: 10028-15-6
l Synonym: Triatomic oxygen
l Chemical/Pharmaceutical/Other Class: Elemental gas
l Molecular Formula: O3
Background Information

Ozone in the upper layers of the atmosphere (stratosphere) is
formed by the reaction of O2 with the elemental oxygen formed
from the splitting of O2 by UV radiation. The ozone layer in the
stratosphere, though containing a relatively low amount of O3

relative to O2, absorbs UV radiation and serves to protect Earth
from thedestructive andmutagenic propertiesof solarUV.Ozone
is more unstable than O2 and thus more reactive. Ground-level
ozone (troposphere) is formed largely fromthe reactionof the by-
products of the incomplete combustion of fossil fuels with
elemental oxygenpresent. Common industrial pollutants and car
exhaustby-products suchasnitrogenoxides, sulfur oxides, carbon
oxides, and hydrocarbons are photochemically cleaved and then
react with the O2 present. Natural sources of tropospheric ozone
come from ozone migration from the stratosphere with average
concentration of about 10–20 ppb in nonurban areas. Tropo-
spheric ozone can be very harmful to human health, and people
with conditions such as emphysema, asthma, bronchitis, and
heart conditions are especially susceptible. Health effects from
ozone are due to its high reactivity resulting in reactions with
biological macromolecules and subsequent cellular damage. In
addition, ozone conversion to diatomic oxygen results in the
production of free oxygen radicals, which can also cause damage.
Due to the harmful health effects of ozone, theUSEnvironmental
Protection Agency (EPA) among other government entities has
established exposure limits. The National Ambient Air Quality
Standards limit for ozone is 0.075 ppm, taken as the annual
fourth-highest dailymaximum8hconcentration, averagedover3
years. Ozone exceeds its limit more often than all other regulated
air chemicals, and is in excess most frequently in California.
Uses

Ozone is produced commercially for a wide variety of indus-
trial processes. It is used in water treatment facilities to control
odor and taste; in the treatment of industrial wastes; as a mold
and bacteria inhibitor in cold storage; for bleaching flour, oils,
paper pulp, starch, sugar, textiles, and waxes; for aging liquor
and wood; and for processing perfume, vanillin, and camphor.
It is also used in the rapid drying of varnishes and printing inks,
and in the deodorizing of feathers.
Environmental Fate

Ozone formed from anthropogenic sources such as from car
vehicle emissions in the troposphere can travel long distances.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Ozone formation and scavenging by other chemicals such as
NO is in constant daily flux. There are times when solar radi-
ation is high, such as on hot days or during rush hour, which
produces elevated ozone levels and times such as during the
evening when the rate of ozone scavenging exceeds ozone
production, resulting in less ozone in the atmosphere. Ozone
concentrations in the eastern United States are often more than
80 ppb in the warm spring and summer months, though ozone
levels in the western United States are lower.
Exposure Routes and Pathways

As with O2, ozone can enter the body through inhalation and
through mucous membranes. Chances of significant exposure to
ozone can occur in industries that use ozone in a manufacturing
process such as the pulp and paper industry or where wastewater
is treated using ozone. Lesser sources, devices such as photocopy
machines, laser printers, high-voltage electronics, mercury vapor
lamps, and indoor UV sources, will give off ozone as byproducts.
Workers using electronic arc welders can be exposed to the ozone
produced, and workers in the airlines industry can be exposed to
excess ozone due to the predominance of ozone in the air at
flying altitudes. A significant source of ozone in the troposphere
is the ozone formed when nitrogen oxides and hydrocarbons
released in motor vehicle emissions and other sources react with
oxygen and sunlight. It is a significant component of photo-
chemical smog. Ozone also reacts with limonene from con-
sumer products and other sources, and this leads to formation
of auto-oxidation products of limonene chemicals such as
formaldehyde and formic acid that are capable of producing
sensory irritation, bronchoconstriction, and pulmonary irrita-
tion. Ozone-induced toxic effects depend on rate of breathing,
ozone concentrations, and duration of exposure.
Toxicokinetics

Upon inhalation, a significant proportion of ozone is depos-
ited into the nasal passages, throat, and mouth. Some ozone
has been shown to get into the bloodstream, though most can
be inhaled into the lungs depending on breathing rate. Ozone
is a highly reactive chemical and when inhaled it can quickly
react with biologic macromolecules in the respiratory lining.
Ozone rapidly oxidizes thiol-containing amino acid proteins
and the double bonds in unsaturated fatty acids, causing lipid
peroxidation.
Mechanism of Toxicity

The biochemical mechanism of ozone-induced lung injury is
due to the reaction of the highly reactive O3 with biological
macromolecules such as protein, lipids, nucleic acids, and
carbohydrates. The resulting formation of reactive free-radical
4-3.00895-2 747

http://dx.doi.org/10.1016/B978-0-12-386454-3.00895-2


748 Ozone
intermediates from the oxidization of thiol-containing amino
acids forms disulfide bonds and methionine sulfoxide. Poly-
unsaturated fatty acids in cell membrane lipid bilayers are
a major target and react with the ozone to induce lipid per-
oxidation to affect membrane fluidity and induce cellular
damage. Nucleic acids can also be affected by the oxidative
potential of ozone. The primary site of injury is the lung, and
the injury is characterized by pulmonary congestion, edema,
and hemorrhage. The area of the lung that is particularly
sensitive to ozone is the junction of the bronchioles and the
alveoli. Effects of ozone on lung function vary greatly between
individuals. Antioxidants present in the respiratory lining
protect against oxidative injury.
Acute and Short-Term Toxicity (or Exposure)

Animal

In rodents, acute exposure to ozone concentrations between
2 and 4 ppm can be lethal. The LC50 in rats is 4.8 ppm. Mice
exposed for 2–3 h to 120 ppb or less ozone show decreased
resistance to bacterial infections.
Human

Short-duration exposures can lead to dryness of the throat and
mucous membranes of the nose and eyes. In studies with
exercising subjects, acute ozone exposure produces a variety of
reversible symptoms, including cough, shortness of breath,
and pain on deep inspiration. Alterations in lung function
and an influx of inflammatory cells into the lungs have also
been observed. Ozone concentrations as little as 80 ppb have
been shown to induce a neutrophilic inflammatory response.
Mild to moderate exposure produces upper respiratory tract
and eye irritation symptoms such as lacrimation, burning of
the eyes and throat, nonproductive cough, headache, sub-
sternal soreness, bronchial irritation, and an acrid taste and
smell. More severe exposures such as those seen in an
industrial setting may produce significant respiratory distress
with dyspnea, cyanosis, and pulmonary edema. Chest X-rays
show increased bronchi vascular markings and bilateral lung
densities. Symptoms resolve over 1–2 weeks, although
fatigue, headache, and exertional dyspnea may persist for
several months. The National Institute for Occupational
Safety and Health (NIOSH) immediately dangerous to life or
health value for ozone is 5 ppm, which was based on acute
toxicity data in humans. Ozone may exacerbate the small
airway impairment of smoking adults.
Chronic Toxicity (or Exposure)

Animal

Ozone produces cell injury and connective tissue alterations in
the lungs. Rats exposed for 6 h each day to a combination of
0.8 ppm of ozone and 14.4 ppm of nitrogen dioxide began
to demonstrate respiratory insufficiency and severe weight loss
7–10 weeks after the initiation of exposure. About half of the
rats died between days 55 and 78 of exposure. This study
observed no overt ill effects in animals exposed to filtered air, to
ozone alone, or to nitrogen dioxide. The biochemical findings
indicated breakdown and remodeling of the lung parenchyma
and its associated vasculature. Histopathologic evaluation
showed severe fibrosis, alveolar collapse, honeycombing,
macrophage and mast cell accumulation, vascular smooth
muscle hypertrophy, and other indications of severe progres-
sive interstitial pulmonary fibrosis and end-stage lung disease.
This animal model of progressive pulmonary fibrosis was
judged to resemble the final stages of human idiopathic
pulmonary fibrosis.
Human

Ozone can aggravate asthma and increase susceptibility to
respiratory diseases such as pneumonia and bronchitis. The TCLo

is 50 ppm. Pulmonary symptoms at low levels (60–200 ppm)
include substernal pain, cough, dry throat, wheezing, and
dyspnea.
Immunotoxicity

Studies have suggested than ozone can alter the ability of the
immune system to protect against cancer. Pulmonary alveolar
macrophages and lung-associated lymphocytes are thought to
change when exposed to ozone, leading to altered communi-
cation with immunoregulatory cytokines.
Reproductive Toxicity

Pregnant rats exposed to up to 1.97 ppm during parts or all of
organogenesis had no defects in their offspring. Studies suggest
a possible correlation of the amounts of ozone in the air on
a given day with human sperm quality of samples donated
in a sperm donation center.
Genotoxicity

Some in vitro assays do show ozone-induced genotoxic effects.
Bacterial mutation assays have shown positive results. There is
evidence in some in vitro assays of plasmid DNA strand breaks,
and chromatid and chromosome aberrations. In in vivo assays,
ozone does not always show consistent genotoxicity. Humans
exposed to 500 ppb ozone for 6–10 h show a slight increase in
sister chromatid exchange that lasts for about 6 weeks. Rat
alveolar macrophages exposed to 270–800 ppb ozone
showed some chromatid damage, but no chromosome
damage.
Carcinogenicity

The American Conference of Governmental Industrial
Hygienists (ACGIH) lists ozone as A4 (not classifiable as
a human carcinogen). However, some animal and in vitro
cellular studies do show carcinogenic potential. In a study of in
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vitro transformation, ozone (6 ppm for 10min) acted in an
additive fashion with ultraviolet light (4 J m�2) to produce
enhanced levels of transformation in hamster embryo cells and
mouse C3H/10T1/2 cells. Mouse C3H10T1/2 cells were
exposed to 5 or 1 ppm ozone for 5min. Some of the cell
cultures were exposed to gamma rays immediately before or
after ozone treatment. Following 6 weeks in culture, trans-
formation was scored using morphological criteria. Ozone (at
5 ppm) and radiation acted as independent carcinogens, and
when the cells were first exposed to radiation, transformation
was enhanced in a synergistic manner. However, in 2 year and
lifetime inhalation studies, there was no evidence of carcino-
genic activity of ozone in male or female rats exposed at 0.12,
0.5, or 1.0 ppm. There was equivocal evidence of carcinogenic
activity of ozone in male mice based on increased incidences of
alveolar/bronchiolar adenoma or carcinoma. There was some
evidence of carcinogenic activity of ozone in female mice based
on increased incidences of alveolar/bronchiolar adenoma or
carcinoma. However, oxygen and ozone both have been found
to enhance or to inhibit the development of tumors in mouse
lung under various exposure conditions. As a general rule,
preexposure to the oxidant, before administration of a carcin-
ogen, or exposure to high levels for a comparatively short time
immediately following carcinogen administration favors
development of tumors. On the other hand, prolonged expo-
sure begun after a certain time following carcinogen exposure
inhibits tumor development. The paradoxical effects of the two
oxidants depend on experimental design; results can be tenta-
tively explained in terms of oxidant-induced cell proliferation
or by oxidant-mediated cytotoxicity.
Clinical Management

Exposed persons should be removed from exposure and
monitored for respiratory distress. At significant exposure levels,
delayed onset of pulmonary edema should be monitored. With
mild to moderate exposure, persons can be treated with anal-
gesics for headache and chest pain, and cough suppressants.
Persons with asthma should be monitored for exacerbation of
symptoms.
Ecotoxicology

Ground-level ozone interferes with the ability of plants to
produce and store food. Ozone enters plants through stomata
and can induce cellular damage. This makes them more suscep-
tible to disease, insects, other pollutants, and harsh weather.
Ozone and the chemicals that react to form it can be carried long
distances from their origins, thus causing air pollution over wide
regions.Ozone candissolve in aquatic environments, thoughdue
to its reactivity it will rapidly react with other chemicals present.
Studies looking at the effects of bubbling inozone to seawater for
1–3 honcertainfishandmarine invertebrate species showedhigh
mortality rates with juvenile topsmelt and sheepshead minnows
(Atherinops affinis and Cyprinodon variegatus) being the most
sensitive fish and mysid shrimp, Americamysis bahia, being the
most sensitive invertebrate. LC50 values for bluegills (Lepomis
macrochirus) for 24 h: 0.06mg l�1, rainbow trout (Salmogairdneri)
for 96 h: 0.0093mg l�1, and white perch (Morone americana) for
24 h: 0.38mg l�1.
Exposure Standards and Guidelines

The ACGIH threshold limit value, 8 h time-weighted average
(TWA), is 0.05 ppm for heavy work, 0.08 ppm for moderate
work, and 0.1 ppm for light work; and 0.20 ppm is the level
for heavy, moderate, or light workloads of e2 h. The US
Occupational Safety and Health Administration permissible
exposure limit, 8 h TWA, is 0.1 ppm. The US NIOSH recom-
mended exposure ceiling value is 0.1 ppm, and the NIOSH
immediately dangerous to life or health value is 5 ppm. In
1997, the US EPA announced new stricter national ambient
air quality standards for ground-level ozone, the primary
constituent of smog. After a lengthy scientific review process,
including extensive external scientific review, EPA determined
that these changes were necessary to protect public health and
the environment. The new standard is intended to be more
protective of the health of children and adults who play and
work outdoors in the summer. In establishing the 8 h stan-
dard, EPA set the standard at 0.08 ppm as an average over an
8 h period. Areas in the United States would have until 2010
to meet the new standard.
Miscellaneous

The first international agreement concerning ozone was the
Vienna Convention for the Protection of the Ozone Layer. It
was signed in 1985 and entered into force in 1988, and
provided a basis for the following Montreal Protocol.

The Montreal Protocol on Substances that Deplete the
Ozone Layer now boasts ratification by all UNmembers as well
as the few governing bodies not included in the UN, for a total
of 197. This protocol, signed in September of 1987, is an effort
at protection of the ozone layer from depletion and now has
four amendments, London (1990), Copenhagen (1992),
Montreal (1997), and Beijing (1999).

The protection offered by the protocol is in the form of
reduced emissions of substances that lead directly or indirectly
to the depletion of ozone at the stratospheric level.
See also: Pollution, Air in Encyclopedia of Toxicology; Indoor
Air Pollution; Pollution, Water; Clean Air Act (CAA), US.
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Relevant Websites

http://www.epa.gov/ozone/strathome.html – Environmental Protection Agency, Ozone
Layer Protection page.

http://www.niehs.nih.gov/health/topics/agents/ozone/ – National Institute of Environ-
mental Health Sciences - Ozone page.
http://www.oma.org – OMA Ground Level Ozone Position paper (from the Ontario
Medical Association).

http://ozone.unep.org/Ratification_status/montreal_protocol.shtml – UN Environment
Program Ozone Secretary Webpage. Contains text of the Montreal Protocol.

http://www.niehs.nih.gov/health/topics/agents/ozone/
http://www.oma.org
http://ozone.unep.org/Ratification_status/montreal_protocol.shtml
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Chemical Abstracts Service Registry Number: 7440-05-3
Synonyms: Palladium black, Palladium element, Palladex

600, Pd
Molecular Formula: Pd
Valence States: 0, þ1, þ2, and þ4
Chemical Structure:
Background

Palladium is a soft silver-white metal that belongs to the
platinum group metals (Pt, Rh, Ru, Ir, and Os) and nickel,
which are rare elements often found together in nature.
Palladium was discovered by William Hyde Wollaston in
1803. Palladium is known for its strong catalytic activity for
hydrogenation and oxidation reactions. Natural palladium
contains six stable isotopes. Palladium does not tarnish in air
and is the least dense and has the lowest melting point of the
platinum group of metals.
Uses

Demand for palladium is high for its use in electrical equipment
in its metal and paste forms, dental materials in its alloy form, as
a composite in implantable medical devices and automobile
catalysts owing to its strong catalytic activity for hydrogenation,
dehydrogenation, oxidation, and hydrogenolysis reactions.
Environmental Fate and Behavior

Routes and Pathways, and Relevant Physicochemicals
Properties

Melting point ¼ 1554.9 �C
Boiling point ¼ 2963 �C
Solubilities: soluble in aqua regia and fused alkalis; insoluble
in organic acids

Partition Behavior in Water, Sediment, and Soil

Palladium compounds can enter the environment during the
mining and production of platinum groupmetals and is usually
foundwith platinum. Themobility of palladium compounds in
soil, therefore, is similar to that of platinum compounds. In soil,
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
mobility depends on low pH and high chloride concentration.
The reactions of palladium compounds in water are depending
on pH level, redox potential, and ligand availability. It usually
has low affinity for hard ligands, such as fluoride and oxygen.
Palladium compounds are ionic; therefore, volatilization from
water and soil surfaces is not expected to be an important
environmental fate process.
Environmental Persistency

Palladium occurs in the earth’s crust at the concentration of
w0.2 ppm. This group of metals can be transferred from the
earth’s interior, where they are mostly concentrated in high
volume, to the lithosphere by volcanic activity. Environmental
levels of palladium in water, soil, and ambient air are not high.
Palladium, as a metal, tends to persist in the upper soil layer.
Long-Range Transport

Transfer from water column to sediment is assumed through
exchange, complexation, or precipitation reactions.
Bioaccumulation and Biomagnifications

Palladium has low to moderate bioaccumulation in terrestrial
and aquatic organisms, respectively.
Exposure and Exposure Monitoring

Routes and Pathways

Inhalation, ingestion, dermal

Human Exposure

The occupational population exposure to palladium occurs
during mining, processing, and recycling of palladium through
inhalation of the compound in refining and catalyst manu-
facture. The general population can be exposed to palladium
through dental alloys, jewelry, food, and emissions from
automobile catalytic converters.
Environmental Exposure

Palladium compounds can enter the environment through air
and water as palladium is released to the environment through
its use in catalytic converters in automobiles.
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Toxicokinetics

Palladium and its compounds absorption through intra-
tracheal administration and inhalation were observed in higher
concentration compared with oral administration. Thus, the
absorption of palladium from the gastrointestinal tract is
insignificant. The absorption rate of the compound depends on
its chemical form and route of administration. Note that
palladium dust is readily dissolved in several biological media,
such as gastric juice and blood serum. After intravenous
administration, the highest concentrations of palladium were
found to present in kidneys, spleen, liver, adrenals, lungs, and
bones. Low concentration in fetal bodies also indicated that
palladium does not easily penetrate the placenta. Palladium is
mainly excreted via feces and urine based on the finding of
experimental animals. Excretion occurs within 48 h to 5 days
after a single acute exposure.
Mechanism of Toxicity

Palladium ions, because of their ability to form strong
complexes with both organic and inorganic ligands, have the
potential to disturb cellular equilibria and interact with
macromolecules functional groups, such as proteins or DNA/
RNA, which interrupt various cellular processes. Palladium and
its compounds also have the ability to inhibit many enzymatic
activities as shown in in vitro and in vivo studies. These enzymes
include prolyl hydroxylase, creatine kinase, aldolase, succinic
dehydrogenase, carbonic anhydrase, and alkaline phosphatase.
Palladium, furthermore, has the capability of occupying
different oxidation states, which in turn may have different
effects. The ability of Pd4þ ions to change their oxidation states
to Pd2þ may also contribute to harmful effects. Studies have
shown that exposure to Pd2þ may disturb the organisms’
energy metabolism, acid–base, and electrolytic equilibria. Also,
exposure to high concentration of palladium during develop-
mental period may retard fetal growth and development.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute effects of palladium compounds depend on the
valence, dose, and administration of the compound. The effects
are stronger after IV or IP administration of palladium than are
orally administered. Water-soluble palladium compounds, also,
aremore toxic than the insoluble ones. The acute oral toxicities of
the palladiummetal itself and of its monoxide were found to be
low in rats, whereas a moderate to low acute oral toxicity was
indicated for the chloride in rats and mice. The rat LD50 ranged
from 3mg kg�1 via intravenous for PdCl2 to >4.9 g kg�1 body
weight via oral route for PdO. Upon intravenous exposure,
palladium compounds were found to induce cardiovascular
effects in rats, whereas tissue changes in the kidneys formicewere
indicated on oral administration. Some other clinical signs of
toxicity after such exposure included death, clonic and tonic
convulsions, and decreases in food andwater intake, emaciation,
and cases of ataxia and tiptoe gait. Palladium(II) chloride has
also been shown to cause eye irritation, and some have been
found to be potent sensitizers in guinea pigs.
Human

Human sensitivity to palladium is usually associated with
exposure topalladium-containing dental restorations, symptoms
characterized by contact dermatitis, stomatitis, or mucositis.
Someother side effects include fever, hemolysis, discoloration, or
necrosis at injection sites after subcutaneous injections and
erythema and edema following topical application.
Chronic Toxicity (or Exposure)

Animal

In animals, especially mice, which were given 5 mg Pd l�1 in
drinking water for a life time showed decreased body weight,
increased amyloidosis of various inner organs such as spleen
and heart, and decreased weight of liver and kidneys. In the
inhalation experiments, animals exposed to dust of palladium
salt at 18.35 and 5.4 mg l�1 for 5 months resulted in liver and
kidney function disorders. Daily oral administration of 50 mg
Pd kg�1 body weight to rats for 6 months of the prothrombin
clotting time was also investigated and resulted in decreased
urea and lipoprotein contents, and an increased albumin.
Human

See human acute and short-term toxicity.
Immunotoxicity

There are insufficient data on the immunotoxicity effects of
palladium and its salts. Some studies, however, found that
there could be some subpopulations at special risk of palla-
dium allergy, which include people with a known nickel
allergy.
Reproductive Toxicity

There are insufficient data on the reproductive and develop-
mental effects of palladium and its salts.
Genotoxicity

Various palladium compounds have been observed to interact
with isolated DNA in vitro, and the interaction can cause
conformational changes in DNA structures. In multiple muta-
genicity tests, including bacterial or mammalian cells in vitro
(i.e., Ames test, SOS chromotest in E. coli, micronucleus test
in human lymphocytes), all gave negative results. However, an
in vivo micronucleus test in the mouse performed with tetra-
amine palladium hydrogen carbonate yielded negative results
at doses ranging from 125 mg to 500 mg kg�1 body weight.
Carcinogenicity

Studies have shown high incidence rates of the formation of
fibrosarcomas, myosarcoma, fibroma, and fibroadenoma from
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the subcutaneous implantation of palladium alloy. The result
suggested that the observed carcinogenicity was caused by
the long-term physical stimulus of the embedded alloy at the
implantation site. A longer life span was observed in the
chronic experiment with mice given 5mgPd l�1 in drinking
water from their weaning until their natural death; this suggests
that their significantly enhanced longevity might have caused
their higher rate of malignant tumors.
Clinical Management

It is evident that palladium and several of its salts may cause
severe primary skin and eye irritations. It is advisable that
a health check for skin and respiratory disorders be performed
regularly during employment. Thus, it is also best to control
palladium dusts in the environment. Protective equipment
should be used when necessary. Dermal exposure should be
treated by washing the affected area immediately after expo-
sure. Note that there are no antidotes, but protective cream
containing diethylenetriaminepentaacetic acid can be effective
against an allergic reaction to palladium chloride.
Ecotoxicology

There are insufficient data on the ecotoxicological effects of
palladium and its salts.
Exposure Standards and Guidelines

The intake of palladium from food or drinking water is low. A
maximum daily intake of 0.03 mg palladium per person per day
has been calculated for drinking water. The total daily dietary
intake of palladium has been estimated to be up to 2mg per
person per day.

See also: Kidney; Metals.

Further Reading
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l Name: Paraldehyde
l Chemical Abstracts Service Registry Number: 123-63-7
l Systematic Name: 1,3,5-Trioxane, 2,4,6-trimethyl-; Paral;

Paracetaldehyde; Paraldehyde; Polymerized acetaldehyde
l Molecular Formula: C6H12O3

l Chemical Structure:
Background

Paraldehyde was first synthesized in 1829 by Wildenbusch and
introduced into clinical practice in the United Kingdom by the
Italian physician Vincenzo Cervello in 1882. Paraldehyde,
a polymer of acetaldehyde, is a clear colorless or slightly yellow
transparent liquid with a strong aromatic as well as a disagree-
able taste that at low temperatures, it solidifies into a crystalline
mass. This agent decomposes with strong into toxic products
that may be released into water, soil, or atmosphere.
Uses

Paraldehyde, a hypnotic and sedative with anticonvulsant
effects, occasionally is used in control of seizures and status
epilepticus resistant to conventional treatment, alcohol with-
drawal, and delirium tremens. Also, paraldehyde is used as
a solvent, chemical intermediate, and dyestuff intermediate.
Environmental Fate and Behavior

Paraldehyde is used in resin manufacture, as a preservative, and
in other processes as a solvent. Paraldehyde may enter to the
environment via industrial effluents or hospital wastes. Acet-
aldehyde and acetic acid are two products of degradation of
paraldehyde. This compound and its degradation products
may be released into water, soil, or atmosphere and then they
may be removed from the atmosphere by precipitation.
Exposure and Exposure Monitoring

In medicine, paraldehyde has been given orally, rectally,
intravenously, and by intramuscular (IM) injection; but nor-
mally the general population may be exposed to paraldehyde
by ingestion of cooked meat which contains this compound
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(e.g., bacon) or intentional use. It should be noted that in
clinical applications, therapeutic levels of this drug vary
noticeably due to individual susceptibility, but the estimated
concentration to prevent seizures is 100–200 mg l�1.
Toxicokinetics

Absorption, Distribution, and Excretion

Oral absorption of paraldehyde is approximately 95%
complete and rectal absorption is about 83%. Peak levels after
oral administration are reached in 1.5 h, while in rectal
administration in 2.5 h. Paraldehyde is rapidly absorbed from
IM injection sites. Maximum serum concentrations, which
may range from 34 to 150 mg ml�1, are reached within
20–60 min following oral administration of 10 ml or IM
administration of 0.25 ml kg�1. The drug is very rapidly
distributed to the blood, liver, brain, and kidney. The
apparent volume of distribution in adults at a steady state is
0.89 l kg�1, similar to that in children (0.83–1.23 l kg�1).
Cerebrospinal fluid concentrations average 75% of serum
levels.

It is known that the concentration in Cerebrospinal Fluid is
about 25–30% lower than that in the blood. Maximum
paraldehyde concentrations are reached in the CSF 30–60 min
after oral or IM administration. Oral paraldehyde is rapidly
absorbed and widely distributed; the drug readily crosses the
placental barrier. With hypnotic doses, 70–80% is metabolized
in the liver, most of the remainder is exhaled, and a small
amount is excreted in urine. A substantial amount of the drug is
excreted unchanged through the lung. It appears that paralde-
hyde is excreted across alveolar membranes in much the same
manner as carbon dioxide. In one study, 7percnt; of an oral
dose was exhaled unchanged within 4 h. Only trace amounts of
paraldehyde are excreted unchanged in the urine. The biolog-
ical half-life of paraldehyde in humans has been reported to be
3.5–9.5 h with an average of about 7.5 h.
Metabolism

It is believed that paraldehyde is depolymerized to acetalde-
hyde in the liver and then oxidized by aldehyde dehydrogenase
to acetic acid, which is ultimately metabolized to carbon
dioxide and water.
Mechanism of Action

Gamma-aminobutyric acid-A and glutamate receptors are
targets related to paraldehyde functions. The mechanism of
these agents appears similar to ethanol. Blockade of excitatory
neurotransmitter and enhancement of inhibitory neurotrans-
mitter are parts of its effects on brain.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01151-9
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Drug Interactions

Simultaneous use of paraldehyde with other CNS depressants,
including ethanol and barbiturates, should be avoided, since
there will be at least an additive effect in decreasing CNS
function, with an increased risk of respiratory depression.
Animal studies have shown that disulfiram slows the metabo-
lism of paraldehyde, by inhibition of acetaldehyde dehydro-
genase that results in increased blood concentration of the
parent compound and acetaldehyde.
Acute and Short-Term Toxicity (or Exposure)

Animal

Paraldehyde does not exhibit high acute toxicity in animal
models. The oral LD50s in rodents such as rabbit, mice, and rats
were reported 3304, 2750, and 1530 mg kg�1, respectively and
nonrodents such as dogs 3000–4000 mg kg�1.
Human

Paraldehyde overdose produces symptoms similar to those of
chloral hydrate overdose which may include coma, severe
hypotension, respiratory depression, pulmonary edema, and
cardiac failure. Paraldehyde-induced coma may last for several
hours because the rate of metabolism of the drug is slow. Diag-
nosis of paraldehyde overdose is facilitated by the characteristic
odor of the drug on the breath. Also, metabolic acidosis may
occur. It has been suggested that decomposition is an important
etiologic factor and that acetic acid arising from paraldehyde
degradation may be accumulating. Renal function may be
impaired andmay result in azotemia, oliguria, and albuminuria.
Death has occurred after 12 ml of paraldehyde (undecomposed)
rectally administered and after 25 ml ingested orally. Patients
havesurvived ingestionof125ml. The lowest lethalblood level in
a study of five deaths was 543 mgml�1, whereas in another study
of fatalities, the lowest concentration was 490 mg ml�1.
Chronic Toxicity (or Exposure)

Human

Prolonged use of paraldehyde may produce tolerance and
physical and/or psychological dependence so that chronic
paraldehyde abusers may consume as much as 120 ml of the
drug daily. The paraldehyde addict may become familiar with
the drug when it is used in the treatment of alcoholism and
then, surprisingly in view of its displeasing taste and odor,
prefer it to alcohol. Paraldehyde addiction looks like alco-
holism and sudden withdrawal may result in delirium tremens
and intense hallucinations. Chronic administration of paral-
dehyde produced polychromatophilia and weight loss. Also,
toxic hepatitis and nephrosis have been reported following
prolonged use of paraldehyde.
Reproductive Toxicity

No data available about reproductive and developmental
toxicity of paraldehyde but numerous studies on acetaldehyde,
one of the metabolites resulting from paraldehyde, have been
reported evidencing skeletal defects, anomaly of the ribs and
vertebrae, as well as delayed ossification and hypoplasia of the
cranial bones and sternum, neural tube defect, malformation
(head and tail), etc., in various animal models.
Genotoxicity

No data have been reported about genotoxic effects of paral-
dehyde, but there are many positive results in in vitro studies on
acetaldehyde, one of the metabolites resulting from paralde-
hyde, including gene mutation, chromosomal aberration, sister
chromatid exchanges, and also sister chromatid exchange in
in vivo studies.
Carcinogenicity

No component of paraldehyde at levels greater than or equal
to 0.1% is identified as probable, possible, or confirmed
human carcinogen by the International Agency for Research
on Cancer (IARC). Nevertheless, numerous studies on one of
the main metabolite of paraldehyde, acetaldehyde, indicates
occurrence of various cancers particularly respiratory tract
tumors (including primarily laryngeal cancer and also laryn-
geal polyp and carcinoma in the nasal cavity) in various
animal models.
Clinical Management

Control any seizures and protect the airway by placing the
patient in the left lateral decubitus position, or perform
endotracheal intubation as well as gastric lavage after ingestion
(generally within 1 hour). Administer activated charcoal,
control blood pressure (in the case of hypotension) via isotonic
fluid infusion or administer dopamine or norepinephrine in
the case of persistent hypotension. Mechanical ventilation may
be required.

See also: Sedatives; Thiram.
Further Reading
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l Name: Paraquat
l Chemical Abstracts Service Registry Number: CAS 1910-42-

5 (dichloride)
l Synonyms: Paraquat dichloride; methyl viologen; 1,10-

dimethyl-4,40-bipyridinium ion; Gramoxone; Crisquat.
l Chemical/Pharmaceutical/Other Class: Quaternary nitro-

gen (bis-pyridinium) compound
l Molecular Formula: C12H14N2

l Chemical Structure:
H3C–N N–CH3
++

2 CI–

Background

Paraquat (PQ) was first described in 1882 by Weidel and
Russo. In 1933, the redox properties of this compound were
discovered by Michaelis and Hill. The herbicidal properties
were not described until 1958, and PQ became commercially
available in 1962 as a broad-spectrum, nonselective, contact
herbicide.
Uses

PQ is employed to control weeds and grasses in both agri-
cultural and nonagricultural settings. PQ is absorbed by
foliage and used as a desiccant on tomatoes, cotton, beans,
soybeans, potatoes, sunflowers, and sugarcane to aid in
harvesting and to induce resin soaking in pine trees. Addi-
tionally, because PQ is inactivated by contact with soil, root
systems may remain intact, thus protecting the soil from
erosion.
Environmental Fate

PQ is relatively immobile in soil due to strong binding. This
strong binding limits bioavailability and slows microorganism-
mediated breakdown of PQ. Due to this property, only approxi-
mately 0.1%of PQ applied will be present in soil water. Sorption
to soil is dependent on both organic matter and clay content.
Depending on soil composition, the half-life can range from 1.4
to 7.2 years. Because PQ is applied directly to plants, the target
weeds will absorb a substantial proportion of the sprayed
compound, which is rapidly degraded within the plants and via
photodegradation.
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Exposure Routes and Pathways

Intentional and accidental ingestion is the primary route of
exposure. However rare, poisonings due to dermal and inha-
lation exposures have also been reported.
Toxicokinetics

PQ exhibits poor absorption by the gastrointestinal tract
(5–10%); however, this fraction is absorbed rapidly and
results in a peak plasma concentration at 30–90min after
ingestion. PQ also has poor transdermal absorption. PQ is
not volatile, but aerosolized solutions can be respiratory tract
irritants. Additionally, inhalation toxicity is a function of the
particle size, with toxicity increasing with decreasing size. In
general, PQ is poorly metabolized and the vast majority is
excreted as the parent compound. Results from animal
studies have revealed urinary metabolites, possibly due to the
action of intestinal microflora. Elimination of PQ is almost
exclusively performed by the kidneys, where it is secreted
by the cationic transporter system (OCT1 and OCT2). PQ is
actively transported into alveolar cells (Type I and II and
Clara cells), where it undergoes redox cycling reactions to
form reactive oxygen species (ROS). The volume of distribu-
tion is large and has been estimated at 2.75 l kg�1. PQ accu-
mulates in the lung due to rapid uptake via polyamine
transporters and slow efflux. The half-life in the lung is esti-
mated to be approximately 50 h. Renal clearance is rapid,
with 80–90% of the dose eliminated in the urine after 6 h.
If the dose is sufficiently large, the terminal half-life can
increase from 12 to 120 h or longer due to proximal tubule
damage and renal failure.
Mechanism of Toxicity

The lung is the primary target organ of PQ toxicity and is
affected via all routes of administration. Toxicity is due to the
lung’s ability of rapid PQ uptake and slow efflux, resulting in
prolonged tissue specific half-life. Progressive and generalized
proliferation of fibrotic tissue is observed in pulmonary alveoli
where PQ is accumulated. The primary mechanism of toxicity
associated with PQ is oxidative stress associated with PQ-
mediated redox cycling. The proposed redox cycling reaction
involves one-electron transfers from NADPH to PQ and finally
to molecular oxygen to generate superoxide anions. This
process can result in NADPH depletion, excessive ROS
production, and damage to cellular macromolecules such as
lipids, proteins, and DNA, resulting in cell death. Oxygen
concentration can dictate toxicity and damage due to the redox
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00175-5
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cycling mechanism. Administration of PQ to cells in culture
can result in oxidation of thiol redox nodes – thioredoxin and
glutathione. Mitochondrial dysfunction and inhibition of the
mitochondrial electron transport have also been reported. In
some animal models, PQ or the combination of PQ with the
fungicide maneb can lead to damage to dopaminergic neurons
of the substantia nigra, resulting in a features similar to Par-
kinson’s disease; however, PQ-mediated neurotoxicity remains
controversial.
Acute and Short-Term Toxicity (or Exposure)

Animals

Due to poor absorption, PQ exhibits the greatest toxicity
in rodents when administered via injection, approximately
20mg kg�1. Inhalation may also result in systemic toxicity;
however, particle sizes used in agricultural practices (400–
800 mm) limit passage to the lower airways, thereby lessening
the inhalation hazard. PQ is also toxic via oral administration,
but a significantly higher dose, 126–143mg kg�1, is required.
Mice are less sensitive than rats to oral dosing, but guinea pigs,
cats, monkeys, and rabbits are more sensitive. PQ has poor
absorption through the skin, and median lethal doses in
rodents and rabbits have been reported to range from 80 to
greater than 400mg kg�1. This large range is due to the vari-
ability of dermal models and the use of collars and if the
application site is open to the air or covered.
Humans

Hyperacute poisoning usually occurs via ingestion of concen-
trated PQ solutions that deliver a dose that is greater than
40–55mg kg�1. These exposures result in death in less than
4 days. The initial symptoms after ingestion include vomiting,
burning in the mouth and throat, and diarrhea and subsequent
fluid and electrolyte loss. Esophageal perforation, renal failure,
cardiac arrhythmias, convulsions, and coma can also occur
after a significant dose. Early death is usually attributed to
hepatic and renal failure along with alveolitis and non-
cardiogenic pulmonary edema.
Chronic Toxicity (or Exposure)

Animals

Exposure with 5mg kg�1 day�1 in the diet of rats can be
tolerated for several months. Increasing this dose to
12.5mg kg�1 day�1 will result in death after 27–57 days, with
the target organ being the lungs. It should be noted that oral
administration of PQ to rabbits does not result in lung damage.
Chronic exposure in dogs led to chronic pneumonitis.
Humans

Survivors of poisonings, dose more than 20–30 but less than
40–50mg kg�1, often develop lung damage and pulmonary
fibrosis. Pathology is also associated with dyspnea and
pulmonary edema several days or weeks postexposure. As
a result, the cause of death is due to asphyxiation.
Immunotoxicity

Results of immunotoxicology studies involving PQ exposure
have been mixed. For example, high doses of PQ have been
shown to inhibit both cellular and humoral immunity in Balb/c
mice. Conversely, low doses are reported to alter the immu-
nophenotype to one of proinflammatory properties. An addi-
tional in vitro study has shown that PQ does not inhibit
lymphocyte mitogenesis. Finally, rats injected with PQ experi-
enced a decrease in the percentage of neutrophils in the blood.
This particular phenomenon could be attributed to an increase
in inflammatory cell infiltration into the lung, the primary
target organ of PQ.
Reproductive Toxicity

PQ has no effect on fertility, is not teratogenic, and produces
fetotoxicity only at doses that are also maternally toxic.
Genotoxicity

PQ does not exhibit any mutagenic capacity; however, exces-
sive ROS production can result in oxidative DNA damage.
Carcinogenicity

PQ is not a carcinogen in rats and mice.
Clinical Management

No specific treatment or antidote is known for PQ poisoning.
All cases of PQ poisoning should be treated as potentially fatal
exposures and treated within 10 h after exposure or ingestion.
Three main areas for treatment include prevention of absorp-
tion, elimination of PQ from the body, and pathophysiological
treatment. Gastrointestinal absorption is poor and patients
should be treated with emetics and cathartics; absorption can
be prevented by administration of Fuller’s earth (30% w/v).
Increased elimination from the body can be achieved by
hemodialysis or hemoperfusion. Increasing urinary output
can also aid in elimination. Drug interventions such as
D-propranolol, prednisone, and vitamins E and C have
provided little benefit. In regard to basic life-support measures,
supplemental oxygen should not be administered because this
can exacerbate PQ-mediated ROS production and subsequent
lung damage.
Ecotoxicology

Due to circumstances in which PQ is used, strong soil-binding
properties, and rapid degradation, these properties limit toxicity
within the terrestrial and aquatic ecosystems. The dietary LC50

for birds is reported to be approximately 1000mg kg�1. Addi-
tionally, cattle that were allowed to graze in a field where PQ
had been freshly sprayed, thus exposing them to concentrations
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on vegetation of up to 1000mg kg�1, showed no signs of
toxicity. Finally, inhibition of bacterial and fungal growth has
been observed, but at unrealistically high concentrations.
Exposure Standards and Guidelines

The reference dose for PQ is 0.0045mg kg�1 day�1. The
acceptable daily intake is 0.004mg kg�1 day�1 with a threshold
limit value of 0.1mgm�3.

See also: Diquat; Maneb; Mitochondrial Toxicity; Neurotoxicity;
Oxidative Stress; Pesticides.
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l Chemical Structure:
Background

Parathion is an insecticide with broad applications. It is no
longer used in the United States, European Union, China,
Japan, and other countries. Parathion does remain in use in
some countries, however. As with other organophosphorus
insecticides, parathion elicits toxicity in both target and
nontarget species by inhibiting acetylcholinesterase.
Uses

Parathion is a contact insecticide for use on a variety of crop
insects.
Environmental Fate and Behavior

Parathion binds tightly to soil particles and has little or no
potential for groundwater contamination. Parathion can
persist for days or weeks. Parathion is soluble in water to about
20mg l�1, with a log Pow of 3.8. It has relatively low volatility
from water. The half-life of hydrolysis in water is greater than
100 days. Parathion decomposes at 200 �C.

Parathion readily undergoes photodegradation, and
sunlight can convert parathion into paraoxon. The breakdown
of parathion in soil or water increases with alkalinity. Parathion
residues on crops typically decay with a half-life of 1 day.

Although evaporative potential is minimal, airborne parti-
cles can be generated upon spraying. There is relatively little
opportunity for either long-range transport or bioaccumulation.
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Exposure and Exposure Monitoring

Fatal poisonings have occurred after oral, dermal, and inha-
lation exposure to parathion. The vapor pressure of the pure
compound is generally not sufficient to lead to respiratory
exposure alone. However, dusts and aerosols can lead to
severe poisoning through the respiratory tract. As with other
organophosphorus insecticides, exposure to parathion can be
monitored by alkylphosphates in urine. Because of its struc-
ture, diethyl phosphate is a more selective marker. Cholines-
terase inhibition in either erythrocytes or plasma/serum can
also be used as an indirect marker of exposure.
Toxicokinetics

Parathion is effectively absorbed through any route. Parathion
is well absorbed dermally but there is substantial interindi-
vidual variability. Signs of toxicity generally appear within
several hours following dermal exposure. About 0.1–3% was
absorbed through skin in human volunteers. The kinetics of
absorption studied in isolated perfused porcine skin indicated
a linear, three-compartment model of absorption.

Parathion is distributed in the liver, kidneys, and adipose
tissues. It is also concentrated in gastric and intestinal walls,
thyroid, spleen, and lungs. It easily crosses the blood–brain
and other barriers because of its nonpolar nature, and it
accumulates to a lesser extent in the central nervous system.
Parathion is metabolized in the liver and extrahepatic sites by
the mixed function oxidase enzyme system to paraoxon,
a markedly more potent toxicant/cholinesterase inhibitor.
The conversion of parathion to paraoxon requires the pres-
ence of NADPH and oxygen. Parathion is also metabolized to
O-ethyl phosphoric acid, phosphoric acid, and inorganic
sulfate. As noted, the oxygen analog paraoxon is an extremely
potent inhibitor of brain cholinesterase, with an IC50 (in vitro
concentration that inhibits 50% of enzyme activity) of about
10 nM in rat brain homogenates. Paraoxon is efficiently
detoxified by binding to carboxylesterases and, to a lesser
extent, by A-esterases.

Metabolites of parathion are exclusively eliminated
through urine. However, some of the unmetabolized parent
compound can also be excreted through sebum. The elimi-
nation half-life of parathion was about 2 days. It was reported
that, following oral administration of parathion (1 or
2 mg day�1) in humans, 60% of parathion was excreted
within 4 h and 86% within 8 h in the form of p-nitrophenol.
The rate of excretion of diethyl phosphate was slower than
that of p-nitrophenol. Following dermal exposure of 5 g of
a 2% dust for 2 h, the p-nitrophenol concentration reached
a peak level by 5 or 6 h after initial exposure. In case of dermal
exposure, the rate of excretion of the metabolites of parathion
increases with temperature.
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Mechanism of Toxicity

As with other organophosphorothioate insecticides, the acute
toxicity of parathion is due to inhibition of acetylcholines-
terase by the active metabolite (i.e., paraoxon), resulting in
stimulation of the central nervous system, the autonomic
nervous system, and the somatic motor nerves. Acetylcho-
linesterase inhibition leads to accumulation of the neuro-
transmitter acetylcholine, with changes in signaling on
postsynaptic cells (neurons, muscles, autonomic end organs).
Numerous studies suggest that the induction of oxidative
stress can play a role in toxicity of parathion and other
organophosphorus toxicants.
Acute and Short-Term Toxicity

Animal

Clinical signs of acute parathion intoxication include excessive
salivation, hypermotility of gastrointestinal tract, abdominal
cramping, vomiting, diarrhea, sweating, dyspnea, cyanosis,
miosis, muscle fasciculations (in extreme cases, tetany followed
by weakness and paralysis), and convulsions.

Reported oral LD50 values for parathion are 2–30mg kg�1

in rats, 5–25mg kg�1 in mice, 8–32mg kg�1 in guinea pigs,
10mg kg�1 in rabbits, 0.93mg kg�1 in cats, and 3–5mg kg�1

in dogs. The reported dermal LD50 for parathion is
6.8–50mg kg�1 for rats, 19mg kg�1 for mice, 45mg kg�1 for
guinea pigs, and 15mg kg�1 for rabbits. Immature animals are
generally reported to be more sensitive than adults.
Human

Parathion remains a relatively common mediator of suicide
in many parts of the world, where it is still used and rela-
tively easy to acquire. Parathion is generally thought to have
been responsible for more human lethal poisonings than any
other pesticide. Acute intoxication with parathion typically
shows a rapid progression of signs and symptoms. Eye
contact may cause pain, moderate eye irritation, and
temporary corneal injury. Prolonged dermal exposure may
cause local skin irritation. Ingestion of parathion has caused
typical signs and symptoms of acute organophosphorus
poisoning, including headache, weakness, incoordination,
muscle fasciculations, tremor, nausea, cramps, diarrhea, and
sweating. When inhaled, initial signs or symptoms include
bloody or runny nose, coughing, chest discomfort, and
difficulty breathing. Miosis can be an early response to
parathion exposure.
Chronic Toxicity

Animal

Parathion is not mutagenic or teratogenic. Repeated exposures
to subtoxic doses of parathion can potentially lead to acute
signs of neurotoxicity. Repeated dosing with parathion and
other anticholinesterases, however, can affect cholinergic
receptors and lead to the development of tolerance. Parathion
has not been shown to cause delayed neuropathy.
Human

Repeated or prolonged exposure to parathion can cause the
same effects seen with acute exposures. In people working
directly with parathion-containing products, impaired memory
and concentration, disorientation, severe depression, irrita-
bility, confusion, headache, speech difficulties, delayed reac-
tion times, nightmares, drowsiness, and insomnia have all
been reported. Parathion does not cause delayed neurotoxicity
but has been associated with the intermediate syndrome.
Immunotoxicity

There is relatively little evidence to support substantial effects
on the immune system following parathion exposure. Some
studies do suggest, however, that oxidative damage to immune
tissues as well as inhibition of noncholinesterase enzymes
involved in immune processes could be possible. At an oral
dose that caused 20% lethality, transient reduction of the
immune response to sheep red blood cells was noted. Stress
following acute parathion intoxication can also elicit an indi-
rect effect on immune function.
Reproductive Toxicity

Parathion has been shown to produce adverse reproductive
effects, although these are most likely secondary to primary
neurotoxic effects in the dam. In rats, parathion had no effect on
mating, pregnancy, or fertility, and pup growth and survival were
not affected except at the highest dose, associated with maternal
stress. In another reproductive toxicity study in rats, clinical signs
were noted at the highest dose and changes in fertility, pup
survival, and pup weight were also affected. In all cases, blood
cholinesterase was significantly inhibited. The NOELs for
plasma, RBC, and brain cholinesterase inhibition were 0.06, 0.6
and 0.6mg kg�1 day�1, respectively. The NOEL for paternal
effects was 0.06mg kg�1 day�1 and for reproductive effects
was 0.6mg kg�1 day�1.
Genotoxicity

Parathion does not appear have direct genotoxic effects.
Carcinogenicity

Parathion has been classified as a possible carcinogen. In
a 2-year study in rats, increased incidence of thyroid tumors
was noted in males, but at a dose 100 times higher than the
NOEL for plasma cholinesterase inhibition and 10 times higher
than the NOEL for brain cholinesterase inhibition.
Clinical Management

For exposure to eyes, eyelids should be held open and the eyes
flushed with copious amounts of water for 15min. For expo-
sure to skin, affected areas should be washed immediately with
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soap and water. The patient should receive medical attention if
irritation develops and persists. For inhalation, the individual
should be removed to fresh air and, if not breathing, given
artificial ventilation. For oral ingestion, vomiting is induced,
keeping in mind the possibility of aspiration. Gastric decon-
tamination should be performed within 30min of ingestion to
be most effective.

Initial management of acute intoxication with parathion is
establishment and maintenance of adequate airway and
ventilation. Atropine sulfate in conjunction with pralidoxime
chloride can be administered as antidotes. Atropine by intra-
venous injection is the primary antidote in severe cases. Test
injections of atropine (1mg in adults and 0.15mg kg�1 in
children) are initially administered, followed by 2–4mg (in
adults) or 0.015–0.05mg kg�1 (in children) every 10–15min
until cholinergic signs (e.g., diarrhea, salivation, and bronchial
secretions) decrease. High doses of atropine over several
injections may be necessary for effective control. If lavage is
performed, endotracheal or esophageal control is suggested. At
first signs of pulmonary edema, the patient should be placed in
an oxygen tent and treated symptomatically.
Ecotoxicology

Parathion is extremely toxic to birds, with LD50 values of
2–6mg kg�1 in bobwhite quails, pigeons, and ducks. Para-
thion is moderately toxic to aquatic invertebrates and fish. The
96-h LC50 values for trout, catfish, and bluegill are 1.6 mg l�1,
2.7 mg l�1, and 0.02 mg l�1, repectively. Parathion is
extremely toxic to honeybees.
Exposure Standards and Guidelines

The TWA for parathion is 0.1 mgm�3. The NIOSH IDLH
(Immediate Danger to Life and Health) estimate was previ-
ously reported as 1mgm�3. No RfC or RfD values are
available.

See also: Cholinesterase Inhibition; Organophosphorus
Compounds; Methyl Parathion; Neurotoxicity; Oxidative Stress.
Further Reading

Duysen, E.G., Cashman, J.R., Schopfer, L.M., Nachon, F., Masson, P.,
Lockridge, O., 2012. Differential sensitivity of plasma carboxylesterase-null
mice to parathion, chlorpyrifos and chlorpyrifos oxon, but not to diazinon,
dichlorvos, diisopropylfluorophosphate, cresyl saligenin phosphate, cyclosarin
thiocholine, tabun thiocholine, and carbofuran. Chem. Biol. Interact. 195,
189–198.

Senthilkumaran, S., Balamurgan, N., Menezes, R.G., Thirumalaikolundusubramanian, P.,
2011. An unusual case of attempted suicide by rectal administration of parathion.
J. Forensic Leg. Med. 18, 383–384.
Relevant Websites

http://www.epa.gov/iris/subst/0327.htm – US EPA: Parathion.
http://www.apvma.gov.au/products/review/completed/parathion_ethyl.php – Australian

Pesticides and Veterinary Medicines Authority: Parathion Ethyl.
http://ec.europa.eu/food/plant/protection/evaluation/existactive/list1-38_en.pdf –

European Commission: Parathion.
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Chemicals exhibiting persistent (P), bioaccumulative (B), and
toxic (T) properties are intrinsically harmful to human health
and the environment.

Representative chemicals:
Aldrin (Chemical Abstracts Service (CAS) 309-00-2); Diel-

drin (CAS 60-57-1); Alkyl-lead (CAS 7439-92-1); Benzo(a)
pyrene (CAS 50-32-8); Chlordane (CAS 57-74-9); p,p’-
Dichlorodiphenyltrichloroethane (DDT) (CAS 50-29-3) and
DDE and DDD, similar compounds which are also the break-
down products of DDT in the environment; Hexa-
chlorobenzene (CAS 118-74-1); Mercury and compounds
(CAS 7439-97-6); Mirex (CAS 2385-85-5); Octachlorostyrene
(CAS 29082-74-4); Polychlorinated biphenyls (PCBs) (CAS
11097-69-1 for Arochlor 1254); 2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD) (CAS 1746-01-6) and chemically similar
compounds collectively known as dioxins and furans; Cam-
phechlor (toxaphene) (CAS 8001-35-2).

Persistent, bioaccumulative, and toxic (PBT) chemicals are
a group of chemicals that meet the following criteria:

1. evidence of an environmental persistence value of more
than 2 months in water and more than 6 months in soil or
sediment or evidence of sufficient persistence to justify its
consideration;

2. evidence of a bioconcentration factor value or bio-
accumulation factor value of more than 5000 in aquatic
species or, in lieu of such data, a log Kow of more than 5 or
evidence of high bioaccumulation in other species, evidence
of high toxicity or ecotoxicity, or monitoring data in biota
indicating a sufficient bioaccumulation potential to justify
its consideration;

3. evidence of adverse effects to human health or the envi-
ronment or toxicity or ecotoxicity data indicating the
potential for damage to human health or to the
environment;

4. a long-range transport value of a half-life in air of more than
2 days, or other data/predictions of traveling long distances
through air, water, or migratory species.
Uses

The uses of these PBT chemicals vary by chemical. The reader is
referred to other sections of this encyclopedia for specific use
information.
Exposure Routes and Pathways

PBT substances (and ones that could be classified as PBTs) enter
the environment in various ways. Some, like dioxins, dioxin-
like compounds, and numerous polycyclic aromatic hydro-
carbons (PAHs), are unintentional by-products of incomplete
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combustion or other high-temperature industrial processes
involving organic materials. Some result from the environ-
mental degradation of a released substance, such as hexa-
chlorocyclohexane, which degrades to a g-isomer with much
higher PBT properties than the parent compound. Another
example is DDT which degrades into DDD and DDE in the
environment. Both sister compounds are highly persistent and
have chemical and physical properties similar to those of DDT.
Some substances, such as active ingredients of pesticide prod-
ucts, were designed to have a combination of molecular
stability, biological uptake/retention, and a specific toxic end
point, and only later were recognized to have broader envi-
ronmental impacts. Still, other PBT compounds like mercury
(including other mercury forms) are released into the atmo-
sphere from natural processes (volcanic activity) or man-made
(anthropogenic) processes such as burning coal. Finally, some
substances were designed or discovered to have economically
desirable properties like flame suppression, absorption of
ultraviolet radiation, water and oil repellency, and even
fragrance, and were later discovered to have unintended
properties of toxicity, bioaccumulation, and persistence.

The food chain is the predominant source of human and
wildlife exposure to most PBT chemicals, although drinking
water, dust, and dirt for children are also significant exposure
pathways for lead. Within the food chain, the aquatic and
marine food chains are significant sources of PBT exposure to
humans and other terrestrial species. PBTs enter waterways in
various amounts, both directly or by virtue of air deposition
and runoff. Freshwater and marine organisms ingest PBT
chemicals from the water column and sediments as they feed.
Once ingested, the chemical properties of PBTs make them
difficult for many organisms (depending on their physiological
makeup) to excrete, thereby leading to bioaccumulation of
PBTs in the organisms. As one organism feeds on another, this
results in PBTs moving up the food chain. Many PBTs also
biomagnify as they bioaccumulate, which means they increase
in concentration within organisms as they move up the food
chain. Mammals and birds high on the food chain can have
tissue levels of these PBTs that are at least 100 000–1 000 000
times greater than the concentrations found in water.

Results from the United States 2009 National Lake Fish
Tissue Study indicate that mercury, PCBs, dioxins, and furans
are widely distributed in lakes and reservoirs in the lower 48
states. Mercury and PCBs were detected in all the fish samples
collected from the 500 sampling sites. Dioxins and furans were
detected in 81% of the predator samples (fillet composites)
and 99% of the bottom-dweller samples (whole-fish compos-
ites). In contrast, there were a number of chemicals that were
not detected in any of the fish samples collected during the
study. Forty-three of the 268 target chemicals were not detected
in any samples, including all 9 organophosphate pesticides
(e.g., chlorpyriphos and diazinon), 1 PCB congener (PCB-161),
and 16 of the 17 PAHs analyzed as semivolatile organic
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00641-2
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chemicals (SVOCs). There were also 17 other SVOCs that were
not detected.

Bioconcentration in the marine food chain can lead to
animals such as seals, beluga whales, seabirds, and polar bears
having concentrations of toxaphene w10 million times higher
than levels in the surrounding water. For PCBs, the amplifica-
tion is w1000 million times. Bioaccumulation also occurs
directly within the terrestrial food chain for some PBT chem-
icals, without the involvement of aquatic organisms. For
example, dioxins and furans are generated in combustion
processes, are discharged to air, and then settle out on plant
surfaces. These plants become food for farm animals and these
PBTs become concentrated in animal tissue (many of the PBTs
concentrate in fatty tissue). People are exposed via the terres-
trial food chain when they consume meat, poultry, pork, and
dairy products.
Mechanism of Toxicity

The toxic effects of PBT chemicals include neurotoxicity,
reproductive toxicity, developmental toxicity, and cancer in
humans and other species.
Animal

Birds andmammals high on the food chain are also at risk from
exposure to PBTs, with similar concerns for their young
exposed to PBTs in their eggs or through maternal milk.
Mercury is generally released as elemental mercury or divalent
mercury, but it may form mercury compounds through
chemical processes in the air, soil, and water. In the aquatic
environment, microorganisms convert deposited (inorganic)
mercury to toxic methyl mercury that accumulates in fish,
shellfish, and animals that eat fish. In both the North
Temperate and Arctic zones, some marine mammal and bird
populations are experiencing disease, reproductive problems,
and population declines, probably in part due to contamina-
tion from PBT pollutants. Free-ranging Orca whales along the
Pacific Northwest coast, whose numbers are falling appreciably,
have PCB levels four to five times higher than highly PCB-
polluted St Lawrence Beluga whales, who themselves have
serious health problems. Populations of mink and otter
continue to be depressed in certain regions where significant
PCB concentrations have been reported. Canadian Arctic
whales are providing the first statistical inference that PBT
(specifically, PCB) levels in Arctic species may relate to subtle
health effects.
Human

The developing human fetus and nursing infant are at partic-
ular risk for developmental problems. Chemical exposure
during pregnancy is potentially harmful to the developing
fetus, as the placenta cannot protect against heavy metals such
as lead and mercury. Cord blood mercury levels have been
associated with childhood cognitive function. High levels of
lead exposure during pregnancy have been associated with
adverse birth outcomes and, in some studies, with lower
cognitive function test scores in childhood; relatively low lead
levels have recently been associated with a small risk of
decreased birth weight. Most PBT chemical releases have
occurred in the North Temperate zone, between the Arctic
Circle and the Tropic of Cancer, where the majority of indus-
trialized nations are located. In this region, the general pop-
ulation has detectable levels of TCDD – and chemically similar
compounds collectively known as dioxins, furans, and
coplanar PCBs – in their bodies as a result of eating meat, fish,
eggs, and dairy products. US Environmental Protection Agen-
cy’s (EPA) 2000 Draft Dioxin Reassessment estimated the
cancer risk to the US population from this background expo-
sure to be in the 1:10 000 to 1:1000 range, which is
approaching levels associated with adverse noncancer effects.

For mercury, results from the 1999 US National Health and
Nutrition Examination Surveys, which measured mercury
levels in hair and blood of US women, show that w8% of US
women of childbearing age have concentrations of mercury at
blood levels higher than those associated with EPA’s reference
dose. About 75% of the 2618 US consumption advisories listed
on US EPA’s 2001 National Listing of Fish and Wildlife Advi-
sories were issued at least partly due to mercury, and lake acres
and river miles under mercury advisory continued to increase
in 2001, a trend since 1993. Most US advisories involve
mercury, PCBs, chlordane, dioxin, and DDT, with PCBs being
the second highest cause of fish advisories.
Environmental Fate

Air deposition of PBTs can occur in three ways – as gases and
particles trapped in rain, fog, or snow, as dry particles dropping
onto surfaces, or as SVOCs partitioning from the gas phase in
air to condensed phases (water and soil). SVOCs and some
trace metals like mercury can cycle between the atmosphere
and the Earth’s surface many times in the course of being
transported long distances. This cycling slows or ceases in the
colder Polar regions and high-altitude regions, a phenomenon
known as global distillation.

Atmospheric deposition of PBTs contributes significantly to
the contamination of aquatic, marine, and terrestrial ecosystems
and their food chains. Large water bodies, such as the Great
Lakes, seas, and oceans, appear vulnerable to significant air–
water exchange of SVOCs, and air deposition accounts for
a significant percentage of toxics contained in water bodies such
as the Great Lakes. Moreover, the circulation of PBTs in the
atmosphere at regional and global scales can make it difficult to
identify sources of contamination deposited via the atmosphere,
since they may be far away. This point is perhaps best illustrated
by the existence of PCBs in the Arctic snow pack and food chain,
hundreds or thousands of miles from any possible source.
PBT Reporting under the US Toxics Release Inventory
and the European REACH Program

The United States enacted the Toxic Substances Control Act
in 1976 to require reporting, record-keeping and testing
requirements, and restrictions relating to chemical substances
and/or mixtures. In 1986, the US Congress passed the
Emergency Planning and Community Right-to-Know Act
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x313. This act created the Toxics Release Inventory (TRI),
a database containing information on disposal or other
releases of over 650 toxic chemicals from thousands of US
facilities. In 2000, EPA issued two final rules that lowered the
TRI reporting thresholds for certain PBT chemicals and added
certain other PBT chemicals to the TRI list of toxic chemicals.
In 2007, the European Union enacted REACH (Registration,
Evaluation, Authorization, and Restriction of Chemicals) –

regulations to manage the risks that commercial chemicals
may pose to human health and the environment. Although
the regulatory schemes are slightly different between the US
and European Union, the goal is the same – to reduce or
eliminate the use of PBT chemicals in commerce.

See also: Aldrin; Dieldrin; Dioxins; Polychlorinated Biphenyls
(PCBs).

Further Reading

Arctic Monitoring and Assessment Programme (AMAP), 1997. Arctic Pollution Issues:
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Arctic Monitoring and Assessment Programme (AMAP), 1998. AMAP Assessment
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Canadian Arctic Contaminants Assessment Report: A Community Reference
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Canada.

Jones, L., Parker, J.D., Mendola, P., 2010. Blood lead and mercury levels
in pregnant women in the United States, 2003-2008. NCHS Data Brief 52,
1–8.

National Lake Fish Tissue, 2009. http://water.epa.gov/scitech/swguidance/fishstudies/
results.cfm.

Relevant Websites

http://www.cdc.gov/nchs/nhanes.htm – 2009-2010 National Health and Nutrition
Examination Survey.

http://www.cdc.gov/nchs/nhanes/nhanes2009-2010/nhanes09_10.htm – Centers for
Disease Control and Prevention: National Health and Nutrition Examination Survey -
NHANES 2009-2010.

http://www.cdc.gov – Centers for Disease Control and Prevention, US Department of
Health and Human Services, National Health and Nutrition Examination Surveys
(NHANES), March 2, 2001: Mercury findings. Other NHANES results are available
on the same website.

http://www.epa.gov/tri/trichemicals/pbt%20chemicals/pbt_chem_list.htm – Toxics
Release Inventory Persistent Bioaccumulative Toxic Chemical List.

www.epa.gov/pbt – US Environmental Protection Agency PBT.

http://water.epa.gov/scitech/swguidance/fishstudies/results.cfm
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http://www.cdc.gov
http://www.epa.gov/tri/trichemicals/pbt%20chemicals/pbt_chem_list.htm
http://www.epa.gov/pbt
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l Name: Pendimethalin
l Chemical Abstracts Service Registry Number: CAS 40487-

42-1
l Synonyms: (N-(1-ethylpropyl)-3,4-dimethyl-2,6-

dinitrobenzenamine); Prowl; Squadron
l Molecular Formula: C13H19N3O4

l Chemical Structure:

NO2
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Background

Pendimethalin is a synthetic chemical that is primarily used as
a herbicide to control woody plants and broadleaf weeds.
Uses

Pendimethalin is used as a selective herbicide to control annual
grasses and certain broadleaf weeds in corn, rice, cotton,
potatoes, soybeans, tobacco, peanuts, carrots, garlic, nectarine,
olive, onion, peach, pear, apple, beans, citrus fruits, beans,
cherry, fig, and sunflower fields. In addition, it can also be used
on noncrop areas and on residential lawns. Pendimethalin is
formulated as liquid, solid, granule, powder, and emulsifiable
concentrate. It can be applied before emergence of seed sprouts
or early postemergence.
Environmental Fate and Behavior, Partition,
Pathways, Degradation, and Bioaccumulation

Pendimethalin is an orange-yellow crystalline solid with
a melting point of 54–58 �C. The solubility in water is
0.275 ppm at 25 �C. It is soluble mostly in organic solvents
such as acetone, xylene, and methylene chloride; moderately
soluble in isopropanol; and slightly soluble in petroleum ether.
The octanol/water partition coefficient (Kow) is log 5.2. The
Henry’s law constant is 2.2 � 10�5 atm-m3 mol�1.

Pendimethalin dissipates in the environment by binding to
soil and sediments, by microbial breakdown, and by volatili-
zation. When released to air, it will be degraded in the atmo-
sphere by reacting with photochemically produced hydroxyl
radicals; the half-life for this reaction in air is approximately
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
13 h. Pendimethalin is slightly to moderately persistent and
immobile in aerobic soil environments. Pendimethalin
degraded with a half-life of 1322 days in sandy loam soils,
resulting in minor degradates 2,6-dinitro-3,4-xylidine, 4-[(1-
ethylpropyl)amino]-2-methyl-3,5-dinitro benzyl alcohol and
4-[(1-ethylpropyl)amino]-3,5-dinitro-o-toluic acid. Pendime-
thalin is stable to hydrolysis in water, but degraded slightly by
light in an aquatic environment with a half-life of 21 days. It
may contaminate surface water from aerial and groundwater
application, spray drift, runoff from rainfall events, and
through irrigation. However, the concentration of the chemical
in surface waters is low as it gets strongly adsorbed to soil and
sediment particles. Pendimethalin has a low potential to leach
to groundwater.

Pendimethalin is detected in a variety of biota, including
fish, aquatic invertebrates, and birds.
Exposure and Exposure Monitoring

Routes, Pathways, and Human Exposures

Exposure to pendimethalin occurs through occupational
exposures via dermal, inhalation, and ingestion of aerosols
during mixing and application of the herbicide and by
coming in contact with treated plants. People are exposed to
this chemical through ingestion, inhalation, and dermal
contact with contaminated water, including rain water. It is
slightly toxic by the oral and eye routes and has been placed
in Toxicity Category III; it is practically nontoxic by the
dermal and inhalation routes and classified as Toxicity
Category IV.
Environmental Exposure or Monitoring Data in the Air,
Water, Sediment, Soil, and Biota

Limited monitoring data are available for pendimethalin. Data
from 8 US states show that detectable residues were found in
only two states ranging from 0.2 to 0.9 ppb (mg l�1) in
groundwater. The maximum concentration of pendimethalin
found in surface water is 17.6 ppb. This information suggests
that the estimated risks of this chemical from water is <2% the
reference dose (RfD) for all population subgroups. Therefore,
pendimethalin in drinking water does not appear to be
a concern to human health.
Toxicokinetics

Pendimethalin is poorly absorbed and rapidly excreted.
Following oral absorption, 95% is excreted within 24 h, 75%
excreted through feces and 20% in the urine. The maximum
tissue concentrations that were detected in liver, kidney,
muscle, fat, and blood at 6 h were 29.8, 16.9, 1.3, 12.2, and
4-3.00417-6 765
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5.4 ppm, respectively. The majority of the parent compound is
excreted unchanged through feces. The metabolites identified
indicate that the oxidation of the 4-methyl group attached to
the benzene ring as well as oxidation of the alkyl side chain of
the N-substituted dinitroaniline are the predominant meta-
bolic pathways.
Acute and Short-Term Toxicity (Animal/Human)
(To Include Irritation and Corrosivity)

The oral LD50 value of pendimethalin in rats was reported to be
1250 mg kg�1 of body weight (Environmental Protection
Agency (EPA) Toxicity Category III). It is nonirritant to the
rabbit skin with an LD50 > 5000 mg kg�1 (EPA Toxicity
Category IV). The 4 h inhalation LC50 > 320 mg l�1 (EPA
Toxicity Category IV) was reported in rats. Acute exposures to
pendimethalin can cause mild skin irritation and corneal eye
irritation. Inhalation of dusts or fumes may be mildly to
moderately irritating to the linings of the mouth, nose, throat,
and lungs. It is slightly toxic to humans when exposed to it by
eating or drinking contaminated food or water. Humans
exposed to this chemical developed systemic illness ranging
from vomiting, diarrhea, chills, shakiness, and skin and eye
effects.
Chronic Toxicity (Animal/Human)

Rats administered with pendimethalin in the diet for
13 weeks at concentrations, 0, 100, 500, or 5000 mg kg�1

were reported to have decreased food intake and body weight
gain, decreased hematocrit and hemoglobin with an increase
in platelets, dark red thyroid, increased liver weight, and
hypertrophy of the liver at 5000 mg kg�1. In a 92 day feeding
study in rats at a low dose, 100 ppm, there was decreased
total T4, rT3, total free T4, and increased percent T3, increased
follicular cell height and decreased area occupied by colloid.
At the highest dose, 5000 ppm, there was decreased body
weight and food consumption, increased thyroid weight,
decreased total thyroid, increased follicular cell height,
decreased area occupied by colloid, and ultra structural
thyroid changes.
Reproductive and Developmental Toxicity

Neither birth defects nor fetal toxicity was seen in pregnant rats
at the highest dose tested, 500 mg kg�1. Increased mortality
was observed in rabbits at high doses without any maternal
toxicity. Decreased pup weight was observed at high doses in
a three-generation reproductive study in rats.
Genotoxicity

EPA reported that several mutagenicity studies of pendime-
thalin, including chromosomal aberrations, unscheduled DNA
synthesis, or mouse micronucleus tests, have all shown that
pendimethalin is not mutagenic.
Carcinogenicity

Thyroid follicular adenoma is reported in male and female
rats fed with pendimethalin at the highest dose tested,
250 mg kg�1 day�1. Based on this information, EPA has clas-
sified pendimethalin as a Group C, possible human carcinogen.
Clinical Management

Skin Contact

Prolonged exposure is likely to cause skin irritation. In case of
skin contact, remove contaminated clothing and wash imme-
diately with plenty of water and soap.
Eyes

May cause severe eye irritation and corneal injury. After eye
exposure, rinse with plenty of water for several minutes (remove
contact lenses if possible) and then seek medical attention.
Inhalation

Acute systemic toxicity is unlikely unless large amounts have
been ingested. Allow the person to rest in a ventilated area.
Refer for medical attention.
Ingestion

Small amounts ingested are unlikely to cause injury. However,
swallowing larger amounts might cause gastrointestinal irrita-
tion. Rinse mouth and do not induce vomiting.

Following a significant exposure, person should be evalu-
ated for the thyroid function by a physician.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Pendimethalin is highly toxic to freshwater fish, including
rainbow trout (Oncorhynchus mykiss, LC50 > 0.138 ppm) and
bluegill sunfish (Lepomis macrochirus, LC50 > 0.199 ppm) in
acute toxicity studies. The reproductive effects to freshwater fish
may occur at levels greater than 6.3 ppb (mg l�1). Pendime-
thalin is highly toxic to aquatic invertebrate waterflea (Daphnia
magna), with an LC50 of 0.28 ppm in the acute toxicity study.
Marine Organism Toxicity

Pendimethalin is moderately to highly toxic to marine organ-
isms, including sheepshead minnow (Cyprinodon variegates,
LC50 ¼ 1.7 ppm) and pink shrimp (Pandalus borealis,
LC50 ¼ 11 ppm) on an acute basis.
Terrestrial Organism Toxicity

Birds
Pendimethalin is slightly toxic to birds such as mallard duck in
acute oral (Anas platyrhynchus, LD50 ¼ 1421 mg kg�1) as well as
subacute dietary (LC50 ¼ 4640 ppm) toxicity studies.
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Terrestrial Invertebrates

Pendimethalin is nontoxic to honeybees (Apis mellifera,
LD50 > 49.7 mg per bee) in acute oral toxicity studies.
Plants

The exposure levels of greater than 0.7 ppb (mg l�1) of pendi-
methalin may cause detrimental effects to the growth and
reproduction of certain aquatic plant species.
Other Hazards

Information for pendimethalin is still not complete, especially
regarding hazards not covered in the previous text.
Exposure Standards and Guidelines

According to EPA, the oral RfD for pendimethalin that can be
consumed daily over an individual’s lifetime without adverse
effects is 0.04 mg kg�1 day�1.

See also: Pendimethalin Herbicide Toxicity; Toxicity.
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Pendimethalin. Office of Prevention, Pesticides and Toxic Substances, Washington,
DC. http://www.epa.gov.
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Health Organization.
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l Name: Penicillin
l Synonyms: Natural penicillins: Penicillin G, Procaine

penicillin, Penicillin V, Benzathine penicillin; Penicillinase-
resistant penicillins: Methicillin, Oxacillin, Dicloxacillin,
Nafcillin, Cloxacillin; Aminopenicillins: Ampicillin, Amox-
icillin, Bacampicillin; Antipseudomonal penicillins: Carbe-
nicillin, Ticarcillin, Piperacillin, Azlocillin, Mezlocillin;
Beta-lactam antibiotics

l Chemical/Pharmaceutical/Other Class: Antibiotic
l Molecular Mass: 334–539 g mol�1

l General Chemical Structure:

Background

Since its accidental discovery in 1928, penicillin is the oldest
known and still one of themost widely used antibiotic agents. It
is derived from the mold or fungi Penicillium chrysogenum. The
penicillin group is characterized by the presence of the
4-membered b-lactam ring fused to a 5-membered thiazolidine
ring and an acyl side chain to the b-lactam ring. The penicillins
are also called beta-lactam antibiotics. The presence of the lac-
tam ring is essential for biological activity and is usually the site
of cleavage by bacterial penicillinase or by an acid. The nature of
the R (variable) group determines the drug’s stability to enzy-
matic and acidic hydrolysis and its activity against different
bacteria. Alteration of the R group, such as the addition of bulky
side chains or functional groups, gives different variants of
penicillins that are known to enhance activity, show resistance
to penicillinase, and are more resistant to acid. Although peni-
cillins have structural differences that dictate their antimicrobial
activity, stability against penicillinase and acids, and behavior
within the body, they uniformly have low toxicity. Unless used
in high dosage, the absence of direct toxicity is one of the most
remarkable properties of penicillin as antibiotics.

Penicillin acts as a bactericidal agent since the mode of
action is the inhibition of the bacterial cell wall synthesis.
They act on the peptidoglycan layer of gram-positive and
gram-negative bacteria. Since penicillins are dipeptide analogs
of D-ala-D-ala, it does prevent the assembly of the peptido-
glycan by binding to and competitively inhibiting the trans-
peptidase enzyme used by bacteria to cross-link the peptide
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(D-alanyl-alanine). This destroys the ability of the peptido-
glycan to bear the stress of osmotic pressure that acts on
a bacterium. The resultant weakening of the peptidoglycan
fabric of the growing bacterial cell results in osmotic lysis. In
gram-positive organisms, the antibacterial effect of b-lactam
antibiotics depends on the affinity of the antibiotic for the
essential penicillin binding proteins (PBPs) of the organism
because the cell wall peptidoglycan offers no resistance to the
diffusion of small molecules. In gram-negative bacteria,
antibiotic efficacy depends on the ability of the antibiotic to
diffuse through the pores in the outer membrane of the
bacteria and reach the target PBPs.
Occurrence and Classifications

Penicillin antibiotics, based on the way they are synthesized,
can be classified into two groups, the naturally occurring and
the semisynthetic penicillins. Naturally occurring penicillins
are derived from the fermentation process of Penicillium, and
include the pioneer group of antibiotic used clinically. Further,
they are derived from the original penicillin-G structure, and
the derivatives included are penicillin G (benzyl penicillin),
penicillin V (phenoxymethylpenicillin), penicillin VK (phe-
noxymethylpenicillin potassium), and procaine penicillin.
The large-scale production of these penicillins is done by
feeding the culture medium with precursors such as phenyl-
acetic acid for penicillin G or phenoxyacetic acid for penicillin
V. Penicillin G is only used intravenously since it is destroyed
by the acid in gastric juices, but penicillin V is the chemically
improved form that combines acid stability with immediate
solubility and rapid absorption. The natural penicillins are
effective against non b-lactamase–producing gram-positive
cocci (Pneumococci, Staphylococci, and Streptococci), few gram-
negative cocci (Meningococci and Monococci), gram-positive
bacilli (Bacillus anthracis, Bacillus perfringens, and Bacillus diph-
theriae), anaerobes (Clostridium perfringens and Clostridium per-
fringens tetani), and spirochetes (Treponema pallidum, Treponema
pertenue, and Leptospira). They are very susceptible to inactiva-
tion by b-lactamases and penicillase.

All other penicillins not produced naturally can be classi-
fied as semisynthetic penicillins, and are prepared from
(þ)-6-aminopenicillanic acid (6-APA), known as the core or
nucleus of penicillins. Semisynthetic penicillins are obtained
from the fermentation brew of the Penicillium mold, which is
then broken down chemically or enzymatically to form 6-APA.
The semisynthetic penicillins can be divided into several
classes based on their ability and effectiveness in killing
various types of bacteria, or the types of functional groups or
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00764-8
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side chains present in them. Semisynthetic penicillins consti-
tute the penicillinase-resistant penicillins, extended-spectrum
penicillins (aminopenicillins), and the broad-spectrum peni-
cillins (antipseudomonal penicillins).

The penicillinase-resistant penicillins have a narrower spec-
trum of activity in comparison to the natural penicillins due to
their bulky side chain, which prevents them from penetrating
the bacterial cell membrane. Also known as the antistaphy-
lococcal penicillins, the bulky side chains prevent the inactiva-
tion of the lactam ring by the staphylococcal b-lactamases.
These penicillins are useful in treating infections caused by
Staphylococcus aureus and Staphylococcus epidermidis. Among these
groups are the methicillin (first member of the group and first
penicillin developed through rational drug modification),
oxacillin, dicloxacillin, and nafcillin. They are the only penicil-
lins that by themselves are resistant to penicillinases.

Aminopenicillins, on the other hand, contain an amine
group in their structure and comprise ampicillin and amoxi-
cillin, the most prescribed and commonly used antibiotics. The
aminopenicillins have wider range of activity than natural or
antistaphylococcal penicillins. However, they lack the bulky
side groups and are susceptible to inactivation by b-lactamases.
The presence of additional hydrophilic groups allows the drug
to penetrate into gram-negative bacteria via the porins. Since
aminopenicillins are acid resistant, they are administered
orally. They are also the first penicillins to be discovered to be
active against gram-negative bacteria like Escherichia coli.
Further, aminopenicillins are more effective against Enterococci
and Listeria monocytogenes compared to penicillin G. They are
also effective against gram-negative spectrum, including Hae-
mophilus influenzae, Salmonella, Shigella, E. coli, Proteus mirabilis,
Neisseria gonorrhea, and Neisseria meningitidis.

The antipseudomonal penicillins are similar to amino-
penicillins in terms of susceptibility to b-lactamases and in
structure, but have either a carboxyl group or urea group instead
of the amine. It has also the same spectrum as the amino-
penicillins, although it has additional activity against several
gram-negative organisms (Pseudomonas and Proteus) due to their
enhanced penetration through the cell wall of these bacteria.
They include the carboxypenicillins (carbenicillin and ticarcillin)
and ureidopenicillins (piperacillin, azlocillin, and mezlocillin).
Uses

Penicillin has been used to treat many different types of
infections caused by bacteria, such as ear infections, bladder
infections, pneumonia, gonorrhea, and E. coli or Salmonella
infection. It has also been used for treatment of upper respi-
ratory tract infections, pneumonia, skin and soft tissue infec-
tions, susceptible respiratory tract infections, genitourinary
tract infections, septicemia, meningitis, endocarditis, and
gastrointestinal tract infections. The choice of penicillin to be
used depends on the causative bacteria.
Toxicokinetics (Pharmacokinetics)

The penicillins are usually administered orally, intravenously,
and intramuscularly. When administered intramuscularly or
subcutaneously, aqueous penicillin G is rapidly absorbed by
the body. Following parenteral administration, initial blood
levels are high but transient. Following intravenous infusion of
penicillin G, peak plasma levels (Cmax) are reached 15–30 min
after, and concentrations fall by half within 1 h. Oral absorp-
tion is only about 15–30% as it is very susceptible to acid-
catalyzed hydrolysis. Penicillin V, on the other hand, is acid
stable unlike penicillin G and about 25% of a dose is absorbed
and 50–60% is biologically available. It reaches Cmax of
3 mg ml�1 after a 500 mg dose. The average blood levels are 2–5
times higher with penicillin V than levels following the same
dose of oral penicillin G and show less individual variation. In
terms of binding with serum proteins, mainly albumins, there
is 45–68% binding of penicillin G and 80% of penicillin V.

Both penicillin G (16–30% intramuscular dose) and peni-
cillin V (35–70% oral dose) are metabolized to form an inac-
tive metabolite, penicilloic acid, and small amounts of 6-APA
have been recovered in the patients’ urine. In addition, both
penicillins have one or more active metabolites formed by
hydroxylation and excreted via urine. Penicillins are primarily
and rapidly eliminated from the kidney by renal tubular
secretion. About 60–90% of intramuscular aqueous penicillin
G dose is eliminated in the urine, primarily within 1 h after
injection, while penicillin V is eliminated as rapidly as it is
absorbed in patients with normal renal and hepatic functions.
Elimination of penicillins is delayed considerably in patients
with impaired renal function.

Absorption of penicillase-resistant penicillins (dicloxacillin,
oxacillin, and nafcillin) is rapid but incomplete after oral
administration. It is delayed when the drugs are administered
after meals. Only 33% of an oral dose of oxacillin is absorbed
systemically in patients with normal renal and hepatic func-
tions. The average plasma protein binding are high, ranging
from 92 to 95% for oxacillin, from 93 to 98% for dicloxacillin,
and from 88 to 91% for nafcillin in patients with normal renal
and hepatic functions. The average plasma protein binding
decreases in patients with renal dysfunction and with liver
cirrhosis. Both oxacillin and dicloxacillin are rapidly excreted as
unchanged drug in the urine by glomerular filtration and active
tubular secretion. Urinary excretion of unchanged drug
accounts for approximately 50% of oxacillin elimination and
61–77% of total dicloxacillin elimination. Oxacillin also
undergoes hydroxylation in the liver and is excreted in bile. On
the other hand, nafcillin is primarily metabolized by the liver.
Urinary excretion of any unchanged penicillin drug accounts
for 25–30% of drug elimination. Hepatic metabolism accounts
for less than 30% of the biotransformation of most penicillins.

For the aminopenicillins, ampicillin is administered orally,
intravenously, and parenterally while amoxicillin is only
available by oral administration. Amoxicillin is well absorbed
in comparison to ampicillin, with bioavailability ranging from
32 to 76% for ampicillin and from 73 to 97% for amoxicillin.
Administration with food significantly decreases rate of
absorption but not the extent of the extended-release tablet
absorption in amoxicillin. Optimal absorption of amoxicillin
occurs with lower dosages and when doses are taken with
250 ml of water. The plasma protein binding averages 20–29%
for ampicillin and 18–20% in patients with normal renal and
hepatic functions. Although ampicillin is partially metabolized
by hydrolysis of the b-lactam ring, it is excreted largely
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unchanged (73–92%) in the urine while the remainder is
eliminated via biliary excretion or through metabolic path-
ways. On the other hand, amoxicillin is primarily eliminated
through the kidneys via glomerular filtration and tubular
secretion. Urinary excretion of unchanged drug is between 57
and 86%, and another 20% is excreted as the inactive pen-
icilloic acid metabolite.

Carbenicillin is administered orally while ticarcillin and
piperacillin are both administered parenterally. Carbenicillin
is incompletely absorbed from the gastrointestinal tract, with
bioavailability averaging from 30 to 40%. The plasma protein
binding for carbenicillin averages 50% while it is 45–65% for
ticarcillin and 16% for piperacillin in patients with normal
renal and hepatic functions. Elimination of the three penicil-
lins is primarily by the kidneys’ glomerular filtration and
tubular secretion, with 30% of an oral dose of carbenicillin
excreted into the urine unchanged within 12 h, 77–92%
ticarcillin excreted unchanged in the urine, and 60–80%
of a dose of piperacillin excreted unchanged in the urine
within 24 h.

In animals, penicillins are used as therapeutic agents
applied orally and parenterally. Available data in birds suggest
that the hepatic excretion pathway may predominate rather
than the renal excretion pathway. Penicillin G intravenously
administered to turkeys and chickens showed the same half-
lives as that reported to humans and other mammals. The
elimination of broad-spectrum penicillins in birds seems to be
more dependent on biotransformation than inmammals. High
dosages are needed to reach the same Cmax in birds as in
mammals after extravascular administration. Ampicillin and
amoxicillin were found to have a low availability in the body
after oral administration in birds in comparison to intramus-
cular injections.
Mechanism of Toxicity

As one of the safest antibiotics, penicillin has remarkably low
toxicity against humans and animals. Toxicity only comes
when there is an overdose of the drug and when renal excretion
is not functioning well due to factors such as age, kidney
disease, and allergic reaction. Although nontoxic, penicillin is
highly immunogenic and it is the most common drug to cause
allergy, which affects 1–10% of the population. The allergic
reaction is a result of the formation of a hapten (penicillin)–
protein complex, which stimulates an immune response.
Those who have allergic response to penicillins have an
immunoglobulin E (IgE)-antibody response and with other
immunologic and non-immunologic factors may render then
sensitive to subsequent exposure.
Acute and Short-Term Toxicity or Exposure

Human

Various routes of exposure for penicillin include inhalation,
dermal, intravenous, and intramuscular routes, although oral
administration is considered to be the most common form.
Workers producing penicillin end products are likely to be
exposed to penicillin in different physical forms via the
inhalation and dermal routes. Exposure would be expected to
occur during fermentation, chemical synthesis of derivatives,
and formulation of end products. Adverse reactions have been
reported upon exposure to penicillin agents, which include
mild eye irritation, skin irritation, and respiratory tract irrita-
tion. Hypersensitivity reactions may occur with any dosage but
is usually more severe following parenteral administration,
although all degrees of hypersensitivity including anaphylaxis
follows even after oral administration of the drug. The most
common manifestations of hypersensitivity include skin
eruptions (from mild rash to exfoliative dermatitis) with an
overall incidence of approximately 2%, urticaria, chills, fever,
edema, eosinophilia, and anaphylaxis (overall incidence about
0.05%). A serum sickness-like reaction has been reported,
characterized by fever, malaise, urticaria, arthralgia, myalgia,
lymphadenopathy, and splenomegaly. Hepatotoxicity may
also be associated with hypersensitivity. Hematologic reac-
tions, which are more common with larger parenteral doses of
penicillin, are also observed and include hemolytic anemia,
transient neutropenia, and leukopenia. Other adverse reactions
of oral and parenteral exposure to penicillins include gastro-
intestinal effects such as nausea, vomiting, and diarrhea.

High doses of parenterally administered penicillin sodium
or potassium may result in electrolyte disturbances, especially
in patients with poor renal function. The central nervous
system is also affected with large parenteral dosages, especially
in patients with impaired renal function, manifested as hallu-
cinations, confusion, lethargy, dysphasia, twitching, hyper-
reflexia, asterixis, localized or generalized seizures, coma, or
fatal encephalopathy. Oral ingestion of excessive amounts may
cause nausea, vomiting, diarrhea, and abdominal pain.
Parenteral administration of high doses may lead to cardio-
vascular or electrolyte abnormalities or neurological effects
such as drowsiness, seizures, or coma.

Although the toxic level has never been established, the
tolerances of penicillins to humans were reported in one study.
Humans were found to tolerate the following dose of penicillin
applied parenterally per day at 1000 mg kg�1 for penicillin G,
400 mg kg�1 for methicillin, 100 mg kg�1 for ampicillin, and
80 mg kg�1 for cloxacillin.
Animal

Although penicillins are used in veterinary medicine orally
and parenterally, allergic reactions in animals were not re-
ported. Neurological adverse reactions, including convulsions,
may occur with the attainment of high cerebrospinal fluid
levels of b-lactams. Side effects in dogs and cats administered
orally with aminopenicillins include diarrhea, excessive drool,
and loss of appetite. Toxic amounts of penicillin in animals
are not established except for rats. The oral LD50 in rat is
8900 mg kg�1 for penicillin G, 1040 mg kg�1 for penicillin V,
3597 mg kg�1 for dicloxacillin, and 5000 mg kg�1 for
cloxacillin.

The tolerance dose level to penicillins of most animals is
lower than in humans except for rat and mice. The tolerance
dose level to penicillin G is 3000 mg kg�1 for mouse,
3500mg kg�1 for rat, 5 mg kg�1 for guinea pig, 500mg kg�1 for
rabbit, and 500 mg kg�1 for dog. For methicillin, this level is
3000 mg kg�1 for mouse, 4000 mg kg�1 for rat, 10 mg kg�1 for
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guinea pig, 500 mg kg�1 for rabbit, and 250 mg kg�1 for dog,
while for cloxacillin a tolerance dose level is 2000 mg kg�1 for
mouse, 500 mg kg�1 for rat, 5 mg kg�1 for guinea pig,
500 mg kg�1 for rabbit, and 500 mg kg�1 for dog. For ampi-
cillin, the tolerance level is 5000 mg kg�1 for both rat and mice.
Chronic Toxicity or Exposure

Human

There are no specific studies that looked for adverse effects of
long-term use of penicillins. In addition, no unusual safety
issues were reported in studies with extended use of penicillin
and amoxicillin for a variety of infections and prophylactic
indications. However, neutropenia can occur if high doses are
administered consistently for over 2 weeks.
Animal

The toxic effect of ampicillin trihydrate and penicillin VK was
determined in one study where both drugs were administered
by oral gavage in corn oil. Ampicillin trihydrate was adminis-
tered for 2 years to rats at doses of 0.750 or 150 mg kg�1 and
to mice at doses of 0, 1500, or 3000 mg kg�1 for ampicillin
trihydrate while penicillin VK was administered to rats and
mice at doses of 0, 500, or 1000 mg kg�1. Results showed toxic
lesions of the stomach in rats and mice after ampicillin trihy-
drate administration and in mice after penicillin VK adminis-
tration. In male rats that received ampicillin trihydrate, there
was a marginal increase in incidence of mononuclear cell
leukemia and pheochromocytomas of the adrenal gland
medulla.
Environmental Fate and Behavior

The penicillins are metabolized in the body and some of their
metabolites are released to the environment. Among the
metabolites are penicilloyl, penicilloic acid, and penilloic acid,
in addition to the parent compound itself. The known
metabolites for amoxicillin are amoxicilloic acid and amoxi-
cillin diketopiperazine-20,50-dione, while for ampicillin the
metabolite is ampicilloic acid. These metabolites are released in
urine that ultimately goes to wastewater treatment plants and
then is introduced into the environment. However, these
metabolites are nontoxic, unlike other antibiotic residues,
whose metabolites are more toxic than their parent compound.
In addition, ecotoxicity studies using wastewater samples
containing amoxicillin showed no toxicity to Pseudokirchneriella
subcapitata. On the other hand, ampicillin did not inhibit
growth (EC50 > 1000 mg l�1) of green algae, Selenastrum cap-
ricornutum and Chlorella vulgaris. However, high dose of ampi-
cillin caused toxic effects on Folsomia candida Willem
(Isotomidae: Collembola), an edaphic parthenogenetic species
commonly used in ecotoxicity studies.

The presence of the drug residues is also reported in food
products. Meat and milk from animals administered with
penicillins were found to contain small amount of penicillins
and its residues/metabolites. These trace residues also caused
hypersensitivity for those with allergy problems.
Reproductive and Developmental Toxicity

The teratogenic potential of penicillin agents was monitored in
various studies. Results of the studies varied, with some
showing no effect while others exhibitedminor malformations.
No teratogenic risk to the fetuses was observed for oral peni-
cillin V and oral oxacillin even if the treatment was done on the
second and third months of gestation. However, in another
study, 14 embryos exposed to b-lactams (amoxicillin and
ampicillin) in utero, malformations were detected, although
these malformations are minor and often pass undetected.
A higher prevalence of cleft palate was found after ampicillin
treatment during the second and third months of gestation.

The teratogenic potential of piperacillin mixed with tazo-
bactam (a compound that inhibits the action of bacterial
b-lactamases) was studied in rats given daily intravenous doses
(625, 1250, 2500, or 3750 mg kg�1 day�1) from day 7 to day
17 of pregnancy. Results showed no teratogenic potential for
the piperacillin-tazobactam mixture as there were no fetal
malformations or variations observed in the treated animals.
Postnatal growth and development, behavior, and reproduc-
tive performance of the first filial generation were also not
affected.
Genotoxicity/Mutagenicity

Several studies were conducted to look on the genotoxicity and
mutagenicity of penicillins. One study that looked on the
genotoxic effects of ampicillin and carbenicillin in human
lymphocytes in vitro showed neither drug affected the frequency
of chromosome aberrations, satellite associations, mitotic
index, and cell turnover rate at plasma level concentrations.
However, all these parameters were affected at higher concen-
trations. Both ampicillin and carbenicillin were genetically
nontoxic for the end points measured and non-clastogenic in
vitro at therapeutic doses.

Amoxicillin did not induce sister chromatid exchanges or
chromosomal aberrations in human peripheral blood
lymphocytes both in the presence and in the absence of the
metabolic activator. Amoxicillin did not decrease the prolifer-
ation index and mitotic index in the presence of the metabolic
activator. Furthermore, it neither induced the formation of
micronucleus nor decreased the nuclear division index in
human peripheral blood lymphocytes both in the presence and
in the absence of the metabolic activator. This shows that
amoxicillin does not pose a genotoxic risk for patients who are
under therapy against bacterial infections.

The mutagenic potential of amoxicillin and clavulanic acid
(a mechanism-based b–lactamase inhibitor) in combination
was studied in vitro with an Ames test, a human lymphocyte
cytogenetic assay, a yeast test, and a mouse lymphoma forward
mutation assay, and in vivo with mouse micronucleus tests and
a dominant lethal test. All results were negative with the
exception of the in vitromouse lymphoma assay, in which weak
activity was found at very high, cytotoxic concentrations.

Microbial mutagenicity studies with piperacillin and tazo-
bactam combinations at concentrations of up to 14.84 and
1.86 mg, respectively, per plate were negative. Negative results
were also found in the unscheduled DNA synthesis (UDS) test
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at concentrations of up to 5689 and 711 mg ml�1, respectively,
in the mammalian point mutation (Chinese hamster ovary
cell HPRT) assay at concentrations of up to 8000 and
1000 mg ml�1, respectively, and in the mammalian cell (BALB/
c-3T3) transformation assay at concentrations of up to 8 and
1 mg ml�1, respectively. In vivo, piperacillin and tazobactam
combinations did not induce chromosomal aberrations in rats
administered intravenous doses of 1500 and 187.5 mg kg�1 of
body weight, respectively; this dose is similar to the maximum
recommended human daily dose based on mg per square
meter of body surface area (milligram per square meter).
Studies for ticarcillin and clavulanic acid combinations per-
formed in vitro and in vivo did not indicate a potential for
mutagenicity.
Carcinogenicity

Long-term carcinogenicity studies in animals are limited for
penicillins. In one study, no evidence for carcinogenic activity
in female rats or male and female mice was observed after
ampicillin trihydrate administration or in rats and mice after
penicillin VK administration. Both administrations of penicil-
lins were done for 2 years.
Clinical Management

Penicillin allergy is the main problem for penicillins. Diag-
nostic skin test reagents have been used to develop safe and
useful skin testing to predict immediate IgE-mediated reac-
tions. In cases of anaphylaxis, the primary treatment is
injection of epinephrine, with other measures such as
hemodialysis being complementary. In cases of very large
overdose, discontinue penicillin, treat symptomatically, and
institute supportive measures as required. If necessary,
hemodialysis may be used to reduce blood levels of peni-
cillin. Most penicillins are removed by hemodialysis such as
amoxicillin (41–59 ml min�1 and 44% of a dose), ampi-
cillin (51 ml min�1 and 35% of a dose after 4 h), and
ticarcillin (33 ml min�1 and 23–61% of a dose). However,
cloxacillin and oxacillin are not removed by hemodialysis.
Another alternative for removing penicillin is by peritoneal
dialysis.
Exposure Standards and Guidelines

There are no established exposure standards and guidelines
for penicillins since it is used as antibiotics. However, the
European Union set maximum residue levels for penicillin
amoxicillin and ampicillin at 50 mg l�1 and for cloxacillin at
300 mg l�1 for all meat products (chicken, cattle, sheep, turkey
and hogs) and 4 mg l�1 for milk (50 mg l�1 for cloxacillin).

See also: Drug Regulations, Europe; Salmonella; Sister
Chromatid Exchanges; Hypersensitivity, Delayed Type; Skin.
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l Trade Names: 1,2,3,4,5-Pentachlorobenzene; Benzene,
pentachloro-; Quintochlorobenzene.

l Name: Pentachlorobenzene
l Molecular Formula: C6HCl5
l Chemical Structure:
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Background

Pentachlorobenzene (608-93-5) has historically been used as
an intermediate in the synthesis of several pesticides, in
particular the fungicide pentachloronitrobenzene. It can be
found as a contaminant in pentachloronitrobenzene formula-
tions. At one time, pentachlorobenzene was used as a fire
retardant. Today, it is primarily introduced into the environ-
ment through combustion of wastes.
Uses

Pentachlorobenzene is no longer used in the synthesis of
pentachloronitrobenzene and is no longer used in any form
as a biocide. It is being listed by the Persistent Organic
Pollutants Review Committee of the Stockholm Convention
as a persistent organic pollutant that should be eliminated
from any future uses. Unfortunately, pentachlorobenzene
can be produced unintentionally through waste
combustion.
Environmental Fate and Behavior

The half-life in water ranges from about 200 to 1250 days. The
estimated half-life for anaerobic degradation in deep water
ranged from about 800 to 1400 days. In sediment, the half-life
was estimated to be several years and in soil half-lives of
194–345 days were noted. Thus, pentachlorobenzene is highly
persistent in the environment. It should be noted that penta-
chlorobenzene can be and is produced unintentionally via
combustion.
Exposure and Exposure Monitoring

Inhalation and ingestion through contaminated food and
water are the primary routes of human exposures.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

Pentachlorobenzene can be absorbed readily through gastro-
intestinal and respiratory tracts in humans and experimental
animals. Chlorobenzenes accumulate primarily in fatty tissues
and have been shown to cross the placenta. Penta-
chlorobenzene is metabolized via cytochrome P450-dependent
processes to its major metabolites pentachlorophenol and
2,3,4,6-tetrachlorophenol. Food restriction was reported to
increase its metabolism. Metabolites are excreted in the urine as
mercapturic acids, or as glucuronic acid or sulfate conjugates.
Some proportion of the chemical is eliminated unchanged in
the feces.
Mechanism of Toxicity

There is little information available that describes the exact
mechanism of toxicity.
Acute and Short-Term Toxicity

Animal

Acute oral LD50 values for pentachlorobenzene were around
1 g kg�1 for adult male, adult female, and weanling female
rats. In mice, oral LD50 values were slightly higher (about
1.2–1.4 g kg�1 for males and for females). Clinical signs
included tremors and narcosis. Dermal dosages up to
2.5 g kg�1 did not elicit clinical signs in rats.
Human

The limited information regarding effects of chlorobenzenes on
human health is restricted to case reports and to mono- and di-
chloro congeners. Clinical signs and symptoms of excessive
exposure include central nervous system effects, irritation of the
eyes and upper respiratory tract, hardening of the skin, and
hematological disorders. No report is available specifically
regarding pentachlorobenzene in humans.
Chronic Toxicity

Animal

Weanling male rats fed 0, 125, or 1000 ppm penta-
chlorobenzene for 100 days and weanling females fed 0, 125,
250, 500, or 1000 ppm for 180 days exhibited no clinical signs
or body weight changes throughout the study. Suckling pups of
pentachlorobenzene-treated dams fed 250 ppm or higher
developed tremors and lethality was noted at 1000 ppm. Some
increases in adrenal and kidney weights were noted in adults
fed 1000 ppm. With 250 ppm or higher exposures, liver/body
weight ratios were increased in both adults and weanling
4-3.00177-9 773
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offspring, with hepatocellular enlargement most prominent
with the 500 and 1000 ppm groups. Changes in kidney were
also most prominent in the 1000 ppm group. Another
study reported that suckling pups from dams fed penta-
chlorobenzene at an exposure level of 12.5 mg kg�1 body
weight exhibited tremors on postnatal days 4–14. Thus,
tremors appear to be elicited in pups following lactational
exposure through the dams.
Human

Epidemiological information on potential chronic effects in
humans is not available. Little other information is available
on the potential for pentachlorobenzene to cause chronic
toxicity in humans.
Immunotoxicity

Very little information is available regarding penta-
chlorobenzene’s immunotoxic potential. One study reported
that IL-6 levels were reduced in cell cultures.
Reproductive Toxicity

Using an in vitro model, pentachlorobenzene was found to
accumulate in the porcine ovarian follicles and elicit a stimu-
latory effect on testosterone and estradiol secretion. Fertility
and fecundity were not affected in either sex of rats that were
pair-bred with untreated partners after 67 days of feeding with
pentachlorobenzene (up to 1000 ppm).
Genotoxicity

Pentachlorobenzene was negative in a number of in vitro gen-
otoxicity tests, including Ames mutagenicity tests with and
without metabolic activation, chromosomal alterations in
Chinese Hamster ovary cells, and micronuclei assays in
peripheral blood smears.
Carcinogenicity

Due to lack of human and animal data, pentachlorobenzene is
not classifiable as to human carcinogenicity.
Clinical Management

First aid should be provided based on the route of exposure.
Clinical treatment is symptomatic.
Ecotoxicology

Pentachlorobenzene is considered very toxic to aquatic organ-
isms. There is concern for long-term adverse effects in the
aquatic environment with pentachlorobenzene contamination.
Marine and freshwater organisms appear relatively similar in
sensitivity.
Exposure Standards and Guidelines

The most recent oral reference dose estimate was
0.8 mg kg�1 day�1.
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l Chemical Name*: Pentachloroethane
l Chemical Abstracts Service Registry Number*: 76-01-7
l International Union of Pure and Applied Chemistry

Systematic Name*: 1,1,1,2,2-Pentachloroethane
l Synonyms*: BRN 1736845; CCRIS 494; Caswell No. 639B;

EPA Pesticide Chemical Code 598300; Ethane penta-
chloride; Pentacloroetano; Pentalin; RCRA waste number
U184.

l Molecular Formula*: C2HCL5
l Chemical Structure*:
l Relative Molecular Mass*: 202.29
l Chemical and Physical Properties of the Pure Substance:

B Description*: Colorless liquid with a camphor-like
smell

B Boiling Point*: 159.8 �C
B Melting Point*: �29 �C
B Log P (octanol–water)*: 3.22
B Water Solubility*: 480 mg l�1 at 25 �C
B Vapor Pressure*: 3.5 mm Hg at 25 �C
B Henry’s Law Constant*: 1.94E-03 atm m3 mol�1 at

25 �C
B Atmospheric OH Rate Constant*: 1.93E-12 cm3

molecule�1 s�1 at 25 �C
B Stability*: Stable. Nonflammable. Incompatible with

strong oxidizing agents. May react violently with alkalies
or metals.

*All from ChemlDplus.
Background

There are many different ways to produce pentachloro-
ethane. The important ways are chlorination of trichloro-
ethylene where can be obtained by a two-step process
involving chlorination of acetylene to obtain tetrachloro-
ethane and removal of hydrogen chloride by action of alkali
and ethylene-induced chlorination of 1,2-dichloroethane.
Pentachloroethane can also be made by chlorinating 1,1,2,
2-tetrachloroethane under ultraviolet light or trichloroethy-
lene at 70 �C in the presence of ferric chloride, sulfur, or
ultraviolet light.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Pentachloroethane is a colorless liquid with sweetish chloro-
form-like odor. It is used as a solvent for oil and grease in metal
cleaning industries. Pentachloroethane is also used to separate
coal from impurities.
Environmental Fate and Behavior

When pentachloroethane is released to moist soil, it is expected
to have a moderate to high mobility. And it might undergo
slow hydrolysis. Pentachloroethane volatilizes from dry soil
surfaces. In the case of releasing pentachloroethane to water,
volatilization appears to be an important fact. The half-life for
this substance volatilizing from amodel river is estimated to be
5 h. In addition, pentachloroethane has a potential to oxidize
in the presence of light and form trichloroacetyl chloride.
Suspended solids and sediments can moderately adsorb pen-
tachloroethane. Chemical hydrolysis can occur very slowly and
not environmentally important. The presence of pentachloro-
ethane is expected in the atmosphere, since it has a vapor
pressure of 3.5 mm Hg at 25 �C. The dominant reaction in the
atmosphere would be reaction with photochemically generated
hydroxyl radicals. The half-life for this reaction has been esti-
mated to be 1.2 years. Potential photooxidation products
include trichloroacetyl chloride and phosgene. Due to its
persistence in the atmosphere, long-range transport of penta-
chloroethane is expected to occur.
Exposure and Exposure Monitoring

Pentachloroethanewas detected inwater taken fromFields Brook
inAshtabula,Ohio, during1976ata concentrationof2mg l�1, the
detection limitof1mg l�1was identified in2of204water samples
collected from 14 heavily industrialized river basins located
throughout the USA. Pentachloroethane was detected in finished
drinking water collected in the New Orleans/Baton Rouge area,
with mean concentration of<0.03 mg l�1, but the sampling date
was not reported. In addition, pentachloroethane was identified
in the spent chlorination liquor from the bleaching of sulfite pulp
at a concentration corresponding to0.1 g t�1pulpprocess.During
August 1972, pentachloroethane was detected in chlorinated
effluent from a sewage treatment plant.

National Institute for Occupational Safety and Health
(NIOSH) has statistically estimated that 232 workers (3 of
these were females) were potentially exposed to pentachloro-
ethane in the USA. Occupational exposure to pentachloro-
ethane may occur through inhalation and dermal contact
with pentachloroethane at workplaces where pentachloro-
ethane is formed as a by-product. Monitoring data indicate that
4-3.01152-0 775
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the general population may be exposed to pentachloroethane
via inhalation of ambient air.
Toxicokinetics

Exposure to chemical substances can cause adverse effects on
the kidney. The kidney is unusually susceptible because of its
role in filtering harmful substances from the blood. Toxic
injury to the kidney is known to occur as a result of exposures
to halogenated hydrocarbons, such as carbon tetrachloride and
trichloroethylene, and the heavy metals cadmium and lead.
Some of these toxicants cause acute injury to the kidney, while
others produce chronic changes that can lead to end-stage renal
failure or cancer.
Mechanism of Toxicity

There are not enough epidemiological data relevant to the
mechanism of toxicity for pentachloroethane to humans. Also,
there are limited data available in experimental animals for the
toxicity of pentachloroethane.
Acute and Short-Term Toxicity

Breathing pentachloroethane can irritate the nose, throat, and
lungs causing coughing, wheezing, and shortness of breath. The
exposure can cause headache, nausea, vomiting, abdominal
pain, diarrhea, dizziness, confusion, tremors, drowsiness,
seizures, and even death.
Chronic Toxicity

Exposure to pentachloroethane in long term may damage the
liver and kidneys.
Immunotoxicity

Immunotoxicity can be defined as adverse effects on the func-
tioning of the immune system that result from exposure to
chemical substances. Immunotoxicity leads to the increased
incidence or severity of infectious diseases or cancer, since the
immune system’s ability to respond adequately to invading
agents is suppressed. Identifying immunotoxicants is difficult
because chemicals can cause a wide variety of complicated
effects on immune function. Observations in humans and
studies in rodents have clearly demonstrated that a number of
environmental and industrial chemicals can adversely affect the
immune system. There were no relevant data available for the
immunotoxicity of pentachloroethane.
Reproductive Toxicity

There were no data available to support reproductive toxicity;
however, many scientists believe that there is no safe level of
exposure to a carcinogen. Such substances may also have the
potential for causing reproductive damage in humans.
Genotoxicity

Based on the data available, pentachloroethane has not been
tested for its ability for genotoxicity.
Carcinogenicity

No data relevant to the carcinogenicity of pentachloroethane
were found. There was limited evidence in experimental
animals that pentachloroethane causes cancer in animals. It
may cause cancer of the liver and kidneys. Pentachloroethane is
not classifiable as to its carcinogenicity to humans.
Clinical Management

To reduce the hazardous exposures of pentachloroethane, it is
recommended to follow some work practices. Exposed clothing
has to be changed immediately into clean clothing and the
contaminated clothing must be disposed properly. Eye wash
fountain should be provided in the immediate work area for
emergency use. For the skin exposure, emergency shower
facilities should be provided. Eating and drinking are pro-
hibited in areas where pentachloroethane is handled, pro-
cessed, or stored, since the chemical substance can be
swallowed.
Ecotoxicology

The following are some of the ecotoxicology data available
from studies. LC50 for mysid shrimp was measured as
390 mg l�1 per 96 h in flow-through bioassay. LC50 for cypri-
nodont variegates (sheepshead minnow) was determined as
116 000 mg l�1 per 96 h in static bioassay. LC50 for daphnia
magna was estimated as 62 900 mg l�1 per 96 h in static
bioassay. LC50 for Lepomis macrochirus (bluegill) was deter-
mined as 7240 mg l�1 per 966 h in static bioassay.
Exposure Standards and Guidelines

NIOSH considers ethylene dichloride; hexachloroethane;
1,1,2,2-tetrachloroethane; and 1,1,2-trichloroethane to be
potential occupational carcinogens. Additionally, NIOSH
recommends that the other five chloroethane compounds
1,1-dichloroethane; ethyl chloride; methyl chloroform; pen-
tachloroethane; and 1,1,1,2-tetrachloroethane be treated in
the workplace with caution because of their structural similarity
to the four chloroethanes shown to be carcinogenic in animals.

Comprehensive Environmental Response, Compensation,
and Liability Act (CERCLA) reportable quantities state that
persons in charge of vessels or facilities are required to notify
the National Response Center (NRC) immediately, when there
is a release of this designated hazardous substance, in an
amount equal to or greater than its reportable quantity of 10 lb
or 4.54 kg.

Toxic Substances Control Act (TSCA) requirements are that
all persons whomanufacture (including import or manufacture
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as a by-product) or process or intend to manufacture or process
one ormore of this substance other than as an impurity, after 29
July 1988, to the end of the reimbursement period shall submit
letters of intent to conduct testing, submit study plans, conduct
tests, and submit data or submit exemption applications for
those substances they manufacture or process, or intend to
manufacture or process. The required testing is hydrolysis.

Resource Conservation and Recovery Act (RCRA)
requirements (U184); as stipulated in 40 CFR 261.33, when
pentachloroethane, as a commercial chemical product or
manufacturing chemical intermediate becomes a waste, it must
be managed according to federal and/or state hazardous waste
regulations. Also defined as a hazardous waste is any residue,
contaminated soil, water, or other debris resulting from the
cleanup of a spill, into water or on dry land, of this waste.
Generators of small quantitiesof thiswastemayqualify for partial
exclusion from hazardous waste regulations (40 CFR 261.5).

See also: Biotransformation; Carcinogenesis; Chemical Hazard
Communication and Safety Data Sheets; Chemicals of
Environmental Concern; Risk Assessment, Ecological; Risk
Assessment, Human Health; Toxicity, Acute; Toxicity Testing,
Carcinogenesis; Toxicity, Subchronic and Chronic; Standards
and Guidelines for Toxicity Testing.
Further Reading

IARC, 1987. Pentachloroethane. In: IARC Monographs, vol. 71. IARC, pp. 1519–1523.
New Jersey Department of Health and Senior Services, 2000. Pentachloroethane.

Hazardous Substance Fact Sheet.

Relevant Websites

http://pubchem.ncbi.nlm.nih.gov – Pubchem: Search for Pentachloroethane.
http://scorecard.goodguide.com/chemical-profiles – Scorecard: The Pollution Informa-

tion Site: Search for Pentachloroethane.
http://www.speclab.com/compound/c76017.htm – Spectrum. (2011). Chemical Fact

Sheet. Retrieved 2012, from Spectrum.
http://toxnet.nlm.nih.gov/ – Toxnet. (2011). Search for Pentachloroethane.
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l Trade Names: 1,2,3,4,5-Pentachloronitrobenzene; Benzene,
pentachloronitro-; Quintozene; Avicol; Brassicol; Botrilex;
Folosan; Fungiclor; Terraclor; Tilcarex; Tritisan; Tri-PCNB;
Turfcide

l Name: Pentachloronitrobenzene
l Molecular Formula: C6Cl5NO2

l Chemical Structure:

Cl Cl

Cl

ClCl

O

O–
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Background

Aside fromhomeandgardenuses, pentachloronitrobenzenehas
been used in agriculture to protect cotton, barley, oats, rice, and
wheat seeds from fungal contamination. Most uses for products
containing pentachloronitrobenzene have been terminated in
the United States except for control of clubroot, in commercial
production of flowering bulbs, and for seed treatments.
Uses

Pentachloronitrobenzene is currently used primarily as a
fungicide for seed treatment. High-value lawn turf treatments
are also possible in some countries.
Environmental Fate and Behavior

Pentachloronitrobenzene has an estimated half-life of 1.8 days
in water. It is more stable in acidic and neutral conditions.
Volatilization, adsorption, and sedimentation as detritus are
the major processes responsible for the rapid decrease in pen-
tachloronitrobenzene levels in water. Biodegradation and
photolysis are not relevant pathways. In soils, volatilization
and biodegradation are important pathways, with anaerobic
conditions being more favorable.
Exposure and Exposure Monitoring

Dermal, oral, ocular, and inhalation routes of exposure are all
possible. Recent restrictions on uses have limited exposures in
the general population.

Toxicokinetics

While very little information is available on absorption of
pentachloronitrobenzene via inhalation or dermal contact,
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absorption from the gastrointestinal tract exhibited large differ-
ences among species. It is poorly absorbed from the gastroin-
testinal tract in rats but well absorbed from the gastrointestinal
tract in monkeys. It is rapidly and extensively metabolized, with
primary metabolites being pentachloroaniline (PCA) and mer-
capturic acids. A number of minor metabolites, including pen-
tachlorothioanisole (PCTA) and pentachlorophenol, have also
been identified. In soil and on plants, pentachloronitrobenzene
is metabolized to PCA and PCTA. Unabsorbed penta-
chloronitrobenzene following oral dosing is excreted in the feces
and metabolites are primarily excreted in the urine. In dogs
and rats fed levels up to 1080 and 500 mg kg�1 of penta-
chloronitrobenzene, respectively, for 24 and 33 weeks, no resi-
dues were detected in kidney, brain, fat, skeletal muscle, or liver.
Mechanism of Toxicity

There is little information on the mechanism of toxicity of
pentachloronitrobenzene. The aromatic nitro and the aromatic
amine structure of its main metabolite PCA, however, are
common parent structures of known methemoglobinemic
agents. Hexachlorobenzene is a major contaminant in the
technical material, and dioxins have been reported as con-
taminants in some cases; both of these could account for some
aspects of reported pentachloronitrobenzene toxicity.
Acute and Short-Term Toxicity

Animal

The reported oral LD50 values of pentachloronitrobenzene in
male and female rats are 1710 and 1650 mg kg�1, respectively.
Dogs can tolerate pentachloronitrobenzene orally up to
2500 mg kg�1 without lethality. No signs of toxicity or skin
irritation were observed in rabbits acutely exposed via the
dermal route to 4 g kg�1 pentachloronitrobenzene as a 30%
solution. Oral administration to cats caused methemoglobi-
nemia and Heinz body formation in erythrocytes.
Human

Among 50 human volunteers, quintozene did not cause skin
irritation after a single 48 h dermal exposure. Four of the 50
subjects, immediately after a second exposure 2 weeks later,
showed erythema, edema, formation of small vesicles, and itch-
ing. Another nine people developed a delayed reaction. A case of
keratoconjunctivitis was reported following ocular application.
Chronic Toxicity

Animal

Growth and survival of both sexes of rats were affected by
dietary exposure (5000 mg kg�1 for 3 months), with male rats
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00178-0
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exhibiting higher sensitivity. Liver hypertrophy and fine
vacuolization of liver cell cytoplasm were observed in these
rats. In dogs consuming 500, 1000, or 5000 mg kg�1 penta-
chloronitrobenzene in the diet, liver changes including fibrosis,
narrowing of hepatic cell cords, increased periportal areas, and
leukocyte infiltration occurred in a dose-related manner. The
highest dose also caused reduced hematopoiesis and atrophy
of the bone marrow. Thyroid may also be affected by
pentachloronitrobenzene.
Human

The chronic effects of long-term exposures to penta-
chloronitrobenzene in humans are unclear.
Immunotoxicity

There is very little information available regarding the immu-
notoxic potential of pentachloronitrobenzene.
Reproductive Toxicity

No adverse effect was reported in a three-generation repro-
ductive toxicity study in rats given up to 500 ppm penta-
chloronitrobenzene in the diet. Rats orally exposed to
pentachloronitrobenzene (up to 125 mg kg�1 day�1) from
gestation day 6–15 showed no change in reproductive
parameters.
Genotoxicity

Results of in vitro genotoxicity assays on penta-
chloronitrobenzene are unclear. It was positive in a chro-
mosomal nondisjunction (Aspergillus nidulans) assay and
chromosomal aberration (Chinese hamster ovary) assays yet
negative in Ames, mouse lymphoma forward mutation, and
sister chromatid exchange assays.
Carcinogenicity

Oral exposure in mice led to hepatomas and dermal applica-
tion led to skin tumors in rats. Based on these animal studies,
pentachloronitrobenzene is considered a possible human
carcinogen.
Clinical Management

First aid should be provided based on the route of exposure.
Clinical treatment is supportive.
Ecotoxicology

Pentachloronitrobenzene appears to bioaccumulate in aquatic
animals and plants. The toxicity for aquatic organisms varies
with species. The LC50 values in rainbow trout and bluegill
sunfish were reported to be 0.55 and 0.1 mg l�1, respectively.
On the other hand, a 48 h LC50 value of 10 mg l�1 for carp and
a 3 h LC50 value of 40 mg l�1 for Daphnia have been reported.
Pentachloronitrobenzene is practically nontoxic to birds and
adult honeybees on an acute exposure basis. Quintozene was
reported to affect reproduction and survival in earthworms.
Exposure Standards and Guidelines

The most recent oral reference dose estimate was
3 mg kg�1 dayestimate.

The threshold limit value was reported at 0.5 mg m�3.

See also: Pesticides; Pollution, Persistence, Bioaccumulation;
Organochlorines.
Further Reading
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Klein, H.H., 1971. Toxicologic and metabolic studies on pentachloronitrobenzene.
Toxicol. Appl. Pharmacol. 18 (3), 522–534.
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55–67.

Metcalfe, T.L., Dillon, P.J., Metcalfe, C.D., 2008. Effects of formulations of the
fungicide, pentachloronitrobenzene on early life stage development of the Japanese
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Relevant Websites

http://www.apvma.gov.au/news_media/chemicals/quintozene_what_is.php – Australian
Pesticides and Veterinary Medicines Authority.

http://www.epa.gov/osw/hazard/wastemin/minimize/factshts/pnitrobe.pdf – Environmental
Protection Agency.

http://www.epa.gov/ttn/atw/hlthef/quintoze.html – Environmental Protection Agency.
http://www.epa.gov – US Environmental Protection Agency: search for

Pentachloronitrobenzene.
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Chemical Profile

l Chemical Abstracts Service Registry Number: 109-66-0
l Synonyms: Pentane (ACGIH, NIOSH, OSHA, DOT); Pentan

(Polish); Pentanen (Dutch); Pentani (Italian); UN1265
(DOT)

l Chemical/Pharmaceutical/Other Class: Aliphatic hydro-
carbon (C5)

l Molecular Formula: C5H12
Uses

Pentane is present in volatile petroleum fractions and is used as
a fuel; in the production of ammonia, olefin, and hydrogen; in
the manufacture of artificial ice; in low-temperature ther-
mometers; as a blowing agent for plastics and foams; and in
solvent extraction processes. Neopentane is important in the
manufacture of rubber.
Environmental Fate and Behavior

Pentane is a five-carbon aliphatic compound that is a natural
constituent of the major paraffin fraction of crude oil and also
found in natural gas. Pentane is a colorless, flammable liquid
(the first liquid member of the alkanes) that is lighter than
water. It has a pleasant odor with an olfactory threshold of
900 ppm, and a moderate odor intensity is observed at
5000 ppm. It occurs as two other isomers, including iso-
pentane, (CH3)2CHCH2CH3, and neopentane, C(CH3)4. Iso-
pentane (2-methylbutane) apparently has physical and
physiological characteristics similar to straight-chain pentane.
Neopentane (2,2-dimethylpropane) is similar to butane in
physical and physiological characteristics. Pentane has
a molecular weight of 72.15 gmol�1. At 25 �C, pentane has
a solubility in water of 38 mg l�1, an estimated vapor pressure
of 514 mmHg, and a Henry’s law constant of 1.25 atm-
m3mol�1 (http://www.epa.gov/oppt/exposure/pubs/episuite
.htm). The log octanol/water partition coefficient is 3.39.
Conversion factors for pentane in air are as follows: 1 mgm�3

¼ 0.34 ppm and 1 ppm ¼ 2.95 mgm�3.
If released to air, the relatively high vapor pressure indi-

cates pentane will exist solely as a vapor in the ambient
atmosphere. Vapor-phase pentane will be degraded in the
atmosphere by reaction with photochemically produced
hydroxyl radicals; the half-life for this reaction in air is esti-
mated to be 4 days. Vapor-phase pentane will neither undergo
hydrolysis in the environment due to the lack of hydrolyzable
functional groups nor photolyze due to the lack of absorption
in the ultraviolet spectrum (>290 nm) (http://www.toxnet
.nlm.nih.gov).
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The Henry’s law constant for n-pentane indicates that it is
expected to volatilize rapidly from water surfaces. Based on this
Henry’s law constant, the volatilization half-life from a model
river (1 m deep, flowing 1 m s�1, and wind velocity of 3 m s�1)
is estimated as 1 h. The volatilization half-life from amodel lake
(1 m deep, flowing 0.05 m s�1, and wind velocity of 0.5 m s�1)
is estimated as 3 days (http://www.epa.gov/oppt/exposure/
pubs/episuite.htm). Because of the low Koc (80), volatilization
from water surfaces would not be significantly attenuated by
adsorption to suspended solids and sediment in the water
column. Pentane was one of the major components of the light
crude oil that was released from Deep Horizon oil spill in the
Gulf of Mexico during the summer of 2011 (Reddy et al., 2011).

If released to soil, n-pentane is expected to have high
mobility based upon the relatively low Koc. Volatilization from
moist soil surfaces is expected to be an important fate process
based upon a Henry’s law constant of 1.25 atm-m3mol�1.
n-Pentane may volatilize from dry soil surfaces based upon its
vapor pressure. Screening studies suggest that n-pentane will
undergo biodegradation in soil and water surfaces, but vola-
tilization is expected to be the predominant fate process in the
environment (http://www.toxnet.nlm.nih.gov).

Using a measured log Kow of 3.39, the US Environmental
Protection Agency’s (EPI Suite) computer program estimates
both a bioaccumulation and a bioaccumulation factor of 148.
These predicted bioaccumulation and biomagnifications are
relatively low. n-Pentane would, therefore, not be expected to
be found in the tissues of fish or wildlife as (1) n-octane
contains no persistent functional groups (e.g., chlorine,
bromine), (2) exposure would be expected to be low based on
a low half-life in the environment, and (3) subsequent to
exposure, n-pentane would be rapidly metabolized by the liver
(similar to what is seen with other organic compounds, such as
polycyclic aromatic hydrocarbons).
Exposure and Exposure Monitoring

Because n-pentane can exist as a liquid or vapor at normal
temperature and pressure, the most probable route of exposure,
as seen in most occupational settings, would occur by either
dermal contact or inhalation. Oral exposure would most likely
be either incidental or accidental. Pentane can comprise up to
3% of the total hydrocarbons emitted from the exhaust of
gasoline engines.

The National Institute for Occupational Safety and Health
has statistically estimated that >31 000 workers are potentially
exposed to n-pentane in the United States. Occupational
exposure to n-pentane occurs primarily via inhalation and
dermal exposure. People employed where gasoline vapors are
elevated, such as refinery workers, tanker operators, and auto-
mobile repair shops, would be expected to receive the highest
exposures to pentane (http://www.toxnet.nlm.nih.gov).

Typical background concentrations that have been detected
in major cities within the United States range from 0.05 to
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01027-7
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0.35 ppm. Pentane has been measured in pristine air down to
levels as low 0.02 ppb. A study of n-volatile organic
compounds measured in 12 public buildings in San Francisco
identified a geometric mean concentration of 2.5mgm�3

(0.85 ppb) and a maximum value of 8.9mgm�3 (3 ppb)
(Hodgson and Levin, 2003).
Toxicokinetics

Inhaled n-pentane is rapidly distributed from the blood to
different organs and tissues, particularly those with high fat
content. The metabolic elimination rate of n-pentane has been
shown to be dependent on the atmospheric concentration.
Aliphatic hydroxylation is the major pathway by which n-
pentane is metabolized. 2-Pentanol was found to be the major
metabolite (83–89%) formed in the rat. 3-Pentanol was also
detected as a minor metabolite (11–16%). These metabolites
are further metabolized in rats and rabbits to glucuronic acid
conjugates or oxidized to ketone products that are excreted in
the urine or expired air. Pentanol metabolites arising from the
metabolism of n-pentane would also be expected to undergo
similar metabolic transformation in humans (http://www
.toxnet.nlm.nih.gov).

Lipid peroxidation occurs in various diseases. Even in
normal organisms, low levels of lipid peroxidation can be
detected by measuring the pulmonary excretion of pentane.
Lipidperoxidationhasbeenpostulated tobeoneof the causes of
the aging process. In order to test whether pentane excretion is
related to age, it was measured in the breath of healthy subjects
(ages 21–79). It was found that pentane excretion significantly
increased with age. It was concluded that lipid peroxidation, as
assessed by pentane excretion, increases with advancing age and
that the increase is independent of dietary antioxidant levels.
Mechanism of Toxicity

The mechanism of toxicity is suspected to be similar to other
solvents that rapidly induce anesthesia-like effects, that is
a ‘nonspecific narcosis’ due to disruption (solvation) of the
integrity of the cellular membranes of the central nervous
system. The effect is similar to the ‘high’ experienced upon
exposure to other aliphatic hydrocarbon solvents.

As seen with other short-chain alkanes, upon inhalation,
pentane is moderately toxic and may cause irritation of the
respiratory tract and narcosis. The narcotic action of pentane
(observed following 1-h exposure to 90000–120000 ppm) is,
however, much less pronounced than effects seen following
exposure to the C1–C4 alkanes. Although the actual biochemical
mechanismof toxicity has not beendiscerned, the narcotic effects
seen are most likely related to its physical solvent properties.
Acute and Short-Term Toxicity (Animal/Human)

Mice that are acutely exposed to a concentration of 200 000–
300000 mgm�3 show ‘incoordination and inhibition of the
righting reflex,’ and a pronounced anesthetic effect is seen after
10 min at 7% or 1.3 min at 9% (death will ensue after 37 min
of 12.8%). Pentane exposure in dogs will sensitize the heart to
epinephrine. In rats, air concentrations of 10.4, 50.9, and
94.7 mgm�3 resulted in brain damage in the offspring. As with
other aliphatic hydrocarbons, studies have shown that pentane
can be utilized by certain microorganisms as a nutrient.

Acute adverse effects to humans would be expected to be
similar to those seen in laboratory animals that are acutely
exposed to petroleum solvents. Humans that are acutely
exposed to hydrocarbon solvents show, in general, order of
increasing exposure, disorientation, euphoria, giddiness,
confusion, unconsciousness, paralysis, convulsion, and death.
It is generally known that human exposure for 10 min at
5000 ppm pentane does not cause any adverse effects or irri-
tation of the mucous membranes. Lethal effects have been
observed, however, in estimated air concentrations of
130 000 ppm; the lowest concentration known to cause a toxic
effect is 90 000 ppm. Some studies have implicated pentane as
a neurotoxicant, but these study results are confounded by the
presence of other compounds in the mixture.
Chronic Toxicity (Animal/Human)

Pentane is a centralnervous system(CNS)depressantbut isnot as
effective as the C1–C4 gases. The intensity of CNS depression
appears generally to decrease with increasing molecular weight
but increases for the highly symmetrical compounds. Only
a small increment indose separatesCNSdepressionand lethality.
The probability of aspiration hazard of pentane is considerably
less than that of kerosene, octane, nonane, or decane.

Prolonged skin contact may cause drying, cracking, and
dermatitis (http://www.toxnet.nlm.nih.gov).
Immunotoxicity

A comprehensive search on the adverse immunotoxic effects of
n-pentane on the immune system could not find any studies in
the public domain. Pregnant women should, however, avoid
inhalation of any type of petroleum solvent vapors.
Reproductive Toxicity

Groups of pregnant rats were exposed by inhalation to pentane,
6 h day�1 from gestation days 6 through 15. Concentrations of
0 (control), 1000, 3000, and 10000 ppm, maternal body
weights, clinical signs, and food consumption were measured.
Fetuses were weighed and examined for gross external develop-
ment; skeletal and internal organ evaluations were not per-
formed. There were no effects in either the maternal or the fetal
rats that could be associated with pentane exposure. Based on
those findings, a full-spectrum developmental toxicity study in
rats was not conducted since it is unlikely that the fetus would be
adversely affected bypentane exposure. Pregnantwomen should
avoid inhalation of any type of petroleum solvent vapors.
Genotoxicity

A comprehensive search on the adverse genotoxic effects of
n-pentane could not find any studies in the public domain.
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Carcinogenicity

Pentane is not listed as a carcinogen by the National Toxicology
Program, the Occupational Safety and Health Administration
(OSHA), or the International Agency for Research on Cancer.
Clinical Management

Persons who are exposed to high concentrations of n-pentane
in air should vacate or be removed from the source and seek
fresh air. Upon oral ingestion, vomiting should not be induced
as pulmonary aspiration may occur, resulting in severe narcosis
and/or death. In areas of expected increased concentration,
extreme care must be taken to use explosion-proof apparatus
and keep the areas free from ignition sources, such as sparks
from static electricity.
Ecotoxicology

Young Coho salmon exposed to pentane in the laboratory (salt
water) show no effect on lethality below 100 mg l�1. A fresh-
water EC50 of 9.74 mg l�1 has been reported following expo-
sure of Daphnia magna to pentane (the water concentration
required to immobilize approximately one-half of the test
organisms).
Other Hazards

Pentane is also highly flammable and is, therefore, an explo-
sion and/or fire hazard. The lower and upper explosion limit in
air is 1.5 and 7.8%, respectively. Extreme care must be taken to
keep areas of expected high concentration free from ignition
sources (e.g. sparks from static electricity). Only explosion-
proof equipment should be used in these areas.
Exposure Standards and Guidelines

NIOSH recommends a 10-h workplace standard of
350 mgm�3 (120 ppm) for the C5–C8 alkanes, and a short-
term exposure limit of 1800 mgm�3 (610 ppm). The American
Conference of Governmental Industrial Hygienists suggests
a workplace environmental standard of 1770 mgm�3

(600 ppm). OSHA recommends an 8-h permissible exposure
limit of 1000 ppm (2950 mgm�3) and a short-term exposure
limit of 750 mgm�3 (2210 ppm). Chemical exposure kits are
available for individual monitoring (e.g., wearing chemical
detection badges) of pentane in the workplace. No threshold
limit values are available for other isomers of pentane; so time-
weighted average and ceiling values established for pentane are,
therefore, recommended.

See also: Gasoline; Petroleum Distillates; Petroleum
Hydrocarbons; Hexane; Heptane; Octane; Decane.
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l Name: Pentobarbital sodium
l Chemical Abstracts Service Registry Number: CAS 57-33-0
l Synonyms: Nembutal; Pentobarbitone sodium; Natrium

aethyl-methylbutylbarbituricum; Pentobarbital-Natrium
l Molecular Formula: C11H17N2NaO3
l Chemical Structure:
Background

Barbituric acid, the precursor of barbiturates, was first produced
in 1864 by condensation of malonic acid and urea; it had no
central nervous system (CNS) effects. In 1903, diethyl barbi-
turic acid (barbital) was created as the first barbiturate with
CNS inhibitory effects. Barbiturates were commonly used as
sedative-hypnotics in the mid-twentieth century; meantime
they were abused by some people as sold on the street. Use of
barbiturates quickly dropped after introduction of benzodiaz-
epines as the safer sedative-hypnotics. However some of the
barbiturates are still used as anticonvulsants and some for
euthanasia.
Uses

Human

Pentobarbital as sodium salt has been used as a sedative and
hypnotic in the short-term management of insomnia. Pento-
barbital sodium has also been used for premedication in
anesthetic procedures. Pentobarbital is FDA-approved for the
emergency control of certain acute convulsive episodes, e.g.,
those associated with status epilepticus, cholera, eclampsia,
meningitis, tetanus, and toxic reactions to strychnine or local
anesthetics. The other indications for pentobarbital include
treatment of nonfatal submersion and traumatic/nontraumatic
raised intracranial pressure.

Animal

Intraperitoneal (IP) injection of pentobarbital is used in
experimental medicine as an anesthetic in small animals such
as rat and mouse. Pentobarbital is an important drug for
relieving convulsive seizures, especially when caused by
strychnine.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Routes and Pathways Relevant Physicochemicals Properties

Pentobarbital sodium, with a molecular weight of 248.3,
consists of white, crystalline granules or white powder with
a slight characteristic odor. The melting point equals 130 �C
and respective vapor pressure is 3.02 � 10�10 mmHg at 25 �C.
Pentobarbital is very soluble in water (679 mg l�1), freely
soluble in alcohol, and practically insoluble in ether. pH of
a 10% solution in water is between 9.8 and 11.0. Its dissocia-
tion constant (pK) and octanol/water partition coefficient (log
Kow) are 7.88 and 2.10, respectively. Henry’s law constant is
8.5 � 10�8 Pa m3 mol�1 at 25 �C.
Partition Behavior in Water, Sediment, and Soil

If pentobarbital sodium is released into water, it is not expected
to adsorb to suspended solids and sediment based upon the
estimated Koc. Pentobarbital is expected to have very high
mobility in soil. The pKa of pentobarbital is 7.88, indicating
that this compound will exist partially in the anion form in the
environment and anions generally do not adsorbmore strongly
to soils containing organic carbon and clay than their neutral
counterparts.
Environmental Persistency

Due to lack of hydrolyze-prone functional groups, pentobar-
bital is not expected to undergo hydrolysis in the environment.
Also, pentobarbital does not contain chromophores to absorb
wavelengths higher than 290 nm and therefore is not suscep-
tible to direct photolysis by sunlight.
Bioaccumulation and Biomagnification

Low value of calculated BCF (around 11) suggests that pento-
barbital possesses low potential for biomagnification in
aquatic living organisms.
Environmental Degradation

Pentobarbital has been positively identified (not quantified) in
a ground-water sample collected from a well 300 m from
a landfill which received wastes between 1968 and 1969 and
re-sampling 21 years later (in 1991) revealed the presence of
pentobarbital at a concentration of 1mg l�1 which shows
persistency of pentobarbital in the environment.
Exposure and Exposure Monitoring

Routes and Pathways

Production and use of pentobarbital as a sedative may result in
its release into the environment through various waste streams.
The common sources of exposure are air, water, and soil.
4-3.01153-2 783
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Human Exposure

Ingestion of pentobarbital remains the major source of expo-
sure in general population. Occupational exposure to pento-
barbital may occur through inhalation and dermal contact with
this compound at workplaces where pentobarbital is produced
or used.
Toxicokinetics

Absorption
Nearly all of an oral or rectal dose of pentobarbital is absorbed
from the gastrointestinal (GI) tract. Following oral adminis-
tration of pentobarbital, peak plasma concentrations are
usually reached in 30–60 min.

Distribution
Following absorption or intravenous (IV) injection, pentobar-
bital is rapidly distributed to all tissues and fluids with high
concentrations in brain and liver. Lipid solubility is the
dominant factor in its distribution in the body. Pentobarbital
has 45–70% protein binding and its volume of distribution
equals to 0.5–1 l kg�1.

Metabolism
Pentobarbital is rapidly inactivated by hydroxylation, and only
a small portion is excreted unchanged in the urine.

Excretion
Only 3–6% of parent compound is excreted in the urine. The
drug is primarily metabolized by the hepatic microsomal
enzyme system, with most of the metabolic products excreted
in the urine.

Elimination Half-Life
Appears to be dose-dependent and reported values have ranged
from 15 to 50 h.

Mechanism of Toxicity

Pentobarbital, like other barbiturates, causes depression of the
CNS through activation of gamma-aminobutyric acid (GABA)
receptors mediated by increased current of chloride ion. Specif-
ically, barbiturates increase the duration of opening of the
chloride channels. In fact, toxicity of pentobarbital is an exten-
sion of its pharmacologic effects. Depression of CNS is the
primary effect and may be accompanied by respiratory failure
including apnea and respiratory arrest, and hypotension
secondary to direct myocardial depression and hypothermia.
Poisoning may be exacerbated by coingestion of other sedatives.

Acute and Short-Term Toxicity

Human

Pentobarbital therapeutic dose for sedation in adults is 100–
200 mg. With therapeutic use, mild sedation, dizziness, and
impaired coordination may develop in some patients. Doses
between600mgand2 g causemild tomoderate toxicity, which is
associated with somnolence, slurred speech, nystagmus, confu-
sion, and ataxia. Ingestionofmore than2 gofpentobarbital leads
to severe toxicity, showing itself as coma, hypotension, decreased
myocardial contractility, hypothermia, and respiratory depres-
sion.Hypoglycemiahas been reported in a substantial number of
patients. Blisters (‘barb-burns’) may occur secondary to pro-
longed immobilization from coma, but are not specific to
barbiturate intoxication. Patients may have small to midpoint
pupils and have very diminished reflexes. Death is most
commonly caused by respiratory depression and cardiovascular
collapse. Patientswhopresent after prolonged comaare at risk for
aspiration pneumonia, rhabdomyolysis, and renal failure. Fatal-
ities are extremely rare if early respiratory support is provided.

Animal

The LD50 varies from 75 mg kg�1 (mouse/IP) to 170 mg kg�1

(mouse/oral). The majority of acute toxicity in animals result
from ingestion of pentobarbital residue in the tissue of exposed
euthanized carcasses. Victims are bald and golden eagles, other
wildlife, and domestic dogs. In acute barbiturate poisoning the
respiration becomes shallow and slow, and when intoxication
is fully developed there is extreme lethargy and coma, with
disappearance of the reflexes and the pupils become dilated.
Death occurs from respiratory failure, caused by depression of
the respiratory center. Postmortem lesions following lethal
doses of pentobarbital include inflammation of various organs,
congestion of brain and meninges, and perivascular hemor-
rhage and edema.

Chronic Toxicity

Human

Dominant disorders of chronic intoxication are psychic, which
include mild confusion, impairment of memory, emotional
instability along with hyperirritability and emotional depen-
dence, and loss of good social judgment.

Animal

Chronic intoxication may occur through administration of
continuous high doses of pentobarbital, which leads to accumu-
lative toxicity. Signs of cumulative poisoning in dogs are depres-
sion, slowness of mental reaction, and muscular incoordination.

Immunotoxicity

Long-term administration of high doses of barbiturates is
associated with immunosuppression and profound increase in
the incidence of infections. This seems to result from suppres-
sion of nuclear factor kappa B (NF-kB) that controls activation,
proliferation, and differentiation of neutrophils, macrophages,
and T and B lymphocytes. Therefore, chemotaxis and phago-
cytotic activity are reduced and the body does not function well
in response to microbial attack.
Reproductive Toxicity

Pentobarbital has been classified as FDA pregnancy category ‘D’

that means there is positive evidence of human fetal risk, but
the benefits from use in pregnant women may be acceptable
despite the risk (e.g., if the drug is needed in a life-threatening
situation or for a serious disease for which safer drugs cannot
be used or are ineffective). In general, maternal consumption of
barbiturates has been associated with a higher than normal risk
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of fetal abnormalities. Barbiturates readily cross the placenta
with high concentrations found in the fetal liver and brain.
Genotoxicity

Pentobarbital is proved nongenotoxic.
Mechanism of Carcinogenicity and Mutagenicity

Barbiturates are among a large number of chemicals that cause
hepatic carcinoma and brain tumors not by direct DNA damage
and thereby are classified as nongenotoxic carcinogens. Cell
proliferation is an essential factor involved in the nongenotoxic
carcinogenesis process. Barbiturates are capable of inducing
direct hyperplasia in the liver. By alteration of apoptosis regu-
lation, barbiturates are implicated in carcinogenesis.
Carcinogenicity

No specific report on carcinogenicity of pentobarbital has been
published. But there is positive evidence of carcinogenicity for
other members of barbiturate family (phenobarbital,
amobarbital, and thiopental).
Mutagenicity

No mutagenic effects have been reported in human. Animal
studies are not adequate to reveal mutagenic effects of pento-
barbital sodium.
Clinical Management

In mild to moderate human toxicity, activated charcoal is
administered to patients who have ingested toxic amounts of
pentobarbital and are still awake and alert. Protection of
airway is recommended. For management of severe toxicity,
first airway protection should be performed by orotracheal
intubation if patient is increasingly drowsy or comatose.
Activated charcoal is administered in case of recent ingestion
(GI decontamination should only be performed in patients
who can protect their airway or who are intubated). Severe
hypotension and hypothermia may develop and require
rewarming, intravenous normal saline, and in some cases
vasopressors. Blisters should be taken care of by a burn
surgeon.
Exposure Standards and Guidelines

The Approved Drug Products with Therapeutic Equivalence
Evaluations List identifies currently marketed prescription drug
products, including pentobarbital, approved on the basis of
safety and effectiveness by the FDA under Section 505 of the
Federal Food, Drug, and Cosmetic Act.

See also: Barbiturates; Carcinogenesis; Carcinogen
Classification Schemes; Food, Drug, and Cosmetic Act, US.

Further Reading

Clarke, M.L., Harvey, D.G., Humphreys, D.J., 1981. Veterinary Toxicology, second ed.
Bailliere Tindall, London.

Gold, E., Gordis, L., Tonascia, J., Szklo, M., 1978. Increased risk of brain tumors in
children exposed to barbiturates. J. Nat. Cancer Inst. 61 (4), 1031–1034.

Lewis, R.J. (Ed.), 2004. Sax’s Dangerous Properties of Industrial Materials. John Wiley,
New York.

McEvoy, G.K. (Ed.), 2009. AHFS drug information 2009. American Society of Health-
System Pharmacists, Inc, Bethesda, MD.

Rice, J.M., Diwan, B.A., Hu, H., et al., 1994. Enhancement of hepatocarcinogenesis
and induction of specific cytochrome P450-dependent monooxygenase activities by
the barbiturates allobarbital, aprobarbital, pentobarbital, secobarbital and 5-phenyl-
and 5-ethylbarbituric acids. Carcinogenesis 15 (2), 395–402.

Subeq, Y.M., Wu, W.T., Lee, C.J., et al., 2009. Pentobarbital Reduces Rhabdo-
myolysis-Induced Acute Renal Failure in Conscious Rats. J. Trauma In. Infect. Crit.
Care 67 (1), 132–138.

Wollweber, H., 2008. Ullmann’s Encyclopedia of Industrial Chemistry. John Wiley,
New York.
Relevant Websites

http://dailymed.nlm.nih.gov – Daily Med Current Medication Information: Search for
Pentobarbital sodium.

http://www.drugs.com/ppa – Drugs Information Hotline: Search for Pentobarbital
sodium.

http://reference.medscape.com – Medscape; Search for Pentobarbital sodium.
http://pubchem.ncbi.nlm.nih.gov – Pubchem: Search for Pentobarbital sodium.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Toxline for

Pentobarbital sodium.
http://www.fda.gov/RegulatoryInformation/Legislation/FederalFoodDrugandCosmeticAct

FDCAct/FDCActChapterVDrugsandDevices/default.htm – US Food and Drug
Administration.

http://dailymed.nlm.nih.gov
http://www.drugs.com/ppa
http://reference.medscape.com
http://pubchem.ncbi.nlm.nih.gov
http://toxnet.nlm.nih.gov
http://www.fda.gov/RegulatoryInformation/Legislation/FederalFoodDrugandCosmeticActFDCAct/FDCActChapterVDrugsandDevices/default.htm
http://www.fda.gov/RegulatoryInformation/Legislation/FederalFoodDrugandCosmeticActFDCAct/FDCActChapterVDrugsandDevices/default.htm


Peptide Coupling Agents
S-T Kim, Life Technologies, Foster City, CA, USA

� 2014 Elsevier Inc. All rights reserved.
Uses

Benzotriazole-based peptide coupling reagents and additives,
as activators or additives (Figure 1), are used in peptide bond
formation reactions both in solution and solid-phase
synthesis. There are many different types of peptide coupling
Figure 1 Representative benzotriazole-based peptide coupling reagents and
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reagents (e.g., carbodiimides, aminium/uranium salts, and
phosphonium salts). The choice of method(s) and reagent(s)
depends on a variety of factors, including the specific
sequence of peptide to be synthesized, the preferred method
of deprotection, the preferred solvents, and the type of active
intermediate desired.
additives.

oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00642-4
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Table 1 Sensitization potency and Salmonella–Escherichia coli/
mammalian-microsome reverse mutation assays of peptide coupling
reagents

Trade name Mutation assay LLNAa Guinea pig max.

HOAt Weakly positive – Negative
HOBt Weakly positive 50% (w/v) –

TFFH Negative 0.5% (w/v) –

HATU Negative – Positive
PyAOP Negative 0.5% (w/v) –

HBTU Negative – –

TBTU Negative – –

HOBt, hydroxybenzotriazole; HBTU, 1H-benzotriazolium, 1-[bis(dimethylamino)
methylene]-, 3-oxide, hexafluorophosphate(1-) (1:1); m1H-benzotriazolium,
1-[bis(dimethylamino)methylene]-, hexafluorophosphate(1-), 3-oxide (9CI);
1-[bis(dimethylamino)methylene]-1H-benzotriazoliumhexafluorophosphate(1-)
3-oxide; TBTU, 1H-benzotriazolium, 1-[bis(dimethylamino)methylene]-, 3-oxide,
tetrafluoroborate(1-) (1:1); 1H-benzotriazolium, 1-[bis(dimethylamino)methylene]-,
3-oxide, tetrafluoroborate(1-) (9CI); O-benzotriazolyl tetramethylisouronium
tetrafluoroborate.
aThe lowest concentrations yielding a significant response in the murine local lymph
node assay for sensitization.
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Acute and Short-Term Toxicity (Animal/Human)

HOAt (1-hydroxy-1H-v-triazolo[4,5-b]pyridine; 7-Aza-1-hydroxy-
benzotriazole; [1,2,3]triazolo[4,5-b]pyridin-3-ol; 3-hydroxy-3H-
1,2,3-triazolo[4,5-b]pyridine) was nontoxic to rats when dosed at
2000 mg kg�1 via the oral route. HOAt was not a skin irritant in
rabbits. In rabbits, HOAt was found to be a slight eye irritant.
Studies in guinea pigs revealed that HOAt did not induce
contact allergy. HOAt did not induce micronuclei in bone
marrow polychromatic erythrocytes in male mice when
evaluated in the in vivo micronucleus assay. HATU (1H-1,2,3-
triazolo[4,5-b]pyridinium, 1-[bis(dimethylamino)methylene]-,
hexafluorophosphate(1-), 3-oxide) showed no mortality, but
limited toxicity, to rats when dosed at 2000 mg kg�1 via the oral
route. HATU was not a skin irritant in rabbits. In rabbits, HATU
was found to be a slight eye irritant. Studies in guinea pigs revealed
that HATU induced contact allergy. PyAOP (tri-1-pyrrolidinyl
(3H-1,2,3-triazolo[4,5-b]pyridin-3-yloxy)-, hexafluorophosphate)
wasnontoxic to ratswhendosedat2000 mg kg�1via theoral route.
PyAOP was not a skin irritant in rabbits. In rabbits, PyAOP was
found tobe a very severe eye irritant. Studies in guineapigs revealed
that PyAOP induced contact allergy.

The principal hazard of concentrated benzotriazole-based
peptide coupling reagents and additives is the potential to
cause contact allergy (Table 1). Signs and symptoms of expo-
sure to HATU may include skin rashes, ‘red face,’ itching, local
swelling, headaches, coughing, eye irritation and swelling,
respiratory congestion, shortness of breath, and flue-like
symptoms. Symptoms may progress to include severe dyspnea,
cephalgia, rhinorrhea, flatulence, obstruction of bronchial
airways, and permanent fine whistle of bronchial airways. The
likelihood and severity of adverse health effects due to expo-
sure to HATU depend on (1) the concentration in the air, (2)
how long the individual is exposed, and (3) the individual’s
susceptibility to the effects of HATU. Prolonged eye contact to
the solid form of HOAt may cause eye irritation. Information
on the toxic effects of HOAt by other routes of exposure in
humans is not available.
Genotoxicity

HOAt was mutagenic to Salmonella typhimurium and Escherichia
coli strains. HOAt was weakly mutagenic in mouse lymphoma
L5178Y cells, in the absence of S9 mix. In the presence of S9
mix, the evidence was inconclusive. HATU and PyAOP were
not mutagenic to S. typhimurium and E. coli strains.
Clinical Management

The victim should be removed from the exposure environment.
Exposed skin and eye should be copiously flushed with water
and thoroughly decontaminated to prevent further absorption.
Contaminated clothing and shoes should be removed and
isolated at the site.
Ecotoxicology

HOAt showed no significant inhibition in a study designed to
evaluate the effects on the respiration rate of sewage sludge
microorganisms contained in activated sludge. HOAt and
HATU were not readily biodegradable when evaluated in 28-
day modified Sturm tests.

See also: Hypersensitivity, Delayed Type; Occupational
Toxicology; Toxicity, Acute; Ecotoxicology.
Further Reading
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simple synthesis of acid azides, ureas and carbamates from carboxylic acids:
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835–840.
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Peracetic Acid
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l Name: Peracetic Acid
l Chemical Abstracts Service Registry Number: 79-21-0
l Synonyms: Acetic peroxide, Acetyl hydroperoxide, Desoxon

1, Estosteril, Ethaneperoxoic acid
l Molecular Formula: C2H4O3

l Chemical Structure:
Background

Since the early 1900s, chlorine has been used as a water disin-
fectant. It was favored by water and wastewater industries for
disinfection until several harmful disinfection by-products were
discovered in chlorinated water. Studies were done to find and
eliminate disinfection byproduct precursors and look for an
alternative disinfectant, which turned out to be peracetic acid, or
PAA. Peracetic acid is a chemical product belonging to peroxide
compounds such as hydrogen peroxide. However, unlike
hydrogen peroxide, it is a more potent antimicrobial agent.
Peracetic acid has high germicidal efficiency and sterilizing
capability, and its degradation residuals are not dangerous to
the environment or toxic to human health. Until 1960,
peracetic acid was of special interest to the food processing
industry and actually was considered the only agent able to
replace glutaraldehyde in the sterilization of surgical, medical,
and odontoiatry instruments. The actual core medical applica-
tions of peracetic acid are its potent antimicrobial action, also at
low temperatures, and the total absence of toxic residuals.

Uses

This microprocessor-controlled, low-temperature sterilization
agent is a strong oxidizing disinfectant against a wide spectrum
of antimicrobial activity. Peracetic acid is active against many
microorganisms, such as gram-positive and -negative bacteria,
fungi, spores, and yeast. This ideal antimicrobial agent is
primarily used in food processing and handling as a sanitizer
for food contact surfaces. Peracetic acid is also used to disinfect
medical supplies and prevent biofilm formation in pulp
industries. It can be applied during water purification as
a disinfectant and for plumbing disinfection. Peracetic acid is
suitable for disinfecting cooling tower water and effectively
prevents biofilm formation and controls Legionella bacteria.

Environmental Fate and Behavior

Routes and pathways, and relevant physicochemical properties

(e.g., solubility, Pow, Henry constant,.)
788 Encyclopedia of T
Melting point ¼ �0.2 �C.
Log Kow ¼ �1.07.
Solubility: very soluble in ether, sulfuric acid, and ethanol;
miscible with water 1.0 � 106 mg l�1 at 25 �C.
Henry’s law constant ¼ 2.14 � 10�6 atm-m3mol�1 at 25 �C
Partition behavior in water, sediment, and soil

Terrestrial fate: If released to soil, peracetic acid has a very high
mobility and exists partially in an anion form in the environ-
ment with a pKa of 8.2. Volatilization from moist soil surfaces
is expected to be an important fate process.

Aquatic fate: If released into water, peracetic acid hydrolyzes
to acetic acid and hydrogen peroxide at pH values of 7–8 with
the half-lives of 8 h.

Atmospheric fate: If released to air, peracetic acid will exist
exclusively as a vapor. The vapor will be degraded by reaction
with photochemically produced hydroxyl radicals with a half-
life of 9 days. Because of its high water solubility, peracetic acid
can dissolve in clouds and rainwater and has been identified as
a constituent of acid rain. Peracetic acid may also be susceptible
to direct photolysis by sunlight, with chromophore absorption
at wavelengths >290 nm.
Environmental persistency (degradation/speciation)

Peracetic acid is formed naturally in the environment through
a series of photochemical reactions involving formaldehyde and
photo oxidant radicals. The pKa of peracetic acid is 8.2, indicating
that this compound exists partially in anion form in the envi-
ronment, and anions generally do not adsorb more strongly to
soils containing organic carbon and clay than their neutral coun-
terparts. It degrades in the environment very quickly but has no
potential to bioaccumulate. Its ultimate fate in the environment is
in the basic molecules of carbon dioxide, oxygen, and water.
Long range transport

Peracetic acid should be transported and stored in diluted
solutions to prevent explosion.
Bioaccumulation and biomagnification

An estimated BCF of 3 was calculated in fish for peracetic acid,
using an estimated log Kow of �1.07 and a regression-derived
equation. The BCF suggests that the potential for bio-
concentration in aquatic organisms is low.
Exposure and Exposure Monitoring

Routes and pathways (including environmental release)

Peracetic acid production and usage as a disinfectant may result
in its release through various waste streams or directly into the
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01197-0
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environment. The probable routes of peracetic acid are eye,
dermal, inhalation, and ingestion.
Human exposure

Occupational exposure to peracetic acid may occur through
inhalation and dermal contact with this compound at work-
places where it is produced or used. Monitoring and use data
indicate that the general population may be exposed to per-
acetic acid via ingestion of food and through dermal contact
with products treated with peracetic acid.
Environmental exposure (monitoring data in air, water,
sediment, soil, and biota)

Peracetic acid is formed in the environment through a series of
photochemical reactions involving formaldehyde and photo
oxidant radicals. This compound’s high water solubility
enables it to become a constituent in acid rain.
Toxicokinetics

Peracetic acid is not readily absorbed into the circulatory
system because of its high water solubility and its ability to
form microbubbles in capillaries and tissues surrounding
exposed tissues, but it is readily absorbed through skin
damaged by the corrosivity of peracetic acid. Peracetic acid
distribution throughout the body via physiological fluids may
be limited by its degradation rate. Peracetic acid is degraded
nonenzymatically by several ways via hydrolysis to hydrogen
peroxide and water, a dismutation reaction in the presence of
metal ions to acetic acid and water, or a reaction with reducing
agents such as cysteine or glutathione, which convert peracetic
acid to acetic acid.
Mechanism of Toxicity

Peracetic acid kills microorganisms by oxidation and subse-
quent disruption of their cell membrane via the hydroxyl
radical. Because diffusion is slower than the half-life of the
radical, it will react with any oxidizable compound in its
vicinity. Peracetic acid, also, is not deactivated by catalase and
peroxidase enzymes produced by microorganisms. Therefore, it
can damage virtually all types of macromolecules associated
with a microorganism, such as carbohydrates, nucleic acids,
lipids, and amino acids. The mechanism of oxidation is the
transfer of electrons; therefore, the stronger the oxidizer will
produce faster and ultimately leads to cell lyse and true
microbial death.
Acute and Short-Term Toxicity

The oral LD50 values of peracetic acid in mouse is 210 mg kg�1,
indicating that the acute toxicity experienced would be
considered low. Dermal contact, eye contact, inhalation, and
ingestion of peracetic acid are very hazardous. Concentrated
peracetic acid is extremely corrosive to the skin. Skin
inflammation is characterized by itching, scaling, reddening, or
occasionally blistering. Inflammation of the eyes is character-
ized by redness, watering, and itching.
Chronic Toxicity

Prolonged exposure may result in skin burns and ulcerations.
Overexposure by inhalation may cause respiratory irritation,
including pulmonary edema and lung corrosion. Severe over-
exposure can result in death.
Genotoxicity

The genotoxicity database for peracetic acid is limited and
shows some conflicting results. In general, most bacterial
mutagenicity tests were negative; however, peracetic acid is
bactericidal, so the significance of these results is not clear. Two
DNA repair tests in human fetal lung cells were also negative.
In vitro tests were generally negative except for one positive
result that was found at cytotoxic levels. Two mouse micro-
nucleus studies were negative, as was in vivo/ex vivo assay of
unscheduled DNA synthesis in rats exposed orally. Investiga-
tors reported positive results in a series of in vivo chromosomal
aberration tests with single intraperitoneal and dermal
administration; however, these studies were questionable
owing to serious deficiencies in experimental protocol and
reporting.
Carcinogenicity

PAA is a potent tumor promoter and a weak carcinogen.
Clinical Management

Because of the high self-reactivity rate of the substance, fire or
other violent reactions may occur on contact with combus-
tible organic material. If fire occurs in the vicinity of this
compound, water should be used to keep containers cool. In
advanced or massive fires, the area should be evacuated.
Avoid breathing the vapors in a non-fire response. If inges-
tion occurs, do not induce vomiting or attempt to neutralize.
Give victims water or milk only if they are conscious and
alert. Children up to 1 year old, 125 ml (4 oz or 1/2 cup);
children 1–12 years old, 200 ml (6 oz or 3/4 cup); adults,
250 ml (8 oz or 1 cup). If eye or skin exposure occurs, eyes
must be flushed with lukewarm water for at least 15 min.
Wash exposed skin areas thoroughly with soap and water.
Under other advanced emergencies, transport victims to
a health care facility.
Ecotoxicology

Freshwater/sediment toxicity of organisms

The effect of PAA solutions on aquatic organisms occurred
at concentrations higher than 1 mg l�1. Fresh water species
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and crustaceans appeared more sensitive than salt water
species. However, the development of mollusk larvae was
found to be the most sensitive organism to the toxic
effect of PAA. PAA is an active bactericide at levels
>5 mg l�1.
Peracetic acid 79-21-0

10 min 30 min 60 min 4 h 8 h

AEGL 1 0.52 mg m�3 0.52 mg m�3 0.52 mg m�3 0.52 mg m�3 0.52 mg m�3

AEGL 2 1.6 mg m�3 1.6 mg m�3 1.6 mg m�3 1.6 mg m�3 1.6 mg m�3

AEGL 3 60 mg m�3 30 mg m�3 15 mg m�3 6.3 mg m�3 4.1 mg m�3
Toxicity to marine organisms

PAA seems to be slightly toxic to Daphnia magna with the EC50

at 24 h is 116.6 mg l�1.
Toxicity to terrestrial organisms (soil microorganisms, plants,
terrestrial invertebrates, terrestrial vertebrates)

Phytotoxic effects found that 10 mg PAA/L in some growing
vegetables, such as bean sprouts, and potato plants showered
with up to 2000mg l�1 PAA did not show any change.
However, cut or broken surfaces of vegetables were oxidized by
PAA, resulting in discoloration and sometimes a change in
texture.
Other Hazards

Peracetic acid is an organic peroxide and explodes at 110 �C. It
should be transported and stored in diluted solutions to
prevent explosion.
Exposure Standards and Guidelines

In 2010, the United States Environmental Protection Agency
published Acute Exposure Guidelines (AEGL) for peracetic
acid.
See also: Peroxyacetic acid; Acetic Acid; Chloroacetic Acid.

Further Reading

Hazardous Substances Data Bank, National Library of Medicine (HSDB), 2005. Per-
acetic acid (accessed 12.09.11). Natl. Toxicol. Program.

Pohanish, R.P., 2002. Sittig’s Handbook of Toxic and Hazardous Chemicals and
Carcinogens, fourth ed. Noyes Publications, Norwich, NY.

Relevant Websites

http://www.cdc.gov/hicpac/ – Peracetic acid sterilization (from Guideline for Disin-
fection and Sterilization in Healthcare Facilities 2008).

http://cameochemical.noaa.gov/ – Peracetic acid (from Chemical Datasheet).

http://www.cdc.gov/hicpac/
http://cameochemical.noaa.gov/
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l Name: Perchlorate
l Chemical Abstracts Service Registry Number: 14797-73-0

(perchlorate); CAS 7790-98-9 (ammonium perchlorate);
CAS 7601-89-0 (sodium perchlorate); CAS 7778-74-7
(potassium perchlorate)

l Molecular Formula: ClO4
� (perchlorate), NH4ClO4

(ammonium perchlorate), NaClO4 (sodium perchlorate),
KClO4 (potassium perchlorate)

l Chemical Structure:
Background (Significance and History)

Concern about environmental perchlorate exposure centers on
its inhibition of iodide uptake into the thyroid. Decreased
iodine intake may decrease thyroid hormone production. In
the last few years, perchlorate has become a major inorganic
contaminant in drinking water and has been detected in
a number of public drinking water systems throughout the
Unites States. In 1998, the US EPA added perchlorate to the
Drinking Water Candidate Contaminant List.
Uses

The primary source of perchlorate is the ammonium salt.
Ammonium perchlorate is the oxidizer ingredient in solid
propellant mixtures for rockets, missiles, and munitions. Other
uses of perchlorate salts include medicine, matches, metal
cation chemistry, and pyrotechnics (illuminating and signaling
flares, colored and white smoke generators, tracers, incendiary
delays, fuses, photo-flash compounds, and fireworks).
Perchlorate is also found in lubricating oils, finished leather,
fabric fixer, dyes, electroplating, aluminum refining, manufac-
ture of rubber, paint, and enamel production, as an additive in
cattle feed and magnesium batteries, and as a component of
automobile airbag inflators.
Physicochemical Properties

Perchlorate: Molecular mass: 99.451 g mol�1.
Ammonium perchlorate: Molecular mass: 117.49 gmol�1;

Appearance: colorless solid crystals; Melting point: decom-
poses; soluble in cold water, methanol, partially soluble in
acetone, insoluble in diethyl ether.

Potassium perchlorate: Molecular mass: 138.5 gmol�1; Melting
point (decomposes): 400 �C; Density: 2.5 g cm3; Solubility
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
in water, 1.5 g 100 ml�1 at 20 �C; Appearance: colorless
crystals or white crystalline powder; Odorless.

Sodium perchlorate: Molecular mass: 122.4 g mol�1; Melting
point (decomposes): 482 �C; Density: 2.0 g cm3; Solubility
in water: very good. Appearance: White hygroscopic crystals
or powder.
Environmental Fate and Behavior

Environmental Persistency (Degradation and Speciation):
Perchlorate salts such as ammonium perchlorate are
expected to exist as a solid aerosol or be absorbed to sus-
pended particulate matter. Therefore, removal from the
atmosphere is expected to occur by both wet and dry
depositions. Perchlorates are not expected to undergo direct
photolysis in air. If released in soil, the perchlorate ion is
only weakly absorbed to mineral surfaces of moderate ionic
strength. The ion exhibits high aqueous solubility, and
together these properties contribute to its ability to readily
migrate in groundwater systems. The ion is not expected to
volatilize from soil to the atmosphere because perchlorates
exhibit very low vapor pressures. If released to water,
ammonium perchlorate readily dissolves and dissociates to
the perchlorate ion. Perchlorate is an ion; therefore, vola-
tilization from water surfaces is not expected to be an
important fate process. Hydrolysis does not occur for
inorganic salts such as ammonium perchlorate, which
ionizes in aqueous solution.

Handling and storage: Keep the container tightly closed. Keep
the container in a cool, well-ventilated area, separate from
acids, alkalies, reducing agents, and combustibles.

Bioaccumulation and biomagnifications: Significant decom-
position of perchlorate does not occur in nature, making
human interventions necessary for efficient environmental
cleanup.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Widespread human exposure to both anthropogenic and
naturally occurring perchlorate occurs primarily via ingestion.
Inhalation of ammonium perchlorate dust with systemic
absorption through mucous membranes in the respiratory and
gastrointestinal tracts and dermal contact are the other expo-
sure routs, although significant absorption of perchlorate
through intact skin is unlikely.

Human Exposure
The use of perchlorate salts in various manufacturing industries
in the past few decades, particularly in the western United
States, has contributed to its widespread presence at low levels.
4-3.00586-8 791
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It has been a byproduct of industrial production of solid rocket
fuel, road flares, fireworks, matches, and airbag inflation
systems. Perchlorate is also naturally occurring and is detect-
able in areas that have no history of its industrial or agricultural
use. High levels of naturally occurring perchlorate are found in
some crop fertilizers exported from Chile. Perchlorate has also
been detected in many consumable products worldwide. In
Japan, perchlorate was detectable in dairy milk in concentra-
tions exceeding that of US surveys. In Canada, it has been
found in a variety of fruits and vegetables, milk, tap and bottled
water, wine, and beer products. A Chinese study reported
perchlorate concentrations in rice, bottled water, andmilk from
different regions. Finally, perchlorate has been detected in the
drinking water of India, although levels were lower than that of
the United States.

Environmental Exposure
Air
Perchlorate salts have very low vapor pressures and therefore
are not expected to volatilize to the air as fugitive emissions
during their manufacture, processing, transport, disposal, or
use. However, persons may be exposed to perchlorate dust
or particles in an occupational setting, where the risk posed
by that exposure would depend on the particle size
distribution.

Water
Perchlorate was sampled in drinking water supplies as part of
the Unregulated Contaminant Monitoring Regulation (UCMR)
1, List 1 Assessment Monitoring program. Occurrence data for
perchlorate was collected from 3865 public water supplies
between 2001 and 2005. Approximately 160 (4.1%) of these
systems had at least one analytical detection of perchlorate (in
at least one entry/sampling point) at levels �4 mg l�1. These
160 systems are located in 26 states and two territories.
Approximately 1.9% (or 637) of the 34 331 samples collected
by all 3865 public water supplies had positive detections of
perchlorate at levels �4 mg l�1. The maximum reported
concentration of perchlorate, 420 mg l�1, was found in a single
surface water sample from a public water supply in Puerto Rico.
The average concentration of perchlorate for those samples
with positive detections for perchlorate was 9.85 mg l�1 and the
median concentration was 6.40 mg l�1. There is limited infor-
mation on the release of perchlorate to ambient water.
Perchlorate may be released to water from its manufacture,
processing, or use. Perchlorate may ultimately be released to
surface water from the runoff or erosion of sand or soil
contaminated with the compound, whereas the percolation of
water through contaminated sand or soil could result in
perchlorate contaminating groundwater.

Food
Perchlorate has been found in many substances, including
tobacco, alfalfa, tomato, cow’s milk, cucumber, lettuce,
soybeans, eggs, and vitamins and estimates of daily intake are
available. The US Food and Drug Administration’s (FDA) Total
Diet Study (TDS) has evaluated perchlorate occurrence in foods
and has developed comprehensive dietary exposure estimates
for a variety of demographic groups in the United States. In
addition, the Centers for Disease Control and Prevention’s
(CDC) National Health and Nutrition Examination Survey
(NHANES) database has measured perchlorate in the urine of
a representative sample of Americans. Using these data collec-
tively, the FDA has developed estimates of the average dietary
perchlorate intake for 14 age–gender groups. Overall, the esti-
mated mean daily intake of perchlorate from food in the
United States is 53 ng kg�1 and from drinking water is
9 ng kg�1. Formula-fed babies may be exposed, with perchlo-
rate levels of 0.22–4.1 mg l�1 (1.5 mg l�1, median) reported in
all 17 US brands.

Soil
As discussed, perchlorate has been detected in fertilizers
derived from Chilean caliches, and perchlorate-containing
fertilizers could result in contamination of soil as a direct result
of their intended use. Perchlorate has also been found in other
geologic materials. Perchlorate was measured at levels >1000
parts per million (ppm or mg kg�1) in several samples of
natural minerals, including potash ore from New Mexico and
Saskatchewan (Canada), playa crust from Bolivia, and hank site
from California.
Analytical Methods

Perchlorate can be detected in drinking water by EPA methods
314.0, 314.1, 314.2, 331.0, and 332.0. EPA method 314.0 was
approved for the 2001–03 monitoring of perchlorate, required
in the UCMR, and employs ion chromatography with
conductivity detection. The method detection limit (MDL) for
method 314.0 is 0.53mg l�1, and the average recovery is
reported to range from 86 to 113%, depending on the matrix.
EPA Methods 314.1, 314.2, 331.0, and 332.0 are newer
methods that were published from May 2005 through May
2008. Method 314.1 relies on ion chromatography with sup-
pressed conductivity detection, has an MDL of w0.03 mg l�1,
and an average recovery ranging from 75.9 to 108%, depending
on the matrix and the type of analytical column used. Method
314.2 uses two-dimensional ion chromatography followed by
suppressed conductivity detection. The MDL for perchlorate
using this method is 0.012–0.018mg l�1, depending on the
volume of sample analyzed, and the average recovery of
perchlorate ranges from 92 to 110%, depending on the matrix.
Method 331.0 employs liquid chromatography with electro-
spray ionization mass spectrometry. The MDL for perchlorate
using this method is 0.008 mg l�1 in selected ion monitoring
mode (single stage mass spectrometry) and 0.005 mg l�1 in
multiple reactions monitoring mode (tandem mass spec-
trometry). The average recovery for perchlorate using Method
331.0 ranges from 95.1 to 105%, depending on the matrix.
Method 332.0 employs ion chromatography with electrospray
ionization mass spectrometry detection. The MDL for
perchlorate using this method is 0.02 mg l�1 and the average
recovery ranges for 90 to 105%, depending on the matrix.
Treatment Technologies

The physiochemical properties of perchlorate make its removal
difficult by conventional water treatment methods such as
chemical precipitation. Advanced treatment technologies, such
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as anion exchange, modified granular activated carbon (GAC),
reverse osmosis/nanofiltration, membrane filtration, chemical/
electrochemical reduction, and biological reduction can be
effective, however.

Toxicokinetics
Perchlorate is not significantly metabolized and thus exposure
is best assessed by urinary levels. Perchlorate is rapidly excreted,
with urinary half-lives on the order of 4 h in the rat and 6 h
in humans. Fetal and lactational pharmacokinetics have also
been studied. Physiologically based pharmacokinetic (PBPK)
models are available for adult rats and humans, as well as
pregnant and lactating rats.

Mechanism of Toxicity
The perchlorate ion, because of its similarity to iodide in ionic
size and charge, competeswith iodide for uptake into the thyroid
gland. At therapeutic dosage levels (100–1000 mg day�1), this
competitive inhibition results in reduced production of the
thyroid hormones T3 and T4 and a consequent increase in TSH
via a negative feedback loop involving the thyroid, pituitary, and
hypothalamus.

The competitive inhibition of iodide uptake is the only direct
perchlorate effect on the thyroid, leading to a reversible chem-
ical-induced iodine deficiency. Inhibition of iodide uptake in
the thyroid of adult male rats dosed intravenously was detected
at a dose as low as 0.01 mg kg�1 perchlorate. Perchlorate has
not been shown to produce iodine deficiency in humans.

The effects of perchlorate on iodine availability should be
interpreted in the context of other sodium iodide symporter
inhibitors. These include thiocyanate, a metabolite of cyanide
that is produced as a byproduct of cigarette smoke and found in
a large variety of foods, and nitrate, which is produced natu-
rally. Comparatively, perchlorate is a very potent inhibitor of
the sodium iodide symporter; its effects are 15-fold greater than
thiocyanate, 30-fold compared with iodide, and 240-fold
compared with nitrate.
Acute and Short-Term Toxicity (Animal and Human)
(Including Irritation and Corrosivity)

Two studies on humans were conducted for 14 days in which
10 mg day�1 was provided in water to 10 male subjects and
3 mg day�1 was provided in drinking water to 8 male subjects.
In both studies, each subject served as their own control by
having measurements taken before and after perchlorate
consumption. Iodide-123 was measured in the thyroid to
obtain inhibition data, and iodide and perchlorate were
determined in blood and urine. Perchlorate, at both 3 and
10 mg day�1, caused inhibition of iodide uptake into the
thyroid (38 and 10%, respectively). There were no changes seen
in TSH or thyroid hormone levels in the blood. The extrapo-
lated NOAEL for iodide inhibition was 2 mg day�1 based on
these two exposures. Another 14-day study employed 10
subjects (five male/five female) for each dose (0.5, 0.1, 0.02,
and 0.007mg kg�1 day�1) who also served as their own
control. The parameters measured were iodide-123 uptake in
the thyroid for inhibition data and iodide and perchlorate
in blood and urine for kinetic data. No changes were seen in
TSH or thyroid hormone levels in the blood. The result of
the iodide inhibition measurements was a NOAEL of
0.007mg kg�1 day�1, resulting in 4.8% iodide inhibition
(equivalent to 0.5 mg day�1 perchlorate exposure). Data from
these studies were used to develop the human PBPK model for
perchlorate.

Developmental neurotoxicity studies exposed pregnant rats
to perchlorate in drinking water (0, 0.1, 1.0, 3.0, and
10 mg kg�1 day�1) during pregnancy through day 10 of lacta-
tion. No pup behavioral effects were seen except equivocal
motor activity at one time point. An additional motor activity
study with the same doses found no statistically significant
effects in motor activity. However, Bayesian (methods in
probability and statistics named after Rev. Thomas Bayes (ca.
1702–1761), in particular methods related to statistical infer-
ence) statistical analysis on the results of the two different
motor activity studies combined resulted in a NOAEL at
1.0 mg kg�1 day�1. Hormone changes, decreased T4, increased
TSH, were again seen at lower doses. Brain histology and
morphometry observations in developmental studies are
equivocal. In a larger study, the perchlorate dose response on
the thyroidal 123I uptake and thyroid function in 37 human
subjects was assessed. In these volunteers, drinking water with
perchlorate concentrations at 0.007, 0.02, 0.1, or 0.5 mg kg�1 day
was administered for 14 days. The investigators found no
changes in thyroid function for doses up to 35 mg. However,
a decrease of the thyroidal 123I uptake was noted at the
1.4 mg day dose (but not the 0.5 mg day�1 dose), thereby
suggesting a no effect level for perchlorate of 0.5 mg day�1,
which is far higher than typical environmental exposures.
Chronic Toxicity (Animal and Human)

A 90-day subchronic bioassay determined that the thyroid was
the only target organ in male and female rats exposed to
perchlorate in drinking water (0, 0.01, 0.05, 0.2, 1.0, and
10 mg kg�1 day�1) for 90 days. The NOAEL based on thyroid
changes was 1 mg kg�1 day�1, but hormone changes, decreased
T4 and increased TSH, were still seen at lowest doses. Studies
using female mice did not demonstrate any adverse effects to
the immune system. Evaluation of thyroid responses identified
no alterations in T3 and TSH, whereas T4 was decreased after
exposure to 1.0, 3.0, or 30 mg kg�1 day�1. Thyroid changes
detected histologically were not seen in all animals until the
30 mg kg�1 day�1 dose.

In the largest study of perchlorate exposure at a US
perchlorate production facility, 29 perchlorate workers were
studied who had been exposed intermittently to high
perchlorate levels over a median duration of 5.9 years.
Thyroidal iodide uptake was slightly decreased in the hours
following overnight exposure, but serum thyroid function tests
were not affected by this long-term, intermittent, high-level
exposure to perchlorate, resulting in urine concentrations of
43 mg l�1.

A study of 29 male workers exposed occupationally to high
concentrations of airborne perchlorate demonstrated average
iodide uptake inhibition of 38%, but no effect on thyroid
hormones. A similar study evaluated 37 workers in the same
plant and also reported no effect of long-term perchlorate
exposure on a variety of determinants of thyroid health at doses
up to about 0.5 mg kg�1.
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Immunotoxicity

During the 1950s, perchlorate (in high doses of 600–1000 mg
daily) was used to treat hyperthyroidism. Its use diminished
after several cases of aplastic anemia were observed, perhaps
owing to the large doses employed. Immunotoxicity studies
were motivated by case reports of aplastic anemia and leuko-
penia in humans, but studies using female mice did not
demonstrate any adverse effects to the immune system.

Reproductive Toxicity

Perchlorate is not a teratogen as no birth defects were found at
doses as high as 100 mg kg�1 day�1 in the rabbit or as high as
30 mg kg�1 day�1 in the rat.

Developmental Toxicity

There is a modest amount of data regarding low-level envi-
ronmental perchlorate exposure and maternal thyroid function
during pregnancy. Two Chilean studies found no increases in
TSH or decreases in free thyroxine or urinary iodine concen-
trations in pregnant women living in three areas (all of which
hadmore than adequate mean urinary iodine levels) with long-
term environmental perchlorate exposure.

The TSH values of neonates at age 1 month living in a US
region in which perchlorate levels are up to 15 ppb in drinking
water were not affected by environmental perchlorate exposure.

Similar to its mechanism on thyroid cells, perchlorate is
a competitive inhibitor of the sodium iodide symporter found
on lactating breast cells. Perchlorate transfer into breast milk
is hypothesized to decrease breast milk iodine levels and
adversely affect infant thyroid hormone levels, either by
decreasing iodine in breast milk or by directly affecting infants’
thyroid hormone synthesis. Recently, the US Food and Drug
Administration reported in a Total Diet Study that infants and
children have the highest intakes of perchlorate by body weight
based on estimated intake.

Genotoxicity

Genotoxicity assays showed that perchlorate is not genotoxic or
mutagenic.

Carcinogenicity

A few early studies in rodents using relatively high doses sug-
gested that perchlorate can produce thyroid tumors. However,
the NRC 2005 perchlorate report reviewed the available human
data and concluded that “On the basis of the biology of human
and rodent thyroid tumors, it is unlikely that perchlorate poses
a risk of thyroid cancer in humans.”

Clinical Management

Ammonium Perchlorate Treatment Overview
Oral Exposure
A) Emesis: Ipecac-induced emesis is not recommended

because there is so little information about the effects of
overdose in humans.

B) Dilution: Immediately dilute with 4–8 oz (120–240 ml) of
water or milk (not to exceed 4 oz 120 ml�1 in a child).
C) Gastric lavage: Consider after ingestion of a potentially life-
threatening amount of poison if it can be performed soon
after ingestion (generally within 1 h). Protect airway by
placement in the head down left lateral decubitus position
or by endotracheal intubation. Control any seizures first.
1) Contraindications: Loss of airway protective reflexes or

decreased level of consciousness in unintubated
patients; following ingestion of corrosives; hydrocar-
bons (high aspiration potential); patients at risk of
hemorrhage or gastrointestinal perforation; and trivial
or nontoxic ingestion.

D) Activated charcoal: Administer charcoal as a slurry (240 ml
water/30 g charcoal). Usual dose: 25–100 g in adults/
adolescents, 25–50 g in children (1–12 years), and 1 g kg�1

in infants <1 year old.
E) Acute lung injury: Maintain ventilation and oxygenation

and evaluate with frequent arterial blood gas or pulse oxi-
metry monitoring. Early use of PEEP and mechanical
ventilation may be needed.

F) Observe patients with ingestion carefully for the possible
development of esophageal or gastrointestinal tract irrita-
tion or burns. If signs or symptoms of esophageal irritation
or burns are present, consider endoscopy to determine the
extent of injury.
Inhalation Exposure
A) Inhalation: Move patient to fresh air. Monitor for respira-

tory distress. If cough or difficulty breathing develops,
evaluate for respiratory tract irritation, bronchitis, or
pneumonitis. Administer oxygen and assist ventilation as
required. Treat bronchospasm with inhaled beta2 agonist
and oral or parenteral corticosteroids.

B) Acute lung injury: Maintain ventilation and oxygenation
and evaluate with frequent arterial blood gas or pulse oxi-
metry monitoring. Early use of PEEP and mechanical
ventilation may be needed.

C) If bronchospasm and wheezing occur, consider treatment
with inhaled sympathomimetic agents.
Eye Exposure
A) Decontamination: Irrigate exposed eyes with copious

amounts of room temperature water for at least 15 min. If
irritation, pain, swelling, lacrimation, or photophobia
persists, the patient should be seen in a health care facility.
Dermal Exposure
A) Decontamination: Remove contaminated clothing and

wash exposed area thoroughly with soap and water. A
physician may need to examine the area if irritation or pain
persists.

B) Treat dermal irritation or burns with standard topical
therapy. Patients developing dermal hypersensitivity reac-
tions may require treatment with systemic or topical corti-
costeroids or antihistamines.
Range of Toxicity

A) The minimum lethal human exposure is unknown.
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Ecotoxicology

A survey of adult male and female cricket frogs (Acris crepitans)
was performed in central Texas between 2001 and 2003. There
was no evidence of colloid depletion or hyperplasia in frogs
from any of the sites, although frogs from two sites with the
greatest mean water perchlorate concentrations exhibited
significantly greater follicle cell hypertrophy. Furthermore,
there was a significant positive correlation between follicle cell
height and mean water perchlorate concentrations for frogs
collected from all sites.
Other Hazards

Safety concerns with ammonium perchlorate are greater than
toxicity concerns because of its explosive potential. Ammo-
nium perchlorate may explode from friction, heat, or
contamination. These substances accelerate burning when
involved in a fire. May ignite combustibles (wood, paper, oil,
clothing, etc.). Some react explosively with hydrocarbons
(fuels). Containers may explode when heated. Runoff may
create fire or explosion hazard.
Exposure Standards and Guidelines

Under the Bush Administration, the US Environmental
Protection Agency conducted extensive review of scientific data
related to the health effects of exposure to perchlorate from
drinking water and other sources and found that in more than
99% of public drinking water systems, perchlorate was not at
levels of public health concern. Therefore, based on the Safe
Water Drinking Act criteria, the Agency determined there is not
a ‘meaningful opportunity for health risk reduction’ through
a national drinking water regulation. Under the Obama
Administration, the US Environmental Protection Agency
reviewed the same information and reversed its earlier
decision, concluding that regulating perchlorate would provide
a meaningful opportunity for health risk reduction. A rule
making process aimed at identifying a maximum contaminant
limit for perchlorate in drinking water is under way.

There is no occupational standard for perchlorate, butOSHA
regulates perchlorate as a nuisance dust, with an 8-h time-
weighted average permissible exposure limit of 15 mg m�3.
Studies have demonstrated that occupational exposures to
perchlorate have not been hazardous to the health of workers at
manufacturing plants. In the absence of a finalized oral health
risk benchmark for perchlorate, but in light of ongoing assess-
ment activities by EPA, states, and other interested parties, the
ORD/EPA reaffirmed this guidance on January 22, 2003with an
added suggestion to carefully consider the low end of the
provisional 4–18 ppb range.
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Relevant Websites

www.epa.gov – Environmental Protection Agency.
www.osha.gov – Occupational Safety and Health Administration.
www.inchem.org – International Programme on Chemical Safety: INCHEM: Search for

Perchlorate.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Perchlorate.
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l Name: Perchloric Acid
l Chemical Abstracts Service Registry Number: 7601-90-3
l Synonyms: Dioxonium perchlorate, Hydronium perchlorate
l Molecular Formula: ClHO4

l Chemical Structure:
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Background

Perchloric acid is a corrosive inorganic liquid that is colorless,
odorless, and oily in nature. It is miscible with water and has
a boiling point of 203 �C, a melting point of�19 �C, and a low
vapor pressure of 6.8mmHg at 25 �C. A cold 70% aqueous
perchloric acid solution is considered to be a strong acid or
superacid (stronger than sulfuric and nitric acids) but is not
necessarily a strong oxidizing agent. However, as the concen-
tration and temperature of the perchloric acid are increased, so
does its oxidizing power. Hot concentrated solutions of
perchloric acid can be extremely dangerous (explosion hazard,
fire hazard). Perchloric acid can react violently at room
temperature with cellulose materials (e.g., wood, paper),
oxidizable organic materials (e.g., alcohols, ketones, and
aldehydes), and strong basic materials, resulting in an
increased risk of fire and/or explosion. When heated, perchloric
acid can decompose and generate toxic and corrosive fumes.
Many types of metals can react with perchloric acid to produce
flammable/explosive gases. Because perchloric acid becomes
increasingly unstable (volatile) with increasing concentration,
it is not marketed at concentrations greater than 72% v/v in
water. It may explode by shock or concussion as an anhydrous
material (e.g., if a spill of 70% perchloric acid is allowed to
dehydrate). Mixtures of perchlorates with oxidizable
substances are often explosive. Perchloric acid is attracted to
water and disassociates readily to yield the perchlorate anion.
The toxicity of perchloric acid comes from the toxicity of the
perchlorate anion.

The potential danger of working with perchloric acid is
sadly illustrated in a workplace tragedy. A mixture of perchloric
acid and acetic anhydride exploded in a Los Angeles factory in
1947, killing 15, injuring 400, and causing $2 million in
damages.
Uses

Perchloric acid is used in the preparation of perchlorate
salts (e.g., ammonium perchlorate, a solid oxidizer in
796 Encyclopedia of T
rocket propellants). It is also used industrially for electro-
polishing and etching of various metals (e.g., aluminum,
molybdenum). Perchloric acid is used in a process to
separate potassium from sodium, as well as in many other
laboratory tests and industrial processes (e.g., as an eluant
in ion-exchange chromatography). Uses for the salts of
perchloric acid include the manufacture of explosives and
plating of metals. Perchlorate is also present in bleach and
fertilizers.
Environmental Fate and Behavior

Perchloric acid, in the presence of moisture, forms the nega-
tively charged perchlorate anion. The largest natural deposit of
perchlorate is located in Chile; the origin of the deposit is not
known.

Atmospheric perchlorate may be found near the sites where
it is manufactured and the locations where it is used. Accidental
spills of perchloric acid are another source of airborne
perchlorate. Perchlorate has a low vapor pressure and is not
found in the atmosphere as such; however, airborne particles
are known to be a source of perchlorate. The particles may fall
to the soil or be washed to the soil via rain. Soil particles
containing perchlorate can migrate in air currents or with
surface water or groundwater.

Perchlorate anions are highly mobile in groundwater
because of their charged state and because they adsorb to soil
particles poorly. Perchlorates in groundwater or surface water
are extremely persistent. They are extremely stable under
ambient conditions and tend not to react or degrade. Some
types of anaerobic bacteria are known to biodegrade perchlo-
rate; however, they are effective only under specific environ-
mental conditions (high levels of organic carbon and low levels
of oxygen and nitrate). Groundwater extraction is considered
inefficient for the removal of perchlorate.

Plants exposed to perchlorate in the soil moisture can also
take up perchlorate; some types of plants are known to
concentrate perchlorate.
Exposure and Exposure Monitoring

The primary means by which humans are exposed to
perchlorate is via ingestion of contaminated food and water.
Another means of exposure is via inhalation of airborne
particles containing perchlorate. Exposure via the skin and
mucous membranes can also occur.

Reductions in circulating thyroid hormones (T3 and T4)
accompanied by an increase in circulating thyroid stimulating
hormone serve as the earliest biomarkers of exposure to
perchlorate.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00896-4
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Toxicokinetics

The perchlorate anion is thought to be absorbed mainly
through the gastrointestinal tract and excreted in the urine.
Respiratory exposure to the perchlorate anion is thought to be
limited due to its low vapor pressure; however, the anion can
adsorb to airborne particulate matter (e.g., remnants of deto-
nated fireworks) and can serve as a means of exposure via
inhalation of the airborne debris. Dermal exposure to the
perchlorate anion is most likely limited due to its ionized state.

Perchlorate anions tend to concentrate in the thyroid gland,
salivary gland, and testicular tissue of experimental animals.
Orally administered perchlorate is not readily reduced in vivo
and results in excretion of the parent compound unchanged.

The majority (w95%) of an oral dose of sodium perchlo-
rate administered to humans was excreted in the urine within
48 h of administration, with an elimination half-life of
approximately 6–9 h.
Mechanism of Toxicity

Perchloric acid is corrosive and causes damage to any tissue it
contacts.

The perchlorate anion competitively blocks the transport of
iodide (I�) into the thyroid gland. Iodine deficiency triggers an
increased production of thyroid stimulating hormone by the
pituitary gland, resulting in hyperplasia of the thyroid gland.
Symptoms associated with iodine deficiency include the
development of a goiter, adverse neurological effects, and
mental deficiency.
Acute and Short-Term Toxicity (or Exposure)

Animal

Perchloric acid is a severe irritant and is corrosive to the eyes,
skin, and mucous membranes. The oral LD50 is 1100mg kg�1

in rats and 400mg kg�1 in dogs. The subcutaneous LD50 in
mice is 250mg kg�1. Acute oral administration of perchloric
acid resulted in gross findings of necrosis and hemorrhage in
the stomach and intestines and pulmonary edema.

Human

Perchloric acid is corrosive to the eyes, skin, and mucous
membranes. Ingestion may produce mild to moderate oral and
esophageal burns and severe injury in the stomach and intes-
tines. Symptoms of lung edema (caused by inhalation of
perchloric acid fumes) may not become evident until several
hours after exposure.
Chronic Toxicity (or Exposure)

Human

Chronic oral administration of sodium perchlorate
(600–1200mg day�1) to humans was used to treat Grave’s
disease during the 1950s and the early 1960s. Grave’s disease
results from an immune disorder in which the patient’s
immunoglobulins bind to thyroid stimulating hormone
receptors on the thyroid gland, resulting in hyperthyroidism.
The perchlorate anion blocks uptake of iodide by the thyroid
gland, reduces the production of circulating thyroid hormones
and counteracts the hyperthyroidism caused by Grave’s disease.
The side effects reported after repeat dose exposure of perchlo-
rate to Grave’s patients include rash, lymphadenopathy,
gastrointestinal irritation, nausea, and sore throat. Agranulocy-
tosis occurred in one patient but was reversible after discontin-
uation of perchlorate administration. Other hematological
effects that were reported include aplastic anemia and
leucopenia.
Immunotoxicity

Prolonged exposure may result in the development of a dermal
rash or sensitization.
Reproductive Toxicity

Exposure of female animals to perchlorate during pregnancy
resulted in enlarged thyroid glands with thyroid colloid
depletion, hypertrophy, and hyperplasia in both the mother
and offspring. Exposure of pregnant rats and rabbits to
perchlorate produced no teratogenic effects or adverse behav-
ioral effects to the offspring.
Genotoxicity

There are no reports of mutagenic or clastogenic effects of the
perchlorate anion.
Carcinogenicity

Lifetime oral exposure of perchlorate to rodents was associated
with the development of an increased incidence of benign and
malignant thyroid tumors. The risk to humans on the devel-
opment of thyroid tumors after long-term exposure to
perchlorate is unknown.
Clinical Management

Contaminated clothing should be removed and exposed body
surfaces should be washed thoroughly. Respiratory assistance
should be given if necessary. If ingested, a conscious patient
should be given large amounts of water and 1 ounce of milk of
magnesia if available. Vomiting should not be induced. Eyes
should be flushed with large amounts of water if eye contact
occurs. Treatment is the same as for exposure to any strong
inorganic acid.
Ecotoxicology

Perchloric acid may be toxic to aquatic life.

l Freshwater/sediment organism toxicity:

LC100 Cyprinus carpio 180 ppm per 24 h at 25 �C.
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l Marine organism toxicity:

None.

l Terrestrial organism toxicity:

None.
Exposure Standards and Guidelines

State drinking water guidelines (perchlorate ion):
California, 6 mg l�1.
Massachusetts, 2 mg l�1.
Maine, 1 mg l�1.

See also: Acids; Perchlorate.
Further Reading

National Research Council, 2005. Health Implications of Perchlorate Ingestion. The
National Academies Press, Washington, DC.

Sellers, K., Alsop, W., Clough, S., et al., 2007. Perchlorate: Environmental Problems
and Solutions. CRC Press, Boca Raton.

Srinivasan, A., Viraraghavan, T., 2009. Perchlorate: health effects and technologies for
its removal from water. Int. J. Environ. Res. Public Health 6 (4), 1418–1442.
Relevant Websites

http://water.epa.gov/drink/contaminants/unregulated/perchlorate.cfm – EPA’s
perchlorate website.

http://www.inchem.org – International Programme on Chemical Safety (IPCS).
Perchloric Acid (IPCS International Chemical Safety Card 1006).

http://www.auburn.edu – Perchloric Acid (adapted from the CRC Handbook of Labo-
ratory Safety).

http://water.epa.gov/drink/contaminants/unregulated/perchlorate.cfm
http://www.inchem.org
http://www.auburn.edu
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l Name: Perfluoroisobutylene
l Chemical Abstracts Service Registry Number: 382-21-8
l Synonyms: Octafluoro-s-butene, Octafluoroisobutylene,

PFIB, Isobutene, Octafluoroisobutene, Perfluoroisobutene
l Chemical/Pharmaceutical/Other Class: Perfluorocarbon
l Molecular Formula: C4F8
l Chemical Structure:
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Background

Perfluoroisobutylene (PFIB) is a schedule 2A substance under
the Chemical Weapons Convention, which means that while it
has significant ability to be used as a chemical weapon, it also
serves various other industrial uses.
Uses

Perfluoroisobutylene or perfluoroisobutene is a monomer used
in synthesis of Teflon and other polymeric materials. It is also
used in etching for semiconductor fabrication, and is poten-
tially used as a chemical warfare agent. The US Food and Drug
Administration’s CFR 21 Section 173.360 allows for use of
octafluorocyclobutane as a propellant and also allows for PFIB
at a level of <.01% as an impurity in formulation.
Environmental Fate and Behavior

PFIB exists as a gas in the atmosphere, and is degraded by
reaction with hydroxyl radicals, with a reaction half-life
of w5.7 days. PFIB is not susceptible to significant photol-
ysis. The Henry’s law constant of PFIB suggests volatization as
an important fate process. The half lives for volatization
calculated from a model lake and river were 5.6 days and
4.1 h, respectively, though a small portion will adsorb to
suspended solids and sediment. PFIB can also volatize
substantially from moist soils, and to a small degree from dry
soils.
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

PFIB is produced by the pyrolysis, and as a by-product during
the manufacture of Teflon fluorocarbon resins, for example,
polytetrafluorethylene (PTFE). Inhalation is the major expo-
sure pathway, and those who work in industrial settings where
the compound is produced or used are at the highest risk
of exposure. Limited exposure to the broader public may
occur through exposure to foods/implements that contain
the substance.
Toxicokinetics

PFIB is readily absorbed. The retention in rats of inhaled PFIB
in the upper airways and lungs was found to be w25% of the
amount inspired at the concentrations tested.
Mechanism of Toxicity

PFIB is a strong electrophile that reacts with nucleophiles. The
toxicity of PFIB may be correlated with its susceptibility to
nucleophilic attack and the generation of reactive
intermediates.
Acute and Short-Term Toxicity (or Exposure)

Animal

PFIB is similar to phosgene but is reported to be 10 times as
acutely lethal. When PFIB is inhaled, it produces a fulminating
and sometimes fatal pulmonary edema similar to that of
phosgene after a latent period of several hours. The rat LC50 is
500 ppb for a 6 h exposure. Lung injuries caused by the
inhalation of PFIB have been examined in a study where rats
were exposed to 50, 83, 90, 110, or 200mgm�3 of PFIB for
10min. At exposure to 90mgm�3 or more, lung injuries
began to be detected histologically within hours after expo-
sure, with the latency periods being inversely proportional to
PFIB concentrations, so that at the high concentration of
200mgm�3, no latency period was detectable. Significant
accumulations of edema fluid were not apparent until 9 h
after PFIB exposure. Significant amounts of fibrin were
detected in alveolar spaces at 18–24 h after exposure, but no
fibrin was evident at 48–72 h. Significant increases in alveolar
macrophages (AMs) were observed at 10 h after exposure, with
4-3.00897-6 799
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peak increases between 24 and 48 h postexposure. Even at 1 h
after exposure, the alveolar epithelial cells and endothelial
cells showed abnormal vacuolation and blebbing. Progres-
sively, the alveolar surface was denuded, leading to edema and
extravasation. The AM appeared relatively insensitive to the
toxic effects of PFIB.
Human

The toxicity observed is called polymer fume fever. The first
symptom of poisoning is a cough and difficult breathing
immediately after inhaling the fumes. The symptomology
becomes progressively worse. Pathological changes in the
lungs occur in the first 4–6 h postexposure and increase in
severity in the first 2 days. Improvement occurs on the fifth to
sixth days.
Chronic Toxicity (or Exposure)

Animal

Rats exposed to 0.1 ppm PFIB for 6 h day�1, 5 days week�1 for
2 weeks showed no compound-related pathological changes
and only mild respiratory impairment and restlessness during
their exposure. A repeat study using the same experimental
conditions (0.1 ppm) found no effects in rats.
Human

No information could be found on chronic toxicity of PFIB in
humans.
Immunotoxicity

There are no known studies on the immunotoxic potential of
PFIB, and it has demonstrated no immunotoxic action in
exposures.
Reproductive Toxicity

There is a record of an exposure to a pregnant woman
at w15 weeks pregnant who was exposed to PFIB. The preg-
nancy ended normally with no complications. While this is not
definitive evidence, there are no specific studies testing for
reproductive toxic potential.
Genotoxicity

PFIB has no known genotoxicity; however, there have been no
specific studies testing genotoxic potential.
Carcinogenicity

PFIB is not known to be carcinogenic, and it is unlisted by the
International Agency for Research on Cancer.
Clinical Management

Exposure should be terminated and supportive management
provided. Administration of antipyretic medications such as
aspirin and acetaminophen may help to provide symptomatic
relief of flulike symptoms.
Ecotoxicology

PFIB decomposes rapidly when dissolved in water, forming
various reactive intermediates and fluorophosgene, which
then decomposes into carbon dioxide, a radical anion, and
hydrogen fluoride. A bioconcentration factor of 43 was calcu-
lated, suggesting a moderate potential for accumulation in
organisms.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists, US Occupational Safety and Health Administra-
tion, and the US National Institute for Occupational Safety
and Health have not set exposure standards for PFIB.
Although there is no hygienic standard for the safe handling
and use of Teflon fluorocarbon resins, specifically PTFE and
fluorinated-ethylene–propylene polymers manufactured by
the DuPont Company, a publication from the American
Industrial Hygiene Association many years ago noted that
a maximum atmospheric concentration of 15mgm�3 may be
tolerated over an 8 h period on a nuisance basis without
significant hazard, since the oral and inhalation toxicities of
the undecomposed polymers are practically nil. Further, it
noted that (1) decomposition products appear only at
temperatures above 200 �C; (2) no practical way has yet been
devised to express safe concentrations of the various possible
mixtures of the decomposition products, which include PFIB;
(3) above 250 �C, toxicologically significant amounts of these
products are evolved and polymer fume fever may result from
exposure to them or from smoking Teflon-contaminated
cigarettes; and (4) the decomposition products become
flammable above 690 �C.

See also: Combustion Toxicology; Phosgene.

Further Reading

Lehnert, B.E., Archuleta, D., Behr, M.J., Stavert, D.M., 1993. Lung injury after acute
inhalation of perfluoroisobutylene: exposure concentration–response relationships.
Inhal. Toxicol. 5, 1–32.

Maidment, M.P., Upshall, D.G., 1992. Retention of inhaled perfluoroisobutene in the
rat. J. Appl. Toxicol. 12, 393–400.

Patocka, J., Bajgar, J., 1998. Toxicology of perfluoroisobutene. Appl. Sci. Anal.
Newsl.

Smith, L.W., Gardner, R.J., Kennedy Jr., G.L., 1982. Short-term inhalation toxicity of
perfluoroisobutylene. Drug Chem. Toxicol. 5, 295–303.

Van Helden, H.P.M., van de Meent, D., Oostdijk, J.P., et al., 2004. Protection of rats
against perfluoroisobutene (PFIB)-induced pulmonary edema by curosurf and
N-acetylcysteine. Inhal. Toxicol. 16, 549–564.
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Relevant Websites

http://www.echemportal.org/ – eChem Portal Homepage, search for
‘perfluoroisobutylene.’

http://www.epa.gov/ – Environmental Protection Agency Homepage, search for
‘perfluoroisobutylene.’
http://www.fda.gov/ – Food and Drug Administration Homepage, search for
‘perfluoroisobutylene.’

http://toxnet.nlm.nih.gov/ – Toxnet Homepage, search for ‘perfluoroisobutylene.’

http://www.echemportal.org/
http://www.epa.gov/
http://www.fda.gov/
http://toxnet.nlm.nih.gov/
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l Chemical Abstracts Service Registry Number: 335-67-1
l Synonyms: PFOA, 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadeca-

fluorooctanoic acid, Perfluoroheptanecarboxylic acid, Per-
fluoro-n-octanoic acid, Fluorad FC-26, Perfluorocaprylic
acid

l Chemical/Pharmaceutical/Other Class: Fluorinated
organics, Perfluoroalkyl substances, Perfluoroalkyl carbox-
ylic acids

l Molecular Formula: C8HF15O2
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Background

Concerns about the potential environmental and toxicolog-
ical impacts of long-chain perfluoroalkyl sulfonates and
carboxylic acids have led to: (1) the phaseout of production of
perfluorooctane sulfonate (PFOS) and related compounds
and perfluorooctanoic acid (PFOA) by their major global
manufacturer in 2000–02; (2) the conclusion of a stewardship
agreement between the United States Environmental Protec-
tion Agency (US EPA) and eight leading global companies to
reduce emissions and product content of PFOA and related
chemicals by 95% by 2010 and to work toward their elimi-
nation by 2015; (3) a similar agreement between the
Canadian environmental and health authorities and five
companies to restrict perfluorinated carboxylic acids in
products; (4) a European Union Marketing and Use Directive
restricting the use of ‘PFOSs’ in the European Union; and
(5) the inclusion of PFOS in the Stockholm Convention on
Persistent Organic Pollutants as an Annex B substance,
i.e., restricted in its use; and other regulatory and voluntary
initiatives intended to reduce environmental emissions of this
family of compounds.
Uses

PFOA is a completely fluorinated organic acid that is
produced synthetically as its salts. The typical structure has
a nonbranched chain of eight carbon atoms. The industrial
production of perfluoroalkyl carboxylates started in the late
1940s. Two principal production processes are used to
manufacture PFOA, viz. electrochemical fluorination and
telomerization. PFOA can also appear as a result of degra-
dation of some precursors, e.g., fluorotelomer alcohols. The
ammonium salt of PFOA is primarily used as an emulsifier
or ‘processing aid’ in industrial applications, for example, in
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the production of fluoropolymers such as polytetrafluoro-
ethylene, but also produced for fluorosurfactant use. Typical
uses include fluoropolymers in electronics, textiles, and
nonstick cookware, and fluorosurfactants in aqueous film-
forming foams used for fire fighting.
Environmental Fate and Behavior

Once in the environment, PFOA is persistent and not known to
undergo any further abiotic or biotic degradation under rele-
vant environmental conditions. PFOA is highly water-soluble
and typically present as an anion (conjugate base) in solution.
It has low vapor pressure; therefore, the aquatic environment is
expected to be its primary sink, with some additional parti-
tioning to sediment. The presence of PFOA in the Arctic indi-
cates the long-range transport of PFOA (e.g., via ocean currents)
or of volatile precursors to PFOA (e.g., via atmospheric trans-
port). Accumulation of PFOA in wildlife is much less than in
humans, contrary to PFOS.
Exposure and Exposure Monitoring

Routes and Pathways

The presence of PFOA in the environment originates from its
industrial use and environmental release, from use and disposal
of consumer products that may contain PFOA as an impurity,
and from the abiotic or biotic degradation of precursors or larger
functional derivatives andpolymers that contain aperfluoroalkyl
moiety and degrade in the environment to form PFOA.

Three main environmental transport pathways have been
suggested to explain the presence of PFOA in the environment
even in remote locations such as the Arctic. Atmospheric transport
can occur as a result of direct releases of PFOA or its anion from
manufacturing sites. Volatile precursors, such as fluorotelomer
alcohols or olefins, may be transported over longer distances and
then be degraded into the stable and persistent PFOA. Finally,
oceanic transport of dissolved PFOA as a result of riverine
discharges has been shown to occur and may also give rise to
formation of marine aerosols because the surface-active character
of themolecule leads to its accumulationat the surfacemicrolayer.
Human Exposure

For the general population, the common routes of exposure to
environmental compounds are ingestion, dermal contact, and
inhalation. PFOA is environmentally persistent but not lipo-
philic. The exposure scenario is complex as PFOA has a large
variety of applications. The diet is considered the major source
of human exposure. Oral exposure from materials other than
food, inhalation, and dermal contact may be important
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00527-3
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exposure routes for certain segments of the population. Such
sources include exposure due to migration from food prepara-
tion or packaging materials, and indoor dust in homes with
treated carpets, of which the latter is particularly important for
toddlers. PFOA does not accumulate in adipose tissue. Levels of
PFOA in blood of the general population are in the low and
subparts per billion range. Levels in human serum in the back-
ground-exposed population are surprisingly constant across the
globe (2–8 mg l�1) and do not appear to increase with age.

Specific episodes of human poisoning have not been
reported. High levels of PFOA have occurred in drinking water
of Sauerland, Germany, as a result of application of PFOA-
contaminated biosludges on agricultural land and subsequent
runoff. Human biomonitoring studies revealed that PFOA
concentrations in blood plasma of local residents were initially
four to eight times higher than in the reference groups, but levels
had decreased substantially after 2 years. Fish from the same
contaminated sites consumed by local anglers also resulted in
increased human internal exposure to PFOA. An expert panel
concluded that “concentrations were considered too low to
cause overt adverse health effects in the exposed population”.

Years of residence in exposed water districts in West Virginia
and Ohio, USA, that are located in the vicinity of a PFOA
manufacturingplant appearedpositively associatedwithobserved
serum PFOA levels. PFOA may act as an endocrine disruptor.

Human exposure studies have been reported for workers
employed in manufacturing plants. Chemical plant employees
and surrounding subpopulations have been identified with
higher levels of PFOA in blood than reference populations.
From the epidemiological studies insufficient evidence has
been brought forward to conclude that PFOA causes adverse
health effects in humans, but consistent evidence exists on
associations with higher cholesterol and uric acid.
Environmental Exposure

PFOA is globally distributed and can be transported to remote
areas such as the Arctic through twomajor pathways: transport of
volatile precursors via the atmosphere and subsequent atmo-
spheric oxidation and deposition, and transport of directly
emitted PFOA via ocean currents. In Arctic biota, PFOA is gener-
ally infrequently detected and present in low concentrations.

In air PFOA is associatedwith the particle phase. In the Arctic,
levels of PFOA vary between 0.4 and 1.4 pgm�3. Outdoor air
levels (particulate phase) vary from 0 to 4000 ngm�3. In house
dust relatively high levels have been reported (2–3700 ng g�1).

In rivers and lakes, levels of PFOA vary from0.1 to 600 ng l�1

depending on the urbanization of the watershed, with values
mostly below 50 ng l�1. Levels up to 90 mg l�1 have been
reported inhighly contaminated surfacewaters. In groundwater,
levels vary from below the limit of detection to several tens of
nanograms per liter. In soils impacted by firefighting training
grounds or accidental fires levels of PFOA as high as several
milligrams per liter have been reported in the groundwater. In
marine waters levels of PFOA range from<0.004 ng l�1 in open
oceans to 300 ng l�1 near industrialized shores.

Arctic lakes contain levels of PFOA between 50 and
500 pg l�1. In snow, levels of PFOA range from 13 to 130 pg l�1.

In sediments, levels of PFOA are relatively low due to its low
KD value. Levels generally range from 0.02 to 2 ng g�1 dw
in coastal and marine sediments and between 0.1 and
10 ng g�1 dw in river sediments with occasionally higher levels
up to 200 ng g�1 dw.

Levels of PFOA in soil have hardly been reported thus far
and those reported range from 0.1 to 1 ng g�1.

Because the levels of perfluoro- and polyfluoroalkyl
substances (PFASs) in freshwater are, in general, 10 to 100
times higher than in coastal or open sea waters, freshwater
organisms usually accumulate higher levels of PFAS. PFOA has
a lower bioaccumulation potential than longer chain per-
fluorinated acids or PFOS. In insect larvae, levels of PFOA of 1–
4 ng g�1 wet weight (ww) have been reported.

In general, current and historic homolog profiles of per-
fluorinated alkanoic acids in wildlife such as fish andmammals
deviate strongly from that observed in humans. In humans
PFOA is the dominant homolog, whereas in wildlife PFOA is
hardly found and longer chain homologs, in particular the
nonanoic acid, are more dominant. Such changes are for
a major part caused by differences in exposure, but are also due
to differences in accumulation and pharmacokinetics
(e.g., elimination half-lives) between species. Due to measures
taken to reduce emissions of PFOA, and time trends of PFOA
showing (decreasing) trends opposite to those (increasing) of
longer chain homologs, this picture may change in the future.
The total sum of C8–C13 perfluorinated alkanoic acids in the
liver of Arctic mammals varies from 3 to 83 ng g�1 ww, with
PFOA usually being a minor constituent due to its relatively
low bioaccumulation potential.

Plants have been shown to take up PFOA from soils and
water. In crops PFOA is preferentially distributed to different
parts of the plants, and may therefore pose routes of human
uptake depending on which part of the plant is consumed.

In marine bird eggs, levels of PFOA are usually low, from
below the limit of detection to up to 5 ng g�1 ww.

The highest concentrations of perfluoroalkyl substances in
animals are measured in apex predators, such as polar bears,
which indicate that these substances biomagnify in food webs.
The bioaccumulation potential of perfluoroalkyls is reported to
increase with increasing chain length. In living organisms,
perfluoroalkyls bind to protein albumin in blood, liver, and
eggs and do not accumulate in fat tissue.
Toxicokinetics

PFOA is readily absorbed after oral exposure. Metabolic
elimination seems to play no relevant role. In rats PFOA is
mainly found in the liver, kidneys, and blood with lower
levels in many other organs including the central nervous
system. PFOA readily crosses the blood–placenta border and
in the fetus it is mainly found in the liver. Whereas elimina-
tion in rats occurs via the kidneys and to a lesser extent via
fecal excretion, renal elimination seems to be negligible in
humans. In human blood, PFOA is mainly bound to serum
albumin. Protein binding and expression of transporters have
an important role in determining distribution and elimina-
tion. Elimination half-lives are highly species dependent and
vary from less than 24 h in female and less than 9 days in
male rats, to between 21 and 30 days in cynomolgus
monkeys, and to about 3.8 years in humans. PFOA has been
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shown to be formed inside the body after administration of
fluorotelomer alcohols.
Mechanism of Toxicity

Studies with animals fed PFOA for a long period showed effects
on the stomach, liver, and thyroid hormones. Animal studies
also indicate that PFOA may cause cancer at relatively high
levels. PFOA has also been shown to be a developmental
toxicant, and to have effects on the immune system.

PFOA affects primarily the liver and can cause develop-
mental and reproductive toxic effects at relatively low dose
levels in experimental animals. It increases the tumor incidence
in rats, mainly in the liver. The carcinogenic effects in rats
appear to be due to indirect/nongenotoxic modes of action.
Epidemiological studies in PFOA-exposed workers do not
indicate an increased cancer risk. There is relatively consistent
evidence of modest positive associations between serum levels
of PFOA and cholesterol, uric acid, and liver enzyme levels.

The critical effects observed in rodents and monkeys are on
the liver and include hypertrophy, changes in liver enzyme
activity, and proliferation of peroxisomes.

In rodents the anionic form of PFOA induces hepatocellular
adenomas, Leydig cell adenomas, and pancreatic hyperplasia.
The genotoxic activity of PFOA is a matter of current debate and
controversy, with classifications as ‘devoid of significant geno-
toxicity’ as well as ‘weakly nonspecific genotoxic.’ PFOA does
not appear directly genotoxic; animal data indicate that it can
cause several types of tumors and neonatal death and may have
toxic effects on the immune, liver, and endocrine systems.
Acute and Short-Term Toxicity

The oral LD50 values for the PFOA anion are reported as 680
and 430 mg kg�1 body weight (bw) in male and female rats,
respectively. The dermal LC50 value in rabbits was reported to
be greater than 2000 mg kg�1 bw and PFOA is classified as
a weak skin irritant.
Chronic Toxicity

In rodents the anionic form of PFOA induces hepatocellular
adenomas, Leydig cell adenomas, and pancreatic hyperplasia.
No significant genotoxic activity of PFOA has been observed in
rats. A no-observed-adverse-effect level (NOAEL) of 1.3 mg kg�1

bwday�1 has been established formales on the basis of increases
in liver weight and hepatic changes. In females, on the basis of
reduced body weight gain and hematological changes, an
NOAEL of 1.6 mg kg�1 bw day�1 has been established.
Reproductive Toxicity, Genotoxicity, and
Carcinogenicity

PFOA is not directly genotoxic; animal data indicate that it can
cause several types of tumors and neonatal death and may have
toxic effects on the immune, liver, and endocrine systems.
The Committee for Risk Assessment (RAC) of the European
Chemicals Agency has recently agreed with a Norwegian pro-
posal to classify PFOA as carcinogenic, toxic to reproduction,
and toxic after repeated exposure. The RAC also agreed to
classify the substance as acutely toxic by the oral and inhalation
routes and as severely damaging to the eye. RAC also classifies
PFOA as potentially harmful to breast-fed babies.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

The aquatic toxicity of PFOA is moderate to low. No-observed-
effect concentrations (NOECs) (21 days) for PFOA for repro-
duction and survival of Daphnia magna are 1 mg l�1 and greater
than 100 mg l�1, respectively. Fourteen-day EC50 values for
green algae amount to several tens of milligrams per liter.
NOECs (14–35 days) for two aquatic macrophyta were
�23.9 mg l�1. Ten-day tests with levels up to 100 mg l�1 of
PFOA had no significant impacts on survival or growth ofmidge
larvae. Tests in fish at 7-day exposure to 100 mg l�1 strongly
suggest that PFOA may induce peroxisomal fatty acid oxidation
and impose the oxidative stress through the alteration of cellular
oxidative homeostasis in the liver. Below the level of 100 mg l�1

no appreciable effects are observed. The aquatic midge Chiro-
nomus tentans is relatively insensitive to PFOA. PFOA has been
demonstrated to have weak estrogenic activity in fish. For PFOA
a criteria continuous concentration, which is the concentration
of a chemical such that 95% of the genera tested have greater
chronic values, has been set at 2.9 mg l�1. In Baikal seals (Pusa
sibirica), a lowest observed effect concentration (LOEC) of
26 mg l�1 has been reported for activation of peroxisome pro-
liferator-activated receptor a in liver.
Marine Organisms Toxicity

For marine invertebrates similar ranges (EC50 value: 10–
1000 mg l�1) have been reported as for freshwater species.
Several marine mammals (e.g., dolphins, polar bears) have
been investigated with regard to the potential impact of
exposure to perfluorinated compounds. Although some effects
(immunological, clinical blood parameters) were observed,
a direct cause relationship is impossible to establish, as these
animals are also exposed to many other persistent organic
pollutants and all perfluoroalkyl substances are summed in the
analysis, thus not allowing any conclusions with regard to
individual compounds such as PFOA to be drawn.
Terrestrial Organisms Toxicity (Soil Microorganisms, Plants,
Terrestrial Invertebrates, Terrestrial Vertebrates)

The NOEC of PFOA to earthworms (Eisenia) is 500 mg kg�1 dw
(14-day exposure). The EC50 value (48 h) for PFOA to nema-
tode Caenorhabditis elegans was calculated to be 973 mg l�1. In
chicken PFOA injected into eggs had no effect on embryonic
pipping success up to levels of 10 mg g�1. PFOA had no effect
on cucumber seed germination, whereas for lettuce and pak-
choi NOEC values amounted to 1000 and 250 mg l�1,
respectively. The EC50 value for root elongation for the three
plant species ranged from 263 to 1254 mg l�1.
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Exposure Standards

The US EPA has derived a subchronic reference dose value of
0.2 mg PFOA kg�1 bw day�1 and a Provisional Health Advi-
sory of 0.4 mg PFOA l�1 in drinking water. The German
Federal Environmental Agency has issued a threshold
guideline for the sum of PFOA and PFOS concentrations in
drinking water of 0.3 mg l�1. The European Food Safety
Authority established a tolerable daily intake for PFOA of
1.5 mg kg�1 bw per day.

See also: Blood; Carcinogenesis; Developmental Toxicology;
Liver; Perfluorooctanoic Acid.
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l Name: Periodic acid
l Chemical Abstracts Service Registry Numbers: 10450-60-9,

13444-71-8
l Synonym: Iodic(VII) acid
l Chemical/Pharmaceutical/Other Class: Metal salt
l Molecular Formula: HIO4; H5IO6

l Chemical Structure:
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Background Information

Periodic acid, or iodic(VII) acid, is an oxoacid of iodine having
chemical formula HIO4 or H5IO6. When concentrated, ortho-
periodic acid, H5IO6, exists in total; this dissociates into
hydronium and orthoperiodate (IO6

5�) ions in dilute aqueous
solution. With two forms of periodic acid (orthoperiodic acid
and metaperiodic acid), two forms of periodate salts can be
formed: for example, sodium metaperiodate, NaIO4, can be
synthesized from HIO4 and sodium orthoperiodate, Na5IO6,
can be synthesized from H5IO6. Metaperiodates have solubil-
ities and chemical properties similar to perchlorates (similar
but larger ion size), although they are lower in oxidizing
strength than perchlorates.
Uses

Periodic acid is used as an oxidizing agent in many chemical
reactions, and to fortify the wet strength of photographic and
other papers. In analytical biochemistry, it is used to identify
specific chemical groups such as carbohydrates via the use of
the periodic acid-Schiff (PAS) stain. For example, the PAS
staining procedure utilizes periodic acid to cleave vicinal diols
to produce two aldehyde or ketone moieties; these groups can
then be stained with the Schiff reagent to produce a purple/
magenta color in cell and tissue histopathology.
Environmental Fate and Behavior

The high reactivity of periodic acid prevents tracking it through
the environment directly. Because of this, iodine, iodates, and
iodides are the primary targets of indirect tracing studies.
Further, iodine is ubiquitous in the environment and is an
important element in studies of environmental protection and
human health, hydrologic processes, and nuclear nonprolifer-
ation. Experiments show complex behavior with various
processes occurring involving multiple iodine oxidation states.
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Changes in iodine redox states can greatly affect the paths of
iodine in the environment. For example, Fe(II)-containing
minerals may facilitate the reduction of iodate to iodide. Iodine
(I2) is also reduced to ionic iodide by natural processes. Both
ferrous iron and sulfide in addition to iron monosulfide (FeS)
have been shown to reduce iodate to iodide.
Exposure and Exposure Monitoring

The effects of exposure to periodic acid are primarily acute in
nature. Monitoring of the excretion of iodine in urine and feces
is possible following exposure. More serious concerns center on
the acute effects of exposure in the formof burns, inflammation,
and permanent tissue damage from the corrosive material.
Toxicokinetics

Periodic acid is a moderately strong oxidizing agent and is
listed as a weak acid. When concentrated, it is strongly corrosive
and can readily oxidize tissues in the body; it is a strong lach-
rymator due to this property. The toxicokinetics of periodic acid
center on these acute effects, although the possibility of
secondary iodine exposure may become an issue over time due
to more chronic exposure.
Mechanism of Toxicity

Periodic acid is a moderately strong oxidizer and weak acid.
Burns are caused by its oxidizing effects on organic tissues such
as collagen and carbohydrates.
Acute and Short-Term Toxicity (or Exposure)

Humans and Animals

The estimated lethal dose of concentrated periodic acid via
ingestion in humans is 1ml kg�1. In rats, an acute oral toxicity
(LD50) of 132mg kg�1 has been shown.

Periodic acid is strongly corrosive to the skin, eyes, and
mucous membranes, and symptoms of overexposure include
respiratory distress, headache, nausea, and vomiting. Prolonged
exposuremay result in skin burns and ulcerations. Overexposure
by inhalation may cause respiratory irritation. Inflammation of
the eyes can result from vapors or liquid, characterized by
redness, watering, and itching. Skin inflammation is character-
ized by itching, scaling, reddening, or blistering.

Periodic acid may cause irritation of the respiratory tract,
with burning pain in the nose and throat, coughing, wheezing,
shortness of breath, pulmonary edema, asphyxia, chemical
pneumonitis, and upper airway obstruction caused by edema.
It causes chemical burns to the respiratory tract. It may cause
severe and permanent damage to the digestive tract. It causes
gastrointestinal tract irritation and burns. Symptoms may
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00898-8
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include nausea, vomiting, and diarrhea (possibly with blood),
immediate pain, swelling of the throat, convulsions, and
potential for coma. Ingestion of periodic acid may cause
perforation of the digestive tract.
Chronic Toxicity (or Exposure)

Humans and Animals

Long-term or repeated exposure to periodic acid can result in
cumulative effects as outlined in the Acute and Short-Term
Toxicity section. Additional toxicological information is
generally lacking for this substance due to its high reactivity and
subsequent decomposition upon acute exposure to tissues and
other materials.

Repeated or prolonged exposure to acids may result in the
erosion of teeth and swelling or ulceration of mouth lining.
Irritation of airways to lung, with cough, and inflammation of
lung tissue often occur. Possible products of the reaction of
periodic acid with various materials, iodine and iodides cause
goiter and diminished as well as increased activity of the
thyroid gland. A toxic syndrome resulting from chronic iodide
overdose and from repeated administration of small amounts
of iodine is characterized by excessive saliva production, head
cold, sneezing, conjunctivitis, headache, fever, laryngitis,
inflammation of the bronchi and mouth cavity, inflamed
parotid gland, and various skin rashes. Swelling and inflam-
mation of the throat, irritated and swollen eyes, and lung
swelling may also occur. Swelling of the glottis necessitating
a tracheotomy has been reported. Use of iodides in frequency
can cause fetal death, severe goiter, hypothyroidism, and the
cretinoid appearance of the newborn.
Immunotoxicity

No information was located regarding the immunotoxicity of
periodic acid.
Reproductive Toxicity

Upon reduction of periodic acid, the presence of iodides may
lead to fetal death, severe goiter, hypothyroidism, and the
cretinoid appearance of the newborn in the most extreme of
chronic cases; this is extremely rare, however.
Clinical Management

Affected areas should be washed with copious amounts of
water. If periodic acid has been ingested and the patient is
conscious, the mouth should be washed with water and plenty
of water given to drink. Do not induce vomiting unless speci-
fied by medical personnel.

In case of eye contact, check for and remove any contact
lenses; immediately flush eyes with plenty of water for at least
15min. Cold water may be used. Get medical attention
immediately.

In case of skin contact, immediately flush skin with plenty
of water for at least 15min while removing contaminated
clothing and shoes. Cover the irritated skin with an emollient.
Cold water may be used. Get medical attention immediately. If
skin contact is severe, wash with a disinfectant soap and cover
the contaminated skin with an antibacterial cream; again, seek
medical attention.

If periodic acid is inhaled, remove the victim to fresh air. If
not breathing, give artificial respiration. If breathing is difficult,
give oxygen. Seek medical attention. In case of severe inhala-
tion, evacuate the victim to a safe area as soon as possible.
Loosen tight clothing such as a collar, tie, belt, or waistband. If
breathing is difficult, administer oxygen. If the victim is not
breathing, perform mouth-to-mouth resuscitation and seek
medical attention.
Ecotoxicology

The US Environmental Protection Agency categorizes periodic
acid as a corrosive hazardous waste. It is likely to reduce to
iodides in the environment, and is possibly harmful to aquatic
species.
Exposure Standards and Guidelines

Periodic acid is considered a hazardous substance according to
the USOccupational Safety and Health Administration, 29 CFR
1910.1200.

See also: Iodine; Corrosives.

Further Reading
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Relevant Websites

http://www.jtbaker.com – Periodic Acid (Material Safety Data Sheet from Mallinckrodt
Baker, Inc.).

http://chem.sis.nlm.nih.gov – Search for ‘periodic acid.’
http://nlquery.epa.gov – Search for ‘periodic acid.’
http://pubchem.ncbi.nlm.nih.gov/ – Search for ‘periodic acid.’
http://toxnet.nlm.nih.gov – Search for ‘periodic acid’ under all databases.
http://www.chemwatch.net/Choogle/ – Chemwatch: Search Chemical Database for
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l Name: Permethrin
l Chemical Abstracts Service Registry Number: CAS 52645-

53-1
l Synonyms: 3-Phenoxybenzyl-(1R,1S)-cis,trans-3-(2,2-

dichlorovinyl)-2,2-dimethyl cyclopropanecarboxylate;
Adion; Ambush; Assithrin; Cliper; Coopex; Corsair;
Dragnet; Dragon; Eksmin; Kafil; Pounce; FMC 33297;
OMS 1821; NRDC 143; SHA 109701. The cis-isomers
pair is known as cispermethrin (NRDC 148) and
1R-trans-permethrin as biopermethrin (NRDC 147)

l Molecular Formula: C21H20Cl2O3

l SMILES Code: CC1(C)C(C]C(Cl)(Cl)C1C(]O)OCc2cccc
(Oc3ccccc3)c2

l Vapor Pressure: cis-isomers 2.9� 10�3 mPa (25 �C); trans-
isomers 9.2� 10�4 mPa (25 �C)

l Solubility: Water 6� 10�3 mg l�1 (pH7, 20 �C); cis-isomers
0.2mg l�1 and trans-isomers 0.13mg l�1 (25 �C). In Xylene
or hexane >1000 g kg�1 (25 �C)

l Partition Coefficient: log P (Kow)¼ 6.1 (20 �C)
l Chemical/Pharmaceutical/Other Class: Type I Pyrethroid

Insecticide
l Chemical Structure:
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Background

The permethrin structure was derived from the naturally
occurring pyrethrin I by Elliott, Janes, and colleagues at Roth-
amsted, United Kingdom, in the 1970s. It is the first pyrethroid
that had sufficient photostability for widespread agricultural
applications. In common with the natural pyrethrins, only the
1R enantiomers are toxic to insects or mammals. It has been
used for almost 40 years and many of its crop uses have been
superseded by more insecticidal pyrethroids. However, many
public health and residential uses remain.
Uses

Permethrin is a broad-spectrum insecticide that has been
used in a variety of agricultural and commercial/residential
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applications. It is also used to control termites, ectoparasites
on animals, and head lice or scabies in humans. Permethrin
is used as a dust, smoke, wettable powder, emulsifiable
concentrate, ultra low volume application concentrate, and
lotion or shampoo for head lice and scabies treatment. It
has displaced DDT for the treatment of soldiers’ uniforms
in the United States, thus reducing outbreaks of insect-
borne diseases. It is also in widespread use for mosquito
control.
Environmental Behavior, Fate, Routes, and Pathways

Permethrin is of low to moderate persistence in the soil (half-
life of 30–38 days). It is readily degraded in most soils, with
microbial degradation predominant. Permethrin is adsorbed
tightly to soil and has low mobility with little tendency to
leach. It degrades rapidly in water, with a half-life in estuarine
water of fewer than 3 days. Permethrin is not phytotoxic. It is
broken down in insects, plants, and mammals by both oxida-
tive and hydrolytic routes (Figure 1). Common metabolites
that are often used in biomonitoring studies are dichlor-
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00180-
ochrysanthemic acid or DCCA (2a, trans; 2b, cis) and (40-OH)
phenoxybenzoic acid (5, 6a).
Exposure and Exposure Monitoring

Human exposure to permethrin arises predominantly from
dermal contact. In a recently conducted study, dermal
absorption of [14C]-permethrin, in vitro, over 24 h, by human
skin was 1–3% at three concentrations and 18–24% by rat skin.
Previous in vivo studies had indicated 1–5% in human skin and
22–28% by rat skin. A lower percentage of dermal absorption
by human than rat skin is typical for pesticides. Because of
this human dermal absorption study, in 2009, the US
Environmental Protection Agency (USEPA) revised the dermal
absorption factor from 15 to 5.7% for occupational and resi-
dential risk assessments.
9
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Figure 1 Phase I metabolic pathways of permethrin in the rat. Taken from the reference Gammon, D.W., Chandrasekaran, A., ElNaggar, S.F., 2012.
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Permethrin 809
Toxicokinetics

Permethrin absorption after oral gavage dosing varies with the
choice and volume of vehicle. After oral gavage administration
of cis/trans-permethrin to male rats in 0.5ml of DMSO at
1.6–4.8mg kg�1, 61% was absorbed. The biotransformation
routes are shown in Figure 1. Because permethrin is derived
from a primary alcohol, the lack of steric hindrance at the ester
bond allows for hydrolysis to a much greater extent than
oxidation. Further, trans isomers of permethrin are much more
rapidly hydrolyzed than cis isomers. This is part of the reason
for the greater mammalian toxicity of cis than trans isomers.
Glucose conjugates are readily formed prior to excretion.
Mechanism of Action

Several pyrethroid target sites in the nervous system have
been investigated using electrophysiological techniques. The
voltage-gated sodium channel (VGSC) is considered the prin-
cipal target site for Type I pyrethroids, such as permethrin. In
insects, there is a single isoform of the VGSC protein but in
mammals, there are nine alpha isoforms plus four beta proteins
that make up these channels. The alpha forms are the core
channel proteins that can operate independently whereas the
beta proteins are associated with gating. In insects and other
invertebrates, permethrin causes a slowing down of the closing
of the VGSC, resulting in prolonged sodium currents and
repetitive firing following nerve axon stimulation. These effects
are temperature-sensitive. In mammals, rat isoforms show
varying degrees of sensitivity to pyrethroids. Permethrin and
most other pyrethroids examined result in slowing of inacti-
vation of the Nav1.8 rat isoform expressed in Xenopus oocytes.
Some differences are apparent between Type I and II effects.
Other isoforms are being studied systematically as targets for
pyrethroids.

Permethrin and other pyrethroids have also been found to
have effects on voltage-gated calcium channels, of which
several isoforms are known. The N-type (Cav2.2) has been
studied in detail, expressed in Xenopus oocytes, and pyrethroids
have been found to stimulate calcium influx. Other effects of
pyrethroids that have been found to be associated more with
Type II pyrethroids include effects on voltage-gated and GABA-
gated chloride channel complexes, effects on the nicotinic
acetylcholine receptor complex, and effects on voltage-gated
potassium channel.
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Acute and Short-Term Toxicity

The approximate oral LD50 values after gavage dosing of
the male SD rat are 1200mg kg�1 (cis isomers) and
>2000mg kg�1 (trans isomers). As for other pyrethroids, the
toxicity is strongly dependent on the solvent, with corn oil
making permethrin much more toxic than more polar solvents.
Permethrin has very low dermal toxicity, partly a result of low
dermal absorption, with LD50 values >2500mg kg�1 (rat) and
>2000mg kg�1 (rabbit). Clinical signs of toxicity in rodents
are results of effects on the nervous system. These have been
described as the Type I syndrome and include hyperexcitation,
enhanced acoustic startle response, tremors, and prostration.
Reduced coordination has often been assessed experimentally
as a reduction in locomotor activity in the rat.
Chronic Toxicity

In lifetime dietary exposure studies in rodents, clinical signs of
neurotoxicity developed many days into the study and dissi-
pated several months later, even with continued permethrin
dosing. This most likely is a result of liver enzyme induction
leading to more rapid breakdown and excretion of permethrin
over time. Rodent studies have also demonstrated liver effects
with prolonged exposure, including organ enlargement and
hepatocyte hypertrophy, but these are generally considered
adaptive rather than adverse effects.
Immunotoxicity

An immunotoxicity study with permethrin has not been con-
ducted. However, it is considered probable that regulatory
decisions based on neurotoxicity endpoints of toxicity will be
protective of any immune system effects. The related pyrethroid
cypermethrin did not cause any effects on the mouse immune
system given a sheep RBC challenge, even at doses causing
other effects.
Reproductive and Developmental Toxicity

In a rat reproductive toxicity study at 100 ppm
(5 mg kg�1 day�1), no adverse effects were observed, but in
another study buphthalmos (red eye) was observed in rat
pups at 1000 and 2000 ppm, but not at 500 ppm. Tremors
were recorded in dams at the top two doses. Hypertrophy
in the liver increased dose-dependently in F3b weanlings
but was considered by regulators to be adaptive rather than
adverse. Developmental toxicity studies in the mouse, rat,
and rabbit indicated that toxicity was not observed in the
absence of maternal toxicity. Overall, it is likely that
permethrin does not cause reproductive or developmental
toxicity, in common with other pyrethroids tested.
Genotoxicity

The lack of ability of permethrin to cause gene mutations has
been shown in 20 negative studies. A lack of chromosome
effects has also been demonstrated in four negative studies for
chromosomal aberrations. In addition, an unscheduled DNA
synthesis study was also negative, indicating a lack of DNA
damage. A small number of positive genotoxicity studies were
accompanied by high cytotoxicity, a confounding factor in such
assays.
Carcinogenicity

Three studies to assess oncogenicity in the rat were negative.
Two mouse chronic studies were also negative for oncoge-
nicity, but two others showed limited evidence, for (nonma-
lignant) liver and lung adenomas, especially in females. These
were observed at very high dietary levels of 2500 and
5000 ppm. Because more than one organ was involved, the US
EPA recently declared that permethrin was “likely to be carci-
nogenic to humans” by the oral route. Studies in the mouse
currently being finalized have shown that the liver tumors
result from the induction of CYP4A (associated with the
PPARa receptor) and, to a lesser extent, CYP2B (the barbitu-
rate receptor). Both of these targets are considered to result in
rodent-specific liver tumors with no human relevance. The
lung adenomas appear to result from a Clara cell cytotoxicity
mechanism, but P450 induction studies are still ongoing to
clarify the lung issue. Moreover, this lung tumor type is not
found in humans.
Clinical Management

Paresthesia (skin tingling) has been reported following dermal
exposure to several pyrethroids, although permethrin is not
considered to be high risk in this regard. In the event of
paresthesia, vitamin E oil application to the skin is recom-
mended. After ingestion of small amounts of permethrin,
activated charcoal is indicated, and after large amounts, gastric
lavage may be needed. In the event of seizures, intravenous
benzodiazepines may be given or barbiturates for recurrent
seizures. There are no specific antidotes for pyrethroids
approved in humans.
Ecotoxicology

Fish and crustaceans are extremely sensitive, e.g., rainbow
trout LC50 (96 h)¼ 2.5 mg l�1 (48 h)¼ 5.4 mg l�1; bluegill
sunfish¼ 1.8 mg l�1 (48 h). Daphnia magna LC50 (48 h)¼
0.6 mg l�1. Permethrin, along with other pyrethroids, has
relatively low toxicity to birds, e.g., chicken LD50>3000,
mallard duck >9800, and Japanese quail >13 500mg kg�1.
Bee toxicity is relatively high, with LD50 values of 0.098 (oral)
and 0.029 (topical) mg/bee. It is not very toxic to nontarget
mammals.
Exposure Standards and Guidelines

The acceptable daily intake (FAO/WHO) and acute reference
dose (EPA) for permethrin are 0.05mg kg�1 day�1. This value
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is derived from an NOEL of 5mg kg�1 day�1 for increased liver
weight in a 2-year rat dietary study with an LOEL of
25mg kg�1 day�1.

See also: Neurotoxicity; Pesticides; Pyrethrins/Pyrethroids.
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Peroxisome Proliferator-Activated Rec
eptors (PPARs)
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Background

Peroxisomes are subcellular organelles consisting of a lipid layer
surrounding amatrix of soluble proteins. Although peroxisomes
were first identified in the kidney cells of mice, they were later
identified in many other types of cells including both mamma-
lian as well as plant cells. Peroxisomes are more prominent in
certainmammalian tissues (e.g., adrenal cortex, kidney, liver, and
sebaceous glands) than others (e.g., smoothmuscle,fibroblasts).
They were named ‘peroxisomes’ because of the peroxide that is
formed by enzymes contained inside of them. They play amajor
role not only in lipid metabolism but also in respiration, purine
catabolism, thermogenesis, and formation of glucose. Peroxi-
somes metabolize primarily long-chain fatty acids, whereas
cellular mitochondria metabolize shorter chain fatty acids. Both
metabolic processes produce energy (H2O2 and heat from
peroxisomes and NADH or FADH2 from mitochondria). The
enzyme catalase found inside peroxisomes helps to detoxify the
peroxide that is generated by acyl-CoA oxidase.

Peroxisome proliferator-activated receptors (PPARs) are
type 2 nuclear receptors (NR). They are similar in structure and
function to other NRs in the transcription factor superfamily
(such as NRs for steroids, thyroid hormone, and retinoids). In
the mid-1960s it was discovered that a certain fibrate class of
xenobiotics (e.g., the hypolipidemic drug clofibrate) later
called ‘peroxisome proliferators’ caused an increase in the
number and size of peroxisomes in the liver cells as well as
hepatomegaly (an increase in the number and size of hepato-
cytes resulting in increased liver weights of up to 25%) in
rodents that had been administered with the drugs. Several
other chemicals besides fibrates can act as peroxisome pro-
liferators including phthalates (plasticizing agents), steroids
such as dehydroepiandrosterone and excessive amounts of fatty
acids ingested in the diet. In contrast, starvation can also induce
peroxisome proliferation. The effects of peroxisome pro-
liferators are dependent upon tissue, species, and gender.
Although agents that cause peroxisome proliferation are
structurally diverse, most bear some structural resemblance to
fatty acids and are hydrophobic in nature. It was not until the
1990s that Issemann and Green reported that the PPAR had
been successfully cloned from mouse liver using estrogen
receptor DNA binding domain as a probe. This achievement
led to a greater understanding of how PPARs act to regulate
gene expression as well as their mechanism of toxicity.

There are six subfamilies of NRs, and PPARs are classified
into group C of subfamily 1. There are three subtypes of PPARs
(PPAR a, PPAR b/d, and PPAR g) and they differ from one
another by the tissues in which they are expressed, their ligands,
12 Encyclopedia of T
the genes that they target, and the physiological roles that they
perform. PPAR a is expressed primarily in the heart, kidney,
liver, and skeletal muscle, PPAR b/d is expressed primarily in
adipocytes, liver, and skeletal muscle, and PPAR g is expressed
primarily in adipocytes, vascular endothelium, bladder,
immune system, colon, and macrophages. The biological roles
that PPARs play overlap somewhat and include processes such
as fatty acid transport and oxidation, adipocyte differentiation,
lipid transport, ketogenesis and lipogenesis, gluconeogenesis,
cholesterol metabolism, thermogenesis, and cell survival.
Long-term administration of PPARs to rodents has been asso-
ciated with such adverse effects as hepatomegaly, peroxisome
proliferation and hepatocarcinogenesis (unique to rodents).
PPARs also have other target organs of toxicity (e.g., the heart,
vasculature, skeletal muscle, kidney, and bone marrow) in
animals and in humans.
Mechanism of Action

There are three functional domains on NRs. The first is called
a ligand-binding/dimerization domain and is found at the
carboxy terminal of the NR. Binding of a ligand to this domain
causes a conformational change of the NR that alters its
properties. The PPARs require heterodimerization with the
retinoid X receptor (RXR) in order to bind to DNA. RXR is in
turn activated by endogenous 9-cis retinoic acid. The second
domain is called a DNA-binding/dimerization domain and is
responsible for recognizing and binding to a receptor specific
response element nucleotide sequence on the promoter region
of the target gene. The third domain is called the transactivation
domain. It consists of a ligand-independent domain (AF1)
domain and a ligand-dependent (AF2) transcription domain.
The transactivation domain recruits transcriptional cofactors to
the target gene (activator or repressor proteins). The NRs are
activated by ligand-activated transcription factors to regulate
expression of the target gene.

For PPAR a, the PPAR a–RXR combination interacts with
peroxisome proliferator response elements (PPREs) located on
the target gene. Some examples of genes that contain PPREs
include ACO (acyl-CoA oxidase), peroxisomal bifunctional
enzyme, liver fatty acid–binding protein, and microsomal
CYP4A. In addition to binding to a target gene, PPARs can also
affect gene expression by binding with certain proteins
including heat shock proteins 70 and 90, hepatitis X-associated
protein, liver X factor, and NF-kB subunits. The PPAR–protein
complex can influence transcription factors and in this way
regulates the expression of genes that do not contain PPREs.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00975-1
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PPAR g agonists regulate adipocyte differentiation, fatty acid
storage, and glucose metabolism and have been developed as
antidiabetic drugs. They improve insulin resistance by opposing
the effect of tumor necrosis factor-a in adipocytes and regulate
genes involved in glucose and lipid metabolism. PPAR d/
b agonists promote fatty acid metabolism, suppresses
macrophage-induced inflammation, and reduce theexpressionof
inflammatory mediators. PPAR a agonists increase hepatic fatty
acid oxidation and decrease circulating levels of triacylglycerides.

PPAR a (and to a lesser extent PPAR b/d) are thought to play
a major role in cardiac fatty acid metabolism via regulation of
enzymes that are key to mitochondrial fatty acid oxidation. In
cases where there is cardiac failure (e.g., cardiac hypertrophy,
cardiomyopathy), the heart switches from mitochondrial fatty
acid oxidation (reduction in PPAR a expression) to a depen-
dence upon the use of glucose for energy. In contrast, when
PPAR a is overexpressed in the myocardium, there is an
increase in fatty acid oxidation and a decrease in the utilization
of glucose for energy, similar to what occurs in type 2 diabetes
(diabetic cardiomyopathy).
Animal Model to Investigate PPAR a – the PPAR
a-Null Mouse

A useful in vivo model was developed in the mid-1990s (first
reported by Lee et al.) that was specifically designed to study
PPAR a toxicity. It was named the PPAR a-null mouse.

As methods to modify the genetic makeup of laboratory
animals evolved, it became possible to produce a mouse model
in which the PPAR a gene was disrupted and was no longer
functional without altering the development and well-being of
the animal (a ‘knock-out mouse’). It soon became apparent
that chronic administration of PPAR a agonists had a much
different effect on PPAR a-null mice than their wild-type
counterparts that possessed a fully functional PPAR a gene.
The PPAR a-null mouse did not experience hepatic peroxisome
proliferation, hepatomegaly, increase in fatty acid metabolizing
enzymes, preneoplastic liver lesions, or hepatocarcinogenicity.
It is now believed that PPAR amay be the only one of the three
subgroups of PPARs responsible for eliciting these effects.
Toxicity

Long-term administration of PPARs to rodents has been asso-
ciated with such adverse effects as hepatomegaly, peroxisome
proliferation and hepatocarcinogenesis. PPAR a is a necessary
factor (i.e., must be present) in order for these hepatic adverse
effects to occur and is unique to rodents.

Over the years, pharmaceutical agents have been tested in
the clinic and/or marketed to treat a variety of pathological
conditions. The glitazones (e.g., rosiglitazone and pioglita-
zone) were developed to treat type 2 diabetes and act by
increasing sensitivity to insulin (PPAR g agonists). The fibrates
(e.g., fenofibrate and gemfibrozil) were developed to treat
dyslipidemia and act by lowering blood cholesterol and tri-
acylglyceride levels (PPAR a agonists). PPAR d agonists were
developed in an effort to treat obesity. PPAR dual agonists (e.g.,
muraglitazar PPAR a/g agonist) have also been recently
developed. PPAR pan agonists (PPAR a/d/g) are also being
developed.

The toxicity of the various types of PPAR agonists has been
described in the literature. Thiazolidinediones are the most
widely studied PPAR g agonist. Known PPAR g-mediated
adverse effects include adipose proliferation and deposition in
tissues (e.g., bone marrow, weight gain, and adipose tumors).
They can cause fluid accumulation, edema, cardiac enlargement,
and ultimately heart failure. Anemia, neutropenia, bone marrow
suppression, and lymphoid depletion have also been noted.
Dose- and duration-dependent fluid accumulation, edema and
cardiac enlargement in animals, and edema and congestive heart
failure in humans can occur. PPAR a agonists have been asso-
ciated with peroxisome and hepatocellular proliferation, hepa-
tomegaly and, liver cancer in rodents. They have also been
associated with skeletal and/or cardiac muscle degeneration,
renal tubular toxicity, and gastrointestinal toxicity in animals
and humans. PPAR agonists in general have produced multiple
types of tumors in rodents of both sexes and multiple strains.
The tumors develop at sites consistent with the distribution of
the PPARs (e.g., adipose, vascular endothelium, bladder, skin,
renal tubules, liver, testes, thyroid, mammary, stomach, uterus,
leukemias). They are classified as probable human carcinogens.
Primates treated chronically with dual and PPAR a agonists
developed bladder hyperplasia but not bladder tumors.
Hepatocarcinogenicity of PPAR a Agonists –
Potential Mechanisms

Although PPAR a agonists such as the hypolipidemic
compounds Wy-14,643 (4-chloro-6-(2, 3-xylidino)-2-
pyrimidinylthioacetic acid) and clofibrate and the plasticizer
di(2-ethyl hexyl) phthalate have been proven to elicit hep-
atocarcinogenesis after chronic administration to rodents, the
mechanism of action is not definitively known. However there
are several mechanisms that are plausible, either separately or
in a synergistic or additive way. These include cell cycle control,
oxidative stress, and alterations in cellular apoptosis.

A natural defense against damage to cells is an increase in
cellular replication to replace those cells that have been
damaged. Every cell replication brings with it an opportunity
for genetic mutation, some of which may be adverse and not
able to be repaired. The hepatomegaly induced in animals
administered with PPAR a agonists is caused not only by
increased cellular size, but is also due to an increase in cellular
number via an increase in cellular replication. This is termed as
‘mitogenic effect.’ PPARs are known to regulate not only genes
involved in fatty acid metabolism but have also been reported
to induce known oncogenes (tumor-promoter genes) such as c-
fos, c-jun, junB erg-1, c-myc, and NUP475. Their ability to induce
oncogenes appears to correlate more closely with the devel-
opment of hepatocarcinogenicity in rodents than peroxisome
proliferation. The PPAR agonists are known to regulate
expression of the gene for cyclooxygenase-2, which in turn
plays an important role in lipid metabolism, mediation of
inflammatory pathways and tumor promotion. In short, many
of the genes regulated by PPAR agonists play a direct role in the
control of cell cycle mechanics, especially transition from the G
phase to the S1 phase during cell replication. There is evidence
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(via experiments in the PPAR a-null mouse) that PPARs can act
to repress programmed cell death (apoptosis), thus resulting in
a decreased ability of the body to eliminate cells that have
undergone damage. Another possible mechanism of
PPAR-induced increased cellular proliferation is via suppres-
sion of the expression of the specific microRNA let-7c, which in
turn results in an increase in the oncogene c-myc mRNA levels
and causes an increase in cellular proliferation.

It has been postulated that increased hepatocellular oxida-
tive stress may be wholly or partially responsible for PPAR
a agonist-induced hepatocarcinogenicity, although there is no
definitive proof of this. PPAR a agonists cause an increase in the
intracellular levels of hydrogen peroxide (H2O2) and lipid
oxides. The excessive amounts of H2O2 and lipid oxides are
produced by PPAR induction of intracellular ACO, and in the
presence of intracellular metals can result in the formation of
free radicals that are damaging to intracellular components,
including DNA. The enzyme catalase, which normally helps to
neutralize the toxicity of hydrogen peroxide and lipid peroxide
molecules, may become out of balance with the amount of
peroxides produced, thus enabling excessive free radical
formation to occur within the cell with ensuing damage to
cellular lipids and/or DNA. However the data to support
oxidative damage as the cause of cellular damage and ulti-
mately hepatocellular transformation are conflicting and have
been challenged. There does not appear to be a good correla-
tion between PPAR agonist-induced oxidative damage and
tumorigenicity. The weight of evidence appears to indicate that
PPAR agonist-induced hepatocarcinogenicity occurs via a non-
genotoxic mechanism. Standard in vitro assays of mutation,
clastogenicity, and cellular transformation have been almost
entirely negative for PPAR agonists.
PPAR a-Induced Agonist Induction – Human Risk
of Hepatocarcinogenicity

A key question to ask is whether PPAR a agonist-induced
peroxisome proliferation and subsequent development of hep-
atocarcinogenicity after chronic administration to rodents is
predictive of increased human risk. Administration of PPAR
a agonists (e.g., clofibrate) to Syrian hamsters and nonhuman
primates has shown that these species are refractory to the
hepatic toxicity of PPAR a agonists. A humanized PPAR a-null
mouse (hPPAR a) model was developed to address this question
as well. Administration of PPAR a agonist agents to the hPPAR
a mouse caused the expected responses of increased expression
of ACO, bifunctional enzyme and thiolase, and fatty acid
transporters and produced lowered fasting levels of serum total
triaclycerides compared to wild-type control mice. However, in
the hPPAR a mice, there was no evidence of increased hepato-
cellular proliferation compared to wild-type control mice. The
hPPAR a mice were resistant to the PPAR a-induced increased
incidence of hepatocarcinogenicity compared to wild-type
control mice. There has not been any definitive evidence of
increased risk to humans of PPAR a agonist-induced hep-
atocarcinogenicity to date. Liver biopsy specimen collected from
humans treated with clofibrate, gemfibozil, or fenofibrate for
between 2 and approximately 8 years showed no histological
evidence of peroxisome proliferation. There has been no
epidemiological evidence to indicate an increased risk of hep-
atocarcinogenicity in humans treated with PPAR a agonists.
Conclusion

PPAR agonists are a group of structurally diverse compounds
that activate PPAR (an NR). All their structures bear a certain
resemblance to fatty acids and they are hydrophobic in nature.
Known target organs of toxicity for PPAR agonists include the
heart, vasculature, skeletal muscle, kidney, liver, and bone
marrow in animals and in humans. In rodents they produce
peroxisome proliferation, hepatomegaly, regulation of gene
expression and alterations in cell cycle control, and ultimately
hepatocarcinogenesis. Of the three known subtypes of PPARs
(PPAR a, PPAR b/d, and PPAR g), PPAR a is thought to be
primarily if not wholly responsible for these hepatic adverse
effects in rodents. The mechanism of action of PPAR a agonists
has been investigated using the PPAR a-null mouse model in
which the PPAR a is no longer functional. Using this model it
has been found that PPAR a acts as a transcription factor
involved with ligand binding, heterodimerization with RXR,
binding to the responsive element of the promoter region of
a target gene, and recruitment of coactivators and/or core-
pressors of gene transcription to regulate gene expression.
Several plausible hypotheses exist to try to explain why
peroxisome proliferation in the rodent liver occurs and ulti-
mately leads to liver carcinogenicity including alterations in cell
cycle (a reduction in cellular apoptosis accompanied with an
increase in cellular proliferation) and increased oxidative stress.
PPAR a agonists appear to be nongenotoxic hepatic carcino-
gens in rodents (i.e., they have not been found to be mutagenic,
clastogenic, or able to transform cells using in vitro assays). They
have been classified by International Agency for Research on
Cancer and Environmental Protection Agency as probable
human carcinogens.
See also: Peroxisome Proliferators.
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Table 1 Selected representative peroxisome proliferators

Exogenous chemicals Endogenous substances

Hypolipidemic agents Fatty acids
Background

Peroxisome proliferators (PPs) are a diverse group of chemicals
with dissimilar structures capable of producing pleiotropic
responses in experimental animals. These are classified as
nongenotoxic carcinogens but are prolific inducers of rodent
liver cancer when administered chronically. PPs include the
widely prescribed lipid and cholesterol lowering fibrate drugs
(nafenopin). In contrast to the results in rodents, there is no
evidence that fibrates are associated with elevated risk of liver
cancer or any other neoplasms in humans, thus indicating
a species difference in the hepatocarcinogenic response. The
pleiotropic responses are predominantly observed in hepato-
cytes and are characterized by enlargement of the liver,
increases in a relative number of peroxisomes in a cell, marked
induction of fatty acid b-oxidation, carnitine acetyltransferase,
lauric acid u-hydroxylation activities, and hypolipidemia. The
biological effects of PPs are mediated by the peroxisome
proliferator-activated receptor (PPAR) alpha. The role of PPs
has been linked to oxidative stress and drug addiction.
Currently, there are more than 100 known PPs in use, including
herbicides, industrial solvents, plasticizers, hypolipidemic
drugs, and endogenous substances such as some steroid
hormones and fatty acids. PPs can occur in many organs and
tissues, and the effects of PPs have also been reported in the
kidneys, heart, small intestine, prostate, pancreas, thyroid, and
the immune system. The past decade has considerably
advanced our knowledge in understanding molecular and
cellular mechanisms of actions of PPs.
Fibric acid hypolipidemic agents
Clofibrate
Ciprofibrate
Nafenopin

Nonfibric acid hypolipidemic agents
Gemcadiol
Tiadenol
Wy-14,643

Saturated fatty acids
Palmitic (16:0)
Stearic (18:0)

Monounsaturated fatty acids
Palmitoleic (16:1)
Oleic (18:1)
Elaidic (20:1)

Polyunsaturated fatty acids
Linoleic (18:2, n�6)
a-Linoleic (18:3, n�3)
Dihomo-g-linoleic
(20:3, n�6)
Arachidonic (20:4, n�3)
Eicosapentaenoic
(22:5, n�3)

Plasticizers
Di(2-ethylhexyl) phthalate (DEHP)
Di(2-ethylhexyl) adipate (DEHA)
Diethyl phthalate (DEP)
2-Ethylhexanol

Herbicides
2,4-Dichlorophenoxyacetic acid
(2,4-D)
2-Methyl-4-chlorophenoxyacetic
acid (MCPA)
Diclofop-methyl
Lactofen
Haloxyfop

Eicosanoids
Prostaglandins (PG)
Hydroxyeicosatetraenoic acid
(HETE)
Hydroxyeicosapentaenoic acid
(HEPE)
Hydroxyoctadecadienoic acid
(HODE)

Industrial solvents
Trichloroethylene
Perfluorodecanoic acid

Steroid hormones
Dehydroepiandrosterone
(DHEA)
Peroxisome Proliferators

Peroxisomes are cytoplasmic organelles ubiquitous in eukary-
otes and consist of a single membrane that separates them from
the cytosol. They participate in several important metabolic
functions, including simple respiration characterized by H2O2

production and H2O2 degradation; b-oxidative chain short-
ening of long-chain fatty acids; metabolism of glyoxylate;
degradation of uric acid; and synthesis of ether phospholipids,
cholesterol, and bile acids. Peroxisomes were discovered by
Christian de Duve in 1965. The term ‘peroxisome’ was intro-
duced to emphasize the biochemical property of H2O2

production by the peroxisomes as a result of respiration
mediated by peroxisomal oxidases such as amino acid oxidase
and fatty acyl-CoA oxidase. Peroxisomes are found in many
organs, including the liver, the kidney, the heart, and the small
intestine, with particular abundance in the liver.

PPs are structurally diverse compounds, which increase
peroxisome number and size. The term ‘PP’ was introduced by
Reddy and coworkers in 1975 to designate a drug or xenobiotic
that induces the proliferation of peroxisomes in the liver cells.
More than 100 PPs are identified to date and are divided into
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
two categories, exogenous chemicals and endogenous
substances (Table 1). The endogenous substances include
steroid hormones (dehydroepiandrosterone, DHEA), fatty
acids with chain length between 16 and 22 carbons, and
eicosanoids (prostaglandins, PG). The exogenous PPs include
(1) hypolipidemic agents such as clofibrate, nafenopin, and
Wy-14,643; (2) plasticizers, including di(2-ethylhexyl) phtha-
late (DEHP), di(2-ethylhexyl) adipate (DEHA), diethyl
phthalate (DEP), and 2-ethylhexanol; (3) herbicides, including
2,4-dichlorophenoxyacetic acid (2,4-D), 2-methyl-4-
chlorophenoxyacetic acid (MCPA), diclofop-methyl, lactofen,
and haloxyfop; (4) industrial solvents such as trichloroethylene
and perfluorodecanoic acid.

PPs comprise chemicals with wide structural diversity
(Figure 1) and share a common property of inducing charac-
teristic effects in the liver of treated rats and mice. Within a few
days of exposure, they produce a striking dose-dependent
hepatomegaly accompanied by characteristic proliferation of
the peroxisomal and microsomal compartments as assessed
morphologically and biochemically (Table 2). Peroxisomes
are also responsive to dietary and hormonal changes such as
high-fat diets, particularly those with long-chain fatty acids,
high-cholesterol diets, and vitamin E deficiency. Thyroid
4-3.00346-8 815
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Figure 1 Structures of representative peroxisome proliferators.

Table 2 The characteristics of the function of peroxisome
proliferators

Morphological changes
Hepatomegaly
Increase in size and number of peroxisomes
(volume increased 7- to 10-fold)
Modest increase in volumeof smooth endoplasmic reticulum (<two-fold)

Biochemical changes
Peroxisomes
Fatty acid b-oxidation
Activation of carnitine acetyltransferase
Increased lauric acid u-hydroxylation activity

Mitochondria
Inhibition of complex I and NADH oxidation
Stimulation of glycolysis
Decreased b-oxidation

Microsomes
Induction of cytochrome P450 4A1

Serum
Decreased lipid amount, including triglyceride and cholesterol

Factors affecting PPs induction
Species differences: rat, mouse > hamsters, chickens, guinea
pigs > dogs, rabbits, monkeys
Gender differences: male > female (only in the induction of hepatic
catalase activity by clofibrate)
Organ differences: liver > kidney, heart, small intestine > the prostate,
the pancreas, the thyroid
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hormones produce moderate increases in the content of
hepatic peroxisomes and peroxisomal enzymes. While these
diets and physiological influences rarely induce changes in
peroxisomes to the same extent as many xenobiotics, they are
useful in exploring the mechanisms of regulation of peroxi-
somal proliferation.
Function of PPs

Peroxisome proliferation is consistently associated with hepa-
tomegaly, which arises from a combination of cellular hyper-
trophy and hyperplasia. The increase in hepatocyte size by PP
treatment was associated with the predominant increase in
peroxisomes and modest increase in smooth endoplasmic
reticulum (SER).

The magnitude of increase in cellular peroxisomes is dose
and compound dependent and correlates with the extent of
hepatomegaly. Hyperplasia, however, does not correlate with
the extent of peroxisomal proliferation. For example, clofibrate
and DEHP produce little hyperplasia, while nafenopin and
Wy-14643 produce relatively extensive hyperplasia. Hypo-
lipidemia is one of the characteristic responses to PPs. This can
be evidenced by a remarkable decrease in triglyceride and
cholesterol levels following the exposure to nonhypolipidemic
agents. Because of these properties, hypolipidemic drugs are
primarily used to lower serum cholesterol and triglyceride.
Earlier studies showed that clofibrate treatment increases liver
carnitine acetyltransferase activity, but no correlation was
established with peroxisome proliferation. It has also been re-
ported by Moody and Reddy that an increase in carnitine ace-
tyltransferase is a conforming response to a wide variety of PPs,
with increase in specific activity ranging from 10- to 25-fold,
the most predominant increase being in the peroxisomes.
Increases in the medium- (5- to 10-fold) and long-chained
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(two- to five-fold) carnitine acetyltransferases also occur.
Another obvious peroxisome response to PPs is increased
b-oxidation of fatty acids in glyoxysome, a specific form of
peroxisome, in germinated seeds, which later was also reported
to be present in rat liver peroxisome. Studies have shown that
clofibrate treatment increases b-oxidation of fatty acids by
w10-fold. Based on such studies, it has been concluded that
b-oxidation of fatty acids is a generalized response to PPs. PPs
are also involved in two other metabolic pathways of impor-
tance to lipid metabolism. Peroxisomes contain the most of
dihydroxyacetone phosphate acetyltransferase and alkyldihy-
droxyacetone phosphate synthetase activities. Therefore, they
are responsible for initiating most ether glycerolipid biosyn-
thesis. These enzymes are also moderately induced by PPs.

Besides peroxisome, PPs can also affect other organelles,
including mitochondria andmicrosomes. PPs inhibits complex
I of the mitochondrial respiratory chain. The oxidation of
NADH is then impaired, resulting in a metabolic shift by
stimulation of glycolysis and decreased b-oxidation in mito-
chondria. PPs are also found to induce cytochrome P450 4A1
in microsomes. Because a vast majority of endogenous and
exogenous chemical substances are metabolized by cyto-
chrome P450, their metabolism and effects can be mediated by
exposure to PPs (Table 2).

Although the liver is the most responsive organ to PP
treatment, other organs such as the kidney, heart, and small
intestine are also sensitive to PPs. Studies have shown a high
degree of specificity in the responsiveness of species to PPs. Rats
and mice are the most sensitive to PPs, while hamsters,
chickens, and guinea pigs exhibit an intermediate responsive-
ness; and dogs, rabbits, marmosets, and rhesus monkeys are
least responsive (Table 2). Human peroxisomes are also
insensitive to these compounds. However, debate exists as to
whether humans are at increased cancer risk following expo-
sure to PPs.

There appears to be a general misconception that female rats
are not responsive to PPs such as clofibrate. This misconception
was based on earlier studies in which male F-344 rats, but not
females, maintained on 0.25% clofibrate diet for up to 4 weeks
exhibited hepatic peroxisome proliferation. However, subse-
quent studies adequately demonstrated that clofibrate, when
given at 0.5, 1, and 2% in a diet, resulted in a marked peroxi-
some proliferation in liver parenchymal cells of both male and
female rats. Therefore, gender differences can be obviated by
increasing the dose of the inducing agent. No gender differ-
ences in the induction of peroxisome were seen in adult, fetal,
and neonatal rats treated with nafenopin or other potent PPs.
Table 3 Properties of peroxisome proliferator-activated receptors (PPARs

Receptors

Tissue distribution

Liver Kidney Spleen Intestine

a þ þ þ þ þ þ þ þ þ þ þ

b/d þ þ þ þ þ þ þ þ þ
g – þ þ þ þ þ þ
Recent studies indicate that there are gender-related differences
in the induction of hepatic catalase activity by clofibrate.
Catalase, which is located in peroxisomes, catalyzes the
reduction of hydrogen peroxide to water. Induced levels of
hepatic catalase activity by clofibrate were higher in male rats
than in female rats. Unlike clofibrate, other PPs show no
consistent pattern of gender differences in induction of hepatic
catalase activity in either mice or rats.
Mechanism of PPs

The widely accepted possible mechanism for induction of
peroxisome proliferation by PPs is the binding of ligands to the
specific receptors, known as peroxisome proliferator-activated
receptors (PPARs). The PP–receptor complex interacts with
the target genes and induces the transcription of peroxisome-
specific genes.

Three PPAR genes have been identified: PPAR alpha (a),
PPAR delta (d) (also referred to as PPAR beta (b)), and PPAR
gamma (g, encoding PPAR g1 and PPARg2 proteins). PPARa
was first cloned from mouse liver in 1990 by Issemann and
Green; subsequently, Dreyer and coworkers cloned two other
members of this subfamily (b/d and g), which belong to the
steroid receptor superfamily. PPARs are now considered to be
essential transcription factors regulating key cellular func-
tions, including lipid metabolism, xenobiotic metabolism,
inflammation, cell differentiation, and cancer. These recep-
tors are expressed in both embryonic and adult organisms.
Each of the three PPAR subtypes is expressed in a distinct,
tissue-specific pattern (Table 3) and differs considerably in
their ligand-binding domains (LBDs) and specificities,
attesting to the fact that they perform different functions in
different cell types.

PPAR proteins share the similar structure. They contain
a transcriptional activation function motif 1 (AF-1) in the N-
terminal domain, a central DNA-binding domain (DBD)
that recognizes DNA specific sequence named PP response
elements (PPREs), and an LBD in the C-terminal. The LBD
contains a dimerization region and a transcriptional activation
function 2 (AF-2), which is embedded in the extreme C-
terminal portion (Figure 2).

Upon ligand binding, PPAR is activated and hetero-
dimerizes with the obligate partner retinoid X receptor (RXR),
which is bound by its ligand 9-cis retinoic acid (9-cis RA).
The PPAR/RXR heterodimers bind to the PPRE in the target
gene via their DBDs. The PPRE consists of two half sites with
)

Biological eventsFat

– Peroxisome proliferation, lipid metabolism, liver injury,
regulation of inflammation, hepatocarcinogenesis

– Embryo implantation
þ þ þ Adipocyte differentiation, peroxisome proliferation,

decrease in serum glucose, liver injury, regulation
of inflammation



Figure 2 The protein structures of peroxisome proliferator-activated receptors (PPARs). The PPAR protein family members (a, b/d, g1, g2) have the
similar protein structures and the same functional domains. From N-terminal to C-terminal, the proteins include transcriptional activation function motif 1
(AF-1), central DNA-binding domain (DBD), ligand-binding domain (LBD), and transcriptional activation function motif 2 (AF-2).
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the consensus sequence AGGTCA spaced by one nucleotide
and belongs to DR-1 (direct repeat 1) type. The target gene is
then activated with the help of coactivators and transcriptional
machinery (Figure 3). PPREs have been identified in the tran-
scriptional regulatory regions of numerous genes involved in
carbohydrate and lipid metabolism. There is emerging evidence
that optimal binding sites differ slightly for each PPAR isoform.
These subtle differences in binding site preference, together
with differences with tissue expression patterns, undoubtedly
contribute to the different biological activities of the three
PPAR isoforms.

The other possible mechanism of PPs is substrate overload,
either as a result of lipolysis occurring outside the liver and
causing an influx of fatty acids into the liver or as a consequence
of the PPs or their metabolites perturbing lipid metabolism. In
rats, feeding of a high-fat diet results in a very slight increase in
peroxisome number. The administration of clofibrate or other
PPs may lead to an influx of fatty acids into the liver as a result
of lipolysis occurring outside the liver, or these compounds and
their metabolites enhance the breakdown of triglycerides in the
liver cell, thereby causing an intrahepatic excess of fatty acids.
The fatty acid overload may then trigger an increase in perox-
isomal b-oxidation pathway.
Figure 3 Regulation of gene transcription by peroxisome proliferator-
activated receptors (PPARs). The binding of peroxisome proliferator (PP)
to its receptor, PPAR, leads to heterodimerization with the retinoid X
receptor (RXR). RXR is bound and activated by its ligand, 9-cis retinoic
acid (9-cis RA or RA). The PPAR/RXR heterodimers further bind to PPRE
region in the target gene and activate gene transcription with the help of
coactivators and general transcriptional machinery. The PPRE contains
two of the consensus sequences (AGGTCA) spaced by one nucleotide,
named direct repeat 1 (DR-1). PPRE, peroxisome proliferator response
element; DBD, DNA-binding domain; LBD, ligand-binding domain.
PPs and Carcinogenesis

Reddy and coworkers first showed that nafenopin treatment
causes hepatocarcinoma in mice in 1976. Later, more evidences
indicate an association between peroxisome proliferation and
hepatocarcinogenesis in rats and mice. Hepatocellular carci-
nogenesis is a property of all PPs, with few exceptions after
discounting any direct genotoxic action of these compounds.
Recently, a growing concern has developed with regard to long-
term exposure to hypolipidemic agents, certain herbicides and
industrial plasticizers (DEHP and DEHA) and the possible
effect on human health. Since PPs do not directly interact with
and impair DNA, their mechanism of action is considered to be
nongenotoxic and is classified as a novel class of epigenetic
chemical carcinogen.

The molecular and cellular mechanism of PP-mediated
hepatocarcinogenicity is not well understood. However, several
hypotheses have been proposed for the hepatocarcinogenicity
of these compounds. One possible mechanism is oxidative
stress. PPs increase the number and size of peroxisomes,
resulting in enhanced expression of peroxisomal enzyme
activity and excess of H2O2 production. The role of oxidative
stress in inducing hepatocarcinoma is proved by the finding
that antioxidant treatment represses the tumorigenesis of
ciprofibrate. The oxidative stress may lead to carcinogenesis by
activation of NF-kB. Studies have shown that treatment of rats
with ciprofibrate increased hepatic NF-kB activity. Due to the
increased level of H2O2 and reactive oxygen species, the DNA is
easily damaged and cells are easily to develop tumors.

The other mechanism is the activation of PPARs. The direct
evidence came from PPARa knockout mice. One study showed
that PPARa null mice failed to show the classical effects asso-
ciated with PP short-term treatment. In another study, long-
term DEHP fed showed no liver effects in PPARa knockout
mice, but killed the wild-type mice by the development of
hepatocarcinoma. The involvement of PPAR in tumorigenesis
is due to their specific targets. For example, the targets of PPARa
include many growth factors or oncogenes such as TGFa, c-fos,
c-jun, c-myc, and hepatocyte growth factor.

PPs have also showed cytotoxicity in some hepatic cells or
other cell types, which is an opposite effect of tumorigenesis.
The contradiction effects of PPs on apoptosis are dependent on
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cell types, drug concentrations, and experimental conditions.
For example, monoethylhexylphthalate inhibited apoptosis in
hepatocytes at low dosage, but induced cell death at high
dosage. Similar effects by other PPs have also been found in
human monocyte-derived macrophages, keratinocytes, and
lymphocytes. The possible mechanism of PP cytotoxicity is the
activation of different PPAR target genes or individual path-
ways induced by target genes under specific conditions.

The effect of PPs on human health is a fundamental toxi-
cological concern primarily due to the pervasive presence of
these chemicals from clinical (hypolipidemic drugs), occupa-
tional, and environmental sources (industrial plasticizers).
Therefore, from the public health perspective, the concern is the
ultimate outcome from chronic occupational exposure and
long-term therapeutic effects of PPs. The available evidence
indicates that potent PPs are carcinogenic in rats and mice.
However, neither themechanism of proliferation nor the events
leading to the development of hepatocellular carcinomas are
sufficiently well understood. Since peroxisomal proliferation
was not observed in nonhuman primates and certain other
species in a preliminary screening study conducted several years
ago with clofibrate, the PP-induced carcinogenic effects have
been readily dismissed by some as being of no importance to
humans. The question ‘Are rodents a good model for human
risk?’ cannot be answered directly in this instance due to large
species differences in response to PPs. In light of recent evidence
that peroxisomal proliferation can be induced in a wide range
of species, including subhuman primates, it seems appropriate
to consider the biological implications of peroxisomal pro-
liferators and assess their risk to humans.
Conclusion

PPs increase the number and size of peroxisomes, predomi-
nantly in the liver. The hepatic peroxisomal proliferation seems
tobe a carcinogenic event in rats andmice,which is undoubtedly
dependent on the activation of the specific molecular pathways.
However, there is no single mechanism that is attributed to the
peroxisome proliferation or carcinogenesis induced by these
agents. Oxidative stress and PPAR activation may contribute to
these processes. Activation of PPs involves all intracellular
organelles andnumerousbiochemical pathways.Cytotoxicity of
some PPs is also observed under specific experimental condi-
tions,whichmake theirmechanismmore complicated.Whether
or not humans are at risk to the tumor-promoting and/or cyto-
toxicity effects of PPs will not be realized until the sequence of
events initiated by RRAR activation and ultimately resulting in
altered parameters of proliferation and apoptosis in sensitive
species such as rat or mouse are well understood.

See also: Apoptosis; Carcinogenesis; Chlorophenoxy Herbicides;
Liver; Peroxisome Proliferator-Activated Receptors (PPARs).
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What Are Persistent Organic Pollutants?

Persistent organic pollutants (POPs) are organic chemical
substances possessing a combination of chemical and
physical properties that result in their widespread distribu-
tion, persistence and accumulation. They are known to share
four defining characteristics: persistence, bioaccumulation,
capability to undergo long-range transport, and toxicity.
POPs remain intact for long periods of time, often many
years, because they resist degradation by environmental
processes such as photolytic, chemical, and biological
degradation. They are lipophilic (low water solubility and
high lipid solubility), and so bioaccumulate in fatty tissues
of living organisms, biomagnifying up the food chain. They
are semi-volatile, allowing for long-range transport in air
or absorbed to particulate matter in environmental media
such as air or water. Lastly, POPs are considered to be toxic.
By definition, POP compounds have been associated with
the potential to cause adverse effects on humans and the
environment.

POPs can also be referred to as persistent, bioaccumulative,
and toxic (PBT) substances; persistent, toxic substances (PTS);
or persistent environmental pollutants (PEPs). Prominent
examples of POPs include the pesticide 1,1,1-trichloro-
2,2-bis(4-chlorophenyl)ethane (DDT), and polychlorinated
biphenyls (PCBs).
Toxicity of POPs

One of the notable characteristics that identifies a chemical as
a POP is that it is associated with adverse effects in humans
and the environment. Currently identified POPs are associ-
ated with a broad array of effects in humans and wildlife at
a wide range of concentrations. Acute exposures to very high
doses of some POPs have resulted in significant toxicities.
There is greater interest, however, in understanding potential
adverse effects, such as endocrine disruption, attributed to
chronic, low-level environmental exposures as these are the
types of exposures that typically occur for these compounds.
Notably, although POPs are discussed as a group in this
overview, each POP has its own hazard profile, and for that
reason, POPs are not evaluated for hazard or risk as a group,
but rather are evaluated individually. Exceptions to this
generalization are chemicals that have been established to
have a common mechanism of action, such as the dioxin-like
compounds (DLCs). DLCs, including polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/PCDFs), and
dioxin-like PCBs, are evaluated using a toxic equivalency
scheme, which accommodates the differential relative poten-
cies of the various DLCs included in the scheme. Further,
compounds that have been clearly established as POPs have
been relatively well studied by health and regulatory agencies,
thus allowing for quantitative hazard and risk assessment of
each POP individually.
820 Encyclopedia of T
Human Health

Reports in the literature indicate that in humans, acute expo-
sures to some POPs can result in allergies, hypersensitivity, and
dermatological rashes. Data in the literature also indicate that
chronic exposure to some POPs can lead to effects such as
endocrine disruption, reproductive and immune dysfunction,
birth defects, neurological disorders, and cancer. Some POPS
(e.g., dioxins and dioxin-like PCBs) are classified as human
carcinogens. Several POPs (particularly DDT, dioxins, and
PCBs) are also considered to be endocrine disruptors. Women,
infants, and children appear to be particularly susceptible to
exposures to some POPs; for some compounds, exposure to
a developing child at even small concentrations can result in
adverse developmental effects, including neurophysiological
effects, e.g., attention deficits, learning disorders, behavioral
problems (aggression), and limited gross and fine motor
coordination.

As with any chemical, the dose will dictate the occurrence
and severity of the response, and the response may vary
depending on the species. For example, the relative toxicity of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is more than
a 1000-fold different between hamsters and guinea pigs, and
based on receptor binding studies, humans are considerably
less sensitive than laboratory species to the effects of TCDD.
Thus, even in cases where there have been exposures to very
large concentrations of TCDD, such as with the Victor Yush-
chenko poisoning, the effects observed to date have been
limited (e.g., chloracne). However, the effects resulting from
chronic exposures to the low-levels found in the environment
are more uncertain as it is difficult to accurately evaluate the
effects associated with a particular POP given that, in most
environmental scenarios, exposure involves a combination of
POPs (as well as other chemicals).

There have been many prominent historical events that
have highlighted exposures to POPs. In 1973, several thousand
pounds of a fire retardant, a commercial mixture of poly-
brominated biphenyls (PBB), of which hexabromobiphenyl
(HBB) was a major constituent, was accidentally mixed into
livestock feed distributed to farms in Michigan. In Japan in
1968, there was a mass poisoning after rice bran oil was
contaminated with PCBs and PCDFs. The rice bran oil was used
in poultry feed as well as for human consumption. This is
referred to as the Yusho incident, and a similar incident called
the Yu-Cheng incident occurred in Taiwan in 1979. Other
incidents that resulted in exposures to dioxins and dioxin-like
compounds include the explosion in Seveso, Italy, and
contamination of Times Beach, Missouri, and Niagara Falls,
New York (Love Canal). Evaluation of human health and
ecological receptors following these events has provided
a relatively large body of knowledge characterizing adverse
impacts associated with exposures.

Exposure to POPs can occur via a variety of pathways,
though most typical exposures occur occupationally, via the
diet, or via contact with environmental media (e.g., ingestion
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of contaminated dust and soils, inhalation of POPs in
the air). Overwhelmingly, and certainly for legacy POPs,
dietary exposures tend to dominate overall exposure to
these compounds. POPs significantly biomagnify up the
food chain, resulting in relatively large chemical exposures
from the diet for humans, particularly from consumption of
fish and meat products. Additionally, POPs can be trans-
ported through the placenta and in breast milk, resulting in
relatively larger exposures during early development than via
dietary intake.

Biomonitoring (the direct measurement of a chemical or its
metabolite in the human body) is often used to evaluate
human exposures to POPs. In the United States, the Centers for
Disease Control and Prevention conducts a large-scale, statis-
tically based, biomonitoring effort, the National Health and
Nutrition Survey (NHANES), in an effort to provide informa-
tion on the health and nutritional status of the general US
population, including quantifying chemicals and their metab-
olites in blood and urine. For example, blood concentrations of
hexachlorobenzene (HCB) averaged 15.2 ng g�1 (lipid weight)
and ranged up to 28.9 ng g�1 (95th percentile) in 2003/2004.
2,20,4,40,5,50 Hexabromobiphenyl averaged 2.29 ng g�1 (lipid
weight) and ranged up to 27.2 ng g�1 (95th percentile). The
standard metric for evaluating body burden of these
compounds, as well as other POPs, is the amount of the
compound in the lipid fraction of the blood samples.
Wildlife

Wildlife is exposed to POPs in many of the same ways in which
humans are, most notably through the food chain. Laboratory
research has documented adverse effects in a wide range of
species at all trophic levels. Ecotoxicological effects-associated
exposures to POPs include immunotoxicity, dermal effects,
impaired reproductive performance, birth defects, cancer, and
overall population declines. For example, DDT was blamed for
large declines in birds of prey due to its effect on eggshell
thinning; consumption of POP-contaminated diets has also
been associated with vitamin and thyroid deficiencies (and
thus increased susceptibility to infection and reproductive
disorders) in seals. Immunodeficiencies in several wildlife
species have been associated with exposures to specific POPs,
notably dioxins, PCBs, chlordane, HCB, toxaphene, and DDT.
POP exposure has been associated with population decline in
seals, porpoises, dolphins, and beluga whales, and reproduc-
tive impairment in mink.
A Global Concern

The concentrations of POPs in environmental media from
around the globe have been documented in the recent decades.
Some POPs have been found in very most remote areas of the
world where there is no known human activity nor chemical
sources; POPs have been measured on every continent in every
major climate. Because of their persistent and bioaccumulative
nature, they generally have a ubiquitous presence in the envi-
ronment and biota, including humans. POPs can travel via
a mechanism termed the grasshopper effect. They are typically
released into the environment of industrialized areas and are
transported in the air (this is generally due to evaporation in
warmer climates and migration into cooler climates such as
oceans and freshwater bodies).

Because of their ubiquitous nature, POPs present a global
concern. This has resulted in actions at regional, national, and
international levels. Regulatory bodies, nonregulatory organi-
zations (national and international industrial and environ-
mental groups), and academia are all invested in addressing
issues associated with these compounds. Some examples of
regional and international initiatives include:

l The 1998 Aarhus Protocol on POPs under the UN Economic
Commission for Europe Convention on Long-Range Trans-
boundary Air Pollution.

l The Barcelona Resolution on the Environment and
Sustainable Development in the Mediterranean Basin.

l Global Programme of Action for the Protection of the
Marine Environment from Land-Based Activities.

l The Great Lakes Binational Toxics Strategy.
l The Arctic Environmental Protection Strategy.
l Specific North American Regional Action Plans (NARAPs)

related to POPs implemented by the Commission for Envi-
ronmental Cooperation under The North American Agree-
ment on Environmental Cooperation, e.g., PCB NARAP.

l Rotterdam, Basel, and Stockholm Conventions.
Stockholm Convention

The Stockholm Convention is one of the most prominent
global efforts on POPs, laying the groundwork for main-
taining a concerted international effort to reduce and ulti-
mately eliminate POPs. The Stockholm Convention on
Persistent Organic Pollutants is a global treaty that aims to
protect human health and the environment from POPs by
restricting and eventually eliminating their production, use,
trade, release, and storage. To date, there are 179 Parties to
the Convention. The Parties to the Convention make up the
Conference of the Parties, which is the governing body of the
Convention.

Specifically, the Stockholm Convention aims to:

l eliminate production and use of intentionally produced
POPs;

l restrict production and use of those for which complete
elimination is less achievable, e.g., DDT use for control of
malaria;

l reduce unintentional production of POPs, e.g., dioxins and
furans;

l ensure POPs-containing wastes are managed in a way as to
not harm human health or the environment; and

l target additional POPs by implementing a continued
scientifically rigorous process to consider all potential POP
candidate chemicals.

The events leading up to the adoption of a Global Treaty on
POPs were initiated in the mid 1990s, leading to the scientific
consensus, “immediate international action should be initiated
to protect human health and the environment.” As a result, the
UN Environment Programme (UNEP) then established the
POPs Intergovernmental Negotiating Committee to implement
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a global action in February 1997. These efforts ultimately
resulted in the Stockholm Convention on Persistent Organic
Pollutants, which was adopted in 2001 via signatures from
92 countries. The global treaty was entered into force in
2004.
Provisions of the Convention

The Stockholm Convention addresses the control of POPs
under three Annexes that relate to the intended method of
controlling their release – Elimination (Annex A), Restric-
tion (Annex B), or Unintentional Production (Annex C).
Parties are required to take measures to eliminate the
production and use of Annex A chemicals and eliminate
production and use of Annex B chemicals. There are
some exceptions; Parties to the Convention may register for
exemptions (specific exemptions/acceptable purposes) to
Annex A/B, though these exemptions expire after 5 years. Of
note, specific exemptions for aldrin, chlordane, dieldrin,
heptachlor, HCB, and mirex have now expired, so no further
registrations for exemptions can be made. The goal with
regard to Annex C chemicals is to continually minimize, and
where feasible eliminate, unintentional releases. Specifically,
each Party to the Convention is required to take measures to
reduce or eliminate releases from intentional production
and use of POPs, unintentional production of POPs, and
stockpiles and wastes containing POPs. Additionally, each
Party to the Convention develops and maintains an Imple-
mentation Plan.
Identification of POPs

Initially, the Convention set out to assess the 12 ‘worst
offenders,’ the UNEP POPS (also referred to as the Legacy POPs
or the Dirty Dozen). These included organochlorine pesticides
(DDT, endrin, dieldrin, aldrin, chlordane, toxaphene, hepta-
chlor, and mirex), industrial chemicals (PCBs and hexa-
chlorobenzene), and unintended by-products (polychlorinated
dibenzo-p-dioxins and dibenzofurans). Since the initial 12
POPs were identified by the Convention, 10 additional
chemicals have been added. The first set of additions included
nine chemicals (alpha hexachlorocyclohexane; beta hexa-
chlorocyclohexane; chlordecone; hexabromobiphenyl; hex-
abromodiphenyl ether and heptabromodiphenyl ether;
lindane; pentachlorobenzene; perfluorooctane sulfonic acid, its
salts, and perfluorooctane sulfonyl fluoride; and tetra-
bromodiphenyl ether and pentabromodiphenyl ether) that
were added in May 2009 (entered into force on 26 August
2010), and an additional chemical (technical endosulfan and
related isomers) was added in April 2011. POPs currently
controlled under the global Stockholm Convention and their
restricted uses are listed in Table 1.

One of the major functions of the Stockholm Convention is
that it is structured to encourage the identification of new POPs
as new scientific information becomes available. Parties to the
Convention may submit proposals for listing a new POP. In
order to be considered as a potential POP, scientific evidence of
the chemical’s potential for persistence, bioaccumulation, long-
range transport, and toxicity must be submitted, which is then
screened specifically for the following:
Persistence

l The chemical has a half-life of >2 months (water) or
>6 months (soil/sediment); or

l The chemical is sufficiently persistent to warrant consider-
ation under the Convention.
Bioaccumulation

l The chemical has a bioconcentration/bioaccumulation
factor in aquatic species >5000 (or, in the absence of such
data, a log Kow >5);

l The chemical presents other reasons for concern (e.g., high
bioaccumulation in other species, high toxicity, or high
ecotoxicity); or

l Monitoring data in biota indicate that the chemical is
sufficiently bioaccumulative to warrant consideration under
the Convention.
Potential for Long-Range Environmental Transport

l The chemical has been measured at levels of potential
concern at locations distant from the sources of its release;

l Monitoring data in biota indicate that long-range transport
may have occurred via air, water, or migratory species; or

l Environmental fate properties demonstrate that the chem-
ical has a potential for long-range transport (for a chem-
ical migrating through air, the half-life in air should be
>2 days).
Adverse Effects

l The chemical exhibits adverse effects to human health or the
environment; or

l Toxicity or ecotoxicity data indicate the potential for
damage to human health or the environment.

If the screening criteria are satisfied, additional data are
generated to characterize the risk profile. Based on these data, it
is determined if it is likely to cause adverse human health
or environmental effects that warrant global action. A risk
management phase is also included in this process in which
Parties are encouraged to address socioeconomic considerations.
It is then determined if the proposed POP should be listed. As of
summer 2013, chemicals under review include short-chained
chlorinated paraffins, hexabromocyclododecane, chlorinated
naphthalenes, hexachlorobutadiene, and pentachlorophenol.
Conclusions

POPs are organic chemicals that resist environmental
degradation, capable of long-range transport, typically bio-
accumulative in animal and human tissues, and have been
associated with adverse effects in humans and wildlife. Using
historical knowledge of these compounds, scientists can



able 1 POPs currently controlled under the global Stockholm Convention

ompound CAS # Listing date Pesticide Industrial chemical By-product

Specific exemptions

Production Use

nnex A
ldrin 309-00-2 2001 X None Local ectoparasiticide

Insecticide

-Hexachlorocyclohexane (a-HCH) 319-84-6 2009 X X None None
-hexachlorocyclohexane (b-HCH) 319-85-7 2009 X X None None
hlordane 57-74-9 2001 X As allowed for the Parties listed in the Register Local ectoparasiticide

Insecticide

Termiticide

Additive in plywood adhesives

hlordecone 143-50-0 2009 X None None
ieldrin 60-57-1 2001 X None In agricultural operations

ndosulfan (and its related isomers) 115-29-7
(959-98-8 &
33213-65-9)

2011 As allowed for the Parties listed in the Register Crop-pest complexes as listed in accordance with the
provisions of part VI of this Annex

ndrin 72-20-8 2001 X None None
eptachlor 76-44-8 2001 X None Termiticide

Wood treatment

In use in underground cable boxes

exabromobiphenyl (HBB) 36355-01-8 2009 X None None
exaBDE and HeptaBDEa Various 2009 X None Articles in accordance with the provisions of Part IV

of Annex A
exachlorobenzene (HCB) 118-74-1 2001 X X As allowed for the Parties listed in the Register Intermediate

Solvent in pesticide

Closed system site limited intermediate

indane 58-89-9 2009 X None Human health pharmaceutical for control of head lice
and scabies as second line treatment

irex 2385-85-5 2001 X As allowed for the Parties listed in the Register Termiticide

entachlorobenzene (PeCB) 608-93-5 2009 X X X None None

(Continued)
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Table 1 POPs currently controlled under the global Stockholm Conventiondcont'd

Compound CAS # Listing date Pesticide Industrial chemical By-product

Specific exemptions

Production Use

Polychlorinated biphenyls
(PCBs)

Various 2001 X X None Articles in use in accordance with the provisions
of Part II of this Annex

TetraBDE and PentaBDE Various 2009 X None Articles in accordance with the provisions of Part IV
of Annex A

Toxaphene 8001-35-2 2001 X None None

Annex B
1,1,1-trichloro-2,2-bis(4-chlorophenyl)

ethane (DDT)
50-29-3 2001 X Acceptable purpose: disease vector control

use in accordance with Part II of this Annex
Specific exemption: intermediate in production

of dicofol

Acceptable purpose: disease vector control
in accordance with Part II of this Annex

Specific exemption: production of dicofol intermediate

Perfluorooctanesulfonic acid (PFOS)
and salts, and Perfluorooctane
sulfonyl fluoride (PFOSF)b

Various 2009 X For acceptable uses Acceptable purposes and specific exemptions
in accordance with Part III of Annex B

Annex C
Hexachlorobenzene (HCB) 118-74-1 2001 X X – –

Pentachlorobenzene (PeCB) 608-93-5 2009 X X X – –

Polychlorinated biphenyls (PCBs) Various 2001 X X – –

Polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/PCDFs)

Various 2001 X – –

Please note that, as at 17 May 2009, there were no Parties registered for the specific exemptions listed in Annex A/B pertaining to aldrin, chlordane, dieldrin, heptachlor, hexachlorobenzene, mirex, and DDT. Therefore, no new registrations may
be made with respect to such exemptions, which appear in italicized text.
aIncludes BDE-153 (CAS No: 68631-49-2), BDE-154 (CAS No: 207122-15-4), BDE-175 (CAS No: 446255-22-7), BDE-183 (CAS No: 207122-16-5) and other hexa- and heptabromodiphenyl ethers present in commercial octabromodiphenyl
ether.
bFor example: potassium perfluorooctane sulfonates (CAS No: 2795-39-3); lithium perfluorooctane sulfonate (CAS No: 29457-72-5); ammonium perfluorooctane sulfonates (CAS No: 29081-56-9); diethanolammonium perfluorooctane
sulfonates (CAS No: 70225-14-8); tetraethylammonium perfluorooctane sulfonates (CAS No: 56773-42-3); didecyldimethylammonium perfluorooctane sulfonates (CAS No: 251099-16-8).
–, Not applicable.
Source: Adapted from information on the Stockholm Convention website.
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develop new chemicals that do not have characteristics of
POPs. This, in combination with a global effort to reduce
production, use, and transport of POPs, will lead to a more
sustainable environmental future.

See also: DDT (Dichlorodiphenyltrichloroethane);
Hexachlorobenzene; Hexachlorocyclohexanes Including
Lindane; Pentachlorobenzene; Polychlorinated Biphenyls
(PCBs); Dioxins; Endocrine System; Polybrominated Biphenyls
(PBBs); Polybrominated Diphenyl Ethers; PBT (Persistent,
Bioaccumulative, and Toxic) Chemicals; TCDD (2,3,7,8-
Tetrachlorodibenzo-p-dioxin); Bioaccumulation;
Chlorodibenzofurans.
Relevant Websites

http://chm.pops.int/Home/tabid/2121/mctl/ViewDetails/EventModID/870/EventID/331/
xmid/6921/Default.aspx – Stockholm Convention on Persistent Organic Pollutants.

http://www.epa.gov/international/toxics/pop.html – US Environmental Protection
Agency Persistent Organic Pollutants website.

http://go.worldbank.org/EXM1HL14T0 – World Bank Persistent Organic Pollutants
website.

http://chm.pops.int/Home/tabid/2121/mctl/ViewDetails/EventModID/870/EventID/331/xmid/6921/Default.aspx
http://chm.pops.int/Home/tabid/2121/mctl/ViewDetails/EventModID/870/EventID/331/xmid/6921/Default.aspx
http://www.epa.gov/international/toxics/pop.html
http://go.worldbank.org/EXM1HL14T0


8

Personal Care Products see Cosmetics and Personal Care Products
Pesticide Residues: Joint FAO/WHO Meeting see Joint FAO/WHO Expert Meetings (JECFA and JMPR)
Pesticides

C Pope, Center for Veterinary Health Sciences, Oklahoma State University, Stillwater, OK, USA

� 2014 Elsevier Inc. All rights reserved.
The word pesticide literally means an agent used to kill an
undesirable organism. In the amended US Federal Insecticide,
Fungicide, and Rodenticide Act, the definition of an ‘economic
poison’ or pesticide was expanded to include (1) any substance
or mixture of substances intended for preventing, destroying,
repelling, or mitigating any pest (insect, rodent, nematode,
fungus, weed, other forms of terrestrial or aquatic plant or
animal life or viruses, bacteria, or other microorganisms, except
viruses, bacteria, or other microorganisms on or in living man
or other animals, which the administrator declares to be a pest)
and (2) any substance or mixture of substances intended for
use such as plant regulator, defoliant, or desiccant.

The major classes of pesticides in use today include
herbicides, fungicides, rodenticides, insecticides, nemato-
cides, acaricides, and molluscicides. Prior to about 1940,
pesticides were primarily inorganic chemicals (e.g., arsenic)
and a few natural agents from plant origin (e.g., nicotine and
pyrethrum). With the discovery of the insecticidal activity of
dichlorodiphenyltrichloroethane (DDT), however, a bur-
geoning increase in the development and utilization of
synthetic organic chemicals occurred. From about 1940 to
1980, an exponential increase in the production and use of
these synthetic pesticides was evident worldwide. The major
chemical classes of pesticides in use today include inorganic
and organic metals, chlorinated hydrocarbons, organophos-
phorus compounds, carbamates, pyrethroids, substituted
phenols, substituted ureas, coumarins, organic acids, organic
amides, and triazines. Worldwide, expenditures for conven-
tional pesticides total around 40 billion USD, with US
expenditures being about one-third of that amount. Over
5000 million pounds of conventional pesticides (active
ingredients) are used annually. By far, herbicides are the
major type of pesticides used, with approximately 2000
million pounds of herbicides being used each year
throughout the world. Insecticides are extensively used in
home and garden applications. These data are for conven-
tional pesticides. It should be noted that the amount of
‘nonconventional’ pesticides including wood preservatives
and water treatment-related chemicals (e.g., hypochlorite)
used in the United States exceeds that of conventional
pesticides.

Insects were the first major focus of pest control, whether
to prevent the destruction of food or fiber crops or to limit
the spread of insect vectors of disease. There is little doubt
26 Encyclopedia of T
that the use of insecticides had a profound impact on
further development of civilization. The control of anoph-
eline mosquitoes and malarial infection, as well as vectors
for typhus, plague, and yellow fever, by DDT undoubtedly
saved millions of lives. Over the past several decades,
however, the use of herbicides has dramatically increased
and such efforts have markedly altered the methods of
modern agriculture. As noted above, herbicides represent
the most extensively used class of pesticides worldwide.
Some food and fiber crops reportedly increased yields by
300–600% after the introduction and widespread use of
synthetic herbicides.

The public health and economic benefits of synthetic
pesticide use over the past 50 years are indisputable (to most)
but these benefits have not been without costs. Widespread
environmental contamination by DDT and other organo-
chlorine pesticides, reaching global proportions, with con-
comitant deleterious effects on some members of the food
web heralded the end of an era for their extensive use. DDT
was banned from use in the United States in 1972 and most
other organochlorines were subsequently banned, being
replaced by the less environmentally persistent organophos-
phates and carbamates. While these agents had considerably
lower abilities to accumulate in environmental and biological
media, they tended to be much more acutely toxic and thus
more hazardous to use. The pyrethroids are generally regarded
as safer than the anticholinesterase organophosphates and
carbamates, but remain a smaller proportion of total insecti-
cidal use. In general, herbicides exhibit markedly lower acute
mammalian toxicity than other classes of pesticides. The
relative toxicities of these agents are generally scaled, however,
on the basis of acute reactions. More recent findings suggest
that many pesticides may have actions at lower levels of
exposure that are more subtle in nature but with potential for
long-lasting consequences. For example, a number of experi-
mental and more recently epidemiological studies suggest
that the organophosphorus insecticide chlorpyrifos may alter
neurodevelopmental processes in the brain. Moreover, those
neurodevelopmental effects may not be elicited through
acetylcholinesterase inhibition, generally the critical end
point for quantitative risk assessment. While herbicides as
a class typically elicit selective toxicity in plants with markedly
less toxicity in mammalian species, the common herbicide
and groundwater contaminant atrazine can disrupt
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00181-0
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luteinizing hormone and prolactin secretion by direct action
on the hypothalamic–pituitary axis and thereby elicit tumor
formation in rats, although this carcinogenic mechanism does
not appear relevant in humans. Some studies suggest
amphibian species may be particularly sensitive to herbicides
including atrazine. Endocrine disruption by direct interaction
with hormone receptors or alteration of hormone metabolism
is a concern for a number of pesticides in different chemical
classes, with possible adverse health consequences for both
wildlife and humans. Knowledge of the long-term health
consequences of prolonged, low-level exposure to various
pesticide classes remains relatively limited. Understanding
how pesticide exposures may interact, whether they elicit
toxicity through a common mechanism or not, to elicit
toxicity is still largely unclear. A major challenge in the future
is thus the continued acquisition and use of both experi-
mental and epidemiological data pertaining to the long-term
health consequences of low-level, chronic pesticide
exposures.

See also: Toxicity, Acute; Toxicity, Subchronic and Chronic;
Organochlorine Insecticides; Organophosphorus Compounds;
Organotin Compounds; Pyrethrins/Pyrethroids; Chlorination
Byproducts; Federal Insecticide, Fungicide, and Rodenticide
Act, US; Environmental Risk Assessment, Pesticides and
Biocides; Food Quality Protection Act; Nematicides; Estrogens
V: Xenoestrogens; Common Mechanism of Toxicity in
Pesticides; Mixtures, Toxicology, and Risk Assessment.

Further Reading

Brühl, C.A., Pieper, S., Weber, B., 2011. Amphibians at risk? Susceptibility of terrestrial
amphibian life stages to pesticides. Environ. Toxicol. Chem. 30, 2465–2472.

Grube, A., Donaldson, D., Kiely, T., Wu, L., 2011. Pesticides Industry Sales and Usage,
2006 and 2007 Market Estimates. Office of Pesticide Programs, U.S. Environ-
mental Protection Agency, Washington, DC.

Jett, D.A., 2011. Neurotoxic pesticides and neurologic effects. Neurol. Clin. 29,
667–677.

Jowa, L., Howd, R., 2011. Should atrazine and related chlorotriazines be considered
carcinogenic for human health risk assessment? J. Environ. Sci. Health C Environ.
Carcinog. Ecotoxicol. Rev. 29, 91–144.

Prueitt, R.L., Goodman, J.E., Bailey, L.A., Rhomberg, L.R., 2011. Hypothesis-based
weight-of-evidence evaluation of the neurodevelopmental effects of chlorpyrifos.
Crit. Rev. Toxicol. 41, 822–903.

Maund, S.J., Campbell, P.J., Giddings, J.M., Hamer, M.J., Henry, K., Pilling, E.D.,
Warinton, J.S., Wheeler, J.R., 2012. Ecotoxicology of synthetic pyrethroids.
Top. Curr. Chem. 314, 137–165.
Relevant Websites

http://www.epa.gov/pesticides/
http://ec.europa.eu/sanco_pesticides/public/index.cfm
http://cibrc.nic.in/
http://www.apvma.gov.au/

http://www.epa.gov/pesticides/
http://ec.europa.eu/sanco_pesticides/public/index.cfm
http://cibrc.nic.in/
http://www.apvma.gov.au/


Petroleum Distillates
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� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Stephen R. Clough, volume 3, pp 372–375, � 2005, Elsevier Inc.
l Name: Petroleum distillates
l Chemical Abstracts Service Registry Number: 64742-88-7

(Petroleum distillate type 0), 64742-82-1 (Petroleum
distillate type 1), 64741-92-0 (Petroleum distillate type 2),
64742-48-9 (Petroleum distillate type 3), 8052-41-3
(Stoddard solvent)

l Synonyms: Stoddard solvent, White spirit, Mineral spirit,
Petroleum solvent, Petroleum spirit

l Molecular Formula: Petroleum distillates are a mixture of
saturated aliphatic, alicyclic, and aromatic hydrocarbons
between C7 and C12. Therefore, the molecular formula of
the components of the mixture would be: CnH2nþ2 for
n-alkanes and isoalkanes, CnH2n for cycloalkanes, CnH2n�6

with n > 6 for aromatics
Background

Petroleum distillates are colorless liquid petrochemical
mixtures with kerosene-like odor and a boiling range of
90–240 �C containing hydrocarbons ranging between C7

and C12 divided into three major components. The group
with highest proportion (30–50%) is usually linear and
branched alkanes. The second group of relevant components
is cycloalkanes, which can be found in petroleum distillates
between 30 and 40%. Finally aromatic hydrocarbons can
also be found in significant proportions up to 25% in these
distillates. Nevertheless, it is important to keep in mind that
petroleum distillates may change over the years, mainly due
to different origins of crude oils used for production and
changes undergone in the refinery processes, which can
conduce to variations in the exact composition of the same
product even among different manufacturers. It is also
Table 1 Classification of petroleum distillates

Type CAS number Hydrocarbon length

1 64742-82-1 C7–C12
1 (Stoddard solvent) 8052-41-3 C7–C12
2 64741-92-0 C7–C12
3 64742-48-9 C6–C13
0 64742-88-7 C9–C12

Source: Data drawn from ENVIRONMENTAL HEALTH CRITERIA 187 White Spirit (S
Programme on Chemical Safety (IPCS): http://www.inchem.org/documents/ehc/ehc

Table 2 Classification of petroleum distillates (all substances indic
(GHS) developed by United Nations

Hazard class and category code(s) Hazard statement code(s) a

Aspiration toxicity H304: may be fatal if swal
Muta. 1B H340: may cause genetic
Carc. 1B H351: suspected of causin

Source: Annex VI. Table 3.1 of European Regulation 1272/2008.
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remarkable that the name ‘petroleum distillates’ might
include other preparations coming from different distilla-
tions of crude petroleum; indeed, European regulation for
classification of labeling of chemicals considers petroleum
distillates as a total of 12 different products, five with CAS
number as described above plus another seven preparations
corresponding to heavier distillation fractions (higher
than C15).

The petroleum distillates can be divided into three different
categories according to the manufacturing procedure, that might
be by catalytic hydrodesulfurization (type 1), by solvent extrac-
tion (type 2), or by treating a petroleum fraction with hydrogen
in the presence of a catalyst (type 3) (Table 1). The proportion or
aromatics is lower than 25, 5, and 1% for types 1, 2, and 3,
respectively. A special preparation of petroleum distillate type 1
is manufactured in the United States under the name of Stod-
dard solvent. A fourth type (type 4) might be considered as
a crude mixture not treated beyond the process of distillation.

Petroleum distillates types 1, 2, and 3 are further divided
into three technical grades, which are defined by flash point:
low flash petroleum distillates (ranging between 21 and 30 �C),
regular flash petroleum distillates (ranging between 31 and
54 �C), and high flash petroleum distillates (with flash point
higher than 55 �C).

Petroleum solvents are included by International Agency for
Research on Cancer within Group 3 (not classifiable as to its
carcinogenicity to humans). However, the current European
regulations consider distillates as belonging to carcinogen
category 1B (presumed to have carcinogenic potential for
humans) and require that these distillates be labeled with the
hazard statement H350 (may cause cancer). In addition, they
are also classified for aspiration toxicity and mutagenicity
(Table 2).
Boiling point (�C) Preparation

90–230 Catalytic hydrodesulfurization
90–230 Catalytic hydrodesulfurization
90–230 Solvent extraction
65–230 Catalytic hydrogenation

140–220 Distillation

toddard Solvent) , WHO 1996 in the database INCHEM offered by International
/ehc187.htm.

ated in Table 1) according to the globally harmonized system

nd meaning Pictogram signal word code(s)

lowed and enters airways GHS08
defects
g cancer

oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00528-5
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Uses

Petroleum distillates are used as extraction, cleaning, and
degreasing solvents. The industrial uses of petroleum distillates
include solvent in aerosols, paints, wood preservatives, waxes,
asphalt products, photocopier toners, printing inks, adhesives,
dry cleaners, lacquers, and varnishes.
Environmental Fate and Behavior

Physicochemical Properties

Table 3 displays the relevant physicochemical properties of
petroleum distillates. They are colorless liquids with kerosene-
like odor, low water solubility, and relatively high volatility due
to their high vapor pressure.
Partition Behavior

All components of the petroleum distillates might be potentially
evaporated, dissolved in water, or retained on soils attached to
organic material. However, hydrocarbons with low molecular
weight display higher water solubility and volatility than
hydrocarbons with high molecular weight and therefore they
tend to be mostly either dissolved in water or evaporated to the
atmosphere after their release in the environment. On the other
side, heavy hydrocarbons tend to be adsorbed on the soil.
Bioaccumulation and Environmental Persistency

No relevant information is available regarding the potential of
petroleum distillates to be bioaccumulated. However, its
potential for bioaccumulation is dependent of the bio-
accumulation potential of their individual components. In
general, lower molecular weight alkenes display higher water
solubility and do not tend to bioaccumulate, aromatics may
exhibit a moderate tendency to bioaccumulate, and the higher
molecular weights alkanes tend to bioaccumulate, as observed
in aquatic organisms such as mussels and others after crude fuel
Table 3 Relevant physicochemical properties of petroleum
distillates

Mean molecular weight 144 units of atomic mass
Color/form Clear colorless liquid
Odor Kerosene-like
Boiling point range 150–210 �C
Melting point �70 �C
Density 0.75–0.85 g ml�1

Heat of vaporization 284.3 J g�1 at boiling point
Octanol/water partition

coefficient
log Kow ¼ 3.16–7.06

Solubilities Miscible with absolute alcohol, benzene,
ether, chloroform, carbon tetrachloride,
carbon disulfide, and some oils

Index of refraction 1.4382 at 20 �C
Surface tension 0.027–0.050 N m�1 at 20 �C
Vapor pressure 0.2 kPa at 25 �C

Source: Hazardous Substances Data Bank (HSDB): Stoddard solvent CASRN: 8052-
41-3: http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/~KGKY6A:1.
spills containing several of the components found in petro-
leum distillates.

The volatile hydrocarbons tend to be photodegraded in the
atmosphere. The hydrocarbons dissolved in water or retained
on soil can be biodegraded by microorganisms. In general, the
rate of biodegradation is higher for aromatics than for
aliphatic hydrocarbons, and for lineal hydrocarbons than for
branched or cyclic compounds. Degradation by aerobic
microorganisms is usually faster than degradation by anaer-
obic microorganisms.
Exposure and Exposure Monitoring

Human Exposure

General population may be regularly exposed to petroleum
distillates as a consequence of their use as a solvent in paints,
cleaners, varnishes, and lacquers. People doing home or hobby
works may be particularly exposed to these compounds by
inhalation or dermal contact. It is remarkable that vapors do
not have the same composition as that of liquids because they
are enriched with the more volatile components of the mixture.

Occupational exposure studies have been performed
finding that, depending of the scenario (spraying, rolling,
brush, etc.) the exposure for indoor painters ranged between
270 and 6140 mg m�3, the exposure for car washers ranged
between 5 and 805 mg m�3 (depending on the size of the
washed vehicle), and the 8-h average exposures in ordinary
days of atmosphere in dry-cleaning plants ranged between 90
and 210 mg m�3 (depending on the type of petroleum distil-
late used).
Environmental Exposure

Petroleum distillates are not usually monitored per se in the
environment because they are mixtures and their composition
may change during distribution in different environmental
compartments due to evaporation of the most volatile
compounds and photodegradation. Nevertheless, petroleum
distillates are monitored in air and water through analysis of
the individual components of the mixtures. It also means that,
if individual components are detected during monitoring, it
does not allow determining if they are coming from petroleum
distillates or from other hydrocarbon releases.

In contrast to air and water, petroleum distillates are
monitored on soil per se. In this way, the concentration of
these compounds found underground in the immediate
vicinity of storage tanks was 3500 mg kg�1. However, the
lateral extent of soil contamination was limited, being the
concentration of petroleum distillates found in the vicinity of
the underground pipes connected to dry-cleaning facility up
to 2200 mg kg�1.
Toxicokinetics

Since petroleum distillates are complex mixtures the tox-
icokinetic studies are not easy to perform and analyze due to
potential interactions among different components of the
mixtures.

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/%7EKGKY6A:1
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Absorption

Inhalation Exposure

The absorption after inhalation exposure is very efficient and
depends on several factors like concentration in the inspired
air, blood partition coefficient, pulmonary ventilation, and
pulmonary blood flow.

Studies with animals have demonstrated that: (1) highly
volatile hydrocarbons are less well absorbed than low
volatile ones; (2) unsaturated hydrocarbons are absorbed
to a greater extent than saturated ones; (3) branched hydro-
carbons are less well absorbed than linear ones; and (4) for n-
alkane series, uptake increases with increasing molecular size.
Human studies performed with volunteers confirm these
tendencies.
Oral Exposure

No studies are available in humans or animals because these
distillates cause severe mucosa corrosion and burning in the
esophagus.
Dermal Exposures

No quantitative data are available with respect to absorption of
petroleum distillates through human skin. From in vitro
experiments with rat skin, it was concluded that skin perme-
ation correlates directly with water solubility, i.e., the pene-
tration of xylene was around 800 times higher than that of
octane.
Distribution and Accumulation

Accumulation of petroleum distillates in adipose tissue after
inhalation exposure has been demonstrated in humans. When
seven volunteers were exposed to 600 mg m�3 of petroleum
distillate (99% aliphatic) for 6 h day�1 for 5 days, the
concentration of hydrocarbons in adipose tissue gradually
increased up to 41 mg (kg fat)�1. This study allowed estimating
a fat-blood partition coefficient of 47.

Studies performed in animals with single hydrocarbons
have allowed finding differences in distribution patterns
among aliphatic, alicyclic, and aromatic hydrocarbons. In this
way, a study with three different C9 hydrocarbons determined
brain–blood and fat–blood partition coefficients for n-nonane
and 1,2,4-trimethylcyclohexane around five and two times
higher respectively than for 1,2,4-trimethylbenzene.

An analysis of concentrations of C8–C12 hydrocarbons in
blood and brain after exposure to 100 ppm for 12 h day�1

for 3 days reported that while aliphatic content in blood
increases together with increasing size along the whole series,
the concentration in brain only increased from n-octane to
n-decane. In addition, when aliphatic, alicyclic, and aromatic
hydrocarbons were compared, it was noted that although the
aromatics produced the highest concentrations in blood they
were found in lowest concentrations in brain. For the alicyclic
and aliphatic hydrocarbons, lower values in blood and
remarkably higher values in brain were detected, especially for
the alicyclic hydrocarbons.
Metabolization

Little is known about metabolic reactions for petroleum
distillates since metabolic studies are usually performed with
single hydrocarbons and consequently it is difficult to predict
the real extension of the metabolic conversions in the complex
mixture due to potentially interfering factors like substrate
saturations and competitions, induction and inhibition of the
metabolizing enzymes, and others.

In general, the aliphatic hydrocarbons are known to
undergo oxidative conversion to alcohols catalyzed by cyto-
chrome P450 monooxygenases found in endoplasmic retic-
ulum of hepatocytes. For C7 and shorter n-alkanes,
hydroxylation occurs at the penultimate carbon. For longer
hydrocarbons, only oxidation of the terminal carbon has been
reported, while the monocyclic and polycyclic alkanes are
mainly oxidized at the –CH2– groups in the ring structure. After
this first oxidation, either further oxidations to aldehyde/
ketone or carboxylic acids or conjugations with glucuronic acid
or sulfate may account.

In the case of alkylbenzene, the first metabolism reaction is
oxidation to alcohol at the alkyl moiety, and to a lesser
extension, a direct hydroxylation of the aromatic structure.
Then, as in the case of aliphatic hydrocarbons, the further
metabolic reaction is either second oxidation or conjugation
with glucuronic acid, sulfate, or glycine.
Elimination

It is expected that components of petroleum distillates that are
volatiles but have low solubility in blood would be rapidly
exhaled from the lungs. This process is governed (as absorp-
tion) by blood/gas solubility ratios. Components with low
blood/gas solubility ratios would be most rapidly excreted
from the lungs, while those with high blood/gas solubility
ratios would be eliminated less efficiently by the lungs due to
their high blood solubility.

Most of the information concerning the elimination and
excretion of aliphatic and aromatic hydrocarbons of petroleum
distillates come from studies involving single components.
Aromatics are mainly excreted in urine as metabolites or
conjugated metabolites (more than 80% in the cases of ethyl-
benzene, toluene, and xylene).
Mechanism of Toxicity

The mechanism of action of petroleum distillates on central
nervous system is not known, but it is reported that inhalation
of petroleum distillates causes oxidative stress in hippocampus.

The nephrotoxicity of petroleum distillates has been clearly
demonstrated in rats, but not in other species like humans,
rabbits, guinea pigs, dogs, and monkeys. It is proposed that
petroleum distillates exert their toxic effects on kidney by
binding to the carrier protein a-globulin after their resorption
in the proximal tubule, causing in this way the described
nephropathy. The selectivity of this toxic effect toward rats is
explained because this target protein is synthesized in large
amounts only in this species. Humans do not produce
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a-globulin, which allows being resistant to nephrotoxicity
induced by hydrocarbons. The resistance of female and cas-
trated male rats to this kind of nephrotoxicity is understood
considering that the synthesis of a-globulin is under andro-
genic control.
Acute and Short-Term Toxicity

Table 4 (left column) summarizes the acute toxicological
effects reported for animals and humans.
Inhalation

Petroleum distillates exhibit low acute toxicity, being the LC50

for 4 and 8 h of exposure higher than 14 000 and 8000mgm�3

in rats and dogs, respectively. However, cats seemed to be more
sensitive since the exposure for 7.5 h to 10 000 mg m�3 caused
100% lethality. Effects caused by acute exposure by inhalation
included restlessness, tremors, clonic spasms and convulsions,
and irritation.

Acute inhalation exposures to petroleum distillates with
human volunteers have reported a variety of effects like dizzi-
ness, headache, tiredness, giddiness, impaired perceptual speed,
short-term memory, and altered vestibular–cerebellar reflex.
Oral Exposure

No deaths were reported in animals after acute oral exposure
up to 8000 mg (kg bw)�1, although hypoactivity and ataxia
Table 4 Main toxicological effects reported after exposure to petroleum d

Single acute exposure

Animals Inhalation route

Dead, restlessness, tremors, clonic spasms, clonic con
irritation, eye irritation, respiratory irritation.

Oral exposure

Hypoactivity, ataxia.
Dermal exposure

Loss of appetite, hypoactivity, thickening and redness
Humans Inhalation route

Dizziness, headache, tiredness, giddiness, impaired pe
impaired short-term memory, altered vestibular–cere
irritation, eye irritation, respiratory irritation.

Oral exposure

Gastrointestinal irritation, vomiting, diarrhea, gastrointe
ulcerations in esophagus and gastrointestinal tract.

Dermal exposure

No available data.

Source: Data drawn from ENVIRONMENTAL HEALTH CRITERIA 187 White Spirit (Stodda
on Chemical Safety (IPCS): http://www.inchem.org/documents/ehc/ehc/ehc187.htm. Haz
toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/~KGKY6A:1.
were reported for animals exposed to 5000 mg (kg bw)�1.
Reports of gastrointestinal irritation including vomiting, diar-
rhea, gastrointestinal pain, lesions, and ulcerations in the
mucous membranes of the esophagus and the gastrointestinal
tract have been reported in humans after ingestion of petro-
leum distillates.
Dermal Exposure

Acute toxicity of petroleum distillates is low. The exposure of
eight rabbits for 24 h to 2000 and 3000 mg (kg bw)�1 of
petroleum distillates caused a single lethality at the lowest dose
and loss of appetite and hypoactivity on the first day after
exposure and thickening and redness of the skin.
Irritation and Sensitization

Depending on severity of the exposure, petroleum distillates are
found to be slight to severe skin, eye, and respiratory irritants. In
contrast, these compounds were found not to be sensitizing
under Buehler test. Humans exposed to petroleum distillates
have reported eye and nose irritation and lacrimation.
Chronic Toxicity

Table 4 (right column) summarizes the main medium-term
and chronic toxicological effects reported in animals and
humans.
istillates

Medium-term and chronic exposures

vulsions, skin Respiratory alterations, hepatotoxicity,
nephrotoxicity (rat specific).

No available data.

of the skin. No available data.

rceptual speed,
bellar reflex, skin

Irritation of eyes, nose and throat, reduced sense
of taste, nausea, loss of appetite, headache,
feeling of drunkenness, dizziness, fatigue,
memory impairment, excessive fatigue, inability
to concentrate, irritability, low frustration
tolerance, apathy, lack of initiative, anxiety,
nervousness, depressions, alcohol intolerance,
abdominal pains, diarrhea, impotence and
reduced libido, decreased erythrocyte,
leukocyte, and platelet counts.

stinal pain, No available data.

No available data.

rd Solvent), WHO 1996 in the database INCHEM offered by International Programme
ardous Substances Data Bank (HSDB): Stoddard solventCASRN: 8052-41-3: http://

http://www.inchem.org/documents/ehc/ehc/ehc187.htm
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/%7EKGKY6A:1
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/%7EKGKY6A:1
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Animals

In medium-term and chronic inhalation toxicity studies of
petroleum distillates the respiratory system, liver, and kidney
were generally the toxicity targets. The exposure of Long-Evans
and Sprague–Dawley rats, guinea pigs, New Zealand albino
rabbits, squirrel monkeys, and beagle dogs for 90 days to
continuous levels of petroleum distillates at levels in the range
of 114–1271 mg m�3 only caused a significant mortality in
guinea pigs at exposure levels of 363 mg m�3 and higher, with
no other toxicity signs except occasional slight diarrhea and
nasal discharge in guinea pigs. At autopsy, a dose-related irri-
tation and congestion of the lung were commonly observed in
all species. Histopathological examination of the liver revealed
mild to moderate vacuolar changes of the hepatic cells in
guinea pigs with no clear dose-related trend. Other indepen-
dent studies confirmed these findings.

Lot of studies have revealed that kidney of male rats is the
main target of petroleum distillates in long-term and chronic
exposures. Exposures to these compounds causing only minor
decreases in weight gain (i.e., 1970 and 5610 mg m�3 for
6 h day�1, 5 days week�1 for 12 weeks), caused after 4, 8, and
12 weeks significant increases in absolute and relative kidney
weights in all exposed groups. Histopathological examination
revealed the presence of regenerative epithelium in the cortex
and dilated tubules filled with proteinaceous casts in the cor-
ticomedullary areas of the kidney. Other studies also reported
other effects related to kidney as a marked increase in the
number of epithelial cells in the urine or hyaline droplets in the
epithelial cells of the proximal convoluted tubules.
Humans

Painters are the target occupational groups where most of the
epidemiological studies for long-term exposure have been
performed, although clear distinctions between acute and
chronic states have not been made. The painters most often
complained about the following symptoms: irritation of eyes,
nose, and throat, reduced sense of taste, nausea, loss of appe-
tite, headache, feeling of drunkenness, dizziness, and fatigue.
Often these symptoms disappeared during exposure-free
periods in weekends or holidays, but over the years these
symptom-free periods got shorter and a chronic syndrome
consisting of memory impairment, forgetfulness, excessive
fatigue, inability to concentrate, irritability, low frustration
tolerance, headache, dizziness, apathy, lack of initiative,
anxiety, nervousness, depressions, alcohol intolerance, abdo-
minal pains, diarrhea, nausea, impotence, reduced libido, and
blurred vision was developed.

There have been certain reports of human nephrotoxicity
after chronic exposure to petroleum distillates. However, the
epidemiological studies are not conclusive regarding a possible
cause–effect relationship between exposure and kidney func-
tions impairment.

Clinical studies have revealed decreased erythrocyte,
leukocyte, and platelet counts and increased mean corpuscular
volume in workers exposed to petroleum distillates. These
alterations were similar to those observed in animal studies. In
contrast, no consistent serum biochemical changes have been
observed.
Reproductive Toxicity

Studies with animals yielded essentially negative results. In the
same way, there are no reports in humans for reproductive
alterations of petroleum distillates per se. However, there are
certain reports of other hydrocarbon mixtures with lot of
uncertainties regarding composition of mixtures that might
contain, for example, chlorinated hydrocarbons and glycol
ethers that are well-known toxicants to reproduction.
Genotoxicity

Petroleum distillates exhibited no genotoxic potential in
bacterial, yeast, and mammalian in vitro cell tests. Genotoxicity
reports in humans are either negative or nonconclusive due to
several bias factors as smoker individuals are included in the
study.
Carcinogenicity

Studies with animals failed to detect carcinogenic potential
associated to these distillates. The carcinogenic properties
described for petrochemical products are usually ascribed to
aromatic hydrocarbons as benzene and benzo(a)pyrene. Thus,
the negative results in carcinogenicity test with petroleum
distillates might be explained on the basis of the minor
proportions of these aromatic components found in petroleum
distillates. Several epidemiological studies of cancer in workers
(painters, metal machinists, construction workers, and dry
cleaners) with potential exposure to petroleum distillates are
available and increased relative risks for certain cancers (e.g.,
lung, kidney, prostate, Hodgkin’s lymphoma) have been
observed in those. However, these studies are insufficient to
demonstrate causal association with exposure to petroleum
distillates.
Ecotoxicology

There is a gap in the available information regarding ecotox-
icology of petroleum distillates. It might be due to difficulties
derived from the high volatility of the components and their
low water solubility. Nevertheless, L(E)C50 values ranging
between 0.5 and 5 mg l�1 have been reported for aquatic
organisms.
Other Hazards

Petroleum distillates are flammables and explosive vapor/air
mixtures might be formed above 21 �C. Petroleum distillates
must be stored separately from strong oxidants.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration belonging
to the US Department of Labor fixed the permissible exposure
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limit for 8 h as 2900 mg m�3. However, the National Institute
for Occupational Safety and Health recommends a limit of
350 mg m�3 for an 8-h exposure. The occupational threshold
limit values established by the European regulation ranges
between 580 mg m�3 in cases of exposures not longer than
15 min and 290 mg m�3 for chronic (8 h) exposures.
See also: Oil Lubricants; Toluene; Hexane; Octane; Heptane;
Ethylbenzene; Xylene; Benzopyrene.
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l Name: Petroleum Ether
l Chemical Abstracts Service Registry Number: Petroleum

ether: 8030-30-6; Ligroin: 8032-32-4
l Synonyms: Benzine, Benzoline, Isoparaffinic hydrocarbons,

Ligroin, Ligroine, Mineral spirits, Mineral turpentine,
Naphtha, Petroleum benzin, Petroleum light, Varnish
makers’ and painters’ naphtha (VM&P naphtha), Skelly-
solve, Varsol, White spirit

l Molecular Formula: The solvent class including petroleum
ether and ligroin is a complex mixture of petroleum distil-
lates made up primarily of aliphatic and alicyclic hydro-
carbons in the C5–C10 range. The following is a typical
composition; however, this will vary depending on petro-
leum feedstock and refining process:
B 50–80% paraffins (C5–C10) (% by volume)
B 20–40% monocycloparaffins
B 2–10% aromatics
B The boiling point range for these solvent mixtures is

30–150 �C; the flash point range is �18 to 13 �C. The
most common production process used today results in
petroleum ether with �0.002% benzene and �5.0% n-
hexane.
Background

Organic solvents and solvent mixtures became widely used as
a result of the coal tar industry in the late 1800s, and increased
markedly in their variety during the century that followed. Both
petroleum ether (CAS 8030-30-6) and ligroin (CAS 8032-32-4)
refer to complex mixtures of petroleum distillates with over-
lapping characteristics. Ligroin was defined before 1950 by
American Society for Testing and Materials as synonymous
with petroleum ether. Currently petroleum ether, or naphtha,
refers to a mixture of hydrocarbons predominantly in the C5–

C6 range with a typical boiling range between 38 and 93 �C,
while ligroin refers to a mixture of hydrocarbons primarily in
the C7–C11 range with a typical boiling range between 60 and
120 �C. However, many of the common solvent synonyms are
used interchangeably between petroleum ether and ligroin, and
in some cases, the terms petroleum ether and ligroin are still
used synonymously.

Investigations of past toxicity studies on petroleum distil-
late solvents must take into account the fact that many solvent
mixtures have been reformulated since the late 1970s to
contain lower benzene and n-hexane content.
Uses

Petroleum solvents are typically grouped into three classes
based on volatility and aromatic content. They are (1) special
boiling range solvents, (2) white spirits, and (3) high boiling
834 Encyclopedia of T
aromatics. Petroleum ether and ligroin are in the special
boiling range solvent class. They are used as nonpolar solvent
mixtures in the rubber, pharmaceutical, and dye industries for
extraction and dry cleaning. Petroleum ether or ligroin is a
common constituent in paints, paint thinners, inks, varnishes,
lacquers, furniture polishes, motor fuels, automotive degreas-
ing agents, pesticides, adhesives, adhesive removal products,
and defoaming agents. Petroleum solvents can be abused via
inhalation. Petroleum distillate injections were reported as an
experimental method of extermination in World War II camps.
Environmental Behavior, Fate, Routes, and Pathways

Petroleum ether mixtures degrade rapidly in soil and water. In
air, they react with photochemically produced hydroxyl radi-
cals with an estimated half-life of 3–8 days. In soil, they have
high mobility, and volatilization is expected to be significant.
Volatilization half-lives for a model river and a model lake were
estimated to be 1 h and 4 days, respectively. Petroleum ether
mixtures are insoluble in water and hydrolysis is not expected
to be significant. Based on water solubility and estimated
bioconcentration factors, potential for bioconcentration in
aquatic organisms is low to moderate. At high concentrations
generated from major spills, petroleum ether may be toxic to
microorganisms. A study of oxidation of a petroleum product
mixture mixed with town sewage indicated that the organic
solvent material was 93% degraded after 48 h; however,
poisoning of the silt organisms occurred after 48 h. Petroleum
ether’s degradation intermediates, such as the hydrocarbon
radicals in photochemical smog, are more toxic than the orig-
inal substance.
Exposure and Exposure Monitoring

Exposure occurs most commonly by either inhalation or
through skin contact, with possible absorption through the
skin. Aspiration is especially damaging to the lungs. Exposure
can also occur through ingestion, injection, or injection from
high-pressure equipment, which may result in a need for
amputation.

The odor threshold of petroleum ether is 10 ppm. An odor
threshold of 0.86 ppm is also reported for VM&Pnaphtha.Given
the broad range of accepted odor thresholds, odor alone should
not be used to determine exposure levels. Skin contact can result
in overexposure even within acceptable air exposure limits.
Toxicokinetics

Petroleum ether is absorbed by the lungs following inhalation
exposure. It is metabolized by the liver with a biological half-life
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00418-8
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of 46–48 h. Saturated hydrocarbons are metabolized into alco-
hols, whichmay bemetabolized further into aldehydes, ketones,
and acids. Of particular note is 2,5-hexanedione, the neurotoxic
metabolite of n-hexane.

In rats, the more volatile C5, C6, and C7 paraffins and
cycloparaffins easily pass across the alveolar membrane into
the bloodstream, where they are transported to the central
nervous system (CNS) in minutes. Longer-chain hydrocarbons
can also pass across the alveolar membrane but tend to have
more local effects.
Distribution to Major Organs

Hydrocarbon toxicity can affect many different organs, with the
lungs being the most commonly affected. Inhalation results in
rapid distribution to the respiratory system and brain. Hydro-
carbons can cross the blood–brain barrier due to their lipo-
philic nature. Injection effects are most severe with local tissues,
although pulmonary toxicity may result.
Mechanisms of Action

The acute toxicity from overexposure to petroleum ether is
manifested primarily in CNS effects. The mechanism of toxicity
is unknown; however, the general anoxia observed is most
likely due to oxygen deprivation. The mechanism of toxicity
from long-term overexposure to petroleum ether is dependent
on the chemical makeup of the distillate. For example, if
peripheral neuropathy is observed, it is most likely due to a high
concentration of n-hexane in the petroleum ether. n-Hexane is
known to cause axonal damage in peripheral nerves.

Effects from aspiration of hydrocarbons tend to be severe,
with pneumonitis being the main route of injury due to lung
tissue toxicity and destruction of surfactant. The nonpolar
nature of hydrocarbons allows them to penetrate deeply into
the tracheobronchial tree, producing inflammation and
spasms. Hydrocarbons with low viscosity, low surface tension,
and high volatility are most likely to be aspirated.

More generally, hydrocarbons attack lipid bilayers, leading
to defatting of tissue, which causes dermatitis. Hydrocarbons
can damage the capillary endothelial cells in any organ.

Since hydrocarbons are poorly absorbed from the gastro-
intestinal tract, acute systemic toxicity is not expected from
ingestion of small quantities without aspiration.

Cardiotoxicity from hydrocarbons can occur by the sensi-
tization of the heart muscle to catecholamines, which can cause
abnormal heart rhythms.
Acute and Short-Term Toxicity

Animal

VM&P naphtha has been reported to cause CNS depression and
skin irritation in animals. In general, the toxicity reported from
exposure to petroleum ether is more pronounced with samples
containing higher concentrations of aromatic compounds,
although some studies have found little difference. The irrita-
tion potential of petroleum ether to skin and eyes as tested in
rabbits in the Draize protocol ranged from minimally to
moderately irritating. Inhalation toxicity of VM&P naphtha was
studied in mice, rats, cats, and dogs at concentrations ranging
from 280 to 15 000 ppm. Acute exposure to high concentra-
tions resulted in loss of motor coordination and CNS depres-
sion; rats lost coordination and developed convulsions within
15 min of exposure at 15 000 ppm. Eye irritation was reported
in rats at 3400 ppm after 4 h and dogs at 3400 ppm after 2 h.
Respiration rate was decreased in mice after exposure for 1 min
to �2600 ppm.

For petroleum ether and ligroin, the oral LD50 in rats is
reported as >5 g kg�1 and the skin LD50 in rabbits as 3 g kg�1.
For petroleum ether, the 6-h lowest concentration reported to
cause death in rats was reported at 1600 ppm. For ligroin, the
4-h LC50 in rats was reported to be 3400 ppm for the vapor and
the intravenous LD50 in mice was reported to be 40 mg kg�1.
Human

Exposure to petroleum solvent vapors can cause irritation to the
skin, eyes, mucous membranes, and respiratory tract. Over-
exposure via inhalation of petroleum ether affects primarily
the CNS. Short-term, high overexposure is associated with an
excitatory phase followed by a depressive phase. Exposures of
100–400 ppm for 7 h resulted in headaches, fatigue, and
incoordination with dose-associated effects on equilibrium,
reaction time, visuomotor coordination, and memory. Inhala-
tion exposures of 445–1250 ppm resulted in blurred vision,
a cold sensation in extremities, fatigability, headache, fatty
demyelination of muscle fibers, and demyelination and mild
axonal degeneration. Exposure to 880 ppm for 15 min
produced eye and throat irritation with temporary olfactory
fatigue.

Petroleum ether mixtures are narcotics at high concentra-
tions. Inhalation of high concentrations may cause drowsiness,
dizziness, lightheadedness, nausea, unconsciousness, and
coma. Acute inhalation exposure may result in cardiac
dysrhythmias, CNS depression, respiratory arrest, asphyxiation,
and hemorrhage of vital organs. Inhalational abuse may result
in neurological impairment or sudden death.

Severe and rapidly progressing symptoms can occur from
aspiration of hydrocarbons into the lungs, especially the more
volatile mixtures. Pneumonitis with hemorrhagic frothy
sputum and fluid accumulation may occur and progress to
respiratory failure and death.

Skin contact with petroleum solvents can cause irritation,
drying and cracking of the skin, and contact dermatitis. Preex-
isting skin disease may increase the potential for adverse effects.

Ingestion may result in nausea, vomiting, abdominal pain,
and diarrhea, along with mucosal inflammation and superfi-
cial ulceration, as well as brain effects similar to alcohol
intoxication. Vomiting could result in aspiration of solvent
into the lungs, leading to fatal conditions. Ingestion of large
amounts of lower-boiling solvents may result in systemic
effects and CNS symptoms such as lethargy, convulsions, and
coma. Ingestion effects tend to be more severe for children
than adults.

Elevated transaminases (liver enzymes) may result from
vapor inhalation or ingestion. Other effects of acute exposure
may include blood clotting, anemia, ruptured blood cells, and
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inflammation of the heart muscle. Renal effects are possible
but infrequent.

Injection may result in localized swelling, muscle deterio-
ration, inadequate circulation, and systemic effects including
pulmonary toxicity. Injection of hydrocarbons from pressur-
ized spray equipment may cause severe tissue damage
including tissue death and blood clotting, and may require
amputation.

Eye contact may result in mild to moderate irritation, lach-
rymation, and reversible ocular injury, with prolonged exposure
resulting in dermal burns, pinkeye, and systemic effects.
Chronic Toxicity

Animal

Petroleum solvents are a confirmed animal carcinogen with
unknown relevance to humans. Carcinogenicity may depend
on mixture composition. In skin application studies on mice,
coal-derived but not petroleum-derived benzine was observed
to be carcinogenic. In long-term mouse skin painting studies
using petroleum distillate fractions similar to petroleum ether,
local necrosis, ulceration, marked regenerative epidermal
hyperplasia, and, in some cases, squamous cell carcinomas
have been reported.

No significant toxicity was reported for beagle dogs exposed
to 1200 ppm of petroleum ether for 6 h per day, 5 days per
week for 13 weeks. However, irreversible changes in brain
neurotransmitter levels were observed in rats exposed to vapor
concentrations of 400 and 800 ppm for 6 months. Long-lasting
neuropsychological changes occurred in rats exposed to
800 ppm, 6 h per day, 5 days per week for 6 months.

Studies on pregnant rats have shown minimal develop-
mental toxicity upon exposure to high concentrations of
petroleum solvent vapors. However, a study of rats exposed to
petroleum solvent vapors reported increased serotonin content,
which could interfere with fertilized egg cell transport and
cause early abortion.
Human

Chronic or repeated exposure to petroleum ether mixtures can
result in skin irritation, respiratory damage, neurological effects
including CNS damage, and kidney damage. Chronic exposure
to vapors may produce nerve damage.

Several cross-sectional epidemiology studies have investi-
gated the CNS effects observed in industrial painters, house
painters, car painters, shipyard painters, and floor layers.
Subjective symptoms such as headache, fatigue, poor coordi-
nation, emotional instability, impaired memory and other
intellectual functions, and impaired psychomotor performance
have been reported. Because most of these workers were
exposed to a multitude of chemicals, in addition to petroleum
ether, it is difficult to evaluate the cause of the reported effects.
Immunotoxicity

Occupational exposure to solvents such as paint thinners,
removers, and mineral spirits has been associated with an
increased risk of undifferentiated connective tissue disease, an
autoimmune condition.
Reproductive and Developmental Toxicity

Exposure to petroleum solvent vapors through the rubber
industry (250–350 mg m�3) was studied in over 5000 female
operators. Workers with over 5 years of service showed
disturbances in the menstrual cycle and irregular bleeding.
When examined, 24% of workers showed disturbance in
ovarian function. Reduction in the frequency of miscarriages
was observed as the time of service increased, possibly due to
adaptation. In a separate study, reduced estrogen levels in the
blood were shown for women who had been in contact with
petroleum solvents, with no changes observed in pregnanediol
levels.

Lactation was studied in 332 nursing mothers exposed to
petroleum solvent vapors at approximately 300 mg m�3,
mostly through the rubber industry. Hypolactation (low milk
production) was found in 23.8% of the women compared with
6.7% in a control group and was also related to length of
service. Blood serotonin content was significantly lower than
that of the control group. Hydrocarbon solvents were found at
concentrations ranging from 0.50� 0.05 to 0.60� 0.09 mg l�1

in the milk of all 71 persons examined.
Genotoxicity

The majority of data suggest that petroleum ether is not
mutagenic, based on in vitro tests using cultured mammalian
cells, yeast, or bacterial test systems. Genotoxic potential is
correlated with polynuclear aromatic hydrocarbon concentra-
tion. Middle distillates with no detectable polynuclear
aromatic hydrocarbons were inactive as mutagens in the Ames
assay.
Carcinogenicity

Petroleum solvents may contain benzene and other carcino-
gens, for which there may be no safe exposure levels. There is
inadequate evidence for carcinogenicity to humans for petro-
leum solvents uncontaminated with known carcinogens.
Clinical Management

Overexposure to vapors of petroleum ether is treated by
removing the patient to fresh air. If skin or eye contact occurs,
the affected areas should be flushed with water for at least
15 min to remove residual solvent. Good personal hygiene and
regular washing of skin and clothes minimize the potential for
developing contact dermatitis. If ingestion of petroleum ether
occurs, vomiting should not be induced. Vomiting could result
in aspiration of solvent into the lungs, leading to chemical
pneumonitis and pulmonary edema, which can be fatal. If
vomiting occurs naturally, the victim should be leaned forward
to reduce the risk of aspiration into the lungs. Some sources
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recommend two to four cupfuls of milk or water after ingestion
if the victim is conscious and alert. If ingestion is suspected and
the patient is coughing, there is a good possibility that aspira-
tion has occurred. The patient should be monitored closely;
hospitalization may be indicated.
Exposure Standards and Guidelines

l Occupational Safety and Health Administration (for CAS
8030-30-6): Permissible exposure limit, 8-h time-weighted
average (TWA) is 100 ppm (400 mg m�3). For CAS 8032-
32-4 the permissible exposure limit is not established.

l American Conference of Governmental Industrial Hygien-
ists (for CAS 8030-30-6): Threshold limit value (TLV) not
assigned. The TLV for CAS 8032-32-4 was withdrawn in
2009.

l National Institute for Occupational Safety and Health
(NIOSH, for CAS 8030-30-6): Recommended exposure
limit, 10-h TWA is 100 ppm (400 mg m�3). For CAS 8032-
32-4 the recommended exposure limit TWA is 87.5 ppm
(350 mg m�3).

l Excursion Limit Recommendation: Excursions in worker
exposure levels may exceed three times the TLV-TWA for no
more than a total of 30 min during a workday, and under
no circumstances should they exceed five times the
TLV-TWA, provided that the TLV-TWA is not exceeded.

l NIOSH Immediately Dangerous to Life or Health concen-
tration for CAS 8032-32-4 is 1100 ppm.
l Naphtha is Food and Drug Administration approved for
adhesives used with food (21CFR 175.105), defoaming
agents in food packaging (21CFR 176.200), and direct
addition to food in coatings and films (21CFR 172.250).
See also: Hexane; Neurotoxicity; Solvents; Stoddard Solvent;
Turpentine; Volatile Organic Compounds.
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Petroleum is a naturally occurring, oily, flammable liquid
composed principally of hydrocarbons; it is occasionally found
in springs or pools but is usually obtained from beneath the
Earth’s surface by drilling wells. Formerly called rock oil,
unrefined petroleum is now usually termed crude oil. Crude
oil is a highly complex mixture of paraffin, cycloparaffinic
(naphthenic), and aromatic hydrocarbons, containing a low
percentage of sulfur and trace amounts of nitrogen and oxygen
compounds. Petroleum products (fuels and oil products)
are the most common environmental contaminant in most
industrial countries. In marine estuaries and in the sea,
contamination by accidents while extracting or transporting
petroleum is spectacular and a significant cause of adverse
environmental and human health effects as well as having
major economic effects. Recent developments of technology
to enable extraction of petroleum from lower grade geologic
strata (‘fracking’) introduce all new concerns as to both the
toxicity of chemicals used and the potential contamination of
groundwater.

The most important petroleum fractions, obtained by
cracking or distillation, are various hydrocarbon gases
(butane, ethane, and propane), naphtha of several grades,
gasoline, kerosene, fuel oils, gas oil, lubricating oils, paraffin
wax, and asphalt. From the hydrocarbon gases, ethylene,
butylene, and propylene are obtained; these are important
industrial intermediates, being the source of alcohols, ethylene
glycols, and monomers for a wide range of plastics, elasto-
mers, and pharmaceuticals. Benzene, phenol, toluene, and
xylene can be made from petroleum. Hundreds of other
products, including biosynthetically produced proteins, are
petroleum derived.

Petroleum is separated by distillation into fractions desig-
nated as (1) straight-run gasoline, boiling at up to w390� F
(200� C); (2) middle distillate, boiling at w365–653� F
(185–345� C), from which are obtained kerosene, heating oils,
and diesel, jet, rocket, and gas turbine fuels; (3) wide-cut gas
oil, which boils at w653–1000� F (345–540� C), and from
which are obtained waxes, lubrication oils, and feedstock for
catalytic cracking to gasoline; and (4) residual oil, which may
be asphaltic.

The physical properties and chemical composition of
petroleum vary markedly, depending on its source. As it comes
from the earth, it ranges from an occasional nearly colorless
liquid consisting chiefly of gasoline to a heavy black tarry
material high in asphalt content. Most crudes are black; many
are amber, red, or brown by transmitted light and show
a greenish fluorescence by reflected light and have a specific
gravity in the range w0.82–0.95.
38 Encyclopedia of T
Hydrocarbons constitute 50–98% of petroleum, and the
remainder is composed chiefly of organic compounds con-
taining oxygen, nitrogen, or sulfur and trace amounts of
organometallic compounds. The hydrocarbon types found in
petroleum are paraffins (alkanes), cycloparaffins (naphthenes
or cycloalkanes), and aromatics. Olefins (alkenes) and other
unsaturated hydrocarbons are usually absent.

The number of carbon atoms in hydrocarbons of a given
boiling range depends on the hydrocarbon type. In general,
gasoline will include hydrocarbons having 4–12 carbon atoms;
kerosene, 10–14; middle distillate, 12–20; and wide-cut gas oil,
20–36. Five main classes of compounds are present in the
gasoline fraction: straight-chain paraffins, branched-chain
paraffins, alkylcyclopentanes, alkylcyclohexanes, and alkyl-
benzenes. Several physiochemical properties (viscosity, surface
tension, and volatility) significantly influence toxicity.

Asphalt is a dark-brown to black solid or semisolid con-
sisting of carbon, hydrogen, oxygen, sulfur, and sometimes
nitrogen. It is made up of three components: (1) asphaltene,
a hard, friable, infusible powder; (2) resin, a semisolid to
solid ductile and adhesive material; and (3) oil, which is
structurally similar to the lubricating oil fraction from which
it is derived.

Acute exposure to unleaded gasoline and a variety of light
hydrocarbons present in gasoline produces a nephropathy in
male rats characterized by (1) an excessive accumulation of
protein (hyaline droplets) in epithelial cells of proximal tubule,
(2) accumulation of casts at the corticomedullary junction, and
(3) evidence of mild tubular regeneration. This nephropathy
occurs only in male rats; female rats and mice do not show any
renal pathology. A number of chemicals present in unleaded
petrol when tested alone have been shown to produce
nephropathy and, in particular, 2,2,4-trimethylpentane and
decalin have been used as model compounds. Certain other
industrial chemicals (1,4-dichlorobenzene and isophorone),
natural products (D-limonene), and pharmaceuticals (levami-
sole) also produce this male-rat-specific nephropathy. Chronic
exposure of male rats to unleaded petrol, 1,4-dichlorobenzene,
isophorone, or D-limonene ultimately leads to the induction of
a low incidence of renal adenomas and carcinomas.

Studies on the mechanism of pathogenesis have shown
that the protein which accumulates in the proximal tubular
cells is a-2-m-globulin, a low-molecular-weight protein of
18 700 Da that is synthesized in the liver of adult rats and is
freely filtered at the glomerulus. Female rats excrete less than
1% of the a-2-m-globulin that male rats excrete. The chemical
itself or a metabolite has been shown to bind reversibly to
a-2-m-globulin and this chemical–protein complex is then
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00899-X
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thought to be taken up by the proximal tubular cells (primarily
in the S2 segment) by endocytosis. These complexes appear to
be quite resistant to, or impair, lysosomal degradation, which
leads to their accumulation of polyangular droplets. Lysosomal
overload is thought to lead to individual cellular necrosis,
which is followed by repair and regeneration. It has been
suggested that a sustained increase in renal cell proliferation
can promote initiated cells to form preneoplastic foci and
lead to renal neoplasia. The development of the renal toxicity
and increased cell proliferation is dependent on the presence of
a-2-m-globulin The NCI Black–Reiter strain of male rat cannot
synthesize a-2-m-globulin and, by inference, would not be
expected to be at risk. However, it is not known whether
these hydrocarbons or their metabolites can bind to other
low-molecular-weight proteins and, if so, whether the same
biochemical events as those observed with a-2-m-globulin
could occur.

Products with viscosity in the range of 30–35 or lower
present an extreme aspiration risk and include agents such as
mineral seal oil, which is found in furniture polishes. It is
important to realize that even small amounts of a low-viscosity
material, once aspirated, can involve a significant portion of the
lung and produce a chemical pneumonitis. Oral ingestion of
hydrocarbons often is associated with symptoms of mucous
membrane irritation, vomiting, and central nervous system
depression. Cyanosis, tachycardia, and tachypnea may appear
as a result of aspiration, with subsequent development of
chemical pneumonitis. Other clinical findings include albu-
minuria, hematuria, hepatic enzyme derangement, and cardiac
arrhythmias. Doses as low as 10 ml orally have been reported
to be potentially fatal, whereas some patients have survived the
ingestion of 60 ml of petroleum distillates. A history of
coughing or choking in association with vomiting strongly
suggests aspiration and hydrocarbon pneumonia. Hydro-
carbon pneumonia is an acute hemorrhagic necrotizing disease
that can develop within 24 h after the ingestion. Pneumonia
may require several weeks for complete resolution.

Activated charcoal and/or emesis may be indicated in some
hydrocarbon ingestions in which absorption may produce
systemic effects. Agents such as asphalt, tar, heavy lubricants,
Vaseline, andmineral oil are considered relatively nontoxic and
do not require removal. Chlorinated hydrocarbon solvents or
any hydrocarbon or petroleum distillate with a potentially
dangerous additive (camphor, pesticide, and heavy metals) in
some cases may be treated with activated charcoal or emesis.
Petroleum naphtha derivatives, gasoline, kerosene, and
mineral seal oil (or signal oil) as found in furniture polish and
oil polishes produce severe and often prolonged chemical
pneumonitis. These compounds are poorly absorbed from the
stomach but are very damaging to the lung if inhaled. They
should not be removed by emesis unless very large amounts are
ingested (>12–18 ml kg�1). Gastric lavage is not indicated for
hydrocarbon ingestion because of the risk of aspiration if the
patient vomits around the lavage tube. X-rays taken early in the
course of ingestionmay not demonstrate chemical pneumonia;
even if it is demonstrated, the clinical severity does not corre-
late well with the degree of X-ray findings. However, X-rays
should be repeated on follow-up to detect the development
of pneumonitis or demonstrate pneumatoceles. Patients who
arrive coughing probably already have aspirated and should be
monitored closely for the development of pneumonitis. The
decision for hospitalization should be based on clinical criteria
(e.g., cyanosis and respiratory distress) rather than on X-ray
findings alone. Steroid therapy may be harmful. Antibiotics,
oxygen, and positive end expiratory pressure should be insti-
tuted as indicated.

The usual cutaneous response to oil-based materials is an
oil folliculitis that arises as a result of chemical irritation and
mechanical plugging of the follicular canals. Onset of the
problem usually occurs soon after the first exposure and is
marked by acute reactions starting on the dorsal surfaces of the
hands and fingers, the extensor surfaces of the forearms and
thighs, and the abdomen (i.e., those surfaces that are in contact
with oil or oil-soaked clothing). Comedones and perifollicular
papules and pustules (‘oil boils’) develop. Secondary infections
may occur, but the bacteria in the oil are rarely primary skin
pathogens and are rarely the single cause of the folliculitis.
Melanosis may appear later. Clinical manifestations clear
rapidly with the termination of exposure and do not resolve if
the exposure is continued. Exposure is controlled through
proper machine design to prevent spattering, clean clothing,
protective garments, and careful attention to hand washing and
other aspects of personal hygiene.

Since emulsion and synthetic fluids are potent defatting
agents, the skin reaction to them may include maceration,
dryness and ‘chapping,’ reddening, and vesiculation. Bacterial
growths in the fluid do not appear to be directly injurious to
workers, but rancid fluids and products of bacterial action can
lead to skin disorders. As in the case of insoluble oils, both
treatment and prevention are based on the control of exposure.
Corticosteroid creams may be used as an adjunct in the treat-
ment. The value of ‘barrier’ creams and other protective gels is
not universally accepted, but they do offer modest usefulness in
certain situations and have been shown to reduce ultrastruc-
tural and cytoarchitectural changes in human epidermis after
applications of acetone and kerosene.

Individual additives in cutting fluids can be a cause of either
primary irritative or hypersensitive dermatitis. Detergents,
soaps, and wetting agents defat the skin, and alkaline materials
damage the keratin of the upper, protective skin layers. Ulcer-
ative and erythematous lesions on the genitals and buttocks
have been reported for workers wearing coveralls that had been
dry-cleaned with Stoddard solvent, a mixture of petroleum
distillates. Formalin in germicides is a sensitizer. Additives
containing sulfur and chlorine are direct irritants, although so-
called chloracne is not associated with cutting fluids. Nickel or
chromates derived from metals being cut can be a source of
allergic dermatitis. Harsh abrasive soaps and solvents such as
gasoline and kerosene may contribute to chemical and trau-
matic dermatitis since these cleaning materials are common in
machine shops. While grime and grease can certainly be
removed from the skin with these substances, it is safer to
utilize less injurious cleansers available commercially.

Certain petroleum oils have carcinogenic constituents; this
is especially the case with shale oils, which are currently
extracted and used outside of the United States. Since American
potential supplies of oil shale tars constitute 94% of the known
world resources, these substances may present toxic problems
in the United States in the future. There are no good data that
would establish the prevalence of skin cancers among
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machinists in this country, but scrotal and other skin cancers
have been reported among British cotton mule spinners prior
to 1953 and more recently among tool setters and machine
operators in the British Midlands. Knowledge of occupational
malignancies of the skin has a long and important history that
dates back to 1775 when Pott identified scrotal cancer in
English chimney sweeps. A particular set of carcinogenicity
bioassays, the mouse skin painting studies, were developed
specifically to assess the carcinogenic potential of petroleum
products.

Exposure to mist sprays or insoluble oils used as coolants,
cutting fluids, and lubricants in machine operations is
usually not harmful to the respiratory tract, although worker
discomfort occurs at oil mist levels above 5 mg m�3. Mineral
oil droplets <5 mm in diameter may be inhaled and result in
fibrotic nodules, paraffinomas, or in lipoid pneumonitis.
There was no evidence that machinists exposed to cutting-oil
mists had any unusual mortality from respiratory tract
cancer.

Environmental concerns regarding petroleum hydrocarbons
are many and varied, but one which is of particular importance
is that of oil spills. The size and scope of these accidents are, in
large degree, what grants them their importance. It is rare that
a volume of toxic substance is released into the environment on
a similar scale, and the frequency of oil spills (the US Envi-
ronmental Protection Agency reports over 14 000 every year,
though most are not of the scale that the term insinuates),
magnifies the issue.

Marine oil spills are generally a result of the damaging or
wrecking of a tanker ship. Modern supertankers are capable of
hauling hundreds of thousands of tons of oil, and though
many are designed with double hulls, as well as many other
safety features, spills still occur. These safety features are
mandated by, among others, the Oil Pollution Act of 1990
(US), enacted following the spill of the Exxon-Valdez off the
Alaskan coast.

Marine spills have several aspects that increase potential for
pollution over terrestrial spills. First, the movement of seawater
can spread the oil out over vast areas, affecting a much larger
area than the initial spread. Second, spills are more likely to
intersect with animal and plant habitats, causing death and
turbulence in the ecosystem. There are many natural processes
that come into play to eliminate oil spilled in the marine
environment:

Evaporation – lighter components of oil quickly evaporate
into the air and reduce marine toxicity.

Weathering – chemical and mechanical action, such as wave
action, can break down and/or isolate small quantities of oil,
which disperse more readily into greater volumes of water.

Oxidation – Exposure to oxygen can create water-soluble
compounds, which are much more readily broken down in
the marine environment. Incomplete oxidation leaves resid-
uals, often known as tar balls, which can wash up long after the
spill has been contained/eliminated.

Biodegradation – Somemicroorganisms feed on oil, though
large numbers and a range of organisms are required, and
supplemental nutrition can also be necessary. This tends to
function better in warmer waters.
Emulsification – Creation of emulsions is frequently a result
of wave action, water-in-oil (sometimes referred to as ‘choco-
late mousse’), which can persist in the environment for years
after a spill, and oil-in-water, which generally sinks and gives an
illusory impression of progress on the spill.

Methods used by humans to clean spills in marine envi-
ronments can include amplification of natural methods, such
as biodegradation, or more direct approaches, such as burning,
chemical dispersion, and mechanical cleanup.

Wildlife effects due to oil contamination are often the most
displayed of consequences, generally in an effort to educate
and appeal to the general public. The structure of bird feathers
is infiltrated by oil, reducing their ability to insulate, and
increasing weight while reducing aerodynamic qualities, as
well as removing the mechanism by which birds float. When
birds attempt to clean their feathers, they can ingest large
amounts of oil, instigating toxic responses. Fish in contami-
nated waters develop reduced gill surface area, potentially
leading to asphyxiation. Species that lay their eggs in areas
which become contaminated can experience harmful gene
expression modifications.
See also: Kerosene; Oil, Crude; Lubricating Oils; Polycyclic
Aromatic Hydrocarbons (PAHs).
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l Name: Peyote
l Chemical Abstracts Service Registry Number: 11006-96-5
l Synonyms: Anhalonium, DEA No. 7415, Mescal, Mescal

button, Turnip cactus
l Molecular Formula: Mescaline: C11H17NO3

l Chemical Structure: Mescaline
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Background Information

Peyote (Lophophora williamsii) is a cactus containing the
hallucinogen mescaline (2-(3,4,5-trimethoxyphenyl)ethan-
amine). It is native to the southwestern United States and
northern Mexico, but is cultivated all over the world. The
peyote cactus is a flowering plant of the family Cactaceae,
a group of fleshy spiny plants found primarily in dry
climates. Spines are present only in very young seedlings. The
cactus areole, the area on the stem that usually produces
flowers and spines, is well pronounced in peyote and is
identified by a tuft of hairs or trichomes. Flowers arise from
within the center of the plant. The cactus grows slowly and
produces flowers sporadically; these are followed by small
edible bitter-tasting pink fruits that contain black seeds. In
the wild, it takes up to 30 years to grow to the size of a golf
ball and produce its first flowers. Cultivated plants grow
considerably faster, taking less than 3 years to mature from
a seedling to a flowering adult. The top of the cactus, referred
to as the crown, grows above the ground and consists of disc-
shaped buttons that are cut and dried. Buttons can be
chewed, boiled in water to produce psychoactive tea, or
‘cooked’ in a pressure cooker to produce a tarry material that
can be formed into pills.

Peyote has been used in tribal ceremonies by indigenous
cultures in North America since 1000 BC. In the year 1560,
Spanish priest Bernardino de Sahagún wrote about the use of
peyote and hallucinogenic mushrooms by the Aztecs. The first
proper botanical description of peyote was made by Hernan-
dez, the naturalist of Philip II of Spain, in 1638. Dried peyote
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
buttons were processed and distributed by Parke Davis and
Company in 1887. Lumholtz, in 1903, described its use in the
treatment of snakebites, burns, wounds, and rheumatism. It
has also been used for the treatment of toothaches, fever,
scorpion stings, arrow wounds, and for ‘strength in walking.’
By 1930, over a dozen states in the United States had outlawed
possession of peyote, and in 1967, peyote was banned
nationwide by the federal government. Although peyote is
listed as a Schedule I controlled substance by the US Drug
Enforcement Administration and is therefore illegal for general
use, a specific exemption has been granted to the Native
American Church for ‘bona fide traditional ceremonial
purposes.’
Uses

Mescaline identified in archeological samples of the peyote
cactus indicates that native North Americans used peyote for its
hallucinogenic properties as long as 5700 years ago. Today,
peyote is used as a Native American religious intoxicant, as
a recreational hallucinogenic agent, and as a folk remedy. At
one time, mescaline was used in experimental psychotherapy.
It is difficult to gauge the extent of current use of peyote because
most data sources that quantify drug use do not include it. In
the United States, the legal use of peyote is restricted to the
members of the Native American Church for religious cere-
monies and as a treatment for various physical and psycho-
logical ailments.
Exposure Routes and Pathways

Peyote is ingested in various forms, including dried buttons,
tincture of peyote (70% alcohol), and pan peyote (chloroform
extract of ground peyote). Purified mescaline is available as
tablets or powder, which are ingested or snorted, respectively.
Synthetic mescaline has been administered orally, intrave-
nously, subcutaneously, and intramuscularly.
Toxicokinetics

Mescaline is rapidly absorbed, with peak blood levels noted
within 2 h of ingestion. Gastrointestinal effects appear
w30–60 min after exposure and sensory effects peak between
4 and 6 h postingestion. Symptoms usually resolve within
12–14 h. Mescaline is not bound to plasma proteins, but to
liver proteins. The volume of distribution is large, with the
agent widely distributed among a number of organs. Brain and
blood levels are nearly equal. Concentrations in the kidneys,
liver, and spleen are three to five times the concentration found
in the bloodstream. Mescaline is metabolized in the liver to
4-3.00765-X 841
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a variety of inactive metabolites. Mescaline appears to be not
metabolized by CYP2D6. Approximately 60% of a dose is
excreted unchanged in urine, with the rest being excreted as the
inactive carboxylic acid form of mescaline, a likely result of
mescaline oxidase liver metabolism. The elimination half-life
of the compound is w55 min.
Mechanism of Toxicity

Mescaline causes hallucinogenic effects by stimulating sero-
tonin and dopamine receptors in the central nervous system
(CNS). It selectively binds to and activates the serotonin
5-hydroxytryptamine (HT) 2A receptor with a high affinity as
a partial agonist. It is unclear how activating the 5-HT2A
receptor leads to psychedlia, but it likely involves excitation of
noradrenergic neurons in the locus coeruleus and areas of the
prefrontal cortex where hallucinogens exert their most prom-
nent effects. Mescaline is also known to bind to and activate
the serotonin 5-HT2C receptors. In addition to serotonin
receptor activity, mescaline also stimulates the dopamine
receptors; however, it is unclear whether mescaline possesses
dopamine receptor agonist properties or initiates the release
of dopamine. In the peripheral nervous system, mescaline
produces a sympathomimetic toxidrome consisting of
mydriasis, diaphoresis, and psychomotor agitation. Changes
in catecholamine metabolism and adrenal medullary function
may be responsible for the agent’s peripheral effects. In
animals, mescaline decreases the synthesis of the cofactor
nicotinamide adenine dinucleotide in the brain. Mescaline
may also produce cerebral vasospasm.
Acute and Short-Term Toxicity (or Exposure)

Animal

Doses of 20 mg kg�1 in animal studies led to bradycardia,
hypotension, and peripheral vasodilation. The lethal dose of
mescaline in animals ranged from 150 to more than
500 mg kg�1, depending on the species and the route of
administration. The terminal events in animals given mescaline
overdoses were seizures followed by respiratory arrest.
Human

The hallucinogenic dose of mescaline is about 0.3–0.5 g, and
its effects last for about 12 h. One dried peyote button
contains w45 mg of mescaline. The clinical effects usually
occur within 1 h of ingestion, beginning with a gastrointes-
tinal phase, which is followed by a psychoactive phase.
Nausea, chills, and vomiting, which are often accompanied
by anxiety and terror, occur first in most users. Diaphoresis,
tachycardia, and hypertension are common. Photophobia
secondary to mydriasis, nystagmus, tremors, ataxia, and
hyperreflexia may also present. These sympathomimetic
effects are followed by vivid visual hallucinations and exag-
gerated sensitivity to sound and other sensory perceptions.
Users describe increased clarity and intensity of thought.
Lethal overdoses from mescaline have not been reported.
Drug-induced hallucinations may lead to psychotic or
suicidal behavior resulting in accidental trauma and death.
One death, caused by a traumatic injury to the esophagus
secondary to vomiting, has been reported. The qualitative
presence of mescaline in urine can confirm the diagnosis;
blood levels do not correlate with toxicity. A review of peyote
or mescaline exposure cases in the California Poison Control
System for years 1997–2008 identified 31 exposures, with
97% of the exposures being intentional. Mild or moderate
outcomes (commonly hallucinations, tachycardia, agitation,
and mydriasis) were reported for the majority of the
poisoned individuals.
Chronic Toxicity (or Exposure)

Human

The long-term residual psychological and cognitive effects of
mescaline are poorly understood. Flashbacks, or reoccurrence
of hallucinogenic effects, have been reported. Persistent
psychosis, anxiety, and depression have been described
following mescaline use. Tolerance, but not physical
dependence, to mescaline’s effects has been reported in
humans. Additionally, chronic users may demonstrate cross-
tolerance to the effects of lysergic acid diethylamide or
psilocybin.
Reproductive Toxicity

Mescaline passes into the fetus of a pregnant monkey. In
hamsters, mescaline caused dose-dependent birth defects and
delayed skeletal ossification, along with reduced number of
offspring in litters and low birth weight. It is considered
a potential developmental toxicant (teratogen) as there are
limited data linking mescaline use with fetal abnormalities.
Clinical Management

Routine urine toxicology screens do not detect mescaline. There
is no specific antidote and treatment consists mainly of
supportive care. Anxiety and intense agitation may occur, so
a nonthreatening subdued environment should be maintained
and calm reassurance provided to the patient. Because mesca-
line is rapidly absorbed and vomiting is common, gastric
decontamination is usually not necessary. However, activated
charcoal will adsorb mescaline and can be used prior to the
occurrence of symptoms. Benzodiazepines can be used to
control seizures and to sedate agitated patients. A non-
benzodiazepine sedative hypnotic drug can be administered
to patients who fail to respond to benzodiazepines. Patients
with massive mescaline ingestion may experience respiratory
depression and require ventilatory support. Intubation is
indicated in cases of significant intoxication and CNS depres-
sion when the aspiration risk is high and airway protection is
needed. Intravenous crystalloid fluids should be used to treat
hypotension.



Peyote 843
See also: Lysergic Acid Diethylamide; Mescaline; Plants,
Poisonous (Humans); Mushroom, Psilocybin.
Further Reading

Aboul-Enein, H.Y., 1973. Mescaline: a pharmacological profile. Am. J. Pharm. 145 (4),
125–128.

Altura, B.T., Altura, B.M., 1981. Phencyclidine, lysergic acid diethylamide, and
mescaline: cerebral artery spasms and hallucinogenic activity. Science 212,
1051–1052.

Carstairs, S.D., Cantrell, F.L., 2010. Peyote and mescaline exposures: a 12-year
review of a statewide poison center database. Clin. Toxicol. 48 (4), 350–353.

El-Seedi, H.R., De Smet, P.A., Beck, O., et al., 2005. Prehistoric peyote use: alkaloid
analysis and radiocarbon dating of archaeological specimens of Lophophora from
Texas. J. Ethnopharmacol. 101, 238–242.
Gilmore, H.T., 2001. Peyote use during pregnancy. S. D. J. Med. 54 (1), 27–29.
Gouzoulis-Mayfrank, E., Hermle, L., Thelen, B., 1998. History, rationale and potential

of human experimental hallucinogenic drug research in psychiatry. Pharmacop-
sychiatry 31 (Suppl. 2), 63–68.

Halpern, J.H., Sherwood, A.R., Hudson, J.I., et al., 2005. Psychological and cognitive
effects of long-term peyote use among Native Americans. Biol. Psychiatry 58 (8),
624–631.

Miller, R.L., 2002. The Encyclopedia of Addictive Drugs. Greenwood Press, Westport.
Sutter, M.E., Chenoweth, J., Albertson, T.E., 2013. Alternative drugs of abuse. Clin.

Rev. Allergy Immunol.. Published online 01 May, 2013.
Relevant Website

http://www.drugabuse.gov – DrugFacts: Hallucinogens – LSD, Peyote, Psilocybin,
and PCP.

http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0035
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0040
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0045
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0050
http://refhub.elsevier.com/B978-0-12-386454-3.<?thyc=10?>00765<?show $132#?>-<?show $132#?>X<?thyc?>/ref0050
http://www.drugabuse.gov


Pharmaceuticals Effects in the Environment
C Fernández and EM Beltrán, Laboratory for Ecotoxicology, Spanish National Institute for Agriculture and Food Research
and Technology, Madrid, Spain
JV Tarazona, Spanish Royal Academy of Veterinary Sciences, Spanish National Institute for Agriculture and Food Research and
Technology, Madrid, Spain

� 2014 Elsevier Inc. All rights reserved.
Introduction

The presence of pharmaceutically active compounds (PhACs) in
the environment can pose significant human and wildlife health
threats. Pharmaceuticals were initially identified in the mid-
1970s associated with wastewater treatment plant (WWTP)
effluents in the United States. During the 1980s, there has been
only little interest in this type of contamination. It has not been
until this last decade that social concern has been aroused for
a potential risk to ecosystems.

The increased concern on the ecological effects of PhACs
was initiated largely as a result of a growing number of tech-
nical papers reporting detectable levels of pharmaceuticals in
WWTP effluents, surface waters, drinking waters, and sedi-
ments. For instance, >100 pharmaceuticals and personal care
products have been detected in effluents of WWTPs in several
countries of the European Union.

The current awareness of emergent pollutants is the result of
new advances in analytical techniques capable of revealing the
presence of these substances at very low levels. Presumably, they
have been in the environment, undetected, since their use began.

These compounds and their metabolites continuously enter
the aquatic environment largely through effluents fromWWTPs
because of incomplete elimination or sporadic direct waste-
water discharge. Even low concentrations of these substances
may lead to unwanted effects in aquatic systems. Although
pharmaceuticals are designed as bioactive molecules to treat
diseases, they can affect nontarget organisms, with harmful
effects reported at environmentally relevant concentrations.

Concern is such that several reviews recently published have
dealt with the exposure of humans or biota to pharmaceuticals.

The environmental concerns about these compounds are
linked to two main factors: (1) the bioactive property of
pharmaceuticals and (2) their capacity to be routinely present
in aquatic environments. This situation has resulted in their
characterization as ‘pseudo’ persistent compounds.

The scientific community is in broad agreement on the
possibility that adverse effects not only for human health but
also for aquatic organisms may arise from the presence of
pharmaceuticals. Several almost negligible effects have been
shown to occur from continuous exposure during the life cycle
of aquatic vertebrates and invertebrates to subtherapeutic drug
concentrations. These effects slowly accumulate and manifest
themselves as a final irreversible condition that is frequently
only noticed several generations later, affecting the sustain-
ability of aquatic organism populations.
Sources of PhACs Environmental Contamination

The main pathway for environmental contamination of
medicines is via the metabolic excretion (nonmetabolized
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parent drug, parent–drug conjugates, and bioactive metabo-
lites) in urine and faces, although other anthropogenic mech-
anisms should be assumed:

a) Disposal of unused/outdated medication to sewage systems
b) Release of treated/untreated hospital wastes to domestic

sewage systems
c) Release to private septic/leach fields: treated effluent from

domestic sewage treatment plants discharged to surface
waters

d) Transfer of sewage solids (‘biosolids’) to land as amend-
ments/fertilizers

e) Direct release to open waters via washing, bathing, or
swimming

f) Discharge of regulated/controlled industrial manufacturing
waste streams

g) Direct release from aquaculture facilities (fish farming)
Environmental Fate

In general, a wide-dispersive environmental release should be
assumed. After human or animal treatment, most drugs are
excreted partly nonmetabolized. Some, such as X-ray contrast
media, are excreted as a parent drug. PhACs as well as disin-
fectants are used in medicine, which enter municipal sewage
and WWTPs.

Pharmaceuticals not readily degraded in WWTPs are being
discharged in treated effluents, resulting in the contamination
of surface waters, groundwater, and drinking water. In addi-
tion, the conjugated metabolites can be hydrolyzed, releasing
the parent drug or Phase I metabolites. When sewage sludge is
applied to agricultural fields, contamination of soil, runoff into
surface water, and drainage may occur. In addition, veterinary
drugs may enter aquatic systems via manure application to
fields and subsequent runoff. Drugs used in animal husbandry
as well as aquaculture are also discharged into the environ-
ment. Finally, PhACs reach groundwater via soil after manure
or sewage sludge application as fertilizers (see Figure 1).
Environmental Concentrations

Since 1976, when Garrison et al. reported the occurrence of
clofibric acid, in the range 0.2–2 mg l�1, in treated wastewater in
the United States, pharmaceuticals have been detected in many
countries around the world. In the last decade, specialized
literature has supplied a lot of data on PhAC concentration in
surface and groundwater, WWTP influents and effluents, soils,
sediments, biosolids, biota, and so on. Environmental concen-
trations of pharmaceuticals have beenmainly reported inWWTP
effluents and surface water. WWTP effluent concentrations range
fromng l�1 to mg l�1. In surface water, the level of contamination
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00571-6
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Figure 1 Sources, distribution, and sinks of PhACs in the environment.
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is in the range of ng l�1.Data have been compiled up to 2006 and
are reviewed by Fent et al., as shown in Figure 2.

After reaching WWTPs, PhACs are degradated and parti-
tioned in effluent and sewage sludge. Mean concentration
levels of the PhACs ranged between 20 and 4000 mg kg�1 dw,
15 and 1000 mg kg�1 dw, 3 and 600 mg kg�1 dw, and 10 and
Figure 2 PhAC concentration in treated wastewater and surface water (Fent
maceuticals. Aquat. Toxicol. 76, 122–159.).
1000 mg kg�1 dw in primary, secondary, digested sludge, and
compost, respectively. The highest ecotoxicological risk, in
digested sludge and compost, was caused by the estrogenic
compound 17b-estradiol. The ecotoxicological risk signifi-
cantly decreased after the application of digested sludge or
compost to the soils.
, K., Weston, A.A., Caminada, D., 2006. Ecotoxicology of human phar-
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A survey of 72 pharmaceuticals in US biosolids found
two (ciprofloxacin, diphenhydramine) in all samples (n¼ 84)
and eight in at least 80 of the biosolid samples analyzed.
However, 15 pharmaceuticals were not found in any sample,
and 29 were present in fewer than three samples. Maxi-
mum concentrations of tetracycline (range: 0.04–5.3; mean:
1.3 mg kg�1 dw) and ciprofloxacin (range: 0.08–41.0; mean:
10.5 mg kg�1 dw).
Ecotoxicological Effects

Nonsteroidal Antiinflammatory Drugs (NSAIDs)

Nonsteroidal antiinflammatory drugs (NSAIDs) are weak acids
that act by reversible or irreversible inhibition of one or both
isoforms of the cyclooxygenase enzymes COX-1 and COX-2,
which are involved in the synthesis of different prostaglandins
from arachidonic acid.

Diclofenac is the compound that has the highest acute
toxicity within the class of NSAIDs. For all tests performed on
this compound, the effect concentrations were <100 mg l�1.

Ibuprofen also presents chronic toxicity. Female Japanese
medaka (Oryzias latipes) exposed to different concentrations of
the drug over 6 weeks, showed a sharp rise in liver weight
together with enhanced egg production, yet with a reduction in
the number of weekly spawning events.

The water flea Daphnia magna population growth rate was
significantly reduced at concentrations ranging from 0 to
80 mg l�1. Reproduction was affected at all concentrations and
completely inhibited at the highest pharmaceutical level.

Regarding aquatic photosynthetic organisms, specific effects
have been noticed. A 5-day exposure to concentrations in the
1–1000 mg l�1 range stimulated the growth of the cyanobac-
terium Synechocystis sp., whereas inhibiting that of the duck-
weed plant Lemna minor after 7 days.

Acute toxicity tests performed on the rotifer Brachionus
calyciflorus, the water flea Ceriodaphnia dubia, and the fairy
shrimp Thamnocephalus platyurus showed that naproxen had
EC50 values within the range 1–100 mg l�1, with photolysis
products being significantly more toxic. Highly chronic toxic
properties were noticed with algae.

Paracetamol (or acetaminophen) is a weak inhibitor of the
cyclooxygenase enzyme, whose side effects are mainly associ-
ated with the formation of hepatotoxic metabolites, such as
N-acetyl-p-benzoquinone imine when the levels of liver gluta-
thione are low.

Tests were carried out on algae, water fleas, fish embryos,
luminescent bacteria, and ciliates. The most sensitive species
was shown to be D. magna, for which EC50 values reported
from 30 to 50mg l�1.
Blood Lipid-Lowering Agents

Statins and fibrates are basically the two types of antilipidemic
drugs. Both are used to decrease the concentration of choles-
terol (statins and fibrates) and triglycerides (fibrates) in the
blood plasma.

Statins act by inhibiting the 3-hydroxymethylglutaryl
coenzyme A reductase, an enzyme involved in feedback control
of cholesterol synthesis. In response, the number of LDL
lipoprotein receptors at hepatocyte surfaces increases, thus
lowering the circulating LDL cholesterol.

Acute toxicity of lipid-lowering agents is not extensively
reported. Several authors found LC50 values of 1.18 and
10 mg l�1 in larval and adult grass shrimp (Palaemonetes pugio),
respectively, after an exposure of 96 h to simvastatin. Simvas-
tatin exhibited an EC50 of 22.8 mg l�1 after 96 h for the marine
phytoplankton Dunaliella tertiolecta.

Atorvastatin can affect the development of the duckweed.
Lemna gibba showed an lowest observed effect concentration of
300mg l�1 for parameters such as wet mass, frond number,
chlorophyll-a, and carotenoid content for a time of exposure of
7 days.

Fibrates act by activating specific transcription factors
belonging to the nuclear hormone receptor superfamily known
as peroxisome proliferator activated receptors (PPARs) (Staels
et al., 1998). There are three types of PPARs related to different
cellular events. PPAR-a and PPAR-b play key roles in catabo-
lism and storage of fatty acids, whereas PPAR-g plays an
important role in cellular differentiation.

According to Quinn et al. (2008), gemfibrozil could be
classified as toxic (EC50 1–10mg l�1) and bezafibrate as
harmful for nontarget organisms (EC50 10–100mg l�1). Toxic
properties of gemfibrozil were also investigated on the inhibi-
tion of the bacterium Vibrio fischeri luminescence, growth
inhibition of the alga Chlorella vulgaris, and immobilization of
theD. magna. Both the bacteria and the water flea were sensitive
to gemfibrozil, with the latter being the most sensitive, having
an EC50 of 30mg l�1 after 72 h.
Antibiotics

The major concern is associated with the development of
resistance mechanisms by bacteria that can subsequently
compromise public health by means of treatment effectiveness.
According to Jones et al. (2002), antibiotics could be classified
as extremely toxic to microorganisms (EC50 <0.1 mg l�1) and
very toxic to algae (EC50 0.1–1mg l�1). Chronic toxicity tests
performed on algae have shown high sensitivity to antibacterial
agents as deduced from growth inhibition measurements.

Antibiotics used in livestock production are excreted in the
urine and feces of animals and often appear in manure. They
can cause problems in terrestrial ecosystems, such as adverse
effects on nitrifying bacteria or growth inhibition of crop plants
and weeds. The presence of antibiotics in WWTP influents may
also impair treatment processes that use bacteria and cause
toxic effects in the downstream aquatic and/or terrestrial
ecosystems at different trophic levels.

Bacterial cultures from sewage bioreactors receiving waters
from a WWTP were tested for resistance against six antibiotics,
showing that all were resistant to at least two of the antibiotics,
whereas bacteria isolated from receiving waters were only
resistant to erythromycin and ampicillin.
Sex Hormones

Sex hormones are extremely active biological compounds
producing intense therapeutic effects even at very lowdoses. They
can exist as either natural or synthetic substances, mimicking
the effects of endogenous estrogens as endocrine-disrupting
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compounds (EDCs) through binding to specific receptors
common to nontarget organisms (invertebrates, fish, reptiles,
birds, and mammals).

In fish, estrogens are involved in several physiological
functions, including (1) vitellogenin synthesis, (2) vitelline
envelope (eggshell) protein production, (3) gonadal differen-
tiation, (4) development of secondary sexual characteristics,
(5) gonadotropin secretion, (6) synthesis of estrogen receptors,
(7) pheromonal communication, (8) bone formation, and (9)
calcium homeostasis. The enhanced production of the vitello-
genin found in the blood of male and juvenile fish provides
a useful biomarker of aquatic contamination by compounds
with estrogenic activity.

Ethinylestradiol (EE2) is a synthetic estrogen found in oral
contraceptive pills with marked estrogenic effects in fish. The
life cycle exposure of fathead minnows to EE2 concentrations
<1 ng l�1 gave an increased female population and for EE2
concentrations >3.5 ng l�1, fish became completely feminized.
Similar findings for zebrafish males were registered.

Amphibians and reptiles exposed to environmental estro-
gens showed sex reversal as well as significant changes in
secondary sex characteristics.
Antiepileptics

These drugs act in the central nervous system (CNS) by
reducing the overall neuronal activity. This is achieved either by
blocking voltage-dependent sodium channels (carbamaze-
pine) or enhancement of the inhibitory effects of the g-ami-
nobutyric acid (GABA) neurotransmitter (benzodiazepines).

Diazepam and carbamazepine are considered potentially
harmful to aquatic organisms becausemost of the acute toxicity
data are <100 mg l�1. Carbamazepine is lethal to zebrafish at
43mg l�1 and sublethal changes occurred in Daphnia sp. at
92mg l�1.

It is important to know that carbamazepine can absorb to
sediments, in this way threatening aquatic organisms that feed
on organic matter.
b-Blockers

b-blockers act by competitive inhibition of b-adrenergic
receptors, a class of receptors critical for normal functioning in
the sympathetic branch of the vertebrate autonomic nervous
system. Within the most commonly used b-blockers propran-
olol is a nonspecific antagonist, blocking both b1 and b2
receptors, whereas metoprolol and atenolol present b1 receptor
specificity.

Fish possess b receptors in the heart, liver, and reproductive
system; therefore, prolonged exposure to these drugs may cause
negative effects.

The acute toxicity of propranolol was assessed on the
invertebrates Hyalella azteca, D. magna, and C. dubia, obtaining
LC50 values of 29.8, 1.6, and 0.8 mg l�1, respectively, after a 48-
h exposure. Acute exposure to nadolol did not affect the
survival of the invertebrates. Regarding metoprolol, D. magna
and C. dubia exhibited LC50 values of 63.9 and 8.8 mg l�1,
respectively.

Several authors have described significant reduction in heart
rate, fecundity, and biomass of D. magna, with LOEC values of
55, 110, and 440mg l�1, respectively, after chronic exposure to
propranolol (9 days), whereas chronic exposure to metoprolol
showed higher values. Chronic toxicity tests performed in algae
also evidenced their sensitivity to b-blockers, with no observed
effect concentration values <1 mg l�1.
Antidepressants

Serotonin is an important neurotransmitter in hormonal and
neuronal mechanisms participating in different regulatory and
endocrine functions. Altered levels may cause changes in
appetite, the immune system, reproduction, and other behav-
ioral functions. It is also important to lower vertebrates and
invertebrates, although associated with different physiological
mechanisms from those observed for mammals. In therapeu-
tics, the selective serotonin reuptake inhibitors (SSRIs) fluoxe-
tine, fluvoxamine, paroxetine, and sertraline are the most
widely used synthetic antidepressants.

Fluoxetine is apparently the most acute toxic human phar-
maceutical reported so far, with acute toxicity ranging from an
EC50 (48 h, alga) value of 0.024mg l�1 to LC50 (48 h) value of
2mg l�1. Fluoxetine seems to affect phytoplankton more
strongly than other aquatic organisms.

Fluoxetine, fluvoxamine, paroxetine, citalopram, and ser-
traline showed negative effects on C. dubia reproduction by
reducing the number of neonates or brood per female after 7–8
days of exposure. For the most active compound, sertraline, the
LOEC was 45mg l�1 and the NOEC was 9 mg l�1.
Mixture Effects

Pharmaceuticals do not occur alone in the environment, but as
a mixture of different active substances, their metabolites, and
transformation products. Ecotoxicological data show that
mixtures might have different effects than single compounds,
but in general knowledge about the toxicity of the mixture of
active substances is still sparse. The simultaneous presence of
several pharmaceuticals in the environment might result in
a greater toxicity to nontarget organisms than that predicted for
individual active substances. An approximation to assess the
combined risk of PhACs detected along a basin, based on an
additive model that calculates the maximum risk index (RI) for
each sampling date and sampling site can be performed as
follows:

Max RIj; k ¼
"X23
i¼ 1

�
Toxj; kOMECj; k

�
i

#
� 0:1

where i¼ selected PhAC, j¼ sampling site, k¼ sampling date,
Toxj,k¼ acute toxicity for a PhAC, and MEC¼measured envi-
ronmental concentrations.

The figure obtained with this approach represents the
maximum value that a single PhAC or a combination of PhACs
should have for indicating that the measured concentrations do
not exceed the acceptable level of long-term risk.

The acute/chronic toxicity ratio for a variety of organisms
and chemicals was typically on the order of about 10, but much
higher values are expected for pharmaceuticals. Thus, the Max
RI represents an indicator of potential environmental risk: the
lower the value, the higher the potential risk.
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Comparison of Environmental Concentrations and
Ecotoxicological Effect Concentrations

The potential risk of a substance to the environment is often
characterized by comparing the predicted environmental
concentration (PEC) with the predicted no effect concentration
(PNEC). Because of the lack of experimental ecotoxicity data
(particularly chronic) estimation of PNEC, and therefore
hazard and risk assessment, is difficult or even impossible to
perform.

Differences between LOEC and NOEC with maximum
concentrations found in WWTP effluent are about one or two
orders of magnitude. However, some compounds such as
diclofenac, propranolol, or fluoxetine have LOEC values close
to WWTP effluent concentration, showing that the safety
margin is very small.

In any case, more experimental data on chronic toxicity and
on the potential bioaccumulation is needed to assess the real
environmental risk. Pharmaceuticals are biologically active
substances, either with biocidal or physiological activity.
Consequently, large inter-endpoint and interspecies sensitiv-
ities should be expected. The use of standard approaches, for
example, standardized toxicity test with fixed endpoints and
species should be considered carefully. The relevance of the
species and endpoints should be considered on a case-by-case
on the basis of the pharmacokinetics and pharmacodynamics
of the specific chemical and drug family.

See also: ‘Toxic’ and ‘Nontoxic’: Confirming Critical
Terminology Concepts and Context for Clear Communication;
Cumulative (Combined Exposures) Risk Assessment;
Ecotoxicology; Aquatic Ecotoxicology; Ecotoxicology, Aquatic
Invertebrates; Environmental Exposure Assessment;
Environmental Fate and Behavior; Environmental Risk
Assessment, Aquatic; Environmental Risk Assessment,
Terrestrial; Pollution, Soil; Pollution, Water; Terrestrial
Microcosms and Multispecies Soil Systems; The European
Medicines Agency (EMA); Toxicity Testing, Aquatic.
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Introduction

The intensity of toxic effects of xenobiotics is related to the
concentration of the toxic moiety at the site of action in a target
tissue or organ. Additionally, in most cases, the duration of
toxic effects depends on the time the toxic moiety remains at
the site of action. Thus, differences in disposition of the two
xenobiotics in the body can produce markedly different toxic-
ities. The description of disposition of xenobiotics is consid-
ered by some as the result of absorption, distribution, and
elimination, while others consider it as only the distribution
and elimination of xenobiotics. In other words, disposition is
what governs the fate of xenobiotics in the various compart-
ments of the body and as such plays a key role in determining
the concentration and toxicity of xenobiotics at the site of
action.

Pharmacokinetics is defined as the study of the dynamic
movements of xenobiotics during their passage through the
body (Figure 1). In simpler words, it tells us what the body
does to foreign chemicals (xenobiotics). Once the information
on the concentration of a xenobiotic in biologically relevant
parts of the body is provided by pharmacokinetic studies, it
then usually becomes possible to better understand, interpret,
and even predict the nature and the extent of the biological
effects of xenobiotics.

Etymologically, the term pharmacokinetics relates to the
study of the movements of medicines or therapeutic agents
within the body. From a historical point of view, principles
and methods dealing with the study of the movements of
Figure 1 Schematic representation of the main biological processes involve

Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
xenobiotics within the body have evolved from data pertaining
to medication. For example, pharmacokinetic data are used for
optimal adjustment of the dosage regimen to obtain the best
therapeutic effects without eliciting adverse side effects. At
times the term ‘toxicokinetics’ is interchangeably used to
describe kinetics of toxic xenobiotics (e.g., environmental
pollutants) at subtoxic doses, which in fact should be described
as pharmacokinetics or simply kinetics with some qualification
of dose. This will be in line with the basic tenet of toxicology
which is “all things are poison and nothing is without poison;
solely the dose determines that a thing is not a poison” and
pharmacokinetics of a xenobiotic at subtoxic dose can change
to toxicokinetics at the toxic dose. Therefore, the term tox-
icokinetics encompasses the application of pharmacokinetic
principles and methods to the prediction of occurrence and
time course of toxic events related to xenobiotics, including
therapeutic drugs.

Pharmacokinetic analysis uses mathematics, or equations,
to describe the time course of the absorption, distribution, and
excretion of xenobiotics in the body. To facilitate the descrip-
tion of the biological fate of xenobiotics, the body is divided
into compartments that roughly correspond to various tissues,
organs, or fluids of the body. Such functional representation is
known as pharmacokinetic modeling and can be categorized as
compartmental models or physiologically based pharmacoki-
netic (PBPK) models. The purpose of this article is to introduce
the reader to simple basic concepts and principles of pharma-
cokinetic analysis using both compartmental and physiologi-
cally based models.
d in the disposition of xenobiotics in the body.
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Pharmacokinetic Parameters

Some of the parameters derived from pharmacokinetic analysis
are useful to examine as they present simplified representations
(models) of the relationship between time and movements of
xenobiotics.
Volume of Distribution (VD)

The volume of distribution is defined as the apparent volume
(e.g., liter and milliliter) into which a xenobiotic appears to
have been dissolved once it has absorbed into the body to give
an initial blood concentration equal to Cp

0:

VD ¼ dose
C0
p

Usually, VD does not correspond to any real biological
volume and as such has no direct physiological meaning; it
may show values even larger than the volume of a standard
human body. Since the value of VD is inversely proportional to
the blood concentration, xenobiotics showing high affinity for
specific tissues, especially fatty tissues (e.g., chlorinated insec-
ticides like DDT and several industrial solvents), tend to leave
the blood pool and accumulate in tissues exhibiting large VD.
On the other hand, firm binding of xenobiotics to blood
components, such as the red blood cells and the proteins
(e.g., warfarin, a blood anticoagulant), results in VD values
close to the blood volume.
Figure 2 Time course of blood concentration of a xenobiotic
following intravenous administration ((a) log-linear scale; (b) linear
scale); C0

p , blood or plasma concentration at time zero. (c) Schematic
representation of a one-compartment open model: i.v., intravenous
administration; V, volume of the compartment; k, elimination rate
constant (see text).
Elimination Rate Constant (k)

The elimination rate constant (usually a first-order rate
constant) represents the fraction of xenobiotics that is elimi-
nated from the body during a given period of time. For
instance, when the value of the elimination rate constant of
a xenobiotic is 0.25 per hour, this means that w25% of the
amount remaining in the body is excreted each hour. The rate
constant is calculated from the slope (�k/2.303) of the blood
concentration and time curve (log–linear scale) as shown in
Figure 2a (Figure 2b shows the same data on linear scale). Its
value is affected by all processes (e.g., distribution, biotrans-
formation, and excretion) that contribute to clear xenobiotics
from the blood.
Half-Life of Elimination (t1/2)

This is the time period (e.g., minutes, hours, days) during
which the blood concentration of a xenobiotic falls to one-half
of its original value as a result of the processes of distribution,
biotransformation, and excretion. The determination of t1=2 is
based on the calculation of the elimination rate constant (k):

t1=2 ¼ 0:693
k

Xenobiotics that show small t1=2 values (i.e., short half-lives)
are those that are cleared rapidly from the body, whereas those
with high values (i.e., long half-lives) are cleared more slowly
and may accumulate in the body. Organochlorinated insecti-
cides and heavy metals like lead, cadmium, and mercury all
display long half-lives, whereas aspirin exhibits a short half-life.
Clearance (Cl)

Clearance quantitatively represents the volume of blood (e.g.,
milliliter and liter) that is completely cleared of a xenobiotic
during a given period of time, usually 1min or 1 h (e.g.,
ml min�1). Clearance is calculated as the product of the elim-
ination rate constant (k) and the apparent volume of distri-
bution (VD):

Cl ¼ kVD

When the value for clearance is high, it suggests that the
xenobiotic is removed rapidly from the body, whereas a low
clearance value indicates slower removal. Therefore, Cl may be
regarded as the apparent volume of blood from which the
xenobiotic is removed during a given period of time. All routes
of elimination (e.g., hepatic biotransformation/metabolism,
urinary, biliary and pulmonary excretion) contribute to the
clearance of a xenobiotic from the body.



Figure 3 Time-course blood concentration of a xenobiotic following
repeated intravenous administration: (a) xenobiotic half-life much shorter
than the period of time between exposures; (b) xenobiotic half-life
longer than the period of time between exposures.
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Bioavailability (F)

Bioavailability is a term used to describe the percentage (or
the fraction (F)) of an administered dose of a xenobiotic
that reaches the systemic circulation. Bioavailability is
practically 100% (F¼ 1) following an intravenous admin-
istration. Bioavailability could be lower (F� 1) and in some
cases almost negligible for other routes (e.g., oral and
dermal), depending on how efficiently a xenobiotic crosses
various biological membranes (e.g., skin and stomach).
Additionally, whether or not tissues or organs (e.g., skin and
liver), through which xenobiotics pass before reaching the
systemic circulation, are capable of metabolizing the
substance. The latter phenomenon is known as a first-pass
effect. Bioavailability may vary considerably between xeno-
biotics or even between batches of a given xenobiotic. For
example, therapeutic drugs must undergo bioavailability
testing to ensure reliable dosing throughout treatment. The
blood concentration of the administered drug is used as an
index of bioavailability.
Area under the Curve (AUC)

The area under the blood (or plasma) concentration–time
curve reflects the amount of a xenobiotic that has effectively
reached the systemic circulation and as such is influenced both
by the degree of bioavailability and by the rate at which
a xenobiotic is removed from the body. Essentially, AUC is the
integrated concentration–time profile of the xenobiotic and is
a good indicator of the internal exposure or dose in the body
since it takes into consideration not only the blood concen-
tration of a xenobiotic but also the time a xenobiotic is present
in the blood (i.e., central compartment) and thus in the body.

In summary, kinetic parameters are used to describe the
behavior of xenobiotics in the body following exposure via
several routes (the extent of distribution within the body, the
amount available for action and elimination, the contribution
of specific organs in elimination, and the rate of elimination).
Such information can be used to establish therapeutic drug
regimens or to predict the extent and duration of systemic
exposure.
Figure 4 Time-course blood concentration of xenobiotic following
continuous intravenous infusion or pulmonary inhalation until steady
state.
Repeat Exposures

Frequently, individuals are exposed repetitively to xenobiotics,
whether they be medicines, food additives, or environmental
contaminants. In general, xenobiotics exhibiting a short half-
life (i.e., much smaller than the period of time between each
new exposure) are almost completely eliminated between
exposures (Figure 3(a)). Inversely, xenobiotics with a long
half-life (i.e., longer than the period of time between exposures,
Figure 3(b)) tend to accumulate in the body, leading eventu-
ally to increased risk of toxicity. In the latter case, if exposure
continues at a relatively constant level, the accumulated xeno-
biotic reaches a plateau, also called a steady-state level, when
the amount of a xenobiotic that enters the body equals the
amount eliminated during a given period of time. The time
necessary to reach the steady-state level corresponds to about
five times the half-life value.
In contrast to the sawtooth pattern of blood concentrations
during repeated, noncontinuous exposure to a xenobiotic
(Figure 3(a) and 3(b)), continuous exposure is characterized
by a stable line (Figure 4). However, for both situations, the
time to reach a plateau concentration and the amount present
in blood obey the same rules of kinetics.

For a xenobiotic administered by intravenous infusion and
described by a one-compartment model (see below for detail),
the average steady-state blood concentration (Css) is deter-
mined by the following equation:

Css ¼ Infusion rate
VDk

The Css is, therefore, related proportionally to the admin-
istered dose but bears an inverse relationship to volume of
distribution and elimination rate constant.

The average steady-state blood concentration ðCÞ of
a xenobiotic following repetitive, intermittent administration



852 Pharmacokinetics
of a fixed dose given at fixed intervals (s) either orally or
intravenously is determined by the following equation:

C ¼ F � Average dose rate
VDk

or C ¼ AUCss

s

where AUCss is the area under the blood concentration–
time curve at the steady-state exposure levels.
Figure 6 Time-course blood concentration of a xenobiotic exhibiting
nonlinear (zero-order) kinetics following intravenous administration;
when the biological processes responsible for the disposition of the
xenobiotic are no longer saturated, first-order kinetics resume.
Dose-Dependent Kinetics

For the described pharmacokinetic analysis, an assumption is
made that exposure conditions are such that the rate of the
biological processes (e.g., diffusion across membranes,
biotransformation, excretion by glomerular filtration) is first
order (proportional or linear) to the concentration or amount
of a xenobiotic in the body (e.g., blood) (see Figures 2 and 5).

Many biological processes, however, involve saturable
carrier or enzymatic systems, with a finite capacity for transport
or catalysis. For instance, processes like active uptake at
absorption sites, renal tubular secretion, or hepatic biotrans-
formation of xenobiotics may become saturated at high expo-
sure levels, yielding rates of disposition that are constant and
independent of the concentration in blood (nonlinear), called
zero-order kinetics. Biotransformation/metabolism of ethanol
in the liver and active renal tubular secretion of penicillin in
Figure 5 (a) Schematic representation of a two-compartment open
model: i.v., intravenous administration, V1 and V2, respective volumes of
compartments 1 and 2; k21 and k12, transfer rate constants between
compartments 1 and 2; k0, elimination rate constant. (b) Time course of
blood concentration following intravenous administration: A and B, pro-
portionality constants; a and b, elimination rate constants corresponding
to each segment of the curve.
urine are examples of biological processes that obey zero-order
kinetics. For example, if the amount of a xenobiotic that is
metabolized or excreted is limited by saturable processes,
blood concentration falls differently (i.e., elimination of fixed
amounts over given time periods) than when first-order
kinetics prevail (Figure 6). This may result in more or less
accumulation of that xenobiotic in several tissues.
Compartmental Models

To facilitate the description of the biological fate of xenobi-
otics, toxicologists represent the body as compartments that
roughly correspond to various tissues, organs, or fluids of the
body. Such functional representation is known as pharmaco-
kinetic modeling and can be categorized as compartmental
models or PBPK models.

Compartmental models, also known as data-based models,
are essentially curves fit to experimental data on blood, plasma,
or urine concentrations of a xenobiotics or its metabolites. In
this approach, the body is represented as a single or a series of
compartments that do not necessarily correspond to any
physiological or anatomical reality. It is generally not feasible,
at least in humans, to determine the time course of the
concentration of a xenobiotic at a target site (e.g., brain, liver,
and kidneys). To overcome this problem, the compartmental
modeling approach assumes that the biological effects which
depend on the concentration at target site are also related to the
concentration of a xenobiotic in blood or plasma. This is the
reason why almost all pharmacokinetic analyses are based on
blood concentration.

Compartmental modeling consists of finding the best
mathematical equation to fit the kinetic behavior of a xenobi-
otic (e.g., time-course blood levels). In the simplest case, the
body is represented as a single compartment (e.g., one-
compartment model). When necessary, however, additional
and usually limited numbers of compartments can be added to
achieve a better description of the kinetic behavior of a partic-
ular xenobiotic (e.g., two- and three-compartment models).
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Compartmental models assume that the rate of disappear-
ance of a xenobiotic from the body, as a result of excretion and/
or biotransformation/metabolism, is proportional to the
amount of the xenobiotic in the body at that time (i.e., first-
order process). In other words, the quantity of a xenobiotic that
leaves the body is large when the amount of xenobiotic in the
body is large (e.g., immediately after exposure), whereas this
quantity is small when the amount in the body is small
(e.g., several hours after exposure). Most xenobiotics exhibit
this type of behavior, provided that the biological mechanisms
responsible for disposition are not saturated, i.e., not over-
whelmed by large concentrations of xenobiotics (see section
Dose-Dependent Kinetics).
One-Compartment Open Model

In this simple model, the body is treated as a homogenous unit
with an entry and an exit (i.e., open model) (Figure 2(c)). It is
assumed that changes occurring in blood concentrations with
time reflect similar changes in tissue levels as the xenobiotic
rapidly equilibrates between blood and all the various tissues
of the body.

As an example, following rapid intravenous administration
the blood concentration decreases rapidly at the beginning and
then falls more slowly thereafter (Figure 2(b)). This typical
first-order elimination can be described by the exponential
term:

Cp ¼ C0
pe

�kt

where Cp represents the blood (plasma) concentration of
a xenobiotic at time t, C0

p is the blood initial concentration (i.e.,
extrapolated to time 0), and k is the first-order elimination rate
constant. A more practical form of this equation is obtained by
substituting the base 10 logarithm (Figure 2(a)):

log Cp ¼ log C0
p �

kt
2:3

This simple mathematical description is very useful for
determining various kinetic parameters that characterize the
kinetic behavior of a given xenobiotic, including the volume
of distribution, the elimination rate constant, the half-life of
elimination, the clearance, the area under the blood concen-
tration-time curve, and the bioavailability. As seen in
Figure 2(a), the straight line of the blood concentration time
curve allows the easy estimation of the elimination rate
constant. Alternatively, the increasing availability (and ease of
use) of curve fitting software allows the simple calculation of k.
Typically, one-compartment models are most useful for xeno-
biotics that are confined to the blood (have a low VD) such
as aminoglycosides (i.e., amikacin, gentamicin, kanamycin,
neomycin, netilmicin, paromomycin, streptomycin, tobramy-
cin) and dichloroacetic acid.
Two-Compartment Open Model

In certain circumstances, the time course of the blood
concentration of a xenobiotic does not exhibit a single straight
line but rather two segments (Figure 5(b)). Such biexponential
decline can best be described by a two-compartment open
model (Figure 5(a)): a central compartment that roughly
corresponds to the blood pool and a peripheral compartment
that represents various fluids and tissues of the body for which
a xenobiotic may have a particular affinity. For example, many
lipophilic xenobiotics (with high VD) are better modeled with
a two-compartment model. Good examples are pharmacoki-
netics of the drug digoxin, particularly when given intrave-
nously, and other chemicals such as hexachlorobenzene and
monochloroacetic acid. This system can be described mathe-
matically by a differential equation comprising two exponen-
tial terms, one for each segment of the curve. Taken
individually, each one of these terms is essentially similar to the
one used to describe the curve corresponding to the one-
compartment model:

log Cp ¼ log A� at
2:3

þ log B� bt
2:3

where A and B are proportionality constants for each
compartment (Aþ B¼ Cp), and a and b are composite rate
constants that can be regarded as the elimination rate constant
of each segment of the curve (i.e., each compartment). The first
segment is known as the a-phase, which is dominated by
distribution of a xenobiotic to various organs and tissues,
whereas the second segment (b-phase) mainly characterizes
the elimination of a xenobiotic. Accordingly, the t1=2 of
a xenobiotic displaying such kinetic behavior is calculated from
the b-phase similar to the one-compartment model:

t1=2 ¼ 0:693
b

How values A, B, a, and b are calculated falls beyond the
scope of this article.

To facilitate the understanding of the pharmacokinetic
concepts, the examples given are for intravenous administra-
tion. However, exposure to xenobiotics is mostly via other
routes. These routes include respiratory, cutaneous, or oral
uptake. In such cases, pharmacokinetic analyses are more
complex since they may need to take into account the various
processes responsible for the uptake. Usually, this consists of
introducing an additional term that contains a rate constant
describing the uptake (absorption), operating in a direction
opposite to, yet not conceptually different from, the elimina-
tion rate constant.
Physiologically Based Models

Whereas compartmental models are abstract mathematical
representations of an animal or a human body, designed solely
to provide an acceptably fit to experimental data, PBPK models
describe the behavior of xenobiotics on the basis of the actual
anatomy, physiology, and biochemistry of human beings and
animals. Being realistically modeled on how the body func-
tions, PBPK models take into consideration the complex rela-
tionships that exist between critical biological and
physicochemical determinants such as blood flow, ventilation
rates, metabolic rate constants, tissue solubility, and binding to
proteins (e.g., albumin and glycoproteins) or other macro-
molecules (e.g., DNA and hemoglobin).

Contrary to compartmental models, PBPK models allow
description of the time course of xenobiotic concentration in
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any organ or tissue represented in the model. Since these
models include anatomical, physiological, and biochemical
determinants, they can account for any quantitative alterations
of such determinants – for example, ventilation rates, organ
pathology, or metabolic enzyme activity. Not only these
models describe and model what is actually occurring under
a given set of exposure conditions but also build on such
a description and expand to any other condition likely to
happen within the range of variation of the anatomical, phys-
iological, and biochemical parameters.

A PBPK model is comprised of a series of anatomically well-
defined compartments that represent organs or tissues in which
a xenobiotic distributes or exerts its toxic effects (Figure 7). These
anatomical compartments are interconnected by the blood
circulation (i.e., arterial blood to and venous blood from the
tissues). The complexity of the PBPKmodels varies greatly and is
dictated by the availability of data to parameterize the model.
The physiological and anatomical determinants for different
species, including humans (e.g., alveolar ventilation rate, blood
flow rates, and tissue volumes), are usually abundantly docu-
mented in the literature. Physicochemical parameters – namely
partition coefficients that describe the relative solubility of
a xenobiotic between air present in the lungs and blood, on the
one hand, and between blood and tissues, on the other hand –

may be obtained in some cases from the literature or otherwise
determined experimentally in the laboratory. Usually,
biochemical parameters, namely metabolic rate constants that
Figure 7 Schematic representation of a PBPK model with different
routes of entry. RPT, richly perfused tissues (e.g., brain, kidneys, and
spleen); PPT, poorly perfused tissues (e.g., muscles, skin, and bone); GIT,
gastrointestinal tract. Km and Vmax are constants that characterize
metabolizing tissues like the liver.
describe the metabolic capacity of a tissue toward a given
xenobiotic, are determined experimentally in the laboratory.

Each compartment (designated ‘i’) is described by a mass-
balance differential rate equation for the rate of change in the
amount (A) of xenobiotic:

dAi

dt
¼ QiðCa � CviÞ

whereQi represents the rate of blood circulating throughout
the tissue i,Ca is the concentration in arterial blood entering the
tissue, and Cvi is the concentration of the xenobiotic in venous
blood leaving the tissue. An additional complexity is that
calculation of Cvi also requires the use of partition coefficients
to define the ratio of tissue to blood concentrations. Therefore,
Cvi is calculated as (concentration in tissue) O (tissue to blood
partition coefficient � volume of the tissue). For metabolizing
tissues (e.g., liver), an additional term that takes into account
the capacity of such tissues to operate the metabolic trans-
formation of the xenobiotic is added to the basic differential
equation described. Since the capacity of the liver and other
metabolizing tissues is limited when large amounts of a xeno-
biotic are presented to the tissues, the basic equation contains
terms (Km and Vmax) that account for such limitations:

dAi

dt
¼ QiðCa � CviÞ � CviVmax

Cvi þ Km

where the new terms Km and Vmax describe, respectively, the
affinity of a xenobiotic for metabolizing enzymes and the
maximum velocity of the enzymatic reactions.

The described equations are characteristic of blood flow
rate-limited models; it is assumed that xenobiotics cross the cell
membrane by simple diffusion and that equilibrium takes
place instantaneously between blood and tissue compart-
ments. This assumption is valid for a great number of xeno-
biotics. For certain xenobiotics, however, the kinetics of tissue
uptake are not consistent with blood flow rate-limited
processes since their distribution in a given tissue is limited by
the resistance of the cell membrane to the passage of a xeno-
biotic. In these cases, the basic equation should account for
such phenomena to describe adequately the time course of the
xenobiotic disposition in the tissue. Various exposure routes
(e.g., inhalation, intravenous, oral, and dermal) can be
accounted for in PBPK models by incorporating the proper
equation describing these uptake processes.

Once formulated, a PBPKmodel can be used to simulate the
kinetic behavior of a xenobiotic (e.g., amount metabolized,
blood or tissue concentrations, and percentage of dose
excreted) in animals or humans. An important step in the
development of PBPK model is its validation. Validation is
usually based on the visual or statistical comparison of model
predictions with experimental observations in humans or
animals. An additional benefit of PBPK models is that they
provide a framework for easy improvement of kinetic under-
standing by allowing the integration of newly developed data.

Once validated, PBPK models can be used by toxicologists
for many purposes. For example, PBPK models can (1) provide
an estimate of the time course distribution of xenobiotics and
their metabolites in various parts of the body, including target
organs/tissues; (2) allow various types of extrapolations
between various species, from high doses of exposure to low
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doses, or from one route of exposure to another; (3) allow the
examination of pharmacokinetic differences between species;
(4) facilitate the setting and adjustment of exposure standards
since it becomes possible to better estimate the concentration
of a xenobiotic and its metabolites in various body fluids or
tissues, resulting from various exposure scenarios; and (5)
predict changes in the disposition kinetics of xenobiotics
resulting from physiological and pathological alterations in
body function.

The use of PBPK models continues to expand in toxicology.
This is especially true in risk assessment since better definition
of the internal tissue dose reduces the uncertainty associated
with extrapolation to human beings of responses observed in
animal toxicity studies in which animals usually receive high
doses of xenobiotics by routes often different from the ones
anticipated in human exposures.
Conclusion

Pharmacokinetic analysis is a very important tool that can help
toxicologists understand how the body handles xenobiotics.
With a good knowledge of the time course relationship
between exposure and concentrations in various tissues and
organs, toxicologists are in a position to better interpret and
predict the nature and extent of toxicity. More specifically,
pharmacokinetic analysis can:

l Predict the body burden of xenobiotics in a critical organ or
tissue.

l Understand the dose–response relationship of xenobiotics.
l Assist in the selection of animal species that can act as

a surrogate for human toxicity.
l Make rational extrapolations from high doses, as used in
animal toxicity studies, to low doses, as encountered in the
human environment.

l Set exposure limits to toxic xenobiotics for all kinds of living
organisms, including humans.

l Identify potentially at-risk subgroups of exposed living
organisms.
See also: Biotransformation; Absorption; Distribution;
Excretion; Pharmacokinetic and Toxicokinetic Modeling.
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Introduction

After administration, xenobiotics (foreign chemicals) exist in
a dynamic state within the body. These exogenous chemicals
move between tissues and bodily fluids, bind to cellular or
plasma components, and are eliminated through biotransfor-
mation or unchanged excretion. Pharmacokinetics and tox-
icokinetics describe xenobiotic disposition or the composite
action of absorption, distribution, metabolism, and
elimination.

Pharmacokinetic/toxicokinetic models use mathematical
terms to describe quantitative relationships and relate an
independent variable, such as time, to a dependent variable,
such as xenobiotic concentration. A model’s predictive ability is
dependent on proper model selection and development of
mathematical functions that describe kinetic parameters gov-
erning xenobiotic disposition. Modeling schemes, such as
compartmental modeling and physiologically based pharma-
cokinetic (PBPK) modeling are commonly used to estimate
these key parameters. The purpose of this article is to introduce
the reader to the basic concepts and principles of pharmaco-
kinetic/toxicokinetic analysis and how an overdose can affect
these principles.
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Figure 1 Logarithm of concentration versus time curves for drug A
after higher and lower IV bolus doses. At higher doses, the slope of the
curve is nonlinear, which indicates that the elimination pathway is satu-
rated and that the elimination rate is equal to Vmax. As concentrations
fall, the elimination of drug A transitions to a first-order process, as evi-
denced by the linear terminal slopes shared by the high and low doses
of drug A.
Saturable versus Nonsaturable Kinetics

The rate of a biological process can be described by the
Michaelis–Menten equation:

dC
dt

¼ Vmax � C
Km þ C

[1]

where dC is a change in concentration, dt is a change in time,
Vmax is the maximal biological rate, Km is an affinity constant
defined as the concentration at which rate is half of Vmax, and C
is concentration. If C is much lower than Km eqn [1] can be
rearranged because the contribution of C is negligible:

dC
dt

¼ Vmax � C
Km

[2]

Because Vmax and Km are constants, eqn [2] can be further
simplified:

dC
dt

¼ kC [3]

where k represents a proportionality constant. The rate of this
process is proportional to C because the biological system is
not saturated and the process follows first-order kinetics. If C
exceeds the process’s capacity (i.e., C >>> Km), it occurs at
a fixed rate (i.e., Vmax) that is independent of C secondary to
saturation. In this scenario, the process follows zero-order
kinetics. In overdose, some chemicals shift from first-order to
zero-order processes due to saturation (Figure 1). Therapeutic
doses of aspirin undergo first-order elimination. In aspirin
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overdose, saturation of elimination mechanism occurs and
xenobiotic elimination occurs via zero-order processes.
Compartmental Models

Compartmental models commonly describe drug disposition
when physiological data, such as tissue concentration, are not
available. These models represent the body as one or more
kinetically well-mixed and homogenous compartments. A
compartment is not a real anatomical or physiological region
but a hypothetical volume composed of tissues and organs
with similar blood flow and xenobiotic affinity. Within a given
compartment, tissues and bodily fluids are thought to be in
a state of dynamic equilibrium and concentrations within
a given compartment are proportional.

Compartmental models are developed through the inter-
pretation of experimental data, such as xenobiotic blood,
plasma, or urine concentrations. Tracking xenobiotic concen-
trations as a function of time can help to determine mathe-
matical equations that best fit a xenobiotic’s kinetic behavior.
In the simplest case, the entire body is represented as a single
compartment. Additional compartments can be added to better
describe the kinetic behavior of a xenobiotic.

Compartmental models assume that first-order processes
govern xenobiotic disposition. This means that the rate of
xenobiotic elimination is directly proportional to body burden
and elimination occurs most rapidly after administration then
more slowly thereafter. Most xenobiotics follow first-order
processes if the mechanisms of disposition are not saturated.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00766-1
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Figure 2 (a) Schematic for a one-compartmental open model after an
IV bolus injection. (b) Schematic for a two-compartmental open model
after an IV bolus injection. 1 ¼ central compartment; 2 ¼ peripheral
compartment; ke ¼ elimination rate constant; k12 ¼ transfer rate
constant from the central to peripheral compartment; k21 ¼ transfer
constant from the peripheral to central compartment; k10 ¼ elimination
rate constant from the central compartment to outside the body.
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However, an overdose may saturate one or more disposition
mechanisms and zero-order processes may play a role in
describing a xenobiotic’s kinetics. As this violates one of the
central assumptions of compartmental modeling, an alterna-
tive modeling scheme would be needed.
One-Compartment Open Model

This model is applied to chemicals that rapidly enter and
distribute throughout the body. The entire body is represented
as a single compartment secondary to uniform body distribu-
tion and rapid equilibration between the blood and extravas-
cular tissues. Blood concentrations are thought to be
proportional to total compartmental concentrations. Elimina-
tion occurs directly from the compartment in a unidirectional
manner (i.e., once a xenobiotic molecule is eliminated it
cannot reenter). Therefore, changes in xenobiotic concentra-
tions within the blood or plasma are reflective of changes in the
compartment as a whole. Figure 2(a) describes a one-
compartment open model after an intravenous (IV) bolus.

Experimentally, a one-compartment analysis is performed
by quantifying plasma concentrations at varying time points
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Figure 3 Plots of logarithm of xenobiotic concentration (blood or plasma) v
open models. C0 ¼ xenobiotic concentration at time zero; A and B ¼ proport
phase of a two-compartmental model; b ¼ elimination phase of a two-compa
after an IV bolus. A xenobiotic conforms to a one-compartment
model when the plot of the logarithm of plasma concentration
(log C) versus time curve generates a linear slope (Figure 3(a)).
This relationship indicates concentration-dependent elimina-
tion and signifies that first-order processes govern disposition.
Mathematically, this relationship can be described by a simple
exponential pattern:

Cp ¼ C0
p e�ket [4]

where Cp is plasma concentration at time t after admin-
istration,C0

p is plasma concentration immediately after injec-
tion, and ke is the first-order elimination rate constant.
Two-Compartment Open Model

The logarithm of plasma concentration versus time curve does
not decline as a single exponential process for some xenobi-
otics (i.e., the slope of this plot is not linear). Instead, a biex-
ponential decline (Figure 3(b)) described by the following
equation may occur:

Cp ¼ A e�at þ B e�bt [5]

where a is the first-order distributive rate constant, b is the first-
order elimination rate constant, A is the y-intercept of the
distributive curve, and B is the y-intercept of the elimination
curve (Figure 3(b)). This biexponential pattern indicates that
a xenobiotic does not rapidly distribute throughout the body
and distribution occurs more slowly in some areas. As a result,
the body is represented as two distinct volumes known as the
central and peripheral compartments.

Figure 2(b) illustrates a two-compartment openmodel after
an IV bolus. The central compartment represents bodily fluids
and tissues that display rapid xenobiotic distribution. These
areas include the blood, extracellular fluids, and highly
perfused tissues, such as the heart, lungs, kidneys, liver, and
brain. Elimination is thought to occur from the central
compartment because important eliminating organs, such as
the liver and kidneys, exist within this volume. The peripheral
compartment represents areas of the body that distribute more
slowly and include lean muscle and fatty tissues.

The disposition of xenobiotics described by a two-
compartment model is explained by two distinct phases,
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known as the distributive and elimination phases. The
distributive, or a phase, describes distribution into the
peripheral compartment. After administration, rapid distribu-
tion and equilibration occurs within the central compartment.
Xenobiotic molecules then move from the central compart-
ment into the peripheral compartment at a rate that is depen-
dent on xenobiotic concentration and first-order transfer
constants known as microconstants (k12 and k21). Transfer
continues until the peripheral compartment reaches maximal
tissue concentrations. Once saturated, the peripheral
compartment is in distribution equilibrium with the central
compartment and the rate of xenobiotic entry or exit is equal.
Once distribution equilibrium is reached the elimination or
b phase begins. Since both compartments are in equilibrium,
parallel elimination occurs. Changes in plasma concentration
reflect changes in the peripheral compartment and the rate of
this process depends on xenobiotic concentration as well as the
first-order xenobiotic elimination rate constant (k10).
Elimination

This kinetic parameter is the description of bodily processes
affecting xenobiotic concentration, such as metabolism and
excretion. In a one-compartment model, first-order processes
dictate elimination and the rate of elimination is directly
proportional to concentration. The logarithmic transform of
eqn [4] is as follows:

log Cp ¼ � ke
2:303

t þ log C0
p [6]

Note that this logarithmic equation has the general pattern
of a straight line (y ¼ mx þ b) where log C0

p is the y-intercept
and ke/2.303 is the slope. Therefore, the first-order elimination
rate constant can be determined from the slope of a log C
versus time plot (ke ¼ 2.303 � slope).

Elimination can be saturated in overdose. The toxicity of
acetaminophen occurs because a saturable process transitions
to a zero-order reaction in an overdose and accumulation of
a toxic metabolite occurs. Therefore, the rate of elimination is
independent of concentration and an alternative calculation
method is needed. This calculation is more complex and
outside the scope of this article. However, it is important to
realize that an alternative method may be needed to assess
xenobiotic elimination in overdose.
Apparent Volume of Distribution

The apparent volume of distribution (VD) does not represent
a true physiological volume. Instead, it is a proportionality
constant that relates plasma concentration to the amount of
xenobiotic in the body. More simply it is the theoretical space
that an amount of xenobiotic must occupy to result in a given
plasma concentration. Typically, this value is determined after an
IV bolus injection and is estimated using the following equation:

VD ¼ Doseiv
b� A⋃CN

0
[7]

where Doseiv represents an IV bolus dose and A⋃CN
0 is the

area under the chemical concentration versus time curve from
time zero to infinity. This calculation is model-independent
and can be used to estimate VD whether saturable or non-
saturable processes govern distribution. A⋃CN

0 estimates the
intensity and time course of xenobiotic exposure. Numerical
methods, such as the trapezoidal rule, are used to calculate
this value and discussion of this procedure is outside the
scope of this article.

Additionally, it is important to understand how a xenobi-
otic’s physiochemical and kinetic properties can affect its VD.
Aspirin is a weak acid that is nonionized at lower pHs and
ionized at higher ones. In a more acidic environment, aspirin’s
VD is larger and it enters into the central nervous system (CNS),
where it exerts its life-threatening toxicity. In a more alkaline
environment, there is a higher percentage of ionized aspirin
molecules. Ionized molecules are less likely to penetrate into
the CNS and for this reason alkalinization with sodium bicar-
bonate reduces aspirin’s VD, as well as the chemical’s toxic
potential.
Clearance

This concept describes the rate at which a volume of fluid is
completely cleared of a chemical per unit of time (i.e.,
ml min�1 or l h�1) and is a measurement of the rate and effi-
ciency of xenobiotic removal from the body (i.e., a higher
clearance (Cl) value indicates rapid and efficient removal).
Total body Cl is the summation of Cls from individual elimi-
nating organs and is represented by the following equation
after an IV bolus:

Cl ¼ Doseiv
A⋃CN

0
[8]

If the elimination rate constant is known for a one- or two-
compartment model Cl can be represented as Cl ¼ keVD for
a one-compartment model and as Cl ¼ bVD for a two-
compartment model.

In an overdose, Cl mechanisms can become saturated, as
noted with elimination. As a result, the calculations noted for
one- and two-compartment models cannot be accurately used.
Equation [8] can provide an estimate of the average Cl of
a saturable mechanism. An example of a xenobiotic with
saturable Cl is ethanol. After administration, ethanol is slowly
converted to acetaldehyde by alcohol dehydrogenase. Acetal-
dehyde is then rapidly converted into acetate by acetaldehyde
dehydrogenase. A polymorphism seen in individuals of Asian
descent reduces the activity of acetaldehyde dehydrogenase. As
a result, acetaldehyde accumulates and a classic flushing
syndrome is observed with ethanol ingestion.
Elimination Half-Life (t1/2)

Elimination half-life is the time required to produce a 50%
reduction in blood or plasma concentration. This value is
estimated using the following equation:

t1=2 ¼ 0:693� VD

Cl
[9]

Since the first-order elimination rate constants ke and b can
be calculated by dividing VD by Cl, the half-life of a xenobiotic
that follows a one- or two-compartment model can be calcu-
lated as follows: (1) one-compartment model – t1/2 ¼ 0.693/ke
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and (2) two-compartment model – t1/2¼ 0.693/b. These values
should remain relatively consistent in xenobiotics following
these models. Conversely, the half-lives of xenobiotics under-
going zero-order elimination, such as overdoses with aspirin
and acetaminophen, cannot be calculated using eqn [9]
because the time required to produce a 50% reduction in
blood/plasma concentration is variable (i.e., elimination is not
proportionally related to concentration).
Bioavailability

Unlike IV administration, extravascular routes must pass
through barriers or organs that can potentially reduce the
fraction of chemical dose absorbed. Bioavailability (F) quan-
tifies this fractional value and represents the proportion of an
administered dose absorbed into the systemic circulation.
Bioavailability can range from 0 (no absorption) to 1
(complete absorption). Typically, IV administration is thought
to result in 100% absorption (F¼ 1). Therefore, bioavailability
can be experimentally determined by comparing xenobiotic
exposures after respective IV and extravascular administrations.
In overdose, the mechanisms of absorption can be
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Figure 5 Diagrams of a one-compartment, blood-flow-rate limited (a) and a
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otic rapidly distributes throughout after transferring from the blood. A diffusio
because a diffusion barrier prevents rapid equilibration throughout the compa
cular subcompartments is determined by the permeability coefficient (PA). Ca
concentration within the venous blood; QT ¼ rate of blood flow to and from t
overwhelmed. After oral administration, xenobiotics enter into
hepatic circulation and a fraction of the dose is removed via
hepatic metabolism. This phenomenon, known as the first-pass
effect, can be inundated in overdose. As a result, absorption
increases and toxicity secondary to increased systemic concen-
trations may occur. Activated charcoal limits the potential for
this deleterious effect by adsorbing to xenobiotics in the
gastrointestinal tract. As a result, the fraction absorbed (i.e.,
bioavailability) is reduced.
Physiologically Based Models

PBPK models describe the physiological, physiochemical, and
biochemical processes that dictate xenobiotic disposition.
Principles of anatomy and physiology are used to represent the
body as a series of compartments that correspond with actual
organs or tissues. Each compartment is connected via the
circulatory system, which is typically divided into venous and
arterial pools.

Figure 4 represents a PBPK model. A general PBPK model
does not exist and multiple factors are considered in
rain 

ungs

eart 

uscle 

dneys 

iver 
GIT

 tissues

A
rt

er
ia

l b
lo

od
 

Oral dose 

Exhalation 

nobiotic entry. The arrow directions represent blood flow.

(b)

Cv,
QT

Ca, QT
PA

Vascular 
sub-compartment

Extravascular 
sub-compartment

two-compartment, diffusion rate–limited PBPK compartmental model
model can be represented as a single compartment because a xenobi-
n rate-limited model is represented as a two-compartment model
rtment as a whole. The transfer rate between the vascular and extravas-
¼ xenobiotic concentration within the arterial blood; Cv ¼ xenobiotic
he tissue.



Time

Lo
g 1

0 c
on

ce
nt

ra
tio

n 

Figure 6 The logarithm concentration versus time curve for a contin-
uous IV infusion. Notice that the logarithm of concentration increases
until the rate of absorption/distribution is equal to the rate of elimina-
tion (steady state).
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development. Anatomy and physiology play an important role
but are not necessarily the determinant factor. Physiochemical
or pharmacological properties and the model purpose are
accounted for. It is reasonable to exclude adipose and nonab-
sorptive tissues if you are determining the absorption of
a highly hydrophilic xenobiotic, as these areas are either
unlikely to play a role in disposition or they are outside the
scope of the model.

Once a general schematic is defined, a model must be
determined for each compartment. In PBPK models,
disposition is based on blood flow and xenobiotic pene-
tration into an organ or tissue. The passage of a chemical
across a cell membrane is a complex process that may
occur via active or passive transport. Passive diffusion is
exhibited by many chemicals and is the simplest of these
processes. A xenobiotic will move down its concentration
gradient if its permeability coefficient (PA) is sufficiently
high. If the PA across a tissue membrane is significantly
greater than blood flow (Qi), uptake is limited by delivery
via the circulatory system. Compartments fitting this
description are described as blood-flow limited and can be
expressed using the following equation if the organ or
tissue is noneliminating:

Vt
dCt

dt
¼ QiðCa � CvÞ [10]

where Vt (dCt/dt) represents the change in xenobiotic amount
within a compartment, Ca represents xenobiotic concentra-
tion within arterial blood and Cv represents xenobiotic
concentration with venous blood. For these chemicals, the
vascular and extravascular sub-compartments can be repre-
sented as a single compartment due to their rapid diffusion
(Figure 5(a)).

Conversely, if the PA is much smaller thanQi, flux across the
biologic membrane is the rate-limiting step and the compart-
ment is said to be diffusion-rate limited. Mathematically, this
modeling structure is significantly more complicated and
a detailed discussion is beyond this article. It is important to
rationalize the modeling process and to see the sub-
compartmental representation of a diffusion rate-limited
compartment (Figure 5(b)).

Model equations are then defined with parameters that are
generally either physiologically or compound dependent.
Physiologically dependent parameters characterize the
anatomical structure and physiological processes of the
modeled species and include parameters such as organ/tissue
volumes and cardiac output. These parameters are typically
available in primary literature but allometric scaling, or
interspecies extrapolation, can be used when data are not
available. Compound-dependent parameters define a xenobi-
otic’s physiochemical properties. These parameters, such as
tissue permeability, are generally determined via animal
models.

Once formulated, a PBPK model must be validated. This
process corroborates whether the model’s data are consistent
with prior experimental observations and indicates whether
the model is accurate and meaningful. Once validated, PBPK
models can be used for variety of purposes: (1) estimation of
the tissue time course of xenobiotic disposition; (2)
interspecies extrapolation; and (3) prediction of xenobiotic
disposition due to overdose.

Though more complex, PBPK models have some advan-
tages over compartmental models. Compartmental models
describe changes in xenobiotic concentration within bio-
logical fluids. Though these concentrations are proportional
to tissue concentrations, tissue concentrations are not
directly assessed. PBPK modeling can assess concentrations
in any tissue or bodily fluid. Secondly, compartmental
models assume that disposition occurs due to first-order
processes. Xenobiotics with saturable kinetics do not obey
this assumption. PBPK models can be modified so that
xenobiotics with saturable kinetics can be assessed. Thus,
PBPK models may be better suited for the study of
toxicokinetics.
Repetitive Exposures

Repetitive xenobiotic exposures are common. Complete
elimination between exposures will likely occur if a chem-
ical’s half-life is short. However, if half-life is longer,
complete elimination may not occur. Accumulation and an
increased risk of toxicity may arise due to higher concentra-
tions. Assuming consistent kinetics (i.e., first-order
processes), accumulation generally occurs until approxi-
mately 4–5 xenobiotic half-lives have passed. At this point,
equilibrium between administration and elimination occurs
and steady state concentrations occur (i.e., further increases
in concentration are not expected if the same dose is
administered at a constant interval). Figure 6 represents
accumulation secondary to a continuous IV infusion, with
plasma concentrations increasing until steady state is met.
Conversely, xenobiotics graphically demonstrate a saw tooth
pattern after repetitive but not continuous administration
(Figure 7). If zero-order elimination occurs, a xenobiotic
never reaches a true steady state with repetitive dosing. The
rate of input is always greater than the rate of elimination
and a plateau concentration does not appear. Therefore,
overdose accumulation and increased risk of toxicity will
likely occur with repetitive dosing for xenobiotics with
saturable disposition.
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Figure 7 The logarithm of concentration versus time curves after intermittent (every 8 h) IV bolus dosing for (a) drug X and (b) drug Y. Note that
drug Y accumulates and drug X does not. Drug Y has a longer half-life and is not completely eliminated between doses. The plasma concentrations
of drug Y will continue to increase until the rate of administration and rate elimination are equal (steady state). Steady state typically occurs after
4–5 half-lives and since the half-life of drug Y is 7 h, steady state will likely be reached 28–32 h after the first intermittent bolus dose.
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Conclusion

For the purposes of understanding, the simplest models and
principles were discussed in this article. Models, particularly
after extravascular administration, are significantly more
complicated. Regardless, it is evident that pharmacokinetic and
toxicokinetic analyses are important tools that can help a toxi-
cologist understand how the body handles a xenobiotic and the
toxicity that can be produced. More specifically pharmacoki-
netic/toxicokinetic data can be used to:

l Understand a chemical’s dose–response relationship.
l Predict xenobiotic concentrations in organs/tissues.
l Assist in the selection of an animal species to serve as

a surrogate for human toxicity.
l Evaluate whether an intervention in overdose is

appropriate.
See also: Biotransformation; Cytochrome P450; Absorption;
Excretion; Pharmacokinetics; Dose–Response Relationship;
Advances in Physiologically Based Modeling Coupled with
In Vitro–In Vivo Extrapolation of ADMET: Assessing the Impact
of Genetic Variability in Hepatic Transporters.
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l Name: Phenacetin
l Chemical Abstracts Service Registry Number: 62-44-2
l Synonyms: p-Acetophenetidide, 1-Acetamido-4-ethox-

ybenzene, Acetophenetin, 4-Ethoxy acetanilide, p-
Acetylphenetidin

l Molecular Formula: C10H13NO2

l Chemical Structure:
Background Information

Phenacetin, a painkiller, was the world’s first synthetic pharma-
ceutical drug. It was one of the first painkillers that was not
derived from opiumwhile at the same time being absent of anti-
inflammatory qualities. Phenacetinwas developed in1878by an
American chemist, Harmon Northrop Morse. It was introduced
into the pharmaceutical market in 1887. However, it was with-
drawn in 1983 in the United States due to unacceptable levels of
interstitial nephritis in patients and potential risks of tumorige-
nicity. Like in the United States, most Western countries did not
ban phenacetin from marketing until 1983. Phenacetin is
a component of APC (aspirin-phenacetin-caffeine).
Uses

Phenacetin was used as an analgesic and fever-reducing drug in
both human and veterinary medicine for many years until it
was implicated in kidney disease (nephropathy) due to abuse
of analgesics and was withdrawn from the market. Phenacetin
also was previously used as a stabilizer for hydrogen peroxide
in hair-bleaching preparations.
Environmental Fate and Behavior

Phenacetin occurs at room temperature as white, odorless
monoclinic prisms. It is soluble in water, alcohol, glycerol, and
acetone and is slightly soluble in benzene. It is unstable to
62 Encyclopedia of T
oxidizing agents, iodine, and nitrating agents. Phenacetin has
a melting point of 134–135 �C; log Kow of 1.58; water solubility
of 30mg l�1 at 25 �C; and vapor pressure of 0.00316mmHg at
25 �C.

Phenacetin’s former use and production as an analgesic may
have allowed release into the environment through various
waste streams. Phenacetin exists both as vapor and as particu-
late if released to air. The vapor phase is expected to be readily
degraded by reaction with photochemically produced hydroxyl
radicals with a half-life reaction of 22 h. The particular phase,
however, is removed by wet and dry deposition reactions.
Phenacetin can enter the environment through leaching into
groundwater when released into the soil with moderate
mobility. When released into the water, it does not adsorb to
suspended solids and sediment, but is expected to be inert to
reaction with naturally occurring oxidants found in water with
a half-life of more than 30 days. Phenacetin has an estimated
bioconcentration factor of less than 100, and is not expected to
significantly bioaccumulate. Volatilization is insignificant.
Exposure Routes and Pathways

Possible exposure routes are oral and inhalation.
Toxicokinetics

Phenacetin is metabolized in the gut and liver to acetamino-
phen (paracetamol) and sulfhemoglobin-forming metabolite
and other toxic metabolites. In the absence of adequate gluta-
thione or a glutathione substitute, acetaminophen is taken up
by the liver and further metabolized to cytotoxic and hepato-
toxic molecules of glutathione. Phenacetin is mostly excreted in
the urine, but can also excrete into breast milk in small
quantity.
Mechanism of Toxicity

It is unclear how phenacetin induces nephropathy. Studies
proposed that phenacetin’s metabolite, acetaminophen (para-
cetamol), leads to lipid peroxidation that damages kidney cells
through cyclooxygenases reaction that catalyzes the conversion
of paracetamol into N-acetyl-p-benzoquinoneimine (NAPQI).
NAPQI, in turn, depletes glutathione via nonenzymatic
conjugation to glutathione, a naturally occurring antioxidant.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00900-3
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With the depletion of glutathione, kidney cells are more
susceptible to oxidative damage.
Acute and Short-Term Toxicity (or Exposure)

Animal

Oral rat LD50: 3600mg kg�1; mouse 866mg kg�1; rabbit
>500mg kg�1.
Human

Phenacetin is harmful if swallowed or inhaled, and may cause
kidney, liver, and blood disorders. It may cause methemoglo-
binemia and hemolytic anemia due to acute toxicities, but
more commonly as a result of chronic overdosage. Therapeutic
plasma level was less than 20 mgml�1, with 50–150 mgml�1

being toxic plasma levels in humans.
Chronic Toxicity (or Exposure)

Animal

Phenacetin is nephrotoxic, with positive results in mutage-
nicity and tumorigenicity studies. An International Agency for
Research on Cancer (IARC) Working Group reported that
there is limited evidence of carcinogenicity of analgesic
mixtures containing phenacetin in experimental animals.
Human

Phenacetin is linked to hypertension, cardiovascular disease,
and cancer, but was removed from the market primarily due to
induction of chronic renal disease. Very high or repeated
exposure can destroy red blood cells causing low blood count
anemia.
Immunotoxicity

Exposure to phenacetin can cause an allergic reaction with rash
and itching.
Reproductive Toxicity

There is limited evidence that phenacetin may damage the
developing fetus.
Genotoxicity

Phenacetin was mutagenic to Salmonella typhimurium bacteria
when tested in the presence of a metabolic system derived from
hamster but not mouse or rat liver. The urine from phenacetin-
treated Chinese hamsters, but not that from rats, was muta-
genic to bacteria. It is activated to direct-acting mutagens by
deacetylation, occurring more frequently in hamsters than rats.
Phenacetin induced chromosomal aberrations in Chinese
hamster cells in vitro, but not DNA strand breaks in rat hepa-
tocytes. It did not induce sex-linked recessive lethal mutations
in Drosophila.
Carcinogenicity

Phenacetin is reasonably anticipated to be a human carcin-
ogen based on sufficient evidence of carcinogenicity from
studies in experimental animals. Dietary administration of
phenacetin caused benign and malignant tumors of the
urinary tract in mice and rats of both sexes and of the nasal
cavity (adenocarcinoma, squamous-cell carcinoma, and
transitional-cell carcinoma) in rats of both sexes. There is
limited evidence for the carcinogenicity of phenacetin
in humans. There are numerous case reports of kidney
cancer (transitional-cell carcinoma of the renal pelvis)
among patients who had consumed large amounts of anal-
gesic mixtures containing phenacetin; however, it is not
possible to specify which components of the mixture is
carcinogenic.

Analgesic mixtures containing phenacetin are known to
be human carcinogens based on sufficient evidence of car-
cinogenicity from studies in humans. Many cases of kidney
and urinary-tract cancer have been reported in patients who
had consumed large amounts of analgesic mixtures con-
taining phenacetin. Case–control studies have consistently
shown a relationship between cancer of the renal pelvis and
urinary bladder and use of phenacetin-containing analgesics.
There is limited evidence for the carcinogenicity of analgesic
mixtures containing phenacetin from studies in experimental
animals. In male rats, oral exposure to a mixture of
phenacetin, phenazone, and caffeine caused liver cancer
(hepatocellular carcinoma), and phenacetin alone or in
combination with phenazone slightly increased the inci-
dence of kidney tumors.
Clinical Management

Methylene blue therapy (unlike with methemoglobinemia)
does not help with the hematological effects.
Exposure Standards and Guidelines

The US Occupational Safety and Health Administration regu-
lates phenacetin under the Hazard Communication Standard,
and as a chemical hazard in laboratories. A reportable quantity
(RQ) of 100 lb has been proposed for phenacetin under the
EPA’s Comprehensive Environmental Response, Compensa-
tion, and Liability Act.
Miscellaneous

Phenacetin was first listed in the First Annual Report on
Carcinogens (1980) as reasonably anticipated to be a human
carcinogen, and analgesic mixtures containing phenacetin were
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first listed in the Fourth Annual Report on Carcinogens (1985)
as known to be human carcinogens.

See also: Carcinogen Classification Schemes.
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l Name: Phenanthrene
l Chemical Abstracts Service Registry Number: 85-01-8
l Synonyms: Coal tar pitch volatiles, Phenanthrin
l Chemical/Pharmaceutical/Other Class: Polycyclic aromatic

hydrocarbon
l Molecular Formula: C14H10

l Chemical Structure:
Background (Significance/History)

Phenanthrene is a polycyclic aromatic hydrocarbon (PAH)
composed of three fused benzene rings. The name phenan-
threne is a composite of phenyl and anthracene. In its pure
form, it is found in cigarette smoke and is a known irritant,
photosensitizing skin to light. Phenanthrene appears as a white
powder having blue fluorescence.
Uses

Phenanthrene is a PAH that can be derived from coal tar.
Phenanthrene is used in the production of dyes, pharmaceu-
ticals, and explosives, and in biochemical research. A deriva-
tive, cyclopentanophenanthrene, has been used as a starting
material for synthesizing bile acids, cholesterol, and other
steroids.
Environmental Fate and Behavior

Routes and Pathways

Release of phenanthrene most likely results from the incom-
plete combustion of a variety of organic compounds, including
wood and fossil fuels. Release to the soil will likely result in
biodegradation. Volatilization from soil is not expected to be
significant.
Partition Behavior in Water, Sediment, and Soil

No data identified.
Environmental Persistency

Bioconcentration is not expected to be significant. Phenan-
threne released to the atmosphere is expected to rapidly adsorb
to particulate matter. It will react with hydroxyl radicals with an
estimated half-life of less than 2 days.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Long-Range Transport

Due to the ephemeral nature of the compound, long-range
transport is not expected to occur.
Bioaccumulation and Biomagnification

Uptake, accumulation, and translocation of phenanthrene and
pyrene by 12 plant species grown in various treated soils were
investigated, and the plant uptake and accumulation of both
compounds were correlated with their soil concentrations and
plant compositions.
Exposure and Exposure Monitoring

Routes and Pathways

Phenanthrene occurs in fossil fuels and is present in products of
incomplete combustion. Some of the known sources of
phenanthrene in the atmosphere are vehicular emissions, coal
and oil burning, wood combustion, coke plants, aluminum
plants, iron and steel works, foundries, municipal incinerators,
oil shale plants, and tobacco smoke.
Human Exposure

Human exposure occurs primarily through inhalation of
tobacco smoke and other polluted air, and via ingestion of
food or water contaminated by combustion effluents. Occu-
pational exposure may occur via inhalation and dermal
contact. Monitoring data indicate that the general population
may be exposed to phenanthrene via inhalation of ambient air,
ingestion of food and drinking water, and dermal contact with
this compound or other products containing phenanthrene.
Environmental Exposure

Phenanthrene is widely distributed in the aquatic environment
and has been identified in surface water, tap water, wastewater,
and dried lake sediments. It has also been identified in seafood
collected from contaminated waters and in smoked and char-
coal-broiled foods. Phenanthrene occurs naturally in fossil
fuels. Phenanthrene was detected in spruce needles, tree leaves,
grass, and plants.
Toxicokinetics

Since it is the smallest aromatic hydrocarbon to have a ‘bay-
region’ and a ‘K-region,’ phenanthrene is often used as
a model substrate for studies on metabolism of carcinogenic
PAHs. Phenanthrene is absorbed following oral and dermal
exposure. Data from structurally related PAHs suggest that
phenanthrene would be absorbed from the lungs. Metab-
olites of phenanthrene identified in in vivo and in vitro studies
4-3.00901-5 865
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indicate that metabolism proceeds by epoxidation at the 1–2,
3–4, and 9–10 carbons, with dihydrodiols as the primary
metabolites.
Mechanism of Toxicity

Phenanthrene absorbs ultraviolet light and causes production
of singlet oxygen, which in turn leads to free radical produc-
tion. Although a large body of literature exists on the toxicity
and carcinogenicity of other PAHs, primarily benzo(a)pyrene,
toxicity data for phenanthrene are limited.
Acute and Short-Term Toxicity (or Exposure)

Animal

The LDLo in mice is 71mg kg�1. In mice, the oral LD50

is 700mg kg�1, the intraperitoneal LD50 is 700mg kg�1,
and the intravenous LD50 is 56mg kg�1. Single doses of
100mg kg�1 day�1 of phenanthrene administered by gavage
for 4 days suppressed carboxylesterase activity in the intestinal
mucosa of rats, but did not produce other signs of gastroin-
testinal toxicity. Phenanthrene had no effect on hepatic or
extrahepatic carboxylesterase activities. Single intraperitoneal
injections of phenanthrene produced slight hepatotoxicity
in rats.
Human

Phenanthrene can cause phototoxicity and photosensitization
of the skin. No other human data were available that addressed
the acute toxicity profile of phenanthrene.
Chronic Toxicity (or Exposure)

Animal

Phenanthrene may cause skin allergy, and is considered
phototoxic. It has induced sister chromatid exchanges in
Chinese hamster cells. The available data are inadequate to
permit an evaluation of the carcinogenicity of phenanthrene
in experimental animals; however, a number of other PAHs
have caused tumors in laboratory animals via oral, inhalation,
and dermal exposures. A single oral dose of phenanthrene did
not induce mammary tumors in rats, and a single subcuta-
neous injection did not result in treatment-related increases in
tumor incidence in mice. Neonate mice administered intra-
peritoneal or subcutaneous injections of phenanthrene also did
not develop tumors. No skin tumors were reported in two skin-
painting assays with mice. Phenanthrene was also tested in
several mouse skin initiation–promotion assays. It was active as
an initiator in one study, inactive as an initiator in four others,
and inactive as a promoter in one study.
Human

Phenanthrene is classified as category D for human carcinoge-
nicity by the US Environmental Protection Agency; that is, it is
not classifiable as to human carcinogenicity.
Immunotoxicity

An effect of PAHs on immune function might aid in the
development of neoplasms. A number of PAH compounds are
immunotoxic, and some suppress selective components of the
immune system.
Reproductive Toxicity

In experimental animal studies, PAHs and metabolites cross
the placenta. Female offspring of experimental animals exposed
to PAHs during pregnancy have a decrease in the number of
functional oocytes, sometimes such that they are infertile. PAHs
are lipophilic and are excreted in breast milk, allowing for
secondary exposure of nursing infants, although the potential
significance of such exposure has not been determined.
Genotoxicity

Phenanthrene was shown to inhibit colony formation of HeLa
cells. Cytogenetic markers of human PAH exposure – cells
containing high frequencies of chromosomal aberrations –

were a sensitive marker for exposure to PAHs in coke oven
and graphic electrode plant workers, compared with unexposed
controls. There was no relation between cytogenetic findings
and levels of benzo(a)pyrene–hemoglobin adducts.
Carcinogenicity

Cancer is themost significant PAH toxicity endpoint. Some, but
not all, PAHs are carcinogens. Certain PAH parent compounds
are weak carcinogens, only becoming potent carcinogens
after undergoing metabolism. Chronic or repeated exposure
increases the likelihood of cancer initiation, as well as the
potential for metabolism of a PAH procarcinogen to a carcin-
ogen. Increased incidences of skin, bladder, lung, and possibly
gastrointestinal tract cancers have been described in PAH-
exposed workers, particularly associated with coal carboniza-
tion, coal gasification, and coke oven work.
Ecotoxicology

Freshwater/Sediment Organisms Toxicity

PAH effects on Salminus brasiliensis, a carnivorous freshwater
fish, were investigated using behavioral tests. Larval stages of
S. brasiliensis were exposed to water concentrations of 0, 0.01,
0.05, and 0.1mg l�1 for phenanthrene during two develop-
mental phases.
Marine Organisms Toxicity

Phenanthrene has been shown to be toxic to marine diatoms,
gastropods, mussels, crustaceans, and fish. The toxic effects of
several aromatic hydrocarbons (benzene, toluene, naphtha-
lene, 1-methylnaphthalene, anthracene, 9-methylanthracene,
and phenanthrene) on the productivity growth rate of various
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marine planktonic algae (Dunaliella bioculata, Phaeodactylum
tricornutum, and Isochrysis galbana) increased with an increasing
number of aromatic rings. The methylated compounds were
most toxic. The median lethal dose for exposure of Neanthes
arenaceodentata, a member of the polychaete family, to phen-
anthrene is 0.6 ppm for a 96 h exposure in seawater at 221 �C
in a static bioassay.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists’ threshold limit value, 8 h time-weighted average
(TWA) is 0.2mgm�3 for coal tar pitch volatiles, as is the US
Occupational Safety and Health Administration permissible
exposure limit, 8 h TWA.

The US National Institute for Occupational Safety and
Health (NIOSH) recommended exposure level, averaged over
a 10 h workday, is 0.1mgm�3 for coal tar pitch volatiles.
Further, NIOSH considers coal tar products carcinogenic and
conditions should be made to keep exposures as low as
possible. Current NIOSH research indicates that asphalt prod-
ucts are carcinogenic to laboratory animals and, therefore, may
be more toxic to humans than previously believed. Phenan-
threne is a toxic pollutant designated pursuant to Section
307(a) (1) of the US Clean Water Act, and is subject to effluent
limitations.

See also: Coal Tar; Polycyclic Aromatic Hydrocarbons (PAHs);
Skin.
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l Name: Phencyclidine
l Chemical Abstracts Service Registry Number*: 77-10-1
l Synonym*: 1-(1-Phenylcyclohexyl)piperidine; 5-20-02-

00078 (Beilstein Handbook Reference); Angel dust; Angel
hair; Angel mist; Animal tranquilizer; Aurora borealis; BRN
1287039; Busy bee; CI-395; CJs; CL 395; Cadillac; Cl-395;
Crystal; Crystal joints; Cycline; Cyclones; Dust; Elephant
tranquilizer; Embalming fluid; Fenciclidina; Fenciclidina
[INN-Spanish]; GP 121; Good (Street Name); Goon; Gorilla
biscuits; Green tea leaves; HOG; HSDB 6472; Hog Dust;
Horse tracks; Horse tranquilizer; KJKW; Kay Jay; Killer weed;
LBJ; Magic mist; Mint dew; Mint weed; Mist; Monkey dust;
Monkey tranquilizer; PCP; PCP (anesthetic); Peace; Peace
Pill; Peace weed; Phencyclidine; Phencyclidinum; Phency-
clidinum [INN-Latin]; Pits; Rocket fuel (Street Name);
Scuffle; Selma; Sheets; Sherman; Snorts; Stardust; Super
Kool; Supergrass; Superjoint; Superweed; Surfer; TIC;
Tranks; UNII-J1DOI7UV76; Whack; Whacky weed; Wobble
weed; Zombie dust

l Molecular Formula*: C17H25N
l Chemical Structure*:

*All from ChemIDplus.

Background/Uses

Phencyclidine (PCP) is a synthetic arylcycloalkylamine
discovered in 1926. It was eventually patented in 1952 by the
Parke-Davis pharmaceutical company and marketed under the
brand name Sernyl (referring to serenity) for use as a non-
narcotic anesthetic. Sernyl exerted a calming effect at low
anesthetic doses and induced cataplexy at higher doses, but it
did not markedly suppress blood pressure or respiration. The
use of Sernyl as a dissociative anesthetic was discontinued due
to postoperative dysphoria and hallucinations, and by 1967 its
use was limited to veterinary use under the trade name Serny-
lan as a tranquilizer and anesthetic for animals. In April of
1979, all legal manufacturing of PCP in the United States was
terminated.

In the early 1970s, a laboratory investigation of PCP deriv-
atives led to the discovery of ketamine. Ketamine is 5–10% as
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potent as Sernyl and is now used clinically to induce dissociative
anesthesia. Ketamine is also abused as a recreational drug.

PCP began to emerge as a recreational drug inmajor cities in
the United States in 1967 and recreational use peaked in the
1970s. Despite a fall in popularity since the 1970s, PCP
remains a commonly abused drug that accounts for a signifi-
cant number of poison center calls and hospitalizations in
certain geographic regions throughout the United States.
Environmental Fate and Behavior

Physical and Chemical Properties

Formula mass: 243.39
Melting point, �C: 46–46.5
Boiling point, �C: 118 (0.5 torr)
Partition coefficient, pKow: 3.63
Acid/Base: 5.50 (pKb)
Henry’s Law constant ¼ 5.53 � 10�6 atm-cu m mol�1 at

25 �C (est)
Solubility in water: soluble
Appearance and odor: clear, odorless liquid or as a white,

crystalline powder (although contaminants may cause tan
to brown color). Liquids may also become yellowish with
contaminants present.

Stability: stable under normal temperatures and pressures
Decomposition/by-products: phosphorus oxides, phosphorus

salts, explosive hydrogen gas, tri-nickel orthophosphate
Exposure

PCP is a stable white solid with a bitter taste. It is manufactured
in many forms for recreational use, including powder, rock
crystal, liquid, and tablets. It has been sprinkled on leaves
(marijuana, oregano, mint, and parsley) for ingestion, and
there are reports of it being combined with embalming fluid to
enable the drug’s uniform distribution in cigarettes. Concen-
trations of the drug vary in PCP tablets (1–6mg) and PCP-laced
marijuana (1–10 mg). Phencyclidine is ingested, smoked,
snorted, and injected intravenously.
Toxicokinetics

Phencyclidine, or 1-(1-phenylcyclohexyl) piperidine, is
synthesized from piperidine and cyclohexanone. It is a highly
lipid-soluble solid that is soluble in both water and alcohol. It
is a weak base with a pKa between 8.6 and 9.4.

The dose of PCP varies depending on the amount of active
drug and the route. In general, symptoms first appear at
0.05 mg kg�1. Alteration of body image has been reported at
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00768-5
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0.1 mg kg�1, and 10 mg has been reported to cause catatonic
stupor.

The absorption, peak serum concentration, and duration of
effect vary with the route of PCP use.

Smoking, insufflation, and intravenous (IV) or intramus-
cular (IM) routes produce symptoms within 2–5 min, while
oral ingestion produces symptoms in 30–60min. PCP is highly
lipid soluble and is stored in fat and brain tissue. The plasma
binding of PCP is 65%, and it is extensively metabolized to
a variety of inactive metabolites through multiple metabolic
routes.

Smoking causes a rapid initial peak in plasma concentra-
tions at 5 min and a second peak at 22 min. The second peak
may be related to delayed absorption from the lungs. The mean
half-life after smoking (24 þ 7 h) is similar to the IV route.
Smoking PCP will convert approximately 50% of PCP to an
inactive thermal degradation product.

The peak effect following ingestion is approximately
90 min. The duration of action (1–3 h) is similar to the IV
route. PCP may undergo enterogastric recycling following oral
doses. Although not well absorbed in the stomach, PCP is
actively secreted into the gastric fluid, where concentrations can
reach 50 times that of the serum. It is then reabsorbed in the
more alkaline small intestine.

IV injection of PCP produces an immediate effect.
Following IV injection, the duration of action is 1–2 h, despite
the long terminal half-life (21 þ 3 h).

PCP has a large volume of distribution (6.2 þ 0.3 l kg�1)
and is 65% protein bound. The drug’s high lipid solubility
accounts for the ease with which it crosses the blood brain
barrier and enters adipose tissue. Cerebrospinal fluid (CSF)
levels are reported to be four times serum levels due to the
slightly more acidic pH of the CSF.

PCP displays first order kinetics with a half-life of 7–26 h.
Elimination of PCP is principally by hepatic metabolism

.It is rapidly metabolized in the liver to hydroxylated deriva-
tives and excreted in the urine primarily as a mono-4-
hydroxypiperidine conjugate. These metabolites are thought
to have minimal pharmacologic activity. Approximately
5–10% is excreted unchanged in the urine. A lower urine pH
increases renal clearance, but this contributes little to overall
elimination and may be dangerous.

Blood to plasma concentration ratio: 0.94 and 1.0 reported.
Mechanism of Toxicity

PCP has three primary sites of action in the central nervous
system:

N-methyl-D-aspartate (NMDA) receptor complex – PCP has
great affinity for NMDA receptor complexes in the hippo-
campus, neocortex, basal ganglia, and limbic system.
NMDA antagonism at these sites produces acute psychosis
that mimics schizophrenia in humans and leads to excess
excitatory neurotransmitter release (e.g., glutamate, glycine,
and aspartate) that can cause agitation and seizures.

Dopamine, norepinephrine, and serotonin reuptake complex –
PCP inhibits reuptake of dopamine, norepinephrine, and
serotonin in neurons. This action contributes to the adren-
ergic and dopaminergic effects of PCP intoxication.
Sigma receptor complex – PCP binding to the sigma receptor
may explain, in part, the psychotic, anticholinergic, and
movement abnormalities seen with intoxication.
Acute and Short-Term Toxicity

Animal

The qualitative effect produced by phencyclidine is highly
species-specific. In mice, the principal initial effect is excitation
and not depression. However, in the dog and other species,
depression is produced by PCP at low dosages; excitation
leading to convulsive seizures may occur following large doses.
Human

PCP intoxication can produce a wide range of vital signs and
physical findings depending on the amount ingested, the route
of administration, patient susceptibility, and the presence of
coingestants.

Adrenergic stimulation is typical, but patients may exhibit
central nervous system (CNS) stimulation or depression. Most
patients are alert but experience hallucinations and demon-
strate odd behavior and agitation similar to acute psychosis.
Patients may unexpectedly progress to coma, which may be
prolonged.

Blood pressure elevation and tachycardia are seen. Patients
may be hyperthermic or hypothermic depending on the degree
of psychomotor agitation and environmental conditions.

CNS signs and symptoms are common and vary widely.
Patients may be alert with bizarre behavior, agitated or violent,
or sedated and bordering on comatose. Furthermore, these
symptoms may wax and wane over time. Such violent behavior
may be associated with delusions of superhuman strength and
diminished pain perception.

Horizontal, vertical, or rotatory nystagmus can be seen.
Other potential CNS effects include dystonic reactions, tardive
dyskinesia, and athetosis, but these are rare. Symptoms such as
ataxia, dysarthria, nausea, and vomiting may also occur.

Serious complications can occur including rhabdomyolysis,
seizures, hypoglycemia, and prolonged comatose state. These
are usually seen with large ingestions.

Symptoms are summarized by the mnemonic device RED
DANES: rage, erythema (redness of skin), dilated pupils,
delusions, amnesia, nystagmus, excitation, and skin dryness.

In tablet form, the usual street dose is 1–6 mg, which results
in hallucinations, euphoria, and disinihibition. Ingestion of
6–10 mg causes toxic psychosis and signs of sympathomimetic
stimulation. Acute ingestion of 150–200 mg has resulted in
death. Smoking PCP produces a rapid onset of effects, and may
be an easier route for users to titrate to the desired level of
intoxication.
Chronic Toxicity

Animal

PCP can produce physical dependence in animal studies, for
example, in rhesus monkeys that self-administered very large
daily doses. The excitatory discontinuation syndrome included
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tremors, oculomotor hyperactivity, bruxism, fearfulness,
vocalizations, diarrhea, and, in some animals, emesis and
convulsions. The time course of the syndrome corresponded to
clearance of drug from the body. At lower, less behaviorally
toxic doses, an easily observable withdrawal syndrome is not
typically produced, but subtler changes in learned behavior
following cessation of repeated PCP administration can be
reliably demonstrated.
Human

Long-term use of PCP may lead to memory gaps, disorienta-
tion, visual disturbances, and difficulty with speech. Tolerance
and dependence can also develop with long-term exposure. No
obvious PCP withdrawal syndrome has been reported in
human users.
Immunotoxicity

PCP blocks potassium ion channels in brain tissue, and there is
a specific PCP binding to lymphocytes. In a study of the effects
of PCP on immunocyte function, it was found that humoral
and cellular immune responses in vitro were depressed when
immunocytes were treated with PCP before biological assay.
Reproductive Toxicity

Phencyclidine is concentrated in milk and remains detectable
for weeks after heavy use. Breast-feeding should be avoided
after phencyclidine use, but a sufficient duration of abstinence
is undefined. Irritability, hypertonicity, poor feeding, and
abnormal neurobehavior have been reported in newborns of
phencyclidine-abusing mothers.
Clinical Management

Initial stabilization, including a rapid assessment of the airway,
breathing, and circulation, is important.

Rapid control of psychomotor agitation is the cornerstone
of successful management. Physical restraints may be necessary
initially, but chemical sedation is essential to control agitation.
Benzodiazepines are the preferred agents to achieve chemical
sedation.

There is no specific antidote.
Although IV administration of sedatives and antipsychotics

is strongly preferred in severely intoxicated patients, IM injec-
tion may be used if IV access is unavailable. IM injection may
provide sufficient sedation to allow definitive care, including
placement of IV catheters.

Once adequate sedation is achieved, the patient with PCP
intoxication should be carefully examined for secondary
injuries. Treat coma, seizures, hypertension, hyperthermia, and
rhabdomyolysis if they occur.

Decontamination is generally unnecessary in isolated
ingestions. However, decontamination with activated charcoal
may be useful if a massive ingestion or a potentially dangerous
coingestant is present and treatment is started within 1 h of
ingestion. Any potential benefit from activated charcoal must
be weighed against the risk of aspiration, especially given the
potential for altered mental status and seizures with severe PCP
intoxication. Whole bowel irrigation is not routinely recom-
mended. It should only be used in patients who have ingested
potentially lethal amounts of PCP, as may occur with body
stuffers or body packers.

Neither urine acidification nor charcoal hemoperfusion
should be used in the treatment of PCP intoxication. Evidence
has shown that urine acidification does not significantly
enhance systemic elimination and it may be dangerous as it
increases the potential for systemic acidosis, worsening rhab-
domyolysis and renal damage, and precipitation of uric acid
leading to nephrolithiasis.
Ecotoxicology

Prevent from entering sewers or waterway. It may be toxic to
some aquatic life.
Exposure Standards and Guidelines

May cause severe irritation to the respiratory and digestive tracts
with possible burns, including the skin and eye.

Ventilation requirements: use only in well-ventilated areas.
Personal protective equipment: safety goggles, gloves, vapor

respirator, and protective clothing.
Avoid ignition sources (heat, open flame, and spark).
In case of accidental release or spill: soak up with inert

absorbent material (sand, dry lime, or soda ash; do not use
flammable substances such as sawdust).

See also: Lysergic Acid Diethylamide; Marijuana; Mescaline;
Methylenedioxymethamphetamine; Poisoning Emergencies in
Humans.
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l Name: Phenol
l Chemical Abstract Service Registry Number: 108-95-2,

ChEBI: 15882, PubChem: 996
l Synonyms: Carbolic Acid, Benzenol, Phenylic Acid,

Hydroxybenzene, Phenic acid
l Molecular Formula: C6H6O
l Chemical Structure:

Background and Uses

Phenol was f irst extracted from coal tar but now it is produced in
large scaleby industrialprocesses startingwith crudeoil. Phenol is
famous as a precursor to many materials and useful compounds
such as phenolic resins, plastics, and related materials. It is also
used in the manufacture of explosives, fertilizers, paints, rubber,
textiles, adhesives, pharmaceuticals, paper, soap, and wood
preservatives. Phenol in condensation with acetone gives
bisphenol-A, a key building block for polycarbonates. In medi-
cine, phenol has been used as exfoliant during cosmetic surgery
andphenolization (applied to the nail bed toprevent regrowthof
nails), and analgesia. Phenol is a strong neurotoxin, and if
injected into the blood stream it can cause immediate death
because it cuts the neural transmission system. Injections of
phenol have occasionally been used as a means of execution.
Environmental Fate and Behavior

Routes and Pathways and Relevant Physicochemical
Properties (e.g., Solubility, Pow, Henry Constant)

Phenol has a molar mass of 94.11124 gmol�1 and is a pale to
pink solid or dense liquid with a typically sweet tar-like odor.
Its solubility in water is 87 g l�1 at 25 �C. Its density at 20 �C in
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
relation to the density of H2O at 4 �C is 1.0576. Phenol has
a melting point of 43 �C and a boiling point of 181.8 �C. The
bioconcentration factor (BCF) of phenol in various types of
water organisms is low and hence it is not predicted to bio-
accumulate expressively as studied in fish. The soil adsorption
coefficient normalized to the content of organic carbon (Koc

value) is 82.8, which means high mobility in soil.
Phenol has low absorptivity to clay soils and silt loam. The

Koc for phenol to a Batcombe silt loam soil (pH 6.7, organic
carbon 2.51%) was 30. It was 16 for a Brookstone clay loam
(pH 5.7, organic matter 5.1%) and varied with pH and iron
content of the soil. The Freundlich K and (1/N) for phenol in
Captina (pH 5.7, 1.1% organic matter) and Palouse silt loam
(pH 5.7, 3.6% organic matter) soils were 0.58 (1.15) and 0.81
(1.00), respectively; these values are based on the reported Koc

values.
Bioaccumulation and Biomagnifications

Phenol has a short half-life in air, less than 1 day. In air, it reacts
with photochemically produced hydroxyl radicals. Phenol
generally remains in soil only about 2–5 days. In soil, phenol
biodegrades under both aerobic and anaerobic conditions.
Phenol is rapidly degraded in water, but it can remain in water
for a week or more if present in high concentrations.
Exposure and Exposure Monitoring

Routes and Pathways (Including Environmental Release)

Phenol is produced through both natural and anthropogenic
processes. It is naturally occurring in some foods, in human
and animal wastes, and in decomposing organic material.
Human Exposure

The greatest potential source of exposure to phenol is in work-
related situations where phenol is used. Individuals are also
4-3.00420-6 871
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exposed via medicines and lotions, and some foods and
tobacco smoke. Phenol has been found in drinking water.
Toxicokinetics

Absorption of phenol occurs fairly rapidly via inhalation. Rapid
absorption and severe systemic toxicity can occur after any
route of exposure, including skin. Death and severe toxicity are
usually due to effects on the central nervous system (CNS),
heart, blood vessels, lungs, and kidneys. Toxicity in animals is
similar to that of humans, although additional effects have
been observed. The LD50 values in animals range from 250 to
500mg kg�1, differing slightly with the type of contact or
species. Other toxic effects include irritation of skin and eyes in
rabbits, induction of skin tumors in mice, reproductive effects
in rats, and mutagenicity with Salmonella, Escherichia coli, and
Drosophila. Phenol is metabolized and excreted principally by
the kidneys as sulfate or glucuronide conjugates, although
some phenol may be excreted unchanged, especially at high
doses. Liver, gut, lung, and kidney are places where phenol is
metabolized.
Mechanism of Toxicity

Some studies suggest that phenol increases the formation of
free radicals, especially phenoxyl radicals, resulting in major
oxidative damage of protein, DNA, and lipids. The mechanism
for the toxicity of phenol may be the formation of phenoxyl
radicals.
Acute and Short-Term Toxicity

Human

Acute (short-term) contact to phenol in human causes skin
irritation and eye irritation. The amount of tissue damage
depends on the length of contact. Eye contact can result in
corneal damage or blindness. Skin contact can produce
inflammation and blistering. Inhalation of dust will produce
irritation to the gastrointestinal or respiratory tract, character-
ized by burning, sneezing, and coughing. Severe overexposure
can produce lung damage, choking, unconsciousness, or death.
Animal

Phenol is acutely toxic in laboratory animals, with oral LD50

values of 340–650mg kg�1 for rats and rabbits, respectively.
Effects observed in rats following acute oral or dermal exposure
are toxicity to CNS, liver, kidney, spleen, and thymus. The LC50

values after inhalation exposure to phenol were 316 and
177mgm�3 for rats and mice, respectively.
Chronic Toxicity

Human

Anorexia, progressive weight loss, diarrhea, vertigo, salivation,
and a dark coloration of the urine have been reported in
chronically exposed humans. Gastrointestinal irritation and
blood and liver effects have also been reported. In one study,
muscle pain, weakness, enlarged liver, and elevated levels of
liver enzymes were found in an individual after inhalation and
dermal exposure to phenol and a few other chemicals.
Animal

Chronic inhalation exposure of animals to phenol has shown
CNS, kidney, liver, respiratory, and cardiovascular toxicity.
Immunotoxicity

The potential reproductive toxicity of phenol has shown
defects in sperm count and motility, developmental prob-
lems, histological damage to target organs such as liver,
kidneys, spleen, and thymus, weanling reproductive organ
weights, and immunotoxicity. Phenol was administered to 30
Sprague-Dawley rats/sex/group in the drinking water at
concentrations of 0, 200, 1000, or 5000 ppm. Parental (P1)
animals were treated for 10 weeks prior to mating, during
mating, gestation, and lactation, and until sacrifice. The F1
generation (P1 offspring) was treated using a similar regimen,
and the F2 generation was not treated. After mating, 10 P1
males/group were evaluated using standard clinical
pathology parameters and an immunotoxicity screening
plaque assay. Significant reductions in water and food
consumption were observed in the 5000-ppm group in both
generations and a reduction in body weight/body weight gain
was observed.
Reproductive Toxicity

Epidemiological studies have not associated prenatal expo-
sure to phenol with birth defects in human infants. There is
some suggestion of increased spontaneous abortion and
alterations in the sex ratio of offspring of phenol-exposed
mothers, but this is not well documented in the secondary
sources used for prioritization. Use of phenol as a disinfectant
or in topical medications in newborns has caused death or
grave illness.

The most consistent developmental toxicity in animals was
reduction in fetal weights and capability. Malformations have
been reported in some studies, but not consistently. One study
evaluated postnatal effects of phenol given prenatally, by
gavage, on a single day. Exposed rat pups appeared to be
morphologically normal at birth, but later developed
a distinctive paralysis and palsy of the hind limbs.
Genotoxicity

Few data are available on the genotoxicity of phenol in
humans. In a multigeneration study in mice, daily doses as low
as 2ml of a 0.08mg phenol per liter solution (approximately
equivalent to 6.4 mg kg�1 per bodyweight per day) for five
generations resulted in a dose-dependent increase in the
frequency of chromosomal aberrations in spermatogonia and
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primary spermatocytes of male mice within each generation,
along with an increase in aberration frequency in successive
generations. No other end points were measured in the study.
Phenol induced DNA damage or inhibited DNA synthesis in
various mammalian cells in vitro.
Carcinogenicity

No studies were located regarding carcinogenicity in humans
following oral exposure to phenol. The carcinogenicity of orally
administered phenol was examined in rats and mice in a study
reported by the National Cancer Institute (NCI). Rats and mice
received 0, 2500, or 5000 ppm in drinking water for 103 weeks.
Calculated intakes for rats were 322 and 645mg kg�1 day�1 for
males and 360 and 721mg kg�1 day�1 for females. Calculated
intakes for mice were 590 and 1180mg kg�1 day�1 for males
and 602 and 1204mg kg�1 day�1 for females. Statistically
significant increased incidences of pheochromocytomas of the
adrenal gland and leukemia or lymphomas were observed in
male rats exposed to 322mg kg�1 day�1 (2500 ppm). The
results are inconclusive regarding the carcinogenic potential of
orally administered phenol.
Clinical Management

In case of eye contact, eyes must be flushed with plenty of cold
water for 15min. In case of skin contact, the affected area must
be washed with plenty of cold water for 15min. The irritated
skin should be covered with an emollient. In case of inhalation,
moving the exposed person to fresh air is required. If not
breathing, breathing is irregular, or respiratory arrest occurs,
artificial respiration or oxygen must be provided by trained
personnel. If ingested, vomiting should not be induced. If large
quantities of this material are swallowed, call a physician
immediately.
See also: Dinitrophenols; Nonylphenol; 4-(1,1,3,3-
tetramethylbutyl)phenol, 4t-OP; Phenylphenol.
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Disclaimer

The information contained in this book chapter has been
reviewed by the US Environmental Protection Agency (EPA)
and approved for publication. Approval does not signify that
the contents necessarily reflect the views and policies of the US
EPA, nor does mention of trade names or commercial products
constitute endorsement or recommendation for use. Also, the
findings and conclusions in this report are those of the authors
and do not necessarily represent the views of the US EPA.

l Name: 4-(1,1,3,3-tetramethylbutyl)phenol
l Chemical Abstracts Service Registry Number: CAS 140-66-9;

EC number: 205-426-2
l Synonyms: 4-tert-Octylphenol; (4-[1,1,3,3- Tetramethylbu-

tyl] phenol); 4-(2,4,4-trimethylpentan-2-yl)phenol
l Chemical/Pharmaceutical/Other Class: 4t-OP has a log

octanol–water partition coefficient or Kow of 4.12, and the
Koc (organic carbon–water partition coefficient) for 4t-OP
was predicted to be in the range of 3500–18 000 l kg�1.
4t-OP is a weak acid with a pka of w10. Thus, 4t-OP
removal from water via volatilization is unlikely

l Molecular Formula: C14H22O
l Chemical Structure:

OH

l Average Mass: 206.323898 Da
Uses

4-tert-Octylphenol (4t-OP) is used in manufacturing processes
as an intermediate in the generation of surfactants, synthetic
rubber additives, or resins. 4t-OP is also used to manufacture
alkylphenol ethoxylates. It is found mainly in detergents,
cleaning products, and emulsifiers and less frequently in paints,
personal care products, pesticides, paper, pulp, and textiles.
There is a paucity of data on food levels of 4t-OP, with
one study reporting 19 ng g�1 wet weight 4t-OP in baby food
and similar concentrations reported in seafood. Urinary 4t-OP
reflects recent exposure; the 95th percentile (confidence
interval) urine concentration of 4t-OP in the US population as
reported by the US Centers for Disease Control in the National
Health and Nutrition Examination Survey is 2.2 (1.6–3.2)
mg l�1.
Exposure Routes and Pathways

The synthetic alkylphenol ethoxylates enter the environment
through human use of products that contain them, via
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sewage, and through waste streams downstream from
manufacturing. Octylphenol ethoxylates (parent compound)
are manufactured from 4t-OP and are degraded in the
aquatic environment to the alkylphenol 4t-OP (metabolite).
4t-OP can also enter the environment directly from waste
streams. Humans can be exposed to 4t-OP through intake of
drinking water or food (i.e., fish) containing 4t-OP, via
inhalation of 4t-OP that was released near a production site,
or via dermal contact of 4t-OP found in consumer products.
Various nations in Europe have banned the use of alkyl-
phenol ethoxylates in detergents.
Toxicokinetics

Upon oral exposure to 4t-OP, it is rapidly absorbed from the
gastrointestinal tract and released to the blood. In various
strains of rodents, its bioavailability ranges from 10 to 55%.
Sex differences have been reported, with 4t-OP having a lower
bioavailability and shorter half-life in males than females.
4t-OP is cleared rapidly from humans and, thus, bio-
monitoring data report recent exposures. Concentrations of
4t-OP were highest in fat and liver tissue but were also
detected in reproductive tissues. 4t-OP is metabolized in the
liver with phase I and II enzymes through glucuronidation,
hydroxylation, sulfonation, and using UGT2B1, SULT 1E1,
and 2A1.
Mechanism of Toxicity

4t-OP has been shown to be an estrogen receptor (ER) agonist.
Estrogenic effects of 4t-OP have been demonstrated in human
cells, with 4t-OP displacing the natural estrogen 17b estradiol
from its receptor, and 4t-OP inducing cell proliferation in
estrogen-dependent cell proliferation assays. In vivo confirma-
tion of 4t-OP’s estrogenicity has been confirmed with the ute-
rotrophic assay.
Animal Toxicity (or Exposure)

Male Reproductive Effects

4t-OP has been shown to have reproductive and develop-
mental effects in laboratory animals, albeit often at concen-
trations orders of magnitude higher than those reported from
biomonitoring studies of human populations. These effects
include estrogenic effects, hypothalamic-pituitary-thyroid axis
(HPT) suppression, impaired spermatogenesis, and altered
reproductive outcomes, among others. Changes in sperm
morphology with chronic drinking water 4t-OP exposure
(dose groups of 1� 10�5 to 1� 10–9 M) have been reported;
calculated daily intake based on water consumption was
20 ng kg�1 bw day�1. Adult male rats (two-month-old Fischer
344 rats) were exposed to 4t-OP in drinking water for four
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01135-0
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months, and a significant increase in epididymal sperm tail
abnormalities was seen at the end of the exposure period.
Gestational and lactational 4t-OP or octylphenol poly-
ethoxylate (OPP) exposure (1000 mg l�1 in drinking water,
dam exposure over a period including 2 weeks prior to
copulation through gestation out to 22 days postpartum, i.e.,
to weaning) produced adult male offspring with small but
significant reductions in mean testicular weight when
measured in adult animals (postnatal day (PND) 90–95).
OPP is metabolized in utero to 4t-OP. Hormone changes after
chronic subcutaneous 4t-OP exposure were reported in adult
male Fisher rats (after 1 or 2 months exposure to 34 or
137mg kg�1 bw day�1, 3 times per week). 4t-OP exposed
males had significant decrements in serum luteinizing
hormone (LH) and follicle stimulating hormone after 1 or
2months of treatment with the higher dose of 4t-OP. The
same effects were reported at 1 month of treatment in the
lower dose group but absent at 2 months. Serum prolactin
concentration was significantly increased in the higher dose
group at both 1 and 2months.
Female Reproductive Outcomes

Studies in female laboratory animals have explored the effect
of 4t-OP exposure on estrous cyclicity, puberty onset, and
hormone levels. Estrous cyclicity was significantly affected in
adult female Long Evans rats after oral gavage with 50–
200mg kg�1 bw 4t-OP for 25 days. Exposed females had
a decreased number of cycles and an increased amount of days
in diestrous at the highest dose tested. In a study employing
two strains of rats, estrous cyclicity was not affected with 4t-OP
gavage treatment (100 or 200mg kg�1 bw day�1, 28 day
exposure) but persistent estrous did develop with subcuta-
neous injection 4t-OP exposure (28 day exposure, 11 week old
female Fisher 344 rats and 11 week old Crj:Donryu rats). In
separate studies, early onset female puberty was reported in
both rodents and ewes after 4t-OP injection exposure. 4t-OP
induced (PND 0–10 i.p. injections of 5 or 50mg kg�1 bw 4t-
OP) accelerated puberty onset (early age of vaginal opening),
an absence of the prepubertal LH surge, ovarian developmental
abnormalities, and estrous cycle abnormalities. Ewes exposed
twice weekly to subcutaneous injections of 1000 mg kg�1 day�1

4t-OP fromGD70 toweaning, GD70 to birth, birth to weaning,
or to vehicle produced offspring, Suffolk cross lambs, with
accelerated puberty onset; the first serum progesterone rise
followed by estrus was one month early. Oocyte maturation
and developmental competence were shown to be impaired
with in vitro studies of 4t-OP-exposed primary bovine oocytes.
Namely, in vitro 4t-OP exposure (0.001–0.01 mg ml�1, 24 h)
induced decreased oocyte maturation and fertilization rate, as
well as a decrease in ER-alpha message expression after expo-
sure; ER-beta and progesterone receptor message levels were
not affected by 4t-OP exposure.
Birth Outcomes

In one study, 4t-OP gestational exposure significantly affected
birth outcomes. Sows exposed to 1.0mg kg�1 of body weight
4t-OP in early gestation had a significant increase in the
number of stillborn piglets.
Pregnancy

Intrauterine exposure to 4t-OP and its subsequent effects over
three generations were studied in pigs (Landrace/Yorkshire
breed sows). Sows were treated daily (pregnancy day 23–85
with 0, 10, or 1000 mg 4t-OP kg�1 bw day�1) and 4t-OP expo-
sure extended the sow’s pregnancy and induced cervical
epithelium basal cell proliferation. The F1 offspring of the sows
treated with the lower dose of 4t-OP had accelerated onset of
puberty. Also, when the F1 offspring were bred to each other
(breeding boars and gilts from sows treated with the higher
dosage of 4t-OP), the F2 litter size was reduced. In a separate
multiple generation study (two generations of rodents), few
effects from dietary 4t-OP exposure (0.2–2000 ppm 4t-OP
exposure beginning 21 days before mating, through mating,
and gestation and lactation, with the same exposure for the F1
and F2 generations) were seen. Sperm and estrous were unaf-
fected. Slight decreases in uterineweight (F0 at the highest dose)
and offspring body weight (F1 at highest dose) were reported.
In Vitro Toxicity Data

The estrogenicity of 4t-OP has been tested using proliferation
assays for estrogenic screens, receptor binding assays, and
reporter gene assays. Estrogenicity of 4t-OP was confirmed
using the MCF-7 in vitro proliferation assays, a green fluorescent
protein reporter gene assay, and estrogen-responsive cell line
constructs.
Mutagenicity

Using the Ames test with Salmonella typhimurium TA98 or
TA100, 4t-OP showed low mutagenicity.
Carcinogenicity

Neonatal exposure to high-dose 4t-OP-enhanced carcinogen-
esis in N-ethyl-N0-nitro-N-nitrosoguanidine (ENNG) exposed
rats. ENNG is a cancer initiator often combined with other
compound exposures to understand modulation of cancer
progression. Neonatal female Donryu rat pups received
subcutaneous injections of 100mg kg�1 day�1 4t-OP every
other day for PND 1–5 or PND 1–15; a one-time injection into
uterine horn of initiator ENNG was performed at 11 weeks of
age. As adults (15months of age), the 4t-OP-exposed rodents
had a significant increase in the number of well-defined
adenocarcinomas when compared to controls treated with
ENNG. Also, rats with PND 1–15 exposure had increased
malignancy, i.e., tumor invasion into other organs. These
effects may be due to p-tert-octylphenol-induced abnormal
expression of ER-alpha and subsequent alteration of cell-
proliferating activity in the developing Donryu rat uterus.

Proliferation assays using in vitro culture of fetal human
gonads (ovaries and testes) exposed to 4t-OP (10 mmol l�1)
reported a significant reduction in mitotic index in male gonads
and a significant decrease in number of prespermatogonia
versus control gonads.



876 Phenol, 4-(1,1,3,3-tetramethylbutyl)
Other Hazards

Depigmentation of the skin has been reported in laboratory
rodents (six subcutaneous injections of 0.5ml of 0.01M
solution of 4t-OP in olive oil per week for 7months) 9 weeks
after the start of exposure; studies in other rodents have found
similar results with topical applications or injections of 4t-OP.
Depigmentation of the skin or chemical leukoderma, or vitiligo
has also been reported in workers after known exposures to
alkaline detergents that were contaminated with free alkyl-
phenol and in resin workers.
Environmental Fate

Studies have shown that 4t-OP will adsorb to sediments.
Ecotoxicology

4t-OP is very toxic to aquatic organisms. In rainbow trout,
growth of juvenile females was significantly reduced with
4t-OP exposure (1–50 mg l�1, flow-through exposures, post-
hatch females to 22 days).

Exposure of medaka to 4t-OP during sexual differentiation
(from fertilized eggs to60 dayspost-hatch,11.4–94 mg l�1 4t-OP)
under flow-through conditions induced reversible changes in
vitellogenin induction (a biomarker sensitive to estrogen),
formation of secondary sexual characteristics, and sexual differ-
entiation or ova–testis generation. Fishes exposed to 4t-OP
developed gonadal intersex that persisted after return to clean
water; however, the secondary sexual characteristics reverted from
female to male when fish were reintroduced to clean water.
Sexual behavior in the adult clawed frog, Xenopus tropicalis,
was affected by 4t-OP exposure, producing a behavioral
phenotype in male frogs consistent with estrogenic exposure.
Briefly, frogs were injected i.p. with a gonadotropin hormone-
releasing hormone (GnRH) agonist at 0.31 mg per 50 ml or
vehicle control to study GnRH-induced sexual behavior. Frogs
received a 30-day exposure to aqueous estradiol (E2) at
10�8 M, a positive control, or to 4t-OP (concentrations of
10�7 M 4t-OP or 10�8 M 4t-OP). Females were unaffected by
4t-OP exposure. In males, both estradiol and 4t-OP increased
arm waving behavior and calling behavior when compared to
untreated controls.
See also: Nonylphenol; Bisphenol A.
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l Name: Phenolphthalein
l Synonyms: 2-((4-Hydroxyphenyl)(4-oxo-2,5-cyclohexadien-

1-ylidene)methyl)benzoic acid; o-Toluic acid, alpha-
(p-hydroxyphenyl)-alpha-4-oxo-2,5-cyclohexadien-1-ylidene;
Benzoic acid, 2-((4-hydroxyphenyl)(4-oxo-2,5-cyclohexadien-
1-ylidene)methyl)-

l For chemical structure, chemical abstracts service registry
number (CAS RN), molecular formula and molecular
weight please see Table 1.
Table 1 Chemical structure, CAS RN, molecular formula, and molecular weight for different molecules recognized as phenolphthalein

Chemical structure CAS RN Molecular formula Molecular weight

OH
HO

O

O 77-09-8 C20H14O4 318.327

OH

OH

O

HO

81-90-3 C20H16O4 320.342 4

O

OHO

HO

5768-87-6 C20H14O4 318.326 6
Background

The pale yellow crystal of phenolphthalein was first synthe-
sized from phthalic anhydride and phenol in 1871 by Adolf
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
von Baeyer, a German chemist. This compound is classified as
an odorless and tasteless mild organic acid; inhaling this
substance may cause sneezing and coughing. The cathartic
activity was assessed for phenolphthalein by Vamossy in 1902,
in a project by the Hungarian government, when its safety as an
additive during recognition process of artificial wines was
evaluated. Since that time, it had been used as an active
ingredient in many over-the-counter (OTC) laxatives drugs. Its
initial effects start after 6–8 h and may continue 3–4 days,
which suggested its weight loss activity in slimming food until
the US Food and Drug Administration suggested withdrawing
it from OTC drugs, even though it is being used illegally.
Because its activity may occur at small doses without any taste
4-3.01136-2 877
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and because it is not expensive, it is attractive to be applied in
chocolate and gum laxative formulations.

Uses

Alcoholic solutionofphenolphthalein (1%)hasbeen frequently
applied in titration as a pHvisual indicator to reveal information
about other compounds, includingmineral acids, organic acids,
andmost alkalis. As an indicator, its color turns intopink inbasic
solutions (above pH 10) and changes to colorless in acidic
solutions (below pH 8). Furthermore, it is employed to predict
depth of concrete carbonation. Another application of phenol-
phthalein is in determination of diluted blood in samples for
forensic evidences, as Kastle–Meyer test, in which the color turns
to pink if the specimen contains hemoglobin. Phenolphthalein
is also used as the main ingredient of disappearing dye in magic
toys, including Hollywood hair Barbie.
Environmental Fate and Behavior

Physicochemical Properties

Phenolphthalein can be dissolved in dilute solutions of alkali
hydroxides, ether, acetone, pyrene, chloroform, toluene,
ethanol, and ether, and it is slightly soluble in water (0.4 g l�1

at room temperature) and inflammable. Its vapor pressure,
vapor density relative to air, and dissociation constant (pKa)
are 6.7 � 10�13 mm Hg, 11, and 9.7 at 25 �C, respectively. The
melting point and specific gravity of phenolphthalein are
262.5 �C and 1.277 at 32 �C, respectively.

Partition Behavior in Water, Sediment, and Soil

Koc value (soil organic carbon–water partitioning coefficient) is
estimatedat490, obtained froma logKowat2.41anda regression-
derived equation for this compound. Therefore, phenolphtha-
lein is not expected to adsorb to suspended solids and sediment.
Also, it may not volatilize from water surfaces according to an
estimated Henry’s Law constant of 9.0� 10�16 atm-cummol�1.

Environmental Persistency

This compound may release into the environment through
various wastewaters. When phenolphthalein is released to the
air, vapor pressure estimated as 6.7 � 10�13 mm Hg at 25 �C
reveals that this substance will be found solely in the specific
phase of the surrounding atmosphere, which will be removed
from the atmosphere by wet and dry deposition. Phenolphtha-
lein is desired tohavemoderatemobility in soil due toKoc of 490.

Bioaccumulation and Biomagnification

Literature revealed that the potential of phenolphthalein for
bioconcentration and bioaccumulation in aquatic organisms
is low.
Exposure Routes

Exposure to the phenolphthalein may occur through ingestion,
dermal contact, and inhalation of polluted air. Humans
have been commonly exposed to the phenolphthalein by
consumption of OTC laxative drugs. Occupational or long-
term exposure is possible through inhalation and dermal
contact during the production of drugs containing phenol-
phthalein, formulation, packaging, and finally administration.
Alongside the mentioned routes of exposure, it may occur
during the application of phenolphthalein in laboratory
examinations, especially in evaluating the depth of carbonation
in concrete and also forensic tests.
Toxicokinetics

Phenolphthalein is absorbed (about 15% of each thera-
peutic dose) from the gastrointestinal tract and consequently
found in the bloodstream. Additionally, this compound
sustains large scale of first-pass metabolism in the intestinal
epithelium and liver until completely converted into
glucuronide metabolite, which is excreted via bile and urine.
The maximum peak is achieved about 48 h after adminis-
tration but not in the free form or at least in trace amounts.
Besides, prolonged activity of the laxative drugs containing
phenolphthalein may be attributed to its enterohepatic
circulation. Actually, patients with obstructive jaundice and
animals with ligated bile duct have not been influenced by
the laxative effect. Thus, the recent findings are able to
support the above hypothesis. The mechanism of action for
phenolphthalein is described the same as anthraquinone
purgatives like senna.
Mechanism of Toxicity

Phenolphthalein is able to increase the production of oxygen
free radicals in vitro.On the other side, it can reduce the phenoxyl
radical in vivo leading to reformation of phenolphthalein, which
resulted in production of more free radicals. Therefore, it could
act as a considerable source of oxidative stress in the body.
Phenolphthalein overdose or a long period of ingestion may
lead to electrolyte imbalance, which causes kidney, muscle, and
central nervous system alterations. Less consumption of sodium
and water may lead to production of renin and secondary
aldosteronism, which cause sodium conservation and potas-
sium deficiency. This hypokalemia contributes to renal insuffi-
ciency and sometimes rhabdomyolysis.
Toxicity in Animal and Human

Acute and Short-Term Toxicity

Some reactions, including allergies, toxic epidermal necrolysis,
and drug eruptions (adverse drug reaction on the skin), have
been reported after phenolphthalein consumption. Laxative
effect is the primary sign of toxicity, while gastrointestinal and
blood disorders, pulmonary edema, liver disorder, and
impaired kidney function will be the symptoms of delayed type
toxicity. Literature shows that acute pancreatitis may occur after
careless consumption of a large quantity of phenolphthalein to
relief chronic constipation. A number of complications have
been consequently created like encephalitis, vomiting with
intestinal colic, epidermal necrosis, and erythema multiform.
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Investigation of fatal cases of encephalitis showed that
hemorrhagic areas can be created throughout the intestinal
length, in the kidneys, in the liver, as well as the brain. It seems
that phenolphthalein abuse has been correlated to gastroin-
testinal bleeding and iron deficiency.
Subacute and Chronic Toxicity

Habitual ingestion of phenolphthalein as laxative drug may
cause catarrhal colitis and stomatitis in some patient. Long-
term use or overdose of phenolphthalein may cause abdominal
pain, diarrhea, vomiting, electrolyte imbalance (hypokalemia,
hypocalcaemia, or metabolic acidosis or alkalosis), dehydra-
tion, malabsorption, protein-losing gastroenteropathy, steat-
orrhea, anorexia, weight loss, polydipsia, polyuria, cardiac
arrhythmia, muscle weakness, prostration and histopatholog-
ical lesions. Results of subchronic study in a female p53þ/�

heterozygous mouse suggested that high doses of phenol-
phthalein may contribute to lymphoma and full destruction of
thymus formation.
Immunotoxicity

A heterozygous p53þ/� female mouse that treated with
phenolphthalein for 13 weeks demonstrated a typical hyper-
plasia of the thymus. Large lymphocytes replaced and distinct
cortex and medulla in the affected parts disappeared. Phenol-
phthalein is reported to induce hematopoietic cell proliferation
of the spleen in male and female mice.
Reproductive Toxicity

Pregnant women who were treated with phenolphthalein have
been reported to have children at a higher risk for Hirschsprung
disease. Phenolphthalein is able to cause significant reduction
in fertility of Swiss CD-1mice and showed reproductive toxicity
in both generations of treated mice, by fewer litters per pair and
fewer pups per litter, but no alteration in the body or organ
weights. Literature implies that phenolphthalein exhibited
a weak estrogenlike activity and is considered as competitive
antagonist to estradiol.
Genotoxicity

Bibliography shows that phenolphthalein is not mutagen in
various studies in Salmonella typhimurium and does not create
DNA injuries in DNA repair–deficient strains of Bacillus subtilis.
Literature reveals that chromosomal aberrations, Hprt gene
mutations, and morphological transformation were induced
by phenolphthalein but not aneuploidy or ouabain-resistant
mutations or sister chromatid exchange in cultured mamma-
lian cells was observed.
Carcinogenicity

Phenolphthalein exposure causes multiple carcinogenic effects,
including neoplasm in kidney, adrenal medulla, hematopoietic
system, and ovary in rats. There is a report that reveals oral
administration of phenolphthalein is able to cause histiocytic
sarcoma and lymphoma in B6C3F1 mice. Moreover, phenol-
phthalein administration in rats could elevate the incidence of
renal tubular adenoma. Unfortunately, there are insufficient
data about carcinogenicity of this compound in humans,
although this compound is probably carcinogenic in human
considering its carcinogenicity in animals. The recent epide-
miological studies could not provide sufficient data to evaluate
the relationship between human carcinoma and phenol-
phthalein exposure. There are two case–control studies finding
no considerable correlation between epithelial ovarian cancer
and application of phenolphthalein as a laxative. Furthermore,
another case–control study of cancer on several tissues reported
an augmentation in the risk of colon cancer among patients
who employed phenolphthalein, but the number of higher
exposure cases was limited and also the results were not
statistically significant.
Ecotoxicology

There are no sufficient data available to prove the probable
ecotoxicity of phenolphthalein.
Clinical Management

In the case of accidentally inhalation of phenolphthalein, the
injured person must be taken to fresh air and allowed to rest.
Adequate ventilation is required as well as a cool and dry area
for rest. In the case of eyes and skin contact, the exposure area
should be rinsed with plenty of water for 15 min and medical
advice is essential. Contact with skin, eyes, or clothing should
be seriously avoided. It is necessary to wear splash goggles and
chemical-resistant clothes, including gloves and apron. Induc-
tion of vomiting is not advisable when phenolphthalein has
been swallowed.
Exposure Standards and Guidelines

Food and Drug Administration

OTC drugs containing phenolphthalein for consumption as
a laxative are no longer commonly identified as safe and
effective. When a product contains this compound, it is
essential that a warning is given indicating that the product
should not be used if abdominal pain, nausea, or vomiting
have occurred and also that chronic usage may result in
dependency on laxatives. In addition, the following phrase
must be included: “If skin rash appears, do not use this or any
other preparation containing phenolphthalein.”
National Institute for Occupational Safety and Health

A comprehensive set of guidelines has been established to
prevent occupational exposures to hazardous drugs in health
care settings.

See also: Hydrogen Peroxide.
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l Name: Phenothiazine antipsychotics
l Example Compound: Chlorpromazine
l Chemical Abstracts Service Registry Number: 92-84-2

(Phenothiazine), 69-09-0 (Chlorpromazine hydrochlo-
ride), 50-53-3 (Chlorpromazine base)

l Synonyms: Thorazine, Clozapine, Thioridazine, Neuro-
leptic, Antipsychotic, Chlorpromazine, Largactil, Megaphen

l Molecular Formula: S(C6H4)2NH
l Chemical Structures:
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Background

Phenothiazine was initially synthesized in 1883 by Bernthsen.
It was the basis for the development of other drugs including
the phenothiazine class of antipsychotics or neuroleptics.
Phenothiazines are the largest class of neuroleptics and
include agents such as chlorpromazine, thioridazine, and
prochlorperazine. In 1933, a derivative of phenothiazine,
promethazine, was synthesized. It was found to have much
more significant sedative and antihistaminic effects than
previous derivatives of phenothiazine and it was used to
induce sedation for surgical patients. After promethazine was
developed, a series of agents, including chlorpromazine, was
synthesized and tested in France at a military hospital by the
French physician Laborit. Laborit found that chlorpromazine
induced calm in patients and had other effects that might be
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
useful clinically. Chlorpromazine, known colloquially as
‘Laborit’s drug’ was released into the market in 1953 after
a trial published in 1952 showed efficacy in treatment of
psychosis in 38 individuals who received daily injections of
chlorpromazine. Chlorpromazine is the prototypical drug for
the phenothiazine class of antipsychotics. The phenothiazines
are classified as low-potency antipsychotics and have more
side effects at standard doses than the newer agents used as
neuroleptics. For example, they are more anticholinergic and
have more extrapyramidal effect than newer agents.
Uses

Phenothiazines are neuroleptic agents that affect a variety of
receptors including dopaminergic receptor sites. Phenothia-
zines are used to treat psychosis including schizophrenia;
violent, agitated, disturbed behavior; and mania secondary to
bipolar disorder. Other uses include treatment of pain, head-
ache, hiccups, acute severe anxiety, idiopathic dystonia,
withdrawal, taste disorders, leishmaniasis, acute intermittent
porphyria, and alleviation of nausea and vomiting.
Phenothiazines allow smoother induction of anesthesia,
potentiate anesthetic agents, and treat behavioral symptoms
secondary to Alzheimer disease and senile dementia. Some
phenothiazines exert an antipruritic effect and are useful for
the treatment of neurodermatitis and pruriginous eczema, and
relieve psychogenic itching.
Environmental Fate and Behavior

Physicochemical Properties

Phenothiazine has the standard formula S(C6H4)2NH and
includes a tricyclic structure that is related to the thiazines.
Thiazines are used in the manufacture of synthetic dies.

Chlorpromazine
Chlorpromazine is a white to off-white substance (both the base
and the hydrochloride salt) that is a powder or waxy solid as
a base and a crystalline powder as the hydrochloride. Chlor-
promazine is odorless or has a slightly amine-like odor. It has
a melting point of 56–58 �C and in the basic form is practically
insoluble in water, soluble in alcohol, and less soluble in chlo-
roform and ether. It is freely soluble in dilute mineral acids. As
the hydrochloride salt, chlorpromazine is soluble in water, less
soluble in alcohol and chloroform, and insoluble in ether. A
10% aqueous solution has a pH of 3.5–4.5.
Exposure Routes

Phenothiazines are available in oral, parenteral, and rectal dosage
forms. The principal exposure route is intentional ingestion in
4-3.00769-7 881
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adults or accidental ingestion in small children. Rectal absorption
is rapid. The bioavailability of intramuscular promethazine has
been reported to be higher than oral or rectal administration.

Phenothiazines pass into breast milk, which may cause
drowsiness or unusual muscle movements in the nursing baby.

Environmental exposure may occur during the industrial
production of phenothiazines through wastewater and sewage
from processing.
Toxicokinetics

Phenothiazinesare readilybut incompletelyabsorbeddue tofirst-
passmetabolism.Oral bioavailability ranges from7 to52%. Peak
serum levels are reached at 2–4 h after oral dosing and 0.5–1 h
after immediate-release intramuscular injections. Phenothiazines
are extensively metabolized in the liver via oxidative processes.
Phenothiazines are widely distributed throughout the body,
including the central nervous system (CNS). CNS levels may be
up to 10 times greater than plasma levels. Phenothiazines are
highly protein bound: 75–99% with a volume of distribution
from 10 to 40 l kg�1, with a mean of 20 l kg�1. The main
metabolites are excreted both in the urine and feces. Less than
1% is excreted in the urine unchanged. The elimination half-life
ranges from 2 to 119 h, with an average of 8–30 h.
Mechanism of Toxicity

Phenothiazines primarily block postsynaptic neurotransmission
by binding to dopamine (D1 and D2), muscarinic, histamine H1,
and serotonergic 5-HT2 receptors. Phenothiazines also possess
peripheral adrenergic receptor blockade and quinidine-like
cardiac effects. Phenothiazines may lower the seizure threshold.
Acute Toxicity

Animal

General signs associated with overdose include mydriasis,
constipation, rigidity, weakness, tremor, ataxia, acute hypo-
tension, respiratory depression, jaundice, eosinophilia and
granulocytosis, and circulatory collapse. Other signs include
dullness, weakness, anorexia, oliguria, colic, fever, icterus,
anemia, and hemoglobinuria. In calves, photosensitivity
occurs; photochemical reactions can cause acute keratitis and
corneal ulceration. Hypertension, tachycardia, and depression
occur in horses.
Human

Clinical signs of toxicitymost frequently include sedation, coma,
hypotension, extrapyramidal effects, and cardiac arrhythmias.
Anticholinergic effects including blurred vision, decreased
gastrointestinal motility, delirium, agitation, hallucination,
hyperthermia, tachycardia, and seizures have been seen. Cardiac
effects include mild hypotension, prolonged QT interval, QRS
prolongation, and ventricular dysrhythmias; particularly,
ventricular tachycardia may occur, which may progress to
torsades de pointes or ventricular fibrillation. Phenothiazines
may interfere with the temperature-regulating function of the
hypothalamus; hyperthermia is seenmore often in overdose, but
hypothermia has been reported with haloperidol and thiorida-
zine.Neurolepticmalignant syndrome (NMS)has been reported
after therapeutic use and acute intoxication. (NMS is a life-
threatening adverse response to neuroleptic or antipsychotic
drugs. Symptoms include high fever, sweating, unstable blood
pressure, stupor, muscular rigidity, and autonomic dysfunction.
In most cases, the disorder develops within the first 2 weeks of
treatment with the drug; however, it may develop any time
during the therapy period.)
Chronic Toxicity

Animal

Phenothiazine is used as an antihelminthic in some animal
species. Larger doses administered to sick animals have resulted
in the development of neurologic effects. Horses seem more
sensitive to phenothiazines than other animals and have been
noted to develop hemolysis.
Human

Chronic dose-related exposure might cause tardive dyskinesia
(lip smacking, tongue protrusion, grimacing, and chewing).
Seizures are rarely seen, but are more common with loxapine
and clozapine. The most commonly reported adverse reactions
following therapeutic use include dry mouth, sedation,
orthostatic hypotension, blurred vision, photosensitivity,
anorexia, nausea, vomiting, constipation, diarrhea, and
dyspepsia. Various hematologic changes have been reported.
Clozapine has been linked to fatal agranulocytosis. Women
may note changes in menstrual pattern.
Immunotoxicity

Chlorpromazine is not known to have specific immunotoxicity
other than indirect effects through inhibition or interference
with the hypothalamic–pituitary axis.
Genotoxicity

Chlorpromazine was positive in the chromosomal aberration
assay using human lymphocytes at 0.24–2.0 mg ml�1. Chlor-
promazine was positive in the Ames test using Salmonella
typhimurium at 5–10 mg ml�1.
Reproductive Toxicity

Chlorpromazine can interfere with the hypothalamic–pituitary
axis and as such can have significant endocrine effects and effects
on growth and development. Chlorpromazine and metabolites
were found in fetal plasma and amniotic fluid as well as in
neonatal urine of babies born to women who took chlorprom-
azine during pregnancy. In lactating women, chlorpromazine is
distributed into breast milk at higher concentrations than in
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maternal plasma and may be associated with sedation in the
infant. In high doses throughout pregnancy, chlorpromazine has
been shown to cause damage to the retina of the fetus.

Carcinogenicity

Chlorpromazine is not thought to be carcinogenic; however,
there is limited information regarding short-term and long-
term exposure studies in animals or humans related to carci-
nogenicity of chlorpromazine. In one study involving a p53
heterozygous mouse model, chlorpromazine was not found to
be carcinogenic. Phenothiazines are not listed as carcinogenic
agents on the International Agency for Research on Cancer
(IARC) list of carcinogens or the California Proposition 65 list
of known carcinogens.
Clinical Management

Aggressive supportive care including airway protection should be
instituted when necessary. An electrocardiogram should be per-
formed along with continuous cardiac monitoring. Intravenous
fluid administration is usually effective in correcting hypoten-
sion. If vasopressors are necessary, dopamine or norepinephrine
can be considered. Unstable cardiac rhythms require the
Advanced cardiac life support protocol and potentially car-
dioversion. Lidocaine should be considered for ventricular
tachycardia, ventricular fibrillation, or if the patient has >5
polyvinyl chlorides min�1. Quinidine, procainamide, and dis-
opyramide are contraindicated. Sodium bicarbonate may be
effective in treating dysrhythmias secondary to QRS prolonga-
tion. Magnesium is the first line of treatment in the prevention of
drug-induced torsades de pointes and should be given for QTc
>500 ms regardless of the magnesium level. Initial control of
seizures should be attempted with use of benzodiazepines; for
persistent or recurrent seizures use phenobarbital, or propofol is
recommended. Drug-induced dystonia should be treated with
benztropine or diphenhydramine and should be administered
for 48–72 h to prevent recurrence.

Induced emesis is contraindicated due to possible rapid onset
of dystonic reaction andCNS depression followedby subsequent
risk of aspiration. Lavage is not routinely recommended but may
be considered in massive, potentially life-threatening, recent
exposures.Activated charcoalmaybebeneficial if givenwithin1h
of ingestion. Whole bowel irrigation may reduce absorption of
sustained-release preparations of phenothiazines. Hemodialysis
and hemoperfusion have not been shown to be effective due to
the high protein binding and large volumes of distribution.

Monitor fluid and electrolyte balance closely. Baseline
complete blood count, arterial blood gas, and glucose should
be obtained. Creatine kinase should be monitored to detect
elevations that may produce acute renal insufficiency secondary
to rhabdomyolysis. Asymptomatic patients with normal vital
signs may be medically cleared after 4–6 h of observation.
Miscellaneous

Phenothiazines and metabolites have resulted in false-positive
results for tricyclic antidepressants using various screening
methods. Unabsorbed phenothiazine may be radiopaque on
abdominal X-ray. Use caution, as the absence of radiographic
findings does not rule out ingestion.
See also: Benzodiazepines; Loxapine; Neurotoxicity; Quinidine;
Poisoning Emergencies in Humans.
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l Chemical Abstracts Service Registry Number: 26002-80-2
l Synonyms: (3-Phenoxyphenyl)methyl 2,2-dimethyl-3-(2-

methyl-1-propenyl) cyclopropanecarboxylate; 2,2-Dimethyl-
3-(2-methylpropenyl)cyclopropanecarboxylic; 3-Phenox-
ybenzyl chrysanthemate acid m-phenoxybenzyl ester

l Molecular Formula: C23H26O3

l Chemical Structure:
Background

Phenothrin (D-phenothrin) is a type I insecticide in the synthetic
pyrethroid pesticide family. It has been marketed as an insecti-
cide since 1977. Pyrethroid insecticides are related chemically to
the insecticidally active compounds called pyrethrins extracted
from chrysanthemum flowers. Like most synthetic pyrethroid
insecticides, phenothrin exists as a mixture of stereoisomers,
molecules that have the same atoms linked in the same order,
but differ in spatial arrangement. Racemic phenothrin was first
synthesized in 1969 and is a mixture of four stereoisomers.
D-Phenothrin is the 1:4 mixture of the [1R, cis] and [1R, trans]
isomers and has been in use since 1977. D-Phenothrin is curr-
ently the only technical product commercially available.
Uses

Phenothrin is an insecticide used in commercial and industrial
settings, medical institutions, and other institutional settings.
Phenothrin is formulated for use in greenhouses, homes, and
gardens, and in recreational areas. Additionally, phenothrin
has public health uses, specifically its use for vector control for
mosquitoes both indoor and outdoor.
Environmental Fate and Behavior

l Routes and pathways relevant physicochemical

Phenothrin is a pale yellow to brown clear liquid with a faint
characteristic odor. Its reported solubility is very low<9.7 mg l�1
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at 25 �C. It has a low vapor pressure of 1.43 � 10�7 mmHg
at 21 �C, and a calculated Henry’s Law constant of 6.80 �
10�6 atm-m3 mol�1. The octanol/water partition coefficient
for phenothrin is 1.03 � 106 (log Kow ¼ 6.01 at 20 �C).

l Partition behavior in water, sediment, and soil

Terrestrial fate: If released to soil, phenothrin is expected to
have no mobility. Phenothrin is not expected to volatilize from
dry soil surfaces based on its vapor pressure.

Aquatic fate: If released into water, phenothrin is expected
to adsorb to suspended solids and sediment. Phenothrin is
susceptible to alkaline hydrolysis.

Atmospheric fate: If released to air, phenothrin exists in
both vapor and particulate phases. Vapor-phase phenothrin is
degraded in the atmosphere by reaction with photochemically
produced hydroxyl radicals and ozone. The half-life for these
reactions in air are estimated to be 5 h. Particulate-phase
phenothrin is removed from the atmosphere by wet or dry
deposition. Oxygen species are involved in the photo-
degradation of phenothrin on glass, suggesting that phenothrin
may be susceptible to photodegradation by sunlight.

l Environmental persistence (degradation/speciation)

The pyrethroid class of insecticides is readily degraded by
environmental microorganisms. Pyrethroids are metabolized
by both hydrolytic and oxidative processes.

l Long-range transport

Long range transport of phenothrin is tied to movement of
sediment containing the chemical. Because of the fast rate at
which phenothrin is broken down in the environment, largely
owing to UV exposure, it is unlikely that any of the substance
would last long enough to accomplish significant transport. In
the event that phenothrin binds to sediment soils and is
outside UV exposure, long-range transport becomes possible,
but if bonds to sediment are broken, phenothrin enters back
into its quick environmental degradation cycle.
Bioaccumulation and Biomagnification

Phenothrin is readily absorbed into soil and is photodegrad-
able, but not readily biodegradable and has bioaccumulation
potential. An estimated BCF of 230 was calculated for pheno-
thrin. The BCF suggests that the potential for bioconcentration
in aquatic organisms is high, which means that the compound
is not metabolized by the organism.
Exposure and Exposure Monitoring

l Routes and pathways

Dermal, inhalation
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01198-2

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.01198-2


Mouse intraperitoneal LD50:
>5 g kg�1

Rat intraperitoneal LD50:
>5 g kg�1

Mouse intravenous LD50:
354 mg kg�1

Rat intravenous LD50:
354 mg kg�1

Mouse oral LD50: 10 g kg�1 Rat oral LD50: >10 g kg�1

Mouse skin LD50: >5 g kg�1 Rat skin LD50 >5 g kg�1

Mouse subcutaneous LD50:
>5 g kg�1

Rat subcutaneous LD50:
>5 g kg�1
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l Human exposure

Occupational exposure to phenothrin may occur through
inhalation and dermal contact at workplaces in which phe-
nothrin is produced or used. The general population may be
exposed to phenothrin via contact with insecticides con-
taining phenothrin. The general population can also be
exposed to phenothrin from conventional household aerosol
spraying when used to control lice and from residues on
stored wheat.

l Environmental exposure

Phenothrin’s production may result in its direct release to the
environment through various waste streams as its use as an
insecticide.
Toxicokinetics

Pyrethroid, such as phenothrin, is rapidly absorbed by the
gastrointestinal tract following ingestion. It is likely to be effi-
ciently absorbed from the respiratory tract following inhalation
and poorly absorbed through the skin following dermal
exposure. Pyrethroids, including phenothrin, are lipophilic.
Following absorption from inhalation or ingestion, the
chemical is distributed throughout the body primarily to fatty
issues. In mammals, phenothrin is primarily degraded by
hydrolysis at the ester bond, oxidation of the subsequent
alcohol, followed by conjugation reactions. Metabolites of
phenothrin detected in the brain, liver, kidneys, and blood of
rats following oral administration include 3-phenoxybenzyl
alcohol, 3-phenoxybenzoic acid, and 3-(40-hydroxy)phenox-
ybenzoic acid in descending order. Excretion of the chemical is
found in urine and feces within 3–7 days. Excessive accumu-
lation and persistence of pyrethroids, including phenothrin, in
the body is not expected because they are rapidly metabolized
under normal conditions.
Mechanism of Toxicity

Phenothrin kills insects by direct contact and ingestion. Phe-
nothrin is a nerve stimulant that forces the sodium channels of
insects to remain open beyond their normal timing thresholds,
causing repetitive action inside the nerve channels, which leads
to paralysis and is followed by death.
Acute and Short-Term Toxicity

In animals, the acute toxicity of phenothrin is extremely low,
with an acute oral LD50 > 5000 mg kg�1. Following intrave-
nous administration in rats and mice, the symptoms of
poisoning include fibrillation, tremor, slow respiration, sali-
vation, lacrimation, ataxia, and paralysis. The symptoms
appeared 0.5–1 hour after administration and diminished
spontaneously.

In humans, the clinical manifestations of inhalation expo-
sure to phenothrin can be local or systemic. Localized reactors
confined to the upper respiratory tract include rhinitis,
sneezing, scratchy throat, oral mucosal edema, and even
laryngeal mucosal edema. Localized reaction of the lower
respiratory tract includes cough, shortness of breath, wheezing,
and chest pain.
Chronic Toxicity

In animals, several longer term studies of phenothrin have
been conducted in rats and mice with exposure periods of
6 months to 2 years. The no-observed-effect levels (NOEL)
from these studies were 300�1000mg kg�1 diet (approxi-
mately 40�160mg kg�1 day�1). A slight increase in liver
weight and a significant difference in some clinical chemistry
parameters from those of controls were observed at high
doses in these studies. In the 2-year studies, phenothrin was
not oncogenic to rats or mice at dietary levels of up to
3000mg kg�1. Similar results were seen in two dog feeding
studies with exposure periods of 26�52 weeks at doses of
100�3000mg kg�1 diet with a no-observed-effect level of
300mg kg�1 diet (7�8mg kg�1 day�1). Again, no tumorige-
nicity related to phenothrin was detected in these dog
studies.

In humans, hypersensitivity pneumonitis characterized by
chest pain, cough, dyspnea, and bronchospasm may occur in
an individual chronically exposed.
Reproductive Toxicity

The endpoints for reproductive toxicity were taken from
a two-generation reproduction study in rats. Parental
animals that were exposed to phenothrin through regular
feeding exhibited increases in spleen weight and decreased
uterine weight. NOAELs and LOAELs were derived from
the levels at which decreased weight gain, decreased food
consumption, liver hypertrophy (liver enlargement), and
microscopic changes in liver cells were observed in the
parental animals. The systemic toxicity endpoints in the
parental animals were set at 1000mg kg�1 day�1 and
3000mg kg�1 day�1; these are the NOAELs and LOAELs
dosages, respectively.
Genotoxicity

Neither teratogenicity nor embryotoxicity was observed in
fetuses of rabbits and mice orally administered phenothrin at
up to 1000 and 3000 mg kg�1, respectively.
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Carcinogenicity

Phenothrin is classified as ‘not likely to be carcinogenic to
humans.’ This classification was based on the studies showing
that the hepatocellular carcinomas and hepatocellular
adenomas (tumors and benign growths occurring on the liver)
that occurred appeared only at the excessively toxic limit doses of
20000 ppm in rat studies. The appearance of these adenomas
and carcinomas did not achieve statistical significance; therefore,
it was concluded that phenothrin is not likely to be carcinogenic.
Clinical Management

Supportive and symptomatic treatment is recommended for
phenothrin toxicity. If inhaled, remove victims from exposure
and give supplemental oxygen if needed. Upon eye contami-
nation, immediately flush with copious amount of clean water
or saline. For dermal contamination, wash skin promptly with
soap and water. Then apply vitamin E oil and corn oil on the
affected areas to prevent paresthetic reaction.
Ecotoxicology

Phenothrin has a high affinity for binding to organic carbon and
particulate matter. Unbound phenothrin is unlikely to remain
free in the water column for any significant period of time. If
multiple applications are made; however, phenothrin bound to
sediment and free in the water column could accumulate
significantly in aquatic ecosystems. Acute and chronic exposure
risks from phenothrin exist to organisms living in the water
column and in the benthic sediments lining water bodies.

l Freshwater/sediment organism toxicity

Phenothrin is highly toxic on an acute basis to freshwater fish,
with median lethal concentrations, or LC50 ranging from 15.8
to 18.3 mg l�1.

l Marine organism toxicity
Phenothrin is highly toxic to estuarine/marine fish on an acute
basis, LC50 range from 38.3 to 94.2 mg l�1.

l Terrestrial organism toxicity (soil microorganisms, plants,
terrestrial invertebrates, terrestrial vertebrates)

Phenothrin has been demonstrated to be highly toxic on an
acute contact basis to nontarget terrestrial insects, particularly
to honeybees. Honeybees may also face indirect dietary risks
from phenothrin toxicity. In addition to phenothrin’s high
toxicity, the potential for nontarget insect exposure to pheno-
thrin is high because phenothrin is most often applied between
April and October to control mosquitoes; nontarget insects are
also at their most active during this time of year. Because of the
large exposure potential and high toxicity determination,
phenothrin may pose significant acute risks to nontarget
insects.
Exposure Standards and Guidelines

An acceptable daily intake (ADI) of 0.07 mg kg�1 body weight
has been established by FAO and the WHO. The OPP RfD for
phenothrin is 0.071 mg kg�1.

See also: Pesticides; Pyrethrins/Pyrethroids.
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l Chemical Abstracts Service Registry Number: 62-38-4
l Synonyms: Acetic acid, phenylmercury (II) salt; Acetox-

yphenyl mercury; Agrosan D; Agrosan GN5; Algimycin 200;
Anticon; Antimucin WBR; Antimucin WDR; Bufen; CCRIS
4858; Caswell No. 656; Cekusil; Celmer; Ceresol; Contra
Crème; Dyanacide; EINECS 200-532-5; EPA Pesticide
Chemical Code 066003; Femma; Fungicide R; Fungitox OR;
Gallotox; Hexasan; HI-331; Hostaquik; Intercide; Kiwsan;
Liquiphene; Lorophyn; Meracen; Mercron; Mercuriphenyl
acetate; Mercuron; Mergal A 25; Mersolite; NSC 35670;
Neantina; Norforms; Nuodex PMA 18; Nylmerate; PMA;
Pamisan; Panomatic; Parasan; Phenmad; Phenomercuric
acetate; Phix; Programin; Puraturf 10; Quicksan; Riogen;
Ruberon; Samtol; Sanitized SPG; Sanitol; Sanmicron; Sc-110;
Seed Dressing R; Seedtox; Setrete; Shimmerex; Spruce Seal;
Tag; Trigosan; Troysan; Verdasan; Volpar; Zaprawa; Ziarnik

Background

Uses

Phenylmercuric acetate is most commonly used as a fungicide. It
is also used as a seed dressing for the prevention of seed-borne
diseases of vegetables, soybeans, cotton, peanuts, beets, and
ornamental plants. However, its use as a pesticide was banned in
the United States. Its use in latex paints was also completely
phased out in the United States by 1992. Phenylmercuric acetate
was also used as a food preservative, but current consumer
product use is generally limited to use as a preservative for
ophthalmic and cosmetic preparations. This compoundmay also
be used as a preservative in paper, plastic, and fabric industries.
Environmental Fate and Behavior

If released into air, soil, or water, phenylmercuric acetate is
unlikely to volatilize and is instead expected to be bound to
particulates based on a low vapor pressure (6 � 10�6 mm Hg)
and low Henry’s constant (5.66 � 10�10 atmm3mol �1).
Photolysis has the potential to degrade phenylmercuric acetate,
releasing inorganic mercury which can volatilize and enter the
atmosphere from superficial soils or water. If released into soil,
the mobility of parent phenylmercuric acetic acid is expected to
be high based on a Koc of 60. Water releases would result in
quick dispersion since water solubility is high (4370 mg l�1).
Once in solution, especially with harder water, it will dissociate
into a salt. The cation will adsorb to particulates or humics
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
suspended in the water column or in sediment, with little bio-
concentration in aquatic species.
Exposure and Exposure Monitoring

Oral, dermal, and ocular routes are the most common routes of
exposure to phenylmercuric acetate. However, inhalation
exposures may occur in industrial and occupational settings.
Toxicokinetics

Phenylmercuric acetate is slowly absorbed through the skin, but
absorption is more efficient by the gastrointestinal tract. Rela-
tively, similar rates of absorption of phenylmercuric acetate and
mercuric acetate were found in rat kidney slices. When absorp-
tion was studied in liver slices, however, the rate of absorption
was found to be much higher (twice) for the organic form.
Phenylmercuric acetate was found to cross membranes readily,
particularly into red blood cells where it tends to concentrate.
However, phenylmercuric acetate showed similar ability to cross
the blood–brain barrier as inorganic mercury. Laboratory studies
demonstrated that mercury from phenylmercuric acetate tends
to distribute more in the red blood cells after an acute exposure,
followed by liver and kidneys in longer term exposures. Phe-
nylmercuric acetate will undergo hydroxylation first in its
metabolism, producing a more labile hydroxylated organomer-
curial that will then release inorganic mercury. Phenylmercuric
acetate parent compound is excreted through bile and fecal
elimination as well as urinary excretion, while free inorganic
mercury is primary eliminated in urine. The excretion of phe-
nylmercuric acetate in humans was reported to exhibit two
phases. The first phase showed a transient increase in urinary
mercury concentration followed by a second slower phase.
Mechanism of Toxicity

Toxic effects of phenylmercuric acetate are correlated with its
rapid metabolic breakdown into the mercuric ion. Generally,
mercury interferes with cellular enzymatic mechanisms by
combining with sulfhydryl (–SH) groups of different enzymes
and thereby produces nonspecific cell injury or death.
Acute and Short-Term Toxicity (or Exposure)

Animal

The oral LD50 of phenylmercuric acetate in rats is 41 mg kg�1.
In mice, the oral LD50 has been reported to be 13–18 mg kg�1.
A single oral exposure to 2 mg kg�1 phenylmercuric acetate was
found to be genotoxic in murine bone marrow and male germ
line cells. Succinate dehydrogenase and alkaline and acid
phosphatase activities in the renal epithelium were reported to
4-3.00182-2 887
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be altered following intragastric administration of phenyl-
mercuric acetate in rats administered 1/10 the LD50 with
histological evidence of renal damage.

Human

Phenylmercuric acetate can be lethal with oral doses as low as
100 mg. Because metabolism to inorganic mercury seems
necessary for toxicity, the major toxicities are similar to inor-
ganic mercury with gastrointestinal, hepatic, and renal damage.
Ingestion of phenylmercuric acetate may also cause metallic
taste, thirst, severe abdominal pain, vomiting, and bloody
diarrhea which may persist for several weeks after exposure.
Acute renal failure characterized by decreased urine output was
reported 1 day to 2 weeks after ingestion.
Chronic Toxicity

Animal

Dietary phenylmercuric acetate as low as 0.5 ppm day�1 for 2
years produced renal damage, but doses up to 2 mg kg�1 day�1

for 2 years did not affect rat growth, mortality, or organ
weights. In contrast, a dietary level of 160 ppm
(8 mg kg�1 day�1) of phenylmercuric acetate was found to
retard the growth of rats and shorten their survival time.

Human

Ingestion of phenylmercuric acetate over a prolonged period
may cause skin disorders (urticaria and stomatitis) or can
exacerbate eczema in atopic individuals. Oral ingestion will
also cause salivation, diarrhea, anemia, leukopenia, and
hepatic and renal damage. Prolonged dermal exposure to
phenylmercuric acetate may cause mercurialism. Prolonged use
of ophthalmic preparations containing phenylmercuric acetate
as a preservative can also cause mercurialentis (brown discol-
oration and increased opacity of the anterior capsule of the
lens) which is an early sign of ocular mercury poisoning.
Immunotoxicity

Phenylmercuric acetate is likely to have immunosuppressive
effects with chronic, high-dose exposures.
Genotoxicity

Phenylmercuric acetate is listed as a developmental toxicant,
with reports of toxicity to germ line cells.
Carcinogenicity

Phenylmercuric acetate is listed as Class 2B carcinogen.
Clinical Management

In case of acute poisoning, emergency measures should be
taken by immediately removing the ingested poison using
gastric lavage with tap water or using emesis or catharsis.
Dimercaprol may be administered as an antidote for mercury
poisoning with subsequent hemodialysis to accelerate the
removal of the mercury–dimercaprol complex from the
body. Penicillamine may also be administered as an
antidote.
Ecotoxicology

Pheasants and Japanese quail exhibit decreased egg production,
decreased fertility, and increased embryonic mortality after oral
phenylmercuric acetate exposure. Feeding, growth, oxygen
consumption, swimming performance, and reproduction are
impaired in mosquito fish (Gambusia affinis) and rainbow trout
(Oncorhynchus mykiss). Five-day oral LC50 values have been
reported for Japanese quail (1028 ppm), ring-necked pheasant
(2350 ppm), andmallard duck (1175 ppm). The 48-h aqueous
LC50 value for rainbow trout has also been reported
(1780 ppm).
Other Hazards

In Vitro Toxicity Data

Matrix metalloproteinases may be targeted by phenylmercuric
acetate. Incidence of sister chromatid exchanges in human
lymphocytes was increased at 1–30 mmmol�1 concentrations.
Exposure Standards and Guidelines

The overall carcinogenic rating of phenylmercuric acid is as
a Group 2B agent. The reportable quantity is 100 lb, while the
threshold planning quantity is 500/10 000 lb.

Further Reading

Dastychova, E., Necas, M., Vasku, V., 2008. Contact hypersensitivity to selected
excipients of dermatological topical preparations and cosmetics in patients
with chronic eczema. Acta Dermatovenerol. Alp. Panonica Adriat. 17,
61–68.

Lee, C.H., Lin, R.H., Liu, S.H., Lin-Shiau, S.Y., 1997. Distinct genotoxicity of phe-
nylmercuric acetate in human lymphocytes as compared with other mercury
compounds. Mutat. Res. 392, 269–276.

Mielke, H.W., Gonzales, C., 2008. Mercury (Hg) and lead (Pb) in interior and exterior
New Orleans house pain films. Chemosphere 72, 882–885.

Pelfrene, A.F., 2001. Inorganic and organometal pesticides. In: Krieger, R. (Ed.),
Handbook of Pesticide Toxicology, second ed. Academic Press, San Diego, CA,
pp. 1357–1428.

Relevant Websites

http://www.epa.gov/pesticides/
http://ec.europa.eu/sanco_pesticides/public/index.cfm
http://cibrc.nic.in/
http://www.apvma.gov.au/
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Phenylphenol
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l Chemical Abstracts Service Registry Number: 90-43-7
l Synonyms: 2-Biphenylol, 2-Hydroxybiphenyl, o-Hydrox-

ydiphenyl, Ortofenilfenol, Orthophenylphenol, o-Biphe-
nylol, Biphenyl-2-ol

l Molecular Formula: C12H10O
l Chemical Structure:
Background

Phenylphenol or OPP is a phenol or cresol compound. It
appears to be white to pink in solid or crystals with a slight
phenolic odor. OPP is produced as a by-product in the
manufacture of diphenyloxide or by aldol condensation of
hexazinone. Current global production is estimated to be less
than 10 million pounds per year.
Uses

Chief uses of products containing OPP are as disinfectants,
antimicrobials, preservatives, antioxidants, and sanitizing
solutions in various industries.
Environmental Fate and Behavior

Relevant Physicochemical Properties

Boiling point: 286 �C
Melting point: 59 �C
Log Kow: 3.09 at pH 7
Solubility: soluble in fixed alkali hydroxide solutions and most
organic solvents; soluble in water at 700 mg l�1 at 25 �C
Vapor pressure: 2.0 � 10�3 mmHg at 25 �C
Henry’s law constant: 1.05 � 10�6 atm m3 mol�1 at 25 �C
Partition Behavior in Water, Sediment, and Soil

If released to air, OPP will exist solely as a vapor in the ambient
atmosphere, and this vapor will be degraded by reaction with
photochemically produced hydroxyl radicals. The half-life of
the reaction is estimated to be 1.4 h. OPP absorbs light in the
environmental UV spectrum and may undergo direct
photolysis. If released to soil, OPP is expected to be immobile.
Volatilization from moist soil surfaces may be an important
fate process based on a Henry’s law constant of
1.5� 10�6 atmm3mol�1. If released into water, phenylphenol
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is expected to adsorb to sediment and suspended solids in
water. Ground water contamination does not seem likely.
Environmental Persistence

The major degradation route appears to be through biodegra-
dation in aerobic and anaerobic environments. The observed
half-life values vary from 3h to 3 weeks depending on the
exposure site. Possibly hazardous short-term degradation
products are not likely. However, long-term degradation
products may arise. The products of degradation are less toxic
than the product itself.
Long-Range Transport

No data identified.
Bioaccumulation and Biomagnification

An estimated BCF of 51 was calculated for o-phenylphenol.
This indicates that the potential for bioconcentration in aquatic
organisms is moderate.
Exposure and Exposure Monitoring

Routes and Pathways

Dermal, inhalation, and ingestion.

Human Exposure

Occupational exposure to OPP may occur through inhalation
and dermal contact with this chemical at workplaces in which
OPP is produced or used. The general population may be
exposed to OPP via inhalation of indoor and outdoor air,
ingestion of food and drinking water, and dermal contact with
this chemical and household disinfectant product containing
the chemical.
Environmental Exposure

OPP’s production and use in rubber chemicals, in food pack-
aging, as an intermediate for dyes, and as a food preservative
may result in its release into the environment through various
waste stream. OPP uses as a pesticide and household disin-
fectant and for sapstain control in freshly cut lumber are
expected to result in its direct release into the environment.
OPP may be formed in the environment as a microbial
metabolite of biphenyl.
Toxicokinetics

Contact with skin and mucous membranes are the exposure
pathways. Human exposure to phenylphenol most commonly
4-3.01199-4 889
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occurs through direct contact, inhalation, and ingestion. After
dermal application of OPP to humans, about 43% of the
applied dose was absorbed through the skin, and about 58%
was recovered in skin rinse and the protective enclosure. Most
of the absorbed radiolabel was recovered in urine (99%) and
only 1% was recovered in feces. The absorption half-life was
10 h, and the elimination half-time was 0.8 h. The rapid
excretion of the radiolabel into urine indicates that OPP is
unlikely to accumulate in humans exposed repeatedly. The
main metabolic pathways are conjugate of OPP or hydroxyl-
ation at the 5-position of the phenol ring, followed by conju-
gation with glucuronide or sulfate.
Mechanism of Toxicity

OPP inhibits anabolism of many amino acids and highly
downregulates the genes that encode the enzymes involved in the
DAP pathway. Lysine and DAP are essential for building up the
peptidoglycan cell wall. It was concluded that themode of action
ofOPP is similar to themechanism of action of some antibiotics.
Acute and Short-Term Toxicity

Animal

In animal experimental studies, OPP is slightly toxic, with
reported oral LD50 values of 1100–3500 mg kg�1 in male and
female mice, and 2600–2800 mg kg�1 in male and female rats.
It is essentially nonirritating to skin but may cause moderate
eye irritation and corneal injury. The dermal LD50 of OPP is
>5 g kg�1 in rabbits. Repeated applications did not cause
delayed hypersensitivity in guinea pigs.

Human

In humans, acute potential health effects include severe eye and
moderate skin irritation. For skin andmucous membranes, OPP
can be corrosive. If inhaled, it may cause upper respiratory tract
and mucous membrane irritation. If ingested, it may cause
gastrointestinal tract irritation with nausea and vomiting,
cramps, and diarrhea. Other symptoms may include blurred
vision, miosis, papilledema, sweating, and loss of sphincter
control.
Chronic Toxicity

Animal

Groups of 50 mice of each sex were fed diets to provide levels of
0, 250, 500, and 1000 mg kg�1 bw daily for 2 years. Satellite
groups of 10 mice/sex/dose level were sacrificed at 1 year for
evaluation of general chronic toxicity. In-life observations,
mortality, hematology, clinical chemistry, and urinalyses were
not affected. Significantly decreased body weights and body
weight gains were noted in all groups except low-dosemales. The
primary target organ was the liver, based on increased absolute
and/or relative weights at all dose levels, and on gross pathology
and histopathology. Microscopic changes in liver suggested
adaptation to OPP metabolism, associated with a statistically
significant increased incidence of liver cell adenomas in middle
and high-dose males. No oncogenic effects were observed in
low-dosemales or in females at any dose level. The minor effects
observed in the low-dose groups suggest that a long-term NOEL
would likely be 100 mg kg�1 bw OPP daily in mice.

To confirm the adverse findings in male rats in short-term
studies, several long-term studies were conducted with OPP in
Japan using small groups of male rats. In a 91-week study at
dietary levels of 0.63, 1.25, and 2.5% OPP, survival rates and
mean body weights were significantly lower in mid- and high-
dose groups. Bladder tumors were seen in 23/24 males in the
mid-dose group, but in only 4/23 of the group fed 1.25% OPP
and in all 23 of the male rats fed 2.5% OPP for 91 weeks. In
another study, no tumors were induced when male rats were
fed 2% OPP for 36 or 64 weeks, or 1.25% for 96 weeks fol-
lowed by 8 weeks on an untreated diet. In the latter 104-week
study, only papillary or nodular hyperplasia of the bladder was
seen in 3/27 male rats fed 1.25% OPP.

In a recent study conducted according to US pesticide
guidelines, groups of 70–75 rats of each sex per dose level were
fed OPP at constant nominal dietary concentrations of 0, 0.08,
0.4, and 0.8% (males) or 1.0% (females). These levels were
equivalent to average daily dose levels of 39/49, 200/248, and
402/647 mg kg�1 bw in male and female rats, respectively.
Satellite groups of 20 rats/sex/dose level were sacrificed at 1 year
to evaluate interim toxicity; remaining rats were sacrificed at 2
years to evaluate long-term toxicity and carcinogenicity. Food
consumption remained unchanged, but mean body weight
were decreased in mid- and high-dose males and females.
Increased mortality was noted in high-dose males fed 0.8% but
not in females fed 1.0% OPP. Clinical observations included
abnormal urine color and various staining, and an increased
incidence of blood in the urine of high-dose males. Post-mor-
tem findings included wet/stained ventrum, urinary bladder
masses, and pitted zones and abnormal texture in the kidney.
No effect on organ weights was noted. Histopathological find-
ings in mid- and high-dose males were characterized as struc-
tural alterations in the kidney and urinary bladder, including
evidence of urothelial hyperplasia and/or neoplasia (papilloma
and transitional-cell carcinoma). Neoplastic changes were not
observed in high-dose females at a dose levelw60%higher than
in males. The NOEL for systemic chronic toxicity was 0.08%
OPP in the diet, equivalent to daily dose levels of 39 and
49 mg kg�1 bw in male and female rats, respectively.
Human

Chronic potential health effects include prolonged skin
contact, which may cause dermatitis. If ingested, it may affect
the urinary system and may cause renal failure and tubular
necrosis. If exposed to high concentration of OPP, it may target
several main organs in the body with symptoms including
hypotension, myocardial failure, pulmonary edema, neuro-
logical changes, liver and renal toxicity, methemoglobinemia,
and hemolysis.
Reproductive Toxicity

In a reproductive study, groups of 30 rats of each sex were fed
OPP at dietary concentrations to provide dose levels of 0, 20,
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100, or 500 mg kg�1 bw daily over two generations. Animals in
the high-dose groups exhibited parental toxicity consisting of
reduction in male and female body weights, urine staining in
males, bladder calculi in males, and histological changes in
kidneys, bladder, and ureter of males. No reproductive effects
were observed at any dose level. The parental and neonatal
NOEL was 100 mg kg�1 bw per day, and the NOEL for repro-
ductive effects was 500 mg kg�1 bw per day.
Genotoxicity

A teratogenicity study was conducted in which groups of 25–27
female rats were bred and given daily doses of 100, 300, or
700 mg OPP kg�1 bw by gavage on days 6–15 of gestation. No
evidence of maternal or fetal toxicity was produced by
administration of the two lower dose levels. The high dose did
not cause embryotoxic or teratogenic effects, but was slightly
toxic to the dams, as evidenced by decreased body weight gain
and food consumption during the treatment period.

Another teratogenicity study was conducted in groups of
16–24 artificially inseminated female New Zealand white
rabbits by oral gavage of OPP in corn oil at targeted daily dose
levels of 0, 25, 100, or 250 mg kg�1 bw on days 7–19 of
gestation. The high dose caused increased mortality (13%),
gross pathological alterations of the GI tract, and histopatho-
logical alterations of the kidneys. The NOEL for maternal
toxicity was 100 mg kg�1 bw per day, and the embryonal/fetal
NOEL was 250 mg kg�1 bw per day, the highest dose level
tested in rabbits.

OPP, SOPP (sodium o-phenylphenate), and the oxidative
metabolites phenylhydroquinone (PHQ) and phenyl-
benzoquinone (PBQ) have been tested for genotoxic properties
in a variety of test systems. Most in vitro and in vivo assays were
negative, but the metabolites had a tendency to bind with
DNA. OPP is probably not genotoxic, but SOPP and PBQ are
possibly genotoxic at high doses.
Carcinogenicity

IARC classified OPP as a B2 carcinogen in 1983, based on
reports from Japan that high dietary levels of this sodium salt
caused bladder tumors in male rats. Since then, several
conventional long-term studies have been conducted with
OPP in both sexes of mice and rats. Groups of 50 mice per
sex were fed dietary levels of OPP to provide dose levels of 0,
250, 500, or 1000 mg kg�1 bw daily for 2 years. The liver was
identified as the target organ, with microscopic changes
suggestive of adaptation to OPP metabolism. No oncogenic
effects were observed in females at any dose level or in low-
dose males, but a statistically significant increased incidence
of liver cell adenomas was seen in male mice given 500 or
1000 mg kg�1 bw daily for 2 years. These dose levels also
caused significantly decreased body weights and body
weights gains, indicating that the MTD had been exceeded.
OPP was also administered to groups of 50 rats of each sex
per dose level at nominal dietary concentrations of
0, 800, 4000, and 8000 ppm in males and at 0, 800, 4000,
and 10 000 ppm in females for 2 years. The equivalent dose
levels in both male and female rats were reported to be 39/
49, 200/248, and 402/647 mg kg�1 bw per day. No
neoplastic changes were observed in females, including the
high-dose group given 60% more than the high-dose males.
Histopathological findings in mid- and high-dose males were
characterized as structural alterations in the kidney and
urinary bladder, including urothelial hyperplasia and/or
neoplasia (papilloma and transitional cell carcinoma). A
statistically significant increase in incidence of these
neoplasms was seen only in male rats given 402 mg
OPP kg�1 bw daily for 2 years.

The U.S. National Toxicology Program conducted a skin-
painting study with OPP in groups of 50 mice per sex. The OPP
was applied as an acetone solution on 3 days per week for
2 years, both alone and as a promoter with 7,12-dimethylbenz
[a]anthracene (DMBA). No skin neoplasms were observed in
either sex treated with OPP alone, and there were no tumor
enhancing or inhibiting effects when OPP and DMBA were
given in combination.
Clinical Management

Gently wash all affected skin areas thoroughly with soap and
water. For contact with eyes, eyes should be flushed immedi-
ately with water for 15 min. Do not use oil or ointment in eyes.
For inhalation, immediately leave the contaminated area, and
a self-contained breathing apparatus should be used whenever
possible. For ingestion, do not induce vomiting because
phenols are very toxic poisons; they are corrosive and irritating.
Give a glass of milk, charcoal slurry in water, or beaten egg
whites if the victim is conscious and not convulsing. Immedi-
ately transport to a hospital.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Results of submitted studies required by the EPA of freshwater
fish toxicity studies indicated that OPP is moderately toxic to
freshwater fish.

Bluegill sunfish LC50 ¼ 4.6 mg l�1

Rainbow trout LC50 ¼ 4.0 mg l�1
Terrestrial Organism Toxicity

Results of submitted studies required by the EPA of avian
species toxicity studies indicated that OPP is slightly toxic on an
acute oral basic.

Northern bobwhite (Colinus virginianus) LD50¼ 100mg kg�1

(slightly toxic).
Mallard (Anas platyrhynchos) LD50 > 2250 mg kg�1 (prac-

tically nontoxic).
Exposure Standards and Guidelines

Recommended exposure limit of OPP on the basis of an ADI of
0.4 mg kg�1 of body weight based on a NOAEL of 39 mg kg�1

of body weight per day.



892 Phenylphenol
See also: Phenol; Cresols.
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l Name: Phenylpropanolamine
l ChemicalAbstracts ServiceRegistryNumber:CAS14838-15-4
l Synonyms: PPA, DL-Norephedrine
l Molecular Formula: C9H13NO
l Chemical Structure:
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Background

Phenylpropanolamine (PPA) is a mixed-acting sympathomi-
metic amine similar to ephedrine. Its primary mechanism of
action is through direct a-adrenergic agonism, but there is also
indirect stimulation of norepinephrine release. In November
2000, the US Food and Drug Administration (FDA) Nonpre-
scription Drugs Advisory Committee determined that there is
a significant association between PPA and hemorrhagic stroke
and recommended that PPA not be considered safe for over-the-
counter use. At this time, a letter was issued to manufacturers
requesting voluntary removal of PPA from their products. Later,
in 2005, the FDA published a Tentative Final Monograph for
PPA-containing products proposing Category II status (not
generally recognized as safe and effective). To date, no Final
Monograph has been released; however, all manufacturers have
removed PPA from their products.
Uses

PPA was used as a nasal decongestant and as an anorectic.
Studies have shown benefit in humans for urinary incontinence,
and PPA is still used in veterinary medicine for this purpose.
Exposure and Exposure Monitoring

Routes and Pathways

Despite being withdrawn from the market in 2000, PPA is still
present in many homes and hundreds of exposures are reported
to US Poison Centers each year. PPA is still available for
purchase for use in dogs with urinary incontinence. PPA is
available in liquid, tablet, and caplet dosage forms. Ingestion is
the most common route of accidental and intentional exposure.
Human Exposure

Human exposures to PPA in the United States are monitored
through the National Poison Data System, which draws its
information from the Poison Center system.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

Oral doses of PPA are rapidly and completely absorbed from
the gastrointestinal tract, with oral bioavailability of nearly
100%. Peak plasma concentrations occur approximately 1–2 h
after an oral dose, or 4–6 h with sustained-release preparations.
PPA crosses the blood–brain barrier, resulting in central nervous
system (CNS) effects. The brain-to-serum ratios are extremely
close at 0.025 and 0.05 mmol kg�1. The volume of distribution
is approximately 4.5 l kg�1. PPA is predominantly eliminated
unchanged in the urine (mean 97% recovered) within 24 h.
PPA is a weak base with a pKa of 9.4, and is eliminated more
rapidly in acidic urine. Where the urine pH is normal (5.5–7.0),
the plasma half-life is 3–7 h. In alkaline urine, the elimination
half-life increased from a mean of 4.03–5.39 h.
Mechanism of Toxicity

The primary action of PPA is direct a-adrenergic agonism,
though it also causes indirect release of norepinephrine at
postganglionic sympathetic nerve terminals. PPA also has
weak b agonistic properties. Hypertension results from a-
adrenergic mediated vasoconstriction of peripheral blood
vessels. Reflex bradycardia is common. Sympathomimetic
effects can produce anxiety, insomnia, agitation, tremor,
tachycardia, and mydriasis.
Acute and Short-Term Toxicity

Animal

Following the ingestion of PPA, dogs and cats may exhibit
hyperactivity, mydriasis, depression, vomiting, hyperthermia,
disorientation, and bradycardia. Therapy is directed at
prevention of absorption and control of tachyarrhythmias with
lidocaine (dogs only) or procainamide (dogs only). Diazepam
may be used for control of symptoms of CNS stimulation.
Human

Adverse effects can be seen even at therapeutic doses in
susceptible individuals. PPA has a low therapeutic index, and
adverse effects can occur at doses two or three times the normal
daily dose. The recommended adult daily dose is 75–150 mg.
An amount over 10 mg kg�1 is potentially toxic in children.

Hypertension is the most common and most serious toxic
effect of PPA. Hypertensive crisis, cerebral arteritis, cerebral
hemorrhage, psychoses, seizures, and myocardial ischemia
may result. Bradycardia (as a reflex response to hypertension) is
more common when PPA is ingested exclusively. Tachycardia is
generally seen where PPA is combined with antihistamines in
multisymptom products. Concurrent substances that are prev-
alent in combination products and may contribute to the
4-3.00770-3 893
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toxicological presentation of PPA exposures include analgesics,
antihistamines, and antitussives. Consideration should be
given to the alcohol component of liquid preparations. Other
neurological symptoms may be associated with the sympa-
thomimetic effects and include anxiety, tremor, confusion,
agitation, hallucinations, and altered mental status.
Chronic Toxicity

Animal

PPA has been used in veterinary practice as an agent to help
with urinary continence, primarily in dogs. Dogs commonly
develop signs and symptoms of CNS stimulation.
Human

The use of PPA has been associated with increases in blood
pressure and an increased risk of hemorrhagic stroke.
Reproductive Toxicity

PPA may theoretically constrict uterine vessels, reducing blood
flow and causing fetal hypoxia, though this effect has not been
documented. Studies regarding the potential teratogenicity of
PPA have been inconclusive.
Clinical Management

Basic and advanced life-support measures should be instituted
as indicated. Gastric decontamination may be performed
depending on the patient’s symptomatology and the history of
the ingestion. Activated charcoal may be used to adsorb PPA.
Most overdoses require observation only for a period of 4–8 h;
sustained-release preparations may require a longer period of
observation. Careful monitoring of the cardiac and hemody-
namic status should be performed. Benzodiazepines should be
administered for treatment of sympathomimetic effects or
seizures. Antidysrhythmics and antihypertensive agents may be
necessary in severe exposures. Nitroprusside is the agent of
choice for severe hypertension. Laboratory analysis of creatine
phosphokinase and urinalysis should be performed in those
with severe symptoms.

See also: Charcoal; Ephedra; Pseudoephedrine.
Further Reading

Kernan, W.N., Viscoli, C.M., Brass, L.M., et al., 2000. Phenylpropanolamine and the
risk of hemorrhagic stroke. N. Engl. J. Med. 343 (25), 1826–1832.

Phenylpropanolamine-containing drug products for over-the-counter human use.
Tentative Final Monographs. Fed. Reg. 70 (245), 2005, 75988–75997.
Relevant Website

www.fda.gov/Drugs/DrugSafety/InformationbyDrugClass – FDA Phenylpropanolamine
Information Page.
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l Name: Phenytoin
l Chemical Abstracts Service Registry Number: 57-41-0
l Molecular Formula: C15H12N2O2

l Chemical Structure:
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Background (Significance/History)

The drug was first approved for the treatment of epilepsy by the
Food and Drug Administration in 1953 and marketed by
Parke-Davis as Dilantin�. Its primary mechanism of action
appears to block voltage-sensitive sodium channels in the brain
(especially in the motor cortex), producing a delay in electrical
recovery in neurons and stabilizing the threshold against
hyperexcitability.
Uses

The primary use of phenytoin is as an anticonvulsant drug for
the treatment of most common forms of epilepsy, such as
simple and complex partial seizures and generalized tonic–
clonic seizures. It has been used as an antidysrhythmic agent,
but this usage has fallen out of favor.
Environmental Fate and Behavior

Routes and Pathways

Exposure is usually oral, but the intravenous route may be used
to treat status epilepticus.
Relevant Physicochemical Properties

Appearance: clear, colorless, or slightly yellow in solution
Solubility: ethyl alcohol
Exposure and Exposure Monitoring

Exposure is usually oral, but the intravenous route may be used
to treat status epilepticus. Fosphenytoin, a water-soluble
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
prodrug of phenytoin, may be administered either intrave-
nously or intramuscularly. Occupational exposure to
phenytoin may occur through dermal contact with this
compound at workplaces where it is produced or used. Moni-
toring data indicate that the general population may be
exposed to phenytoin via ingestion of contaminated water.
Toxicokinetics

Phenytoin is slowly but nearly completely absorbed in the
small intestine; oral bioavailability ranges from 70 to 100%.
The drug is widely distributed in the body and is almost
completely protein-bound, primarily to albumin. Phenytoin is
metabolized primarily in the liver by CYP2C9 and CYP2C19 to
5-(4-hydroxyphenyl)-5-phenylhydantoin, which is glucur-
onidated and excreted. Minor metabolites that are produced
include 3,4-dihydrodiol, catechol (3,4-dihyroxyphenyl-
phenylhydantoin), and 3-O-methylated catechol. Since hepatic
metabolism is a saturable process, small increases in dosage
can result in very large increases in serum levels. CYP2C9 also
metabolizes warfarin and tolbutamide, which may explain
interactions between phenytoin and these drugs. Phenytoin
and metabolites may undergo enterohepatic recirculation prior
to excretion. Most of the drug is eliminated in the urine as
inactive conjugated metabolites, but small amounts of the
unchanged drug may be present in the urine (2–4%) and
feces (5%).

The average plasma half-life is 22 h (range 7–42 h). The
therapeutic dose of the drug is 300 mg day�1, with optimal
serum levels of 10–20 mg ml�1. The peak blood concentration
is usually reached about 2–4 h after a single therapeutic dose,
but absorption may take much longer in cases of intentional
overdose. Subpopulations that may be especially susceptible to
drug toxicity include newborns, the elderly, and individuals
with kidney or liver disease due to alterations in metabolism
and/or excretion. Individuals with hypoalbuminemia may also
have a higher risk of toxicity due to the high level of binding of
the drug to this protein. Additionally, some patients may be
hypermetabolizers of the drug or there may be a congenital
enzyme deficiency.
Mechanism of Toxicity

Since metabolism of the drug is a saturable process, much of
the toxicity of phenytoin is thought to be due to increased
concentrations of the drug, especially of nonprotein-bound
drug. The free drug may cross the blood–brain barrier, and if
present in excess, could produce some of the adverse neuro-
logical manifestations. Other toxicities may be related to folic
acid deficiency induced by phenytoin. Reactive intermediates
formed during metabolism of phenytoin may also be respon-
sible for some of the drug’s toxicity.
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Acute and Short-Term Toxicity (Animal/Human)

Mild intoxication usually manifests as neurological effects in
both animals and humans. Symptoms may include nystagmus,
slurred speech, ataxia, lethargy, dizziness, drowsiness, tremor,
confusion, nausea, and vomiting. Less common symptoms
may include coma or dysrhythmia. High oral doses are neces-
sary to produce acute toxicity in animals; the LD50 is
150 mg kg�1 in mouse, 1635 mg kg�1 in rat, and
>3000 mg kg�1 in rabbit.
Chronic Toxicity (Animal/Human)

Phenytoin may induce folic acid deficiency predisposing indi-
viduals to megaloblastic anemia and possibly to gingival
hypertrophy. It may also produce hypertrichosis and coars-
ening of facial features. Most antiepileptic drugs have been
associated with an increased risk of suicide.
Immunotoxicity

Depressed immunological function may occur in patients given
phenytoin. Anticonvulsants, including phenytoin, have been
associated with life-threatening skin reactions such as Stevens–
Johnson syndrome and toxic epidermal necrosis. Patients of
Chinese ancestry may have an inherited allelic variant,
HLA-B*1502; there are limited studies suggesting that this
variant may increase the risk of developing Stevens–Johnson
syndrome and toxic epidermal necrosis in patients taking anti-
epileptic drugs other than carbamazepine, including phenytoin.
Reproductive/Developmental Toxicity

Phenytoin is listed under pregnancy category D (positive
evidence of human fetal risk, but the benefits from use in
pregnant women may be acceptable despite the risk). There has
been controversy over the role of antiepileptic drugs in the
increased risk of birth defects in epileptic women taking anti-
epileptic drugs. These malformations may be due to either
antiepileptic drugs, the underlying disease state, genetic consti-
tution, or a combination of these factors. The incidence of
malformations appears to be approximately 10% when anti-
epileptic drugs are taken during pregnancy; this incidence is two
to three times the incidence in the general population. Major
malformations such as orofacial clefts and cardiac defects as
well as minor malformations such as dysmorphic facial features
and nail and digit hypoplasia have been reported among chil-
dren whose mothers took phenytoin with/without other anti-
epileptic drugs during pregnancy; growth abnormalities and
mental deficiency have also been reported. Some newbornsmay
be at increased risk for a bleeding disorder related to decreased
levels of vitamin K-dependent clotting factors.
Genotoxicity

Phenytoin was negative in the Ames test, positive in sister
chromatid exchange assays in mammalian cells, and equivocal
in the micronucleus test in mammalian cells.
Carcinogenicity

The compound is considered to be a possible human
carcinogen. The results of chronic bioassays in rodents have
been equivocal; comparison of the outcomes of these
studies is difficult due to differences in routes of adminis-
tration, doses, treatment duration, and strain of rodent
used. Among humans, there have been a number of reports
suggesting an association between phenytoin and the
development of lymphadenopathy, such as benign lymph
node hyperplasia, pseudolymphoma, lymphoma, and
Hodgkin’s disease. Additionally, neuroblastoma has been
reported in children whose mothers took phenytoin during
pregnancy.
Clinical Management

Treatment generally consists of supportive care. Hypoten-
sion may be associated with rapid infusion of phenytoin;
slowing down the infusion rate and intravenous fluid
therapy should resolve this issue. Phenytoin-induced
seizures may be treated with intravenous doses of diaz-
epam or lorazepam; phenytoin should be discontinued if
seizures occur. Since small changes in dosage can result in
large differences in serum drug levels, serum levels should
be monitored for all patients demonstrating adverse reac-
tions. Serial serum collections may be needed to determine
peak drug levels. Activated charcoal may be used to help
eliminate phenytoin in cases of accidental or intentional
overdose. Monitoring of patients should continue until
serum drug levels are within the therapeutic range or the
patients are neurologically competent. Oral ingestion of
phenytoin rarely results in death.
Disclaimer

This article reflects the views of the authors and should not be
construed to represent FDA’s views or policies.
See also: Carbamazepine; Developmental Toxicology; Food and
Drug Administration, US; Neurotoxicity; Valproic Acid;
Vitamin A; Vitamin C (Ascorbic Acid); Vitamin D; Vitamin E.
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l Name: 9,11-Tetradecadien-1-ol,1-acetate, (9Z,11E) (One
example of Lepidopteran pheromones)

l Chemical Abstracts Service Registry Number: 50767-79-8
l Synonyms: (Z,E)-9,11-Tetradecadienyl acetate; EINECS

256-752-7; Ferodin SL; Litlure A; Prodlure
l Molecular Formula: C16H28O2

l Chemical Structure:

O

O

H3C

H3C

Background

In a sustainable agriculture community, pheromone-based
products have been used as low-risk alternatives to conven-
tional pesticides. A pesticide is defined as any substance or
mixture of substances intended for preventing, destroying,
repelling, or mitigating any pest according to federal and state
law. A pheromone used for mating disruption is classified as
a pesticide because it prevents the pest from being able to mate,
thus reducing or eliminating its propagation. The products may
be applied either by ground or by air, depending on the size
and geographic extent of the infestation. Pheromone
dispensers used to manage coddling moth worldwide have
been registered since 1991 in the United States.
What Are Pheromones?

Pheromones are closely related chemicals produced naturally
by individuals of the same species (e.g., insects) that mediate
communication between members of the same species.
Synthetic pheromones in pesticide products are synthetic
compounds that are substantially similar to those produced
naturally by species which, alone or in combination with other
compounds produced by that species, modify the behavior of
other individuals of the same species. Each pheromone has its
own specificity. The present discussion will focus on straight
Table 1 Examples of some pheromones and the associated target pests a

Target pests Sites of action

Light brown apple moth (LBAM)
Epiphyas postvittana

Orchards, ornamental nurseries, vine

Codling moth
Cydia pomonella

Fruit, nuts

Codling moth
Cydia pomonella

Fruit, nuts, ornamental trees/shrubs,
agricultural areas

898 Encyclopedia of T
chain Lepidopteran pheromones (SCLPs), which are produced
by a member of the order Lepidoptera, which includes
butterflies andmoths. All of the Lepidopteran pheromones that
US Environmental Protection Agency (EPA) has approved for
pesticide use are chemicals produced by female moths to attract
a mate. Therefore, the specific products discussed herein are for
use on moths only. The pesticide products contain synthetic
versions of these naturally occurring compounds, designated
by an unbranched aliphatic chain (between 9 and 18 carbons)
ending in an alcohol, aldehyde, or acetate functional group and
containing up to 3 double bonds in the aliphatic backbone.
Each product has its own specific formulation, active ingre-
dient/s, and other constituents (e.g., anti-oxidant and UV
blocker).

All SCLPs are classified as biochemical pesticides. As of
November 1999, US EPA had registered approximately 20
moth mating pheromones as pesticide active ingredients and
more than 60 individual pesticide products containing these
active ingredients. Some examples are shown in Table 1.
Uses

For insects, pheromone functions include identifying the
location of food sources, alarming other individuals about
potential dangers, and locating potential mates. When used in
pest management, most of the SCLPs included in this discus-
sion are formulated into pesticide end products used as
attractants for mating disruption for the targeted Lepidopteran
species.
Environmental Fate and Behavior

Naturally occurring pheromones are ubiquitous in the envi-
ronment and not considered to be air pollutants. Pesticide
products containing synthetic pheromones are used in a wide
variety of places where plants grow, such as agricultural and
residential sites and forests. There are general guidance and
determinations provided by US EPA regarding environmental
fate and behavior. However, the actual environmental behavior
of a particular pheromone depends on specific climate condi-
tion and usage, which can vary by product design, site char-
acteristics, and application method.
nd sites of action

Pheromones chemical names

yards 9,11-Tetradecadien-1-ol,1-acetate (9Z,11E)

Lauryl alcohol, myristyl alcohol, (E,E)
-8,10-dodecadien-1-ol, (Z) -11-tetradecenyl acetate

uncultivated (E,E) -8,10-Dodecadien-1-ol, (Z) -11-tetradecenyl
acetate

oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01065-4
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Environmental Persistence

Historically, the US EPA has waived the Tier I studies and the
need for environmental fate and groundwater data. In general,
pheromones do not bioaccumulate and are relatively volatile,
biodegradable, and quickly decomposed under sunlight. The
agency refers to each individual SCLP for the specific physical/
chemical properties assessment, specific physical/chemical
properties, and specific status as the requirement for environ-
mental fate and groundwater data.
Exposure Routes and Pathways

There are two major ways to disperse pesticide products con-
taining Lepidopteran pheromones: (1) using dispensers that
are attached to trees or to stakes in the field several feet above
the ground and slowly releasing the pheromone over a period
of weeks or months, depending on the length of the pest’s
lifecycle, or on local weather conditions; or (2) using ground or
aerial spray of products containing pheromones.

The major routes of human exposure to the products are
inhalation and dermal routes, with ingestion being least likely.
Workers who may be exposed dermally when handling and
hanging pheromone dispensers are generally advised as
a precaution to wear protective gloves. From the dispensers, the
movement of the pheromone to the environment is termed
passive diffusion, which does not use any physical or chemical
means to disperse the pheromone, and is required for an
organic certification use of the product. The low passive diffu-
sion rate (e.g., less than 0.5 g or 1/8 teaspoon per day) mimics
the natural release rate of pheromone from female moths. This
low release rate and the dispenser density (e.g., one per 1755
square feet) result in minimal offsite movement of the phero-
mone. Once released into the air, the pheromone is diluted and
gradually degraded under sunlight, and thus inhalation expo-
sure to pheromones (and other ingredients) is estimated to be
extremely low.
Human Exposure

Due to the low acute and subchronic toxicity of SCLPs in
animal testing and low level of use, no human exposure to
these active ingredients at toxic levels is anticipated. On
product labels, the appropriate signal word and precautionary
statements to mitigate any risk from exposure via skin and
inhalation are generally required. No indoor residential,
school, or daycare uses currently appear on the labels. Worker
exposure data on SCLPs are not required. Although accidental
exposure may occur in children, the health risk is expected to be
minimal based on low exposure and low mammalian toxicity.
There are some characterizations specific to individual SCLPs.
The US EPA has determined that the toxicity and exposure data
are sufficiently complete to adequately address the potential for
additional sensitivity of infants and children to residues of
SCLPs, and has concluded that aggregate exposure to SCLPs
over a lifetime will not pose appreciable risks to human health.
Because SCLPs have a non toxic mode of action, and there is no
evidence to suggest that these biochemical pesticides share any
common mechanisms of toxicity with other substances,
cumulative exposure concerns are not anticipated.

The US EPA has also determined that no health concern is
expected from consumption of food containing SCLP residues.
The agency has considered SCLPs in light of relevant safety
factors in the Food Quality Protection Act of 1996 and under
the Federal Insecticide, Fungicide, and Rodenticide Act and
determined there will be no unreasonable adverse effects from
the use of these products. Its risk management decision
regarding the registration of these SCLPs is based on the known
low toxicity of Lepidopteran pheromones, the limited exposure
to humans, and the precautionary labeling that minimizes
exposure and mitigates risk to non target organisms.

In California in 2007, products containing SCLPs in
microcapsules were applied by aerial application and in twist
tie dispensers to combat light brown apple moth (LBAM),
which is an exotic pest native to Australia. The former method
generated some self-reported symptoms such as eye and upper
respiratory tract irritation. An analysis of the symptom reports
conducted following the aerial application and a human health
risk assessment on the dispenser use did not confirm or identify
associated adverse health effects. Currently, the major form
used to combat LBAM infestation is the dispenser.
Mechanism of Action

Pheromones have a non toxic mode of action to target organ-
isms. SCLPs are moth attractants and they do not kill or harm
the pests. They may alter physiology or behavior (mating) of
the receiving organism, with a major function being disruption
of the communication system of pests leading to suppression
of mating and reproduction to prevent propagation of future
generations.
Toxicology

Historically, the US EPA has supported requests for waivers
from the requirements of studies/data for acute mammalian
toxicity and for non target organism testing for pheromones
used in pesticide products. These data were waived based on
the following criteria: (1) low toxicity in animal testing; (2)
expected low exposure to humans; (3) no expected risk to
human health; (4) no reported adverse effects during more
than 10 years of use as pesticides; and (5) no expected adverse
effects to non target organisms. SCLPs are considered suffi-
ciently similar as a group and toxicological data of one member
can be applied to others in the same group.
Acute and Short-Term Toxicity

SCLPs have low acute inhalation toxicity in rats with a median
lethal concentration (LC50) generally >5 mg l�1 (low toxicity).
In rats, LC50s of (Zþ E) 8-dodecenol acetate, (Z)-9-tetradecenal,
(Z þ E)-11-tetradecenal, and (Z)-11-hexadecenal were in the
range of >5 mg l�1 to >75 mg l�1. One chemical, (ZZ þ ZE)-7,
11-hexadecadienol acetate had an acute inhalation LC50 of
>3.3 mg l�1. An acute inhalation LC50 >2.5 mg l�1 in rats for
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(E þ Z)-4-tridecenyl acetate has been reported. The pheromone
active ingredient in the product Isomate LBAM Plus, (E, E)-8,
10-dodecadien-1-ol, has an acute inhalation LC50 >5.26
mg l�1 in rats. Rats exposed to different pure SCLPs aerosols (1–
10 mm droplets) for 1 h showed no deaths or adverse effects for
(Z)-7-hexadecen-1-ol acetate, (Z)-7-dodecen-1-ol acetate, and
(Z)-7-dodecen-1-ol at levels between 3.8 and 6.7 mg l�1.

SCLPs have very low oral toxicity in rats. For regulatory
purposes, the US EPA used an acute oral toxicity of LD50 >

5000 mg kg�1 for SCLPs and placed this group of chemicals in
Category IV (Very low toxicity) for acute oral toxicity. The cate-
gories includeCategory I (�50mg kg�1) –high toxicity; Category
II (>50 through 500 mg kg�1) –Moderate Toxicity; Category III
(>500 through 5000 mg kg�1) – low toxicity; and Category IV
(>5000mgkg�1)– very low toxicity.One review reported anoral
LD50>5000mgkg�1 for18pheromones; onehadanoralLD50>

3200 mg kg�1. E-11-tetradecen-1-yl acetate plus E, E-
9,11-tetradecadien-1-yl acetate (combined testing) has an oral
LD50 > 5000 mg kg�1 in an acute oral toxicity study in rats that
showed no mortality and no toxic signs.

SCLPs vary in their potential to cause eye irritation in
rabbits. (E þ Z)-4-tridecenyl acetate was reported to be a slight
eye irritant. It caused slight iritis and conjunctival irritation in
rabbits. In a review, (E,E)-8,10-dodecadienol, (Z)-7-dodecenol
acetate, (Z þ E)-8-dodecenol acetate, (E)-4-tridecenol acetate,
(ZZ þ ZE)-7, 11-hexadecadienol acetate, (EZ þ ZZ)-3,
13-octadecadienol acetate, and (E þ Z)-11-tetradecenal were
not reported to be eye irritants. But (Zþ E)-9-dodecenol acetate
was found to be a slight eye irritant. On the other hand, while
(Z)-7-hexadecen-1-ol acetate and (Z)-7-dodecen-1-ol acetate
are not eye irritants, (Z)-7-dodecen-1-ol was found to cause
mild eye irritation at 24 and 48 h after treatment. Nearly
complete recovery was noted at 72 h.

For dermal toxicity, US EPA and Health Canada classified
SCLPs as Category III (low toxicity) for acute dermal toxicity,
because there were no deaths reported at the limit dose of
2000mg kg�1 (Eþ Z)-4-tridecenyl acetate was reported to have
an acute dermal LD50 of >5000 mg kg�1 in rabbits. A mixture
of E-11-tetradecen-1-yl acetate and E, E-9,11-tetradecadien-1-yl
acetate has an acute dermal LD50 >2000 mg kg�1 in rats.

Several long-chained hydrocarbons were tested on rabbits
by placing the materials directly onto the bare skin and holding
there for a specific period of time. At doses up to 2025mg kg�1,
no death was seen for (Z)-7-hexadecen-1-ol acetate and (Z)-
7-dodecen-1-ol. However, treated animals showed some local
skin reactions such as redness, pustulation, erythema, edema,
or scab. In animals treated with (Z)-7-dodecen-1-ol, the acute
dermal LD50 is 3700 mg kg�1; ataxia, muscular weakness, and
hypothermia were noted. No untoward behavioral reactions
were seen in any of the other animals. Necropsies revealed no
abnormal findings other than the dermal alterations.

In an acute skin irritation study in rabbits, a mixture of E-
11-tetradecen-1-yl acetate and E, E-9,11-tetradecadien-1-yl
acetate, when applied in an undiluted form, caused slight
skin irritation. This result is consistent with other animal
studies. SCLPs are considered to be mild to moderate skin
irritants in rabbits. In an acute skin sensitization study,
a mixture of E-11-tetradecen-1-yl acetate and E, E-9,11-
tetradecadien-1-yl acetate was determined not to be a skin
sensitizer in guinea pigs.
Acute toxicity studies were developed for four pheromone-
based (E-11-tetradecen-1-yl acetate and E, E-9,11-
tetradecadien-1-yl acetate) formulated products. These
include acute oral toxicity, acute inhalation toxicity, acute
dermal toxicity, eye irritation, dermal irritation, and dermal
sensitization studies. The results of the tests on each of the four
products showed low potential for irritation, placing them in
Category IV (very low toxicity). The local lymph node assay was
positive whereas the Buehler assay was negative for skin
sensitization. For the actual active ingredients, the acute oral
toxicity study was conducted at the limit dose (5000 mg kg�1)
and indicated Toxicity Category IV with no significant clinical
signs. The dermal irritation study produced moderate irritation
indicative of Toxicity Category III. The Buehler dermal sensiti-
zation study did not indicate dermal sensitization.
Subchronic Toxicity (Including Combined Screening
Reproductive/Developmental Toxicity)

Subchronic toxicity data were reviewed for four SCLPs in
studies with a duration ranging from 19 days to 14 weeks. In
two 19 day inhalation studies in pregnant rats, 1-nonanol
given at >30 mg kg�1 day�1 and 1-decanol given at
>17mg kg�1 day�1 had no effects. In a 14 week gavage study in
rats, 2-trans,4-trans-decadienal was reported to have an NOAEL
of 33.9 mg kg�1 day�1. In a 37 day combined subchronic and
reproductive/developmental toxicity screening study, rats
were given 1-dodecanol in diet at 0, 100, 500, or
2000 mg kg�1 day�1. The pregnancy rates were slightly reduced
but the change was not statistically significant. There were no
effects on body weight, weight gain, food consumption, and
food efficiency in either sex at all the dose levels and no
treatment-related effects were observed in the fetuses. A statis-
tically significant decrease in white blood cell counts in the 500
and 2000 mg kg�1 day�1 dose groups was found; however, no
differences in the differential counts of white blood cell types
were seen, thus making it difficult to assess the toxicological
significance of this finding.

US EPA has used the results of a 90 day feeding study in rats
of a commercial blend of branched acetates (this does not meet
US EPA’s own definition of SCLPs) with an aliphatic chain
length between C10 and C14 to assess the subchronic toxicity
of SCLPs. At doses of up to 1000 mg kg�1 day�1, this study
indicated no significant signs of toxicity other than those ex-
pected with longer term exposure to high doses of a hydro-
carbon, namely, histopathologic evidence of nephropathy in
males and increased liver and kidney weights in both sexes.
Reproductive/Developmental Toxicity

See Subchronic Toxicity (Combined Screening Reproductive/
Developmental Toxicity).
Chronic Toxicity/Carcinogenicity

There were no chronic animal toxicity or carcinogenicity studies
available. SCLPs are exempted from long-term testing.
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Genotoxicity

An SCLP, (E þ Z)-4-tridecen-1-yl acetate, tested negative in the
gene mutation, chromosome effects, and DNA damage tests.
(Z þ E)-8-dodecenol acetate, (E)-4-tridecenol acetate, and
(ZZ þ ZE)-7, 11-hexadecadienol acetate were reported not to
be mutagenic. US EPA did not find evidence that SCLPs are
mutagenic.
Ecotoxicology

The data requirements for ecological effects have been reduced
per 40 CFR 158.2050 and 40 CFR. Historically, adverse effects
on non target organisms (mammals, birds, and aquatic
organisms) are not expected because the US EPA determined
that SCLPs are released in very small amounts to the environ-
ment and act on a select group of insects. On the other hand,
actual data relating to specific uses that can vary by product,
site, and application method may be provided from the
responsible local agencies using the products as these may be
compiled in the preparation of environmental impact reports.
Each case would be different depending on these varying
parameters (e.g., setback distance or other precautions).
Guidelines

In 1994, the US EPA final rule established an exemption from
the requirement of a tolerance for pheromone residues in or on
all raw agricultural commodities with application limitation of
150 g active ingredient (a.i.) per acre per year. Amendments
made in 2006 included indoor post harvest treatment in or on
all stored food commodities when applied or used at a rate not
to exceed 3.5 g a.i. per 1000 square feet per year (equivalent of
150 g a.i. per acre per year) in accordance with good agricul-
tural practices.

See also: Carbamate Pesticides; Common Mechanism of
Toxicity in Pesticides; Pesticides.
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Phorbol esters were first detected in oil prepared from seeds of
Croton tiglium, and are the most widely studied skin tumor
promoters; however, many other chemical compounds have
been shown to possess skin tumor-promoting properties, for
example, phenobarbital, DDT, and the peroxisomal pro-
liferators. Within a few hours after application of a single
effective dose of phorbol 12-myristate 13-acetate (also known
as TPA and 12-O-tetradecanoyl-phorbol-13-acetate, CAS
16561-29-8) to mouse skin, localized edema and erythema
characteristic of inflammation and irritation are evident, and
within 24 h there is leukocytic infiltration of the dermis. Within
1 or 2 days after a single promoter treatment, stimulation of
mitotic activity in the basal cell layer of the epidermis is evident
and continues for several days. This results in an increased
number of nucleated cell layers, and is followed by a phase of
increased keratinization of the upper layers of the epidermis.
Without additional promoter treatments, these responses to
the promoter gradually subside and the epidermis regains its
normal appearance within w2 or 3 weeks of treatment.
Repeated promoter treatment, however, prevents this decrease
in response, and the skin appears to be in a chronic state of
irritation and regenerative hyperplasia. Phorbol esters have
been shown to transform cultured fibroblasts and embryonic
cells that have been previously exposed to polycyclic aromatic
hydrocarbons in vitro.

The best known receptors for phorbol esters and their
derivatives are the isozymes of protein kinase C (PKC), which
bind phorbol esters and the physiological second messenger
diacylglycerol (DAG) by cysteine-rich domains, the C1
domains. The exact functions of the different PKC isozymes are
not known at present; however, they have been shown to be
involved in synaptic transmissions, the activation of ion fluxes,
secretion, cell cycle control, differentiation, proliferation,
tumorigenesis, metastasis, and apoptosis.

Phorbol esters also target numerous C1-containing
receptors unrelated to PKC. Identifying and understanding
the complete set of key mediators for the physiological DAG
responses and phorbol ester-induced tumorigenesis will help
in the understanding of signal integration, and can also help
in the development of new strategies for therapeutic cancer
intervention. For example, individual PKC isozymes appear
to have opposite effects on skin carcinogenesis, despite being
all activated by phorbol esters in the mouse skin chemical
carcinogenesis model, and a better understanding of the
different epidermal expression patterns and substrate
proteins is needed to explain their opposing effects on skin
carcinogenesis.

Tumor promotion is described as ‘the process by which
an agent brings about the selective expansion of initiated
cells, which increases the probability of malignant trans-
formation.’ Such promotion can also be considered non-
genotoxic or epigenetic carcinogenesis. The concept of tumor
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promotion came from studies which found that a single
application of coal tar or a polycyclic hydrocarbon to the
skin of rabbits or mice in subcarcinogenic amounts would
initiate the process of skin carcinogenesis if followed by
a promotional event.

The characteristics of a promoter in the mouse skin model
can be described as follows:

1. That it should not be carcinogenic per se.
2. That it should not increase tumor yield if administered

before the initiating carcinogen.
3. That when applied after an initiating, subcarcinogenic dose

of the carcinogen, it should accelerate the rate of develop-
ment of tumors and thus increase the total, time-related
tumor incidence.

4. That the yield of tumors produced should be related to the
dose of the initiator, not to the dose of the promoter,
provided the promoter is used in excess of the minimum
amount required to promote all initiated cells.

5. That, unlike initiation, which can take place rapidly during
a single exposure to the initiator and which is a permanent
event, promotion requires long exposure to the promoter
before the changes induced become irreversible.

While the above is a summation of general qualities of
phorbol esters, there are many toxic affects which are specific by
compound, and a large number of compounds within the class
of phorbol esters.

Miscellaneous

The plant from which phorbol esters were first derived,
C. tiglium, or the purging croton, is one of the 50 fundamental
herbs used in traditional Chinese medicine, though there have
subsequently been several species identified which contain the
chemical.
See also: Carcinogenesis; DDT (Dichlorodiphenyltrichloro-
ethane); Polycyclic Aromatic Hydrocarbons (PAHs); Skin;
Toxicity Testing, Dermal.
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l Name: Phosgene
l Chemical Abstracts Service Registry Number: 75-44-5
l Synonyms: Carbonyl chloride, Chloroformyl chloride,

Carbon oxychloride
l Chemical/Pharmaceutical/Other Class: Haloform
l Molecular Formula: COCl2
l Chemical Structure:
CI CI

O

Background Information

Phosgene is a compound that has seen extensiveuse innumerous
industries for nearly 200 years. First synthesized by John Davy in
1812 by combining carbon monoxide with chlorine gas and
exposing the reaction to sunlight, phosgenewas so named owing
to the reaction occurring in light. Used as a chemical weapon
during World War I, the colorless gas also gained popularity in
the nineteenth century for dye manufacturing and has since
become a necessary industrial reagent for the production of
pharmaceuticals and other compounds, and particularly useful
in polymerizations. Small amounts of phosgene occur naturally
via the breakdown of organochlorine compounds. Today,
phosgene is manufactured onsite for industrial applications
using a similar reaction to that used by its discoverer – the reac-
tion of carbon monoxide and chlorine gas, though with the
addition of an activated carbon catalyst.
Uses

Phosgene is used as a chemical intermediate in numerous
industries. It is used in the synthesis of pesticides and herbi-
cides, as well as for the separation of metals in ores of metal
oxides. Phosgene has been heavily used to prepare isocyanates,
which are in turn used as precursors to numerous compounds,
particularly polyurethanes. During World War I, phosgene was
used as a chemical warfare agent.
Environmental Fate and Behavior

Phosgene’s widespread use may result in its release to the
environment through a variety of means. Historical publicized
releases of phosgene into the environment have been primarily
large scale, where storage tanks containing the gas have
ruptured. Effects have been varied, though largely temporary.
Phosgene is only slightly soluble in water; however, it rapidly
hydrolyzes to form carbon dioxide (CO2) and hydrochloric
acid (HCl); phosgene’s half-life when dissolved in aqueous
media is approximately 0.026 s.
904 Encyclopedia of T
In the air, phosgene is expected to degrade in much the
same way as in water – via hydrolysis to form carbon dioxide
and hydrochloric acid. Potential sources of atmospheric
phosgene follow from thermal decomposition of chlorinated
hydrocarbons, photooxidation of chloroethylenes, and other
emission sources. Phosgene exists as a gas in the ambient
atmosphere, and volatilization from contaminated soils is
expected to occur readily; the Henry’s Law constant of phos-
gene is 1.7� 10�2 atmm3mol�1.

If deposited into the soil, phosgene is expected to maintain
high mobility with an estimated Koc of 2.2, although its
tendency to rapidly hydrolyze and volatilize likely prevents it
from persisting in soil or water for long. In the atmosphere,
phosgene is expected to degrade either by gas-phase hydrolysis
or by reaction with hydroxyl radicals that are produced
photochemically. The half-life for phosgene’s reaction
with hydroxyl radicals in air, however, is estimated at 44 years,
and the hydrolysis pathway in air is sluggish, resulting in
the potential for phosgene to persist in the atmosphere. Due
to its persistence in the air, it is possible for long-range
transport to be an issue until degradation or some form of
deposition allows phosgene to become degraded by a more
expedient route.

Although it is capable of persisting in the air, phosgene is
not expected to bioaccumulate due to its hydrolytic lability in
aqueous environments.
Exposure and Exposure Monitoring

Exposure to phosgene occurs primarily via inhalation of
the gas, although skin and mucous membranes are also at
risk of exposure. Effects of exposure vary, the most
pronounced of which involve the lungs and pulmonary
complications.

Most documented exposures occur where phosgene is
used, produced, or stored. Since phosgene can be a degrada-
tion product of various compounds in the atmosphere –

including tetrachloroethylene, trichloroethylene, chloroform,
methylchloroform, and carbon tetrachloride, among others –
some monitoring data have shown detectable concentrations
of the gas in ambient air. Monitoring phosgene concentrations
in the atmosphere can be accomplished via gas chromatog-
raphy; monitoring exposure in humans and animals is diffi-
cult due to the rapid degradation of phosgene in these
environments.
Toxicokinetics

Owing to phosgene’s rapid hydrolysis in water, the carbon
dioxide and hydrochloric acid produced upon degradation are
likely to be exhaled, although the HCl produced may result
in some irritation and/or inflammation. More severe effects
such as pulmonary edema result from exposure to high
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00903-9
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concentrations of phosgene via inhalation, and generally occur
in minutes to hours of exposure.
Mechanism of Toxicity

Acute irritations of the airway as well as associated mucous
membranes (primarily of the nose, throat, and eyes) occur due
to the rapid formation of hydrochloric acid upon degradation
of phosgene. Irritation or more lasting effects may result from
the ability of phosgene to participate in other reactions,
including acylation with amino (–NH2), hydroxyl (–OH), and
sulfhydryl (–SH) groups. Further, phosgene is capable of
reacting with macromolecules such as proteins, enzymes, and
phospholipids to form covalent adducts that are not native to
cellular environments. Depletion of these nucleophiles, espe-
cially glutathione in the lung, is an important component of
phosgene’s toxicity, as restoration of glutathione has been
shown to protect individuals from additional injury from
phosgene.

In the lung, these secondary reactions may result in fluid
leakage into the pulmonary interstitium, and potential for fluid
levels to reach the alveoli and peripheral airways, leading to
dyspnea and pulmonary edema.
Acute and Short-Term Toxicity (or Exposure)

Animal

In animals, phosgene exposure has resulted in liver or kidney
damage, skin irritation, and respiratory damage. The inhalation
LC50 is 1400mgm�3 in rats, 1800mgm�3 in mice,
4200mgm�3 in dogs, 600mgm�3 in monkeys, 1000mgm�3

in rabbits, and 1300mgm�3 in guinea pigs. The lowest
observed lethal concentration in cats was 190mgm�3 for
15min. Acute (4 h) exposure of male rats to phosgene (0.125–
1 ppm) led to changes in lung weights (wet and dry) and
increased protein in lavage fluid. Total number of cells in lavage
fluid was higher in phosgene-exposed rats. Increase in poly-
morphonuclear leukocyteswas a sensitive indicator of phosgene
toxicity. All parameters returned to near control levels within
3 days, indicating repair of damage and reversible lung damage.
Human

Exposure to high concentrations may cause death, although
irritations of the skin, mucous membranes of the nose, throat,
mouth, and eyes are more common; pulmonary edema occurs
from inhalation of high concentrations of the gas. Phosgene
exposure may be asymptomatic in the short term, with effects
delayed for up to 48 h; this has been shown in numerous
studies where a latent, symptom-free phase following expo-
sure presents prior to more serious complications, including
pulmonary edema. High concentrations may cause accumu-
lation of fluids in the lungs or pneumonia, and can produce
choking, chest constriction, pain in breathing, coughing,
blood in sputum, and heart failure. Exposure to eyes and
mucous membranes can be very irritating. Buildup of phos-
gene-related adducts in the liver or kidneys may produce
damage.
Chronic Toxicity (or Exposure)

Animal

Relatively little information is available on the effects of
chronic exposure to phosgene in animals. Studies in male rats
exposed (6 h day�1) to 0.1, 0.2, 0.5, or 1 ppm of phosgene
either acutely or repeatedly for up to 12 weeks suggest that high
concentrations with long exposure intervals can lead to chronic
pulmonary damage in the form of increased bronchoalveolar
lavage protein, hydroxyproline, and collagen. Chronic pneu-
monitis and fibrinous pneumonia were reported in one study
with long-term phosgene exposure.
Human

Inhalation of phosgene in the long term can lead to some
degree of tolerance to acute effects noted in humans, but can
also cause irreversible pulmonary changes, for example,
emphysema and fibrosis. There appears to be no increased
incidence of cancer in workers chronically exposed to
phosgene.
Immunotoxicity

Decreases in immune response following exposure to phosgene
have been shown in animals. This has been demonstrated by
increases in susceptibility to in vivo bacterial and tumor cells, as
well as viral infections. Reductions in in vitro virus killing and
T-cell response have also been shown.

In Fischer 344 rats, exposure to 1.0 ppm phosgene for 4 h
followed by infection with influenza virus 24 h postexposure
showed significantly prolonged and enhanced infections in
exposed rats. In the same study, pulmonary cytotoxic
T-lymphocyte suppression was detected 10 days after the
infection. Further, lung natural killer cell activity was sup-
pressed on days 1, 2, and 4 postexposure, as were those of the
spleen 1 day following exposure to phosgene.
Reproductive Toxicity

In sister chromatid exchange, clastogenicity, and aneuploido-
genicity tests, no evidence has shown reproductive toxicity
directly linked to phosgene exposure.
Genotoxicity

Phosgene has not been shown to be genotoxic when examined
via the Ames test for bacterial mutagenicity.
Carcinogenicity

There is no documented evidence that exposure to phosgene
leads to an increase in risk or occurrence of cancer. Inter-
national Agency for Research on Cancer Carcinogenicity
Ratings does not list phosgene as a carcinogenic risk to
humans.
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Clinical Management

Individuals exposed to phosgene should be immediately
removed from the source and into fresh air. Affected clothing
should be removed carefully, and the body should be washed
with soap and water rapidly; eyes should be flushed. Medical
attention should be sought, and those exposed monitored for
48 h for any delayed effects.
Ecotoxicology

Perhaps due to the extremely rapid aqueous degradation of
phosgene, little is known about its ecotoxicity. Monitoring data
have shown detectable concentrations of phosgene in the
ambient air, but it is estimated that current average levels of the
compound will have little effect on local biota. Some damage
to plants and/or aquatic organisms may occur following release
of larger quantities of the material, especially due to the release
of hydrochloric acid following degradation of phosgene.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit for phosgene is 0.1 ppm. The National
Institute for Occupational Safety and Health immediately
dangerous to life and health value is 2 ppm. The California
Environmental Protection Agency chronic inhalation reference
exposure level is 0.0003mgm�3. The US Army general pop-
ulation limit is 0.0025mgm�3.
The American Conference of Governmental Industrial
Hygienists has recommended a time-weighted average expo-
sure of 0.1 ppm.

See also: Methyl Isocyanate; Isocyanates; Toluene
Diisocyanate; Hexamethylene Diisocyanate; Urethane;
Pesticides; Respiratory Tract Toxicology; Sensory Organs;
Chemical Warfare Delivery Systems; Chemical Warfare;
Methylenediphenyl Diisocyanate.
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Environ. Health 28, 272–275.
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Hatch, G., Kodavanti, U., Crissman, K., Slade, R., Costa, D., 2001. An ‘injury-time
integral’ model for extrapolating from acute to chronic effects of phosgene. Toxicol.
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Relevant Websites

http://www.bt.cdc.gov – Centers for Disease Control (CDC) (2004) Facts about
phosgene (accessed September 3, 2004).

http://www.inchem.org – International Programme on Chemical Safety.
http://www.epa.gov – US Environmental Protection Agency (EPA); search for “Toxi-

cological Review of Phosgene”, document number EPA/635/R-06/001.
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Chemical Profile

l Name: Phosgene Oxime
l Chemical Abstracts Service Registry Number: 1794-86-1.
l Synonyms: Dichloroformoxime, CX, Dichloroformaldehyde

oxime, HSDB 7600, Dichloroformossina, Dichloro-
formaldoxime.

l Chemical Formula: C–Cl2–N–O.
l Chemical Structure:
Background

Phosgene oxime was originally developed as a chemical
warfare agent. It is sometimes grouped with the vesicant agents,
but it is not a true vesicant in that it does not induce blisters.
Phosgene oxime is an urticant or nettle agent that causes
corrosive-type injuries. There is no evidence that this agent has
ever been used as a chemical warfare agent.
Uses

There are no commercial or beneficial uses of phosgene oxime.
It was developed and produced solely as a chemical warfare
agent, but has never been used on the battlefield.
Environmental Behavior, Fate, Routes, and Pathways

Phosgene oxime does not accumulate in the soil since both
phosgene oxime and the parent compound of phosgene have
been shown to be highly unstable in the environment. Small
amounts which may be present can vaporize into the air or be
degraded by soil bacteria. Once in vapor form, phosgene oxime
remains in vapor form and will be inactivated by compounds
in the atmosphere or broken down by bacteria. There is no
evidence that phosgene oxime will accumulate in groundwater.
Phosgene oxime is fairly soluble in water and if exposed to soil
moisture may rapidly decompose to CO2, HCl, and hydroxy
amine hydrochloride.
Exposure and Exposure Monitoring

Phosgene oxime is a colorless solid or yellowish-brown liquid
that can vaporize at room temperature. Due to its ability to
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
rapidly change physical state, phosgene oxime can be absorbed
through inhalation, dermal/ocular contact, or oral ingestion.
Toxicokinetics

Phosgene oxime appears to act directly and there have been no
reported studies which have determined if any metabolism of
phosgene in vivo.
Mechanism of Action/Toxicity

The molecular mechanism of phosgene oxime toxicity is
unknown. Phosgene oxime is the least well studied of all
vesicant/urticant compounds but possible mechanisms may
involve the actions of (1) necrotizing effects of chlorine, (2)
direct toxic effects of oxime, and/or (3) the actions of carbonyl
groups on the target tissue. One hypothesis is that phosgene
oxime toxicity can be broken down into two mechanisms.
First is a direct mechanism which will involve direct enzy-
matic inactivation, cell death, corrosive injury, and rapid
destruction of the tissue that phosgene oxime has contacted.
Secondarily, there are a series of indirect mechanisms that
may increase tissue injury. There is activation of alveolar
macrophages, recruitment of neutrophils to the damage site,
release of hydrogen peroxide, and then delayed disuse injury
following the edema associated with phosgene oxime
exposure.
Acute and Short-Term Toxicity

Most studies on the action of phosgene oxime have utilized
animal studies. Human information has been obtained from
accidental exposure to the chemical. Health effects following
phosgene oxime exposure are dependent on the route of expo-
sure. Since phosgene oxime is an urticant/nettle agent, common
physical effects include erythema, wheals, and urticaria. Phos-
gene oxime is a highly corrosive agent and the response resem-
bles wounds caused by strong acids. Ocular contact results in
severe pain, conjunctivitis, and keratitis. Direct dermal exposure
to phosgene oxime causes immediate pain and blanching with
an erythematous ring. In approximately 0.5 h, a wheal will form
followed by tissue necrosis. Extreme pain can persist for days.
Absorption of phosgene oxime through the skin can result in
pulmonary edema. Inhalation of phosgene oxime vapor will
produce immediate irritation to the airways. Pulmonary edema,
necrotizing bronchiolitis, and pulmonary thrombosis can also
occur following inhalation or systemic absorption of phosgene
oxime. There has been no human data on effects of phosgene
oxime following ingestion, but animal studies suggest that
hemorrhagic inflammatory lesions may occur throughout the
gastrointestinal tract.
4-3.00183-4 907
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Chronic Toxicity

There have been no studies on chronic exposure to phosgene
oxime. Thus, there are no data regarding the carcinogenicity or
teratogenicity of phosgene oxime. No in vitro toxicity studies
have been reported. The mechanism of phosgene oxime
toxicity is unknown and long-term exposure effects have not
been determined.
Immunotoxicity

There have been no reports of phosgene oxime exposure, direct
or secondary, resulting in alterations in immune response.
Reproductive and Developmental Toxicity

No evidence exists for phosgene oxime-induced alterations in
either male or female reproductive systems. Extensive searches
have yielded no information regarding any developmental
toxicity associated with phosgene oxime exposure.
Genotoxicity

It does not appear that phosgene oxime exposure elicits direct
genotoxicity on the exposed organism. There have been no
studies examining long-term genotoxicity following exposure
via secondary mechanisms.
Carcinogenicity

Little to no work has been done on the carcinogenicity of
phosgene oxime. No agency (Department of Health and
Human Services, International Agency for Research on Cancer
or the Environmental Protection Agency) has classified phos-
gene oxime for its carcinogenicity. Direct exposure to phosgene
oxime has not been studied for carcinogenicity, neither has
long-term secondary effects to exposure. Other blistering
agents, such as mustard gas, may increase DNA alkylation and
the effects may not manifest for several month or years.
Caution must be taken if exposure to phosgene oxime has
occurred and medical follow-up must be maintained.
Clinical Management

Individuals who come in contact with phosgene oxime liquid
or solid can contaminate those around them by release of
vapor. Individuals who have been exposed to the vapor will not
be able to contaminate others. Patients who come in contact
with phosgene oxime will experience immediate pain and
develop necrotic lesions. Since there is no antidote for phos-
gene oxime exposure, only supportive measures can be given.
Patients arriving to the triage area must first be decontaminated
to prevent cross-contamination. For inhalation exposures,
remove the individual from the source of exposure. Administer
oxygen to patients with significant respiratory symptoms. Give
artificial respiration if necessary. For ocular treatment, flush
with copious amounts of water. Apply topical antibiotics to
reduce the risk of infections and adhesions. Apply topic anti-
cholinergic agents to reduce the risk of future synechiae
formation. Skin contact will require decontamination with
large amounts of water. Treat in the same fashion as with
a chemical burn. If phosgene oxime has been ingested, do not
induce emesis. Parental analgesics such as morphine or
meperidine may be administered to reduce pain.
Ecotoxicity

Phosgene oxime is rapidly cleared from the environment and
poses little threat unless animals come directly in contact with
the gas or liquid/solid.
Exposure Standards and Guidelines

No exposure standards and guidelines have been established.
Data are scarce and limited, but the Acute Exposure Guideline
Level (AEGL) for phosgene oxime has been set at 0.17 mg
(m3)�1 for exposures as short as 10 min and as long as 8 h
(AEGL-1). AEGL-2 values for phosgene oxime have been
reported to be 0.5 mg (m3)�1 for exposures of 10 min to 8 h.
AEGL-3 values have not been determined. The LCt50 has been
determined at approximately 3200 mgm3min�1 based on
a 10-min exposure for inhalation making phosgene oxime one
of the least toxic chemical warfare agents with very slow
detoxification, resulting in bioaccumulation within the body
leading to increased toxicity. The apparent threshold for
detecting the presence of phosgene oxime (by taste or smell) is
approximately 1 mg (m3)�1, or 0.21 ppm, with a threshold of
pathological changes occurring at approximately 3 mg (m3)�1.

See also: Cn Gas; CS; Lewisite; Phosgene; Chemical Warfare.
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eMedicine – CBRNE, 2003. Urticants, Phosgene Oxime. http://www.emedicine.com/
emerg/topic903.htm.
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l Chemical Abstracts Service Registry Number: 126-71-6
(TiBP), 126-73-8 (TnBP), 78-51-3 (TBEP), 115-86-6 (TPP),
13674-84-5 (TCPP), 13674-87-8 (TDCP), 115-96-8 (TCEP)

l Synonyms: Triisobutyl phosphate; Tri-N-butylphosphate;
Triphenyl phosphate; Tris(1,3-dichloro-2-propyl)phos-
phate; Tris(1,3-dichloroisopropyl) phosphate; Tri-
chloroethyl phosphate

l Molecular Formula: C12H27O4P (TiBP), C12H27O4P (TnBP),
C18H39O7P (TBEP), C18H15O4P (TPP), C9H18Cl3O4P
(TCPP), C9H15Cl6O4P (TDCP), C6H12Cl3O4P (TCEP)

l Chemical Structure:
Tributyl phosphate (TnBP)

Triphenyl phosphate (TPP)

Tri(2-butoxyethyl) phosphate (TBEP)

Tri-(2-chloroisopropyl) phosphate (TCPP)

Tris(1,3-dichloro-2-propyl) phosphate (TDCP)

Tri-isobutylphosphate (TiBP)

Tris(2-chloroethyl) phosphate (TCEP)
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Background

Advances in technological development over the last couple of
centuries have led to the use of synthetic carbon-based poly-
mers for everyday household and office items, where once
wood or metal were desired. The high fuel values for some of
these materials could pose danger where risk of combustion is
high; therefore, flame retardants have been introduced into
Property Molecular weight Physical description Melting point Boiling point Odor Solubility: water log Kow

TiBP 266.31 Clear, colorless, low viscosity
liquid

No data 264 �C Specific odor Very soluble in water 3.60

TnBP 266.31 Colorless to pale-yellow liquid –80 �C 289 �C Odorless 0.28 g l�1 at 25 �C 4.00
TBEP 398.48 Slightly yellow, oily liquid –70 �C 215–228 �C at 4

mmHg
Sweetish,

butyl-like
1.1 g l�1 at 25 �C 3.75

TPP 326.28 Colorless, crystalline powder;
white platelets

49–50 �C 245 �C at
11 mmHg

Aromatic odor
resembling
phenol

0.0019 g l�1 at 25 �C 4.59

TCPP 327.57 Colorless liquid –40 �C >270 �C Mild odor 1.2 g l�1 at 25 �C 2.59
TDCP 430.88 Viscous, clear liquid 27 �C 236–237 �C at

5 mmHg
Mild odor 7 mg l�1 at 24 �C 3.65

TCEP 285.50 Clear, transparent, low
viscosity liquid

–55 �C 330 �C at 1 atm Slight odor 7.0 g l�1 1.44
consumer and industrial items and play an important role in
safeguarding life and property. A large and diverse group of
anthropogenic compounds constitute flame retardants, which
are added to combustible materials to render them more
resistant to ignition. They are designed to minimize the risk of
a fire in the event of contact with a small heat source such as
a cigarette. A wide range of different flame retardants is
produced, because many materials and products that are to be
rendered fire safe are very different in nature and composition.
Therefore, having variety in flame retardant products is neces-
sary so as to retain key material functionality. For example,
plastics have a wide range of mechanical and chemical prop-
erties and differ in combustion behavior. These materials in
particular are the main focus of phosphate ester flame
retardants.

Phosphate esters are derivatives of tri protic acid, phosphoric
acid, with a general formula of RxH3�xPO4. Flame retardants are
composed of a group of chemicals with similar properties but
slightly different structures. They are typically liquids and some
are solids at room temperature. Some examples of the phos-
phate ester flame retardants include: tris(2-chloroethyl)phos-
phate (TCEP), tributyl phosphate (TnBP), tris(2-butoxyethyl)
phosphate (TBEP), tris(1,3-dichloro-2-propyl) phosphate
(TDCP), triphenyl phosphate (TPP), tris(2-chloro-isopropyl)
phosphate (TCPP), and triisobutyl phosphate (TiBP). These
compounds are trisubstituted and categorized as alkyl (TnBP,
TiBP), alkyl ether (TBEP), chloroalkyl (TCEP, TCPP, TDCP),
and aryl (TPP) phosphate esters.
Uses

Phosphate esters are used as flame retardants, plasticizers,
hydraulic fluids, solvents, extraction agents, antifoam agents,
and coating for electronic devices. These substances have
a broad application field and good fire safety performance.
Environmental Fate and Behavior

l Routes and pathways relevant physicochemical properties
(e.g., solubility, Pow, Henry constant.)
l Partition behavior in water, sediment, and soil

Phosphate ester flame retardants enter the environment from
industrial sources and disposal of consumer products con-
taining flame retardants. These anthropogenic compounds
have been detected in water, soil, and air owing to widespread
use following their fast emergence and popularization during
1970s. Occurrence of these phosphate ester flame retardants is
widespread in surface water and groundwater because of the
leaching of PVC plastics and polyurethane foams, effluent from
industrial sources, and spills of hydraulic fluids. This primary
contaminated water is then transported to a secondary source,
such as drinking water. Hydrolysis, although slow because of
poor solubility and pH dependence, is the most important
abiotic elimination process. In soil and sediment, phosphate
ester flame retardants are persistent because they have the
tendency to adsorb strongly. Volatilization and biodegradation
are potential elimination processes for phosphate esters
adsorbed to soil.

l Environmental persistency (degradation/speciation)

These retardants can change chemical composition in the
environment. Generally, most phosphate esters are poorly
soluble in water and adsorb strongly to soils. These compounds
are considered emerging pollutants because of their prevalence
and persistence in the environment. Particulate-phase phos-
phate esters are subject to wet and dry deposition, whereas
semi-volatile phosphate esters have the potential to hydrolyze
to diesters, monoesters, and phosphoric acid. There is no
information available that suggests that selected phosphate
ester flame retardants undergo transformation or degradation
in the atmosphere.

l Long-range transport

This is highly dependent on the specific compound.
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l Bioaccumulation and biomagnification

Phosphate esters are subject to biodegradation in aquatic and
terrestrial environments.
Exposure and Exposure Monitoring

l Routes and pathways (including environmental release)

Ingestion, inhalation, and dermal routes

l Human exposure

Humans can be exposed to phosphate ester flame retardants by
means of oral, inhalation, and dermal routes. Most foods have
been found to contain trace amounts of phosphate ester flame
retardants because of their widespread use in plastics and their
presence in the environment. Breathing indoor or outdoor air
contaminated by the use or presence of materials such as
hydraulic fluid and materials that contain plastics, adhesives,
foams, or electronics can also be a concern of inhalation
exposure. Drinking water may be contaminated with phos-
phate esters because of leaching from plastics or industrial
waste water discharge. Soils contaminated because of hydraulic
fluid spills or industrial waste water used for agriculture can
result in the presence of phosphate esters in soil and cause risk
for dermal exposure.

l Environmental exposure (monitoring data in air, water,
sediment, soil, and biota)

Humans can be exposed to phosphate ester flame retardants by
a combination of oral, inhalation, and dermal routes, such as
drinking water that may contain phosphate esters because of
leakage from plastics or industrial waste water discharge,
breathing contaminated indoor air from plastics, adhesives,
foams, or electronics, breathing contaminated outdoor air
mainly from hydraulic fluid, and skin contact with soil
contaminated by hydraulic spills or industrial waste water used
on crops. Ingestion of contaminated food is also possible. Most
foods have been found to contain trace amounts of phosphate
ester flame retardants owing to their wide use in plastics and
presence in the environment.
Toxicokinetics

There is limited information about the entrance of phosphate
ester flame retardants into the body. However, TDCP has been
found in human tissues and body fluids. This substance can
hypothetically enter the body by inhalation of aerosols or dusts
or by ingesting contaminated food or drinking water. In human
studies, TDCP, TCEP, and TnBP were found to be easily passed
from the stomach and intestines to the bloodstream. In animal
studies, a small amount was found to enter the body through
the skin of rats and an even lesser amount was found in pigs
upon dermal contact. There is no information on how these
chemicals leave the human body, but based on animal studies,
phosphate ester flame retardants may be degraded in the body
and the metabolites may be eliminated in the urine. Neither
the substances nor metabolites seemed to accumulate in the
body. Most breakdown products were eliminated in 2–3 days.
Studies have yet to be performed to pinpoint the method of
elimination or to disprove elimination of metabolites.
Mechanism of Toxicity

Although phosphate ester flame retardants are chemically
different from one another, they share general mechanisms of
action distinguished between various classes of flame retardants.
Generally, flame retardants are divided as being gas-phase active
or condensed-phase active. The chemicalmechanism of action in
the gas-phase active flame retardants involves scavenging of free
radicals responsible for thebranchingof the radical chain reaction
in theflame. The physicalmechanismof action in the gas phase is
generation of large amounts of non-combustible gases, which
dilute flammable gases and decrease temperatures by absorbing
heat. The most frequent condensed-phase mode of action is
charring, which can be implemented by chemical interaction of
the flame retardants and the plastic polymer or by physical
retention of the plastic polymer in the condensed phase. The
mode of incorporation into polymeric material divides the flame
retardants into two additional classes, namely, reactive and
additive. Reactive flame retardants are added during the poly-
merization process and become an integral part of the polymer.
The result is a modified polymer with flame retardant properties
and different molecular structure compared with the original
polymer molecule. This enables the polymer to keep the flame
retardant properties intact over timewith very low emissions into
the environment. Reactive flame retardants are used mainly in
thermosets, particularly polyester, epoxy resins, and poly-
urethanes, into which they can be easily incorporated. Additive
flame retardants are incorporated into the polymer before,
during, or more frequently after polymerization. They are used
especially in thermoplastics. If they are compatible with the
plastic they act as plasticizers, otherwise they are considered as
fillers. Additive flame retardants aremonomermolecules that are
not chemically bound to the polymer. Therefore, they may be
released from the polymer and thereby discharged into the
environment, such as phosphate esters. Themechanismof action
of phosphate ester flame retardants, in particular, inhibit further
combustionbymakinguseof catalytic propertiesofmineral acids
in the pyrolysis of cellulose to water and char (as opposed to
volatile and combustible organics). The low volatility of phos-
phoric acid and derivatives makes it the preferred choice. These
flame retardants are most effective in polymers that char readily.
Acute and Short-Term Toxicity

Limited data are available regarding health effects in humans.
Long-termoccupational exposure to two flame retardants, TDCP
andTPP,didnotproduceadversehealth effects. Allergic reactions
have been associated with consumer products containing TPP.

In animal studies, these phosphate ester flame retardantswere
administeredorally andgenerally at levelsmuchhigher thanwhat
can be expected from environmental exposure. As a result, TCEP
given to rats for 16 weeks or longer caused brain lesions. When
given for 2 years, it also caused lesions in the kidneys. TCEP also
decreased the fertility of mice that were exposed for 18 weeks
beforemating. TnBP induced lesions in the urinary bladder of rats
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when given for 10 weeks or longer. TBEP caused liver lesions in
rats after exposure to food that contained the substance for 18
weeks. Rats that ingested food containing TDCP for 2 years also
developed lesions in the kidneys and liver. The few studies that
examined the effects of TPP, TiBP, and TCPP in animals, however,
did not support any significant adverse health effects. However,
no information is available regarding health effects in the general
population exposed to phosphate ester flame retardants.
Immunotoxicity

No studies were located that examined immunological effects
in humans after exposure to the selected phosphate ester flame
retardants. However, there have been reports of allergic dermal
reactions to products containing TPP.
Reproductive Toxicity

After a two-generation toxicity study, there were found to be no
major effects of phosphate ester flame retardants on either
mother or offspring. The only notable effect was a reduced
body weight in pups at high dosage (3000 ppm).
Genotoxicity

The results of both in vivo and in vitro genetic toxicity studies,
showed to be almost exclusively negative.
Carcinogenicity

In carcinogenicity studies, rats that received oral doses of TCEP
for 2 years developed kidney tumors. Feeding mice a diet that
contained TCEP for 18 months induced tumors in the kidney,
liver, and stomach, and also induced leukemia. Long-term
administration of TnBP to rats and mice induced tumors in the
urinary bladder and the liver, respectively. Feeding rats with
a diet that contained TDCP for 2 years produced tumor in the
liver, kidney, testes, and adrenal gland. However, there is not
enough information available to determine with certainty
whether or not phosphate ester flame retardants produce
cancer in humans. A study of workers employed in the
manufacture of TDCP did not find any significant associations
between exposure to TDCP and cancer.

No information was available regarding the carcinogenic
potential of the other phosphate esters to humans. Neither the
EPA nor the Department of Health and Human Services
(DHHS) has classified the carcinogenic potential of phosphate
esters. For reproductive toxicity, in general, exposure to rodents
during gestation to TCEP, TnBP, TBEP, TDCP, TPP, or TCPP did
not result in adverse effects to the fetuses or newborn animals.
However, continuous exposure of two generations of mice to
TCEP reduced the number of male pups born alive in the third
generation. A similar study with TnBP in rats found that pups
born to exposed rats had lower body weight during the first
weeks of life than pups born to untreated rats. There is no
information regarding transfer of phosphate ester flame retar-
dants to the fetus across the placenta in pregnant women. Also
no studies have been conducted to determine whether phos-
phate ester flame retardants can be detected in human breast
milk from women exposed at work or from general exposure.

Clinical Management

Remove from exposure and provide supportive treatment for
symptoms.
Ecotoxicology

When rainbow trout were exposed to phosphate ester flame
retardants, they showed no obvious effects <5.6 mg TBP l�1.
However, when the concentration was increased to 10 mg l�1,
thefishbegan to showsignsof severebalancedisturbances. These
disturbances included atypical movements, coiling swimming,
and backward somersaults. At 13.5 mg l�1, the rainbow trout
were immobilized at the bottom of the water, and some died.
Other Hazards

Young children may be at a higher risk of exposure because
they are more likely to put phosphate ester flame retardant-
treated materials in their mouths.
Exposure Standards and Guidelines

The Agency for Toxic Substances and Disease Registry (ATSDR)
and the National Institute for Occupational Safety and Health
(NIOSH) are two federal organizations that develop recom-
mendations for toxic substances. OSHA set a legal limit of
3 and 5 mg m�3 for TPP and TnBP, respectively, in air averaged
over an 8-h work day. The EPA has permitted TnBP, TBEP, and
TPP for use in nonfood pesticide products.

Further Reading

Agency for Toxic Substances and Disease Registry (ATSDR), 2009. Toxicological
Profile for Phosphate Ester Flame Retardants (Draft for Public Comment). U.S.
Department of Health and Human Services, Public Health Service, Atlanta, GA.

Brown, P., Cordner, A., 2011. Lessons learned from flame retardant use and
regulation could enhance future control of potentially hazardous chemicals. Health
Affairs 30 (5), 906–914. Millwood.
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l Name: Phosphine
l Chemical Abstracts Service Registry Number: 7803-51-2
l Synonyms: Hydrogen phosphide; Phosphorus hydride;

Phosphorus trihydride; Celphos; Phostoxin; Aluminum
phosphide

l Molecular Formula: PH3
Background (Significance/History)

Phosphine is a restricted-use insecticide and rodenticide for
controlling pests in raw agricultural commodities, processed
foods, stored tobacco, animal feeds, and nonfood products.
Metal phosphide tablets or pellets release phosphine gas when
in contact with moisture and are used to fumigate bulk grain
stores.
Uses

Phosphine is used as an insecticide for the fumigation of
grains, animal feed, and leaf-stored tobacco, and as a roden-
ticide in bulk grain stores. Phosphine is also used as an
intermediate in the synthesis of flame retardants, as a doping
agent for n-type semiconductors, as a polymerization initi-
ator, as a condensation catalyst, and in the manufacture of
photovoltaic cells.
Environmental Fate and Behavior

Because of its very high vapor pressure, phosphine exists in air
as a gas and volatilizes from water and surface soil. At high
concentrations, the vapors may spontaneously combust in air.
Atmospheric phosphine may be degraded by photochemically
produced hydroxyl radicals with an expected half-life of less
than 1 day. Phosphine can bind to subsurface soils and is
degraded quickly. The chemical does not accumulate in the
food chain.
Exposure and Exposure Monitoring

Most human exposure is from inhalation of phosphine
released from metal phosphides used as fumigants. Occupa-
tional exposure or accidental exposure of individuals in rail-
road box cars, cargo shops, or close proximity to grain storage
facilities has been reported. Intentional or accidental exposure
has also been reported from ingestion of metal phosphide
pellets, which release phosphine in the gastrointestinal tract.
The mortality rate is high from ingested phosphine.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

Phosphine is absorbed readily through the lungs and produces
early symptoms in the brain and liver, suggesting that it is
rapidly distributed at least to these organs. The phosphine that
is not excreted unchanged in expired air is oxidized to phos-
phite and hypophosphite ions, which are excreted in the urine.
Metal phosphides can hydrolyze to produce phosphine, which
can be absorbed through the intestine after ingestion. Some
zinc phosphide has been shown to reach the liver and kidneys
intact after ingestion and to hydrolyze slowly in the tissues to
phosphine and zinc salts. Hydrolysis of metal phosphides on
the skin could lead to the evolution of gaseous phosphine,
which could then be absorbed by inhalation. Percutaneous
absorption of metal phosphides is not expected to occur to
a large extent.
Mechanism of Toxicity

Phosphine toxicity occurs in insects, rodents, and humans via
a common mechanism of respiratory inhibition. The chemical
is a noncompetitive inhibitor of cytochrome oxidase in mito-
chondria. Human case reports and animal studies have shown
that phosphine also inhibits the activity of catalase and
cholinesterase, decreases glutathione content, and reacts with
hemoglobin. Overall, the studies show oxidative stress as the
mechanism of phosphine toxicity.
Acute and Short-Term Toxicity
Animal

LC50 values in rats range from 28 ppm for a 6-h exposure to
greater than 59.6 ppm for a 1-h exposure. The dose–response
relationship for phosphine is very steep in rodents, whether the
animals are exposed one time or repeatedly over a period of
time. Signs of toxicity in animals exposed acutely to phosphine
by inhalation include but are not limited to dyspnea, gasping,
muscle incoordination, paralysis, listlessness, hunched appear-
ance, lacrimation, ocular cloudiness, and tremors, and changes
in motor activity, vomiting, and systemic effects are seen in the
lungs, liver, and kidneys. Repeated exposure to phosphine causes
effects similar to those seen during single exposures plus vom-
iting, apnea, pulmonary edema, and emphysema. Many of these
clinical signs suggest that phosphine gas is highly irritating.

The reported oral LD50 values for rats administered alu-
minum phosphide by gavage range from 10 to14.7mg kg�1 bw.
Signs of toxicity are similar to those of inhalation exposure
and include heavy breathing, restlessness, coma, ataxia, hind
limb paralysis, and systemic effects observed in the kidneys,
heart, and liver.
4-3.00184-6 913

http://dx.doi.org/10.1016/B978-0-12-386454-3.00184-6


914 Phosphine
Human

Phosphine is a respiratory tract irritant that attacks primarily
the cardiovascular and respiratory systems, causing peripheral
vascular collapse, cardiac arrest and failure, and pulmonary
edema. Inhalation exposure to phosphine can cause headaches,
dizziness, fatigue, drowsiness, burning substernal pain, nausea,
vomiting, cough, labored breathing, chest tightness, pulmo-
nary irritation, pulmonary edema, and tremors. At high
concentrations, lung irritation with persistent coughing, ataxia,
paresthesia, tremor, diplopia, and jaundice can also occur. In
fatal cases, pulmonary congestion and edema, emphysema,
congestion of systemic organs, congestive heart failure, and
myocardial necrosis have been described. Delayed pulmonary
edema with an onset of 72 h or more postexposure can occur.
Convulsions may ensue after an apparent recovery.

Ingestionofmetallic phosphides (e.g., aluminumphosphide)
can produce phosphine intoxication when the solid phosphide
contacts gastric acid. Deliberate ingestion of phosphides causes
nausea, vomiting, and sometimes diarrhea, retrosternal and
abdominal pain, tightness in the chest and coughing, headache,
and dizziness. In severe cases, gastrointestinal hemorrhage,
tachycardia, hypotension, shock, cardiac arrhythmias, hypo-
thermia, metabolic acidosis, cyanosis, pulmonary edema,
convulsions, hyperthermia, and coma can occur. Clinical features
of renal insufficiency and hepatic damage, including oliguria and
jaundice, can develop later, if the patient survives. The mortality
rate, however, is very high because of the highly toxic nature of
ingested phosphine and the lack of an antidote.
Chronic Toxicity

Animal

Repeated exposure of animals to inhaled phosphine showed
decreases inbodyweight and liver and kidney lesions.No toxicity
was seen in rats exposed to up to 3 ppm for 6 h day�1 for 2 years
or in guinea pigs and cats exposed to up to 2.5 ppm for 800 h.
Mice exposed to 4.5 ppm for 13 weeks, however, had decreases in
weight gain and reduced activity. More severe toxicity, including
death and liver and kidney effects, was seen in rats and mice
exposed to 10 ppm for several days. No effects were observed in
animals fed diets fumigated withmetal phosphides, but the toxic
effects in animals directly fed withmetal phosphide were similar
to those seen from acute gavage treatment.

Human

Chronic effects of phosphine exposure can include anemia,
bronchitis, and gastrointestinal, speech, and motor distur-
bances, but these can also be due to acute exposures. For
example, workers exposed repeatedly to phosphine through
fumigation had no evidence of chronic effects; reported
symptoms were transient and due to acute exposures. No
information on repeated oral exposure of humans was found.
Developmental Toxicity

Maternal and developmental effects were not observed in rats
exposed up to 7.0 ppm, 6 h day�1 during organogenesis. No
reproductive or developmental toxicity studies in humans
exposed to phosphine were found.
Genotoxicity

Although phosphine has not been associated with cancer in
humans, there is some evidence of chromosomal damage
(transient chromatid deletions, gaps and breaks, persistent
chromosomal translocations) in workers exposed to higher
concentrations. No evidence of genetic toxicity has been found
in rats and mice exposed to phosphine.
Carcinogenicity

No exposure-related neoplasms were observed in male and
female rats exposed to phosphine either by inhalation or
through aluminum phosphide fumigated diets for 104 weeks.
The US EPA has classified phosphine as ‘not classifiable as to
human carcinogenicity’ based on inadequate data in animals
and no tumor data in humans.
Clinical Management

Patients should be removed from exposure by placing them
in fresh air and removing any contaminated clothing. Skin
and eyes should be decontaminated by flushing with copious
amounts of water. First aid is based on clinical symptoms.
Following oral exposure, emesis is not indicated because off-
gassing of phosphine could pose a risk to others. Gastric
lavage or activated charcoal is indicated immediately.
Symptomatic and supportive care is important for respiratory
insufficiency, pulmonary edema, shock, seizures, and cardiac
arrhythmias. Adrenal function should be monitored, and
fluid balance should be checked for renal tubular injury.
Ecotoxicology

The few studies available indicate that phosphine has little
effect on growing plants at effective pesticidal doses. Germi-
nation of seeds was unaffected by their fumigation with
phosphine or by prior fumigation of the soil in which they were
planted. Despite its low solubility, phosphine in solution can
be acutely toxic to aquatic organisms. For example, aluminum
phosphide is highly toxic for bluegill sunfish, with a 96-h LC50

of 0.178mgm�3 (0.126 ppm). For insects, the susceptibility at
different stages of the life cycle varies, and diapausing larvae are
particularly tolerant. The threshold for adverse effects of
phosphine to Drosophila melanogaster is about 1.4mgm�3

(1 ppm), which is similar to the threshold for acute inhalation
effects in mammals. Resistant strains of insects exist and are
sometimes difficult to control. Wild birds and mammals are
similarly susceptible to both phosphine and phosphides.
Exposure Standards and Guidelines

The reference dose for phosphine is 0.0003mg kg�1 day�1 and
that for aluminum phosphide is 0.004mg kg�1 day�1.
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The reference concentration for phosphine is 0.0003mgm�3.
The Occupational Safety and Health Administration permis-

sible exposure limit for phosphine is 0.3 ppm (averaged
over an 8-h work shift).

The National Institute for Occupational Safety and Health
immediately dangerous to life or health value for phos-
phine is 50 ppm.

Acute Exposure Guideline Level (the airborne concentration of
a substance above which it is predicted that the general pop-
ulation, including susceptible individuals, could experience
irreversible or other serious, long-lasting adverse health effects
or an impaired ability to escape) for up to 8 h is 0.25 ppm.

Emergency response planning guideline-2 (maximum airborne
concentration below which it is believed nearly all indi-
viduals could be exposed for up to 1 h without experiencing
or developing irreversible or other serious adverse health
effects or symptoms that could impair an individual’s
ability to take protective action) is 0.5 ppm.
Miscellaneous

Phosphine is a colorless gas with odor of garlic or decaying fish
(1–3 ppm threshold). It is slightly soluble in water (0.3% at
68 �F). Phosphine is extremely flammable and explosive; it can
ignite spontaneously on contact with air.

See also: Aluminum Phosphide; Fumigants; Pesticides.
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l DOT Classification: The US Department of Transport
(DOT) classification of dangerous material. 1: Explosive,
2.1: Flammable gas, 2.2: Non-flammable gas, 2.3:
Poisonous gas, 3: Flammable liquid, 4.1: Combustible
solid, 4.2: Spontaneously, 4.3: Dangerous when wet, 5.1:
Oxidizer, 5.2: Organic peroxide, 6.1: Poison (keep Away
From Food), 6.2: Infectious material, 7: Radioactive, 8:
Corrosive, 9: Miscellaneous. Available at: http://www.
businessdictionary.com/definition/DOT-hazard-code.
html#ixzz2TAdDaNZC

l Chemical Abstracts Service Number: 7664-38-216271-20-8
(hemihydrate)

l PubChem #: 1004
l ChemSpider #: 979
l UNII #: E4GA8884NN
l EC #: 231-633-2
l ChEMBL #: CHEMBL 1187
l RTECS #: TB6033333
l CHEBI #: CHEBI:26078
l KEGG Number: D05467
l Molecular Weight: 97.994 g mol�1

l Molecular Formula: H3PO4

l Chemical Structure:
916
Background

Phosphoric acid is also known as E338, orthophosphoric acid
or phosphoric (V) acid. Phosphorus-containing substances
occur naturally (0.1–0.5%) in milk, meat, poultry, fish, nuts,
and egg yolks. It is used widely in the manufacturing of fertil-
izers, metal surface treatment, and as a food additive. It is an
irritant and corrosive but is generally considered to be
nontoxic.
Uses

Phosphates are found pervasively in biology, as phosphory-
lated sugars, such as DNA, RNA, and ATP. Metaphosphoric acid
and phosphoric anhydride are slightly anhydrous versions of
orthophosphoric acid and are used as moisture-absorbing
agents or desiccants. The most commonly used form is a 75–
85% aqueous solution, which is colorless, clear, odorless,
nonvolatile, and a viscous, pourable liquid. Phosphoric acid is
used to react with various halides to form the corresponding
hydrogen halide gas (e.g., HI, HCl) and has utility as a ‘rust
converter,’ in a bath (pickling), or in a paintable viscous gel
Encyclopedia of T
form. The phosphoric acid converts the red-brown iron (III)
oxide (Fe2O3) on rusted metal to black ferric phosphate, which
is then scrubbed off, leaving a fresh metal surface. Food grade
phosphoric acid (additive E338) is used to acidify foods and
beverages, such as cola beverages. Phosphoric acid is inexpen-
sive and provides a tangy or sour taste to whatever it is added.
The bulk availability and cheap cost make it desirable. It is also
added to foods as a flavor enhancer, clarifying agent, preser-
vative, and acidification agent. Phosphoric acid is widely used
in dentistry as a tooth whitener and etching agent, to clean and
roughen the surfaces of teeth. Phosphoric acid is also a frequent
component of over-the-counter antinausea medications that
contain high levels of sugar. The largest use of phosphates
comes in the production of fertilizers (>75%). It is a chemical
intermediate in manufacturing in the production of agricul-
tural feeds, waxes, polishes, soaps, and detergents.

Other uses of phosphoric acid:

l Dispersing agent for detergents and leather
l To adjust pH in cosmetics and skin-care products
l As a chelating agent in various household cleaners
l Electrolyte in phosphoric acid fuel cells
l Flux in soldering
l Additive to distilled water as an electrolyte in oxyhydrogen

generators
l External standard for phosphorus-31 nuclear magnetic

resonance (NMR)
l A mobile phase component in high performance liquid

chromatography
l Chemical oxidizing agent for activated carbon production

(Wentworth Process)
l Etching agent for Si3N4 and semiconductors
l Electrolyte in copper electropolishing for burr removal and

board planarization
l Cleaner to remove mineral deposits in construction
l pH acidifier in hydroponics to lower the pH of nutrient

solutions
Environmental Fate and Behavior

When talking about or working with phosphoric acid (85%), it
needs to be recognized that at least some of the orthophos-
phoric acid is condensed into polyphosphoric acids in
a temperature-dependent equilibrium, but for simplicity of
labeling, the 85% figure represents H3PO4 as if it were all
orthophosphoric acid. Other percentages are possible, even
>100% phosphoric acid. It has a high density and sinks in
water. The IUPAC name is trihydrooxidophosphorus phos-
phoric acid. Alternate names are orthophosphoric acid or
phosphoric (V) acid. Orthophosphoric acid is a colorless
viscous liquid (>42 �C, specific gravity 1.700), nontoxic,
inorganic, rather weak triprotic acid, which in its pure form is
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00904-0

http://www.businessdictionary.com/definition/DOT-hazard-code.html#ixzz2TAdDaNZC
http://www.businessdictionary.com/definition/DOT-hazard-code.html#ixzz2TAdDaNZC
http://www.businessdictionary.com/definition/DOT-hazard-code.html#ixzz2TAdDaNZC
http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00904-0


Phosphoric Acid 917
a white solid at room temperature and pressure. The term tri-
protic means that the molecule can dissociate up to three times,
each time yielding a Hþ. Even though all three hydrogen atoms
are equivalent in an orthophosphoric acid molecule, the
successive Ka values differ, because it is energetically less
favorable to lose another Hþ if one (or more) Hþ have already
been lost and the molecule/ion is more negatively charged.
This triprotic dissociation results in the formation of three
different conjugate bases, which cover a wide range of pH.
Orthophosphoric acid is a very polar molecule and hence
highly soluble in water. The oxidation state of phosphorus (P)
in ortho- and other phosphoric acids is þ5. Upon heating,
orthophosphoric acid can be condensed, driving off one
molecule of water for each twomolecules of phosphoric acid to
form pyrophosphoric acid (H4P2O7). Alternatively, if one
molecule of water is removed per a single molecule of phos-
phoric acid, the resulting glassy solid is known as metaphos-
phoric acid and has the empirical formula HPO3. Further
dehydration is very difficult and can only be accomplished with
the use of an extremely strong desiccant (not heating alone),
which produces the solid phosphoric anhydride, P2O5 or
P4O10. The density of orthophosphoric acid is 1.885 g ml�1

(liquid), 1.685 gml�1 (85% solution), and 2.030 gml�1

(crystal at 25 �C). The boiling point of orthophosphoric acid is
158 �C (decomposition) and its solubility in water is
5.48 gml�1. Orthophosphoric acid’s acidity (pKa) is 2.148,
7.198, and 12.375. The viscosity of orthophosphoric acid is
2.4–9.4 cP (85% aqueous solution) and 147 cP (100% mate-
rial). In dilute aqueous solutions of phosphoric acid and/or
phosphate, these moieties are in or will reach equilibrium after
a period of time in which essentially all of the phosphoric/
phosphate units are in the ortho-form. The log P (o/w) for
phosphoric acid is �2.15.
Exposure and Exposure Monitoring

Progression of chemical burns, measurement of electrolytes,
measurement of heart rate, respiration rate, anion gap, and
phosphate and calcium levels.
Toxicokinetics

Absorption via inhalation is considered to be 100% and via
skin or mouth to be within the range of 50–100%. Phosphate is
eliminated almost completely in the urine. There are no
meaningful reports in the literature providing a pharmacoki-
netic profile of phosphoric acid.
Mechanism of Toxicity

Corrosive acids such as phosphoric acid destroy tissues by
direct chemical action, causing irritation, dermatitis, and
burns. Tissue protein is desiccated and converted to an acid
proteinate, which then dissolves in the concentrated acid.
Microscopically a coagulation necrosis is observed to occur
as a result of the denaturing of proteins, forming a coagulum
(e.g., eschar) that limits the further penetration of the acid
and damage. Mucosae may desquamate in portions or as
a whole. The eye shows denudation of the corneal epithe-
lium and edema and necrosis. Hemoglobin is converted to
the insoluble dark acid hematin. Intense stimulation by acid
causes reflex loss of vascular tone. Typical target organs
include skin, eyes, mucosae, and the respiratory system.
Concentrated acid can also generate significant heat when
diluted or neutralized, resulting in thermal and caustic
injury. The long-term effect of acidic dermal burns is scarring,
and, depending on the site of the burn, scarring can be
significant. Ocular burns can result in opacification of the
cornea and complete loss of vision. Esophageal and gastric
burns can result in stricture formation. The ability of an acid
to induce tissue injury is related to many factors: (1) pH-
tissue injury can be expected when the pH is less than or
equal to 2.0–2.5; (2) concentration � even if the acid is weak
(higher pH), a great deal of tissue damage may result with
higher molar concentrations; (3) volume � larger volumes
increase the tissue surface area that is exposed; (4) duration
of contact with tissue � highly viscous liquids display the
greatest contact time with tissues; (5) in cases of ingestion �
an empty stomach provides no dilution of buffering effect,
which may result in greater tissue injury, acids may also
induce pylorospasm leading to a pooling of the noxious
agent in the gastric lumen for a lengthy period of time; and
(6) titratable acid or alkaline reserve (TAR) � TAR is the
buffering capacity as determined by the amount of alkali that
is needed to produce neutrality. TAR is allegedly a better
predictor of acid-induced injury than pH; however, this claim
has not been proved.
Acute and Short-Term Toxicity

Phosphoric acid is very hazardous in situations where there
is skin contact (irritant, corrosive, and permeator), eye contact
(irritant and corrosive), and ingestion. It is slightly hazardous
in cases of inhalation, in which it may act as a lung sensitizer
and also cause coughing, choking, and shortness of breath.
Severe respiratory overexposure can result in death. Liquids and
spray mists of phosphoric acid can produce tissue damage to
the mucous membranes of the eyes, mouth, and respiratory
tract. Skin contact may actually produce burns in extreme cases
of exposure, but typically causes only pruritus, scaling,
erythema, and blistering. Ocular exposure is characterized by
inflammation, redness, chemosis, tear production, and itching.
The acute oral toxicity in the rat is 1530mg kg�1 (LD50) and the
acute dermal toxicity in the rabbit is 2740 mg kg�1 (LD50). An
oral exposure of phosphoric acid to humans demonstrated an
LDL0 of 220 mg kg�1.

Following a 24-h exposure at any doses in any species,
irreversible eye and skin damage resulted at all tested concen-
trations of phosphoric acid.
Chronic Toxicity

Epidemiological studies have revealed that the consumption of
soft drinks containing phosphoric acid has been associated
with lower bone density in human subjects. Studies utilizing
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dual-energy X-ray absorptiometry rather than a simple ques-
tionnaire about bone breakage, has provided more reasonable
evidence to support the theory that drinking cola results in
lower bone density. In this study, significant statistical evidence
revealed that women who drank cola daily have a lower bone
density, but strangely, the total phosphorus intake was not
higher in daily cola consumers when compared to noncon-
sumers. However, the calcium-to-phosphorus ratios in this
study were observed to be lower when compared to controls. In
another study data suggested that insufficient consumption of
phosphorus can also lead to decreases in bone density.
However, this work did not investigate the effects of exposure
to phosphoric acid, which can bind with magnesium and
calcium in the gastrointestinal tract to form salts that are not
absorbed into the system. In another clinical study, the use of
calcium-balance methodology demonstrated that there was no
correlation between the consumption of carbonated soft drinks
containing phosphoric acid on the excretion levels of calcium.
However, in drinks containing both phosphoric acid and
caffeine, urinary calcium levels were noted to be increased.
Caffeine in the presence of phosphoric acid is now considered
to be a possible contributor to decreases in bone density.
Repeated exposure to phosphoric acid may result in general
deterioration or specific target organ (e.g., blood, liver, skin,
eyes, bonemarrow) damage caused by accumulation. Ingestion
of phosphoric acid and its salts can result in disruption of
electrolyte balance within the body, which can affect the
function of various organs. Soft tissue calcification can result
and bone formation can be altered. Kidney damage, soft tissue
calcification, and bone effects were the main findings in labo-
ratory animals chronically exposed to phosphoric acid and its
salts. Exposure via inhalation can result in the erosion of tooth
enamel and associated jaw necrosis along with bronchial irri-
tation, chronic cough, and repeated attacks of bronchial
pneumonia. Two 13-week studies were conducted with Spra-
gue-Dawley rats, in which the animals were exposed to the
combustion products (presumably forming phosphoric acid)
of 95% red phosphorus and 5% butyl rubber (0, 50, 180, 300,
750, 1200 mg m�3 at 2.25 h per day for 4 consecutive days per
week). About 10% of the animals died during the course of the
study and the high-dose group showed a decreased weight gain.
Surviving animals in the high-dose groups at necropsy were
observed to have moderate to severe fibrosis of the terminal
bronchioles. This effect was observed minimally in the low
dose groups. Little to no pulmonary tissue involvement was
observed with exposure. In other studies of various durations
with mice, guinea pigs, rats, and rabbits exposed to phosphoric
acid via the inhalational route showed airway irritation and
inflammation. Juvenile rats exposed to 95% red phosphorus at
150–160 mg m�3 for 30 min per day for 60 days showed limb
bone abnormalities, abnormal axial development, widened
epiphyses, and delayed ossification.
Immunotoxicity

There are rare reports in the literature of sensitization associ-
ated with the exposure to phosphoric acid and its salts. Dia-
zonium hydrogen phosphate does seem to have induced
sensitization responses in a few subjects.
Reproductive Toxicity

There is no conclusive evidence of reproductive or develop-
mental toxicity observed in studies in various laboratory
animal species fed phosphoric acid and its salts. However,
there has been some suggestion that testicular effects and
reduced fertility might be a problem. The reproductive toxicity
NOAEL for the rat (oral) is �500 mg kg�1 bwday−1. The
developmental toxicity NOAEL for the rat (oral) is
�410 mg kg�1 bwday−1. The maternal toxicity NOAEL for the
rat (oral) is �410 mg kg�1 bwday−1.
Carcinogenicity

Although there have been no studies that demonstrate any
carcinogenic potential of phosphoric acid and its salts, studies
with rodents administered phosphoric acid and a variety of
other phosphates have demonstrated the ability of such to
promote the effects of known carcinogens.
Clinical Management

Medically, phosphoric acid is viewed as a moderately toxic
substance. Long-term and repeated inhalation of aerosolized
phosphoric acid cleaning agents may damage the lungs and
give rise to chronic bronchitis. Acute ingestion can result in
mucosal burns. Metabolic effects can include metabolic
acidosis, hypocalcemia, and hyperphosphatemia. Individuals
with significant exposure to phosphoric acid should be moni-
tored for the development of hypocalcemia, metabolic
acidosis, and hyperphosphatemia. Hyperphosphatemia may
be treated with phosphate binders and intravenous glucose.

There is a false belief that the esophagus is spared in patients
with acid ingestions. Acid-induced gastric burns are very
common, especially in the distal portion of the stomach. This is
most likely caused by the flow of liquids along the lesser
curvature of the stomach with pooling at the pylorus secondary
to acid-induced pylorospasm. The relative sparing of the
duodenum may be the result of the pylorospasm and the
alkaline pH of the duodenum. Duodenal damage appears to
occur with exposure to volumes >250 ml and liquid concen-
trations of at least 20 N. Medical treatment is generally aimed at
flushing and irrigating the area to reduce the concentration of
the acid.
Ecotoxicology

There is extremely limited information available in the
public domain with regard to ecotoxicity (fish, aquatic inver-
tebrates, bacteria, soil-dwelling organisms, aquatic plants,
terrestrial plants, BOD5, or COD), biodegradation, and pho-
todegradation. Indeed, there is no EPA ecological toxicity rating
as there is insufficient data available. Although it is highly
unlikely that hazardous short-term degradation products exist,
it is possible that problematic long-term degradation products
may arise. Any acidity may be rapidly reduced in natural waters,
but the phosphate ion may persist for a long period of time.
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Although the phosphate ions formed by the dissociation of
phosphoric acid are nutritive salts for aquatic organisms,
concentrations of >0.1mg l�1 of inorganic phosphate can act
as fertilizer for macroscopic or microscopic algae. The eventual
death of these organisms reduces the supply of available
oxygen to other aquatic life. Phosphoric acid is deemed to be
practically nontoxic to freshwater species and an LC50 in the
Mosquito fish has been determined to be 138mg l�1 (EU).
Under acidic soil conditions, sparsely soluble phosphates tend
to solubilize and may migrate to water. The phosphoric acid as
an acid can cause the release of metal ions in the mud or
sediment at the base of the water column. The toxicity observed
in water really depends on the pH. It is harmful to species
whose survival requires a pH of �5.5. For crustaceans and fish
mortality occurs at a pH of 3.5. Increased acidity in the envi-
ronment can lead to sublethal effects in fish, such as inter-
rupted reproduction, skeletal malformations, altered growth. A
pH of <3 will cause the coagulation of gill mucus, resulting in
anoxia and possible death. At slightly more elevated levels of
pH, fish mortality is caused by a decrease in chloride ions and
sodium ions as well as an increase of hydrogen ions in the
blood. There is no risk of bioamplification or bioaccumulation
along the food chain, but it is very mobile in soil and water.
There is no PNEC (predicted no-effect concentration).
Other Hazards

Possible hematotoxicity, hepatotoxicity, and bone marrow
toxicity.
Exposure Standards and Guidelines

From ACGIH, OSHA, and NIOSH

l Phosphoric acid TWA (8h): 1 mg m�3

l Phosphoric acid STEL: 3mg m�3

l Phosphoric acid TLV: 3mg m�3

Only a small fraction of the phosphate in the US diet
actually comes from additives in soft drinks, most of it
coming from the consumption of meat and dairy products.
Phosphoric acid is included in the Annex 1 listing of
dangerous substances of Council Directive 67/548/EEC and
classified as Corrosive with the risk of phrase R34 (Causes
burns). The HMIS (United States) classifies phosphoric acid
as a health hazard: 3. The WHMIS (Canada) classifies
phosphoric acid as a Class E corrosive liquid. OSHA has
defined phosphoric acid as hazardous by definition of
Hazard Communication Standard (29 CFR 1910.1200). The
EEC (DSCL) R34 states that the phosphoric acid causes
burns. It is important to note that as phosphoric acid is
a hygroscopic substance, inhalation of an aerosol of phos-
phoric acid may lead to hygroscopic growth in the airways
when the aerosol is deposited in the humid airways. This
means that when evaluating occupational exposure to
phosphoric acid, not only the respirable fraction and aero-
dynamic diameter must be taken into consideration, but also
hygroscopic growth. Otherwise, the total deliverable dose to
the lungs may be underestimated by as much as 600–700%.
The US EPA has calculated a reference concentration (RfC)
below which it is considered safe to inhale phosphoric acid
for a lifetime and that is 0.01mg m�3.
Miscellaneous

In cases of small spills, dilute with water, andmop up or absorb
with an inert dry material and place in an appropriate waste
container. The dilute solution or residue can be neutralized
with a dilute solution of sodium carbonate. For large spills, try
to stop any leaks, without risk to oneself. Use dry earth or sand
or any other noncombustible material as absorbent. Do not
touch spilled material and do not allow water to enter the
leaking container. Use a water spray cloud or curtain to divert
the drift of any vapor. The use of a dike may be necessary. Do
not ever mix with ammonia or bleach or allow the acid to come
in contact with strong caustics. Be careful when placing in
contact with metals.

See also: Developmental Toxicology; Food Safety and
Toxicology; Bioaccumulation; Corrosives; Toxicity Testing,
Reproductive; Genetic Ecotoxicology; Ecological Exposure
Limits and Guidelines.
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l Chemical Abstracts Service Registry Number: 7723-14-0
l Molecular Formula: P
l Uses: Used in the manufacture of weapons, insecticides,

fertilizers, and rodenticides.
Background

Phosphorus is found in rocks, soil, plants, and animal tissues.
Commercial preparations of phosphorus are either white or
yellow. Yellow phosphorus is white phosphorus that contains
small quantities of red phosphorus. Heating white phosphorus
in the presence of an oxygen-free and inert atmosphere
produces red phosphorus.

Phosphorus is an essential mineral element. Phosphorus
homeostasis in the body is controlled by hormonal and renal
control systems. Phosphorus intoxication from excessive
consumption in food is not known. Toxic exposures have been
reported to occur from its industrial use or from suicidal inges-
tion of phosphorus-containing materials. Phosphorus is highly
toxic to humans and animals. The acute lethal dose in humans is
about 1 mg kg�1. Red phosphorus is not considered to be
potentially toxic as it is insoluble, nonvolatile, andunabsorbable.

Phosphorus has a garlic-like odor and, when exposed to air,
it produces a white smoke and a greenish light. These physical
properties can help the clinician in the diagnosis of phosphorus
poisoning as the vomitus and feces of patients who have
ingested phosphorus may have a garlic-like odor, be lumines-
cent, and give off what appear to be white fumes.
Exposure and Exposure Monitoring

The most significant route of exposure for phosphorus is via
inhalation. However, oral and dermal exposure may also occur
in industrial settings.

Employees exposed to phosphorus and/or phosphorus-
containing compounds at potentially hazardous levels should
be enrolled in a medical monitoring program. Initially, the
employee should undergo a medical examination to establish
their baseline health conditions. The initial evaluation should
include a complete history and physical examination. Indi-
viduals with preexisting liver, kidney, heart, or circulatory
disorders are at special risk from phosphorus toxicity. The
medical examination should include radiographic studies of
the teeth and jaw. Following initial examination, the employee
should be scheduled to undergo annual medical examinations
and the above-mentioned tests and examinations should be
included. In addition, routine dental examination should be
made monthly if exposure is high or prolonged. Indicators of
occupational exposure to phosphorus include depressed
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erythrocyte concentrations and elevated monocyte and phos-
pholipid concentrations in the blood.
Toxicokinetics

Phosphorus can be absorbed into the systemic circulation from
the skin, lungs, and intestinal tract. For all practical purposes,
white and yellow phosphorus are readily absorbed while red
phosphorus is not. The target organs of toxicity include the
gastrointestinal tract, liver, kidney, bone, and the cardiovas-
cular and central nervous systems.
Mechanism of Toxicity

Phosphorus is an oxidizing agent that, when exposed to air, may
burn spontaneously. Thus, direct contact may result in both
thermal and chemical burns. Second- and third-degree burns
can be seen at the point of contact. When absorbed, phosphorus
acts as a cellular poison by uncoupling oxidative phosphoryla-
tion. Red phosphorus is not considered to be potentially toxic
as it is insoluble, nonvolatile, and unabsorbable.
Acute and Short-Term Toxicity

The major hazard associated with direct exposure to phos-
phorus is direct irritation and severe damage to skin, eye, or
mucosal surfaces. Direct contact with elemental yellow phos-
phorus causes severe skin burns and may cause systemic
toxicity. Systemic absorption of high doses (normally
>0.2 mg kg�1) results in acute poisoning. The acute fatal dose
in adult humans is reported to be 1 mg kg�1. Phosphorus
poisoning presents three distinct phases. During the first phase,
a painful burning sensation in the throat and stomach is
present. Intense thirst, nausea, vomiting, and diarrhea accom-
pany the abdominal pain. Breath, vomitus, and excreta may
present the characteristic garlic odor. Feces and vomitus may be
luminescent and appear to give off white fumes. Severe
poisoning may be accompanied by shock and death. During
the second phase, poisoning symptoms disappear and the
patient appears to be recovering. The second phase may last
a few days. During the third phase, the gastric symptoms
reappear with nausea, vomiting, and diarrhea. In addition,
symptoms indicative of blood, liver, and kidney damage
appear. The symptoms include liver tenderness and enlarge-
ment, jaundice, oliguria, hematuria, albuminuria, anuria, skin
itching and hemorrhages, inhibited blood clotting, and
cardiovascular collapse. During advanced stages, the presence
of convulsions, delirium, and coma are indicative of central
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00047
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nervous system damage. Death may occur within 4–8 days.
Prognosis is good if the patient survives more than 1 week after
exposure.
Chronic Long-Term Toxicity

Chronic ingestion and/or inhalation of phosphorus may result
in osteomyelitis and bone necrosis. Signs and symptoms of this
condition include bone inflammation, spontaneous bone frac-
tures, anemia, and weight loss. A typical example of this condi-
tion is phossy jaw. This condition is caused by the absorption of
phosphorus fumes through teeth cavities. Once absorbed,
phosphorus attacks and destroys the bones of the mandible and
maxilla. The extent of facial bone loss can be so severe that the
bone necrosis may extend from the maxilla to the eye orbits.
Phossy jaw is an irreversible and usually fatal condition.
Reproductive and Developmental Toxicity

In assessments of reproductive and developmental toxicity,
increased mortality was noted in pregnant rats given daily
gavage doses of 0.075 mg kg�1 day�1 throughout the studies,
but no other significant adverse effects specifically on female or
male reproductive functions or embryo/fetal development
were found. Doses of 0.015 mg�1 kg�1 day or less did not cause
maternal mortality. Male rats given the same doses as the
females in these experiments did not show increased mortality.
Genotoxicity and Carcinogenicity

It appears that no studies have evaluated the genotoxicity or
carcinogenicity potential of phosphorus. The US Environ-
mental Protection Agency (EPA) has classified phosphorus as
a Group D chemical. This classification is given to chemicals
that are not classifiable as to human carcinogenicity based on
no data in humans or animals.
Clinical Management

Implement basic life support measures and prevent further
absorption by removing contaminated clothing and washing
affected area.

Phosphorous burns should be treated as quickly as possible.
Wash affected area with 5% sodium bicarbonate and 1%
copper sulfate solution and then remove embedded phos-
phorus particles. Patients with phosphorus burns should
undergo evaluation of serum electrolytes, phosphorus, and
calcium as well as electrocardiographic monitoring.

If ingested, the esophagus and the digestive tract may be
irritated and may be burned. Therefore, perform a careful
examination and institute gastric lavage only if the esophagus is
not damaged and it is believed that lavage may be effective at
removing the ingested material.

Medical examination should look for signs of skin, eye,
gastric, liver, and kidney damage. Patients should be
monitored and treated in an intensive care unit. Monitor vital
signs and blood chemistry at least once a day. Institute life
support as needed.
Ecotoxicology

Mallard ducks (Anas platyrhynchos) receiving white phosphorus
for up to seven daily doses of 0, 0.5, 1.0, and 2.0 mg kg�1

showed evidence of reproductive toxicity. In addition, terato-
genic effects were observed in embryos from hens dosed with
white phosphorus at all treatment levels. Results of the study
indicated that the reproductive capacity of free-ranging
mallards might be impaired by exposure to white phosphorus
at the doses studied.

Since at least 1982, extensive mortality of ducks, geese,
swans, and other waterfowl has been reported annually at Eagle
River Flats, AK, USA. Results of toxicological investigations
point to white phosphorus as the primary and most likely
causing agent.
Exposure Standards and Guidelines

Phosphorus is listed as a hazardous pollutant under the Clean
Air Act and the Clean Water Act.

Federal Drinking Water Guidelines: US Environmental
Protection Agency (EPA) 0.1 mg l�1 (white phosphorus).

Occupational Safety and Health Administration (OSHA):
Permissible Exposure Limit is 0.1 mg m�3.

American Conference of Governmental Industrial Hygien-
ists (ACGIH): 8-h time-weighted average (TWA) is 0.1 mg m�3

(yellow phosphorus).

See also: Organophosphorus Compounds
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Introduction

Photoallergy is an acquired immunologicallymediated reaction
to a chemical that is initiated by the formation of photoprod-
ucts. A photoallergen is a chemical that leads to this response.
The occurrence of a photoallergic response to a chemical is
sporadic and highly dependent on the specific immune reac-
tivity of the host. Photoallergic responses are thought to be cell-
mediated hypersensitivity reactions involving two distinct
mechanisms.

In the first reaction type, light initiates the conversion of the
hapten (synonymous with photosensitizer) to a complete
allergen. Animal studies suggest that the photoreactive chem-
ical in the skin absorbs light and is converted to a photoproduct
that subsequently binds to tissue proteins producing
a complete antigen:

PS/Photoproduct/Photoproduct
ðHaptenÞ

þTissue Protein/Allergen
ðAntigenÞ

Halogenated salicylanilide photoproducts are believed to
be formed in this fashion.

In the second type of reaction, light absorbed by the
photosensitizer results in its conversion to a photoproduct that
is a more potent allergen than the parent compound:

PS
ðweak allergenÞ

/Photoproduct
ðstrong allergenÞ

The photoproduct of sulfanilamide is thought to be formed
by this second pathway in which the parent sulfanilamide
compound is converted by ultraviolet (UV) light to the potent
allergic sensitizer p-hydroxyaminobenzene sulfonamide.
Patients with this type of photoallergy have demonstrated an
allergic reaction to sulfanilamide in the dark.
Background

The first basic experimental work in photoallergy was done
more than 50 years ago, when Epstein, in a straightforward and
very perceptive study, demonstrated that sulfanilamide was
both a phototoxin and a photoallergen. He and others had
observed patients receiving sulfanilamide who developed
dermatitis in sun-exposed areas. Six naïve subjects (one of
whom was himself) were chosen and skin sites were injected
intradermally with sulfanilamide (0.1 ml of a 1% saline solu-
tion). Then these areas were irradiated with UV light from
a mercury arc lamp (UVA and UVB). In all six subjects, the
procedure induced a mild erythema leading to hyperpigmen-
tation at the injected sites; that is, a sulfanilamide-mediated
phototoxic reaction. Repetition of the protocol (intradermal
sulfanilamide and then UV irradiation) at a different site, some
days later, caused a marked dermatitis in two of the six indi-
viduals. These two subjects had been photosensitized to
sulfanilamide, and with further phototesting they continued to
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show an altered reactivity to sulfanilamide followed by UV
radiation (but not to sulfanilamide alone); their photoallergy
persisted. In later work, Epstein induced photoallergic contact
dermatitis to chlorpromazine in human subjects, using the
topical application of chlorpromazine for photosensitization
and photochallenge. Those results paralleled his findings with
sulfanilamide: Chlorpromazine was both a phototoxin and
a photoallergen. Biopsies of positive chlorpromazine photo-
allergic reaction sites showed a histopathologic picture
consistent with that of delayed-type hypersensitivity; that is,
reactions similar to those of classical experimental allergic
contact dermatitis in humans.

Over the ensuing years, a considerable number of
compounds have been tested in humans for their possible
photoallergenicity, and many of the larger dermatology units
have phototesting sections for evaluating patients for possible
photoallergy to materials with which they come into contact.
Experimental work in humans sometimes followed the lead of
clinical impressions, as was the case with chlorpromazine and
tetrachlorosalysilanilide. Kaidbey and Kligman designed
a prospective testing scheme in humans for evaluating possible
photocontact allergens. Their method requires repeated pho-
tosensitizing exposures; that is, application of the test chemical
to the skin followed by UV light, for photosensitization; pho-
tochallenge is done 10–14 days after the last photosensitiza-
tion at an untreated skin site. This routine, which is a variant of
the ‘maximization’ test in humans for classical contact aller-
gens, has proved very useful for identifying the photo-
allergenicity of suspect materials.

Schwartz and Speck were the first to demonstrate photo-
allergy in an experimental animal, the guinea pig. Their initial
investigation was with sulfanilamide and derivatives, and later
experiments were with chlorpromazine. The common theme in
tests is to photosensitize by the repeated successive application
of prospective allergen, followed by UV radiation, to a clipped
area (sometimes with the injection of complete Freund’s
adjuvant into the photosensitization site). Photochallenge is
done at a different skin site some weeks later and reactions are
evaluated by eye, as for classic allergic contact dermatitis in the
guinea pig. The technique successfully identifies most known
photocontact allergens, although the substance bisphenol-A,
by clinical report a photosensitizer of humans, does not appear
to photosensitize guinea pigs.

Test procedures designed to identify potentially photo-
sensitizing chemicals evolved in the wake of the photosensi-
tivity outbreak caused by the antimicrobial halogenated
salicylanilides in the early 1960s. Photocontact allergy,
although relatively uncommon, proved to be particularly
troublesome. A minority of affected patients developed
a persistent photodermatitis for many years despite avoidance
of further contact with the offending chemical. Although
removal of the photosensitizing phenolic compounds from the
marketplace reduced the incidence of photosensitivity, it
quickly became apparent that other, chemically unrelated
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00905-2
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substances were also capable of inducing this adverse reaction.
There was a clear need for a laboratory test to detect potentially
photosensitizing agents.

Testing for photoallergy is similar to patch testing for
allergic contact dermatitis. Duplicate allergens are placed on
the back under occlusion with stainless steel chambers.
Approximately 24 h later, one set of patches is removed and
irradiated with UVA. All patches are removed and clinical
assessments of patch test sites are made 48 h and then 1 week
following placement. A reaction to an allergen solely on the
irradiated side is deemed photocontact dermatitis. Reactions
occurring simultaneously on the irradiated and nonirradiated
sides are consistent with an allergic contact dermatitis. There is
disagreement about the likelihood of coexisting allergic contact
and photocontact dermatitis to the same agent because a pho-
topatch test may occasionally exhibit greater reactivity on the
irradiated side compared to the nonirradiated side. Table 1 lists
potential photoallergens used in photopatch testing.
Phototoxicity versus Photoallergenicity

From a mechanistic standpoint, light-induced dermatopatho-
logic changes can be divided into phototoxic and photoallergic
categories. Phototoxic skin damage results from the direct
interaction of irradiation with subcellular targets, whereas
photoallergic reactions involve immunomodulation of cuta-
neous photoreactivity. Both variants require initiation by
Table 1 Photoallergen series for photopatch testing

p-Aminobenzoic acid
Bithionol (thiobis-dichlorophenol)
Butyl methoxydibenzoylmethane
Chlorhexidine diacetate
Chlorpromazine hydrochloride
Cinoxate
Dichlorophen
4,5-Dibromosalicylanide
Diphenhydramine hydrochloride
Eusolex 8020 (1-(4-isopropylphenyl)-3-phenyl-1,2-propandione)
Eusolex 6300 (3-(4-methylbenzyliden)-camphor)
Fenticlor (thiobis-chlorophenol)
Hexachlorophene
Homosalate
Menthyl anthranilate
6-Methylcoumarin
Musk ambrette
Octyl dimethyl p-aminobenzoic acid
Octyl methoxycinnamate
Octyl salicylate
Oxybenzone
Petrolatum control
Promethazine
Sandalwood oil
Sulfanilamide
Sulisobenzone
Tetrachlorocarbanilide
Thiourea
Tribromosalicylanilide
Trichlorocarbanilide
Triclosan
exogenous light, but subsequent cytopathologic mechanisms
may be substantially different.

With phototoxicity, light may originate directly from
exogenous sources, such as the sun, artificial lighting, or
photodynamic topical chemicals, or it may emanate from
endogenous sources such as photodynamic drugs or chem-
icals following activation or excitation by percutaneous irra-
diation. Subcellular targets have not been completely
characterized but may include the formation of thymine
dimers, DNA–protein cross-links, or photodependent oxida-
tions. Immunologic processes are not involved in this form of
photosensitivity.

With photoallergic reactions, cytopathologic events are
believed to be even more complex than with direct phototox-
icity. Although many mechanistic features remain obscure,
fundamental concepts include the photoactivation of endoge-
nous or xenobiotic haptens so that they combine with cellular
proteins and form a complete antigen. Subsequent immuno-
logic reactions, especially cell-mediated hypersensitivity,
complete the sensitivity process.

In contrast to phototoxicity, photoallergy represents a true
type IV delayed hypersensitivity reaction. Hence, although
phototoxic reactions can occur with the first exposure to the
offending chemical, photoallergy requires prior sensitization.
Induction and subsequent elicitation of reactions may result
from topical or systemic exposure to the agent. If topical, the
reactions are termed photocontact dermatitis, whereas systemic
exposures are termed systemic photoallergy. In many situa-
tions, systemic photoallergy is the result of the administration
of medications. Generally, the mechanisms of photocontact
dermatitis and that of systemic photoallergy are the same as
those for allergic contact dermatitis. In the context of photo-
contact dermatitis, however, UV light is necessary to convert
a potential photosensitizing chemical into a hapten that elicits
an allergic response.

Although precise cytopathologic mechanisms have not
been established for many photosensitivity reactions, clinical
and pathologic features have been extensively documented.
The following outline describes key diagnostic findings that
serve to differentiate photosensitivity reactions from other
dermatologic phenomena.

Photoallergy versus Contact Allergy

Photocontact allergic reactions are often compared with
contact allergic reactions. Four pathogenetic features are
present in both reaction types:

1. Compounds with a low molecular weight can act as
haptens.

2. The antigen is produced by covalent binding of the hapten
to skin components.

3. The immunologic reactions are T-cell dependent.
4. The histologic pictures of contact and photocontact allergic

reactions are similar.

Photoactivation of Molecules

The main difference between the two pathogenetic mecha-
nisms is that in photoallergy light energy is necessary for the
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activation of the hapten or skin components to form covalent
allergenic adducts. Besides photoactive exogenic or endogenic
heteromolecules, the following skin components can be acti-
vated by photon energy: amino acids and proteins, blood
components, lipoproteins, DNA, RNA, and so on. The reaction
possibilities among hapten, light, and skin components can be
classified in six different groups depending on the activated
molecule:

1. Through the absorbed light quantum the prohaptene is
transformed into the haptene.

2. Through the absorbed light quantum the active protein
carrier is formed from the protein in the skin.

3. The haptene formed by irradiation combines with a skin
protein to form an antigen.

4. The haptene combines with the protein changed by light to
form an antigen.

5. The haptene altered by light combines with the protein
changed by light, thus forming an antigen.

6. The haptene and light catalyze a chemical reaction on the
protein, which leads to an autoantigen.

Distinct photochemical processes are now known for
molecular photoactivation. Most of the photoactive molecules
have complete X-shells of electrons. If a molecule is activated
by light, two different energy levels can be attained. The
molecule can be activated from the ground state to the singlet
energy level to the triplet energy level. In the case of the singlet-
state level, an electron reaches a higher orbital, whereas the
original spin configuration is maintained. In the case of the
triplet-state level, the electron in the higher orbital changes
the spin configuration so that the two electrons in the different
orbitals have parallel spin configurations.

The activated singlet-state molecules are short lived and
return to their ground state in time periods of 10�1 to maximal
10�6 s. Fluorescence is one of the observed manifestations of
the nascent energy. Triplet states are of longer duration, their
lifetime can reach the range of 10�1

–100 s. Phosphorescence
may be observed. Besides fluorescence and phosphorescence,
nascent energy of activated molecules can also be released in
the form of heat; electrical charges can be transferred to other
molecules, and radicals can be formed or the molecule itself
transformed.

In the case of photoallergic reactions, the formation of
heteroadducts plays an important role. It comprises the
combination of exogenous molecules with autologous tissue or
cell components. This is the main process for the formation of
the complete antigen. The formation of heteroadducts is also
the most important factor in the treatment of psoriasis with 8-
methoxypsoralen (8-MOP) and UVA. The binding of 8-MOP to
thymine molecules in the DNA is important not only for
clinical treatment but also for possible late side effects
(carcinogenicity).

An important complication of some of the chemicals
inducing photoallergic responses is the development of
persistent light reactions in which a marked sensitivity to light
persists despite the apparent termination of exposure. Removal
of the offending photoallergen in these cases does little to abate
the condition and the action spectrum broadens to include the
UVB as well as the UVA bands. As the phrase implies, this
condition is long lived and troublesome. This particular
problem validates the importance of developing and using
screening tests for photoallergenicity to prevent exposure of
a susceptible population of people to chemicals with this
potential.
Clinical Findings

Usually, but not invariably, dermatologic lesions are restricted
to light-exposed areas. Changes may vary from urticaria to
papular and eczematous eruptions with subsequent exfoliation
and lichenification. Microscopically, it is very difficult to
distinguish photoallergic reactions from nummular eczema,
atop dermatitis, eczematous drug eruptions, and especially
allergic contact dermatitis.
Histopathologic Findings

Generally, microscopic findings do not provide an adequate
basis for separating photoallergic reactions from the eczema-
tous drug eruptions and allergic contact dermatitis previously
discussed. Salient features include spongiosis with lymphocytic
exocytosis, mild dermal edema, and mild to moderate dermal
perivascular cuffing consisting of lymphocytes, histiocytes, and
varying numbers of eosinophils. A feature that may distinguish
photoallergy from contact allergy in human skin is that
inflammatory cell infiltrations in light-induced allergic reac-
tions may be both superficial and deep within the dermis,
whereas with contact allergy they tend to be limited to the
superficial dermis.
Assessment of Photosensitization

Photosensitivity reactions account for a very small percentage
of the total number of undesirable effects from environmental
chemicals. However, the increasing incidence and severe
disability resulting from these types of skin changes suggest
that additional photobiologic research efforts are needed,
particularly when the photosensitivity response is of the
persistent light reactor mechanism. Predictive testing is an
obvious approach used to assess the photosensitizing potential
of new chemicals entering the commercial market. These
methods make it possible to identify and possibly minimize or
eliminate exposures to those compounds demonstrating risk-
benefit ratios that are undesirable for the general population or
especially sensitive individuals.

In vitro and in vivo methods with predictive value for esti-
mating the photosensitizing potential of new compounds have
developed rapidly to meet the demanding requirements of
today’s society. In vitro methods for assessing photosensitiza-
tion are desirable because they are usually rapid and inexpen-
sive and therefore allow screening of a large number of
compounds. Many of these methods are not very specific,
however, and will generate a greater percentage of false positive
results than in vivo tests using animal or human models.
Complex in vitro test systems appear to be useful in identifying
the site and mechanism of action in certain situations.
Continued evolution of in vitro methodologies will add to the
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understanding of the photosensitization mechanism as better
correlation is established with in vivo studies.

See also: Skin; Toxicity Testing, Dermal.
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Introduction

Much improvement in the levels of smog and, more impor-
tantly, photochemical oxidants has been made in the United
States and other countries since the late 1960s. However, room
for improvement persists.

The oxidant of critical importance in the photochemical
atmosphere is ozone (O3). Several miles above the Earth’s
surface, in the troposphere, there is sufficient shortwave ultra-
violet (UV) light to directly split molecular O2 to atomic O to
combine with O2 to form O3. These UV wavelengths do not
reach the Earth’s surface. In this region, nitrogen dioxide effi-
ciently absorbs longer wavelength UV light, which leads to the
following simplified series of reactions:

NO2 D UV/O D NO
O D O2/O3
O3 D NO/NO2

This process is cyclic, with NO2 regenerated by the reaction
of NO and O. In the absence of hydrocarbons, this series of
reactions would approach a steady state with no excess or
buildup of O3. However, near the Earth’s surface, the hydro-
carbons, especially olefins and substituted aromatics, are
attacked by the free atomic O, which, with NO, produces more
NO2. Thus, the balance of the reactions shown in the above
reactions is upset so that O3 levels build up, particularly when
the Sun’s intensity is greatest at midday. The reactions with
hydrocarbons are very complex and involve the formation of
unstable intermediate free radicals that undergo a series of
changes. Aldehydes are major products in these reactions.
Formaldehyde and acrolein account for w50 and 5%, respec-
tively, of the total aldehyde in urban atmospheres. Peroxyacetyl
nitrate (CH3COONO2), often referred to as PAN, and its
homologs, also arise in urban air, most likely from the reaction
of the peroxyacyl radicals with NO2.
Short-Term Exposures to Smog

The complexity of photochemical air pollution challenged
toxicologists early on to ascertain its potential to affect human
health adversely. Although ozone was quickly suspected as
a primary toxicant because of its reactivity and abundance,
a number of studies were undertaken with actual (outdoor
derived) smog or synthetic (photolyzed laboratory prepared
atmospheres) smog in an attempt to assess the potency of
a more realistic pollution mix. When human subjects were
exposed to actual photochemical air pollution (Los Angeles
ambient air pumped into a laboratory exposure chamber), they
experienced changes in lung function similar to those described
in controlled clinical studies of ozone (i.e., reduction in
spirometric lung volumes; see the following), thus supporting
the notion that ozone is of primary concern.
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Acute animal studies utilized more easily controlled
synthetic atmospheres (usually irradiated automobile exhaust)
where the ozone target levels could be made to mimic high air
pollution levels:>0.5 ppm. Again, very much like ozone alone,
just a few hours of exposure to irradiated exhaust resulted in
deep lung damage, primarily within the alveolar or small airway
epithelium. In some of these studies, early evidence of edema
appeared in the interstitium, particularly in older animals.
Additionally, similarly exposed mice were found to be more
susceptible to bacterial challenge and lung pneumonias. With
time after the termination of exposure, the end-airway lesions
recovered and the susceptibility to infection waned, although
some of the pathology in the distal lung persisted for more than
24 h. While ozone appeared to be the prime toxicant in these
studies, that was not always the case. When guinea pigs were
exposed to irradiated automobile exhaust, airway resistance
increased, indicating that a more soluble irritant probably was
active, presumably reactive aldehydes. Thus, the array of effects
of a complex atmosphere may be more diverse than would be
predicted if it were assumed that ozone alone was responsible.
Chronic Exposures to Smog

Studies of both humans and animals exposed to smog have
attempted to link chronic lung defects with photochemical air
pollution. Cross-sectional and retrospective field studies, and
meta-analysis of such studies, have suggested an accelerated
loss of lung function in people living in areas of high pollution
compared to those living in area of low pollution, but most of
these studies have been imprecise because of confounding
factors (meteorological factors, exposure measurement impre-
cision, and population variables). Recently, there has been
a rejuvenation of interest in what are sometimes called sentinel
studies, which allow a detailed study of animals exposed to the
same highly polluted urban air to which people are exposed.
This approach has had a troubled past, but newer studies have
attempted to minimize or at least control for the problems of
infection, animal care, and lack of control of the exposure
atmosphere.

Synthetic smog studies in animals were undertaken to elim-
inate some of the concerns about ambient smog exposure. The
most extensive effort to evaluate the potential long-term health
effects of synthetic smog was undertaken at the Cincinnati US
EPA laboratory in the mid-1960s. Beagle dogs were exposed to
synthetic atmospheres on a daily basis (16 h) for 68 months,
followed by a clean air recovery period ofw3 years. The lungs of
exposed dogs then underwent extensive morphological exami-
nation to correlate physiological and morphological observa-
tions. While the study did not show time-related lung function
changes, all exposure groups had abnormalities, most of which
persisted or worsened over the 3-year recovery period in clean
air. Enlargement of air spaces and loss of interalveolar septa in
proximal acinar regions were most severe in dogs that were
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00906-4
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exposed to oxides of nitrogen, oxides of sulfur, or oxides of
sulfur with irradiated exhaust. Oxidants such as ozone arising
from the irradiated exhaust would be expected to act on the
distal lung. These studies elucidated a morphological lesion that
was degenerative and progressive in nature, not unlike that of
chronic obstructive pulmonary disease, the conditionmost often
noted in the epidemiological studies.

See also: Clean Air Act (CAA), US; Nitric Oxide; Ozone; Pollution
Prevention Act, United States; Respiratory Tract Toxicology.
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Relevant Websites

http://www.epa.gov – Environmental Protection Agency – homepage. Search ‘photo-
chemical oxidants’.

http://yosemite.epa.gov/sab/sabproduct.nsf/5A44D072524CE9038525796D006D0992/
$File/Hazuchaþ_Lefohn_comments_ISA2.pdf – Comments Provided for Consider-
ation to the US EPA on the second external review draft of the Integrated Science
Assessment for Ozone and Related Photochemical Oxidants.
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l Name: Di-(2-ethylhexyl) phthalate (DEHP); Diisononyl
phthalate (DINP); Diethyl phthalate (DEP); Di-n-butyl
phthalate; Dimethyl phthalate; Methyl-glycol phthalate;
Phthalic acid; Bis(2-methoxyethyl) ester

l Chemical Abstracts Service Registry Number: 3198-29-6
(phthalate)

l Synonyms: Phthalic acid ester (PAE); O-Dicarboxylic acid
esters

l Molecular Formula: C8H6O4

l Chemical Structure:
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Background

Phthalate esters are a main group of plasticizers, including
di-(2-ethylhexyl) phthalate (DEHP) and diisononyl phtha-
late (DINP) as the most widely used phthalates, which can
be the subject of argument regarding their probable side
effects on children’s health. Additionally, these compounds
are mainly used as the constituents of many commercial
products such as cosmetics, paper coating, paints, and
adhesives. In various industries, different O-phthalic acid
esters and also other isomers have been widely used. The
ortho esters of phthalic acid were identified in seawater and
rivers in 1975. Finding these compounds in water and also
in marine animals revealed that they reached to the seas in
an uncontrolled way. Alongside the other isomer of phthalic
acid dimethyl ester, dimethyl terephthalate (DMT) has been
isolated and identified as pollutants in a numerous red
algae: Phyllophora neruosa, Acanthophora delilei, and Hypnea
musciformis. Interestingly, a report on 14C content analysis
and isolation of dibutyl phthalate (DBP) from two brown
algae (Undaria pinnatifida and Laminaria japonica) and
a green alga (Ulva sp.) raised a concern that DBP might be
generated naturally.

Phthalates have been of great concern because of being
either ubiquitous environmental pollution and contami-
nants or toxic to phyto- and zooplanktons, fish, and
arthropods. Phthalic acid esters are documented to accu-
mulate irreversibly in organisms, of which DBP has been
reported to exhibit not only carcinogenesis in diverse
aquatic animals and hydrophytes but also adverse effects on
male reproductive systems, leading to threats to the fresh-
water ecosystem.
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Uses

Phthalates are widely employed in many personal care prod-
ucts, cosmetics as well as plastics (softening of products made
by these materials, especially vinyl plastics), paper coating,
paints, and adhesives. Although The Campaign for Safe
Cosmetics revealed the presence of phthalates only in nail
polish as an ingredient, phthalates may be detected in many
evaluated products, even in products that have not included
phthalate in their labels. Shampoo, body deodorant, body
wash, hairspray, and hair gels are examples. Although the levels
of phthalates in bottled waters have been detected as low, high
consumption of such waters leads to a concern. It is recom-
mended to take special care regarding the storage conditions on
bottles. Surprisingly, enteric-coated pharmaceutical tablets and
nutritional supplements to viscosity control agents also contain
phthalates.

DEHP is generally applied in medical devices, including
cardiac catheters, endotracheal tubes, and some implanted
devices, whereas DINP is commonly found in wires, cables,
hoses, and plastic toys. Unfortunately, plastic containers, such
as food utilities, are the main source of DEHP, in which
phthalates are physically dissolved in plastic not by chemical
bounding. It is claimed that phthalates are never employed in
plastic food wraps marketing in the United States. According to
literature from the Pediatric Environmental Health Specialty
Units program, some advice should be kept in mind to avoid
releasing of phthalate from plastic containers: food/beverages
and plastic clean wraps should not be heated at microwave in
plastic containers and also plastics should not be placed in the
dishwasher. Safe alternatives such as glass or polyethylene
plastics and phthalate-free labeled are highly recommended.
Exposure Routes and Evaluations

Nowadays, the opportunity for nonoccupational exposure to
phthalates is high for human. Phthalates have normally low
volatility, but they can be found in residential indoor air.
Ingestion (releasing fromplastic food containers into oily foods,
children mouthing plastic toys especially in case of DINP pres-
ence), topical contacts, and parenteral (in medical treatments)
exposures from materials containing phthalates are of most
concern. Additionally, neonates are more exposed to DEHP
because of intensive care units usingmedical devices. Structures,
uses, and routes of exposure for the most applied phthalates
are shown in Figure 1. The intensive application of devices
made by plastics is accelerating the contacts of individuals to
phthalates; for example, in Taiwanese population, particularly
for young children; in the United States, Germany, and
Denmark, exposure of various populations has been reported.

Alongside getting history by questionnaire, environmental
monitoring (biomonitoring) via advanced analytical chemistry
has been developed to detect trace amounts of phthalates in
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00963-5
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Figure 1 Structures, uses, and routes of exposure for the most applied phthalates.
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biological assessments, of which the measurement of phthalate
metabolites is remarkable in urine. However, alterations in the
use of personal care products, diet, and activities of a person
over time may be effective on the exposure measurement of
phthalates in her/his biological tissues.
Exposure Pathways in Children

The average levels of phthalates are extremely high in children
and might be reduced by age. In fact, phthalates exist in items
that children use. Some of the remarkable child-specific expo-
sure ways are as follows: breast milk, retail cow’s milk, and
infant formulas; plastic food container; plastic toys, cups, and
bowls; indoor air; and medical devices or dialysis.
Partition Behavior in Water, Sediment, and Soil

Indoor air concentration of phthalates might be elevated from
off-gassing of building materials like vinyl flooring or newly
painted rooms. Phthalates have been detected in house dust.
However, ambient air and sediment are not ordinarily considered
to be significant exposure media of concern. In addition, phtha-
lates are not usually detected in soil but can be found at low
concentrations in drinking water. Among various phthalates,
DEHP released to soil will neither evaporate nor leach into
groundwater and has a strong tendency to adsorb to soil and
sediments. The log Koc forDEHP ismeasured as 5.2 l kg�1, so that
it will be greatly adsorbed to the sludge in sewage treatment
plants. The Koc (soil organic carbon–water partitioning coeffi-
cient) values for diethyl phthalate, butyl benzyl phthalate (BBP),
dimethyl phthalate, and di-n-butyl phthalate are reported as 69,
16.9, 7.6, and 1.4 l kg�1, respectively.
Physicochemical Properties

Pure phthalates are generally clear liquids, but sometimes
seems to be yellowish with mild odors. Physicochemical
properties for DEHP are as follows:

l Colorless oily liquid
l Melting point: �50 �C; boiling point: 230 �C
l Vapor pressure: 1.32mmHg at 200 �C
l Octanol/water partition (Kow): log Kow¼ 4.89
l Density/specific gravity: 0.99 at 20 �C
l Solubility: 0.285mg l�1 of water at 24 �C; slightly soluble in

water
Environmental Persistence

DEHP released to water systems will biodegrade fairly rapidly
(half-life 2–3 weeks) following a period of acclimation. It will
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also strongly adsorb to sediments. Evaporation and hydrolysis
are not significant aquatic processes. Atmospheric DEHP will
be carried long distances and removed by rain. DEHP does
have a tendency to bioconcentrate in aquatic organisms;
the experimental bioconcentration factor (BCF) values
range from a log of 2 to 4 in fish and invertebrates. In
fathead minnows, the log BCF was 2.93; in bluegill sunfish it
was 2.06.
Long-Range Transport

When DEHP is released, it can bind to particles and may be
subject to long-range transport in the atmosphere.
Bioaccumulation and Biomagnification

In soils and sediments, DEHP persists and shows high potential
for bioaccumulation. The median log of BCF for DEHP is
calculated as 2.39 (total) and 2.79 (acceptable). The BCF and
bioaccumulation factor values for DEHP are comparable.
Metabolism and Toxicokinetics of Phthalates

Phthalates, apart from their molecular weights, are able to be
metabolized and easily excreted in urine and feces. In case of
low molecular weight phthalates like DEP, first hydrolysis of
one ester bond is down, thenmetabolization to their hydrolytic
monoesters would occur, while, the high molecular weight
phthalates like DEHP are primarily converted to related
hydrolytic monoesters, then their alkyl chains are oxidized to
more hydrophilic metabolites, which are more polar and
removed by urine and feces. Nearly all phthalates are quickly
metabolized and exhibit short half-lives in biological tissues
and organs, thus they have never been accumulated resulting in
rapid excretion in the urine. For this reason, the urinary
concentration of phthalate metabolites is introduced as
a valuable biomarker of the exposure. It is reported that DEHP
is commonly discharged as its metabolites in the human urine
(ranged 4.5–15%) of single doses of 10–30 g.

Toxicokinetics of diverse phthalates are different regarding
to the exposure pathways, although they are simply absorbed
and quickly distributed to various organs including liver (bile)
and kidneys. Despite the fact that metabolites of DEHP in urine
are highly remarkable for detection of phthalate exposure, the
literature revealed that there is no direct relation between
human reproductive parameters from semen analysis with
levels of DEHP metabolites.
Mechanism of Toxicity

Phthalates exhibit different toxicity profiles regarding their
structures in the liver, kidneys, thyroid, and testes, which are
the usual organs involved in general toxicity. The mechanism
involved in hepatocarcinogenicity may be attributed to the
modulation of peroxisomal beta-oxidation, the peroxisome
proliferator-activated receptor alpha-receptor and also gap
junction intercellular communication due to continue oxida-
tive stress and promoting cell growth.

Two possible mechanisms of action are assumed for DEHP
in testicular atrophy in rats. One may be due to decreasing zinc
markedly in the testes. DEPH might cause its toxicity on the
testis by changing expression of ZnT-1, which is a zinc trans-
porter in the testes. Another possible mechanism of DEHP is
associated to reduction of testosterone biosynthesis in Leydig
cells together with inhibition of follicle stimulating hormone
(FSH) in Sertoli cells. Adverse effects of phthalates like embryo
lethality and teratogenic pregnancy are not associated to
androgen receptor (lack of interaction with androgen
receptor), but may be related to endocrine disruptors in
rodents.
Toxicity in Animals and Human

Acute and Short-Term Toxicity

Although phthalates may not irritate eyes or skin in animals,
they can sensitize eyes, skin, and mucous membranes of
human. For instance, the intraperitoneal and oral LD50 values
for DEHP are 14–75 and 430 g kg�1 (respectively, in mice), and
30.7 and 425 g kg�1 (respectively, in rats).
Chronic Toxicity

Most of the reviews focus on epidemiological studies of the
possible activities of phthalates in man and animal. However,
there are numerous in vitro and in vivo studies, which are
summarized in Table 1 in order to create a background as well
as a guidance to identify the health endpoints of individuals
related to phthalates. Experimental investigations revealed that
phthalates are able to indicate significant toxic variations
depending on their structures. The adverse effects of phthalates
in rodent models raised a concern as “Is phthalates exposure
associated with a possible health risk to human?” To date,
DEHP, DBP, and BBP have been found to create reproductive
and developmental toxicity. Moreover, in patients needed
hemodialysis, DEHP might create toxicity particularly in the
heart, lungs, and reproductive system. The US Environmental
Protection Agency (EPA) classified DEHP as probable human
carcinogen.

Phthalates are also introduced as hormonally active
agents, because they are able to interfere with the endocrine
system in animal and human. High exposure to phthalate
metabolites seems to elevate incidence of developmental
abnormalities including skeletal malformations and cleft
palate, and also heightened risk of fetal death and incidence
of undescended testes, lowering testes weight and anogenital
distance.

Additionally, particular high-risk groups exist with internal
levels that are several orders of magnitude above average. The
toxicity data in human are not enough to determine the
occurrence of reproductive toxicity in humans (followed by
phthalates contacts), in association with animal data. On the
other hand, phthalates nearly almost represent in combination
mixture but the most toxicological studies are according to one
compound. Therefore, evaluation methods to detect different
groups of phthalates all together should be developed.



Table 1 The main in vitro and in vivo laboratory studies and clinical trials to identify the effect of phthalate exposure on human health

Interferences Experimental animal studies or clinical trials Results observed

Male reproductive Animal study: Testicular toxicity with germ cell loss was
initially started by acting on Sertoli cells, the cell type
responsible for beginning and sustenance of
spermatogenesis.

Pubertal animals were more sensitive than sexually mature
animals to the testicular toxicity of phthalates and also
sensitivity to DEHP toxicity was significantly lower in
marmosets than in rodents.

Subjects: 168 male; Semen, blood, and urine samples
were collected at visiting time to determine sperm
levels, motility, moving parameters, and other strict
criteria for assessing sperm morphology. DNA damage
in sperm was determined by the neutral comet assay.

Relationships were found between mono-n-butyl
phthalate (MBP) and sperm motility and sperm
concentration in a dose-dependent manner; Weak
evidence for any relation between MBP and sperm
morphology.

Subjects: 295men; Adjusting for age, bodymass index, and
time of blood sample gathering; Purpose: determining
the urinary levels of phthalate metabolites and serum
levels of FSH, luteinizing hormone (LH), sex hormone-
binding globulin (SHBG), testosterone, and inhibin B.

Positive relations were observed between MBP and inhibin
B; Contrary relation between metabolites and FSH and
testosterone.

Subjects: 53 men of which 21 infertile with poor semen
quality plus 32 control men with normal semen
parameters; Purpose: measuring phthalate esters in
seminal plasma; Single-stranded DNA in sperm was
detected by the sperm nuclear chromatin condensation
test.

The levels of phthalates was inversely related to sperm
morphology and positively associated with the sperm
single stranded DNA; The levels of phthalates were not
associated with ejaculate volume, sperm concentration,
or motility.

Testicular cancer Subjects: testicular cancer (n¼ 148) and controls
(n¼ 315). A self-administered questionnaire was
employed to provide occupational histories; Purpose:
determining the occupational exposure to PVC plastics
by the cancerous employers.

Insufficient evidence for any relation between occupational
exposure to PVC plastics and testicular cancer.

Female reproductive Animals: sexually mature rats; Purpose: finding
association between DEHP exposure in female rats and
ovarian toxicity.

Correlation between DEHP metabolite and ovarian toxicity
in sexually mature rats has been observed; Data:
prolonged estrous cycles, delayed ovulation, smaller
preovulary follicles, and decreased circulating serum
estradiol.

Endometriosis Subjects: fertile women with either ovarian cysts or
chronic pelvic pain and dysmenorrheal, cases (n¼ 35)
and controls (n¼ 24); Purpose: finding relationship
between plasma and peritoneal fluid levels of DEHP and
endometriosis.

Patients with endometriosis showed upper plasma DEHP
levels than control women; Cases and controls had the
same concentrations of peritoneal DEHP; Weak
correlationbetween serumDEHPandmono(2-ethylhexyl)
phthalate (MEHP) concentrations was observed.

Pregnancy Subjects: 84 newborns (mean gestational age,
38.4 weeks); Purpose: measuring the plasma DEHP and
MEHP in the cord blood of newborns.

MEHP-positive newborns (n¼ 65) had a younger
gestational age than MEHP-negative newborns
(n¼ 19); No relation between gestational age and
DEHP-positive newborns was observed; No variances in
birth weight between DEHP- or MEHP-positive and
negative newborns.

Subjects: 93 pregnant women living close to a plastics
production center; Purpose: determining the urinary
levels of phthalates in women with normal pregnancies
compared to those suffered from anemia, preeclampsia,
and abortion.

Mean phthalate levels for women with each of
complications was measured as 217 mg 100 ml�1 urine
in comparison to 81 mg 100 ml�1 for women with
normal pregnancies (p¼ 0.02).

Respiratory obstruction Subjects: 2568 children (1–7 years); Purpose: finding
a correlation between plastic wall materials exposure at
home and respiratory health.

Correlation between plastic exposure and lower
respiratory tract signs was shown; No relation between
upper respiratory symptoms and plastic wall materials
was observed; There was an association with asthma.

Subjects: 240 adults; Purpose: determining the
relationship between urinary concentration of phthalate
monoesters and pulmonary function factors such as
forced vital capacity (FVC), forced expiratory volume in
1 second (FEV1), and peak expiratory flow (PEF).

A relation between MBP urinary concentrations and
pulmonary function (FVC, FEV1, and PEF) was indicated
in males but not females.

Subjects: a cohort of 10 852 children (1–6 years), cases
(n¼ 198) and controls (n¼ 202); Purpose: finding the
relationship between allergic signs of children and the
amount of phthalates in house dust; Persistent
symptoms: eczema, wheezing, or rhinitis not due to
cold during 12 months on the primary questionnaire
and also two of them reported 18 months later on the
follow-up questionnaire; Physician examinations were
also performed.

There is a connection between PVC flooring materials in
the child’s bedroom with questionnaire case status; The
higher allergic symptoms, the more augmentation in
phthalate metabolite concentrations in bedroom dust.

(Continued)
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Table 1 The main in vitro and in vivo laboratory studies and clinical trials to identify the effect of phthalate exposure on human healthdcont'd

Interferences Experimental animal studies or clinical trials Results observed

General health Subjects: 44 workers (average employment years¼ eight
plus five healthy men as control) at a PVC processing
factory in which phthalate metabolites were used as
plasticizers; Purpose: assessing the exposure by
detection of phthalate diesters in air and phthalate
monoester metabolites in urine.

No acceleration in prevalence of peripheral neuropathy,
obstructive lung disease, or lowering the function was
observed.

Pubertal development Subjects: 41 patients with thelarche (6 months–8 years)
and 35 control subjects (6 months–10 years); Purpose:
finding the relationship between serum levels of
phthalates and premature breast development
(thelarche) in young girls.

High levels of various phthalate metabolites in serum were
detected in 28 thelarche patients (68%) compared to 1
and 5 controls; The largest differences between cases
and controls were observed for DEHP.
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Clinical Management

If phthalates contact the skin, affected areas should be flushed
with plenty of water (then with soap and water) for 15min;
contaminated cloths should be removed immediately. In case
of ingestion, gastric lavage should be down and respiratory
treatments recommended. Emesis in not suggested and it is
better to treat symptomatically.
Ecotoxicity

Environmental contaminants with hormonal activity, including
diallyl phthalate, may change gonadal development and repro-
duction in aquatic wildlife. Diallyl phthalate is found to decrease
phosphoprotein levels in both sexes and induced spawning in
males. Recently it is reported that combination of ozone and
DBP can induce oviductal carcinomas in B6C3F1mice, although
ozone alone and in conjunction with DBP (under experimental
conditions) did not cause lung cancer. Phthalates seem to
remain persistently in fatty organisms in the environment.
Immunotoxicity

DEHP is the predominant phthalate in the environment. On
the other hand, there is a relation between phthalate exposure
and immune dysfunction because of the effects on the
expression of allergy. But, immunological evaluations revealed
that there is no immunotoxic effect on T cells in male C57BL/6
mice by DEHP, which confirms that DEHP is probably not an
immunosuppressant. A recent study showed that there is rela-
tive sensitivity of the developing immune system in juvenile
animals in compared to general toxicity.
Reproductive Toxicity

Phthalate exposure can affect the immature male reproductive
tract, leading to accelerate incidence of undescended testes and
low testes weight. Moreover anogenital distance may be
decreased by such exposure. For more toxic effects on male and
female reproductive systems, see Table 1.
Genotoxicity

Various phthalates, including monoamyl phthalate, di-n-hexyl
phthalate, diheptyl phthalate, dinonyl phthalate, and didecyl
phthalate, have been evaluated using a reverse mutation
(Ames) assay (on Salmonella typhimurium) for their probably
genotoxicity. The results revealed that none of them were
observed to be genotoxic. Among the diverse phthalates, DEHP
is introduced as a rodent carcinogen, although nonmammalian
in vitro mutation assays revealed negative results. In vivo DEHP
exposure caused an augmentation in the mutation frequency in
the liver of transgenic mice. In vitro exposure of human cells or
tissues to DEHP may induce DNA injuries, change the mitotic
rate, apoptosis, and cell proliferation, elevate proliferation and
progress of tumor cells, and finally activate some nuclear
receptors.
Carcinogenicity

Regarding the point that all different phthalates possess
a common chemical structure, only some phthalates include
toxicity reference values provided by US federal agencies. The
phthalates mentioned below are those for which toxicity
reference values exist. See Table 2 for classification of some
phthalates on the basis of the US EPA and the World Health
Organization (WHO) International Agency for Research on
Cancer (IARC), together with their reference doses for chronic
oral exposure.
Exposure Standards and Guidelines

Oral acute exposure for DBP is 0.5 mg kg�1 day�1, based on
developmental effects, while the acute exposure is
0.014mg kg�1 day�1 for DEHP, on the basis of hepatocellular
carcinoma and adenoma. The maximum DEHP level for
drinking water is determined by US EPA as 0.006mg l�1, based
on reproductive difficulties, liver problems, and increased risk
of cancer in adult animals. Oral intermediate exposure for
DEHP is 0.1mg kg�1 day�1, based on reproductive effects in
adult animals. Oral chronic exposure is 0.06mg kg�1 day�1,
based on reproductive effects in adult animals. The US EPA



Table 2 Carcinogenicity classification and reference dose (RfD) for chronic oral exposure of various phthalates in animals

Phthalates names US EPA classification WHO IARC classification

US EPA RfD for chronic oral

exposure

Butyl benzyl phthalate (BBP) Class C, with a possible human
carcinogenic activity (1986)

Not classifiable as to
carcinogenicity

2E-1 (0.2) mg�1 kg�1 day�1,
based on significantly
increased liver-to-body
weight and liver-to-brain
weight ratios in adults

Dibutyl phthalate (DBP) Class D, ‘not classifiable,’
because of the lack of
carcinogenic data in the
available literature

Not evaluated yet 1E-1 (0.1) mg�1 kg�1 day�1,
based on increased
mortality in adult animals

Di(2-ethylhexyl)phthalate (DEHP) Class B2, probable human
carcinogen (1986), due to
increase liver tumors in
adult male and female rats

Not classifiable (Group 3,
2000) regarding to less
evidence in humans, and
sufficient evidence in
experimental animals

2E-2 (0.02) mg�1 kg�1 day�1,
based on increased relative
liver weight in adult animals

Diethyl phthalate (DEP) Class D, not classifiable as to
carcinogenicity (1986), due
to lack of carcinogenicity
data in the available
literature

Recently: neither mutagenic
nor carcinogenic

Not evaluated yet 8E-1 (0.8) mg�1 kg�1 day�1,
based on decreased growth
rate, food consumption and
altered organ weights in
adult rats

Dimethyl terephthalate (DMT) Evaluation has not completed Not evaluated yet Not available yet
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reference doses for chronic oral exposures to a variety of
phthalates are summarized in Table 2. However, oral acute
exposure to DMTwas determined as 7mg kg�1 day�1, based on
reproductive effects. Oral intermediate exposure to DMT is
6mg kg�1 day�1, based on hepatic effects.

See also: Persistent Organic Pollutants; Pollutant Release and
Transfer Registers; Indoor Air Pollution.
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l Name: Phthalic anhydride
l Chemical Abstracts Service Registry Number: 85-44-9
l Synonyms: 1,2-Benzenedicarboxylic acid anhydride; 1,2-

Benzenedicarboxylic anhydride; 1,3-Dioxophthalan; 1,3-
Isobenzofurandione; 1,3-Phthalandione

l Molecular Formula: C8H4O3

l Chemical Structure:

Background

Plastic is a general term used to describe a wide variety of
primarily organic polymers that are capable of being molded,
cast, extruded, or drawn into filaments. Because of the form-
ability and wide variety of physical properties, plastics have
become ubiquitous in the industrialized world. Phthalic
anhydride, therefore, is an important industrial chemical,
especially for the large-scale production of plasticizers for
plastics. Approximately 4.6� 109 kg of this colorless solid were
produced in 2002.

Phthalic acid was obtained by French chemist Auguste
Laurent in 1836 by oxidizing naphthalene tetrachloride.
Believing the resulting substance to be a naphthalene
derivative, he named it naphthalenic acid. Swiss chemist
Jean Charles Galissard de Marignac determined its correct
formula, upon which Laurent gave it its present name. It is
produced by the catalytic oxidation of naphthalene directly
to phthalic anhydride and a subsequent hydrolysis of the
anhydride.
Uses

Phthalic anhydride is commonly used as a chemical interme-
diate in the production of plastics from vinyl chloride. Phtha-
late esters, which function as plasticizers, are derived from
phthalic anhydride. Phthalic anhydride is also used in solvents
and in rubber, cellulose, and polystyrene resins.
Environmental Fate and Behavior

Relevant Physicochemical Properties

Boiling point: 295 �C
Log Kow ¼ 1.60
934 Encyclopedia of T
Solubilities: soluble in alcohol, ethanol, acetone, and
benzene but sparingly in ether. Soluble in water ¼ 6200 mg l�1

at 25 �C
Henry’s law constant ¼ 1.6 � 10�8 atm-cu m mol�1 at

25 �C
Partition Behavior in Water, Sediment, and Soil

If released into air, phthalic anhydride will exist as a vapor in
the atmosphere. The vapor will be degraded by reaction with
photochemically produced hydroxyl radicals with an estimated
half-life of 21 days. Phthalic anhydride contains chromophores
that absorb light at wavelength >290 nm and may be suscep-
tible to direct photolysis by sunlight. If released to soil, phthalic
anhydride is expected to hydrolyze to moist soils; therefore, it
does not have any significant effect on absorption and vola-
tilization from soil. If released into water, phthalic anhydride is
expected to hydrolyze rapidly.
Environmental Persistence

Hydrolysis and biodegradation are the two processes that may
significantly degrade phthalic anhydride in water and soil. The
hydrolytic half-life for the chemical in water is about 1.5 min.
Under aerobic soil conditions, phthalic anhydride probably
has a half-life of >14 days.
Long-Range Transport

Because of the rapid hydrolysis of phthalic anhydride, a trans-
port of the substance between environmental compartments is
unlikely to occur.
Bioaccumulation and Biomagnification

Phthalic anhydride is readily biodegradable, and therefore not
bioaccumulated. Phthalic acid, having a calculated BCF (bio-
concentration factor) value of 5, is not expected to bio-
accumulate in aquatic organisms.
Exposure and Exposure Monitoring

Routes and Pathways

Inhalation, ingestion, skin, and/or eye contact.
Human Exposure

Occupational exposure to phthalic anhydride may occur
through dermal contact with this compound at workplaces in
which it is produced or used. Monitoring data indicate that the
general population may be exposed to phthalic anhydride via
inhalation of ambient air, ingestion of food and drinking
water, and dermal contact with this compound and other
products containing phthalic anhydride.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.01201-X
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Environmental Exposure

As a result of the production and use of phthalic anhydride, it
has been released to the environment through various waste
streams. Phthalic anhydride has been identified in industrial
waste, diesel exhaust, polyurethane products, and at hazardous
waste sites.
Toxicokinetics

No comprehensive toxicokinetic studies were available.
However, on contact with water, phthalic anhydride is rapidly
hydrolyzed to phthalic acid. Unconjugated phthalic acid is
found in the urine of humans exposed to phthalic anhydride by
the inhalation route, demonstrating systemic absorption and
elimination via the urine and the existence of phthalic acid as
a hydrolysis product in vivo.
Mechanism of Toxicity

Phthalic anhydride modulates lipid mediator release and
cytokine formation and has sensitizing effects on the
respiratory tract. The local irritating effect particularly on the
mucous membranes probably depends on the hydrolysis to
phthalic acid.
Acute and Short-Term Toxicity

In animals, severe skin irritation was seen on rabbits following
24 h exposure (LD50 > 10 mg kg�1). Skin changes included
pale, red erythema and superficial burns. Upon inhalation in
cats at 3.7 mg l�1, 6 h day�1 for 7 days, drowsiness with loss of
appetite and vomiting along with liver and kidney injury were
observed (oral LD50 800 mg kg�1). It is also a severe eye and
respiratory irritant. Tests involving acute exposure of rats have
shown phthalic anhydride to havemoderate acute toxicity (oral
LD50 1530 mg kg�1).

In humans, initial exposure to phthalic anhydride in the
form of vapor, fumes, or dust is a primary irritant to mucous
membranes and the upper respiratory tract. Phthalic anhydride
is a moderate irritant and can be corrosive at high concentra-
tions or with prolonged exposure. It causes severe eye and skin
burns. The irritation associated with phthalic anhydride contact
is worse if the contacted area is moist, presumably as a result of
the exothermic aqueous hydrolysis of phthalic anhydride to
phthalic acid. It is harmful if inhaled. Symptoms include
coughing, sneezing, burning sensations in the nose and throat,
and increased mucous secretion.
Chronic Toxicity

In animals, when groups of 50 male and 50 female rats were
fed 7500 or 15 000 ppm phthalic anhydride for 2 years, the rats
fed the highest dose developed rough hair coats, ulcerations,
and corneal opacities. They also experienced reduced body
weight gains.
In humans, repeated or continued exposures to phthalic
anhydride may result in inflammation of the respiratory tract,
nasal ulceration and bleeding, atrophy of the mucous
membranes, loss of smell, hoarseness, asthma, bronchitis,
urticaria, and symptoms of allergic hypersensitivity. Exposure
to high concentrations of phthalic anhydride targets several
organs in the body, especially the lung and kidney.
Immunotoxicity

Acid anhydrides are strong respiratory irritants known to
produce hypersensitivity pulmonary disease, often beginning
as hypersensitivity pneumonitis, which can be known as Epoxy
Resin Lung. Hypersensitivity pneumonitis can be precipitated
either by acute or by chronic exposure to acid anhydrides. Acute
hypersensitivity pneumonitis may be characterized by fever,
chills, nonproductive cough, chest pains, and dyspnea. Symp-
toms associated with chronic hypersensitivity include fever,
cough, fatigue, weight loss, and shortness of breath; it is rarely
a delayed skin sensitizer.
Reproductive Toxicity

No studies regarding reproductive or development effects in
humans were available. However, phthalic anhydride was
reported to be teratogenic in mice following intraperitoneal
injection, and a decreased spermatozoa motility time was
reported in one study in which male rats were exposed via
inhalation.
Genotoxicity

Phthalic anhydride was non-mutagenic in Salmonella typhimu-
rium strains TA98, TA100, TA1535, and TA1537, with and
without metabolic activation, at concentrations of 3 mol/plate
in the spot test and at concentrations of 1–666 æg per plate in
the plate incorporation test. Phthalic anhydride was also
negative in a Salmonella reverse mutation assay and in chro-
mosomal aberration and sister chromatid exchange assays.
Carcinogenicity

A bioassay of phthalic anhydride for possible carcinogenicity
was conducted by administering phthalic anhydride in feed to
groups of male and female rats and mice. It was observed that
no tumors occurred in the rats or mice of either sex at inci-
dences that could be clearly related to the administration of
phthalic anhydride.

No studies regarding the carcinogenicity of phthalic anhy-
dride in humans are available.
Clinical Management

Management of symptomatic exposure to phthalic anhydride is
supportive and no specific antidote exists. The initial step in
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management is to terminate the exposure. Decontamination
includes simple removal to fresh air if the exposure was
through inhalation and removal of clothing with wet decon-
tamination using soap and water in the case of skin exposure.
Administration of charcoal in the case of ingestion without
evidence of significant corrosive gastric injury or other contra-
indication is appropriate. Gastric aspiration after massive
ingestion of phthalic anhydride may be beneficial in limiting
local corrosive effects if done early. Respiratory effects after
inhalation exposure can be treated with administration of
100% oxygen. This should be initiated and bronchospasm
treated with inhaled B-adrenergic agonists.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Studies with phthalic acid, the hydrolysis product of phthalic
anhydride, suggest that the chemical is toxic to aquatic organ-
isms only at moderate to high concentrations.
Terrestrial Organism Toxicity

Experimental studies suggest that phthalic anhydride is of low
acute toxicity to terrestrial animals and plants.
Exposure Standards and Guidelines

l OSHA Permissible Exposure Limit (PEL) for general and
construction industries: 2 ppm, 12 mg m�3 TWA

l NIOSH recommended exposure limit: 1 ppm, 6 mg m�3

TWA
l NIOSH immediately dangerous to life or health concen-
tration: 60 mg m�3

l EPA’s oral reference dose: 2.0 mg kg�1 day�1. EPA’s provi-
sional reference concentration in air is 0.12 mg m�3

See also: Phthalates.
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Introduction

Toxicologists are often required to assess the overall chemical-
and design-related risks of reasonably foreseeable exposures
to consumer products. Such risk assessments might require
evaluation of potential airway obstruction hazards such as
asphyxiation, aspiration, choking, strangulation, or suffoca-
tion, or other potentially hazardous physical agents such as
bright light, sound, heat or cold, kinetic energy, sharp points or
edges, or strong vibration.

A multidisciplinary approach is best suited to under-
standing the overall risk associated with product physical
hazards. This analysis involves determination of (1) at-risk
populations/exposure to hazard, (2) mechanism of injury/
consequences of hazard, and (3) hazardous characteristics of
products/mitigation of hazard. These three factors are briefly
discussed.

1. Exposure to hazard. The probability that a consumer may
become exposed to hazardous product characteristics is
determined using injury and fatality data analysis. Statistical
analysis and modeling reveal the critical characteristics
associated with the risk of product-related injury and
identify susceptible subpopulations.

2. Consequences of hazard. The severity level or potential
consequence of exposure to hazardous product character-
istics must be evaluated. Human factors analysis is con-
ducted to determine the consequences (e.g., potential
product-related injuries) based on the foreseeable behaviors
consumers will use while interacting with products. In order
to determine the potential magnitude of a product-related
physical hazard, both product characteristics and anatom-
ical characteristics of likely consumers are examined.

3. Mitigation of hazard. The severity level of a physical hazard
may be reduced by design characteristics that lead to
Figure 1 Age of victims of airway obstruction injury.

Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
reduced consequence or decreased time to effective treat-
ment, and possibly by product labeling and/or usage
instructions that could impact consumer behavior to help
eliminate the hazardous condition, or at least mitigate the
consequences of the exposure.
Airway Obstruction

At-Risk Populations

Children are driven to put objects in their mouth as an inevi-
table part of their normal developmental process. This
behavior has the potential to lead to choking, aspiration,
insertion, or ingestion injuries.

Themajority of airway obstruction injuries occur in children
under the age of 4 years (Figure 1). Individuals of advanced age
are also at greater risk for such injuries as they may be eden-
tulous and suffer from decreased oral sensation. Alcohol or
drug use and aging decrease the sensation of the nerves in the
oral cavity increasing the likelihood of airway obstruction
injuries.

Neurologically impaired people (estimated at 2–4% of the
population) often have greater difficulty during feeding and
swallowing, increasing the likelihood of airway obstruction.
The term neurologically impaired is a blanket description
that covers a multitude of different disorders. Oral airway
dysfunction in this group may present as diminished control,
sensation, or comprehension.
Mechanism of Foreign Object Airway Obstruction

Direct obstruction
Several characteristics influence a foreign object’s chance of
penetrating the defenses of the mouth and pharynx. Foreign
4-3.00643-6 937
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objects that are small, thin, smooth, or slick when wet may
inadvertently slip through the palatopharyngeal arch and enter
the pharynx. Foreign objects that are round or cylindrical and
pliable or compressible most effectively form a plug in the
airway (Figure 2). A large bolus or foreign object mass is more
likely to block the airway at the pharynx and cause asphyxia.
When a premature or an inadvertent foreign object penetration
occurs, a gag and/or cough reflex may be triggered. Smooth,
slick, and pliable food-like objects are less likely to trigger
a timely gag reflex than textured or sharp objects. Gagging and
coughing are frequently followed by rapid deep inhalation
as the victim attempts to regain breath. This action may draw
the object downward leading to physical impaction and
obstruction.

This consequence is facilitated by the temporary expansion
of the pharyngeal and laryngeal chambers that occurs during
vigorous inspiratory effort. This reaction is more intense in
infants than in older children or adults. Pliable conforming
objects (Figure 3) are less likely to be expelled from the airway
than rigid objects.

Esophageal wall protrusion
Foreign objects that are ingested and lodge beyond the upper
esophageal sphincter may distend the wall of the esophagus
into the volume of the airway along the length of the trachea
resulting in asphyxia (Figure 4).

Oral nasal occlusion
Rounded three-dimensional objects that reach the rear of the
oral cavity, posterior to the hard palate, may obstruct the
flow of air into the lungs, leading to asphyxia (Figure 5).
The mechanism of these injuries includes the following
Figure 2 Compressible object lodging in pharynx.

Figure 3 Conforming object lodging in pharynx.
actions: These objects may elevate the soft palate and prevent
air passage through the nasopharynx (A). This action may
diminish the size of the nasopharynx at this point, prevent-
ing the passage of air while simultaneously creating a seal
against the soft tissue of the rear of the oral cavity (B).
Objects that pass beyond the hard palate may be difficult to
extricate due to the mechanical resistance to anterior motion
created by the interference with the edge of this skeletal
structure (C).
Object Characteristics Associated with Airway Obstruction

Size
Airway (pharynx, larynx, and trachea) sized objects can occlude
the airway if other conditions are present. Small lightweight
objects may be entrained in the inspiratory flow of air and
consequently aspirated. Oral sensors can discriminate the size
of solid materials, but children, the elderly, and the neurolog-
ically impaired may make poor decisions as to what they can
successfully swallow.

Shape
Previous studies of airway obstruction have classified foreign
objects by shape. Square and rectangular shapes make up less
than 6% of the objects in this database, while a significant
number, 22%, are spheres and ellipsoids. This illustrates that
round objects make effective airtight seals against the flexible,
rounded interior walls of the aerodigestive system. As expected,
most of the incidents involving two-dimensional objects,
such as coins, resulted in less severe symptoms, while three-
dimensional and conforming objects are more likely to
produce more severe symptoms.
Figure 4 Esophageal wall protrusion.



Figure 6 Age and gender of victims of strangulation fatalities.

Figure 5 Oral nasal occlusion.
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Consistency: food foreign objects
Penetration of the airway by food foreign objects is possible
due to the combined oral airway functions of the oral cavity
and pharynx. Humans must interrupt respiration during the
pharyngeal phase of the swallow cycle. An asphyxiation
hazard for a foreign object is a function of the degree of
difficulty in processing the foreign objects into a bolus suit-
able for successful swallowing. Foreign objects that are diffi-
cult to process create a condition where the hazard of
asphyxiation is present. Hard foods resist bolus formation as
they do not become well mixed with saliva and require
transverse and rotational movement of the mandible to be
effectively masticated. Compressible foods deform to the
shape of the airway.

Consistency: nonfood foreign objects
Conforming objects with certain flexibility and surface char-
acteristics can adhere closely to the surface features of the
airway, making an effective seal. Expiratory effort allows air to
leave the lungs but inspiration creates a negative pressure on
the distal surface of the conforming object that draws it further
into the airway. Deformable materials (e.g., materials or
objects whose shapes can be altered by applying forces similar
in magnitude to those that would be experienced in a child’s
mouth) also account for a significant number of serious
injuries.
Acceptance Criteria

An examination of the size of the objects in foreign object
studies clearly indicates that nonspherical objects equal to or
less than 38.1 mm (1.50 in.) and spherical objects equal to or
less than 44.5 mm (1.75 in.) pose a risk for airway obstruction
injury to children. Injury prevention criteria for nonfood
manufactured objects to which children are exposed will be
effective if based on these findings.
Strangulation

At-Risk Populations

There are 1160 strangulation fatalities involving children less
than 15 years of age documented in US Consumer Product
Safety Commission (CPSC) death certificate files between 1994
and 2003. These 1160 strangulation fatalities constitute 14.1%
of the total childhood fatalities (8224) (Figure 6).

Age
The number of strangulation fatalities was greatest among
children less than 1 year old, who accounted for approximately
half (45%) of the childhood strangulation fatalities. The fatality
trend declined until the age of 7 years, after which it increased
until decreasing again at age 13 years.

Gender
The majority (68%) of the incidents occurred in male children.
The discrepancy in gender is more noticeable after the age of
8 years.
Mechanism of Injury

The neck region is a complex passageway for communication
between the head and the trunk. The bony components in the
neck are the vertebrae, which enclose the spinal cord. Other
important vessels are the carotid artery and the interior jugular
vein, which are contained in the carotid sheath along with the
vagus nerve. The neck also contains the airway (larynx and
trachea), which are highly mobile in children.

Strangulation is due to constriction of the neck causing direct
airway closure. This often occurs as a result of suspension of all
or a portion of the body weight by an object around the neck
resulting in asphyxia. The constriction generally occurs above the
larynx but below the angle of the jaw. The most common
scenario in children is partial hanging, occluding the airway but
not the jugular vein or carotid artery. Airway obstruction is
currently believed to occur as the base of the tongue is pushed
against the posterior wall and the epiglottis folds over the larynx.

In a previous study by the authors, submental pressure
(Figure 7) was noted to elevate the larynx, but occlusion
occurred at the level of the nasopharynx and oropharynx. The
soft tissues of the submental region pushed the tongue against
the soft palate.

Suprahyoid pressure brought the epiglottis up and posterior,
compressing it against the posterior pharyngeal wall. The aryte-
noids compressed by the posterior wall of the hypopharynx
overrode the true vocal cords to occlude the airway. The thyroid
cartilage supported by its attachments to the hyoid was lifted
superiorly and posteriorly (Table 1).



Figure 7 Strangulation force (pounds).
Figure 8 Age distribution in months for strangulation by films.

940 Physical Hazards
Characteristics of Objects Causing Strangulation

Children’s apparel that contains components that can be
caught on doorknobs, playground equipment, or protrusions
has been associated with strangulation, as have straps, cords, or
edges that may press against the neck.
Acceptance Criteria

Continuous loops with a circumference smaller than
0.354 m (13.94 in.) cannot be placed over a child’s head.
Loose ends of strings, cords, or straps capable of forming
a loop less than 0.22 m (8.66 in.) cannot be placed around
a child’s neck. Release mechanisms on cords or straps may
reduce the hazard of strangulation. If such mechanisms cause
the object to open before the airway becomes closed, the
hazard is mitigated. The point load required to close the
airway at the submental position may be as low as 2.2 N
(0.5 lb).
Suffocation

At-Risk Populations

Approximately 300 infants died between 2005 and 2011 as
a result of accidental suffocation associated with a variety of
consumer products (plastic films, toys, and packing materials).
Suffocation injuries and fatalities are most common in children
less than 2 years of age (Figures 8 and 9).
Table 1 Force required to occlude airway: summary by percentile

Percentile

Force (lbs)

1 year old 2 year old 3 year old 4 year old

10 0.7 0.7 1.0 1.1
20 0.9 0.9 1.2 1.4
30 1.1 1.1 1.4 1.6
40 1.3 1.3 1.6 1.8
50 1.5 1.5 1.8 2.1
60 1.7 1.8 2.1 2.3
70 2.1 2.2 2.5 2.7
80 2.6 2.9 3.0 3.3
90 3.6 4.3 4.1 4.3
95 4.8 6.1 5.3 5.5
Mechanism of Injury: Mechanical Resistance Suffocation

Objects placed externally on the face of a child may lead to
suffocation incidents. These objects are most commonly plastic
films or bags, but may be any product that makes a seal against
the face of a child, obstructing airflow to the mouth or nose.
The face of a child in this age group has greater amounts of fat
and undeveloped prominent bony structures and is conse-
quently more likely to provide an effective seal.

Infants usually breathe through the nasal passages.
However, during crying or in the event their nasal passages are
blocked, infants may breathe through their oral cavity. One-
year-old children can produce a respiratory pressure up to
2900 Pa (30 cm H2O) (positive for expiration and negative for
inspiration) for a brief period of time. Young children can
produce pressures of 1500 Pa (15 cm H2O) for a more
extended period of time.

Mechanical resistance suffocation takes place when the
passage of air to the oral cavity and nasopharynx are both
blocked externally by an object. When respiration is inter-
rupted, carbon dioxide (CO2) levels in the blood increase. The
body’s response to this increase in CO2 level is to attempt
respiration. If the mechanical blockage is complete and the
agent of suffocation is not removed, the incident will be fatal
after 2–3 min. Partial blockage may be survived for longer
periods of time, depending on the level of resistance and the
strength of the child.

Very young children lack effective defense mechanisms to
protect themselves from suffocation injuries. In adults, raised
Weight of Child

5 year old �10 kg 12.5 kg 15.0 kg >15 kg

1.4 0.4 0.6 0.7 1.1
1.6 0.6 0.8 0.9 1.4
1.9 0.8 1.0 1.1 1.7
2.1 1.0 1.2 1.3 2.0
2.4 1.2 1.4 1.5 2.4
2.8 1.6 1.8 1.8 2.9
3.2 2.1 2.2 2.1 3.5
3.9 3.0 3.0 2.7 4.6
5.1 5.4 4.9 3.9 6.7
6.4 9.3 7.6 5.4 9.6



Figure 9 Age distribution in years for rigid container mechanisms of
suffocation.
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CO2 levels incite increasingly strenuous respiration attempts. In
infants this response may not be present. During infant suffo-
cation incidents, if the initial attempts at respiration fail, there
is no increase in respiration effort.

As part of the sustainable pressure must be used to over-
come normal airway flow resistance and elastic recoil of lung
and chest, the amount of pressure (Pall) used to overcome
abnormal airway blockage, such as plastic film blockage, is
smaller and can be found by

Pall ¼ Sustainable pressure� ðPressure for flow resistance

þ Pressure for elastic recoilÞ
Table 2 gives the computed allowable pressure Pall for

different times for 6- and 12-month-old children.
Acceptance Criteria

The amount of pressure that a child can dependably produce or
sustain changes over time during which children are exposed to
this hazard, by age. This pressure for 6- and 12-month-old
children is shown in Table 2.

A limit of 1500 Pa (15 cm H2O) or less for each applicable
testing technique is required for a product to be classified as
having a low potential for fatal outcome by airway obstruction.
This is a pressure that children between 6 and 12 months of age
can sustain for a reasonable amount of time.
Battery Ingestion

At-Risk Population

The critical path to injury and the affected at-risk population for
battery ingestion are the same as those for any ingested foreign
object injury; therefore please see Airway Obstruction At-Risk
Populations.
Table 2 Allowable pressure

Time

6 months

old

12 months

old

Eight hours or more allowable pressure at peak flow
rate (Pa)

230 650

Six hour allowable pressure at peak flow rate (Pa) 1300 1800
One hour allowable pressure at peak flow rate (Pa) 1800 2300
Mechanism of Injury

The primary mechanism of injury from battery ingestion is
necrosis of tissue by electrical current. However, release of
corrosive and/or toxic chemicals is also possible. The short
anode–cathode distance in button cell batteries enables high
electrical current and makes these batteries particularly
hazardous. Children’s exposure to button cell batteries is
increasing with the greater number of toys and other consumer
products that require their use. Children frequently mouth
objects and may inadvertently swallow them. Lithium cells,
which may possess greater voltage, are especially hazardous.

If the battery passes through the esophagus into the
stomach and bowel, observation of the victim is indicated but
surgical intervention is generally not required as button
batteries can routinely pass spontaneously. However, if
a battery lodges in the esophagus, severe burn injury and
potential esophageal perforation may result.

Insertion of batteries into the nasal passages or external
auditory canals may also lead to serious injury resulting from
contact with the caustic chemicals or burn caused by electric
discharge or both. Outcomes of auditory canal injury include
potential tympanic membrane perforation or total destruction,
necrosis of the skin of the external auditory canal potentially
exposing the bone, and hearing loss. Nasal insertion may lead
to perforation of the septum.
Acceptance Criteria

Mitigation strategies for button cell battery ingestion injury
include fully encasing the battery in the battery compartment,
preventing access without the use of a tool, and mechanical
testing for release.
Magnet Ingestion

At-Risk Population

The critical path to injury and the affected at-risk population for
magnet ingestion is the same as any ingested foreign object;
therefore please see Airway Obstruction At-Risk Populations.
Mechanism of Injury

Ingestion injuries caused by small parts containing magnets
pose a significant hazard for injury, as magnets attract each
other, clamping the intestinal walls between them. The affected
area of the wall then becomes compressed, and as a result is not
oxygenated. This tissue may then become necrotic, potentially
resulting in intestinal perforation. Various injuries secondary to
magnetic part ingestion have resulted in fatal injury.

If magnetic foreign objects lodge in the esophagus or
stomach, retrieval is accomplished through the airway,
endoscopically.

If one magnet is ingested, the relative hazard is low.
However, when more than one magnet is ingested or a magnet
along with another ferromagnetic foreign body is ingested, if
they have passed beyond the stomach and therefore the reach
of endoscopic extraction, surgical intervention is required to
prevent a fatal outcome.
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Objects containing magnets should be designed so that they
are too large to be ingested. In order to determine an appro-
priate design criteria related to the size of the toys that contain
magnets, a retrospective study was developed examining
ingested small parts surgically removed from children from
1989 to 2005. This study includes a number of major children’s
hospitals worldwide.

For this study, a detailed examination of the objects asso-
ciated specifically with ingestion injuries has been undertaken
(n¼ 1686). Hard/rigid or pliable firm objects were the primary
focus of this study because soft/deformable objects may not
provide accurate sizing for the development of an acceptance
criteria.

As a result, 1830 hard/pliable firm objects with specified
size information were identified. A data search was also con-
ducted in the CPSC databases from 1983 to 2005. Amongmore
than 6.7 million incidents, 22 ingestion injuries and 13
ingestion fatalities were revealed for which object size infor-
mation was identifiable. Objects with different dimensions
were first categorized as quasi one-, two-, or three-dimensional
and then analyzed separately:

l One-dimensional object: the single dimension was
considered as the length of the object

l Two-dimensional object: the longer dimension was
considered as the length measurement, whereas the shorter
dimension was considered as the width

l Three-dimensional object: the longest dimension was
considered as the length; themiddle and shortest dimensions
were considered as the width and thickness, respectively

Objects with the largest virtual size or longest length were
searched to be set as critical values for ingestion. The object
with the largest size of the nonspherical objects was 0.001 m
(0.39 in.)� 0.03 m (1.18 in.)� 0.04 m (1.57 in.). The longest
object found in the CPSC databases was a 0.076 m (3 in.) long
pencil. Among the objects, the largest virtual ring size was
a plastic part measuring 0.0099 m (0.39 in.)� 0.0300 m
(1.18 in.)� 0.0399 m (1.57 in.). The corresponding diameter
through which the part would pass was 0.0318 m (1.25 in.).
Acceptance Criteria

A criterion based on a diameter of 0.0318 m (1.25 in.) in
diameter, or a minimum length of 0.076 m (3 in.), will prevent
ingestion of magnetic small parts.
Carbon Dioxide Rebreathing

At-Risk Population

Infants under the age of 8 months are at greatest risk of injury
or death from carbon dioxide rebreathing. Many researchers
believe that a subset of this population is especially vulnerable
due to a low level of arousal reflex, immature response, or other
factors.
Mechanism of Injury

CO2 is an end product of animal respiration. CO2 content in
fresh air varies between 0.03% (300 ppm) and 0.06%
(600 ppm) depending on location, and approximately 4.5% in
exhaled air. When inhaled in high concentrations (>5% by
volume), it is immediately dangerous to the life and health of
humans and other animals. The current thresholds limit value
(TLV) or maximum level that is considered safe for healthy
adults for an 8-h work day is 0.5% (5000 ppm). The concen-
tration of CO2 in exhaled air is approximately 4–4.5%. The
term CO2 rebreathing refers to a condition in which exhaled
CO2 is trapped in the vicinity of the face by a product or
environmental condition causing increased concentration of
CO2 in subsequent inhalation. CO2 rebreathing increases
respiratory effort. Rebreathing of exhaled air is one proposed
mechanism for the increased risk for sudden infant death
syndrome among prone sleeping infants.

External factors such as material characteristics that hold
and then release CO2 and product geometry that forms
a reservoir for exhaled air are design defects and therefore can
be recognized, measured, and ultimately eliminated.
Acceptance Criteria

The hazard limits for infants are not well established.
Measurements with manikins show significant variation with
bedding type, ranging from very low amounts of CO2 within
hard bedding, increasing to hazardous levels within certain
types of soft bedding and sheepskin.

Assessments on new products must be conducted on a case-
by-case basis by making measurements of the CO2 holding
potential of the new product as well as comparator products
that have known hazard levels (based on injury and fatality
data analysis) to determine relative hazard position.
Thermal Burn Injury

At-Risk Populations

Children constitute the most at-risk population for thermal
burn injuries (Figure 10).
Mechanism of Injury

Burns are thermal injuries to the skin or other tissue. The
severity of burns to the skin depends on the penetration depth
of tissue damage into the epidermis, dermis, or subcutaneous
tissue (Figure 11), and burn area. Skin layer thickness varies
significantly with body location, age, and gender and effects of
identical thermal stimuli vary significantly according to these
factors. For example, epidermal thickness can vary from
approximately 0.05 mm (5� 10�5 m) in the eyelid to over
1 mm (0.001 m) thickness on the sole of the foot. Males
generally have thicker skin than females. Skin is very thin in
infants, increasing in thickness until age 30–40 years, and then
progressively thinning with age.

Burns are often classified by degree. First-degree burns, often
referred to as surface burns, are minor burns that heal quickly.
Second-degree burns, also referred to as partial-thickness burns,
are more serious injuries, which may require medical attention
and possibly skin grafts to prevent permanent scarring. Third-
degree burns, also referred to as full-thickness burns, extend
deeply into tissue and are characterized by charring of the skin.



Figure 10 Ages of burn victims.
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From an anatomical viewpoint, it is common to classify
burns according to the depth of penetration into various skin
layers. In this scheme, two numbers are used to classify a burn:
the first designates the lowest layer of tissue damaged, and the
second the fractional depth to which that layer has been
penetrated. Therefore, a 1.5-degree burn is one affecting only
the epidermis (skin layer 1) in which half of the epidermis
(0.5) has been penetrated.

The science of burn modeling effectively began in the late
1940s with a series of theoretical and experimental studies
conducted on pigs and human volunteers at Harvard Medical
School by A.R. Moritz and F.C. Henriques. The studies included
burn injuries produced by constant temperature flowing water.
Due to their combination of extent, high-temperatures/short
times, and applicability to humans, these studies remain the
most widely used burn references today.

One of Henriques and Moritz’s primary goals was to
develop dose–response curves designating the minimum
exposure times at given temperatures yielding second-degree
burns and the maximum exposure times at the same
Figure 11 Diagram of skin showing epidermis, dermis, and subcuta-
neous fat.
temperatures resulting in only first-degree burns. To obtain this
information, they waited for up to a week following exposure
and then medically examined each injury to determine its
severity. Henriques subsequently developed a model based on
this dose–response information that remains the basis for the
vast majority of modern burn injury calculations.

Henriques developed a two-step method to calculate burn
injury. The first step is a calculation of temperature distribution
within the skin, and the second determines burn injury based on
the time–temperature history. This general approach remains in
use although modern burn modeling techniques generally
involve sophisticated computer models of temperature distri-
bution that were unavailable to Henriques and Moritz. The
resulting dose is an integral burn function U given by

U ¼ P
Z t

0
exp
��DE

RT

�
dt

where U¼ 1 corresponds to a minimal second-degree burn
(shortest time yielding a second-degree burn at a given temper-
ature), T is the temperature (Kelvin) of the external skin surface,
P¼ 3.1� 1098 s�1, DE¼ 150 000 cal mol�1 (627 600 Jmol�1),
and DE/R¼ 75 000 K.

Graphs showing Henriques’ calculations along with Moritz
and Henriques’ data are shown in Figures 12 and 13.

Acceptance Criteria

The data shown in Figures 12 and 13 are based on measure-
ments made on the backs of adult males with epidermal thick-
ness of z80 mm (0.08 m). The time to produce burns can be
significantly shorter for areas with thinner epidermis (e.g.,
eyelids), and for children and older adults. Time to produce
burns is longer for contact with plastics and other insulators due
to cooling of the material surface by the skin. Ideally, burn
hazard from contact with hot objects should be assessed based
on the knowledge of the contact material, temperature, and skin
parameters. To prevent burns in at-risk groups, the American
Burn Association recommends setting water heaters to 48.89 �C
(120 �F, 322 K) and taking measures to prevent children and
other at-risk populations from coming in contact with heat
sources such as hot drinks, cooking surfaces, and hot appliances.



Figure 12 Henriques calculations (dashed line) vs. data (solid line) for
minimal second-degree burn.
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Light Toxicity

Introduction

This article reviews direct and indirect light hazards from
common incoherent light sources. For direct hazards specific to
lasers and other specialized coherent sources, the reader is
referred to organizations such as the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) and the
International Electrotechnical Commission (IEC).

The nature of light toxicity is related to the wavelength of
the light. Three wavelength ranges are generally used when
describing the potential hazards: ultraviolet (UV), visible, and
infrared (IR). However, throughout these categories, toxicity is
wavelength and intensity dependent. In addition to direct
organ or tissue damage, light can create indirect hazards such as
flashing-light-induced seizures.
Figure 13 Henriques calculations (dashed line) vs. data (solid line) for
maximal first-degree burn.
At-Risk Populations

Risk level for injury through light toxicity depends on exposure
to hazardous light sources and is therefore strongly affected by
occupational, geographic, and behavioral factors. For example,
exposure to sunlight can increase the risk of skin cancer and
exposure to welding arcs is associated with an increase in uveal
melanoma and other diseases of the eye. However, traditional
demographic factors play an important role as well. Persons
with darker skin pigmentation are at lower risk of skin damage
from UV radiation than individuals with lighter skin. Children
under the age of 2 years and aphakes (persons with the crys-
talline lens of the eye removed) are at greater risk of retinal
damage from UV light than the general population. Individuals
aged between 2 and 25 years have a factor of approximately 2.5
increased risk of flashing-light precipitated seizure relative to
the general population.
Mechanism of Injury (UV Radiation)

UV light primarily affects the skin and eyes. Sunburn (eryth-
ematic), premature skin aging, and skin cancer are the best known
effects of UV light; however, the skin incorporates part of the
immune system, and UV exposure can accordingly decrease the
immune response to skin cancer, infectious agents, and other
antigens. UV light can damage external ocular tissues including
the cornea, iris, and conjunctiva, resulting in photokeratitis or
photokeratoconjunctivitis. UV light that penetrates through the
cornea can result inopacity of the lens (cataracts) aswell as retinal
damage if not absorbed in the aqueous or vitreous humor.
Acceptance Criteria (UV Radiation)

Organizations such as the ICNIRP provide recommendations
for exposure to UV radiation. For protection of the eyes,
ICNIRP recommends that UV exposure in the spectral region
180–400 nm should not exceed 30 J m�2 when weighted by
the relative spectral effectiveness function in Figure 14, and
that unweighted UV exposure between 315 and 400 nm should
not exceed 10 000 J m�2 per day. For skin protection, ICNIRP
Figure 14 Relative spectral effectiveness for ultraviolet exposure.



Figure 17 Retinal thermal hazard function.Figure 15 Blue light hazard function.

Physical Hazards 945
recommends weighted exposures below 30 Jm�2 for the
most sensitive nonpathologic skin phototypes. This is a very
conservative recommendation for persons with darker skin and
may be insufficient for highly photosensitive individuals or
individuals taking photosensitizing drugs.
Mechanism of Injury (Visible Light)

Visible light is primarily associated with retinal damage, but skin
injury is possible, particularly in the presence of endogenous
(e.g., bilirubin) or exogenous (e.g., phenothizine) photosensi-
tizers. Visible-light-induced eye injury can occur through either
a photochemical or a thermal mechanism. The photochemical
mechanism is commonly known as blue light hazard and the
relative hazard level as a function of wavelength is shown in
Figure 15. For aphakes and children less than 2 years of age
whose lenses have enhanced UV transmission, ICNIRP recom-
mends the aphakic hazard function shown in Figure 16 as more
appropriate.
Figure 16 Aphakic hazard function.
Acceptance Criteria (Visible Light)

For blue light and other photochemical hazards, the threshold
dose is a product of dose rate and time. That is, injury can result
from a short exposure to a very bright light or a longer exposure
to a less intense light. For exposures less than 10 000 s, ICNIRP
recommends that the product of the blue-light-function-
weighted hazard radiance and the exposure time be kept below
1000 000 J m�2 sr�1. For longer exposures, ICNIRP recom-
mends that the blue-light-hazard-function-weighted radiance
be kept below 100 Wm�2 sr�1.

Thermal retinal hazard is related to local heating and
damage occurs rapidly. The retinal thermal hazard function,
shown in Figure 17, covers the visible and part of the infrared
regions (380–1400 nm). For exposures between 10 ms
and 10 s, ICNIRP recommends a limiting retinal thermal-
hazard-function-weighted radiance (LHAZ) given by

LHAZ � 50
a$t0:25

kW m�2 sr�1

where a is the angular subtense of the light source in radians.
The limit for longer exposures is equal to that for 10 s.

For light-emitting diodes, some organizations recommend
specialized test methods and limits in laser standards such as
IEC 60825-1 Ed 1.2.
Mechanism of Injury (Infrared Light)

Beyond the retinal damage cited above, infrared light (780–
3000 nm) is capable of affecting the cornea and lens (cata-
ractogenesis) as well as the skin.
Acceptance Criteria (Infrared Light)

For protection of the cornea and lens during exposure
exceeding 1000 s, ICNIRP recommends a limiting irradiance
of 100 Wm�2. For shorter exposures, irradiance below 18t�3/4

kWm�2 is recommended (where t is exposure time in seconds).
For protection against injury to the skin, ICNIRP considers only
short-term (<10 s) exposures and recommends a dose below



Table 3 Intensity and response for some common sounds

Sound Intensity dB (A) Response

0 Threshold of
hearing
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20 000t1/4 J m�2. For infrared sources providing no visual stim-
ulus (e.g., heat lamps), ICNIRP recommends modifying the
retinal hazard limit to retinal thermal-hazard-weighted radiance
below 6000a�1 Wm�2 sr�1 where a is the angular subtense of
the source in radians.
Normal breathing 10
Rustling leaves 20
Soft whisper or ticking clock 30
Quiet street at night 40 Quiet
Quite office 50
Normal conversation 60
Vacuum cleaner 70 Moderately

loud
Loud speech or radio 80
Heavy truck (15 m) 90
Pile driver (15 m), ambulance

siren (30 m)
100 Very loud

Loud thunder 110
Mechanism of Injury (Flicker)

Flicker has been associated with health effects including
flashing-light-induced seizure (photosensitive epilepsy), stro-
boscopic effect (causing rotating machinery to appear statio-
nery), migraine, exacerbated repetitive behavior in persons
with autism, and various asthenopic effects. The extent of
evidence varies considerably between these effects, with
photosensitive epilepsy the most thoroughly studied. The most
important flicker parameters for health effects are frequency
and modulation depth.
Jet takeoff (60 m), rock
concert

120 Threshold of
feeling and
pain

Machine gun at close range 130 Painful
Aircraft carrier deck operations 140
Acceptance Criteria (Flicker)

The Epilepsy Foundation of America set the following criteria
for hazardous flashes: luminance �20 cdm�2, frequency
�3 Hz, and visual solid angle �0.006 sr (z10% of the central
visual field), adding that frequencies between 15 and 25 Hz are
the most provocative, but frequencies between 1 and 65 Hz are
potentially hazardous.
Noise-Induced Hearing Loss

At-Risk Populations

Noise-induced hearing loss is a problem of epidemic propor-
tions in modern society, and is currently the second most
common form of hearing impairment worldwide (after age-
related hearing loss). Although it is difficult to accurately assess
the extent of the problem, a recent study based on the 2005–
2006 US National Health and Nutrition Examination Survey
estimated that one in five US adolescents aged 12–19 years
have some form of hearing loss, representing a 33% increase
relative to a similar study conducted between 1988 and 1994.
On a global level, the World Health Organization estimated in
2000 that 250 million people were affected by hearing
impairment.
Sound Measurement

From the standpoint of sound toxicity, the most important
properties of sound are power (or loudness) and frequency (or
pitch). Sound power is usually expressed using the logarithmic
decibel (dB) scale chosen to accommodate human loudness
perception. Increasing sound intensity by 10 dB is perceived as
an approximate doubling in loudness but represents a tenfold
increase in sound power.

Sound frequency is usually expressed in units of cycles per
second or Hz. Humans have a useful hearing range of approxi-
mately 20–20000 Hz, but are most sensitive to frequencies
between about 1000 and 6000 Hz (for reference, the lowest and
highest notes on the piano are 27.5 and 4186 Hz, respectively.)
This increased sensitivity is due in part to the shape of the
external portion of the ear and the ear canal, which serve to
amplify frequencies in this range.

Human loudness perception depends in a complex manner
on both frequency and the overall loudness of sound.
(For example, bass is more difficult to hear in music played at
low volume than in the same music played at high volume.)
To capture this behavior, two weighting scales have been
developed for use in sound hazard analysis. The most common
of these is the A weighting scale, which is used to assess occu-
pational and environmental noise. The A scale weights sounds
in the 1000–6000 Hz range much more heavily than low-
frequency sounds. The A-weighted intensities (dBA) of some
common sounds are listed in Table 3. By contrast, the C
weighting scale is used for very loud sounds and is a much
flatter function of frequency.
Mechanism of Injury

The human hearing apparatus is commonly considered in
three sections: the outer ear, middle ear, and inner ear. The
outer ear consists of the pinna (generally called the ear) and
the external auditory canal, which terminates in the tympanic
membrane or eardrum. The outer ear collects sound, ampli-
fying some frequencies and attenuating others. The eardrum
transfers vibration to three small bones in the middle ear
known as the ossicles, which in turn transfer vibration to
the inner ear. The inner ear contains a helical organ called the
cochlea in which sound vibrations are converted into nerve
impulses by a series of small cells known as hair cells. It is
the hair cells that are damaged by sound. Noise-induced
hearing loss is usually divided into three classes. Noise-
induced temporary threshold shift is a reversible loss of
sensitivity over a range of frequencies. Noise-induced
permanent threshold shift has a similar manifestation but is
permanent. Both types of threshold shift generally result from



Table 4 Exposure times recommended by national institute for
occupational safety and health (NIOSH) and centers of disease control and
prevention (CDC)

Noise Level (dBA) Recommended Permissible Exposure Time

85 8 h
88 4 h
91 2 h
94 1 h
97 30 min
100 15 min
103 7–1/2 min
106 3–3/4 min
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relatively long exposure to loud noise. By contrast, acoustic
trauma is hearing impairment associated with short-term
exposure at extremely high levels.
Acceptance Criteria

Numerous international standards have been developed to
regulate noise exposure. Permissible exposure times recom-
mended by the US National Institute for Occupational Safety
and Health and the US Centers for Disease Control and
Prevention are shown in Table 4.

The halving of recommended permissible exposure time
with each 3 dBA increase in noise level reflects the doubling of
sound power with each 3 dB increment.

See also: American Industrial Hygiene Association; Button
Batteries; Carbon Dioxide; Consumer Product Safety
Commission; Electromagnetic Fields; Information Resources in
Toxicology; Radiation Toxicology, Ionizing and Nonionizing.
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l Chemical Abstracts Service RegistryNumber: CAS 1918-02-1
l Synonyms: 4-Amino-3,5,6-trichloro-2-pyridine-carboxylic

acid; 4-Amino-3,5,6-trichloropyridine-2-carboxylic acid;
3,5,6-Trichloro-4-aminopicolinic acid; 4-Amino-3,5,6-tri-
chloro-2-picolinic acid; “Agent white,” Tordon, “Grazo”

l Chemical/Pharmaceutical/Other Class: Chlorinated amino-
pyridine herbicide

l Molecular Formula: C6H3C13N2O2

l Molecular Mass: 241.46 g mol�1
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Background

Picloram is a herbicide belonging to the pyridinecarboxylic
acid family. It was first registered in the United States in 1964
and manufactured primarily by Dow Chemical Company and
was introduced in the marketplace in 1963 under the brand
names Tordon and Grazo. It exists in three major forms regis-
tered for use as herbicides: Picloram acid is used only to
manufacture the other forms of picloram, the triisopropanol-
amine and potassium salts.
Uses

Picloram is a dicot-selective, persistent herbicide and in salt
form is used to control a variety of annual weeds on crops,
perennial broadleaved herbs, and woody species in combi-
nation with 2,4-D or 2,4,5-T. It can persist in an active form in
the soil from several months to years, and can also be released
from the roots of treated plants into the soil, where other non-
target species may take it up and die. Picloram is of great use
in the management of unwanted vegetation in rangeland,
grass pastures, and forestry as well as non-cropland and rights-
of-way sites, such as around industrial and military installa-
tions, roads, railways, airports, under power lines, and along
pipelines. Additional uses in some countries include in rice,
sugarcane, cereals, and oilseed rape.
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Routes and Pathways and Relevant Physicochemical
Properties

Picloram consists of colorless crystals or white powder at room
temperature with a chlorine-like odor. It has a solubility of
430 mg l�1 of water at 25 �C, and an octanol–water partition
coefficient log Pow¼ 1.9, and decomposes below the melting
point at 218–219 �C. It is much less soluble in nonpolar
solvents such as benzene or ether. Picloram has a low vapor
pressure (6.16� 10�7 mmHg at 35 �C), making inhalation
exposure unlikely unless the dust is inhaled. Exposure from the
chemical occurs mainly from production and handling as
a herbicide in the forests. Direct routes of exposure occur by
contact with spray or sprayed foliage, inhale spray mist, or eat
plants or animals contaminated with picloram. A 1.05 gml�1

exposure is suggested as having no adverse effect.
Environmental Persistency

Picloram is not expected to adsorb to soils and may leach into
groundwater. However, since picloram is an aromatic amine
and some aromatic amines have been shown to bind to humic
materials which may be present in some moist soils, this
binding may decrease the leaching process. It is not expected to
hydrolyze, nor evaporate from soils or surfaces. It may be
subject to significant biodegradation in soils and groundwater,
with reported half-lives in soils ranging from 55 to 100 days
or more.

Picloram released to groundwater is not expected to adsorb
to sediments, to evaporate, or to appreciably hydrolyze. Near
surface photolysis is possible and as a result the half-life ranges
from 2.3 to 41.3 days. Oxidizing agents can increase degrada-
tion since it is an amine. The low vapor pressure and significant
water solubility of picloram allow it to be subjected to signif-
icant deposition and washout.
Long Range Transport

Picloram is known to be transported to depths of 143 cm in
soils.
Bioaccumulation

Picloram has a moderate potential for bioaccumulation.
Toxicokinetics

Picloram can be absorbed into the body by inhalation and
ingestion. Animal studies of the substance showed the rapid
absorption of the chemical through the gastrointestinal tract
and rapid elimination as the unaltered parent compound in
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00185-8
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urine. In a study involving six healthy male volunteers who
were given single oral doses of 0.5 or 5.0 mg kg�1 and a dermal
dose of 2.0 mg kg�1, picloram was rapidly absorbed in the
gavage study and rapidly excreted as unchanged compound in
urine. Within a 6-h time, more than 75% of the dose was
excreted, and the remainder excreted with an average half-life of
27 h. On the other hand, only 0.2% of picloram applied to the
skin was absorbed. The rapid excretion of the chemical allows it
to have a low potential to accumulate in humans. In general,
picloram studies on humans and animals show that it is rapidly
eliminated as a parent compound. Animal studies of the
compound also indicated that it is sparingly toxic at high doses.
Mechanism of Toxicity

Mechanisms for the toxicity of picloram are not well-charac-
terized and, therefore, are not discussed herein.
Acute and Short-Term Toxicity (Animal/Human)

Animal

The acute oral lethal dose 50 percent (LD50) values for
picloram range from 3000 to 5000 mg kg�1 body weight.
Picloram has, at most, only a slight toxicity to birds and
mammals. The LD50 for rats is >5000 mg kg�1. For bobwhite
quail and mallard duck the LD50s are >5000 and
>2510 mg kg�1, respectively. Picloram is acutely toxic to
rainbow trout at 36 mg l�1 (96-h approximate lethal concen-
tration 50 percent (ALC50)). A no observed adverse effect level
(NOAEL) of 34 mg kg�1 per day is used based on a teratoge-
nicity study in rabbits. For birds, short-term feeding studies are
used to estimate an acute NOAEL of 1500 mg kg�1 body
weight. Relatively, little data is available on terrestrial inverte-
brates and a standard LD50 value of >1000 mg kg�1 in bees is
used to characterize the risk in terrestrial invertebrates.
Human

Picloram is known to cause mild skin irritation, although it is
not a skin sensitizer in humans. It is not likely to be readily
absorbed through the skin. With eye contact, picloram also
causes moderate irritation, which is readily alleviated.
Contaminated dust containing the chemical can cause irrita-
tion but is unlikely to cause illness. Ingestion of large amounts
of picloram can cause nausea. It is believed that picloram can
cause damage to the central nervous system.
Chronic Toxicity (Animal/Human)

Animal

A number of studies have reported the various effects of
technical-grade picloram on the liver of rats. In a study con-
ducted for carcinogenicity bioassay in groups treated with 60
and 200 mg kg�1 per day of picloram, treatment-related hepa-
tomegaly, hepatocellular swelling, and altered tinctorial prop-
erties in the central regions of the liver lobules were all observed.
Moreover, males and females exposed at the high dose had
higher liver weights than controls. The no-observed effect level
(NOEL) was 20 mg kg�1 per day, and 60 mg kg�1 per day was
the lowest effect level for histologic changes in centrilobular
hepatocellular tissues. In another study involving male and
female F344 rats exposed to picloram, at 150 mg kg�1 per day
and higher in the diet, for 13 weeks, dose-related increase in
liver weights, hepatocellular hypertrophy, and changes in cen-
trilobular tinctorial properties were all observed. In a 90-day
study, cloudy swelling in the liver cells and bile duct epithelium
occurred in male and female F344 rats administered with
a 0.3% or 1% technical picloram in the diet. In dogs, hepatic
effects have also been observed with increased liver weights
reported in beagles administered with picloram in the diet
35 mg kg�1 per day or more in the diet for 6 months. Threat-
ened bull trout and the standard coldwater surrogate rainbow
trout were chronically exposed for 30 days in a proportional
flow-through diluter to measured concentrations of 0, 0.30,
0.60, 1.18, 2.37, and 4.75 mg l�1 picloram, and no mortality of
either species was observed at the highest concentration.
Human

Little or no data available relating to the chronic toxicity of
picloram. This leads to the compound being not classifiable
with regard to its carcinogenicity in humans according to the
International Agency for Research on Cancer (IARC) and the
American Conference of Governmental Industrial Hygienists
(ACGIH).
In Vitro Toxicity Data

Piclorams show an absence of mutagenicity in gene mutation
assays in both bacteria and yeast, with or without metabolic
activation. Mutagenicity profile of picloram was found to be
negative in both Chinese hamster ovary cells and rat hepato-
cyte. Using the forward mutation spot test, the compound was
mutagenic in Streptomyces coelicolor. This is not, however, an
acceptable screening for mutagens.
Immunotoxicity

Dermal sensitization and rodent immunoassays are the studies
included for the potential immunotoxicity of picloram. In one
study, 53 volunteers received nine 24-h applications of 0.5 ml
of a 2% potassium picloram solution on the skin of both upper
arms. Challenge doses were given to each volunteer 17–24 days
later. The formulation of the potassium salt of picloram was
not a skin sensitizer or an irritant. In a similar study, a 5%
solution of picloram (M-2439 Tordon 101 formulation)
produced slight dermal irritation and a sensitization response
in 6 of the 69 volunteers exposed. However, when the indi-
vidual components of the M-2439 consisting of picloram,
triisopropanolamine (TIPA) salt, and 2,4-D TIPA salt were
tested separately, no sensitization reaction was noticed.
In guinea pigs, Tordon Kþ, but not technical-grade picloram,
was also found to be a skin sensitizer. CD1 mice exposed to
Tordon 202C (94% 2,4-D and 6% picloram) had no consistent
adverse effects on antibody responses.
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Reproductive and Developmental Toxicity

The reproductive toxicity of picloram was tested in a two-
generation study; however, too few animals were evaluated,
and at the highest dose testing of 150 mg kg�1 per day, no
toxicity was detected. In rabbits exposed to picloram by gavage
at 400 mg kg�1 per day on days 6–18 of gestation, some
developmental toxicity was observed. Single-litter incidences of
forelimb flexure, fused ribs, hypoplastic tail, and omphalocele
were some of the fetal abnormalities observed. At the same
dose previously mentioned, some maternal toxicity was
observed, however, and the US Environmental Protection
Agency (EPA) concluded on the basis of the low-litter incidence
of the findings that the malformations were not treatment-
related. In the offspring of rats treated with picloram by gavage
at a dosage of 1000 mg kg�1 per day on days 6–15 of gestation,
no teratogenic effects were produced, although, the occurrence
of bilateral accessory ribs was significantly increased.

Multigeneration studies, in which rats were exposed to
picloram from gestation through reproductive cycles to levels
as high as 3000 ppm diet, produced no evidence of effects on
fertility, gestation, viability of pups, lactation, or skeletal
development. Pregnant rats receiving doses of 1000 mg kg�1

per day during organogenesis were normal, but there was
a slight increase in embryo resorption. A dose of 2000 mg kg�1

per day was toxic to the mothers, but did not induce malfor-
mations in the pups. The dose of 750 mg kg�1 per day was not
toxic to the mother or the fetus.
Genotoxicity

The clastogenic and mutagenic effects of picloram were studied
using the Tradescantia-micronucleus (Trad-MCN) and Trades-
cantia-stamen hair mutation (Trad-SHM) assays. Picloram
induced a dosage-related increase in MCN frequencies in the
Trad-MCNtests.However, inhigherdosages (200 ppmorhigher)
there were signs of overdose, reduction of MCN frequencies,
and physical damage of the leaves and buds of plant cuttings.
Carcinogenicity

Histologic section examinations of rats and mice show that
picloram is highly carcinogenic. Neoplasms at all sites, including
malignant neoplasms, increased in male and female rats given
both at low and high doses of picloram. The malignant
neoplasms are both carcinomas and sarcomas. Neoplasms of
the endocrine organs, particularly carcinomas, increased in male
and female rats treated with picloram. The adrenal, thyroid,
and pituitary glands are the glands known to be observed with
carcinomas. Neoplasms also increased in the liver of male and
female rats and in the reproductive organs of female rats. Both
male and female mice developed neoplasms of the spleen.
Clinical Management

Induced vomiting after oral ingestion of picloram is not rec-
ommended due to the potential of seizures. Gastric lavage may
be considered of a potentially life-threatening amount of
poison only if it can be performed soon after ingestion
(generally within 1 h). In such case, the airway should be
protected by placing Trendelenburg and left lateral decubitus
position or by endotracheal intubation. Activated charcoal may
be administered; however, treatment should be symptomatic
and supportive. Administration of benzodiazepine IV is rec-
ommended for seizures with subsequent treatment with
phenobarbital or propofol if seizures persist. Hypotension,
dysrhythmias, respiratory depression, and need for endotra-
cheal intubation should be monitored and hypoglycemia,
electrolyte disturbances, and hypoxia should be evaluated.
In cases of inhalation exposure, the patient must be moved to
fresh air followed by monitoring of respiratory distress.
Respiratory tract irritation, bronchitis, or pneumonitis should
also be evaluated if cough or breathing difficulty develops.
Bronchospasm should be treated with inhaled beta2 agonist
and oral or parenteral corticosteroids. Decontamination of eye
exposure can be done by irrigating exposed eyes with copious
amounts of room temperature water for at least 15 min.
If irritation, pain, swelling, lacrimation, or photophobia
persist, the patient should be seen in a health care facility. For
dermal exposure, contaminated clothing should be removed
and exposed area be washed with soap and water.
Exposure Standards and Guidelines

The ACGIH threshold limit value (TLV) 8-h time-weighted
average (TWA) for picloram is 10 mgm�3.

The Occupational Safety and Health Administration
(OSHA) permissible exposure limit (PEL) mgm�3 respirable.
EPA’s PEL is 5 mgm�3 for the respirable fraction (8-h TWA).

ACGIH exclusion limit for 30 min day�1: 30 mgm�3.
ACGIH cannot classify picloram relative to human

carcinogenicity.
EPA’s Federal Drinking Water Standard is 500 mg l�1 while

Arizona has a standard of 49 mg l�1.
EPA’s maximum contaminant level goal (MCLG) has been

set at 0.5 ppm.
Picloram is a slightly toxic compound in EPA toxicity class

III and products containing it must bear the signal word
CAUTION on the label.

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); Environmental Protection Agency, US.
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Background Information

With a long history of use prior to its formal discovery, picric
acid is a compound that has been used in industries from
textiles to explosives. Written history of the compound dates
from around 1742 with the writings of Johann Rudolf Glauber,
but the correct documentation of its formula was first reported
in 1841. Its use as an explosive material and precursor
compound for a variety of other explosives began in earnest in
the 1870s. Picric acid proved a revolutionary material, as it
could be incorporated into artillery shells and yet withstand the
shock of being fired better than other explosives of the time.
Many formulations would follow from numerous militarized
countries, with the toluene derivative, 2,4,6-trinitrotoluene,
eventually emerging as the world’s foremost explosive material
known for its stability despite its explosive power.
Uses

The most famous, and perhaps prolific, use of picric acid as an
explosive material and precursor for a library of other explo-
sives for military applications overshadows its uses in other
areas. Even with recent uses as a component of rocket fuel,
picric acid is also used in the production of matches and electric
batteries. Its use has long been associated with the dyeing of
textiles. Picric acid imparts yellow, brown, or green color to
materials that can absorb it – as such, it has been used to stain
glass, fabrics, and other materials. Picric acid is also used as
a sensitizer in photographic emulsions, as an etchant for
magnesium alloys, and as a fixative for tissue culture prepara-
tions (Bouin solution).
952 Encyclopedia of T
Environmental Fate and Behavior

With high water solubility and estimated Koc of 180, picric acid
is expected to be readily transported into waterways, with
potential for soil penetration and mobility within soils,
although its low pKa of 0.42 suggests that soil mobility may be
limited. Should aquatic environments be exposed to picric acid
waste streams, the compound should exist in its anionic form
due to its low pKa (0.42), and volatilization from surface waters
and surrounding soils should not be significant. It is not
expected to adsorb significantly to suspended solids or sedi-
ments within aquatic environments. Studies using the Japanese
Ministry of International Trade and Industry test have shown
that only 23% of the theoretical biochemical oxygen demand
can be reached in 4 weeks, suggesting that biodegradation
occurs slowly; native biotic species such as Pseudomonas aeru-
ginosa have been shown to degrade picric acid to 2-amino-4,
6-dinitrophenol.

Picric acid absorbs light at wavelengths greater than
290 nm, suggesting that photolysis products may be potential
fates for the material. Atmospheric, vapor-phase picric acid is
degraded by hydroxyl radicals; the half-life for this reaction is
expected to be approximately 110 days. Picric acid in particu-
late form is removed from the air by deposition.
Exposure and Exposure Monitoring

Dermal contact is the most likely route of occupational expo-
sure to picric acid, while inhalation is another common route.
Workers involved in the manufacture of explosives, matches,
batteries, chemical etchants, and glass may be exposed to
picric acid.

Exposure can be evaluated by obtaining nitrophenolic
plasma concentrations via the dinitro-o-cresol method. Blood
glucose, arterial blood gases, and renal and liver functions
should also be closely monitored.
Toxicokinetics

Picric acid can be absorbed through the skin or the respiratory
tract. Dermal contact and subsequent systemic exposure is
exacerbated by open wounds. In Fischer 344 (F344) rats, 60%
of orally administered picric acid was excreted unchanged, with
the plasma half-life of systemic picric acid of 13.4 h and a gut
absorption coefficient of 0.069 h�1. Twenty-four-hour bio-
distribution experiments in this study revealed that typical
destinations of picric acid given orally were, in descending
order of accumulation, the blood, spleen, kidney, liver, lung,
and testes; brain and adipose tissues showed the lowest accu-
mulation. Aside from unchanged picric acid (60%), metabolic
products in the urine included N-acetylisopicramic acid
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00907-6
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(14.8%), picramic acid (18.5%),N-acetylpicramic acid (4.7%),
and unidentified components (2.4%).

Intravenous injection of 14C-labeled picric acid has shown
similar results with respect to plasma half-life and bio-
distribution. Again using F344 rats, another study showed that
24 h following a picric acid injection 58.9% had been excreted
in the urine and 12.2% in the feces. An additional 4 days
revealed that 2.5% further picric acid (or metabolites thereof)
excreted via urine and 2.5% via the feces.

In studies with humans, picric acid is eliminated primarily
unchanged and as picramic acid. Of the remaining unexcreted
dose, 23% remained in the gut contents and 3–6% remained in
the gut tissues, blood, and muscle.
Mechanism of Toxicity

Metabolic and respiratory acidosis is thought to be the main
consequence of picric acid exposure, and is typically the cause of
death when reported. An uncoupler of mitochondrial metabo-
lism, picric acid can destroy erythrocytes, cause gastroenteritis,
hemorrhagic nephritis, and acute hepatitis. Reduction to the
N-acetyl derivative may also play a role in its inherent toxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

In animals, picric acid is a dermal sensitizer and strong eye
irritant. The oral LD50 in rats is 200mg kg�1, and the oral
lowest lethal dose is 500mg kg�1 in cats, 120mg kg�1 in
rabbits, and 100mg kg�1 in guinea pigs. Dogs receiving an
acute lethal dose of picric acid die from respiratory paralysis,
and necropsy found yellow staining of the subcutaneous fat,
lung, intestines, and blood vessels. Liver swelling and glomer-
ulitis were also observed. Sublethal doses in dogs (50mg kg�1)
caused transient changes in the kidneys, including glomerulitis
and other changes in ultrastructure.
Human

Dermal contact with picric acid is the most common reported
instance of toxic effects. Yellow staining of the skin can present,
as well as irritation of the eyes and skin. Allergic reactions
can follow, typified by swelling of the skin and mucous
membranes, swelling around the eyes, and in rare circum-
stances lesions in the skin near the area of contact. Systemic
exposure by any means can lead to nausea, vomiting, diarrhea,
abdominal pain, oliguria, anuria, staining of the skin, pruritus,
acne, convulsions, or death.

The Centers for Disease Control and Prevention revised the
documentation for immediately dangerous to life or health
concentrations after ingestion of 1–2 g caused severe poisoning
in humans. During the 1920s and 1930s, for example, picric
acid was used alone and in combination with butyl amino-
benzoate as an antiseptic surgical dressing for the treatment of
burns; however, this was reported to be capable of leading
to serious central nervous system problems. An outbreak
of hematuria among US Navy personnel based in Japan
was attributed to picric acid in drinking water that had
been contaminated by confiscated Japanese ammunition;
2–20mg l�1 of picric acid was found in the drinking water.
Chronic Toxicity (or Exposure)

Animal

In a 2.5-year study in Wistar rats given 500 ppm picric acid in
the food, no adverse effects were shown. Picric acid can cause
liver and kidney damages and produce central nervous system
effects, each of which can have subsequent chronic effects. It
has been shown to be a mutagen in other studies.
Human

Liver, kidney, and blood can be affected by prolonged or
repeated exposure. Hair, skin, and conjunctiva of eye may
become yellow, with matching yellow vision (symptoms not
from jaundice). Delayed cataract formation may occur, as well
as intravascular hemolysis. Sensitization dermatitis can result
from repeated contact.
Immunotoxicity

Sensitization dermatitis is the most common effect of exposure,
while allergic hepatitis has been induced in guinea pigs as well.
Reproductive Toxicity

No reports of reproductive toxicity have been found, despite
reports of biodistribution of systemic picric acid reaching the
testes.
Genotoxicity

In a sex-linked recessive lethal (SLRL) test withDrosophila, picric
acid was shown to be mutagenic; in another study, adult
Drosophila melanogaster dosed with picric acid via nutrient
solution showed no SLRL mutations. Frameshift mutations
were noted; the metabolite 2-amino-4,6-dinitrophenol was
a stronger mutagen than picric acid itself. Some studies have
found that sister chromatid exchange, but not chromosome
aberrations, occurred as a result of picric acid exposure. Further
studies utilizing intraperitoneal injection or gavage doses of
picric acid revealed negative results for mutagenicity.
Clinical Management

The victim should be removed from exposure. Gastric lavage
with water should be performed. Activated charcoal is also
recommended. For dermal exposure, contaminated clothing
and personal effects should be removed, and the exposed areas
flushed with water. Soap and warm water should be used
liberally. Be especially careful of open wounds, as these need to
be flushed copiously. If exposed ocularly, any contact lenses
should be removed and the eyes flushed with water or 0.9%
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saline for 10–15min. Inhalational exposure should be fol-
lowed by removal to adequate ventilation; oxygen may be
given. If picric acid is ingested, ensure a clear airway and do not
induce vomiting; give fluids orally.
Ecotoxicology

Juvenile rainbow trout (Salmo gairdneri) exposed to sublethal
doses of picric acid for 42 days showed no significant inhibition
of growth. American oysters (Crassostrea virginica) exposed to the
same amount (0.45 and 0.05mg l�1) of picric acid, however,
showed significant inhibition of shell deposition during expo-
sure period. Discoloration of the nacre layer of the shell and
body mass was observed in oysters by the end of 42 days.

LD50 values for redfish (Sciaenops ocellatus), urchin (Arbacia
punctulata), mysid (Americamysis bahia), and polychaete
(Dinophilus gyrociliatus) have been reported as 127, 281–349,
13, and 155–265mg l�1, respectively.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value, as an 8-h time-weighted
average (TWA), is 0.1mgm�3. The same value (0.1mgm�3)
has been recommended by the (US) Occupational Safety and
Health Administration permissible exposure limit, 8-h TWA,
with an added skin designation, and the (US) National Insti-
tute for Occupational Safety and Health (NIOSH) recom-
mended exposure level, averaged over a 10-h workday. The
NIOSH short-term exposure limit, for a 15-min exposure, is
0.3mgm�3. NOAEL-based 2mg kg�1 day�1 and LOAEL-
based 10mg kg�1 day�1 exposure thresholds have also been
established.
See also: Trinitrotoluene; Dyes and Colorants.
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Background

Piperazine was discovered around 1900, and the determination
of its antihelmintic properties is attributed to Fayard (1949),
although it was really in 1954 when piperazine was recognized
as an antihelmintic molecule par excellence. A large number of
piperazinic derivatives present this activity, but only diethyl-
carbamazine has been useful in human therapeutics.

Its low cost and wide safety margin have been a determinant
for its extensive worldwide use in antiparasitic therapy.
Uses

Piperazine is used in the synthesis of various products, including
veterinary and human pharmaceuticals. Piperazine salts were
used to treat intestinalworm infections, and although this use has
largely ceased, piperazine salts are still used as an antihelmintic. It
also has important applications in industry and is employed in
gas-washer liquids to absorb carbon dioxide and as a hardener in
prepolymers for adhesives. It is alsousedas an intermediate in the
manufacture of insecticides, rubber chemicals, corrosion inhibi-
tors, and urethane foam production catalysis.
Environmental Fate and Behavior

This molecule has a simple chemical structure and molecular
weight of 86.14. It has a strong alkaline base soluble in water
(1:18), glycerol, and glycols, but is only sparingly soluble in
alcohol and insoluble in ether. Piperazine is not expected to
hydrolyze in water. The photodegradation half-life is approxi-
mately 0.8 h. The piperazine molecule is easily denaturalized
by diverse environmental factors and has a low potential for
bioaccumulation or biomagnification. To improve its stability,
it is usually formulated as different salts such as adipate, citrate,
phosphate, hexahydrate, and sulfate. Most piperazine salts are
white crystalline powders that are readily soluble in water.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Exceptions are adipates, which dissolve to only a maximum
concentration of 5% in water, and phosphate, which is
insoluble.
Exposure and Exposure Monitoring

Risks to the public from indirect exposure via the environment
are minimal. The principal risks are to workers, although other
humans or animals can also be exposed to it if they are treated
with this substance as a drug, and from exposure through food
consumption.

Occupational exposure may occur in industries. Highest
exposure to workers is during loading and final handling and
during cleaning and maintenance, with the principal occupa-
tional exposure routes being the inhalatory and dermal ones.

Consumers can be exposed via their diet to residues in
foods, diverse food products derived from pigs and hen eggs
being those in which the minimum residue levels (MRLs) have
been fixed, with a toxicological (admissible daily intake) ADI
of 0.25mg piperazine base per kg bw.
Toxicokinetics

Piperazine exposure either as the base or as any of the salts will
result in 100% absorption by any exposure route. Piperazine is
readily absorbed through the gastrointestinal (GI) tract and
then extensively metabolized (60–70%). The remaining parent
molecule is eliminated in urine over the 24-h period following
dosing. The shape of the curve for the elimination of piperazine
in urine indicates at least two phases in excretion. For the fastest
and dominating phase, the half-life is a few hours. Piperazine
base is detectable in urine as early as 30min after the drug has
been administered. The excretion of the different salts through
the kidneys does not present any great differences between the
salts, but the renal excretion index of the active principle does
in some individuals. In kidney dysfunction patients, it is better
not to use it due to the risk of accumulation.
Mechanism of Toxicity

Piperazine blocks transmission by hyperpolarizing nerve
membranes at the neuromuscular junction, leading to parasite
immobilization by flaccid paralysis and consequent removal
from predilection and death. Piperazine is a selective agonist of
GABA receptors, resulting in the opening of chloride channels
and hyperpolarization of the membrane of the muscle cells of
nematode parasites.
Acute and Short-Term Toxicity (or Exposure)

Experience over many years has confirmed the safety of piper-
azine. It has a low acute toxicity in animals and humans, and it
4-3.00529-7 955
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is almost nontoxic under ordinary circumstances, showing
a large safety margin. Acute toxicity studies have been per-
formed using piperazine and several of its salts. The salts, which
are rapidly hydrolyzed to generate piperazine, show a correla-
tion of decreased toxicity with decreased solubility. Its use
sometimes causes isolated GI disorders, and even some tran-
sitory neurological effects. Occasionally, there have been
reports of neurotoxicity when piperazine was administered to
individuals with intestinal worm infections. Urticarian reac-
tions are not very frequent. Piperazine base is strongly alkaline
and is therefore an irritant; however, its salts have a much lower
irritative power.
Animals

In dogs and cats, after an oral administration of high doses of
piperazine, emesis, diarrhea, incoordination, and head
pressing have been shown. In cows, to which a dose four times
higher than the therapeutic one was administered, digestive
problems resulted.

There are many studies on the acute toxicity of piperazine
salts in mice in which it was observed that the LD50 of the
piperazine base varied from 9500 to 2900mg kg�1. In another
two studies carried out directly with the piperazine base,
LD50 values of 1900mg kg�1 bw and 2730mg kg�1 bw,
respectively, were obtained. The oral LD50 in rat was
2050mg kg�1 bw with the piperazine base. In rabbits, skin
irritation studies were carried out and it was determined that
a 50% concentration of piperazine was corrosive following
a 4-h exposure period; the dermal LD50 was reported to be
4000mg kg�1.
Humans

Serious adverse effects are rare and generally evidence of
overdose or impaired excretion. After acute exposure, industrial
workers have been observed to have, sensitization, and slight-
to-moderate burns of the skin. Asthma has also been related to
the inhalation of dust in factories where piperazine hydro-
chloride is used.

It has been verified that in individuals with renal dysfunc-
tion, neurotoxic effects are produced, since the kidneys
constitute the main route for the medicament’s elimination. In
addition, it is contraindicated in persons with epilepsy ante-
cedents. Very few people have been affected through the years,
and it has been children of under 6 years of age who, on most
occasions, showed neurological signs after an acute exposure to
these compounds.
Chronic Toxicity

In the repeated dose toxicity studies, it was shown that piper-
azine did not trigger any adverse effects at doses below
66mg kg�1 bw�1 day�1.
Animals

Several studies have been conducted to evaluate repeated dose
toxicity using different animal models.
In a study made on rats, three groups received pipera-
zine sultosylate by gavage at dosages of 0, 150, and
1500mg kg�1 bw day�1 during 6 weeks. After the animals’
sacrifice, no abnormalities were observed either in their weight
or in the macroscopic or microscopic aspect of their organs.
Nor were any irregularities found in the blood or urine
analyses.

In contrast, in another study on rats, when administering
piperazine sultosylate at a dose of 40–1200mg kg�1 bw day�1

up to 52 weeks, there was a diminution in the weight of organs
like the kidney or the spleen, although it was not possible to
clearly establish the effect of the product to which they were
exposed as this was not a dose-dependent effect.

However, in a study carried out on dogs exposed to piper-
azine dihydrochloride orally during 13 weeks, and based on
the results obtained in this experiment, a NOEL was established
of 25mg kg�1 bw day�1 of a piperazine base.
Humans

There are no reports of long-term repeated exposure to
piperazine. Due to the fact that some individuals appear to be
more sensitive than others, therapeutic uses of piperazine via
the oral route for w1 week have resulted in symptoms of
neurotoxicity in children and adults. In view of this great
neurotoxic action of piperazine, any prolonged treatment in
children should be avoided. This diversity in sensitivity
among individuals has meant that it has not been possible to
establish a NOEL, although it is likely to be about
0.03 g kg�1 bw day�1.
Reproductive Toxicity

The results of reproductive toxicity studies suggest that piper-
azine can impair fertility.

In rats at 6–15 days of gestation, piperazine phosphate
was administered daily at doses of between 250 and
5000mg kg�1 bw day�1. No evidence of teratogenicity at any
dose was shown, although maternal toxicity and fetal weight
retardation were observed at the highest dose.

In a developmental toxicity study in rabbits, doses of 100,
250, or 500mg of piperazine phosphate per kg bw were
administered orally. They showed a dose-dependent maternal
toxicity, and, also an increase in the incidence of abortions and in
malformations in their young was observed at the highest dose.

There are no reliable data on reproductive effects in
humans, the FDA having included it in the Pregnancy Risk
Category in category B, no evidence of risk in humans.
However, since one study has shown that orally administered
piperazine undergoes partial conversion into a potentially
carcinogenic nitrosamine derivative, it is recommended that it
should not be administered to pregnant women unless it is the
only alternative as a treatment.
Genotoxicity

Piperazine and its salts did not induce point mutations in
a bacterial test. A series of mutagenicity studies in cells, both
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in vitro and in vivo, has been completed and showed no
evidence of mutagenic effect.

In vitro studies failed to induce incidence of chromosomal
aberrations and they were not mutagenic in the Ames assay.
In vivo micronucleus test in mouse did not show the induction
of micronuclei.

A study done with 30 Swedish workers exposed to a large
variety of chemicals, including piperazine, showed a significant
increase in the frequency of micronuclei; no causal relation of
these findings to piperazine exposure could be established due
to these workers being exposed to over 100 chemicals,
including well-established carcinogens.

Based on the available data on piperazine, there is little
evidence for a relevant genotoxic effect. The CSTEE indicates
that piperazine itself is not to be considered genotoxic. Its
nitrosation products are, however, in vivo mutagens.
Carcinogenicity

None of the available carcinogenicity studies with piperazine
meet current standards. The data are not sufficiently adequate
to evaluate the carcinogenic risk, so it is unlikely that
piperazine itself poses a relevant cancer risk. However,
piperazine is known to be a secondary amine that can
interact with nitrites to produce nitrosamines, which may be
carcinogens, and this has made it necessary to assess this
biochemical risk.

In a study done in mice to which 625mg kg�1 bw of
piperazine together with 0.1% of nitrite was administered
during 28 weeks, a 10-fold increase in numbers of lung
adenomas was observed. However, no incidence of any tumors
was seen in another study with rats to which 30mg piperazine
kg�1 bw day�1 along with 70mg of nitrite was administered
daily over 75 weeks.

It is still not clear if this substance can be considered
a carcinogenic risk to humans under real exposure conditions.
The studies performed in which calculations were made
through diverse mathematical models to quantify the possible
risk of piperazines in humans indicate that if there is any risk at
all it seems to be extremely small.
Clinical Management

If any clinical signs appear after exposure, a symptomatic
treatment and patient maintenance may be necessary. If there
has been an oral exposure, emesis is not recommended
because of the potential for central nervous system
depression and seizures. If not more than 1 h has passed,
stomach lavage and administration of activated carbon can be
carried out. For seizures, the administration of benzodiaze-
pines IV is indicated. If the exposure has been cutaneous, it is
recommended to shower the area with water for about
15min without using any type of soap or chemical product.
In the case of inhalatory exposure, the clinical management
would be to supply oxygen, and, if necessary, administer
artificial respiration.
Ecotoxicology

Diverse studies on vertebrates, invertebrates, and algae have
been performed to assess the ecotoxicity of this substance.
The studies of acute toxicity of 96 h made in fish have
determined an LC50 of >1800mg l�1, whereas research in
which invertebrates have been used as the animal model
moderate toxicity has been observed, with Daphnia magna an
acute 48-h EC50 of 21 mg l�1, and a chronic NOEC of
12.5 mg l�1. In studies conducted on the inhibition of growth
in algae, it was found that the EC50 was >1000mg l�1. These
data demonstrate that daphnia are much more sensitive than
fish or algae.
See also: Toxicity, Acute; Toxicity, Subchronic and Chronic.
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l Chemical Structure:
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l IUPAC Nomenclature: 5-[2-(2-Butoxyethoxy)ethox-
ymethyl]-6-propyl-1,3-benzodioxole

l Chemical Abstracts Service (CAS) Name: 5-[[2-(2-Butox-
yethoxy)ethoxy]methyl]-6-propyl-1,3-benzodioxole

l Chemical Abstracts Service Registry Number: 51-03-6
l Physical Properties:
Molecular weight 338.433
Density 1.059 g ml�1

Boiling point 202–204 �C
Water solubility 14.34 mg ml�1 (25 �C)
Background

Piperonyl butoxide (PBO) is a water insoluble colorless to pale
yellow liquid that was developed in the 1940s to increase the
effectiveness of various pesticides. It is currently registered as an
active ingredient in more than 1500 products used for indoor
or outdoor pesticides, including agricultural maintenance of
some food crops.
Uses

PBO is a pesticide synergist. It is typically added to carbamate,
pyrethrin, pyrethroid, and rotenone pesticides to greatly
enhance their potency. PBO alone does not have pesticidal
properties.
Environmental Fate and Behavior

PBO is rapidly degraded (half-life 8 h) in the environment by
photolysis and is metabolized by soil microorganisms. Its
estimated atmospheric half-life is approximately 3 h.
Exposure and Exposure Monitoring

Dermal contact, inhalation, and ingestion are common routes
of exposure.
958 Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00186-
Toxicokinetics

Mechanism of Toxicity

As a synergist, PBO inhibits mixed-function oxidases, including
cytochrome P450, and resistance-associated esterases that allow
insects to degrade an insecticide, allowing enhanced insecticide
efficacy. It does not effectively act as a synergist in mammals.

Acute Toxicity

Animals
The toxicity of PBO in animals is very low. Acute oral toxicity in
rats is LD50 � 4.5 mg kg�1, acute inhalation toxicity in rats is
LC50 � 5.9 mg l�1, and acute dermal toxicity in rabbits is
LD50� 2000mg kg�1. PBO is essentially nontoxic to birds even
at high (>2000 mg kg�1) concentrations and has low toxicity
to many beneficial insects such as honey bees.

Humans
PBO has low acute toxicity in humans. It is a slight irritant to
the eyes and skin and is a dermal sensitizer. An oral dose of
PBO in human adults (0.71 mg kg�1) did not produce
adverse effects. An estimated lethal oral dose is 5–15 g kg�1

for a 150-pound adult.
Chronic Exposure

Animals

Animal studies have shown that the major target organ of PBO
is the liver. Although the risk factor is very low in animals,
chronic exposure in rats and dogs did result in a decrease in
body weight gain and an increase in liver weight and hepato-
cellular hypertrophy.
Humans

There are no available data for chronic exposure in humans,
but the risk factor is thought to be very low based on animal
studies.

Reproductive Toxicity

In developmental and two-generation studies, PBO decreased
body weight gain in maternal rats as well as their ofsprings.
X
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Carcinogenecity

Rats that were fed PBO as a percentage of their diet for 2 years
developed anemia and hemorrhages of the stomach and
cecum. The results also indicated that PBO is a hepatocarci-
nogen upon increased exposure.

PBO is listed as a class C carcinogen based upon data from
animal studies. The available data indicate limited evidence of
carcinogenicity in the absence of human experimental data.
Ecotoxicology

PBO is moderately toxic to freshwater fish and invertebrates. It
is moderately to highly toxic in amphibians.
Clinical Management

Upon dermal contact with PBO the skin should be washed with
soap and water. If eye exposure has occurred, contacts should
be removed and the eyes rinsed for at least 15 min with water.
Inhalation of PBO can be remedied by moving to fresh
air. Activated charcoal is typically administered upon ingestion
of PBO.
Exposure Standards and Guidelines

The US EPA acute and chronic dietary reference doses are 6.3
and 0.16 mg kg�1 day�1, respectively. The acceptable daily
intake value established by the Joint FAO/WHO Meeting on
Pesticide Residues is 0.2 mg kg�1 day�1.

See also: Carbamate Pesticides; Cytochrome P450; Pesticides;
Pyrethrins/Pyrethroids; Rotenone

Further Reading

Tozzi, A., 1998. A brief history of the development of piperonyl butoxide as an
insecticide synergist. In: Jones, D.G. (Ed.), Piperonyl Butoxide: The Insecticide
Synergist. Academic Press, San Diego, CA.

Yavuz, O., Aksoy, A., Das, Y.K., Gulbahar, M.Y., Yarim, G.F., Cenesiz, M., Atmaca, E.,
Guvenc, D., 2010 March. Repeated-dose 14-day dermal toxicity of different
combinations of some synthetic pyrethroid insecticides, piperonyl butoxide, and
tetramethrin in rats. Cutan. Ocul. Toxicol. 29 (1), 16–25.

Relevant Websites

http://toxnet.nlm.nih.gov – Toxicology Data Network (TOXNET) from the National
Library of Medicine. Search for piperonyl butoxide or synergist.

http://www.epa.gov – US Environmental Protection Agency (EPA). Search for piperonyl
butoxide.
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Background

There are hundreds of plants potentially toxic to human and
animals and that may be a hazard for grazing livestock or for
pets which bite or lick ornamental plants. Such plants are
rarely found in harvested or processed feedstuffs, unless
there is an error. Many poisonous plants are not palatable to
livestock and are eaten only in stressful situations (death-
camas, copperweeds, milkweeds, rubberweeds, etc.), but
others plants such as lupine, halogeton, and greasewood
are palatable and can be toxic if consumed in high
amounts or under certain conditions which increase the
toxic potency.

Some poisonous plants may grow only in localized and
well-defined areas, whereas others have a wide distribution.
On the other hand, poisonous ornamental plants are grown
in any area, regardless of their native origin. Growth and
toxicity may be affected by environmental factors such as
weather conditions (temperature, humidity, etc.), and by age
and part of plant, season, grazing pressure, and, as a result,
may be more abundant and hazardous in 1 year than in
another or from region to region. Livestock poisoning by toxic
plants has been an important cause of economic loss, since
the early days of farming. Losses are caused by death, chronic
illness and debilitation, photosensitization, reproductive
failure, abortions, birth defects, etc., increasing costs for live-
stock owners.

Toxic or poisonous plants can be classified in different ways;
the most relevant classifications are based on the target organs
and syndromes they cause (cardiotoxic plants: Datura, Nerium,
Digitalis, Asclepyas, Atropa, Ephedra, or Convallaria majalis;
hepatotoxic plants: Senecio, Crotalaria, Heliotropium, Echium,
Agave, or Lantana; neurotoxic plants: Conium, Atropa, Datura,
Lupinus, Aconitum, Hyoscyamus, Cestrum, Solanum, Veratrum,
Astragalus, Oxytropis, Cassia, or Centaurea; teratogenic plants:
Lupinus or Astragalus), their active ingredients (glycosides:
Asclepias, Aconitum, or Nerium; cyanides: Prunus, Triglochin, or
Sorghum; pyrrolizidine alkaloids: Senecio, Amsinckia, Crotalaria,
Echium, Lantana, or Agave lechuguilla; nitrate-accumulator:
Sorghum or Chenopodium; oxalate-accumulator: Halogeton;
selenium-accumulators: Gutierrezia or Pinus ponderosa; estro-
gens: Festuca, Glycyrrhiza, Medicago, Trifolium, or Cytisus) or
according to taxonomy, by family and genus. Both classifica-
tions have been combined in the selection of most relevant
animal poisoning plants presented below.
Seeds of Prunus

Description

Family Rosaceae, Genus Prunus. Cyanogenic plants of the
Prunus species are flowering and fruit trees. The species are
960 Encyclopedia of T
similar in appearance. Prunus are trees up to 10–15 m high;
leaves are lanceolate to oblong acuminate at the tip; serrated
with incurving, blunt and callous teeth. A perennial flowering
herb, it comes in white, pink, and purple.
Uses

Pits and seeds are commonly ingested inadvertently along
with the edible fruit. In the nineteenth and twentieth centu-
ries, amygdalin was used as a cancer treatment but is too
poisonous.
Exposure Routes and Pathways

Amygdalin (pit) and prunasin (leaves and twigs) are cyano-
genic glucosides, which may cause poisoning from ingestion of
crushed seeds, pits, leaves, and twigs.
Mechanism of Toxicity

The toxicity is related to cyanide as the toxins prunasin
and amygdalin release hydrocyanic acid. Cyanide is a toxic
substance, mainly due to its affinity for the terminal cyto-
chrome oxidase in the mitochondrial respiratory pathway,
decreasing the tissue utilization of oxygen. Wilted leaves are
more toxic due to loss of water by the leaves, which concen-
trates the cyanogenic glucosides.
Symptoms of Toxicity

There may be lag time from ingestion until symptoms develop,
which are headache, anxiety, dyspnea, tongue hanging out of
mouth, dilated pupils, dizziness, falling down, convulsions,
coma, and potential death (postmortem symptoms: bright red
blood and congestion of internal organs).
Clinical Management

Treatment involves gastric decontamination (activated char-
coal, emesis, and gastric lavage), preventing metabolism of
toxins avoiding the formation of free cyanides, and to form
methahemoglobin, which can be eliminated by the kidneys
(amyl nitrite, sodium nitrite, sodium thiosulfate, hydrox-
ycobalamin, etc.).
Other Cyanogenic Plants

Johnson Grass

Family Gramineae, Genus Sorghum. Dhurrin, a cyanogenic
glycoside, is present in some members of the genus Sorghum.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00462-0
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Also, forage sorghum may also accumulate levels of nitrates
that can cause poisoning.
Arrowgrass

Family Juncaginaceae, Genus Triglochin.
Castor Bean (Ricinus communis)

Description

Family Euphorbiaceae, Genus Ricinus. Castor bean (palma
christi) is an annual leafy green plant that can grow up to 5 m
high; the flowers are monoecious and without petals. Fruit is
a capsule covered with soft prickles that contains three hard,
shiny, brown seeds.
Uses

The beans are used to produce castor oil, which is used in
paints, varnishes, lubricants, and as purgative. The seeds are
used for making jewelry and rosaries. Ricin is considered as
a chemical warfare.
Exposure Routes and Pathways

Toxicity can occur if the seeds and to a lesser extent foliage are
ingested, but the hard outer coating should be damaged for
allowing the release of ricin. Inhalation or injection is consid-
ered to be the most lethal route of exposure.
Mechanism of Toxicity

Ricin is a lectin glycoprotein, composed by two chains, A and B,
linked by a disulfide bond. The B-chain allows the entry of ricin
into the cytosol, facilitating the penetration across the gastro-
intestinal wall. The A-chain inhibits protein synthesis by irre-
versible inactivation of the 28S ribosomal RNA-loop,
contained within the 60S-subunit. This inhibition prevents
chain elongation and leads to cell death. The bean also
contains ricin-communis agglutinine (red blood cells aggluti-
nation and hemolysis; only intravenously), and ricinine
(convulsions related to an increased release of glutamate and
inhibition of g-aminobutyric acid receptor subtype A (GABAA)
in the brain).
Symptoms of Toxicity

There is often a lag time of 2–10 h from ingestion until
symptoms development. Gastrointestinal distress, abdominal
pain, severe vomiting, bloody diarrhea, cessation of rumina-
tion, dullness, weakness, thirst, prostration, convulsion,
uremia, and death may occur. Most exposures result in
uncomfortable but limited gastroenteritis and minimal
systemic toxicity. Significant fluid losses may ensue, accompa-
nied by tachycardia and hypotension. Organ damage includes
fluid-filled lungs and edematous and swollen liver and
kidneys. Hepatic and renal failures may occur. Allergic reac-
tions may occur for the seeds or occupational exposure to the
castor oil.
Clinical Management

Treatment is largely symptomatic and supportive. To prevent
further systemic absorption, gastric decontamination (emesis,
lavage, and activated charcoal) should be considered depend-
ing on the time of ingestion. The goals are to improve perfusion
by aggressive fluid resuscitation, vasopressor therapy, and
replenishing electrolytes. Animals should be treated for any
evidence for myoglobinuria and renal failure.
Jimson Weed (Datura stramonium)

Description

Family Solanaceae, Genus Datura. Jimson weed (moonflower,
devil’s trumpet, oliebome, etc.) is an annual, malodorous
(pungent, “heavy” scent), fruit-bearing plant about 1.5 m tall,
often branching in two equal forks with dark green pointed
leaves and tubular white flowers. Jimson weed is a cosmopol-
itan weed, native to Asia.
Uses

Because of the hallucinogenic properties of Datura, indigenous
people utilized this plant for medicinal and religious purposes
and Europeans learned to boil and incorporate plant extracts
into fats or oils, which were rubbed on the skin, rectum, or
vagina to induce hallucinogenic “flights from reality.”

This plant was used by witches during the Middle Ages to
anoint some objects (e.g., broom); thus, the development of
the traditional witch/broom/night flight symbol is still seen,
especially around Halloween.
Exposure Routes and Pathways

Poisoning may occur through all routes: ingestion (grazing
livestock and drinking tea), inhalation (smoking the plant), and
rubbing the extracts on the skinormucous. Seeds and leaveshave
the highest concentration of toxin (lethal dose for cattle <0.1 %
of the animal’s body weight). Exposure may be unintentional or
intentional ingestion for illicit drug use (in humans).
Mechanism of Toxicity

Toxins may include atropine, hyoscyamine (leaves, roots,
seeds), and hyoscine (roots). They are anticholinergic alkaloids
which block the neurovegetative cholinergic system.
Symptoms of Toxicity

Theonsetof symptomsmaybewithin1–4 hafter ingestion.Datura
causes the anticholinergic syndrome characterized by tachycardia,
hyperthermia, dry flushed skin and mucous membranes, mydri-
asis, visual disturbance, ileum, urinary retention, delirious,
psychoses, sedation, and hallucinations. Seizures and coma
generally occur late in the course of the syndrome, after high doses.
Clinical Management

Treatment is symptomatic and supportive. Parasym-
pathomimetic or anticholinesterasic (physostigmine and
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neostigmine) drugs for neutralizing the anticholinergic effects
are used and potentially indicated for stupor, coma, seizures,
high fever, and severe agitation unresponsive to other treatment.
It is necessary to avoid stimulation and maintain a calm
environment.
Other Anticholinergic Solanaceae Plants

Deadly Nightshade

Family Solanaceae, Genus Atropa (Atropa belladonna). Bella-
donna contains toxic tropane alkaloids in all parts, also known
as devil’s cherry or dwale.
Henbane

Family Solanaceae, Genus Hyoscyamus (Hyoscyamus niger).
Monkshood (Aconitum napellus)

Description

Family Ranunculaceae, Genus Aconitum. Monkshood (wolfs-
bane) is a perennial flowering herb with a solid stem, palmate
leaves, and crowned by racemes of large blue, purple, white,
yellow, or pink zygomorphic flowers, distributed throughout
the Northern Hemisphere.
Uses

In Europe and North America, aconite poisoning usually occurs
after accidental ingestion. In Asia, aconite poisoning is much
common in humans because of the continuous use of aconite
roots in traditional medicine as analgesic, anti-inflammation,
and cardiotonic agents.
Exposure Routes and Pathways

Poisoning may occur through ingestion and dermal exposure.
The wild plant (especially the roots) is extremely toxic to man
and livestock. Severe aconite poisoning can occur after acci-
dental ingestion of the wild plant or consumption of an herbal
traditional decoction of Chinese Medicine. It has been used as
poison for bullets (by Germany in World War II), as a bait and
arrow poison (ancient Greece), and to poison water supplies
(reports from ancient Asia).
Mechanism of Toxicity

Aconitine, the major active compound, is a highly toxic alka-
loid. The cardiotoxicity and neurotoxicity of aconitine and
related alkaloids (mesaconitine, hypaconitine, etc.) are due to
their activity on the voltage-sensitive sodium channels of the
cell membranes of excitable tissues, including the myocardium,
nerves, and muscles.
Symptoms of Toxicity

Symptoms of toxicity are a combination of neurological
(sensory and/or motor), cardiovascular (hypotension, chest
pain, palpitations, bradycardia, sinus tachycardia, ventricular
ectopics, ventricular tachycardia, and ventricular fibrillation),
and gastrointestinal features (nausea, vomiting, abdominal
pain, and diarrhea). The main causes of death are refractory
ventricular arrhythmias and asystole.
Clinical Management

Treatment is supportive, as death may occur from cardiovas-
cular collapse. No specific antidote is available, but bradycardia
and hypersalivation may be managed with atropine. Aconite-
induced ventricular arrhythmias are often refractory to direct
current cardioversion and antiarrhythmic drugs. Available
clinical evidence suggests that amiodarone and flecainide are
reasonable first-line treatment.
Other Cardiotoxic Related Plants

Milkweed

Family Apocynaceae, Genus Asclepia. Flowers emerge in
umbrella-like clusters (colors: pink, rose-purple, orange, white,
etc.). It contains a resin galitoxin and has low to moderate
toxicity. Death is not likely unless large quantities are
consumed.
Oleander (Nerium oleander)

Description

Family Apocynaceae, Genus Nerium. Oleander is a 2–6 m tall
tree flowering in the summer, with erect stems that splay
outward as they mature. The flowers grow in clusters at the end
of each branch; they are white, pink, or red. Yellow oleander
(Thevetia peruviana) is other cardiotoxic Apocynaceae, with
yellow to orange flowers.
Uses

Both species have been cultivated as ornamental shrubs;
however, in some parts of world, they are considered noxious
weeds. Used traditionally by herbalists as a folk remedy for
a wide variety of maladies and conditions, including derma-
titis, abscesses, eczema, psoriasis, sores, warts, corns, ringworm,
scabies, herpes, skin cancer, asthma, dysmenorrheal, epilepsy,
malaria, abortifacient, emetics, heart tonics, and tumors.
Exposure Routes and Pathways

Poisoning may occur through ingestion (possible fatal
poisoning with 5–15 leaves) and dermal exposure. All parts of
the plants contain cardiac glycosides (especially seeds and
roots). Concentration of toxins peaks during flowering season.
Mechanism of Toxicity

Cardiac glycosides (oleandrin, digitoxigenin, nerium foline-
rium, thevetin, etc.) bind to a-subunit and inactivate the Naþ/
Kþ ATPase pump on the cytoplasmicmembrane of cardiac cells,
increasing intracellular Caþþ and leading to hyperkalemia.
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Symptoms of Toxicity

Clinical features usually appearwithin fewhours after ingestion.
Cardiac glycosides cause cardiovascular (dysrhythmias and
ectopic beats, similar to digitoxin poisoning) and gastrointes-
tinal symptoms (local irritation to the mouth and alimentary
canal, nausea, vomiting, cramps, bloody diarrhea). Dizziness,
unconsciousness, respiratory collapse, and death may occur.
Clinical Management

Gastric decontamination (lavage, emetic drugs, activated
charcoal) and supportive care; in addition to digoxin-specific-
Fab antibody fragments can be effective for oleander toxicity.
Other Cardioactive Plants

Foxglove

Family Scrophulariaceae, Genus Digitalis. These plants contain
digitoxin (0.2–0.4%), digitonin, digitalin, antirhinic acid, dig-
italosmin, and digitoflavone compounds. This genus has been
used medicinally.
Dogbane

Family Apocynaceae, Genus Apocynum. It also contains a toxic
glycoside, apocynamorin.
Poison Hemlock (Conium maculatum)

Description

Family Apiaceae, Genus Conium. Poison hemlock is a common
nitrophile weed that grows along roadsides. The stem is purple-
spotted, glabrous, and branched up to 3 m tall. The leaves are
pinnately decompounds and resemble some wild edible plants.
Theodorof theplant,describedas “mousy,”maybedetectedonthe
breathandurineof animals thathaveeaten theplant. Thisplant can
be mistaken with Cicuta maculate; but the latter is more toxic.
Uses

This plant was allegedly administered to criminals and used in
ancient medicine (Socrates died after drinking hemlock
extract). Although it may be used as antispasmodic, sedative,
and analgesic, its medicinal importance is very limited.
Exposure Routes and Pathways

Although all vegetative organs, flowers, and fruits contain
alkaloids, the greatest concentrations are found in the flowers
and unripe fruits/seeds. Poisoning may occur through inges-
tion. Unintentional ingestion can occur from coniine when
similar plants are mistaken for parsley, anise (seeds), or carrot
plants. It is tuberous, similar to turnip roots.
Mechanism of Toxicity

Conium contains piperidine alkaloids (coniine, N-methyl-
coniine, conhydrine, pseudoconhydrine, gamma-coniceine),
which are structurally similar to nicotine. They act agonistically
at nicotinic-type acetylcholine receptor.
Symptoms of Toxicity

The general symptoms of hemlock poisoning are effects on
nervous system (stimulation followed by paralysis of motor
nerve endings and central nervous system (CNS) stimulation
and later depression), vomiting, trembling, problems in
movement, low and weak pulse, rapid respiration, salivation,
urination, nausea, convulsions, coma, and death (postmortem
symptoms: widespread, passive congestion of lungs, liver, and
nutrient myocardial vessels; severe mucoid or hemorrhagic
enteritis). Teratogenic effects have been described in animals.
Clinical Management

Digestive decontamination (emesis, gastric lavage, etc.) and
supportive care (primary emphasis on cardiovascular and
respiratory support; benzodiazepines or short-acting barbitu-
rates) are needed since no specific antidote is available.
Water Hemlock (Cicuta maculatum)

Description

Family Apiaceae, Genus Cicuta. The water hemlock is a peren-
nial plant (2.5 m), and contains fascicled tuberous roots with
multichambered system, commonly found along lakes and
streams. The stem is glabrous, jointed with hollow internodes,
base of stem swollen, and transversely partitioned. Flowers are
in compound umbels. Leaves are pinnately compound with
well-defined leaflets.
Uses

Water hemlock plants are difficult to identify in early growth
and are commonly mistaken for edible plants such as pignut or
wild carrot.
Exposure Routes and Pathways

Poisoning occurs through ingestion. The root, when freshly pulled
out of the ground, is extremely poisonous. When dried, the
poisonouseffect is reduced.Cattlehavebeenpoisonedbydrinking
water from an area where water hemlock roots were trampled.
Mechanism of Toxicity

The principal toxins, cicutoxin and oenanthotoxin, belong to
a group of C17-conjugated polyacetylenes. They act as
(noncompetitive) GABA antagonists in the CNS, resulting in
unabated neuronal depolarization that can lead to seizures.
Ingestion of even a small amount of plant material may result
in severe intoxication.
Symptoms of Toxicity

After ingestion (onset ranged 15 min to 10 h), the patient is
most likely to experience CNS stimulatory effects including
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seizures with intermittent relaxation, behavioral abnormalities
such as rolling of the eyes, turning in circles, twisting of the
neck, falling down, and opening and shutting of the mouth,
that, in the absence of aggressive supportive care, can result in
death. Other features include nausea, vomiting, diarrhea,
hypotension, and bradycardia followed by hypertension and
tachycardia, mydriasis, rhabdomyolysis, renal failure, coma,
respiratory impairment, and cardiac dysrhythmias.
Clinical Management

Treatment consists mainly of prompt airway management and
seizure control (parenteral benzodiazepines or short-acting
barbiturates), plus decontamination if achieved early and after
stabilization and supportive care. In the event of renal failure,
the use of hemodialysis has been employed successfully.
Common Potato (Solanum tuberosum)

Description

Family Solanaceae, Genus Solanum. Potatoes are an essential
component of the diet of humans and animals and can be
a potential source of food poisoning. Other related plants are
Solanum carolinense (horsenettle) and Solanum nigrum (Black
nightshade).
Uses

Potatoes are edible and cultivated in many areas of the world.
Exposure Routes and Pathways

Glycoalkaloids have been found in several vegetables and fruits,
but mainly in the plants of the Nightshade family, particularly
thepotato.a-Solanine anda-chaconine (most toxic) account for
95% of glycoalkaloids present in S. tuberosum. Greening or
sprouting potatoes which have been stored in adverse condi-
tions show an accumulation of toxins. The clearance of glyco-
alkaloids usually takes more than 24 h, which implicates that
the toxicants may accumulate in case of daily consumption.
Mechanism of Toxicity

Glycoalkaloids may induce gastrointestinal and systemic
effects, by cell membrane disruption and acetylcholinesterase
(AChE) and butyrylcholinesterase inhibition.
Symptoms of Toxicity

Glycoalkaloids may induce gastrointestinal (anorexia, nausea,
colic, vomiting, and constipation or diarrhea) and systemic
effects, with potential neurotoxicity. Symptoms may be pro-
longed, depending on the severity of poisoning. Chaconine
may be teratogenic.
Clinical Management

Supportive care is the general approach to symptoms of
poisoning.
Rhododendron (Ericaceae Family)

Description

Family Ericaceae, Genus Rhododendron. Rhododendron is
a flowering, green and shrub-like plant. The genus Rhodo-
dendron can be divided into two nontechnical categories:
cultivated and native plants. The native plants are found in
moist or wet woods, sometimes in dense colonies. Various
species are found throughout Europe and the United
States.
Uses

Rhododendron has been used to make tea, which can result in
toxicity.
Exposure Routes and Pathways

Poisoning occurs when grayanotoxin, a diterpene found in all
parts of the plant (especially leaves and pollen), enters the
human food supply. Exposures involve the eating of honey
contaminated by Rhododendron nectar grayanotoxins and the
drinking tea made from the plant.
Mechanism of Toxicity

The grayanotoxins bind to sodium channels on cell
membranes and prevent inactivation; thus, excitable cells
(nerve and muscle) are maintained in a state of depolariza-
tion, during which entry of calcium into the cells may be
facilitated. Skeletal and heart muscles, nerves, and the CNS are
affected.
Symptoms of Toxicity

In mild form, dizziness, weakness, excessive perspiration,
hypersalivation, nausea, vomiting, and paresthesias are present
and close follow-up is enough. However, severe intoxication
may lead to life threatening cardiac complications such as
complete atrioventricular block.
Clinical Management

Minimal toxicity occurs in the majority of cases of rhodo-
dendron exposure. In severe exposures, gastric decontamina-
tion and supportive care are required. A nonselective
muscarinic antagonist atropine has been suggested as
antidote.
Tobacco (Nicotiana tabacum)

Description

Family Solanaceae, Genus Nicotiana. Nicotiana tabacum is
the principal source of nicotine, but others plants con-
taining nicotine and nicotine-like alkaloids have been
reported to be poisonous to humans (Co. maculatum,
Nicotiana glauca, Laburnum anagyroides, and Caulophyllum
thalictroides). Tobacco is now cultivated in many countries
of the world.
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Uses

The stems and leaves of the plant are used for commercial
purposes. This plant is used in the production of cigars,
chewing tobacco, and nicotine replacement products.
Exposure Routes and Pathways

Unintentional poisoning may occur by ingestion, dermal
exposure (even with intact skin), and occupational exposure of
workers harvesting the plant. Wet leaves from the plant may
enhance absorption.
Mechanism of Toxicity

Nicotiana tabacum contains nicotine and anabasine, the primary
toxins. These alkaloids act agonistically at nicotinic receptors,
causing increased sodium ion influx through the channel,
which leads to prolonged membrane depolarization and
consequently enhanced action potential propagation in the
CNS and autonomic nervous system, the neuromuscular
junctions, and the adrenal medulla. Agonistic interaction at
these variable sites may explain why the alkaloids have diverse
effects depending on the administered dose and duration of
exposure.
Symptoms of Toxicity

Following acute exposure, symptoms typically follow
a biphasic pattern. The early phase consists of nicotinic
cholinergic stimulation resulting in symptoms such as
abdominal pain, hypertension, tachycardia, and tremors. The
second inhibitory phase is delayed and often heralded by
hypotension, bradycardia, and dyspnea, finally leading to
coma and respiratory failure.
Clinical Management

Gastrointestinal or skin decontaminations and supportive care
are the mainstay of management with primary emphasis on
cardiovascular and respiratory support to ensure recovery.
Other Poisonous Plants

Halogeton

Family Chenopodiaceae, Genus Halogeton.Halogeton glomeratus
contain high concentration of sodium oxalate in the dry plant,
which forming insoluble salts that crystallize and damage
vessels and renal tubular epithelium.Oxalates are also suspected
of being metabolic inhibitors. The effect in poisoned animals is
severe nephrosis with subsequent uremia and hypocalcemia.
Lathyrus

Family Fabaceae, Genus Lathyrus. Lathyrus (wild pea or flat
pea) contains one diaminobutyric acid. Poisoning may occur
after consumption of large quantities or an exclusive diet of
seeds. Human symptoms include paralysis (with loss of
bladder or bowel control); slow, weak pulse, muscle tremors,
a posture of feet turned-in, toes down, sensory disturbances,
convulsions, and death. Horses, probably the most sensitive
animals, display also hind leg paralysis, dyspnea, and roaring.
Lupinus

Family Fabaceae, Genus Lupinus. Quinolizidine alkaloids
(piperidine, lupanine, and sparteine) produce paradoxical
reactions (some animals show depression, others excitation);
respiratory problems generally develop with labored breathing,
coma or convulsions, and death. Toxicity may vary among
species. Pregnant cows, pastured in areas of lupine growth, can
bear calves afflicted with arthrogryposis, scoliosis, torticollis,
and cleft palate. In Europe, the disease called lupinosis is
attributable to mycotoxins produced by the fungus Phomopsis
leptostomiformis, which grows on Lupinus species.
Crotalaria

Family Fabaceae, Genus Crotalaria. Pyrrolizidine alkaloid
monocrotaline, fulvine, and cristpatine have been isolated.
They are hepatotoxic toxins (cirrhosis in prolonged cases) and
produce emphysema alternate with atelectasis and hemor-
rhage. Livestock shows signs of stupor, labored breathing,
weakness, emaciation, paralysis, and death.
Ragwort

Family Asteraceae, Genus Senecio. Jacobaea vulgaris (Senecio
jacobaea) contains pyrrolizidine alkaloids (jacobine, sen-
ecionine, etc.), which are hepatotoxic toxins.
Larkspur

Family Ranunculaceae, Genus Delphinium. Larkspur contains
diterpenoid alkaloids (delphinine, delphinidin, jacobine, aja-
cine, otosenine, seneciphylline, senecionine). Poisoning from
percutaneous absorption may occur from excessive handling.
The seeds are highly toxic; the young foliage is less poisonous.
This plant produces digestive disturbance, nervousness, weak-
ness, uneasiness, depression, collapse,muscle spasms, anddeath
by asphyxiation; nausea, bloating, and abdominal pain may be
present. Treatment consists mainly of parasympathomimetic
drugs (physostigmine and pilocarpine).
Yew

Family Taxaceae, Genus Taxus. The taxine alkaloids have been
isolated from yews, which produce gastric distress, diarrhea,
vomiting, tremors, dyspnea, dilated pupils, respiratory diffi-
culties, weakness, fatigue, collapse, coma, convulsions, brady-
cardia, circulatory failure, and death. Death in domestic animals
is not uncommon. A fatal mistake can be made by placing yew
branches in animal enclosures, which can be ingested.
Poisonous Ornamental Plants

Family Ericaceae

Azalea (Rhododendron). See above.
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Family Euphorbiaceae

Genus Ricinus: Castor bean or palma christi and Poinsettia or
“Christmas Star” or Noche buena (Euphorbia pulcherrima).
See above.
Family Amaryllidaceae

Common names: Amaryllis, daffodil or narcissus (Narcissus
poeticus), clivia or Bush lily (Clivia miniata), snowdrops
(Galanthus nivalis), and snowflakes (Leocojum aestivum).

Toxic Principle
Alkaloids: Lycorine, galanthamine; oxalate crystals. All parts are
poisonous, especially the bulbs.

Mechanism of Toxicity
Galanthamine – It is a selective, reversible, competitive AChE
inhibitor, and an allosteric modulator of the neuronal nicotinic
receptor for acetylcholine. Galanthamine is the most recently
approved AChE inhibitor in the United States and in Europe for
the symptomatic treatment of Alzheimer’s disease.

Lycorine – It inhibits protein synthesis, and may inhibit
ascorbic acid biosynthesis, although studies on the latter
mechanism are controversial and inconclusive.

Calcium oxalate is a water-insoluble salt that forms
bundles of needlelike crystals called raphides. Contact with
moisture causes plant cells to eject the raphides, which can then
come into contact with skin or mucosal surfaces. Irritancy is in
part mechanical and linked to the anatomically sharp structure
of the crystals themselves. The crystals are believed to be more
irritant when longer than 180 mm. The raphides of calcium
oxalate have been classified historically as a chemical irritant
mainly because they allow the penetration of other plant
chemical toxins (including proteases, saponins, and other
chemicals) that normally cannot breach the skin on contact.
They also enhance the penetration of known skin irritants,
including many alkaloids from daffodil bulbs.

Symptoms of Toxicity
Oral irritation, intense burning and irritation of the mouth,
lips, tongue, excessive drooling, nausea, vomiting, difficulty in
swallowing, abdominal upset, diarrhea, and weight loss.

Nervous symptoms such as depression, muscle spams,
convulsions, and death.

Irritant dermatitis also can occur by exposure to the needle-
sharp calcium oxalate crystals, distributed in the outer layers of
many Narcissus bulbs; this symptom suggests the involvement
of histamine release.

Clinical Management
Gastric decontamination (lavage, emetic drugs, activated
charcoal) and supportive care.
Family Araceae

Common names: Aroid family. Dumbcane (Dieffenbachia
spp.); Philodendron spp. Philodendron var. cordatum, horse-
head, panela, red emerald, red princess; pothus (Epipremnum
aureus: Money plant, Silver vine, Centipede tongavine, Devil’s
Ivy, and Solomon Islands’ Ivy); Alocasia cucullata, antiquorum,
indica commonly known as elephant’s ear.

Toxic Principles
Calcium oxalate crystals, proteolytic enzymes which trigger the
release of some potent kinins and histamines by the body.

Mechanism of Toxicity
All parts are usually poisonous, although the leaves may
sometimes be devoid of toxin.

The mechanism of toxicity seems to be multifaceted.
Needlelike crystals, idioblasts, and another unidentified
substance all contribute in some degree to toxicity but the
available evidence is unclear. Different authors concluded that
the oxalate needles and the protease were not the principal
phlogogenic substances of Araceae and suggested that hista-
mine and/or serotonin play a role in the early response and
prostaglandins in the plateau phase.

The kinins produce several local reactions, which may be
aggravated by the sharp calcium oxalate crystals contained in
the plant tissues (see previous family Amaryllidaceae).

It has been shown that dumbcane has specialized contrac-
tile cells that may actually propel the calcium oxalate crystal
into the tissue.

Symptoms of Toxicity
Immediate evidence of pain and irritation upon chewing.
Headshaking, intense salivation, and change in phonation.
Swelling of the mucous membranes of the pharynx and tongue,
and dyspnea, but rarely developing into obstruction. Debili-
tation, listlessness, nausea, vomiting, diarrhea, secondary
dehydration, electrolyte imbalance by kidney malfunction, and
shock are possible although these were not associated with
apparent pain. Very rarely irregular heartbeat, mydriasis, coma,
and death.

Clinical Management
Digestive decontamination (emesis, gastric lavage, etc.) milk,
water, or antacids to dilute the calcium oxalate and to flush out
and soothe the oral pharynx; supportive care of pain, analgesics
(opioids effectiveness is equivocal) and in the majority of cases
the therapy involves maintenance of hydration (intravenous
fluids). Antihistamines may help but primary emphasis on
cardiovascular, and respiratory support, anticonvulsivants
(benzodiazepines or short-acting barbiturates) are needed
since no specific antidote is available.
Family Araciliaceae

Common names: Ivy. (Hedera helix)

Toxic Principles
Triterpenoid saponins a-hederin, b-hederin, and heder-
acolchiside A1; falcarinol, a polyyne and phytolaccinic acid.

Mechanism of Toxicity
Triterpenoid saponins: The administration of a-hederin, an
inducer of metallothionein, results in a secondary zinc defi-
ciency that may be an important maternally mediated mecha-
nism of developmental toxicity.
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Also the in vitro antileishmanial activity of a-hederin,
b-hederin, and hederacolchiside A1, has been investigated on
parasites of the species Leishmania mexicana.

Falcarinol is capable of inducing allergic reactions (contact
dermatitis). The allergic properties of falcarinol indicate that it
is very reactive toward mercapto and amino groups in proteins,
forming a hapten protein complex (antigen).

Hederaginin shows hemolytic activity and it is believed to be
the result of the affinity of the aglycone moiety for membrane
sterols, particularly cholesterol, with which they form insoluble
complexes. The membrane pores or defects produced by sapo-
nins were long-lasting and such membranes were then perma-
nently permeable to large molecules like ferritin.

The glucocorticoid like action of saponins could possibly
explain the diverse effects of saponins in biological systems.

Symptoms of Toxicity
Following contact: severe skin irritationwith redness, itching, and
blisters. Following ingestion of leaves: Burning sensation;
stomach pain, excessive thirst, diarrhea, vomiting, weakness,
drooling, delirium, stupor, loss of muscular coordination,
convulsions, fever, breathingproblems, dilatedpupils, and coma.

Clinical Management
General treatment includes: wash affected areas; corticosteroids
for skin reactions, supportive therapy.
Family Cycaceae

Common names: The sago cycad (Cicas revolute).

Toxic Principles
All parts of the plant are toxic; however, the seeds contain the
highest level of the toxin cycasin, which are usually ingested by
dogs. The young leaves are palatable and therefore they are
easily ingested by pet. Other toxins include b-methylamino L-
alanine, a neurotoxic amino acid, and an unidentified toxin
which has been observed to cause hindlimb paralysis in cattle.

Mechanism of Toxicity
Cycasin, which is converted to its aglycone, methylazox-
ymethanol, may cause centrilobular and midzonal coagulative
hepatic necrosis and gastrointestinal irritation and in high
enough doses, leads to liver failure. In addition, cycasin is
carcinogenic, mutagenic, and teratogenic.

b-methylamino-L-alanine, causes ataxia in rats and is
implicated in Guam disease in humans.

Symptoms of Toxicity
Clinical symptoms of ingestion will develop within 12 h
and may include vomiting, diarrhea, mucosal necrosis, weak-
ness, seizures, liver failure, or hepatotoxicity characterized by
icterus, cirrhosis, and ascites. The pet may appear bruised,
epistaxis, melena, hematochezia, and hemarthrosis.

Clinical Management
Treatment of cycad toxicosis is symptomatic and supportive.
No antidote for any cycad toxin is available.

Asymptomatic patients: Perform gastric lavage or induce
emesis by using hydrogen peroxide (2.5 ml kg�1; maximum
dose 45 ml) as soon as possible after suspected ingestion and
activated charcoal at 1–2 g kg�1 after emesis.

Symptomatic patients: For gastrointestinal signs, administer
sucralfate and gastric acid inhibitors (ranitidine, cimetidine,
famotidine, omeprazole). Supportive fluid therapy (5%
dextrose in 0.9% saline solution) and blood glucose concen-
trations should be closely monitored. Seizures and tremors
may be controlled with diazepam or short-acting barbiturates.
When gastrointestinal tract hemorrhage is severe, blood trans-
fusions may be necessary.

Monitor dogs for secondary effects of liver failure, such as
coagulopathy, hepatic encephalopathy, hypoproteinemia, or
renal failure and supportive care could be applied.
Family Meliaceae

Common names: Bead-tree or Cape lilac Melia azedarach.
The genus Melia includes four other species. The adult tree

has a rounded crown, and commonly measures attain a height
of 7–12 m.

Toxic Principles
There are several limonoids, tetranortriterpene, denomined as
meliatoxins A1, A2, B1, B2 and azadirachtin (the primary
insecticidal compound in the commercially important Neem
oil), and saponins with hemolytic effects. Also tannin, melio-
tanic, and benzoic acids have been found.

Mechanism of Toxicity
Fruits are poisonous to human and animals if eaten in quan-
tity. However, these toxins are not harmful to birds, which
gorge themselves on the fruit, reaching a “drunken” state and
spreading the seeds in their droppings.

Leaves have been used as a natural insecticide to keep with
stored food, but must not be eaten as they are highly
poisonous. A diluted infusion of leaves and trees has been used
in the past to induce uterus relaxation.

The effects on the CNS are not unlike those produced by
nicotine or anabasine alkaloids, with initial stimulation of
sympathetic and parasympathetic ganglia followed by persistent
depolarization and complete ganglionic blockage. The gastroen-
teritis ismainly associatedwith local irritation and inflammation.

Meliatoxins are responsible for the nervous signs of the
disease. Sublethal doses of fresh fruits cause clinical symptoms
characterized by hemorrhagic diarrhea.

Symptoms of Toxicity
The first symptoms of poisoning appear few hours after
ingestion. They may include loss of appetite, nausea, vomiting,
constipation or diarrhea, bloody feces, stomach pain, pulmo-
nary congestion, cardiac arrest, rigidity, lack of coordination,
and general weakness. Death may take place after about 24 h
due to circulatory collapse and breathing insufficiency. Animals
intoxicated generally do not survive more than 48 h after the
onset of clinical signs.

Clinical Management
Gastric decontamination (lavage, emetic drugs, activated
charcoal) and supportive care are needed since no specific
antidote is available.
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Even with an adequate treatment, prognosis is usually grave.
Supportive therapy consisting of intravenous fluids (Ringer’s
lactate) to treat dehydration, corticosteroids and nonsteroidal
anti-inflammatory drugs (dexamethasone and carprofen or
meloxicam) to decrease inflammation and pain and intra-
muscular metabolism stimulant with phosphor and vitamin
B1, B6, B12 supplement to stimulate the nervous system.
Family Phytolaccaceae

Common names: anamu or fitocala. Petiveria alliacea is used as
a bat and insect repellent and acaricide.

The leaves and roots of the plant have a strong odor.

Toxins or Poisons
Petiveria alliacea contains a large number of biologically active
chemicals including benzaldehyde, benzoic acid, benzyl-2-
hydroxyethyl-trisulfide, coumarin, isoarborinol, isoarborinol
acetate, isoarborinol cinnamate, isothiocyanates, polyphenols,
senfol, tannins, trithiolaniacine, and cysteine sulfoxide deriv-
atives (S-phenylmethyl-L-cysteine sulfoxides (petiveriins A and
B) and S-(2-hydroxyethyl)-L-cysteines (6-hydroxyethiins A
and B).)

Mechanism of Toxicity
Stilbenes: possessing estrogenic activity and beneficial effects,
which include the prevention of cancer, atherosclerosis, and
bone density loss. However, they have estrogenic activity and
may affect as endocrine disruptors.

Coumarins are vitamin K antagonists that produce their
anticoagulant effect by interfering with the cyclic interconver-
sion of vitamin K and its 2,3 epoxide (vitamin K epoxide),
thereby causinghepatic productionof partially carboxylatedand
decarboxylated proteins with reduced procoagulant activity.

Symptoms of Toxicity
There is scarce data on the toxicity of P. alliacea. However,
methanol extracts of the plant do cause uterus contractions,
which can lead to abortion, in fact one of its uses in traditional
human medicine. Also, extracts have been shown to inhibit
mitosis; the coumarins reduced blood platelet aggregation with
hemorrhagic risk. Consumption of relatively high levels of
some phytoestrogens (stilbenes) may produce some health
effects (reproductive problems).

Dibenzyltrisulfide, is insecticidal (Cylas formicarius ele-
gantulus and Hypothenemus hampei) and acaricidal (Boophilus
microplus).

Clinical Management
Treatment is symptomatic and supportive, which includes
vitamin K if the symptoms of hemorrhage have appeared.
Family Verbenaceae

Common names: Lantana, red sage, wild sage, shrub verbena,
yellow sage,

Toxins or Poisons
Pentacyclic triterpene acids, including reduced lantadene A,
dihydrolantadene A, and icterogenin.
Mechanism of Toxicity
The reduced lantadene A may produce hepatotoxicity charac-
terized by transient rises in serum enzymes (glutamic–oxalo-
acetic transaminase) with or without hyperbilirubinemia,
through a toxic metabolite and that injury to bile canaliculi is an
early lesion in the development of cholestasis. Higher doses
resulted in hepatic necrosis. On the other hand the activity of
both enzymes 50-nucleotidase and Mg2þ ATPase is reduced,
causing obstructive jaundice, and increasing photosensitization.

Symptoms of Toxicity
The clinical signs include depression, vomiting, diarrhea,
weakness, and possible liver failure. Ulcers occur in the mouth,
and a reduction of all mucus membranes takes place.

Hepatic and renal xanthine oxidase activity is also elevated
during lantana poisoning. Jaundice is related to a shutdown of
the liver. The photosensitization appears within 1–2 days in
most animals and people who ingest a toxic dose of it. Death
may occur within 1–3 weeks.

Clinical Management
Gastric decontamination (lavage, emetic drugs, activated
charcoal, etc.) at the first moment and symptomatic or
supportive care are needed since no specific antidote is
available.
Family Liliaceae

The lily family was formerly a paraphyletic “catch-all” group
that included a great number of genus now included in
other families, and some in other orders, including Agava-
ceae, Alliaceae, Amaryllidaceae, Asparagaceae, Asphodela-
ceae, Hyacinthaceae, Melanthiaceae, Nartheciaceae,
Ruscaceae, Smilacaceae, Tecophilaeaceae, Themidaceae,
Tofieldiaceae, and Uvulariaceae, and members of the
monocot orders Asparagales, Dioscoreales, and Alismatales.
Smilacaceae appears to be the family most closely related to
Liliaceae.

Common name: Lirium; Autumn crocus (Colchicum
autumnale); Lily of the valley (Convallaria majalis).

Toxins or Poisons
The toxicity depends on the genus and species as they have
different toxins.

Colchicum autumnale contains the alkaloid colchicines and
related compounds which are responsible for the poisoning.
The alkaloid is heat-stable and therefore not inactivated by high
temperatures.

Convallaria majalis contains more than 20 cardiac glycosides,
including convallarin and convallamarin, and saponins.

Mechanism of Toxicity
Colchicine is an alkaloid and is used medicinally as a gout
suppressant, in the treatment of Familial Mediterranean Fever,
in veterinary science as an antineoplastic, and in genetic
research.

Convallatoxin is used as a cardiotonic. The dried rhizome,
known as Convallaria root, has also been used as a cardiotonic
and diuretic. In veterinary science, it has been used as a diuretic
and cardiac stimulant.
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Cardiac glycosides compounds are potent inhibitors of
cellular Naþ/Kþ-ATPase. This ion transport system moves
sodium ions out of the cell and brings potassium ions into the
cell. By inhibiting the Naþ/Kþ-ATPase, cardiac glycosides
increase intracellular sodium concentration. This then leads to
an accumulation of intracellular calcium via the Naþ–Caþþ

exchange system.

Clinical Signs
Toxicosis includes vomiting, diarrhea, quick pulse; gastroin-
testinal irritation, with burning sensation and kidney and
respiratory failure. Milk from a lactating animal can poison the
nursing offspring.

Other cultivated members of the Liliaceae are known or
suspected to be poisonous like Tulip (Tulipa spp.) bulbs and
Hyacinth (Hyacinthus spp.) bulbs which eaten in quantity,
produce severe purgation, diarrhea, vomiting, and colic
pains.

The plant has digitalis-like action, including heart
arrhythmia, significant arterial vasoconstriction and alterations
in conduction and gastrointestinal upset. Toxic effects with
cardiac glycosides are frequent and can be lethal. Cats are more
sensitive than dogs. Anorexia is an early symptom of toxicity
that can be hidden by vomiting due to direct stimulation of the
chemoreceptor trigger zone. Patients have neurological prob-
lems, mainly headache and dizziness.

Clinical Management
Gastric decontamination (lavage, emetic drugs, activated
charcoal) at the first moment. For the treatment of arrhythmias,
classical antiarrhythmic compounds b-blockers, angiotensin
converting enzyme inhibitors: captopril, enalapril, etc., potas-
sium, procainamide, quinidine sulfate, disodium salt of ede-
tate (Na2EDTA), and parasympatholytic agents such as
atropine can be used. Symptomatic or supportive care is
needed.

Additionally, some edible members of the Liliaceae (actu-
ally Amarylliaceae) have been reported to produce toxicosis.
Allium species of toxicological interest, in pet are cultivated and
wild onions (Allium cepa and Allium canadense, respectively),
chives (Allium schoenoprasm L.), leek (Allium porum), and garlic
(Allium vineale and Allium sativum), which can be toxic in large
quantities. Onions contain toxins that may damage red blood
cells and provoke hemolytic anemia accompanied by the
formation of Heinz bodies in erythrocytes of animals such as
cattle, sheep, horse, dogs, and cats.

See also: Plants, Poisonous (Humans).
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Introduction

Plant toxins have a long and colorful history. The toxins present
in some types of plants have historically been used as tools for
assassins (e.g., poison hemlock), treatments for various
diseases (e.g., autumn crocus), pesticides (e.g., strychnine), and
food flavoring (e.g., habañero). Unintentional exposures are
commonplace, and most individuals have at one time or
another been exposed to plants, which cause some degree of
discomfort. For example, dermal exposures to poison ivy
(Toxicodendron radicans) may result in various degrees of itching
and rash from the urushiol compounds in the plant’s sap.
These effects are most often of limited consequence. However,
in the United States alone, there are over 100 000 reported
plant exposures to poison control centers per year. These
exposures are typically of minimal toxicity, especially when the
exposures occur in children. For example, between 1983 and
2009, 45 fatalities have been recorded with children less than
five years of age. Fatalities are, however, not uncommon when
exposures occur from intentional ingestion to inflict harm or
for substance abuse reasons.

Oral, dermal, and inhalation exposures are all possible,
although the toxicity by these routes may vary considerably.
Further, even when exposures occur, the potential for adverse
effects may be low depending on the form in which the toxin is
presented. For example, apple seeds contain amygdalin,
a cyanide-containing compound. Despite the known toxicity of
cyanide (see Cyanide), the seeds must be chewed or pulverized
to release the amygdalin. Once this occurs, amygdalin may be
hydrolyzed in the gastrointestinal tract to release cyanide.

A detailed discussion of the environmental fate and
behavior, toxicokinetics, and all possible toxic effects of each
agent (including genotoxicity, carcinogenicity, effects on
immune and reproductive systems, and potential for harming
developing organisms) in cases of overexposure is beyond the
scope of this broad overview. Other sources, including some
other entries in this encyclopedia, should be consulted if
readers have more specific concerns about an individual toxin
or class discussed here. For example, some basic summary
information on clinical management of plant poisonings can
be found in the first Further Reading recommendation listed,
and local poison centers are also often good resources in cases
of suspected poisonings. Instead, the discussion of toxicities
focuses here on mechanisms of action and the most important
acute and chronic effects recognized to date from human
exposures. These plants may also cause toxicity in other species
(see Plants, Poisonous (Animals)). Finally, it should be noted
that the ‘dose makes the poison’ and that ingestion of small
quantities of the plants discussed herein may not necessarily
result in the effects identified. Rather, these effects represent
a spectrum of potential adverse health outcomes that may
occur depending on the quantity of the plant consumed.
Consider, for example, the case mentioned about amygdalin in
apple seeds. Each seed normally contains only a small amount
970 Encyclopedia of T
of amygdalin. Therefore, the dose of cyanide a person could be
exposed to after occasional inadvertent consumption of an
apple seed or two should not be considered a serious health
risk. The nutritional benefits of consuming apples are consid-
erably greater than the risk of cyanide poisoning as long as one
avoids eating too many apple seeds. This is certainly not the
case with all of the plant toxins discussed herein. Some are so
potent that very small quantities can pose very significant
health risks.
Cardiovascular Toxins

l Scientific Name: Digitalis purpurea
l Common Name: Foxglove
l Toxins: The primary toxins are digitoxin and digoxin, which

are present throughout the plant.
l Chemical Abstracts Service Registry Numbers: 71-63-6

(digitoxin); 20830-75-5 (digoxin)
l Molecular Formulas: C41H64O13 (digitoxin); C41H64O14

(digoxin)
l Chemical Structures:
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l Mechanism of Action: Digitoxin and digoxin inhibit
sodium–potassium activated adenosine triphosphatases
(i.e., Naþ/Kþ-ATPase) in the myocardium, which results in
a concurrent efflux of potassium and an influx of sodium to
the cells.

l Effects: Ingestion may cause nausea, abdominal pain,
vomiting, cardiac dysrhythmias, and hyperkalemia.

l Scientific Name: Acokanthera oblongifolia
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00048-8
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l Common Names: Bushman’s poison, Wintersweet
l Toxin: An unspecified cardioactive steroid that resembles

digitoxin and digoxin and is present throughout the plant.
The highest concentrations are found in the seeds and the
milky sap, which was used by African bushmen to poison
the tips of hunting arrows.

l Chemical Abstracts Service Registry Number: Unspecified
l Molecular Formula: Unspecified
l Chemical Structure: Unspecified
l Mechanism of Action: The toxin is expected to act in

a manner similar to digitoxin and digoxin.
l Effects: Ingestion may cause cardiac dysrhythmia and

hyperkalemia.
l Scientific Name: Convallaria majalis
l Common Name: Lily-of-the-valley
l Toxin: The primary toxin is convallatoxin, a digitalis-like

compound, which is present throughout the plant.
l Chemical Abstracts Service Registry Number: 508-75-8
l Molecular Formula: C29H42O10

l Chemical Structure:

HO

O

O

O

OH

OH

OH

O

O

H

H

H

H

HO

H3C

CH3

l Mechanism of Action: The toxin is expected to act in
a manner similar to digitoxin and digoxin.

l Effects: Ingestion may cause nausea, abdominal pain,
vomiting, cardiac dysrhythmias, and hyperkalemia.

l Scientific Name: Ephedra sinica
l Common Names: Ephedra, Ma huang
l Toxin: The primary toxin is ephedrine and is found

throughout the plant. The stems have the highest
concentration.

l Chemical Abstracts Service Registry Number: 299-42-3
l Molecular Formula: C10H15NO
l Chemical Structure:

OH

NH
H3C

H3C
l Mechanism of Action: Ephedrine is an a- and b-adrenergic
receptor agonist. It is commonly known as a sympathomi-
metic because it mimics the effects of epinephrine and
norepinephrine.

l Effects: This substance is primarily ingested as a Chinese
herbal preparation. It causes effects similar to amphetamine,
which may include nausea, vomiting, increased blood
pressure, increased heart rate, and sweating. When
consumed in large quantities, it may cause stroke, heart
attack, and sudden death.

l Scientific Name: Nerium oleander
l Common Name: Oleander
l Toxin: The primary toxin is oleandrin and is located

throughout the plant.
l Chemical Abstracts Service Registry Number: 465-16-7
l Molecular Formula: C32H48O9

l Chemical Structure:
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l Mechanism of Action: Oleandrin is expected to act in

a manner similar to digitoxin and digoxin.

l Effects: Toxicity may occur by inhaling smoke from burning
oleander, consuming water that the flowers were placed in,
or using oleander branches to roast marshmallows. Expo-
sures may cause nausea, abdominal pain, vomiting, cardiac
dysrhythmias, and hyperkalemia.

Gastrointestinal Toxins

l Scientific Name: Aesculus californica
l Common Names: California buckeye, California Horse

chestnut
l Toxin: Aescin, a pentacyclic triterpene saponin, which is

present in the seeds and twigs of the plant.
l Chemical Abstracts Service Registry Number: 6805-41-0
l Molecular Formula: C54H84O23

l Chemical Structure:
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l Mechanism of Action: Unspecified
l Effects: The toxin is poorly absorbed by the gastrointestinal

tract, but may cause nausea, vomiting, abdominal cramps,
and diarrhea following large exposures.

l Scientific Name: Allamanda cathartica
l Common Names: Yellow allamanda, Golden trumpet
l Toxin: The primary toxin is plumericin, which is present

throughout the plant.
l Chemical Abstracts Service Registry Number: 77-16-7
l Molecular Formula: C15H14O6

l Chemical Structure:
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l Mechanism of Action: Unspecified
l Effects: The toxin is a mild gastrointestinal irritant and may

cause abdominal cramps and diarrhea.
l Scientific Name: Aloe vera
l Common Name: True aloe
l Toxin: Aloin or Barbaloin, an anthraquinone glycoside,

which is present in the latex juice of the leaves.
l Chemical Abstracts Service Registry Number: 1415-73-2
l Molecular Formulas: C20H14O4; C21H22O9

l Chemical Structure:
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l Mechanism of Action: Unspecified
l Effects: The toxin may cause gastrointestinal irritation, if

consumed in large quantities.
l Scientific Name: Capsicum chinense
l Common Names: Yellow lantern chili, Habañero
l Toxin: The primary toxin is capsaicin, which is found in the
fruit and seeds.

l Chemical Abstracts Service Registry Number: 404-86-4
l Molecular Formula: C18H27NO3

l Chemical Structure:
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l Mechanism of Action: Capsaicin binds to sensory neurons
and causes the release of substance P, which stimulates pain
fibers.

l Effects: Ingestion causes the typical burning sensation of the
oral mucosa.

l Scientific Name: Chelidonium majus
l Common Name: Greater celandine
l Toxin: The primary toxin is chelidonine, a benzophenan-

thridine, which is found throughout the plant.
l Chemical Abstracts Service Registry Number: 476-32-4
l Molecular Formula: C20H19NO5

l Chemical Structure:
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l Mechanism of Action: Unspecified
l Effects: Ingestion may cause vomiting, abdominal cramps,

and diarrhea. Chronic ingestion may cause cholestatic liver
disease.

l Scientific Name: Hydrastis canadensis
l Common Name: Goldenseal
l Toxin: The primary toxin is berberine and is located

throughout the plant.
l Chemical Abstracts Service Registry Number: 2086-83-1
l Molecular Formula: C20H18NO4

l Chemical Structure:
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l Mechanism of Action: Unspecified
l Effects: The substance is typically ingested as a herbal

preparation, which has low risks of toxicity. Ingestion of the
plant may cause nausea, vomiting, abdominal cramps, and
diarrhea.
Anticholinergic Toxins

l Scientific Name: Atropa belladonna
l Common Names: Belladonna; Deadly nightshade
l Toxins: The primary toxins are atropine and scopolamine

and are present throughout the plant.
l Chemical Abstracts Service Registry Numbers: 51-55-8

(atropine); 51-34-3 (scopolamine)
l Molecular Formulas: C17H23NO3 (atropine); C17H21NO4

(scopolamine)
l Chemical Structures:
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l Mechanism of Action: Atropine and scopolamine are
competitive antagonists with acetylcholine on the common
binding site of muscarinic receptors. They differ in their
ability to affect the central nervous system (CNS). Atropine
has limited affects on the CNS, whereas scopolamine has
prominent central effects due to greater passage through the
blood–brain barrier.

l Effects: Ingestion may cause dry mouth, dysphagia,
dysphonia, tachycardia, urinary retention, mydriasis,
headache, and confusion.
l Scientific Name: Hyoscyamus niger
l Common Name: Henbane
l Toxins: The primary toxins are atropine and scopolamine,

which are found throughout the plant.
l Chemical Abstracts Service Registry Numbers: See Atropa

belladonna
l Molecular Formulas: See Atropa belladonna
l Chemical Structures: See Atropa belladonna
l Mechanism of Action: See Atropa belladonna
l Effects: Ingestion may cause dry mouth, dysphagia,

dysphonia, tachycardia, urinary retention, mydriasis,
headache, and confusion.
Convulsive Toxins

l Scientific Name: Strychnos nux-vomica
l Common Name: Strychnine tree
l Toxin: The primary toxin is strychnine, an alkaloid, which is

found throughout the plant, including the seeds.
l Chemical Abstracts Service Registry Number: 57-24-9
l Molecular Formula: C21H22N2O2

l Chemical Structure:
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l Mechanism of Action: Strychnine is a competitive antago-
nist at glycine receptors.

l Effects: Ingestion may cause restlessness, anxiety, hyper-
reflexia, and opisthotonus in severe cases.

l Scientific Name: Aethusa cynapium
l Common Name: Fool’s parsley
l Toxins: Polyynes (e.g., aethusin) and flavone glycosides

(e.g., narcissine or lycorine) are found in the entire plant.
The plant resembles parsley, hence the name fool’s parsley.

l Chemical Abstracts Service Registry Numbers: 463-34-3
(aethusin); 476-28-8 (narcissine)

l Molecular Formulas: C13H14 (aethusin); C16H17NO4

(narcissine)
l Chemical Structures:
Aethusin
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l Mechanism of Action: Unspecified
l Effects: Ingestion may cause nausea, vomiting, salivation,

diaphoresis, trismus, and generalized seizures, which may
result in death.

l Scientific Name: Calycanthus floridus
l Common Name: Carolina sweetshrub
l Toxin: The primary toxin is calycanthine, an alkaloid, which

is present in the seeds and resembles strychnine.
l Chemical Abstracts Service Registry Number: 595-05-1
l Molecular Formula: C22H26N4

l Chemical Structure:
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l Mechanism of Action: Calycanthine interacts with L-type
calcium channels and inhibits the release of g-amino-
butyric acid (GABA); it also inhibits GABA-mediated chlo-
ride currents at GABAA receptors.

l Effects: Ingestion may cause strychnine-like convulsions.
l Scientific Name: Cicuta maculata
l Common Name: Spotted water hemlock
l Toxin: The primary toxin is cicutoxin, a highly unsaturated

higher alcohol, which is present in the entire plant. The
roots are particularly poisonous.

l Chemical Abstracts Service Registry Number: 505-75-9
l Molecular Formula: C17H22O2

l Chemical Structure:
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l Mechanism of Action: Cicutoxin is a central cholinergic
stimulant.
l Effects: Ingestion may cause nausea, vomiting, salivation,
trismus, generalized seizures, and possibly death.

l Scientific Name: Coriaria myrtifolia
l Common Names: Redoul, Myrtle-leaved sumac
l Toxin: The primary toxin is coriamyrtine, which is concen-

trated in the berries.
l Chemical Abstracts Service Registry Number: 2571-86-0
l Molecular Formula: C15H18O5

l Chemical Structure:
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l Mechanism of Action: The toxin is a GABA antagonist.
l Effects: Ingestion of large quantities of the berries may cause

seizures.
l Scientific Name: Gelsemium sempervirens
l Common Names: Yellow jasmine, Carolina jasmine
l Toxin: The primary toxin is gelsemine, which is located

throughout the plant.
l Chemical Abstracts Service Registry Number: 509-15-9
l Molecular Formula: C20H22N2O2

l Chemical Structure:
CH3

CH2HN

N

O

O

l Mechanism of Action: Gelsemine is a competitive antago-
nist at glycine receptors.

l Effects: This substance is primarily ingested as a herbal
preparation. It may cause headache, visual disturbances,
dysphagia, and dysphonia. When ingested in large quanti-
ties, muscle weakness, jaw drop, and ptosis may occur,
along with spasms of the extremities similar to strychnine
poisoning.
Calcium Oxalate Crystals

l Scientific Name: Alocasia watsoniana
l Common Names: Elephant’s ear, Elephant ear
l Toxin: Needle-shaped crystals (i.e., raphides) of insol-

uble calcium oxalate, which are present throughout the
plant.

l Chemical Abstracts Service Registry Number: 563-72-4
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l Molecular Formula: C2H2O4Ca
l Chemical Structure:

O

O

O–

–O

Ca2+

l Mechanism of Action: The needle-shaped crystals penetrate
the oral mucosa.

l Effects: Ingestion may cause a painful burning sensation,
hoarseness, dysphonia, and dysphagia.
Nicotine and Nicotine-Like Alkaloids

l Scientific Name: Nicotiana tabacum
l Common Name: Tobacco
l Toxins: The primary toxin is nicotine, a highly toxic alka-

loid, which is present throughout the plant
l Chemical Abstracts Service Registry Number: 54-11-5
l Molecular Formula: C10H14N2

l Chemical Structure:
N

N

CH3

l Mechanism of Action: Nicotine is an agonist of ganglionic
(nicotinic) cholinergic receptors. It stimulates neurons and
may block synaptic transmission.

l Effects: Ingesting or handling the plant may cause hyper-
tension, large pupils, sweating, coma, and death due to
respiratory failure.

l Scientific Name: Conium maculatum
l Common Name: Poison hemlock
l Toxin: The primary toxin is coniine, a nicotine-like alkaloid,

which is present throughout the plant but especially in the
roots and seeds.

l Chemical Abstracts Service Registry Number: 458-88-8
l Molecular Formula: C8H17N
l Chemical Structure:

H
N CH3

l Mechanism of Action: Coniine, like nicotine, initially
stimulates but then depresses autonomic ganglia and has
a paralyzing effect on motor nerve endings.

l Effects: Ingestion may cause hypertension, large pupils,
sweating, coma, and death due to respiratory failure.
l Scientific Name: Gymnocladus dioicus
l Common Name: Kentucky coffee tree
l Toxin: The primary toxin is cytisine, a nicotine-like alkaloid,

which is located in the seeds and the surrounding green
pulp.

l Chemical Abstracts Service Registry Number: 485-35-8
l Molecular Formula: C11H14N2O
l Chemical Structure:
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l Mechanism of Action: Cytisine is a nicotinic receptor
agonist.

l Effects: Ingesting the pulp or chewed seeds may cause
hypertension, large pupils, sweating, coma, and death due
to respiratory failure.
Sodium Channel Activators

l Scientific Name: Aconitum napellus
l Common Name: Monkshood
l Toxin: The primary toxin is aconitine and is present

throughout the plant, with especially high levels in the
leaves and roots.

l Chemical Abstracts Service Registry Number: 302-27-2
l Molecular Formula: C34H47NO11

l Chemical Structure:
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l Mechanism of Action: Aconitine is a voltage-gated sodium
channel activator.

l Effects: Ingestionmay cause a transient burning sensation in
the mouth. Salivation, vomiting, and diarrhea may also
ensue, along with paresthesia, cardiac dysrhythmias,
convulsions, and possibly death.

l Scientific Name: Pieris floribunda
l Common Names: Lily-of-the-valley shrub, Mountain pieris
l Toxin: The primary toxin is grayanotoxin I, which is located

in the leaves and nectar.
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l Chemical Abstracts Service Registry Number: 4720-09-6
l Molecular Formula: C22H36O7

l Chemical Structure:
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l Mechanism of Action: Grayanotoxin I is a voltage-gated
sodium channel activator.

l Effects: Toxicity may occur from eating the leaves or honey
produced by nectar-consuming pollinators, e.g., honey
bees. The effects may include burning in the mouth,
increased salivation, diarrhea, cardiac dysrhythmias, coma,
convulsions, and death.
Cellular Respiration Toxins

l Scientific Name: Malus spp.
l Common Name: Apple tree(s)
l Toxins: The primary toxin is amygdalin, a cyanogenic

glycoside, which is located in the seeds.
l Chemical Abstracts Service Registry Number: 29883-15-6
l Molecular Formula: C20H27NO11

l Chemical Structure:
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l Mechanism of Action: Cyanide binds to the ferric form of
cytochrome oxidase, which blocks cellular respiration.

l Effects: The seeds must be chewed to release amygdalin,
which is hydrolyzed in the gastrointestinal tract to release
cyanide. Consumption of a large number of chewed seeds
may cause abdominal pain, sweating, convulsions, and
cardiovascular collapse.

l Scientific Name: Manihot esculenta
l Common Names: Cassava, Manioc
l Toxins: The primary toxins are the cyanogenic glycosides
linamarin and lotaustralin, which are concentrated in the
roots.

l Chemical Abstracts Service Registry Numbers: 554-35-8
(linamarin); 534-67-8 (lotaustralin)

l Molecular Formulas: C10H17NO6 (linamarin); C11H19NO6

(lotaustralin)
l Chemical Structures:
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l Mechanism of Action: Cyanide binds to the ferric form of
cytochrome oxidase, which blocks cellular respiration.

l Effects: Ingestion occurs primarily through consumption of
improperly processed cassava root. As with amygdalin,
linamarin and lotaustralin require hydrolysis in the gas-
trointestinal tract to release cyanide. Consumption of
improperly processed cassava root may cause abdominal
pain, sweating, convulsions, and cardiovascular collapse.

l Scientific Name: Prunus spp.
l Common Name: Apricot tree(s)
l Toxin: The primary toxin is amygdalin, which is located in

the apricot pit.
l Chemical Abstracts Service Registry Number: See

Malus spp.
l Molecular Formula: See Malus spp.
l Chemical Structure: See Malus spp.
l Mechanism of Action: See Malus spp.
l Effects: The pits must be crushed or pulverized to release

amygdalin. Consumption may cause abdominal pain,
sweating, convulsions, and cardiovascular collapse.
Cell Cycle Toxins

l Scientific Name: Catharanthus roseus
l Common Name: Madagascar periwinkle
l Toxin: The primary toxins are vinca alkaloids, such as

vincristine, which are present throughout the plant.
l Chemical Abstracts Service Registry Number: 57-22-7
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l Molecular Formula: C46H56N4O10

l Chemical Structure:
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l Mechanism of Action: Vincristine binds to tubulin and
prevents its polymerization intomicrotubules, which arrests
cell division.

l Effects: Ingestion may cause abdominal pain and severe
diarrhea with eventual peripheral neuropathy, bone
marrow suppression, and cardiovascular collapse.

l Scientific Name: Colchicum autumnale
l Common Names: Autumn crocus; Meadow saffron
l Toxin: The primary toxin is colchicine and is present the

plant.
l Chemical Abstracts Service Registry Number: 64-86-8
l Molecular Formula: C22H25NO6

l Chemical Structure:
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l Mechanism of Action: Colchicine, like vincristine, binds
tubulin and prevents microtubule formation.

l Effects: The toxin inhibits microtubule formation. Ingestion
may cause abdominal cramps and severe diarrhea, followed
by peripheral neuropathy, bone marrow suppression, and
cardiovascular collapse.
Protein Synthesis and Cell Membrane Toxins

l Scientific Name: Ricinus communis
l Common Name: Castor bean plant
l Toxin: The primary toxin is ricin, a type 2 ribosome-
inactivating protein, which is located in the seeds.

l Chemical Abstracts Service Registry Number:
9009-86-3

l Molecular Formula: Unspecified
l Chemical Structure: A heterodimeric protein with consisting

of a toxin A-chain (w32 kDa) linked to a toxin B-chain
(w34 kDa) by a disulfide bridge.

l Mechanism of Action: Ricin is a protein synthesis inhibitor.
The toxin A-chain is an N-glycosidase that irreversibly
inactivates the 28s rRNA subunit.

l Effects: Ingestion of intact seeds generally will not cause
toxicity. When the seeds are chewed or pulverized, ingestion
may cause nausea, vomiting, abdominal cramps, and
multisystem organ failure.

l Scientific Name: Abrus precatorius
l Common Name: Rosary pea
l Toxin: Abrin, a protein synthesis inhibitor, which is located

in the seeds. This toxin is more poisonous than ricin.
l Chemical Abstracts Service Registry Number: 1393-62-0
l Molecular Formula: Unspecified
l Chemical Structure: Abrin is structurally similar to ricin

and contains two disulfide-linked heterodimeric chains
(A and B).

l Mechanism of Action: As with ricin, the A-chain inactivates
the 28s rRNA subunit, thereby stopping protein synthesis.

l Effects: Ingestion of intact seeds may not cause toxicity;
however, ingestion of chewed seeds may cause gastrointes-
tinal toxicity, including vomiting, bloody diarrhea, and
multisystem organ failure.

l Scientific Name: Phoradendron serotinum
l Common Name: Eastern mistletoe
l Toxin: The primary toxin is phoratoxin, a small basic

protein, which is located throughout the plant.
l Chemical Abstracts Service Registry Number: 37339-68-7
l Molecular Formula: C203H329N65O63S6
l Chemical Structure: A small protein consisting of 46 amino

acids with six cysteines that form disulfide bonds.
l Mechanism of Action: Phoratoxin increases cell perme-

ability by disrupting the membrane.
l Effects: Ingestion may cause nausea, vomiting, abdominal

cramps, diarrhea, and in extreme cases multiple organ
system failure.

See also: Animals, Poisonous and Venomous; Atropine;
Belladonna Alkaloids; Bio Warfare and Terrorism: Toxins
and Other Mid-Spectrum Agents; Cannabinoids;
Cardiovascular System; Colchicine; Coniine; Cyanide;
Developmental Toxicology; Digitalis Glycosides; Echinacea;
Ephedra; Ergot; Estrogens III: Phytoestrogens and
Mycoestrogens; Gastrointestinal System; Mechanisms of
Toxicity; Mode of Action; Natural Products; Neurotoxicity;
Nicotine; Notorious Poisoners and Poisoning Cases;
Nutmeg; Oleander; Opium and the Constituent Opiates;
Plants, Poisonous (Animals); Poisoning Emergencies in
Humans; Pyrrolizidine Alkaloids; Red Squill; Rotenone;
Ricin and Other Toxalbumins; St. John’s Wort; Strychnine;
Tobacco; Toxicity, Acute; Toxicity, Subchronic and Chronic;
Yohimbine.
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l Chemical Abstracts Service Registry Number: 7440-06-4
l Synonyms: cis-Dichlorodiammine platinum (cisplatin),

cis-Platinum chloride, Potassium chloropaletinite
l Molecular Formula: Pt2þ, Pt4þ
Background

Platinum’s abundance in the earth’s crust is w0.01 ppm. Plat-
inum has been known since ancient times and is very resistant
to corrosion. The name is derived from the Spanish ‘platina,’
meaning ‘little silver.’ Platinum is mainly found in sulfide and
arsenide minerals as sperrylite PtAs2, cooperite (Pt,Pd)S, and
braggite (Pt,Pd,Ni)S; it usually occurs together with other plat-
inum-group metals (PGM). In 2000, there were 365 tons of
platinum-groupmetals in world production,mainly deposits in
the Republic of South Africa, Russia, Canada, and the United
States.
Uses

Platinum and its alloys are used in jewelry, dentistry, the
chemical industry, and the electrical industry. Pure platinum
and its alloys are used to produce special-purpose chemical
apparatus, laboratory equipment (crucibles, evaporating dishes,
platinum wire nets, and electrodes), spinning dies for spinning
chemical and glassfibers, and electric contacts.Most automobile
catalytic converters contain platinum. Certain platinum com-
pounds that have the cis configuration and can combine with
DNA are useful therapeutic agents for many cancers that do not
respond readily to conventional chemotherapy (especially
testicular, ovarian, bladder, prostate, and thyroid cancers).
Testicular cancer, which was once always fatal, now responds to
platinum-containing drugs. Platinum in the automotive
industry accounts for 80% of industrial usage. Some complex
compounds, such as cisplatinum or carboplatinum, are used as
drugs in the treatment of cancer, mainly cancer of ovary, testis,
lungs, bladder, and Hodgkin’s disease.
Environmental Fate and Behavior

Inhalation of industrial platinum compounds may be
a problem. The general population is exposed to platinum by
the dermal route, especially from jewelry. The oral route is not
significant because the absorption is very poor.

Platinum can enter the environment through automobile
emissions from the platinum-containing catalytic converter.
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Relatively high levels of platinum can be found along con-
gested roadways. A number of chemotherapeutic agents
contain platinum and thus their disposal can lead to environ-
mental contamination. In industrialized regions, relatively
high concentrations can be found in waterway sediments.
Organic matter binds to the metal. In soil, mobility depends on
pH, redox potential, and chloride concentration. Platinum will
likely only mobilize under highly acidic conditions or in soil
water with high chloride content. Some platinum (IV)
complexes, in the presence of platinum (II), may undergo
methylation by microorganisms.
Exposure and Exposure Monitoring

Exposure to platinum compounds refers primarily to the occu-
pational environment and may occur during platinum ore
mining, refining, and processing, and also during production and
application of drugs. Generally speaking, metallic platinum is
nontoxic, but allergic contact dermatitis may occur in over-
sensitive people.Occupational exposure to platinumcompounds
is a recognized cause of allergic reactions of the skin and respira-
tory system. Hypersensitivity symptoms include urticaria, eczema
and lacrimation, eyes burning, rhinitis, coughing, tight thorax,
wheezing, and shallow breath. No reports on other harmful
health effects of occupational exposure to metallic platinum
and its insoluble compounds are available in the literature.

Data on environmental platinum concentrations are limited,
because the concentrations are so low that it is difficult to deter-
mine those using currently available analytical methods.
Toxicokinetics

Following inhalation, lung clearance of platinum metal is very
slow. Approximately 1 week following ingestion of platinum-
containing water, platinum is found in the kidneys and liver.
Following injection of the cancer chemotherapeutic agent,
cisplatin, platinum is found mainly in the gonads. In autopsy
specimens, platinum is found in adipose tissue. Serum creati-
nine levels correlate with cis-platinum doses. Most platinum is
excreted in the feces.
Mechanism of Toxicity

While the metal itself is systemically of little concern, its salts
are very toxic. The cis-platinum compounds can react with
disulfides and amino groups and form adducts with some
4-3.00908-8 979
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bases in nucleic acids. Platinum compounds inhibit a few
enzymes, including leucine aminopeptidase, and the hydrog-
enases of malate, alcohol, and lactate. Cisplatin can form
crosslinks between strands of DNA.
Acute and Short-Term Toxicity (or Exposure)

Animal

The oral LD50 for platinum chloride in rats is>3 g kg�1 and the
intraperitoneal LD50 is >200 mg kg�1. The oral and intraperi-
toneal LD50 for cisplatin in rats is considerably lower (25 and
7 mg kg�1, respectively). Degenerative changes in proximal
tubules including vacuolization and tubular dilation are noted
within 5 days of a nephrotoxic dose of cisplatin in rats. A single
exposure to cisplatin may lead to ototoxicity. Platinum is
a dermal and pulmonary sensitizer.
Human

Inhalation of platinum dusts produces a pneumonitis charac-
terized by coughing, wheezing, shortness of breath, and an
asthma-like action. In some cases, cyanosis develops. Skin
contact with various salts of platinum (especially the chlorides)
can cause allergic dermatitis, characterized by eczematous
patches. Type I hypersensitivity can be induced easily. Often
the toxicity is not due to platinum itself but to its complexion
with tissues. Exposure to salts can lead to cyanosis and
lymphocytosis.
Chronic Toxicity (or Exposure)

Animal

Administered subcutaneously, local tumors appear. Rat (oral)
TDLo is 9100 mg kg�1, 26 weeks. Rats repeatedly treated with
cisplatin (2 mg kg�1 twice a week for 4 weeks) exhibited
neurophysiological and morphological indicators of peripheral
neuropathy.
Human

Platinum salts (such as cisplatinum) produce a variety of
serious side effects. They tend to deposit platinum in the cor-
ticomedullary area of the kidney and thus cause gastrointes-
tinal upset (e.g., severe nausea and vomiting), nephrotoxicity
(injuring both proximal and distal tubes), and blood changes
(e.g., hypomagnesemia, leukopenia, and thrombocytopenia).
Ototoxicity (e.g., tinnitus and hearing loss), peripheral
neuropathy, and allergic reactions are also reported.
Immunotoxicity

Metallic platinum seems to be nonallergic. However, haloge-
nated platinum salts, such as potassium tetracholoroplatinate
(II) and potassium hexachloroplaniate (IV), are very strong
sensitizers.

The immunogenic activity of halogenated platinum
compounds was assessed by various tests, such as passive
cutaneous anaphylaxis test (PCA), radioallergosorbent test
(RAST), popliteal lymphatic node test (PLN), local lymphatic
node assay (LLNA), and guinea pig maximization test (GMT)
on various animal species (rats, mice, and guinea pigs) using
various routes of administration.

Studies on the differences in the intensity of response to
hexachloroplatinates between various varieties of mice using
the PLN test showed no reaction in the mice without
lymphocytes T. A dose-dependent activation of the node
(increased cell mass and count) was observed in mice. The
highest intensity of the symptoms was observed at 2–4mg kg�1

body weight.
Reproductive Toxicity

Reports from experiments on the effect ofmetallic platinumand
its compound on reproduction or its embryotoxic and terato-
genic properties are limited. An 83% reduction in the number of
implantation sites was found to occur in female rats after plat-
inum wire had been placed in the uterus 3 days after the fertil-
ization. A similar, 37% reduction in the number of implanted
ovuli was found in female rabbits after platinum leaf had been
placed in the uterus.Whenmetallic platinumPtþwas givenwith
food to female Spraque–Dawley rats during 4 weeks and up to
day 20 of gestation of 0.1, 0.4, 1.0, 50, and 100mg Pt kg�1 food,
neither mean (wet) weight of fetuses nor the mean number of
normal resorbed fetuses was dependent on mother’s platinum
intake.
Genotoxicity

No data have been found in the literature concerning the
genotoxic activity of platinum metal. The majority of the data
on genotoxicity of platinum salts has been obtained from
in vitro studies and data from in vivo studies are not available.
Platinum salts, such as platinum (IV) chloride or platinum (IV)
sulfate showed mutagenic activity in several tests with bacteria,
yeast, Chinese hamster, and mouse lymphoma.

Nomutagenic activity of potassium (II) tetrachloroplatinate
was observed in the Drosophila melanogaster recessive lethal
mutations test or in the rest of micronucleated erythrocyte
induction in mouse bone marrow.
Carcinogenicity

No reports are available in literature from the experimental
tests of the carcinogenic activity of platinum and its
compounds, except for cisplatinum and some other
compounds of similar structure.
Clinical Management

Symptoms of platinum inhalation usually abate soon after
terminating exposure. Dermal exposure should be treated by
washing the affected area immediately after exposure. To
prevent skin allergic responses to platinum, it is best to control
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platinum dusts in the environment. The toxicity of the
chemotherapeutic agent, cisplatin, can be reduced by prehy-
dration using copious amounts of fluids.

Plasmapheresis has been effective in lowering platinum
concentrations in a few cases of severe chemotherapy overdoses.

Ecotoxicology

Growth of the green alga Euglena gracilis was inhibited by hex-
achloroplatinic acid (250, 500, and 750 mg l�1). Cisplatin
inhibited growth in water hyacinth at 2.5 mg l�1. The 3 week
LC50 for hexachloroplatinic acid (H2[PtCl6]) in Daphniamagna
was 520 mg l�1. Reproductionwas impaired at 14 and 82 mg l�1.
LC50 values (24, 48, and 96 h) for tetrachloroplatinic acid
(H2[PtCl4]) in the Coho salmon were 15.5, 5.2, and 2.5 mg l�1,
respectively. Swimming behavior was affected at 0.3 mg l�1.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value–time-weighted average is
1 mg m�3 for elemental platinum and 0.002 mg m�3 for
soluble salts as platinum. The IPCS documents suggest that
short-lasting exposures to high platinum salt concentrations
may constitute a serious problem due to allergies. As
unequivocal proof for the relationship between the intensity of
the exposure and the development of allergies is not available,
it does not seem reasonable to reduce the TLV–TWA value.

See also: Kidney; Metals.
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l Name: Plutonium
l Chemical Abstracts Service Registry Number: 7440-07-5
l Synonyms: Plutoniumoxide, Plutoniumdioxide, Plutonium

nitride, Plutonium tetrafluoride, Plutonium hexafluoride
l Molecular Formula: Pu
Background

Plutonium was first isolated and produced in 1941 at the
University of California-Berkeley, by nuclear chemist Glenn T.
Seaborg and his colleagues, Joseph W. Kennedy, Edwin M.
McMillan, and Arthur C. Wahl. Minute amounts of plutonium
exist naturally, but large amounts are produced in nuclear
reactors when uranium absorbs an atomic particle such as a
neutron.

Natural occurrences of plutonium are very rare, but it can
occur in a reaction called spontaneous fission. This type of
reaction occurs when ores of uranium with a high localized
concentration decay in the right conditions and produce small
amounts of plutonium. Synthetic plutonium is produced in
a controlled nuclear reactor when uranium-238 absorbs
a neutron and becomes uranium-239, ultimately decaying to
plutonium-239. Plutonium has at least 15 different isotopes.
Different isotopes of uranium and different combinations of
neutron absorption and radioactive decay create the different
isotopes of plutonium. Plutonium was discovered during
wartime; therefore, the majority of plutonium production was
for nuclear weapons. Other plutonium applications range from
being energy sources on deep space probes to small amounts
providing power to heart pacemakers.
Uses

The principal plutonium isotopes, 239Pu and 240Pu, were
produced as ingredients for nuclear weapons. It is estimated
that the United States produced 400 kCi of plutonium for
nuclear weapons testing, and approximately 325 kCi was
dispersed globally into the environment from conducted
aboveground tests. Overall, an estimated 500 aboveground
nuclear tests were conducted between 1945 and 1963 by the
Soviet Union, Britain, France, and the United States. From these
tests, it is estimated 100 000 kCi of plutonium were dispersed
into the environment.

Applications for 238Pu include using it as a heat source for
thermoelectric power devices. Radioisotope thermoelectric
generators (RTGs) have been used to provide a source of power
in remote locations, such as deep space probes. This plutonium
isotope generates a large amount of heat through its decay
process. The generated heat is converted into electric power via
a thermocouple in the RTG. Small-scale application of 238Pu is
also used to provide power to heart pacemakers. The concept
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behind the use of this material is a result of the half-life of the
isotope, since its half-life is extremely long, changing out the
power source is not necessary.
Environmental Fate and Behavior

Plutonium was dispersed in the environment by fallout from
aboveground weapons testing that occurred from the 1940s
through the 1960s. Approximately one-fifth of the plutonium
fallout from a nuclear weapons test remained on the test site.
The remaining plutonium fallout was released into the atmo-
sphere, absorbed to particulate matter, and transported back to
the surface by either dry or wet deposition. Additional releases
can be traced to accidental reactor effluent releases, improper
disposal of radioactive waste, and military accidents. Each
release directly introduced plutonium into the ecosystem,
where it has stayed.

Plutonium and its isotopes have relatively long half-lives.
The most common plutonium isotopes are 238Pu, 239Pu,
and 240Pu. The decay process for each of these varies, and all
are extremely long in duration. 238Pu (the principal isotope
for satellites) has a half-life of 87.7 years, 239Pu (a principal
isotope for nuclear weapons) has a half-life of 24 100 years,
and 240Pu has a half-life of 6560 years. Plutonium undergoes
a change in form through radioactive decay. As each of these
isotopes decay, they release energy and form a new product.
The energy being released is referred to as radiation. Pluto-
nium reactions in the environment are either oxidative or
reductive reactions. Plutonium can be found in five different
oxidations states: plutonium(III), plutonium(IV), pluto-
nium(V), plutonium(VI), and plutonium(VII).

Most atmospheric and underwater nuclear weapons
testing were stopped by the Partial Test Ban Treaty of 1963.
The treaty did not cease the testing of nuclear weapons, it
only banned testing aboveground, and the testing continued
underground until the 1980s. Although the move to test
underground was to reduce the release of plutonium into
the environment, releases still occurred via test venting.
Plutonium can migrate vertically at various rates depending
on meteorological conditions, the form of plutonium as it
enters the environment, and human activity. However,
almost all plutonium introduced into the environment can
be found in the surface soil. Soil particles are the primary
mode of distribution. Plutonium compounds are ionic and
will not volatilize from the soil. Surface soils contaminated
with plutonium have been known to resuspend in the
atmosphere via fugitive dust emissions, causing it to be
rereleased into the environment. Parameters such as particle
size, presence of organic substances, and soil pH can
influence the distribution of the plutonium isotopes in
the soil and sediment. It has been documented in arctic
surface sediment studies that the partition coefficients (Kd)
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00049-X
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for 239,240Pu range from 8 � 10þ4 to 1.5 � 10þ5. Plutonium
fallout from the atmosphere can be deposited as insoluble
dioxide. This is an important factor since microorganisms
can change the oxidation state of plutonium, potentially
causing it to increase or decrease in solubility. But micro-
organism changes occur only in a small fraction of the
plutonium released into the environment and this is based
on the released plutonium form. If the plutonium does
enter the soluble phase, it can become available for plant
uptake. Studies have shown that the plutonium(IV) oxida-
tion state is able to hydrolyze in the environment, and
plants can readily uptake the contaminant.

Atmospheric plutonium fallout can reach surface water
and settle in the sediment under the water. The long half-
lives of plutonium isotopes allow for contaminated sedi-
ment to act as a repository, and eventually the contaminants
can resuspend in the water column, reintroducing them into
the environment. How plutonium in surface water acts is
dependent on the oxidation state of the released plutonium
and the nature of the suspended particulates in the envi-
ronment. It has been reported that plutonium in water with
suspended solids have Kd values ranging from 1 � 10þ5 to
7 � 10þ5. It was also reported that plutonium with colloidal
materials can be mobile in groundwater systems over long
distances. Plutonium(III) and plutonium(IV) are considered to
be reduced forms of plutonium, while plutonium(V) and
plutonium(VI) are oxidized forms. The primary oxidative state
of plutonium in the environment is plutonium(IV).
Exposure and Exposure Monitoring

The primary introduction source of plutonium to the envi-
ronment is via releases by human action. It has been estab-
lished that plutonium occurs naturally in the environment;
however, the levels of plutonium released during nuclear
weapons testing are the primary contributor to 238Pu and 240Pu
in the environment. An estimated 500 aboveground nuclear
weapons tests occurred worldwide. The fallout from these
tests introduced enormous amounts of plutonium into the
environment.

The general population will have some exposure to pluto-
nium compounds from the nuclear testing fallout. Occupa-
tional exposure to plutonium compounds can occur at facilities
that use plutonium or uranium. When plutonium decays, it
emits alpha particles, with the exception of 241Pu, which emits
beta particles. The alpha particles do not pose a large threat to
external exposure. Alpha particles are highly ionizing and can
be damaging. Alpha particles can travel only short distances
and cannot penetrate the skin. Plutonium exposure to the
public will most likely be via inhalation or ingestion. Although
the injection route of exposure to humans has been recorded in
occupational settings, it is highly unlikely to occur to the
general public.

Damage to the human body from inhaled plutonium is
dependent on the plutonium particle size, the compound
that is inhaled, and retention time in the tissue that was
exposed. Forms that dissolve easily can be absorbed into
other parts of the body or can remain in the lungs for long
durations.
Toxicokinetics

Various factors influence the behavior of plutonium in bio-
logical systems. The isotope type is a key factor in determining
how plutonium will react. Particle size and chemical form
(degree of solubility) will contribute in determining the
transport and distribution of plutonium in a system.

Inhaled plutonium exposures are eliminated/transported
via three different routes: (1) bronchial transport to the
gastrointestinal tract and excretion in the urine and feces; (2)
transport to the lymph nodes; and (3) absorption by blood or
lymph nodes and transport to other tissues. Some of the
inhaled plutonium will be excreted in feces and urine within
the first few days and weeks after exposure. If the plutonium
particles become deposited in the lungs, the retention half-life
can range from months up to 20 years. Elimination of ingested
plutonium is primarily via feces. Studies have shown that
plutonium absorbed from the gastrointestinal tract is distrib-
uted to the liver and skeleton and is retained for long durations.
An occupational case study reported postmortem measure-
ments of 239Pu levels in the tissue 17 years after exposure. The
results showed that the liver contained approximately 41% of
the body burden and the skeleton contained 49% of the body
burden. Injection exposure to the skin can result in a systemic
absorption of plutonium. There is little absorption of pluto-
nium through intact skin.
Mechanism of Toxicity

The toxicity of plutonium is based on the radiation emitted
during the exposure and radiological decay of the plutonium
isotope. Radiation emitted by plutonium can have many
different mechanistic impacts on cells, including ionization
and destruction of cell constituents that can result in a variety of
effects ranging from cell death with/without regeneration to
cells growing out of control if the DNA damage resulting is not
arrested by normal healthy body repair mechanisms. Addi-
tional factors of toxicity include the radiosensitivity of the
tissue exposed and the retention time. Tissues that undergo
rapid cell regeneration are more sensitive than slower or non-
regenerating cells.
Acute and Short-Term Toxicity

Acute exposures to plutonium could exist at hazardous waste
sites or at accidental spill sites. A substantial amount of data
has been collected from animal studies with single high dose
exposure. Results indicate that a single high dose of inhaled
plutonium targets the lungs and a single high dose of ingested
exposure targets the gastrointestinal tract. Kinetic studies indi-
cate that both routes lead to other organ and skeletal exposures.
Animals exposed via inhalation have developed pneumonitis,
fibrosis, metaplasia, cancer, and death. In a beagle dog study,
with exposure to plutonium aerosols at levels resulting in an
initial lung burden of �1 kBq kg�1 of body weight, animals
displayed decreased survival rates. The deaths that occurred
early in the study were attributed to radiation pneumonitis.
Extrapolating from dog studies, inhalation of 100 mg of
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plutonium could cause death in humans within a week from
acute respiratory failure. Fatal pulmonary fibrosis could occur
within months if exposed to as little as 3 mg of plutonium.
Chronic Toxicity

The long retention time of plutonium in a biological system
produces a chronic radiation dosing for the system that retains
the plutonium. Epidemiological studies of occupational inha-
lation exposures to plutonium have observed endpoints such
as mortality and cancer. These studies provide strong evidence
for an association between cancer mortality and exposure to
plutonium. In 1948, the former Soviet Union began to produce
plutonium at its Mayak facility. During its operation at the
Mayak facility, cohorts had relatively high occupational expo-
sure levels to plutonium. The epidemiological studies that were
collected from the facility provided the evidence needed to link
cancer mortality and exposure to plutonium. In a liver cancer
mortality study, a cohort of 11 000 Mayak workers had an
estimated mean plutonium body burden of 3.78 kBq in males
and 6.05 kBq in females. The absorbed radiation doses to liver
were 0.47 Gy in males and 0.88 Gy in females. Using a model
in which liver cancer risk was treated as a quadratic function of
plutonium body burden, the relative risk for liver cancer for the
study was estimated to be 17 with plutonium body burdens
>7.4 kBq. Risk of bone cancer mortality was estimated to be 7.9
with plutonium body burdens >7.4 kBq.
Immunotoxicity

Inhaled plutonium exposures are excreted/transported to
various endpoints, including transport to the lymph nodes.
This deposition of alpha-emitting particles could lead to
secondary damage to the lymph nodes and ultimately damage
the lymphatic system. There are no human cases with statisti-
cally significant data correlating mortality rates from adverse
immunological effects associated to plutonium exposures.
Reproductive Toxicity

There are no reproductive toxicity data available in humans or
animals exposed to plutonium via inhalation, ingestion, or
dermal. There are several animal injection studies indicating
a potential for adverse effects from plutonium exposure. In an
animal study administering a single injection of a high dose of
plutonium, subjects displayed an increased incidence of fetal
death that was attributed to dominant lethality. There are no
developmental toxicity data available in humans or animals
exposed to plutonium via inhalation, ingestion, or dermal.
Genotoxicity

Epidemiological and animal studies have provided combined
evidence that plutonium is genotoxic. Cases of occupational
exposure to plutonium have provided some evidence that
there is a dose-related increase in chromosomal aberrations.
At the Mayak plutonium facility in Russia, workers with esti-
mated plutonium body burdens as high as 15.5 kBq were
reported to have increased frequencies of chromosomal aber-
rations in peripheral blood lymphocytes. These aberrations
continued to occur years after the exposures. Workers at a US
plutonium production facility also displayed an increased
frequency of chromosomal aberrations. Their internal pluto-
nium burdens were greater than 740 Bq. In the United
Kingdom, increased chromosomal aberrations were observed
in occupational cases where body burdens ranged from 0.78 to
1.5 kBq. The primary routes of exposure in these cases were
through wounds, punctures, or abrasions.

Animal studies confirm the evidence observed in the occu-
pational exposures. Increased chromosomal aberrations were
observed 24 h after plutonium exposure in lung cells of Syrian
hamsters. The initial lung burden of the hamsters was
approximately 5.18 kBq. Rhesus monkeys were exposed to
plutonium dioxide at levels that resulted in lung burdens of
1.9–19 kBq kg�1 body weight. Increases in chromosomal
aberrations in blood lymphocytes were observed in the high-
exposure group and not in the lower groups.
Carcinogenicity

Based on the epidemiological studies of occupational expo-
sures, the International Agency for Research on Cancer (IARC)
classified plutonium to be carcinogenic to humans (Group 1).
According to the IARC, inhalation of 239Pu aerosols can cause
lung cancer, liver cancer, and bone sarcoma. The US Environ-
mental Protection Agency (EPA) Office of Air and Radiation
has assigned all radionuclides as known carcinogens (Group
A). The data from epidemiological studies are from occupa-
tional exposures that occurred at plutonium production or
processing facilities in Russia, the United States, and the United
Kingdom. Of these facilities, the exposure to plutonium for
workers at the Russian facility far exceeded those at the other
facilities. For the 11 000 monitored workers of the Mayak
facility hired before 1959, the mean cumulative external dose
was 1.2 Gy. For workers hired from 1948 to 1958, the number
of lung cancer deaths observed was 105. Expected lung cancer
numbers calculated from national statistics and the internal
control groups were 42.18 and 40.67, respectively. The risk for
lung cancer increases with the total dose of alpha particles
deposited in the lungs.
Clinical Management

Clinical management has shown to be effective in reducing
the intake to plutonium exposures if administered in a timely
manner. Treatments using chelators have had positive
results, particularly using calcium and zinc diethylamine-
triaminepentaacetic acid (Ca-DTPA and Zn-DTPA). These
chelating agents have demonstrated successful removal of
soluble forms of plutonium via urinary excretion. In an acci-
dental occupational exposure case, a worker with a puncture
wound to his right hand received an initial deposit of 48 kBq of
239 þ 240Pu and americium-241. Within 90 min of the expo-
sure, the worker was administered 1 g of Ca-DTPA. In addition
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to his initial dose of Ca-DTPA, the worker received 164
Zn-DTPA chelation treatments (over 17 months) and two
surgeries excising the tissue surrounding the puncture wound.
The combined surgeries reduced the residual wound activity to
5.4 kBq and the chelation therapy resulted in urinary excretion
of about 7 kBq.

In the event of accidental dermal and wound exposure,
topical applications of DTPA solution have been successful for
removing plutonium. In rare cases involving relatively high
lung exposures to insoluble plutonium compounds, pulmo-
nary lavage treatments have been used. Based on animal
experiments, DTPA aerosols would form stable complexes with
inhaled soluble plutonium in the lungs.
Ecotoxicology

The persistence of plutonium in the environment is well
documented. Plutonium released from atmospheric fallout
absorbs to particulate matter and is transported back to Earth
by either wet or dry deposition. In soil surfaces, the average
plutonium levels from fallout range from 0.01 to 0.1 pCi g�1 of
soil. The concentrations (239Pu) in air range from 1.6� 10�6 to
3.8 � 10�6 pCi m�3.

Plutonium can be taken up from an environmental media
and into plants and animals if the plutonium is in a soluble
form. In an orange tree study, 238Pu was dispersed onto the
leaves and surface soil. The plutonium remained on the foliage
and no measurable quantities were transferred to the fruit. In
vegetable crops grown at the US Oak Ridge National Labora-
tory, the plutonium concentrations were higher in the foliage
than in the fruit. Researches found that peeling the fruit
removed 99% of the residual plutonium.

Plutonium has been found to bioaccumulate in aquatic
organisms, specifically in the bones of fish rather than in the
muscle tissue. Data show that the bioaccumulation occurs in
aquatic organisms at the lower end of the food chain. In
a juvenile lobster study, whole-body concentration factors did
not exceed 250 over a period of 49 days in seawater containing
237Pu. The 237Pu was predominately found in the gills and
exoskeleton of the lobsters. Fish eggs developing in a natural
aquatic system contaminated with plutonium did not receive
a significant radiation dose from the alpha particles.
Exposure Standards and Guidelines (120 n-236)

The basic principle of ‘as low as reasonably achievable’
(ALARA) is used as the foundation for protection from all
potential radiation exposures. Regulatory limits and guidelines
are meant as upper limit exposures, as ALARA states radiation
exposure should be kept as low as possible.
The International Commission on Radiological Protection
(ICRP) has an annual occupation exposure limit to plutonium
and plutonium compounds of 5 rem per year. In addition to
the occupation exposure guidance, the ICRP has issued
a general public short-term exposure of 0.5 rem per year and
a chronic exposure of 0.1 rem per year. The US National
Institute for Occupational Safety and Health does not have an
exposure limit for plutonium.

The US EPA National Primary Drinking Water Regulations
has a maximum contaminant level (MCL) of 15 pCi l�1 for
alpha particles. An MCL is the highest level of contaminant
allowed in drinking water and is an enforceable standard. In
addition to the MCL, the US EPA has a maximum contaminant
level goal (a non-enforceable public health goal) of zero. The
US EPA national emission standard for emissions of radionu-
clides (other than radon) from US Department of Energy
facilities is 10 mrem per year

The US Food and Drug Administration has guidance levels
for radionuclide activity concentrations for domestic food in
interstate commerce or food offered for import in the United
States. These guidance levels are called derived intervention
levels (DILs), and the DIL for plutonium is 2 Bq kg�1.

See also: Radiation Toxicology, Ionizing and Nonionizing;
Uranium; Chernobyl.
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Introduction

Poisoning emergencies are a common occurrence. In 2010, the
American Association of Poison Control Centers reported
2 384 825 toxic exposures and 1146 resultant fatalities. Of
these total exposures, 601 197 (25.2%) were managed in
a health care facility and 97 650 were admitted to a critical care
unit (4.1%). Thorough evaluation, adequate supportive care,
and the use of a few specific antidotes have resulted in lowered
morbidity and mortality if the poisoned patient arrives at the
hospital in time for the health care team to intervene.

Poisonings are among the most preventable public health
problems. The majority of exposures are accidental and occur
in children under 6 years of age. However, poisoning exposures
are not limited to children and occur during every decade of
life. Children aged 18–36 months are at the greatest risk due to
excessive hand-to-mouth behavior and their innate curiosity,
which results in extensive exploration of their environment.
Carelessness by guardians and the lack of adult awareness
about what constitutes a poison also contributes to the risk of
childhood exposure. Childhood exposures are largely
preventable by recognizing the toxic potential of medications,
herbals, household products, cosmetics, and plants and by
keeping these agents out of the reach of children. To further
reduce risk, homes should keep readily available the number of
the local poison center. In the United States, all citizens can dial
the toll free number 1-800-222-1222 to reach their local
poison center.

Poisonings in adults have become more prominent in the
last decade. There were 36 450 deaths attributed to drug
overdose in the United States in 2008 for a rate of 11.9 per
100 000 population. Opioid pain relievers were involved in
over 70% of these fatalities and increasing rates of prescription
of these substances throughout the 1990s and early 2000s
coincided with a steady increase in poisoning-related fatalities
in adults in the United States and in other Western countries. In
fact, drug overdose is now the number one cause of accidental
death in certain age groups (35–54 years of age) in the United
States, eclipsing motor vehicle accidents in many states in the
last few years.
Resuscitation/Initial Management

The initial approach for evaluating the critically poisoned
patient centers on thorough assessment, appropriate stabiliza-
tion, and supportive care. It is important to consider a broad
differential diagnosis that includes both toxicological and non-
toxicological emergencies to avoid ignoring potentially serious
conditions. For example, an obtunded patient who smells of
alcohol could also be harboring an intracranial hemorrhage
and an agitated patient believed to be anticholinergic may in
fact be encephalopathic due to a metabolic or infectious illness.
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Aggressive resuscitation is often required for the patient
presenting with a toxicologic emergency. This follows a stan-
dard ‘ABC’ approach with attention to ‘airway, breathing, and
circulation,’ respectively. The critically poisoned patient may
present with central nervous system depression or coma
necessitating intubation in order to adequately protect the
airway and reduce aspiration risk. Ventilatory drive may also be
impaired resulting in CO2 narcosis with subsequent acidosis
and mental status deterioration, which may further increase
risk for aspiration. Often this deterioration can be unrecog-
nized in the patient placed on high-flow oxygen because O2

saturation measures may remain adequate despite significant
ventilatory failure. In assessing and managing circulatory
status, appropriate intravenous access is essential. All severely
poisoned patients should have at least one large-bore periph-
eral intravenous catheter, and hypotensive patients should
have a second intravenous line placed in either the peripheral
or central circulation. Should vasopressor support be required,
attention should be given to the specific poison as the mech-
anism producing hypotension may help direct the vasopressor
selection. Agents with peripheral alpha-antagonism, such as the
atypical antipsychotic olanzapine, may respond well to direct
alpha stimulation with phenylephrine. Severe hypotension
from tricyclic antidepressants, believed to be in part caused by
depletion of biogenic amines, may respond to repletion with
a direct alpha-agonist such as norepinephrine when other
agents such as the mixed alpha-agonist dopamine have been
ineffective.
Diagnostic Approach

Toxidromes

Identification of signs and symptoms that define a specific
toxicologic syndrome, or ‘toxidrome,’may narrow a differential
diagnosis to a specific class of poisons. Descriptions of selected
toxidromes can be found in Table 1. Many toxidromes have
several overlapping features. For example, anticholinergic
findings are highly similar to sympathomimetic findings, with
one exception being the effects on sweat glands: anticholinergic
agents produce warm, flushed dry skin, while sympathomi-
metic produce diaphoresis. Toxidrome For example, tachy-
cardia associated with sympathomimetic or anticholinergic
toxidromes may be absent in a patient who is concurrently
taking beta-antagonist medications. Additionally, while toxi-
dromes may be applied to classes of drugs, some individual
agents within these classes may have one or more toxidrome
findings absent. For instance, meperidine is an opiate analgesic
but does not induce miosis that helps define the ‘classic’ opiate
toxidrome. When accurately identified, the toxidrome may
provide invaluable information for diagnosis and subsequent
treatment, although the many limitations impeding acute
toxidrome diagnosis must be carefully considered.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00772-7
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Table 1 Toxidromes

Selected toxidromes

Toxidrome Signs and symptoms Potential agent examples

Opioid Sedation, miosis, decreased bowel sounds, decreased
respirations

Codeine, fentanyl, heroin, hydrocodone, methadone, morphine,
oxycodone

Anticholinergic Mydriasis, dry skin, dry mucous membranes, decreased
bowel sounds, sedation, altered mental status,
hallucinations, urinary retention

Atropine, antihistamines, cyclic antidepressants, cyclobenzaprine,
phenothiazines, scopolamine

Sedative-hypnotic Sedation, decreased respirations, normal pupils, normal
vital signs

Benzodiazepines, barbiturates, zolpidem

Sympathomimetic Agitation, mydriasis, tachycardia, hypertension,
hyperthermia, diaphoresis

Amphetamines, cocaine, ephedrine, phencyclidine,
pseudoephedrine

Cholinergic Miosis, lacrimation, diaphoresis, bronchospasm,
bronchorrhea, vomiting, diarrhea, bradycardia

Organophosphates, carbamates, nerve agents

Serotonin syndrome Altered mental status, tachycardia, hypertension,
hyperreflexia, clonus, hyperthermia

Combinations or overdose of serotonergic agents (i.e., selective
serotonin reuptake inhibitors, dextromethorphan, meperidine)

Table 2 Causes of an elevated osmol gap

Toxic alcohols
Ethanol
Isopropanol
Methanol
Ethylene glycol

Drugs/Additives
Isoniazid
Mannitol
Propylene glycol
Glycerol
Osmotic contrast dyes

Other Chemicals
Ethyl ether
Acetone
Trichloroethane

Disease/illness
Chronic renal failure
Lactic acidosis
Diabetic ketoacidosis
Alcoholic ketoacidosis
Hyperlipidemia
Hyperproteinemia
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Laboratory Analysis

When evaluating the intoxicated patient, there is no substitute
for a thorough history and a physical exam. A clinical mystery
cannot be solved simply by sending samples to a laboratory
and expecting the correct diagnosis to appear on a computer
printout. Analytical capabilities vary significantly between
regional care facilities, which in turn may limit the time in
which results for analytical studies may be obtained. This
limits the use for direction of care in the acute setting. When
used appropriately, diagnostic tests may be of help in the
management of the intoxicated patient. In the case of a patient
whose history is generally unreliable or the case unresponsive
patient where no history is available, the clinician may gain
further clues as to the etiology of a poisoning by responsible
diagnostic testing. When a specific toxin or even class of toxins
is suspected, requesting qualitative or quantitative levels may
be appropriate if deemed necessary for diagnosis and
treatment.

An acetaminophen (paracetamol) level drawn after a single,
acute overdose is one of the few examples where a diagnostic
laboratory result independent of clinical findings can be used
to make treatment decisions. By considering previous pub-
lished studies, the authors recommended universal screening of
all intentional overdose patients for the presence of acet-
aminophen. Because products containing salicylates are readily
available, clinical effects of salicylate toxicity are nonspecific,
and a lack of metabolic acidosis does not rule out the potential
for salicylate toxicity, clinicians should have a low threshold for
also obtaining serum salicylate levels in potentially suicidal
toxic patients.

The serum osmol gap is a common laboratory test that may
be useful when evaluating poisoned patients. This test is most
often discussed in the context of evaluating a patient suspected
of toxic alcohol (e.g., ethylene glycol, methanol, and iso-
propanol) intoxication. Though this test may have utility in
such situations, it has many pitfalls and limitations which
inhibit its effectiveness. A calculated serum osmolarity (OsmC)
may be obtained by any of a number of equations, involving
the patient’s glucose, sodium, and urea, which contribute to
almost all of the normally measured osmolality. The most
commonly utilized equations in the United States and Europe
are noted:

OsmC [ 2½NaDðmEq lL1Þ� D ½BUNðmg dlL1Þ�=2:8
D ½glucoseðmg dlL1Þ�=18

or

OsmC [ 2½NaDðmEq lL1Þ� D ½BUNðmmol lL1Þ�
D ½Glucoseðmmol lL1Þ� D ½ethanolðmmol lL1Þ�

The difference between the measured (OsmM) and calcu-
lated (OsmC) is the osmol gap (OG): OG ¼ OsmM�OsmC. If
a significant osmol gap is discovered, the difference in the two
values may indicate the presence of foreign substances in the
blood. A list of possible causes of an elevated osmol gap is given
in Table 2. Traditionally, a normal gap has been defined as
�10 mOsm kg�1. However, what constitutes a normal osmol
gap is widely debated. There are several concerns in regard to
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utilizing the osmol gap technique as a screening tool in the
evaluation of the potentially toxic alcohol-poisoned patient. If
a patient’s ingestion of a toxic alcohol occurred at a time distant
from the actual blood sampling, the osmotically active parent
compound may have been metabolized to acidic metabolites.
The subsequent metabolites have no osmotic activity of their
own and hence no osmol gap will be detected. Therefore, it is
possible that a patient may present at a point after ingestion
with only a moderate rise in their osmol gap and anion gap.
Therefore, the osmol gap should be used with caution as an
adjunct to clinical decision-making and not as a primary
determinant to rule out toxic alcohol ingestion. A ‘normal’
osmol should be interpreted with caution; a negative studymay,
in fact, not rule out the presence of such an ingestion – the test
result must be interpreted within the context of the clinical
presentation. If such a poisoning is suspected, appropriate
therapy should be initiated presumptively (i.e., ethanol infu-
sion, 4-methyl-pyrazole, hemodialysis, etc.) while confirmation
from serum levels of the suspected toxin is pending.

Obtaining a basic metabolic panel in all poisoned patients is
generally recommended. When low serum bicarbonate is
discovered on ametabolic panel, the clinician should determine
if an elevated anion gap exists. The formula most commonly
used for the anion gap calculation is: [Naþ]–[Cl� þHCO3]. This
equation allows one to determine if serum electroneutrality is
being maintained. The primary cation (sodium) and anions
(chloride and bicarbonate) are represented in the equation.
There are other contributors to this equation that are ‘unmea-
sured.’ The normal range for this anion gap is accepted to be
8–12mEq l�1. Practically speaking, an increase in the anion gap
beyond an accepted normal range, accompanied by a metabolic
acidosis, represents an increase in unmeasured endogenous
(e.g., lactate) or exogenous (e.g., salicylates) anions. A list of the
more common causes of this phenomenon is organized in the
classic MUDILES pneumonic (Table 3). It is imperative that
clinicians who admit poisoned patients initially presenting with
an increased anion gap metabolic acidosis investigate the
etiology of that acidosis. Many symptomatic poisoned patients
may have an initial mild metabolic acidosis upon presentation
due to the processes resulting in the elevation of serum lactate.
However, with adequate supportive care, including hydration
and oxygenation, the anion gap acidosis should improve. If,
despite adequate supportive care, an anion gap metabolic
acidosis worsens or persists in a poisoned patient, the clinician
should consider either toxins that form acidic metabolites (i.e.,
ethylene glycol, methanol, or ibuprofen) or toxins that cause
lactic acidosis by interfering with aerobic energy production
(i.e., cyanide or iron).
Table 3 Potential toxic causes of increased anion gap metabolic
acidosis

Methanol
Uremia
Diabetic ketoacidosis
Iron, inhalants (i.e., carbon monoxide, cyanide, toluene), isoniazid,

ibuprofen
Lactic acidosis
Ethylene glycol, ethanol ketoacidosis
Salicylates, starvation ketoacidosis, sympathomimetics
Many clinicians regularly obtain urine drug screening
(UDS) on altered patients or on those suspected of ingestion.
Such routine urine drug testing, however, is of questionable
benefit for overdose and trauma in the emergency setting. Most
of the therapy is supportive and directed at the clinical scenario
(i.e., mental status, cardiovascular function, respiratory condi-
tion), and therefore the impact of such routine UDS is low.
Interpretation of the results can be difficult even when the
objective for ordering a comprehensive urine screen is
adequately defined. Agents with very short half-lives such as
gamma hydroxybutyrate (GHB) may be undetectable by
laboratory analysis even in the acute setting. In contrast, when
testing for agents with long half-lives, detection is possible but
acuity may be difficult to predict. Most assays rely on antibody
detection of drug metabolites. The issue here is that some drugs
remain positive days after use and thus if detected may not be
related to the patient’s current clinical picture. The positive
identification of drug metabolites is likewise influenced by
chronicity of ingestion, fat solubility, and co-ingestions.
Conversely, many drugs of abuse are not detected on most
urine drug screens, including GHB, fentanyl, and ketamine. The
utility of ordering urine drug screens is fraught with significant
testing limitations, including false-positive and false-negative
results. Urine drug immunoscreening assays utilize mono-
colonal antibodies to detect structural conformations found in
drugs belonging to a specific drug classes. Unfortunately, these
antibodies have variable sensitivity and specificity. Many
synthetic or designer drugs, of which an increasing number
have become available to the public over the past few years,
will not be detected on standard urine drug screens either.
Physicians need to be fully aware of the scope of drugs being
detected and the sensitivity and specificity for the tests they are
ordering. Many authors have shown that the test results rarely
affect management decisions.
Electrocardiogram

Electrocardiographic (ECG) changes in the poisoned patient
are commonly encountered. Despite the fact that medications
have widely varying indications for therapeutic use, many
unrelated drugs share common cardiac electrocardiographic
effects if taken in overdose. Toxins can be placed into broad
classes based on their electrocardiographic effects. The recog-
nition of specific ECG changes associated with other clinical
data (toxidromes) can lead clinicians to specific therapies that
can be potentially life saving. Therefore, all seriously poisoned
patients, particularly if exposure to one of these agents is sus-
pected, should have a minimum of an initial ECG. Repeat
ECGs and cardiac monitoring would also be recommended if
an ECG abnormality is identified or if the patient is at risk for
delayed toxicity.

Studies suggest that approximately 3% of all non cardiac
prescriptions are associated with the potential for QT prolon-
gation. This drug-induced QT prolongation may lead to poly-
morphic ventricular tachycardia, typically the Torsades de
Pointes variant. QT prolongation is considered to occur when
the QTc interval is greater than 440 ms in men and 460 ms in
women. The potential for an arrhythmia for a given QT interval
will vary depending on the specific drug. For example, ven-
lafaxine is associated with QT prolongation, but rarely causes
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Torsades due to venlafaxine-induced tachycardia. Sotalol,
however, induces bradycardia, which increases the risk of
Torsades. Toxins may also inhibit fast cardiac sodium channels
and thereby prolong the QRS complex. The Naþ channel
blockers can cause slowed intraventricular conduction, unidi-
rectional block, the development of a re-entrant circuit, and
a resulting ventricular tachycardia or ventricular fibrillation.
Myocardial Naþ channel blocking drugs comprise a diverse
group of pharmaceutical agents. There are multiple agents that
can result in human cardiotoxicity and subsequent ECG
changes that may be treated through the administration of
sodium bicarbonate. Physicians managing patients who have
taken overdoses of medications should be aware of the various
electrocardiographic changes that can potentially occur in the
overdose setting.
Table 4 Antidotes

Agent or clinical finding Antidote

Acetaminophen N-acetylcysteine
Benzodiazepines Flumazenil
Beta blockers Glucagon, hyperinsulinemia/euglycemia

therapy
Calcium channel

antagonists (CCA)
Calcium, hyperinsulinemia/euglycemia

therapy, 20% lipid emulsion
(for lipid soluble CCA)

Cardiac glycosides Digoxin immune Fab
Crotalid envenomation Crotalidae polyvalent immune Fab
Cyanide Hydroxocobalamin
Diphenhydramine Physostigmine
Ethylene glycol Fomepizole
Iron Deferoxamine
Isoniazid Pyridoxine
Methanol Fomepizole
Methemoglobinemia Methylene blue
Opioids Naloxone
Organophosphates 1. Atropine

2. Pralidoxime
Sulfonylureas Octreotide
Tricyclic antidepressants Sodium bicarbonate (cardiac)
Treatment Approach

Decontamination

Decontamination of the severely poisoned patient must be
performed only after careful consideration of the potential risks
and benefits of the decontamination procedure. Although
decontamination with ipecac, activated charcoal, gastric lavage,
and whole bowel irrigation was once common practice, the
American Academy of Clinical Toxicology and the European
Association of Poison Centers and Clinical Toxicologists
currently recommend more judicious use of these methods.

Syrup of ipecac is an agent that induces emesis through direct
irritant action on the stomach and central action at the chemo-
receptor trigger zone. Current recommendations discourage
routine use of ipecac due to lack of evidence indicating improved
outcomes. Risks include delayed administration of oral anti-
dotes and other decontamination products, aspiration, and
complications from prolonged emesis and retching.

Activated charcoal is an agent possessing a large surface area
that, when administered orally, absorbs ingested xenobiotics
within the gastrointestinal (GI) tract, thereby preventing
systemic absorption. Although it will adsorb most xenobiotics,
agents such as metals, ions, and alcohols do not bind to char-
coal. Charcoal is contraindicated in caustic ingestions because its
presence in the gastrointestinal tract severely limits early endo-
scopic evaluation of caustic injuries. Charcoal aspiration events
have been reported, and careful attention should be given to the
patient’s ability to protect the airway prior to administration. If
charcoal is to be administered by nasogastric tube, tube location
should be confirmed by chest radiography prior to administra-
tion. Additional complications such as bowel perforation or
obstruction following multidose charcoal administration have
also been reported. Overall, administration of activated charcoal
remains a useful decontamination technique for patients pre-
senting with early, potentially severe poisoning of absorbable
xenobiotics, provided risks are minimized.

Gastric lavage is the process of irrigating the gastric cavity to
remove recently ingested material. Although liquid agents may
be lavaged with a smaller diameter nasogastric tube, extraction
of pill fragments requires use of a large-bore tube (36–40
French). Large-bore tubing may be placed only via the oro-
gastric route to avoid trauma to the nasopharynx. Placement of
an orogastric tube is a distressing procedure to perform on an
awake patient and may be complicated by gagging and aspi-
ration. Other serious complications such as hypoxia, lar-
yngospasm, dysrhythmia, and perforation have been also been
reported. The procedure is contraindicated in cases of acid,
alkali, or hydrocarbon ingestion. Gastric lavage is not recom-
mended for routine use in the poisoned patient.

Whole bowel irrigation pertains to the administration of
a laxative agent such as polyethylene glycol to fully flush the
bowel of stool and unabsorbed xenobiotics. Whole bowel
irrigation is contraindicated in ileus, bowel obstruction or
perforation, and in patients with hemodynamic instability.
Although data are limited, whole bowel irrigation should be
considered for substantial ingestions of iron, sustained-release
products, enteric coated products, and symptomatic acute lead
toxicity with known lead particles in the GI tract.

In summary, although GI decontamination with activated
charcoal and whole bowel irrigation may be of benefit partic-
ularly in early acute poisonings, it should be attempted only
with careful consideration of the risks.
Antidotes

Although most poisonings are managed primarily with
appropriate supportive care, there are several specific antidote
agents that may be employed. Table 4 lists some of the more
common antidotes for specific poisonings. A few antidotes are
commonly utilized in the management of acute poisoning and
deserve further discussion.

N-acetylcysteine (NAC) is an antidote that is used
commonly in both early and late presentations of acetamino-
phen poisoning. It improves outcomes of acetaminophen
poisonings by reducing the impact of the toxic metabolite of
acetaminophen, NAPQI, primarily through repletion of gluta-
thione stores, enhancement of NAPQI elimination, and
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reduction of oxidative stress. Studies have shown that patients
presenting with more severe hepatic injury due to late acet-
aminophen poisoning may still benefit from NAC. Also,
because NAC possesses few significant side effects it is
frequently employed in the treatment of acetaminophen-
induced hepatic injury. NAC can be administered by both
oral and intravenous methods.

Opiate poisoning may be reversed with the opiate receptor
antagonist naloxone. The preferred route of administration is
via the intravenous route in order to facilitate careful dose
titration. Naloxone should be dosed to the desired endpoints
until restoration of respiratory function, airway protection, and
improved level of consciousness are achieved. Naloxone can
precipitate profound withdrawal symptoms, including agita-
tion, vomiting, diarrhea, piloerection, diaphoresis, and
yawning in patients chronically exposed to opiate agents.
Administering naloxone through gradual 0.1 mg increments
may reduce the risk of precipitating withdrawal symptoms.
Naloxone’s clinical effect may last for as little as 45 min.
Therefore, patients exposed to methadone or sustained-release
opiate products are at risk for recurrence of narcotic effects. All
patients requiring naloxone should be closely monitored for
resedation for at least 4 h after reversal with naloxone. If rese-
dation occurs, it is reasonable to administer naloxone as an
infusion. An infusion rate of 2/3 the effective initial bolus per
hour is usually effective.

The benzodiazepine receptor antagonist flumazenil has
been employed to reverse the effects of severe benzodiazepine
poisonings. While benzodiazepine overdose is rarely fatal
when the sole ingestant, cases are often complicated with other
central nervous system depressants (e.g., ethanol, opiates, and
other sedatives) that may have synergistic activity. Flumazenil
utility is limited by the risk of inducing benzodiazepine with-
drawal in patients chronically exposed to benzodiazepines.
Benzodiazepine withdrawal is of particular concern due to the
potential for intractable seizures. Therefore, flumazenil should
not be administered as a nonspecific coma-reversal drug and
should be used with caution as treatment for intentional
benzodiazepine overdose. Flumazenil finds its greatest utility
for the reversal of benzodiazepine-induced sedation from
minor surgical procedures or for exposures in benzodiazepine-
naive patients, such as accidental pediatric ingestions.

Fomepizole (4-methylpyrazole) is a competitive alcohol
dehydrogenase inhibitor administered in cases of suspected or
confirmed ingestion of ethylene glycol or methanol. Fomepi-
zole prevents the conversion of these agents to the metabolites
associated with the majority of the toxic effects. Ethanol has
also been used effectively as a competitive alcohol dehydro-
genase inhibitor, however, despite a significant cost increase.
Fomepizole use has become more frequent due to improved
dosing, ease of administration, and possible reduction in
overall adverse events.
Enhancement of Clearance/Dialysis

In the severely poisoned patient, enhancing the toxin
elimination may improve outcomes for some poisonings.
Urine alkalinization may be considered for agents that are
excreted as weak acids in the urine. By alkalinizing the urine
through use of intravenous sodium bicarbonate, these weak
acids will remain in a more polar ionized form in the urine
that limits reabsorption and enhances elimination. Urine
alkalinization may be considered for chlorpropamide,
2,4-dichlorophenoxyacetic acid, diflunisal, fluoride, methyl-
chlorophenoxypropionic acid, methotrexate, phenobarbital,
and salicylates.

Dialysis may also be considered for poisons that are
amenable to filtration across dialysis membranes. These agents
include agents that possess a low molecular weight, low
volume of distribution, and low protein binding. Examples of
agents that are commonly encountered and may require dial-
ysis include salicylates, lithium, methylxanthines, and the toxic
alcohols. Criteria for dialysis are variable across different types
of poisonings. When considering hemodialysis, overall patient
considerations such as the severity of symptoms and metabolic
derangements should take priority in the decision-making
process over a specific drug level criteria. Drug levels may
estimate the level of pharmacodynamic response to toxins, and
may guide decision-making, but should not be used exclusively
to determine dialysis needs.
Conclusion

Medical personnel will often be required to care for poisoned
patients. Many of these patients will do well with simple
observation and never develop significant toxicity. However,
for patients who present with serious toxic effects or after
potentially fatal ingestions, prompt action must be taken. As
many poisons have no true antidote and the poison involved
may initially be unknown, the first step is good supportive care.
Attention to supportive care, vital signs, and prevention of
complications are the most important steps. Vigilance with
regard to these issues will often be all that is necessary to ensure
recovery.

Identifying the poison, either through history, identifying
a toxidrome, or laboratory analysis may help direct care or
patient disposition and should be attempted. There are several
antidotes available that can be life saving, and prompt identi-
fication of patients who may benefit from these methods must
be attempted.
See also: Medical Surveillance.
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Background

The public’s right to know has moved to the forefront of
environmental policy making and action. Principle 10 of the
Rio Declaration, articulated at the 1992 UN Conference on
Environment and Development, popularly known as the Earth
Summit, the Organisation for Economic Cooperation and
Development (OECD) Council Recommendation (1996), and
the Aarhus Convention (1998) all emphasize the importance
of providing public access to environmental information. In
most OECD countries, the involvement of the public in envi-
ronmental decision making is regarded as an important
component of sustainable development. A key tool that
governments are using to provide data to the public about the
releases and transfers of potentially hazardous pollutants is the
pollutant release and transfer register (PRTR).
What Is a PRTR?

A PRTR is an environmental database or inventory of poten-
tially harmful chemicals and/or pollutants released to air,
water, and soil, and transferred offsite for treatment. According
to the OECD Council Recommendation on Implementing
Pollutant Release and Transfer Registers (C(96)41/FINAL), as
amended by (C(2003)87), and the PRTR Protocol under the
Aarhus Convention, the core elements of a PRTR system are:
(1) a list of chemicals, groups of chemicals, and other relevant
pollutants that are released to the environment or transferred
offsite; (2) integrated multimedia reporting of releases and
transfers (to air, water, and land); (3) reporting by source,
covering point sources and nonpoint sources, where appro-
priate; (4) periodic reporting (preferably annually); and (5)
making data available to the public. A PRTR brings together in
one place information about what pollutants are being
released, where, howmuch, and by whom. Each country has its
own set of requirements for reporting. However, releases from
nonpoint sources, although contributing a large share to any
industrialized country’s pollution burden, are so far included
in a limited number of PRTR systems.

These nonpoint, or diffuse, sources include area sources (e.g.,
residential wood combustion, dry cleaners),mobile sources (e.g.,
automobiles, aircrafts, trains), biogenic sources (e.g., vegetation
and microbial activity), and geogenic sources (e.g., soil erosion
and volcanoes).
PRTR History

The OECD Council Recommendation (1996) and the subse-
quent Guidance Manual (1996) provided a catalyst for the
development of PRTRs across the OECD countries and
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elsewhere. In a decade since 1996, the number of OECD
countries with operating PRTR systems had more than
doubled. By 2006 at least 16 OECD countries had an opera-
tional PRTR in place (Australia, Canada, Czech Republic,
Denmark, France, Hungary, Ireland, Japan, Korea, Mexico, the
Netherlands, Norway, Slovak Republic, Sweden, United
Kingdom, and the United States). Since the Earth Summit,
there has been a more general call for information exchange on
toxic chemicals and chemical risks. The Aarhus Convention
created a framework and process for the potential integration of
current national PRTRs, cleaner production activities, and
improvement of right to know processes in general. A Working
Group on PRTRs under the convention was established in 2000
and charged with the task of preparing a legally binding
instrument, a protocol on PRTRs. The protocol would be open
to all states, whether or not parties to the convention. The
protocol was formally adopted and signed at the Fifth Minis-
terial Conference, Environment for Europe, in Kiev, Ukraine, in
May 2003. More than 30 states took part in the negotiations
and 36 countries and the European Community signed the
protocol. The EC Regulation 166/2006 concerning the estab-
lishment of a European Pollutant Release and Transfer Register
to implement the PRTR Protocol was adopted in January 2006.
This EC Regulation required all European Unionmember states
to report releases and offsite transfers in 2007 by June 2009. By
this deadline, all 27 EU member states, as well as three
European Free Trade Association (EFTA) countries (Iceland,
Liechtenstein, and Norway) reported on their 2007 releases
and transfers to the E-PRTR. The PRTR Protocol as well as the
EC Regulation helped to increase the number of countries that
implement PRTRs. According to the survey on PRTR imple-
mentation undertaken by the OECD in 2009, 39 countries
have an operational PRTR system: all 27 EU countries, 3
European Economic Area (EEA) countries, and 9 other coun-
tries, that is, 8 OECD countries (Australia, Canada, Chile
(joined OECD in 2010), Japan, Korea, Mexico, Switzerland,
and the United States), as well as Croatia.

Some PRTRs have been up and running for many years and
even predate the Earth Summit, others have been initiated
more recently, and yet others are still in the planning stages.
This overview takes a closer look at some of the more fully
developed PRTRs, while making reference also to those in the
early phases of development.
North America

United States’ Toxics Release Inventory

In 1984, a deadly cloud of methyl isocyanate killed thousands
of people in Bhopal, India. Shortly thereafter, there was
a serious chemical release at a sister plant in West Virginia.
These incidents underscored demands by industrial workers
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and communities in several states for information on
hazardous materials.

Public interest and environmental organizations around the
United States accelerated demands for information on toxic
chemicals being released to the environment. Against this
backdrop, the Emergency Planning and Community Right-to-
Know Act (EPCRA) was enacted in 1986.

EPCRA’s primary purpose is to inform citizens of chemical
hazards in their communities. Sections 311 and 312 of EPCRA
require businesses to report the locations and quantities of
chemicals stored onsite to state and local governments in order
to help communities prepare to respond to chemical spills and
similar emergencies. EPCRA Section 313 requires the US
Environmental Protection Agency (EPA) and the states to
annually collect data on releases and transfers of certain toxic
chemicals from industrial facilities, and make the data avail-
able to the public in the Toxics Release Inventory (TRI).

Reporting year 2009 is the 23rd year that TRI data have been
collected and the 2009 data were released by the EPA in June
2011. The amount and nature of data have changed over the
years. The initial list of chemicals has more than doubled to
some 700. Passage of the Pollution Prevention Act of 1990
broadened the information that TRI collects to include offsite
transfers to recycling and energy recovery as well as onsite
management of toxic chemicals. Beginning with reporting year
2000, thresholds were lowered for persistent, bioaccumulative
toxic chemicals. The SIC codes (Standard Industrial Classifica-
tion System) covered have been expanded to include other
industry sectors not initially covered, such as metal and coal
mining, electrical utilities that combust coal and oil, and
hazardous waste treatment facilities, as well as federal facilities.
EPA offers TRI data back to 1988 via its TRI Explorer search
engine. TRI data are also offered from 1995 onward on the
National Library of Medicine’s (NLM) TOXNET system. Being
part of TOXNET allows easy linkages between TRI and other
NLM files, such as the Hazardous Substances Data Bank and
TOXLINE, containing information on health and environmental
effects. NLM has also implemented a TRI mapping feature called
TOX-MAP that allows for geographic visualization of TRI data.
An interesting value-added version of TRI is Scorecard, a project
of Environmental Defense. Scorecard uses the most current TRI
data and integrates it with information from other databases,
including the EPA’s National Emissions Trends database and the
Canadian National Pollutant Release Inventory (see below).
Scorecard actually covers about 7000 chemicals, including the
TRI set. Their full complement includes high production,
toxicity, or exposure chemicals in the United States that are part
of federal or California regulatory programs. Scorecard, however,
only offers TRI data from the most recent reporting year.
Canada’s National Pollutant Release Inventory

Canada’s National Pollutant Release Inventory (NPRI) is an
outgrowth of the government’s Green Plan initiative and
currently falls under the renewed Canadian Environmental
Protection Act (CEPA). 2009 was the 17th reporting year for
NPRI. The 1999 renewal of the CEPA included provisions that
require mandatory NPRI reporting and the annual publication
of a summary report. Many of the reporting requirements and
thresholds are similar to TRI in the United States. Neither
system requires reporting on greenhouse gases. However, the
NPRI includes releases from diffuse sources; TRI does not
include this requirement. The online database search screen
permits entry of terms related to the facility, chemical name, or
Chemical Abstracts Service Registry Number, province/terri-
tory/city/postal code, and SIC code (Canadian or American).

NPRI covered 347 chemical substances or substance groups in
2009. NPRI provides information on onsite releases and offsite
transfers for final disposal and other treatment. Reporting on
offsite transfers to recycling and energy recovery was made
mandatory in 1998. Also, reporting on pollution prevention
activities has been mandatory since 1997. However, no quanti-
tative estimates on the reduction in pollution achieved are
required.
Mexico’s Registro de Emisiones y Transferencia de
Contaminantes

Mexico has made great strides recently in the development of its
PRTR program. Voluntary reporting began with the Registro de
Emisiones y Transferencia de Contaminantes (RETC) program.
In December 2001, legislation was passed providing for
a mandatory, publicly accessible PRTR. President Fox signed
Mexico’s mandatory reporting rule and it was formally pub-
lished in Mexico’s Diario Oficial on 3 June 2004. This puts
Mexico and its North American partners at the forefront of
international cooperation in promoting publicly accessible
PRTRs. In November 2006, the first report for mandatory PRTR
was published with 2004 data. The report was based on a list of
104 chemicals under the former voluntary reporting rule.
North American Pollutant Release and Transfer Register
(Commission for Environmental Cooperation)

North America is well positioned to serve as a global leader in
the development and use of PRTRs nationally and regionally.
Each of the three North American countries, as discussed above,
has a national PRTR program. First reporting years for the
United States, Canada, andMexico were 1987, 1993, and 1997,
respectively.

The Commission for Environmental Cooperation’s (CEC)
North American Pollutant Release and Transfer Register project
tracks and publishes information on the amounts, sources, and
handling of toxic chemicals from industrial activities in North
America, including analyses of trends in pollutant releases and
transfers since the early days of the North American Free Trade
Agreement. Each year the CEC publishes the Taking Stock
report and Web site, which provides a unique regional picture
of pollutant data in North America, based on available data
from the national PRTR systems. In March 2011, the CEC
published the 13th edition of Taking Stock. This report
includes the 2006 data from Canadian NPRI, the US’s TRI, and
RETC in Mexico.
Europe

The Netherlands

The Dutch PRTR is a bit different from other PRTRs and com-
prises the inventory, analysis, localization, and presentation of
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emission data from both industrial and nonindustrial sources in
the Netherlands. The PRTR is used as the national instrument to
monitor emissions from all sources to air, water, soil, and offsite
transfers as waste. In total, some 800 substances are included in
the Dutch PRTR. Data cover industry, public utilities, traffic,
households, agriculture, and natural sources, and it is to some
extent open to the public. The emission data are partly updated
every year and some 170 of the most important substances are
covered in a report that is published annually in close cooper-
ation with all actors in the field.
Sweden

The Swedish PRTR system (KUR) contains annual information
on emissions of a number of chemical substances and groups
of substances by large facilities. The creation of a register is one
step in the EPA’s program to improve public access to infor-
mation on national emissions and to comply with interna-
tional agreements entered into by Sweden. The figures in the
PRTR are taken from annual facility reports and are mainly
used by the supervisory authorities.

The number of facilities currently listed in the register is
some 1000. All figures are reported as total emissions per year
and are not related to production volumes. This implies that
available emission figures cannot be the basis for a judgment of
the environmental impact of a facility; neither can they be
compared with other facilities operating under different
conditions. Releases from products are to some extent covered
in the KUR. The PRTR register contains 70 substances/groups of
substances in total.
United Kingdom

The United Kingdom’s Pollution Inventory (formerly the
Chemical Release Inventory) contains details on large indus-
trial sites as designated in the 1990 Environmental Protection
Act. Local authorities regulate smaller sites. Data collection
started in 1991. Presently, reporting covers some 180 chem-
icals, including greenhouse gases and releases from diffuse
sources as well as radioactive waste. The food and drink, surface
coating, and intensive agriculture industries are also covered.
European Pollutant Release and Transfer Register

The European Pollutant Release and Transfer Register (E-PRTR)
was established according to Regulation (EC) No 166/2006 of
the European Parliament and of the Council of 18 January
2006 concerning the establishment of a European Pollutant
Release and Transfer Register and amending Council Directives
91/689/EEC and 96/61/EC. It is the Europe-wide register
system to access pollutant emission data from industrial facil-
ities in EU members states and three EFTA countries (Iceland,
Lichtenstein, and Norway). It covers releases to air, water, and
land, as well as transfers to waste of 91 key pollutants. Some
information on releases from diffuse sources is covered and
expected to be enhanced. The first reporting year under the
E-PRTR was 2007, for which the data were reported in 2009.

The E-PRTR was developed based on a European
Commission decision on the implementation of the European
Pollutant Emission Register (EPER). In July 2000, the EPER was
adopted according to Article 15 of Council Directive 96/61/EC
concerning Integrated Pollution Prevention and Control
(IPPC). The general purpose of the IPPC Directive is to reduce
pollution by industry and to control emissions from larger
facilities. National governments of all EU member states are
required to maintain inventories of emission data from speci-
fied industrial sources and to report emissions from individual
facilities to the European Commission. The reported data are
accessible in a public register (EPER), which is intended to
provide environmental information on major industrial activ-
ities. EU member states were required to submit their first
report in June 2003 covering emissions in 2001. The second
report was delivered in June 2006 covering emissions in 2004.
Other Countries

Australia’s National Pollutant Inventory

Australia’s National Pollution Inventory (NPI) is an Internet
database designed to provide the community, industry, and
government with information on the types and amounts of
certain substances emitted to the environment. In total, 90
substances are reported to the NPI. Limited reporting started in
1998–1999, and coverage of all 90 substances commenced in
2001–2002. Greenhouse gases, ozone depleting substances,
and transfers of waste/chemicals are not reported to the NPI.
However, releases from diffuse sources are included in the
database.
Japan

Japan has published an annual PRTR report since 2003 (on
2001 data) on target chemicals based on a legislative frame-
work. The report includes release and transfer data submitted
by industry for approximately 38 000 facilities and estimated
release data for diffuse sources. PRTR data from each facility has
been available on the Web in addition to aggregated data of
companies since 2009. The scope of chemicals was expanded to
462 chemicals from 354 chemicals in 2008.
PRTRs Under Development

The foregoing discussion has, for the most part, looked at fully
developed PRTRs within a fairly strict context as defined by the
OECD and various international conventions. A larger number
of countries have in place pollution inventories or a PRTR
under development or consideration.
PRTR.net

PRTR.net (www.prtr.net/en/) is a global portal to PRTR infor-
mation and activities around the world. It includes links to the
Web sites of various countries and organizations including all
those cited above. PRTR.net has been developed and is main-
tained by the Task Force on PRTRs of the OECD, in cooperation
with the United Nations Economic Commission for Europe and
the United Nations Environment Programme/GRID-Arendal.
From this portal site, users can access information about PRTRs

http://www.prtr.net/en/
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developed by countries and regions as well as information about
PRTRs from other agencies and organizations, the benefits of
implementing a PRTR, and technical information about the
development of a PRTR. From PRTR.net, users can access the
Resource Center for Release Estimation Techniques, which
provides the Release Estimation Techniques and guidance
manuals. The Resource Center is also developed by the OECD’s
Task Force on PRTRs. Canada served as a lead country in the
development of this Web site, which is currently maintained by
Finland. From PRTR.net, users can also access the OECD Center
for PRTR data where users can search PRTR data from a number
of countries. The OECD Center for PRTR data is also developed
by the OECD’s Task Force on PRTRs. Japan served as a lead
country in the development of this Web site.

See also: Environmental Exposure Assessment; Environmental
Fate and Behavior; Environmental Health; Environmental &
Health Laws, Europe; Environmental Protection Agency, US;
Environmental Toxicology; Indoor Air Pollution; Pollution, Air
in Encyclopedia of Toxicology; Pollution, Soil; Pollution, Water;
Hazard Ranking; Risk Assessment, Ecological; Risk
Assessment, Human Health; Risk Assessment, Uncertainty;
Risk Communication; Risk Management; Risk Perception.
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Types and Sources of Air Pollutants

Both man-made and natural sources contribute to the particles
and gases which pollute our ambient environment. Episodic
natural events such as fires, wind erosion, dust storms, and
volcanic eruptions produce considerable amounts of particu-
late matter (PM) and gases including mineral ash, soil,
pyrolysis products of combustion, carbon monoxide, and
carbon dioxide. Although these ‘natural’ particles and gases
can have significant global effects such as short- and long-term
alterations in weather conditions, there is a paucity of data
regarding adverse health effects resulting from inhalation of
these materials. Obviously, little can be done to alter the
contribution of pollutants from natural sources such as
volcanic eruptions. A great deal more information is known
regarding the generation, underlying chemistry, and adverse
health effects of air pollutants from man-made (anthropo-
genic) sources. This continued interest in understanding the
generation and health effects of man-made air pollutants
stems largely from the fact that measures can be taken to
control these pollutants and thus modify adverse health
effects. Such control measures are often promulgated and
regulated at the governmental level and are based on
comparisons of the tangible (e.g., increased morbidity and
mortality, financial) and intangible (e.g., quality of life) costs
to society and the environment versus the cost of control
measures.

Both stationary and mobile sources contribute to the PM
and gases that make up polluted urban and rural environ-
ments. Fossil fuel-powered electricity plants, heat generators,
and waste incineration sites represent the major stationary
point sources of pollution. Industrial processing plants such
as smelters also produce a wide range of PM and gases.
Because these pollution sources are stationary, significant
differences in both quantity and makeup of regional air
pollution have been observed. For example, sulfur is present
in fossil fuels (primarily in coal) used for heat production in
northeastern United States. The resulting acid components of
ambient particles in northeastern United States are thus
primarily sulfates, whereas the acidic fraction of airborne
particles in California is primarily nitrates. On the other hand,
long-range transport of ambient particles can occur on
a global basis. For example, dust storms in Asia have added to
pollution levels in North America.

A major portion of ambient air pollution results from
gasoline- and diesel-powered automobile and truck emissions.
The mobile and ubiquitous nature of motor vehicles makes
their pollution products widespread in developed countries.
While the presence of lead in automobile exhaust has been
virtually eliminated in the United States, the contribution of
motor vehicles to ambient concentrations of nitrogen oxides,
hydrocarbons, and carbon monoxide in urban atmospheres is
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great. Indeed, transportation sources are responsible for 45% of
the nitrogen oxides and 80% of the carbon monoxide emis-
sions in the United States. In developing countries in which
biomass burning is heavily used throughout Asia and Africa,
transportation sources make up less of the total emissions.
Sunlight can drive a series of chemical reactions involving
nitrogen oxides and hydrocarbons (a process known as
photochemical oxidation) which result in secondary pollutants
such as ozone. Though a secondary pollutant, ambient ground
level ozone is a major health concern for both urban and rural
dwellers and produces agricultural crop losses and tree damage
approaching several billions of dollars each year.

Regardless of the source of primary and secondary air
pollutants, meteorological conditions play a significant role in
the formation and transport of gases and PM. One well-
documented example occurs when sulfur dioxide released from
industrial point sources in the northeastern United States
forms acidic particles. These acidic precursors undergo long-
range transport resulting in adverse effects due to acid rain in
southern Canada. Similarly, dust storms in Asia are now known
to be transported to other continents. Thus, movement of
masses of air can reduce ambient levels of pollutants in one
region at the expense of air quality in another region. Meteo-
rological conditions also influence the creation of photo-
chemical smog. Inversions occur when cooler air is trapped
beneath a blanket of warm air, resulting in stagnant weather
patterns. In southern California and valleys, for example, the
combination of inversions, sunlight, and motor vehicle emis-
sions drives the photochemical reaction of trapped precursors
and results in high ozone concentrations.
Regulation of Air Pollution

Reductions in ambient concentrations of some but certainly
not all air pollutants have taken place over the last decade. The
situation in the United States will be used as example
throughout the article; similar patterns have been observed in
Europe and other developed areas.

In the United States, the Environmental Protection Agency
(EPA) is the primary agency responsible for promulgating and
regulating air pollution standards. National Ambient Air
Quality Standards (NAAQS) have been established for six
criteria of outdoor air pollutants: lead, carbon monoxide,
ozone, nitrogen dioxide, sulfur dioxide, and PM. These stan-
dards (Table 1) are periodically reviewed and updated based
on currently available data regarding adverse health effects.
Those metropolitan sites in which a particular pollution level
exceeds the NAAQS are designated as nonattainment areas.
Currently, about 81 million people in the United States live in
a county in which the NAAQS for at least one of the six criteria
of the air pollutants were exceeded.
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Table 1 National Ambient Air Quality Standards

Pollutant Primary standard Averaging time Nonattainment populationa

Carbon monoxide 35 ppm (40 mgm�3) 1 h 0
9 ppm (10 mgm�3) 8 h

Lead 0.15 mg m�3 Rolling 3-month average
Nitrogen dioxide 0.053 ppm Annual average 0

0.100 ppm 1 h
Ozone 0.075 ppmb 8 h 61.5

0.08 ppm 8 h
0.12 ppmc 1 h

PM2.5 15 mg m�3 Annual average 35.2
35 mg m�3 24 h 35.2

PM10 150 mg m�3 24 h 7.9
Sulfur dioxide 0.03 ppm Annual average 0

0.14 ppm 24 h
0.07 ppm 1 h 0

aMillions of persons living in counties with air quality levels not meeting NAAQS in 2009.
bThe 0.075-ppm O3 standard became effective in May 27, 2008, but has not been implemented.
cThe EPA revoked the 1-h ozone standard in most areas, although some areas have been continuing obligations under that standard (“antibacksliding”).
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To protect the public from air pollution related health
effects, the EPA and organizations such as the American Lung
Association recommend that people spend more time indoors
and engage in less strenuous activities on days with relatively
high air pollution (specifically, ozone and PM). The Air Quality
Index, a more general ranking of air quality, is used for the daily
reporting of air quality to the layperson via newspapers and
telecasts in most major cities (Table 2). Recent evidence shows
some success of this program in helping susceptible pop-
ulations (especially children, older adults, asthmatics) avoid
outdoor activities and associated adverse health effects from
episodes of high air pollution.

It is noteworthy that five pollutants account for nearly 98%
of the total mass of air pollution and that gaseous emissions
make up the majority of air pollutants. These figures do not
take into account fugitive dust emissions which are not inhal-
able (i.e., coarse dust which is generated by wind erosion,
farming, construction, and mining and quickly settles out due
to its large size). Despite extensive legislation (two Clean Air
Acts (CAAs) within the last 30 years) to set primary and
secondary standards for the protection of human health and
the environment, respectively, considerable numbers of air
toxics are currently unregulated in the United States.
Table 2 Air Quality Index (AQI) for reporting daily air quality

Health concern AQI value AQI colors Mea

Good 0–50 Green Air
Moderate 51–100 Yellow Air

a
u

Unhealthy for sensitive groups 101–150 Orange Me
p

Unhealthy 151–200 Red Eve
g

Very unhealthy 201–300 Purple Hea
Hazardous 301–500 Maroon Hea

t

Control and reduction of ambient air pollutants in the
United States have met with varying degrees of success.
Unleaded gasoline now accounts for 99% of all gasoline sales.
This change has virtually eliminated mobile sources as emitters
of lead and reduced ambient lead levels by greater than 75%.
Likewise, stationary point source emissions of lead, primarily
industrial smelters, have dropped by greater than 90% over the
last two decades, although significant problems exist with
individual smelters. Over the past decades, programs in
reducing gaseous pollutants have been very successful for
carbon monoxide (53% decrease in total emissions). Regula-
tions requiring the use of low or ultralow sulfur diesel fuel have
contributed greatly to the decrease in sulfur dioxide emissions
(50%). The reduction program for nitrogen dioxide has also
been successful during a time period in which total motor
vehicle miles in the United States have increased substantially.
Changes in ambient levels of nitrogen oxides and volatile
organic compounds have resulted in some success in reducing
ambient levels of the secondary pollutant ozone. The long-term
trend for ozone concentrations is downward, although mete-
orological conditions appear to modify peak ozone levels
monitored throughout the United States (high ozone levels
have been measured during summers with hot, dry conditions
ning

quality is considered satisfactory, and air pollution poses little or no risk.
quality is acceptable; however, for some pollutants, there may be
moderate health concern for a very small number of people who are
nusually sensitive to air pollution.
mbers of sensitive groups may experience health effects. The general
ublic is not likely to be affected.
ryone may begin to experience health effects; members of sensitive
roups may experience more serious health effects.
lth alert: everyone may experience more serious health effects
lth warnings of emergency conditions. The entire population is more likely
o be affected.



Pollution, Air in Encyclopedia of Toxicology 997
and low levels measured during cool summers). In summary,
legislative efforts in the United States have been successful in
reducing ambient air pollution over the last three decades and
similar efforts in the European Union (EU) and Hong Kong
have also resulted in significant improvements in air quality.
Often, these legislative changes must be country or region
specific because of important differences in emission sources.
For example, diesel cars are much more prevalent in European
countries than in the United States, whereas biomass burning is
a major emission source in developing countries. The EU and
the World Health Organization (WHO) each develop air
pollution guidelines and source emission reduction plans to
decrease air pollution and the associated adverse cardiopul-
monary health effects. Reduction of emissions from mobile
sources such as motor vehicles has met with the greatest
success, while reducing emissions from stationary point sour-
ces has often proven difficult in the United States as a result of
conflicting interests of business, state, and federal regulations,
and enforcement agencies. While progress has been made in
reducing ambient oxidant pollutants, it should be noted that
a significant problem still exists and in the United States more
than 61 million people lived in counties which exceeded the
ozone standard in 2009 (Table 1). In countries where biomass
burning is used for cooking and heating purposes, limited but
effective intervention programs have shown that ventilation
changes can directly improve the respiratory health of the
women and children most affected by indoor biomass burning.
Health Effects of Air Pollution

There is mounting evidence that a number of air pollutants
play a causal role in adverse health effects and that co-
pollutants such as acid aerosols, ozone, and nitrogen oxides
can have synergistic effects with each other. The major chal-
lenges for environmental health scientists are to identify the
acute and long-term adverse health effects of ambient air
pollution, pinpoint the relevant concentrations at which these
effects occur, and determine sensitive subpopulations. This
latter point is important in developing risk assessment para-
digms as current federal legislation in the United States and
other countries acknowledges the importance of protecting the
health and welfare of all individuals.

In general, a great deal more is known about the acute
effects of ambient air pollutants than is known about the
chronic effects. The following discussion outlines the findings
of epidemiological, controlled clinical, and animal studies
which have examined the adverse health effects of outdoor air
pollutants. More detailed information can be found in the
suggested reading sources noted at the end of this article.
Ozone

Exposure to ozone, a potent photochemical oxidant in the
ambient air, is a major health concern in urban and rural
communities throughout the United States. Nationally, average
ozone levels have decreased by 14% from 1990 to 2008. In the
Eastern United States, much of the improvement in ozone
levels has occurred since 2002 due largely to reductions in
emissions of oxides of nitrogen (an ozone precursor). Still, in
2009, 61.5 million people in the United States resided in
counties where the ozone NAAQS was exceeded.

Based on the evidence integrated across human controlled
exposure and epidemiological and toxicological studies, there
is clear, consistent evidence of a causal relationship between
short-term exposure (i.e., from days to weeks) to ozone and
respiratory effects. Human clinical and toxicological studies
show that short-term exposures to ozone cause lung function
decrements, respiratory symptoms, lung inflammation,
epithelial damage, and permeability, and increases in airway
responsiveness (a condition in which the conducting airways
have an enhanced bronchoconstriction following exposure to
variety of stimuli, e.g., allergens, cold air, sulfur dioxide).
Collectively, these findings provide biological plausibility for
associations in epidemiological studies between short-term
ambient exposure to ozone and asthma exacerbation, respira-
tory-related hospitalizations, and emergency department visits.

The magnitude of respiratory effects (e.g., decrements in
pulmonary function and symptomatic responses) is generally
a function of ozone concentration, minute ventilation rate
(volume of air inhaled per minute), and exposure duration.
Any physical activity will increase minute ventilation and
therefore the dose of inhaled ozone. For healthy young adults
exposed in a controlled clinical study at rest for 2 h, 500 ppb is
the lowest ozone concentration reported to produce a statisti-
cally significant group mean decrements in lung function. With
longer, 7-h exposures to as low as 60 ppb ozone, during
a moderate level of exercise, statistically significant decrements
in lung function, increases in respiratory symptoms, and
pulmonary inflammation have been reported. Although there
is a relatively rapid recovery in pulmonary function and
respiratory symptoms over a few hours following exposure, the
inflammatory response occurs shortly after exposure and
persists for at least one day. An influx of neutrophils and an
increase in a number of mediators including eicosanoids,
neutrophil elastase, and cytokines have been measured in
bronchoalveolar lavage fluid recovered from subjects exposed
to near ambient concentrations of ozone.

In otherwise young healthy adults exposed for 2–8 h to
ozone, controlled clinical studies have demonstrated a large
degree of intersubject variability in lung function decrements,
respiratory symptom responses, inflammation, airway respon-
siveness, and altered epithelial permeability. The magnitude of
increases in inflammation, airway responsiveness, and epithe-
lial permeability, in response to ozone exposure, do not appear
to be correlated, nor are these responses correlated with
changes in lung function. However, these responses of healthy
individuals to ozone tend to be reproducible within a given
person over a period of several months indicating differences in
the intrinsic responsiveness of individuals. It should be noted
that even when group mean responses are small and seem
physiologically insignificant, some intrinsically more respon-
sive individuals experience distinctly larger effects under the
same exposure conditions. For example, small group mean
changes (e.g., 2–3%) in forced expiratory volume in 1 s (FEV1)
have been observed in healthy young adults exposed to 60 ppb
ozone for 7 h. However, 10% of the groupmay experience FEV1

decrements in excess of 10% under these conditions, even with
group mean decrements of less than 3%. Therefore, within
the general population, a proportion of otherwise healthy
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individuals experience greater than average health effects and
may be at increased risk of more adverse responses.

With repeated ozone exposures over several days, lung
function and respiratory symptom responses become attenu-
ated in both healthy individuals and asthmatics, but this
tolerance is lost after about a week without exposure. Airway
responsiveness also appears to be somewhat attenuated with
repeated ozone exposures in healthy individuals, but becomes
increased in individuals with preexisting allergic airway disease.
Some indicators of pulmonary inflammation are attenuated
with repeated ozone exposures, whereas other markers, such as
epithelial integrity and damage, do not show attenuation,
suggesting continued tissue damage during repeated ozone
exposure. Both respiratory symptoms and decrements in
pulmonary function have neural components and these
responses decrease with increasing age beyond young adult-
hood. However, other cell and molecular responses to ozone
exposure likely exist and may even increase as antioxidant
defenses change with increasing age.

The adverse functional effects observed in controlled clin-
ical studies are similar to those reported during exposure to
ambient air. Decrements in lung function have been noted in
a series of camp studies in which children were exposed to
ambient ozone during normal outdoor play activity.
Compared to controlled chamber studies, greater decrements
in lung function were observed in the camp studies when the
data were normalized for ozone concentration. A number of
factors may explain the greater response in the camp study, but
the most likely reason is the simultaneous exposure to ambient
co-pollutants such as acid aerosols. Epidemiological studies
have found strong correlations between respiratory symptoms
such as cough, throat irritation, and chest discomfort and
ambient ozone levels. Exacerbation of asthma increases in
hospital admissions for respiratory infections, and excess
mortality has also been reported to be associated with oxidant
air pollution episodes. Older age, female sex, ethnicity, atrial
fibrillation, socioeconomic status indicators (i.e., educational
attainment, income level, employment status), and diabetes
modify ozone mortality associations and may increase
susceptibility to ozone-related mortality. Thus, a number of
epidemiological, field, and clinical studies provide evidence
that adverse respiratory effects occur after acute exposure to
ozone at or below the current US NAAQS.

Population-based epidemiological and animal toxicology
studies examining the effects of long-term ozone exposure (i.e.,
from months to years) show associations with long-term
reductions in lung function, development of asthma, patho-
logical changes, and premature mortality. Animal studies using
concentrations well above the current NAAQS reveal that the
centriacinar region of the airways and the nasal cavity are the
most sensitive to pathological changes induced by chronic
ozone. Studies of infant primates show changes in immune
responses similar to asthma and the development of irrevers-
ible changes to the structure of the distal (deep) lung that
decrease pulmonary function. Epidemiological studies have
demonstrated that chronic exposure to ozone is associated with
decrements in lung function and increases in the incidence and
severity of asthma. Limited new epidemiological evidence also
suggests that long-term exposure to ozone increases the risk of
premature mortality. The ability of these epidemiological
studies to establish cause and effect is hampered by con-
founding factors such as co-pollutants.

Overall, evidence shows that both short- and long-term
exposure to ozone at ambient concentrations is associated with
respiratory morbidity and premature mortality.
Sulfur Oxides

Significant and, on occasion, disastrous adverse health effects
have accompanied acute air pollution episodes involving
reducing-type pollutants. In the middle of the twentieth
century, meteorological inversion conditions resulted in high
levels of PM and sulfur dioxide in the Meuse Valley in
Belgium, Donora in Pennsylvania, and London. Excess
mortality accompanied each of these pollution episodes and
has been attributed to the smoke and sulfur dioxide gener-
ated by fossil fuel combustion. A number of more recent
epidemiological, clinical, and animal studies have confirmed
that both PM and sulfur oxides produce adverse health
effects. These adverse effects have been observed during
pollution episodes in which the gas and particle concentra-
tions do not approach the magnitude of the meterological
inversion conditions mentioned above. Delineating the
relative contribution of PM and sulfur oxides to these adverse
effects is difficult because of the chemicophysical association
of sulfur oxides and particles. This section will be limited to
the current state of knowledge on sulfur oxides and acid
aerosol-related health effects. The following section will
discuss PM-related effects.

Sulfur dioxide is generated during the combustion of fossil
fuels (primarily coal) containing traces of sulfur. Controlled
laboratory studies using human subjects and test animals have
demonstrated that sulfur dioxide can produce functional and
pathological changes. These changes include increases in
airway resistance and mucus production. In general, the
concentrations of sulfur dioxide necessary to produce these
changes are greater than those encountered in the ambient
environment. A notable exception is the bronchoconstrictive
effect of sulfur dioxide on atopic and asthmatic subjects.
Inhalation of 0.4–0.5 ppm sulfur dioxide in combination with
moderate exercise causes bronchoconstriction, shortness of
breath, and cough in these sensitive individuals. Similar
changes occur in normal (nonatopic) individuals only after
exposure at much higher concentrations of sulfur dioxide.

Because of increasing evidence of a subpopulation of indi-
viduals sensitive to near ambient peak levels of sulfur dioxide
(i.e., asthmatics), the three-decade-old US EPA NAAQS for
sulfur dioxide has been changed to a short-term peak stand-
ard of 75 ppb for 1 h. This switch to a 1h standard and the
revoking of the long-term standard was done to protect public
health by reducing exposures to high short-term concentra-
tions. As with the other US criteria pollutants, the adverse
health effects of sulfur dioxide occur worldwide. The WHO first
produced air quality guidelines in 1987 and updated them in
1997 and 2005. The current WHO sulfur dioxide guidelines are
20 mgm�3 for 24 h and 500 mgm�3 (approximately 190 ppb)
for 10 min.

A considerably greater amount of attention has been placed
on the contribution of airborne particulates, particularly those
associated with sulfur oxides, to adverse health effects. The
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carbon, mineral, and heavy metal-based particles produced
during fossil fuel combustion and smelting promote the
conversion of sulfur dioxide to sulfuric acid. Recognition of
sulfur dioxide–particle interactions comes as a result of find-
ings garnered from a number of epidemiology and animal
toxicology studies and the characterization of sulfuric acid,
ammonium sulfate, and ammonium bisulfate associated with
atmospheric particles.

Epidemiological evidence from both Europe and North
America suggests that acid aerosols formed by gas–particle
interactions in the atmosphere play a major role in the adverse
health effects seen during severe and moderate pollution
episodes. The increases in mortality observed in London from
1958 to 1972 were more closely associated with acid aerosol
concentrations than other pollutants such as smoke and sulfur
dioxide. In the United States and Canada, cross-sectional
analyses have demonstrated that ambient sulfate concentra-
tions are better than indices of particulate concentrations as
a predictor of excess mortality and hospital admissions due to
air pollution. A prospective cohort study, known as the Six
Cities Study, found that increased mortality from cardiopul-
monary deaths and lung cancer was strongly associated with
sulfate and particulate concentrations. This same study
demonstrated that the incidence of bronchitis in children was
correlated with ambient levels of acid aerosols. Similarly, in
northern Europe, an acidic pollution episode in 1985 was
linked with significant excesses in respiratory mortality and
morbidity and with persistent decrements in pulmonary
function in children. In summary, a large body of evidence
suggests that acid aerosols play a significant role in the adverse
health effects attributed to air pollution.

Epidemiology studies are limited in their ability to establish
direct cause and effect relationships. Many confounding factors
such as smoking, occupational exposure, and co-pollutants
such as ozone may contribute to observed effects, and for this
reason, investigators have exposed human volunteers and
animals to acid aerosols under controlled conditions. Animal
studies have demonstrated that exposure to near ambient
concentrations of sulfuric acid produces both conducting
airway and alveolar changes including increased airway resis-
tance, airway hyperresponsiveness, and alterations in clearance
mechanisms and macrophage function. Controlled human
exposures to acid aerosols, however, have demonstrated few
pulmonary effects at concentrations below 500–1000 mg m�3.
The adverse effects reported after acute exposures to sulfuric
acid aerosols have largely been observed in atopic subjects,
are small in magnitude, and readily reversible. Therefore,
a research need has developed to explain the difference
between the results of epidemiological studies and the paucity
of data demonstrating adverse health effects in controlled
human studies. One possible cause of this discrepancy is the
type of acid aerosols used in the laboratory studies. Although
pure sulfuric acid droplets are used almost exclusively in
controlled exposures, ambient acid aerosols are chemically
complex and are proposed to be composed of a core consisting
of carbon, minerals, or heavy metals surrounded by acidic
(sulfuric or nitric acid) surface material. Thus, knowing which
chemical species is responsible for acid aerosol-induced
adverse health effects is fundamental in developing proper
control strategies for reducing air pollutants at their source.
Particulate Matter

PM consists of a complex range of chemically and physically
diverse substances that exist in the atmosphere as discrete
suspended particles (liquid droplets or solids). PM is
frequently classified by size according to its nominal median
aerodynamic diameter (measured in micrometers (mm)). The
US EPA, EU, and WHO have set national and regional stan-
dards to protect against the health and welfare effects associ-
ated with ambient exposures to fine and coarse particles. Fine
particles are generally considered to have nominal diameters
less than 2.5 mm and are designated as PM2.5. Coarse particles
are those between 2.5 and 10 mm and are designated as
PM10–2.5; PM10 (particles with nominal diameters less than
10 mm) is the indicator used in the United States for the coarse
particle NAAQS. PM with nominal diameters less than 0.1 mm
is referred to as ultrafine particles (UFPs). These size classifi-
cations have been accepted worldwide and the WHO also uses
PM10 and PM2.5 size classifications for their PM air quality
guidelines.

PM in all size ranges has contributions from both primary
sources (i.e., emitted directly into the atmosphere) and
secondary processes (i.e., formed in the atmosphere from
precursor emissions) from man-made and natural sources.
Both primary and secondary PM2.5 comes predominantly from
combustion processes related to transportation, power gener-
ation, and industry. Constituents of PM2.5 include sulfates,
nitrates, elemental and organic carbon, metals, and crustal
material. PM10–2.5 comes mainly from primary abrasion (e.g.,
road dust) and crushing processes as well as airborne soils and
pollens. UFPs in urban environments are derived from primary
combustion-related sources and secondary nucleation of
sulfuric acid vapor, ammonia, and certain organic compounds.
Local sources, as well as meteorological and topographic
conditions, can strongly influence the degree of spatial vari-
ability in PM. Depending on size, PM remains suspended in the
atmosphere for anywhere from minutes to weeks and is ulti-
mately removed from the atmosphere through processes
involving dry and wet deposition.

The current US national 24-h standard for PM10 is
150 mgm�3. The current national 24-h standard for PM2.5 is
35 mgm�3, with an annual standard of 15 mgm�3. Impor-
tantly, annual PM10 emissions decreased 39% between 1990
and 2008, with the change in annual PM2.5 emissions
decreasing 58% for the same period. Reductions in emissions
are largely attributable to local and national air quality
programs, such as the Acid Rain Program, which limits SO2

emissions from power plants in the eastern United States and
in turn contributes to lower PM levels.

The study of health effects associated with exposure to PM
has been a major focus of research in the United States,
Europe, and Asia in recent decades. Population-based studies
have consistently reported associations between short-term
exposures to PM2.5 and cardiovascular and respiratory hospital
admissions in a number of regions throughout the United
States, Europe, and Asia. Similarly, epidemiological findings
demonstrate that short-term exposures to PM2.5 are associated
with increases in total mortality and mortality due to cardio-
vascular and respiratory causes. Long-term exposures to PM2.5

have been linked to total and cardiovascular mortality,
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accelerated development of atherosclerosis, decrements in
lung function growth, increased respiratory symptoms, and
asthma development. Children, elderly individuals, and those
with preexisting diseases appear to be most susceptible to the
effects of PM. The health effects resulting from exposure to
PM10–2.5 are much less certain due to the limited body of
scientific evidence available at this time.

Toxicology has played an essential role in evaluating the
biological plausibility that supports the associations found in
community health studies, particularly as it pertains to
cardiovascular effects. A variety of particle types or surrogates of
ambient particles have been used to evaluate potential mech-
anisms of PM. These include acid aerosols, fly ash from coal- or
oil-fired power plants (such as residual oil fly ash), diesel, and
crustal materials (e.g., Mt St Helens volcanic ash and road
dust). More recently, concentrated ambient particles (CAPs)
have been employed, as well as ambient PM collected on filters
from monitoring stations. The CAPs exposure system enables
real-time exposure of human volunteers or animals to atmo-
spheric PM.

Controlled human exposure and animal studies have
demonstrated that the cardiovascular effects induced by PM
exposure may be acting through inflammation, oxidative
stress, and mediation by the autonomic nervous system.
Particle properties (e.g., soluble metals, endotoxin, organic
compounds, and surface composition) can affect the physio-
logical response, although the exact role(s) for these charac-
teristics is yet to be fully determined. Numerous toxicological
studies demonstrate lung injury and inflammation following
exposure to various particles. Impaired lung defense mecha-
nisms and increased susceptibility to respiratory infections
have also been observed in animal models. Finally, PM expo-
sure has been shown to cause exacerbation of allergic responses
and allergic sensitization in humans and animals, particularly
with diesel exhaust exposure.

Nitrogen Oxides

Nitrogen oxide is produced in high temperature combustion
processes and is rapidly converted to nitrogen dioxide.
Nitrogen dioxide is an irritant gas which produces oxidant
lung injury similar to that produced by ozone. Nitrogen
dioxide is less potent than ozone and few functional or
pathological changes have been observed in animals after
acute exposures to less than 0.5 ppm nitrogen dioxide. Path-
ological changes occur primarily in the terminal bronchioles
and the alveolar region, although changes in mucociliary
clearance have been observed during chronic exposures. Both
long-term and short-term exposure to nitrogen dioxide can
increase the susceptibility of animals to respiratory infection.
Studied in a number of animal species, this effect includes
increased mortality, decreased survival time, and impaired
clearance of instilled pathogens. These findings reflect those
obtained in epidemiological studies which have found an
increased incidence of respiratory infections in homes with
gas appliances.

Increasing evidence from epidemiology research has estab-
lished a link between traffic-related air pollution and adverse
health effects. These studies have demonstrated greater adverse
outcomes in people living near high volume roadways than
people living further (e.g., >300 m) from roadways. These
epidemiological data have been verified in animal toxicology
studies and in small clinical panel studies. In these latter
studies, human volunteers were exposed to traffic-related air
pollution (e.g., walking along a roadway or riding in a motor
vehicle) and cardiac and pulmonary function responses were
compared to observations after exposure at control sites.
Teasing out the component(s) of traffic-related air pollution
that are responsible for the observed adverse effects has been
difficult, but increased concentrations of PM, whether motor
vehicle emissions or resuspended road dust, and nitrogen
dioxide have both been associated with adverse effects. Because
of the relatively low toxicity of nitrogen dioxide at relevant
environmental concentrations, however, the role of nitrogen
dioxide in the observed adverse effects is controversial and it
has been proposed that nitrogen dioxide may be acting as an
exposure surrogate for a more important traffic-related
pollutant.

Nitrogen oxides other than nitrogen dioxide have also
been studied for possible adverse health effects. Chemical
analysis of ambient aerosols collected in southern California
has revealed that nitrates exhibit particularly high values as
compared to other parts of the United States. These aerosols
are generally acidic in nature and are composed of nitric acid
and nitrate salts that are formed through photochemical
reactions with nitrogen dioxide and other oxides of nitrogen.
These forms of nitrogen oxides contribute to acid aerosol
formation in the ambient air and result from particle
surface–gas interactions similar to those which have been
described for sulfuric acid generation. Unique to the condi-
tions of the coastal regions of California, acid fog forms from
the interaction of nitrogen oxides and fog water droplets.
Nitric oxide is the primary form of nitrogen oxides emissions
from motor vehicles. Although it is rapidly converted into
nitrogen dioxide, nitric oxide is biologically active and is, in
fact, naturally produced in the human body. A potent
moderator of vascular tension in the lung has been proposed
for use in subsets of patients with lung disease. The
concentration used in clinical settings is much higher than
that encountered near roadways and it is therefore difficult to
assess the toxicity of ambient nitric oxide. A paucity of
toxicological and epidemiological data at environmentally
relevant concentrations does not allow a clear assessment
of the health effects of nitric acid-based particles or nitric
oxide.

Although research has clearly demonstrated a potential for
nitrogen oxides, nitrogen dioxide in particular, to have serious
health consequences, few exceedances of the US NAAQS occur
(see Table 1). In general, health researchers are more con-
cerned with (1) the key role nitrogen oxides play in the
photochemical reactions which produce ozone and (2) the
presence of nitrogen oxides indoors (both in occupational
settings and homes). Ambient concentrations of nitrogen
oxides are generally lower than those found in grain silos and
in homes using fossil fuel-consuming appliances.

Carbon Monoxide

Approximately 80% of CO emissions are derived from highway
vehicles and nonroad mobile sources. Despite a nearly 36%



Pollution, Air in Encyclopedia of Toxicology 1001
increase in motor vehicle miles traveled in the United States
over the period of 1990 to 2008, total emissions for CO
decreased by 53%. This dramatic change is attributed largely to
improvements in emission technologies. These improved
emission controls, while commonplace in developed countries,
are generally absent in developing countries. Thus, global levels
of CO may rise as motor vehicles become more extensively
used throughout the world.

In general, ambient exposure to CO is directly related to
one’s proximity to motor vehicle exhaust. Average CO levels
within 20 m of an interstate highway range from 0.25 to
3 ppm, with maximum concentrations >4.0 ppm. With
increasing distance from the roadway, these levels drop off
exponentially. In-vehicle CO concentrations are typically
between two and five times higher than ambient concentra-
tions. Significant exposures to CO can also occur indoors
because virtually all ambient CO infiltrates indoors and there
are a number of indoor combustion sources that emit CO.
Cigarette smoke is an important indoor contributor to CO
exposure.

Carbon monoxide is classified as a chemical asphyxiant. Its
detrimental effects are mediated by its ability to bind with
hemoglobin to form carboxyhemoglobin (COHb) or other
oxygen carrying or utilizing proteins. COHb reduces the
carrying capacity of hemoglobin for oxygen, which impairs the
release of oxygen to the tissues and results in hypoxia. Carbon
monoxide is produced endogenously through heme degrada-
tion, metabolism of drugs, and degradation of unsaturated
fatty acids, inhaled solvents, and other xenobiotics. In
nonsmoking human subjects, COHb levels are generally <1%.
In cigarette smokers, COHb levels typically range from 5 to
10%, but can be even higher (>10%).

Effects on the cardiovascular system have been demon-
strated in controlled human exposure studies among CO-
exposed individuals with coronary artery disease. Consistent
decreases in the time to onset of exercise-induced angina and
electrocardiogram changes have been observed following CO
exposures that result in COHb levels of 2–6%. The current US
NAAQS for CO (9 ppm for 8 h and 35 ppm for 1 h) is intended
to keep COHb levels below 2.1% to protect the most sensitive
members of the general population such as individuals with
coronary artery disease.

Central nervous system effects, including reductions in
hand–eye coordination and in attention or vigilance, have been
reported at peak COHb levels of 5% and higher, but more
recent work indicates that significant behavioral impairments
in healthy individuals should not be expected until COHb
levels exceed 20%. It must be emphasized, however, that even
a 5% COHb level is associated with 1 h CO concentrations of
100 ppm or higher. Thus, at typical ambient air levels of CO,
no observable central nervous system effects would be expected
to occur in the healthy population. At COHb levels of 20–30%,
nausea and weakness ensue. Decreases in mental function,
collapse, and coma are evident as COHb exceeds 35%.

While individuals with coronary artery disease are the most
susceptible to the effects of ambient CO exposure, burgeoning
evidence suggests that additional subpopulations may be
sensitive to current ambient exposure levels of CO, including
fetuses and individuals with chronic obstructive pulmonary
disease or anemia. For example, carbon monoxide binds more
tightly to fetal hemoglobin and is cleared more slowly than in
adults. Animal studies have demonstrated that maternal CO
exposure can reduce birth weight, result in cardiac birth defects,
and increase neonatal mortality. Limited epidemiological
findings appear to confirm these effects, although the con-
founding influences of smoking, indoor sources of CO, and
ambient copollutants are hard to eliminate and additional
research is needed to delineate the contribution of ambient
levels of CO to adverse health effects.

Lead

Lead (Pb) has been used for thousands of years in diverse
applications such as paint, ceramic glazes, water transport, and
electrical components. Lead is alloyed with a number of other
elements including calcium, tin, copper, silver, sulfur, bismuth,
and cadmium and then used in solder, ammunition, cables,
and batteries.

In the United States, automotive sources are no longer the
major contributors of Pb emissions to the atmosphere due to the
phaseout of Pb from most domestic fuels. This ban of lead in
fuel has not been initiated in all countries, however, and motor
vehicle fuels are still an important source of ambient lead levels
in many countries. Mobile source-related emissions, including
brake wear, resuspension of road dust and emissions from
piston-engine aircraft and race cars, still occur. The resuspension
of soil-bound Pb particles and contaminated road dust is
a significant source of airborne Pb. The industrial sector is the
major stationary source of Pb into the environment in the
United States. These industries include iron and steel foundries,
coal and fuel oil combustion, wood combustion, waste incin-
eration, primary and secondary Pb smelters, copper and nickel
smelters, Pb-acid battery plants, and Pb mining/processing.

Lead levels in the United States have declined precipitously
since the mid-1970s when Pb was stopped from being used as
an antiknock additive in gasoline. The change in annual
national Pb emissions decreased 79% between 1990 and 2008.
The dramatic decrease in Pb emissions has been paralleled by
an equally impressive decrease in average blood Pb levels as
a biomarker of exposure. Between 1988 and 2008, geometric
mean blood Pb levels in children (1–5 years old) decreased
from 3.6 to 1.5 mg dl�1.

Exposure to Pb can occur via a number of pathways
including ingestion (drinking water, food, soil, and dust) and
inhalation. Ingestion of Pb contributes the majority of the
average individual’s body burden of Pb, including children.
The current NAAQS for Pb is 0.15 mgm�3 averaged over
a rolling 3-month period.

Research on the health effects of low-level Pb exposure is
extensive and has been garnered from both epidemiological
and animal studies. Pb affects numerous organ systems
including the central nervous system, cardiovascular system,
immune system, and renal system. The most critical of these
adverse health effects have occurred in children resulting from
fetal, neonatal, and later postnatal Pb exposures and include
deficits in neurocognitive and neurobehavioral development.
Some of these nervous system effects include impacts on IQ,
high-order processes such as language and memory, academic
achievement, behavior and conduct, sensory acuities, and



Table 3 Changes in emission estimates for the United States,
1990–2008

Pollutant 18-Year trend

Carbon monoxide 53% decrease
Nitrogen oxides (NOx) 36% decrease
Sulfur dioxide 50% decrease
Volatile organics 35% decrease
PM10 39% decrease
PM2.5 58% decrease
Lead 79% decrease
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changes in brain structure and activity. Toxicological studies
not only provide coherence with similarly consistent findings
for Pb-induced impairments in learning, behavior, and sensory
acuities but also provide biological plausibility by character-
izing mechanisms for Pb-induced neurotoxicity. These mech-
anisms include Pb-induced inhibition of neurotransmitter
release and decreases in synaptic plasticity, neuronal differen-
tiation, and blood–brain barrier integrity. Both epidemiolog-
ical studies (in children) and toxicological studies have
demonstrated neurocognitive deficits in association with blood
Pb levels at and below 10 mg dL�1, and evidence from both
disciplines supports a nonlinear exposure–response relation-
ship, with greater effects estimated for lower blood Pb levels.

In adults, small but consistent increases in blood pressure
are significantly associated with increases in blood Pb
concentrations. Mechanistic evidence to support the biological
plausibility of Pb-induced hypertension is derived from toxi-
cological studies that include oxidative stress, altered sympa-
thetic activity, and vasomodulator imbalance. Acute, high-dose
Pb exposures result in more severe toxicological effects and
these and other biological consequences of Pb exposure are
discussed in greater detail elsewhere.
Future Directions and Control Strategies

As shown in Table 3, improvements in air quality in the United
States have occurred as a result of federal regulations promul-
gated through requirements in the CAA of 1970 and the CAA
Amendments of 1990. Similar stepwise reductions in air
pollution have occurred in countries in Europe and Asia where
active programs and legislation are present. Despite the
decrease in ambient concentrations of the pollutants in the
United States, Europe, and Hong Kong in recent years, obser-
vational studies continue to show associations with health
effects, thus indicating no discernable threshold. Combined
with this knowledge is the appreciation that no individual is
exposed to a single atmospheric pollutant at a time. As a result,
there is a movement in both the air pollution research field and
the regulatory arena to consider the collective health effects
resulting from exposure to ambient mixtures, including the
nature of the interactions.

The reported emissions for the six major pollutants with
US NAAQS and WHO guidelines are only a portion of the
total amount of toxic substances released by mobile and point
sources. While regulations and controls set in place to reduce
the release of PM, volatile organics, and nitrogen oxides
will also reduce the emissions of many air toxics, it is esti-
mated that one million tons of air toxics are released in the
United States each year. Air toxics are generally defined as
hazardous air pollutants, other than the six NAAQS pollut-
ants, with the potential for causing increases in mortality or
serious illnesses. The CAA Amendments of 1990 identifies
189 substances requiring regulation. Regulation of these air
toxics necessitates technology-based standards for reducing
emissions and establishing an accidental release tracking
program. The top nine air toxics, in terms of total emissions,
include toluene, methanol, methyl ethyl ketone, xylene,
chlorine, hydrochloric acid, carbon disulfide, and chlorinated
alkanes and alkenes. Over the past two decades, a sustained
downward trend in total emissions of these air toxics was
obtained in the United States. It must be emphasized that
provisions in the CAA Amendments of 1990 focus on point
sources of air toxics emissions rather than individual
substances. Thus, key source categories have been identified
and are to undergo prompt regulation for reducing hazardous
emissions. Examples of key emissions sources for which regu-
lations have been developed include (1) chemical man-
ufacturing plants (which emit as many as 150 of the 189
hazardous air toxics), (2) coke oven batteries, (3) dry cleaning
facilities, (4) ethylene oxide sterilization facilities, (5) industrial
cooling towers, and (6) chromium electroplating operations.

See also: Carbon Monoxide; Clean Air Act (CAA), US;
Environmental Protection Agency, US; Gasoline; Lead; Nitrogen
Dioxide (Formerly Nitrogen Oxides); Ozone; Sulfur Dioxide
tolerance.
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Introduction

Indoor air quality is one of the key determinants of the
acceptability of an indoor environment. Indoor air pollution
in occupied buildings is often higher than outdoor air pollu-
tion. This is true for modern buildings in developed countries
when significant sources of indoor air pollution exist, as well
as for buildings in developing countries, particularly in rural
areas, where people use open stoves for cooking and heating.
The World Health Organization (WHO) has estimated that
indoor air pollution from the use of solid fuels in ‘high-
mortality’ developing countries is ranked fourth among the
10 leading risks factors as percentage causes of the global
disease burden.

Half of the world’s population, living mostly in developing
countries, is exposed to indoor air pollution, which is esti-
mated to cause 36% of all lower respiratory infections and 22%
of chronic obstructive pulmonary disease (COPD). Indoor air
pollution is a concern in the developed countries as well, where
energy efficiency improvements sometimes make houses rela-
tively airtight, reducing ventilation and raising pollutant levels.
The risk perception of people with respect to indoor versus
outdoor air pollution is, however, often characterized by a lack
of awareness that the indoor air environment may contain
some of the same pollutants found outdoors and quite
a number of different ones. Indoor air pollution is, in fact, not
a new problem. When early humans discovered fire and used it
to heat their shelters, they must have found that one of its
undesirable side effects was production of and exposure to
smoke. Attempts to provide adequate ventilation may have
been made, but success was only partial in that mummified
human lungs from the preindustrial age show considerable
carbonaceous pigmentation.

It has become increasingly evident that the indoor envi-
ronment is a significant source of personal exposure to various
air contaminants, e.g., formaldehyde and other volatile organic
compounds (VOCs), some of which can reach fairly high
concentrations. However, any health effects from exposure to
indoor air pollutants are a function of the total exposure, which
is related to the air pollutant concentration, exposure duration
and frequency, the actual indoor compartment of exposure,
and the population group exposed. For example, even when
indoor concentrations are low, exposures may be of long
duration and the total, or cumulative dose can be quite high.
This reflects the fact that people can spend upward of 90% of
their time indoors, be it at home, at the office, in a school, or in
shopping malls or in cars, busses, trains, or other forms of
public transit. In many instances, indoor sources actually
provide the bulk of personal exposure to certain airborne
toxicants (e.g., aldehydes) and the only source of exposure to
others. Furthermore, the population exposed largely indoors is
much more diverse than that exposed in occupational envi-
ronments or even in ambient outdoor air. In addition to
healthy adults, it can include infants, children, and people with
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
medical conditions, all of whom may be especially vulnerable
to certain toxicants.

For a long time, remaining indoors was considered to afford
protection from air pollution, and early studies of indoor air
quality were generally concerned with examining the ratios of
indoor to outdoor concentrations of various contaminants
since it was believed that indoor contaminant levels were
controlled primarily by outdoor concentrations. Outdoor
pollutants can indeed infiltrate indoors through cracks,
windows, doors, and other openings in buildings and through
ventilation systems, or they be carried indoors by building
occupants. However, the relative amount of an outdoor
pollutant found indoors depends largely on its physicochem-
ical properties. For example, highly reactive gases like ozone
may be removed from the air in or prior to entering an indoor
environment, and the resulting indoor concentrations would
be much lower than those found outdoors. Indoor versus
outdoor (I/O) ratios in homes reported in the literature for
total suspended particulate matter range from 0.2 to >1.0; for
PM10 I/O ratios range from 0.4 to 1.5. In the smaller size
fractions (PM refers to particulate matter and the subscript for
PM refers to the aerodynamic diameter of the particles, in
micrometers, with the number being the high end of the
aerodynamic particle diameter range of interest), annual
average I/O ratios for fine PM <2.5 mm (PM2.5) were found
close to unity in nonsmoking homes.

It is now very clear that indoor air contaminants are not
totally derived from outdoor sources, but that numerous
contaminants can be directly released into the indoor envi-
ronment from local sources such as cooking over an open
flame, from smoking, from heating systems, from modern
synthetic building and furnishing materials, from consumer
products and clothing, and even from natural sources,
including the normal biological activities of building occu-
pants. Many of these contaminants have been found to occur in
increasing levels over recent years due to the attempt to make
homes, and other buildings, more airtight for energy conser-
vation. This reduces the rate of air exchange between the
outside (fresh air) and inside environments. For example, older
homes may have air exchange rates which are 2–10 times
greater than those found in newer houses. The result is that
levels of many indoor contaminants can be many times higher
than the concentration of these same materials in the outdoor
environment, if they occur outdoors at all.

Buildings are not the only source for exposure to indoor air
contaminants. Many people spend a significant portion, often
up to 5%, of their day in transit, and public transportation or
walking, running, bicycle riding, etc., provide additional
opportunities for exposure to various toxicants. Although the
air exchange rate in most forms of public transportation is
generally higher than in buildings, in many cases the number
of occupants per unit volume of air is much greater. A good
example of this is modern aircraft, which also may recirculate
as much as 50% of the interior air, leading to enhanced
4-3.01028-9 1003

http://dx.doi.org/10.1016/B978-0-12-386454-3.01028-9


1004 Pollution, Indoor Air
concentrations of contaminants such as ozone, carbon dioxide,
and volatile constituents of heated oil and hydraulic fluids.
Further, during ground operations, exhaust fumes and deicing
fluids can enter into the air supply system.

The major sources of air pollutants found in buildings are
described next. However, the mere presence of a potential
contaminant source does not necessarily mean that exposure
will ensue. This is because the extent of exposure, if any, often
depends on the physical nature of a source or the manner in
which it is used. Furthermore, the health significance of expo-
sure to indoor pollutants may not always be clear. While many
of these toxicants may have adverse effects under exposure
conditions found in occupational and other environments,
often much less is known about biological responses with
prolonged exposures at concentrations common in indoor
environments.
Sources of Indoor Air Contaminants

Combustion By-Products

One very common source of indoor air pollutants is the
combustion of biomass or fossil fuels, such as in gas ranges
(including pilot lights), wood-burning stoves and fireplaces,
and gas and kerosene space heaters. These emit both particles
and gases. Particles consist of fine (PM2.5) and ultrafine (PM0.1)
PM, carbon soot, various mineral constituents of the fuels, and
organic compounds, while emitted gases include carbon
monoxide, carbon dioxide, nitrogen dioxide, nitric oxide, and,
depending on the fuel used, sulfur dioxide and various
organics. The amounts of specific contaminants emitted vary
depending on the fuel type, the combustion process used, and
the nature of the appliance. For example, properly operated gas
heaters and stoves emit little if any PM, while wood-burning
stoves emit much greater amounts. When properly used and
vented, many potential contaminants from combustion sour-
ces do not remain within the indoor environment, thus
becoming outdoor pollutants. However, because combustion
activities tend to be episodic, short-term indoor concentrations
can be quite high for unvented or improperly vented systems
and interior spaces. This is particularly the case in rural areas of
South and South East Asia, Africa, and South America, where
firewood, charcoal, and cow dung are widely used in open
stoves for cooking and heating.

About half of all homes in the United States use natural gas
for cooking, a typical example of unvented combustion and
a major source of indoor nitrogen dioxide and carbon
monoxide, especially in kitchen areas. Other generally unven-
ted combustion sources are gas and kerosene space heaters,
found in about 10% of homes in the United States. Emissions
from the latter are similar to those from gas-fueled devices, but
particles from kerosene heaters consist of carbon onto which
may be adsorbed organic chemicals (e.g., hydrocarbons), many
of which show significant mutagenic activity. Wood stoves are
also used for home heating in many areas, and while they are
generally vented outdoors, improper venting or lack of proper
seals can also result in significant indoor contamination
by organic-coated carbon particles. The actual exposure to
contaminants from any of these combustion sources depends
on the degree of venting used while the appliance is in
operation and the extent and pattern of its use, but indoor
concentrations of nitrogen dioxide and carbon monoxide are
generally higher than those outdoors when significant sources
are present, especially in the winter when interior ventilation
tends to be reduced.
Particulate Matter

During the 1990s, suspended PM was identified as one of the
most important indoor and outdoor air pollutants. Due to the
different sizes of the particles that lead to different deposition
patterns in the human airways, PM is mostly not a single
compound like a gas but rather a mixture of compounds.
Epidemiological studies of short-term exposures found that
each 10 mg m�3 increase in PM10 is associated with approxi-
mately 0.4–0.6% increase in daily mortality. Somewhat larger
associations are observed for cardiovascular mortality and
considerably larger associations were found for respiratory
mortality. PM10 is also associated with increased hospitaliza-
tion and related health care visits for respiratory disease and, to
a somewhat lesser degree, cardiovascular disease. Associations
also exist with lower respiratory symptoms, exacerbation of
asthma, and coughing. Small but usually statistically significant
declines in lung function have been observed as well. The data
used in these estimations were from American and European
time series studies. A recent analysis of data in Asia has found
a similar association between PM10 and total mortality. Similar
but somewhat stronger associations have also been established
for PM2.5 and daily mortality.

A threshold for the onset of health effects due to PM could
not be established from these studies. In its 2000 Guidelines
for Air Quality, the WHO, for the first time, did not derive
guideline values as in past publications but quoted exposure–
response relationships. This attitude was given up in the
2005 global update of the air quality guidelines. Here guideline
values for PM10 and PM2.5 were derived which correspond to
a non-negligible risk of health impacts as a consequence of the
nonexistence of a threshold for the onset of PM-related
impacts. In contrast to carcinogenic compounds where in
case of no threshold a unit risk is derived instead of a guideline
value, a paradigm shift has been performed for PM.

Evidence from long-term exposure studies indicates that
cardiopulmonary health effects are associated with PM2.5 and
that PM2.5 was more closely associated with health outcomes
than PM10. Total mortality, in general, is observed to be asso-
ciated with longer-term exposure to PM by approximately
2–4% per 5 mg m�3 increase in PM2.5.

These results were obtained from outdoor air investiga-
tions of PM-related health outcomes. In view of the indoor/
outdoor ratios quoted above and the similarity of particle
size distributions of indoor and outdoor sources, there is
little doubt that these associations also apply for indoor
environments. These epidemiological studies, although
coherent and partially consistent, have important limitations
that emerge from the investigation of people who are living
in uncontrolled environments. As the biological mecha-
nisms are not yet very well understood, a better under-
standing of the health effects due to PM is requiring further
contributions from toxicology, exposure assessment, and
other disciplines.
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Nitrogen Dioxide

Any high-temperature combustion process in air initially
generates nitric oxide and some nitrogen dioxide, but the
former becomes rapidly oxidized to the latter. Combustion
processes may produce other forms of nitrogen containing
compounds, such as nitrous and nitric acid vapors; however,
the toxicological significance of these is not certain.

When natural gas cooking stoves are in operation, indoor
nitrogen dioxide (NO2) levels are generally higher than those
found outdoors and are always above those found in homes
using electric ranges. The average daily concentration in homes
using gas for cooking purposes can range from 0.05 to
0.95 mg m�3, but short-term peaks of 1.9 mg m�3 are also
common. The result is that personal exposures to nitrogen
dioxide are primarily driven by indoor sources in homes using
gas appliances. The highest NO2 concentrations occur in
inadequately ventilated skating rinks by emissions from
gasoline or propane powered resurfacing machines used to
periodically smooth or groom the ice. Personal sampler
measurements in children in Sweden showed peak hour
concentrations up to 8 mg NO2 m

�3.
The main health endpoints of nitrogen dioxide exposure are

respiratory symptoms, bronchoconstriction, increased bron-
chial reactivity, airway inflammation, and decreases in immune
defense leading to increased susceptibility to respiratory
infection. Short-term exposures in human experimental studies
with volunteers have indicated minor changes in pulmonary
function and small increases in airway reactivity in people with
asthma. Long-term NO2 exposure has been linked to a 20%
increased incidence of acute respiratory infection in children
residing in homes using gas for cooking. There is also some
indication that nitrogen dioxide, at concentrations found in
homes associated with the use of natural gas stoves, may
increase symptoms of asthma, wheezing, colds, sore throats,
hay fever, and absences from school in children. Studies of
long-term exposure of adults to gas stoves foundmore frequent
respiratory symptoms, including a reduction in lung function
in women but not in men, with gas use. A follow-up of the
consequences of gas stoves, wood stoves, or fireplaces on
nonsmoking asthmatics showed a close association between
use of a gas stove and shortness of breath, cough, or restrictions
in activity. However, there is still not enough evidence from
epidemiological studies alone to establish whether the
observed effects are causally related to NO2 only. The WHO has
derived a guideline value for NO2 of 200 mg m�3 for 1 h
exposures, and an annual guideline value of 40 mg m�3.
Carbon Monoxide

Carbon monoxide (CO) is produced during the incomplete
combustion of carbon-containing fuels such as natural gas,
kerosene, and wood. Its production rate by gas ranges is
actually greater than that for nitrogen dioxide, and indoor
levels can be several times greater than those found outdoors.
Concentrations ranging from 2.3 to 17 mg m�3 have been
found in homes using gas for cooking. In some cases, indoor
levels are enhanced by carbon monoxide derived from auto-
mobiles housed in garages. CO binds very strongly to hemo-
globin in red blood cells, resulting in the production of
carboxyhemoglobin (COHb); this can actually be used as
a marker for exposure to carbon monoxide. The presence of
COHb impairs the normal transport of oxygen within the
blood and can result in adverse effects on tissues, such as those
in the cardiovascular and nervous systems, which have high
oxygen needs. Laboratory studies on the reduction in exercise
capacity in both healthy individuals and volunteers with
cardiovascular disease indicate that COHb levels should not
exceed 2%.

Symptoms of acute carbon monoxide poisoning range from
headache to death. Prolonged exposure can affect the body due
to oxygen deprivation, a condition known as tissue hypoxia.
Levels of CO encountered indoors have been found to result in
disorientation in exposed individuals. Other potential health
effects of CO include neurological deficits, neurobehavioral
changes, and increases in daily mortality and hospital admis-
sions for cardiovascular diseases. Several studies showed small,
statistically significant relationships between CO and daily
mortality. Some studies appear to show that the association
between ambient CO and mortality and hospital admissions
due to cardiovascular diseases persists even at very low CO
levels, indicating no threshold for the onset of these effects. It is
now established that CO may have more serious health conse-
quences than the COHb formation, and at lower levels than that
mediated through elevated COHb levels. The effects of pro-
longed exposures to indoor concentrations of CO on the health
of normal individuals are different from short-term exposures.
Epidemiological studies of long-term exposures ranging from
0.6 to 10.9 mg m�3 indicate positive robust (against multiple
pollutants) associations between outdoor carbon monoxide
exposure and emergency department visits and hospital admis-
sions for ischemic heart disease (IHD), congestive heart failure,
and cardiovascular disease in different locations. Toxicological
studies of carbon monoxide exposure during pregnancy have
suggested evidence on human birth outcomes and fetal devel-
opment such as reduced fetal growth and low birth weight.

The WHO guideline values for CO are 100, 35, 10, and
7 mg m�3 for exposure times of 15 min, 1, 8, and 24 h,
respectively.
Environmental Tobacco Smoke

One indoor air pollutant of concern since the 1950s in terms of
preventable morbidity and mortality is tobacco smoke, which
contains over 4000 different chemical compounds emitted as
particles or gases. Tobacco smoke is the largest single source of
air contamination in many indoor environments in developed
countries and also in developing countries in indoor environ-
ments without use of open burning for cooking and heating.
Environmental tobacco smoke (ETS) is the term used to
describe the smoke found indoors and which consists of
a combination of that emitted into air from the burning end of
a cigarette, cigar, or pipe (sidestream smoke) plus the smoke
that is exhaled by the smoker (mainstream smoke). Generally,
active smoking consumes half of a cigarette while smoldering
consumes the other half.

The combustion conditions differ when a cigarette is puffed
compared to when it smolders, so the actual ratios of chemical
constituents in sidestream and mainstream smoke also differ,
although qualitatively the materials are similar. Because the
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temperature of the burning cone is lower as the cigarette
smolders than during active puffing, combustion is less
complete in sidestream than in mainstream smoke. Conse-
quently, sidestream smoke has higher concentrations of
chemical compounds than mainstream smoke. The bulk of
ETS actually consists of sidestream smoke. While the amount
inhaled by the nonsmoker compared to the active smoker is
reduced by dilution in room air, ETS is the source of numerous
toxic and carcinogenic contaminants in indoor environments;
some of the major ones are acetaldehyde, acetone, acrolein,
ammonia, carbon dioxide, carbon monoxide, formaldehyde,
hydrogen cyanide, nitrogen oxides, and pyridine in vapor/gas
phase, and aniline, benzo[a]pyrene (B[a]P), carbon, nicotine,
heavy metals, and phenol in the particle phase. Sidestream
smoke has been classified as a Class A carcinogen by the US
Environmental Protection Agency (EPA).

Respirable particle levels in the smoking areas of some
buildings can be up to 25 times greater than those in
nonsmoking areas, reaching concentrations above 300 mg m�3.
Nicotine, polycyclic aromatic hydrocarbons (PAH), carbon
monoxide, formaldehyde, acetaldehyde, acrolein, nitrogen
dioxide, and benzene have also been found to be significantly
elevated in the homes of smokers compared to those of
nonsmokers. For example, median nicotine levels monitored
weekly in US smoker homes ranged between 1.4 and
3.0 mg m�3, with maximal values between 4.4 and 28.6 mgm�3.

Passive smoking, or involuntary smoking, is the term used
to describe the inhalation of ETS by nonsmokers. The amount
of smoke to which any individual is exposed is quite variable,
depending on the number of sources (i.e., active smokers), the
degree of building ventilation that affects dilution, and the
presence of any air-cleaning devices. The contribution of
various indoor environments to personal exposure to ETS
varies with the time–activity patterns and the individual
susceptibility. For example, infants who do not attend daycare
are mainly exposed in the homes of smokers. Nonsmoking
adults who work in offices together with smokers may be
principally exposed in these offices. Studies have shown that
exposures to ETS in the home are usually greater than those at
the workplace.

Personal exposures to ETS can be assessed using biological
markers in body fluids such as saliva, blood, or urine. The
presence of ETS components and their metabolites in body fluid
of exposed nonsmokers strengthens the plausibility of associa-
tions between ETS exposure and disease. Biological markers of
exposure to ETS have been used to estimate the prevalence of
doses of potential toxic agents inhaled during involuntary
smoking. At present, the most sensitive and specific of these
markers are nicotine and its major metabolite, cotinine. Nicotine
and cotinine are almost never present in body fluids in the
absence of ETS exposure. Because the circulating half-life of
nicotine is about 30 min, nicotine concentrations in body fluids
are representative of very recent exposures. Cotinine remains in
the body for about 20–30 h and, therefore, reflects an equilib-
rium reached by daily exposure to ETS. Its assessment clearly
indicates that passive smoking is a significant source of exposure
to cigarette smoke, with cotinine levels in nonsmokers
approaching 10% of those found in active smokers.

Exposure to ETS has been linked to various diseases and
symptoms, particularly in children of smoking parents. Some
of the health effects result predominantly from transplacental
exposure of the fetus to tobacco smoke components. Health
effects on the fetus resulting from maternal smoking during
pregnancy include decreased birth weight, growth retardation,
prematurity, spontaneous abortion, perinatal mortality, and
congenital malformations. Postnatal health effects of ETS
exposure include sudden infant death syndrome, and adverse
effects on neuropsychological development and physical
growth. ETS has also been evaluated as a risk factor for the
major childhood cancers. Childhood cancers are dissimilar
from cancers in adults and affect different anatomic sites and
may be of embryonic origin. Children may be particularly
susceptible to exposures in utero or during early childhood
because their systems are rapidly developing. Environmental
exposures are difficult to evaluate because cancer is rare in
children and because of challenges in identifying past exposure
levels. The evidence is, therefore, limited and does not yet
support conclusions as to the causal nature of observed
associations.

Studies of involuntary smoking and lower respiratory
illnesses in childhood, including more severe episodes of
pneumonia and bronchitis, have demonstrated dose–response
relationships. Schoolchildren responses to parental ETS include
increased acute respiratory infections, increased frequency of
chronic respiratory symptoms (i.e., cough, phlegm, wheezing),
and middle ear infections; and reduced lung function and rate
of lung growth. Exposure to ETS might also cause asthma as
a long-term consequence of the increased occurrence of lower
respiratory infection in early childhood, other pathophysio-
logical mechanisms including inflammation of the respiratory
epithelium, or increased airways responsiveness developed
shortly after birth from smoking mothers. While the underlying
mechanisms remain to be identified, the epidemiological
evidence associating ETS with childhood asthma is increasing.

Effects in adult nonsmokers are not as conclusive in terms
of alterations in lung function, but irritations of the eyes and
of the upper and lower respiratory tract do occur, and ETS
both increases the risk of developing cardiovascular disease
and is a major preventable cause of cardiovascular disease and
death.

ETS is a significant risk factor for lung cancer in nonsmokers,
and it has been classified as a respiratory carcinogen by the
International Agency for Research on Cancer (IARC). The
increased individual risk can be 30–50% depending on the
extent of exposure, and exposure to ETS is estimated to be
responsible for lung cancer deaths among nonsmokers in the
United States. The most recent meta-analysis estimated the
excess risk of lung cancer for nonsmokers who lived with
a smoker as 26%, with a 95% confidence interval between 7
and 47%. This and other estimations illustrate that passive
smoking must be considered an important cause of lung cancer
death from a public health perspective. The WHO estimated
the unit risk for ETS as 10�3 per mg m�3, a risk for developing
cancer during lifetime only below the unit risks of B[a]P,
chromium(VI), and arsenic.
Volatile and Semivolatile Organic Compounds

The WHO has categorized indoor VOCs into classes, see
Table 1.



Table 1 WHO classification of VOCs

Category description Acronym Boiling point range, �C

Very volatile (gaseous) organic compounds VVOCs <0 to 50–100
Volatile organic compounds VOCs 50–100 to 240–260
Semivolatile organic compounds SVOCs 240–260 to 380–400
Organic compounds associated with particulate matter:

Particle-bound organic compounds
POCs >380
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Some VOCs can bemalodorous pollutants, sensory irritants,
or hazardous air pollutants. Hazardous VOC air pollutants
include acetaldehyde, benzene, carbon tetrachloride, chloro-
form, ethylbenzene, formaldehyde, hexane, methylene chlo-
ride, naphthalene, paradichlorobenzene, pesticides (biocides),
styrene, tetrachloroethylene, toluene, trichloroethylene, and
xylenes. They are found in essentially all indoor locations, re-
leased by offgassing from numerous sources, such as con-
struction and decorating materials, consumer products, paints,
paint removers, furnishings, and carpets, and combustion of
wood, kerosene, and tobacco. While more than 500 volatile
organic compounds have been identified in indoor air, about
50 occur most commonly. The major sources for many of these
are listed in Table 2.

In older homes, the total concentration of all volatile
organics can range from 0.02 to 1.7 mg m�3, while in newer
homes, levels of 0.5–19 mg m�3 have been found. Exposure to
certain organic compounds indoors is much greater than that
which occurs outdoors, with indoor concentrations of some
substances being 10 times higher than those outdoors and with
short-term peaks reaching 1000 times higher.

Semivolatile organic compounds, which are solids or
liquids at room temperature, are also found in indoor air,
derived from pesticides, wood preservatives, floor waxes, and
polishes, and from combustion sources. These have, however,
not been as extensively investigated indoors.

Some volatile organic compounds are known human
carcinogens (e.g., benzene, vinyl chloride). Others are animal
carcinogens and may be human carcinogens (methylene
chloride, trichloroethylene, tetrachloroethylene, chloroform, p-
dichlorobenzene). The unit risks for these compounds are
Table 2 Common indoor sources of volatile organic compounds

Chemical class Examples

Aldehydes Formaldehyde

Hydrocarbons
Aliphatic Propane, butane, undecane, pentane

Aromatic Benzene, styrene, toluene, xylene
Halogenated Chloroform, 1,1,1-trichloroethane, trichloroethylene,

methylene chloride, p-dichlorobenzene
Alcohols Methanol, hexanol
Ketones Acetone
Terpenes Pinene, limonene
shown in Table 3. Unit risks reflect the probability of attracting
cancer in a hypothetical population during lifetime exposure to
1 mg m�3 of VOCs.

Many more VOCs are respiratory tract irritants or can affect
the central nervous system (e.g., toluene, xylene) at high
(occupational) concentrations. Acute effects at lower environ-
mental concentrations are often difficult to observe under
controlled conditions. Furthermore, many organic chemicals
have distinct odors, which can act as stressor agents affecting
response. Exposure to volatile organics is generally assessed by
measurement of the chemical in breath samples, but some can
also be found in body fluids such as mother’s milk and blood.
Other routes of VOC exposure are drinking water (chloroform,
trihalomethanes), food and beverages (chloroform, trihalo-
methanes, tetrachloroethylene, trichloroethylene), and dermal
absorption (chloroform).

Formaldehyde. One of the most common volatile organic
contaminants found in indoor air is formaldehyde. It is
derived from various sources: urea-formaldehyde foam insu-
lation; resins used as bonding agents in pressed wood prod-
ucts (particleboard, plywood, paneling, fiberboard); resins
used as water repellants, stiffeners, or wrinkle resistors (paper
products, paper towels, grocery bags, waxed paper, permanent
press clothing, carpeting, linoleum, plastics, drapery);
consumer products (cosmetics, shampoo, deodorants, dyes);
and combustion processes (natural gas ranges and heaters,
kerosene heaters, tobacco smoke).

The use of formaldehyde as a bonding resin in pressed
wood products commonly found in home and furniture
construction represents the single largest current use. In past
years, a major source for formaldehyde was urea-formaldehyde
Typical sources

Urea-formaldehyde foam insulation; resins used as bonding
agents in pressed wood products; resins used as water
repellants, stiffeners, or wrinkle resistors; consumer products

Cooking and heating fuel; aerosol propellants; lubricants;
perfume; glues

Paint; varnish; glue; cleaners; lacquers; combustion sources, ETS
Pesticides; dry cleaning solvents; aerosol propellants; degreasing

agents; paint strippers
Window cleaners; paint; adhesives; cosmetics
Lacquers; polish removers; adhesives
Air fresheners; polishes; fabric softeners



Table 3 Unit risks of some VOCs according to WHO
and US EPA

VOC Unit risk (mg m�3)�1 Source

Benzene 6 � 10�6 WHO
Chloroform 4.2 � 10�7 WHO
p-Dichlorobenzene 6.6 � 10�6 US EPA
Methylene chloride 4.7 � 10�7 US EPA
Tetrachloroethylene 6 � 10�6 US EPA
Trichloroethylene 4.3 � 10�7 WHO
Vinylchloride 1 � 10�6 WHO
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foam insulation injected into the walls of homes. While this
use has generally ended in developed countries, very high
indoor levels of formaldehyde are still found in homes with
such insulation, where concentrations can range from 150 to
500 mg m�3 compared to levels of 40–113 mg m�3 in homes
where it was not used. Homes that make extensive use of
plywood, such as mobile and prefabricated houses, also have
high levels, which have been measured at 1300–5000 mg m�3.
Formaldehyde concentrations vary widely; they depend on
the age of the structure, potential sources, and indoor
temperature and humidity (e.g., high temperatures enhance
offgassing).

Significant quantities of formaldehyde are consumed in the
production of other resins or polymers such as polyacetyls,
melamine resins, and alkyl resins. Formaldehyde is also used
in rubber/latex manufacture, textile treatment other than
permanent-press fabrics, dye manufacture and use, photo-
processing chemicals, laboratory fixatives, embalming fluids,
disinfectants, and preservatives.

Formaldehyde can also be emitted by combustion appli-
ances, wood fires, and tobacco smoke, and in indoor chemistry.

Average concentrations of formaldehyde range between
30 and 60 mg m�3 for conventional homes, are at 100 mg m�3

in mobile homes, and range between 50 and 350 mg m�3 in
homes with exposure to ETS. At the workplace without occu-
pational exposure, similar concentrations of formaldehyde are
observed. With occupational exposure, the concentrations may
be as high as 1000 mg m�3.

Formaldehyde can enter the body via the respiratory system,
skin, or gastrointestinal tract, but it is primarily absorbed in the
respiratory tract, where it is rapidly metabolized. It is an upper
respiratory tract and eye irritant; may cause respiratory symp-
toms, reductions in lung function, and headaches; may
predispose to asthma; and can also affect the nervous system.
The WHO guideline value for formaldehyde is 100 mg m�3 as
a 30 min average. It is intended to prevent significant sensory
irritation and should not be exceeded at any 30 min interval
during a day. This guideline value represents an exposure level
at which there is a negligible risk of long-term effects such as
upper respiratory tract cancer in humans.

Increasing use of low-emission building materials and
products and indoor ventilation can reduce exposure to
formaldehyde.

Other aldehydes, which may be important in the indoor
environment, include acetaldehyde, acrolein, and glutaralde-
hyde. Acetaldehyde is a major by-product of hydrocarbon
oxidation when wood or kerosene is burned for heating and
cooking in developing countries, and a combustion by-product
from unvented gas and kerosene appliances. It is also the
predominant aldehyde detected in mainstream and sidestream
tobacco smoke. Acrolein is produced and released into the
indoor environment as a combustion/chemical oxidation
product from the heating of oils and fats containing glycerol,
wood combustion, and cigarette smoke. Acrolein emissions in
mainstream smoke are significantly lower than formaldehyde
emissions but are significantly higher in sidestream smoke.

Acetaldehyde is a relatively mild irritant of the eyes and
upper respiratory system. It is toxic to the cilia of respiratory
epithelia and may interfere with respiratory clearance mecha-
nisms. Acetaldehyde is also a central nervous system depressant
and a proven carcinogen in animals and a potential carcinogen
in humans. The tolerable concentration for acetaldehyde
according to the Guidelines for Air Quality of the WHO is
2000 mg m�3 for 24 h and 50 mg m�3 for 1 year.

Benzene is present both in outdoor and indoor air.
Outdoor sources include traffic, petrol stations, and industries
concerned with coal, oil, natural gas, chemicals, and steel.
Indoor sources include construction materials, remodeling and
decorating materials, furnishing materials such as vinyl, PVC
and rubber floorings, nylon carpets, particleboard furniture,
plywood, fiberboard, flooring adhesives, wood paneling,
caulking, paint removers, and other consumer products.
Attached garages are also a potential source of indoor air
benzene. The use of fuels such as coal, wood, gas, kerosene, or
liquid petroleum gas for space heating and cooking also emits
benzene. Due to these sources, indoor benzene concentrations
are generally higher than those in outdoor air. For example,
40–60% of benzene indoors may be attributable to emissions
from a garage connected to a living environment. Human
activities such as smoking tobacco, cleaning, painting, photo-
copying, and printing also contribute to indoor benzene
concentrations.

Acrolein is a very potent eye irritant, causing lacrimation at
concentrations of approximately 2 mg m�3 and irritation at
concentrations as low as 58 mg m�3. At high concentrations,
acrolein can cause significant lung injury, including dyspnea,
asthma, congestion, edema, and persistent respiratory insuffi-
ciency with decreased lung function. Acrolein is ciliatoxic like
formaldehyde, and can suppress pulmonary killing of bacteria.
On chronic skin exposure, acrolein can cause contact dermatitis
and sensitization. Acrolein can also be a potential carcinogen at
least as potent as formaldehyde. The WHO has derived
a guideline value of 50 mg m�3 based on eye irritation in
humans.

Naphthalene is an aromatic hydrocarbon consisting of
a fused pair of benzene rings. Naphthalene is derived from coal
tar by distillation and purified by recrystallization. It is mainly
used as raw material in the production of phthalic anhydride
naphthalene for the preparation of phthalate plasticizers and
synthetic resins. Naphthalene sulfonic acids are used in the
manufacture of naphthalene sulfonate polymer plasticizers
(dispersants), for concrete and plasterboard (wallboard or
drywall). They are also used as dispersants in synthetic and
natural rubbers and as tanning agents in leather manufacture.
Other naphthalene-derived chemicals include alkyl naphtha-
lene sulfonate surfactants and sulfonic acids as intermediates in
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the preparation of dyes. Naphthalene is also used in the
production of the insecticide carbaryl and – in the crystalline
form – of moth repellents, disinfectants, and toilet deodorizers.
Hydrogenated naphthalenes are used as low-volatility solvents.
Naphthalene is also contained in gasoline, fuel oil, and wood
smoke. In the UK, bituminous materials emitting naphthalene
are commonly used for damp-proofing floors.

The highest indoor air concentrations of naphthalene result
from emissions of consumer products such as multipurpose
solvents, lubricants, herbicides, charcoal lighters, hair sprays,
unvented kerosene heaters, tobacco smoke, rubber materials,
and insect repellents (mothballs), although the latter have been
widely replaced by p-dichlorobenzene in developed countries.

According to the Indoor Determinants of Personal Expo-
sures in the European EXPOLIS (EXPOLIS-INDEX) study,
naphthalene residential indoor air concentrations in Europe
are typically below 2 mg m�3. Exposure values slightly above
this value have been observed in the German Environmental
Survey (GerES II). An exception in the EXPOLIS-INDEX study is
Milan and Athens, where observed concentrations were 10–40
times higher. High concentrations of 59–99 mg m�3 were
observed in hospitality venues (restaurants, cafes, pubs, bars,
and discotheques) in Germany.

Most of the data available on the toxic effects of naphtha-
lene have been derived from animal studies. Dose–response
relationships from epidemiological data on the effects of short-
term and long-term human exposure to naphthalene are very
scarce. Acute effects of naphthalene include hemolytic anemia,
acute hemolysis, methemoglobinemia, and acute naphthalene
poisoning in pediatric subjects caused by widespread use of
naphthalene-containing mothballs. The principal concerns of
long-term exposure to naphthalene are respiratory tract lesions,
including tumors in the upper respiratory tract demonstrated in
animal studies. The WHO guideline value for naphthalene is
10 mg m�3 as an annual average. IARC has classified naphtha-
lene in Group 2B as ‘possibly carcinogenic to humans’ on the
basis of sufficient evidence of carcinogenicity in experimental
animals and inadequate evidence of carcinogenicity in
humans. Classifications of the EU and the US EPA are
compatible with this classification.

Trichloroethylene (TCE) is a clear, nonflammable liquid
used mainly for vapor degreasing and cold cleaning of manu-
factured metal parts and to a less degree as a solvent for
a variety of organic materials. Sources of enhanced TCE
concentration in the indoor air include consumer products
such as varnishes, finishes, lubricants, adhesives, wood stains,
paint removers, cleaning liquids containing TCE, and
contaminated food and water. As these uses are intermittent,
both short-term and long-term average concentrations are
likely to be variable.

Median residential TCE concentrations in the United States
have been found to be near or below 0.5 mg m�3 with standard
deviations of the same order of magnitude, probably deriving
from outdoor concentrations between 0.1 and 0.4 mg m�3. The
European EXPOLIS (Exposure in a Polis (Greek for city)) and
EXPOLIS-INDEX studies found higher median TCE concen-
trations indoors as compared to outdoor in three of the six
studied cities: Athens, Milan, and Prague. Median residential
indoor concentrations amounted to 8.2 mg m�3 (4.3 mg m�3

outdoors), 7.7 mgm�3 (2.3 mg m�3 outdoors), and 13.6 mg m�3
(3.7 mg m�3 outdoors) in Athens, Milan, and Prague, respec-
tively. These enhanced indoor levels suggest a contribution of
TCE sources indoors in addition to outdoor TCE infiltration. In
the other three cities studied – Basel, Helsinki, and Oxford –

TCE levels indoors and outdoors were below the detection
limit in Basel and Helsinki while in Oxford the indoor median
TCE concentration was 2.1 mg m�3 and the outdoor median
amounted to 2.5 mg m�3, suggesting no indoor sources in
residential homes of that city. In France and Japan, median and
geometric mean TCE concentrations were below 1 mg m�3,
indicating the influence of only outdoor TCE. In nonresidential
microenvironments such as offices, restaurants, and stores,
similar low levels were observed and classified as being due to
outdoor air infiltration of TCE.

The critical health endpoint for TCE exposure is human
cancer, for which a risk estimate is appropriate instead of
deriving a safe level. The WHO derived the unit risk estimate of
4.3 � 10�7 per mg m�3 of TCE as an indoor air quality guide-
line, in agreement with the conclusions of the European Union
in 2004 and the French Agency for Environmental and Occu-
pational Health in 2009.

Tetrachloroethylene (PCE) is a colorless liquid widely used
for dry cleaning fabrics, as a solvent for organic materials, and
to degrease metal parts in the automotive and other metal-
working industries. It is also an ingredient of consumer prod-
ucts such as paint strippers, spot removers, stain removers,
fabric finishes, adhesives, fragrances, wood cleaners, motor
vehicle cleaners, and water repellents. These consumer products
are sources of indoor PCE exposure. In addition, workers
from dry cleaning establishments, dry cleaned clothes, and
contaminated drinking water may also be important PCE
sources in residential and nonresidential microenvironments.
The PCE air load in dry cleaning facilities can lead to elevated
concentrations in neighboring homes. The intrusion of PCE-
contaminated soil in residential areas can also result in elevated
concentrations through the evaporation of PCE from the soil
and its permeation through floors.

In several United States cities, median PCE indoor levels
were observed to range between 2 and 265 mg m�3 for
nonexposed homes and homes of dry cleaning workers,
respectively. Outdoor median PCE concentrations ranged from
0.3 to 1.7 mg m�3. Also shops, offices, and homes that share
a building with a dry cleaning facility have been found to
exhibit higher PCE levels than those that are not in the
neighborhood of dry cleaners. Low-income neighborhoods in
New York City also showed enhanced PCE levels (geometric
mean of 256 mg m�3) compared to those with higher incomes
(34 mg m�3).

The European EXPOLIS-INDEX study found higher median
PCE concentrations indoors in three of the six studied cities:
Athens, Milan, and Prague. Median residential indoor
concentrations amounted to 4 mg m�3 (2.3 mg m�3 outdoors),
7.4 mg m�3 (4.1 mgm�3 outdoors), and 8.7 mgm�3 (5.3 mg m�3

outdoors) in Athens, Milan, and Prague, respectively. These
enhanced indoor levels suggest a contribution of PCE sources
indoors in addition to outdoor PCE infiltration. In the other
three cities studied – Basel, Helsinki, and Oxford – PCE levels
indoors and outdoors were below the detection limit in
Helsinki. The median PCE indoor level in Basel was 0.6 mg m�3

(0.7 mg m�3 outdoors), while in Oxford the indoor median
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PCE concentration was 1.9 mg m�3 and the outdoor median
amounted to 1.7 mg m�3, suggesting no indoor sources in
residential homes of both cities.

Mean indoor PCE concentrations in residential houses in
Shimuzu, Japan, were below 2 mg m�3 while medians were
below 0.5 mg m�3. Mean outdoor PCE concentrations were
below 1 mg m�3, and medians were at 0.2 mg m�3.

A survey of nonresidential, nonoccupational microenvi-
ronments – stores and restaurants – in Boston, Massachusetts,
found that geometric mean PCE levels were near or under
3 mg m�3.

The main critical health outcomes of concern in PCE
exposure are local irritation (eyes, mucous membranes, respi-
ratory tract, skin), effects on the central nervous system (CNS),
and cancer. Effects of PCE exposure on the liver and kidneys
have also been observed.

Evidence for CNS effects and effects of local irritation is
sufficient to conclude that there are associations between PCE
exposure and these health endpoints at sufficiently high
concentrations. The evidence of associations between PCE
exposure and effects on the liver and the kidneys is limited.
There are no indications that PCE is genotoxic. The quality of
the epidemiological evidence and the relevance of animal car-
cinogenicity data to humans is still uncertain.

WHO derived a guideline value for PCE of 250 mg m�3 as an
annual mean based on epidemiological evidence on impaired
neurobehavioral performance of and early renal changes in dry
cleaning workers.
Polycyclic Aromatic Hydrocarbons

PAHs consist of three or more fused aromatic (benzene) rings
and are produced as by-products of fossil fuel, diesel, fat, and
biomass burning. Some PAHs have been identified as carci-
nogenic, mutagenic, and teratogenic. Three-ringed PAHs occur
in the atmosphere predominantly in the vapor phase whereas
four-ringed PAHs can occur both in the vapor and particle
phase. Multi-ringed PAHs with five rings or more are mostly
bound to particles. Multi-ringed PAHs are considered to be
very hazardous to human health. B[a]P is often used as
a representative of the total exposure burden to PAHs.
Outdoor sources of PAHs include vehicles, industrial and
power generation plants, waste incinerators, and open waste
burning. In developed countries, indoor sources of PAHs
include ETS and emissions from outdoor sources. Concentra-
tions of 16 PAHS measured in pubs and restaurants showed
indoor air PAH concentrations between 20 and 840 ng m�3. In
developing countries, open stove cooking and heating with
solid fuels such as coal, wood, agricultural residues, and dung
is the largest source of indoor air pollution, including PAHs.
Creosote-impregnated wood products may be an indoor
source of PAHs in parts of the world outside the EU and Japan.
In China and India, more than 70% of people use solid fuels
for heating and cooking; in Sub-Saharan Africa between 40
and more than 95%, and in the six largest countries of Latin
America between 12 and 33%. PAH concentrations in India
and China ranged between 110 and 3560 ng m�3 with use of
liquid petroleum and dung cake, respectively. Heating with
kerosene stoves in Indian homes led to a mean PAH concen-
tration of 164 ng m�3.
In homes with ETS in developed countries, B[a]P concen-
trations between 0.23 and 1.7 ng m�3 have been observed,
whereas in homes without ETS, concentrations ranged between
0.01 and 0.58 ng m�3. B[a]P concentrations in pubs and
discotheques were as high as 1.5–4.1 ng m�3, and in an
extremely ETS polluted indoor environment, the B[a]P
concentration reached a value of 22 ngm�3. In India, geometric
mean B[a]P concentrations from fuel use for cooking ranged
between 0.2 and 17.6, 33, and 129–186 ng m�3 for kerosene,
coal, and cattle dung, respectively, as cooking fuel. Chinese
domestic cooking led to B[a]P concentrations of 6–24 ng m�3.
Depending on stove type and fuel used for heating, B[a]P
concentrations were between 0.63 and 166 ng m�3 in devel-
oping countries of Asia and Sub-Saharan Africa.

Critical health outcomes of exposure to B[a]P as a marker
of PAHs include intrauterine growth restriction, lung cancer,
and fatal IHD. Sufficient evidence exists of a relationship
between prenatal exposure to mixtures of airborne carcino-
genic PAHs and intrauterine growth restrictions in humans.
Sufficient evidence of a causal relationship is considered to
exist between exposure to mixtures of airborne PAHs con-
taining B[a]P and lung cancer. Limited evidence exists for a
relationship between exposure to mixtures of airborne PAHs
containing B[a]P and IHD. The WHO has estimated a unit risk
for lung cancer due to mixtures of PAHs to be 8.7 � 10�5 per
ng B[a]P m�3. If the relationship between PAHs containing
B[a]P and IHD is corroborated by future observations, the
IHD mortality from PAH exposure would be higher than that
from lung cancer.
Radon

Radon (222Rn) is an odorless and colorless natural radioactive
gas. It is produced during the radioactive decay of radium-226,
itself a decay product of uranium-238 found in many types of
crustal materials, i.e., rocks and soils. 222Rn has a short half-life
(3.8 days) and decays into a series of solid particulate products
known as radon progenies or daughters, most of which have
even shorter half-lives (30min or less). Other isotopes of radon
also occur naturally, but due to differences in half-life and
dosimetry, their health significance is minimal compared to
that from exposure to 222Rn.

The main source of indoor air radon is the soil and rock
beneath a building, from which the gas penetrates indoors,
primarily through cracks or openings in the foundation or
basement, including drain and utility access areas. Some well
(ground) water in areas having high soil radium content may
also be a source of indoor radon, as may natural gas or
building materials containing radium. Often radon levels
indoors tend to be highest in the lowest levels of a building,
from which the gas can then permeate the entire structure.
Arithmetic mean radon concentrations in European countries
range from about 30 to 140 Bq m�3. In Russia, radon levels
range between 19 and 230 Bq m�3; in the United States
average levels are around 50 Bq m�3; in Canada and Argentina
levels around 35 Bq m�3 have been observed. In South and
South-East Asian countries 222Rn arithmetic mean levels range
between 16 and 60 Bq m�3. Because of the skewed distribu-
tion of radon levels the geometric mean concentrations range
20–50% lower.
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Depending on the geological compositions and socioeco-
nomic considerations, recommended indoor action levels vary
from country to country. Many countries have set an action
level of 200 Bq m�3 at which mitigation measures should be
taken to reduce radon levels at home. In the European
Community, the action level is 400 Bq m�3. In Canada the
action level is set at 800 Bqm�3. The highest acceptable level of
residential radon in the United States has been set by the US
EPA at 150 Bq m�3, but about 5–10% of homes in the United
States exceed this benchmark.

The risk from radon exposure is essentially due to inhala-
tion of its progeny, which can attach to abundant sources of
particles in indoor air that then act as carriers of these radio-
active particles into the respiratory tract. Radon accounts for up
to 50% of the total internal dose from all natural background
radiation sources and this, in turn, is due almost completely to
two of its progeny, namely, polonium-218 and polonium-214,
that decay via the release of alpha particles. Alpha particles
lodged in the airways of the lung can damage the cells lining
the airways, thus inducing lung cancer.

Radon exposure in the home likely substantially increases
lung cancer risk in either nonsmokers or smokers. Radon is
classified by IARC as a Group I human carcinogen. The average
excess relative risk, based on 30 years average radon exposure of
smokers, ex-smokers, and lifelong nonsmokers is about 16% per
increase of 100 Bq m�3. As the relative risk of lung cancer at any
given radon concentration is approximately 26-fold higher in
current smokers than in lifelong nonsmokers, the absolute risk
of lung cancer due to radon is appreciably higher for current and
ex-smokers than for lifelong nonsmokers. The WHO estimated
the excess lifetime risks (by the age of 75 years) to correspond to
a unit risk of 0.6 � 10�5 per Bq m�3 for lifelong nonsmokers
and 15 � 10�5 per Bq m�3 for smokers. In consequence, for the
management of the radon challenge, the WHO International
Radon Project has recommended a reference level of 100 Bqm�3

to minimize health hazards due to indoor radon exposure.
Biological Agents

Biological agents are a heterogeneous group of particles or
chemicals of microbial, animal, or plant origin. They emerge
from numerous sources, some of which

1. can be part of the everyday use of the building;
2. are clearly harmful and therefore need to be specifically

controlled;
3. are always present in the indoor environment.

Indoor air can contain a wide variety of biological
contaminants such as bacteria, viruses, fungi, allergens from
insects and insect parts, animal dander, and toxic components
such as endotoxins and mycotoxins.

For example, bacteria that belong to the normal microflora
of the human skin are continuously emitted into the indoor
environment.

Being living organisms, biological agents are able to
increase their concentrations indoors even if their original
source would be outdoors. They thus can create an indoor
source of their spores, and metabolic and other products’
diversity in indoor environments is large. The relative impor-
tance to health of individual biological agents as sources of
allergens in indoor environments is still to be assessed except
for house dust mites or hair from pets. While many of these are
nonpathogenic, others induce disease by infection of the
respiratory tract or by immunologic means, such as allergy.

Influence of dampness and moisture. Dampness and
moisture conditions regulate the biological contamination of
indoor environments.

There are several ways humidity, dampness, and moisture
can be raised in buildings, including

1. human actions such as breathing, sneezing, and coughing;
2. cooking and washing;
3. using heating, ventilation, and air conditioning (HVAC)

systems;
4. using construction materials with inadequate humidity

control;
5. applying humidification systems and whirlpool baths;
6. leaking of water from the plumbing and sewage network;
7. condensation of water vapor on surfaces cooler than the

surrounding air;
8. entering of water into the building structures from outside,

e.g., through heavy rain and flooding;
9. thermal bridges (such as metal window frames), inade-

quate insulation, and unplanned air pathways, or cold
water plumbing and cool parts of air-conditioning units;

10. closeness of building to rivers and coastal areas.

All these processes and conditions may cause damage to
construction materials and support microbial growth on
surfaces, often seen as visible mold. Excess humidity or mois-
ture can also contribute to the increase of allergens from
sources such as dust mites or cockroaches.

Building occupants are exposed to a large and diverse
number of agents, many of them occurring in extremely low
concentrations. All these agents may interact and contribute to
the individual’s health and perceived well-being. Therefore, an
exposure assessment focused solely on an individual biological
agent may not reflect all relevant aspects of exposure. Apart
from infectious agents and allergens, the health effects of many
biological indoor pollutants are nonspecific in nature and the
interactions and causative relationships between different
biological agents and the corresponding health effects are not
sufficiently known. For example, nonspecific irritation and
stress symptoms may be caused by irritating chemicals in an
individual previously sensitized to pollen. Studies conducted
in different countries, under different climatic conditions, and
in atopic and nonatopic subpopulations show that occupants
of damp or moldy buildings are at increased risk of

1. respiratory symptoms;
2. allergic rhinitis (hay fever);
3. respiratory infections;
4. exacerbation of asthma.

Remediation of dampness can reduce these adverse health
outcomes. The increasing prevalence of asthma and allergies in
many countries increase the number of people susceptible to
the effects of dampness and mold in buildings.

Infectious agents and diseases. Infectious agents found
in indoor air include viruses, bacteria, fungi, and protozoans.
Viruses are internal cell parasites and can exist outside living
cells for only a short period. On the other hand, bacteria, fungi,
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and protozoans can exist for extended durations on nonliving
material. While bacteria are primary pathogens for humans,
fungi and protozoans are generally opportunistic; i.e., they
produce disease only in compromised individuals, such as
those with reduced defenses due to concurrent disease or use of
certain medications.

Infectious disease can be produced by any pathogen able to
be aerosolized and subsequently transported into the respira-
tory tract at the appropriate concentration. Some common
diseases which may result from airborne transmission in
indoor environments are listed in Table 6.

The rate of infection within any environment is a function of
the viability and virulence of the pathogen, its concentration in
the inhaled air, and characteristics such as droplet size of the
carrier aerosol within which it is contained. Some biological
agents produce disease at low concentrations, while others must
accumulate to a higher level. Furthermore, individual suscepti-
bility to infectiondependsonanumberof factors, suchas age and
health, as well as concomitant exposure to chemical pollutants.

While there are a number of potential sources of infectious
agents in the indoor environment, humans are the principal one
for pathogens responsible for most airborne viral diseases and
many bacterial diseases. Nonliving sources can also harbor
infectious agents. A good example is the bacterium Legionella
pneumophila, which becomes airborne from contaminated cool-
ing system water and is responsible for Legionnaires’ disease.
Another example is humidifier fever, for which episodes have
been associated with inhalation of aerosols from humidifiers
contaminated with gram-negative bacteria and protozoa. Endo-
toxin from Flavobacterium and from a Pseudomonas species was
shown to be the potential agent of two humidifier fever
outbreaks.

Pathogenic fungi generally derive from outdoor air, but
their spores are able to penetrate into buildings through air
spaces or intake vents, and interior growth can then occur on
damp surfaces. Fungi and bacteria growing in the HVAC system
have been implicated in outbreaks of hypersensitivity pneu-
monitis. Causative agents included Cladosporium, thermophilic
actinomycetes, Bacillus subtilis, and Penicillium species. In large
buildings with complex HVAC systems and with many
potential sites of microbial growth, outbreaks of the disease
often cannot be ascribed to a single agent.

Tuberculosis (TB) is caused by any of the human, bovine, or
avian types of the tubercle bacillus Mycobacterium tuberculosis.
Indoor levels ofM. tuberculosis are generally low, but since TB is
infectious, the clinically relevant exposure may be only a few
bacteria. Globally, TB is on the increase, especially in devel-
oping countries.

Lung cancer through exposure in the indoor environment
can be caused by carcinogenic mycotoxins, secondary metab-
olites produced by fungi mycelium and spores. Molds include
Aspergillus flavus, which produces aflatoxin, a potent carcinogen,
and Aspergillus versicolor, which produces a precursor for afla-
toxin. Aspergillus versicolor is common in buildings with poor
humidity.

In summary, the effects of infectious agents are specific
infections, such as

1. Bacterial: Legionnaire’s disease (pneumonia), tuberculosis,
brucellosis;
2. Viral: Acute febrile illness (influenza, cold, chickenpox,
smallpox, measles);

3. Fungal: Histoplasmosis, cryptococcosis, coccidioimycosis;
4. Protozoan: pneumocystosis, acanthamoebiasis;
5. Mycotoxins: Lung cancer.

Allergens and immunologic agents. Indoor air may
contain biological agents capable of eliciting an allergic
response. An allergic response is characterized by production
of a specific immunoglobulin (antibody) termed IgE. Allergic
sensitization is an important risk factor for asthma, particularly
in children and young adults. Occupational asthma can
develop among adults exposed to sensitizers. Very common
indoor allergens are dust mite, cockroaches, animal dander
from pets, and mold. The indoor allergens, except for mold, are
often present in greater concentrations in residential than in
other buildings. Mold flourish in any building with inadequate
moisture control.

Another type of immunologically mediated lung disease is
hypersensitivity pneumonitis. This is acutely characterized by
flu-like symptoms, including fevers, cough, and chills, but in
a chronic state may result in a slow, progressive decline in
pulmonary function. A number of antigenic materials can
produce hypersensitivity pneumonitis. While they are mostly
complex organic particles, a common indoor antigen involved
in its pathogenesis is the thermophilic actinomycetes. These
organisms are found in decomposing organic matter and
contaminate indoor environments through ventilation and
humidification systems.

Allergic asthma may be exacerbated by exposure to antigens
found in indoor air, including house dust, fungal spores, and
molds. The house dust mite (Dermatophagoides farinae), which
exists in bedding and in the stuffing of upholstered furniture,
contains a potent allergen that occurs at high concentrations in
house dust and then becomes airborne during cleaning activi-
ties. Inhalation of dust contaminated with these mites can
increase the severity of asthma or perhaps even the risk of its
inception.

Pulmonary hemorrhage has been observed in a number of
young infants (most under 6 months old) in the eastern
neighborhoods of Cleveland, Ohio, who have been coughing
up blood due to bleeding in their lungs. Some infants have
died and more infants continue to get ill. This bleeding appears
to be caused by something in their home environments, most
likely toxins produced by an unusual fungus called Stachybotrys
chartarum or similar fungi.
Sick Building Syndrome and Multiple Chemical
Sensitivities Syndrome

Most indoor environments are contaminated by a combination
of both microorganisms and particles and gases, but little is
known regarding health effects from exposure to such complex
mixtures even though biological responses to the inhalation of
contaminated indoor air may depend on interactions between
individual substances. Examples of some potential interactions
in the risk of developing lung cancer are those between radon
and ETS; between ETS and PM in the induction and/or exac-
erbation of respiratory infection in children; and between
allergens and ETS in the exacerbation of asthmatic symptoms.
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Exposure to mixtures of indoor air pollutants does appear to be
associated with two clinical conditions, namely, sick building
syndrome (SBS) and multiple chemical sensitivities syndrome
(MCSS).

There have been numerous reports of a spectrum of
nonspecific health complaints from occupants of various
buildings, including schools, hospitals, and, most often,
modern offices. Indicators of these health complaints include:

l Irritation of the eyes, nose, and throat;
l Dry or itchy skin, burning sensation, eczema, and rash;
l Headaches and fatigue;
l Neurological reactions;
l Nausea, lethargy, and dizziness;
l The cause of the symptoms is not known.
l Most of the complainants report relief soon after leaving the

building

The range and severity of the symptoms varied greatly
depending on the sensitivity of exposed individuals. While a
causative role of the indoor environment was strongly sug-
gested when it became clear that the symptoms generally
abated upon leaving the building, in most cases no specific
cause for them has been found. The term used for this collec-
tion of clinical signs is SBS, or building-related symptoms
(BRS), as suggested by the American Conference of Govern-
mental Industrial Hygienists. BRS is estimated to occur in about
one-third of all buildings in the United States, especially in
those that have been made ‘tight’ for energy conservation. This,
in turn, allowed for the accumulation of contaminants from
numerous indoor sources.

A single chemical is most likely not responsible for SBS
but, rather, it probably reflects exposures to various chemicals,
which can differ at different sites. Because many volatile
organic compounds produce similar symptoms to those noted
in BRS, they are suspected to be potential causative agents.
However, there seem to be some contributions from a wide
range of other factors in the environment such as temperature,
humidity, and cleanliness of offices, personal control over the
environment, noise, and lighting. In addition, biological agents
may contribute to BRS.

BRS are to be distinguished from what have been termed
building-related illness (BRI). Indicators of BRI include:

l Symptoms such as cough; chest tightness; fever, chills; and
muscle aches.

l Illnesses such as hypersensitivity pneumonitis; rhinitis;
allergic fungal sinusitis; asthma; allergic or irritant contact
dermatitis; allergic or irritant conjunctivitis; CNS impacts,
Legionnaire’s disease, and Pontiac fever.

l The symptoms can be clinically defined and have clearly
identifiable causes.

l Complainants may require prolonged recovery times after
leaving the building.

Causes for the cited symptoms include inadequate ventila-
tion and chemical contaminants from indoor sources such as
VOCs, formaldehyde, ETS, CO, NO2, and respirable particles,
chemical contaminants from outdoor sources such as pollut-
ants frommotor vehicle exhaust, plumbing vents, and building
exhausts. The examples of BRI have definite etiological agents
and specific clinical manifestations: e.g., hypersensitivity
pneumonitis is associated with molds and thermotolerant
bacteria; rhinitis is induced by sensitizers or irritants; allergic
fungal sinusitis and asthma are exacerbated by VOCs, molds,
and bacteria; allergic or irritant contact dermatitis is induced by
molds and/or VOCs; allergic or irritant conjunctivitis is caused
by molds and/or VOCs; and CNS impacts result from exposure
to CO, VOCs, heat, and noise. The indoor bacterium Legionella
has caused both Legionnaire’s disease and Pontiac fever. The
symptoms of BRI do not abate when leaving the building, and
medical treatment is generally necessary.

MCSS or idiopathic environmental intolerance (IEI) is a
term defined by the National Institute of Environmental Health
Sciences as a “chronic, recurring disease caused by a person’s
inability to tolerate an environmental chemical or class of
foreign chemicals.”

Experts decided on six criteria specifying if a person has
MCSS:

l Symptoms are reproducible with repeated (chemical)
exposures.

l The condition is chronic.
l Low levels of exposure (lower than previously or commonly

tolerated) result in manifestations of the syndrome (i.e.,
increased sensitivity).

l The symptoms improve, or resolve completely, when the
triggering chemicals are removed.

l Responses often occur to multiple chemically-unrelated
substances.

l Symptoms involve multiple-organ symptoms (runny nose,
itchy eyes, headache, scratchy throat, ear ache, scalp pain,
mental confusion or sleepiness, palpitations of the heart,
upset stomach, nausea and/or diarrhea, abdominal
cramping, aching joints).

Individuals with this syndrome seem to respond to very low
levels of chemicals, and the condition can involve various
organ systems. It appears to be induced by a wide variety
of agents, but once induced it can be triggered by low-
concentration exposures to numerous other chemicals.
Indoor air pollutants not only appear to set off symptoms in
the chemically intolerant, but several studies suggest that some
pollutants or pollutant mixtures may also initiate the condi-
tion. This phenomenon has been described in more than
a dozen countries, including the United States, Canada, Aus-
tralia, and nine European countries. Between 1994 and 2009
more than 120 scientific papers were published related to
MCSS. Among the chemicals reported as initiating exposures
were organophosphate and carbamate pesticides in the United
States and organic solvents in Europe, see Table 4.

The fact that the people in the different countries have
different cultural practices and time–use patterns, live in
buildings made out of different construction materials, have
different ventilation practices and uses of chemicals indoors
and yet share a toxicant-induced loss of tolerance is a compel-
ling anomaly that is still the cause of much debate.
Management of Indoor Air Quality in Developed Countries

Control and improvement of indoor air quality can be achieved
by proper design and construction of buildings. Design consid-
erations include site selection for the building, building



Table 4 Chemicals related to MCSS

Contaminant Use

Carbamate pesticides
Permethrin {3-phenoxybenzyl(1RS)-cis,trans-3-(2,2-dichlorovinyl)-
2,2-dimethylcyclopropanecarboxylate}

Insecticide, araricide, insect repellent

Chlorpyrifos {O,O-diethyl O-3,5,6-trichloropyridin-2-yl phosphorothioate} Organophosphate insecticide
Organophosphorus ester Pesticides in domestic applications; lubricants; plasticizers
Malathion {diethyl 2-[(dimethoxyphosphorothioyl)sulfanyl]butanedioate} Insecticide
N,N-diethyl-m-toluamide (DEET) Insect repellent

Uranyl acetate Ingredient used for staining in electron microscopy
Chemical odors, fragrance products Fabric softeners, laundry detergents, perfumes, personal care products,

household and commercial products such as air fresheners, marking
pens

Gasoline fumes Motor vehicle emissions entering the interior of a car; emissions from
a gas stove used to heat a room

Capsaicin Spice ingredient
Toxic volatile organic compounds Paints, caulks, sealants, stains, varnishes, adhesives, composite wood

products, cleaners, carpeting, coatings, furnishings and many other
products

Chemical fire retardants Mattresses, curtains
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envelope design, ventilation, commissioning levels of pollut-
ants, and selection of materials and combustion appliances.
Indoor air pollution control in existing buildings includes the
management of pollutant sources, operation and maintenance
of ventilation systems, and air cleaning. Resolving indoor air-
related problems includes addressing occupant complaints and
symptoms, applying building diagnostic procedures, and con-
ducting building and health surveys from the end of building
managers. Governments can help improve indoor environment
quality by developing and implementing integrated strategies for
the indoor environment, strengthening public education, and
supporting research and technology development. Once an
understanding of the nature of the problem is obtained, reme-
diation generally involves some combination of the following:
changes in ventilation; source removal, substitution, or modifi-
cation; air purification; or changes in human behavior. While
details are beyond the scope of this article, some examples of
these approaches will suffice. Increased ventilation to allow
dilution of indoor air with fresh outdoor air or recirculated
indoor air can reduce levels of combustion by-products, bio-
logical agents, and radon gas; removal of organics in consumer
products and furnishings can reduce contamination by these
agents; source modifications such as reduction of contaminant
emission rates through design changes or containment of
emissions by some barrier can reduce levels of combustion by-
products, radon, and volatile organics; and behavioral modifi-
cations can reduce cigarette smoke exposure to nonsmokers.

Management of the quality of the indoor environment
concerns not only indoor air quality but also thermal comfort,
lighting, and noise protection.

The WHO has formulated the following guidelines to
control indoor air dampness and moisture:

1. Persistent dampness and microbial growth on interior
surfaces and in building structures should be avoided or
minimized, as they may lead to adverse health effects.

2. Thorough inspection and, if necessary, appropriate
measurements can be used to confirm indoor moisture and
microbial growth.
3. As the relations between dampness, microbial exposure,
and health effects cannot be quantified precisely, no
quantitative health-based guideline values or thresholds
can be recommended for acceptable levels of contamina-
tion with microorganisms.

4. Well-designed, well-constructed, well-maintained building
envelopes are critical to the prevention and control of
excess moisture and microbial growth, as they prevent
thermal bridges and the entry of liquid or vapor-phase
water.

5. Proper control of temperatures and ventilation helps avoid
excess humidity, condensation on surfaces, excess moisture
in materials, and the management of moisture.

6. Ventilation should be distributed effectively throughout
spaces.

7. Stagnant air zones should be avoided.
8. Building owners are responsible for providing a healthy

workplace or living environment free of excess moisture
and mold, by ensuring proper building construction and
maintenance.

9. Building occupants are responsible for managing the use of
water, heating, ventilation, and appliances in a manner that
does not lead to dampness and mold growth.

10. Local recommendations for different climatic regions
should be updated to control dampness-mediated micro-
bial growth in buildings and to ensure desirable indoor air
quality.

11. Remediation of dampness and mold that lead to adverse
health impacts should be given priority to prevent an
additional contribution to the burden of disease in low-
income populations.
Indoor Air Pollution and Health in Developing Countries

From a public health perspective, indoor air pollution is more
important than outdoor air pollution in the developing
countries of Sub-Saharan Africa, Southern Asia, Eastern Asia,
and South-Eastern Asia. Indoor air pollution is primarily due to
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use of solid fuels and responsible for approximately 590 000
and 1.35 million premature deaths annually in Sub-Saharan
Africa and Asia, respectively. Thus indoor air pollution is the
priority air pollution issue in most developing countries in
those regions due to the use of inefficient solid household fuels
and appliances for cooking and heating.

Solid fuels used in cooking and heating include wood, coal,
lignite, peat, and dung. Half the world’s population uses these
burning materials. Poverty is the main driver of use of solid
fuels and is, therefore, closely related to the disease burden
attributable to solid fuel use. Thirty-three of the Sub-Saharan
countries and seven countries of South and South-Eastern
Asia are classified by the United Nations as least developed
countries. Most of them have high rates of the disease burden
attributable to use of solid fuels.

Smoke from solid fuels is a complex mixture of gases and
particles, including PM as particles of aerodynamic diameter
around 10 mm (PM10) and 2.5 mm (PM2.5), carbon monoxide,
nitrogen dioxide, sulfur dioxide, and various organic
compounds such as PAHs. The amount of each produced
depends on burn rate, the type and quantity of wood used, and
its moisture content. The biomass fuels are usually burnt in
open fires and poorly functioning stoves indoors. Baseline
monitoring of PM10 in the rural South Africa showed that
indoor pollution due to wood and cow dung burning in
households exceeded the WHO PM10 (24 h) guideline value of
50 mg m�3 by a factor of 60. Burning solid fuels produces
extremely high levels of indoor pollution with typical 24 h
levels of PM10 in biomass using homes in Africa ranging from
300 to 3000 mg m�3. Peaks during cooking may be as high as
10 000 mg m�3.

The more time people spend in a highly polluted environ-
ment, the more dramatic the consequences on health. Since
women are generally in charge of cooking in southern Africa,
they spend many hours per day in the kitchen and bear a large
burden of disease as a result of their exposure to indoor air
pollution. Newborns, infants, and small children are exposed
as well and are most vulnerable. Limited ventilation of kitchens
is common inmany countries, especially in rural areas, and this
increases exposure. Personal exposure of women to respirable
particles ranges from 500 to 2000 mg m�3 during cooking with
biomass fuels but decreases to 70 mg m�3 while cooking with
cleaner fuels. Solid fuels for household use, therefore, have
dramatic impacts on health, especially for children and
women. Approximately 44% of the deaths from indoor air
pollution occur in children and of the adult deaths 60% occur
in women (UNDP and WHO, 2009).

In developing countries, evidence on the health impacts of
solid fuel use has emerged. There is now fairly good evidence
that exposure to indoor air pollution increases the risk of acute
lower respiratory infections (ALRI) such as pneumonia in
children younger than 5 years of age; COPD in adults and lung
cancer where coal is used extensively. WHO has estimated the
number of premature deaths in its Member States due to
indoor air pollution. For Eastern Africa, Middle Africa, and
Western Africa, the numbers of premature deaths due to
exposure to smoke from solid fuel use amount to approxi-
mately 210 700, 146 700 and 212 800, respectively. Similar
estimates of the burden of disease in Southern Asia, Eastern
Asia, and South-Eastern Asia amount to approximately
661 300, 549 200, and 114 200 premature deaths, respectively.
Most of the premature deaths are due to ALRI in children under
5 years of age. The estimates made by WHO are conservative
and, therefore, may be underestimates.

The apparent odds ratios (ORs) comparing the risk of these
diseases between people living in houses using unvented
biomass fuel and similar households not using such fuels are
cited in the next paragraph. All the ORs reported are statisti-
cally significant results, mostly of multivariate analyses in
which a number of potentially confounding variables were
included.

Acute respiratory infections in children are the chief cause
of children’s ill health in the world and strongly associated with
indoor use of solid fuels for cooking in a number of studies in
Asia and Africa (OR ¼ 2–6). COPD has been shown to be
strongly associated with use of solid fuels in nonsmoking
women, often along with cor pulmonale, in studies from Latin
America, South Asia, and Saudi Arabia (OR ¼ 3.4–15). Lung
cancer has been shown in many Chinese studies to be statisti-
cally associated with use of coal for cooking and heating, but
not biomass fuels (OR ¼ 3–9).

There is some evidence from studies of solid fuel use in
developing countries indicating a relationship between adverse
pregnancy outcomes and smoke exposure. After multivariate
analyses, stillbirth has been associated with biomass fuel use by
pregnant women in one Indian study (OR ¼ 1.5) and with low
birth weight in Guatemala. After multivariate analyses, TB and
blindness (cataracts) have been shown to be related to use of
biomass fuels in two national and two local studies in India.
Unfortunately, all these studies relied on the type of stove or
fuel as the indicator of pollution.

Chronic obstructive lung disease attributable to air pollu-
tion was observed to be more than double in females than in
males. Further, women exposed to indoor smoke are three
times more likely to suffer from COPD than women who cook
with electricity, gas, or other cleaner fuels. Coal use doubles the
risk of lung cancer, particularly among women.

In addition, evidence is now emerging of links of indoor air
pollution with a number of other conditions, including
tuberculosis; cardiovascular diseases; perinatal mortality (still-
birth and death in the first week of life); low birth weight;
asthma; middle ear infection; cancer of the upper airway (nose,
mouth and throat); and impaired vision contributing to
blindness from cataracts. HIV-positive people living in condi-
tions of high exposure to indoor air pollution may be partic-
ularly vulnerable to the consequent ill health effects.
Indoor Air Quality Management in Developing Countries

In contrast to the management procedures for buildings in
developed countries mentioned, in developing countries, the
use of open stove cooking and heating indoors necessitates
strong interventions to mitigate exposure and corresponding
health impacts of indoor air pollution. Three types of inter-
ventions have been identified for their potential to reduce the
impacts of indoor air pollution:

l Changing the source of pollution
l Improving the living environment
l Modifying user behavior
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The range of interventions to mitigate exposure to indoor
air pollution from solid fuel use are shown in Table 5.

In principle, changing to cleaner fuels such as elec-
tricity for cooking or gas for heating appears to offer the
greatest overall benefits in reducing indoor air pollution.
In poor rural communities, however, it is highly unlikely
that these more expensive technologies will be used in the
short term. An improved biomass stove may, therefore, be
a better option for poor rural communities of Sub-
Saharan Africa and Asia, where cleaner fuel use is short
Table 5 Interventions to mitigate building occupants’ exposure to indoor

Changing the source

of pollution

Improving the

living environment

Improved cooking devices
l Improved stoves without

flues
l Improved stoves with

flues

Alternative fuel-cooker
combinations
l Briquettes and pellets
l Paraffin (kerosene)
l Liquefied petroleum gas
l Biogas
l Natural gas, producer gas
l Solar cookers
l Modern biofuels (e.g.,

ethanol, plant oils)
l Electricity

Reduced need for fire
l Retained heat cooker

(haybox)
l Efficient housing design

and construction
l Solar water heating
l Pressure cooker

Improved ventilation
l Smoke hoods
l Eaves spaces
l Windows

Kitchen design and placement
of the stove
l Kitchen separate from house reduces

exposure of family (less so for cook)
l Stove at waist height reduces direct

exposure of the cook leaning over fir

Source: World Health Organization, 2006. Fuel for Life. Household Energy and Health. h

Table 6 Some common biological agents, health effects, an

Biological agent H

Animal dander (minute scales from hair, skin, or feathers) Al

Dust mite and cockroach parts

Pollen

Mold (fungi)

Infectious agents (bacteria, viruses) In
of supply and affordable biomass remains the most
practical fuel. Improved stoves can reduce indoor air
pollution by 50–90% because of better combustion with
lower emissions. Currently, the use of improved stoves
differs substantially among countries. In Sub-Saharan
Africa, the penetration of the population using biomass
with improved stoves ranges around 50% for Guinea-
Bissau and Swaziland, around 30% for Mauritania and
South Africa, between 15 and 20% for Chad, Gambia,
Congo, and Senegal, and between 0.1 and 10% for the
air pollution from solid fuel use

Modifying user

behavior

e

Reduced exposure by changing cooking practices
l Fuel drying
l Pot lids to conserve heat
l Food preparation to reduce cooking time

(e.g., soaking beans)
l Good maintenance of stoves, chimneys,

and other appliances

Reduced exposure by avoiding smoke
l Keeping children away from smoke

(e.g., in another room if available and safe to do so)

ttp://www.who.int/indoorair/publications/fuelforlife/en/index.html.

d symptoms

ealth effect Symptoms

lergic reactions Watery eyes
Runny nose and sneezing
Nasal congestion
Itching
Coughing
Wheezing, difficulty breathing
Headache
Fatigue

fectious reactions Influenza, cold
Measles
Chicken pox
Tuberculosis
Legionnaire’s disease (Legionellosis)
Pontiac fever (flu-like illness)

http://www.who.int/indoorair/publications/fuelforlife/en/index.html
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other Sub-Saharan African countries. The situation is better
in countries of Asia with a penetration of improved stove
use of 100% in Mongolia and Thailand, 75% in China,
40% in Sri Lanka, 22% in Viet Nam, 12–15% in Pakistan
and the Philippines, and 2–8% in other countries of
South and South-Eastern Asia.

The Global Alliance for Clean Cookstoves has set a goal to
collectively reach 100 million homes to adopt clean and effi-
cient stoves and fuels by 2020.
See also: Hypersensitivity, Delayed Type; Radon; Toxicity,
Acute; Toxicity, Subchronic and Chronic; Neurotoxicity;
Aerosols; Benzo(a)pyrene; Carbon Dioxide; Coke Oven
Emissions; Volatile Organic Compounds; Benzene; Carcinogen
Classification Schemes; Diesel Exhaust; Formaldehyde;
Gasoline; International Agency for Research on Cancer;
Propane; Respiratory Tract Toxicology; Sick Building
Syndrome; Tetrachloroethylene; Toluene; Trichloroethylene;
Xylene; Risk Assessment, Human Health; Chemicals in
Consumer Products; Acrolein; Chloroform; Mycotoxins;
Naphthalene; Nicotine; Pollution, Air in Encyclopedia of
Toxicology; Risk Management; Environmental Exposure
Assessment; Combustion Toxicology; Carbon Monoxide;
Arsenic; Chromium; Diesel Fuel; Epidemiology; Ozone;
Polycyclic Aromatic Hydrocarbons (PAHs); Radium; Tobacco;
Trichloroethane; Cardiovascular System; Acetone;
Environmental Health; Nitrogen Dioxide (Formerly Nitrogen
Oxides); Biofuels.
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Synopsis of Law

Rather than continue to spend millions of dollars annually to
control the millions of tons of pollution each year, Congress
decided to encourage industry to reduce source pollution
through cost-effective changes in production, operation, and
use of raw materials. These actions prevent pollution, and can
also reduce the amount of raw materials used, limit liabilities
of compliant industries, and reduce risks to workers as well as
to the environment.

Prior to passage of the Pollution Prevention Act (PPA),
control efforts within industry were reactive, focusing on
treatment and disposal of waste, with pollution prevention
also referred to as ‘P2.’ The act proposed a front-end approach
to pollution control, reducing the amount of materials entering
the production process. It also suggested technical support to
business in order to put source reduction into practice. The
policy states the following:

The Congress hereby declares it is to be the national
policy of the United States that pollution should be pre-
vented or reduced at the source whenever feasible; pollution
that cannot be prevented should be recycled in an environ-
mentally safe manner, whenever feasible; and disposal or
other release into the environment should be employed only
as a last resort and should be conducted in an environ-
mentally safe manner.

Under the PPA, the Environmental Protection Agency (EPA)
established an office responsible for creating standards to
measure source reduction, ensuring that EPA policy is consis-
tent with this initiative, and providing the public with such
1018 Encyclopedia of T
information. The act also established a Source Reduction
Clearinghouse to promote industry efforts by providing infor-
mation and workshops, helping set measurable goals, and
establishing incentive and reward systems for efforts or inno-
vations. Incentive systems included matching grants to states to
establish their own source reduction programs.

The PPA also included specific source reduction actions in
conjunction with the businesses required to file an annual toxic
chemical release form under the Superfund Amendments
Reauthorization Act. The additional toxic chemical source
reduction and recycling report documents the amount of the
chemical entering the waste stream, the amount that is recycled,
and efforts to reduce source use. In turn, EPA is required to
provide a detailed evaluation report of the source reduction
program to Congress every 2 years.

See also: Clean Air Act (CAA), US; Clean Water Act (CWA), US;
CERCLA; Revised as the Superfund Amendments
Reauthorization Act (SARA); National Environmental Policy Act,
USA; Toxic Substances Control Act.

Further Reading

Bishop, P.L., 2004. Pollution Prevention: Fundamentals and Practice. Waveland Press
Inc., Long Grove, IL.

Perdicoulis, A., Durning, B., Palframan, L., 2012. Furthering Environmental Impact
Assessment: Towards a Seamless Connection between EIA and EMS. Edward Elgar
Publications, Northampton, MA.
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http://www.epa.gov – US Environmental Protection Agency (EPA), Pollution Prevention.
See also: Pollution Prevention Act of 1990.
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Introduction

The most frequently used definition for pollution has been
developed within the regulatory context, and is linked to the
definition of contamination. In this approach, contamination
is defined as the emission to the environment of substances or
energy by anthropogenic activities, and pollution as the level of
contamination that produces adverse effects on the receiving
environment. As explained in the article on water pollution,
this distinction between contamination and pollution has been
very useful for setting acceptability/tolerance thresholds for the
aquatic compartment, and is frequently applied in aquatic
assessments. However, and although conceptually could be
perfectly applicable, it has been less often used in soil assess-
ments, and in fact many regulatory and nonregulatory
programs and assessments use soil pollution and soil
contamination as equivalent terms. The different approach
may be explained by several reasons, among others, the
complexities associated to the assessment of adverse effects in
soils.

From an environmental fate perspective soil is clearly
a well-defined, although highly variable, environmental
compartment. The presence of chemical pollutants in soil
can be measured and modeled and, although intercon-
nected with all other compartments, soil has relatively
clear boundaries that may include or exclude groundwater
aquifers. However, from a socioecological perspective, soil
is not a compartment as such, but a structure supporting
a ‘community’ that covers both soil and the above-ground air
zone. Even more important, the supported community is in
most cases largely modified by the anthropogenic use of the
soil, and consequently the assessment of adverse effects is
directly linked to these current and future uses, creating
difficulties for applying a strict distinction between contam-
inated and polluted soils.

Under natural conditions, the supported community is
a terrestrial ecosystem, but in large areas of the planet, the
natural community has been heavily modified in order to
better satisfy human needs. Managed forest, extensive
farming, intensive farming, recreational areas, industrial
zones, and urban sectors offer examples of an impact gradient
associated with soil uses. In low impacted areas such as
managed forests or extensive farming, the original community
may have evolved into a natural complex and diverse system
close to a real ecosystem. Then, the general assessment of
adverse ecological effects based on the protection of
ecosystem structure and function is still applicable. In highly
modified systems such as intensive farming or residential
areas, a reduced, much less diverse community should be
expected, and the protection goals for defining an effect as
adverse are directly linked to the exploitation activity; for
example, effects not affecting crop yield are assumed to be of
lesser relevance in agricultural areas. Finally, in large
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
industrial facilities, only a limited number of wildlife species,
adapted to this human-made habitat, should be expected, and
when moving to large cities, most soil surface is covered and
only few green areas with a limited number of wildlife remain,
resulting in a very limited, if any, relevance for ecological-type
effects, and limiting the environmental assessment to the
environmental exposure of humans.

In some cases, a distinction between the soil (below
ground) and the above-ground compartment has been
considered. However, this distinction is artificial as most
organisms are associated with the soil/air interface, living
simultaneously (e.g., terrestrial plants) or alternatively (e.g.,
beetles, moles) among the soil/air interface. Thus an integrated
approach, defining relevant endpoints according to the soil
uses, seems to be much more appropriate. The relevance of the
potential effects associated to soil pollutants is usually defined
in terms of the risk management needs. For hotspots and local
assessments, human health concerns and the potential for
spreading the contamination to other areas tend to be more
relevant for deciding the intervention needs.
Main Soil Pollution Sources

Focusing on toxic chemicals, the main sources of soil pollution
can be grouped in four main activities:

l On-site industrial pollution and inadequate waste
management

l Mining activities
l Direct intentional applications of materials to soil
l Atmospheric deposition

Each group has specific characteristics, briefly presented
below.
On-Site Pollution and Inadequate Waste Management

On-site pollution at industrial facilities due to accidents,
inadequate risk management, and abandoned or even inten-
tionally discharged waste represents the main source for highly
contaminated soil hotspots. About 300 000 hazardous waste
contaminated sites have been identified in United States in the
implementation of the Superfund program; over 1000 have
been identified as of high priority and included in the National
Priorities List (NPL), which includes sites with high concern
due to known releases or threatened releases of hazardous
substances, pollutants, or contaminants according to the US
Environmental Protection Agency (EPA) Hazard Ranking
System, and about 300 have been restored. In Europe, the
estimation of potentially contaminated sites is close to
2 million, of which 80 000 have been already restored and
250 000 have been identified as contaminated and are expected
to require restoration.
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The chemicals mostly found in these contaminated sites
include metals and arsenic, mineral oil, and different groups of
hydrocarbons, in particular polycyclic aromatic hydrocarbons
(PAHs), aromatic hydrocarbons, and chlorinated hydrocar-
bons, as well as phenol derivatives, including chlorophenols
and polychlorinated biphenyls (PCBs). In addition, as this
source includes all kind of industrial activities, any manufac-
tured or marketed chemical, waste component, or degradation
product can be responsible for soil contamination at a partic-
ular site. In the United States, the Comprehensive Environ-
mental Response, Compensation, and Liability Act section 104
(i), as amended by the Superfund Amendments and Reautho-
rization Act, requires the Agency for Toxic Substances and
Disease Registry (ATSDR) and the EPA to prepare a list, in order
of priority, of substances that are most commonly found at
facilities on the NPL and which are determined to pose the
most significant potential threat to human health based on
a combination of their frequency, toxicity, and potential for
human exposure at NPL sites. The ATSDR 2011 Substance
Priority List records 275 individual substances or groups of
substances; arsenic, metals, PAHs, PCBs, and vinyl chloride
cover the top ten.

Industrial activities, including the oil industry, and
industrial and urban waste management are the most
frequent pollution sources within this category. It should be
highlighted that in developed countries most cases of
contamination are a legacy from the past. The regulatory
control programs are leading to a more efficient prevention of
releases of contaminants to the environment, and to soil in
particular. As a consequence, most remediation efforts are
expected to be concentrated on historical contamination.
However, there is still a contribution to soil pollution from
current activities, linked to accidental, unnoticed misman-
agement, and illegal emissions. Due to economic and logis-
tical reasons, the management of contaminated sites follows
a tiered approach, with increased efforts as well as expenses at
each step. The initial steps cover the preliminary investiga-
tions. If the potential concerns are confirmed, risk-based
detailed investigations are needed for assessing the potential
consequences for human health and the environment.
Remediation actions are needed if unacceptable risks are
detected. The cost of investigations and in particular of
restoration activities is very high. For example, in Europe, the
annual national expenditure for the management of
contaminated sites is about 12 euros per capita, correspond-
ing to an average of 0.7 per mille of the national gross
domestic product. The largest portion of expenditure is
employed for remediation measures (nearly 60% of the total
expenditures) and site investigations (about 40% of total
expenditures). Environmental liability regulations can be
used for obliging current activities to cover the restoration cost
in case on new releases, but the situation is much more
complex in the case of historically contaminated places. At the
EU level, the rehabilitation of industrial sites has been funded
through the framework of the Structural Funds using a total
budget of 2250 million euros in the period 2005–13. The US
Superfund program invests about $500 million per year in
supporting cleanup activities by communities. The estimation
for the next 30 years is that about 350 000 contaminated sites
will require cleanup, with a total cost of over $250 billion.
Mining Activities

Mining activities also represent a typical source for soil pollu-
tion. Although the number of sites is obviously limited,
e.g., 2% of the total number of contaminated places in Europe,
the magnitude and extension of the contaminated area may be
huge, as well as the consequences for human health and the
environment. Mining contamination may result from standard
operating practices if no proper risk management measures are
implemented, from accidents and unintentional releases, and
after ceasing the activity if no proper restoration measures are
executed during the mine closure planning. The main concerns
during mining operation are related to the tailings, the accu-
mulation of materials left over after the process of separating
the valuable fraction from the gangue. The tailings may contain
metals, not only the exploited metal but also those present in
the minerals and gangue at levels below economically
exploitable but still sufficient for creating environmental
concerns. In addition to the metals, arsenic and sulfides may
also be present due to the natural composition of the ore, as
well as those chemicals used at large quantities in the separa-
tion process, such as cyanide, xanthates and other flotation
agents, surfactants, or sulfuric acid.

In addition to the continuous emissions from the tailings
and the contamination of groundwater from open pits,
episodic processes due to major accidents represent a partic-
ular concern. Cyanide and metal-rich acid wastes have
contaminated large areas following dam failures. For example,
in April 1998, the dam break in Aznalcollar mine, Spain, sent
acidic and toxic metal-rich sludge over 4400 ha of agricultural
land and threatened one of the most important European
nature reserves, Doñana National Park. Some months later, in
January 2000, 100 tons of cyanides were released due to a dam
break in the Baia Mare mine in Romania, affecting the
Danube area.

The mining potential for soil pollution does not disappear
at the end of the activity, just the opposite. Abandoned mines
also represent a huge environmental concern. The oxidation of
sulfides to sulfuric acid is the main problem for pyrites and
other sulfur-rich minerals. The highly acidic waters facilitate the
leaching and dissolution of toxic metals and arsenic. Rio Tinto,
in southern Spain, offers an historical example. This copper,
silver, and gold mine was exploited for over 5000 years, since
the Tartessians and Iberians, 3000 years BCE until 2001. As
a consequence of this continuous long-term impact, the river
basin ecology has been transformed, developing a unique
acidophilic bacterial community that is receiving recent atten-
tion in the scientific community as a unique opportunity for
studying possible living forms on Mars and other planets.
Despite this extremely particular case, the impact of acidic toxic
runoff and drainage on the receiving area is a major cause of
concern. The Berkeley pit in Montana is a good example; the
open pit of this former copper mine is filled with water at pH
2.5 rich in cadmium, zinc, and arsenic, and the impact of the
tailings covers a large area; thus this location became one of the
largest Superfund sites.

Direct Intentional Applications of Materials to Soil

The use of land for human activities implies, among other
impacts, the direct application of pesticides, fertilizers, soil
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amendments and other materials to soil in order to improve
the use conditions. Agriculture is the most relevant activity, but
not the only land use that requires the application of these
practices; for example, herbicides are also used for controlling
vegetation in paths, railways, and industrial zones, and soil
amendments are also used, for example, for providing stability
in high slope banks. Three main chemical groups should be
considered in this category: pesticides, fertilizers, and a variety
of contaminants present in the used materials.

Pesticides are sprayed on vegetation or directly applied to
soil. Their residues constitute a main pollutant group in agri-
culture lands, particularly in the case of persistent chemicals.
DDT and other organochlorinated insecticides have a very high
persistency, with a half-life in soil of several decades, and due to
their massive use in the past are still the main contaminants in
several areas, although banned for agricultural use in the
1970s. Currently, marketing and use of pesticides are regulated
all over the world, with exhaustive ecological risk assessment in
many jurisdictions. Persistency is one of the factors covered by
most regulations but normally not used as a single threshold;
thus pesticide contamination is still a main issue on agricul-
tural land.

Fertilizers are directly applied to agricultural soil for
increasing the level of nutrients and consequently increasing
crop yields. Nitrogen and phosphorus are the main nutrients
and are complemented with potassium, calcium, magnesium,
and sulfur, as well as with micronutrients such as iron, boron,
copper, chlorine, manganese, molybdenum, or zinc. Organic
fertilizers such as manure have been traditionally used for
providing nutrients to agricultural soil as well as for improving
soil characteristics. During the nineteenth century, commercial
mineral fertilizers were introduced, and currently a large variety
is available for covering specific soil needs. A new group of
manufactured organic fertilizers has been recently introduced:
composted material from a large variety of organic wastes,
including solid municipal wastes, sludge from wastewater
treatment plants, vegetation residues, and a variety of industrial
low-toxicity organic matter rich wastes. The continuous appli-
cation of fertilizers may result in soil contamination, particu-
larly related to those micronutrients with low mobility in soil.
However, the main contamination problem associated to the
use of fertilizers and other soil amendments is mostly related to
the presence of contaminants or undesired components.

Contaminants can be found in all types of fertilizers and are
mostly associated to the origin of the raw material. The pres-
ence of metals, and particularly cadmium, mercury, and lead in
phosphorous fertilizers, is the main concern in the case of
inorganic fertilizers; the metals can be related to the mineral
used for the production of the fertilizer, and therefore related to
the origin of mineral, or added as contaminant from other
chemicals used during the production process. The maximum
content of these metals is usually regulated.

Metals, and particularly the essential metals copper and
zinc, which are supplemented at high levels in livestock, and
residues of veterinary medicines are the most frequent
contaminants in manure used as fertilizer. Several jurisdictions
have developed guidance values on metal content in manure.
The concern related to veterinary medicines is relatively
recent, although regulatory measures have been implemented
in some jurisdictions. The International Cooperation on
Harmonisation of Technical Requirements for Registration of
Veterinary Medicinal Products has taken the lead in the
development of harmonized guidelines for assessing the envi-
ronmental impact of veterinary pharmaceuticals. The guidance
documents have been included as recommendations in the
regulatory schemes for the authorization of veterinary medi-
cines in Europe, the United States, and Japan. There are two
groups of veterinary medicines of particular environmental
concern regarding soil pollution: antimicrobials and antipara-
sitic drugs. The concern regarding environmental contamina-
tion with antimicrobials is associated with the possibility for
generating antimicrobial-resistant strains, generated or trans-
ferred to pathogen organisms. The concerns regarding anti-
parasitic drugs are due to its usually very high toxicity to soil
and dung invertebrates.

The presence of contaminants of concern in compost
generated from residues and wastes is highly associated to the
rawmaterials, and is by far the main environmental concern for
the reutilization of wastes and residues as soil fertilizers and
amendments. Metals may be relevant for many of these
materials, and their content has been regulated in several
jurisdictions, e.g., regarding composted sludge fromwastewater
treatment plants. Much more complex is the assessment of
organic pollutants, which can be highly diverse. The most
relevant groups are persistent herbicides in vegetation residues
and persistent and lipophilic substances in compost generated
from the organic fraction of wastes; this include organo-
chlorinated and organobrominated persistent pollutants and
other compounds characterized as persistent, bioaccumulable,
and toxic or very persistent and very bioaccumulable. These
chemicals may bioaccumulate and even biomagnificate
through the trophic chain, and in fact the process of waste
reutilization as fertilizer, which is in principle a sustainable
practice, may create a pseudobiomagnification process,
concentrating these chemicals in the compost from sludge and
solid urban waste and releasing the material enriched with
these chemicals to agricultural soils. As a consequence, many
jurisdictions are extending the regulatory limits applicable to
compost for covering these organic pollutants in addition to
the traditionally regulated metals.

The use of treated wastewater for irrigation is becoming
a relevant source for soil contamination by micropollutants in
areas with water scarcity. Municipal wastewater treatment
plants may receive significant loads of industrial effluents, and
in addition there is a huge variety of chemicals used in
consumer products. Nonbiodegradable chemicals are not
affected by the treatment processes, and therefore appear in the
sludge or directly in the effluent, and may accumulate in soils
through recurring irrigation of the same areas.
Atmospheric Deposition

The last main source of soil pollution is deposition from
contaminants released to air. This covers dry and wet deposi-
tions as well as degradation products in the atmosphere. The
relevant processes and contaminants can be grouped according
to the traveled distance in the atmosphere, considering short-
range, medium-range, and long-range transport conditions.

Short-range transport is associated to the emission of
substances, e.g., fine particles or aerosols, that are transported
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according to wind conditions and deposited in the vicinity of the
source. Typical examples are pesticide drift following spray
applications, dust spreading around industrial facilities working
with fine powder, or particle deposition in the vicinity of
motorways. The chemicals associated with these processes are
obviously linked to the source. For pesticide application, it is the
active substance and coformulates. For industrial facilities any
chemical in powder form, solids mechanically manipulated,
soluble solids or liquids associated with droplets, and vapors
from high-temperature processes rapidly condensed after emis-
sion should be considered. Metals, such as iron, magnesium,
zinc, lead, copper, manganese, chromium, or cadmium, are the
most relevant chemicals associated to traffic dust emissions.
Although short-range transport is mostly limited to some meters
around the source, the distance is mostly driven by a combina-
tion of the emitted material and the wind conditions, as well as
the emission conditions. For example, forced air extraction or
very tall smoke funnels and chimneys in areas with significant
wind may extend the deposition at levels relevant for soil
pollution up to several kilometers.

Medium-range transport includes the processes for volatil-
ization, transport, and deposition at several kilometers from
the source. The assessment of medium-range transport for
pesticides includes the volatilization from foliar and soil
surfaces after application and transport and deposition in
ecologically sensitive areas at 50 of more kilometers. The
concentrations are much lower than those expected from stray
drift after application, but it is a muchmore continuous process
instead of a single event. The assessment requires a combina-
tion of volatilization and diffusion models and meteorological
factors. Medium-range transport is also relevant for industrial
emissions of volatile chemicals that in the atmosphere bind to
particles or dissolve in water and are subject to dry and wet
deposition, respectively.

According to the Organisation for Economic Co-operation
and Development (OECD), long-range transport of air pollut-
ants refers to the atmospheric transport of air pollutants within
a moving air mass for a distance greater than 100 km. Long-
range transport is particularly relevant for persistent organic
pollutants and mercury. The transport is likened to the volatili-
zation of the substance and deposition in other areas. The
movement of these chemicals is related to the global Earth
circulation patterns, which are driven by the nonuniform
distribution of incoming solar energy, and represent the multi-
year seasonal-averaged long-lasting wind patterns. This global
circulation triggers long-range transport and deposition of these
pollutants to the polar areas; additional regional patterns lead to
deposition at high altitudes. Opposite to the short- and
medium-range transports, these long-range processes are more
relevant in terms of global distribution and impacts on remote
areas than specifically for soil pollution.
Assessment of Soil Pollution Effects

Soil pollution is a potential concern for both human health
and the environment. The human health assessment has
received a particular attention in the US Superfund, EU soil
remediation, and many other programs, particularly in
connection with hotspots assessment and restoration, for
example associated with the transformation of former indus-
trial areas in recreational and residential zones. Toxicological
information covering these three routes is usually required for
the workplace risk assessment of toxic substances and can also
be used for the hazard characterization in the context of soil
pollution. The potential for exposure is triggering, in most
cases, the assessment, as well as the risk management prac-
tices. Oral exposure is particularly relevant for children in
recreational areas, due to intended and unintended soil
consumption behaviors. This route is also relevant for chem-
icals with potential for bioaccumulation in food items, and
therefore related to agricultural soil uses. Inhalation and
dermal exposures are also linked to the soil uses and associ-
ated activities. As a consequence, the health risk assessment is
mostly triggered by land use and the associated human
exposure assessment.

The assessment of soil pollution environmental effects is
particularly difficult. As already stated, the first step is the
selection of the protection goals and relevant ecological
receptors, e.g., taxonomic groups or ecological functions,
taking into account the unavoidable impacts associated to
the intended land use. Five main land uses are normally
considered: residential, industrial, recreational, agricultural,
and natural areas, supporting a simpler to more complex
biological community, respectively. Once these basic princi-
ples are defined, connecting each receptor with direct or
indirect soil exposure pathways is relatively simple for
generic assessments, although the complexity increases for
site-specific assessments. Nevertheless, the main challenge
usually appears when connecting soil concentrations with
the expected toxicity for each receptor. For most chemicals,
the toxicity is heavily influenced by the soil characteristics
and additional factors such as aging and speciation. Single-
species laboratory studies are usually conducted on artificial
or reference soils, trying to magnify the bioavailability of the
substance. Bioaccumulation from soil into plants and soil
dwelling invertebrates, and the associated risk for secondary
poisoning, is also affected by soil conditions. As a conse-
quence, although it is feasible to develop conservative esti-
mations, e.g., for setting soil quality criteria or thresholds,
estimating realistically the expected effects is highly
demanding. Fortunately, the toxicity methods have been
adapted for measuring directly the toxicity of soil samples
collected in the field; these tools combined with other
chemical and biological approaches can be used for estab-
lishing the actual risk and the need for control or restoration.
An additional element, particularly for local assessment, is
the uneven distribution of the contaminants. This requires
the use of probabilistic and/or georeferenced approaches in
order to estimate the overall consequences at a relevant
spatial level.
See also: Ecological Quality Standards (EQS) Global;
Ecotoxicology Terrestrial; Ecological Exposure Limits and
Guidelines; Environmental Risk Assessment, Terrestrial;
Pollution, Water; Soil Pollution Remediation; Risk Assessment,
Ecological; Terrestrial Microcosms and Multispecies Soil
Systems.
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Introduction

Several definitions for pollution can be found in the literature;
the most extended one, and directly relevant in the regulatory
context, is linked to the definition of contamination. In this
approach, contamination is defined as the emission to the
environment of substances or energy by anthropogenic activi-
ties, and pollution as the level of contamination that produces
adverse effects on the receiving environment. These definitions
can be directly linked with the protection goals of voluntary
and regulatory actions. While contamination is, in most cases,
an unavoidable consequence of human activities, pollution is
the level that should be avoided. In addition, through these
definitions pollution and contamination are restricted to
human activities, and therefore can be controlled through
legislative acts targeted to the persons, physical or juridical,
which are responsible for those emissions.

The emission of energy into the aquatic environment is
mostly related to dumping water or wastewater with a different
temperature than the receiving body; vibrations and radiation
may be additional physical pollutants, although in general of
low relevance regarding aquatic bodies except for the combined
physical and chemical pollution associated with the release of
radioactive materials. The emission of substances or materials
includes also the emission of living organisms, and therefore
covers chemical and biological pollution. Formally, all living
organisms if released by human activities can be considered as
biological contaminants; however, intentional emissions are
usually excluded from this definition and the term is mostly
used for microorganisms and other very small organisms and
biological structures, including spores, seeds, etc. However, it
has also been used for referring to invasive species introduced
intentionally or unintentionally by humans and human activ-
ities. Biological contamination may be linked to severe health
and ecosystem effects. Gene contamination and the release of
genetically modified organisms represent a new concern.

Nevertheless, in the field of toxicology, chemical pollution
is the most relevant aspect, and is the focus of this article.
Chemical Pollution

According to the above definition, chemical pollution is the
outcome of human activities releasing to the environment
chemical substances, isolated or in combination, at a level high
enough toprovokeadverseeffectson the receiving system.Aquatic
pollution canbe associatedwithdirect emissions of contaminants
to aquatic bodies or to indirect sources, in particular those
releasing chemicals into soil or air which later are transported to
aquatic bodies, e.g., through drainage, leaching, or runoff from
contaminated soils or due to atmospheric deposition.

There are three main groups of aquatic chemical pollutants,
according to the kind of adverse effect that they may provoke
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on the aquatic systems. One group is responsible for a general
loss of water quality, associated with very general properties of
bulk pollutants; the second group covers the nutrients; and the
third one toxic chemicals or micropollutants.
Pollution and Changes in General Water Quality

Water quality is defined by a set of general parameters, such as
dissolved oxygen, alkalinity, pH, hardness, conductivity,
salinity, turbidity, etc. These properties are mostly linked to the
geological and ecological characteristics of the water body
basin, and, although they have a large spatial variability, are
maintained within certain ranges in each specific water body.
The aquatic community is adapted to these characteristics.
Many anthropogenic activities release large amounts of mate-
rials, at levels exceeding the capacity of the receiving body for
maintaining the pristine water quality conditions, resulting in
a general loss of water quality. The main pollution processes
affecting water quality are described next.

Organic Matter Loads
The release of organic matter, e.g., human or animal feces, food
waste, or plant residues, to a water body is followed by an
increase in the activity of the microbiological community that
biodegrades the organic matter. The process is mostly aerobic,
and therefore consumes the oxygen dissolved in the water. If
the organic load exceeds the recovery capacity of the system,
there is a net decrease in the concentration of dissolved oxygen,
which may even result in anaerobic zones, particularly in deep
areas and associated with the sediment. Each species has
minimum dissolved oxygen requirements; for example,
salmonid fish tend to be more exigent than cyprinids; thus
a progressive decrease in the dissolved oxygen concentration
may result in a significant change of the community to more
resistant species, and severe speedy decreases are frequently
associated with massive fish kills.

pH and Alkalinity
Water pH is also a critical element for defining water quality
and the characteristics of the associated community. The buff-
ering capacity of a water body is related to the concentration of
bicarbonates, carbonates, and hydroxides; and it is defined by
its alkalinity. Alkalinity measures the ability of water bodies to
neutralize acids and bases thereby maintaining a fairly stable
pH. The river basin geology is the main factor defining the
alkalinity of the water bodies and its capacity to buffer acid and
alkaline releases. In addition to site-specific industrial and
mining emissions, atmospheric deposition may significantly
contribute to changes in the pH of water bodies. This is a global
process defined as acid rain, linked to the emission of sulfur
dioxide and nitrogen oxide from fossil fuel combustion by, e.g.,
electricity generation, factories, and motor vehicles. In the
atmosphere, these gases are transformed into sulfuric and nitric
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00532-7
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acids, which precipitate in wet (rain) or dry (particles) forms,
affecting aquatic and terrestrial ecosystems. Electrical power
complexes utilizing coal rich in sulfur and nitrogen have been
a main source for acid rain emissions since the eighteenth
century. The observed local problems led to the construction of
taller smoke funnels, facilitating the long-range transport of the
emissions and provoking acid rain problems in distant areas;
responding to this problem, regulatory measures for reducing
these emissions have been implemented all around the world.

Acid point emissions and acid rain are particularly relevant
in freshwater basins with natural low alkalinity, leading to
significant decreases in the water pH. For example, the pH of
several thousand lakes in Scandinavia and in the eastern part of
North America has dropped below 5, leading in many cases to
an almost complete elimination of the aquatic communities.

Soluble and Insoluble Solids
Massive releases of nonbiodegradable solids may also affect
water quality. The release of ionizable soluble substances
increases the conductivity/salinity of the receiving water, and if
the emission contains high levels of calcium, magnesium, or
other divalent cations, may produce changes in water hardness.
The emission of insoluble particles increases the turbidity and
may increase the sediment deposition rate; both processes
provoke physical disturbances in the pelagic (water column)
and benthonic (bottom) communities.
Nutrient Pollution

Several elements, but particularly nitrogen and phosphorus, are
essential and play a major role in the primary productivity of
a water body. Primary productivity is the production by algae
and aquatic plants of organic compounds from aquatic carbon
dioxide through the process of photosynthesis, using light as
a source of energy. Nitrogen and phosphorus are released in the
environment by many human activities, including wastewater
municipal plants, agriculture, and several industrial processes.
These nutrients are a main limiting factor for algal growth in
many water bodies. Under these circumstances, the emissions
of nitrogen and phosphorus result in a net increase of algal
production and growth rate. This effect can be apparently
beneficial, as it provides additional food for the consumers and
the aquatic community as a whole, but when the adaptative
capacity of the system is exceeded, it produces negative changes
in the community structure and even highly destructive effects
on the community as a whole. Phytoplankton and other
rapidly growing algae are particularly suited for using the
nutrient excess, and their growth may impair the growth of
other aquatic plants, which are essential, e.g., as habitat
providers, for other species. In some cases, e.g., if light and
temperature are sufficiently high, the algal growth rate is
increased at a level that results in algal blooms. This process is
named eutrophication and results in hypoxia due to the excess
consumption of the dissolved oxygen. In extreme cases, the
water body surface is covered by a thick phytoplankton layer,
so dense that it impedes light reaching the deeper layers, and
the death and degradation of algae in the deeper layers
enhances the consumption of dissolved oxygen, increasing
hypoxia and provoking anoxic areas. These secondary effects
lead to a full destruction of the aquatic community.
Toxic Pollutants

On top of the general effects described, some substances are
particularly hazardous and produce toxic responses on aquatic
organisms at very low exposure levels. The termmicropollutant
is usually applied to those chemical contaminants that produce
adverse effects at relatively low concentrations. The adverse
effects may be related directly to the toxicity of the substance to
aquatic organisms, or associated with other processes such as
bioaccumulation and biomagnification resulting in effects on
the predatory species feeding on the aquatic organisms.
Aquatic Hazardous Pollutants
The UN Global Harmonized System for classification and
labeling provides worldwide unified principles for defining and
classifying substances as hazardous for the aquatic environ-
ment due to its toxicity.

For short-term hazards, the acute LC50 or EC50 value in fish,
invertebrates, and algae is used for benchmarking. The same
value is used for all taxonomic groups. A value equal to or less
than 100 mg l�1 is used for defining short-term aquatic
hazardous substances. If the value is equal to or less than
1 mg l�1 for one or more taxonomic groups, the substance is
considered as very toxic to aquatic organisms. Short-term
hazards, linked to acute toxicity, allows the identification of
aquatic pollutants relevant for single or short-term emissions,
such as those associated to accidents, spray drift following
pesticide applications, or intermittent industrial emissions.

Chronic no observed effect concentrations or EC10 values on
fish, invertebrates and algae are used for benchmarking long-term
aquatic hazards. A value equal to or less than 1mg l�1 is used for
defining long-term aquatic hazardous substances. Two comple-
mentary values, depending on the persistency of the substance in
water, are used for defining substances considered as very toxic to
aquatic organisms in long-term exposures. A value of 0.01mg l�1

is used for rapidly degradable substances, while a value of
0.1 mg l�1 is used for more persistent substances. Long-term
hazards are used for indicating potential concerns related to
continuous or repeated emissions, including point releases and
diffuse or widespread emissions. A subrogate system, based on
acute toxicity and persistency or bioaccumulation, can be used if
no chronic data are available, but the use of actual chronic toxicity
measurements is highly recommended.

The toxicity of chemicals to aquatic organisms depends on
the combination of the toxicokinetics, and particularly gill or
membrane uptake, and the mechanisms of action. Most
hazardous chemicals are toxic following both acute and
chronic exposures; however, there are some groups that have
very low acute toxicity but high chronic toxicity. This situation
is linked to two main elements, mechanisms of action and
solubility-related exposure. Acute effects are basically measured
using mortality or related endpoints. Chemicals with specific
mechanisms of action affecting ecologically relevant functions,
such as development or reproduction, but not vital functions
for the individual, have low acute lethal toxicity but may
provoke sublethal relevant chronic effects at very low concen-
trations. Endocrine disrupters are typical examples for this
type of substances. The second example are substances with
very low solubility in water; as a consequence, the exposure in
short-term conditions is not sufficient for building up internal



1026 Pollution, Water
body burdens resulting in toxicity, and thus no effects at the
water solubility limit are observed in short-term tests. However,
toxicity, even with mortality, can be observed after repeated
exposure. Typical examples are nonpolar narcotic substances
with very low solubility in water; the toxicity for these chem-
icals appear when the internal molar body burdens reach the
narcotic threshold, and this requires sufficient exposure time.

The list of aquatic hazardous toxic substances includes
several thousands. The European Union (EU) classification and
labeling inventory is the most complete database, covering all
substances marketed in Europe.

Persistent-Bioaccumulable-Toxic (PBT) Substances and
Trophic Chain Hazards
A second group of chemicals of particular environmental
concern are those associated with a biomagnification potential.
PBT substances are those that are persistent in the environ-
ment, have potential for bioaccumulation, and are toxic. The
combination of toxicity with persistency in the environment
and bioaccumulation generates a potential for these chemicals
to accumulate with time in aquatic organisms, resulting in high
exposure levels for their predators. The effects are therefore
observed at the highest levels of the trophic chain, including
aquatic organisms and terrestrial organisms such as birds and
mammals feeding on aquatic species. Humans may also be
affected due to the consumption of fish and shellfish.

Many PBTs have low acute toxicity to aquatic organisms,
allowing for their accumulation, mostly in fat and adipose
tissues. Due to their persistency, PBTs once released in the
environment will remain for long periods, and thus the basic
risk management measure for these chemicals is the minimi-
zation of the environmental emissions.
Water Pollution Prevention and Control

Most industrialized countries developed legislative and
voluntary programs during the last century for preventing and
controlling water pollution. Organic matter loads have been
dramatically reduced in certain areas with the construction of
municipal and industrial wastewater treatment plants. These
facilities also reduce particulate matter and may incorporate
specific treatments for reducing nutrient emissions. Limitations
on the content of sulfur and nitrogen in coal and petroleum
products contributed to significant reductions in acid rain; and
ecological risk assessment methods have been developed for
setting the maximum acceptable loads of toxic chemicals.

The regulatory actions usually combine two complementary
approaches, oneunder thehorizontal chemical legislations, such
as the Toxic Substances Control Act in the United States or the
REACH Regulation in Europe, with preventive nature, and the
second through control activities, for example, requiring specific
permit authorizations for the most relevant emission sources.
Thesepermitsdefine themaximumlevel of pollutants that canbe
released by each facility; in order to avoid those quality criteria,
ecological standardsorother ecological limits couldbe exceeded.

Pollution from diffuse sources is also regulated, for
example, including a risk assessment of the aquatic environ-
ment in the premarketing authorization process for pesticides,
biocides, and veterinary pharmaceuticals.
Water Pollution Monitoring

In addition to the control of specific facilities, large water
monitoring programs have been implemented in many areas.
In the United States, different agencies, including US Envi-
ronmental Protection Agency, the US Geological Survey, and
the US Fish and Wildlife Service, are responsible, with addi-
tional involvement from other actors, for monitoring water
quality conditions and its ecological consequences. In Europe,
a continental program has been implemented under the Water
Framework Directive, with additional contributions from non-
EU countries through the specific river basin conventions.

Water pollutionmonitoring programs usually consider three
main groups of parameters: basic water quality characteristics,
analysis of specific pollutants, and biological measurements.

Most basic water quality parameters can bemeasured at very
low cost and even using in situ equipment with on-line
continuous measurements, allowing large spatial coverage
monitoring programs with very frequent measurements, e.g.,
collecting daily or even hourly data. As already mentioned,
basic water quality parameters depend on the geology and
other general characteristics of the water body, may differ
largely among aquatic systems, and have a strong influence on
the aquatic community supported by each aquatic habitat.
Knowledge of the natural conditions and their variability is,
therefore, essential for interpreting the measured values. The
optimal and tolerable ranges for many species and taxonomic
groups are known, as well as their potential for adaptation to
short-term and long-term shifts, allowing the assessment of the
expected consequences of these changes on the aquatic
community.

The chemical analysis of specific micropollutants is, in
general, more expensive and time consuming. Particularly for
highly toxic substances requiring very low detection limits, the
sample preparation may be very complex, limiting the total
number of measurements. Consequently, the sampling design
becomes an essential element of the monitoring program, and
should consider the best spatial and temporal distribution
of the sampling points. Composite sampling can improve
spatial or temporal coverage of an area without increasing
sample number. Composite sampling is a technique whereby
multiple temporally or spatially discrete samples are combined,
thoroughly homogenized, and treated as a single sample.
Compositing can be performed on spatially distinct component
samples if they have equivalent exposure potential. Temporal
composite sampling can be valuable in assessing average
exposure in media if contaminant discharges are expected or
known to be randomly distributed. Depending on the scale of
sampling and objectives, composite sampling can providemore
information about average contaminant concentration over
space or time and more representative estimates of mean
concentrations than could be achieved by the same number of
discrete samples. As the resulting information on contaminant
extremes and variability is substantially reduced compared to
discrete sampling, the appropriateness of composite sampling
is dependent on the sampling objectives and the site character-
istics. For chemicals with high adsorption and/or bio-
accumulation potential, one additional element to be
considered is if the sampling should be conducted on water, on
sediment, or on biota samples. Additional tools such as passive
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samplers or semipermeable membrane devices can be used for
monitoring, and, if properly calibrated, may offer a proper
measure of the average concentration and even of the fraction
accessible to living organisms. The results of these chemical
analyses are usually compared with the quality standards or
criteria developed for the measured chemical according to the
available ecotoxicological information. Several jurisdictions
have developed quality standards or quality criteria to be used as
regulatory acceptability thresholds, representing the concentra-
tion limit at which no adverse effects are expected, e.g., setting
the distinction between levels of acceptable contamination and
of unacceptable pollution. These criteria complement and
support the emission permits and standards, which should
ensure that the ambient quality criteria are not exceeded. In
order to cover peak concentrations resulting in acute toxic effects
as well as long-term responses, the quality standards/criteria
include two complementary values to be compared with
maximum and average concentrations, respectively.

The biological parameters cover basically three main
groups: biological assessments, biomarkers, and direct toxicity
testing. Biological assessments are evaluations of the condition
of water bodies using surveys and other direct measurements of
resident biological organisms (macroinvertebrates, fish, and
plants), and offer a direct measurement of the condition and
status of the biological community. The use of bioindicators,
‘sentinel’ organisms associated with particular conditions, and
biotic indices, e.g., based on benthic macroinvertebrates, is
widely extended. These assessments offer the best possible
information on the status of the aquatic community, inte-
grating all stressors and sources, not just chemical pollution,
and therefore cannot be associated with particular pollutants or
pollution sources, but can be combined with chemical analysis.
The term ‘biomarker’ is usually applied to biochemical and
physiological responses associated to the exposure to particular
pollutants. Many biomarkers are linked to the presence of
exposure without providing information on the potential toxic
consequences, such as the increase in metallothioneins asso-
ciated with the exposure to metals; but those of higher interest
are the biomarkers linked to the adverse response of the
organisms to the toxic exposure, such as the inhibition of
the activity of the enzyme acetyl cholinesterase following the
exposure to organophosphorus insecticides. Biomarkers were
considered a promising tool for water quality monitoring some
decades ago, but the developments are still linked to a very
limited number of chemical groups. Direct toxicity assessment
is based on the measurement of the toxicity of an environ-
mental sample under laboratory controlled conditions. It can
be done in isolation but is mostly conducted as a complement
to chemical analysis. The advantage of direct monitoring is that
the overall toxic activity of the sample, including synergies, is
measured and does not require a priori identification of the
substances to be measured. However, as the sensibility of the
bioassays is relatively low, they are suitable only when a high
level of pollution is expected. Combinations such as passive
samplers or semipermeable membrane devices with toxicity
assessments of the elutriates can be used as concentration
methods, but then the toxic profile is linked to the retention
capacity of the sampling device. As a consequence, direct
toxicity testing is applied mostly for the assessment of sediment
hot-spot contamination, and for effluent control.

See also: Clean Water Act (CWA), US; Ecological Quality
Standards (EQS) Global; Aquatic Ecotoxicology; Ecological
Exposure Limits and Guidelines; Integrated Pollution
Prevention and Control (IPPC); Pollution, Soil; Risk
Assessment, Ecological.
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l Name: Polybrominated biphenyls (PBBs)
l Chemical Abstracts Service Registry Numbers: Separate CAS

numbers are assigned to individual PBBs, e.g., 67774-32-7
for 2,20,4,40,5,50-hexabromobiphenyl and 59536-65-1 for
2,20,3,4,40,5,50-heptabromobiphenyl

l Synonyms: Polybromobiphenyls, Brominated biphenyl,
FireMaster BP-6, FireMaster FF-1, Bromkal 80, Flammex B
10, Adine 0102, Berkflam B 10

l Molecular Formula: C12H(10�[xþy])Br(xþy) (x and y are the
number of bromine atoms on each ring)

l Chemical Structure:

l Water Solubility: 0.011mg l�1 at 25 �C
l Vapor Pressure: 5.2� 10�8 mmHg at 25 �C
Background

Polybrominated biphenyls (PBBs) are a class of biphenyls
with 1–10 bromine atoms. Although they are called PBBs,
monobrominated structures (i.e., one bromine atom attached
to biphenyl molecule) are included when describing the class.
Bromine atoms can bind to the biphenyl molecule in 209
possible configurations, resulting in 209 possible compounds
called congeners; however, actual congeners found in PBB
mixtures are much fewer. PBBs are usually white, off-white, or
beige powders at room temperature. All congeners are very
soluble in fat and organic solvents such as benzene and
toluene and insoluble in water. PBBs are extremely stable,
consequently persistent in the environment. Their use are now
controlled through the Restriction of Hazardous Substances
Directive and limited to electric and electronic products sold
in the EU. However, they were once widely used commercially
as flame and fire retardants in synthetic fibers, molded plas-
tics, lacquers and coatings, and in automobile upholstery.
Commercial products were mainly composed of hexa- , octa- ,
or decabrominated homologs. Environmental contamination
with PBBs has occurred mainly from two commercial prod-
ucts, FireMaster BP-6 and FireMaster FF-1. The principal
components in both of these commercial products were
2,20,4,40,5,50-hexabromobiphenyl (54–68%)and2,20,3,4,40,5,50-
heptabromobiphenyl (7–27%).

In early 1973, a significant environmental contamina-
tion of PBBs occurred in Michigan when approximately
500–1000 pounds (225–450 kg) of FireMaster BP-6 was acci-
dentally substituted for the nontoxic feed supplementmagnesium
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oxide (Nutrimaster) as a result of labeling error and inadver-
tently added to the livestock feed that was distributed to
a number of farms in the Lower Peninsula in Michigan. As
a result, PBB had entered the human food supply through milk
and other dairy products, beef products and contaminated
swine, sheep, chickens, and eggs. Although the environmental
accident in Michigan occurred in early 1973, incorporation of
PBBs into human food supply was not identified for almost
a year, until April 1974. By June 1975, over 500 Michigan farms
were quarantined and thousands of cattle (w30 000), swine
(w4500), sheep (w1500), and chickens (w1.5million) along
with tens of thousands of tons of dairy products and millions
of eggs were destroyed. In some of the farms, each cattle was
exposed to as high as 250 g PBB by this mix-up; livestock in
hundreds of other farms were exposed to several orders of
magnitude lower levels of PBB.

Concentrations of PBBs (on a fat basis) in milk samples
collected from contaminated farms, soon after the incident was
identified, ranged from 2.8 to 595mg kg�1. Concentrations of
PBBs in other dairy products made from the contaminated milk
were butter, 1–2mg kg�1; cheese, 1.4–15.0mg kg�1; and can-
nedmilk, 1.2–1.6mg kg�1. In 1974, the concentrations of PBBs
in eggs from contaminated farm premises were as high as
59.7mg kg�1. The levels of PBBs in poultry and cattle tissues
from a contaminated farm in 1974were 4600mg kg�1 and up to
2700mg kg�1, respectively. Consequently, approximately 90%
of Michigan residents had detectable levels of PBBs in their
blood in 1978. About 50% of the PBBs mixed with feed was
estimated to have been excreted in the feces of the exposed
animals and remained on the farms in places of fecal deposition
andmanure disposal. PBB levels in surface soil samples collected
from seven dairy farms in Michigan that spread contaminated
manure on the fields ranged from 35 to 1260 mg kg�1. Levels of
PBBs in surface soil collected from the farms that did not use
contaminated manure were <25 mg kg�1. PBBs are still detected
in the floodplain soils and sediments of Michigan’s Pine River,
Tittabawassee River, Saginaw River, and Saginaw Bay. The mean
concentrations of PBBs (dry soil weight) of 13.5 ng g�1 from the
lower reaches of the Pine River, near the source of contamina-
tion, and 4.7 ng g�1 in the sediment from the mouth of Saginaw
River, 90 km from the source, were reported in 2008.
Uses

PBBs are inert and stable chemicals primarily used as flame
retardants to suppress or delay combustion. PBBs were used as
flame-retardant additives in synthetic fibers and molded
plastic. Their major use was in thermoplastics (mainly acrylo-
nitrile-butadiene-styrene) used in electronic-equipment hous-
ings. Hexabromobiphenyl was the primary component of
FireMaster BP-6 and FireMaster FF-1 used as fire retardants in
business-machine housings and in industrial and electrical
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00421-8
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products. PBBs were also used in smaller amounts as a flame
and fire retardant in coating and lacquers, and in polyurethane
foam for auto upholstery. After the ban on the production of
PBBs in the United States in 1976, polybrominated diphenyl
ethers and other flame retardants were used as replacements.
Exposure Routes and Pathways

Before their ban, PBBs entered the air, water, and soil during
their manufacture and use as well as from the improper
disposal and incineration of commercial and consumer prod-
ucts containing PBBs. As a result, the general population may
have been exposed to low levels of PBBs by ingesting
contaminated food and drink, inhaling contaminated air, and
using consumer products that contain PBBs. Prior to 1973,
workers manufacturing fire retardants likely had the greatest
potential for substantial exposure to PBBs via skin contact,
inhalation, or unintentional ingestion. Following the acci-
dental contamination of cattle feed with PBBs in Michigan and
the subsequent contamination of meat and dairy products,
ingestion of contaminated foods became the exposure pathway
of primary concern. Additionally, people who consume fish
caught from Great Lakes are exposed to PBBs. In a 1993 study,
serum concentration of PPB in sport fishers of Lake Huron,
who consume fish, had a mean concentration of 0.6 ngml�1.

With the seizure and destruction of the contaminated farm
animals and products, the levels of PBBs in consumer products
showed a steady decline. For example, in 1975, approximately
2 years after the accidental contamination of human food
supply, among 18 milk samples, 13 cheese samples, and 14
butter samples taken in Michigan, only three butter samples
exceeded the FDA guidelines of 0.3mg kg�1 PBBs in fat.
Consequently, although PBBs were detected in 245/2040 meat
samples collected in Michigan in 1975, only 24 samples con-
tained PBB >0.3mg kg�1 fat. Similarly, although 95% of 1430
meat samples collected in Michigan in 1976 contained detect-
able levels of PBBs, only one sample contained >0.6mg kg�1.
According to the market basket survey of meat in 1976 in
Michigan, detectable levels of PBBs were found in only 1/102
samples.

Since PBBs are no longer produced, current exposure of the
general population to PBBs is only from historical releases.
Based on temporal data, it appears that environmental levels
have decreased substantially since the 1970s and current
exposure, if any, is likely at low levels.

Historical data suggest that the low-level exposures to PBBs
were limited to the population within the state of Michigan.
The level of exposure to PBBs was slightly higher for the people
residing in the lower peninsula of Michigan and highest among
people residing in the immediate vicinity of the contaminated
dairy farms, where people consumed contaminated meat, eggs,
and dairy products. Historical monitoring of approximately
4000 people, mainly families and neighbors on farms in
Michigan who consumed the most PBB-contaminated food
and their offspring, is continuing to determine the potential
long-term health effects of PBB exposure. Consumer exposure
from using PBB-containing plastic products (e.g., typewriters,
calculators, projector housings, and movie equipment cases) is
expected to be very low.
Toxicokinetics

Data regarding the kinetics of PBBs in humans are limited to
the information derived from cases of accidental ingestion of
food contaminated with PBBs and cases of occupational
inhalation and dermal exposures. These data provide only
qualitative evidence that PBBs are absorbed in humans via oral
ingestion, inhalation, and dermal contact. Limited animal data
indicate that some PBB congeners are well absorbed after oral
exposure and the extent of absorption varies with the degree of
bromination of the biphenyl rings. For example, by comparing
the amount of radioactivity in the feces of rats adminis-
tered a single oral dose of 1mg kg�1 14C-2,20,4,40,5,50-hex-
abromobiphenyl with that after a single intravenous injection,
it was estimated that greater than 90% of the oral dose was
absorbed over a 24 h period. In contrast to the high absorption
of the hexabromobiphenyl, octabromobiphenyl is less well
absorbed from the gastrointestinal tract of the rats adminis-
tered with the same single oral dose of 1mg kg�1. This was
evident from the fact that only 61.9% of the octabromobi-
phenyl dose was found in the feces within the first 24 h after
dosing, although it was unclear howmuch octabromobiphenyl
may have been absorbed and undergone biliary excretion.
Experiments in ruminants revealed that approximately half of
an oral PBB dose is excreted unchanged in the feces 7 days after
dosing and 23% is excreted in the milk within 95 days
postdosing.

In blood, w80% of PBBs are bound to protein and 20% to
lipids. The distribution pattern of PBBs is not significantly
different between humans and animals and among different
species of animals. Due to their lipophilic nature, PBBs, espe-
cially the highly brominated congeners, are preferentially accu-
mulated in lipid-rich tissues. Relatively greater amounts of PBBs
are generally found in the liver, fat, skin, and breast milk. Initial
concentrations of 14C-2,20,4,40,5,50-hexabromobiphenyl-derived
radioactivity were highest in muscle, liver, and fat of rats orally
gavaged with a single or four daily doses of 14C-2,20,4,40,5,50-
hexabromobiphenyl and later redistribution to fatty tissues
(4–7 days after dosing) resulting in lower concentrations in liver
and muscle when compared with fatty tissues. The residual
concentrations of PBB-derived radioactivity in the fluids and
tissues of the rats on day 31 after oral dosing with
14C-2,20,4,40,5,50-hexabromobiphenyl for 30 days were in the
order of blood<muscle< liver< skin< fat.

PBBs are metabolized by cytochrome P450. The rate of the
metabolism depends on the degree of bromination and
the pattern of substitution of bromine on the biphenyl rings.
The PBB congeners with low bromine content are metabolized
to their hydroxylated derivatives that are preferentially
eliminated via urine. However, PBB congeners with high
bromination undergo little or no metabolic transformation
and are either retained or excreted unchanged in the feces via
biliary elimination.

A median half-life of PBBs in humans has been estimated to
be between 10 and 13 years using human data from the
Michigan PBB cohort. PBBs are capable of crossing the placenta
and concentrating in breast milk. Infants born to and nursing
from PBB-exposed mothers may uptake and accumulate PBBs.
Milk constitutes the most important route of excretion of PBB
in lactating women. Numerous studies reported PBB levels in



1030 Polybrominated Biphenyls (PBBs)
the breast milk of Michigan women. During early 1980s, in
women from Michigan, PBB levels in breast milk, on a lipid
basis, ranged from undetected to 92 667 mg kg�1, with a
median concentration of 250 mg kg�1. On a lipid basis, PBBs
are 107–119 times more concentrated in milk than in serum.
There are no data available on the current PBB levels in the milk
of Michigan residents who were exposed to PBB via ingestion of
contaminated food. However, based on the estimated elimi-
nation half-life of PBB, concentrations would have dropped to
w6.25% of the original levels (from 1973 to 2013). For
example, concentrations of 92 667 and 250 mg kg�1 would now
be about 5792 and 16 mg kg�1, respectively.

Information on the excretion of PBBs in animals is limited
and no such information is available in humans. Between 10
and 20% of the daily dose was recovered in the feces of rats
when gavaged with 14C-2,20,4,40,5,50-hexabromobiphenyl for
22 days, which was predominantly unabsorbed PBB. In
monkeys, the main route of excretion of hexabromobiphenyl
was also via feces. Between 60 and 70% of the administered
dose was excreted in the feces in the first 11 days after dosing,
while urinary excretion remained negligible.
Mechanism of Toxicity

The mechanism of toxicity for PBBs has been extensively
studied, but is not completely understood. Many PBBs, poly-
chlorinated biphenyls (PCBs), polychlorinated dibenzo-p-
dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs),
and other structurally related halogenated aromatic hydrocar-
bons are believed to share a common mechanism of action
strongly related to similarities in their structural configuration.
The common mechanism of action of these compounds is
believed to be the relationship between the enhancement of
gene expression triggered by their ability to bind to cytosolic
aryl hydrocarbon (Ah) receptor, resulting in enzyme induction
and toxicity. However, there are physicochemical differences
between PBBs and other polyhalogenated diaromatic hydro-
carbons (e.g., PCBs, dioxins, dibenzofurans) due to the higher
atomic weight and considerably larger molecular volume of
bromine when compared to chlorine. The differences in
physicochemical properties can influence the relative absorp-
tion, bioavailability, tissue accumulation, receptor interactions,
and toxicities of these chemicals.
Acute and Short-Term Toxicity

Animal

The dairy cows that consumed FireMaster BP-6 in their feed in
Michigan in the late spring of 1973 started to show adverse
health effects by the summer of 1973. Few of these cows may
have been exposed to as high as 250 g of FireMaster BP-6. The
adverse effects included weight loss, lethargy, decreased milk
production (in some cases dropped to about half of normal
levels), poor resistance to infections, alopecia, infertility, and
abortion. While the cause of these effects is generally attrib-
uted to PBB exposure, there is some controversy because these
signs were not reproduced in controlled experiments
with PBBs.
In rodents, oral dosing of PBB caused liver hypertrophy,
fatty liver, and scattered necrosis. In addition, neurological
effects of PBB have also been reported in rats, especially in
offspring of rats fed diet containing PBBs during gestation and
lactation.

Acute toxicity of PBBs has been reported to be low; the
single-dose oral LD50 of FireMaster BP-6 in rat is 21.5 g kg�1

body weight. However, PBBs have been found to be more toxic
when given in small repeated doses. The LD50 of FireMaster
FF-1 in male and female rats is 149 and 65mg kg�1 day�1,
respectively, when administered orally for 5 days per week for
4.5 weeks and monitored for 90 days. However, in mink, the
calculated dietary LD50 is 0.47 and 0.61mg kg�1 day�1 for
male and female minks, respectively, based on exposure to
FireMaster FF-1 for 63–294 days. Similar higher toxicity of
PCBs, PCDDs, and PCDFs has been noted in mink when
compared with rats, suggesting some common mechanism of
toxicity of PBBs with those of PCBs, PCDDs, and PCDFs.
Human

Initial screenings of blood samples collected from people lived
in farms quarantined following the Michigan incident
confirmed that they had been exposed to higher levels of PBB,
and in few cases exposure may have been as high as 10 g when
residents of the highly exposed farms consumed their own farm
products. However, the study could not find any acute symp-
toms from the consumption of PBB-contaminated food.
Chronic Toxicity

In order to find any long-term health effects of PBB in humans,
the Michigan Long-Term PBB study began in 1976 to follow
a cohort of approximately 4000 people, mainly families and
neighbors on farms who consumed the most contaminated
products and their offspring. Although available data on
chronic effects of PBB in humans are largely inconclusive, the
animal data suggest that the PBBs can cause reproductive and
developmental toxicity, and affect the liver, thyroid, and
immune system. Liver effects in chronic studies conducted in
rodents and other laboratory animal species to FireMaster
ranged from microsomal enzyme induction and enlargement
to fatty changes and necrosis. In rats, liver toxicity of PBBs was
found to be quite similar to that of PCBs. Altered vitamin A
homeostasis, as decreased hepatic storage of vitamin A, is
another established effect of PBBs in animals. Thyroid effects
ranging from decrease in serum thyroxine (T4) and triiodo-
thyronine T3 levels to histological and ultrastructural changes
in the follicles have been produced in rats in chronic studies at
doses as low as 1.3 mg kg�1 day�1. A decrease in serum T3 and
T4 levels is mostly due to the enhanced clearance of T4 from the
body after its conjugation with uridine diphosphate glucur-
onosyltransferases (UGTs), and PBB is known to induce UGTs
and rats are much more susceptible to this effect than humans.

In rats and mice, PBBs have been shown to cause hepato-
cellular adenomas, carcinomas, and/or liver neoplastic nodules
following either single or repeat (intermediate and chronic)
exposures. The reason for the neoplastic nodules in liver of rats
after a single gavage dose is consistent with accumulation of
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PBBs in the body for extended period of time due to very slow
elimination. Based on these results, it could be concluded that
PBBs are carcinogenic in animals and classified as possibly
human carcinogen by IARC (Group 2B). This classification is
based on sufficient evidence for carcinogenicity to animals and
inadequate evidence of carcinogenesis in humans. In humans,
the only symptoms of the long-term exposure to PBBs (e.g., in
Michigan cohort) that could at least partially attributed to PBB
consumption include chloracne, blurred vision, and fatigue.
Environmental Fate

Due to the similarity in structure and physicochemical prop-
erties between PBBs and PCBs, the environmental fate of PBBs
is generally very similar to that of PCBs, for which there are
much more data. PBBs are generally persistent and lipophilic
chemicals that tend to bind to particulate matter. Depending
on the number of bromine atoms and their pattern, the
log octanol–water partition coefficients (log Kow) for PBB
congeners vary but are generally in the range of 5.53–8.58.
Similarly, the log carbon matter partition coefficients (log
Koc) for PBB congeners vary but are generally in the range of
3.33–5.09. Studies have shown that adsorption to and
transport of sediments and particulates is a major transport
mechanism of PBBs in aquatic systems. In sediments, PBBs
can be reductively debrominated similar to the reductive
dechlorination of PCBs, dependent on the presence of deha-
logenating microorganisms. PBBs may be transported from
water to aquatic organisms by direct bioconcentration as well
as through food chain. Bioconcentration factors of w18 000
were derived for hexabromobiphenyl mixtures in experiments
conducted in fathead minnows. Little is known about the
environmental fate of PBBs in terrestrial systems; however,
available data indicate that translocation of PBBs from soil
into plants is not significant.
See also: Polychlorinated Biphenyls (PCBs).
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l Representative Congeners: BDE-47: 2,20,4,40-
tetrabromodiphenyl ether; BDE-99: 2,20,4,40,5-pentabromo-
diphenyl ether; BDE-100: 2,20,4,40,6-pentabromodiphenyl
ether; BDE-153: 2,20,4,40,5,50-hexabromodiphenyl ether;
BDE-154: 2,20,4,40,5,60-hexabromodiphenyl ether; BDE-
183: 2,20,3,4,40,50,6-heptabromodiphenyl ether; BDE-206:
2,20,3,30,4,40,5,50,6-nonabromodiphenyl ether; BDE-209:
2,20,3,30,4,40,5,50,6,6’-decabromodiphenyl ether

l Synonyms: DE-71, DE-60F, DE-62, Bromkal 70-5DE (pen-
taBDE); DE-79 (octaBDE); DE-83R, Saytex 102E, FR-300-BA
(decaBDE)
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Background

Polybrominated diphenyl ethers (PBDEs) are used as flame
retardants in a variety of consumer products. Because they are
‘additive’ compounds, i.e., they are not chemically bound to
the polymers of the products, they leach out in the environ-
ment. Over the past two decades, PBDEs have become wide-
spread environmental pollutants. PBDEs have been detected in
most biota, including human blood, adipose tissue, and breast
milk.
Uses

PBDEs are used as flame retardants in a variety of consumer
products. There are 209 possible congeners of PBDEs with
various degrees of bromination. Important congeners are BDE-
47 (tetra), BDE-99 (penta), BDE-153 (hexa), and BDE-209
(deca). They have been commercialized as mixtures of penta-,
octa-, and decaBDEs. PentaBDE (containing tetra-, penta-, and
hexaBDEs) was used in polyurethane foams, mattresses, and
upholstered furniture. OctaBDE (containing hexa- to non-
aBDEs) was used on computer sets, telephones, car trims, and
kitchen appliances, while decaBDE (mostly BDE-209) is used
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in television sets, electronics, and textiles. In 2003, penta- and
octaBDEs were banned in the European Union(EU), and the
following year industry voluntarily ceased manufacturing these
mixtures in the United States. In 2008, decaBDE was banned in
the EU for most applications, and several states in the United
States followed with restriction on its use. By 2013, manufac-
turers will cease production of BDE-209 in the United States.
Exposure Routes and Pathways

Because of their widespread use, PBDEs have become ubiqui-
tous environmental pollutants. Body burden is higher in North
America, by one to two orders of magnitude, than in Europe or
Japan, most likely because of stringent f ire laws. Use of pen-
taBDE has been particularly high in the United States. Body
burden is consistently higher in infants and toddlers than in
adults. In infants, high exposure is a result of breastfeeding,
while in toddlers most exposure is the result of ingestion of
house dust. In the remaining population, diet and dust are the
primary sources of PBDE exposure. Basket food surveys in
various countries have shown PBDEs to be present in meat,
fish, and dairy products. Occupational exposure to PBDEs can
also occur, particularly in workers in electronic recycling facil-
ities. Blood levels of PBDEs are usually in the nanomolar range.
Toxicokinetics

Absorption of PBDEs varies depending on the degree of
bromination, with lower brominated BDEs being better
absorbed. They distribute to all tissues, including fat, but they
do not preferentially accumulate in fat. PBDEs undergo
biotransformation, particularly to hydroxylated compounds,
some of which may have toxicological properties different or
more pronounced than the parent compounds. Some higher
brominated BDEs may undergo debromination to lower
brominated congeners. PBDEs are excreted primarily through
the feces (decaBDE) and the urine. The half-life is about 15
days for decaBDE, but it is longer (>90 days) for lower
brominated congeners. PBDEs cross the placenta, and similar
concentrations are found in maternal and fetal blood.
Mechanism of Toxicity

The exact mechanisms of PBDEs’ toxicity have not been fully
elucidated. PBDEs are endocrine disruptors. They have been
shown to interact as agonists or antagonists at androgen,
progesterone, and estrogen receptors. The specific effect varies
depending on the congener, and whether it is the parent
compound or a hydroxylated metabolite. Such interactions
may be related to some reported effects of PBDEs on the
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00422-X
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reproductive systems. PBDEs can also alter the homeostasis of
thyroid hormones. Most often, developmental exposure to
PBDEs has been shown to decrease circulating levels of T4,
either by induction of UDPGT (a phase II metabolizing
enzyme involved in conjugation of T4), or by displacing T4
from the plasma thyroid-binding protein transthyretin. Such
effects on thyroid hormones may contribute to PBDEs’
developmental neurotoxicity, given the most relevant roles of
thyroid hormones in brain development. PBDEs can also
interact with Ah receptors, though they appear to be unable to
activate the Ah receptor–AhR nuclear translocator protein–XRE
complex. They can also upregulate certain cytochrome P450s
(CYP3A11 and CYP2B10) through activation of the pregnane
X receptor. At the cellular level, PBDEs have been shown to
induce oxidative stress, which may lead to DNA damage and
to apoptotic cell death. Intracellular glutathione levels have
been shown to modulate susceptibility to PBDE-induced
neurotoxicity. Additional targets for PBDEs’ neurotoxicity
include signal transduction mechanisms, particularly protein
kinase C and regulation of calcium homeostasis. In vitro effects
of PBDEs are usually seen at micromolar concentrations, i.e.,
much higher than levels present in humans.
Acute and Short-Term Toxicity

Animals

PBDEs have low acute toxicity, with values of oral LD50 in rat of
>5000mg kg�1. For BDE-209, there is also evidence of very
low acute toxicity upon inhalation and dermal exposures.
PBDEs do not have irritant properties. Several studies have,
however, shown that a single exposure to various PBDE
congeners during pre- or postnatal development in rodents can
cause neurobehavioral alterations, particularly in the domains
of motor activity and of cognition. PBDEs do not appear to be
genotoxic. They can be fetotoxic, but only at maternally toxic
doses, as they are not teratogenic.
Chronic Toxicity

Animals

Upon chronic exposure, target organs for toxicity are the liver,
kidney, and thyroid gland. Different PBDEs appear to have
similar toxicological profiles, with decaBDE being less potent
than other lower brominated congeners. For example, in sub-
chronic toxicity studies in rat, no observed effect levels are
usually in the g kg�1 day�1 for decaBDE, but less than
10mg kg�1 day�1 for pentaBDE. Male and female reproductive
toxicities have been reported with several PBDEs. DecaBDE has
been reported to increase incidence of hepatocellular carci-
nomas and of thyroid adenomas in rodents, though it is clas-
sified by IARC (International Agency for Research on Cancer) in
Group III (not classifiable as to its carcinogenicity to humans).
Several studies have shown that both pre- and postnatal
exposure to various PBDEs in rodents causes developmental
neurotoxicity. Though findings are not always consistent,
alterations in motor activity and cognitive changes are most
often reported. Such changes have been observed even in the
absence of any alteration in thyroid hormone levels. Similar
findings have also been reported with BDE-209, though
a developmental neurotoxicity study carried out according to
established guidelines has not provided evidence of develop-
mental neurotoxic effects.
Humans

Studies in humans have focused on endocrine effects and on
developmental effects. Exposure of adults to PBDEs has been
associated with alterations in thyroid hormone homeostasis
(both hyper- and hypothyroidism). Elevated PBDE levels in
breast milk were correlated with lower birth weight and length,
lower head and chest circumference, and decreased Quetelet’s
(body mass) index, and with developmental delays in cogni-
tion. An association was found between blood PBDE levels in
the mother at the 35th week of pregnancy and altered motor
function, cognition, and behavior of the child up to age six.
Prenatal PBDE exposure (as indicated by cord-blood PBDE
levels) was associated with lower scores on tests of mental and
physical development at the ages of 1–4 and 6 years. In
contrast, another study found no associations between body
burden of PBDEs in 4-year-old children and any motor or
cognitive alteration. It should be noted that body burden for
PBDEs in humans is in the nanomolar range, while most
adverse effects in animals are seen at much higher concentra-
tions (micromolar). Also, exposure to PBDEs appears to be
lower than suggested Reference Doses.
Ecotoxicology

A number of studies have established the almost ubiquitous
presence of PBDEs in the environment, in animals, and in
humans. PBDEs have been detected in indoor and outdoor
air, sediments, sludge, soil; in birds, marine species, and fish;
and in human adipose tissue, serum, and breast milk. In
contrast to PCBs and other chlorinated compounds, whose
body burden has been decreasing in the past three decades,
levels of PBDEs have significantly increased. Five congeners
(BDE-47, -99, -100, -153, -154) predominate in some biota
and in human tissues, and BDE-47 alone usually accounts for
50%. BDE-47 is also the dominant PBDE congener in the
atmosphere in two remote sites such as the Tibetan Plateau
and the Canadian High Arctic, making it a true global
contaminant. In house dust and indoor air, BDE-209 seems to
be the dominant congener.

See also: Bromine; Polybrominated Biphenyls (PBBs);
Tetrabromobisphenol A; Polychlorinated Biphenyls (PCBs).
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Background

Polychlorinated biphenyls (PCBs) are one of the most widely
studied environmental contaminants, and many studies in
animals and human populations have been performed to
assess the potential carcinogenicity of PCBs. PCBs are mixtures
of up to 209 individual chlorinated compounds (known as
congeners or chlorinated hydrocarbons), which are no longer
produced in the United States, but are still found in the envi-
ronment. Exposure to PCBs includes acne-like skin conditions
in adults and neurobehavioral and immune alterations in
children. PCBs are carcinogenic to animals, and they have been
found in at least 500 of the 1598 National Priorities List sites
identified by the US Environmental Protection Agency (EPA).
PCBs (US trade name Aroclor) have no known natural sources,
are either oily liquids or solids that are colorless to light yellow,
and can exist as a vapor in air. PCBs typically do not exhibit any
smell or taste.

The US Toxic Substances Control Act (TSCA) was enacted by
the US Congress to control the distribution, use, and disposal
of harmful chemicals, including PCBs. PCBs have been
demonstrated to cause a variety of adverse health effects.
Studies in humans provide supportive evidence for potential
carcinogenic and noncarcinogenic effects of PCBs, and based
on the weight of the data, it is suggested that PCBs are probable
human carcinogens.
Uses

PCBs were used as coolants, lubricants, and insulators in elec-
trical capacitors, electrical transformers, vacuum pumps, and
gas transmission turbines. They have also been used as
hydraulic fluids, plasticizers, adhesives, fire retardants in plas-
tics, wax extenders, lubricants and cutting oils, inks, and
cleaning agents. PCBs were banned from production interna-
tionally in the late 1970s, but are still widespread as contam-
inants in the environment. They are also produced
unintentionally in the production of organic chlorinated
herbicides, bleaching of papers, in the incineration of wastes,
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
and in industrial and thermal processes involving chlorine and
chlorinated chemicals.
Environmental Fate and Behavior

Before being banned and before the US Clean Water Act
regulated wastewater discharges, PCBs could be found, often at
high levels, in wastewaters from industries handling PCB
equipment. These wastewaters either were discharged directly
to surface waters or sent to municipal sewage treatment plants.
Urban industrial areas are more likely to have higher PCB
contamination than rural areas. While not highly volatile,
PCBs, especially the less chlorinated ones, will partition into
the air. Atmospheric transport is the most important mecha-
nism for dispersion of PCBs.

Those PCBs with a high degree of chlorination are much
more persistent in the environment than those with lower
degrees of chlorination because they are more resistant to
metabolism. Microbial metabolism is the most important
mechanism for the removal of persistent organic pollutants as
the PCBs from the environment. Anaerobic dehalogenation of
the highly chlorinated PCBs in aquatic sediments is a major
mechanism for their elimination by generating lower chlori-
nated congeners that are more readily metabolized by aerobic
enzymes. As a consequence, the environmental levels of PCBs
are slowly decreasing with time.
Exposure and Exposure Monitoring

Most exposures are environmental or occupational, with
delayed symptoms being the first indication that toxicity has
occurred. PCBs resist metabolism, exhibit high lipid solubility,
and therefore have a high environmental persistence. They
bioaccumulate in aquatic and terrestrial organisms and enter
the food chain as a primary means of human exposure. Dermal
contact and inhalation are the other important means of
exposure. Their environmental presence is slowly decreasing
with time.
Toxicokinetics

PCBs and polybromated biphenyls are absorbed by oral,
dermal, and inhalation routes of exposure. Dermal absorption
varies depending on the compound, concentration, and PCB
species, but may represent as much as 50% of exposure. PCBs
are chemically inert, and the more highly chlorinated com-
pounds are resistant to metabolism. Metabolism is inversely
proportional to the chlorine content. The liver is the primary
site of metabolism, and the primary mechanism involves
hydroxylation and conjugation with glucuronic acid. Due to
their high lipid solubility, PCBs are primarily distributed in
4-3.00347-X 1035
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adipose tissues. During pregnancy, one-tenth of the maternal
serum level can be found in cord blood, and over 100 times the
serum level can be found in human milk. Excretion is variable
depending on the species and inversely related to the chlorine
content. PCBs are excreted in breast milk, which is a primary
route of exposure for infants. However, there is no evidence
demonstrating clinically significant negative effects of postnatal
exposure to PCBs via breast milk.
Mechanism of Toxicity

An event that may be common to all tissues exhibiting toxi-
cological consequences as a result of exposure to PCBs is
binding to the aryl hydrocarbon receptor followed by the
production of reactive oxygen species (ROS) and the subse-
quent development of oxidative stress. These events lead to
oxidative DNA damage, lipid peroxidation, damage to
membranes and organelles, loss of tissue function, and pro-
grammed cell death with immunological, neurological, and
endocrinological consequences. There are over 200 structurally
and stereochemically different PCBs with differing receptor
binding properties. As a consequence, the toxicity of individual
PCBs or mixtures of PCBs is expressed as toxic equivalents
relative to the most toxic congener 2,3,7,8-tetrachlorodibenzo-
p-dioxin.
Acute and Short-Term Toxicity (or Exposure)

Animal

In laboratory animals, exposure to various PCBs results in
down-regulation of selected genes with the up-regulation of
others. An increase in hepatic weight of rodents occurs with
large increases in hepatic microsomal cytochrome P450 1A.
Decreases occur in hepatic zinc, selenium, glutathione levels
and the activities of glutathione reductase, catalase, selenium-
dependent glutathione peroxidase, superoxide dismutase, and
glutathione transferase. Altered calcium homeostasis also
occurs.

Numerous studies in animals have demonstrated that PCB
administration results in hepatotoxicity, thyroid and endocrine
disruption, neurotoxicity, suppressed immune system, liver
and thyroid neoplasms, and detrimental reproductive effects in
both males and females.
Human

PCBs have a low acute toxicity but accumulate in the envi-
ronment and in animal and human adipose tissues, and
a significant potential for chronic or delayed toxicity exists. The
most dramatic case of PCB poisoning occurred inWest Japan in
1968 (Yusho accident) when rice oil contaminated with PCBs
poisoned more than 1600 people. Fatigue, headache, increased
sweating of the palms, itching, visual disturbances, numbness
of the extremities, subcutaneous facial edema, joint swelling
and pain, cough, intermittent abdominal pain, and menstrual
changes were noted. However, the symptoms may not be
purely due to PCB toxicity since the oil also contained diben-
zofurans and dioxins, which are known to be toxic. Shortly
after exposure, standardized mortality ratios of all-cause
mortality, diabetes mellitus, cardiovascular disease, and
pneumonia/bronchitis were significantly elevated. However,
no clear increases in standardized mortality ratios more than
10 years after exposure were observed.

PCBs are mildly irritating to the eyes and skin. Facial edema,
eye discharge, swollen eyelids, conjunctival hyperemia, and
visual and hearing disturbances may result. Increases in dia-
stolic and systolic blood pressures are possible. Neuro-
behavioral and psychomotor impairment have been seen after
occupational exposure. Gastrointestinal disturbances and
diarrhea have been noted. Clinical hepatitis was observed in
the Yusho epidemic. PCB exposure can cause elevation of
serum triglycerides.

Chloracnemay occur from either dermal contact or systemic
absorption It is a specific skin reaction associated with cyclic
halogenated compounds and is characterized by distinct cystic,
skin-colored lesions and comedones, which may become
inflamed and infected. Edematous swelling of the limbs has
been reported. Pruritus was observed in 14% of exposed
persons following exposure to combustion products of PCBs.
Small elevations in urinary uroporphyrin levels and decreased
coproporphyrin levels in a small number of humans acciden-
tally exposed to PCBs have been reported.
Chronic Toxicity (or Exposure)

Animal

Liver damage is a consistent finding in animal studies. PCBs are
carcinogenic in animals, causing liver and thyroid tumors in
rats. Other chronic effects observed in animals include
cardiomyopathy, nephropathy, inflammation of the mesen-
teric artery, decreased bone mineral content, developmental
neurotoxicity, decreased testis weight, decreased sperm
viability, and decreased oocyte developmental capacity.
Human

Long-term exposure to PCBs may cause embryo toxicity,
including fetal death, fetal resorption, cleft palate, dilated renal
pelvis, and hypoplasia of the thymus. Males may be more
susceptible to the teratogenic effects than females. It may cause
reproductive and fetotoxic effects. Mammalian reproductive
effects include changes in the estrus cycle, implantation failure,
increased abortions, low birth-weight offspring, and decreased
postnatal survival.

PCB bioaccumulation is believed to lead to immunosup-
pression with reduced infection fighting ability and increases in
the rates of autoimmune diseases. Neurotoxicity is believed to
result in cognitive and behavioral problems. Other long-term
effects may relate to hypothyroidism and increased rates of type
2 diabetes due to altered pancreatic function.

Although various cancers can be induced in animals by
PCBs, ‘the weight of evidence does not support a causal asso-
ciation for PCBs and human cancer.’ Furthermore, “occupa-
tional exposures to PCBs have never resulted in PCB body
burdens approaching the levels required to initiate the
sequence of events involved in the promotion of live tumors in
rodents.”
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Clinical Management

Most exposures are environmental or occupational, with the
delayed symptoms being the first indication that intoxication
has occurred. There is no specific treatment. However,
a number of animal studies have demonstrated protective
effects of a wide range of antioxidants against both the
PCB-induced production of ROS and the resultant toxic effects.
These results lend support to the presumption that the toxic
effects of PCBs are, at least in part, due to an altered redox state
in various tissues leading to oxidative stress and oxidative tissue
damage. High intake of fruits and vegetables as well as
supplemental antioxidants may be beneficial.

With respect to acute ingestion, activated charcoal mixed
with a saline cathartic or sorbitol may be used. On ocular
exposure, the eyes should be flushed. On dermal exposure,
multiple soap and water washings are necessary. On inhalation
exposure, emergency airway support and 100% humidified
supplemental oxygen with assisted ventilation may be needed.
If a cough or difficulty in breathing develops, the victim should
be evaluated for respiratory tract irritation, bronchitis, and
pneumonitis.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value (ACGIH TLV) for chlor-
odiphenyl (42% chlorine) is 1 mg m�3 time-weighted average
(TWA). The ACGIH TLV for chlorodiphenyl (54% chlorine) is
0.5 mg m�3 TWA. ACGIH has not established a short-term
exposure limit for chlorodiphenyl.

The US Occupational Safety and Health Administration
permissible exposure limit (OSHA PEL) for chlorodiphenyl
(42% chlorine) is 1 mg m�3 PEL � TWA, with skin notation.
The OSHA PEL for chlorodiphenyl (54% chlorine) is
0.5 mg m�3 PEL � TWA, with skin notation.

The US EPA has set a limit of 0.000 5 mg of PCBs per liter of
drinking water (0.000 5 mg l�1). Discharges, spills, or acci-
dental releases of 1 pound or more of PCBs into the environ-
ment must be reported to the EPA. The US Food and Drug
Administration requires that infant foods, eggs, milk and other
dairy products, fish and shellfish, poultry, and red meat contain
no more than 0.2–3.0 parts of PCBs per million parts (0.2–
3.0 ppm) of food. Many states have established fish and
wildlife consumption advisories for PCBs.
Miscellaneous

PCBs are mixtures of different congeners of chlorobiphenyl.
The arochlors are characterized by four-digit numbers. The first
two digits indicate that the mixture contains biphenyl (12),
triphenyls (54), or both (25 and 44); the last two digits give the
weight percentage of chlorine in the mixture. For example,
Arochlor 1242 contains biphenyl with w42% chlorine.

Physical properties vary depending on the composition of
the PCB mixture. For example, Arochlor 1242 is a clear mobile
liquid. Arochlor 1254 is a light yellow, viscous liquid. Arochlor
1260 is a light yellow, soft sticky resin. PCBs are heat stable and
resistant to biologic degradation as well as acids, bases,
oxidation, and other chemical reactions.

See also: Environmental Hormone Disruptors; Neurotoxicity;
Immune System; Psychological Indices of Toxicity; Skin.
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l Name: Polycyclic aromatic amines
l Chemical Abstracts Service Registry Number: 153-78-6
l Synonyms: Aromatic amines
l Representative Chemical: Fluoren-2-amine
l Molecular Formula: C13H11N
l Chemical Structure:

NH2

Background Information

Occupational exposure to polycyclic aromatic amines (PAA) has
occurred historically in the rubber, textile, and dye industries.
Some sources of nonoccupational exposure to PAAs include
inhalation of tobacco smoke, emissions from heated cooking oil
and diesel engine exhaust, and dermal exposure to hair dyes.

During the 1870s, the first aromatic amine dyes were
manufactured in Germany (dyes of natural origin were used
prior to the synthesis of dyes). In 1895, a physician by the name
Rehn reported a cluster of patients who had developed bladder
cancer. He observed that all of the affected workers were
employed at a site in Germany that manufactured fuschsin dye.
The workers had all been exposed to large amounts of inter-
mediate arylamines. The United States first started manu-
facturing dyes in the early 1900s when trade between the
United States and Germany was halted during the First World
War. DuPont was the first company to begin manufacturing
synthetic dyes in the United States, and shortly thereafter
(1930s) the physicians employed by DuPont also started
reporting an increased incidence of workers who had devel-
oped bladder cancer. During 1947, a physician by the name of
Mengellsdorf who was employed by DuPont reported that
100% of the workers who handled the chemical beta-
naphthylamine had developed bladder cancer. By the 1950s,
Chinese dye manufacturers reported the development of
bladder cancer in workers who handled benzidine. Evidence of
the development of bladder cancer associated with the manu-
facture of dyes continued to mount, and during the 1970s dye
manufacturing was discontinued in the United States and was
taken over by developing nations. During the early 1970s, the
US Occupational Safety and Health Administration (OSHA)
began regulating aromatic amines that had been associated
with the development of bladder cancers. During the 1980s,
DuPont reported retrospectively that 316 of their dye
manufacturing workers had developed bladder cancer prior to
the discontinuation of dye manufacturing in the United States.
During the 1990s, the first reports of bladder cancer in the
Chinese dye manufacturing industry became public.

Hair dye products manufactured prior to the mid-1970s
contained chemicals that were shown to produce cancer in
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rodents. Some of these chemical included aromatic amines.
The manufacturers of hair coloring products began reformu-
lating their products to remove these potentially carcinogenic
compounds from their products beginning in the mid-1970s. It
is not clear if some of the ingredients in contemporary hair
products can cause an increased risk of cancer. The US National
Cancer Institute reported that there may be an increased risk of
developing non-Hodgkin’s lymphoma in people who used hair
dyes prior to the 1980s; however, the data are limited and often
inconsistent.
Uses

PAAs are used in the rubber, textile, and dye industries. They are
used as intermediates in the manufacture of plastics, drugs, and
carbamate pesticides. The aromatic amines 2-aminofluorene
and N-acetyl aminofluorene were being developed during the
1930s for use as pesticides; however, they were found to be
carcinogenic in laboratory animals. They were never marketed
as pesticides.
Exposure Routes and Pathways

Dermal contact is the primary route of exposure; however,
ingestion and inhalation are also possible routes of exposure.
Toxicokinetics

The main risk of absorption is via dermal contact; many PAAs
are highly lipophilic. There is also a risk of exposure by inhala-
tion. Although most PAAs have a low volatility, exposure can
occur via inhalation of airborne particles containing PAAs. The
PAAs are readily absorbed into the body via the gastrointestinal
tract. Extensive metabolism in the liver results in a large part
of the dose undergoing biliary excretion and accumulation
in the intestines. PAA metabolites are also excreted in the
urine. Arylamines are N-hydroxylated and subsequently glu-
curonidated via uridine diphosphate (UDP)-glucuronosyl-
transferase or sulfated by sulfotransferases. N-acetylation of the
amine andO-acetylation of theN-hydroxy amine can also occur.
Mechanism of Toxicity

N-hydroxy metabolites within the gastrointestinal tract trans-
form fluoren-2-amine into a mutagen or carcinogen. A number
of PAAs are potent bladder carcinogens. As noted previously,
sequential hydroxylation and glucuronidation lead to urinary
excretion, with metabolites in the urinary bladder. While glu-
curonidation enhances excretion via the urine, a glucuronidase
in the bladder hydrolyzes the glucuronide and under acidic
conditions N-hydroxylarylamines are formed. Subsequent
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00910-6
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conversion of the amine leads to an aryl nitrenium ion, which
can initiate tumor formation. Sulfate esters can degrade to
electrophilic nitronium ion–carbonium ion, which can form
adducts with macromolecules.
Acute and Short-Term Toxicity (or Exposure)

Animal

PAAs have a relatively low acute toxicity potential. The oral and
intraperitoneal values of LD50 of acetylaminofluorene in mice
are 810 and 470mg kg�1, respectively. Acute administration of
PAAs resulted in the development of methemoglobinemia in
rats, rabbits, and dogs. Rabbits are less sensitive to the acute
toxicity of PAAs than other species because they are efficient
acetylators of aromatic amines, thereby limiting the severity of
methemoglobin formation. Rats are less effective acetylators of
aromatic amines compared to the rabbit and are more sensitive
to the acute toxic effects of aromatic amines. Dogs are unable to
acetylate aromatic amines and are more sensitive to the acute
toxicity of aromatic amines than rats or rabbits.
Human

DuPont reported that acute exposure of aromatic amines to
humans was associated with signs of increased urinary
frequency and hematuria and the inability to concentrate the
urine. Aromatic amines have been associated with the forma-
tion of methemoglobin in humans and hemoglobin adducts
can be measured and used as a biomarker of exposure.
Chronic Toxicity (or Exposure)

Animal

A number of PAAs are carcinogens in animals. 2-Acetylamin-
fluorene is a teratogen, mutagen, and carcinogen. It is tumori-
genic in rats at 2420mg (TD, oral). Dietary exposure to 2-
acetylaminofluorene in rats led to tumors of the liver, bladder,
renal pelvis, ear canal, colon, lung, pancreas, and testis. Tumors
of the liver, bladder, and kidney have been observed in mice
exposed to dietary 2-acetylaminofluorene. Bladder and liver
tumors have been observed in other laboratory animals exposed
to 2-acetylaminofluorene.
Human

Carcinogenic properties are dependent on individual rates of
acetylation. Persons who are slow acetylators are more
susceptible to bladder cancer from aromatic amines, as are
workers in industrialized countries, generally. Nutrition is also
implicated in the development of cancer by PAAs. Carcinoge-
nicity of aromatic amines in humans was reported by DuPont
in connection with the manufacture of synthetic dyes, as
described previously.
Clinical Management

The victim should be removed from exposure. All exposed skin
surfaces, the nails, and the hair should be thoroughly washed
with soap and water. All clothing should be removed and
thoroughly washed.
Environmental Fate

PAAs may be transported as vapor or adsorbed onto particu-
lates. Due to low water solubility, PAAs are not transported in
water but adsorb onto soil and sediments. Leaching is negli-
gible. Bioaccumulation is not considered a concern.
Ecotoxicology

Little information is available concerning the ecotoxicity of this
class of chemicals.
Other Hazards

Aromatic amines can react violently in the presence of strong
oxidizing agents. Aromatic amine compounds can cause
sensitization reactions.
Exposure Standards and Guidelines

Measurement of hemoglobin adducts of aromatic amines is
used as a biomarker of exposure to aromatic amine
compounds. Exposure limits are recommended by OSHA, the
National Institute for Occupational Safety and Health
(NIOSH), and the American Conference of Governmental
Industrial Hygienists (ACGIH) for individual aromatic amines
and specify the route of exposure. For example, the exposure
limits (ppm) for o-toluidine (CAS 95-53-4) is 5 ppm, skin
(OSHA); lowest feasible concentration, skin (NIOSH); 2 ppm,
skin (ACGIH).
See also: Carcinogenesis; Oil, Crude; Dyes and Colorants.
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l Name: Polycyclic aromatic hydrocarbons
l Chemical Abstracts Service Registry Numbers: 129-00-

0 (Pyrene), 153-78-6 (Fluoren-2-amine)
l Molecular Formulae: C16H10 (pyrene), C13H9NH2 (fluoren-

2-amine)
l Other Compounds: Benz[a]anthracene; Benzo[b]fluo-

ranthene; Benzo[j]fluoranthene; Benzo[k]fluoranthene;
Benzo[a]pyrene; Dibenz[a,h]acridine; Dibenz[a,j]acridine;
Dibenz[a,h]anthracene; 7H-dibenzo[c,g]carbazole; Dibenzo
[a,e]pyrene; Dibenzo[a,h]pyrene; Dibenzo[a,i]pyrene;
Dibenzo[a,l]pyrene; Indeno[1,2,3-cd]pyrene; 5-
Methylchrysene

l Example Chemical Structures:

NH2

The information presented in this article is on the polycyclic
aromatic hydrocarbons (PAHs) with pyrene as one represen-
tative chemical of this class.
Background Information

PAHs are fused aromatic rings and occur naturally in coal tar,
fossil fuel combustion, forest fires, and open flame grilled
meats. PAHs are found in cigarette smoke, diesel emissions,
asphalt surfacing, tar roofing, and aluminum and coke plants.
Uses

PAH presence in many cooked foods as well as oil by-products
means it is used or produced via a wide range of activities,
among the most important of them being the combustion of
fuels. Pyrene is used in biochemical research and was used in
the 1930s as an insecticide.
Environmental Fate and Behavior

The PAHs are produced by the incomplete combustion of fossil
fuels, wood, and other organic materials. These compounds are
largely adsorbed to smoke particles/aerosols and are a major
component of industrial air pollution. Partitioning between
water and air, water and sediment, and water and biota is the
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most important of the distribution processes. Even though
most of these toxicants are released into the atmosphere,
considerable amounts are found in water. These toxicants can
enter the aquatic environment in many ways but mostly
through large oil spills. Their affinity for organic matter in
sediment, soil, and biota is high, and these compounds
therefore accumulate in organisms, water, and sediments. In
Daphnia, accumulation of PAHs from water is correlated with
their octanol–water partition coefficient (KOW). In organisms
that actively metabolize these chemicals, absorbed concentra-
tions are not correlated with the partition coefficient. Bio-
magnification is not observed with these toxicants. PAHs
undergo photodegradation, microbial degradation, and
metabolism in higher organisms. Hydrolysis plays essentially
no role in their degradation. These chemicals are photo-
oxidized in air and water in the presence of radicals; for
example, OH, NO3, and O3. The reaction of two- to four-ring
structures with NO3 leads to nitro-derivatives, which are known
as mutagens.

PAHs exhibit toxic properties at low concentrations and
several have been listed as priority pollutants that are to be
monitored in industrial effluents, natural waters, soils, and
sediments. They enter soil systems and natural waters via
wastewater effluents from coke and petroleum refining
industries, accidental spills and leakages, rainwater runoff
from highways and roadways, or from intentional disposal
in the past. Low aqueous solubility of PAHs and high KOW

often result in their accumulation in soils and sediments to
levels several orders of magnitude above aqueous concen-
trations. PAHs can be potent carcinogens, and their presence
in groundwater, streams, soil, and sediments may constitute
a chronic human health hazard. There has been tremendous
interest in understanding the fate and transport of PAHs in
subsurface environments that are largely microaerobic or
anaerobic. Little is known about anaerobic biotransforma-
tion of these contaminants, particularly in the context of soil
and groundwater contamination. Aerobic transformation of
PAHs associated with soil and groundwater often leads to
rapid depletion of dissolved oxygen and this eventually
decreases the redox potential (Eh). Such decrease in the
redox potential can result in favorable growth environments
for denitrifying, sulfate-reducing, or even methanogenic (Eho
_0.3 V) microbial populations. Nearly 10–15% of the
bacterial population in soil, water, and sediments consists of
anaerobic organisms. Anaerobic transformations may,
therefore, play a significant role in oxygen-depleted natural
habitats.
Exposure and Exposure Monitoring

Dermal contact, ingestion, and inhalation are possible expo-
sure routes. Due to the ubiquitous nature of PAHs in our
environment, exposure is constant. Increased levels of exposure
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00911-8
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occur when near fires or the combustion of any organic
material.
Toxicokinetics

PAHs are readily absorbed via the gastrointestinal tract and
then metabolically transformed to more reactive forms.
These toxicants are typically converted into more reactive
metabolites through phase I biotransformations, and then
converted into more readily excretable conjugates via phase
II processes.
Mechanism of Toxicity

Pyrene increases photosensitivity and suppresses the immune
system. P450 metabolism of a number of PAHs leads to
carcinogenic and mutagenic potential. PAHs have different
toxicity profiles; some are more toxic than others. However, the
mechanism of toxicity often relies on adduct formation with
macromolecules following biotransformation.
Acute and Short-Term Toxicity (or Exposure)

Animal

In animals, pyrene is a mild dermal irritant and primary irri-
tant. The oral LD50 is 2.7 g kg�1 in rats and 800 mg kg�1

in mice.
Human

Photosensitization of skin and eyes can be caused by dermal
exposure and inhalation causing skin effects including
erythema and lesions. Other effects can include nausea, diar-
rhea, confusion, and central nervous system suppression.
Chronic Toxicity (or Exposure)

Animal

Several PAHs have been shown to cause reproductive and
developmental effects in rodents. Genotoxic properties have
been found in vitro and in vivo.
Human

Toxic dermal effects are increased by exposure to ultraviolet
light. Lesions on sun-exposed skin may progress to skin cancer.
Respiratory effects include cough, chronic bronchitis, and
hematuria. Workers exposed to high airborne concentrations of
some PAHs have shown increased rates of cancer and is
therefore considered a probable carcinogen. Pyrene produces
a carcinogenic effect from exposure to skin as well as a presence
in bloodstream. It also produces immunodepression. Benzo[a]
pyrene is found in relatively high levels in the environment and
is a probable mutagen and teratogen; it has caused severe and
long-lasting hyperplasia and metaplasia as precancerous
lesions.
Immunotoxicity

PAHs are known to be immunotoxic; however, the method of
action of this toxicity is not yet clear. There have been noted
lymphocyte changes.
Reproductive Toxicity

Exposure to experimental animals during pregnancy has
resulted in birth defect and decreased body weights at birth.
This effect has not been directly demonstrated in humans,
although epidemiological data suggest that exposure to human
mothers during pregnancy causes birth defects, decreased birth
weights, heart malformations, and decreased IQ scores.
Developmental behavioral problems have also been noted as
children grow.
Genotoxicity

Genotoxic action by PAHs generally requires metabolic acti-
vation by diol epoxides, which also react with DNA.
Carcinogenicity

The US Environmental Protection Agency has given a B2 car-
cinogenicity classification to benzo[a]pyrene, meaning that it is
a probable human carcinogen. Benzo[a]pyrene is considered as
a representative of the field of PAHs for its carcinogenicity, and
has been observed to cause carcinogenic growth in laboratory
animals via many routes. The International Agency for Research
on Cancer has given a group 1 classification to benzo[a]pyrene,
indicating it is a human carcinogen. There are varying degrees
of carcinogenic potential for PAHs based on the specific
compound in question (see the Further Reading and Relevant
Websites sections for more information). An increase in carci-
nogenic risk has been associated with the aluminum smelting
industry. This is due to the presence of PAHs in the smelting
process.
Clinical Management

The victim should be removed from exposure. Exposed skin
and eyes should be thoroughly flushed with tepid water.
Supportive therapy should be provided.
Ecotoxicology

Marine organisms adsorb and accumulate PAHs from water.
Concentrations up to 7 mg kg�1 have been noted in organisms
living near industrial effluents, and average levels in aquatic
animals at contaminated sites were 10–500 mg kg�1. Average
levels of these toxicants in aquatic organisms at sites with
unspecified sources of PAH were 1–100 mg kg�1, but high
concentrations (up to 1 mg kg�1) were found in some species,
for example, lobsters in Canada. Concentrations of PAHs in
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insects ranged from 0.7 to 5.5 mg kg�1. In heavily contami-
nated locations, concentrations of benzo[a]pyrene in earth-
worm feces may reach 2 mg kg�1.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration permis-
sible exposure limit for benzo[a]pyrene is 0.2 mg m�3.
Miscellaneous

The astronomical community is currently examining inter-
stellar PAHs for the possibility of their involvement in the
beginnings of life on Earth or other cosmic bodies.
See also: Absorption; Benz[a]anthracene; Carcinogenesis;
Methylcholanthrene, 3-; Respiratory Tract Toxicology;
Phenanthrene; Benzo(a)pyrene.
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l Chemical Abstracts Service Registry Number: 25322-68-3
l Synonyms: 1,2-Ethanediol homopolymer; Ethoxylated 1,2-

ethanediol; alpha-Hydro-omega-hydroxypoly(oxyethylene);
Oxyethylene polymer

l Molecular formula: (C2H4O)multH2O
l Chemical Structure:
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Background

Polyethylene glycols are a family of linear polymers formed
by a base-catalyzed condensation reaction with repeating
ethylene oxide units being added to ethylene. The molecular
formula is (C2H4O)multH2O where mult denotes the average
number of oxyethylene groups. The molecular weight can
range from 200 to several million corresponding to the
number of oxyethylene groups. The higher-molecular-weight
materials (100 000 to 5 000 000) are also referred to as
polyethylene oxides. The average molecular weight of any
specific polyethylene glycol product falls within quite narrow
limits (�5%). The number of ethylene oxide units or their
approximate molecular weight (e.g., PEG-4 or PEG-200)
commonly designates the nomenclature of specific poly-
ethylene glycols. Polyethylene glycols with a molecular weight
less than 600 are liquid, whereas those of molecular weight
1000 and above are solid. These materials are nonvolatile,
water-soluble, tasteless, and odorless. They are miscible with
water, alcohols, esters, ketones, aromatic solvents, and chlo-
rinated hydrocarbons, but immiscible with alkanes, paraffins,
waxes, and ethers.
Uses

Polyethylene glycols are widely used in pharmaceutical and
cosmetics application and in direct and indirect food additive
applications. Pharmaceutical applications include tablet coat-
ings and binders, suppository and ointment bases, and as
excipients and vehicles in injectable drugs. Polyethylene glycols
are used extensively in consumer products, including deter-
gents, soaps, toiletries, adhesives, packaging materials, and
textiles. In addition, they find commercial use in ceramics,
metal-working fluids, lubricants, resins, and in the petroleum
and electronic industries.
Environmental Fate and Behavior

Like other polymeric substances, polyethylene glycols are not
readily biodegradable, with reported 5-day biochemical oxygen
demand (BOD5) of 0–1%. However, owing to their hydro-
philicity, they have a low potential to bioaccumulate.
xicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Ingestion and skin contact are themost common routes of both
accidental and intentional exposures.
Toxicokinetics

The absorption of orally administered polyethylene glycols is
dependent on their molecular size. While 50–65% of
liquid polyethylene glycols (molecular weight up to 600) are
absorbed, only from 0 to 2% of solid polyethylene glycols
(molecular weight more than 1000) are absorbed. High-
molecular-weight polyethylene glycols are retained in the
blood circulation for a longer period than low-
molecular-weight polyethylene glycols. Polyethylene glycols
are not appreciably metabolized. Ethylene glycol is not known
to be a metabolite. The distribution of the higher-molecular-
weight polyethylene glycols within the body is extracellular,
whereas the lower-molecular-weight members of the series
diffuse intracellularly to a considerable extent. Polyethylene
glycols tend to accumulate in the muscle, skin, bone, and liver
to a higher extent than the other organs, irrespective of the
molecular weight. Liquid polyethylene glycols are rapidly
excreted in the urine, while the higher-molecular-weight
members are mainly eliminated in the feces.
Mechanism of Toxicity

Many years of human experience in the workplace and in the
use of consumer products containing polyethylene glycols have
not shown any adverse health effects, except in situations where
very high doses are administered to hypersusceptible individ-
uals or persons with underlying diseases.
Acute and Short-Term Toxicity

Animal

Polyethylene glycols have a very low order of acute toxicity to
animals. They are not irritating to rabbit skin and are only
mildly irritating to rabbit eyes.

Human

There was a published case report of an 11-year-old patient
developing respiratory failure following accidental infusion of
polyethylene glycol electrolyte solution into the lungs.
Chronic Toxicity

Animal

Long-term feeding and drinking water studies in rats and
dogs and skin application studies in rabbits revealed that
4-3.00050-6 1043
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polyethylene glycols have very low toxicity. No adverse effects
were observed in mice and rats exposed to concentrations of
1000 mgm�3 of PEG-200 aerosol for 6 h a day, 5 days a week,
for 13 weeks. Nephrotoxicity and hepatotoxicity have been
observed in dogs and monkeys after continuous intravenous
infusion of high doses of polyethylene glycol.
Human

There are several published reports of hyperosmolality, meta-
bolic acidosis, and subsequent renal failure resulting from the
application of enormous quantities of polyethylene glycol
ointments (as much as 13 kg) to burn patients. These effects
may reflect the compromised kidney function of the severely
stressed patient rather than the direct nephrotoxic effects of
polyethylene glycols.
Immunotoxicity

The lowest-molecular-weight members (200–300) have
been observed to produce a mild allergic sensitization reaction
in a very small percentage of individuals in skin patch
testing studies. Therewas a case report of an anaphylactic reaction
in aman after sucking on a throat lozenge containing PEG-8000.
This individual showed a severe reaction in a skin prick test.
Reproductive Toxicity

No developmental effects were seen in pregnant rats given oral
doses of 10 g kg�1 PEG-200 from days 6–15 of gestation. No
reproductive toxicity was observed in rats fed a diet containing
4% PEG-1450 over three generations.
Genotoxicity

Polyethylene glycols are negative in a battery of in vitro and
in vivo mutagenicity and clastogenicity tests.
Carcinogenicity

Lifetime feeding and skin painting studies in rat and mouse,
respectively, do not indicate any increased incidence of
neoplasms.
Clinical Management

Since polyethylene glycols are of very low acute toxicity and
nonirritating, emergency care is not anticipated. There is no
specific antidote for polyethylene glycols. Treatment of over-
exposure should be directed at the control of symptoms and
the clinical condition of the patient.
Ecotoxicology

Polyethylene glycols have a very low order of toxicity to aquatic
organisms including daphnids and fish.
Exposure Standards and Guidelines

The American Industrial Hygiene Association has established
a workplace environmental exposure limit of 10 mgm�3 as an
aerosol for polyethylene glycol.

See also: Ethylene Glycol; Ethylene Oxide; Polymers.
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l Name: Polymers
l Chemical Abstracts Service Registry Numbers: Various
l Chemical/Pharmaceutical/OtherClass: Polymer; Low- tohigh-

molecular weight chains or networks of various monomers
l Representative Chemicals: Various
l Synonyms: Various
l Chemical Structure: Varies
Background

Polymers are macromolecules formed by the chemical bonding
of large numbers of smaller molecules, or repeating units,
called monomers. The number of monomers within the poly-
mer molecule can vary greatly, and the degree to which regu-
larity appears in the order, relative orientation, and the
presence of differing monomers within the same polymer
molecule can vary as well. In many synthetic and some natural
polymers, the number of monomers (sometimes referred to as
the degree of polymerization) can be determined exactly, often
in order to tailor the properties of the material.

The lexicon of polymers is vast. Monomers bonded together
in twos, threes, and fours are called dimers, trimers, and tetra-
mers, respectively, and these short repeating units are further
called oligomers; depending on the circumstances, these olig-
omers could also be termed prepolymers, particularly in the
context of block copolymers. The point at which monomers or
prepolymers combine to a sufficient degree in a single molecule
to be specifically called a polymer is largely arbitrary.

Owing to the popularity and versatility of polymeric
materials, there are nearly limitless possible combinations of
monomers – or oligomers, or prepolymers – that can combine
to form a polymer. The simplest form of polymer is one that is
made up of only one type of monomer (a homopolymer);
small impurities may exist, yet if the degree to which unwanted
monomers are polymerized among desirable monomers is
sufficiently small enough to maintain the chemical and phys-
ical properties of the material, the resultant polymer may still
be referred to as a homopolymer.

Copolymers, conversely, are composed of monomers that
differ from one another. The degree to which they differ – either
by structure or composition – and the quantities of each type of
monomer relative to one another in the same polymer mole-
cule ultimately determine that material’s chemical and physical
properties.

Adding further complexity to polymeric structure is the
possibility for polymer molecules to bond to one another to
form large networks. This interaction, termed cross-linking, can
result in dramatic changes in the properties of the polymer. In
fact, many items formed from fully cross-linked polymers are
actually single molecules; examples of this phenomenon
include rubber bands and some polymeric cutting boards
(high-density polyethylene).

With such versatility in form and function, polymers have
garnered a ubiquitous presence in our daily lives even if we
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
ignore the naturally occurring polymers (DNA, cellulose, and
polypeptides, among others) that give life to planet Earth.
Many texts have been devoted to the subject of polymers, many
of which concentrate on their synthesis, degradation, physical
and chemical characterization, manipulation once synthesized
(processing), and toxicology.

The purpose of this article, therefore, is to provide a general
background and starting point from which to begin when
searching for toxicological information regarding polymers; for
specific toxicological information regarding a particular poly-
meric material, that material must be researched as an indi-
vidual compound. To summarize the toxicology of polymers
under a single umbrella of toxic effects is not only misleading,
but also futile due to the nearly endless variations in polymeric
compositions and resulting chemical, physical, and toxicolog-
ical properties.
Classification

Classifying polymers according to structure – namely, the
elements bonded along the backbone of the predominant
polymer chains – affords a systematic list of polymers that is
acceptable for most purposes. Other classification systems exist,
such as those grouping polymers by the route they are formed
or their processing characteristics. These systems are generally
used by synthetic polymer chemists and chemical engineers
examining process development characteristics in these mate-
rials. For the purposes of this article, a structure-based classifi-
cation system will be used.

Polymers can be differentiated first by whether or not they
contain carbon atoms along the polymer backbone (inorganic
versus organic). From there, they are classified according to the
specific identity or relative order of the atoms comprising the
backbone of the polymer, as well as their occurrence. Some
examples follow.
Polymer Classes

Inorganic

Inorganic polymers are macromolecules in which the primary
backbone of the molecular chain is composed of atoms other
than carbon. Examples of inorganic polymers include poly-
silanes (Si–Si bonds), polysiloxanes (Si–O bonds, or silicones),
polysilazanes (Si–N bonds), polysulfides (S–S bonds), poly-
phosphazenes (P–N bonds), polyborazylenes (B–N bonds),
and polythiazyls (S–N bonds).
Organic

Organic polymers are macromolecules in which the primary
backbone of the molecular chain is composed, at least par-
tially, of carbon atoms. Polymer backbones consisting of
carbon along with other atoms – such as oxygen, nitrogen, and
4-3.00912-X 1045
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others – are, interestingly, more common than polymers with
only carbon comprising the backbone. Organic polymers can
be further classified according to their presence in the envi-
ronment as either natural (occurring mostly without anthro-
pomorphic activity) or synthetic (created primarily due to
anthropomorphic activity), although this further delineation is
more for conceptual convenience when considering one poly-
mer’s presence in a system relative to another’s. Nomenclature
of polymers and their representative structures have been
covered in several excellent texts, and those should be referred
to for further detail. Some examples of natural and synthetic
polymers are as follows:

1. Natural Polymers
a. Polysaccharides: starch, cellulose, glycogen, pectin,

seaweed gums (e.g., agar), vegetable gums (e.g., arabic)
b. Polypeptides (proteins): silk, collagen, casein, albumin,

globulin, keratin, insulin, DNA, RNA, and many others
c. Hydrocarbons: rubber and gutta percha or polyisoprene

(some silicones; these are inorganic)
2. Synthetic

a. Thermoplastics
Thermoplastics are polymers that exist in a solid state at
one temperature, and soften to become pliable at very
specific elevated temperatures. Cooling these materials
back to below their respective transition temperatures
allows them to once again solidify due to the reforma-
tion of intermolecular forces between associating chains;
chemical (covalent) bonds are not formed or broken via
this process.
Examples of thermoplastics include nylon, polyvinyl

chloride, polyethylene (linear), polystyrene, poly-
propylene, fluorocarbon resins, polyurethane, acrylate
resins, poly(glycolic acid), poly(lactic acid), and copol-
ymers of various descriptions including poly(lactic-
co-glycolic acid).

b. Thermosets

Thermosets are polymers that form chemical (mostly
covalent) bonds with associating chains when heated.
These bonds are maintained below certain temperatures,
while heating the cured material beyond a certain point
results in the decomposition of bonds within the ther-
moset material. The physical properties of thermosetting
materials become fixed once they are cured, in contrast to
the more reversible intermolecular forces present in
thermoplastics.
Examples of thermosets include polyethylene (cross-

linked) (PE), phenolics, alkyds, polyesters (CO–O
bonds), and polyurethanes (O–CO–N bonds along the
backbone).

3. Semisynthetic Polymers

These polymers largely consist of naturally occurring
polymers that have been postfunctionalized in some
way, either by cleavage, addition, cross-linking, or other
means. Some examples of semisynthetic polymers are
rayon, methylcellulose, cellulose acetate, and modified
starches (e.g., starch acetate).
4. Hydrogels

Hydrogels consist of a hydrophilic network that swells in
water. These networks can be cross-linked to varying
degrees to control the swelling capacity anddeformability
of the material. They can exist as homopolymers or
copolymers and are generally biocompatible and have
low susceptibilities to degradation. Hydrogels can be
produced with a wide range of swelling characteristics
determining solute diffusion rates, surface properties,
refractive indexes, and mechanical characteristics. Cellu-
lose derivatives swell to a higher degree than other
polymers.
Hydrogels are worth mentioning as a separate class,

although they can be naturally occurring, fully synthetic,
or semisynthetic. Examples include cellulose and
poly(ethylene glycol) derivatives that can have varying
degrees of cross-linking.
Uses

Polymers are used in some way in nearly every working envi-
ronment. The versatility in synthesis and processing of many
polymers affords this wide use. Pure, noncross-linked polymers
are perhaps less frequently used than their cross-linked
counterparts. In many materials, processing conditions can
induce the polymer chains to bond to one another – via
crosslinks – to produce a wide variety of mechanical properties.
As one example, PE can be elastic and flexible or hard and
smooth, depending on its type and degree of cross-linking.
Low-density PE is used as tubing in catheters, while ultra-high-
molecular-weight PE is commonly used in total hip or knee
replacements; the high density and smooth surface allows
for low friction with other materials and increases the dura-
bility of the artificial joint.

Natural and synthetic biodegradable polymers are used for
purposes that require only temporary stability to, for example,
support tissue in growth. These polymers degrade when placed
in the body while allowing functional tissue to grow in its place:
degradable sutures degrade slowly into byproducts that the
body can remove itself through natural functions, allowing time
for the wounded tissue to complete its own healing process and
eliminating the need for a second operation to remove them.

The ability of hydrogels – very hydrophilic networks of
polymers with various degrees of cross-linking – to swell and
dehydrate depending on composition and environment is used
in many applications, including for the controlled release of
drugs. Soft contact lenses also have hydrogel content, which
allows gas exchange to the eye. These may be used in future
applications in blood contact applications and for wound
healing and artificial cartilage and skin (Table 1).
Environmental Fate and Behavior

Ambient and Normal Conditions

Polymers, being of medium to very high molecular weight with
a typical litany of intermolecular interactions, tend to be
nonvolatile. Their distribution in soils and waterways can vary,



Table 1 Commonly used homopolymers in
medical devices

Polyacrylates
Polybutylene
Polyethylene
Polysiloxanes
Polysulfones
Polyvinyl chloride
Polyamides
Polychloroprene
Polypropylene
Polystyrene
Polytetrafluoroethylene
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as their relative water solubilities vary greatly, as do their
respective lipophilicities.

Once released into the environment, polymers may or may
not degrade – this will depend on the specific polymer in
question. Some are very prone to degradation via sunlight,
hydrolysis, biological metabolism, enzymatic activity, or reac-
tivity to other compounds. Others are extremely resistant to all
forms of degradation, and may persist for many years under
harsh conditions.
Pyrolysis

Polymeric materials can emit toxic and irritant fumes with
increasing temperatures. However, the evolution rate and
composition of the fumes emitted vary for different plastics
and are strongly temperature dependent. Some common
examples include thermoplastics such as polyvinyl chloride
(PVC), PE, polypropylene, polystyrene (PS), acrylonitrile
butadiene styrene (ABS) copolymer, and polytetrafluoro-
ethylene (PTFE). When heated to decomposition the parent
monomers of a polymer are often one of the pyrolysis prod-
ucts. PVCs are a concern since they can give off HCl during
a fire; polyurethane can give off hydrogen cyanide gas. The
health effects of hot-wire cutting of PS foams, and PVC and PE
films have been studied. Table 2 shows lethal concentration
values of several pyrolized polymers.

When subject to the normal melt-processing temperatures,
most plastics would produce complex mixtures of small
quantities of toxic vapors, usually at concentrations consider-
ably below their exposure standards. However, irritant aerosols
and gases can also be produced, which may cause complaints
of sensory irritation if the process is not controlled properly.
PTFE, also known as Teflon, is a synthetic polymer (CF2CF2)
with antistick (lubricant) properties that is used as a coating for
nonstick cookware, domestic boilers, irons, ironing board
Table 2 Inhalation lethality of common polymers

Polymer Rat LC50 value (mg l
�1) 30 min

Polyethylene 75.5
Polyacrylamide 45.7
Polystyrene 56.6
Nylon 6/6 58.1
Polysulfone 63.2
Chlorinated polyethylene 87.5
covers, solid fuel burners, and heat lamps. Problems arise when
pans boil dry or unfilled saucepans are heated.

PTFE, as well as butter or corn oil, can produce pyrolysis
products that can cause death in birds. When PTFE undergoes
pyrolysis, both gaseous and particulate materials are given
off, including fluorinated compounds, which are toxic to
animals and humans with birds being most susceptible. In
humans, exposure to fumes can lead to a transient, febrile,
flulike syndrome called polymer-fume fever. Polymer-fume
fever is caused by inhaling the fumes from a hot polymer
and is characterized by typical flu symptoms (chills, spiking
fever, achy feeling, tightness of chest, headache, cough,
weakness in legs, and malaise). These symptoms last 18–48 h
before complete recovery without any residual effects. No
animal species has yet been found that responds to PTFE or
poly fluorinated ethylene propylene (FEP) fumes the same
way as humans. No similar events or fume fevers have been
reported when other polymer fumes are inhaled. There are no
known deaths from polymer-fume fever.
Exposure and Exposure Monitoring

A number of tests are available for the chemical characteriza-
tion of polymeric materials to establish material safety. These
tests include infrared analysis, aqueous and nonaqueous
physicochemical tests, high-performance liquid and gas chro-
matography, atomic absorption spectroscopy and inductively
coupled plasma spectroscopy, and a variety of mechanical/
physical tests.

The United States Pharmacopeia (USP) outlines a group of
tests used to characterize the plastic components of pharma-
ceutical containers and medical devices. These are developed in
order to avoid use of materials that may release toxic or
otherwise hazardous chemicals into the drug products or tissue
fluids they contact. USP limits can be used to establish speci-
fications for raw materials.

For example, aqueous physicochemical tests are designed to
determine the presence of water-soluble substances without
regard to their identity. Results are presented as a set of four
values, showing the results for test type together with the cor-
responding USP limits (Table 3). These aqueous extract tests
are intended to serve as the basis for design specifications.

The USP also recommends isopropyl alcohol (IPA) for
conducting physicochemical tests of elastomeric closures used
for pharmaceutical containers. IPA can dissolve many chem-
icals that are insoluble in water. The extract is analyzed for
nonvolatile residue and residue on ignition. Turbidity and
ultraviolet absorption tests are performed to detect the presence
of extractables without specifically identifying their chemical
makeup. Results are presented as a set of five values for each of
the end points (Table 4). USP limits do not yet exist for these
tests, but they are not necessary for establishing specifications
for the acceptance of materials.
Toxicokinetics

The toxicokinetic profiles of several polymers have been
studied, and each should be referred to specifically.



Table 3 Testing for water-soluble substances in polymers

Polymer Nonvolatile residue (mg) Residue on ignition (mg) Heavy metals (ppm) Buffering capacity (ml)

ABS 1 <1 <1 <1
Polyurethane 1 �1 �1 <1
Polycarbonate 1 �1 �1 <1
Polyisoprene 9 �1 �1 <1
Polyvinyl chloride 1 <1 <1 1
Polyethylene <1 <1 �1 <1
PTFE <1 <1 �1 <1
Polystyrene <1 <1 �1 <1
Polypropylene <1 <1 �1 <1
Silicone 1 �1 �1 <1
USP limits 15 5 1 10

Note: Results of aqueous extraction of physicochemical testing on polymers commonly used in medical devices.

Table 4 Physicochemical tests for polymer contaminants using isopropanol extraction

Polymer

Nonvolatile

residue (mg)

Residue on

ignition (mg) Turbidity

Maximum

optical density

Wavelength of maximum

optical density (nm)

ABS 46 <1 4.18 >2.0 241
Polyurethane 119 <1 21.38 >2.0 244
Polycarbonate <1 <1 0.04 >2.0 227
Polyisoprene 223 <1 24.38 >2.0 250
Polyvinyl chloride 123 1 0.24 >2.0 297
Polyethylene 20 <1 7.08 >2.0 241
PTFE <1 <1 0.00 0.0
Polystyrene 66 1 8.10 1.2 290
Polypropylene 20 <1 13.10 0.1
Silicone 444 248 0.70 0.1

NTU - nephalometric turbidity units
Note: Results of alcohol extraction on polymers commonly used for medical devices.
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Mechanism of Toxicity

Refer to the specific polymeric material in question for its
mechanism of toxicity, if applicable.
Acute and Short-Term Toxicity (or Exposure)

Partially as a reflection of their high molecular weights, poly-
mers themselves are not generally absorbed into the body, are
not irritating, and are not sensitizers. As shown in Table 5,
polymers themselves generally have very low toxicities.

The principal toxic effects of polymers are due to additives,
residual monomers or oligomers, and contaminants that are
leachable in the body. Extractables include such chemicals as
base polymers, fillers, lubricants, plasticizers, antioxidants,
pigments, and slip agents. They may also include reaction
products or degradants formed during the device manufac-
turing process. These contaminants can reduce the purity or
potency of a drug solution; create turbidity, precipitates, and
particles; and even increase toxicity of some products.

Many factors help determine how much residual monomer
will be left in a polymer and how available such residuals are to
a surrounding biological matrix. Moreover, some of the
monomers are quite active biologically. When testing a plastic
for toxicity, biologically available (leachable) residual mono-
mers are a significant concern. Some examples of toxic
monomers (and their principal toxicities) that can be found in
polymers include the following:

l Acrylonitrile: human carcinogen (liver, brain)
l Vinyl chloride: human carcinogen (liver)
l Formaldehyde: animal carcinogen (nasal)
l Methylenedianiline: suspect human carcinogen

A wide variety of other chemical entities are specifically
incorporated into plastics to achieve desired goals of structure,
performance, and processing ease. A short list of the major
categories of additives is provided in Table 6.

Many other additives and contaminants may leach from
polymeric materials. A short list of some of the more significant
toxic materials is provided in Table 7.

A special area of toxicology that applies to polymers is
biocompatibility. The polymers may act by direct surface tissue
interactions with the body or by local and systemic affects
evoked by soluble chemical moieties ‘leached’ or extracted
from a polymer in contact with the body or fluids entering the
body.
Chronic Toxicity (or Exposure)

Refer to the specific polymeric material for information
regarding its chronic toxicity, if applicable. Refer to the Further
Reading section for selected texts.



Table 5 Oral lethality of common polymers

Polymer Rat LD50 value (g kg
�1 bw)

Polyethylene >8
Polypropylene >8
Polychloroprene latex >40
Chlorosulfonated polyethylene >20
Polyvinyl acetate >25
Polyacrylonitrile >3
Polyacrylamide >8.2
Aromatic polyamides >7.5

Table 7 Identified toxic materials in polymers

Aluminum
Acrylonitrile (monomer)
Arsenic
Benzene
Benzoic peroxide
Bisphenol A
Cadmium
Carbon tetrachloride
Dibutyl tin
Epoxy curing agents
Ethylene dichloride
Ethylene dioxide
Formaldehyde
Ketones and hydrocarbons
Lead
Mercaptobenzothiazole
Methyl chloride (monomer)
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Immunotoxicity

Refer to the specific polymeric material for immunotoxicity
profiles. Refer to the Further Reading section for selected texts.
Methylene chloride
Methylenedianiline
Nickel
PAHs on carbon black
Pyrene
Tin
Tricresyl phosphate
Reproductive Toxicity

Refer to the specific polymeric material for reproductive toxicity
profiles. Refer to the Further Reading section for selected texts.
Triphenyl phosphate
Genotoxicity

Refer to the specific polymeric material for genotoxicity
profiles. Refer to the Further Reading section for selected texts.
Carcinogenicity

Refer to the specific polymeric material for carcinogenicity
profiles. Refer to the Further Reading section for selected texts.
Clinical Management

Refer to the specific polymeric material for information
regarding its individual clinical management requirements.
Refer to the Further Reading section for selected texts.
Table 6 Additives used in plastics

Plasticizers
Blowing agents
Colorants
Flame and fire retardants
Curing agents
UV absorbers
Antioxidants
Release agents
Stabilizers
Antistatic agents
Lubricants
Fillers
Emulsifiers
Accelerators
Ecotoxicology

Refer to the specific polymeric material for ecotoxicology
profiles. Refer to the Further Reading section for selected texts.
Other Hazards

As with general toxicity guidelines, miscellaneous hazards are
compound specific and should be researched with specificity to
the polymer.
Exposure Standards and Guidelines

Refer to the specific polymeric material for exposure standards
and guidelines; the texts devoted to this subject generally also
include information regarding extractables and leachables for
these materials as well, including residual solvents, monomers,
oligomers, and processing byproducts.
See also: Biocompatibility; Combustion Toxicology; Pollution,
Water.

Further Reading
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Hoboken, NJ.
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l Name: Potassium
l Chemical Abstracts Service Registry Number: 7440-09-7
l Synonym: Kalium
l Chemical/Pharmaceutical/Other Class: Alkali Earth metal
l Valence States: �1, þ1
Background Information

Potassium forms 2.5% of the Earth’s crust and was first isolated
in 1807 by Sir Humphry Davy. It is one of the most reactive
metals. Radioactive decay of 40K to 40Ar is used as a tool in
geological dating. The name potassium comes from potash,
a slurry of plant ashes and water, in which potassium was
originally recognized. Potassium’s synonym, kalium, comes
from the Arabic term for plant ash, al-qalyah, which is also the
root of the English term ‘alkali.’
Uses

An essential element for humans, potassium is used in foods
and as a salt substitute. It is a major essential element for plants
as well and is, therefore, a constituent of most fertilizers.
Potassium and its compounds are used in specific medicinal
preparations and in cement and glass manufacturing. Potas-
sium bromate is used in hair waving products. Potassium
permanganate, a powerful oxidizing agent, is used in the
photographic and chemical industries. A dilute solution is used
for special dermatological applications.
Environmental Fate and Behavior

Potassium metal in the environment will react with air,
oxidizing the exposed surfaces, and reacts violently with water,
yielding potassium hydroxide and hydrogen gas, which reacts
with oxygen in air, producing flame.
Exposure and Exposure Monitoring

The primary exposure pathway is through ingestion of food;
sources include milk, meat, and a variety of fruits. Many salt
substitutes contain potassium chloride.
Toxicokinetics

Potassium salts are more than 90% absorbed, but blood levels
are controlled by hemostatic mechanisms. Climate plays a role
in potassium blood levels; people in warm climates have
w30%more potassium in their blood than people in very cold
climates.

All tissues of the body contain potassium. It is foundmainly
in the muscle followed by the skeleton. Excretion of potassium
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
via urine is also controlled by hemostatic mechanisms; the
kidney regulates this so that there is normally no major loss of
this essential element. The amount of potassium excreted
depends on the chloride ion concentration and the adrenal
hormone secretion level.
Mechanism of Toxicity

Potassium is a cofactor and activates a large variety of enzymes,
including glycerol dehydrogenase, pyruvate kinase, L-threonine
dehydrase, and ATPase. Its acute toxicity is primarily due to its
action as an electrolyte. Excessive or diminished potassium
levels can disrupt membrane excitability and influence muscle
cell contractility and neuronal excitability.
Acute and Short-Term Toxicity (or Exposure)

Animal

The oral, intraperitoneal, and intravenous LD50 values of
potassium chloride in rats are 2600, 660, and 142mg kg�1,
respectively. Signs of acute toxicity may include convulsions
and seizures, cardiac arrhythmias, dyspnea, cyanosis, nausea,
and vomiting.
Human

Excess intake of potassium, reduced renal excretion of potas-
sium, or both can lead to hyperkalemia, which can lead to
serious arrhythmia and death. The toxicity of excess potassium
can be exacerbated by aldosterone antagonist drugs. Slow-
release potassium tablets in overdose are a frequent cause.

Periodically, solutions containing a relatively high concen-
tration of a potassium salt are sold as a nutritional supplement.
In light of the fact that ingestion of additional potassium can
upset the sodium–potassium ratio, potassium supplements
are only indicated on the advice of a physician. Unusually
high intake of potassium can cause abnormal EKG readings
(T-waves will be evaluated and P-waves depressed). Ventric-
ular fibrillation can result and lead to cardiac arrest. A large
increase (w18 g day�1) may produce neuromuscular weakness
or paralysis.

Potassium permanganate is a mucous membrane irritant.
Taken internally, it can be corrosive to the stomach. It is poorly
absorbed, but it can cause nervous system symptoms and
increased methemoglobin levels.
Chronic Toxicity (or Exposure)

Animal

Little is known regarding chronic effects of potassium expo-
sures in animals.
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Human

Potassium perchlorate can induce aplastic anemia, which can
be fatal.
Immunotoxicity

As a necessary element to proper functioning, potassium is not
immunotoxic.
Reproductive Toxicity

Potassium is not reproductively or developmentally toxic.
Genotoxicity

Potassium is not genotoxic.
Carcinogenicity

Some salts of potassium, particularly potassium bromate, have
been found to be carcinogenic, but the element by itself has
shown no carcinogenic potential, and is a necessary compo-
nent for proper functioning in most animals.
Clinical Management

Intravenous injection of calcium gluconate can counteract the
cardiac effects of excess potassium. Also, intravenous injection
of sodium bicarbonate and glucose will help diminish the
effects of potassium hemodialysis overdose, while dialysis can
be used to remove excess serum potassium.
Ecotoxicology

Potassium is a necessary element for most life, and is ubiqui-
tous, with levels in water sources being relatively steady and
necessary. Potassium is not ecotoxic.
Other Hazards

Explosive risks are the most common hazard for pure samples
of the material; there is an explosive risk during cutting or
handling, and especially in the event of exposure to water.
Exposure Standards and Guidelines

No exposure limits have been set by regulating agencies.

See also: Lye; Sodium.
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Relevant Websites

http://www.heart.org – American Heart Association Homepage, Search for
‘Potassium.’

http://www.nlm.nih.gov/ – National Library of Medicine homepage, Search for
‘Potassium.’

http://toxnet.nlm.nih.gov – Toxnet Homepage; Search for ‘Potassium.’
www.webmd.com – Web MD Homepage, Search for ‘Potassium.’
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l Name: Potassiumhydroxyoctaoxodizincatedichromate(1�)
l Chemical Abstracts Service Registry Number: 11103-86-9
l Synonyms: CCRIS 4743; Chromate(1�), hydroxyoctaox-

odizincatedi-, potassium; Chromic acid, potassium zinc salt
(2:2:1); EINECS 234-329-8; HSDB 1060; Potassium zinc
chromate; Potassium zinc chromate hydroxide; Zinc yellow;
Zinc potassium chromate

l Molecular Formula: CrO4HOKZn or Cr2HO9Zn2K
l Chemical Structure:
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Background

Potassium hydroxyoctaoxodizincatedichromate (zinc potas-
sium chromate) is a green-yellow, odorless solid. It is one of
a number of chromate compounds used as inhibitors of rust
and metal corrosion. While the counterions zinc and potas-
sium lend unique physical and chemical characteristics to the
compound, characteristics such as acidity and solubility, it is
the chromate ion that gives rise to most critical properties, both
industrially and toxicologically.

Ionic chromium (Cr) is typically found in either the hex-
avalent (Cr(VI)) or trivalent (Cr(III)) oxidation states. Chromate
ion (CrO4

�2) is among the most common Cr(VI) compounds.
Other common Cr(VI) compounds include dichromate
(Cr2O7

�2), and chromium trioxide (CrO3).
In aqueous solution, Cr(VI) exists as hydrochromate

(HCrO4
�1), CrO4

�2, or Cr2O7
�2. Dichromate is the dimer of

chromate. The three species exist in equilibrium with one
another, the proportion of each being concentration and pH
dependent. Chromate ion is the predominant form in dilute
solutions at neutral pH. Under these conditions, very little
dichromate exists and the ratio of chromate to hydrochromate
is about 3 to 1. Hydrochromate becomes the dominant
species of Cr(VI) when the pH becomes mildly acidic (<6).
In concentrated solutions of Cr(VI) in strongly acidic condi-
tions, dichromate becomes the dominant species.

Specific data and literature regarding the toxicity and char-
acteristics of zinc potassium chromate are limited. On the other
hand, literature relating to the health and environmental effects
of chromates and other Cr(VI) compounds is much more
extensive. Most experimentalists and regulatory agencies make
the assumption that chromates, dichromates, and indeed,
all Cr(VI) compounds behave similarly in biological systems.
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For this reason, Cr(IV) compounds and their biological
behavior are often discussed as a class; in the same way, Cr(III)
compounds are often lumped together.

When data specific to zinc potassium chromate are avail-
able, it is presented. In other cases, generalizations available
from studies of chromates as a class or Cr(VI) compounds will
be presented.
Uses

Zinc potassium chromate is one of several chromates used as
anticorrosive agents in the formulation of coatings and
primers. Chromates are widely used as inhibitors of corrosion
and rust because of their unique ability to react at the metal
coating interface to inhibit corrosion, especially galvanic
couple corrosion (a chemical reaction that involves electron
exchange between different metals). For example, using stain-
less steel screws on an aluminum part provides a high potential
for electron transfer (galvanic couple corrosion). Even when
present in very low concentrations, chromate has the unique
ability to actively suppress electron transfer at both cathodic
and anodic sites when different metallic parts are in contact.

Active protection against rust depends on the ability of the
inhibitor to migrate to the exposed surface once the protective
coating has been scratched or damaged. Inhibitors dissolve in
water and migrate to the exposed surface. If the inhibitor’s
solubility is too great it may be washed away, if the solubility is
too low the inhibitor will have low activity. According to the
literature, strontium chromate has an ideal solubility
(1.06 g l�1); zinc potassium chromate has similar solubility
(0.5–1.5 g l�1) and is a very effective inhibitor. No single
nonchrome inhibitor tested thus far acts in this way.
Environmental Fate and Behavior

Chromium (both trivalent and hexavalent) enters the envi-
ronment from numerous natural and anthropogenic sources.
The health hazards of environmental exposure depend on the
oxidation state, with Cr(VI) being most toxic. Cr(VI) contami-
nation of groundwater typically occurs from industrial sources
such as electroplating or corrosion protection. Contamination
of surface water is commonly the result of particulate
discharges into the air frommanufacturing and cooling towers,
with the particulates ultimately settling to either soil or surface
waters. For years, Cr(VI) was thought to arise environmentally
only as an industrial pollutant but recently unpolluted ground
and surface waters have been found to contain Cr(VI) in
concentrations that exceed the World Health Organization
limit for drinking water (50 mg l�1).

Much of the Cr(VI) in the environment is ultimately reduced
to the less toxic Cr(III). The reduction may be mediated by
various reducing agents such as sulfide compounds, and diva-
lent iron (Fe(II)). In addition, organic matter (e.g., humic acid
4-3.01222-7 1053
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and fulvic acid) in water or soil may mediate the reduction
process. Microbial processes also convert Cr(VI) to Cr(III).
Exposure and Exposure Monitoring

Occupational exposure to zinc potassium chromate can poten-
tially occur during either production or packaging. Zinc potas-
sium chromate is produced by precipitation from a solution of
zinc salts, potassium dichromate, and sulfuric acid. The product
is then dehydrated, dried, and ground to a powder. Themajority
of the production is automated with only brief periods of
controlled occupational exposure. Packaging is typically auto-
mated but may be manual in some manufacturing facilities.

Exposure occurs primarily through inhalation of dust but it
may also enter the body through dermal exposure.
Toxicokinetics

To a significant extent, the rate and degree of absorption of
chromium compounds appears to be related to their water
solubility. Following inhalation, absorption of Cr(VI)
compounds from the lungs occurs rapidly for fairly water
soluble compounds such as zinc potassium chromate. Studies
on the fate of Cr(III) and Cr(VI) following intratracheal
administration show that the less soluble Cr(III) compounds
are retained to a greater extent in the lungs than the more
soluble hexavalent compounds. Studies on the uptake of Cr(VI)
compounds from the gastrointestinal (GI) tract also suggest
that water solubility is significant in controlling absorption.

In vitro studies indicate that reduction of Cr(VI) to Cr(III)
may occur in the fluids of the GI tract but it is not known if
this process acts to reduce the overall rate and extent of
absorption. Reduction of Cr(VI) to Cr(III) also appears to occur
within the pulmonary cells of the lung and to a much greater
extent in the liver.

Following absorption, Cr(VI) is distributed to the tissues,
with spleen, liver, and bone marrow being the sites of greatest
retention. Animal studies indicate that Cr(VI) is transported
across the placenta but the extent of this transport has not
been determined. Measurements of Cr concentrations in
human tissues indicate that levels are elevated at birth and
then decline until about 10 years of age. After this, there is
a slight increase in chromium concentrations in lung and
a slight decrease in other tissues.

Studies in both humans and animals have characterized the
elimination profile for Cr from the body as biphasic. The initial
rapid phase represents clearance from the blood. The second
longer phase represents clearance from tissues. Following
intravenous (IV) administration of Cr(VI), the estimated half-
life of Cr in the body was 22 days. Following IV injection of
Cr(III), the estimated half-life was 92 days. Elimination is
primarily via the kidneys.
Mechanisms of Toxicity

Chromate is taken up by cells through sulfate channels. Once
in the cell it can cause both oxidative and nonoxidative forms
of DNA damage. The most dominant form of damage is Cr-
DNA adduct formation, a process that occurs in vitro at Cr(VI)
concentrations of less than 2 mM. The process involves reduc-
tion of Cr(VI) to Cr(III) during the formation of either binary
(Cr(III)–DNA) or ternary (ligand–Cr(III)–DNA) adducts. In the
ternary adducts, the ligand can be ascorbate (Asc), glutathione
(GSH), cysteine, or histidine. In in vitro studies, binary adducts
were found to account for 75–95% of the total DNA-bound Cr.
Asc, GSH, and cysteine represent the three most important
biological reducers of Cr(VI) and are key to formation of the
ternary adducts. These ternary adducts are strongly mutagenic.

When reducing agents such as Asc are depleted, Cr(VI)
reduction leads to the formation of reactive oxygen species
which may lead to oxidative damage of DNA.

It has also been proposed that depletion of Asc (as via
oxidation by Cr(VI)) may impede removal of repressive DNA
(methylated cytosine-phosphate-guanine) and histone H3
marks which may modulate gene expression. Chromium(VI)
also causes the formation of protein–Cr(III)–DNA cross-links.
The formation of these adducts is rare but it has been suggested
that they may influence gene specific expression.

The damage induced by Cr(VI) leads to dysfunctional DNA
replication and transcription, aberrant cell cycle checkpoints,
poorly regulated DNA repair mechanisms, inflammatory
responses, and the disruption of regulatory genes responsible
for the normal balance between cellular survival and death.
Disruption of these processes result in neoplastic progression.
Acute and Short-Term Toxicity

Acute exposure to chromates and other Cr(VI) compounds
can result in skin and eye irritation, respiratory sensory irrita-
tion, skin sensitization, occupational asthma, and reproduc-
tive toxicity.

The LD50 for chromium(VI) ranges between 50 and
150 mg kg�1.
Chronic Toxicity

Chromate and other Cr(VI) compounds are corrosive to tissues.
Repeated exposure through inhalation can cause perforation of
the nasal septum. The appearance of ulcerations and subse-
quent perforations of the nasal septum are considered to be
one of the markers of toxic effects resulting from inhalation.
Nose bleeds and sores are early signs. Ulcers of the skin, irri-
tative dermatitis, and allergic eczematous dermatitis have also
been reported as signs of exposure.

Systemic effects of chromate occur in the airways, cardiovas-
cular system, kidneys, and liver.Necrosis of both kidney and liver
has been reported. In the kidney, effects begin in the proximal
and distal tubules. In animals, these tubule effects can be pre-
vented by injecting the chromate in a solution containing GHS.
Immunotoxicity

Skin sensitization is common among workers who come into
contact with Cr(VI). The effect has also been demonstrated
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experimentally in mice and guinea pigs. Bronchial challenge
tests also show that inhalation of Cr(VI) compounds cause
occupational asthma.

Skin studies indicate that Cr(VI) penetrates the skin where it
is reduced to Cr(III) which plays the role of a hapten. When
Cr(III) binds to protein it becomes a complete antigen. Once
developed, chromate sensitivity may be persistent.
Reproductive Toxicity

Data relating to the reproductive toxicity of chromate and
Cr(VI) in humans are inconclusive due to the lack of exposure
data and poorly reported results for those studies that were
conducted.

In three studies conducted in mice, dichromate was
administered in drinking water. In one study, both male and
female mice were used. Increases in resorptions were observed
in males and decreases in implantations were observed in
females. In the second study, only female mice were exposed.
Effects included reduced numbers of corpora lutea and reduced
implantations. In the third study, fetotoxicity, including post-
implantation losses were observed, even at doses where no
maternal toxicity was seen. Developmental effects included,
reduced fetal weight, decreased crown-rump length, and
delayed cranial ossification.
Genotoxicity

A number of Cr(VI) compounds have been demonstrated to be
mutagenic or clastogenic and to cause transformation of cells in
various test systems. Increases in both chromosomal aberra-
tions and sister chromatid exchange were observed in
lymphocytes of workers exposed to chromates. Overall, current
evidence is sufficient to conclude that Cr(VI) compounds are
mutagenic in humans.

In vitro treatment of cells with Cr(VI) leads to DNA damage
via formation of either binary (Cr(III)–DNA) or ternary
(ligand–Cr(III)–DNA) adducts, in which the ligands may be
Asc, GSH, cysteine or histidine. Replication of adduct-carrying
shuttle vectors in studies with human cells indicate that the
binary adduct is weakly mutagenic but that the ternary adducts
are potent mutagens. The single most mutagenic adduct was
Asc–Cr(III)–DNA. These findings were supported by the fact
that there was a strong potentiation of Cr(VI) mutagenicty in
cells with restored Asc levels, whereas Cr(VI) mutagenicity was
inhibited by GSH depletion in mice.

Mutagenicity of Cr(VI) has been studied in a large number
of genotoxicity assays and in multiple species from bacteria
to human cells. Results of these studies have consistently
shown positive correlations between Cr(VI) exposure and
mutagenicity.
Carcinogenicity

The carcinogenic effects of chromates in the respiratory system
have been known for over 100 years and documentation
linking chromates and other Cr(VI) compounds with various
cancers is extensive and considered a confirmed human
carcinogen (Class A).

Occupational exposure to Cr(VI) via inhalation has consis-
tently been found to increase the risk of cancers of the respi-
ratory tract. This is true for both highly soluble and poorly
soluble chromates. In a cohort study from data taken from
a zinc chromate pigments plant, a 30-fold increase in lung
cancer was found based on the development of six cases out of
a population of 24 highly exposed workers.

In animal carcinogenicity studies, dichromate given by
repeated long-term inhalation or intratracheal instillation was
found to cause lung tumors. Other studies conducted with
chromium trioxide and other Cr(IV) compounds also produced
lung tumors.

Data relating to the carcinogenicity of Cr(VI) following oral
exposure are less extensive. One study examining the rate of
stomach cancers in the Liaoning Province of China showed
a positive association between Cr contamination and cancer.
Drinking water in this region was heavily contaminated with
Cr(VI) by releases from a nearby smelting plant. Several animal
studies have also shown positive correlations between intake of
Cr(VI) and cancers of the alimentary canal.

There is sufficient evidence that Cr(VI) compounds are
carcinogenic. Chromate is the most carcinogenic form of
chromium.
Clinical Management

In case of ingestion, seek medical attention. For eye contact,
immediately flush with large amounts of water for at least
15 min, lifting upper and lower lids. If contacts are worn, they
should be removed during wash. For skin contact, contami-
nated clothing should be removed and the skin should be
washed with large quantities of soap and water. In case of
inhalation, the person should be removed from the exposure
area. If breathing has stopped, begin rescue breathing. If no
heartbeat is detectable, begin CPR. Seek medical attention
immediately.
Ecotoxicology

Numerous studies indicate that Cr(VI) compounds in the
environment may have potentially profound effects on eco-
toxicology. These effects depend on a large number of vari-
ables, including the species of organism being exposed and its
developmental stage or age. Factors such as solution tempera-
ture, Cr(VI) concentration, and pH also have an effect.

Studies in teleost and rainbow trout show that water pH can
dramatically affect Cr(VI) toxicity. At a water pH of 7.8, Cr
accumulates in tissues rather than in the gills. At pH 6.5 the
accumulation pattern is reversed. Histological changes in the
gills were observed at both pHs but were more pronounced at
pH 6.5. In a separate study of rainbow trout, Cr toxicity was
50–200 times greater for fish exposed at a pH range of 6.4–7.4
than at a range of 7.8–8.0. Increased toxicity was associated
with accumulation of Cr in the gills. Cr(VI) has been reported to
inhibit ion-dependent ATPases in gills, kidney, and intestine of
teleost in a dose-dependent fashion.
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Freshwater fish exposed for 28 days to Cr(VI) concentrations
ranging from 0.1 to 3.2 mg l�1 had an increased spleen to body
weight ratio compared to controls. They also had lower antibody
titers, reduced splenic and kidney plaque-forming cells, and
higher splenic but lower kidney lymphocyte counts compared to
controls. There was a dose-dependent accumulation of Cr in
kidney, liver, and spleen. There were also dose-dependent
decreases in erythrocyte count, hemoglobin content, and
packed red cell volume. Other studies support the evidence that
exposure to Cr(VI) has a significantly negative influence on
hematological and immune responses in aquatic life.
Exposure Standards and Guidelines

The Occupational Safety and Health Administration has
established the following workplace standards:

Permissible exposure limit (PEL): Ceiling concentration:
0.1 mg m�3 (chromic acid and chromates).

PEL: Time-weighted average (TWA): 0.005 mg m�3

(chromic acid and chromates).
The National Institute for Occupational Safety and Health

(NIOSH) considers chromic acid and chromates to be
a potential occupational carcinogen. NIOSH usually recom-
mends that occupational exposure to carcinogens be limited to
the lowest feasible concentration. NIOSH has established the
following recommendations:

Recommended exposure limit: 8 h TWA: 0.000 2mg Cr m�3

for all Cr(VI) compounds.
The American Conference of Governmental Industrial

Hygienists (ACGIH) considers zinc chromates to be a confirmed
human carcinogen (Class A1). They have established the
following recommendations for inhalation:
Threshold limit values (TLV): 8 h TWA: TLV (ACGIH)
0.01 mg m�3 (zinc chromates as C).

See also: The European Chemicals Agency; Chromium;
Potassium; Zinc.
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l Name: Potassium iodide
l Chemical Abstracts Service Registry Number: CAS

7681-11-0
l Synonyms: KI; SSKI, Iosat�; Pima; Thyro-Shield�

l Chemical/Pharmaceutical/Other Class: Antithyroid agent;
Antisporotrichotic agent; Expectorant

l Molecular Formula: KI
l Chemical Structure:

Background

Potassium iodide is an inorganic compound with the chemical
formula KI. It is a salt of stable iodine. It is the most
commercially significant iodide compound available, and
many thousands of tons of it are produced annually. KI comes
in liquid and solid oral dosage forms and is available by
prescription. Potassium iodide is routinely given out to resi-
dents who live close to nuclear power plants to be available to
take when instructed should there be an emergency. Other uses
include treatment of thyroid storm and preparing the thyroid
gland prior to surgery.
Uses

In patients with hyperthyroidism, potassium iodide is used in
the treatment of thyrotoxicosis and to decrease the vascularity
of the thyroid before the thyroid gland is surgically removed.
Potassium iodide is, also used to protect the thyroid by
blocking the uptake of radioactive iodine, for example, during
radionuclide therapy with I-131 or following an accident at
a nuclear power facility. Potassium iodide can also be given
orally for the treatment of cutaneous sporotrichosis, although
this is not a US Food and Drug Administration–approved use.
Although indicated for use as an expectorant, clinical evidence
regarding efficacy for this indication is lacking.
Environmental Fate and Behavior

Routes and Pathways and Relevant Physicochemical
Properties

Physicochemical Properties
Potassium iodide is an inorganic compound that is colorless or
white cubical crystals, white granules, or powder at standard
temperature and pressure. It is hydroscopic and slightly deli-
quescent in moist air. With long exposure to air, potassium
iodide becomes yellow due to liberation of iodine and then
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
small quantities of iodate may be formed. Light and moisture
accelerate the decomposition of this compound, and aqueous
solutions become yellow over time due to oxidative processes.
Potassium iodide solutions readily dissolve elemental iodine.
An aqueous solution of KI is neutral or slightly alkaline
(pH 7–9).

Molecular weight: 166 g mol�1

Density: 3.12 g cm�3

Melting point*: 680 �C, 954 K, 1258 �F (*KI volatizes at higher
temperatures)

Boiling point: 1330 �C, 1603 K, 2426 �F
Refractive index: 1.677

For KI solution (KI 2%, iodine 1%, water 97%), the following
physicochemical properties are documented:

Brown opaque liquid with 2% KI, 1% I, 97% H2O
Vapor pressure: (20 �C) 14
Vapor density: (air 1) 0.7
Specific gravity: 1.05 g ml�1 (@ 20 �C)
Boiling point: 100 �C
Evaporation rate (log Pow) <1
Solubility

Soluble in water (1 g per 0.7 ml H2O or 1.4–1.48 g per 1.0 ml
H2O at room temperature), ethanol (1 g per 22 ml EtOH),
methanol (1 g per 8 ml methanol), acetone (1 g per 75 ml
acetone), glycerol (1 g per 2 ml glycerol), and glycol (1 g per
2.5ml glycol). It is only slightly soluble in either and ammonia.
Partition Behavior in Water, Sediment, and Soil

The partition coefficient of iodine in water (log octanol/water
partition coefficient) is 2.49. Iodide is largely oxidized to
iodine during water treatment.

One study assessing the absorption and desorption of
iodine found very low values, including values between 1.4 and
4.0% for absorption and 1.35–4.10% for desorption. The
higher absorption and desorption correlated with soil proper-
ties, including amount of organic matter, clay, and CaCO3

presence.
Exposure and Exposure Monitoring

Potassium iodide exposure routes are typically through
ingestion of potassium iodide tablets or as exposure to
iodide through drinking water and food. The main sources
of dietary iodide are seafood (200–1000 mg kg�1) and
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seaweed (0.1–0.2% iodide by weight). As a pharmaceutical,
KI is supplied in 130 mg tablets (each containing 100 mg
iodine as iodide) for emergency treatment of the blockade
of radioactive iodine uptake, which is a common form of
radiation poisoning from environmental contamination of
iodine-135 fission products. It also comes as saturated
solution of potassium iodide (SSKI), which contains
1000 mg of KI per ml of solution.

Following maternal KI exposure, testing such as fetal ultra-
sound and neonatal thyroid function tests may be indicated.
Discussion with an obstetrician or maternal–fetal medicine
specialist is recommended when ultrasound identifies the
presence of a fetal goiter as additional monitoring and modi-
fications to the delivery may be warranted.
Further Exposure Guidelines

AEGLs (Acute Exposure Guideline Levels)
No AEGL information available
ERPGs (Emergency Response Planning Guidelines)
No ERPG information available
PACs (Protective Action Criteria)
KI PAC-1 is 0.18 mg m�3

KI PAC-2 is 1.9 mg m�3

KI PAC-3 is 140 mg m�3
Toxicokinetics

Data on the percentage bioavailability, volume of distribution,
and half-life of potassium iodide are not available. Iodides are
distributed in extracellular body water. Limited information
reports that potassium iodide is readily absorbed from the
intestinal tract and that iodide is concentrated in the thyroid
and salivary glands, gastric mucosa, choroid plexus, placenta,
and breast milk, with 90% being renally excreted and the
remainder being excreted in sweat, feces, and breast milk. KI
can be removed by hemodialysis.
Mechanism of Toxicity

Adverse effects are the result of hypersensitivity reactions to the
iodide component or the result of iodine accumulation
following chronic administration. In patients with renal
impairment, potassium concentrations may increase.
Acute and Short-Term Toxicity (or Exposure)

Human

Potassium iodide is unlikely to result in acute toxicity other
than gastrointestinal (GI) toxicity, including nausea, vomit-
ing, diarrhea, and abdominal pain or cramping when ingested
in small amounts. There are very few reports of KI ingestion in
the medical literature. Manifestations of a hypersensitivity
reaction may include angioedema, cutaneous and mucosal
hemorrhage, urticaria, fever, arthralgia, enlarged lymph nodes,
and eosinophilia. In patients with chronic urticaria or systemic
lupus erythematosus, hypocomplementemic vasculitis may be
precipitated.

Ingestion or exposure to iodine tinctures used for antiseptic
purposes includes corrosive effects and typically topical irrita-
tion. There is one case of acute hemolysis and renal failure
following iodine tincture ingestion.

Skin contact of potassium iodide may cause drying of the
skin due to absorption of oils and moisture. With moisture
present, KI forms a solution that can result in burns. It may also
cause skin sensitization.

Ocular contact may result in severe irritation with redness,
pain, lachrymation, and conjunctivitis.
Animal

Administration of iodide in drinking water in two strains of
chicks known to be genetically susceptible to autoimmune
thyroiditis at concentrations of 20 or 200 mg l�1 KI during the
first 10 weeks of life increased the incidence of autoimmune
thyroiditis as determined by histological examination of the
thyroid and measurement of T3, T4, and thyroglobulin
antibodies.

Potassium iodide LD50 (rats) was 4240 mg kg�1 of body
weight (3320 mg of iodide per kg of body weight) and the
lowest oral lethal dose in mice was 1862 mg kg�1 of body
weight (1425 mg of iodide per kg of body weight). Iodine LD50

(oral, rat) was 14 g kg�1; LC50 (rat) N/A. The lowest published
lethal dose (LDL) in mouse – route: oral; dose: 1862 mg kg�1,
LDL in rabbit – route: oral; dose: 916 mg kg�1.
Chronic Toxicity (or Exposure)

Animal

Chronic feeding studies in minks showed shorter gestational
periods and fewer animals per litter compared with controls. At
the highest doses tested (1000 ppm), no animals whelped.

In rat pups born to females given 1.1 mg of iodide per day
as KI (37 mg kg�1 body weight KI per day) in drinking water,
various brain enzymes were found to be altered. Transient
increases in glutamate dehydrogenase and decreases in succi-
nate dehydrogenase were observed. There were increases in
phosphofructokinase and malate enzymes as well. Serum T4
levels did not differ from controls in the pups.

The use of this agent to protect the fetal thyroid from the
uptake of radioactive iodine and to inhibit the transfer of
radioactive iodine into milk has been investigated in experi-
mental animal studies. Administration of large daily doses of
this agent to pregnant rats resulted in a decrease in offspring
number and viability, an increase in various malformations,
including cardiac defects and omphalocele, and behavioral
abnormalities of the pups.

Human

Potassium concentrations may become elevated in patients
with renal impairment. Signs of potassium excess include
confusion, muscle weakness, and dysrhythmias. Chronic
iodine toxicity, iodism, is manifested by symptoms that
include stomatitis, laryngitis, metallic taste, salivation, tender-
ness of parotid and submaxillary glands, gastric irritation,
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diarrhea, headache, coryza, sneezing, productive cough, eye
irritation, eyelid swelling, and acneiform eruptions. Toxicity is
usually the result of chronic administration. Chronic ingestion
of more than 2 mg of iodide per day is thought to be excessive
by some authors; however, daily doses of 50–80 mg of KI per
day are consumed by some Japanese without ill effect.

Following maternal exposure to potassium iodide, addi-
tional fetal or neonatal monitoring (i.e., fetal ultrasound,
neonatal thyroid function tests) may be indicated. Discussion
with a maternal–fetal medicine specialist or obstetrician is
recommended when the presence of fetal goiter is identified as
it may influence delivery or require additional postnatal
monitoring.
In Vitro Toxicity Data

Studies using the alkaline comet assay have not found potas-
sium iodide to produce DNA damage.
Reproductive, Genetic, Immunotoxicity,
and Developmental Toxicity

Potassium iodide is thought unlikely to have carcinogenicity or
produce genetic, reproductive, or developmental effects in
humans, although based on animal data KI is classified as
a reproductive system toxin for females and is possibly
a developmental toxin. It may cause damage to the thyroid
based on animal data. Animal data suggest that potassium
iodide can cause adverse reproductive effects and birth defects
as well as affect genetic material.

In a study on the carcinogenicity of iodide on the thyroid,
groups of 20 rats were fed diets containing 0 or 1000 mg of
iodide per kg as KI for 19 weeks. No tumors were found on
histopathological examination of the thyroid in either group. It
was thought, however, that the exposure period may have been
too short in this study for carcinogenicity to be detected.

There are several case reports in humans regarding
congenital goiter and hypothyroidism in children with
maternal ingestion of iodide. Estimated exposure ranged from
12–1650 mg day�1 of KI in individuals taking the iodide as an
expectorant for the treatment of asthma.

According to the UK teratology information service, the
main concern for in utero exposure to potassium iodide relates
to the possible effects of iodide on the fetal thyroid. There are
very few case reports that document sequelae such as fetal
goiter following maternal iodide potassium iodide use in
pregnancy.
Mutagenicity

Potassium iodide is possibly mutagenic for mammalian
somatic cells.
Clinical Management

Allergic reactions should be treated appropriately with
supportive care, maintenance of airway, breathing, and
circulation, and antihistamines plus steroids as needed. Dis-
continue potassium iodide administration and provide symp-
tomatic and supportive care. The extent of iodide adsorption to
activated charcoal has not been determined. Do not administer
activated charcoal or induce vomiting in cases of potassium
iodide ingestion.

Plasma iodide levels do not guide therapy; the potassium
levels need not be checked except in massive exposure as they
are not affected by potassium iodide unless in large ingestions.
Ingestion or exposure with signs or symptoms of caustic injury
should be treated as such, including a thorough rinsing and
washing if external exposure. When ingestions of significant
amounts of potassium iodide occur, the patient should receive
nothing by mouth with consideration for endoscopic evalua-
tion if signs/symptoms of gastrointestinal irritation or
compromise including nausea or vomiting that persist beyond
the immediate ingestion period occur. Additional symptoms
including drooling or signs of mucosal burn or injury suggest
more significant injury andmay prompt endoscopic evaluation
of esophageal and GI mucosa. Consider contacting the regional
poison control center or a medical toxicologist if questions
about management of exposure or ingestion of potassium
iodide.

With exposure of KI or KI solution to the eyes, imme-
diately flush with copious quantities of water for at least
15 min, holding lids apart to ensure flushing of the entire
surface.

Contaminated clothing should be washed before reusing.
With inhalational exposure to KI, remove patients to fresh

air and administer oxygen if any signs of irritation or breathing
compromise.
Ecotoxicity

Potassium iodide is not acutely toxic to fish or mollusks.
Potassium iodide is not listed as a US Environmental Protec-
tion Agency (EPA) hazardous air pollutant or an EPA
minimum risk pesticide nor is it EPA registered. Potassium
iodide is not listed as a California (CA) groundwater contam-
inant or CA toxic air contaminant.
See also: Iodine.
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Relevant Websites

http://emergency.cdc.gov/radiation/ – CDC Emergency Preparedness and Response –
Radiation.

http://www.fda.gov/Drugs/EmergencyPreparedness/BioterrorismandDrugPreparedness/
ucm072265.htm – FDA – Frequently Asked Questions on Potassium Iodide (KI).
http://www.who.int/water_sanitation_health/dwq/chemicals/iodine.pdf – Iodine in
Drinking-water – WHO Guidelines for Drinking-Water Quality.

http://www.pesticideinfo.org/Detail_Chemical.jsp?Rec_Id¼PC35223 – PAN Pesticides
Database – Chemicals.

http://www.uktis.org/docs/Potassium%20iodide.pdf – UK Teratology Information
Service – Exposure to Potassium Iodide in Pregnancy.
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The Predicted No Effect Concentration (PNEC) Concept

PNEC may be defined as the concentration of a given chemical
substance that is not expected to produce adverse effects on
ecosystems at any exposure time. To better understand the
meaning of PNEC, one must be aware that, unlike human
toxicology the objective of which is the protection of individual
human beings, the goal of ecotoxicology is protecting the
structure and the functioning of ecosystems. Indeed, individ-
uals are rarely important in ecological protection. This is
because individuals can be removed from populations without
necessarily affecting the size and dynamics of these populations
and the ecosystems of which they are part. There are very few
exceptions of this rule (e.g., K strategic vertebrates, severely
endangered for extinction) that is one of the basic concepts of
ecotoxicology.

The effects of toxic chemicals can be seen as changes in
the homeostasis or homeorhesis at any level of biological
organization (from subcellular level up to ecosystems) result-
ing from exposure to one or more chemicals. Obviously, the
number of interactions and complexity increases dramatically
with the increasing of biological organization. Therefore,
assessing the effects at the ecosystem level is conceptually
difficult for at least two reasons:

1. Ideally, the adverse effects of a chemical should be known
for all the species present in the biological community of
a given ecosystem, belonging to different taxonomic levels
(from bacteria to vertebrates) and characterized by different
biological and physiological traits and, as a consequence,
by different sensitivity to chemical stressors; and

2. The effects on ecosystems are not merely the combination of
the effects on different species; they are affected by complex
ecological interactions (population dynamics, indirect
ecological effects, etc.) that, in most cases, are largely
unknown.

On the other hand, it must be taken into account that PNEC
assessment is required for environmental risk assessment (ERA)
by regulatory procedures. In current procedures, risk character-
ization is based on the comparison between an environmental
concentration (predicted environmental concentration (PEC)) in
a given environmental compartment (water, sediments, soil, air)
and a PNEC for the community characteristic of the same
compartment (PEC–PNEC ratio). Therefore, there is the need for
relatively simple tools that are capable to ensure the protection
goals with a realistically feasible amount of information.

Furthermore, onemust be aware of the ethical and economic
aspects related to the performance of toxicity tests.
ncyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Therefore, for regulatory purposes, PNEC assessment
must be pragmatic and the practice is the identification of
a minimum set of species for ecotoxicological testing; the
species are selected by considering their ecological and biolog-
ical traits (trophic role, life cycle, relevant route of exposure, etc.)
aswell as practical aspects of tests such as the easiness to keep the
species under laboratory conditions and the easiness to feed
and breed. But, above all, the identification is done by taking
into consideration the species belonging to the different
trophic levels present in an ecosystem. For instance, the current
procedure for PNEC evaluation in surface water requires eco-
toxicological tests for algae, daphnids, and fish. This is nothing
but a gross simplification of the structure of an ecosystem
(primary producers and primary and secondary consumers). It
is assumed that by protecting the structure (different trophic
levels) also the functioning of ecosystems is protected. In other
words, the effect assessment for ecosystems is done starting
from toxicity testing on important endpoints (survival,
growth, and reproduction) on a very limited number of
species. Therefore, suitable procedures are needed to extrapo-
late the results to all other species and to attain a reasonable
level of protection of ecological interactions and ecosystem
functions. This process should allow predicting the concen-
tration value of a toxicant below which adverse effects are
unlikely to happen to ecological communities during short-
term or long-term exposure (PNEC). It must be emphasized
that a PNEC is not intended to be the threshold level below
which the substance is considered safe. Rather, PNEC should
be regarded as a level below which unacceptable effects will
unlikely to occur. It can be accepted that individuals of certain
species or a percentage (p) of species in the community can be
lost as consequence of the exposure to a chemical stressor, but
this can be allowed up to a level that does not harm the normal
ecosystemic functions. In other words, the protection of all
species at all times and places is not deemed necessary, because
ecosystems can tolerate some stress and occasional adverse
effects. However, two questions arise:

1. Which environmental compartments are relevant for PNEC
calculation?

2. How to determine PNEC values?

The answer to the first question is quite simple: PNEC for
a particular environmental compartment must be calculated
whenever a potential exposure is supposed to happen. This
basically depends on the pattern of use of the substance and
some properties of the substance such as bioaccumulation
potential and environmental fate and persistence. In general,
three main environments are considered for PNEC
4-3.00572-8 1061
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Table 1 Relationship between different targets of the risk characterization for different inland and marine compartments

Terrestrial and inland water environments Marine compartments

Target

organisms

Compartment

exposed PNEC Target organisms

Compartment

exposed PNEC

Aquatic org. Surf. water PNECwater Aquatic org. Seawater PNECwater
Benthic org. Sediment PNECsed Benthic org. Marine sed. PNECsediment-dwelling

Terrestrial org. Agr. soil PNECsoil Fish-eating pred. Fish PNECoral predators
Fish-eating pred. Fish PNECoral from no observed

adverse effect level (NOAEL)avian/mammalian

Top predators Fish eaters PNECoral top predators

Worm-eating pred. Earthworms PNECoral from NOAELavian/mammalian

Microorg. STP aeration tank PNECmicroorganisms

Table 2 AFs to derive a PNECaquatic

Available data AF*

At least one short-term L(E)C50 from each
of three trophic levels (fish, invertebrates
(preferred Daphnia), and algae)

1000

One long-term EC10 or NOEC (either
fish or Daphnia)

100

Two long-term results (e.g., EC10 or NOECs)
from species representing two trophic levels
(fish and/or Daphnia and/or algae)

50

Long-term results (e.g., EC10 or NOECs)
from at least three species (normally fish,
Daphnia, and algae) representing three
trophic levels

10

Field data or model ecosystems Reviewed on a
case-by-case basis

*Additional rules to choose the appropriate AFs are available in order to cover
different situations.
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calculation: water (freshwater, marine environments, sedi-
ments), soil, and air. In addition to these environments,
PNECs are required for special routes of exposure or areas of
concern, which are described as ‘predators exposed via the
food chain’ and ‘microorganisms in sewage treatment plants
(STPs).’ In Table 1, all the potential PNECs that could be
calculated in an ERA procedure are reported; in the same
table, target organisms to be considered for PNEC calculation
and the compartment exposed (inland and marine environ-
ments) are also reported.

The procedure for PNEC calculation is related to the level of
uncertainty required by the assessment. Two conceptually
different procedures may be applied: a deterministic approach
and a probabilistic approach. Both approaches may be applied
at different levels of refinement. Indeed, one must be aware
that, as ERA is, also PNEC derivation is a tiered approach
that may require different levels of refinement and iteration.

In the following sections, the different approaches for PNEC
calculation are discussed.

Preliminary PNEC Assessment (First Tier Effect Assessment)

Use of Assessment Factors (AFs)
At the lowest tier, the PNEC is deterministically evaluated by
simply applying an appropriate AF to the lowest relevant
observed valuewithin the available toxicity data set (i.e., themost
sensitive tested species and themost sensitive relevant endpoint),
given that the requirements of a basic data set (e.g., short-term
toxicity on algae,Daphnia, and fish, for the freshwater system) are
covered. This lowest value is divided by a fixed AF. The fewer the
amount or the reliability of available data, the higher the AF
which is applied. The AFs are also called uncertainty factors and
areprimarilybasedontheprecautionaryprinciple. This isbecause
it is recognized that in the assessment of the effects there are
multiple sources of uncertainties mainly related to huge
variability of the ecological communities which are intended to
be protected. Particularly, the variability of tolerance to the toxi-
cant among species is considered tobeoneof themostprominent
factors. Through the use of AFs, it is believed to manage such
variability and to obtain a conservative estimate of the PNEC.

In principle, the AFs are intended to account for:

intra- and interlaboratory variation in toxicity data;
intra- and interspecies variation in the toxicity data
(biological variance);

laboratory data to field impact extrapolation; and
short-term to long-term toxicity extrapolation.

Typically, AFs are highly variable (from 10 000 for PNEC in
saltwater or marine sediments to 1 for PNECmicroorganism in
STPs), depending on a number of considerations such as the
environmental compartment considered, the availability of
reliable toxicity data, and whether the toxicity data are acute or
chronic. An example of PNEC calculation in freshwater systems
using AF is reported in Table 2. By the way, readers are
encouraged to go deeper into the details by consulting the
European Chemicals Agency (ECHA) guidelines.

It must be underlined that AFs are not based on any
theoretical model or on a firm scientific basis, but they are
simply based on empirical experiences with chemical
effects assessment. Thus, these are more or less arbitrary
and this leads to the conclusion that the degree of uncer-
tainty and conservatism/level of protection of the obtained
PNECs remain largely unknown. ECHA states that the AFs
should be regarded as general factors that under certain
circumstances may be changed. They may be lowered or
increased on the basis of one or more of the following
justifications:

Evidence from structurally similar compounds (evidence
established by read across from closely related compounds
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may demonstrate that a higher or lower factor may be
appropriate);

Knowledge of the mode of action including endocrine
disrupting effects (some substances, by virtue of their struc-
ture, may be known to act in a nonspecific manner);

The availability of test data from a wide selection of species
covering additional taxonomic groups other than those
represented by the base set species;

The availability of test data from a variety of species covering
the taxonomic groups of the base set species across at least
three trophic levels. In such a case, the AFs may only be
lowered if these multiple data points are available for the
most sensitive taxonomic group.
Use of the Equilibrium Partitioning Method (EPM)
If no experimental data are available for organisms of a given
compartment (particularly sediments and soil), a PNEC value
can be estimated based on the results of tests with aquatic
organisms by using the so-called EPM.

The EPM has been widely utilized since the 1980s to derive
sediment quality objectives (SQOs). In the absence of any
ecotoxicological data, this method can be helpful to provi-
sionally calculate PNECs for both freshwater and marine
sediment-dwelling organisms (PNECsed and PNECmarine-sed).
Furthermore, the rationale can also be applied to soil organisms
(PNECsoil). However, the applicability of the EPM has been
evaluated less for soil than for sediment-dwelling organisms.

It has to be considered that the EPM is a rough instrument
to determine the toxicity toward benthic organisms. Therefore,
it is suggested to use this method only as a screening to decide
whether sediment (or soil) toxicity tests are necessary. If the risk
characterization ratio (RCR) calculated using the EPM is >1,
tests with sediment-dwelling or soil organisms should be
considered an essential requirement for a refined effects
assessment.

In the EPM, it is assumed that the:

freshwater and marine sediment-dwelling organisms and
water column organisms (freshwater and marine, respec-
tively) are equally sensitive to the chemical; the same
assumption is made for soil organisms with respect to
freshwater organisms;

concentration of the substance in freshwater ormarine sediment,
pore water and sediment-dwelling organisms are at thermo-
dynamic equilibrium: the concentration in any of these phases
can be predicted using the appropriate partition coefficients:
the same assumption is made for soil compartment; and

freshwater, marine, or soil sediment–water partition coefficients
can either be measured or derived on the basis of a generic
partition method from separately measurable characteristics
of the sediment (soil) and the properties of the chemical.

The following equations are used to estimate the three PNECs:

PNECsed ¼ Ksusp-water
RHOsusp

� PNECwater � 1000 [1]

PNECmarine-sed ¼ Ksusp-water
RHOsusp

� PNECsaltwater � 1000 [2]
Ksoil-water
PNECsoil ¼
RHOsoil

� PNECwater � 1000 [3]

Explanation of symbols.
PNECsed
 Predicted no effect
concentration in freshwater
sediments
(mg kg�1 of wet
sediment)
PNECmarine-sed
 Predicted no effect
concentration in marine
sediments
(mg kg�1 of wet
sediment)
PNECsoil
 Predicted no effect
concentration in soil
(mg kg�1)
PNECwater
 Predicted no effect
concentration in water
(mg l�1)
PNECsaltwater
 Predicted no effect
concentration in salt
water
(mg l�1)
Ksusp-water
 Partition coefficient suspended
matter water
(m3m�3)
Ksoil-water
 Partition coefficient soil water
 (m3m�3)
RHOsusp
 Bulk density of wet suspended
matter
(kgm�3)
RHOsoil
 Bulk density of wet soil
 (kgm�3)
The equations only consider uptake via the water phase.
However, uptake may also occur via other exposure pathways
like ingestion of sediment (soil) and direct contact with
sediment (soil). This may become important for chemicals
showing higher values of log octanol–water partition coeffi-
cient (Kow). For these compounds, the total uptake may be
underestimated; for this reason the EPM is used in a modified
way for substances with log Kow> 5. In these cases, the
resulting RCR (PEC/PNEC ratio) is increased by a factor of 10
to take account of possible uptake via ingestion.
Refinement of PNEC Assessment (Higher Tier Effect
Assessment)

A refinement of the effect assessment (higher tier effect
assessment) can be performed for lowering the AFs used in
PNEC extrapolation. The most frequently used refinement
strategies in higher tier effect assessment procedures are the
model ecosystem approach (Table 2) and the species sensitivity
distribution (SSD) approach.

In the first approach, uncertainty about the ecological
effects of a chemical can be addressed by means of multispecies
toxicity (MST) tests. Nowadays, a number of experimental
approaches are available including indoor microcosms, outdoor
micro-/mesocosms, artificial streams or ponds, experimental
ditches, and enclosures. Thefirst two aremore frequentlyutilized.
The advantage of MST test consists in testing the effects of
a chemical on communities in semirealistic environments. The
MST tests present a number of advantages over single-species
toxicity tests such as the analysis of the effects at a higher level of
biological organization, including the interaction among species
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and indirect ecological effects. In other words, MST tests show
a higher degree of ecological realisms in comparison to single-
species toxicity tests. Furthermore,model ecosystems can be used
to study fate processes and how these affect bioavailability and
the levels of exposure for different species and their interactions.
Finally, MST tests give useful information to determine the
potential for populations and communities to recover after
exposure. On the converse, there are a number of limitations of
MST tests in comparison to single-species toxicity tests due to
higher costs and lack of standardization. The latter involves
a higher degree of variability in replication and intertest studies.
This frequently hampers the possibility to extrapolate the results
to different conditions.

Recently, to address concerns derived from the preliminary
effect assessments (first tier), a considerable attention has been-
paid to derive PNECvalues bymeans of probabilistic techniques,
such as the SSD approach. In an assemblage of a number of
different species, this approach evaluates the distribution of the
interspecies variability of sensitivity to a chemical, with respect to
a certain observable toxicological endpoint.

The inputs for SSD are LC50s or NOECs from a number of
representative species. In fact, if a sufficiently large toxicity data
set (preferably long-term tests) for different taxonomic groups
is available, a statistical extrapolation of PNEC can be done.

The main assumptions of the SSD method are the
following:

The distribution of species sensitivities follows a theoretical
distribution (triangular, log-normal, or log-logistic)
function;

The group of species tested in the laboratory is a random
sample of this distribution;

When dealing with chemicals with a specific mode of action,
a bimodal pattern of sensitivity distribution is observed for
nontarget and target species; in this case, it could be more
appropriate to use the target species distribution for the SSD
calculation.

In Figure 1, an example of cumulative SSD obtained for
propanol is reported. From this kind of curve it is possible to
derive the hazardous concentration for 5% (HC5), that is, the
5th percentile of the toxicity distribution. At this
Figure 1 Cumulative SSD for propanol, with toxicity data for different
species (dot) and the fitted SSD (line).
concentration, only 5% of the p species would be sensible to
the toxicant. On the contrary, the complementary value of p
indicates that 95% of the species would be protected.

The HC5, based on chronic toxicity distribution, may be
assumed as a trigger value for PNEC calculation that may
be derived by utilizing an appropriate AF as reported in the
following equation:

PNEC ¼ 5% SSD ð50% c:i:Þ
AF

; [4]

where

5% SSD ¼ hazardous concentration for 5% (HC5);
50% c.i. ¼ 50% confidence interval; and
AF ¼ Assessment Factor.

AF ranges between 5 and 1 and reflects the further uncertainties
identified. According to ECHA, the following points have to be
considered when determining the size of the AF:

The overall quality of the database and the endpoints covered,
e.g., if all the data are generated from ‘true’ chronic studies
(e.g., covering all sensitive life stages);

The diversity and representativity of the taxonomic groups
covered by the database, and the extent to which differences
in the life forms, feeding strategies, and trophic levels of the
organisms are represented;

Knowledge on presumed mode of action of the chemical
(covering also long-term exposure); details on justification
could be referenced from structurally similar substances with
established mode of action;

Statistical uncertainties around the fifth percentile estimate,
e.g., reflected in the goodness of fit or the size of confidence
interval around the fifth percentile, and consideration of
different levels of confidence;

Comparisons between the fifth percentile and mesocosm/field
studies, when available, to evaluate the laboratory to field
extrapolation.

Most of the above reported points are related to the
quantity and reliability of the toxicity data set. For instance,
ECHA suggests a minimal number of at least 10 chronic
toxicity data (preferably more than 15) for different species
covering at least 8 taxonomic groups to calculate PNECs.
Furthermore, it is important to consider the mode of action of
the chemical, in order to evaluate the need to include other
possible (sensitive) taxonomic groups or exclude possible
over-representation of certain taxonomic groups. However,
such a degree of data selection often is not possible because
of the limited amount of available toxicity data. On the
contrary, the lack of a sufficient number of ecotoxicological
data very frequently hampers the possibility to calculate
SSD curves.

Finally, an important aspect that could hamper the quality
of the obtained results is related to the presence of multiple
values for the same endpoint for one species. In this case,
a preselection of the data should be performed. This should
be done on a case-by-case basis trying to understand the
reasons of differences and selecting data with the highest
reliability. The undoubted advantage of the SSD methods
is that it derives a PNEC by using the whole sensitivity
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distribution of species in an ecosystem, instead of using AF on
one single (even if the lowest) long-term NOEC.
PNEC Assessment: The Use of Nontesting Methods

Independently, from the utilized procedure (deterministic or
probabilistic) it is necessary to outline the importance to
evaluate the available toxicity with regard to their adequacy
and completeness. The endpoints most frequently used for
PNEC derivations are obtained from single-species labora-
tory toxicity tests. However, in many cases data can also
be obtained by means of nontesting methods such as
quantitative structure–activity relationships (QSARs) or
quantitative ion character–activity relationships and quanti-
tative cationic–activity relationships models. It is out of the
scope of this article to go deeper into these arguments.
However, as an example of application of very simple QSAR
models, the equations proposed by the European Technical
Guidance Document (TGD) on risk assessment for narcotic
and polar narcotic chemicals are listed below.

Narcotics:
Algae
 log 96 h EC50 ¼ �1.00 log Kow � 1.23
Daphnia
 log 48 h EC50 ¼ �0.95 log Kow � 1.32
Fish
 log 96 h LC50 ¼ �0.85 log Kow � 1.39
Polar narcotics:
Daphnia
 log 48 h EC50 ¼ �056 log Kow � 2.79
Fish
 log 96 h LC50 ¼ �0.73 log Kow � 2.16
The equations are simply based on the hydrophobicity of the
chemicals, expressed by the Kow. EC50 and LC50 are expressed as
moles per liter.

The approach has proved to be enough reliable, at the end
as a preliminary screening level, for the PNEC derivation.
However, it requires a sound evidence of the narcotic or polar
narcotic nature of the chemicals under assessment.

Recently, complex and effective tools for toxicity prediction
have been developed (see for example QSAR Toolbox). The
use of more complex predictive models for deriving PNECs
requires careful evaluation on a case-by-case basis.

See also: The European Chemicals Agency; Ecotoxicology;
Wildlife; Environmental Risk Assessment, Aquatic;
Environmental Risk Assessment, Marine; Environmental Risk
Assessment, Pesticides and Biocides; Environmental Risk
Assessment, Terrestrial; Aquatic Mesocosms and Microcosms;
Multispecies Environmental Testing Designs; Risk Assessment,
Uncertainty; Risk Management; Species Sensitivity
Distributions; Toxicity Testing, Aquatic.
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l Name: Primidone
l Chemical Abstracts Services Registry Number: 125-33-7
l Synonyms: Primaclone, Hexamidinum, 2-Desoxy-

phenobarbital, 5-Ethylperhydro-5-phenylpyrimidine-
4,6-dione, Mysoline.R

l Molecular Formula: C12H14N2O2

l Chemical Structure:
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Background

Primidone is a desoxybarbiturate (congener of phenobarbital)
that was first marketed in Europe in the early 1950s (1954 in
the United States) for the treatment of refractory seizures, often
used in combination with phenobarbital or other anticonvul-
sants. Its use has been largely replaced by newer medications
such as carbamazepine and valproic acid.
Uses

An anticonvulsant, primidone is used in the treatment of
generalized tonic–clonic seizures and partial focal seizures. It is
often used in combination with phenytoin or carbamazepine.
Environmental Fate and Behavior

Primidone is an odorless, white, crystalline powder that is
sparingly soluble in water and organic solvents. The drug
should be protected from light and freezing, and decomposes
upon heating to form fumes of nitrous oxide. Pharmaceutical
preparations are available as 50 and 250mg tablets, in addition
to a 250 milligrams per 5 milliliter oral suspension.
Exposure Routes and Pathways

Ingestion is the route of exposure. Toxicity results from acute or
chronic overdose of tablets or oral suspension.
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Toxicokinetics

Following therapeutic doses, primidone is usually well absor-
bed (bioavailability ranges from 70 to 95%) with peak plasma
concentrations occurring in 3–6 h. Primidone is converted by
the liver to two metabolites: phenobarbital and phenyl-
ethylmalonamide (PEMA). Both metabolites are active and
phenobarbital is thought to be primarily responsible for pri-
midone’s anticonvulsant activity. Phenobarbital appears in the
blood 2–4 days after beginning primidone therapy. The volume
of distribution averages 0.6 l kg�1, but there is a lot of interin-
dividual variation (in all the kinetic parameters). Approximately
20%of primidone and PEMA are bound to plasma proteins, but
the binding of phenobarbital is about 50%. Primidone crosses
the placenta and is excreted in breast milk.

The majority of a dose is excreted in the urine as PEMA and
about 15% as phenobarbital. The plasma elimination half-lives
of primidone, PEMA, and phenobarbital are about 8–10, 24–
36, and 100 h, respectively. The metabolism of primidone is
enhanced with chronic therapy, with a reduced half-life of 4–
7 h. An elimination half-life of 6.2 h has been documented
following overdose.
Mechanism of Toxicity

Primidone and PEMA appear to have weak anticonvulsant
activity compared to that of phenobarbital. Both primidone
and phenobarbital contribute to central nervous system (CNS)
depression, probably through enhancement of gamma ami-
nobutyric acid (GABA) activity in the brain and resulting
decreased neuronal excitability. GABA is thought to inhibit
neurotransmission by activating chloride channels, thus
hyperpolarizing cell membranes.
Acute and Short-Term Toxicity

Animal

Acute poisoning in animals may cause lethargy, incoordina-
tion, loss of reflexes, coma, or respiratory depression. Treat-
ment is based on supportive care in consultation with
a veterinarian.
Human

Acute intoxication resembles barbiturate toxicity. Clinical effects
include dose-related CNS depression, nystagmus, ataxia, nausea
and vomiting, dizziness, vertigo and irritability. Doses in excess
of 1500 mg (twice the maximum recommended daily dose)
should be considered toxic. Less common are hypotension,
hypothermia, and dermal bullae. Encephalopathy has been
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00774-0
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observed in an epileptic patient with high plasma levels and
poor renal function. With plasma concentrations exceeding
366.56 umol l�1 (80mcgml�1), primidonemay precipitate and
cause crystalluria. Plasma levels>45.82umol l�1 (10mcgml�1)
are associated with toxic effects. The therapeutic range is
reportedly 22.91–45.82 umol l�1 (5–10mcgml�1), but clinical
effects correlate more closely with phenobarbital plasma levels.
Chronic Toxicity

Human

With chronic exposure, side effects may include rash, throm-
bocytopenia, leukopenia, and a lupuslike disorder. Chronic
therapy is likely to result in tolerance and withdrawal symp-
toms if primidone therapy is abruptly stopped.
Immunotoxicity

As described above, chronic exposure to primidone may induce
leukopenia in humans. No immunotoxicity data were identi-
fied for chronic exposure of animals to primidone.
Reproductive Toxicity

Primidone crosses the human placenta. Potential teratogenic
effects include craniofacial anomalies, bleeding, and intra-
uterine growth retardation. It is categorized by the US Food and
Drug Administration and the Australian Drug Evaluation
Committee as pregnancy category D. There is positive evidence
of human fetal risk, but the benefits from use in pregnant
women may be acceptable despite the risk (e.g., if the drug is
needed in a life-threatening situation or for a serious disease,
where safer drugs cannot be used or are ineffective). Neonatal
drug withdrawal can occur following maternal exposure during
pregnancy. Both primidone and phenobarbital can be detected
in breast milk during lactation, therefore breastfeeding is
generally not recommended.
Genotoxicity

The GENETOX record number for primidone (hexamidine) is
1153. Mutagenicity studies in mammalian erythrocytes and
bone marrow revealed chromosomal abnormalities via micro-
nuclear testing.
Carcinogenicity

Primidone was found to be a carcinogen in male rats but not in
female rats in a 2-year feed study. Primidone has induced
tumors in mouse livers and hepatocellular neoplasms in
female mice.
Clinical Management

The most important aspect of treatment for acute overdose
is airway maintenance and ventilation. Hypotension and
hypothermia should be corrected if present. Ipecac-induced
emesis should be avoided because of the potential for
rapid absorption and CNS depression, but decontamination
can be accomplished with oral activated charcoal. There are
no antidotes, and analeptic drugs are not indicated. Patients
with high plasma phenobarbital levels may be treated with
multiple oral doses of activated charcoal and/or urinary
alkalinization to enhance phenobarbital excretion. At ther-
apeutic levels, hemodialysis has been shown to increase
primidone clearance from 30 to 98 ml min�1. Phenobar-
bital is also removed by hemodialysis. Primidone, PEMA,
and phenobarbital can be removed by hemoperfusion.
There is no evidence that extracorporeal drug removal is
beneficial with respect to morbidity or mortality.

See also: Neurotoxicity; Barbiturates; Sedatives.
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Figure 1 Hierarchy of hazard ranking tools in risk decision making.
Reproduced from Pittinger, C.A., Brennan, T.H., Badger, D.A.,
Hakkinen, P.J., Fehrenbacher, M.C., 2003. Aligning chemical assess-
ment tools across the hazard–risk continuum. Risk Anal. 23, 529–535,
with permission from Blackwell Publishing.
Chemical hazard ranking plays an important role in protecting
public health and the environment. Understanding compara-
tive risk profiles early in product development allows for
directing resources to substances with better safety profiles.
For existing chemicals or products, hazard ranking and
screening tools allow for setting priorities in implementing risk
management strategies. Hazard ranking is playing an increasing
role as a tool in meeting or exceeding regulatory initiatives and
satisfying product stewardship goals (e.g., International Orga-
nization for Standardization 14 000, the chemical industry’s
Responsible Care� programs, ‘green certification programs,’
socially responsible investments, etc.).

In addition, regulatory initiatives such as the European
Union’s Registration, Evaluation and Authorization of Chem-
icals program, Canada’s Domestic Substances List, and the high
production volume chemical programs in the United States
and Europe are key drivers for the large-scale application of
hazard ranking and screening tools for safety and risk assess-
ment. Further, occupational and environmental hazard
communication methods being standardized under the Glob-
ally Harmonized System for the Classification and Labeling of
Chemicals have long required effective assessment and ranking
of hazards. Hazard ranking also provides a means for public
education about relative risks of chemical substances or activ-
ities. For example, the organization Environmental Defense
uses comparative hazard ranking tools as a part of its ‘Score-
card’ for providing information on the relative toxicity of
chemicals.

Literally, hundreds of hazard/risk databases, models, and
algorithms have been developed to address this need for
hazard ranking in risk and safety assessment. The available
tools are very diverse, having different scientific, geographical,
and chemical product focuses, as well as differing levels of
sophistication and transparency. For example, systems can be
found that rank environmental and health hazard for plastic
polymers based on chemical composition (Lithner et al., 2011)
or that rank engineered nanomaterials through use of a high-
throughput screening approach coupled with in vivo zebra
fish embryos.

In general, some systems evaluate toxicity based solely on
toxicity from single or several short-term exposures (often
referred to as acute toxicity); while other systems rely on more
comprehensive reviews of the toxicity including results from
longer-term chemical exposures. Some hazard ranking systems
include a detailed exposure assessment reflecting the fact that
exposure is needed before any toxicity might ensue, while
others include only minimal or no input for exposure poten-
tial. Some systems integrate toxicity information for both
ecology and human health, while others focus on only one of
these areas. In addition, many published approaches include
the consideration of toxicity or exposure information, but do
not weigh other considerations such as public or regulatory
agency risk perception that are critical factors in developing
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the overall risk profile for the chemical of interest. Because of
this diversity in approaches, in many cases, the outcomes of
such hazard assessments can vary considerably depending on
the tool that is used.

Several authors have provided comparative summaries of
hazard and risk ranking tools. One publication organized
examples of related hazard ranking tools according to a hier-
archy based on the complexity of hazard and risk assessment
decisions being supported. This relationship is shown in
Figure 1.

Ranking of chemicals is also not limited to the hazard, due
in part to the fact that environmental and health risks are not
fully understood for the plethora of manufactured novel
chemicals. In such cases, governments have developed ranking
on the basis of exposure, such as the US Environmental
Protection Agency’s ExpoCast program, where tools for rapid
chemical evaluation based on potential for exposure have been
developed (Mitchell et al., 2013). Another example of this is
Health Canada’s Domestic Substances List, where exposure
ranking is also developed in addition to hazard ranking (http://
www.hc-sc.gc.ca/ewh-semt/contaminants/existsub/categor/
index-eng.php). In both contexts, models are presented in
which chemicals are evaluated based on inherent chemical
properties and usage.

The diversity in some commonly used hazard ranking tools
and approaches is represented in the examples below. The
Further Reading and Relevant Websites sections include a more
comprehensive compilation of available approaches.

l The Domestic Substances List of Health Canada – involves
the categorization of the approximately 23 000 substances,
which will then undergo a screening assessment for poten-
tial risks to human health or the environment.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00612-6
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l Categorization base on acute toxicity potential – Hazardous
Materials Identification System (HMIS and HIMS III).

l Ranking based on qualitative exposure potential and long-
term toxicity assessment – Chemical Hazard Evaluation for
Management Strategies: A Method for Ranking and Scoring
Chemicals by Potential Human Health and Environmental
Impacts.

l Ranking based on regional and global exposure estimations
and qualitative human health and ecological toxicity assess-
ment – European Union Risk Ranking Method.

l Ranking based primarily on estimated and modeled expo-
sure and qualitative toxicity data – Use Clusters Scoring System
(UCSS).

l Recommendations for control strategies based on qualitative
exposure and toxicity information – Control of Substances
Hazardous to Health (COSHH).
See also: Hazard Identification; High Production Volume (HPV)
Chemicals; Risk Assessment, Ecological; Risk Assessment,
Human Health.
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l Name: Procainamide
l Chemical Abstracts Service Registry Number: 51-06-9
l Synonyms: 4-Amino-N-[2-(diethylamino)ethyl] benzamide

monohydrochloride, Amisalin, Novocamid, Procamide,
Procanbid, Procan-SR, Procapan, Pronestyl

l Pharmaceutical Class: Class Ia antiarrhythmic
l Molecular Formula: C13H21N3O
l Chemical Structure:

Background

Procainamide and its analogs were employed by Dr Claude
Beck in a series of cardiac surgeries during the early 1930s. The
compound was used to alleviate arrhythmias that present
during the procedures, and was selected for its favorable tissue
absorption properties. Procainamide’s central amide provides
it protection from inactivating esterase action and allows oral
administration of the compound. Procainamide was approved
for use in the United States in 1950.
Use

Procainamide is used in the management of atrial and
ventricular tachydysrhythmias.
Exposure Pathways

Reports of toxicity have occurred by both the oral and paren-
teral routes.
Toxicokinetics

The bioavailability from immediate release capsules ranges
from 50 to 95%. Peak concentrations are usually achieved in
1–2 h. Sustained-release formulations are designed to deliver
release of procainamide over 12 h. In an overdose, absorption
may be delayed, especially if sustained-release preparations are
involved. Procainamide’s volume of distribution (Vd) is
approximately 2 l kg�1. Protein binding is minimal at 15–25%.
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Procainamide is metabolized to its active metabolite N-acetyl
procainamide (NAPA). NAPA has a Vd of approximately
1.5 l kg�1 and is 10% protein bound. The elimination half-lives
of procainamide and NAPA are approximately 3 and 7 h,
respectively, and 50% of procainamide is eliminated
unchanged in the urine. The half-life of both procainamide and
NAPA is increased in renal failure.
Mechanism of Action and Toxicology

Procainamide is a class 1a antiarrhythmic that has a mecha-
nism that resembles quinidine by binding to the trans-
membrane Naþ channels and decreasing the number available
for depolarization. This creates a delay of Naþ entry into the
cardiac myocyte during phase 0 of depolarization. As a result,
the upslope of depolarization is slowed and the QRS complex
widens. Procainamide may also affect phase 3 of the action
potential, resulting in prolongation of repolarization and
manifesting as QTc prolongation on the electrocardiogram
(EKG). Unlike quinine, however, procainamide lacks alpha-
blocking activity and quinidine’s vagolytic ability.

Vasodilation associated with procainamide toxicity
(>10 mg ml�1) is due to interference with ganglionic trans-
mission of catecholamine neurotransmitters and/or central
nervous system (CNS) sympathetic inhibition. A reflex tachy-
cardia may occur in response to this vasodilation. Rapid
intravenous dosing of procainamide can be dangerous as its
initial Vd is less than its final; thus adverse myocardial effects
can often be seen as the initial ‘compartment’ and includes the
cardiovascular system. Myocardial complications can initially
be more pronounced. Procainamide may also have weak
anticholinergic effects that produce tachycardia. Negative
inotropic effects may occur in toxicity. The NAPA metabolite of
procainamide lacks Naþ channel blocking activity but still
retains blockade of the Kþ rectifier currents. It is therefore
pharmacologic, similar to a type III antidysrhythmic.
Acute and Short-Term Toxicity

Limited animal data are available. Procainamide has an oral
LD50 of 312 mg kg�1 in mice. Intravenous LD50s were deter-
mined of 95 and 103 mg kg�1 for rats and mice, respectively.
While seizure activity and CNS obtundation have been re-
ported, the primary toxicities observed with procainamide
are cardiovascular in nature. Initially, a tachycardia may occur
due to procainamide’s anticholinergic properties or as a reflex
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00775-2
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response to vasodilation. Cardiac conduction disturbances may
occur. On the EKG, these may be displayed as prolongation of
the QRS, QTc, and/or PR interval. Heart block, bradycardia,
and asystole have been reported. Procainamide can also cause
ventricular tachycardia, ventricular fibrillation, and torsades de
pointes. Severe hypotension due to decreases in cardiac output
and/or vasodilation may be seen.
Chronic Toxicity

No chronic, or long-term, toxicity studies have been performed
in animals. In humans, procainamide may induce a syndrome
similar to systemic lupus erythematosus. This syndrome
consists of arthralgias, myalgias, pleurisy, rash, fever, and
elevated nuclear antibodies. Patients who are slow acetylators
are at increased risk for developing this syndrome. While some
studies have reported that less than one in 500 on chronic
procainamide therapy have developed this syndrome, others
have reported this syndrome in up to 30% of patients on long-
term therapy. Other side effects with chronic use include
development of neutropenia, thrombocytopenia, hemolytic
anemia, agranulocytosis, liver failure, a myasthenia-like
syndrome, and psychosis with hallucinations.
Immunotoxicity

Procainamide side effects include patients developing neu-
tropenia and thrombocytopenia.
Reproductive Toxicity

Procainamide has not been studied in pregnant animals. Since
the compound is present in human breast milk, it has been
labeled as Category C pregnancy compound. Since the procai-
namide will be rapidly absorbed by a nursing infant, procaina-
mide should only be taken by themother if absolutely necessary.
Genotoxicity

Procainamide did not cause DNA damage in doses with a range
of 180–560 mM. Concentrations of procainamide up to 3.2 mM
were not mutagenic in cultured rat and human hepatocytes.
Clinical Management

All patients presenting with toxicity or potential toxicity
following ingestion of procainamide should be aggressively
managed. The patient’s airway should be patent and adequate
ventilation assured. If necessary, endotracheal tube intubation
should be performed. The initial treatment of hypotension
consists of intravenous fluids. Close monitoring of the
patient’s pulmonary exam should be performed to assure that
pulmonary edema does not develop as fluids are infused. The
health care providers should place the patient on continuous
cardiac monitoring with pulse oximetry and make frequent
neurological checks. Placement of a urinary catheter should be
considered early in the care of symptomatic patients to monitor
urinary output, as this is one of the best indicators of adequate
perfusion. In all patients with altered mental status, the
patient’s glucose should be checked. These patients should
receive a large bore peripheral intravenous line and all critically
ill patients should have a second line placed either peripherally
or centrally. If the patient is a potential candidate for an
intravenous pacemaker, a central line should preferentially be
placed in the right internal jugular.

Gastrointestinal decontamination should be considered
only after initial supportive care has been provided and airway
control has been assured. Activated charcoal (1 g kg�1) may be
administered. Because procainamide sustained-release prepa-
rations exist, multidose charcoal administration (1 g kg�1

first
dose and 1/2 g kg�1 every 4 h) should be considered along with
whole bowel irrigation (Golytely at 500 ml h�1 for children
and 2 l h�1 for adults). Syrup of ipecac should not be admin-
istered in the emergency department and is contraindicated
after overdose with the agents listed in this article due to the
potential for rapid clinical deterioration. Gastric lavage has not
been shown to change outcome after overdose of these agents
and can induce an unwanted vagal response.

The management of the Naþ channel blocking activity of
procainamide consists of administration sodium and/or alka-
losis. Infusion of sodium bicarbonate (SB) by either intermit-
tent bolus or by continuous infusion has been advocated.
The indications for SB infusion include a QRS duration of
>100 ms, persistent hypotension despite adequate hydration,
and dysrhythmias. Hypotension in the setting of a wide QRS
may necessitate the use of hypertonic saline, which can
simultaneously increase intracellular volume and enhancing
ionotropy by accelerating depolarization. Hyperventilation has
been shown to be effective in reversing sodium channel
blocking activity probably due to the respiratory alkalosis
induced. Some texts have advocated lidocaine as a therapy as it
is theorized that its fast acting pharmacokinetics may displace
the slower acting 1a antiarrhythmics. However, this has only
been minimally studied in animal models and definitive
evidence is lacking. Other class IA, IC antiarrhythmics, calcium
channel blockers, and beta antagonist should be avoided due
to their propensity to exacerbate an already stressed conduction
system leading to decreased cardiac output.

If prolongation of the QT interval occurs, therapy should
focus on immediate correction of any coexisting hypoxia or
electrolyte abnormalities. Intravenous magnesium sulfate is an
effective and benign intervention to suppress occurrence of
dysrhythmias associated with QT prolongation, even though
Mg2þ does not typically result in shortening of the interval
itself.

In patients with intermittent runs of torsades not responsive
to magnesium therapy, electrical overdrive pacing should be
considered. Pacing at rates up to 100–120 beats per minute
is often effective at terminating torsades de pointes. In the
presence of a nonperfusing rhythm, such as ventricular fibril-
lation, pulseless ventricular tachycardia, or torsades de pointes,
unsynchronized electrical defibrillation should be performed.

Hypotension not responsive to intravenous fluids should be
managed with vasopressors such as dopamine, norepineph-
rine, epinephrine, and/or phenylephrine. If seizures occur,
benzodiazepines should be administered. Due to their
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pharmacokinetic characteristics, moderate Vd, and low protein
binding, procainamide and NAPA may be removed via
hemodialysis and hemoperfusion. Both procainamide and
NAPA serum concentrations should be obtained. Normal
therapeutic ranges are: procainamide, 3–14 mg ml�1; NAPA,
12–35 mg ml�1. Severe toxicity from both procainamide and
NAPA occurs at greater than 60 mg ml�1. Measurement of
electrolytes, renal function tests, and arterial blood gases
should also be obtained.
See also: Poisoning Emergencies in Humans.
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l Name: Progesterone and progestin mimics: 1. Progesterone;
2. Norethindrone; 3. Levonorgestrel; 4. Medroxyprogester-
one; 5. Mifepristone

l Chemical Abstracts Service Registry Numbers: 1. Proges-
terone (RN: 57-83-0); 2. Norethindrone (RN: 68-22-4);
3. Levonorgestrel (RN: 797-63-7); 4. Medroxyprogesterone
(RN: 520-85-4); 5. Mifepristone (RN: 84371-65-3)

l Synonyms: 1. Progesterone: Pregn-4-ene-3,20-dione;
2.Norethindrone: 19-Nor-17-alpha-pregn-4-en-20-yn-3-one,
17-hydroxy-; 3. Levonorgestrel: 18,19-Dinor-17-alpha-pregn-
4-en-20-yn-3-one, 13-ethyl-17-hydroxy-; Plan B; 4. Medrox-
yprogesterone: Pregn-4-ene-3,20-dione, 17-hydroxy-6-alpha-
methyl-; Depo-Provera; 5. Mifepristone: 11beta-(p-(Dime-
thylamino)phenyl)-17beta-hydroxy-17-(1-propynyl)estra-
4,9-dien-3-one; RU486

l Molecular Formulas: 1. C21H30O2; 2. C20H26O2; 3.
C21H28O2; 4. C22H32O3; 5. C29H35NO2

l Chemical Structures:
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Background

In addition to aiding in the preparation of the endometrium
for implantation and preventing uterine contractions, proges-
terone plays a role in a wide variety of physiological processes
including egg and sperm maturation, sexual receptiveness, and
production of estrogen. It is synthesized primarily in the ovary
and in the placenta during pregnancy in a pathway beginning
with the formation of pregnenolone from cholesterol, which is
the precursor molecule to all classes of the steroid hormones.
Its action, mediated by progesterone receptor (PR) proteins, is
essential for the establishment and maintenance of pregnancy
as well as by regulating menstrual bleeding, tissue repair, and
inflammation. It also plays a major role in mammogenesis and
lactation. Numerous compounds that mimic the activities of
native progesterone have been synthesized for clinical use in
reproductive medicine, treatment of inflammation, and cancer
therapy. In addition, some progestin mimics (e.g., promege-
stone (R5020) and iodovinylnortestosterone (IVNT)) have
been used as ligands in clinical assays of PR in human breast,
endometrial, and ovarian cancers.

Progesterone, the naturally occurring hormone, binds to
cell-free preparations of human PR with an affinity equated to
Kd values of 10�9

–10�10 M. Relative binding affinities (RBAs)
of norgestimate and levonorgestrel (a metabolite of norgesti-
mate) were determined using recombinant human PR and PR
obtained from human uterus. Norgestimate was determined to
bind to recombinant PR at a level that is 3% of that exhibited
by progesterone, while levonorgestrel bound at 143%, indi-
cating its significant potential to induce progestomimetic
effects. Norgestimate bound to uterine PR at a level that was 9%
of that of progesterone, while levonorgestrel bound at 125%.
Mifepristone, approved for early–term abortions in certain
European Union countries, exhibited an RBA of 233%
compared to that determined for native progesterone using
a human uterine PR preparation. R5020 and IVNT, used as
radiolabeled ligands in clinical assays of PR in human breast
cancer, bind with Kd values in the range or greater than that of
native progesterone. The advantage in these assays is that
neither R5020 nor IVNT are not recognized by glucocorticoid
receptors.
Uses

Progesterone or a progestin mimic is utilized frequently with
an estrogen or estrogen mimic in hormone replacement
therapy regimens for postmenopausal women. However,
a progestin-only pill (e.g., norethindrone or levonorgestrel) is
available for contraception, usually for women with contrain-
dications to estrogens, breast-feeding mothers, and older
patients. Progesterone action prevents abnormal thickening of
the endometrium and decreases the risk of developing uterine
cancer. It is also prescribed as an injectable (medrox-
yprogesterone acetate – Depo-Provera) method of contracep-
tion for women with contraindications to estrogen, for patients
with poor compliance, or those using antiepileptics. Progestins
(e.g., levonorgestrel) are also utilized in emergency contracep-
tion or for early term abortions (e.g., mifepristone). The
latter compound, mifepristone; RU38.486 (RU486), and
onapristone; ZK 98.299 (ZK299) are considered antiprogestins.
In addition, some progestin mimics that appear to be agonists
(e.g., R5020, IVNT, synthetic protestin receptor ligand (ORG
2058)) have been used as ligands in clinical assays of PR in
human breast, endometrial, and ovarian cancers.
Environmental Fate and Behavior

Progesterone and its mimics are metabolized in vivo in the liver
of mammals and humans, principally by reduction and
hydroxylation. The metabolites, such as pregnanediol and
pregnenolone, are conjugated to glucuronides and sulfates
prior to excretion. Similar pathways of conjugation have rarely
been detected for the synthetic progestins. They appear to be
metabolized to agents, many of which retain progestomimetic
activities. Hence, there is a concern of release into the envi-
ronment, particularly groundwater.
Exposure and Exposure Monitoring

Progesterone is produced in the ovaries (in the corpus luteum
after ovulation) and in the adrenal glands. The plasma
concentration of progesterone during the follicular phase of the
menstrual cycle is 3.0 nmol l�1. During the luteal phase, the
concentration in the plasma increases to a level as great as
36 nmol l�1. In the absence of pregnancy, progesterone levels
decline as the corpus luteum regresses during the late secretory
phase at the beginning of menstruation. The declining
progesterone levels allow for the endometrial production of
matrix metalloproteases, which breakdown the extracellular
matrix and initiate menstruation.

During pregnancy, the initial source of progesterone is the
corpus luteum that has been ‘rescued’ by the presence of
human chorionic gonadotropins from the conceptus. During
the ninth week of pregnancy, production of progesterone shifts
to the placenta. During pregnancy, increasing amounts of
progesterone are produced in the placenta. The placenta
utilizes maternal cholesterol as the initial substrate, and most
of the progesterone synthesized enters the maternal circulation.
Since the maternal and fetal circulations are connected by the
placenta, progesterone may enter the fetal circulation, where it
is used as a substrate for fetal corticosteroid formation. High
levels of progesterone secreted by the placenta throughout
pregnancy are critical to maintain the myometrium in a quies-
cent state. At term, the placenta produces about 250 mg of
progesterone per day.

Progesterone also shares a role in mammogenesis with
estrogens, prolactin, and certain glucocorticoids, which
promote differentiation and proliferation of the lobuloa veolar
structures. In addition, progesterone and its receptor proteins
appear to be intimately involved in the development and
progression of certain types of breast carcinomas. These find-
ings may relate to the molecular basis for the relationship
between PR appearance in breast cancer and a patient’s
increased likelihood of response to drugs that mimic progestins
(e.g., medoxyprogesterone acetate (MPA), Megace�).

Progesterone is also found in certain milk products. This
appears to be directly related to the fact that in dairy farms cows
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are milked during pregnancy, when the progesterone content of
the milk is high. After consumption of milk products, the level
of bioavailable progesterone increases, where it may be stored
in adipose tissue.

In addition to physiological production of progesterone, it
is utilized as an oral drug in combination with an estrogen as
part of many hormone replacement therapy regimens for peri-
and postmenopausal women. It is prescribed in pill form
(norethindrone or levonorgestrel) or an injectable form
(medroxyprogesterone acetate), and as a method of progestin-
only contraception for women with contraindications to
estrogen, breast-feeding mothers, and older women. Proges-
tins, such as levonorgestrel, are also utilized in emergency
contraception or for early–term abortions (e.g., mifepristone).
Researchers working with various progestin mimics may be
exposed as a result of aerosols or skin contact.
Toxicokinetics

Progesterone is synthesized in a pathway beginning with
cholesterol’s side chain cleavage to form pregnenolone, which
is the precursor molecule to the steroid hormones. The enzyme
3b-hydroxysteroid dehydrogenase converts pregnenolone to
progesterone. Progesterone has a long plasma half-life due to
its association with albumin and specialized serum proteins
(e.g., corticosteroid-binding globulin (CBG)). Removal of
progesterone from the circulation is due to metabolism (e.g.,
pregnanediol and pregnenolone) and its conjugation to
glucuronides and sulfates that are excreted in the urine.
Synthetic progestin mimics appear to be readily modified in
vivo by a two-step demethylation and by hydroxylation reac-
tions from studies with cell cultures and experimental animals.
Furthermore, monodemethylated, dimethylated, and hydrox-
ylated nondemethylated metabolites of RU486 have been
detected in the circulation of normal women. It is reported that
RU486 has a plasma half-life of greater than 24 h.

Progesterone binds to the PR and regulates multiple
signaling pathways through PR-dependent translational activ-
ities. Two isoforms of the PR, progesterone receptor-a (PRA),
and progesterone receptor-b (PRB), arise from alternative
promoters located on the same gene (PGR) resulting in PRB
containing 164 amino acids at the N-terminus (comprising an
activation function domain, AF-3) that is not present in PRA.
All downstream sequences are identical in PRA and PRB,
including a DNA-binding domain, ligand-binding domain,
and AF-1 and AF-2 domains. PRA appears to be the receptor
isoform largely responsible for progesterone activity in the
uterus, while PRB is reported to exhibit greater proliferative
effects on the breast. A third isoform, progesterone receptor-c
(PRC), has been described as anN-terminally truncated form of
PRA and PRB that is suggested to have importance in parturi-
tion. Among the synthetic progestin mimics described, onap-
ristone and RU486 exhibit antiprogestin action, while R5020,
IVNT, and ORG 2058 are reported to act as agonists in a variety
of experimental animal models and in cell culture.

After ligand binding and release of heat shock proteins, the
PR–ligand complex forms dimers (homodimers and hetero-
dimers) in the nucleus that bind to progesterone–response
elements (PREs) in the 50-flanking regions of responsive genes.
Comodulators and basal transcription factors are recruited with
the DNA-dependent RNA polymerase II to initiate transcription
of target genes. In addition to the nuclear effects of PR,
progestins can rapidly activate Src/Ras/MAPK, PI3K/Akt, and
JAK2/STAT3 signaling pathways in breast cancer andmammary
tissue. Hence, exposure to progestin mimics may significantly
alter a range of physiological networks.
Mechanism of Toxicity

To initiate toxic effects of progestins and their mimics, tissue
absorption, serum transport either protein-bound or in the
unbound state, metabolism, and affinity for the various
progestin receptor proteins must be considered. In vivo, natu-
rally occurring progestins transform the proliferative endome-
trium into a secretory state in its role in the menstrual cycle.
Additionally, progestins increase the success of implantation
during pregnancy. High levels of progesterone secreted by the
placenta throughout pregnancy are critical to maintain the
myometrium in a quiescent state. Abnormal levels of proges-
tins or their mimics binding to the progestin receptors, and
subsequently to PRE sequences in the 50-flanking regions of
target genes (e.g., BMP2, p53, Hox-A10, etc.) may lead to
altered transcription. This increase in target gene products has
been associated with certain symptoms or phenotypes associ-
ated with endocrine disruption.

Synthetic progestins act principally through the PR, although
there is growing evidence of additional influences on other
members of the nuclear receptor family. Due to their potential
interactions with this wide variety of receptors, progestin mimics
may have diverse hormonal-like effects, resulting in endocrine
disruption. It is this very principle that has been exploited in the
development of progestomimetic drugs.
Acute and Short-Term Toxicity

The major side effect of progestin-only contraceptive pills is
breakthrough bleeding (40–60%), while other side effects
include acne and persistent ovarian cysts. The major side effect
of injectable progestin contraceptives is breakthrough bleeding
(50–70%) in the first year of use, and other side effects include
weight gain, dizziness, abdominal discomfort, anxiety, and
depression. Another effect of the injectable contraceptives is
a delay in fertility upon discontinued use and possible devel-
opment of osteopenia. Elevated progesterone concentrations
have been associated with increased risk of blood clots, stroke,
and breast cancer. Contraindications include suspected cancer
of the breast or reproductive organs, liver disease or dysfunc-
tion, and thromboembolic problems. Reports suggest that
progestins should be avoided during pregnancy and only
administered under strict supervision of a physician. Since
certain progestin preparations contain peanut oil, consultation
with a physician is recommended prior to use.

Progesterone and several progestin mimics such as R5020,
ORG 2058, and IVNT act as agonists in studies using cell
culture models of reproductive tissues (e.g., endometrial and
breast cells). The synthetic agents may exhibit certain anti-
progestin activities when used in supraphysiological levels, but
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there appears to controversy in the relationship of the results in
vitro with those from studies in vivo. Likewise, RU486 and
ZK299 are reported to exhibit antiprogesterone activities using
cell cultures and experimental animal models.
Ecotoxicology

Studies of the effects of the pharmaceuticals in groundwater
have identified the progestin levonorgestrel in the blood
plasma of rainbow trout at concentrations of 8.5–23 ng ml�1

after exposure to sewage effluents from various sites, thus
exceeding the human therapeutic level by fourfold. These
results suggest that environmental exposure to synthetic
progestins may cause pharmacological effects, such as reduced
fertility, as reported in fish located downstream of some sewage
treatment facilities.

In an effort to understand the acute and chronic toxicity of
pharmaceutical progestins in groundwater, the crustacean
Daphnia magna was utilized as a representative model of
a primary consumer of a freshwater ecosystem. After 48 h of
exposure to 2.5 mg l�1 of levonorgestrel, 30% mortality was
observed. After 96 h, an LC50 of 1.66 mg l�1 was calculated for
the acute toxicity to D. magna. Chronic exposure to levo-
norgestrel significantly reduced reproduction and growth of
D. magna.

A majority of the emphasis on environmental contamina-
tion by hormonelike substances has been focused on estrogen
mimics and to a lesser extent on androgen mimics (e.g., 2002
and 2011 ICCVAM reports). With advances in detection tech-
nologies and in silicomodeling of ligand-binding data as well as
genomics and proteomics approaches, the prediction of other
compounds with a wide range of hormonelike activities and
endocrine disruptor potential will stimulate a new generation
of toxicology studies.

See also: Androgens; Corticosteroids; Estrogens I: Estrogens
and Their Conjugates; Reproductive System, Female; Toxicity
Testing, Reproductive.
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l Name: Prometryn
l Chemical Abstracts Service Registry Number: 7287-19-6
l Other registry numbers:
l US EPA Reg. No.: 9779-297
l US EPA Chemical code: 080805
l CA DPR Chem Code: 00502
l EC Number: 230-711-3
l CIPAC Number: 93
l HSDN: 4060
l Synonym: Prometryne, Prometrina (spa., ital.), Prometrin
l Trade names include Caparol, Caparol 80W, Cotton-Pro,

G 34161, Gesagard, Gesagard 50, Gesagard 500, HSDB
4060,Mercasin, Mercazin, Merkazin, NSC 163049, Prohelan-
T, Prometrex, Prometrex 50 SC, Polisin, Primatol, PrimatolQ,
Promepin, Selektin, Sesagard, Uvon

l Chemical name: N2,N4-di-isopropyl-6-methylthio-1,3,5-
triazine-2,4-diamine (IUPAC)

l Chemical name synonyms (various chemical name synonyms
in trade): N,N’-bis (1-methylethyl)-6-(methylthio)-1,3,5-
triazine-2,4-diamine, 2-methylthio-4,6-bis (isopropylamino)-
S-triazine, N,N’-diisopropyl-6-methylthio-1,3,5-triazine-2,4-
diyldiamine, N,N’-Bis(1-methylethyl)-6-(methylthio)-1,3,5-
triazine-2,4-diamine, 2,4-bis (isoproplamino)-6-(methyl
thio)-S-triazine, 2,4-bis (isopropilamino)-6-methylmercapto-
S-triazine

l Molecular Formula: C10H19N5S
l Chemical Structure:
Background

Prometryn (belongs to the chemical class of sulfur-substituted
triazine or thiomethyl herbicides or thio-S(symmetrical)-
triazines. Prometryn is commercially available from 1964 (in
the United States first), 6 years after the first commercial use of
first chloro-S-triazines (atrazin, simazin), 8 years after the first
experimental use of atrazin, and 12 years after the discovery of
herbicidal properties of S-triazines by Geigy Ltd. in Basel,
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Switzerland. It is synthesized by successive N-alkylations of
cyanuric acid with the addition of thiomethyl group by
mercaptan.

Triazines, and concordantly prometryn, were the most
applied herbicides throughout the world in the second half of
the twentieth century for their presumably low toxicity and
relatively low environmental persistency. Prometryn was
among 350 most used food pesticides in United States (Envi-
ronmental Protection Agency (EPA) List A). However, signifi-
cant evidence was gathered that S-triazines are groundwater
contaminants with diverse toxic properties (genotoxic, endo-
crine disrupting, and immunotoxic). This resulted in the
restricted use of atrazine and chloro-S-triazines and finally led
to their complete ban in many countries. It was believed that
methylthio-S-triazines (prometryn) were less toxic but some
countries also banned prometryn together with other triazine
herbicides (European Union (EU) by the European Commis-
sion in 2007). Some other European (nonmember EU) coun-
tries followed the ban in 2007 although it is still extensively
used globally in other countries. In 2006, there were at least 11
bigmanufacturers registered inChina, 7 in theUSA, 2 in Taiwan
and India, and at least 1 big manufacturer in Switzerland,
Israel, Italy, and Canada. Even though banned in European
countries, large areas of Asia, Africa, Australia and Pacific
region, Canada, China, India, and United States are still treated
with this herbicide. Large quantities are still being produced; for
example, in 2010 one single manufacturer in China produced
20 000 tons of prometryn.
Uses

Prometryn is used as a pre- and postemergent agricultural
herbicide (0.5–3.5 kg ha�1) for the control of annual broadleaf
and grass weeds in crops such as corn, dill, carrots, parsley,
peanuts, cotton sugarcane, tea, soybean, fruit, potato, pigeon
peas, alfalfa, rice, forestry, and the gardens of nursery. It has
considerable contact activity with targeted weeds (Chenopo-
dium, Ipomoea, Amaranthus, Sida, Setaria, Eleusine, and many
grass species). Seeds and roots are not usually affected within
the normal treatment dosages.
Environmental Behavior, Fate, Routes, and Pathways

Prometryn is an odorless, nonexplosive, noncorrosive, moder-
ately volatilewhitepowder (molecularweight: 241.356 gmol�1),
stabile for up to 5 or more years if stored under normal temper-
ature andhumidity conditions in dark before application, and can
be hydrolyzed bywarm acids and alkalis. It is mixed in numerous
formulations containing from 5 to 90% of pure prometryn.
Technical prometryn is of 97% purity.

After application, prometryn has very high to slight mobility
in soil. Volatilization from the surface of moist soils may be
4-3.00533-9 1077
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significant and greater than from dry soil (Henry law constant
¼ 2.75� 10�07 at 20 �C and 1.20� 10�03 at 25 �C; vapor
pressure: 0.133 mpa at 20 �C). Soil adsorption coefficient
depends (positively correlated) on a combination of organic
matter content, pH, sorption complex saturation, and salinity.
Soil adsorption coefficient (Koc) is 300–400 at pH 7 and rises
with lower pH. It binds not only to humic and organic matter
but also to clay in soils. Prometryn usually remains in the top
30-cm of soil, but there are records of mobilization to deeper
anaerobic parts of soil. Average soil half-life (abiotic degrada-
tion) in shallow aerobic soil parts is up to 274 days and in
anaerobic soil parts, half-life is recorded up to 316 days.
However, the presence of microrganisms and biotic degradation
shortens half-life. Prometryn is decomposed by soil microor-
ganisms within 2–3 months after application but there are
records of soil persistency up to 120 days depending on the ratio
of biotic degradation. Experiments showed that fungi play
a minor role in degradation. Soil bacteria play a major role in
degradation and are responsible for oxidation to sulfoxide and
sulfone and N-dealkylation that leaves intact triazine ring in soil
longer than 3months that decompose in other ways (photolysis,
hydrolysis, etc.). Degradation residues in soil are hydrox-
ypropazine, 2,4-bis(isopropylamino)-6-hydroxy-S-triazine, and
2-methylthio-4-amino-6-isopropylamino-S-triazine.

Prometryn has low water solubility (33 mg l�1 at 20 �C,
Kow log P¼ 3.1) as water solvent forms a weak base (pKa¼ 4.1,
pKb¼ 9.95 at 25 �C). In water, average hydrolysis half-life is
28 days but there are records from lake, river, and ground water
where prometryn was persistent up to 70 days depending on
physical–chemical properties, pH, and organic components. It
is usually stable to hydrolysis at 20 �C in neutral, slightly acidic,
or slightly alkaline water. In waters, it can bind to suspended
solids (especially organic) or sediment. Half-life is longer in
alkaline than in acid media (52, 78, and 80 days at pH of 4, 6,
and 8, respectively). Long-range transport is through ground-
water and rivers, periodically by air. It is an air contaminant
(vapor andmicroparticles) near application or production sites,
but since it absorbs wavelengths>290 nm and is degradable by
light and ultraviolet irradiation, parts of it degrade in air. Pho-
todegradation half-life in seawater is between 55 and 70 days.
Exposure and Exposure Monitoring

As mentioned above in routes and pathways, the sources of
prometryn are production and application sites. During late
1980s and 1990s, up to 0.5 mg l�1 in many surface waters in the
UnitedStates,Germany, Japan, Spain, Italy,Greece, andAustralia
were measured. Moderate persistency allows that significant
amounts are dispersed through rivers, groundwater reaching
deltas, and coastal sea areas as for example recorded in
Netherlands and Germany (Weser delta, Rhein, Elbe etc.). In
Australia, together with other herbicides (atrazine, endosulfan,
pronofos, etc.), significant traces were found in soil and water of
mangrove of Queensland and some authors claim that, among
other factors, prometryn is responsible for mangrove dieback.
Bioconcentration in aquatic organisms is moderate as, for
example, in freshwater fish (bluegill, rainbow trout) where
prometryn concentration was observed to be 9–10 times the
ambient water concentration. Zebra mussels and eels from the
Rhine–Meuse river delta in the Netherlands contained up to
0.5 mg kg�1.During 1996 concentrationsof up to3300ng/kgww
were found in the German Wadden Sea sediments.

When transported through air, it is not persistent or trans-
ferred for long while it is quickly deposited as dry dusty powder
or with rain. It can be detected sporadically in rain samples in
some areas of Europe; for example, rain samples in Paris in 1991
contained up to 25ng l�1 and on fewoccasions in different parts
of Greece (1997–98, Axios River Basin withmean concentration
of 0.28 mg l�1 giving an annual deposition of 30.5 mg m�2).

Routes of human exposure are through contaminated food
andwater and inmixers, loaders, applicators, andfieldworkers by
inhalation, dermal, and eye contact. There is a single report (2008,
Slovenia) on suicide attempt by intentional ingestion of prome-
tryn formulation with alcohol. Accidental acute oral poisonings
have never been documented. According to published sources, in
at least one European city, prometryn residues were found in
drinkingwater (0.5 mg l�1, Ljubljana in2005). Sporadically, traces
can be found in root vegetables (low risk) ormilk (experimental).
Although Kow logP value imply that it is a lipophyllic molecule
readily distributed toxicokinetically in lipid-rich tissues (or milk),
due to toxicokinetic and biotransformation, it is moderately or
poorly bioaccumulated in animals. Root vegetables may accu-
mulate prometryn but residues are seldom found in plants of
consumption in which concentrations rarely exceed 0.1 ppm if
normal doses are applied (up to 3 kg ha�1). Carrots moderately
accumulate prometryn (at least 10 studies report concentrations
from 0.02 to 0.15 mg kg�1 in soils treated with 1.5–3 kg ha�1).
Potatoes, beets, and onions were reported to accumulate prome-
tryn in low but detectable concentrations. For example,
0–0.08 mg kg�1 of prometryn was recorded in potatoes grown in
soil that contained 0.01–0.64 mg kg�1 prometryn in one study,
but in Ontario survey (from 1983 to 1985), no prometryn was
detected. Processing of vegetables with residual prometryn
(cutting, cleaning, cooking) reduces the concentrations by 75–
100%. Medical and spice plants (Matricaria chamomilla, Mentha
piperita, Thymus vulgaris) may accumulate up to 0.02 ppm grown
on soil treated with 0.8–1 kg ha�1. Plants, such as tomato,
eggplant, grapes, carrots, peaches, etc., had altered concentrations
of micro- and oligoelements (Fe, Cu, Al, Mo, Zn, Se, etc.)
depending on species and soil treatment, even though no accu-
mulated prometrynwas detected.Other data onbioaccumulation
in animals are scarce, probably because it is extensively excreted.
Toxicokinetics

After oral ingestion within 1 h, peak concentration is detected
in blood of exposed animals (rat, mice). The percentage of
absorbed prometryn is relatively low in contrast to the entry
dose. Only 1.2–1.9% from the original dose is distributed in
blood, and after 1–2 h, it quickly declines. Prometryn is
extensively metabolized within first 4–8 h. Up to 48 h,
90–98% of orally administrated prometryn dose is excreted in
urine (46.5–53.3%) or feces (33.1–45.5%). In female, it is
eliminated faster than in males (mice); 2% of the parent
material can be found in the urine/feces and the rest are bio-
transformational products. Within 48–72 h, approximately
30 metabolites can be detected (rat). Phase I includes flavin
adenine dinucleotide and cytochrome P-450 monooxygenases
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in the processes of N-demethylation, S-oxidation, S–S dimer-
ization, and OH-substitution with NH2 and SCH3. Phase II
involves conjugation with gluthation and glucuronic acid.
Majority of urine-excreted prometryn is in the form of mer-
capturic acid (cysteine conjugates). Approximately, 0.4–0.6%
of the applied dose is found in tissues (fat tissue > muscle >

kidney > liver) as short-term deposition up to 7 days. Other
studies consider blood > spleen > lungs as significant organs
for distribution. Prometryn can reach brain tissue (mice) in
detectable concentrations. Compared to oral absorption,
percutaneous absorption is relatively high, with 7–15% of the
material applied to skin being absorbed (rat).
Mechanism of Action

In target plants, prometryn inhibits the electron transport at the
photosystem II receptor site (Hills reaction) in photosynthesis
and oxidative phosphorilation. Plants affected by prometryn at
first develop yellow leaf edges and interveinal chlorosis
(pronounced on older foliage and to a lesser extent on younger
leaves). Thisdevelops into further chlorosis, browningof leaf tips,
leaf necrosis, and death. Prometryn affects carbohydrate metab-
olismandmay cause lower sugar concentrations in treatedplants.

In nontarget organisms (animals, humans), exact mecha-
nisms are unknown, but possibly affect the tricarboxylic acid
cycle and inhibits oxidative phosphorylation.
Acute and Short-Term Toxicity

Acute LD of oral, dermal, and inhalation toxicity are high. In
mice, documented oral LD50 is 2138–3750 mg kg�1. In rat,
majority of studies report oral LD50 between 2150 and
3750 mg kg�1, but even lower LD50 doses of 1800 mg kg�1 for
males and 2076 mg kg�1 for females were reported. These
differences depend on rat age and strain. Males are more sensi-
tive to prometryn and similar difference in sensitivity was noted
in mice. The dermal LD50 in the rat is >3170 mg kg�1 and 4-h
inhalation LC50 is 4.96 mg kg�1. It is a mild eye and slight
dermal irritant to rabbits but not a dermal sensitizer in guinea
pigs, rats, mice, and dogs. Acute poisoning in animals (rat, mice,
rabbit, dog) results in weakness, ataxia, salivation, pawing
motions, respiratory depression, muscle weakness, semi-
prostration, leucocytosis, methemoglobinemia, hyperglycemia,
hypokalemia, elevated levels of serum aspartate transaminase,
alanine transaminase, lactic dehydrogenase, creatine phospho-
kinase, and high anion gap metabolic acidosis, increased body
temperature, severe diarrhea, respiratory distress, hepatic and
renal injury, and finally death in lethal doses.

Prometryn is regarded as a low hazard chemical or low toxic
acute lethal potential for mammals and thus has been catego-
rized in toxicity categories III and IV. It is not considered to be
eye or dermal sensitizer except in very high doses.

In humans, prometryn has low acute toxicity. It was reported
that after deliberate ingestion of 735 mg kg�1, the dose was not
lethal. Two hours after ingestion, serum prometryn concentra-
tions was 48.1 mg l�1. Acute poisoning in human included
nausea and sore throat, caused depressed consciousness,
gastrointestinal symptoms with vomiting followed by hypoka-
lemia, elevated pyruvate and lactate levels, and high anion gap
metabolic acidosis (pH 7.24) that become pronounced 4 h after
ingestion. Seven hours after ingestion, laboratory tests showed
more pronounced metabolic acidosis (anion gap of
47.5 mmol l�1 and lactate of 23.4 mmol l�1). Hemodialysis
normalized serum pH (pH ¼ 7.4) but as a result of pH change,
prometryn concentration in serum increased to 67.7 mg l�1,
indicating that in physiological alcalosis the compound
becomes more lipophilic and shifts deeper into tissues.
Chronic Toxicity

Target organs in animals identified through chronic toxicity
animal studies include the liver, kidneys, bone marrow, blood
cells, reproductive physiology, and DNA integrity; thus, it is sus-
pected to be immunotoxic, endocrine disrupting, and genotoxic
by long-term exposure. Prometryn in the diet of rats
(80 mg kg�1 bw per day for 104 weeks) and Beagle dogs
(37.5 mg kg�1 bw per day for 106 weeks) was nephrotoxic. In
another study, rats (37.5 mg kg�1 bw per day) and dogs
(4 mg kg�1 bw per day) fed over a 2-year period did not show
observable gross or microscopic signs of systemic toxicity. In
a 21-day dermal toxicity study with rabbits, no local or systemic
toxicity was observed at doses up to 1000 mg kg�1 bw per day.
No informationwas found relating to chronic toxicity inhumans.
Immunotoxicity

Orally applied prometryn induced early apoptotic changes in
lymph nodes and thymus and has caused increase in DNA
damage in thymus splenocytes were less prone but lymph node
cells were exceedingly affected. Reduction of prothrombic index,
hipochromic anemia, morphological changes in blood cells, and
leucocitosis due to increase in neutrophile, basophil, and eosin-
ophil number in rat were noted in few different feeding studies
of with dose of 50 mg kg�1 bw per day for 3, 4, and 6 months.
Similar changes occurred in mice in 28-day studies (185–
555 mg kg�1 bw applied orally every 48 h). Allergenic assays
were not investigated thoroughly and literature data are scarce.
Reproductive Toxicity and Developmental Toxicity

Prometryn is on the EU list of endocrine disruptors and US
Toxics Release Inventory (TRI) lists as developmental and
reproductive disruptor. In insects (Pterostichus cupreus, Pter-
ostichus melanarius, and Agonum dorsale), prometryn causes
impairment of oogenesis. Degenerative changes in develop-
ment of brain, operculum, liver, and growth of tadpoles (Rana
temporaria) were reported. Tests of embryonic survival in
chicken and rat did not show lethal potential. However, post-
natal lactating rats exposed to prometryn through mother’s
milk had decreased body weight, disorders in neuromuscular
plates, higher leukocyte count, and concentration of C-reactive
protein. Prometryn has potentially negative impact on post-
natal developing systems such as the neuro- and immune
systems of vertebrates. Another developmental toxicity study
with rats showed that the oral dose of 250 mg kg�1 bw caused
maternal and developmental toxicity during gestational days
6–15. In a reproductive toxicity experiment at a daily dose of
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5 mg/kg/bw/day per 3 month rats were able to mate and
reproduce, but at daily dose of 50 mg/kg/bw/day per 6 month
the animals were unable to reproduce. Significant cytological
alterations in tubuli seminiferi and sperms occur after 20
consecutive doses of 187.5 mg kg�1 bw in rats. A two-genera-
tion reproductive study in rats showed decrease in body weight
and food consumption in offspring. In rabbits, exposure to
prometryn increased abortions and decreased body weight of
newborn. Data in vitro suggest that it interacts with the
production of steroid hormones and their receptors.

Genotoxicity

Ames samonella test, chromosomal aberration, bacterial DNA
repair, and unscheduled DNA synthesis test showed that
prometryn was not a mutagen. However, mutagenicity
(Escherichia coli and Salmonella tests) increases with metabolic
activation with microsomal fraction. Significant level of
induced DNA damage (clastogen) by alkaline single cell gel
electrophoresis (SCGE) assay was noted in leukocytes of mice
subchronicaly exposed for 28 days. In other experiments,
similar doses and exposure time increased DNA damage in
thymus and bone marrow in rats and caused irregular mitosis.
It seems that prometryn or its metabolically activated
biotransformation residues can inflict some genotoxic damage
during longer exposure period.

Carcinogenicity

Prometryn is not listed as carcinogen in the US and EU regu-
latory lists. Classified as a Group E Carcinogen (not carcinogen
for humans or laboratory rodents) by US EPA Registration
Eligibility Decision in 1996 and remains in the same category
until today. Similarly, it is not listed as cancerogen on the EU
list and on the International Agency for Research on Cancer
agent list. Mice fed 429 mg kg�1 bw per day for 102 weeks, rats
fed for 104 weeks with up to 80 mg kg�1 bw per day, and
Beagle dogs fed equivalents of up to 37.5 mg kg�1 bw per day
showed no carcinogenic alterations. There is evidence that in
acid conditions, such as those in stomach of the exposed
animals, prometryn in reaction with nitrite can be converted to
cancerogenous nitrosamine but this experimental data are
gathered in vitro and carcinogen potential under such condi-
tions has never been biologically tested.

Clinical Management

Single acute poisoning report concluded that in patients with
high anion gap metabolic acidosis, prometryn or other triazine
herbicides should be considered as possible cause of poisoning.
There is no specific antidote for prometryn. Lavage, catharsis,
and oral administration of active charcoal are recommended.
Hemodialysis corrected metabolic derangements, but with
normalized pH prometryn serum concentration increased.

Ecotoxicology

Data from the experiments on freshwater/sediment organisms
toxicity show that prometryn is effective algicide and slightly
toxic to zooplankton and slightly toxic to freshwater inverte-
brates (48-h LC50 of 18.9 mg l�1 in Daphnia). German scientists
in 2011 showed that the composition of periphiton communi-
ties changes after exposure to prometryn. After first contact, the
survived peryphiton organisms developed a tolerance to applied
doses and repeated doses had to be higher in order to cause the
same toxic effects. Experiments show that prometryn is moder-
ately toxic to fish (96-h LC50 of 2.5–5.46 mg l�1 in rainbow
trout, 7.95–10.0 mg l�1 in bluegill sunfish, 3.5 mg l�1 in gold-
fish, 8 mg l�1 in carp but highly toxic to guppies) and slightly
toxic to amphibians. There are not enough reports on marine
organism toxicity. However, experimental exposure showed that,
for example, pink shrimp were unaffected by exposure to
1.0 mg l�1 of the herbicide for 48 h but oysters exposed in the
same way had decreased shell growth (19%). As described
before, mangrove ecosystem is particularly sensitive to prome-
tryn. There are no data on the influence of prometryn on forest
ecosystems.

Considering terrestrial organisms, toxicity experiments
showed that prometryn applied at 1.5 kg ha�1 for 8 years did
not affect soil microorganism population (nitrifying, deni-
trifying bacteria, actinomycetes, and fungi). Prometryn was
slightly toxic to earthworms (14-day LC50 is 153 mg kg�1) and
bees (48-h LD50 is 99 mg per bee). It is recorded that prometryn
has very low acute toxicity to birds (8-day bobwhite quail and
mallard duck dietary LC50 over 10 000 ppm).
Other Hazards

Thermal decomposition (melting point is 118–120 �C and
boiling point is 300 �C, weakly flammable) products include
oxides of carbon, nitrogen, and sulfur. Not known whether
hazardous and carcinogen chemicals (dioxins, etc.) form
during production or synthesis.
Exposure Standards and Guidelines

Acceptable daily intake: 0.01 mg kg�1 bw per day.
Reference dose: 0.004 mg�1 kg�1 day�1.

See also: Triazine Herbicides; Atrazine.

Further Reading

Balduini, L., Matoga, M., Cavalli, E., et al., 2003. Triazinic herbicide determination by
gas chromatography-mass spectrometry in breast milk. J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 794 (2), 389–395.

Brvar, M., Okrajsek, R., Kosmina, P., et al., 2008. Metabolic acidosis in prometryn
(triazine herbicide) self-poisoning. Clin. Toxicol. (Phila) 46 (3), 270–273.

Ðiki�c, D., Benkovi�c, V., Horvat-Kne�zevi�c, A., et al., 2009. Subchronic oral exposure to
prometryn changes relations of blood biochemistry indicators in mice. Acta Vet.
Brno. 78, 243–251.

Ðiki�c, D., Sajli, L., Benkovi�c, V., et al., 2010. Brain toxicokinetics of prometryn in mice.
Arh. Hig. Rada Toksikol. 61 (1), 19–27.

Ðiki�c, D., Zidovec-Lepej, S., Remenar, A., et al., 2009. Effects of prometryn on
apoptosis and necrosis in thymus. lymph node and spleen in mice. Environ. Toxicol.
Pharmacol. 27 (2), 182–186.

Ðiki�c, D., Zidovec-Lepej, S., Remenar, A., et al., 2009. The effects of prometryn on sub-
chronically treated mice evaluated by SCGE assay. Acta. Biol. Hung. 60 (1), 35–43.



Prometryn 1081
Evgenidou, E., Bizani, E., Christophoridis, C., Fytianos, K., 2007. Heterogeneous
photocatalytic degradation of prometryn in aqueous solutions under UV–Vis irra-
diation. Chemosphere 68 (10), 1877–1882.

Fujii, K., Takagi, K., Hiradate, S., Iwasaki, A., Harada, N., 2007. Biodegradation of
methylthio-s-triazines by Rhodococcus sp. strain FJ1117YT, and production of the
corresponding methylsulfinyl, methylsulfonyl and hydroxy analogues. Pest. Manag.
Sci. 63 (3), 254–260.

Giurgea, R., Borsa, M., Bucur, N., 1981. Immunological reactions of Wistar rats following
administration of atrazine and prometryn. Arch. Exp. Veterinarmed. 35 (6), 811–815.

Kniewald, J., Osredecki, V., Gojmerac, T., Zechner, V., Kniewald, Z., 1995. Effect of
s-triazine compounds on testosterone metabolism in the rat prostate. J. Appl.
Toxicol. 15 (3), 215–218.

Kode�sová, R., Ko�cárek, M., Kode�s, V., et al., 2011. Pesticide adsorption in relation to soil
properties and soil type distribution in regional scale. J. Hazard.Mater. 186 (1), 540–550.

Maynard, M.S., Brumback, D., Itterly, W., Capps, T., Rose, R., 1999. Metabolism of
[(1)(4)C]prometryn in rats. J. Agric. Food Chem. 47 (9), 3858–3865.
Messow, A., Benkwitz, F., Hellwig, A., 1990. The toxicity of a prometryn/simazine
combination in the lactation stage of rats. Z. Gesamte. Hyg. 36 (3), 170–173.

Schumann, G., Garche, W., Girenko, D., 1990. Studies for the assessment of the
herbicide prometryn in the air. Z. Gesamte. Hyg. 36 (7), 375–377.

Tezak, Z., Simi�c, B., Kniewald, J., 1992. Effect of pesticides on oestradiol-
receptor complex formation in rat uterus cytosol. Food Chem. Toxicol.
30 (10), 879–885.
Relevant Websites

http://pubchem.ncbi.nlm.nih.gov/
http://www.inchem.org/documents/pds/pdsother/class.pdf
http://ec.europa.eu/food/food/rapidalert/index_en.htm
http://www.elsevier-ecotox.com – Elsevier Science. ECOTOX.

http://pubchem.ncbi.nlm.nih.gov/
http://www.inchem.org/documents/pds/pdsother/class.pdf
http://ec.europa.eu/food/food/rapidalert/index_en.htm
http://www.elsevier-ecotox.com


10
Propachlor
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l Name*: Propachlor
l Chemical Abstracts Service Registry Number*: 1918-16-7
l Synonyms*: 2-Chloro-N-(1-methylethyl)-N-phenylacetamide;

2-Chloro-N-isopropyl-N-phenylacetamide; 2-Chloro-N-iso-
propylacetanilide; Acetamide; 2-Chloro-N-(1-methylethyl)-N-
phenyl; Acetanilide; 2-Chloro-N-isopropyl; Acilid; Bexton;
Bexton 4L; Kartex A; N-Isopropyl-2-chloroacetanilide; N-Iso-
propyl-alpha-chloroacetanilide; Nitacid; Niticid; Prolex;
Ramrod; Ramrod 65; Satecid; alpha-Chloro-N-
isopropylacetanilide.

l Molecular Formula*: C11H14ClNO
l Chemical Class: Halogenated hydrocarbon pesticide,

specifically, a chloroacetanilide herbicide.
l Chemical Structure*:

N

O

Cl

H3C CH3

*All from ChemIDplus.
Background Information

Propachlor is a substituted herbicide, specifically a member of
the acetanilide herbicides. Despite having a chemical structure
similar to other compounds of the group (acetochlor, buta-
chlor, metolachlor, and alachlor), it presents a different
mechanism of toxicity. Propachlor was first made available in
the market by Monsanto in 1965, the same company that
voluntarily stopped its production in the United States in 1998.
In Europe, authorizations for plant protection products con-
taining propachlor were withdrawn by 18 March 2009, and on
18 March 2010 at the latest.
Uses

Propachlor is a systemic preemergence, preplanting, or early
postemergence herbicide, used to control grasses and broadleaf
weeds in the growth establishment phase. Propachlor has been
used to control annual grasses and some broad-leaved weeds in
beans, brassicas, cotton, sorghum, peanuts, leeks, maize,
onions, peas, roses, ornamental trees and shrubs, soya beans,
and sugar cane, at 3.36–6.72 kg ha�1. Irrigation after applica-
tion could improve herbicide activity, especially in dry soils.
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Soil structure and organic content are factors that influence
duration of weed control, which ranged from 4 to 6 weeks. This
herbicide could be formulated as manufacturing product,
a flowable concentrate, and a granular and applied with
groundboom sprayers, tractor-drawn broadcast spreaders, and
granular row planters.
Environmental Fate and Behavior

Propachlor is a white or brown solid, slightly soluble in
water (580 mg l�1 at 20 �C) but easily soluble in most
organic solvents, except aliphatic hydrocarbons. Its melting
point is 77 �C and it boils at 110 �C. Due to its very low
vapor pressure of 2.5 � 10�4 mm Hg at 25 �C, volatiliza-
tion is unlikely from water and may occur only from wet
soil surfaces under windy conditions. Although stable to
ultraviolet (UV) radiation, propachlor disappears rapidly
from soil (T1/2 < 3 weeks and almost complete degradation
within less than 6 months). Biotic degradation is the main
route of elimination of propachlor from soil and water,
forming water-soluble oxanilic and sulfonic acids. However,
the conjugated N-isopropylaniline metabolite is much more
persistent than the parent compound. High temperature
and soil moisture favor degradation, while adequate
nutrient levels in soil are necessary. As mentioned, propa-
chlor is stable to UV and not known to photodegrade on
soil surfaces, but photodegradation may take place in water
in the presence of photosensitizers. Leaching into ground-
water may occur exceptionally due to very high rainfall. The
movement of the compound is greatly influenced by the
characteristics of the soil, and most leaching occurs in
sandy soil with little organic matter. Metabolism in
plants is also rapid, producing the same water-soluble
metabolites as in soil, mainly found in the roots and
foliage. Although the octanol/water partition coefficient
suggests a moderate potential for bioaccumulation, studies
show that propachlor neither bioconcentrates nor bio-
magnifies in organisms.
Exposure and Exposure Monitoring

Occupational exposure during and after normal use of the
pesticide in agriculture could be the main exposure scen-
ario to propachlor: mixing and loading liquids and dry
flowables for groundboom application, loading granulars
for tractor-drawn spreader application, applying sprays
with groundboom equipment, and applying granulars with
a tractor-drawn spreader. However, only limited data are
available in this regard. For example, propachlor application
by a tractor-mounted sprayer to cabbages resulted in its
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00534-0

http://dx.doi.org/10.1016/B978-0-12-386454-3.00534-0


Propachlor 1083
presence in the breathing zone of the tractor drivers at
levels of 0.8–2.1 and 0.1–3.7 mg m�3. Even 300 m away
from the treated field, concentrations ranging from 0.02
to 0.6 mg m�3 of propachlor could be found in the
ambient air.

On the other hand, exposure for the general public could
occur through the diet at low levels. In fact, propachlor residues
about 0.05 mg kg�1 were found in sorghum and corn grains,
cabbages, peppers, and tomatoes when grown in treated soils.
Conjugated N-isopropylaniline was also present in onion
tissue after harvest and after a normal storage period for the
crop before sale. In addition, detections of propachlor and its
metabolites were reported (0.02–3.5 ppb) in some wells, sug-
gesting that this chemical or its degradates are able to reach
groundwater under certain conditions. Little microbiological
activity, high permeability, and a shallow water table are some
of the soil conditions that may enhance the capacity of prop-
achlor to reach groundwater. Propachlor residues have also
been detected in surface waters, probably due to the higher
persistence and lower affinity to adsorb soil of the three major
acid metabolites of propachlor. On the other hand, because the
soil metabolites are polar and water-soluble, propachlor bio-
concentration potential in fish is rather low (bioconcentration
factor ¼ 20–34).
Toxicokinetics

Propachlor can be rapidly absorbed through respiratory, oral,
and dermal routes and reach the highest concentrations in
blood within an hour. Metabolism is also rapid, mainly via
the mercapturic acid pathway. However, three or more
enterohepatic cycles have been described for propachlor
metabolism. In the first, propachlor is metabolized via
the mercapturic acid pathway and the conjugates are excreted
in the bile. Biliary mercapturic acid pathway metabolites
are metabolized by microbial/intestinal C-S lyase into
reabsorbable metabolites (possibly 2-mercapto-N-iso-
propylacetanilide), which are further metabolized to glucu-
ronides by glucuronidase enzymes. These biliary glucuronides
are secreted with the bile to subsequently initiate the third
cycle in the enterohepatic circulation of propachlor metabo-
lites. Hence, intestinal microorganisms complicate the
metabolism and create new nonpolar compounds from the
products of the mercapturic acid pathway, which are reab-
sorbed into the blood. These new compounds have to be
converted again into polar products to be excreted. Fecal and
urinary excretion of propachlor in animals is also rapid,
eliminating about 50% in 24 h via urine. Elimination is almost
complete (about 98%) within 48 h. Mercapturate is the main
metabolite excreted. Residues of propachlor metabolites
(sodium salts of oxanilic acid, sulfinyl-lactic acid, and sulfonic
acid derivatives of propachlor) can also be found in eggs laid
by exposed hens through diet.
Mechanisms of Toxicity

Propachlor inhibits production of cytochrome oxidase (brain
and kidneys) and cholinesterase in the liver.
Acute and Short-Term Toxicity

Animal

Propachlor is considered severely irritating for eyes and skin
and a strong skin sensitizer. Loss of weight and alteration of
biochemical parameters in acute toxicity studies were due to
the palatability of propachlor and the subsequent decrease of
food ingestion. Acute poisoning mainly affected the central
nervous system, and the symptoms included a state of
excitement, trembling, and light convulsions. Immobility and
head and body tremors were accompanied by the sudden
onset of convulsions and death within 24 h in rats. When
inhaled, propachlor caused inflammation of tracheal mucosa,
ocular opacities, perinasal encrustation, rapid or shallow
respiration, perioral wetness, focal loss of hair, mortality, and
hemorrhagic secretions in lungs and bronchi of rats.

Subchronic toxicity studies caused a decrease of body
weight, anemia, and alterations of white blood cells counts
(increase or decrease), as well as an increase in the incidence
of centrilobular hepatocellular hypertrophy in mice or
kidney morphological changes (tubular deformation and
vacuolization and dystrophy of epithelial cells, decreased
cellular content of ribonucleoproteins, pyknosis and kar-
yolysis of nuclei, and desquamated epithelia and hyalin
cylinders in the lumen). Some enzymes such as alanine
transaminase (ALT), aspartate transaminase (AST), alkaline
phosphatase (AP), and lactate dehydrogenase (LDH) showed
a decrease in their activities after dermal application.

Human

Contact eczema, dermatitis, and skin irritation were the main
toxic effects in humans after occupational exposure. The
probable oral lethal dose is 5–15 g kg�1.
Chronic Toxicity

Animal

Long-term exposure in rats has been related to a decrease of
kidney but an increase of liver weights, with alterations in liver
(centrilobular hypertrophy, clear cell cytoplasmic alteration,
and eosinophilic cytoplasmic alteration). Decreased body
weights were also described in long-term studies. In the
stomach, herniatedmucosal glands, mucosal hyperplasia of the
pylorus, and pyloric cysts were observed.

Human

No reports of poisoning of the general population or of
workers are available other than for sensitization studies. Of 79
workers engaged in manufacturing a formulation of propa-
chlor, 19% showed evidence of contact dermatitis. However,
108 workers engaged in the same manufacturing process tested
3 years later exhibited no evidence of sensitization.
Reproductive Toxicity

Oral administration of propachlor in males caused signifi-
cant changes in biochemical reproductive-related indices
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(decrease in protein content and increase in 5-nucleotidase
and ATPase activity) and histomorphological changes
(disorganization of the seminiferous epithelium, some
dystrophic and degenerative changes in the gonad tissue and
the appearance of multinuclear giant cells with central
chromatolysis, inhibition of spermatopoiesis at the phase of
spermatid formation and histomorphologic changes in the
spermatopoietic epithelium). When administered in two-
generation reproduction studies in rats, fertility index and
body weight decreased and some liver toxic effects were
noted (centrilobular hepatocellular hypertrophy). Exposure
at early stages of gestation significantly increased fetus
lethality and frequency of hematomas, predominantly in the
head of the fetuses. Reduced cranio-caudal size, weak tera-
togenic effect such as induction of external malformations
(brachygnathia), abnormality of internal organs (hydro-
cephalus), and defects in skeletal ossification (non-
ossification of sternum and delayed ossification of parietal
bones) were also observed when propachlor effects on
development were evaluated.
Genotoxicity

Propachlor has found to be clastogenic in in vivo lower systems
test and plant assays. It is cytotoxic and also shows a weakly
positive clastogenic response in in vitro mammalian tests,
inducing chromosomal aberrations in Chinese hamster ovary
cells. Variable results do not allow to draw any definite
conclusions.
Carcinogenicity

Propachlor has not been reviewed by the UN Food and Agricul-
ture Organization/World Health Organization (WHO) Joint
Committee Meeting on Pesticide Residues or the International
Agency for Research onCancer.However, exposure to propachlor
hasbeen related to ahigher incidenceof certain tumors (stomach,
thyroid, ovarian granulosa/theca cell, and liver). Hence, this
herbicide has been classified by theUS Environmental Protection
Agency (EPA) as a ’likely’ human carcinogen.
Clinical Management

No specific antidote exists, and thus poisoning should be
treated symptomatically after decontamination. When inges-
ted, the possible benefit of early removal (generally within 1 h)
by cautious gastric lavage must be weighed against potential
complications of bleeding or perforation due to the capacity of
propachlor to cause significant esophageal or gastrointestinal
tract irritation or burns. During gastric lavage, the airways
should be protected by placing the head down left lateral
decubitus position or by endotracheal intubation. Seizures
should be controlled first. Decontamination of exposed eyes
should be performed with copious amounts of room temper-
ature water for at least 15 min. Contaminated clothing should
be removed and exposed skin area washed thoroughly with
soap and water.
Ecotoxicology

Based on toxicity studies, where LD50 were set for certain
species (oral LD50 for pheasants was 735mg kg�1, oral LD50 for
bobwhite quail (Coturnix coturnix) was 91 mg kg�1, LD50 in
8 days study for mallard duck (Anas platyrhynchos) was
45 000 mg kg�1, LC50 for rainbow trout (Onchorynchus mykiss)
was 0.17 mg l�1, and LC50 for water flea (Daphnia magna) was
6.9 mg l�1). According to this, EPA concluded that propachlor
is considered moderately toxic to birds on both an acute oral
and chronic basis, practically nontoxic to mammals on an
acute oral basis, practically nontoxic to bees on an acute oral
basis and a subchronic dietary basis, and moderately to highly
toxic to freshwater fish on an acute basis. As expected, aquatic
plants are particularly sensitive, with a 7 day EC50 for Lemna
gibba of 0.005 mg l�1. Granular formulations could pose the
greatest risk to nontarget organisms. Because this herbicide is
applied only once in a growing season and it is not persistent
under most conditions, the potential for long-term exposure of
nontarget organisms is limited.
Other Hazards

When heated to thermal decomposition irritant and corrosive
fumes may be present. Products of thermal decomposition are
oxides of nitrogen, hydrogen chloride, and carbon monoxide.
Exposure Standards and Guidelines

Technical propachlor is classified by the WHO in Class III, as
slightly hazardous in normal use and in Class I (severe) for eye
irritation potential. It is also classified as a strong dermal
sensitizer. Because propachlor has not been registered for
residential uses, risk assessment in the United States was per-
formed considering food and water residues as the only routes
of exposure to humans. However, when used in agriculture,
dietary exposure to propachlor residues in foods was found to
be extremely low. Hence, the acute, chronic and cancer expo-
sure risk was also low to the general population. For example,
for the overall US population, chronic exposure from all
propachlor tolerances represented less than 1% of the reference
dose, an amount not expected to cause adverse effects if
consumed daily over a 70 year lifetime.

Regarding the EU, because the use of propachlor is no
longer authorized and no uses authorized in third countries
were notified, residues of propachlor were not expected to
occur in any plant commodity. Nevertheless, primary crop
metabolism of propachlor was investigated for the root and
tuber vegetables crop group. The oxanilic acid derivative of
propachlor was the major compound identified in bulbs that
was considered to be relevant for inclusion in the residue
definition. Consequently, the European Food Safety Authority
(EFSA) concludes that the oxanilic derivative of propachlor is
the only relevant residue for enforcement of a potential illegal
use, both in crops and in milk, eggs, liver, and meat. However,
a risk assessment is in principle not required in the EU.
Considering that the use is no longer authorized in the EU and
that no import tolerances have been notified but, assuming the
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ADI proposed, the reported LOQ values provide a satisfactory
level of protection for the European consumer. Considering
that the enforcement of potential illegal uses falls under the
remit of risk managers, EFSA is not in a position to recommend
whether the default maximum residue level of 0.01 mg kg�1, as
defined by regulation (EC) No 396/2005, should apply or
whether the setting of a specific LOQ is necessary. However,
EFSA considers the oxanilic acid derivative of propachlor as the
best indicator compound for the use of propachlor. The
available data indicate that this metabolite can be enforced
with a LOQ of 0.01 mg kg�1 for plant commodities, although
this was not demonstrated in fatty and acidic commodities, and
0.02 mg kg�1 for products of animal origin.
See also: Alachlor; Biocides; Pesticides.
Further Reading

Commission decision of 18 September 2008 concerning the non-inclusion of propa-
chlor in Annex I to Council Directive 91/414/EEC and the withdrawal of author-
isations for plant protection products containing that substance.

European Food Safety Authority (EFSA), 2011. Review of the Existing Maximum
Residue Levels (MRLs) for Propachlor According to Article 12 of Regulation (EC) No
396/2005.
USEPA (US Environmental Protection Agency), 1998. Reregistration Eligibility Decision
(RED) for Propachlor. EPA 738-R-015 Prevention, Pesticides and Toxic
Substances. Available from: http://www.epa.gov.

WHO (World Health Organization) – International Programme on Chemical Safety
(IPCS), 1992. Health and Safety Guide No. 77. Propachlor. ISBN: 92 4 151077 3.

WHO (World Health Organization) – International Programme on Chemical Safety
(IPCS), 1993. Environmental Health Criteria 147: Propachlor. ISBN: 92 4
157147 0.
Relevant Websites

http://www.inchem.org/ – Chemical Safety Information from Intergovernmental
Organizations.

http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB – Hazardous Substances
Data Bank.

http://www.pesticideinfo.org/ – The Pesticide Action Network (PAN) Pesticide
Database.

http://www.epa.gov – United States Environmental Protection Agency.
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Chemical Profile

l Chemical Abstracts Service Registry Number: 74-98-6
l Synonyms: Dimethylmethane; Propyl hydride (UN1978,

DOT); Bottled gas; LP-gas
l Chemical/Pharmaceutical/Other Class: Aliphatic hydro-

carbon (C3)
l Molecular Formula: C3H8
Uses

Propane is used principally as a fuel source for homes and in
industry as an aerosol propellant. It is also used in the synthesis
of organic chemicals, in the manufacture of ethylene, as
a refrigerant, and as an extractant.

Propane is well known as a common fuel used in homes for
cooking and heating (e.g., barbecue grills, oven ranges, heat-
ing). Propane is also used to make plastics, alcohol, fibers, and
cosmetics. Propane naturally occurs as a gas at atmospheric
pressure but can be liquefied if under pressure. It is stored and
transported in its compressed liquid form, but by opening
a valve to release propane from a pressurized storage container,
it is vaporized into a gas. Although propane is nontoxic and
odorless, an identifying odor is added so the gas can be readily
detected as it is an explosion hazard.

Propane is produced as a by-product of two other processes,
natural gas processing, and petroleum refining. Natural gas
plant production of propane involves removing it and other
gases (e.g., butane) to prevent these liquids from causing
problems in gas pipelines. When oil refineries make gasoline
and heating oil, some propane is also produced as a by-product
of those processes.
Environmental Fate and Behavior

Propane is a three-carbon aliphatic compound that is a minor
component of natural gas (the latter primarily composed of
methane). Propane is a colorless, flammable liquid that is 1.5
times heavier than air. It is odorless and has an odorant added
to it so it can easily be detected by smell if there is a leak. This is
important as propane is heavier than air and will ‘pool’
following a leak, presenting a fire hazard. Propane has
a molecular weight of 44.1 gmol�1. At 25 �C, propane has
a solubility in water of 62.4 mg l�1, an estimated vapor pres-
sure of 7150 mmHg, and a Henry’s law constant of
0.71 atmm3mol�1 (http://www.epa.gov/oppt/exposure/pubs/
episuite.htm). The log octanol/water partition coefficient is
2.36. Conversion factors for propane in air are as follows:
1 mgm�3 ¼ 0.55 ppm; 1 ppm ¼ 1.8 mgm�3.

If released to air, the high vapor pressure predicts
propane will exist solely as a vapor in the ambient
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atmosphere. Vapor-phase propane will be degraded in the
atmosphere by a reaction with photochemically produced
hydroxyl radicals; the half-life for this reaction in air is
estimated to be 14 days. Propane does not contain chro-
mophores that absorb at wavelengths >290 nm and there-
fore is not expected to be susceptible to direct photolysis by
sunlight (HSDB, 2011).

If released into water, propane would only moderately
adsorb to suspended solids and sediment based upon an esti-
mated Koc of 460. Volatilization from water surfaces is expected
to be the dominant fate process based upon the estimated
Henry’s law constant. Estimated volatilization half-lives for
a model river and model lake are 41 min and 2.6 h, respec-
tively. Hydrolysis is not expected to be an important environ-
mental fate process since this compound lacks functional
groups that hydrolyze under environmental conditions
(USEPA, 2011).

Propane was one of the major components of the light
crude oil that was released from Deep Horizon oil spill in the
Gulf of Mexico during the summer of 2011. It is thought to be
one of the primary drivers of microbial respiration, accounting
for up to 70% of the observed oxygen depletion in fresh oil
plumes (Valentine et al., 2010). The authors proposed that
propane and ethane trapped in the deep water may promote
rapid hydrocarbon respiration by low-diversity bacterial
blooms, thus ‘priming’ bacterial populations for degradation of
other hydrocarbons in the aging oil plume.

If released to soil, propane is expected to have moderate
mobility based upon an estimated Koc of 460. Propane is
readily degraded by soil bacterium; within 24 h, propane was
oxidized to acetone. Volatilization from moist soil surfaces is
expected to be an important fate process. Propane would
volatilize from dry soil surfaces based upon its vapor pressure
(HSDB, 2011).

Using a measured log Kow of 2.36, the US Environmental
Protection Agency’s EPI Suite computer program (USEPA, 2011)
estimates both a bioconcentration factor and a bioaccumulation
factor of 21. These predicted bioaccumulation and bio-
magnifications are very low. Propane would therefore not be
expected to be found in the tissues of fish or wildlife as (1)
propane contains no persistent functional groups (e.g., chlorine,
bromine), (b) exposure would be expected to be low based on
a low half-life in the environment, and (c) subsequent to
exposure, propane would be rapidly metabolized by the liver
(similar to what is seen with low exposure to other organic
compounds) and any trace residuals would be rapidly metab-
olized by the liver.
Exposure and Exposure Monitoring

Because propane exists as a gas at normal temperature and
pressure, exposure generally occurs by inhalation (trace
amounts of propane have been measured in air expired by
humans). Typical background concentrations detected at
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00423-1
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ground level in major US cities range from 0.050 to 0.4 ppm. It
is possible to spill liquid propane from a pressurized tank,
causing frostbite on skin contact due to rapid evaporation and
loss of heat.

Because propane exists as a gas at normal temperature and
pressure, the most probable route of exposure would occur by
inhalation. Propane can comprise from 0.1 to 2.6% of auto-
mobile exhaust by weight.

National Institute of Occupational Safety and Health
(NIOSH) has statistically estimated that over two million
workers are potentially exposed to propane in the United
States. Occupational exposure to propane may occur through
inhalation and dermal contact with this compound at work-
places where propane is produced or used. Propane is widely
detected in air and the most likely pathway by which the
general public is exposed to propane is by inhalation due to the
release of this substance from natural gas, barbeque grills, and
automobile emissions. Monitoring data also indicate that the
general population may be exposed to propane via ingestion of
food and drinking water, although these pathways are
considered minor when compared to inhalation.

Blake and Rowland (1995) have measured concentrations
of propane in the Mexico City area ranging between 3 and
220 ppb by volume (5.41–400 mgm�3). This is in contrast to
a study by Goldstein et al., (2005) who measured rural
concentrations of propane central Massachusetts, which ranged
from 0.4 to 1.9 ppb (0.7–3.4 mgm�3). They found a seasonal
variation with the maximum concentrations occurring in the
winter and the minimums occurring in the summer, which is
mainly due to the different rates of degradation by hydroxyl
radicals in the atmosphere. An urban air quality study con-
ducted in Pittsburgh (Millet et al., 2005) found similar
seasonal variations in outdoor propane levels, measuring
2.96 ppb in winter and 1.79 ppb during the summer. The
sources were attributed to fugitive leakage of propane tanks and
natural gas.
Toxicokinetics

Inhaled n-propane is rapidly distributed from the blood to
different organs and tissues, particularly those with high fat
content. The metabolic elimination rate of propane has been
shown to be dependent on the atmospheric concentration. In
mice, propane was converted to isopropanol and acetone
following inhalation. In the presence of microsomes prepared
from liver homogenate of mice, the test substance was also
converted in vitro to isopropanol. The oxidation of isopropanol
to acetone occurred in the presence of alcohol dehydrogenase.
The metabolites were detected in blood, liver, kidney, and
brain of the exposed mice.
Mechanism of Toxicity

Some sources classify propane as a simple anesthetic, although
it can principally be classified as a simple asphyxiant.
Concentrations that are high enough to displace oxygen would
be expected to cause lightheadedness, loss of consciousness,
and possibly death from asphyxiation.
Acute and Short-Term Toxicity

Animal

Propane has been shown to have adverse effects on the
cardiovascular system in the primate, dog, cat, and mouse.
Guinea pigs exposed to 2.2–5.5% of the gas showed sniffing
and chewing movements. In dogs, 1% caused hemodynamic
changes, whereas 3.3% produced decreases in aortic pressure,
stroke volume, and cardiac output and an increase in pulmo-
nary resistance. Ten percent propane in the mouse and 15% in
the dog did not produce arrhythmia but did produce weak
cardiac sensitization.
Human

Propane is not considered to be inherently toxic to humans. Air
concentrations up to 10 000 ppm (10%) for a few minutes will
only produce slight dizziness in humans. At high concentra-
tions, it may have a narcotic effect; but at concentrations below
100 ppm, propane causes no physiological effects in humans.
However, it will cause chemical suffocation at concentrations
that are high enough to displace oxygen.
Immunotoxicity

A comprehensive search on the adverse immunotoxic effects of
propane on the immune system could not find any studies in
the public domain.
Reproductive Toxicity

A comprehensive search on the adverse reproductive effects of
propane on the immune system could not find any studies in
the public domain. Pregnant women should, however, avoid
inhalation of any type of petroleum solvent vapors.
Carcinogenicity

Propane is not listed as a carcinogen by the National Toxi-
cology Program, the Occupational Safety and Health Admin-
istration, or the International Agency for Research on Cancer.
Clinical Management

Persons who are exposed to high concentrations of propane in
air should vacate or be removed from the source and seek fresh
air. In areas of expected increased concentration, extreme care
must be taken to use explosion-proof apparatus and keep the
areas free from ignition sources, such as sparks from static
electricity.
Ecotoxicology

There are no data in the US Environmental Protection Agency’s
ECOTOX database on propane. This is probably because highly
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volatile compounds such as propane, which exist as gases at
normal environmental temperatures (e.g., >0 �C), would be
expected to be found in air and not water. Some microbes can
utilize propane as an energy source, whereas others are
inhibited by its presence.
Other Hazards

Propane is highly flammable and is therefore an explosion and/
or fire hazard. The lower and upper explosion limit in air is 2.1
and 9.5% by volume, respectively. Extreme care must be taken
to keep areas of expected high concentration free from ignition
sources (e.g., sparks from static electricity). Only explosion-
proof equipment should be used in these areas.
Exposure Standards and Guidelines

The US Food and Drug Administration classifies propane as
generally recognized as safe. Propane has an Occupational
Safety and Health Administration 8-h time-weighted average
(TWA) of 1000 ppm (1800 mgm�3). The American Confer-
ence of Governmental Industrial Hygienists 8-h TWA is
1000 ppm (based on aliphatic hydrocarbon gases, C1–C4).
NIOSH’s recommended exposure limit is also a 10-h TWA of
1000 ppm (1800 mgm�3). The level of propane that is
‘Immediately Dangerous to Life and Health’ is 2100 ppm
(based on 10% of the lower explosive limit for safety consid-
erations even though the relevant toxicological data indicated
that irreversible health effects or impairment of escape existed
only at higher concentrations).

See also: Decane; Ethane; Gasoline; Hexane; Heptane; Methane;
Octane; Petroleum Distillates; Petroleum Hydrocarbons.
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Background Information

Propane sultone also known as 1,3-propane sultone was first
produced in the United States in 1963. Propane sultone exists
at room temperature as a colorless liquid with a foul odor or as
a white crystalline solid.
Uses

1,3-Propane sultone is used as a chemical intermediate to
introduce the sulfopropyl group into molecules and to confer
water solubility and an anionic character to the molecules. It is
used as a chemical intermediate in the production of fungi-
cides, insecticides, cation-exchange resins, dyes, vulcanization
accelerators, detergents, lathering agents, bacteriostats, and
a variety of other chemicals and as a corrosion inhibitor for
mild (untempered) steel.
Environmental Fate and Behavior

Routes and Pathways and Relevant Physicochemical
Properties

Appearance: white crystalline solid or colorless liquid.
Melting point¼ 31 �C.
Solubilities: readily soluble in ketones, esters, and aromatic

hydrocarbons; insoluble in aliphatic hydrocarbons; and
soluble in water (100 g l�1).
Partition Behavior in Water, Sediment, and Soil

If 1,3-propane sultone is released to soil, it will be expected to
rapidly hydrolyze if the soil is moist, based upon the rapid
hydrolysis observed in aqueous solution. Since it rapidly
hydrolyzes, adsorption to and volatilization frommoist soil are
not expected to be significant processes, although no data
specifically regarding the fate of 1,3-propane sultone in soil
were located. If released into water, it will be expected to
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
rapidly hydrolyze. The produce of hydrolysis is 3-hydroxy-
1-propansulfonic acid. Since it rapidly hydrolyzes, bio-
concentration, volatilization, and adsorption to sediment and
suspended solids are not expected to be significant processes.
If released to the atmosphere, it will be susceptible to photo-
oxidation via vapor-phase reaction with photochemically
produced hydroxyl radicals with a half-life of 8 days estimated
for this process.
Environmental Persistency

1,3-Propane sultone may occur in waste streams of plants
making it or using it, but because it is readily hydrolyzed it
would not be expected to remain as such for protracted periods
of time. The hydrolysis has been reported to be base catalyzed,
suggesting that it may be faster in alkaline waters and slower in
acidic waters relative to its rate in neutral solution. The product
of hydrolysis is 3-hydroxy-1-propanesulfonic acid. The rate of
hydrolysis in air has been estimated to be negligibly slow.
Long-Range Transport

The ease of hydrolysis of propane sultone makes long-range
transport highly unlikely.
Bioaccumulation and Biomagnification

Since 1,3-propane sultone hydrolyzes rapidly in water, bio-
concentration in aquatic organisms is not expected to be
a significant process.
Exposure and Exposure Monitoring

Routes and Pathways

Ingestion, inhalation, and dermal contact.
Human Exposure

1,3-Propane sultone is not known to occur naturally. Consumers
could potentially be exposed to residues of 1,3-propane sultone
when using detergents, corrosion inhibitors, and other products
manufactured from it. The potential for occupational exposure
is the highest for workers involved in the formulation of
compounds made from 1,3-propane sultone or the production
of its end products.
Environmental Exposure

1,3-Propane sultone may be released to the environment as
a result of its manufacture and use as an intermediate in the
production of a large number of sulfopropylated products
possibly including detergents, wetting agents, surfactants, dyes,
soluble starches, cation-exchange resins, and insecticides.
4-3.01202-1 1089
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Mechanism of Toxicity

The reaction of propane sultone with guanosine and DNA at
pH 6–7.5 gave an N7-alkylguanosine as the main product
(>90%). Similar evidence suggested that two of the minor
adducts were N1- and N6-alkyl derivatives, accounting for
approximately 1.6 and 0.5% of the total adducts, respectively.
N7- and N1-alkylguanine were also detected in the DNA reac-
ted with propane sultone.
Acute and Short-Term Toxicity

1,3-Propane sultone is corrosive. Very harmful if inhaled or
swallowed. It may cause severe eye irritation and possible
burns. It can cause skin sensitization and severe burns upon
dermal contact. If ingested, 1,3-propane sultone may cause
severe gastrointestinal tract irritation with nausea, vomiting,
and possible burns. It may cause central nervous system effects.
If inhaled, it may cause respiratory tract irritation.

LD50 subcutaneous rat 135mg kg�1

LDLo skin mouse 1000mg kg�1

LD50 intraperitoneal mouse 467mg kg�1
Chronic Toxicity

Long-term exposure to high dust concentrations may cause
changes in lung function, such as pneumoconiosis. Propane
sultone is a strained lactone, which is a direct-acting carcinogen
to human.
Immunotoxicity

Suppression of humoral immune response has been observed
in mice.
Reproductive Toxicity

In the offspring of pregnant rats given a single intravenous injec-
tion of 1,3-propane sultone during gestation, malignant neuro-
genic tumors and tumors of the pancreas andovarywere reported.

No information is available on the reproductive or devel-
opmental effects of 1,3-propane sultone in humans.
Genotoxicity

1,3-Propane sultone causes DNA damage and mutation in
bacteria and induces mitotic recombination in yeast. It induces
mutations and chromosomal aberrations in plant cells. In
culturedmammalian cells, it induces chromosomal aberrations
and sister chromatid exchanges. DNA strand breaks are induced
in brain cells from rats injected with 1,3-propane sultone.
Carcinogenicity

Propane sultone is a strained lactone and, as such, is a directly
acting carcinogen (i.e., reacts directly with DNA without
undergoing prior biotransformation to yield the reactive elec-
trophile). Propane sultone caused tumors in two rodent
species, at several different tissue sites, and by several different
routes of exposure. Administration of 1,3-propane sultone to
rats by stomach tube caused brain cancer (glioma of the cere-
brum and cerebellum) in both sexes and mammary gland
cancer (adenocarcinoma) in females. The incidences of
leukemia and cancer of the small intestine (adenocarcinoma)
and ear duct (squamous cell carcinoma) were also somewhat
increased in rats of both sexes. In rats of unspecified sex given
weekly or single intravenous injections of 1,3-propane sultone,
tumors were observed at various tissue sites, including the
brain and nervous system. A single intravenous injection of
1,3-propane sultone to pregnant rats on the 15th day of
gestation caused malignant neural tumors and tumors of the
pancreas and ovary in the offspring. 1,3-Propane sultone
administered by subcutaneous injection caused cancer at the
injection site in female mice following repeated injections
(adenoacanthoma and sarcoma) and in rats (of unspecified
sex) following single or repeated injections (myosarcoma,
fibrosarcoma, or sarcoma).

Propane sultone is reasonably anticipated to be a human
carcinogen based on sufficient evidence of carcinogenicity from
studies in experimental animals. No data are available for
studies of cancer in humans. The International Agency for
Research on Cancer has classified it as Group 2B based on this
information.
Clinical Management

For eye contact, flush eyes with plenty of water for at least
15min. Do not allow victim to rub eyes or keep eyes closed. For
dermal contact, flush skin with plenty of water while removing
contaminated clothing. Do not induce vomiting if ingested.
Give two to four cupfuls of milk or water if victim is conscious
and alert. Remove victim from exposure and move to fresh air
immediately if inhaled. If not breathing, give artificial respira-
tion. If breathing is difficult, give oxygen. Contact medical aid
for assistance and treat symptomatically.
Ecotoxicology

Propane sultone is not expected to bioaccumulate or bio-
magnify. The degree to which propane sultone hydrolyzes
makes it unlikely that it would affect any aquatic organisms,
though data are limited. Plant growth, especially in the roots,
can be hindered by propane sultone. Aside from its carcino-
genic affects, little is known about the ecotoxicological poten-
tial of propane sultone.
Exposure Standards and Guidelines

Exposure by all routes should be carefully controlled to levels
as low as possible. National Institute of Occupational Safety
and Health considers propane sultone to be a potential occu-
pational carcinogen and recommends that occupational
exposures to carcinogens be limited to the lowest feasible
concentration.
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Miscellaneous

Propane sultone emits a foul odor when melting, which occurs
above 31 �C.

See also: Propane.
Further Reading

Bingham, E., Cohrssen, B., 2012. Propane sultone. Patty’s Toxicology, sixth ed. Wiley,
Hoboken, NJ.

IARC, 1974. 1,3-Propane sultone. Some Aromatic Amines, Hydrazine and Related
Substances, N-Nitroso Compounds and Miscellaneous Alkylating Agents. In: IARC
Monographs on the Evaluation of Carcinogenic Risk of Chemicals to Humans, vol.
4. International Agency for Research on Cancer, Lyon, France. 253–258.

IARC, 1999. 1,3-Propane sultone. Re-Evaluation of Some Organic Chemicals,
Hydrazine, and Hydrogen Peroxide. In: IARC Monographs on the Evaluation of
Carcinogenic Risk of Chemicals to Humans, vol. 71. International Agency for
Research on Cancer, Lyon, France. 1095–1102.
Relevant Websites

http://www.chemsources.com/chemonline.html – search on propanesultone. Chem-
Sources. 2009. Chem Sources - Chemical Search. Chemical Sources International.

http://www.epa.gov/oppt/iur/tools/data/2002-vol.html – US Environmental Protection
Agency – Chemical Data Reporting (CDR): Non-confidential IUR Production Volume
Information.

http://toxnet.nlm.nih.gov – search for ‘propane sultone’. Toxnet
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Background

Propanil is an amide herbicide used extensively on rice and
is registered for use on commercial sod farms. There are
no current residential uses for propanil. Approximately
4–9 million pounds of active ingredient are used annually on
rice in the United States alone.
Uses

As noted, use of propanil is currently primarily for the protec-
tion of rice crops.
Environmental Fate and Behavior

Propanil is rapidly metabolized under anaerobic and aerobic
conditions in a water and soil matrix. The half-life of propanil
in soil is 1–3 days. It is relatively stable to photo- and chem-
icodegradation but more susceptible to biodegradation. Prop-
anil is mobile, with potential for transport via water. On the
other hand, propanil is not persistent and is readily trans-
formed to several degradates, for example, 3,4-dichloroaniline
and 3,30,4,40-tetrachloroazobenzene. These degradates are
generally more toxic and more persistent than propanil.
Propanil is rarely detected in groundwater.
Exposure and Exposure Monitoring

The general population may be exposed to propanil by inha-
lation, dermal or ocular contact from spraying, or orally by the
consumption of contaminated food or water. The most recent
assessment for acute and chronic dietary exposures indicated,
however, that risks were not exceeding those for concern in any
subpopulation. Occupational exposure may occur through
dermal, ocular, or inhalation pathways. Workers may be
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exposed to propanil during application and through direct
contact with treated crops or propanil-contaminated materials.
Toxicokinetics

Propanil is readily absorbed following oral, dermal, or inha-
lation exposures. It is hydrolyzed by hepatic acylamidase
forming 3,4-dichloroaniline and propionic acid. The major
microsomal metabolites of 3,4-dichloroaniline are 6-hydroxy-
3,4-dichloroaniline and N-hydroxy-3,4-dichloroaniline. Peak
blood levels in rats occur after 1 h with acute oral exposure.
Within 5 min of a single oral administration (650 and
1000 mg kg�1), the compound was detected in blood and all
tissues of the rat, with maximum levels occurring within 1–6 h
of treatment. Blood concentrations in rats were maintained
24 h after oral administration (1000 mg kg�1, po) but were
undetectable 48–72 h later. When fed to cows for 4 days, 1.4%
of the total dose of propanil was recovered in feces but was
undetectable in urine or milk.
Mechanism of Toxicity

In plants, propanil is toxic through inhibition of photosyn-
thesis at the level of photosystem II. In animals, propanil
induces methemoglobinemia, resulting in tissue hypoxia.
Using an in vitro kidney model (isolated rat renal cortical cells),
propanil induced cytotoxicity at concentrations >0.5 mM.
Acute and Short-Term Toxicity

Animal

Propanil has relatively low toxicity in mammals. Acute oral LD50

values are 0.360 g kg�1 (mice), 0.367–2.5 g kg�1 (rats), and
1.3gkg�1 (dogs). Inboth rats anddogs,deathwas characterizedby
central nervous system depression occurring over a 3-day period.
For dermal exposure, the LD50 for rabbits is>5000 mg kg�1.
Human

Acute exposure can lead to central nervous system depression
and methemoglobinemia. Chloracne has been reported in
production facility workers following dermal exposure. Death
may occur due to respiratory failure. Ingestion results in
a burning sensation in the mouth, esophagus, and stomach,
nausea andvomiting, fever, dizziness anddrowsiness. Inhalation
may cause nose and throat irritation. Prolonged or repeated
dermal contact may result in slight skin irritation. Repeated or
excessive exposure by any routemay result in cyanosis. In a study
of intentional propanil poisonings, there were 42 deaths (with
median time to death of 1.5 days; 10.7% of admitted patients).
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00187-1
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Cyanosis, sedation, hypotension, and severe lactic acidosis
were present. Treatment consisted primarily of methylene blue,
transfusion, and supportive care when methemoglobinemia
was diagnosed. Plasma concentrations of propanil and 3,4-
dichloroaniline at time of admission correlated with clinical
outcome. The elimination half-life for propanil was about 3 h.
Chronic Toxicity

Animal

A 2-year feeding study resulted in a no observed adverse effect
level (NOAEL) of 600 ppm in dogs. For rats, the NOAEL was
reported to be 300 ppm in a three-generation reproductive
study. Chronic effects from propanil exposure include cen-
trilobular enlargement of the liver, methemoglobinemia,
decreased hemoglobin, and cyanosis, although the dose levels
required to produce these effects were many times greater than
those expected from normal usage or exposure. Long-term
exposure may result in kidney and liver damage.
Human

Little is known regarding long-term effects of propanil.
Methemoglobinemia would be expected.
Immunotoxicity

A number of studies suggest that propanil has immunotoxic
potential. It can produce thymic atrophy and splenomegaly
and reduces developing T- and B-cell populations in the
thymus and bone marrow. Natural killer cell cytotoxicity and
phagocytosis in macrophages were suppressed. Propanil can
also inhibit the respiratory burst in macrophages. Mature T-cell
and B-cell functions such as cytotoxicity, cytokine production,
and humoral antibody response were inhibited by propanil as
well, impacting the adaptive immune response.
Reproductive Toxicity

Teratology studies in rats established an NOAEL of
20 mg kg�1 day�1 (decreased pup size, delayed ossification at
100 mg kg�1 day�1). It was reported that propanil exposure
during early gestation in rats (175 and 350 mg kg�1 day�1) led
to changes in a number of reproductive parameters, including
the number of uterine implants and pups born, implantation
index, gestation index, etc.
Genotoxicity

Propanil has been reported negative in a number of genotoxicity
assays, including point mutations in bacteria in the presence or
absence of exogenous metabolic activation system, in Chinese
hamster ovary cells using the point mutation hypoxanthine
guanine phosphoribosyltransferase (HGPRT) assay, and in the
unscheduled DNA synthesis assay. One study reported geno-
toxicity of propanil using the wing spot test in Drosophila, in
particular using mutant crosses with higher metabolic activity.
Carcinogenicity

There is no evidence of carcinogenicity in mice and rats.
Propanil is classified as ‘suggestive’ for its carcinogenic potential.
Clinical Management

For oral exposure, induced vomiting is not recommended.
Activated charcoal can be administered or gastric lavage (within
1 h of exposure) can be performed. Seizures should be
controlled first. Oxygen should be administered to symptom-
atic patients. Intravenous methylene blue can be administered
to patients suffering methemoglobinemia. Inhalation exposure
can be treated by moving the patient to fresh air. Seek medical
attention if breathing difficulty persists. Administer oxygen and
provide assisted ventilation as required. For dermal exposure,
contaminated clothing should be removed and the affected
areas washed with soap and water. Flush the eyes with copious
amounts of freshwater for 15 min.
Ecotoxicology

Propanil is toxic to aquatic vertebrates (e.g., crayfish, worms,
snails) and to fish. It is moderately toxic to birds. Propanil use
for rice protection may lead to acute adverse ecological effects
involving birds, small mammals, freshwater invertebrates, and
aquatic plants. Small mammals and freshwater fish/inverte-
brates may be sensitive to chronic effects from long-term use.
Exposure Standards and Guidelines

No acute dietary reference dose (RfD) has been established. The
chronic RfD and chronic population adjusted dose for propanil
are 9 mg kg�1 day�1. The time-weighted average short-term
exposure limit is 5 mg m�3. No threshold limit value has been
established.
See also: Pesticides.

Further Reading

Rankin, G.O., Racine, C., Sweeney, A., Kraynie, A., Anestis, D.K., Barnett, J.B., 2008.
In vitro nephrotoxicity induced by propanil. Environ. Toxicol. 23, 435–442.

Roberts, D.M., Heilmair, R., Buckley, N.A., Dawson, A.H., Fahim, M., Eddleston, M.,
Eyer, P., 2009. Clinical outcomes and kinetics of propanil following acute self-
poisoning: a prospective case series. BMC Clin. Pharmacol. 9, 3.

Salazar, K.D., Ustyugova, I.V., Brundage, K.M., Barnett, J.B., Schafer, R., 2008.
A review of the immunotoxicity of the pesticide 3,4-dichloropropionanalide.
J. Toxicol. Environ. Health B Crit. Rev. 11, 630–645.
Relevant Websites

http://www.epa.gov/opp00001/reregistration/REDs/propanil_red_combined.pdf –

Environmental Protection Agency.
http://toxnet.nlm.nih.gov – Toxnet (Toxicology Data Network): search under Propanil.
http://www.who.int/water_sanitation_heS100alth/dwq/chemicals/propanil.pdf – World

Health Organization.

http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00187-1/ref0020
http://www.epa.gov/opp00001/reregistration/REDs/propanil_red_combined.pdf
http://toxnet.nlm.nih.gov
http://www.who.int/water_sanitation_health/dwq/chemicals/propanil.pdf


Propargite
J Liu, Oklahoma State University, Stillwater, OK, USA

� 2014 Elsevier Inc. All rights reserved.
l Trade Names: 2-[4-(1,1-Dimethylethyl)phenoxy]cyclohexyl
2-propynyl-sulfite; BPPS; Omite; Comite

l Name: Propargite
l Molecular Formula: C19H26O4S
l Chemical Structure:

CH3

H3C

H3C

O

O O

CH

S

O

Background

Propargite is an organosulfite acaracide/miticide used on
a number of crops, with a high proportion of walnut, mint,
nectarine, and almonds being treated and with extensive use on
other food crops, including corn, cotton, and grapes.
Uses

Approximately 2 million pounds of propargite are used
annually in the United States alone. Propargite is used exten-
sively on a number of fruit-bearing crops, including walnuts,
mint, nectarines, and almonds. Other crops with substantial
use of propargite include alfalfa, avocado, some beans, carrots,
corn, grapefruit, grapes, lemon, lime, tangerines, oranges,
peanuts, and potatoes. Nonfood applications include in
Christmas tree plantations, cotton, and ornamental trees/
plants.
Environmental Fate and Behavior

In aqueous environments, propargite is moderately persistent,
with rapid degradation under alkaline conditions but with
higher persistence in neutral or acidic conditions. Propargite
shows moderate rates of photolysis and aerobic/anaerobic
transformation. It has affinity for organic matter in soils and
sediments, with the potential for redistribution with heavy
rain, irrigation, and erosion. Although propargite is not very
soluble in water, it has potential for surface water contamina-
tion by binding to and slowing dissipation from soil and
sediment.
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Exposure and Exposure Monitoring

Dermal, oral, inhalation, and ocular exposures are all possible.
Exposure risks are generally from oral consumption of food
and drinking water. Worker ocular and dermal exposures can
be higher.
Toxicokinetics

Propargite can be absorbed from the gastrointestinal tract
(bioavailability about 40%) or skin after oral or dermal
administration. Some studies suggest rapid and extensive
biotransformation following oral dosing. Hydrolysis of the
sulfite ester is possible followed by oxidation/hydroxylation
and conjugation. Five major metabolites of propargite were
identified, with elimination in both urine and feces.
Mechanism of Toxicity

Relatively little is known about the mechanism of toxicity of
propargite. It may act as an inhibitor of monoamine oxidase
and Mg2þ/ATPase in target and nontarget organisms.
Acute and Short-Term Toxicity

Animal

Propargite exhibits low acute toxicity via the oral and dermal
exposures but is corrosive and thus capable of causing edema,
erythema, and eschar formation. The oral LD50 values in rats
and dermal LD50 values in rabbits are generally >2 g kg�1.
Acute inhalation LC50 values in rats were about 0.9 mg l�1.
Human

Dermatitis is the major form of propargite toxicity following
dermal exposure. Signs include erythema, burning, itching,
exfoliation, and hyperpigmentation. Ocular exposure produces
irritation. Changes in chemical formulation and greater use of
personal protective equipment have alleviated many of the
acute irritant effects associated with propargite use.
Chronic Toxicity

Animal

Both sexes of Crl:CD BR rats maintained on diets containing 50
or 100 mg kg�1 day�1 propargite for 13 weeks showed signif-
icantly lower body weights throughout the study. Various
hematological and clinical chemical parameters such as eryth-
rocyte count and hemoglobin level, urea nitrogen, and total
protein were altered.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00188-3
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Human

Little is known regarding effects of long-term exposure to
propargite in humans, although it is listed as a probable
carcinogen.
Reproductive Toxicity

A number of studies have reported potential reproductive
effects of propargite. In most cases, however, the effects appear
related to maternal toxicity, with several no observed adverse
effect levels based on changes in maternal body weight.
Carcinogenicity

Propargite showed some carcinogenicity (jejunal sarcomas) in
a species- and strain-specific manner in animal studies.
Propargite caused increased incidence of intestinal tumors in
CD (Crl:CD BR) and Sprague–Dawley rats but not in CD-1
mice or Wistar rats. No carcinogenicity was found in beagle
dogs based on a 2-year feeding study. In the United States,
propargite is considered a B2 chemical carcinogen based
on results with Sprague–Dawley rats. Propargite generally
showed no chromosomal aberrations or mutagenic effects in
in vitro assays.
Clinical Management

Treatment is symptomatic. Due to its corrosive nature, imme-
diate dilution of oral contaminants by water or milk may be
protective. Extensive washing of eyes or skin is recommended
for ocular or dermal exposure.
Ecotoxicology

Propargite is highly to very highly toxic to freshwater aquatic
organisms, with LC50 or EC50 values below 167 mg l�1. It is very
highly toxic to estuarine/marine organisms as well, with LC50

values <100 mg l�1. Propargite is expected to be highly toxic to
amphibians, in particular early life stages. The acute LD50

(48 h) in honeybees was <50 mg bee�1. Propargite may pose
a reproductive risk for avian species.
Exposure Standards and Guidelines

The US Environmental Protection Agency has set an acute oral
reference dose ( RfD) of 80 mg kg�1 day�1, and chronic RfD of
40 mg kg�1 day�1.
See also: Pesticides; Carcinogenicity.
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Relevant Websites
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l Name: Propazine
l Molecular Formula: C9H16N5Cl
l Chemical Abstracts Service Registry Name (Number):

6-chloro-N,N0-diisopropyl-1,3,5-triazine-2,4-diamine (139-
40-2)

l Chemical Structure:
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Background

Propazine is chlorinated triazine herbicide that shares
a common mechanism of toxicity with other structurally
related chlorinated triazines. According to the US Environ-
mental Protection Agency (EPA), this class incorporates prop-
azine with atrazine and simazine along with three related
chlorinated degradation products that are linked via their
common neuroendocrine-related mechanism of toxicity.
Uses

Propazine (CAS 139-40-2) is a compound that is typically used
as an herbicide. Propazine is normally used via direct appli-
cation to soil in the area from which vegetative eradication is
desired. Following application, propazine is absorbed through
the leaves and roots, and results in the inhibition of photo-
synthesis within the targeted plant. Propazine is a selective
herbicide to manage or eradicate most annual grasses and
broadleaf weeds prior to weed emergence or following the
physical removal of weed growth. Propazine is prepared as
a concentrate and is registered for use on container-grown
ornamentals in greenhouses. Propazine must be applied
through flood or drench nozzles only.
Environmental Fate and Behavior

Exposure to propazine may occur through either oral, dermal,
ocular, or inhalation routes. At room temperature, propazine is
a solid with a melting point/range: 214–216 �C (417–421 �F).
Water solubility of propazine is 8.6 mg l�1 at 20 �C, thus spray
runoff may potentially expose water and soil sources to prop-
azine. Propazine has a partition coefficient, n-octanol/water of
log Pow: 2.93.

Environmental studies suggest that propazine is moderately
to highly persistent and mobile. In aqueous media, propazine
is stable to hydrolysis but may hydrolyze after adsorption to
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soil. Propazine does not adsorb as strongly to soil particles as
other commercial triazine herbicides. In most soils, it binds
only weakly to soil particles (Koc¼ 154 gm�1), and, depending
on soil temperature, moisture and pH, it can become unbound.
One study found propazine to be mobile in sandy loam, loam,
and clay loam soils. Its movement with soil moisture is limited
by partial adsorption to soil particles as well as its low water
solubility. Propazine is persistent, moderately mobile in most
soils, and it is resistant to breakdown by hydrolysis, photolysis,
or biodegradation. For these reasons, propazine is one of the
pesticide compounds considered by the US EPA to have the
greatest potential for leaching into groundwater. Leaching
of propazine is most likely to occur where there is irrigation
and/or high rainfall, or sandy soil.

A significant portion of the herbicide may be broken down
by soil microbes. Several soil microorganisms utilize propazine
as a source of energy or nitrogen. Photolysis and volatilization
are not important factors in propazine degradation. Propazine
will persist longer in dry or cold conditions or other conditions
that inhibit biological and chemical activity. Propazine
undergoes a moderate rate of degradation under aerobic
conditions in the soil, and degradation occurs typically
with a half-life of 8–12 weeks in sterile loamy sand and
12–24 weeks in typical environmental loamy sand (nonsterile).
The primary degradation product is typically 2-hydroxy-
4,6-bis(isopropy1amino)-s-trine (hydroxypropazine), which
comprised 14–16% of radioactivity after 12 weeks and 31%
after 52 weeks. Unextracted residues comprised 35% after
12 weeks and 58% after 52 weeks. When it was applied at
0.5 pounds per acre, propazine persisted for 11–24 weeks. Its
soil half-life is 135 days.
Exposure and Exposure Monitoring

Environmental exposure is the most likely route for an indi-
vidual to be exposed to propazine since it is commonly used as
an herbicide. The primary pathway is through water runoff in
areas in which the herbicide has been used to control unwanted
foliage. Animals may consume water from a system in which
the herbicide has collected from runoff or propazine metabo-
lites. Additionally, livestock or other animals may be exposed
to propazine through consumption of forage, grain, or fodder
that has the herbicide.

In addition to exposure to propazine through consumption
of foliage containing this herbicide, there is potential for
human exposure in the samemanner if the herbicide is used on
vegetables and the like that are consumed without adequate
washing. Additionally, workers in the field who harvest
exposed crops or are otherwise involved in their care are at risk,
as are others who are in a similar field. Triazines, the family of
chemicals within which propazine is included, may also
concentrate and accumulate in the fat of humans and animals.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00189-5
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An environmental hazard cannot be excluded in the event of
unprofessional handling or disposal.
Toxicokinetics

Propazine is readily absorbed and metabolized in the body.
With oral ingestion, propazine is metabolized by way of deal-
kylation of the amine as well as occurrence of side-chain
oxidation. Following oral administration of radiolabeled
propazine to rats, 77% of the dose was absorbed into the
bloodstream from the gastrointestinal tract with excretion of
66% of the compound via the urine and 23% via feces within
72 h. Eight days after the dosing, propazine or its metabolites
were detected in the rats’ lungs, spleen, heart, kidneys, andbrain.
Mechanism of Toxicity

Propazine and propazine metabolites have shown to have
a disruptive effect on the estrous cycle and in females can affect
the reproductive cycle. In addition, propazine can affect male
sexual development. Propazine exerts an effect on the pituitary
glandular system. In addition, propazine blocks sugar and
carbohydrate metabolisms and may also alter the metabolism
of certain B vitamins, including thiamine and riboflavin.
Acute and Short-Term Toxicity

Propazine has a low order of acute toxicity via the oral (Cate-
gory 5), dermal (Category 4), and inhalation (Category 3)
routes of exposure.

Oral LD50

The LD50 oral – rat: reported from 3840 mg kg�1

to >7000 mg kg�1.
LD50 oral – mice: reported 3180 mg kg�1.
LD50 oral – guinea pigs: reported 1200 mg kg�1.
LD50 dermal – rabbit: reported at >10 200 mg kg�1.
Inhalation – may be harmful if inhaled. May cause respiratory

tract irritation.
Skin – may be harmful if absorbed through skin. May cause

skin irritation.
Eyes – may cause eye irritation.
Ingestion – may be harmful if swallowed.
Chronic Toxicity

The repeated exposure to propazine can lead to dermatitis.
After subchronic and chronic exposure to propazine, a variety
of rat species were shown to exhibit neuroendocrine effects
resulting in both reproductive and developmental conse-
quences, including the formation of tumor(s) in the female
mammary glands and adversely affected testes weights in rat
pups from exposed females. However, in similar testing on
mice, tumor induction by propazine exposure did not occur in
either males or females. Other animal studies have shown the
development of anemia in rats after being given 500 mg kg�1

propazine for 1–4 months. These studies have been deemed
relevant to warrant concern about chronic exposure of humans
to propazine, although data regarding this are not available.
Immunotoxicity

Propazine is able to disrupt the function of the immune
system, producing pronounced lymphopenia (reduction in
white blood cells) in rats fed the herbicide, and thus is
considered immunotoxic.
Reproductive Toxicity

In a subchronic developmental study, incomplete or absent
bone formation or ossification was observed in fetal rats
following exposure of pregnant rats to propazine. The corre-
sponding highest dose or level of exposure at which these
adverse effects were not observable in female rats (no observed
adverse effects level) was 10 mg kg�1 day�1.
Genotoxicity

In genotoxicity studies, propazine produced a dose-related
mutagenic response without activation and a weak response
with activation in the Chinese hamster ovary point mutation
assay, but was negative in other assays.
Carcinogenicity

Propazine is considered a potential human carcinogen
(Category 2) according to the US EPA. Rodent studies report
tumorigenic potential (lungs, thorax, skin).
Clinical Management

Acute systemic toxicity is unlikely unless large amounts have
been ingested. Causes irritation of eyes, skin, and respiratory
tract. For inhalation exposure, provide fresh air and rest. For
skin exposure, remove contaminated clothes, rinse, and then
wash skin with water and soap. Eye exposure causes redness
and pain; rinse with plenty of water for several minutes
(remove contact lenses if easily possible). Refer for medical
attention.
Ecotoxicology

Very toxic to aquatic life, but slightly toxic to aquatic inverte-
brates. Acute aquatic toxicity listed as Category 1. Fish toxicity:
LC50 (Poecilia reticulata, guppy) is 3.7 mg l�1 over 7 days. For
invertebrates, Daphnia magna (water flea) EC50 is 11 mg l�1

over 48 h.
Exposure Standards and Guidelines

The US EPA reference dose is 0.02 mg kg�1 day�1.
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See also: Pesticides; Atrazine; Triazines.
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l Chemical Abstracts Service Registry Number: 115-07-1
l Synonyms: Propylene, 1-Propylene, Methylethylene, Liquid

petroleum gas
l Chemical/Pharmaceutical/Other Class: Aliphatic alkene
l Molecular Formula: C3H6

l Chemical Structure: H2C]CH–CH3
Background

Propene is a basic hydrocarbon in the petroleum-based
chemical industry.
Uses

Propene is used as a chemical intermediate in the production of
polypropylene, acrylonitrile, propylene oxide, isopropanol,
and cumene. Refineries use much of their production of pro-
pene internally as a refinery heating gas to produce alkylates in
gasoline and to produce liquefied petroleum gas.
Environmental Fate and Behavior

Propene degrades in the atmosphere by reaction with photo-
chemically produced hydroxyl radicals with a half-life of
14.6 h. It also reacts in air with ozone and nitrate radicals with
half-lives of 1 and 4 days, respectively. In soil, volatilization is
expected to be the primary fate due to propene’s high vapor
pressure. Volatilization also occurs from water, while remain-
ing propene is readily degraded by microorganisms. This
results in propene being unlikely to bioaccumulate or bio-
concentrate in soil or aquatic organisms.
Exposure Routes and Exposure Monitoring

Because propene is a gas, inhalation exposure is the primary
route of entry. Exposure monitoring can be performed by
measurement in the ambient air.
Toxicokinetics

The toxicokinetics of propene have been studied in laboratory
animals and in humans. In Sprague-Dawley rats, at steady state,
42% of inhaled propene is exhaled unchanged and is not
absorbed into the bloodstream, with the remainder being
metabolized and eliminated. Propene is partly metabolized to
propene oxide, which reacts to form hemoglobin complexes at
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cysteine, histidine, and N-terminal valine. It is then further
reacted to an alcohol and excreted. Preliminary comparative
data point to a quantitative similarity in the metabolism of
propene between rats and in humans.
Mechanism of Toxicity

Propene is classified as a simple asphyxiant, and its toxicity is
associated with the central nervous system effects associated
with oxygen deprivation.
Acute and Short-Term Toxicity

Animal

Inhalation of high concentrations of propene by experimental
animals results in anesthetic effects similar to those seen in
humans. Anesthesia has been induced in cats after exposure to
concentrations of propene of 20–31% without causing other
signs of toxicity. At higher concentrations, from 40 to 80%,
blood pressure decreased, pulse increased, and an unusual
heartbeat was reported. Cardiac sensitization was reported
following propene exposure in dogs.
Human

Propene is relatively nontoxic to humans and has been
investigated for use as an anesthetic. Its flammability and
explosivity, however, have indicated that this application was
inappropriate. Exposure to a concentration of 6.4% for
2.25 min resulted in mild intoxication, a sensation of
numbness, and an inability to concentrate. At 12.8% for
1 min, these same symptoms were more pronounced, with 24
and 33% for 3 min resulting in unconsciousness. Exposures
from 40 to 75% for a few minutes caused reddening of the
eyelids, flushing of the face, tearing, and coughing. This is
consistent with the fact that liquefied propene may cause skin
burns on direct contact. As with any asphyxiant, high expo-
sures for sufficient time, resulting in oxygen deprivation, can
result in death.
Chronic Toxicity (or Exposure)

Animal

Subchronic propene exposure to rats and mice for 2–14
weeks at concentrations ranging from 625 to 10 000 ppm
resulted in no reported toxicity. Male and female Sprague-
Dawley rats were exposed to propene at concentrations of
200, 1000, and 5000 ppm for 7 h day�1, 5 days week�1 for
104 weeks, and male and female Swiss mice were exposed for
4-3.00424-3 1099
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78 weeks. The mortality rate of the male rats increased
slightly after exposures of 1000 and 5000 ppm and that of
male mice after exposure to the highest dose. No evidence of
other toxicity was observed. In another long-term study with
exposures up to 10 000 ppm, 6 h day�1, 5 days week�1 for
103 weeks in rats and mice, nontumorigenic lesions were
reported in the nasal cavity of male rats. It was concluded
that these effects were due to inflammatory changes from
local irritation. No exposure-related changes in tumor inci-
dence were reported.
Genotoxicity

Propene was tested for mutagenic potential in L5178Y mouse
lymphoma cells at concentrations up to 30% for 4 h in the
presence or absence of liver S9mix. Propenewas not cytotoxic or
mutagenic in the absence of S9. Inconsistent, nonreproducible
mutagenic responses occurred in the presence of S9 mix. Pro-
pene was not mutagenic when tested in Escherichia coli.
Carcinogenicity

There are no data indicative of a carcinogenicity of propene. A
2-year rodent bioassay was negative (see Chronic Exposure).
Clinical Management

Overexposure to propene is treated by simply moving the
victim to fresh air. If skin or eye irritation has occurred, affected
areas should be flushed with water for at least 15 min. Recovery
is usually rapid and complete.
Ecotoxicology

Because of its nature as a volatile gas, there are no specific data
on ecotoxicology of propene. Propene is unlikely to bio-
accumulate or bioconcentrate in soil or aquatic organisms.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value is 200 ppm (8-h time-
weighted average).

See also: Ethane; Propylene Oxide.

Further Reading
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Toxicokinetics of inhaled propylene in mouse, rat, and human. Toxicol. Appl.
Pharmacol. 15, 40–51.

Eisele, P., Killpack, R., 2011. Propene. Ullmann’s Encyclopedia of Industrial Chemistry.
Wiley, New York.

Relevant Websites (Industrial Use)
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l Name: Propiconazole
l Chemical Abstracts Service Registry Number: 60207-90-1
l Synonyms: 1-(2-(2,4-Dichlorophenyl)-4-propyl-1,3-dioxo-

lan-2-ylmethyl)-1H-1,2,4-triazole; Desmel; Proconazole;
Radar; Tilt

l Molecular Formula: C15H17Cl2N3O2

l Chemical Structure:
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Background

Propiconazole is a mixture of four stereoisomers and was first
developed in 1979 by Janssen Pharmaceutical of Belgium.
Uses

Propiconazole is a triazole-based fungicide that is used to
control fungi in agriculture, on turf, and in wood.
Environmental Fate and Behavior

Routes and Pathways, and Relevant Physicochemical Properties

Log Kow¼ 3.72
Solubilities: 47 g l�1 in n-hexane; completely miscible with

ethanol, acetone, toluene, and octanol; soluble in most organic
solvents; in water¼ 100mg l�1 at 25 �C

Henry's law constant¼ 4.1� 10�9 atm-cu mmol�1 at
25 �C

Partition Behavior in Water, Sediment, and Soil

Terrestrial Fate
Propiconazole penetrates the terrestrial environment in its
function as a fungicide for a variety of crops. In the terrestrial
environment, propiconazole is presented to be slightly persis-
tent to persistent. Biotransformation is an important route of
transformation for propiconazole, with major transformation
products being 1,2,4-triazole and compounds hydroxylated at
the dioxolane moiety. Phototransformation on soil or in air is
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not important for propiconazole transformation. Propicona-
zole appears to have medium to low mobility in soil. It has the
potential to reach ground water through leaching, especially in
soils with low organic matter content. Propiconazole is typi-
cally detected in the upper soil layers, but transformation
products were detected deeper in the soil profile.

Aquatic Fate
Propiconazole can enter the aquatic environment through
spray drift and runoff. Propiconazole is very soluble in water.
It appears to phototransform slowly and is stable during
hydrolysis. In the aquatic environment, propiconazole is pre-
sented to be moderately persistent to persistent. Biotransfor-
mation is an important route of transformation, with major
transformation products being two compounds hydroxylated
at the dioxolane moiety. Propiconazole partitions from water to
soil or sediment quickly, and is persistent under anaerobic
conditions. Therefore, propiconazole may contaminate aquatic
ecosystems through off-site runoff under heavy rainfall when soil
erosion occurs. Propiconazole has been detected, but has a low
detection frequency. Propiconazole depurates rapidly; thus,
bioaccumulation is not expected to be a major concern for
propiconazole.

Atmospheric Fate
If released to air, a vapor pressure of 1 � 10�6 mmHg at 25 �C
indicates propiconazole exists in both the vapor and particulate
phases of atmosphere. Vapor-phase propiconazole is degraded
in the atmosphere by reaction with photochemically produced
hydroxyl radicals; the half-life for this reaction in air is esti-
mated to be 5.5 h. Particulate-phase propiconazole is removed
from the atmosphere by wet or dry deposition. Propiconazole
has been reported to be stable to photolysis.
Environmental Persistency

Propiconazole is persistent and relatively immobile in most
soil and aqueous environments. Propiconazole degradation in
the aquatic environment appears to be dependent solely on
aqueous photolysis. In the soil, propiconazole dissipation
appears to be dependent on binding to soil organic matter
content. The average half-life in soils ranges from months to
a year.

Propiconazole is expected to biodegrade in the environ-
ment. The estimated half-life of propiconazole in aerobic soils
is about 40–70 days, and in aerobic waters is about 25–85 days.
Based on monitoring data and field tests, propiconazole has an
estimated half-life of about 60–96 days in typical soils. No
hydrolysis of propiconazole at environmentally relevant pH
has been observed.

Propiconazole degrades into triazole compounds, which
may still be toxic. Decomposition of propiconazole by heating
may release toxic gases.
4-3.01203-3 1101
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Bioaccumulation and Biomagnifications

Propiconazole has a log Kow of 3.65 and the bioconcentration
factors (BCFs) range from 24 to 516 times in fish tissues.
However, propiconazole depurates rapidly; thus, bio-
accumulation is not expected to be a major concern for pro-
piconazole in the field.
Exposure and Exposure Monitoring

Routes and Pathways

Dermal, inhalation, ingestion
Human Exposure

Occupational exposure to propiconazole may occur through
dermal contact with this compound at workplaces where pro-
piconazole is produced or used. Monitoring data indicate that
the general population may be exposed to propiconazole via
ingestion or dermal contact with contaminated food and water.
Environmental Exposure

Propiconazole’s production may result in its release into the
environment through various waste streams. Its use as a fungi-
cide results in its direct release into the environment.
Toxicokinetics

Propiconazole is a general use pesticide. Probable routes of
exposure are mainly via dermal contact, inhalation, and
ingestion. The body absorbs 86% of a propiconazole dose in
48 h and excretion occurs at 95% in 48 h. Propiconazole
breaks down into other triazole compounds. These are not
believed to be carcinogenic, but should still be treated with
equal precaution.

Oral metabolism studies conducted in the rat with radi-
olabeled propiconazole showed that about 78% of radio-
activity was excreted in the urine and feces within 24 h.
Recovery of radioactivity was almost complete by 6 days
(38–46% in feces and 53–67% in urine). Propiconazole was
extensively metabolized in the rat. One study indicated that
there were five urinary metabolites, each of which accounted
for >5% of the radioactivity. About 12 and 9% of the
urinary metabolites were conjugated with glucuronic acid
and sulfate, respectively. Approximately 5% of the fecal
radioactivity was comprised of the unchanged parent
compound. In another study, up to 24 urinary and 47 fecal
metabolites were detected. The metabolism of propicona-
zole was predominantly characterized by the cleavage of the
dioxolane ring through oxidation of the propyl side chain,
resulting in the formation of hydroxyl or carbonyl acid
derivatives. Hydroxylation of the chlorophenol and triazole
rings also occurred, followed by dechlorination and
conjugation with sulfate or glucuronide. Distribution
investigations revealed that the highest levels of radioactive
residues were found in the liver, blood, kidneys, and lungs.
However, even in these tissues, levels were low (<0.7ppm);
therefore, propiconazole is not expected to bioaccumulate in
the body. Oral metabolism studies conducted in the mouse
were also available. The results from these studies suggested
that there are differences in the metabolic profile between
species, as well as sexes, especially relating to the extent of
cleavage of the dioxolane ring. For example, the major urinary
metabolite in male mice (U2, a glucuronic acid conjugate
lacking the dioxolane ring) accounted for approximately 60%
of the urinary radioactive residues in male mice, 30% in
female mice, and 10–30% in male rats.
Mechanism of Toxicity

Propiconazole mode of action is demethylation of C-14
during ergosterol biosynthesis and leading to accumulation of
C-14 methyl sterols. The biosynthesis of these ergosterols is
critical to the formation of cell walls of fungi. This lack of
normal sterol production slows or stops the growth of the
fungus, effectively preventing further infection and/or inva-
sion of host tissues. Therefore, propiconazole is considered to
be fungistatic or growth inhibiting rather than fungicidal or
killing.
Acute and Short-Term Toxicity

Propiconazole has a moderately low acute toxicity. The acute
oral LD50 for rat is 1517 mg kg�1. When exposed to the eyes,
propiconazole caused corneal opacity, which reversed within
72 h.

Propiconazole is classified as category III for acute oral and
dermal toxicity and category IV for acute inhalation toxicity. It
is classified as category III for eye irritation potential and
category IV for skin irritation potential. Propiconazole caused
dermal sensitization in guinea pigs.
Chronic Toxicity

Repeat-dose oral toxicology studies were conducted in dogs,
mice, and rats. In dogs, signs of local irritation in the gastro-
intestinal tract were the predominant findings. The main target
tissue in rats and mice was the liver.

In repeat-dose studies conducted with rats, findings
included liver effects, decreased body weight, organ weight
changes, and alterations in clinical chemistry parameters. In
a 28-day oral gavage study, increased liver weight and hepa-
tocellular hypertrophy at the low and mid doses were observed
and considered adaptive. At the high dose, liver necrosis was
evident, as well as mortality, clinical signs of toxicity (sedation,
dyspnea, and ruffled coat), effects on body weight gain and
food consumption, and altered red blood cell parameters. In
a short-term (90-day) dietary study, effects were noted at
a lower dose in females compared with males. These effects in
females included decreased body weight and increases in relative
brain, liver, adrenal, and ovarian weights at and above the mid
dose. Adverse effects in the liver (fatty changes) were noted in
females at the highest dose tested. In males, effects were only
noted at the highest dose tested; these included decreased body
weight and increased relative brain, kidney, liver, and testes
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weights. Clinical chemistry changes in both short-term studies
(gavage and dietary) included increased glucose and decreased
chloride levels. Following long-term dosing in rats, effects
included decreased body weight gain, increased blood urea
nitrogen and atrophy of the exocrine pancreas in females,
hepatic lipid deposition in males, and decreased serum glucose
levels in both sexes. Additional findings at the highest doses
included decreases in food consumption and body weight gain
in both sexes, vacuolated hepatocytes in males, and enlarged
liver cells, bile duct hyperplasia, cystic ovaries, dilation of uterine
lumen, and epithelial hyperplasia of the cervix/vaginal in
females. The NOAEL from this study (100ppm; equivalent to
3.6/4.6mg kg�1 bw day�1 for males and females) was the lowest
NOAEL for systemic toxicity noted in the toxicology database for
propiconazole.
Reproductive Toxicity

Reproductive toxicity was investigated in a two-generation
study, as well as in a one-generation study available in the
published literature. Effects on male and female offsprings
from the latter study were reported in two separate studies.
Evidence of reproductive toxicity was noted in both studies at
a dose level that also caused systemic toxicity in parental
animals. In the two-generation study, there was a decrease in
total pups delivered, pups delivered live, as well as pup survival
in lactation day (LD) 4 noted at the highest dose in the second
generation. In the one-generation study, there was a decrease in
the number of F1 females with regular estrous cycles (weeks
1–2 following vaginal opening) at the mid dose and greater. In
F1 males, increases in serum testosterone and testes weight at
the mid dose and greater, and an increase in anogenital
distance at the high dose, were also indicative of reproductive
toxicity. Other effects in offspring included decreased body
weight and food consumption beginning at the mid dose, and
liver findings (hepatocellular swelling in F2 pups in the two-
generation study; increased weight and hypertrophy in the one-
generation study) and decreased survival (LD 0–4 and 4–21 in
F2a litters and LD 7–21 in F2b litters) at the highest dose tested.
Although apparent decreases were noted in absolute brain and
testes weights in F1 and F2 offspring at the high dose in the
two-generation study, these were attributed to the smaller size
of the pups in these treatment groups. With the exception of the
decrease in food consumption, all the findings in offspring in
both studies were observed at a dose that also caused maternal
toxicity. Findings in parental animals included liver effects
(hepatocellular swelling and vacuolation), as well as decreases
in body weight and food consumption. The collective NOAEL
for offspring and parental toxicity from both studies was
8 mg kg�1 bw day�1.

Developmental toxicity was investigated in rats and
rabbits. In rats, developmental toxicity included delayed
ossification and increased incidences of rudimentary ribs and
cleft palate. All of these findings were observed at a dose that
did not cause maternal toxicity and were therefore considered
to represent evidence of fetal sensitivity. At a higher dose,
additional findings were noted in the fetal kidney, including
short or absent renal papillae and dilated ureters. Maternal
toxicity, noted only at the highest doses tested, included
mortality, decreased body weight, body weight gain and food
consumption, as well as clinical signs of toxicity (salivation,
ataxia, lethargy, rales, prostration, hypothermia, and
bradypnea).
Genotoxicity

Studies indicate that propiconazole did not produce genetic
damage in mammalian or bacteria cell cultures or in animal
studies.
Carcinogenicity

Propiconazole is listed in the group C cancer classification,
which means it is a possible human carcinogen based on
increased hepatocellular adenomas, combined adenomas/carci-
nomas, and hepatocellular carcinomas inmale mice in a chronic
oral feeding study. However, animals in the high dose group for
this study showed excessive toxicity. Furthermore, the high dose
exceeded the Maximum Tolerated Dose determined in the 90-
day range finding study. No treatment-related tumors were seen
in female mice in this mouse chronic feeding study. No tumors
were noted in a chronic rat study. Therefore, the Reference Dose
(RfD) approach is considered to be protective of any carcino-
genic effects and is recommended for use in cancer risk assess-
ment for propiconazole. This approach is also consistent with
results of voluntary non-guideline mechanism of action studies
conducted by the propiconazole technical registrant.
Clinical Management

For eye contamination, flush eyes immediately with water.
Irrigate each eye continuously with 0.9% saline. Do not use
emetics. For inhalation, provide suction if necessary. Admin-
ister oxygen by non-breaker mask at 10–15 l min�1. Monitor
for pulmonary edema, shock, and seizure and treat if necessary.
For ingestion, rinse mouth and administer 5 ml kg�1 up to
200ml of water for dilution if the patient can swallow. For dermal
contamination, cover skin burns with dry sterile dressings.
Ecotoxicology

Freshwater/Sediment Organism Toxicity

Propiconazole can be slightly to highly toxic to fish. The acute
LC50 is 850 ppb for rainbow trout and 4800 ppb for Daphnia
magna. The acute LD50 for mallard >2510mg kg�1.
Terrestrial Organism Toxicity

It has a relatively low toxicity to birds. Propiconazole also has
a low toxicity to bees, with an LD50 >100 mg per bee.
Other Hazards

Propiconazole can contaminate water and may be highly toxic
to fish. Exercise extreme caution if using near water sources.
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Propiconazole degrades into triazole compounds, which may
still be toxic. Decomposition of propiconazole by heating may
release toxic gasses. When heated to decomposition, it emits
toxic vapors of nitrogen oxides and hydrogen chloride.
Exposure Standards and Guidelines

The recommended acceptable daily intake (ADI) for propico-
nazole is 0.03 mg kg�1 bw day�1. The value is calculated using
the NOAEL of 30 mg kg�1 bw day�1 from the development
toxicity study in rats.

See also: Chlorobenzilate; Pesticides.
Further Reading

Environmental Protection Agency. Reregistration Eligibility Decision: Propiconazole, July
2006. http://www.epa.gov/oppsrrd1/REDs/propiconazole_red.pdf (accessed
21.09.11).

Health Canada Pest Management Regulatory Agency, 2011. Propiconazole. Pest
Management Regulatory Agency, Ontario.

Krieger, R., et al., 2010. Propiconazole. Hayes’ Handbook of Pesticide Toxicology,
third ed. 3 vols. Elsevier, Amsterdam.
Relevant Website

http://toxnet.nlm.nih.gov – Search for Propiconazole.

http://www.epa.gov/oppsrrd1/REDs/propiconazole_red.pdf
http://toxnet.nlm.nih.gov
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l Name: Propionic acid
l Chemical Abstracts Service Registry Number: 79-09-4
l Synonyms: Propanoic acid, Ethanecarboxylic acid, Ethyl-

formic acid, Carboxyethane, Methylacetic acid
l Chemical/Pharmaceutical/Other Class: Fatty acid, Anti-

fungal
l Molecular Formula: C3O2H6

l Chemical Structure:
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Background (Significance/History)

First described by Johann Gottlieb in 1844, propanoic acid has
become one of the most widely used additives in processed
foods for human consumption and animal feedstocks. Origi-
nally, Gottlieb found the compound among the degradation
products of certain sugars. The term – propionic acid – itself has
the unique distinction of once being the designation for all
fatty acids due to the writings of Jean-Baptiste Dumas, who, in
1847, postulated that all fatty acids were in reality just one
compound. While larger chain fatty acids are important
components of all living things, propionic acid is the shortest
fatty acid that exhibits the classic behaviors of similar
compounds.
Uses

Propionic acid is used primarily as a preservative in foods and
as a feed and corn preservative for animal feedstocks. In
a related fashion, due to its antimicrobial properties, it is also
used to treat drinking water for livestock. Propionic acid is also
used as a chemical intermediate, particularly in the synthesis of
polymers.
Environmental Fate and Behavior

The widespread use of propionic acid has led to its detection in
waste streams and groundwater. It is a degradation product of
longer chain fatty acids, and has been detected in waste streams
following olive oil production and other processes. Addition-
ally, propionic acid has been qualitatively detected as a volatile
component of cooked potatoes and meats as well as in other
foods and beverages, including dairy products. Propionic acid
is a major component of the gas phase of the smoke of unfil-
tered cigarettes, with quantities estimated at 100–300mg per
cigarette.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
In a direct fashion, propionic acid is released to the envi-
ronment through effluents from the manufacture, use, and
disposal of coal-derived and shale oil liquid fuels as well as
through wood-preserving chemical waste byproducts. Textile
mills and sewage treatment facilities may also be sources of
propionic acid-containing waste. Landfills and hazardous
waste sites can leach propionic acid to groundwater supplies.

Propionic acid can exist as a vapor in the ambient atmo-
sphere with a vapor pressure of 3.53mmHg at 25 �C, and can
be degraded in the atmosphere by reaction with photochemi-
cally produced hydroxyl radicals; the half-life for this reaction
in air is estimated to be 11 days. Photolysis of propionic acid is
not expected to be important, and wet deposition of propionic
acid is expected to occur readily as an atmospheric removal
process.

Biodegradation is likely to be the most important removal
mechanism of propionic acid from both soil and water. In
terrestrial environments, propionic acid will exist as a ratio of the
free acid and its conjugate base due to its pKa of 4.87. With an
estimated HenryK’s law constant of 4.15� 10�7 atmm3mol�1,
it is not expected to volatilize from soil. Its mobility in soil is
expected to be high, with an estimated Koc of 36. The high water
solubility of propionic acid and its existence as a charged species
result in low absorption by particulate and organic matter in
aquatic environments.
Exposure and Exposure Monitoring

Exposure to propionic acid is typically reported in the form of
irritations incurred as a result of dermal contact or inhalation.
This is typically limited to concentrated sources of the material,
as the ubiquity of propionic acid – both through food additives
and via natural biological processes – has resulted in few
complications. Again due to its presence in numerous
consumables, the general population is regularly exposed to
propionic acid through inhalation, ingestion of food and water,
and dermal contact with materials containing the compound.
Toxicokinetics

Propionic acid, like many fatty acids, is readily absorbed
through the gastrointestinal tract as well as through the skin.
Once ingested, very little is excreted in the urine. For example,
one study found that both the urine and feces combined con-
tained 7% of an orally ingested radiolabeled dose of propionic
acid, with 77% of the dose escaping via expired air; this is
probably explained by the relative volatility of propionic acid.

Once in the circulation, propionic acid is carried by the
blood to the liver where it is metabolized and removed.
Metabolically, it can be oxidized to lactic acid as a result of
intestinal absorption, but can also be converted to succinic acid
and ultimately to glucose and glycogen before incorporation
4-3.00914-3 1105
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into amino acids and proteins. Biological processes regularly
produce propionic acid (or its conjugate base, propionate) as
well, including the degradation of odd-number-carbon fatty
acids by way of propionic coenzyme A and from the oxidation
of cholesterol.
Mechanism of Toxicity

The behavior of propionic acid is largely pH dependent, and it
can alter the local pH in areas where it is applied or ingested.
It can behave as a moderately strong acid when concentrated,
and can be corrosive under such conditions. There has been
some evidence that propionic acid inhibits CO2 production
from palmitate in fibroblast cells and ureagenesis in rat liver
slices. This is perhaps related to fatty degeneration of the liver
and hyperammonemia in propionic and methylmalonic
acidemia – an autosomal disorder that results from a defect of
propionyl coenzyme A carboxylase. In the latter case, symp-
toms can include vomiting, lethargy, hypotonia, and metabolic
ketoacidosis.
Acute and Short-Term Toxicity (or Exposure)

Animal

Animals exposed to propionic acid have demonstrated varying
reactions. Polytropism can occur as well as central nervous
system, respiratory, cardiovascular, and blood abnormalities.
Due to its corrosive nature at high concentrations, it is a severe
irritant to the skin, eyes, and mucous membranes. For example,
severe necrosis of the skin was observed in rabbits exposed to
10mg propionic acid for 24 h. Diluting this same quantity to
a 10% solution in acetone produced negative results for
irritation. Similar results have been demonstrated in the gastric
lining, with desquamation and hemorrhage a common result.

In mice, the intravenous LD50 is 625mg kg�1. The oral LD50s
for mice and rats are 5.1 g kg�1 and 2.6–5.2 g kg�1, respectively.
Parenteral delivery in rats has shown an LD50 of 3.5 g kg

�1.
Human

The effects of acute propionic acid exposure in humans are
largely noticed following contact with concentrated sources of
the material. Burning or inflammation may be observed
following contact with skin, the eyes, or mucous membranes. In
severe cases, wheezing or shortness of breath may occur, as well
as headache, nausea, vomiting, diarrhea, and abdominal pain.
Chronic Toxicity (or Exposure)

Animal

Chronic effects of propionic acid exposure in animals are
predominantly seen through forestomach aberrations in
rodents. For example, a diet of 4% propionic acid in rats, mice,
and hamsters for 7 days showed damage and cellular prolifer-
ation in the forestomach epithelium, and a marked (nearly
sixfold) increase in cell proliferation in the midregion of the rat
forestomach after 27 days.
Human

Up to 4% of all plasma fatty acid content can be attributed to
propionic acid, and the material is a ubiquitous component of
human metabolic cycles and diet. Despite this, few effects of
chronic exposure have been demonstrated.
Immunotoxicity

Immunotoxic effects of exposure to propionic acid have been
limited to increased sensitization following either dermal or
respiratory contact with the concentrated material.
Reproductive Toxicity

Reproductive toxicity experiments utilizing propionic acid have
shown negative results in most cases. One study involving frog
embryos dosed with 1.5 g l�1 propionic acid showed malfor-
mations in half of the surviving offspring, including micro-
cephaly, abnormal gut coiling, and edema. In mice, rats,
hamsters, rabbits, and chickens, little evidence of reproductive
toxicity exists.
Genotoxicity

Several genotoxicity studies have been performed using pro-
pionic acid. Of the tests performed, only the Escherichia coli
DNA repair test yielded a positive result in one case, with the
Ames test, the sister chromatid exchange test in vitro, and the
micronucleus test in vivo yielding negative results.
Carcinogenicity

Little evidence has been shown for the carcinogenicity of
propionic acid. Studies in rats have demonstrated potential
cellular proliferation in the forestomach, but this has not been
consistent with respect to dose and the form of oral delivery
(i.e., powder versus tablet, free acid versus in salt form). With
numerous materials indicating forestomach tumors in rats,
and a lack of a human forestomach, the translation of this
information to potential for human carcinogenesis is
debatable.
Clinical Management

Treatment for propionic acid exposure should be symptomatic.
Exposed individuals should be removed from the source of the
material, and any contaminated clothing removed. Wash
affected areas with plenty of water. If ingested, vomiting should
not be induced.
Ecotoxicology

Toxicity data for various organisms can be found in Table 1.
Reported estimates for the bioconcentration factor of propionic



Table 1 Organism toxicity values

Organism EC50 LC50 LD50

Pimephales promelas (fathead minnow) – 4740 mg l�1 96 h�1 –

Daphnia magna (water flea) 22.7 ppm 48 h�1 130 mg l�1 24 h�1 –

Lepomis macrochirus (bluegill) – 188 mg l�1 24 h�1 –

Cyprinus carpio (carp) – 95 mg l�1 24 h�1 –

Leuciscus idus (golden orfe) – >10 000 mg l�1 96 h�1 –

Anas platyrhynchos (mallard duck) – >10 000 ppm 8 day�1 1467 mg kg�1

Colinus virginianus (Northern bobwhite quail) – >10 000 ppm 8 day�1 –

Oncorhynchus mykiss (rainbow trout) – 67.1 ppm 96 h�1 –

Xenopus laevis (clawed toad) 898 mg l�1 96 h�1 7345 mg l�1 96 h�1 –
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acid vary, but are all low, indicating the probability of bio-
concentration or bioaccumulation in aquatic organisms is low.
Propionic acid can persist in aqueous environments.
Exposure Standards and Guidelines

Propionic acid is designated as generally regarded as safe by the
US Food and Drug Administration. The National Institute for
Occupational Safety and Health has established a reference
exposure level time-weighted average of 10 ppm (30mgm�3)
per 8 h, with an exposure limit of 15 ppm (45mgm�3) during
any 15-min period. The American Conference of Governmental
Industrial Hygienists has established a threshold limit value of
10 ppm over an 8-h work shift.
Further Reading

Bingham, E., Cohrssen, B. (Eds.), 2012. PattyKs Toxicology, sixth ed. John Wiley and
Sons, Hoboken, NJ.

Glasgow, A.M., Chase, H.P., 1976. Effect of propionic acid on fatty acid oxidation and
ureagenesis. Pediatr. Res. 10, 683–686.
Harrison, P.T., 1992. Propionic acid and the phenomenon of rodent forestomach
tumorigenesis: a review. Food Chem. Toxicol. 30, 333–340.

Henschel, R., Agathos, M., Breit, R., 1999. Acute irritant contact dermatitis from
propionic acid used in animal feed preservation. Contact Derm. 40, 328.

Howard, P.H., 1997. Handbook of Environmental Fate and Exposure Data for Organic
Chemicals, vol. 5. CRC Press, Boca Raton, FL.

Lucke, T., Perez-Cerda, C., Baumgartner, M., et al., 2004. Propionic acidemia:
unusual course with late onset and fatal outcome. Metabolism 53, 809–810.
Relevant Websites

http://pubchem.ncbi.nlm.nih.gov – National Institutes of Health, National Center for
Biotechnology database; search for ‘propanoic acid.’

http://www.cdc.gov/niosh – Search the NIOSH Pocket Guide for ‘propionic acid.’
http://toxnet.nlm.nih.gov – Toxicology Data Network; search for ‘propionic acid.’
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http://toxnet.nlm.nih.gov
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(except as preempted by Federal law)
Introduction

California voters in 1986 approved an initiative that reflected
concerns about exposures to toxic chemicals via the environ-
ment, residence, and workplace. That initiative became the Safe
Drinking Water and Toxic Enforcement Act of 1986, and is
better known by its original name of Proposition 65. Propo-
sition 65 requires the State of California to publish a list of
chemicals known to cause cancer or birth defects or other
reproductive harm. The list must be updated at least once
a year, and currently includes approximately 800 chemicals.
Proposition 65 requires businesses to notify Californians about
significant amounts of chemicals in the products they purchase,
in their homes or workplaces, or that are released into the
environment. The goal is that this information allows Cali-
fornians to make informed decisions about protecting them-
selves from exposure to these chemicals. In addition,
Proposition 65 prohibits California businesses from knowingly
discharging significant amounts of listed chemicals into sources
of drinking water. A business also includes any company
outside of California that sells their products in California.
California Environmental Protection Agency’s (CalEPA) Office
of Environmental Health Hazard Assessment (OEHHA)
administers the Proposition 65 program. OEHHA also evalu-
ates all currently available scientific information on substances
considered for placement on the Proposition 65 list.
What Types of Chemicals Are on the Proposition
65 List?

Proposition 65 contains a wide range of naturally occurring and
synthetic chemicals that are known tocause cancerorbirthdefects
or other reproductive harm. These chemicals include additives or
ingredients in pesticides, common household products, food,
drugs, dyes, or solvents. Listed chemicals may also be used in
manufacturing and construction, or they may be by-products of
chemical processes, such as motor vehicle exhaust.
How Is a Chemical Added to the List?

There are four principal ways for a chemical to be added to the
Proposition 65 list. A chemical can be listed if either of two
independent committees of scientists and health professionals
finds that the chemical has been clearly shown to cause cancer
1108 Encyclopedia of T
or birth defects or other reproductive harm. These two
committees are the Carcinogen Identification Committee
(CIC) and the Developmental and Reproductive Toxicant
(DART) Identification Committee, and both are part of
OEHHA’s Science Advisory Board. The committee members
are appointed by the Governor and are designated as the
‘State’s Qualified Experts’ for evaluating chemicals under
Proposition 65. When determining whether a chemical should
be placed on the list, the committees base their decisions on
the most current scientific information available. OEHHA staff
scientists compile all relevant scientific evidence on various
chemicals for the committees to review. The committees also
consider comments from the public before making their
decisions.

A second way for a chemical to be listed is if an organization
designated as an ‘authoritative body’ by the CIC or DART
Identification Committee has identified it as causing cancer or
birth defects or other reproductive harm. The following orga-
nizations have been designated as authoritative bodies: the US
Environmental Protection Agency (US EPA), the US Food and
Drug Administration (US FDA), the National Institute for
Occupational Safety and Health (NIOSH), the National Toxi-
cology Program (NTP), and the International Agency for
Research on Cancer (IARC).

A third way for a chemical to be listed is if an agency of the
state or federal government requires that it be labeled or
identified as causing cancer or birth defects or other repro-
ductive harm. Most chemicals listed in this manner are
prescription drugs that are required by the US FDA to contain
warnings relating to cancer or birth defects or other reproduc-
tive harm.

A fourth way requires the listing of chemicals meeting
certain scientific criteria and identified in the California
Labor Code as causing cancer or birth defects or other
reproductive harm. This method was used to establish the
initial chemical list following voter approval of Proposition
65 in 1986 and is still used as a basis for listing substances
when appropriate.
What Requirements Does Proposition 65 Place
on Companies Doing Business in California?

Businesses are required to provide a ‘clear and reasonable’
warning before knowingly and intentionally exposing anyone
to a listed chemical. This warning can be given by a variety
of means, such as by labeling a consumer product, posting
signs at the workplace, distributing notices at a rental housing
complex, or publishing notices in a newspaper. Once a chem-
ical is listed, businesses have 12 months to comply with
warning requirements.

Proposition 65 also prohibits companies that do business
within California from knowingly discharging listed chemicals
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00915-5
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into sources of drinking water. Once a chemical is listed, busi-
nesses have 20 months to comply with the discharge prohibi-
tion. Businesses with less than 10 employees and government
agencies are exempt from Proposition 65’s warning require-
ments and prohibition on discharges into drinking water sour-
ces. Businesses are also exempt from the warning requirement
and discharge prohibition if the exposures they cause are so low
as to create no significant risk of cancer or birth defects or other
reproductive harm. Health risks are explained in more detail in
the following.
What Does a Warning Mean?

If a warning is placed on a product label or posted or
distributed at the workplace, a business, or in rental housing,
the business issuing the warning is aware or believes that one
or more listed chemicals is present. By law, a warning must be
given for listed chemicals unless exposure is low enough to
pose no significant risk of cancer or is significantly below
levels observed to cause birth defects or other reproductive
harm.

For a chemical that causes cancer, the ‘no significant risk
level’ is defined as the level of exposure that would result in
not more than one excess case of cancer in 100 000 individ-
uals exposed to the chemical over a 70-year lifetime. In other
words, a person exposed to the chemical at the ‘no significant
risk level’ for 70 years would not have more than a ‘one in
100 000’ chance of developing cancer as a result of that
exposure.

For chemicals that are listed as causing birth defects or
reproductive harm, the ‘no observable effect level’ is deter-
mined by identifying the level of exposure that has been shown
to not pose any harm to humans or laboratory animals.
Proposition 65 then requires this ‘no observable effect level’ to
be divided by 1000 so as to provide an ample margin of safety.
Businesses subject to Proposition 65 are required to provide
a warning if they cause exposures to chemicals listed as causing
birth defects or reproductive harm that exceed 1/1000th of the
‘no observable effect level.’

To further assist businesses, OEHHA develops numerical
guidance levels, known as ‘safe harbor numbers’ (described in
the following) for determining whether a warning is necessary
or whether discharges of a chemical into drinking water sources
are prohibited. However, a business may choose to provide
a warning simply based on its knowledge, or assumption,
about the presence of a listed chemical without attempting to
evaluate the levels of exposure. Because businesses do not file
reports with OEHHA regarding what warnings they have issued
and why, OEHHA is not able to provide further information
about any particular warning. The business issuing the warning
should be contacted for specific information, such as what
chemicals are present, and at what levels, as well as how
exposure to them may occur.
Safe Harbor Numbers

OEHHA has developed safe harbor numbers to guide busi-
nesses in determiningwhether awarning is necessary orwhether
discharges of a chemical into drinking water sources are pro-
hibited. A business has ‘safe harbor’ from Proposition 65
warning requirements or discharge prohibitions if exposure to
a chemical occurs at or below these levels. These safe harbor
numbers consist of no significant risk levels (NSRLs) for
chemicals listed as causing cancer and maximum allowable
dose levels (MADLs) for chemicals listed as causing birth defects
or other reproductive harm.OEHHAhas established safe harbor
numbers for nearly 300 chemicals and is continuing to develop
safe harbor numbers for listed chemicals.
Enforcement of Proposition 65

The California Attorney General’s Office enforces Proposition
65. Any district attorney or city attorney (for cities whose
population exceeds 750 000) may also enforce Proposition 65.
In addition, any individual acting in the public interest may
enforce Proposition 65 by filing a lawsuit against a business
alleged to be in violation of this law. Lawsuits have been filed
by the Attorney General’s Office, district attorneys, consumer
advocacy groups, and private citizens and law firms. Penalties
for violating Proposition 65 by failing to provide notices can be
as high as $2500 per violation per day.
How Is Proposition 65 Meeting Its Goal of Reducing
Exposure to Hazardous Chemicals in California?

Since it was passed in 1986, Proposition 65 has provided
Californians with information they can use to reduce their
exposures to listed chemicals that may not have been
adequately controlled under other State or Federal laws. This
law has also increased public awareness about the adverse
effects of exposures to listed chemicals. For example, Propo-
sition 65 has resulted in greater awareness of the dangers of
alcoholic beverage consumption during pregnancy. Alcohol
consumption warnings are perhaps the most visible health
warnings issued as a result of Proposition 65. Proposition 65’s
warning requirement has provided an incentive for manufac-
turers to remove listed chemicals from their products. For
example, trichloroethylene, which causes cancer, is no longer
used in most correction fluids; reformulated paint strippers do
not contain the carcinogen methylene chloride; and toluene,
which causes birth defects or other reproductive harm, has
been removed from many nail care products. In addition,
a Proposition 65 enforcement action prompted manufacturers
to decrease the lead content in ceramic tableware and wineries
to eliminate the use of lead-containing foil caps on wine
bottles.

Proposition 65 has also succeeded in spurring signi-
ficant reductions in California of air emissions of listed
chemicals, such as ethylene oxide, hexavalent chromium, and
chloroform.

Although Proposition 65 has benefited Californians, it has
come at a cost for companies doing business in the state. They
have incurred expenses to test products, develop alternatives to
listed chemicals, reduce discharges, provide warnings, and
otherwise comply with this law. Recognizing that compliance
with Proposition 65 comes at a price, OEHHA is working to
make the law’s regulatory requirements as clear as possible and
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ensure that chemicals are listed in accordance with rigorous
science in an open public process.

See also: Developmental Toxicology; Toxicity Testing,
Reproductive.
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l Name: Propoxur
l Chemical Abstract Service Registry Number: CAS 114-26-1
l Synonyms: Baygon; Propotox; Blattanex
l Molecular Formula: C11H15NO3

l Chemical Name: 2-Isopropoxyphenyl-N-methylcarbamate
l Chemical Structure:
Background

Propoxur was introduced in 1959 as a nonsystemic insecticide
for household pests, and for pests of domestic animals. It is
a member of the N-methylcarbamate class of insecticides,
whose mechanism of action involves inhibition of the enzyme
acetylcholinesterase.
Uses

Propoxur is used as indoor spray for the control of insects
(roaches, ants, beetles, etc.) in commercial buildings. As of
2007, at the request of the registrant, its indoor use in homes
or hotels where children may be present has been banned.
Propoxur is also used in insecticidal strips or gel baits for
cockroaches and ants, and in pet collars to control fleas and
ticks. Because of its efficacy against bedbugs, a partial or
temporary lift of its ban for indoor residential use has been
sought.
Exposure Routes and Pathways

Exposure to propoxur in both occupational and nonoccu-
pational settings occurs primarily through the dermal route,
though exposure by the oral route and also by inhalation.
The latter was common when propoxur was used for
mosquito control in malaria-endemic areas, because of its
high vapor pressure. A few cases of accidental or intentional
oral exposure to propoxur have also been reported.
cyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

The dermal absorption of propoxur in humans has been esti-
mated to be w16%. Controlled studies in human and animal
studies have indicated that propoxur is rapidly absorbed by the
oral route. Propoxur undergoes hydrolytic and oxidative
metabolism, mediated by a carboxylesterase and by cyto-
chrome P450, with 2-isopropoxyphenol as the major metab-
olite. Measurement of this metabolite in the urine has been
suggested as an indicator of propoxur exposure. More than
95% of the propoxur dose is excreted by 48 h.
Mechanism of Toxicity

Propoxur is a direct inhibitor of acetylcholinesterase (AChE),
the enzyme that physiologically hydrolyzes the neurotrans-
mitter acetylcholine. Inhibition of AChE causes accumulation
of acetylcholine in the synaptic cleft, with overt stimulation of
cholinergic receptors of the muscarinic and nicotinic type.
This induces a ‘cholinergic crisis’ characterized by miosis,
urination, diarrhea, salivation, muscle fasciculation, and
central nervous system effects. Inhibition of AChE occurs
rapidly, as propoxur is a direct AChE inhibitor and does not
require metabolic activation, but is transient and rapidly
reversible, since there is rapid reactivation of the carbamylated
enzyme in the presence of water. Additionally, carbamylated
AChE does not undergo the aging reaction, as do organo-
phosphate insecticides. Acute intoxication by propoxur is
resolved within a few hours.
Acute and Short-Term Toxicity

Animal

Sign and symptoms of acute exposure to propoxur in animals
are those expected from AChE inhibition. After a dose causing
50% inhibition, decreased AChE activity can be measured in all
tissues and reaches a maximum at about 30min, with full
recovery within 2–3 h. Acute oral toxicity (LD50) has been
reported as 40–110mg kg�1 (rat) and 37–110mg kg�1

(mouse), while acute dermal toxicity is much lower (LD50

>2000mg kg�1). The US Environmental Protection Agency
(EPA) has placed propoxur in Toxicity Category II for oral
exposure, and in Category III for dermal and inhalation expo-
sures. Limited evidence suggests that propoxur may be more
acutely toxic to young animals than to adults, possibly because
of lower detoxification.
Human

Acute effects of propoxur exposure in humans are also the result
of AChE inhibition. They include the so-called SLUDGE
4-3.00190-1 1111
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(salivation, lacrimation, urination, diarrhea, gastrointestinal
cramping, emesis) syndrome, respiratory depression, broncho-
spasm, increased bronchial secretions, blurred vision, miosis,
nausea, headache, tremors, and muscle fasciculations. Recovery
from symptoms usually occurs in 1–3 h, depending on the dose.
Chronic Toxicity

Animal

Subchronic and chronic toxicity studies on carbamate insecti-
cides have been carried outmostly for registration purposes, and
their main findings include inhibition of cholinesterases, effects
on organ weights and on hematological parameters, and some
histopathological changes. Development of tolerance to pro-
poxur toxicity upon repeated exposure has been observed, and
this appears to be due to an induction of microsomal enzymes.
Human

There is no evidence of long-term risks associated with chronic
propoxur exposure. In workers involved inmalaria control who
regularly used propoxur, there was a constant, noncumulative
inhibition of erythrocyte AChE, with rapid and full recovery
upon termination of exposure. A single study has reported
neurobehavioral effects in 2-year-old children exposed in utero
to propoxur.
Immunotoxicity

Inhibition of humoral immune response has been reported in
animals upon repeated exposure to high doses, and appears to
be secondary to AChE inhibition.
Reproductive Toxicity

Embryotoxicity or fetotoxicity are observed only at maternally
toxic doses.
Genotoxicity

Propoxur does not appear to be mutagenic.
Carcinogenicity

Increased incidences of bladder hyperplasia in rats and of
hepatic adenomas in rats and mice at high dosage levels have
been reported. Based on animal findings, propoxur is classified
by the USEPA as a probable human carcinogen (Group B2),
while it is not classified for carcinogenicity by the International
Agency for Research on Cancer IARC.
Clinical Management

The treatment of propoxur intoxication relies on the use of the
muscarinic antagonist atropine, which by blocking muscarinic
receptors prevents their stimulation by accumulating acetylcho-
line. Use of oximes to reactivate inhibited AChE is generally not
recommended, though the current view is that concern over use
of oximes in carbamate poisoning is unwarranted. The transient
nature of AChE inhibition following propoxur exposure poses
several problems in measurements of its activity. First,
measurements should be made shortly (a few hours at most)
following exposure; otherwise, even if severe inhibition and
symptoms of toxicity were present, the latter would be resolved,
and no enzyme inhibition would be detected. Second, particular
care should be taken even if blood samples are drawn shortly
after exposure, as temperature and time elapsed before the assay
would cause reversal of inhibition.
Ecotoxicology

As other methylcarbamates, propoxur is of low to moderate
persistence in soil; it is water soluble and has the potential for
leaching into groundwater. Propoxur is highly toxic to birds
but less so to aquatic species. The mechanism of toxicity on all
species is related to its ability to inhibit AChE.
Exposure Standards and Guidelines

The acceptable daily intake (ADI) for propoxur is
0.02mg kg�1 day�1.

See also: Pesticides; Carbamate Pesticides; Aldicarb; Carbaryl;
Carbofuran.

Further Reading

Baron, R.L., 1991. Carbamate insecticides. In: Hayes, W.J., Laws, E.R. (Eds.), Handbook
of Pesticide Toxicology, vol. 3. Academic Press, San Diego, pp. 1125–1189.

CalEPA (California Environmental Protection Agency), January 2, 1997. Propoxur: Risk
Characterization Document. CalEPA, Medical Toxicology and Worker Health and
Safety Branch, Department of Pesticide Regulation. 92.

Costa, L.G., Hand, H., Schwab, B.W., Murphy, S.D., 1981. Tolerance to the carbamate
insecticide propoxur. Toxicology 21, 267–278.

Hayes, W.J., 1982. Carbamate pesticides. In: Hayes, W.J. (Ed.), Pesticides Studied in
Man. Williams & Wilkins, Baltimore, pp. 436–462.

Institoris, L., Papp, A., Siroki, O., Banerjee, B.D., 2004. Comparative investigation of
behavioral, neurotoxicological, and immunotoxicological indices in detection of
subacute combined exposure with methyl parathion and propoxur in rats. Eco-
toxicol. Environ. Saf. 57, 270–277.

Kobayashi, H., Suzuki, T., Sakamoto, M., Hashimoto, W., Kashiwada, K., Sato, I.,
Akahori, F., Satoh, T., 2007. Brain regional acetylcholinesterase activity and
muscarinic acetylcholine receptors in rats after repeated administration of cholin-
esterase inhibitors and its withdrawal. Toxicol. Appl. Pharmacol. 219, 151–161.
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Chemical Profile

l Chemical Name: Propylene Glycol
l Chemical Abstracts Service Registry Number: 57-55-6
l Synonyms: 1,2-Propanediol; 1,2-Dihydroxypropane; 1,2-

Propylene glycol; 2,3-Propanediol; 2-Hydroxypropanol; 1,2-
Propylenglykol; Dowfrost; Isopropylene glycol; Methylethyl
glycol; Methylethylene glycol; Monopropylene glycol;
Propane-1,2-diol; Sentry Propylene Glycol; Solar Winter
BAN; Solargard P; Trimethyl glycol; Alpha-propylene glycol

l Molecular Formula: C3H8O2

l Chemical Structure:
Background

Propylene glycol is a water-soluble fluid that is considered safe
for use in foods, drugs, and cosmetics. Its attractive properties
as a solvent (ability to dissolve medications that are not water
soluble), as a humectant (its high affinity for water can stabilize
the water content of a material), and as an antifreeze,
combined with a relatively low level of toxicity, have led to its
widespread use in a large number of commercial and industrial
products. The amount of propylene glycol in most products is
fairly small and its environmental consequences are minimal
due to limited human exposures and a rapid biodegradation.
The most likely human exposure to be related to health effects
is its use at high concentrations as a solvent in many intrave-
nous medications.
Uses

About 1000 million pounds of propylene glycol are produced
annually in the United States, with 20% of the total being used
in cosmetics, foods, and drugs. Propylene glycol is widely used
as a humectant to maintain stable moisture content in some
food products, such as coconut and marshmallows, in pet
foods (but not cat food due to potential toxicity), in medicines
and cosmetics as well as in tobacco, and is a solvent for food
colors and flavors. The US Food and Drug Administration
classifies propylene glycol as an additive that is ‘generally
recognized as safe’ for use in food.

Propylene glycol is a common major constituent of anti-
freeze and deicing solutions for cars, airplanes, and boats (16%
of total). Another major use is the manufacture of polyester
resins and various plasticizers (27% of total). As a solvent, it is
used in the paint and plastic industries as well as in liquid
detergents, all-purpose cleaners, inks, and adhesives. It can also
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
be used to create artificial smoke or fog for fire-fighting training
or for theatrical productions.

Propylene glycol is widely used as an inert ingredient in oral
and topical pharmaceutical formulations. In addition, propylene
glycol is found in high concentrations (0.4–0.8 gml�1) in many
drugs that are administered intravenously, including lorazepam,
phenobarbital, diazepam, phenytoin, bactrim, and etomidate.
Long-term sedationwith some of these drugs represents a unique
but important exposure route for certain subpopulations.
Environmental Fate and Behavior

Propylene glycol can be released into the environment via
industrial releases or by disposal of consumer products.
Propylene glycol is readily soluble in water and has a low
sorption partition coefficient (KOC), so has the ability to move
through soil and to leach into ground water. Because of low
vapor pressure (0.1 mmHg at 25 �C) and high water solu-
bility, there is minimal volatilization to the atmosphere from
surface water releases as well as substantial removal of its
vapors by wet deposition. Its low octanol/water partition
coefficient (KOW) indicates that bioconcentration and bio-
magnification should not happen. Propylene glycol is readily
degraded in surface water and soil, by chemical oxidation and
microbial digestion, with a short half-life (1–5 days) in
aerobic or anaerobic conditions. It is also rapidly degraded in
the atmosphere by photochemical oxidation, with a half-life
about 1 day. Although environmental releases can and do
occur (airports must monitor storm water runoff of deicing
solutions), human health effects are likely to be minor, at
least in comparison to effects from potential exposures in
clinical scenarios.
Exposure and Exposure Monitoring

Currently, there are no published or recommended exposure
standards for propylene glycol, except for an American Indus-
trial Hygiene Association Workplace Environmental Exposure
Level of 50 ppm (total) and 10 mgm�3 (inhalation). As a food
additive, the World Health Organization suggests an acceptable
daily intake of <25 mg kg�1.

Because propylene glycol is ubiquitous in several foods,
medical, and cosmetic products, the general population is
commonly exposed by oral intake and dermal contact. The
daily intake of propylene glycol from food products is esti-
mated to be 2400 mg day�1 (34 mg kg�1 bw per day for
a 70-kg person) in the United States. Occupational exposure
would occur by dermal contact and inhalation of heated or
sprayed product. Several occupational exposure studies, in
motor vehicle service workers, in painters, and in aircraft
deicing workers, have shown minimal increases in urinary
propylene glycol levels compared to controls.
4-3.01029-0 1113
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Propylene glycol is used in many oral, topical, and intra-
venous pharmaceuticals. In particular, several drugs (lor-
azepam and diazepam) used for continuous sedation over
long periods (2–5 days) contain high concentrations (0.4–
0.8 gml�1) of propylene glycol. The recommended maximum
dosing schedule of lorazepam would provide a propylene
glycol dose of about 70 g day�1 or roughly 1 g kg�1 day�1. This
use represents a unique and possibly substantial exposure route
for certain subpopulations.
Toxicokinetics

The pharmacokinetics of propylene glycol, as a small neutral
water-soluble molecule, follows a predictable pattern in
humans as well as animals. Oral propylene glycol is rapidly and
extensively absorbed, followed by rapid distribution into
tissues in proportion to total body water. Dermal absorption
studies in humans have shown that propylene glycol is not well
absorbed through intact skin. However, in cases such as burns
or severe irritation, when the outer dermal layers are disrupted,
propylene glycol can then be significantly absorbed dermally.
Under normal exposure conditions, propylene glycol exposure
by inhalation is not toxicologically relevant due to its low
vapor pressure and to a rapid elimination by distribution and
metabolism. Recent studies in rats and dogs used a capillary
aerosol generator to produce aerosols of fine propylene glycol
particles (1–2 mm in diameter) that can penetrate into the deep
lung. In this case, propylene glycol absorption from the lungs is
rapid and produces high systemic propylene glycol levels that
are similar to those produced by equivalent oral doses.

Propylene glycol is eliminated from the body by a combi-
nation of metabolic clearance and renal excretion. The urinary
excretion of propylene glycol is species- and dose dependent,
with humans excreting w45% of propylene glycol and dogs
about 55–88%, while rats and rabbits excrete much less of the
parent compound by the kidney (<15%). This difference is
likely related to dose, because saturation of metabolism appears
to occur at lower doses in humans than in rats and rabbits. In
adult humans and animals, the elimination half-life of
propylene glycol ranges from 2 to 4 h; elimination of propylene
glycol is by saturable kinetics such that the half-life increases
with dose. Elimination in infants is less well characterized but
appears in a few cases to be much slower (half-life >10 h).

The main pathway for the metabolism of propylene glycol
in humans and animals is oxidation via alcohol dehydrogenase
(ADH) to lactaldehyde, which is then converted to lactate via
aldehyde dehydrogenase. The importance of this pathway to
the elimination of propylene glycol is indicated because inhi-
bition of ADH increases the urinary excretion of propylene
glycol to 75% in rats. The fact that saturation of metabolic
clearance occurs at lower doses in humans than in rats and
rabbits is likely related to the expression of differing isoforms of
ADH in these species. Commercially available propylene glycol
exists as an equal mixture of D and L stereoisomers. Hence,
metabolism of propylene glycol results in the formation of
both D and L forms of lactate. L-Lactate is readily cleared in most
cases, because it is converted to pyruvate, which is then
removed by conversion to glucose via gluconeogenesis. An
alternative metabolic pathway can convert lactaldehyde via
methylglyoxal to D-lactate. Under repeated exposure condi-
tions, D-lactate can accumulate, leading to lactic acidosis,
primarily because D-lactate is an inefficient substrate for
gluconeogenesis. As such, D-lactate has a longer half-life than
L-lactate, especially under conditions of prolonged exposure
(e.g., intravenous infusion). It is difficult to cause primary
L-lactic acidosis because, at high doses of propylene glycol,
ADH becomes saturated, which results in a constant rate of
lactate production. Due to the relatively efficient removal of L-
lactate by gluconeogenesis, accumulation of L-lactate levels is
limited after saturation of metabolism, though D-lactate can
still accumulate to acidotic levels.
Mechanism of Toxicity

Propylene glycol has a low degree of toxicity in animals as well
as humans, such that very high doses are needed to elicit effects
in acute toxicity studies. The toxic effects of propylene glycol
appear to be similar in animals and in humans. Central
nervous system (CNS) depression, hematologic toxicity,
hyperosmolarity, metabolic acidosis, cardiovascular effects,
and renal toxicity encompass the main acute and subacute
syndromes for propylene glycol. Most of the effects of
propylene glycol can be ascribed to high concentrations of the
parent molecule or to the accumulation of D,L-lactate in the
blood. Due to its alcohol moiety, propylene glycol at very high
concentrations is the most likely reason for the CNS depres-
sion. Also, because high concentrations of propylene glycol will
increase the osmolarity of the blood, the hyperosmotic effects
are likely due to the parent molecule. The cardiovascular and
renal effects may be a result of the hyperosmolarity in combi-
nation with the metabolic acidosis. The acidosis itself results
from the accumulation of lactate (both D- and L-forms), which
has been well documented in both animals and humans.
In Vitro Toxicity

Few studies have examined the effects of propylene glycol on
cellular viability as a means to understand its mechanism of
toxicity. Studies relevant to reproductive toxicity and immuno-
toxicity are discussed below. In primary cultures of human
proximal tubule cells, propylene glycol (10–50 mmol l�1 for
1–5 days) produces a mild cytotoxicity on cells in the prolifer-
ating stage. These effectsmay contribute to the renal dysfunction
that is reported in human exposures and animal studies.
Acute and Short-Term Toxicity

The acute and chronic toxicity of propylene glycol has been
well characterized in laboratory animals, including nonhuman
primates. In humans, information on toxicity has come from
case reports, clinical case series, and several retrospective
studies of patients given intravenous medications. Further-
more, because the toxicokinetics of propylene glycol is similar
across species, information from animal toxicity studies can be
extrapolated to human exposures.

Propylene glycol produces little systemic toxicity in experi-
mental animals in that very high doses are required to produce
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toxicity. CNS, hematologic, renal, and cardiovascular effects
have been noted in humans and animals and high serum
concentrations of propylene glycol may result in lactic acidosis
and hyperosmotic changes in the blood.
Animal

Animals lethally intoxicated undergo CNS depression, coma,
and respiratory arrest. Acute oral toxicity has been well char-
acterized in the rat, mouse, rabbit, dog, and guinea pig with
LD50 values generally in the range of 18–22 g kg�1. A sub-
chronic (90-day) study inmouse, rat, dog, andmonkey showed
that daily gavage doses of 1 g kg�1 were well tolerated in terms
of body weight gain, food consumption, clinical pathology
(urine and blood parameters), and histopathology.

Inhalational studies of propylene glycol in rats and dogs
(using the capillary aerosol generator noted above) for up to
28 days indicated that propylene glycol was well tolerated by
rats in doses up to 20 mg kg�1. At these doses, dogs displayed
hematologic effects (decreased red blood cell (RBC)), although
doses of 6 mg kg�1 produced no adverse effects.
Human

In adult humans, a lethal oral dose has been estimated to be
>15 g kg�1. In recent years, a number of cases of apparent
propylene glycol toxicity have been reported in humans being
continuously sedated, primarily with intravenous solutions of
lorazepam or diazepam containing high concentrations of
propylene glycol (0.8 gml�1). Effects have included lactate
acidosis, increased anion gap, hyperosmolarity, apparent renal
tubular necrosis (increased serum creatinine), and rarely
hemolysis. Propylene glycol levels in the blood >100 mg dl�1

have been associated with these effects. In a prospective
observational study, about 20% of patients receiving relatively
high daily doses of propylene glycol (>1 g kg�1) showed some
degree of toxicity (increased anion and osmolal gaps, indi-
cating lactate acidosis and hyperosmolarity). In another study,
exposure to a median daily dose of 34 mg kg�1 for 2 days was
well tolerated by patients. Similar toxicity has been reported in
neonatal cases, exposed to 3 g propylene glycol per day for
5 days, but infants have also had seizures and increased bili-
rubin, suggesting liver damage.

Occupational exposure to propylene glycol in humans may
occur through dermal contact or inhalation of propylene glycol
from heating or spraying processes. Short-term occupational
exposure studies have been conducted withminimal evidence of
any adverse effects. Apparent propylene glycol exposure inmotor
servicing workers, in painters, and in aircraft deicing workers
producedonlyminorelevations inurinarypropyleneglycol levels
(some not significant), at least compared to control subjects.
Chronic Toxicity

Animal

The chronic toxicity of propylene glycol to animals has been
evaluated in classic 2-year feeding studies. An average daily
dose of 1.7 g kg�1 bw in male rats and 2.1 g kg�1 bw in female
rats has been shown to have no adverse effect on body weight
gain, food consumption, hematology, renal function, serum
chemistry, absolute and relative organ weights, or organ
histopathology. A similar study in rats given 3 g kg�1 bw daily
reported slight liver damage but no other effects. Feeding
studies in dogs with 2 and 5 g kg�1 bw per day for 2 years
showed no effects at the low dose, with evidence of RBC
destruction, but few other effects, at the high dose of propylene
glycol. Subchronic exposure to oral propylene glycol in cats
(1.2 g kg�1 bw per day for 2 weeks) produced Heinz bodies in
RBCs and decreased RBC survival.
Immunotoxicity

Propylene glycol has been reported to produce mild to
moderate skin irritation. Although several cases of allergic
response to propylene glycol have been described, considering
the widespread use of propylene glycol-containing topical
products, allergy cases are considered unusual. In most cases,
the skin reaction is a primary irritation not an allergic reaction.
With damaged skin or in cases of occlusion, the risk of irritation
is increased.

Few studies of any effects of propylene glycol on the
immune system have been reported. In one study in human
blood mononuclear cells, propylene glycol has been shown to
decrease natural killer cell activity in vitro.
Reproductive Toxicity

Prenatal development studies in mice, rabbits, rats, and
hamsters have shown that propylene glycol does not produce
effects on developmental parameters (growth and development
of pups) in doses up to 1.2–1.6 g kg�1 (highest doses tested);
a subsequent study in mice only showed no developmental
effects at doses up to 10 g kg�1. A multigeneration reproductive
and developmental study in mice exposed to propylene glycol
in drinking water showed no effects on fertility and reproduc-
tion in adult and second-generation mice nor any effects on pup
survival and development in doses up to 10 g kg�1. As such,
current exposures to propylene glycol are of negligible concern
for reproductive or developmental toxicity in humans.

Propylene glycol at high concentrations can be used as
a cryoprotectant for preservation of embryos. In vitro studies of
the effects of propylene glycol (3000 mmol l�1) on mouse
zygotes have shown cell membrane damage and altered pH in
the zygotes, indicating a possible effect on embryonic devel-
opment. No effects were noted at 1500 mmol l�1, an extremely
high concentration.
Genotoxicity

Propylene glycol appears to be nongenotoxic at environmen-
tally relevant concentrations. Propylene glycol does not induce
mutations in the classic Ames test, with or without metabolic
activation. It also does not produce sister chromatid exchange
or DNA-damage in vitro nor produce chromosomal aberra-
tions in in vivo cytogenetic studies. However, short-term high-
dose studies (>25 mgml�1) have shown DNA strand breaks
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and chromosomal damage (micronuclei) in Chinese hamster
ovary cells.
Carcinogenicity

No indications of carcinogenicity have been found in 2-year
studies in rats and dogs.
Clinical Management

Normal clinical toxicological treatment strategies for various
types of exposure should be conducted, i.e., removal from
inhalational exposures, supportive care in case of respiratory
distress, and decontamination of dermal exposures. Because it is
a small neutral water-soluble molecule with minimal protein
binding, propylene glycol should be readily cleared by hemo-
dialysis. Most cases of toxicity in humans result when propylene
glycol is used as the vehicle in medications for chronic intrave-
nous sedation. In those cases, the infusion of the propylene
glycol-containing medication should be discontinued, with
substitution of another sedative not containing propylene glycol.
Normally, the renal and metabolic clearance of propylene glycol
should be sufficient to fairly rapidly lower the propylene glycol
and lactate blood concentrations to nontoxic levels. If
the symptoms persist, intermittent hemodialysis should be used
to rapidly lower propylene glycol levels and correct the meta-
bolic abnormalities (hyperosmolarity and acidosis).
Ecotoxicology

The effects of propylene glycol releases on ecological systems
have not been reported. Based on its low degree of mammalian
toxicity and its rapid degradation in the environment, ecotox-
icity from propylene glycol would be expected to be minimal.

See also: Anxiolytics; Sedatives; Generally Recognized as Safe
(GRAS); Cosmetics and Personal Care Products.
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l Chemical Abstracts Service Registry Number: 75-56-9
l Synonyms: 1,2-Propylene oxide; 1,2-Epoxypropane; Meth-

yloxacyclopropane; Methyloxirane; Methyl ethylene oxide;
Propene oxide; Propylene epoxide

l Chemical/Pharmaceutical/Other Class: Epoxides
l Molecular Formula: C3H6O
l Chemical Structure:

Propylene oxide, a volatile colorless liquid with an ethereal
odor, is highly flammable at room temperature and normal
atmospheric pressure. It is not known to occur as a natural
product.
Uses

Propylene oxide is widely used in the chemical industry as an
intermediate in the production of a broad spectrumofmaterials,
suchaspolyetherpolyols, propyleneglycol, andpropyleneglycol
ethers. These products are further used in the manufacture of
polyurethane foams, polyester fibers, lubricants, and detergents.
Propylene oxide is used for fumigation in the pharmaceutical
and agricultural industries (for dried fruit and various other
foodstuffs) and for embedding tissues for electron microscopy.
Environmental Fate

Propylene oxide is not expected to bioaccumulate due to its high
vapor pressure and its tendency to hydrolyze. When released
into water, it is hydrolyzed with a half-life of between 10 and
30 days; and it has a half-life of 3–20 days in air. Degradation of
propylene oxide in the air may occur by reaction with photo-
chemically produced hydroxyl radicals and may be removed
from air by rainfall because of its high water solubility.
Exposure Routes and Pathways

Occupational exposure by inhalation of contaminated air, as
well as contact with eyes and skin, provides the significant
routes of exposure for propylene oxide. Some exposure may be
possible through residues in food after fumigation.
Toxicokinetics

Propylene oxide is a direct-acting alkylating agent and does not
need metabolic activation; however, it must be absorbed and
distributed to reach systemic tissues. Propylene oxide is readily
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
absorbed and effectively metabolized following inhalation.
Only a minor fraction of the compound is exhaled unchanged.
The main metabolic pathways are enzyme-catalyzed reactions
with gluathione S-transferase and epoxide hydrolase to 1,2-
propanediol propylene glycol, which is subsequently metabo-
lized to lactic and pyruvic acids. The distribution of propylene
oxide within the body has been studied in experimental
animals by measuring its alkylation products (adducts) with
DNA in various tissues and with hemoglobin in red blood cells.
In rats exposed to the compound by inhalation, the highest
DNA adduct levels were found in the nasal epithelia, followed
by the lungs, lymphocytes, spleen, liver, and testes. The adduct
level in the respiratory mucosa wasw30-fold higher than in the
testes. The dose–response for adduct formation was linear up
to 500 ppm of propylene oxide in the air. Propylene oxide is
w5–10 times less efficient than the related compound ethylene
oxide concerning its alkylation capacity in vivo.
Mechanism of Toxicity

The toxic effects of propylene oxide are related to its ability to
react directly, without metabolic activation, with cellular
macromolecules, nucleophilic sites, and nonprotein sulfhy-
dryls. Therefore, it reacts with various components of cells,
including DNA, RNA, and proteins.
Acute and Short-Term Toxicity

Animal

The toxicity of propylene oxide has been studied in several
animal species. Acute oral lethal dose 50% (LD50) values of
380 mg kg�1 in the rat and 660 mg kg�1 in the guinea pig have
been reported. The 4-h lethal concentration 50% (LC50) value
for inhalation is 4000 ppm for rats and 1740 ppm for mice.
Salivation, vomiting, lacrimation, respiratory system irritation
(nasal, lung passages), neuropathy, central nervous system
(CNS) depression, ataxia in the hind legs, and death have been
reported in experimental animals at high concentrations. The
developmental toxicity of fetal death was reported at a higher
exposure level (500 ppm). Propylene oxide exposure at
1000 ppm showed toxic effects on the development of
preimplantation embryos.
Human

Inhalation of propylene oxide may result in eye irritation,
spasms, inflammation, and edema of the larynx and bronchi,
as well as pulmonary edema leading to pneumonia. Contact
with liquid propylene oxide may cause irritation and necrosis
of the skin as well as hand eczema. Symptoms of exposure may
include burning sensation, coughing, wheezing, headache,
4-3.00644-8 1117
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nausea, and vomiting. Propylene oxide may cause CNS
depression and other neurological disorders.
Chronic Toxicity

Animal

Chronic and subchronic exposure of rats to propylene oxide by
inhalation induced respiratory cell hyperplasia, irritation, and
toxicity in the nasal epithelium at a concentration of 300 ppm
or higher. In vivo studies in rodents on dominant lethal muta-
tions, sperm abnormalities, micronuclei, chromosomal aber-
rations, and sister chromatid exchanges have given negative
results. Neither chromosomal aberrations nor sister chromatid
exchanges were induced in monkeys exposed to 300 ppm.
Long-term carcinogenicity studies in rodents administered
propylene oxide by different routes demonstrated increased
incidences of tumors mainly at the site of contact.
Human

There is no evidence that low-dose exposures constitute health
risks to humans. In addition, there are no convincing epide-
miological data on cancer in humans for propylene oxide.
Reproductive Toxicity

No adverse effects on reproduction were observed in rats or
rabbits exposed to propylene oxide up to 500 ppm. There are
no reported reproductive or prenatal effects in humans.
Genotoxicity

Propylene oxide is a weak genotoxic alkylating agent with
a direct effect on DNA and weak potency as a mutagenic agent.
N7-Hydroxypropylguanine is the main adduct formed by
propylene oxide. Nongenotoxic effects of propylene oxide
involve glutathione depletion and cell proliferation. The gen-
otoxicity of propylene oxide was studied both in vitro and in
vivo considering its mutagenic and nonmutagenic effects.
In Vitro Genotoxicity Data

Propylene oxide is mutagenic in bacteria, yeast, and cultured
mammalian cells. It also induces nonmutation effects such as
sister chromatid exchanges in human peripheral blood leuko-
cytes and cultured mammalian cells, chromosomal aberra-
tions, DNA strand breaks, DNA adducts, cytotoxicity, and SOS
responses in bacteria.
In Vivo Genotoxicity Data

Studies have shown that a nonphysiological route of adminis-
tration (i.e., intravenous, intraperitoneal injection) caused
micronucleus formation, chromosome abnormalities, and sister
chromatid exchanges in mammals. However, physiological
administration of propylene oxide by an oral route (gavage) or
by inhalation did not show any adverse effects.
Carcinogenesis

Studies have shown that propylene oxide is carcinogenic in
rodents at high exposure levels and at the site of administra-
tion. The nose is the most relevant target organ for propylene
oxide-induced tumorigenicity. Propylene oxide induces
several types of tumors depending on the route of exposure.
Oral administration in rats caused tumors of the forestomach,
which were mainly squamous cell carcinomas. In rats of both
sexes exposed by inhalation, papillary adenomas of the nasal
cavity were observed, as well as thyroid adenomas and carci-
nomas in females. Increased incidences of mammary fibro-
adenomas and adenocarcinomas have been observed in
females. In mice exposed by inhalation, propylene oxide
produced hemangiomas and hemangiosarcomas of the nasal
cavity and a few malignant nasal epithelial tumors. Subcuta-
neous administration of propylene oxide in mice produced
local sarcoma. Propylene oxide induces neoplastic cell trans-
formation in mouse embryo cells. Propylene oxide carcino-
genesis in rodents is a multifactorial and complex process and
is not specifically due to its DNA-reactive genotoxicity alone.
There is not enough evidence on human propylene oxide
exposure and cancer. However, based on the body of data,
including positive responses in tests for toxicity and carcino-
genicity in experimental animals, the International Agency for
Research on Cancer has classified propylene oxide as possibly
carcinogenic to humans.
Clinical Management

If propylene oxide is swallowed, the mouth should be washed
out with water. Vomiting should not be induced. In case of
inhalation of the compound, the person should be moved to
fresh air. Oxygen should be given if breathing is difficult. If not
breathing, artificial respiration should be given. In case of
contact with the eyes or skin, contaminated areas should
immediately be flushed with plenty of water for at least 15 min.
In all cases of extensive exposure, immediate medical advice
should be sought.
Other Hazards

Propylene oxide is extremely flammable. Propylene oxide–air
mixtures may be explosive by contact with heat or by ignition.
Propylene oxide is incompatible with acids, bases, oxidizing
agents, polymerization catalysts, epoxy resins, and high
temperatures. It reacts violently with acetylide-forming metals
such as copper or copper alloys.
Exposure Standards and Guidelines

Recommendations regarding limits for occupational exposure to
propylene oxide differ markedly. The current 8-h time-weighted
average (TWA) established by the Occupational Safety and
Health Administration in the United States is 100 ppm. The
American Conference of Governmental Industrial Hygienists
recommends a threshold limit value of 2 ppm as an 8-h TWA.
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In European countries, the limits of exposure are in the range
1–20 ppm (8-h TWA).

See also: Epichlorohydrin; Ethylene Oxide.
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Relevant Websites

http://www.cdc.gov/niosh/idlh/75569.html – ‘Centers for Disease Control and
Prevention (CDC).’

http://www.epa.gov/ttnatw01/hlthef/prop-oxi.html – ‘EPA air toxics web site.’
http://ntp.niehs.nih.gov/ntp/roc/twelfth/profiles/PropyleneOxide.pdf – ‘National Toxi-
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l Name: Prostaglandins
l Chemical Abstracts Service Registry Number: 511-11-1 (F2a)
l Chemical/Pharmaceutical/Other Class: Unsaturated deriv-

atives of arachidonic acid, a 20-carbon fatty acid
l Representative Chemicals: Prostaglandin F2a (dinoprost);

Prostacyclin (epoprostenol or PGI2); Prostaglandin E2
(dinoprostone); Others

l Synonyms: PG
l Molecular Structure: Varies
Background Information

Prostaglandins are a family of naturally occurring compounds
found mainly in animals, and are involved in numerous
physical processes, both beneficial and pathological. These
include inflammation, cell growth regulation, and smooth-
muscle contraction. They are hormone-like chemicals that are
produced in the cell membranes of virtually every organ. Like
all eicosanoids, prostaglandins are derived from oxidized
arachidonic acid, an essential polyunsaturated fatty acid. They
are produced and metabolized in the kidney from essential
fatty acids, and can be found in various tissues and body
fluids.
Uses

Perhaps the most commonly known therapeutic application
related to prostaglandins is the act of inhibiting their synthesis
via the use of aspirin to stop inflammation and pain. Aspirin
works by inhibiting the synthesis of prostaglandins through
inactivation of the cyclooxygenase enzyme. Prostaglandins
have a number of direct therapeutic uses, for example, pre-
venting ulcers, reducing the potential size of myocardial
infarctions, and treating glaucoma.

Another well-known application for prostaglandins –

dinoprost and dinoprostone in particular – is their use to
induce labor in pregnant women. Dinoprostone can induce
labor by promoting cervical or uterine contractions. Related to
this is the use of prostaglandins as abortifacients, particularly
when used concomitantly with mifepristone (a synthetic
steroid).

Prostaglandins have also been found to inhibit gastric acid
secretion and thereby reduce ulcers, as well as accelerating
healing of existing ulcers. Epoprostenol, another prostaglandin,
has been used as a vasodilator, to inhibit platelet aggregation,
and in salt form to treat pulmonary hypertension.
Environmental Fate and Behavior

Little is known about the environmental fate of prostaglandins.
Being nonvolatile and largely lipophilic, they are not expected
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to enter the ambient atmosphere or to have high mobility in
soils. They may be absorbed within the local biota; however
their interactions with environments outside of biological
systems have seldom been reported.
Exposure and Exposure Monitoring

Aside from endogenous production, prostaglandins can be
absorbed into the body through ocular exposure, inhalation,
ingestion, or injection. Monitoring prostaglandin exposure
may be difficult due to rapid clearance of these compounds in
the body. It has been shown that up to 80% of systemic
prostaglandin can be metabolized in just one pass through the
lungs, with metabolites being excreted within 24 h.
Toxicokinetics

The prostaglandins as a group are known for having an
extremely short lifespan, sometimes as short as several minutes,
within an organism before enzymatic action breaks them
down. They are produced on demand in the body, and act in
very small concentrations to regulate the nervous, respiratory,
cardiovascular, reproductive, endocrine, immunological, and
renal systems. In the case of glaucoma treatment, a prosta-
glandin derivative (S-1033) is rapidly absorbed through the
eyes and into the plasma.

Isolated cases of adverse neurological side effects have been
seen with naproxen or phenylbutazone given with misopros-
tol, a synthetic prostaglandin used to lessen gastric ulcer
formation due to nonsteroidal anti-inflammatory drugs
(NSAIDs). Misoprostol also increases the abdominal pain and
other side effects of diclofenac and indometacin (indometh-
acin). Paracetamol (acetaminophen) can intensify pain when it
is given along with mifepristone and sulprostone used to
induce abortion. Epoprostenol caused a small predicted
decrease in digoxin clearance in the short term, although this
may not be clinically significant.

Metabolism of prostaglandins has been shown to occur
mainly in the local tissues in which they are produced. In the
case of dinoprostone, systemic absorption of administered
prostaglandin was cleared primarily in the lungs, followed by
the liver and kidneys. In humans it has been shown that the
rate, rather than the total dose, of prostaglandins adminis-
tered intravenously is more important in causing adverse
effects.
Mechanism of Toxicity

Prostaglandins administered therapeutically have three
primary modes of action. The first is regulation of smooth-
muscle contraction or relaxation, including reproductive
organs and cardiovascular effects. Second, some administered
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00916-7
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prostaglandins affect the central nervous system, while a third
mechanism of action involves effects on lipid and carbohydrate
metabolism.

In animals, prostaglandins have been shown to affect heart
rates. Vagally mediated bradycardia has been observed at low
doses, while higher doses cause reflex tachycardia following
vasodilation and hypotension. Bronchodilation has also been
observed in addition to gastric acid secretion inhibition and
decreases in gastric emptying.
Acute and Short-Term Toxicity (or Exposure)

Animal

In most cases, acute exposure is self-mediating due to the
body’s natural ability to metabolize prostaglandins so readily.
Other symptoms may include ataxia, hypothermia, hypo-
activity, and deep, slow breathing patterns.

For epoprostenol, LD50 values of 1, 23.2, and 31.6mg kg�1

were reported for hamsters, mice, and rats, respectively. For
dinoprost, LD50 values of 56, 106, and >10mg kg�1 were
reported for mice, rats, and rabbits, respectively.
Human

Acute symptoms of exposure, particularly to overdose, include
effects to smooth muscle systems and vasodilation and vaso-
constriction such as headaches, hypotension, nausea, flushing,
vomiting, and diarrhea. Vasomotor reactions, hyperventilation,
paresthesias, arrhythmias, hyperesthesias, chest pain, and
hiccups are additional symptoms of the adverse effects of
prostaglandins.

Some prostaglandins have vasoconstrictive and/or bron-
chodilatory properties while others are vasodilatory and/or
bronchoconstrictive. Prostaglandins regulate smooth-muscle
function in the lungs, heart, and uterus and contribute to
changes in the oxygen flow to the heart, causing rapid changes
in coronary blood flow.

Asthmatics exposed to prostaglandin F2a (dinoprost)
may experience bronchospasm, arrhythmia, or hyperventi-
lation. It may induce grand mal seizures in epileptics.
Prostaglandins contribute to platelet aggregation in blood
clots, and NSAIDs such as aspirin or ibuprofen counteract
that activity.

When used to induce labor, prostaglandins such as dino-
prost may cause cervical laceration or rupture with retention of
the placenta or hemorrhaging. Dysuria may occur, and it may
affect the alimentary tract as well, causing nausea, vomiting,
and diarrhea. There are two documented cases of women who
died of cardiovascular collapse following a 40mg dose of
dinoprost. The TDLo is 20mg kg�1.
Chronic Toxicity (or Exposure)

Animals and Humans

Very little evidence has been shown regarding the chronic
effects of prostaglandin exposure. This is perhaps due to the
continual synthesis of a variety of prostaglandins by the body,
their rapid metabolism, and the therapeutic utility of
administered prostaglandins being of a transient or acute
nature. Further, tissue retention of prostaglandins has not been
shown to occur, again owing to their rapid metabolism both
locally and systemically.
Immunotoxicity

The primary immunotoxic effects of prostaglandins are
limited to the inflammation they tend to mediate, and are
acute in nature. It has not been shown that repeated exposure
or dosing with prostaglandins leads to increased sensitivity
over time. In some cases, a heightened immune response has
been shown to be correlated with increases in certain pros-
taglandin concentrations; however, the roles of therapeuti-
cally delivered prostaglandins in this relationship are not
clear.
Reproductive Toxicity

Evidence of the reproductive toxicity of prostaglandins has
been mixed, though some sources list prostaglandins such as
dinoprost as teratogens. In one study using Swiss-Webster
mice, increased incidents of fetal resorption and intrauterine
deaths were induced by prostaglandin F2a (dinoprost), but no
developmental or growth effects were observed. In another
study, the same prostaglandin (dinoprost) induced increases in
abnormal offspring in mice following subcutaneous injection
in the pregnant females during gestation; fetal growth was
shown to be affected in the same study. In rabbits, alterations
of sperm morphology were seen resulting from dinoprost
exposure.

Studies involving cattle and sheep have shown prosta-
glandin F2a (dinoprost) to be directly toxic to early embryos in
these animals at very specific developmental stages. In these
cases, it was shown that increases in systemic prostaglandin F2a
were paired with embryonic toxicity, and that inhibition of PG
F2a secretion at the time of embryonic transfer into recipient
cows decreased the embryotoxic effects.
Genotoxicity

Reports of genotoxicity induced by prostaglandins are rare.
Much of the work in this area is concerned with prostaglandin
H synthase – enzymes responsible for the biosynthesis and
mediation of prostaglandins (and in fact all prostanoids). The
enzymes themselves are not prostaglandins, however, and the
specific genotoxic effects of prostaglandins, if any, remain
unclear.
Carcinogenicity

Carcinogenicity resulting from prostaglandin exposure has
not been demonstrated. Several prostaglandins have been
investigated for their nonproliferative effects in a number
of carcinoma cell lines, particularly as agonists of known
carcinogens.
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Clinical Management

Since prostaglandins are rapidly metabolized in the body,
discontinued use and supportive therapy are usually the rec-
ommended treatments for adverse reactions. In cases of
placental retention, blood transfusions may be necessary.
Ecotoxicology

Ecotoxicological evaluations of prostaglandins, especially
dose–response concentrations (LD50s, EC50s), have not been
established.
Exposure Standards and Guidelines

For prostaglandin F2a (dinoprost), the US Environmental
Protection Agency has established a maximum recommended
daily dose of 0.0125mg kg�1 bw�1 day�1.
See also: Acetaminophen; Cardiovascular System.
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l Name: Pseudoephedrine
l Chemical Abstracts Service Registry Number: 90-82-4
l Synonyms: D-Pseudoephedrine, Isoephedrine, D-Isoephe-

drine, trans-Ephedrine, Sudafed
�

l Molecular Formula: C10H15NO
l Chemical Structure:
Background

Pseudoephedrine is a stereoisomer of ephedrine, in the drug
class of sympathomimetics. It occurs naturally in plants of the
genus Ephedra. Pseudoephedrine is a mixed-acting deconges-
tant, which activates a- and b-adrenergic receptors directly by
binding to the receptor itself, and indirectly by causing
norepinephrine release in synaptic nerve terminals.

Pseudoephedrine is also used illicitly in the production of
methamphetamine. In the United States, two recent acts of legis-
lation – the Combat Methamphetamine Epidemic Act of 2005
and the Methamphetamine Production Prevention Act of 2008–
have created stringent regulation on the sale of pseudoephe-
drine without a prescription. Pseudoephedrine-containing prod-
ucts were moved behind the counter, only to be sold by the
pharmacist using their professional judgment and discretion.
Limitations on the quantity of pseudoephedrine that could be
purchasedatone timeandover a periodof timewere enacted, and
strict record keeping was required.
Uses

Pseudoephedrine is an orally active sympathomimetic amine
that is used as a nasal decongestant. It exerts its decongestant
action by acting directly on a-adrenergic receptors in the
respiratory tract mucosa producing vasoconstriction resulting
in shrinkage of swollen nasal mucous membranes, reduction of
tissue hyperemia, edema, and nasal congestion, and an increase
in nasal airway patency. Drainage of sinus secretions is
increased and obstructed eustachian ostia may be opened.
Relaxation of bronchial smooth muscle by stimulation of
b-adrenergic receptors may also occur.
Environmental Fate and Behavior

Through use as a decongestant and production, release to
the environment may result from various waste streams.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Pseudoephedrine is also found in plants in the genus Ephedra
(Ephedraceae) otherwise known as Ma Huang. It has a vapor
pressure of 8.3 � 10�4 mm Hg at 25 �C and if released into air
it will exist both as vapor and in particulate phase in the
atmosphere. Vapor-phase pseudoephedrine will be degraded
by reactions with hydroxyl radicals, which are photochemically
produced. The half-life for this reaction is estimated at 4 h.
Particulate-phase pseudoephedrine will be removed from the
atmosphere by wet and dry deposition. Pseudoephedrine is not
susceptible to direct photolysis by sunlight.

Based upon an estimated Koc of 73, pseudoephedrine is
expected to have a high mobility in soil. The pKa of 10.25
indicates that it will exist primarily in the cation form in the
environment and it will absorb more strongly to soil contain-
ing clay or organic carbon.
Relevant Physicochemical Properties

Pseudoephedrine is a white or crystalline powder and is very
soluble in water. It has a melting point of 58–59 �C and boiling
point of 255 �C. The vapor pressure is 0.009 at 25 �C and the
density is 1.118 g cm�3. The pKa is 4.62 and the partition
coefficient is 1.05.
Exposure and Exposure Monitoring

Routes and Pathways

Accidental and intentional exposures to pseudoephedrine
occur most often by the oral route and involve either pseu-
doephedrine alone or multisymptom cold preparations con-
taining pseudoephedrine in combination with antihistamines,
analgesics, and antitussive agents.
Human Exposure

Human exposures to pseudoephedrine in the United States are
monitored through the National Poison Data System, which
draws its information from the poison center system.
Toxicokinetics

Pseudoephedrine is well absorbed from the gastrointestinal
tract within 15–30 min with peak plasma levels attained at
approximately 1–3 h after ingestion with immediate release
dosage forms. Extended release dosage forms reach peak
plasma levels approximately 4 h after ingestion. Duration of
action persists for 4–6 h for immediate release or 12–24 h for
extended release dosage forms. Pseudoephedrine has been
shown to have a mean elimination half-life of 4–6 h, which is
dependent on urine pH. The elimination half-life is decreased
at urine pH less than 6, and may be increased at urine pH
4-3.00776-4 1123
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greater than 8, varying the half-life from 1.9 to 21 h. The
majority of the dose is excreted unchanged in the urine,
with up to 88% recovered in the 36-h urine. A small
amount is hepatically metabolized by N-demethylation to
norpseudoephedrine, an active metabolite. Pseudoephedrine
is 20% protein bound with a volume of distribution of
2.1–3.3 l kg�1.
Mechanism of Toxicity

Pseudoephedrine is a weak base (pKa, 9.4) that stimulates both
a- and b-adrenergic receptors, as well as causing the release of
neuronal norepinephrine. This mixed a/b adrenergic stimula-
tion produces both hypertension and tachycardia, as opposed
to the hypertension with reflex bradycardia seen with selective
a agonists.
Acute and Short-Term Toxicity

Animal

Following the ingestion of a large dose of pseudoephedrine,
dogs and cats may exhibit hyperactivity, mydriasis, depression,
vomiting, hyperthermia, disorientation, bradycardia, and
tachycardia. Therapy is directed at prevention of absorption
and control of tachydysrhythmias with lidocaine (dogs only)
or procainamide (dogs only). Diazepam may be used for
symptoms associated with central nervous system (CNS)
stimulation.
Human

Hypertension and tachycardia are the primary toxic mani-
festations of pseudoephedrine overdose. In severe poison-
ings, cardiac dysrhythmias and cerebral hemorrhage due
to hypertensive crisis may occur. Anxiety, muscle tremor,
and seizures may result from CNS stimulation. Hallu-
cinations, drowsiness, and/or irritability are symptoms
more commonly exhibited by children. Hypokalemia and
hyperglycemia may be noted. Acute renal failure and
rhabdomyolysis have occurred in rare instances with large
overdoses. Pseudoephedrine has a narrow therapeutic
index, with only three or four times the maximum daily
dosage required to produce a measurable change in blood
pressure.
Chronic Toxicity

Animal

Pseudoephedrine has been used in a dog model of allergic
nasal congestion.
Human

Pseudoephedrine is generally well tolerated in therapeutic
doses. Common adverse effects include CNS stimulant effects
(e.g., tremor, restlessness, nervousness, irritability) and
gastrointestinal effects (e.g., nausea, vomiting, dysgeusia).
Chronic toxicity may develop in humans taking supra-
therapeutic doses for prolonged periods, or in patients with
conditions that may prolong the half-life of pseudoephedrine,
such as renal insufficiency/failure or persistently alkaline urine.
Symptoms of chronic toxicity are the same as those for acute
toxicity.
Immunotoxicity

Pseudoephedrine is not thought to have immunotoxicity.
Reproductive Toxicity

Although data are limited, use of pseudoephedrine or
pseudoephedrine-containing combination products in the first
trimester has been associated with increased incidence of gas-
troschisis and small intestinal atresia.
Genotoxicity

No mutagenic effect was found in various tests with bacteria
and mammalian cell culture. Pseudoephedrine was not found
to be mutagenic in tests with mammals.
Carcinogenicity

Pseudoephedrine is not thought to be carcinogenic to animals
or humans.
Clinical Management

Basic and advanced life-support measures should be insti-
tuted as necessary. Activated charcoal may be considered
for substantial recent ingestions. An electrocardiogram should
be obtained, and heart rate and blood pressure should
be monitored continuously. Prolonged observation (at least
24 h) may be necessary in patients ingesting sustained-
release formulations. Benzodiazepines may improve mild
to moderate tachycardia and hypertension. Severe tachy-
dysrhythmias may be treated with a b blocking agent such as
esmolol however primary treatment for sympathomimetic
toxicity is through use of sedatives such as benzodiazepines or
other GABAergic agents if the toxicity is particularly severe or
prolonged including phenobarbital and propofol in intu-
bated patients. Hypertensive emergency should be treated
with vasodilators such as nitroprusside, nitroglycerin, or
phentolamine. Benzodiazepines may be used to control
severe CNS stimulation characterized by agitation, anxiety,
increased motor activity, hallucinations, or seizure. Treatment
of exposure to products in which pseudoephedrine is
combined with antihistamines, antitussives, analgesics, and/
or alcohol must include management of the concurrent drugs
involved. In symptomatic patients, laboratory evaluation
should include electrolytes, blood glucose, and creatine
phosphokinase.
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Introduction

Psychology is the science that strives to understand, measure,
and modify our behavior: what we do, what we say, what we
think, and what we feel. At its most basic level, behavior
describes howwemanipulate and respond to our environment.
It is the ultimate output of the nervous system. Its domain
ranges across the entire universe of human activities from
simple reflexes to the creation of cosmological theories. Toxi-
cology, however, at least in the formal sense, recognized the
crucial role of behavioral neuroscience only recently. Perhaps,
behavior seemed somewhat exotic compared to the traditional
endpoints of death and tissue damage.

Behavior began to insinuate itself into toxicology in the late
1960s and early 1970s. It came with an impressive technology
molded by the discipline of behavioral pharmacology, which
had begun to emerge in the 1950s with the discovery of the
tranquilizing drugs. These drugs, offering the prospect of
chemotherapy for psychological disorders, needed a scientific
support structure. Behavioral pharmacology provided the
consummate scientific basis for appraising and discovering
drugs designed to alter behavior. The same technology trans-
ferred effortlessly to the study and measurement of adverse
behavioral effects (Figure 1).

Acceptance of the notion that behavioral measures could
yield evidence of toxicity also benefited from the insistence of
Soviet scientists that central nervous system (CNS) function
and behavior offered more sensitive and appropriate measures
of toxicity than the criteria prevailing in the West. Because of its
own scientific history, especially the influence of Pavlov, and its
• Psychopharmacology

– Searching for and testing new drugs

• Workplace Exposure Criteria

– Avoidance of accidents

• Toxic Torts

– Worker claims of harm from neurotoxicants

• Public awareness and concerns

– Learning disabilities, illicit drugs, ‘cocaine babies’ 

• USSR emphasis on the nervous system

– Testing based on function, not pathology

igure 1 Clinical and experimental origins of neurotoxicology.
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political doctrines, Soviet toxicology elevated the CNS to
a dominant role. Soviet scientists maintained that their expo-
sure standards, generally much lower than those prevailing in
the West, derived from their reliance on indices of CNS func-
tion rather than detectable tissue damage.

Although they did not use a behavioral vocabulary, behav-
ioral criteria had also been adopted by industrial hygienists to
set exposure standards for inhaled materials. The short-term
exposure limit prescribed by American Conference of Govern-
mental Industrial Hygienists singled out performance criteria,
such as reduced work efficiency and impairment of self-rescue,
as indications of excessive exposure. The courts also played
a role. They had begun to accept complaints of defective
psychological functioning as legitimate grounds for suits
alleging excessive workplace exposure. Finally, the environ-
mentalist movement, changing its focus from tangible pollu-
tion, such as filthy waterways andmass kills of wildlife, began to
recognize the possibility of subtle functional effects arising from
prolonged low-level exposure to environmental chemicals.
Behavior’s Role in Contemporary Issues

Although toxic threats obey no age boundaries, many of the
predominant questions about behavioral toxicity now arise
from exposures during early development. The developing
brain is recognized as exquisitely vulnerable to toxic insult.
Defects in brain development arising from environmental
exposures have been linked to clinical entities such as attention
deficit hyperactivity disorder (ADHD), autism spectrum
disorders, and reading disabilities. More subtle traces are seen
in lowered achievement test scores, elevated rates of juvenile
delinquency, and psychological disturbances such as external-
izing behaviors. At the same time, we now see increasing
recognition that advanced age is also a period of heightened
vulnerability, both to current exposures and as the formerly
silent outcome of earlier or chronic exposures.
Metals

Heavymetals are acknowledged inducers of behavioral toxicity.
Lead, mercury, and manganese, especially, are associated with
unique syndromes. Other metals, such as aluminum, selenium,
thallium, and tin, have also been implicated in adverse
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00051-8
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behavioral effects. The symptoms ascribed to metal toxicity
range in severity from subjective complaints, such as fatigue
and depression, to clear neurological deficits such as tremor.
Manganese

Manganese was documented as neurotoxic in the nineteenth
century. Most identified victims of overt manganese poisoning
have been miners exposed by breathing dust containing the
ore. The earliest indications of toxicity typically consist of
psychological signs such as extreme emotional lability marked
by abnormal laughter and crying. In the South American
mining communities where manganese intoxication is
endemic, the syndrome is known as ‘locura manganica’ or
manganese madness. Later, more direct neurological signs
begin to loom. Some of these, such as abnormal gait and
slowness of movement, are reminiscent of Parkinson’s disease.
Other sources of manganese exposure, such as ferromanganese
processing and ore-crushing plants, expose workers to much
lower levels of inhaled manganese. Welders are an occupa-
tional group that has been the focus of numerous studies
because manganese is a common component of welding rods,
so that welders inhale manganese particles and vapors. Even
these workers, who give no indication of clinical deficits when
examined by neurologists, show that even at relatively low Mn
exposure levels, neuropsychological effects may emerge in
measures of attention, mood, and fine motor control.

More recently, investigators in different parts of the world
have reported deficits in neurobehavioral development in
children exposed early in development to elevated manganese
levels in drinking water. All these findings makemany scientists
wary of proposals to introduce manganese compounds as
additives for gasoline. They fear that dispersal of manganese
into the environment may create the same intractable health
problems that followed the introduction of leaded gasoline.
Mercury

Metallic (elemental) mercury, the mercury found in ther-
mometers, also generates a constellation of both behavioral
and neurological signs. Mercury is extremely volatile so that it
enters the body through inhalation. Mercury vapor readily
passes from the lung into the blood and then penetrates into
the brain, where, at high enough levels, it produces neuro-
toxicity. The cardinal neurological marker of mercury vapor
intoxication is tremor. However, even in persons exposed to
much lower ambient levels, abnormalities in the frequency
components of the tremor can be detected with appropriate
instrumentation and mathematical analysis. Tremor is often
accompanied by a group of symptoms termed ‘erethism,’
a term derived from the Greek root for irritation or redness.
The symptoms include hyperirritability, labile temperament,
timidity and shyness, blushing easily, depression, insomnia,
and fatigue. Recent publicity has indicted mercury amalgam
dental fillings as a source of adverse health effects. Although it
is true that chewing can release mercury vapor from amalgam
fillings, the quantities are typically too small to produce
elevations in blood or urine mercury levels that are hazardous
to adults. Risks posed to the fetus and children are of greater
concern but are characterized by a paucity of data.
The form of mercury eliciting the most profound concerns is
the organic species, methylmercury. About 26 states now
disseminate fish advisories for lakes and rivers based on
methylmercury contamination. Methylmercury is a potent
nervous system poison. It is especially destructive to the
developing brain. Although recognized as a poison for over
100 years, its impact on the fetal brain came to attention only
in the 1950s, when the population of a small Japanese fishing
village, Minamata, experienced widespread methylmercury
poisoning. Fish and shellfish from Minamata bay had been
contaminated by effluent from a factory that used mercury as
a catalyst in the production of acetaldehyde. Many inhabitants
died. Even more suffered permanent neurological damage. In
addition, a much higher incidence of retarded brain develop-
ment was observed in Minamata than elsewhere in Japan but
the population was too small to yield a cogent answer. The final
evidence came in the form of an outbreak of methylmercury
poisoning in Iraq. Because grain crops had been decimated by
a severe drought in 1971, the Iraqi government ordered over
80 000 t of seed grain from Mexico and the United States. The
order specified that the grain be treated with a methylmercury
fungicide, which ordinarily would dissipate into the soil after
planting. Despite warnings, many farming communities in the
Iraqi countryside, facing food shortages, baked the treated grain
into bread (Figure 2).

The result was a mass poisoning episode, in the winter of
1971–72, that killed as many as 5000 people. It was the largest
mass chemical disaster in history. University of Rochester
investigators, led by Dr Thomas W. Clarkson, were called
upon for assistance because of their research experience with
mercury and with antidotes. They established a laboratory in
Bagdhad and began a project to survey the countryside. One
phenomenon struck them with singular force. Offspring of
mothers who had consumed large amounts of the tainted
bread displayed evidence of brain damage. Some seemed
afflicted with cerebral palsy. Some were prone to seizures.
Statistical analyses of the correlation between maternal hair
levels and delayed walking, for example, suggested that even
slightly elevated methylmercury consumption by a pregnant
woman might pose a risk for fetal brain development.

The primary repository of methylmercury in the diet is fish.
Natural sources of inorganic mercury, such as volcanoes, and
human contributions from fossil fuel and waste combustion
contribute to a global mercury cycle that deposits the mercury
in waterways. Microorganisms in the bottom sediment convert
the inorganic form into methylmercury, which ascends the
food chain and concentrates in the predators at the apex of the
food chain (Figure 3).

The questions aroused by exposure via fish consumption
led to the design and execution of two large prospective studies.
One was located in the Republic of the Seychelles, an archi-
pelago in the Indian Ocean. The other was located in the
Faroe Islands, which lie in the North Sea. Both communities
consume large quantities of seafood. In the Seychelles, it is
almost exclusively in the form of fish. In the Faroes, virtually all
the methylmercury comes from the consumption of pilot
whales, which are also contaminated with polychlorinated
biphenyls, other halogenated chemicals such as polybro-
minated diphenyl ethers, cadmium, and other environmental
contaminants. Both studies assayed maternal exposures to



Figure 3 Neurobehavioral development research on methylmercury in the Republic of Seychelles. Top left: The red dot indicates the location of
the Republic of Seychelles, 1600 km from the east coast of Africa. Here, mean hair mercury was 6.8 ppm. Bottom left: Seychelles child undergoing
neurobehavioral testing. Right: Marine fish, the methylmercury source. Mean consumption of marine fish by mothers was 12 meals per week.

Figure 2 The ultimate cost of bread in the Iraq countryside: An epidemic of methylmercury poisoning in winter 1971–72. Left: Baking bread with
contaminated wheat in the Iraqi countryside, 1972. Right: Grain, dyed pink, delivered to Iraq, 1972. In the West, the pink dye signifies that the grain was
treated with a poison and should be planted, not eaten. The methylmercury-treated grain sack was also clearly labeled not to use for food, but the warning
is only in Spanish.
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methylmercury. In the Seychelles, maternal hair was used as the
index; it reflects the history of blood levels. The Faroes study
relied primarily on cord blood. Neurobehavioral testing of the
Seychelles cohort of about 800 children has been carried out
periodically from early development to 19 years of age. The
Faroes cohort was assessed at 7 years of age with a variety of
neurobehavioral tests, and supplemented by electrophysio-
logical measures at 14 years of age. Results from the original
Seychelles cohort gave little indication of adverse effects
attributable to prenatal methylmercury exposure. In contrast,
the Faroes data point to subtle adverse effects. Because of such
effects, the Environmental Protection Agency (EPA) has
concluded that limiting methylmercury intake to 0.1mg kg�1

daily is necessary to provide an adequate margin of safety.
Because the original Seychelles cohort had been conducted

without a comprehensive survey of the total maternal diet, in
2001 the investigators enlisted a cohort of 300 mother–infant
pairs to determine the joint roles of both methylmercury
exposure and maternal nutrition on neurobehavioral devel-
opment. A number of nutritional components were assessed as
effect modifiers, but the one that emerged as significant was the
n-3 polyunsaturated fatty acid, docosahexaenoic acid (DHA). It
exerted clear beneficial effects that were reduced or absent at
higher MeHg exposures. It now appears that the absence of
adverse effects in the original cohort can be attributed to the
beneficial effects of DHA.
Lead

Perhaps, no other metal has aroused as much public discus-
sion and attention as lead. We now recognize that the most
destructive of lead’s neurotoxic effects is interference with
brain development. Early in the twentieth century, lead
poisoning in children occurred with dismaying frequency in
the United States as a result of paints with lead pigments
applied to residential interiors. Peeling paint surfaces, as they
deteriorated, deposited small chips that were then ingested by
children. Unlike most of the rest of the world, the United
States had not banned leaded paints for residences, a lack of
action resulting from opposition from the paint and lead
industries. Episodes of lead encephalopathy, however, were
held by clinicians to be without enduring consequences once
the child recovered.

It was not until 1979 that a pioneering paper by Herbert
Needleman demonstrated that even moderate exposures to
lead in young children resulted in lowered IQ scores, and
classroom behaviors rated by teachers as distractible, hyper-
active, impulsive, and disorganized. Needleman based his
exposure measures on analyses of deciduous teeth because
teeth, like bone, store lead, and so provide an index of
cumulative exposure rather than the more short-term value
derived from measurement in blood. Despite attacks by the
lead industry and its allies on Needleman, including ques-
tions about his honesty, the data withstood the attacks; other
investigators, from other institutions and nations, duplicated
his results.

Subsequent research, now numbering thousands of publi-
cations, has expanded these earlier findings so that now we
understand vastly more about lead’s dangers. Employing many
different kinds of neuropsychological tests and instruments,
researchers have documented adverse effects on intellectual
development (for example, IQ scores), social development (for
example, measures of aggression and delinquency), attention
(along with enhanced risk of ADHD), and, more broadly, on
various kinds of achievement tests. They have also uncovered
connections between lead exposures during early development
and criminality 20 years later, indicating persistent damage.

Perhaps of greatest importance is the finding, based on
many sources of information, that a threshold for lead
behavioral toxicity cannot be established. Even minimal expo-
sures during development, if IQ scores are taken as the criteria,
result in the loss of intellectual capability. Such data are
responsible for the consistent lowering over time of the blood
lead value considered by Centers for Disease Control and
Prevention (CDC) as a level of concern. It is now 10 mg dl�1.
Some critics assert it should be lowered to 2 mg dl�1.

Some critics charge that such findings possess little practical
significance. They argue that a difference of a few IQ points
exercises negligible influence on how well a child functions.
However, such an argument neglects the implications for the
population as a whole, as seen in Figure 4. Because of the way in
which IQ scores are distributed, in a population of 100 million
in which the mean IQ is 100, 2.3 million individuals will score
above 130, the superior range. If the mean is shifted downward
by five IQ points (5%), which the critics deem insignificant, the
mean IQ becomes 95 and only 990000 individuals will score
above 130. Most observers would contend that such an impact
on a society cannot be considered negligible. This perspective,
gained from the results of psychological tests, made a key
contribution to the CDC decision to designate a lead level of
10 mg dl�1 in blood as a level of concern, which, as noted above,
is inconsistent with the current consensus that no level of lead
exposure is free of adverse effects.
Pesticides

Pesticides are another class of chemicals capable of damaging
the nervous system and, even at low levels, producing deficits
detectable by psychological testing. The greatest concerns about
the health risks of pesticides are aroused by their potential to
interfere with brain development. The EPA has been working
for years on the protocols for neurodevelopmental toxicity
testing to be applied to pesticides. The Food Quality Protection
Act of 1996 was a response to the 1993 National Academy of
Sciences (NAS) report, Pesticides in the Diets of Infant and Chil-
dren, whose provisions are summarized in Figure 5. An addi-
tional 10-fold safety or uncertainty factor was called for in
setting a reference dose (RfD). Although the RfD already
includes a margin of risk, the additional margin was deemed
necessary because of new research indicating that the devel-
oping brain is even more susceptible to toxic damage than
originally believed. The in utero provision focused on testing
the consequences of in utero exposures for later effects, and was
testimony to the data showing that prenatal exposure is often
the most sensitive period during development. The cumulative
effects provision is a response to the distortions in risk assess-
ment lurking in the approach of evaluating only one chemical
in a mixture of chemicals, and has its counterpart in the
provision addressing combined exposures from different



Figure 5 Risk assessment issues in the Food Quality Protection Act of
1996. Resulting from the 1993 NAS report, Pesticides in the Diets of
Infant and Children.

• Activity altitude (spatial ecology)

– Young children spend lots of time on floors.

– They stir up and breathe dust and residues.

– Exposure to dust may be 10 times greater than 

adults.

• Proportionality

– Children consume relatively more juice, fruit, 

water.

• Exploratory behavior

– Young children lead a hand-to-mouth     

existence.

– The average 4-year old performs

9.5 such movements per hour.

Figure 6 Factors influencing children’s exposure to pesticides.

Figure 4 IQ distributions in a population of 100 million. Reducing the population IQ by 5 points (5%) from the standardized mean of 100 increases the
number of individuals in the category ‘retarded’ from 6 to 9.4 million. Based on Weiss, B.: Neurobehavioral toxicity as a basis for risk assessment. Trends
Pharmacol. Sci. 9:59–62, 1988.
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sources. Finally, the provision requiring the inclusion of
endocrine disruption as an endpoint arose from the rapid rise
in data demonstrating that many environmental chemicals act
by interfering with endocrine function, especially during early
development.

Children are at greater risk of excessive exposure for the
reasons noted in Figure 6. The finding that boys outnumber
girls in susceptibility to adverse effects is consistent with most
other data on neurotoxic chemicals and with disorders such as
autism and ADHD.

Research conducted by a number of groups has now firmly
established that exposure of the fetus and child at levels
low enough not to evoke clinical signs of toxicity nevertheless
interfere with neurobehavioral development. For example,
studies of Mexican farmworkers’ children in California found
that prenatal exposure to dichloro diphenyl trichloroethane



Exposures to pesticides during early development  

are associated with:

– Developmental delays
– Poorer scores on tests of attention
– ADHD behaviors (hyperactive, impulsive)
– Gender: boys are more susceptible than girls
– Cognitive impairment
– Motor dysfunction
– Pervasive developmental disorders

Figure 7 Current views of developmental neurotoxicity risks posed by
exposure to pesticides.

Responses to McCann et al (2007) showing that food 

colors may exacerbate hyperactive behaviors 

FDA response: “However, we have no reason at this time to 
change our conclusions that the ingredients …tested in this 
study …are safe for the general population.”

UK response: Parents should consider eliminating these 
colorings from the diets of children who exhibit hyperactive 
behaviors.

EU response: Eliminate sunset yellow, quinoline yellow, 
tartrazine, carmoisine, allura red and ponceau red or list on 
label: “… [the dye] may have an adverse effect on activity and 
attention in children.”

Figure 8 Contrasting views of the behavioral toxicity of artificial food
colors in response to the study from the University of Southampton.
McCann, D., Barrett, A., Cooper, A., et al. (2007). Food additives and
hyperactive behaviour in 3-year-old and 8/9-year-old children in the
community: a randomised, double-blinded, placebo-controlled trial.
Lancet 370, 1560–1567.
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(DDT) and its dichlorodiphenyldichloroethylene (DDE)
metabolite led to lower scores on the Bayley Scales of Infant
Development at 6, 12, and 24 months. Similar studies indi-
cated that organophosphate (OP) exposures during pregnancy
also lowered performance on neuropsychological tests.
Figure 7 summarizes what we now recognize as the outcomes
of developmental pesticide exposure.
Characteristics of Chemo Brain

• Generally refers to cognitive impairment arising from 
adjuvant chemotherapy for cancer.
– Reports come from patients with different  cancer types

• Typified by complaints of deficits in:
– Working memory
– Executive function
– Processing speed
– Ability to concentrate
Food Additives

An instructive instance of the changed perspectives that
psychological measures may impose on toxicity evaluation and
risk assessment emerged from claims that some foods and food
additives might elicit behavioral disturbances in children. The
claims were formulated by Dr Ben Feingold, a pioneering
pediatric allergist in the Kaiser Permanente system in California.
In his 1975 book, Why Your Child Is Hyperactive, Feingold
asserted that some of the children labeled as hyperactive, or
suffering from what is currently called attention deficit disorder,
actually were exhibiting adverse responses to certain dietary
constituents. Among the additives, he singled out synthetic
colors and flavors for elimination from diets because, in addi-
tion to reports in the allergy literature linking them to adverse
reactions, they lacked nutritional value in any case.

Until recently, the FDA maintained that synthetic food
colors posed no health problems did not require testing for
neurotoxicity and did not ask for warning labels on products
containing colors, especially those products mainly consumed
by children. As a result of a study conducted by investigators at
the University of Southampton, UK, and published in 2007,
the FDA faced a petition to review its position. The South-
ampton study tested over 300 children in preschool and
primary school settings who on occasion drank a blend of
synthetic colors or a control drink. Behavioral responses eli-
cited by the challenge, including indices of hyperactivity,
indicated that synthetic food colors produce adverse behavioral
responses in normal children.

In response to the study, the British Food Standards Agency
issued warnings to parents and the European Union proposed
banning several of the colors. Figure 8 contrasts the FDA
position with that of the other agencies.
– Multitasking
• Accompanied by other complaints

– anxiety, fatigue, pain, depression
• Tends to persist after cessation of treatment

Figure 9 The ‘chemobrain’ syndrome.
Cancer Chemotherapy: ‘Chemobrain’

Oncologists have always been aware that chemotherapy can
produce toxic consequences ranging from mild to severe. They
have been aware, as well, of complaints by patients of
disturbed neurobehavioral function. Until about 10 years ago,
such complaints had not been documented. There is now
a voluminous and still growing literature demonstrating the
validity of these complaints, labeled by patients as ‘chemo-
brain.’ Figures 9 and 10 summarize the current literature.
Chemical Sensitivity Syndromes

An array of problems closely entwined with environmental
toxicology is attached to labels such as multiple chemical
sensitivity, sick building syndrome (building-related illness),
and chronic fatigue syndrome. They have spawned a sizable
literature and gripped public interest and anxieties. For
all three labels, the primary clinical manifestations consist
primarily of subjective complaints; conventional medical
indices are lacking. Especially for multiple chemical sensitivity
and sick building syndrome, the instigators are held to
be toxic chemicals, but in most instances the offending
agents lack clear identification. Patients allegedly suffering



Neuropsychological Evidence

Indicating Cognitive Dysfunction in the

Chemo Brain Syndrome

• Attention, concentration

• Executive function

• Information processing

• Language

• Verbal memory

• Continuous performance test

• Wechsler adult intelligence scale

• Trail-making test

• Stroop test

• Complex reaction time

• Digit-symbol test

• Boston naming test

• Wide range achievement test

• California verbal learning test

• Rey auditory verbal learning test

Characteristics Tests

Figure 10 Neuropsychological assessment of cognitive deficits asso-
ciated with cancer chemotherapy.
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from multiple chemical sensitivities complain of depression,
excessive fatigue, sleep disorders, irritability, headaches, and
symptoms, such as rhinitis, similar to those associated with
allergies. Although immune system disorders are hypothe-
sized as the most frequent underlying cause, compelling
evidence in support of such a mechanism is lacking. Another
puzzle is the emergence of such symptoms in response to
chemical agents of widely divergent classes and, typically, at
rather low concentrations.

The vague, malleable contours of the syndrome and the
absence of an identifiable etiology have engendered a counter-
vailing skepticism about its validity on the part of many
clinicians and scientists. The absence of sound investigational
protocols and experiments, except for a sparse, scattered liter-
ature, has nourished such skepticism. A collection of articles
addressing chemical sensitivity appeared in the journal Envi-
ronmental Health Perspectives in 1997. The principal themes
consisted of defining and investigating the neurobehavioral
sources and manifestations of this collection of syndromes.
They include discussions of appropriate psychological perfor-
mance tests, experimental models based on behavior, and
potential neural mechanisms.

Although these three syndromes are not intrinsically linked
to the traditional domains of toxicology, they illustrate the role
that psychological measures are increasingly assuming when
adverse effects of environmental chemicals emerge as an issue.
Clinical medicine prefers to deal with specific signs pointing to
specific diseases. Environmental toxicants, however, far more
often now than in the past, are being indicted as the sources
responsible for diffuse aberrations of function such as conduct
disorders, learning disabilities, memory and concentration
difficulties, feelings of listlessness, fatigue, depression, and
a galaxy of other disturbances beyond the catalog of accepted
medical diagnoses. Psychological test methods, developed over
a period of many decades, provide the tools for making the
appropriate connections.

From an even broader perspective, behavioral measures have
assumed a leading role in defining links between the
environment and deep societal concerns such as poverty. For
example, low socioeconomic status is correlated with elevated
exposure to toxic chemicals which, in turn, comprise an elevated
threat to children’s brain development in low-income areas.
Such data then become the basis for initiatives in social and
economic policy. Psychological indices of toxicity have become
more than a simple conjunction of dose and response.
See also: Behavioral Toxicology; Food Additives; Lead;
Mercury; Mercury Tragedies: Incidents and Effects; Metals;
Methylmercury; Pesticides; Polybrominated Biphenyls (PBBs);
Sick Building Syndrome.
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Background

Polytetrafluoroethylene (PTFE) was accidently discovered by
Dr Roy Plunkett in 1938 at the DuPont Research Laboratories
in New Jersey. Dr Plunkett was attempting to synthesize a new
chlorofluorocarbon refrigerant. The frozen compressed sample
of tetrafluoroethylene (TFE) had polymerized in the container
to form PTFE, a white solid. The product was first used inWorld
War II by the US military in artillery shell fuses and in the

isolation/purification of uranium-235 for manufacture of the
atomic bomb, also known as the Manhattan Project. DuPont
trademarked PTFE as Teflon� in 1945 and in subsequent
decades heavily commercialized its use.
Uses

PTFE has a wide range of commercial uses such as electrical
cable insulation, soil and stain repellant for fabrics, coating
for nonstick cookware and surgical implants, sutures,
aneurysm clips, vascular grafts, dental applications, liner
for vessels/containers, lubricant, filter, and as prosthetic
material. Teflon� is used in pesticides as an inert ingredient.
Perfluorocarbon resins may be safely used as articles or
components of articles intended to contact food (i.e., indirect
food additives as basic components of single and repeated use
food contact surfaces) (FDA 21CFR177.1550).
Environmental Fate and Behavior

PTFE is the most stable of all TFE polymers and under physi-
ological conditions does not release any components (IARC
Monograph 74, 1999). PTFE is very inert chemically; only alkali
metals and fluorine under pressure attack PTFE (Hazardous
Substances Data Bank (HSDB)). There are no known ecotox-
icological effects for PTFE (DuPont MSDS, 2011).
Exposure and Exposure Monitoring

The most common source of PTFE exposure is the workplace.
Teflon� dust has been detected in workplace environments
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
during thermal processing of fluoroplastics. At �200 �C, PTFE
decomposes to release toxic fumes that cause respiratory illness
in humans, commonly referred to as ‘polymer-fume fever.’ The
chemicals released at 400 �C are the monomer of PTFE, TFE
(CAS No. 116-14-3), comprising 95–97% of the gaseous
output and 2–3% hexafluoropropylene (CAS No. 116-15-4).
Trace amounts of hydrogen fluoride (CAS No. 7664393) and
perfluoroisobutylene (PFIB) (CAS No. 382-21-8) have been
reported (Arito and Soda, 1977; HSDB, 2013). When PTFE is
heated to 500–650 �C, the predominant pyrolysis product is
carbonyl fluoride. If the temperature is >650 �C, carbon
tetrafluoride and carbon dioxide are released.

Procedures to mitigate occupational exposure include
removal of dust, fumes, and/or gases from the workplace and
good ventilation. Workers should wash their hands often.
Smokers are at risk of inhaling vapors of pyrolysis products of
PTFE from the smoke of contaminated tobacco (Edwards,
2007).

The effects of polymer-fume fever typically last for 1–2 h,
and recovery is complete within 24–36 h. Patients with
multiple episodes of polymer-fume fever could be at risk for
the development of chronic pulmonary complications.
Measurement of urinary fluoride levels has been used as an
indication of exposure, but does not correlate well with the
degree of exposure or severity of effects.
Toxicokinetics

The physicochemical properties of PTFE, including it being
a solid, stable under physiologic conditions, and not metabo-
lized, preclude any toxicokinetic analysis. Thus, toxicokinetics
data for PTFE are not found in the literature.
Mechanisms of Toxicity

There is no apparent mechanism of toxicity for orally admin-
istered PTFE as no toxicologically significant effects were
observed following oral administration to rats for up to
90 days. The lack of toxicity is most likely due to the following:
(1) gastrointestinal absorption of PTFE is negligible given its
extremely high molecular weight (1 000 000–10 000 000 for
PTFE fine powder); (2) PTFE is chemically inert under physi-
ologic conditions; and (3) PTFE is not metabolized (Donovan
et al., 1990; Kim, 1996; Veber et al., 2002). The mechanism
of action of subcutaneously injected PTFE in mice is attri-
buted to localized inflammation consistent with a foreign-
body response; similar effects were seen following subareolar
injection in rabbits and dogs, and periurethral injections
in dogs.

When PTFE is heated or exposed to temperatures R200 �C,
it will decompose and release toxic vapors that cause polymer-
fume fever in humans.
4-3.00970-2 1133
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Acute and Short-Term Toxicity

The oral toxicity of PTFE in rats is low (LD50> 11 280 mg kg�1;
DuPont MSDS, 2011). Following repeated dietary adminis-
tration of up to 25% PTFE to rats for up to 90 days, no toxi-
cologically significant effects were noted (IARC Monograph 19,
Supplement 7, 1987; DuPont MSDS, 2011; Haskell Laboratory
Report 224-68, 1968). PTFE is not a skin irritant in rabbits or
humans, nor is it a skin sensitizer in humans (DuPont MSDS,
2011; Solvay MSDS, 2007).

However, PFIB, a pyrolysis product of PTFE, is very toxic
(HSDB, 2013). It is approximately 10 times more toxic to rats
than phosgene, with 0.5 ppm PFIB for 6 h being lethal. The
LC50 values for PFIB in rats vary considerably depending on the
duration of exposure: 0.76 ppm for a 4 h inhalation exposure,
17 ppm for a 10 min exposure, and 361 ppm for a 0.25 min
exposure (HSBD, 2013).

Pulmonary histopathologic findings reported following
acute exposure of rats to 78 ppm PFIB for 1.5 min progressed in
nature and severity with time postexposure (Brown et al., 1991
cited from HSBD, 2013). Within 5 min postexposure, changes
to the bronchioles and peribronchial alveoli were characterized
by alterations to cilial structure, increased pinocytosis and
electron lucency, with occasional vesicle formation of type I
alveolar epithelial cells. Intercellular leakage with minimal
fluid accumulation in the alveolar spaces was also seen. By
2–3 h postexposure, pulmonary edema was noted. Deaths
occurred from 7 h and later. Widespread pulmonary edema
and alveolar interstitial infiltration by lymphomononuclear
cells and macrophages were seen by 24 h following exposure.

Male Fischer 344 rats were exposed to aerosolized products
of PTFE heated to 595 �C (equivalent to an LC50 dose of
0.045 mg l�1 of the PTFE degradation products) for 30 min
(Zook et al., 1983). Signs of respiratory impairment were
observed in some rats prior to death. Surviving rats were
euthanized up to 36 h postexposure and between 2 and
17 days. Pathologic findings include pulmonary edema, focal
hemorrhage, and fibrin deposition. Focal interstitial thicken-
ings developed over time as a consequence of hypertrophy and
hyperplasia of alveolar cells, and accumulation of macrophages
in alveoli. Thrombosis of pulmonary capillaries was a common
finding. The incidence (53%) and severity of disseminated
intravascular coagulation (DIC) in rats exposed to PTFE aero-
solized products were positively related to the degree of
pulmonary damage. Renal infarcts were also common and due
to DIC. There were no lesions observed in kidney or other
tissues (except lung and thymus) unless affected by DIC.

Although PTFE is inert under ordinary circumstances,
polymer-fume fever could result when PTFE polymer is heated
to 315–375 �C under conditions of inadequate ventilation.
Exposure to the resulting fumes may cause chills, fever, profuse
sweating, cough, dyspnea, flu-like symptoms, and chest tight-
ness, lasting for 24–48 h. Respiratory discomfort and pulmo-
nary function abnormalities may persist for several weeks after
exposure. Pulmonary edema is more likely to occur with
exposure to fumes generated from heating PTFE at �500 �C.

Some PTFE decomposition products are epidermal,
mucosal, and ocular irritants. A pungent or metallic smell and
a metallic taste may occur in patients with polymer-fume fever.
Effects of polymer-fume fever may also include nausea and
vomiting; headache; weakness; malaise; mild hypoxia; pares-
thesias; hyperpyrexia; leukocytosis; pulmonary infiltrates; mild
sinus tachycardia; reversible mild hypertension; pneumonitis;
and noncardiogenic pulmonary edema.

A fatality of a plastics worker and hospitalization of two
other workers exposed to PTFE heated in a plastic extruding
operation were reported in 1997 (Lee et al., 1997). The plastics
worker died from profound hypoxemia, as a consequence of
pulmonary edema, and shock shortly after hospital admission.
The other two exposed workers were released following
medical treatment.
Chronic Toxicity

In humans, sequelae following multiple episodes of polymer-
fume fever have included more chronic pulmonary effects,
e.g., prolonged decreases in diffusing capacity, reversible
obstructive changes, and possibly fibrosis.

Subcutaneous injection in mice, subareolar injection in
rabbits and dogs, and periurethral injections in dogs of PTFE
followed for up to 1 year revealed a persistent chronic
inflammatory reaction at the injection site that exhibited
progressive growth with time (Kossovsky et al., 1991).
Immunotoxicity

Although localized inflammation, characterized by presence of
eosinophils, lymphocytes, plasma cells, macrophages, and/or
giant cells, was elicited by subcutaneous injection in mice,
subareolar injection in rabbits and dogs, and periurethral
injections in dogs of PTFE, these responses are not classically
considered immunotoxic but are more consistent with
a foreign body reaction.

In rats exposed to PTFE fumes generated by heating to
temperatures of 450–460 �C for 15 min, increases of 5-, 15-,
10-, 40-, 40-, and 15-fold was noted for messages encoding for
nitric oxide synthase, interleukin 1a, 1b, and 6, macrophage
inflammatory protein-2, and tumor necrosis factor a, respec-
tively. These results indicate that PTFE fumes can elicit a severe
localized pulmonary inflammatory response (Johnston et al.,
1996).
Genotoxicity

Although no data on the genotoxicity of PTFE could be found in
the literature, the monomer of PTFE, tetrafluoroethylene (TFE),
is not considered genotoxic. TFE did not induce micronuclei in
mouse erythrocytes and its metabolite, tetrafluoroethylcysteine,
was not mutagenic in Salmonella typhimurium (NTP TR 450
Report, 1979).
Carcinogenicity

Following subcutaneous implantation of a PTFE sheet, disc,
or fragment in different strains of the mice, the incidence of
localized fibrosarcomas was up to 22.7% in Swiss mice, up
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to 26% in C57BL mice, up to 38% in CTM mice, 44% in
BALB mice, 94% in C3Hf/Dp mice, and 30% in C57BlL/He
mice. Subcutaneously implanted PTFE discs induced
sarcomas in Wistar rats (23.5%), but PTFE mesh surgical
outflow patches did not induce tumors in Evans rats (IARC
Monograph 74, 1999). No tumors were found in mice or
rats subcutaneously administered glass implants of similar
size and for similar duration. Conversely, intraperitoneally
implanted PTFE rods did not cause tumors in Wistar rats;
but PTFE powder administered intraperitoneally did induce
sarcomas (IARC Monograph 74, 1999). Administration of
TFE to B6C3F1 mice by whole-body inhalation at
�312 ppm induced hepatocellular neoplasms attributed to
a nongenotoxic mechanism independent of ras mutations
(Hong et al., 1998).

In Sprague–Dawley rats administered 0.1 ml Polytef (50%
PTFE particles<40mmindiameter in glycerol with polysorbate)
by subcutaneous injection and monitored for 2 years, a variety
of tumors including mammary adenomas and fibrosarcomas,
pituitary adenomas,mammary adenocarcinomas, a lymphoma,
ovarian tumors, a uterine carcinoma, and a hepatocellular
carcinoma were reported. However, there was no significant
difference in the total number of tumors or in the number of
mammary and pituitary tumors between treated and control
groups. No tumors were found near the injection site (Dewan
et al., 1995 cited from IARC Monograph 74, 1999).

In male and female weanling Wistar rats administered
intraperitoneal implants of PTFE rods or an equivalent amount
of PTFE powder, no local tumors were found in rats implanted
with PTFE rods. However, sarcomas were found in two PTFE
powder-implanted rats. Extraperitoneal tumors included one
fibrosarcoma in the inguinal region of a PTFE rod-implanted
rat and one PTFE powder-implanted rat each with a lip-
osarcoma in the upper leg, a fibrosarcoma in the shoulder, or
an inguinal fibroadenoma. In the 25 control rats, one adenoma
of the testis and a possible carcinoma in the inguinal region
were observed (Simmers et al., 1963 cited from IARC Mono-
graph 74, 1999). These may well be examples of rodent-specific
solid state tumorigenesis.

PTFE is classified by the World Health Organization, Inter-
national Agency for Research on Cancer as Group 3 (i.e., the
agent is not classifiable as to its carcinogenicity to humans;
agents are placed in this category when they do not fall into any
other group) (IARC Monograph 19, Supplement 7, 1987).
Clinical Management

Basic life support measures should be provided, as necessary,
for patients suffering from polymer-fume fever.

Although a single case of human fibrosarcoma diagnosed
10.5 years following implantation of a PTFE/Dacron arterial
prosthesis has been reported, it was concluded that insufficient
data existed to assess the carcinogenic risk of human exposure
to PTFE (IARC Monograph 19, 1979 cited from HSDB, 2013).
Thus, long-term follow-up of patients with PTFE-containing
medical devices (e.g., heart valves, hearing aids, hemodialysis
devices, surgical sutures) is recommended as the evidence of
carcinogenicity in humans and experimental animals is inad-
equate or limited.
Ecotoxicology

PTFE is not expected to be substantially biodegraded and does
not contain chlorofluorocarbons. There are no known ecotox-
icological effects for PTFE (DuPont MSDS, 2011). PTFE
containers, like most plastic products, can be recycled and thus
should be taken to a recycling center (DuPont MSDS, 2011).
Exposure Standards and Guidelines

For PTFE fine powder, Occupational Safety and Health
Administration (OSHA) provides a permissible exposure limit
(PEL) of 5 mg m�3 (time-weighted average (TWA) respirable
fraction) or 15 mg m�3 (TWA total dust). Similarly, American
Conference of Governmental Hygienists (ACGIH) threshold
limit value (TLV) for PTFE is 10 mg m�3 (TWA inhalable
particles) and 3 mg m�3 (TWA respirable particles). ACGIH
recommends that PTFE decomposition products be quantita-
tively determined in air as fluoride to provide an index of
exposure. Threshold limits of decomposition products are:

Hydrogen fluoride: 3 ppm (Ceiling) ACGIH TLV; 3 ppm
OSHA PEL.

Carbonyl fluoride: 2 ppm (TWA) ACGIH TLV; 5 ppm
(Ceiling).
See also: Developmental Toxicology; Occupational Toxicology;
Toxicity, Acute; Toxicity, Subchronic and Chronic;
Occupational Safety and Health Administration;
Carcinogenesis; Hazard Identification; Immune System;
Respiratory Tract Toxicology; Toxicity Testing, Reproductive;
Risk Assessment, Human Health; Chemical Hazard
Communication and Safety Data Sheets; Ecotoxicology;
Environmental Exposure Assessment; Combustion Toxicology;
Mode of Action; Occupational Exposure Limits; Toxicity
Testing, Carcinogenesis; Toxicity Testing, Inhalation;
Environmental Toxicology; The National Toxicology Program;
Environmental Fate and Behavior.
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Eras of Toxicology and Toxicological Publications

Toxicology has developed from roots in pharmacology and
pathology as well as in clinical, forensic, and occupational
medicine; accordingly, toxicological results were presented at
congresses and in journals of these disciplines. For instance,
the first description of human urinary bladder cancer induced
by aromatic amines by the surgeon L. Rehn was on 20 April
1895 at the occasion of a national congress of surgeons in
Berlin.

The proliferation of toxicology journals dates much later.
Already in 1930, the German Societies of Pharmacology and
Forensic Medicine founded Vergiftungsfälle, later renamed into
Archives of Toxicology. Initially, this journal documented forensic
cases of poisoning, but later developed into a toxicology
journal with mainly an experimental scope.

The Scandinavian Pharmacological Societies started in 1945
to issue the journal Acta pharmacologica et toxicologica (now:
Pharmacology and Toxicology). In the United States, Toxicology and
Applied Pharmacology has been issued since 1959. Both journals
display a close relation to pharmacology in their title, even
today.

Starting in the 1960s, there was a worldwide trend to
publish relevant research results only in English, and jour-
nals that had published in other languages switched to
English, which facilitated a more rapid worldwide dissemi-
nation of contents and improved the financial basis of those
journals.

With the progressive development of mechanistic concepts
in toxicology in the 1970s and 1980s, new journals were
established with a standing in the discipline, such as Xenobiotica
(1971), Toxicology (1973), Toxicology Letters (1977), Toxicological
Sciences (1981), Fundamental and Applied Toxicology (1981), and
Chemical Research in Toxicology (1988).

On the occasion of the 6th International Congress of
Toxicology, held in 1992 in Rome, the late Gerhard Zbinden,
an eminent representative of toxicology for decades, structured
the scientific development of toxicology in a visionary article
entitled ‘The Three Eras of Research in Experimental Toxi-
cology.’ At that time, he opposed the traditional eras of
‘discovery’ and ‘biomechanistic investigations,’ preferring the
then-dawning era of ‘individual expression’ (Figure 1). He
predicted the growing realization of the decisive importance of
the genetic background of exposed subjects and the identifi-
cation of increasing numbers of relevant genetic traits: “It is
probable that this is only the beginning of a much more
dramatic development that will uncover further factors that
greatly affect the expression of toxicity in individuals exposed
to chemicals.”

Taking his distinction of toxicological history, in the early
‘era of discovery,’ the hunters-and-collectors’ period of toxi-
cology, basic results were not published in toxicology journals.
Journals specialized in toxicology were almost nonexistent,
because the discipline was in an early phase of development.
This also applies to the beginning of the ‘era of biomechanistic
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
investigations.’ At that time, major breakthroughs in toxicology
were published in pharmacology journals.

The rapid development of ‘biomechanistic investiga-
tions’ in toxicology from the 1970s through the 1990s led
to the founding of leading toxicology journals, as indicated
above.

The ‘era of individual expression’ was (and still is) trig-
gered by methodological developments of modern molec-
ular biology. This has led to a situation where some
boundaries of disciplines within the biomedical sciences are
fading. Toxicological research is often tightly linked with
basic biology, molecular biology, genetics, immunology, or
cancer research. The development of ‘omics’ techniques:
genomics, proteomics, metabolomics, together with devel-
opments in computational toxicology, opens new horizons
for toxicological research, with consequences for the publi-
cation behavior.
Challenges of the Electronic Age

Beginning in the late 1990s, new developments in digital
technologies as well as continuing financial constraints
affecting academic libraries and publishers led to a number of
new questions and challenges to the traditional scientific
publication system:

l What will be the role of scientific publishers in a broader
scholarly community?

l How can publishing bodies continue to publish the kind of
high-quality work that has been the traditional basis of
academic publishing?

l How can new realities of economic development be
reconciled with the goal of publishing the best work being
produced?

l Are there developments that can help in achieving the goal
of future high-quality publication?

Since the turn of the millennium, the development of new
information media has decisively influenced the way of
publications in toxicology: mobile electronic devices, e-books,
social networks, new databases, online publishing systems,
and open-access strategies. This was the key for the Interna-
tional Union of Toxicology (IUTOX) to include a Round Table
Discussion Publications in Toxicology, in the International
Congress on Toxicology (ICT 2010), held in Barcelona, 19–23
July, 2010.

For leading toxicology journals, the introduction of online
support in manuscript handling and publication has led to
a significant decrease in technical publication times, coinciding
with a significant increase in the number of incoming manu-
scripts. At the same time, the technical ease of electronic
publication has led to the launch of a number of new journals
(conventional and open access). Bibliometric measures
(impact factors, Hill index) have a decisive influence on both
authors and journals.
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Figure 1 The “three eras of research in experimental toxicology,” as envisioned by Gerhard Zbinden on the occasion of the VI International
Congress of Toxicology, Rome 1992. (Zbinden, G., 1992. The three eras of research in experimental toxicology. TiPS 13, 221–223; Thier, R. and
Bolt, H.M., 2001. The new era of toxicology. TiPS 22, 549–560.)

1138 Publishing Trends in Toxicology
A Snapshot of Present State and Problems (ICT 2010)

At ICT 2010, specific key issues were addressed as follows:

l Scientific quality of manuscripts: The number of toxicological
manuscripts has increased in total, but at the same time
editors also complain about an increasing number of
manuscripts of insufficient quality. A geographic imbalance
was noted. It seems that pressure to publish as many papers
as possible has increased worldwide; the old imperative
publish or perish has globalized.

l Scientific/geographic balance: There is a changing balance
between topics and origins of submissions on the one hand
and reviewing expertise on the other hand. As an example
mentioned, there are many publications on natural prod-
ucts from developing countries, but most reviewers in
traditional centers are more focused on omics matters.
Many publications on natural products (frequently antiox-
idants) use very traditional methods, and frequently an
insufficiency in analysis/characterization/specification of
the test materials is noted. Also, editors complain that
a clear toxicological scope in many of the incoming omics
manuscripts is not sufficiently developed.

l Peer review process: At ICT 2010, all editors reported
growing difficulties in recruiting competent reviewers, in
order to make timely editorial decisions. Writing reviews
for journals remains anonymous to the public and needs
time; mostly a honorarium cannot be paid. This coin-
cides with a growing cost-efficiency pressure on the
individual scientist at his/her home institution. This
situation results in a low incentive to act as a journal
reviewer.

l Some editors commented on cases of fraud and plagiarism, as
well as of double publications, which may not be detected
during the editorial process.
l A classic problem of publishing in toxicology is the
dissemination of negative data. Established journals have
little tendency to publish such results, which is in part also
due to the growing impact factor imperative. The resulting
publication bias is well-known. The possibility of special
depositories for such negative data should be considered
more seriously.

l There is also a funding bias. High-quality research is expen-
sive. The availability of funds in areas of political preference
may have a higher impact on the choice of a particular
research field than scientific considerations.

l Ethical aspects have been a matter of discourse for a number
of journals. Especially in the United States, the conventional
acknowledgments in journal manuscripts is no longer
considered adequate. There is a clear tendency to require
a complete declaration of interest, including notification of
(1) employer and nature of business, (2) who paid for the
research or preparation of the manuscript, and (3) partici-
pation of the authors in regulatory decisions or legal
proceedings related to the subject of the manuscript.

l Fields of scientific competence: A growing number of investi-
gators have only limited experience outside their own
area of specialization. However, significant progress can
reasonably be expected in the future from combinations of
methodology and diligent expertise, for instance epidemi-
ological studies – controlled experimental in vivo studies –
in vitro studies – in silico studies. Integration of multiple
kinds or fields of research should be encouraged. Such
a development can be triggered by editorial policies of
journals.

The high attendance of this session at ICT 2010 made it
clear that the topic of publication in toxicology was considered
important. It was agreed that the International Union of
Toxicology (IUTOX) should observe the developments
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carefully and put the matter again on the agenda of forth-
coming international meetings.
Use and Abuse of Impact Factors

The ISI
�
Journal Citation Reports (JCR

�
) impact factor has

moved since the 1990s from an obscure bibliometric indicator
to become the chief quantitative measure of the quality of
a journal, its research papers, the researchers who wrote those
papers, and even the institution they work in. Impact factors, as
a citation measure, could be useful in establishing the influence
of journals within the literature of a discipline, but they are not
a direct measure of quality and must be used with considerable
care. To assess the true usefulness of a person’s contributions to
toxicology, one needs to look beyond impact factor and cita-
tion counts. For example, it ought to be considered whether
articles contained new ideas or innovations that fostered new
scientific developments, proved practically useful, had an
impact on toxicological regulation, or are widely relied upon in
courts of law as proof source.
Open Access in Toxicology

Open access is viewed by its publishers as a means of acceler-
ating scientific discovery by providing free and unrestricted
access of scientific knowledge via the internet. Essential is the
long-term preservation of articles and research data. Open
access is not only used for journal articles but also for theses,
scholarly monographs, and book chapters.

In a strict sense, an open access publication should meet
the conditions (1) that the authors and copyright holder grant
to users a free, irrevocable, worldwide, perpetual right of access
to and a license to copy, use, distribute, transmit, and display
the work publicly and to make and distribute derivative works,
subject to proper attribution of authorship, as well as the right
to make small number of printed copies for personal use; and
(2) that the work and all supplementary materials in a stan-
dard electronic format is deposited in at least one online
repository that is supported by an academic institution,
scholarly society, government agency, or well-established
organization that seeks to enable open access, unrestricted
distribution, interoperability, and long-term archiving (for
biomedical sciences, PubMed Central is such a repository). For
the user, open access can avoid subscription fees and copy-
right/licensing restrictions.

Traditionally, the costs of scientific journal publications
were covered by journal subscription fees. For the author,
publication was often free of charge. In some cases (mostly in
the United States), there was an additional manuscript
handling fee or page charge to the submitting author. Nowa-
days, electronically available articles of most toxicology jour-
nals require a ‘pay-per-view,’ or a journal subscription. By
contrast, open access publications are free for the user; the costs
of publication are now up to the publishing author. Open
access online-journals in toxicology used to take article pro-
cessing charges between US$1000 and 2000 (e.g., J Toxicology,
J Occup Med Toxicol, ISRN Toxicology). This system of
financing is also being offered by traditional journals as
‘voluntary-author-pays Open Access model’ (e.g., Toxicol Sci,
Arch Toxicol). Only in cases where all online publication
costs are borne by public bodies or academic institutions,
a publication may be free for both the author and the user
(e.g., EXCLI J). For authors, a publication in open access tends
to offer increased visibility and citation performance. At the
same time, in an apparent worldwide trend, grant-giving
institutions are allowing to include such publication costs in
research grant applications.

In the practice of toxicology, when the toxicity of a specific
compound is to be assessed, state-of-the-art documentations
and monographs for specific compounds and chemicals by
established institutions are pivotal. Traditionally, such publi-
cations were collected and made available to the user by
scientific libraries. There is now a growing tendency to publish
such monographs electronically with open access. For instance,
this is currently the case for toxicological monographs of IARC,
IPCS/INCHEM, the National Toxicology Program (NTP), and
the German MAK/DFG Commission. At present, a regrettable
exception to this tendency is the TLV Documentations of
ACGIH.
The Electronic Publishing Age: Looking Beyond
Toxicology

Some general trends in electronic publishing that are not (or
not fully) implemented in toxicology at present are finding
their way into the scientific and scholarly publishing of other
disciplines. It may be expected that we shall witness similar
developments in toxicology. For instance, the American
Speech-Language-Hearing Association identified the following
six trends with a revolutionary impact on the dissemination of
research, regardless of the discipline, which make scientific
contents more accessible, visible, and sustainable:

l Digital forms of publishing: Compared to the printed page,
digital publishing is viewed as being more affordable, faster,
more robust, more durable, and ‘greener.’

l Parsing and leveraging content: A prevalent trend of
publishers, to maximize availability and profitability of
publications, is to enable readers to access (and purchase)
discrete units and bundles of content beyond a journal issue
or subscription.

l Connecting with associated content environments: A digital
publication is embedded within a greater semantic world,
a relational landscape of content resonance and search-
ability. Discovery and discourse pathways may lead to
features like related blogs, listservs, forums, e-mail blasts,
Facebook pages, YouTube content, and tweets.

l Increasing receptivity to multimedia components: The digital
medium has great potential to accommodate multimedia
components, most notably video and audio streams. The
ability to include multimedia files as an integral part of
research disseminations is about to redefine the nature of
scientific writing (example of a peer-reviewed, PubMed-
indexed video journal: The Journal of Visualized Experiments
(J vis Exp)). It is likely that this revolution will affect not only
how research is reported but also how clinicians, and other
consumers, use the information.
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l Growing interactivity and dialogue: Scholars and students are
increasingly comfortable using social web media such as
wikis, blogs, MySpace, SecondLife, and Facebook, where
they participate in virtual communities through collabora-
tion and interaction. Although largely unexplored at
present, such interactivity holds considerable promise for
engaging practitioners more fully in the process of research.

l Moving to mobile: A gradually accelerating shift is recognized
from a web-based to a mobile-based method of accessing
online information. Mobile devices are increasingly
becoming the preferred way for both casual users as well as
researchers to readand retrieve. Thisplaces aburdenononline
journals, which need to be refitted for cross-platform mobile
viewing; downloadable applications for the most popular
mobile devices need to be made available by developers.
Conclusion

In essence, the toxicological publication system currently is
undergoing dramatic changes, which are unprecedented and
may be foreseen to continue for quite some time. Major driving
forces for the present development are:

l Technical and organizational developments in electronic
publishing

l A growing influence of bibliometric measures
l Financial restrictions to scientific libraries
l A globalization in the science of toxicology
l An increasingnumber of toxicological publications, worldwide
l In all developed societies, scholars and students being

increasingly comfortable using web media for collaboration
and interaction.
See also: Interactive Toxicity; International Union of Toxicology;
ACGIH

�
(American Conference of Governmental Industrial

Hygienists); Information Resources in Toxicology; Social
Media and Toxicology; QSAR.
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l Name: Puromycin
l Chemical Abstracts Service Registry Number: 53-79-2
l Molecular Formula: C22H29N7O5

l Synonyms: (S)-30-((2-Amino-3-(4-methoxyphenyl)-
1-oxopropyl)amino)-30-deoxy-N,N-dimethyladenosine;
Achromycin; Stillomycin

l Chemical Structure:

Background

Puromycin is an aminonucleoside antibiotic produced by
Streptomyces alboniger. It is a very common antibiotic routinely
used by scientists in biomedical research to select cells modified
by genetic engineering. It specifically inhibits peptidyl transfer
on both prokaryotic and eukaryotic ribosomes. The antibiotic
inhibits the growth of Gram-positive bacteria and various
animal and insect cells. Fungi and Gram-negative bacteria are
resistant due to the low permeability of the antibiotic. For more
than 30 years, puromycin has been widely used as a basic tool
for studying protein synthesis. Now, puromycin hydrochloride
is particularly useful for the selection of cell types harboring
plasmids carrying puromycin resistance genes. Puromycin-
resistant cells express pac gene, which encodes an N-acetyl
puromycin transferase. The pac gene can be mobilized on
a plasmid and used to transfect a host cell in an attempt to
provide resistance; therefore, puromycin can be used in gene
selections for mammalian host cells.

This aminonucleoside antibiotic causes premature chain
termination during translation in the ribosomes. Part of the
molecule resembles the 30 end of the aminoacylated tRNA. It
enters the A site and transfers to the growing chain, causing
premature chain release. The exact mechanism of action is
unknown, but the 30 position contains an amide linkage
instead of the normal ester linkage of tRNA; the amide bond
makes the molecule much more resistant to hydrolysis and
thus causes the ribosome to become stopped. It is not selective
for either prokaryotes or eukaryotes.
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Also of note, puromycin is critical in mRNA display as it
allows the growing peptide chain to be covalently bonded to its
own mRNA template. Additionally, puromycin is a reversible
inhibitor of dipeptidyl-peptidase II (serine peptidase) and
cytosol alanyl aminopeptidase (metallopeptidase). The mech-
anism of inhibition is not well understood; however, puro-
mycin can be used to distinguish between aminopeptidase M
(active) and cytosol alanyl aminopeptidase (inhibited by
puromycin) and therefore extremely useful in biochemistry
and nephrology research.
Uses

Puromycin has been widely used as a basic tool in research for
studying protein synthesis. It is an antibiotic used by scientists
in bioresearch to select cells modified by genetic engineering. It
inhibits protein synthesis by binding to RNA. It is also an
antineoplastic and antitrypanosomal agent.
Exposure Routes and Pathways

Most common exposure pathways to puromycin are via
absorption through skin, inhalation, or by oral route when
swallowed accidentally.
Toxicokinetics

Limited information indicates that puromycin is rapidly
absorbed and distributed to the liver and is primarily excreted
via the kidneys.
Mechanism of Toxicity

Puromycin is a specific metabolic inhibitor of protein synthesis
and acts as an aminoacyl-tRNA analog and peptidyl acceptor.
The latter causes premature chain termination of the protein and
the release of nascent or growing polypeptide chains. In liver, it
has been shown to cause fat accumulation without causing
death of the hepatocytes. Puromycin causes focal glomerular
sclerosis and alters the morphology, localization of anionic sites,
and metabolism of renal epithelial cells. This injury is attribut-
able to the production of reactive oxygen species.
Acute and Short-Term Toxicity

Animal

Rabbit erythrocytes exposed to low concentrations of puro-
mycin (7� 10�4 mol l�1) caused disruption of cell membrane,
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indicating inhibition of protein synthesis by erythrocytes.
Puromycin is shown to cause nephrosis in rats. It is a glomer-
ular nephrotoxicant and is extensively used to study patho-
physiology of glomerular nephritis and nephrotic syndrome.
Human

Puromycin may cause irritation and reddening of eyes. Pro-
longed or repeated exposure may cause cataract and severe,
permanent damage to the eyes. Puromycin causes rash, blis-
tering, and allergic reactions if contacted with skin and may
cause nasal, gastrointestinal, and lung irritation. Exposure of
erythrocytes to puromycin led to cell membrane disruption. It
is a possible mutagen in humans.
Chronic Toxicity (or Exposure)

It is a possible mutagen in humans.
Clinical Management

If inhaled, the patient should be moved to fresh air. If not
breathing, artificial respiration should be given. If breathing is
difficult, oxygen should be given. Vomiting should not be
induced unless directed to do so by medical personnel.
Unconscious persons should not be given anything by mouth.
If large quantities of this material are swallowed, a physician
should be called immediately. Tight clothing such as a collar,
tie, belt, or waistband should be loosened. In case of dermal
exposure, the skin should be flushed with plenty of water.
Contaminated clothing and shoes should be removed and
clothing removed before reuse. Shoes should be cleaned thor-
oughly before reuse. Contact lenses should be removed. In case
of contact, eyes should be flushed immediately with plenty of
water for at least 15 min and medical attention sought.
Repeated or prolonged exposure is not known to aggravate
medical condition.
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l Chemical Abstracts Service Registry Number: 298-81-7
l Synonyms: Psoralen and UVA; Furocoumarin; 2-Propenoic

acid, 3-(6-hydroxy-5-benzofuranyl)-, delta-Lactone
l Chemical/Pharmaceutical/Other Class: Furocoumarin and

UVA light
l Molecular Formula: C12H8O4 (8-Methoxypsoralen)
l Chemical Structure:
Background

PUVA is the acronym originally introduced to describe the
combined administration of psoralen and subsequent expo-
sure to high-intensity ultraviolet (UV) radiation from an arti-
ficial source (UVA) of 320–400 nm.

Psoralen and psoralen derivatives are found in the seeds of
Psoralea corylifolia and in the root of Ammi majus, and in other
vegetation such as limes, figs, parsnips, celery, parsley, and
certain fungi. Psoralens are planar, tricyclic compounds, con-
sisting of a furan ring fused to a coumarin moiety. These plants
produce furocoumarins (i.e., psoralen) in response to stress
and help in the defense against viruses, bacteria, fungi, insects,
and animals. They are regarded as natural pesticides.

Dating back to as early as 1200–2000 BC, psoralen has
been known as a photosensitizing drug and was used with
sunlight to treat skin diseases in Egypt and India. The
ancient Egyptians and Indians applied plant extracts to the
skin or ingested the extracts orally and then exposed
themselves to sunlight to induce repigmentation in vitiligo.
Since 1951, 8-methoxypsoralen (8-MOP), derived from A.
majus, has been available in the United States. In 1974,
8-MOP was first combined with high-intensity UV light
from an artificial source. PUVA treatment involves the
administration of psoralen (usually 0.6 mg kg�1), followed
by exposure to long-wave (320–400 nm) UV radiation
approximately 1–2 h later. Clearing can usually be achieved
in 8–12 weeks with 2–3 treatments per week. However,
without maintenance therapy of up to once a week, disease
returns.
Uses

In the United States, orally administered 8-MOP (10 mg) is the
psoralen most frequently used in combination with UVA light
therapy and is the focus of this discussion. However, other oral
and topical psoralens, such as 4,50,8-trimethylpsoralen (TMP),
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a synthetic psoralen, and 5-methoxypsoralen (5-MOP), which
are not available in the United States, are also used in combina-
tion with UVA light therapy.

PUVA is used most commonly in the treatment of psoriasis,
vitiligo, and cutaneous T-cell lymphoma; however, up to 30
other skin diseases have been reported to be responsive to PUVA
therapy. The most common of these include palmarplantar
pustulosis, polymorphous light eruption, dishydrotic eczema,
atopic dermatitis, allergic contact dermatitis, actinic reticuloid,
solar urticaria, pityriasis lichenoides, and graft versus host
disease.
Exposure Routes and Pathways

Therapeutic psoralen exposure occurs by the oral or topical
route. UVA exposure occurs via epidermal contact. The patient
stands upright in a vertical cylinder or similar large enclosure
lined with fluorescent tubes to receive an exactly calculated UV
radiation dose measured in joules per square centimeter. More
than half of the energy emitted is of wavelengths in the range
340–370 nm.
Toxicokinetics

Depending on the patient, dose form, and ingestion of food,
peak 8-MOP serum dose levels occur between 0.5 and 4 h after
ingestion. Equilibrium between levels in the blood and in the
skin is achieved in 1 h. Mean peak serum concentrations are
w200 mg l�1 (range 0–500 mg l�1) and are lower under post-
prandial conditions than under fasting conditions. At low doses
(i.e., 40 mg or less), 8-MOP undergoes extensive first-pass
elimination so that only a small amount of unchanged 8-MOP
reaches the general circulation. At high doses, liver enzymes
become saturated and serum concentrations of 8-MOP increase
quickly. The elimination half-life of 8-MOP is w1.1–1.9 h,
which is not affected by the ingestion of food. The terminal half-
life of 8-MOP is 200 h. Psoralens are rapidly metabolized to
polar metabolites via hydroxylation and glucuronidation in the
liver. Approximately 95% of the drug is excreted as a series of
metabolites in the urine within 24 h. In rats, radiolabeled
8-MOP has been recovered in high concentrations in the liver
and kidney soon after oral and intravenous administration.
In humans, 80% of orally administered 8-MOP is excreted in
the urine within 8 h, and lesser amounts are found in the urine
and feces over several days after ingestion.
Mechanism of Action

The mechanisms of action and of toxicity of PUVA are not
completely understood.
4-3.00052-X 1143
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Even though the mechanism of action of 8-MOP with the
epidermal melanocytes and keratinocytes is not clear, the best
known biochemical reaction of 8-MOP is with DNA. Upon
photoactivation, 8-MOP conjugates and forms covalent bonds
with DNA, resulting in the formation of monofunctional
(addition to a single strand of DNA) and bifunctional (cross-
link of 8-MOP to both strands of DNA) adducts. In other
words, absorption of a single photon by psoralen results in the
formation of a monofunctional adduct. A monofunctional
adduct, formed by the 4’,5’-furan bond with the 5,6-bond of
a pyrimidine, can then absorb a second photon, to form
a bifunctional (interstrand cross-linking) adduct. These adducts
are believed to inhibit DNA replication, which may be
responsible for the antihyperproliferative effect of PUVA.

In comparison with monofunctional adducts, bifunctional
adducts are more strongly implicated in the toxic side effects of
PUVA including irreversible damage to keratinocytes, resulting
in apoptosis and cell necrosis leading to sunburn-like skin
damage and blistering. Mutations arising from photoadducts
in sensitive DNA sequences, encoded for tumor suppressor
genes, may lead to the development of skin tumors.

PUVA therapy has also been shown to have a suppressive
effect on T cells, leading to an inhibition of the delayed
hypersensitivity response and decreases of proinflammatory
cytokine releases. Such response is therapeutic for the treatment
of various inflammatory and lymphoproliferative skin diseases.
However, such immunosuppressive effect could also explain
the reported increased incidence of herpes simplex among
PUVA-treated patients and its contribution to the risk of
squamous cell cancer.
Acute and Short-Term Toxicity

Animal

With 8-MOP, acute oral lethal dose 50% (LD50) in rats and
mice is between 2 and 4 g kg�1 body weight, whereas acute
intraperitoneal LD50 in rats isw470 mg kg�1. However, others
have suggested a much lower LD50 in rats and mice with
micronized 8-MOP.
Human

The most common short-term side effects of PUVA are pruritus
and transient nausea. Up to 25% of patients experience
pruritus, which is UV dose-related and is associated with
dryness of the skin. Usually, the pruritus responds well to
emollients and antihistamines. Transient nausea affectsw12%
of patients taking 8-MOP and can be minimized by taking the
medication with food or using antiemetics.
Chronic Toxicity

Animal

In 1-day (63–1000 mg kg�1), 16-day (50–800 mg kg�1), and
13-week (25–400 mg kg�1) studies, 8-MOP, at high doses, can
result in mortality, decreased body weight gain, dose-related
increases in liver to body weight ratios, fatty changes in the
liver, and in male rats, atrophy of the testis, seminal vesicles,
and prostate. Even though target organ toxicity was seen in the
liver, testes, and adrenals, these relatively high doses of 8-MOP
were tolerable in animals and were at much higher doses
compared with the dose used in combination therapy in
a clinical setting.
Human

Chronic PUVA exposure in humans results in premature skin
aging, PUVA keratoses, PUVA lentigines, and nonmelanoma
skin cancer (NMSC) typically in a dose-dependent fashion.
The incidence of cataracts may also be higher among patients
treated with PUVA. Cardiovascular disease, noncutaneous
neoplasms, and teratogenic effects have not been shown to be
associated with PUVA therapy.

PUVA pain is a rare, intermittent, severe burning pain that
occurs 4–8 weeks after the onset of PUVA therapy. Because the
pain worsens with ongoing therapy, PUVA must be dis-
continued and the pain usually resolves spontaneously in
a few weeks. Other reported adverse effects include erythema
and burning, maculopapular rash, exacerbation of photo-
dermatoses, increased incidence of herpes simplex, and
hepatotoxicity.
Immunotoxicity

PUVA is immunosuppressive in the skin. As a result, during
active treatment, it may increase the risk of skin cancer in
a pattern similar to that observed with persons undergoing
immunosuppressive therapy.
Reproductive and Developmental Toxicity

The published literature reports that psoralens has adverse
effects on reproductive functions and related end points in
animals. In female rats, 8-MOP in the diet resulted in reduced
birth rates, number of implantation sites, pups, corpora lutea,
full and empty uterine weight, and circulating estrogen levels
in a dose-dependent manner. In male rats, 8-MOP resulted in
smaller pituitary glands, fewer sperm per ejaculate and in the
epididymides, and increased testosterone levels.

No published literature is available to establish the link
between psoralens and reproductive/developmental toxicity in
humans.
Genotoxicity

Animal

Ames assays showed 8-MOP was mutagenic in some strains
(i.e., TA104 with or withoutmetabolic activation, TA98/TA 100/
TA 102 with metabolic activation) but not others (i.e., TA1535
with or without metabolic activation). Other in vitro assays
(i.e., sister chromatid exchanges and chromosomal aberrations
in Chinese hamster ovary cells) showed induction of sister
chromatid exchanges with metabolic activation but no signifi-
cant increases in chromosomal aberrations.
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Carcinogenicity

Animal

There is evidence of carcinogenic activity of 8-MOP in male rats.
Chronic 8-MOP administration by oral gavage up to
75 mg kg�1 for 2 years increased the incidences of renal tubular
cell hyperplasia, adenomas, and adenocarcinomas of the kidney
and carcinomas or squamous cell carcinomas (combined) of
the zymbal gland in male rats. Subcutaneous tissue fibromas
and alveolar/bronchiolar adenomas were observed with a posi-
tive trend in male rats. Some nonneoplastic lesions such as
increased severity of nephropathy, mineralization of the kidney,
and increased incidences of chronic inflammation, ulcers, and
epithelial hyperplasia of the forestomach were also seen in male
rats. On the other hand, there was no evidence of carcinogenic
activity of 8-MOP in female rats.

The combination therapy of 8-MOP and UVA induced the
development of squamous cell hyperplasia, squamous cell
papilloma, squamous cell carcinoma, cutaneous melanoma,
and cataracts in rats.

Animal studies provided evidence of the photocarcinogenic
potential of monofunctional and bifunctional 8-MOPs.
However, the relationship between specific types of DNA lesion
and carcinogenic potential is still not clear.
Human

Many studies have analyzed the effect of PUVA on the
development of skin cancer. A multicenter study led by Stern
and others involving 16 centers in the United States and
begun in 1975 monitored the adverse effects of PUVA
treatment in w1380 patients. This study documented an
increased risk of squamous cell cancer (SCC) and basal cell
cancer (BCC) in a dose-dependent relationship with the
number of PUVA treatments received. The overall risks of
developing an NMSC among subjects in this cohort were
17 times and 4 times higher for the development of a first
SCC and BCC, respectively, in comparison with the general
population. In addition, for patients on high-dose PUVA
(�337 treatments) compared with the general population,
the risks of developing a first SCC and BCC were 104 times
greater and 11 times greater, respectively. Comparable
studies in Europe have shown a similar increase in the rela-
tive risk of NMSC. However, other studies in both the United
States and Europe have not shown that PUVA increases the
risk of skin cancer. Many of these studies had a shorter
duration and/or with relatively smaller numbers of subjects,
therefore, had limited value in assessing a long-term risk.
Even though these studies did not show the relationship
between PUVA treatment and skin cancer, some showed that
PUVA was a promoter of SCC initiated by prior treatment
with agents, such as ionizing radiation or arsenic. In addi-
tion, Japanese studies reported a much lower incidence of
NMSC in patients with psoriasis treated with PUVA.
This finding might reflect the protective effect of moderately
pigmented skin among Asians and greater use of topical
rather than oral PUVA in Japan.

PUVA exposure also appears to be a risk factor for the
development of malignant melanoma, but this finding remains
somewhat controversial. A multicenter US study has shown
a greater than fivefold increase in risk of melanoma among
patients receiving high-dose PUVA (�250 treatments) when
compared with the general population. However, a similar
cohort study of Swedish patients did not show a statistically
significant increase in melanoma. This difference in risk
between the United States and Swedish populations might be
attributable to the use of different treatment protocols in the
two countries, or more likely, the result of insufficient power in
the Swedish study to show an increase in risk due to small
numbers of patients with sufficiently large amounts of PUVA
exposure.

Extensive follow-up studies of patients treated with PUVA
provided conflicting results. Discrepancies among all these
studies were likely due to the statistical approach to data
analyses and different treatment protocols. Therefore, carcino-
genicity of PUVA in humans remains unclear.
Ecotoxicology

Various organisms in the environment may be exposed to
psoralens in the presence of UV radiation, but no information
specifically addressing PUVA exposure is found in the pub-
lished literature. It has been reported that many furocoumarins
are extremely toxic to fish although the mechanism of action of
such aquatic toxicity was not further supported or explained by
the available published literature, except that furocoumarins
could act as natural pesticides. If some fish species are truly
sensitive to toxicity from psoralen exposure alone, heightened
sensitivity because of simultaneous sunlight exposure would
not be expected to be a significant concern in species that
normally spend most of their time below the surface of the
water.
Clinical Management

Short-term toxicity such as mild (often transient) erythema,
pruritus, and burning is managed by decreasing the PUVA
dosage, keeping sunburned areas covered by clothing while
receiving PUVA, or if severe, discontinuing therapy. Long-term
toxicity can be prevented by protecting genitalia in males,
protecting the face (unless significant psoriasis is present), and
the use of protective eyewear from the time of psoralen inges-
tion, in the treatment unit, and for the next 24 h if the patient is
exposed to sunlight.

In addition, PUVA should only be used when skin disease
is a significant burden and after consideration of the risks and
benefits of PUVA relative to other treatments for that patient.
Efforts to limit the total number of lifetime treatments should
be made, particularly in younger patients and those with
a higher innate risk of skin cancer. Patients receiving PUVA or
with past history of significant PUVA exposure should also
have regular periodic follow-up with a dermatologist or other
qualified health practitioner for skin examinations and
tumor excision.

See also: 8-Methoxypsoralen; Coumarins; Radiation
Toxicology, Ionizing and Nonionizing; Skin.
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l Name: Pyrene
l Chemical Abstracts Service Registry Number: 29-00-0
l Synonyms: AI3-23 977, Benzo(def)phenanthrene, b-Pyrene
l Molecular Formula: C16H10

l Chemical Structure:
Background

Pyrene was first isolated from coal tar, where it occurs up to 2%
by weight. It is produced in a wide range of combustion
conditions; for example, it is the major compound of diesel
exhaust particles.
Uses

Pyrene is mainly used as a starting material in the production of
optical brighteners and dyes. Pyrene from coal tar has been
used as a starting material for the synthesis of benzo(a)pyrene
and can serve as an electron donor to increase the blackness in
pencil leads. It is also used in biochemical research. Pyrene is
a ubiquitous product of incomplete combustion, occurring in
exhaust from motor vehicles, emissions from cigarette smoke,
coal-, oil-, and wood-burning stoves, and furnaces that will
result in its direct release to the environment.
Table 1 More relevant physico-chemical pyrene propertiesa

Physical property Value T (�C)

Melting point 150.62 �C
Environmental Fate and Behavior

Physical Properties

Pyrene is a colorless solid at room temperature and it is soluble
in ethanol, ethyl ether, benzene, carbon disulfide, ligroin, and
toluene. It is slightly soluble in carbon tetrachloride and in
organic solvents. The more relevant physical properties are
shown in Table 1.
Boiling point 404 �C
Log P (octanol–water) 4.88
Water solubility 0.135 mg l 25
Vapor pressure 4.50 � 10�06 mmHg 25
Henry’s law constant 1.19 � 10�05 atm-m3 mol�1 25
Atmospheric OH rate constant 5.00 � 10�11 cm3 mol�1 s�1 25

aSource: http://chem.sis.nlm.nih.gov/.
Behavior in Air, Soil, and Water

Pyrene released to air exists in both the vapor and particulate
phases in the atmosphere; vapor-phase pyrene will be degraded
in the atmosphere by reaction with photochemically produced
hydroxyl radicals (the half-life for this reaction is estimated to
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
be 8 h); particulate-phase pyrene will be removed from the
atmosphere by wet or dry deposition.

In soil, pyrene has no mobility and biodegradation occurs
slowly, with estimated half-lives ranging from several weeks to
years.

In water, pyrene is expected to adsorb to suspended solids
and sediment and volatilization from water surfaces is an
important fate process. Estimated volatilization half-lives for
a model river and model lake are 4.5 and 37 days, respectively.
However, volatilization from water surfaces is attenuated by
adsorption to suspended solids and sediment in the water
column. The estimated volatilization half-life from a model
pond is 29 years if adsorption is considered.
Environmental Persistency

Environmental biodegradation occurs slowly, with estimated
half-lives ranging from several weeks to years. Polycyclic
aromatic hydrocarbons (PAHs) with four or less aromatic rings
are degraded by microbes and are readily metabolized by
multicellular organisms. For example, in a study, pyrene was
degraded over a 4-week incubation period, aerobically in
contaminated soil from St Louis Park, MN, Cantonment, FL,
and Bozeman, MT, at 45.2, 46.5, and 0.5%, respectively. The
aerobic biodegradation half-life of pyrene in sediment of
freshwater ecosystems has been estimated as 34–90 weeks.
Bioaccumulation

Bioconcentration in aquatic organisms is moderate to high
(bioconcentration factor of 72–970 in trout).
Exposure

Routes and Pathways of Human Exposure

Occupational exposure to pyrene may occur through inhala-
tion and dermal contact with this compound at workplaces
where pyrene is produced, where petroleum and coal tar are
used, or where combustion processes are common such as coke
4-3.00535-2 1147
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plants, iron foundries, and aluminum factories and during the
manufacture of dyes.

General population is also exposed to pyrene; it was
detected in 100% of the personal air samples in Minnesota
Children’s Pesticide Exposure Study at a mean concentration of
2.1 ng m�3. Exposure may arise via smoking, dermal contact,
and inhalation of ambient air, particularly in areas with heavy
traffic or near industrial sources, or from consuming contami-
nated food and drinking water. In fact, human exposures to
PAHs in general are approximately 99% from dietary sources.

Main Pathways of Human Exposure

Pyrene concentration in mainstream cigarette smoke is
1700–14 000 ug/100 cigarettes. Moreover, pyrene was detected
in 99% of the food samples in Minnesota Children’s Pesticide
Exposure Study at a mean concentration of 0.4 ug kg�1.
The food surveys with more concentration of pyrene are
heavily smoked bacon (27 ug kg�1), heavily smoked ham
(35–161 ug kg�1), and barbecued beef (3.2 ug kg�1), but it is
also detected in vegetables (lettuce (0.433 ug kg�1), tomatoes
(0.395 ug kg�1)). The average daily intake of pyrene for women
in Japan has been estimated at 0.98 ng day�1.

Monitoring Data

Water: The average concentration of pyrene in the groundwater
near five wood treatment facilities sampled in the United States
was 666 ug l�1 and in undisclosed locations at concentrations of
1.6–2.5 ng l�1. Pyrene was detected in the Mississippi River at
concentrations of 1–15 ng l�1, in eastern Ontario waters at
0.2–1.7 ng l�1, and in Lake Superior at an average of 0.28 ng l�1.

Sediment: Pyrene was detected in the sediment of Lake
Superior at a concentration of 1.76 ug g�1 and of
13–266 ug g�1 in other study; and in Lake Ontario at
concentrations of 1.2–72.7 ug g�1.

Soil: Pyrene was measured in the soil at an urban roadside
in Australia at a concentration of 214 ug kg�1 and was detected
in the soil of UK sites at Birmingham (254 ug kg�1), Brisbane
(214 ug kg�1), Wales (63 ug kg�1), and Herts (131 ug kg�1).

Atmosphere: The average atmospheric concentration of
pyrene in London was measured as 1.90 ng m3 in winter and
0.43 ng m3 in summer. Pyrene was detected in Antarctic air
at concentrations of 4.2–24.8 � 10�3 ng m3 and
5.5–50.9 � 10�3 ng m3.
Table 2 Acute toxicity studiesa

Study LD50/LC50 Effect

Mouse
intraperitoneal

LD50: 514 mg kg�1

Mouse oral LD50: 800 mg kg�1 Conjunctive irritation: eye, behav
behavioral: muscle contraction

Rat inhalation LC50: 170 mg m�3 Conjunctive irritation: eye, behav
behavioral: muscle contraction

Rat oral LD50: 2700 mg kg�1 Conjunctive irritation: eye, behav
behavioral: muscle contraction

aSource: http://chem.sis.nlm.nih.gov/.
Toxicokinetics

Absorption, Distribution, and Excretion

Pyrene is absorbed via oral, dermal, and respiratory routes. It is
highly soluble in adipose tissue and lipids and easily penetrates
cellular membranes.
Metabolism

It is readily metabolized by liver microsomes to trans-4,5-
dihydro-4,5-dihydroxypyrene, s-(4,5-dihydro-4-hydroxypyren-
5-yl)glutathione, 1,6-dihydroxypyrene, 1,8-dihydroxypyrene, and
1-hydroxypyrene (1-OHPy) in rats and rabbits. Two trihydroxy
derivatives were also isolated following incubation of pyrene
with rat liver preparations. The high water solubility of the
metabolites makes them readily excretable. Urinary 1-OHPy has
been used as a biomarker for environmental PAH exposure in
humans.
Biological Half-Life

The apparent elimination rate of C-pyrene (23 h) contained in
the skin after an exposure of 4.5 h was similar to the apparent
urinary excretion half-life of 1-OHPy (21 h). These values are
threefold higher than the urinary excretion half-life of
1-OHPy after an intravenous administration of pyrene
(0.5 mg kg�1).
Mechanism of Toxicity

Oxidation of the rings of pyrene is an important step in its
metabolism carried out by mixed function oxidases of the liver
containing cytochromes P450 and P448. Epoxide intermedi-
ates are formed from oxidation. They are very reactive and can
form covalent complexes with DNA and histones, which serve
as the ultimate carcinogenic form of pyrene.
Acute and Short-Term Toxicity

Animal Data

Exposed experimental animals have also developed excitation
and muscle spasticity. Table 2 shows the nonhuman toxicity
values.
Source

Prog. Mutat. Res. 1981, 1, 682.

ioral: excitement,
or spasticity

Gigiena Truda i Professional’nye Zabolevaniya. Labor
Hyg. Occup. Dis. 1971, 15 (2), 59.

ioral: excitement,
or spasticity

Gigiena Truda i Professional’nye Zabolevaniya. Labor
Hyg. Occup. Dis. 1971, 15 (2), 59.

ioral: excitement,
or spasticity

Gigiena Truda i Professional’nye Zabolevaniya. Labor
Hyg. Occup. Dis. 1971, 15 (2), 59.

http://chem.sis.nlm.nih.gov/
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Human Data

Exposure to pyrene causes irritation of skin, eyes, nose, and
throat. Some unspecified teratogenic effects were noted in
workers. Coal tar pitch volatiles are reported to cause bronchitis.
Chronic Toxicity (Animal/Human)

Animal Data

Nephropathy and decreased kidney weights were detected in
a subchronic exposure assay, where male and female CD-1
mice (20/sex/group) were gavaged with 0, 75, 125, or
250 mg kg�1 day�1 pyrene in corn oil for 13 weeks. Based on
the results of this study, the low dose (75 mg kg�1 day�1) was
considered the no observed effect level (NOAEL) and
125 mg kg�1 day�1 the lowest observed effect level (LOAEL) of
this study.

Dermal applications of pyrene for 10 days caused hyperemia,
weight loss, and hematopoietic changes; applications for 30 days
produced dermatitis; and chronic effects consisted of leukocy-
tosis and lengthened chromaxia of the leg muscle flexors.

Moreover, an increase of papillomas incidence (nine
papillomas were present on 6/20 surviving animals compared
with four papillomas on 4/19 survivors in the control group)
was detected in a subchronic study in 20 S-strain mice treated
by 10 thrice-weekly applications of 8.3% pyrene solution in
acetone (total dose, 0.25 g).

Pyrene induces rat liver acrylamide N-hydroxylase activity
and modifies the enzyme by increasing its apparent Michaelis
constant (km). Goblet cell hyperplasia and cases of so-called
transitional hyperplasia were observed when pyrene was
implanted (in a beeswax pellet) into isogenically transplanted
rat tracheas.
Human Data

Exposure to sun may provoke an irritating effect of pyrene on
skin and lead to chronic skin discoloration.
Immunotoxicity

Epidemiological studies and experiments with mouse models
suggest that PAHs contained in, among others, diesel exhaust
particles can promote the development of allergy. Pyrene may
promote allergic diseases by inducing the production of IL-4
through induced transcription of IL-4 messenger RNA and
expression of IL-4 protein in primary human T cells.

The results of a study in mice suggest that pyrene contained
in diesel exhaust particulates acts as an adjuvant in IgE anti-
body production when mice are immunized with antigens.
Reproductive Toxicity

When pyrene at 4 mg per mouse was injected in sunflower oil
intramuscularly everyday during the last week of gestation
(into BALB/c, C3H/a, C57BI � CBA F hybrids), increased
survival and hyperplastic changes were seen in explants of
embryonic mouse kidney in organ culture, compared with
controls. The effects were similar but less marked than those
produced by benzo(a)pyrene.

Administration of two subcutaneous injections of 6 mg
pyrene on days 18 and 19 of pregnancy to strain A mice did not
induce an increased tumor incidence in the offspring in studies
in which benzo(a)pyrene injections did have that effect.
Genotoxicity

There is limited evidence that pyrene is active in short-term
assays. In bacterial gene mutation tests, both positive and
negative results have been reported, the protocol or evaluation
criteria were critical factors in individual test verdicts. Mixed
results have also been observed in mammalian assays in vitro,
again with protocol and evaluation criteria being a factor in at
least some of the cases. Results of mammalian cell trans-
formation assays in a variety of cell types have not been posi-
tive. However, pyrene was positive in one study for sister
chromatid exchanges (SCE) induction in cultured Chinese
hamster ovary cells (CHO). Two other laboratories reported
pyrene negative both for SCE and chromosome aberrations in
CHO cells. Pyrene did not induce SCE in a rat liver epithelial
cell system, but was positive in the L5178Y mouse lymphoma
gene mutation assay. Pyrene did not induce chromosome
aberrations (as detected by micronuclei) or SCE in bone
marrow of several mouse strains receiving intraperitoneal
injections of pyrene. Pyrene was nonmutagenic in Drosophila
sex-linked recessive lethal test. Reduced keratinocyte recovery
occurred following exposure of mice to pyrene and other
chemicals; there was no evidence that these cytotoxic effects
contributed to micronuclei scored in keratinocytes. Pyrene
failed to induce micronuclei at doses from 2.5 ug to 2.5 mg per
mouse.
Carcinogenicity

Pyrene is not classifiable as human carcinogen by the US
Environmental Protection Agency (EPA), based on inadequate
evidence of carcinogenicity in humans and inadequate or
limited evidence in experimental animals. Increased incidences
of lung, skin, or genitourinary cancers were observed in workers
exposed to a variety of PAHs.

Carcinogenicity of pyrene was tested on mouse skin in
multiple studies and all studies gave negative results. Groups of
14–29 newborn male and 18–49 newborn female CD-1 mice
on 1, 8, and 15 days of age received intraperitoneal injections
of pyrene in dimethyl sulfoxide (DMSO) (total dose¼ 40, 141,
or 466 ug per mouse), or DMSO alone. Tumors were evaluated
in animals that died spontaneously after weaning and in all
remaining animals at 1 year after exposure. The middose group
was initiated 10 weeks after the other groups and had a separate
vehicle control. The survival rate in the high-dose groups (male
and female) was 25–35%; most of the mice died between the
last injection and weaning. This high mortality was not
observed in the control, low-, or middose groups (the survival
rates were not stated). A statistically significant increase in the
incidence of liver carcinomas occurred in the middose males



Table 3 Ecotoxicity valuesa

Species Effect Conditions

Pseudokirchneriella subcapitata (green algae, age < 24 h);
immobilization

EC50: 894 000 ug l�1 for 72 h (98% purity) Freshwater, static

Daphnia magna (water flea); growth rate EC50: 72.7 ug l�1 for 7 days (>99% purity) Freshwater, renewal
Daphnia magna (water flea, age < 24 h, neonate); immobilization EC50: 67 000 ug l�1 for 48 h (98% purity) Freshwater, static;
Daphnia magna (water flea, age 4–6 days); immobilization EC50: 0.45 mmol m�3 for 48 h (97% purity) Freshwater, static, 23 �C
Daphnia magna (water flea, age 4–6 days, length 1.5 mm);

immobilization
EC50: 9 mmol m�3for 48 h (95% confidence interval: 1–14 mmol m�3

(97% purity)
Freshwater, static, 23 �C, pH 6–7, dissolved oxygen

5–9 mg l�1

Americamysis bahia (opossum shrimp, age 24–48 h) LC50: 0.89 ug l�1 for 48 h Saltwater, static, 21.5 �C, UV light
Americamysis bahia (opossum shrimp, age 24–48 h) LC50: 24.8 ug l�1 for 48 h Saltwater, static, 21.5 �C, fluorescent light
Oncorhynchus mykiss (rainbow trout, weight 3.17 g, length 6.2 cm) LC50: >2000 ug l�1 for 24 h Saltwater, static, 21.5 �C, fluorescent light
Oncorhynchus mykiss (rainbow trout, weight 3.17 g, length 6.2 cm) LC50: >2000 ug l�1 for 48 h Freshwater, renewal, 11.0 �C, pH 6.19
Oncorhynchus mykiss (rainbow trout, weight 3.17 g, length 6.2 cm) LC50: >2000 ug l�1 for 96 h Freshwater, renewal, 11.0 �C, pH 6.19
Pimephales promelas (fathead minnow, weight 0.8 g, length 5 cm) LC50: 200 ug l�1 for 24 h (100% purity) Freshwater, static
Eisenia veneta (earthworm, sexually mature organism, weight� 0.8 g,

length 6.2 cm)
LC50: 155 mg kg�1 dry weight soil for 28 days Direct application

Enchytraeus crypticus (earthworm, sexually mature organism) LC50: >2300 mg kg�1 for 21 days Direct application

aSource: http://chem.sis.nlm.nih.gov/.
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(3/25) relative to their vehicle control group (0/45), but not in
the high-dose males (1/14) or low-dose males (0/29) or in
female mice, when compared with their respective controls.
The incidences of total liver tumors (adenomas and carci-
nomas), lung tumors, or malignant lymphomas were not
statistically significantly elevated in treated animals. The results
of this 1-year experiment were not considered to be positive
because of the overall lack of tumorigenic response in the short
term.

The induction of DNA adducts and adenomas in the lungs
of strain A/J mice has been investigated following the single
intraperitoneal administration of pyrene. DNA adducts were
measured by 32P-postlabeling at times between 1 and 21 days
following injection, while adenomas were counted at 240 days
after treatment. Pyrene did not induce either DNA adducts or
lung adenomas at any of the doses examined.
Clinical Management

Monitoring complete blood count, urinalysis, and liver and
kidney function tests is suggested for patients with significant
exposure. The determination of 1-OHPy in the urine of PAH-
exposed workers is used as biomarker. Tabaquism practically
does not affect this value.

Acute intoxications are unlikely but a significant exposure
can occur through the skin.

For immediate first aid, the affected individual should be
removed from the exposure source and if the patient is not
breathing, artificial respiration should be started. Do not
induce vomiting and keep the patient quiet and maintain
normal body temperature. Obtain medical attention.

After oral exposure, two emergency treatments are possible:
(1) dilution with 4–8 ounces (120–240 ml) of water or milk;
(2) administer activated charcoal (usual dose: 25–100 g in
adults/adolescents, 25–50 g in children (1–12 years), and
1 g kg�1 in infants less than 1 year). If signs or symptoms of
esophageal irritation or burns are present, consider endoscopy
to determine the extent of injury.

After inhalation exposure, move the patient to fresh air,
watch for signs of respiratory insufficiency, and assist ventila-
tion if necessary. Administer oxygen by nonrebreather mask at
10–15 l min�1 and monitor for pulmonary edema and treat if
necessary.

Treat bronchospasm with inhaled beta2-agonist and oral or
parenteral corticosteroids. If acute lung injury exists, maintain
ventilation and oxygenation and evaluate with frequent arterial
blood gas or pulse oximetry monitoring. Early use of peep and
mechanical ventilation may be needed.

After eye exposure firstly irrigate exposed eyes with copious
amounts of room temperature water for at least 15 min. If
irritation, pain, swelling, lacrimation, or photophobia persists,
the patient should be seen in a health care facility.

After dermal exposure treat dermal irritation or burns with
standard topical therapy. Patients developing dermal hyper-
sensitivity reactions may require treatment with systemic or
topical corticosteroids or antihistamines.
Ecotoxicology

Pyrene has a moderate to high tendency to bioaccumulate in
aquatic organisms from water, sediment, and food. Table 3
shows the results of some ecotoxicity studies.
Exposure Standards and Guidelines

The EPA Integrated Risk Information System (IRIS) reference
dose is 0.03 mg kg�1 day�1.

The State drinking water guidelines are Florida, 210 mg l�1;
Minnesota, 220 mg l�1; and Wisconsin, 250 mg l�1.

Clean Water Act requirements: For the maximum protection
of human health from the potential carcinogenic effects due to
exposure to pyrene, the ambient water criteria are 28.0, 2.8, and
0.28 ng l�1, respectively, corresponding to the levels which may
result in increment of cancer risk over the lifetime at 1 � 10�5,
1� 10�6, and 1� 10�7. The levels are 311, 31.1, and 3.11 ng l�1,
respectively, if the above estimates are made for consumption of
aquatic organisms, excluding consumption of water.
Occupational Exposure Standards

Occupational Safety and Health Administration Standards

Permissible exposure limit: 8-h time-weighted average:
0.2 mg m�3.
National Institute for Occupational Safety and Health (NIOSH)
Recommendations

Recommended exposure limit: 10-h time-weighted average:
0.1mgm�3 (cyclohexane-extractable fraction).NIOSH considers
coal tar pitch volatiles to be potential occupational carcinogens.
Immediately dangerous to life or health: 80 mg m�3.
See also: Coal Tar; Benzo(a)pyrene; Polycyclic Aromatic
Hydrocarbons (PAHs); The Globally Harmonized System for
Classification and Labeling of the GHS.

Further Reading

Hendon, L.A., Carlson, E.A., Manning, S., Brouwer, M., Mar 2008. Molecular and
developmental effects of exposure to pyrene in the early life-stages of Cyprinodon
variegatus. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 147 (2), 205–215.

Zhang, Y., Wang, C., Huang, L., Chen, R., Chen, Y., Zuo, Z., 15 Jun 2012. Low-level
pyrene exposure causes cardiac toxicity in zebrafish (Danio rerio) embryos. Aquat.
Toxicol. 114–115, 119–124.
Relevant Websites

http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances –

European Chemicals Agency, Registered Substances.
http://toxnet.nlm.nih.gov/ – Hazardous Substance Data Bank (2009) Stoddard Solvent.
http://chem.sis.nlm.nih.gov/ – United States National Library of Medicine.

http://refhub.elsevier.com/B978-0-12-386454-3.00535-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00535-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00535-2/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00535-2/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00535-2/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00535-2/ref0015
http://echa.europa.eu/web/guest/information-on-chemicals/registered-substances
http://toxnet.nlm.nih.gov/
http://chem.sis.nlm.nih.gov/
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l Chemical Names: Natural pyrethrins and synthetic
pyrethroids

l Representative Chemicals: Pyrethrin I, pyrethrin II, cyflu-
thrin, cypermethrin, deltamethrin, permethrin

l Chemical Abstracts Service Registry Numbers: 121-21-1
(pyrethrin I), 121-29-9 (pyrethrin II), 68359-37-5
(cyfluthrin), 52315-07-8 (cypermethrin), 52918-63-5
(deltamethrin), 52645-53-1 (permethrin)

l Synonyms: Pyrethrin I [(1S)-2-methyl-4-oxo-3-[(2Z)-penta-
2,4-dien-1-yl]cyclopent-2-en-1-yl(1R,3R)-2,2-dimethyl-3-
(2-methylprop-1-en-1-yl)cyclopropanecarboxylate],
PubChem CID 5281045; pyrethrin II [[2-methyl-4-oxo-3-
[(2E)-penta-2,4-dienyl]cyclopent-2-en-1-yl](3S)-3-[(Z)-3-
methoxy-2-methyl-3-oxoprop-1-enyl]-2,2-dimethylcyclo-
propane-1-carboxylate], PubChemCID 5320807; pyrethrum
contains both pyrethrin I and pyrethrin II

l Classification: Ester insecticides
l Molecular Formulas: pyrethrin I, C21H28O3, molecular

weight 328.44522; pyrethrin II, C22H28O5, molecular
weight 372.45472

l Chemical Structures:
Pyrethrin I
yDeceased
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Cypermethrin

Deltamethrin

Permethrin
Background

From the nineteenth century until the 1970s only pyrethrin
mixtures obtained by solvent extraction of pyrethrum
(powdered chrysanthemum flowers, usually Chrysanthemum
cinerariaefolium) were available for use. However, the devel-
opment by Martin Elliott of the cheaper and more light-stable
synthetic pyrethroids from the 1970s led to their becoming
a major pesticide class. Over 1000 pyrethroid structures have
been synthesized, some of which show considerable divergence
from the original pyrethrins.
Uses

Both the naturally occurring pyrethrins and the synthetic
pyrethroids are widely used as potent insecticides and insect
repellents in agricultural, public health, and domestic appli-
cations. They are also used as ectoparisiticides in veterinary
and human medicine. Attractive features are their low
environmental persistence and their rapid knockdown activity,
whereby flying insects very quickly become uncoordinated and
unable to fly before they are killed. The natural pyrethroids are
now largely restricted to indoor domestic uses where light
stability is less important. The pyrethroids are major agricul-
tural pesticides in terms of treated land area (although not
tonnage as they are more potent than most other pesticide
classes). However, many insect populations have begun to
develop resistance via cuticle thickening to reduce pyrethroid
absorption, induction of CYP6P3 to increase detoxification,
and preventing pyrethroid binding by modifications to the
sodium channel target site.
Environmental Fate

Environmental residues of pyrethrins and pyrethroids are
degraded by photolysis and hydrolysis, and so do not accu-
mulate in most ecosystems. Pyrethroids are moderately
persistent in soil by binding strongly to soil particles,
reducing the risk of leaching. Once in water, free concentra-
tions of pyrethroids can decrease rapidly due to adsorption to
sediments and other particulates, and uptake by plants.
Pyrethroids are less persistent in soil with a low organic
content (e.g., sand rather than clay-based soil). Degradation
rates in water are similar to soil. Hydrolytic degradation is
catalyzed by ultraviolet light, microbial action, aerobic, and
especially by alkali conditions. The environmental half-life
can thus vary considerably from 2 to 600 days. Pyrethroids are
typically less persistent in aerobic soil (where half-lives range
from 3 to 96 days) than in anaerobic soil (where half-lives
range from 5 to 430 days). The main environmental hazard
associated with pyrethroid use is contamination of freshwater
by acute runoff after use as an agricultural pesticide or ecto-
parisitide near to water, which can lead to death of aquatic
invertebrates or fish (which have very limited pyrethroid
detoxification capacity).
Exposure

All pyrethroids and pyrethrins have low volatility (10�4
–

10�8 mmHg), and so occupational and domestic exposure is
primarily via dermal contamination or inhalation/ingestion of
spray droplets. Consumers are exposed to low-level residues of
agricultural pyrethroids in many foods. Residues of domestic
pyrethroids and pyrethrins have been found in house dust.
Toxicokinetics

Although the inherent toxic potential of pyrethroids and
pyrethrins can be high (intravenous lethal dose 50% (LD50)
values range from 0.5 to 4250 mg kg�1), this is limited in
practice by rapid detoxification in skin, blood, and liver. The
half-life of pyrethroids in blood ranges from 19 min to 10 h
(typically a few hours), and oral intoxication is correspond-
ingly short lasting. The dermal toxicity of pyrethroids is further
limited by low absorption through the skin and the capacity for
local detoxification of pyrethroids in the skin during
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absorption. In man, the bioavailability of dermal pyrethroids is
1–17%, compared with 3–50% for gastric absorption,
depending on the formulation. Hence, the dermal route of
exposure presents less risk of systemic poisoning, although in
the few cases of very severe skin contamination that have been
reported, intoxication has lasted for several weeks, possibly due
to a large reservoir of pyrethroid bound to the epidermis. Once
absorbed, pyrethroids rapidly distribute throughout the body;
their high lipophilicity and lack of exclusion by the adenosine
triphosphate-binding cassette multidrug transporters ensures
ubiquitous entry into all tissues and blood–brain barrier
passage into the central nervous system, with longer-term
accumulation in fat and myelin. The pyrethrins and allethrin
are broken down mainly by oxidation of the isobutenyl side
chain of the acid moiety and of the unsaturated side chain of
the alcohol moiety, with ester hydrolysis playing an unim-
portant part, but for the other pyrethroids ester hydrolysis
predominates. The acid and alcohol components of pyre-
throids have very little toxic potential, so hydrolysis represents
a one-step detoxification. These reactions can take place in liver
and plasma and are followed by hydroxylation and conjuga-
tion to glucuronides or sulfates, which are then excreted in
urine. A number of factors modify the rate of breakdown,
notably stereospecificity; trans isomer hydrolysis is catalyzed by
esterases but cis isomer hydrolysis is catalyzed at a lower rate by
oxidases. This slower breakdown of cis isomers may contribute
to their greater mammalian toxicity, but their higher inherent
affinity for the sodium channel complex is thought to be the
predominant factor. An additional influence on the rate of
metabolism is the presence of an alpha-cyano group, which
slows both hydrolysis and oxidation. Ester cleavage of alpha-
cyano pyrethroids releases cyanide ions, which are in turn
converted to thiocyanate.

Many developmental studies remain equivocal, although at
the extreme, neonatal rats have been shown to be 6 and 17
times more vulnerable than adults to the acute lethality of type
I and II pyrethroids, respectively. This is entirely attributable to
their lesser capacity for metabolic detoxification, and does not
extrapolate to lower dose effects. Insect knockdown rate and
lethality are improved by application at lower ambient
temperatures. The high relative sensitivity of insects to pyre-
thrins and pyrethroids is attributable (in roughly equal
proportions) to their slower metabolic disposal, their lower
body temperature, and the inherently higher sensitivity of their
target sites. Although there are few, if any, toxic actions of the
pyrethroids in insects that do not have their counterpart in
man, these three quantitative factors combine to give insect–
mammalian toxicity ratios of 2–3 orders of magnitude
difference.
Mechanism of Toxicity

The pyrethrins and the pyrethroids are primarily functional
neurotoxins: causing death by hyperexcitation; only causing
direct cytotoxicity in mammalian cells at concentrations
much higher than are reached in the brain of severely
intoxicated animals (although there is some evidence of
neuronal loss with repeated dermal exposures). The main
target of the pyrethrins and the pyrethroids is the voltage-
gated sodium channel family. This is responsible for the
generation of the inward sodium current that produces the
action potential in most cells, which is closed at normal
resting potentials. Sodium channels consist of an alpha
subunit that forms the trans-membrane pore. They resemble
those of other voltage-gated ion channels and can take several
possible isoforms. The beta 1 and beta 2 subunits modify the
basic function of the alpha subunit. There are many variant
forms of the alpha subunit (ten have been characterized in the
rat), and channels are also subject to glycosylation and
phosphorylation, which further modify function. These
variant forms also show very different sensitivity to pyre-
throids. Unfortunately, there is no standard nomenclature for
many channel isoforms, and descriptions based on pharma-
cological properties (e.g., tetrodotoxin resistant) or tissue
source (e.g., brain I, II, III) are widely used. The interaction of
pyrethroids with the sodium channel has the effect of slowing
both its activation and its inactivation processes, causing the
pyrethroid-modified channel to adopt a hyperexcitable state.
This hyperexcitable condition is sustained until the pyrethroid
is removed and the channel returns to normal. Since there is
a far higher density of expression of sodium channels in most
cells than is needed to maintain normal excitability, only
0.1% of sodium channels need to be modified by a pyrethroid
for the extra current that they generate to render the whole cell
hyperexcitable. Although activation is slowed at the single-
channel level, the high density of sodium channels also means
that sufficient unmodified channels are always present to
ensure that the activation phase of the action potential is not
appreciably delayed. However, in the falling (inactivation)
phase of the action potential, even a low proportion of
modified channels can generate enough extra current to delay
inactivation. This slower rate of inactivation of pyrethroid-
modified channels generates a prolonged depolarizing tail
current that follows the normal action potential. This tail will
trigger a second action potential if the current is large enough
and lasts longer than the 0.5–1 ms needed for the normal
sodium channels to reactivate. In this situation, what would
normally be a single action potential can become multiple
action potentials or a continuous uncontrolled discharge.
Action potential amplitude normally remains constant, so
this uncontrolled excitation produces marked functional
disruption, although very high concentrations of pyrethroids
or hyperactivity beyond that which the cell can sustain will
eventually cause depolarization and conduction block. This
depolarization is more readily produced by those pyrethroids
that hold the sodium channel open longest.

An important characteristic of the pyrethroid generated tail
current is that its amplitude and duration are independent. The
current amplitude is dependent only on the proportion of
sodium channels modified, and hence shows a saturable rela-
tionship with pyrethroid concentration or dose. The current
duration, however, is dependent only on the pyrethroid
structure: type I pyrethroids, such as permethrin, hold the
channel open for a fewmilliseconds (rapid insect knockdown),
and type II pyrethroids, such as deltamethrin, hold it open for
tens–hundreds of milliseconds (effective insect kill). Individual
pyrethroids thus generate a characteristic time constant for
prolongation of the sodium channel tail current that is virtually
independent of dose.
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Different forms of the sodium channel show differential
sensitivity to pyrethroids. Pyrethroids are ten times more
potent on the tetrodotoxin-resistant subtype of the sodium
channel, which is expressed in the developing mammalian
brain and in adult dorsal root ganglia. The different forms
can also show structure-specific sensitivity: the rat brain IIa
form is sensitive to type II but not type I pyrethroids.
Some of the selectivity of action of pyrethroids within the
nervous system parallels the distribution of sensitive
sodium channel subtypes, although there are at present
only limited data to support this. Peripheral nerve sodium
channels (SNS/PN3) are highly sensitive to pyrethroids,
and action at these channels may be relevant to the
production of paresthesia. Pyrethroid action on the sodium
channel shows a marked stereospecificity: the 1R and 1S cis
isomers bind competitively to one site, and the 1R and 1S
trans isomers bind noncompetitively to another. The 1S
forms do not modify the channel function but do block
the effect of the 1R isomers. In whole mammals, the 1R
isomers are thus active and the 1S isomers are inactive and
essentially nontoxic. Isomerism at the third carbon of the
cyclopropane ring gives cis and trans isomers; the cis
isomers are about ten times more potent than the trans
isomers. A final chiral center is generated if a cyano
substituent is added to the alcohol, giving eight possible
isomers. Again this affects potency, and only the alpha-S
and not the alpha-R forms are toxic. A practical conse-
quence of this is that the toxicity of products such as
permethrin, which are sold as variable isomeric mixtures,
can vary from batch to batch. Thus, the rat oral LD50 value
of commercial samples of permethrin can vary from 430 to
8900 mg kg�1 depending on the cis isomer content.

Many target sites other than the sodium channel have been
suggested to be relevant to poisoning in mammals. Most
show insufficient potency to be relevant at the concentrations
of 1–30 nmol g�1 tissue that are seen during severe poisoning
in rats. Nevertheless, the complex effects on the central
nervous system have led to suggestions that some pyrethroids
also act via antagonism of g-aminobutyric acid (GABAA)-
mediated inhibition, by modulation of nicotinic cholinergic
transmission, or by enhancement of norepinephrine release.
However, most neurotransmitter release is secondary to
increased sodium entry. Actions at both voltage-gated chlo-
ride and calcium channels have also been proposed. Voltage-
gated chloride channels are found in brain, nerve, muscle, and
salivary gland, and their function is to control cell excitability.
The pyrethroids deltamethrin and fenvalerate decrease chlo-
ride channel currents at low enough concentrations to be
relevant to mammalian poisoning, but others do not. These
pyrethroids decrease chloride channel current, increasing
excitability, and so indirectly synergize with pyrethroid
actions on the sodium channel. Voltage-gated calcium chan-
nels are certainly pyrethroid targets in insects, and some
mammalian calcium channels, such as those in the cardiac
sinoatrial node, are also sensitive. The mechanism whereby
pyrethroids interact with ion channels is not yet understood,
since their high lipophilicity makes investigation difficult, but
type II pyrethroids have been shown to directly stimulate
protein kinase C-dependent protein phosphorylation at very
low concentrations. Since ion channel activity is modulated
by phosphorylation state, this could be an important
mechanism of action.
Acute and Short-Term Toxicity

Animal

The acute effects of high oral or intravenous doses of the
pyrethrins and most non–cyano pyrethroids closely resemble
those of dichlorodiphenyltrichloroethane (DDT) (which acts
similarly on the sodium channel). They are characterized
by fine continuous tremors, which may be severe enough to
cause hyperthermia, and by marked reflex hyperexcitability.
Consciousness is preserved up to the point of death. This is
variously described as T (tremor) or type I syndrome. However,
with the development of the first cyano-substituted pyrethroids
such as deltamethrin it was realized that these produced a very
different acute poisoning syndrome in both insects and
mammals known as chorea salivation or type II syndrome. This
is characterized progressively by chewing, salivation, hind-limb
rigidity, and finally by electroencephalographic spiking, chor-
eoathetosis and tonic–clonic seizures with loss of conscious-
ness. The last three are initially precipitated by sensory stimuli,
but become spontaneous at near-lethal doses. In dogs, upper
airway hypersecretion and gastrointestinal symptoms are more
prominent than in rats. Some pyrethroids such as cyphenothrin
produce mixed syndromes with both sets of symptoms super-
imposed, and for all pyrethroids at low doses it can be difficult
to distinguish the two syndromes. In rodents, low-dose oral
exposure can decrease operant conditioning, grip strength, and
coordination; furthermore, pyrethroids with an alpha-cyano
group (e.g., cyfluthrin, cypermethrin, deltamethrin) decrease
acoustic-evoked startle reflexes, whereas those without an
alpha-cyano group (e.g., bifenthrin, cismethrin, permethrin)
increase acoustic-evoked startle reflexes. Few pyrethroids have
sufficient toxic potential to produce severe acute signs by the
dermal route, although those with relatively long blood half-
lives such as the type II pyrethroid cyhalothrin, can do so.

The nature of the poisoning syndrome can be predicted
from the duration of the pyrethroid-induced sodium channel
after-potential: type I pyrethroids produce shorter time
constants, type II pyrethroids produce longer time constants,
and mixed type I/II pyrethroids have intermediate time
constants. All type II pyrethroids have a cyano substituent, but
not all type I pyrethroids lack one: the trans and cis isomers of
flurocyphenothrin produce type I and II effects, respectively.
Both pyrethroid classes have a similar range of mammalian
toxicity but, of commercial pesticides, type II pyrethroids, such
as deltamethrin and cypermethrin, are generally more toxic
than type I pyrethroids, such as permethrin. The extent to
which the two classes of pyrethroids truly differ is not yet clear,
but in isolated neonatal rat dorsal root ganglion cells the
actions of the type I tetramethrin and the type II fenvalerate
appear to be mutually exclusive. Both type I and II pyrethroids
cause marked adrenal activation in rats, probably by a direct
activation of norepinephrine release. The type II pyrethroid
deltamethrin causes increased corticosteroid secretion, and
even moderate pyrethroid poisoning occurs against a back-
ground of profound adrenal activation, with corresponding
behavioral and cardiovascular consequences. With type II
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pyrethroids there is a direct increase in cardiac contractility,
although blood pressure remains well controlled.

Electrophysiological studies have shown that all of the type
I motor signs of systemic pyrethroid intoxication are generated
at the spinal level, although type II poisoning involves the
whole central nervous system. Dermal application of pyre-
throids can also directly activate peripheral nerves and produce
paresthesia (as described in the next section).
Human

Fortunately, there have been few reports of systemic poisoning,
as the use of adequate protective clothing prevents intoxication
even under tropical conditions. However, systemic poisoning
can occur under conditions of misuse or inadequate user
protection.

There have been fatalities following ingestion of substantial
amounts of pyrethroid insecticide. Almost all reports of human
poisoning relate to the more potent type II pyrethroids, so it is
not certain how well the two syndromes seen in animals apply
to man, although what has been seen in man fits quite well
with the animal observations. Human type II poisoning seems
to be characterized by paresthesia (if via the dermal route),
dizziness, nausea, lethargy, and muscular fasciculations. More
severe poisoning causes epigastric pain and vomiting (if via the
oral route), hypersalivation and pulmonary edema, opistho-
tonos, seizures, and coma. Given the common formulation of
pyrethroids with volatile solvents such as xylene, symptoms of
poisoning can be complicated by solvent toxicity, which in turn
may also introduce additional skin effects. Mild poisoning
symptoms may also be amplified by anxiety, precipitated by
fear or by the disconcerting paresthesia resulting from dermal
contact with pyrethroids. Although systemic toxicity is very
rare, local effects are more commonly reported: skin contami-
nation produces paresthesia, ingestion produces gastrointes-
tinal irritation, and inhalation yields upper respiratory tract
irritation. All of these effects are reversible. The gastrointestinal
irritation is rare (limited to cases of ingestion) and has not been
well studied, but presumably is a phenomenon similar to the
more common dermal paresthesia. Respiratory tract irritation
can be produced at comparable thresholds in rats and man, but
is rarely reported. Dermal exposures far below the threshold for
systemic poisoning can lead to local paresthesia, which is
evoked by all classes (the pyrethrins and type I and II pyre-
throids), with a severity roughly in proportion to their systemic
toxic potential. Paresthesia is by far the most commonly
described toxic effect of pyrethroid exposure. Pyrethroid-
induced paresthesia is dose dependent in severity and duration,
lasting for 4–30 h after a single application. When mild, the
sensation is of continuous tingling or pricking, but when more
severe, it manifests as burning. Paresthesia is more commonly
felt in the face where the skin is thinner than the hands, even
when the hands are the primary site of contamination.
Erythema is not normally seen unless the sufferer scratches the
area. Paresthesia is annoying but not disabling and does not
appear to be associated with any lasting ill effects.

In animals, electrophysiological tests show peripheral nerve
hyperexcitability lasting up to 24 h after exposure, and such
tests have been used to monitor local pyrethroid effects in man.
The mechanism of paresthesia has not been studied directly,
but presumably results from abnormal pyrethroid-induced
repetitive activity in skin nerve terminals. Dermal and respira-
tory sensitization have both been reported after exposure to
pyrethroids, but very rarely considering their widespread usage,
and always in association with other potential allergens. In the
past, impure pyrethrin extracts have given rise to contact
dermatitis.
Chronic Toxicity

Animal

Near-lethal doses of all classes of pyrethroids can give rise to an
axonal degeneration in peripheral nerves closely resembling
Wallerian degeneration. This effect is inherently reversible and is
only seen at dose levels that produce prolonged and severe
motor signs. Central neuropathology has been described in one
study of adult rats given repeated near-lethal doses of the type II
pyrethroid deltamethrin, but others have found no such
pathology. A study of repeated low doses of permethrin has also
described central pathology when given in combination with
other agents known to produce central neuropathology at
higher doses. A number of effects of exposure to pyrethroids
during early development have been described in mice. The
pyrethroids permethrin and deltamethrin (in addition to DDT,
polychlorinated biphenyls (PCBs), nicotine, and paraquat) have
also been reported to induce permanent changes in behavior
and neurochemistry of adult mice when administered directly to
the neonate. These effects were seen at dose levels that were not
acutely toxic. These results contrast with a lack of longer-term
effects with dietary administration of pyrethroids to rats in
studies conducted for regulatory purposes using different end
points, and at present the relevance of the results for mice to
human health is uncertain. In other studies, delayed develop-
ment of the blood–brain barrier has been reported in rat pups
given pyrethroids at doses high enough to reduce body weight,
although it is likely that this effect was nonspecific in nature.
Human

Long-term ill-health of a variable and somewhat nonspecific
nature has occasionally been ascribed to pyrethroid exposure,
and this has been the subject of public concern and legal claims
in Germany. Pyrethroids have been detected in domestic house
dust at a low level, but no clear clinical or epidemiological
studies have shown a causal relationship between pyrethrin or
pyrethroid exposure and ill-health. The few descriptions of
systemic acute pyrethroid poisoning and the larger number of
paresthesia cases that have been reported all described
complete recovery.
In Vitro Toxicity

Inexcitable mammalian cells are little affected by pyre-
thrins or pyrethroids. Growth inhibition has been shown at
10�5 mol l�1 for mouse fibroblasts exposed to deltamethrin,
and decreased hepatocyte viability has been described after
treatment with permethrin at 100 ng (106 cells)�1, a level that
is approximately 10–100 times higher than that reached in the
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brain of lethally intoxicated animals. By contrast, excitable
tissue (neurons, synaptosomes, and isolated nerve fibers) has
been invaluable for research into mechanisms of action; effects
are seen from 10�10 mol l�1. However, the very low water
solubility of pyrethroids (10�9 mol l�1) has meant that most
such studies have been carried out using aqueous pyrethroid
suspensions that then dissolve into tissue lipids, making
absolute half maximal effective dose (ED50) values difficult to
determine. This solubility problem also causes most in vitro
effects to be irreversible, since there is no route for removal of
the pyrethroid, in marked contrast to the effects seen in vivo. In
vitro irreversibility has been interpreted by some authors as
providing potential for irreversible pyrethroid toxicity in man,
but when toxicokinetic differences are taken into account, in
vitro and in vivo data are generally in good agreement.
Clinical Management

The most commonly encountered sign of pyrethroid poisoning
is dermal paresthesia. This can be treated by washing of the
contaminated skin with oils, but not by soap and water, as
pyrethroids bind to skin and are poorly water soluble. Vitamin
E cream has also been found to be effective for treating pares-
thesia in clinical trials. When applied to the skin from 29 h
before to 15 min after exposure, the pyrethroid protection
lasted for more than 5 h. The concentration required to give
greater protection than that of the corn oil solvent alone was
very high (50%) and similar relief can be obtained by use of
presumably inert preparations such as corn oil or petroleum
jelly. Topical treatment with local anesthetics has been
described in humans and in animals, but anesthesia may be
more inconvenient than the paresthesia. With cases of inges-
tion, gastric decontamination with activated charcoal may be of
benefit within the first hour. Gastric lavage should be avoided
when formulations contain solvents that may increase the risk
of aspiration pneumonia. If systemic toxicity does occur, the
central signs of poisoning can be difficult to control and may
be confused with intoxication by other pesticides such as
anticholinesterases, which also cause salivation and hyperex-
citability, although pyrethroids do not inhibit acetylcholines-
terase. Respiratory support may be needed and control of
metabolic acidosis may require sodium bicarbonate. Atropine
may be useful to control hypersalivation. Single short-lived
seizures may not require treatment. Since pyrethroids do not
usually produce morphological damage and are rapidly
removed from the body, only symptomatic treatment is
needed. There are two approaches possible to achieve this:
antagonize the primary ion channel effects of the pyrethroids,
or control the secondary consequences mediated by specific
neurotransmitter systems. Since pyrethroids act via ion chan-
nels on multiple neurotransmitter systems, most successful
attempts at therapy have been based on ion channel or
membrane-stabilizing drugs. An ideal therapeutic agent would
antagonize the abnormal, pyrethroid-evoked, sodium current
but leave the normal one unchanged. In vitro, phenytoin,
phenobarbitone, and valproate act equally on the pyrethroid-
evoked and normal sodium current; and diazepam and
mephenesin have less action on the abnormal pyrethroid-
evoked current than on the normal one. Hence, mephenesin
and methocarbimol are effective in rats only at maximum
tolerated doses, and diazepam was found to be ineffective in
man. A combination of methocarbimol and atropine pre-
vented all deaths at LD80 doses of pyrethroids in rats. However,
pentobarbitone, which is both a membrane stabilizer and
chloride channel agonist, is effective against all the type II
motor signs caused by deltamethrin at 25% of the anesthetic
dose in rats. An equisedative dose of phenobarbitone (which
does not act on chloride channels) is much less effective.
Although phenobarbitone has been tried and found ineffective
as a type II pyrethroid antidote in man, pentobarbitone does
not appear to have been tested in man. Since type II poisoning
involves a combined action on the central nervous system,
adrenal glands, autonomic system, and muscle, multidrug
therapy may be needed.
Other Hazards

Pyrethrins and pyrethroids present no other hazards but are
usually formulated in organic solvents that may be
inflammable.
Exposure Standards and Guidelines

The acceptable daily intakes set by the Food and Agriculture
Organization/World Health Organization Joint Meeting on
Pesticide Residues for cypermethrin, deltamethrin, and
permethrin are 0.01–0.02 mg kg�1 body weight, with acute
oral reference doses for deltamethrin or permethrin of
0.05 mg kg�1 body weight. The US National Institute for
Occupational Safety and Health maximum allowable concen-
tration for pyrethrins at an 8-h time-weighted average is
5 mgm�3.
Miscellaneous

The pyrethrins and some pyrethroids are commonly cofor-
mulated with the synergist, piperonyl butoxide. This inhibits
both oxidative and hydrolytic detoxification reactions, thus
enhancing pyrethrin and pyrethroid toxicity, and itself has
developmental neurotoxic potential.

See also: Cyfluthrin; Cypermethrin; Deltamethrin; Neurotoxicity;
Permethrin; Pesticides.
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l Name: Pyridine
l Chemical Abstracts Service Registry Number: 110-86-1
l Synonyms: Azabenzene, Azine, Tritisan, NCI-C55301,

RCRA Waste Number U196
l Chemical/Pharmaceutical/Other Class: Aromatic heterocy-

clic amine
l Molecular Formula: C5H5N
l Molecular Mass: 79.1 g mol�1

l Appearance and Odor: Colorless or yellow liquid with
a penetrating, sickening odor

l Chemical Structure:

N

Occurrence

Pyridine is found in nature in the leaves and roots of Atropa
belladonna and among the volatile components of black tea and
in its leaves and roots. Occupational occurrence of pyridine
may exist during its production by synthesis or by treatment
and distillation of crude coal tar, during the processing of oil
shale, and at coke-oven works. It may also be emitted as
a breakdown product of 4-methylpropylpyridine used as
a binder catalyst in the molding process of iron foundry.
Environmental occurrence of pyridine exists during its
production and use as a solvent and intermediates in the
synthesis of drugs, insecticides, and herbicides, and as a by-
product of coal gasification. Pyridine is a component in the
basic fraction of oil-shale retort waters. It has also been isolated
in the volatile components from cooked beef (sukiyaki) in
Japan, fried chicken in the United States, fried bacon, Beaufort
cheese, black tea aroma, and coffee aroma, and it has been
detected as a component of tobacco and marijuana smoke.
Uses

Pyridine is used directly in the denaturation of alcohol and as
a solvent in paint and rubber preparation. It is also used in
research laboratories for functions such as extraction of plant
hormones. About 50% of pyridine produced is used as an
intermediate in making various insecticides and herbicides for
agricultural applications while 20% goes into the production of
piperidine, which has a significant industrial application for the
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
production of dipiperidinyl dithiuram tetrasulfide, used as
a rubber vulcanization accelerator. Pyridine has also been used
as an intermediate in the preparation of drugs such as anti-
histamines, steroids, sulfa-type and other antibacterial agents,
as well as intermediate in the preparation of dyes, water
repellents, and polycarbonate resins. Further, it is also used as
a flavoring agent in food preparation.
Exposure Routes and Pathways

Pyridine can affect the body if it is inhaled, comes in contact
with the eyes or skin, or is swallowed or digested.
Toxicokinetics

Pyridine is absorbed through the gastrointestinal tract, through
the skin, and by inhalation where part of it is excreted in
the urine unchanged and a smaller portion is methylated at
the N position forming the urinary metabolite N-methyl-
pyridinium hydroxide. Elimination of pyridine is biphasic in
nature, the first phase being more prolonged for pyridine and
b-picoline than for a- or g-picoline. It may also undergo
oxygenation by liver microsomes (i.e., cytochrome P450) in
the presence of NADPH (nicotinamide adenine dinucleotide
phosphate) and oxygen.
Acute and Short-Term Toxicity (or Exposure)

Animal

Fish toxicity includes 26 000 mg l�1 96 h LC50 (mortality) for
common, mirror, colored, carp (Cyprinus carpio), 1430mg l�1

24 h EC100 (abundance) invertebrate toxicity for water flea
(Daphnia magna), algal toxicity of 280 000 mg l�1 48 h (pop-
ulation growth) for green algae (Scenedesmus pannonicus), and
10 000 mg l�1 96 h (abnormality) for clawed toad (Xenopus laevis).
For rabbits, dermal LD50 values are 1121mg kg�1, and for guinea
pigs, 1 g kg�1. Intravenous LD50 values for dogs are 880mg kg�1

and for mice 420mg kg�1. An intraperitoneal injection LD50

of 1200mg kg�1 was reported for mice. Acute LD50 values
for subcutaneously administered pyridine in rats have been
reported as 1000 and 866mg kg�1. Oral LD50 values are 4 g kg

�1

for guinea pigs, 1500mg kg�1 formice, and 891mg kg�1 for rats.
The LCLo (inhalation) in rats is 4000 ppm per 4 h.

Human

Inhalation of pyridine can cause nausea, vomiting, headache,
and dizziness. Dermal exposure can lead to irritation,
4-3.00425-5 1159
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photosensitization, and contact dermatitis. Ingestion of
approximately 500mg kg�1 bw pyridine can cause nausea,
dizziness, abdominal pain, and lung congestion, followed by
death after 43 h. Acute pyridine intoxication generally affects
the central nervous system with symptoms of dizziness, head-
ache, nausea, anorexia, abdominal pain, and pulmonary
congestion. High dose can lead to lethality.
Chronic Toxicity (or Exposure)

Animal

Mortality rates for rats that received subcutaneous injections
of pyridine two times weekly for a year at levels up to
100mg kg�1 day�1 were comparable to mortality rates of
controls. Pyridine was hepatotoxic in Fischer 344 and Wistar
rats and can cause an increase in granular casts and renal
tubule hyaline degeneration in male Fischer 344 rats. Inhala-
tion can cause necrotic damage of the nasal epithelium. It is
also known as an inducer of CYP2E1 in the liver and kidney
in rats and rabbits. Evidence of anemia was present in Fischer
344 rats after water consumption of 1000 ppm pyridine for
13 weeks. Further, exposure to pyridine (500 or 1000 ppm)
increased alanine aminotransferase and sorbitol dehydroge-
nase activities and the incidence of centrilobular degeneration,
hypertrophy, chronic inflammation, and pigmentation in the
liver of all rats. In Fischer 344 rats, the incidence of renal tubule
hyperplasia was increased in males exposed to 400 ppm pyri-
dine in drinking water for 103–104 weeks compared with
controls. Hematopoietic cell proliferation in the spleen and
follicular cell hyperplasia in the thyroid gland were noted in
B6C3F1 mice treated with drinking water with up to 1000 ppm
pyridine for 104–105 weeks. In mice, pyridine also increased
incidences of hepatocellular carcinomas and hepatoblastomas.
Human

Inhalation of pyridine vapors at 125 ppm for 4 h per day for 1 or
2 weeks can result in headache, dizziness, insomnia, nausea,
and anorexia. Inhalation, ingestion, or prolonged skin contact
can lead to systemic toxicity, with symptoms including pulmo-
nary edema, central nervous system depression, nervousness,
vertigo, agitation, fatigue, insomnia, peripheral neuritis, and
weakness, and in severe cases coma and respiratory depression.
There are not enough data to make an assessment whether
pyridine can cause cancer or mutations. Chronic exposures may
cause somekidney and liver changes as systemic effects. Themost
important effect of pyridine inhalation is chronic poisoning
involving the liver, kidneys, and bone marrow. Mild symptoms
of central nervous system injury have also been reported
following chronic exposure to 6–12 ppm. Repeated ingestion of
low levels may result in cirrhosis of the liver. Administration of
1.8–2.5ml day�1 for 2months produced severe liver and kidney
injuries. It is an allergen and exposuremay result in sensitization.
In Vitro Toxicity Data

Pyridine did not induce mutations in Salmonella typhimurium,
in Escherichia coli, or in mouse lymphoma cells. Negative results
were also obtained in chromosomal aberration and sister
chromatid exchange assays in Chinese hamster studies. Pyri-
dine induced aneuploidy in Saccharomyces cerevisiae, when
tested without metabolic activation only. It also induced
chromosomal malsegregation and increased nondisjunction in
Drosophila melanogaster females. In another study, it is non-
genotoxic in B6C3F1 mouse liver using the unscheduled DNA
synthesis endpoint.
Clinical Management

Patients should be removed from exposure sites, including
contaminated clothing and personal effects. Soiled clothing
should then be placed in a double bag and sealed in a container
labeled as biohazard. Any adherent liquid from the patient
should then be gently blotted away. Contaminated hair and
skin should be washed with copious amounts of water (pref-
erably warm) and soap for at least 10–15min. Decontaminate
open wounds first and avoid contamination of unexposed skin.
One should also pay attention to skinfolds, axillae, ears,
fingernails, genital areas, and feet.

For ocular exposure, contact lenses should be removed if
necessary and immediately irrigate the affected eye thoroughly
with water or 0.9% saline for at least 10–15min. Patients with
corneal damage or those whose symptoms do not resolve rapidly
should be referred for urgent ophthalmological assessment.

In case of inhalation and ingestion, patients should be
ensured a clear airway and adequate ventilation. Oxygen
should also be provided to symptomatic patients. If the patient
has clinical features of bronchospasm, treat conventionally
with nebulized bronchodilators and steroids. One should also
apply other supportive measures as indicated by the patient’s
clinical condition. For ingestion, one should monitor the
patient’s blood pressure and pulse. Moreover, if the victim is
conscious and not convulsing, one or two glasses of water
should be given to dilute the chemical and a hospital or poison
control center should be called immediately. The patient may
also be administered with activated charcoal, taking note that
large doses could act as a heart poison.
Environmental Fate

If released to water, pyridine minimization is expected to occur
by volatilization to air and by biodegradation. If released on
land, pyridine will leach into the ground and biodegrade. In
general, pyridine is biodegradable and not considered a threat
to the environment.
Exposure Standards and Guidelines

Pyridine has a time-weighted average of 1 ppm threshold limit
value and no short-term exposure limit as proposed by the
American Conference of Governmental Industrial Hygienists.
See also: Federal Insecticide, Fungicide, and Rodenticide Act,
US; Heterocyclic Amines.
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l Name: Pyridostigmine
l Chemical Abstracts Service Registry Number*: 155-97-5
l Synonyms: 3-((Dimethylamino)carbonyl)oxy-1-methyl-

pyridinium, Mestinon, 5-21-02-00078 (Beilstein Hand-
book Reference), Regonol, Pyridostigmine bromide

l Molecular Formula: C9-H13-N2-O2
l Chemical Structure:
Background

Pyridostigmine bromide (PB) is a reversible cholinesterase
inhibitor, which may be used as pretreatment for chemical
nerve agent exposure, if there is a threat of exposure or attack. It
was formulated in 1945 by Hoffman-La Roche Laboratories in
Switzerland, and approved by the Food and Drug Adminis-
tration (FDA) in 1955, for treatment of myasthenia gravis. An
injectable form was also FDA approved for reversing the effects
of some anesthetic formulations.

Results of studies on veterans suggesting an association of
PB exposure and symptoms experienced by those serving
during the Gulf War are varied. In some studies of veterans
of the 1991 Gulf War, exposure to anticholinesterase
compounds was a predictor of subjective health status, and
associated with the total number of neurological type symp-
toms reported, in a dose–response relationship. However,
immunization factors, stress, and military rank were also
found to influence health status in Gulf War veterans, so the
relationship between symptoms and exposure remains under
debate.
Uses

Pyridostigmine has been used therapeutically to improve
muscle strength in patients with myasthenia gravis, a chronic
autoimmune neuromuscular disease characterized by skeletal
muscle weakness. Pyridostigmine, used intravenously, may
reverse the effects of neuromuscular blocking agents. As
a reversible cholinesterase inhibitor, as mentioned above, it has
been used as a pretreatment for military personnel as protec-
tion against potential chemical nerve agent exposure. It is not
utilized after exposure to nerve agents, however, as it may
exacerbate chemical effects of a sublethal exposure. Recently, it
has been suggested for potential use as a pretreatment for
farmworkers, to guard against the effects of select pesticide
exposure.
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PB was found to offer a degree of protection in isolated
human intercostal muscle. This requires future studies,
however, as erythrocyte acetylcholinesterase activity was found
to recover only slowly with pyridostigmine administration in
studies using laboratory rats.
Exposure and Exposure Monitoring

Pyridostigmine exposure may be through oral or parenteral
pathways, as the drug is available for intravenous use in liquid
form and in regular and extended release tablets. Intra-
muscluar administration has been noted more commonly in
animal studies. Monitoring of blood and urine levels have
been described in rat studies using a laboratory procedure
known as high-performance liquid chromatography. Acetyl-
cholinesterase activity has been utilized to monitor effects in
cases of exposure and overdose of PB. Indirect monitoring
examining enzymes that detoxify and/or clear acetylcholines-
terase inhibitors from the body have been used in studies on
the Gulf War Syndrome. One specific enzyme to PB is butyr-
ylcholinesterase, which may scavenge and inactivate the
compound.
Toxicokinetics

PB is a quaternary ammonium anticholinesterase compound
poorly absorbed after oral administration, with a bioavail-
ability in a range of 10–20%. The equivalent parenteral dose is
approximately 1/30th of the oral dose. The parent compound
and quarternary alcohol are the primary metabolic compounds
in urine after administration. With intravenous administration
in human subjects, the biological half-life of the drug is
between 14 and 37 min. The volume of distribution is
approximately 19 l, indicating distribution into tissues. Pyr-
idostigmine is hydrolyzed by cholinesterase, and is metabo-
lized in the liver. The elimination half-life of PB is
approximately 3 h. Renal clearance may be altered in patients
with renal impairment.
Mechanism of Action

Pyridostigmine inhibits cholinesterase, which inactivates the
neurotransmitter acetylcholine. This prevents hydrolysis of
acetylcholine by the enzyme cholinesterase. Thus, the action
of this inhibition results in potentiating endogenous release of
acetylcholine at cholinergic synapses. With neurotransmitter
accumulation, due to pyridostigmine action, acetylcholine
release is enhanced at the nerve endings by cholinergic
impulses. Because of its quaternary structure, pyridostigmine
entry into the central nervous system is limited by the blood–
brain barrier.
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00053-1
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Acute and Short-Term Toxicity

Animals

In LD50 studies of mice, subcutaneous exposure to pyridostig-
mine elicited symptoms of constricted pupils, respiratory stimu-
lation, and somnolence. Acute oral studies of the dose–response
relationship and interaction of PB, permethrin, and N,N-diethyl-
m-toluamide (DEET) in adult male rats found an increase in
lethality with concurrent administration. Concurrent adminis-
trationof PB,DEET, and chlorpyrifos in hens increased symptoms
of neurotoxicity in a subchronic study. The study was designed to
examine individual and coexposures, similar to the multiple
exposures of military personnel during Gulf War service.
Humans

Reports of pyridostigmine ingestion in acute overdoses indicated
mild to moderate cholinergic symptoms in patients, resulting in
abdominal cramps, diarrhea, emesis, nausea, hypersalivation,
urinary incontinence, fasciculations, muscle weakness, and
blurred vision. No central nervous system manifestations were
evident. The symptoms developed within several minutes of
exposure and lasted up to 24 h. Adverse reactions with thera-
peutic doses may also include abdominal cramps and diarrhea.
Table 1 Evidence summary for selected mutagenicity and
clastogencity tests for pyridostigmine

Assay Clastogenicity Mutagenicity
Chronic Toxicity

Animals

Experiments conducted on subcutaneous administration of
chronic low-dose pyridostigmine in mice for 7 days demon-
strated decreased blood acetylcholinesterase activity without
accompanying cardiovascular and/or behavioral effects. In
contrast, a similar study of 7 days exposure to subcutaneous
pyridostigmine in mice, under conditions of stress, found
exposure to pyridostigmine resulted in an exaggerated acoustic
startle response and a nonsignificant decrease in locomotor
activity. The behavioral changes were noted only during
exposure to pyridostigmine. Rats exposed to subclinical doses
of pyridostigmine, while subjected to daily stress for 14 days,
were noted to have cholinesterase activity decreases 1 h after
pyridostigmine challenge, and inhibition of activity of the
diaphragm was greater in stressed vs. nonstressed controls in
higher doses. This was not found to be significant for inhibition
of acetylcholinesterase in brain regions.

Humans

Surveys of groups of soldiers ingesting daily oral pyr-
idostigmine for extended periods of time indicated nonspecific
mild symptoms, most commonly including dry mouth, general
malaise, fatigue, and weakness. Nausea, abdominal pain,
frequent urination, and rhinorrhea were reported infrequently.
No correlation was found between levels of cholinesterase and
type or severity of complaints.
Ames Negative
Mammalian gene mutation

Chinese hamster ovary cells Negative (in vitro) Negative (in vitro)
Mouse lymphoma cells Positive (in vitro) Positive (in vitro)

Mouse micronucleus Negative (in vivo)
Rat micronucleus Negative
Immunotoxicity

Female mice were examined for immunosuppression after
exposure to PB, alone or in combination with DEET insect
repellent, and environmental exposures to jet fuel. Suppression
of antibody-specific IgM immune responses (plaque forming
cells) occurred after exposure to each compound administered
alone and to mixtures of all three, at both high- and low-dose
levels.
Reproductive and Developmental Toxicity

Animals

Pyridostigmine produced no teratogenic effects when admin-
istered during organogenesis in rats and rabbits. In doses
sufficient to cause maternal toxicity, a small increase in the
incidence of delayed skeletal ossification was seen in rats and
a slight increase in hydronephrosis in rabbits was reported.
Blood vessel variations were found at all doses.
Humans

Pyridostigmine is a Category C drug, under FDA listings indi-
cating categories for pregnancy use. No well-controlled human
studies have been carried out in pregnant women. Therapeutic
doses do not cross the placenta in significant amounts.
However, large doses of the drug may cross the placenta and
reduce fetal plasma cholinesterase activity. Premature labor
was associated with parenteral anticholinesterases. Use in
pregnancy should be determined by a health care provider,
weighing risk vs. benefit.
Lactation

Exposure to infants from maternal use is minimal, due to low
levels of pyridostigmine in breastmilk. Pyridostigmine is not
expected to cause adverse outcomes in breastfed infants, and is
considered compatible with breast-feeding by the American
Academy of Pediatrics.
Genotoxicity

Evidence of mutagenicity and clastogenicity is varied (Table 1).
Mutagenicity tests were negative in rat micronucleus assay,

the in vitro Ames Salmonella typhimurium assay, and an in vitro
mammalian gene mutation assay in Chinese hamster ovary
cells. Results in an in vitro assay in Chinese hamster ovary cells
and an in vivo mouse micronucleus assay showed no clasto-
genic effect. In vitro assay in Chinese hamster ovary cells and
in vivo mouse micronucleus assay were not clastogenic.
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Carcinogenicity

There is no epidemiological evidence of a significant correla-
tion between pyridostigmine exposure and increased cancer
risks in humans. There are studies examining cancer rates in
Gulf War veterans, but these have not addressed any direct link
to pyridostigmine exposure and carcinogenicity. Adequate
long-term carcinogenicity studies for animals were not identi-
fied for pyridostigmine.
Clinical Management

Overdose of pyridostigmine may result in cholinergic symp-
toms. Reactions may be muscarinic or nicotinic. Muscarinic
adverse reactions include abdominal cramps, diarrhea, vomit-
ing, hypersalivation, urinary incontinence, increased bronchial
secretion, diaphoresis, miosis, and lacrimation. Nicotinic
adverse reactions comprised muscle cramps, fasciculations, and
weakness including respiratory muscles. Treatment may require
atropine and activated charcoal administration. Atropine
antagonizes the muscarinic effects of pyridostigmine. Serum
cholinesterase inhibition may be monitored as an indicator of
exposure. Renal function may also be monitored in patients
with renal impairment. Known hypersensitivity reactions may
occur with pyridostigmine, and in persons with sensitivity to
bromide.

Caution with depolarizing neuromuscular blocking agents
should be exercised. Further, caution should be observed with
utilization in persons with cardiopulmonary conditions, such
as bronchial asthma and chronic obstructive pulmonary
disease, which may increase the risk of anticholinergic reac-
tions. A number of drugs may interact with pyridostigmine, so
concurrent use of other substances should be reported to
a health care provider.
Ecotoxicology

Abiotic degradation of pyridostigmine may result in the
formation of small amounts of tar, due to chemical decom-
position of solutions exposed to light, or photolytic
degradation.

See also: Carbamate Pesticides; Cholinesterase Inhibition;
Soman.
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l Chemical Name: Pyridoxine
l Chemical Abstracts Service Registry Numbers: 58-56-0; 65-

23-6
l Synonyms: Vitamin B6; Other B6 vitamers: Pyridoxal (PL)

and Pyridoxamine (PM); Adermine hydrochloride;
2-Methyl-3-hydroxy-4,5-dihydroxymethylpyridine

l Chemical/Pharmaceutical/Other Class: Water-soluble
vitamin

l Molecular Formula of Hydrochloride Salt: C8H12ClNO3

l Chemical Structure:
Background Information

Vitamin B6 deficiency was first identified in 1926. After 10
years, an active form, pyridoxine (PN), was identified and
subsequently the other natural forms of B6, namely pyridoxal
(PL) and pyridoxamine (PM) were discovered. Coenzymati-
cally active forms are the 50-phosphates of pyridoxal (PLP) and
pyridoxamine.
Uses

Pyridoxine is a form of vitamin B6 used for the prophylaxis or
treatment of vitamin B6 deficiency resulting from conditions
such as severe diarrhea, malabsorption, congenital metabolic
dysfunction, hyperthyroidism, renal and hepatic disease,
congestive heart failure, alcoholism, drug-induced conditions,
and during pregnancy and lactation. Pyridoxine-dependent
syndromes including pyridoxine-dependent seizures in
infants, homocystinuria, pyridoxine-responsive anemia, and
hyperoxaluria may require the clinical use of pyridoxine as
well. Pyridoxine is also an antidote for isoniazid, hydrazine,
and ethylene glycol toxicities.
Exposure Routes and Pathways

Routes of exposure are oral, intravenous, and intramuscular.
Dietary sources of pyridoxine and other B6 vitamers include
bananas, potatoes, eggs, lentils, legumes, cereals, chicken, liver,
and kidneys. Cooking destroys some of the vitamins, and light
destroys the coenzyme PLP.
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
Toxicokinetics

Pyridoxine is readily absorbed from the gastrointestinal tract
mainly in the jejunum by passive diffusion and by a special-
ized, Naþ-dependent, carrier-mediated system. It is hepatically
metabolized and stored mainly as PLP in the liver, muscle, and
brain. Volume of distribution and protein binding are both
low. The plasma half-life is 1.7 h and the biological half-life is
15–20 days. Pyridoxine is excreted renally, mainly as metabo-
lites, especially as 4-pyridoxic acid. Excess amounts of pyri-
doxine (beyond daily needs) are excreted in the urine.
Mechanism of Toxicity

The exact mechanism of pyridoxine-induced neurotoxicity has
not been established but may occur at the dorsal root and
sensory ganglion.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute toxicity is not expected.
Human

Acute toxic effects are not expected; however, a case report of
a husband and wife, who were mistakenly administered a single,
large, intravenous dose (2 g kg�1) of pyridoxine shows that it
resulted in permanent dorsal root and sensory ganglia deficits.

Allergic reactions to the use of pyridoxine have also been
reported.
Chronic Toxicity (or Exposure)

Animal

It would be unlikely for animals to be given a chronic pyri-
doxine overdose.
Human

Chronic doses of 1–6 g daily for several months may cause
severe sensory neuropathy, ataxia, incoordination of hands,
weakness, and paresthesias.

Seizure and death have been reported with extremely large
intravenous doses of pyridoxine.
Reproductive Toxicity

The fetus has the ability to concentrate pyridoxal phos-
phate 6.6 times above the maternal plasma concentration.
4-3.00777-6 1165
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Administration of large doses of pyridoxine during pregnancy
resulted in an infant with a requirement for supplemental
vitamin B6. In a case report, a woman administered
50 mg day�1for the first 7 months of pregnancy was associated
with an infant with phocomelia.
Clinical Management

Acute and chronic ingestions should be discontinued and any
toxic effects treated symptomatically. A study on healthy
volunteers reported neurotoxic symptoms to progress for 2–
3 weeks upon discontinuation of pyridoxine.

See also: Ethylene Glycol; Folic Acid; Hydrazine; Isoniazid;
Riboflavin; Thiamine.
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Background

Pyriminil was used formerly as a rodenticide in products
such as DLP 787 as a 10% house mouse tracking powder or
Vacor. It is now banned in the United States and Europe for
use as a rodenticide and is listed as an extremely hazardous
substance by the US Environmental Protection Agency
(EPA). Toxic effects of pyriminil include neurotoxicity and
pancreatic beta-cell death, which, if not immediately lethal,
will lead to prolonged autonomic dysfunction and perma-
nent insulin-dependent diabetes mellitus in most species,
including humans.
Uses

Pyriminil was used as a rodenticide in the United States to
control rats and house mice since the 1920s. It is especially
effective against rodents resistant to anticoagulant poisons.
Pyriminil was marketed for indoor use only in the form of bait
and tracking powder. However, commercial distribution was
voluntarily withdrawn in 1975 in the United States after many
severe human poisonings and suicides. In contrast, pyriminil
was introduced to British market much later (in 1980).
Environmental Fate and Behavior

If released into air, soil, or water, pyriminil is unlikely to
volatilize and is instead expected to be bound to particulates
based on a low vapor pressure (3.39 � 10�9 mm Hg) and low
Henry’s Law constant (1.84 � 10�16 atm-m3 mol�1). The pKa

value for pyriminil is 3.5 for the conjugate acid of nitrogen in
the pyridine ring, while the pKa is 7.6 for the benzyl amide.
Based on these pKa values, pyriminil is predicted to be in the
uncharged form under most environmental conditions. The
Kow of pyriminil is 2.09 and the water solubility is high
(4.81 � 102 mg l�1), which predicts that it will readily dissolve
Encyclopedia of Toxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-38645
in water and disperse in aquatic media. However, pyriminil will
also sorb to suspended particulates and has some potential to
bioconcentrate (bioconcentration factor ¼ 8).
Exposure and Exposure Monitoring

Oral and dermal routes of exposure are possible.
Toxicokinetics

Pyriminil is absorbed from the gastrointestinal tract. Following
absorption, pyriminil is distributed in the body and undergoes
metabolism in the liver by cytochrome P450 1A-dependent
monooxygenases. Different metabolites have been identified
in the urine of poisoned rats, dogs, and humans. These
metabolites include pyriminil glucuronide, aminopyriminil,
acetamidopyriminil, p-aminophenyl urea, p-acetamidophenyl
urea, p-nitroaniline, p-phenylenediamine, p-acetamidoaniline,
nicotinic acid, nicotinuric acid, and nicotinamide. Dogs develop
tolerance to pyriminil, which may be partially attributed to
enhanced hepatic detoxification and excretion. In contrast,
ocular toxicities in humans and rats may instead depend on
metabolism to reactive metabolites by gut microflora.
Mechanism of Toxicity

Acute pyriminil toxicity occurs primarily because it inhibits
NADH:ubiquinone oxidoreductase activity of complex I in
mammalian mitochondria, resulting in preferential toxicity to
high-energy-demanding cells such as nerves and pancreatic
beta cells. However, pyriminil may also act as a nicotinamide
antagonist and interfere with the synthesis of NADH/NADPH,
furthering neural and beta-cell toxicity. Inhibition of mito-
chondrial respiration in nerves causes somatic, autonomic, and
central nervous system neuropathies. Furthermore, inhibition
of beta-cell respiration is suggested to cause increased expres-
sion of glutamic acid decarboxylase, which is considered to be
a major autoantigen driving development of insulin-depen-
dent diabetes mellitus. Pyriminil also acts as a noncompetitive
inhibitor of rat acetylcholinesterase.
Acute and Short-Term Toxicity (or Exposure)

Animals

In rats, the LD50 is very low (6.2–12.8 mg kg�1). Mice are also
relatively sensitive to pyriminil toxicity with LD50 values of
17.2–56.5 mg kg�1. Other species such as cat, dog, and chicken
are markedly less sensitive (LD50 values from 500 to
760 mg kg�1). A horse was reported to show severe muscle
fasciculations, sweating, dilated pupils, and tachycardia
following ingestion of 0.25–0.5 kg of pyriminil. Other signs of
4-3.00192-5 1167
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toxicity in horses include colic, hind limb weakness, ataxia, and
persistent loss of appetite. Pyriminil intoxication in other
animals causes gastrointestinal disorders (e.g., vomiting and
abdominal cramp), visual problems, cardiovascular disorders,
ataxia, tremor, and coma.
Humans

Pyriminil appears to be highly toxic to humans with an LD50 of
22mg kg�1. The lowest acute toxic dose of pyriminil in humans
was estimated to be 5 mg kg�1. Ingestion of one-half of one
39 g packet of Vacor (2% pyriminil) reportedly led to a fatality.
A 7-year-old child was found dead 1 day after ingesting one
packet of Vacor (2% pyriminil). In another case, two of nine
people died after ingestion of 39 g of Vacor; the remaining
people developed chronic hypotension and permanent dia-
betes mellitus. Generally, the symptoms of acute poisoning
were characterized by rapid onset of ketoacidosis-prone dia-
betes mellitus, severe orthostatic hypotension, autonomic
dysfunction, autonomic neuropathy (dysphagia, impotence,
urinary retention, constipation, or diarrhea), and peripheral
neuropathy. Other symptoms included nausea, vomiting,
abdominal cramp, diffuse myalgias, polyuria, polydipsia,
dyspnea, malaise, and general weakness. Peripheral sensory
and motor neuropathies are possible signs of pyriminil expo-
sure. Neurological effects of pyriminil can occur within hours
of ingestion and may persist for months.
Chronic Toxicity

Animal

Chronic ingestion of sub-lethal doses of pyriminil has been
used as a model of insulin-dependent diabetes mellitus in rats.
Chronic hypotension and dysphagia due to autonomic
dysfunction are also expected with chronic exposure to pyr-
iminil in most species, but particularly in rodents. Chronic
sublethal exposure to pyriminil has also been shown to induce
complications associated with chronic, poorly controlled dia-
betes such as nephropathy, peripheral neuropathy, and
vasculopathy.
Human

Chronic human toxicity would be similar to that described for
rodents, with insulin-dependent diabetes mellitus, autonomic
dysfunction, impaired kidney function, and peripheral
neuropathies being primary effects. Chronic oral ingestion may
also induce ocular toxicity in humans, such as impaired retinal
neural function and impaired control of eye muscles reported.
Immunotoxicity

Pyriminil has no known immunotoxic effects.
Reproductive Toxicity

Pyriminil has no known reproductive toxic effects.
Genotoxicity

Pyriminil has no known genotoxic effects.
Carcinogenicity

Pyriminil has no known carcinogenic effects.
Clinical Management

Because pyriminil can cause early-onset seizures, induction of
emesis is contraindicated. Gastric lavage may be useful, if per-
formed soon after ingestion. Activated charcoal/cathartic
therapy may be adopted to retard the absorption of pyriminil
from the gastrointestinal tract. According to US Food and Drug
Administration guidelines, 240 ml of diluent may be mixed
with 30 g of charcoal. The usual charcoal dose is 30–100 g
in adults and 15–30 g in children (1 or 2 g in infants).
Conventional anticonvulsants (e.g., diazepam, phenobarbital,
and phenytoin) may be administered to treat pyriminil-induced
seizures. Niacinamide has been demonstrated to be an effective
antidote in pyriminil poisoning in rats, but little information is
available regarding its antidotal efficacy in humans. Insulin
therapy could be instituted as a preventive measure for possible
diabetes mellitus. Orthostatic hypotension due to pyriminil
exposure may be treated with conventional mineralocorticoids.
Ecotoxicology

Limited information is available for non-domestic animal
toxicity of pyriminil. The LC50 for Cyprinus carpio is
>100 mg L�1 over a 48 h period, which suggests that fish may
have a moderate sensitivity to pyriminil toxicity. In contrast,
based on a LC50 value of 760mg kg�1 in chickens, birds may be
relatively resistant to pyriminil toxicity.
Exposure Standards and Guidelines

Because pyriminil is listed as an extremely hazardous substance
by the EPA, it is subject to regulations where any quantity above
a certain threshold must be reported to the state emergency
response commission and the local emergency planning
committee to enable potential disaster planning, with this
requirement for reporting arising under Superfund Amend-
ments and Reauthorization Act Title III legislation. This
threshold planning quantity for pyriminil is 100 lb for powders
of less than 100 mmparticle size or 10 000 lb for any other form.

See also: Neurotoxicity; Cytochrome P450.
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Chemical Abstracts Service Registry Numbers and IUPAC
names of pyrrolizidine alkaloids mentioned in this section:
Acetyllycopsamine: [(1R,7aR)-1-(acetyloxy)-2,3,5,7a-tetrahy-
dro-1H-pyrrolizin-7-yl]methyl (2S,3S)-2,3-dihydroxy-2-iso-
propylbutanoate: 73544-48-6; O7-Angeloylheliotridine:
(1R,7aR)-7-(hydroxymethyl)-2,3,5,7a-tetrahydro-1H-pyrroli-
zin-1-yl (2Z)-2-methylbut-2-enoate: 887-66-1; Crotanecine:
(1S,2R,7aR)-7-(hydroxymethyl)-2,3,5,7a-tetrahydro-1H-pyrro-
lizine-1,2-diol: 5096-50-4; Fulvine: (3R,4S,5S,13aR,13bR)-
4-hydroxy-3,4,5-trimethyl-4,5,8,10,12,13,13a,13b-octahydro-
2H-[1,6]dioxacycloundecino[2,3,4-gh]pyrrolizine-2,6(3H)-
dione: 6029-87-4; Heliotridine: (1S,7aR)-7-(hydroxymethyl)-
2,3,5,7a-tetrahydro-1H-pyrrolizine-1-ol: 520-63-8; Heliotrine:
[(1S,7aR)-1-hydroxy-2,3,5,7a-tetrahydro-1H-pyrrolizin-7-yl]
methyl (2S,3R)-2-hydroxy-2-isopropyl-3-methoxybutanoate:
303-33-3; Jacoline ((3S,5R,6R,14aR,14bR)-3-[(1R)-1-hydrox-
yethyl]- 3,6-dihydroxy-5,6-dimethyl-3,4,5,6,9,11,13,14,14a,
14b-decahydro[1,6]dioxacyclododecino [2,3,4-gh]pyrrolizine-
2,7-dione-(15S,20R)-12,15,20-trihydroxy-15,20-dihydrosene-
cionan-11,16-dione: 480-76-2); Lycopsamine: [(1R,7aR)-1-
hydroxy-2,3,5,7a-tetrahydro-1H-pyrrolizin-7-yl]methyl (2S,
3S)-2,3-dihydroxy-2-isopropylbutanoate: 10285-07-1; Mon-
ocrotaline: (3R,4R,5R,13aR,13bR)-4,5-dihydroxy-3,4,5-tri-
methyl-4,5,8,10,12,13,13a,13b-octahydro-2H-[1,6]dioxacyclo-
undecino[2,3,4-gh]pyrrolizine-2,6(3H)-dione: 315-22-0; Oto-
necine: (4R)-4-hydroxy-6-(hydroxymethyl)-1-methyl-2,3,4,8-
tetrahydroazocin-5-one: 6887-34-9; Retronecine: the 1R isomer
of heliotridine: 480-85-3; Retrorsine: (3Z,5R,6S,14aR,14bR)-
6-hydroxy-6-(hydroxymethyl)-3-ethylidene-5-methyl-3,4,5,6,9,
11,13,14,14a,14b-decahydro[1,6]dioxa-cyclododecino[2,3,4-
gh]pyrrolizine-2,7-dione¼ (15Z)-12,18-dihydroxysenecionan-
11,16-dione: 480-54-6; Ridelliine: (3Z,6R,14aR,14bR)-6-
hydroxy-6-(hydroxymethyl)-3-ethylidene-5-methylene-3,4,5,6,
9,11,13,14,14a,14b-decahydro[1,6]dioxacyclo-dodecino[2,3,4-
gh]pyrrolizine-2,7-dione¼ (15Z)-12,18-dihydroxy-13,19-did-
ehydrosenecionan-11,16-dione: 23246-96-0; Senecionine:
(3Z,5R,6R,14aR, 14bR)-6-hydroxy-3-ethylidene-5,6-dimethyl-
3,4,5,6,9,11,13,14,14a,14b-decahydro[1,6]dioxa cyclo-dode-
cino[2,3,4-gh]pyrrolizine-2,7-dione¼ (15Z)-12-hydroxysene-
cionan-11,16-dione: 130-01-8; Supinidine: (7aS)-1-(hydrox-
ymethyl)-2,3,5,7a-tetrahydro-1H-pyrrolizine: 551-59-7.
Background

The term pyrrolizidine alkaloids (PAs) is used for all ester
compounds of the hydroxy and/or dihydroxy and/or hydrox-
ymethyl derivatives from pyrrolizidine (hexahydro-1H-pyrro-
lizine; Chemical Abstracts Service Registry Number (CAS)
643-20-9) or from 1,2-dehydro-pyrrolizidine (2,3,5,7a-tetra-
hydro-1H-pyrrolizine; CAS 51463-41-3).

PAsoccur in13plant families and inabout 5%ofallflowering
plants. Toxic PAs can be found in six plant families: Apocynaceae,
1170 Encyclopedia of T
Boraginaceae, Asteraceae (Compositae), Leguminosae (Faba-
ceae), Ranunculaceae, and Scrophulariaceae. These PAs are
hepatotoxic, genotoxic, teratogenic, carcinogenic, and
pneumotoxic.

Toxic PAs are only those derived from the unsaturated
moiety 1,2-dehydropyrrolizidine and are mainly esters of the
amino alcohols (necines) retronecine, heliotridine, or the
untypical amino alcohol (no bicyclic 5-membered system, but
an 8-membered monocycle) otonecine. A few toxic PAs are
esters from crotanecine. Esters of 1-hydroxymethyl-1,
2-dehydropyrrolizidine supinidine have minor toxicity.

A very large range of PAs can theoretically be obtained by
combining the known necines and the esterifying acids (necic
acids). So far, more than 500 alkaloids have been found and
their structures determined. With the exception of approxi-
mately 35 otonecine alkaloids that cannot formN-oxides, if the
N-oxides of these alkaloids are taken into consideration, more
than 900 structures are known.

The first intoxication was reported by Gilruth who found
that a chronic liver disease in livestock was caused by Senecio
jacobaea. It was further shown that other Senecio spp. as well as
Crotalaria spp. led to the same disease. In 1920, it was proved
that a widespread chronic liver disease in humans was caused
by grain contaminated with seeds of Senecio spp. Several severe
intoxications, all caused by the contamination of feed (mainly
bread), were reported: In the 1950s, severe intoxications in the
former USSR were found to be caused by grain contaminated
with seeds and dust of Heliotropium lasiocarpum; similarly, the
same species was the reason for the intoxication of 4000 people
in Tadjikistan. The severest incident was observed in the 1970s
in Afghanistan where about 8000 people were affected by
wheat contamination by seeds of Heliotropium popovii, subsp.
gillianum; more than 3000 people died.

It can be assumed that seeds and dust from PA-containing
plants are a major source of human PA exposure. In industri-
alized countries, grain-cleaning methods reduce PA contami-
nation to below the level at which acute intoxication can occur,
but the dust components still remain and there are indications
that diseases such as cirrhosis, cancer, and pulmonary arterial
hypertension are due to long-term exposure to low doses of PAs.

In addition, medicinal plants are a further source of a PA
intoxication. Herbal preparations (so-called bush-teas) were
found to be the reason for various liver diseases observed in
Jamaica and the West Indies as well as in Africa in the 1950s.

PA intoxication by herbal preparations is mainly observed
in developing countries where the use of traditional medicines
is common; however, since the 1970s, PA intoxication has also
been reported in industrial countries such as the United States,
the United Kingdom, Switzerland, Austria, and Germany due
to the increased and uncontrolled use of herbal medications. In
the 1980s, hand-in-hand with the so-called green wave, several
practitioners claimed that herbal medicine would show only
benefits without undesirable side effects, which led to several
oxicology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-386454-3.00054-3
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fatal cases of intoxication, mainly in infants, who have a higher
susceptibility to PAs than adults.

Other food can also be contaminated with PAs and are,
therefore, a potential hazard for humans. For example, honey
has become of increased importance as PAs have been found in
commercial products at levels that exceed tolerable values.
Pollen seems to be the pathway of contamination. Similarly,
milk was shown to be a source of PA intoxication in a case
where milk-producing animals had access to PA-containing
feed (hay, silage). Human milk from women exposed to PAs
has caused venoocclusive disease in neonates and infants.

Recently, in Germany it was found that salads (especially
ready-packed rocket salads (Eruca sativa), sold in supermarkets)
and salad mixtures can be contaminated with PA-containing
plants, mainly Senecio vulgaris, a weed in field crops.

1,2-Dehydropyrrolizidine esters and their N-oxides are
carcinogenic, mutagenic, genotoxic, fetotoxic, and teratogenic
to varying degrees. The toxicity level of each single PA is
dependent on its chemical structure and physical properties
such as lipophilicity, hydrophilicity, and pharmokinetics.
Prior to metabolic activation, PAs show a more or less low
acute toxicity, but in vivo they undergo a metabolic toxification
process in the liver, which is, as a result, the first target organ
for the toxicity. This toxication process has been well
investigated.

PAs are considered to be toxic contaminants and have no
well-recognized uses on their own. In the 1970s, the PA
indicine-N-oxide was found to show antitumor activities, but
on account of severe toxic side effects (especially observed in
children) its use was no longer justified.
Toxicokinetics

Metabolic Activation

After oral uptake and absorption of the PA, a hydroxyl group is
introduced adjacent to the nitrogen atom in the necine (posi-
tion 3 or 8) by the cytochrome P450 monooxygenase enzyme
complex in the liver. These carbinolamines are unstable and
after loss of water produce didehydropyrrolizidines (dehy-
dropyrrolizidine alkaloids (DHPAlk)). These metabolites are
no longer alkaloids because the electrons of the formerly basic
nitrogen are delocalized in the aromatic system. This reaction is
facilitated by the conjugation of the newly formed double
bond and the already existing one. Therefore, pyrrolizidine
esters (saturated PAs) cannot form this aromatic system and
consequently do not show this metabolic pathway and the
resulting toxic effect.

PAs occur in plants mainly as N-oxides and therefore do not
convert to the aromatic metabolites but they display the same
mammalian toxicity as the free base form because they are
reduced by the gut microflora before absorption or can be
converted to the free bases by liver microsomes in the presence
of reduced nicotinamide adenine dinucleotide (NADH) or
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) followed by an equal metabolic activation in vivo.

Otonecine esters undergo a similar metabolic pathway.
These PAs have a methyl group on the nitrogen and a quasi
ketonic function at C8. Cytochrome P450 isozymes hydrox-
ylate the N-methyl group. After loss of formaldehyde, the newly
formed intermediate with an NH function allows condensation
with the keto group to a carbinolamine with the hydroxyl
function at C8 followed by dehydration to the aromatic
didehydropyrrolizidines.

The didehydropyrrolizidines have chemically reactive
centers at C9 and C7. After loss of the anions at C9 and C7,
stabilized carbonium ions are generated and a rapid reaction
with available nucleophiles (Nu�) is possible (Figure 1).

When both hydroxyls are esterified, the reaction to car-
bonium ions is facilitated because the necic acids present good
leaving groups. When one hydroxyl is unesterified, the reaction
to the carbonium ion at this position is not spontaneous but
can be initiated by protonating the hydroxyl functional
group and loss of H2O. Therefore, monoesters of 1,2-dehy-
dropyrrolizidine show lower toxicity than diesters.

Esters of supinidine with a single alkylating center at C9
show a clearly lower toxicity on account of their inability to
form bialkylating agents and subsequently are not able to show
cross-links and similar cell-damaging effects.

The dicarbonium ions are able to react spontaneously with
nucleophiles such as vital proteins (reaction with mercapto,
hydroxyl, and amino groups) and nucleosides (alkylation of
purine and pyrimidine bases of DNA and RNA). In the latter
case, mutagenic effects can be observed. As this process takes
place in the liver, this organ is the first target for the toxic effects
resulting in liver damage such as venoocclusive disease
observed as the typical histological picture for PA intoxication.
The alkylating metabolites of C9, C7 diesters are able to
undergo cross-linking of DNA.

Structural aspects influence the level of the toxicity. The
reactivity at C7 is higher than at C9; C7 is therefore the first
to react with nucleophiles. X-ray analysis has shown that the
reason for a lower or a higher reactivity at those carbons is
due to the grade of conjugation of the ester functions. These
structural aspects are also an explanation for the different
toxicities of the two monoester-PAs O7-angeloylretronecine
(nearly none) and O9 esters such as lycopsamine (moderate).
In the first case, the higher reactivity at C7 facilitates the ester
cleavage by esterases to water-soluble hydroxyl 1,2-dehy-
dropyrrolizidines (necines), which can easily be renally
excreted; in the case of C9 esters, this cleavage is less facili-
tated corresponding to a higher grade of metabolic activation
to the carbonium ions. Similarly, in the case of C7,C9 dies-
ters, those with two different esterifying acids show a lower
toxic level than those esterified with one dicarboxylic acid
(forming a third ring, macrocyclic diesters). The higher
stability against enzymatic ester cleavage (and the subsequent
excretion via the renal system) seems to be the reason for this
behavior. Within the group of macrocyclic diesters, differ-
ences were found concerning toxic effects. Using the wing
spot Drosophila melanogaster, decreasing mutagenicity was
found from senecionine to acetyllycopsamine, which indi-
cates that increasing hydroxylation of the esterifying acids
results in a decreasing mutagenic effect. Thus, the hydroxyl
derivatives of senecionine, retrorsine, and jacoline show
about fivefold weaker activity than senecionine. This indi-
cates that lipophilicity is a factor for increasing mutagenicity.
In a similar way, it was established that the more water-
soluble N-oxides of the PAs are less mutagenic than their free
bases.



Figure 1 Metabolic activation of PAs.
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Detoxication

In addition to the metabolic activation, detoxification pro-
cesses occur in vivo. As mentioned earlier, enzymatic cleavage
of the ester bonds leads to harmless necic acids and water-
soluble necines that can easily be excreted by the renal system.
But it has also been shown that highly branched necic acids are
resistant to this enzymatic process and therefore have higher
toxic potential. Steric hindrance of the ester linkages inhibits
the detoxication process and makes the PA more hazardous.
The N-oxides of PAs (the form occurring most commonly in
plant sources) are highly water soluble and can therefore be
excreted renally. Besides their natural occurrence, N-oxidation
of PAs also takes place in the liver and can be seen as a detox-
ification process. However, it has been shown that the
N-oxides, besides excretion, can be converted by dehydration
or by acetylation followed by elimination of acetic acid to
DHPAlk and, as previously mentioned, following oral inges-
tion they are converted in the gut and liver to the free base
form. In conclusion, it can be stated that the toxicity level of
different PAs in nonruminants is dependent on three aspects:
(1) the efficiency of metabolic activation to form the didehy-
dropyrrolizidines; (2) the efficiency of ester hydrolysis to form
nontoxic and water-soluble necines and necic acids; and (3) the
efficiency of N-oxidation and excretion via urine.
Mechanism of Toxicity

In vivo, the C7 and C9 carbonium ions can react rapidly with
the nucleophilic centers of vital proteins and nucleosides.
Mercapto, hydroxyl, and amino groups of proteins are
attacked, and in the case of DNA and RNA, the amino groups
of purine and pyrimidine bases are alkylated, which leads to
mutations in the DNA. The high reactivity of the carbonium
ions causes fatal tissue damage in the liver. In case of C7–C9
dicarbonium ions, cross-linking of DNA strands is possible.
Monoesters such as supinidine, with only one alkylating
center, are therefore less damaging and less toxic. In addition,
the carbonium ions can also alkylate SH groups of less vital
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components such as glutathione and cysteine, which can be
easily regenerated.
Acute, Subchronic, and Chronic Toxicity

Toxicity in Humans

The toxicity of PAs can occur at three levels: acute, subacute,
and chronic; these levels can be sequential from acute to irre-
versible chronic effects. Acute PA intoxication is characterized
by hepatomegaly and ascites; centrilobular necrosis and acute
liver failure result in death. In subacute intoxication, occlusion
of the smaller branches of the hepatic veins is caused by
endothelial proliferation and medial hypertrophy; this is called
venoocclusive disease which is characteristic of PA intoxication.
It causes centrilobular congestion, necrosis, fibrosis, and liver
cirrhosis, all of which are characteristic of the chronic end stage
of PA toxicity.

It has also been shown that the metabolites of PAs have
antimitotic properties in vivo. Thus, exposure to a sublethal
dose or long-term exposure to low PA doses results in mega-
locytosis (enlarged hepatocytes), a characteristic found in
animals. This has not been found in humans but can be
reproduced in cultured human fetal cells.

Venoocclusive disease of the liver is the main result of PA
intoxication, but some toxic PAs, such as monocrotaline and
fulvine, induce pulmonary arterial hypertension and pulmo-
nary megalocytosis (cell enlargement) and necrosis. This is
assumed to be a result of escape of pyrrolic metabolites from
liver cells into the pulmonary arterioles. Chronic lung lesions
can be produced with high doses of 62 toxic PAs. Lung lesions
are not characteristic for PA intoxication but may result from
long-term low-level exposures.

PA intoxication in humans is not only related to the amount
and duration of the exposure but also to age and gender. Males
react more sensitively than females, and fetuses and children
(especially neonates or infants) show the highest sensitivity for
PA poisoning. In 2003, it was shown that the daily uptake
of w7 mg PA (from a herbal mixture containing comfrey)
during pregnancy did not show a toxic effect in the mother’s
liver but damaged the fetal liver such that the newborn child
died after 2 days.

It has also been observed that cofactors can exacerbate PA
poisoning. Liver-damaging agents, bacterial or viral infections,
medical drugs (e.g., barbiturates), metals (e.g., copper), or
mycotoxins (e.g., aflatoxins) can all increase the severity and
likelihood of PA liver damage.
Dose Level

The amount of PA intake could be estimated in only a few cases
of human PA intoxication: 14.1 mg PA (mainly heliotrine) per
day over a period of 120 days was consumed by a 49-year-old
woman, leading to venoocclusive disease. A daily intake of
20–30 mg per week of toxic PA from Symphytum during preg-
nancy led to a fetotoxic effect and the death of the newborn
child. In the case of 8000 people affected in Afghanistan, it was
estimated that over a period of 2 years each human consumed
1.46 g of toxic PAs in the form of contaminated bread.
Representative dose–response data and quantitative studies
are only available from animal experiments. The amount of
PAs that causes death within 2–8 days was established by
a single-dose intraperitoneal injection of pure PAs and varied
between ten and several hundred milligrams per kilogram
body weight. This great variation is due to the fact that the
toxicity of PAs is strongly dependent on the chemical structure
of each single PA; for example, in the series O7-angeloylhe-
liotridine, lycopsamine, acetyl lycopsamine, and senecionine,
the toxicity strongly increases from very low to high toxic
effects. It is therefore not possible to establish the same value
for all PAs at which a possible human risk can be expected or
excluded.
Immunotoxicity

There is no evidence for an immunotoxic effect of PAs.
Developmental Toxicity

The teratogenic effect of PAs is well known. In the 1960s, it
was shown that intraperitoneal injection of heliotrine into
female pregnant rats caused dose-dependent musculoskeletal
defects. Although teratogenic effects in rats were shown, no
liver damage in the fetuses was observed. Fetotoxicity can
occur by two possible pathways: PA metabolism takes place
in the fetal liver and/or transport of the toxic metabolites via
the placenta from the mother. Experiments provide evidence
for the second pathway, and it can be assumed that the fetal
liver is unable to metabolize toxic PAs. It seems PA metab-
olism starts shortly before birth and increases thereafter.
Although the mothers did not develop toxicity symptoms, it
was shown that consumption of low doses of PAs during
breast-feeding and pregnancy led to liver damage in infants
and fetuses.

In an experiment with Drosophila melanogaster, the terato-
genic effect of heliotrine to the larvae was also demonstrated.
Genotoxicity

The genotoxicity of PAs has been established in different
systems: Escherichia coli, Salmonella typhimurium, Aspergillus
nidulans, Vicia faba, Allium cepa, and Drosophila melanogaster.
Similarly, leucocytes from marsupials, hepatic cells from rats,
mice, Chinese hamsters, cattle, and human lymphocytes were
used to demonstrate these effects. Furthermore, chromosomal
damages in the blood cells of children suffering from venooc-
clusive disease were observed. These findings prove that PAs act
as strong mutagens. Hydrophilicity has been shown to be
a factor for decreasing mutagenic activity. The PA N-oxides are
less mutagenic than the corresponding free bases. An inter-
esting method is the monitoring of adducts from the PA pyrrol
metabolites and DNA in vivo. This high-performance liquid
chromatography method was used to measure DNA adducts
from the PA ridelliine fed to rats. The adducts were detected in
the blood of the animals within 48 h. Human liver microsomes
were treated likewise with ridelliine and DNA adducts were
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found, leading to the conclusion that this method can be used
as a marker for a human PA exposure.
Carcinogenicity

The metabolism of PAs to strong alkylating carbonium ions
implies that they can behave as genotoxic carcinogens in vivo.
Several animal (mainly rat) experiments have established this.
The amounts of PA used in these experiments ranged from 2 to
6 mg kg�1 per day over a short period to 0.2–3 mg kg�1 per day
over 1 year. Besides liver tumors, tumors of the pancreas,
urinary bladder, pituitary, bone, retroperitoneal tissues, and
skin, as well as leukemia and rhabdomyosarcoma, were found.

To date no clear evidence of human cancer has been
reported; however, from an experiment with the PA ridelliine,
which causes tumors in rodents, it was concluded that, based
on the identical metabolism in human liver microsomes,
tumor induction may also occur in humans. In addition, the
high occurrence of primary liver tumors in Central and South
Africa has been ascribed to the consumption of traditional
medicinal plants belonging to the genera Crotalaria, Cyn-
oglossum, Heliotropium, and Senecio.
Clinical Management

As the clinical picture of PA intoxication is already the end stage
of the disease (venoocclusive disease), clinical treatment is not
possible. The toxicity of PAs is well known, so management of
toxicity includes limiting or eliminating the use of products
that are contaminated or even suspected to be contaminated
with PAs and herbal medicinal products, food, and feed known
to contain PAs. In extreme cases of liver toxicity, a liver trans-
plant might be an option.
Exposure Standards and Guidelines

Although most countries do not specify a maximum level of
PAs in either food or feed, the use of medicinal plants is
regulated in some countries: In Australia and New Zealand,
a daily dosage of 1 mg kg�1 body weight of toxic PAs is toler-
able. According to ANZFA/FSANZ (Australia New Zealand
Food Authority/Food Standards Australia New Zealand), the
carcinogenic potential of PA demonstrated in rodents was not
considered established in humans. In contrast, in an investi-
gation with the PA ridelliine, which causes tumors in rodents, it
was concluded that, based on the identical metabolism in
human liver microsomes, this tumor induction may also occur
in humans. In the United States, the US Food and Drug
Administration decided that all comfrey products have to be
withdrawn from the market, because, based on the available
scientific data, a possible limit could not be fixed at which
a possible toxic risk could be excluded. In the European Union,
Austria has banned all PA-containing plants from the market.
In 1992, Germany established a regulation that allows a daily
intake of less than 1 mg per day for a duration of 6 weeks per
year. Longer usage reduces the daily dose to 0.1 mg. During
pregnancy and breast-feeding, the use of such preparations is
not allowed. These regulations also apply to homeopathics up
to D6, which in homeopathic medicine is a 1:10 dilution, six
times. In the Netherlands, PAs are allowed up to a limit of
1 mg kg�1 or 1 mg l�1 in the final product.

See also: Carcinogen–DNA Adduct Formation and DNA Repair;
Food Safety and Toxicology; World Health Organization/
International Programme on Chemical Safety (WHO/IPCS);
Plants, Poisonous (Humans).
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FOREWORD

Early humans must have developed, consciously or unconsciously, methods to recognize and avoid toxic plants
and poisonous animals, thus inadvertently establishing toxicology as among the earliest applied scientific
disciplines with a focus on the health and welfare of the human species. While toxicology’s additional emphasis
on the environment is more recent and related to population growth and industry, it is no less important.
Whatever the validity of this claim to origins in antiquity, toxicology’s rapid growth and diversification in
recent decades, particularly since the publication of the second edition of this Encyclopedia of Toxicology, is
undisputed.

Although the US Environmental Protection Agency and the National Institute for Environmental Health
Sciences had already initiated studies of new paradigms in risk assessment at the time, it was the 2007 publi-
cation of “Toxicity Testing in the 21st Century: a Vision and a Strategy” by the National Research Council which gave
rise to a huge interest and effort in molecular and cellular approaches to toxicology and their linkages to risk
assessment. Studying genome wide effects via microarray techniques and high throughput sequencing are but
two fairly recent outgrowths of this emphasis. Research into epigenetics is in its infancy as far as toxicology is
concerned but will doubtlessly grow rapidly in importance and application. An equivalent increase in attention
is being paid to nanotoxicology, and its practical consequences are now becoming evident. These are but a few
of the dramatic developments reflected in this new edition of the Encyclopedia of Toxicology, edited so ably by Phil
Wexler. We owe him a debt of gratitude for all of his efforts.

Despite many changes in the science of toxicology, what remains unchanged is the need for the toxicological
literature to serve many masters. The span from highly specialized researchers and academics in higher
education to those who use toxicology in its applied aspects such as clinical and forensic toxicology, agro-
medicine, risk assessment, consulting and media outreach, is both wide and deep. Clearly, the Encyclopedia of
Toxicology is a necessary resource for all of these professional groups. It functions as an important locus between
the short definitions of dictionaries and the highly detailed narratives of monographs devoted to a single aspect
of research. It is an essential work for all toxicologists interested not only in their own area of expertise but also
in toxicology as a broader interdisciplinary science and profession. I recommend it without reservation to
libraries, not only at institutions of higher learning but also at those of federal, state and private research
institutes, as well as to the chemical and related industries. Needless to say, it will be a valued and much used
addition to many personal bookshelves.

Ernest Hodgson
Distinguished Professor Emeritus

North Carolina Agromedicine Institute and Toxicology Program
Department of Applied Ecology
North Carolina State University
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PREFACE

It has been nearly a decade since the publication of this Encyclopedia’s second edition, and in that time
toxicology has continued to advance its scientific foundations. The “omics” revolution, along with advances in
systems biology, epigenetics, bioinformatics, and computational toxicology are driving toxicology from
a discipline dependent upon whole animal testing to one increasingly comfortable with in vitro and in silico
methodologies. This change is taking place both as a humane alternative and as a more practical and cost
effective way to deal with the vast number of chemicals for which toxicity data is nonexistent. Adverse outcome
pathways are being explored as a means to determine how a direct initiating event at the molecular level can
result in an adverse outcome in the biological organism. The 2007 National Research Council publication of
Toxicity Testing in the 21st Century: A Vision and a Strategy was a seminal event that outlined new technologies
in molecular biology and toxicology, and called for a “paradigm shift” to stimulate innovative approaches to
testing. The Committee (on Toxicity Testing and Assessment of Environmental Agents) responsible for the
report envisioned “a new toxicity-testing system that evaluates biologically significant perturbations in key
toxicity pathways by using new methods in computational biology and a comprehensive array of in vitro tests
based on human biology.” On July 11, 2013, the European Union’s cosmetic regulation, prohibiting animal
testing in the cosmetics industry, came into effect.

Nanotoxicology is another research area which, though certainly not brand new, has come to the fore. Given
the quantum size effects and large surface area to volume ratio, materials at this scale may have properties very
different from their larger scale counterparts. There remains considerable controversy about the toxic potential
of various nanoparticles and debate about how they should be regulated, particularly in products such as
cosmetics. Nanotoxicology will continue to be an active area of investigation in the foreseeable future.

Epigenetics, or the study of changes in gene expression over and above those resulting from alterations to
DNA proper, has made huge strides in the last several years. Thus, toxicants, behavior, stress and diet have all
been shown to play a role in regulating the epigenome. Epigenetic markers have, for example, been shown to
influence expression of genes associated with obesity. Epigenetic mechanisms are also being investigated as
a possible causative factor in asthma.

In clinical/medical toxicology, the human factor comes directly into play, as do veterinary concerns. This is
the branch of toxicology concerned with poisonings. Drugs usually containing a cathinone, marketed as “bath
salts,” started to be reported to US poison centers in large numbers in 2010. A wide range of effects were noted,
ranging from headaches and nausea to hallucinations and paranoia. In 2012, US President Obama signed a bill
to ban several types of synthetic drugs including bath salts. Whether this will actually curtail access and use
remains to be seen but, regardless, new designer drugs are always just around the corner. The research and
clinical communities are, happily, joining forces to probe what has come to be known as “translational toxi-
cology,” in which investigating mechanism of action will lead to a better understanding of treatment for people
intentionally or accidentally exposed to drugs and other chemicals, and biological agents.

Large scale accidents, regrettably, will continue to plague us. The explosion of the Deepwater Horizon drilling
rig in 2010 in the Gulf Coast resulted in the largest offshore oil spill in US history. The long-term effects on the
environment and human health, not only of the oil itself, but of the dispersants applied to clean up the oil are
still being investigated. After decades of factory pollution and neglect, Lake Tai in China was overtaken by a vast
algae bloom and major pollution with cyanobacteria in 2007. Despite a cleanup campaign the situation has
barely improved. Generating power from nuclear energy is another sensitive issue that divides even environ-
mental advocates, with some touting and others damning it. The 2011 nuclear accident in Fukushima, Japan,
triggered by a major earthquake and massive tsunami, caused over 150,000 residents to evacuate their homes
lxix



lxx Preface
for fear of nuclear contamination e its consequences are still being felt. Toxicologists are increasingly being
called upon to assess effects on humans, wild and domestic animals, and the environment, and to offer
solutions when such incidents arise. We will always have to contend with emergencies and disasters andmust be
prepared.

Climate change is another aspect of environmental toxicology which has seen its share of debate in the last
decade. Naysayers who deny its existence or reject the human factor, despite the science, may be lesser in
number and less vocal but are still being heard. Nonetheless, the Intergovernmental Panel on Climate Change
found, in its Fourth Assessment Report, in 2007, that “warming of the climate system is unequivocal”, and
“most of the observed increase in global average temperatures since the mid-20th century is very likely due to
the observed increase in anthropogenic greenhouse gas concentrations.” The Fifth Assessment Report should be
finalized in 2014. Meanwhile, the Doha Amendment to the Kyoto Protocol was adopted in 2012. Countries
which are Parties to the Protocol continue to commit to reducing their greenhouse gas emissions.

Energy production, be it via nuclear, coal, or gas, or even the supposedly more benign solar and wind can
result in consequences, expected and unexpected, which have to be dealt with. The continual search for new
energy sources and for devising means of extracting energy from existing sources has accelerated as the US and
other countries seek energy independence, and has resulted in environmental health dilemmas. Fracking, or
hydraulic fracturing, using sand and chemicals to create fractures in rock, has proven an economically viable
way to extract oil and gas from previously inaccessible locations. We still fall far short of consensus, though, on
fracking’s environmental risks. No doubt one of the next great debates on the energy front will be the potential
health and, particularly, environmental effects, including global warming, of commercial methane hydrate
extraction, once is becomes feasible in the near future.

Accidental and malicious tainting of food, and contamination of consumer products, are of ongoing
concern. In 2007, incidents of renal failure in dogs and cats were traced to contaminated pet food from China.
Recalls were widespread. The chemical culprit turned out to be melamine, which was added to the wheat
gluten to make the food appear higher in protein than it really was. Exported toys from China were found to
have high levels of lead in their paint in the same year. Mattel, for example, had to recall 800,000 Barbie
doll accessories. And, again in 2007, the head of China’s food and drug administration, Zheng Xiaoyu, who,
among other things took bribes from the manufacturers of substandard medicines, became the symbol of poor
quality control, and paid with his life, as he was executed by lethal injection.

Global security, which includes attentiveness to and curtailment of non-traditional weapons such as are
employed in chemical and biological warfare, is another issue which cannot be neglected in the 21st century.
Stockpiles of chemicals still exist in many countries. As recently as 2013, there have been allegations of chemical
weapons use in Syria. Looking toward the positive, in 2013, Somalia became the 189th State Party to the
Chemical Weapons Convention, overseen by the Organisation for the Prohibition of Chemical Weapons
(OPCW).

Beyond seeking to reduce and eliminate chemical weapons, managing chemicals on the global level remains
a challenge, but slow and steady progress continues to be made. In 2009, nine new chemicals were added to the
Stockholm Convention on Persistent Organic Pollutants. Synergies are developing among the Basel, Rotterdam,
and Stockholm Conventions, evidenced by a joint meeting of the conferences of the parties in 2013. The Geneva
Statement on the SoundManagement of Chemicals andWaste, an outcome of this meeting, reaffirmed the three
Conventions’ commitment to achieving the Millennium Development Goals by 2015 and the sound
management of chemicals and hazardous wastes by 2020. 2013 also saw the passage of another global, legally
binding treaty, The Minimata Convention on Mercury, which provides controls and reductions across a range of
products, processes, and industries where mercury is used, released, or emitted. The European Union’s regional
legislation, which entered into force in 2007, has worldwide implications for the control of chemicals.

Controversies, public concern (warranted and otherwise) and media shouting over whatever may be the new
“chemical of the day,” are still with us as, no doubt, they will always be. Whether we talk about phthalates,
bisphenol A, or halogenated flame retardants, the press will have a field day. Arsenic, mercury, and lead are sure
to fill cocktail party conversation when it goes slack. And the old standbys of tobacco, alcohol, and caffeine are
always great silence breakers.

Most of the above topics have been covered, to a greater or lesser extent, in this third edition of the
Encyclopedia of Toxicology. Since its first edition, the objective was to put toxicology in a larger societal and
cultural context. Thus, while the focus here has always been on the science, we have included, in keeping with its
encyclopedic nature, important organizations, laws, and history, narratives of accidents and intrigue, and more.
In addition, the broad scope of toxicology has been taken into account, and hazards related not only to
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chemicals, but also to biological agents and radiation, have been considered. The Encyclopedia represents an
amalgam of established principles and cutting edge investigations. With toxicology so much a moving target,
and the process of paper publication still a lengthy process, it is not possible to create a book which is absolutely
exhaustive or up-to-the-second in currency. Nonetheless, we hope it is comprehensive in a practical sense and as
timely as possible, and that the gaps are few and far between. The online version, on the other hand, will be the
best place to look, between editions, for late breaking developments. We hope you will find this third edition
useful.

Philip Wexler
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PREFACE TO THE SECOND EDITION

Time passes, but the need for toxicological understanding persists. As much as we might wish for the end of
poverty, ignorance, hunger, and exposure to hazardous chemicals, and as much as we work toward these goals,
the challenges are formidable, and the end is not in sight. Chemicals and finished products made from
chemicals continue to play an ever-present part in our lives. Although it is not evident that the benefits of
chemicals always outweigh their risks, there is little doubt that a wide spectrum of chemicals and drugs has
enhanced both the duration and quality of our lives. That said, certain of them, in certain situations, are clearly
harmful to certain people. Among the fruits of toxicologists’ labors is information on how best to eliminate,
reduce, or prevent such harm.

The discipline of toxicology has made considerable strides in the 7 years since the first edition of this
encyclopedia was published. The understanding of molecular toxicology continues to advance rapidly. Indeed,
it is often much easier to generate the data than to find the time to adequately evaluate it. Genomic, proteomic,
and other ‘omic’ technologies are helping us unravel the complex connection between exposure to environ-
mental chemicals and susceptibility to disease. The US National Center for Toxicogenomics, dedicated to
research on informatics and computational toxicology, was established in 2000. As a result of this and other
research, much more sophisticated approaches are now available for ascertaining chemical safety, and inves-
tigating structure–activity relationships. In addition, analytical instrumentation has becomemore highly refined
and sensitive, making it easier to detect and quantitate even smaller amounts of contaminants in biological
systems and the environment.

With greater consumer (especially Western) acceptance of complementary and alternative medicine, more
people than ever before are being exposed to a vast array of herbal and other plant-based medicinal products.
Although toxicologists have always recognized that ‘natural’ does not necessarily equate with ‘safe’, not much
has been done to assess the hazards of herbal supplements and their interactions with other chemicals. This is
beginning to change.

Chemical, biological, and nuclear warfare have always been subjects of interest, sometimes as practical
matters, and more often as academic ones. In the light of the events of September 11, 2001, there has been an
increased urgency in learning more about nonconventional warfare and its agents, how they operate, and how
to protect ourselves from their effects. Toxicology has found itself broadening its scope to deal with this
resurgent type of weaponry.

The scope of what constitutes hazards waste, an ever-present downside of the benefits we derive from the
manufacture, processing, and use of chemicals and their products, continues to expand as technology moves
forward. In the US two million tons of electronic products, including 50 million computers and 130 million
cellphones, are disposed of every year. According to the International Association of Electronic Recylers, this
number will more than triple by 2010. With such quantities in landfills and rivers, there are bound to be
consequences for our air and water. Potential toxicants include lead, cadmium, and beryllium.

Alternatives to animal studies no longer represent a toxicological sideline. While whole animal testing is
unlikely to disappear soon, if ever, other methods of determining hazard and safety are increasingly being
embraced by the toxicology community and becoming part of mainstream chemical evaluations. In vitro
approaches (e.g., using cell culture or skin irritation potential) and in silico approaches (i.e., using computer
programs to estimate toxic properties based on existing data for similar chemicals with or without supplemental
chemical and physical property data) are both generating increasing amounts of toxicity information.

The marketplace is seeing an increase in products utilizing nanotechnologies, and nanotechnology research
and development is on the upswing. The United States has had an official National Nanotechnology Initiative
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since 2001. A start has also been made by federal agencies and universities in assessing the environmental and
health effects of nanomaterials.

Greater insight into chemical exposures, both actual and anticipated, is helping to develop a more focused
picture of the risks these exposures present to humans and the environment. Growing cooperation between
toxicologists and exposure assessors is proving vital to strengthening the scientific basis of risk assessment, thus
giving risk assessors and managers more credible tools to address the control of chemical hazards.

At the global level, there have been important strides in the control and management of chemicals. The
10-year follow-up to the Rio Earth Summit, the World Summit on Sustainable Development, was held in 2002
in Johannesburg, South Africa. Among the targets it set was to use and produce chemicals by 2020 in ways that
do not lead to significant adverse effects on human health and the environment.

The Stockholm Convention to protect human health and the environment from persistent organic pollutants
(POPs) became binding on May 17, 2004. POPs tend to be toxic, persistent, accumulative, and capable of
traveling long distances in the environment. This Convention seeks to eliminate or restrict the production and
use of such chemicals. The Kyoto Protocol, designed to decrease greenhouse gas emissions, has now become an
international law, despite the resistance of several countries.

The United States hosts a vibrant and growing community of toxicology professionals who perform inno-
vative toxicological research, and scientists in other countries are making their presence felt equally. Global
information sharing and collaborations among these investigators are growing, facilitated by the increased
accessibility of the Internet and its enhanced technologies. Significant work is proceeding under the auspices of
multinational bodies such as Organisation for Economic Co-operation and Development, the European
Commission, and the International Program on Chemical Safety.

Efforts to harmonize and link data and information on toxic chemicals throughout the world have been
multiplying. The Globally Harmonized System (GHS) of classification and labeling of chemicals has been
adopted and is ready for implementation. This will provide a consistent and coherent approach to identifying
hazardous chemicals, as well as provide information on such hazards and protective measures to exposed
populations. Meanwhile in the European Union, a regulatory framework known as REACH (Registration,
Evaluation and Authorization of Chemicals) has been proposed for the registration of chemical substances
manufactured or imported in quantities greater than one ton per year.

Last, but not least, the role that poisons played in personal and political intrigues and vendettas, although it
may have peaked with Borgias, by no means ended there. A case in point was the 2004 presidential elections in
Ukraine. After a bitterly contested battle for the presidency of Ukraine, Viktor Yushchenko emerged victorious
and was inaugurated in January 2005, a happy day for democracy, but with a toxic twist. Yushchenko, according
to physicians, suffered severe facial disfigurement (chloracne) and other ailments by being poisoned with large
dose of dioxins, allegedly mixed in some soup he consumed. Fortunately he is recovering gradually. Although
the full story has not yet emerged, political motivations are suspected.

This second edition has grown from 749 entries submitted by 200 authors to 1057 entries contributed by 392
authors. Virtually all the entries from the first edition have been updated and in some cases entirely new versions
of these entries have been written. Among the 308 topics appearing for the first time in this edition are avian
ecotoxicology, benchmark dose, biocides, computational toxicology, cancer potency factors, metabonomics,
chemical accidents, Monte Carlo analysis, nonlethal chemical weapons, invertebrate ecotoxicology, drugs of
abuse, cancer chemotherapeutic agents, and consumer products. Many entries devoted to specific chemicals are
also brand new to this edition and the international scope of organizations included has been broadened.
Entries describing a number of well-known toxin-related incidents, e.g., Love Canal, Times Beach, Chernobyl,
and Three-Mile Island, have been added. In addition to the scientific-based entries, others focus on the societal
implications of toxicological knowledge. Among them are Toxicology in Culture, Environmental Crimes,
Notorious Poisoners and Poisoning Cases Chemical and Biological Warfare in Ancient Times, and a History of
the US Environmental Movement. Thus, this new edition has been expanded in length, breadth, and depth and
provides an extensive overview of the many facets of toxicology.

Philip Wexler
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There are many fine general and specialized monographs on toxicology, most of which are addressed to toxi-
cologists and students in the field and a few to laypeople. This encyclopedia of toxicology does not presume to
replace any of them but rather is intended to fulfill the toxicology information needs of new audiences by taking
a different organizational approach and assuming a middle ground in the level of presentation by borrowing
elements of both primer and treatise.

The encyclopedia is broad-ranging in scope, although it does not aspire to be exhaustive. The idea was to
look at basic, critical, and controversial elements in toxicology, which are those elements that are essential to
an understanding of the subject’s scientific underpinnings and societal ramifications. As such, the encyclo-
pedia had to cover not only key concepts, such as dose response, mechanism of action, testing procedures,
endpoint responses, and target sites, but also individual chemicals and classes of chemicals. Despite the strong
chemical emphasis of the book, we had to look at concepts such as radiation and noise, and beyond the
emphasis on the science of toxicology, we had to look at history, laws, regulation, education, organizations,
and databases. The encyclopedia also needed to consider environmental and ecological toxicology to some-
what counterbalance the acknowledged emphasis on laboratory animals and humans because, in the end, all
our connections run deep.

In terms of the chemicals, we the editors of this bookmade a personal selection based on our own knowledge
of those with relatively high toxicity, exposure, production, controversy, newsworthiness, or other interest. The
chemicals do not represent a merger of regulatory lists or databases of chemicals; they are what we consider to
be, for one reason or another, chemicals of concern to toxicology. The book was not intended as a large-scale
compendium of toxic chemicals, several of which already exist.

In the tradition of many standard encyclopedias, scientific and otherwise, the encyclopedia is organized
entirely alphabetically. Other than in a few useful but smaller scale dictionaries, this style of arrangement
has not been done before for toxicology. This organization, along with a detailed index and extensive cross-
references, should help the reader quickly arrive at the needed information.

Next, although this book should be of use to the practicing toxicologist, it is geared more to others who, in
the course of their work, study, or for general interest, need to know about toxicology. This would include the
scientific community in general, physicians, legal and regulatory professionals, and laypeople with some
scientific background. Toxicologists needing to brush up on or get a quick review of a subject other than their
own specialty would also benefit from it, but toxicologists seeking an in-depth treatment should instead consult
a specialized monograph or journal literature.

The encyclopedia is meant to give relatively succinct overviews of sometimes very complex subjects. Formal
references and footnotes were dispensed with because these seemed less relevant to the encyclopedia’s goals
than a simple list of recommended readings designed to lead the reader to more detailed information on
a particular subject entry. The entry on Information Resources leads readers to print and electronic sources of
information in toxicology.

First and foremost, thanks go to the Associate Editors and contributors, whose efforts are here in print. Yale
Altman and Linda Marshall, earlier Acquisitions Editors for the books, were of great assistance in getting the
project off the ground. Tari Paschall, the current Acquisitions Editor, and Monique Larson, Senior Production
Editor, both of Academic Press, have with great expertise and efficiency brought it to fruition. Organization and
formatting of the original entry manuscripts were handled with skill, patience, and poise by Mary Hall with the
help of Christen Bosh and Jennifer Brewster.
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My work on the Encyclopedia of Toxicology was undertaken as a private citizen, not as a government
employee. The views expressed are strictly my own. No official support or endorsement by the US
National Library of Medicine or any other agency of the US Federal Government was provided or should be
inferred.

Philip Wexler



EDITOR-IN-CHIEF
Philip Wexler has been published, taught, and otherwise lectured extensively in the U.S. and
abroad on toxicology and toxicoinformatics. He is the Editor-in-Chief of three editions of the
Encyclopedia of Toxicology (Elsevier. 3rd ed. 2014) and four editions of Information Resources in
Toxicology (Elsevier. 4th ed. 2009), as well as Chemicals, Environment, Health: A Global Management
Perspective (CRC Press/Taylor and Francis. 2011). He has served as Associate Editor for Toxicology
Information and Resources for Elsevier’s journal, Toxicology and, in that capacity, edited special
issues on Digital Information and Tools. In 2010, he was named the recipient of the US Society of
Toxicology’s Public Communications Award. He is also overseeing a monographic series on
Toxicology History. The first volume, Toxicology in Antiquity, is scheduled for publication by Elsevier
in 2014.

Mr. Wexler is a Technical Information Specialist at the National Library of Medicine’s (NLM)
Toxicology and Environmental Health Information Program, within the Specialized Information
Services Division (SIS). His career at NLM began as a Fellow of the NLM Associate Program and
included a stint with the Reference Services Section. A recipient of the NLM Regents Award for
Scholarly or Technical Achievement and the Distinguished Technical Communication Award of the
Washington chapter of the Society for Technical Communication, he is team leader for the devel-
opment of the ToxLearn online multi-module tutorials, a joint activity with the SOT. Mr. Wexler is also project officer for the LactMed file on
drugs and lactation, and the IRIS (Integrated Risk Information System) and ITER (International Toxicity Estimates for Risk) risk assessment
databases.

Additionally, Mr. Wexler was the guiding force behind, and current federal liaison to, the World Library of Toxicology, Chemical Safety,
and Environmental Health (WLT), a free global Web portal that provides the scientific community and public with links to major
government agencies, non-governmental organizations, universities, professional societies, and other groups addressing issues related to
toxicology, public health, and environmental health. This multilingual resource, fed by information from a roster of international Country
Correspondents, has been widely praised for its success in overcoming barriers to the sharing of information between countries, enhancing
collaboration, and minimizing duplication.

He is federal liaison to the Toxicology Education Foundation (TEF), past Chair of SOT’s World Wide Web Advisory Team, and past
President of its Ethical, Legal, and Social Issues Specialty Section. Mr. Wexler led theWorld Library of Toxicology project prior to its migration
to the INND/Toxipedia group, and remains a federal liaison to the project. He was a member of the Education and Communications Work
Group of the CDC/ATSDR’s National Conversation on Public Health and Chemical Exposure. A co-developer of the Toxicology History
Room, he is co-founder and federal liaison to the Toxicology History Association.
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(TUMS) and then completed a PhD in Pharmacology/Toxicology in 1994 from the same university;
he completed postdoc training at the University of Toronto in 2001. Since 1988, Mohammad has
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Medical Sciences. Since 2003 he has acquired full professor honorship of TUMS. So far, he has
contributed to more than 500 papers and 20 books. He is the Editor-in-Chief for two prestigious
TUMS journals in the field of Medicine and Pharmacy published by Elsevier and BMC. At inter-
national level, he cooperates with the OPCW (Organisation for Prohibition of Chemical Weapons)
as a Scientific Advisory Board Member in the Netherlands, the COPE (Committee on Publication
Ethics) as a Council Trustee Member in UK, the WHO (World Health Organization) as a Member
of the Guideline Developing Group for Prevention of Lead Poisoning in Switzerland, the IAS
(Islamic-World Academy of Sciences) as a Fellow, WLT (World Library of Toxicology) as a country
correspondent, and some others. At national level, MA has been President of Iranian Society of
Toxicology (IranTox) for seven years and was involved in establishing the Drug and Poison
Information Centers. He has been the Director of the National Toxicology Examination Board for
nine years. Since 2007, MA has been the Dean of Department of Toxicology and Pharmacology in
TUMS. Current main research interests of MA are Mechanistic Toxicology, Environmental Toxi-
cology, and Evidence-Based Medicine. He studies to uncover the critical connections between the toxicity of chemicals and the etiology of
human diseases.
Ann de Peyster

Ann de Peyster joined the faculty of the Graduate School of Public Health at San Diego State
University in 1983 to found and direct the Toxicology graduate program after completing her
doctorate at U.C. Berkeley. Until 2011 she oversaw development of all aspects of the curriculum and
research laboratories; established partnerships with industry and government toxicologists willing
to participate in the program; andmentored of dozens of graduate students. Initially holding a joint
appointment in SDSU’s Department of Biology and the Graduate School of Public Health, she
developed and taught a wide variety of laboratory and lecture courses in biology, public health,
toxicology and risk assessment, and developed an introductory course in public health research that
is now required for public health undergraduates before leaving full-time teaching in 2012. Her
main research interests and majority of publications focus on mechanisms of action of chemicals
affecting the reproductive system and implications for risk assessment.
In addition to graduate student recruitment and mentoring, she has also served in major administrative roles for the Graduate School of
Public Health, including Interim Director (a.k.a. Dean) of the School from 2004–2007. Also active professionally for many years in SETAC,
Sigma Xi, and Delta Omega (public health honor society), she has contributed most of her non-academic professional time to the Society of
Toxicology. She has devoted special attention to SOT ’s educational efforts, from K-12 through graduate education, and to the Society’s
public communications mission. She received the SOT Public Communications Award in 1999 and also served as an SOT Councilor. She is
a Fellow of the Academy of Toxicological Sciences and a trustee of the Toxicology Education Foundation.

She continues to pursue other personal and professional interests since resigning her full-time tenured professorship at San Diego State
University.
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Helmut Greim has studied medicine at the Universities of Freiburg and Berlin, Germany. Thereafter
he had research positions in the institutes of Biochemistry and Pharmacology of the Free University
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committees. Since 1983 he was vice Chairman, and in 1998, Chairman of the German Advisory
Committee on Existing Chemicals of Environmental Relevance (BUA) of the German Chemical Society until 2007. Since 1982 he has been
a member of the Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Areas (MAK-Committee) of the
German Research Foundation and has chaired the committee between 1992 and 2007. Between 1996 and 2011 he was a member of the
Research Expert Panel of the Research Institute for Fragrance Materials, Hackensack, New Jersey, USA and chairman from 2000 to 2008.
Between 1998 and 2008 he was member of the Board of Trustees of the Health and Environmental Safety Institute (HESI) of the Inter-
national Life Science Institute (ILSI) in Washington and has chaired the Board in 2001 and 2002. Until 2012 he chaired the Scientific
Committee on Health and Environmental Risks of the Directorate General (DG) SANCO, Brussels; he is a member of the Scientific
Committee on Occupational Exposure Limits of DG EMPLOYMENT, Luxembourg, and since 2008 until the end of 2013 is a member of the
Risk Assessment Committee of the European Chemicals Agency in Helsinki.

Dr. Greim was chairman of the Toxicology Section of the German Society of Pharmacology and Toxicology (1982 to 1985), and served as
President of the German Society of Pharmacology and Toxicology between 1991 and 1993. In 1998 he organized the International Congress
of Pharmacology in Munich.

In 1996 he received the Arnold Lehman Award of the Society of Toxicology, and in 2001 the Herbert Stockinger Award of the American
Conference of Governmental Industrial Hygienists.
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HOW TO USE THE ENCYCLOPEDIA
The chemical substances covered in the Encyclopedia
represent a highly selective and personal list of those
which the editors felt were most noteworthy. Clearly,
with around 1000 chemical entries, there was no
attempt to approach the 70 million or so unique
organic and inorganic chemicals, or even the more
than 80,000 chemicals in commerce (the vast
majority of which, incidentally, are absolutely barren
of toxicity data).
A Note about the format of Entries
Except for chemical substances, the format of entries
tends to be free form narrative. Chemical substance
entries, on the other hand, follow a loose template
including headers such as molecular formula, uses,
environmental fate and behavior, toxicokinetics,
chronic toxicity, etc. Depending upon the type of
chemical, e.g. industrial, pharmaceutical, etc. not
every header is relevant. Primary consideration, thus,
has been given to organizing the entry in a way that
makes sense for the agent in question and the avail-
able information on it, rather than adhering tightly to
an arbitrary format.

The Encyclopedia of Toxicology is a comprehensive
and authoritative study encompassing 1160 articles
on various aspects of this subject, contained in four
volumes. Each article provides a focused description
of the given topic, intended to inform a broad range
of readers, ranging from students, to research
professionals, and interested others.

All articles in the encyclopedia are arranged
alphabetically as a series of entries.

1. Contents
Your first point of reference will likely be the
contents. The complete contents list appears at the
front of each volume providing volume and page
numbers of the entry. We also display the article title
in the running headers on each page so you are able
to identify your location and browse the work in this
manner.

You will find “dummy entries” where obvious
synonyms exist for entries or for where we have
grouped together similar topics. Dummy entries
appear in the contents and in the body of the ency-
clopedia. For example:
Acrylates see Acrylic Acid, Ethyl Acrylate; Methyl Acrylate

2. Cross-references
The majority of articles within the encyclopedia have
an extensive list of cross-references which appear at
the end of each article, for example:

DECANE
See also : Heptane; Hexane; Octane; Pentane; Petroleum
Distillates; Propane.

3. Index
The index provides the volume and page number for
where the material is located, and the index entries
differentiate between material that is a whole article;
is part of an article, part of a table, or in a figure.

4. Contributors
A full list of contributors appears at the beginning of
each volume.

5. Glossary and Appendix
The Encyclopedia of Toxicology contains an extensive list
of terms (glossary) used in toxicology, drawn from
works produced by the International Union of Pure
and Applied Chemistry. The appendix provides
information about a selection of online chemical
compendia.
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QSAR

Being able to predict biological activities of chemical structures
by analysis of quantitative characteristics of structure features
(quantitative structure–activity relationships (QSAR)) dates
back to the nineteenth century. As far back as 1868, Crum-
Brown and Fraser published eqn [1], which is considered to be
the first formulation of a QSAR: the ‘physiological activity’ F
was expressed as a function of the chemical structure C.

F ¼ f ðCÞ [1]

A few decades later, Richet, Meyer, and Overton indepen-
dently found linear relationships between lipophilicity,
expressed as solubility or oil–water partition coefficients, and
biological effects, like toxicity and narcotic activity. Fuhner
realized that within homologous series, narcotic activities
increase in a geometric progression, that is, 1:3:32:33, and so on.
Structure–Activity Relationships

Structure–activity relationship (SAR) methods have become
a legitimate and useful part of toxicology since the mid-1970s
and an extremely important part in the twenty-first century as
Cramer et al. (1978) published the first modern approach
(intended primarily to prioritize structures for experimental
evaluation). These methods are various forms of mathemat-
ical or statistical models that seek to predict the adverse bio-
logical effects of chemicals based on their structure. The
prediction may be either of a qualitative (carcinogen/
noncarcinogen) or quantitative (LD50) nature, with the
second group usually being denoted as QSAR models. It
should be obvious at the onset that the basic techniques
utilized to construct such models are those that termed
modeling and extrapolation (now called ‘expert systems’
based on of structures and substructures) or reduction of
dimensionality methods (now called ‘statistical SAR
systems’), using a set of structure with known activity and
based on proximity of overall structure descriptors in
a multidimensional space. Models may also be characterized
as a global (covering a wide range of structural features) or
local (which cover only a narrow domain of structures but
tend to provide much higher accuracy of prediction within
that range).

The concept that the biological activity of a compound is
a direct function of its chemical structure is now at least
a century old (Crum-Brown and Fraser, 1869). During most of
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
this century, the development and use of SARs were the domain
of pharmacology and medicinal chemistry. These two fields
are responsible for the beginnings of all the basic approaches
in SAR work, usually with the effort being called drug design.
An introductory medicinal chemistry text (such as Williams
and Lemke, 2002) is strongly recommended as a starting
place for SAR. Additionally, Burger’s Medicinal Chemistry
(Abraham and Rotella, 2010), with its excellent overview of
drug structures and activities, should enhance at least the initial
stages of identifying the potential biological actions of de novo
compounds using a pattern recognition approach.

Having already classified SAR methods into qualitative and
quantitative, it should also be pointed out that both of these can
be approachedon twodifferent levels. Thefirst is on a local level,
where prediction of activity (or lack of activity) is limited to
other members of a congeneric series or structural near neigh-
bors. The accuracy of predictions via this approach is generally
greater, but is of value only if one has sufficient information on
some of the structures within a series of interest.

The second approach is prediction of activity over a wide
range, generally based on the presence or absence of particular
structural features (functional groups).

For toxicology, SARs have a significant and important range
of uses. These can all be generalized as identifying potentially
toxic effects or restated as three main uses:

1. For the selection and design of toxicity tests to address end
points of possible concern.

2. If a comprehensive or large testing program is to be con-
ducted, SAR predictions can be used to prioritize the tests, so
that outlined questions (the answers towhichmight preclude
the need to do further testing) may be addressed first.

3. As an alternative to testing at all. Though in general it is not
believed that the state of the art for SAR methods allows
such usage, in certain special cases (such as selecting which
of several alternative candidate compounds to develop
further and then test), this use may be valid and valuable.
Basic Assumptions

Starting with the initial assumption that there is a relationship
between structure and biological activity, we can proceed to
more readily testable assumptions.

First, the dose of the chemical is subject to a number of
modifying factors (such as membrane selectivities and selective
metabolic actions) that are each related in some manner to
4-3.00971-4 1
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Table 1 Molecular parameters of interest

Electronic effects
Ionization constants
Sigma substituent constant
Distribution constant
Resonance effect
Field effect
Molecular orbital indices
Atomic/electron net charge
Nucleophilic superdelocalizability
Electrophilic superdelocalizability
Free radical superdelocalizability
Energy of the lowest empty molecular orbital
Energy of the highest occupied molecular orbital
Frontier atom–atom polarizability
Intermolecular coulombic interaction energy
Electric field created at point (A) by a set of charges on a molecule
Hydrophobic parameters
Partition coefficients
Pi substituent constants
Rm value in liquid–liquid chromatography
Elution time in high-pressure liquid chromatography (HPLC)

2 QSAR
chemical structure. Indeed, absorption, metabolism, pharma-
cologic activity, and excretion are each subject not just to
structurally determined actions but also to (in many cases)
stereospecific differential handlings.

Given these assumptions, actual elucidation of SARs
requires the following:

1. Knowledge of the biological activities of existing structures.
2. Knowledge of structural features that serve to predict activity

(also called molecular parameters of interest).
3. One or more models that relate 2 to 1 with some degree of

reliability.

There are now extensive sources of information as to
both toxic properties of chemicals and, indeed, biological
activities. These include books, journals, and manual and
computerized databases. The reader is directed to Wexler’s
(2008) book as a guide to accessing the different sources of
toxicology information, but is cautioned to remember that
there is also extensive applicable information in the realms of
medicinal chemistry and pharmacology, as exemplified by
Burger’s (Wolff, 1995).
Solubility
Solvent partition coefficients
pKa
Steric effects
Intramolecular steric effects
Steric substituent constant
Hyperconjugation correction
Molar volume
Molar refractivity, MR substituent constants
Molecular weight
Van der Waals radii
Interatomic distances
Substructural effects
Three-dimensional geometry
Fragment and molecular properties (for substituent effects,
see Kubinyi, 1995)
Chain lengths
Molecular Parameters of Interest

The structural and physicochemical properties of a chemical
that are important in predicting its toxicologic activity are both
open to considerable debate (Kaufman et al., 1983; Tamura,
1983; Tute, 1983). Table 1 presents a partial list of such
parameters. The reader is referred to a biologically oriented
physical chemistry text (such as Chang, 1981) both for expla-
nations of these parameters and for references to sources from
which specific values may be obtained.

There are now several systems available to study the three-
dimensional structural aspects of molecules and their interac-
tions. Various molecular modeling sets, molecular design and
analysis packages, and molecular graphics software packages
are available for personal computers and larger systems. Use of
such forms of graphic structural examination as a tool or
method in SAR analysis has been discussed by Cohen et al.
(1974) and Gund et al. (1980). Such methods are generally
called topological methods.
SAR Modeling Methods

A detailed review of even the major methodologies available
for SAR/QSAR modeling in toxicology is beyond the scope of
this book. Though we will briefly discuss the major approaches,
the reader is directed to one of the several very readable
introductory articles (Chang, 1981) or books (Olson and
Cristoffersen, 1979; Topliss, 1983; or Goldberg, 1983) for
somewhat detailed presentations.

To begin with, it should be made clear that all the actual
techniques involved in the performance of SAR analysis have
already been presented in this text. It is only their actual
application to data which sets such analysis apart from the
forms of modeling we have previously looked at.

All the current major SAR methods used in toxicology can
be classified based on what kinds of compound-related or
structural data they use and what method is used to correlate
this structural data with the existing biological data.

The more classical approaches use physicochemical data
(such as molecular weight, free energies, etc.) as a starting
point. The major approaches to this are by manual pattern
recognition methods, cluster analysis, or by regression anal-
ysis. It is this last, in the form of Hansch or linear-free energy
relationships (LFER) which actually launched all SAR work
(other than those on limited congeneric cases) into the realm
of being a useful approach. Indeed, still foremost among the
QSAR methods is the model proposed by Hansch and his
coworkers (Hansch, 1971). It was the major contribution of
this group to propose the incorporation of earlier observations
of the importance of the relative lipophilicity to biologic
activity into the formal LFER approach to provide a general
QSAR model for biological effects. As a suitable measure of
lipophilicity, the partition coefficient (log P) between 1-octa-
nol and water was proposed, and it was demonstrated that this
was an approximately additive and constitutive property and
that it was therefore calculable, in principle, from molecular
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structure. The Hansch equation using a probabilistic model
can be expressed as:

logð1=CÞ ¼ �kp2 þ k0pþ ps0 þ k00 or
logð1=CÞ ¼ � kðlog PÞ2 þ k0ðlog PÞ þ ps þ k00;

where C is the dose that elicits a constant biological
response (e.g., ED50, LD50), p is the substituent lipophilicity,
log P is the partition coefficient, s is the substituent elec-
tronic effect of Hammet, and k, k’, p, and k” are the regres-
sion coefficients derived from the statistical curve fitting. The
reciprocal of the concentration reflects the fact that higher
potency is associated with lower dose, and the negative sign
for the p0 or log P0.

The statistical method used to determine the coefficients
above is multiple linear regression. A number of statistics are
derived in conjunction with such a calculation, which allows
the statistical significance of the resulting correlation to be
assessed. The most important of these are s, the standard
deviation, r2, the coefficient of determination or percentage of
data variance accounted for by the model (r, the correlation
coefficient is also commonly cited), and F, a statistic for
assessing the overall significance of the derived equation,
values, and confidence intervals (usually 95%) for the indi-
vidual regression coefficients in the equation. These must be
low to assure true ‘independence’ or orthogonality of the
variables, a necessary condition for meaningful results.

In a like manner, there are a number of approaches for using
structural and substructural data and correlating these to bio-
logical activities. Such approaches are generally classified as
regression analysis methods, pattern recognition methods, and
miscellaneous others (such as factor analysis, principal
components, and probabilistic analysis).

The regression analysis methods that use structural data
have been, as we will see when we survey the state of the art in
toxicology, the most productive and useful. ‘Keys’ – or frag-
ments of structure – are assigned weights as predictors of an
activity, usually in some form of the Free–Wilson model (Free
and Wilson, 1964) which was developed at virtually the same
time as the Hansch. According to this method, the molecules of
a chemical series are structurally decomposed into a common
moiety (or core) that may be substituted in multiple positions.
A series of linear equations of the form

BAi ¼
X

j

ajXXij þ m

are constructed, where BA is the biological activity, Xj is the jth
substituent with a value of 1 if present and 0 if not, aj is the
contribution of the jth substituent to BA, and m is the overall
average activity. All activity contributions at each position of
substitution must sum to zero. The series of linear equations
thus generated is solved by the method of least squares for the
aj and m. There must be several more equations than unknowns
and each substituent should appear more than once at a posi-
tion in different combinations with substituents at other
positions. The favorable aspects of this model are

1. any set of quantitative biological data may be employed as
the dependent variable,

2. no independently determined substituent constants are
required,
3. the molecules comprising a sample of interest may be
structurally dismembered in any desired or convenient
manner, and

4. multiple sites of variable substitution are readily handled by
the model.

There are also several limitations: a substantial number of
compounds with varying substituent combinations is required
for a meaningful analysis: the derived substituent contributions
give no reasonable basis for extrapolating predictions from the
substituent matrix analyzed; and the model will break down if
nonlinear dependence on substituent properties is important
or if there are interactions between the substituents.

Pattern recognition methods comprise yet another
approach to examining structural features and/or chemical
properties for underlying patterns that are associated with
differing biological effects. Accurate classification of untested
molecules is again the primary goal. This is carried out in two
stages. First, a set of compounds, designated the training set, is
chosen for which the correct classification is known. A set of
molecular or property descriptors (features) is generated for
each compound. A suitable classification algorithm is then
applied to find some combination and weight of the descrip-
tors that allow perfect classification. Many different statistical
and geometric techniques for this purpose have been used. The
derived classification function is then applied in the second
step to compounds not included in the training set to test
predictability. In published work, these have generally been
other compounds of known classification also. Performance is
judged by the percentage of correct predictions. Stability of the
classification function is usually tested by repeating the
procedure several times with slightly altered, but randomly
varied, sets or samples.

The main difficulty with these methods is in ‘decoding’ the
QSAR in order to identify particular structural fragments
responsible for the expression of a particular activity. And even if
identified as ‘responsible’ for activity, far harder questions for
the model to answer are whether the structural fragment so
identified is ‘sufficient’ for activity, whether it is always ‘neces-
sary’ for activity, and to what extent its expression ismodified by
its molecular environment. Most pattern recognition methods
use as weighting factors either the presence or the absence of
a particular fragment or feature (coded 1 or 0) or the frequency
of occurrence of a feature. They may be made more sophisti-
cated by coding the spatial relationship between features.

Enslein et al. (1984) have published a good brief descrip-
tion of the problems involved in applying these methods in
toxicology.
Applications in Toxicology

SAR methods have been developed to predict a number of toxi-
cological end points (genotoxicity, carcinogenesis, dermal sensi-
tization, lethality (LD50 values), biological oxygen demands,
hepatotoxicity,nephrotoxicity, irritation, and teratogenicity)with
varying degrees of accuracy, and models for the prediction of
other end points are under development. Older models are pre-
sented by category of use in Table 2. Additionally, both Envi-
ronmental Protection Agency (EPA) and Food and Drug



Table 3 Comparison of commercial software features

Category DEREK (v3.4) MCASE (v3.45) TOPKAT (v5.01) Leadscope

Models
Genotoxicity Yes Yes Yes Yes
Carcinogenicity Yes Yes Yes Yes
Teratogenicity/development toxicity Yesa Yes Yes Yes
Structural rules Yes Yes No No
QSAR No Yes Yes No
User editable models Yes No No
Model appropriateness alert No No Yes No
Integrated metabolism prediction Yes Yes No No
Inorganic metal compounds Yes No No No
Interface
Batch mode Yes Yes No No
Output file Yes Yes No Yes
Operating system Window/UNIX Open VMS Windows MAINFRAME
Compound input formats ChemDraw/ISIS Draw,

MOL, and SD
SMILES strings

and MOL
SMILES strings SMILES strings

Additional toxicity/compound
information

References and rules
descriptions

Training set Training set compounds
and references

No

aOnly seven structural alerts implemented for teratogenicity.

Table 2 Existing SAR models for toxicology end points

End point

Prediction

ReferenceQuantitative Qualitative

Mutagenicity X Asher and Zervos (1977)
X Niculescu-Duvaz et al. (1981)

Carcinogenicity X Enslein et al. (1983)
X Franke (1973)
X Asher and Zervos (1977)
X X Niculescu-Duvaz et al. (1981)
X Enslein and Craig (1982)

Sensitization X Dupuis and Benezra(1982)
LD50 X Enslein et al. (1983)
Developmental toxicity X Enslein et al. (1983)
Biological oxygen demand X Enslein et al. (1984)
Reproductive toxicity X

4 QSAR
Administration (FDA) have models for genotoxicity/carcinoge-
nicity that they utilize to ‘flag’ possible problem compounds.

It should be expected that qualitative models are more
‘accurate’ than quantitative ones, and that the more possible
mechanisms associated with an end point, the less accurate (or
more difficult) a prediction. Table 3 contains endpoints which
each of the major programs evaluates.
Reproductive

Structure–activity relationships have not been well studied in
reproductive toxicology. Data are available that suggest SARs
for certain classes of chemicals (e.g., glycol ethers, phthalate
esters, and heavy metals). Yet, for other agents, nothing in their
structure would have identified them as male reproductive
toxicants (e.g., chlordecone). Bernstein (1984) reviewed the
literature and has offered a set of classifications relating struc-
ture to reported male reproductive activity. Although limited in
scope and in need of rigorous validation, such schemes do
provide hypothesis that can be tested. Enslein et al. (1983)
have proposed a commercial computer model for this and
developmental end points. Comparison of the chemical or
physical properties of an agent with those of known male
reproductive toxicants may provide some indication of
a potential for reproductive toxicity. Such information may be
helpful in setting priorities for testing of agents or for the
evaluation of potential toxicity when only minimal data are
available.
Eye Irritation

QSAR analysis, widely used to predict various physiological
and biochemical activities of novel chemicals, also has been
used to predict eye irritancy of structurally related chemicals.
Using QSAR, Sugai et al. (1990) examined the eye irritancy
(opacity and conjunctivitis) of 131 chemically heterogeneous
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chemicals. The accuracy was 86.3% for classifying irritancy of
the chemicals. Overall accuracy rates as high as 91% have been
reported. Although this approach may provide useful infor-
mation on structurally related chemicals, its utility is limited
for formulated products.
Lethality

Analysis of the SARs within a class of chemicals can yield
valuable information and may reduce the number of bioassays
conducted. QSAR analysis is particularly useful during the
discovery stage for selection of chemicals for further develop-
ment. QSAR also can be used for prioritization of chemicals for
various actions related to health and safety and environmental
assessment. The elements generally needed for QSAR include
a verified bioassays database for the end point to be predicted,
a set of chemical–physical parameters which described the
chemical structures so that the end point can be modeled in
terms of these parameters, statistical techniques, that is, prin-
cipally multivariate regression and discriminant analysis for
weighing these parameters in a near-optimum fashion for the
explanation of the end point, and computer technology to
make it all practical. Using QSAR, Enslein et al. (1983) have
analyzed 2066 chemicals of various chemical structures and
found that the oral rat LD50 of almost 50% of the compounds
examined was predicted within a factor of 2, and 95% within
a factor of 8. Obviously, there are limitations for the QSAR
approach to predict a complex toxic response in whole animals.
These include limited database on which to base a QSAR
model, the temptation to extrapolate beyond the confines of
the model, and the noise inherent in the bioassays on which
the models are based. The results from QSAR have to be used
with caution, and at this stage, QSAR is useful during the
discovery stage and for prioritizing chemicals.
Genotoxicity

According to EMEA (European Medicines Agency) guidelines
on genotoxic impurities, substances which show ‘alerting
structure’ in terms of genotoxicity which are not shared with the
active substance should be considered and discussed. EMEA
states that in the absence of a structural alert based on a well-
performed assessment will be sufficient to conclude that the
impurity is of no concern with respect to genotoxicity and no
further ‘qualification’ studies or justification will be required.
When an impurity is found above the ICH (International
Conference on Harmonization) identification threshold, but
below the qualification threshold, and the structure gives rise to
a structural alert, this can be negated by carrying out an Ames
test on the active ingredient containing the impurity as long as
the impurity is present at a minimum concentration of 250 mg
per plate.

When carcinogenic andmutagenic structural alerts are present
for an impurity, it is necessary that the levels of this impurity be
kept to less than 1.5 mg daily intake, an amount that poses less
than 1 in 100 000 risks to patients. Exposure at or above this level
may require additional testing in the appropriate species (Ames in
vitro mutagenicity would be quite effective).
Whenmore thanone genotoxic impurity is present in the drug
substance, the TTC (Threshold of ToxicologicalConcern) value of
1.5 mg day�1 can be applied to each individual impurity if the
impurities are structurally unrelated.
Carcinogenicity

Given the>280 000 to 1 200 000million dollars in cost and the
2.5–3 years required to test a single chemical in a lifetime rodent
carcinogenicity bioassay, initial decisions onwhether to continue
the development of a chemical, submit a premanufacturing
notice (PMN), or require additional testing may be based largely
on SARs and limited short-term assays. A test agent’s structure,
solubility stability, pH sensitivity, electrophilicity, and chemical
reactivity can represent important information for hazard iden-
tification. Historically, certain key molecular structures have
provided regulators with some of the most readily available
information on which to assess hazard potential. For example, 8
of the first 14 occupational carcinogens were regulated together
by the Occupational Safety and Health Administration as
belonging to the aromatic amine chemical class. The EPA Office
of Toxic Substances relies on SARs to meet deadlines for
responding to PMN for new chemical manufacture under the
Toxic SubstancesControlAct. Structural alerts suchasn-nitrosoor
aromatic amine groups, amino azo dye structures, and phenan-
threne nuclei are clues to prioritizing agents for additional eval-
uation as potential carcinogens. The limited database of known
developmental toxicants limits SARs to only a few chemical
classes, including chemicals with structures related to those of
valproic acid and retinoic acid.

SARs are useful in assessing the relative toxicity of chemi-
cally related compounds. The EPA (1994) reassessment of the
risk of 2,3,7,8 tetrachlorodibenzo-p-dioxin and related chlori-
nated and brominated dibenzo-p-dioxins, dibenzofurans, and
planar biphenyls might have relied too heavily on toxicity
equivalence factors (TEFs) based on induction of the Ah
receptor (EPA, 1994). The estimated toxicity of environmental
mixtures containing those chemicals is a product of the
concentration of each chemical times its TEF value. However,
it is difficult to predict activity across chemical classes and
especially across multiple toxic end points by using a single
biological response. Many complex chemical–physical inter-
actions are not easily understood and may be oversimplified by
researchers. Several computerized SAR methods gave disap-
pointing results in the National Toxicology Program’s
44-chemical rodent carcinogenicity prediction challenge
(Ashby and Tennant, 1994).
DEREK versus Leadscope

Please note that DEREK and Leadscope Model Applier use very
different algorithms. DEREK predicts genotoxicity based on
substructure toxicity, that is, it will predict a positive if a partic-
ular substructure in the compound has reported genotoxic
effects. The individual substructures in DEREK predictions are
chosen based on review by a panel of experts and the results are
not numerical but instead are hierarchical: probable is more
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serious than plausible is more serious than doubted, and so on.
Leadscope instead performs a nonlinear regression against
a group of agents, some classified as genotoxic and some clas-
sified as nongenotoxic. The regression is based on structural
similarity but does not use specific substructures. The known
agents were selected for their predictive ability against a larger
database of agents whose genotoxicity is known. Since regres-
sion is performed numerically, you get numerical results instead
of classifications. Strength of association is based both on the
probability, whichmeasures a degree of ‘closeness’ to the agents
in question, and on the number of agents the structure is close
to. This leads to a number of differences in results, specifically

1. DEREK will not predict a substance as nongenotoxic while
Leadscope will.

2. Similarly, DEREK either predicts something or not. Lead-
scope generates positives (structurally ‘close’ to one or more
known genotoxic agent), negatives (structurally close to one
or more known nongenotoxic agent), or no prediction
possible (not close enough to any agents in the database for
prediction).

3. DEREK predictions can always be traced back to a particular
substructure and further information is available. Lead-
scope predictions are usually too complex for ready
explanation.

4. Both will generate false positives.
5. Neither are good with idiosyncratic toxicities: DEREK will

not predict idiosyncratic toxicities unless the toxicity has
been reported and included in their database. Leadscope
usually reports no prediction possible but also has a false
positive rate for idiosyncratic toxicities.

Tables 4 and 5 contain comparisons between DEREK, Lead-
scope, and other QSAR programs.
QSAR of Metabolism

Meteor is a computer program that helps scientists who need
information about the metabolic fate of chemicals and want to
be more efficient, more effective, and make better decisions.

The program uses expert knowledge rules in metabolism to
predict the metabolic fate of chemicals and the predictions are
Table 4 Terminology used in the outputs provided by DEREK for each
end point

Terminology Description

Certain There is proof that the proposition is true
Probable There is at least one strong argument that the proposition

is true and there are no arguments against it
Plausible The weight of evidence supports the proposition
Equivocal There is an equal weight for and against the proposition
Doubted The weight of evidence opposes the proposition
Improbable There is at least one strong argument that the proposition

is false and there are no arguments that it is true
Impossible There is proof that the proposition is false
Open There is no evidence that supports or opposes that

proposition
Contradicted There is proof both that the proposition is true and that it is

false
presented in metabolic trees. The only information needed by
the program to make its prediction is the molecular structure of
the chemical.

Meteor provides comments and literature citations as
evidence to support its predictions.

Meteor is used by scientists with an interest in under-
standing the metabolic fate of chemicals, Meteor can be used

l To provide information for decision making when there is
little or no experimental metabolism data available.

l To help interpret data from mass spectrometry metabolism
studies more speedily and accurately.
Meteor

l Predicts the metabolic fate of chemicals. Displays results as
a metabolic tree. Allows you to filter results and see only
‘likely’ metabolites.

l Covers phase I and phase II biotransformations.
l Links directly to MetaboLynx� to speed up analysis of mass

spectrometry data from metabolism studies.
l Evaluate the metabolic fate of potential new chemical

products, existing products, and impurities to identify
potentially harmful metabolites.

l Make decisions about which chemicals are likely to have
‘more favorable’ metabolic profiles when you do not have
all the experimental information you would like to
have about the metabolism of each chemical.

l Carry out metabolism experiments where you could save
time by knowing in advance what metabolites are likely to
be observed.

l Improve the properties of a chemical in the R&D pipeline by
slightly redesigning its molecular structure.

Meteor is used to provide information about the metabolic fate
of a chemical when there is no experimental data available, and
to help to analyze mass spectrometry data from metabolism
studies.
DEREK pros and cons

- Predictions can be traced back to substructures making
further information available (provides structural alerts)

- Uses both bacterial mutagenicity data and all other available
genotoxic data

- Rule-based system
- Has suggested permissible limit of distance from the

optimum prediction space (OPS), precalculated and stored
within database

- Able to process more molecules than TOPKAT
- Indicates presence of aromatic amines
- Prediction extends to genotoxicity, toxicity, carcinogenicity,

developmental and reproductive effects, and local time

- Does not specifically call out nongenotoxic substances
- Results hierarchical, so it provides no numerical probability

(categorical)
- Predicts something or nothing
- Can generate false positives, but not false negatives
- Does not predict idiosyncratic toxicity unless the toxicity has

already been reported or included in database



Table 5 Comparison of MCASE versus DEREK versus Leadscope versus TOPKAT – current state of predictive toxicology

DEREK TOPKAT MCASE Leadscope

Pros -Predictions can be traced back to substructures making
further information available (provides structural alerts)

-Uses both bacterial mutagenicity data and all other
available genotoxic data

-Rule-based system
-Has suggested permissible limit of distance from the
OPS, precalculated and stored within database

-Able to process more molecules than TOPKAT
-Indicates presence of aromatic amines
-Prediction extends to genotoxicity, toxicity,
carcinogenicity, developmental and reproductive
effects, and local time

-Uses electrotopological descriptors rather
than chemical structures, atomic size-
adjusted E-states computed from rescaled
count of valence electrons, molecular
weight, topological shape indices, and
symmetry indices (extension of QSAR)

-Correlative SAR (structural–activity
relationships) system

-Breaks molecule into fragments
(biophores)

-Considers physicochemical
properties and potentially
deactivating fragments

-Accounts for aqueous solubility and
quantum chemical parameters such
as highest occupied molecular
orbital and lowest occupied
molecular orbital energies

-Able to identify the potential of
existence of baseline activity due to
a specific physical attribute

-Can deal with noncongeneric data
sets

-Uses binary information to
discriminate among structural
features associated with active and
inactive compounds

-Focuses on genotoxicity and
carcinogenicity

-Able to predict nongenotoxic substances
-Results numerical
-Predicts genotoxicity at different levels, not clear-cut
like DEREK (either it is or is not)

-Allows for easy visualization of large sets of chemical
compounds, their properties, and biological
activities

-Organizes into functional groups, aromatics, and
heterocycles with common substituents (2D
histograms (frequencies of each class in data set)
and scatter plots)

-Dynamically constructs series of detailed cross
sections of the data set by expanding more specific
structural classes, creating subprojects, and using
interactive controls for properties

-Free to explore any subset, not limited to the
statistically significant feature

Cons -Does not specifically call out nongenotoxic substances
-Results are hierarchical, so it provides no numerical
probability (categorical)

-Predicts something or nothing
-Can generates false positives, but not false negatives
-Does not predict idiosyncratic toxicity unless the toxicity
has already been reported or included in database

-If molecular weight is too high, it cannot generate
genotoxicity predictions unless structure

-When processing hundreds of compounds, compound-
by-compound evaluation becomes impractical

-Overpredicts the mutagenicity of aromatic amines,
additional research required to refine the rules

-Cannot take advantage of provided training data without
programming input

-Unknown structural–activity relationships are not
contained in database

-Uses only bacterial mutagenicity data, not
other genotoxic data

-Not useful in predicting the carcinogenicity of
chemicals

-Database too small and decisions rules not
refined enough to accurately predict
carcinogenicity

-Molecule must be within all dimensions to be
acceptable; otherwise, it depends on the
distance of the query from the OPS

-Cannot process if (1) a charge on a molecule
other than anionic oxygen or cationic
nitrogen, (2) compounds with manganese,
and (3) mixtures

-Has defined chemical space increasing the
chances of ‘unprocessability’

-Cannot process molecules in batch mode
making evaluations of large data sets
unfeasible

-Compound names and structures not
searchable or organized alphabetically
(finding one structure among hundreds
becomes strenuous)

-Struggles with predicting mutagenicity of
aromatic amines

-If substructure not related to
observed activity,
will be randomly placed among
active/inactive compounds in the
database

-Cannot take advantage of provided
training data

-Yields lower prediction accuracy
when the software cannot adapt to
a specific chemical space

-Predictions too complex to be traced back for
explanations and/or causes

-Generates false positives
-Does not predict idiosyncratic toxicity well
occasionally reporting false positives. Although it
usually reports no prediction possible

FDA purchased Leadscope in 2001.
Neither TOPKAT nor DEREK can reduce false positive rates or false negative rate simultaneously (reducing one allows for more specific use).
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- If molecular weight is too high, it cannot generate geno-
toxicity predictions unless structure

- When processing hundreds of compounds, compound-by-
compound evaluation becomes impractical

- Overpredicts the mutagenicity of aromatic amines, and
additional research required to refine the rules

- Cannot take advantage of provided training data without
programming input

- Unknown structural–activity relationships are not contained
in database

- Able to predict nongenotoxic substances
- Results numerical
- Predicts genotoxicity at different levels, not clear-cut like

DEREK (either it is or is not)
- Allows for easy visualization of large sets of chemical

compounds, their properties, and biological activities
- Organizes into functional groups, aromatics, and hetero

cycles with common substituents (2D histograms (fre-
quencies of each class in data set) and scatter plots)

- Dynamically constructs series of detailed cross sections of
the data set by expanding more specific structural classes,
creating subprojects, and using interactive controls for
properties

- Free to explore any subset, not limited to the statistically
significant feature

- Predictions too complex to be traced back for explanations
and/or causes

- Generates false positives
- Does not predict idiosyncratic toxicity well occasionally

reporting false positives. Although it usually reports no
prediction possible

l Meteor can be used to suggest the most likely molecular
structure of a metabolite, or group of metabolites, when
only empirical formula data are available.

Within Meteor, you can predict the likely chemical struc-
tures and metabolic pathways of metabolites detected by
a mass spectrometer. Simply input the masses or formulae
of your identified metabolites along with the molecular
structure of the parent compound to obtain a Meteor
prediction.

Meteor bases its decisions on metabolism on a mechanism
very similar to DEREK:

l Substructures of the molecule that are the known or sus-
pected points of metabolism, enzymatic or chemical action,
or conjugation are identified.

l The likelihood of the reaction taking place is estimated and
metabolites or resulting compounds are identified.

l The resulting compounds are then compared under the
same rules to generate second order metabolites. This
process is repeated up to the level the user specifies.

l The metabolite tree is created, along with an indicator of
how likely/prevalent the metabolite is.

Similar to DEREK, rules for Meteor are proposed both by
the users and experts hired by Lhasa and the rules are
implemented only after being reviewed by a panel of experts.
Therefore, there is research and documentation available for
each Meteor prediction. For the same reason, idiosyncratic
reactions will not be anticipated unless they have been
reported in research, proposed to Lhasa, and reviewed by the
Lhasa experts.

See also: Statistics; In Silico Methods.
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The Electrocardiogram

The electrocardiogram (ECG or EKG) is a depiction of the
electrical activity of the heart as measured from electrodes
placed on the surface of the body. Each ECG complex repre-
sents a single heart beat and is comprised of different waves,
originally named by Willem Einthoven, who won the Nobel
Prize in 1928 for his pioneering work on electrocardiography.
Each component (wave) of the ECG represents the electrical
activity (myocardial action potentials) in specific regions of the
heart (Figure 1).

The P wave represents the movement of a wave of depo-
larization across the left and right atria. The P–R segment
(Figure 2) is a pause in electrical activity (isoelectric) caused by
a delay in conduction of the electrical current at the atrioven-
tricular (AV) node. This pause allows the blood in the atria to
flow into the ventricles before ventricular contraction and
ejection begin to occur. The period between the beginning of
atrial depolarization and the beginning of ventricular depo-
larization should be named the P–Q interval, because
ventricular depolarization begins with the onset of the Q wave.
However, it is traditionally (and incorrectly) referred to as the
P–R interval. A change in the P–R interval is a sensitive indi-
cator of the activity of the parasympathetic nervous system
(vagus nerve) on the heart.

After the electrical current is conducted from the right
atrium to the ventricles by the AV node, it is quickly propa-
gated through the conduction system (His bundles and Pur-
kinje fibers) throughout the left and right ventricles and the
interventricular septum. This appears on the ECG as the QRS
complex. The QRS complex represents the electrical activity
from the beginning of the Q wave to the end of the S wave
(Figure 2). By the end of the QRS complex, the entire mass of
ventricular myocardium is depolarized, leading to ventricular
contraction and ejection of blood into the aorta and the
pulmonary artery. At this time, another pause in electrical
activity, known as the S–T segment, occurs (Figure 2). As the
first ventricular cells begin to repolarize, the T wave begins.
The final ventricular cells to finish repolarizing define the end
of the T wave. Figure 1 depicts the correlation between the
surface electrocardiogram and the individual action potentials
that occur in specific regions of the heart.

The QT interval is the time between the beginning of
ventricular depolarization (Q wave) and the end of repolari-
zation (T wave). In effect, it is the summation of all the
ventricular action potentials from the first depolarization
(upstroke) to the last repolarization (down stroke) (Figure 3).
Although the QT interval could theoretically be prolonged by
prolonging either depolarization or repolarization, in reality it
is almost always a result of delayed repolarization.
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Ionic Basis of the Cardiac Action Potential

The action potential in cardiac cells is created by sequentially
discharging and recharging cell membranes through the activity
of ion pumps and ion channels. These processes are called
depolarization and repolarization, respectively. The role of
membrane ion channels in the production of the cardiac action
potential, particularly in ventricular myocytes, is described in
this section.
Depolarization

In the normal physiological state, the concentration of potas-
sium ions is much higher inside cells (cytoplasm) than outside
(extracellular fluid). Since cell membranes are usually imper-
meable to potassium ions, they cannot cross the membrane
from a high concentration to a low one. Conversely, sodium
and calcium ion concentrations are much lower in the
cytoplasm than in the extracellular fluid and the membrane is
usually impermeable to them as well. By selectively allowing
these positively charged ions to flow in or out of cells, down
their concentration gradient, without their associated anions,
the membrane is discharged and recharged (depolarized and
repolarized). Energy-driven ion pumps such as Na–K ATPase
maintain these concentration gradients, with the assistance of
ion exchangers such as the Na–Ca exchanger. Action potentials
are depicted as having a negative charge when polarized, which
drops to neutral and even slightly positive when depolarized
(Figure 4). In effect, this is depicting the charge if measured on
the inside surface of the membrane.

Beginning with a polarized cell membrane, the first event
depicted in Figure 4 is depolarization. This is the rapid upstroke
of the action potential caused almost entirely by the opening of
sodium channels that allow sodium ions to flow down their
concentration gradient to the inside of the membrane. This
inward ion current is called INa (I is the symbol for an electrical
current and Na is the symbol for sodium). Since anions such as
chloride or phosphate cannot cross the membrane with the
positive sodium ions, the sodium ions that entered the cell
accumulate immediately inside the membrane. They do not
diffuse farther into the cytoplasm because of the electrical
attraction to the anions that remain on the outside. This flow of
positive ions to the inside of the membrane neutralizes the
previous negative charge, thus causing the potential inside the
membrane to change from an approximate voltage of �80 to
0mV. The quantity of sodium ion current that enters the cell
actually exceeds the previous negative charge and the inside
potential becomes slightly positive. In a process that differenti-
ates cardiac cells from neurons, membrane calcium ion
channels then open and calcium flows into the cell (ICa).
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00917-9
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Figure 1 Relationship between regional cardiac electrical activity and the surface electrocardiogram.

Figure 2 Waves, intervals, and segments in a normal
electrocardiogram.
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This continued inflow of positive ions keeps the cell membrane
depolarized during the plateau phase of the action potential.
The increase in intracellular calcium activates cardiac contrac-
tion through a variety of mechanisms, resulting in ejection of
blood from the left and right ventricles (ventricular systole).
Repolarization

Near the end of ventricular ejection, the cell membrane must
repolarize to prepare for the next cardiac cycle. Repolarization
occurs because the ion channels allowing the inward flow of
cations (INa and ICa currents) close and other ion channels that
allow the outward flow of positively charged potassium ions
open. The most important of these outward ion currents are IKr
and IKs and they produce the downward slope of the action
potential depicted in Figure 4. There is also a transient outward
potassium current Ito early in the plateau phase that causes
a notch in the action potential. Since positive ions (Kþ) are
allowed to flow toward the outside of the membrane, and Naþ

and Ca2þ are no longer allowed to flow to the inside of the
membrane (all without any accompanying movement of
negative ions), a net negative charge is formed on the inside,
resulting in a repolarized membrane (approximately �80 mV).
At this point, the cardiac myocytes begin to relax. This is when
the relaxing ventricles begin to dilate and fill with blood
(ventricular diastole) in preparation for the next cardiac cycle.

In summary, this process of depolarization and repolariza-
tion occurs again with every cardiac cycle, resulting in a series of
action potentials such as depicted in Figure 4. Also, the elec-
trocardiographic QT interval is the summation of all ventricular
action potentials, as depicted in Figure 3. Therefore, the duration
of the QT interval is determined by the global depolarization
and repolarization activities of the ventricular myocytes, driven
by inwardNaþ and Ca2þ currents as well as outward Kþ currents.
Prolongation of ventricular action potentials can occur through
a variety of effects on one or more of these currents (Figure 5).



Figure 4 Inward and outward currents responsible for phases of the
cardiac action potential.

Figure 5 Prolonged action potential due to delayed repolarization.

Figure 3 The QT interval of the electrocardiogram is the summation of all the ventricular action potentials.
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Clinical Importance of the QT Interval

The QT interval of the electrocardiogram has gained prominent
importance during the past 10–20 years because of the serious
public health consequences associated with its prolongation.
Prolongation of the QT interval can occur both because of
congenital disease and due to the effects of drugs. These are
called congenital LQTS (long QT syndrome) and acquired
LQTS, respectively.

Although prolongation of the QT interval by either mech-
anism has no adverse effects by itself, it can occasionally lead
to a life-threatening ventricular tachyarrhythmia known as
torsades de pointes (French for twisting of the points)
(Figure 6). This name was applied by the French physician
François Dessertenne in 1966. It is so named because the ECG
appears to be twisted on its long axis. Although it usually
resolves, resulting in a brief episode of unconsciousness known
as syncope, it sometimes progresses to ventricular fibrillation
and death.

A serious concern arose among regulatory agencies
about acquired LQTS due to the unexpected side effects of
noncardiovascular drugs in the 1990s. Several deaths were
attributed to arrhythmias associated with QT prolongation
by drugs being used for non-life-threatening indications.
This led to a regulatory guidance released from the UK
Committee for Proprietary Medicinal Products (CPMP) in
1997 entitled, Points to Consider: The Assessment of the
Potential for QT Interval Prolongation by Non-Cardiovascular
Medicinal Products. In 1998, the International Conference
on Harmonization (ICH) adopted Safety Pharmacology as
a Topic for a new regulatory guideline, due primarily to
concern about QT prolongation. ICH Topic S7A and S7B
guidelines were released in 2001 and 2005, respectively,
and have guided the nonclinical assessment of adverse
pharmacological effects of drugs, including QT prolonga-
tion. Coincident with the release of the ICH S7B guideline,
a clinical safety assessment guideline (Topic E14) was also
released, which has guided human clinical trials for the
safety assessment of drugs with respect to QT prolongation.



Figure 6 Torsades de pointes.

The QT Interval of the Electrocardiogram 13
Congenital LQTS

Much about drug-induced QT prolongation has been learned
from the study of the hereditary human condition known as
LQTS. These patients have abnormally long QT intervals due to
one or more mutations in genes that encode the structure of
cardiac ion channels. Although hundreds of ion channel gene
mutations have been identified as associated with LQTS, the
most common are known as LQT1, 2, and 3 (Table 1). LQT1 is
the most prevalent and is caused by a mutation of the KVLQT1
gene, which affects the channel responsible for the IKs current.
LQT2 is the second most common and is caused by a mutation
of the hERG gene, which affects the channel responsible for the
IKr current. The third most prevalent is LQT3 and is caused by
a mutation of the SCN5A gene, which affects the channel
responsible for the INa current. LQT1 and 2 cause prolongation
of the action potential (and QT interval) by reducing the
magnitude of the repolarizing IKs and IKr currents, respectively.
However, LQT3 prolongs the QT interval by increasing the
activity of the depolarizing INa current. Either way, the imbal-
ance between the inward depolarizing ion currents and the
outward repolarizing ones, in favor of the depolarizing ones,
causes a delay in repolarization, prolongation of the action
potential, and therefore the QT interval of the ECG.
Acquired (Drug-Related) LQTS

Just as a mutation can cause dysfunction of cardiac ion chan-
nels leading to effects on the QT interval, so can drugs. Some
cardiovascular antiarrhythmic drugs prolong the QT interval
because of their intended mechanism of action. Examples are
dofetilide and sotalol, both of which specifically block the
outward IKr current. Although there were known clinical risks
associated with these drugs, the benefit in the prevention or
treatment of life-threatening arrhythmias was believed to
outweigh the risks at the time they were approved.

However, in the early 1990s, it was observed that some
noncardiovascular drugs caused prolongation of the QT
interval as well. Most notable among these drugs were the new
class of nonsedating H1 antihistamines, such as terfenadine
Table 1 Common gene mutations that cause congenital long QT
syndrome (LQTS)

Genotype Gene Ion current

LQT1 KVLQT1 IKs - Z outward potassium
LQT2 hERG IKr - Z outward potassium
LQT3 SCN5A INa - \ inward sodium
and astemizole, and some antipsychotic drugs such as sertin-
dole and thioridazine. Given that many of these drugs were
prescribed for non-life-threatening indications (rhinitis and
schizophrenia), the risk of fatal arrhythmias was unacceptable.
The Cause of Acquired QT Prolongation

Based on an understanding of congenital LQTS, as described
above, it seems plausible that drug interactions at any of the
ion currents depicted in Figures 4 and 5 could replicate one of
the LQTS mechanisms and be the cause of acquired LQTS.
However, electrophysiologists have confirmed over the past
several years that nearly all drugs that cause QT prolongation
do so exclusively by blocking the IKr current.

However, the converse is not true. There are several drugs
that block the IKr current at therapeutic concentrations but do
not prolong the QT interval and/or produce arrhythmias. This
occurs with drugs that block both a repolarizing current (such
as IKr) and a depolarizing current (INa or ICa). The activity on
opposing ion currents by these so-called multiple ion channel
blockers in effect cancel each other out, resulting in a net effect
on the action potential duration (APD) of zero. The most
commonly cited example of a safe drug that blocks IKr at
therapeutic doses is verapamil, a calcium channel blocker. By
blocking inward calcium ions and outward potassium ions
simultaneously, the drug is both safe and effective despite its
relatively high potency in blocking the IKr (hERG) current.

As was noted previously, IKr is one of the two outward
potassium currents responsible for repolarizing the cell
membrane of cardiac cells at the end of systole. hERG (human
Ether-a-go-go Related Gene) encodes the pore forming unit of
the channel responsible for the IKr current. For this reason, the
channel responsible for the IKr current is often called the hERG
channel. This channel has unique structural characteristics that
make it particularly susceptible to blockade by drugs. It has
a particularly large vestibule, which permits many drug mole-
cules to enter, and it has particular amino acid residues that
promote hydrogen bonding to drug molecules, thus trapping
them inside the channel pore.
Nonclinical Testing for QT Prolongation

There are three nonclinical assays that are used to screen drugs
for their potential to prolong the QT interval. These are the
hERG assay, the APD assay, and in vivo ECGs in nonrodent
safety studies.
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hERG Assay

The hERG assay, an in vitro electrophysiologic assay, has become
routine since its development in the 1990s. It is one of the
recommended studies in the ICH S7B regulatory guideline. This
is a voltage clamp assay where a cultured mammalian cell
(usually human embryonic kidney, or HEK cell) is transfected
with hERG DNA. These cells, which are normally electrophysi-
ologically inactive, develop hERG channels in their membrane,
similar to cardiac cells. However, because they do not have the
other ion channels responsible for creating action potentials, the
IKr current can be studied in isolation. By artificially controlling
the membrane potential, the voltage-activated hERG channel
can be opened and closed and the potassium current through
the channel can be measured. By exposing the cell to varying
concentrations of a test article (drug), the inhibitory potency of
the drug on the IKr current can be measured. This is expressed as
a half-maximal inhibition, or IC50. Drugs with a low IC50 are
more potent hERG blockers than drugs with a high IC50. By
comparing the in vitro IC50 of a test article to the anticipated
therapeutic plasma concentration (corrected for protein
binding), a very good correlation between the IC50 and clinical
QT prolongation can be obtained. For most drugs, an IC50

below 1 mM indicates a high risk of therapeutic QT prolonga-
tion. Another approach to screening drugs for QT prolongation
is to consider an IC50 less than 30-fold the anticipated thera-
peutic unbound plasma concentration to be at high risk for QT
prolongation. Screening for a less potent chemical analog with
equivalent potency at the therapeutic target is recommended in
this case.

This highly sensitive assay has basically revolutionized drug
safety assessment and it has become extremely rare for a drug
candidate to proceed to clinical development with the potential
for QT prolongation at clinically relevant doses.
APD Assay

The APD assay (also known as a ventricular repolarization
assay) is also an in vitro electrophysiologic assay but differs
from the hERG assay in that it is conducted in multicellular
cardiac tissue preparations freshly isolated from an animal
source, with all the ion channels necessary for creation of the
APD present. The most commonly used sources for the APD
assay are Purkinje fibers and papillary muscles from dog or
rabbit hearts. The APD assay was mentioned prominently in
the 1997 CPMP Points to Consider document but is only
listed as an optional follow-up study in the 2005 ICH S7B
guideline.

The APD assay lost favor as a primary screen for QT
prolongation when it was shown to have poor sensitivity to
predict clinical QT prolongation when studied with a panel of
12 known positive and negative control compounds by the ILSI
Health and Environmental Science Institute. It was also
considered to be less desirable than the hERG assay for animal
welfare reasons because the preparation is derived by sacrificing
a live animal. However, it does have a place in nonclinical
safety assessment as a follow-up assay for compounds that have
high potency in the hERG assay but have considerable thera-
peutic promise. These compounds are the multiple ion channel
blockers, such as verapamil, described above.
In Vivo Electrocardiography

Nonclinical electrocardiography is typically utilized in drug
safety assessment as part of acute safety pharmacology studies
and/or during repeat dose toxicology studies prior to the first
human clinical trials. ECGs utilized for safety assessment must
be collected from nonrodents. Rodents do not use the IKr
current for repolarization and therefore will not respond to IKr
blocking agents, such as those that cause QT prolongation in
humans (false-negative).

The most common species used are the dog and nonhuman
primate with minipigs becoming increasingly common. ECGs
are collected using either standard veterinary cardiology tech-
niques in restrained animals or in unrestrained animals by
using radiotelemetry. ECGs collected from restrained animals
can have up to 10 leads, whereas telemetry systems usually only
produce a single-lead ECG. Multiple leads are not important
for drug safety assessment studies as long as the chosen lead
provides a clear representation of the ECG intervals of interest.
Normally, only the R–R, P–R, and QT intervals, as well as the
QRS duration, are analyzed. An expert subjective analysis for
the presence of drug-related arrhythmias is also conducted.

A major disadvantage of restrained animal ECGs is that the
animals tend to be stressed (high sympathetic tone), which can
obscure subtle cardiovascular effects of the test article. This is
especially important in nonhuman primates, which dislike
physical interaction with their human handlers. Also, animals
may struggle, leading to motion artifacts, and they are limited
to very brief snapshots of ECG data. All of these factors
combine to yield a very insensitive assay for detecting the
electrocardiographic effects of drugs.

ECG collection by telemetry has become much more
common for drug safety assessment. Fully implantable telem-
etry devices are routinely used; they can provide a combined
electrocardiographic, hemodynamic, and cardiac function and
activity assessment over a long period of time in unrestrained
animals. Obvious advantages include the ability to collect
continuous data, thus capturing the onset, magnitude, and
duration of potential drug effects on the cardiovascular system.
Since the animals are unrestrained and undisturbed, their heart
rate is at a more normal physiologic level. Although there is
some motion artifact from normal mobility within their cage,
this is typically less of a problem than in the restrained state
and noisy samples due to motion artifact can be excluded from
analysis.

Noninvasive external telemetry for ECG collection is also
becoming much more common in repeat dose toxicology
studies. These transmitters are placed in a jacket pocket and
adhesive skin electrodes are temporarily applied to the animal’s
skin. The jackets are typically placed on the animals during the
prestudy control period and periodically during the treatment
period. The animals acclimate quickly to the jackets and
continuous data can be collected for over 24 h. Following
a data collection period, the jackets and electrodes are simply
removed and the animals are returned to their cages. This
technology was initially developed for use with nonhuman
primates in the development of large-molecule compounds
such as monoclonal antibodies (biologics), which cannot
easily be studied in acute safety pharmacology studies.
However, jacketed external telemetry has become very popular
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in dog studies with small molecules as well because the
toxicology studies provide useful data on repeated exposure to
test articles that cannot be obtained from acute safety
pharmacology studies.

A critical limitation of in vivo electrocardiography for
assessing QT interval prolongation is that the QT interval is
inversely correlated with heart rate. Thus, a change in heart rate
will also affect the QT interval even if the test article has no
direct effect on cardiac repolarization. Many formulas have
been developed in an attempt to correct the QT interval for
heart rate, thus providing a rate-independent measurement.
This derived parameter is called QTc, or corrected QT. The
earliest attempt at a rate correction formula was based on
a square root relationship between the reciprocal of the heart
rate (R–R interval) and the QT interval proposed by Bazett in
1920 ðQTc ¼ QT=

ffiffiffiffiffiffi
RR

p Þ. Unfortunately, this and other
subsequent correction formulas have proven inadequate and
can lead to errors if the heart rate is different between the
treated and untreated dose groups. Although the calculation of
an individual rate correction formula for each animal (from
untreated control data) eliminates much of this error, QTc
values from drugs that directly affect heart rate should always
be interpreted with some caution.
Summary and Conclusions

The QT interval of the ECG represents the time period from the
beginning of the Q wave to the end of the T wave. This period
encompasses the time from the beginning of depolarization to
the end of repolarization of the left and right ventricles. It is
also the summation of all the individual myocyte action
potentials of the ventricles. Thus, prolongation of the QT
interval is correlated with a prolongation of ventricular APD.

QT prolongation (LQTS) can be congenital or acquired.
Acquired QT prolongation is clinically important because it is
a side effect of drugs that can lead to a ventricular tachyar-
rhythmia known as torsades de pointes, which sometimes
leads to ventricular fibrillation and death.

Nearly all drugs that cause QT interval prolongation and
subsequent arrhythmias do so by blocking the cardiac IKr
current, also known as the hERG current. By screening
compounds early in nonclinical development for potency in
the hERG assay, pharmaceutical companies have virtually
eliminated the threat of unexpected QT prolongation and
proarrhythmia in the clinical development of new drugs.

In addition, dramatic improvements in ECG technology
used in nonclinical safety assessment studies, primarily
telemetry, have provided sensitive in vivo assays to provide
further reassurance that drugs entering human clinical studies
will not cause prolongation of the QT interval or associated
arrhythmias. An important consideration in the design and
interpretation of these in vivo safety studies is the confounding
effect of heart rate on the QT interval. Rate correction methods
must be rigorously defined and, in the case of drugs that
produce significant effects on heart rate, evidence of a change,
or the absence of a change, in QTc should be interpreted with
caution.

In conclusion, the public health threat from QT interval
prolongation and related arrhythmias has been effectively
eliminated by conducting high-quality in vitro (hERG assay)
and in vivo (nonrodent ECGs by telemetry) studies at significant
multiples of anticipated therapeutic plasma concentrations.
Drugs that are positive in these studies are not advanced into
clinical development.

See also: hERG (Human Ether-a-Go-Go Related Gene); Safety
Pharmacology; International Life Sciences Institute Health and
Environmental Sciences Institute (ILSI-HESI); The International
Conference on Harmonisation; Cardiovascular System.
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l Chemical Abstracts Service Registry Number: 56-54-2
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ycinchonan-9-ol; a-(6-Methoxy-4-quinolyl)-5-vinyl-2-qui-
nuclidinemethanol; b-Quinine

l Molecular Formula: C20H24N2O2

l Chemical Structure:
Background

Quinidine is an optical isomer of quinine, originally extracted
from the bark of the Cinchona tree and similar plant species.
It has a long history of use, initially by Peruvians who are often
credited with the discovery of some of its pharmaceutical
properties. It is now also produced by chemical synthesis.

Quinidine was first isolated by Pasteur in 1853 for treating
fevers. The bark was brought back to Europe from Peru by
Spanish missionaries in 1630 where its value to treat malaria
was discovered. The use of quinidine for arrhythmias was not
discovered until 1912 when Professor Karel F. Wenckebach
learned from his patient, who found by chance that quinine
reliably halted the irregular pause in his cardiac rhythm in
25 min. In 1918, W. Frey in Berlin studied all four cinchona
alkaloids and found that quinidine was the most effective for
treating atrial fibrillation. In 1920, Thomas Lewis proved his
hypothesis (circus movement) that quinidine restored normal
rhythm. The circus movement (i.e., entrapped circuit wave) is
the mechanism responsible for atrial flutter when the diagnosis
of an arrhythmia was made based on the classic description
by Lewis.
Uses

Quinidine is used to control atrial fibrillation and atrial
flutter. It is also approved to treat premature ventricular
contractions and to treat paroxysmal atrial tachycardia or
paroxysmal atrioventricular junctional rhythm. In addition,
16 Encyclopedia of T
quinidine can still be used to treat malaria, although quinine
is preferred.
Exposure Routes and Pathways

Ingestion is the most common route of exposure in both
accidental and intentional poisonings. Quinidine is also
available in intravenous and intramuscular forms.

Oral products include the sulfate, gluconate, and poly-
galacturonate salts. Intravenous quinidine is available as the
gluconate but its clinical usefulness is limited to hypotension.
Toxicokinetics

Quinidine is well absorbed and undergoes some first-pass
(hepatic oxidative) metabolism. The bioavailability for an oral
dose is 70–80%. Peak plasma effects occur in 1–3 h (Tmax).
Sustained-release preparations produce peak plasma levels in
5 or 6 h. Quinidine is up to 90% bound to protein, but it is
lower in pregnant women and in infants/neonates (as low as
50–70%). The volume of distribution (Vd) is 2–3 l kg�1.
Congestive heart failure can lower the Vd to 0.5 l kg�1, whereas
liver cirrhosis can increase the Vd to 3–5 l kg�1. Up to 80% of
quinidine undergoes hepatic hydroxylation. The remainder
(w20% of a therapeutic dose) is eliminated unchanged in the
urine. Quinidine generally has a plasma half-life of 6–8 h in
healthy individuals, but the half-life may range from 3 to 16 h
or longer in malaria patients and those with chronic liver
disease. In addition, quinidine crosses the placenta and is
distributed in milk (at slightly lower levels than those in
maternal serum).
Mechanism of Action

This alkaloid dampens the excitability of cardiac and skeletal
muscles by blocking fast active/opened sodium channels
(inhibiting depolarization) and potassium channels (pro-
longing repolarization) across cellular membranes. It prolongs
the cellular action potential (thereby prolonging the QT
interval on the electrocardiograph (ECG)) and decreases
automaticity (as well as myocardial excitability, conduction
velocity, and contractility). Other ECG effects include a wide
notched P wave, wide QRS complex, depressed ST segment,
and U waves. Theses are all the results of both slowed depo-
larization and repolarization.

In addition, quinidine processes antimuscarinic actions
(i.e., anticholinergic effects, increased heart rate, and increased
atrioventricular conduction) and a-adrenergic antagonist
actions (i.e., decreased blood pressure/reflex and increased
heart rate, cause of vasodilation and hypotension).
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00055-5
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Acute and Short-Term Toxicity

Animal

Lethal dose 50% (LD50) values of 263 mg kg�1 (oral) and
23 mg kg�1 (intravenous) were reported in rats. AN LD50 of
173 mg kg�1 (intraperitoneal) was reported in mice.
Human

Acute overdose of quinidine can result in both cardiovascular
and neurologic effects. The most serious quinidine toxicities are
ventricular dysrhythmias and hypotension. When acutely
overdosed, treatment is primarily supportive.

Adverse cardiovascular effects may develop as a result of
myocardial depression and depression of atrial/atrioventric-
ular/ventricular conduction. Myocardial depression and vaso-
dilation can lead to hypotension. A transient (proarrhythmic
effect) torsade de pointes (i.e., bursts of atypical ventricular
tachycardia) can lead to syncope (fainting). Ventricular tachy-
cardia and ventricular fibrillation may also occur. ECG changes
(i.e., a widening of the QT, PR, and QRS complexes; ST
depression; and T inversion) are evident with these adverse
cardiovascular effects. In addition, possible adverse central
nervous system (CNS) effects can occur, including lethargy,
seizures, and coma. Other adverse acute effects such as apnea
can also occur.

However, signs of quinidine toxicity are expected to occur in
adults ingesting a gram or more. Therapeutic plasma levels of
quinidine range from 1 to 4 mgml�1. Cardiac toxicity can
occur with levels of at least 14–16 mgml�1.
Chronic Toxicity

Animal

Similar to what would be expected in humans, cardiovascular
toxicity can be seen in animals treated with quinidine. It can
also induce CNS symptoms (i.e., neurotoxicity and respiratory
depression).
Human

Gastrointestinal symptoms (i.e., upper gastrointestinal distress)
are commonly associated with chronic toxicity of quinidine.
Symptoms, such as nausea, vomiting, heartburn/esophagitis,
and diarrhea, are generally seen at therapeutic levels (at oral
doses of 200–400 mg 3–4 times a day for quinidine sulfate in
adults).

Another toxic syndrome, cinchonism, is associated with
chronic toxicity of quinidine. Clinical manifestations include
headache, fever, visual disturbances, mydriasis, decreased
hearing or tinnitus, nausea, vomiting, hot flushed skin, rash,
and CNS impairment (lethargy, memory impairment,
delirium, hallucinations) and may present without cardiovas-
cular toxicity, other than QT prolongation. Cinchonism can
occur when quinidine plasma levels are at least 5 mgml�1.
In addition, amblyopia, vision loss, can occur when levels are at
least 10 mgml�1.

As an oral medication, other side effects have been reported
after ingestion of therapeutic doses including immune
hemolytic anemia and drug-induced hepatitis. Allergic contact
dermatitis has also been reported in pharmaceutical workers
since quinidine is structurally related to quinine and chloro-
quine, which also can cause such allergic reaction.
Reproductive and Developmental Toxicity

Reproductive studies have not been conducted in animals.
There are no adequate and well-controlled studies of adverse
reproductive or developmental effects in humans. However,
it has been shown that quinidine can be present in humanmilk
at levels slightly lower than those in maternal serum.
The pharmacokinetics and pharmacodynamics of quinidine in
human infants have not been adequately studied.
Genotoxicity

Very limited published literature show that quinidine is not
mutagenic by Ames assays.
Ecotoxicology

No studies were found in the published literature that examine
health effects in aquatic or terrestrial organisms. Quinidine is
soluble in water and light sensitive. It also degrades with excess
heat. One quinidine material safety data sheet (MSDS) reports
that possibly hazardous short-term degradation products are
not likely but long-term degradation products may arise.
The product itself and its products of degradation, however, are
not toxic to the environment. With an octanol/water partition
coefficient (Kow) of 3.44, quinidine would not be expected to
bioconcentrate or bioaccumulate significantly in lipid tissues of
animals exposed to this compound.
Exposure Standards and Guidelines

The Comprehensive Environmental Responses, Compensation,
and Liability Act (CERCLA) reportable quantities: The National
Response Center (NRC) requires to be notified if there is
a release of quinidine in an amount equal or greater than its
reportable quantity of 5000 lb or 2270 kg.

No other exposure limits are listed by other federal agencies
(i.e., National Institute for Occupational Safety and Health
(NIOSH) and Occupational Safety and Health Administration
(OSHA)).
Clinical Management

Basic and advanced life-support measures should be used as
needed. Induction of emesis is not recommended due to the
potential for a decreased level of consciousness, seizures, and
arrhythmias. Gastric lavage followed by activated charcoal is
recommended.

Repeated doses of activated charcoal may enhance elimi-
nation. Serum electrolytes should be monitored in all serious
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exposures. Intravenous administration of sodium bicarbonate
may decrease toxicity. Hypotension can be treated with fluids
and vasopressors if needed. Ventricular dysrhythmias can
be treated with class IB antiarrhythmics such as phenytoin
or lidocaine. Persistent bradycardia and third-degree heart
block are indications for insertion of a temporary pacemaker.
Seizures can be treated with diazepam. If seizures are uncon-
trolled, phenobarbital or phenytoin can be administered.

See also: Cardiovascular System; Quinine.

Further Reading

Brunton, L., Chabner, B., Knollman, B. (Eds.), 2010. Goodman and Gilman’s The
Pharmacological Basis of Therapeutics, twelfth ed. McGraw-Hill, New York.

Cygankiewicz, I., 2007. Sir Thomas Lewis (1881–1945). Cardiol. J. 14 (6), 605–606.
Dart, R.C. (Ed.), 2003. Medical Toxicology, third ed. Lippincott Williams & Wilkins,
Philadelphia, PA.

Hellgren, U., Ericsson, O., AdenAbdi, Y., Gustafsson, L.L. (Eds.), 1995. Handbook of
Drugs for Tropical Parasitic Infections, second ed. Taylor & Francis, London.

Hollman, A., 1991. Quinine and quinidine. Br. Heart J. 66 (4), 301.
Klaassen, C. (Ed.), 2008. Cassarett and Doull’s Toxicology, The Basic Science of

Poisons, seventh ed. McGraw-Hill, New York.
Nelson, L., Lewin, N., Howland, M.A., Hoffman, R. (Eds.), 2010. Goldfrank’s Toxico-

logic Emergencies, ninth ed. McGraw-Hill, New York.

Relevant Websites

http://www.inchem.org/ – International Programme on Chemical Safety: Quinidine.
http://chem.sis.nlm.nih.gov/chemidplus/ – National Library of Medicine ChemIDplus:

Quinidine.
http://www.sciencelab.com/ – Sciencelab.com: MSDS sheet for quinidine gluconate.
http://www.toxnet.nlm.nih.gov/ – TOXNET Toxicology Data Network: Quinidine.

http://www.inchem.org/
http://chem.sis.nlm.nih.gov/chemidplus/
http://www.sciencelab.com/
http://www.toxnet.nlm.nih.gov/


Quinine
J Christoforidis, Ohio State University College of Medicine, Columbus, OH, USA
S Chang, Wexner Medical Center, Ohio State University College of Medicine, Columbus, OH, USA

� 2014 Elsevier Inc. All rights reserved.
This article is a revision of the previous edition article by Dennis J. Naas, volume 3, pp 594–595, � 2005, Elsevier Inc.
l Chemical Abstracts Service Registry Number*: 130-95-0
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alpha,9R)-6’-Methoxycinchonan-9-ol; (8S,9R)-Quinine; (R)-
(�)-Quinine, 6-Methoxycinchonidine; 2-Quinuclidineme-
thanol, alpha-(6-methoxy-4-quinolyl)-5-vinyl-; 6-Methox-
ycinchonine; CCRIS 5755; EINECS 205-003-2; HSDB 2501;
NSC 192949; NSC 5362; UNII-A7V27PHC7A

l Molecular Formula*: C20H24N2O2

l Chemical Structure*:

l Structure Descriptors*: InChI¼1/C20H24N2O2/c1-3-13-12-
22-9-7-14(13)10-19(22)20(23)16-6-8-21-18-5-4-15(24-2)11-
17(16)18/h3-6,8,11,13-14,19-20,23H,1,7,9-10,12H2,2H3/
t13-,14-,19-,20þ/m0/s1

*All from ChemIDplus.
Background

Quinine is a crystalline alkaloid that is found naturally in the
bark of the cinchona tree. Its pharmacologic properties were
recognized initially by the Quechua Indians of Peru and
Bolivia who used it as a muscle relaxant to ameliorate shiv-
ering in cold temperatures. Jesuit priests brought the cinchona
to Rome in 1631, and its shivering reducing properties were
first used to treat the shivering associated with the febrile
phase of malaria.

The prophylactic properties of quinine against malaria were
recognized after the ‘Peruvian bark’ was used to cure King
Charles II from malaria in 1672. In 1817, quinine was isolated
from the cinchona tree by French researchers, and they named
it after the original Inca word for cinchona tree bark. Large-scale
prophylactic use of quinine against malaria began in 1850 and
played a significant role in the colonization of Africa by the
Europeans. With the advent of World War II, cinchona bark
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
became scarce and was produced synthetically in 1944 in the
United States. Quinine was replaced by chloroquine as the drug
of choice for the treatment of malaria in the 1940s.
Uses

Antimalarial

Although largely replaced by other agents, quinine is still used
to treat uncomplicated malaria of the parasite Plasmodium fal-
ciparum primarily in impoverished regions. Close monitoring
for adverse reactions is advised particularly in young children
who are more susceptible to developing quinine toxicity.
Nocturnal Leg Cramps

Quinine is efficacious in the prevention of nocturnal leg
cramps. However, given 38 cases of serious adverse events
associated with quinine reported between April 2005 and
October 2008, the Food and Drug Administration (FDA)
warned against the use of quinine for ‘off label’ use of this
condition in July 2010.
Other Uses

Antipyretic:Quinine has long been thought to have antipyretic
actions. Although by itself it has not been found to have an
effect on fever, it produces a more rapid drop in temperature if
administered after acetaminophen.

Antileukemic agents: Quinine in combination with some
cancer chemotherapeutic agents, such as mitoxantrone and
cytarabine, has been found to be beneficial in the treatment of
acute leukemias when compared with use of these agents alone.

Sclerosing agent: A mixture of quinine with urea hydro-
chloride has been used as a sclerosing agent for the treatment of
internal hemorrhoids, hydrocele, varicose veins, and pleural
cavities after thoracoplasty.

Flavoring agent: Quinine is used in tonic water to provide
a bitter taste. Tonic water contains up to 100 mg l�1 quinine
sulfate.
Toxicokinetics

Absorption: Quinine is rapidly absorbed from the small
intestine. Its bioavailability ranges between 76 and 88%. It is
metabolized in the liver by oxidation to several polar hydroxyl
metabolites. Tmax is 2.8 h in healthy patients and 5.9 h in
malaria patients. Cmax is 3.2 mcg ml�1 in healthy patients and
8.4 mcg ml�1 in malaria patients.

Distribution: The volume of distribution is 2.5–7.1 l kg�1

in healthy adult patients and decreases in malaria patients in
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proportion to the severity of the infection. Protein binding
ranges between 69 and 72% in healthy adults and 78–95% in
malaria patients. Penetration into the CSF is only approxi-
mately 2–7% of plasma concentrations. Concentrations of
quinine in placental cord blood and breast milk are approx-
imately 32 and 31%, respectively, of those in maternal
plasma.

Elimination: Quinine is eliminated through the kidneys
after hydroxylation with approximately 20% excreted
unchanged drug in the urine. The mean plasma elimina-
tion half-life in healthy subjects ranges between 9.7 and
12.5 h but may be prolonged to 26 h in patients with
severe chronic renal impairment.
Mechanisms of Action

Antiprotozoal: The exact mechanism of action of quinine
against malaria is not completely understood. It is theorized
that as a weak base, quinine concentrates in parasitic acid
vesicles thereby elevating the pH in intracellular organelles and
disrupting intracellular transport and breakdown of hemo-
globin by heme polymerase. The accumulated hemoglobin is
thought to be toxic to the parasite and may explain the selective
toxicity of quinine in the erythrocytic stage of the four Plas-
modium species.

Antimyotonic: Quinine is a class IA anti-arrhythmic that
blocks sodium and potassium channels in cardiac myocytes,
delaying the initiation of action potentials and increasing the
action potential duration. Quinine also decreases the excit-
ability of the motor end plate region and its responsiveness to
acetylcholine and repetitive nerve stimulation. Quinine has
been shown to have an antagonistic effect on a9a10 nicotinic
acetylcholine receptors elsewhere in the body.
Acute and Short-Term Toxicity

Acute ingestion from accidental or intentional overdose can
cause headache, blindness, deafness, cardiac arrhythmias,
convulsions, respiratory arrest, acute renal failure, and death.
The reported lethal dosage is 2–8 g in adults and up to 2.4 g in
children. Intravenous injection can also result in venous
thrombosis, and intramuscular and subcutaneous administra-
tion can cause tissue necrosis.
Chronic Toxicity

Cumulative dosing of quinine is associated with cinchonism
with plasma concentrations >5 mcg ml�1. Cinchonism is
a constellation of findings consisting of headache, vertigo,
tinnitus, hearing impairment, rash, visual disturbances,
cardiovascular effects, intestinal cramping, nausea, vomiting,
diarrhea, fever, confusion, and seizures. Cinchonism can occur
several days after initiation of quinine therapy or more rapidly
after acute overdose. Symptoms resolve with drug cessation
and elimination.

Cardiotoxicity of quinine, a class I anti-arrhythmia drug,
results from the drug’s negative inotropic effect and decreased
cardiac conduction. At therapeutic doses, prolongation of the
QT interval can occur. Arrhythmias manifest with plasma
concentrations >15 mcg ml�1. Quinine also possesses alpha-
adrenergic blocking properties, resulting in vasodilation,
myocardial depression, and hypotension. Cardiac arrest can
occur with plasma concentrations >22 mcg ml�1.

Visual disturbances, including blurred vision, change in
color perception, visual field constriction, and blindness, are
the result of retinal damage. Symptoms can occur within a few
hours after a single dose of 4 g or with plasma concentrations
>10 mcg ml�1. In rare cases, irreversible blindness can result at
levels >15 mcg ml�1. Funduscopic findings include retinal
arteriole narrowing, optic nerve pallor, and retinal edema.

Tinnitus and high-frequency hearing loss can occur with
quinine plasma concentrations of 5 and 2 mcg ml�1, respec-
tively. Sensorineural hearing loss is due to direct injury to
cochlear hair cell and is typically reversible. Involvement of the
vestibular nerve results in vertigo and ataxia.

Quinine stimulates insulin release leading to hypoglycemia.
The incidence of significant hypoglycemia has been reported in
50% of pregnant women who were treated with quinine for
severe malaria. Hypoglycemia can result in convulsions,
respiratory arrest, coma, and death. Seizures occur more
frequently in children compared to adults.

Hematological adverse events include thrombocytopenia,
neutropenia, thrombotic thrombocytopenic purpura, hemolytic
uremic syndrome, disseminated intravascular coagulation,
petechia, and ecchymosis. Thrombocytopenia has been reported
after ingestion of tonic water. Renal failure can result from
thrombotic thrombocytopenic purpura and hemolytic uremic
syndrome. Hemolytic anemia can occur in individuals with
glucose-6-phosphate dehydrogenase deficiency.

Hypersensitivity to quinine can result in pruritus and urti-
caria. Granulomatous hepatitis has also been reported.
Immunotoxicity

Quinine associated with thrombocytopenia, thrombotic throm-
bocytopenic purpura, hemolytic uremic syndrome, and neu-
tropenia is immune mediated through which quinine induces
antibodies to platelets, neutrophils, lymphocytes, erythrocytes,
and endothelial cells. Thrombocytopenia results from antibodies
binding to platelet glycoproteins specific for GPIIb/IIIa or GPIb/
IX in the presence quinine in its soluble form only.
Reproductive Toxicity

There are no well-controlled studies of quinine in human
pregnancy. Quinine has been used in the past as an aborti-
factant, and congenital abnormalities such as optic nerve
hypoplasia and auditory nerve damage have been reported after
such use. One study demonstrated no difference in the rate of
stillbirths at >28 weeks of gestation in women treated with
quinine compared to a control group. The rate of congenital
malformations did not differ in the quinine-treated group
(1.4%) versus the control group (1.7%), and the rate of spon-
taneous abortion was lower in the quinine-treated group
(3.5%) compared to the control group (10.9%). Animal studies
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have shown teratogenic effects involving the central nervous
system in dogs, guinea pigs, rabbits, and chinchillas. No tera-
togenic effects were reported in rats or monkeys.
Genotoxicity

The majority of genotoxicity studies indicate that quinine is
not mutagenic. Positive genotoxicity results were demon-
strated in Ames bacterial (Salmonella typhimurium) assay.
There was also a dose-dependent increase in sister chromatid
exchanges and an enhanced incidence of micronuclei and
elevated chromatid breaks in mice. No genotoxicity was
shown in hamsters.
Clinical Management

Treatment is directed at reducing quinine absorption and
enhancing elimination, which includes gastric lavage and
multiple-dose-activated charcoal. Forced acid diuresis, hemo-
dialysis, charcoal column hemoperfusion, and plasma exchange
are not effective in elimination of quinine.

Supportive measures include monitoring vital signs and
checking serum electrolytes, glucose, and creatinine levels.
Aggressive management of acidosis, electrolyte imbalance, and
hypoxia is required to prevent worsening cardiovascular and
neurological status. Bradycardia and heart block are managed
with atropine. Class IB anti-arrhythmia drugs, such as lidocaine
or phenytoin, are used for ventricular tachycardia. Avoid class
IA, IC, and III anti-arrhythmia drugs, as these may exacerbate
QT prolongation and cause torsade de pointes. Vasopressors
are used to treat hypotension. Seizures should be treated with
benzodiazepines or phenobarbital. There is no proven therapy
for visual impairment, but the use of vasodilators and hyper-
baric oxygen therapy has been reported. Plasmapharesis is the
treatment of choice for hemolytic uremic syndrome and
thrombotic thrombocytopenic purpura.
Exposure Standards and Guidelines

Quinine salts may be given orally or intravenously (IV), while
quinine gluconate may also be given intramuscularly (IM) or
rectally (PR). The dose may be expelled if given rectally and in
clinical practice, a half-dose may be repeated.

In the United States, quinine sulfate is commercially avail-
able as 324-mg tablets under the brand name Qualaquin; the
adult dose is two tablets every 8 h. There is no injectable
preparation of quinine. For nocturnal leg cramps, the dosage is
one tablet at night.

In the United Kingdom, quinine sulfate is available in 200
or 300 mg tablets and quinine hydrochloride is available in
300 mgml�1 preparation for injection. The adult is 600 mg
quinine dihydrochloride IV or 600 mg quinine sulfate orally
every 8 h. For nocturnal leg cramps, the dosage is 200–300 mg
at night.

The IV dose of quinine is 8 mg kg�1 of quinine base every
8 h; the IM dose is 12.8 mg kg�1 of quinine base twice daily;
the PR dose is 20 mg kg�1 of quinine base twice daily.
Treatment should be given for 7 days. For at least the IV
formulation, a loading dose of 20 mg kg�1 is required.
Treatment of Malaria

As of 2006, quinine is no longer recommended by the World
Health Organization (WHO) as first-line treatment for malaria.
Qualaquin (Quinine Sulfate Capsules)

The standard dosage for treatment of uncomplicated P. falci-
parum malaria is 648 mg (two capsules) orally every 8 h for
7 days.

For pregnant women, the normal dose of quinine sulfate for
7 days is recommended. Therapeutic doses of quinine have not
been found to induce labor. Evidence of fetal distress may be
attributable to fever and other effects of malaria (10).

The pediatric dose is 10 mg quinine sulfate/kg orally three
times a day for 3–7 days and this dose should never exceed the
adult dose.

In patients with severe chronic renal failure and not on
dialysis, the loading dose is 648 mg (two capsules) followed by
324 mg (one capsule) every 12 h for 7 days.

Treatment of malaria due to chloroquine or other resistant
form of P. falciparum should be treated with the above-
mentioned doses of quinine sulfate in conjunction with
doxycycline (loading dose of 200 mg followed by 100 mg
orally for six more days) or tetracycline (250 mg four times
daily for 7 days) or clindamycin (300 mg four times daily for
5 days). In children and pregnant women, clindamycin is rec-
ommended in conjunction with quinine.
Parenteral Dosing

If oral treatment is not possible, the WHO recommendation is
for the first dose(s) of quinine to be given IV by slow infusion
in isotonic fluid or 5% dextrose saline over 4 h. If intravenous
infusion is not possible, quinine may be given by intramus-
cular injection, in which case the drug should be diluted to
a concentration of 60 mgml�1 and divided into two halves,
one half being delivered into each anterior thigh. The PR
dose is 20 mg kg�1 twice daily. Whenever parenteral quinine
is used, oral treatment should be resumed as soon as the
patient is able to take it and continued for the completion of
the course.

See also: Quinidine; Chloroquine/Hydroxychloroquine; Cancer
Chemotherapeutic Agents; Charcoal; Lidocaine; Phenytoin;
Oxygen.
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Chemical Profile

l Name: Quinoline
l Chemical Abstracts Service Registry Number: 91-22-5
l Synonyms: l-Azanaphthalene, l-Benzazine, Benzo(b)

pyridine, Leukol, Chinoline
l Molecular Formula: C9H7N
l Chemical Structure:
Background

Quinoline exists as a colorless liquid with a strong odor when
a threshold of 0.015–71 ppm is reached. It does display some
photosensitivity, turning brown when exposed to light. Quin-
oline has many uses which include a solvent, preservative,
flavoring in medicine, colorant in dyes and paints, and is also
a component of some fungicides. Chemically, quinoline is
a heterocyclic aromatic organic compound with the formula of
C9H7N which is slightly soluble in cold water but readily
soluble in hot water and most organic solvents. Quinoline first
was identified as a product from coal tar in the early 1800s, and
it is coal tar that remains as the principle source of quinoline.
Additionally, quinoline can be synthesized from nearly a dozen
chemical reactions. Similar to other nitrogen heterocyclic
compounds, quinoline has been found as an environmental
contaminant associated with the process of oil shale and/or
coal. Other sources of quinoline are the processing/preserva-
tion of wood and from second-hand cigarette smoke. Because
of the high solubility in water, the ability of quinoline to move
through the ecosystem contaminating multiple areas is a major
concern. Fortunately, microorganisms have been found (Rho-
dococcus species Strain Q1) that can exist in environments rich
in quinoline and have adapted to possess the ability to degrade
quinoline. This mechanism of detoxification reduces the risk of
major quinoline contamination in areas surrounding process-
ing plants.
Uses

Quinoline is used as an intermediate in the production of
quinoline-related compounds (e.g., 8-hydroxyquinoline). Its
multiple uses include solvent, preservative, flavoring agent in
medicine, colorant in dyes and paints, and also a component of
some fungicides. It is also a solvent for resins and terpenes and
is used in the production of paint. Quinoline used as a coloring
additive in foods, such as Quinoline Yellow, has increased the
concern that quinoline that is found in these processes may
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
contribute to the development of cancers later in life. Quino-
line is also an antimalarial agent. Sources of quinoline include
petroleum and coal processing, wood preservation, and the use
of shale oil.
Environmental Fate and Behavior

If quinoline is released into water, it will degrade dependening
on the temperature and microbial conditions. Complete
degradation can be expected to occur in less than a week. If
ground soil is contaminated with quinoline, it will quickly
partition to groundwater. Less than 0.5% of the quinoline will
be expected to remain in the soil.
Exposure and Exposure Monitoring

The major routes of exposure to quinoline are inhalation and
oral ingestion. Contaminated air from petroleum distillation,
coal mining, coking, and release from shale oil can lead to
inhalation exposures. Quinoline is also found in cigarette
smoke. There is currently no tests or detection devices to
measure quinoline exposure in humans. Lung and liver func-
tion tests can be performed to determine if there is quinoline-
induced damage if it is known that the individual was exposed.
It may be possible to determine the presence of quinoline-
related epoxy compounds, or to measure the product 3-
hydroxyquinoline from urine.
Toxicokinetics

Quinoline can undergo either detoxification (major pathway)
or bioactivation (minor pathway). A major metabolite of
quinoline is 3-hydroxyquinoline which can be detected in the
urine. 3-Hydroxyquinoline can also undergo Phase II conju-
gation with glucuronide and sulfate conjugation being the
primary conjugates. It has been reported that 33% of 3-
hydroxyquinoline will be conjugated and excreted in the urine
with the remainder being metabolized further to other deriv-
atives of quinoline. Less than 1% of administered quinoline is
excreted unchanged in the urine.
Mechanism of Toxicity

Quinoline undergoes Phase I metabolism to form an enamine
oxide, a rapid transitional epoxide, which can then form DNA
adducts. This epoxide is formed on the pyridine moiety of
quinoline. Fluorination at position 3 completely prevents the
mutagenicity of quinoline. The major metabolic enzyme is the
CYP2E1 isoform with the primary end product from this
reaction being 3-hydroxyquinoline. Refer to the sections on
4-3.00193-7 23
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‘Genotoxicity’ and ‘Carcinogenicity’ for more specific descrip-
tions of quinoline toxicity. The primary and most severe, toxic
outcome following quinoline exposure is genotoxicity fol-
lowed by tumor formation.
Acute and Short-Term Toxicity

Available data have described acute or subchronic exposure. In
general, acute effects due to inhalation of quinoline vapor will
irritate the eyes, nose, and throat. Some individuals may
report headaches from mild to severe, dizziness, and nausea.
Areas with high vapor concentrations may cause coma in
humans following short inhalation duration. Due to higher
mortality in long-term studies, little direct evidence is avail-
able to describe the actions of quinoline following chronic
exposure.
Animal

Animals fed a diet that contained 0.05, 0.1, and 0.25%quinoline
exhibit robust tumor formation and significant early mortality,
which was concentration dependent. Mean survival time
decreased nearly 50% between the lowest and the highest
concentrations. Additional studies have confirmed these findings
and extended them with the inclusion of proper control groups.
There was an increase in the incidence of hepatic and lung
tumors as well as hemangioendotheliomas. It is believed that
these tumors are due to the formation of the reactive metabolic
intermediate. Further investigation has shown that quinoline
itself can act as a promoter of liver carcinogenicity. Treatment
with quinoline in conjunction with the hepatic carcinogen
diethylnitrosamine elicited significantly greater tumor formation
compared to diethylnitrosamine treatment alone. Quinoline
also appears to promote skin tumor formation.

The effects of quinoline on the central nervous system have
also been examined. There is a structural similarity between the
basic backbone of quinoline and the dopaminergic neurotoxin,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, but there was
no evidence that quinoline was a dopaminergic neurotoxin.
Chronic Toxicity

There have been no studies of chronic quinoline effects which
have exceeded 40 weeks in animals. These studies were termi-
nated prior to this time due to the early identification of tumors
and premature mortality. The studies described here relate to
the carcinogenic effects of quinoline. No reports of chronic
exposures in humans are available. Refer to the sections on
‘Genotoxicity’ and ‘Carcinogenicity’ for addition information
on the long-term effects of quinoline exposure.
Immunotoxicity

There have been no reported immunotoxic effects of quinoline
that distinguished between direct effects on the immune system
and indirect changes as a result of the genotoxicity or carcino-
genicity (see below) of quinoline.
Reproductive Toxicity

There have been no reported effects of quinoline on the
reproductive system of males or females. Studies which may
have suggested differences did not distinguish between direct
effects on the reproductive system and indirect changes as
a result of the genotoxicity or carcinogenicity (see below) of
quinoline.
Genotoxicity

Quinoline itself is not genotoxic, but requires activation, most
likely by P-450 enzymes (CYP2E1). After activation, it has been
suggested that quinoline could be exerting genotoxic effects by
base-pair substitution. The derivatives of quinoline which
appear to have the strongest degree of genotoxicity are the
2,3- or 3,4-epoxy derivatives. Halogenating the 2 or 3 carbon
(3-fluoro-, 2- and 3-chloroquinolines) significantly reduces the
genotoxicity and carcinogenicity of quinoline which support
the hypothesis that it is the 2,3- or 3,4-epoxy derivatives which
demonstrate the greatest level of toxicity. By varying the carbon
which is modified, investigators can deduce which form of
quinoline is toxic, and the type of substitution (fluoro, chloro,
methyl, etc.) is also vital for determining toxicity. These
changes appear to effect either the (1) promotion of reactive
epoxy compounds or (2) prevent the detoxification of toxic
intermediaries.
Carcinogenicity

In vitro mutagenicity of quinoline has been reported in Salmo-
nella typhimurium, possibly through base-pair substitution. It
has been determined that the cytochrome P-450 mono-
oxygenase system, particularly the CYP2E1 isoform, is
responsible for the formation of the reactive epoxide interme-
diate. Recently, data have indicated that not only is quinoline
a tumor promoter but also an initiator of tumor formation.
Quinoline appears to exert its toxic effects in both a genotoxic
and mitogenic fashion. The Environmental Protection Agency
(EPA) classifies quinoline as B2 – probable human carcinogen
under the existing EPA cancer guidelines. Quinoline is
considered likely to be carcinogenic in humans in accordance
with proposed EPA carcinogen risk assessment guidelines
based on observations of exposure-related increased incidence
of an unusual malignant tumor in multiple strains of rats and
mice, multiple experiments using oral, intraperitoneal, and
subcutaneous dosing at an early age. This determination is
supported by studies that demonstrate that quinoline is
genotoxic.
Clinical Management

There are no antidotes for quinoline exposure. The patient
should be removed from the source of quinoline exposure and
symptomatic treatment given if necessary. Individuals exposed
to quinoline may complain of severe eye irritation. Persons in
occupations with possible exposure to quinoline should take
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measures to minimize their exposure. In the case of eye contact,
flush with large amounts of water for at least 15 min followed
by medical attention to determine if there is any corneal
damage. Similar treatment is applied to the skin. An individual
who has come in contact with quinoline will need to remove
any contaminated clothing and flush the skin with large
amounts of soap and water. Individuals who are suffering from
inhalation exposure will need to be removed from the source of
the exposure and then treatment can proceed for any respira-
tory symptomology that is presented. Longer exposure may
require lung and liver function tests to determine if there is
quinoline-induced organ damage.
Ecotoxicology

Because of the high solubility in water, the ability of quinoline
tomove through the ecosystem contaminatingmultiple areas is
a major concern. Fortunately, microorganisms have been
found (Rhodococcus species Strain Q1) that can exist in envi-
ronments rich in quinoline and have adapted to possess the
ability to degrade quinoline. This mechanism of detoxification
reduces the risk of major quinoline contamination in areas
surrounding processing plants. Modeling of quinoline dispo-
sition following release suggests that the chemical will stay in
the compartment it was released into. For example, if released
into the soil, it will stay in soil predominately. There may be
some leaching of quinoline into groundwater, but this will be
due to the solubility of quinoline in water. Quinoline in water
and soil will degrade over time due to interactions with
hydroxyl radicals and photooxidation. The half-life for quin-
oline in air is approximately 16 h and 14–23 days for water.
Interestingly, these half-lives are dependent on the temperature
at that moment. When air temperature is very low (winter), the
half-life of quinoline can increase from 16 h to nearly 100 h,
due to the low temperature slowing the reactions involved in
the degradation process. Previous studies have suggested that
released quinoline will not bioaccumulate in aquatic life
(primarily fish).
Exposure Standards and Guidelines

Quinoline has been labeled as a Group B2 agent, ‘probable
human carcinogen, which is likely to be carcinogenic in
humans based on animal data,’ due to significant evidence in
animal models. Establishment of reference concentrations and
allowable levels of exposure have been difficult to obtain due
to the limited nature of animal studies (oral exposure, no
inhalation studies). Computational modeling, using the Wei-
bull model, yielded a potency of 3.07 mg kg�1 day�1 from an
LED10 of 32.55 mg kg�1 day�1. Animal experiments have sug-
gested an oral LD50 of 331 mg kg�1 in rat and a dermal LD50 of
540 mg kg�1 in rabbit. The EPA has not established a reference
concentration or reference dose for quinoline, but has calcu-
lated an oral cancer slope factor of 3 (mg kg�1 day�1).

See also: Quinidine; Quinine; Tetramethylenedisulfotetramine;
Carcinogen Classification Schemes.
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l Name: Quinone (1,4-benzoquinone)
l Chemical Abstracts Service Registry Number: 106-51-4
l Synonyms: p-Benzoquinone; 1,4-Cyclohexadienedione; 2,5-

Cyclohexadiene-1,4-dione; 1,4-Benzoquinone; 1,4-Dioxy-
benzol

l Chemical/Pharmaceutical/Other Class: Organic compounds
l Molecular Formula: C6H4O2

l Chemical Structures of Quinones:
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Background

Quinones are ubiquitous biological pigments found in a range
of living organisms (bacteria, fungi, higher plants, and in few
animals). They exist in nature in many forms such as benzo-
quinones, naphthoquinones, anthraquinones, and polycyclic
quinones. For example, the K vitamins (phylloquinone) are
naphthoquinones. Quinones often serve as indicators that
change in physical appearance, e.g., color, at or approaching
the end point of a chemical titration, e.g., on the passage
between acidity and alkalinity as are some chemical indicators
of acidity or alkalinity and various dyes used to color certain
types of fabrics. Oxidation of aromatic amines, polyhydric
phenols, and polynuclear hydrocarbons yields to quinones.
The well-known quinhydrone electrode, containing equivalent
amounts of p-benzoquinone and hydroquinone, is used to
determine hydrogen ion concentrations of unknown solutions.
Hydroquinone is a common ingredient of photograph-devel-
oping solutions. Quinone has a yellow crystalline appearance,
and has a characteristic irritating odor like that of chlorine. It is
barely soluble in water, alcohol, ether, hot petroleum ether,
and alkalis. Quinone is a strong oxidizing agent and is usually
reduced to hydroquinone. It has been declared a federal
hazardous air pollutant and was identified as a toxic air
contaminant in April 1993 under AB 2728.

Occupational exposure to quinone may occur in the dye,
textile, chemical, tanning, and cosmetic industries. Acute (short-
term) exposure to high levels of quinone, via inhalation in
humans, results in irritation of the eyes, consisting of discolor-
ation of the conjunctiva and cornea, and causes dermatitis from
dermal exposure. Chronic (long-term) inhalation exposure to
quinone in humans may result in visual disturbances, and
chronic dermal contact causes skin ulceration. No information
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is available on the reproductive, developmental, or carcinogenic
effects of quinone in humans. The results of available animal
studies are insufficient to evaluate the carcinogenicity of
quinones. The US Environmental Protection Agency has not
evaluated quinone for carcinogenicity. Quinones presumably
orchestrate and/or mediate a wide variety of biological and
chemical processes, including electron transport in many living
organisms (ubiquinone); photosynthesis (plastoquinone and
phylloquinone) in plants; posttransnational modification of
proteins; metabolism of estrogens, catecholamines, antioxi-
dants, and tocopherol congeners (vitamin E); and the elimina-
tion of polycyclic aromatic hydrocarbons (PAHs) from the
body. Some of the arylating quinones react with cellular
nucleophiles such as thiols on cysteine residues of proteins,
glutathione, and detoxifying agents such as N-acetylcysteine,
forming covalently bonded quinone–thiol Michael adducts,
which ultimately function as redox-cycling agents. Quinones
are used for large-scale industrial production of hydrogen
peroxide (H2O2) by a process that uses hydrogenation of
2-alkylanthraquinones to the corresponding hydroquinones
(quinizarins), which then transfer H2 to oxygen to yield H2O2.
Many other roles of quinones are discussed in this article.
Uses

Quinone is used as a chemical intermediate, a polymerization
inhibitor, an oxidizing agent, a photographic chemical,
a tanning agent, and a chemical reagent. It is also used in the
manufacture of hydroquinone, in fungicides, as an analytical
reagent, in photography, as a chemical intermediate, and as an
oxidizing agent. Various types of quinones are produced in the
body naturally or after exposure to various xenobiotics.
Environmental Fate and Behavior

Quinone exists in the atmosphere in the gas phase. The
dominant atmospheric loss process for quinone is expected to
be by reaction with the hydroxyl (OH) radical (reaction with
ozone is expected to be slow because of the >C(O) substituent
groups). The estimated half-life and lifetime of quinone in the
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00350-X
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atmosphere due to reaction with the OH radical are w3 and
4 h, respectively. Release of 1,4-benzoquinone to the envi-
ronment occurs via its effluents during its commercial
production and use and in wastewaters from the coal industry.
If released to soil, it is likely to leach (estimated Koc of 30) and
may volatilize and photodegrade on soil surfaces. The ambient
atmospheric concentration of 1,4-benzoquinone has been re-
ported to be less than 15–80 ng m�3, and benzoquinone has
been detected in tobacco smoke.
Exposure and Exposure Monitoring

Quinone may be released to the environment in effluents
during its commercial production and use, and in waste waters
from the coal industry. If released into the soil, it is likely to
leach and may volatilize and photodegrade on soil surfaces.
A uniquely designed degradation study showed that quinone
rapidly degrades to its stable metabolites in a chernozem soil
matrix. In an aquatic environment, it may degrade by photol-
ysis by absorbing UV radiation. In water, it is not expected to
volatilize, adsorb to particulate matter or sediment, or bio-
accumulate in aquatic organisms. Biodegradation in water may
be important based on the rapid degradation of quinone in
soil. If released to the atmosphere, it will react rapidly in the
vapor phase with both hydroxyl radicals and ozone with half-
lives of 3.6 and 3.3 days, respectively, and may be susceptible
to direct photolysis. Inhalation appears to be the most signif-
icant route of human exposure.
Toxicokinetics

The gastrointestinal tract is the main site of quinone absorp-
tion. It is partially excreted as unchanged, but bulk is elimi-
nated in conjugation with hexuronic acid, sulfuric acid, and
other acids. There is complete reduction of a p- or o-quinone to
the corresponding hydroquinone or catechol, respectively. In
the human liver, carbonyl reductase may play a role in the
reduction of some quinones. Catechols are primary substrates
for catechol o-methyl transferase, but also undergo sulfation.
However, for the antitumor quinones, mitomycin C, adria-
mycin, and daunomycin, two-electron reduction serves as an
efficient bioactivation mechanism, elegantly affirming the
concept of ‘bioreductive alkylation’ for the preferential bio-
activation of antitumor prodrugs with oxygen-deficient tumors.
Some of the quinones may form glutathione conjugates in one
organ and then may be transported another organ before
bioactivation.
Mechanism of Toxicity

The acute narcotic effects are due to the physical interaction of
quinone itself on the cells of the central nervous system (CNS).
The long-term effects are most likely due to the production of
an unstable reactive intermediate during biotransformation or
redox cycling. Cytochrome P450–mediated xenobiotic metab-
olism often leads to biological intermediates with attributes
identical to quinones.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute exposure to quinone leads to dermatitis, hypomelanosis,
and delayed hyperpigmentation. It is a skin irritant, and may
cause redness, swelling, and necrosis.
Human

Vomiting and gastrointestinal tract irritation have been seen
with quinones. Nonspecific liver changes and jaundice have
been reported. Ingestion of quinone results in dyspnea, anoxia,
and respiratory failure. It also causes asphyxia and pulmonary
damage. Cyanosis and cardiovascular collapse have also been
reported.
Chronic Toxicity (or Exposure)

Animal

Quinones may lead to paralysis of the medullary centers and
coma. Albuminuria and hematuria may occur. Chronic expo-
sure of quinones to laboratory animals has resulted in skin
irritation and has also caused redness of the skin.
Human

Quinone is known to cause eye irritation with chronic dust or
vapor exposure. Keratitis, corneal ulceration, and discoloration
of the conjunctiva may occur. Workers exposed chronically to
these compounds may develop a reddish discoloration of the
hair. No epidemiological data relevant to the carcinogenicity of
quinone are available. There is inadequate evidence in experi-
mental animals for the carcinogenicity of 1,4-benzoquinone.
Overall evaluation: 1,4-benzoquinone is not classifiable as to
its carcinogenicity to humans (group 3).
Clinical Management

Emesis: Ipecac-induced emesis is not recommended because of
the potential for CNS depression and seizures.

Activated charcoal: Charcoal should be administered as
slurry (240 ml water per 30 g charcoal). Usual dose: 25–100 g
in adults/adolescents, 25–50 g in children (1–12 years), and 1 g
kg�1 in infants less than 1 year old.

Gastric lavage: Lavage should be considered after ingestion
of a potentially life-threatening amount of quinones if it can be
performed soon after ingestion (generally within 1 h).

Eye exposure: Decontamination: Exposed eyes should be
irrigated with copious amounts of room temperature water for
at least 15 min. If irritation, pain, swelling, lacrimation, or
photophobia persist, the patient should be seen in a health care
facility.

Dermal exposure – decontamination: Contaminated clothing
should be removed and the exposed area should be washed
thoroughly with soap and water. A physician may need to
examine the area if irritation or pain persists.
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See also: Hydroquinone; Quinoline; Quinidine; Quinine;
Chloroquine/Hydroxychloroquine.
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Radiation toxicology is a specialized area of toxicology that
relates to both characterizing radiation exposure of humans
and evaluating the expected health consequences of the radi-
ation exposure. It is a well-researched discipline that provides
a wealth of knowledge about both the adverse and beneficial
effects of radiation exposure. The indicated research covers the
molecular, cellular, systemic, organism, and population levels.

Because everyone is exposed to low radiation doses from
natural and human-generated ionizing radiation sources
throughout their lifetimes, it is important to understand the
potential adverse and beneficial effects from such exposures, as
well as the adverse effects that could occur as a result of high-
level radiation exposures associated with infrequent events
such as natural disasters, nuclear accidents, radiotherapy for
cancer, or exposure following the release of a radiological
(‘dirty bomb’) or nuclear weapon.

This article provides a brief summary of the current
knowledge of radiation-induced health effects, together with
certain basic elements of radiation toxicology needed to
understand the concepts and terminology that are associated
with this discipline.
Ionizing and Nonionizing Radiation

Ionizing radiation is energy in the form of waves or particles
that dislodge electrons from atoms, and is an important
component of the universe. Stars are heated and illuminated by
nuclear-fusion reactions that produce ionizing radiation (e.g.,
neutrons and gamma rays). Radiation-related nuclear synthesis
within stars and supernovas produced the life-supporting
hydrogen, oxygen, nitrogen, and other elements in our bodies.
All life on earth therefore is due, at least in part, to previous
radiation reactions.

There are two general types of ionizing radiation: particulate
and electromagnetic. Particulate ionizing radiations include
alpha (a) particles, beta (b�; negative electrons) particles,
positrons (bþ; positive electrons), neutrons (neutral), protons
(positively charged), and heavy ions (positively charged heavy
ncyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
nuclei). Ionizing electromagnetic radiation includes X-rays and
gamma (g) rays.

Charged particulate radiations from the sun and stars
interact with the earth’s atmosphere and magnetic field,
producing a continuous shower of secondary ionizing radia-
tion (including b and g radiation). Radioisotopes from terres-
trial sources are contained in our bodies from birth, and
additional natural radioactivity is added each day from
breathing air, eating foods, and ingesting water and other
liquids. All humans are therefore radioactive.

Radiation hits to the body of humans from natural radia-
tion sources have not been demonstrated to cause harm. By the
age of 2 years, each person will have received more than 60
trillion harmless natural radiation hits to the body. By the age
of 20 years, the harmless hits exceed 630 trillion.

Electromagnetic radiation with insufficient energy causing
ionizations is called nonionizing radiation. Examples are
ultraviolet (UV) radiation, radiofrequency radiation (which
includes microwaves), and extremely low frequency (ELF)
radiation (associated with electric power lines).

The field of radiation toxicology has mainly focused on
ionizing radiation. The sections that follow relate only to
ionizing radiations.
Physical Characteristics of
Ionizing Electromagnetic Radiation

Electromagnetic ionizing radiation energy is generally
expressed in units such as kiloelectron volts (keV) or million
electron volts (MeV). Because g-rays and X-rays have similar
energies, they produce similar biological damage when deliv-
ered in the same manner and evaluated at the same dose. The
different terminology reflects the difference in their origin, i.e.,
g-rays occur as a result of energy released from unstable atoms
seeking a lower nuclear energy state, whereas X-rays occur as
a result of energy releases by overenergized atomic electrons.

When rearrangement of orbital electrons occurs as a result
of ionization of an atom, the X-rays produced are called
4-3.00057-9 29
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characteristic X-rays and have discrete energy values unique to
the atom from which they arise. g-Rays also have a discrete
energy that is characteristic of the nuclide from which they are
emitted.

When electrons that have been accelerated by a positive, high-
voltage field collide with a target such as tungsten (as in an X-ray
machine), the electron loses energy in the formofelectromagnetic
radiation (called bremsstrahlung radiation). In this type of
interaction, the emitted radiation can assume a continuum of
energy values up to a maximum value. Bremsstrahlung radiation
is frequently encountered by astronauts in space travel as a result
of the interaction of space radiation with the transport vehicle.

g-Rays and X-rays are among the most penetrating types of
radiations. g-Rays are produced in the nuclear reactions that
take place in nuclear power plants. They were also associated
with the nuclear weapons that were detonated in Hiroshima
and Nagasaki, Japan.

X-ray machines are used at most hospitals for diagnostic
purposes. Since both X-rays and g-rays are not charged, they
interact with matter primarily by the photoelectric effect (dis-
lodging electrons), Compton scattering (bouncing off an elec-
tron which is then released from its atom), and pair (negative
and positive electron) production.

With pair production, all of the energy of the incident
photon (component of which X-rays and g-rays are comprised)
is lost in the production of the electron/positron pair. In the
interaction of X-rays or g-ray photons with atoms, electrons can
therefore be ejected (e.g., via Compton scattering) from irra-
diated media atoms and carry with them energy transferred to
them by the incidence photon. These ‘secondary electrons’ then
interact with the surrounding media, producing additional
ionizations in the same manner as b� particles.

As g- and X-ray photons pass through the matter, the photon
intensity decreases exponentially because of energy losses asso-
ciated with interactions with electrons. The photon intensity (I)
at a distance of penetration d is expressed as a fraction of the
initial intensity I0 using the following equation:

I
I0

¼ e�md

where m (in units of cm2 g�1) is the media density-dependent,
attenuation coefficient in the medium for the energy consid-
ered. The penetration distance d is expressed here in g cm�2

(equal to distance in cm � density of the absorbing media).
The penetrating ability of photons depends on both the

photonenergy and the compositionof the absorbingmedia,with
penetration increasing with increasing energy, and with
decreasing density and effective atomic number of the medium.
The penetrating ability of photons is sometimes described by
a half-thickness or half-value layer (HVL), which is the thickness
of an absorbing medium that decreases the photon intensity by
one-half. For example, theHVL for 1-MeVg-rays is approximately
9 mof air, 9.6 cmofwater, 4 cmof aluminum, and9 mmof lead.
Physical Characteristics of Ionizing
Particulate Radiation

Of the various ionizing particulate radiations, the most
important in terms of likelihood for human exposure are
a particles, b� particles, protons, and neutrons. a and
b� particles occur as a result of the radioactive decay of unstable
atoms. Neutrons generally result from nuclear reactions, such
as nuclear fission (as in nuclear reactors and fission-based
nuclear weapons) and charged-particle activation of target
atoms (as with some accelerator-produced radioisotopes).
Protons arise from atomic interactions of neutrons.

a Particles

a Particles have a positive charge and are identical with helium
nuclei, and consist of two protons and two neutrons. They
result from the radioactive decay of heavy elements such as
radium, thorium, uranium, and plutonium. Because of their
double-positive charge, a particles have great ionizing power,
but their large mass results in very little penetration. For
example, a particles with energies from 4 to 10 MeV have
ranges in air of 5–11 cm; the corresponding range for a parti-
cles in water would be from 20 to 100 mm.

b Particles

b Particles are equivalent to electrons but arise from radioactive
decay of unstable atoms. They are emitted with a continuous
range of energies up to a maximum that is characteristic of each
radionuclide. Electrons have a greater range and penetrating
power, but much less ionizing potential compared with
a particles. The range of b� particles in air is approximately 4 m
per MeV of energy. In water, the range in centimeters is
approximately one-half the maximum b� energy when
expressed in MeV. For example, the range of the energetic
b� particles from yttrium-90 (maximum energy 2.27 MeV) is
approximately 1 cm in water and is similar in soft tissue.

Neutrons

Neutrons are neutrally charged particles with a mass slightly
larger than that of a proton. Because they are neutrally charged,
they produce ionizations indirectly. In biological material,
neutrons can eject protons from the nuclei of hydrogen atoms by
nuclear collisions, which in turn are charged and directly
ionized. Neutrons also can activate hydrogen and other elements
by neutron capture, which results in the release of g-rays, and
sometimes radioactive by-products. Neutrons that are produced
by fission or by special sources such as americium–beryllium
sources have a spectrum of energies that range over many orders
of magnitude. Since their ranges depend on both neutron energy
and the composition of the absorbing material, it often requires
complex calculations to describe the ranges of neutrons.
However, as simple examples, very low-energy neutrons (called
thermal neutrons) have a range of approximately 30 cm in soft
tissue, whereas high-energy or fast neutrons can penetrate tissue
to about the same extent as can highly penetrating g-rays.
Energy Loss by Electromagnetic and Particulate
Ionizing Radiations

Ionization Patterns

A single initial or secondary ionizing particle passing through
matter deposits its energy in a stochastic (random) and
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nonuniform manner on a microscopic scale. This deposited
energy creates positively and negatively charged molecules and
atoms (called ion pairs) along the path (or track) traveled by
the ionizing particle. The density of ion pairs produced along
a track varies significantly depending on the ionizing particle
and the medium through which it passes, and is proportional
to the average energy deposited per unit path length. For
example, secondary electrons produced by 200-kV X-rays create
on average approximately 80 ions mm�1 (i.e., per mm) path
length; protons generated from interactions with 12 MeV
neutrons produce on average approximately 300 ions mm�1;
and a particles from the decay of radium-226 produce on
average approximately 3700 ions mm�1.
Table 1 Standard multiples used with radiation units

Prefix Multiplication factor Symbol
Linear Energy Transfer

The ionization patterns produced by different charge particles
(e.g., electrons, protons, helium ions, heavy charged nuclei)
relate to their linear energy transfer (LET). LET is the average
energy loss in traversing a small thickness of the target medium
of interest, and depends on the energy of the charged particles
and medium characteristics. The energy loss is divided by
the thickness, so that LET has units such as keV mm�1. g-Rays,
X-rays, and neutrons have no charge. Their energy loss is mainly
associated with secondary-charged particles they produce. For
typical X-rays (which produce electrons), LET ranges from
approximately 0.2 to 15 keV mm�1; for fast neutrons (which
produce protons), LET ranges from approximately 8 to
40 keV mm�1; and for a particles, LET is greater than approxi-
mately 260 keV mm�1. As mentioned previously, the efficiency
with which a particular type of radiation produces biological
effects depends strongly on LET. Further, when biological cells
are hit by charged particles associated with a given radiation
source, the spatial distribution of the hit cells depends strongly
on LET and exposure geometry. Because intercellular signaling
can have an important influence on the outcome of radiation
exposure, it is important to consider the spatial distribution of
hit cells when explaining observed biological effects. The field
of microdosimetry deals with the frequency and spatial distri-
bution of cells hit by primary- and secondary-charge particles
associated with ionizing radiation sources.
Exa 1018 E
Peta 1015 P
Tera 1012 T
Giga 109 G
Mega 106 M
Kilo 103 k
Hecto 102 ha

Deca 101 daa

Deci 10�1 da

Centi 10�2 ca

Milli 10�3 m
Micro 10�6 m

Nano 10�9 n
Pico 10�12 p
Dosimetric Quantities and Units

Radiotoxicology, like other disciplines of toxicology, has
specialized quantities that define the relationships between
exposure to radiation and the resulting dose received by specific
biological entities. Some of these quantities are based on
measurements and/or calculations; others, particularly those
used in radiation protection, consist of theoretical quantities
that include modifying factors designed to allow comparison
of risks to people exposed to a variety of radiation types and
with widely varying spatial patterns of dose.
Femto 10�15 f
Atto 10�18 a

aIt has been suggested that all SI units be expressed in preferred standard form, in
which the multiplier is 103n, where n is a positive or negative whole number.
Consequently, the use of hecto, deca, deci, and centi is to be avoided wherever
possible.
Units that Apply to Radioactivity

The defining event of a radioactive nuclide is the transformation
of its nucleus into the nucleus of another species, i.e., radioac-
tive decay. The number of nuclear transformations occurring per
unit of time is called the activity. Sometimes radioactivity is
used instead of activity. The traditional unit of activity has been
the Curie (Ci), which is equal to 3.7� 1010 nuclear trans-
formations per second. The conversion of radiation units to the
international system (Système International d’Unit or SI) has
now taken place in the United States. The more fundamental
unit of activity, the Becquerel (Bq), equal to 1 nuclear trans-
formation per second, has replaced the Curie. Both units of
activity are modified by prefixes such as kilo-, milli-, and micro-
to achieve standard multiples of the fundamental unit. A listing
of the most commonly used prefixes is given in Table 1.
Units that Apply to Radiation Exposure

In radiation physics, the term ‘exposure’ is used to describe the
amount of ionization caused in air by g- and X-rays. The unit of
exposure is the Roentgen (R), which is equal to
2.58� 10�4 Ckg�1 of air. This quantity is most often used in
diagnostic radiology and does not apply to ionizations
produced by either particulate radiations or high-energy
(>3 MeV) X-rays or g-rays. For radiobiological applications,
the exposure rate (e.g., in Rmin�1) is most commonly used.
Absorbed Dose Units

The most commonly used quantity describing radiation dose
is the absorbed dose (D), which is defined as the mean
energy, e, imparted by ionizing radiation to matter of mass m
divided by the mass, i.e., D¼ em�1. This quantity is
a measure of the deposition of energy in any substance by all
types of ionizing radiation. It applies to macroscopic but not
to microscopic masses. The traditional unit of absorbed dose
is the rad, which is equal to 100 erg g�1 or 0.01 J kg�1; the
corresponding SI unit is the gray (Gy), which is equal to
1 J kg�1 (therefore, 1 Gy is equivalent to 100 rad). It is rec-
ommended that the absorbed dose be used in preference to



Table 2 Radiation and tissue weighting factors used in radiation
protection guidelinesa

Radiation type and energy range Wr

X- and g-rays, b� and bþ 1
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the exposure whenever the former can be measured or reli-
ably calculated. In this section, we use the rad unit to be
consistent with earlier versions. However, in many of the
current research journals, the mGy or Gy unit is preferred
over the rad.
neutrons, energy 5
<10 keV 10
10–100 keV 10
>100 keV to 2 MeV 20
>2–20 MeV 10
>20 MeV 5

Protons 2
a Particles, fission fragments 20

Organ or tissue Wt

Gonads 0.08
Red bone marrow 0.12
Colon 0.12
Lung 0.12
Stomach 0.12
Breast 0.12
Microdosimetric Units

When viewed at the microscopic level of a cell, or smaller
biological subunit, the dose D is replaced by what is called
specific energy (z). While D is a macroscopic dose, z is
a microscopic dose. For a single absorbed doseD to an organ or
tissue, there can be many different microscopic doses z to cells
in that organ or tissue. In addition, a cell may have no dose
(i.e., z¼ 0) at all, while another cell in the same tissue may have
a very large dose. However, when z is averaged over the
microscopic targets in the macroscopic mass of interest (e.g.,
organ), the average value obtained should equal the absorbed
dose D as defined previously.
Bladder 0.04
Liver 0.04
Esophagus 0.04
Thyroid 0.04
Skin 0.01
Bone surface 0.01
Brain 0.01
Salivary glands 0.01
Remainder 0.12
Quality Factor

The quality factor (Q) is a dimensionless quantity used to make
adjustments for differing qualities for different radiations in
producing biological damage. The factor Q takes into account
the type of radiation and other factors. It also relates to LET. The
greater the value for Q, the greater the biological damage
produced by a given type of radiation.
aWr is the radiation weighting factor, and Wt is the tissue weighting factor.
Dosimetric Units Used in Radiation Protection

For radiation protection purposes, several theoretical dosi-
metric quantities have been created that attempt to
“normalize” the responses of different tissues and organs of the
body from irradiation by different types of ionizing radiation,
so that uniform radiation protection guidelines can be
promulgated that are insensitive to the particulars of any given
irradiation scenario. The traditionally used quantity has been
the dose equivalent (DE), which is defined as the absorbed
dose (D) multiplied by the quality factor Q. The unit of DE has
been rem, which is dimensionally the same as rad; the SI unit is
Sievert (Sv). Recently, the DE has been replaced by a similar
concept called the equivalent dose. The equivalent dose
depends on the relative biological effectiveness (RBE) rather
than Q.

Current radiation protection guidelines are specified in terms
of a quantity called the effective dose (E). The effective dose is
presumed to have associated with it the same probability of
occurrence of cancer and genetic effects whether received by the
whole body, via uniform irradiation, or by partial-body or
individual-organ irradiation. To take into account the observed
varying radiosensitivities of the different organ systems of the
body and to adjust for nonuniformity of irradiation, a tissue
weighting factor, Wt, is used. An additional radiation weighting
factor, Wr, is used to adjust for the biological effectiveness of
different radiations. The current weighting factors, as recom-
mended by the International Commission on Radiological
Protection, are summarized in Table 2.

Weighting factors in Table 2 are linked to the linear-no-
threshold (LNT) hypothesis for radiation-induced harm;
however, a large amount of data from many studies on the
biological effects of low-dose and low-dose-rate radiation do
not support the LNT hypothesis.
Relative Biological Effectiveness

Since equal doses of different types of ionizing radiations do
not produce equivalent biological effects, a quantity called the
RBE was developed to allow comparison of effects produced in
identical biological systems from different types of radiations.
The RBE is customarily defined as the ratio of two doses (a
reference dose divided by a test dose) for producing a given
level of biological effect under a given condition. The reference
is often taken to be X-rays with specific energy characteristics.
For example, if 90% cell killing is produced by 10 Gy of X-rays
(Dx), but only 5 Gy of neutrons (Dn) is needed for 90% killing,
then the RBE in this case would be Dx/Dn¼ 10 Gy/5 Gy¼ 2.
Thus, RBE has no units. A much larger RBE would apply for
cancer induction (e.g., RBE¼ 20). The RBE influences both the
equivalent dose and the effective dose used in radiation
protection, and is used to obtain the RBE-weighted dose used
in risk assessment for deterministic effects of radiation.
Sources of Ionizing Radiation Exposure

Humans are routinely exposed to ionizing radiation. Some of
the sources are naturally occurring, and others are due to man-
made uses of radiation and radioactive materials. In general the
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radiation from natural sources includes cosmic radiation,
external radiation from radionuclides in the earth’s crust, and
internal radiation from radionuclides inhaled or ingested
and retained in the body. Man-made sources of radiation
include X-ray equipment, particle accelerators and nuclear
reactors used in the generation of nuclear energy, radionuclides
used in nuclear medicine, radionuclides released to the envi-
ronment as a result of nuclear weapons testing, a nuclear
accident, a natural disaster (e.g., tsunami damaging a nuclear
facility), and occupational sources of both external and internal
radiation. The magnitude of the exposure to natural sources
depends mostly on geographical location, whereas exposure to
man-made sources depends on human activities.
Natural Background Radiation

All human exposures to natural radiation, except for those from
cosmic radiation, relate to radiation from natural radionuclides
in the environment. The two general classes of natural radio-
nuclides are primordial and cosmogenic.

External exposure to natural sources of ionizing radiation
results from the levels of cosmic and terrestrial X-ray and
g-radiation present in the environment. Cosmic radiation at
the earth’s surface is affected by altitude, geomagnetic latitude,
and solar modulation. For example, the dose rate at 1800 m is
about double that at sea level. Within the United States,
the effect of latitude and solar modulation on the dose rate of
cosmic rays is <10%. Because cosmic radiation is highly
penetrating, it results in relatively uniform whole-body irradi-
ation. The average dose rate from cosmic irradiation in the
United States and Canada has been estimated to be approxi-
mately 28 mrem year�1. The mrem year�1 unit is retained here
to be consistent with earlier versions of this section. To obtain
the corresponding value in mSv year�1, divide by 100 (i.e.,
0.28 mSv year�1).

Humans are also exposed to external g-radiation from
concentrations of naturally occurring radioactive materials in
soils and rocks. These radioactive elements include uranium
and thorium radionuclides plus their radioactive progeny and
potassium-40, and result in widely varying dose rates that
depend on the geology of the particular region. Estimates of the
annual dose rate for this type of exposure in the United States
and Canada average 28 mrem year�1.

Internally deposited naturally occurring radionuclides also
contribute to the natural radiation dose from inhalation and
ingestion of these materials when contained in air, food, and
water. Included are radionuclides of lead, polonium, bismuth,
radium, potassium, carbon, hydrogen, uranium, and thorium.
Potassium-40 is the most prominent radionuclide in normal
foods and human tissues. The dose to the total body from these
internally deposited radionuclides has been estimated to be
approximately 40 mrem year�1 for the United States and
Canada.

The major exposure of the population to natural radiation
arises from inhalation of the short-lived radioactive progeny of
the radioactive noble gas radon-222, which in turn is a sixth-
generation radioactive decay product of natural uranium. The
amount of radon-222 present in the air depends on many
factors (e.g., gas permeability in soil and rock, relative
humidity, and barometric pressure), but is necessarily linked to
the geological concentration of the uranium parent radionu-
clide. There is about an eightfold range of concentrations of
uranium in different types of rocks and soils.

Most of the early measurements of radon levels were made
outdoors; however, it has become apparent that the indoor
concentrations are generally several times higher than those
outdoors. Because people in Western countries spend only
about 15% of their time outdoors, most of the exposure to
radon therefore occurs indoors. In addition, the trend toward
the construction of more energy-efficient housing (more
airtight) has also enhanced the concentrations of radon-222
indoors.

The average annual radiation dose to the general pop-
ulation that is due to inhalation of radon and its progeny is
estimated to be approximately 200 mrem. However, this dose
can range upward by one or two orders of magnitude in cases in
which the indoor radon concentrations are very high. Because
of the short half-lives of the radon progeny, and the fact that the
most threatening radionuclides decay by a-particle emission,
their radiation dose is delivered primarily to the tissues of the
respiratory tract.
Man-Made Radiation Sources

Several human activities involving the production and use of
radionuclides as well as the development of nuclear weapons
have resulted in releases of radioactive materials to the envi-
ronment. Such activities include past atmospheric testing of
nuclear weapons, production of nuclear weapons materials,
production of electricity by nuclear reactors, and radioisotope
production and use in industry and medicine. Man-made
radiation sources can also result in the release or radionuclide
for other reasons. This includes accidental (e.g., Three Mile
Island, Chernobyl), natural disaster-related (Fukushima power
plant), or intentional (Mayak Plutonium Production Facility)
releases. In addition, there has been a significant increase in the
types of quantities of sources of potential radiation exposure
from consumer products. These include radioluminescent
devices containing tritium, promethium-147, or radium-226;
smoke detectors containing americium-241; static eliminators
containing polonium-210; and airport X-ray baggage inspection
and passenger screening (using backscatter devices) systems. In
other cases, radiation emissions are incidental or extraneous to
the purpose for which the consumer product was designed, e.g.,
television receivers; tobacco products containing polonium-210
and lead-210; combustible fuels and building materials con-
taining uranium- and thorium-series radionuclides; and gas
mantles, camera lenses, and welding rods containing thorium.
In addition, polonium-210 was used to intentionally poison
Alexander Litvinenko in London, in 2006. Some environmental
contamination resulted from the incident.

Shortly after the start of the radiological emergency at the
Fukushima Dai-ichi in March 2011, many inhabitants on the
west coast of the United States rushed to purchase potassium
iodide tablets to supposedly protect them from stray radio-
iodine atoms crossing the Pacific Ocean from Japan. Interest-
ingly, their radiation exposure from potassium-40 in the
potassium iodide tablets ingested likely greatly exceeded any
radiation dose to the body from stray radioiodine atoms
crossing the Pacific.



Table 3 Radiation exposure (approximations) of the US general
population

Radiation source

Per capita annual effective

dose equivalent (mrem)

Natural radiation
Cosmic rays 28
Terrestrial, external 28
Internally deposited radionuclides
(except radon)

39

Inhaled radon and progeny 200

Sources due to or enhanced by human activity
Medical uses 53
Nuclear powera 0.05
Consumer products 8
Weapons fallout (averaged to year 2000) 5
Total 361

aIncludes contributions from uranium mining and milling, fuel fabrication, power
plant operation, reprocessing of spent fuel, and transportation.
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A summary of the contributions of the various natural and
man-made radiation sources to our radiation background is
given in Table 3. It can be seen that natural sources contribute
approximately 82% of the total per capita annual effective DE,
with radon being the largest single source (w67% of natural
radiation dose). Of the approximately 18% contributed by
man-made sources, medical exposure is the most prominent
(w83%). Attempts to significantly reduce population radiation
doses would most likely be focused on the largest contributors,
i.e., residential radon and medical radiation. However, new
data and analyses suggest that residential radon removal may
actually lead to an increased risk of lung cancer that is caused by
cigarette smoke carcinogens and other carcinogens.

There is growing realization of the possibility of the use of
radiological weapons (dirty bombs) by terrorist organizations.
With such weapons, radioactive material could be dispersed in
populated areas. Such acts could lead to a variety of problem-
atic health and environmental consequences. The National
Council on Radiation Protection and Measurement has pub-
lished a valuable reference entitled Management of Terrorist
Events Involving Radioactive Material. The report provides guid-
ance on the management of radiation casualties in such
circumstances.

Release of Radionuclides to the Environment as a Result
of a Natural Disaster

The release of radionuclides to the environment from a nuclear
facility could occur as a result of a natural disaster such as
a hurricane, tornado, or earthquake. In fact, a radiological
emergency situation currently exists at the Fukushima Dai-ichi
(No. 1) nuclear power station in Japan as a result of the March
11, 2011, magnitude 9.0 earthquake, which triggered a massive
tsunami that killed thousands of Japanese citizens. Thousands
are also still unaccounted for. The Fukushima Dai-ichi station
is operated by the Tokyo Electric Power Company and is
located on the eastern coast of the main Japanese island of
Honshu about 225 km north of Tokyo. The facility consists of
six boiling-water reactors, three (Units 1–3) of which were
operating when the earthquake occurred.
The large tsunami caused by the earthquake overwhelmed
the site’s sea defenses and disabled the heat exchangers as well
as the diesel generators. The site’s fuel-rod cooling services were
then dependent on back-up batteries, which could only supply
limited power for a short period. The radiological emergency
arose because of the overheating of reactor fuel rods, due to
a loss of electrical power for the cooling system. Radionuclides
(e.g., cesium-137, iodine-131) were released from damaged
fuel rods and transported downwind of the site, leading to
environmental contamination. The situation was complicated
by hydrogen explosions that also occurred, leading to elevated
releases of radionuclides into the environment. Radiological
recovery workers at the Fukushima facility are limited to
receiving an annual radiation dose not to exceed 250 mSv.
Intentional Administration of a Radionuclide as a Poison

The highly radioactive radionuclide polonium-210 has been
used as a human poison in at least one instance. An incident
that took place in London, in 2006, involved the ingestion of
polonium-210 via spiked food or beverage. The victim was
Alexander Litvinenko, a former officer of the Russian Federal
Security Service who escaped prosecution in Russia and
received political asylum in the United Kingdom. On
November 1, 2006, the victim was hospitalized as a result of
polonium-210 poisoning-related illness. He died 3 weeks later,
becoming the first confirmed human victim of polonium-
210-induced acute radiation syndrome.
Radiobiological Effects of Low
and High Radiation Doses

Biological and physiological changes caused by moderate and
high radiation doses include alterations in expressed genes and
proteins, oncogene activation, suppressor gene inactivation,
chromosomal aberrations, mutations, cancer, genetic effects,
and loss of normal tissue and organ functions. It has long been
recognized that an understanding of the mechanisms by which
radiation produces effects such as cancer, genetic changes, and
tissue destruction is best obtained from mechanistic studies
performed at the molecular, cellular, and tissue levels. Molec-
ular level studies have revealed that epigenetic changes (e.g.,
gene promoter hypermethylation) are important in the inacti-
vation of tumor-suppressor genes (i.e., genes that protect from
cancer). Epigenetic changes are regulatory changes that do not
involve changes in the makeup of the nuclear DNA. This form
of gene regulation has been called epiregulation. Where genes
are activated epigenetically, the process has been called epi-
activation. Where genes have been silenced via epigenetic
changes, the process has been called episilencing.

Low-dose, low-LET X- and g-rays have been found to induce
beneficial effects that include activation of DNA repair, stim-
ulation of the removal of aberrant cells via apoptosis, and
activation of anticancer immunity. The beneficial effects of low-
dose radiation appear to be far more likely than harmful effects
(e.g., mutations), especially for low-LET radiation or low- plus
high-LET radiation. The beneficial effects appear to be regulated
via epiactivation of adaptive response genes (e.g., DNA-repair
genes, immune system genes).
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Direct and Indirect Radiation Effects

At the chemical level, a solute molecule (DNA, RNA, and
protein) in a biological system can be affected by radiation in
two different ways. When an ionization track passes either
directly through a molecule or close enough so that the created
ions can drift to and interact chemically with the molecule
before they recombine and neutralize in solution, the
phenomenon is called a direct radiation effect. On the other
hand, since the largest fraction of almost any biological system
consists of water (e.g., 70–80% of a typical cell), the most
frequent initial radiation interactions will be with water
molecules. When this occurs, ion radicals and free radicals are
created. When irradiated, water molecules become ionized in
a two-step process:

H2Oþ radiation/H2Oþ þ e�

e� þH2O/H2O�

However, the charged water molecules are unstable, having
lifetimes less than 10–15 s, and almost immediately dissociate
into one smaller ion and a free radical:

H2Oþ/Hþ þOH$ (the dot symbolizes the unpaired
electron of the OH free radical)

H2O
�/H$ þOH�

The free radicals thus produced are very reactive and diffuse
through the solvent system interacting in a fairly indiscriminate
manner with other free radicals, with molecules previously
damaged by radiation, or, most important, with intact solute
molecules previously unchanged by the radiation. Free-radical
reactions may also produce other more or less reactive chemical
species, such as H2, H2O, and H2O2, they may react with
oxygen to enhance the effect of the radiation, or they may
interact with organic molecules creating organic free radicals:

H2O� þ RH/R$ þH2O2

RHþHO2/RO$ þH2O

This latter phenomenon is called an indirect radiation
effect. If RH is an important molecule (e.g., DNA and RNA),
then these interactions can affect cell functions.
Effects of Radiation on Cells

Depending on type and quantity, radiation can produce
a variety of effects on cells. These effects include chromosomal
aberrations, apoptosis (programmed cell death), necrotic cell
death, mutations, neoplastic transformation (formation of
precancer cells), altered cell-cycle regulation, alterations of
metabolic functions, and changes in intercellular signaling
characteristics. As more studies are done using the tools of
molecular biology, more insights into the mechanisms of
radiation action are being found. This knowledge plays a key
role in developing biologically based risk models that are used
to explain radiation responses (harmful or beneficial) after
exposure of humans to low doses and dose rates of ionizing
radiation. Establishing reliable radiobiological effects models
applicable to low doses and dose rates is of great interest and
importance, because the models can inform as to whether
harm or benefit would be the expected outcome of a given
radiation exposure scenario. Growing evidence points to
benefits (e.g., activation of DNA damage-repair mechanisms
and selective removal of aberrant cells) being more likely than
harm (e.g., induced mutations) when low doses of low-LET
radiation, or low- plus high-LET radiations are involved.
Deleterious and Protective Bystander Effects

Recently it has been learned that bystander cells not directly hit
by radiation can also be affected by other mechanisms in addi-
tion to reactive oxygen species. Since the nonhit cells are
bystanders, the effect has been given the special name ‘bystander
effect.’ In the case of high-LET a-particle research, devices called
microbeams have been developed that allow a single cell to
be hit by charged helium ions (same as a particles) and for the
nearby and distant nonhit cells to be examined for possible
biological effects. These studies show that some unhit cells can
also develop chromosomal aberrations and mutations, and can
be neoplastically transformed. Biological substances released by
the hit cells appear to play an important role in the occurrence of
bystander effects. Simply irradiating the medium containing the
cells does not lead to bystander effects.

In contrast to the observations with high-LET radiation,
other studies using low-dose, low-LET g-rays (>0–10 rad) have
shown that such low doses can turn on a protective process
that removes spontaneous transformants (neoplastically
transformed cells), presumably reducing the risk of cancer
in vivo. This protective process has been studied in detail by
German researchers at the University of Freiburg in relation to
their cancer-prevention research, and involves cross-talk
(signaling) between nontransformed and transformed cells (a
mild stress response). Transforming growth factor b and reac-
tive oxygen species are involved in the cross-talk. In the case of
transformed cells, the net effect is that at least some neo-
plastically transformed cells that are present are selectively
eliminated via apoptosis (i.e., the cells undergo self-destruc-
tion). This process is epiregulated and therefore has been called
epiapoptosis. Epiapoptosis is a form of natural protection
against cancer occurrence and may be occasionally stimulated
by natural background radiation.
Cell Survival

Cell-survival curves are used to describe the relationship
between radiation dose and the proportion of cells that survive.
Usually mathematical models are used to describe cell survival
data. Survival of normal cells is an important consideration in
radiation therapy. It is the therapist’s aim to destroy cancer cells
while protecting normal cells to the greatest extent possible.

The end point of survival can have two different meanings,
depending on whether the cell populations studied have prolif-
erative potential. In the case of nondividing, terminally differ-
entiated cells, survival is generally related to the ability of the cells
to maintain function. In general, relatively large radiation doses
are required to inactivate cell function for terminally differenti-
ated cells. For cells that proliferate either in tissueor in culture, cell
death or survival ismore related to that cell’s ability to continue to
divide and produce clones of cells. Thus, a cell that is able to
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undergo no more than one or two cell divisions after irradiation
would still be considered dead. Doses on the order of a few rads
are generally required to kill themost sensitive proliferating cells,
although there is a range of radiosensitivities to this effect. For
example, normal human fibroblasts irradiated with X-rays have
aD0 of120 rad (D0 is thedoseatwhich survival is reduced to37%
of its original value); in comparison, cells from a patient with the
disease ataxia-telangiectasia (AT) have a D0 of approximately
50 rad and are therefore more radiosensitive – a hallmark of AT.
The heightened radiosensitivity relates to a deficiency in DNA
repair for persons with AT.

Studies using experimental designs in which only certain
selected portions of a cell were irradiated have shown that the
sensitive sites for radiation-induced cell killing are in the
nucleus as opposed to the cytoplasm or cell membrane.
Furthermore, there is strong circumstantial evidence that the
DNA in the chromosomes is the primary target for radiation-
induced cell killing. DNA double-strand breaks appear to
contribute to cell lethality.
Cell and Tissue Radiosensitivity

The sensitivity of various cells and cell lines to radiation-
induced lethality can differ significantly, and different organs
consist of different cell populations (e.g., connective tissue and
vascular–parenchymal). As early as 1906, Bergonié and Tri-
bondeau studied cellular radiosensitivity and postulated that
actively proliferating cells were most radiosensitive, that the
degree of cellular differentiation was inversely related to
radiosensitivity, and that radiosensitivity of cells was propor-
tional to the duration of mitotic and developmental activity. In
general, this ‘law’ is valid for different cell types, although there
are exceptions. For example, the small lymphocyte, which is
highly differentiated and has little if any proliferative potential,
is one of the most radiosensitive mammalian cells. One scheme
for categorizing the sensitivity of normal cells to cell killing is
the following:

l Very high
B Lymphocytes, immature hematopoietic cells, intestinal

epithelium, spermatogonia, and ovarian follicular cells
l High

B Urinary bladder epithelium, esophageal epithelium,
gastric mucosa, and mucus membranes

l Intermediate
B Endothelium, growing bone and cartilage, fibroblasts,

glandular epithelium of breast, pulmonary, renal,
pancreatic, thyroid, and hepatic epithelia

l Low
B Erythrocytes, muscle cells, mature connective tissue,

osteocytes, chondrocytes, and ganglion cells

The effects of radiation onmore complex organ systems will
depend on the effects produced on the different subpopula-
tions of cells that comprise the organ. For example, if the
parenchymal cells are most radiosensitive (as in intestinal
mucosa), then loss of function of the organ may occur at the
lowest doses, followed perhaps by vascular damage at higher
doses. If the parenchymal cells are normally nondividing (as in
the brain) then the reverse may occur, with damage to the
microcirculation predominating at lower doses.
Genetic Effects

Radiation Effects on Inheritance

Radiations such as X-rays, g-rays, and b particles can damage
genetic material in reproductive cells and cause mutations that
can be transmitted from one generation to another. In the
1920s, researchers using fruit flies (Drosophila) found that
chromosomes could be easily injured by high-dose radiation
and that such injury could lead to mutations in germ cells. This
finding was quickly confirmed in numerous species of plants
and animals. Earlier it was thought that relatively small radia-
tion doses (<10 rad) could cause mutations in germ cells and
that the related genomic instability could be passed on to
subsequent generations. This view relates to the LNT hypoth-
esis wherein even small radiation doses are considered poten-
tially harmful. New data from Japanese researchers, however,
do not support this view and suggest that a threshold may be
required for inducing excess mutations in germ cells. The
indicated study showed that low doses of ionizing photon
radiation cause a reduction in the mutation frequency to below
the spontaneous level (i.e., a hormetic response). In his 1946
Nobel Prize Lecture, Hermann J. Muller argued that the dose
response for radiation-induced germ-cell mutations was linear
and that there was “no escape from the conclusion that there is
no threshold.” Unfortunately, Muller’s germ-cell mutation
work for which his Nobel Prize was based involved using only
very high radiation doses with results extrapolated downward
to moderate and low doses for which he had no data. What
was considered a low dose at that time is now considered
a high dose.

In evaluating the effect of radiation on heredity of germ cells,
two specific germ-cell stages are considered important: (1) the
stem-cell spermatogonia inmales and (2) the oocytes, primarily
the immature ones, in the female. The spermatogonia continue
to multiply throughout the reproductive life span of an indi-
vidual. However, oocytes are not replaced during adult life.

Because of the lack of information for humans, most genetic
studies have been carried out with experimental organisms,
especially mice. Radiation has been found to cause mutations
in all nonhuman experimental organisms studied; therefore,
such effects are also expected to arise in humans over the dose
range studied.

The genetic effects that could be caused by radiation are
too numerous to be considered individually. For risk assess-
ment of nuclear accidents, genetic disorders have been grouped
as (1) dominant and X-linked single-gene disorders, (2) chro-
mosome disorders, and (3) multifactorial disorders.
Dominant and X-Linked Single-Gene Disorders

Most cells from humans contain two sets of chromosomes with
matched pairs of genes, one gene from each parent. The
matched genes can differ, with one gene being dominant over
its recessive counterpart. A recessive gene can only show its
effect if both matching chromosomes carry that gene. If an
altered gene is present on the X chromosome, it will invariably
produce an effect in boys, who have only one X chromosome,
but will behave as recessive in girls, who have two X chromo-
somes. Single-gene disorders related to damage to the X chro-
mosome are called X-linked effects.
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Dominant gene disorders that could be caused by radiation
include traits such as Huntington chorea, hypercholesterol-
emia, and achondroplastic dwarfism. The X-linked traits
include traits such as muscular dystrophy, hemophilia, and
agammaglobulinemia. However, there is no direct evidence
that these diseases have been induced in humans by radiation.
Chromosome Disorders

Two forms of genomic damage that depend on radiation
quality (i.e., LET) are the induction of single-strand breaks
(SSBs) and double-strand breaks (DSBs). The two types of
damage are considered to be important because SSBs are more
easily and accurately repaired by the cell than DSBs. Thus, DSBs
result in damage that is both more lethal and more able to
result in chromosome disorders. For low-LET radiation,
increased production of DSBs is a function of dose rate, as
single tracks are so sparsely ionizing that breaking more than
one chromosome with a single track is unlikely, especially at
low radiation doses; therefore, DSBs arise as a consequence of
multiple tracks occurring sufficiently close in time and space.
On the other hand, high-LET radiation produces a high enough
ionization density within its tracks that DSBs can occur from
single traversals of a cell nucleus. This, in part, is responsible for
the greater RBE for high-LET radiation for cell killing, mutation
induction, cell transformation, and cancer induction.

Damage that is produced by radiation can be chromosomal
or chromatid, depending on whether the cell is in a pre- or
postreplication state. In either case, sufficient energy is impar-
ted to break a chromosome or chromatid, usually into a major
and a minor fragment. Once this has occurred: (1) the broken
ends may rejoin to restore the chromosome’s original config-
uration; (2) a fragment may fail to rejoin, resulting in a dele-
tion, which is sometimes large enough to be scored as
a micronucleus; or (3) broken ends may rejoin with other
broken ends to yield abnormal forms that are subsequently
scored at the following mitosis as rings, dicentrics, anaphase
bridges, or symmetric and asymmetric translocations.

Chromosome anomalies and aberrations can influence
heredity. Most somatic cells of humans contain 23 pairs of
chromosomes, with one member of each pair contributed by
the sperm and the other contributed by the egg. When the
process of sperm or egg cell production goes awry as a result of
radiation damage, abnormal chromosome numbers (aneu-
ploidy) can arise. Aneuploidy is a form of genetic instability.

It has been estimated that in approximately 90% of cases,
aneuploidy will result in spontaneous loss of pregnancy. In the
remaining 10% of cases, a severely affected child would be
expected because of the inherited genomic instability. Condi-
tions such as Down syndrome and both Klinefelter and Turner
anomalies are the result of genomic instability associated with
aneuploidy. These defects are relatively severe, in terms of both
life expectancy (w45 years) and level of disability (w50%).
Persons born with aneuploidy usually are physiologically and
morphologically abnormal and do not have children. Thus,
their genomic instability tends not to be passed on to other
generations.

Chromosomes can be easily broken by radiation, which can
lead to a structural rearrangement (called a translocation).
Translocations are also a form of genomic instability. When
translocations occur in germ cells, they can be transmitted to
the offspring. Translocations normally yield chromosomes
with too little or too much genetic information. If a child is
born with a balanced translocation (not too little or too much
information) he or she would not normally be affected but
could pass on genomic instability to future generations. Those
born with such genomic instability could suffer severe physical
and mental disabilities.
Multifactorial Disorders

Multifactorial diseases involve complex patterns of inheritance
and represent a very large class of genetic diseases. For such
diseases to arise, a specific combination of mutant genes must
be present. Environmental factors can also be important.
Examples of multifactorial diseases include congenital mal-
formations (e.g., spina bifida and cleft palate), constitutional
diseases, and degenerative diseases.
Genetic Effects in Irradiated Populations

Epidemiology has not detected hereditary effects of radiation in
humans with a statistically significant degree of confidence.
Nevertheless, some consider the existence of hereditary effects
in man to be highly likely. Their view is that following radia-
tion exposure of a large population (e.g., as occurred in the
former Soviet Union after the Chernobyl nuclear accident in
1986), an increase in the incidence of genetic disease would be
expected to occur. The genetic damage would show up both
early (as an increased incidence of birth defects among some
children of the exposed population) and late (through latent
mutations expressed in their grandchildren, great-grand-
children, and subsequent generations). It has been estimated
that approximately 50% of all genetic damage introduced by
radiation exposure following a major nuclear accident will be
manifest within the first three to five subsequent generations,
with the remaining damage dispersed over future generations.
Early and Continuing Deterministic Effects

If a person is exposed to a large amount of radiation (i.e., large
radiation dose) delivered to the entire body, cells in tissues can
be destroyed in large numbers. Because tissues have important
functions, the destruction of significant numbers of cells can
lead to impairment in one or more of these functions. The
biological effects that arise when large numbers of cells are
destroyed by radiation are called acute somatic effects if they
occur a relatively short period of time (e.g., within a few weeks)
after brief exposure. Acute somatic effects are a subset of what
has been formally called early and continuing deterministic
effects (once called nonstochastic effects). More recently, the
International Commission on Radiological Protection has
proposed replacing the terminology ‘deterministic effect’
with ‘tissue reactions’; however, the terminology ‘deterministic
effects’ is retained here to be consistent with earlier versions of
this article.

Deterministic effects are those that increase in severity as
the radiation dose increases, and for which a threshold is
presumed to exist. Besides acute somatic effects, deterministic
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effects also include radiation effects (other than cancer and
genetic effects) that continue to occur after an extended period
(e.g., years) of chronic exposure. Such chronic exposures can
arise from long-lived radionuclides (e.g., isotopes of pluto-
nium and cesium) ingested via contaminated food or inhaled
via contaminated air and retained in the body. Populations in
Russia, Ukraine, and Belarus continue to ingest and inhale
long-lived radionuclides that were released during the 1986
nuclear accident at Chernobyl. Firemen who fought the
reactor fire during the Chernobyl accident and plant workers
present at the time of the accident were chronically exposed to
large radiation doses from inhaled radionuclides. Recovery
workers presently addressing the Fukushima radiological
emergency in Japan are at risk of deterministic effects of
radiation. So far no serious effects have been reported for the
workers, in part because they are limited to an annual effective
dose not to exceed 250 mSv.

Examples of deterministic effects are hypothyroidism
arising from large radiation doses to the thyroid gland; skin
burns arising from exposure of small or large areas of the skin;
permanent suppression of ovulation in females; temporary
suppression of sperm production in males; growth and mental
retardation caused by exposure of a fetus during pregnancy;
and death from severe damage to critical organs such as the
bone marrow, lung, or small intestine.

Thresholds arise for deterministic effects because large
numbers of cells usually must be simultaneously destroyed to
produce such effects, which is highly unlikely at low doses. The
threshold dose for a specific deterministic effect depends on the
type of radiation, on the rate at which the dose is delivered
(dose rate) and, for some effects, on other factors.
Factors Affecting the Production of Deterministic Effects

The type of radiation is important because different types
of radiation interact with body tissue differently. g- and X-rays
can easily penetrate into body tissue and therefore can
produce deterministic effects in all body organs if the dose
and amount of tissue irradiated are both large enough.
b Radiation can cause skin burns and ulcers when b�-emitting
hot particles (highly radioactive, very small particles) are
deposited on the skin, but little damage is likely to be done to
other tissue unless the b�-emitting particles absorbed into the
body in large amounts (e.g., by inhalation or ingestion).
a Radiation does not cause skin burns or ulcers when a-
emitting sources are deposited on the skin because the
a radiation does not have enough energy to penetrate the
dead layer of tissue that covers the skin surface. However,
when ingested in large amounts, a-emitting sources can cause
deterministic effects.

For total-body exposure to X-rays or g-rays, organs and
tissue at risk include all organs and tissue in the body. For
inhalation or ingestion exposure to b�-emitting materials,
organs and tissue at risk include the lungs and gastrointestinal
tract as well as other sites, depending on the metabolic fate of
the radionuclide of concern. For example, strontium isotopes
preferentially irradiate the skeleton, whereas iodine isotopes
preferentially irradiate the thyroid. When considering possible
deterministic effects from inhaled radionuclides, organs other
than the lung should also be considered because the
radionuclides can translocate from the lung to other organs
such as the liver and skeleton. Polonium-210 can be trans-
ported to many sites in the body after inhalation or ingestion.
This was the case following the poisoning of Alexander Litvi-
nenko in London in 2006.

Radiation dose and dose rate are important because the
larger the dose, the larger the amount of potentially destructive
radiation energy deposited in tissue, which can lead to exten-
sive cell death and concomitant impairment in important
tissue functions. A significant impairment can lead to
morbidity and lethality. Likewise, radiation dose rate is
important because when it is sufficiently high, the radiation can
overwhelm cell-repair mechanisms and organs cannot recover
from tissue injury. The most efficient recovery occurs when the
radiation dose rate is low and when the amount of tissue that
the radiation interacts with is small. In the administration of
radiation therapy to cancer patients, physicians try to minimize
damage to healthy tissue by delivering the radiation in
a number of fractions over a number of days or weeks. This
allows damaged normal tissue to recover during the periods
between the fractionated exposures. The rate of recovery differs
for different organs.

Other factors that can be important in determining the
impact of radiation exposure include persons’ age and sex, how
healthy they are, and the type of medical support they receive
from physicians after being injured by radiation.
Threshold Doses for Specific Deterministic Effects

For risk assessment of nuclear accidents, organs of primary
interest, because of their high sensitivity or their potential for
receiving large radiation doses, are bone marrow, gastroin-
testinal tract, thyroid gland, lungs, skin, gonads, and eyes.
Table 4 shows estimates (central, lower bound, and upper
bound) of threshold doses for a variety of deterministic effects
of exposure to g-rays when the dose is delivered quickly
(within 1 h). Larger doses would apply when the dose is
delivered over hours, days, weeks, or longer. For example, the
central estimate of the g-ray threshold for acute lethality from
radiation-induced injury to the hematopoietic system is
150 rad (see Table 4) when the dose is delivered within an
hour. However, when the dose is delivered continuously over
several years, individuals have survived g-ray doses as high as
600–1000 rad (which would be fatal if received within a few
hours). Nuclear workers in the former Soviet Union (Mayak
workers) who participated during the late 1940s through mid-
1950s in the production of plutonium for nuclear weapons,
received large g-ray doses (up to w1000 rad in some cases)
over several years and survived.

Table 5 shows estimates (lower bound, central, and upper
bound) of thresholds for specific deterministic effects of
exposure of the unborn embryo or fetus to X- or g-rays deliv-
ered quickly (within 1 h).
Late Somatic Effects

Late somatic effects are those that occur long after exposure to
a DNA-damaging agent in progeny of cells other than germ
cells. The late somatic effect that is of most concern is cancer.



Table 5 Thresholds (lower, central, and upper estimates) for
deterministic effects of exposure of the unborn embryo or fetusa

Effect Time/Periodb

Lower

bound

(rad)

Central

(rad)

Upper

bound

(rad)

Small head size 0–17 weeks 5 10 Not estimated
Severe mental

retardation
8–15 weeks 0 10 20
16–25 weeks 0 20 50

Death of embryo
or fetus

0–18 days 0 10 50
18–150 days 20 40 50
150–term (days) 120 150 180

aApplies to g- or X-rays delivered within 1 h.
bRefers to time after conception in days or weeks.

Table 4 Threshold g- or x-radiation doses (lower, central, and upper estimates) for specific deterministic effectsa

Effect Organ/Tissue Lower bound (rad) Central (rad) Upper bound (rad)

Vomiting Upper abdomen Not estimated 50 Not estimated
Diarrhea Upper abdomen Not estimated 100 Not estimated
Erythema Skinb 200 300 400
Moist desquamation Skinb 800 1000 1200
Permanently suppressed ovulation Ovum in females 20 60 100
Suppressed sperm countsc Testes in males 20 30 40
Cataracts Lens of eye 0d 100 150
Hypothyroidism Thyroid Not estimated 200 Not estimated
Radiation pneumonitis Lung 400 500 600
Hematopoietic deathe Bone marrow 120 150 180

aApplies to g-rays or X-rays delivered to the indicated organ or tissue in less than 1 h.
bFor 50–100 cm2 area of skin and the dose evaluated at a depth of 0.1 mm.
cTwo-year suppression of sperm counts in males.
dUsed to include the possibility that cataracts may be a stochastic effect with no threshold.
eDeath from lethal injury to the sensitive bone marrow.
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Induction of Cancer by Ionizing Radiation

One of the first observations of cancer following irradiation
was the appearance of skin cancer on the hands of some of the
early workers who used X-rays. Since that time, animal and
epidemiological studies have shown that moderate and high
radiation doses can cause an increase in the incidence of
specific cancers. They have also shown that cancer does not
appear immediately after exposure to radiation but only after
a delay (latent period). For humans, the latent period may be
quite long (many years) for some cancers.

Mechanisms that may be involved in the induction of
cancer by radiation have been proposed. These mechanisms
include (1) the induction of mutations, (2) the activation of
oncogenes, (3) the inactivation of tumor-suppressor genes
(e.g., via episilencing), and (4) the induction of cancer-causing
viruses. Although the relative importance of the various
mechanisms in the induction of cancer is not clear, more than
one mechanism could be involved for a given type of cancer.

For both humans and laboratory animals, one cannot
currently distinguish between a radiation-induced cancer and
a spontaneously occurring cancer (i.e., from an unknown
cause). Therefore, statistical methods are used to determine
whether radiation exposure is associated with an increase in
cancer in a given study population. There have been several
epidemiological studies in which definite dose–response
relationships have been established for radiation-induced
cancers. The best studied populations include atomic bomb
survivors, Tinea capitis patients, ankylosing spondylitis patients,
radium-dial painters, radium-224 therapy patients, Thorotrast
patients, uranium miners, Chernobyl fallout victims, and
Mayak plutonium facility workers. Other studies involving
chronic exposure of humans to low- or low- plus high-LET
radiation have demonstrated a reduction in the occurrence of
cancer to below the spontaneous level. Included are studies of
lung cancer association with residential radon level (in the
United States) and a study of all cancer types among persons
residing for years in apartments contaminated with cobalt-60
in Taiwan.
Atomic Bomb Survivors

Within a 3-day period in August 1945, atomic bombs were
dropped on the Japanese cities of Hiroshima and Nagasaki,
killing a total of 64 000 people within 1 km of the explosions
as a result of blast, thermal effects, and instantaneous g and
neutron irradiation. Since that time, a prospective epidemio-
logical study has been conducted by a joint group of United
States and Japanese scientists (the Radiation Effects Research
Foundation; RERF) on approximately 92 000 survivors who
were within 10 km of the center of the respective blasts and
approximately 27 000 others who were not in either city at the
time of the explosions. The study includes detailed dose
reconstruction for approximately 76 000 individuals and
medical follow-up on as many of the survivors as possible. As
the follow-up has continued, the RERF has periodically pub-
lished updates of the cancer incidence and mortality data for
these populations. Data complete as of 1988 have shown
a total of 3435 cancers, of which 357 were said to be radiation
induced. From these data, excess cancer risks are calculated,
which form the basis for many of the current radiation risk
factors in use today. It should be noted that a large fraction of
the atomic bomb survivors are still alive, particularly those
who were irradiated as children, so that additional informa-
tion can be anticipated as this population continues to be
studied. A problem related to the interpretation of data for
this population is that combined injuries (blast, thermal, and
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radiation injuries) were involved. At present, there is no
way to adjust for blast and thermal effects when evaluating
radiation risks.
Tinea capitis Patients

From 1905 to 1960, X-ray irradiation of the scalp for treating
ringworm, T. capitis, was regularly performed on as many as
200 000 children worldwide. For a typical series of X-ray
treatments, doses of 220–540 rad were received by the scalp,
140 rad by the brain, 380 rad by the cranial marrow, and
<100 rad by other organs and tissues of the head and neck.
Cancers of the thyroid and skin (basal cell carcinoma) were the
major consequences of the irradiation.
Ankylosing Spondylitis Patients

Approximately 14 000 patients with ankylosing spondylitis
received X-ray therapy between 1935 and 1954 in Great Britain
and Northern Ireland. In irradiating the spine, doses of 300–
700 rad were received by tissues in the thoracic region. The
major radiation-related outcome has been an excess of
leukemia, due to irradiation of bone marrow progenitor cells
within the ribs and vertebrae and, recently, an indication of
excess solid tumors in lung, esophagus, and breast. The
importance of this study has been with respect to the health
effects from partial-body irradiation and in the temporal
pattern of appearance of solid tumors.
Radium-Dial Painters

Radium, as radium-226 and radium-228, was used in lumi-
nous paints in the period 1920–1950. Large amounts of
radiumwere ingested by painters of watch and instrument dials
as they tipped their brushes by mouth to achieve a fine point.
The radium, once ingested, behaves chemically like calcium
and, therefore, deposits in significant quantities in bone
mineral, where it is retained for a very long time. Being an
a-emitting radionuclide, the radium irradiates bone surface-
lining cells and has resulted in an excess incidence of osteo-
genic sarcomas. Of interest in these patients has been the
observation of a very large ‘practical dose threshold’ (and
related dose-rate threshold) from radium-226, below which
bone cancers do not appear to occur. This has also been
observed in some experimental animal studies.
Radium-224 Therapy Patients

In Europe, the short-lived radionuclide (half-life 3.6 days)
radium-224 was used for more than 40 years in the early 1900s
in treating tuberculosis and ankylosing spondylitis. Because of
its effectiveness as an analgesic in treating debilitating bone
pain from the latter, its use has continued. Radium-224, being
an a-emitting radionuclide that deposits on bone surfaces,
delivers its radiation dose effectively to bone-lining cells,
inducing an excess of osteogenic sarcomas, similar to those
found in the radium-dial painters. Interestingly, no excess of
leukemia cases has been found in this population, even though
portions of the hematopoietic precursor cell populations are
purportedly within the range of a-particle irradiation.
Thorotrast Patients

From 1928 to the 1950s, a preparation of the radioactive,
colloidal thorium dioxide (Thorotrast) was used extensively as
an X-ray contrast medium in angiographic studies. Because of
the very high density of thorium to X-rays and the tendency of
the colloidal particles to be taken up by the fixed phagocytes
within the liver and spleen, it was effective in diagnostic
imaging of these organs. However, because Thorotrast is
chemically insoluble in vivo and is retained tenaciously for long
times, long-term a-irradiation of liver, spleen, and bone
marrow tissues occurred, with a resultant large increased inci-
dence of various liver carcinomas and sarcomas. In this case
and unlike the results from radium exposure, an excess inci-
dence of leukemia has been observed.
Uranium Miners

As part of the radioactive decay series of uranium, radon-222,
a radioactive noble gas, emanates from geological deposits.
During underground mining, this gas was released to the work
space, and miners inhaled both this gas and its radioactive
progeny in significant amounts. Epidemiological studies
have been done on mining populations in the United States,
Canada, Australia, Czechoslovakia, France, China, and Sweden.
Their results have shown conclusively that inhalation exposure
to high radon and progeny levels is a strong risk factor for lung
cancer, both with and without concurrent exposure to cigarette
smoke. This database has been used to project lung-cancer risk
for exposure of the general population to low-level radon in
indoor environments (residential exposure).
Residential Radon Exposure Populations

Because of large uncertainties in projecting cancer risk for
residential radon exposure based on miner data, studies have
been conducted on associations between lung cancer and
residential radon levels. Positive, negative, and no association
have been demonstrated between residential radon level and
occurrence of lung cancer, depending on the range of exposure
levels studied. Newer mechanistic research attempts to explain
these contradictory observations based on a hormetic dose–
response relationship for cancer induction. With the hormetic
response, radon radioactive progeny stimulates the body’s
natural defenses against cancer for radon levels in the hormetic
zone where adaptive protection occurs. For this zone, the risk of
lung cancer from smoking and other risk factors is decreased
(hormetic effect). The hormetic zone appears to span a some-
what narrow range. Below or above this range, radon-progeny-
related adaptive protection against cancer appears to be
diminished or lost entirely.
Chernobyl Fallout Victims

The nuclear reactor accident that occurred in Chernobyl in April
1986 released large quantities of radionuclides into the envi-
ronment. The contamination was highest near the reactor, with
significant fallout also occurring in the western part of the
former Soviet Union and spreading to many parts of western
Europe. At this point, the medical follow-up of the populations
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that lived near the reactor has found only one significant
disease attributable to the radiation from the accident, i.e.,
thyroid cancer in persons who were children at the time of the
accident. The radiation dose to the thyroid was due to inhala-
tion and ingestion of radioactive iodine isotopes released when
the reactor core was breached; estimates indicate that the doses
to children’s thyroids ranged up to as high as 1000 rad. The
relatively high incidence of thyroid cancer is significant in that
it was not expected, based on extrapolation from the results of
the atomic bomb survivors study.

An avoidable tragedy of the Chernobyl accident was the
mass psychosomatic disorders related to the relocation of
some 336 000 people from areas where the average radiation
dose rate from the Chernobyl fallout was 0.8–1.4 mSv per
year above the average natural level of 2.4 mSv per year. It has
been estimated that about 5 million people were affected by
the stressful post-Chernobyl legislation based on fear of harm
from small radiation doses. The radiation level in the areas of
relocation was much lower than from the natural background
radiation in many regions in Brazil, Europe, India, and Iran.
The areas of relocation were defined as ‘contaminated
regions,’ starting with a level of radioactive cesium in the
ground at 37 kBqm�2, which is ten times lower than the
average level of natural radioactive nuclides in a 10-cm thick
layer of soil (400 kBq m�2). The relocations led to unneces-
sary suffering, social degradation, and impoverishment for
these people.

Both increased and decreased numbers of cancer incidents
have also been demonstrated in well-controlled studies using
laboratory animals (e.g., mice, rats, and dogs). The data from
animal studies along with data from cellular studies are being
used to supplement the dose–response information obtained
from epidemiological studies in humans, and are providing
model systems for the investigations of the mechanisms of
radiation-induced diseases such as cancer.
Mayak Plutonium Facility Workers

In the southern Ural Mountains region of Russia are the cities
of Yekaterinburg, with a population of approximately 1.4
million, and 125 miles south, Chelyabinsk, with a population
of approximately 1.1 million. Shortly after the end of World
War II, in the former Soviet Union construction was begun on
a nuclear weapons production complex (called the Mayak
Production Association (PA)) in the region. Established nearby
to house workers was a secret, closed city. Because of the
secrecy, the city was originally known by its postal destination,
Chelyabinsk-40 (later Chelyabinsk-65). The city is no longer
a secret and is called Ozyorsk, with a population of approxi-
mately 90,000. The main purpose of the Mayak PA was
plutonium production for nuclear weapons. The Mayak PA
complex included nuclear reactors, radiochemical and pluto-
nium plants, and associated nuclear waste facilities. In the
earliest years (1948–1952) of operations at the facility, massive
quantities of radioactive materials were released into the
nearby Techa River, leading to ingestion of mainly b�- and
g-emitting radionuclides by inhabitants of villages along the
river. In addition, workers at the Mayak facility inhaled large
amounts of plutonium over a period of years. These workers
were also exposed chronically to g-rays at a low rate.
International studies are being conducted to investigate
cancer occurrences among the thousands of Mayak workers
exposed to plutonium-239. Plutonium-239 is an a-emitting
radionuclide. For the Mayak workers exposed to high doses of
a radiation from inhaled plutonium-239 along with external
g-rays, excess cases of lung, liver, and bone cancers have been
demonstrated. Another study found evidence for chronic low-
level g-rays protecting from both a radiation and smoking-
related lung cancers. This finding is consistent with those from
animal studies. Several studies are ongoing that relate to
a variety of health effects among the Mayak PA workers as well
as to dose reconstruction.
Estimation of Cancer Risk

Models Used to Demonstrate Excess Cancers in Populations

Specific risk-assessment models are used to demonstrate an
excess in radiation-induced cancer by relating the risk of cancer
induction to radiation dose and to other variables and factors
such as sex, genetic makeup, the presence of cigarette smoking,
and the type of radiation considered. For example, smokers
exposed in uranium mines to a radiation from inhaling radon
and progeny have a higher risk of lung cancer than do
nonsmokers. In addition, a radiation is approximately 20 times
more effective than g-rays in producing lung cancer.

Important variables used in risk-assessment models include
radiation dose and dose rate, age, and follow-up time. For
example, very high-dose rates of g- or X-rays are thought to be
about two timesmore effective in causing cancer in humans than
are very low-dose-rates. There is also some evidence that a very
low-dose-rate of a radiation can be more effective in producing
lung cancer than somewhat higher dose rates. However, this
phenomenon may be related to changes in the susceptibility of
the induction of lung cancer with age. It is now known that the
ability to repair DNA damage declines with increasing age.
Application of Absolute-Risk and Relative-Risk Models

Two types of descriptive (i.e., empirical) models are often used
for conducting statistical analysis of cancer risks: (1) absolute-
risk models and (2) relative-risk models. With absolute-risk
models, the excess risk attributable to exposure to radiation
does not depend on the normal risk that would arise when there
is no radiation exposure. With relative-risk models, the relative
risk is a multiple of the normal risk. Unlike absolute risk, which
is measured on a scale that starts at 0 and goes to 1, relative-risk
values begin at 1 (for no radiation exposure), and can decrease
to 0 (a hormetic effect) or increase to infinity (i.e., very large
numbers). A progressive LNT increase in the relative risk as dose
increases is often assumed in the design of epidemiological
studies. A value of 1 for the relative risk after radiation exposure
means that there is no change in risk from what is normal.

As an example of application of absolute risk, if the normal
risk over the lifetime is 0.001 for a specific type of cancer, and
radiation adds an additional risk of 0.01, then the absolute risk
of cancer over the lifetime is 0.001þ 0.01, or 0.011.

The relative risk takes into consideration how the normal
risk changes with age. For example, if the normal risk of
developing a given type of cancer between the ages of 50 and
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51 years is 0.001, and radiation exposure leads to a relative
risk of 2; then, the relative risk is used to multiply the normal
risk so one has to calculate the product 2� 0.001, or 0.002.
Thus, instead of having a normal risk of 0.001 for cancer in the
age interval 50–51 years, the risk is increased to 0.002 because
of the radiation exposure. Similar calculations are carried out
for other age intervals depending on the age of the person at
exposure and the latent period for the cancer type of interest.
The risk for the different age intervals would then be added to
obtain a lifetime risk. However, no radiation-related risk
would be counted during the latent period. Currently used
lifetime risk estimates for cancer induction are largely based
on the relative-risk or absolute-risk models or a weighted
combination of both, and also on the LNT assumption.
However, there is a large body of data that does not support
the LNT assumption. In addition, data-analysis methods used
in epidemiological studies often introduce systematic error
that favors concluding an LNT-type response when
a threshold- or hormetic-type response may actually occur.
Procedures that Abolish Thresholds and Hormetic Responses

A number of procedures used in epidemiological studies of
radiation-associated cancer have been identified that can
abolish threshold- and hormetic-type responses:

l Including persons exposed to protective doses in the unex-
posed group

l Dose lagging (i.e., discarding dose), making smaller doses
appear more harmful than they actually are

l Averaging over wide dose intervals for a given dose group,
removing nonlinearity

l Including high-dose data and forcing an LNT extrapolation
to low doses

l Applying risk-factor adjustment methods in the hormetic
zone (where relative risk <1) that were designed for
circumstance where relative risk is >1 and where different
risk factors are additive or synergistic

l Inappropriately attributing adaptive-protection-related
decreases in cancer risk to a presumed healthy-worker effect

These procedures are widely used and can introduce large
systematic errors.
Hormetic Relative-Risk Model

A hormetic relative-risk (HRR) model has now been developed
for characterizing cancer relative risk as a function the level of
radiation exposure. The relative risk versus dose relationship is
predicted to have a U or J shape. With the HRR model, low
doses of low- or low- plus high-LET radiation are considered
unlikely to cause harm but instead to activate the body’s
natural defenses against cancer. This is expected to lead to
a progressive decrease in cancer relative risk as dose increases
for a range of doses. The activated natural protection (ANP) can
include DNA repair, removal of precancer cells via epi-
apoptosis, and stimulation of anticancer immunity. These
protective processes are activated over the hormetic zone (range
of protective doses where relative risk <1), and the processes
can prevent cancers caused by other agents (e.g., cigarette
smoke carcinogens). At higher doses the protection is, however,
largely inhibited (e.g., via episilencing of tumor suppressor
genes, inhibition of epiapoptosis of precancer cells, inhibition of
anticancer immunity) and relative risk progressively increases to
>1 as dose increases. For the hormetic zone, up to a maximum
proportion (given by the protection factor, PROFAC) of sporadic
cancers of a given type (e.g., smoking-related lung cancer) can be
prevented via radiation ANP. The PROFAC takes on values from
0 to 1, with a value of 1 indicating that all of the cancers would
be expected to be prevented when radiation ANP occurs. For
lung-cancer prevention and for low-level exposure to g or g-
plus-a radiation, typical values of PROFAC generally exceed 0.2
(i.e., more than 20% of lung cancers caused by other agents are
expected to be prevented when radiation ANP occurs). Inter-
estingly, for residential radon exposure that involves low-level
a and g radiation, optimum protection against lung cancer
caused by smoking and other agents appears to occur at a radon
level near the US Environmental Protection Agency’s action level
of 4 picocuries l�1 (i.e., per liter of air).
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l Name: Radium
l Representative Chemicals: Radium bromide and radium

chloride, both soluble in water, are two of the common
forms of radium with public health concerns

l Chemical Abstracts Service Registry Number: 7440-14-4
l Valence States: Ra2þ (radium isotopes with molecular

weights of 226 and 228 are the most common isotopic
forms found in the environment) Multiple isotopes, four
naturally occurring, the most important of which is 226Ra.
Background Information

Radium has a particularly interesting history. It was isolated
from pitchblende by the Curies, Marie and Pierre, in 1898, who
in 1903 jointly won the Nobel Prize in physics for their studies
of radiation. Many people experienced significant exposures to
radium before its harmful health effects were known. In the
early twentieth century, luminous paint was developed that
contained radium. Workers painted ‘glow in the dark’ watch
dials, clocks, compasses, and other instruments starting in the
early part of the century through the 1960s. Many developed
cancer (bone sarcoma) due to ingesting significant amounts of
radium if they used unsafe work practices, for example,
moistening and shaping the thin tips of their delicate brushes
by insertion into the mouth. Also around this time the Amer-
ican Medical Association accepted radium therapy as a treat-
ment for rheumatism, mental instability, and a variety of other
disorders. Over-the-counter solutions containing radium (e.g.,
Radithor) were ingested by thousands of people seeking cures
for these illnesses. Other patients sought relief by exposing
themselves to natural water sources containing significant
amounts of radium. In post–World War I Germany, injections
were given to treat tuberculosis, ankylosing spondylitis, and
other diseases. Some of these worker and patient cohorts
continue to be studied in order to gain a better understanding
of the long-term effects of radium exposure.
Uses

Intentional uses of radium today are primarily in the treatment
of cancer as radiation source and as a neutron source in
research and instrument calibration. Earlier uses of radium in
paints and as a treatment for other illnesses and health-
rejuvenating tonics were halted after its toxicity was recognized.
Environmental Fate and Behavior

Radium is released to the environment from a variety of
sources, including milling and mining operations focused on
phosphates and uranium, waste streams from factories used
to produce products containing radium, or waste byproducts
from production, such as phosphate fertilizers. The most
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important route of radium release into the environment is the
combustion of coal, and released radium is estimated at 150 Ci
per year (or 5.55 � 1012 Bq). Radium released into the atmo-
sphere will remain in particulate form until wet or dry depo-
sition. Radium adsorbs to soils, and is not expected to volatize
from soils or water due to its ionic nature. In water, radium
exists as Raþ2 and can interact with sediments and dissolve in
water, and therefore generally adsorbs to sediments at the
emission site and is not transported. Some isotopes of radium
are very short lived, but radium-226 has a half-life of
1600 years, making long-range transport more likely, though
generally only through an atmospheric route. Radium’s ionic
nature makes bioaccumulation or biomagnification unlikely.
Exposure and Exposure Monitoring

Radium is a silvery-white radioactive metal found in most soils
and rocks, although usually present in small quantities. Virtu-
ally everyone is exposed to low levels of radium in inhaled air
and ingested water and food. The concentrations of radium-
226 and radium-228 in drinking water are generally low, but
there are specific geographic regions where high concentrations
of radium occur due to geologic sources. Radium is a product of
uranium and thorium breakdown and is present in all uranium
ores. It undergoes spontaneous disintegration to form radon.
People living near industries that burn coal or other fuels or in
areas where uranium is abundant can expect to have higher
exposures to both radium and radon. Miners and people living
or working around radioactive waste disposal sites are also
exposed to higher levels of radium than the general public.
Toxicokinetics

Radium is like calcium in that it deposits in bones and teeth
when taken into body. Following an accidental acute inhala-
tion of radium, the substance deposited first in lungs, some
amount was detected for a short time into soft tissues, andmost
of the remaining amount lodged in the skeleton. The biological
half-life was determined in this case to be w120 days. When
ingested, w80% can be expected to be excreted in feces and
20% retained and distributed in the body, primarily in the
skeleton. Radium is not metabolized by the body; it only
decays radiologically over time. The toxicokinetics of dermal
exposures to radium have not been well characterized,
although it is known that the predominant radioactive a- and
b-decay products of radium do not penetrate appreciably into
the body following skin exposures.
Mechanism of Toxicity

The radioactive properties of radium are the greatest concern and
overwhelm all others. All radioactive materials may cause harm
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when decay particles are released; they disrupt many critical cell
functions, includingDNA replication. Radioactivematerials may
also produce toxicity not related to their radioactive behavior.
Like barium compounds, radium enters teeth and bones,
altering growth and causing them to be weak and brittle.
Acute and Short-Term Toxicity (or Exposure)

Injection of single high doses of radium (2000–4000 mCi kg�1

or 74 000–148 000 Bq kg�1) into mice has caused death within
a few weeks. Theoretically, similarly high acute exposures could
also produce the same effect in humans.
Chronic Toxicity (or Exposure)

Responses of laboratory animals to chronic radium exposure
have been studied extensively and are similar to human
responses. The large amount of human exposure data available
is probably most relevant. Potential symptoms of overexposure
to radium include anemia, cataracts, fractured teeth, excess
cavities, and cancer. Bone cancer is the most common cancer
associated with high-level radium exposure, but increased risks
of liver and breast cancer have also been reported.
Reproductive Toxicity

Although human exposure, particularly among women, has
been extensive, there have not been studies or reported data on
the reproductive effects of radium. One observation that has
been made is that the adult heights of children treated for
tuberculosis with radium are significantly less than the average.
Live birth rates for women exposed to radiummay be decreased,
but presence of confounding factors in studies demonstrates
that additional information is necessary for determination.
Genotoxicity

Alterations such as EcoRI restriction fragment length have been
observed in the c-mos proto-oncogene in individuals with
systemic exposure to radium. Chromosome aberrations have
also been noted.
Carcinogenicity

Radium is classified as Group 1 by the International Agency for
Research on Cancer, indicating that it is a confirmed human
carcinogen. Radium has not had a final classification assigned to
it by the US Environmental Protection Agency (EPA). Radium
emits a-particle radiation, which has been shown to lead to
bone sarcomas as well as carcinomas of the paranasal sinuses.
Clinical Management

Generally supportive, with blood transfusions and antibodies.
Initial condition is called acute radiation syndrome.
Ecotoxicology

Radium is almost ubiquitous in soils, water, geologic materials,
plants, and foods at low concentrations. The utilization of
radium, uranium, and fossil fuels has resulted in the redistri-
bution of radium in the environment by way of releases to air,
water, and land. The concentration of radium in natural water
is usually controlled by adsorption–desorption reactions with
minerals and rocks and by the solubility of radium-containing
minerals. In addition, radium is constantly being produced by
the radioactive decay of its precursors, uranium and thorium.
Radium does not degrade other than by radioactive decay at
rates that are specific to each of four naturally occurring
isotopes. Radiummay be bioconcentrated and bioaccumulated
by plants and animals, and it is transferred through food chains
from lower trophic levels to humans. The radioactive decay
half-lives of the more common radium isotopes are 3.6 days,
11.4 days, 5.7 years, and 1600 years for 224, 223, 228, and 226,
respectively.
Exposure Standards and Guidelines

The US EPA drinking water limit for radium-226 and radium-
228 combined is 5 pCi l�1. EPA’s limit for maximum soil
concentration for radium-226 in uranium and thorium mill
tailings is 5 pCi g�1 in the top 15 cm of soil and 15 pCi g�1 in
deeper soil.

See also: Radon; Uranium; Thorium.
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Background

Radon is a radioactive, noble gas that is widely dispersed in the
lithosphere. It has no color, odor, or taste. Radon is one of the
heaviest substances known to exist as a gas under normal atmo-
spheric conditions. Radon has a boiling point of �61.7 �C and
a density of 9.72 g l�1 at 0 �C. On average, about one part of
radon is present in 1� 1021 parts of air. Of the more than
35 radon isotopes that have been characterized, only three are
common in nature. Radon-222, the most stable isotope, arises
from the decay of radium and has a half-life of 3.8 days. All three
naturallyoccurring isotopesemithigh linear energy transfer (LET)
a particles during radioactive decay; however, because of very
short half-lives, exposure to radon-219and radon-220areusually
not considered when determining the health efforts of radon.

British scientists Ernest Rutherford and Robert Owens first
discovered radon-220 in 1899 in their studies on the radioac-
tivity of thorium. In 1900, the German physicist Friedrich Ernst
Dorn discovered radon-222 as a radioactive progeny of radium
decay, naming his discovery ‘radium emanation.’ In 1923, the
name radon was officially applied by the International
Committee for Chemical Elements and International Union of
Pure and Applied Chemistry.
Uses

Throughout history, radon spas have been used by those
suffering from autoimmune diseases. The practice of bathing in
water with high radon concentrations continues to the present
day. Radon therapy is offered at several places worldwide
including locations in the Rocky Mountains, central Europe,
and Japan. Use of radon as a therapeutic agent by laypersons is
controversial and is not recommended by most physicians.
However, clinical trials have shown potential benefits of radon
spa treatment for a few chronic conditions including arthritis. A
clinical method using radon-220 as one of the several decay
progeny of radium-224 is currently being developed for the
treatment of certain types of cancer. Radon is also used in
geological research as a groundwater tracer. Variations in the
spatial distribution of radon have been used to identify hidden
geological faults. It has been suggested that anomalies in radon
concentrations may be useful for predicting seismic activity.
Environmental Behavior, Fate, Routes, and Pathways

Because of its chemical inertness, radon easily emerges from the
ground where it can concentrate in enclosed spaces such as
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underground mines and buildings. The release of radon from
the earth depends on the type of rock present, the moisture
content of the ground, soil porosity, and weather. Cracks and
construction joints in home foundations provide easy routes
for radon to enter into homes.

Ultimately, the fate of radon is transformation into radio-
active isotopes of polonium through a decay. The resultant
polonium further transforms into a cascade of other unstable
atoms, finally terminating at a stable isotope of lead. Given the
large amounts of uranium, thorium, and radium in the Earth’s
crust, new atoms of radon are continuously being created from
these parent elements to replace radon atoms that have
decayed, essentially maintaining a constant amount of radon in
the environment.
Exposure and Exposure Monitoring

Because of its high concentration in areas occupied by humans,
radon and its decay products, or daughters, are major contrib-
utors of background radiation, accounting for the majority of
the effective dose received from all background sources. Within
the United States, the regions with the highest levels of indoor
radon include Iowa, eastern Pennsylvania, and parts of the
Rocky Mountain states. The average in-home radon concen-
tration across the United States ranges from approximately 35
to 75 Bqm�3. Variations in home construction and ventilation
can affect indoor concentrations of radon. Radon can also
emanate from some materials used in home construction.
Radon-detection devices for use in the home are readily avail-
able to consumers. Two common methods for measuring
residential radon are activated charcoal absorption and a track-
etch detection. Radon concentration in outdoor air is low, with
mean levels between approximately 7 and 10 Bqm�3.
Toxicokinetics

Radon can enter the body by inhalation, ingestion of drinking
water and food containing high concentrations of radon, and
through dermal exposure. The largest radiation doses received
from radon exposure occur in the organs at the point of entry;
however, a fraction of consumed radon and its decay daughters
can become absorbed into the bloodstream and disperse to
other organs. The toxicokinetics of radon is complicated by the
fact that radon progeny present in the environment can be
consumed directly or be created within the body following the
consumption of radon.

Since radon gas is ubiquitous in the environment, inha-
lation is the primary source of radiation to the body from
radon exposure. Radon atoms are electrically uncharged, and
therefore do not easily attach themselves to dust in the air.
Consequently, most inhaled radon is easily exhaled again.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00058-0
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Models predict that most of the inhaled radon gas not
exhaled and absorbed directly into the bloodstream
concentrates primarily in the liver, kidneys, bone marrow,
and brain. As radon is highly soluble in fat, the lipid contents
of the organs largely determine how radon is distributed in
the body.

In contrast to radon gas, charged radon daughters can attach
themselves to airborne particles that may stick to the surface of
bronchial tissues. Radon progeny can also form clusters by
interacting with trace gases, and remain unattached; however,
these unattached clusters can also become trapped in the lungs.
The total amount of inhaled radon progeny deposited depends
on several factors including individual respiratory rates, the size
distribution of the carrier particles, and fraction of unattached
radon progeny. Estimates of respiratory deposition fractions
range from about 20 to 50% of the inhaled progeny. Mucus
clearance may remove most inhaled long-lived radon progeny
before they can decay in the body.

Ingestion of radon when dissolved in drinking water and
food allows for oral entry of radon. It is believed that most of
the ingested radon from drinking water is absorbed by the
stomach and small intestine, with a small percentage being
taken up by the colon. An estimated 90% of ingested radon is
exhaled within 100 min. About one-half of the 10% of the
radon that is absorbed and retained in the body is distributed
to the liver, while a small fraction ends up in kidney and lung
tissue. Dermal exposure of radon can occur from bathing at
radon spas. However, determining the importance of dermal
exposure in spa bathing is complicated, given that radon
escapes from these waters and can be inhaled.
Mechanism of Toxicity

The sole mechanism of toxicity to living organisms from radon
exposure is attributable to its radioactivity. In the case of
inhaled radon-222, the vast majority of dose to the lung
tissues comes from short-lived daughters, primarily polo-
nium-218 and polonium-214. These radon progeny that
become trapped on the inner surfaces of the respiratory tract
emit high-LET a particles that can transverse surrounding
epithelium cells, causing cellular DNA damage. a Particles
have a short mean free path into the surrounding tissues of
a few tens of micrometers; therefore, all of its energy is
deposited locally to only the few surrounding cells that are
transversed.

Although the mechanisms leading to radon-induced lung
cancer have not been well characterized, mutations of onco-
genes and tumor-suppression genes caused by a irradiation
can lead to a deregulation of cell pathways that control normal
cell growth and differentiation. a Decay from radon progeny
also produces reactive oxygen species, which may cause DNA
damage. The belief that most cancers arise from double-strand
breaks of DNA within a single cell, and are therefore mono-
clonal in nature, has historically provided a theoretical basis
for the linear no-threshold (LNT) hypothesis of cancer risk
from exposure to ionizing radiation. Under this paradigm, the
risk of cancer is assumed to increase linearly with increased
dose over all exposures, no matter how small, with no
threshold.
In recent years, the LNT model has come under increased
scrutiny because of a large amount of evidence that suggests
radiation-induced adaptive protective responses, including
activation of DNA-repair mechanisms and immune
responses that suppress cancer development, occur at low
doses of low LET radiation (e.g., g decay and x-rays). Critics
also note that LNT does not account for possible effects to
adjacent cells not directly hit by a particles under the so-
called bystander effect. At certain doses of low LET radiation,
research has shown that activation of signaling processes
between hit and nonhit cells may lead to apoptosis of some
portion of misrepaired cells, indicating possible cancer
protection. g-Rays emitted internally from radon progeny or
coming from other sources of background radiation have
been proposed as agents of low LET radiation, inducing
adaptive responses. At high radon exposures these adaptive
responses may become suppressed, offering little or no
protection against damage from a decay.

The possibility of a J-shaped dose–response relationship for
radon is supported by one recent study investigating lung
cancer in rats following exposure to high LET radiation from
plutonium-239 which, like radon progeny, is an a emitter. The
group of rats given small doses of g radiation at between 1 and
2 mGy in addition to exposure to inhaled plutonium-239 in
the form of plutonium dioxide showed a statistically significant
decrease in rates of lung cancer compared with the group of rats
exposed to only plutonium-239. This presumed g-initiated
adaptive response provided complete protection against
a decay-induced lung cancer in these rats for doses up to
600 mGy, but was found to be suppressed for a doses that
exceeded approximately 2000 mGy.
Chronic Toxicity

Because radon is lipid soluble, it can pass into and out of the
brain through the blood–brain barrier. Radon daughters,
however, are not lipid soluble and therefore remain in the brain.
One study that investigated brain samples from 29 deceased
patients, 11 with Alzheimer disease, six with Parkinson disease,
and eight controls with no evidence of neurological disorders,
found a tenfold increase in radioactivity of long-lived radon
progeny polonium-210 and lead-210 in the brains of those with
neurological dysfunction in comparison with the controls. In
addition to being radioactive, these long-lived heavy-metal
progeny isotopes of radon are considered to be both neurotoxic
and neurotrophic.

One ecological study conducted in Norway reported
statistically significant correlations (p< 0.01) between high
rates of multiple sclerosis and environmental radon, while
a second population-based study conducted in England and
Wales found a statistically significant correlation between
county-level rates of radon and age-adjusted death from motor
neuron disease. However, results from these ecological studies
are subject to potential bias, given that observed correlations at
the population level may not apply to individuals in the
geographical regions of interest. No large-scale case–control
studies were identified that looked for possible associations
between radon and neurological disorders at the level of the
individual.
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Acute and Short-Term Toxicity

Animals

Laboratory mammals exposed to massive doses of radon have
exhibited acute toxic effects, including death. For example,
lesions in the trachea and bronchi, damage and disappearance
of the epithelial lining of the bronchiole, and evidence of
interstitial fibrosis were observed in mice exposed to
2.0� 107 Bqm�3 for 10, 15, 20, or 25 weeks. A median lethal
dose of 30 days for mice was estimated from a single exposure
of between 5 and 40 h at 8.1� 109 Bqm�3. None of the mice
in this study died within 60 days of a 26-h exposure, whereas
100% of the mice died within 2 weeks after a 40-h exposure.
Humans

Erythema and epidermal necrosis have been reported in
humans exposed dermally to radon at doses near 100 Gy,
which is a magnitude of dose far greater than those typically
experienced occupationally or by the general public. It is also
inconceivable that naturally occurring radon could ever deliver
a high enough dose to humans to produce the effects associated
with acute radiation syndrome, such as vomiting, diarrhea,
neurological dysfunction, and major organ failure.
Immunotoxicity

Animals

A recent study demonstrated a possible beneficial immuno-
logical modulation in mice that ingested radon in water. In this
experiment, mice were given a skin challenge of picryl chloride
to induce dermatitis-like skin lesions, providing an animal
model for human atopic dermatitis. The treatment group
(radon-positive mice) received exposure to radon via ingestion
of water containing between 68 and 203 Bq l�1 2 weeks prior to
the skin challenge. Radon exposure was continued throughout
the study. By 2 weeks postsensitization, the radon-positive
mice showed less severe dermatitis than the radon-negative
mice (p< 0.05). This statistically significant difference in skin
sensitivity scores remained at 3 and 4 weeks postsensitization.
In addition, the radon-positive mice had significantly lower
levels of plasma immunoglobulin E (IgE) levels than the
radon-negative mice (p< 0.05). However, no group differences
were observed in either skin sensitivity scores or plasma IgE
levels when radon treatment was started in 1 week post-
sensitization by picryl chloride. Some caution should be used
in the interpretation of the results from this study, however,
given the low number of mice involved (between five and nine
mice per group depending upon the experiment).
Humans

Exposure of human lung fibroblasts in vitro to a radiation at
doses between 3.9 and 19 cGy have resulted in increased levels
of both intracellular reactive oxygen species and interleukin-8
(IL-8), a chemokine that is often associated with inflammation.
Although the a source in this study was plutonium-238, the
investigators hypothesize that the production of IL-8 induced by
a radiation and accompanying reactive oxygen species may play
a role in the reported proliferation of the epithelial cells lining
the respiratory tract following inhalation of radon progeny.
Reproductive and Developmental Toxicity

Although ionizing radiation is known to be genotoxic, the
balance of the evidence suggests that exposure to radon does
not cause reproductive problems or birth defects.
Genotoxicity

Animals

Several in vitro and in vivo studies have demonstrated that high
doses of radon exposure cause DNA damage to targeted cells,
potentially initiating a chain of events leading to cancer. Types
of damage to the DNA include micronuclei formations, single
and double strain breaks, chromosome aberrations, and
genetic mutations. Immediately following irradiation, DNA-
repair mechanisms are activated, seeking to mitigate the
cellular damage caused by the radiation exposure. About 150
genes have been characterized that are involved in DNA repair.
Some of these genes are only activated under low doses or low
dose rates of low LET radiation, and thus form part of the
radioadaptive defense mechanism described above. However,
there is still some debate as to whether or not radiation-
induced proactive responses observed in animal models can
occur at the level of human organs.
Humans

Studies of uraniumminers have demonstrated a high frequency
of chromosome damage and genetic mutations in blood
lymphocytes.Measured frequencies of chromosomeaberrations,
including dicentrics, acentrics, and deletions, among miners
have also been found to be significantly higher than those of the
general population. By contrast, evidence from case–control
studies has been weak in supporting an association between
increased genetic mutations and domestic radon exposure.

Several studies looking for a link between mutations in the
TP53 gene and radon exposure have been conducted. TP53
codes for p53, an important tumor-suppressor protein that is
involved in regulating cell growth. Mutations of this gene are
common in lung cancer tumor cells. However, results of cohort
studies among miners and the general public have not been
consistent in supporting the hypothesized association between
TP53 mutations and radon exposure.

In one study from Japan, investigators measured blood levels
of p53 protein in residents living in a district with high
radon exposure (mean indoor exposure¼ 54 Bqm�3) and
a control district with lower radon exposure (mean indoor
exposure ¼ 16 Bq m�3).Males in the high-exposure district were
found to have amean p53 level that was twice that seen inmales
in the control district (p< 0.01). These results suggest the possi-
bility that slightly elevated indoor radon concentrations can
stimulate the production of p53 and provide cancer protection.
However, these results should be interpreted cautiously, given
that the sample sizewas small and that radonmeasurementswere
district averages and not from individual homes.
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Carcinogenicity

Exposure to radon-decay progeny has been proven to be a cause
of lung cancer at high doses. As far back as the sixteenth
century, miners in central Europe were known to have experi-
enced higher rates of mortality from respiratory diseases
unrelated to tuberculosis in comparison with the general
population. More recently, epidemiological studies of uranium
miners have demonstrated a strong association between
increased rates of lung cancer and radon exposure in under-
ground mines. Some ecological studies have also suggested
a slight increase in other forms of cancer from radon exposure,
including leukemia and stomach, kidney, and prostate cancers.
However, reviews of the medical literature suggest that these
correlations have not held up under more elaborate case–
control studies. The weight of the evidence is also against any
association between radon exposure and skin cancer. This lack
of a causal relationship is further supported by the belief that
the target cells involved in mechanisms of skin cancer lie too
deep within the dermis to be affected by a decay resulting from
dermal exposure of radon.

In attempts to estimate the risk of lung cancer in the general
public, regulatory agencies have extrapolated the estimated
excessive rates of cancer seen among underground miners
down to typical radon levels present in homes. These extrap-
olations involve considerable uncertainty, given that radon
exposures of underground miners are at least one to two orders
of magnitude greater than those experienced by the general
public. Nevertheless, the National Research Council in its BEIR
VI report used extrapolation based on two different LNT
models to estimate that between 15 400 and 21 800 deaths
from lung cancer per year in the United States are attributable
to radon exposure, with about 90% of these deaths occurring
among ever-smokers. These extrapolation models considered
data drawn from 11 cohort studies containing a total of more
than 65 000 miners with more than 2700 cases of mortality
from lung cancer.

Several case–control studies investigating residential radon
exposure have been performed over the last two decades in an
attempt to overcome the uncertainties inherent in extrapolation
of the uranium-miner data. Two large statistical analyses, one
North American and the other European, incorporated data
pooled frommany studies undertaken in each of these respective
continents in order to gain more statistical power to observe an
effect. Based on seven North American studies that combined
a total of 4081 cases and 5281 controls, investigators reported
a 10–18% increase in the odds of lung cancer for every
100 Bqm�3 units of radon exposure. Depending upon the
assumptions used concerning the measured exposure data, the
lower 95% confidence interval for these excess-risk estimates
were either equal to zero, slightly greater than zero, or slightly less
than zero, suggesting amarginally statistically significant finding
of increased risk under a best-case scenario. In addition, a greatly
reduced estimate of cancer risk that was no longer statistically
significant was found after removing the data from Iowa. The
Iowa study, with a total of 413 cases and 614 controls, was the
only one of the seven studies considered that showed a clear,
statistical association between radon exposure and lung cancer.

The European pooling study, which combined data from 13
case–control studies included a total of 7148 lung cancer cases
and 14 208 controls, reported a similar range of between 8 and
16% increased risk in lung cancer per 100 Bqm�3 of radon
exposure based on fitting these data with the LNT model,
a result that was statistically significant. However, when indi-
vidual categories of radon exposure were considered, study
participants with exposure <100 Bqm�3 had nonstatistically
significant relative risks close to unity as compared with the
reference exposure of 0 Bqm�3 (e.g., relative risk [95% confi-
dence interval]¼ 1.00 [0.87, 1.15] for <25 Bqm�3 vs.
0 Bqm�3, 1.06 [0.98, 1.15] for 25–49 Bqm�3 vs. 0 Bqm�3,
and 1.03 [0.96, 1.32] for 50–99 Bqm�3 vs. 0 Bqm�3).

Although the results of these large pooling studies are often
cited as evidence confirming the validity of the LNT model, at
least one case–control study not included in North America
pooling analysis demonstrated a significantly decreased risk of
lung cancer at low levels of radon exposure. This study was
conducted in Massachusetts and included a total of 200 cases
and 397 controls matched on age and gender. Logistic regres-
sion models using natural cubic spline terms predicted an
estimated 65% reduction in the odds of cancer that was
statistically significant at radon concentrations between 85 and
125 Bqm�3 when compared with the reference exposure of
4 Bqm�3 and adjusting for confounders including smoking,
years of residency, education, and occupational exposure to
potential carcinogens.

Another case–control study whose data were pooled into
the North American analyses also showed evidence of possible
decreased risk of cancer for some observed radon exposures.
This study conducted in Missouri is of particular interest, since
it included only female smokers, never-smokers, or former
smokers for at least 15 years, and thus eliminated potential
confounding from current smoking. When the radon exposures
were categorized into deciles and adjustment was made for age,
women in the fifth decile of exposure at approximately
45 Bqm�3 had an almost 50% reduction in the odds of cancer
compared with those in the first decile of exposure at approx-
imately <20 Bqm�3, a result that is marginally statistically
significant based on the 95% confidence interval of the odds
ratio.

In 2005, the French Académie des Sciences (Academy of
Sciences) and Académie Nationale de Médicine (National
Academy of Medicine) issued a report questioning the validity
of the LNT model and cautioning against its use for extrapo-
lation of data at high radiation exposures to estimate cancer
risk for doses <100 mSv, citing evidence demonstrating acti-
vation of adaptive–protective responses at these low doses.
Most other scientific bodies and government regulatory
agencies, particularly in the United States, continue to support
the use of the LNT model in risk models for radon.
Management

Several methods are available to remediate high levels of radon
in the home. One method recommended by the US Environ-
mental Protection Agency (EPA), called soil suction, prevents
radon from entering the home by drawing radon out from the
soil beneath the foundation and venting it through pipes to the
outside air. Sealing foundation cracks is only recommended in
conjunction with air exchange or ventilation methods.
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Ecotoxicity

Although radon is ever present in the environment, there are
few data on the effects of radon on nonhuman biota outside of
laboratory experiments. Given the low levels of radon
concentration in the outdoor air, there would presumably be
little risk posed to wildlife in the environment.
Exposure Standards and Guidelines

Current US EPA guidelines recommend taking remedial action
for homes with radon concentrations greater than 148 Bqm�3

(4 pCi l�1). In 2007, the Canadian government lowered the
guidelines for maximum radon exposure from 800 Bqm�3 to
200 Bqm�3 for homes, public buildings, and places of
employment.

See also: Carcinogenesis; Environmental Protection Agency,
US; Epidemiology; Hormesis; Occupational Exposure Limits;
Occupational Toxicology; Radiation Toxicology, Ionizing and
Nonionizing; Radium; Respiratory Tract Toxicology; Risk
Assessment, Human Health.
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Background

The REACH Regulation is the outcome of a wide-ranging
overhaul of the chemicals policy in Europe. It is the most
ambitious legislative initiative in the history of the European
Union (EU). The regulation was adopted in December 2006
and entered into force on 1 June 2007.
Main Principles

The regulation applies to all chemical substances, not only
those used in industry but also those used by the public as
a component of the chemical mixtures used, for example, in
cleaning products and paints. As such, the regulation has an
impact on a large number of companies that exist beyond the
traditional chemicals sector.

Companies manufacturing or importing a chemical
substance in quantities of 1 t year�1 or more are required to
register it with the European Chemicals Agency (ECHA). The
Agency manages the technical, scientific, and administrative
aspects of the REACH system at Community level and facili-
tates its harmonized and effective implementation.

To be compliant with the regulation, companies have to
identify and manage the risks involved in the manufacture and
use of their substances. The information necessary to assess the
properties of substances for this safety assessment is tiered, i.e.,
with steps of more information at 10, 100, and 1000 t year�1.
In addition, companies have an obligation to communicate
how to use the substance safely to their customers on a safety
data sheet. If there are several registrants for the same
substance, they must work together, normally to share the
information on the properties of the substance and cooperate
in submitting a lead registration dossier with joint registrations.

The regulation places the burden of proof for the safe use of
chemicals on industry. The Agency, however, evaluates indi-
vidual registration dossiers for their compliance, by examining
all the testing proposals for studies specified in the regulation
and by undertaking compliance checks on a proportion of
dossiers to examine their content. In a parallel process, the EU
Member States evaluate selected substances in the Community
Rolling Action Plan (CoRAP) to clarify any potential concerns
on the risk of these substances. The evaluation process expands
the knowledge on chemicals and thus contributes to the
prevention of risk caused by them.

If it is evident that the risks of a substance cannot be
controlled, authorities can address specific substances by
restricting their use or by making the substance subject to
a prior authorization. The authorization process applies to
substances of very high concern identified by the Agency and
included into the authorization list by the European
Commission. A system of restrictions can apply to any
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
substance for which there is an EU level concern. A restriction
can cover just one use or it may introduce a total ban of any use.
Restriction decisions are taken by the Commission based on
the scientific opinions provided by the Agency.
Timelines

New substances have to be registered before they can be man-
ufactured or imported and substances that had been notified
under the previous scheme count as having been registered
under REACH if this is claimed by the notifier. Existing
substances that were already on the market are ‘phased-in’ to the
scheme. Industry could preregister them so that they became
‘phase-in’ substances with specific deadlines for registration:

l 1 December 2010
B �1 t year�1

– carcinogens, mutagens, and substances
toxic to reproduction (CMR)

B �100 t year�1
– very toxic to the aquatic environment

(R50/53)
B �1000 t year�1

l 31 May 2013
B �100 t year�1

l 31 May 2018
B �1 t year�1
Benefits

The objectives of REACH are in line with the overriding EU goal
on sustainable development for 2020, namely:

l The protection of human health and promotion of
a nontoxic environment.

l Application of the precautionary principle.
l Promotion of nonanimal testing.
l Increased transparency.
l Maintenance and enhancement of the competitiveness of

the EU chemical industry and prevention of fragmentation
of the internal market.

l Integration with international efforts and conformity with
EU international obligations under the World Trade Orga-
nization (WTO).
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Background

In 2006, the European Union (EU) adopted a new regulation
on chemicals and their safe use called REACH. It deals with the
registration, evaluation, authorization, and restriction of
chemical substances. Two years later, the EU adopted the
regulation on classification, labeling, and packaging (CLP) of
substances and mixtures that introduces the United Nations’
Globally Harmonized System in to the EU.

The REACH regulation established a European Chemicals
Agency (ECHA) that manages the technical, scientific, and
administrative aspects of REACH and CLP as well as main-
taining databases and IT tools that facilitate their harmonized
and effective implementation. REACH-IT is one of these tools.
The System

REACH-IT is a central system with two interfaces. The first
provides an online portal for companies to submit data and
dossiers on chemicals to the Agency as set out in the REACH
and CLP regulations. The second allows the Agency and
Member State authorities to have access to the information
submitted by industry and to manage the daily work in the
various regulatory processes.
The Usage

REACH-IT allows companies to easily sign-up and submit
dossiers and other required information on chemical
substances to the Agency. Once the information is submitted, it
is stored in the REACH-IT database. By logging in, companies
can easily review the status of their dossiers, search informa-
tion, and obtain contact details of other companies that have
data on the same substance. The main steps of the submission
processes (including invoicing) will generate internal messages
sent to the company’s REACH-IT message box.
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Thanks to the central workflow system in REACH-IT, the
Agency and Member State authorities can evaluate dossiers on
chemical substances online. REACH-IT also helps the Agency
and Member States to better understand where chemicals are
manufactured and how they are used in Europe.

The dissemination of information from REACH-IT
contributes to the transparency of the data on registered
chemical substances. Once a company has submitted
a complete registration dossier, REACH-IT will automatically
publish its nonconfidential parts via the Information on
Chemicals section on the Agency’s Web site.
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See also: Chemical Safety Assessment; The European
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Further Reading

European Chemicals Agency, 2010–2011. REACH-IT Data Submission Manuals, vol.
1–22.
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1–17.

Relevant Websites

http://echa.europa.eu/support/dossier-submission-tools/reach-it – the REACH-IT web
pages provide access to REACH-IT homepage, practical information on the different
steps of data submission to the Agency and linking to the relevant IT manuals.

http://echa.europa.eu – the website of the European Chemicals Agency is a one-stop-
shop for information about the Agency and its work.
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Introduction

The Food and Drug Administration (FDA) is one of 11 oper-
ating agencies within the Department of Health and Human
Services in the US federal government. The guiding mission of
the FDA is to protect human and animal health, and it does this
through enforcement of laws and through product regulation.
The role of the FDA in ensuring that a drug, or any other
FDA-regulated product, is safe and effective does not end once
the product is approved and marketed. The FDA plays a role in
monitoring product safety and in providing a regulatory
framework for a company to institute a recall if a product
violates statutes. This ensures the products safety and effec-
tiveness. Most recalls of FDA-regulated products that occur in
the United States are done voluntarily by the firm responsible
for the manufacturing of the product. The voluntary recall can
be initiated exclusively by a firm or can be done after an FDA
request. In most instances the FDA does not have the authority
to force a firm to recall a product, though they do have the
authority to seize the product and initiate legal sanctions. For
certain types of products, the FDA does have the authority from
statutes to order a recall, such as infant formula, medical
devices, and products in the biologics category (human cells,
tissues, and cellular- and tissue-based products). In 2011,
President Obama signed into law the Food Safety Moderniza-
tion Act. This act gives the FDA the authority to order
a mandatory recall of foods. It is important for a firm to do all
they can to follow the regulations and prevent a recall. For the
consumer, using an adulterated or ineffective product can be
life threatening. For the firm responsible for the manufacturing
of the product, a recall can be quite costly in many ways, not
only in dollar amount, but also in reputation. This article looks
at the recall process along with US statutes and regulations that
set the standards for ensuring the safety and efficacy of
FDA-regulated products.
Recall Definitions

Recalls of FDA-regulated products can result in the
manufacturing firm or product distributor taking the entire
product or just certain lot numbers of a product off the
market. The term recall as defined by the FDA means “a firm’s
removal or correction of a marketed product that the Food
and Drug Administration considers to be in violation of the
laws it administers and against which the agency (FDA) would
initiate legal action” (21CFR7.3). Corrective actions can
Encyclopedia of T
include the repair, modification, or adjustment of a product,
relabeling, or inspection of a product. Initiation of the recall
can come from the firm itself, from an FDA request, or from
‘an FDA order under statutory authority.’ An FDA-ordered
recall is initiated by the Commissioner of Food and Drugs
and can occur when the firm fails to initiate a recall and when
the FDA deems that the product affects public health and
welfare. The term market withdrawal on the other hand is
defined as a “withdrawal of a product due to a minor violation
not subject to FDA legal action.” Examples of market with-
drawal would be withdrawing a product due to evidence of
tampering with the packaging and not with the manufacture
or distribution of the product, complaints or adverse reactions
from the product, or if the product is deficient in some way.
When market withdrawal occurs, firms are encouraged to
notify and consult with the FDA. When it comes to medical
devices, a ‘medical device safety alert’ occurs when evidence
suggests that the device can present an ‘unreasonable risk of
harm.’
Recall Classification

The FDA has a classification system that it applies to recalled
products to indicate the degree to which the product is
hazardous to human health. An ad hoc committee of FDA
scientists will come together and evaluate the product in
question with respect to a number of factors (21CFR7.41). A
class I recall is the most serious classification that is applied to
recalled products and class III is least likely to cause harm.
These classifications do not determine how the recall process is
done; they are there to make the public aware of the degree of
health hazard. The FDA description from their webpage is as
follows:

Class I recall: a situation in which there is a reasonable
probability that the use of or exposure to a violative product
will cause serious adverse health consequences or death.

A current example of a class I recall: one lot of methotrexate
was found to be contaminated with ethylene glycol.

Class II recall: a situation in which use of or exposure to
a violative product may cause temporary or medically revers-
ible adverse health consequences or where the probability of
serious adverse health consequences is remote. A majority of
recalls are determined to be class II.

Class III recall: a situation in which use of or exposure to
a violative product is not likely to cause adverse health
consequences.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00974-X
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Recall Strategy

The recall process is a set of procedures administered by the
FDA to protect consumers from marketed products that are
faulty, defective, and deceptive or that are a risk to human or
animal health. The voluntary removal of a product in the recall
process is codified in 21CFR7.41-7.59. The FDA requires firms
to devise and institute a recall strategy, which should be
submitted to the FDA for corrections and approval. However,
pending approval of a recall strategy should not impede the
firm from taking corrective action on violative products. Items
that need to be addressed in a firm’s recall strategy are detailed
in the regulation 21CFR7.42. Main topics include (1) depth of
recall: where in the distribution chain the recall needs to occur,
i.e., at the consumer level, distributer, or whole sale level;
(2) public warning: includes a plan of how the appropriate
people are going to be informed about the recall with, for
instance, media advertisements or letters; and (3) effectiveness
checks: the FDA wants to see plans stating how the firm intends
on determining whether the recall process is working to remove
and perhaps destroy a violative product. A guide that explains
the effectiveness check process in more detail called ‘Methods
for Conducting Recall Effectiveness Checks’ is available upon
request from the Division of Dockets Management. The regu-
lation 21CFR7.59 suggests that a firm have a contingency plan
for each product describing actions that need to be taken if that
product would need to be recalled. It is suggested that this plan
be written as a company standard operating procedure. Also
suggested in this regulation are tracking methods for each
product, such as lot numbers and thorough distribution
records, so that in the event of a recall, appropriate parties using
the recalled product can be notified quickly. A well-thought-out
and written recall strategy can expedite the removal of a viola-
tive and potentially dangerous or ineffective product from the
marketplace. FDA guidance documents contain information
regarding the FDA’s current thinking on a topic. It is more
detailed and specific than statutory information. The guidance
document ‘Guidance for Industry: Product Recalls, Including
Removals and Corrections’ gives specific details about the
information needed by the FDA district coordinator when
notified of a firm’s decision to recall a product. This document
further describes components of a recall strategy, notifying the
public and determining the effectiveness of a recall.
FDA Authority

FDA enforcement is authorized in the Food Drug and Cosmetic
Act, which allows the FDA to pursue legal actions against a firm
that markets products in violation. The recall process, if done
correctly, is a way that firms can voluntarily correct violations
before FDA legal actions were to take place. FDA has the
responsibility to monitor the recall process and to ensure that
the firm is providing adequate efforts toward the recall process.
However, if the responsible firm does not put forth the efforts
to correct violations or institute recalls, the FDA has authority
to act. For most products, the FDA does not have the
authority to force a firm to institute a recall, they have the
authority only to seize a product. However, for a few product
classes, the FDA does have the authority to institute
a mandatory recall. Statutory provisions authorize mandatory
recalls of infant formula (21 USC x 350a(e)-(g)), medical
devices (21 USC x 360h(e)), and human biological products
(42 USC x 262). The specific requirements for mandatory
infant formula recalls are in Subpart E of 21 CFR107. Medical
device corrections and removals procedures are codified in 21
CFR Part 806, and mandatory human tissue recall procedures
are listed in Subpart D of 21 CFR 1270. Recalls, once initiated,
are published in the online weekly FDA Enforcement Report.
Food Drug and Cosmetics Act

One of the main laws governing the action of the FDA is the
Food Drugs and Cosmetics Act, first written in 1938 and
amendedmany times since. This law is codified in Chapter 21 of
the US Code. Examples of sections relevant to product recall are
Chapter V, Sections 351 and 352, which contain provisions
outlawing the adulteration and misbranding of drugs and
devices. In Section 351, adulteration of drugs and devices is
definedwith themain topics being the following: (1) poisonous,
unsanitary, etc., ingredients; adequate controls in
manufacturing; (2) strength, quality, or purity differing from
official compendium; (3) misrepresentation of strength; (4)
mixture with or substitution of another substance; (5) device not
in conformity with performance standards; (6) class iii device
premarket approvals; (7) banned devices; (8) manufacturing,
packing, storage, or installation of device not in conformity with
applicable requirements or conditions; and (9) failure to comply
with requirements under which device was exempted for inves-
tigational use. Section 352 contains laws regarding misbranding
of drugs and devices. This section details labeling, packaging,
and advertisement requirements for the products. Section topics
include false or misleading labels, package form and content of
label, prominence of information on label, deteriorative drugs
package and labeling, color additives packaging and labeling,
devices subject to performance standards not bearing requisite
labeling, devices for which there has been a failure or refusal to
give required notification or to furnish required material or
information, identification of manufacturer, restricted devices
using false or misleading advertising or used in violation of
regulations, nonprescription drugs, drugs subject to approved
risk evaluation and mitigation strategy, postmarket studies and
clinical trials, and new safety information in labeling. The
manufacture and marketing of an FDA-regulated product
requires understanding of this extensive document.
Misbranding

Violation of the misbranding provisions in the Food Drugs and
Cosmetics Act is a reason behind many recalls. Labels need to be
accurate and not misrepresent package contents. Regulations
regarding correct labeling of drugs and medical devices can be
found in 21CFR201. Rules governing labeling are quite extensive
and beyond the scope of this article. In general, the regulations
state what kind of information should be on the label as well as
the label appearance (placement, size, and prominence).
There are somestandard labeling requirementsaswell asproduct-
specific labeling requirements. For instance, specific requirements
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‘on content and format for labeling human prescription drugs
and biologic products’ are listed in 21CFR57.1. Drug labeling
includes all printed information, including the label, the wrap-
ping, and the package insert. One provision listed is the ‘high-
lights limitation statement,’ which includes the verbatim
statement “These highlights do not include all the information
needed touse (insert nameofdrugproduct) safely and effectively.
See full prescribing information for (insert name of drug
product).” The Food and Drug Administration Amendments act
of 2007authorized the FDA tobe able to require labeling changes
on drugs and biologics made upon discovery of new safety
information such as possible adverse or serious adverse reactions,
contraindications, or changes in effectiveness. For example, the
drug Enbrel, which is prescribed for rheumatoid arthritis, was
responsible for a small number of deaths and serious infections.
To stay on themarket, the FDA required that labeling for the drug
change from ‘do not use with sepsis, a blood infection’ to ‘do not
use with any active infection.’ Another provision codified in
21CFR57 describes the black box warning labeling and other
general categories of labeling requirements, including dosage,
indications, and full prescribing information. On average, 5–10
drugs per year require medication guides to be included with
them. These drugs need special instructions to help prevent
adverse drug reactions, or when specific use instructions are
needed, or when risk to benefit ratio is high.
Adulteration

Descriptions of what adulteration consists of can be found in
Section 501 of the FDCA: “A drug is adulterated if consists in
whole or in part of any filthy, putrid, or decomposed substance,
or it has been prepared, packed, or held under unsanitary
conditions whereby it may have been contaminatedwith filth, or
whereby it may have been rendered injurious to health. A drug is
also adulterated if the methods used in, or the facilities or
controls used for, its manufacture, processing, packing, or
holding do not conform to current good manufacturing practice
(GMP); if its container is composed, in whole or in part, of any
poisonous or deleterious substance which may render the
contents injurious to health; if it purports to be a drug recog-
nized in an official compendium, and its strength differs from, or
its quality or purity falls below, the standards set forth in that
compendium; if its strength differs from, or its purity or quality
falls below, that which it purports or is represented to possess; or
if a substance has beenmixed or packedwith it so as to reduce its
quality or strength.” Thus, following GMP in the manufacture of
FDA-regulated products is mandatory. Regulations in Title 21 of
the CFR outline required current good manufacturing practices
(cGMP) for the different types of FDA-regulated products. cGMP
for drugs and pharmaceuticals are located in 21CFR210 and 211.
cGMP for blood and blood components are in 21CFR606.
Failure to follow these regulations violates the Food Drug and
Cosmetic Act and can lead to a recall of the product.
Biologics Recall

The regulation 21CFR1271.440a-e concerns products in the
biologics category: human cells, tissues, and cellular- and
tissue-based products (HCT/P). If the FDA determines that
these products are in violation of this regulation, the FDA has
the authority to order a recall. The regulation states that
a product is in violation when “ the conditions of manufacture
of the HCT/P do not provide adequate protections against risks
of communicable disease transmission; or the HCT/P is infec-
ted or contaminated so as to be a source of dangerous infection
to humans; or an establishment is in violation of the regula-
tions in this part and, therefore, does not provide adequate
protections against the risks of communicable disease trans-
mission” (21CFR1271.440). The FDA will make a determina-
tion whether the product is in violation, then will send the
manufacturer of the product an order, which usually requires
a firm to recall and/or destroy the products in question within
5 days of receiving the order. Firms can request a hearing, and
this is outlined in the regulation. Further, the FDA requests that
continued manufacturing of this product not proceed without
prior authorization from the FDA. These orders sent to firms are
published in the Federal Register and can be viewed by the
public. An example of one such order dated 11 May 2012 was
listed in the Federal Register. This order was sent to a Los
Angeles firm, Pacific Coast Tissue Bank, which marketed HCT/
P. An FDA inspection of the manufacturing facility found
numerous violations that made them conclude the resulting
products would constitute a serious risk to human health due
to possible contaminations. After the inspection, the firm was
notified of the violations and given a chance to address the
issues. The FDA, however, concluded that the responses to the
violations were not adequate so they instituted the recall order.
Inspection findings included items such as failure to assess
contamination in preprocessed tissue, cleanliness of equip-
ment and facilities used to process the tissue, lack of records
that documented completing sterilization and sanitation
protocols, and an inadequate monitoring plan for the air
environment.
Safe Medical Device Act and FDA-Ordered Medical
Device Recalls

Section 8 of the Safe Medical Device Act of 1990 amends
Section 518 of the FD&C Act (21USC360h) to include a section
titled ‘Recall Authority’ as it applies to medical devices.

Section 518 says, “If the FDA finds that there is a reasonable
probability that a device intended for human use would cause
serious, adverse health consequences or death, FDA shall issue
a cease distribution and notification order requiring the
appropriate person to immediately cease distribution of the
device, immediately notify health professionals and device user
facilities of the order, and instruct such professionals and
facilities to cease use of the device.” This is codified in the
regulation 21CFR810. It has been rare that the FDA will insti-
tute this recall order. In most cases, firms will voluntarily recall
a violative device. When it comes to medical devices, it is
important to discriminate between the terms recall, market
withdrawal, stock recovery, and safety alert. Only the recall
category concerns products that are in violation of regulations
and are subject to legal action by the FDA. Market withdrawal
of a product by a firm occurs when a firm removes or corrects
a product released in the marketplace when the product is not
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in violation of a regulation to the point of instituting legal
action by the FDA. Normal stock rotations or routine repairs or
adjustments to a device are examples of market withdrawals.
“Correction means the repair, modification, adjustment, relab-
eling, destruction, or inspection (including patient moni-
toring) of a device without its physical removal from its point
of use to some other location.” Stock recovery is a term that
refers to the removal or correction of a device that has not yet
been marketed or has left the firm’s control. A safety alert is not
a recall, it is a notification to certain persons that a device can
cause harm in specific circumstances. Corrections or recalls of a
medical device instituted by a firm due to regulatory violations
or any risk of harm must to be reported to the FDA
(21CFR306.1). The report should be sent to the FDA within
10 days of the decision to recall or correct. Items required in the
report are specific and are outlined in 21CFR310. Under
21CFR320, the recall or correction of medical devices that is
not required to be reported to the FDA under 21CFR310 still
needs to be documented by the firm and kept in record form
available for review by the FDA.
Questions Posed about the Adequacy of the FDA
Recall Process

In 2011, the Government Accountability Office (GAO) issued
a report titled ‘Medical Devices, The FDA Should Enhance Its
Oversight of Recalls.’ This report compiled data regarding the
recall of medical devices from 2005 to 2009. During that time
3510 devices were recalled and 83% of those devices were
classified into the class II recall category, meaning those devices
had a moderate health risk and only a remote chance of causing
a serious adverse event. Forty percent of the recalled medical
devices were cardiovascular, orthopedic, or radiologic devices.
Criticisms from the GAO centered on the recall process. They
thought that it was not done in a timely and efficient way by
some firms and that the FDA did not have the authority to do
anything about that. The GAO also thought that the FDA did
not have good processes in place to assess whether a recall was
effective. There was no clear way to determine whether
Table 1 Current list of products gathered by the FDA posted in the first 2

Date Product Product description

23 Feb 2013 Omontys® Omontys® (Peginesatide)
injection

15 Feb 2013 Vistide Cidofovir injection
15 Feb 2013 Reumofan plus Tablets

25 Jan 2013 Hospira Lactated ringers and 5%
dextrose injection, USP

24 Jan 2013 Super power Dietary supplement

17 Jan 2013 Rugby Ferrous sulfate tablets, 325 mg

10 Jan 2013 Mitosol Mitomycin for solution
information was received by all the device users or whether
devices were successfully discarded. In addition, the GAO felt
that the FDA did not fully document reasons for the termina-
tion of a recall and was not satisfied with the way the FDA
ensured that the firm did not repeat the mistakes leading to the
recall. The GAO felt that all of this taken together showed that
the FDA was not doing enough to decrease the risk of unsafe
medical devices being on the market. Periodically, public
interest groups or members of Congress will call for additional
legislation that would give the FDA the authority to order
recalls. In addition, calls for mandatory notification of doctors
and pharmacies by the FDA regarding drug and device recalls
have been made.
FDA Online Listings for Product Recalls, Market
Withdrawal, and Safety Alerts

The FDA.gov website contains listings of FDA-regulated prod-
ucts that have gone through a recall, market withdrawal, or
where a safety alert has been issued. Links to a weekly
Enforcement Report list products that have just been classified
by the FDA into class I, II, or III recalls depending on antici-
pated levels of safety risk. Also on the FDA website, there is
a listing of product recalls derived from press releases for the
past 60 days (see Table 1). While not an exhaustive listing of all
products, the FDA provides this listing as a service to get the
word out about potentially harmful products. This page also
has a link to a Major Product Recall page, which contains
expanded information about certain recalled products that may
have a large impact on human public health.
Current Examples of Recalled FDA-Regulated
Products

Recall examples in the 6 February 2013 FDA Enforcement
Report are the following. In the biologics category, Talecris
voluntarily initiated a recall of 177 units of plasma due to
plasma donors not being given a physical exam prior to
months of 2013

Reason/Problem Company

Serious hypersensitivity reactions,
including anaphylaxis

Affymax, Inc. and Takeda
Pharmaceutical Company
Limited

Particulate matter Gilead Sciences Inc.
Tablets contain undeclared active
pharmaceutical ingredients:
methocarbamol, dexamethasone,
and diclofenac

Reumofan Plus USA, LLC
and Reumofan USA, LLC

May contain sporelike particulate Hospira, Inc.

Unapproved new drug D&S Herbals, LLC, d/b/a
Freedom Trading

Bottle of ferrous sulfate tablets,
325 mg, may actually contain
meclizine HCl 25 mg tablets

Advance Pharmaceutical Inc.

May be nonsterile Mobius Therapeutics, LLC
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donation. FDA classified this as a class II recall. Another class
II recall was for numerous lots of a medical device manu-
factured by Cordis, a Johnson & Johnson Company. This
device, Exoseal� 6F Vascular Closure device, is used to close
femoral artery puncture. The specific lots of the device were
recalled due to being sterilized using a process that did not
achieve certain sterility standards. In another example, the
drug Femtrace 0.9 mg (Estradiol Acetate) tablets were volun-
tarily recalled by Warner Chilcott Company LLC due to failed
impurity/degradation specifications due to moisture ingress
in the bottles. FDA classified this as a class III recall. Another
drug recall was for Carvedilol tablets. These tablets were
recalled due to tablet size and thickness not meeting
manufacturing specifications. The information on the web-
page indicated that this recall was firm initiated, and involved
the recall of 11 580 bottles and that the method of commu-
nication used by the firm was a letter.

See also: Food and Drug Administration, US.
Relevant Websites

http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm – Code of
Federal Regulations Title 21.

www.fda.gov/Safety/Recalls/EnforcementReports/default.htm – FDA Enforcement Reports.
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/

Guidances/UCM250783.pdf – Industry Guidance Document: Safety Labeling
Changes – Implementation of Section 505 (o)(4) of the Food Drugs and
Cosmetics Act.

http://www.fda.gov/Safety/Recalls/default.htm – Recently posted recalls.
http://www.fda.gov/safety/recalls/default.htm – US Food and Drug Administration:

Recalls, Market Withdrawals, & Safety Alerts.
http://www.fda.gov/ICECI/ComplianceManuals/RegulatoryProceduresManual/ucm177304.

htm – US Food and Drug Administration: Inspections, Compliance, Enforcement,
and Criminal Investigations.

http://www.fda.gov/Safety/Recalls/ucm165546.htm – U.S. Food and Drug Adminis-
tration. Recalls, Market Withdrawals, & Safety Alerts. Background and Definitions.

http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm
http://www.fda.gov/Safety/Recalls/EnforcementReports/default.htm
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM250783.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM250783.pdf
http://www.fda.gov/Safety/Recalls/default.htm
http://www.fda.gov/safety/recalls/default.htm
http://www.fda.gov/ICECI/ComplianceManuals/RegulatoryProceduresManual/ucm177304.htm
http://www.fda.gov/ICECI/ComplianceManuals/RegulatoryProceduresManual/ucm177304.htm
http://www.fda.gov/Safety/Recalls/ucm165546.htm
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In the National Institute for Occupational Safety and Health
(NIOSH) Act of 1979 (Public Law 91-569), Congress declared
that its purpose was to assure, so far as possible, safe and
healthful working conditions for every working man and
woman and, by so doing, to preserve human resources. In this
Act, the NIOSH is charged with recommending occupational
safety and health standards and describing exposure concen-
trations that are safe for various periods of employment,
including but not limited to, concentrations under which no
workers will suffer from weakened health, functional capacity,
or life expectancy as a result of his or her work experience. In
September 1995, the Lead Team adopted a new policy to guide
NIOSH recommendations for limits on exposures to workplace
hazards. This policy applies equally to chemical carcinogens
and other health or safety hazards although NIOSH previously
had the policy of not recommending any exposure limit for
carcinogens. Following the above approach, NIOSH, under the
Centers for Disease Control and Prevention, publishes recom-
mended exposure limits (RELs) and occupational exposure
limits (OELs) for hazardous substances or conditions in the
workplace. The RELs are then transferred to regulatory agencies
including the Occupational Safety and Health Administration
(OSHA) and Mine Safety and Health Administration (MSHA)
for use in promulgating legal standards, and to health profes-
sionals in academic institutions, industry, organized labor,
public interest groups, and other government agencies. Such
documents contain a critical review of the scientific and tech-
nical information available on the prevalence of hazards, the
existence of safety and health risks, and the effectiveness of
control methods. RELs are not regulations; however, they are
more periodically revised and more rigorous compared with
permissible exposure limits (PELs), the enforceable standard
set by OSHA. In the meantime, NIOSH is reevaluating its REL
policy with public and stakeholder input to clarify issues such
as the target working lifetime risk level and the application of
“to the extent feasible” in the REL process. Regarding carcino-
genic hazards, NIOSH testifies to its general agreement with the
definition of “potential occupational carcinogen” as stated in
the OSHA Cancer policy: “any substance, or combination or
mixture of substances, which causes an increased incidence of
benign and/or malignant neoplasms, or a substantial decrease
in the latency period between exposure and onset of neoplasms
in humans or in one or more experimental mammalian species
as the result of any oral, respiratory, or dermal exposure, or any
other exposure which results in the induction of tumors at a site
other than the site of administration. This definition also
includes any substance that is metabolized into one or more
ncyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
potential occupational carcinogens by mammals”. NIOSH
recommends the following categories for carcinogens:

Category I: Probable [or confirmed] occupational
carcinogen

Category II: Suspect occupational carcinogen
Category III: Carcinogenic evidence inconclusive

NIOSH is reevaluating its cancer policy with public and
stakeholder input to address concerns such as the use of the
term “potential occupational carcinogen,” which allows for
only one cancer category. The NIOSH RELs developed for
carcinogens and other chemical workplace hazards are listed in
the NIOSH Pocket Guide to Chemical Hazards and generally
represented in parts per million (ppm), sometimes in milli-
grams per cubic meter (mg m�3), or fibers cm�3 and are based
on a 10-h workday during a 40-h workweek; PELs are based on
an 8-h workday during a 40-h workweek. Most RELs have been
developed for chemical air contaminants, usually represented
as numerical values for airborne concentrations however;
NIOSH has developed RELs for other hazards including phys-
ical agents such as noise, heat, and ultraviolet radiation. In
addition to quantitative exposure recommendations, NIOSH
occasionally assigns one or more notations to selected RELs.
Most prominent of these is the skin designation for chemical
substance RELs, indicating the potential for dermal absorption
and implying a recommendation that skin exposure be pre-
vented by using good work practices and gloves, coveralls,
goggles, and other appropriate equipment.

NIOSH will publish a report on the revised NIOSH
carcinogen and REL policies in the near future.

See also: Occupational Safety and Health Administration;
Occupational Exposure Limits.
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Relevant Website

http://www.cdc.gov/niosh/npg/ – CDC: NIOSH Pocket Guide to Chemical Hazards
http://www.cdc.gov/niosh/topics/cancer/policy.html – CDC: NIOSH Evaluation of its

Cancer and REL Policies
http://www.cdc.gov/niosh/topics/cancer/pdfs/1995_NIOSHRELpolicy.pdf – CDC: NIOSH

Recommended Exposure Limit Policy
http://www.cdc.gov/niosh/topics/cancer/npotocca.html – CDC: Occupational Cancer -
Carcinogen List

http://www.osha.gov/index.html – US Occupational Safety & Health Administration:
Search for Recommended Exposure Limits

http://www.cdc.gov/niosh/npg/
http://www.cdc.gov/niosh/topics/cancer/policy.html
http://www.cdc.gov/niosh/topics/cancer/pdfs/1995_NIOSHRELpolicy.pdf
http://www.cdc.gov/niosh/topics/cancer/npotocca.html
http://www.osha.gov/index.html
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History

The Redbook 2000 is the guidance for the safety of food ingre-
dients, and is produced by the US Food and Drug Adminis-
tration, Center for Food Safety and Applied Nutrition (CFSAN).
The first part of this guidance was issued in July 2000. It
is available electronically on the Food and Drug Administra-
tion website: http://www.fda.gov/Food/GuidanceCompliance
RegulatoryInformation/GuidanceDocuments/FoodIngredients
andPackaging/Redbook/default.htm.
Table 1 Redbook 2000 table of contents

I. Introduction (July 2007)
II. Agency Review of Toxicology Information Submitted in Support of the Sa
III. Recommended Toxicity Studies (July 2007)
IV. Guidelines for Toxicity Studies

A. Introduction (November 2003)
B. General Recommendations for Toxicity Studies

1. General Guidelines for Designing and Conducting Toxicity Studie
2. Guidelines for Reporting Results of Toxicity Studies (November
3. Pathology Considerations in Toxicity Studies (July 2000)
4. Statistical Considerations in Toxicity Studies (July 2000)
5. Diets for Toxicity Studies (available in 1993 Draft ‘Redbook II ’)

C. Guidelines for Specific Toxicity Studies
1. Short-Term Tests for Genetic Toxicity (July 2000)

a. Bacterial Reverse Mutation Test (July 2000)
b. In vitro Mammalian Chromosomal Aberration Test (Novemb
c. In vitro Mouse Lymphoma TKþ/� Gene Mutation Assay (Apr
d. In vivo Mammalian Erythrocyte Micronucleus Test (July 200

2. Acute Oral Toxicity Tests (available in 1993 Draft ‘Redbook II ’)
3. Short-Term Toxicity Studies

a. Short-Term Toxicity Studies with Rodents (November 2003
b. Short-Term Toxicity Studies with Nonrodents (November 20

4. Subchronic Toxicity Studies
a. Subchronic Toxicity Studies with Rodent (November 2003)
b. Subchronic Toxicity Studies with Nonrodents (November 20

5. Chronic Toxicity Studies
a. Chronic Toxicity Studies with Rodents (July 2007)
b. One-Year Toxicity Studies with Nonrodents (November 200

6. Carcinogenicity Studies with Rodents (January 2006)
7. Combined Chronic Toxicity/Carcinogenicity Studies with Roden
8. In Utero Exposure Phase for Addition to Carcinogenicity Studies
9. Reproduction and Developmental Toxicity Studies

a. Guidelines for Reproduction Studies (July 2000)
b. Guidelines for Developmental Toxicity Studies (July 2000)

10. Neurotoxicity Studies (July 2000)
V. Additional Studies (available in 1993 Draft ‘Redbook II ’)

A. Introduction
B. Metabolism and Pharmacokinetic Studies
C. Immunotoxicity Studies

VI. Human Studies
A. Clinical Evaluation of Food Ingredients (available in 1993 Draft ‘Redb
B. Epidemiology Studies (October 2001)

VII. Glossary: Acronyms and Definitions (April 2004)

Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
The completed sections now substitute for, or supplement,
guidance available in the Redbook I. Redbook I is titled: Toxico-
logical Principles for the Safety Assessment of Direct Food Additives
and Color Additives Used in Food, and was prepared by the US
Food and Drug Administration, Bureau of Foods (now
CFSAN), in 1982. The 1993 draft Redbook II has the same title
and was originally published on 29 March 1993 (Notice of
Availability, 58 Federal Register 16536).

Earlier versions of the Redbook focused on direct food
additives and color additives used in food. The Redbook 2000
fety Assessment of Food Ingredients (available in 1993 Draft ‘Redbook II ’)
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provides guidance for the safety assessment of food ingredients,
including direct food additives, color additives used in food,
Generally Recognized as Safe substances, food contact
substances, and constituents or impurities of any of the above.
Current Progress

At this time, all of the sections of the Redbook 2000 have been
added electronically, with the last sections added in 2007. The
March 2012 table of contents is listed in Table 1.

See also: Food Safety and Toxicology; The International
Conference on Harmonisation; Micronucleus Assay; Mouse
Lymphoma Assay; Safety Pharmacology; Safety Testing,
Clinical Studies; Toxicity, Acute; Toxicity Testing,
Carcinogenesis; Toxicity, Subchronic and Chronic; Toxicity
Testing, Developmental; Toxicity Testing, Mutagenicity;
Toxicity Testing, Reproductive; Toxicity Testing, Sensitization;
Toxicity Testing, Validation.
Relevant Websites

http://www.fda.gov/food/guidanceregulation/guidancedocumentsregulatoryinformation/
ingredientsadditivesgraspackaging/default.htm – Food Additives.

http://www.fda.gov/food/ingredientspackaginglabeling/packagingfcs/ucm2006853.htm –

Food Contact Substances.
http://www.fda.gov/food/ingredientspackaginglabeling/packagingfcs/ucm2006853.htm –

Generally Recognized as Safe (GRAS). Good Laboratory Practices (FDA, EPA,
OECD, etc.).

http://www.fda.gov/AboutFDA/CentersOffices/OfficeofFoods/CFSAN/default.htm – US FDA:
About the Center for Food Safety and Applied Nutrition.

http://www.fda.gov/downloads/Food/GuidanceRegulation/UCM222779.pdf – US FDA:
printable version of Redbook 2000.

http://www.fda.gov/food/guidanceregulation/guidancedocumentsregulatoryinformation/ingredientsadditivesgraspackaging/default.htm
http://www.fda.gov/food/guidanceregulation/guidancedocumentsregulatoryinformation/ingredientsadditivesgraspackaging/default.htm
http://www.fda.gov/food/ingredientspackaginglabeling/packagingfcs/ucm2006853.htm
http://www.fda.gov/food/ingredientspackaginglabeling/packagingfcs/ucm2006853.htm
http://www.fda.gov/AboutFDA/CentersOffices/OfficeofFoods/CFSAN/default.htm
http://www.fda.gov/downloads/Food/GuidanceRegulation/UCM222779.pdf
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l Name: Red Squill
l Chemical Abstracts Service Registry Number: 507-60-8
l Synonyms: Sea onion, Oignon marin, Dethdiet, Roding,

Urginea maritima
l Molecular Formula: C32H44O12

l Chemical Structure:

O

O

O
O

O

O

CH3

CH3

CH3

HO

OH

OH

OH

HO
HO
Background (Significance/History)

Red squill (Urginea maritima) is a large onionlike plant that
grows in coastal regions along the Mediterranean Sea and in the
United States; it contains a variety of cardiac glycosides,
including scilliroside. All parts of the plant contain scilliroside
but it is most concentrated in the bulb. There is also a white
squill whose bulbs are white. Red squill has long been known
and used medicinally. The earliest reference to red squill is in
the Ebers Papyrus as treatment for dropsy (heart failure). Use as
treatment for cough, arthritis, general diuretic, and emetic has
also been described. Medicinal use declined during the nine-
teenth century because foxglove (digitalis) was revealed to be
safer and more efficacious in the treatment of heart failure.
However, use of red squill as a folk medicinal remedy
continues, and deaths and serious illness may occur. Red squill
is one of the oldest rodenticides and has been in use since the
thirteenth century. However, scilliroside has extremely poor
palatability, and many rats learn to avoid the bait. Since 1989,
rodenticides containing red squill are not approved for use in
the United States.
Uses

Rat poisonings containing scilliroside continue to be available
and used worldwide. Technical-grade red squill powders can
contain up to 28% scilliroside, and baits typically contain
0.01–0.07% of the toxicant.
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Exposure and Exposure Monitoring

Exposure to scilliroside typically occurs following ingestion of
the plant or plant bulb. Consumption of red squill powders or
baits may also result in exposure. There is negligible dermal or
pulmonary absorption.
Mechanism of Toxicity

Red squill has a multitude of toxic effects. It is directly irritating
to the gastric mucosa, contributing to nausea, vomiting,
abdominal pain, diarrhea, and anorexia. Rats are not able to
vomit, contributing to the perceived selectivity of toxicity in
rats. Scilliroside and scillaren A are both cardiac glycosides,
and, like digoxin, inhibit Naþ/Kþ ATPase, block AV conduc-
tion, and may cause a slowed or rapid heart rate and abnormal
heart rhythms.
Acute and Short-Term Toxicity (Animal/Human)
(To Include Irritation and Corrosivity)

Red squill is generally considered a rodent-specific poison
because of potent emetic effects. Rats are not able to vomit;
other animals including humans typically do not eat the
product and, due to the potent emetic effects, will regurgitate
any ingested material, thus limiting exposure. The typical LD50

dose for male rats consuming the rat bait is 25.2 mg kg�1, while
the LD50 dose in female rats is 5 mg kg�1. For the red squill
powders, the LD50 for male rats is 446 and 165 mg kg�1 for
female rats.

Clinical toxicity in rats is characterized by lethargy and then
spasmodic convulsions that may last for days. Autopsies have
consistently revealed pulmonary hemorrhage.

In humans, the symptoms produced by consumption of red
squill or scilliroside include abdominal pain, vomiting, diar-
rhea, cardiac dysrhythmias of virtually any type, and convul-
sions. Visual disturbances and hyperkalemia may also be seen
following severe overdoses.
Chronic Toxicity (Animal/Human)

In cases of chronic exposure, animals and humans may have
symptoms similar to those previously described for acute
exposures. Humans with poor renal function may have
decreased clearance of scilliroside and scillaren A. Individuals
on other cardiac medications may be more sensitive to the
clinical effects, including cardiac dysrhythmias.

The immunotoxicity, reproductive toxicity, genotoxicity,
and carcinogenicity of red squill are unknown. No published
literature is currently available on these effects in humans.
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Clinical Management

Treatment is generally supportive in nature. Gut decontami-
nation can and should be considered. Aggressive IV fluid
rehydration should be instituted given the severity of vomiting
that may occur following oral exposure. A serum digoxin level
will confirm exposure; however, the level is not linear between
digoxin and red squill. Therefore, toxicity cannot be confirmed
based on a digoxin level. There is approximately 4% cross
reactivity to red squill cardiac glycosides by Digitalis Fab
(antibody fragments), suggesting potential benefit in the
treatment of red squill. Treatment indications are similar to
those described in the treatment of digitalis toxicity.

Ecotoxicology

Red squill and scilliroside are generally considered to be
environmentally safe without previously demonstrated clinical
effects on marine or sediment organisms. Outside of toxicity to
rats as previously described, toxicity to other terrestrial verte-
brates is minimal. Red squill is currently being investigated as
a potential insecticide, but these studies remain inconclusive.
Exposure Standards and Guidelines

There are no US or European exposure limits for red squill.
See also: Digitalis Glycosides; Oleander.
Further Reading
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Background Information

Red tide is a marine environmental event where protists,
including algae and dinoflagellates, go through a tremendous
growth period, called a bloom, or an algal bloom. In a 2- to 3-
week period, it is possible for each algal cell to produce 1
million daughter cells. This usually takes place in the spring
and summer in response to an increase in light intensity.
During this time, the warm, shallow seawater tends to become
discolored by the enormous concentration of algae. This
discoloration is dependant on the species of algae and may
result of the various pigments, including orange, yellow, blue,
green, brown, or red. Some may not be visible at all. As red is
the most common pigment, the phenomenon is called ‘red
tide.’ Algal blooms may not result in color changes to the
water; therefore, the technical term for this phenomenon is
Algal Bloom.

Red tides occur throughout the world, causing a negative
impact to natural resources, marine life, and humans. Red tides
have affected Scandinavian and Japanese fisheries, Caribbean
and South Pacific reef fishes, shell fishing along U.S. coasts,
drinking water sources, beaches, and even the boating venue
for the 2008 Olympic Games in Beijing, China (CDC, 2012).
The Florida red tide is caused by blooms of a type of microalgae
known as a dinoflagellate. This is a single-celled algae called
Karenia brevis and it is usually found in warm saltwater, but it
can exist at lower temperatures. Karenia brevis is the new taxo-
nomic name for the reclassified Gymnodinium breve and is
found almost exclusively in the Gulf of Mexico.

Most species contributing to algal blooms are harmless;
however, some of the toxins produced by certain species are
highly toxic. Often, the algae and the shellfish that consume
them are unaffected. However, further up the food chain, these
toxins can be fatal. Man, dolphins, manatees, and reptiles are
potentially exposed to aerosolized toxins. Florida red tide may
cause symptoms such as eye irritation and a sore throat in
healthy people. People who have asthma may have symptoms,
such as chest tightness, that last for several days after exposure.
Brevetoxins are potent ichthyotoxins and have been respon-
sible for the death of billions of fish over the years. Brevetoxin is
absorbed directly across the gill membranes of fish or through
ingestion of K. brevis cells. Some of these toxicity differences
will depend on the differential susceptibility of fish species to
exposure to K. brevis strains involved, toxic components and
concentration, stability of extracellular toxins, and exposure
routes. Mortality typically occurs at cell concentrations of
2.5� 105 K. brevis cells per liter, which is often considered to be
a lethal concentration.

The symptoms of shellfish poisoning start as soon as the
victim’s digestive system starts to digest on the infected shell-
fish. Cooking does not destroy the toxins. There are different
types of poisonings, with a wide variety of symptoms,
depending upon the toxins(s) present, their concentrations in
the shellfish, and the amount of contaminated shellfish
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
consumed. These include paralytic shellfish poisoning (PSP),
diarrhetic shellfish poisoning (DSP), amnesic shellfish
poisoning (ASP), and neurotoxic shellfish poisoning (NSP).

In PSP, the toxin attacks the nervous system and causes
effects that are primarily neurological and include tingling,
burning, numbness, drowsiness, incoherent speech, and
respiratory paralysis. Symptoms of the disease develop fairly
rapidly, within 0.5–2 h after ingestion of the shellfish (gener-
ally mussels, clams, cockles, and scallops), depending on the
amount of toxin consumed. In severe cases, respiratory paral-
ysis is common, and death may occur if respiratory support is
not provided. There is no antidote. When systemic respiratory
support is applied within 12 h of exposure, recovery usually is
complete, with no lasting side effects. In unusual cases, because
of the weak hypotensive action of the toxin, death may occur
from cardiovascular collapse despite respiratory support.

DSP causes extreme gastrointestinal upset; DSP is less
dangerous than PSP, but failure to treat the diarrhea may lead
to death from dehydration or other complications. DSP is
primarily observed as a generally mild gastrointestinal
disorder, that is, nausea, vomiting, diarrhea, and abdominal
pain accompanied by chills, headache, and fever. Onset of the
disease, depending on the dose of toxin ingested, may be as
little as 30 min to 2–3 h, with symptoms of the illness lasting as
long as 2–3 days. Recovery is complete with no after effects; the
disease is generally not life threatening. DSP is presumably
caused by a group of high molecular weight polyethers,
including okadaic acid, the dinophysis toxins, the pecteno-
toxins, and yessotoxin. DSP is generally associated with
mussels, oysters, and scallops.

ASP, caused by domoic acid toxicity, binds to chemical
receptors in brain cells and causes their dysfunction. The
poisoning begins with gastrointestinal disorders (vomiting,
diarrhea, and abdominal pain) within 24 h, rapidly followed
by dizziness, disorientation, and memory loss within 48 h; the
symptoms may persist indefinitely and also result in seizure
and coma. During a 1987 outbreak on Prince Edward Island,
1% of the reported poisonings resulted in death from brain
damage. ASP is associated with the injection of mussels. The
toxicity is particularly serious in elderly patients, and includes
symptoms reminiscent of Alzheimer’s disease.

NSP is the result of exposure to a group of polyethers called
brevetoxins. Both gastrointestinal and neurological symptoms
characterize NSP, including tingling and numbness of lips,
tongue, and throat, muscular aches, dizziness, reversal of the
sensations of hot and cold, diarrhea, and vomiting. Onset
occurs within a few minutes to a few hours; duration is fairly
short, from a few hours to several days. Recovery is complete
with few aftereffects; no fatalities have been reported. NSP is
associated with the ingestion of shellfish harvested along the
Florida coast and the Gulf of Mexico. There are very few cases of
NSP in the United States because coastal states carefully
monitor their shellfish beds and close the beds to harvesting if
high concentrations of brevetoxins are detected (CDC, 2012).
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Brevetoxins may also be in the air along the Gulf coast of
Florida during ciguatera tides, and fish poisoning is another
disease associated with toxins produced by marine algae. The
toxin responsible, called ciguatoxin, accumulates through the
food chain, and very high levels may exist in reef fish.

Cases are frequently misdiagnosed and, in general, infre-
quently reported. Of these toxicities, the most serious from
a public health perspective appears to be PSP. The extreme
potency of the PSP toxins has, in the past, resulted in an
unusually high mortality rate.

Red tide can also pose a serious problem for public health in
that the presence of airborne toxins may have an impact on the
human respiratory system. Symptoms including irritations of
the eyes, nose, throat, tingling lips, and tongue are common
during red tides. Waves, wind, and boat propellers in high
concentrations of red tides disperse toxin particles into the air
causing these problems for people along the shoreline. People
suffering from severe or chronic respiratory conditions such as
emphysema or asthma, should try to avoid red tide areas.
Symptoms usually disappear within 24 h once the exposure is
discontinued.

Shellfish poisoning is caused by a group of toxins elabo-
rated by planktonic algae (dinoflagellates, in most cases) upon
which the shellfish feed. The toxins are accumulated and
sometimes metabolized by the shellfish. The 20 toxins
responsible for PSP are all derivatives of saxitoxin.

Since the 1950s, the Canadian–United States Conference on
Shellfish Toxicology endorsed a mouse bioassay that was based
on the use of purified toxins (Russell, 1996) and has historically
been the most universally applied technique for examining
shellfish (especially for PSP); other bioassay procedures have
been developed but not generally applied. The intraperitoneal
minimal lethal dose of the toxin for the mouse was approxi-
mately 9 mcg kg�1 body weight. The intravenous minimal
lethal dose for the rabbit was approximately 3–4 mcg kg�1 body
weight. The minimal lethal dose of the toxin for humans is
estimated to be between 1 and 4 mg.

Unfortunately, the dose–survival times for the DSP toxins in
the mouse assay fluctuate considerably and fatty acids interfere
with the assay, giving false-positive results; consequently,
a suckling mouse assay that has been developed and used for
control of DSP measures fluid accumulation after injection of
the shellfish extract. Considerable effort has been applied
recently to development of chemical assays to replace these
bioassays. As a result, a good high-performance liquid chro-
matography (HPLC) procedure has been developed to identify
individual PSP toxins (detection limit for saxitoxin ¼ 20 fg/
100 g of meats; 0.2 ppm), an excellent HPLC procedure
(detection limit for okadaic acid ¼ 400 ng g�1; 0.4 ppm),
a commercially available immunoassay (detection limit for
okadaic acid ¼ 1 fg/100 g of meats; 0.01 ppm) for DSP and
a totally satisfactory HPLC procedure for ASP (detection limit
for domoic acid ¼ 750 ng g�1; 0.75 ppm).

Some red tides can take up several hundred square miles of
water. Red tides are affected by many variables such as weather
and currents; therefore, no one can predict when or where red
tides will appear or how long they will last. As they tend to
occur more in the spring and summer months, there may be
a good reason to the folklore that warns us not to eat shellfish
in months without an ‘r’ in their names.

See also: Ciguatoxin; Fish Consumption Advisory; Shellfish
Poisoning, Paralytic.
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Introduction

During the last half century, due to increasing concerns about
possible adverse human and environmental effects of chem-
icals detected in food, air, and water, a number of new laws and
regulations were enacted, and old ones amended, in the United
States and many other countries. In the United States, these
statutes, designed to mitigate such possible adverse impacts,
include the Federal Fungicide, Insecticide and Rodenticide Act,
the Clean Air Act, the Clean Water Act, the Safe Drinking Water
Act, the Federal Food, Drug, and Cosmetic Act, and the Toxic
Substances Control Act. (Detailed descriptions of each of these
can be found elsewhere in this encyclopedia.)

As can be seen from the names of the legislation, they are
designed to address problems related to a particular envi-
ronmental medium such as air or water, or to a specific type of
chemical such as a drug or pesticide. In general, the regula-
tions promulgated to carry out the intent of each of these
pieces of legislation were developed independently of each
other; that is, they do not consider that humans and other
organisms may be simultaneously exposed to the same
chemicals in a variety of media. For example, acceptable levels
of a chemical in foodmay be calculated without consideration
of concomitant exposures through air or soil – exposures that
may be governed by other agencies carrying out other legis-
lative mandates. In addition, nonregulated exposures such as
those resulting from inhalation of indoor air are also generally
left out of the calculations.

There are a number of possible consequences of this
medium-by-medium and chemical-by-chemical approach.
One consequence might be that regulations governing
a chemical in one medium are not stringent enough because
humans and other organisms may also be exposed to compa-
rable amounts of this same chemical in several other media –

leading to a combined exposure that may be too high. It is
also possible that this approach may have the opposite impact.
For example, the regulations governing a chemical in one
medium may be so stringent that they only permit exposures
that are orders of magnitude lower than those allowed in other
media or that result from unregulated exposures. Thus, these
regulations are too stringent since they have essentially no
impact on overall exposure. A good example of this is the very
stringent US limits on benzene in drinking water while indoor
air exposures to benzene are often orders of magnitude higher
than those occurring from drinking water consumption, espe-
cially if smoking is occurring in this indoor environment.
ncyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Recognition of the problem of possible over- or under-
regulation raises the questions of why regulations are so
narrowly focused on specific chemicals or environmental
media and how such large media-specific differences in
allowable exposures have come about. These questions have
come into greater prominence in recent decades as legislation
governing environmental contaminants has been enacted in
more and more countries. With the inception of multinational
units, such as the European Union, it has become clear that
acceptable exposures differ not only among different types of
legislation within countries but also among countries – the
degree of regulatory stringency can vary significantly from
country to country even when dealing with the same exposures
in the same environmental media.

In the case of the European Union, recognition of these
problems in regulatory consistency has resulted in extensive
discussions among the member states with the goal of estab-
lishing a common regulatory metric that could apply to all. In
the absence of such a metric, citizens are faced with conflicting
information about what is ‘safe,’ a conflict that is most evident
when they live near borders separating countries with regula-
tions characterized by differing stringency. In addition, with the
internationalization of business and commerce, the lack of
regulatory uniformity has even wider relevance and economic
impact. As a result, there has been pressure for countries around
the globe to harmonize environmental regulations. However,
progress is slow for a variety of reasons, one of the most
important being the role of policy considerations and cultural
values in the application of toxicological knowledge to the
generation of regulatory limits and strategies.
Role of Toxicology in Regulations to Protect Human
Health

Whatever the environmental medium or chemical is involved,
the critical question in regulation is how to determine the
maximum allowable levels of a chemical in a particular envi-
ronmental medium. Answering this question is often thought
of as determining the ‘safe’ level for that chemical. Once these
‘safe’ values are calculated, they are then used to promulgate
legislation and regulations aimed at reducing existing ‘unsafe’
environmental levels and preventing the introduction of
‘unsafe’ levels into food, air, water, etc.

However, ‘safe’ and ‘unsafe’ are not scientific terms and so it
is not obvious how to best determine them. Government
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agencies have responded to this problem by defining ‘safe’
through the issuance of guidance documents that specify what
toxicological and exposure data should be considered and how
these data should be interpreted. The determination of ‘safe’
limits is based on a process known as risk assessment. While
assessments of both ecological and human health risks are
performed as part of the development of environmental regu-
lation, the discussion here focuses on human health risks.
Human health risk assessment is a multistep process that
combines experimental and epidemiological evidence as to the
levels of a toxicant that are required to cause adverse effects
with data and assumptions as to the amount, frequency, and
duration of exposures to that agent through each environ-
mental medium.

While this simple description might suggest that risk assess-
ment is a fairly straightforward process that can be performed by
simply following commonly accepted guidance documents, this
is not the case. One fundamental problem arises from the
unavailability of toxicity data obtained directly from humans. In
the absence of this most relevant scientific information, toxico-
logical data from other species must be used in assessing risk.
These data are generally collected using rodents, and experi-
ments are most often performed by administering very high
doses over long periods of time to ensure an effect will be
produced. To apply such animal data to humans, it is necessary
to extrapolate both from high to low doses and from other
species to humans. In most cases, there is not enough scientific
information and understanding to perform these extrapolations
confidently. As a result, a variety of assumptions must be made
in translating the risk assessment data collected from experi-
mental animals into numbers that are applicable to humans.

To appreciate the regulatory problems this approach leads
to, it is important to understand that risk assessment was
developed as a tool for carrying out risk management, rather
than a scientific process for understanding risk. Thus, both the
selection of the data to be used and the way these data are
extrapolated to the usual human exposure situation reflect both
scientific and policy considerations. As a result, risk assessment
results do not represent the best scientific estimates of risk,
estimates that are subject to scientific consensus, but rather
‘prudent’ values that incorporate margins of safety. These
margins of safety are included to increase the likelihood that
regulations based on these risk assessments will successfully
protect the public and the environment.

However, since each governmental entity is responsible for
carrying out its own unique set of legislative mandates and has
a unique regulatory history, definitions of ‘prudence’ are often
agency specific. As a result of the differences in definition, risk
assessment procedures and results often differ among agencies
within countries as well as among countries. The application of
such divergent procedures has contributed strongly to the
diversity in risk limits established by various agencies and
governments.

Another factor also contributes to the variability in limits
promulgated by various agencies. This is the importance that
risk is given relative to other factors, such as cost, in setting
regulations. In some cases, legislation requires that risk be the
only consideration; others require that risk must be balanced
against benefit; still others specify that economic factors must
also be taken into account. Such differences can lead to great
diversity in regulatory limits even if the data utilized are the
same and application of the risk assessment methodologies
lead to the same result.

However, within this diversity, there are some commonal-
ities. For example, one common element of risk assessment
across agencies is the division of environmental toxicants into
two categories: carcinogens and noncarcinogens. Under most
risk assessment schemes, carcinogens are evaluated under
a paradigm that leads to probabilistic risk numbers, that is, the
incidence of cancer expected per unit of administered dose of
agent. By combining this cancer risk number with policy
choices, particularly the acceptable upper bound for cancer
incidence, maximum allowable limits for carcinogens in the
environment can be set.

In contrast, the procedures for evaluating the risk from
noncarcinogens lead to single-value estimates of allowable
exposures – not probabilistic risk values. These estimates have
often been misinterpreted as bright lines separating ‘safe’ from
‘unsafe.’ However, a careful examination of the origins of these
noncarcinogen risk values reveals that they represent prudent
numbers below which adverse effects are not expected. The
assessment procedure does not provide information as to
what the risk will be if these values are exceeded but it is
expected that the risk will be insignificant until exceedences are
significantly above the established ‘safe’ value. Once calculated,
this noncarcinogen risk value is then converted into a regula-
tory number by the appropriate agency, utilizing a variety of
assumptions and policy judgments.

For example, in the United States, the Environmental
Protection Agency’s Office of Water uses both carcinogen and
noncarcinogen risk numbers as inputs for establishing drinking
water standards that represent the maximum acceptable levels
of a variety of agents in public drinking water systems. Simi-
larly, states in the United States may use this type of informa-
tion to set maximum allowable levels of agents in soil or air,
standards that apply only in that state. These national or state
risk values may also be used in determining ‘how clean is
clean,’ that is, the maximum allowed environmental levels in
various media, for example, air, water, soil, and at hazardous
waste sites.
Summary

In summary, many regulations to protect human health
require the generation and interpretation of toxicological
data. However, the way that these data are used can be
influenced greatly by a variety of factors. These include the
stipulations in the legislation as to how the risk numbers are
to be utilized, the degree of prudence adopted by the agency
promulgating the regulation, the data available, and whether
the agent is labeled a carcinogen or noncarcinogen. A number
of intra- and international groups are addressing the regula-
tory inconsistencies that have arisen as a result of these factors
and it is expected that at least some degree of regulatory
harmonization will result.

See also: Clean Air Act (CAA), US; Clean Water Act (CWA), US;
Federal Insecticide, Fungicide, and Rodenticide Act, US; Food,
Drug, and Cosmetic Act, US; Risk Assessment, Ecological;
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Risk Assessment, Human Health; Risk Characterization; Risk
Management; Safe Drinking Water Act; Toxic Substances
Control Act.
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Introduction

Modern technology now creates and applies new chemicals
faster than they can be tested for their potential adverse health
effects. At the same time, more women work outside the home
in expanding job classifications, many of which have a poten-
tial for chemical exposure that is increased above the typical
exposures in the home. In addition, the ‘reproductive years’ for
women today have been widened with the development of new
medical technologies that permit older women to bear children
and younger women to delay their pregnancies. This, in turn,
has broadened the age that must be considered at risk for
reproductive impairments. In addition, health risks associated
with reproductive failure in women are now recognized to
extend beyond the issues of family planning and fertility.
Reduced bone accumulation in the second and third decades,
bone loss, and increased risk of heart disease in later life are just
three of the nonreproductive problems, which may result from
abnormal ovarian function.

The need for a better understanding of female reproductive
toxicology, then, is driven by issues associated with women’s
health in the context of today’s changing society and the
current knowledge of women’s general health. A woman’s
reproductive function is often considered to be more sensitive
to environmental perturbations than that of a man’s repro-
ductive function. This concept is supported by studies that
demonstrate that reproductive failure in women can be
induced by strenuous exercise, marginal nutrition, as well as
by acute physical or emotional stress. Despite concerns that
women may be more adversely affected than men when con-
fronted by the same exposures, very little information is
available in terms of female reproductive toxicology. Recent
reference books on reproductive toxicology generally provide
much more information relating to male- than female-related
issues because more information is available for male
compared to female toxicology. The reason for this disparity is
most likely attributable to the practical considerations in
experimental design and the availability of critical research
materials that make the studies of males more attractive to
research programs. For example, in many experimental
designs, viable gametes are the ultimate object of evaluation.
Spermatozoa are plentiful and more easily collected compared
to ova. Although semen collection and analyses are not simple
procedures, sperm production provides a constant and quan-
tifiable end point for male fertility. Ova, in contrast, are
irregularly produced and seldom available for study except in
animal studies or under complex clinical management
protocols. Even when ova are made available for scientific
0 Encyclopedia of T
study, there is little technology available to evaluate their
quality in contrast to spermatozoa.

While it is increasingly evident that gender differences
probably exist in reproductive toxicity, progress in doc-
umenting male and female differences has been slow.
Perceived and real difficulties in using female animal models
in controlled studies have been the major impediments to
progress in this area of research. The result of these difficulties
is that much more information exists for the male than the
female in terms of reproductive toxicology. The inequities in
the database will change only when methods are developed
that permit the female system to be studied as efficiently and
effectively as the male is studied. Fortunately, toxicological
investigations of female reproduction are becoming more
common, new techniques are being developed to monitor
women’s reproductive health, and the information relating to
female reproductive toxicology is growing. As a consequence,
the gender gap in information relating to the effects of toxic
exposures is closing.
Reproductive Epidemiology

Infertility in humans is usually defined as the failure to
conceive following natural attempts to achieve pregnancy for
a year or more. Individuals and couples not wishing to have
children are seldom evaluated or even surveyed in terms of
their reproductive health. In poor economic times, the desire
for children decreases in developed countries and reproductive
health in terms of fertility becomes a less important issue. Thus,
infertility rates may be higher than current estimates due to
insufficient and/or inaccurate information. There is a general
lack of epidemiologic information regarding reproductive
function in human populations and most estimates relating to
fertility are biased toward the clinic population. Most of the
existing information concerning human reproduction is
obtained from clinical records and does not adequately repre-
sent the general population. Only recently have tools been
developed to design and evaluate population-based prospec-
tive studies assessing basic reproductive physiology.

Recognized exposures of humans to reproductive toxicants
have been infrequent and, when detected, the toxicants were
eliminated as quickly as possible rather than studied.
Controlled and/or prospective experiments with humans have
moral and ethical ramifications; therefore, most of the infor-
mation relating to the mechanism of action of recognized or
putative toxicants on human reproduction is limited. The lack
of information relating to real-world exposures combined with
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00078-6

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00078-6


Reproductive System, Female 71
the recognition that adequate animal models for human
reproductive processes make the study of spontaneous repro-
ductive failures an attractive approach to predict sites and
mechanisms of action of putative reproductive toxicants. This
approach assumes that induced reproductive failures resulting
from toxic exposures will mimic spontaneous events since
there is a finite number of control mechanisms that can fail.
The spontaneous failures are thought to reveal ‘weak links’ and
are the most susceptible targets for the adverse effects of toxic
exposure.

The primary problem in studying human reproduction is
that many aspects of the reproductive process occur without
the knowledge of either the woman or her physician.
Ovulation, fertilization, and implantation all occur as con-
cealed events. Reproductive biologists and epidemiologists,
however, have recently developed new and incisive tools to
associate exposures to reproductive health. While it will be
years before the ‘baseline’ information is available to apply
these broadly, the promise for the future is that reproductive
health can be monitored as well as any other aspect of
health. Meanwhile, toxicologists use animal models in inva-
sive or terminal experiments to demonstrate the effects of
documented and putative toxicants to gain insight regarding
their basic mechanisms of action. Because of species differ-
ences in the expression of reproductive function, the direct
application of these kinds of information and the validity of
certain end points to human reproductive health are not
altogether clear.

What are the risks to women in regard to reproductive
toxicants at home or at work? Overall increases in reported
cases of infertility are difficult to evaluate. The increasing
median age of most societies and delays in family planning
lead to an increase in age-related infertility, which is a natural
phenomenon. However, fertility rates of young couples have
decreased during the past 10 years and experts speculate that as
much as 37% of the reproductive failure seen inmodern society
could be related to environmental factors. There is no direct
evidence that women have been affected more or less than
men, but this is often assumed. Sperm counts have been
assessed and show a decline over this same time period. No
such similar assessment can be made on the potential of female
fertility for comparison. It is doubtful, therefore, that the entire
decline in overall fertility can be attributed to men. Traditional
epidemiological studies used to monitor menstrual function
do not provide information to permit an assessment of
fecundity or explain the trends in female fertility. This lack of
information regarding female fecundity does underscore the
basic theme of this review: female reproductive toxicology has
been, perhaps, one of the most neglected area of toxicology.
Problems Associated with Female Reproductive
Toxicology

Female reproductive toxicology is a challenging study area for
several reasons. One of the purposes of this review is to
delineate some of the problems that reproductive toxicologists
face when attempting to investigate putative female repro-
ductive toxicants. This will be approached by focusing on
three broad aspects or qualities of female reproduction that
most limit progress in this field. These areas include the
sensitivity of the female reproductive system to environmental
factors, the complexity of the female reproductive system
compared to that of the male, and the species specificity in
regard to ovarian function. Since it is essential that human and
animal female reproductive physiology be understood for the
effects of toxic exposures to be studied, each overview of
female reproductive toxicology must provide a brief yet
detailed description of normal female reproductive physiology
and types of reproductive failures. Finally, examples of known
reproductive toxicants and their mechanism of action are
presented.
Sensitivity of Female Reproduction to Environmental Stressors

The most obvious quality of female reproductive system that
influences the way it must be studied is its sensitivity to envi-
ronmental influences. As mentioned previously, the female
reproductive system appears to be more sensitive to environ-
mental perturbations and is more complex in its organization
thanmost other physiologic systems or when compared tomale
reproductive physiology. Reproductive failure in female
animals is often considered to be the first and only detriment
resulting fromnonlethal adverse environmental impacts despite
the fact that the capacity to reproduce (fecundity) is considered
the essential quality of an animal’s fitness in its current location.
Chemical or physical stressors that are not adequate to perturb
other physiologic functions can interrupt or delay reproductive
function. In times of acute stress or in response to chronic
challenges to the survival of the organism, reproductive function
may be selectively suppressed as a short-term adaptive process.
Thus, as a nonessential mechanism for short-term survival,
reproductive function is sacrificed as an immediate fail-safe
strategy for long-term survival. This preferential selection to
curtail reproduction in response to nonlethal stressors and the
sensitivity of reproduction to nonspecific physical, chemical,
and emotional stressors make it difficult to identify nonrepro-
ductive toxins as being distinctly separate from specific repro-
ductive toxicants. Agents that cause reproductive failure directly
and may not be specific reproductive toxicants can lead to
reduced fertility. In both males and females (but probably to
a higher degree in females), the general health of the individual
is likely to be reflected in reproductive capacity. Toxicants which
have nonreproductive organs as targets may affect sexual
development or influence reproductive processes sooner and
more noticeably than they affect other physiologic processes.
Complexities of Reproductive Processes

The second issue regarding the study of female reproductive
toxicology is that of the complexities within the female repro-
ductive system. The degree that the female reproductive system
is considered to be more complex, compared to the male, is not
necessarily the issue since this supposition is debatable. Female
reproduction may be recognized to be complex because it has
been studied in greater detail and many more aspects of the
female reproductive system are defined than for the male.
Certainly, the female reproductive system is overtly more
dynamic and, perhaps because of this dynamicism, more
susceptible to physical, chemical, and emotional stressors. The
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discrete series of events of the ovarian cycle that requires precise
coordination between the central nervous system, hypothal-
amus, and pituitary in order for gametogenesis and ovulation
to take place provides the opportunity for environmental
changes to adversely influence normal processes. If these events
are delayed or altered appreciably, some form of short-term
infertility will most likely result. When this is compared to the
male, the relatively monotonous production of hormone and
gametes is not as likely to be overtly influenced by short-term
events.

Female reproductive function, in general, is intermittently
expressed, cannot be completely assessed in a single individual,
and is often influenced by normal environmental factors. In
contrast, most other organ functions are expressed continu-
ously, can be appraised equally well at any point of time, and
respond predictably to changes in the environment. Most other
physiologic processes can be studied in an individual and
therefore can be characterized in terms of the biological vari-
ation within one individual. In contrast, reproduction can only
be evaluated completely when pairs of individuals are studied
for prolonged time periods and, in some cases, when more
than one generation is studied serially. Reproductive failure can
vary from reduced sexual drive to complete sterility. Infertility
can be the result of either functional or organic defects and
subfertility may be the result of defects at one of several levels
of reproductive function (e.g., menstrual dysfunction, anov-
ulation, early fetal loss, and pregnancy loss).

Both the nervous system and the endocrine system are
involved in reproductive processes and any number of meta-
bolic processes are essential for normal reproductive function.
Both the synthesis and the metabolism of neural transmitters
and endocrine messengers (glycoprotein and steroid hormones)
are critical for normal fertility. Reproduction is a process that
includes growth and development of organ systems, gameto-
genesis, courtship behavior, coitus, gamete transport/interaction,
internal fertilization, implantation, gestation, and nurture.
Perturbations and/or derangements at any stage in this process
can reduce or eliminate fertility. The complete reliance on the
endocrine mechanism makes the reproductive system suscep-
tible to the downstream effects of vascular, hepatic, and renal
dysfunction.

While reproductive biology is a progressive research field,
many of the physiologic mechanisms involved with gamete
transport, fertilization, implantation, and gestation are still
poorly defined. As much as 20% of the clinically described
subfertility is classified as unexplained; this may indicate that
a large portion of infertility is the result of yet undefined
environmental hazards. Subfertility in human populations is
estimated at frequencies as high as 20% in married couples of
childbearing age and over 10% in married noncontracepting
women between 20 and 35 years of age.

Experimental designs that involve the female reproductive
tract must consider the influence of changing hormonal events.
Portions of the female reproductive tract are sequentially
modified under the influence of pituitary and ovarian
hormones. Many female tissues are induced to proliferate and
then differentiate in response to steroid and protein hormone
patterns. There are clearly time periods of increased sensitivity
and time intervals that are specific for different toxicants in one
species or for the same toxicant in different species to exert its
maximal effects. The concept of precise ‘sensitive’ periods for
toxic effects is well established for developmental toxicants
(teratogen) and this same concept is likely to be true for toxi-
cants that impact female reproductive functions such as follicle
recruitment, folliculogenesis, gamete transport, and endome-
trial maturation. Very few studies have addressed these issues
directly due to the complexities of the experimental design as
well as concerns relating to the adequacy of the animal models
that are available to study. Long-term testing with sublethal
doses is currently the approach used to ensure that exposures
are delivered at all possible sensitive time periods. This kind of
design may have very little relevance to real-world exposures,
which generally occur acutely.

Historically, toxicologists have viewed the developmental
aspects of reproductive toxicology (e.g., teratogenicity and
growth retardation) as the fundamental or basic component of
reproductive toxicology. The effects of toxicants on adult
reproductive processes and organs (those aspects which limit or
perturb fertility) are often considered as less important. Because
of this oversight, much of female reproductive toxicology has
been focused on effects of agents that target conception and/or
pregnancy. In terms of the potential for life-threatening expo-
sures and the responsibility to safeguard the fetus, the emphasis
on teratology is understandable. However, it should be recog-
nized that the opportunity for exposure and the potential for
adverse effects on reproductive processes are as great if not
greater for the nonpregnant woman as they are for the fetus.
Currently, the amount of scientific information available and
the degree to which developmental reproductive toxicants are
understood are greater than those for nondevelopmental
reproductive toxicants. For this reason, the following discus-
sion will be limited to perturbations to reproduction success in
the adult human female.
Species Specificity of Female Reproductive Physiology

The third issue is that of species specificity of reproductive
physiology. The great variation in reproductive function
between species creates the greatest challenge for reproductive
toxicologists who study the female. Whereas the basic events of
female reproductive cycles can be compared between species,
the organization of the components of these events is more
varied than any other physiologic systems. When compared to
the kinds of differences observed between species for the other
systems (e.g., the cardiovascular, digestive, integumental,
muscular, skeletal, immune, and respiratory), the physiologic
mechanism and expression of reproductive function are more
diverse than any other. Even if an abundance of good and
practical models existed for human reproductive toxicology,
there would still be concerns regarding species specificity of
toxicants because of differences in metabolic mechanisms
through other organ systems, such as the liver or kidney, and in
the expression of reproduction function, that is, reproductive
performance.

Extrapolating data relating to ovarian function from females
of one species to females of another is of limited use. Each
species of mammal (there are more than 4000 species) has
developed and retained a unique organization of the physio-
logic processes that make up the complex set of processes that
are essential for reproduction to take place. Of the more than
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4000 patterns of ovarian cycle organization that might be
expected, less than 100 have actually been characterized. This
represents the limited numbers of species that have been
domesticated or adapted to captivity. It is important to
remember that most of the domestic and laboratory species
have been artificially selected for reproductive performance and
may be more tolerant of environmental influences on their
reproductive processes. Very little is understood regarding the
effects of multiple stressors on any physiologic system and for
most systems, this can be justified because of the substantial
independence of most systems from others. The reproductive
system is clearly one for which this simple logic does not apply,
particularly when animal modeling is involved.

When the most basic components of female reproductive
physiology are compared, such as neural and pituitary control
of ovarian function and ovarian morphology and endocri-
nology of the ovarian cycle, the diversity becomes clear.
Differences between species are most easily discussed in terms
of the higher nervous center control over gonadal function and
organization of the ovarian cycle. Changes in photoperiod,
temperature, conditions of the substrate, nutrition, and even
nonspecific stressors can modulate gonadal activity through
highly species-specific control mechanisms at the level of the
hypothalamus. Each species has adapted to reproduce opti-
mally in response to unique environmental conditions that
artificial enclosures cannot duplicate. These factors make
interspecific comparisons of reproductive performance within
a controlled setting difficult.

The laboratory macaque represents the best potential model
for the human female; however, the expense of maintaining
the monkey model, difficulties in handling and manipulating
matured monkeys, insufficient baseline data, a limitation of
animal resources, the time required to performmultigeneration
studies, and inadequate experimental tools make the use of
monkeys as a model severely limited. Since less than the ideal
model is usually used, model selection for human reproductive
toxicology must be built on a solid understanding of female
reproductive physiology and modern trends in reproductive
medicine and pharmacology.
Female Reproductive Development and Physiology

Development

Unlike the male phenotype, the female mammal requires
little additional directing force beyond the correct genotype.
Thus, fetal development in the female is similar in the pres-
ence or absence of the normal fetal gonads. Since the same
somatic substrates are present in male and female fetuses, the
introduction of androgenic substances to a female fetus
will produce the inappropriate development of male-type
secondary sex characteristics. This can occur as a result of en-
dogenous adrenal production of weak androgens (congenital
adrenal hyperplasia) or exogenous androgenic agents
(anabolic steroids), which can cause the development of
ambiguous or male-type genitalia, and, in the most severe
cases, infertility. This ability to respond inappropriately to
androgens persists throughout life and females can be viri-
lized at any time, although the sequelae of virilization
generally decrease with age.
All aspects of ovarian function and adult reproductive
normalcy in the female are ultimately dependent on the
process of germ cell maturation in the adolescent and adult.
Ovarian steroids are responsible for the development of
secondary sex characteristics as well as the function and
maintenance of the reproductive tract. The ovary can be
compared to an undifferentiated organ that retains its
embryonic capacity to differentiate throughout the repro-
ductive years. Ovarian stroma cells derive their function only
under the direction of a competent hypothalamic–pituitary
drive and the presence of developing primary oocytes. If the
oocytes are depleted, by accident or age, the ovary ceases to
function and all aspects of reproductive function that depend
on sex steroid support will regress. The preponderance of
reproductive functions is either driven or modulated by sex
steroid hormones. For this reason, a clear understanding of
steroid hormone production and action is essential to
understand either reproductive physiology or reproductive
toxicology.
Germ Cells

Germ cell numbers are finite in females and are present in the
early embryo. Having multiplied by mitosis and migrated to
the genital ridge, they initiate, but do not complete, meiosis
immediately. Unlike spermatogonia, which continue to be
replenished throughout adult life, all of the germ cells are
present in a resting stage from the early fetal period to the
end of the reproductive life of the female. Usually, the oocytes
remain in a suspended stage of meiosis, which is complete
just prior to fertilization. If these original germ cells are
lost, they cannot be replaced. If the oocytes are all lost, then
ovarian function and all reproductive function will irrevers-
ibly cease. Unlike the testis, in which the endocrine and
gametogenic activities of the gonad are physically separated,
the individual ovarian follicle comprises the combined
endocrine and gametic functional unit of the ovary. This is
an important difference between the sexes and is reflected in
the approaches that are used to assess reproductive health
in each.

The ‘resting’ stage of germ cells (primary oocytes) and their
vestments of follicle cells are tightly clustered in the cortical
portion of the ovary in what is termed the germinal epithe-
lium. The counterpart to this in the male would be the lining
of the seminiferous tubules behind the ‘testis–blood barrier’.
While the presence of the ovary and its hormonal products are
not essential for embryonic development of the female
phenotype up to the neonatal stage, the presence of viable
germ cells together with their surrounding differentiated
gonadal tissue is essential for complete sexual maturation.
Just prior to sexual maturity and under the control of higher
nervous centers that control gonadotropin secretion,
increased pituitary secretion of gonadotropins stimulates
some of the resting oocytes and their surrounding primitive
follicle cells to mature. Both the resting oocytes and the
undifferentiated follicular cells must be present in the
germinal epithelium for this earliest phase of normal ovarian
function to occur. In the absence of viable oocytes, follicle
cells will not develop and, as a consequence, there will be no
response to gonadotropin stimulation.
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Ovarian Function

At the onset of puberty, the undifferentiated ovarian stromal
cells in the immature ovary, in response to gonadotropin
secretion and their close proximity to a viable, resting primary
oocyte, differentiate and develop the capacity to produce sex
steroid hormones (primarily androgens and estrogens). These
sex steroids are directly responsible for the development and
maturation of the secondary sex organs and complete the
process of sexual maturation (puberty) at the appropriate time.
The follicular events associated with this follicle activation
require the differentiation of the previously undifferentiated
primitive follicle cells into two separate cell types, the theca
and the granulosa cells. The theca cells produce androgens
(androstenedione and testosterone) from acetate and circu-
lating cholesterol and depend on the granulosa cells to convert
the androgens to estrogens. Increased production of androgens
from the theca cells or decreased ability to aromatize these
androgens by the granulosa cells can lead to virilization
(masculinization) and infertility.

In the earliest stages of puberty, ovarian follicles develop to
the stage of producing estrogen, but do not ovulate. This period
of ‘adolescent sterility’ in primate species is associated
with adequate estrogen stimulation for the development of
secondary sexual characteristics, general sexual development,
and sexual maturity. Inappropriate release of gonadotropins
(luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) from the anterior pituitary gland) prior to the age of
normal puberty will induce follicular development and
precocious sexual development since all of the components of
adult ovarian function are present at birth and only lack
gonadotropin stimulation for complete, normal function.
The Ovarian Cycle

The hormonal events associated with ovulation are incom-
pletely understood. Simplistically, a feedback loop is estab-
lished between the hypothalamus–pituitary and the ovary at
the onset of sexual maturity. Pituitary gonadotropins function
to stimulate primitive follicles to secrete estrogen, proges-
terone, and peptide hormones, which modulate both the
pituitary and the hypothalamic control of reproduction
through positive and negative feedback loops. Collectively, this
is referred to as the hypothalamus–pituitary–ovarian (HPO)
axis. The maturing follicle secretes increasing amounts of
estrogen prior to ovulation, which modulates the secretion of
gonadotropins, orchestrates sexual behavior (in some species),
and prepares the reproductive tract for mating, gamete trans-
port, and potential conception. Ovulation occurs during
a limited time period within the complete ovarian cycle and the
extruded ova are fertilizable for only a short time period. Thus,
the synchrony of ovulation and mating is very important.
Precise synchrony of these events is achieved by the action of
estrogen from the maturing follicle acting upon the central
nervous system, the pituitary, and the reproductive tract.

Gametogenesis in the female (folliculogenesis and ovula-
tion) is intimately associated with hormone production
patterns and can be monitored by measuring changes in
hormone production rates. Although the periovulatory LH
surge requires increasing estrogen in order to be elicited, the
final release mechanisms vary between species. For some
rodents, the hypothalamic release of neural peptides (cate-
cholamines, indolamines, and specific gonadotropin-releasing
factors) is closely associated with the diurnal light–dark
exposure; in other species, copulation is an absolute
requirement; and in yet others, such as primates and most
domestic and laboratory animals, it occurs as a result of
follicular maturation only. For all species, the coordination
between the higher nervous centers, the pituitary, and the
ovary is mediated through hormone signals from the
maturing follicle cells. Thus, in the female, hormone patterns
that represent HPO activity are precise and appropriate indi-
cators of reproductive status and potential fertility. This
should be contrasted to the male in which the gamete itself is
usually evaluated and endocrine parameters have limited
clinical significance.

Ovulation is associated with a surge of gonadotropin release
that is the result of estrogen-positive feedback. This massive
release of gonadotropins probably functions primarily as a fail-
safe mechanism to complete the ovulatory process, which is
initiated through follicle maturation and the synergism of
gonadotropins and estrogen acting upon the mural gran-
ulosum. The LH surge secondarily functions to convert the
original vestments of the oocyte (follicle cells) into a different
cell type (the corpus luteum) that will secrete another sex
steroid (progesterone) during the pregestational period. If
conception does not occur, progesterone secretion by the ovary
is limited to the time interval following ovulation and may be
produced for as short as 2 days or as long as 3 weeks depending
on the species. Progesterone action serves to prepare the
reproductive tract, primarily the lining of the uterus (endo-
metrium), for the embryo implantation and also acts centrally
to prevent additional follicles from developing during this time
interval.

Following ovulation, the ova that are extruded onto the
surface of the ovary (either into the body cavity or within
a bursa) are picked up by the oviducts. The oviducts serve as
conduits that transfer both fertilizable ova toward the uterus
and allow selected spermatozoa from the lower reproductive
tract to meet and fertilize the ova. Following fertilization, the
resulting zygote is transported to the uterus where successful
implantation can take place. The function of the oviducts,
which are responsible for gamete and zygote transport, is
controlled by the ovary through estrogen and progesterone
production throughout the ovarian cycle. The secretion of these
sex steroids is dependent on pituitary gonadotropin support.
When implantation does occur, it is usually 2–6 days following
ovulation and fertilization; however, delays of implantation
can be as long as several months in species such as bears, seals,
most mustelids, and some edentates.

The embryo survives unattached to the uterine lining for 5
days to 7 weeks in laboratory and domestic species. During this
preimplantation period, nutrient requirements are absorbed
from the materials within the uterine lumen. After this time,
some form of stable attachment is formed between the
trophoblast (primitive placenta) and the endometrium. This
can range from a very superficial apposition with many cell
layers separating maternal and fetal circulations to true
implantation with only one cell layer separating the two
vascular beds.
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Hormone Action

Neuropeptides and polypeptides derived from neural tissue are
largely responsible for pituitary function. The neurotransmit-
ters (catechols, indoles, endorphins, and dopamine) act
directly or indirectly to cause the release of the gonadotropins
or prolactin and exert their action through synaptic junctions to
alter neural activity in the hypothalamus and other areas of the
brain. The polypeptide hormones (gonadotropin-releasing
hormone (GnRH), adrenocorticoid-releasing hormone, and
thyroid-releasing hormone) act through membrane receptors
and transduce their signal by intracellular second messengers
such as cAMP, calcium, and/or phosphoinositol. The fetal
pituitary is capable of responding to higher nervous centers by
midgestation, but does not do so until these centers ‘awake’ at
the time of puberty long after birth. Premature ‘awakening’ of
these centers leads to premature sexual development and arrest
of the normal somatic growth pattern through the action of sex
steroids on bone growth. The absence of the awakening of the
central nervous centers that control pituitary function leads to
a failure to undergo sexual development.

The primary pituitary hormones that influence female
reproductive function are two glycoproteins (LH and FSH) and
one protein hormone (prolactin). The glycoprotein hormones
(LH and FSH) are stimulated to be synthesized and released by
a single polypeptide neurohormone, GnRH, and are modu-
lated by both ovarian steroids (estrogen and progesterone) as
well as ovarian and pituitary peptides through positive and
negative feedback loops, which impinge both at the level of the
hypothalamus and the pituitary. Derangements that lead to
spontaneous or early release of the gonadotropins are rare as
the GnRH ‘drive’ is an essential stimulation. The opposite is
true for prolactin because it is controlled primarily for the
negative actions of dopamine. Any action that decreases
the domaminergic drive to the pituitary will lead to hyper-
prolactinemia and reproductive dysfunction relating to
prolactin excess. Failure of the pituitary to release gonadotro-
pins is common particularly in women and can be the result of
inadequate hypothalamic support or inability of the pituitary
to manufacture and release gonadotropins. When this occurs
prior to puberty, delayed maturity and infantilism are the
result. If this occurs following puberty, then ovarian function
and menstrual periods cease.

All aspects of female reproduction are regulated directly or
indirectly by ovarian sex steroids. These small lipids, which are
ubiquitous to all species, act to both develop and differentiate
all secondary sex characters. The principal female sex steroids
are estradiol and progesterone. Estradiol is mitogenic in
estrogen-sensitive tissues and is responsible for end organ
growth and proliferation and acts through estrogen receptors
that are constitutive in all estrogen-sensitive tissue. Proges-
terone can be mitogenic and/or differentiating, depending on
the tissue. In the uterine, endometrium progesterone differen-
tiates the ‘proliferated’ endometrium and decreases the action
of estrogen by decreasing estrogen receptors. In the breast,
progesterone complements the proliferative action of estrogen.
All progestational cells require the antecedent action of
estrogen in order to express progesterone receptors. Exogenous
compounds, either natural or synthetic, can mimic endogenous
hormones and cause infertility, inappropriate somatic changes,
or induce hyperplastic disease. Examples include the synthetic
steroid hormones and oral contraceptives, which have been
produced to artificially regulate female fertility. These
compounds were created to be easily ingested or absorbed and
possess unusually long biological half-lives. If an exogenous
ligand has androgenic activity, then the results of female
exposure to this ligand are similar to those of excessive adrenal
androgen production as described previously. Estrogenic or
pure progestational agents have different, nonmasculinizing
effects, but still can result in infertility by interfering with the
normal signals that are sent by the ovary to the hypothalamus,
pituitary, and reproductive organs.

The direct effects of steroid hormones are limited to cells
that contain steroid hormone receptors. Each steroid has at
least one specific receptor, but each steroid receptor has a strong
structural and functional relationship to other compounds
with a similar structure. While each steroid has specific effects
on specific target organs, these effects can generally be divided
into three categories: mitogenic (proliferative), differentiating,
or regulatory. Estrogen has all three effects, is the principal
female sex steroid hormone, and will be discussed in detail.

Because of the pivotal importance of estrogens, it is some-
what surprising that many naturally occurring compounds,
other than hormonal estrogens, have estrogenic potential due to
structural similarities to the steroidal estrogens (estrone, estra-
diol, and estriol) and their ability to bind estrogen receptors. It is
important that toxicologists understand that many xenobiotics
have estrogenic properties for the same reason. Since estradiol is
the primary estrogenic hormone for all species, the estrogen
receptors that transduce the ‘estrogenic message’ have been
conserved to a great degree. Conservation of both the ligand and
the receptor should permit a great deal of uniformity of estro-
genic activity of different compounds between species. This,
however, is not the case. Estrogens of all types have different
effects in different species. In terms of toxicants, for example,
‘clover disease’ in sheep, which results in sterility, is caused by
phytoestrogens found in certain legumes and tubers does not
occur in other species even though the same phytoestrogen is
found at the same circulating concentrations.

In humans, estrogens are primarily responsible for the
development of female sex characteristics. The development of
vagina, uterus, and fallopian tubes as well as the breasts, fat
deposition for body contours, the pubertal growth spurt, pubic/
axillary hair, and pigmentation of the genital region and areolae
are all a part of estrogen action, although androgens are also
probably involved. Some overlap exists between the action of
estrogen and androgen in terms of anabolic effects, but, in
general, estrogens oppose or have opposite effects of androgens.
The loss of estrogen at menopause leads to decreased bone
deposition,decreased turgorof the skin, and sclerosisof theblood
vessels. Relative immunity to coronary disease and gout is also
dependent on estrogen and is lost at menopause. In animals,
estrogens are psychogenic and the desire to mate or become
receptive to males is a direct effect of estrogens. The effects of
estrogens on emotions are not well defined in humans, although
changes in emotion can be striking following menopause.

The toxic effects of estrogens are generally considered tobe the
adverse effects observed when estrogen is given in supra-
physiologic doses or for inappropriate time intervals. Since the
normal pattern of estrogen production is quite variable and since
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the effects of even normal patterns have a wide range of effects in
different individuals, it is difficult to separate some adverse
estrogenic effects from ‘normal effects,’ that is, swelling and
soreness of the breast, morning sickness in early pregnancy, and
dysfunctional uterine bleeding. In very high doses, estrogens can
cause water retention, thus edema related to heart failure or renal
disease could be accentuatedby extremely high doses of estrogen.
The effect of estrogen on liver function varies tremendously
between species. In birds and fish, for instance, estrogens mobi-
lize large amounts of lipids for egg production to the point that
the serum becomes milky in appearance. In humans, estrogens
change the pattern of circulating lipids (they can be considered
‘protective’ for circulatory diseases) and this effect is of great
interest to those who study heart disease and atherosclerosis.

In women, menstrual function disturbances can be an early
and accurate indicator of estrogen imbalance. In other species
which do not slough the endometrium, other end points need
to be assessed. Assessments of estrogen deficiency can be
particularly difficult to detect in particular effects of estrogen
antagonists or antiestrogens. Estrogen-induced changes are not
only different between species but also different within the
same species at different levels of the reproductive system. In
some species, a carcinogenic action of estrogens has been
described as for diethylstilbestrol (a nonsteroidal estrogen). In
most studies, the ability of estrogens to cause tumors is largely
attributed to a genetic predisposition for tumor formation and
has caused unnecessary fears for its use therapeutically; the
exception, however, is diethylstilbestrol, which, when taken by
pregnant women, leads to hyperplastic disease in female chil-
dren. Estrogens are mitogenic and tend to increase their own
receptor numbers and these effects are counteracted by
progesterone. Thus, prolonged exposure to estrogens in the
absence of progesterone can cause abnormal growth of prolif-
erative tissues like the endometrium.

Progestins are the generic term for compounds that exert an
effect similar to that of progesterone. Progesterone is the
second most important steroid hormone for female repro-
ductive function. Progesterone receptors are induced by the
action of estrogen, thus progesterone has little effect in the
absence of estrogen priming. The primary role of progesterone
in the uterus is to create an implantation site for the embryo by
causing the final differentiation of endometrial cells. Insuffi-
cient progesterone leads to an inadequate implantation site
and to implantation failure. Progesterone plays a key role in
pregnancy by reducing uterine contractile tone and preserving
pregnancy. Within the uterus, progesterone causes a decrease in
estrogen receptors, thus attenuating the mitogenic effect of
estrogen on this tissue. Similarly, progestins reverse the actions
of estrogen on cervical mucus, labial color and swelling, and
sexual behavior. In the breast, however, progesterone acts to
augment the mitogenic effect of estrogen and acts to proliferate
the epithelium of the ducts in preparation for milk production.
Female Reproductive Failure

Reproductive failure can be induced by environmental hazards
at any level, although most types of infertility have not been
linked to environmental factors. Since it is not ethically
possible to observe or impose reproductive toxic exposures on
human subjects, much of what was believed about the effects of
putative toxins are based on the assumption that well-defined
spontaneous reproductive failures are accurate surrogates for
environmentally induced defects. Spontaneous reproductive
failures, together with results from animal experiments, are
used as models to predict or to understand the impact of
reproductive toxicants on the human system.

Ovarian senescence due to increasing age (menopause) is
another form of infertility that is a normal consequence of the
aging process and can be compared to the effects of an ovarian
toxicant. As oocytes are depleted through the normal process of
atresia, the reproductive system responds in much the same
way as it would to an ovarian toxicant that acts to destroy
oocytes. In both cases, the absence of gonadal hormones results
in increased pituitary drive in compensation for the decreased
negative feedback from the ovaries which, without germ cells,
cannot produce steroid hormones. The increased gonadotro-
pins (hypergonadotropism) cannot, however, compensate for
the irretrievable gonadal deficiency (hypogonadism).

Defects that act to suppress hypothalamic or pituitary
function also lead to infertility but are expressed differently.
Kallman’s syndrome (anosmia with isolated gonadotropin
deficiency), for example, is a formof hypothalamic deficiency in
which the pituitary is not stimulated to release gonadotropins
due to a defect at the level of the hypothalamus and higher nerve
centers. The gonads of affected individuals remain in a preado-
lescent condition, and sexualmaturity is never achieved. In such
cases, the defect leads to a central nervous system deficiency that
results in reduced gonadotropin release (hypogonadotropic)
and a subsequent reduced ovarian activity (hypogonadism).
Since the pituitary is not compromised in this condition, the
appropriate administration of the hypothalamic factor which
causes the release of gonadotropins (GnRH) will restore pitui-
tary and subsequently gonadal function as well. Physical,
nutrition, or even emotional stress can lead to different degrees
of ‘hypothalamic amenorrhea,’ which is a general term for
hypogonadotropic hypogonadism in women. Professional
dancers, athletes, and overzealous dieters can exhibit this
reversible form of infertility at any stage in life and, as a conse-
quence, this type of reproductive failure occurs relatively
frequently. Such cases can be used to model theoretical toxi-
cants, which block normal hypothalamic or pituitary function.

Many kinds of organic or functional defects can lead to
postovulatory reductions in fertility. For instance, anatomical
impediments to gamete transport can prevent fertilization.
Poorly developed or insufficient endometria due to end organ
insensitivity to steroids, insufficient steroid hormone produc-
tion, or impediments to steroid action at the level of the
endometrium will not adequately support the implantation
site of an otherwise healthy embryo. Previous reproductive
tract infections are responsible for themajority of these kinds of
reproductive failures; however, developmental defects and
alterations in organ function caused by inappropriate stimu-
lation or response also contribute.
Reproductive Toxicants

In recent years, public concern regarding toxicant exposure has
focused on the potential of reproductive hazards resulting from



Table 1 A condensed list of human female reproductive toxicants and
their adverse effects

Benzene Menstrual dysfunction
Benzamine Menstrual dysfunction
Chloroprene Menstrual dysfunction
Formaldehyde Menstrual dysfunction
Mercury Menstrual dysfunction
Halogenated hydrocarbons Menstrual dysfunction
Anesthetic gases Infertility
Toluene Menstrual dysfunction
Styrene Menstrual dysfunction
Diethylstilbestrol Infertility
Ethyl oxide Abortion
Lead Abortion
Vinyl chloride Ovarian dysfunction
Dioxin (TCDD) Infertility
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exposure to agricultural and industrial chemicals. This has led
to the suggestion that a significant amount of the recognized
reproductive failure among humans and animals can be
attributed to increased toxic exposures. The increasing number
of female workers in industry as well as the recent recognition
of hazards to female reproduction in the workplace has
heightened concerns relating to female reproductive toxi-
cology. Such concerns, however documented, have resulted in
an increase in risk assessments of both putative and real
reproductive toxicants as well as in the creation of regulations
concerning disposal of and exposure to xenobiotics. Progress in
this area, however, has been slow for a number of reasons.

Reproductive toxicants obey the rules of other toxicants and
their effects can usually be linked to some interruption of
normal physiologic mechanisms such as errors in metabolism,
interfering with ligand/receptor interaction, or alterations of
signal transduction. They can act directly by inducing a change
through their inherent chemical activity. For example, the purine
analogs interfere with the normal process of oogenesis and have
greatly different effects at different stages of reproductive devel-
opment. Some reproductive toxicants mimic or block hormone
action by virtue of their structural similarity to these hormones
and mimic or antagonize endogenous messengers. Other toxi-
cants act through receptors that may or may not have well-
defined physiologic functions and interact with hormone
transduction signals, transactivating factors or response
elements. Some toxicants act directly, while others must be
metabolized to an active form before they can exert their adverse
effects. Some compounds have dissimilar adverse reactions prior
to and following metabolism. Other reproductive toxicants act
indirectly after being metabolized from an inert compound to
a form that is chemically or biologically active. Polycyclic
aromatic hydrocarbons can exert their effects indirectly by
inducing hepatic and ovarian enzymes, which govern steroid
production and metabolism, and act by transducing adverse
signals or signals that impede normal physiologic functions.
Lipophilic compounds can be sequestered in adipose tissues and
exert adverse effects years after a single massive exposure.

The identification of chemical compounds of high concern as
human reproductive and developmental toxicants was provided
by a report from the Government Accounting Office (GAO) in
1991. That report reviewed the evidence that identified
compounds as male, female, or developmental toxicants and
what safeguards were in place to protect the public. The report
lists 30 compounds, 21 of which have adverse reproductive
effects in women or female animals. These compounds include
industrial solvents (toluene, ethylene glycol monoethyl, and
monomethyl ethers); metals (cadmium and lead); pesticides,
fungicides, and fumigants (chlordecone and itsmetabolitemirex,
dichlorodiphenyltrichloroethane (DDT), ethylene dibromide,
ethylene oxide, hexachlorobenzene, and the pesticide contami-
nant dioxin); halogenated hydrocarbons (vinyl chloride, poly-
brominatedbiphenyls, and polychloronatedbiphenyls (PCBs));
products of combustion (carbon disulfide, carbon monoxide,
and tobacco smoke); as well as arsenic, diethylstilbestrol, and
warfarin.

The GAO list of reproductive toxicants does not include
some putative reproductive toxicants, which are currently highly
regulated or banned for industrial use such as benzene, benz-
amine, chloroprene, formaldehyde, styrene, and xylene. More
are added to the list of putative toxicants every year. Of the
toxicants listed as female reproductive hazards, approximately
half have strong evidence of direct adverse effects on human (or
nonhuman primates) female reproduction separate from their
action as developmental toxicants and teratogens. A number of
compounds such as the glycol ethers are only now being
recognized as reproductive toxicants and reports demonstrating
this effect are beginning to appear in the literature. Thus, the list
of compounds for which there is strong evidence of adverse
effects on fertility, menstrual function, or other gynecological
disorders in nonpregnant women can be theoretically
condensed to the 14–16 individual or groups of compounds.
These are listed in Table 1 along with the adverse effects that are
associated with each. The actual number of compounds that
have adverse effects on female reproduction is undoubtedly
much greater than this list indicates and will grow as new
chemicals are developed. Many of the compounds that have
documented effects on males will likely have adverse effects on
females once they are investigated properly. However, until the
adverse effects of exposures of these are observed for women and
are documented, they cannot be included.

Table 1 not only illustrates the relatively small number of
documented human female reproductive toxicants but also
underscores the difficulty of investigating exposures to repro-
ductive toxicants in human populations. There is a lack of
specific knowledge in terms of the targets and mechanisms of
action of most reproductive toxicants because the end point for
recognizing the adverse effect is ‘downstream’ of the actual
target. The literature lists more than half of the adverse effects as
only ‘menstrual dysfunction,’ which provides little help in
identifying a specific site or action. This general outcome is
reported because it is the only relevant end point that is usually
available during the study periods that usually follow the actual
exposure. Assessment of fertility, for instance, would need to
include a relatively large number of women who were simul-
taneously exposed to the possibility of pregnancy over an
interval of time that would permit adequate pregnancies to
occur and be completed.

Regardless of the number of women exposed and the time
of exposure, most reproductive toxicity data are collected in
retrospect, using the subjects’ recall as the source of informa-
tion relating to reproduction. Practical end points for assessing
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the target of toxicity other than the woman’s menstrual
calendar have not been available historically and only general
symptoms such as menstrual function can be recalled and
reported. As reviewed earlier, menstruation is the normal result
of an ovulatory ovarian cycle and ovulatory cycles can be quite
variable in length and regularity. Irregular menstrual cycles may
be typical for some women and not for others and a woman’s
recall of her previous ‘regularity’ may not be accurate. In
addition, vaginal bleeding for other reasons that have charac-
teristics of true menstruation may occur in the absence of
ovulation, for example, breakthrough bleeding as a result of
unopposed estrogen stimulation. While the listing of adverse
effects as menstrual dysfunction may be adequate to indicate
that female reproduction has been perturbed, it provides very
little information as to the target or mechanism of action nor
does it provide information as to the health risk except in the
most severe cases.

A deeper understanding of the site of toxicity and the
mechanism of action can come only from controlled animal
studies in which basic hypotheses are tested using laboratory
rodents or primates. As indicated previously, there are concerns
of species specificity in terms of sensitivity or response to
reproductive toxicants, routes of exposure, and relevant dosage
that make this less than a perfect science. However, knowledge
of the similarities and differences in the reproductive physi-
ology of the model species compared to human function as
presented earlier in this section, together with a knowledge of
human reproductive health and disease, permits a great deal of
information to be obtained from laboratory animal studies.
The complete understanding of basic reproductive physiology
allows the toxicologist to focus on specific targets of toxic
action. It is from the understanding of basic reproductive
physiology, the experiments of nature provided by sponta-
neous reproductive diseases, and laboratory experiments with
animal models that targets of toxicity on functional and
anatomical bases are appreciated. These targets are defined in
the following sections.
Central Targets

The organs, nuclei, and organelles that are required for normal
pituitary secretion of gonadotropins are considered to be the
central targets of toxicity. They are generally divided into the
neural tissues, nerve tracts, specific nuclei in the brain, and their
organelles (including the hypothalamus and higher nervous
centers) and the anterior pituitary gland. In some cases, the
pineal gland would also be considered a target because of its
direct effect on pituitary function.
Hypothalamus and Higher Brain Centers

Toxicants that disrupt the synthesis of GnRH or its normal
pulsatile release will cause reproductive failure by way of
pituitary dysfunction. There are two general mechanisms for
this to occur. The direct effect is one in which neural trans-
mission is altered by other neurotransmitters or their analogs.
Anesthetics, anticonvulsants, and recreational drugs are exam-
ples of agents that can cause hypothalamic dysfunction that, in
most cases, decreases GnRH pulse and amplitude. These kinds
of toxicants can reduce neuronal firing rate and reduce either
the baseline gonadotropin secretion or block the midcycle
periovulatory surge in laboratory animals. In human subjects,
decreased nutrition, increased exercise, as well as physical or
emotional stress can lead to similar derangements of the
hypothalamic–pituitary axis by increasing catecholamine,
indolamine, and endorphin levels with oligomenorrhea or
amenorrhea as a result. Some compounds such as the ergot
derivatives can mimic dopamine action and reduce prolactin
secretion. The indirect effect is one in which the normal ‘long-
loop’ feedback mechanisms are altered. Bioactive steroid
hormones or their analogs can inappropriately increase or
decrease hypothalamic drive leading to alterations in pituitary
gonadotropin secretion. Increased adrenal glucocorticoid, for
example, is thought to decrease gonadotropin secretion
although the precise mechanism is not known. Diethylstilbes-
trol is a model for a toxicant that might decrease hypothalamic
drive because it is a potent estrogen agonist. In contrast,
tamoxifen or clomiphene citrate, which is estrogen antagonists,
would have the opposite effect. Some of the halogenated
hydrocarbons are thought to act as estrogen antagonists and
may influence hypothalamic function by acting through
estrogen receptors.
Anterior Pituitary

The anterior pituitary can also be adversely influenced by two
separate but general mechanisms. It can be directly affected by
changes in the stimulatory effect of GnRH from the hypothal-
amus and it can be modulated by ovarian steroid and peptide
hormones from the ovary (as discussed previously). Perturba-
tions of the hypothalamus are transduced directly to the pitu-
itary through the primary GnRH signal; thus, normal pituitary
function is unlikely when the hypothalamic drive is perturbed.
Because of the location of the hypothalamus and pituitary at
the base of the brain and the intimate vascular and neuronal
connections between them, it is difficult to separate actions that
occur at this level. Therefore, hypothalamic and pituitary fail-
ures are often considered together as simple ‘central effects’ as
opposed to actions at the level of the ovary, reproductive tract,
or related reproductive tract organs.

Inappropriate circulating levels of bioactive steroid
hormones or their analogs can lead to perturbations of pitui-
tary function. Increased blood concentrations of bioactive
estrogen, progesterone, androgen, or their analogs will lead to
decreased secretion of gonadotropins. Steroid antagonists will
open this feedback loop and cause increased amounts of
gonadotropins to be secreted. The therapeutic bases of oral
contraception and one aspect of fertility enhancement are
based on these principles. Many halogenated hydrocarbons are
thought to act as estrogen analogs and act to either transduce
false signals through the estrogen receptor or block endoge-
nous estrogen from exerting normal action. The latter case is
well defined for DDT, which causes thin eggshells in birds
exposed to DDT. Some PCBs have agonistic and antagonistic
action in different animal species and different organs within
the same species. It is not clear how many chlorinated biphe-
nyls have estrogenic effects or if any of these compounds are
serious potential hazards to women. In many cases, they are
estrogen agonists when acting in the absence of steroidal
estrogen and estrogen antagonists in the presence of steroidal
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estrogen. It is also difficult to separate actions that occur at the
hypothalamus and pituitary; therefore, these are often consid-
ered collectively as ‘central’ effects as opposed to effects that
occur downstream such as at the level of the ovary or repro-
ductive tract organs.

New evidence is now emerging that some halogenated
hydrocarbons exert their effects through receptors other than
the classic estrogen receptor. Beyond the identification of alpha
and beta (possibly gamma) forms of the original estrogen
receptor, other nonrelated receptors are now thought to interact
with the classic estrogen receptor hormone signally, besides
membrane-bound forms of the estrogen receptor as well as
with nonrelated orphan receptors. One such orphan receptor is
the arylhydrocarbon (Ah) receptor and has no known physio-
logic role but acts much like the receptors of the steroid
hormone superfamily of receptors. The binding of the Ah
receptor to its ligand, which can be dioxin or related coplanar,
chlorinated biphenyls, elicits transcription of new proteins
and/or blockage of other proteins such as estrogen receptors.
Ovarian Targets

Ovarian tissue can be compared to embryonic tissue in that
most of its functional elements are still in various stages of
development. All of the endocrine aspects of the ovary are
differentiated at the time that a subpopulation of germ cells
mature. Both the endocrine and the germ cell populations are
transient populations that must be renewed with each
reproductive cycle. The ovarian targets of toxicity are therefore
ever-changing populations of different cell types. For this
reason, it has been difficult to identify cytotoxic agents that
have specific ovarian cell types as their unique target. In
general, ovarian targets can be divided into two categories.
The most important category is the germ cells, which are
primarily primary oocytes in a resting stage of meiosis. The
second category is represented by the cells that produce
steroid and peptide hormones.
Germ Cells

Unlike the testes, in which steroid production can proceed in
the absence of spermatogenesis, the ovary can function as an
endocrine organ only if viable germ cells are in residence.
Toxicants that eliminate the resting germ cells automatically
eliminate all endocrine function. Since all aspects of female
reproduction are dependent on ovarian steroids, the growth,
development, and integrity of the entire reproductive system
will be disrupted by loss of the germ cells. A complete loss of
ovarian function would ensue and, in humans, menstrual
function would cease as it would with complete hypotha-
lamic–pituitary dysfunction. In contrast, toxicants that
adversely affect only the oocytes which have ended their resting
phase and begun to mature will interrupt only the current
ovarian cycles as additional oocytes can be recruited from the
resting germs cells. Such compounds may be ‘silent’ hazards
having the effect of delaying conception only slightly. Exposure
to such toxicants would most likely be recognized through
menstrual dysfunction, long menstrual cycles, and possibly as
a delay to conception.
Ovarian Steroid-Secreting Cells

Steroidogenic cells within the ovary are also transient cell
populations. While the development of gonadotropin recep-
tors and steroidogenic machinery are dependent on
the proximity and continued viability of a healthy oocyte, the
mature cell will survive only the length of the reproductive
cycle and possibly through one pregnancy. The steroidogenic
cells of the ovary are recruited in each cycle from undifferen-
tiated ovarian stroma. Agents that arrest differentiation, block
the expression of gonadotropin receptors, or block the
production of steroid hormones will have adverse effects on
ovarian function. Steroidogenesis can be blocked either by
blocking the transport and availability of cholesterol,
compromising the reducing capacity of the cell or by direct
block of steroidogenic enzymes. Such disruptions would be
recognized as menstrual dysfunction ranging from irregular
menstrual cycles to complete amenorrhea if steroidogenesis is
completely stopped.
Reproductive Tract Targets

The female reproductive tract is completely dependent on the
functioning ovary to provide estrogen and progesterone for its
growth, development, and function. Reduced steroid produc-
tion, increased clearance of circulating steroid hormones,
or antagonism of steroid action at the level of the steroid
hormone receptor will lead to decreased size and function of all
aspects of the female reproductive tract. Increased circulating
concentrations of sex steroids or their agonist generally lead to
hypertrophy, hyperplasia, and dysfunction. Sex steroids or their
analogs at relatively high circulating concentrations will disrupt
pituitary function through the long-loop feedback. However,
exposure to low levels of steroid analogs for prolonged time
periods may have adverse effects on the reproductive tract
without disrupting the HPO axis. Such theoretical toxicants
could cause infertility with no other overt signs. An example of
this kind of toxicant is low-dose progestin therapy which, in
some women, is an effective contraceptive although relatively
normal menstrual cycles are observed, suggesting adverse
effects at the level of the endometrium while exerting no
demonstrable effect at the level of the HPO axis. Similarly,
weak sex steroids could act locally to alter cervical secretion,
reducing sperm survival and transport through the reproduc-
tive tract as observed in sheep exposed to plant estrogens.

Over 300 different plants contain either compounds with
estrogenic activity or precursors for the formation of nonste-
roidal estrogens. Coumestrol, equol, and zearalenone are
examples of phytoestrogens that are found in legumes, tubers,
and fungi that infest grains. These substances clearly act as
reproductive toxins in sheep (equol in clover disease) and pigs
(zearalenone in moldy corn syndrome). Evidence is not as
convincing for carnivores fed commercial diets with plant
‘fillers.’ In humans, there is some evidence that Asian diets act
as a protectant for some forms of hyperplastic disease. Some
claims for precocious puberty being the result of contamina-
tion with environmental estrogens have been made. Although
there are structural similarities between the parent phytoes-
trogen molecules and diethylstilbestrol, it is speculated that
only phenolic metabolites of these compounds are active
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compounds since pretreatment with carbon tetrachloride (to
inhibit the mixed function oxidase in the liver) reduces the
estrogenic in vivo potency of o,p0-DDT in rats. However, in vitro
studies indicate that in vitro competition of compounds, such as
o,p0-DDT and methoxychlor with estradiol for binding the rat
uterine estrogen receptor, is positively correlated with in vivo
estrogenicity. The fact that the estrogenicity of either the parent
compound or its metabolite competitively competes with
estradiol for receptor binding may limit the action of circu-
lating steroidal estrogens. By limiting the action of the more
potent steroidal estrogens, the weaker nonsteroidal estrogens
may act as antiestrogens. In addition, some DDT analogs such
as p,p0-DDT are thought to act by inducing liver enzymes that
metabolize endogenous steroidal estrogen, thus reducing
normal estrogen delivery to the target tissue.

Substances that increase or decrease smooth muscle activity
can cause adverse reproductive effects. Nicotine, for example,
acting through epinephrine and oxytocin can influence tubal
and uterine contractions. Theoretically, such agents could
cause mistiming of gamete and/or embryo transport and
failure of fertilization or implantation, respectively. Hemo-
toxic agents can alter menstrual flow and result in menstrual
irregularities (as indicated previously) at the level of the
endometrium without having any effect on the reproductive
system directly.
Nonreproductive Organ Targets

Key nonreproductive organs are essential for normal repro-
duction. An example of this kind of interaction is the produc-
tion of binding proteins that are essential for steroid hormone
transport by the liver. Hepatotoxins such as ethanol can limit
binding protein production and adversely alter the ability of
sex steroids to be transported to their binding sites. The liver
also plays the primary role in deactivating and eliminating
steroid hormones. Hepatotoxins, such as the halogenated
hydrocarbons, barbiturates, and anticonvulsants which alter
enzymes that either conjugate or metabolize steroid hormones,
can also adversely affect reproductive function. Normal
thyroid function is important for normal reproduction.
Thyroid hormone is essential for normal cell function in
general, and thyroid disease is often associated with repro-
ductive failure.
Emerging Areas

One of the major challenges faced is obtaining a deeper
understanding of how drugs, other chemicals, and other envi-
ronmental agents can potentially adversely affect female
reproduction, both in human populations and in other animal
populations, and also how these agents may work in combi-
nation. For example, previous sections in this entry have dis-
cussed briefly how female reproduction is controlled and
regulated by the endocrine system. The endocrine system is
complex, and the field of endocrinology is also relatively young
compared to the remainder of physiology. It is still developing
today, and the list of factors that can perturb endocrine action
or be perturbed by toxicants is rapidly growing. Over the past
40 years, the identification and characterization of hormone
receptors have provided the physical connections between
physiologic blood-borne factors that were recognized 50 years
earlier and the investigations of receptors now provide some of
the mechanistic basis for hormone-specific cell responses and
a deeper understanding of how toxicants can adversely affect
them. More recently, intracellular signal transduction pathways
that are triggered by hormone receptors were mapped and
integrated. Currently, transactivation factors that result in
specific gene expression patterns are being cataloged and
investigated. Just in the past 20 years, several new hormones
such as follistatin, ghrelin, leptin, activin, peptide Y, several
growth factors, and many cytokines have been identified and
the evidence that these interact with, or even control, the effects
of reproductive hormones is becoming well established. It is
now understood that not only specific receptors determine
hormone action but specific binding proteins do as well. Only
16 years ago, the term endocrine disrupting substance (EDS)
was coined as those xenobiotics that interfered with known
hormone pathways. Today this is a dominant theme in repro-
ductive toxicology although, as is want in all new fields, a great
deal of controversy has emerged in developing a cogent list of
compounds that can be adjudicated as true EDSs. Future
renditions of this section will hopefully resolve this important
topic.

Over the past 5 years, several ‘new’ and even ‘new types’ of
EDS (therefore reproductive toxicants) have been described in
the scientific literature. These new suspects include phthalates
and bisphenol A that off-gas from plastics, brominated fire
retardants that off-gas from clothing and furniture and anti-
microbials in personal care products represent a short list of
compounds that have stimulated great concern and some
possible premature legislation. While there can be no doubt
that all of these compounds have the potential to cause
endocrine disruption and be considered as potential repro-
ductive toxicants, the critical question as to whether or not
normal human exposures to these compounds results in
adverse effects. The problem of resolving this dilemma is
twofold. On the one hand, population-based epidemiologic
studies show associations of adverse effects in association
with normal exposures in humans, but these studies cannot
eliminate the presence of other possible ‘bad actors’ or the
effects of mixture exposures. On the other hand, the experi-
ments in animal models do not accurately simulate the
longitudinal low-level exposures that are more likely in
humans.

Thus, development of new techniques by which substances
capable of affecting reproduction can be better understood and
more appropriately regulated to reduce the chance of harm in
real-world situations requires continual improvement in
experimental and field research methods approaches to risk
assessment. Currently, female reproductive toxicology is at
a crossroad in terms of its science being able to provide timely,
clear, and appropriate guidance to regulatory agencies and
industry. New concepts uncover new toxicants and new toxi-
cants drive improved methods.
Summary and Conclusion

In summary, in the broadest view reproductive toxicants can
impinge on the female system through changing normal sexual
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development, obliterating gametes, causing dysfunction of
reproductive organs, interfering with the differentiation of cell
types, or interrupting the hormone messages through which the
processes of hormone synthesis, transduction, or metabolism
occur. Reproductive toxicants can influence reproductive
performance by affecting sexual or social behavior, embryo
survival, and development, as well as affecting reproduction
indirectly by influencing general health. The primary difficulties
faced in identifying reproductive toxicants are the sensitivity of
female reproductive processes to normal environmental change,
the lack of baseline data, the complexities of the ovarian cycle,
and the species-specific nature of female reproductive
physiology.

A great deal of progress is currently being made in this
discipline in response to pressures exerted by the public. Real
concerns are now being expressed that environmental factors
are causing an increase in female infertility while more
women are exposed to chemicals through the workplace.
Perhaps the greatest impediment to progress in this area is
adequate animal models or an in vitro screening test for
human sensitivity to the large number of chemicals being
produced. A rethinking of how to identify, characterize, and
regulate reproductive toxicants will be an ongoing challenge
for years to come.

Many other emerging issues are evident in the current
scientific literature. Although too numerous to list much less
cover in any detail here, a few illustrative publications are
included in the Further Reading section as examples. These
include a focus on understanding effects on reproduction
of newer materials, like nanoparticles, that are becoming
increasingly common in commerce and therefore also in the
environment; ways in which changes in reproductive func-
tion could potentially be carried through to future genera-
tions; and the utility, advantages, and shortcomings of in
vitro and other alternative toxicity testing methods intended
to reduce the use of live animals.

See also: Androgens; Carcinogen–DNA Adduct Formation and
DNA Repair; Chromosome Aberrations; Developmental
Toxicology; Dose–Response Relationship; Endocrine System;
Epidemiology; Reproductive System, Male; Risk Assessment,
Human Health; Sister Chromatid Exchanges; Toxicity Testing,
Developmental; Toxicity Testing, Reproductive.
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Figure 1 Overview of the male reproductive system.
Introduction

Both the public and the scientific community have become
increasingly aware of the potential for chemicals to adversely
affect the male reproductive system. It has been estimated
that as many as 15% of couples in the United States are
infertile. For 40% of those couples, infertility is associated with
the male partner. Recent reports suggest that the rates of pros-
tate and testicular cancer, prostatic hyperplasia, and cryptor-
chidism (undescended testes) are also increasing. Although
a continuing subject of debate, an analysis of human sperm
counts from 1938 to 1990 provided data indicating that the
average sperm density in males has declined in the last 50 years.
It has been proposed that exposure to estrogens and other
endocrine disruptors in the environment could be associated
with adverse effects on the male reproductive system.

Evidence for male reproductive toxicity in humans generally
surfaces only when the outcomes are severe. For example,
pesticide formulators exposed to high levels of the nematocide
dibromochloropropane developed testicular atrophy and
infertility. The loss of spermatogenesis in several of those
patients was permanent. The opportunity to study such overt
and devastating effects in humans is, fortunately, rare. It is
more likely that a chemical will affect the reproductive tract in
more subtle ways, and to identify and understand those
animals must often be used. Animal models are generally used
to test the ability of chemicals to cause reproductive toxicity.
Data generated from such experiments can supplement human
epidemiological studies to help determine the safety of chem-
icals in the workplace and the environment.

Reproduction is a staggeringly complex process. Perturba-
tions in any number of biological events can result in changes
in the organs of the reproductive system and increase the
likelihood of infertility. An adequate evaluation of reproduc-
tive toxicity should consider the multitude of effects and how
chemicals interact at the level of cells and tissues to result in
dysfunction. The following discussion of male reproductive
toxicology includes (1) male reproductive tract physiology,
(2) methods for reproductive toxicity testing, (3) a description
of specific targets, (4) examples of male reproductive toxicants,
and (5) issues involving chemical regulation and safety.
Physiology of the Male Reproductive System

A long series of tightly orchestrated events must occur for
a male to produce viable sperm capable of fertilization and
producing normal offspring (Figure 1). The process of sper-
matogenesis in the testis is under the neuroendocrine control
of the hypothalamic–pituitary axis (I) and indirect influences
arising from nutritional status, liver metabolism, kidney func-
tion, and vascularization (II). Within the testis (III), endocrine,
autocrine, and paracrine processes control the proliferation and
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differentiation of the stem cell spermatogonia into the mature
sperm that are released into the lumen of the seminiferous
tubule. The released spermatozoa travel through the rete testis
and efferent ducts to the head (caput) of the epididymis. As the
spermatozoa pass through the middle (corpus) and tail
(cauda) of the epididymis, they undergo maturation (IV) and
gainmotility and the ability to fertilize oocytes. Toxicants could
affect any of these steps or have direct effects on sperm cell
viability (V) or on the ability to penetrate and fertilize an
oocyte (VI). To date, relatively little is known about male-
mediated developmental toxicity, whereby the male gamete
transmits inheritable defects to offspring (VII). Most of the
work in this area has used cancer chemotherapeutics as model
compounds, although this area should grow as our measure-
ments of effects in offspring become more subtle and refined.
The Testis and Spermatogenesis

The testis is made up of tightly packed seminiferous tubules
surrounded by a vascularized interstitium. It is enclosed in
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00059-2
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Figure 2 The structure of the human testis. Other mammalian testes
share the same structural features, with some differences in the details.
Reproduced from Working, P.K., 1989. Toxicology of the Male and Female
Reproductive Systems. New York: Hemisphere; with permission from

Taylor & Francis, Inc.
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a tough fibrous capsule called the tunica albuginea (Figure 2).
Within the seminiferous tubules, germ cells develop into
spermatozoa in a process called spermatogenesis. The Leydig
cells located in the interstitium between the tubules synthesize
testosterone. Steroidogenesis is essential both for spermato-
genesis and for developing and maintaining secondary sexual
characteristics. (For more about steroids, see the Section on the
Hypothalamic–Pituitary–Gonadal Axis.) The Leydig cells also
produce numerous paracrine factors that modulate the activi-
ties of many cells types in the testis, including the cells inside
the seminiferous tubules.

The production of gametes in mammals (spermatogenesis,
oogenesis) requires the process of meiosis to reduce the
number of chromosomes in each cell from 46 (diploid human)
to 23 (haploid) so that a fertilized human zygote contains 46
chromosomes, half from each parent. The process and
nomenclature is the same in rats, who have 21 haploid chro-
mosomes. In the male, the process of spermatogenesis involves
mitosis and meiosis and three progressively more mature
germ cell types: (1) spermatogonia, (2) spermatocytes, and (3)
postmeiotic spermatids, which undergo elongation prior to
release as spermatozoa. The first germ cell type, spermatogonia,
undergo stepwise mitotic proliferation and differentiation and
are classified by their stage of development (types A1–A4,
intermediate, and type B). Type B spermatogonia ultimately
divide into primary spermatocytes that enter a long meiotic
prophase prior to undergoing the meiotic divisions. The sper-
matocytes actually have double the regular number of chro-
mosomes. The process of reducing chromosomes from 92 in
spermatocytes to 23 in the haploid spermatids starts in the
preleptotene phase of meiosis I. Each primary spermatocyte
enters the meiotic prophase, forming distinct cell types at each
phase (leptotene, zygotene, pachytene, and diplotene). At the
end of meiosis I, two secondary spermatocytes are produced,
which quickly enter meiosis II and divide to produce a total of
four haploid round spermatids with 23 chromosomes each.
The astonishing metamorphosis of round spermatids into
spermatozoa is called spermiogenesis. Early on, the round
spermatid develops an acrosome derived from the intracellular
Golgi complex. The acrosome starts as a small vesicle and
develops into a pronounced cap on the circumference of the
spermatid nucleus. This spreads to cover the outside of the
mature sperm. The acrosome contains the lysosomal enzymes
required to penetrate the vestments surrounding the egg, and
thus plays a key role in fertilization. About the same time the
acrosome first appears, a microtubule-containing flagellum
begins to develop on the opposite side of the cell. About one-
third of the way through spermatid development, nuclear DNA
undergoes condensation as the histone solenoids in the
nucleus are exchanged for protamines, allowing for very tight
packing of the DNA in the elongating spermatid nucleus. As the
nucleus condenses, there is no room for the proteins involved
in transcription to maneuver, so DNA synthesis and RNA
transcription cease in the elongated cell. As the spermatid
elongates, mitochondria collect in a sheath behind the sperm
head and around the flagellum in what will form the midpiece.
The mitochondria supply energy for tail motion and thus,
sperm movement. Release of mature spermatids into the
tubular lumen (spermiation) is preceded by the condensation
of the spermatid’s remaining cytoplasm into a residual body
and its translocation to the Sertoli cell. This residual body is
endocytosed by the Sertoli cell. The final spermatozoa are
ideally designed to transport DNA from the male to the oocyte,
with little cytoplasmic baggage, a good mitochondrial engine,
a large tail for propulsion, and progesterone receptors on the
membrane surrounding the nucleus to help it find the egg.

Immature germ cells develop in the basal area around the
circumference of each seminiferous tubule. As they mature,
developing germ cells generally advance toward the central
lumen (Figure 3). The Sertoli cell, the nurse cell of the testis,
supports, nourishes, and protects the developing germ cells
that it almost surrounds. Sertoli cell tight junctions form
a basolateral blood–tubule barrier that prevents the entry of
large materials or proteins, excludes resident macrophages, and
maintains the specific tubular milieu associated with germ cell
development. In the rat, it takes 56 days for spermatogonia to
complete spermatogenesis and be released from the testis as
sperm. Spermatogonial differentiation is initiated every 12.9
days in the basal layer of the seminiferous tubules. At any given
time, there are germ cells from successive generations and at
different phases of development within the seminiferous
tubules. All the cells at a given point along the tubule mature at
the same speed and form typical patterns of association. These
associations are called stages. Fourteen stages of spermato-
genesis in the rat have been defined based on cell size, nuclear
morphology, and the appearance of the acrosome in the sper-
matid. The seminiferous epithelium cycles through the stages
of spermatogenesis in a time-dependent manner. Different
stages follow one another in time and along the length of the
seminiferous tubule in what is known as the wave of sper-
matogenesis. This progression maintains continuous sperm
production.

The stages of spermatogenesis differ between species. The
duration and cycle length of spermatogenesis also differ
between species. In the human, it is thought that six stages of
spermatogenesis can be defined by specific visible cellular



Figure 3 Diagrammatic representation of a portion of a rat seminiferous tubule. L, Leydig cell; M, myoepithelial peritubular cell; SC, Sertoli cell; Sg,
spermatogonium; Sp, spermatocyte; Sd, spermatid. Reproduced from Lamb, J.C., IV Foster, P.M.D., 1988. Physiology and Toxicology of Male Reproduction.
San Diego, CA: Academic Press; with permission from Elsevier.
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associations. This is in comparison with 14 stages in the rat.
These stages reflect differences that are visible in a stained tissue
section, and the differences in appearance also reflect different
underlying biochemistry, which could translate into varying
susceptibility to toxicants across the stages. The human male,
unlike the rat, has no clearly defined wave of spermatogenesis
arranged consecutively along the length of the seminiferous
tubule. While some researchers believe that human germ cell
development occurs in a helix along the longitudinal axis of the
tubule, others believe that the arrangement of stages within
seminiferous tubules may be simply random.
The Excurrent Ducts and Sperm Maturation

Spermatozoa leave the testis by first passing through the rete
testis, then flowing through the efferent ductules to the
epididymis. The sperm are carried in fluid secreted by the Ser-
toli cells. This fluid is resorbed by cells in the rete and the caput
epididymis, and this production in the testis and resorption in
the epididymis creates a bulk flow that carries the sperm into
the epididymis. These reproductive structures are collectively
known as the excurrent ducts (Figure 4). In the rodent, the
efferent ductules connect to the initial segment of epididymis.
In humans, however, the efferent ductules are embedded
within the head (caput) of the epididymis. Efferent ductules are
comprised of epithelial cells that surround an open lumen. The
ductule epithelial cells are specialized for fluid resorption, with
the portion adjacent to the testis absorbing the majority of fluid
and the portion adjacent to the epididymis absorbing small
proteins and other macromolecules released with sperm. From
the efferent ductule, the now concentrated sperm enter the
epididymis.

When sperm enter the epididymis, they are not motile and
they are incapable of fertilizing an egg. The mammalian
epididymis is where sperm undergo maturation, become
motile and capable of fertilization, and are stored prior to
ejaculation. The head (caput), body (corpus), and tail (cauda)



Figure 4 Structural relationships between the human testis and the epididymis. Reproduced from Zaneveld, L.J.D., Chatterton, R.T., (eds.) 1982.

Biochemistry of Mammalian Reproduction. New York: Wiley; by permission of John Wiley & Sons, Inc.
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of the epididymis are defined by their relative location, tissue
characteristics, and cell types. Within a tough connective tissue
sheath, the epididymis is a single highly coiled tubule roughly
1.8 m long in a rat, and 2.7–3 m long in man. The epididymis
is lined with columnar or cuboidal epithelial cells attached to
a basement membrane. Epithelial cell height decreases and
luminal diameter increases from the initial segment to the
cauda epididymis. There are several distinct epithelial cell types
found in the mammalian epididymis, including the principal,
narrow, basal, clear, and halo cells. The principal cells repre-
sent between 65% and 80% of the entire epithelial cell pop-
ulation and are involved in absorbing water and secreting
proteins and ions.

The sperm maturation events in the epididymis are appar-
ently complex and have not been completely elucidated.
However, research indicates that they involve the remodeling
of the sperm plasma membrane within a changing luminal
environment. The composition of the intratubular milieu is
controlled by the secretion of specific proteins and ions by the
principal cells of the epithelium. These proteins adhere and/or
intercalate into the sperm cell membrane, modifying its struc-
ture and function and conferring motility. As sperm transit the
epididymis, they are successively exposed to different epidid-
ymal microenvironments that are important for sperm matu-
ration. During maturation, sperm lose their cytoplasmic droplet
and undergo acrosomal and nuclear changes and alterations in
the lipid and protein composition of the membrane, all of
which are likely involved in the acquisition of fertilizing ability.

When mature and motile spermatozoa reach the cauda
epididymis, they are stored in an immobilizing glycoprotein
called immobilin until ejaculatory release via the vas deferens.
Spermatozoa are discharged through the ejaculatory duct and
make up less than 10% of the volume of an ejaculate. The
major portion of the ejaculate is made up of products secreted
by the accessory sex glands: the seminal vesicles, the various
lobes of the prostate, and the bulbourethral glands. Rodents
also have coagulating glands and preputial glands. Using
mature spermatozoa from the cauda epididymis, it has been
demonstrated that the secretions of the rodent accessory glands
are not important for successful in vitro fertilization. However,
there is a reduction in in vivo fertility when accessory gland
products are not present in semen, indicating the importance of
these components to successful reproduction. Given that
prostaglandins were first isolated from the prostate gland (note
the similarities in the names), it is perhaps acceptable to
speculate that these biologically active components in semen
activate a recognition response in the female tract that opti-
mizes the reproductive process and the female tract’s response
to mating.

Recently, it has been demonstrated that an immature human
spermatid can be injected directly into the cytoplasm of an
oocyte, resulting in successful pregnancy and birth. In practice,
the success rates of intracytoplasmic sperm injection (ICSI) vary
from 0% to 68%, depending on the number of oocytes injected,
the age of the mother, and the quality of sperm. Currently, there
are no standardized indications for the use of ICSI for infertile
couples. However, there is general agreement that ICSI might be
indicated when male infertility (as diagnosed by semen anal-
ysis) is a factor. Some severe cases of male infertility are asso-
ciated with chromosomal aberrations (e.g., aneuploidies,
deletions). Therefore, the use of ICSI has raised concerns about
the risk of transmission of chromosomal or genetic defects or
reduced adult fertility to embryos and negative consequences
during development. Recent data have also suggested that the
technique of ICSI, which bypasses the normal barriers of
fertilization, may itself be responsible for alterations in the
viability and health of fertilized embryos. Notwithstanding
these concerns, the follow-up studies performed to date on
these children indicate that their health has been normal.
Hypothalamic–Pituitary–Gonadal Axis

Neuroendocrine control of gonadal function is regulated through
the hypothalamus in the brain and the closely associated anterior
pituitary gland (Figure 5). Gonadotropin-releasing hormone



Figure 5 Neuroendocrine control of the male reproductive system.
Reproduced from Heindel, J.J., Treinen, K.A., 1989. Physiology of the male

reproductive system: Endocrine, paracrine, and autocrine regulation.

Toxicology Pathology 17(2): 411–445, with permission from Sage

Publications.

86 Reproductive System, Male
(GnRH) is released fromthehypothalamus inapulsatilemanner,
and carried in the bloodstream directly to the anterior pituitary.
After being stimulated by GnRH, the pituitary releases the
gonadotropin luteinizing hormone (LH) and follicle-stimulating
hormone (FSH). LH and FSH circulate in the blood and reach the
testis where they play a central role in regulation of testicular
function. Like GnRH, LH and FSH release is irregular and pulsa-
tile. In the testis, LH targets the Leydig cells, where it binds to
receptors and stimulates steroidogenesis. Outside the testis,
LH receptors are widespread and active, especially in the brain.
Leydig cell testosterone production is episodic, consequent to the
pulsatile release of LH, although the relationship is not tightly
linked. TheSertoli cell is the testicular target for FSH.Theprincipal
effect uncovered for FSH so far seems to be that of stimulating
spermatogonial maintenance and division and increasing levels
of cyclic adenosine monophosphate (AMP) inside the Sertoli
cells, but this limited description probably more reflects the
rudimentary state of our knowledge rather than the real limits on
the functions of the hormone.

Hormonal regulation occurs through a series of feedback
mechanisms at both central and peripheral sites. To complete
the endocrine feedback loops, testosterone acts on the brain
and pituitary to reduce LH secretion, while inhibin is believed
to regulate FSH secretion. These feedback loops modulate the
release of GnRH from the hypothalamus as well as LH and FSH
from the anterior pituitary. Within these loops, factors that
perturb one component may alter regulatory influences on
another. For example, if the Leydig cells were damaged, there
would be a decrease in testosterone production. In response to
low circulating levels of testosterone, LH release would increase
in an attempt to compensate and restore normal testosterone
levels.
Approaches to Male Reproductive Toxicity Testing

A variety of tools are available to assess the male reproductive
toxicity of a chemical and the potential mechanisms underlying
toxicity. The most important physiologic end point is fertility.
Therefore, the effect of a toxicant on fertility should be included
in most assessments. However, impaired fertility is also the
most severe effect and testing for infertility is relatively insen-
sitive; that is, many adverse effects can exist in the testis
yet produce only very small or no changes in fertility. Therefore,
toxicity testing should also be designed to detect subtle defects,
such as alterations in histology or effects on specific cell
types, as well as broader measures of testicular function,
epididymal function, and sperm assessment. For humans, the
most compelling reproductive toxicity data are collected from
epidemiological studies and case reports. But because such
reports are not systematic and exposure (i.e., the dose) cannot
be prospectively controlled and is never constant, safety testing
is most often conducted on experimental animals. Because
experimental species such as rats, rabbits, and mice are very
fecund and have, proportionally, far larger sperm reserves than
humans, greater impacts on testis structure will be required to
reduce fertility than in humans.
Human Studies

Generally, it is unlikely that a chemical effect on the male
reproductive system would be observed unless the man is
actively trying to conceive (see the Section on Dibromo-
chloropropane (DBCP)). Therefore, a chemical may affect
fertility in a man and go entirely unnoticed. The hidden nature
of male reproductive toxicity may underreport the effects of
reproductive toxicants on the human population.

Human data may be collected from clinical studies of
subfertile men or from epidemiological studies. Epidemiolog-
ical case–control and historical cohort studies have successfully
identified the male reproductive toxicity of several solvents and
pesticides (see the section on Examples of Male Reproductive
Toxicants), but these tend to be chemicals with profound
toxicity. Clinical studies might bring to light specific exposures
or risk factors affecting the male’s ability to conceive with his
female partner. The first step in a clinical evaluation is
a detailed semen analysis, including assessment of sperm
concentration, semen volume, percent motile sperm, and
sperm viability and morphology. A more detailed analysis of
sperm swimming pattern and vigor can be obtained automat-
ically using computer-assisted semen analysis. Other special-
ized tests, designed to assess the acrosome reaction or the
fertilizing capability of sperm using the hamster egg–sperm
penetration assay, may also be performed. Certain chemicals
may affect the male’s libido, sexual potency (the ability to
achieve erection), or ejaculation. Testing hormone levels,
testicular size, and rarely histology (through biopsy) can be
important.
Animal Studies

The majority of information about male reproductive toxicants
has been obtained from studies carried out in the rat, the most
common animal model used for reproductive toxicity. Despite
their obvious differences from humans, animals are used
because they share known similarities at the cellular and
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molecular level; most physiologic processes are the same or
very similar between rodents and humans. Additionally,
animal studies allow for controlled exposure and duration
and control of confounders or coexposures, all of which are
impossible in human studies. In a typical study, age- and
weight-matched male animals are randomly placed into treat-
ment and control groups. Treated animals are dosed with
a specific amount of the chemical for a given duration. The
control group undergoes the same type of dosing regimen with
an identical dosing formulation minus the toxicant. Dosing is
generally by oral gavage; however, other routes of dosing may
be used to reflect the expected route of human exposure.
Various end points are assessed, including numerous measures
during the exposure period (feed consumption, body weight,
any abnormal clinical signs or behaviors). If fertility is assessed,
measures are taken of the female and her litter size, as well as
the mating behavior of both the male and the female. Post-
mortem male end points often include some assessments of
other organ systems (to get some sense of how selective the
exposure is for producing toxicity only in the male reproductive
system), as well as the weight and microscopic structure
(histology or histopathology) of the testis, the epididymis, and
the accessory sex organs (prostate, seminal vesicles, coagulating
gland). Additionally, these end points may be studied in
a group of animals that have been treated and then allowed
a recovery phase of 30–90 days (with no further treatment) to
assess reversibility of effects.

A substantial literature exists emphasizing the use of mating
trials for testing male reproductive toxicants. These are valuable
because they are apical tests; a great many physiologic processes
must each function correctly for the whole process to work, so
one can infer that if the whole process is unaffected by treat-
ment, then all the component parts are also unaffected by that
treatment. These studies are useful for determining not only the
ability of a toxicant to affect reproductive performance, but the
subsequent health and development of offspring. In a limited
single mating trial, male animals undergo extended dosing to
insure exposure to all phases of spermatogenesis and sperm
maturation. Males are then mated with untreated females.
Following successful mating, the pregnant females are nec-
ropsied immediately before their natural delivery date and the
level of gestational success is determined. End points include
the number and weight of live implants, postimplantation loss
(the ratio of dead implants to total implants), and preim-
plantation loss (the number of all implants divided by the
number of eggs ovulated, which is assessed by counting
corpora lutea on the ovaries). A refinement of this general
procedure is that females may be mated with treated males at
various times during dosing to determine which sperm cell type
might be affected by the toxicant. For example, if a chemical
kills the late spermatocytes, fertility would decrease after 4–5
weeks of dosing. This delay reflects the time required for the
damaged cell population to complete spermatogenesis and
pass through the epididymis. However, if the toxicant affects
mature spermatozoa in the epididymis, the onset of fertility
changes would occur very rapidly after dosing, in a week or less.

More comprehensive are the multigenerational reproduc-
tive toxicity studies used by regulatory agencies such as the US
Environmental Protection Agency (EPA). These ask the ques-
tion: Does the exposure affect any part of the process of male
reproduction, female reproduction, or embryo–fetal develop-
ment (both in utero and postpartum)? Typically, both males
and females are dosed prior to mating, and the females are
dosed throughout gestation, birth, and lactation. Sometimes,
a design can include the analysis of a subgroup of pregnant
dams necropsied before delivery, as outlined above. More
commonly, the main group of pregnant dams is continually
dosed and allowed to deliver and nurse live pups. In order to
determine if in utero exposure alters reproductive capability,
a group of the F1 pups is dosed from weaning to sexual
maturity while receiving the same dose of test compound as
their parents. These F1 pups are eventually mated. Animals in
each generation are necropsied and evaluated for systemic and
reproductive toxicity, including the F1 animals, which have
been exposed to the toxicant through all stages of develop-
ment. End points include fertility and histopathology in all
generations, litter size, and offspring weight, external abnor-
malities, and subsequent growth. This type of toxicity testing
protocol is necessary for pesticide registrations and for other
regulatory purposes, but it is not intended to provide infor-
mation about the mechanism of toxic action.

Since the early 1990s, data have been accumulating
showing that the health of an individual can be significantly
affected by the chemical and physiologic environment in utero.
More and more health end points or diseases are being shown,
in humans and animals, to have formative antecedents in utero.
For this reason, more and more multigenerational studies are
not looking simply at the ability of the second generation to
reproduce, but are monitoring health end points such as blood
pressure, insulin response, body fat, and subtle behavioral
alterations. This subject area is commonly called the fetal basis
of adult disease (abbreviated FEBAD) or the developmental
origins of health and disease (DOHAD). As more supporting
evidence for this accumulates, the implications mount: Good
adult health must start by proactively and prophylactically
minimizing maternal and neonatal exposures.

Fetal malformations are generally believed to arise in utero.
However, there exists the possibility that adverse develop-
mental outcomes in the fetus might arise because of paternal
exposures to environmental agents. For example, exposure to
a particular agent might genetically damage sperm without
affecting the ability of the sperm to fertilize an oocyte. This is
rare because the immature germ cells have very active and
effective DNA surveillance and repair mechanisms. In the event
of a genetically damaged sperm fertilizing an egg, the fertilized
oocyte often dies early in gestation. The dominant lethal test is
designed to look for loss of the conceptus resulting from
alterations in the normal chromosomal complement (e.g.,
aneuploidy, polyploidy, nondisjunction). The mouse is the
predominant animal model for testing dominant lethality.
The male is treated and paired with an untreated female. The
pregnant dam is necropsied in mid-gestation and pre- and
postimplantation losses are calculated. Sometimes, the recov-
ered embryos are tested for the presence of chromosomal
aberrations.

In addition to genetic alterations, nongenetic develop-
mental defects might arise in the fetus because of paternal
exposures to environmental agents. Male-mediated develop-
mental toxicity (either genetic or nongenetic in origin) could
result in alterations to fertilization, growth, and development
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in the absence of maternal exposures. Testing for male-medi-
ated developmental toxicity in animals generally involves
dosing the male animal and then mating with untreated
females. The pregnant dams are typically necropsied near the
end of pregnancy and the pups are examined for teratologic
defects, such as bone, brain, and other organ deformities.
Another group of females may be allowed to deliver and rear
their young so that the effects of the paternal exposure can be
evaluated on the stages of physiologic and behavioral devel-
opment. So far, this sort of paternally mediated developmental
toxicity has only been convincingly shown for cancer chemo-
therapeutics, which are very toxic compounds with profound
cellular effects. For example, exposure of the father to cyclo-
phosphamide produces malformations and retardation of
growth in the surviving fetuses and a high frequency of fetal
death, while causing only minimal alterations to fertility.
indirect acting.
Innovative Strategies

In recent years, there has been increasing interest in toxicity
tests that minimize the use of animals and allow for high
throughput testing of multiple chemicals. While there is no
substitute for the whole animal, integration of data from such
studies is especially helpful to definemechanisms or predict the
most vulnerable cell type or physiologic process. Since the mid-
1990s, the US EPA has developed the Endocrine Disruptor
Screening Program (EDSP) to determine whether pesticides,
other chemical products, and environmental contaminants
could affect the endocrine system of the conceptus. This is of
special concern during development, because the endocrine
system (including the reproductive system) in both genders is
set up for normal adult function in utero, and if this formation
is abnormal, then the function of the whole system will be
abnormal in the adult. The US EPA has developed/adapted
numerous assays designed to identify chemical substances
capable of interacting with the estrogen, androgen, and thyroid
hormonal systems. One of the assays under development, the
androgen receptor binding assay, is designed to determine if
a chemical can bind like testosterone to the androgen hormone
receptor in vitro, and mimic the action of the natural hormone
or (more importantly) block access of the normal hormone to
the site, thereby affecting androgen-dependent activities of cells
and tissues. Similar batteries of assays exist for estradiol and
progesterone. Such high throughput assays may provide cost-
and time-efficient ways of gathering reproductive toxicity data
with minimal resources.
Specific Targets of Toxic Action

Many compounds have been implicated as male reproductive
toxicants, but their sites and mechanisms of action are not well
understood. The classification of male reproductive toxicants as
direct or indirect is useful to help define the primary site of
toxicity (Figure 6). While it is generally understood that no
chemical affects just a single cell type in a body, a direct toxicant
would primarily target the testicular cells, the excurrent duct
system of the male reproductive tract, or mature spermatozoa.
An indirect toxicant would cause reproductive toxicity by acting
on hypothalamic/pituitary neuroendocrine controls or on
extragonadal tissues (e.g., liver or kidney). Since the testis is
subject to hormonal control and feedback loops, the action of
indirect toxicants on endocrine homeostasis can ultimately
damage testicular cell types.
Absorption, Distribution, and Metabolism
of Reproductive Toxicants

The absorption, distribution, and metabolism of a chemical
can be important in determining potential reproductive
toxicity. First, the amount of a chemical absorbed into the body
affects its potential to cause toxicity. Different chemicals are
differentially absorbed via the skin, the gastrointestinal tract,
and the lungs. Once a toxicant is absorbed from the intestines
and reaches the liver via the portal circulation, it might be
rapidly metabolized, detoxified, and excreted. But if not
metabolized, the chemical enters the general circulation, which
distributes it to tissues and organs. Metabolism may take place
in many peripheral tissues (including the reproductive system),
but mostly this occurs in the liver and the kidney. However,
enzymes may not only detoxify chemicals in this manner but
also can bioactivate the parent compound into more reactive
intermediates. These metabolites, if sufficiently stable, can
reenter the circulation and be delivered to peripheral tissues
like the reproductive tract, where toxicity can result. We also
know that the testis, efferent ductules, and epididymis contain
small amounts of enzymes capable of bioactivating chemicals
in situ. The rate of metabolism of these enzymes within the
reproductive tract is far lower than the metabolic rates in the
liver. However, their local production is important because
short-lived active intermediates produced in the liver would
never reach the reproductive system, while those same transient
intermediates, if produced in the testis, could well cause
toxicity. This has been demonstrated for at least one
compound, tri-o-cresyl phosphate.

Another factor that influences a chemical’s ability to move
about the body is its lipophilicity. The reproductive tract
may be a potential target of toxicants that are fat soluble. Like
the blood barriers of the placenta and the brain, the testis
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tubule– and epididymal–blood barriers do not restrict the flow
of compounds that are highly lipophilic. Additionally, a large
fat pad surrounds the epididymis and efferent ductules. The
proximity of the fat pad to these organs could theoretically
increase the exposure of these organs and maturing sperma-
tozoa to lipophilic toxicants that tend to accumulate in adipose
tissue. For example, the highly lipophilic organochlorine
pesticides dieldrin and aldrin have been detected in the male
reproductive tract of animals after exposure.
Germ Cell Targets

One might say that the job of the germ cells of the testis is to
divide and differentiate. A considerable literature has docu-
mented that the different ages of germ cells host different
biochemical processes, and thus could have different suscep-
tibilities to chemical exposure. However, because of the
complex and largely unknown interrelationships of the devel-
oping germ cells to one another and to the supporting Sertoli
cell, it is often difficult to discern which cell type was initially
affected after treatment.
Spermatogonia

The dividing spermatogonia, which reside on the blood side of
the blood–tubule barrier in the testis, appear primarily
susceptible to toxicity from agents that affect cell division. For
example, radiation and some anticancer drugs such as
busulfan, procarbazine, and etoposide have been shown to
cause genotoxicity in or the death of spermatogonia. These
agents are used in cancer therapy because they kill rapidly
dividing tumor cells; it is not surprising that they also target
dividing germ cells.
Spermatocytes

Ethylene glycol monomethyl ether (EGME) was formerly used
in the semiconductor industry and has been shown to elicit
a relatively specific toxicity that manifests as dying pachytene
spermatocytes. It is not EGME, but its metabolite methoxy-
acetic acid, that is responsible for damaging spermatocytes. It
has been found that the methoxyacetic acid disrupts protein
kinase activities in dividing mitotic cells, and also inhibits
nuclear histone deacetylase activity. The fact that Sertoli cells
were found to be necessary for the full expression of the cell
death response clouds the identification of the target cell.
Spermatids

Few agents have been specifically implicated in spermatid
toxicity. Acrylamide has been shown to produce dominant
lethality in late spermatids. The earlier generation of sperma-
tids (round spermatids) is commonly affected by many testic-
ular toxicants, although there are no data that address the issue
of whether this effect is a manifestation of direct spermatid
effects, or prior impacts on the Sertoli cells.
Spermatozoa

a-Chlorohydrin directly affects spermatozoa with a resultant
diminution in motility. Since this direct effect is reversible,
a-chlorohydrin was once considered a candidate for male
contraception. However, because irreversible toxicity was
found in the epididymis, the potential for drug development of
a-chlorohydrin was not explored further. The sulfonamide
drug sulfasalazine appears to affect mature spermatozoa in the
epididymis, resulting in decreased fertility.
Testicular (Non–Germ Cell) Targets

The testes are specialized for the development of germ cells into
spermatozoa and the production of testosterone. The two
major non–germ cell types supporting these functions are the
Sertoli cell and the Leydig cell, with additional important roles
played by the peritubular cells (which surround the outside of
each tubule) and the vasculature and lymphoid cells. Various
agents that target the Sertoli or Leydig cells can disrupt sper-
matogenesis directly by affecting cell function or indirectly by
interfering with the hormonal regulation of spermatogenesis,
respectively. Because these somatic cells are integral to the
processes of spermatogenesis, each could be considered as
a potential target of toxicants, although this has only been
documented for the Leydig cells and the Sertoli cells.
The Leydig Cell

Leydig cells are the major source of testosterone in the rat.
Testosterone is synthesized and immediately released upon
stimulation by LH from the anterior pituitary. Many chemicals
alter Leydig cell function and some can cause Leydig cell death.
For example, ethylene dimethanesulfonate, an agent formerly
used for cancer treatment, causes reversible Leydig cell death
with subsequent loss of testosterone biosynthesis. A chemical
may also disrupt steroidogenesis by its action on the testos-
terone biosynthetic pathway without causing cell death. For
example, d-9-tetrahydrocannabinol (THC), the active ingre-
dient in cannabis, causes a decline in the release of FSH and LH,
resulting in decreased serum levels of testosterone in both
experimental animals and humans. Besides disruption to the
hypothalamic–pituitary–gonadal axis, THC and its water-
soluble metabolites can directly reduce cAMP-stimulated
testosterone production in Leydig cells. Tri-o-cresyl phosphate
can be a substrate for the testosterone-producing cytochrome
P450s in the Leydig cells, substituting for the normal choles-
terol derivatives, and thus reduce the synthesis and release of
testosterone. When tri-o-cresyl phosphate is acted on by these
P450s, a toxic metabolite is formed that adversely affects the
function of the adjacent Sertoli cells.
The Sertoli Cell

The Sertoli cell plays a pivotal role in spermatogenesis,
orchestrating and nurturing the developing germ cells. The
Sertoli cell has many functions. It plays a protective role by
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forming and maintaining the basolateral Sertoli–Sertoli cell
tight junctions, which create the blood–tubule barrier and
which segregate the developing germ cells away from the
extratubular milieu. This barrier means that the nutritive and
hormonal requirements of germ cells must pass through or be
generated within the Sertoli cell. The supportive activities of the
Sertoli cell are absolutely dependent on an active and tightly
controlled cytoskeleton, which performs numerous specialized
transport and support functions. Microtubule networks track
through the cell, carrying a multitude of hormonal and nutri-
tive factors essential for germ cell development. The cytoskel-
eton also provides the scaffolding and physical support for the
developing germ cells, connecting the membrane-bound cell
adhesion proteins to the Sertoli nucleus, and is responsible for
the significant and constant physical movement of the germ
cells within the epithelium. Not surprisingly, disrupting cyto-
skeletal function profoundly disrupts spermatogenesis. Hex-
anedione has been studied extensively as an agent capable of
altering testicular microtubules. Other compounds that disrupt
microtubule assembly and Sertoli cell function include the
fungicide benomyl and the anti-inflammatory agent colchicine,
both of which prevent the assembly of testicular tubulin into
microtubules and have profound negative effects on the
seminiferous epithelium.

The Sertoli cell plays a key metabolic role in germ cell
development, providing the germ cells with the substrates
they need to grow and differentiate. Compounds that disrupt
Sertoli cell metabolism cause germ cell death. For example,
1,3-dinitrobenzene and other nitroaromatic compounds
cause testicular toxicity apparently by disruption of Sertoli cell
cytoskeleton and metabolic functions. These compounds can
undergo reductive metabolism to toxic nitroso intermediates,
which target Sertoli cell mitochondria, disrupt intermediary
metabolism, and lead to widespread germ cell death.
The Epididymis as a Target Organ

The potential for the epididymis to be a target organ may
depend, in part, on it being unique from many other compo-
nents of the male reproductive tract. The specialized processes
involved in sperm maturation (i.e., ion and fluid regulation,
protein secretion) and its distinct cell types may make the
epididymis more or less vulnerable to the effects of toxic action.
Several male reproductive toxicants target the epididymis and
alter specific cell functions. For example, the immunosup-
pressive agent cyclosporin alters the number and size of specific
epithelial cell types within the epididymis and affects epidid-
ymal sperm morphology. Ethane dimethanesulfonate is an
excellent example of an agent that produces functional changes
in the epididymis without major structural pathology in
the epididymis. a-Chlorohydrin and its chlorolactaldehyde
metabolite are thought to cause a reversible vacuolization of
the tubular epithelium in the caput epididymis, lead to the
formation of epididymal sperm granulomas, and increase the
number of morphologically abnormal spermatozoa. A sperm
granuloma is an example of a lesion unique to the epididymis.
It is often (but not always) preceded by inflammation, and is
believed to form after a break in the epididymal tube and
leakage of sperm into the interstitium. Closantel and methyl
chloride are other examples of agents that cause epididymal
granulomas. Because the epididymis depends on sufficient
testosterone for normal function, any agent that alters testos-
terone production will, to some degree, perturb epididymal
structure and function and the epididymis’ androgen-depen-
dent processes of sperm maturation. Toxicity in the epididymis
is often overshadowed by toxicity in the testis, especially if
those changes are profound. It may be difficult to distinguish
the direct effect of a toxicant on the epididymis from indirect
effects that arise from testicular toxicity.

Another feature that may influence the epididymal toxicity
of an agent is the presence of metabolizing enzymes within the
epididymis. The basal cells of the epididymis contain alcohol
dehydrogenases capable of oxidizing small alcohols (i.e.,
methanol and ethanol) to aldehydes (i.e., formaldehyde and
acetaldehyde). Glutathione S-transferases, a family of isozymes
that catalyze the detoxification of electrophilic compounds by
conjugation with glutathione, have been localized in several
epididymal cell types. Cytochrome P450 2E1, which is
important for the metabolism of chlorinated solvents, has been
localized to portions of the epididymis and efferent ductules.
While metabolizing enzymes in the epididymis could poten-
tially play a protective role, these enzymes can also bioactivate
chemicals, producing intermediates that could be more toxic
than the parent compound, although this has not been shown
for the epididymis. Under such conditions, the presence of
metabolizing enzymes within the epididymis might increase
tissue toxicity.
Hypothalamic–Pituitary–Gonadal Targets

Agents that alter the central nervous system control of the
hypothalamic release of GnRH have the potential to disrupt the
hypothalamic–pituitary–gonadal axis. Hypothalamic release of
GnRH is stimulated by a-adrenergic receptors. Therefore,
agents that alter a-adrenergic function may alter GnRH release.
For example, the insecticide chlordimeform may decrease
GnRH release through an adrenergic mechanism. Conversely,
endogenous opioids inhibit GnRH release and morphine, and
morphine-like drugs can suppress GnRH-mediated secretion
of LH.

A large number of chemicals have been shown to disrupt
the endocrine systems of laboratory animals. There is also
compelling evidence showing that endocrine systems of some
fish and wildlife species have been affected by environmental
contaminants, resulting in developmental and reproductive
problems. Agents that act in place of endogenous steroid
hormones or disrupt receptor or enzyme action have the
potential to disrupt the hypothalamic–pituitary–gonadal axis.
As mentioned above, when this is altered in utero, the changes
will not be detected until puberty, and can last the entire
reproductive life of the animal. For example, dichlor-
odiphenyltrichloroethane (DDT), chlorodecone (Kepone), and
polychlorinated biphenyls (PCBs) are some examples of
endocrine disruptors. Exposure of wildlife to PCBs has been
associated with feminization and decreased levels of testos-
terone in males. Tributyl tin has been shown to disrupt the
sexual development of marine mollusks, with profound
adverse consequences on their populations. The mechanism of
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endocrine disruption may be a change in the synthesis of
hormone or its receptor, or altered binding of natural
hormones to their receptors, or the increased binding of envi-
ronmental chemicals to the hormone receptors, all of which
would result in an inappropriate hormonal response. In addi-
tion, these agents might interfere with steroid biosynthesis by
altering the function of key enzymes along the hypothalamic–
pituitary–gonadal axis. In the male, blocking the action of
testosterone can result in the disruption of gonadal and brain
function.
Examples of Male Reproductive Toxicants

The following describes the male reproductive toxicity of the
pesticides dibromochloropropane and carbendazim, and
finasteride, a drug used to treat male-pattern baldness and
prostate enlargement. While our knowledge is still evolving,
these examples highlight the ways in which animal and human
data can combine to give a broad understanding of the
mechanisms underlying male reproductive tract disruption.
More complete listings of male reproductive toxicants are
available from a variety of sources, including the State of
California Environmental Protection Agency, Office of Envi-
ronmental Health Hazard Assessment.
Dibromochloropropane (DBCP)

In 1977, a group of wives of men working as pesticide
formulators and packagers in central California were talking in
the stands at a company baseball game, and they realized that
all of them had been trying unsuccessfully to become pregnant.
Their husbands all worked with DBCP, a brominated organo-
chlorine nematocide first produced in the 1950s. Significant
fertility problems came to light when the full cohort of
DBCP production workers was studied. Those epidemiological
studies showed a significant relationship between length or
severity of DBCP exposure and the degree of effect on sper-
matogenesis. Testicular biopsies showed that the seminiferous
tubules were atrophic and contained no mature sperm cells.
The industrial hygiene at the plant was changed dramatically,
work practices were modified, and the exposure ceased. Several
workers recovered many years after their exposure ended, and
went on to father healthy children. However, some men never
recovered. Ongoing epidemiological studies in California’s
Central Valley are exploring the association between DBCP
exposure of a larger population via contaminated drinking
water and adverse reproductive outcomes in surrounding
communities; no clear associations have been found at expo-
sure levels that are much, much lower than those experienced
during production.

As yet, DBCP has no single defined mechanism of male
reproductive toxicity. However, it is clear that spermatogenesis
is an important target of DBCP. There is some evidence that
cytochrome P450-dependent metabolism may be less impor-
tant than glutathione conjugation in the toxicity of DBCP.
Studies have shown that depletion of testicular glutathione
with diethylmaleate protects against testicular cell damage
caused by DBCP, suggesting the glutathione is involved in the
production of a toxic metabolite. There is evidence that a toxic
episulfonium ion is formed following glutathione conjugation,
and that this reactive intermediate may covalently bind to and
damage DNA. There are species differences in the sensitivity to
the toxic effects of DBCP. The rat and the guinea pig appear to
be the most sensitive test species, while the mouse and hamster
are much less sensitive to the adverse effects of DBCP.
Benomyl

Benomyl is a benzimidazole fungicide that has been used
effectively for many years on a variety of food crops and
ornamental plants. Benomyl is metabolized primarily into
carbendazim, which is the more toxic moiety. It has been
suggested that the mechanism by which benomyl and its
metabolite carbendazim protects against fungus is the same
mechanism that causes testicular toxicity. Both chemicals
inhibit the assembly of microtubules in fungi while leaving the
host plant’s microtubules unharmed. However, they also
disrupt the assembly of Sertoli cell microtubules in the testis.
Microtubule organization and function, as mentioned before,
is critical to the normal function of the Sertoli cells. The
microtubules found in Sertoli cells appear quite sensitive to the
effects of carbendazim, while neither the microtubules
involved in cell division nor the neuronal transport are affected
at similar dose levels.

Early events in benomyl toxicity include the physical
sloughing of the apical third of the entire germinal epithelium,
including the Sertoli cell cytoplasm and any attached germ
cells. This is quickly followed by the disappearance of micro-
tubules within the Sertoli cell. There are also reports that
benomyl metabolism may affect the morphology of devel-
oping spermatids. The sheer mass of cellular debris in the
seminiferous tubular lumen physically occludes the tubule and
blocks the passage of sperm from the testis to the epididymis. If
the occlusion is sufficiently severe, it can result in a rapid
increase in testicular backpressure, leading to swelling of the
testis, and in 24–48 h, pressure-related atrophy of the testis,
and infertility.
Finasteride

Finasteride is a synthetic polycyclic steroid prescribed for the
systemic treatment of male-pattern baldness. It is also prom-
ising in the treatment of prostate enlargement. Finasteride
selectively inhibits type II 5a-reductase, which catalyzes the
formation of dihydrotestosterone (DHT) from testosterone.
There are two distinct isozymes of 5a-reductase, but type II is
primarily expressed in the epididymis, prostate, and seminal
vesicles. This enzyme is also found in the hair follicles. Over
time, hair follicles produce thinner, finer hairs, and eventually
senesce due to the action of DHT. Finasteride works by inhib-
iting DHT formation, thereby reducing serum and scalp DHT
levels and slowing the progression of androgenic alopecia.

Several critical organs within the reproductive tract depend
on DHT to maintain their function, including the epididymis,
which forms DHT from testosterone by 5a-reductase. Studies in
rats have shown that oral administration of finasteride causes



92 Reproductive System, Male
a 30% decrease in fertility, decreased fecundity, and related
decreases in seminal vesicle and prostate weight. The latter may
actually be a beneficial effect from finasteride treatment, in that
there is evidence that finasteride can help reduce prostate
enlargement in men. This compound gives us a unique tool to
explore the functions of DHT in humans. In men treated with
finasteride, there are reports of slight but nonsignificant
increases in circulating levels of LH and FSH and increased
circulating levels of testosterone and estradiol. In addition,
men treated with finasteride have also experienced decreased
libido, erectile dysfunction, ejaculation disorders, and reduc-
tions in sperm count. However, because finasteride works by
reversible competitive inhibition, several of these effects were
reversible after discontinuation of therapy.
Assessing the Risks Associated with Reproductive
Toxicants

Currently, there are a limited number of chemicals classified as
male reproductive toxicants. As scientific, public, and regula-
tory interest in this field continues, the result will most certainly
be an increased knowledge base of the type and number of
chemicals that can adversely affect the male reproductive tract.
Once a chemical has been shown to cause reproductive toxicity
in laboratory animals, there are public health protection
measures in place to protect humans from occupational and
environmental exposure. For example, when the results from
a risk assessment indicate that the potential exists for adverse
reproductive effects in humans, a regulatory agency such as the
US EPA may impose restrictions on the availability or uses of
certain compounds. Reproductive toxicity testing is funda-
mental to this type of risk-based decision making, and will
hopefully lead to the development of safer chemicals.

The recent publication by the National Academies of
Science, Toxicity Testing in the 21st Century, laid out a vision of
identifying chemical hazards as those compounds that disrupt
key biological pathways in test cells. While the toxicology
community has enthusiastically embraced this vision, it is not
at all clear which of these pathways (or combination of path-
ways) will identify a chemical as a special hazard to male
reproduction. A recent publication from the EPA’s ToxCast
program evaluated patterns of pathway disruption in their
existing chemical database of mostly pesticides, and found that
male reproductive toxicants often produced changes in perox-
isome proliferator activated receptor (PPAR) economy
(receptor or ligand production and regulation). This is prob-
ably only the first of many pathways to be linked broadly to
male reproductive toxicity, but these data give an initial high-
level glimpse of possible important pathways in male repro-
ductive toxicity.

When no human or epidemiological data exist, data from
animalmodels can be used to predict human effects.Muchof the
data used for regulatory purposes is derived from animal toxicity
testing. One approach is to obtain dose levels at which no
observed adverse effect level (NOAEL) or lowest observed
adverse effect level (LOAEL) occurs in the animal model. To
determine an exposure level acceptable for the human pop-
ulation a safety factor or multiple safety factors (often totaling
(�) 1000) can be incorporated. This approach is changing
slowly, as genomics data are beginning to be incorporated into
risk assessments, which gives a more rational basis for deter-
mining acceptable and safe exposure levels. The US EPA has
published specific guidelines for reproductive toxicity risk
assessment; these guidelines are under continual reevaluation for
their rigor and relevance. Toxicokinetic and metabolic data are
readily incorporated into risk assessments.Howa chemical enters
the body, in what organs it is metabolized, and how easily the
parent and reactive metabolites can reach the reproductive
system are all important. The transport and metabolism of
a chemical is often given considerable weight in determining the
risk that a chemical poses to humans, and is generally incorpo-
rated in risk models. Data on the chemicals’ effects on gene
expression and how that produces toxicity (toxicogenomics) are
nowbeginning tobe incorporated into standard risk assessments.

While the processes of reproduction in humans and animals
have broad similarities, many differences in detail do exist. For
example, it is well documented that rodents have sperm
reserves that are much greater than man. In the rat, epididymal
sperm counts can be reduced by as much as 90% without
a significant effect on fertility. Since rodents have such large
sperm reserves, rodent breeding studies are unlikely to detect
subtle changes in reproductive capacity. To complement
breeding studies, information about the effect of toxicant
exposure on sperm numbers, motility, and morphology is
necessary and required. Mechanistic insights about causative
events underlying changes in sperm parameters and their
relationship to fertility improves our ability to devise sensitive
and specific toxicity tests that predict those chemicals most
likely to cause reproductive harm in humans. Given the ever-
increasing rate of change for data generation and (more
importantly) understanding, we can expect more accurate and
relevant risk assessments to protect us from reproductive risk
while still allowing for innovation.

See also: Benomyl; Glycol Ethers; Proposition 65, California;
Reproductive System, Female; Toxicity Testing, Reproductive.
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History and Organization

The Research Institute for Fragrance Materials, Inc. (RIFM) was
formally chartered as a nonprofit, international organization
on 12 April 1966 and is headquartered in Woodcliff Lake, New
Jersey, USA. Responsibilities of the organization are accom-
plished through scientific and support staff of approximately
28 full- and part-time individuals. RIFM is administered by the
board of directors, whomeet four times per year and are elected
by the membership during RIFM’s Annual Meeting. Member-
ship categories include International Fragrance Association
(IFRA) members and active members, for companies primarily
engaged in the manufacture and/or sale or distribution of
fragrance materials at other than the retail level; consumer
active and supporting members that are primarily consumer
products companies engaged in the manufacture or sale of
consumer products using or consisting of fragrance or fragrance
ingredients; and associate members, for those companies
engaged as brokers or dealers in the fragrance industry.

RIFM is an international scientific authority for the safe use
of fragrance materials. RIFM generates, evaluates, and distrib-
utes scientific data on the safety assessment of fragrance raw
materials found in cosmetic, personal, and household care
products. Through extensive research, testing, and constant
monitoring of all scientific literature available, RIFM maintains
its database as the most comprehensive source worldwide of
physical–chemical, toxicological, and ecotoxicological data
associated with known fragrance and flavor materials. All of
RIFM’s scientific findings are evaluated by an independent
expert panel – an international group of dermatologists,
pathologists, toxicologists, reproduction, respiratory, and
environmental scientists. The expert panel evaluates the safety
of fragrance ingredients under conditions of intended use and
publishes their results in peer-reviewed scientific journals. The
decisions of the expert panel regarding restrictions of use are
also published in the IFRA Standards. For more information
about RIFM and its activities, visit www.rifm.org or e-mail
rifm@rifm.org.
ncyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Fragrance materials are prioritized by key human health and
environmental end points and are evaluated using an initial
risk prioritization based on exposure, structural alerts, and
business importance. In the recent past, safety assessments on
fragrance materials were completed using solely a group
approach for human and environmental end points. These
group summaries can be found in the peer-reviewed literature
(for example, see Belsito et al., 2011). RIFM is modifying its
safety assessment process to a material-based assessment in
which prioritized materials are assessed using a series of tiered
data relevant to each end point. Available data on the material
itself and/or closely related materials (groupings) are used to
support the material. Initially, some screening-level toxicity
data may be needed, followed by higher tier toxicity studies.
Safety assessments result in acceptable use levels for each
material.
See also: International Fragrance Association (IFRA).
Further Reading
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assessment of macrocyclic lactone and lactide derivatives when used as fragrance
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S219–S241.
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materials. Regul. Toxicol. Pharmacol. 37, 218–273.
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36, 246–252.
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a database for safety evaluation of fragrance ingredients. Regul. Toxicol. Phar-
macol. 31, 166–181.

Hanifin, J.M., Api, A.M., Bickers, D.R., 2003. Considerations for testing irritancy,
allergy, and photoreactivity in fragrance safety evaluations. Am. J. Contact Dermat.
14 (2), 100–103.

Salvito, D.T., Senna, R.J., Federle, T.W., 2002. A framework for prioritizing fragrance
materials for aquatic risk assessment. Environ. Toxicol. Chem. 21 (6), 1301–1308.
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l Name: Reserpine
l Chemical Abstracts Service Registry Number: 50-55-5
l Synonyms: IUPAC-methyl(1R,15S,17R,18R,19S,20S)-

6,18-dimethoxy-17-(3,4,5-trimethoxybenzoyl)oxy-1,3,11,
12,14,15,16,17,18,19,20,21-dodecahydroyohimban-
19-carboxylate; Reserpic acid methyl ester
3,4,5-trimethoxybenzoate (ester); Carpacil; Crystoserpine;
Eskaserp; Raudixin; Reserpoid; Rivasin; Serfin; Sandril;
Sedaraupin; Serpasil; Serpine; Serpasol; Serpiloid; Apoplon;
Hiserpia; Raunervil; Raupasil; Rausedil; Rausedyl

l Molecular Formula: C33H40N2O9

l Chemical Structure:
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Background and Uses

Reserpine is an indole alkaloid, first isolated from the roots of
Rauwolfia serpentina. Its use as a primary antihypertensive agent
to treat mild-to-moderate hypertension and as an antipsychotic
agent has largely been discontinued. However, its use as
a second-line adjunctive in combination with other antihy-
pertensive drugs to manage the more severe forms of hyper-
tension and other antipsychotic drugs to manage treatment
refractory psychosis is emerging. In veterinary medicine, reser-
pine is used as a long-acting tranquilizer and sedative for
horses, cattle, dogs, and cats.
Environmental Fate and Behavior

Reserpine is a naturally occurring alkaloid produced by several
members of genus Rauwolfia, indigenous to India, Burma,
Malaysia, Thailand, Nepal, and Indonesia. The release of
reserpine to the environment through several waste streams is
possible due to the manufacture of reserpine and/or excretion
following therapeutic use. It has a pKb of 6.6 and is expected to
be in a partially protonated state in the environment. Reserpine
released into air at ambient temperature and pressure exists
only in the particulate phase and is removed from the atmo-
sphere by wet and dry deposition. Reserpine released to soil is
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expected to be immobile and if released into water, it is ex-
pected to adsorb to suspended solids and sediment in water. It
is not expected to volatilize from moist or dry soil surfaces and
water. Reserpine has a biocontamination factor of 72 and has
a moderate potential for bioconcentration in aquatic organ-
isms. Reserpine has a hydrolysis half-life of 1.7 years at pH 7
and 25 �C.
Exposure

Oral ingestion is the primary route of exposure to reserpine.
Reserpine USP is available as 0.1 and 0.25 mg tablets. It is also
available in oral dosage forms in combinations with hydral-
azine (a vasodilator) and/or hydrochlorothiazide (a thiazide
diuretic). Occupational exposure would be expected to occur
through inhalation or dermal contact.
Toxicokinetics

In humans, reserpine is rapidly absorbed from gastrointestinal
(GI) tract with peak plasma concentrations achieved in 1–2 h.
The oral bioavailability is w50%. However, the onset of
pharmacological effects is delayed and not related to drug
concentration in blood or brain. Reserpine is widely distributed
into the brain, liver, spleen, kidney, and adipose tissue. It
crosses blood–brain and placental barriers and is excreted into
breast milk. Reserpine exhibits biphasic elimination. The
elimination half-life in plasma ranges from 45 to 168 h. It is
tightly bound to red blood cells and the terminal elimination
half-life measured in whole blood has been reported to be
386 h. The half-life is longer in patients with renal insufficiency,
with creatinine clearance values of less than 10 ml min�1.
Hepatic metabolism accounts for less than 50% of reserpine
elimination. The major human metabolites are methyl-
reserpate and trimethoxybenzoic acid. Fecal elimination over
4 days accounts for approximately 60% of unmetabolized
reserpine after an oral administration and 30% of
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00779-X
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unmetabolized reserpine after intramuscular administration.
Over the same time period, approximately 8% of the admin-
istered dose is eliminated in the urine as the trimethoxybenzoic
acid metabolite.
Mechanism of Toxicity

The pharmacology and toxicology of reserpine stem from the
same mechanism of action. Reserpine binds tightly and
irreversibly to the adrenergic storage vesicles, inhibits the
vesicular monoamine transporter 2 (VMAT2), and prevents
the concentration of monogenic amines norepinephrine
(NE) and dopamine (DA) in the nerve terminals. The
neurotransmitters NE and DA are metabolized by mono-
amine oxidases and catechol-O-methyl transferases in the
cytoplasm, depleted from nerve terminals, and are unavail-
able for release into the synapse upon nerve stimulation.
Sympatholytic activity in peripheral adrenergic neurons
leads to decrease in peripheral vascular resistance, cardiac
output, and blood pressure and in the central adrenergic
neurons, causes central nervous system (CNS) depression.
The action is long lasting because replenishing the storage
vesicles with VMAT and neurotransmitters requires new
protein synthesis and may take days to weeks after discon-
tinuation of reserpine.
Acute and Short-Term Toxicity

Animal

In rats, acute oral doses of reserpine (2 g kg�1) caused sedation
and tremors but did not cause death. However, a dose of
10 mg kg�1 administered intravenously caused death with
ataxia, dyspnea, and sedation. In dogs, acute intravenous
administration of reserpine at 100 mg kg�1 produced relaxa-
tion of the nictitating membrane, miosis, diarrhea, and seda-
tion. At a dose of 500 mg kg�1, half the animals died. Clinical
signs of panting, salivation, tremors, lethargy, and profuse
diarrhea were observed. In monkeys, acute oral doses of
400 mg kg�1 and intravenous doses of up to 4 mg kg�1

precipitate profound sedation.
Human

Acute poisoning with reserpine has been observed in children
and is rare in adults. It mimics the symptoms of para-
sympathetic overdrive and results in lethargy, sedation, and
infrequently results in coma. Other effects include psychiatric
depression, hypothermia, facial flushing, nausea, vomiting,
abdominal cramps, and cardiovascular toxicity including
hypotension and bradycardia.
Chronic Toxicity

Animal

It has been observed that chronic oral administrations of
reserpine to rats at 2, 4, and 8 mg kg�1 for 2 months produced
sedation with a dose-dependent increase in severity. Reduced
weight gain was observed at 4 mg kg�1 and cachexia observed
at 8 mg kg�1. Deaths were reported at both these doses.

Chronic intravenous administration of low doses (10–
50 mg kg�1) reserpine in dogs over a 3-month period
produced sedation, miosis, tremors, and profound GI distur-
bances ranging from diarrhea to ulcerations of the lips due to
licking. Dogs are more sensitive to reserpine and exhibit an
increase in gastric secretion.
Human

The main target organs for chronic reserpine toxicity are the
CNS, cardiovascular system, and the GI tract. Systemic toxicity
includes:

l GI: Increased GI motility and secretory activity leading to
abdominal cramps, diarrhea, gastric ulceration, and
hemorrhage.

l Respiratory: Nasal congestion and bronchospasm.
l Cardiovascular: Hypotension and bradycardia.
l CNS: Severe psychiatric depression leading to suicidal

thoughts, particularly at high doses. It can occur in patients
without a prior history of depressive illness, andmay last for
months after reserpine is discontinued. Other effects
include sedation, drowsiness, nightmares and vivid dreams,
vertigo, headache, dizziness, nervousness, and anxiety. The
development of extrapyramidal symptoms including dys-
tonia and Parkinson’s symptoms is reported upon reserpine
withdrawal.

l Endocrine: Hyperprolactinemia, gynecomastia in men,
breast engorgement in women, and pseudolactation.

l Metabolic: Fluid and electrolyte disturbances; sodium and
water retention with the development of peripheral edema.

l Genitourinary: Impotence.
l Dermatological: Facial flushing, rashes, and pruritis.
l Hematological: Thrombocytopenic purpura.
l Immunological: Angioimmunoblastic lymphadenopathy.
Reproductive Toxicity

Teratogenic effects of reserpine have been observed in rats at
doses of 1–2 mg kg�1 (125–250 � the maximum recom-
mended human dose) administered intramuscularly or via
intraperitoneal route early in pregnancy. Developmental
abnormalities included anophthalmia, absence of axial skel-
eton, hydronephrosis, etc. Pregnancy in rabbits was interrupted
when doses as low as 0.04 mg kg�1 (10 � the maximum rec-
ommended human dose) were administered early or late in
pregnancy.
Genotoxicity

Reserpine at concentrations of 1–10 000 mg per plate was
negative against four strains of Salmonella typhimurium in Ames
in vitro mutagenicity assay with or without metabolic activa-
tion. Reserpine induced a few chromosomal aberrations in
cultured mouse mammary carcinoma cells but was not con-
sidered a clastogen in this article. Reserpine did not produce
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chromosomal aberrations in human peripheral leukocyte
cultures although an increase in mitotic figures occurred.
Carcinogenicity

In the report on carcinogens (12th edition), reserpine is
reasonably anticipated to be a human carcinogen, based on
evidence of carcinogenicity in rodents. Dietary exposure to
reserpine at concentrations of 5 and 10 ppm (approximately
100–300 � the maximum human dose) in 2-year carcinoge-
nicity studies caused cancer of the mammary gland in female
mice, cancer of the genitourinary tract in male mice, and benign
tumors of the adrenal gland (pheochromocytoma) inmale rats.
Mammary gland tumors in mice and adrenal gland tumors
(pheochromocytoma) in rats were also produced by subcuta-
neous administration of reserpine.

Inconsistent relationship between human breast cancer and
exposure to reserpine was reported in case–control and cohort
studies reviewed by the International Agency for Research on
Cancer. A pooled analysis of all published case–control studies
found a small but significant increase in the risk of breast cancer
with reserpine use; however, this finding was not confirmed by
prospective studies.
Clinical Management

No specific antidote for reserpine is available. Gastric lavage and
activated charcoal are useful decontamination methods. Reser-
pine is a long-acting drug and upon overdose, the patient
should be monitored for 3–4 days and treated symptomatically.
Supportive cares for severe overdose may include intubation
and vasopressor support. Due to the long-acting nature of
reserpine, treatment and support may be required for several
days to weeks after significant exposure.
See also: Beta-Blockers; Angiotensin Converting Enzyme (ACE)
Inhibitors; Phenothiazines; Poisoning Emergencies in Humans.
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In toxicology, the term resistance may be defined as an
inherent capability of an organism to oppose any adverse
effects, manifest as either the potency or dose of a toxicant.
Others have defined resistance as the ability of an organism to
tolerate toxic doses of a substance that would be lethal
to other individuals of the same species. It is important to
distinguish the phenomenon of resistance from tolerance, the
latter being the ability of an organism to adapt to the adverse
effects of a toxicant with each successive dose of a toxicant.
Resistance can also be a relative term with regard to the
population or species that may oppose a toxic effect. For
example, in a typical toxicology study the number of animals
responding to a range of doses of a chemical usually reveals
a small percentage of the population showing adverse effects
in the lower dose range and a small percentage of the pop-
ulation showing no adverse effects in the higher dose range.
The animals responding at the lower doses are typically
categorized as susceptible or ‘sensitive’ individuals, whereas
the animals showing little or no response at the higher doses
are often categorized as ‘resistant’ individuals. Similarly, some
classes of bacteria (Gram-negative) are resistant to penicillin,
whereas others (e.g., Gram-positive) are susceptible.

There are several pathways that permit an organism to
survive lethal doses of a toxicant which are generally classified
as either mechanisms of decreased response to the toxicant
(pharmacodynamically derived resistance) or mechanisms of
decreased exposure (pharmacokinetically derived resistance).
Under pharmacodynamically derived resistance, the actual
target tissue is insensitive to the toxicant. For example, an
insecticide that may kill one species of aphid may not bind to
the target tissue in another species. Under pharmacokineti-
cally derived resistance, mechanisms would be in place that
reduce or eliminate exposure, such as reduced uptake,
increased detoxification, more rapid elimination, sequestra-
tion, or behavioral avoidance.

Factors that may impart resistance include age, sex, species,
and/or strain; of these, species is probably the most common
factor imparting resistance to a toxicant. A classic example is the
resistance of certain strains of mice to oppose the effects of
cadmium on the male reproductive system. It has been known
for decades that most strains of mice will show severe testicular
hemorrhage, followed by necrosis and sterility, after the
parenteral injection of small amounts of cadmium chloride.
Some strains, however, are remarkably resistant to this toxic
phenomenon, being able to endure near lethal doses with little
or no effect on the testis. This resistance is also seen in some
animals that have testis that are located within the abdominal
cavity (frog, armadillo, pigeon, and rooster). An example of
gender-related differences can be seen in the adverse response
of male rat kidney to certain toxicants (e.g., D-limonene,
unleaded gasoline, jet fuel, and 1,4-dichlorobenzene). The
male will develop kidney cancer because it produces a unique
protein that binds and reacts with these toxicants, whereas the
female lacks the protein and remains tumor free (Cunningham,
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
2002). Similarly, with regard to species resistance, mice and
rats exhibit a drastically different response following exposure
to 2-butoxyethanol. Mice accumulate damaged DNA bases,
have increased damage to lipids, increased cell division, and
lower antioxidant levels (vitamin E), whereas rats do not
exhibit these responses. These differences induce liver tumors
in the mouse, whereas the rat liver is unaffected following
inhalation (Cunningham, 2002).

Another example would be the inherent resistance species
have to dietary toxins, possibly a result of natural selection
pressures. If a human eats acorns, the result will be toxicity
because of the presence of poisonous alkaloids present in the
meat of the nut. Squirrels, however, are resistant to the toxic
effects of these alkaloids because they possess liver enzymes
capable of detoxifying these natural toxins. Grapes are not toxic
to humans (omnivores) but can be quite toxic to dogs (carni-
vores) and, in some cases, have resulted in the death of pets
from acute renal failure. Aspirin is of low toxicity to humans
but is highly toxic to cats. Similarly, pets typically succumb to
the toxic effects of blue-green algae toxins following ingestion
of contaminated pond water, whereas humans are much less
susceptible to these toxins. There are many more species-
specific examples where one chemical that is deadly to one
species has no effect on another type of animal. For some
examples, since the mechanism of toxicity is unknown, it is
difficult to discern whether a species is either uniquely ‘sensi-
tive‘ or ‘resistant.’

Cancer is another example where the issue of drug-resistant
tumors has confounded both researchers and physicians.
Cancer treatment often starts out with the tumor responding to
the chemotherapeutic agent, but the tumor, often after remis-
sion, becomes ‘resistant’ to the original agent. The mechanism
of this resistance is elusive but thought to be related to an
increased efflux of the drug out of the tumor, possibly mediated
by a protein specific to the tissue tumor (e.g., P-glycoprotein,
multidrug resistance–associated protein, lung resistance–
related protein, breast cancer resistance protein and reproduc-
tive cancer resistance protein). Other mechanisms of resistance
include enzymatic deactivation (i.e., glutathione conjugation),
decreased influx (i.e., drugs cannot enter the cell), altered
binding sites, and alternate metabolic pathways (i.e., the cancer
compensates for the effect of the drug). Because efflux is
thought to be a contributor for multidrug resistance in cancer
cells, research is aimed at blocking specific efflux mechanisms.
Treatment of cancer is complicated by the fact that there are
a variety of different DNAmutations that cause or contribute to
tumor formation, as well as a host of mechanisms that render
cells drug resistant.

In England, rats in certain areas have ‘adapted’ a strong
resistance to rat poison (Warfarin), as they can consume up
to five times as much of it as normal rats without dying. This
adaptive resistance, however, may come with a ‘fitness cost;’
i.e., rats resistant to that poison have a higher requirement for
vitamin K than normal rats (more than 10 times). When
4-3.00427-9 97
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vitamin K is inadequate, warfarin-resistant rats suffer from
blood clotting disorders – in fact, many will die from internal
bleeding. Consequently, resistant individuals have a lower
fitness under most field conditions. Hence, the proportion of
rats having warfarin resistance in Britain was seen to decline
when rat populations were no longer exposed to the rodenti-
cide. A third and less commonly discussed mechanism is
circumvention, a mechanism by which the organism can
bypass inhibited processes with alternate metabolic pathways.
Other examples of an adaptive resistance that have arisen from
the selective pressures caused by the overuse of pesticides
include the following:

l Fruit flies that infest orange groves becoming resistant to
malathion.

l In Hawaii and Japan, the diamondback moth developed
a resistance to Bacillus thuringiensis about 3 years after its use
began.

l In some countries, dichlorodiphenyltrichloroethane (DDT)
is no longer effective in preventing malaria, a fact that
contributed to a resurgence of the disease.

l In the southern United States the weed Amaranthus palmeri,
which decreases the yield of cotton, has developed wide-
spread resistance to the herbicide glyphosate (Roundup).

l The Colorado potato beetle has developed resistance to 52
different pesticide compounds. Resistance levels vary greatly
among different populations and between beetle life stages,
but in some cases can be very high (up to 2000-fold).

Microorganisms probably provide the best examples of the
phenomenon of adaptive resistance. Although the science of
toxicology generally addresses higher levels of organisms, such
as fish or mammals, bacteria may serve as a good illustration of
resistance to toxic effects because antibiotics, generally derived
from microorganisms, evolved in nature as a form of ‘toxic
warfare’ allowing one microorganism to gain a competitive
advantage over another. Humans have taken advantage of this
by developing drugs, many based on the structures of natural
antibiotics, which are effective in curing infectious diseases.
Bacteria may be resistant to certain antimicrobial agents
because (1) the drug fails to reach its target, (2) the drug is
detoxified, or (3) the intended target is changed in a way that
the drug cannot affect it. Some bacteria have cell walls that
will not allow a drug to cross them, thus providing resistance.
Other species or strains have enzymes on or within the cell wall
that are capable of inactivating the drug. The physical and/or
chemical composition of the cell wall may also resist the
diffusion of a drug that may be dependent on certain envi-
ronmental conditions such as a certain pH or the presence of
oxygen.

Because bacteria can produce hundreds to thousands of
generations within a very small time frame, overuse of an
antibiotic can allow the acquisition of resistance through
natural selection; i.e., a small subpopulation may have a resis-
tance to a drug. Through successive generations, bacteria
derived from this resistant subpopulation can now cause
infection in the presence of the drug. Bacteria may also acquire
resistance through a transfer of a resistant gene to another strain
or even a different bacterial species. This can occur through
conjugation (direct transfer of genes through a sex pilus or
bridge), transduction (transfer via a bacteriophage), or trans-
formation (resistant-encoded DNA that is free in the environ-
ment being incorporated into the bacteria).

An age-related effect of resistance to metal toxicity can be
seen following exposure to lead in humans. Although adults
usually have higher blood lead concentrations than children,
they are apparently more resistant to the neurotoxic effects of
lead poisoning than children. This is probably due to age-
related differences in neurological development, as well as
the permeability of the gastrointestinal tract and the blood–
brain barrier to lead. Some argue that children are simply
more susceptible to lead poisoning than adults, but the
change in resistance with age deserves some attention.
See also: Immune System; Modifying Factors of Toxicity.
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Purpose of the Law

Several statutes administered by United States Environmental
Protection Agency (US EPA) regulate the treatment, storage,
and disposal of hazardous waste and hazardous materials.
The principal law is the Resource Conservation and Recovery
Act (RCRA), enacted by the US Congress in 1976. The term
RCRA is often used interchangeably to refer to the original
statute, the implementing US EPA regulations, and EPA
policy and guidance. RCRA regulations have a wide reaching
authority affecting thousands of commercial facilities that
generate or handle hazardous chemicals and chemical wastes.
The goals of RCRA are: to protect human health and the
environment from the hazards posed by waste disposal; to
conserve energy and natural resources through waste recycling
and recovery; to reduce the amount of waste generated,
including hazardous waste; and to ensure that wastes are
managed in a manner that is protective of human health and
the environment.

RCRA directs the US EPA to regulate the activities of many
different commercial entities including those who generate and
transport hazardous waste, and those who treat, store, or
dispose hazardous wastes. Regulations and standards appli-
cable to generators, transporters, and handlers of hazardous
wastes established a ‘waste manifest system’ that is designed to
create a paper trail for every shipment of waste, from generator
to final destination, to ensure proper authority over persons
who own or operate hazardous waste treatment, storage, or
disposal facilities. For the treatment, storage, and disposal
facilities (referred to collectively as TSD facilities), EPA issued
regulations which: (1) govern the location, design, and
construction of facilities; (2) prescribe methods of treating,
storing, and disposing of waste; (3) mandate contingency plans
and safety plans to minimize negative impacts from such
facilities; (4) set qualifications for ownership, training, and
financial responsibility; and (5) set up a program for issuing
compliance permits for all such facilities. The permits cover
a myriad of different operations including wastewater treat-
ment plants, solvent recyclers, hazardous waste landfills, and
hazardous waste combustors (e.g., incinerators, cement kilns,
boilers, industrial furnaces).

(Although RCRA creates the framework for the proper
management of hazardous waste and nonhazardous solid
waste, it does not address the problems of hazardous waste
found at inactive or abandoned sites or those resulting from
spills that require emergency response. Those problems are
addressed by a different Act, the Comprehensive Environ-
mental Response, Compensation, and Liability Act commonly
called Superfund, which was enacted in 1980.)
RCRA Programs

To achieve its goals, RCRA first established two distinct yet
interrelated programs.
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Subtitle D
Under RCRA Subtitle D, the ‘solid waste program,’ all US states
and territories were authorized to develop comprehensive
plans to manage nonhazardous industrial solid waste and
municipal solid waste (e.g., commercial and household trash
and refuse). The solid waste program was intended to be a state
managed program from the very beginning. In addition,
Subtitle D established design criteria for municipal solid waste
landfills and other solid waste disposal facilities, and pro-
hibited the open dumping of solid waste.

Subtitle C
RCRA Subtitle C, the ‘hazardous waste program,’ establishes
a system for controlling hazardous waste from the time it is
generated until ultimate disposal – essentially from ‘cradle to
grave.’ Under Subtitle C, RCRA established a comprehensive
federal scheme for identifying and managing hazardous waste.
Criteria were established for identifying substances, which are
hazardous wastes. In general, there are two criteria which
render a waste as hazardous: (1) the waste could be a ‘listed
waste’ because it is generated from an industrial process which
by definition has been determined to generate hazardous
waste; or (2) the waste substance and its specific chemical
constituents are a ‘characteristic waste.’ The designated char-
acteristics are ignitability, corrosivity, reactivity, and toxicity.
EPA has established required protocols for testing and deter-
mining these characteristics and has published lists of specific
chemical constituents whose presence will make a waste
hazardous. In addition, the Subtitle C program contains
provisions that allow the EPA to authorize state governments to
implement and enforce the hazardous waste regulatory
program. State programs must be at least as stringent as the
federal program. Because the state authorization process nor-
mally takes place in a piecemeal fashion, a specific state may be
authorized to implement and enforce some RCRA regulations
and not others. Currently, EPA has authorized 50 US states and
territories to implement their own programs for carrying out
the requirements and functions of RCRA federal hazardous
waste program.
Amendments to RCRA

RCRA has been amended several times since 1976, and
continues to evolve as Congress revises it to reflect changing
waste management needs and concerns. The Act was amended
significantly in 1984, by the Hazardous and Solid Waste
Amendments (HSWA), which expanded the scope and
requirements of RCRA. Other important provisions were added
in more recent years as summarized below.

Hazardous and Solid Waste Amendments
HSWA was created largely in response to citizen concerns that
the historical methods of hazardous waste disposal, particu-
larly land disposal, were not safe as a long-term solution.
Congress also revised RCRA in 1992 by passing the Federal
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Facility Compliance Act, which strengthened the US EPA’s
authority to enforce RCRA at federal facilities. In addition, the
Land Disposal Program Flexibility Act of 1996 amended RCRA
to provide regulatory flexibility for the land disposal of certain
wastes. Of these amendments, HSWA is the most significant
because it directed EPA to establish the Underground Storage
Tank (UST) program, the Land Disposal Restrictions (LDR)
program, and the Corrective Action program.

Subtitle I
RCRA Subtitle I, the ‘Underground Storage Tank (UST)
program,’ regulates underground tanks storing nonwaste
materials, mainly gasoline and other petroleum products. In
the United States, there are estimated to be more than 500 000
USTs in place. Under RCRA, an UST is a tank having at least
10% of its combined volume underground and contains
petroleum or a hazardous constituent. Subtitle I requires
property owners or facility operators to notify the appropriate
agency of the existence of such USTs, provides a method of
release detection, ensures that the tanks and piping are properly
designed, constructed, and protected from corrosion, and
ensures that compatibility and other performance standards are
met. In addition, there are requirements for reporting and
record keeping. The corrective action or cleanup for releases of
hazardous substances or petroleum from USTs is also included
in Subtitle I. As with Subtitle C, RCRA gave the US government
the provision to authorize states to implement and enforce UST
programs as long as the state programs are as stringent or
broader in scope than the federal regulations. The US states
now conduct the majority of inspections and initiate enforce-
ment actions with regard to the UST requirements.

Land Disposal Restrictions
The LDR program requires that protective treatment standards
must be met before hazardous waste is land disposed. As soon
as a waste is generated, it is subject to three LDR prohibitions:
(1) The disposal prohibition – before a hazardous waste can be
land disposed, treatment standards designed for that specific
waste material must be met. An operator may meet such
standards by either treating hazardous chemical constituents in
the waste to meet required treatment levels by any available
method other than dilution, or treating hazardous waste using
a treatment technology specified by EPA. Once the waste is
treated with the technology required under LDR, it can be land
disposed; (2) The dilution prohibition – waste must be prop-
erly treated and not simply diluted in concentration by adding
large amounts of water, soil, or nonhazardous waste; (3) The
storage prohibition – waste must be treated and cannot be
stored indefinitely. This prevents generators and treatment
facilities from storing hazardous waste for long periods merely
to avoid treatment. Waste may be stored only for the purpose
of accumulating quantities necessary to facilitate proper
recovery, treatment, or disposal.

RCRA Corrective Action Program
The Corrective Action program requires remediation (e.g.,
removal, stabilization, engineering controls) for all releases of
hazardous waste or chemical constituents from any waste
management unit at a facility seeking a permit under Subtitle C,
regardless of the time at which the waste was placed in the unit.
If such corrective action cannot be completed prior to issuance
of a permit, the permit must contain a schedule for completion
of the corrective action and provisions for financial assurance.
In addition, corrective action can be required through an EPA
or state ‘enforcement order’ if an agency finds evidence that
chemical constituent releases occurred from a waste manage-
ment unit that is not already identified under an existing RCRA
permit. When releases of hazardous constituents are docu-
mented, the remediation requirements could apply to several
environmental media, including soil, groundwater, surface
water, and sediments. The facility must also take corrective
action measures beyond facility boundaries to protect human
health and the environment when necessary.
Universal Waste Rule

Waste recycling and recovery are important goals of the RCRA
regulatory program. In the course of managing the RCRA
Subtitle C program, EPA became aware that subjecting certain
commonly recyclable materials to full hazardous waste
management was overly burdensome on the generators and
handlers of such materials and often had the effect of
discouraging waste recycling. In response, EPA issued a provi-
sion to RCRA known as the Universal Waste Rule in 1995. This
Rule promotes the collection and recycling of hazardous
wastes, which are widely generated in commerce and business
and often generated by small businesses and users. The inten-
tion of the Rule is to ease the regulatory burden of waste
disposal primarily by allowing more time for the accumulation
of the waste to facilitate appropriate recycling and reuse of raw
materials. Three types of wastes were covered in the original
Rule: (1) waste household and rechargeable batteries; (2)
pesticides received from recalls or waste pesticide collection
programs; and (3) waste thermostats. In 1999, waste lamps
(e.g., fluorescent lamps containing mercury) were added to the
program; and in 2005, additional mercury-containing equip-
ment was added (e.g., manometers, switches).

Key provisions of the Rule include the identification of
persons or entities who are universal waste handlers along with
their responsibilities and storage limits. A handler of universal
wastes is a person or entity which receives universal waste from
other handlers, accumulates the waste, and then sends it on to
other handlers, recyclers, or treatment or disposal facilities
without performing the actual treatment, recycling, or disposal.
This may include a person who collects batteries, pesticides, or
mercury-containing equipment from small businesses and
sends the waste to a recycling facility. The universal waste
handler requirements depend on how much universal waste a
handler accumulates at any given time. No universal waste
handlers may accumulate universal waste for longer than 1 year
from when it is generated or received.

There are four types of regulated participants in the
universal waste system:

Small quantity handlers (SQHs) of universal waste accumulate
less than 5000 kg (approximately 11 000 pounds) of all
universal waste categories combined at their locations at any
time. SQHs are required to manage universal waste in a way
that prevents releases to the environment. SQHs must also
immediately respond to releases of universal waste. SQHs must
distribute basic waste handling and emergency information to
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their employees to ensure that their staff is aware of proper
handling and emergency procedures.

Large quantity handlers (LQHs) of universal waste accumulate
a total of 5000 kg or more of universal waste at any time. The
designation as an LQH is retained for the remainder of the
calendar year in which the 5000 kg threshold was exceeded,
and may be reevaluated in the following calendar year. LQHs
must comply with the same requirements as SQHs, as well as
maintain all documents or manifests describing shipments to
and from their facility, must obtain an EPA identification
number, and must comply with stricter employee training
requirements.

Universal waste transporters are persons who transport
universal waste from SQHs or LQHs to other handlers, desti-
nation facilities, or foreign destinations. These wastes do not
need to be accompanied by an RCRA hazardous waste manifest
during transport, but records must be kept documenting
shipments. Transporters must comply with applicable US
Department of Transportation requirements. Storage of hazar-
dous waste or universal waste at a transfer facility is limited to
10 days or less.

Universal waste destination facilities are facilities that treat,
dispose of, or recycle a particular category of universal waste.
These facilities are subject to the same requirements as a fully
regulated hazardous waste treatment, storage, and disposal
facility, including the requirement to obtain the appropriate
Subtitle C permit.

In the future, it is expected that EPA could add additional
wastes to the Universe Waste program especially in cases where
the agency perceives a significant potential to accomplish waste
recycling and product reuse.
RCRA Expanded Public Participation Rule

Under RCRA, Congress gave EPA the authority to write regu-
lations and rules governing the permitting of hazardous waste
management facilities. In 1995, EPA issued a regulation to
enhance public participation in the permitting process for
hazardous waste facilities. This Rule makes it easier for citizens
to become involved earlier and more often in the process of
permitting hazardous waste facilities. It also expands public
access to information about facilities. In addition to individual
citizen participation, the Rule enables communities to become
more active participants in important local environmental
decisions, and it addresses environmental justice concerns by
providing opportunities for all members of a community to
have a voice in the permitting process.

The Rule also helps facilities, which apply for hazardous
waste management permits. Earlier participation can eliminate
confusion or delays in the permitting process that can occur
when the public is not involved until much later. This helps
ensure that the permitting process moves forward in a timely
manner. By fostering better relationships with communities,
the Rule can also help improve a facility’s image and reduce
potential conflict. In addition, citizens are often able to provide
valuable information regarding local conditions for facilities to
consider in developing their permit applications. Furthermore,
the Rule is very flexible – it identifies the basic requirements
needed to satisfy EPA’s public participation goals and recom-
mends additional activities that facilities might conduct.
Prior to this Rule, RCRA provided opportunities for formal
public involvement at only two key points in the permitting
process: when the permitting agency announced its intention
to grant or deny a permit, and when a facility requested
a modification of a permit that had already been granted. Based
on recommendations from environmental groups, business
trade associations, and concerned citizens, EPA revised RCRA’s
permitting procedures to involve the public much earlier,
to provide more opportunities for public involvement
throughout the process, and to expand public access to infor-
mation about the facility and its activities. Specifically, the Rule
improves public participation in the following four ways: (1)
permit applicants must hold an informal public meeting to
notify community members of a proposed new hazardous
waste management facility or hazardous waste activity before
applying for a permit to conduct these activities; (2) the
permitting agency must announce the submission of a permit
application by sending a written notice to everyone on the
facility mailing list. The announcement will tell community
members where they can examine the application while the
agency reviews it; (3) the permitting agency may require
a facility to set up an information repository at a location
accessible to the public (e.g., local public library). The reposi-
tory would include relevant documents, such as the permit
application, review reports, and any other information the
permitting agency wishes to make available; and (4) for
hazardous waste combustion facilities (i.e., an incinerator,
boiler, cement kiln, or other facility that burns hazardous
waste), the permitting agency itself must notify the public prior
to a ‘trial burn’ or test burn by sending a written notice to
everyone on the facility mailing list. A trial burn is a compliance
test in which a facility is required to demonstrate that its
combustion unit can meet the appropriate chemical emission
standards and limits under actual operating conditions.
RCRA Environmental Indicators

In 1993, the US Congress passed the Government Performance
and Results Act (GPRA). GPRA placed new management
expectations and requirements on almost all US federal
agencies and provided a way to create fiscal accountability for
federal programs. GPRA required federal departments and
agencies to start clearly describing the goals and objectives of
their programs, identify actions needed to accomplish these
goals and objectives, develop a means of measuring their
progress, and regularly report on their achievements. EPA
determined that the RCRA Corrective Action program was
subject to GPRA requirements. An early requirement was the
exercise to determine the scope of RCRA corrective action by
attempting to identify the number of facilities subject to RCRA
corrective action across the United States. By working with EPA
regional offices and the state environmental agencies, EPA
identified approximately 3700 industrial facilities or proper-
ties, which would be subject to investigation and cleanup
under RCRA. While the ultimate goal of the RCRA Corrective
Action program is to achieve final cleanups at each RCRA site,
this is understandably regarded as a long-term undertaking
which EPA now estimates could extend to the year 2020.
Consequently, EPA decided that starting in 1995, it would
report the progress of the program in terms of intermediate
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measures that could track the quality of the environment and
improvements of the environment at any given RCRA site
location. EPA decided to adopt measures that are collectively
called ‘environmental indicators (EIs)’ which would record the
progress toward achieving the GPRA goals and be a top priority
for EPA and the states over the next several years. Two EIs were
adopted for evaluation at each RCRA corrective action site:

l CA 725: Current Human Exposures Under Control

Attainment of this EI means that there are no unacceptable
human exposures to chemical contamination because there are
no contaminants present in concentrations in excess of
appropriate health risk-based levels that can be reasonably
expected under current land use and groundwater use condi-
tions. Achieving a positive determination that current human
exposures are under control does not consider potential future
land or groundwater use conditions or ecological receptors. The
RCRA Corrective Action program’s overall mission to protect
human health and the environment requires that final reme-
dies address these issues (i.e., potential future human exposure
scenarios, future land and groundwater uses, ecological recep-
tors). Therefore, meeting an EI is not equivalent to a final
remedy.

l CA 750: Migration of Contaminated Groundwater Under
Control

Attainment of this EI determination indicates that the
migration of contaminated groundwater has been stabilized. It
also means that further monitoring will be conducted to
confirm that contaminated groundwater remains confined
within the original area of contaminated groundwater.
Achieving a positive determination that migration of contam-
inated groundwater is under control does not substitute for
achieving other stabilization requirements and expectations
associated with sources of contamination and the need to
restore, wherever practicable, contaminated groundwater to be
suitable for its designated current and future uses.

The EI determinations are a snapshot reflecting current
conditions at a facility. The human exposure indicator focuses
on current exposure scenarios, and the groundwater migration
indicator addresses the question of whether existing plumes of
contaminated groundwater could continue to expand above
levels of concern. These determinations do not address whether
corrective action is fully complete at an RCRA site, whether
remedial long-term goals are met, or whether a site will exhibit
acceptable human health risk if land uses change in the future.

As a result, regulatory agencies will not regard EI determi-
nations at a facility as the final decisions, and facility owner/
operators should not interpret positive EI determinations as
final approval that all corrective action obligations are met. In
some cases, a facility that meets both EIs may need no further
corrective action. But in many other cases, substantial work will
be needed before a cleanup is complete. For example, at some
facilities, current human exposures may be cut off through
interim measures, and groundwater migration may be under
control, but more permanent measures (or more extensive site
characterization) will be needed to ensure that the site is safe
for reasonably anticipated future uses. These measures would
be addressed as part of longer-term cleanup at the site.

As a measure of progress for attaining environmental indi-
cators, EPA has published the results available through the year
2008. As of 2008, GPRA goals called for EPA and the states to
have made indicator determinations for approximately 1900
high priority corrective action sites. The results showed that
positive (i.e., acceptable) indicator determinations for human
exposures and groundwater migration under control were
attained for 96 and 83% of sites, respectively. These results
achieved the target goals of 95 and 81%, respectively.

In 2008, EPA decided that the RCRA cleanup baseline
should be expanded to include all 3700 facilities expected to
need corrective action. Because EPA has set ambitious goals for
2020 that relate to these facilities, the group is called the 2020
corrective action universe. In total, the 2020 universe contains
a wide variety of sites. Some properties are heavily contami-
nated, while many others were contaminated but have since
been cleaned up. But many others have not been well investi-
gated yet and significant resource and financial challenges for
EPA, state environmental agencies, and property owners
remain as the corrective action program moves into the next
decade.
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Introduction and Historical Perspective

The route by which a chemical enters the body is a major factor
in determining whether a substance exerts toxicity, and the
extent of any toxic response. More than hundred years ago, it
was noted that the air we exhaled was less dusty than the air we
inhaled, demonstrating that airborne substances were removed
from inhaled air and deposited within the respiratory tract.
When toxic chemicals are deposited on sensitive tissues, the
structural, biochemical, and physiological integrity of the
respiratory system may be significantly impaired, increasing an
individual’s risk of damage or disease. With each breath, our
body is potentially exposed to numerous gases, vapors, and
airborne viable and nonviable particles that could adversely
affect the vital functioning of the respiratory system.

The lung is a vulnerable target organ, since it has a very large
surface area that interfaces directly with the environment; it has
nearly four times the total interfacing surface area (70 m2) than
the combined surface areas of the gastrointestinal tract and the
skin. Because of this, inhalation becomes a major route of entry
into the systemic circulation for airborne toxic substances. The
average adult at rest breathes w15 kg of air each day. This is
significantly more than the daily intake of food and water,
which is w1.5 and 2.0 kg each day, respectively. Breathing is
a function that must be continuous on a minute-by-minute
basis, whereas extended intervals without exposure occur
between periods of water and food intake. In addition, the
volume of any polluted air reaching the respiratory tract is
dependent on the state of exercise, with ventilation varying by
up to a factor of 30 between sleep and rigorous activity.

To maintain its primary function, namely gas exchange, the
mammalian respiratory system must be able to defend itself
from constant assault by hazardous agents that enter the body
via inhalation. When pulmonary defenses are compromised,
inhaled toxic substances have the potential to aggravate exist-
ing lung disease, or to initiate new disease. Furthermore, health
effects associated with airborne contaminants are not limited
to the respiratory tract. Inhalation may also be a route of entry
for substances that can be translocated from the respiratory
tract to systemic sites, since blood leaving the lungs is rapidly
distributed to all parts of the body. There is also evidence that
lung tissue can be damaged when toxic chemicals enter the
body by routes other than inhalation and are then transported
to the lungs via the bloodstream. For example, intraperitoneal
injection of butylated hydroxytoluene or ingestion of the
pesticide Paraquat produces acute lung damage.

The consequences of breathing contaminated air have long
been known, but public awareness of and concern for the
nature and degree of health risk associated with exposure to
airborne chemicals have varied considerably over history.
Concern for air pollutionmayhave begunwith human’sfirst use
offire for heating and cooking, butwas accelerated following the
wide use of coal as an energy source during the Industrial
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Revolution. However, as early as the thirteenth century, the
public began to complain of impaired visibility, soiling, odor,
and health effects associated with coal smoke. As a consequence
of the need for more energy to support the Industrial Revolu-
tion, a number of serious air pollution episodes arose. In 1930,
pollution in the Meuse Valley of Belgium reached levels suffi-
cient to cause over 60 deaths and hundreds of illnesses. In 1952,
high levels of air pollution combined with fog in London,
England, resulted in a polluted atmosphere that caused over
4000 deaths. Other serious air pollution problems occurring
in Donora, Pennsylvania, in 1948, in Tokyo in 1970, and in
New York City in 1953 and 1963 brought public attention to
the hazards associated with uncontrolled emissions. These
most serious life-threatening episodes usually were of an acute
nature, and produced the greatest health effects among the old,
the infirm, and those with preexisting respiratory disease.
Meterologic conditions (i.e., inversions) over the polluted area
typically contributed to the increased mortality and morbidity.

The 1950s and 1960s were periods during which the public
became increasingly aware of environmental pollution by
industrial chemicals. Rachel Carson’s book Silent Spring was
a milestone in arousing public concern over environmental
contaminants that produced human health effects. Increased
health risk from accidental release of massive amounts of
extremely hazardous substances into the environment from
chemical spills, industrial explosions, fires, or accidents
involving railroad cars and trucks transporting these chemicals
are always a major concern. People living in communities
surrounding these spills are at considerable risk of being
exposed. The possibility of such sudden exposure at sites where
hazardous substances are produced, stored, or used became
very evident following the release of methyl isocyanate from
a pesticide manufacturing plant in Bhopal, India, in 1984. The
incident caused over 2000 deaths and w20 000 more suffered
irreversible damage to their eyes and lungs. In another case in
which exposure was chronic rather than acute, levels of beryl-
lium released from a manufacturing plant were sufficient to
cause beryllium disease in people residing near the plant. These
serious incidents brought increased public and scientific
awareness of air pollution and its sources, the health and
welfare effects associated with exposures, and the need to
develop sound strategies for elimination of risk. As a result,
guidelines have now been developed by the US National
Research Council to develop community emergency exposure
levels for many hazardous airborne chemicals.

While health effects due to current air pollution episodes
may be less dramatic in many areas, the scientific community is
still greatly concerned about acute and chronic health effects
from ambient air pollutants, as well as from natural and
synthetic substances that may be accidently released into the
environment even at very low levels. For some chemicals,
a threshold level for effects might not exist, or be very low.
Some of the leading causes of death (i.e., cancer, pneumonia,
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and chronic obstructive pulmonary disease) involve the respi-
ratory system, and may be related to exposure to airborne
chemicals. A study conducted in 2009 estimated that between
1970 and 1994, from 3 to 5% of lung cancers in nonsmokers
were related to air pollution exposure; currently, people
living in high pollution areas may have as much as a 20%
greater risk of lung cancer compared to people living in cleaner
areas. Air monitoring studies have revealed a large number of
contaminants, including carcinogens such as benzene, vinyl
chloride, and chloroform, in many areas, and such airborne
pollutants may be associated with a higher incidence of lung
cancer in urban populations. In the United States, as in most
other developed countries, regulations have been established
to control pollutant concentrations in outdoor air and in the
workplace. New pollutants are regularly introduced into the
environment, and identifying and understanding the associa-
tion between such contaminants and any resulting disease
remain a challenge for toxicologists.

Exposure to airborne contaminants not only is limited to
the outdoor air or to the working environment, but may also
occur within the home. In addition, ‘voluntary’ exposures may
occur through personal activities, such as cigarette smoking and
certain hobbies. The health effects associated with the indoor
environment, where individuals may spend as much as 90% of
their time, are a major concern. Families of workers have devel-
oped documented illness associated with contact with clothing
that is contaminated with industrial dusts. New building mate-
rials, emissions from wood and gas stoves, heaters, furnishings,
air-conditioning systems, insulation, tobacco smoke, and
household products such as pesticides that are used indoors have
been linked to serious health risks. Nonspecific symptoms, such
as eye and nose irritation, hoarseness, and headaches in occu-
pants of modern office buildings, often referred as sick building
syndrome (SBS), have been widely reported, but have not been
clearly linked to any specific air contaminant.

This article presents a discussion of some basic principles of
respiratory toxicology, including approaches used to evaluate
respiratory tract responses to inhaled chemicals; classification
of airborne chemicals; factors influencing the toxicity of
airborne substances; toxicological responses associated with
inhaled chemicals; and concepts of risk assessment for airborne
chemicals.
Classification of Airborne Chemicals

Physical properties of airborne chemicals are most frequently
used by inhalation toxicologists for characterization, with
the first classification level based on whether the material is
a gas, a vapor, or an aerosol. Movement and behavior in the
respiratory airstream, sites of deposition or uptake, fraction
retained, and rate of interaction with airway tissues and cells are
all highly dependent on the physical state of the toxic agent.
Although classification by chemical type is used for applications
such as industrial hygiene, this approach has important limita-
tions.Materials with very different chemical structuresmay have
similar toxic effects, while materials with similar chemical
properties or even a single chemical may have different toxic
effects depending on whether the form of the inhaled chemical
is a gas, a particle, or some combination or both.
Gases and vapors are usually grouped together, since a
vapor is the gaseous fraction of a chemical that is a liquid at
ambient temperature and atmospheric pressure. Two proper-
ties, namely solubility and chemical reactivity, are particularly
important determinants of the toxic action of inhaled gases.
The solubility of a gas/vapor is important in determining the
primary site(s) of deposition and potential injury. Reactive
gases may interact chemically with components of cells at the
site of deposition, producing direct injury, while deposited
nonreactive materials may undergo activation to a reactive
intermediate, or may interact with the cellular oxidation–
reduction machinery to be activated or to deplete critical
cellular reducing substances or antioxidants (e.g., NADPH and
glutathione).

An aerosol is defined as a suspension in air of solid particles,
as in dusts, fumes, and smokes, or liquid droplets, as in fogs
and mists. Dusts are formed by milling or grinding of larger
masses of a parent material, while fumes and smokes are
formed by combustion, sublimation, or condensation, and
usually involve a chemical change in the material. In fibrous
aerosols, the solid particles have a length along one axis that is
at least three times greater than that along either of the other
two axes (i.e., an aspect ratio of greater than 3:1). Examples
include asbestos, glass and plastic fibers, and mineral wool.
Liquid aerosols can also be produced by nebulization or
spraying. Mists and fogs are typically formed by condensation
of water on microscopic particles.

Particles in aerosols may also consist of viable agents,
including bacteria and viruses, as well as fungal spores and
pollen. Thus, inhaled biological aerosols may produce infec-
tious diseases and allergic reactions. Other properties of
inhaled aerosols that are used for classification include particle
size, which is the primary determinant of regional airway
deposition, electrical charge, solubility in aqueous media, and
hygroscopicity.

Ambient air particulate matter (PM) is one of six air pollut-
ants regulatedby theUSEnvironmental ProtectionAgency (EPA)
as a National Ambient Air Quality Standard, and has become
a significant focus for air pollution research over the past few
years. PM10 is defined as PM with a mass median aerodynamic
diameter (aerodynamic particle size) of <10 mm, and is appro-
priately used to represent all ambient particles that are inhalable
and, therefore, are a potential human health concern. PM2.5 and
PM10–2.5 represent fine particles with aerodynamic diameters
�2.5 mm and coarse particles with aerodynamic diameters
between10 and2.5mm, respectively. ThePM2.5 class includes the
ultrafine particle subclass made up of particles with diameters
<0.1 mm. Fine particles, which result from the combustion of
various fuels and from atmospheric reactions of primary
pollutants, tend tohave greater deposition in thepulmonary (gas
exchange) region of the lungs andmay represent a greater health
concern than do coarse particles. PM2.5 includes a broad range of
particle types, including acidic aerosols and ammonium salts,
organic and elemental carbon, elemental metals and metal
compounds, and biological material. In addition, PM may
include particles with adsorbed gaseous pollutants.

Recently, concern has developed over a potential emerging
human health risk from exposure to nanoparticles (i.e., ultra-
fines). Such airborne particles can be incidentally formed
or specifically engineered. Emissions from engines, welding,
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metal processing, and combustion are sources of incidental
nanoparticles. Engineered nanoparticles are particles specially
designed and produced to have a specific structure and size.
Although nanoparticles from different sources show different
characteristics, similar toxicological fundamentals may apply.
Nanoparticles can be expected to be deposited in various
regions of the respiratory tract depending on their size, diffu-
sional behavior, and gravitational activity. Lung toxicity studies
in laboratory animals have suggested that exposure to nano-
particles can result in elevated inflammatory responses, or
completely different responses, when compared to larger-sized
particles having the same chemical composition.

Most human inhalation exposures in the workplace, home,
or outdoor environments involve airborne mixtures of chem-
icals, which frequently include both gaseous and particulate
material, as opposed to a single chemical species. Three specific
environmental mixtures of continuing concern for air pollution
are photochemical smog, motor vehicle exhaust, and envi-
ronmental tobacco smoke. Smog is a complex mixture of
gaseous combustion products, including oxides of carbon,
sulfur, and nitrogen, ozone, hydrocarbons, reaction products of
ozone, and other pollutants and particulate aerosols of carbon
and various metal oxides. Vehicle exhaust and environmental
tobacco smoke are also mixtures of particulate and gaseous
combustion products. Of particular concern are potential
carcinogens, including polycyclic aromatic hydrocarbons and
tobacco-specific nitrosamines, that may reach sensitive regions
of the airways adsorbed onto particles.
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Respiratory Tract Structure

The respiratory system is frequently described by dividing it
into three general regions or compartments based on
anatomical structure and corresponding physiological func-
tions. Figure 1 is a schematic showing these various compart-
mental areas.
Nasopharyngeal Region

The nasopharyngeal (NP) region is the most proximal region of
the respiratory system and, therefore, the first potential target
for inhaled substances. The specific structures making up this
region include the anterior nares, the turbinates, the epiglottis,
the glottis, the pharynx, and the larynx. The nose is the normal
portal of entry for all inhaled material. In addition to being an
organ for smell, the nose has other functions, including
temperature and humidity conditioning, transporting inhaled
air, and providing an effective filtering system that serves to
protect the upper respiratory system against toxic chemicals
and biological agents. This mechanical barrier, while being
fundamentally nonspecific, can be quite effective. For example,
under normal conditions and depending on exposure
concentrations, up to 100% of sulfur dioxide, 20–80% of
ozone, and 70% of nitrogen dioxide drawn through the nose
may be trapped within this region, preventing a certain amount
of the pollutant from reaching lower areas of the lungs.
However, under certain conditions, such as at times of high
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physical activity, individuals resort to mouth (oral) or oronasal
(combined nasal and oral) breathing and, as a result, the
inhaled air bypasses these defenses to a large extent. This can
significantly change the deposition pattern of inhaled materials
and, therefore, potential risk from exposure.

While the removal from inhaled air of airborne contami-
nants by the nose is effective, this action also renders this organ
susceptible to toxic damage. The behavior of inhaled
substances in the NP airways and the ultimate determination of
whether they are deposited or exhaled depend on numerous
factors, such as breathing patterns that influence nasal airflow
rates and the chemical and physical properties of the airborne
material, such as size, shape, water solubility, and reactivity.
Soluble particles may, once deposited, rapidly enter the blood
circulation and be transported systemically. This may be
especially true for very small particles. Thus, the effective dose
of toxicant delivered to the target tissue depends on factors in
addition to environmental concentration.

As noted, chemical and biological agents deposited in the
NP region may lead to damage or disease. To prevent a buildup
or uptake of these deposited substances and possible long-term
health effects, it is important that they are removed, i.e.,
cleared, quickly. The mucus layer lining most of the NP
epithelium plays an important role in clearance of deposited
material by providing a moist, sticky surface that entraps
inhaled particles and gases. Via the movement of mucus due to
the beating of the underlying cilia, particles are then trans-
ported proximally toward the oropharynx where they are
swallowed or expectorated. Various disease states, such as
chronic sinusitis, bronchiolectasis, rhinitis, and cystic fibrosis,
adversely alter mucociliary clearance from this region. It has
been estimated that normal physical clearance from the NP
region has a half-life of w4 min. However, in the anterior one-
third of the nose, which has no mucous lining, the principal
means of clearance of deposited particles is by blowing,
sneezing, or wiping, and particles may actually remain in this
area for several days following deposition.

Nasal metabolism also plays a role in the response to
inhaled chemicals. The nose contains a large number of
enzymes, including cytochrome P450, dehydrogenases, ester-
ases, transferases, and hydrolases. Nasal metabolism can be
responsible for both the protection of, and damage to, the
nose. For example, the breakdown of formaldehyde by dehy-
drogenases may be protective, whereas the toxicity of certain
nitrosamines has been attributed to metabolic activation into
toxic metabolites via the action of cytochrome P450. Finally,
nasal secretions contain locally produced antibodies that play
a role in defense against infectious and antigenic materials.
Tracheobronchial Region

Airborne substances not removed in the NP region enter the
tracheobronchial (TB) region. This part of the respiratory system
consists of the trachea and the bronchial tree down to and
including the terminal bronchioles. With physical exertion and
mouth breathing, the beneficial defenses of the NP region are
significantly reduced, and a greater number of larger particles can
be expected to be carried to and deposited within the TB region.

In the mammalian TB tree, there are two structural patterns
of airway branching, monopodial and dichotomous. In most
nonprimate species the branching is monopodial; this pattern
is characterized by long, tapering airways with small lateral
branches that emanate from the main airways at angles of
w60�. In the human lung, the branching is more symmetrical
(dichotomous), involving the division of a tube usually into
two daughter branches, each with nearly equal diameters and
nearly equal angles of branching with respect to the parent
airway.

The major function of the TB region is to transport inhaled
air into the pulmonary region for gas exchange during inhala-
tion and remove it during exhalation. At the entry into this
region, the proximal end of the trachea is continuous with the
larynx and extends distally into the thoracic cavity, where it
bifurcates to form two primary branches called main bronchi.
The patency of the tracheal airway is maintained by cartilagi-
nous rings that prevent it from collapsing. As the bronchi
continue to divide into smaller and smaller diameters, there is
a point where the cartilage is no longer present, and the airway
walls are composed of smooth muscle and loose connective
tissue. At this region, they are referred to as bronchioles. There
can be several generations of such bronchioles. The most distal
conducting and nonrespiratory airways in the TB tree are the
terminal bronchioles. It is this distal end of the conducting
airways that connects to the first order of airways involved in
gas exchange, namely the respiratory bronchioles.

Since the TB region contains both very large and very small
conducting airways, substances of all sizes and chemical
compositions can be deposited within this region. The many
branching sites within the TB region are vulnerable sites of high
regional deposition. For example, the centriacinus, which is the
site of the junction between the most distal conducting airways
and the gas exchange area, is a common site of injury from
a variety of airborne chemicals, including diesel exhaust,
oxidant air pollutants, and certain fibers. Toxic substances
deposited in the TB airways in sufficient quantities may lead to
various pathologies, such as bronchospasm, allergic reactions,
congestion, bronchitis, and cancer.

The primary clearance mechanism for chemicals deposited
within the TB region is similar to that in the NP region, i.e.
mucociliary transport to the oropharynx, with subsequent
expectoration or swallowing. The TB region is equipped with
both ciliated and secretory cells involved in removal of
deposited material. In certain diseases (e.g., chronic bronchitis,
cystic fibrosis, and asthma), an excess of secretions may result,
causing airflow obstruction, increasing the residence time of
inhaled substances, and increasing potential dose to the
airways from deposited materials. Because of differences in
airway sizes within the TB tree, clearance rates differ signifi-
cantly within this region. Since smaller-sized particles are
deposited in deeper airways, the clearance of such particles
from the TB tree is slower when compared with larger-sized
particles deposited higher up in the TB tree. Within the large
airways, the half-time for clearance may be as short as w0.5 h.
For the intermediate airways, the half-time is about 2.5 h, and
in the finer airways the removal half-time can be about 5 h or
longer. Exposure to inhaled toxicants and microorganisms can
significantly decrease the efficiency and speed of TB clearance
and, hence, increase the potential health risk from deposited
chemicals. Certain disease states are also associated with
alteration of clearance from this region. Bronchial mucus
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transport may be impaired in people with bronchial carci-
noma, chronic bronchitis, asthma, and acute infections.
Pulmonary Region

Ultimately, inhaled air with any remaining airborne contami-
nants reaches the pulmonary (P) region, which includes the
functional gas exchange sites of the lungs as the terminal
bronchioles of the TB tree branch to form respiratory bron-
chioles. The other major structural elements of this region of
the lungs include the alveolar ducts and alveolar sacs. The walls
of the tubular alveolar ducts are covered with alveoli. As these
branch, they exhibit increasing numbers of alveoli opening
into their lumina. The human alveolus (which number
w300 million) is a polyhedral structure, each of which is
w250–300 mm in diameter. Alveoli are thin walled and sur-
rounded by blood capillaries for ease of gas exchange via
diffusion. The total thickness of the air-to-blood interface
ranges from 0.36 to 2.5 mm in the human. To be transported
through this air–blood barrier and reach red blood cells,
a molecule such as oxygen must penetrate this tissue at the
alveolar surface, transverse the tissue barrier, enter the capillary
blood at the capillary surface, move through the blood to a red
blood cell, and finally penetrate the red blood cell to bind with
hemoglobin. The greater the exchange surface, the more the
area available for oxygen to diffuse. In addition, the thinner the
air–blood barrier, the smaller the resistance to the diffusion of
oxygen and the greater the amount of oxygen that can be
bound to hemoglobin per unit time. The air–blood tissue
barrier is sealed toward both blood and the air space by
continuous cell layers, the blood capillary endothelial cell
layer, and the alveolar epithelium. The endothelial cells func-
tion to control the passage of fluid, proteins, and other blood
components from the vessel lumen into the interstitium and
the air spaces of the lung. These endothelial cells also function
in a wide variety of specific metabolic activities important in
the pulmonary processing of vasoactive substances – for
example, enzyme inhibitors, receptors, and transport systems
of these endothelial cells can determine the level of biogenic
amines, kinin, angiotensins, and prostaglandins entering the
circulation. Airborne toxic substances are capable of causing
many types of injury to the gas exchange region, possibly
increasing the thickness of the epithelial lining or changing the
permeability and resulting in an influx of cellular and acellular
fluids into the alveolar spaces. Such changes can have an
adverse effect on normal gas exchange.

The most prominent cell type in the epithelial lining layer of
the pulmonary region is the type I cell, which makes up more
than 93% of the alveolar surface area. These squamous cells are
only w0.1–0.3 mm in thickness, minimizing the barrier for gas
exchange. The thicker type II cell is cuboidal, and covers w7%
of the alveolar surface area. The airway surfaces of these cells are
covered with microvilli, greatly increasing absorptive surface
area. Together, these two cell types function as a permeability
barrier to limit the movement of molecules between the alve-
olar space and the interstitium. The type II cells are the
progenitors of the type I cell, and proliferate to reestablish
the epithelial surface when type I cells are injured. Type II
cells also function as a source of the alveolar lining fluid,
namely surfactant. A deficiency of surfactant may lead to
alveolar collapse, resulting in hypoxemia and decrease in lung
compliance.

While the Type I and II cells are fixed within the alveolar
epithelium, there is another cell type that is mobile. These
alveolar macrophages are large, nucleated cells found on the
surface of the alveoli and possess the ability to engulf (phago-
cytize) and remove foreign material. Under normal conditions,
the number of macrophages is w3% of the total alveolar cells,
but this number can be significantly increased with an increase
in deposition of particles in the lung. Macrophages, in addition
to being responsible for clearing the lung of debris, play amajor
role in initiating andmodulating the primary immune response
in this region of the lung, and are also effective in maintaining
the sterility of the lung by killing or inactivating viable micro-
organisms. These cells locate the material by either random
motion or are directed to the site by certain chemotactic
substances. A number of host and environmental factors can
modify the rates of pulmonary clearance by this mechanism.
Individuals with chronic obstructive lung disease, viral infec-
tions, asthma, interstitial fibrosis, and inflammation, as well as
individuals exposed to numerous inhaled gases and particu-
lates, may have reduced numbers and impaired function of
these cells, resulting in a concomitant increased risk of
pulmonary damage or disease. Certain kinds of particles may be
difficult to clear due to their particular shape. Long fibers may
be cleared more slowly, and may induce biochemical changes
that can ultimately be toxic to the macrophage.

Macrophages may be cleared from the pulmonary region by
a number of pathways. The primary route out of the alveoli is
via the mucociliary escalator as macrophages reach the distal
terminus of the mucus blanket and then are swept distally by
ciliary beating within the airways. Macrophages may also
migrate within the interstitium to the lymphatic system. There
is also evidence that macrophages may enter the blood directly
where they, together with their engulfed particles, can travel to
extrapulmonary sites. If the ingested substance is toxic to the
macrophage, it may be lysed while still in the alveolar region
and the particle released, to be taken up by another macro-
phage. Such cytotoxic substances may, thus, remain in the lung
for a considerable time. Clearance kinetics indicate that
the removal of insoluble particles by macrophages consists of
two phases. The first has a half-life measured in days, and
the second in hundreds of days. Clearance routes and kinetics
are a function of lung burden, the physicochemical and toxi-
cological properties of the material to be transported, and the
health status of the individual.
Factors Influencing the Toxicity of Inhaled Chemicals

While various regions of the respiratory system may be target
sites for inhaled chemicals, the potential hazard associated
with such exposure will depend on a number of interacting
factors that can significantly influence the deposition, reten-
tion, and redistribution of inhaled substances, which, in turn,
can directly affect biological response.

When evaluating toxicity of inhaled chemicals, it is impor-
tant to differentiate between the terms ‘exposure concentration’
and ‘dose.’ Dose is the amount of contaminant that is depos-
ited or absorbed in the body of an exposed individual over
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a specific duration. It can be apportioned into two compo-
nents: internal dose and biologically effective dose. Internal
dose is the amount of a contaminant that is absorbed into the
body over a given time. Biologically effective dose is the
amount of contaminant, or its metabolites, that has interacted
with a target site over a given period of time so as to alter
a physiological/biochemical function or some structure. The
consequence of any chemical reaching its target site is governed
by its pharmacokinetic behavior, which includes the processes
of absorption, distribution, metabolism, and elimination. The
effective dose to the respiratory tract of inhaled particles, for
example, is proportional to integrated particle retention as
derived from the net balance of two processes, namely initial
deposition and regional clearance.

Exposure concentration is the level of contaminant present
in the air potentially available to be inhaled. The atmospheric
concentration of a chemical by itself does not define the total
dose of a chemical delivered or the specific sites of potential
injury. In order for a substance present in inhaled air to produce
a biological response, an appropriate dosemust first be removed
from the inhaled air and be deposited on sensitive tissue.
Knowledge of the dose to initial target sites provides a critical
link between exposure and subsequent biological response.

Because of the difficulty in determining actual dose in some
inhalation studies, the toxicologist must assess the extent to
which the concentration (C) of a given chemical and the
duration of exposure (T) interrelate to determine the magni-
tude of the biological response (K). Often the simplistic
formula C � T ¼ K is used to relate the toxic effect of certain
inhaled substances to concentration and time of exposure.
However, this formula, referred to as Haber’s Law, is valid only
for certain combinations of concentrations and exposure times,
and for only a limited number of substances and biological
endpoints. While it may be necessary to use Haber’s formula in
certain conditions, caution must be exercised in using the
general expression, C � T ¼ K, when comparing exposure
conditions that are to be used in extrapolating from effects seen
in laboratory animals to humans, and between different
exposure durations. A more appropriate general expression for
estimating C� T¼ Kwould be given by Ca � Tb ¼ K, where the
exponents a and b are estimated from actual data. Such
a formula reflects the fact that C and T do not always contribute
equally to observed toxicity.

The factors and processes affecting the amount of a chem-
ical agent, its metabolite, or its reactive product(s) that reach
a specific target site after exposure to a given concentration of
an airborne substance can be broadly categorized as those
related to the structure of the respiratory system, the chemical
and physical properties of the airborne substance, and venti-
latory function, including route of breathing (i.e., nasal, oral, or
oronasal).
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Figure 2 Regional deposition of inhaled aerosols as a function of
particle size. Reproduced from Hayes, A.W. (Ed.), 1989. Principles and
Methods of Toxicology, second ed. Raven Press, New York, p. 364.
Respiratory Tract Structure

The structure of the respiratory tract at both the gross anato-
mical and microscopic levels is an important factor in any
response to a toxic agent. In extrapolating animal effects to
humans, one must be aware that respiratory tract structure will
vary both within individuals and between species at each
anatomical level. Within any specific region of the respiratory
tract, the specific anatomy, dimensions, composition, flow, and
thickness of the mucous or fluid lining layers and regional
differences in tissue types and metabolic capabilities all have
a major effect on that region’s ultimate dosimetry.
Properties of Inhaled Chemicals

The physicochemical properties of an inhaled substance as it
influences dosimetry within the respiratory tract differ for
particles and for gases and vapors.

Particles
The major factor that influences deposition of inhaled aerosols
is the size distribution of the particles within the aerosol. The
deposition probability for particles with geometric diameters
�0.5 mm is governed largely by their equivalent aerodynamic
diameters. Smaller particles are deposited based on their actual
diameters. Since PM is generally inhaled as aerosols rather than
as single particles, themassmedian aerodynamic diameter is the
most appropriate parameter to use with aerosols in which the
constituent particles have actual diameters �0.5 mm. Aerosols
containing particles with diameters less than this should be
expressed in terms of diffusion diameter or geometric size.
Some particle characteristics may alter size; for example, if the
particle is hygroscopic, it can be expected to grow substantially
while still airborne within the humid respiratory tract and will
be deposited based on its hydrated size, rather than its initial
size in the exposure atmosphere. Figure 2 shows the range of
deposition variations in various respiratory regions.

Particle deposition at various sites within the respiratory
tract is dependent on several physical mechanisms. These are
impaction, sedimentation, Brownian diffusion, interception,
and electrostatic precipitation (Figure 3). Of these, the most
important are impaction, sedimentation, and diffusion.
Impaction is the inertial deposition of a particle onto an airway
surface. It is the main mechanism by which particles having
aerodynamic diameters �0.5 mm are deposited in the upper
respiratory tract and large airways of the lungs. The probability
of impaction increases with increasing air velocity, rate of
breathing, and particle size and density. Sedimentation is
deposition due to gravity, and is an important mechanism for
particles with aerodynamic diameters �0.5 mm that penetrate
into those airways where air velocity is relatively low.
Submicrometer-size particles are deposited due to a random
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Figure 3 Mechanisms by which particles may be deposited in the
respiratory tract. Adapted from Schlesinger, R.B., 1989. Deposition and
clearance of inhaled particles. In: McClellan, R.O., Henderson, R.F.
(Eds.), Concepts in Inhalation Toxicology. Hemisphere, New York, with
permission from Taylor and Francis, Inc, p. 164.
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motion owing to their bombardment by surrounding air
molecules (i.e., Brownian diffusion) that results in particle
contact with the nearest airway wall. This is a major mechanism
in airways where bulk airflow is very low or absent (e.g., in the
bronchioles and alveoli).

Solubility may also be a factor in dosimetry of aerosols. For
example, some particles, such as fogs, mists, and therapeutic
aerosols, are aqueous droplets that rapidly merge with the
mucus or liquid lining layer, greatly increasing their bioavail-
ability for absorption.

The physical and chemical properties of particles <0.1 mm
in diameter may provide them with a great potential for
inducing toxic effects in some cases, although it is not clear
whether this size fraction is especially toxic compared to fine
particles overall. Nevertheless, these particles readily reach the
alveolar region, have a high deposited fraction, are present in
high numbers and with high relative surface area, and often
include biologically active chemical components.

Respirable fibers may be quite long, extending beyond
50 mm. The most important factor in the deposition of fibers
by impaction or sedimentation is diameter rather than length,
but the latter property is important in deposition by intercep-
tion. Fibers will deposit as they move within the airstream and
make contact with airway walls. Fibers of small diameter
(0.5 mm) may remain suspended in the airway and drift with
the airflow, to be deposited in deep regions of the lungs.

Particle size, length, and configuration not only influence
the site of deposition, which in turn affects the mode by
which the particle is cleared, but also influence the metabolic
fate of the chemical. All segments of the respiratory tract
contain enzymes that are capable of transforming xenobiotic
compounds. These enzymes are capable of metabolizing some
compounds to products that are less toxic, while other
metabolites may be more toxic than the original inhaled
chemical. There are significant differences in rates of metabo-
lism at the different sites in the respiratory tract. In general, the
NP and P regions have a higher metabolic activity than does the
TB region. Metabolic capability is an important factor that
playing a role in defining interindividual and interspecies
susceptibility to toxicants.
Gases and Vapors
The disposition of gases and vapors within the respiratory tract
is influenced primarily by solubility. In general, substances
that are highly water soluble, e.g., ammonia, will be removed
within the upper respiratory tract. Chemicals with interme-
diate solubility, e.g., halogens and ozone, deposit in both the
upper respiratory tract and the lungs, while chemicals with
low solubility, e.g., phosgene and nitrogen dioxide, deposit in,
and mainly affect, the deep lung. To understand the kinetics
related to solubility and to predict the toxic response, one
must be able to establish the solubility of the chemical not
only in water but also in other media, including mucus,
blood, or tissue.

The absorption of gases into the systemic circulation via
the lungs is dependent on the solubility of the gas in blood.
For example, chloroform has high solubility and is nearly
completely absorbed. Respiration rate is the limiting factor.
However, ethylene has low solubility and only a small
percentage is absorbed. It is of interest to note that as
a generalization, there is a pattern of relative absorption
rates that extends among the different routes of exposure.
This order of absorption (fastest to slowest rate and in degree
of absorption from most to least) is intravenous � inhala-
tion � intramuscular � intraperitoneal � subcutaneous �
oral intradermal � other dermal. It should be remembered
that because of the arrangement of the body’s circulatory
system, compounds inhaled and absorbed initially enter the
systemic circulation without any ‘first-pass’ metabolism by
the liver.
Ventilation

The depth and rate of breathing influence sites of deposition
and, therefore, the regional dose from exposure to airborne
substances. Ventilation is controlled by a variety of internal and
external physical and chemical stimuli, which can be affected
by airborne chemicals. Significant alteration (e.g., depression)
in ventilation has been associated with exposure to many
inhaled chemicals. In such cases, the predicted delivered dose
would have been wrongly estimated had respiratory measure-
ments not been recorded.
Methodological Approaches to Assess Respiratory
System Response

Adverse respiratory tract responses toairborne chemical exposure
and subsequent prediction of human health risk from a partic-
ular level andpattern of exposuremaybe evaluatedusing various
approaches. These include epidemiological studies, controlled
clinical exposure studies, laboratory animal toxicology studies,
and in vitro studies. Each category of study has certain intrinsic
advantages and limitations, as noted in Table 1. In general, a
broad database including results from multiple study categories
is required to overcome individual shortcomings.
Epidemiological Studies

Epidemiological studies may show an association between
exposure and overall mortality, general morbidity, or a specific



Table 1 Advantages and limitations of methodological approaches used to assess respiratory tract response to inhaled toxicants

Epidemiological studies Controlled clinical studies Animal studies

Exposure conditions þ Realistic concentrations þ Well-defined exposures þ Well-defined exposures
þ Real chemical interactions � Limited to low concentrations þ Wide concentration range possible
� Definition of exposure difficult þ Easy exposure manipulation
� Confounding agents may

interfere
Exposure time frame þ Realistic, acute to chronic � Short term only þ Acute to chronic

� Relevance of pattern/length of exposure
can be questionable

Toxicologic effects � Limited to severe or crude effects
(mortality, morbidity)

þ Subtle, less severe effects
measurable

þ Wide range of responses may
be evaluated

Insensitive, large changes may be
required to detect effect

� Only mild, reversible effects,
questionable toxicological
significance

� Relevance of effects to human
may be uncertain

� Disease present, prevention not
addressed

Population
characteristics

þ Measured in humans þ Measured in humans � Extrapolation to humans
þ Large population size possible � Limited number of subjects þ Large group size possible
þ Full range of sensitive

subpopulations possible
þ Possible to study sensitive
subpopulations

� Homogeneity of animal model population and
environmental factors – relevance to human?

Utility � Assessment of dose response
is difficult

þ Dose response may be tested
(limited range)

þ Dose response may be tested over a wide range

� No information on mechanism
of action

� Limited information on
mechanism of action

þ Possible to investigate mechanism of action

� Costly and time consuming � High cost þ Relatively lower cost

þ, Advantage; �, limitation.
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disease, and may allow direct inference of human risks, since
actual human exposure conditions, such as the presence of
appropriate chemical mixtures, are involved. Examples of
strong associations include lung cancer with cigarette smoking
or with inhalation of asbestos or metallic compounds of
arsenic, chromium, or nickel; liver tumors with occupational
exposure to vinyl chloride; and leukemia with occupational
exposure to benzene. Studies involving environmental expo-
sures of the general population also have the advantage of
including sensitive subpopulations. For example, the elderly
and individuals with preexisting cardiopulmonary disease were
a sensitive cohort during the previously described London air
pollution episode of 1952, and children have been found to be
more sensitive than adults to various airborne emissions.
Epidemiologic studies of urban regions in the United States
and Europe have demonstrated associations between ambient
PM levels and acute increases in cardiovascular and respiratory
morbidity (e.g., increased hospital admissions, respiratory
symptoms, and cardiovascular episodes), and mortality or
decrements in lung function. Statistical relationships have
tended to be stronger when the fine particle (PM2.5) fraction of
ambient PM was used as the exposure parameter, or susceptible
subpopulations were considered (the elderly, young and those
with preexisting pulmonary or cardiovascular disease).

A shortcoming of some epidemiological studies is limited
or incomplete exposure information, including both the exact
chemicals involved and the airborne concentrations to which
the population of interest is actually exposed. This is often due
to the use of centrally located pollution monitors that may be
far removed from the site of the population being studied. As
a result, evaluation of dose–response relationships and deter-
mination of acceptable exposure limits are often difficult using
epidemiological studies alone. Even when strong associations
can be demonstrated for high levels of exposure, the often low
statistical sensitivity of some epidemiological methods makes
it difficult to assess the risk to individuals with a history of long-
term exposure at low levels. Confounding variable bias may
also be a significant problem, since exposure histories typically
include multiple chemicals, so the ability to relate effects to
a single chemical or class of chemicals is often difficult. For
example, inaccurately reported cigarette smoking or work
exposure history can greatly distort findings.

Epidemiology also suffers from the fact that effects are
generally counted when significant disease, morbidity, or
mortality has already occurred and, thus, protection from
disease is not addressed. However, the increasing use of vali-
dated biomarkers for early effects may improve the utility of
these studies in this regard.
Controlled Clinical Studies

Controlled clinical studies using human volunteers have
frequently been used to evaluate human effects of exposure to
low levels of ambient air pollutants, including sulfur dioxide,
nitrogen dioxide, ozone, carbon monoxide, PM fractions, and
acidic aerosols of sulfates and nitrates. Major advantages of this
approach are that humans make up the exposure population,
and that it is possible to closely define and control the exposure
concentration and other exposure conditions. To a limited
extent, sensitive subpopulations may be tested. For example,
airway hyperreactivity to sulfur dioxide has been demonstrated
in asthmatics (asymptomatic at the time of testing). Individuals
with heart disease are especially at risk when exposed to carbon
monoxide; when patients with histories of angina pectoris were
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exposed to low levels of carbon monoxide, they experienced
reduced time to onset of chest pain as a result of insufficient
oxygen supply to the heart.

Since the safety of the experimental subjects must be
a primary concern, only short-term exposures to low concen-
trations that produce only mild and transient responses may be
used in clinical studies. The effects of chronic exposures cannot
be tested, and the range of endpoints that can be assessed is
often limited to pulmonary function, cardiovascular measure-
ments, and blood clinical chemistry assays. In some testing
settings, additional evaluation procedures are employed,
including examination of bronchoalveolar or nasal lavage
fluids and evaluation of effects on mucociliary clearance and
epithelial permeability. However, the reversible changes that
are observed following single human exposures can be of
uncertain clinical significance in predicting long-term effects
from low-level chemical exposures.
Animal Toxicological Studies

The driving philosophy behind an aggressive strategy of toxicity
testing in laboratory animals is the conviction that human
beings should not have to suffer from avoidable, debilitating,
or lethal chemical-induced toxicity when the effect of the
chemical can be demonstrated in test animal species. Historical
examples, such as benzene, asbestos, and vinyl chloride for
which animal models were developed after the association of
disease with exposure was demonstrated in humans, show the
need for well-designed safety testing in animals. Animal studies
allow maximal flexibility in choice of chemical agents, expo-
sure concentrations and regimens, biological endpoints, and
test species. Exposure conditions can be tightly controlled and
readily manipulated, and exposures can range from acute to
chronic, even lifetime. Studies can be designed to help eluci-
date the mechanism of action and the existence and basis for
species differences in response. A broad range of biological
responses can be evaluated, including target organ histopa-
thology, changes in hematological and blood chemistry
parameters, changes in organ system function, changes in
immunological responses, effects on neurobehavioral param-
eters, and reproductive/developmental effects. Large chemical
testing programs frequently include studies of neurotoxic and
reproductive/developmental effects following inhalation
exposure, since available information regarding such effects in
humans is generally insufficient to evaluate risk. Of particular
importance to evaluate respiratory tract toxicity are histopa-
thology, lung function, and bronchoalveolar lavage fluid
cytology and chemistry assays.

For many chemicals that pose a potential inhalation risk to
humans, there are often insufficient human data to set safe
occupational exposure limits or community exposure guide-
lines. Furthermore, effects of long-term exposure to air
pollutants are difficult to evaluate using human data since, as
previously noted for epidemiology studies, exposure history
and confounding factors cannot be controlled or, in clinical
studies, only short-term exposures are possible. Long-term
exposure studies using laboratory animals can provide infor-
mation that can be used to help predict human effects, with
several models suggesting changes that correspond to well-
documented human disease states. For example, long-term
exposure of rats to sulfur dioxide produced thickening of the
tracheal mucous layer and hypertrophy of goblet cells, both
features of human chronic bronchitis.

While animal toxicology studies have clear advantages in
assessing biological responses to inhaled chemicals, the use of
data derived from laboratory animal exposures to assess
human risk is complicated by issues concerning extrapolation
from animals to humans. Differences between animal and
human physiological, biochemical, or pharmacokinetic
processes may diminish, or even totally negate, the relevance of
a particular animal model. Xenobiotic metabolizing capacities
and patterns of distribution of these activities within the
respiratory tract may differ among species. For example,
a protein that is specific for male rats but that is not found in
humans, a2u-globular protein, appeared to be required for
susceptibility to renal tubular nephropathy and tumors
induced by inhalation of unleaded gasoline vapors. In the
respiratory tract, species differences in three-dimensional
airway structure may also result in differences in toxic effects.
For example, the structural complexity and relative surface area
of the nasal turbinates are very different in rodents and
humans. Respiratory tract detoxification processes may also
differ among species. In addition, the genetic homogeneity of
laboratory animal strains and the closely controlled environ-
mental conditions (e.g., diet) used in laboratory animal studies
may affect the relevance of such studies to humans. In labo-
ratory rodent carcinogenicity studies, for example, high back-
ground incidence rates for certain tumors appear to be related
to unrestricted food availability. There is concern that this
rodent model might also have heightened susceptibility to
chemically induced tumors, or that resultant life-shortening for
the model might interfere with detection of tumors. All of these
potential differences highlight the importance of careful inter-
pretation of results from animal toxicology studies in relation
to human health risk. When properly done, however, such
studies can provide pharmacokinetic data and other informa-
tion concerning potential mechanisms of toxic action.

One of the major issues in relevance to human risk assess-
ment is extrapolation from high-dose exposures in animals to
realistic human exposure levels. For example, metabolic and
detoxification processes may be dependent on exposure level.
A commonly cited example involves the increased incidence
of lung tumors in rats following particulate exposure regimens
that produced high lung particle loads, e.g., chronic, high-
concentration diesel particle exposure. Macrophage-based
clearance mechanisms became overwhelmed with chronic
exposure at high concentrations, and this may have been
associated with tumor development that would not be seen at
ambient levels. The relevance of tumor incidence under these
conditions to prediction of human risk has, therefore, been
questioned.
In Vitro Studies

While assessment of chemicals for risk to humans clearly
requires a database obtained from intact, living organisms, in
many cases the mechanism underlying a response cannot be
adequately determined using this approach. While in vitro
methods cannot be used to model the complex interactions
and feedback processes between cells, tissues, and organ
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systems of a functioning mammalian organism, or the complex
deposition, uptake, and clearance processes of the respiratory
system, such studies can be very useful for screening a large
number of chemicals for a specific effect and for development
of information on mechanism of action. Such assays can be
used to assess for genotoxicity, mutagenesis, xenobiotic
metabolism, cytotoxicity, and specific cell activation or func-
tion. In terms of risk assessment, in vitro study data may provide
information that aids in the interpretation of the database
derived from animal and human exposures.
Biomarkers of Response to Inhaled Chemicals

There is a consistent need for sensitive assays that can be used
in inhalation toxicology as biological markers of adverse
health effects associated with respiratory tract injury. The ideal
marker should be an indicator of early biological response,
indicating alterations in cellular, biochemical, or immunolog-
ical processes, or other functional or structural changes. It
should be unique to a specific disease, capable of quantitatively
relating to a particular stage of the disease, reproducible,
sensitive to small changes due to exposure, and specific to
a particular test substance. It is not the intent of this article to
provide a complete overview of all biological effects associated
with inhaling airborne chemicals; instead, it focuses on broad
classes of health effects that may be caused by exposure.

The objective of any toxicological study is to determine the
relationship between an appropriate exposure and a measured
biological response in a susceptible species by the most valid
and sensitive technique. However, the site of injury can be ex-
pected to vary with the nature of the toxicant, its concentration,
duration of exposure, the effectiveness of local defense mech-
anisms, and the inherent susceptibility to damage of the target
site. The size and complexity of the respiratory system provide
numerous sites of potential damage caused by inhaled gases
and particulates. To fully understand the toxicological conse-
quences resulting from exposures, testing procedures must
apply multiple endpoints and varying durations of exposure,
and must evaluate a variety of target tissues for injury. In eval-
uating the significance of the available database, the toxicologist
needs to understand the various relationships that may exist
between response and exposure scenario. With multiple
endpoints of toxicity and a given concentration of the agent, an
infinite number of linear and curvilinear relationships could be
generated. The dose–effect relationshipmay be steep, indicating
that a small increase in concentration (dosage) elicits a dramatic
increase in effect, or the slope may be shallow, indicative that
only a small change in the altered state accompanies a large
increase in dose of the toxicant. Frequently, a toxicant may elicit
effects on more than one target organ, giving rise to dose–effect
curves of different configurations. Such information is vital in
predicting potential human health effects.
Types of Biomarkers

Physiological Alterations
Markers of physiological effects can be useful in identifying
early changes in respiratory function of the lung due to inhaled
material. Biomarkers are available to measure lung mechanical
properties, ventilation, expiratory flow, intrapulmonary gas
distribution, alveolar–capillary gas exchange, and perfusion.
These assays can reveal functional manifestation of structural
changes in the respiratory system, whether these changes are
transient, e.g., resulting from bronchoconstriction, inflamma-
tion, or edema, or irreversible, e.g., such as from fibrosis or
chronic obstructive lung disease. While current functional tests
are useful in evaluating clinical lung disease, they, by them-
selves, may not be specific markers of the type of lung injury or
chemical agent producing the response. The respiratory tract
can respond to air contaminants in only a limited number of
ways, many of which are nonspecific, and so it may respond
similarly to various toxicants.

Pulmonary function testing provides a safe, noninvasive
approach for clinical evaluation of the presence, type, and
severity of pulmonary impairment. When workplace condi-
tions include a risk of inhalation exposure to toxicants,
preemployment and periodic, repeated lung function testing
can be a key element in health effect screening and disease
prevention. For many lung function tests, repeated testing is
also possible in laboratory animals, and progression of or
recovery from disease may be evaluated in test animals. Eval-
uation of pulmonary function in both humans and animals
complements evaluation of structural changes caused by
inhaled chemicals. In addition, specific lung function tests may
detect significant respiratory tract effects or disease states that
do not produce lasting or detectable structural changes. Finally,
a large body of experimental evidence from animal models of
specific pulmonary diseases and animal toxicology studies
suggests that similar lung insults or structural changes produce
similar functional effects in humans and animals. Therefore,
effects observed in animals can often be used to predict human
pulmonary effects. Table 2 provides examples of pulmonary
function measurements that have been used for evaluation of
impairment by airborne toxicants.

In interpreting pulmonary function response data, several
key points should be understood: (1) A specific functional
effect is not necessarily diagnostic for a single structural change.
For example, reduced vital capacity or compliance may be
caused by several structural changes, including fibrosis, edema,
hemorrhage, cellular hyperplasia, and heavy particle loading.
(2) The respiratory system has a large functional reserve.
Therefore, a relatively diffuse and extensive lung lesion may be
required to produce any detectable effect on lung function.
(3) A useful approach to pulmonary function testing is the
use of a battery of measurements to develop patterns of
functional change that are consistent with a particular disease
such as fibrosis or emphysema. (4) Methods used in animals
often require the use of anesthesia or restraint and the
potential impact of such procedures on measurements must
be considered.

Figure 4 depicts the physiologically defined lung volumes.
Inhalation exposures that cause restrictive lung lesions,
including exposure to silica, cadmium compounds, ozone, and
diesel exhaust, produce decreases in total lung capacity and
vital capacity. Obstructive lesions lead to breathing at higher
lung inflation (due to gas trapping), with increased total lung
capacity, residual volume, and functional residual capacity.
Inhalation exposure to ozone and acrolein may produce this
type of response.



Table 2 Common measurements for assessment of changes in pulmonary function

Test category Individual test/parameter Definition/functional significance

Ventilatory pattern Respiratory rate Breathing frequency (breaths per minute)
Tidal volume Volume of breath
Minute volume Total volume inspired/expired per minute

Static lung volumes Vital capacity (VC) Maximum volume that can be expelled from the lungs
by forced effort following maximum inspiration

Total lung capacity Volume of gas in lungs at end of maximum inspiration
Residual volume (RV) Volume of gas in lungs at end of maximum expiration
Functional residual capacity (FRC) Volume of gas remaining in lungs at end of tidal expiration
Inspiratory capacity Maximum volume of gas that can be inhaled from

FRC level
Expiratory reserve volume Maximum volume of gas that can be expired below

FRC level
Respiratory mechanics Airflow resistance

Total lung flow resistance Flow resistance of airways
Static lung compliance
Dynamic lung compliance Stiffness (elasticity) of the lung
Maximum forced expiratory maneuver ‘Stress’ test for obstruction of airflow in peripheral airways

Forced vital capacity (FVC)
Forced expiratory volume
Peak expiratory flow rate
Expiratory flow at 50, 25, and 10% of FVC

Distribution of ventilation Single and multiple breath nitrogen washout Homogeneity of ventilation in lungs – airflow obstruction
and gas trapping causes greater variability of ventilation

Closing volume Volume difference from RV representing onset of closure
of small airways; increases with air flow obstruction

Diffusion Carbon monoxide diffusing capacity Measurement of efficiency of alveolar gas exchange;
decreases with thickening of alveolar blood–air barrier

Blood gases Measurements of arterial pO2, pCO2, and pH Evaluates adequacy of ventilation; changes typically
require severe functional deficits

Pulmonary circulation Edema: marker radioisotope movement to airways;
wet/dry lung weight ratios

Evaluation for transudation of fluid into airways

Cardiovascular pressures Hyper- or hypotension in vascular system
Cardiovascular volumes, flow resistance Cardiovascular function

Normal
breathing

Inspiratory
reserve volume

Inspiratory
capacity

Vital
capacity

Maximum
inspired
lung volume

Tidal volume

Expiratory
reserve
volume

Functional
residual
capacity Residual

volume

Maximum
expired
lung volume

Totally
gas-free lung

Total
lung 

capacity

Figure 4 Capacities and lung volumes of the lung. Adapted from McClellan, R.O., Henderson, R.F., (Eds.), 1989. Concepts in Inhalation Toxicology.
Hemisphere, New York, with permission, p. 364.
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Mechanical properties of the lung may be tested using static
or dynamic testing modes. Static tests can be conducted in
living animals or using excised lungs, and are based on infor-
mation derived from a pressure–volume curves produced
during exhalation. Static compliance, a measure of lung
elasticity derived from this curve, is decreased following
exposure to fibrogenic agents or agents that cause edema,
inflammation, and hyperplasia. It is increased following certain
exposures to agents that cause emphysema-like lesions, such as
ozone and nitrogen dioxide. Tests for dynamic lung mechanics
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require monitoring of flow, volume, and pressure, and provide
measures of total lung resistance, which is most dependent on
large airway obstruction, and dynamic compliance, which is
a measure of elasticity that is also sensitive to peripheral airway
obstruction.

The approach most commonly used to evaluate effects on
distal airways in clinical and occupational medicine is the
maximum forced expiratory maneuver, which allows
measurement of airflow as a function of lung volume, from
total lung capacity to residual volume. Typically, the forced
vital capacity (FVC) and the forced expiratory volume at 1 s (as
a percentage of FVC) (FEV1) are measured. Peak expiratory flow
is also a frequently used measure since simple portable devices
permit self-evaluation by patients. Decreased airflow rates are
seen with emphysema, chronic bronchitis, and following acute
exposures to bronchoconstricting irritants or agents that
produce asthmatic responses following previous sensitization.
When exercise is superimposed on exposure of humans to
certain pollutants (e.g., ozone), decrements for FVC and FEV1

have been observed at realistic outdoor air pollution levels.
Animal models of forced expiratory maneuvers require the use
of anesthetics and/or paralytic agents. The forced expiration
produced in an apneic animal by applying a steady negative
airway pressure following inflation to total lung capacity is
measured. FVC, peak expiratory flow rate, mean mid-expiratory
flow, and expiratory flow at 50, 25, and 10% of FVC may be
derived from the maximum expiratory flow–volume curve.
Using such methods, it has been demonstrated that the quali-
tative patterns of flow–volume curves are similar in humans
and small laboratory animals when values are normalized for
lung volume. However, for demonstration of effects of more
realistic exposures to toxicants or more subtle injury, the utility
of measurements from forced expiratory tests in small animals
may be limited.

Since the efficiency of diffusion of oxygen and carbon
dioxide within the alveoli is directly related to the primary
function of the lung, tests of diffusing capacity are important
components of a lung function testing battery. In this regard,
diffusing capacity for carbon monoxide (DLCO) is usually
measured. Diffusing capacity can be reduced as a result of
structural changes in the alveolar region, e.g., as in thickening
of the air–blood barrier or destruction of alveolar epithelium,
or to an effective reduction in alveolar surface. However,
decrements in DLCO may be difficult to interpret without
correlation with other functional endpoints or histopatholog-
ical evidence. In addition, rodents appear to compensate with
hypertrophic or hyperplastic lung changes, resulting in unex-
pectedly normal DLCO values despite chemical exposure.

Airway hyperreactivity can serve as a useful marker of chem-
ical-induced effect, and is assessed by measuring increased
bronchoconstriction (i.e., contractionof airway smoothmuscle).
Hyperreactivity can be measured in a pollutant-exposed subject
by following exposure with a challenge by a variety of pharma-
cological chemicals, such as methacholine, carbachol, or hista-
mine; physical stimuli, such as cold or dry air or exercise; or air
pollutants such as sulfur dioxide. An exposed individual with
hyperreactive airways may develop bronchoconstriction after
inhaling a lower concentration of a provoking agent than is
needed to cause a similar degree of change in the airways of a
normal subject. This assay has proven to be useful in assessing
airway responsiveness following exposure to a low concentra-
tion of pollutants, such as ozone, nitrogen dioxide and other
irritant gases, acidic aerosols, and allergens. Evidence indicates
that these tests constitute markers that are useful for detecting
risk of accelerated loss of lung function, whichmay be indicative
of the development of chronic lung disease.

Many irritants that cause decreased dynamic compliance
or lung resistance, such as ozone, sulfur dioxide, sulfuric acid,
acrolein, and toluene diisocyanate, also cause increased
nonspecific airway reactivity. Specific immunoglobulin-
dependent sensitization to inhaled proteinaceous materials
(e.g., ragweed pollen, animal dander, and grain dust) has been
demonstrated in animals and humans using lung function
measurements. Asthmatic responses with pulmonary sensiti-
zation to low-molecular-weight chemicals (haptens), such
as isocyanates and anhydrides, have been observed in
workers, and have been modeled in some animals using lung
function tests.

Another physiological approach used in evaluating
chemical-induced physiological changes involves assessment
of respiratory tract defenses. The respiratory tract defense
system is a prime target for a wide range of inhaled chemicals.
During the air pollution episodes of the twentieth century
(Meuse Valley, Belgium, London, and Donora, Pennsylvania),
excess deaths were recorded from lower respiratory tract
infections. The American Thoracic Society has published
guidelines on what constitutes an adverse respiratory health
effect. Among the five most important adverse respiratory
effects is a greater incidence of lower respiratory infections.
Because of the importance and the complexity of the respi-
ratory tract defense system, many in vivo and in vitro assay
systems have been used to assess the integrity and biological
activity of both the cellular and acellular components of lung
defenses. Any breach in these defenses should be considered
a possible indicator of an increased risk of pulmonary disease.
The host defense parameters that have been used most widely
to examine the association between airborne toxicants and
lung disease include mucociliary clearance dysfunction, func-
tional and biochemical activity of alveolar macrophages,
immunological competency, and susceptibility to infectious
disease.

Since the mechanisms of particle clearance from the respi-
ratory tract are similar in most mammals, markers measuring
alterations in the effectiveness of these defenses have been used
to assess respiratory tract disease potential from inhaled
chemicals, and for extrapolating animal data to humans. Both
human and animal studies have shown that exposure to certain
gases and particles may significantly alter bronchial mucocili-
ary clearance rate. While relating these changes to specific
health effects remains speculative, there is a predisposition to
respiratory infection, with retarded clearance from the airways.
By increasing the residence time of carcinogens, altered
mucociliary clearance may also be a factor in the development
of respiratory tract cancer.

The effectiveness of clearance has been determined by
assessing the rate of transport of deposited particles, the
frequency of ciliary beating, the integrity of the ciliated cells,
the physicochemical properties of the mucus blanket, and the
rate of mucus production and transport. Exposure to a variety
of inhaled agents, such as formaldehyde, cigarette smoke,
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ozone, nitrogen dioxide, airborne PM, including trace metals,
and sulfuric acid, causes mucociliary damage and dysfunction,
such as slowing of the frequency of ciliary beating, resulting in
a significant reduction in transport rates.

Impairment of alveolar macrophage function alters the
ability of the cell to maintain sterility within the gas exchange
regions of the lung, provide an effective clearance mechanism
from the lung for inhaled particles and cellular debris phago-
cytized by these cells, interact with lymphocytes, and release
immunologically active soluble mediators. To fully meet these
functional responsibilities, these cells must maintain mobility,
a high degree of phagocytic activity, an integrated membrane
structure, and a well-developed functional enzyme system.

As the first line of defense, the resident macrophage must
isolate ingested particles by phagocytosis, act as a vehicle for
physical movement from the lung, and inactivate or detoxify
inhaled and ingested microbes or toxicants. The sequence of
events that must take place for this defense system to function
is complex, and involves a number of intricate and interrelated
biological functions. Chemicals can interfere with this func-
tion, and any alterations in the ability of any of these functions
could be expected to significantly increase the risk of pulmo-
nary disease. A number of assays have been developed to
identify functional changes in alveolar macrophages and have
been used to demonstrate effects following exposure to agents
such as carbon, diesel exhaust, PbO, nickel chloride, CO,
cigarette smoke, cotton dust, and quartz. These chemicals also
promote the influx of new macrophages into the lung. These
new cells may be derived from an influx of interstitial macro-
phages, proliferation of interstitial macrophages with subse-
quent migration of the progeny into the air space, migration of
blood monocytes, or division of free lung macrophages. While
such an accumulation of macrophages may appear to be
a necessary response to the immediate insult, a possible
consequence of this mass recruitment may be the development
of chronic pulmonary disease.

In addition to increased number of macrophages during
pulmonary insult, polymorphonuclear leukocytes (PMN) also
accumulate following exposure to many agents, e.g., diesel
exhaust, ozone, nitrogen dioxide, iron oxide, cotton dust,
cigarette smoke, and cadmium chloride. A large pool of PMN
normally remains within the microvessels and few are found in
the air spaces. However, following injury, these migrate out of
the vascular space through the endothelium to the inflamma-
tory site, where they attempt to phagocytose and destroy
foreign material, and may sometimes damage the host tissue in
the process. While in the lung, powerful oxidants (oxygen
radicals) and enzymes can be released and produce tissue
injury. For example, there is evidence that cigarette smoke can
activate the PMNs and produce a shift in favor of proteolysis by
the release of elastase from its lysosomal granules and by the
generation of oxidants with the NADPH oxidase system and
myeloperoxidase. Such a proteolytic imbalance may cause lung
tissue destruction, leading to emphysema.

Not all exposures to chemicals result in an increased
number of available macrophages in the lung. Exposure to
some chemicals, e.g., silica, asbestos, cadmium fumes, some
metal oxides, ozone, acrolein, and nickel chloride, actually
causes a reduction in the number of these defense cells via lysis
of the macrophage. Some chemicals, such as fly ash, carbon
monoxide, and certain trace metals, may affect cellular
viability, but not cause lysis. In some cases, the same chemical
may, at different concentrations, elicit a variety of measurable
and significant effects. For this reason, the most appropriate
approach is to use a battery of functional assays. Parameters
such as total number, stability, viability, morphology, phago-
cytic and bacterial function, and biochemical metabolism are
useful measurements of overall functional capacity of the
macrophage.

The activity of a number of macrophage enzymes (e.g., acid
phosphatase, b-glucuronidase, b-N-acetylglucosaminidase,
peroxidase, and lysozyme), which function to combat infec-
tious disease, has been significantly depressed following
exposure to a number of toxicants. Depression in the ability of
the macrophage to produce interferon, a substance that is
involved in host defense against viral infection, has been
identified following exposure to ozone, irradiated auto
exhaust, and nitrogen dioxide.

Alterations in respiratory defenses would be expected to
make the lung more vulnerable to infectious disease. Animal
models have served to demonstrate the effects of airborne
chemicals and to establish associations between these effects
and actual increases in susceptibility to respiratory disease.
These in vivomodels combine the adverse effects of the toxicant
with the added stress induced by an infectious microorganism
to measure the effectiveness of host defenses after exposure to
toxicants. The test animals, and in some cases humans, are
challenged with a laboratory-induced respiratory infection
(bacterial, viral, or mycoplasma) following exposure to the test
chemical. If the host defense mechanisms are functioning
normally, there is a rapid inactivation of inhaled organisms
that have been deposited in the lung. However, if the pollutant
exposure has caused one or more dysfunctions in these
defenses, the microbes will proliferate rapidly and a measur-
able increase in pulmonary infection can be identified. While
exposure to a test substance alone may not be life threatening,
association with other environmental stresses, such as infec-
tion, could prove critical in the promotion or exacerbation of
a particular disease.

The lung is an immunologic organ that, when exposed to
toxicants, can exhibit specific local immunologic effects as well
as play a role in systemic alterations, such as changes in
circulating immunoglobulins. Wheezing, chest tightness,
rhinitis, and asthma can be symptoms of a sensitization
response to a foreign material by the pulmonary immune
system. There are much data that clearly substantiate cases in
which lung immunoregulatory functions of humoral or cell-
mediated immunity have been compromised by inhaled
chemicals.

While the immune system is highly regulated by complex
interactions, both between components of the system and
between immune and nonimmune organ systems, inhaled
chemicals can modulate the immune system affecting either
‘up’- or ‘down’-regulation of the process. Inhaled chemicals
may provoke a variety of different responses, including reduc-
tion of normal immune response (immunosuppression)
resulting in an increased incidence of infection or tumors (e.g.,
benzene, malathion, lead, cadmium, nickel, and nitrogen
dioxide); overactivation of the immune system or exaggeration
of the response causing hypersensitivity reactions (beryllium,
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mercaptans, chromates, and diisocyanates); and promotion of
an autoimmune reaction, a pathological condition in which
there is a failure of the body to distinguish between ‘self’ and
‘nonself,’ with resultant production of structural or functional
damage to tissues and organs (e.g., mercury, cadmium, vinyl
chloride, and methylcholanthrene). Inhaled substances may
also exacerbate various immune-mediated disorders, including
asthma, hypersensitivity, pneumonitis, allergic rhinitis, and
workers’ pneumoconiosis. Table 3 gives examples of chemical
agents that, when inhaled, are capable of eliciting an immu-
notoxic effect.

It is of interest that the same individual may have an
immediate-onset response on one occasion, a delayed-onset
reaction on another, and, under other exposure conditions,
exhibit a dual response, starting with immediate-onset symp-
toms that resolve within a short time, followed several hours
later by a second set of symptoms. Clinical and experimental
evidence has indicated that this process is like many other
toxicologic effects, in that the specific response is related to
concentration, duration, and frequency of exposure.

An actively functioning pulmonary immune system is critical
for defense of the lung. Immune activity has been shown tooccur
in both the conducting airways and in the lung parenchyma.
All major immunoglobulins – IgA, IgG, IgM, and IgE – are
present in bronchial secretions. These are derived from local
synthesis andby transudation from serum. In the parenchymaof
the lung, the pulmonary macrophage participates in the gener-
ation, expression, and regulation of the immune response. These
cells serve as antigen-presenting cells, as effector cells for T-cell
immunity, and as regulatory cells that serve either as promoters
or suppressors of the pulmonary immune response.

A detailed description of the mechanism of the immune
response in the lung is complex and beyond the scope of this
entry. Briefly, antigenic materials deposited on pulmonary
Table 3 Examples of immunotoxicants

Halogenated aromatic hydrocarbons
Polychlorinated biphenyls
Polybrominated biphenyls
Dioxins

Pesticides
Organophosphates
Organochlorides
Carbamates

Polycyclic aromatic hydrocarbons
Benzo(a)pyrenes
Methylcholanthrene
Dimethylbenz(a)anthracene

Solvents
Benzene

Heavy metals
Beryllium
Manganese
Nickel
Cadmium
Platinum

Air pollutants
Ozone
Nitrogen dioxide
Cigarette smoke
tissue initiate and stimulate the immune process. Antigens are
taken up by and processed by macrophages. The pulmonary
macrophage presents the antigen to local lymphatic tissue that
ultimately produces cell-mediated or humoral immune
responses. Antigens in alveolar spaces that escape this phago-
cytic action and other clearance mechanisms may still gain
access to the pulmonary interstitium, where they may be
subsequently transported to nearby lymphoid tissue where
immune stimulation can occur. Lymphatic tissue and
lymphocytes are present at or near the air–tissue interface at all
levels of the respiratory tract, from the nasopharynx to the
alveolar spaces of the pulmonary region. These tissues are
important in ensuring pulmonary immune response since they
contain antigen-presenting cells and a repertoire of antigen-
reactive T and B lymphocytes.

While cell-mediated response may begin with the macro-
phage, further mediation occurs through the T cells. These cells
also interact with B-cells for antibody production, and cannot
only kill cells presenting antigen but also release cytokines that
modulate the immune response directly. Humoral immune
responses are the end result of antigen interacting with B-cells.
These cells secrete antibodies that inactivate antigens in the
body. The B-cell function is regulated by two subpopulations of
T cells: helper T cells that are required for optimal production
of antibody, and suppressor T cells that are active in modu-
lating the humoral response once initiated. A wide array of
substances that can affect the immune response is discussed
in the section on effects on pulmonary defenses. Table 4
provides examples of immunomodulation by various inhaled
chemicals.

Macrophages also release substantial amounts of diverse
substances that exhibit a broad range of biological activities.
Examples of such mediators include interleukins, which play
an important role as mediators of inflammation, are chemo-
tactic for neutrophils, promote the differentiation of natural
killer (NK) cells that do not play a role in the antigen-specific
antibody response but are critical components of the general,
nonspecific immune defense system and function in the
maturation of helper T cells; monokines, which regulate the
growth and activation of other cells such as fibroblasts and
endothelial cells; and interferon, which represents a group of
antiviral proteins that function to inhibit the intracellular
replication of many viruses and the proliferation of malignant
cells.

Structural and Biochemical Alterations
Morphological evaluations are often the cornerstones of
toxicity experiments. Pathological study of exposed tissue
permits the identification and characterization of structural
damage to the respiratory system. Animal studies have been
effective in improving our understanding of the pathologic
sequelae of chemical deposition at specific sites within the
respiratory system. The difference in the structure of the respi-
ratory system between humans and experimental animals may
complicate, but does not necessarily prevent, qualitative
extrapolation of risk to humans. Since the lesions resulting
from a particular exposure can be similar in several mamma-
lian species of test animals, it would appear likely that the
biological processes responsible for the lesions in animals
could also occur in humans. However, it should be understood



Table 4 Examples of immunomodulation by various inhaled chemicals

Classification Symptoms Chemical agents

Immediate (type I)
hypersensitivity

Bronchial asthma, asthmatic bronchitis,
urticaria, rhinitis, atopy

Beryllium, chloramine, ethylenediamine, ethylene oxide
formaldehyde, isocyanates, platinum, nickel

Cytolytic (type II)
hypersensitivity

Chemically induced hemolytic anemia, bone
marrow depression, thrombocytopenia

Trimellitic anhydride, mercury

Arthus-immune complex (type III)
hypersensitivity

Hypersensitivity pneumonitis, rheumatoid disease,
sarcoidosis, vasculitis

Trimellitic anhydride, mercury

Cell-mediated (type IV)
hypersensitivity

Contact dermatitis, sarcoidosis, delayed
hypersensitivity

Beryllium, chromium, isocyanates, mercury, phthalic
anhydride, trimellitic anhydride

Immunosuppression Altered immune responses and host resistance
following inhalation exposure

Asbestos, silica, metals, toluene, oxidant gases,
tobacco smoke, benzene, toluene

Irritancy or nonimmunological Pseudoallergic symptoms of bronchial asthma and
asthmatic bronchitis

Formaldehyde, isocyanates, ethylenediamine
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that different exposure levels may be required to produce
a similar response in humans. The concentration at which
effects become evident in humans can be influenced by
a number of factors, such as preexisting disease, dietary factors,
combination with other pollutants, and the presence of other
stressors. A wide variety of morphological changes have been
associated with inhalation of airborne contaminants, and both
acute and chronic exposures can directly affect the structural
integrity of the respiratory system.

The cells of the nasal, tracheal, and bronchial regions can be
relatively accessible with bronchoscopy, brushing, and biopsy.
In the TB region, markers of differentiated phenotypes are
useful in providing a direct indication of cellular damage.
Mucous glycoproteins are markers for alterations of mucous
cells and specific histochemical staining techniques are used to
characterize secretory cell products. A low-molecular-weight
protein appears to be a specific marker of Clara cell secretory
products. The presence of dynein appears to be a good marker
for structural changes in the ciliated cells. Other biochemical
markers (e.g., keratin expression, transglutaminase, and sulfo-
transferase) may reflect differentiation of TB epithelial cells.
Measuring such changes could provide early indication of
pathologic changes in easily accessible airways.

Inhalation of many types of toxic chemicals can cause
selective injury to the more proximal portions of the gas
exchange region of the lung. Because an early response to cell
injury from airborne pollutants is likely to result in prolifera-
tion of airway cells (e.g., epithelial cells, fibroblasts, and
macrophages), markers have been used to measure these
responses following exposure to various chemicals, e.g., ciga-
rette smoke, asbestos fibers, and oxidant gases. Using
morphometrics, the total number of cells in the lung and the
distribution of cells among the various types of alveolar cells
have been assessed in both humans and animals.

Cellular and biochemical markers have been widely used to
detect changes in the acellular and cellular content of nasal,
bronchial, or bronchoalveolar lavages. The response of these
regions to several inhaled substances, such as ozone, nitrogen
dioxide, ambient PM, fibrogenic material, and several trace
metals, can be measured by examining the lavage fluid to assess
any variation from normal. Indicators being used include the
presence of blood neutrophils and mast cells (markers of
permeability changes and influx of inflammatory cells), influx
of eosinophils and basophils (indicators of allergic reaction),
serum proteins (marker of increased permeability of alveolar–
capillary barrier), lactate dehydrogenase (marker of cytotox-
icity), and lysosomal enzymes (markers of activation or lysis of
macrophages). Other markers of effects that have also been
measured in lavage fluid include growth factor, interleukins,
arachidonate metabolites, and increase in prostaglandins.
Molecular-type markers to characterize changes in DNA and
RNA and changes in the extent or pattern of gene expression are
of most value since they aid the scientist in identifying indi-
vidual susceptibility to pulmonary disease or injury.

The epithelium of the conducting airways represents a tissue
that is uniquely sensitive to a number of inhaled toxicants and
that can show early histopathological damage when injured.
Such injury, in turn, often elicits a variety of acute responses.
The ciliated cells, which are distributed throughout much of the
length of the conducting airways, often exhibit morphological
damage, causing ciliary dysfunction and subsequent slowing of
mucous transport rate. It appears that the ciliated conducting
airway cells are very sensitive to direct-acting toxicants and that
secretory cells (i.e., mucous and Clara cells) are less sensitive.
Cilia may be reduced in length or diameter and exhibit reduced
surface density, and the cells may exhibit a variety of cyto-
plasmic changes, including dilated endoplasmic reticulum,
swollen mitochondria, and condensed nuclei. Tests for clear-
ance of marker substances have been used to demonstrate that
morphological effects on the cilia can result in a significant
reduction in mucociliary clearance. Cigarette smoke, sulfur
dioxide, alcohol, acidic aerosols, ozone, nitrogen dioxide, trace
metals, and certain bacterial infections are toxic to cilia, and
may lead to impairment of mucociliary clearance. Individuals
with bronchial carcinomas, cystic fibrosis, chronic bronchitis,
and certain infectious diseases, such as influenza, pneumonia,
and tuberculosis, show impairment of lung clearance. Disrup-
tion or impairment of this defense system may result in greater
accumulation of and potential injury by various airborne
substances, and increases the susceptibility to bacterial and
viral infections. Continued chemical exposure can cause
necrosis, and the subsequent sloughing off of ciliated epithelial
cells. The epithelial tissue may be repaired by the proliferation
of cells and, in areas of repair, the nonciliated cells often appear
to be more numerous. This repair process is initiated soon after
exposures end.
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The response of the alveolar epithelial to toxic chemicals
can be rapid, resulting in necrosis and subsequently sloughing
of the sensitive type I cells. This type of response is seen with
exposure to such toxicants as ozone and nitrogen dioxide, and
this stimulates the proliferation of the more resistant type II
cells, and this proliferative response typically peaks at w48 h
after onset of the initial injury to the type I cells. The increase in
number of type II cells can alter the diffusion capacity of the
pulmonary region.

Following lung injury, normal recovery depends on prompt
and orderly repair. The type and extent of the injury determine
whether cell replication results in the restoration of normal
structure or in abnormal remodeling that may lead to anatomic
distortion. Re-epithelization of any damaged respiratory area is
critical to maintenance of normal lung function. For example,
shortly after an injury, the alveolar surface may be denuded,
with only type II cells remaining. The type II cells begin to
replicate, resulting in the repopulation of the alveolar base-
ment membrane. Eventually, the replacement cells flatten and
begin to acquire the morphological features of the type I cells as
the air–lung interface is reconstituted. However, it is also
possible that in this repair process, a rapid migration of fibro-
blasts into the damaged area may occur. When this happens,
these cells begin to replicate and deposit connective tissue. This
alters normal air space architecture, resulting in pulmonary
fibrosis. Fibrosis results in a decrease in diffusion capacity and
in lung volume and compliance. Inhaled agents causing such
fibrosis in humans include silica, asbestos, organic dust,
cadmium fumes, Paraquat, and some infectious microorgan-
isms. The proliferation of epithelial cells, fibroblasts, and other
lung cells following exposure can be measured in vivo, and is
useful in studying the pathogenesis of pulmonary disease. Cell
proliferation assays are designed to quantify the relative rates of
cell division within such target tissues using specialized
immunohistochemical staining techniques to detect prolifer-
ating cells.

Alterations in capillary permeability are also often associated
with structural injury to endothelial cells. The endothelial
defects are less evident at low exposure concentrations, but
include cell swelling anddisruptionof thebasementmembrane.
The difference in the extent of epithelial and endothelial
damage can be explained by the different repair potential of
these two lining layers rather than any dissimilar reaction to
injury. The pulmonary endothelium is very susceptible to injury
by oxygen-based free radicals. It is especially sensitive to the
effects of high oxygen tension. Numerous studies have shown
that such lung oxygen damage is the result of a direct toxic effect
through intracellularly generated oxygen intermediates and
not solely by the recruited polymorphonuclear cells. Paraquat,
nitrofurantoin, cyclophosphamide, and bleomycin are among
substances known to injure endothelial cells.

Three-dimensional reconstruction of cells and tissues can be
used to study subtle changes in intracellular organelles and cell-
to-cell relationships that are affected by exposure. These tech-
niques have required advances in computer processing power
to supply the memory and appropriate algorithms necessary to
make this process technically feasible. Together with time-lapse
photography and high-voltage electron microscopy, computer-
time reconstructions can be used to study the effects of chem-
icals on cell function and regulation.
The main types of noncarcinogenic morphological
responses of lung cells to chronic exposure are hyperplasia,
hypertrophy, and metaplasia. In human studies, it is difficult
to identify the chemical(s) causing a chronic pulmonary
disease that is associated with morphological alterations due
to the long latency period involved. In many cases, the disease
symptoms may fail to be evident until after 20 or more years
of exposure, or after a latent period following the end of
exposure.
Specific Types of Response

This sections provides examples of some common, specific
manifestations of exposure to inhaled chemicals that involve
the various types of alterations previously noted.

Irritation
Although irritation often suggests a relatively mild, transient
effect, respiratory tract irritation is one of the most significant
airway responses, since it is frequently the first observable
adverse response of the airways following exposure to many
airborne materials. In addition, irritation often occurs at rela-
tively low exposure concentrations, depending on the specific
chemical. The number of single chemicals and common
mixtures that are known to be respiratory irritants is far greater
than that for other types of respiratory system toxicants. Many
common components of ambient air pollution, including
sulfur dioxide, acidic aerosols, nitrogen dioxide, ozone, and
various metal oxides, are respiratory irritants. This, along with
the fact that many people have personal experience with such
irritation, e.g., by household ammonia, cigarette smoke, or
photochemical smog, produces a high public awareness and
concern for the irritancy of airborne chemicals.

Agents that produce an irritant response upon initial contact
with airway tissues are termed direct irritants. The responses
may be mild to severe, with typical concentration dependence,
and they can be reversible depending on severity. Many organic
vapors that are potential workplace hazards are sufficiently
reactive to produce irritant injury to the airways. Examples
include aldehydes (e.g., acrolein), epoxy compounds (e.g.,
ethylene oxide and propylene oxide), halogenated alkanes
(e.g., bromotrichloromethane), aliphatic isocyanates (e.g.,
methyl isocyanate), and aliphatic nitro compounds (e.g., tet-
ranitromethane). Respiratory irritancy is the most frequently
used basis for setting occupational exposure limits, such as the
American Conference of Governmental Industrial Hygienists
Threshold Limit Values.

The mouse respiratory depression model of Alarie, which
was described in more detail earlier, has been used to provide
a lung function-based system for classifying and describing
the relative potency of respiratory tract irritants. Upper respi-
ratory tract irritants, the ‘sensory’ irritants of the Alarie model,
are usually water-soluble chemicals, such as formaldehyde,
ammonia, sulfur dioxide, and acrolein. The early effects
produced by such chemicals, including burning sensations of
the eyes and upper airways and the cough and bronchocon-
striction caused by irritation of conducting airways including
the larynx, as well as the decreased respiratory frequency in
mice, are neurally mediated reflex responses. Irritant receptors
in the conducting airways also respond to mediators, such as
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histamine, serotonin, and prostaglandins, and produce bron-
choconstriction via a reflex increase in vagal efferent activity.
Some human populations, such as asthmatics and the young,
may be especially sensitive to the effects of upper airway irri-
tants, responding at lower concentrations than the general
population. Irritants that penetrate to the deeper regions of the
lung, the pulmonary irritants of the Alarie model, are generally
less water soluble or, in the case of aerosols, have small particle
diameters. Examples include ozone, nitrogen dioxide, phos-
gene, and oxides of metals such as cadmium and beryllium.
Again, the early responses – cough, chest tightness, and sub-
sternal soreness in humans, rapid, shallow breathing in rats,
and respiratory depression in mice – appear to be neurally
mediated reflexes.

Although the initial responses to irritants are reflexes
mediated by irritant nerve endings, prolonged or repeated
exposures can result in cellular and tissue injury, edema, and
inflammation. Such irritant-induced structural effects have
been demonstrated for many sensory and pulmonary irritants,
e.g., chlorine, sulfuric acid, methyl isocyanate, formaldehyde,
ozone, and nitrogen dioxide. Some materials that produce
primary respiratory irritation have the potential to produce
long-term effects following repeated exposures. However, an
important question concerns the potential role of the irritant
response in the pathogenesis of chronic diseases, including
cancer.

The alveolar epithelial and endothelial cell layers that make
up the air–blood barrier control the passage of fluids and cells
between the air spaces of the lung and the interstitium. Damage
to this delicate barrier can cause an inflammatory response, and
the impairment of lung function. Changes in the permeability
of the alveolar–capillary barrier can lead to an infusion of
proteinaceous serous fluid (edema) and blood cells (neutro-
phils, macrophages, and eosinophils). This influx of cells
usually peaks within the first three to seven days of the
inflammatory response. If the inflammation is sustained, it is
usually accompanied by an immune response mediated by
pulmonary lymphocytes.

Inflammation is a normal response to irritants. However,
after entering the lung, inflammatory cells can actually enhance
the effect of the original insult, and this secondary effect can be
causally related to certain chronic lung diseases. Inflammatory
cells respond to injury by producing a number of potent
chemicals, such as cytokines, chemotactic factors, prostaglan-
dins, lysosomal enzymes, and reactive oxygen radical species.
Involvement of oxygen radicals has been suggested for
a number of pulmonary diseases related to exposure to
numerous agents, including asbestos, Paraquat, cigarette
smoke, ozone, nitrogen dioxide, and ionizing radiation. In
normal circumstances, the generation of oxidants by defense
cells is essential for effective host defense against invading
pathogens. However, oversecretion of these reactive oxygen
species results in oxidative stress, which can result in further
tissue damage. If the inhaled substance causes subsequent lysis
of inflammatory cells, highly active cellular products would be
released into the lung, where they could act directly on
pulmonary tissue. Macrophages, for example, release proteo-
lytic enzymes that can degrade intercellular components of
lung connective tissue and also interact with certain constitu-
ents of serum such as complement. These agents may, alone or
in combination, can produce functional impairment of other
cells and tissues.

Asphyxiation
Asphyxiants are chemicals that when inhaled deprive tissues of
oxygen. Any physiologically inert gas, including hydrogen,
nitrogen, helium, and methane, that is inhaled at a high
enough concentration to exclude an adequate concentration
of oxygen acts as a simple asphyxiant. Chemical asphyxiants,
such as carbon monoxide and cyanide, block the use of oxygen
at the cellular level, causing asphyxiation when inhaled if there
in an inadequate concentration of oxygen in the exposure
atmosphere. Carbon monoxide is an odorless and tasteless
byproduct of incomplete combustion of carbonaceous mate-
rials. Carbon monoxide poisoning continues to be a significant
public health concern because of accidental poisonings caused
by faulty ventilation of home-heating devices or automobiles.
Since the binding affinity of red blood cell hemoglobin is
200 times greater for carbon monoxide than for oxygen, car-
boxyhemoglobin formed at a relatively low concentration of
this gas can block oxygen transport by a large proportion of
hemoglobin. Full dissociation of carbon monoxide from
hemoglobin occurs following removal from the carbon
monoxide-containing environment. Therefore, poisoning is not
cumulative. Carbon monoxide is an air pollutant and compo-
nent of cigarette smoke, and smokers, parking garage workers,
and traffic policemen are repeatedly exposed at low levels.
Although asphyxiation is not a concern with such exposures,
transient neurobehavioral deficits or chronic cardiovascular
effects may develop. Another asphyxiant, cyanide, does not
block oxygen transport, but inhibits cytochrome oxidase, thus
inhibiting energy production within the cell.

Nonneoplastic Lung Disease
The main chronic nonneoplastic lung diseases associated with
structural changes can be conveniently classified into two
broad groups: restrictive lung disease and obstructive lung
disease. Both are associated with serious impairment of the
flow of gases into the gas exchange region of the lung.
Pulmonary function tests can be used to help distinguish
between these two diseases. A common form of obstructive
lung disease, namely chronic obstructive lung disease or
COPD, includes three major types – asthma, chronic bron-
chitis, and emphysema. In humans, a clear distinction between
emphysema and bronchitis is often not possible. Most patients
who have chronic bronchitis also have emphysema. The
resulting gas trapping and persistent slowing of airflow
make expiration difficult. The bronchial wall thickness may be
50–100% greater than normal. Individuals with COPD can be
recognized by their difficulty in performing more than light
to moderate exercise and having nonuniform distribution of
ventilation. They frequently have associated cardiovascular
disease, chronic cough, and recurrent expectoration. Existing
chronic bronchitis and asthma result in greater susceptibility to
the effects of air pollutants, including SO2, acid aerosols, and
other PM components. Forced peak expiratory flow is reduced
by greater bronchoconstriction, and respiratory symptoms can
increase during episodes of high ambient air pollution.

Chronic bronchitis is a major health problem associated
with long-term cigarette smoking, dusty environments such as
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grain elevators and coal mines, trace metal exposure (vana-
dium, arsenic, and iron oxide), phosgene exposure, and expo-
sure to ambient air heavily polluted with combustion products.
Chronic bronchitis is clinically evident as excessive bronchial
mucus production. Histological examination of human bron-
chial airways shows hypertrophy of mucus glands in the large
bronchi; chronic inflammatory changes, including cellular
infiltration and an accumulation of fibroblasts and connective
tissue; edema; and possibly increases in smooth muscle in the
airways. In the early stages, these effects are potentially revers-
ible, but in advanced stages they are irreversible. Additional
features of chronic bronchitis include inflammation of the
mucous membranes of the bronchial airways and a reduction
in the number of ciliated cells together with increased secre-
tions having abnormal physicochemical properties. These
effects ultimately result in impaired mucociliary transport.
Cough often aids as the clearance mechanism for excess mucus
in this case.

Asthma is defined clinically by recurrent episodes of airway
obstruction that reverse either spontaneously or with bron-
chodilator therapy. The airway obstruction is accompanied by
increased airway resistance due to bronchospasm, inflamma-
tion, and excessive mucus production. Bronchoconstriction,
airway closure, and gas trapping may eventually lead to respi-
ratory failure. Hyperresponsiveness often occurs with asthma,
making these individuals uniquely sensitive to exposure to
many other airborne chemicals.

Emphysema differs from the other two forms of obstructive
disorders in that there is evidence of anatomic alterations of the
lung characterized by abnormal, uneven, and permanent
enlargement of the air spaces distal to the terminal bronchioles,
resulting from the destruction and distension of the alveolar
walls. Airway restriction or collapse results from loss of sup-
porting tissue that normally maintains airway patency. Such
structural changes are associated with various pulmonary
functional abnormalities related to loss in lung elasticity and
decreases in normal diffusion capacity and forced expiratory
volume. Emphysema has been associated with long-term
exposure to coal dusts, cigarette smoke, osmium tetroxide,
cadmium oxide, and some common atmospheric pollutants.
When such chemicals are inhaled, they cause cell injury and an
inflammatory response. During this process, proteases, lyso-
somal enzymes, and oxidants are released during phagocytosis,
resulting in cell injury and cell death. To maintain structural
integrity under such conditions, the lung can respond with
biochemical modifiers such as antiproteases. A balance
between these two responses must be maintained, since these
reactive substances can degrade pulmonary elastin and
collagen, resulting in a destruction of the supporting structure
of the alveoli, and a subsequent loss in total lung surface area
and reduction in the ability of the lung to meet gas exchange
demands.

Restrictive lung disease occurs when the elastic properties of
the lung are so impaired that the lung becomes stiff, as in
fibrotic diseases related to exposure to certain particulate
materials like silica and asbestos. This disease condition is
characterized by a decrease in lung volumes, such as vital and
total lung capacity. Such restriction decreases the normal ability
of the lung to expand, making inflation of the lung more
difficult.
Fibrotic lung disease can result from chronic inflammation
in which the inflammatory process injures the lung and
modulates the proliferation of mesenchymal cells to form
a fibrotic scar. Practically any chronic injury that is capable of
sustaining a continued inflammation will produce some degree
of interstitial fibrosis. Such effects reflect a chronic, ongoing
process andmay ultimately involve the entire organ. The fibrotic
process involves damage to the normal alveolar architecture,
which in turn leads to activation of macrophages and release of
potent bioactive factors. These factors cause the mesenchymal
cells to proliferate and produce large amounts of collagen that
then accumulate in the interstitial space. This excess collagen
deposition leads to pulmonary fibrosis. It is interesting to note
that in the postexposure period, the fibrotic process tends to
continue. Once fibrosis occurs within a group of alveoli, it is
unlikely that those alveoli will recover. Fibrosis-producing
agents include some inorganic particulates (silica, beryllium,
coal dust, iron oxide, chromium, and asbestos), toxic gases
(ozone, nitrogen dioxide, and high concentrations of oxygen),
cigarette smoke, Paraquat, and a variety of immunotoxicants.

When the lung is chronically exposed to a contaminant that
is not easily removed or degraded, the lung may undergo
a process referred to as granuloma formation. This lesion is
characterized by accumulation of mononuclear cells (macro-
phages, lymphocytes, and giant cells) into a relatively discrete
structure. These granulomas may distort the interstitial archi-
tecture, interfering with the normal process of gas exchange,
and can cause tissue damage and fibrosis that may result in
permanent dysfunction and morbidity. Granulomas are
dynamic structures, in that freshly recruited monocytes are
continually entering the lesion and replacing mature cells.
Ultimately, these granulomas may resolve or become fibrotic
due to the influx and proliferation of fibroblasts. These lesions
may be initiated by infectious agents (e.g., mycobacteria,
fungi, and viruses) and inorganic substances (e.g., beryllium).
A common property of all such agents is their low biodegrad-
ability and persistence, often within the macrophage. Individ-
uals exposed to beryllium fumes may develop acute pulmonary
edema and pneumonia. While most of these individuals
recover, some develop chronic granulomatous lesions appear-
ing years after the initial exposure.

Carcinogenic Response
Because of the generally long latency period associated with
chemical carcinogenesis, it is often difficult to identify the
specific causative agent in human populations. Although there
are a number of short-term tests for determining genotoxicity,
these are generally used in screening, and have not replaced the
need for long-term animal testing. The basic premise of carci-
nogenesis research is that a substance that affects animal cells in
such a way as to cause cancer is highly likely to affect human
cells in the same way. This information can be used as an
indicator of the potential carcinogenic hazard to humans.
Respiratory tract cancers, like other forms, can be caused by
both external factors (e.g., chemicals, ionizing radiation,
viruses, and diet) or internal factors (e.g., hormones, genes, and
immune conditions) or the interaction of these. Evidence of
pulmonary carcinogenicity in animals can be based on an
increase in the incidence of a specific tumor type; the devel-
opment of a specific tumor type earlier than seen in controls;
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the presence of types of tumors normally not seen in control
groups; and an increase in multiplicity of tumors. As noted, in
the absence of adequate human data, it appears reasonable and
appropriate to predict that, with sufficient evidence of carci-
nogenicity in animals, the chemical presents a similar risk to
humans. Nearly all known human carcinogens have been
shown to be carcinogenic in some animal model.
Table 5 Carcinogenic agents associated with lung or pleu

Agents causing lung tumors in animal models

Organic chemicals
Gases
Benzenea

Bis(chloromethyl)ethera

Bromomethane (ethyl bromide)a

1,3-Butadienea

1,2-Dibromo-3-chloropropane
1,2-Dibromoethane
Dimethyl sulfatea

1,2-Epoxybutane
Ethylene oxidea

Formaldehydea

Methylene chloride
3-Nitro-3-hexene
1,2-Propylene oxidea

Tetrachloroethylene
Tetranitromethane
Urethan
Vinyl chloridea

Particles
Benzo(a)pyrenea

Polyurethane dust
Inorganic compounds

Metallic
Antimony compounds
Beryllium compoundsa

Cadmium chloridea

Chromium dioxidea

Nickel compoundsa

Titanium compounds
Nonmetallic
Asbestos fibersa

Zeolite fibers
Ceramic aluminosilicate fibers
Kevlar aramid fibers
Silicaa

Oil shale dusta

Quartz
Volcanic ash

Radionuclides
a-emitting radionuclide particles
b-emitting radionuclide particles
Radon and its decay productsa

Complex mixture
Cigarette smokea

Diesel engine exhaust
Gasoline engine exhaust
Coal tar aerosolsa

Artificial smog

aIdentified by IARC as chemical causing lung cancer in humans and re
Reproduced from Gardner, D.E., Crapo, J.D., McClellan, R.O., (Eds.), 1
Numerous chemicals have been identified as capable of
causing pulmonary cancer in both animals and humans. The
International Agency for Research on Cancer (IARC) notes that
there are adequate experimental inhalation studies in animals
for several chemicals. Table 5 lists chemicals that cause
lung neoplasia in laboratory animals and humans following
inhalation. Studies investigating the carcinogenic potential of
ral cancer in laboratory animals and humans

Agents associated with human lung cancer

Industrial processes
Aluminum production
Coal gasification
Coke production
Hematitemining, undergroundwith exposure to radan

Iron and steel founding
Painter, occupational exposure
Rubber industry

Chemicals for which exposure has been occupational
Asbestosa

Bis(chloromethyl)ethera

Chromium compounds, hexavalenta

Coal tarsa

Coal tar pitches
Mustard gasa

Nickel and nickel compoundsa

Sootsa

Talc containing asbestiform fibersa

Vinyl chloridea

Environmental agents and cultural risk factors
Erionite
Radon and its decay productsa

Tobacco smokea

spiratory cancers in animals.
993. Toxicology of the Lung. Raven Press, New York, NY.
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airborne chemicals usually focus on the morphological exam-
ination of tissue to determine the number of various types of
tumors, the number of tumor-bearing animals, the number
of tumors per animal, and the time of onset of the tumor. In
such studies, few biochemical or physiological assessments
are performed except for periodic hematological assays.

Carcinogens can be divided into two general types: those
that act directly and those that act indirectly. Direct-acting
carcinogens are those that interact with cellular constituents,
such as proteins and nucleic acids. There are relatively
few direct-acting carcinogens (e.g., bis(chloromethyl)ether,
ethylene oxide, and nitrogen mustard).

Indirect-acting carcinogens are substances that require
metabolic activation before they interact with cellular macro-
molecules. These agents are often referred to as pro- or pre-
carcinogens, and include certain cyclic and polycyclic aromatic
hydrocarbons (e.g., benzene and benzo(a)pyrene), aliphatic
hydrocarbons (e.g., methylene chloride and pesticides), nitro-
samines, and other chemicals such as urethane, formaldehyde,
and acrylonitrile. Both the indirect- and direct-acting carcino-
gens can ultimately react with the genetic material of the cell.
Such substances are referred to as genotoxic carcinogens, which
differ from nongenotoxic or epigenetic carcinogens that do not
appear to bind with the DNA of the cell but have other
mechanisms of action. Agents included in this latter group
include some types of fibers, trichloroacetic acid, and certain
plasticizers. These chemicals do not damage DNA, nor are they
mutagenic in standard short-term screening assays.

Examples of inorganic carcinogens include arsenic,
asbestos, chromium, and nickel. The chemical form is impor-
tant in determining the carcinogenic potential. For example,
beryllium sulfate is more carcinogenic than is beryllium oxide.
The difference may relate to the solubility of these compounds
in the lung and the actual dose of the chemical delivered to the
target tissue. Although beryllium, lead, cadmium, and silica are
carcinogenic in animals, the evidence in humans is less
substantial. Epidemiological studies have implicated nickel as
a carcinogen for cancer of the nasal cavity, lung, and possibly
larynx. Carcinogenicity of chromium is associated with slightly
soluble chromates (Crþ6), while the insoluble and very soluble
salts of chromic acid or trivalent forms show little or no car-
cinogenicity. Mesotheliomas, tumors of the pleural lining of
the lung and thoracic cavity, result from inhaled asbestos.
Quartz and silica are generally not considered to be carcino-
genic in humans, but some studies have demonstrated that
these substances may cause lung cancer in rats. High levels of
arsenic increase the risk of lung cancer, and trivalent arsenic
appears to be the most active form, and affect DNA synthesis
and repair.

The induction of nasal carcinomas following inhalation
exposure to several chemicals, including benzene, acetalde-
hyde, diallylnitrosamine, formaldehyde, hydrazine, and vinyl
chloride, has been reported. It is of interest that some chem-
icals, such as epichlorohydrin and bis(chloromethyl)ether, that
produce nasal carcinomas in rats also produce lung cancer in
humans. However, there is no epidemiological evidence indi-
cating an increased incidence of nasal cancer in workers
exposed to these industrial chemicals. Moreover, agents such as
nitrosamines that are delivered by other routes of exposure can
also induce tumors in the nose. For example, the consumption
of salted fish having high concentrations of volatile nitrosa-
mines may cause nasal tumors in experimental animals.

Tumors of the nasal passages can vary from small papil-
lomas and adenomas to large carcinomas that have the
potential to metastasize to other parts of the body. While most
of these neoplasms arise within the epithelium of the nose,
chemical carcinogens have also induced mesenchymal and
neuroectodermal neoplasms. Nasal tumors are encountered
most frequently. Laryngeal tumors are relatively rare, but have
been reported following exposure to smoke and acetaldehyde
vapors.

While many carcinogenicity studies have been conducted
using rats, there has been concern that the rat may not be an
appropriate model for studying particulate-induced pulmonary
tumorigenesis. One problem involves the finding that tumors
can be induced under conditions of so-called pulmonary
overload even with ‘inert’ particles. These overload tumors may
arise via mechanisms distinct from those normally associated
with pulmonary carcinogenesis. Another problem with inha-
lation studies conducted with rats is a lack of sensitivity for
detecting the induction of fiber-induced neoplasms, particu-
larly mesotheliomas. Rats develop a low incidence of such
tumors following exposure to amosite or crocidolite, which are
known to cause tumors in humans.

In an effort to increase sensitivity, investigators have used
exposure methods other than inhalation, such as intratracheal,
intrapleural, and intraperitoneal delivery. There is significant
concern over the induction of cancers by these non-
physiological exposure routes. Cancers induced by intracavity
instillation may be due more to chronic inflammation and
fibrosis from the ‘bolus effect’ rather than to the mechanisms of
fiber-induced proliferative disease that normally occurs
following the inhalation route of exposure. With intratracheal
instillation, the distribution of material in the lung is not
uniform, and the resulting lesions differ from those reported in
inhalation studies. It is generally agreed that long-term rodent
inhalation studies provide the most definitive animal data for
extrapolation to human assessment.

While many carcinogenicity studies on individual chemicals
have been conducted, the study of complex mixtures presents
a formidable scientific challenge for the toxicologist. One of the
most difficult tasks is related to finding the primary causative
agents of the effects. Examples of complex mixtures that have
been studied for carcinogenicity include tobacco smoke and
diesel engine emissions.

Cigarette smoke has been extensively studied due to its
association with human lung cancer. However, it is not an
impressive inducer of lung tumors in experimental animals.
Lung tumors have been observed following long-term exposure
using special strains of mice. While there have been many
studies of tobacco smoke using the laboratory rat, only one
study showed an increase in lung tumors. Syrian hamsters
exposed to whole smoke have developed laryngeal cancer, but
not lung tumors. This may be the result of an unusual increase
in deposition of the inhaled smoke at this site in the hamster.

Inhaled chemicals can cause neoplasms at sites other than
the respiratory tract. For example, exposure to vinyl chloride,
butadiene, acrylonitrile, and ethylene oxide by inhalation may
produce a significant increase in cancer incidence in other
organs (liver, brain, and blood) as well as in the lung. Often,
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the neoplasms in other organs have a higher incidence and are
a more serious health risk than the lung tumors.
Risk Assessment of Airborne Chemicals

Risk assessment has been defined as the process whereby
biological, dose–response, and exposure data are used to
identify and characterize risk from exposure. This process
involves estimating the probability and specifying the condi-
tions that accompany the risk. In assessing risk, toxicologist
must weigh many kinds of evidence in reaching expert opin-
ions often based on multiple studies. This information is used
to produce a qualitative or quantitative estimate of the prob-
able risk to human health resulting from exposure to the
airborne chemicals. This entire process was significantly
improved when the National Research Council evaluated the
role of risk assessment as it relates to toxicology, and devel-
oped uniform guidelines for federal agencies to use in evalu-
ating risks to human health associated with chemical exposure
and to ensure that the best scientific data were evaluated
during the review process. They categorized the process into
four steps: hazard identification, dose–response assessment,
exposure assessment, and risk characterization. The process,
summarized in Figure 5, is now widely used in evaluating the
risk of inhaled chemicals.

The important question in risk analysis is not simply what is
the specific toxic response to some chemical but, rather, what is
the likelihood that the chemical may actually produce, under
conditions of actual human exposure, significant health effects.
There are multiple reasons for conducting risk assessment for
airborne materials. In addition to using the information for
establishing federal, state, and local governmental regulations
necessary to protect the worker or the general public, risk
assessment is also of value in identifying data gaps and plan-
ning future research. It also provides a useful integration of our
existing knowledge database. Since risk analysis is being used
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Figure 5 Summary of the process used in evaluating the risk of inhaled che
to establish air standards by policymakers, the toxicologist
must play a key role in this process.

While each assessment is unique, there are certain basic
principles that are common to all. This discussion concentrates
on those that are appropriate for airborne chemicals. In utilizing
data for risk assessment, certain assumptions have to be made.
For noncarcinogenic effects, it is assumed that adverse effects
will not occur below a certain level of exposure, even if the
exposure continues over a lifetime. This threshold assumption is
supported by the fact that the toxicity of many chemicals,
including airborne materials, is manifested only after the
depletion of a physiological/biochemical reserve, and that the
various host biological repair and defense capabilities can
accommodate a certain degree of damage. In such cases, the
objective of the toxicological risk assessment is to establish, with
best scientific certainty, a threshold dose below which adverse
health effects are not expected to occur. For carcinogenic effects,
especially those considered to be due to genotoxic events (e.g.,
mutations), a threshold may not exist. Regulatory agencies
consider that exposure to carcinogens pose a finite risk at all
doses, and that the probability of developing cancer increases
with increased dose. The US EPA, in assessing the risk of
carcinogens, assumes that the same total daily body burden will
give the same tumor incidence, regardless of the route of
exposure. This approach does not consider that some tumors at
the site of contact (e.g., following inhalation) may be site
specific or that the dose to a target organ may be modulated by
the route of exposure. An important implication of this is that
all levels of exposure, however small, add to the background risk
and, thus, the experimental data are usually never adequate to
exclude the possibility of added risk for an exposed population.

Effectively predicting the human health risk from exposure
to airborne contaminants is complex and requires reliable
data for hazard identification, an understanding of dose–
response relationships, and an analysis of the human expo-
sure scenario. Significant advances have been made in inhala-
tion toxicology in accumulating useful data to support hazard
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identification and dose–response assessment. Typically applied
or administered dose, rather than delivered dose, is used to
develop dose–response relationships. The development of
sensitive analytical instrumentation permits the exposure to
and monitoring of chemicals at increasingly lower concentra-
tions. This is important not only in conducting laboratory
studies, but also in developing techniques useful for assessing
total human exposure of individuals or populations.

The first step in risk assessment is to identify the potential
deleterious effects of the substance, i.e., hazard evaluation.
Frequently, risk assessment is conducted based on limited data.
In cases in which the most relevant data are not available,
attempts are often made to extrapolate from other toxicological
information regardless of the route of administration or the
concentration/dose used to produce a certain effect. Using such
informationmay not ensure the protection of human health and
may result in either overregulating or underregulating the risk of
the chemical in question. The most reliable and scientifically
defensible risk assessment analysis should be based on toxico-
logical data collected under exposure conditions that are realistic
and relevant to human exposure, i.e., by the same route of
exposure, for similar duration, and in quantities that mimic the
expected human exposure. All these factors are known to
modulate the dose of the inhaled pollutant or its metabolites
and, hence, the toxicological effects resulting from exposure.

Being able to determine whether people exposed to
airborne chemicals are at significant risk and the magnitude of
the risk requires meaningful exposure assessment analysis. This
analysis should include all exposures a person has to a specific
contaminant, regardless of environmental medium (air, water,
food, or soil) or the route of entry (inhalation, ingestion, or
dermal contact). Exposure assessment can provide information
on the distribution of the contaminant exposure within
a population, the dose received, and routes of entry into the
body. Inhalation exposure can be assessed using personal
monitors near the breathing zone of the individuals. Passive
samplers for air contaminants frequently use diffusion or
permeation to concentrate the airborne material on a collecting
medium, which is then returned to the laboratory for analysis.
These samplers have been used for volatile organics, nicotine,
formaldehyde, nitrogen dioxide, and carbon monoxide. Active
samplers use small pumps to draw contaminated air through
some collecting medium for analysis or through some form of
direct-reading detector. When appropriate biomarkers are used
in combination with personal exposure data, an indication of
internal dose can be estimated. For example, blood and urinary
cotinine levels can be linked to nicotine concentrations in air,
and blood carboxyhemoglobin levels can be related to carbon
monoxide concentrations in air.

Exposure assessment qualitatively and quantitatively
characterizes the potential for exposure, and includes the
identification of the contaminant, contaminant sources, envi-
ronmental media of exposure, chemical and physical proper-
ties of the airborne substance, and the intensity and frequency
of the exposure. Important improvements have been made in
developing and validating reliable biomarkers of health effects
and of exposure. Conventional analysis of body samples, such
as urine, blood, exhaled air, and tissue, is useful for determi-
nation of dose. Detailed toxicokinetic studies in animals
have provided information on the dose–response relationship.
Physiology-based mathematical modeling of toxicokinetic
parameters measured in animal studies has allowed easier
interpretation and extrapolation of these animal data to human
exposures.

Developing reliable dose–response data from well-
conducted inhalation studies is an essential step in the over-
all risk assessment process. With inhalation exposure, more so
than with other routes of exposure, special attention needs to
be paid to the difference between exposure and dose. As noted
earlier, in assessing health effects, exposure is often used as
a surrogate for dose. However, when this is done, important
factors that may significantly modify the predicted effect (these
factors include physical–chemical characteristics of the mate-
rial, protective mechanisms, metabolism, and biological char-
acteristics of the subject) are ignored. Defining the appropriate
dose resulting from a certain exposure becomes a more difficult
task when the exposure involves complex mixtures of airborne
material, such as automobile emissions, cigarette smoke, and
atmospheric pollutants.

The final step, risk characterization, provides both a quali-
tative and a quantitative description of risk involving the
integration and analysis of the existing database to provide
a numerical estimate of the incidence of the adverse effect in
a given population, assuming specific conditions of exposure.
A lowest observed adverse level (LOAEL) or a no observed
adverse effect level (NOAEL) approach has been used for
noncarcinogenic inhaled substances. These are assumed to act
through a threshold mechanism, indicating that below
a threshold dose no adverse effect would be expected.

The existing methods available for scientifically defensible
risk characterization are not yet ideal since each step has an
associated uncertainty resulting from data limitation and
incomplete knowledge on exact mechanism of action of the
toxic chemical on the human body. For noncancer endpoints,
safety factors or uncertainty factors are applied since these
effects are assumed to have a threshold below which no adverse
effect is expected to be observed. US EPA has used the concept
of a reference concentration (RfC) to estimate acceptable daily
human exposure from hazardous air pollutants. The RfC was
adapted for inhalation studies based on a reference dose (RfD)
method previously used for oral exposure assessment. The
derivation of the RfC differs from that for the RfD in the use
of dosimetric adjustment to extrapolate the exposure concen-
tration for animals to a human equivalent concentration.
Both are estimates, with uncertainty spanning perhaps an order
of magnitude, of a daily exposure to the human population,
including sensitive subgroups, which would be without
appreciable risk of deleterious effects over a lifetime.

The RfC is estimated based on available knowledge of the
toxic response of both humans and animals. Appropriate
uncertainty factors (UF) and modifying factors (MF) are
incorporated into the equation:

RfC ¼ NOAEL=ðUFÞ � ðMFÞ
Table 6 indicates how these factors are used in deriving

appropriate risk characterization.
These factors are intended to provide a sufficient margin of

safety to be associated with zero risk of adverse effect.
For carcinogens, risk is estimated based on human and

experimental animal data and other supporting evidence of



Table 6 Application of uncertainty factors in deriving RfC

Type Magnitude Purpose

Interindividual 10 Intended to account for the variation in sensitivity among
the human population

Interspecies 10 Used to account for uncertainty in extrapolating results
from animals to average human population

Subchronic to chronic 5–10 Used to account for uncertainty in extrapolating less than
chronic exposure results on animals or humans when
no long-term human data are available

LOAEL to NOAEL 5–10 Accounts for the uncertainty inherent in extrapolation
downward from LOAEL to an NOAEL

Incomplete to complete data 10 Used when experimental data are incomplete. This factor
is intended to account for the inability of any single
study to adequately address all possible adverse effects
in humans. Depends on scientific judgment of the
uncertainties of the study and database
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carcinogenicity (e.g., structure–activity correlations, kinetics,
and in vitro data). Decisions on the carcinogenicity of chemicals
in humans need to be based on considerations of all relevant
data, whether they are indicative of a positive or negative
response, and should embody sound biological and statistical
principles.

However, because animal carcinogens are not the same with
respect to potency, target organs, mechanism, and so forth, and
thus are not equally relevant to humans, risk assessment is on
a weight-of-evidence basis. The weight-of-evidence evaluation
of carcinogenic hazard to humans provides a basis for carcin-
ogen classification and potency estimation. These assessments
involve fitting mathematical models to experimental data and
extrapolating from these models to predict risk at doses well
below the experimental range. A range of risks can be produced
using different models and assumptions about dose–response
curves and the susceptibility of humans and animals to the test
agent. Both IARC and US EPA have established a weight-of-
evidence classification for carcinogens. They are similar, but
the IARC method does not address the potency of carcinogens,
whereas the US EPA approach offers a means for developing
quantitative estimates of carcinogen potency.
See also: Absorption; Ames Test; Animal Models; Biomarkers,
Human Health; Carcinogenesis; Clean Air Act (CAA), US;
Combustion Toxicology; Donora: Air Pollution Episode;
Dose–Response Relationship; Emergency Response and
Preparedness; International Agency for Research on Cancer.
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l Name: Rhodium
l Chemical Abstracts Service Registry Number: 7440-16-6
l Synonyms: Rhodium metal, Elemental rhodium
l Molecular Formula: Rh
l Valence States:þ1,þ2,þ3,þ4,þ5,þ6; (þ3 being the most

common)
Background Information

Rhodium is one of the platinum group elements, and is found
at very low concentrations in the Earths crust. Rhodium was
discovered by William Hyde Wollaston (England) in 1804. The
origin of the name comes from the Greek word rhodon,
meaning rose. The plated solid is very corrosion resistant and
exceptionally hard. While inert in air and acids, it can produce
a violent reaction to chlorine, bromine pentafluoride, bromine
trifluoride, and fluorine monoxide.
Uses

Rhodium is used as an alloy with platinum and as a corro-
sion-resistant electroplating agent for protecting silverware
from tarnishing, for making high-reflectivity mirrors for
cinema projectors, and searchlights. It can be used as a catalyst
for chemical reactions, particularly the oxidation of ammonia
in the production of nitric acid. Rhodium is also commonly
used as a plating for inexpensive jewelry because it is
extremely shiny and tarnish resistant. It is actually a very
expensive metal; however, only a microscopically thin layer is
needed.
Environmental Fate and Behavior

The most common route by which rhodium enters the envi-
ronment is as a component of automobile exhaust resulting
from use of catalytic converters. Rhodium is insoluble in water
and all acids, with the exception that very finely separated
material may be dissolved in concentrated sulfuric acid and
aqua regia.

Being largely inert, rhodium can undergo long-range
transport, and particulate phase matter generally leaves the
atmosphere by wet or dry deposition. In an aqueous envi-
ronment, rhodium can form complexes with halide and
nitrogen donor ligands, which may be water soluble, but
reactions can be dictated by pH, redox potential, and what
material is available for creating ligands. Reactions in soil can
depend on these same factors, as well as chloride
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concentrations, and rhodium is seen to be mobile only in
highly acidic soils.

Rhodium has been seen to bioaccumulate in both fresh and
salt water species, and has the potential to biomagnify.
Exposure and Exposure Monitoring

The common routes of exposure are by inhalationand ingestion.
Ingestion is rare, although bioaccumulated rhodium in seafood
andherbivores has become amore significant source. Inhalation
of significant amounts of rhodium is generally limited to occu-
pational settings; however, cases are infrequent at best. Small
quantities of rhodium are inhaled via automobile exhaust.

More studies need to be conducted for relevant data on
environmental levels of rhodium.
Toxicokinetics

Less rhodium is taken up by organisms than the other platinum
group elements, with primary storage in the liver and kidneys.
Exposure to air or particulate matter near roadways or areas of
high traffic will increase exposures. There is relatively little
information on the toxicokinetics of rhodium available.
Mechanism of Toxicity

Enzymes that have essential sulfhydryl groups in or near the
activation sites are completely inhibited. It is thought that
rhodium compounds bond to DNA, RNA, or the correspond-
ing purines and inhibit their synthesis.
Acute and Short-Term Toxicity (or Exposure)

Animal

Oral toxicity studies in rats showed that rhodium trichloride,
sodium chlororhodite, and chloropentamine rhodium chlor-
ide(III) are of low systemic toxicity. Rhodium has also been
shown to cause allergic contact dermatitis in guinea pigs.
Human

No toxic effects of rhodium have been reported from obser-
vations of humans. Workers wearing rings coated with
rhodium showed negative rhodium patch tests while all other
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00921-0
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metals in the rings gave positive results. It has been reported
that inhalation of excessive amounts of fine rhodium metal
powder or dust may cause irritation of the respiratory system,
and that eye contact with fine powder or dust may cause irri-
tation (mechanical irritation).
Chronic Toxicity (or Exposure)

Animal

Rhodiums carcinogenic potential has not been fully
established.
Human

A potential symptom of overexposure to metal fumes and
insoluble compounds is respiratory sensitization. A variety of
rhodium compounds have been tested against various types of
tumors and have been shown to have antitumor activities.
However, the toxic effects of most of the compounds
studied have prevented detailed examination (e.g., clinical
trials), and their mechanism of action has not been studied
systematically. Recent structural studies suggest that the anti-
tumor activity of the dirhodium(II) carboxylates may be
similar to that of cisplatin, that is, by binding to adjacent
guanines on DNA.
Immunotoxicity

Lymphocytes and macrophages show a different reaction of
neutrophils to metal toxicity. Additional testing needs to be
done in order to produce definitive immunotoxic effects for
rhodium.
Reproductive Toxicity

There are no data available on the reproductive toxicity of
rhodium and its compounds. There are limited data on the
reproductive toxicity of platinum, and it is believed that effects
would be similar within the platinum group. Effects seen with
platinum include a slowing of heart rate, a lowering of general
weights, and a general slowing of development.
Genotoxicity

Water-soluble complex salts of rhodium have been shown to
have mutagenic potential in the Salmonella typhimurium/
microsome test system (Ames test). Rhodium is the least toxic
of the platinum group of metals.
Carcinogenicity

The American Conference of Governmental Industrial
Hygienists (ACGIH) has classified rhodium as group A4: not
classifiable as to its carcinogenicity in humans. There is no
available International Agency for Research on Cancer evalua-
tion of rhodium.
Clinical Management

Treatment is generally symptomatic. In cases of ingestion, use
of gastric lavage is recommended if a large amount is ingested
shortly before treatment, and in cases of longer exposure, slurry
of activated charcoal can be administered. In cases of inhala-
tion, breathing assistance may be required, and affected eyes
should be irrigated. There is no specific antidote or chelator for
rhodium toxicity.
Exposure Standards and Guidelines

The ACGIH threshold limit value, 8 h time-weighted average is
1.0mg m�3 (as the metal and insoluble compounds), and the
US National Institute for Occupational Safety and Health
(NIOSH) recommended exposure level, averaged over a 10 h
workday, is 0.1mg m�3. NIOSHs immediately dangerous to
life or health value is 100.0mg m�3 (as the metal fume and
insoluble compounds).

See also: Platinum; Cisplatin.
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l Chemical Name: Riboflavin
l Chemical Abstracts Service Registry Number: 83-88-5
l Synonyms: Vitamin B2; Beflavine; Flavaxin: Flaxain; Lacto-

flavin; 7,8-dimethyl-10-(10-D-ribityl) isoalloxazine
l Chemical/Pharmaceutical/Other Class: Water-soluble

vitamin
l Molecular Formula: C17H20N4O6

l Chemical Structure:
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Background

A water-soluble B fraction was found in the 1920s to contain
a yellow, fluorescent growth factor called riboflavin in England
and vitamin G in the United States. In the early 1930s, several
groups found the coenzyme forms of riboflavin 50-phosphate
(flavin mononucleotide) and the further conjugate with ade-
nylic acid (flavin adenine dinucleotide).
Uses

Riboflavin is a vitamin used during the periods of deficiency
known as ariboflavinosis. Riboflavin deficiency usually occurs
in association with malabsorption, alcoholism, or protein-
calorie deficiency and is rarely the sole vitamin deficiency.
Riboflavin needs are increased during chronic debilitative stress
to the body such as malabsorption diseases of the small
intestine, liver disease, hyperthyroidism, and alcoholism and
during pregnancy and lactation. Neonates undergoing photo-
therapy for hyperbilirubinemia also have increased nutritional
needs.
Environmental Fate and Behavior

Physicochemical Properties

Riboflavin has the appearance of a yellow to orange amor-
phous solid and imparts an orange color to the B vitamin
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tablets. Riboflavin has a melting point of 290 �C, a density of
1.65, and a refractive index of 135�. The pKa is 9.888 and log P
is 0.095. Riboflavin has solubility in water of 0.1 g l�1.
Exposure Routes and Pathways

The route of exposure is oral. Dietary sources of riboflavin and
its coenzymes include broccoli, spinach, asparagus, enriched
flour, yeast, eggs, milk, cheese, mackerel, trout, poultry, liver,
and kidneys.
Toxicokinetics

Riboflavin, which is only moderately water soluble, is absorbed
from the gastrointestinal tract but is limited to about 27 mg at
any one time from an oral dose given to an adult. Hence, mega
doses would not be expected to increase significantly the total
amount absorbed. It is hepatically metabolized, protein
bound, and widely distributed to tissue; however, little is stored
in the liver, spleen, heart, and kidneys. Riboflavin is excreted
renally as metabolites, which have been oxidatively cleaved in
the ribityl side chain and converted to hydroxymethyls in the
ring methyl functions. Riboflavin in excess of daily body needs
is excreted unchanged in the urine. Riboflavin exhibits biphasic
pharmacokinetics with initial and terminal half-lives of 1.4 and
14 h, respectively.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute toxicity is not expected. The LD50 in rats is
>10 000 mg kg�1 orally. The LD50 for intraperitoneal admin-
istration in rats is 560 mg kg�1. The LD50 for subcutaneous
administration in rats is 5000 mg kg�1.

Human

Acute toxicity is unlikely following even 100 times the rec-
ommended daily allowance. There are no reports of acute
toxicity from exposures to riboflavin.
Chronic Toxicity (or Exposure)

Animal

It would be unlikely for animals to be given chronic riboflavin
overdoses.
Human

Chronic exposure to large doses of riboflavin will cause a bright
yellow discoloration of the urine.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00780-6
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In Vitro Toxicity Data

There are no reports of congenital anomalies among children
born to mothers who used large doses during pregnancy. Pho-
totherapy may involve some risk as light-activated riboflavin
can lead to some oxidations of DNA and unsaturated lipids.
Clinical Management

In cases of chronic excessive use, the patient should be
instructed to discontinue the supplement.

See also: Vitamin A; Vitamin C (Ascorbic Acid); Vitamin D;
Vitamin E; Thiamine.

Further Reading
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Acid, Biotin, and Choline. National Academy Press, Washington, DC (Chapter 5).
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(Eds.), Present Knowledge in Nutrition, tenth ed. ILSI/Wiley, Washington, DC
(Chapter 18).
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l Chemical Name: Ricin
l Background: Ricin is the most common, ubiquitous, and

well known of the toxalbumins. It is derived from the castor
bean and fortunately does not readily contaminate nature.
The castor bean is commonly encountered, however, and its
use is widespread. This substance is highly toxic and affects
cells at the ribosomal level, resulting in cell death. In
addition to accidental exposures, it has the potential to be
used as a biological weapon. Symptoms of ricin poisoning
vary based on the route of exposure as well as the amount
one is exposed to. Once exposure has occurred, treatment is
mainly supportive as there is no antidote.

l Representative Chemicals: Ricin; Other toxalbumins with
similar ricin-like properties: Abrus precatorius (jequirity pea,
rosary pea), Trichosanthes spp. (Chinese cucumber), Robinia
pseudoacacia (black locust), Phoradendron spp. (American
mistletoe) and Viscum spp. (European mistletoe), and
Wisteria spp. (wisteria)

l Chemical Abstracts Service Registry Number: 9009-86-3
l Synonym: Ricinus communis (castor bean)
l Chemical/Pharmaceutical/Other Class: Type 2 ribosome

inactivating proteins
l Chemical Structure: Ricin is a heterodimeric ribosome-

inhibiting protein consisting of an A-chain (RTA), linked by
a disulphide bond to the B-chain (RTB). The total molecular
weight is 66 000 Da, with the A-chain contributing 32 kDa,
and the B-chain 34 kDa. The A-chain is a globular protein
composed of 267 amino acids containing eight alpha
helices and eight beta sheets, with the toxin’s substrate
binding site located within the cleft. The B-chain is the
binding lectin composed of 262 amino acids, shaped like
a barbell, and has a binding site specific for membrane
sugars at each end (galactose and N-acetyl galactosamine).
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Uses

Ricin is the most well known, and ubiquitous, of the tox-
albumins. Castor beans are used in the production of castor
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oil, a major constituent in lubricants, brake fluids, and
hydraulic fluids. During the production process, 5–10% of
the aqueous phase, also known as ‘waste mash,’ is recov-
erable as ricin. In addition, castor beans and jequirity peas
are used extensively throughout Mexico and Central
America for ornamental purposes in items such as necklaces,
prayer or rosary beads, and the rattles in musical shakers
(maracas).

Other than ricin, several other toxalbumins exist in nature,
including Wisteria frutescens, Abrus precatorius (precatory bean),
Abrin, Wisteria sinensis (Chinese wisteria), Viscum album
(European mistletoe), Phoradendron tomentosum (Christmas
mistletoe), and Trichosanthes kirilowii (Chinese cucumber).
Exposure Routes and Pathways

Once produced, ricin remains stable in powder, aerosol, solid
pellet, or liquid form. Ricin may be dissolved in water or weak
acid, and remains stable at even the most extreme of temper-
atures. It is believed to be one of the most toxic naturally
occurring substances in the world. The toxins are present in all
parts of the plant but are most concentrated in the beans or
seeds. The beans are covered by a hard, relatively impervious
outer shell that must be chewed or broken in some way in order
for the toxalbumin to be released.

Possible routes of exposure include cutaneous, mucosal,
gastrointestinal, inhalational, and parenteral (intravenous or
intramuscular). Gastrointestinal exposures are usually acci-
dental and occur most commonly when castor (ricin) or
jequirity (abrin) beans are chewed or swallowed. Cutaneous
exposures are limited primarily to castor beans, which are
unusually allergenic and may cause severe cutaneous hyper-
sensitivity and systemic allergic reactions. Inhalational and
parenteral exposures are generally limited to intentional,
usually malicious, exposures.
Toxicokinetics

Although acute hypersensitivity and allergic reactions can be
triggered by casual dermal contact, cutaneous absorption of the
toxin through intact skin is negligible, and person-to-person
transmission has not been documented. Ricin powder is
extremely irritating to the eyes and may result in severe
inflammation and hemorrhagic conjunctivitis; however, very
little is absorbed systemically. Ricin is inefficiently absorbed
via the gastrointestinal tract (LD50 ¼ 30 mg kg�1). Absorption
via inhalation is much more efficient (LD50 ¼ 3 mg kg�1).
The overall lethality of an inhalational exposure is directly
related to the particle size of the aerosol carrying the toxin.
The smaller the particle, the higher the lethality. The highest
potential lethality is seen with direct parenteral exposures
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00648-5
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(LD50 ¼ 1 mg kg�1). Ricin does not undergo any significant
hepatic or renal metabolism.
Mechanism of Toxicity

Ricin contains two basic components necessary for it to enter
cells and inhibit protein synthesis. The ligand portions of the
B-chain act to bind to galactose moieties of the cell membrane
and facilitate endocytosis of the entire ricin molecule into the
cell, where it is transported via endosomes to the Golgi
apparatus and endoplasmic reticulum. Once there, the
A-chain is translocated into the cytosol where N-glycosidase
modifies a base (A4324) in an exposed loop of the 28S rRNA
fragment of the 60S RNA chain. Requiring no energy or
cofactors, it catalytically and irreversibly inactivates the 60S
ribosomal subunit, halting all further protein synthesis, and
thereby causing severe cytotoxic effects on multiple organ
systems.
Acute and Short-Term Toxicity (or Exposure)

Animal

Ricin has been used with a variety of different lectins and
different specificities to map cellular patterns of glycosylation
and intracellular transport in animals. Studies have confirmed
the importance of N-acetyl galactosamine residues on the cell
surface. In studies mapping the effects of ricin, ultrastructural
analysis reveals that ricin binds to galactose on the cell
membrane, is endocytosed, and then sequentially causes the
dispersion of polyribosomes as the rough endoplasmic retic-
ulum disorganizes into smooth vesicles. Finally, the cell bodies
(perikaryon) swell, the nuclei degenerate, and the entire cell
disintegrates.
Human

Although fatalities have been reported following ingestion of
chewed castor beans, severe toxicity secondary to accidental
exposure is rare. According to the American Association of
Poison Control Centers, of the reported toxalbumin cases
with known outcomes, 65% have no symptoms and 31%
have only minor symptoms. Although chewing and swal-
lowing one bean may produce symptoms in an adult, swal-
lowing an intact bean without chewing is unlikely to cause
any serious sequelae. Significant mastication of up to eight
castor beans is required to cause toxicity due to gastrointes-
tinal absorption.

Toxic effects of ricin have latent periods ranging from 2 to
24 h. Symptoms include delayed gastroenteritis, which may
be severe and hemorrhagic, followed by delirium, seizures,
coma, and death. Toxic effects include intestinal hemorrhage,
diffuse nephritis, hepatic necrosis, and, on a cellular level,
pyknosis of the nuclei and karyorrhexis. Patients may expe-
rience hypoglycemia, severe dehydration, and shock. Severe
exposures may also result in the development of pulmonary
edema, respiratory failure, and death within 36–72 h. If
death has not occurred in 3–5 days, the victim usually
recovers.
Clinical Management of Poisoning

Clinical management begins with an assessment of the most
important features associated with toxic environmental expo-
sures: identification of the substance, time, type, and duration of
exposure, symptoms, treatment thus far (i.e., decontamination
measures performed, support of respiratory status, intravenous
fluid administration, or any medications to support to treat
hypotension or seizures), associated injuries, and preexisting
conditions. Chief among these is to determine if any of the beans
has been chewed or swallowed. All exposures should be reported
to the regional poison control center. Decontamination is
essential to minimize the risk of further harm to the patient, and
to reduce the risk of secondary contamination to others.
Decontamination begins by removing all clothing and washing
the patient’s entire dermal surface with copious amounts of soap
and water. An alternative is to use a dilute bleach mixture with
a contact time of 15 min (0.5% sodium hypochlorite solution –

approximately 1 part bleach to 9 parts water).
Treatment options are largely supportive. An assessment

should first be made for airway patency and adequacy of
breathing. Circulation may become affected as shock develops
secondary to severe gastroenteritis. The following laboratory
studies are recommended for all symptomatic patients:
complete blood count, electrolytes, and coagulation studies
(prothrombin time, activated partial thromboplastin time). In
cases of uncertain or unknown exposure, there is an enzyme-
linked immunosorbent assay test available for the detection
and verification of the presence of ricin.

Patients may develop severe cutaneous hypersensitivity or
systemic allergic reactions. Signs may include the development
of an urticarial hive-type reaction, facial or tongue swelling,
bronchospasm, and acute upper airway obstruction. Treatment
includes antihistamines, corticosteroids, and, if necessary,
epinephrine.

Any further definitive treatment options are limited. Neither
induced vomiting with syrup of ipecac nor gastric lavage is
believed to be beneficial or is recommended. Administration of
activated charcoal has been suggested as a possible treatment to
absorb toxin; however, the potential benefit (if any) remains
unproven. Whole bowel irrigation has also been suggested as
a possible treatment option to ensure rapid and complete
decontamination of the gastrointestinal tract; however, the
potential benefit (if any) remains unproven. There are no anti-
dotes, and the toxins are not dialyzable. The mainstay of treat-
ment remains, therefore, largely supportive with attention to
fluid, glucose, and electrolyte replacement. Symptomatic patients
should be admitted to the hospital; asymptomatic patients may
be discharged safely after observation for at least 4–6 h.

Ricin, although the most common toxalbumin, is only one
of many that are present in our environment. Other tox-
albumins in nature include W. frutescens, A. precatorius (preca-
tory bean), Abrin, W. sinensis (Chinese wisteria), V. album
(European mistletoe), P. tomentosum (Christmas mistletoe),
and T. kirilowii (Chinese cucumber). Exposure to any or all of
these other toxalbumins may or may not cause toxicity in those
who are exposed.

Abrin is a natural poison that is located in the seeds of the
jequirity pea. Abrin is similar to ricin, but is noted to be much
more poisonous. This seed is common in many tropical
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environments, and although it is a stable substance that can be
made in a powder, mist, or pellet form, it has never been
known to have been used during any wars or terrorist attacks.
The seeds have been used to make jewelry and as a herbal
remedy in indigenous areas. Accidental exposure to abrin is
unlikely and any significant exposure would likely be due to
a deliberate act. It is possible to inhale abrin if in the form of
a mist or powder, to be exposed topically via direct contact with
droplets, or it could be ingested if in food or water. Once
exposed, toxicity will manifest itself depending on the route of
exposure. Inhalational exposure will lead to respiratory
distress, fever, cough, chest tightness, and ultimately respiratory
failure. Ingestion will produce gastrointestinal symptoms,
including vomiting, diarrhea, and severe dehydration. Topical
exposure usually results in redness, pain, and irritation. The
mainstay of treatment to exposure to abrin includes decon-
tamination and supportive care. No antidote exists.

Viscum album (European mistletoe) and P. tomentosum
(Christmas mistletoe) are other common toxalbumins that
exist in nature. Both have been used as an adjunct to treat
cancer, although there has been insufficient evidence to
recommend them as useful treatment modalities. In addition
to their anticancer properties, various preparations have been
used to treat hypertension. The plants, themselves, are hemi-
parasitic plants that are found growing on a wide variety of
trees, including pine, oak, birch, and apple. Despite its reported
medicinal effects, mistletoe is considered to be a toxic plant.
The entire plant is toxic, but the berries appear to be the most
toxic component. Exposure to the plant and berries has
reportedly caused mild gastrointestinal symptoms, hallucina-
tions, seizures, and severe allergic reactions.

Trichosanthes kirilowii, also known as Chinese cucumber, is
another plant possessing ricin-like properties existing in nature.
This substance has been used historically as an agent to induce
abortion, has been thought to possess an antitumor activity,
and is currently being studied as a treatment in the manage-
ment of AIDS infection. The plant is a member of the gourd
family, and all components of the plant have been used
medicinally. Although used in Eastern medicine for a variety or
purposes, the extracts of Chinese cucumber are extremely toxic.
Toxic effects include anaphylaxis, pulmonary edema, cerebral
edema, cerebral hemorrhage, and myocardial damage. With
the strong sensitization that occurs after injection of the
compound, the risk of severe anaphylactic reactions to subse-
quent exposures may last longer than a decade.

Finally, W. frutescens and W. sinensis are yet another type of
toxalbumin found in nature. Both are shrubs or small trees
noted to have woody vines and fragrant flowers. Pods and
seeds are the most toxic portions of these plants, but all parts
may be considered toxic. They are most commonly found in
the southeastern United States. Most common symptoms,
when exposed, are oral burning, abdominal pain, vomiting,
and diarrhea. Consumption of only two seeds may cause
serious illness that usually is self-limiting within 24–28 h.
Other Hazards – Risk as a Biological Weapon

As one of the most toxic and easily produced toxins avail-
able, ricin was initially investigated as a biological weapon
by the US military in World War I. Although it has never
been used in battle, it has been used successfully in several
small-scale killings, the most notorious of which includes the
very well-known assassination of a Bulgarian defector in
1978 (Georgi Markov). Although it is easy and inexpensive
to produce, highly toxic, and stable in a variety of conditions,
the amount required to cause a high level of lethality on an
entire population is probably too massive to make it truly
practical as a weapon of mass destruction. Its potential as
a major cause for morbidity and mortality as an aerosolized
agent, however, especially in enclosed environments, should
not be underestimated. It could also easily be used as a food
or water contaminant on a relatively large scale such that it
could easily incapacitate or overwhelm an area’s healthcare
resources by nature of the amount of illness it would
produce.

Ricin and the other toxalbumins, although found relatively
frequently in nature, rarely cause environmental contamina-
tion. Apart from intentional contamination, it is unlikely that
one would be exposed to toxalbumins in the environment at
levels resulting in significant toxicity. The ideal way to prevent
exposure is to be familiar with the toxalbumins in nature and
avoid any and all contact with them or their products. There are
various uses that bring humans in contact with toxalbumins
not infrequently. Their use as medicinal adjuncts in certain
societies as well as their use in jewelry and other accessories
provides ample opportunity for exposure. With early identifi-
cation of the substance as well as being familiar with common
presenting symptoms, those at risk of exposure can be appro-
priately decontaminated and treated.
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Relevant Websites

www.bt.cdc.gov/agent/ricin/facts.asp – Centers for Disease Control and Prevention.
www.bt.cdc.gov/agent/ricin/ – Centers for Disease Control and Prevention.
www.bt.cdc.gov/agent/abrin/basics/facts.asp – Centers for Disease Control and

Prevention.
www.osha.gov/SLTC/ricin/index.html – Occupational Safety and Health Administration.
www.ncbi.nlm.nih.gov/pubmed/2877602 – US National Library of Medicine (PubMed):

Assessing mistletoe toxicity.
www.ncbi.nlm.nih.gov/pubmed/15181663 – US National Library of Medicine

(PubMed): Abrin poisoning.
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l Name: Rifampin
l Chemical Abstracts Service Registry Number: 13292-46-1
l Synonyms: Rifampicin
l Molecular Formula: C43H58N4O12

l Chemical Structure:
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Background

Rifampin was developed in the Dow-Lepetit Research Labora-
tories in Milan, Italy, as part of a program of chemical modi-
fication of the rifamycins, the natural metabolites of Nocardia
mediterranei. Modifications of most of the functional groups of
the rifamycin molecule were performed with the objective of
finding a derivative that was active when administered orally.
Rifampin was discovered to be the most active in the oral
treatment of infections in animals and, after successful clinical
trials, was introduced into therapeutic use in 1968. A large
number of clinical and biological studies have confirmed the
important role of rifampin in therapy for tuberculosis and
other selected infectious diseases.
Uses

Rifampin is used as an antibiotic. It is a semisynthetic derivative
of rifamycin B, a macrocyclic antibiotic produced by the mold
Streptomyces mediterranei. Rifampin is used for the treatment of
tuberculosis, brucellosis, Staphlococcus aureus, and other infec-
tious diseases.
Environmental Fate and Behavior

Physicochemical Properties

Rifampicin or rifampin is a red to orange odorless powder. It is
very slightly soluble in water (1 g per 762 ml at pH <6),
acetone, carbon tetrachloride, ethanol, and ether; freely soluble
in chloroform and dimethyl sulfoxide (DMSO); soluble in
ethyl acetate and methanol and tetrahydrofuran. The solubility
134 Encyclopedia of T
of rifampin increases at acidic pH. Rifampin has a melting
point of 138–188 �C and a pKa of 1.7 related to the 4-OH
moiety and 7.9 related to the 3-piperazine nitrogen moiety.
In 1% suspension in water, the pH is 4.5–6.5.
Exposure Pathway

Ingestion is the most common route of exposure. Rifampin is
available in oral and parenteral forms.
Toxicokinetics

Rifampin is rapidly and nearly completely absorbed from the
gastrointestinal tract. Peak serum levels are seen within
2–4 h. Food, antacids, ketoconazole, and aminosalicylic acid
interfere with absorption and delay peak levels. If these
agents are used concurrently, they should be administered
separately at an interval of at least 8 h. Massive ingestions in
the overdose setting may also delay absorption. Protein
binding is 75–90%. The volume of distribution is approxi-
mately 1 l kg�1. Rifampin undergoes hepatic deacetylation to
an active metabolite. Both rifampin and its deacetylated
metabolite are excreted into the bile. Rifampin and to a lesser
extent its deacetylated metabolite undergo enterohepatic
recirculation. The half-life of therapeutic doses of rifampin is
1.5–5 h. The half-life is shortened after regular use due to
induction of hepatic enzymes. Chronic liver disease increases
the half-life. The kinetics are not well described in the
overdose setting.
Mechanism of Toxicity

In the acute overdose setting, the mechanism of toxicity is not
defined. A number of toxic reactions occurring with intermit-
tent dosing schedules or on reexposure are postulated to be due
to the presence of antirifampin antibodies.
Acute Toxicity

Human

Intentional overdoses of rifampin rarely lead to significant
morbidity, and fatalities are exceedingly uncommon. The few
deaths that have been associated with rifampin have all been in
individuals with a history of alcoholism or concomitant
ethanol ingestion. Acute overdose with rifampin may cause
a red to orange discoloration of the skin, ‘the red man
syndrome’ seen within 2 h of exposure. Body fluids are also
discolored and urine, feces, sweat, tears, and saliva may exhibit
a red to orange discoloration. Symptoms associated with
rifampin overdose include headache, abdominal pain, nausea,
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00781-8
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vomiting, and flushing. Pruritus, which may be limited to the
scalp, may be seen, and a cutaneous burning sensation maybe
noted. Lethargy and obtundation have been reported. Facial or
periorbital edema may be seen. Minor and transient elevations
of hepatic transaminases, bilirubin, and amylase have been
reported. Rifampin may inhibit bilirubin excretion and may
interfere with the bilirubin assay. An acute ingestion of 60 g was
fatal in an alcoholic. Overdoses of 12 g in otherwise healthy
individuals have been tolerated, as has 2 g in an 18-month-old.
Because of the small number of cases, correlation of dose with
severity is not possible, and serum levels are not useful.
Animal

Rifampin is used to treat certain types of infections in various
animals and can cause toxicity similar to that seen in humans.
Adverse effects in horses are rare when rifampin is given orally,
although central nervous system depression, sweating, hemo-
lysis, and anorexia have been reported in equines receiving
rifampin.

In mice the LD50 for intraperitoneal administered rifampin
is 640 mg kg�1. The intravenous and oral LD50s are 260 and
829.3 mg kg�1, respectively. The LD50 for rats intraperitoneally
administered rifampin is 550 mg kg�1. The intravenous and
oral LD50s are 330 and 1303.3 mg kg�1, respectively.
Chronic Toxicity

Human

Rifampin used daily at therapeutic doses is associated with
facial flushing and itching in less than 5% of patients. More
rarely, hepatotoxicity is seen and may lead to complete hepatic
failure requiring liver transplantation. The risk of hepatotox-
icity is increased with chronic liver disease, alcoholism, and old
age. Acute renal failure, interstitial nephritis, nephrogenic dia-
betes insipidus, and thrombocytopenic purpura are rare
complications of continuous use. The use of rifampin on an
intermittent dosing schedule, two or three times weekly or less,
is associated with a higher incidence of toxic side effects. These
include a flulike syndrome with that lasts up to 8 h following
each dose of rifampin. More serious toxic effects associated
with an intermittent dosing schedule include hemolytic
anemia, thrombocytopenia, hepatitis, nephritis, acute renal
failure, and shock. These reactions are believed to be hyper-
sensitivity reactions and related to antirifampin antibodies.
Rifampin is also a potent inducer of hepatic microsomal
enzymes. Its administration may result in decreasing the half-
life of numerous compounds.
Animal

Chronic exposure to rifampin results in similar toxicity as in
humans.
Immunotoxicity

Rifampin has been found to have an immunosuppressive
effect in some animals; however, this is not thought to be
clinically relevant in humans taking it therapeutically.
Hypersensitivity reactions may lead to acute renal failure.
These are associated with the formation of antibodies to
rifampin.
Genotoxicity

There is no evidence of mutagenicity for rifampin in bacteria,
Drosophila melanogaster, or mice. An increase in chromatid
breaks was seen in whole blood cells treated in vitro with
rifampin. Rifampin increased the incidence of sister chromatid
exchange in mouse bone marrow cells in vitro and increased
the frequency of chromosomal aberrations in mouse
spermatocytes.
Reproductive Toxicity

Rodents given high doses of rifampin (150–250 mg kg�1 per
day) had congenital malformations. Malformation and death
in infants born to human mothers exposed to rifampin during
their pregnancy occur at the same rates as the general pop-
ulation. Postnasal hemorrhage in mother and infant
following administration of rifampin during the last few
weeks of pregnancy has been rarely reported. Teratogenic
effects including increased rates of cleft palate and spina bifida
have been seen in rodents treated with 100–150 mg kg�1 by
bodyweight everyday with rifampin. Rifampin is not listed as
a California Proposition 65 developmental or reproductive
toxin nor is it listed as a United States Toxic Release Inventory
(US TRI) developmental or reproductive toxin.
Carcinogenicity

In one report in which rifampin was used for 2 years to treat
Pott’s disease (tuberculosis of the spine), nasopharyngeal
lymphoma was developed. In female mice an increase in
hepatomas was seen following 1 year of administration at 2–
10% of the maximum human dose. No evaluation of the car-
cinogenicity of rifampin in humans has been made. Rifampin
is not listed on the California Proposition 65 list of known
carcinogens nor is it listed on the United States Environmental
Protection Agency list of carcinogens.
Clinical Management

Acute overdoses of rifampin are rarely serious. Good
supportive care, gastric decontamination, and activated char-
coal are all usually necessary. Given the extensive enterohepatic
circulation of rifampin, repeated doses of activated charcoal
may enhance elimination. Systemic toxicity associated with the
chronic administration of rifampin is an indication to dis-
continue the drug.
See also: Poisoning Emergencies in Humans.
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Table 1 Physical properties of some selected RCAs

CS CR

Molecular weight 188.5 195.3
Melting point (�C) 93 72
Vapor pressure (mmHg at 20 �C) 0.00034 0.000
Volatility (mgm�3 /�C) 0.71/25� 0.63/
Solubilitya loc loc

aSolubility: l, limited in water; o, soluble in organics; c, soluble in chlorinated o
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Background (Significance/History)

Uses

RCAs are used as nonlethal or less-than-lethal materials in riot
peacekeeping operations to temporarily distract, deter, inca-
pacitate, disorient, or disable disorderly people, to clear facili-
ties and areas, to deny areas, or for hostage rescue. They are also
used in military training as a confidence builder for the
protective mask. Some of these agents can be used as agents in
their respective pharmacologic class; that is, fentanyl is used as
a short-acting central nervous system (CNS) general anesthetic
and capsaicin is used as a topical analgesic. Capsaicin spray is
also used in the pharmaceutical industry to induce cough for
testing antitussive candidates.
Environmental Fate and Behavior

RCAs are solids with low vapor pressures. They can be
dispersed as fine powders; as foams, coherent jets, or streams of
solutions from small or large spray cans, large spray tanks, or
larger weapons; and as aerosols or smokes by pyrotechnic
generation (Table 1).

CS is 10 times more potent than CN, but significantly less
toxic. However, some toxicological issues may arise, not from
CS itself, but from its device cohabiters. Spray devices in use by
UK police are 5% CS in a methyl isobutyl ketone (MIK)
propellant. MIK itself is a strong irritant, leading to much
debate over the safety of CS sprayers. In addition, in pyro-
technic dissemination devices, it is possible to generate HCN
and HCl at high temperatures (above 700 �C). These by-
products are undesirable when attempting to avoid permanent
health risks by using nonlethal devices.

With regards to decontamination, Table 2 describes tear
agent breakdown in water/alkaline solutions. CS shows to be
the easiest to decontaminate as it readily hydrolyzes in water,
and does so even more rapidly in alkaline solutions. CR and
CN show low vulnerability hydrolysis, rendering them mild
environmental risks.
Exposure and Exposure Monitoring

Regarding CN: Immediate effects of exposure were tingling of
the nose and rhinorrhea, burning of the eyes and throat,
lacrimation, and blurred vision. Some subjects suffered dysp-
nea. These effects disappeared rapidly when the subjects left the
exposure zone (wind tunnel). Acute injuries to the eyes,
CN DM Capsaicin

154.5 277.5 305
54 195 64

59 0.0054 2� 10�13 0.011
25� 1.06/52�

loc lo loc

rganics.



Table 2 Decontamination of riot control agents includes
half-life of CS in water/alkaline solution

Compound ( t1/2) Hydrolysis in water ( t1/2) Waterþ alkaline

CS (15 min) Rapid (1 min) Rapid
CR Little-none Little-none
CN Very slow Very slow
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primarily from the effects of blast and missiles, may occur from
tear gas weapons, such as pen guns. The immediate effects of
these injuries include swelling and edema of the lids with
penetration of skin, conjunctivitis, cornea, sclera, or globe by
gunpowder and CN. Conjunctival ischemia and chemosis,
corneal edema, erosion, inflammation or ulceration, and focal
hemorrhage have also been reported just as injuries resulting
from accidental discharges of tear gas guns at close range have
been. Surgery was required in these cases to relieve pain and to
remove foreign material. They all suffered continuing pain and
some loss of sensation, apparently from the toxic action of CN
on nerves.

Regarding CS: In addition to the nonpersistent form of 2-
chlorobenzylidene malononitrile (CS), two hydrophobic vari-
ations were created, CS1 and CS2. CS1 is a micronized powder
formulation containing 5% hydrophobic silica aerogel, which
can persist for up to 2 weeks in normal weather conditions, and
CS2 is a siliconized microencapsulated form of CS1 with a long
shelf life, persistence, resistant to degradation, and ability to
float on water, which could restrict or deny the use of water for
military operations. CS is commonly used as an RCA and
a stimulant for training. Members of military organizations and
law enforcement agencies are routinely exposed to heated CS
during training. The heat vaporizes the CS for dispersion, which
thus condenses to form an aerosol.

Regarding OC: Oleoresin capsicum (OC), pelargonic acid
vallinylamide (PAVA), and capsaicin are derived from the
pepper plant. The ingredients in hot peppers that are respon-
sible for the ‘heat’ are called capsaicinoids. Capsaicinoids are a
family of chemicals and they come with various heat qualities.
The mixture used contains the active ingredient capsaicin
(8-methyl-N-vanillyl-6-nonenamide) as well as other com-
pounds. PAVA is a pepper derivative that is extremely hot.
PAVA (capsaicin(II)) is the hottest of the capsaicin family.
While it is organic and is present in the chili pepper, it is
synthesized for use in PAVA spray devices.

OC is a reddish-brown oily liquid obtained by extracting
dried, ripe fruit of chili peppers, usually Capsicum annuum or
Capsicum frutescens. The oleoresin is a mixture of many
compounds. Its composition is variable and depends on factors
such as maturity of the fruit and the environment in which the
plants are grown, as well as the conditions of the extraction.
More than 100 compounds have been identified in OC. Among
the branched- and straight-chain alkyl vanillylamides isolated
from OC, capsaicin is the major pungent component in many
peppers, and it is particularly noted for its irritant properties.
Depending on the variety of chili pepper, the oleoresin
contains from 0.01 to 1.0% capsaicinoids on a dry mass basis.
Other components of the oleoresin such as phenolic
compounds, acids, and esters may also possess irritant prop-
erties (Johnson, 2007).
OC is considered a highly effective irritant that has received
much attention as a less-than-lethal agent in civilian, govern-
mental, and military sectors. OC spray or pepper spray has
gained popularity as a law enforcement weapon in recent years.
Since OC is a natural product, it is considered safe – a view-
point not necessarily accurate.

The use of OC is popular today among most police
agencies. Many agencies allow, if not require, a holstered OC
spray device to be worn by each officer. Police use of OC has
been a recent topic of debate, especially in California. On 11
November 2011, peaceful protestors at the University of Cal-
ifornia (UC) Davis campus were sprayed with copious
amounts of OC from riot control sprayers by UC Davis
policemen. In this scenario, there were neither any related
deaths nor any notable adverse health effects; however, the
employment of OC by these policemen is now being scruti-
nized. Despite the bad publicity, this does show that police use
OC freely and when they deem appropriate.
Toxicokinetics

Regarding CN: In the body, CN is converted to an electrophilic
metabolite. It is an SN2 alkylating agent that reacts with SH
groups and other nucleophilic sites of biomolecules. Alkylation
of SH-containing enzymes leads to enzyme inhibition with
disruption of cellular processes. CN was found to inhibit
human plasma cholinesterase via a non-SH interaction, and
some of the toxic effects may be due to alkylation of SH-
containing enzymes.

CN is a potent transient receptor potential A1, or TrpA1,
cationic channel agonist. The sensory effects seen with CN
exposure are due largely to the afferents formed by trigeminal
neurons that express high concentrations of TrpA1 receptors.
For example, stimulation of the tearing reflex transduces
a signal through the trigeminal nerve and is perceived as very
acute pain. This causes profuse tearing of the eye. The other
signs of CN exposure are elucidated through similar path-
ways on other TrpA1 expressing sensory neurons. That being
said, antagonists for the TrpA1 receptor could be potential
therapeutic targets for CN overexposure treatments or
prophylaxis.

Regarding CS: CS is absorbed very rapidly from the respi-
ratory tract, and the half-lives of CS and its principal metabolic
products are extremely short. The disappearance of CS follows
first-order kinetics and spontaneously hydrolyses to malono-
nitrile, which is transformed to cyanide in animal tissues.
Metabolically, CS undergoes conversion to 2-chlorobenzyl
malononitrile (CSH2), 2-chlorobenzaldehyde (oCB), 2-chlor-
ohippuric acid, and thiocyanate. CS and its metabolites can be
detected in the blood after inhalation exposure, but only after
large doses. Following inhalation exposure of CS in rodent and
nonrodent species, CS and two of its metabolites, 2-chlor-
obenzaldehyde and 2-chlorobenzyl malononitrile, were
detected in the blood. In another study, human uptake by the
respiratory tract, only 2-chlorobenzyl malononitrile was
detected in trace amounts in the blood. CS and 2-chlor-
obenzaldehyde were not detected, even after high doses of CS
of up to 90mgminm�3. This finding is consistent with the CS
uptake studies in animals, and with the maximum tolerable
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concentration in humans, which is below 10mgm�3, it is
unlikely that significant amounts of CS would be absorbed by
the inhalation route at or near the tolerable concentrations.
Experiments were conducted to determine the CS metabolite
thiocyanate in humans exposed to amounts of CS that are
intolerable. In dogs, exposure to 48 000mgminm�3 of CS
aerosol showed an unimpressive increase in plasma and urine
thiocyanate concentration 24 h after exposure. These were
lower than those observed in human subjects who smoked
cigarettes. Smoking and nonsmoking human volunteers were
exposed to doses up to 1.1 mgminm�3 of CS (intolerable).
Plasma and urine levels were significantly higher in smokers
than in nonsmokers, and exposure to CS did not cause any
significant increases in plasma and urine thiocyanate levels.
Plasma and urine thiocyanate levels were measured in human
volunteers following exposure to intolerable airborne concen-
trations of CS. Since cigarette smoking also increases thiocya-
nate in body fluids, levels in nonsmokers, light smokers, and
heavy smokers, before and after CS exposure, were compared.
There was no statistical difference in plasma or urine thiocya-
nate concentration between nonexposed and CS-exposed
volunteers. However, both light and heavy smokers’ concen-
trations were significantly higher than nonsmokers. Thus, it was
concluded that plasma and urine levels of thiocyanate CS
metabolite are not high enough to detect following human
exposure to intolerable levels of CS.

Regarding CR: CR aerosols are very quickly absorbed from
the respiratory tract following inhalation. The plasma half-life
(t1/2) is about 5min, which is about the same following
intravenous administration. CR metabolism in vitro and in vivo
supported the conclusions that the major metabolic fate of CR
in the rat is the oxidation to the lactam, subsequent ring
hydroxylation, sulfate conjugation, and urinary excretion.
Table 3 Tear gas potencies

Compound TCt50 (mg m
–3) ICt50 (mg min m

–3)

CR 0.004 0.7
CN 0.3 20–50
CS 0.004 3.6
OC 0.0003–0.003 NA

TCt50, threshold concentration; ICt50, incapacitating concen-
tration; OC, included for comparison, is not a TrpA1 agonist.
Reproduced from Blain, P.G., 2003. Tear gases and irritant
incapacitants. Toxicol. Rev. 22 (2), 103–110.
Mechanism of Toxicity

Regarding Various RCAs: RCAs are considered less than lethal
and nonlethal because they have a very large safety ratio. That
is, their effective concentration (ECt50) is very low compared to
their lethal dose or concentration (LCt50). CS and CN are SN2-
alkylating agents with activated halogen groups that react
readily at nucleophilic sites. The prime targets include sulfhy-
dryl-containing enzymes such as lactic dehydrogenase. In
particular, CS reacts rapidly with the disulfhydryl form of lipoic
acid, a coenzyme in the pyruvate decarboxylase system. It has
been suggested that tissue injury may be related to inactivation
of certain of these enzyme systems. CS causes the release of
bradykinin, which can produce pain without tissue injury. The
initial response to the inhalation of CS or other sensory irri-
tants is consistent with the Kratschmer reflex and the Sher-
rington pseudoaffective response. It is theorized that CR
aerosols also stimulate the pulmonary irritant receptors to
produce bronchoconstriction and increased pulmonary blood
volume by augmenting sympathetic tone. The chlorine atoms
released from CS on contact with skin and mucous membranes
are reduced to hydrochloride acid, which can cause local irri-
tation and burns.

Additionally, recent advances have shed light on the previ-
ously unknown receptor mediated process through which these
compounds elucidate their physiological responses discussed
above (Brone et al., 2008). CS, CR, and CN all are potent
agonists to the transient receptor potential A1, or TrpA1,
cation-selective channel. This receptor is part of the same
family of receptors as TrpV1, the receptor through which OC, or
pepper spray, works. TrpA1 differs structurally from the other
Trp receptors, mainly by having amino terminal ankyrin repeat
domains and a 1,125 amino-acid carboxy-terminal chain, both
intracellularly. The receptor has been shown to generate action
potentials based on pain and inflammatory stimuli experi-
enced at these sites. This includes agonism by the tear agents
CN, CS, and CR. These agents possess an electrophilic carbon
that binds covalently to cysteine thiol residues in the TrpA1
receptor. This covalent bond is reversible, however, accounting
for the temporary effects of these agents. Anecdotally, the
researchers looking for TrpA1 receptor agonists, and synthe-
sizing some of these products, noticed a pungent irritation of
the eyes and nose. They then realized they were synthesizing
compounds structurally similar to CR (Giksen et al., 2010).
From there, they reviewed the biological activity of the riot
control agents and decided to test RCA affinity and efficacy for
the TrpA1 receptor instead of synthesizing new compounds.
Upon agonism by these riot control agents, the TrpA1 receptor
opens and selectively allows for the flux of sodium (Naþ) and
calcium (Ca2þ) ions into the cell. This depolarizes the sensory
neuron and sends an afferent signal to the CNS that is inter-
preted as pain. CR allows for the most calcium influx in the
shortest amount of time into the cell, establishing it as the most
potent tear agent of the three. CS follows closely behind CR
with respect to the amplitude and time-to-peak of calcium
influx. CN trails the others in third place. This study, therefore,
establishes that CS, CR, and CN do in fact work through the
TrpA1 receptor, but is that the only Trp receptor they agonize?
The study went on further to test for cross-reactivity with other
Trp receptors, and the tear agents were deemed TrpA1 selective,
as no agonism was found with the other receptors.

The sensory effects seen with tear gas exposures are due to
the afferents formed by trigeminal neurons that express high
concentrations of TrpA1 receptors. For example, stimulation of
the tearing reflex transduces a signal through the trigeminal
nerve and registers as pain. That being said, antagonists for the
TrpA1 receptor could be potential therapeutic targets for tear
gas overexposure treatments. With regard to TrpA1 activation,
the potencies of the tear agents are described in Table 3.

Regarding OC: Capsaicin, like the other irritant RCAs, also
causes bronchoconstriction, but the mechanism until recently
had largely been uncertain. The main constituents of OC,
capsaicin and dihydrocapsaicin, act very specifically on the
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transient receptor potential cation channel subfamily V
member 1 (TrpV1) receptor. This receptor of the Trp family is
commonly called the capsaicin receptor. The Trp family of
receptors plays a vital role in body temperature maintenance
in humans and other animals. It, therefore, makes sense that
temperatures above 43 �C and capsaicin activate the Trp
channels, register as sensory heat, and promote sweating, the
body’s natural defense to high temperatures (Caterina et al.,
1997). The TrpV1 receptor is found largely on afferent
peripheral sensory neurons. Upon activation by capsaicin,
these ion channels open and allow the flux of calcium and
sodium (9:1 preferential ratio (Venkatachalam and Montell,
2007)) into the neuron and thus depolarization and firing of
an action potential. Chronic stimulation of the TrpV1 receptor
with capsaicin has shown to have desensitizing effects (Jancso
et al., 1967). This means that consistent exposure to capsaicin
can lead to local numbness (insensitivity) at the site of
repeated exposure. Desensitization is maintained even after
the cessation of capsaicin stimulation for as long as 3 months.
This is why capsaicin creams are excellent antinociceptive
drugs.

Current over-the-counter and prescription pain medications
are largely cyclooxygenase (COX) inhibitors. COX-1 and COX-
2 both are responsible for the formation of mediators of
inflammation. By inhibiting COX enzymes, these inflamma-
tion mediators are not synthesized, and many of the symptoms
associated with trauma and inflammation are attenuated. In
short, they attenuate pain associated with inflammation. These
drugs are known as nonsteroidal anti-inflammatory drugs
(NSAIDs). Capsaicin has shown to be a potent COX inhibitor
when used systemically and inhibits the same amount of COX
enzyme per unit dose as aspirin (Yunbao and Nair, 2010).

Blocking of TrpV1 receptors has been sought after in the
pharmaceutical community to help control pain caused
through stimulation of these receptors. Several drugs that
accomplish TrpV1 blockade have gone into clinical trials, but
all have been dismissed due to hyperthermia, an uncontrolled
increase in body temperature. This demonstrates how vital
TrpV1 receptors are for temperature maintenance in humans
(Chizh et al., 2007; Gavva et al., 2008; Pareek et al., 2007).

In addition to this neuroreceptor-mediated mechanism,
capsaicin releases substance-P, a pain mediator, which can
cause bronchoconstriction directly by activation of specific
receptors or by release of histamine or other mediators. It may
also cause reflex bronchoconstriction by stimulating C fibers in
both pulmonary and bronchial circulation. Therefore, bron-
choconstriction may be secondary to substance P release, or to
a vagal reflex. The altered neurophysiology of sensory neurons
in the airway mucosa induces the release of tachykinins and
neurokinin A, which causes neuromediated inflammation of
the epithelium, airway, blood vessels, glands, and smooth
muscles. This leads to bronchoconstriction, mucous secretion,
enhanced vascular permeability, and neutrophil chemotaxis.

Regarding DM: DM is among the group of compounds
including diphenylchloroarsine (DA), diphenylcyanoarsine
(DC), and chloropicrin, which are classified militarily as
vomiting agents. DM has been characterized as both a vomiting
agent as well as a sneezing agent (sternutator), and was used in
World War I. The estimated human LCt50 was reported to be
11 000mgminm�3. DM effects, unlike those of CN, CS, and
CR, have a slightly delayed onset and have a relatively long
recovery period.

The effects of DM occur in w3min after inhalation expo-
sure and may last for several hours. Also unlike the tear agents,
DM is more likely to cause prolonged systemic effects. Signs
and symptoms of DM exposure include eye irritation, upper
respiratory tract irritation, uncontrolled sneezing and cough-
ing, choking, headache, acute pain, tightness in the chest,
nausea, and vomiting, as well as unsteady gait, weakness in the
limbs, and trembling. Mental depression might result after
exposure to DM. Inhaled high concentrations can result in
serious illness and death as a result of pulmonary damage.

Regarding Fentanyl: During the Cold War (1945–91),
a great deal of research was directed to chemicals that were not
necessarily lethal, but would merely temporarily incapacitate
enemy personnel. In particular, the United States and the
former Soviet Union investigated a wide number of pharma-
cological agents such as depressants, hallucinogens, bella-
donna drugs, and opiate derivatives for their potentials as
incapacitants.

A major breakthrough in opiate drugs for use in medicine
was the synthesis of fentanyl in Belgium in the late 1950s; it
was first patented by Janssen in France in 1963. Its primary use
in medicine was for anesthesia. However, its major complica-
tion is respiratory depression, which can be monitored and
reversed in an operating room, but can be a problem if used
operationally in the field. Since 1996, a number of different
analogs of fentanyl have been introduced for use in anesthesia
such as carfentanil, sufentanil, alfentanil, and remifentanil.
Their pharmacological activity is characteristic of opiates and
they produce all of the effects of heroin, including analgesia,
euphoria, miosis, and respiratory depression. Due to their high
lipid solubility, regardless of the route of administration, fen-
tanyls reach the brain very quickly, thus providing a very fast
onset of action. Some of the analogs have been synthesized
specifically for sale as Persian white, China white, Mexican
brown, and synthetic heroin in the illicit drug market and to
circumvent regulations on controlled substances. These illicit
drugs are also called designer fentanyls and are used by abusers
via intravenous injection, or smoked or snorted.

Fentanyls are synthetic opiates recognized for their short-
acting and highly potent narcotic analgesic, anesthetic, and
immobilizing properties in both animals and humans. Fen-
tanyl is also used as an adjunct to general anesthesia, and as an
anesthetic for induction and maintenance. It is primarily
a m-opioid agonist. Abuse of this drug leads to habituation or
addiction. The Chemical Abstracts Service Registry numbers
of some of the analogs of fentanyl are sufentanil, CAS 56030-
54-7; carfentanil, CAS 59708-52-0; and remifentanil, CAS
132875-61-7.

It has been well understood that opioid use leads to
respiratory depression. This is easily avoided in a surgical
setting when an opioid-anesthetized patient is under the close
eye of medical professionals. As a less than lethal chemical
agent, however, fentanyl loses much of its appeal when
considering its safety with regard to respiratory depression,
which can very often lead to respiratory arrest and subse-
quently, death. Opiate effects are mediated via multiple opioid
receptors such as m, k, d, and s (Martin, 1983). The m receptors
mediate analgesia, euphoria, physical dependence, and
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depression of ventilation, whereas k receptors mediate seda-
tion and dieresis. Drugs may act on more than one opiate
receptor with varying effect. Martin’s research in 1983
concluded that opioid compounds such as morphine and the
fentanyls all act on the d-, k-, and m-opioid receptors and that
each family is responsible for different clinical effects.
However, further research has since revealed that the
subfamily of m-opioid receptors has three subtypes, m-1, m-2,
and m-3. It was found that the m-1 receptor is responsible for
the analgesic effects of fentanyls, while the m-2 is the CNS-
located receptor responsible for respiratory depression.
Unfortunately, fentanyls and other opioids do not discrimi-
nate between the receptor subtypes, and thus bind all three
subtypes with very high affinity. Selective agonists to the m-1
but not the m-2 receptor have been sought after for some time
but none have been found that maintain the level of desirable
effects of opioids (Ling et al., 1985).

The feasibility of dissociating the respiratory depressant
effect from the opiate-induced sedative activity of alfentanil
and fentanyl with naloxone was studied. Naloxone was more
effective as an antagonist to alfentanil than to fentanyl. Later
studies also suggested that in the rat and ferret, dissociation of
the opiate-induced sedation and respiratory depression was
feasible. This was accomplished by coadministration of the
opiate agonist with antagonists. The opiate-induced effects
were akinesia, catalepsy, loss of righting reflex, light anesthesia,
and apnea. The pharmacodynamic mechanism of the coad-
ministration may involve competitive displacement of the
opiate agonist by the antagonist at their common receptor sites
within the CNS. A pharmacokinetic mechanism may also be
involved such that the opiate uptake, distribution, and clear-
ance are affected, either directly or indirectly, by the antagonist.
Changes in respiratory frequency, oxygen consumption, and
apnea were monitored in ferrets following the intravenous
coadministration of the opiate agonist sufentanil and the
antagonist nalmefene. These studies demonstrated a dissocia-
tion of the sufentanil-induced sedation/anesthesia and severe
respiratory depression. Nalmefene coadministration shortened
the duration, but did not significantly delay the onset of the
opiate-induced sedative/anesthetic effect. Narcotic antagonists
such as nalmefene, naltrexone, and naloxone have clinical
application in the diagnosis of addiction, prophylactic treat-
ment of narcotic abuse, and emergency treatment of narcotic
overdosage. These antagonists displace either previously
assimilated opiates from their receptor sites or, if administered
prior to the narcotic, will preclude the narcotic agonist from
acting at these sites.

It has been reported that the serious adverse effects of opiate
analgesia such as depression of breathing are caused by direct
inhibition of rhythm-generating respiratory neurons in the pre-
Boetzinger complex (PBC) of the brainstem. Serotonin 4(a) or
5-HT4(a) receptors are strongly expressed in these neurons, and
their selective activation protects spontaneous respiratory
activity. Rats treated with a 5-HT4 receptor–specific agonist
overcame the fentanyl-induced respiratory depression and
reestablished stable respiratory rhythm without loss of fen-
tanyl’s analgesic effect. The 5-HT4 agonist used in this study,
known as BIMU8, showed to be very successful at antagonizing
the respiratory depression induced by opioids in the rat model
(Manzke et al., 2003). The mechanism through which this
agonist restores respiratory rhythm was also elucidated from
further studies. Agonism of the 5-HT4 receptor increases
intracellular 3’-5’-cyclic adenosine monophosphate (cAMP)
levels in the serotonergic neurons. This counteracts the oppo-
site effect seen upon agonism of the m-opioid receptors,
attenuation of cAMP levels intracellularly. This compensation
of cAMP levels through 5-HT4 receptor activation in the PBC
resets respiratory rhythm to near basal levels. It should also be
noted that 5-HT4 receptors are not collocated in the spinal cord
where pain pathways exist, so this method does not attenuate
the analgesic properties of opioids in the slightest. A follow-on
study, conducted by Lotsch et al. (2005), then attempted to
translate the effect seen in the rat model to humans. This study
used a different compound than Manzke et al. because BIMU8
is not currently approved for clinical use. Instead, Lotsch was
forced to go with an existing known 5-HT4 agonist, mosapride.
Mosapride is typically used to promote gastrointestinal
motility. This study showed mosapride to be significantly less
effective at antagonizing opioid-induced respiratory depres-
sion. While Lotsch had to concede that respiratory rhythm was
not restored in humans upon coadministration with this 5-HT4
agonist based on his research, the study does go on to say that
mosapride is not a good 5-HT4 agonist in the brain. It does not
pass through the blood–brain barrier very easily. It is a much
better peripheral agonist, andmore appropriate 5-HT4 agonists
for CNS targeting need to be developed before this target
receptor can be ruled out as an effective antagonist to opioid-
induced respiratory depression.

Since there is a lack of novel 5-HT4 agonists approved for
clinical use, researchers have focused on other targets to alle-
viate the respiratory depression seen in opioid use to make
opioids safer clinically, and expand their therapeutic use. By
increasing the safety of these drugs, however, they become
more and more ideal as riot control agents to subdue crowds or
for use other hostile situations.

Recent studies have found that a new class of drugs, known
as ampakines, antagonizes respiratory depression in the rat
model through a very different mechanism than previously
seen. The most relevant drug for this application is known as
CX717. Once again, this drug is targeted to the PBC, where it
acts as a modulator to the amino-3-hydroxy-5-methyl-4-iso-
xazolepropionate (AMPA) receptor. At the AMPA receptor,
CX717 binds to an allosteric binding site, accentuating
conductance through glutamatergic excitation (Ren et al.,
2009). The molecular mechanism of this has not yet been
determined. However, this increased excitation in the PBC is
enough to overcome the effects of opioids upon binding m-
opioid receptors in this region of the brain.

Follow-on studies to the CX717 rat research, conducted by
Oertel et al. (2010), again attempted to translate these data to
the human model. This time, however, the effects carried over
very well. In the human model, as in the rat, respiratory
depression induced by opioid use was reversed upon coad-
ministration with the ampakine CX717. In this study, unlike
the rat study, alfentanil was used instead of fentanyl, but with
similar effects in humans. CX717 dosage does need to be
optimized for its intended use, whether surgical or otherwise.
Research has shown that in its current configuration, an oral
dose is too slowly distributed, and that alternative delivery
mechanisms would be more effective. Also, further studies



Table 4 Acute inhalation toxicity LCt50 (mg min m�3)
values for CS smoke and aerosols to various species

CS smoke CS aerosol

Guinea pig 35 800 67 000
Rabbit 63 600 54 090
Rat 69 800 88 480
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need to be conducted to determine the effects of higher doses
of CX717 on the human to demonstrate that complete reversal
of respiratory depression can occur at various fentanyl dosages.
Once optimal dosage and delivery are developed, CX717 could
prove very useful for use in riot control scenarios to alleviate
the potentially fatal symptoms of opioid exposure, should
a fentanyl-type riot control agent be employed.
Mouse 70 000 50 110
Acute and Short-Term Toxicity (Animal/Human)
(to Include Irritation and Corrosivity)

Regarding CN: The incapacitating effects of CN in human
volunteers during exposure include lacrimation, some blurring
of vision, and conjunctivitis. On the nose and throat, CN causes
a tingling sensation, irritation, pain, and some increases in
secretions, while on the respiratory tract it causes irritation,
burning, and pain. CN on the skin causes burning in the per-
iorbital area, and other areas of tender skin, especially where
sweating is present. Occasionally, nausea and gagging occur
during and soon after exposure. Most of these effects disappear
within 20min after exposure, but conjunctivitis and blepha-
rospasm usually disappear after a. few days, leaving no after-
effect. Incapacitating concentrations (IC50) of CN have ranged
from 20 to 50mgminm�3. The IC50 for CN is comparable to
that for adamsite (DM), which was an early RCA that was
replaced by CN. The IC50 values for CN and DM are greater
than for CS. The estimates of human LCt50 values, extrapolated
from animals exposed to CN dispersed from a solvent, is
7000mgminm�3, and 14 000mgminm�3 when dispersed
from commercially available grenades. Other estimates range
from 8500 to 25 000mgminm�3. The maximum safe inha-
lation dosage of CN for humans has been estimated to be
500mgminm�3.

Human volunteers were tested in a wind tunnel at an air
speed of 5 miles per hour (mph) to establish the length of time
a subject could remain in the CN-containing air stream. The
tolerance time varied with the subject. CN aerosols were
generated from acetone solutions at a Ct of 350mgminm�3

with a mass median diameter of about 0.6 pm.
Regarding CS: Repeated exposures of thermally dispersed

CS were conduced in rats and dogs. They were exposed from 4
to 5min per day, 5 days per week for 5 weeks. The 25 day
cumulative dosage (Ct) that the rats were exposed to was
91 000mgminm�3 (3640mgminm�3 day�1), while the dogs
were exposed to a cumulative dosage of 17 000mg
minm�3 (680mgminm�3 day�1). No lethality occurred in
the dogs, while the rats became hyperactive and aggressive,
biting noses and tails of other rats, and scratching their own
noses. No changes were found in blood values for sodium,
potassium, protein, albumin, or creatinine throughout the
tests. Five of the thirty rats exposed died, two following the
cumulative dosage of 25 000mgminm�3, and three died after
68 000mgminm�3. Gross pathological examination of the
rats that died was negative, as were those of six other rats that
were euthanized after 5 weeks of exposure. The exposed rats
lost w1% of body weight, while unexposed rats gained w20%
during the 5 weeks. There were no significant differences in
organ to body weight ratios for heart, kidneys, lungs, liver, or
spleen following the 5 week exposures. It was concluded that
repeated exposures did not make the animals more sensitive to
the lethal effects of CS. The animals that died after exposure to
CS showed increased numbers of goblet cells in the respiratory
and gastrointestinal tracts and conjunctiva, as well as necrosis
in the respiratory and gastrointestinal tracts, pulmonary edema,
and occasionally hemorrhage in the adrenals. Death appeared
to result from poor transfer of oxygen from the lungs to the
bloodstream, probably because of edema, and hemorrhage in
the lungs, and obstruction of the airways. The effects of
repeated exposures to CS were studied in mice, rats, and guinea
pigs to neat CS aerosols for 1 h per day, 5 days per week for 120
days. High concentrations of CS were fatal to the animals after
only a few exposures, while mortality in the low and medium
concentrations did not differ significantly from the controls. It
was concluded that CS concentrations below 30mgmin�3

were without deleterious effects. Acute inhalation toxicity of CS
that was generated in smoke and as an aerosol was studied in
several animal species. The LCt50 data are presented in Table 4.

Other lethality estimates for CS are given below. From acute
exposures to CS dispersed from a 10% CS in methylene
dichloride the LCt50s were as follows: mice, 627 000mg
minm�3; rats, 1 004 000mgminm�3; and guinea pigs,
46 000mgminm�3. No deaths occurred in rabbits exposed
to up to 47 000mgminm�3. CS at dosages up to 30 000mg
minm�3 did not cause any deaths in any of the monkeys
with pulmonary tularemia. The combined LCt50 for mice, rats,
guinea pigs, and rabbits was calculated to be 1 230 000mg
minm�3 for CS dispersed from methylene dichloride. Goats,
pigs, and sheep did not exhibit hyperactivity on exposure to CS,
and they were also resistant to its lethal effect. Therefore, no
LCt50 values could be calculated for goats, pigs, or sheep.

However, a combined LCt50 was calculated for all of the
species tested, mice, rats, guinea pigs, rabbits, dogs, monkey,
goats, pigs, and sheep, and was estimated to be
300 000mgminm�3. LCt50s were also calculated for CS
dispersed from M18 and M7A3 thermal grenades. These were
164 000mgminm�3 for rats and 36 000mgminm�3 for guinea
pigs exposed to the M18 thermal grenade dissemination, and for
the M7A3 thermal grenade the values were as follows: rats,
94 000mgminm�3; guinea pigs, 66 000mgminm�3; rabbits,
38 000mgminm�3; goats, 48 000mgminm�3; pigs,
17 000mgminm�3; dogs, 30 000mgminm�3; and monkeys,
120 000mgminm�3. All of the acute exposure results were
combined and LCt50 values were calculated for all rodents to be
79 000mgminm�3, for all nonrodent species tested the value
was calculated to be 36 000mgminm�3, and for all the species it
was 61 000mgminm�3. The LCt50 values for CS2 was also
calculated. CS2 is 95% CS, 5% Cab-o-Sil R, and 1% hexame-
thyldisilazane, and the LCt50 values are rats, 68 000mgminm�3;
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guinea pigs, 49 000mgminm�3; dogs, 70 000mgminm�3; and
monkeys, 74 000mgminm�3. The lethal effects in animals
following inhalation exposures are caused by lung damage
leading to asphyxia and circulatory failure, or bronchopneu-
monia secondary to respiratory tract injury. Pathology involving
the liver andkidneys following inhalationofhighdosages ofCS is
also secondary to respiratory and circulatory failure.

Various experimental animal species were exposed to
aerosols of CS generated by various methods of exposure from
5 to 90min. The toxic signs observed in mice, rats, guinea pigs,
rabbits, dogs, and monkeys were immediate, and included
hyperactivity, followed by copious lacrimation, and salivation
within 30 s of exposure in all species except the rabbit. The
initial level of heightened activity subsided, and within 5–
15min following initiation of the exposure, exhibited leth-
argy and pulmonary stress, which continued for about 1 h
following cessation of the exposure. All other signs had dis-
appeared following removal from the exposure. When toxic
signs were observed, they occurred following exposure by all of
the dispersion methods.

Exposure to CS is highly irritating to the mucous
membranes that line the tissues of the eyes, nose, throat, and
respiratory and gastrointestinal tracts. Irritation of the eyes may
cause pain, excessive tearing, conjunctivitis, and blepharo-
spasm (uncontrolled blinking). The nose and mouth may
perceive a stinging or burning sensation with excessive rhi-
norrhea or discharge of nasal mucous. Irritation of the respi-
ratory tract may cause tightness of the chest, sneezing, and
coughing, as well as increased respiratory secretions. Severe
lung injury and subsequent respiratory and circulatory failure
characterize death in experimental animals following inhala-
tion of very high dosages of CS. Irritation of the gastrointestinal
tract may cause vomiting and/or diarrhea. Following exposure
of the skin, a burning sensation may be experienced, with
subsequent inflammation and redness. Six minutes following
exposure to CS, the irritation during exposure is so intense that
the individual exposed seeks to escape.

When exposed to CS aerosols generated from solutions in
acetone or methylene chloride or from thermal grenades at 3.0,
1.0, and 0.5 mm MMAD, many untrained subjects were unable
to don and retain their masks at low concentrations of CS, but
at high concentrations were able to mask well enough to
remain in the contaminated atmosphere. When properly fitted,
these masks will fully protect against CS. In those who were
unable to mask rapidly, panic was evident. Concentrations of
9–10mgm�3 forced 50% of the subjects to leave the chamber
within 30 s, 99% left at w17mgm�3, and 100% left and were
considered incapacitated at 40mgm�3 or greater. Persons who
had been exposed previously to a high concentration devel-
oped a fear of the agent, and even though subsequently
exposed to a lower concentration, the time to incapacitation for
trained men was shorter than expected. There were no signifi-
cant differences noted in the time to incapacitation in subjects
exposed to CS at 0–95 �F, although it appeared that the subjects
appeared unable to tolerate the agent as well as those exposed
at ambient temperature. At 95 �F and relative humidity of 35
and 97%, the skin-burning effects were much more prominent,
possibly because of the excessive diaphoresis. Hypertensive
subjects reacted similarly to and tolerated CS as well as
normotensive individuals. However, their blood pressure
elevation was greater and lasted longer than in normotensives,
possibly because of the stress of exposure. The hypertensive
subjects recovered as rapidly as the normotensives. Subjects
with a history of peptic ulcer, jaundice, or hepatitis, and those
between the ages of 50 and 60, reacted similarly to normal
subjects. Persons with a history of drug allergy, hay fever,
asthma, or drug sensitivity were able to tolerate CS exposure, as
well as the normal subjects; however, a higher percentage of
this group had more severe chest symptoms than the normals.
Although many of them lay prostrate on the ground for several
minutes, no wheezing or rhonchi were heard on auscultation,
and recovery time was as rapid as for any other group tested.
Hyperventilating subjects were incapacitated at much lower
concentrations than normally breathing subjects, and recovery
time was slightly prolonged, but only by 1–2min. Although
not significantly different, subjects exposed to CS disseminated
from methylene dichloride appeared to tolerate the agent for
a slightly longer period that those subjected to CS in acetone
solution, nor was there any difference in CS disseminated from
the miniature M18 CS smoke grenade. There was also a group
exposed to a combination of CS and DM. The effects of DM
were negligible when CS was effective within 30 s.

In experiments where only the eyes and respiratory tract of
human volunteers were exposed to small (0.9 mm) and large
(60 mm) particles of CS, the small particle size was more
effective in producing eye irritation. Only two of the five men
exposed to the 0.9 mm aerosol were able to tolerate the CS for
60 s, while all six men exposed to the large-sized aerosol
remained in the cloud for at least 60 s. Following exposure,
all subjects had difficulty in seeing. Recovery times were
based on the subjects’ ability to sort and arrange cards.
Recovery following exposure of the eyes to small particles
averaged 90 s, while it took w280 s following exposure to the
large particles. The respiratory effects of exposure of the small
particles were more dramatic. None of the six men could
tolerate the small particles for longer than 30 s while four of
the six men tolerated the larger particle exposure for at
least 60 s.

A group of seven volunteers given 10 exposures of CS from
1 to 13mgm�3 in a period of 15 days revealed no clinical
abnormalities. The dominant effect of the first exposure
remained the dominant effect on subsequent exposures. None
of the volunteers developed a tolerance to CS during the
10 exposures.

The immediate effects upon exposure to aerosols of CS were
on the eyes, and were demonstrated by severe conjunctivitis
accompanied by a burning sensation and pain that persisted
from 2 to 5min and usually disappeared abruptly rather
than gradually. The conjunctivitis remained intense for up to
25–30min. Erythema of the eyelids was generally present,
persisted for 1 h, and was occasionally accompanied by
blepharospasm. Lacrimationwas invariably present, and tended
to be profuse and lingering for up to 12–15min. The occasional
‘tired feeling’ in their eyes lasted for about 24 h. Photophobia,
which was quite marked in 5–10% of the volunteers, remained
for up to 1 h. On repeated exposures, the eye effects were
reproduced. Rhinorrhea and salivation were profuse and
persisted for up to 12 h.

The effects on the respiratory system appeared to be
dependent on the duration of exposure and the depth of
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respiration. The first symptom was usually a burning sensation
beginning in the nares and throat and then progressing down
the respiratory tract, sometimes associated with coughing. As
the exposure continued, the burning became painful and was
rapidly followed by a ‘constricting sensation’ throughout the
chest, which caused incapacitation for several minutes. Panic
usually accompanied and accentuated this symptom, and these
volunteers appeared unable to inhale or exhale. Fresh air and
encouragement abated these effects. Auscultation of the chest
immediately after exposure did not reveal wheezing, rales, or
rhonchi. Airway resistance measured by an asthmometer
showed no significant changes, and a portable breath recording
apparatus measured breathing patterns of exposed individuals.
The patterns indicated that when the aerosol was inhaled, the
subjects involuntarily gasped, and then held their breath or
breathed slowly and shallowly. This was followed by short
paroxysms of coughing that forced the individual to exit the
exposure. An irregular respiratory rhythm was noted for several
minutes after exposure was terminated. Many of the exposed
individuals were aphonic for 1–2min postexposure, and
several were hoarse for 24 h. It was concluded that the inca-
pacitation caused by CS was due to the effects on the eyes,
respiratory tract, or both, but the effects on the respiratory
systemwere regarded as potentially the most capable of causing
incapacitation. A group of volunteers in a wind tunnel, wearing
a self-contained, remotely controlled, breath-recording system,
was exposed to 5–150 mg CS per liter for 110–120 s. Although
the breathing patterns were disrupted by the CS exposure,
adequate ventilation of the lungs was maintained, so they
concluded that incapacitation is attributed to the unpleasant
sensations rather than to any degree of respiratory failure. The
apnea and cardiovascular changes observed following inhala-
tion exposure to CS are not inconsistent with the Kratschmer
reflex. These investigators also reported that sneezing was
common among the observers exposed to small concentrations
of CS at some distance from the exposure chamber.

Inhalation toxicity studies by aerosol dispersions of melted
agents sprayed in the molten form, dry powder dispersion,
sprayed from solutions of acetone or methylene dichloride, or
dispersed from grenades by liberation of hot gases have been
performed since World War I. Prior to the research on CS in
1958 and 1959, no toxicity studies were performed using
munitions. In 1965, munitions studies were conducted with
CN and DM. All of these studies demonstrated that munitions-
dispersed agents were less toxic than dispersion by other
methods. The human LD50 value, based on the combined
animal species toxicity data, is 52 000mgminm�3 for CS by
molten dispersion, and 61 000mgminm�3 dispersed by the
M7A3 grenade.

Other human exposures were reported on the alleged use
of tear gas in almost every major city in South Korea in June
of 1987, where over 350 000 uses of CS tear gas was carried
out by the government against civilians, who exhibited
cough and shortness of breath for several weeks. Hospital-
ized patients with asthma and chronic bronchitis, exposed to
CS wafting through hospital wards through open windows,
experienced deterioration in lung function. Persons close to
the exploding tear gas canisters and grenades sustained
penetrating trauma from plastic fragments that was exacer-
bated by the tear gas. Lack of information and objective as
well as epidemiological studies was due to fear of serious
government reprisals.

There were also allegations that exposures to tear gas in
Gaza and the West Bank of Israel have been associated with
increases in miscarriages and stillbirths. Inquiries, by groups
such as Amnesty International and Physicians for Human
Rights, prompted a Government Accounting Office (GAO)
investigation requested by Congressman Ronald Dellums. The
GAO report (1989) concluded that the Physicians for Human
Rights fact-finding trip could not confirm any deaths linked to
tear gas inhalation, nor could they substantiate the rumors of
increased miscarriages. There was also no verifiable evidence
available to conclude linking tear gas exposure to fetal deaths.
In addition, the US State Department reported that they did not
have any medical evidence to support a direct causation
between tear gas inhalation and the number of deaths and
miscarriages alleged. The exaggerated number of almost 400
deaths attributed to the use of tear gas by the Israeli Defense
Forces (IDF) has also been repudiated by the State Department.
They have concluded that at least four deaths had resulted from
tear gas use in enclosed areas, and that the IDF was using
primarily CN at the time.

The use of CS by the US forces in Vietnam in the years
1964–72 was to flush the enemy from bunkers and tunnels,
reduce the ability of the enemy to deliver aimed fire while
attacking, and deny fighting positions and infiltration routes
for extended periods of time. Its use in Vietnam for area denial
along the Ho Chi Minh Trail proved unsuccessful until the
creation of CS2. The original CS deployed along the trail was
almost immediately deactivated by the high humidity and
standing water along the trail. CS2 proved to overcome this
operational limitation, and even in the humid jungles of
Vietnam was an extremely useful tool. It should also be noted
that the authors of the first paper on CS remarked about its
inactivity when wet but extreme potency when dry in the 1925
paper describing its original synthesis. This showed to be an
important nuance 40 years later.

Interest and possible concern developed about the adverse
effects of chemicals employed in peacekeeping operations in
the United Kingdom following the use of CS by the Ulster
Constabulary in Londonderry, Northern Ireland, on 13 and 14
August 1969. As a result of this first use of CS for crowd
control, a Committee of Inquiry was established to determine
the medical effects, if any, in persons exposed to CS. Their
report, known as the Himsworth Report (Himsworth et al.,
1971), described that on exposure to various concentrations of
CS, the effects vary from a slight prickly or peppery sensation in
the eyes and nasal passages up to the maximum symptoms of
profuse lacrimation, salivation from the eyes and nose, spasm
of the eyelids, retching and sometimes vomiting, burning of
the mouth and throat, cough, and gripping pain in the chest.
Even at low concentrations, the onset of symptoms is imme-
diate, and they disappear when removed from the exposure. Of
the many tens of thousands of military personnel in the United
Kingdom who were exposed to CS in the course of their
training, as well as those of the US military who undergo
similar training, the signs and symptoms were similar to those
described above, and there were no significant aftereffects. All
the US military personnel exposed to CS in training and under
field conditions reported similar effects. They also reported
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that a cluster of nine US Marine Corps Amphibious Recon-
naissance students required hospitalization with pulmonary
edema after strenuous exercise following exposure to CS. These
patients did not become symptomatic until 36–40 h after the
CS exposure and did not demonstrate evidence of airway
dysfunction. It was proposed that these cases attributed to the
acute pulmonary effects of CS more likely represented a cluster
of incidents of either water aspiration or swimming-induced
pulmonary edema. Water aspiration is a well-described cause
of pulmonary edema. No details were provided in the report as
to whether the symptomatic marines aspirated pool or sea
water or whether they were breath-hold-diving, but all became
symptomatic immediately after pool or open ocean 1000–
1500m swims. Even when patients do not recall specific
aspiration incidents while in the water, pulmonary edema has
been described in divers and swimmers who have been
immersed in cold water, and strenuous swimming alone has
been reported as a cause of pulmonary edema. Similar cases of
pulmonary edema associated with immersion occurred at the
US Basic Underwater Demolition/SEAL School as well as at the
Israel Naval Medical Institute. The case definition of pulmo-
nary edema associated with immersion includes hypoxemia
and radiograph air space filling that occurs during or imme-
diately after swimming, followed by resolution of symptoms
or radiographic improvement by greater than 50%within 48 h.
On exposure, the eyes are red, but this disappears on leaving
the contaminated atmosphere. On the skin, CS causes
a burning sensation on the exposed parts that can be followed
by redness or the appearance of small blisters or vesicles at the
points of friction. These effects are more prevalent in fair-
skinned persons, especially if the skin is hot and moist. The
Himsworth Committee reported that infants asleep in rooms
where CS entered via broken windows were sufficiently dis-
tressed to awaken them crying from sleep. On snatching them
out of the contaminated atmosphere, they quieted rapidly and
required no hospitalization. They also found no special
susceptibility to CS associated with old age. Human volunteers
and members of the Himsworth committee over 50 years of
age were exposed to 35mgm�3 and the symptoms experi-
enced and the time to recover from these were no different
from those in young adults. Exposure to CS was determined
not to have had any effect on pregnancy since comparison of
the 9 months following exposure compared to the 9 months of
the previous year demonstrated no difference in abortions,
stillbirths, or congenital abnormalities. Middle-aged and
elderly people who had chronic bronchitis and had been
significantly exposed to CS did not show exacerbation different
than that caused by natural causes. Following the riots of 1969,
there was no increase in the death rate from chronic bronchitis
and asthma. Asthmatics, especially children who were exposed
to CS, did not show any difference in the number of attacks
from their experience prior to the exposure. The committee
reported that there is ample evidence that if CS causes
unconsciousness in humans, it can do so only rarely and that
many, if not all, of the cases reported are more probably the
result of other conditions that occur in riot situations. In
animals, unconsciousness does not occur after inhaling CS.
The Himsworth report, considered to be the most extensive
study of the use of CS agent on humans by United Kingdom
forces in Northern Ireland in the late 1960s, found that no
deaths and no long-term injuries resulted from the widespread
use of CS agent there.

Contamination of the skin with solutions of CS causes
transient rises in both systolic and diastolic blood pressure.
Contamination of the eye with solutions of CS also causes
increases in blood pressure, together with transient rises in
intraocular pressure.

Studies have shown that emotional state has much to do
with the response to CS exposure. For example, some of the
first physiological symptoms of CS exposure are hypertension
and irregular breathing. However, in experiments that bypass
the nose and upper airway by administering CS endo-
tracheally, a drop in blood pressure occurs and decreased
respiration is observed. This phenomenon is due to pain
receptors in the nose and upper airway being bypassed and
thus no emotional response due to pain is present to manifest
the typical respiratory and circulatory effects of CS seen
clinically.

Regarding CR: The mammalian toxicology in various
animal species indicates that the acute toxicity (LD50 and
LCt50) of dibenz(b,f)-1:4-oxazepine (CR) is less than that of CS
and CN by all routes of exposure. Animals exposed to CR
exhibited ataxia or incoordination, spasms, convulsions, and
tachypnea or rapid breathing. In the animals that survived,
these effects gradually subsided over a period of 15–60min.
Increasing respiratory distress preceded death. The animals that
died following intravenous and oral administration demon-
strated congestion of liver sinusoids and alveolar capillaries. At
necropsy, the surviving animals did not show any gross or
histological abnormalities. The toxic signs following intraper-
itoneal administration included muscle weakness and height-
ened sensitivity to handling. These effects persisted throughout
the first day of exposure. Some animals also exhibited CNS
effects. Surviving animals did not exhibit any gross or histo-
logical abnormalities at necropsy. Several animal species were
exposed to the acute inhalation of CR aerosols and smokes for
various time periods. Rats exposed to aerosol concentrations
from 13 050 to 428 400mgminm�3 manifested nasal secre-
tions and blepharospasm or uncontrollable closure of the
eyelids, which subsided within 1 h after termination of the
exposure. There were no deaths during or following these
exposures. There were also no deaths in rabbits, guinea pigs, or
mice exposed to CR aerosols of up to 68 000mgminm�3.
Animals exposed to CR smoke generated pyrotechnically, had
alveolar capillary congestion, and intra-alveolar hemorrhage, as
well as kidney and liver congestions.

The potential of CR aerosols to produce physiological
and ultrastructural changes in the lungs was evaluated by
electron microscopy. Rats exposed to CR aerosols of
115 000mgminm�3 did not reveal any effects on organelles
such as lamellated osmiophilic bodies. Lungs of animals
exposed to aerosols of CR at dosages of 78 200, 140 900, and
161 300mgminm�3 were found to appear normal on gross
examination. On microscopic examination, however, the lungs
revealed mild congestion, hemorrhage, and emphysema.
Electron microscopy showed isolated swelling and thickening
of the epithelium, as well as early capillary damage, as evi-
denced by ballooning of the endothelium. It was concluded
that these very high dosages of CR aerosols produced only
minimal pulmonary damage.



Table 6 Mouse intravenous LD50 values (mg kg�1) for various
chemical toxicants

Botulinum toxin 0.00001 Fentanyl 11.2
Ricin 0.005 Parathion 13
VX 0.012 DM 35
GB 0.10 CR 37
Nicotine 0.30 CS 48
Capsaicin 0.40 Caffeine 62
Strychnine 0.41 CN 81
Potassium cyanide 2.60 Cocaine 161
Mustard gas 3.30 Isopropyl alcohol 1509
Methamphetamine 10 Ethyl alcohol 1973

Table 5 Comparative acute animal toxicity LCt50 (mg min m�3) values for CR, CS, and CN to various species

Pyrotechnically generated aerosol

CR CS CN CR CS CN

Mouse 203 600 76 000 ND 169 500 67 200 18 200–73 500
Rat 139 000 68 000 23 000 428 400 88 460 3 700–18 800
Rabbit 160 000 63 000 15 800 169 000 54 100 5 840–11 480
Guinea pig NDa ND ND 169 500 50 010 3 500–13 140

aND, no data.
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Comparative data for acute inhalation toxicity to various
animal species for CR, CS, and CN are presented in Table 5.

The cardiovascular effects of CR administered intravenously
demonstrated a dose-dependent increase in blood pressure of
short duration and an increased heart rate and arterial cate-
cholamines. The cardiovascular effects of CR were postulated to
be related to sympathetic nervous system effects as evidenced
by the abolition of CR-induced presser effects by phentolamine
and 6-hydroxydopamine.

Studies at the Edgewood Arsenal and other research centers
have been conducted to assess the effects of CR on humans
following aerosol exposures, drenches, and local application.
The human aerosol and cutaneous studies conducted at Edge-
wood Arsenal have been summarized by the National Academy
of Sciences. The respiratory effects following aerosol exposures
included respiratory irritation with choking and difficulty in
breathing or dyspnea, while the ocular effects consisted of
lacrimation, irritation, and conjunctivitis. The effects of dilute
CR solutions on humans following splash contamination of
the face, or facial drench, were an immediate increase in blood
pressure, concomitant with decreased heart rate. Humans
exposed to whole body drenches also faced the same effects of
immediate hypertension and bradycardia. Although it was
theorized that insufficient amount was absorbed to cause
systemic effects, it was suggested that the cardiovascular effects
resulted via the sympathetic nervous system. Additionally,
solutions of CR contaminating the eye caused a transient
increase in intraocular pressure. Following aerosol exposure to
a mean concentration of 0.25mgm�3 CR with a particle size of
1–2 mmh�1, the expiratory flow rate decreased w20min after
the onset of exposure. The investigators postulated that CR
stimulated the pulmonary irritant receptors to produce bron-
choconstriction and increased pulmonary blood volume by
augmenting sympathetic tone. The human LCt50 was estimated
to be 100 000mgminm�3, while the incapacitant IC50 was
estimated to be w1mgm�3.

Regarding OC: Not much is known about the toxicology
of OC, but because it is a natural product and much-utilized
food component, it is considered to be relatively safe, with
a low order of toxicity. The pharmacology and toxicology of
capsaicin, on the other hand, have been well characterized in
both animal and human studies. The acute toxicity of
capsaicin in several species found capsaicin to be highly toxic
by all routes of administration except gastric, rectal, and
dermal. The intravenous doses of capsaicin caused convul-
sions within seconds, and times to death were from 2 to
5min. The toxic signs observed included excitement,
convulsions with limbs extended, dyspnea, and death due to
respiratory failure. A comparison of intravenous LD50s in
mice with other well-known chemicals is presented in Table
6. This was done since there were no known comparative
inhalation LD50s in mice, as all of these chemicals and the
intravenous route has been considered very close to the
inhalation route of exposure. This demonstrates that capsai-
cin’s acute toxicity in mice is between that of nicotine and
strychnine, two well-known potent poisons. Additionally, the
intraperitoneal acute toxicity of capsaicin to the OC in female
mice indicated the extract to be four times more toxic than the
capsaicin, with LD50s of 1.51 and 6.50 mg kg�1, respectively.
Guinea pigs appeared to be more susceptible than mice and
rats, while hamsters and rabbits were less vulnerable to the
toxic actions of capsaicin.

The pulmonary pharmacology and toxicology of capsaicin
have been studied in some detail. Inhalation of capsaicin is
consistent with the induction of the Kratschmer reflex, which is
apnea, bradycardia, and a biphasic fall and rise in aortic blood
pressure.

Exposure to capsaicin causes bronchoconstriction in
animals and humans, the release of substance P, a neuropep-
tide, from sensory nerve terminals, as well as mucosal edema.
The pulmonary effects of capsaicin appear to be species related.
In guinea pigs, intravenous and intra-arterial administration
causes bronchoconstriction. The bronchoconstriction in the
dog and cat following intravenous capsaicin is dependent on
a vagal cholinergic reflex, as is the bronchoconstriction in the
cat following aerosol exposure. In guinea pigs, the broncho-
constriction following aerosol exposure suggests both a vagal
cholinergic and a noncholinergic local axon reflex. The cardio
respiratory effects following intravenous administration resul-
ted in a triphasic effect on blood pressure and altered cardiac
parameters. The complex effects on the cardiovascular system
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consist of tachypnea, hypotension (Bezhold–Jarish reflex),
bradycardia, and apnea.

If capsaicin or pepper spray is the preferred agent of choice
for self-defense or riot control, it has been suggested that much
research is required and preferably compared in parallel to CS
and CR. Alternatively, capsaicin or an analog could be
synthesized and evaluated as a single agent, rather than
a mixture with undetermined interactions of the multiple
components. These components vary qualitatively and quan-
titatively dependent on their natural origin (variety, species,
and maturity of fruit, hydrology, geology, and meteorology).
Such a synthetic equivalent pelargonyl vanillamide (PAVA or
Nonivamide), a potent sensory stimulant, has become avail-
able and is being used by police forces in the United Kingdom
and other countries. The available data are very limited. PAVA
is also used as a food flavor in quantities up to 10 ppm, and in
human medicine as a topically applied rubifacient, as is
capsaicin. In the United States, PAVA, as a food flavor, has been
given GRAS (generally recognized as safe) status by the Food
and Drug Administration.

Since OC is derived from chilies and thus is a food
product, many studies have been done to analytically
determine hotness, which helps categorize the hottest chilies
in the world. In 2007, the Guinness Book of World Records
named the Bhut Jolokia or ‘Ghost Chili’ the hottest chili in
the world with a Scoville Heat Unit (SHU) score of
1 041 427. As of 2012, the New Mexico State University’s
Chili Institute identified an even hotter chili. Hotness is
measured by the Scoville Heat Unit scale; originally based on
how many dilutions it took a panel of judges to no longer
taste the heat of a chili extract, the SHU scale is now based
on more standardized high-performance liquid chromatog-
raphy (HPLC) analysis of capsaicinoid content. Relative
concentrations of various capsaicinoids are measured
through HPLC and a score is then derived from this analysis.
Only one study, however, has analyzed the Bhut Jolokia in
a scientific manner and determined which capsaicinoids are
present in the pepper and their quantities. Previous studies
have shown that depending on the chili species, cap-
saicinoids equate to 0.1–1% of the chemical makeup of
oleoresin. However, in the Bhut Jolokia, levels approaching
5x that amount are present. Per 100 g of fresh weight,
5364mg of that weigh is capsaicinoid in the Bhut Jolokia. Of
that 5364mg of capsaicinoids, researchers identified and
quantified what capsaicinoid species were present in this
chili. Only two capsaicinoids were identified in this chili,
the Scotch Bonnet, and the Jalapeno: capsaicin (C) and
dihydrocapsaicin (DHC). Per 100 g of material, 4090mg of
capsaicin and 1274mg of dihydrocapsaicin was present.
While Jalapenos and Scotch Bonnet chilies had cap-
saicin:dihydrocapsaicin ratios of 12 and 14, respectively, the
Bhut Jolokia has a C:DHC ratio of 3.2, a significantly lower
ratio, demonstrating much more DHC relative to C (Yunbao
and Nair, 2010). This ratio, combined with the shear
percentage by mass of capsaicinoid content, is responsible for
the heat of the chili.

This pepper has been the subject of conversation recently,
not only because of its heat in the food community, but due to
its use in the military community as well. India, through its
Ministry of Defense, has developed a riot control device around
the Bhut Jolokia pepper. The pepper is indigenous to the states
of Assam, Nagaland, and Manipur, India. The device that has
been developed is a pyrotechnic disseminating device with
pellets of the dry chili mash distributed throughout the pyro-
technic mixture. The device is housed in a plastic cylindrical
shell with ported vents placed throughout the walls of the
cylinder. It is presumed that upon detonation, the pyrotechnic
mixture burns and with it, the pellets of pepper mash are
aerosolized, creating a cloud of respirable Bhut Jolokia parti-
cles. While no exploitation of the device by the United States
has occurred to date, it can be assumed from the chemical
makeup of the chili that aerosolized powders of the dry mash
could be more potent than current OC grenade devices. Claims
have been made by the Defense Research and Development
Organization (DRDO), under the Indian Ministry of Defense,
as to the potency of this device. It has been described as being
able to cause incapacitation, vomiting, and choking, while
having no long-term health effect. These claims have gone
unverified. Even more recently, a new chili has been said to be
hotter than the Bhut Jolokia, according to the NewMexico State
University’s Chili Institute. The newly identified chili is the
TrinidadMoruga Scorpion chili. NMSU claims that the chili has
a Scoville heat rating of w 2 000 000 SHU. No capsaicinoid
content literature has been published to date for this chili
pepper.

OC has been incorporated into a variety of formulations
andmarketed as pepper gas, pepper mace, and pepper spray for
self-defense, criminal incapacitation, law enforcement, and riot
control purposes. It has also been formulated in combination
with CS and CN for the same purposes. OC exposure induces
involuntary closing of the eyes and lacrimation. It also causes
respiratory-related effects such as severe coughing and
sneezing, nasal irritation, bronchoconstriction, and shortness
of breath. It causes burning sensations of the skin and loss of
motor control. As a result, many exposed individuals can be
easily subdued. Acute effects of capsaicin and capsaicinoids
cause edema, hypertensive crisis, and hypothermia. Since 1990,
there have been over 100 deaths reported following the use of
OC spray. Although a causal relationship has not been estab-
lished, most of the reported deaths had occurred within 1 h
following exposure. The causes of these in-custody deaths
remain controversial, but the most common explanation is
death from positional asphyxia. Other suggested causes that
should be considered include excited delirium, heat prostra-
tion, drug interactions, cardiopulmonary sensitization, and the
compromised Kratschmer reflex. Capsaicin was prepared and
being evaluated by the military as early as the 1920s in the
United States. Interest in its development waned when CS was
synthesized, and research efforts were redirected to the devel-
opment of CS as an RCA. Unlike the other RCAs such as CS, CR,
and CN, which have definite chemical compositions, OC is
a mixture of compounds containing capsaicinoids, various
acids and esters, alcohols, aldehydes, ketones, and carotenoid
pigments. Capsaicin as the major component is considered to
be the active ingredient without consideration as to the activity
or interactions of the other capsaicinoids or components.
Although the activity of the other capsaicinoids is similar, they
differ in potency.

PAVA or nonivamide, a synthetic equivalent of capsaicin,
which is pelargonyl vanillamide, is a potent sensory stimulant



Table 7 Acute toxicity of DM

Species LCt50 (mg min m
�3) LD a (mg kg�1)

Mice 22 400 17.9
Rats 3 700 14.1
Guinea pigs 7 900 2.4

aTheoretical dose calculated from respiratory volume, LCt50,
and estimated percent retention.
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and has become available and is being used by police forces in
the United Kingdom and other countries. Although it is being
used as a food flavor in quantities up to 10 ppm and in human
medicine as a topically applied rubifacient, as is capsaicin, there
are limited data available for its use as a self-defense spray or
RCA. Following a pilot exercise by the Sussex police force in the
United Kingdom, they and the Northampton police force, as
well as some police forces in other European countries and in
North America, are now using PAVA spray as an alternative
chemical incapacitant to CS spray. The spray used is a 0.3%
solution of PAVA in 50% aqueous ethanol and is dispersed
from handheld canisters by a nitrogen propellant. The coarse
liquid stream spray pattern is considered to be directional and
precise. The maximum effective range is 8–15 ft, aimed at the
subject’s face, especially the eyes. Users are cautioned not to use
it at a distance of less than 3 ft in order to avoid pressure injury
to the eyes. The particle size of the spray indicates that the bulk
of the droplets are over 100 mm, but a small proportion is in the
range of 2–10 mm with trace amounts below 2 mm. Thus, it is
unlikely that large amounts of PAVA will reach the respiratory
system.

As mentioned earlier, there is speculation as to the acute
respiratory toxicity of OC due to many deaths associated with
OC use by police. Possible reasons for these unfortunate inci-
dents have been linked to drug/alcohol use, positional
asphyxiation, or loss of the Kratschmer reflex. However, recent
insight into the transient receptor potential cation channel
subfamily V member 1 (TrpV1) receptor shows a potentiating
effect that ethanol has on the tussive response, or cough. TrpV1
receptors in the respiratory tract largely mediate cough with
regard to chemical stimulation by various exogenous
compounds. Capsaicin is a potent agonist of this receptor,
causing burning, itching, and coughing upon exposure.
However, in riot control devices, specifically sprayers, OC is not
the only material that is aerosolized from the container. Along
with OC, there are various propellants and stabilizers. One
used very frequently as a medium in OC sprayers is an aqueous
ethanol solution. A study conducted by the Italian universities
of Florence and Ferrara concludes that ethanol potentiates the
cough response in patients with airway hyperreactivity (Gatti
et al., 2009). Airway hyperreactivity is one of the initial
symptoms of OC exposure and manifests itself much like an
asthma attack. Swelling of the bronchial tubes and increased
mucous secretion occur, making breathing more difficult.
When ethanol is added to this initial insult, cough response
increases nearly fourfold in guinea pigs. This potentiation
occurs through TrpV1 channel phosphorylation via PKC acti-
vation. Upon ethanol exposure, PKC phosphorylates the TrpV1
receptor, lowering its activation threshold to capsaicin, heat, or
other endogenous compounds, allowing for a more sensitive
tussive response.

Volunteers, including mild asthmatics, were exposed to
aerosols of PAVA generated using a nebulizer that provides
respiratory particles to study the effects on the respiratory and
cardiovascular systems. The normal volunteers experienced
transient cough on exposure, and minimal effects on FEV1

(forced expiratory volume in 1 s (1% reduction)), heart rate
(15% increase), and blood pressure (8% increase). Similar
results were noted in mild asthmatics also exposed to 0.1%
PAVA. These were 3% reduction in FEVi, 5% increase in heart
rate, and 5% increase in blood pressure. It was noted that, in
actual use, subjects might experience a high level of stress that
could lead to clinically significant bronchospasm. Experience
did not indicate any significant adverse effects or any persistent
harm to skin or eyes of those exposed. However, based on the
animal experiments, it is an eye irritant, and thus might cause
marked effects in subjects wearing contact lenses. In view of the
limited data available, a complete assessment of its adverse
health effects is not possible.

Regarding DM: Various animal species including monkeys
have been exposed to diphenylaminochlorarsine (DM).
Following acute exposures, the animals exhibited ocular and
nasal irritation, hyperactivity, salivation, labored breathing,
ataxia, and convulsions. Histopathology did not reveal any
abnormalities at exposure dosages of below 500mgminm�3.
At higher dosages, animals that died or were euthanized
demonstrated hyperemia of the trachea, pulmonary congestion
and edema, and pneumonia. These effects were consistent to
exposure to pulmonary irritants. DM toxicity values are pre-
sented in Table 7.

Monkeys were exposed to varying concentrations and
durations. At a Ct dosage of 2565mgminm�3, only one animal
responded, and that was with oral and nasal discharge and
diminished response to stimuli. A Ct of 8540mgminm�3

resulted in ocular and nasal conjunctival congestion, facial
erythema, and decreased responses, all of which were resolved
within 24 h. Exposure to the high dosage of 28 765mgminm�3

resulted in hyperactivity, copious nasal discharge, conjunctival
congestion, and marked respiratory distress, as well as gasping
and gagging in all of the exposed monkeys. Eight of these
exposed monkeys died within 24 h of exposure. Necropsy of
these animals revealed congestion and extremely edematous
lungs. Microscopic examination revealed ulceration of the
tracheobronchial tree and pulmonary edema. Studies were also
conducted in which monkeys were exposed to low target
concentrations of 100 and 300mgm�3 DM for 2–60 and 2–
40min, respectively. As the exposure duration increased, toxic
signs increased, characteristic of exposure to irritants. At the
maximum dosage of 13 200mgminm�3, the animals exhibited
nausea and vomiting, oral and nasal discharge, and conjunctival
congestion. Below 1296mgminm�3, the only signs were
blinking.

The effects of DM on the gastrointestinal tract were sug-
gested as a possible cause of death. Dogs were dosed both
intravenously and orally with lethal doses of DM, while the
following parameters were monitored: central venous pressure,
right ventricular pressure, cortical electric activity, alveolar CO2,
respiratory rate, heart rate, electrocardiogram, and gastric
activity. DM caused a marked elevation of both amplitude and
rate of gastric activity for 15–20min and then returned to
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normal. Pretreatment with trimethobenzamide, an effective
antiemetic for peripheral and centrally acting emetics, did not
prevent DM gastric activity, but chlorpromazine was effective.
The authors concluded that DM affects the stomach directly,
and that the primary cause of death following exposure to DM
is its effects on the lungs.

The earliest human studies describing the effects of DM
inhalation exposures date back to 1922. The effects begin with
acute pain in the nose and sinuses followed by pain in the
throat and chest, with sneezing and violent coughing. Then
there is eye pain, lacrimation, blepharospasm, rhinorrhea,
salivation, nausea, and vomiting. Recovery is usually complete
in 1–2 h after exposure. The onset of signs and symptoms is
delayed for several minutes, unlike the onset for CS and CN,
which is almost immediate. The slow onset for DM allows for
the absorption of much more DM before a warning is
perceived. Threshold concentrations were estimated for irrita-
tion of the throat, lower respiratory tract, and initiation of the
cough reflex to be 0.38, 0.5, and 0.75mgm�3, respectively.
Varying concentrations were tested on human subjects, and
it was agreed that men could tolerate concentrations of
22–92mgm�3 for 1min or more, and with concentrations in
a range of 22–220mgm�3, it appears to be intolerable to
50% of a population for 1min. Dosages from 49 to
370mgminm�3 have been estimated to cause nausea and
vomiting. Inhalation of high concentrations has resulted in
severe pulmonary damage and death. DM is considered less
effective as a riot control or incapacitating agent than CS and
CN, and it was conjectured that there is greater differences in
susceptibility among people to DM than to the other agents.
DM, like CS, is considered to be a cholinesterase inhibitor,
which may be responsible for its lacrimatory effect. DM also
has a direct effect on gastric activity, but evidence suggests that
the lethal effect is respiratory.

Regarding Fentanyl: Since fentanyl is not listed in any
schedules of the Chemical Warfare Convention (CWC), and is
traditionally characterized by the rapid onset and short dura-
tion of action of 15–30min of analgesia, it can be legally
considered an RCA according to the definition set forth in the
CWC. On 23 October 2002, at least 129 of the w800 hostages
died in the Moscow Dubrovka Theater Center when Russian
authorities subdued the hostage-takers thereby pumping what
many believe was fentanyl into the building; some believe that
a mixture of fentanyl and halothane was used. However, in
a recent publication, the conclusion was reached that
a combination of remifentanil and carfentanil was employed in
this scenario.

The Chechen terrorists, who held the hostages, were from
a particularly extreme and violent group who were on
a martyrdom mission. It was also considered that the
Russians might have used remifentanil/carfentanil since it is
rather unique and extremely potent with relative fast action
and short duration. The chemical structure of remifentanil
also allows the body to quickly metabolize the substance
into nontoxic and water-soluble forms, thus minimizing
risks for both hostages and hostage-takers. The ester bond in
the remifentanil structure is easily hydrolyzed in the blood,
and thus avoids hepatic metabolism by cytochrome P450.
Although the Russian authorities insisted that emergency
personnel were prepared with 1000 antidotes in anticipation
of the raid, there is still controversy whether local hospitals
and physicians were adequately informed about the inca-
pacitant(s) used during the operation. It has also been sug-
gested that the Russian government revealed that a mixture
of fentanyl and halothane was used to incapacitate the
Chechen terrorists in the attempt to liberate the hostages in
Moscow. They further suggested that it was likely that
massive doses of carfentanil were used to saturate the theater
so that maximal effect by inhalation could be achieved.
Carfentanil is a potent opioid used to rapidly immobilize
large, wild animals, horses, and goats. It produces rapid
catatonic immobilization, characterized by limb and neck
hyperextension. Adverse effects include muscle rigidity, bra-
dypnea, and oxygen desaturation. Recycling and renarcoti-
zation have been reported as possible causes of death when
low doses of antagonists are used. Although there were
naloxone syringes found in the theater, it is possible that the
doses were insufficient to reverse the respiratory depression
caused by acute inhalation.
Chronic Toxicity (Animal/Human)

Regarding CN: Toxicological studies were conducted on 1-
chloroacetophenone (CN) dispersed from commercially
available thermal grenades or from acetone solutions. Acute
and sublethal effects following aerosol exposure in experi-
mental animals were lacrimation, conjunctivitis, copious
nasal secretions, salivation, hyperactivity, lethargy, and
dyspnea, which occurred in all animals. Effects on the skin of
exposed animals were primarily erythema. The estimated
LCt50 values calculated for CN in the various animal species
were 8878mgminm�3 in the rat, 7984mgminm�3 in the
guinea pig, and 7033mgminm�3 in the dog. The patholog-
ical findings in the animals that died from inhalation of CN
consisted of congestion of the alveolar capillaries, alveolar
hemorrhages, and excessive secretions in the bronchi and
bronchioles, as well as areas of acute inflammatory cell infil-
tration of the trachea, bronchi, and bronchioles. It was also
reported that CN was from three- to tenfold more toxic than
CS in mice, rats, rabbits, and guinea pigs. The early deaths
exhibited lesions of the upper respiratory tract, with marked
pseudomembrane formation, excessive salivation, and nasal
secretion. The animals that died later exhibited edema and
hemorrhage of the lungs. In repeated exposures to lower
individual concentrations than in the acute exposures for 10
consecutive days in guinea pigs, dogs, and monkeys, the
toxicity of CN was found to be considerably less when
administered in divided doses. Overall, studies demonstrated
a lack of cumulative toxicity. Changes in biochemical
endpoints measured following multiple exposures of CN and
CR in mice were a decrease in hepatic glutathione and
increased lipid peroxidation.

Hepatic acid phosphatase increased after a 5 day exposure
to CN, and the glutathione levels decreased after a 10 day CN
exposure. CN-induced elevation in acid phosphatase levels
reflected the release of lysosomal enzymes from the liver,
indicative of tissue injury. CR exposure did not produce
significant alterations in hepatic biochemical parameters.
Additionally, hyperglycemia was observed after exposure to
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CN. Stress-mediated release of epinephrine is known to
elevate glucose levels and thus may be responsible for the
hyperglycemia. Significant decreases in body weight gain were
also noted on exposure to these compounds, with CN having
a more prominent effect on body weight. These findings were
consistent with results on the repeated-dose effects of orally
administered CR in various animal species. Histopathologic
changes following CN exposures included hemorrhage, per-
ivascular edema, congestion of the alveolar capillaries, oc-
cluded bronchioles, and alveolitis. Renal histopathology
demonstrated congestion and coagulative necrosis in the
cortical tubules in CN-exposed mice. Hepatic histopathology
consisted of cloudy swelling and lobular and centrolobular
necrosis of hepatocytes following CN exposures.

CN, particularly in solutions, is more likely to cause more
serious eye effects than CS. At high concentrations, CN may
result in chemical injury to the eyes with corneal and
conjunctival edema, erosion or ulceration, chemosis, and focal
hemorrhages. CN-induced ocular effects on the rabbit eye
following treatment with various formulations included lacri-
mation, chemosis, iritis, blepharitis, and keratitis, with severity
dependent on the formulation.

CN is also a potent skin irritant, more likely to cause
more serious injury to the skin than CS. These effects include
diffuse and intense erythema, severe edema, and vesication.
CN is considered a more potent skin irritant and sensitizer
than CS (Thornburn, 1982).

Regarding CS: Although no fatalities have been validated
following exposure to CS, there have been several cases of
serious consequences. A documented case of pneumonia is
reported in a normal 4-month-old white male infant exposed
to CS gas for 2–3 h. Immediately, when taken to the emergency
room, he was observed to have copious nasal and oral secre-
tions, sneezed and coughed frequently, and required suction to
relieve upper airway obstruction. The pneumonitis was treated
aggressively and the patient was discharged from hospital on
the 12th day. However, within 24 h the infant was returned to
the emergency room and was rehospitalized. A repeat chest
roentgenogram demonstrated a progression of the pulmonary
infiltrates. Following treatment with antibiotics the chest
roentgenogram was clear on the 17th day, and improvement
continued and the patient was discharged after 28 days of
hospitalization.

Another reported case of serious intoxication with CS tear
gas was 11 days following a thorough internal medical
examination that revealed no clinical or pathological find-
ings, when a 43-year-old male was in a room in a cloud of
fumes from a CS canister that a friend had ignited as a joke.
Immediately he suffered from burning pains in the eyes and
in his upper respiratory tract, lacrimation, and pains in his
chest with dyspnea and coughing. This unusual exposure
led to serious long-term complications such as toxic
pulmonary edema, gastrointestinal difficulties, and indica-
tions of liver damage and passing right heart insufficiency.
After 3 months of hospitalization, all tests were negative,
and the patient was discharged to his home in a condition
capable of work.

A reported case of major hepatitis attributable to CS inha-
lation exposure was described where a 30-year-old incarcerated
male was sprayed with CS and was hospitalized 8 days later
with erythroderma, wheezing, pneumonitis with hypoxemia,
hepatitis with jaundice, and hypereosinophilia. For months he
continued to suffer from generalized dermatitis, recurrent
cough and wheezing consistent with reactive airway dysfunc-
tion syndrome, and eosinophilia. Systemic corticosteroids were
successful, but abnormalities recurred off treatment. Although
the dermatitis resolved gradually over 6–7months, the asthma-
like symptoms persisted a year after exposure. Patch testing
confirmed sensitization to CS. The mechanism of the pro-
longed reaction is unknown, but may involve cell-mediated
hypersensitivity, perhaps to adduct of CS, or a metabolite, and
tissue proteins. The investigators reported this as the first
documented case in which CS apparently caused a severe,
multisystem illness by hypersensitivity rather than direct tissue
toxicity.

Regarding CR: Repeated inhalation exposures in mice and
hamsters to concentrations of 204, 236, and 267mgm�3 CR
for 5 days per week for 18 weeks produced death in both
species at the high concentrations, but no single cause of
death could be ascertained, although pneumonitis was
present in many cases. Chronic inflammation of the larynx
was observed in mice. Although alveologenic carcinoma was
found in a single low dose and a single high dose group of
mice, the findings and conclusions were questioned because
the spontaneous occurrence of alveologenic carcinoma is
high in many mouse strains. Further, this tumor type differs
in many respects from human lung tumors. No lung tumors
and no lesions were found in hamsters exposed to CR aero-
sols. Histopathology revealed hepatic lesions in mice, but
these were of infectious origin, and not CR related. CR
exposures at high concentrations reduced survivability and
produced minimal organ specific toxicity at many times the
intolerable human dose, which has been reported as
0.7 mgm�3 (IC50) within 1 min and 0.15 mgm�3 (IC50)
within 1 min. The effects in rats of CR and CN aerosols on
plasma glutamic oxaloacetic transaminase, plasma glutamic
pyruvate transaminase, acid phosphatase, and alkaline
phosphatase exhibited no change in any of these parameters
for CR, while there were significant increases in all of these
parameters in rats exposed to CN, suggesting that CN could
cause tissue damage.

Repeated cutaneous application of CR was conducted in
experimental animals 5 days per week for 12 weeks with little
effect on the skin. In view of the absence of any specific organ
effects, it was postulated that absorption of even substantial
amounts of CR would have little effect.

Mild and transitory eye effects such as mild redness and
mild chemosis were observed in rabbits and monkeys after
a single dose of 1% CR solution. Multiple doses over a 5 day
period of 1% CR solution to the eye produced only minimal
effects. No signs of eye irritation in animals following single or
multiple dose applications of 1% CR solutions was reported
while moderate conjunctivitis following the application of 5%
CR solution to the eyes of rabbits was reported. Although
histological examination revealed normal corneal and eyelid
tissues, aerosol exposures of 10 800 and 17 130mgminm�3

resulted in mild lacrimation and conjunctival injection, which
cleared in 1 h, while in solution, produced reversible dose-
related increases in corneal thickness. It was concluded that CR
produced considerably less damage to the eye than CN, and
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that there was a much greater degree of safety for CR than for
CN. On skin it was reported to produce only transient
erythema, but did not induce vesication or sensitization, and
did not delay the healing of skin injuries.

Regarding DM: The effects of DM on the eyes and skin of
rabbits were studied with DM suspended in corn oil instilled
into the eyes of rabbits in doses of 0.1, 0.2, 0.5, 1.0, and
5.0mg. No effect was observed at 0.1 mg, but at 0.2 mg, mild
conjunctivitis was observed. At 0.5mg, mild blepharitis was
also seen. Corneal opacity persisted over the 14 day observa-
tion period in rabbit eyes that were dosed with 1.0 and
5.0mg. Corn oil suspensions of DM (100mgml�1) were
placed on the clipped backs of rabbits at doses of 1, 10, 50,
75, and 100mg. At 10mg and higher, necrosis of the skin was
observed. The skin sensitization potential of DM in guinea
pigs was negative.

Regarding Fentanyl: There is no substantiating evidence to
lead to the conclusion that repeated use of fentanyl is toxic. The
only adverse data available are from a study conducted in the
dog model that showed histological changes after a 4 week
period of 1mg kg�1 daily dosage.
Immunotoxicity

Regarding CN: See chloroacetophenone.
Regarding CS: See 2-chlorobenzylidine malononitrile.
Reproductive Toxicity

Regarding CN: See chloroacetophenone.
Regarding CS: See 2-chlorobenzylidine malononitrile.
Regarding CR: The reproductive and developmental effects

of CR were studied on rabbits and rats exposed to inhalation of
aerosolized CR at concentrations of 2, 20, and 200mgm�3 for
5 and 7min. Groups of animals were also dosed intragastrically
on days 6, 8, 10, 12, 14, 16, and 18 of pregnancy. No dose-
related effects of CR were observed in any of the parameters
measured and the number and types of malformations
observed. No externally visible malformations were seen in any
group and no dose-related effects of CR were noted in any of
the fetuses in any group. Based on the overall observations, the
author concluded that CR was neither teratogenic nor embry-
otoxic to rabbits and rats.

Regarding OC/PAVA: A very thorough review of toxicolog-
ical data showed some reproductive effects in pregnant rats, but
no reproductive toxicity in the rabbit model. The rat offspring
showed delayed ossification of the metatarsals after birth
(Proudlock et al., 2004).

Regarding Fentanyl: Fentanyl has shown no capacity to be
toxic to reproduction. In one rat study, doses of up to
500 mg kg�1 day�1 were administered and caused no adverse
effects on peri- and postnatal development or embryo-fetal
toxicity.
Genotoxicity

Regarding CN: See chloroacetophenone.
Regarding CS: The effects of CS inhalation were studied
on embryonic development in rats and rabbits at concen-
trations consistent with those expected in riot control situ-
ations (w10mgm�3). Although the concentrations were low
and the duration of exposure (5 min) may not have been
adequate to assess the fetotoxic and teratogenic potential of
CS, no significant increase in the numbers of abnormal
fetuses or resorptions was noted. The mutagenic potential of
CS and CS2 was studied in microbial and mammalian
bioassays. CS was negative when tested in Salmonella typhi-
murium strains TA 98, TA 1535, and TA 1537 with and
without metabolic activation. The mutagenic potential for
CS and CS2 in mammalian assays such as the Chinese
hamster ovary test for the induction of sister chromatid
exchange and chromosomal aberration, and the mouse
lymphoma L5178Y assay for induction of trifluorothymidine
(Tfi) resistance indicated that CS2-induced sister chromatid
exchange, chromosomal aberrations, and Tfi resistance. The
Committee on Toxicology of the National Research Council
reported that taken in their totality, the test of CS for gene
mutation and chromosomal damage provide no clear
evidence of mutagenicity. Although most of the evidence is
consistent with a lack of mutagenic potential, in the
committee’s judgment it is unlikely that CS poses a geno-
toxic hazard to humans. CS2 was evaluated for carcinoge-
nicity in the NTP 2 year rodent bioassay. Compound-related
nonneoplastic lesions of the respiratory tract were observed.
The pathologic changes observed in the exposed rats
included squamous metaplasia of the olfactory epithelium,
hyperplasia, and metaplasia of the respiratory epithelium. In
mice, hyperplasia and squamous metaplasia of the respira-
tory epithelium were observed. Neoplastic effects were not
observed in either rats or mice, and it was concluded that the
findings suggest that CS2 is not carcinogenic to rats and mice
(Meshram et al., 1992).

Regarding CR: The mutagenic potential of technical-grade
CR and its precursor (2-aminodiphenyl ether) in the various
strains of S. typhimurium as well as in mammalian assay
systems was negative in all the assays, suggesting that CR is
not mutagenic. Further testing is required to exclude the
genetic threat to humans, as well as to determine the carci-
nogenic potential and its ability to cause other chronic health
effects.

Regarding Fentanyl: Fentanyl has tested negative for gen-
otoxicity in the following tests: in vitro cytogenetics bacterial
mutation, UDS in vitro, in vivo cytogenetics, and mouse
lymphoma assay.
Carcinogenicity

Regarding CN: In 2 year carcinogenicity inhalation bioassays
in rats and mice, there was no indication of carcinogenicity in
male rats, while equivocal evidence was found in female rats.
These findings were evidenced by increased fibroadenomas
of the mammary gland. In these 2 year studies in mice,
there was no evidence of carcinogenic activity in males and
females.

Regarding Fentanyl: No data are available regarding the
carcinogenicity of fentanyl. However, based on its clinical use
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and mode of action, it is generally accepted that fentanyl is
noncarcinogenic.
Clinical Management

Regarding CN: See chloroacetophenone.
Regarding CS: See 2-chlorobenzylidine malono-nitrile.
Ecotoxicology

Regarding CN: See chloroacetophenone.
Regarding CS: See 2-chlorobenzylidine malono-nitrile.
Regarding Fentanyl: Per fentanyl’s prescribed use in

patients and its mode of metabolism, this drug has never
been required to have an ecological test submitted for its
approval or use. That being said, fentanyl does have a pre-
dicted environmental concentration in surface waters; the
maximum dose per inhabitant was calculated to be
0.008 mg l�1.
Exposure Standards and Guidelines

Regarding CN: See chloroacetophenone.
Regarding CS: See 2-chlorobenzylidine malono-nitrile.
Table 8 Estimates of ICt50 values (mgm�3) and LCt50 values
(mg min m�3) for various RCAs

Agent LCt50 ICt50

Safety ratio

(LCt50/ICt50)

CN 8500–25 000 20–50 425–500
CR >100 000 �1 100 000
CS 25 000–150 000 5 5000–30 000
DM 11 000–35 000 20–150 550–233
Miscellaneous

The toxicological effects, which are actually the pharmaco-
logical effects of RCAs, but are perceived as adverse or toxi-
cological effects, can be local or topical as well as systemic
following absorption. In addition, the effects can be acute or
long term. Also, the exposure can be acute, long, or repeated.
The disposition of the agent in the exposed individual
also needs to be considered, i.e., absorption, distribution,
metabolism (biotransformation), and excretion (ADME).
RCAs have been described as nonlethal or less-than-lethal
agents. Exposure to these compounds involves ocular,
dermal, and inhalation effects, and indirectly oral or gastro-
intestinal. Their primary action is the local or topical effect
on the eye, which appears to be the most sensitive target
organ. They also act on the skin and respiratory tract. The
immediate effects on exposure to these irritants include
intense irritation of the eyes, marked irritation of the nose,
Table 9 Estimates for human ocular sensory irritancy

Compound Onset/action

Threshold concentration

(mg m–3)

CN Immediate 0.3
CR Immediate 0.002
CS Immediate 0.004
DM Rapid 1
Acrolein Rapid 2–7
OC Rapid
throat, and lungs, as well as irritation of the skin. The margin
of safety or the safety ratio between the dose eliciting
the intolerable effect and that dose which causes lethal effects
is large. Examples of these are presented as human estimates
for incapacitation concentrations (IC50) and lethal dosages
(LCt50) in Table 8.
Relevant Ocular and Cutaneous Effects

Exposure to RCAs causes an immediate stinging sensation in
the eyes and tearing, resulting in a temporary disabling effect.
These effects are reversible and noninjurious at low concen-
trations. At high concentrations, however, some irritants can
cause ocular damage. Moderate injury to the eye following
exposure results in corneal edema, which is reversible. Most
serious injury may include corneal opacification, vasculariza-
tion, scarring of the cornea, and corneal ulceration. Ocular
injuries are more prevalent following use of explosive- or
thermal-type tear gas devices as contrasted with solvent spray-
type devices (Table 9).

RCAs at low concentrations also produce a tingling or
burning sensation and transient erythema of the skin. At
higher concentrations, agents such as CN, CS, and DM can
cause edema and blistering. They can also induce an allergic
contact dermatitis after an initial exposure. These effects are
successfully treated with topical steroid preparations and oral
administration of antihistamines for itching. Appropriate
antibiotics can be administered to treat secondary infections.

RCAs do not usually cause long-term or permanent toxic
effects, although the risk for serious toxic effects, long-term
sequelae, or even death increases with higher exposure
concentrations and greater exposure durations, in enclosed
spaces or in susceptible individuals. Overall, however, the
toxicity of acute and short-term repeated exposures to RCAs is
well characterized.
Intolerable concentrations

(mg m�3)

10 min exposure lethal

concentration (mg m�3)

5–30 850
1 10 000
3 2500
5 650
50 350
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See also: Arsenical Vomiting Agents; Blister Agents/Vesicants;
3-Quinuclidinyl Benzilate (BZ): Psychotomimetic Agent; CN
Gas; CS; Nerve Agents; Nonlethal Weapons.
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Ecological risk assessment (ERA) applies methods of systems
analysis to integrate ecology, environmental chemistry, envi-
ronmental toxicology, geochemistry, hydrology, and other
fundamental sciences in estimating the probabilities of unde-
sired ecological impacts. In theory, an ERA applies to both
human-induced and natural disturbances. An ERA can be
viewed as a subset of basic disturbance ecology. However, in
practice, most of the ERAs derive from specific needs to assess
human-induced impacts on the environment. Many ERAs
conducted in the United States are motivated by legislation,
including the National Environmental Policy Act, the Toxic
Substances Control Act, and the Comprehensive Environ-
mental Response, Compensation, and Liability Act (Super-
fund). Other ERAs are undertaken by private industry to
determine future ecological risks and potential liabilities
associated with the development, use, and disposal (i.e., life
cycle) of new or existing products (e.g., herbicides, pesticides,
industrial chemicals).

Several different approaches for performing an ERA have
been proposed both nationally and internationally. While
no single methodology has been officially sanctioned, the
approach outlined by the US Environmental Protection
Agency (EPA) is being increasingly used to guide ERAs in the
United States. The following discussion focuses, therefore, on
the US EPA methodology, which consists of four basic
components: problem formulation, exposure analysis, effects
assessment, and risk characterization. This presentation will
attempt to minimize the use of jargon that has proliferated
during the evolution of the ERA methodology. Thus, the
discussion might not correspond in exact detail to the ERA
methodology, although the major aspects of this approach
will be described.
Problem Formulation

This initial and perhaps the most important part of the
assessment defines the nature and scope of the ERA, describes
the sources of potential risk (stressors), identifies the ecological
resources at risk (endpoints), considers the nature of the
ecological impacts in relation to the stressors, and produces
a conceptual model of the overall assessment. Thus, problem
formulation essentially encapsulates the entire ERA process.
Execution of this step requires collaboration among risk
managers and risk assessors to define the assessment objectives
and develop the corresponding conceptual model. This model,
like most, should be viewed as dynamic and subjected to
change throughout the ERA in relation to modifications to the
objectives and the development of new data and information.

Much of the original emphasis on ERA concerned the
ecological effects of toxic chemicals. Importantly, the
continuing evolution of ERA frameworks reflects the recogni-
tion that physical, geological, hydrologic, and biological
stressors can produce undesired ecological effects. Examples of
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
these kinds of stressors include physical habitat degradation,
erosion of soils or sediments, drought/floods, and introduc-
tions of exotic species. Therefore, the set of stressors addressed
by an ERA has expanded to include other kinds of disturbance,
some of which are influenced by human activities (e.g., intro-
duction of exotic species, hydrology, climate change).

In assessing risks posed by toxic chemicals, ‘exposure’ (see
Exposure Analysis below) refers to mechanisms of direct
contact, ingestion, inhalation, or indirect accumulation
through the consumption of contaminated food. The concept
of exposure has been expanded to include analogous pathways
and mechanisms that define the intersection in space and time
of other stressors with individual organisms or their ecological
support systems.

The large number and different kinds of ecological effects
that are of potential concern distinguish, in part, an ERA from
more traditional human health risk assessment. An ERA might
address alterations in basic physiological processes (e.g.,
photosynthesis, respiration), lethal or sublethal (i.e., growth)
effects on individual organisms, changes in population
dynamics (e.g., growth rate, fluctuations, local extinction),
alterations in community structure, species diversity, ecosystem
function (e.g., primary production, total system respiration,
decomposition, nutrient cycling), and landscape-level impacts
(e.g., habitat distribution). ERAs commonly identify more than
one kind of ecological effect of concern in problem formula-
tion. The ecological effects of concern identified during
problem formulation should be ecologically important, sensi-
tive to the stressor(s), and relevant to risk management.

Following construction of the conceptual model, problem
formulation continues by developing a plan to implement the
conceptual model of the ERA. The resulting analysis plan
further characterizes the stressors, identifies specific ecological
effects of concern, and identifies applicable data, as well as
measures or models that can be used to quantitatively relate the
stressors to the expected ecological effects.

The initial interactions between risk managers and risk
assessors might also involve other organizations and concerned
members of the public (stakeholders). Initial discussions can
help ensure that all important aspects of the assessment are
identified, included as part of the problem formulation, and
represented in the conceptual model. Such interactions can also
ensure that the kinds of results produced by the ERA can be
used effectively in the process of risk management and decision
making. The US EPA approach argues for the separation of risk
managers and risk assessors during the course of risk estima-
tion. Upon completion of risk estimation, risk managers, risk
assessors, and stakeholders may reconvene to discuss the
nature and interpretation (e.g., conclusions, assumptions,
caveats) of the results in the context of the overall assessment
objectives. Possible outcomes of these interactions include
revisions to the conceptual model, collection of new data, and
subsequent iterations of risk estimation until the ERA needs
of risk managers and decision makers are fulfilled.
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Exposure Analysis

Exposure is analyzed through characterizing the processes and
mechanisms that bring organisms into contact with the
stressor(s) of concern and quantifying the frequency, magni-
tude, and duration of such contact. Clearly, the nature of the
stressor(s) and the kinds of ecological effects of concern will
strongly influence the exposure analysis. Each identified
stressor will suggest a relevant spatial and temporal scale for
analysis. The scales might be local and relatively short term, as
for accidental spills of toxic, yet readily degraded or volatilized
chemicals that result from hazardous waste management.
Conversely, some stressors (e.g., fire, climate change) can exert
ecological impacts over large expanses and for durations that
greatly exceed the generation time of most organisms. Stressors
are also evident at intermediate scales, for example, major oil
spills (e.g., Exxon Valdez) and certain exotic species (e.g., gypsy
moth, zebra mussel, Asian long-horned beetle).

The nature of specific stressor(s) can provide information
concerning the processes or mechanisms of exposure that will
have to be evaluated in an ERA. Chemical contaminants
introduced into the environment are naturally transported by
the movements of wind and water. Certain chemicals can
accumulate in organisms and be transmitted throughout
complex food webs. Some organic chemicals are rapidly sorbed
to soils and sediments, while others effectively remain in
solution. Natural movements of biological stressors might be
augmented by private and commercial transportation (e.g.,
cars, trucks, ships, airplanes) systems.

The kinds of ecological effects included in the conceptual
model can also provide insights into exposure analysis for an
ERA. Organisms occupy certain dimensions in space and time.
Habitats have measurable spatial extent; ecological processes
exhibit characteristic rates. Such observations can guide the
analysis of exposure. For example, knowledge of the timing and
duration of a sensitive life stage (e.g., eggs, larvae) can focus the
corresponding measurement of stressors of concern and
provide more meaningful quantification of exposure than
long-term averages or monitoring that might completely miss
the necessary time period for measurement. Seasonal changes
in light, temperature, precipitation, and other physical factors
can result in spatial–temporal variability in exposure. The
important point is that variability in both the processes that
influence the stressor and the characteristics of the ecological
entities should be addressed in developing a meaningful
analysis of exposure.

Alternative approaches can be used in a sequential manner
to assess exposure. Worse-case scenarios can be developed that
assume maximum values of the stressor. For example, ‘end-of-
pipe’ concentrations of toxic chemicals can be used without
accounting for physical dilution, chemical alterations, or bio-
logical degradation that would otherwise reduce the concen-
trations experienced by the organisms of concern. This
approach can overestimate risk. If acceptable risks were esti-
mated using these extreme exposures, the assessment process
might reasonably be terminated. As an alternative to worse-case
scenarios, exposures might be measured. Actual measures of
exposure are undoubtedly the most easily defended scientifi-
cally (presuming competent sampling and analysis) and the
most realistic inputs to an ERA. Finally, exposures might be
estimated using physical (e.g., microcosms, mesocosms) or
mathematical models. For example, several models have been
developed and used to simulate the transport, fate, and distri-
bution of toxic chemicals in the environment.

The product of exposure analysis is an exposure profile.
For chemicals, the profile should include the nature of the
source, pathways of exposure, environmental media of concern
(e.g., soils, water, sediments, contaminated biota), exposure
concentrations (magnitude, timing, duration, recurrence),
and uncertainties associated with these exposures. Analogous
exposure profiles would be developed for nonchemical
stressors included in an ERA.
Effects Assessment

This component of the overall ERA methodology develops the
functional relationships between the stressors and the selected
ecological responses. The stressor–response functions are
central to ERA. In short, an ERA can be described as the
development and application of uncertain stressor–response
functions in assessing ecological impacts. The functions should
estimate the severity of the ecological response in relation to
the magnitude, frequency, and duration of the exposure. The
derivation of stressor–response functions depends on the
quantity and quality of available data.

Sources of data that might be used in the construction of
stressor–response functions include: the results of toxicity tests
(lethal, chronic) performed under controlled laboratory
conditions, direct measures of exposure and response in
controlled field experiments, and the application of statistical
relationships that estimate the biological effects of chemicals
based on physical or chemical properties of specific toxicants.
The order of preference among these sources of data lists field
observations as the most valuable, followed by laboratory
toxicity tests, and finally by the use of empirical relationships.
In the absence of directly relevant data, the development of
stressor–response functions may require the use of extrapola-
tions among similar stressors or ecological effects for which
data are available. For example, effects might have to be
extrapolated from the available test species to an untested
species of concern in an ERA. Similarly, toxicity data might
be available only for a chemical similar to the specific chem-
ical stressor of concern in an ERA, and thereby require an
extrapolation from one chemical to another to perform the
assessment.
Risk Characterization

Risk characterization combines the exposure profiles with the
stressor–response relationships to estimate ecological risks in
an ERA. A variety of methods and tools are available for risk
estimation. For assessing risks posed by toxic chemicals, one
simple method simply divides the exposure concentrations by
the toxicity reference values. Quotients equal to or greater than
1.0 imply risk; quotients less than 1.0 suggest minimal or no
risk. Such quotients can prove useful in initial screening-level
assessments to reduce the number of stressors that should be
analyzed in greater detail. The screening assessments may be



Risk Assessment, Ecological 157
particularly effective if exposure estimates used in risk charac-
terization are biased toward overestimating risk. This approach
is limited in the context of using single-value estimates of
exposure and toxicity to estimate risk.

Depending on the availability of data, distributions of
exposure and toxicity can be constructed and compared. Risk
can be estimated by comparing the degree of overlap between
these distributions; the greater the overlap, the higher the risk.
Using comparisons of distributions in screening-level assess-
ments can extend the single-value quotient approach by
including more information, including uncertainty, in the
estimation of risk.

Experiments under field conditions or more controlled
conditions in the laboratory (e.g., microcosms, mesocosms)
can be used to characterize ecological risks. Experimental
systems provide opportunities to physically impose the
stressors of interest on the ecological resources of concern. Such
experiments may be the only practical method for assessing
risks posed by stressors not intended to be introduced into the
environment. This approach may also prove essential in
assessing risks posed by stressors that are virtually unknown or
whose attributes are proprietary.

Mathematical and computer simulation models can be used
to estimate ecological risks. There was a comprehensive review
and evaluation of the existing ecological models for potential
application in assessing ecological risks. Following decades of
model construction in support of basic research and develop-
ment, it stands to reason that some of these models might
prove useful in estimating ecological risks posed by various
stressors on individual organisms, populations, communities,
and ecosystems. The critical aspect in adapting these models for
assessing risk is the ability to derive a stressor–response rela-
tionship for the stressor(s) and ecological impacts of interest.
Uncertainty

Risk implies uncertainty. An ERA was designed expressly to
include uncertainty as an integral component of the assessment
process. Sources of uncertainty include natural variability in
ecological and environmental phenomena, as well as bias and
imprecision associated with the stressor–response functions.
This latter source of uncertainty can be exacerbated if extrapo-
lations were involved in the derivation of the functions (e.g.,
laboratory to field, across species).

Uncertainties inherent to the risk assessment process can be
quantitatively described using, for example, statistical distri-
butions, fuzzy numbers, or intervals. Corresponding methods
are available for propagating these kinds of uncertainties
through the process of risk estimation, including Monte Carlo
simulation, fuzzy arithmetic, and interval analysis. Computa-
tionally intensive methods (e.g., the bootstrap) that work
directly from the data to characterize and propagate uncer-
tainties can also be applied in an ERA. Implementation of these
methods for incorporating uncertainty can lead to risk esti-
mates that are consistent with a probabilistic definition of risk.

Methods of numerical sensitivity and uncertainty analysis
can be used to examine uncertainty and identify the key sources
of bias and imprecision in quantitative estimates of risk.
Once identified, limited resources (e.g., time, funding) can be
efficiently allocated to obtain new information and data for
those major sources of uncertainty and reduce it. These analyses
can be repeated until uncertainties associated with the risk
estimates are of an acceptable degree or until uncertainties
cannot be further reduced.
Risk Communication and Management

If carefully crafted during problem formulation, the risk esti-
mates derived from the previous step will provide information
compatible with the process of risk management. The nature of
the risk estimates should also facilitate their description and
interpretation to stakeholders. Successful risk communication
and management will likely require the risk assessors to again
collaborate with managers and decision makers to ensure
proper interpretation of the risk estimates. Such collaboration
can importantly help in developing and evaluating alternative
management actions directed at the original goals and objec-
tives of the ERA. Finally, discussions among risk managers and
risk assessors can also lead to revision of goals and objectives,
modifications of the conceptual model, and subsequent itera-
tion of the risk assessment process.

See also: Cumulative (Combined Exposures) Risk Assessment;
Ecotoxicology; Risk Perception.
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Figure 1 Risk analysis paradigm. Adapted from WHO (2010).
Risk Assessment Paradigm

The World Health Organization (WHO) defines risk as the
probability of an adverse effect in an organism, system, or (sub)
population caused under specified circumstances by exposure
to an agent. An agent may be a physical contaminant (e.g.,
particles, fibers, radiation, noise), a chemical contaminant (e.g.,
inorganic gases, organic compounds), or a biological contam-
inant (e.g., bacteria, viruses, worms) in a medium.

Risk assessment is a process intended to calculate or estimate
the risk to a given target organism, system, or (sub)population,
including the identification of attendant uncertainties,
following exposure to a particular agent, taking into account
the inherent characteristics of the agent of concern as well as the
characteristics of the specific target system. Exposure is the
contact over time and space between a person and one or more
agents.

Human health risk assessments of agents can be performed
to evaluate past, current, and even future exposures to any
agent found in air, soil, water, food, consumer products, or
other materials. They can be quantitative or qualitative in
nature. Risk assessments are often limited by a lack of complete
information. To be protective of public health, risk assessments
are typically performed in a manner that is unlikely to under-
estimate the actual risk.

Risk assessments rely on scientific understanding of agent
behavior (amount, dispersion, metamorphosis in a medium,
in food and/or in a consumer product), exposure, dose,
and toxicity. In general terms, risk depends on the following
factors:

l Amount of an agent present in an environmental medium
(e.g., soil, water, air), food, and/or a consumer product;

l Amount of contact (exposure) a person has with the agent
in the medium; and

l Capacity of the agent to produce adverse health impacts in
humans (‘toxicity’ for biological and chemical contami-
nants; ‘interference with biological processes’ for physical
contaminants).

Obtaining knowledge to describe these factors is the
cornerstone or foundation of most risk assessments for bio-
logical, chemical or physical contaminants. As these data are
not always available, many risk assessments require that esti-
mates or judgments be made regarding some data inputs or
characterizations. Consequently, risk assessment results have
associated uncertainties, which should be characterized as
much as possible.

Risk assessment is the first of the three components in a risk
analysis process, the other two components being risk
management and risk communication (Figure 1).

Risk management is the decision-making process involving
the consideration of political, social, economic, and technical
factors with relevant risk assessment information relating to
a hazard so as to develop, analyze, select, and implement
appropriate risk mitigation options.
158 Encyclopedia of T
Risk communication is the interactive exchange of informa-
tion and science-based opinions concerning risk among risk
assessors, risk managers, consumers, and other actual or
potential stakeholders.

Risk assessments identify, compile, evaluate, and interpret
information on the health hazards of an agent, including
human exposure to the agent and relationships between
exposures and adverse effects. Risk assessment includes the
identification of concomitant uncertainties, following exposure
to a particular agent, and taking into account inherent charac-
teristics of the agent of concern as well as the characteristics of
the specific target organism, system, or (sub)population.
Acquisition of information appropriate to a given exposure to
an agent is a fundamental challenge in risk assessment. Such
information can be readily found in the published (printed and
electronic) literature. International and other organizations
also provide compilations of relevant information on hazards,
exposures, and adverse health impacts.

It is customary to distinguish between preliminary (or
informal) and formal risk assessments. A preliminary risk
assessment in general precedes a formal risk assessment.
Preliminary risk assessments are usually subjective and quali-
tative and may be initiated from any stakeholder. A key ques-
tion of a preliminary risk assessment is whether or not a formal
risk assessment is necessary. The transition from preliminary
assessments to formal risk assessments is an iterative process
that results in the problem formulation. It facilitates the critical
interaction between risk assessment and risk management.
Stakeholder involvement is essential during the problem
formulation.

The problem formulation initiates the risk assessment
process. Since risk management influences the problem
formulation, risk assessment should not be considered as
insulated from risk management but rather as interacting with
the risk management process.

A further important element in the risk assessment and
management process is risk perception. People can be expected
to perceive risks differently. The public often relies on intuition
of the degree of risk posed by a hazard, whereas the professional
risk assessor will estimate this degree using a risk assessment
procedure and consider the available risk management options.
Factors driving the risk perception include the likelihood of
adverse effects, how familiar or widespread an effect is, whom it
affects, and whether the individuals have voluntarily agreed to
bear the risk because they perceive potential benefits to them-
selves. The public perceives unfamiliar risks of involuntary
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00451-6
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Figure 3 The elements of risk assessment. Adapted from WHO (2010).
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exposure as more important than risks that are well understood
and voluntarily accepted (e.g., risk of nuclear accidents versus
the risk of suffering from vehicle accidents). Risk perception can
thus influence the selection of risk management options.
Therefore, risk assessors need to ensure a comprehensive and
clear communication of risks and the possible options to
address them to all stakeholders. The results of risk assessments
will often be incorporated into risk management and policy
decisions.

The relationship between risk assessment and risk
management is an interactive, often iterative, and circular
process (see Figure 2).

Risk assessment includes four additional steps (see
Figure 3):

1. Hazard identification
2. Hazard characterization
3. Exposure assessment
4. Risk characterization
Hazard Identification

Hazard identification is the identification of the type and nature
of adverse effects that an agent has an inherent capacity to cause
in an organism, system, or (sub)population. It responds to the
questions:

l Is the identity of the agent known?
l Is the agent potentially hazardous to humans?

Hazard identification involves establishing the identity of
the agent of interest and determining whether the agent has
been considered hazardous by international or national orga-
nizations and, if so, to what degree. A process for gathering
information in support of hazard identification is illustrated in
Figure 4.

If the identity of the agent is known information from
human studies, animal-based toxicology studies, or in vitro
toxicological studies, structure–activity analyses of a contami-
nant can be used to assess if the agent is potentially hazardous.
The assessment then leads to the next step in the risk
assessment process and hazard characterization, if the agent is
hazardous.

If the identity of the agent is not known, the process of
hazard identification is much more complex.

In the case of chemicals emitted by an industrial process or
operation, information from various resources can help
Figure 2 Interaction between risk assessment and risk management.
Adapted from WHO (2010).
identify the chemical of concern. Such resources include
emission scenario documents published by the Organisation
for Economic Co-operation and Development (OECD) or the
European Union (EU) that contain descriptions of sources,
production processes, pathways, and use patterns of numerous
manufacturing operations, laboratories, disposal areas, and
waste sites, with the aim of quantifying the releases of chem-
icals into water, air, and soil.

Various databases with information on toxicological
profiles of chemical contaminants can also help to identify
a chemical. These include the World Health Organization/
International Programme on Chemical Safety (WHO/IPCS)
INCHEM database, the eChemPortal of OECD, the Toxi-
cology Network TOXNET, the databases of the US Agency for
Toxic Substances and Disease Registry, and Scorecard. In
addition to these international online resources, permits or
building plans that may have been filed with local or
provincial authorities may contain useful information on
operations and emissions from a particular type of operation.
Finally, dialogs with representatives of a facility and
community stakeholders may also be helpful for identifying
contaminants of concern. When the source of the chemical is
identified, the chemical is listed as an ingredient on the
chemical packaging, on the associated chemical safety card or
material safety data sheet, or on a list of chemicals used in the
industrial process. This information may also be useful if
mixtures of chemicals are of concern.

A chemical may be associated with one or more hazards to
human health. In general, chemicals are classified according
to human health hazards that they pose, such as neurological,
developmental, reproductive, respiratory, cardiovascular, and
carcinogenic effects. International sources of this information
include resources on risk assessment methodologies and
resources on susceptible populations, such as the publica-
tions of the IPCS. Chemical-specific resources include the
Environmental Health Criteria (EHC), Joint FAO/WHO
Meeting on Pesticide Residues publications, and Joint Expert
Committee on Food Additives monographs, and Concise
International Chemical Assessment Documents. Hazard
identification resources include the OECD Guidelines for the
Testing of Chemicals; EHC monographs; International
Chemical Safety Cards; Screening Information Datasets for
High Production Volume Chemicals; the WHO Recom-
mended Classification of Pesticides by Hazard; the UN



Figure 4 Flowchart for hazard identification. Adapted from WHO (2010).
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Recommendation for the Transport of Dangerous Goods;
International Agency for Research on Cancer monographs;
the US National Library of Medicine Hazardous Substances
Data Bank; the European Chemical Substances Information
System; the EU Classification and Labelling System; and the
International Chemical Control Toolkit.
Hazard Characterization

Hazard characterization is the qualitative or quantitative nature
of the inherent properties of an agent having the potential to
cause adverse effects. It responds to the questions:

l What properties of the agent have the potential to cause
adverse health effects?

l Does guidance or do guidance values from international
organizations exist for the agent?

l What assumptions about exposure are incorporated into
guidance/guidance values for the agent?

l Do those assumptions reflect conditions specific to the
(sub)population?

The response to these questions involves the selection of the
critical data set, the compilation of information on the mode/
mechanism(s) of action of the agent, its kinetic and dynamic
variability, the critical effect, and the identification of
a threshold for the onset of effects.

Adverse health effects can also be observed if exposure to
chemicals essential to the human body is below a required level
as well as above an upper tolerable level.

Quantitative descriptions often consist of an exposure–
response assessment, including identification of levels such
as a no observed adverse effect level, no observed effect level,
lowest observed adverse effect level, and lowest observed effect
level or a unit risk, and the application of uncertainty factors
to account for interspecies and intraspecies variability, data
quality, and other uncertainties. This information, together
with exposure factors such as inhalation or ingestion rates,
body weight, and dermal contact, is used to develop guidance
values such as those for air or water quality, tolerable and
acceptable daily intake values, and other values for both
noncancer chemicals and carcinogens. The development of
guidance or guideline values for the chemical under investi-
gation should match the actual route (inhalation, ingestion,
dermal) and duration of exposure (short term, medium term,
long term).

Figure 5 illustrates considerations that are key to whether
an international guidance or guideline value is appropriate for
a specific situation in the hazard characterization. Guideline
values typically incorporate a number of assumptions about
exposure factors such as exposure route, inhalation rate, food
and water consumption, absorption fraction, allocation of
total intake, and other forms of contact with environmental
media and consumer products. Default values are often used
for those exposure factors. For example, health-based guide-
line values for contaminants in air may assume that an
average adult inhales 22m3 per day. Yet it is recognized that
the inhalation rate of women and children is quite different.
Another example is the consumption of water of 2 l per day by
an average adult used for the development of chemicals in
water. Yet it is known that population average water
consumption rates can vary significantly in different parts of
the world. Therefore, the appropriateness of default values for
exposure factors incorporated into a health-based guideline
value has to be assessed for the specific population and time
period of interest.



Figure 5 Flowchart for hazard characterization/guidance or guideline value identification. Adapted from WHO (2010).
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Exposure Assessment

Exposure assessment is to identify and define the exposures that
occur, or are anticipated to occur, in human populations. It
responds to the questions:

l In what ways could people come into contact with the
agent?

l How much exposure is likely to occur?
l For how long is exposure likely to occur?
l What metric of exposure is appropriate for characterizing

health risks?

The response to these questions involves the determination
or estimation of concentration or amount of a particular agent
that reaches the target population, its magnitude, frequency
and duration of exposure, the route of exposure (inhalation,
ingestion, dermal), and the extent of exposure.
The assessment of exposure involves a framework of an
‘environmental health paradigm,’ which is depicted in Figure 6
as a simplified representation of the key steps between emis-
sion of hazardous agents into the environment and the final
outcome as potential adverse effect (disease or dysfunction) in
humans. This chain of events is directly related to the risk
assessment process and helps in understanding and evaluating
human health risks.

Exposure assessment is used to determine the contact of
people with a potentially hazardous agent and, if so, to how
much they are exposed, by what route, through what
media, and for how long. For chemicals, the concentration in
a medium with which a person is in contact multiplied by
the duration of contact is an indicator of exposure. Media
include air, water, and soil in outdoor and indoor locations
frequented by a population. Other media include food and
consumer products with which people come in contact.



Figure 6 The chain of events from the release of toxic agents to human
health risk assessment. Adapted from WHO (2010).

Figure 7 Flowchart for exposure assessment. Adapted from WHO
(2010).
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This also applies for radiation, noise and vibrations, and
biological agents.

Exposure assessment as shown in Figure 7 means to
determine:

l relevant routes (inhalation, ingestion, dermal adsorption)
of exposure;

l environmental pathway (air, water, soil, food, or consumer
products) expected to contain and/or propagate the agent;
and

l appropriate duration of exposure.

The knowledge of important exposure routes and pathways
for and the properties of an agent can narrow the scope of an
exposure assessment. For example, health-relevant exposures to
some agents, such as ozone and noise, occur through only air.
For chemicals that can be found in several media, such as lead,
pesticides, and chloroform, information about the chemical
properties and behavior can point to environmental media or
locations where the highest levels of the chemicals are likely to
occur. In addition, this information can suggest relevant
pathways and routes of exposure.

Exposure models generally require information about the
concentration of a chemical in a medium and the period of
time over which individuals are in contact with the chem-
ical. Chemical concentrations can be measured or can be
estimated from chemical usage or previous data. Exposure
models can then be used – together with information about
chemical contact, including who is exposed and the
frequency and duration of their exposure – to estimate
exposures.

A summary of principles for characterizing and applying
human exposure models and guidance on how to address
uncertainty and data quality in exposure assessments is also
available from WHO.

The duration of exposure is a critical element in assessment
and estimation of health risks. Single and short-term exposures
over minutes, hours, or a day are relevant for chemicals that
have an immediate or rapid adverse effect on the body. For
chemical agents in air, such as the key pollutants sulfur dioxide,
nitrogen dioxide, carbon monoxide, and ozone, and for fine
and ultrafine particles, assessment of single and short-
term exposure is important. Long-term or cumulative low-
concentration exposure to these key pollutants can also lead
to adverse effects, and therefore long-term guideline values or
standards have been established.

For carcinogens, lifetime average exposure is generally of
interest to assess cancer risk.
Risk Characterization

Risk characterization is the qualitative and, wherever possible,
quantitative determination, including attendant uncertainties,
of the probability of occurrence of known and potential
adverse effects of an agent in a given organism, system, or (sub)
population, under defined exposure conditions.

Risk characterization informs the risk management team
and other decision-makers on the probability of occurrence
of events, their severity, the exposed population, and the
attendant uncertainties. For chemicals, risk characterization is



Figure 8 Flowchart for risk characterization. Adapted from WHO (2010).
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typically a quantitative statement about the estimated expo-
sure relative to the most appropriate health-based guidance
value, media-specific guideline value, or another hazard
characterization value, such as the cancer unit risk. In general,
the risk statement is derived by comparing the estimated
exposure with a guidance or guideline value based on a no
observed adverse effect level or a lowest observed adverse
effect level of the most sensitive target. For carcinogens, the
risk statement is derived by calculating the excess lifetime
cancer risk associated with the estimated exposure (see
Figure 8).

The four-step risk assessment – hazard identification,
hazard characterization, exposure assessment, and risk charac-
terization – has to be conducted in a manner that is consistent
with four principles:

l Transparency – Fully and explicitly disclosing the logic and
rationale of the risk assessment, the selected methods,
default assumptions, extrapolations, uncertainties, and
overall strength of each step in the assessment.

l Clarity – The results of each step should be readily under-
stood by all stakeholders.

l Consistency – The risk assessment should be conducted
with methods and assumptions consistent with the current
state of the science.

l Reasonableness – The risk assessment should be based on
sound judgment, conveyed and presented in a manner that
is complete, balanced, and informative.

These principles are often referred to as TCCR principles.
See also: Risk Characterization; Risk Communication; Risk
Management; Risk Assessment, Uncertainty; Uncertainty
Factors.
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This article considers the uncertainty in the human risk
assessment of chemicals. Chemicals from both natural and
synthetic sources can affect human health. Risks from their use
have to be assessed to enable exposures to be properly
controlled. Risk assessments of chemicals serve to derive
guideline or guidance values as, e.g., in the Environmental
Health Criteria of the World Health Organization (WHO) or
standards for a chemical in a medium. Guideline/guidance
values are based on the concept of the tolerable intake (TI) for
nongenotoxic chemicals. The TI is defined as an estimate of
the intake of a substance over a lifetime that is considered to
be without appreciable health risk. A standard is a promul-
gated TI, which can be enforced. For genotoxic chemicals,
guideline values are expressed as unit risks if the medium is
air. In drinking water, guideline values are presented as
concentrations associated with an estimated excess lifetime
cancer risk of 10�5.

The extent and nature of different databases for risk
assessment of chemicals vary widely. In some cases, the
assessment can be based on data on effects in exposed human
populations, in other cases it must be based on data in exper-
imental animals without or with information on the tox-
icodynamics and/or toxicokinetics of the chemical in the
experimental animals. Since data from human populations
exposed to known levels of a substance are rarely available, the
risk assessment process usually has to rely on data generated in
experimental studies using species other than humans.

Uncertainty in risk assessment in the general sense is
defined by the International Panel on Chemical Safety as
‘imperfect knowledge concerning the present or future state of
an organism, system, or (sub)population under consideration.’

As described in more detail in article “Risk Assessment,
Human Health”, the risk assessment of chemicals comprises
four steps: hazard identification, hazard characterization,
exposure assessment, and risk characterization.

Hazard identification is the identification of the type and
nature of adverse effects that an agent has an inherent capacity
to cause in an organism, system, or (sub)population.

Hazard characterization is the qualitative or quantitative
determination of the inherent properties of an agent having
the potential to cause adverse effects. Hazard characterization
is usually carried out through dose–response assessment of
adverse effects.

Exposure assessment is to identify and define the exposures
that occur, or are anticipated to occur, in human populations.
Exposures are estimated or predicted in terms of its magnitude,
duration, and frequency for the general population, for specific
subgroups of the population, or for individuals.

Risk characterization is the qualitative and, wherever
possible, quantitative determination, including attendant
uncertainties, of the probability of occurrence of known and
potential adverse effects of an agent in a given organism,
system, or (sub)population, under defined exposure condi-
tions. Risk characterization integrates hazard identification,
hazard characterization, and human exposure assessment.
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Risk assessments developed on these individual steps
inherently involve varying degrees of uncertainty, which
include the need to extrapolate from:

l animals to humans;
l high to low exposures;
l one subpopulation (e.g., fit, young people) to another (e.g.,

infirm, elderly people);
l one exposure route to another.

In addition, uncertainties occur in the identification of all
hazards to human health related to exposure to a chemical.
There are further uncertainties in the selection of the appro-
priate dose–response relationship and the assessment of
exposure. Uncertainty related to the need for extrapolation
mentioned previously is usually an unavoidable component of
risk assessment of chemicals.
Uncertainty in Hazard Identification

The risk estimates for a chemical are based on the assumption
that a compound produces a non-cancer effect or is a carcin-
ogen. This judgment is based on the evidence that a chemical
compound produced either cancer and/or a non-cancer effect.
Since the evidence is never perfect, it is always possible that
a compound labeled a carcinogen produces a non-cancer effect
in humans, or produces no effect at all. Vice versa, a chemical
compound deemed to produce non-cancer effects might in fact
produce no such effect in humans or be a human carcinogen.
This introduces uncertainty into the calculation of risk, since
there it is possible either that the risk is zero or an erroneous
critical effect was ascertained. This possibility decreases as the
evidence on the effects of the chemical compound increases.
Uncertainty in Hazard Characterization

Two approaches are described in this section: the approach
with uncertainty factors to derive a guidance/guideline value
from a no observed adverse effect level (NOAEL) or lowest
observed adverse effect level (LOAEL) and the approach using
dose–response modeling (DRM) to derive a benchmark dose.
Both approaches have uncertainties, which will be character-
ized in detail.

Approach with Uncertainty Factors

The conventional approach adopted to compensate for the
uncertainty in such extrapolations has been the use of uncer-
tainty factors. In view of the many uncertainties mentioned
on the general population, the uncertainty factors applied in
the derivation of TIs ranged between 1 and 10 000, although
a value of 100 has been used most often.

The starting point is normally the identification of a critical
adverse effect and the experimental dose level at which that
effect is not detected (NOAEL), or at which the effect is found to
4-3.00573-X 165

http://dx.doi.org/10.1016/B978-0-12-386454-3.<?thyc=10?>00573<?show $132#?>-<?show $132#?>X<?thyc?>


166 Risk Assessment, Uncertainty
be minimal in incidence and severity (LOAEL). These may be
identified from studies in human subpopulations such as
workers or volunteers, but, in most cases, the risk assessor has to
rely on data from studies in animals and other test systems. In
the case of experimental animal studies, a mathematically
derived value, the benchmark dose, may be used as an alterna-
tive to the NOAEL or LOAEL. The European Chemicals Agency
(ECHA) uses a derived no effect level (DNEL) or a derived
minimal effect level (DMEL) within the Registration, Evalua-
tion, Authorisation and restriction of CHemical substances
(REACH) approach to characterize the risk of chemicals. DNEL
corresponds to the NOAEL and DMEL to the LOAEL.

Either starting point (NOAEL or LOAEL) can then be used to
derive directly a guidance value, a guideline value, or a standard
considered to represent a level of exposure or intake at which it
is believed there is little, if any, likelihood of developing
adverse health effects. This guideline value or standard is then
compared directly with the estimate of exposure. This approach
has to deal with many uncertainties in terms of the available
toxicological information.

These uncertainties generally include the need to extrapo-
late between species (i.e., from an experimental animal species
to humans) and the need to account for variability in the
potentially exposed human population, but may also include
uncertainties due to limitations in the database (e.g., no long-
term studies, not a full exploration of the range of potential
toxic properties).

The systematic and generally consistent approach to address
these uncertainties has been to use uncertainty factors, which
applied directly to the NOAEL or LOAEL in the derivation of
guidance values, guideline values, or standards. The NOAEL
(LOAEL) or benchmark dose is divided by uncertainty factors
to account fort the uncertainties mentioned.

When knowledge of the hazardous properties of a chemical
is at a basic level, e.g., information from long-term animal
studies, including impacts on reproduction and development,
but little information on toxicokinetics, modes, or mechanisms
of action in the human body or knowledge of human vari-
ability, then the approach in regulatory decision making or
normative derivation of guideline values has been to apply
default uncertainty factors. These have usually been default
values of 10 each to allow for uncertainties in interspecies
extrapolation and intraspecies variability, in order to offer
a sufficient degree of confidence in health protection in the face
of limited information by dividing the NOAEL by the
composite factor of 100. More information on the toxicody-
namics and toxicokinetics of a chemical would help more
accurately estimate the true level of risk. It has become
customary to partition the default value of 10 for interspecies
differences due to toxicodynamics and toxicokinetics by
100.4 z 2.5 and 100.6 z 4, respectively. For human variability
the default uncertainty factor (10) is thought to be equally
subdivided as 100.5 z 3.2 each for toxicodynamics and tox-
icokinetics. These default factors revert back to the 100-fold
default factor in the absence of information on the toxicody-
namics and toxicokinetics of a chemical substance, but allow
for chemical-specific quantitative information. If more infor-
mation becomes available on the toxicodynamics and tox-
icokinetics of a chemical, these default factors may be replaced
by more appropriate values, which might be smaller or larger
than the default values such that the chemical-specific adjust-
ment factor becomes less or greater than 100.

In addition to the default values for interspecies and intra-
species extrapolation, other default factors have been devel-
oped and used to account for deficiencies in the available
database such as the lack of a long-term studies, the use of an
LOAEL instead of an NOAEL, data gaps, or the need to allow for
irreversible effects. For minor deficiencies in the database, an
additional uncertainty factor of 3–5 has been established, while
for major deficiencies, the additional uncertainty factor ranges
between 10 and 100. Figure 1 illustrates this kind of approach.
Approach with DRM

DRM can be described by six basic steps (Figure 2). The first
four steps link a model to dose–response data for the purposes
of predicting response to a given dose or predicting dose from
a given response. These steps constitute the dose–response
analysis (DRA). The last two steps deal with implementation
and sensitivity analysis of the result of the DRA results.

Step 1 involves selection of the appropriate data for DRM.
In general, the available data can restrict the type and
complexity of model that can be used. The second step is to
select an appropriate model. Models have been generally
divided into two categories: empirical and biologically based
models. Empirical models generally refer to functional forms,
for which there is limited justification on the biological
mechanism between dose and response. Biologically based
models are generally derived from some basic principles about
the onset and progression of disease in animals or humans.
These models are functionally more complicated and need
more data than empirical models. Most of the DRMs per-
formed to date have focused on empirical models such as
a linear relationship between dose and response.

The third step requires assuming a statistical distribution
(e.g., normal, log-normal, Weibull) for the response and using
it to derive a mathematical function describing the quality of
the fit of the model to the data. Such a statistical linkage
enables testing hypotheses and deriving confidence intervals
for model predictions. The fourth step in DRM is determining
the model parameters that best describe the data through the
use of a least-squares algorithm.

The fifth step in DRM is to implement the DRA and inte-
grate DRA with estimates of exposure. Implementation of the
DRA also encompasses the extrapolation of results from the
specific dose–responses observed and being modeled to other
exposure scenarios and other doses, and including an extrap-
olation from animals to humans if needed. The thus extrapo-
lated dose–response relationships allow the prediction of the
response if the dose is known and the estimation of the dose if
a specific level of response is the target. With this type of
approach measures to protect public health can be developed.

Dose–response models can be very simple (described, e.g.,
by a linear relationship between dose and response) or
extremely complicated (e.g., biologically based dose–response
models). For the latter, the eventual functional form can often
not be expressed as a single equation. Different models can also
be needed to describe different parts of the dose–response
relationship. A frequent example is a dose–response relation-
ship for chemical carcinogenesis. Cancer risk is more closely



Figure 1 Flow diagram of the approach with uncertainty factors.
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Figure 2 The iterative steps for dose–response modeling.
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linked to tissue concentration than to external dose. Given
data on dose, tissue concentration, and tumor response, a tox-
icokinetic model can relate dose to tissue concentration and be
combined with a multistage cancer model that relates tissue
concentration to response.

Usually, in experiments with treated animals (dose D) and
untreated animals (dose ¼ 0, controls), the change in response
is observed between treated animals and controls. Different
types of data (quantal response, count data, continuous
response, categorical measure) require different methods for
modeling changes in response beyond the control response. In
general, three categories of response are observed: added
response (difference in response between treated animals and
controls), relative response (fold change in response of treated
animals relative to control response), and extra response (added
response scaled to range from zero to the maximum observed
response). Figure 3 illustrates some of the basic components of
DRM for the simple linear model case and added response.
The straight line is a fit to the observed data with functional
form R(D) ¼ a þ b$D, with R(0) ¼ a ¼ 10 as the intercept and
slope b ¼ 2.5. Data points are indicated in Figure 3 as ‘$.’

Public health agencies use risk assessment for decisions on
direct banning a chemical (e.g., PCBs) or limiting exposure to
prevent excess exposure to a hazardous agent (most chemicals).
DRM’s major impact is in the area of limiting exposure. The
simplest approach to limiting exposure is to use the DRM to
find the dose associated with a negligible (e.g., one in 100 000)
response over control. In general, this results in extrapolation
far beyond the range of the data, which creates a great deal of
uncertainty. A second approach is to use the DRM to identify
a dose with a known response at or slightly below the
observable range (the limit of scientific certainty) and extrap-
olate into a range where the response is expected to be virtually
unchanged relative to the control response. In this approach,
a functional model structure can be used to identify a low-risk
level of exposure.

The five basic steps in DRM can be repeated with other
choices to understand the impact of selected parameterization
on the predictions from DRM. This is the final step (step 6) in
DRM. It is aimed at understanding the sensitivity of the analysis
to specific choices and judging the overall quality of the final
predictions. The simplest way to evaluate sensitivity is by
considering several choices and determining if the results
dramatically change. Depending on the degree of difference
between choices, a formal analysis of the quality of the fit of the
models to the data can be performed. If the focus of a sensi-
tivity analysis is on the assumptions used in the DRA, it can be
performed before step 5. If the focus is on implementation
(integration of exposure estimates), sensitivity analysis is to be
used after step 5. This is illustrated in Figure 2.

DRM in animal and human studies may be regarded as the
most adequate approach for analyzing dose–response data,
provided that a suitable data set of animal or human dose–
response data is available.

One important use of DRM is the calculation of a bench-
mark dose (BMD), the value at which it is inferred that
a particular, prespecified level of response would occur. The
main advantages of the use of the BMD over NOAELs and
LOAELs stem from the more complete use of dose–response
data and from the fact that uncertainties about the value of
a BMD can be quantified as a confidence interval. While the
NOAEL approach identifies a single dose that is assumed to be
without appreciable effect, the BMD is based on data from the
entire dose–response curve, estimated for the critical effect.
While risks about a guidance value (such as the acceptable daily
intake) or a guideline value (such as an air quality guideline
value) based on an NOAEL cannot be quantified, such may be
possible for exposures exceeding guidance and guideline values
based on a BMD derived from DRM. Of course, similar to the
procedure in the approach with uncertainty factors, this BMD
also has to be divided by an uncertainty factor accounting for
the deficiencies of the available database.
Uncertainty in Exposure Assessment

As pointed out by WHO/International Programme on Chem-
ical Safety, the first step of an exposure analysis is to establish



Figure 3 Dose–response model displaying a linear model fit to continuous data with added response.
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a framework designed to reflect the links between the pollutant
source and human exposure. This framework is a conceptual
model that is the umbrella for exposure scenarios. In Figure 4,
a generic conceptual model of exposure to chemicals is given. It
shows the sources of their release and pathways of exposure to
it. Depending on its source, there are different levels of
scenarios, such as that describing the release of the compound
from transport or from building materials. Each exposure from
one of the sources may be described in a particular scenario. All
of these scenarios may be combined to yield bigger and more
complex scenarios to characterize, e.g., the inhalation exposure
route.

In exposure assessment, uncertainty arises from insufficient
knowledge about relevant exposure scenarios, exposure
models, and model inputs. Uncertainty pertains to different
Figure 4 Generic conceptual model of exposure to chemicals.
steps and approaches in the assessment and can be classified
into three broad categories:

l Scenario uncertainty;
l Model uncertainty; and
l Exposure factor uncertainty.

Scenario uncertainty is the uncertainty in specifying the
exposure scenario that is consistent with the scope and purpose
of the exposure assessment. This uncertainty includes errors

l In scenario description (e.g., wrong or incomplete
information);

l Of assessment (e.g., choice of the wrong model);
l Of incomplete analysis (e.g., overlooking an important

exposure route); and
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l In the specification of
B the agent to be considered;
B exposed populations;
B spatial and temporal information (e.g., geographic

applicability seasonal applicability);
B microenvironments;
B population activities;
B sources of the released agent;
B exposure pathways;
B exposure events;
B exposure routes; and
B available risk management measures.

Model uncertainty is the uncertainty due to gaps in scientific
knowledge that hamper an adequate capture of the correct
causal relations between exposure factors. This uncertainty is
principally based on

l Modeling errors (i.e., non-consideration of important
exposure factors); and

l Relation (dependency) errors (i.e., erroneous interpretation
of correlations).

In addition, when using models, the following sources of
uncertainty are to be considered:

l Linking the selected model to the adopted scenario (model
boundaries);

l Model dependencies;
l Model assumptions;
l Model detail (i.e., simple or complex);
l Model extrapolation;
l Model implementation and technical model aspects (e.g.,

errors in software and hardware); and
l Model input data (diversity of substances and humans,

variation among individuals, statistical errors of estimates,
systematic bias, aggregation bias, measurement errors).

Exposure factor uncertainty is involved in the specification
of numerical values for human exposure such as those in the
US Environmental Protection Agency (EPA) Exposure Factors
Handbook, the EU Technical Guidance Document, and the
KTL (the National Public Health Institute of Finland) Exposure
Factors Sourcebook for Europe. Exposure assessment involves
the specification of values for exposure factors, either for direct
determination of the exposure or as input for mechanistic or
empirical or distribution-based models that are used to fill the
exposure scenario with adequate information. Sources of
exposure factor uncertainty include the following:

l Measurement errors (random or systematic);
l Sample uncertainty;
l Data type (e.g., surrogate data, expert judgment, default

data, modeling data, measurement data);
l Extrapolation uncertainty; and
l Uncertainty in the determination of the statistical distribu-

tion used to represent distributed parameter values.

All these uncertainties have to be considered in exposure
assessment.

The overarching consideration in increasing the level of
sophistication in the exposure and uncertainty analysis is in
conducting a higher tier analysis. The exact form of analysis in
a given tier may vary depending on the specific technical and
regulatory context. The level of detail in the quantification of
assessment uncertainties, however, should match the degree of
refinement in the underlying exposure or risk analysis. Where
appropriate to an assessment objective, exposure assessments
should be iteratively refined over time to incorporate new data,
information, and methods to reduce uncertainty and improve
the characterization of variability.

Tier 0 uncertainty analysis is performed for routine screening
assessments, where it is only possible to characterize uncertainty
by established default uncertainty factors. These screening-level
assessments are designed to demonstrate if the projected
exposures or risks are unlikely to exceed reference values.

Where the screening assessment indicates a concern, a Tier 1
(qualitative) analysis is intended to examine how likely it is
that, and by how much, the exposure or risk levels of concern
may be exceeded. The main objective of Tier 1 uncertainty
analysis is to characterize the influence of each identified source
of uncertainty independently on the results of the assessment.
In a qualitative uncertainty analysis, the uncertainties in each of
the major elements of the exposure or risk analysis are usually
described, often together with a statement of the estimated
magnitude and direction of the uncertainty. If this Tier 1
analysis does not provide a sufficient basis to reach a risk
management decision, it would form the basis for performing
Tier 2 uncertainty analysis.

Tier 2 uncertainty analysis consists of a deterministic point
estimate sensitivity analysis to usually examine the sensitivity
of results to input assumptions by using modified input values.
This analysis intends to identify the relative contribution of the
uncertainty in a given parameter value (e.g., inhalation rate,
emission rate) or a model component to the total uncertainty
in the exposure or risk estimate. A sensitivity analysis thus
performed may provide high, average, or low predictions cor-
responding to the range of values considered for each of the
inputs. If this Tier 2 analysis does not provide a sufficient basis
to reach a risk management decision, it would form the basis
for performing Tier 3 uncertainty analysis.

The starting point for any Tier 3 analysis is the quantifica-
tion of probability distributions for each of the key exposure
or risk model input values (e.g., mean and standard deviation
of fitted statistical distributions, such as normal, log-normal, or
Weibull distributions). Tier 3 uncertainty analysis examines
the combined influence of the input uncertainties on the
predictions by propagating either analytically (e.g., Taylor
series approximation) or numerically (e.g., Monte Carlo
simulation). More comprehensive quantitative analyses (e.g.,
two-dimensional Monte Carlo analysis) of exposure assess-
ment uncertainties often rely on modeling approaches that
separately characterize variability and uncertainty in the model
inputs and parameters. In principle, the outputs from vari-
ability and uncertainty analysis are used to quantify the nature
of the variability in the predicted distribution of the exposures
and the uncertainties associated with different percentiles of
the predicted population exposure or risk estimates.

The ECHA also recommends a tiered approach (qualitative,
deterministic, and probabilistic analysis) for exposure assess-
ment in the implementation projects for the European chem-
icals regulation REACH as well as the European Food Safety
Authority for dietary exposure assessment.
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Uncertainty in Risk Characterization

Risk characterization combines the results of hazard identifi-
cation, hazard characterization, and exposure assessment.
Particularly critical to full characterization of risk is transparent
discussion of the uncertainties in the overall assessment and in
each of its components, including all the uncertainties indi-
cated previously. The US EPA emphasizes that the uncertainty
discussion is important for several reasons:

l Knowledge of differences in information from different
sources is important when uncertainties are combined for
characterizing risk.

l The risk assessment process involves decisions regarding the
collection of additional data (versus living with uncer-
tainty); in the risk characterization, a discussion of the
uncertainties will help identify where additional informa-
tion could contribute significantly to reducing uncertainties
in risk assessment.

For a full picture of risk characterization, it is important to
include a statement of confidence in the risk assessment and
the associated uncertainties. Uncertainty analysis should be an
integral part of all steps in risk assessment.

See also: Risk Characterization; Risk Communication; Risk
Management; Risk Assessment, Human Health; Uncertainty
Factors.
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Introduction

Risk characterization is the final step of the risk assessment
process as laid out in the classic National Research Council
report: Risk Assessment in the Federal Government: Managing
the Process. In this step, the risk from a specific agent (chemical
or physical) or group of agents in a particular setting is evalu-
ated. This evaluation is based on a comparison of the results of
the dose–response assessment for these agents with the
outcome of the exposure assessment for these same agents in
the situation of interest. For example, a risk characterization
may address the risk from chemicals at a hazardous waste site
to those living near the site. While a risk characterization can
provide either qualitative or quantitative evaluations of risk,
quantitative outcomes are generally most useful and so will be
the focus of this article.
Overview

Because the dose–response assessment step is performed
differently for agents considered to be carcinogens compared to
those classified as noncarcinogens, the risk characterization
process for these two kinds of agents differs as well. The result
of the dose–response assessment for carcinogens is expressed in
terms of the potency of the agent; for example, the daily dose
that produces a specific number of additional cancers in a given
population. In the case of noncarcinogens, the toxicity is
expressed as an acceptable daily intake; that is, the maximum
daily dose unlikely to be associated with adverse health effects.
This acceptable daily intake may be described in a variety of
ways. In the United States, the Environmental Protection
Agency (EPA) calls this value a reference dose (RfD) or refer-
ence concentration.

Since the cancer potency and/or acceptable daily intake
values are characteristics of the agent, they do not vary from
situation to situation. Exposure, however, does. Exposure
assessments provide an estimate of the dose to which indi-
viduals may be exposed via all possible routes in a specific
circumstance. The result of the exposure assessment is usually
expressed as a single number; for example, the average daily
dose. However, since no two individuals are likely to have the
same exposure it may also be expressed as a distribution. This
distribution provides estimates of the exposures of particular
segments of the population; for example, the top 95% of
exposed individuals.

Quantitative risk characterization thus results in either an
estimate of the additional cancers expected (for carcinogens) or
an estimate of whether or not individuals will be exposed to
doses that exceed the acceptable daily intake – and perhaps the
magnitude of this exceedance (for noncarcinogens). However,
as can be seen from the US EPA definitions of cancer potency:
“Cancer potency is estimated as the 95% upper confidence
limits of the slope of the dose–response in the low-dose region.
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This method provides an upper estimate of the risk; the actual
risk may be significantly lower and may actually be zero” and
the RfD: “An estimate (with uncertainty spanning perhaps an
order of magnitude) of a daily oral exposure to the human
population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a life-
time.” There are considerable uncertainties associated with the
dose–response estimates. In addition, because of difficulties in
estimating exposure due to lack of information about envi-
ronmental levels of agents and about human behaviors,
uncertainties in exposure assessments may also be large.

Thus, while the results of a risk characterization may be
expressed as a single value, for example, X additional cancers
per million people exposed, a full description of the risk must
include a discussion of the uncertainties in the risk estimate.
Unfortunately, many of these uncertainties are hidden in the
design of the dose–response studies and, in addition, there are
many implicit value judgments that are part of both the dose–
response and the exposure assessment processes. Ideally, all of
these uncertainties and judgments would be part of the risk
characterization results but in reality many are not included.
While a full description of all of the uncertainties and value
judgments would lead to a cumbersome risk characterization
result that would be difficult to use in making risk management
decisions, including more information of this type than is
presently used would aid those who manage risk.

Guidelines for performing and reporting the results of risk
characterizations have been promulgated by governmental
bodies. In the United States, the EPA is the agency that is
responsible for risk assessment guidance for environmental
contaminants and it has developed and issued such guidelines.
These documents are written primarily for the use of federal
risk assessors and risk managers. However, state governments
also must deal with risks from environmental agents and they
generally utilize these same guidelines although, they are often
not as well equipped as the federal government to appreciate
the implicit uncertainties and value judgments in the risk
characterization. Thus, their ability to comprehensively char-
acterize risk and make sound risk management decisions may
be compromised.

Perhaps more importantly, each citizen is a risk assessor and
risk manager with regard to his or her own health and the
health of loved ones. Members of the public make daily deci-
sions about risk and may influence government decisions on
these same risks, but they are generally poorly equipped to
appreciate the uncertainties and value judgments in risk char-
acterizations. They are also most likely to be presented with
single value risk characterization results tempered little by
attendant discussion of uncertainties. This not only limits their
ability to make the best management choices but also makes
them vulnerable to unfounded and misleading claims made by
advocacy groups.

In sum, risk characterization is the last and critical step in
risk assessment. While this step is often portrayed as providing
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00429-2
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objective, scientific evaluations of risk magnitudes, value
judgments are integral parts of the risk characterization process.
Greater appreciation of this aspect of the process would
provide agency and citizen risk managers with a better under-
standing of the meaning of risk estimates and thus how to
improve risk management decisions.

See also: Dose–Response Relationship; Risk Assessment,
Human Health; Risk Management.
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Introduction

Although communication about risk has a long history, risk
communication has been formalized as an area of study for
only about 25 years. It is an area that draws from a number of
disciplines in the natural and social sciences. Research in this
field includes studies of human perception and decision-
making as well as investigations of a socioeconomic nature.
Risk communication practitioners include government offi-
cials, business and industry representatives, public interest
group members, academics, media professionals, and the
general public.

Because of its short history, the concept of risk communi-
cation is still evolving. In its landmark report in 1989,
Improving Risk Communication, a National Academy of
Sciences panel defined risk communication in part as an
interactive process of exchange of information and opinion
among individuals, groups, and institutions. This definition,
however, describes one group’s consensus as to what risk
communication ought to be and does not reflect either the
diversity of opinion on this topic or the reality of risk
communication as it is currently practiced.

Reduced to its essentials, risk communication is just one
example of communication in general, a process by which
information is transferred by one party to another through
a variety of channels. The components of the process are the
risk communicator or source, the message, the message
channel, and the recipient of the message. While this descrip-
tion suggests a linear series of events, communication is often,
but not always, an interactive process that includes feedback
among the components. For example, the responses of the
recipient can lead to alterations in the source, message, or
channel and result in a change in outcome.

Based on this conceptual framework, and using a variety of
experimental approaches and case studies, risk communication
professionals have been able to identify and, in some cases,
roughly quantify many of the factors that determine the effec-
tiveness or success of risk communication. One fundamental
problem is, however, that effectiveness can be defined in
a number of ways.

From one point of view, success can be measured as
increased understanding of risk on the part of the message
recipient, whether or not this results in changes in behavior.
From another perspective, however, effectiveness is determined
by the degree of behavioral change brought about by the risk
message being transmitted. Some have argued that increased
understanding is directly linked to changes in behavior, but
research suggests that this is not necessarily the case; for
example, smokers who become aware of the risk do not always
quit.

Many recent communication efforts about public health
risks reflect the latter view. For instance, the success of risk
communication programs about radon have been judged by
the number of people who test for radon or take remedial
action to reduce radon levels. Similarly, campaigns on
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smoking are assessed by the number of individuals who stop
smoking. When behavior change is the criterion of success, the
accuracy of the risk communication is not as important as its
impact.

Other risk communication efforts, however, reflect an
educational focus rather than a persuasive one. Understanding
is considered the most important goal, and a lack of change in
behavior is not judged as a failure in communication; rather it
is the result of decisions by the information recipient who may
take into consideration a variety of other factors, such as off-
setting benefits. Accuracy is considered critical so that the
recipient can make an informed decision based on the best
information.
Factors Affecting the Success of Risk Communication

The factors that affect the success of risk communication
efforts, irrespective of the criteria for judgment, can be
considered in the context of the components of the commu-
nication process. Studies of the risk messenger (source) have
focused on the issue of trust and, not surprisingly, reveal that
the effectiveness of the communication increases as trust in
the communicator increases. This trust can be related to the
degree of expertise of the communicator but more often is
determined by other factors such as the messenger’s perceived
objectivity or social class and the accuracy of previous
communications by this messenger or other messengers rep-
resenting the same organization. For example, state agencies
may have difficulties in effective risk communication for
decades after taking actions or making statements seen as
untrustworthy.

The content and form of the message are also critical, and it
has been demonstrated that the same risk expressed or framed
in different ways can have different impacts. For example,
describing the risk from a disease or surgery as 60% chance of
survival will lead some people to different decisions than if it is
stated as 40% chance of death. Similarly, a risk presented in
terms of the total number of fatalities might be perceived
differently than if it is presented as a probability.

Furthermore, a number of factors come into play if the risk
is presented in comparison to other risks, a communication
strategy that is often employed. Research suggests that audi-
ences are most receptive to comparisons of the same risk at one
time or place to another time or place. For example, an effective
message might describe the risk as high 2 years ago but having
decreased continuously and now less than one-tenth of what it
was. Risk comparisons that are not as successful involve
comparisons between hazards that are thought of as having
incomparable qualities (e.g., smoking and water contaminated
with bacteria). Smoking is controllable and the effects delayed,
while bacterial contamination of water is involuntary and the
effects immediate.

The channel of communication is also an important vari-
able in the communication process. Survey researchers have
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00430-9
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examined the relative credibility of various channels,
including print media, radio and television, magazines, and
advertising, and have found differences in the degree of trust
people have in each. These differences depend not only on the
class of channel but also on the specific representative of that
class. For example, coverage of a risk issue in a local newspaper
might be viewed differently from stories on the same issue in
the national press.

Last, the perception of the recipient is critical to the process
and is an aspect of risk communication that has been studied
very intensively. This research has clearly shown that this
perception depends both on the way that humans tend to
internalize knowledge and on the background of the infor-
mation recipient. For example, a scientist may perceive risk as
a specific quantity and compare risks based on a quantitative
approach (e.g., a risk of one in a million is much lower than
a risk of one in a thousand).

Potentially affected citizens, however, might look at these
quantitative descriptors as only partially describing the
risk. They could consider a number of other factors such as
the voluntariness, catastrophic potential, familiarity, and
controllability of the hazard. Thus, contrary to the scientist,
they may consider the one in a million risk to be more serious
than the one in a thousand risk. Government officials are
often reminded of this at public meetings, when people who
smoke express great concern about very low levels of envi-
ronmental contaminants that pose much lower health risks
than smoking.

The results of research on the factors that influence
successful risk communication are the bases for sets of risk
communication principles that have been developed. One
well-known set of principles is titled Seven Cardinal Rules of
Risk Communication. This guide includes steps to increase
trust such as to coordinate and collaborate with other credible
sources, take steps to increase the recipients’ control such as
accept and involve the public as a legitimate partner, and take
steps to increase the interactive nature of the process such as
listening to the public’s specific concerns.

In the main, research to date has focused on understanding
individual differences in risk perception and on the interactions
between sources and recipients. Recently, however, increasing
attention has been paid to the social context in which risk
communication is performed. Research in this area has led to
a greater awareness of the sociocultural factors that affect the
transmission of risk information.

These factors include the ethnic and socioeconomic char-
acteristics of populations as well as the structure and history of
communities that must deal with risk concerns. For example,
a company town may react quite differently than a rural agri-
cultural village or an inner-city neighborhood to information
about risk from an environmental chemical.

Another important social issue that influences risk
communication is environmental justice and the perceived
fairness of the risk to a community or subculture. For
example, the perceived risk of adverse health effects from
a landfill might depend on whether the waste deposited there
is generated locally or transported from somewhere else.
Similarly, the perception of risks associated with locating new
facilities in an area can be colored by environmental equity
concerns.
These sociocultural factors can affect all aspects of the
communication process. The credibility of a particular
source can vary greatly depending on the cultural experi-
ence of the recipient with the organization the source
represents, for example, industry or state government. In
addition, the way that the message is framed can have quite
different impacts in different cultural settings; an effective
comparison in one setting might be an ineffective one in
another. Communication channels can be seen as more or
less reliable by different socioeconomic classes; for example,
certain media might be seen as more trustworthy by
different social groups. Furthermore, the relative importance
of the factors that influence perception, for instance, con-
trollability and immediacy, could be different in various
cultural settings.
Ongoing Research

Research in this area, while in the formative stage, has been
increasing. One aspect of this expanded effort involves studies
aimed at understanding why certain communities have
responded to risk, for example, from Superfund sites, quite
differently than other communities, or why media focus on
some risks has led to increased awareness and concern while
attention to other risks has been met with little reaction. It is
hoped that research into the reasons behind these differences
will help in identifying the roles of various sociocultural factors
in risk communication.

It is clear that there are many gaps in our current under-
standing of the risk communication process. For example, how
exactly do age and gender affect the way risks are perceived?
Other questions that are yet to be answered include exactly how
the framing of the message affects its impact; how uncertainty
in the risk message affects the perception of the risk and risk
communicator; and why some risks that appear to share the
same characteristics are perceived differently by individuals or
communities or both.

Future research will address these questions and our
understanding of the influence of various factors on the risk
communication process will undoubtedly increase. In addi-
tion, innovative ways to present risk messages will certainly be
developed. Some fundamental issues with respect to the goals
of risk communication will, however, most likely remain.

See also: Risk Assessment, Ecological; Risk Assessment,
Human Health; Risk Characterization; Risk Management.
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Introduction

The manufacturing, use, and disposal of hazardous chem-
icals may result in adverse effects on human health and the
environment. The likelihood and magnitude of such effects
can be estimated in terms of risks by considering, in
combination, the hazards of the substance, and the expected
exposure of the relevant receptors. Once the risks are iden-
tified, they should be handled properly in order to avoid or
at least minimize the outcome of adverse effects and unde-
sired consequences.

Risk analysis covers the whole process, and envelops four
main elements, risk assessment, impact assessment, risk
management, and risk communication. Risk assessment
evaluates the hazards and exposure in order to characterize
the magnitude and characteristics of the possible adverse
effects as well as their likelihood. The impact assessment goes
a step further, identifying the expected consequences for
society, taking into account not only the health and envi-
ronmental risks but also the socioeconomic aspects and
benefits. Risk management involves the prioritization, the
analysis of the different options, and the decision-making
processes. Finally, risk communication covers the informa-
tion exchange among the different players and the presen-
tation of the outcomes of the different steps to stakeholders
and, when relevant, citizens.

Risk management is, therefore, the phase at which the
different elements identified during the risk and impact
assessments are combined and used for decision making. Risk
management is based on the outcome of the risk assessment
but also on additional considerations regarding which level of
risk is acceptable and/or compensated by the expected benefits
or overruled by the risks of the possible alternatives. Therefore,
it is of key importance to keep the risk assessment and risk
management as independent elements and not to bias the
assessment of the risks because of issues that should be only
considered during the impact and risk management phase.
Nevertheless, the risk analysis should be understood as an
iterative process, and the risk management discussions may
request additional risks assessments, e.g., to check the risk
reduction obtained by the different possible risk management
options or a comparative risk assessment of the possible
alternatives.

Maintaining the division between risk assessment, impact
assessment, and risk management is an essential element for
getting proper unbiased results. In fact, risk assessment should
be based on a scientifically sound evaluation, considering all
available information, weighting the evidence, and addressing
the uncertainties to estimate the adverse effects (likelihood and
magnitude) associated to the identified level of exposure.
However, the acceptability of the identified risk (e.g., one
additional cancer every thousand, million, or billion workers/
consumers) must be established according to societal views/
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
interests, and cannot be settled solely on the bases of scientific
assessment.

The US Presidential/Congressional Commission Frame-
work for Environmental Health Risk Management report
published in 1997 offers a conceptual framework for risk
management. The framework was not limited to risk manage-
ment but to the essential elements for decision making within
the risk analysis context.

The framework developed by the Risk Assessment and Risk
Management Commission considered that a good risk
management decision should be based on and contains the
following elements:

l Addresses a clearly articulated problem in its public health
and ecological context

l Emerges from a decision-making process that elicits the
views of those affected by the decision, so that differing
technical assessments, public values, knowledge, and
perceptions are considered

l Is based on a careful analysis of the weight of scientific
evidence that supports conclusions about a problem’s
potential risks to human health and the environment

l Is made after examining a range of regulatory and non-
regulatory risk management options

l Reduces or eliminates risks in ways that:
– Are based on the best available scientific, economic, and

other technical information
– Account for their multisource, multimedia, multi-

chemical, and multirisk contexts
– Are feasible, with benefits reasonably related to their

costs
– Give priority to preventing risks, not just controlling

them
– Use alternatives to command-and-control regulation,

where applicable
– Are sensitive to political, social, legal, and cultural

considerations
– Include incentives for innovation, evaluation, and

research
l Can be implemented effectively, expeditiously, flexibly, and

with stakeholder support
l Can be shown to have a significant impact on the risks of

concern
l Can be revised and changed when significant new infor-

mation becomes available, while avoiding ‘paralysis by
analysis’

In order to fulfill these requirements, the Commission
developed a six-stage risk management framework, based on
the following elements: formulate the problem in broad
context, analyze the risks, define the options, make sound
decisions, take actions to implement the decisions, and
perform an evaluation of the effectiveness of the actions
taken.
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This framework has been recently updated by the US Nation-
al Research Council through the framework for Risk-Based
Decision-Making which differentiates three consecutive phases:

l Phase I. Problem formulation and scoping
l Phase II. Planning and conduct of assessment
l Phase III. Risk management

In the risk management phase, the relative health or envi-
ronmental benefits of the proposed risk management options
are evaluated, as are other factors relevant to the decision. The
purpose of Phase III is to reach decisions, fully informed by the
risk assessments, and in line with the legislative context. A
justification for the decision, with full elucidation of the roles
played by the risk information, and other pertinent factors,
should be offered. A discussion of how uncertainties in all of
the information used to develop decisions influenced those
decisions is considered essential.
Risk Management Options

Basically, there are three main risk management options: (1)
to consider that the risks are acceptable and properly
handled by standard practices and do not require particular
measures; (2) to consider that the risks are high but
compensated by the benefits and therefore should be mini-
mized up to the level economically and technically feasible;
and (3) to consider that the risks are high and unacceptable
in comparison with the benefits and that specific measures
are needed.

It should be noted that risk management is conducted at
three complementary levels: individual, business/activity, and
public regulatory actions. The outcome for the same assess-
ment may be different for the different actors, as well as the
kind of options that can be implemented.
Individual Risk Management

The individual risk management has been traditionally
understood as just the implementation of the proposed risk
management measures by those directly exposed to the risk,
e.g., workers and consumers. This is combined with the hazard
and risk communication and facilitated by specific training
activities for workers and professionals and the dissemination
of relevant information to citizens. Classification and labeling
is the essential and primary tool supporting individual risk
management decisions. Although classification is based on the
hazardous properties of the substance, not on risk, it is in fact
the first element for risk management as exposure, and there-
fore risk, directly depends on the user behavior. By commu-
nicating the potential hazards of the substance, classification
and labeling try to ensure that the user would consider and
follow the use pattern recommendations and will implement
all the risk management measures transmitted with the label
and the Safety Data Sheet (SDS) when available.

This risk management approach is, therefore, based on the
principle that the risk management issues have been decided
somewhere else; and the user, that means the person at risk, is
not involved in deciding on the acceptability of the risk or in
the comparison of risks and benefits.
This approach has been changed in recent years based on the
principle of a society of knowledge; where the citizens receive the
information and are directly involved in the decision on the risks
they are ready to accept, as well as on how to balance risks,
benefits, and socioeconomic consequences. The approach has
the associated need to have information transmitted, received,
and understood by professional users and consumers, in order
to allow their participation. The US EPA website http://www.
epa.gov/epahome/citizen.htm, ‘EPA for Citizen Action,’ is just
one of the hundreds of examples, worldwide, offering infor-
mation for chemicals riskmanagement at the individual level for
the general public. This need has led to a clear effort by national
and international agencies to inform citizens and communities
not just on the decisions, but also to communicate, beforehand,
all the information in a way that could be understood by
a broader audience and the bases for the proposed decision; and
to establish public consultation schemes.

The approach has also moved into the policy arena. The
UNECE Convention on Access to Information, Public Partici-
pation in Decision-Making and Access to Justice in Environ-
mental Matters was adopted on 25 June 1998 in the Danish city
of Aarhus. The Protocol entered into force on 8 October 2009,
and creates legal obligations to the parties that have ratified
the Convention. The subject of the Convention goes to the
heart of the relationship between people and governments.
The Convention is not only about an environmental agree-
ment, it is also a concention about government accountability,
transparency, and responsiveness, and environmental infor-
mation is defined in a broad way that covers also information
on human health and safety by substances and other envi-
ronmental stressors.

The Aarhus Convention grants the public rights and
imposes on parties and public authorities obligations regarding
access to information and public participation and access to
justice and the following:

l Links environmental rights and human rights
l Acknowledges that we owe an obligation to future

generations
l Establishes that sustainable development can be achieved

only through the involvement of all stakeholders
l Links government accountability and environmental

protection
l Focuses on interactions between the public and public

authorities in a democratic context

The public participation in risk management and decision
making has been already incorporated by many countries, e.g.,
the involvement of local communities in the Superfund
Activities, Environmental Impact Assessments, and many other
risk management programs conducted by the public authorities
at the local or regional scale.

There is also a tendency to move a step forward, from
community-based to individual-based involvement, presenting
the information to each individual and allowing for their own
decisions. Obviously, the information must be presented in
a way that can be used for educated personal decisions to
manage the individual risks. These approaches are particularly
relevant in the EU. The REACH Regulation offers a good
example. The identification of substances as of very high
concern, substance of very high concern (SVHC), due to

http://www.epa.gov/epahome/citizen.htm
http://www.epa.gov/epahome/citizen.htm
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properties as carcinogenic, mutagenic and toxic for reproduc-
tion (CMR), persistent, bioaccumulative and toxic (PBT), or
very persistent and very bioaccumulative (vPvB), is linked to
specific obligations to the providers of goods in the EU market:
any citizen has the right to request information, directly to the
retailer, on the presence of SVHC in any consumer product. In
parallel, information on the presence of SVHC in articles is
published by ECHA in its web site. Similarly, there are labeling
requirements to inform citizens on the presence of genetically
modified organisms (GMOs) or ingredients produced from
GMOs in food, and new labeling requirements on nano-
materials in cosmetics.

Providing accurate and full information through labeling or
other requirements is essential in allowing consumers to get the
information; this alone is not sufficient for providing assur-
ances to consumers and guaranteeing their freedom to make
informed choices. In order for consumers to be able to make an
informed choice for the products they want to acquire, they
should be duly informed not only about the presence of the
substance or material, but also about the known or unknown
risks, potential impacts, uncertainties, and benefits of the
substance or material, as well as about the known or unknown
risks of any potential alternative. Because of the complexity of
the chemical risks, this approach requires a comprehensive and
long-term risk communication program.
Company/Business Risk Management

The medium step risk management is directly done by the
business sector. This covers some regulatory obligations as well
as additional voluntary actions. The Occupational Safety and
Health Act (OSHA) in the United States, the European Frame-
work Directive on Safety and Health at Work (Directive 89/391
EEC) in the EU countries, and similar legislative frameworks
around the world require employers to consider their
employees’ potential risks, including those related to the use of
hazardous chemicals, and to take the proper risk management
measures. Safety and health management are incorporated as
part of general management processes and includes specific
provisions regarding hazardous chemicals. According to the EU
statistics, 15 % of workers have to handle dangerous substances
as part of their daily work; consequently, managing the risks of
dangerous substances has received significant attention.

Dangerous substances not properly managed may harm
workers’ health in a variety of ways, with effects ranging from
mild eye and skin irritations to asthma, reproductive prob-
lems, birth defects, and cancer. In order to protect their
workers from being harmed by dangerous substances in the
workplace, employers must carry out risk assessments and
act on them. Employers are also obliged to provide workers
with information on the risks posed by hazardous substances
and training in how to use them safely. By taking appropriate
action, workers can be kept safe while using dangerous
substances. Regulations usually apply both to marketed
products and to the waste and by-products resulting from
production processes, although waste is usually handled under
specific legislative approaches.

Classification and labeling and the SDSs, now harmonized
worldwide through the UN GHS initiative, are the key
elements supporting regulatory risk management by
employers at the workplace. SDSs are provided through the
supply chain, usually based on the information generated by
manufacturers. SDSs contain the hazard information as well
as the required protective measures and instructions for
managing emergencies and accidental releases. The EU
through the REACH Regulation has developed the so-called
Extended SDS, which include, as an annex, the Exposure
Scenarios with detailed information on the uses, operational
conditions, and risk management measures proposed by the
supplier. This information improves the capacity of down-
stream users for ensuring a safe use of the hazardous
substances and mixtures. The information provided through
the supply chain refers to individual substances and mixtures.
However, in most cases the workplace exposure is related to
the simultaneous and/or successive exposure to several
hazardous chemicals. Therefore, a main element for the
employer and safety officer is to address the risks associated to
the combined exposure in each workplace and to establish
additional risk management measures, if needed, for dealing
with this combined exposure.

In addition to regulatory obligations, voluntary actions by
the business sector offer additional possibilities for risk
management. These voluntary actions may cover a huge variety
of options, from broad sector arrangements to company-
specific decisions. The decisions may concern a specific chem-
ical, e.g., a manufacturer’s decision to voluntarily stop the
production of a substance because of the identification of
particular concerns, or may be part of a general policy, e.g.,
related to conformity rules on ecolabeling or equivalent
voluntary actions on the use of particular substances or groups
of substances in specific sectors or products.

The implementation of voluntary actions by downstream
users may be based on expensive monitoring controls, but
mostly depend on the information provided by their
suppliers. In this sense, regulatory actions imposing obliga-
tions for transferring information within the supply chain
may promote these voluntary measures. The EU REACH and
CLP Regulations offer a perfect example with two comple-
mentary actions. First is the dissemination by the European
Chemicals Agency, ECHA, of the information provided by
companies on the registered substances, several thousand,
and the classification notifications of each hazardous sub-
stance marketed within the EU, close to a million, including
notifications from different companies marketing the same
substance. Second is the obligation to inform customers on
the presence of SVHC included in the Candidate List, not only
in mixtures but also in articles produced in or imported to the
EU. It should be noticed that the classification and labeling
systems and the obligation to provide SDS are restricted to
substances and chemical mixtures, and in general do not cover
articles. Until now, the requirements for informing industrial/
professional customers (or consumers) on the presence of
particular hazardous substances in articles had been limited
to specific cases supported by precise risk management deci-
sions and intentions, e.g., the presence of mercury or
cadmium in batteries, which is directly associated to recycling
management. Extending this obligation to hundreds of
substances offers new options for voluntary actions, and in
fact several companies, not only in Europe, have already
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established internal voluntary policies for avoiding or at least
minimizing the use of products containing SVHC.
Regulatory Risk Management

Regulatory risk management is the last step, but also the one
that has received more attention. These activities usually focus
on the manufacturing and/or marketing of the hazardous
substances, imposing specific conditions or limitations that
may even represent total banning. There are two main regula-
tory risk management lines: one of proactive nature, setting
controls or conditions prior to the manufacturing and
marketing, and the other of reactive nature, limiting and
controlling substances already in the market.

Proactive risk management lines are usually applied to
groups of substances of particular concern, trying to avoid or
minimize, beforehand, their risks. The most typical model is
the use of positive lists or premarketing authorization systems.
Before manufacturing, using, or marketing the substance,
industry needs to demonstrate an acceptable level of risk for
that particular use. Positive lists means that only the substances
included in the list can be utilized for that particular use;
premarketing authorization requires a concrete application
with the specific use patterns and conditions, usually at the
company level. Both alternatives can be combined; for
example, in the case of pesticides, biocides, or pharmaceuticals
many regulatory schemes include a two-step approach, first
with the inclusion of the active substance in a positive list, and
second with the specific marketing authorization for the
formulated commercial product. Proactive risk management
may also be based on specific measures or even information
requirements. The special measures for the national or inter-
national transport of dangerous goods, the particular pack-
aging and storage requirements, or even the information
requirements for classification and labeling, SDS, etc. can be
considered also in this category of regulatory risk management.

Proactive risk management is based on generic policy
decisions, and it is in many cases related to concerns, not to
actual risks; although the consequence is a risk analysis
requirement. In fact, these policy lines require industry to
demonstrate a safe use through risk assessments in order to
commercialize these substances/products. For example, phar-
maceuticals, pesticides, biocides, food additives, etc. are
assumed to be, by default, of concern and/or to require
particular attention, and consequently are broadly regulated
through positive lists and premarketing authorization
requirements. Consequently, these substances/products
require the inclusion in the positive list or an authorization.
Similarly, hazard-based criteria can be used for setting generic
concerns. Transport, packaging, and storage requirements are
directly associated with particular hazard classification classes
and categories, and are usually oriented to the minimization of
the risk associated to accidental unintended releases, not to the
intended use.

On the contrary, reactive risk management is typically the
outcome of a substance specific risk assessment on a marketed
substance or product. When the outcome of such assessment
identifies that the risks are not properly handled by the busi-
ness sector, the authority establishes mandatory limitations
such as the restriction of certain uses, the implementation of
some control measures, or even a total ban. Restrictions for
marketing and/or use are typical reactive risk management
practices. Depending on the identified risks, the restriction may
affect specific products, general product categories, or certain
uses. In same cases, the final aim can be the total ban and
substitution by other alternatives, but if the total ban cannot be
implemented yet, time-limited exceptions are included to
promote the development of the alternatives. In some cases,
less stringent options may also be effective; for example,
obligatory labeling requirements or inclusion in ‘gray lists’
imposing additional regulatory controls.

As already mentioned, a key element for risk management
decisions is the comparison of the risk and the impacts,
including the socioeconomic impacts. The regulatory decision
requires in many cases to set the balance between the risks and
the benefits or a comparative assessment of the risk of the
substance/activity and that of the possible chemical and tech-
nological alternatives. In fact, management decisions must
often balance the benefits of interventions for human health
and environment and the costs of restrictions for the economy.
There are efforts, both sides of the Atlantic, for improving the
coordination between the risk assessment and the socioeco-
nomic analysis. In the United States, the NRC Framework for
Risk-Based Decision-Making intends to make economics and
risk–risk tradeoffs more central in the analysis; encouraging the
use of similar methods between disciplines (such as the explicit
incorporation of uncertainty and variability and the develop-
ment of default assumptions and criteria for the departure in
economic analyses) and promoting collaboration between risk
assessors and regulatory economists. The aim is to facilitate
cooperation and understanding, overcoming the many regu-
latory, legislative, and logistical constraints that in many cases
complicate the simultaneous consideration of costs of control
and benefits. Similar proposals have been suggested in Europe
by the DG SANCO Scientific Committees in the opinion on
Improvement of Risk Assessment in View of the Needs of Risk
Managers and Policy Makers. These frameworks also provide
the opportunity for improved public participation. The focus of
inquiry is broader to the relevant elements for society and the
consideration of potential risk–risk tradeoffs are made a central
part of the assessment. Stakeholders (such as local communi-
ties and citizens’ organizations) may also bring particular
knowledge about the benefits, costs, and implementation of
risk management options to a discussion.
International Activities on Chemicals
Risk Management

In many cases, for example for chemicals of global environ-
mental concern, effective risk management requires decisions
at the international level. The Stockholm Convention on
Persistent Organic Pollutants, the Rotterdam Convention on
the Prior Informed Consent Procedure for Certain Hazardous
Chemicals and Pesticides in International Trade, or the Basel
Convention on the Control of Transboundary Movements of
Hazardous Wastes and Their Disposal are some examples.

The Inter-Organization Programme for the Sound
Management of Chemicals (IOMC) is a major collective
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international effort. It comprises eight participating organiza-
tions (POs) – the Food and Agriculture Organization of the
United Nations (FAO), International Labor Organization
(ILO), United Nations Environment Programme (UNEP),
United Nations Industrial Development Organization
(UNIDO), United Nations Institute for Training and Research
(UNITAR), World Health Organization (WHO), the World
Bank and the Organization for Economic Co-operation and
Development (OECD), as well as one observer organization –

the United Nations Development Programme (UNDP). The
over-arching framework for the IOMC Strategy for Strength-
ening National Chemicals Management Capacities is the
implementation of the Strategic Approach to International
Chemicals Management (SAICM) adopted by the International
Conference on Chemicals Management (ICCM) in 2006. An
important objective of SAICM at the national level is to build
upon existing chemicals management initiatives in various
sectors and strengthen coordination and coherence among
various government and stakeholder initiatives. A second
important objective is to link these activities to national
development planning (e.g., National Sustainable Develop-
ment Strategies, UN Development Assistance Frameworks,
Poverty Reduction Strategies, etc.).

The IOMC has launched a new project to develop an
Internet-based problem-solving tool that will enable countries
to identify the most relevant and efficient tools to address
specific national problems in chemicals management. The
IOMC toolbox will assist countries in identifying available
IOMC resources that could help to address specific national
problems related to chemicals management.

See also: Candidate List of Substances of Very High Concern
(SVHC), REACH; Society for Chemical Hazard Communication
(SCHC); Import/Export of Hazardous Chemicals; Risk
Management Measures (RMM).
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Under the European Union’s Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH) Regula-
tion (EC, 1907/2006), an exposure scenario (ES) is a set of
information describing the conditions under which the risks
associated with the identified uses of a substance (at all life-
cycle stages) can be controlled. ESs are part of the chemical
safety assessment (CSA) for the substance. Specifically, the ES is
a control strategy providing operational conditions (OCs) for
manufacture and/or identified uses of a substance and also
describes appropriate risk management measures (RMMs)
required for ensuring the safe use of the substance for each
exposed population (e.g., worker, consumers, and persons
exposed via the environment) during all life stages of the
substance. OCs and RMMs impact human and/or environ-
mental exposure to the substances and, therefore, (health) risks
posed by the substances.

Under REACH, the manufacturer/importer (MI) of
a substance communicates to the downstream user (DU), by
means of one or more ESs, which are part of the extended safety
data sheet, conditions under which the supplied substances can
be used safely. It is then the obligation of the DU to assess
whether the description of safe use covers the conditions under
which the DU actually uses the substances. The DU assessment
can determine: (1) That the use is covered and DU RMMsmatch
those in the ES; (2) That the use is covered but the DU employs
different RMMs and/or OCs than outlined in the ES – in this
case, the DU can adjust their RMMs, employ ‘scaling,’ discuss
with the supplier, or carry out their own DUCSA; or (3) That the
use is not covered – in this case notify the supplier, look for an
alternative supplier, or perform a DU CSA.

OCs include any action that prevails during manufacture or
use of a substance (either in a pure state or in a mixture) that as
a side effect might have an impact on exposure of humans and/
or the environment. Examples of OCs, applicable to both
worker and consumer use of substances, include the amount of
substances used/applied, the duration and/or frequency of use
of a substance during a particular workplace or consumer
process/task, the concentration of the substance in a prepara-
tion/mixture or an article, the temperature at which the task/
process is carried out (i.e., may impact volatilization of the
substance), containment of a process (i.e., closed process in the
workplace), and the specification of the surroundings where
the substance is used (i.e., indoor or outdoor use). One thing
that should be noted is that it is, on a practical basis, easier to
apply/enforce various OCs in the worker population than it is
in the consumer population.

RMMs include any action that is introduced during manu-
facture or use of a substance (either in a pure state or in
a mixture) in order to prevent, control, or reduce exposure of
humans and/or the environment. RMMs, and their proper
implementation, are of critical importance for the safe use of
substances. Examples of RMMs include the following:

l Engineering controls – refer to the design of process plant
and equipment to isolate substance emission sources,
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maximize substance containment, and prevent contact
between workers and the hazardous substance. Examples
include the use of local and/or general exhaust ventilation
(i.e., mechanical and/or passive), isolation controls,
wastewater treatment, and sewage/waste treatment. The use
of engineering controls for the reduction of worker (and
consumer) exposures is considered to be the most effective,
and most strongly recommended, RMM.

l Administrative controls – are management tools that seek to
reduce exposure opportunity, control the way the work is
carried out, limit exposure duration, and ensure that the
work activity is carried out in a predetermined way. Exam-
ples include personnel rotations and schedule adjustments
to reduce exposure time/opportunity and worker training to
recognize chemical hazards as well as techniques, etc., to
reduce/eliminate exposures. Effectiveness of administrative
controls is often dependent on worker compliance and
consistent supervisory enforcement. They support engi-
neering controls in reducing the potential for exposure.

l Personal protective equipment (PPE) – includes protective
clothing, appropriate (i.e., impervious) gloves, particulate
and organic vapor respirators, and eye protection (e.g.,
goggles). PPE is the lowest ranked RMM option because its
effectiveness depends to a large extent on its appropriate
selection, use, and maintenance and (worker) compliance.
PPE protects only the individual wearer and does not
prevent the exposure or contamination of the wider
working environment. Nevertheless, it may be the best
available option for infrequent tasks of short duration and
for maintenance tasks or emergency situations. As with
administrative controls, PPE may also be used to comple-
ment implemented engineering controls.

The RMMs recommended/outlined in the ES for the
occupational setting should enable and support the employer
in meeting the goals of occupational safety and health
protection. In addition to substance- and process-specific
RMMs, it is very important to note that good industrial
hygiene practice (e.g., washing hands and changing contami-
nated clothes) still forms a strong foundation for minimizing
worker exposure to hazardous substances. European Chem-
icals Agency (ECHA) has stated that complex RMMs recom-
mended/outlined in the ES for the consumer use of
a substance are generally not suitable to ensure control of risk
because only short, simple, easy-to-implement RMMs will be
used to any extent. For example, consumer compliance with
an RMM such as ‘open windows to ensure good ventilation
during product use’ might be significantly better that one
stating ‘use adequate ventilation.’ Lastly, for RMMs related to
the environment, ECHA has stated that the prevention and
reduction of emissions of dangerous substances by ‘process
integrated’ measures are usually preferred over ‘end-of-pipe’
measures/techniques. Examples of environment-related
RMMs include reduction of emissions via air/water/waste
through process engineering controls, reduction of air
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00577-7
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emissions by waste gas treatment, and reduction of water
emissions by on-site wastewater treatment.

RMMs (as well as OCs) are used to reduce or eliminate
health risks due to exposure to dangerous substances – that is,
they are used to alter exposure, thus altering health risk. The
challenge to the REACH registrant is to select appropriate
RMMs from the available options to include in the ES. There are
many sources for possible RMMs available (e.g., in ECHA
Guidance documents, from the European Chemical Industry
Council (Cefic), and from control banding strategies such as
the UK Control of Substances Hazardous to Health Essentials);
however, professional judgment is always required to select
which RMMs are appropriate to the substance uses described in
ESs. The RMMs that are appropriate will depend on the phys-
ical–chemical properties (e.g., dustiness and vapor pressure) of
the substance, the identified OCs, and the toxicological prop-
erties of the substance. Substances associated with serious
adverse health effects from exposure will require more stringent
RMMs than those substances associated with less serious/mild
adverse health effects.

The effectiveness of RMMs for reducing exposure is very
important for the risk characterization under REACH (see
Derived No-Effect Level (DNEL)). RMM effectiveness is
defined as the percentage reduction in exposure concentra-
tion or emission (release) produced by application of the
RMM. Effectiveness values (i.e., percentage reduction of
exposure if used) for RMMs can be obtained from the pub-
lished scientific literature or from trade groups and industry
associations. One very useful source is the Cefic RMM Library
(Cefic, 2013).

The Cefic RMM Library is an Excel spreadsheet that contains
RMMs (and OCs) and details of their effectiveness. Effective-
ness of individual RMMs is provided only in those cases where
technical/scientific evidence is available. Effectiveness values
are provided both as a ‘typical default value’ (an estimate of the
50th percentile) and the ‘maximum achievable’ value (best
practice). Some examples from the RMM Library: (1) The use of
local exhaust ventilation (LEV) (with a receptor hood for
fumes/vapors) in the occupational setting will reduce worker
inhalation exposure by 80% (typical default) and 90%
(maximum achievable); (2) Worker use of an air-purifying
half-mask (with gas/vapor-cartridge that can be combined with
a particulate filter) (APF 10) will reduce inhalation exposure by
95% (typical default) and 95% (maximum achievable); (3)
Worker use of a dust filter – half-mask P2 (APF 10) will reduce
inhalation exposure by 90% (typical default) and 90%
(maximum achievable); and (4) Waste gas treatment via
thermal oxidation will reduce levels released to the environ-
ment by 98% (typical default) and >99.9% (maximum
achievable).

The use of an RMM (and it effectiveness) can be demon-
strated by carrying out a simple quantitative REACH risk
characterization for an airborne substance in the workplace. In
this example, the worker inhalation derived no-effect level
(DNEL) has been calculated to be 2.4mgm�3 and the modeled
workplace exposure concentration calculated to be 3.9mgm�3.
The quantitative risk characterization is performed by calcu-
lating the risk characterization ratio (RCR): RCR¼ ExposureO
DNEL¼ 3.9mgm�3O 2.4mgm�3¼ 1.6mgm�3. Because the
RCR> 1, the risk is not controlled and safe use can’t be shown
in the ES. However, if the RMM of LEV is incorporated into the
workplace ES, it will reduce the airborne exposure by 80%
(typical default). Therefore, with LEV, the updated exposure
estimate is now0.78mgm�3 (3.9mgm�3� 0.2) and theRCR¼
0.78mgm�3O 2.4mgm�3¼ 0.33mgm�3. Now, because of
the incorporation of LEV into the ES, the RCR< 1 (0.33) and,
therefore, risk is now adequately controlled. Lastly, since LEV
was incorporated into the ES to reduce workplace exposure,
REACH requires that the MI communicate the use of this RMM
to the DU to ensure the safe use of the substance in the
workplace.
See also: Chemical Safety Assessment and Reporting Tool
(Chesar), REACH; Derived Minimal Effect Level (DMEL);
Derived No-Effect Level (DNEL); The European Chemicals
Agency; Chemical Safety Assessment.
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Perception may not be reality, but it can influence the way
people and agencies take action or chose not to take action.
How we perceive risk is particularly important when we
consider the regulation and communication of chemicals. Risk
perception is the interface between scientific findings and
personal opinions and values. It is a subjective mix of social and
psychological factors. Risk is commonly defined among experts
as the probability of an event occurring multiplied by the
magnitude of the effect. In contrast, hazard denotes potential
harm in a qualitative context. The media and the public
commonly confuse hazard and risk, which often skews the
perception of how risky something may be.
Determinants of Risk Perception

There are several determinants that influence risk perception.
Primary among these is trust. If the recipient of a message does
not trust the source, it is likely that the message will not be
believed. Trust between experts and the public is dependent
upon effective risk communication (see Risk Communication).
The delivery of accurate and transparent information is a crit-
ical element of gaining trust. Toxicology is a complex discipline
with inherent uncertainty, which can contribute to suspicion
among the public when messages are conveyed by toxicolo-
gists. In some situations, trust may be difficult to obtain due to
past history, organizational affiliation, and other issues. In
these cases, objective third parties can help build trust and
influence the perception of risk.

Familiarity with an issue is another critical factor in how
risky a chemical or exposure is perceived to be. Unfamiliar
concepts or chemicals tend to be viewed with more risk
compared with other issues that are common and familiar. As
an example, the public may be more concerned about geneti-
cally modified food compared with experts as a result of their
unfamiliarity with basic concepts of DNA and genetic engi-
neering. Furthermore, the public tends to overestimate the risks
of rare events, such as airplane crashes, and underestimate the
risk of common events, such as pedestrian accidents.

If an action or exposure is involuntary, it tends to be viewed
as more risky to affected parties compared with actions that are
voluntary. As an example, a community may view mandatory
aerial insecticide applications for vector control as posing an
unacceptable risk, even if the benefits of disease prevention are
highlighted. In contrast, personal application of the same
pesticide in the yard may be viewed as less risky, since it is
a willing activity that has personal benefits (see Pesticides).

Whether a substance is derived from natural or synthetic
sources can influence how risk is perceived among different
substances. A general perception is that synthetic products are
more hazardous compared with natural products. A classic
example of this pattern is the popularity of herbal remedies
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among many people who tend to be otherwise risk averse of
chemicals and despite the lack of regulation for these products.

Several other factors can sway the perception of risk as well.
These include whether or not dread is associated with the
chemical and whether benefits have been clearly articulated. If
something is perceived as involving pain or suffering (i.e.,
dread), it will be viewed as more risky. Cancer is a classic
example of a dreaded outcome among the public. Furthermore,
if something is thought to have dubious or disproportionate
benefits, it may be viewed suspiciously and as unacceptable.
Many of these determinants are influenced by past personal
experiences.
The Physiology and Psychology of Risk Perception

Since exposure to chemicals may involve morbidity and
mortality, the stakes are high in how risks are communicated.
While the expert may study the issue with precision and
analytical methods, the outcome will often collide with
emotions, gut reactions, and other complex human perceptions
among the public. David Ropiek highlights the role of neuro-
scientists in elucidating the physiology of how the brain
processes information. Essentially, people are hardwired to
experience instinct and emotion before reason and logic. This
neurological architecture causes us to react to real and unreal
risks with subconscious instinct before rational decision
making.

Several models have been proposed to explain or predict the
psychology of risk perception. Paul Slovic discusses the ‘Affect
Heuristic’ as a mechanism that can bias individuals in their
decision making and directly influence the perception of risk.
In this context, affect is the feeling or response someone has to
new information. The affect heuristic is a complex reaction that
involves an initial first impression which influences decision
making over subsequent information that may be contradic-
tory. Cultural Theory and Mental Models have been proposed
and studied to help understand how the public perceives risk as
well. It is clear that the perception of risk will continue to be
a complex challenge for toxicologists.
See also: Risk Characterization; Risk Communication; Risk
Management.
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l Name: Rotenone
l Chemical Name: Benzopyrano(3,4-b)furo(2,3-h) (1)ben-

zopyran-6(6aH)-one,1,2,12,12a-tetrahydro-2-a-iso-
propenyl-8,9-dimethoxy

l Chemical Abstracts Service Registry Number: 83-79-4
l Synonyms: Barbasco, Mexide, Ro-Ko, Fish-Tox, Chem-

Fish, Cube, Cuberol, Derrin, Derris, FishTox, Nicouline,
Nusyn Nox fish, Prentox, Noxfish, Rotenone dust, Timbo
powder

l Molecular Formula: C23H22O6 (molecular weight 394.42)
l Chemical Structure:
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Background Information

Emmanuel Geoffroy isolated rotenone for the first time from
a specimen of Robinia nicou, now called Lonchocarpus nicou.
Rotenone and rotenoids are extracted mainly from the roots,
but also from the seeds and leaves, of certain plants grown in
Malaya, East Indies, and Central and South America.
Currently, Peru is the major source of the root of the plant,
which may be ground to a dust or extracted to provide
concentrates. These compounds have been used for centuries
in South America to paralyze fish, causing them to surface.
Rotenone and rotenoids have been used as crop insecticides
since 1848, when they were applied to plants to control leaf-
eating caterpillars.
Uses

Rotenone has been used for centuries as a fish poison. Rote-
none is used as an insecticide on forage crops, and around the
garden to control chewing insects on vegetables and fruits. It is
also used as a dust on cattle and in dog and sheep dip
formulations for scabies, chiggers, fleas, ticks, lice, and mange.
Rotenone is used worldwide because it has broad-spectrum
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
insecticidal, acaricidal, and pesticidal properties. Rotenone has
been a registered pesticide in the United States under the
Federal Insecticide Fungicide Rodenticide Act since 1947. Its
formulations include crystalline preparations (about 95%),
emulsifiable solutions (about 50%), and dust (0.75%). Rote-
none is also formulated along with other pesticides such as
carbaryl, pyrethrins, piperonyl butoxide, lindane, and others in
products to control insects, mites, ticks, lice, spiders, and
undesirable fish. Rotenone emulsions are used for eliminating
unwanted fish in the management of bodies of water. During
past decades, rotenone has received enormous attention
because it is extensively used by researchers as an experimental
drug to produce mitochondrial dysfunction and reproduce
Parkinson’s disease in animal models.
Environmental Fate

Rotenone is rapidly degraded in soil and water, with half-lives
of 1 and 3 days, respectively. Rotenone does not substantially
leach into groundwater. Photodegradation also occurs such
that little residue is left within 2–3 days of summer sunlight. It
is also sensitive to heat, with much of the rotenone quickly lost
at high temperatures.
Exposure and Exposure Monitoring

Dermal and ocular exposures are most common, but rotenone
may also be ingested or inhaled.
Toxicokinetics

Based on animal studies, absorption of rotenone from the
gastrointestinal (GI) tract is slow and incomplete. Rotenone
has been found to be hundreds of times more toxic via the
intravenous route than by the oral route. Fats and oils increase
rotenone absorption from the GI tract. Rotenone exhibits
a significant first-pass effect following oral exposure. Several
metabolites have been identified as rotenoids, such as rote-
nolone I and II, hydroxyl and dihydroxyrotenones, etc. O-
demethylation inactivates rotenone. Rotenone distributes to
lipid-rich tissues, including the nervous system. Elimination of
rotenone is primarily through the feces, and only 20% of an
oral dose is excreted in the urine.
Mechanism of Toxicity

Rotenone inhibits the electron transport chain by blocking
transport between the flavoprotein and the ubiquinone. The
oxidation of pyruvate in rat mitochondria is virtually
completely blocked by rotenone in vitro (<1 mmol l�1
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concentration). Cell death occurs by apoptosis due to excess
generation of free radicals. In addition, rotenone causes a defi-
nite anesthetic effect when it comes in contact with nerve
axons. Death appears to occur due to depression of the respi-
ratory center.

Rotenone is toxic to insects, humans, animals, and fish.
Rotenone exerts selective toxicity, as it is highly toxic to fish
because of its rapid absorption from the GI tract in comparison
to mammalian species in which it is poorly absorbed. The
selective toxicity of rotenone in insects and fish versus
mammals can also be explained based on the metabolism of
this compound. Rotenone converts to highly toxic metabolites
in large quantities in insects and fish, while it converts to
nontoxic metabolites in mammals.
Acute Toxicity

Rotenone is toxic not only to insects and fish, but also to
humans and animals. In mammals, the acute toxicity of rote-
none is moderate and widely varies between and within
species. The oral LD50 value of rotenone in rats is approxi-
mately 60–135 mg per kg of body weight. Rotenone is more
toxic to female rats than males. In rabbits, the LD50 values for
rotenone following IV, oral, and dermal routes are 0.35–0.65,
1.5, and 100–200 mg kg�1, respectively. Depression and
convulsions are the common clinical signs with acute toxicity
of rotenone. Following oral ingestion, clinical signs of rotenone
toxicosis may include pharyngitis, nausea, vomiting, gastric
pain, clonic convulsions, muscle tremors, lethargy, inconti-
nence, and respiratory stimulation, followed by depression.
Respiratory depression and seizures lead to hypoxemia and
hypercapnia. In addition, rotenone can impair myocardial
contractile force. Exposure to rotenone dust via inhalation can
cause pulmonary irritation and asphyxia. In rats and dogs,
experimental inhalation of rotenone dust produced onset of
signs earlier than following oral ingestion. Toxicity is greater if
the particles are of a smaller size, because these particles can
enter the deep regions of the lungs. Following parenteral
administration, rotenone can induce vomiting, incoordination,
muscle tremors, clonic convulsions, and respiratory failure.
Cardiovascular effects include tachycardia, hypotension, and
impaired myocardial contractility.
Chronic Toxicity

Intravenous infusion of rotenone in rats (2–3 mg kg�1 day�1)
produced Parkinson’s-like symptoms and Parkinson’s-like
pathology, especially in dopaminergic neurons. The observed
neurodegenerative effects are due to inhibition of mito-
chondrial complex I activity and enhanced production of
reactive oxygen species and nitric oxide, leading to excess
formation of the toxic factor peroxynitrite. Chronic rotenone
exposure also reproduced Parkinson’s disease-like GI neuro-
pathology in rats and mice. Dogs given dietary rotenone for
6 months at dosages up to 10 mg kg�1 day�1 showed reduced
food consumption and reduced weight gain. Chronic expo-
sure to rotenone may produce fatty changes in the liver and
kidney.
Immunotoxicity

In short-term studies, rotenone produced dose-dependent
bone marrow atrophy in rats.
Reproductive Toxicity

Reproductive and developmental effects in laboratory animals
were noted only at maternally toxic levels of exposure. Preg-
nant rats fed 10 mg kg�1 day�1 on days 6 through 15 of
gestation experienced decreased fecundity, increased fetal
resorption, and lower birth weight. Reproductive effects seem
unlikely in humans at expected exposures.
Genotoxicity

In vitro toxicity revealed that rotenone was negative in bacterial
mutagenesis assays.
Carcinogenicity

Hamsters given oral dosages as high as 120 mg kg�1 day�1 for
a period of 18 months showed no evidence of carcinogenicity.
Significant increases in mammary tumors have been reported
in albino rats with intraperitoneal doses of 1.7 mg kg�1 day�1

for 42 days, and in Wistar rats at approximately
1.5 mg kg�1 day�1 orally for 8–12 months. In the latter study,
however, higher doses rates (3.75 and 7.5 mg kg�1 day�1) over
the same period did not produce increased tumors. Thus, the
evidence for carcinogenicity is inconclusive.
Clinical Management

Cases of rotenone poisoning in humans and animals are rare.
Diagnosis can be based on circumstantial evidence and detec-
tion of rotenone residue in blood, urine, feces, and vomitus.
Rotenone residue is also likely to be present in the liver.
Rotenone residue can be determined using high performance
liquid chromatography coupled with a fluorescence detector or
liquid chromatography–tandem mass spectrometry.

There is no specific antidote available for rotenone or
rotenoids. Treatment relies on symptomatic and supportive
measures. Respiratory and cardiovascular functions should be
supported with oxygen, assisted ventilation, and parenteral
fluids. If eyes or skin are contaminated, they should be washed
immediately. GI decontamination procedures should be used
appropriately, depending on the patient’s level of conscious-
ness and the amount of rotenone ingested. Oils or fats should
not be administered because they can promote rotenone
absorption. Activated charcoal should be used to stop
absorption following oral exposure. Control seizures and
agitation with diazepam and correct hypoglycemia with
glucose (5%, IV). In animals, 10 mg of menadione (IV)
reversed rotenone’s blocking of mitochondrial oxidative
phosphorylation; however, it is not known if this has been tried
in humans.
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Ecotoxicology

Rotenone is rapidly degraded by sunlight, and, as a result, it
does not persist in the environment. But care must be taken
when disposing of any unused rotenone in water because it is
extremely toxic to fish such as bluegill and lake trout. Rotenone
is slightly toxic to bird species such as mallards and pheasants.
Exposure Standards and Guidelines

The reference dose for rotenone is 0.004 mg kg�1 day�1. The
8 h permissible exposure limit for rotenone is 5 mg m�3.

See also: Pesticides; Plants; Insecticides; Veterinary
Toxicology.
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l Name: S-(1,2-Dichlorovinyl)-L-cysteine
l Chemical Abstracts Service Registry Number: CAS 627-72-5
l Synonyms: S-(1,2-Dichloroethenyl)-L-cysteine; S-(1,2-

Dichlorovinyl)-L-cysteine; S-Dichlorovinyl-L-cysteine
l Molecular Formula: C5H7Cl2NO2S
l Chemical Structure:
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Uses

S-(1,2-Dichlorovinyl)-L-cysteine (DCVC) is a model neph-
rotoxicant and cataractogen used to induce acute renal failure
and cataracts in experimental animals to study the biochemical,
physiological, and molecular mechanisms underlying the
disease.
Environmental Fate and Behavior

Human exposure to DCVC occurs only via potential formation
of DCVC in vivo following trichloroethylene (TCE) exposure;
therefore, no data are available in this regard.
Exposure Routes and Pathways

The only way humans are potentially exposed to DCVC is
through TCE because it is a known metabolite of TCE, which
is a common industrial solvent used for degreasing metals.
TCE is produced in the United States at w130 000 metric
tons per year and is the most commonly found chemical
contaminant of groundwater at many chemical waste sites. It
is in the Agency of Toxic Substances and Disease Registry’s
National Priority List of Hazardous Chemicals and is an
established animal carcinogen. Toxic and carcinogenic effects
cyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
of TCE in the kidneys are hypothesized to be due to its
metabolism by glutathione (GSH) conjugation, subsequent
metabolism to the cysteine conjugation, DCVC, and metab-
olism of DCVC by the cysteine conjugate b-lyase to form
reactive compounds. This article does not focus on the
exposure pathways and potential toxic effects of TCE because
that is discussed in a separate article on TCE.
Toxicokinetics

TCE conjugates with GSH yield S-(1,2-dichlorovinyl)-gluta-
thione, and upon further metabolism yield DCVC. DCVC
further undergoes N-acetylation to yield mercapturate, which
because of its polarity is readily excreted in the urine. The
N-acetylation reaction is catalyzed by a cysteine S-conjugate
N-acetyltransferase found in the endoplasmic reticulum
(Figure 1). The mercapturate can also be deacetylated intra-
cellularly, thus regenerating the cysteine conjugate. When
(35S)- and (14C)-DCVC were administered intraperitoneally or
intravenously to male Fisher 344 rats, a rapid initial half-life of
2.0 and 2.8 h, respectively, was observed. The major plasma
metabolite identified was inorganic sulfate, followed by pyru-
vate and N-acetyl-DCVC (NAcDCVC). Metabolite formation
was rapid and peak plasma concentrations reached amaximum
at 30 min, remained elevated for a few hours, and then
decreased. In contrast to plasma, the major urinary metabolite
was NAcDCVC, followed by inorganic sulfate and pyruvate.
The NAcDCVC that is secreted into the tubular lumen of the
kidney or which arrives there by glomerular filtration and is not
transported back into the renal epithelial cell for deacetylation
is excreted into the urine. NAcDCVC has been recovered from
rats, mice, and humans after exposure to TCE.
Mechanism of Toxicity

Cell death is initiated by the metabolism of DCVC via renal
cysteine conjugate b-lyase to a sulfur-containing reactive thiol
radical that covalently binds to macromolecules (Figure 1).
The findings that the nephrotoxicity and cataractogenesis of
DCVC can be blocked by aminooxyacetic acid (a selective
inhibitor of b-lyase) and probenecid (organic anion transport
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Figure 1 Metabolism of DCVC and mechanism of nephrotoxicity. (1) S-(1,2-dichlorovinyl)-L-cysteine; (2) S-(1,2 dichlorovinyl)-N-acetyl-L-cysteine;
(3) The a-keto acid metabolite of S-(1,2-dichlorovinyl)-L-cysteine; (4) S-(1,2-dichlorovinyl)-L-cysteine sulfoxide; (5) 1,2-dichlorovinylthiol (6) S-[1-chloro-
2-(S-glutathionyl)vinyl]-L-cysteine sulfoxide.
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inhibitor) provide evidence for the roles of cysteine conjugate
b-lyase and the organic anion transport system, respectively,
in DCVC-induced nephrotoxicity. Although the b-lyase
enzyme is considered to be the major bioactivating enzyme
for DCVC (Figure 1), other bioactivating enzyme activities
have been described, and some of these may have relevance to
risk assessment. Studies have shown that renal FMO3 can also
metabolize DCVC to form DCVC sulfoxide thereby causing
nephrotoxicity. Reports from several laboratories indicate that
the cytotoxicity of DCVC is mediated at the mitochondrial
level (Figure 1). Depletion of GSH, mitochondrial lipid per-
oxidation and GSSG formation, inhibition of mitochondrial
lipoyl dehydrogenase activity, release of Ca2þ from mito-
chondria, and inhibition of mitochondrial membrane
potential have been observed prior to renal cell death and
correlated well with cytotoxicity.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute toxicity of DCVC is well characterized in various
animal models, including young calves, dogs, cats, rabbits,
guinea pigs, turkeys, rats, and mice (see Table 1). With the
possible exception of young calves, the primary target for
DCVC is proximal tubules in the kidney. It selectively damages
the S3 portion of the proximal tubule and causes a focal
necrosis of the tubular epithelium in the outer stripe of
the outer medulla. Various factors modulating DCVC
nephrotoxicity in vivo and in vitro are summarized in Table 2.
DCVC nephrotoxicity is usually followed by a nephrogenic
repair response, which is characterized by an early stage of
increase in proliferation of cells at the wound site by 24 h
exposure, loss of differentiated character in the regenerative
epithelium, and cessation of cell growth and redifferentiation
between days 5 and 13. Studies also suggest that tissue
repair is a critical determinant of the ultimate outcome of
nephrotoxicity.
Human

Acute toxicity data for humans are unavailable and unlikely to
occur because this compound is a metabolite of TCE.
Chronic Toxicity (or Exposure)

Animal

When male Swiss Webster mice were given 0.1 mg ml�1 of
DCVC in drinking water for 37 or 46 weeks, by 26 weeks all the
mice developed cortical cataracts. Cytomegaly, nuclear hyper-
chromatism, and multiple nucleoli were noted in the cells of
pars recta region of the kidney by 4 weeks, and these mice later
developed renal tubular atrophy and early interstitial fibrosis.
This suggested that chronic DCVC ingestion in drinking water
results in cataract formation and severe kidney injury but no
incidence of renal tumors. These studies also indicate that the
mutagenic potential of DCVC may not be expressed in vivo,



Table 1 Routes of exposure of S-(1,2-dichlorovinyl)-L-cysteine to various rodent models and its toxic effects

Organism Test type Route Reported dose (normalized dose) Effect

Guinea pig LDLo Intraperitoneal 20 mg kg�1 (20 mg kg�1) Kidney, ureter, and bladder: changes in tubules (including
acute renal failure, acute tubular necrosis)

Mouse LD50 Intraperitoneal 45 mg kg�1 (45 mg kg�1) Kidney, ureter, and bladder: changes in tubules (including
acute renal failure, acute tubular necrosis)

Gastrointestinal: other changes
Rabbit LDLo Intravenous 10 mg kg�1 (10 mg kg�1) Kidney, ureter, and bladder: changes in tubules (including

acute renal failure, acute tubular necrosis)
Kidney, ureter, and bladder: other changes

Rat LDLo Intraperitoneal 50 mg kg�1 (50 mg kg�1) Liver: hepatitis (hepatocellular necrosis), zonal
Liver: fatty liver degeration

Table 2 Factors modulating DCVC nephrotoxicity

Effect Proposed mechanism

Age Similar renal histological damage in mice of age 5, 15, 25 days
old as compared with adult mice despite having an increasing
accumulation of 14C-DCVC in kidney with respect to age

Unknown

No change in kidney b-lyase activity with respect to age
Sex Higher toxicity in female mice as compared to male mice when

administered a low dose (5 mg kg�1, p.o.)
Higher b-lyase activity in the female mouse as compared to

male mouse. However, this hypothesis is not consistent
with the observed reversal in toxicity with respect to
high dose

Higher toxicity in male mice as compared to female mice when
administered a higher dose (25 mg kg�1, p.o.)

Sex differences in gastrointestinal biotransformation and/or
absorption of DCVC

Species Higher sensitivity of guinea pigs to DCVC-induced
nephrotoxicity as compared to rats

Higher in vivo b-lyase activity in guinea pigs as compared
to rats

Lower cysteine S-conjugate N-acetyltransferase activity as
compared to rats

Aminooxyacetic acid Significantly reduces toxicity of DCVC in vivo and in vitro Inhibits b-lyase activity
a-Ketoacids Potentiate toxicity of DCVC in vitro and in vivo a-Ketoacids increase the b-lyase activity
Probenecid Inhibits both kidney binding and toxicity of DCVC Inhibitor of organic anion transport in kidney
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perhaps due to natural repair and defense mechanisms. To put
these findings into perspective, a 2 year bioassay in rats/mice is
required.
Human

Some epidemiologic studies suggested a correlation between
long-term occupational exposures to high doses of TCE and
the development of kidney tumors, whereas acute or chronic
exposures to high levels may induce tubular necrosis in
humans. However, others have failed to find any correlation
between TCE exposure and renal cancer in humans. Conju-
gation of TCE with GSH yields S-(1,2-dichlorovinyl)-
glutathione, and which upon further metabolism yields
DCVC. Although GSH conjugation is not the predominant
metabolic pathway for TCE, it may be the most relevant to
the development of nephrotoxicity. GSH conjugation of
TCE has been demonstrated in vivo in rats and humans
exposed to TCE by detection of mercapturic acid in urine
although the amount excreted as the mercapturate is very
low. That the mercapturic acid and the corresponding
GSH and cysteine S-conjugates are potent nephrotoxicants
in vivo and cytotoxic in vitro is evidence that GSH conjugation
is important in the development of the nephrotoxicity
of TCE.
In Vitro Toxicity Data

Isolated proximal tubular cells from rat kidneys are suscep-
tible to DCVC-induced necrosis at relatively high doses (>0.2
mmol l�1). Similarly, high concentrations (>0.2 mmol l�1)
of DCVC are also required to produce significant necrosis in
suspensions of freshly isolated human proximal tubular cells.
DCVC has also been shown to induce apoptosis in primary
cultures of rat proximal tubular cells and in the LLC-PK1
cells.
Clinical Management

These sections are the same for TCE and DCVC because human
exposure to DCVC occurs only via potential formation of
DCVC in vivo following TCE exposure.

See also: Kidney; Trichloroethylene.
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l Name: Saccharin
l Chemical Abstracts Registry Number: 81-07-2
l Synonyms: 1,2-Benzisothiazol-3(2H)-one; 1,1-dioxide ben-

zosulfimide; Sodium Saccharin (CAS # 128-44-9; 1,2-Benzi-
sothiazol-3(2H)-one; 1,1-dioxide; sodium salt); Calcium
saccharin (CAS # 6485-34-3; 1,2-Benzisothiazol-3(2H)-one;
1,1-dioxide, calcium salt)

l Chemical/Pharmaceutical/Other Class: Artificial Sweetener
l Chemical Structure:

l Molecular Formula: C7H5NO3S
Uses

Artificial sweetener in foods, beverages, and personal care
products.
Background Information

Saccharine has been produced commercially in the United
States for over 80 years.

In the 8th report, 1998 NTP Report on Carcinogens, and
since 1981, saccharin was classified as a ‘reasonably anticipated
carcinogen.’ The Calorie Control Council submitted a nomina-
tion to the NTP to consider removing saccharin from the Report
on Carcinogens based upon mechanistic data related to the
development of urinary bladder cancers in rats. Following
a formal review by NTP, saccharin was delisted from the 10th
Report on Carcinogens, because the rodent cancer data are not
sufficient to meet the current criteria to list this chemical as
‘reasonably anticipated to be a human carcinogen.’ This is based
on the observed bladder tumors in rats that arise bymechanisms
not relevant to humans, and the lack of data in humans sug-
gesting a carcinogenic hazard.

The European Food Safety Authority (formerly the Scientific
Committee on Food), in 1997, established 1% sodium
saccharin in the diet as a clear no observed effect level in rela-
tion to male rat bladder tumors and for other non-neoplastic
effects of saccharin. In response to primarily updated experi-
mental data and the extensive epidemiological data with no
evidence of any relationship between saccharin intake and
bladder cancer in humans, the Committee set a full acceptable
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
daily intake (ADI) for sodium saccharin of 0–5 mg kg�1 body
weight. If the ADI were expressed in terms of the free acid, since
sodium saccharin is not the only salt used, and taking into
account of the molecular weight (MW) difference between
sodium saccharin (MW 241) and the free acid (MW 183), the
ADI expressed as the free acid is 0–3.8 mg kg�1 bodyweight.
The US Food and Drug Administartion removed warning labels
for saccharin in 2000.
Exposure Pathways

Oral.
Toxicokinetics

Saccharin is excreted primarily unchanged in the urine.
Mechanisms of Toxicity

There is evidence that the saccharin is a promoter for bladder
cancer, primarily in rodents. It has been delisted from the
Report on Carcinogens, because the rodent cancer data are not
sufficient to meet the current criteria to list this chemical as
reasonably anticipated to be a human carcinogen. This is based on
the perception that the observed bladder tumors in rats arise by
mechanisms not relevant to humans (the formation of bladder
caliculi), and the lack of data in humans suggesting a carcino-
genic hazard. Studies indicate that the observed urinary bladder
cancers in rats are related to the physiology of the rat urinary
system including urinary pH (greater than 6.5), decreased urine
osmolality, increased urine volume, and the presence of
urinary crystals or precipitate, and urothelial damage triggering
a hyperplasia following consumption of dietary concentrations
of 3% or higher with inconsistent findings at lower dietary
concentrations. The factors thought to contribute to tumor
induction by high doses of sodium saccharin in rats would not
be expected to occur in humans.
Animal Toxicity

In four studies of up to 30-month duration, sodium
saccharin was carcinogenic in Charles River CD and Sprague–
Dawley male rats as evidenced by a dose-related increased
incidence of benign or malignant urinary bladder neoplasms
at dietary concentrations greater than 1% (Tisdel et al., 1974;
Arnold et al., 1980; Taylor et al., 1980; Schoenig et al., 1985).
Slight increases (not statistically significant) in urinary
bladder cancer have also been observed in female rats
from studies showing a positive effect in males (Arnold et
al., 1980; Taylor et al., 1980). In addition, several
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initiation/promotion studies in different rat strains have
shown a reduced latency and/or increased incidence of
similar urinary bladder cancers in male and female rats fed
sodium saccharin subsequent to treatment with different
urinary bladder initiators (e.g., Hicks and Chowaniec 1977;
Cohen et al., 1979; Nakanishi et al., 1980; West et al., 1986;
Fukushima et al., 1990). The mouse data are inconsistent and
require verification by additional studies.

Studies of the genotoxicity of saccharin have shown gener-
ally negative but occasionally conflicting results. Sodium
saccharin is essentially nonmutagenic in conventional bacterial
systems (reviewed by Ashby 1985; IARC 1987a, b; Whysner
and Williams 1996) but is weakly clastogenic or genotoxic in
short-term in vitro and in some in vivo test systems (reviewed by
Ashby 1985; IARC 1987a, b; Whysner and Williams 1996).
Urine from mice treated with sodium saccharin was mutagenic
in the Ames test in one study (Batzinger et al., 1977). Saccharin
does not covalently bind to DNA and does not induce
unscheduled DNA synthesis in bladder urothelium.
Human Toxicity

Results of several epidemiology studies indicate no clear
association between saccharin consumption and urinary
bladder cancer. Although it is impossible to absolutely
conclude that it poses no threat to human health, sodium
saccharin is not reasonably anticipated to be a human
carcinogen under conditions of general usage as an artificial
sweetener. Most of the relevant human epidemiology studies
have examined associations between urinary bladder cancer
and artificial sweeteners, rather than saccharin per se. The time
trend data for bladder cancer show no clear indication that the
increased use of saccharin or artificial sweeteners commencing
in the 1940s is associated with a general increase in bladder
cancer when controlled for confounding factors, chiefly
smoking. Risks of bladder cancer in diabetics, who presum-
ably consume greater amounts of artificial sweeteners
compared to the general population, are not greater than risks
in the general population (Armstrong and Doll 1975).
Ecotoxicology

No ecotoxicity issues exist. Saccharin and its salt wastes are
deemed nonhazardous by the US EPA.

See also: Food Additives; Food and Drug Administration, US;
Food, Drug, and Cosmetic Act, US; Food Safety and Toxicology;
Joint FAO/WHO Expert Meetings (JECFA and JMPR).
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Background

The first known public water system in the United States was
built in Philadelphia as early as 1799. By 1860, well over 400
additional water systems had been built in major cities through
out the nation. This number increased to over 3000 by the
early 1900s. With these systems came several major outbreaks
of disease because when the supply water was contaminated,
the system was an efficient way to spread the contamination
throughout the community. In 1849, there were cholera
epidemics in New York City that claimed 8000 lives and
another in New Orleans that claimed 5000, which were clearly
linked to the water distribution system. Federal legislation on
the quality of drinking water began in 1914 when the US Public
Health Service (US PHS) set standards for bacterial quality.
These original standards applied to contaminants that could
cause contagious disease in water systems, which provided
drinking water to interstate carriers such as ships, trains, and
buses. The US PHS subsequently revised and expanded these
standards in 1925 when PHS first instituted a limit for bacte-
riological counts. They also set limits for physical and chemical
levels for lead, copper, zinc, and excessive soluble minerals.
Less than 2% of the water suppliers at that time were required
to abide by these standards The PHS again revised drinking
water standards in 1942, 1946, and 1962. It is estimated that
there were over 19 000 public water systems by 1960 growing
to approximately 62 000 operating water systems by 1980. The
1962 standards regulated 28 different substances. By 1962,
virtually all 50 states adopted the PHS standards either as
standards or guidelines. However, as society developed and
became more sophisticated utilizing many man-made chem-
icals in agriculture and industry, many of these new substances
began to appear in water supplies. Further, it was believed that
many of these new chemicals were suspected of causing health
problems. The US PHS conducted a Community Water Supply
Study of 969 public water systems in 1969, which disclosed
that less than 60% of the nation’s public water systems met the
1962 water standards. There were major deficiencies in over
50% of the systems. In addition, the water systems serving 500
people or less had the most deficiencies. These and other
findings led to the passage of the Water Quality Improvement
Act of 1970 (PL 91–224) which expanded the federal govern-
ment’s authority to set water quality standards. Continuing
concerns over water pollution led to the enactment of the
Federal Water Pollution Control Act of 1972 (Public Law
92–500), which contained comprehensive provisions for
restoring and maintaining all bodies of surface water. Another
US PHS study conducted in 1972 found 36 chemicals,
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
including trihalomethanes (THMs), detected in the treated
water from treatment plants that were drawing water from the
Mississippi River in Louisiana. Congress held hearings in 1971,
1972, and 1973 to begin examining new legislation that would
allow the federal government to set maximum contaminant
levels (MCLs) permissible in drinking water. Based on the
concerns over the findings in these and other studies, several
legislative proposals were introduced to Congress in 1973. The
Safe Drinking Water Act (SDWA) (Public Law 93–523) was
signed into law by President Ford in 1974 to protect human
health from contaminants in drinking water and to prevent
contamination of existing groundwater supplies.
Overview of the SDWA

The Environmental Protection Agency (EPA) has defined three
types of public water systems:

l Community Water System: A public water system that
supplies water to the same population year-round.

l Nontransient Noncommunity Water System: A public water
system that regularly supplies water to at least 25 of the
same people at least 6 months per year, but not year-round.
Some examples are schools, factories, office buildings, and
hospitals which have their own water systems.

l Transient Noncommunity Water System: A public water
system that provides water in a place such as a gas station or
campground where people do not remain for long periods
of time.

In this law, public water systems were defined to include any
water system that serves water to more than 25 people (or 15
service connections). Further classification is according to the
number of people they serve:

l Very small water systems serve 25–500 people.
l Small water systems serve 501–3300 people.
l Medium water systems serve 3301–10 000 people.
l Large water systems serve 10 001–100 000 people.
l Very large water systems serve 100 001þ people.

Water systems may be categorized by their source of water:

l Groundwater, generally from wells,
l Surface water and groundwater ‘under the influence’ of

surface water,
l Purchase of water from another Public Water System.

As of 30 September 2010, there were 152 979 active public
drinking water systems in the United States which regularly
supply drinking water to at least 25 people or having 15 service
connections for 180 or more days per year.

The primary focus of the SDWA was to set national
contaminant-based drinking water standards. These included
primary standards intended to address adverse health effects
and consist of maximum contaminant level goals (MCLGs),
which are nonenforceable goals and MCLs which are
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enforceable limits set as close as possible to the MCLGs. The
MCLs represent an upper limit on the permissible concentra-
tions of regulated contaminants in public drinking water
supplies. The MCLGs are the maximum concentrations below
which no negative human health effects are known to exist.
Also included in the legislation were secondary standards such
as odor and appearance of the drinking water, which were not
enforceable. The SDWA required US EPA to promulgate
interim national primary drinking water standards in order to
‘protect health to the extent feasible taking costs into consid-
eration.’ Each contaminant was to determine an MCL or
a treatment technique (TT) for its control. The interim regula-
tions were replaced with recommendations for the MCLs based
on peer-reviewed science from the National Academy of
Sciences. By the late 1970s, EPA set standards for six pesticides,
turbidity, THMs, radionuclides, and inorganic, organic, and
microbiological contaminants.
1986 SDWA Amendments

In 1986, the SDWA Amendments were passed to move EPA
closer to enforcing the original Act. Only 23 contaminants had
been established since the 1974 legislation and no TTs had
been established for any of the contaminants. While the
statute was enacted in 1974, EPA promulgated most of the
existing national drinking water regulations under the frame-
work established by the 1986 amendments, which mandated,
among other things, that EPA regulate specific contaminants
and established a testing program whereby EPA was to require
public water systems to test for unregulated contaminants. The
1986 legislation required EPA to set standards (MCLs and
MCLGs) for a total of 83 contaminants in the next 3 years.
EPA was also directed to prescribe regulations for two TTs for
public water systems – namely filtration and disinfection. The
1986 Amendment also gave US EPA the authority to fine
violators as much as $25 000 per day per violation. In addi-
tion, after the standards for the initial 83 were set, EPA was
required to add 25 contaminants to the list every 3 years;
however, this requirement was not fulfilled by EPA. Other
requirements that took effect included restrictions on lead
pipes, solders, and flux; disinfection in all public drinking
water, new wellhead, and sole source aquifer protection
programs; filtration for certain groundwater systems; and
recommendations for best available technology for treating
regulated contaminants.
1996 SDWA Amendments

The SDWA was amended again with goals of establishing
scientifically sound assessments and risk-based standard setting
and was signed into law by President Clinton on 6 August
1996. Additionally, the goals included small water supply
system flexibility and technical assistance, community-
empowered source water assessment and protection, public
right-to-know, and water system infrastructure assistance
through a multibillion-dollar state revolving loan fund. With
the 1996 amendments, Congress established a framework
under which EPA is to periodically identify contaminants that
may warrant regulation, and it revised EPA’s authority related
to the existing testing program for unregulated contaminants.
The 1996 amendments mandated that EPA focus on unregu-
lated contaminants that present the greatest public health
concern and established water contamination prevention
requirements including source water protection, capacity
development, and operator certification.

The SDWA required formalization of the procedure to set
enforceable health-based drinking water standards as follows:

l Determine whether a contaminant should be regulated
based on peer-reviewed science.

l Set anMCLG. These goals do not take into account available
technology and therefore are sometimes set at levels, which
public water systems cannot attain. These levels are not
enforceable.

l Propose an enforceable standard in the form of an MCL or
a TT. MCLs are set as close to the MCLGs as feasible
considering available technology and cost. Required
monitoring schedules are part of the enforceable standard.
On determination of a proposed MCL or TT that is close to
the MCLG as possible based on affordable technology, EPA
must perform a cost–benefit analysis to determine whether
or not the benefits justify the costs.

l EPA set an enforceable MCT or TT. On review of all of the
data, EPA sets an enforceable MCT or TT level including
required testing and reporting schedules using the best
available peer-reviewed science and data collected by
accepted or best available methods.

l States are authorized to grant variances from Federal EPA
standards for water systems serving less than 3301 people if
the systems cannot afford to comply with the ruling. State
variances to systems with 3301–10 000 people need EPA
approval. No systems are permitted to have variances for
microbial contaminants.

Also included were consumer information requirements
including the development of consumer confidence reports
new notification requirements. The final right-to-know SDWA
legislation required specific information on the following:

l What contaminants are found in the tap water distributed
by the water system,

l What the water source is for the water system in question,
l Any known pollution sources responsible for detected

contaminants,
l Listing and details of any violations during the previous

12 months.

In addition, the water system operator is responsible for the
following:

1. Sending a report to all water system customers.
2. For making a good-faith effort to get the report to tenants

and others who would not receive a water bill, but who
would otherwise use the water.

3. The report must not be cluttered or obscured with extra-
neous data, which not directly critical to the purpose of the
report.

4. Tabular data cannot be obscured with irrelevant informa-
tion or presented in a way that is difficult for the recipient to
interpret.
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The 1996 Amendments further required EPA to establish
a mechanism to identify and select new contaminants as well
as specific efforts to establish criteria for arsenic, sulfates,
radon, and disinfection by-products. The SDWA required EPA
to establish a list of contaminants every 5 years that are known or
anticipated to occur in public water systems and may require
further investigation and possible regulation under SDWA. The
list is divided into those materials that are candidates for addi-
tional research, those that need additional occurrence data, and
those that are priorities for consideration in rulemaking. The EPA
then must prioritize the critical substances in each category and
develop a plan of action for making regulatory decision for the
most appropriate candidates. EPA has published three candidate
lists of unregulated contaminants that may warrant regulation:
(1) in 1998 (60 contaminants), (2) in 2005 (51 contaminants),
and (3) in 2009 (116 contaminants). The National Contami-
nant Occurrence Database (NCOD), which stores data on the
occurrence of both regulated and unregulated materials, was
established by EPA to satisfy the statutory requirements of the
1996 amendments to the SDWA. The monitoring data provide
the basis for identifying contaminants that may be placed on
future Contaminant Candidate Lists and support the Agency’s
decisions to regulate contaminants in the future. EPA completed
its first cycle of regulatory determinations in 2003 and a second
cycle in 2008, and plans to complete a third cycle in 2013. EPA
decided to not regulate any additional contaminants since the
enactment of the 1996 amendments until February 2011, when
the EPA Administrator announced that the agency had made
a final determination to regulate perchlorate. The Administrator
also announced plans to develop a regulation addressing
a group of carcinogenic volatile organic compounds (VOCs)
which are chemicals such as industrial solvents. The plan to
regulate carcinogenic VOCs stemmed from EPA’s effort to revise
the existing drinking water regulations for trichloroethylene and
tetrachloroethylene and the Administrator’s 2010 Drinking
Water Strategy that includes a goal of addressing contaminants
as groups rather than one at a time.

There appears to be concern over the practice of hydraulic
fracturing threatening the drinking water supplies. Legislation
was submitted in 2009 that would have repealed the exemp-
tion for hydraulic fracturing in the SDWA and regulated the oil
and natural gas recovery process under the Underground
Injection Control (UIC) program. It would have required the
energy industry to disclose the chemicals it mixes with the
water and sand it pumps underground in the process (also
known as ‘fracking’), information that has largely been pro-
tected as proprietary or trade secrets. No further activity has
occurred with this legislation as of this writing.

The list of current drinking water standards, information on
potential health effects of specific contaminants, as well as
guidance for sensitive individuals can be found at the following
US EPA website: http://www.epa.gov/.

See also: Clean Water Act (CWA), US; CERCLA; Revised as the
Superfund Amendments Reauthorization Act (SARA);
Drinking-Water Criteria (Safety, Quality, and Perception);
Effluent Biomonitoring; Environmental Toxicology; National
Environmental Policy Act, USA; Pollution Prevention Act,
United States; Pollution, Water; Resource Conservation and
Recovery Act (USA); Toxicity Testing, Aquatic.

Relevant Website

http://www.epa.gov/; http://www.law.cornell.edu/lii/get_the_law
National Drinking Water Clearinghouse, 2001–present. On Tap – Drinking Water

News for America’s Small Communities, http://www.nesc.wvu.edu/ontap.cfm
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Definition of Safety Pharmacology

Safety pharmacology is defined as the subdivision of pharma-
cology that investigates the potentially undesirable pharma-
codynamic effects on physiological functions in relation to
exposure in the therapeutic range and above in determining
whether and how (dose regime, subject selection) a new drug
can be administered safely to human subjects.
Background

Successful drug development requires precise drug safety
assessment. The importance of evaluating the safety of medic-
inal products before they are allowed on themarket was realized
following unacceptable levels of unanticipated deaths occurring
after drugs have entered the market. The eventual regulatory
requirements were reached at different times in different
regions. A tragicmistake in the formulation of a children’s syrup
in the 1930s in the United States and the thalidomide tragedy in
the 1960s in Europe are some examples that triggered the
regulations requiring product authorization. Traditionally, drug
safety studies are designed to examine effects other than the
primary therapeutic effect of a drug candidate. While these
studies evaluate the toxic profile of the drug candidate at
maximum tolerated dose and in selected organs, the effects on
normal physiological functions at therapeutic doses have long
been neglected. Deaths and adverse effects of drugs have been
reported in patients and clinical trial participants due to failure
in physiologic functions. Pharmacoepidemiology studies in
Europe and the United States have shown that adverse drug
reaction accounts for up to 10% of admissions in hospitals.
In the United States, from 1954 until 1980, 7 million people
participated in clinical trials. Safety pharmacology studies are
developed to help protect clinical trial participants and patients
receiving marketed products from potential adverse effects of
pharmaceuticals, while avoiding unnecessary use of animals
and other resources. Until recently, there have been no inter-
nationally accepted definitions, objectives, or recommenda-
tions on the design and conduct of safety pharmacology studies.
The harmonization in regulationwas impelled by concerns over
rising costs of health care, escalation of the cost of research and
development, and the need to meet the public expectation that
there should be a minimum of delay in making safe and effi-
cacious new treatments available to patients in need.

In 1990, representatives of the regulatory agencies and
industry associations of Europe, Japan, and the United States
proposed the International Conference on Harmonization
(ICH) to develop harmonized guidance on technical issues
aimed at ensuring that good-quality, safe, and effective medi-
cines are developed and registered in the most efficient and
cost-effectivemanner. These activities are pursued in the interest
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of the consumer and public health, to prevent unnecessary
duplication of clinical trials in humans, and tominimize the use
of animal testing without compromising the regulatory obli-
gations of safety and effectiveness. The ICH guideline on safety
pharmacology (ICH S7A) was recommended for adoption by
regulatory bodies in the European Union, United States, and
Japan in November 2000, and it has been in effect worldwide
since 2001. With this guideline calling for tests on the effects of
compounds on vital functions of the human body, the data
providing specific information on the safety profile of a new
potential therapeutic agent used by clinicians designing clinical
studies and by regulatory agencies in their assessment of the
safety of a new product are crucial. A brief description of the
safety pharmacology studies is presented in this article.

Genetic profiling early in a drug0s development to study
variations in pharmacokinetic and pharmacodynamic profiles
would help correlate genetic biomarkers with drug response.
Pharmacogenomics and pharmacokinetics together with
progress in genetic biotechnology are starting to change the
approach to drug discovery for the treatment of complex
diseases. Thus, it can be affirmatively predicted that efficiency
in drug development, and safety and efficacy in drug admin-
istration, can be gained from coordinated collection of phar-
macogenetic data. The transparency, quality, and completeness
of genetic data collected from patients will determine the pace
at which new drugs will be discovered and brought safely to
market. Efforts and close coordination between the US Food
and Drug Administration (FDA), research institutes, clinicians,
and pharmaceutical companies are already optimal. Pending
legislation in the US Congress holds great potential to facilitate
a faster and more transparent approval process for new drugs,
while providing improved corresponding diagnostic tests.
oxic
The Role of Safety Pharmacology in a Regulatory Agency
(FDA)*

Safety pharmacology studies, which investigate
potential undesirable pharmacodynamic effects of
a test substance on physiological function in relation
to exposure, play an important role in determining
whether and how (dose regime, subject selection)
a novel test substance can be administered safely to
human subjects.

Core studies on key systems (central nervous,
respiratory, and cardiovascular systems) constitute
an important component of the initial safety
evaluation, and are reviewed prior to the first
administration to human studies. Hazard
identification and risk evaluation are key aspects of
the evaluation, and can be critical in the design of
clinical trials.
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Pharmacologist/toxicologists are tasked with
reviewing safety pharmacology studies, and interact
with other members of the review team, which
include medical officers, clinical pharmacologists,
chemists and project managers. Pharmacologists/
toxicologists also interact with industry scientists to
evaluate specific concerns related to mechanism of
action and empirical findings seen in other studies
or with similar test substances.
Source: Safety Pharmacology Society http://www.safetypharmacology.org/
whatisSP.asp.
Types of Pharmacological Studies

Pharmacology studies can be divided into three categories:
primary pharmacodynamic, secondary pharmacodynamic, and
safety pharmacology studies. Studies on the mode of action or
effects of a substance in relation to its desired therapeutic target
are primary pharmacodynamic studies. Studies on the mode of
action or effects of a substance not related to its desired ther-
apeutic target are secondary pharmacodynamic studies. These
have sometimes been referred to as part of general pharma-
cology studies.

Safety pharmacology studies critically assess unanticipated
effects of new drug candidates on major organ functions at
exposures in the therapeutic range and above. Organ systems
evaluated primarily are cardiovascular, respiratory, and central
nervous systems. The supplemental evaluations are renal/urinary
function, gastrointestinal function, and immune function
assessment. In addition to these batteries of tests, knowledge of
potential harmful interactions or interactions between medica-
tions that may neutralize the beneficial effects is becoming
increasingly important to evaluate the coadministrationofdrugs.
Objectives of Safety Pharmacology Studies

The objectives of safety pharmacology studies are (1) to iden-
tify undesirable pharmacodynamic properties of a substance
that may have relevance to its human safety; (2) to evaluate
adverse pharmacodynamic or pathophysiological effects of
a substance observed in toxicology or clinical studies; and (3)
to investigate the mechanism of the adverse pharmacodynamic
effects observed or suspected. The methods used must be
validated, well established, should be in common use, and
should give reliable, reproducible results every time. The study
design should consider the available in vivo and in vitro studies
of the test substance, structurally related compounds, or ther-
apeutic class. When relevant information is unavailable, a more
general approach can be applied in safety pharmacology
investigations. A hierarchy of organ systems can be developed
according to their importance with respect to life-supporting
functions. Cardiovascular, respiratory, and central nervous
systems are considered to be the most important ones to assess
in safety pharmacology studies. Other organ systems, such as
the renal or gastrointestinal systems, the functions of which can
be transiently disrupted by adverse pharmacodynamic effects
without causing irreversible harm, are of less immediate
investigative concern. Safety pharmacology evaluation of
effects on these other systems may be of particular importance
when considering factors such as the likely clinical trial or
patient population, for example, gastrointestinal tract in
Crohn’s disease, renal function in primary renal hypertension,
and immune system in immunocompromised patients.

The safety pharmacology studies should be conducted in
compliance with good laboratory practice (GLP). When the
studies are not conducted in compliance with GLP, data quality
and integrity should be ensured. These safety pharmacology
end points can also be obtained from adequately designed and
conducted GLP toxicology studies, thereby eliminating the
need for separate safety pharmacology studies.
Test Systems

Consideration should be given to the selection of relevant
animal models or other test systems so that scientifically valid
information can be derived. Selection factors can include
the pharmacodynamic responsiveness of the model; phar-
macokinetic profile, species, strain, gender, and age of the
experimental animals; the susceptibility, sensitivity, and
reproducibility of the test system; and available backgrounddata
on the substance. Data from humans (e.g., in vitrometabolism),
when available, should also be considered in the test system
selection. Justification shouldbeprovided for the selectionof the
particular animal model or test system. Ex vivo and in vitro
systems can include, but are not limited to, isolated organs and
tissues, cell cultures, cellular fragments, subcellular organelles,
receptors, ion channels, transporters, and enzymes. In vitro
systems can be used in supportive studies, for example, to obtain
a profile of the activity of the substance or to investigate the
mechanismof effects observed in vivo. Theuseof the samespecies
is preferred for in vivo tests as those used in drug metabolism,
pharmacokinetics, and toxicology – generally, rats and dogs.
Appropriate negative andpositive control groups are included in
the experimental design. The expected clinical route of
administration should be used when feasible. Regardless of the
route of administration, exposure to the parent substance and its
major metabolites should be similar to or greater than
that achieved in humans when such information is available.
Dose Levels or Concentrations of Test Substances
and Metabolites

Safety pharmacology studies are intended to define the dose–
response relationship and time course (when feasible) of the
adverse effect observed. Since there are species differences in
pharmacodynamic sensitivity, doses should include and exceed
the primary pharmacodynamic or therapeutic range. In the
absence of an adverse effect on the safety pharmacology
parameter evaluated in the study, the highest tested dose
should be a dose that produces moderate adverse effects in this
study or in other studies using similar route and duration.

In vitro studies should be designed to establish a concen-
tration–effect relationship. The range of concentrations used
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should be selected to increase the likelihood of detecting an
effect on the test system. The upper limit of this range may be
influenced by physicochemical properties of the test substance
and other assay-specific factors. In the absence of an effect, the
range of concentrations selected should be justified. Although
safety pharmacology studies are generally performed by single-
dose administration, the duration can be modified if warranted
by the findings from animal or human studies. Generally, any
parent compound and its major metabolite that achieve or are
expected to achieve systemic exposure in humans should be
evaluated in safety pharmacology studies. Evaluation of major
metabolites is often accomplished through studies of the
parent compound in animals. Separate safety studies should be
conducted with metabolites, if the human metabolite is absent
or present at only low concentrations in animals, or if the
metabolite is active and contributes to the pharmacological
actions of the therapeutic agent.
Safety Pharmacology Core Battery of Tests

The purpose of the safety pharmacology core battery of tests is
to investigate the effects of the test substance on vital functions.
In this regard, the cardiovascular, respiratory, and central
nervous systems are usually considered the vital organ systems
that should be studied in the core battery of tests. In some
instances, based on scientific rationale, the core battery may be
supplemented by other tests, or some of the tests may become
unnecessary.
Central Nervous System

Effects of the test substance on the central nervous system
should be assessed appropriately. Motor activity, behavioral
changes, coordination, sensory/motor reflex responses, and
body temperature should be evaluated. For example, a func-
tional observation battery test, modified Irwin’s test, or other
appropriate tests can be used. Protocols for measuring general
behavioral signs induced by test substances (Irwin‘s test),
effects on spontaneous locomotion (activity meter test), effects
on neuromuscular coordination (rotarod test), effects on the
convulsive threshold (electroconvulsive shock threshold and
pentylenetetrazol (PTZ) seizure tests), interaction with
hypnotics (barbital interaction test), and effects on the pain
threshold (hot plate test) should be considered as appropriate.
Cardiovascular System

Effects of the test substance on the cardiovascular system
should be assessed appropriately. Blood pressure, body
temperature, heart rate, and the electrocardiogram should be
evaluated. In vivo, in vitro, or ex vivo evaluations, including
methods for repolarization and conductance abnormalities,
should also be considered. Electrocardiograms (ECGs),
noninvasive cardiovascular assessments in conscious large
animals (ECG: multileads/lead II ECGs), blood pressure by
high-definition oscillometry, in vitro cardiovascular evaluation
by hERG screening in stably transfected HEK293 cells and other
cell lines, potassium channel recordings in heart muscle cell
and Purkinje fiber for APD90, and/or monophasic action
potential (MAP) measurements are just a few.
Respiratory System

The known effects of drugs from a variety of pharmacologic and
therapeutic classes on the respiratory system and worldwide
regulatory requirements support the need for conducting
respiratory evaluations in safety pharmacology. Effects of the
test substance on the respiratory system should be accurately
evaluated from several perspectives (physiologically, pharma-
cologically, toxicologically, not ignoring preexisting and
genetic factors). Respiratory rate and other measures of respi-
ratory function (e.g., tidal volume or hemoglobin oxygen
saturation, respiratory rate, minute volume, peak inspiratory
flow, peak expiratory flow, and fractional inspiratory time)
should be evaluated. Clinical observation of animals is gener-
ally not adequate to assess respiratory function, and thus, these
parameters should be quantified by using appropriate meth-
odologies. Pumping apparatus defects are classified as hypo- or
hyperventilation syndromes and are assessed by examining
ventilatory parameters in a conscious animal model. Defects in
mechanical properties of the lung are classified as obstructive or
restrictive disorders and can be evaluated in animal models by
performing flow–volume and pressure–volume maneuvers,
respectively. The parameters used to detect airway obstruction
include peak expiratory flow, forced expiratory flow at 25 and
75% of forced vital capacity, and a timed forced expiratory
volume, while the parameters used to detect lung restriction
include total lung capacity, inspiratory capacity, functional
residual capacity, and compliance. Measurement of dynamic
lung resistance and compliance, obtained continuously during
tidal breathing, is an alternative method for evaluating
obstructive and restrictive disorders, respectively, and is used
when the response to drug treatment is expected to be imme-
diate (within minutes postdose). The principal goal should be
to determine whether a drug has the potential to produce
a change in respiratory function and to establish whether this
change is a liability. Focus should be on changes that can result
from either the primary or secondary pharmacological prop-
erties of a drug or from organ dysfunction resulting from the
toxicological properties of a drug.
Recent Advances

Twenty-first century safety pharmacology has embraced
embryonic stem (ES) cells as a model to test and treat human
conditions in a variety of ways. ES has the ability to undergo
self-renewal and is pluripotent (can give rise to all types of
specialized cells in the body). Knowledge on ES cells is
expanding rapidly, leading to opportunities for the establish-
ment of ES-cell-based in vitro tests for drug discovery, preclin-
ical safety pharmacology, and toxicology. The main properties
of ES cells making them useful in in vitro assays are that they
have a normal diploid karyotype and can provide a large
number of cells for high-throughput assays. Human ES cells
additionally have the potential to provide solutions to
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problems related to interspecies differences and methods for
screening human polymorphisms, thus supporting robust
human hazard identification and optimized drug discovery
strategies. Importantly, ES-cell-based assays could be potential
tools to reduce and perhaps replace animal experiments.
Incredible amounts of resources are being invested to make full
use of ES cells in toxicology and safety pharmacology, focusing
on the major areas of progress, namely embryotoxicology,
cardiotoxicology, and hepatoxicology. It appears that regula-
tory science is yet to witness the golden age of safety
pharmacology.
Follow-Up and Supplemental Safety Pharmacology
Studies

When concerns arise for human safety from the safety phar-
macology core battery, other studies, clinical trials, and
pharmacovigilance, follow-up or supplemental safety phar-
macology studies need to be conducted as appropriate. Follow-
up studies are conducted to gain additional information to
that provided by core battery. Some of the follow-up evalua-
tions for core battery are central nervous system – behavioral
pharmacology, learning and memory, ligand-specific binding,
neurochemistry, visual, auditory, and/or electrophysiology
examinations, etc.; cardiovascular system – cardiac output,
ventricular contractility, vascular resistance, the effects of
endogenous and/or exogenous substances on the cardiovas-
cular responses, etc.; and respiratory system – airway resistance,
compliance, pulmonary arterial pressure, blood gases, blood
pH, etc.

Supplemental studies are meant to evaluate potential
adverse pharmacodynamic effects on organ system functions
not addressed by the core battery of tests or repeated dose
toxicity studies when there is a cause for concern. These
include specific tests or studies on renal/urinary systems,
autonomic nerve system, and gastrointestinal system. When
there is a concern on other organ systems other than the
mentioned ones, additional studies should be done to assess
the safety.
Conditions under Which Studies Are Not Necessary

Safety pharmacology studies may not be needed for locally
applied agents (e.g., dermal or ocular) where the pharmacology
of the test substance is well characterized and where systemic
exposure or distribution to other organs or tissues is demon-
strated to be low. For biotechnology-derived products that
achieve highly specific receptor targeting, it is often sufficient to
evaluate safety pharmacology end points as a part of toxicology
or pharmacodynamic studies, and therefore, safety pharma-
cology studies can be reduced or eliminated for these products.
In addition, testing is not required for new salts having similar
pharmacokinetics and pharmacodynamics and cytotoxic
agents for treatment of end-stage cancer patients. However, for
cytotoxic agents and biotechnology-derived products that
represent a novel therapeutic class or mechanism of action
or that do not achieve high receptor-specific targeting, extensive
safety pharmacology studies described should be considered.
Conclusions

Pharmacology studies have been performed worldwide for
many years as part of the nonclinical evaluation of pharma-
ceuticals for human use. Safety pharmacology studies are
focused on identifying adverse effects on physiological func-
tions at therapeutic doses. These studies are necessary to protect
not only the patients treated with drugs, but also the healthy
volunteers participating in the clinical trials.

The 1960s and 1970s saw a rapid increase in laws, regula-
tions, and guidelines for reporting and evaluating the data on
safety, quality, and efficacy of new medicinal products. Until
recently, although different regulatory systems were based on
the same fundamental obligations to evaluate the quality,
safety, and efficacy, the detailed technical requirements were
different from each other. Because the pharmaceutical industries
have to deliver the safe therapeutics rapidly due to many factors,
the ICH was established in 1990 as a joint regulatory/industry
project to improve, through harmonization, the efficiency of the
process for developing and registering new medicinal products
in Europe, Japan, and the United States. The ICH guideline on
safety pharmacology has been in effect worldwide since 2001.
The ICH S7A guideline has brought uniformity to the evalua-
tions of new drugs for effects on organ functions. The effects
of a test substance on the functions listed in the safety phar-
macology core battery should be investigated prior to first
administration in humans. Any follow-up or supplemental
studies identified as appropriate, based on a cause for concern,
should also be conducted. No simple formula or set of tests is
ideal for safety pharmacology studies for all kinds of therapeutic
compounds. Knowledge of the pharmacology of the compound
and any knowledge gained from traditional toxicity can help to
better determine and assess the safety of compounds. Since the
ICH S7A guideline provides flexibility in choosing assays
required to assess the effects on organ functions, the success of
safety pharmacology will depend, in part, on keeping up with
scientific advancements.
See also: Safety Testing, Clinical Studies; Toxicity Testing,
Validation; Behavioral Toxicology; The International Conference
on Harmonisation.
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Clinical safety studies are conducted in human volunteers to
determine the safety of chemicals, drugs, formulations,
devices, or other products that may come in contact with the
human body. After making sure of the safety of the test
compound in laboratory animals, clinical safety testing is
conducted prior to efficacy investigations to determine the
benefit–risk ratio of efficacy trials. When designing a study,
benefits and risks should be balanced and shown to be in
a favorable ratio. The rights, safety, and well-being of the trial
subjects are the most important considerations. The
approach to clinical safety studies differentiates between
drugs and cosmetics (or their ingredients), and between
topical and systemic formulations, and even between natural
and synthetic compounds. The initial clinical safety studies
for systemic drugs are usually conducted on a small number
of humans.
Phase I

Phase I trials are the first stage of testing in human subjects
after animal safety tests. Normally, a small (20–100) group
of healthy volunteers are selected. This phase includes trials
designed to assess the safety, tolerability, kinetics, and/or
mechanism of action of a drug. These trials are often con-
ducted in an inpatient clinic, where the subject can be
observed by full-time staff. The subject who receives the drug
is usually observed until several half-lives of the drug have
passed. Phase I trials also normally include dose-ranging,
also called dose-escalation studies to define the appropriate
dose for therapeutic use. The range of doses tested is usually
a fraction of the dose that causes harm in animal testing or
obtained from the lethal dose in 50% of animals (LD50). The
test dose can be initially estimated as 10% of the animal
LD50. Phase I trials most often include healthy volunteers.
However, there are some circumstances when real patients
are used, such as patients who have terminal cancer or HIV
and lack other treatment options. The reason for conducting
the trial is to discover the point at which a compound is too
poisonous to administer. There are different kinds of phase I
trials.
Single Ascending Dose Studies

Single ascending dose studies are those in which small groups
of subjects are given a single dose of the drug while they are
observed and tested for a period of time. If they do not exhibit
any adverse side effects, and the pharmacokinetic data are
roughly in line with predicted safe values, the dose is esca-
lated, and a new group of subjects is then given a higher dose.
This is continued until precalculated pharmacokinetic safety
levels are reached or intolerable side effects begin to appear,
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
up to a dose at which the drug has reached the maximum
tolerated dose.
Multiple Ascending Dose Studies

Multiple ascending dose studies are conducted to better
understand the pharmacokinetics/pharmacodynamics of
multiple doses of the drug. In these studies, a group of
patients receive multiple low doses of the drug, while
samples (of blood and other fluids) are collected at various
time points and analyzed to acquire information on how
the drug is processed within the body. The dose is sub-
sequently escalated for further groups up to a predetermined
level.
Phase II

Once the initial safety of the study drug has been confirmed in
phase I trials, phase II trials are performed on larger groups
(20–300) and are designed to assess how well the drug works,
as well as to continue phase I safety assessments in a larger
group of volunteers and patients. When the development
process for a new drug fails, this usually occurs during phase II
trials when the drug is discovered not to work as planned or to
have toxic effects. Some trials combine phase I and phase II,
and test both efficacy and toxicity.
Trial Design

Some phase II trials are designed as case series, demonstrating
a drug’s safety and activity in a selected group of patients. Other
phase II trials are designed as randomized clinical trials, in
which some patients receive the drug/device and others receive
placebo/standard treatment. Randomized phase II trials have
far fewer patients than randomized phase III trials. Phase II
trials are usually single blind, i.e., the physician and medical
staff know whether the drug or placebo is administered, but the
patient does not.
Phase III

Phase III studies are randomized controlled multicenter trials
on large groups of patients (300–3000 or more depending on
the disease/medical condition studied) and are aimed at
being the definitive assessment of how effective the drug is in
comparison with the current gold standard treatment. Phase
III trials are usually double blind, i.e., neither the physician/
medical staff nor the patient is aware Whether the drug or
placebo is administered.
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Phase IV

Phase IV trials are also known as postmarketing surveillance
trials. Phase IV trials involve the safety surveillance (pharma-
covigilance) and ongoing technical support of a drug after it
receives permission to be sold. Phase IV studies may be
required by regulatory authorities or may be undertaken by the
sponsoring company for competitive (finding a new market
for the drug) or other reasons (e.g., the drug may not have
been tested for interactions with other drugs, or on certain
population groups such as pregnant women, who are unlikely
to subject themselves to trials). Safety surveillance is designed
to detect any rare or long-term adverse effects in a much larger
patient population over a longer time period than was possible
during phase I–III clinical trials. Harmful effects discovered by
phase IV trials may result in a drug being withdrawn from the
market or restricted to certain uses. In this phase, further
indications of drugs might be determined.

For topical drugs, trials may include skin studies for irri-
tation (primary and cumulative applications), allergy
(repeated insult patch testing (RIPT)), pharmacokinetics and
bioavailability (dermatopharmacokinetic), phototoxicity,
and photoallergy. The US Food and Drug Administration
Guidance for Photosafety Testing states that “photoirritation
and photoallergy studies in humans should be considered
for all drug substances and formulation components that
absorb UVB, UVA, or visible radiation (290–700 nm) and are
directly applied to the [sun-exposed] skin or eyes, or signifi-
cantly partition to one of these areas when administered
systemically.” If the drug passes the initial safety tests, then its
safety is evaluated more rigorously against a placebo within
larger efficacy trials. Safety testing for cosmetics includes
usually cumulative irritation, RIPT, phototoxicity, photo-
allergy, and exaggerated use or home use studies. Skin
reactions that develop under these skin tests, with a compar-
ison to the controls where applicable, are the bases for
conclusions on safety. Skin responses can range from mild
erythema to bullous or edematous reactions.

See also: Food and Drug Administration, US; Good Clinical
Practice (GCP); The European Medicines Agency (EMA); Drug
Regulations, Europe; Reference Dose (RfD); Toxicity Testing,
Dermal; Recalls, Drugs and Consumer Products; The
International Conference on Harmonisation.
Further Reading

Guidance for Industry, 1996. E6 Good Clinical Practice: Consolidated Guidance.
FDA (CDER).

Guidance for Industry, 2003. Photosafety Testing. FDA (CDER).
The Belmont Report. FR Doc 79-12065. Filed 4-17-79.
Strom, B.L., Kimmel, S.E., 2006. Textbook of Pharmacoepidemiology. Wiley,

Chichester, UK.
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l Chemical Abstracts Service Registry Number: 94-59-7
l Synonyms: 5-allyl-1, 3-benzodioxole; allylcatechol methy-

lene ether; allyldioxybenzene methylene ether; 1-allyl-3,4-
methylenedioxybenzene; 4-allyl-1,2methylenedioxybenzene

l Molecular Formula: C10H10O2

l Chemical Structure
Background

In the early 1990s, certain forest shrubs of the Piperaceae,
indigenous to the humid forests of Central America and
Greater Amazonia, were found to contain high levels of safrole
in their leaves. The Brazilian Amazon contains a wide variety of
Piper species but attention had focused on P. hispidinervum and
P. callosum, two species with high safrole content. Subse-
quently, P. callosum has been dropped in the research work in
favor of the more promising P. hispidinervum. The essential oil
of P. hispidinervum contains high levels (83–93%) of safrole in
leaves, which can be easily extracted by hydrodistillation.
Uses

Safrole, the main component of oil of sassafras, is widely used
as a flavoring agent in drugs and in the manufacture of helio-
tropin, perfumes, soaps, and piperonyl butoxide (a compound
used in a variety of insecticides to enhance the pesticidal
properties of other active ingredients). Safrole has also been
used as a preservative in mucilage and library paste and as
a flotation frother. Oil of sassafras, which contains safrole, was
formerly used to flavor some soft drinks, such as root beer.
However, this was banned in the United States in 1960. Safrole
has also been used in the illicit production of the drug 3,4-
methylenedioxymethamphetamine (MDMA or ecstasy) and
the US Drug Enforcement Administration has designated
safrole a List I Chemical.
Environmental Fate and Behavior

Routes and Pathways, and Relevant Physicochemicals
Properties

Boiling point ¼ 234.5 �C
Log Kow ¼ 3.45
Solubility: miscible with chloroform, ether; soluble in

alcohol, slightly soluble in propylene glycol; soluble in
water ¼ 121 mg l�1 at 25 �C

Henry’s Law constant¼ 9.07� 10�6 atm-m3 mol�1 at 25 �C
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Partition Behavior in Water, Sediment, and Soil

If released to air, safrole will exist solely as a vapor in the
ambient atmosphere. Vapor-phase safrole will be degraded in
the atmosphere by reaction with photochemically produced
hydroxyl radicals with a half-life of 5.1 h. Safrole does not
absorb light with wavelengths >290 nm and is not expected to
be susceptible to direct photolysis by sunlight. If released to
soil, safrole is expected to have moderate mobility and
may absorb to suspended solids and sediment if released into
water. An estimated bioconcentration factor (BCF) of 90
suggests the potential for bioconcentration in aquatic organ-
isms is moderate. Hydrolysis is not expected to be an important
environmental fate process, since safrole did not hydrolyze
under environmental conditions.
Environmental Persistency

The rate constant for the vapor-phase reaction of safrole with
photochemically produced hydroxyl radicals has been esti-
mated as 7.6� 10�11 cm3mol�1 s at 25 �C. This corresponds to
an atmospheric half-life of about 5.1 h at an atmospheric
concentration of 5 � 105 hydroxyl radicals per cm3. The rate
constant for the vapor-phase reaction of safrole with ozone has
been estimated as 1.2 � 10�17 cm3 mol�1 s at 25 �C. This
corresponds to an atmospheric half-life of about 23 days at an
atmospheric concentration of 7 � 1011 ozone molecules per
cm3. Safrole does not absorb light with wavelengths >290 nm
and is not expected to be susceptible to direct photolysis by
sunlight. Hydrolysis is not expected to be an important envi-
ronment fate process, since safrole was not observed to
undergo hydrolysis under acidic, neutral, or basic conditions.
Bioaccumulation and Biomagnification

As estimated BCF of 90 was calculated for safrole, this BCF
suggests the potential for bioconcentration in aquatic organ-
isms is moderate.
Exposure and Exposure Monitoring

Routes and Pathways

Dermal, inhalation, ingestion
Human Exposure

Occupational exposure to safrole may occur through inhala-
tion and dermal contact with this compound at workplaces
where safrole is produced or used. The general population may
be exposed to safrole by the use of essential oils or perfumes
containing safrole. The general population may also have been
exposed to safrole through its former use as a flavoring agent in
foods, drugs, and beverages.
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Environmental Exposure

Safrole’s production and use in perfumery, in the manufacture
of soaps and heliotropin, and food industry may result in its
release to the environment through various waste streams.
Toxicokinetics

Safrole is rapidly absorbed, metabolized, and excreted after
oral administration. Small amounts of orally administered
safrole were rapidly absorbed and metabolized and were
almost entirely excreted within 24 h in the urine in rat
(0.6 mg kg�1 bw; 88% excreted) and man (0.165 mg and
1.655 mg per person; 92% excreted). When the dose was
increased from 0.6 to 750 mg kg�1 bw for the rat, a delay in
metabolism and elimination was observed, since only 25%
of the dose was excreted in the urine within 24 h, but still
90% of the dose was excreted within 4 days via urine and
feces. In rat and man, safrole was entirely eliminated into
urine as metabolites. The major urinary metabolite in both
species was 1,2-dihydroxy-4-allylbenzene, excreted mainly in
a conjugated form. Another metabolite present in small
quantities in both the rat andman was one of the two possible
isomeric forms of 1(2)-methoxy-2(1)hydroxyl-4-allylben-
zene. 10-Hydroxysafrole, which has been reported to be
a proximate carcinogen of safrole, was found in a conjugate
form, in the urine of rat but was not detected in man. A small
amount of 30-hydroxyisosafrole were also detected in the
urine of rat but not found in man. Safrole is also eliminated
via the bile, but reabsorption of safrole or safrole metabolites
in the intestine via enterohepatic circulation probably caused
by low amount of safrole metabolites (<3% of the dose)
found in feces. Safrole can also cross the placenta and can be
excreted in breast milk.
Mechanism of Toxicity

A review of studies on safrole metabolism shows that the
compound gives rise to a large number of metabolites by
two major pathways, oxidation of the allyl side chain and
oxidation of the methylenedioxy group, with subsequent
cleavage to form a catechol. The mechanism by which safrole
exerts the weak hepatocarcinogenicity that has been demon-
strated in rats and mice. Metabolic conversion of the allyl
group gives rise to intermediates capable of covalent binding
with DNA and protein, and recent findings are compatible
with conversion of the methylenedioxy group to a carbene,
which forms ligand complexes with the heme moiety of
cytochromes P450 and P448. It is suggested that whereas the
allyl group is responsible for the mutagenic potential of
safrole, the methylenedioxy moiety may be associated with
epigenetic aspects of carcinogenicity.
Acute and Short-Term Toxicity

Safrole has an oral LD50 of 1950mg kg�1 bw for rats and
2350mg kg�1 bw for mice. Short-term exposure can cause eyes,
skin, and respiratory tract irritation. Contact can cause severe
skin and eye irritation. Ingestion may cause abdominal
burning, nausea, and vomiting, diarrhea, dysuria, hematuria,
unconsciousness, shallow respiration, and convulsions. Inha-
lation may cause dizziness; rapid and shallow breathing;
tachycardia; bronchial irritation; and unconsciousness or
convulsions. Other effects may include cyanosis delirium and
circulatory collapse.
Chronic Toxicity

Subchronic toxicity of safrole was demonstrated in male and
female Osborne-Mendel rats exposed to safrole by oral intuba-
tion at doses of 0, 250, 500, and 750 mg kg�1 bw day�1 for up
to 105 days and in Swiss mice exposed to 250 and 500mgkg�1

bwday�1 for 60 days. In rats in the highest treatment group,
high lethality (90%) was observed. In both species, safrole
induced liver changes, including hepatic cell enlargement, ade-
nomatoid hyperplasia, cystic necrosis, fatty metamorphosis, and
bile duct proliferation. In addition, safrole caused adrenal
enlargement and yellow discoloration of the adrenals.
Immunotoxicity

The effects of safrole on the defensive functions of human
neutrophils were examined. At the concentration employed in
the study, safrole did not significantly affect the viability of
peripheral bloodneutrophils as verifiedby their ability to exclude
trypan blue dye. However, exposure of neutrophils to safrole
inhibited their bactericidal activity against oral pathogens, such
as Actinobacillus actinomycetemcomitans and Streptococcus mutans,
in a dose-dependent manner. In addition, safrole inhibited the
production of bactericidal superoxide anion by neutrophils as
measured by cytochrome c reduction. In conclusion, the results
demonstrated that safrole reduced the antibacterial activity and
the superoxide anion production of neutrophils. Inhibition of
the defensive functions of neutrophils may be one possible
mechanism by which safrole compromises the oral health.
Reproductive Toxicity

There is evidence that safrole crosses the placenta in pregnant
animals. It is found in both maternal and fetal tissues. A
carcinogen that crosses the placenta has the potential for
causing damage to the fetus.
Genotoxicity

Safrole was investigated for genotoxicity in the wing spot test of
Drosophila melanogaster (fruit fly). The Drosophila wing somatic
mutation and recombination test (SMART) provides a rapid
means to evaluate agents able to induce gene mutations and
chromosome aberrations, as well as rearrangements related to
mitotic recombination. The SMART in its standard version with
normal bioactivation and in its variant with increased cyto-
chrome P450-dependent biotransformation capacity is
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applied. As a result, safrole produced a positive recombinagenic
response only in the improved assay, which was related to
a high CYP450-dependent activation capacity. The respon-
siveness of SMART assays to recombinagenic compounds, this
suggested that safrole was considered responsible for the gen-
otoxicity observed.
Carcinogenicity

Safrole is reasonably anticipated to be a human carcinogen
based on sufficient evidence of carcinogenicity from studies in
experimental animals.

Safrole was the first alkenylbenzene that was discovered to
have hepatocarcinogenic properties and this was initially shown
in rats and later in mice by two different routes of exposure.

Dietary administration of safrole caused liver cancer
(hepatocellular carcinoma) in male mice and benign or
malignant liver tumors (hepatocellular carcinoma or adenoma
or cholangiocarcinoma) in rats of both sexes. The carcinoge-
nicity of safrole is mediated through its metabolite, 10-hydrox-
ysafrole, formation, followed by sulfonation to an unstable
sulfuric acid ester that reacts to form stable safrole-DNA
adducts. Safrole’s metabolite, 10-hydroxysafrole, had a greater
carcinogenicity than the parent compound. 10-Hydroxysafrole,
the proximate carcinogen of safrole, was detected in the liver,
urine, and bile of animals treated with safrole.

New born mice were more susceptible than adults for the
carcinogenic effects of 10-hydroxysafrole. Besides safrole and 10-
hydroxysafrole, 10-hydroxysafrole-20,30-oxide also induced liver
hepatomas in mice. In rats, no hepatic carcinomas were found
with 10-hydroxysafrole-20,30-oxide. In addition to hep-
atocarcinomas, low incidences of carcinomas and papillomas
of the forestomach, mammary carcinomas, angiosarcomas,
mesenchymal kidney tumors, and lymphomas were also
found in rats and/or mice after exposure to safrole and/or
10-hydroxysafrole.

Liver cancer was also observed in mice of both sexes
administered safrole by stomach tube from 7 to 28 days of age,
followed by dietary exposure for up to 82 weeks, and in infant
male mice administered safrole by subcutaneous injection.

In humans, the EPA has evaluated safrole for carcinoge-
nicity. According to the analysis, the weight-of-evidence for
safrole is group B2, which is based on sufficient evidence in
animals. As a group B2 chemical, safrole is considered probably
carcinogenic to humans. However, the effect of safrole in
human beings has not been documented.
Clinical Management

Skin contact: flood all areas of body that have contacted the
substance with water. Do not wait to remove contaminated
clothing;do itunder thewater stream.Use soap toassure removal.

Eye contact: immediately flush eyes with copious quantities
of water or normal saline for at least 20–30 min.

Inhalation: leave contaminated area immediately; breathe
fresh air. Proper respiratory protection must be supplied to nay
rescuers. If coughing, difficult breathing or any other symptoms
develop, seek medical attention at once, even if symptoms
develop many hours after exposure.
Ingestion: contact a physician, hospital, or poison center at
once. If the victim is unconscious or convulsing, do not induce
vomiting or give anything by mouth. If conscious and not
convulsing, give a glass of water to dilute the substance. Assure
airway is available. Vomiting should not be induced without
a physician’s advice.
Ecotoxicology

The compound does not pose any hazard to aquatic organisms
because safrole is insoluble in water.
Other Hazards

Safrole is commonly used by clandestine laboratories to
synthesize various drugs, such as MDA, MDMA, and MDEA.
Therefore, the sale of safrole and sassafras oil is monitored by
the US Drug Enforcement Administration.
Exposure Standards and Guidelines

EPA has promulgated standards for voluntary cancellation of
safrole in pesticide products under the Federal Insecticide,
Fungicide, and Rodenticide Act. FDA banned the use of oil of
safrole and sassafras bark in food, but permits use of edible
spices, such nutmeg and mace which contain very small
quantities of naturally occurring safrole. No occupational
exposure limits have been established for safrole. The protec-
tive action criteria values are:

PAC-1 ¼ 15 mg m�3

PAC-2 ¼ 100 mg m�3

PAC-3 ¼ 500 mg m�3

See also: Natural Products; Dyes and Colorants; Cosmetics and
Personal Care Products.
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l Name: Salicylates
l Chemical Abstracts Service Registry Number: CAS 50-78-2
l Synonyms: Aspirin, Acetylsalicylic acid, ASA, Salicylic acid,

Methyl salicylate, Bismuth subsalicylate, Choline salicylate,
Magnesium salicylate, Phenyl salicylate, Potassium salicy-
late, Salsalate, Salicylsalicylic acid, Sodium salicylate,
Sodium thiosalicylate, Triethanolamine salicylate

l Chemical Structure:
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Background

Salicylates have been used for the treatment of fever for thou-
sands of years. Before the isolation and marketing of the active
ingredient, acetylsalicylic acid, the bark and leaves of the wil-
low tree were used as homeopathic remedies. Salicylates are
widely available as over-the-counter medications and are
commonly used for various indications including pain, fever,
inflammation, gastrointestinal complaints, and dermatologic
conditions. Salicylates, especially aspirin, are consistently listed
among agents most often involved in human exposures, and
are considered the causative agent in scores of deaths each year.
Uses

Salicylates are used for their analgesic, antipyretic, anti-
inflammatory, and keratolytic properties.
Exposure and Exposure Monitoring

Routes and Pathways

Ingestion is the most common route of both accidental and
intentional exposures to all types of salicylates. Toxicity may
also result from dermal absorption of some salicylates, notably
methyl salicylate and salicylic acid. Rectal exposures have also
been reported. Intravenous aspirin is available in some coun-
tries, though toxicity resulting from this route has not been
reported.
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Human Exposure

Human exposures to salicylates in the United States are
monitored through the National Poison Data System, which
draws its information from the Poison Center system. In 2010
there were nearly 30 000 single-substance exposures to prod-
ucts containing acetylsalicylic acid, and nearly 14 000 expo-
sures to other types of salicylates.
Toxicokinetics

Salicylates are readily absorbed by passive diffusion across the
gastric membrane and within the upper small intestine, with
absorption influenced by pH. Serum salicylates are detected
within 5–30 min after oral administration of rapidly absorbed
dosage forms (aqueous solutions and uncoated or film-coated
tablets). After a therapeutic dose peak, serum concentrations
are typically achieved within 1 h, or within 4–6 h for enteric-
coated preparations. In overdose, peak serum concentration
may be delayed due to delayed gastric emptying resulting from
pylorospasm, the formation of concretions or bezoars, gastric
outlet obstruction, or coingestants that slow gastric motility.
Peak serum concentrations occurring beyond 24 h post-
ingestion of acetylsalicylic acid have been reported.

Topical application of salicylic acid or methyl salicylate may
result in systemic toxicity, especially in use with infants or in
areas where the skin integrity is compromised. Rectal absorp-
tion is slow and unreliable.

The volume of distribution of salicylate at therapeutic levels
is approximately 0.2 l kg�1 with up to 90% of protein bound.
In overdose the volume of distribution increases to as high as
0.5 l kg�1, and protein binding decreases to less than 75% due
to saturation of binding sites. The pKa of salicylic acid is 3, and
therefore under normal physiologic acid–base conditions,
salicylates cross the blood–brain barrier slowly because the
ionized form predominates. Systemic acidosis results in
increased formation of the unionized salicylate, which more
easily distributes into tissues, especially the central nervous
system.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00782-X
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Salicylates are metabolized principally in the liver by the
microsomal enzyme system and are predominately conjugated
with glycine to form salicyluric acid. Salicylates are also
conjugated with glucuronic acid to form salicylphenolic
glucuronide and salicylacyl glucuronide. In addition, small
amounts of salicylates are hydrolyzed to form gentisic acid, an
active metabolite and a potent inhibitor of prostaglandin
synthesis. Salicylate and its metabolites are rapidly and almost
completely excreted in the urine by glomerular filtration and by
renal tubular secretion. Passive reabsorption of salicylate occurs
in the distal tubules, and the extent is dependent on urine pH.
Salicylate and its metabolites are renally eliminated with 10%
as salicylic acid, 75% salicyluric acid, 10% phenolic glucuro-
nide, and 5% acyl glucuronide. Salicylate elimination is satu-
rable and characterized by Michaelis–Menten kinetics where
the elimination half-life is dependent on the dose. The serum
half-life of acetylsalicylic acid is only 15 min as it is rapidly
metabolized to salicylate, while the half-life of salicylate is
approximately 6 h. As salicylate levels rise, kinetics change from
first-order elimination to zero-order, with half-lives of 20 h or
more.
Mechanism of Toxicity

The toxicity of salicylate is multifactorial. Gastrointestinal
symptoms such as nausea, vomiting, and abdominal pain
occur as a result of both local gastric irritation and stimulation
of the medullary chemoreceptor trigger zone. Salicylates
directly stimulate the respiratory drive in the brain stem,
leading to hyperventilation and respiratory alkalosis. Anion
gap metabolic acidosis occurs from a buildup of organic acids
as well as the uncoupling of oxidative phosphorylation, which
results in an imbalance in adenosine triphosphate consump-
tion and production resulting in a net buildup of hydrogen
ions. Therefore, aspirin often causes a mixed acid–base status.
Furthermore, the uncoupling of oxidative phosphorylation
results in failure to produce ATP despite increased oxygen
utilization, which leads to heat production and hyperthermia.
Salicylates glucose metabolism and gluconeogenesis, and can
cause profound decreases in cerebrospinal fluid glucose
concentrations despite normal blood glucose concentrations.
Acute and Short-Term Toxicity

Animal

Animals manifest toxicity to aspirin with similar signs and
symptoms to those seen in humans. These may include vom-
iting and gastric hemorrhage, hyperpnea, respiratory alkalosis,
metabolic acidosis, hyperthermia, and seizures. Methemoglo-
binemia has also been seen in animals following salicylate
toxicity.
Human

Acute ingestions of greater than 150mg kg�1 may result in toxic
effects. Early manifestations of toxicity include nausea, vomit-
ing, and tinnitus, followed by hyperventilation with respiratory
alkalosis and concomitant metabolic acidosis. Overall serum
pH typically demonstrates alkalosis early in the course of
toxicity in adult patients, which may convert to predominant
acidosis as the patient’s condition deteriorates. Early hyper-
glycemia may be followed by hypoglycemia or neuro-
glycopenia. More ominous signs and symptoms associated
with severe toxicity include hyperthermia, altered mental
status, coma, seizures, cerebral edema, and death. Other
symptoms that may be observed include acute lung injury and
pulmonary edema, acute renal failure, acute liver injury, and
coagulopathies. Signs and symptoms of aspirin toxicity may
begin to occur at serum concentrations greater than 30mg dl�1.
Chronic Toxicity

Animal

Daily doses of acetylsalicylic acid in cats produced toxic
hepatitis, vomiting, weight loss, poor appetite in the low-dose
group (33–63 mg kg�1 per day) and anemia, gastric lesions,
and death in the high-dose group (81–130 mg kg�1 per day).
High doses of aspirin given to mice on day 6 of gestation
produced large incidence of lethal deformities.
Human

Chronic salicylism presents similarly to acute toxicity, although
more severe symptoms may be present at lower serum
concentrations. Chronic salicylism patients will have more
profound clinical effects at lower serum salicylate levels
compared to patients with acute overdoses. Chronic salicylism
is often associated with a delay in diagnosis and higher
morbidity and mortality.
Reproductive Toxicity

Salicylate readily crosses the placenta, and if given near term,
higher concentrations may be found in the neonate than the
mother. Low dose aspirin given chronically to pregnant
patients may be beneficial in certain circumstances (pregnan-
cies complicated by gestational hypertension or systemic lupus
erythematosus) and has not been demonstrated to be harmful
to the fetus or neonate. However, full dose aspirin given in the
third trimester has been associated with prolonged gestation
and labor, premature closure of the ductus arteriosis, and
bleeding complications in the neonate. Aspirin and other non-
steroidal anti-inflammatory drugs used around the time of
conception has been associated with an increased risk of
spontaneous abortion, and animal models indicate that aspirin
may inhibit conception by blocking blastocyst implantation.
There is not currently enough information to determine if
aspirin is a human teratogen. Maternal salicylate overdose in
pregnancy poses a serious threat to the fetus.
Carcinogenicity

The Carcinogenic Potency Project at UC Berkeley has had no
positive (carcinogenic) experiments with acetylsalicylic acid.
Aspirin is not a known human carcinogen. Feeding studies in
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rats found no increased incidence of tumors in rats given diets
containing methyl salicylate.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Gastrointestinal decontamination with activated
charcoal should be considered for appropriate patients. Patients
with altered mental status or recurrent vomiting should not be
given activated charcoal unless the airway is protected. Patients
with toxicity resulting from dermal exposure should receive
external decontamination by washing the area to which the
agent was applied thoroughly with water and a mild detergent.
Delayed absorption of aspirin is common in overdose, and
therefore activated charcoal may be administered late, up to 8 h
postingestion, and multiple doses may be beneficial. Correction
of fluid and electrolyte disturbances is important. Intravenous
sodium bicarbonate should be administered to patients mani-
festing signs and symptoms of salicylate toxicity with a goal of
alkalinizing the urine to a pH of 7.5–8. This increases the urinary
excretion of salicylate through ion trapping. Hemodialysis
should be considered for patients manifesting severe toxicity
such as hyperthermia, mental status changes, intractable
acidosis, pulmonary edema, or renal failure, and for patients
with serum salicylate levels greater than 100 mg dl�1 in acute
overdose or greater than 60 mg dl�1 in chronic overdose.
See also: Acetylsalicylic Acid; Charcoal; Pharmacokinetics.
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General Description and Nomenclature

Salmonella are a group of Gram-negative, nonspore forming
prokaryotic rods. They are motile through the use of multiple
flagella, but can switch to be nonmotile in culture. They make
up a core group of the Enterobacteriaceae family and are believed
to have evolved from the same ancestor as Escherichia coli
160–180 million years ago with E. coli and certain serovars of
Salmonella adapting to mammals while other Salmonella sero-
vars having adapted to reptiles.

According to the Centers for Disease Control and
Prevention, there are only two species within the genus
Salmonella: Salmonella enterica and Salmonella bongori.
However, while only two species of Salmonella are recog-
nized, their significance should not be underestimated given
that S. enterica itself consists of six subspecies with over
2500 serovars.
Sources of Exposure, Exposure Routes,
and Transmission

Many serovars of Salmonella are ubiquitous and can cause
disease in a variety of hosts. Salmonella infections are typically
associated with consumption of contaminated food or water,
therefore are introduced orally. All types of meat, rawmilk, and
eggs are considered sources of infection; however, Salmonella
have also been found in shellfish, fresh fruits, and many
vegetables. Salmonella can be carried by birds, and be carried
asymptomatically in many warm-blooded animals including
pigs, dogs, and even elephants.

Household pets are also a source of Salmonella exposure
as, for example, cats, rabbits, rodents, and turtles can carry
the bacteria. While certain animals, such as guinea pigs, may
be highly susceptible to infection and exhibit high mortality
rates, others including turtles and reptiles are actually
healthy carriers of the bacteria. In fact, small turtles
(<4 inches long) have been banned from commercial sale
within the United States following an association between
turtles and Salmonella infection rates in the early 1970s.
Since then, reptiles have been considered a common source
of human infection, with 74 000 Salmonella infections being
associated with reptile or amphibian contact between 1996
and 1997. In these cases where infection is not attributed to
consumption, hand-to-mouth transmission is responsible
for introducing the bacteria into the host from the source. It
is important to note that the bacteria can be transferred
from a source (or a person touching the source) to an
object, and the bacteria are then available to others that
may come into contact with the object. Salmonella can also
be transmitted via person-to-person contact, or by contact
with contaminated feces.
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Dose, Disease, and Diagnosis

Salmonella infections (Salmonellosis) continue to be a public
health concern. The infectious dose required to cause illness by
the bacteria is 1000–100 000, which is relatively high in
comparison to other members of the Enterobacteriaceae family,
including E. coli O157:H7 (<10 cells) and Shigella (10–100).
The infectious dose depends on the specific serovar and the
physical state of the exposed individual.

A very small percentage of infections are asymptomatic.
Most Salmonella infections cause gastroenteritis, which presents
with mild to severe abdominal pain with or without fever
(39 �C), nausea, and diarrhea that often subsides within
3–4 days, but may last for up to 1 week. The onset of symptoms
usually occurs within 6–12 h of ingestion of contaminated
food or water. Gastroenteritis due to Salmonella is often self-
limiting, but requires vigilance to maintain appropriate levels
of hydration as the persistent diarrhea can quickly cause
dehydration. Importantly, even after the symptoms have
subsided, the infected individual may continue to excrete the
bacteria for up to 3 months, thereby posing a threat of
spreading the bacteria to others. As with most infections, very
young, very old, and immunocompromised patients are at risk
for further complications.

Apart from gastroenteritis, S. enterica serovar Typhi can
cause the more serious illness typhoid (enteric) fever. This
disease, if left untreated, may be fatal and kills 10% of all
infected people. The incubation period for typhoid fever may
be up to 1 week and initial symptoms are similar to gastroen-
teritis with added muscle aches and anorexia. As the disease
progresses, hepatosplenomegaly occurs in about 50% of
patients, and fewer experience neuropsychiatric manifestations.
Finally, the disease enters the late stage where intestinal
hemorrhaging or perforation may occur, along with focal
infections such as pericarditis–myocarditis and soft tissue
infections of the spleen and liver.

The diagnosis for both Salmonella-induced gastroenteritis
and typhoid fever is guided by the presence of Salmonella in the
stool.
Mechanism of Toxicity

Salmonella contain a number of virulence factors that aid in
their ability to persist through the stomach and invade the
epithelial layer of the small intestine. In the intestine,
Salmonella invade the host cells by inducing actin rearrange-
ments that cause the host cell to engulf the bacteria. This
process is mediated in part by the expression of inv (invasion)
genes. Additionally, there are a number of effector proteins
that interact with the host cell, including the Sip and Sop
proteins. These bacterial proteins are secreted via two separate
4-3.00537-6 211
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type III secretion systems and play a role in host cell actin
polymerization and bacterial entry.

Lipopolysaccharides (LPS) are molecules comprising lipids
and polysaccharides found in the outer membrane of Gram-
negative bacteria. LPS acts as an endotoxin, a toxin that
remains part of the cell unless the cell is destroyed, and likely
contributes to the symptoms experienced during gastroenteritis
and typhoid fever. Enterotoxins and cytotoxins targeting the
intestines and certain cells, respectively, are also suggested to be
produced from Salmonella strains and have been isolated from
clinical isolates.
Clinical Management

Salmonella-induced gastroenteritis is typically self-limiting and
antibiotics should not be used except for those patients with
complicating factors or in cases where the bacteria have reached
the bloodstream. It is critical for patients to remain hydrated,
and occasionally patients require intravenous therapy in order
to regain electrolyte balance.

On the contrary, antibiotic therapy is required for treatment
of typhoid fever. These Salmonella infections will typically
respond to chloramphenicol or ampicillin. Patients may carry
Salmonella in the liver and biliary tract, and ampicillin and
trimethoprim/sulfamethoxazole may be used for these
situations.

Patients may continue to shed the bacteria for weeks to
months following symptom resolution. Appropriate hand-
washing measures and sanitation of potentially contaminated
fomites can greatly assist in reducing the spread of disease.
Contribution to Toxicology

One of the serovars of S. enterica (Typhimurium) is used to test
the mutagenic potential of a compound or chemical through
the Ames test. The Ames test is a biological assay that utilizes
several strains of Salmonella, along with E. coli, that carry
mutations in genes involved in histidine synthesis thereby
requiring histidine for the bacteria to grow. If exposure to
a compound causes the mutation to reverse, the bacteria will be
able to grow in the absence of histidine. A positive test suggests
that the chemical is mutagenic and therefore may act as
a carcinogen.
See also: Ames Test; Escherichia coli; Gastrointestinal System;
Shigella.
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l Name: Sarin (GB)
l Chemical Abstracts Service Registry Number: CAS 107-44-8
l Synonyms: GB; Isopropyl methylphosphonofluoridate;

IMPF; Isopropoxymethylphosphoryl fluoride; Methylfluor-
ophosphoric acid isopropyl ester; O-isopropyl methyl-
phosphonofluoridate; Zarin

l Molecular Formula: C4H10FO2P
l Chemical Structure:
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Background (Significance/History)

Sarin is a nonpersistent organophosphate (OP) nerve agent
that was first discovered in 1938 in the laboratory of ‘the father
of the nerve agents,’ Dr Gerhard Schrader. Dr Schrader was
developing new insecticides when he accidentally discovered
tabun (GA), the first of the nerve agents to be described. Sarin
followed as the second of the G-series nerve agents to be
discovered and was named in honor of its discoverers:
Schrader, Ambros, Rüdiger, and Van der Linde. Sarin was given
the designation GB as it was the second of the G-series of nerve
agents to be described.

As with tabun, after learning of its properties, the German
Ministry of Defense began synthesizing sarin in 1942, but due
to difficulties with production was not able to stockpile
significant quantities until 1945. Despite mass producing sarin
and other G agents, they were never used in combat during
World War II for reasons that remain unclear. Following
the war, other countries, including the United States, United
Kingdom, and former Soviet Union, discovered the work done
in Germany on OP nerve agents and began to establish chem-
ical weapons research and development programs. Large-scale
sarin production in the United States began in the 1950s and
in general was favored over tabun due to its increased lethality.

Sarin was first used during wartime in the 1980s by Iraq in
the Iran–Iraq war. As production of sarin and other nerve
agents became easier and more widespread, the manufacture
and use of nerve agents by non-state entities became a threat. In
y Deceased.

Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
1994 and 1995, the Aum Shinrikyo cult released sarin vapor in
two separate attacks in Japan. The first release in Matsumoto,
Japan, killed seven people, injuring many more, and was not
initially attributed to the cult. Nine months later, Aum Shin-
rikyo released sarin in the Tokyo subway system, resulting in 12
deaths and affecting thousands more. Only after the Tokyo
attack did it became clear both incidents were linked to Aum
Shinrikyo.

In 1997, the Chemical Weapons Convention (CWC) was
enacted that banned the production, stockpiling, and use of
chemical weapons (including sarin) and called for the
destruction of existing chemical weapons stockpiles. The CWC
is administered by the Organisation for the Prohibition of
Chemical Weapons (OPCW), of which nearly all world nations
are a part.
Uses

Sarin is a synthetic OP compound developed to be used in
chemical warfare and terrorism.
Environmental Fate and Behavior

The chemical and physical properties of sarin are summarized
below:

Molecular Weight: 140.09 g mol�1

Physical State: clear and colorless liquid when pure or brown
liquid when impure

Odor: odorless when pure or faintly fruity when impure
Boiling Point: 150 �C
Melting Point: �56 �C
Liquid Density: 1.09 g ml�1 at 25 �C
Vapor Density (air ¼ 1): 4.8
Vapor Pressure: 2.86 mm Hg at 25 �C
Volatility: 22 000 mg m�3

Octanol/Water Partition Coefficient (log Kow): 0.3
Exposure and Exposure Monitoring

Casualties are caused primarily by inhalation but can occur
following percutaneous and ocular exposure. Sarin is the most
volatile of the G-series of agents and hence presents the greatest
vapor hazard threat though it evaporates less readily than
water. As sarin mixes readily with water, ingestion of contam-
inated food or water is a potential route of exposure. Clothing
exposed to sarin can release vapors for approximately 30 min
4-3.00650-3 213
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after contact and is thought to enhance the potency of liquid
sarin by slowing evaporation and hence increasing the effective
dose. Diagnosis of sarin exposure is primarily based on clinical
signs and symptoms.
Toxicokinetics

Sarin is readily absorbed through skin, eyes, and respiratory
tract, with inhalation being the most toxic route of exposure.
Like other G agents, sarin is soluble in water with solubility
directly related to temperature. Toxic manifestations of expo-
sure to sarin vapor or aerosols occur within seconds to 5 min of
inhalation, while signs and symptoms of percutaneous expo-
sure to liquid tabun may take minute to hours. Sarin is
hydrolyzed by the organophosphate hydrolases such as para-
oxonase 1, at approximately the same rate as that of other nerve
agents tabun, soman, and diisopropyl fluorophosphates.
Mechanism of Toxicity

Sarin and other nerve agents are irreversible cholinesterase
inhibitors. Clinical effects of exposure result primarily from
inhibition of acetylcholinesterase (AChE) and butyrylcho-
linesterase (BuChE). Normally, AChE is responsible for
degradation of the neurotransmitter acetylcholine in both the
peripheral and central nervous systems (CNS). Acetylcholine
stimulates contraction of skeletal muscles, and hydrolysis by
AChE prevents continual overstimulation of the acetylcholine
receptors. Inhibition of AChE blocks degradation of acetyl-
choline, resulting in an accumulation of acetylcholine and
cholinergic overstimulation of the target tissues. AChE inhibi-
tion can have muscarinic, nicotinic, and CNS effects, resulting
in a variety of symptoms, including involuntary muscle
contractions, seizures, and increased fluid secretion (e.g., tears,
saliva). The cause of death is typically respiratory dysfunction
resulting from paralysis of the respiratory muscles, broncho-
constriction, buildup of pulmonary secretions, and depression
of the brain’s respiratory center.

Cholinesterases in the blood are often used to approximate
AChE tissue levels following exposure to a nerve agent. Red
blood cell cholinesterase (RBC-ChE) is found on erythrocytes
and BuChE in blood plasma. Affinities of cholinesterase
inhibitors for BuChE or RBC-ChE vary. The turnover rate for
RBC-ChE enzyme activity is the same as that for red blood cell
turnover at w1% per day. Tissue AChE and plasma BuChE
activities return with synthesis of new enzymes, the rate of
which differs between plasma and tissues as well as between
different tissues.

Binding of nerve agents to AChE is generally considered to
be irreversible unless removed by therapy. Oximes are used as
therapeutics to reactivate the enzyme prior to ‘aging’ or the
point at which the agent–enzyme complex is covalently linked
and the enzyme cannot be reactivated. Spontaneous reac-
tivation in the absence of oximes is possible but is unlikely to
occur at a rate sufficient to be clinically important. The time
required for 50% of the enzyme to become resistant to reac-
tivation varies by nerve agent. For sarin, the t1/2 for AChE
is w3 h and for RBC-ChE w5 h.
It is known that OP cholinesterase inhibitors exert their
toxic effects through mechanisms other than AChE inhibition.
A 1978 study by Van Meter, Karczamar, and Fiscus showed that
administering a second dose of sarin to rabbits still induced
seizures even though the brain AChE was already inhibited by
the previous dose of sarin. Further, pretreatment protection of
AChE with physostigmine still resulted in death after high-dose
treatment with nerve agent. Finally, it has been shown that
mice lacking AChE are actually more sensitive to OP poisoning
(including sarin) than wild type mice, supporting that fact that
inhibition of AChE is not the only cause of toxic effects.

One of the noncholinergic effects resultant from treatment
with OP nerve agents is changes in the levels of neurotrans-
mitters other than acetylcholine. These include g-amino-butyric
acid (GABA), dopamine, serotonin, and norepinephrine. While
the exact mechanism by which nerve agent exposure alters
the levels of these neurotransmitters is not known, it is thought
that these changes may be due to a compensatory mechanism
in response to overstimulation of the cholinergic system, direct
action of the OP on the proteins responsible for noncholinergic
neurotransmission, or perhaps both. Nerve agents have also
been shown to inhibit a family of enzymes called serine ester-
ases, which play an important role in the metabolism and
persistence of neuropeptides such as endorphins and enkeph-
alins. Neuroinflammation as a result of nerve agent exposure
is another possible mechanism for noncholinergic toxicity
effects. OPs have also been shown to have direct toxic effects on
cells via induction of cellular oxidative stress and mitochondrial
dysfunction.

The pharmacologic and toxicologic effects of the nerve
agents are dependent on their stability, rates of absorption by
the various routes of exposure, distribution, ability to cross the
blood–brain barrier, and rate of reaction.
Acute and Short-Term Toxicity (Animal/Human)

Toxic effects of sarin exposure occur within seconds to minutes
of vapor or aerosol inhalation. The muscarinic effects include
ocular (miosis, blurred vision), nasal discharge, respiratory
(bronchoconstriction and increased bronchial secretion),
gastrointestinal (vomiting, abdominal cramps, and diarrhea),
sweating, salivation, and cardiovascular (bradycardia and
hypotension) effects. The nicotinic effects include muscular
fasciculation and paralysis. CNS effects can include ataxia,
confusion, slurred speech, coma, and paralysis. The acute
clinical effects of sarin exposure in humans are summarized
in Table 1.

In humans, miosis and rhinorrhea are amongst the first
symptoms of exposure to sarin and other nerve agent vapors,
occurring within seconds to minutes after initial exposure.
Similarly, respiratory distress occurs rapidly after exposure to
sarin vapor or aerosols. In general, symptoms of exposure and
severity of symptoms are dependent both on the route of
exposure and on the dose/concentration. High concentrations
of sarin elicit a general increase in secretions including saliva,
tears, sweat, and nasal discharges, while ocular exposure can
result in miosis, blurred vision, and pain in or around the eyes.
Inhalation of small amounts of sarin vapor typically causes
a feeling of tightness in the chest, while exposure to higher



Table 1 Acute clinical effects of sarin exposure in humans

Organ or system Common effects Notes

Eye Miosis (pinpoint pupils), pain, blurred vision, tearing Occurs rapidly after vapor exposure but may be absent
following exposure via other routes.

Nose Rhinorrhea (runny nose) Occurs rapidly after vapor exposure.
Mouth and throat Excessive salivation, throat pain
Pulmonary tract Tightness of chest, dyspnea (difficulty breathing) due

to bronchoconstriction and increased secretions,
coughing, respiratory paralysis, apnea

Signs and symptoms of exposure occur rapidly (seconds
to minutes). For lethal doses, death can occur within
1–10 min due to cessation of breathing. The onset of
signs and symptoms occurs more rapidly via inhalation
than by percutaneous exposure.

Skin Diaphoresis (excessive sweating) Initially localized to the site of exposure following dermal
exposure. Symptoms of exposure occur within minutes
to hours depending on dose.

Skeletal muscles Twitching, jerking, staggering, convulsions, muscle
weakness, paralysis

Initially localized to the site of exposure following dermal
exposure.

Central nervous system Headache, confusion, drowsiness,
loss of consciousness, coma

Effects may persist for years after exposure.

Gastrointestinal tract Nausea, vomiting, cramps, loss of bladder
and bowel control

System effects of liquid dermal exposure can manifest first
in the gastrointestinal tract.

Cardiovascular Changes in heart rate and blood pressure,
arrhythmia

Bradycardia and tachycardia, hypertension,
and hypotension have all been reported.
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doses can result in severe respiratory distress and apnea
resulting in death. Nerve agent effects on the cardiovascular
system may cause bradycardia due to vagal stimulation or it
may often cause the reverse tachycardia due to fright, hypoxia,
and adrenergic stimulation secondary to ganglionic stimula-
tion. Following the 1995 Tokyo subway attack, the commonly
reported symptoms included miosis, headache, blurred vision,
eye pain, dyspnea, nausea, and seizures. In the 1994 Matsu-
moto attack, a higher concentration of sarin was used, which
resulted in greater dyspnea due to increased secretions and also
a higher rate of death (1%) compared to the subway attack.

Following inhalation of sarin, the median lethal concentra-
tion (LCt50) inhumanshas been estimated tobe35mgminm�3

assuming a respiratory minute volume of 15 l min�1. For
percutaneous exposure of bare skin to sarin vapor, the LCt50
in humans has been estimated at 12 000 mg min m–3 and for
liquid percutaneous exposure, the LD50 has been estimated as
24 mg kg�1 body mass. For intravenous injection the LD50

has been estimated as 0.014 mg kg�1 body mass and for oral
exposure the LD50 has been estimated as 0.007–0.29 mg kg�1

body mass. The ECt50 for mild effects (miosis and rhinorrhea)
is estimated to be 0.4 mg min m�3. The permissible worker
Table 2 Acute toxicities of sarin (GB) in various species by various route

Species

Inhalation Percutaneous Intravenous

LCt50 (mg$min m�3) LD50 (mg kg�1) LD50 (mg kg�1)

Cat ND ND 22
Dog 60 ND 19
Guinea pig 100–200 ND ND
Hamster ND ND ND
Monkey 74 ND 22.3
Mouse 240–380 1000 287
Rabbit 120 925 15
Rat 150 ND 39

ND ¼ Not Determined.
population limit (WPL) airborne exposure concentration of
sarin for an 8 h work day is 3 � 10�5 mg m�3.

Similar to humans, the cause of death in animals is attrib-
uted to anoxia resulting from a combination of central respi-
ratory paralysis, severe bronchoconstriction, and weakness or
paralysis of the accessory muscles for respiration. Following
nerve agent exposure, animals exhibit hypothermia resulting
from the cholinergic activation of the hypothalamic thermo-
regulatory center. In addition, plasma concentrations of pitui-
tary, gonadal, thyroid, and adrenal hormones are increased
during organophosphate exposure.

Table 2 lists the LCt50 (mg min m�3) and the median lethal
dosage (LD50) values reported following the inhalation of sarin
as well as acute toxicities by other routes of exposure in various
animal species.
Chronic Toxicity (Animal/Human)

Since sarin is acutely toxic in small doses, there is less available
information about the chronic effects of exposure. Victims
of the Tokyo subway sarin attack were monitored at various
s of exposure

Intraperitoneal Subcutaneous Intramuscular Oral

LD50 (mg kg�1) LD50 (mg kg�1) LD50 (mg kg�1) LD50 (mg kg�1)

ND 30–35 ND ND
ND ND ND ND
ND 30 ND ND
ND 95 ND ND
ND ND ND ND
600 60 440 ND
275 30 ND ND
218 103 108 550
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times postexposure and reported a variety of lingering symp-
toms. Significant effects to the higher and visual nervous
systems were observed in victims 6–8 months after the attack.
At 1-year postexposure, the most commonly reported effects
were eye problems, fatigue, and headaches. Psychomotor and
memory effects, eye symptoms, anxiety, and posttraumatic
stress disorder (PTSD) were observed up to 7 years after
exposure. Organophosphate-induced delayed neuropathy
(OPIDN), a collection of neuropsychological symptoms asso-
ciated with repeated OP pesticide exposure, was also reported
in victims of both sarin attacks. OPIDN symptoms can appear
weeks after OP exposure and include muscle weakness, anxiety,
depression, and psychosis, as well as cognitive and memory
deficits. The mechanism by which OPIDN occurs is not fully
understood but inhibition of neuropathy target esterase is
thought to play a role. Intermediate syndrome, which may
occur 24–96 h after OP poisoning, is another chronic toxicity
resulting from OP exposure. Symptoms include motor nerve
paralysis, respiratory paralysis, and proximal muscle paralysis.
The effects of intermediate syndrome are thought to be due to
prolonged AChE inhibition, though it remains unclear if this
occurs upon nerve agent exposure.
Immunotoxicity

The immunotoxicity of sarin has not been extensively assessed.
There have been some reports of sarin-induced immune
suppression as well as neurogenic inflammation, but this has
varied depending on the model system used.
Reproductive Toxicity

The reproductive toxicity of sarin has not been extensively
assessed.
Genotoxicity

The genotoxicity of sarin has not been extensively assessed.
Carcinogenicity

The carcinogenicity of sarin has not been extensively assessed.
Clinical Management

Management of nerve agent intoxication consists of decon-
tamination to terminate the exposure, ventilation, and
administration of drugs and supportive therapy. Drug therapy
for the treatment of nerve agent intoxication typically includes
an anticholinergic drug, an oxime, and an anticonvulsant. The
anticholinergic drug atropine is a muscarinic receptor antago-
nist that is effective in blocking the effects of excess acetyl-
choline at peripheral muscarinic receptors. The usual dose is
2 mg given intravenously (IV) or by intramuscular (IM) injec-
tion, which may be repeated at 5- to 10-min intervals until
secretions and shortness of breath subside. Atropine may also
be applied topically directly to the eye to relieve miosis (con-
stricted pupils), dim vision, and eye pain that are often caused
by nerve agent intoxication. Pralidoxime chloride (2-PAM Cl)
is an oxime used to break the agent–cholinesterase bond and
restore the normal activity of the enzyme. The usual starting
dose is 600mg given orally, IV, or IM. This may be repeated two
or three times as long as no more than 2000 mg is given in 1 h,
due to the undesirable hypertensive effects of 2-PAM Cl.
Diazepam, an anticonvulsant benzodiazepine drug, is used to
decrease convulsive activity and reduce brain damage that may
occur from prolonged seizures. The usual starting dose of
diazepam is 10 mg (IM), which may be repeated one or two
times at 10 min intervals until convulsions/seizures cease.

Respiratory supportive therapy may include ventilation via
an endotracheal airway and suctioning of excess secretions in
the airways. Supportive care should also include monitoring
patients for cardiac arrhythmias, which are not uncommon
in patients who have been exposed to an OP cholinesterase
inhibitor and subsequently treated with atropine. Patients
who exhibit arrhythmia may require treatment with a beta-
adrenergic antagonist (i.e., beta blocker) or other anti-
arrhythmic agent.
Ecotoxicology

Sarin is soluble in water, making it a potential threat to water
supplies. Sarin degrades in water via hydrolysis, forming the
by-products HF and isopropyl methylphosphonic acid. The
rate of hydrolysis of sarin is highly pH and temperature
dependent, with the fastest hydrolysis occurring below pH 4 or
above pH 6.5. Sarin release studies in soil predict that 90% of
sarin would be lost after 5 days but degradation would depend
on soil and moisture content. Studies of persistence on snow
showed sarin degradation took w2 weeks.
Other Hazards

Other hazards have not been extensively studied or described.
Exposure Standards and Guidelines

The US Public Law 91-121 and 91-441 (50 U.S.C. 1512)
mandates the implementation of measures to protect human
health prior to the destruction of chemical warfare agents. As
a result, the Centers for Disease Control and Prevention have
issued the following airborne exposure limits for sarin:

Immediately Dangerous to Life or Health: 0.1 mg m�3.
Short-Term Exposure Limit: 0.000 1 mg m�3.
WPL: 0.000 03 mg m�3.
General Population Limit: 0.000 001 mg m�3.
In addition to these exposure limits, acute exposure guide-

lines (AEGLs) have been established for a large number of
chemicals, including sarin. The sarin AEGLs are presented in
Table 3. These have been established through a collaborative
effort between the public and private sectors worldwide. The
AEGL-1 is the airborne concentration above which the general



Table 3 AEGLs for sarin agent exposure in humans

AEGL 10 min 30 min 1 h 4 h 8 h

AEGL-1 0.006 9 ppm 0.000 40 ppm 0.0028 ppm 0.0014 ppm 0.001 ppm
AEGL-2 0.087 ppm 0.05 ppm 0.035 ppm 0.017 ppm 0.013 ppm
AEGL-3 0.38 ppm 0.19 ppm 0.13 ppm 00701 ppm 0.051 ppm

Sarin (GB) 217
population, including sensitive individuals, could experience
notable discomfort, irritation, or certain asymptomatic non-
sensory effects. The effects are not disabling and are transient
and reversible upon cessation of exposure. AEGL-2 is the
airborne concentration at which the same population experi-
ences irreversible or other serious, long-lasting adverse health
effects or an impaired ability to escape. AEGL-3 is the airborne
concentration predicted to cause life-threatening health effects
or death. For nerve agents including soman, these values are as
follows (in mg m�3):

Drinking water contaminated with nerve agents is a serious
concern for deployed US troops. The National Research
Council has established guidelines for the consumption of
drinking water contaminated with chemical agents, including
sarin. These guidelines establish levels of agent that should not
result in deleterious effects on the health and performance of
soldiers when consumed in drinking water. For soldiers
consuming 5 l of water per day, the threshold for sarin
contamination is 28 mg l�1 over the course of 7 days. Under
particularly strenuous situations, a soldier may consume up to
15 l of water per day, in which case the threshold for sarin agent
contamination is 9 mg l�1 over the course of 7 days.
See also: Nerve Agents; Tabun; Soman; Cyclosarin (GF); VX.
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l Name: Saxitoxin
l Chemical Abstracts Service Registry Number: 35523-89-8
l Synonyms: Mussel poison, Clam poison, Paralytic shellfish

poison, Gonyaulax toxin; STX
l Chemical/Pharmaceutical/Other Class: Complex of amino

acids – a tetrahydropurine
l Molecular Formula: C10H17N7O4

l Chemical Structure:
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Background Information

First recognized in 1957 by Shantz et al. in the butter clam
Saxidomus giganteus, saxitoxin is a naturally occurring toxin that
is synthesized by various marine dinoflagellates and cyano-
bacteria. It is used in neurochemical and molecular biology
research, but regulatory concerns have focused on its weapo-
nization and potent toxicological effects on animals and
humans. Saxitoxin causes paralytic shellfish poisoning (PSP) in
humans and other animals; whales having ingested organisms
contaminated with the toxin have died just hours after expo-
sure. In humans, PSP can occur as a result of consuming
shellfish or other seafood in which saxitoxin has accumulated.
While effects have been documented worldwide, the sources of
contaminated seafood have been identified as primarily the
west and east coasts of the United States.

To date, more than 30 different saxitoxin analogs have been
identified. These include pure saxitoxin (STX), neosaxitoxin
(neoSTX), the gonyautoxins (GTX), and decarbamoylsaxitoxin
(dc-STX); of these, STX, 6NeoSTX, GTX1, and dc-STX seem to
be the most toxic. The term saxitoxin typically refers to this
collection of compounds produced naturally by cyanobacteria.

Saxitoxin is far more potent than the classic puffer fish toxin
tetrodotoxin, and is one of only two naturally occurring
Schedule 1 chemical warfare agents (the other is ricin). In 1970,
President Nixon ordered stocks of the toxin destroyed in
compliance with U.N. agreements on biological weapons;
however, the Central Intelligence Agency revealed in 1975
that there was a remaining supply, which was distributed to
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research facilities by the National Institutes of Health in order
to study neurological diseases.
Uses

As a Schedule 1 controlled substance under the Chemical
Weapons Convention of 1993, the use of saxitoxin is extremely
limited outside of weaponized forms. Its use as a chemical
reagent in research is its other important use, as it has been
instrumental in experiments to elucidate the mechanisms
involved in sodium channels used in cellular communication.
Environmental Fate and Behavior

Dinoflagellates (flagellate protists, plankton) are primarily
responsible for the biosynthesis of saxitoxin, and bio-
accumulation tends to occur in several shellfish such as
mussels, clams, scallops, and cockles. Broth made from shell-
fish can harbor saxitoxin as well due to its stability at normal
cooking temperatures. Consumption of the shellfish leads to
toxicity in humans, while consumption of other organisms in
which saxitoxin has accumulated (up the food chain, for
example) has historically affected other animals such as whales.

Data describing the environmental fate of saxitoxin is
extremely limited. There have been some studies investigating
the absorption/desorption capacities of various soils for the
compound, but more exhaustive studies are yet to be
reported.
Exposure and Exposure Monitoring

Ingestion of shellfish containing saxitoxin is the primary route
of human exposure. Reports have also been made that in
instances of red tide, people walking near the surf have had
difficulties breathing due to inhaling spray containing small
amounts of the toxin. Many weapons that may have used
saxitoxin have been decommissioned under the Chemical
Weapons Convention of 1993.

The primary saxitoxin-containing organisms include scal-
lops, mussels, clams, oysters, cockles, univalve mollusks,
whelks, and puffer fish. Lower concentrations of the toxin have
been found in some herbivorous fish and crabs, the Atlantic
thorny lobster, and the Australian xanthid crab.

In patients with symptoms of exposure, hemodynamics
should be monitored closely along with respiration. Electro-
myography (EMG) may be used to evaluate any prolongation
of distal motor and sensory latencies as well as decreases in
conduction velocities and motor and sensory amplitudes.
Serum electrolytes, calcium, magnesium, phosphorous, crea-
tine, urine output, creatine phosphokinase (CPK), electrocar-
diography (ECG or EKG), pulse oximetry, cardiac rhythm, and
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00925-8

http://dx.doi.org/10.1016/B978-0-12-386454-3.00925-8


Saxitoxin 219
blood urea nitrogen (BUN) should be closely monitored in
those reporting symptoms.
Toxicokinetics

Following consumption (the primary exposure route), symp-
toms of saxitoxin exposure begin to appear in less than 24 h,
typically in just minutes to hours. Effects may last for days, with
some symptoms like generalized weakness and problems with
muscle coordination potentially lasting for weeks. Saxitoxin is
readily absorbed from the gastrointestinal tract and through
mucous membranes. It is readily soluble in both water and
methanol but insoluble in lipids, and can persist in the body
until it is either excreted or metabolized; both excretion and
metabolization are slow to occur due to saxitoxin’s stability at
low pH and high temperatures.
Mechanism of Toxicity

Saxitoxin interrupts nerve transmissions by binding to voltage-
gated sodium channels. Positively charged guanidinium
groups of saxitoxin interact with negatively charged carboxyl
groups at a site on the sodium channel (in a one-to-one ratio)
of neurons and muscle cells, resulting in blocked action
potentials and interrupted transmissions. The inactivation of
vasomotor nerves along with vascular smooth-muscle relaxa-
tion follows and hypotension can additionally occur. When
muscles in the respiratory or cardiovascular system are affected,
death can result.

Intraperitoneal inoculation with STX extract in the fresh-
water fish Hoplias malabaricus resulted in a variety of systemic
effects culminating in oxidative stress observed in the brain,
leading to lipid, protein, and DNA damage. Although the
exposure in this study was subchronic, apoptotic cellular
processes were implicated.
Acute and Short-Term Toxicity (or Exposure)

Animal

The LD50 values in mice are 8 mg kg�1 (intraperitoneal),
263 mg kg�1 (oral), and 8.5 mg kg�1 (intravenous). One milli-
gram is estimated to be sufficient to kill 5500 mice.
Human

A host of potential acute symptoms have been reported.
Outward signs of toxic effects may include eye twitches,
temporary blindness, problems with jaw and facial muscle
coordination including local paralysis, loss of gag reflex, iri-
doplegia, immobilization of the tongue, difficulty speaking,
and dysphagia. Some of these symptoms are often dismissed
before a larger problem is suspected.

Cardiovascular and respiratory symptoms include tachy-
cardia, hyper- or hypotension, chest pain, respiratory distress,
and death from respiratory paralysis. These may occur within
the first 12 h of exposure. Neurological symptoms can present
as paresthesias and numbness of the tongue, neck, face, lips, or
extremities. Other indications of toxic effects from saxitoxin
include headaches, dizziness, giddiness, drowsiness, flaccid
paralysis, and ataxia. Nausea and vomiting have been reported
as well.

The estimated lethal dose in humans is 0.3–1mg. A single
contaminated shellfish may contain 50 lethal doses. Mortality
for reported cases is 5.9%, but this rate appears to be higher in
children.
Chronic Toxicity (or Exposure)

Animal

Little information is available on the chronic effects of saxi-
toxin in animals due to high mortality at extremely low
concentrations.
Human

Many of the symptoms are acute in nature, with prolonged
effects cause for serious concern due to the quick action of the
compound. Muscle weakness following exposure may last for
days to weeks.
Immunotoxicity

Some research suggests that there may be immunotoxic effects
of saxitoxin, but there are no experimental data to directly
support it.
Reproductive Toxicity

Some research suggests that there may be reproductive toxic
effects of saxitoxin, but there are no experimental data to
directly support it.
Genotoxicity

Some research suggests that there may be genotoxic effects
of saxitoxin, but there are no experimental data to directly
support it.
Carcinogenicity

Some research suggests that there may be carcinogenic effects
of saxitoxin, but there are no experimental data to directly
support it.
Clinical Management

There is no known antidote to PSP or other exposure to
saxitoxin. Although gastrointestinal decontamination (fluid
ingestion, administration of activated carbon, gastric lavage,
etc.) may help reduce exposure, often these techniques are of
limited use once symptoms have been reported.



220 Saxitoxin
With cases where symptoms are detected early (within the
first 1–2 h or less), activated charcoal may be administered as
a slurry (240ml water per 30 g charcoal). Hydration is
extremely important, and saline should be administered; target
urine output should be 1–2ml kg�1 h�1.

In patients with symptoms of exposure, hemodynamics
should be monitored closely along with respiration. EMG may
be used to evaluate any prolongation of distal motor and
sensory latencies as well as decreases in conduction velocities
and motor and sensory amplitudes. Serum electrolytes,
calcium, magnesium, phosphorous, creatine, urine output,
CPK, ECG or EKG, pulse oximetry, cardiac rhythm, and BUN
should be closely monitored in those reporting symptoms.

If hypotension is indicated, infuse with 10–20ml kg�1

isotonic fluid; dopamine or norepinephrine can be adminis-
tered if hypotension persists (5–20 or 0.5–1 mg kg�1 min�1,
respectively, in adults). In the event of seizures following
saxitoxin exposure, benzodiazepine may be administered. In
case of dysrhythmia and ventricular conduction delay, lido-
caine may be given: in adults, 1–1.5mg kg�1 by IV followed by
maintenance infusion of 1–4mgmin�1. Respiratory depres-
sion may develop, and endotracheal intubation and mechan-
ical ventilation may be necessary.
Ecotoxicology

Red tides – marine waters that appear red due to algal blooms
containing dinoflagellates synthesizing large quantities of
saxitoxin – have been known to kill fish and other animals
since antiquity. Humpback whales have died shortly after
consuming microorganisms and fish that were contaminated
with saxitoxin. Thus, accumulation of saxitoxin up the food
chain can occur.

Only recently have reports of the ecotoxicology of saxitoxin
become available, if limited in number. While toxicological
concentration information (EC50s, LD50s, LC50s, etc., among
various species) is lacking, some studies have examined effects
of exposure to the toxin. For example, one report investigated
the effects of saxitoxin on neuro-2A cells and indicated a 24-h
EC50 of 1.5 nM; no saxitoxin effects were observed in algal
biomarkers used in the study.

Another recent study utilizing zebrafish (Danio rerio) found
that exposure to sublethal concentrations of saxitoxin resulted
in a variety of effects. Aqueous exposures of the fish to
approximately 230 mg l�1 of the toxin resulted in reductions in
sensorimotor function from 48 h postfertilization, and paral-
ysis in all larvae within 4 days postfertilization. Edema of the
eye, yolk sac, and pericardium was observed in zebrafish
exposed to approximately 480 mg l�1 saxitoxin within 6 days
postfertilization. In terms of paralysis, older larvae became
paralyzed faster than younger larvae. Interestingly, the
researchers noted that many larvae were able to recover from
both sensorimotor and morphological effects of subchronic
saxitoxin exposure when they were transferred to clean water.
Weeks later, however, reduced growth and/or survival of those
zebrafish exposed to saxitoxin was also observed. Other studies
involving zebrafish have shown that saxitoxin concentrations
in the water above 10 mg l�1 delayed hatching of eggs, and
concentrations above 500 mg l�1 caused malformations and
mortality among those exposed.
Exposure Standards and Guidelines

The estimated lethal dose in humans is 0.3–1mg. A single
contaminated shellfish may contain 50 lethal doses.

Exposure guidelines are only now emerging for saxitoxin. In
Brazil and Australia, a 3.0 mg l�1 Recommended Drinking
Water Standard has been applied. Other guidelines include an
Australia-Queensland Interim Drinking Water Guidance Level
of 1.0 mg l�1 and a New Zealand Drinking Water Maximum
Acceptable Value of 1.0 mg l�1.
See also: Animals, Poisonous and Venomous; Neurotoxicity;
Notorious Poisoners and Poisoning Cases; Ricin and Other
Toxalbumins; Shellfish Poisoning, Paralytic.
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Background

The first documented episode of scombroid fish poisoning
occurred in 1828, and the first case in the United States was
reported in the late 1960s. The syndrome was initially named
because early descriptions were associated with fish from the
Scombroidae family. More recently, however, the Centers for
Disease Control and Prevention have linked the majority of
cases to noncombroid fishes, such as amberjack and mahi
mahi. Scombroid toxicosis continues to occur worldwide
despite that it differs from other fish-borne illnesses in that it is
entirely preventable.
Environmental Behavior and Fate

Histamine concentrations in healthy fish are typically low
(<0.1 mg per 100 g fish) and subsequently do not pose
a significant health threat. It is only upon improper storage or
handling of the fish in which histamine reaches concentrations
that cause illness.
Exposure and Exposure Monitoring

Ingestion of improperly handled fish flesh may result in
symptoms of histamine poisoning. Contaminated fish often
looks and smells normal, but is periodically described as
having a peppery taste if heavily contaminated. Scombrotoxin
is not destroyed or inactivated by heating or processing.
Immediate refrigeration/freezing of freshly caught fish can
dramatically reduce the risk of scombroid poisoning.

Regulatory agencies have established toxic levels in fish
(see below).
Toxicokinetics

Ingestion of large amounts of scombrotoxin (histamine and
other heat stable biogenic amines) results in histaminic effects.
Absorption is rapid with clinical effects generally being seen
within 5–90 min. The duration of untreated scombroid
poisoning is generally 8–12 h, rarely persisting >24 h.
Mechanism of Toxicity

Scombrotoxin is created within the flesh of fish under specific
environmental conditions. Members of the Scombroidae
family as well as some dark-fleshed fish (amberjack, bluefish,
mahi mahi) have high concentrations of the free amino acid
histidine in their meat. Bacteria, primarily enteric gram-
negative bacteria, can propagate in the meat after inadequate
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
refrigeration. These bacteria contain an enzyme, histidine
decarboxylase, which converts histidine to histamine. Other
identified biogenic amines are also generated during the
decomposition process that may further potentiate histamine
toxicity.
Acute and Short-Term Toxicity

Human

Initial symptoms are those of a histamine reaction and typically
occur within 5–90 min of ingestion. Common symptoms
include dermal flushing especially of the face, neck, and upper
torso, headache, nausea, vomiting, and diarrhea. Facial edema,
burning of the mouth and throat, palpitations, dizziness, and
rash have also been noted. Bronchospasm, urticaria, shock, and
death are rare. Symptoms usually resolve within 3–24 h.
Chronic Toxicity

Scombroid toxicity is an acute illness that is not expected to
have long-term effects.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Treatment is generally symptomatic and supportive.
Gastrointestinal decontamination procedures may be consid-
ered for substantial recent ingestions. Other therapy is directed
at limiting histaminic symptoms. Administration of oral or
parenteral H1 and H2 receptor antagonists is appropriate.
Patients generally show improvement within a few hours.
Fluids, antiemetics, and bronchodilators may be administered
if indicated by clinical presentation. There is inadequate data to
support the use of corticosteroids.
Exposure Standards and Guidelines

The Food and Drug Administration considers histamine
concentrations of >50 mg per 100 g of fish as potentially toxic.
Miscellaneous

Symptoms of scombroid toxicity may be worse for patients
taking isoniazid, monoamine oxidase inhibitors, or other
agents that inhibit the metabolism of histamine.
4-
See also: Fish Consumption Advisory; Food Safety and
Toxicology; Food and Drug Administration, US.
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Exposure Routes and Pathways

Scorpions inflict a sting and inject their venom subcutaneously
with a stinging apparatus located at the end (telson) of their
multisegmented tail.
Toxicokinetics

Scorpion venom may reach systemic circulation through
lymphatic transport following a sting. Of those scorpions
located in the United States, Centruroides exilicauda (formerly
Centruroides sculpturatus), found in southeastern California,
Arizona, Nevada, southern Utah, and southwestern
New Mexico, is an example of a scorpion that can produce
significant systemic toxicity following envenomation. Onset of
systemic symptoms typically occurs within 4 h of the sting. The
metabolism of venom components is not well understood.
Tissue distribution of venom is complex. Venom components
differ among the multitude of scorpion species, and thus
venom distributes to different tissue sites.
Mechanism of Toxicity

Scorpion venom is composed of many different fractions that
can vary in type and potency among the different scorpion
species. The venom of scorpions from the family Buthidae tend
to be the most toxic. These venom fractions include
compounds such as acetylcholinesterase, hyaluronidase, sero-
tonin, phospholipase, and other specific neurotoxins. Typi-
cally, these neurotoxins result in the opening of ion channels at
the neuromuscular junction. Repetitive nerve depolarization
leads to activation of the sympathetic and parasympathetic
nervous systems, causing release of catecholamines and
acetylcholine. Local tissue reaction, swelling, redness, and pain
are the results of an inflammatory response to the injected
foreign proteins and enzymes making up the venom.

The venom of Centruroides species is thought to contain two
primary groups of neurotoxins. One group activates sodium
channels resulting, ultimately, in repetitive firing of action
potentials. A second group slows and prevents inactivation of
sodium channels leading to a prolonged action potential. The
resulting repetitive depolarization in the sympathetic and
parasympathetic nervous system leads to the release of cate-
cholamines and acetylcholine.

Exotic species such as Androctonus australis (North Africa,
Middle East), Buthotus tamulus (India), Leiurus quinquestriatus
(Turkey, Arabian Peninsula), Tityus serrulatus (Brazil), and
Centruroides noxius (Mexico) possess a complex mixtures of
neurotoxic polypeptides that result in a large release of cate-
cholamines, causing adrenergic overload with clinical mani-
festations including tachycardia, hypertension, cardiac
arrhythmias, and pulmonary edema. Ultimately, shock and
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
cardiovascular collapse may result from depletion of
catecholamines.
Acute and Short-Term Toxicity (or Exposure)

Human

Most scorpion stings produce a local tissue reaction that is
characterized by mild to moderate burning pain. Usually there
is minimal swelling and erythema. In the United States, this is
the limit of the reaction following stings of relatively benign
scorpions such as Vejovis, Hadrurus, and several other common
scorpion species. Occasionally, infections may complicate the
clinical course of the sting. Rarely, acute hypersensitivity reac-
tions may occur.

The more poisonous C. exilicauda may produce systemic
symptoms following significant envenomation. However, even
these scorpions often produce only pain and other localized
reaction at the sting site. These minor envenomations are more
common in adults than children. When systemic symptoms do
develop, they can include increased heart rate, hypertension,
dilated pupils, sweating, and hyperglycemia. Also, salivation,
tearing, diarrhea, bradycardia, and respiratory compromise
may develop when parasympathetic nerve stimulation
predominates from acetylcholine release. Other clinical effects
include blurred vision, nystagmus, oculomotor effects, opis-
thotonus, muscle fasciculations, convulsions, breathing diffi-
culty, respiratory failure, and cardiac arrhythmias. Young
children, the elderly, and those with preexisting cardiovascular
disease are at greater risk for severe systemic toxicity from
scorpion envenomation.

Occasionally, poisonous exotic species make their way out
of their endemic areas either by illegal importation or along
with agricultural product shipments from abroad. Signs and
symptoms following envenomation vary depending on the
species of scorpion involved. A few of these scorpions that have
caused life-threatening effects and fatalities in their endemic
countries include the following:

Androctonus australis (yellow fattail scorpion): Diaphoresis,
hypertension, vomiting, cardiogenic shock, and pulmonary
edema. Envenomations from this scorpion have resulted in
many fatalities in North Africa

Buthotus tamulus (Indian red scorpion):Diaphoresis, vomiting,
facial swelling, hypertension, tachycardia, hypotension, cardiac
arrhythmias, left ventricular dysfunction, pulmonary edema.

Leiurus quinquestriatus (deathstalker scorpion): Hyperten-
sion, cardiac arrhythmias, pulmonary edema.

Tityus serrulatus: Noncardiac pulmonary edema, acute
respiratory distress syndrome.
Clinical Management

Basic and advanced clinical life support may be required
following severe envenomation by Centruroides species.
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http://dx.doi.org/10.1016/B978-0-12-386454-3.00784-3


224 Scorpions
However, many scorpion stings require only local wound
care. Cold compresses may be applied to the sting site for
10–15 min to help decrease pain. Acetaminophen, aspirin, or
ibuprofen may be helpful for mild pain. Tetanus prophylaxis
should be considered. Patients should seek medical evalua-
tion if signs of infection develop. Application of a cold
compress for long periods of time or immersing the sting site
in an ice bath (cryotherapy) is not recommended since this
procedure decreases blood flow at the site, causing tissue
damage.
Centruroides Species

In the United States, the majority of patients presenting with
systemic symptoms from C. exilicauda can be managed at the
hospital with supportive care, pain management, and obser-
vation. Careful monitoring of heart rate, blood pressure, and
respiratory function are essential. Muscle spasms and opis-
thotonus may respond to benzodiazepines. Hypertension
rarely requires pharmacologic intervention. However, when
present, it often responds to a short-acting benzodiazepine.
Respiratory failure due to neuromuscular blockade is a rare
but possible complication. Mechanical ventilation may be
required.
Antivenom – Anascorp® (Centruroides (Scorpion)
Immune F(ab’)2 (Equine))

In 2011, Rare Disease Therapeutics, Franklyn TN, was given
approval by the US Food and Drug Administration to manu-
facture Anascorp� (Centruroides (Scorpion) Immune F(ab’)2
(Equine) Injection for the treatmentofpatientswith clinical signs
of scorpion envenomation. It ismanufactured by Instito Bioclon
S.A. de C.V., Mexico D.F. and distributed by Accredo Health
Group, Inc., Memphis, TN (866-830-7437). The antivenom is
produced fromplasmaof horses that have been immunizedwith
venom from Centruroides noxious, Centruroides limpidus limpidus,
Centruroides limpidus tecomanus, and Centruroides suffusus suffusus.
Experience with this antivenom in the United States has been
limited for the most part to Arizona, where clinical trials took
place, and prior to 2004 when it was still available for use. In
clinical trials, 1204 (78%) patients who received the antivenom
were pediatric patients (1 month–18 years). The results of the
clinical studies showed that resolution of symptomswere seen in
95–100% of both pediatric and adult patients within 4 h of
antivenom administration. The package insert for Anascorp�

suggests an initial dose of three vials. Reconstitute each vial with
5 ml of sterile normal saline and swirl gently until dissolved.
Then add the contents of each vial to 50 ml of sterile normal
saline and infuse intravenously over 10min.Monitor the patient
closely for 60 min. Additional doses, if needed, may be admin-
istered one vial at a time at 30–60min intervals, by diluting each
vial in 5 ml of sterile normal saline then adding the contents to
50 ml of sterile normal saline and infusing intravenously over
10 min. As with other equine-derived antivenom, acute hyper-
sensitivity reactions are possible. These reactions may be mini-
mizedby increasing thedurationof the infusion.Managementof
anaphylaxis should involve stopping the antivenom infusion
and administering epinephrine, corticosteroids, and
diphenhydramine.
Exotic Scorpion Species

A comprehensive discussion of the worldwide availability of
each antivenom for exotic species of scorpions is beyond the
scope of this article. Many countries throughout Africa, the
Middle East, South America, and elsewhere possess antivenom
for scorpions endemic to their region. As an example, Polyvalent
ScorpionAntivenom–Equine available in SaudiArabia hasbeen
used to neutralize the venoms of the yellow scorpion (Leiurus
quinquestriatus), theblack scorpion (Androctonus crassicauda), and
a variety of other local scorpions. The antivenom reportedly can
neutralize the venoms of many of the Middle East and North
African scorpions, including Buthus arenicola, Buthus mimax,
Buthus occitanus, Leiurus quinquestriatus hebreus, and
Androctonus amoreuxi, according to manufacturer literature.

The type of exotic species of scorpion involved in an enve-
nomation is often well known to the importer or owner of the
specimen, so identification is often not the problem. However,
it is unlikely that a clinician will be able to locate and obtain
antivenom to treat an exotic species in the United States in
a timely manner. An antivenom index is available to medical
and zoo personnel and is maintained in cooperation with the
Association of Zoos and Aquariums and the University of
Arizona. This document provides an antivenom list for
poisonous snakes, spiders, scorpions, venomous marine
animals, and their location, if available, in the United States.
Poison centers may assist in attempting to locate antivenom
through this Antivenom Index. However, due to the likely
unavailability of scorpion antivenom, aggressive respiratory
and cardiovascular support is essential in treating a sting
involving an exotic species.
Additional Information

In vitro Toxicity Data

Scorpion venom is used in a variety of research settings because
of its ability to block sodium channels. A new class of toxin
(tetrapandins) has recently been identified within the venom of
Pandinus imperator. These toxins have been shown to have
inhibitory effects on store-operated calcium entry in human
embryonic kidney-293 cells.
See also: American Association of Poison Control Centers;
Benzodiazepines; Hymenoptera; Poisoning Emergencies in
Humans; Snakes; Spiders.
Further Reading

Amitai, Y., Mines, Y., Aker, M., 1985. Scorpion sting in children. a review of 51 cases.
Clin. Pediatr. 24, 136–140.

Boyer, L.V., Theodorou, A.A., Berg, R.A., et al., 2011. Antivenom for critically ill children
with neurotoxicity from scorpion stings. N. Engl. J. Med. 360, 2090–2098.

http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0015


Scorpions 225
Chippaux, J.P., 2012. Emerging options for the management of scorpion stings. Drug
Des. Devel. Ther. 6, 165–173.

Kumar, L., Naik, S.K., Agarwal, S.S., Bastia, B.K., November 2012. Autopsy diagnosis
of a death due to scorpion stinging – a case report. 19 (8), 494–496.

Skolnik, A.B., Ewald, M.B., January 2013. Pediatric scorpion envenomation in the
United States: morbidity, mortality, and therapeutic innovations. Pediatr. Emerg.
Care 29 (1), 98–103.

Sofer, S., Shahak, E., Gueron, M., 1994. Scorpion envenomation and antivenom
therapy. J. Pediatr. 124, 973–978.

Vance, E., January 2013. Safe from scorpions. Sci. Am. 308 (1), 14.
Relevant Websites

http://www.bioclon.com.mx/bioclon/html/quienes_en.html – Institute Bioclon web page
– maker of a Centruroides scorpion venom antibody.

http://emedicine.medscape.com/article/168230-overview – Overview, management
and treatment discussion of scorpion envenomations from the Medscape eMedi-
cine toxicology resource.

http://www.aza.org/antivenom-index/ – The Antivenom Index web page and associated
links at the Association of Zoos and Aquariums (AZA).

http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0025
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0030
http://refhub.elsevier.com/B978-0-12-386454-3.00784-3/ref0035
http://www.bioclon.com.mx/bioclon/html/quienes_en.html
http://emedicine.medscape.com/article/168230-overview
http://www.aza.org/antivenom-index/


Sedatives
R Gorodetsky, D’Youville College, Buffalo, NY, USA

� 2014 Elsevier Inc. All rights reserved.
l Chemical Abstracts Service Registry Number:
- Glutethimide: CAS 77-21-4
- Meprobamate: CAS 57-53-4
- Methyprylon: CAS 125-64-4
- Ethchlorvinyl: CAS 113-18-8

l Synonyms:
- Glutethimide: Doriden; 2-Ethyl-2-phenylglutarimide;

2-Phenyl-2-ethylglutaric acid imide
- Meprobamate: Miltown; 2-Methyl-2-propyl-1,3-

propanediol dicarbamate; 2,2-Di(carbamoyloxymethyl)
pentane

- Methyprylon: Noludar; Dimerin; 2,4-Dioxy-3,3-diethyl-
5-methylpiperidine

- Ethchlorvinyl: Ethchlorvynol; Placidyl; 1-Chloro-3-ethyl-
1-penten-4-yn-3-ol

l Molecular Formula:
- Glutethimide: C13–H15–N–O2

- Meprobamate: C9–H18–N2–O4

- Methyprylon: C10–H17–N–O2

- Ethchlorvinyl: C7–H9–Cl–O
l Chemical Structure:
Background

Glutethimide

Glutethimide was initially marketed in 1954 as a so-called
safe alternative to barbiturates. However, it was soon found
that it had significant abuse liability, with prolonged use
leading to tolerance, dependence, and withdrawal if dis-
continued. Originally a Schedule III (less potential for abuse
or addiction than Schedule I or II drugs and have a useful
medical purpose) drug in the United States, it was changed to
Schedule II (strong potential for abuse or addiction but
having legitimate medical use) in 1991 due to a surge in abuse
and related fatalities resulting from combining glutethimide
and codeine. Today, glutethimide has largely been replaced
therapeutically by benzodiazepines, and has very little clinical
usefulness.
226 Encyclopedia of T
Meprobamate

Meprobamate was first marketed in 1955, and was the first drug
to be marketed as an anxiolytic. It quickly became very popular
and was credited for revolutionizing psychiatric care. It was the
first true ‘blockbuster’ drug with approximately 500 million
prescriptions written by 1965. Its popularity was short-lived,
however, as the discovery of benzodiazepines as well as
recognition of tolerance, withdrawal, and other adverse effects
significantly reduced its desirability by the early 1960s. Today it
has very little clinical usefulness. The meprobamate prodrug
carisoprodol, under the brand name Soma, is still prescribed to
a small subset of patients.
Methyprylon

Methyprylon is a nonbarbiturate sedative that is nonetheless
structurally related to barbiturates and acts by the same
mechanism as barbiturates at the GABA receptor. Methyprylon
was withdrawn from the US market in June 1965. It remained
available in other markets as late as 1990. Roche discontinued
the manufacture of methyprylon in 1988.
Ethchlorvinyl

Originally marketed in 1955 under the brand name Placidyl,
ethchlorvinyl quickly became a popular street drug by the
name of ‘jelly bellies.’ With a high incidence of tolerance,
dependence, and addiction, ethchlorvinyl is even implicated in
the death of Elvis Presley, who was known to be highly
dependent on the drug due to severe insomnia. Manufacture of
ethchlorvinyl ceased in 1999, and it has since been unavailable
in the United States.
Uses

Glutethimide

Glutethimide is a sedative–hypnotic drug indicated for the
treatment of insomnia. Studies have also shown evidence of
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00749-1
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efficacy for treatment of essential and intention tremors. Today
its use has largely been replaced by benzodiazepines.
Meprobamate

Meprobamate is indicated for the treatment of anxiety. At the
height of its popularity, it was used in the treatment of all
manner of ‘nervous’ disorders. Today its use has also largely
been replaced by benzodiazepines.
Methyprylon

Methyprylon was indicated for the treatment of insomnia.
Ethchlorvinyl

Ethchlorvinyl was indicated for a short-term treatment of
insomnia.
Exposure and Exposure Monitoring

Routes and Pathways

Accidental and intentional exposures to these agents occur
most often by the oral route.
Human Exposure

Human exposures to these agents in the United States are
monitored through the National Poison Data System, which
draws its information from the Poison Center system. Expo-
sures are rare due to the very limited availability of these drugs.
In the year 2010, there was 1 exposure to glutethimide, 2
exposures to ethchlorvinyl, and 24 exposures to meprobamate
reported to US Poison Centers. There were no reported expo-
sures to methyprylon.
Toxicokinetics

Glutethimide

Due to its poor water solubility, glutethimide is slowly and
erratically absorbed from the gastrointestinal (GI) tract. In one
study, peak plasma levels of 2.9–7.1 mg l�1 were observed
1–6 h after a single 500 mg dose. As a lipophilic drug, it quickly
distributes and concentrates in the brain and adipose tissue.
Glutethimide is extensively metabolized by the liver, primarily
via hydroxylation followed by glucuronidation. Less than 2%
of a dose is excreted unchanged in the urine. Glutethimide has
been observed to exhibit a biphasic elimination half-life, with
an initial half-life of approximately 3.9 h followed by
a terminal half-life of approximately 12 h and up to 22 h.
Meprobamate

While well absorbed from the GI tract in therapeutic doses,
absorption is significantly prolonged in overdose, and cases of
bezoar formation have been noted. Peak plasma concentra-
tions of 7.7, 16, and 24 mg l�1 have been observed after
administration of 400, 800, and 1600 mg of meprobamate,
respectively. Blood levels recorded in two overdose fatalities
were 180 and 205 mg l�1. Metabolism occurs rapidly in the
liver via oxidation and glucuronidation. Elimination half-life
averages roughly 8 h, and does not appear to increase signifi-
cantly in overdose.
Methyprylon

It is well absorbed from the GI tract with the onset of action
within 45 min. Peak plasma concentrations are reached
approximately 2 h after a single oral dose. Methyprylon is
metabolized in the liver and excreted in the urine. The elimi-
nation half-life is roughly 3–6 h after therapeutic dose, but may
be significantly prolonged in overdose.
Ethchlorvinyl

It is rapidly absorbed from the GI tract with an onset of action
within 15–30 min and a peak plasma concentration occurring
at about 1 h after ingestion. Ethchlorvinyl and metabolites
undergo enterohepatic recirculation. It is metabolized by the
liver and excreted in the urine, with an elimination half-life of
approximately 10–25 h, which is prolonged to approximately
35 h in overdose.
Mechanism of Toxicity

Glutethimide

Glutethimide is structurally and mechanistically related to
barbiturates, and produces a clinical picture similar to
phenobarbital. Though the exact mechanism of action has not
been elucidated, its activity is likely due to GABA agonism. In
addition to pronounced CNS depression and coma, gluteth-
imide also causes anticholinergic effects. The coma associated
with glutethimide overdose is often cyclical. This has been
postulated to be due to either the effects of the active
metabolite 4-hydroxyglutethimide or prolonged and delayed
absorption of glutethimide.
Meprobamate

Meprobamate has barbiturate-like effects at the GABA receptor,
with overdose resulting in CNS, respiratory, and vasomotor
depression. Meprobamate also appears to be directly car-
diotoxic, resulting in myocardial depression with refractory
hypotension in overdose. Death is typically a result of shock,
dysrhythmias, and/or respiratory depression.
Methyprylon

Methyprylon is structurally and mechanistically related to
barbiturates. Toxicity is related to GABA agonism resulting in
CNS depression, coma, respiratory depression and arrest,
hypotension, and hypothermia. Withdrawal symptoms may
occur with abrupt discontinuation.
Ethchlorvinyl

The exact mechanism of action is not known. It may work
similarly to barbiturates. It depresses cerebral function resulting
in deep sleep.
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Acute and Short-Term Toxicity

Animal

Toxicity in animals is expected to manifest similarly to humans,
with CNS depression being the major clinical effect.
Human

Glutethimide
Glutethimide toxicity results in CNS depression, respiratory
depression, hypotension, and a variety of related neuro-
logical findings such as ataxia, absence of reflexes, dilated,
sluggish pupils. Anticholinergic effects may manifest as dry
mouth, decreased GI motility, mydriasis, urinary retention,
and tachycardia. The degree of CNS depression and coma
do not correlate well with glutethimide concentration, and
tends to fluctuate with increasing and decreasing levels of
consciousness. Serious complications include respiratory
arrest, pulmonary edema, cerebral edema, seizures, and
shock.

Meprobamate
Overdose results in CNS depression, respiratory depression,
and myocardial depression with associated hypotension and
shock. Other symptoms may include headache, weakness,
clonus, nystagmus, and metabolic and respiratory acidosis.

Methyprylon
Toxicity manifests as CNS depression, coma, respiratory
depression and arrest, hypotension, and hypothermia. Other
possible symptoms include miosis and nausea/vomiting.

Ethchlorvinyl
The characteristic symptom of ethchlorvinyl overdose is a pro-
longed coma. Two case reports of coma lasting 17 days with
full recovery have been noted. Additional symptoms include
nausea/vomiting, hypotension, respiratory depression, hypo-
thermia, mydriasis, nystagmus, bradycardia or tachycardia, and
pulmonary edema.
Chronic Toxicity

Human

Glutethimide
Chronic toxicity may manifest as confusion, ataxia, tremor,
hyporeflexia, slurred speech, memory loss, poor concentra-
tion, mydriasis, xerostomia, peripheral neuropathy, and oste-
omalacia from enhanced vitamin D metabolism. Sudden
discontinuation of the drug in physically dependent individ-
uals may produce withdrawal symptoms including nausea,
vomiting, nervousness, tremor, tachycardia, hallucinations,
and seizures.

Meprobamate
Chronic intoxication may cause ataxia and slurred speech.
Tolerance and dependence may occur with prolonged therapy,
with resulting withdrawal syndrome following abrupt discon-
tinuation. Withdrawal symptoms include insomnia, tremors,
myoclonus, anxiety, and hallucinations.
Methyprylon
Prolonged administration can lead to dependence and addic-
tion, and a withdrawal syndrome has been described. With-
drawal symptoms include insomnia, restlessness, diaphoresis,
confusion, hallucinations, and seizures.

Ethchlorvinyl
Prolonged administration can lead to dependence and addic-
tion, and a withdrawal syndrome has been described. With-
drawal symptoms include anxiety, seizures, hallucinations,
paresthesias, tremor, ataxia, confusion, and amnesia.
Reproductive Toxicity

Glutethimide
There is no evidence that glutethimide is a human teratogen.
Glutethimide does cross the placenta and neonatal withdrawal
symptoms have been reported.

Meprobamate
Early studies suggesting increased defects in children who
were exposed to meprobamate in the first trimester have
not been reproduced in later surveillance studies. There does
not appear to be a significant risk, although it is recom-
mended to avoid meprobamate in the first trimester. Mepro-
bamate is secreted into and concentrated in the breast milk;
however, significant toxicity to the nursing infant has not
been observed.

Methyprylon
There is limited information on the effects of methyprylon
on the fetus, but animal studies have not shown
increased risk.

Ethchlorvinyl
Information on the effects of ethchlorvinyl on the fetus or
nursing infant is very limited. One of the studies in rats
demonstrated increased stillbirths and lower survival of
offspring. Neonatal withdrawal has been observed. No
studies have described its use in lactation, but excretion into
breast milk is expected, with possible consequences to the
infant.
Clinical Management

Glutethimide
The mainstay of treatment for glutethimide overdose is symp-
tomatic and supportive care. Basic and advanced life-support
measures should be instituted as necessary. Activated charcoal
is not recommended due to the risk for CNS depression and
aspiration. Gastric lavage may be considered for large, recent
ingestions.

Meprobamate
The mainstay of treatment for meprobamate overdose is
symptomatic and supportive care. Basic and advanced life-
support measures should be instituted as necessary. Acti-
vated charcoal, gastric lavage, and whole bowel irrigation may
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be considered to reduce absorption in large, recent ingestions.
However, these patients are at risk for CNS depression and
aspiration, and appropriate measures to protect the airway are
essential. Meprobamate has been known to form bezoars, and
multidose activated charcoal has been used. Due to the risk
of cardiac manifestations, continuous cardiac monitoring is
recommended.

Methyprylon
The mainstay of treatment for methyprylon overdose is
symptomatic and supportive care. Basic and advanced life-
support measures should be instituted as necessary. GI
decontamination with activated charcoal or gastric lavage may
be considered for a large recent overdose, but risk for aspiration
and airway protection must be considered.

Ethchlorvinyl
The mainstay of treatment for ethchlorvinyl overdose is
symptomatic and supportive care. Basic and advanced life-
support measures should be instituted as necessary. Main-
tenance of life support throughout the potentially prolonged
coma is essential. Warm blankets are helpful for hypo-
thermia. GI decontamination with activated charcoal or
gastric lavage may be considered for a large recent overdose,
but risk for aspiration and airway protection must be
considered.

See also: Barbiturates; Benzodiazepines (Long Acting/Short
Acting); Charcoal; Chloral Hydrate; Pharmacokinetics;
Poisoning Emergencies in Humans.
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Name: Selamectin
Chemical Abstracts Service Registry Number*: 165108-07-6
Synonyms*: (2aE,4E,50S,6S,60S,7S,8E,11R,13R,15S,17aR,20-

aR,20bS)-60-cyclohexyl-7-((2,6-dideoxy-3-O-methyl-alpha-
L-arabino-hexopyranosyl)oxy)-30,40,50,6,60,7,10,11,14,15,
20a,20b-dodecahydro-20b-hydroxy-50,6,8,19-tetramethyl-
spiro(11,15-methano-2H,13H,17H-furo(4,3,2-pq)(2,6)
benzodioxacyclooctadecin-13,20-(2H)pyran)-17,20(17aH)-
dione 20-oxime

25-Cyclohexyl-40-O-de(2,6-dideoxy-3-O-methyl-alpha-L-ara-
bino-hexopyranosyl)-5-demethoxy-25-de(1-methylpropyl)-
22,23-dihydro-5-(hydroxyimino)-avermectin A1a 25-cyclo-
hexyl-25-de(1-methylpropyl)-5-deoxy-22 23-dihydro-5-
(hydroxyimino)-avermectin B1 monosaccharide

Selamectin
UK-124,114
UNII-A2669OWX9N
Molecular Formula*: C43-H63-N-O11

Chemical Structure*:
*All from ChemIDplus
Background

Selamectin is a semisynthetic avermectin that has been mar-
keted by Pfizer Animal Health as Revolution� since 2000.
Selamectin is a topical, antiparasitic, broad spectrum endecto-
cide for use in dogs and cats. It is available as a colorless to
yellow, ready-to-use liquid, in single dose tubes for topical
application.
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Uses

Selamectin (Revolution�) is marketed for use in dogs 6 weeks
and cats 8 weeks of age or older to control certain internal and
external parasites. In dogs, it is used to prevent, control, or treat
fleas (Ctenocephalides felis), heartworms (Dirofilaria immitis), ear
mites (Otodectes cynotis), sarcoptic mange mites (Sarcoptes sca-
biei), and ticks (Dermacentor variabilis). In cats, it is used to
prevent, control or treat fleas (C. felis), heartworms (D. immitis),
ear mites (O. cynotis), hookworms (Ancyclostoma tubaeforme),
and roundworms (Toxocara cati). The recommended dosage is
6 mg kg�1, and should be applied directly onto the skin at the
base of the neck in front of the shoulder blades.
Exposure and Exposure Monitoring

Accidental human exposure to selamectin can occur through
the dermal route while handling the product before, during, or
after application to the pet. Human exposure has also been
shown to occur following contact with treated pets.
Toxicokinetics

Following dermal application, selamectin is rapidly absorbed
from skin into the bloodstream from which it is excreted into
the gastrointestinal tract and selectively distributed into the
sebaceous glands of the skin. This reservoir of selamectin in the
skin is responsible for the drugs activity against fleas, ticks, ear
mites, and sarcoptic mange mites. The presence of selamectin
in the bloodstream and gastrointestinal tract are responsible for
its activity against heartworm microfilaria and intestinal para-
sites, respectively. Active concentrations of selamectin persist in
the plasma for at least 30 days following application. Excretion
occurs predominantly via the feces, but small amounts of
unmetabolized drug can be found in the urine.
Mechanism of Toxicity

Selamectin binds irreversibly to glutamate-gated chloride
channels in the nervous system of the parasite, causing
a continuous influx of chloride ions and permanent hyperpo-
larization. This blocks neurotransmission and results in the
flaccid paralysis of the target insect. These effects do not occur in
the mammalian nervous system; therefore, selamectin is
considered much safer than other common insecticides.
However, side effects related to gamma-Aminobutyric acid
(GABA)ergic neurotransmission have been noted in mammals
treated with ivermectin and other avermectins. For more
information on this topic, the reader is directed to the chapter
on Avermectins.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00195-0
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Acute and Short-Term Toxicity

Clinical signs in animals acutely intoxicated with selamectin
include: alopecia at the application site, pruritis, urticaria,
erythema, vomiting, diarrhea, salivation, anorexia, lethargy,
ataxia, fever, tachypnea, muscle tremor, and rarely death. In
humans, selamectin may cause mild skin and eye irritation.
Rarely, skin reactions such as hives, itching, and redness may
occur. The oral LD50 of selamectin is >1600 mg kg�1 in both
the rat and mouse and it is a mild eye irritant and minimal skin
irritant in the rabbit.
Chronic Toxicity

Selamectin has a wide margin of safety in both dogs and cats
when used according to the label directions, although, there
have been rare reports of neurologic dysfunction including
seizures. It has an NOAEL of 40 mg kg�1 day�1 in the dog after
3 months of oral dosing. Numerous studies have shown the
safety of selamectin in both young and adult animals. Seven
monthly treatments of 6-week-old puppies and kittens at
10 times the recommended dose yielded no adverse effects.
Studies have also been carried out in heartworm-positive and
breeding animals with no adverse reactions. Selamectin has
also been shown to be safe in avermectin sensitive collies when
administered at a dosage of 30mgkg�1 for three monthly
doses.

Little is known regarding the health effects in humans
chronically exposed to selamectin. However, experimental data
suggest little potential for toxicity.
Reproductive Toxicity

Selamectin has an NOAEL of 10mgkg�1 or greater in repro-
ductive and fertility and prenatal and postnatal developmental
assays in the rat. Reproductive safety studies have also been
carried out in both the dog and the cat and revealed selamectin
was safe for use in the breeding animal.
Genotoxicity

In genotoxicity studies, Selamectin was negative in bacterial
mutagenicity, in vitro cytogenetic, in vivo micronucleus, and
mammalian cell mutagenicity assays.
Carcinogenicity

Selamectin is not considered a carcinogen by the IARC, NTP, of
OSHA.
Clinical Management

When handling selamectin (Revolution�) use proper hand
washing hygiene. Wash hands after use and wash away any
product that contacts the skin immediately with soap and
water. In case of contact with the eyes, flush eyes with copious
amounts of water. If ingestion of the product by a human
occurs contact a physician immediately.
Ecotoxicology

Selamectin has a low solubility in water and binds to soils,
sediments, and solids. It is not expected to bioaccumulate.
Selamectin is toxic to aquatic life; therefore, release into the
environment should be avoided. In Daphnia magna, selamectin
has a 48-hour EC50 of 26 ng l�1 and a 96-hour LC50 of 28 ng l�1

in Mysidopsis bahia.
Other Hazards

Selamectin is considered a flammable liquid and should be
stored away from heat, sparks, or open flames.
Exposure Standards and Guidelines

The time-weighted average occupational exposure limit is
0.2 mg m�3.

See also: Avermectin; Pesticides.
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l Name: Selenium
l Chemical Abstracts Service Registry Number: 7782-49-2
l Synonyms: Vandex; C.I. 77805
l Molecular Formulas: Se4þ; Se6þ; Se2�

l Selected Compounds: Hydrogen selenide (H2Se), Sodium
selenate (Na2SeO4), Sodium selenite (Na2SeO3), Selenium
chloride (Se2Cl2). The toxicity of compounds varies
substantially
Background

Selenium was discovered in 1817 by Jöns Jacob Berzelius.
Especially noted was the similarity of the new element to the
previously known tellurium. Selenium is an essential trace
element atw0.1 ppm in diets. Selenium is a biologically active
part of a number of important proteins, particularly enzymes
involved in antioxidant defense mechanisms, thyroid hormone
metabolism, and redox control of intracellular reactions. In
humans and animals, selenium plays a role in protecting
tissues from oxidative damage as a component of glutathione
peroxidase.
Uses

Selenium is used in a wide variety of industries, including
electronics, glass, ceramics, glass coloring, steel, pigment
manufacturing, and rubber production. Medicinally, selenium
is used in antidandruff shampoos and as a dietary supplement.
Environmental Fate and Behavior

Although selenium occurs naturally in the environment found
in rocks and soil, it can also be released by both natural and
manufacturing processes. However, forms of selenium can be
transformed (changed) in the environment. Weathering of
rocks to soil may cause low levels of selenium in water or it may
cause it to be taken up by plants and naturally released into the
air. Volcanic eruptions are suspected of contributing to sele-
nium in air, and soils in the areas around volcanoes tend to
have enriched amounts of selenium.

Selenium has multiple oxidation states (valence states)
including �2, 0, þ4, and þ6. The type of selenium found is
a result of its oxidation state, which may vary according to
ambient conditions, such as pH andmicrobial activity. Selenium
enters the air from burning coal or oil. Most of the selenium in
air is bound to fly ash and to suspended particles. The elemental
selenium that may be present in fossil fuels forms selenium
dioxide during combustion (burning). Selenium dioxide can
then form selenious acid with water or sweat. Selenium
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anhydride is released during the heating of copper, lead, and zinc
ores when there is selenium in them. Hydrogen selenide
decomposes rapidly in air to form elemental selenium and
water, thus eliminating the danger from this compound for most
people, except those who are exposed to it in their workplace.

Airborne particles of selenium, such as in coal ash, can settle
on soil or surface water. Disposal of selenium in commercial
products and waste could also contribute to selenium levels in
soil. But the amount of selenium released to soil from fly ash
and hazardous waste sites has not been measured. The forms
and fate of selenium in soil depend largely on the acidity of the
surroundings and its interaction with oxygen. In theory,
at equilibrium with no oxygen present, deep-soil seleniummay
be present as elemental selenium. In the absence of oxygen
when the soil is acidic, the amount of biologically available
selenium should be low. Elemental selenium that cannot
dissolve in water and other insoluble forms of selenium (such
as selenium sulfide and heavy metal selenides) are less mobile
and will usually remain in the soil, posing less of a risk for
exposure. Active agricultural or industrial processes may
increase the amount of biologically available selenium by
decreasing the acidity of the soil and increasing the oxygen and
the soluble selenium compounds. Selenium compounds that
can dissolve in water are very mobile. For example, selenates
and selenites are water-soluble, and thus mobile, so there is an
increased chance of exposure to them. Irrigation drainage
waters may result in increased selenium entering the surface
water. Other factors that may affect the rates at which selenium
moves through the soil are temperature, moisture, time, season
of year, concentration of water-soluble selenium, organic
matter content, and microbiological activity.
Exposure and Exposure Monitoring

For the general population, ingestion is the primary exposure
pathway; sources include dietary supplements and various
foods including seafood, meats, milk products, and grains.
Trace amounts are found in drinking water. Selenium is not
absorbed from shampoos.

In industrial settings, inhalation may be a significant
exposure pathway. Airborne concentrations of selenium are
higher in the vicinity of metallurgical industries. Selenium is
present in most sulfide ores and is generally a by-product of the
roasting of copper pyrite.
Toxicokinetics

Selenium and most of its compounds are rather insoluble
and thus not absorbed orally. Soluble selenium compounds
(e.g., sodium selenate and sodium selenite) are readily
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00926-X
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absorbed (up to 90%). Blood concentrations depend on the
amount of selenium ingested. After blood levels of 200–
240 mg ml�1 are obtained, homeostatic controls take over. The
greatest amount of absorbed selenium concentrates in the liver
and kidneys, a lesser amount in the heart and lungs, and the
least in the muscles.

Selenium is an essential trace element and an integral
component of heme oxidase. It appears to augment the anti-
oxidant action of vitamin E to protect membrane lipids from
oxidation. The exact mechanism of this interaction is not
known; however, selenium compounds are found in the sele-
nium analogs of the sulfur-containing amino acids, such as
cysteine and methionine. Se-cysteine is found in the active sites
of the enzyme glutathione peroxidase, which acts to use
glutathione to reduce organic hydroperoxides.

Selenium is rapidly excreted in the urine; some is incorpo-
rated into proteins. Elemental selenium and its oxides can be
methylated. Trimethyl selenium is excreted rapidly in the urine;
some is exhaled.
Mechanism of Toxicity

Selenium in the body can be grouped in three main categories:
selenium in proteins, nonprotein selenium species, and sele-
noamino acids. The most prevalent selenium species include
selenocysteine, selenomethionine, and inorganic forms of sele-
nium (selenite and selenate). Little is known about the specific
biochemical mechanisms by which selenium and selenium
compounds exert their acute toxic effects but may involve redox
cycling. Generally, water-soluble forms are more easily absorbed
and are generally of greater acute toxicity. Sulfhydryl enzymes are
attacked by soluble selenium compounds.

Excess selenium results in liver atrophy, necrosis, and
hemorrhage.
Acute and Short-Term Toxicity (or Exposure)

Animal

The toxicity depends on the molecular form. More soluble
compounds, for example, sodium selenite, are more toxic than
the less soluble elemental selenium, selenium sulfide, or sele-
nium disulfide. Selenium dioxide is highly to moderately toxic,
with oral LD50 values in rodents from 20 to 70 mg kg�1. The
dermal LD50 for selenium dioxide in rabbits is 4 mg kg�1. Oral
LD50 values for sodium selenite range from 14 to 7 mg kg�1,
whereas an LD50 of 138 mg kg�1 was noted for selenium
disulfide, and an LD50 of 46 mg kg�1 was noted for elemental
selenium.

Respiratory effects include pulmonary congestion, hemor-
rhage and edema,dyspnea,weakness, and asphyxial convulsions.
Acute exposures can also result in altered hematocrit, liver
toxicity, and hemorrhage of the kidneys.
Human

Selenium is irritating to the eyes, skin, nose, and throat. The
difference between an essential dose and a toxic dose for sele-
nium is quite narrow. Normal intake can range from 50 to
200 mg; in the milligram range, toxicity is noted. Acute sele-
nium poisoning results in nonspecific symptoms (e.g., eye
irritation and coughing) and can affect the central nervous
system and lead to convulsions. Liver and spleen damage has
also been noted.

Inhalation of hydrogen selenide, a gas, may produce irrita-
tion of the upper respiratory tract and reduced respiratory flow
rates, which can persist for a few years.
Chronic Toxicity (or Exposure)

Animal

Livestock and other animals are particularly affected by either
selenium deficiency or excess selenium. In animals with sele-
nium-deficient diets, liver necrosis arises. In areas with deficient
selenium concentrations in soil, calves and lambs develop
muscle atrophy, which is referred to as either ‘white’ muscle
disease or ‘stiff ’ muscle disease. Selenium supplementation
(often injections) prevents these symptoms.

In areas with unusually high levels of selenium in the soil,
livestock develop ‘blind-stagger’ disease, which is characterized
by loss of vision, weakness of the limbs, and possible respira-
tory failure. Runoff from heavily fertilized farms causes excess
selenium in ponds, which results in malformation of birds.
Excessive of selenium is also toxic; however, at lower levels it is
a protective agent against the toxicity of cadmium, methyl-
mercury, arsenic, copper, and thallium.
Human

Toxic manifestations of selenium poisoning include decaying
and discoloring of teeth, gastrointestinal tract distress, skin
lesions, and loss of hair and nails. In some cases, the skin on the
fingertips and toes peels constantly. Excess selenium, resulted
in selenosis, is metabolized to the dimethyl derivative, which is
volatile and produces the ‘garlic’ or ‘rotten’ breath characteristic
of selenium toxicity. Target organs are the respiratory tract,
liver, kidneys, blood, skin, and eyes. Threshold limit value
(TLV) is 0.2 mg m�1.
Immunotoxicity

Lymphoid hyperplasia was noted in the spleen of guinea pigs
following a single 4-h exposure at 8 mg m�3 of selenium as
hydrogen selenide. Specific effects included congestion of the
spleen, fissuring red pulp, and increased polymorphonuclear
leukocytes.

No studies were located regarding immunological effects in
humans after inhalation or oral exposure to selenium or sele-
nium compounds.
Reproductive Toxicity

In animals, oral exposure to high doses of sodium selenite or
selenite caused increased numbers of abnormal sperm, as well
as testicular hypertrophy, degeneration, and atrophy in male
rats and affected the estrous cycle in female rats and mice.
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Selenium deficiency has also been reported to cause decreased
sperm production and motility in rats. B lymphocyte function
is suppressed by reduced selenium levels.

In humans, no correlation has been found between sele-
nium levels in seminal fluid and sperm count or mobility.
Genotoxicity

A moderate genotoxic activity of selenium compounds, such as
selenite, selenate, selenide, selenocysteine, and selenosulfide,
has been found in several in-vitro systems. The results of the
study showed chromosomal aberrations and increased sister
chromatid exchange (SCE) in hamster bone marrow cells.
Studies in vitro of selenium salts also indicated mutagenic
effects associated with the production of reactive oxygen radi-
cals and that glutathione promotes these reactions. It is well
known that auto-oxidizing selenium metabolites, such as
hydrogen selenide, can undergo redox cycling, producing
oxygen radicals and cause DNA strand breaks.
Carcinogenicity

In animals, several early studies showed tumors after selenium
exposure. However, these studies have been evaluated on
several occasions and the data have been considered incon-
clusive because of many problems with the studies. The US
National Cancer Institute found selenium monosulfide
(administered orally) to be carcinogenic in rodents; however,
many epidemiological studies associate selenium intake with
lower cancer rates in humans. Moreover, in the laboratory,
selenium somewhat negates the carcinogenic action of carci-
nogenic aromatic hydrocarbons, acetylaminofluorene, and azo
dyes, and it protects against spontaneous mammary tumors in
various species of rodents.

Synthetic selenium compounds have also shown effects
indicative of carcinogenicity. Selenium diethyldithiocarbamate
given to mice was found to increase the incidence of hepa-
tomas, lymphomas, and pulmonary tumors. Selenium sulfide
in large oral doses was found to be carcinogenic to rats and
mice. Based on the data, US EPA has determined selenium
sulfide as a probable human carcinogen.

The International Agency for Research on Cancer (IARC),
overall, has determined that selenium and selenium
compounds are not classifiable as to their carcinogenicity to
humans.
Clinical Management

In general, only supportive treatment has been recommended
for oral exposure to selenious acid, sodium selenate, and
selenium dioxide. Because selenious acid is caustic, gavage, and
induction of emesis are not recommended. Aggressive dilution
with water or saline is indicated after topical exposure to sele-
nious acid. Sodium thiosulfate solution (10%) may decrease
pain and necrosis following dermal exposure. No specific
recommendations have been reported for reducing absorption
after acute high-dose exposure to selenium or selenium
compounds via inhalation or dermal exposure. General
procedures to reduce exposure include moving the victim to
fresh air, removing contaminated clothing and shoes, and
flushing exposed areas with running water.

Currently, there are no antidotes of choice for selenium
toxicity. Ethylenediaminetetraacetic acid and British anti-
Lewisite (BAL; 2,3-dimercaptopropanol) should not be used
because they may enhance selenium toxicity. Corrosive sele-
nious acid (in gun-bluing solution) should be treated similar to
other agents that cause esophageal burns.
Ecotoxicology

Selenium is implicated in the poisoning of birds in enclosed
saline lakes where concentration occurs. There is some evidence
that selenium can be taken up in tissues of organisms
(bioaccumulate) and possibly increase in concentration
(biomagnify) in aquatic organisms as it is passed up through
the food chain. Selenium concentrations in aquatic organisms
have been a problem as a result of irrigation runoff in some dry
areas of the United States. It is important to remember that
selenium’s behavior in the environment is largely affected by its
surrounding conditions and by how it interacts with other
compounds.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists (ACGIH) TLV–time-weighted average (TWA) for
hydrogen selenide is 0.05 mg m�3. The ACGIH TLV TWA for
selenium and its compounds is 0.2 mg m�3. Symptoms of
overexposure include headache, chills, fever, bronchitis, garlic
breath, gastrointestinal disturbance, and dermatitis.
Miscellaneous

Selenium deficiency has been implicated to play a role partic-
ularly in viral diseases, such as tuberculosis and HIV.

See also: Metals; Veterinary Toxicology.
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Sensitivity Analysis: Definition and Properties

In a numerical (or otherwise) model, the Sensitivity Analysis
(SA) is a method that measures how the impact of uncertainties
of one or more input variables can lead to uncertainties on the
output variables. This analysis is useful because it improves the
prediction of the model, or reduces it by studying qualitatively
and/or quantitatively the model response to change in input
variables, or by understanding the phenomenon studied by the
analysis of interactions between variables. However, the target
of interest must not be the model output per se, but the
question that the model has been called to answer.

In other words, the expected values of various parameters
involved can be used to evaluate the robustness, i.e., ‘sensitivity’
of the results from these changes and identify the values beyond
which the results change significantly. SA identifies priority
needs for improving knowledge. Indeed, this analysis reduces
the uncertainties of the parameters of the assessment and then,
decisions about the phenomenon under study can be taken.
Two Methods of SA

Local SA

The local analysisdiffers fromtheglobalanalysisby lookingat the
value of the response; in fact, it studied how small perturbations
around a value of the inputs affect the output value. This analysis
therefore determines the local impact of changes in input
parameters, in a small interval around a nominal value of output
parameters. This deterministic approach is estimating the indices
of sensitivity based on the partial derivatives of the model at
a specific point. Local SA is usually carried out by computing
partial derivatives of the output functions with respect to the
input variables (differential analysis). For risk analysis, when the
objective of the local SA is toquantify theprobability of exceeding
a threshold, the first-order reliability method (FORM) and the
second-order reliability method (SORM) measure the sensitiv-
ities with respect to this threshold which is exceeded. However,
this local approach has limitations that are the assumptions of
linearity andnormality, and local variations, results are limited to
the neighborhood of a nominal point, and cross effects cannot be
detected.
Global SA

The global SA interests the entire field of possible variation of
the input variables, by determining the input variables of
a model that contribute most to an amount of interest calcu-
lated using this model. In other words, this analysis determines
how much uncertainty about the response is due to the
uncertainty of each input variable (or group of input variables),
i.e., how much of the output variance is due to such inputs or
that set of inputs.
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The objectives of a best global SA are as follows:

l Cope with the influence of the scale and shape: identify and
prioritize the most influential inputs and determine the
influential entries not to make them consistent by incor-
porating the effect of the range of input variation and the
form of its probability density function

l Be able to treat grouped variables as if they were single
variables

l Include multidimensional averaging
l Map the behavior of the output relative to inputs, focusing

in specific areas if necessary
l Be model independent
l Calibrate the model variables with respect to certain infor-

mation available (observations real output, constraints)

There are three methods of global SA of a model.
The first method is the screening that can screen roughly the

input variables most influential among many. Screening
qualitatively analyzes the importance of input variables on the
variability of the response of the model. This approach helps to
establish a hierarchy within the input variables according to
their influence on the variability of the response and to identify
the subset of factors that control most of the output variability
with a relatively small effort of calculation. Typical screening
designs are one-at-a-time with the method of Morris, in which
the impact of changing the values of each of the chosen factors
is evaluated in turn.

The second method is that measures of importance: It helps
prioritize accurately the influence of each input variable on the
model output. This approach generally uses Monte Carlo anal-
ysis and several statistical tools that show quantitatively the
influence of each input variable. These tools are linear regression
with the following sensitivity main measures: Pearson coeffi-
cient, standardized regression coefficients, partial correlation
coefficients, standardized rank regression coefficients, and
partial rank correlation coefficients. Statistical tests can supple-
ment this regression (Fisher test and Kruskal–Wallis test). When
the model studied is nonlinear and nonmonotonic, the
importance of the inputs on theoutput of themodel is estimated
using the variance decomposition function. The method of the
variancedecomposition canalsobeperformedby themethodof
Sobol or by a model simulation which runs based on efficient
sampling, using different techniques: high-dimensional model
representation technique, Fourier amplitude sensitivity test
(FAST), and the extended FAST method.

The thirdmethoduses the tools of explorationof themodel to
measure the effects of inputs throughout their range of variation.
SA Applications

Note that many application domains are interested in the SA.
In the field of risk assessment, SA can be applied to identify
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00431-0
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both the variables that dominate risk estimates than those that
are relatively small.

In quantitative toxicology, uncertainties can be reduced in
the formulation and application of the (integrated or not)
models by applying routinely the SA methods and by inte-
grating them as part of model evaluation and application.
Techniques used for physiologically based pharmacokinetic
(PBPK) models need to be numerically efficient, able to deal
with nonmonotonic output and differential forms. Most of
these SA methods satisfy these criteria and allow for variance
decomposition and estimation of main and interaction effects.
These PBPK models have generally a large number of input
parameters (>20), and the global method is computationally
expensive. One solution is to use a global screening method,
such as the Morris test to determine the most influential
parameters and then to run a global quantitative method on
only those parameters.

SA can also be applied to nuclear engineering, chemistry,
ecology, medicine, and economics.

See also: Uncertainty Analysis; Risk Assessment; Uncertainty
Factors; Monte Carlo Analysis.
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Introduction

The possible occurrence of an impairment in sensory percep-
tion induced by exposure to many chemicals is not unknown:
an effect of organic mercury on vision was described as early as
1885 and in the same period, hearing loss was recognized
among the signs of acute and chronic mercury poisoning in
laboratory assistants preparing dimethylmercury amalgams.
Anosmia was observed in workers exposed to cadmium in the
first half of the 1900s. Nevertheless, quite surprisingly, the
effect of chemicals on sensory organs and sensory perception in
humans has received relatively scant attention, and knowledge
in this field is mainly limited to case reports or isolated studies
in groups of environmentally or occupationally exposed
subjects and, with a few exceptions, there has been no
concerted effort of research in the field.

An overview of current knowledge on the effect of exposure
to chemicals on sensory function in vision, hearing, smell, and
taste systems is given here. In principle, these effects can be
studied in animals or in humans following experimental
exposure, pharmacological treatments, occupational, or envi-
ronmental exposures: this review is mainly confined to the
results of human research. A detailed discussion on the ana-
tomophysiological basis of sensory perception however, is
beyond our aims and shall not be dealt with here.
Vision

Vision is a complex perception: the anatomophysiological
aspects are not addressed here but, to briefly simplify; visual
perception implies an adequate light transmission through the
optic system, including the cornea, lens, and vitreous humor, to
the retina, that converts the light into nerve impulses. These in
turn are sent to the occipital cortex of the brain via the optic
tracts. An effect in any of these components may impair visual
function. In principle, the toxicity of chemicals to eye function
may be classified as acute and chronic. Some agents can induce
both acute and chronic effects.

More frequently, acute effects can be caused by irritant/
caustic chemicals such as acids or alkalis. These effects can be
direct and not requiring absorption. The cornea and conjunc-
tiva are affected and the resulting is edema (swelling) or an
erosion of the surface cells (abrasion). Patients with only mild
corneal edema or erosion usually experience pain and possibly
‘halos’ around bright objects, that may heal in a few days
without functional effect, but, in more severe injury, extensive
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scarring, possibly resulting in corneal opacity with a conse-
quent visual loss may occur. In most cases, these effects are
related to occupational or environmental exposures and highly
water-soluble gases, such as ammonia, aliphatic amines,
hydrogen sulfide, and others are involved. Cholinergic agents
such as acetylcholine, metacholine, and carbachol and organ-
ophosphates such as parathion and malathion, induce miosis.
Anticholinergics such as atropine but also cocaine and
amphetamines cause mydriasis.

Several chemicals may induce a chronic effect to visual
function in humans. Various studies, mostly performed since
the 1980s, indicate that different components of the visual
system may be affected, even if knowledge on some aspects
such as the mechanisms involved, evolution, or reversibility is
incomplete. Different methods can be applied to study the
chronic effects of chemicals on the visual system in humans but
the most commonly applied (at least in epidemiological
studies) are visual evoked potentials (VEPs), visual contrast
sensitivity (VCS), and color vision testing and visual acuity.
Other methods that can potentially add relevant information
in this field (such as electroretinography, visual search task,
visual field light sensitivity threshold, etc.) are also available
but, for practical reasons, they are less frequently applied in
epidemiological studies of groups of exposed subjects.

Various demographic and personal characteristics like age,
alcohol consumption, or smoking and diseases like diabetes,
hypertension, low vision, or other eye disease can interfere with
the results of visual function testing and must be considered in
studies on the effect of chemicals on visual function. For
practical reasons, workers are more frequently involved in
studies as usually it is relatively easier to evaluate their exposure
and other relevant characteristics as a group. In workers
exposed to levels close to current occupational limits, inorganic
mercury can reduce color perception and VCS, and also affect
VEPs. An environmental exposure to the same metal may
impair VCS and children seem more susceptible. Color vision,
VCS, and the peripheral visual field may be affected by organic
mercury. Lead may impair VCS in workers, whereas VEPs and
color vision results are more conflicting, although again, chil-
dren seem more susceptible. In exposed workers, an effect of
manganese on color vision, VCS, and VEPs has been reported.
VEPs, color vision, and VCS are also affected by an occupa-
tional exposure to several organic chemicals, such as acryl-
amide, benzene, carbon disulfide, hexane, methanol, methyl
bromide, perchloroethylene, styrene, toluene, and also expo-
sure to solvent mixtures. Among pesticides, organophosphates
can affect color vision and VEPs; chlorpyrifos has been reported
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00982-9
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Table 1 Main data of research on the effect of industrial chemicals
on color vision perception, visual contrast sensitivity and visual evoked
potentials

Metals Color vision

Contrast

sensitivity

Visual evoked

potentials

Aluminum þ
Cadmium þ
Lead þ (children?) þ þ (?)
Manganese þ þ þ
Mercury þ þ þ
Thallium þ
Tin (organic) þ

Other chemicals

Color

vision

Contrast

sensitivity

Visual evoked

potentials

Acrylamide þ þ
Benzene þ þ
Carbon disulphide þ þ þ
Dinitrochlorobenzene þ
Ethanol þ
n-Hexane þ þ þ
Methanol þ þ
Organophosphates þ þ
Perchloroethylene þ þ þ
Styrene þ þ þ
Toluene þ þ þ
Chlorpyrifos þ þ
Solvent mixtures þ þ þ

Table 2 Main industrial chemicals inducing optic neuritis

Metals

Lead
Mercury
Thallium

Other chemicals

Carbon disulfide
Carbon tetrachloride
Dinitrochorobenzene
Dinitrotoluene
Ethanol
Ethyleneglycol
n-Hexane
Methyl acetate
Methyl bromide
Methanol
Organophosphates
Perchloroethylene
Styrene
Toluene
Trichloroethylene
Tricresylphosphate
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to impair also color vision and VCS. Some human data suggest
that also TCDD, trichloroethylene, and ethyl benzene can
induce an effect on VEPs. The available data is summarized in
Table 1.

We have to observe that currently, the effects observed in
workers are usually subclinical and color vision testing; VEPs
and VCS can disclose the early effects of chemical exposure.
Nevertheless, several of these chemicals have been reported to
induce clinical optic neuritis (Table 2).

The progression of chemical-related vision impairment is
discussed. Regarding color vision, a worsening related to an
increase in exposure was observed, whereas data on revers-
ibility is conflicting. Insufficient data are available on VEPs
testing, but some data suggest that contrast sensitivity loss may
reflect a long-term cumulative exposure and chronic, possibly
irreversible, damage to the neuro-optic pathways.

The knowledge on mechanisms of chronic toxicity of
chemicals to visual function is largely incomplete. A retinal
location is suggested by some electrophysiological data con-
cerning workers exposed to styrene and perchloroethylene, and
in experimental exposure to various solvents. The effect may be
related to a direct effect of the chemical (or metabolite) on
receptor functioning (e.g., on the cone’s metabolism as regu-
lation of Caþ homeostasis, or on phototransduction), or on
neurotransmitters like dopamine or acetylcholine. Retinal
ischemia may be induced by a direct effect on retinal arteries, as
in the case of ergot alkaloids, cocaine, and amphetamines, or
by preventing oxygen delivery, e.g., in the case of carbon
monoxide. Other possible mechanisms are optic neuritis,
which is reported for various chemicals, or a cortical effect as
observed in organic mercury poisoning. It is possible that the
same chemical may have different mechanisms, perhaps
depending on the type of exposure.
Hearing

Hearing is the perception of sound. Compared to the other
senses, a relatively larger body of data exists on the effect of
drugs and industrial chemicals on the hearing function in
humans. Possibly, one of the main reasons is more consensus
on the testing procedures to be applied in studies. In the large
majority, pure tone audiometry and less frequently, brainstem
auditory evoked responses (BAER) were carried out. Further-
more, procedures are more standardized, and the results
reported by different research groups are usually enough
comparable. More recently, other promising methods, such as
otoacoustic emissions, have been applied in studies on the
early ototoxicity of chemicals, but less epidemiological data are
available.

Overall results show that several chemicals can affect
hearing function. The effect of pharmaceutical drugs, such as
aminoglycosides and other antibiotics (tetracycline, erythro-
mycin, and vancomycin), salycilates, antimalarials (e.g., chlo-
roquine and quinine), antiarrhythmics (quinidine, lidocaine,
phentoin, propranolol, etc.), loop diuretics (e.g., ethacrinic
acid and furosemide), and antineoplastics (e.g., cisplatin, car-
boplatin, and bleomycin) is well known. Furthermore, occu-
pational and/or environmental exposure to various chemicals
can also impair hearing function. Among metals, lead and lead
compounds can affect the hearing function in workers (even at
low levels) and environmental exposure was associated with
minor hearing impairment. A similar effect was described for
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manganese, but only in workers presenting symptoms of
intoxication. Regarding organic mercury, recent studies in
groups of exposed workers are lacking, but hearing loss was
described among the signs of acute and chronic mercury
poisoning in laboratory assistants preparing dimethylmercury
amalgams in the second half of the nineteenth century, and
diagnosed in up to 80% of patients with Minamata disease.
More recently, a dose-related elevation of hearing thresholds
and an effect on BAER has been reported in occupational
exposure to inorganic mercury, although results are still
considered nonconclusive. Some data show that also organic
tin compounds and germanium can have an ototoxic effect, as
may cadmium and arsenic. A significant arsenic-related hearing
loss was observed in children living in a heavily polluted area,
while other studies (all by the same group), showed no
significant effect on the hearing function in children following
environmental exposure to lead and mercury.

Among organic chemicals, an effect was reported in
workers exposed to carbon disulfide, hexane, styrene,
toluene, trichloroethylene, xylene, or solvent mixtures. Both
hearing loss and BAER abnormalities were repeatedly
observed in carbon monoxide and cyanides poisoning, under
severe exposure conditions. A list of the main chemicals
agents that can reportedly alter hearing function is presented
in Table 3.

Noise exposure is known to induce hearing loss. The coex-
posure to ototoxic chemicals and noise may be additive or
synergistic in the production of this effect, causing an increase
of risk after exposure to the chemical with concurrent noise
exposure.

Even if the evidence is incomplete, different pathogenetic
mechanisms have been proposed to explain the ototoxicity of
Table 3 Main agents associated with hearing loss

Pharmaceutical drugs

Aminoglycosides and other antibiotics
Antimalarian
Antineoplastic drugs
Antiarrhytmic
Diuretics
Salicylates

Occupational and environmental exposures

Metals

Lead
Mercury
Organic tin
Germanium
Other
Other chemicals

Bromates
Carbon disulfide
Carbon monoxide
Cyanides
Ethyl benzene
Hexane
Styrene
Toluene
Trichloroethylene
Xylene
different chemicals. Ototoxicants impairing the auditory
apparatus are usually conveyed by blood up to the cochlea
where impairment of the cochlear structures occurs, including
the auditory sensory cells (‘hair cells’), the fluid-producing cell
layer on the outer wall of the cochlear duct (‘stria vascularis’),
and the starting point of the auditory nerve, the spiral ganglion
cells. In most cases, the hair cells are the primary targets of
cochleotoxicants such as antitumor drugs and antibiotics
(e.g., aminoglycosides). Some cochleotoxic substances may
have temporary effects: e.g., diuretics and salicylic acid can
cause a temporary threshold shift by modifying the function of
the stria vascularis, while other substances, causing hair cell
damage, induce a permanent effect.

In arsenic experimental exposure, histopathological damage
in the organ of Corti and stria vascularis was observed. In
sodium arsenilate intoxication, the outer hair cells of the hel-
icotrema are affected first and then damage proceeds basally. In
this, the progression seems time- and dose-dependent. Inter-
estingly, the experimental finding of an early apical involve-
ment of the organ of Corti is consistent with some audiometric
results in arsenic exposed populations, showing low-frequency
sensory hearing loss. A similar involvement of the organ of
Corti was also described for toluene: in exposed rats, histo-
pathological studies show a broad loss of outer cells in both the
mid and mid-apical coil, consistent with electrophysiological
data showing a hearing deficit in mid and mid-low frequency
regions. The case of lead is possibly different: evidence from
both animal and human studies suggests segmental demye-
lination and axonal degeneration of the eighth nerve induced
by this metal, whereas cochlear structure (including sensory
cells) appears not to be affected. An effect of low-level lead
exposure on the central auditory nervous system of exposed
workers has been reported. Still different is the example of
mercury: data from subjects withMinamata disease suggest that
the early andmiddle stages of intoxication may induce cochlear
lesions, whereas in late stages, the retrocochlear part of auditory
system is affected. In this, a demyelination in the temporal
lobes and a heavy deposition of the metal in transverse
temporal gyri were observed in brain autopsy results from
mercury-intoxicated subjects. An atrophy of the cerebral and
cerebellar cortices was also reported. Hearing loss seems to
develop quite early in intoxication, and extends over almost the
entire frequency range, with similar findings observed in
intoxicated monkeys.
Smell

Smell is the perception of odor by the nose. The terms
‘anosmia’ and ‘hyposmia’ are usually applied to describe the
absence or diminished smell function, respectively (although
‘anosmia’ has occasionally been used in a broader sense, to
include both conditions). ‘Dysosmia’ is an altered perception
of smell and includes ‘cacosmia’ (the altered perception of
a present stimulus) and ‘phantosmia’ (an odor perception
without stimulus).

An overall prevalence of hyposmia and anosmia in the
general population has been reported in Sweden (13.3 and
5.8% respectively), and similar proportions have been
observed in Germany. The main factor related to olfactory



Table 4 Main agents associated with olfactory function impairment

Pharmaceutical drugs

Antibiotics (e.g., ampicillin, ciprofoloxacin, macrolides, streptomycin,
tetracyclines)

Antineoplastics (e.g., cysplatin, methotrexate, vincristine)
Antihistamines (e.g., chlorpheniramine, pseudoephedrine)
Antihypertensive (e.g., acetazolamide, captopril, clonidine, enalapril,

ethacrynic acid, etc.)
Lipid lowering drugs (e.g., cholestyramine, clofibrate, pravastatin)
Gold salts, D-penicillamine

Occupational and environmental exposures

Metals

Arsenic
Cadmium
Chromium
Copper
Mercury
Nickel
Zinc
Other chemicals

Acetone
Acrylate and methacrylate
Benzene
Hexane
Styrene
Toluene
Trichloroethylene
Xylene
Solvent mixtures
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dysfunction is probably aging, but several other causes are
known, including head trauma, infections of the upper respi-
ratory tract, nasal and paranasal sinus disease, and tumors. Loss
of olfactory function can be also related to neurodegenerative
disease and is an early sign of Parkinson’s disease and Alz-
heimer’s disease. It is also associated with several psychiatric
diseases. Other possible causes, including cocaine addiction
have been reported.

Smell dysfunction is also a possible outcome of exposures
to chemicals and a comprehensive list of more than 120
substances (including drugs) possibly affecting the olfactory
function has been published.

A relevant limit in the current knowledge on the effect
of chemicals on olfactory function is that until now, findings
have been mainly based on animal studies, occasional case
reports and on the relatively few epidemiological studies in
worker populations. Accordingly, the prevalence of olfactory
dysfunction caused by an exposure to chemicals is difficult to
estimate. While causative values ranging from 0.5 to 5% of all
olfactory disorders have been proposed, these may be an
underestimation.

Another difficulty faced is the lack of agreement on testing
procedures. Among the methods used, odor detection
threshold, discrimination, or identification were most
frequently adopted for studies in groups of subjects. Using
different commercially available methods, the reliability of
different olfactory tests for an evaluation of olfactory function
was studied in volunteers, with findings suggesting some
caution in the comparison of results obtained using studies
that employ different methodologies.

Demographic and personal characteristics such as gender,
age, and smoking habits are significantly related to olfactory
function. Several chemicals, including pharmaceutical drugs,
can impair olfactory function in humans. The best known
industrial chemical that can induce hyposmia or, less
frequently, anosmia is certainly cadmium and a description of
anosmia in cadmium-exposed workers was first reported in the
late 1940s. In the following years, an impairment in olfactory
function related to cadmium exposure was observed in alkaline
battery workers, smelters, solderers, and brazing workers. Other
metals like chromium and nickel, and several organic
compounds, solvent mixtures, or wood dust were reported to
induce hyposmia or anosmia in workers. A list of the main
chemical agents that reportedly alter olfactory function is pre-
sented in Table 4.

The knowledge on mechanisms of chemical-related olfac-
tory impairment is far from complete: possible sites of action
include the olfactory mucosa, the olfactory receptor site, the
primary olfactory neuron, the olfactory bulb, and the olfac-
tory cortices (pyriform, prepyriform, and entorhinal). Prob-
ably, different pathogenetic mechanisms are involved
depending upon the chemical and concentration. Irritant/
caustic chemicals may induce direct damage to the olfactory
and/or nasal respiratory epithelia, while other chemicals may
act with different effects, for example, on neurotransmitter
release, or to induce an interference with sodium or calcium
channels in the nerve ending as postulated for cadmium.
Other mechanisms are also possible. As an example, acrylate
and methacrylate may cause a loss of olfactory neuron, and
changes in the olfactory mucosa, as observed in experimental
exposure to in animals, whereas organic solvents may act on
the olfactory neuron.

Occupation-related olfactory impairment is frequently
subclinical. The course of this effect is largely unknown, but
some results suggest a possible reversibility, at least in workers
exposed to some organic chemicals, whereas a permanent
deficit was reported in exposure to hydrogen sulfide.
Taste

Taste can be defined as the perception of salty, sweet, sour, or
bitter by specialized receptors, the taste buds. The majority of
taste buds are located in the tongue, but they are also found in
the soft palate, pharynx, larynx, epiglottis, uvula, and first
third of the esophagus. Saliva also plays an important role in
gustatory (taste) function. Gustatory information is carried to
the medulla oblongata in the brainstem by three cranial
nerves: VII, IX, and X, but fibers of the V nerve can also be
stimulated by high concentrations of some gustatory stimuli.
Due to their superficial placement, taste buds are susceptible
to direct chemical injury. Taste is also affected by changes in
the composition and quantity of saliva. Disorders of taste
include a diminished sensitivity (hypogeusia), an altered
perception (dysgeusia), a taste sensation in the apparent
absence of gustatory stimulus (phantogeusia), or a complete
absence of gustatory perception (ageusia). In the gustatory
system, fundamentally different transduction sequences
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underlie the perception of the different taste qualities and, at
least for bitter, that of different compounds with the same
quality. Accordingly, hypogeusia can be the result of either
a total, but isolated loss in sensitivity to compounds eliciting
a specific quality, or a more generalized loss of sensitivity to
compounds inducing a variety of taste qualities. Furthermore,
even a completely ageusic subject may detect very high
concentrations of some gustatory stimuli through stimulation
of trigeminal nerve fibers.

A consequence of this complexity is that the clinical
assessment of taste is less developed and standardized, when
compared to other senses like smell or hearing. As observed in
smell however, taste sensitivity declines with age.

For all these reasons, it is not surprising that knowledge on
chemical induced taste disorders and their mechanisms is
incomplete. Several pharmaceutical drugs have been impli-
cated in altered taste sensations, representing one of the most
common etiological factors of acquired dysfunction, but very
few studies have addressed the related effect of industrial
chemicals on exposed workers, and less data are available
following environmental exposures. Subjective disturbances of
taste were reported by workers exposed to organic solvents, and
an increase in taste threshold has been reported in chromium
workers. Phantogeusia has been associated with industrial or
waste-site exposure to toxic levels of metals such as cadmium,
lead, and mercury, and to exposure to biotoxins. It is also one
of the most known symptoms of metal fume fever, an occupa-
tional disease caused by the inhalation of metal oxides,
primarily zinc oxide. Most studies on taste disorders in workers
addressed subjective disturbances, whereas thresholds in taste
qualities have seldom been tested.

Additional information on the possible effect of metals on
taste has been obtained from experimental exposure in
animals: mercury and cadmium can induce structural alter-
ation in taste buds of fish. Furthermore, copper, mercury, and
zinc can depress the response to some taste stimulants. Insuf-
ficient data are available on the effects of organic industrial
solvents, despite an increased prevalence of subjective taste
disturbances in workers exposed to solvent mixtures being re-
ported in some studies.

The possible mechanisms involved in the pathogenesis of
taste disorders related to exposure to industrial chemicals are
largely unknown. Since heavy metals can be concentrated in
saliva, and since taste responses can be altered or blocked by
a topical application of heavy metal solutions, this mechanism
has been proposed to explain the effect observed in exposed
workers. Nevertheless, other mechanisms such as an alteration
of salivary constituents, a disruption of transduction/receptor
mechanisms, or an alteration in the central processing of
gustatory input, are also possible.

The results of some studies suggest that taste disorders related
to occupational solvent exposure may be reversible, whereas the
course of altered taste in metal exposed workers is unknown.
Difficulties in Studies on the Effect of Occupational
Exposure to Chemicals on Sensory Organs

As a whole, reported data show that several industrial chem-
icals can impair sensory function in vision, hearing, smell, and
taste systems, although current evidence is incomplete and
fragmentary for a number of reasons. First and foremost, there
is no consensus on the quantitative methods for testing, or for
standardized procedures. This has led to variable results among
different groups. However, where an agreement onmethod and
standardization exist (as in the case of pure tone audiometry
for hearing testing, or color discrimination for testing vision),
more information is available. Another problem is related to an
incomplete knowledge of interfering factors (e.g., demo-
graphics, personal characteristics, and disease) that induce
a high variability between individuals in the results of
perception testing.

A further problem in research and limiting the overall
evaluation of available data, is that until now, most studies
have evaluated the effect of a single chemical on a single sense:
as an example, there are studies showing that styrene exposure
can impair smell, while another reports an effect on hearing,
and another observes the effect on vision, but we have little, or
no idea, whether different senses may be impaired in the same
subject, or whether each impairment is independent. More-
over, the concomitant exposure of workers to different chem-
icals is common: a few results suggest that coexposure may
have no effect, or result in an increase or a decrease of the effect,
as was observed for hearing loss, but knowledge on this aspect
is largely incomplete and fragmentary. Lastly, knowledge on
the pathogenetic mechanisms of sensory impairments related
to industrial chemicals is scant, and the exposure thresholds are
unknown.
Conclusions

The decline of perception in vision, hearing, smell, and taste
with increasing age is well known, and accepted as unavoid-
able. This decline is among the principal reasons for a decrease
in the quality of life in the elderly, inducing progressive isola-
tion, dietary disorders, an increased accident risk, etc.

Nevertheless, some data supports the hypothesis that at
least part of the loss in sensory perception may be related to the
occupational and/or environmental exposure to industrial
chemicals. Another underestimated aspect is the possible
association between the occupational exposure to industrial
chemicals during pregnancy and an increased risk of sensory
perception impairment in offspring: the impact of gestational
exposure on the developing sensory system of the fetus has
received inadequate attention to date, but some recently re-
ported results seem worrying and certainly deserve more
appropriate attention.

Collectively, these observations clearly support the need for
further good quality research on the effect of chemicals on
sense organs and sensory perception.
See also: Acetone; Acrylamide; Aluminum; Aminoglycosides;
Arsenic; Atropine; Benzene; Cadmium; Carbon Disulfide;
Carbon Monoxide; Carbon Tetrachloride; Chlorpheniramine;
Chlorpyrifos; Chromium; Clofibrate; Copper; Cyanide;
Dinitrotoluene; Ethanol; Ethylbenzene; Ethylene Glycol; Hexane;
Lead; Manganese; Malathion; Mercury; Methanol; Methyl
Bromide; Nickel and Nickel Compounds; Parathion;
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Pseudoephedrine; Salicylates; Solvents; Styrene;
Tetrachloroethane; Tetrachloroethylene; Trichloroethylene;
Thallium; Tin; Toluene; Xylene; Zinc.
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Introduction

During the last century, the chemical industry has experienced
spectacular development based on technological advances and
new materials, processes, and facilities. To meet these needs, it
has been necessary to increase the number of chemical plants
and their production capacity. This growth has been accom-
panied by an increased risk of accidents and a rise in the
number of people exposed to the consequences of such acci-
dents. Thus, the development of the chemical industry may be
linked to major accidents and the fatal consequences for
people, property, and the environment.

The Seveso disaster was a major accident that started at
12.37 on Saturday 10 July 1976, at the site of the Icmesa
Chemical Company in Meda, near Seveso, 25 km north Milan,
Lombardy. The failure of a rupture disc in a reactor produced
toxic emissions of substances, including dioxin (TCDD).

The Icmesa plant, belonging to the Roche Group, was
engaged in the manufacture of pesticides through a batch
reaction from 2,4,5-trichlorophenol (TCP). TCP was also
produced in the installation from 1,2,4,5-tetrachlorobenzene
and sodium hydroxide in ethylene glycol and xylene at
170–180 �C. This reaction is strongly exothermic at atmospheric
pressure, and the heat generatedwas removed by evaporation of
the solvent that returned to the reactor. Once the reaction was
finished, hydrochloric acid was added to produce TCP.

In this reaction, a small amount of 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD) was generated as a by-product. TCDD
belongs to the dioxins, a chemical family with high toxicity and
demonstrated carcinogenic effects. In fact, it is the most toxic
congener, has a long biological half-life in humans (�7 years),
and is classified by the International Agency for Research on
Cancer (IARC, 1997) as a human carcinogen.

The day before the accident, the reactor was filled with
2000 kg of TCB, 1050 kg of sodium hydroxide, 3000 kg of
ethylene glycol, and 600 kg of xylene. After the reaction took
place, distillation of the ethylene glycol started, but this process
stoppedat 5.00 in themorningwhenonly15%insteadof 50%of
the ethylene glycol had been distilled. The temperature was not
reduced to 50–60 �C as required, the last registered value being
158 �C.Without stirring themixture of reagents or decreasing the
temperature, the reactor was left on its own from the plant
closure at 6.00 on Saturday for the whole weekend. Only the
maintenance personnel remained in the plant.

During the next morning an uncontrolled exothermal
runaway reaction took place. A considerable increase in the
pressure caused the opening of the rupture disc and many
compounds were released into the atmosphere. As a result,
a toxic cloud containing TCDD was emitted.

The wind carried the toxic emission southeast and 1800 ha
were affected in Seveso, Meda, Cesano, Maderno, and Desio.

When the situation was under control in the plant, one of
the experts who had come to the factory after being notified
(C. Barni) visited several of the houses around the factory,
warning people not to consume fresh products from their
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gardens. However, the police did not want to collaborate
before getting official authorization from the municipal health
officer (G. Ghetti), who was on holiday in a remote farmhouse
with no telephone.

Managers at the plant began to establish an initial proce-
dure on Sunday, which included interviews with the municipal
health officer of Seveso and Meda and their respective mayors.
Samples from the reactor and the surrounding area were
collected and sent to a Swiss laboratory to be analyzed.

By then the first effects had begun to appear, such as small
animals dead and burns on the faces of some people with
homes nearest to the plant.

The analytical results were made available on 14 July.
The laboratory reported that the samples contained high
amounts of dioxin. The exact amount is unknown, but it
c\ould have been between 100 g and 30 kg. After receiving
the data, the local authorities published several decrees in
which the polluted areas were listed and the consumption of
fruits and vegetables from them was prohibited. However,
evacuation measures for the population were discarded. On
14 July, the first symptoms of acute dermal inflammation
appeared among people living closest to the accident site.
Between 12 and 16 children were hospitalized. It was not
until Monday, 26 July (15 days after the accident) that 179
people were evacuated from an area lying within an area later
defined as Zone A. Three days later, a further 550 people
were evacuated from another area that was also within what
became Zone A.

Eventually three zones (Zone A, Zone B, and the Zone of
Respect (R)) were defined. The boundary between the B and
R areas was established with an average contamination of
5 mgm�2 and the boundary between the A and B zones with an
average concentration of TCDD of 50 mgm�2 in the soil. In
all, 733 persons were evacuated from Zone A and 5000 from
Zone B.

The health measures were put into effect on the same day
that the evacuation started. Medical checkups were offered to
the population, including pediatric, obstetric, and hepato-
logical care. Besides the immediate effect of chloracne on the
skin, there were long-term effects of great importance. There
was an increase in heart disease. Furthermore, within individ-
uals exposed to high doses, the incidence of some types of
cancer (rare tumors and lymphomas) increased by 40%.
Finally, given the risk of children being born with congenital
malformations, voluntary abortion was allowed for women
who were pregnant at the time of the disaster.

Apart from the effects on humans, there were severe effects
on the environment. In addition to the small animals found
dead (about 3300), between 77 000 and 80 000 animals were
slaughtered up until 1978 to prevent the spread of contami-
nation from the affected area. Buildings located in Zone A were
demolished and 40 cm of earth were removed.

The area was planted mainly with oak with scattered grassy
and bushy areas so than an artificial ecosystem was set up as an
urban park and named Bosco delle Querce.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00461-9
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Analysis

According to the analysis of the causes of the accident, the main
cause was the uncontrolled exothermic reaction in the reactor.
The official report mentions four main causes:

l Interruption of the production cycle.
l Method of distillation. In the original patent, the charge was

acidified before distillation; in the process used at Icmesa,
the order of these two steps was reversed.

l Set pressure of bursting disc (3.5 bar). The function of this
devicewas to guard against overpressure from the compressed
air, which was used to transfer materials to the reactor. The
rupture disc pressure that led directly to the atmosphere was
too high for a process at atmospheric pressure, favoring the
release of large amounts of dioxin.

l Failure to install a collection/destruction system for vented
material. No device was installed to collect or destroy any
toxic materials vented.

The lessons learned include the following:

l Public control of major hazard installations. One of the
main consequences of the Seveso accident was the aware-
ness of the Italian and European authorities of the need to
try to control the risks in these types of facilities.

l Siting of major hazard installations. The appropriate selec-
tion of sites and specifically more land-use planning to
avoid further risks in the immediate vicinity of such estab-
lishments was another important conclusion.

l Hazard of ultratoxic substances. The use in industry of
highly toxic substances such as TCDD implies that risk
analysis must be performed and updated constantly.

l Hazard of undetected exotherms. The company believed
that it had identified all the reactions that could occur in the
chemical process. However, the risks associated with
exothermic reactions have to be analyzed in considerable
depth. The complete identification of the characteristics of
the reaction being operated is particularly important.

l Inherent safety design of chemical processes. The design of
the rupture disc for this type of reactor and this specific
reaction was clearly unsafe.

l Planning for emergencies. The management of the emer-
gency was a disaster. It took a week to issue a statement that
dioxin had been emitted and a week until the evacuation
began. There was a lack of communication between the
company and the local authorities. Consequently, those
involved failed to protect the population and to commu-
nicate with the affected public.
The Seveso Directive

The 1970s were marked by major industrial accidents with
serious consequences for workers, the public, and the envi-
ronment. The Seveso accident revealed major shortcomings in
the planning and coordination of emergencies and the lack of
risk control in chemical plants. Another example was the Flix-
borough accident in Great Britain (1974) in which a large
explosion and subsequent fire caused 28 deaths, injured people
both inside and outside the plant, and resulted in complete
destruction of the facility. While most member states of the
European Union at that time had their own national systems to
regulate such risks, there were no European regulations dealing
with major accidents. The environmental and economic costs
caused by these events together with the social pressure that
followed led the 13 countries that formed the European
Economic Community to initiate the development of Europe-
wide legislation that would prevent and control major-accident
hazards in certain industrial facilities. After three years of
negotiations, the Directive 82/501/EEC on the control of
major-accident hazards of certain industrial activities was
published on 24 June 1982. This is popularly known as the
Seveso Directive. The main aim of the directive was to regulate
chemical activities throughout Europe according to the types
and quantities of dangerous substances used in facilities. Under
the terms of the directive, industry was required to develop
safety studies and internal emergency plans while the author-
ities were responsible for developing external emergency plans
and informing the public of the potential risks of installations
and measures to be taken in case of accidents.

This directive did not merely protect workers but also the
general public and the environment. Regulations enforced the
disclosure of risks by industry, the development of emergency
plans, and the creation of coordinating bodies to respond to
emergencies. Furthermore, the directive established that infor-
mation had to be provided to the public.

The Seveso Directive was amended twice. The first amend-
ment followed the disaster in the city of Bhopal, India (1984),
where a leak of methyl isocyanate at a Union Carbide factory
caused more than 2500 deaths. The second amendment came
after the major accident at a facility owned by Sandoz in Basel,
Switzerland (1988), in which massive pollution of the Rhine
killed half a million fish. Both modifications served to broaden
the scope of the directive, in particular to include provisions
relating to the storage of hazardous substances. The directive
was fundamentally reviewed and updated in the mid-1990s,
resulting in the adoption of Council Directive 96/82/EC,
known as Seveso II.
The Seveso II Directive

The publication of Council Directive 96/82/EC of 9 December
1996 on the control of major-accident hazards involving
dangerous substances introduced many changes and new
concepts. While the initial directive was developed and modi-
fied in the light of major industrial accidents, curiously it did
not include aspects such as the existence of an emergencies
management system in the company, which would have
avoided the accident in Flixborough; the presence of hazardous
substances caused by runaway reactions, cause of the formation
of dioxins in Seveso; land-use planning, which would have
limited the number of people affected in the Bhopal accident;
or control of environmental damage, which would have
minimized the effects on the Rhine in Basel.

Seveso II was designed with a dual purpose. On the one
hand, it sought to prevent major accidents in which dangerous
substances are involved and, second, to limit the consequences
of such accidents not only for people but also for the environ-
ment. This last point was one of the innovations introduced by
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this directive, which now included within its scope substances
classified as dangerous for the environment.

In Seveso II, the lists of specific industrial establishments
disappear. The directive applies to establishments defined as
the entire area under the control of the operator where
dangerous substances are present in one or more installations.

Specifically, Seveso II included within its scope the actual or
anticipated presence of hazardous substances in these estab-
lishments, covering the possible appearance of hazardous
substances from the loss of control of a chemical process, as
happened in the Seveso accident.

The scope of the directive followed a so-called two-tier
approach. For each substance, two different threshold levels are
mentioned, a lower value and an upper value. The require-
ments for each of these levels are different, being more strin-
gent for those facilities that are located in the upper-tier
establishments (holders of high levels of a dangerous chem-
icals) and therefore have a larger amount of hazardous
substances. After several industrial accidents such as the
cyanide spill in the Danube following the accident at Baia Mare
in Romania (2000), the Enschede fireworks accident in
Holland (2000), and the explosion at a fertilizer factory in
Toulouse in France (2001), a further amendment to the legis-
lation was published, Directive 2003/105/EC, which tightened
the limits and included certain substances not previously
specified. Thus, a wider range of industrial installations now
came under the scope of the directive.

It is important to note that the Seveso II Directive is closely
related to the directives on classification, labeling, and pack-
aging of dangerous substances, preparations, and pesticides
because, although a named list of substances remained in the
original directive, this was considerably reduced in favor of
other categories of substances, such as explosive, toxic, flam-
mable, or considered dangerous for the environment.

One of the cornerstones of the Seveso II Directive is the obli-
gation of manufacturers to produce a safety report that describes
and justifies the selected risk assessment process and themeasures
to prevent, control, and limit major hazardous events. This
document,moreflexible and specific thanprevious safety reports,
must include a description of the management systems of the
company, including the policy adopted for accident prevention
and safety management. The document is therefore both
comprehensive and flexible, tailored to the individual company
and its particular characteristics (substances, facilities, storage). It
demonstrates both the procedures and the commitment of the
company in relation to the control of major-accident hazards.
Moreover, from the point of view of the authorities, Seveso II
requires the development of policies on land-use planning in the
vicinity of a ‘Seveso establishment,’ the definition of the domino
effect within different establishments, the preparation of external
emergency plans, as well as the assessment of safety reports and
the carrying out of rigorous inspections of the establishments
concerned.

Finally, the Seveso II Directive gives more rights to the
public in terms of access to information as well as in terms of
consultation.

However, although Seveso II is much more logical and clear
than the previous directive, it has not been implemented evenly
in the various countries of the European Union. In fact, the
harmonization of standards between countries is one of the
major challenges that have arisen in relation to several aspects of
this legislation. These include significant differences between
member countries on the content required in safety reports and
the development and implementation of policies related to land
use. There are no common criteria either for land-use planning
or for consequence analysis, to mention just some examples.
The New Seveso Directive

On 16 December 2008, Regulation (EC) No 1272/2008 on
classification, labeling, and packaging of substances and
mixtures was published, amending and repealing Directives
67/548/EEC and 1999/45/EC and amending Regulation (EC)
No 1907/2006.

From this regulation, the criterion of a Globally Harmon-
ised System of Classification and Labeling of Chemicals (GHS)
was adopted in Europe. The risk-phrase classification system
was replaced with a new set of hazard classifications and defi-
nitions. As a result of these, it has become apparent that the
substance criteria of the Seveso II Directive will also have to be
modified to avoid confusion about how new classifications
should be applied.

In fact, a study by the EU Commission confirms that the
Seveso II Directive is the piece of EU legislation most affected
by the reclassification because of the direct link between the site
selection criteria in Seveso II and the 67/548/EEC categories.

All these changes have been taken into account to carry out
the reform and updating of Directive 96/82/EC, by posting
Directive 2012/18/UE of the European Parliament and of the
Council of 4 July 2012 on the control of major-accident
hazards involving dangerous substances, amending and
subsequently repealing Council Directive 96/82/EC.

Under the new Directive, Seveso II shall be repealed as of 1
June 2015, coinciding with the full entry into force of Regula-
tion 1272/2008. The first consequence of the implementation
of these new regulations will be an increase in the facilities,
known as the ‘Seveso Establishments,’ to which it will apply,
because the minimum limit for the classification of substances,
mainly in the toxic category, has decreased substantially.

While introducing technical updates to take account of
changes in EU chemicals classification, the 2012/18/UE
Directive, which will be known as Seveso III, will also mean an
increase and improvement in citizen participation in decision
making and access to information. Furthermore, the directive
will set stricter standards for inspections of establishments to
ensure more effective enforcement of safety rules.
See also: Bhopal Accident: Release of MIC; TCDD
(2,3,7,8-Tetrachlorodibenzo-p-dioxin); Dioxins; The Globally
Harmonized System for Classification and Labeling of the GHS;
The European Classification and Labeling (C&L) Inventory;
Margin of Exposure (MOE); Mechanisms of Toxicity; Hazard
Identification; Environmental Risk Assessment, Aquatic;
Environmental Risk Assessment, Marine; Environmental Risk
Assessment, Terrestrial; EU Risk Assessment Committees;
Site-Specific Environmental Risk Assessment; Alkalies;
Common Mechanism of Toxicity in Pesticides; Three Mile
Island; Organochlorine Insecticides; AEGL, ERPG and TEEL.
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Chemical Profile

l Name: Shale Oil
l Chemical Abstracts Service Registry Number: 68308-34-9
l Synonyms: blue oil, green oil, unfinished lubricating oil,

EINECS 269-646-0
l Molecular Formula: unspecified (mixture of hydrocarbons)
l Chemical Structure: unspecified (mixture of hydrocarbons)
Background

Shale oil (CAS 68308-34-9) is a type of crude oil extracted from
sedimentary shale formations by heating the shale to 425–
535 �C (800–1000 �F). The specific gravity of shale oil ranges
from 0.9 to 1.0, which exceeds that of natural crude oil. Two
methods are used to extract the oil from the shale. The shale can
be excavated, crushed, and fed into retorts for heating (retort-
ing) and extraction. Alternatively, shafts can be driven into the
shale formation and the shale is heated in situ. Only about 75–
110 l (20–30 gallons) of oil can be extracted from a metric ton
of shale. The oil extracted from oil shale is somewhat similar to
oil pumped from conventional oil wells, but shale oil extrac-
tion is more complex and expensive than convention oil
extraction processes.

Shale oil has been extracted from the earth and employed
for various uses since ancient times. As early as 1637, shales in
Sweden were roasted over wood fires to extract potassium
aluminum sulfate, a salt used in tanning leather and for fixing
colors in fabrics. Late in the 1800s, oil shales were retorted on
a small scale for hydrocarbon recovery. Production continued
until 1966 when it was discontinued because of the availability
of cheaper supplies of petroleum crude oil.

Oil shale deposits in France and Scotland were exploited
commercially as early as the mid-1800s. As many as 20 beds of
oil shale were mined in Scotland at different times. Mining
continued during the 1800s and by 1881 oil shale production
had reached 1 million metric tons per year. Between 1 and 4
million metric tons of oil shale were mined yearly in Scotland
from 1881 to 1955 when production began to decline, then
ceased in 1962. Canada produced some shale oil from deposits
in New Brunswick and Ontario starting in the mid-1800s.
Common products made from oil shale in these early opera-
tions were kerosene and lamp oil, paraffin, fuel oil, lubricating
oil and grease, and ammonium sulfate.

The oil-bearing component of the shale is called kerogen.
Kerogen (CAS 8032-30-2) is a bitumen-like solid material
consisting of approximately 75% carbon, 10% hydrogen, 2.5%
nitrogen, 1.0% sulfur, and the balance oxygen. Kerogen is
a mixture of aliphatic and aromatic hydrocarbons of humic and
algal origin. It was formed millions of years ago by deposition
of silt and organic debris on lake beds and sea bottoms.

Shale oil differs from crude oil from other sources in that it
contains significant amounts of nitrogen (about 35%), oxygen
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(about 20%), and sulfur (about 5%) compounds. Nitrogen
compounds include pyridine, quinoline, amines, pyrrole, and
indole. The major oxygen-containing compounds are phenols,
carboxylic acids, and ketones. Sulfur compounds found in
shale oil include sulfides, thiols, and thiophenes.

The remainder of shale oil consists of hydrocarbons. An
analysis of shale oil from the western United States found 12%
isoalkenes and cycloalkenes, 6% polycyclic aromatic hydro-
carbons (PAHs), 6% normal olefins, 6% normal alkanes, and
4% monocyclic aromatic compounds. After fractionating and
refining, the oil yields about 20% gasoline, 30% kerosene, 30%
gas oil, and 20% lube oils.

Oil shale is found worldwide, but the largest deposits are in
the Green River Formation that covers portions of Colorado,
Utah, and Wyoming in the United States. Oil reserves in this
formation have been estimated to range from 1.2 to 1.8 trillion
barrels. Not all of these reserves are recoverable, but about
800 000 million barrels could be extracted from this formation
using currently available technologies. At the present rate of oil
consumption in the United States, this represents about a 400-
year supply.
Uses

Shale oil, as mentioned above, is used in the production of
gasoline, kerosene, gas oil, and lube oils. Other products that
can be made from shale oil include varnishes, pitches, and
mastics. The latter products are employed as solvents and glues,
and as starting materials for the printing and rubber products
industries. Sulfonated shale oils (e.g., Ichthyol) have found
uses as pharmaceutical agents for the treatment of skin diseases
such as eczema and psoriasis, rheumatic diseases, and even for
the treatment of blunt trauma. Human testing has shown that
sulfonated shale oils are without significant side effects and are
as effective as hydrocortisone in treating inflammatory lesions
of the skin.
Environmental Behavior, Fate, Routes, and Pathways

Releases of shale oil components to the environment can
occur in several ways during the extraction, processing, and
transport of this material. The more volatile components of
shale oil can be released to the atmosphere especially during
the retorting process when heat is applied to the shale.
Workers at shale processing plants and, to a lesser extent,
people residing near those operations can be exposed to the
lighter volatile organic chemical components of shale oil
released into the air. Spills or other accidental releases of shale
oil and its components can threaten wildlife and adversely
impact aquatic organisms if the material reaches surface
waters. In some areas, spills of oil could reach shallow aquifers
thus affecting ground water. Soil contamination is an obvious
result of such spills as well.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00969-6
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Exposure and Exposure Monitoring

Workers involved in oil shale mining and processing may be
exposed to complex mixtures of dusts, gases, and vapors con-
taining organic compounds, including low levels of poly-
nuclear hydrocarbon compounds. Skin contact with crude
shale oil may occur, but is limited primarily to maintenance
workers in modern oil shale processing facilities. Contact with
shale oil liquids occurred extensively in the past in the Scottish
shale oil industry, and in the British cotton-textile industry
where lubricants derived from shale oils were used.

Recent studies in areas of Texas in which intensive shale oil
and gas exploration and extraction occur have not shown
increased levels of oil and gas-related volatile organic
compounds in the blood of individuals living in these areas.
Toxicokinetics

The two components of shale oil that pose the highest risk to
human health are the lighter components of shale oil, such as
phenols, and PAHs that are present in the heavier fractions. The
toxicokinetics of these two fractions will be discussed here.
Phenols

Phenols are rapidly and efficiently absorbed through skin,
lungs, and the gastrointestinal tract; 70–80% of inhaled phenol
is absorbed by humans within an 8-h exposure. Six-hour
dermal exposures to phenol also resulted in 70–80% absorp-
tion in humans.

Phenol is rapidly distributed to all tissues in exposed
animals. After oral administration in rats, the highest concen-
trations were found in the liver, followed by spleen, kidney,
adrenal gland, thyroid, and lungs. In rabbits, the highest
concentrations of phenol were in the liver, followed by the
central nervous system (CNS), lungs, and blood.

After ingestion of phenol, there is a large first-pass metab-
olism. The liver, lungs, and the gastrointestinal mucosa are the
most important sites of phenol metabolism. Absorption into
the blood stream also occurs after inhalation of shale oil.
Conjugation with glucuronic acid has been shown to be major
metabolic pathway in several species. Both in vivo and in vitro
tests have shown covalent binding of phenol to tissue and
plasma proteins. Some phenol metabolites also bind to
proteins.

Urinary (renal) excretion is the major route of phenol
elimination in animals and humans. The rate of excretion
varies with different species, dose, and route of administration.
A minor amount of phenol is eliminated in the feces and in
expired air. The natural presence of phenols in food and drug
metabolites makes biological monitoring difficult if not
impossible. The biological half-life of conjugated phenol in
humans has been reported to be between 4 and 5 h.
Polycyclic Aromatic Hydrocarbons

PAHs are lipophilic compounds and can be absorbed through
the lungs, the gastrointestinal tract, and the skin. In studies of the
distribution of PAHs in rodents, both the parent compounds
and their metabolites were found in almost all tissues and
particularly those rich in lipids.

In humans, the major routes of uptake of PAHs are thought
to be through (1) the lungs and the respiratory tract after
inhalation of PAH-containing aerosols or of particulates to
which a PAH has become absorbed; (2) the gastrointestinal
tract after ingestion of contaminated food or water; and (3) the
skin as a result of dermal contact with PAH-bearing materials.

The whole-body distribution of PAHs has been studied in
rodents. The investigations have shown that (1) detectable
levels of PAHs occur in almost all internal organs; (2) organs
rich in adipose tissue can serve as storage depots from which
the hydrocarbons are gradually released; and (3) the gastroin-
testinal tract contains high levels of hydrocarbon and metab-
olites, even when PAHs are administered by other routes, as
a result of mucociliary clearance and swallowing or hep-
atobiliary excretion.

The metabolism of PAHs follows the general scheme of
xenobiotic metabolism wherein the hydrocarbons are first
oxidized to form phase-I metabolites. The phase-I metabolites
are then conjugated with glutathione, sulfate, or glucuronic
acid to form phase-II metabolites, which are much more polar
and water-soluble than the parent hydrocarbons.

Most metabolites of PAHs are excreted in feces and urine.
The urinary excretion of PAH metabolites has been studied
more extensively than fecal excretion, but the importance of the
enterohepatic circulation of metabolites has led to increased
research on the latter. During metabolism, PAH moieties
become covalently bound to tissue constituents such as
proteins and nucleic acids. The persistence of these adducts is of
considerable interest since this is one of the basic features of the
mechanism of carcinogenesis.
Mechanisms of Action

Shale oil is a mixture of many different chemical compounds. A
fairly accurate account of the mechanisms of action of shale oil
can be given based on the mechanisms of the major toxic
components of the oil. These are phenols and other phenolic
compounds present in the lighter end components of shale oil
and PAHs that are present in the heavier fractions.
Phenols

Phenols, one of the more volatile components of shale oil, can
be toxic at fairly low levels of exposure. Cellular uptake of
phenols is due to their lipophilic character. Phenols denature
proteins and disrupt disulphide bridges in keratin in the skin.
Both in vivo and in vitro tests have shown covalent binding of
phenol and phenol metabolites to tissue and plasma proteins.
The acute lethality of phenols, associated with exposure to high
dose concentrations, is usually attributed to a depressant effect
on the CNS.
Polycyclic Aromatic Hydrocarbons

The prevailing current theory of the mechanism of chemical
carcinogenesis that reactive electrophiles are the ultimate
carcinogens applies to PAHs. According to this theory, PAHs are
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activated by microsomal enzymes to proximate and finally
ultimate carcinogens, which are characterized by a reactive
electrophilic center. These chemicals can then react with
nucleophilic sites on macromolecules such as DNA, RNA, and
proteins. This results in changes in these molecules that
increase the risk of carcinogenesis.
Acute and Short-Term Toxicity

Shale oil demonstrates a relatively low level of acute toxicity by
various routes of exposure in experimental animals. Table 1
summarizes the results of acute toxicity studies that have been
reported.

Shale oil is a mixture of hundreds, if not thousands, of
hydrocarbon chemicals with different volatilities. Studies have
been conducted using mice as the experimental animals that
compared the toxicity of the lighter end (lower boiling point,
higher volatility) components of shale oil and the heavier end
components. The LD50 for the lighter ends was 63 000 mgm�3

and the LD50 for the heavier ends was 16 000 mgm�3. Thus,
the toxicity of the higher molecular weight phenols is greater,
but the volatility of these chemicals is much smaller than that
of the lighter end phenols.

The relatively high levels of phenolic compounds in shale
oil are thought to be responsible for much of the toxicity seen
in animal studies. Rats and rabbits getting daily oral doses of
less than 40 mg kg�1 (which is about 200 times smaller than
lethal doses) of phenol for 7 months showed weight loss,
increased blood pressure, changes in peripheral blood, and
changes in liver, kidneys, and spleen.
Chronic Toxicity

Rats exposed by inhalation to 492 mgm�3 of shale oil for 6 h
per day for 13 weeks showed changes in lung weight, inflam-
matory responses, development of areas of hyperplasia in the
lung and upper respiratory tract, decreased erythrocyte count,
thymic atrophy, and decreased weight gain. Rats exposed to
10 mgm�3 shale oil for 6 h per day for 2 years (lifetime study)
experienced structural changes in the trachea and bronchi.

Shale oil exposures of 13 or 33 mgm�3 4 h per day, 4 days
per week for 4 weeks did not cause any adverse effects in
hamsters. Hamsters intermittently exposed to 50 mgm�3 shale
oil over 69 weeks showed changes in the respiratory tract. Some
lethality was also reported at this exposure level. Monkeys
intermittently exposed to 10 mgm�3 shale oil for 6 h per day
over 2 years showed respiratory tract effects related to this
exposure.
Table 1 Summary of results of acute toxicity testing for shale oil

Animal species Route of administration 50% Lethal dose (LD50 or LC50)

Rat Oral 8 g kg�1

Rat Inhalation 3950 mgm�3

Mouse Oral 11 g kg�1

Mouse Interperitoneal 4.3 g kg�1

Rabbit Skin 5 g kg�1
Other effects seen in studies of shale oil exposure of
animals (independent of route of exposure) include lack of
coordination, convulsions, paralysis, and narcosis. Anemia,
leukopenia, impaired liver, spleen, and kidney function,
reduced content of sulfhydryl groups, and reduced serum
glucose levels have also been observed. Liver effects included
fatty degeneration and reduced protein synthesis. Changes in
kidney function were characterized by increased blood urea
nitrogen, albuminuria, ketonuria, and glycosuria. Proliferation
of endothelial cells in the kidney glomerulus has also been
noted in animal studies.

Workers chronically exposed to oil shale and its compo-
nents suffered skin irritation and irritation of the mucous
membranes of the respiratory tract. Dermal contact caused
allergic contact dermatitis, folliculitis, warts, and vitiligo-like
dermatoses. Additional symptoms included neurotoxic effects,
effects on the peripheral blood system, and increased urinary
excretion of phenols, sulfates, and glucuronic acid. Most of the
overt symptoms seen in oil shale workers were subjective in
nature, such as headaches, fatigue, irritability, and sleep
disorders.
Immunotoxicity

Exposure to shale oil has been found to reduce the immuno-
logical resistance of workers. These changes seem to be corre-
lated less with length of exposure to the oil than with
individual susceptibilities. The presence in shale oil of PAHs,
well-known immunotoxicants, may explain this effect.
Reproductive and Developmental Toxicity

Male mice administered 200 mg kg-1 of shale oil via inter-
peritoneal injection 1 day prior to mating experienced changes
in spermatogenesis. A reduction in fertility (reduction in
number of implants per female) was also seen in this study.
Oral administration of shale oil at a level of 0.1 g kg�1 per day
for 4 months caused changes in the sexual cycle as well as
a decrease in the numbers of primordial follicles in the ovaries
of the females and a decrease in the quantity of normal sper-
matogonia in the testicular germinal epithelium in the males.
Genotoxicity

Chromosomal aberrations were induced in the bone marrow
cells of rats given raw shale oil by gavage. In vitro tests of raw oil
shale gave negative results in bacteria, yeast, and cultured
mammalian cells. Spent oil shale yielded contradictory results
in bacterial mutation assays and were negative in mutation
assays with eukaryotic cells in vitro and in a chromosomal assay
in vivo. Shale-derived crude oils were mutagenic in bacteria,
yeast, and cultured mammalian cells following metabolic or
photo-induced activation. Crude shale oil did not induce
mitotic gene conversion in yeast but did induce sister chro-
matid exchanges in cultured mammalian cells. Both positive
and negative results were obtained in mammalian in vivo assays
for chromosomal effects.
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Carcinogenicity

Shale oil applied to the skin of mice resulted in skin tumors at
the site of application at doses of 20 g kg�1 for 30 weeks of
exposure and above. The carcinogenic activity of various frac-
tions of low- and high-temperature shale oils tested by skin
application in mice and rabbits did not necessarily parallel the
benzo[a]pyrene content of the fractions. Less-refined shale oils
showed higher skin cancer activities thanmore refined products.

Rats exposed to 182 g kg�1 of shale oil via interpleural
injection for 87 weeks developed lung tumors. Shale oil dusts
induced lung tumors in rats after inhalation exposure. No lung
tumors occurred in rats or hamsters exposed by intertracheal
administration to a suspension of the spent oil-shale dusts.

Sixty-five cases of skin cancer (including 31 of the scrotum)
have been reported from the Scottish shale oil industry. A
cohort study of shale oil workers in the western United States
found statistically significant excesses of total cancer and of
colon cancer, although data on duration and time since first
exposure were not available. A cohort study of shale oil workers
in Estonia found significant excesses of skin cancer, but not of
cancers at other sites.

The International Agency on Cancer Research has concluded
that there is sufficient evidence for the carcinogenicity in
experimental animals of processed shale oils, limited evidence
for the carcinogenicity in experimental animals of raw and
spent shale oils, and sufficient evidence that shale oils are
carcinogenic in humans.
Clinical Management

Clinical management of individuals acutely overexposed to
the vapors or aerosol mist of shale oil is largely supportive in
nature. Once the exposure has been terminated and the
victim has been removed to an uncontaminated area, adverse
symptoms will generally resolve. Dermal contact with shale
oil can cause local irritation if the material is allowed to stay
on the skin for extended periods of time. Washing the
affected area with a mild solvent or soap and warm water, if
accomplished quickly enough, should be sufficient to
prevent further skin damage and absorption of the oil into
the skin.
Ecotoxicology

Accidental spills of shale oil during extraction and process-
ing could pose a danger to native fish species and aquatic
food chain organisms. Concentrations of the water-soluble
fractions of shale oil that were lethal to 50% of Cutthroat
trout (a species indigenous to shale oil-producing areas in the
United States) ranged from 1.3 to 2.1 mg l�1. Exposure to
lower levels of shale oil fractions reduced the swimming
ability of fish. Aquatic invertebrates were also adversely
affected by shale oil exposure, the most sensitive species of
which suffered significant lethality at shale oil extract levels of
0.5–0.7 mg l�1.
Exposure Standards and Guidelines

There are no Occupational Safety and Health Administration
Permissible Exposure Limits, National Institute for Occupa-
tional Health Recommended Exposure Limits (REL), or
American Conference of Governmental Industrial Hygienists
Threshold Limit Values for shale oil. Likewise, shale oil does
not have a Minimal Risk Level as established by the Agency for
Toxic Substances and Disease Registry, an Acute Exposure
Guideline Limit, a Temporary Emergency Exposure Limit, or an
Emergency Response Planning Guideline. It is not listed in the
Environmental Protection Agency’s (EPA) Integrated Risk
Information System. It does not have a short- or long-term REL
or a cancer potency factor from the California EPA. Shale oil is
not included in the 12th Report on Carcinogens prepared by
the National Toxicology Program.

See also: Fuel Oils; Immune System; Neurotoxicity; Phenol;
Polycyclic Aromatic Hydrocarbons (PAHs); Toxicity Testing,
Carcinogenesis; Toxicity Testing, Mutagenicity.
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Paralytic shellfish poisoning (PSP) is a constellation of clinical
effects caused by ingestion of contaminated shellfish found on
the East and West coasts of the United States and Canada, the
coasts around Japan, and coastal areas from southern Norway
to Spain. Implicated sources include bivalve mollusks
(mussels, clams, oysters, scallops), univalve mollusks (turban
shells, top shells), xanthid crabs, sand crabs, and starfish.

Shellfish become contaminated by ingestion of neurotoxin-
producing dinoflagellates. For the majority of each year, these
neurotoxins are present in low concentrations and pose little
environmental or health consequences; however, during
months of dinoflagellate proliferation (May through August),
these toxins accumulate and are concentrated by filter-feeding
shellfish and transferred to higher trophic levels through the
food chain, thus resulting in various adverse outcomes.

This period of proliferation (also known as ‘harmful algal
bloom’) is often associated with a red or brown coloration of
ocean water known colloquially as ‘red tide.’ Historical refer-
ences to PSP and red tide can be appreciated in the following
passage from Exodus 7:20–21: “All the water of the river was
changed into blood. The fish in the river died and the river itself
became so polluted that the Egyptians could not drink the
water.”

Harmful algal blooms generally last for 2–3 weeks until
other nontoxic phytoplanktons replace neurotoxin-forming
dinoflagellates as the main source of ocean food. Toxin reten-
tion and distribution in each shellfish is tissue specific and
varies considerably across species. Detoxification can occur
through excretion or biotransformation, and may be affected
by such factors as ambient temperatures, growth, and the
availability of food.

Ingestion of toxin-infected shellfish is the primary route of
exposure. There is no reliable taste, smell, or color to detect
contaminated shellfish, and natural toxins cannot be reliably
eliminated by heat or cooking. Regulatory agencies have
established maximum allowable levels in edible food
(see Exposure Standards and Guidelines).
Toxicokinetics

The toxin is water soluble and absorbed quickly through the
oral mucosa and small intestine, with symptoms occurring
within 30–120 min after ingestion. The toxin is generally
cleared from the blood within 24 h; however, neurological
toxicity may persist for weeks in some cases.
Mechanism of Toxicity

PSP toxins are collectively known as saxitoxins. At least 24
analogs of these toxins have been identified in shellfish, with
neosaxitoxin, saxitoxin, and gonyautoxin I–IV considered the
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most potent. These toxins exert their effects by directly binding
to voltage-dependent sodium channels in nerve and muscle
cells, thus blocking the generation of action potentials and
impairing nerve conduction and muscle contraction. Addi-
tionally, they may suppress the medullary respiratory center.
Acute and Short-Term Toxicity

Animal

Shag, tern, and cormorant birds may develop inflammation of
the gastrointestinal tract, hemorrhages in the base of the brain,
and other hemorrhages. Deaths have also been reported in
marine mammals such as sea otters and humpback whales after
ingestion of contaminated shellfish.
Human

Common initial effects include numbness in the lips, tongue,
and fingertips within a few minutes of ingestion. This numb-
ness may spread to the extremities and then to the remainder of
the body causing weakness and even muscle paralysis.
Gastrointestinal symptoms are less common and consist of
nausea and vomiting. Other symptoms include nystagmus,
temporary blindness, irregular heartbeats, drops in blood
pressure, headache, dizziness, difficulty in swallowing, and loss
of gag reflex. Symptoms may persist for weeks.
Clinical Management

Basic and advanced life-support measures should be utilized as
necessary. Treatment is entirely symptomatic and supportive.
Gastrointestinal decontamination with activated charcoal may
be used depending upon the patient’s clinical status, the history
of the ingestion, and the time since the ingestion. Mechanical
ventilation may be required for patients with decreased respi-
ratory function. In the absence of such supportive measures,
death may occur within 12 h of ingestion.
Exposure Standards and Guidelines

The US Food and Drug Administration has an established
action level for PSP at 0.8 ppm (80 mg per 100 g) saxitoxin
equivalents. In order to meet these requirements and assure
public safety, state control authorities implement strict regu-
lations on shellfish harvesting and handling.

The threat of drinking water as a source of PSP toxins to
humans has been studied. While measurable levels have been
found in raw water sources in countries such as China and
Brazil, in all cases only trace amounts of toxins remained after
appropriate water treatment, and no reports of human illnesses
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00785-5
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have been reported to date. In the United States, the Environ-
mental Protection Agency institutes a variety of treatment
processes to ensure removal of PSP toxins from drinking water.

In addition to the above, the following agencies and
committees are also involved in promoting and improving
shellfish sanitation and safety: the Interstate Shellfish Sanita-
tion Conference, the National Shellfish Sanitation Program, the
Centers for Disease Control and Prevention, and the Harmful
Algal Bloom–Related Illness Surveillance System.
Miscellaneous

Assays for saxitoxin include a mouse bioassay, enzyme-linked
immunosorbent assays, liquid chromatography with fluores-
cence, and mass spectrometric detection.
See also: Food Safety and Toxicology, Marine Venoms and
Toxins, Global Climate Change and Environmental Toxicology,
Fish Consumption Advisory, Red Tide, Saxitoxin.
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General Description and Nomenclature

Shigella is considered among the oldest human-specific path-
ogens for which evolutionary origins are known. It is thought
that it evolved between 35000 and 170 000 years ago, which,
coincidentally, is the time period when its sole natural host
(i.e.,Homo sapiens) originated and expanded. The genus Shigella
comprises Gram-negative, nonspore forming, nonmotile
prokaryotic rods. The Shigella genus is part of the larger Enter-
obacteriaceae family and, in fact, many researchers have sug-
gested that Shigella and Escherichia should be considered one
genus. However, due to their clinical and epidemiological
differences, they remain as separate genera.

There are four species within the genus Shigella: Shigella
dysenteriae, Shigella flexneri, Shigella boydii, and Shigella sonnei.
These four species are also designated as subgroups A, B, C, and
D, respectively. With the exception of S. sonnei, each species is
made up of multiple serovars. S. dysenteriae has 15 serovars,
S. flexneri has six serovars (with one to five possessing subtypes
a and b), and S. boydii has 20 serovars.
Sources of Exposure, Exposure Routes,
and Transmission

Shigella is highly adapted to the human host, specifically the
human intestine, and is unable to naturally infect other host
species. Therefore, animals as sources or reservoirs of infection
rarely present an issue. There are occasional reports of Shigella
outbreaks amongst captive primates; however, these never
occur in the wild, and are attributed to caretakers that may be
shedding the bacteria. The bacteria are spread through person-
to-person contact, with oral transmission allowing the bacteria
to gain access to the gastrointestinal system. Transmission is
often through ingestion of contaminated food or water, or
other oral contact with contaminated fomites or recreational
water. Shigella can persist in room temperature water for up to
6 months; thereby contaminated water used for washing,
bathing, or swimming may hold a viable population of Shigella
for a significant length of time. Laboratory acquired infections
also occur, albeit rarely.
Dose, Disease, and Diagnosis

Shigella infections (Shigellosis) are a global health concern. Any
advantage offered by having a limited host range and lack of
animal reservoir is counteracted by its very low infectious dose.
Where other pathogens require exposure to 1000 or 100 000
cells to cause disease, Shigella is capable of causing infection
and disease with only 10–100 bacterial cells. This means that
illness will likely occur with only a very small exposure. The
World Health Organization estimates there to be 165 million
254 Encyclopedia of T
cases of shigellosis worldwide each year. This statistic carries
with it an estimated 1.1 million Shigella-related deaths each
year, with the majority occurring in children under the age
of five.

Shigellosis is also referred to as bacillary dysentery. The
onset of symptoms typically begins 1–3 days following
exposure, but can range from 12 h up to 6 days depending on
the initial dose. Illness begins with general symptoms
including fever, fatigue, malaise, and then progresses to watery
diarrhea and abdominal pain. Blood is present in 40% of the
stools and 50% of the stools also contain mucus. The number
of stools per day ranges from 8 to 10, but may be significantly
higher in some patients. Dehydration is rare in shigellosis, but
does require active management. Anorexia following illness,
and the malnutrition that ensues, is often a larger concern
than that of dehydration. Patients may continue to shed
bacteria in their feces for up to a month following resolution
of symptoms, posing a threat of spreading the bacteria to
others.

Headache and nuchal rigidity may also occur with shigel-
losis, and seizures or convulsions are not uncommon. Severe
complications can occur with Shigella infection, with certain
sequelae more common in developing countries. Toxic mega-
colon and intestinal perforation can occur, especially with
S. dysenteriae and S. flexneri, both of which may be fatal.
Shigella-associated hemolytic-uremic syndrome (HUS) is
a hemolytic process resulting from damage to the small vessels
within the kidney and other tissues. Ultimately, HUS can lead
to hemolytic anemia and acute renal failure. Shigella-induced
HUS is associated with strains of S. dysenteriae type I. Deaths
due to HUS are attributed to cerebral edema or cerebral
hemorrhages due to hypertension.

Shigellosis is diagnosed by the presence of Shigella in the
feces. The identification of Shigella over other enteric bacteria
can be made through different types of microbiological media
and biochemical confirmation.
Mechanism of Toxicity

Shigella contains a number of virulence factors allowing it to
gain access to the intracellular environment and be largely
protected from the host immune system. There are a number of
Ipa proteins involved in host cell adherence and invasion.
These proteins are secreted out of a type III secretion system
built of Mxi-Spa proteins. Once inside the colonic epithelial
cells, the bacteria rapidly reproduce and spread between
neighboring cells. This movement through the epithelial layer
leaves behind a trail of tissue destruction and inflammation.
Other effector proteins, termed outer surface proteins (Osp),
secreted from the type III secretion system help to modulate the
innate immune response, including cytokine secretion and
neutrophil migration.
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Shigella dysenteriae produces a potent exotoxin, Shiga toxin,
which is only released upon lysis of the Shigella cell. Upon
release, Shiga toxin binds to the surface of the host cell and is
internalized by endocytosis. Once inside, the toxin halts host
cell protein synthesis, thereby killing the host cell. Shiga toxin
displays a number of toxic activities. It can act as an entero-
toxin, a neurotoxin, and a general cytotoxin when given the
opportunity.

Lipopolysaccharides (LPS) are molecules comprising lipids
and polysaccharides found in the outer membrane of Gram-
negative bacteria. LPS acts as an endotoxin, a toxin that
remains part of the cell unless the cell is destroyed, and is not
required for invasion, replication or cell-to-cell spread, but
appears to contribute to tissue damage.
Clinical Management

It is standard practice to treat Shigella infections with antibiotics
to both shorten the duration of the disease and help to clear the
organism from the stool. Even though symptoms in otherwise
healthy individuals would ultimately resolve, patients would
likely continue to shed the bacteria for weeks to months
following recovery, creating the potential to further spread the
disease. Antibiotic therapy helps to more quickly eradicate the
bacteria and reduce shedding. Even still, appropriate hand
washing measures and sanitation of potentially contaminated
fomites can greatly assist in reducing the spread of disease.

Ciprofloxacin remains effective against Shigella, although
resistance to antibiotics is increasing. Strains have shown varying
resistance to ampicillin, trimethoprim/sulfamethoxazole and
tetracycline, in addition to other antibiotics, encouraging the
support and desire for a vaccine. To date, no successful vaccine
has been developed.
See also: Ciprofloxacin; Escherichia coli; Gastrointestinal
System; Salmonella.
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Background

Indoor environments should safeguard and enhance occupant’s
health, comfort, and productivity, as people spend around 90%
of their lives indoors. There is still limited knowledge regarding
the causes of symptomsobserved innonindustrial indoor settings
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such as office buildings, recreational facilities, schools, and resi-
dences. Indoor Environmental Quality (IEQ) is influenced by
multifactor parameters such as air contaminants, thermal
comfort, and psychosocial issues (Figures 1(A) and 1(B)). There
is an increasing amount of scientific evidence indicating that
a range of health problems and complaints are associated with
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poor IEQ. The problems range from transient sensory irritationof
the respiratory tract to diseases that can be life threatening. These
problems can be generally divided into two categories: Sick
Building Syndrome (SBS) and Building-Related Illnesses (BRI).

A syndrome is defined by the World Health Organization
(WHO) as ‘a collection of signs and symptoms fitting a recog-
nizable pattern.’ SBS has been acknowledged by WHO since
1986 and it is defined by Wilson and Hedge as ‘a syndrome of
complaints covering nonspecific feelings of malaise, the onset
of which is associated with occupancy of certain modern
buildings’. Most researchers agree that SBS describes a group of
symptoms that have no clear etiology and are attributable to
exposure to a particular building environment. SBS is related to
both personal and environmental risk factors and affects
building occupants over an indefinite period being directly
connected with the building itself.

BRI, however, refer to a pathological condition, not only
harmful to the regular, everyday occupants, but also to visitors
and passers-by. BRI include sicknesses such as Legionnaires
disease, which may be contracted as a direct result of entering
a building and, unlike SBS, continues to have an effect after the
sufferer has vacated the building. In opposite to SBS, BRI can be
specifically diagnosed and can be classified into three groups:
airborne infectious diseases, hypersensitivity diseases, and toxic
reactions. Some building-related infectious diseases are trans-
mitted through indoor air; for example, Pontiac fever, Legion-
naires’ disease, histoplasmosis, tuberculosis, measles, rubella,
chicken pox, influenza, and the common cold caused by
adenoviruses and some rhinoviruses. With the exception of
Pontiac fever and Legionnaires’ disease, which are spread from
environmental sources, the risk of transmitting these diseases
increases as building occupant densities increase.

The symptoms characterizing SBS, first noted in the 1950s,
appeared to be correlated with the development of post-
war, energy efficient, airtight buildings, at a time when the
architects’ main brief was to keep costs low. The reported
common symptoms of SBS compiled by WHO include eye,
nose, and throat irritation; sensation of dry mucous
membranes; dry, itching, and red skin; headaches, mental
fatigue, and loss of concentration; high frequency of airway
infections and cough; hoarseness and wheezing; nausea and
dizziness; and unspecific hypersensitivity. These symptoms
Table 1 Sick Building Syndrome Symptoms

Irritation in eyes, nose or throat
Dryness
Stinging, smarting, irritating sensation
Hoarseness, changed voice

Skin irritation
Reddening of skin
Stinging, smarting, itching sensation
Dry skin

Odor and taste complaints
Changed sensitivity
Unpleasant odor or taste

Unspecified hyperactions
Runny nose and eyes
Asthma-like symptoms in non-asthmatic person
Respiratory sounds
may occur singly or in combination with each other and have
a characteristic periodicity increasing in severity over the
working shift and resolving rapidly on leaving the building in
the evening. Most manifestations, therefore, with the exception
of some cutaneous symptoms, improve over weekends and all
symptoms usually disappear on holiday.

The diagnosis of SBS requires a demonstration of an
elevated complaint or symptom prevalence associated with
a particular building. The term SBS should be restricted to
multifactorial problems, where no single cause factor exceeds
the level of generally accepted recommendations. Many
possible causes of SBS have been suggested, with the majority
of explanations focusing on air quality (Figure 1(B)) within the
building and the systems that are used to ventilate the building.
Other factors that have been implicated are artificial lighting,
noise, thermal comfort (Figure 1(B)), occupant’s activities,
stress and psychological effects, workplace maintenance, and
workstation layout (Figure 1(B)).
People and Health

Symptoms characterizing SBS are commonplace in the general
population, but it is the pattern of their expression that points
to the diagnosis of SBS. The effects of SBS on individuals are
experienced specifically at work. Such symptoms (Table 1) are
distinguished by a higher incidence, as a group, in some
buildings than others. The consequences of SBS are reduced
staff efficiency and work performance, increased absenteeism
and staff turnover, extended breaks and reduced overtime, lost
time complaining and dealing with complaints, and possibly
even building closure. Although not life threatening or
disabling, it has a significant impact on both the affected
building occupants and the organizations they work for.

Studies in offices at United Kingdom and Sweden show
a number of common factors by which the range of symptoms
and their prevalence depend:

l Clerical staff are more likely to suffer than managerial staff,
and more complaints arise in the public than in the private
sector.

l Long-term exposures of low threshold values are of
importance in causing SBS symptoms.
Neurotoxic symptoms
Mental fatigue
Reduced memory
Lethargy, drowsiness
Reduced power of concentration
Headache
Dizziness
Nausea
Tiredness

s



Table 2 Main Indoor Air Contaminants, Their Sources and Possible Health Effects

Exposures

Health effects

Combustion

Particles CO

Dampness, Mold,

Dust Mites, Bioaerosols ETS Radon

VOC Indoor

Chemistry Products

Allergic and asthma symptoms l l l l

Lung cancer l l l

Chronic obstructive pulmonary disease l l l

Airborne respiratory infections l l l

Cardiovascular morbidity and mortality l l l

Odor and irritation l l l l

Causes & sources
Outdoor air l l l l

Building/equipment/ventilation l l l l l l

Consumer products l l

Occupant behavior & maintenance l l l l l l

Based on the Published Literature Review Performed by Jantunen et al. (2011).

Table 3 Environmental Factors Affecting the Levels of Pollutants
and Perceptions of Indoor Air Quality

Air velocity and movement – too drafty or stuffy
Feelings about physical aspects of the workplace (location, work

environment, availability of natural light, and the aesthetics of office
design, such as color and style)

Furniture crowding
Glare from ceiling lights, especially on monitor screens
Heat or glare from sunlight
Noise and vibration levels
Odors
Selection, location, and use of office equipment
Stress in the workplace or at home
Temperature – too hot or cold
Workspace ergonomics, including height and location of computer, and

adjustability of keyboards and desk chairs
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l Symptoms are most common in air-conditioned buildings
but can also occur in naturally ventilated buildings.

l Symptoms are more frequent in the afternoon than in the
morning.

l People with most symptoms have least perceived control
over their environment.

l Women often have more SBS than men.

Occupants who experience even subclinical symptoms such
as headache and fatigue because of poor IEQ are less likely to
be comfortable and also less likely to be productive. Although
objective measures are being developed, such as biologic
markers of irritation, diagnosis of SBS relies primarily on self-
reporting by standardized questionnaire’s application (e.g.,
MM 040 EA from the Environment Medicine Clinic at Örebro
Hospital in Sweden). With this tool cases have been reported in
many different types of buildings including hospitals, schools,
and even in residences. Most reports, however, concern those
employed in large office buildings and for this reason, SBS is
largely associated with office work.
Indoor Environmental Factors

Indoor Air Pollutants

Indoor air could contain outdoor air pollutants as well as
those generated indoors by the occupants and their activities
including carcinogens, biological and chemical contaminants.
The pollutants released by the building occupants include
carbon dioxide (CO2), volatile organic compounds (VOCs),
microbiological organisms, and particulate matter. The
indoor air contaminants which can be hazardous to health
(Table 2) include carbon monoxide (CO), dust and fibers
from carpets, environmental tobacco smoke (ETS) – currently
narrowed by the indoor smoking ban laws in several devel-
oped countries – formaldehyde especially from urea–form-
aldehyde insulation, radon, VOC emanating from solvents,
paints, varnishes, and adhesives used for furniture and
sticking carpets causing long-term and short-term illnesses.
Biological contaminants like bacteria, viruses, and fungi (due
to presence of high humidity) also directly affect the health of
the occupants. In a conditioned space, without fresh air
intake, free passage of air is limited, thus pollutants tend to
accumulate resulting in higher concentration of some
contaminants than outdoor ambient air.

Many different factors influence how indoor air pollut-
ants impact occupants. Some pollutants, like radon, are of
concern because exposure to high levels of the pollutant
over long periods of time increases risk of serious, life
threatening illnesses, such as lung cancer. Other contami-
nants, such as CO at very high levels, can cause “silence
death” within few minutes. Some pollutants can cause both
short- and long-term health problems. Prolonged exposure
to ETS can cause lung cancer, and short-term exposures can
result in irritation and significant respiratory problems.
Table 3 lists a number of environmental and personal
factors that directly impact the levels of pollutants to which
people are exposed and also affecting how people perceive
indoor air quality (IAQ).

Biological
The microbial indoor air pollutants of relevance to health are
widely heterogeneous, ranging from pollen and spores of
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plants coming mainly from outdoors, to bacteria, fungi, algae,
and some protozoa emitted outdoors or indoors. They also
include a wide variety of microbes and allergens that spread
from person to person. Excessive concentrations of bacteria,
viruses, fungi (including molds), dust mite allergen, animal
dander, and pollen may result from inadequate maintenance
and housekeeping, water spills, inadequate humidity control,
condensation, or may be brought into the building by occu-
pants, infiltration, or inadequate ventilation. Moreover, the
improper operation and maintenance of heating, ventilation,
and air-conditioning (HVAC) systems in controlling the
humidity in air-conditioned buildings is one of the most
common causes for microorganisms’ distribution and
proliferation.

Allergic responses to indoor biological pollutant exposures
cause symptoms in allergic individuals and also play a key role
in triggering asthma episodes. Endotoxins (lipopolysaccharide
components of the outer membranes of gram-negative
bacteria) are associated with contaminated humidifiers, lower
ventilation rates, presence of cats and dogs, storage of food
waste, and increased amounts of settled dust. Increased levels
of endotoxins in indoor dust have been associated with
increases in asthma symptoms and with reduced lung function
in people with atopy.

Apart from floods, there are four major sources of mold
growth in indoor areas: leaks in building fabric, condensation,
unattended plumbing leaks, and household mold (e.g., mold
growth on kitchen and bathroom surfaces, hidden food spills,
garbages, defrost pans). A large number of cross-sectional and
case–control studies from several countries have found an
association betweenmold and dampness in indoors and health
complaints. Exposure to microbial contaminants is clinically
associated with respiratory symptoms, allergies, asthma, and
immunological reactions. The most important means for
avoiding adverse health effects is the prevention (or minimi-
zation) of persistent dampness and microbial growth on inte-
rior surfaces and in building structures.

Chemical
Sources of chemical pollutants include tobacco smoke, emis-
sions from products used in the building (e.g., office equip-
ment; furniture, wall and floor coverings; cleaning and
consumer products), and gases such as CO and NO2, which are
products of combustion. Indoor sources of CO include vehicle
exhaust from attached garages, gas stoves, furnaces, wood-
stoves, fireplaces and cigarettes, and incense burning. Symp-
toms of CO poisoning, such as headache, nausea, and fatigue,
may be mistaken for the flu. ETS is a cause of premature
mortality. Living with a smoker is associated with an estimated
20–30% increased risk of lung cancer. ETS is also associated
with a 25–35% increased risk of coronary artery disease. NO2 is
an airway irritant that is emitted mainly during the combustion
of fossil fuels. The NO2 indoor sources include combustion
appliances such as gas or oil furnaces and stoves. NO2 may
move from outdoors to indoors; however, if from an outdoor
source, it will be at a lower concentration in the home than if it
were from an indoor source. Whether chronic exposure to low
concentrations of NO2 from indoor sources increases the risk of
respiratory illnesses is still unclear. Nevertheless cohort studies
in children show that older children are more likely to exhibit
atopy and asthma, which may modify the response to NO2.
This is shown by the observation that short-term inhalation of
high concentrations of NO2 increases bronchial responsiveness
to inhaled allergens in sensitized asthmatics. In addition to the
direct release of nitrogen oxides, indoor combustion sources
emit various co-pollutants including ultrafine particles related
with decrease of respiratory function and increase of cardio-
vascular diseases. Also, secondary reactions, such as the
production of nitrous acid from surface chemistry involving
NO2, can contribute to indoor pollutant concentrations that
directly affect health.

High indoor air VOC levels have also been associated with
SBS and productivity at workplaces. Furthermore, interventions
to reduce such levels by increased fresh air exchange, case by
case, have been studied to reduce the symptoms and improve
performance.

Formaldehyde is a gas, a proven airway irritant and
a possible carcinogen. In indoor environments, formaldehyde
is mainly produced by off-gassing from wood-based products
assembled using urea–formaldehyde resins (plywood, particle
board, medium-density fiberboard). Other sources include
cigarette smoke, certain paints, varnishes and floor finishes, or
candle or incense burning. Secondary formation of formalde-
hyde occurs indoors through chemical reactions between, for
example, ozone and terpenes. Greater concentrations of
formaldehyde were associated with lower fresh air exchange
and with painting, varnishing, and acquiring new wooden or
melamine furniture in the previous 12 months. Associations
between residential and school exposure to formaldehyde and
respiratory symptoms have been reported in observational
epidemiologic studies.
Thermal Comfort

The thermal comfort is one of the indoor environment factors
that affect health and human performance, thus chiefly deter-
mined by temperature, humidity, and air movement. Though
thermal environment in air-conditioned offices does not
usually cause serious ill health, it has a very significant impact
on the general well-being and work performance of building
occupants. Poor thermal environment can also aggravate the
impact of air pollutants on occupant’s health.
Ventilation

Poor IAQ could be associated with improperly managed HVAC
systems and inadequate ventilation. For each of the two effects
of poor health and loss of productivity, adequate amounts of
fresh air and appropriate ventilation can address the problem
adequately. One of the main reasons why air-conditioning
systems have been associated so strongly with SBS is that the
majority of buildings studied have been open plan offices with
air conditioning. Therefore, there may be an increased risk of
SBS symptoms in buildings with air-conditioning systems
compared to naturally or mechanically ventilated buildings.
One of the other areas that cause concern is the cleanliness of
the air-conditioning system when installing. Dirty ducts that
are not cleaned prior to commissioning will cause the dirt to be
circulated throughout the building. There is evidence from field
studies that buildings with the lowest SBS symptoms reporting
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rates are those whose ventilation characteristics most closely
match the original design intent. This suggests that well-defined
goals clearly communicated to all relevant parties throughout
the building design and construction process is a potentially
important key to achieving good IEQ.

CO2 has been recognized by the American Society for
Heating, Refrigeration and Air-conditioning Engineers as the
surrogate ventilation index. CO2 levels both in natural and air-
conditioned rooms are a good indicator of occupancy and
ventilation rate within a space. CO2 by itself is not considered
as an indoor air contaminant. Humans are the major source of
CO2. As people exhale CO2, they also exhale and give off a wide
range of bioeffluents. These bioeffluents include bacteria, gases,
odors, particulate, and viruses. When these bioeffluents are
allowed to build up in space, due to poor ventilation, occu-
pants complain of fatigue, headache, and general discomfort.
The assumption is that if there is sufficient ventilation to
remove/dilute the human generated contaminants, there will
be no discomfort. Outside levels of CO2 are relatively constant
and range between 350 and 600 ppm. Therefore, the concen-
tration of CO2 in a space can provide an indication of the actual
ventilation rate per person within the space. If the CO2 levels
are higher than 1000 ppm, then it is an indication that not
enough outdoor air is coming in to dilute the CO2 level. For
that reason the indoor air is being re-circulated and the levels of
the other pollutants in the enclosed space must be high. CO2

itself does not create SBS symptoms but elevated CO2

concentrations will often occur at the same time other
pollutant levels build up. The real value of CO2 in IAQ control
is a very good indicator of ventilation rates within a space.

The ventilation can contribute by reducing the concentra-
tion of contaminants from building materials and processes
inside the building and also heat produced in it, nevertheless
the most important measure to reduce such contaminants
remains source control. Notwithstanding, building ventilation
is one important factor affecting the relationship between
airborne transmission of respiratory infections and the health
and productivity of workers.
Mitigation Measures

The existing literature offers relatively strong evidence that
characteristics of buildings and indoor environments signifi-
cantly influence prevalences of respiratory disease, allergy and
asthma symptoms, symptoms of SBS, and worker performance.
SBS is related and influenced by multifactor parameters there-
fore a combined approach of measures along all variables is
recommended. From the regulatory point of view, several ways
to control the effect or possible effect on exposure to SBS are
available, such as the following:

l Establishing minimum allowable emission rates of pollut-
ants from a source.

l Banning the use of certain pollutants in products or in
general (e.g., asbestos, smoking).

l Requiring a minimum ventilation rate, taking in account
the activities and occupation rate of the indoor area.

l Defining a maximum allowable concentration level (expo-
sure level) (e.g., formaldehyde).
l Implementing preventive measures such as design
approaches, maintenance activities to prevent growth of
Legionella or strict procedures of intended use of a space or
product.

l Increasing workers’ control over lighting, ventilation, heat-
ing, cooling, and noise.

l Providing flexible work hours where feasible.
l Minimizing exposure in stressful conditions through job

rotation or mandatory rest periods.

The first two measures are focused on source control while
the third and fourth are dealing with the indoor air. The last
four can be considered as a combination of source control,
indoor air, and human activities measures.

See also: Behavioral Toxicology; Dose–Response Relationship;
Environmental Exposure Assessment; Indoor Air Pollution;
Psychological Indices of Toxicity; Respiratory Tract Toxicology;
Sensory Organs; The Exposome.
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l Name: Silane
l Chemical Abstracts Service Registry Number: 7803-62-5
l Synonyms: Silicon tetrahydride, Monosilane, Silicane
l Molecular Formula: SiH4
Background

In 1857, the German chemists Heinrich Buff and Friedrich
Woehler discovered silane among the products formed by the
action of hydrochloric acid on aluminum silicide, which they
had prepared previously. They called the new compound ‘sili-
ciuretted hydrogen.’ Silane is the simplest compound in the
family to which it gives its name.

Strictly speaking, silanes are saturated hydrosilicon
compounds of general formula SinH2nþ2 (n¼ 1, 2, 3),
composed of hydrogen and silicon atoms bound exclusively by
single bonds. Like alkanes (saturated hydrocarbons), they can
either be linear, with each silicon atom bound to at most two
others, or adopt branched forms in which the silicon backbone
bifurcates or trifurcates at silicon atoms bound to three or four
others.

More loosely, the term ‘silanes’ is also used to refer to
cyclosilanes (general formula SinH2n, n> 2), in which the
silicon backbone forms a loop, and tomore complex polymeric
silicon hydrides (polysilicon hydrides).

More loosely still, silanes in which some or all of the
hydrogen atoms have been replaced by other atoms or groups
of atoms, are also often spoken of as silanes. The substituent
groups may be all the same or different, reactive or nonreac-
tive, and, if reactive, possess either organic or inorganic reac-
tivity. Silanes in this sense can be classified according to the
atom or group of interest that is bound to silicon, the most
frequent (overlapping) families thus distinguished being the
silyl hydrides (Si–H), which comprise all except totally
substituted silanes; the halosilanes (Si–X, X a halogen); the
silylamines (Si–NRmH2�m, m¼ 0, 1, 2); and organosilanes
(Si–C). Siloxanes and polysiloxanes, which are saturated
silicon–oxygen hydrides with branched or unbranched back-
bones composed of alternating silicon and oxygen atoms, can
be considered as silanes in this sense if construed as the
products of repeated substitution (e.g., H3Si–O–SiH2–O–

SiH3¼H3Si(O–SiH2(O–SiH3))), and the same is true of
silazanes, which have backbones formed of –Si–N– units.

Many useful organosilanes are of the form RnSiX4�n, with
a single silicon atom bound to both C atoms (belonging to
alkyl, aromatic, or organofunctional groups R) and X atoms
(a halogen or the reactive oxygen of a hydroxy, alkoxy,
or acyloxy group). Organosilanes of this form can react with
very diverse materials. Of particular note are alkoxy silanes
(R3Si–OR) and silanols (R3Si–OH).
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

The parent compound of the silane family, SiH4, is used largely
as a rawmaterial for the preparation of other silicon-containing
compounds. Silane is used in semiconductor manufacturing as
source of silicon in polycrystalline silicium deposition for
interconnects or masking; growth of epitaxial silicon; and
chemical vapor deposition of silicon dioxide, silicon nitride,
silicon carbide, and refractory metal silicides. Silane is
employed to product amorphous silicon for electronic devices,
photosensitive drums, or solar cells. Silane is also used in
supersonic ramjets to initiate combustion in the compressed air
stream.

Organosilicon compounds have many applications in
organic chemistry, most notably as derivatizing and protecting
reagents. The many known organosilyl-protecting groups
provide a wide spectrum of chemical stability and steric
demand. Silane and other silyl hydrides are also used as
reducing agents in organic and organometallic chemistry. In
materials science, functionalized silanes are used to modify
other constituents for various purposes; for example, they can
favor the compatibility, mixing, and bonding of organic and
inorganic components, increase the strength and resilience of
a composite matrix, or protect polymer fiber strand integrity;
they can also enhance electrical properties. They are accord-
ingly marketed as mineral filler treatments, adhesion
promoters, coupling agents, crosslinking agents, surface
modifiers, water scavengers, dispersing agents, and polymer
modifiers.
Environmental Fate and Behavior

Silane is a colorless transparent gas, heavier than air. It is
odorless when greatly diluted, but extremely noxious when
concentrated, with a sharp, repulsive smell, somewhat similar
to that of acetic acid. Its silicon–hydrogen bond is much
weaker, and accordingly more reactive, than a carbon–
hydrogen single bond. It is not only inflammable in air at
concentrations between 1% and 96% v/v, producing particu-
late silicon oxides and hydrogen gas, but is pyrophoric. Above
420 �C silane decomposes, releasing hydrogen and depositing
high-purity silicon, which leads to some of its principal
applications. It also reacts avidly with oxidants; for example,
contact with even trace amounts of free halogens may cause
violent explosions. It is insoluble in water, and does not react
with water under normal conditions, but in the presence of
even minute traces of hydroxyl ion reacts to evolve hydrogen
gas and form corrosive silicic acid or hydrated silicon dioxide.
The reaction with water is further accelerated by organic or
inorganic bases. Silane is fully biodegradable, and will not
bioaccumulate.
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Exposure and Exposure Monitoring

Since silane is a gas at room temperature, its ingestion is
unlikely and its target organs are the eyes, the skin, and the
respiratory system. The main route of entry in humans is
inhalation, but its distinct repulsive odor generally helps
exposed individuals to limit exposure.
Acute and Short-Term Toxicity

The acquisition of data regarding the toxicity of silane for
humans or laboratory animals is hampered by its pyrophor-
icity; silane can ignite spontaneously in room air and can cause
explosions, making it difficult to conduct studies safely.
Human Data

No quantitative data on either its acute lethality or nonlethal
toxicity in humans are available. However, it is irritating to the
skin, eyes, and mucous membranes. Excessive inhalation can
cause coughing, sore throat, pulmonary edema, asthmatic
reactions, dizziness, weakness, fatigue, nausea, headache, and,
in extreme cases, unconsciousness and asphyxiation. Depend-
ing on duration, contact with the eyes can cause a burning
sensation, itching, redness, swelling, and excessive tearing,
while acid burns are produced by serious overexposure,
involving the formation of silicic acid by reaction with moisture
in the eye. Silane-contaminated atmospheres can also contain
amorphous silicon dioxide particles, which can likewise cause
eye irritation. Skin irritation (in extreme cases, burns) is not
caused by silane itself, but by silicic acid formed upon contact
of silane with moisture. Generally regarded as more likely than
acid burns are thermal burns produced by ignition of silane in
air, which are similar to other thermal burns.

Data on the toxicity of silane in animals are limited to
inhalation studies in mice and rats.
Acute Lethality (Rats and Mice)

In a whole-body inhalation study, male Imprinting Control
Region (ICR) mice were exposed for 0.5, 1, or 4 h to silane
concentrations of 0, 2500, 5000, 7500, or 10 000 ppm. The
1- and 4-h experimental designs prescribed sacrifice of four
mice 2 days after exposure, and eight others after 2 weeks. The
only deaths were those of six of the eight mice in the 2-week
group exposed to 10 000 ppm of silane for 4 h, all six dying
within 24 h of exposure. Clinical signs observed during expo-
sure included face washing, licking of the lower abdomen, and
fur ruffling, which occurred more frequently with increasing
concentration. Animals sacrificed 2 days after 4 h of exposure to
2500 ppm or more, or after 1 h of exposure to 10 000 ppm, had
developed acute necrosis of renal tubules. All mice in the
10 000 ppm group exposed for 4 h also had enlarged kidneys.
Two weeks postexposure, interstitial fibrosis and atrophy of
the tubules was observed in three mice exposed to 5000 ppm
(one exposed for 1 h and the other two for 4 h), four exposed to
7500 ppm for 30min (the only time employed for this expo-
sure level), and eight exposed to 10 000 ppm (seven of the 1 h
exposure group and one of the two surviving members of the
4 h group). Degeneration of hematopoietic cells in spleen and
bone marrow and of lymphocytes in the thymus, observed in
mice sacrificed after 2 days and mice that died, may have been
due either to direct silane toxicity or to the acute renal failure.
Normochromic normocytic anemia in the two 2-week survi-
vors of the 10 000 ppm, 4 h group was likewise attributed
either to prolonged renal damage or direct silane toxicity. The
LC50 of silane for mice was established as between 5000 and
10 000 ppm for 4 h exposure and greater than 10 000 ppm for
1 h or 30min exposure, and the no observed adverse effect level
as 5000 ppm for 30min exposure, 2500 ppm for 1 h exposure,
and 1000 ppm for 4 h exposure.

In a limited earlier study, male CFE rats and CF1 mice were
exposed for various times to up to 10 000 ppm of silane. In
keeping with the previous findings, exposure to 9600 ppm for
the longest exposure time employed (4 h) led to a 40% death
rate among mice within 45 h, but no other deaths occurred.
Acute Nonlethal Toxicity (Mice)

Silane has no toxic effects on mice exposed for up to 8 h to
a concentration of 1000 ppm in air, a level 200 or 2000 times
higher than the occupational exposure limits that are recom-
mended by many academic associations and are in force in
many countries. No deaths occurred among ICR mice so
exposed for 1, 2, 4, or 8 h, and in mice sacrificed 3 days later
there were no gross or histopathologically evident alterations
of cornea, nasal cavity, respiratory tract, lung, liver, kidney,
spleen, pancreas, thymus, thyroid gland, bone marrow, salivary
glands, esophagus, or testes. Neither were there alterations in
the serum concentrations of alkaline phosphatase, aspartate
aminotransferase, alanine aminotransferase, cholinesterase,
blood urea nitrogen, sodium, or potassium, or in red blood cell
count or total or differential white blood cell counts. The only
clinical signs during these 3 days were an increase in face
washing and licking of the abdominal area.
Repeated Exposure Studies

In a second phase of the study described, a group of 10 ICR
mice exposed to 1000 ppm silane for 6 h per day, 5 days per
week over 2 or 4 weeks, suffered only mild irritation, man-
ifested as small amounts of mucous exudates (observed in
eight of the treatedmice after the 2-week recovery, versus two of
the 10 controls) and in inflammatory and/or necrotic cells in
the nasal cavity (found in six mice after the 4 week recovery but
in no controls).
Reproductive Toxicity, Mutagenicity,
and Genotoxicity

No data on mutagenic, embryotoxic, teratogenic, or adverse
reproductive or developmental effects of silane on humans
have been published. However, silane has been found to be
mutagenic for Salmonella typhimurium strains TA98, TA100,
TA1535, and TA1537, and for Escherichia. coli WP2 uvrA,
regardless of whether these bacteria were metabolically
activated.
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Carcinogenicity

Silane has not been tested for its ability to cause cancer in
animals. However, neither the National Toxicology Program
nor the International Agency for Research on Cancer nor the US
Occupational Safety and Health Administration appears to
consider it as being a carcinogen or suspect it of being one,
since none of these agencies list it as carcinogenic.
Ecological Effects

Since silane decomposes on contact with air, it does not enter
the soil or otherwise persist in the environment. We know of no
studies specifically documenting unexpected toxicity to
nonhuman terrestrial species. However, its spontaneous igni-
tion in air can potentially cause severe thermal burns to plants
and animals. Also, upon contact with water or moisture it is
transformed into silicic acid, which can cause acid burns and
have an adverse effect on aquatic life by lowering the pH of
water bodies.

Silane is nevertheless not listed as a marine pollutant by the
US Department of Transportation (DOT). Silane is not a Class I
or Class II ozone-depleting chemical.
Other Hazards

Silane is not known to sensitize humans upon prolonged
or repeated contact, and no synergistic effects have been reported.
Exposure Standards and Guidelines

Among the hydrides of group IVB elements, silane is consid-
ered to have a toxicity between those of methane (nontoxic)
and germane (moderately toxic). Silane is on the Hazardous
Substances List because it is cited by the American Conference
of Governmental Industrial Hygienists (ACGIH), DOT,
National Institute for Occupational Safety and Health
(NIOSH), and National Fire Protection Association, and on the
Special Health Hazard Substances List because it is inflam-
mable and reactive.

A time-weighted average exposure limit of 5 ppm has been
recommended for occupational exposure to silicon tetrahy-
dride by both the ACGIH (8-h TLV-TWA; ACGIH, 2000) and
the NIOSH (10-h REL). This value is intended to minimize the
potential of silane for irritation of the skin, eyes, mucous
membranes, and respiratory tract.

See also: Silicon Tetrachloride.
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Introduction

In the period following World War II, there was a great increase
in industrial production in the developed world. Not only were
existing products manufactured in larger numbers, but also
a large number of new synthetic chemicals were developed.
These included innovative structural materials, such as plastics,
new and more effective pharmaceuticals, and more effective
pest control chemicals. Many of these new compounds rapidly
gained widespread use in the developing as well as the devel-
oped world.

This increase in industrial production was soon accompa-
nied by concerns about the environmental consequences of the
effluents from production facilities as well as the new chemicals
themselves. Graphic pictures alerted the public to the problems
of decreasing air quality, and increasing amounts of waste
effluents reaching surface waters. These included images of
thick smoke bellowing from factories and fires in rivers, such as
the Cuyahoga. The problem was international in scope as was
illustrated by the discovery of serious human health impacts
around Minamata Bay, Japan due to ingestion of fish
contaminated with methylmercury formed from effluents
emitted by an industrial facility on the bay.

Complementing this boom in industrial production was
a great increase in the use of agricultural chemicals, both
fertilizers and pesticides. In addition to an increase in the
amounts applied, the types of pesticide chemicals used
changed to those that were long lasting, such as the organo-
chlorines. The most prominent example of this class of pesti-
cides is dichlorodiphenyltrichloroethane (DDT).

There were two main types of concerns about these persis-
tent pesticides – one was their impact on birds and wildlife and
the other their impact on human health. The former was
illustrated by the reports in the late 1950s that DDT usage was
linked to the decimation of the robin population on the
Michigan State University campus. The latter concern was
illustrated by the great cranberry scare that occurred right
before Thanksgiving in 1958 when it was thought that pesticide
contamination of cranberries would lead to cancer in people
who ate them. It was also the year that the Congress passed the
so-called Delaney Amendment that forbid the use of any food
additive that might be linked to cancer in laboratory or
epidemiological studies.
Silent Spring

It is against this background that Silent Spring, written by Rachel
Carson, was published in 1962. The book was a polemic that
focused on the impacts or potential impacts of pesticides on
both humans and their environment. It was a call for people to
be much more aware of the seriousness of the problems caused
by these synthetic chemicals and to take actions to minimize
and/or eliminate their use. The author recommended that
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chemical control of pests be replaced by biological controls and
that persistent chemicals, such as DDT, be taken off the market.

The impact of this book was enormous as it seemed to
coalesce the diverse and growing concerns of the public about
damage to the environment and public health by industry. It
contributed strongly to the rise and expansion of the environ-
mental movement in the mid- to late 1960s and to the estab-
lishment of a number of environmental protection laws and
policies in the United States and elsewhere in the 1970s. A very
important result of this environmental movement was the
creation of the US Environmental Protection Agency. In addi-
tion to catalyzing organizational change, it also led to specific
actions that were called for in Silent Spring, particularly the
banning of DDT use in the United States – which occurred in
1972.

While the focus of Silent Spring was pesticides, the envi-
ronmental movement that grew out of it was much broader
and had the goal of limiting the use and disposal of a wide
variety of industrial chemicals. Signal events, such as Love
Canal, led to efforts in particular directions other than limiting
pesticide use. In the case of Love Canal, this direction was the
cleanup of hazardous wastes from the past. However, efforts
to force a reduction in pesticide usage also continued
unabated.

These efforts have led to increased reliance on a combina-
tion of methods for pest control including both chemical and
biological controls, a technique known as Integrated Pest
Management (IPM). The increasing use of IPM has led to
a decreasing use of pesticides. The continuing public concern
about pesticides and other chemicals used in food production
has been the impetus for a growing organic food movement. At
least in the United States, a significant number of people are
willing to pay a premium for foods that are certified as having
been grown without the use of pesticides or other commercial
chemicals.

Indirectly, this movement has also led to the develop-
ment of agricultural biotechnology, a field that focuses on
altering crop plants to reduce the need for pesticide appli-
cations. This includes research to develop plants that produce
their own natural pesticide as well as crop plants that are
resistant to synthetic pesticides. Plantings of bioengineered
crops have rapidly increased in recent years and a majority of
some crops grown in the United States are products of this
technology.
Summary

The publication of Silent Spring was a seminal event in the
environmental movement in the United States and, later,
abroad. Prior to the book there was slowly increasing public
recognition of environmental problems due to industrial
effluents and use of certain synthetic chemicals. Afterwards, the
environment became an overriding issue to many Americans
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00433-4
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and an environmental movement arose that is still going
strong. While there are still questions about the wisdom of
some of the recommendations that were made in Silent Spring,
there is no question that the book has led to different ways
of looking at our environment and the effects of some aspects
of human progress on this environment.

From the toxicological perspective, it is clear that much of
the research that has been performed in the past four decades
has resulted from concerns that were raised in Silent Spring.
These include studies of the adverse effects on humans and
other organisms of pesticides and other chemicals in our
environment as well as basic research on mechanisms of
toxicity. It is evident that this type of research will continue as
questions still remain about well-known as well as newly
discovered chemicals in our environment.

See also: DDT (Dichlorodiphenyltrichloroethane); Pesticides;
Environmental Protection Agency, US; Risk Perception; Risk
Communication.
Further Reading

Carson, R., 1962. Silent Spring. Fawcett Crest, New York, NY.
Marco, G.J., Hollingworth, R.M., Durham, W., 1987. Silent Spring Revisited. Am.

Chem. Soc. Washington, DC.
van Emden, H.F., Peakall, D.B., 1996. Beyond Silent Spring: Integrated Pest

Management and Chemical Safety. Chapman and Hall, London.

Relevant Websites

http://www.chemheritage.org/discover/chemistry-in-history/themes/public-and-
environmental-health/environmental-chemistry/carson.aspx Rachel Cason. Chemical
Heritage Foundation. Philadelphia, PA

http://www.chemheritage.org/discover/chemistry-in-history/themes/public-and-environmental-health/environmental-chemistry/carson.aspx
http://www.chemheritage.org/discover/chemistry-in-history/themes/public-and-environmental-health/environmental-chemistry/carson.aspx


Silica, Crystalline
RJ Southard, University of California, Davis, CA, USA
X Li and EA Eisen, School of Public Health, University of California, Berkeley, CA, USA
KE Pinkerton, Center for Health and the Environment, University of California, Davis, CA, USA

� 2014 Elsevier Inc. All rights reserved.
l Representative Chemicals: Quartz; Cristobalite; Stishovite;
Tridymite; Coesite; these various forms of minerals with the
same molecular formula are called polymorphs.

l Synonym: Silicon dioxide.
l Molecular Formula: SiO2; crystalline silica, also called free

silica, is defined as silicon dioxide (SiO2). This molecular
formula represents a very stable compound of silicon and
oxygen, wherein Si is completely polymerized through
SieO bonds in three dimensions.

l Chemical Structure: Crystalline silica represents a form of
silica, which is in a highly organized, framework pattern,
referred to as tectosilicates in the classification scheme of
silicate minerals (stishovite is an exception and is often clas-
sified as anoxide rather than as a silicate). The term crystalline
refers to theorientationof SiO2molecules in afixedpattern, as
opposed toamore randommolecular arrangementdefinedas
amorphous, noncrystalline, or short-range order. The oxygen
and silicon atoms of silicon dioxide are arranged in a three-
dimensional pattern repeated indefinitely in three directions,
forming the crystalline structure. See Figure 1.
Uses and Occurrence in Nature

Quartz is the most common crystalline form of silica
encountered in nature. Quartz is present as alpha and beta
(high temperature) forms. Alpha quartz is the most common
form, and is found in large quantities in many rocks and soils
worldwide. That quartz is among the most abundant
minerals in many, if not most, soils is a reflection of its
chemical stability and resistance to weathering. Quartz is so
prevalent that the term quartz is often used in place of crys-
talline silica. Exceptions to the generally widespread occur-
rence of quartz are the highly weathered soils of tropical
regions, where even the resistant quartz has been lost through
weathering processes. Tridymite and cristobalite are other
fairly common forms of crystalline silica and are generally
found in rocks formed at high temperature (e.g., volcanic
rocks). Coesite and stishovite are two rare polymorphs
formed at high pressure (e.g., meteorite impact craters and
some ultra-high-pressure metamorphic rocks). Other than
alpha quartz, all of these forms are thermodynamically
metastable at earth surface temperatures and pressures and
will slowly convert to alpha quartz given enough time
(millions of years). Microcrystalline varieties of silica also
include small grains of this material, possibly combined with
amorphous silica. Tripoli, flint, chert, jasper, chalcedony,
agate, onyx, and silica flour are examples.

Silica is typically only one of many constituents of mineral
dust. A wide array of other rock- and soil-forming minerals,
including silicate and nonsilicate minerals may also be present.
Nonetheless, crystalline silica can represent a large fraction of
the respirable dust present in agricultural settings because
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quartz is so abundant in most soils. The proportion of quartz in
respirable dust from soils will thus be related to soil mineralogy
and the relative abundances of the sand (2000–50 mm diam-
eter), silt (50–2 mm diameter), and clay (�2 mm diameter)
fractions in the soil. Other materials in which crystalline silica
may be found include gravel, slate, diatomaceous earth,
concrete, mortar, plaster, refractory materials, pottery clay,
limestone, shale, bricks, and abrasives.

Most human exposure to crystalline silica occurs in the
workplace, rather than in the general environment. Sand-
blasters, who use sand for cleaning surfaces, generate dust
clouds of freshly fractured crystalline silica and are at greatest
risk. Other occupations where exposure is common include
mining or rock quarrying, where blasting and excavation activ-
ities may suspend dust containing crystalline silica, and farm
laboring where mineral dusts are generated in field preparation
and processing of crops, particularly in arid to semiarid regions
where irrigation is required for crop production.
Background Information

Silicosis is the oldest known occupational lung disease. Ancient
Greeks were familiar with lung disease in quarry workers
(Hippocrates) and the fact that respirators could prevent the
disease (Pliny). Agricola (1566) and Ramazini (1713)
described disease in stone cutters. By 1917, the US Public
Health Service identified sandblasters and foundry workers to
be at high risk of silicosis. Although recognized as a preventable
occupational disease almost a century ago, there is no Occu-
pational Safety and Health Administration (OSHA) standard
for silica other than a 1971 exposure limit. In 1997, the Inter-
national Agency for Research on Cancer (IARC) classified
crystalline silica as a group 1 (known) human carcinogen.
Environmental Fate

Crystalline silica in the form of quartz is stable under most
earth surface conditions, has very low solubility under a wide
range of environmental conditions (e.g., pH, salinity, and
redox potential), and, thus, tends to persist in the environment.
The main health risk regarding crystalline silica is via occupa-
tional exposure. Although crystalline silica is persistent in the
environment, clear evidence of lung disease related to more
generalized environmental exposure is lacking.
Exposure Routes and Pathways

Exposure routes are primarily by inhalation. When crystalline
silica becomes small enough (i.e., <10 mm in diameter), these
materials can become aerosolized and are able to enter
therespiratory tract where they can deposit along the
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00061-0
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Figure 1 A representation of the crystal structure of alpha quartz, the most common form of crystalline silica. The larger spheres represent silicon;
the smaller spheres represent oxygen. Note that each Si atom is bonded to four O2 atoms, and each O2 atom is bonded to two Si atoms. Modified from
http://cst-www.nrl.navy.mil/lattice/struk/sio2a.html.
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tracheobronchial tree or into the deep recesses of the lung
where gas exchange takes place (i.e., alveoli). Bulk crystalline
silica is defined by the size of the individual particles. Crys-
talline silica is considered respirable when particles are less
than 10 mm in diameter (i.e., in the silt and clay sizes).
Toxicokinetics

Crystalline silica has very low solubility in human body fluids
and can be deposited and accumulated in the lungs. The main
clearance mechanism is mechanical removal by macrophages.
Particle ingestion can lead to cell membrane damage and
macrophage death, thereby reducing the effectiveness of this
clearance mechanism.
Mechanism of Toxicity

Although a number of theories exist to explain the potential
mechanism of toxicity to crystalline silica, the primary cause is
described as membrane damage occurring to cells that ingest
these tiny particles. It is thought that once crystalline silica is
ingested into a cell, free radical oxygen species can be gener-
ated from the surface of the particle leading to lipid perox-
idation and membrane damage followed by release of
lysosomal contents and lysis of the cell, resulting in cell death.
This process creates a vicious cycle whereby crystalline parti-
cles are taken up again into other cells that will undergo the
same sequence of events. Although the precise events to drive
this cell injury process are unclear, it has been observed that
freshly fractured surfaces of crystalline silica more readily
generate free radicals to damage the membrane of cells taking
up these particles, thus producing greater and more rapid cell
injury. This may explain, in part, the hazardous conditions
created in sandblasting where silica particles may be further
fractured in the cleaning process. The acute toxicity of expo-
sure to crystalline silica for both animals and humans follows
a similar mechanism with rapid ingestion of particles into
cells, primarily alveolar macrophages, and subsequent
damage to lipid membranes and the lytic death of these cells.
This repetitive process results in inflammatory events leading
to the influx of numerous macrophages into the alveolar air
spaces.

Silicosis occurs by way of breathing these particles, either
very high levels over a short time (acute silicosis) or low levels
of exposure for long periods of time. The underlying mecha-
nism for this disease involves the ingestion of silica particles
by macrophages in an attempt to remove them from the
lungs. However, silica particles produce membrane damage
leading to the death of these cells. The repetitive process of
uptake and release from macrophages leads to the further
release of hydrolytic enzymes and mediators that stimulate
the influx of inflammatory cells and laying down of collagen
by fibroblasts in an abnormal pattern to produce diffuse
interstitial lung disease or pulmonary fibrosis. Fibrotic
changes in the lungs are a reflection of a prolonged injury
process to macrophages with the accompanying deposition of
collagen by fibroblasts to bring about scar tissue formation.
This scarring process leads to the loss of alveolar airspace with
excessive amounts of collagen fibers forming wherever quartz
particles have been deposited and/or translocated in the
lungs. The pattern of scarring associated with silicosis is
typically found to be more prevalent in the upper lobes of the
lung in a nodular pattern, leading to the complete
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obliteration of alveolar air spaces in affected sites. It is
uncertain whether or not silicosis is on the causal pathway for
silica-associated lung cancer.
Acute and Short-Term Toxicity

In both animal and human studies, the toxicity of crystalline
silica is manifested acutely as an inflammatory process with the
influx of a large number of macrophages into the alveolar air
spaces of the lungs.
Chronic Toxicity

Chronic toxicity of crystalline silica in both animals and
humans results in a patchy nodular disease known as pulmo-
nary silicosis. Both animal and human studies demonstrate the
persistence of lung inflammation associated with excess
collagen deposition to form nodular as well as diffuse fibrotic
lesions throughout the lungs. The disease process of silicosis is
progressive and nonreversible. Breathing becomes labored and
more difficult, and can result in death in extreme cases.
Symptoms of silicosis include cough, shortness of breath,
wheezing, and repeated chest illnesses. The diagnosis of
a chronic disease due to silicosis is determined through
pulmonary function tests, chest radiographs, and history of
occupational exposure to silica.

In addition to the disease process of silicosis, inhalation of
crystalline silica has been associated with other diseases such as
bronchitis, tuberculosis, and lung cancer.
Immunotoxicity

As explained above, silica particles produce membrane damage
in macrophages leading to cell death. The repetitive process of
uptake and release from macrophages leads to the further
release of hydrolytic enzymes and mediators that stimulate the
influx of inflammatory cells to produce diffuse interstitial lung
disease or pulmonary fibrosis. This ability of crystalline silica to
disrupt regulation of immune cells in the lung qualifies it as
immunotoxic.
Genotoxicity and Carcinogenicity

Most studies indicate that chronic inflammation is the
driving force for genotoxicity of crystalline silica, rather than
a direct effect on DNA replication. In vitro studies and airway
exposure modeling suggest that direct genotoxicity effects are
not likely, mainly due to the improbably high exposures
required to produce direct effects on DNA. Instead,
secondary effects as a result of macrophage activation and
chronic inflammation are the more probable genotoxicity
effects.

Epidemiologic evidence indicates that silica exposure can
cause lung cancer. The International Agency for Research
on Cancer (IARC) has classified crystalline silica as a group
1 carcinogen with sufficient evidence for carcinogenicity in
both humans and experimental animals.
Ecotoxicity

Crystalline silica is naturally occurring and is persistent in most
terrestrial and aquatic environments. Little published infor-
mation is available on the ecotoxicity of crystalline silica in
aquatic ecosystems. Results from research on the effects of
dissolved silica on aquatic organisms suggest that there is
essentially no ecotoxicity risk associated with crystalline silica
due to its low solubility.

In terrestrial environments, environmental exposure to
crystalline silica in birds (kiwi, ring-necked pheasant) and
mammals (horse, camel, water buffalo, badger) is linked to
diverse pulmonary indications of toxicity including pulmonary
fibrosis, pneumoconiosis, and silicosis.
In Vitro Toxicity Data

Crystalline silica is toxic to cells in vitro, and it is commonly
used as a positive control material in cytotoxicity testing in cell
culture systems.
Nanosilica Toxicity and Applications

Silica nanoparticles (defined as structures possessing at least
one dimension that is between 1 and 100 nm) are becoming
more important in their commercial applications. Therefore,
they are of growing concern because their size allows for
a potentially different biodistribution compared with larger
silica particles. Small particle sizes permit greater cellular
penetration, while increased surface area exposes more silanol
groups, which cause membrane damage through lipid perox-
idation. Nanosilica can be categorized as porous or nonporous,
as well as crystalline or amorphous.

In vitro studies show that crystalline nanosilica has a dose-
dependent effect of decreased cell viability. In vivo studies
demonstrate that crystalline nanosilica produces pulmonary
inflammation and cytotoxicity. The toxicity of mesoporous
silica nanoparticles, another subgroup of nanosilica, is being
studied extensively due to their potential therapeutic use. Mes-
oporous silica nanoparticles exhibit a periodic structure at the
mesoscopic scale with columnar pores organized in a periodic
array, which makes them suitable as carriers for hydrophobic
therapeutic drugs, but also imparts characteristics that resemble
toxic crystalline silica.Most studies show good biocompatibility
in vitro and in vivo with little or no cytotoxicity; however, a few
studies suggest some limited toxicity. Since mesoporous silica
nanoparticles are designed for targeted drug loading and release
in therapeutics, more studies are necessary to better elucidate
their potential long-term health impact.
Exposure Standards and Guidelines

The USOccupational Safety and Health Administration (OSHA)
mineral dust standards for occupational exposure to crystalline
silica depend on the actual composition of the sample.

As outlined in the 1974 Centers for Disease Control/
National Institute for Occupational Safety andHealth (NIOSH)
publication,Occupational Exposure to Crystalline Silica, employees
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who are exposed to free silica must be apprised at the beginning
of their employment of the hazards, relevant symptoms,
appropriate emergency procedures, and proper conditions and
precautions for safe use or exposure. This OSHA permissible
exposure limit was set to prevent silicosis. It was established
prior to the evidence that lower exposures to silica may cause
lung cancer. Although NIOSH recommended a revised permis-
sible exposure limit, along with medical surveillance and
exposure monitoring, OSHA never promulgated a full standard
or updated the exposure limit. The following warning is
required to be posted in both English and the predominant
language of non-English-speaking workers potentially exposed
to free silica dust:

WARNING! 

RESPIRATOR REQUlRED

CRYSTALLINE SILICA WORK AREA

Exposure may cause silicosis

(a serious lung disease),

cancer, and death

See also: Aerosols; Occupational Toxicology; Pollution, Air in
Encyclopedia of Toxicology; Respiratory Tract Toxicology;
Toxicity Testing, Inhalation.
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Borm, P.J., Tran, L., Donaldson, K., 2011. The carcinogenic action of crystalline silica:
a review of the evidence supporting secondary inflammation-driven genotoxicity as
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Drees, L.R., Wilding, L.P., Smeck, N.E., Senkayi, A.L., 1989. Silica in soils: quartz
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pp. 913–975.
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Rutishauser, B. (Eds.), Particle–Lung Interactions, second ed. Informa Healthcare,
New York, pp. 167–192.

Napierska, D., Thomassen, L.C.J., Lison, D., Martens, J.A., Hoet, P.H., 2010. The
nanosilica hazard: another variable entity. Part. Fibre Toxicol. 7, 39.

National Institute for Occupational Safety and Health, 1974. Criteria for a Recom-
mended Standard for Occupational Exposure to Crystalline Silica. HEW Publi-
cation No. (NIOSH) 75-120. Centers for Disease Control, Washington, DC.

Relevant Websites

http://cst-www.nrl.navy.mil/lattice/index.html – Crystal structure database maintained
by the U.S. Naval Research Laboratory.

http://geology.usgs.gov – Crystalline Silica Primer, Branch of Industrial Minerals, US
Department of the Interior, Washington, DC, 1978.

http://www.ec.gc.ca – Draft Screening Assessment for the Challenge. Quartz,
Chemical Abstracts Service Registry Number 14808-60-7, Cristobalite, Chemical
Abstracts Service Registry Number 14464-46-1, Environment Canada, 2011.

http://webmineral.com – Mineralogy database maintained by David Barthelmy.
http://www.osha.gov – The US Occupational Safety and Health Administration mineral

dust standards for occupational exposure to crystalline silica depend on the actual
composition of the sample. Interested readers may consult Table Z-3 in the website.

http://cst-www.nrl.navy.mil/lattice/index.html
http://geology.usgs.gov
http://www.ec.gc.ca
http://webmineral.com
http://www.osha.gov
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l Name: Silicones
l Chemical Abstracts Service Registry Numbers: 63148-53-8;

9016-00-6; 63148-62-9; 63394-02-5
l Chemical/Pharmaceutical/Other Class: Organosiloxanes
l Synonyms: Poly(dimethylsiloxane) (PDMS); Dimethylpo-

lysiloxane; Silicone; Silicone oil, Dimethylpolysiloxane
hydrolyzate; Polydimethyl silicone oil; Polyoxy
(dimethylsilylene); Poly[oxy(dimethylsilylene)]; Siloxanes;
Others

l Chemical Structure: Varies
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Background

The term ‘silicone’ refers to a hybrid class of materials, mostly
represented by oligomers and polymers, predominantly
composed of covalently bonded silicon and oxygen atoms.
More technically, these materials are referred to as siloxanes,
and are further delineated from other silicon- and oxygen-
containing materials by the presence of organic components on
the same molecule. This delineation serves to separate them
conceptually from other common silicon–oxygen composites
like glass, or other silicon oxides.

Silicones were developed by a joint venture (Dow Corning)
of Dow Chemical and Corning during WWII in response to the
need for lubricants and flexible seals that would remain func-
tional under the harsh conditions encountered by aircraft at
high altitudes. Their high degree of biocompatibility made
their use very popular in biomedical applications shortly after
the war, leading to life-saving breakthroughs such as the
implantable shunt to drain excess fluids in hydrocephalus.

Silicones are generally prepared from chlorosilanes, which
are reacted with water or other oxygen-moiety-containing
reagents to form precursors with silicon–oxygen bonds at their
core. These intermediates are further condensed to form the
finished oligomeric or polymeric siloxane.

Many, if not most, siloxanes form macromolecular struc-
tures large enough to be considered polymers. The substitu-
ents on the silicon atom generally influence the reactivity of
the precursors, and guide the properties of the finished
polymer. The presence of crosslinkers, either during initial
polymer formation or added later to be reacted with side or
end groups on the finished polymer, dramatically affects the
characteristics of the material; as such, silicones can exist as
thin to viscous liquids, as gels, and as elastomers with varying
moduli.

Adding to the versatility of silicones is perhaps the relatively
simple chemistry behind their syntheses, particularly their
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crosslinking. In many consumer-purchased silicone products,
for example, crosslinkers and catalysts are often included with
polysiloxane precursors within sealed containers. Once
exposed to air, crosslinking reactions occur which solidify the
material. The concentrations and identities of the crosslinkers
joining the silicone chains to one another determine the degree
of flexibility of the end product. From this chemistry comes the
ability to flow the material into crevices or joints only to have it
cure to a durable weather- or chemical-resistant seal. The
manufacture of medical devices follows from similar chemis-
tries, where liquid precursor is flowed into molds to be cured
into permanent form.
Uses

With many possible compositions in backbone structure,
presence of side chains, and crosslinking, silicones can have
a wide range of physical properties. This versatility has led to
their use in numerous products worldwide, including house-
hold goods, toothpaste, weather-stripping, high-temperature
sealants and gaskets, chemical-resistant membranes and
microfluidics, and components of medical devices (including
as the lubricant in the barrel of plastic syringes).

Silicones are generally stable across a wide range of
temperatures. Poly(dimethylsiloxane) (PDMS) is stable up to
150 �C (and above if antioxidants are present), and is perhaps
the most widely used of the silicones. With stability across
varying temperatures, silicones are widely used as heat-transfer
agents and dielectric fluids. Other uses for silicones include
certain waxes and polishes, within release coatings and high
performance paints, in textiles, and as paper and packaging
additives.
Environmental Fate and Behavior

Polymers, being of medium to very high molecular weight with
a typical litany of intermolecular interactions, tend to be
nonvolatile; this is true of polymeric silicones. Low molecular
weight silicones, however, may be volatile enough to escape
into the air, and tend to degrade through contact with hydroxyl
radicals when exposed to ultraviolet radiation. Polymeric sili-
cones degrade in soils via contact with minerals that catalyze
depolymerization reactions of siloxane. Degradation products
of this pathway include dimethyldisilanol, carbon dioxide, and
amorphous silica.

Once released into the environment, silicones may or may
not degrade – this will depend on the specific silicone
material in question. Some are very prone to degradation via
sunlight, hydrolysis, biological metabolism, enzymatic
activity, or reactivity to other compounds. Others – like low
molecular weight siloxanes – are extremely resistant to
biodegradation, and may persist for many years under harsh
conditions.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00978-7
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Exposure and Exposure Monitoring

Silicones are generally stable across a wide range of tempera-
tures, although at temperatures exceeding 300 �C a number of
volatile products have been detected. Among these are cyclic
trimers, tetramers, and higher cyclic siloxanes, as well as
detectable concentrations of formaldehyde. In silicones con-
taining phenyl substituents, benzene could be detected.

Exposure is generally limited to dermal contact. Most sili-
cones are nonvolatile, so inhalation or contact with vapors is
unlikely.
Toxicokinetics

Silicones entered or released into the body parenterally or by
failed implantations tend to be picked up and transplanted in
the lymphatic system and may be accumulated there; silicones
are largely metabolically inert.
Mechanism of Toxicity

Very little evidence exists for toxic effects incurred as a result of
exposure to silicones, or to members of the class. In general,
siloxanes of lower molecular weight have been associated with
increased absorption in animals and humans, but subsequent
toxicities remain infrequent.
Acute and Short-Term Toxicity (or Exposure)

Animals and Humans

Acute toxicity to silicones has been studied extensively, yet little
evidence exists that exposure to the compounds leads to more
than mild irritations of the skin, eyes, and perhaps mucous
membranes. In studies testing silicones from low to high
molecular weight – from liquid, cyclic siloxanes to resinous
polydimethylsiloxanes – only low toxicities were found.
Selected lethal dose information for PDMS is shown in Table 1.
Table 1 Selected lethal dose characteristics for PDMS

Organism Test type Route Reported normalized dose

Rabbit LD Skin >16 ml kg�1 (16 ml kg�1)
Rabbit LD50 Skin 530 ml kg�1 (.53 ml kg�1)
Rabbit LD50 Skin 4450 ml kg�1 (4.45 ml kg�1)
Rabbit LD50 Skin 15 900 ml kg�1 (15.9 ml kg�1)
Rabbit LD50 Skin >20 ml kg�1 (20 ml kg�1)
Rabbit LD50 Skin >20 ml kg�1 (20 ml kg�1)
Rat LD50 Oral 1780 ml kg�1 (1.78 ml kg�1)
Rat LD50 Oral 10 400 ml kg�1 (10.4 ml kg�1)
Rat LD50 Oral 11 300 ml kg�1 (11.3 ml kg�1)
Rat LD50 Oral 19 600 ml kg�1 (19.6 ml kg�1)
Rat LD50 Oral 20 700 ml kg�1 (20.7 ml kg�1)
Rat LD50 Oral 26 910 ml kg�1 (26.91 ml kg�1)
Rat LD50 Oral >64 ml kg�1 (64 ml kg�1)
Rat LD50 Oral 14 g kg�1 (14 000 mg kg�1)
Rat LD50 Skin >20 ml kg�1 (20 ml kg�1)
Ethanosilicones are irritating or corrosive to mucous
membranes.

In terms of raw materials, silicone materials – particularly
oils, resins, and gels – may contain other substances, particu-
larly solvents, which may present a toxic risk.
Chronic Toxicity (or Exposure)

Animals

In rats, a no observed adverse effect level of 1000mg kg�1

day�1 has been reported, although no significant chronic toxic
effects have been reported for the majority of siloxane mate-
rials. Eye irritation following several months of daily ingestion
of PDMS-containing food has been the most frequently
reported adverse effect. Even in pyrolysis tests, mice exposed to
degradant gases showed few signs of toxicity due to a variety of
silicon polymers. Smaller cyclic polydimethylsiloxanes
(particularly D3 and D4) are toxic and can lead to production
of antinuclear antibodies.
Humans

The potential for silicone toxicity in humans is perhaps most
famously noted through the use of the materials in certain
types of breast implants. It has been purported that breast
implants containing silicone oil or gel – essentially the
viscous, shape-holding fluid inside the implant’s polymeric
outer sac – are capable of leaking silicone materials both
locally and systemically. Cases of autoimmune disease,
neurological problems, and connective tissue degradation
have been reported.

To date, there have been no causal relationships identified
between the silicone materials used in breast implants and the
adverse or toxicological effects associated with them. Several
studies have been performed, and many are ongoing, in which
breast implant patients have been screened for adverse health
effects and compared with the general population. In studies
investigating the occurrence of neurological diseases, arthritis
and other connective tissue disorders, and scleroderma in
breast implant patients, no positive correlations have been
found. There have been isolated cases in which women
receiving silicone-based breast implants have developed certain
neurological or immunological disorders following implanta-
tion; however, these have been rare, and the relationship
between the disorder and the implants is unclear.

Also unclear is the relationship between the degree of
leakage and the occurrence of effects that could be linked to
toxicity due to the presence of silicones in the body. Whether
toxic effects have been most often observed over the long-term,
where leakage has been slow and incremental, or whether
a gross failure of the implant has released relatively large
quantities of silicone material into the body very quickly
remains a mystery.
Immunotoxicity

In Listeria host-resistance assays as well as skin sensitization
tests, no immunotoxic effects were observed. No gross physical
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effects were observed following dermal exposure in mice, nor
were cellular indications of immunotoxicity noted, including B
cell concentrations and their ability to differentiate or
proliferate.
Reproductive Toxicity

The most frequent reproductive toxicities due to silicones tend
to be increases in resorption sites. This is particularly true in
rabbits, although no reproducible fetal abnormalities have
been reported. Parallel studies in rats have yielded similar
results.
Genotoxicity

Few, if any, reports of genetic toxicity due to silicones have been
published thus far.
Carcinogenicity

Current accounts of carcinogenesis due to silicones are
extremely rare. The majority of reports suggesting the carcino-
genic potential of silicones can be sourced to several studies
published prior to 1972 in which the granuloma-producing
potential of silicones has been shown to be highly species
specific; carcinogenesis in humans has not been demonstrated.
Clinical Management

Refer to the specific silicone material for information regarding
its individual clinical management requirements.
Ecotoxicology

Ecotoxicological information regarding silicones as a general
class is relatively rare. The effects vary greatly as a function of
molecular weight, presence of side groups, and degree of
crosslinking. Several siloxane materials have separate toxico-
logical guidelines that should be referred to individually.
Other Hazards

As with general toxicity guidelines, miscellaneous hazards are
compound specific and should be researched with specificity to
the polymer.
Exposure Standards and Guidelines

PDMS is permitted as a food additive in nonstandardized foods
by the US Food and Drug Administration at concentrations at
or below 10 ppm, and the World Health Organization lists an
acceptable daily intake of 1.5mg kg�1. Refer to the specific
silicone material for more precise exposure standards and
guidelines.
Further Reading

Ash, M., Ash, I., 1995. Plastic and Rubber Additives Handbook. Gomer Publishing,
Brookfield, VT.

Bingham, E., Cohrssen, B. (Eds.), 2012. Patty’s Toxicology, sixth ed. Wiley, New
Jersey.

Kroschwitz, J.I., 1990. Concise Encyclopedia of Polymer Science and Engineering.
Wiley, New York.

Lehmann, R.G., Varaprath, S., Frye, C.L., 1994. Degradation of silicone polymers in
soil. Environ. Toxicol. Chem. 13 (7), 1061–1064.

Sheftel, V.O., 1995. Handbook of Toxic Properties of Monomers and Additives. CRC
Press, Boca Raton, FL.

Sheftel, V.O., 2000. Indirect Food Additives and Polymers. CRC Press, Boca Raton, FL.
Waritz, R.S., 1975. An industrial approach to evaluation of pyrolysis and combustion

hazards. Environ. Health Perspect. 11, 197–202.
Relevant Websites

www.epa.gov – Environmental Protection Agency homepage. Search for “silicones”.
http://pubchem.ncbi.nlm.nih.gov/ – search for “silicone”.
http://toxnet.nlm.nih.gov – search for “silicone” under all databases.
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l Chemical Abstracts Service Registry Number: 7440-22-4
l Synonyms: Amalgam, Argentum, Plata, Silflake 135
l Valence States: 0, þ1, þ2, and þ3
Background

Silver is one of the earliest known metals. Silver has no known
physiologic or biologic function, though colloidal silver is
widely sold in health food stores. Silver has high thermal and
electrical conductivity and resists oxidation in air that is devoid
of hydrogen sulfide.
Uses

Silver is used extensively in jewelry, eating utensils, coins,
batteries, and dental amalgams. Silver solutions are used as
antiseptics, astringents, and germicides. In some domestic water
purifiers, silver is used to remove chlorine and kill bacteria. It has
also been used in hair dyes. Medicinal use includes silver nitrate
eye drops for newborns (a legal requirement in some states) and
use as an antimicrobial on some implantable medical devices.
Themain industrial use of silver is in the formof silver halide for
the photographic industry. Silver halides are photosensitive,
making it an ideal coating for photographic plates. Silver
nanoparticles have been developing as another front on which
there is potential, and many applications are in development,
making use of the antimicrobial properties. These nanoparticles
also have interesting optical, thermal, and electrical properties
for which applications are in development.
Environmental Fate and Behavior

Silver is a rare element, which occurs naturally in its pure form. It
is a white, lustrous, relatively soft, and very malleable metal.
Silver has an average abundance of about 0.1 ppm in the Earth’s
crust and about 0.3 ppm in soils. It exists in four oxidation states
(0,þ1,þ2, andþ3). Silver occurs primarily as sulfideswith iron,
lead, tellurides, and with gold. Silver is found in surface waters
as sulfide, bicarbonate, or sulfate salts, as part of complex ions
with chlorides and sulfates and adsorbed onto particulate
matter. Silver is released through natural processes, for example,
erosion of soils. Sources of atmospheric contamination arise
from processing of ores, steel refining, cement manufacture,
fossil fuel combustion, and municipal waste incineration. Of
anthropomorphic release, over 75% was estimated to be from
disposal of solid waste. Ore smelting and fossil fuel combustion
can emitfine particulates thatmay be transported long distances
and deposited with precipitation. Themajor source of release to
surface waters is effluent from photographic processing.
Releases from the photographic industry and from disposal of
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
sewage sludge and refuse are the major sources of soil contam-
inationwith silver. Silver can leach into groundwater, which can
be extenuated in acidic conditions. Silver can bioconcentrate in
fish and invertebrates.
Exposure and Exposure Monitoring

Silver is odorless in its metallic unionized state and without
toxic risk to humans; ingestion and inhalation are possible
routes of exposure; dermal absorption of silver is unlikely.
Silver is not a normal constituent of foodstuff. Very little, if any,
silver is detected in domestic drinking water; however, some
domestic water-purifying systems contain silver.
Toxicokinetics

The predominant routes of occupational exposure to silver are
inhalational and dermal, with the dermal route being more
important when prolonged contact with silver in solution
occurs. Approximately 10% of ingested silver is absorbed.
Inhaled silver can be absorbed from the lungs. Silver can be
absorbed across oral mucosa. Once absorbed, silver tends to
precipitate in various tissues, because the affinity for sulfide by
silver is immense. Silver is distributed to the muscles, liver,
spleen, kidney, heart, and bones. Silver tends to complex with
sulfhydryl groups on macromolecules. It is carried by globulins
in the serum and forms complexes with the serum proteins,
mainly albumin, which accumulate in the liver. Silver is
excreted in the feces (primarily) and in urine.
Mechanism of Toxicity

Agþ is the biologically active form. Silver is not an essential
mineral supplement and has no known physiologic function.
While specific mechanisms of toxicity are unclear, silver has
high affinity for sulfhydryl groups and proteins. The deposition
of silver in tissues is the result of precipitation of insoluble
silver salts, such as silver chloride and silver phosphate. These
insoluble salts appear to be transformed into soluble silver
sulfide albuminates; to form complexes with amino or carboxyl
groups in RNA, DNA, and proteins; or to be reduced to metallic
silver by ascorbic acid or catecholamines. These could lead to
alteration of a number of cellular processes.
Acute and Short-Term Toxicity (or Exposure)

Animal

The acute toxicity ofmetallic silver andwater-soluble compounds
is moderate. The oral LD50 in mice for colloidal silver was
4-3.00927-1 273
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100mgkg�1 and relatively similar for the water-soluble
compounds silver nitrate (50–129 mg kg�1) and silver cyanide
(LD50 in rats, 125mg kg�1). Silver nitrate appearsmuch less toxic
in rabbits by the oral route (800 mg kg�1). The insoluble silver
oxide was reported to exhibit an LDLo of >2 g kg�1 in rats.
Human

Acute oral exposure to silver nitrate has led to irritation and
corrosion in the gastrointestinal tract, abdominal pain, diarrhea,
vomiting, shock, convulsions, and death in humans. Silver or
silver nitrate can lead to respiratory irritation with inhalation
exposures. Silver nitrate is highly irritating to the skin, mucous
membranes, and eyes. Insoluble silver compounds (e.g., silver
chloride, silver iodide, and silver oxide) are relatively benign.
Chronic Toxicity (or Exposure)

Animal

With selenium- or Vitamin E–deficient diets, repeated exposure
to silver (76 ppm in the drinking water for 52 days) in rats
elicited hepatic necrosis and ultrastructural changes in the
liver indicative of oxidative damage. This toxicity may be
related to a silver-induced selenium deficiency and impairment
of synthesis of the enzyme glutathione peroxidase. Dietary
supplementation with selenium or Vitamin E prevented such
changes. Mice exposed to silver nitrate in the drinking water
for 4 months exhibited silver-containing deposits in the central
nervous system and reduced motor activity.
Human

Workers chronically exposed to silver have experienced indus-
trial argyria, an occupational disease characterized by discoloring
of the skin. Blue-gray patches are noted on the skin and possibly
the conjunctiva of the eye or the mucousmembranes. Long-term
exposure can result in extensive skin discoloration, mainly on
the parts of the body that are exposed to light (e.g., the face).
Light may decompose the silver complex, resulting in extremely
fine silver that gives the skin a metallic sheen. In some cases, the
dark patches turn black. Chronic bronchitis has been reported
following medicinal use of colloidal silver. Potential symptoms
of overexposure are blue-gray eyes, nasal septum, throat, and
skin. The discoloration can be permanent.
Immunotoxicity

Metallic silver is not considered highly allergenic, but isolated
cases of immediate or delayed contact dermatitis have been
reported. However, no studies were located that investigated
toxic effects on the immune system in humans or animals
exposed to silver or silver compounds.
Reproductive Toxicity

A single subcutaneous injection of 0.04 mg kg�1 silver nitrate
has been reported to cause temporary histopathological
damage to testicular tissue of male rats. No data support that
silver in pregnancy causes infertility, impaired fetal growth, or
abnormal development in any species.

Information on the reproductive toxicity in humans or
animals following inhalation or dermal routes to silver was not
available.
Genotoxicity

No studies were located that examined the mutagenicity or
genotoxicity of silver in human cells in vivo or in vitro. Existing
data on mutagenicity were inconsistent, but data on genotox-
icity suggested that silver ion is genotoxic. From studies,
evidences were observed that silver ion binding with DNA in
solution in vitro caused DNA strand break and affected the
fidelity of DNA replication. However, silver has not been found
to be mutagenic in bacteria.
Carcinogenicity

Fibrosarcomas have been induced in rats following subcuta-
neous imbedding of silver foil. However, animal toxicity
studies using normal routes of exposure have not provided
indications of carcinogenicity. No studies were located
regarding cancer in humans following inhalation, oral, or
dermal exposure to silver or silver compounds. Therefore, silver
is not expected to be carcinogenic in humans.
Clinical Management

Clinical management is supportive and there is no known
active treatment. Because silver compounds have been associ-
ated with respiratory irritation and respiratory failure, signifi-
cant inhalation of silver compounds should be immediately
treated with exposure to fresh air and administration of oxygen.
There are no known effective treatment regimens regarding
argyria. Administration of table salt will help precipitate
soluble silver as the insoluble silver chloride. British anti-
Lewisite (2,3-dimercaptopropanol) has not proven useful.
Ecotoxicology

The no-observed-effect concentration of silver nitrate in a 28-
day toxicity test using a marine invertebrate (Americamysis
bahia) was 34 mg l�1. The 96-h LC50 value was 260 mg l�1. In
a 21-day toxicity study using the freshwater invertebrate
Daphnia magna, 5 mg Ag l�1 (as silver nitrate) under static
conditions, 20% mortality was noted (0% in controls). Silver
caused a significant reduction of reproductive performance
(14% decrease in the number of neonates). Silver caused a 65%
decrease in whole body sodium concentration and a 60%
increase in whole body Naþ, Kþ-ATPase activity.

Silver nitrate (10 mg l�1) elicited a 35% reduction in whole
body sodium and increases in daily mortality in developing
rainbow trout. Exposure to 0.1 mg l�1 silver led to reduction in
growth.
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Other Hazards

Selenium plays a dual role in the toxicity of silver. Selenium
increased the silver deposition rate in body tissue, which sug-
gested that humans exposed to both high concentration of
selenium and silver may be more likely to develop argyria.
Thus, a selenium-deficient diet combined with high silver
intake can cause liver necrosis.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial
Hygienists threshold limit value (TLV), time-weighted average
is 0.1mgm�3 for silver metal; the TLV is 0.01mgm�3 for
soluble silver compounds.
Miscellaneous

Concentrations of silver in cigarettes are low. Because of its
high boiling point, most of the silver in cigarettes is probably
not inhaled.

Silver nanoparticles are still developing as a useful resource,
but there has been significant progress toward applications.
Antimicrobial properties are finding widespread uses, from
wound dressings and surgical implements/safety equipment, to
potential coatings for consumer appliances. Another area of
development for this new form of silver is use in bone repair.
Continued work will be necessary to find uses for the special
properties of these nanoparticles; however, there continue to be
potential toxicity issues similar to standard silver, such as
argyria.

See also: Metals; Selenium.
Further Reading

Beattie, I.R., Haverkamp, R.G., 2011. Silver and gold nanoparticles in plants: sites for
the reduction to metal. Metallomics 3 (6), 628–632.
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Hoboken. 1, 75–112.
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Use. RSC Publishing, Cambridge, UK.

Norberg, G.F., Fowler, B.A., Norberg, M., Friberg, L.T., 2007. Handbook on the
Toxicology of Metals, third ed. MA: Academic Press.
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Relevant Websites

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
Toxicological Profile for Silver.

http://cira.ornl.gov – Toxicity Summary for Silver (from the Oak Ridge National
Laboratory).

http://www.silverinstitute.org/site/ – The Silver Institute homepage.
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Sister chromatid exchanges (SCEs) are reciprocal exchanges of usually visualized in bone marrow cells from mice implanted

segments of chromatids: Chromatids are the subunits of
chromosomes, as visualized in metaphase, that become
daughter chromosomes upon completion of cell division. SCEs
were discovered by J.H. Taylor in the late 1950s in experiments
using the pulsed uptake of 3H-labeled thymidine (TdR) in
growing Vicia faba root tips, followed by autoradiography, to
define the pattern of DNA replication in chromosomes.

Before Taylor’s experiments, it was thought that one chro-
matid might be composed of newly synthesized DNA and the
other of preexisting DNA. However, Taylor found that the DNA
replicated semiconservatively, that is, that in the first metaphase
after [3H]TdRincorporation(M1) each chromatidwas3H-labeled,
which demonstrated that the chromatid was duplex, containing
both preexisting and newly synthesized DNA. Furthermore, in
the second division after 3H incorporation (M2), one chromatid
was labeled and the other was unlabeled, that is, both the preex-
isting and the newly synthesized DNA in each daughter chro-
mosome had served as a template for the next round of DNA
replication, again resulting in two sister chromatids. Taylor also
noted that occasionally in M2 one otherwise labeled chromatid
had an unlabeled segment and, when this occurred, the corre-
sponding segment of the otherwise unlabeled chromatid was
labeled with [3H]TdR, indicating a reciprocal exchange of
segments between the two sister chromatids, that is, an SCE.

The development of SCE assays for genetic toxicology
research and testing did not occur until the early 1970s, a time
when a plethora of approaches were identified for assessing the
potential genetic hazards of chemical exposure. Rather than
using [3H]TdR and autoradiography to visualize SCEs, the
defined approaches are usually based on the more precise and
efficient incorporation of 5-bromodeoxyuridine (BrdU), an
analog of thymidine, in two rounds of replication followed by
Giemsa, or fluorescence plus Giemsa, staining of the chromo-
somes. Because of semiconservative DNA replication, the
chromatids are equally stained in M1 chromosomes, and the
M2 chromosomes possess one chromatid that is half-BrdU-
substituted and one fully substituted chromatid that is stained
more lightly than the other. SCEs are revealed in M2 chromo-
somes by an alternating or harlequin pattern of darkly and
lightly staining chromatid segments.

This approach has also been used to reveal chemical and
concentration-related delays in the progression of cells through
the cell cycle as a preliminary test for selecting exposure
conditions for chromosomal aberration assays. The objective of
such preliminary tests is to define exposure conditions and
harvest times that will yield sufficient numbers of first division,
M1, cells for cytogenetic analysis. This is beneficial because
a high percentage of chromosomally damaged cells are often
unable to progress to the second and following metaphases.

In vitro SCE assays are often conducted in cultured Chinese
hamster ovary (CHO) cells or human lymphocytes, and assess-
ments of SCEs in human lymphocytes have been used for human
population monitoring. Following in vivo exposure, SCEs are
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with BrdU-containing tablets (or pumps). Such SCE assays have
been used to test several hundred chemicals and have been
shown to be highly sensitive and, in comparison with conven-
tional assays for chromosomal aberrations, to bemore rapid, less
subjective, and capable of detecting effects at lower dose levels.

SCE assays would, therefore, appear to be uniquely suited for
inclusion in initial batteries of tests to assess genotoxicity.
However, while this was initially perceived to be the case, the use
of SCE assays for genotoxicity testing has been greatly reduced
for several reasons. First, it was found that the use of BrdU (or
[3H]TdR) can induce SCEs; thus, there was concern that when
SCE frequencies were elevated following chemical exposure,
synergistic effects were being measured, which might not be as
appropriate for risk assessment as the measurement of direct
effects. Second, although there is strong evidence that SCEs result
from misreplication of a damaged DNA template, probably
from recombination at a stalled replication fork, there was
uncertainty concerning whether to classify SCE assays as cyto-
genetic tests, as a measure of the repair of DNA damage, or as an
independent category of test. Third, alarm was expressed when
common chemicals such as NaCl (i.e., ordinary table salt) were
found to be positive in in vitro SCE assays. It was subsequently
shown that in in vitro assays, particularly in the presence of
exogenous metabolic activation, such false-positive results could
be eliminated if exposure conditions are monitored and
adjusted to preclude acidic pH shifts and high osmolality.

However, the most significant reason for absence of regu-
latory requirements for the routine use of SCE tests and their
discontinuation by industry was the outcome of a National
Toxicology Program comparison of the concordance of results
from four in vitro tests with results from rodent carcinogenicity
bioassays. Specifically, the National Toxicology Program
studies conducted by Tennant and colleagues found that,
although few positive results were obtained for noncarcinogens
in the Salmonella typhimurium reverse mutation assay (Ames
test) or in the test for chromosomal aberrations in CHO cells,
an unacceptably high number of false-positive results were
obtained in the in vitro SCE assay.

As a result, SCE tests have been largely discontinued by
industry, and are infrequently recommended for use by regu-
latory agencies. However, this assay is being used as a research
tool and in some regulatory settings. For example, researchers
studying the processes involved in DNA repair frequently use
SCEs to measure the effect of specific genes or enzymes on
homologous recombination in cells.

Similarly, the measurement of SCEs for population moni-
toring has also diminished in recent years as a result of several
studies whose objective was to determine if cytogenetic assays
had predictive value for future cancer risk. In these prospective
studies, no correlation was seen between SCE levels and future
cancer risk, whereas good correlations were seen between the
frequency of chromosomal aberrations and the subsequent
development of cancer in the study groups.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00062-2
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Recent evidence indicates that SCEs are primarily formed as
the result of homologous recombination so that SCE frequencies
represent ameasure, notonlyofmutagen exposurebut alsoof the
efficiency of DNA repair. As a result, a direct correlation between
SCEs and cancer incidence may not be expected. Despite the
recent developments, there continues to be uncertainty about the
underlying mechanisms by which SCEs are formed, and how
DNA damage or disturbances in DNA synthesis stimulate SCE
formation. Based on our current understanding, SCEs are prob-
ablybest regarded as a general indicator ofmutagen exposure and
repair rather than as a specific measure of mutagenic effects.

See also: Ames Test; Analytical Toxicology; Aneuploidy;
Carcinogen–DNA Adduct Formation and DNA Repair;
Chromosome Aberrations; Dominant Lethal Assay;
Host-Mediated Assay; Gap Junctional Intercellular
Communication; Mouse Lymphoma Assay; Toxicity Testing,
Mutagenicity.
Further Reading

Latt, S.A., Allen, J., Bloom, S.E., Carrano, A., Falke, E., Kram, D., Schneider, E.,
Schreck, R., Tice, R., Whitfield, B., Wolff, S., 1981. Sister-chromatid exchanges:
A report of the GENE-TOX program. Mutat. Res. 87, 17–62.

Perry, P.E., 1980. Chemical mutagens and sister-chromatid exchange. In: de
Serres, F.J., Hollaender, A. (Eds.), Chemical Mutagens: Principles and Methods for
their Detection, vol. 6, pp. 1–39.

Sonoda, E., Sasaki, M., Morrison, C., Yamaguchi-Iwai, Y., Takata, M., Takeda, S.,
1999. Sister chromatid exchanges are mediated by homologous recombination in
vertebrate cells. Mol. Cell. Biol. 19, 5166–5169.

Thybaud, V., 2010. In vivo genotoxicity assays. In: Hsu, C.-H., Stedeford, T. (Eds.),
Cancer Risk Assessment. John Wiley, Hoboken, NJ, pp. 289–359.

Tucker, J.D., Auletta, A., Cimino, M.C., Dearfield, K.L., Jacobson-Kram, D., Tice, R.R.,
Carrano, A.V., 1993. Sister-chromatid exchange: Second report of the Gene-Tox
Program. Mutat. Res. 297, 101–180.

Wilson 3rd, D.M., Thompson, L.H., 2007. Molecular mechanisms of sister-chromatid
exchange. Mutat. Res. 616, 11–23.



Site-Specific Environmental Risk Assessment
JV Tarazona, Spanish Royal Academy of Veterinary Sciences, Madrid, Spain and Spanish National Institute for Agriculture and Food
Research and Technology, Madrid, Spain

� 2014 Elsevier Inc. All rights reserved.
Introduction

Risk assessments represent scientifically based estimations of
the magnitude of adverse effects and its likelihood that may be
produced by a particular activity. This assessment can be tar-
geted to a particular receptor or group of receptors. In the case
of the site-specific assessments, the targeting is related to
a particular emission source in a particular location, and is
therefore a geographically based targeting. The size of the ‘site’
can be very different but in general should be sufficiently
limited to consider that at least some main characteristics are
sufficiently homogenous and/or within a trend and that the
environmental receptors are sufficiently interlinked to consider
what constitutes a particular ecosystem or an equivalent agro-
biosystem. The size of the site is also associated with the
characteristics of the emission, accidental release, or pollution
source to which the assessment is targeted.

The main characteristic of a site-specific risk assessment is
the specificity; the assessment should consider the precise
features of the receiving environment. This is, in fact, the main
difference between a site-specific and a generic local risk
assessment. Both may focus on a single emission process, e.g.,
the effluent of a particular industrial facility; however, the site-
specific assessment does not use general assumptions and
parameters but the specific conditions of the effluent, e.g., using
monitoring data if available, real effluent flow estimations, as
well as the conditions of the receiving site, such as river flow
and estimated dilution, including temporal trends and
seasonal variability. Nevertheless, the main challenge for site-
specific risk assessment is to address the ecological conditions
in the effect assessment and risk characterization, trying to
identify the main ecological receptors and their role in the
assessed site as well as the expected ecological consequences for
the identified risks. This requires the adaptation of the
conceptual model, which may differ depending on the char-
acteristics of both the stressor and the affected ecosystem. A set
of examples are presented below to exemplify the characteris-
tics of the main types of site-specific environmental risk
assessments.
Effluent Control and Site-Specific Risk Estimation

The assessment of the risks related to an effluent discharge is
a typical site-specific case, particularly for very large industrial
facilities or for emissions in areas with particular ecological
values. In the exposure assessment, the release estimation is
usually conducted through an adaptation of the standard
methods for estimating the dilution factor; depending on the
available information, the exposure assessment can be con-
ducted using deterministic or probabilistic models in order to
account for the variability, mostly related to temporal changes
in the industrial activity and the receiving water system.
Detailed information on the effluent flow is normally available
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except in the case of predictive assessments for new facilities,
while information on the effluent composition and its vari-
ability is usually scarcer. For rivers and other streams, the
dilution can be calculated just as the ratio between total and
effluent flows, while for other receiving waters such as estuarine
or marine emission, models describing the water movement
associated with tides, currents, etc., as well as the degradation/
dissipation of the effluent components are needed for a proper
quantitative assessment.

Regarding the effect assessment, there are two main assess-
ment methods, one focusing on the use of direct toxicity
approaches, particularly whole effluent toxicity testing, and the
second based on the identification of the key components of
the effluent in terms of hazard and potential environmental
risks. Whole effluent toxicity testing is particularly relevant for
very complex effluents where the components leading to the
risk are difficult to identify or may change in unpredictable
ways. A main limitation was the complementary assessment of
additional factors for hazard characterization, particularly the
persistency and potential for bioaccumulation of the toxic
components, but new methods have been developed for
addressing these properties measuring directly the changes in
the toxicity, without identifying the responsible substances.
The alternative to whole effluent toxicity testing is based on the
chemical identification of the relevant components leading the
risk assessment. It is particularly useful when the composition
and variability of the effluent are known or can be easily
determined. This is also the only possible approach when the
main risk is not expected to be for the pelagic community but
for sediment-dwelling organisms or associated ecosystems,
requiring a proper assessment of the environmental fate of the
toxic chemicals in the receiving system.

A direct toxicity testing approach only requires the assess-
ment of the dilution factor for the risk characterization, while
the chemical-based alternative also requires estimating the
concentrations in the effluent and expected environmental fate
of the relevant components; consequently, it is essential to
consider which approach will be followed at the early stage of
the conceptual model development. A common characteristic
for both approaches for site-specific assessments is the need to
consider the biological and ecological factors of the receiving
water body, at least with the identification of the key ecological
receptors to be considered in the effect assessment. This iden-
tification should include the selection of the most relevant
taxonomic groups and/or ecological functions to be considered
in the risk assessment, combining information on ecological
relevance for the receiving ecosystem and the expected sensi-
tivity of different taxa for the effluent and/or its components.
The identification of species or taxonomic groups requiring
special considerations due to ecological values and biodiver-
sity, e.g., rare endogenous and endangered species, or to
anthropogenic interests, e.g., specific of particular commercial
value, is also important, and may trigger specific adaptations as
those presented in the last example of this article.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00578-9
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The problem formulation for these studies should address
the level of protection to be considered in the risk assessment.
This is usually presented as the level of acceptable impact,
described in qualitative, deterministic or even probabilistic
forms. It should be noticed that the way in which the problem
is formulated may determine the basic structure of the
conceptual model, e.g., a problem formulation described in
probabilistic terms is expected to require a full probabilistic risk
characterization. For effluent control and assessment, a signifi-
cant impact is normally expected at the dumping point, not
only in terms of toxicity but also in terms of physical distur-
bances; this is covered by the so-called mixing zone, which is
defined by the US Environmental Protection Agency (EPA) as
“an area where an effluent discharge undergoes initial dilution
and is extended to cover the secondary mixing in the ambient
waterbody. A mixing zone is an allocated impact zone where
water quality criteria can be exceeded as long as acutely toxic
conditions are prevented.” The acceptable impact is therefore
defined for the receiving waters outside the mixing zone, and
even in some cases for an area of particular ecological or
anthropogenic value downstream the dumping zone; for
example, in the case of emissions to rivers and streams feeding
wetlands or protected areas, the assessment is basically done
for these downstream areas, which in some cases can be located
far away from the dumping zone.
Industrial Facilities and Soil Pollution

Site-specific assessments for the terrestrial compartment have
been mostly linked to soil pollution control and remediation
policies. The US Comprehensive Environmental Response,
Compensation and Liability Act of 1980, known as Superfund,
covering abandoned hazardous waste sites in the United States
constitutes the best example. The Superfund methodology
includes the development of generic criteria but also more
specific site assessments. It is specifically designed to link risk
assessment and the identification of risk management priorities
supporting the decision process for the remediation needs;
nevertheless, it can be expanded to the assessment of present
and future activities with some adaptations.

When comparing with the assessment of effluent discharges
in water courses, there are two main distinctive elements to be
considered in site-specific assessment for the terrestrial
compartment, adding further complexity to the evaluation. First,
the relevance of spatial variability, which may become more
problematic to assess than temporal variability; and second, the
role of ecological links among different trophic chains. Simpli-
fied approaches for covering exposure variability are limited to
the emission phase and to specific cases such as landfilling,
intended applications of sludge or composted waste as fertilizer
or for soil amendments, while most cases requires uncertain
assumptions, for example, those related with unintentional or
unlawful releases, or complex modeling approaches, e.g., with
complex atmospheric emissions, distribution and deposition
estimations based on wind distribution data.

The further exposure processes, linked with the environ-
mental fate and behavior, are even more complex and include
both spatial and temporal variability. As a consequence, the
exposure part is frequently highly variable and can be mostly
represented as set of gradients around pollution hotspots.
Ideally, this variability can be georeferenced, mapping the level
of pollution within and around the site. In addition to the
distribution and degradation/dissipation processes, the
bioavailability of most chemical substances is largely affected
by soil conditions. For organic nonpolar chemicals, the process
can be simplified to partition between soil organic matter and
soil pore water; for metals, ionic substances, and other reactive
chemicals, the process is much more complex and may include
different adsorption and absorption reactions. Bioavailability
can also be reduced by aging processes. Studies with radioactive
substances have demonstrated that the formation over time of
nonextractable residues, also called bound residues, is a key
process for many substances. Nonextractable residues are
defined as chemical species originating from the substance that
cannot be extracted by methods which do not significantly
change the chemical nature of these residues. Obviously, this
bound fraction normally may remain totally or partially
undetected in exposure assessments based on monitoring data,
depending on the analytical method used in the monitoring
program.

The cumulative uncertainty associated with the different
elements described above generates a very large complexity for
setting proper exposure estimations for different ecological
receptors. As generic terrestrial assessments are mostly based on
single exposure estimations (e.g., initial, time-weighted aver-
ages, or steady-state concentrations based on more or less
realistic worst-case assumptions), the need to adapt the expo-
sure estimation to each relevant ecological receptor is
a frequently forgotten element in these terrestrial site-specific
assessments. Some of the elements to be considered in these
receptor-specific exposure estimations are presented below:

l Route of exposure: even within the same receptor group, there
are significant differences between, for example, earth-
worms ingesting directly the soil, collembolan feeding
generically on organic particles, and predatory mites with
very specific feeding behavior. These differences affect
significantly the consequences of the bioavailability and
aging processes, and may require specific considerations
regarding the analytical method employed for monitoring
programs and/or the model parameters and assumptions
used for the exposure assessment.

l Size of the exposure area and pollutant’s distribution: even
focusing exclusively on animals, the habitat of a single
individual may range from few square centimeters to several
hectares; this variability has obvious consequences for the
risk assessment of industrial activities resulting in pollution
gradients. For microorganisms, plants, and some animals,
the exposure gradient would directly been transferred into
different levels of exposure for different individuals of the
same population, resulting in an equivalent gradient of risk
for those species, while for species with large individual
habitats, the variability would result in different daily
exposures for the same individual, depending on the pollu-
tion level of the area the animal uses in different periods. The
situation is even more complex for migratory species.

l Secondary distribution and fate processes: the exposure of many
species is not directly linked to the release and chemical
diffusion, but is related to secondary fate processes,
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including leaching, draining and run-off, degradation,
binding and absorption, bioaccumulation, etc. All these
processes define the conditions for linking soil deposition
and soil concentrations to realistic exposure of different
species and individuals within the same species.

As a consequence of this complexity, the selection of the
relevant ecological receptors requires a combined assessment of
sensitivity and high potential for exposure, which should also
take into account the expected environmental consequences of
the identified risks. A typical outcome is to detect a high risk for
someorganisms in a confined relatively small area, andmedium
to low risks in the surroundings. In such cases, the identification
of the expected ecological consequences requires an in-depth
knowledge of the site-specific conditions. For example, a high
risk for specific terrestrial plants in a reduced area may be of
relatively low relevance if it only affects some sensitive species
anddoes not producemain changes if the species are replacedby
other species with similar ecological role and the vegetation
coverage is not affected; however, a similar change may have
severe consequences if the affected species play relevant
ecological functions that are not maintained by the replacing
species or if finally the vegetation coverage is severally affected.
Even the specific location within the site may dramatically
influence the environmental consequences of ecotoxicologically
similar effects: for example, the loss of vegetation coverage can
have very different consequences if the affected areahas a highor
low potential for soil erosion. These examples demonstrate the
need for a very specific effect assessment, focusing more on the
role and function of the affected species within that particular
ecosystem than in a more ‘toxicity-based’ type of endpoints. In
this sense, lower tier risk characterization approaches can be
used exclusively for detecting areas of low risk, while higher tier
approaches are needed for a proper assessment if a potential risk
is identified. As already mentioned, risk assessments based on
the interpretation of monitoring data require also the assess-
ment of the bioavailability of themeasured concentrations. The
use of direct toxicity testing offers an alternative, particularly
relevant for site-specific assessments when the relevant chem-
icals cannot be easy identified or are complex and variable
mixtures such aswastes. Both approaches can be combined, e.g.,
using chemical analysis and biological approaches for confir-
matory purposes.

The environmental impact in these risk assessments is also
linked to the environmental and ecological value of the
affected site. In general, assessments in urban and industrial
sites are mostly triggered by human health risks, in recreational
and agricultural areas both health and environmental risks may
be highly relevant in terms of impacts and potential conse-
quences, while in natural areas the impact is usually triggered
by the environmental consequences. This is particularly rele-
vant for areas with high ecological value.
Site-Specific Risk Assessment in Protected Areas

The assessment of pollution risks in areas of high ecological
value is a special case of site-specific assessment. The assess-
ment should be targeted to ensure the protection of the char-
acteristics conferring the ecological value that trigger the
protection.
The level of protection can be different for different areas;
the International Union for Conservation of Nature (IUCN)
Protected Area Management Categories includes the following
types and definitions:

l CATEGORY Ia. Strict Nature Reserve: protected area managed
mainly for science. Area of land and/or sea possessing some
outstanding or representative ecosystems, geological, or
physiological features and/or species, available primarily
for scientific research and/or environmental monitoring.

l CATEGORY Ib. Wilderness Area: protected area managed
mainly for wilderness protection. Large area of unmodified
or slightly modified land, and/or sea, retaining its natural
character and influence, without permanent or significant
habitation, which is protected and managed so as to
preserve its natural condition.

l CATEGORY II. National Park: protected area managed
mainly for ecosystem protection and recreation. Natural
area of land and/or sea, designated to (1) protect the
ecological integrity of one or more ecosystems for present
and future generations; (2) exclude exploitation or occu-
pation inimical to the purposes of designation of the area;
and (3) provide a foundation for spiritual, scientific,
educational, recreational and visitor opportunities, all of
which must be environmentally and culturally compatible.

l CATEGORY III. Natural Monument: protected area managed
mainly for conservation of specific natural features. Area
containing one, or more, specific natural or natural/cultural
feature which is of outstanding or unique value because of
its inherent rarity, representative or aesthetic qualities or
cultural significance.

l CATEGORY IV. Habitat/Species Management Area: protected area
managed mainly for conservation through management inter-
vention. Area of land and/or sea subject to active intervention
for management purposes so as to ensure the maintenance
of habitats and/or to meet the requirements of specific species.

l CATEGORY V. Protected Landscape/Seascape: protected area
managed mainly for landscape/seascape conservation and
recreation. Area of land, with coast and sea as appropriate,
where the interaction of people and nature over time has
produced an area of distinct character with significant
aesthetic, ecological, and/or cultural value, and often with
high biological diversity. Safeguarding the integrity of this
traditional interaction is vital to the protection, mainte-
nance, and evolution of such an area.

l CATEGORY VI. Managed Resource Protected Area: protected
area managed mainly for the sustainable use of natural
ecosystems. Area containing predominantly unmodified
natural systems, managed to ensure long-term protection
and maintenance of biological diversity, while providing at
the same time a sustainable flow of natural products and
services to meet community needs.

It should be noted that according to the UN, in 2003 there
were 102 102 protected areas worldwide, which cover,
excluding the marine protected areas, a terrestrial surface of
17.1 million km2 representing 11.5% of the land surface in the
planet, and the number and coverage are increasing every year.
For example, in Europe, an increase close to 20% has been
observed during the last decade, and the total protected surface
has exceeded 20% of the territory.
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The environmental values leading to the protection can be
summarized in four main areas:

l Services provided by the ecosystems
l Protection against natural hazards
l Services provided by the species
l Biodiversity/genetic heritage

The first two values require a risk assessment based on
functional endpoints; the ecosystem functions or services that
define the ecological value should be included in the concep-
tual model in order to ensure that the risk characterization
provides information, directly or indirectly, on the ecological
value that requires protection.

The other two values require a risk assessment for
particular species, due to a particular service provided by the
species or to the species conservation needs. The IUCN Red
List of Threatened Species contains currently about 20 000
endangered species. The level of threat is based on five
criteria:
Figure 1 Conceptual model for toxicant pathways to the ecological receptor
Macedo-Sousa, J.A., Soares, A.M.V.M., Tarazona, J.V, 2009. A conceptual m
Science of The Total Environment 407 (3), 1224–1231, http://dx.doi.org/10.1
1. Declining population (past, present, and/or projected)
2. Geographic range size and fragmentation, decline, or

fluctuations
3. Small population size and fragmentation, decline, or

fluctuations
4. Very small population or very restricted distribution
5. Quantitative analysis of extinction risk (e.g., population

viability analysis)

These criteria have thresholds for the classification as criti-
cally endangered, endangered, and vulnerable species. This
classification should be used for setting the level of protection
needed for the site-specific risk assessment. For example, the
risk for a species classified as critically endangered due to
a reduced geographic range (e.g., area of occupancy less than
10 km2, in one single location and fluctuating) but with
a relatively high number of individuals can be assessed at the
population level; while when the allocation is due to a very
small population size (e.g., less than 50 mature individuals)
s of a food chain from an extensive agriculture habitat. Reproduced from
odel for assessing risks in a Mediterranean Natura 2000 Network site.
016/j.scitotenv.2008.09.052.
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the species would require a risk assessment at the individual
level, similar to that used for human health. When there are
more than one species or the exposure conditions are different
for different subpopulations or developmental stages, these
assessments can be done in the form of complementary risk-
lines for each relevant receptor. Figure 1 presents an example of
this kind of approach for a bird protection area in Europe.
Three bird species have been identified as key ecological
receptors, two predatory species, the lesser kestrel and the
Montagu’s harrier, and the great bustard, which is under
recovery in these steppe-like agricultural areas. The species
ecology clarified the need to establish two different risk lines
for the great bustard, due to the different feeding behavior, as
adults are mostly herbivorous while juveniles have a critical
period, feeding mostly on insects, and particularly on
Orthoptera such as crickets, grasshoppers, and locusts.

Regarding the effect assessment, having toxicological
information on the endangered species is unusual, and the
assessment should be based in most cases in interspecies
extrapolation. The same principles for toxicokinetic and tox-
icodynamic based assessments used for animal to human
extrapolation can be applied. The use of risk-line approaches
also require establishing which intermediate receptors require
a complementary risk characterization, not just a pure exposure
assessment, as it is important to ensure not only that the
toxicity thresholds in the target receptors are not exceeded but
also that the chemicals and pollution sources under study do
not produce relevant changes in the species that provide their
habitat and feeding needs. In fact, in those cases, a proper risk
assessment usually requires a more comprehensive assessment
of all the combined risks for the species, not only those asso-
ciated to chemical exposure, resulting in an extinction risk
estimation.
Conclusions

Site-specific risk assessments offer the possibility to adapt the
evaluation to the specific local conditions, and should be
conducted when a generic assessment based on default
assumptions is insufficient. Typical cases for site-specific
assessments are those circumstances requiring adapted risk
management measures, such as effluent control and soil
pollution management, as well as those cases when the site has
special ecological values that should be considered, and even
more, specifically covered in the risk characterization. Setting
a proper conceptual model is essential for all site-specific risk
assessments. There are several generic guidelines that can be
used for more standard cases, such as effluent control or soil
polluted locations, while conceptual models developed for
a protected area can be adapted to other locations with similar
protection values.

See also: Risk Assessment, Ecological; Ecotoxicology; Aquatic
Ecotoxicology; Ecotoxicology Terrestrial; Ecotoxicology;
Wildlife; Ecological Exposure Limits and Guidelines;
Environmental Exposure Assessment.
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Introduction surface is also fraught with uncertainty. Similar situations exist
Skin is the largest organ in the body. As the primary interface
between the body and its external environment, it serves as
a living, protective envelope that prevents the entry of foreign
chemicals and microbes, as well as preventing the evaporative
loss of body fluids and heat. Although skin is an effective
barrier, it is not a complete one in that it is becoming
increasingly apparent that skin is an important portal of entry
for chemicals into the body. Not all chemicals penetrate
equally well, however, and an important part of the study of
the toxicology of the skin is to understand and predict the
differential penetration of potentially toxic materials into the
skin, and through the skin into the general systemic circulation.
We need to understand how the structure of the skin interacts
with different chemical species in order to limit their entry into
the body. We also need to understand how the skin itself reacts
to the presence of toxic chemicals, and how this manifests itself
in terms of various familiar local skin reactions.

Not long ago, studies in skin toxicology were primarily
concerned with developing methods to produce and evaluate
irritation and allergic reaction in both animal and human skin.
However, significant recent advances in tissue culture tech-
niques, cellular and molecular biology, and the understanding
of toxicokinetic principles have enormously expanded our
horizons in studies of skin function and toxicity, and we are
just beginning to appreciate some of the more novel, but
important, biochemical, physiological, and metabolic capa-
bilities of this organ.

The purpose of this article is to provide a general overview
of cutaneous toxicology. Current knowledge of the etiology
and mechanisms of skin toxicity are summarized and some of
the more obvious and typical skin responses to toxic insults are
described. Furthermore, current concepts regarding skin
absorption and metabolism are discussed and, together, it is
hoped that a review of these topics will provide a better
understanding of the toxicology of the skin.

We will not be discussing dermal exposure in any great
detail, although this is, of course, crucial when incorporating
the principles of dermal toxicity outlined here into an overall
assessment of the hazards and risks of chemicals in the envi-
ronment or in the workplace. In many cases, in fact, the
uncertainties associated with quantifying dermal exposure may
drive the overall uncertainty in the risk assessment. For
example, exposure to chemicals in the soil may be a common
pathway for many environmental contaminants, particularly
for children and agricultural workers, but the contact of soil
with the skin, in terms of both the overall amount and the
exposed surface area is very difficult to quantify. Added to that,
the availability of chemicals adsorbed to the soil particles for
dermal absorption in the complex environment of the skin
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for dermal exposure of chemicals from consumer products,
household surfaces, fabrics, etc. These limitations should be
borne in mind in what follows.
Skin Structure and Function

Mammalian skin can be described as a multilayer heteroge-
neous organ that forms the external covering of the body. It is
the largest organ in the body and is continuous with the lining
of orifices that open onto the body surface. In an adult man, the
skin has a total surface area of w2 m2 and in most places it is
nomore than 2 mm in thickness, yet it can account for 10–20%
of total body weight. The basic structure of mammalian skin
can be divided into three main components: (1) a superficial
lining of epithelial cells, the epidermis, supported by (2)
a subepithelial connective tissue stroma and vasculature, the
dermis, which in turn is supported on (3) a layer of subcuta-
neous fat of varying thickness, called the hypodermis.
Impregnated within the epidermis and dermis are specialized
‘adnexa,’ which include hair follicles, sebaceous glands, sweat
glands, and a complex neural network (Figure 1).

The epidermis, which develops from the embryonic ecto-
derm, comprises 85% of full-thickness skin by weight. It is
avascular and is composed primarily of keratinocytes. Based
mostly on structural criteria, the epidermis can be subdivided
into several layers. The basal layer consists of germinative cells,
which retain the capability to undergo cell division and are
extremely metabolically active. The daughter cells from the
dividing basal layers migrate upward and undergo terminal
differentiation to form the next two viable cell layers of the
epidermis, the spinus and the granular cell layers. During this
process, the keratinocytes become flatter and lose many of their
cytoplasmic organelles. Their nuclei condense and this is
accompanied by the appearance of granules that ultimately
form keratin filaments. The end product of this terminal
differentiation process is the stratum corneum, the outermost
layer of the epidermis. The cells of this layer are essentially flat,
anucleated and devoid of any metabolic activity. These cells are
eventually sloughed off to be replaced by terminally differen-
tiating cells from the basal layer. This process of differentiation
and outward migration in the epidermis is continuous. The
average turnover time varies greatly from species to species: In
humans, it has been estimated to be about 28 days, but there is
considerable variation, depending on anatomical site and
disease state.

In addition to keratinocytes, the epidermis contains several
‘dendritic’ cell types. Langerhans cells, which account for w5–
10% of all cells found in the epidermis, are bone marrow
mesenchyme-derived cells. These cells are involved in antigen
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Figure 1 A composite representation of the structure of the integument found in typical skin in various regions of the body. Source: Reproduced from
Hobson, D.W. (Ed.), 1991. Dermal and Ocular Toxicology: Fundamentals and Methods. CRC Press, Boca Raton, FL, with permission from CRC Press.
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recognition and processing during induction of immune
responses in skin. Melanocytes are melanin-synthesizing cells
of neural crest origin. These cells are found adjacent to the basal
cells and supply them with melanin, the principal pigment in
skin, localized in specialized organelles, called melanosomes.
Merkel cells are the third type of dendritic cells found in the
epidermis. They are of neuroectoderm origin and are believed
to have a neuroendocrine function in the skin.

The basal lamina, with its characteristic ridge-shaped
appearance, forms the epidermal–dermal junction and is the
interphase that separates the epidermis from the underlying
dermis. The dermis, which originates from the embryonic
endoderm, consists of connective tissues and covers the
internal organs of the body in a strong, flexible envelope. This
envelope can be divided into two anatomical layers – the thin
outer papillary layer and the thick inner reticular layer. The
papillary layer consists of loose connective tissue, whereas
dense connective tissue is found in the reticular layer. The
elasticity and strength of this envelope are due to the
constituent materials forming the dermal matrix. This matrix
contains fibrous proteins, such as collagens, elastin, and
reticulin, which are embedded in an amorphous material
known as the ground substance, consisting of proteins and the
glycosaminoglycans chondroitin A sulfate and hyaluronic
acid. Fibroblasts are the most important and most numerous
cell types found in the dermis. They are motile, capable of
mitosis, and are responsible for the synthesis and secretion of
the proteins and fibers that make up the bulk of connective
tissue. In addition to fibroblasts, the dermis also contains
a variety of cells scattered throughout this tissue, including
macrophages, lymphocytes, adipocytes, and mast cells. The
mast cells are of special interest and are most numerous in
areas adjacent to skin appendages (hair follicles), blood
vessels, and nerves. Their function in skin homeostasis is
unclear; however, it appears mast cells are involved in the
pathogenesis of some inflammatory conditions. They are
generally indistinguishable from fibroblasts, except they have
special intracellular granules containing histamine, heparin,
and other vasoactive agents that are released in response to
certain chemical irritants.

Within the dermis, there are a number of epithelial
structures, known collectively as cutaneous adnexa or
epidermal appendages. They are all various types of exten-
sions of modified epidermal cell structures into the dermis.
The pilosebaceous units are located over the entire surface of
the body, consisting of hair follicles and their associated
sebaceous glands, together with the accompanying arrector-
pili muscle, capillary plexus, and nerve fibers. The hair folli-
cles are composed of three layers: the inner root sheath of
keratinized cells, which form the hair shaft; the outer root



Table 1 Comparative epidermal thicknesses

Species Epidermis (mm) Stratum corneum (mm)

Mouse 9.7� 2.3a 3.0� 0.3
Rat 11.6� 1.0 4.6� 0.6
Rat 32.1� 1.3b 18.4� 0.5
Rabbit 15.1� 1.4 4.9� 0.8
Monkey 17.1� 2.2 5.3� 0.4
Dog 22.5� 2.4 8.6� 1.9
Cat 23.4� 9.9 4.3� 1.0
Cow 27.4� 2.6 8.1� 0.6
Horse 29.1� 5.0 7.0� 1.1
Pig 46.8� 2.0 14.9� 1.9
Pig 65.8� 1.8c 26.4� 0.4
Human 46.9� 2.3d 16.8� 0.7
Human (60–120)e (20–25)

aMean� s.e. (n¼ 6); histologically determined in skin from the ventral abdomen.
bMean� s.e. (n¼ 9); histologically determined in skin from the back.
cMean� s.e. (n¼ 35); histologically determined in skin from the back.
dMean� s.e. (n¼ 16); histologically determined in skin from the ventral abdomen.
eRange; histologically determined using skin taken from the ankle.
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sheath, which is a continuation of the epidermis; and the
connective tissue layer. This latter layer merges with the
papillary layer of the dermis and is continuous with
the dermal papilla, located at the base of the hair follicles.
The dermal papilla contains the germinative epithelial cells
that give rise to hair properly through a complex process of
growth, differentiation, and regression. Hair follicles undergo
a continuous cycle of growth, called anagen, where new hair
shafts are formed, followed by a short period known as
catagen, where mitotic activity of the germinative cells in the
dermal papilla ceases and the papilla atrophies. At telogen,
the resting phase of hair cycle, the hair produced during
anagen remains anchored to the skin, and at the next anagen
phase, the newly synthesized hair replaces this hair. The
sebaceous glands develop from the infundibulum of the hair
follicle and are found surrounding the hair follicles. They
contain differentiating cells that are active in lipid synthesis.
The lipids, which form droplets in the fully differentiated
cells, are released into the sebaceous ducts and onto the
surface of the skin as sebum. This release of sebum is
accompanied by the total disintegration of the lipid-laden
cells. Sebum, a complex mixture of lipids, has antibacterial
and waterproofing functions on the skin’s surface.

Eccrine and apocrine glands, the sweat glands, are distrib-
uted throughout the skin. They are situated deep within the
dermis and are simple coiled tubular structures composed of
a long coiled secretory tubule and a long connecting excretory
duct that traverses the epidermis and opens directly onto the
surface of the skin. The eccrine glands are responsible for
producing and secreting aqueous sweat (i.e., water and salts)
and participate in thermoregulation. The apocrine glands
secrete a viscous material containing proteins, pheromones,
sugars, and ammonia. Their function in humans is unclear,
but in animals they are believed to be associated with
communication, probably acting in a sex-attractant or terri-
torial marker role. The mammary glands are merely enlarged
and modified apocrine glands. In man, the apocrine glands
are found only in specific body regions, such as the axilla, the
areola, the pubis, the perianal region, the eyelids, and the
external auditory meatus. They secrete odorless secretions that
are decomposed by surface bacteria to form characteristic
odiferous products. Due to the combined secretions of the
sweat glands and the sebaceous glands, the outer surface of
the skin is generally always coated by an acidic film (pH 4–6),
composed of various lipids, including triglycerides, phos-
pholipids, and esterified cholesterol, together with salts and
water. This film is frequently colonized by certain species of
bacteria (e.g., Micrococcineae and Corynebacterium) and the
overall composition of this film may vary, depending on such
factors as the disease state of the skin or occlusion. Any
changes in the composition of the film will have dramatic
effects on the make up of the microflora present on the skin
surface.

The dermis is separated from the underlying fiscia of the
muscle by the subcutis. The subcutis is a layer of adipose tissue
of varying thickness, which, in humans, depends on the body
region, sex, age, and nutritional status. The extensive dermal
vasculature arises from the subcutis and consists of networks of
vascular plexuses that are found in the transitional zone of the
dermis and subcutis, adjacent to and surrounding the adnexa
(eccrine sweat glands, hair follicles, and sebaceous glands).
Arterioles branch out from these areas, forming anastomoses
generally immediately under the epidermis, in both the retic-
ular dermis and the papillary dermis. The dermal blood supply
is usually substantially greater than that required merely to
nourish the skin and skin blood flow can vary by orders of
magnitude; thus, the dermal vasculature has an additional role
in thermoregulation by controlling the dissipation of heat to
the body surface.

Intertwined with the dermal vasculature is a complex
network of nerve plexuses consisting of both encapsulated and
free nerve endings. These sensory and sensorimotor nerves
ramify throughout the skin and are of extreme importance in
the perception sensory stimuli. The skin also has a plexuses of
lymphatics that drains into the regional lymph nodes.

This is a generalized and simplified description of
mammalian skin. The basic architecture of skin is similar in all
mammals. However, there are substantial species differences
for aspects such as thickness, blood supply, and types or
amounts of the various adnexa, as well as regional differences
within each species. The most obvious species difference is
hair follicle density in the skin. In lower mammals (rodents,
dogs, cats, etc.), hair density is relatively high, whereas
hair coat covering in humans and pigs is typically rather
sparse. Skin thickness is another parameter that shows
extensive species and regional differences, varying from a few
micrometers to several millimeters thick (Table 1). Further-
more, in humans, the predominant sweat gland is the eccrine
sweat gland, which opens directly onto the surface of the skin,
whereas in animals the apocrine sweat glands, emptying into
hair follicles, predominate. In general, it can be said that the
density and distribution of the adnexal structures provide the
basis for species differences in skin structure and function
while also contributing to the regional differences of
skin anatomy noted for each particular species. Such
species differences are important considerations when using
experimental animals in percutaneous penetration experi-
ments, either in vitro or in vivo, and extrapolating the results
to man.
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Percutaneous Absorption

General Concepts

Mechanisms of Percutaneous Absorption
The following sections (Mechanisms of Percutaneous Absorp-
tion, Systemic and Local Skin Effects, and Mathematical
Models) involve mathematical descriptions of processes
underlying the dermal absorption of chemicals. Although it is
not necessary to understand the mathematics to appreciate the
underlying concepts, it should be noted that quantitative
mechanism-based calculations are essential for effective risk
assessment strategies in this and other areas of toxicology.

In order to understand drug and chemical toxicity in the
skin, the process whereby the various responsive cell types
within skin are exposed to these agents must be examined.
Percutaneous, or ‘via the skin,’ absorption may be defined as
the translocation of surface-applied agents through the various
layers of the skin to a location where they can enter systemic
circulation via the dermal microvasculature and lymphatics or
remain in the deeper layers of the skin. Based on our current
knowledge, the important steps involved in skin absorption
have been identified as the partitioning of the compound from
the delivery vehicle to the stratum corneum, transport through
the stratum corneum, partitioning from the lipophilic stratum
corneum into the more aqueous viable epidermis, transport
across the epidermis, and uptake by the cutaneous microvas-
culature with subsequent systemic distribution. This process,
therefore, is the sum of the penetration and permeation of
a chemical into and through the different strata of the skin (in
addition to contributions from the various cutaneous adnexa).

In the simplest case, in which the skin is considered a single
homogeneous tissue, we still need to differentiate between
(initial, often rapid) movement of dermally applied material
into the skin, and movement of material from the skin
compartment into the systemic circulation (Figure 2). The
latter process is typically much slower than the initial uptake
into the skin, and often takes place only after a significant time
lag (Tl in Figure 2). In general, material absorbed either passes
through to the systemic circulation or is lost from the surface of
the skin (via evaporation of sloughing of the skin). The
difference between the influx and the outflux represents the
amount of material IN the skin at any point in time (skin
‘reservoir’). The slope of the influx or throughflux curves for
‘infinite dose’ exposures (per unit applied concentration) at late
times (steady state) represents the dermal penetration coeffi-
cient Kp (cm h�1), often used to characterize the dermal
penetration potential of a material.

Assessment of this process following topical application of
drugs and environmental chemicals is becoming an increas-
ingly important aspect of both toxicological and pharmaceu-
tical investigations. Relative to toxicology, the ultimate aims of
skin absorption studies are to identify and quantify the
potential cutaneous toxicity, estimate the relative risk, and
develop the appropriate strategies to minimize this risk
resulting from topical exposure. In contrast, percutaneous
absorption studies in transdermal delivery are designed
primarily to assess and manipulate the rates of transport of
drugs across the skin and ultimately to determine if such rates
are sufficient to achieve the desired exposure and provide
optimal therapeutic response. The aim is to identify or design
the therapeutic compound and its vehicle and/or its delivery
system with the appropriate properties for commercial devel-
opment. Closely associated with these studies are investiga-
tions that are designed to assess the cutaneous and systemic
bioavailability and bioequivalence of the compounds under
development. Thus, depending on one’s perspective, the focus
of skin absorption studies may be to increase penetration or to
reduce absorption.

The rate-limiting barrier to skin absorption is generally
considered to be the outermost layer, the nonviable stratum
corneum. Consequently, the skin is frequently thought of as
a passive, inert barrier and percutaneous absorption of chem-
icals was thought to be dominated by laws of mass action and
physical diffusion. This reduction of percutaneous absorption
to diffusion equations and mass transfer coefficients has over-
shadowed any considerations of the possible contribution of
biochemical factors that may influence the percutaneous fate of
topically applied substances. In general, the diffusional theo-
ries and the assumption that the skin is merely a physical
barrier persist, despite the fact that the skin is an organ active in
many essential biochemical and physiological functions.
Moreover, for certain lipophilic chemicals, it is clear that the
stratum corneum is no barrier at all. The lipid-rich stratum
corneum and skin appendages may act as a reservoir for topi-
cally applied lipophilic materials, thus functioning more as
a sponge, capable of absorbing a quantity of material that is
limited only by the solubility of the substances in the seba-
ceous and intrinsic epidermal lipids. For such lipophilic
chemicals, the viable epidermal membrane may be the more
important barrier for systemic absorption.

Skin appendages, which include sebaceous glands, hair
follicles, and sweat glands, are often regarded as channels that
bypass the stratum corneum barrier as such, they are generally
thought to facilitate the dermal absorption of topical agents.
Because they occupy only a small fraction of the skin’s surface
area in humans (0.01–0.1%), their overall effect on the extent
of percutaneous absorption will be minimal for most
compounds. Moreover, it is often overlooked that these
appendageal structures are not open pores through the skin,
but are usually plugged with hair shafts, dead cells, sebum oils,
stratum corneum lipids, and/or aqueous salt solutions (sweat).
Thus, this pathway is probably only important immediately
after a substance is applied to the skin as a rapid shunt. The
bulk of skin absorption takes place via the diffusion processes
described previously and later. However, the significance of this
follicular pathway in skin absorption remains to be experi-
mentally assessed. The correlation between permeation and
hair density of the different rat skin phenotypes (haired, fuzzy,
and hairless) tends to support the hypothesis that the trans-
follicular pathway may be the more dominant route for the
skin absorption of certain highly lipophilic chemicals such as
polycyclic aromatic hydrocarbons and coal tars. In addition,
these appendages may be important for highly polar mole-
cules, which generally penetrate the stratum corneum very
slowly, if at all (see the discussion of the ‘polar pathway’ in the
next section).

Systemic and Local Skin Effects: Exposure Considerations
Even without exploring directly the mechanisms of dermal
absorption, external dermal exposure has different implications
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Table 2 Relevant applied doses for systemic and local effects for rapidly and poorly penetrating materials (Kp is the dermal penetration coefficient)

Rapidly penetrating compound Poorly penetrating compound

Local skin effects predominate Total applied dose (mg) Concentration� surface area� exposure time (�Kp)
Systemic effects predominate Dose per unit area of exposed skin (mg cm�2) Concentration� exposure time (�Kp)
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for compounds that may produce systemic effects (such as
cancer or toxic effects in remote tissues) and for those that act
locally in the skin itself. In the latter category, contact sensiti-
zation and irritation are two areas of concern (as well as skin
cancer). Whether one is considering local or systemic effects
(together with the dermal penetration potential of the
compound) has a profound impact on what measures of
applied dose are most relevant to consider in an exposure
analysis. A few highly simplified examples will make this clear.

First consider a freely or moderately penetrating compound
applied to the skin in a leave-on formulation. If there is little
loss via evaporation or rub-off, it is reasonable to assume 100%
absorption in such cases. For systemic effects, the most relevant
exposure parameter is the total applied dose, regardless of how
it is applied (all of which is absorbed and becomes available to
the systemic circulation). On the other hand, if a local skin
effect is indicated, the relevant parameter is likely to be the local
concentration in the skin itself, or some other measure of local
skin exposure. This is more likely to be related to the applied
dose per unit area of the skin, rather than the total applied
dose. In broad terms, this is the reason why the ‘dose per unit
area’ is crucial in the elicitation of contact sensitization
responses to allergens.

Now consider a poorly penetrating dermally applied
compound, or one that is applied for such a short time T that
only a small fraction of the applied dose is absorbed. In this
case, it is the concentration c of the material in the formulation
(as well as other factors that determine the flux across the
stratum corneum, such as the dermal penetration coefficient
Kp – see below), rather than the total applied amount of
material, that determines the amount absorbed both into and
through the skin. In simplest terms, the total amount Q
absorbed into the systemic circulation (in the steady state) is
given by the following equation:

Q ðmgÞ ¼ Kpðcm h�1Þ � c ðmg ml�1Þ � T ðhÞ � A ðcm2Þ
where A is the applied surface area of skin. In terms of external
exposure, the important dose parameter in this case is the
product c� A. (This in turn is equivalent to the total dose D
divided by the film thickness h.) In other words, both the
applied concentration and the exposed surface area are relevant
for systemic effects. Unlike the case of a rapidly penetrating
compound, the total dose alone is not sufficient to characterize
exposure: Also needed is an additional parameter (such as the
film thickness) that indicates how the dose is distributed over
the skin surface. In addition, the amount absorbed also
depends on the exposure time T. Note that in the above
equation, the amount absorbed is proportional to the applied
concentration c. As c approaches the solubility limit for the
compound, the product Kp� c approaches a maximum flux,
often denoted Jmax (see below). This maximum flux is also
relevant for the dermal absorption of materials applied in neat
form to the skin.
The case is again different for local skin effects. In this case, it
is the amount absorbed per unit area of skin that again is most
relevant for local effects. From the equation given above,
Q/A¼ Kp� c� T. Thus, the most relevant exposure parameter
is the applied concentration c (as well as the exposure time T).
In this case, at least to a first approximation, how the material is
distributed over the skin surface is not as important as the
nature of the material itself (i.e., its concentration).

Thus, to a first approximation, the most relevant exposure
parameters for a specific situation are given in Table 2.

A related notion is to distinguish between situations in
which dermal absorption is ‘flux-limited’ vs. ‘delivery- (or dose-)
limited’. In the former case, the dose is applied to the skin
surface in excess, so that the amount penetrating into the
systemic circulation per unit time, for example, ultimately
reaches a steady-state flux given by the product Kp� c (or
Jmax at the upper limit of solubility). Clearly, in such cases,
the notion of a ‘percent of total dose absorbed’ is not
a useful concept to characterize a compound’s dermal
penetration potential. In the latter case, however, the size of
the dose itself does have a direct bearing on absorption. To
distinguish between these two limiting cases, the notion
of a ‘dermal number’ NDERM has been proposed as the
ratio between ‘experimental load’ (mass/area) and ‘flux
(mass/area� time) times duration (time).’ Large values for
NDERM connote flux-limited conditions, while small values
connote dose limitation.

Mathematical Models
Diffusion principles have been traditionally recognized as the
most important determinants in skin absorption. Thus, Fick’s
law of diffusion provided the mathematical basis for early
kinetic descriptions of percutaneous absorption. Fick’s law
simply states that

Js ¼ KpDcs

where Js is net flux of substance s (mg cm2 h�1), Kp is the
permeability constant (cm2 h�1), and Dcs is the concentration
gradient of s across the diffusion membrane (mg cm�3). The
validity of applying mass diffusion principles to skin absorp-
tion rests on at least two main assumptions. First, penetration
of chemicals into and permeation within the various layers of
skin are passive diffusional processes. Second, the diffusional
resistance of the skin layers can be formulated into one or more
equations describing diffusion of small particles or molecules
across thin layers or barriers, and the layers or barriers must
simulate as closely as possible the behavior of dilute polymeric
solutions.

Because diffusional resistance of the outermost region of
skin, that is the stratum corneum, is generally far greater than
that of other cutaneous substructures, models of skin absorp-
tion are frequently simplified to involve diffusion across only
one layer, the stratum corneum. This equation forms the
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simplest mathematical framework describing many percuta-
neous absorption investigations. The dermal penetration
coefficient Kp in this simplest case depends on both the parti-
tioning of the chemical from its vehicle (usually water) into the
stratum corneum, and its diffusion through the stratum cor-
neum. Both of these quantities can be estimated from a chem-
ical’s properties or structure. Partitioning from water into the
stratum corneum can be estimated from a chemical’s octanol–
water partition coefficient, Kow. Diffusion through the stratum
corneum is dependent on the molecular volume of the chem-
ical, which is in turn a function of its molecular weight (MW).
Perhaps the most widely used expression of the dependence of
stratum corneum permeability on readily available physico-
chemical properties is the ‘Potts–Guy’ equation:

log Ksc ¼ �2:72þ 0:71 log Kow � 0:0061 MW

in which the parameters have been fitted to an empirical
dataset of (usually in vitro) measured stratum corneum pene-
tration coefficients Ksc from aqueous vehicle.

Unfortunately, percutaneous absorption is in reality a
complex phenomenon involving a myriad of diffusional and
metabolic processes that are proceeding either concurrently or
sequentially. Consequently, theoretical models describing the
overall process will be approximations and will reflect our
current knowledge concerning the most relevant events.
Neglecting cutaneous metabolism for the moment, but going
beyond the simple stratum corneum model, the skin may be
modeled as a number of serial and parallel barriers and
pathways.

For compounds that have either a very low diffusion coef-
ficient or a very low lipid–water partition coefficient, the lipid
barrier of the stratum corneum is a formidable impediment to
penetration through the skin. However, for such compounds it
has been observed that there is no longer a correlation between
skin permeation and lipid solubility; further, there also appears
to be little dependence on molecular weight. It has therefore
been hypothesized that such compounds make use of an
alternative, low-permeability, and essentially aqueous pathway
through the stratum corneum. Although direct physical
evidence for such pores is lacking, the notion of a different
functional pathway (with a different (and minimal) functional
dependence on Kow and on MW) for such compounds is
Polar Pathway Kpol

Aqueous Layer K
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Figure 3 Schematic representation of a composite model of the skin showin
the skin capillary bed and ultimately into the systemic circulation.
important. Estimates of the permeability coefficient Kpol of such
a pathway for neutral molecules in human skin range from
about (1–10)� 10�6 cm h�1. As lipid solubility increases, the
relative contribution of Kpol to overall passage through the
stratum corneum progressively decreases.

Additional barriers include the viable epidermis and
dermis, which can together be considered to constitute an
aqueous layer beneath the stratum corneum, which may act as
a significant barrier to the passage of more lipophilic materials
from the surface of the skin to the systemic circulation. Finally,
once they have penetrated sufficiently deeply into the skin,
materials must also actually enter the circulation itself by
passing through the capillary wall and partitioning into the
blood (often with the help of plasma protein binding).

A schematic representation of the multicomponent struc-
ture of the skin that takes these multiple barriers/pathways into
account is shown in Figure 3. When penetration through the
stratum corneum (including the parallel polar pathways) and
through the aqueous layers in series with the stratum corneum
are taken into account and combined with clearance into the
bloodstream, the overall dermal penetration coefficient Kp for
such a (simplified) composite system is given (by analogy with
electrical resistances in series and in parallel) by

Kp ¼ 1
1=ðKsc þ KpolÞ þ 1=Kaq þ 1=Kcap

where Ksc represents the penetration coefficient for the stratum
corneum; Kpol represents that of the polar pathway in parallel
with the stratum corneum; Kaq represents the permeability of
the aqueous layer of the viable dermis, in series with the
stratum corneum; and Kcap represents the effective penetration
coefficient for clearance into the vasculature via the capillary
network of the skin (in series with the stratum corneum and the
aqueous layer). Note that Kcap will in principle depend on the
rate of blood flow through the capillary bed of the skin. All four
K parameters have units of, for example, cm h�1.

As the lipophilicity of compounds continues to increase (as
estimated by their octanol–water partition coefficients), dermal
penetration does not increase indefinitely. In fact, it is limited
by a number of factors. As we have seen above, penetration into
the systemic circulation for lipophilic compounds is limited by
their very modest capacities to penetrate the aqueous layers of
Stratum Corneum Ksc

aq

illary Clearance  Kcap

g potential pathways for penetration of material from the skin surface into
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the skin (dermis and viable epidermis), as well as their relative
reluctance to enter the bloodstream. These factors set a natural
upper limit to the dermal penetration coefficients for very
lipophilic compounds of w10�1 cm h�1. In many cases,
however, it is not the penetration coefficient itself in which we
are interested, but rather the flux of a compound through the
skin. This flux is the product of a penetration coefficient and
a driving concentration. Since the aqueous layers of the skin are
the major impediment for lipophilic compounds, solubility
in water plays a major role in determining the maximum flux
of such compounds through the skin. Like other parameters
we have been considering, water solubility (WS, mg cm�3)
depends on the physicochemical properties of compounds,
particularly the octanol–water partition coefficient and the
molecular weight. The maximum flux Jmax is then given by the
product Kp�WS. The maximum flux estimated in this way is
a very useful conservative estimate of dermal penetration,
particularly when the applied concentration of a compound or
the precise nature of its vehicle is not known. It also applies to
exposures of neat materials (liquids).

Conceptual models of percutaneous absorption which are
rigidly adherent to general solutions of Fick’s equation are not
always applicable to in vivo conditions, primarily because such
models may not always be physiologically relevant. Linear
kinetic models describing percutaneous absorption in terms of
mathematical compartments that have approximate physical
or anatomical correlates have been proposed. In these models,
the various relevant events, including cutaneous metabolism,
considered to be important in the overall process of skin
absorption are characterized by first-order rate constants. The
rate constants associated with diffusional events in the skin are
assumed to be proportional to mass transfer parameters.
Constants associated with the systemic distribution and
elimination processes are estimated from pharmacokinetic
parameters derived from plasma concentration–time profiles
obtained following intravenous administration of the
penetrant.

These linear kinetic models and diffusion models of skin
absorption kinetics have a number of features in common; they
are subject to similar constraints and have a similar theoretical
basis. The kinetic models, however, are more versatile and are
potentially powerful predictive tools used to simulate various
aspects of percutaneous absorption. Techniques for simulating
multiple-dose behavior; evaporation, cutaneous metabolism,
Table 3 Factors affecting percutaneous absorption

Factor Specific examples or other contributing factors

Vehicle Suspensions, emulsions, lotions, creams, ointmen
Solvents Water, acetone, ethanol, methanol, chloroform, TH
Enhancers Dimethylformamide (DMF), DMSO, dimethylacetam
Species Skin thickness, hair density, quantity and types of
Application site Epidermal and stratum corneum thickness, keratin

damage, hydration state, occlusion, pH)
Environment Ambient temperature and humidity, airflow
Dose applied Surface area, concentration, contact time, vehicle
Physicochemical Partition coefficients, molecular weight, particle si
Miscellaneous Humans (age, sex, race); metabolic capacity of the
microbial degradation, and other surface-loss processes;
dermal risk assessment; transdermal drug delivery; and vehicle
effects have all been described. Recently, more sophisticated
approaches involving physiologically relevant perfusion-
limited models for simulating skin absorption pharmacoki-
netics have been described. These advanced models provide
the conceptual framework from which experiments may be
designed to simultaneously assess the role of the cutaneous
vasculature and cutaneous metabolism in percutaneous
absorption.

Due to the deficiencies of current experimental and
analytical methods, our ability to appreciate and fully utilize
these sophisticated models is limited. As noted previously, the
model parameters (e.g., rate constants) are usually based on
assumed partitioning phenomena or kinetic behavior. These
assumptions are limited by the paucity of kinetic information
provided by current experimental methods. For example, little
is known about how volatility affects absorption of the applied
dose and the concept of mass-balance studies following topical
doses has only recently been addressed. From the perspective of
absorption, the skin is a portal of entry for a variety of topically
applied chemicals, a drug-metabolizing organ, and a target
organ for local toxicity. When skin contact with a chemical
results in local effects, pathological changes in the skin may be
expected to affect its barrier properties and, hence, influence the
fate of surface-applied chemicals. The integrity of the stratum
corneum is therefore of primary importance. However,
biochemical changes in the skin in response to topical exposure
to biologically active chemicals may also influence the meta-
bolic capabilities and metabolic status of the skin and thereby
modulate the cutaneous disposition of topically applied
substances.

Thus, knowledge of the processes involved in the trans-
location of chemicals through the skin into systemic circulation
and the response of the skin to such chemicals are important
aspects of skin pharmacology and toxicology. Research in this
area is in its infancy and offers many opportunities. Mecha-
nistic and functional approaches to skin absorption need to be
developed. Table 3 presents a fairly comprehensive list of the
known factors affecting percutaneous absorption of topically
applied drugs and chemicals. It is anticipated that future
research will increase our knowledge of skin absorption, and
exploitation of such knowledge would greatly facilitate the
continual development of new strategies in reducing the skin
ts, pastes, PEG and PPG, demulcents, emollients, pH
F
ide, urea, azone, 2-pyrrolidone, surfactants
glands, cutaneous vasculature, and blood flow
ization, blood flow, hair follicles/glands, skin condition (dermatoses,

ze/shape, dissolution characteristics, absolute aqueous solubility
skin
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absorption of hazardous industrial chemicals. Also, it would
provide the basis for improving topical therapy and the trans-
dermal delivery of drugs and prodrugs.

Metabolic Fate of Topically Applied Substances
It is now generally recognized that skin is an organ capable of
performing a variety of metabolic functions, including those
involved in the metabolism of hormones, carcinogens, drugs,
and environmental chemicals. Since skin contains enzymes
capable of metabolizing xenobiotics, any chemicals that are
applied to the surface of the skin will, during the course of
penetration and translocation through this organ, be exposed
to available biotransformation systems that are present in the
skin. Consequently, the ability of the skin to function as an
organ of xenobiotic metabolism is of considerable interest, and
questions are raised concerning the functional significance of
skin metabolism in the percutaneous fate of chemicals. Is skin
metabolism important? Can cutaneous metabolism influence
dermal absorption? What, if any, is the functional significance
of skin metabolism in the cutaneous and systemic disposition
of chemicals, and can it be an important determinant in the
development of local and systemic toxicity? What are the
modulating factors that may affect skin metabolism and,
consequently, the disposition of topically applied chemicals?
What are the implications of skin metabolism in dermatotox-
icity and dermatopharmaceutics? Indeed, will the ability of the
skin to metabolize drug prove to be a desirable advantage or
a confounding factor that complicates the development of
novel transcutaneous therapeutic devices? Perhaps more
important, what conceptual and experimental approaches are
readily available for use in evaluating the functional signifi-
cance of skin metabolism on the percutaneous fate of topically
applied chemicals?

Numerous investigations with tissue slices, isolated cell
preparations, and subcellular fractions from skin have shown
this organ to possess a variety of enzyme activities including
those involved in the metabolism of xenobiotics. Although the
biotransformation of only two classes of compounds, steroids
and polycyclic hydrocarbons, has been studied extensively
in the skin, it is evident that a full complement of drug-
metabolizing enzyme activities is present in the skin. These
drug-metabolizing enzymes are generally thought to be asso-
ciated with the epidermal cells. Recent reports have suggested
that high drug-metabolizing activities are also localized in the
differentiated cells of the hair follicles and adjacent sebaceous
glands. It is possible that the resident microorganisms of the
skin may also contribute to the metabolism of the topically
applied compounds. However, during the development of
methods for assessing skin graft viability, it was determined
that the metabolic contributions due to skin microorganisms
were negligible. Furthermore, experience with metabolism in
human skin preparations which have been thoroughly scrub-
bed with antimicrobial disinfectants support a conclusion that
it is the constituent skin cells themselves, rather than surface
microbes, which are responsible for the observed biotrans-
formations. Finally, since it is known that the metabolizing
activities of the skin readily respond to modulation by
inducers and inhibitors, such enzyme modulation could have
important implications for cutaneous absorption and dispo-
sition experiments.
Experimental Models

In the past, percutaneous absorption investigations had usually
concentrated on the physicochemical and biophysical factors
that influence skin penetration and permeation of chemicals.
There are a wide variety of experimental approaches that have
been developed to assess skin absorption; however, it should
be noted at the outset that currently there is no generally
accepted technique. Debates and conflicting opinions continue
to revolve around the various factors that are important in
influencing percutaneous absorption. Consequently, the
rationales by which experimental models are selected and
developed are continually being modified and revised.
Fundamentally, skin absorption investigations are concerned
with how much, how fast, and what are the modulating factors
that may influence the penetration and percutaneous fate of the
topically applied agents. To answer these questions, the
primary methods available are based on in vivo and in vitro
studies. The former is from the Latin phrase for ‘in life,’ that is,
using a living organism, while the latter means literally ‘in
glass,’ or done in the test tube. Both approaches have their
advantages and limitations, as will be discussed below.
In Vivo Techniques
It is generally recognized that the most reliable method for
learning about skin absorption is to measure it in vivo using the
appropriate animal model or human volunteers. In principle,
the in vivo approach is simple, but in practice it is often fraught
with experimental and ethical difficulties, particularly when
studies are conducted in man. Typically, in vivo studies are per-
formed by applying the compound of interest, in a suitable
vehicle, to the surface of a defined area of skin. To protect the
application site, occlusive or nonocclusive covering is often
placed over the treated skin area, and absorption is then moni-
tored by various procedures. However, the techniques used to
monitor in vivo skin absorption often assess absorption indi-
rectly, and frequently measurements are based on nonspecific
assays. The validity of the in vivo determination will depend,
therefore, on the validity of the method used.

When a topically applied compound induces a biological
response following skin absorption, the quantitation of that
response may provide a basis for assessing skin absorption.
Indeed, such physiological or pharmacological responses have
been employed as endpoints in assessing skin absorption
in vivo, and perhaps the most successful example is the vaso-
constrictor response to topical corticosteroids. However, while
these pharmacodynamic endpoints may be very sensitive and
selective for defined classes of compounds, it should be noted
that the parameter measured is the product of both the quan-
tity and the potency of the compound under investigation and
may not necessarily reflect the extent of skin absorption, cuta-
neous metabolism, or disposition.

Ideally, skin absorption andmetabolism should be assessed
based on the analysis of the compound and metabolites of
interest in the body following topical application, and such
analysis should be performed using sensitive, selective, and
specific assays. Although it has been possible in some select
cases to determine a plasma concentration–time profile of the
compound following topical application, such specific analyses
in body fluids are not routinely feasible because the low
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absolute amount normally absorbed via the skin is often too
small to quantitate. It is for this reason that radiolabeled
compounds are frequently used, and the extent of absorption is
typically assessed by monitoring the elimination of radioac-
tivity in excreta over a period of several days. For small labo-
ratory animals, the absorbed radioactivity that may be retained
in the animal and not eliminated in the excreta can be deter-
mined directly by analysis of the carcass, following removal of
the application site and homogenization of the appropriate
tissues. However, in larger animals and in humans, such an
approach is impractical, and a correction is required to adjust
for such pharmacokinetic factors as absorption, distribution,
metabolism, and excretion. This correction has often been
made by injecting intravenously a single dose of the radio-
labeled compound and monitoring radioactivity in the excreta.
A correction factor can be obtained which represents the frac-
tion of dose that would be excreted during the time course of
the percutaneous absorption study if it were instantly absorbed
upon topical application. This has been the standard approach
by which the vast majority of in vivo skin absorption studies is
conducted and has provided invaluable information concern-
ing percutaneous absorption in humans.

When measurements from intravenous dosing are applied
as a correction, the validity is dependent on the underlying
assumption that metabolism and disposition of the applied
compound are not route dependent and that pharmacokinetic
behavior of the intravenous and topical doses is similar.
Unfortunately, there is little or no experimental basis for
substantiating this assumption, and often the pharmacokinetic
profile of the compound under investigation has not been fully
characterized. Kinetically, skin absorption resembles a slow
infusion, but the intravenous dose for correction is often given
as a single bolus injection. Subcutaneous injection or a slow
intravenous infusion may be the more appropriate delivery
method for correction. Moreover, the selection of the size of the
intravenous dose is often not rationalized. When differences in
the relative amount of radioactivity excreted in the urine and
feces following intravenous and topical administration are
observed, these differences may be the consequence of route of
administration or they may be related to differences in extent of
systemic exposure. Furthermore, when metabolites are found
in the excreta following topical application, it is difficult, if not
impossible, to differentiate between skin metabolism and
systemic metabolism. As a result, the significance of cutaneous
metabolism in skin absorption cannot be readily established
from in vivo investigations.

More direct approaches for monitoring skin absorption
have been proposed – for example, measuring the rate of
disappearance of the chemical at the application site. However,
the generally low permeability of the skinmeans that the rate of
disappearance is often very slow, and the accuracy of the
measurement will depend on analytical techniques that are
capable of accurately quantifying minute differences. Reliable
results can only be obtained with chemicals that are rapidly
absorbed and/or easily quantitated analytically. The main use
of this technique is monitoring the loss of radioactivity from
the skin surface, but it should be appreciated that measure-
ments using high-energy emitters whose transmission range
may be similar to or greater than the thicknesses of the skin
could result in erroneous estimates of skin absorption. Other
methods, such as those based on histochemical and fluores-
cence techniques, are highly specialized and cannot be used
with all compounds. Another approach involves correlating the
extent of percutaneous absorption with the reservoir function
of the stratum corneum, as measured by tape-stripping the
application site and extracting to determine the amount taken
up by the stratum corneum after a short exposure period
(30 min).

In most toxicological and pharmacological investigations,
the dose administered is precisely defined and dose–response
relationships are usually carefully evaluated. In percutaneous
absorption studies, however, this is not always the case. A great
deal of absorption information in the literature may be of
questionable validity since the dose applied was frequently not
clearly defined or reported, even though the extent of skin
absorption is usually reported in terms of a percentage of the
dose applied. Dose application in skin absorption studies
conducted in vivo is relatively straightforward. The compound of
interest is prepared in an appropriate vehicle that may be liquid
or semisolid, and an appropriate amount of this preparation is
then applied uniformly onto the surface of the skin. Uniformity
of application is important but often difficult to assess and is
generally assumed without supporting evidence. Furthermore,
very little is known concerning the potential influence of local
toxicity on cutaneous metabolism and skin absorption and it is
suggested that whenever possible a ‘no-effect’ level of the
compound should be used in these types of studies.

Defining the amount of the topical dose applied that is
available for absorption is particularly challenging when the
compound under investigation is volatile or semivolatile as in
the case of solvents and insect repellents. Following topical
application, some of the applied dose will penetrate the skin
and be absorbed. At the same time, some fractionwill evaporate
slowly from the surface of the skin and be lost, unavailable for
percutaneous absorption. It has been demonstrated that the rate
of evaporation, and consequently the relationship between
evaporation and skin penetration, can influence the quantity of
chemical absorbed dermally. The extent of evaporation from the
skin surface is a function of the dose applied, airflow, and
temperature at the skin surface. The extent to which these vari-
ables may be controlled or monitored can have a major impact
on the results of in vivo skin absorption studies. Furthermore,
consideration of the evaporative loss of the applied dose will be
particularly important when surface disappearance or stratum
corneum concentrations are employed as methods for assessing
in vivo skin absorption.

Vehicle as a modulating factor that can influence skin
absorption has been discussed in great detail, particularly from
a standpoint of increasing absorption in the delivery derma-
topharmaceutics, and there is much interest in solvents such as
dimethylsulfoxide and azone as vehicles because they act as
penetrant enhancers. Postapplication loss of volatile compo-
nents in the vehicles can also alter the permeation character-
istics of the applied chemicals. For example, if a highly volatile
vehicle is used this may result in the compound under inves-
tigation being deposited as a thin film of solid onto the surface
of the skin. On the other hand, a nonvolatile vehicle, such as an
ointment, may be occlusive and change the diffusional prop-
erties of the stratum corneum. Both of these scenarios can
greatly influence the extent of percutaneous absorption.
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Therefore, the rationale used to justify the selection of an
appropriate vehicle for dose application will have important
bearing on the significance and validity of the in vivo
observations.

The extent of skin absorption is greatly dependent on the
concentration of the applied dose and the surface area of
exposure. Increasing the concentration of the applied dose has
been shown to result in a decrease in the percentage of the
applied dose being absorbed, but total absorption is increased.
This effect may be compound specific and may depend on
the dose range under investigation. Moreover, increasing the
surface area of exposure will also result in increases in the
extent of absorption. In defining the dose applied, therefore,
one must consider not only the amount of chemical applied
per unit area but also the total surface area of application and
the total dose applied. The frequency of application and the
duration of exposure have also been shown to influence the
extent of skin absorption. In the few times that it has been
investigated, the results have shown that washing of the
application site to remove the applied dose may enhance,
reduce, or have no effect on absorption. Studies on the inter-
relationship and influence of the various parameters pertaining
to dose application in skin absorption are in their infancy. How
these parameters may influence the extent of skin absorption is
being explored, and it is clear that the current knowledge in this
area is far from complete.

Many of the variabilities associated with the lack of stan-
dardization of dosing techniques (dosing concentration,
volume, applied surface area, application time, etc.) can be
somewhat compensated for by calculating a dermal penetra-
tion coefficient Kp from the data wherever possible. The
advantage of estimating Kp (as opposed to, say, the percent
absorbed) is that values from different experiments (and for
different compounds) can be directly compared, since this is
a normalized measure of dermal penetration capacity. (It is in
fact the flux per unit applied concentration and per unit
exposed skin area.) In addition, the extent of dermal absorp-
tion can also be readily extrapolated to other exposure condi-
tions (different concentrations, doses, surface areas,
application times, etc.). A disadvantage is that Kp is essentially
a steady-state parameter, and care must be taken to ensure
that a steady state with constant influx rate of the material at
a constant applied concentration is in fact achieved (e.g., under
‘infinite dose’ conditions – see In Vitro Techniques below), or is
at least compensated for by taking into account dose depletion.

In Vitro Techniques
From a cursory review of the literature on percutaneous
absorption, it is evident that much of our current under-
standing of the mechanism of percutaneous absorption was
derived from in vitro investigations. In vitro experiments
generally afford the investigator the ability to manipulate
and control the experimental conditions, and the approach
provides the unique opportunity to monitor the rate and
extent of percutaneous absorption in skin tissues removed
from the confounding influences of the rest of the body. In
vitro methods, primarily those involving excised skin
mounted in diffusion chambers, are the most frequently
employed techniques used in the assessment of skin
absorption.
Generically, these diffusion chambers consist of a donor
and a receptor compartment. Skin absorption is then deter-
mined based on the assumption that recovery of the
compound of interest in the receptor compartment, following
application to the skin surface in the donor compartment, will
provide an accurate measure of penetration and permeation.
The success and popularity of the in vitro approach stem from
the fact that the techniques are relatively simple. In these
experiments, the investigator is provided with the ability to
monitor the rate and extent of absorption through skin
removed from the influence of other bodily organs. Experi-
mental conditions can be readily manipulated and controlled
and, compared to in vivo studies, in vitro results can be obtained
relatively quickly. Furthermore, it is recognized that in vitro
methodology has contributed significantly in defining the
important physicochemical parameters underlying percuta-
neous penetration and is responsible for much of our current
understanding on the mechanisms involved.

Typically, an appropriate fluid (ideally to mimic the prop-
erties of blood) is placed into the receptor compartment and an
appropriate formulation of the compound under investigation
(often radiolabeled) is placed in contact with the skin surface in
the donor compartment. The recovery of radioactivity over
time in the receptor fluid then provides an estimate of skin
absorption. The justification of this methodology centers upon
the generally accepted assumption that the passive barrier
properties of the skin limit skin absorption. Since the outer-
most layer of the skin is composed essentially of nonliving
tissues and is considered the principal barrier for most
compounds, it is reasoned that biochemical processes are
unlikely to influence the diffusional characteristics of the rate-
limiting membrane and, hence, in vitro diffusion studies will
accurately measure skin penetration and absorption. The
preparation of the skin sample itself has some bearing here.
Typically, skin samples are either ‘full thickness’ in which the
skin, stripped merely of its underlying fat deposits, is mounted
in the chamber, or ‘split thickness,’ in which the skin is first
dermatomed, or sliced parallel to its surface to a specific
thickness (typically a few hundred micrometers). The advan-
tage of full-thickness skin is that it is less likely to be damaged,
but it suffers from the great disadvantage that more lipophilic
materials in particular are forced to penetrate through the
primarily aqueous layers of the viable epidermis and the whole
dermis, which provides a much more formidable barrier to
these compounds than they would encounter on their way to
the capillary bed in vivo. In the case of split-thickness skin,
a compromise is attempted between trying to simulate
a thickness representative of the depth of skin capillaries and
the tendency for the thinner preparations to suffer skin barrier
damage due to the dermatoming process itself.

In vitro diffusion chamber experiments are based on
measuring the compound under investigation in the receptor
fluid and much of the research activity has naturally focused in
this area. Therefore, recovery of material in the skin itself has
received only limited attention. Cutaneous distribution,
metabolism, and binding of the topically applied agent are
integral parts of the percutaneous absorption process, however,
implying that assessing the disposition of the applied chemical
in the skin tissue should be an important measurement in
the evaluations of skin absorption. Indeed, the amount of
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a chemical that passes through the stratum corneum into the
viable epidermis and dermis is an important parameter for
assessing local bioavailability, and it also contributes to the
overall estimate of in vitro percutaneous absorption. Further-
more, analysis of the skin following permeation studies would
assist in determining mass balance and dose accountability.
Such measurements are often not reported or conducted even
though they are important in establishing the validity and the
interpretation of in vitro observations. Because of obvious
advantages, radiolabeled chemicals are routinely used in skin
absorption studies, and frequently liquid scintillation spec-
trometry is the sole method used for detecting the penetrating
substances in the receptor fluid. However, skin absorption may
be accompanied by cutaneous metabolism; therefore, the
radioactivity recovered in the receptor medium reflects not only
the permeation of the parent substance but also its metabolites.

Experimental designs of in vitro studies utilize one of two
main strategies. In the traditional steady state or ‘infinite dose’
technique, a well-stirred donor solution of the compound of
interest, at a defined and constant concentration, is used to
deliver the compound across the skin preparation. The absorbed
compound is subsequently delivered into a well-stirred receptor
compartment. The most important design feature of these
studies is that the quantity of compound that penetrates the
membrane must be kept small relative to the total amount
available – there must be no appreciable reduction in the
concentration of the compound in the donor compartment. This
is so that steady-state flux conditions are not significantly
violated and the studies are performedwith rigorous compliance
to the laws of diffusion. The conventional approach to present-
ing data from this type of study is to plot the cumulative amount
of drug reaching the receptor as a function of time. From the
linear portion of this plot, we obtain themost important piece of
information, that is, steady-stateflux of the compound across the
skin membrane (slope¼ Js). This value is generally normalized
with respect to the area of the skin membrane and is usually
expressed as amount of drug per unit area per unit time. The
intercept on the x-axis, obtained by extrapolating the linear part
of the curve, gives a measure of the time required to establish
a linear concentration gradient across the skin membrane and is
referred to as the lag time, or s. From these two parameters it is
relatively simple, using the diffusion equations, to calculate the
permeability coefficient (Kp¼ slope/Dcs) and derive the other
mass transfer parameters such as the diffusion coefficient of the
drug across the skin, the partition coefficient of drug between the
skin and the receptor fluid, and the diffusional thickness of
themembrane. Additional useful parameters can be determined
from the earlier nonlinear portion of the curve, but this requires
a detailed and often complex model of the kinetics of the
absorption process.

While the infinite dose technique has been invaluable in the
determination of important skin permeability parameters such
as dermal penetration coefficients and in the development of
transdermal drug delivery concepts, to mimic in vivo condi-
tions, the so-called ‘finite dose’ technique was developed. This
is essentially a modification of the traditional steady-state
method. The important difference is that the skin preparation is
supported over the receptor so that the epidermal surface is
exposed in a manner that mimics the real-life exposure
scenario, and the compound of interest is applied to the surface
of the skin in a manner also similar to exposure in vivo.
Although the results of such studies may give valuable infor-
mation about the absorption of materials under specific
exposure conditions, they are generally not amenable to
extrapolation to other exposures since no invariant skin prop-
erties such as penetration coefficients can be readily calculated.

The techniques described for maintaining the viability of
the excised skin used in these studies are relatively simple.
Basically, the skin preparations are maintained under appro-
priate conditions as short-term organ culture. They are sup-
ported over the culture medium so that their epidermal
surfaces are not covered. Material of interest can be applied
topically in a manner similar to exposure in vivo. This material
reaches the epidermal cells by diffusion where it may be
metabolized, and recovery of both metabolites and parent
compounds in the culture fluid then provides a measure of skin
permeation and the extent of cutaneous first-pass metabolism.
Two systems have been described. In the ‘static’ system, discs of
freshly excised skin are maintained, epidermal side up, on filter
paper on a stainless-steel ring support within individual culture
dishes containing a suitable culture fluid. In the flow-through
system the skin discs, supported on a stainless grid, form the
upper seal of tissue wells of a compact, water-jacketed, multi-
sample skin penetration chamber. Fresh, oxygenated culture
medium is continuously perfused through the tissue wells
and the well effluents may be collected at timed intervals. The
skin absorption and metabolism studies described previously
utilizing this methodology demonstrated that, by maintaining
the metabolic viability of the excised skin under appropriate
culture conditions, the in vitro approach provided the means
whereby the potential influence of skin metabolism may be
evaluated in conjunction with the diffusional aspect of percu-
taneous absorption. This methodology, therefore, offers a
possible approach with which an estimate for the contribution
by skin to the percutaneous fate of topically applied chemicals
may be determined. It has also been suggested that the
metabolites found in the perfusion medium result from
metabolism of the parent compound after its permeation into
the receptor fluid, and enzymes that have leaked into the
receptor fluid from the cultured tissue mediate this biotrans-
formation. Currently, there is no evidence to support this
hypothesis.

The underlying assumptions inherent in the utility of using
excised skin for diffusion experiments are (1) skin condition,
particularly that of the stratum corneum, is comparable to that
found in situ (i.e., a key variable is the barrier function of the
skin sample once it is removed from the animal or man); (2)
recovery of the applied substances in the receptor fluid provides
a true reflection of the rates and extent of percutaneous
absorption (i.e., tissue binding and partitioning into the
receptor fluid are not confounding factors); (3) living processes
have little or no effect on percutaneous absorption mechanism
or kinetics (although some investigators have maintained the
metabolic viability of the skin by using flow-through systems
with a receptor solution rich in oxygen – see above); and (4)
penetration through dermis is not rate limiting. Some of these
premises are becoming increasingly difficult to justify in light of
what we now know about active metabolism of some drugs
within the skin and the influence of cutaneous blood flow on
the clearance of drugs and their metabolites from the skin. For



Table 4 Experimental design considerations with in vitro assessments of percutaneous absorption

Factor Contributing factors

Skin source Animal species differences, fresh human vs. cadaver skin
Membrane thickness Full thickness vs. split thickness (no dermis) vs. stratum corneum alone
Barrier integrity Preparation and storage conditions, follicles and other holes, viability (metabolic capacity)
Receptor fluid Solubility, maintenance of skin viability/barrier integrity
Dosing method Finite vs. infinite, dose formulation
Environment Ambient temperature and humidity, hydration state
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some other chemicals, on the other hand, in vitro data sets are
becoming invaluable tools to predict their dermal penetration,
particularly from aqueous vehicle. Table 4 lists a number of
important design considerations when assessing percutaneous
absorption using in in vitro diffusion chamber experiments. As
can be seen, many of these potential sources of error in vitro
experiments could be predicted from the list of factors affecting
skin absorption in vivo (Table 3). Others, such as skin thickness,
barrier integrity/viability, and receptor fluid content, are true
artifacts of the in vitro system.

In Vivo–In Vitro Correlation
In the skin absorption literature, there are only a few instances
in which studies were designed specifically to correlate in vivo
and in vitro observations. This is probably because such
comparative experiments involve many variables that need to
be controlled or monitored and are difficult to perform well.
Meaningful comparisons can only be made when experimental
parameters of the in vitro studies closely resemble those of the
in vivo studies or vice versa. Moreover, ethical and safety
concerns often limit the extent to which in vivo experiments
may be conducted in humans. Thus, in vivo–in vitro correlations
using human skin are practically nonexistent. In addition, in
humans the site of application is frequently the ventral fore-
arm, whereas in animals the back is often used and potentially
damaging pretreatments of the animal skin such as shaving,
clipping, or chemical depilation (hair removal creams) are
frequently necessary before skin absorption experiments can be
conducted. Since these are treatment variables that can influ-
ence percutaneous absorption, the reported species differences
and similarities in skin absorption may reflect the net result of
many competing variables, and understanding the significance
of these variables would provide additional insights into the
mechanism of percutaneous absorption.

A general consensus among investigators in percutaneous
absorption is that human skin is preferred and should be used
for in vitro assessments. On the other hand, it is also recognized
that a major liability of human skin as a research tissue in vitro
is its notoriously high variability in barrier properties. The
source of human skin is frequently from cadavers, and since the
investigator often has little or no control over the source and
characteristics of the donor skin, the high variability observed
with human skin preparations is to be expected. Characteristics
such as treatment of the cadaver, elapsed time from death to
harvest of tissue, skin site, age, health, sex, race, and skin care
habits are examples of variables which may bias the in vitro
penetration studies. Also, when skin samples are derived from
elective surgery, the preoperative procedures such as scrubbing
with antimicrobial disinfectants, the surgical manipulations,
and the manner in which the membrane is prepared from the
excised tissue are important details of concern. Again, these
variables may influence the in vitro penetration observations. It
has been recommended that where possible, in an in vitro study
with human skin, such information should be routinely
collected and carefully documented.

Although human skin is the tissue of choice, its limited
accessibility to many investigators and the variability experi-
enced with human skin have led many researchers to explore
skin from various animals as models for skin absorption.
However, species differ considerably in the structure and func-
tion of their skin and it is unlikely that animal skin will have
barrier properties that are identical to those of human skin.
Nevertheless, animal skin is routinely used for evaluating
dermal toxicity and percutaneous absorption. Histological
evidence and physiochemical studies have concluded that
animal skin can provide reasonable percutaneous absorption
models that approximate human skin; however, the debate
concerning the appropriate animalmodel continues. Numerous
comparative studies, both in vivo and in vitro, have been con-
ducted to identify the ideal animal model. From the results
obtained thus far, it would appear that the choice of animal
model will depend on the preference of the investigators
and the compound under investigation. The pig, the monkey,
hairless mice, hairless guinea pigs, and, recently, the fuzzy or
hairless rat have been described as species with the potentials to
be good candidates as predictive models of skin absorption in
humans.

Because passive physical diffusion is assumed to be the
principal determinant in skin absorption, and since the selec-
tion of an appropriate animal model remains controversial,
artificial barrier systems have been explored as potential
models for evaluating absorption in human skin. These
systems offer some advantages over biological models in that
they are reproducible, easily prepared, and the composition of
the membrane can be readily manipulated. Such membranes
offer a defined matrix with which basic physical concepts
regulating permeation may be examined. Various materials
have been used in the construction of artificial membranes, and
they include chemicals such as silastic (silicone rubber),
cellulose acetate, isopropyl myristate, mineral oil, and
dimethyl polysiloxane. Materials such as collagen and egg shell
membrane which are of biological origin have also been used.
In general, the construction of these artificial membranes
attempts to mimic the stratum corneum barrier, and their use
in diffusion studies has provided some useful information on
the underlying mechanisms governing the physiochemical
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properties of chemicals and the relative abilities of the chem-
icals to diffuse through lipid membranes. Artificial membranes
have been used as models for evaluating potential drug
formulations during the development of topical preparations
and transdermal delivery systems, and they have proven
particularly useful for exploring the bioavailability of chemicals
from different vehicles. In cases in which the partitioning of the
chemical from the vehicle into the skin and into the artificial
membrane is rate limiting, the effect of changing the vehicle on
dermal penetration can be predicted from artificial membrane
studies. Indeed, the experimental procedure can be even further
simplified, since it is only necessary in these cases to determine
the relative partition coefficients into the artificial material
from different vehicles (and not necessarily the relative steady-
state fluxes), and simple probes or ‘dip sticks’ fashioned from
the appropriate material will suffice for such purposes.

While there is no doubt that in vitro diffusion chamber
experiments have made substantial contributions to the current
knowledge concerning the diffusional aspects of skin absorp-
tion, there are limitations to their usefulness, particularly
for developing predictive pharmacokinetic models of skin
absorption. Standardized versions of these diffusion chambers
are readily available commercially, and these systems are easy
to use and are well designed, having incorporated many of the
desirable features of diffusion chambers described by investi-
gators with many years of research experience in the field of
skin absorption.

Advanced Models: Isolated Organ Perfusion Methods
A major limitation of all diffusion chamber experiments is the
lack of normal vascular uptake mechanisms. One consequence
of this inadequacy has been a large effort aimed at better
diffusion chamber designs, particularly through the use of flow-
through devices mentioned previously. It should be noted that
the recovery of material in the receptor fluid, which provides an
overall measure of in vitro permeation (i.e., the net penetration
through the various layers of the skin into the receptor), does
not necessarily provide an accurate measure of percutaneous
absorption. Material that permeates the skin and remains in the
tissue is absorbed material that would not be included when
receptor fluid only is assessed (although this does not matter if
a steady-state dermal penetration coefficient for systemic
absorption is being determined). Furthermore, various tissue
slicing techniques or apparatus design considerations have
failed to totally resolve the possibility that the thick dermis may
represent an artificial and selective barrier limiting the perme-
ation of lipophilic penetrants in vitro. There is no consensus on
what constitutes an ideal receptor fluid. The selection of the
optimum receptor fluid for a particular compound of interest is
frequently empirical and often reflects the biases of the inves-
tigator. Therefore, caution should be exercised and in vitro
observations should not always be considered to be true and
accurate representations of the in vivo situation with respect to
cutaneous absorption and metabolism.

Given the obvious physiological limitations of the previ-
ously discussed organ culture and diffusion cell approaches,
perfused skin preparations, with an intact and functional cuta-
neous microcirculation, appear to represent an ideal experi-
mental methodology for investigating the pharmacokinetics
and mechanisms of percutaneous absorption and metabolism.
Following the development of the perfused rabbit ear model in
the 1930s and the subsequent demonstration of its potential as
a tool for studying skin absorption, surprisingly little progress
was made over the next half century. Reports of perfused feline
and canine skin flaps, both in situ (meaning ‘on site,’ or still
attached to the animal) and in vitro, appeared sporadically in the
literature. These models have provided useful information in
studies of skin physiology and the basic pathways of cutaneous
respiration and energy production. However, they have not
been widely used to study skin absorption. In addition,
although early attempts to develop human skin perfusion
models have been documented, progress has been slow.

Recently, techniques for creating and maintaining isolated
arterial sandwich skin flaps in situ in rats have been described.
This rat skin flap is created on athymic nude rats by surgically
raising a small area of skin, perfused by the superficial epigas-
tric artery, and grafting a split-thickness skin sample from
syngenetic rats (i.e., from the same breeding stock) onto the
underside. Although athymic rats reject foreign skin grafts at
a relatively high rate (up to 90%), some success has been
achieved in creating and maintaining a hybrid rat–human
sandwich flap (RHSF) on this animal by repeated low-dose
cyclosporine therapy. It has been proposed that the RHSF
might be useful for studying percutaneous absorption in
human skin if it can be shown that the absorption mechanisms
are unaffected by the surgical manipulations and cyclosporine
treatments. The experimental advantages afforded by such
human-grafted skin flaps, in addition to the fact that they are
reusable, are intuitive. Unfortunately, the complicated surgical
procedures, costly animal and housing requirements, and
expensive cyclosporine therapy and its confounding effects on
skin absorption, coupled with the apparently high variability in
xenobiotic flux through the xenografts, place severe limitations
on their utility as experimental models for studying cutaneous
metabolism and skin absorption.

Since it has long been known that there is a high degree of
anatomical and physiological similarity between skin obtained
from certain pale-skinned porcine species and that of man, it is
not surprising that various pig skin flaps have been pursued.
The biochemistry and utility of pig buttock flaps, created
surgically in several different patterns, for dermatological
purposes have been extensively investigated. Proposed advan-
tages for using pig skin flaps include the availability of large
surface areas, similar vasculature and anatomic structure, and
the ease and similarity in the types of clinical observations
which can be made. Perhaps the most promising perfused skin
preparation is the isolated perfused porcine skin flap (IPPSF),
which has been developed recently and provides a novel in vitro
approach for examining percutaneous absorption processes in
intact, living skin. The biochemistry and morphology of the
IPPSF, maintained using an isolated organ perfusion technique
for skin which is essentially analogous to methods developed
for other organs such as liver, lung, and kidneys, have been
examined in great detail and appear to be consistent with that
found in porcine integument in vivo. The absorption of a wide
variety of topically applied xenobiotics has already been
demonstrated using the IPPSF, including such diverse chem-
icals as organic acids and bases, organophosphate insecticides,
and steroid hormones and organochlorines. In addition, the
effects of applied surface concentration and coadministration
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of vasoactive drugs (tolazoline and norepinephrine) on lido-
caine iontophoresis (electrically driven drug transport across
biological membranes), as well as the iontophoretic transport
of small peptides and proteins (insulin), have been examined
using the IPPSF, demonstrating its potential for testing novel
transdermal drug delivery systems. Cutaneous biotransforma-
tion of xenobiotics during percutaneous absorption has been
demonstrated using the IPPSF with the chlorinated hydro-
carbon, chlorobenzilate, and with the organophosphate,
parathion. Among the limitations of this method are persistent
issues with the choice of appropriate perfusion/receptor fluids
(whole blood, plasma, artificial blood cocktails, etc.) and
perfusion rates, and the often staggering complexity of the
mathematical models needed to interpret some of the time-
dependent absorption results.

Preliminary studies using the IPPSF have shown that
compounds such as the cancer chemotherapeutic agents
cisplatin and carboplatin and the antibiotics tetracycline and
doxycycline readily distribute into the skin following intra-
vascular administration. Also, compounds such as parathion,
1-aminobenzotriazole (ABT), and 25-hydroxyvitamin D are
bioactivated in the skin following intravascular administration
in the IPPSF. This demonstrates a role for the IPPSF as an ideal
experimental model for studying the disposition of xenobiotics
that are distributed to skin from the systemic circulation.
Interest in the so-called outward transdermal migration or
reverse penetration concept, namely, that skin may function as
a clearance organ following delivery of systemically adminis-
tered substances via the cutaneous vasculature, has been stim-
ulated by the development of noninvasive techniques for
measuring and analyzing the pharmacokinetics of the distri-
bution of substances to skin in vivo. The absence of con-
founding, extracutaneous metabolizing organs, such as the
liver, lungs, and kidneys, is a distinct advantage in IPPSF
investigations of this reverse penetration phenomenon.
Skin Response to Absorbed Chemicals

There are many fundamental questions concerning skin
absorption and metabolism that remain to be addressed. The
potential role of the dermal vasculature, the contribution of
skin appendages such as hair follicles and sebaceous glands, the
influence of skin condition, age, disease state, and anatomic
sites are just a few examples of questions that need to be
resolved. When topical exposure results in local effects, path-
ological changes in the skin may be expected to affect its barrier
functions. These changes may involve alteration of the physical
barrier as well as the biochemical properties, such as the
metabolic status of the skin. Such local changes may have
important implications on the outcome of percutaneous
absorption and fate of topically applied xenobiotics. The
experimental techniques necessary to address these questions
are available, and productive research in these areas will
provide means whereby species differences in skin absorption
and metabolism may be investigated. These studies should
provide not only a better understanding of the mechanisms
important in the percutaneous fate of topically applied chem-
icals but also a rational basis for cross-species extrapolation
and, therefore, more predictive estimates for skin absorption
and metabolism in man.
We now turn from determining the fate of chemicals
absorbed into and through the skin to exploring the biological
responses of the skin to the presence of xenobiotics. Such
responses include various immune responses, chemically
induced skin irritation, burns, and tumor formation discussed
in detail in the second half of this chapter. For now, as an
introduction to potential dermal health effects, we will discuss
some methods for identifying various cellular response path-
ways potentially altered by the presence of foreign chemicals in
the skin. The direct interaction of chemicals with cellular and
molecular constituents within the skin can lead to tissue
toxicity, depending on the tissue dose (local concentration and
time of exposure) and the potency (toxicity) of the chemical.

The study of gene expression studies has become a useful
approach to enhance the understanding of this initial response
of the skin to xenobiotics. Analysis of such data may lead to the
development of a ‘molecular signature’ characteristic of
chemical-induced dermal injuries. As biological systems are
carefully controlled by cellular protein effectors, changes in
normal functions would be expected to be reflected in the
process of increased or decreased messenger ribonucleic acid
(mRNA) expression and subsequent protein synthesis. Gene
expression technology has progressed to the stage where
thousands of transcripts can be characterized from a single
tissue sample using gene array techniques, the level of mRNA
transcripts in both normal and perturbed skin should give
some indication of the relative proportion and importance of
each of these functions. Since skin consists of multiple cell
types in communication with each other, it is important to look
at whole skin in such studies to get a complete picture of the
molecular response. In addition, these gene expression profiles
can provide valuable insight into the development of prophy-
lactic and/or therapeutic treatments targeting specific molec-
ular pathways or genes that could reduce the debilitating effects
of chemical exposure to the skin, reduce disease severity, or
promote wound healing. Gene array technology has been used
to monitor expression patterns in whole skin, three-dimen-
sional cultures, keratinocytes, dermal fibroblasts, Langerhans
cells, melanocytes, and skin-derived mast cells. These studies
have helped define characteristic gene expression patterns that
reflect skin responses over a broad range of external insults and/
or stimuli.

Cellular responses to a xenobiotic in the skin depend on its
concentration–time profile at the specific location (depth)
within the skin of the target cell type. To fully understand the
skin’s molecular response, we therefore ideally need to
combine gene expression time-course data with some notion of
the chemical’s disposition within the skin as a function of time.
In other words, the relationship between the time course of
local chemical concentration in the skin and resultant changes
in gene expression with time needs to be explored. Thus, more
detailed models of the movement of chemicals within the skin
need to be developed that take into account the heterogene-
ities, different cell types, etc. Such models, for example, may be
developed in terms of partial differential equations, with the
concentration of the chemical described as a function of both
the time and its location within the skin. As the chemical
diffuses into the skin from a finite applied dose, in general it
will also diffuse out laterally from the site of exposure. Thus,
in order to predict concentrations within a particular cell type
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(or even within a specific sub-compartment of the cell), we
require quantitative models of considerable complexity,
beyond anything described earlier in this chapter. To develop
and validate such models, experimental techniques such as
microdialysis that allow measurement of concentrations at
specific locations in the skin will be needed. In addition,
correlations with transcriptomic and associated biomarker data
will also help support such models.

Exposure to chemicals leads to patterns of gene expression
that change with time, concentration, and, of course, the nature
of the chemical itself. However, xenobiotics generally interact
with the skin via a number of common pathways, associated
for example with cell death, cellular growth and proliferation,
cellular movement, inflammation, and metabolism, ultimately
leading to the common toxic responses described in the next
section. Meta analyses of transcriptomic data may lead to
the identification of a more generalized set of biochemical
responses and biomarkers that could lead to the characteriza-
tion of these chemically induced skin injuries and responses,
even at very early times following exposure, or at very low doses
before overt signs of toxicity become apparent. Focusing on the
specific genes within these functions and pathways may
provide the best approach to identify molecular targets to
mitigate the toxic effect of a particular chemical. For example,
exposure of skin to (irritating) hydrocarbon mixtures (fuels)
have led to increases in gene expression for, as well as the
appearance of the pro-inflammatory mediators tumor necrosis
factor (TNF) and interleukin-6 (IL-6), which may ultimately
prove to be indicative of common mechanisms for chemically
induced skin irritation.

The next section discusses the biological response of skin
tissue to dermally absorbed chemicals in more detail.
Etiology of Skin Toxicity

General Concepts

Because the skin is in direct contact with the external envi-
ronment, it is constantly being exposed to drugs, chemicals,
electromagnetic radiation, and physical materials capable of
producing toxic responses in this organ. In addition, many
drugs are delivered into the skin via the systemic circulation,
which also may result in cutaneous toxicity. It is the purpose of
this section to review and categorize the extensive list of agents
that exert toxic effects within the skin. Without discussing
specific mechanisms, which are described in detail later in this
entry, it is necessary here to make a distinction between those
agents that produce a direct irritant response and those that act
Table 5 Contact urticariants

Category Examples

Natural agents Birch bark, butter, cabbage, capsaicin,
fish, fruits (kiwi, strawberry), hawth
nickel, papain, prawn crust, seminal

Industrial sources Alcohols, benzoates, BHT, carbamates,
fumarate, DEETS, DMSO, formaldeh
rouge, rubber, sorbitan monolaurate

Pharmaceuticals Aminophenazone, benzocaine, benzoyl
via a systemic, immune-mediated pathway. The former is called
irritant contact dermatitis (ICD), while the latter is called
allergic contact dermatitis (ACD). Both ICD and ACD involve
the participation of many immune cell types found in the skin
and are often histologically and biochemically indistinguish-
able from each other. Moreover, a third category of skin reac-
tions has emerged, called contact urticaria. Unfortunately,
the mechanistic distinction (discussed later) between this
syndrome and ICD is even more blurred than the ACD vs. ICD
comparison. Because the list of urticariants (Table 5) appears
to be a subset of the contact irritants, representing materials
from every chemical class, these agents will not be described
separately in the categories developed for this section.

Direct cutaneous irritation, or ICD, is one of the most
common maladies in industrialized society. The symptoms of
ICD are the classical inflammatory response markers: redness,
swelling, pain, and loss of function. Although ICD is not often
fatal, this disease does involve significant morbidity and takes
a heavy economic toll due to its sheer prevalence. The incidence
of ICD in the general populations of the United States and
Western Europe has been variously estimated at between 1 and
10%; however, counting undiagnosed cases the true incidence
may lie closer to 25%. It is well documented that ICD is the
single most common occupational disease seen in the United
States, with over 5000 man-made and natural chemicals
known to be capable of irritating the skin. A simplistic classi-
fication of these irritants includes such agents as desiccants,
abrasive materials, organic solvents, acids and alkalis, concen-
trated metallic salt solutions, oxidizing/reducing agents,
enzymes, plant extracts, and surfactants. The latter group of
agents represents the various soaps and detergents used in the
form of complex mixtures and marketed extensively as
cleansers in personal, fabric, and hard surface care products. As
such, surfactants are primarily responsible for ICD of house-
hold origin and are considered second only to organic solvents
in producing occupational dermatitis.

Equally important from a dermatological viewpoint,
although not nearly as prevalent, are the immune-mediated
skin reactions, which can be broadly categorized as ACD.
Whereas ICD is commonly thought to account for 60–80% of
clinically recognized human contact dermatitis, ACD accounts
for most of the remainder (20–30%). As will be discussed later
in this entry, ACD is clinically and histologically indistin-
guishable from ICD in most cases. However, the presence of
two etiologic factors renders this condition perhaps even more
dangerous than ICD. First, once an individual has become
sensitized to contact allergens, quite low amounts of the
offending agent can subsequently elicit massive skin responses.
chicken, cinnamon, cobalt chloride, copper, cotton oils, eggs,
orn, honey, horse saliva, laboratory animals, mahogany, milk,
fluid, sorbic acid, spices, spider mites
carbonless copying paper, chloramine, chlorhexidine, diethyl
ydes, p-phenylenediamine, phosphorus sesquisulfide, plastics,

peroxide, penicillins



Table 6 Chemical agents associated with ACD

Category Specific examples

Plants Barley dust, lichens (D-usnic acid), hops (colophony), hetzil, sawdust, sesquiterpene lactones (Compositae, Frullania spp.),
tulips (tulipalin A) poison ivy (urushiol)

Plastics Cyanoacrylate, epoxy resins, polyacrylates, phenolformaldehyde resins, polyurethane, rubber additives (thiuram,
carbamates)

Metals Nickel, cobalt, mercury, silver, chromates (welding fumes and cement), beryllium
Industrial chemicals Bis-(4-chlorophenyl)-methylchloride, 3-bromo-3(4-chlorobenzoyl)-propionic acid, 4-bromomethyl-(6,8)-dimethyl-2(1H)

quinolone, bromomethyl-4-nitrobenzene, bromophthalide, 2-chloro-6-fluorobenzaldehyde-chlorooxime, hydrogen
sulfide, n-hydroxyphthalimide, trimethyl hexamethylene diisocyanate, solvents–formaldehyde, turpentine, persulfate,
phosphorus sesquisulfide, thioureas, allylphenoxyacetate, dimethoxane, chloracetamides (paints, wood shavings)

Pharmaceuticals Chloroquine sulfate, benzocaine, chlorpromazine, cytosine arabinoside, 4,7-dichloroquinoline, 2,6-dichloropurine,
streptomycin, neomycin, vincamine tartrate, 2[4(5) methyl-5(4) imidazolyl-methyl-thio] C13 pyritinol hydrochloride

Pesticides Calcium lignosulfate, captafol, captan, carbamates, dithianone, ethoxyquin, naled, pyrethrum, spiramycin,
tetrachloroisophthalonitrile, thiuram, tylosine, virginiamycin

Cosmetics Perfumes, deodorants, hair sprays, sunscreens, skin lotions/creams, nail polish, dyes, shampoos
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Second, once induced, this hypersensitivity may persist for
a long and varied period of time, possibly even for the rest of
one’s life.

Like ICD, ACD may also occur from a very large number of
chemicals, but not from electromagnetic radiation or physical
stimuli alone. Most substances are rarely allergenic and there is
a great range in allergenic potency, with a small number of
known strong sensitizers having been identified experimentally
in man. These strong allergens are often aromatic substances
with molecular weights less than 500, highly lipid soluble, and
quite reactive with proteins (a mechanistic requirement, as will
be detailed later). The simplistic classification of the principal
ACD agents includes metallic salts, plant polyunsaturated
alcohols and ketones, acrylates, plasticizers, antibiotics,
aliphatic amines and phenols, and formaldehyde. The possi-
bilities for human exposure to both contact allergens and
contact irritants can be divided among four broad categories:
consumer products, occupational or industrial chemicals,
environmental agents, and pharmaceuticals.
Root Causes of ICD and ACD

Consumer Products
As mentioned earlier, the soaps and detergents in cleaning
products and cosmetics comprise the bulk of the household
materials that are irritating to human skin. The molecules
responsible for this type of ICD are called surface-active agents,
or surfactants. There are four main classes of surfactants, which
are listed in decreasing order of their irritancy: anionics (used as
industrial-strength cleaners and fat-based soaps), cationics
(mostly disinfectant cleaners), and nonionics and amphoterics
(fabric cleaners, cosmetics, shampoos, and mild cleansers). The
irritancy of surfactants is roughly correlated to their cleaning
power and their ability to foam whenmixed with water and air.
Other consumer products likely to cause ICD are wool and
fiberglass due to mechanical action of the fibers on the skin
surface; formaldehyde residues found in newspaper inks,
building materials, and clothing; and dry cleaning fluid resi-
dues of polychloroethylene. Diaper dermatitis is also a form of
consumer product-induced ICD caused by the combination of
enzymes in urine/feces and disinfectant cleansers used on
the skin.
The largest group of agents capable of causing ACD in the
household are perfumes and dyes used in cosmetics, toiletries,
and clothing (Table 6). Metal salts, such as nickel salts, chro-
mium salts, and cobalt; organomercurials; and formalin are all
sometimes used as preservatives in household products and
cosmetics and can also become allergenic. In fact, reactions to
nickel (jewelry) and nickel salts are typically the most prevalent
response in diagnostic patch test studies involving a wide
variety of known allergens. Certain pesticides (e.g., iso-
thiazolone-containing biocides like Kathon) and sunscreens
also produce ACD, although the more potent sensitizers, such
as p-aminobenzoic acid, are no longer in general use as
sunscreens. Finally, the component monomers from certain
rubber and plastic materials may also leach out and cause ACD,
although humans are more likely to be exposed to these
molecules in the workplace.

Industrial Chemicals
With the possible exception of consumer products, this cate-
gory represents the largest and most widely studied group of
irritants and sensitizers. Certainly, it consists of the widest
range of chemical classes to which humans are routinely
exposed. It has been estimated that occupational skin disease
accounts for 40–60% of all lost work days and w95% of the
cost, with ICD being more prevalent than ACD. Moreover, 25%
or more of the general population is considered to be atopic or
predisposed to skin eruptions despite the lack of visual, or even
histologic, evidence that the skin is compromised. Chronic
exposure to damaging consumer products or environmental
agents no doubt contributes to occupationally induced skin
disease.

Table 7 lists high-risk occupations for developing ICD and
ACD. A common factor in these occupations is the presence of
water (‘wet work’) and exposures to organic solvents and
surfactants. While water itself is not considered an irritant,
continual wetting and drying of the skin usually produces
many of the hallmark symptoms of ICD. Organic solvents are
by far the chemical class most responsible for occupationally
induced ICD. These chemicals are used as degreasing agents
and lubricants in many processes in the electronics,
manufacturing, and construction industries. They include, in
decreasing order of their irritancy, chlorinated aliphatics



Table 8 List of common photoirritants

Class Chemical agents

Coumarins 8-Methoxypsoralen, 5-methoxypsoralen,
trimethoxypsoralen

Polycyclic aromatic
hydrocarbons

Anthracene, fluoranthene, acridine,
phenanthrene

Pharmaceuticals Tetracycline, sulfonamides, chlorpromazine,
nalidixic acid, NSAIDsa (benoxaprofen)

Dyes Eosin, acridine orange
Miscellaneous Porphyrins, amyl-O-dimethylaminobenzoate

aNonsteroidal antiinflammatory drugs.

Table 7 High-risk occupations for ICD

Occupation Specific exposures of interest

Baker Soaps and detergents, fruit juices, spices, enzymes
Construction worker Cement, chalk, acids, wood preservatives, glues, detergents, industrial solvents
Canner, food service industry Soaps and detergents, brine, syrup, fruit and vegetable juices, fish, meat, poultry
Dental technicians Soaps and detergents, soldering fluxes, adhesives, acrylics, solvents, mercury
Electricians Soldering fluxes, metal cleaners (solvents), epoxy resins, polychlorinated and polybrominated

biphenyls (PCBs and PBBs)
Hairdressers Soaps and detergents, shampoos, permanent wave liquids, bleaches, dyes
Horticulture Manure, fertilizers, pesticides, irritating plants
Mechanics Detergents, degreasers (solvents), lubricants, petroleum products, battery acids, soldering

fluxes, cooling system fluids (PEG), metal shavings
Nurses Soaps and detergents, alcohols, disinfectants, hand creams
Printer Solvents, acrylates, formaldehyde, phthalate esters (inks)
Agriculture Pesticides, fertilizers, disinfectants, detergents, petroleum products, irritating plants, animal

secretions
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(e.g., trichloroethylene and polychlorinated biphenyls),
aromatics (benzene/toluene), aliphatics (n-hexanes), ketones
(acetone), and alcohols. Surfactants, discussed earlier in the
context of consumer products, represent the second most
important class of industrial irritants.

Miscellaneous industrial irritants include alkalis, such as
caustic soda, NaOH, cement, and lime used in mining, dying,
tanning, and construction, as well as strong acids (sulfuric,
chromic, nitric, hydrochloric, and hydrofluoric) used in iron-
works, glass etching, and masonry. Hydrogen peroxide and
organic peroxides in plastic manufacture and reducing agents,
such as phenols, hydrazines, aldehydes, and thioglycollates,
may also produce ICD in the workplace. Moreover, enzymes
released from meats and fish have been known to cause ICD in
processing/packing plants. Besides the rubber and plastics
industries (monomers), the primary source of occupationally
induced ACD is the manufacture of consumer products, or the
raw materials thereof, containing perfumes, dyes, preservatives,
biocides, and other specialty chemicals.

Environmental Agents
Many plants contain rough hairs or large calcium oxalate
crystals (Dieffenbachia, Caladium, and Philodendron spp.), both
of which are capable of producing mechanical damage to the
skin. In addition, enzymes like bromelin (pineapples) or
mucanain (cowhage) and chemicals like capsaicin (night-
shade) or polycyclic diterpene alcohols (spurges) are also
somewhat irritating. Nettles produce a contact urticaria by
direct injection of the inflammatory mediators acetylcholine,
histamine, and 5-hydroxytryptamine (serotonin). Anthralin,
a synthetic drug, but originally isolated from the araroba tree,
is also an important environmental contact irritant. The
primary plant allergens are catechols present in the Tox-
icodendron genus which are responsible for the most common
form of plant-induced ACD: poison ivy (urushiol)/oak/sumac.
ACD is also caused by butryo- and sesquiterpene lactones
found in the Primula obconica and Compositae (ragweed and
Australian bush) plant families. Finally, atmospheric changes
can also cause or predispose certain individuals to have ICD
since it has long been known that low ambient humidity
(more common in winter) can impair the barrier function
of skin.
Ultraviolet (UV) light, a principal toxic component of solar
radiation, interacts with skin in a variety of different ways
which deserve special mention here. Visible light, having
wavelengths of 400–760 nm, is relatively harmless, but shorter
wavelengths can produce devastating effects alone or in
combination with ‘photoreactive’ drugs and chemicals
(described below). The three important divisions of UV light
are UVA (320–400 nm), UVB (280–320 nm), and UVC (220–
280 nm). UVC is of little natural concern because these shorter
wavelengths are almost entirely absorbed, or blocked, by the
stratospheric ozone layer. UVB is the part of the solar spectrum
responsible for the most damaging effects on the skin, although
UVA is now felt to play a more prominent role in certain types
of skin disorders. The more serious effects of UV exposure are
pigmentation defects, actinic elastosis (premature skin aging),
selective defects in immune function, actinic keratosis, squa-
mous/basal cell cancers, andmalignant melanomas. UVB alone
produces a characteristic, ICD-like inflammatory response
(sunburn) or can react with chemical agents in and on the skin
to produce photoirritation, or photo-ICD. A list of common
phototoxic chemicals is shown in Table 8. Most of the recog-
nized photoirritants are drugs delivered into the skin from
systemic, not topical, administration, although plant-derived
phototoxins are also known. For example, a pigment from
St. John’s wort is delivered to the skin upon ingestion, reacts
with sunlight, and causes a massive vascular leakage that may
progress to sloughing of large patches of dead skin.



Table 9 List of common photoallergens

Class Chemical agents

Halogenated
salicylanides

Tetrachlorosalicylanide, bithional,
dibromosalicylanide, tribromosalicylanide,
4-chloro-2-hydroxybenzoic acid, N-butylamide
(JADIT)

Coumarins 6-Methylcoumarin, 4-methyl-7-ethoxycoumarin,
7-methylcoumarin

Plants Compositae family (ragweed, Australian bush)
Sunscreens p-Aminobenzoate (PABA), glyceryl-PABA
Miscellaneous Sulfonamides, phenothiazides,

4,6-dichlorophenylphenol, quinoxaline-1,
4-di-N-oxide, musk ambrette
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Photo-induced ACD, or photosensitization, is also a conse-
quence of combined exposure to sunlight and certain chem-
icals. The vast majority of these reactions appear to result from
UVA wavelengths acting on topical agents, although isolated
and incompletely documented reports of photosensitization
resulting from systemic administration have appeared in the
literature. A list of selected photoallergens is shown in Table 9.
All are substances that absorb UV light and most have a reso-
nating structure, that is, aromatic ring(s). An important
complication of photo-ACD is the development of persistent
light reaction, seen with phenothiazines, wherein a marked
sensitivity to light persists long after exposure to the photo-
allergenic chemical has ended.

Pharmaceuticals
Adverse drug reactions account for 3–5% of hospital admis-
sions and occur in as many as 5% of patients who are already
hospitalized. Cutaneous involvement is particularly common
in these circumstances, especially in children, in part because
these so-called skin rashes are easily identified. Although many
of these conditions are relatively harmless, cutaneous adverse
drug reactions (CADRs) may be only one symptom of a much
larger, and potentially life-threatening, immune response to
a drug, or CADRs may be severe in and of themselves. More-
over, except for the occasional irritancies produced by topical
ointments or transdermal drug delivery devices (patches),
which are often not drug related but are due to other chemicals/
materials present in the formulation/device, CADRs are almost
always a form of ACD.

The most common CADRs are the less severe exanthem-like
(characterized by a small papular rash which can cover large
surface areas) and urticarial reactions, together accounting for
over two-thirds of drug-induced skin rashes. Table 10 presents
a list of drugs that are often associated with CADRs. Antibiotics
are the drug class most likely to produce skin reactions,
Table 10 List of drugs often associated with CADRs

Class Specific drugs involved

Antibiotics Penicillins, cephalosp
Anticonvulsants Phenytoin, carbamaze
Corticosteroids, gold, NSAIDs Antiinflammatories
Others Antineoplastics, aliopu
particularly in children, in which they account for more than
50% of all prescriptions. In addition, this drug class is mostly
responsible for the non-life-threatening skin rashes. However,
as can be seen from Table 10, the situation is complex in that
most of the drug-induced skin diseases have multiple causes,
and many of the drugs are capable of causing more than one
type of skin lesion. The probability that an individual drug will
cause a particular CADR is under the control of many ‘host’
factors, such as genetics, age, sex, the presence of other drugs
(interactions), and concurrent diseases (liver or kidney failure,
for example). Thus, generalizations are not very useful in the
case of CADRs.

Other types of skin reactions to drugs (Table 11) are less
frequent, but some are much more severe and deserve special
mention. These CADRs fall into three major classes: severe
and life-threatening dermatoses, skin malignancies, and other
skin reactions. The severe dermatoses are the erythrodermas,
erythema multiforme, toxic epidermal necrolysis, and bullous
or blistering diseases. The dangerous symptom common to
most of these CADRs is the sloughing off of large areas of
epidermis, leaving the underlying dermis unprotected from
bacterial infection. Although exceedingly rare, the mortality of
toxic epidermal necrolysis has been estimated at 34%. The
other dermatoses generally respond better to withdrawal of
therapy. Phototoxicity and photoallergic reactions to common
drugs were described previously. Drug-induced skin tumors
have provided increasing evidence for the role of the immune
system in the inhibition of malignancy due to the observed
higher frequency of skin tumors of patients receiving immu-
nosuppressants. It is also possible that certain drug-induced
dermatoses result in greater propensity toward skin malig-
nancies. Although ideopathic lichen planus does not appear to
result in greater incidence of skin tumors, lichenoid eruptions
due to quinacrine appear to have predisposed some individuals
to a subsequent squamous cell epithelioma. Since the latency
period for skin cancers can be many years to decades, more
examples of drug rashes leading to skin malignancies may be
forthcoming. Finally, although not generally life-threatening,
but often severely and socially debilitating, are pigmentation,
hair, and nail changes, acne, and vascular inflammation, all of
which are listed in Table 11 under ‘other lesions.’
Skin’s Response to Toxic Insult

General Considerations
It is axiomatic that the body’s reaction to injury is limited and it
is often impossible to identify the causal agent based solely on
the observed responses. Toxic insults on the skin can result in
a combination of functional, biochemical, and morphological
changes. These alterations induced by toxicants do not differ, in
orins, sulfatrimethoprim, sulfonamides, nitrofurantoin, isoniazid, rifampin
pine, barbiturates

rtnol, diuretics (sulfa derivatives)



Table 11 Types of CADRs

Category Subclass Examples of drugs involved

Exanthem-like erythemas (46%)a Antibiotics, anticonvulsants
Urticarias (23%) Antibiotics, antiinflammatories, opiate analgesics
Other erythemas (<20%) SLEb Antibiotics, anticonvulsants, oral contraceptives

Erythrodermas Sulfonamides, gold, isoniazid, streptomycin
Lichenoid photosensitivity Quinicrine antimalarials (see Table 5)

Blistering diseases (<10%) Erythema multiforme Sulfonamides, penicillins, diclofenac, oxyphenbutazone, piroxicam, phenytoin,
carbamazepine

Tenc pemphigus (Same as for erythema multiforme) penicillamine, captopril, piroxicam, penicillins,
rifampicin

Bullous pemphigoid Frusemide, penicillamine, penicillin, PUVA therapy
Skin cancer (<1%) Immunosuppressants, mexiletine, thioridazine, penicillamine, moduretic�,

atenolol, quinacrine

aWhere percentages are rioted, this is the approximate frequency among all patients experiencing CADRs.
bSystemic lupus erythematosis.
cToxic epidermal necrolysis.
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general terms, from changes caused by physical or biological
agents, but the magnitude of the changes that are observed at
any point in time depends on the nature, rate, extent, depth,
and duration of the insult. From a mechanistic viewpoint, toxic
insults to the skin can be classified into two main categories,
namely, direct injury (i.e., ICD or contact urticaria) and
immune injury (i.e., ACD). However, as mentioned earlier, the
basic pathological lesions and clinical features that are
encountered in all inflammatory skin responses are essentially
indistinguishable. Thus, irrespective of the mechanism, the
manifestations of toxic responses of the skin to an insult are
basically the same and are similar to those following any other
cause of cell injury in other organs and tissues: degeneration,
proliferation and repair, or any combination of these basic
dynamic responses.

Degenerations are regressive changes within a cell or cell
population in response to injury. They range from reversible
changes such as atrophy, which may be considered an adapta-
tive homeostatic response to an adverse environment, to irre-
versible changes such as necrosis or cell death, while still
forming part of the living organ. In between are a range of
cellular alterations, including hydropic changes, fatty changes,
and other inclusions, resulting from cytoplasmic accumulation
ofwater, lipids, and granularmaterials, respectively, all ofwhich
are derived from breakdown of intracellular components.

Proliferation, in contrast to degeneration, involves
increased growth in response to an injurious stress. The
hypertrophy and hyperplasia experienced may range from
adaptative homeostatic responses to irreversible proliferation
of a cell population, leading to cancer. Inflammation and repair
are extracellular responses that often accompany degeneration
and proliferation. They represent tissue responses that attempt
to contain or remove the injurious agent and revitalize the
damage tissue. The extent and nature of the inflammatory
response varies according to the nature, extent, and duration of
the injury and include vascular, neurological, humoral, and
cellular responses at the site of injury. Acute inflammation is
typically an immediate and early response to an injurious
agent. The vascular and connective tissues adjacent to the
injured cells are usually involved and may include local
vasodilation with transient increased blood flow and increased
vascular permeability, with egress of white blood cells into the
injured tissue. These processes are coordinated and integrated
by numerous inflammatory mediators (e.g., histamine and
bradykinin) that are produced or released at the site of injury.
Where injury persists, chronic inflammation ensues and is
characterized by the accumulation or proliferation of macro-
phages, lymphocytes vascular endothelium, and fibroblasts at
the damage site.

The goal of the inflammatory process is to rapidly effect the
elimination of the causal agent and removal of debris from
damaged cells by dilution and phagocytosis, as well as to
initiate the repair process. Repair of the damaged tissue may be
achieved by a process of regeneration, which involves the
replacement of damaged cells with viable cells of the same type
through proliferation of adjacent healthy cells. Where the
intrinsic regenerative capacity of cells of the damaged tissue is
limited or tissue damage is severe, repair will involve fibrosis,
a process in which fibroblasts from adjacent connective tissue
mediate the replacement of damaged cells, with a characteristic
scar tissue formation as the inevitable consequence.
Nonneoplastic Lesions

Epidermal Lesions
Since the skin is composed of various structures, the extent and
degree of involvement of each component will depend on the
agent itself and on the severity of the exposure. However,
because of its location, the epidermis is always first exposed to
externally applied toxicants. Consequently, many skin
responses to adverse reactions are epidermal in nature and
usually involve inflammation. In the mildest form of superfi-
cial skin injury, where damage is restricted solely to the
epidermis and there is some degree of epidermal destruction,
hyperplasia is generally the dominant response. The epidermal
destruction ranges from focal keratinocyte swelling (e.g.,
spongiosis) to hydropic degeneration of the basal layers and
focal cellular necrosis. Under these conditions, the basal cells
typically respond by increasing cell division and the epidermis
quickly regenerates to normal. However, when the insult is
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sustained the proliferative response continues and ultimately
results in a thickening of the epidermis. A good example of
such proliferative response is that observed in the thickened
skin on the palms of manual workers and it is the result of
a continued low-level abrasive injury. Depending on the
particular cell layers of the epidermis that are affected, these
hyperplasias are described as hyperkeratosis, hypergranulosis,
and acanthosis for thickening of the stratum corneum, stratum
granulosum, and stratum spinosum, respectively.

In severe injuries (e.g., corrosions), extensive epidermal
necrosis, with accompanying damage to the cells of the base-
ment membrane as well the superficial dermis, is frequently
encountered. In this case, the extensive epidermal necrosis may
lead to various degrees of ulcerations and be seen as devitalized
epithelial layers with pyknotic nuclei that loosely line the
dermis. Alternatively, the epidermis itself has sloughed off
leaving a denuded dermal surface exposed to the external
environment. These ulcerations are frequently accompanied by
inflammatory changes, with migration of inflammatory cells
such as polymorphonuclear leukocytes to the site of ulceration
at the junction of the necrotic and viable tissues. This is fol-
lowed by regenerative and proliferative changes involving the
surrounding viable epithelial and connective tissue elements in
an attempt to repair the damage. The undamaged adnexal
components (e.g., hair follicles) are generally the source of
precursor cells involved in the regeneration of the epithelial
layers, and fibroblasts from the surrounding dermis are
responsible for repair by fibrosis. As the damaged epidermis is
repaired, the dead layers are sloughed, eventually leaving a scar.

These scenarios represent the two extremes, with most
forms of dermatitis falling somewhere in between. Mild to
moderate injuries usually produce clinical conditions described
as eczema and they represent a wide range of responses
essentially involving various combinations of degeneration,
proliferation, and inflammation. Inflammatory responses often
dominate during the early stages and are characterized by
erythema, exudation, and leukocyte migration. These responses
are sometimes accompanied by bullae, or blisters, and
abscesses, or pustule formation, resulting from epidermal
accumulation of fluids and cellular debris, respectively. With
chronic or protracted exposure to mild irritants, proliferation of
the epithelium increases. The skin becomes thickened, fissures
may develop, and the proliferating keratinocytes begin to
differentiate abnormally in a process known as parakeratosis,
where the nuclei are retained in the stratum corneum. Although
proliferation, involving hyperplasia and/or hypertrophy, is the
usual pattern of epidermal response to toxicant exposure, on
rare occasions epidermal atrophy is observed wherein the
epidermis responds with decreases in cell size or decreases in
number of epidermal layers.

Dermal Lesions
As alluded to previously, dermal responses to toxic insults can
be elicited by direct penetration of the toxicant through the
epidermis to the dermis and this may occur with or without the
destruction of the epidermis. Furthermore, reactive processes,
initiated in the epidermis as a consequence of epidermal
exposure, while not injuring the dermis directly can also elicit
dermal responses. In addition, dermal exposure to toxicants of
systemic origin via diffusion through dermal capillaries may
produce toxic responses in the dermis in the absence of asso-
ciated injuries to the epidermis. As previously described, the
extent and nature of the toxic response will depend largely on
the severity of the insult and will likely involve a combination
of mechanisms. Mild acute injuries can produce focal necrosis
that may be accompanied by localized inflammatory infiltra-
tions and possibly abscesses. On the other hand, severe injuries
resulting from exposure to corrosive substances can produce
dermal and eventual subcutaneous coagulative necrosis that
may be very painful. Edema and congestion in both the dermis
and the epidermis, with eventual formation of vesicles, often
accompany allergic reactions in the dermis that result from
either systemic or local exposure to toxicants. Prolonged
dermal exposure to mild toxicants can result in chronic
dermatitis and this is often associated with extensive subepi-
dermal mononuclear infiltrates or with perivascular infiltrates.
The presence of secondary infections often complicates the
overall picture of the toxic response. Finally, proliferation of
dermal fibroblasts accompanied by angioblastic activity
completes the repair process and this frequently culminates in
fibrosis, or dermal scarring.

Adnexal Lesions
In response to toxicologic insults, the cutaneous adnexa
(appendages) will also undergo the dynamic changes of
degeneration, proliferation, inflammation, and repair in
a manner similar to that described. Thus, during toxicant
exposure, typical destructive and involutional changes (e.g.,
focal necrosis, edema, hypertrophy, and hyperplasia) are
evident. However, severe acute or chronic injuries can result in
the partial or, in certain instances, complete loss of skin
appendages from the exposed area. This is due to the fact that
although the epidermis can regenerate completely by cell
migration from unaffected sites, the newly formed epidermis is
unable to reconstitute the adnexal elements. When hair is the
target of the toxic insult, alopecia (hair loss) is the main
consequence. Hair is susceptible to damage by both external
agents and agents reaching the hair matrix through the dermis.
Two major types of injury are experienced, namely, matrix cell
damage and keratolytic damage. Keratolysis, the dissolution of
hair keratin, is generally associated with local or surface contact
of the toxic agent with hair. The resulting hair loss, due to the
increased fragility of the hair shaft, may involve local patches or
extensive areas, depending on the extent of the exposure. Re-
growth of hair generally occurs following removal of the toxic
agent as the hair matrix cells are not damaged.

Agents that damage the hair matrix cells may affect hair
follicles at a specific phase of hair cycle, that is, during anagen
or telogen. The effect of anagen toxicity is typically hair loss
(anagen effluvium). The mechanism of toxicity involves inter-
ference of the rapid mitotic activity of the follicular cells,
leading to either a cessation of growth and the loss of the hair
or the later loss of excessively brittle hair at the site of a weak,
constricted area in the hair shaft. Anagen effluvium can occur
within 1 or 2 weeks of exposure to the toxic agent and
a number of common cancer chemotherapeutic agents are
known to be anagen toxicants. Hair loss is also a consequence
of telogen toxicity. The onset of telogen toxicity is slower
and occurs over months of exposure and may involve a variety
of mechanisms. Anagen and telogen toxicity can occur
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simultaneously and typical early histological signs of toxicity
may include the vacuolization, disappearance of mitosis, pyk-
nosis of the nuclei in the follicular matrix, or the presence of
nuclear and other debris in the hair shaft. When damage to the
hair follicles is severe, there is the potential for complete and
irreversible loss of hair follicles resulting in permanent
alopecia. As indicated previously, although the epidermis has
full regenerative capacity, the newly formed epithelium usually
cannot regenerate the skin adnexa.

Another class of lesions of adnexal origin that is frequently
seen as a result to exposure to a variety of agents, including
grease, oils, coal tar, and cosmetic preparations, is acne. These
acneiform lesions originate from the sebaceous glands and
typically start with comedones and inflammatory folliculitis
on the skin surface that is in direct contact with the causal
agents. The resultant proliferation of the sebaceous gland
follicular epithelium leads to the formation of lipid-filled
keratin cysts, similar to those observed in acne vulgaris.
Chloracne is a somewhat specific type of acneiform eruption
which occurs after exposure to a group of halogenated
aromatic hydrocarbons (e.g., polyhalogenated dibenzofurans,
polychlorinated dioxins, polychlorinated naphthalenes, and
polychlorinated biphenyls). Chloracne is characterized by
small, straw-colored cysts, comedones, and, in severe cases,
inflammatory pustules or abscesses may be seen. Histologi-
cally the changes that are seen during the development of
chloracne begin with keratinization of the sebaceous gland,
epithelial duct, and outer root sheath of the hair follicle. The
sebaceous gland is eventually replaced by a keratinous cyst
and the typical fully developed lesion consists of a dilation of
the upper third of the hair follicle, which is usually bottle
shaped. No differentiation can be seen between the epithelia
of the infundibulum and the sebaceous glands. Edema and
mononuclear perivascular infiltrates are sometimes seen in the
papillary dermis and late manifestations of chloracne often
include mild fibrosis of the dermis, hypotrichosis, and
hyperpigmentation. The affected areas are usually those
located in the malar crescent of the face and behind the ears.
The external genitalia, axillae, shoulders, chest, back,
abdomen, and buttocks are sometimes involved, but lesions
are rarely seen in the extremities. Chloracne often continues to
appear even after exposure to the chemical agent responsible
has ceased, possibly as a consequence of release from tissue
depots since most chloracnegens tend to be highly lipophilic.
Experimental chloracne has been produced in rabbits,
monkeys, and hairless mice. This latter species is thought to be
the most useful animal model for the disease, but the occa-
sional presence of degenerative cystic hair follicles in normal
hairless mice is a confounding factor with this model.

Selective local damage to other skin adnexa, such as the
sweat glands, can occur with exposure to a number of cytostatic
agents, such as cytarabine and bleomycin, which are used in
human cancer therapy. The condition is characterized by
necrosis of the epithelium lining the eccrine sweat duct,
accompanied by acute inflammation and squamous meta-
plasia of the remaining cells of the eccrine apparatus. The
mechanism for the selective toxicity is unknown, although high
concentrations of these compounds in sweat may provide an
explanation. Other chemicals that are toxic to the sweat gland
include formaldehyde, arsenic, lead, fluorine, and thallium, all
of which produce generalized anhidrosis (loss of the sweating
mechanism) due to partial or total destruction of the eccrine
system.

Neoplastic Lesions
Cellular proliferation is one of the ways in which cells and
tissues respond to an injurious insult, and the result is
neoplasia, or cancerous growth when these proliferations show
partial or complete loss of responsiveness to normal growth
controls. Neoplastic lesions induced in the skin of experimental
animals have played an important role in understanding
the multistage process of chemical carcinogenesis. Tumors
produced in this multistage process are initially benign exo-
phytic lesions (e.g., papillomas), some of which may regress
while others gradually convert into fully invasive, malignant,
endophytic tumors (i.e., carcinomas). The mechanisms by
which chemicals may lead to uncontrolled cell proliferation are
outside the scope of this entry, but suffice it to say that chemical
carcinogens may be divided into two categories based on their
proposed mechanisms of action: (1) genotoxic, or those acting
intracellularly, usually directly damaging to DNA and (2)
nongenotoxic, or those which act via regulatory factors in the
extracellular environment.

Papillomas are the most common neoplastic lesions
occurring in rodent skin after exposure to chemical carcino-
gens. They generally arise from the infundibular region of
metaplastic or hyperplastic hair follicles. They are composed of
a series of folds, united by common stalks to the underlying
skin, and have a cauliflower-like structure and appearance. The
folds of a papilloma consist of a central connective tissue core
covered by a thick layer of epidermis-like epithelium. The
germinative layers of the epithelium contain numerous mitoses
and there are distinct spinous and granular layers as well as
a thick, fully keratinized stratum corneum. Papillomas may
regress or continue their progression toward carcinomas, and
confluency into larger malignant tumors can also occur.

Keratocanthomas are benign neoplastic skin lesions often
found after exposure to UV radiation or complete carcinogens
in various species, including humans. They originate in the hair
follicles as an intradermal growth of epithelial prolongations.
They have a cup-shaped architecture with a central horny crater
that has a papillomatous exophytic component and an endo-
phytic component of deeply penetrating epithelial cords, which
appear not to invade the subcutaneous tissues. In mice, kera-
tocanthomas generally progress to squamous carcinomas and
regression is uncommon. In humans, however, they are
generally considered to be abortive neoplasias that usually
regress. Preneoplastic, intraepithelial lesions are commonly
found in humans as the result of exposure to sunlight or
arsenicals, but such lesions are not frequently inducible in
animal models of chemical carcinogenesis. These preneoplastic
lesions have the potential to progress to carcinoma.

Carcinomas of various types, for example, squamous cell
and basal cell carcinomas, have been induced in many different
laboratory species using UV light, other forms of ionizing
radiation, and chemical carcinogens. Generally these tumors
arise from existing papillomas, keratocanthomas, or intra-
epidermal preneoplastic lesions (in humans), as well as from
otherwise normal or hyperplastic epidermis. In humans, cuta-
neous squamous cell and basal cell carcinomas are extremely
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common clinical problems and the major etiologic agent is
generally considered to be chronic sun exposure. Fortunately,
these tumors rarely metastasize and thus have low mortality,
but they are locally destructive and can be associated with
considerable morbidity. Melanomas, arising from the pigment-
producing melanocytes in the epidermis, have been produced
using chemical carcinogens in experimental animals. These
melanotic tumors, which include both benign and malignant
types, have generated considerable concern, particularly in
relation to skin cancer in man. Melanomas, which metastasize
widely, are responsible for more deaths than any other type of
skin cancer. Chronic sun exposure is believed to be a major risk
factor and the implication that UV radiation is a major causa-
tive agent in the pathogenesis of melanoma remains contro-
versial. In experimental species, chemically induced melanotic
tumors are less aggressive than the human malignant mela-
nomas, thus they tend not to metastasize readily.

Other Responses
Urticarias, or ‘wheal and flare’ reactions, are common skin
responses produced by topical exposure to a variety of topical
agents (Table 5), especially biogenic polymers released from
plants and insects. The response generally occurs within 1 h of
exposure and involves the local release of vasoactive substances
including histamine. Frequently, urticaria is associated with
immunologic responses and is often an integral part of
immediate hypersensitivity reactions to ingested agents (e.g.,
drugs involved in CADRs). Undesirable color or pigmentary
changes are also encountered as adverse cutaneous responses to
topical agents. Chemicals which show structural similarities
to tyrosine, the major building block of melanin, are known to
cause local loss of pigmentation, whereas increased pigmen-
tation may result as a secondary consequence to a phototoxic
response. Color changes in the skin may also occur as the result
of cutaneous accumulation of endogenous (e.g., carotenemia
from eating too many carrots) as well as exogenous (argyria
from contacting silver) pigments. Subjective reactions such as
itching, burning, or stinging sensations are often encountered
by sensitive individuals following exposure to a variety of
topical agents, primarily cosmetics and detergents. These reac-
tions are entirely subjective and do not have any obvious
manifestations that can be perceived by the outside observer.
Nevertheless, they are considered by the affected individuals to
be completely undesirable.
Mechanisms and Methods for Assessing Skin Toxicity

General Considerations

The classic signs of the inflammatory response in skin were
recognized long ago in ancient Rome by the physician Celsus,
who coined the Latin phrase, Rubor et tumor, cum calore et
dolor, roughly meaning redness and swelling, resulting in heat
and pain. The underlying mechanisms whereby these processes
take place in ICD, ACD, and contact urticaria were, of course,
unknown at the time. Much work has been done to help clarify
this mystery, and inflammation is now best described within
the paradigm of two major phases: the vascular phase and the
cellular phase. Although a third, more immediate, ‘neurologic’
phase has been identified recently, it is such a transient and
poorly understood component of the inflammatory response
that it bears little mention here.

The vascular phase represents themost acute response of the
skin to the presence of an irritating chemical or to a potential
allergen, taking place within minutes and generally lasting only
a few hours. This phase is induced by several systems, first and
foremost of which is the nonspecific release of inflammatory
mediators by epidermal keratinocytes and dermal fibroblasts.
Such vasoactive materials as IL-1b, other cytokines, and the
arachidonic acid metabolites prostaglandin E2, leukotriene D4,
and prostacyclin initiate a cascade of events resulting in vaso-
dilation, increased vascular permeability, and the influx of
blood cell constituents. A good analogy would be the situation
presented by an overturned fuel tanker on a major highway.
The roads would become swelled with traffic and the influx of
police, fire trucks, ambulances, and onlookers would spill over
into the surrounding countryside. Other systems involved in
this early phase are the complement pathways, primarily C3a
and C5a; the coagulation system (fibrin split-products, Factor
XIIa, and thrombin); plasma bradykinin; and an immunolog-
ical reaction mediated by mast cells, which are abundant in the
dermis (7000–10 000 cells mm�3). This latter component is
the principal mechanism in contact urticaria (mentioned
earlier) and the release of histamine, serotonin, heparin, and
chemotactic factors from these mast cells is also important in
initiating the cellular phase of the inflammatory response.

The cellular phase takes place over a period of several days
and begins with leukocyte margination (contact with vascular
walls) and the release of chemotactic factors causing the
migration of neutrophils into the injured tissue. Neutrophils
contain granules which provide microbicidal enzymes (mye-
loperoxidase and lysozyme), neutral serine proteinases (e.g.,
elastase and cathepsin G), b-glucuronidase, a-mannosidase,
vitamin B12-binding proteins, and collagenase. The net effect
of these mediators is increased tissue oxygen consumption and
the generation of reactive oxygen species, or free radicals (e.g.,
superoxide anions, peroxide radicals, and halide acids), all of
which are lethal to invading pathogens and are somewhat
responsible for the heat and pain which accompany the
inflammatory response.

Basophils and eosinophils may also be involved, especially
in ACD. Basophils are similar to mast cells and play a role in
delayed-type hypersensitivity, whereas eosinophilic migration
is dependent on complement and chemotactic factors released
early on exposure to a contact allergen. Langerhans cells and
other macrophagic monocytes release IL-1 and other cytokines
early and are important in antigen presentation to lympho-
cytes. The latter white blood cell type then proceeds to influ-
ence a number of other cellular responses (Table 12). Overall,
there are three types of allergic reactions in skin: type I
(anaphylaxis), typified by the ‘wheal and flare’ produced by
IgA- and IgE-responsive mast cells; type III (immune complex),
which is an anitgen–antibody response involving complement;
and type IV (delayed-type hypersensitivity). The latter is by far
the most prominent type of chemically induced ACD and
begins with Langerhans cell and lymphocyte presentation of
antigen to regional lymph nodes, followed by a vascular phase
24–48 h later. As mentioned earlier, it is prerequisite for
a molecule to produce ACD that it reacts chemically with
proteins in the antigen presenting cells.



Table 12 Lymphocyte products acting on other cell types

Cell type affected Lymphocyte products involved

Macrophage Migration inhibitory factor (MAF), macrophage activating factor, macrophage
aggregating factor, chemotactic factor, AG-dependent MIF

Neutrophil Chemotactic factor, leukocyte inhibitory factor (LIF)
Lymphocyte Interleukins (IL-) 2, 3, 4, and 5; chemotactic factors
Eosinophil AG-AB-dependent chemotactic factor, IL-5, migration stimulation factor
Basophil Histamine releasing factor, IL-3
Other cells Lymphotoxin, growth inhibitory factors, osteoclast activating factor (OAF)
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Experimental Models

In Vivo Techniques
Determination of eye and skin irritation potential is mandated
for proper labeling of all consumer products, and is needed to
meet various regulatory requirements (e.g., for chemicals or
products to be transported across state lines in theUnited States,
as required by theUS Food andDrug Administration (FDA) and
Department of Transportation (DOT), respectively). Animal
testing for skin irritation (ICD) is almost exclusively restricted to
modifications of the test first proposed by John Draize at the
FDA in 1944. The rabbit primary dermal irritation (PDI)
bioassay, as recommended by the CPSC in 1981 (in the Federal
Hazard Substances Act), provides the basis for themost modern
version of this model. Slight modifications proposed by the
Organisation for Economic Cooperation and Development
(1981) and the US Environmental Protection Agency (1983)
have recently been incorporated to reduce total animal use and
eliminate the unnecessary discomfort of abraded test sites and
overly long exposure periods. Briefly, 0.5 ml (liquids) or 0.5 g
(solids) of each test substance are applied to unabraded sites
only on three New Zealand White rabbits, under a 1� 1 in.
gauze pad, and the site is occluded with gauze and tape wrap-
pings. Following a 4-h exposure period, the wrappings and
patches are removed and the sites are gently swabbed free of
residual test material. Scores ranging from 1 to 4 for both
erythema and edema are based on visual observation of the test
site immediately after patch removal and at 24- and 48-h
postexposure. These scores are summed and divided by the total
number of scores to calculate the PDI index, which serves as the
in vivo response variable for each test substance. Occasionally,
the guinea pig is used in place of rabbits in this assay or in full
immersion studies and cumulative irritation (multiple doses)
tests, while other species are used very infrequently. An excep-
tion to this rule may be the mouse ear swelling test (MEST),
which has been undergoing extensive evaluation and validation
in the past few years. Nevertheless, despite clear evidence that
these animal models may not be relevant to the human
condition,Draize-type testing is still a rather standard practice in
the consumer products and cosmetics industries.

Human testing for ICD involves either single application
patches or cumulative patching, usually fresh doses of the
chemical every 48 h over a 21-day period, for most
compounds. For soaps and detergents, specialized assays,
called soap chamber tests and arm wash tests, are utilized. In
the former, a modified Franz diffusion cell-type donor chamber
is affixed to the forearm and the soap solution is left in contact
with the skin surface for a few hours. Arm wash tests were
devised to mimic actual use conditions. This test has been
further modified to include multiple washes over a short time
period, or an ‘exaggerated’ arm wash test, to help discriminate
among milder irritants, which produce little or no response in
the standard soap chamber, arm wash, or patch tests. The major
limitation to all human tests is the large intersubject variability
coupled with the heavy influence of environmental conditions
on the skin’s initial condition, which ultimately affects its
ability to respond to irritant challenge. It is for this latter reason
that most of these clinical assessments of ICD are performed in
the summer months because cold, dry air alone can be very
damaging to skin.

The situation with animal testing for ACD is somewhat
more complicated than that for ICD tests, probably because the
disease process and underlying mechanisms are more complex.
The guinea pig is the standard animal model for ACD, based on
the original intradermal injection studies of the nitro- and
chlorobenzene classes of sensitizers in 1935. The following
modifications of the original protocol are now in routine use:
occluded patch test, ear-flank test, guinea pig maximization
test, split-adjuvant test, guinea pig optimization or Freund’s
complete adjuvant test, and open epicutaneous test. The
common feature to all these tests is that they are biphasic,
employing an induction phase followed by a challenge phase.
Their major limitations are the subjective nature of the visual
scoring system and the fact that these are rather costly, time-
consuming bioassays compared to the ICD counterparts. In
addition, there are ethical concerns with the use of adjuvants,
which are basically allergenic materials added to the assay to
increase the response. Adjuvants alone, when injected intra-
dermally, can cause considerable redness, swelling, and intense
pain. Finally, there are two newer models under evaluation:
a variation on the MEST and the local lymph node assay
(LLNA). The LLNA is based on measurement of cellular
proliferation and other parameters in white blood cells
(lymphocytes) collected from the lymph node draining the site
of exposure and has been accepted as an alternative to the
guinea pig maximization test for assessing ACD by the US EPA,
FDA, and Occupational Safety and Health Administration
(OSHA).

Human ACD assays are of two basic types: the so-called
prophetic patch test or single-induction dose, which is insen-
sitive and rarely used, and the repeat insult patch test (RIPT).
The latter involves multiple applications (every other day for
2 or 3 weeks) of low concentrations of the test article during
the induction phase, followed by a single 24-h exposure to
a higher dose and visual scoring over a 3–7-day period during
the challenge phase. A modification of the RIPT is Kligman’s



Table 13 Instrumental methods for assessing cutaneous toxicity

Category Instrument used (measured response)

Spectrophotometry Dia-Stron erythema meter�, Minolta Chromameter�, Cortex Dermaspectrometer� (all measure a ‘redness’ index of
erythema), laser Doppler Velocimeter (blood flow)

Evaporimetry Servo-Med evaporimeter� (transepidermal or skin surface water loss)
Electrical properties Skicon�, Corneometer�, Nova Dermal Phase Meter� (all measure conductance/capacitance to assess hydration state)
Calorimetry Skin surface temperature, thermography
Mechanical properties Dia-Stron Dermal Torque Meter�, rheometers, SEM 474 Cutometer�, gas-bearing electrodynamometer (all measure

elasticity), Newcastle Friction Meter� (roughness), Cortex Dermascan�, and other ultrasound equipment (epidermal
thickness)

Surface features Anjinomcto Scopeman� or Microwatcher� image analyzers, ultrasound equipment, profilometers (roughness, flakiness,
scaliness, etc.)

Miscellaneous Differential scanning calorimetry, Fourier transform infrared spectrometry (changes in stratum corneum lipid structure/
function)
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maximization procedure, which utilizes the irritating surfactant
sodium lauryl sulfate to increase the skin’s responsiveness to
the test material. Besides the interfering factors cited previously
for human ICD tests, a major limitation of the RIPT is the
selection of nonirritating induction doses, vehicle effects, and
the inability to properly evaluate the skin reactions. In addi-
tion, the results of RIPTs are the least quantitative of all the
in vivo irritation and sensitization tests. This issue of quantita-
tion is particularly important in human tests for both ICD and
ACD, which normally depend entirely on subjective, visual
assessments of erythema and edema. This need has led, in turn,
to a large effort to develop instrumental methods for measuring
the vast array of skin responses to toxic compounds (Table 13).
Besides providing quantitative data for such diverse responses
to cutaneous toxins as inflammation, altered hydration state
(e.g., dryness and ‘tight feel’), changes in elastic or mechanical
properties, or altered surface morphology (e.g., roughness,
scaliness, and flaking), these biophysical methods are much
more sensitive than visual techniques. Moreover, some of these
instruments have demonstrated utility in animal or in vitro
studies of cutaneous toxicity.

In Vitro Techniques
During the past two decades, public pressure to reduce the
use of animals in all areas of biomedical research has resulted
in animal experimentation coming under close scrutiny and
increased governmental regulation. One area in which alter-
natives to animal systems seem both feasible and justified is
that of early screens in premarket safety evaluations. In fact,
there are in vitro alternatives which have undergone large
Table 14 In vitro endpoints for predicting ICD

Class Specific examples of proposed markers

Membrane integrity Vital dyes (trypan blue, eosin); fluorescence
exogenous (51Cr release); endogenous (LD

Subcellular function Mitochondrial (MTT, XTT, Alamar blue, ATP);
release); nuclear (3H-Thy incorporation, D

Cellular metabolism Glucose utilization, O2 consumption, growth
Inflammatory mediators Arachidonic acid cascade (3H-AA release, PG
Morphology Light and electron microscopic changes
Unknown mechanisms Collagen swelling, Skintex�, Coumassie blue

(QSAR computer models)
multiinstitutional validation studies and which are being
extensively utilized for mutagenicity and ocular irritancy
testing in the industrial setting. Furthermore, a number of
alternative assays have been proposed as screens for cuta-
neous irritation, although the validation process has been
much slower. Nevertheless, assays based on disruption of cell
membrane integrity, metabolic activity, or growth; incorpo-
ration of radiolabeled nucleotides and amino acids; cellular
release of inflammatory mediators; or induction of
morphological alterations at the cellular level are all currently
under evaluation (Table 14). These types of assays may be
performed using human and nonhuman fibroblast and ker-
atinocyte cell cultures or using the more complex, organo-
typic skin tissue and organ culture models. In addition, there
are a number of techniques which do not involve tissue
cultures, operate via unknown mechanisms or mechanisms
that are unrelated to the ICD response in vivo, or which are
known to be entirely correlative in nature. Many of
the commonly used biochemical markers or endpoints
associated with these alternative methods share significant
limitations: (1) They often require high test substance
concentrations, effectively killing a large fraction of the
exposed cells, and there is no clear evidence that this degree
of cytotoxicity is mechanistically relevant in ICD; (2) they
produce extremely variable and unreliable results for diverse
sets of test materials and are sometimes more costly than
animal or human patch tests; and (3) they were primarily
validated against in vivo ocular irritation data. Since it is well
documented that the potential for a chemical to produce eye
irritancy is not well correlated with its irritability to the skin,
(Hoechst, fluoresceins, rhodamine, ethidium bromide, propidium iodide);
H or alkaline phosphatase leakage, intracellular Kþ, lipid peroxidation)
ribosomal (14C-Leu or -URI incorporation); lysosomal (neutral red uptake/
NA binding)
inhibition, lactate/pyruvate ratios, glutathione/redox status
E2 release, leukotrienes and HETEs); cytokine release (IL-1b, TNFa)

dye extraction from gelatin, quantitative structure–activity relationships
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the latter point is an important distinction to make in the
validation of alternative models for predicting ICD.

The situation with in vitro models for predicting ACD,
unlike its in vivo counterpart, is less complicated than that for
ICD because there are very few in vitro systems which have even
been proposed for ACD testing. This is also a consequence of
the complexity of this disease since ACD involves the interac-
tion of many organ systems, which cannot be properly simu-
lated in any currently available cell or tissue culture model.
Nevertheless, two assays that have shown some promise for
predicting ACD with certain classes of allergens are the
lymphocyte transformation test and the macrophage migratory
inhibition test.
Conclusions

It is clear that skin is not just an inert, protective barrier that
surrounds the body’s internal organs, but rather is an active
participant in the overall outcome of exposure to potentially
injurious materials in the external environment. The signifi-
cance of cutaneous reactions to topical agents, particularly the
inflammatory response and carcinogenesis, is the subject of
an increasing number of scientific investigations. From the
perspective of the skin absorption process, this organ is at
once a portal of entry for a variety of topically applied
chemicals, a drug-metabolizing organ, and a target organ for
local toxicity. Thus, knowledge of the mechanisms involved in
translocating chemicals into and through the skin, coupled
with its effect on the physiological disposition or availability
of topically delivered chemicals to interact with skin and other
body organs, is key to understanding cutaneous pharmacology
and toxicology.

Local skin effects are not the only consideration for dermal
toxicity. The role of the skin as a barrier preventing the free
penetration of exogenous chemicals into the systemic circula-
tion is equally important. Indeed, it is becoming apparent that
the dermal route of exposure is in many cases comparable
to inhalation and oral absorption as a potential source of
potentially toxic chemicals in the body and forms an integral
part of many multimedia multi-pathway risk assessments. In
this context, for example, the (US) National Institute of
Occupational Safety and Health is currently revising its current
skin notations (which identify chemicals likely to present
dermal hazards in the workplace) to take into account
a compound’s potential for dermal absorption, as well as its
capacity to sensitize and damage the skin.

In this review, some of the theoretical models and experi-
mental methodologies employed in dermatotoxicity studies,
both in vivo and in vitro, have been described. It is suggested that
a combination of these techniques may provide the basis for
future experimental approaches toward increasing knowledge
of the mechanisms of cutaneous toxicity. It should be
emphasized that research in this area is evolving, such tech-
niques are being developed, and the rationale by which in vivo
or in vitro models are selected and utilized is under continual
scrutiny. Further development in this area will necessitate
improvements in bioanalytical techniques and a better under-
standing of the interplay between skin penetration, perme-
ation, andmetabolism, as well as the role of modulating factors
that may influence the structure, function, and toxicology of
the skin. As the underlying mechanisms are further elucidated,
and experimental databases become more comprehensive, we
will be seeing a greater role being played by quantitative
structure–activity relationships and other physicochemical
tools (including simple chemical measurements) in being able
to more accurately predict the penetration and interaction of
chemicals with the skin. Mathematical models that embody
these mechanisms will allow predictions of dermal penetration
for new compounds to be made from their physicochemical
properties that will move from mere screening tools to
increasingly powerful and useful predictors of skin penetration
and potential local and systemic health effects.
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Introduction

Snakes are limbless reptiles belonging to the suborder Ser-
pentes. There are more than 3000 species of snakes in the
world. All snakes are ectothermic and predatory though there is
remarkable interspecies variability in size and shape. Snakes
have adapted to fill niches in multiple different ecosystems,
including marine, arboreal, and subterranean environments.
Subsequently they are found in the Pacific and Indian Ocean
and on every major landmass except Hawaii, Ireland, New
Zealand, and Antarctica. The vast majorities of snakes are
considered nonvenomous and acquire prey through constric-
tion or simply by overpowering and swallowing still living
prey. Classically about 600 species of snake are thought to be
venomous.
Venomous Snakes

Venomous implies that an organism possesses a toxin and an
apparatus to inject or otherwise apply the toxin. Venomous
snakes have venom or Duvernoy’s glands, which are actually
modified salivary gland. They also possess modified teeth or
fangs in order to inject their venom. Once thought to number
around 600 species, the number of venomous snakes may
be more than previously thought. Many now believe that
a majority of snakes in Colubridae family possess venom glands.
Venomous snakes are found in five families: Elapidae, Viperidae,
Colubridae, Hydrophiidae, and Atractaspididae. The Hydro-
phiidae or sea snakes are often placed in the Elapidae family. The
vast majority of medical important venomous snakes are in the
Elapidae and Viperidae families. Venomous snakebites are
a significant health burden worldwide, particularly in the tropics
and developing world. The World Health Organization classifies
venomous snakebites as a neglected tropical disease. Worldwide
it is estimated that there are over 1 million venomous snakebites
per year which result in up to 125 000 deaths per year. Exact
numbers are difficult to determine as many areas, such as sub-
Saharan Africa, have limited medical resources and many bites
likely go unreported. There are three medically important
families of venomous snakes which will be discussed in further
detail: Elapidae, Viperidae, and Colubridae.
Elapidae

There are approximately 300 species of elapids in the world and
all are venomous. They are found in tropical or subtropical
10 Encyclopedia of T
areas. Medically important members of this family include
cobras (Naja spp.), kraits (Bungarus spp.), mambas (Dendroaspis
spp.), coral snakes (Micrurus spp.), and taipans (Oxyuranus
spp.). The sea snakes (Hydrophis spp.) are also commonly
included in the Elapidae family. With a few exceptions, elapids
are active and alert predators. All elapids have short fixed front
fangs, which recess into a groove in the mandible when the
snake’s mouth is shut. Though complex and variable from
species to species, elapid venom is primarily neurotoxic.
The best-characterized component of elapid venom is the
alpha-neurotoxins, such as alpha-bungarotoxin and alpha-
cobratoxin, which competitively antagonize nicotinic acetyl-
choline receptors resulting in paralysis and respiratory failure.
Cardiotoxins are also present and can cause cardiac dysfunction
and cardiovascular collapse. In addition myotoxins and cyto-
toxins have been identified and seem to be especially prom-
inent in Australian elapids. These toxins may result in local
tissue destruction and a consumptive coagulopathy. Phos-
pholipase A2 is also found in elapid venom and contributes to
local inflammation. Elapid venom typically spreads lymphati-
cally. Due to the relative short fangs of most elapids, direct
intravascular envenomation is rare. Uniquely, the ringhal
(Hemachatus hemachatus) and several cobra species (Naja spp.)
can spray their venom accurately over several meters. Signifi-
cant ocular injury can occur if the venom contacts the eye. The
management of elapid envenomation is based on supportive
care and antivenom administration. Simple local wound care is
reasonable, but attempts to remove the venom via cutting or
suction is not advised. Compression dressing and limiting
movement of the envenomated extremity is reasonable, espe-
cially if there will be a delay in definitive care. This functions to
impede the lymphatic spread of the venom. As most deaths
from elapid envenomation are due to respiratory failure, close
monitoring and support of respiratory function is paramount.
Mechanical ventilation may be needed for several days.
Appropriate and timely antivenom therapy is the definitive
treatment for any elapid envenomation. Species-specific or
polyvalent antivenom may be available and will vary from
country to country. The World Health Organization (WHO)
maintains a database on all available elapid antivenom, which
can be searched by species or location. Most commercially
available elapid antivenom is equine-derived whole immuno-
globulins (IgG). Allergic reactions including anaphylaxis may
occur with antivenom administration and should be prepared
for. Antivenom should be given as soon as possible. Once
paralysis has set in, it is not typically reversed by antivenom
administration. In areas where antivenom is not available,
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00786-7
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acetylcholinesterase inhibitors, such as neostigmine, can be
used in an attempt to prevent respiratory failure.
Viperidae

There are over 200 species of snakes in the Viperidae family.
These include the Old World or true vipers such as medically
important saw-scaled vipers (Echis spp.), Russell’s viper (Daboia
russeli), and the puffer adders (Bitis spp.) and the pit vipers,
of which the rattlesnakes (Crotalus spp.), lanceheads (Bothrops
spp.), andmoccasins (Agkistrodon spp.) are themost well known.
Pit vipers are names because they possess infrared sensing pit
organs located between their eye and nostril on either side of
their head. True vipers lack this organ. Vipers tend to be heavy-
bodied ambush predators. All are venomous and possess rela-
tively large front fangs. These fangs are hinged and fold back
against the roof the mouth. The Gaboon viper (Bitis gabonica)
possesses the largest fangs of any snake at over 50 mm. Viper
venom has primarily hemotoxic and myotoxic effects though
interspecies and even intraspecies variability exists. The agents
identified in viper venom include: thrombinlike enzymes, which
lead to consumptive coagulopathy; hyaluronidases, which
disrupt extracellular matrixes; phospholipase A2, which leads to
local inflammation and pain; and metalloproteinases, which
contribute to hemorrhage. The result is local tissue destruction
complicated by coagulopathy. In addition viper venom can have
neurotoxic properties. Beta-neurotoxins may be present which
block presynaptic release of acetylcholine and can lead tomuscle
weakness and respiratory failure. Fasciculations and myokymia
can be seen in viper envenomations, especially with some of the
rattlesnake species. Similar to elapid venom, viper venom is
absorbed lymphatically. However, due to the large fang size,
direct intravascular envenomation can occur and has been
described to cause fulminant disseminated intravascular coa-
gulopathy. Treatment of viper envenomation begins with
supportive care. Immobilization of the affected extremity is
recommended; however, tourniquets or compression dressings
are not advised. Similarly, attempts to remove the venom by
cutting or suction should be discouraged. These interventions
provided no benefit but do have the potential to exacerbate local
tissue destruction. As coagulopathy and hemorrhage are
common complications of viper envenomation, laboratory
parameters such as hemoglobin, platelet count, and fibrinogen
levels should be evaluated. Early and appropriate antivenom
therapy remains the treatment of choice for viper envenomation.
Both polyvalent and species-specific antivenom is available. The
WHO maintains a database on all commercially available viper
antivenom, which can be searched by species or location. Most
commercially available viper antivenom is equine derived whole
IgG. Allergic reactions including anaphylaxis may occur with
antivenom administration and should be prepared for. In North
America, Crotalidae polyvalent immune Fab (ovine) antivenom
is available and is effective in treating envenomations by all
North American pit vipers.
Colubridae

The Colubridae family is the largest snake family. It contains
approximately 2000 species. Many colubrids are technically
considered venomous but very few are considered dangerous
to humans. Human deaths have been attributed to the
boomslang (Dispholidus typus), keel snake (Rhabdophis spp.),
and twig snakes (Thelotornis spp.). Medically important
colubrids possess rear fangs, which are not as developed
as elapid or viper fangs. In order to inject significant amounts
of venom they frequently have to ‘chew’ on their victims. The
venom of colubrids has not been studied as extensively as
elapids and vipers and relatively little is known about it.
Surprisingly, some of the same toxins found in elapid venom
have been isolated from certain colubrids. However, clinical
experience with colubrid envenomation is more consistent
with a hemotoxic venom, similar to vipers, which can cause
significant coagulopathy. Like other snakebites, the care of
colubrid envenomations begins with supportive care
measures. Considering the reports of coagulopathy
after envenomation from boomslang and keelsnakes, labo-
ratory parameters should be closely followed. Though anti-
venom therapy is again the definite treatment, few colubrid
antivenoms are commercially produced. An equine-derived
boomslang antivenom and goat-derived Rhabdophis tigrinus
antivenom are available. There is currently no Thelotornis spp.
antivenom in production.
Snake Venom

Snake venom is a heterogeneous and complex mixture of
proteins, amino acids, lipids, carbohydrates, metal ions, and
other compounds. Venom composition varies tremendously
between different species, between different individual
snakes of the same species, and even in the same snake
depending on its age and time of the year. Though there are
exceptions, the venom of the Elapidae family is primarily
neurotoxic with some myotoxic effects. Conversely, the
venom of the Viperidae family is generally hemotoxic and
myotoxic with some (usually) minor neurotoxic effects. The
study of venom and its composition falls under the field of
toxinology and is an area of increasing interest. Multiple
pharmaceutical agents have been developed from snake
venom. Examples include tirofiban, which was derived from
the saw-scaled viper (Echis carinatus) and angiotensin con-
verting enzyme inhibitors from the Brazilian viper (Bothrops
jararaca). Many more potential venom-derived agents are
currently being investigated to treat various conditions
ranging from chronic pain to multiple sclerosis. As the
composition of snake venom varies between species, so too
does its potency. Australian elapids and sea snakes are
consistently reported to have among the most potent venom
in the world. Venom is thought to have several functions
including defense, prey neutralization, and predigestion. It is
delivered into the prey or attackers from the venom gland via
ducts through specialized teeth or fangs. Some snakes
species, such as the vipers, have large hollow front fangs
which are very effective in delivering large amounts of venom
while others possess poorly developed relatively ineffective
grooved rear fangs. Not all venomous snakebites result in
envenomation. Twenty-five percent or more of snakebites are
suspected to be ‘dry’ bites.
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Clinical Management

The management of venomous snakebites is based on
supportive care and appropriate timely antivenom therapy.
Supportive care such as local wound care and pain treatment
are important but potentially harmful interventions such as
tourniquets, cutting, suction, and application of electricity
should be avoided. Antivenom is the definitive treatment.
Antivenom is produced by injecting a host animal, such as
a horse or sheep, with diluted venom. The host animal then
mounts an immune response to the venom and IgG are
produced. The IgG are harvested and purified. In some cases
the IgG are further treated with enzymes, which create Fab
fragments. After further purification, these Fab fragments have
the advantage of being much less antigenic than whole IgG
preparations. Hypersensitivity reactions are a concern with
the administration of any antivenom, especially equine-
derived whole IgG products. These reactions can range from
urticaria to life-threatening anaphylaxis. When using whole
IgG antivenom, skin testing prior to administration is
recommended. However, hypersensitivity reactions can
still occur with a normal skin test result and standard
anaphylaxis therapy (epinephrine, antihistamines, cortico-
steroids) should be available. Antivenom can be monovalent
and directed toward only one species of snake or polyvalent
and directed toward multiple snake species. Most of the
antivenoms produced for use in the developing world are
polyvalent. Some examples include the South African Insti-
tute for Medical Research Polyvent Snake Venom, which is
directed against 10 different snake species or FAV-Afrique,
which is made from venom of 11 different snake species.
Additionally, antivenom frequently shows a high degree of
cross reactivity. For instance, in North America the Crotalidae
polyvalent immune Fab (ovine) antivenom is made from the
venom of four pit viper species yet is effective in neutralizing
the venom from over a dozen North American pit vipers
species. The exact dose of antivenom will depend on the
specific product and the clinical picture. Typically antivenom
is administered until clinical signs of envenomation are
controlled. It is important to administer antivenom as quickly
as possible. Antivenom is effective at halting further damage
from venom but does not reverse preexisting venom effects.
The availability of antivenom will vary from country
to country. The WHO website has an extensive searchable
database of all medically important venomous snakes and
their corresponding antivenom.
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States –online article from the American Academy of Family Physicians.

http://apps.who.int/bloodproducts/snakeantivenoms/database/ – Venomous Snakes
and Antivenoms search interface.
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Social media encroaches upon nearly all aspects of contem-
porary living and medicine is no exception. Corresponding
with the rise of mobile technology, increasing numbers of
patients, providers, health care organizations, professional
societies, medical journals, and governmental agencies utilize
social media for diverse purposes. Public health messaging,
professional education, and patient support groups are only
a few examples of the ways social media is currently impacting
the medical field. A clinical toxicologist may turn to social
media in a professional capacity to enhance his or her medical
knowledge (e.g., via podcasts or blogs), learn about emerging
events (e.g., Twitter), connect with colleagues directly or
through professional organizations (e.g., Facebook), or even
communicate with patients.

In order to better understand this phenomenon one must
first understand the breadth of social media. It’s not just
Facebook and Twitter. In their analysis of the topic, Kaplan and
Haenlein identify six different types of social media – blogs,
collaborative projects (e.g., Wikipedia), social networking sites
(e.g., Facebook, Twitter), content communities (e.g., message
boards, podcasts, YouTube), virtual social worlds, and virtual
game worlds (Kaplan and Haenlein, 2010). While the last two
categories do not seem relevant for professional use of social
media, clinical toxicologists are already using the first four.

Perhaps the most robust presence of a clinical toxicologist
in the social media realm is found at Dr Leon Gussow’s blog,
The Poison Review (http://thepoisonreview.com). Through the
blog’s web site, Twitter feed (with 765 followers at the time of
this publication), and Facebook page, Dr Gussow provides in
his own words, “a critical update and evaluation of recent
scientific literature, news stories, and cultural events related to
the field of medical toxicology.”Dr Gussow provides near-daily
updates, making The Poison Review conceivably the most
vibrant toxicology resource currently available through social
media.

Beyond toxicologists, physicians in general increasingly
use social media for a variety of purposes. In a recent report,
Cooper et al. analyzed data from a survey of 1750 US
primary care physicians, pediatricians, obstetricians/gyne-
cologists, and dermatologists who answered questions about
their technology use over the previous 6 months (Cooper
et al., 2012). They found that almost 81% of respondents
used a mobile device to access the web, 59% reported using
social networking sites, 49% sent e-mails to patients, 41%
listened to podcasts, and about 13% wrote or commented in
a blog. In addition, they found that the respondents who
were most likely to use social media and web technology
were 35 to 44-year-old males with privileges at a teaching
hospital. Similarly, Bosslet et al. published a survey study of
physicians and physicians-in-training use of social networks
but focused specifically on the doctor–patient relationship
(Bosslet et al., 2011; Greene and Kesselheim, 2010). Among
their respondents, 15.5% of practicing physicians reported
having visited the profile of a patient of the patient’s family
member, compared to 3.9% of residents and 2.3% of
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medical students. Practicing physicians (34.5%) were also
more likely to have received friend requests from patients or
their family members compared to residents (7.8%) and
medical students (1.2%).

Following news or emerging events is another way in
which medical toxicologists can use social media for profes-
sional purposes. Organizations including the Centers for
Disease Control and Prevention and Food and Drug Admin-
istration (FDA) use Facebook pages, blogs, and multiple
Twitter feeds to broadcast important public health messages
or news about drug information. Less official sources of new
trends and drug information are also available; message
boards found in online communities like Erowid (http://
www.erowid.org) and Bluelight (http://www.bluelight.ru)
offer insight into substance use of all types through individ-
uals sharing their personal experiences.

Regulatory and other governmental agencies use social
media as an outlet to connect directly with the public. The
Environmental Protection Agency (EPA) publishes a blog
(http://blog.epa.gov/epaconnect) written by agency leaders to
promote the agency’s efforts and provide explanations of EPA
policies. More EPA social media links can be found on their
web site (http://www2.epa.gov/aboutepa/social-media). The
National Library of Medicine’s Specialized Information
Services, which produces information resources on a wide
range of topics in toxicology, environmental health, drug and
consumer product information, and disaster/emergency
preparedness and response, also uses a variety of social media
to reach the public (http://sis.nlm.nih.gov/listservnewsmedia.
html). Lastly, the National Institutes of Health provides
a myriad of social media outlets (http://www.nih.gov/
Subscriptions.htm) including tweets of funding announce-
ments and a podcast series introducing the grant application
and award process.

Social networking web sites catering to patients with
uncommon and serious diseases are becoming more than
just sources of camaraderie and disease specific information.
The web site PatientsLikeMe (http://www.patientslikeme.
com) provides over 40 000 users with more than a dozen
disease-specific communities where they can anonymously
share information (Brownstein et al., 2009). Users can also set
up personal profile pages that allow tracking of symptoms,
disease progression, treatments, side effects, and outcomes.
Since users voluntarily share all the information, privacy
regulations under the US Health Insurance Portability and
Accountability Act do not apply. The community has even
attempted to go beyond simply sharing stories. As described
by Brownstein et al., “one exciting prospect is the opportunity
for patients, especially those who do not have years to wait for
a clinical trial, to monitor and participate in real-world
natural experiments (Brownstein et al., 2009).” One result
of this effort is a study published in 2011, an analysis of data
reported by users of the PatientsLikeMe web site who
experimented with lithium carbonate to treat their amyo-
trophic lateral sclerosis (Wicks et al., 2011). Regardless of the
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limitations of this study methodology, it is easy to understand
how patients with terminal or difficult-to-treat diseases could
be both swayed by this kind of data and want to participate in
similar social networking-mediated experiments.

In summary, social media is already impacting medical
toxicology and clinical toxicologists in numerous ways. Given
the trends that have arisen thus far, one can anticipate even
more impact from social media in the future. If you have yet to
jump on the bandwagon, get started by checking out the links
and Twitter feeds below.
Selected Medical Toxicology Social Media Links

Blogs

Environmental Protection Agency – http://blog.epa.gov/
epaconnect/.

The Poison Review – http://www.thepoisonreview.com.
Twin Cities Toxicology – http://twincitiestox.tumblr.com.
The Poison Garden – http://www.thepoisongarden.co.uk/

blog/blog.htm.
Podcasts

Journal of Medical Toxicology – http://www.acmt.net/
ACMTPodcasts.html.

Tox Talk – http://toxtalk.org/.
Oregon Health Sciences University Toxicology Journal

Club – http://www.ohsu.edu/emergency/education/courses/
media/podcast/.
Twitter

@AAPCC (American Association of Poison Control Centers).
@ACMT (American College of Medical Toxicology).
@erowid.
@BluelightForum.
@FDA_Drug_Info.
@FDAMedWatch.
@FDArecalls.
@NLM_SIS.
@poisonreview.
@thepoisongarden.

See also: Risk Communication; Chemical Hazard Communication
and Safety Data Sheets; Society for Chemical Hazard
Communication (SCHC); Information Resources in Toxicology.
Further Reading
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Intern. Med. 26 (10), 1168–1174.

Brownstein, C.A., Brownstein, J.S., Williams, D.S., Wicks, P., Heywood, J.A., 2009.
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Relevant Websites

http://www.cdc.gov/socialmedia – Centers for Disease Control and Prevention.
http://www2.epa.gov/aboutepa/social-media – Environmental Protection Agency.
http://www.fda.gov/NewsEvents/InteractiveMedia/default.htm – Food and Drug

Administration.
http://www.acmt.net/ACMTPodcasts.html – Journal of Medical Toxicology.
http://www.nih.gov/Subscriptions.htm – National Institutes of Health.
http://sis.nlm.nih.gov/listservnewsmedia.html – National Library of Medicine Special-

ized Information Services.
http://www.ohsu.edu/emergency/education/courses/media/podcast/ – Oregon Health

Sciences University Toxicology Journal Club.
http://www.thepoisongarden.co.uk/blog/blog.htm – The Poison Garden.
http://www.thepoisonreview.com – The Poison Review.
http://toxtalk.org/ – Tox Talk.
http://twincitiestox.tumblr.com – Twin Cities Toxicology.
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History

The Society for Chemical Hazard Communication (SCHC),
originally know as the American Conference on Chemical
Labeling (ACCL), was incorporated in 1982 as a nonprofit
professional organization, but it had actually started several
years earlier. When the Chemical Manufacturers Association
(CMA) discontinued the Labeling and Precautionary Informa-
tion Committee, its members recognized the need for individ-
uals responsible for labeling to have a forum to discuss ideas and
keep up-to-date on new requirements. CMA initially sponsored
ACCL for its first four meetings. Membership has grown from 40
people in 1979 to more than 600 in 2012. Over time the
‘labeling issues’ grew into ‘hazard communication (HazCom)
issues.’ In 1992, ACCL changed its name to SCHC to reflect the
expanded issues of HazCom and the needs of the expanded
membership. As the society grew, the structure became more
formal; however, SCHC remains a volunteer organization.

Today there is an elected Board of Directors, consisting of
nine members, the past President, President, Vice President,
and Secretary–Treasurer. To accomplish the Society’s goals,
SCHC has various standing committees: arrangements, awards,
exhibit, HazCom resources, membership, newsletter, nomi-
nating, outreach and communications, professional develop-
ment, program, SCHC–Occupational Safety and Health
Administration (OSHA) alliance, and Web. The Board of
Directors manages the affairs of the Society and its committees.
The Society

Purpose

SCHC’s mission is to promote effective communication of
chemical hazards. The Society is committed to sharing knowl-
edge and resources to ensure a consistent and uniform
approach to assessing and communicating chemical hazards
on product labels, safety data sheet (SDS), and other product
literature and documentation by:

l Monitoring legislative and standards development.
l Broadening awareness of new developments in research and

practice.
l Facilitating understanding and interpretation of regulatory

requirements.
l Fostering professional development.
l Providing opportunities for professional networking and

exchange of ideas.
l Serving as a primary source of information on international

standards regarding HazCom.
Membership

SCHC is a professional society of individuals who are engaged
in the business of HazCom. The members have a broad range
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of occupations – chemistry, industrial hygiene, and toxicology
are a few examples. Their jobs are also diverse. Many prepare
labels and SDSs for their employers’products. Others train
users of hazardous chemicals, act as expert witnesses, or
implement government regulations. They work in industry,
government, and academia.

SCHC welcomes professionals who are involved in the field
of HazCom.
Meetings

The Society holds meetings to provide members with up-to-
date information on current developments and opportunities
for education and networking. Meetings are held in the spring
and the fall each year. Fall meetings are held in theWashington,
DC, and area featuring regulatory updates from the federal
agencies involved in HazCom requirements. Spring meetings
are held at selected cities across the country that will attract
membership participation and attendance. Topics at this
meeting include regulatory updates on state or regional issues.

SCHC strives to keep its members aware of the latest
developments concerning HazCom. Topics at meetings include:
Internet resources; updates from the Environmental Protection
Agency, Department of Transportation, and OSHA; Globally
Harmonized System (GHS) of Classification and Labeling of
Chemicals; and the European Union’s Registration, Evaluation,
and Authorization of Chemicals (REACH).

Presentations also include issues that affect the industries
and professions of SCHC members, such as managing
HazCom programs and liability in writing SDSs and labels.

Members are given the opportunity of participating in
a technical poster session at the spring meetings where they
can exchange ideas in an informal environment. Ideas are
presented as posters in an atmosphere where authors and
attendees can mingle. Any topic related to chemical HazCom,
in its broadest sense, may be presented at the poster session.
Poster abstracts are published and distributed at the meeting,
and posted on the SCHC website. The poster session is an
excellent opportunity to present ideas and to receive feedback
from other HazCom professionals.

A computer software and vendor exhibit is held at the fall
meeting. This exhibit features vendors of products that aid
SCHC members in the creation and maintenance of informa-
tion for HazCom. Members can interact at the exhibit with
commercial product and service providers who display the
latest in HazCom technology and resources.
Professional Development

The Society’s purpose has always been to educate and provide
information on HazCom. Professional development courses
were first offered by SCHC in 1990 with a single half-day
course. Today, the society offerings have grown to over 25
4-3.01031-9 315
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professional development courses including workshops,
basic, advanced, and in-depth multiday courses. Continuing
education credit in professional certification and registration
programs can be obtained for SCHC courses.

Workshops offered by SCHC include US Hazard Commu-
nication for Workplace Chemicals –Overview of Requirements
and Practical Examples in SDS and Label Preparation and
California Proposition 65 Labeling Workshop. Basic profes-
sional development courses offered by SCHC are: Toxicology
for Hazard Communication; Science for the Hazard Commu-
nicator, Industrial Hygiene, and Safety for Hazard Communi-
cation; and Hazard Determination and Risk Assessment.
Regulatory courses include: Canadian and Mexican Hazard
Communication; Consumer Product Labeling; Hazard Com-
munication for the European Union; MultiModal Hazardous
Materials/Dangerous Goods Certification, Hazard Communi-
cation for Asia, Pacific Rim & Latin America; GHS for Hazard
Communication; REACH – Understanding and Preparing for
Chemical Registration on Europe, REACH – Chemical Safety
Assessments; and International Chemical Control Laws. Several
advanced courses have been developed such as Reproductive &
Developmental Toxicology; Endocrine Disrupters, Clinical &
Occupational Toxicology; Occupational Exposure Limits;
Exposure Control and Personal Protective Equipment, Alter-
natives in Animal Testing; and Life Cycle Assessment. Addi-
tional courses are developed and implemented as needed to
keep up with new developments.

SCHC also offers HazCom 101, a 2 day course. This course,
the first of its kind in the United States, is designed for people
who have little formal HazCom training and are recently
assigned to HazCom, (M)SDS, labeling, or regulatory compli-
ance responsibilities. The curriculum presents basic informa-
tion, provides reference material and practical exercises.

The SCHC Professional Development Committee recog-
nizes students who have accumulated 40, 80, and 120 or more
hours of SCHC professional development training and
instructors and/or course directors who have contributed to 15
or 30 SCHC courses.
Webinars and Distance Learning

In addition to the semiannual meetings and professional
development courses, SCHC offers webinars and distance
learning courses on HazCom topics. Webinars are 60–90 min
followed by a short question and answer period. They are
scheduled to accommodate participation in all US time zones.
Topics have included GHS Worldwide Implementation,
OSHA’s Notice of Proposed Rulemaking for the GHS in the US,
Impact of the GHS on US Companies, Combustible Dust, ANSI
Z 400.1/Z129.1 Combined Standards and GHS Workshops on
Acute Toxicity Endpoints, Eye and Skin Irritation Endpoints
and Aquatic Toxicity Endpoints.

More extensive training is done through distance learning.
Courses are divided into modules and students may take the
entire course or only the modules in which they are interested.
Training materials are provided on the website for down-
loading. Each module is 1–2 h in length and is taught by an
expert on the topic. HazCom 101 has been offered as a distance
learning course with nine modules and seven different
instructors.
Outreach

The Society has a history of collaboration and outreach. The
OSHA Hazard Communication Standard (HCS), 29 CFR
1910.1200, was published in 1983. Shortly thereafter, SCHC
and OSHA collaborated to educate stakeholders on the new
HCS. Jointly sponsored seminars were held on a regional basis
with both OSHA and SCHC participating to inform both
members and stakeholders about the HCS.

In 2003, SCHC and OSHA signed an alliance to provide
information and training on HazCom, (M)SDSs, and the GHS
of Classification and Labeling of Chemicals. This alliance is
another step in the longstanding relationship between SCHC
and OSHA to promote effective HazCom.

As a part of that alliance, the SCHC–OSHA committee
provided expertise by writing GHS fact sheets. These docu-
ments describe various GHS topics in easy to read language and
are aimed at employees. Topics include pictograms, flammable
and combustible liquids, what is the GHS, eye damage/eye
irritation, germ cell mutagenicity and carcinogenicity. All of
these documents are available in English and Latin American
Spanish.

SCHC is also working to promote the profession of Haz-
Com by inviting students from local colleges and universities to
attend semiannual meetings. Students majoring in science,
toxicology, or safety and industrial hygiene who may be
interested in pursing a career in HazCom are encouraged to
attend. Conference fees are waived for students.
Publications

The HazCom Resources Committee has produced two resource
documents. The Hazard Communication Translation Re-
sources is a list of translators that have been recommended by
SCHC members that translate HazCom documents from
English into other languages. The Hazard Communication
Reference document is a list of references that will aid in the
creation of HazCom documents. These references have been
recommended by SCHC members. Both documents can be
found on the SCHC website.

The Society maintains a website at www.schc.org. The site
contains Society and membership information, SCHC presen-
tations, SCHC newsletters, SCHC meeting material, and
professional development courses. There are links to HazCom
and related websites. Updates on legislative and standards
activity concerning HazCom are also posted.

SCHC has a LinkedIn page that is used by members and
nonmembers to discuss HazCom topics. It is a great forum for
others to tap into the collective expertise of SCHC members.
SCHC Outreach Speakers Bureau

SCHC has established an Outreach Speakers Bureau on the
GHS of Classification and Labeling of Chemicals. The Speaker’s
Bureau is a list of members who have volunteered to speak and
present information on the GHS and the impact on SDSs and
labeling. Volunteers offer their time to various local organiza-
tions and to local and state fire, police, and other responder
groups to increase the visibility of SCHC and awareness of
the GHS.

http://www.schc.org
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Registry Program

SCHC has partnered with the American Industrial Hygiene
Association (AIHA) to develop the SDS and Label Authoring
Registry program. This program recognizes and registers Haz-
Com and environmental health professionals who are able to
demonstrate competency in authoring SDSs and labels. The
exam consists of a multiple choice question assessment that
focuses on basic HazCom concepts and a practical assessment,
which requires the applicant to classify a substance and
complete an SDS based on the GHS. The registration is valid for
5 years.

The SDS and Label Authoring Registry program is operated
by AIHA Registry LLC. SCHC’s involvement in the program will
continue as the members lend their expertise to evaluate the
program’s ongoing effectiveness and provide updated testing
materials.
SCHC Awards

To recognize contributions to both the Society and the field
of HazCom, SCHC offers three types of awards. The
HazCom Lifetime Achievement award recognizes individuals
who have contributed significantly to the field of HazCom
or to SCHC over an extended period of time. The award for
Excellence in Hazard Communication recognizes individuals or
groups who have made significant contributions to the field
of HazCom. The SCHC Distinguished Service award recog-
nizes individuals who have contributed outstanding services
to SCHC beyond their function as committee members or
chairs. There is also an Outstanding Volunteer Recognition
award where committee members are nominated by SCHC
committee chairs for outstanding service to the committee
and SCHC as a whole.
Related Organizations

As SCHC’s interests broadened to global HazCom, interna-
tional speakers were invited to SCHCmeetings. A speaker from
the UK Health and Safety Executive believed that HazCom in
the United Kingdom could benefit from a similar organization.
SCHC provided information about forming a society. In 1994,
a group of HazCom professionals in the United Kingdom
formed the Chemical Hazards Communication Society (http://
www.chcs.org.uk).
Contact Details

Society for Chemical Hazard, (SCHC), P.O. Box 1392,
Annandale, VA 22003, USA. Tel.: þ1 703 658 9246. Website:
www.schc.org.
See also: The Globally Harmonized System for Classification
and Labeling of the GHS; Chemical Hazard Communication and
Safety Data Sheets; REACH; The European Classification and
Labeling (C&L) Inventory.
Relevant Website

http://schc.org – SCHC: Society for Chemical Hazard Communication.
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‘The Society of Environmental Toxicology and Chemistry’
(SETAC) was founded in 1979 to facilitate an interdisciplinary
platform for interaction among environmental scientists
such as biologists, chemists, toxicologists, including managers
and engineers who were interested in environmental issues.
SETAC is a nonprofit professional organization. At present
with little over 6000 members from academia, business, and
government agencies, SETAC is dedicated toward promoting
Environmental Quality through Science�. This has been
conceivable due to its multidisciplinary impartial scientific
approaches to solving environmental problems, through
a multilateral balance among academia, government agencies,
and industries.

SETAC’s mission is to support the development of princi-
ples and practices for protection, enhancement, and manage-
ment of sustainable environmental quality and ecosystem
integrity.

SETAC promotes the advancement and application of
scientific research related to contaminants and other stressors
in the environment, education in the environmental sciences,
and the use of science in environmental policy and decision-
making.

The Society provides a forum where scientists, managers,
and other professionals exchange information and ideas for the
development and use of multidisciplinary scientific principles
and practices leading to sustainable environmental quality.

SETAC is a worldwide professional society comprising
individuals and institutions engaged in the following:

1. The study, analysis, and solution of environmental
problems.

2. The management and regulation of natural resources.
3. Environmental education.
4. Research and development.

The structure and organization of SETAC has been applau-
ded worldwide. Since its inception in 1979, SETAC has grown
to set up units worldwide including in Europe (1989), Asia/
Pacific (1997), Latin America (1999), and Africa (2012).
A 15-person SETAC World Council (SWC) was created in
2002 for coordinating various geographic locations in North
America, Europe, Asia/Pacific, and Latin America. SWC was
established with an aim to promote SETAC as a global orga-
nization to nurture the exchange of ideas on environmental
issues through research and education across the globe. The
SWC facilitates worldwide outreach to environmental scien-
tists, engineers, and managers and encourages development of
additional SETAC member groups. This novel work for
bridging academia, government agencies, and industries via
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a single platform shows the Society’s commitment to balance
the scientific interests of all the three communities. Moreover,
the Society is represented by officers from three different
sectors, which include World Council, Geographic Unit Boards
of Directors and Councils, and Committee members and
governance of activities. The Society bylaws mandate equal
representation of officers from these sections and the quotient
of members from each of these three areas have stayed
approximately even over the years.

For the process of continuous scientific update and
improvement to address the environmental issues, SETAC
publishes two globally esteemed journals:

1. Environmental Toxicology and Chemistry, and
2. Integrated Environmental Assessment and Management.

Both of these flagship journals are internationally acclaimed
scientific journals. Environmental Toxicology and Chemistry,
which was started in 1980 has matured from a quarterly
publication to a monthly publication. Similarly, Integrated
Environmental Assessment and Management, which was
commenced in 2005 to reduce the gap between scientific
research and its application in environmental decision-making,
regulation, and management, has appreciated to a quarterly
publication of 700 pages a year.

In addition, other significant efforts include publication of
books on timely topics. SETAC has published more than 100
books, which includes the compilation of workshop results
and other scientific studies. The SETAC workshops have
brought together groups of renowned scientists to produce
summaries that are valued by environmental scientists for their
technical quality and comprehensive, state-of-the-science
reviews. SETAC also hosts an annual meeting around the
world uniquely displaying revolutionary science in numerous
forms of presentations. To reduce time and increase the quality
they also offer live webinars from time to time, which are
presented by top scientists who share their expertise on hot
topics. Most of the past and the forthcoming webinars can be
found on their website. In all, SETAC is a well-focused scientific
organization concentrated on solving environmental issues via
impartial scientific approaches creating a three-way bridge
between academia, industry, and government agencies.

The founding principles of SETAC are as follows:

1. Multidisciplinary approaches to solving environmental
problems.

2. Balance: Academia, Business, and Government.
3. Objectivity: Science-based.

Environmental toxicology and chemistry embrace fields of
study that include:

1. Analytical chemistry.
2. Atmospheric sciences and engineering.
3. Biology.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00353-5
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4. Classical toxicology.
5. Ecology.
6. Economics.
7. Environmental chemistry.
8. Environmental assessment and management.
9. Genetics.
10. Life cycle assessment.
11. Microbiology.
12. Organic chemistry.
13. Physiology.
14. Risk assessment.
15. Soil sciences and engineering.
16. Water sciences and engineering.
SETAC Initiatives

Like any other recognized professional organization, SETAC has
several initiatives to recognize its scientists and contributors
through a variety of mechanisms, such as honors, awards
(Global, European, and North American), and fellowships.
SETAC alsomaintains a career center to disseminate information
on the opportunities available in the environmental sciences
(http://www.setac.org/?page¼careercenter) areas and regularly
broadcasts professional webinars for its members. Readers may
contact (http://www.setac.org/?page¼BecomeMember) to
become a member of this society and contribute. Besides its
strategic initiatives, SETAC also achieves its mission via keeping
close ties with academic institutions.
See also: The International Society for the Study of Xenobiotics;
National Institute for Occupational Safety and Health; The
National Institute of Environmental Health Sciences; Society of
Toxicology.

Relevant Website

http://www.setac.org/ – SETAC-Society of Environmental Toxicology and Chemistry.

http://www.setac.org/?page=careercenter
http://www.setac.org/?page=careercenter
http://www.setac.org/?page=BecomeMember
http://www.setac.org/?page=BecomeMember
http://www.setac.org/
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The Society for Risk Analysis (SRA) provides an open forum for
anyone interested in risk analysis. Risk analysis is broadly
defined to include risk assessment, risk characterization, risk
communication, risk management, and policy relating to risk.
The SRA is a nonprofit organization and its interests include
risks to human health and the environment, both built and
natural. It considers threats from physical, chemical, and
biological agents and from a variety of human activities as well
as natural events. The SRA analyzes risks of concern to indi-
viduals, to public and private sector organizations, and to
society on various geographic scales.
Vision Statement of the SRA

The vision statement was approved unanimously by the
society’s membership at the 1993 SRA Annual Meeting in
Savannah, Georgia, following 3 years of thoughtful debate and
numerous drafts. The goals of the SRA are to bring together
individuals from diverse disciplines and from different coun-
tries and provide them with opportunities to exchange infor-
mation, ideas, and methodologies for risk analysis and risk
problem solving; foster understanding and professional
collaboration among individuals and organizations for the
purpose of contributing to risk analysis and risk problem
solving; facilitate the dissemination of knowledge about risk
and risk analysis methods and their applications; encourage
applications of risk analysis methods; promote advancement
of the state of the art in research and education on risk analysis;
and provide services to its members to assist them in devel-
oping their careers in risk analysis.
History

In early 1979, Robert B. Cumming recognized the growing
need for risk researchers and practitioners to publish their work
in a dedicated professional journal. This led to the formation of
an organization to support such a journal. The Certificate of
Incorporation for the SRA was made official on 28 August
1980. The first issue of Risk Analysis: An International Journal
appeared in March 1981 and is now published by Wiley-
Blackwell. The journal provides a focal point for new devel-
opments in risk analysis covering a wide range of disciplines.
It covers topics of interest to regulators, researchers, and
scientific administrators, including research results on health
risks, and the engineering, mathematical, and theoretical
aspects of risks. This journal focuses on manuscripts dealing
with measurements, modeling, instrumentation, question-
naires, and studies of chemicals. In addition, it covers the social
and psychological aspects of risk such as risk perception,
320 Encyclopedia of T
acceptability, economics, and ethics. All scientific articles in
Risk Analysis are peer reviewed.
Bylaw

A Bylaw of the SRA was modified in 2008 and includes 18
sections: Name, Office, Purpose and Powers, Membership,
Meetings of Members, Council of the Society, Meetings of the
Council, Officers, Duties of Officers, Executive Secretary,
Committees, Regional Organizations, Specialty Groups,
Contracts, Loans, Checks, and Deposits, Awards, General
Provisions, Amendments, Duration, and Dissolution.
Membership

The SRA currently has around 2000 members, with interna-
tional representation. Members of the SRA include profes-
sionals from a wide range of institutions, including federal,
state, and local governments, small and large industries,
private and public academic institutions, nonprofit organi-
zations, law firms, and consulting groups. These professionals
include statisticians, engineers, safety officers, policy analysts,
economists, lawyers, environmental and occupational health
scientists, natural and physical scientists, environmental
scientists, public administrators, and social, behavioral,
and decision scientists. There are five classes of members:
active members, student members, retired members, fellows,
and sustaining members (organizations interested in risk
analysis).

Members have voting privileges in the election of officers
and councilors and web-based access to the membership
directory, which they can use to quickly find contact informa-
tion for other members. All members automatically receive
printed copies of Risk Analysis as well as online access. Members
also receive the SRA Newsletter, and all the members have
online access to several older issues of the journal and the
newsletter. The members can access data that are not shown to
nonmember users.
Meetings, Specialty Groups, Sections, and Chapters

Through its meetings and publications, the SRA fosters a dia-
logue on health, ecological, and engineering risks and natural
hazards, and their socioeconomic dimensions. The SRA has
helped to develop the field of risk analysis and has improved its
credibility and viability. The society has a number of chapters
and sections around the world and sponsors an annual meeting
of the society, usually in December. The annual meeting
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00653-9
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includes meetings of specialty groups on dose–response,
economics and benefits analysis, ecological risk assessment,
engineering, exposure assessment, food/water safety risk, risk
communication, and risk science and the law. The sections of
SRA include SRA Europe and SRA Japan, and the chapters of
SRA are located in various parts of the United States, Canada,
and other parts of the world. The sections and chapters conduct
their own meetings at different locations and times; the SRA’s
website contains contact information and summaries of the
meetings.
Awards

Various awards are announced at the annual meeting,
including the Distinguished Achievement Award (honors any
person for extraordinary achievement in science or public
policy relating to risk analysis), Outstanding Service Award
(honors SRA members for extraordinary service to the
society), Outstanding Risk Practitioner Award (honors
individuals who have made substantial contributions to the
field of risk analysis through work in the public or private
sectors), Chauncey Starr Award (honors individuals aged
40 years and below who have made exceptional contributions
to the field of risk analysis), and Fellow of the Society for Risk
Analysis Award (recognizes and honors up to 1% of the
Society’s membership, selected based on substantial
achievement in science or public policy relating to risk anal-
ysis and substantial service to the SRA. Fellows include all
former SRA presidents).
Contact Details

Address: Society for Risk Analysis, 1313 Dolley Madison Blvd.,
Suite 402, McLean, VA 22101, USA
Telephone: þ1 703 790 1745. Fax: þ1 703 790 2672
E-mail addresses: sra@burkinc.com, webmaster@sra.org
Website: http://www.sra.org/

See also: Toxicology in the US Department of Defense (DoD);
Health Assessments; National Center for Environmental
Health-ATSDR; National Institute for Occupational Safety
and Health; Risk Characterization; Risk Communication; Risk
Assessment, Human Health; EU Risk Assessment Committees;
Risk Management Measures (RMM); Risk Perception; Risk
Assessment, Ecological.

Further Reading

Thompson, K.M., Deisler Jr., P.F., Schwing, R.C., 2005. Interdisciplinary vision:
the first 25 years of the Society for Risk Analysis (SRA), 1980–2005. Risk Analysis
25 (6), 1333–1386.
Relevant Websites

American Academy of Dermatology: http://www.aad.org/
CDC/NIOSH Skin Exposures and Effects: http://www.cdc.gov/niosh/topics/skin/

(Includes a Skin Permeation Calculator: http://www.cdc.gov/niosh/topics/skin/
skinPermCalc.html)

International Society of Skin Pharmacology and Physiology: http://www.isp-society.org/
Society for Investigative Dermatology: http://www.sidnet.org/
Society of Toxicology (SOT) Dermal Toxicology Specialty Section: http://www.toxicology.

org/ISOT/SS/dtss/index.html
US EPA. Dermal Exposure Assessment: Principles and Applications. EPA/600/8-91/011B.

January 1992 Interim Report: oaspub.epa.gov/eims/eimscomm.getfile?p_download_
id¼438674 (This is a link to a downloadable Adobe Acrobat document of a classic
and still Relevant US EPA publication on dermal exposure and absorption).

mailto:sra@burkinc.com
mailto:webmaster@sra.org
http://www.sra.org/
http://www.aad.org/
http://www.cdc.gov/niosh/topics/skin/
http://www.cdc.gov/niosh/topics/skin/skinPermCalc.html
http://www.cdc.gov/niosh/topics/skin/skinPermCalc.html
http://www.isp-society.org/
http://www.sidnet.org/
http://www.toxicology.org/ISOT/SS/dtss/index.html
http://www.toxicology.org/ISOT/SS/dtss/index.html
http://oaspub.epa.gov/eims/eimscomm.getfile?p_download_id=438674
http://oaspub.epa.gov/eims/eimscomm.getfile?p_download_id=438674
http://oaspub.epa.gov/eims/eimscomm.getfile?p_download_id=438674
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Goals, Objectives, and Mission of Society
of Toxicology

The Society of Toxicology (SOT) is a professional organization
of scientists from academic institutions, government, and
industry that represents the multifaceted scientists who practice
toxicology in the United States and abroad. The SOT promotes
the development and integration of innovative basic and
applied toxicology to enhance human, animal, and environ-
mental health, while the remaining in accordance with the SOT
Code of Ethics. The Society facilitates the exchange of infor-
mation among its members as well as among investigators in
other scientific disciplines. Therefore, the members have
established a strong commitment to education in toxicology
and the recruitment of students as well as new members in the
profession.
History and Organization

The SOT was founded in 1961 as a nonprofit organization. It is
governed by an elected Council comprised of 13 members, and
it is managed by an administrative office in the Reston, Virginia
(Washington, DC area).

The Society’s activities are highly diverse and are assisted by
the efforts of 3 elected and 42 appointed committees and task
forces. These include the Career Resource and Development
Committee, Communications Committee, and the Disease
Prevention Task Force.
Membership

Currently, the SOT has more than 7700 members in around 60
countries. The majority of its members are practicing toxicol-
ogists and scientists from allied disciplines. The Society offers
four kinds of individual memberships: full, associate, post-
doctoral fellow, and student. Undergraduate affiliate status is
available for prebaccalaureate students. There are close to 50
companies and other related organizations listed as SOT
Affiliates, and undergraduate affiliate status is available for
prebaccalaureate students. In addition, the Council may award
honorary memberships to persons who are not members of the
Society in recognition of outstanding and sustained achieve-
ment in the field of toxicology.

Members have many opportunities to collaborate with like-
minded professionals and engage in leadership activities – at
meetings, through committee service, and other special groups.
Members receive reduced registration costs for the SOT Annual
Meeting – the largest of its kind in the world, which fosters
collegial exchange of the latest scientific findings. Only
members may submit unsponsored abstracts of original science
for presentation at the meeting.
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Members receive the electronic publications The Toxicologist
and Communiqué and are eligible for reduced-rate subscriptions
to the print Toxicological Sciences and other journals. They
receive the Annual Meeting Program and the printed
Membership Directory and have access to the SOT website
online Membership Directory and membership section of the
SOT website. Associate and full members receive the electronic
version of Toxicological Sciences at no cost.

One of the strategic goals of SOT is to increase the diversity
and inclusiveness of the organization, and SOT promotes and
facilitates the formation of Special Interest Groups, subgroups
of members such as those with a common ethnicity, country of
origin, or gender. Student members can receive the first
Specialty Section and Special Interest Group selected at no cost.
Members may also join 1 of 18 Regional Chapters that
encourage scientific exchange at a local level. Regional Chapters
organize regular local meetings throughout the year and
sponsor awards.
Specialty Sections

Cutting-edge research is fostered through 27 SOT Specialty
Sections. Specialty Sections may propose sessions for the
annual meeting, exchange information via newsletters,
present awards, and participate in other scientific activities as
subdisciplinary groups. Examples of these Specialty Sections
include Biological Modeling, Biotechnology, Carcinogenesis,
Cardiovascular Toxicology, Comparative and Veterinary,
Drug Discovery, Ethics, Legal and Social Issues, Food Safety,
Immunotoxicology, In vitro and Alternative Methods, Inha-
lation and Respiratory, Mechanisms, Medical Devices, Metal
Mixtures, Molecular Biology, Nanotoxicology, Neuro-
toxicology, Occupational and Public Health, Ocular Toxi-
cology, Regulatory and Safety Evaluation, Reproductive and
Developmental Toxicology, Risk Assessment, Stem Cells, and
Toxicologic and Exploratory Pathology. Each section selects
a student to serve on the Student Advisory Committee as the
student voice of the SOT and as a postdoctoral fellow who
is part of the Postdoctoral Assembly. Specialty Sections
provide a forum for networking with peers who share an
interest in your area of toxicology. Members are encouraged
to join as many Specialty Sections as are relevant to their
work.
Regional Chapters

The SOT has 18 Regional Chapters that sponsor regular local
meetings throughout the year. The purpose of these regional
chapters is to promote scientific exchange at a local level,
including regional meetings, poster awards for students,
newsletters, and proposals for the annual meeting. Each
regional chapter selects a student to serve on the Student
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00354-7
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Advisory Committee, as the student voice in the SOT, and
as a postdoctoral fellow who is part of the Postdoctoral
Assembly.
Special Interest Groups

The SOT has six Special Interest Groups to promote the
recruitment of toxicologists who share a common interest in
toxicological research issues germane to their community.
These groups work to develop, propose, and conduct programs
and educational activities that promote career development
opportunities for toxicologists. They also serve as a resource to
the SOT in the area of toxicology as it relates to the specific
interest of each group. The accomplishments of toxicologists
within different groups are recognized and commended. Each
group selects a student to serve on the Student Advisory
Committee, as the student voice in the SOT, and as a post-
doctoral fellow who is part of the Postdoctoral Assembly.
Publications

Toxicological Sciences, the flagship official journal of the
SOT, is distributed monthly both electronically and in print.
The journal publishes premier peer-reviewed, hypothesis-
driven, original research articles that are broadly relevant to
assessing potentially adverse health effects. These adverse
effects result from exposure of humans or animals to certain
chemicals, drugs, natural products, or synthetic materials.
Studies may involve experimental animals or human
subjects, or they may focus on in vitro methods or alternatives
to the use of experimental animals. Sections include original
research, reviews, forum articles on policy or research issues,
editorials, letters to the editor, and supplementary data
guidelines.

The Toxicologist, the abstract issue of Toxicological Sciences, is
also an official publication of the SOT. The abstracts come from
presentations for the symposium, platforms, workshops,
roundtable discussions, posters, and continuing education
sessions at the SOT Annual Meetings.

In striving to be the premier source of information in
toxicology, the SOT has gathered a diverse array of infor-
mation for the public and for members of the Society’s
webpage. The Society also publishes the Communiqué,
a newsletter for members, which is distributed electronically
four times a year, along with a Special Edition, which is
printed every spring. The official website provides up-to-date
information on US Food and Drug Administration watch,
US Environmental Protection Agency news, and any other
new developments or toxicology-related episodes in a timely
manner.
Meetings

The SOT conducts a large-scale annual meeting every March
where over 3000 presentations are made on a variety of
major themes, minor themes, specialized areas, and cutting-
edge advancing areas. Sessions include timely symposia,
roundtables, platform sessions, workshops, and poster
sessions. Continuing education courses and symposia spon-
sored by Specialty Sections of the Society are regular features at
the annual meeting. The abstracts of all presented papers are
published annually in The Toxicologist.

ToxExpo
�
provides the opportunity for attendees to see the

latest in cutting-edge technology and services available on the
market today and also to be able to meet with vendors face to
face. Online ToxExpo

�
provides access to products and services

all year.
SOT offers occasional Contemporary Concepts in Toxi-

cology workshops and cosponsors a variety of meetings with
other groups and governmental agencies.
Awards and Grants

The Society presents a number of awards annually that
recognize outstanding achievements in the field of toxicology.
The SOT also supports travel grants, fellowships, and student
awards. Special awards are presented at the discretion of
the Council. The SOT also presents a number of sponsored
awards.
Career Resources

Career Resource and Development Services has also been a very
successful initiative for SOT membership for nearly three
decades now. It provides SOT members with the Job Bank,
a year-round online service linking job candidates with
employers and positions in toxicology and related biological
sciences. Student members can use this service at no charge. The
Job Bank Center is offered on-site at the Annual Meetings. This
service is open to potential employers and job seekers from
academia, industry, and other private organizations.
Professional Training and Public Education

SOT is working to build for the future of toxicology by
investing important resources in professional and public
education through its publications, Annual Meeting, scientific
meetings, online courses, and the official website, www.
toxicology.org. Programs are offered to attract undergraduate
students into toxicology. Graduate students and postdoctoral
fellows actively participate in the Society and SOT coordinates
several community outreach programs, including educational
programs related to K–12 students. The recent introduction of
ToxLearn project in collaboration with National Institutes of
Health (NIH)–National Library of Medicine (NLM) is a unique
milestone in the history of the Society. The mission of this
project is to reach out and educate on toxicology issues to
everyone on this planet.

SOT offers an online mentoring program, Mentor Match, as
a new benefit of membership in the Society. The objective of
this program is to provide a service that matches mentees with
potential mentors from the SOT membership to provide advice
on career path selection and success and life/work balance
issues. Mentorship is provided at every level beginning from
undergraduate through doctoral level junior scientists.

http://www.toxicology.org
http://www.toxicology.org
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Society of Toxicology Awards

In recognition of distinguished toxicologists and students, SOT
presents many prestigious awards each year. The SOT Awards
Committee reviews applications and nominations for SOT
Awards as well as most Sponsored Awards. In addition, the
Board of Publications reviews the Best Paper Awards in Toxi-
cological Sciences and the Education Committee, Committee on
Diversity Initiatives, Postdoctoral Assembly, and Graduate
Student Leadership Committee all select recipients of specific
awards as determined by SOT Council.
Public Outreach/Communications

SOT is dedicated to providing information to the general
public about toxicology and explaining how scientific research
can help in understanding exposure to chemicals in a variety of
situations. SOT has access to toxicologists with a wide range of
disciplinary knowledge who can provide expert opinions to
the public, the media, Members of Congress, and regulatory
agencies.
Related Societies

The SOT maintains liaison with numerous affiliated societies,
participates in the International Union of Toxicology, and
supports intersociety activities and meetings globally.
Contact Details

Society of Toxicology, 1821 Michael Faraday Drive, Suite 300,
Reston, VA 20190, USA. Tel.: þ1 703 438 3115. http://www.
toxicology.org.
Acknowledgments

Compiled from the information provided by the Society of
Toxicology.
See also: American Board of Toxicology; American College of
Toxicology; The Hamner Institutes for Health Sciences;
EUROTOX; The International Society for the Study of
Xenobiotics; Society of Environmental Toxicology and
Chemistry; International Union of Toxicology.

Relevant Websites

http://sis.nlm.nih.gov/enviro/toxtutor.html – Environmental Health & Toxicology.
http://toxicology.org/ms/members.asp – For Members/Memberships.
http://toxicology.org/teachers/teachers.asp – For Teachers.
http://toxicology.org/gp/general_public.asp – General Public.
http://toxicology.org/pr/press.asp – Press Releases.
http://toxicology.org/ai/af/awards.aspx – Society of Toxicology Awards.
http://toxlearn.nlm.nih.gov – Society of Toxicology Education Series-ToxLearn.
http://toxicology.org/pm/policymakers.asp – Society of Toxicology-Policy Makers.
http://www.toxicology.org – Society of Toxicology.
http://www.epa.gov/ogwdw/faq/pdfs/fs_healthseries_bottlewater.pdf – US EPA: Water

health Series - Bottled Water Basics.

http://www.toxicology.org
http://www.toxicology.org
http://sis.nlm.nih.gov/enviro/toxtutor.html
http://toxicology.org/ms/members.asp
http://toxicology.org/teachers/teachers.asp
http://toxicology.org/gp/general_public.asp
http://toxicology.org/pr/press.asp
http://toxicology.org/ai/af/awards.aspx
http://toxlearn.nlm.nih.gov
http://toxicology.org/pm/policymakers.asp
http://www.toxicology.org/
http://www.epa.gov/ogwdw/faq/pdfs/fs_healthseries_bottlewater.pdf
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l Name: Sodium
l Chemical Abstracts Service Registry Number: 7440-23-5
l Chemical/Pharmaceutical/Other Class: Alkali metal
l Elemental Symbol: Na
l Synonym: Natrium
l Valence State: þ1
Background Information

In its ionic form, sodium is one of the most important bio-
logical nutrients and is found nearly everywhere on Earth.
Although it was isolated as a free metal in 1807 by Sir
Humphry Davy and makes up 2.83% of Earth’s lithosphere, it
is not found in its metallic form in nature. Pure sodium is
extremely reactive, particularly with water to form explosive
hydrogen gas and lye (NaOH); it can also react with water
vapor in air or biological tissues.

Mined and refined salts from terrestrial and aquatic sources
contain sodium in the form of sodium chloride, sodium
iodide, and other compounds. Natron, a naturally occurring
mixture of sodium compounds, has been used since the time of
the ancient Egyptians, and sodium compounds are essential to
numerous industries, including those involving glass, paper,
and soap production. Since it does not occur in its metallic
form in nature, pure sodium metal must be produced indus-
trially, which is accomplished via electrolysis of molten sodium
chloride.
Uses

Although compounds of sodium are used far more than the pure
metal worldwide, metallic sodium is important in numerous
industries. Commercially, sodium in its pure form is used to
make chemical reagents such as sodium azide, sodium boro-
hydride, and triphenylphosphine. Metallic sodium is present in
many metal alloys, and in several types of sodium vapor lamps
and light bulbs. Metallic sodium is also used in several chemical
reactions such as the sodium fusion test and the Birch reduction;
it is also used as a desiccant. Liquid sodium is used in specific
types of fast reactors as a heat transfer fluid as well.
Environmental Fate and Behavior

Elemental sodium that is released into the environment reacts
almost immediately with water to form sodium hydroxide and
hydrogen gas. Even small quantities of metallic sodium can be
explosive when brought into contact with sources of water; the
formation sodium hydroxide raises the local pH and is
extremely caustic. Sodium cations formed from this reaction
are rapidly absorbed into the surrounding environment to
form a large variety of salts.
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Exposure and Exposure Monitoring

Dermal contact and inhalation are the two primary sources of
exposure to elemental sodium in industrial environments.
Sodium cations are ubiquitous in the environment, most
foods, and most sources of drinking water, in which only
extremely high concentrations are considered dangerous. In
general, compounds of sodium are considered toxic as a func-
tion of sodium’s counterion. Metallic sodium, however, does
not exist long in its pure form and reacts quickly to form other
compounds, most often hydrogen and sodium hydroxide. The
effects of exposure to pure sodiummetal by any route – dermal,
inhalation, or ingestion – will most likely result in symptoms
similar to those of sodium hydroxide exposure, where the
caustic effects of the compound on tissues result in mild to
severe burns.
Toxicokinetics

The toxic effects of metallic sodium are primarily acute, with
burns and/or irritation resulting from contact appearing almost
immediately following exposure. Pure sodium is highly reactive
and quickly reacts with water – including the water in sweat and
biological tissues – to form sodiumhydroxide and hydrogen gas.
Increases in the local pH result from the formation of hydroxide
ion. The resulting sodium cations, which are normally pre-
sent in the body and are required for cellular communication
and other essential processes, are generally not considered toxic
and are rapidly incorporated into the surrounding tissues and
bloodstream.
Mechanism of Toxicity

The formation of hydroxide ion following reaction of pure
sodium with water in biological tissues is the primary mecha-
nism of toxicity for sodium metal. The presence of the strong
base raises the local pH and can lead to burns and/or irritation
of the affected area.
Acute and Short-Term Toxicity (or Exposure)

Humans and Animals

The acute effects of exposure to sodium metal are primarily
concerned with the formation of sodium hydroxide in the
affected tissues. Pure sodium is highly reactive to water,
including water found in biological tissues. Any contact of
sodium metal with aqueous environments produces hydroxide
ion, which is extremely caustic and can lead to mild to severe
burns and/or irritation of the affected areas. Sodium metal
dust that is inhaled or adsorbed onto mucous membranes
undergoes the same reaction, and the formation of hydroxide
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ion can result in burns, inflammation, and difficulty breathing
in severe cases.

Burns as a result of hydroxide formation following sodium
metal exposure may leave permanent damage, particularly in
soft muscle tissues and mucous membranes; ingestion can lead
to ulceration and possibly death.
Chronic Toxicity (or Exposure)

Humans and Animals

The effects of exposure to pure sodium are primarily acute due
to the high reactivity of the material.
Immunotoxicity

Increased sensitivity of the airways to other irritants can be
associated with inhalation of pure sodium dust or vapor.
Reproductive Toxicity

There are few, if any, documented accounts of reproductive
toxicity following exposure to sodium metal.
Genotoxicity

There are few, if any, documented accounts of genotoxic effects
following exposure to sodium metal.
Carcinogenicity

There are few, if any, documented accounts of carcinogenic
effects following exposure to sodium metal.
Clinical Management

Clinical management of sodium metal exposure is primarily
symptomatic. Since burns and/or irritation as a result of hydr-
oxide ion exposure are the primary acute effects, those should be
treated individually.
Ecotoxicology

Once presented to the environment, sodium does not persist in
its pure form for long. Its high reactivity with water results in
the formation of hydroxide ion, which can alter the local pH
in soils and waterways. These effects, however, are largely
mitigated by diffusion and dilution, and by further buffering
reactions that neutralize the strong base. Sodium ions resulting
from the reaction are expected to become incorporated into the
surrounding waterways and soils either as numerous types of
salts or within the local biota.
Exposure Standards and Guidelines

The American Conference of Governmental Industrial Hygien-
ists short-term exposure ceiling limit is 2 mgm�3.

See also: Acifluorfen, Sodium Salt; Alkalies; Monosodium
Glutamate (MSG); Pentobarbital Sodium; Sodium
Dimethyldithiocarbamate; Sodium Fluoroacetate; Sodium
Nitrite; Sodium Pentachlorophenate; Sodium Sulfite.
Further Reading

Bingham, E., Cohrssen, B. (Eds.), 2012. Patty’s Toxicology, sixth ed. Wiley, New Jersey.
Fozzard, H.A., 2002. Cardiac sodium and calcium channels: a history of excitatory

currents. Cardiovasc. Res. 55, 1–8.
Glynn, I.M., 2002. A hundred years of sodium pumping. Annu. Rev. Physiol. 64, 1–18.
Goyer, R.A., Klaassen, C.D., Waalkes, M.P., 1995. Metal Toxicology. Academic Press,

San Diego, CA.
Nordberg, G.F., Fowler, B.A., Nordberg, M., Friberg, L.T., 2007. Handbook on the

Toxicology of Metals, third ed. Associated Press, London.
Relevant Website

http://www.foodandhealth.com – Kenney JJ. Salt toxicity: Is it a major threat to public
health? Communicating Food for Health Newsletter, April 1999–June 1999.
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l Chemical Abstracts Service Registry Number: 128-04-1
l Synonyms: Sodium dimethyldithiocarbamate (SDMC¼

commonname);Carbamicacid, dimethyldithio-, sodiumsalt
(chemical name), Sodium N,N-dimethyldithiocarbamate;
Carbamodithioic acid, dimethyl-sodium salt, Dimethyl-
dithiocarbamic acid sodium salt; Methyl namate

l Chemical Class: Chemical auxiliary agent
l Chemical/Physical Properties:
l Molecular Formula: C3H7NS2Na
l Chemical Structure:

H3C

H3C S

S-

N Na+

l Molecular Weight: 144.22
l Color/Form: Yellow liquid (40%w/w aqueous solution)
l Melting Point: 110 �C
l Density/Specific Gravity: 1.43 gml�1 at 20 �C
l Solubility: Miscible with water (132 g 100ml�1 of water

at 20 �C)
l Water Solubility: SDMC is at 20 �C and in mixing ratios of

1:1, 1:10, and 10:1 with water and buffer solutions at pH 5,
7, and 9 spontaneously and completely miscible.
Background (Significance/History)

Dithiocarbamates (DCs) are a well-known group of pesticides
which have been used to control a number of species belonging
to taxonomically different groups, e.g., bacteria, fungi, nema-
todes, and molluscs for over 60 years. The first integrated
product containing sodium dimethyldithiocarbamate (SDMC)
was registered in 1949.
Uses

SDMC is used as a disinfectant, corrosion inhibitor, coagulant,
vulcanizing agent, chelating agent, and fungicide. SDMC is used
in water treatment, the rubber industry, and is a registered
biocide for cutting oils and aqueous systems in industries such
as leather tanning and paper manufacturing. It is also used as an
antimicrobial agent in paints. DCs generally are able to function
as metal chelators and have been used in metal finishing
operations and wastewater treatments to enhance the precipi-
tation of metals. As a free radical inhibitor, it has been used in
the rubber industry to rapidly stop the polymerization of
synthesis. It is also used as a biocide for cutting oils and aqueous
systems such as leather tanning and paper manufacturing.
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Environmental Fate and Behavior

Routes and Pathways and Relevant Physicochemical
Properties

The estimated pKa of SDMC is 5.4, indicating that this
compound will primarily exist in the dissociated form at envi-
ronmentally relevant pHs. If released to air, SDMC will exist
solely in the particulate phase in the ambient atmosphere, since
it is a salt and will be nonvolatile. Due to the short chemical
lifetime of SDMC in air, it is not expected to accumulate in air or
transported in the gaseous phase over long distances. Further-
more, based on the estimated Henry’s law constant at
25 �C¼ 6.972� 10�15 atmm3mol�1at 20 �C for it and Log Pow
equal to �2.41, air will not be an environmental compartment
of concern and sodium N,N-dimethyldithiocarbamate can be
classified as a nonadsorbed substance.
Partition Behavior in Water, Sediment, and Soil

The Koc of SDMC is estimated as 2.2, suggesting that SDMC is
expected to have very high mobility in soil and is not adsorbed
to suspended solids or sediment.
Environmental Persistency

Particulate-phase SDMC will be removed from the atmosphere
by wet and dry depositions. Photolysis in aqueous solution and
soil was found to be an important degradation process for
SDMC. Depending on the geographical latitude (30–50� N)
and the climatic season, the calculated environmental half-lives
of SDMC range from 0.3 to 2.26 days. Hydrolysis of SDMC
occurs at neutral and acidic pHs. The hydrolysis half-life of
18min, 25.9, and 433.3 h was reported for SDMC at pH 5, 7,
and 9, respectively. The products of degradation are less toxic
than the product itself. 14C-SDMC is rapidly photodegraded in
buffered solution at pH 9 with a calculated experimental half-
life of 0.79 days, corresponding to 19 h. Direct photolysis in
surface water and soil is an important degradation process for
SDMC.
Long-Range Transport

Estimated Koc value of SDMC suggests that it is expected to
have very high mobility in soil and not volatilized from dry soil
surfaces, since it is a salt.
Bioaccumulation and Biomagnifications

Bioconcentration is not expected to be a significant fate for
SDMC, due to its rapid hydrolysis at neutral and acidic pHs.
Bioconcentration factor of SDMC is 3.16.
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Exposure and Exposure Monitoring

Routes and Pathways

Production and use of SDMC as a disinfectant, corrosion
inhibitor, coagulant, vulcanizing agent, chelating agent, and
fungicide may result in its release to the environment through
various waste streams. If SDMC is released to air, it will exist
solely in the particulate phase in the ambient atmosphere, since
it is a salt and will be nonvolatile. Particulate-phase SDMC will
be removed from the atmosphere by wet and dry depositions. If
released to soil, SDMC is expected to have very high mobility
based on an estimated Koc.

SDMC is used in water treatment, the rubber industry, and
is a registered biocide for cutting oils and aqueous systems in
industries such as leather tanning and paper manufacturing. It
is also used as an antimicrobial agent in paints.

Human Exposure

Occupational exposure to SDMC may occur through inhala-
tion and dermal contact with this compound at workplaces
where SDMC is produced or used. The greatest potential for
dermal and inhalation exposures to SDMC is expected at the
packing station at the manufacturing site and to a lesser extent
during activities at the consumer site.

Environmental Exposure

No-observed-effect level (NOEL) of SDMC in safe drinking
water is 23 mg day�1. Theoretical distribution half-life of 3.75,
360, 360, and 1440 h was reported for SDMC in air, water, soil,
and sediment media, respectively.
Toxicokinetics

Absorption of DCs after oral dosing is moderate in general.
Several observations suggest that the DCsmay undergo extensive
breakdown in the gut prior to absorption. Absorption was rela-
tively slow with maximum concentrations of radioactivity being
reached within 10 h at the low dose level and 24 h at the high
dose level. The principal route of metabolism was hydrolysis to
form and exhale CS2, COS, and CO2. The majority of circulatory
metabolites are carbon disulfide. There are reports indicating the
formation of carbon disulfide in rats after oral administration.
Among the five metabolites identified in the urine, the alanine
conjugate of dimethyldithiocarbamate is one of the major
metabolites, occurring both after single or repeated, and low- or
high-dose administration. Quantitative differences occurred for
the other metabolites: dithiocarbamate thiosulfenic acid was the
second major metabolite after subchronic or high dose, while in
the low-dose animals 2-thioxo-thiazolidine-4-carboxylic acid
was the second major metabolite. The remaining dose was
excreted in urine and feces, with excretion essentially complete
within 24 h. However, SDMC as a chelating agent decreased the
uptake of Mn in the brown trout (Salmo trutta) by 40–45%.
Mechanism of Toxicity

Dimethyldithiocarbamates in general are metabolized to
carbon disulfide, a known animal and human neurotoxicant
having a common neuropathic effect by a common active
metabolite. The distal peripheral and peripheral neuropathies
induced by DCs are postulated to arise via a common mecha-
nism of toxicity, that is, the formation of carbon disulfide.
Chronic exposure increases brain neurotransmitters and stim-
ulates sex hormone cycle, especially in women.
Acute and Short-Term Toxicity

Animal
In guinea pigs, SDMCwas a skin irritant with a weak sensitizing
potential. It was of moderate acute oral toxicity in rodents and
produced testes damage and nerve degeneration in chickens
given repeated oral doses. Oral LD50 value for rat is
1000mg kg�1 and for mouse it is 1500mg kg�1.

Rabbits that received single doses of 0.5–1.5 g kg�1 of SDMC
showedexcitationwith subsequent centralnervous system(CNS)
inhibition, reduced tactile and pain sensitivity, and decreased
food consumption. Gross pathology examination revealed
visceral congestion and pulmonary edema, hyperemia and focal
hemorrhages in the gastric mucosa, and intestinal swelling. The
relative weights of the lungs, heart, and stomach were increased.
Dermal LD50 value for rat is higher than 5000mg kg�1.

Human
SDMC is acutely moderately toxic via the dermal route, has very
low toxicity via the inhalation route, and is slightly toxic via the
oral route of exposure. It is corrosive to the eye and mildly to
slightly irritating to the skin, but it is not a dermal sensitizer.

The acute oral and dermal LD50 values for SDMC are higher
than 2000mg kg�1; the acute inhalation LC50 value is higher
than 2.05mg l�1 for 4 h.
Chronic Toxicity

Animal
Chronic administration of SDMC (100mg kg�1 orally) for
15 weeks causes body weight gain. The fur of animals was
ungroomed and had turned yellow. Adynamia, blood cell
dysmorphology, retarded testicular development, degeneration
in the seminiferous epithelium of mature birds, nerve fiber
degeneration in the nervous system especially in the medulla
and spinal cord of chicks, and cardiovascular problems were
reported. SDMC inhibits thrombin and platelet activation by
affecting thromboxane dose dependently.

Human
Chronic exposure to widely used DC fungicides may be
associated with neurocognitive impairment, peripheral
neuropathy, extrapyramidal symptoms, and increased risk of
developing Parkinson disease. The main adverse effect of
dermal exposure to these compounds is paresthesia, presum-
ably due to hyperactivity of cutaneous sensory nerve fibers.
Dizziness, headache, and fatigue are common symptoms when
oral exposure occurred for a long period.
Immunotoxicity

Data taken from the experiments show that SDMC is a potent
immunosuppressive compound in vitro. It has been reported to
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cause a significant immunosuppression in mice following both
oral and dermal in vivo exposures.
Reproductive Toxicity

Developmental toxicity studies on SDMC have been con-
ducted with rabbits and rats. In both cases, the NOEL for
maternal toxicity was lower than the NOEL for developmental
toxicity. The parental reproductive NOEL is greater than
0.1 mgml�1; there were no significant reproductive effects at
any dose level. These studies provide evidence that SDMC is
not a selective or specific reproductive or developmental toxin.
No additional reproductive or developmental testing is
proposed for these materials. Developmental toxicity studies
performed in rabbits showed that SDMC is classified as FDA
Pregnancy Category C.
Genotoxicity

Studies on Salmonella typhimurium (TA98, TA100, TA1535, and
TA1537) show positive results with and without metabolic
activation in the Ames test. Studies using Chinese hamster
ovary (CHO) showed negative results with and without
metabolic activation in the CHO/hypoxanthine–guanine
phosphoribosyltransferase assay.
Carcinogenicity

Several genetic toxicity studies have been conducted on SDMC.
In an Ames assay, SDMC was mutagenic in three strains of
Salmonella (TA100, TA1535, and TA1537). However, no geno-
toxic effects were observed in a rat liver unscheduled DNA
synthesis assay. Based on these data it is concluded that SDMC is
weakly mutagenic to bacteria but not mutagenic to mammalian
cells in vitro and that no additional mutagenicity testing is
warranted.
Clinical Management

Adverse effects may occur after ingesting a relatively high
amount of the substance with irritation of the mouth, throat,
and stomach. The product may cause alcohol intolerance.

Contact with the skin causes slight irritation with symptoms
such as redness and itching. Prolonged exposure may cause
localized dryness and eczema. Absorption through the skin
may cause alcohol intolerance. For each type of exposure, the
recommendation is to do the following actions:

Inhalation: Move to fresh air. If breathing is difficult, give
oxygen. If not breathing, give artificial respiration.

Eye contact: Rinse immediately with plenty of water for at least
15min.

Skin contacts: Wash off immediately with soap and plenty of
water and remove all contaminated clothes and shoes.

Ingestion: Drink plenty of water and induce vomiting. Treat
symptomatically and seek medical advice immediately and
show the container or label. In each case, if irritation
persists, call a physician.
Ecotoxicology

SDMC is toxic to aquatic life and can combine with, or break-
down, to formother toxic chemicals, including thiramand ziram,
as well as other DCs, carbon disulfide, and dimethylamine.

LC50 value for Oncorhynchus mykiss (rainbow trout) is
32.2 mg l�1 for 24 h, 7.12mg l�1 for 48 h, and 6.69mg l�1 for
72 and 96 h.

LC50 value for Lepomis macrochirus (bluegill) is
38.5 mg l�1 for 96 h. LC50 value for Daphnia magna is
1.5 mg l�1 for 48 h. LC50 value for mysid shrimp is 2.7 mg l�1

for 96 h. Oral LD50 value for Colinus virginianus (Northern
bobwhite, 29 weeks old) is 991mg kg�1 for 14 days. LC50

value for C. virginianus (Northern bobwhite, 10 days old)
dietary is >5620 ppm for 8 days and oral LD50 value for C.
virginianus (Northern bobwhite, 29 weeks old) is 991mg kg�1

for 14 days. EC50 value for algae (Chlorella pyrenoidosa) is
0.8mg l�1 for 96 h.
Other Hazards

The effects of SDMC on brain bioelectric activity and
monoamine content were studied in animals. SDMC
produces a transient activation of bioelectric activity in the
animal’s brain which is manifested by an increase of the alert
index. SDMC causes an increase in the dopamine concen-
tration in the hypothalamus. The late effect of SDMC was the
depression of noradrenaline content in the hypothalamus
and hippocampus, and the enhancement of dopamine
content in hippocampus. White blood cell and platelet count
were reduced at the high dose level.
Exposure Standards and Guidelines

A tolerance of 25 ppm is established for residues of the fungi-
cide SDMC calculated as zinc ethylenebisdithiocarbamate, in
or on melon. According to US FDA, SDMC is an indirect food
additive for use only as a component of adhesives. SDMC is
found on List B. Case No: 2180; pesticide type: fungicide,
antimicrobial.
Miscellaneous

Previous data had established that various DCs, as a conse-
quence of their effect on catecholamine metabolism, are able
to suppress the luteinizing hormone (LH) surge and ovula-
tion. However, the actual impact of these compounds on
gonadotropin-releasing hormone had been inferred from the
relationships among catecholamine alterations, circulating
LH, and the impact on retrieved oviductal oocytes. SDMC is
not metabolized to ethylene thiourea and cannot be
considered to induce a neoplastic response. Although CNS
defects were reported in some studies with the DCs, the type
of defect observed was not consistent among the chemicals
and the mechanism(s) for the production of the defects are
unknown.
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See also: Pesticides; Toxicity Testing, Aquatic; Ecotoxicology;
Aquatic Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Environmental Risk Assessment, Aquatic.
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http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry.
http://www.epa.gov/hpv/pubs/hpvrstp.htm – Environmental Protection Agency.
http://toxnet.nlm.nih.gov – Toxicology Data Network, US National Library of Medicine
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Chemical Profile

l Name: Sodium Fluoroacetate
l Chemical Abstracts Service Registry Number: 62-74-8
l Synonyms: 1080, SFA, Sodium monofluoroacetate, FAA,

Gifblaar poison, FAA
l Molecular Formula: C2H2FNaO2

l Chemical Structure:
Background

Sodium fluoroacetate is the salt of a naturally occurring toxin
which is found in Australia, Brazil, and Africa. Naturally
occurring fluoroacetate can be found in Gastrolobium minus
(family: Fabaceae), a flowering plant in Western Australia and
often referred to as the ‘poison pea.’ Descriptions of the fluo-
roacetate activity may have been described as early at 1904 in
Sierra Leone, when colonists used extracts of Chailletia toxicaria
to poison rats. The actions of fluoroacetate have also been
described in animals having ingested the poison leaf Gifblaar
(Dichapetalum cymosum). Sodium fluoroacetate was then
developed as a rodenticide and predacide in 1942 in the United
States and went under the synonym of 1080, which is its
catalog number. In the late 1970s, the use of sodium fluo-
roacetate was significantly restricted in the United States due to
its high acute toxicity and the need for specialized training for
application. Additional restrictions were also imposed as to the
locations that the agent could be used and under very defined
conditions. A ‘toxic collar’was developed which contains a very
small amount of sodium fluoroacetate (0.3 mg per collar). This
collar could be placed around the throats of livestock and
would contain chemical pouches that would be ruptured when
the animal was attacked by a predator thus restricting the
poison only to the predator. The toxicity in certain predators
(dogs, wolves, coyotes) is up to 20-fold higher than in humans.
Amphibians and other reptiles have been shown to be rela-
tively resistant to sodium fluoroacetate and can feed on insects
and other animals which have high levels of sodium fluo-
roacetate present with no ill-effects. In the late 1980s, all use of
sodium fluoroacetate as a rodenticide was discontinued. The
availability of products containing sodium fluoroacetate is
permitted by the Environmental Protection Agency (EPA) and
the regulatory conclusion of the EPA is that these products will
not pose unreasonable risks or adverse effects if the products
are used following the restriction on the product labeling.
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
Uses

Fluoroacetate is primarily used as a rodenticide and is only
available to licensed pesticide applicators. It is also used as
a predacide against coyotes. Its use is more frequent in Australia
and New Zealand where even aerial applications of sodium
fluoroacetate have been used to control certain avian
populations.
Environmental Fate and Behavior

Ingestion, inhalation, and dermal exposures are all possible,
but ingestion is the major route of exposure. Sodium fluo-
roacetate is rapidly absorbed by the gastrointestinal tract and
by the lungs. There is evidence that leaching and metabolism
are the major routes of dissipation. Sodium fluoroacetate
which has not undergone degradation is considered mobile by
the EPA and has a high risk for movement into the soil and the
ground water. Once adsorbed in soil, sodium fluoroacetate can
be degraded by halidohydrolase in many microbial and fungal
species. The ‘half-life’ of sodium fluoroacetate in soil is
dependent on temperature, weather, and initial amount of
chemical and decomposition of the host animal. There have
been no reports that sodium fluoroacetate can leach into water
and reach levels exceeding that which would be deemed toxic.
Exposure and Exposure Monitoring

Exposure monitoring is difficult to perform, but will usually
manifest as symptomology associated with sodium fluo-
roacetate toxicity. The primary route of exposure is via the oral
route and will appear in 0.5–3 h following ingestion. Confir-
mation of sodium fluoroacetate is accomplished by urine
analysis to detect exposure. This would be particularly advan-
tageous in individuals who have been exposed at subtoxic
doses. The first symptoms will be abdominal discomfort,
nausea, vomiting, and possibility of abdominal bloating. As
the toxic effect proceeds, the affected individual will begin to
sweat and show signs of central nervous system (CNS) effects
such as confusion and agitation. Dermal exposure can be toxic,
but usually manifests as signs of surface irritation. Due to the
nature of sodium fluoroacetate, any organ system that has
high-energy demands could be susceptible to the actions of
sodium fluoroacetate. Of primary concern are workers in plants
which manufacture and/or process sodium fluoroacetate.
Toxicokinetics

Fluoroacetate is rapidly absorbed by the gastrointestinal tract
but not well absorbed dermally. Fluoroacetate is converted to
the ultimate toxicant, fluorocitrate. Fluoroacetate is distributed
to lipid-rich organs, such as the liver, brain, and kidneys.
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Fluoroacetate is primarily eliminated through urine. Up to 50%
of the fluoroacetate is excreted unchanged in the urine by 72 h
following administration. The kinetic half-life for sodium
fluoroacetate is species dependent. Reported half-lives in
rabbits, goats, and sheep are 1.1, 4–7, and 13.3 h, respectively.
Mechanism of Toxicity

Fluoroacetate produces its toxic action (after conversion to fluo-
rocitrate) by inhibiting the Krebs cycle. The compound is incor-
porated into fluoroacetyl coenzyme A, which condenses with
oxaloacetate to form fluorocitrate. This inhibits the enzyme aco-
nitase, which inhibits conversion of citrate to cis-aconitic acid/
isocitrate. This inhibition will lead to a buildup of citric acid
resulting in convulsions and death from cardiac failure or respi-
ratory arrest. Mitochondrial uptake of acetate may also be
affected. The heart and CNS are the tissues most affected by this
inhibitionofoxidative energymetabolism.Oxygen consumption
is markedly reduced. In addition to blockade of energy produc-
tion, depletion of calcium may also be involved in the clinical
manifestations associated with sodium fluoroacetate toxicity.
In Vitro Toxicity Data

Differential outcomes are evident depending on the prepara-
tion used to study the in vitro effects of sodium fluoroacetate.
Mitochondria-free preparations exhibit a Ki value of 22–45 mM
for inhibition of aconitase by fluoroacetate. Aconitase bound to
mitochondria appears to be much more sensitive to the effects
of fluoroacetate: Fluoroacetate inhibits aconitase in these
preparations in the picomolar concentration range. Inhibition
of the tricarboxylic acid cycle in astrocytes results in a depletion
of ATP and a concomitant reduction in glutamine synthetase
activity, resulting in elevations in glutamate concentration.
Reuptake of glutamate is also inhibited due to reductions in
ATP-dependent Na+/K+ pumps.
Acute and Short-Term Toxicity

Sodium fluoroacetate is characterized as a Toxicity Category I
compound, the highest level of toxicity, with acute oral admin-
istration. It is a Toxicity Category II (moderate toxicity) for acute
dermal exposure, Toxicity Category III (slightly toxic) as an eye
irritant, and Toxicity Category IV (virtually nontoxic) for acute
dermal exposure. Acute systemic toxicity resembles that of
a metabolic poison with the target organs being the cardiovas-
cular system, lungs, kidneys, and CNS. Generally, cold-blooded
animals are more resistant to the effects of sodium fluoroacetate
than are warm-blooded animals. There are also differences
between herbivores and carnivores, with herbivores exhibiting
more cardiovascular toxicity and carnivores more CNS effects.
Omnivores show mixed effects.
Animal

Fluoroacetate is a compound of very high acute toxicity. Oral
LD50 values in laboratory rodents range from 0.2 to
2 mg kg�1. In mid to high doses, testicular atrophy and renal
tubule degeneration were observed in subchronic studies.
There is a large variation in toxicity of fluoroacetate which is
not due to differences in size of animal, type of digestive
system, or basal metabolic rate, but may be due to the rate of
elimination or rate of condensation of the poison with
oxaloacetate. The oral LD50 in mammals is 110 mg kg�1. In
a 13-week oral gavage study in rats, the no observed effect
level and lowest observed adverse effect level were determined
to be 0.05 and 0.20 mg kg�1 day�1, respectively. The signs
associated with this study were increased heart rate in both
males and females, decreased testis weight, and altered sper-
matogenesis in males.
Human

Acute fluoroacetate poisoning can result in nausea, vomiting,
cardiac arrythmia, cyanosis, generalized convulsions, hypo-
tension, and death from ventricular fibrillation or respiratory
failure. Residual effects are uncommon if the patient survives
the acute toxicity. The LDLo (oral) for humans is 714 mg kg�1.
The American Congress of Governmental Industrial Hygienists
(ACGIH) threshold limit value (TLV)–time-weighted average is
0.05 mgm�3. The probable lethal dose in humans is less than
5 mg kg�1. The TEEL levels for sodium fluoroacetate exposure
in humans are TEEL-1 ¼ 0.15 mgm�3, TEEL-2 ¼ 0.5 mgm�3,
and TEEL-3 ¼ 2.5 mgm�3.
Chronic Toxicity

Chronic exposure can lead to profound effects, both in central
and peripheral nervous systems.
Animal

Exposure to sodium fluoroacetate at a concentration of 26 ppm
resulted in reversible growth retardation in rats with damage to
the testes and sperms in males. In sheep, inhalation of
0.11 mg kg�1 day�1 resulted in myocardial damage. Myocar-
dial damage in animals is usually fatal, but may be asymp-
tomatic while the animal is at rest.
Human

Chronic inhalation in humans can result in neurological
dysfunction, liver dysfunction, and renal degeneration in
humans exposed up to 10 years. The initial symptoms evident
are nausea and mental apprehension. Soon following initial
symptoms, convulsions, generalized CNS depression, and
coma will result. Cardiovascular effects following chronic
exposure are usually fatal and are characterized by ventricular
arrhythmias.
Immunotoxicity

There have been no reports of sodium fluoroacetate-induced
immunotoxicity in humans. Due to the relatively rapid nature
of sodium fluoroacetate toxicity chronic studies are few.
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Reproductive Toxicity

Limited data exist regarding the reproductive toxicity of
sodium fluoroacetate. These studies have been confined to
rodents (mice and rats) but have demonstrated two-phase
toxicity. Acute administration of sodium fluoroacetate was
shown to result in necrosis of spermatids and this was due to
the immediate effects on the tricarboxylic acid cycle and
energy production. A second phase, which was delayed,
involved apoptosis and effected spermatogenesis. The mech-
anism for the slower phase has yet to be determined. There
have been no data on the effects of sodium fluoroacetate on
the female reproductive system.
Genotoxicity

There have been no reports of sodium fluoroacetate-induced
genotoxicity in humans. Due to the relatively rapid nature of
sodium fluoroacetate toxicity, chronic studies are few.
Carcinogenicity

There have been no reports of sodium fluoroacetate-induced
carcinogenicity in humans. Due to the relatively rapid nature of
sodium fluoroacetate toxicity, chronic studies are few.
Clinical Management

The patient should be moved to fresh air. Decontamination of
eyes and skin should be immediate. Treatment for skin and eye
contamination should consist of rinsing with copious amounts
of water for 10–15 min. For oral exposure, gastric lavage is
preferable to emesis and should be prompt. Emesis should be
avoided due to the potential for arrhythmias and convulsions.
Charcoal should be administered as slurry to block absorption
of sodium fluoroacetate. Although there are no antidotes
available, acetamide has been used with some success in a 10%
solution in 5% glucose. Solution of calcium gluconate and
sodium succinate (130 and 240 mg kg�1) has also exhibited
some therapeutic benefit. Treatment is largely symptomatic.
Respiratory and cardiovascular support is often necessary with
significant exposures. Anticonvulsants (barbiturate) and anti-
arrythmic (procainamide) agents are useful. Competition with
acetate (in the form of acetamide or monoacetin) is recom-
mended. Ethanol appears to be beneficial. Mephentermine is
more efficacious than norepinephrine in raising blood pres-
sure. Evidence of fluoroacetate poisoning can be difficult, but
may be determined by fluorocitrate concentration in blood or
by measuring increasing levels of citrate.
Ecotoxicology

Acute oral exposure of sodium fluoroacetate has been shown
to be highly toxic to mallard ducks, chukar, ring-necked
pheasants, widgeons, golden eagles, and black vultures. Due to
its use as ‘toxic collar’ predacide, sodium fluoroacetate has been
shown to be extremely toxic to coyotes and other small wild
rodents. Other nontarget animals which may be affected by
sodium fluoroacetate toxicity include birds and other small
animals that may feed on the neck of deceased animals which
had a toxic collar. Reptiles and amphibians are relatively
resistant. Sodium fluoroacetate is not a persistent compound in
the environment. It can be metabolized by other biological
systems which include certain soil microorganisms. Instances
of higher sodium fluoroacetate concentrations, leaching into
ground water may occur. Chemically, sodium fluoroacetate is
highly soluble in water, and exposure may occur via this
mechanism. Fish and other aquatic species are relatively resis-
tant to the effects of sodium fluoroacetate.
Exposure Standards and Guidelines

The exposure limit (permissible exposure limit) set by the
Occupational Health and Safety Administration is 0.05 mgm�3

for skin in both general industry and construction industry. This
is the same limit (0.05 mgm�3) established by ACGIH (TLV)
and National Institute for Occupational Safety and Health
(Recommended Exposure Limit). The TEEL levels for sodium
fluoroacetate exposure in humans are TEEL-1 ¼ 0.15 mgm�3,
TEEL-2 ¼ 0.5 mgm�3, and TEEL-3 ¼ 2.5 mgm�3.

See also: Common Mechanism of Toxicity in Pesticides;
Pesticides; Acute Health Exposure Guidelines.
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l Chemical Abstracts Service Registry Number: 7632-00-0
l Synonyms: Nitrous acid soda; nitrous acid sodium salt

(1:1); Diazotizing salts; natrium nitrit (German), nitrite de
sodium (French), nitrito sodico (Spanish)

l IUPAC Systematic Name: Nitrous Acid, Sodium Salt
l Trade Names: Anti-Rust, Erinitrit, Filmerine
l Chemical Classification Category: Halogens and inorganic

derivatives, sulfur and nitrogen oxides
l Molecular Formula: NaNO2

l Molecular Weight: 69.00
l Chemical Structure:
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l Melting Point: 271 �C
l Boiling Point: >320 �C (decomposes)
l Color/Form: White or slightly yellow granules, rods, or

powder, orthorhombic crystals white
l Taste: Slightly salty taste
l Density/Specific Gravity: 2.17
l Solubility: Soluble in water; moderately soluble inmethanol;

slightly soluble in ethanol; sparingly soluble in diethyl ether
Background (Significance/History)

Sodium nitrite is similar in name and use to sodium nitrate.
Both are preservatives used in processed meats, such as salami,
hot dogs, and bacon. Sodium nitrite has been synthesized by
several chemical reactions that involve the reduction of
sodium nitrate. Industrial production of sodium nitrite is
primarily by the absorption of nitrogen oxides into aqueous
sodium carbonate or sodium hydroxide. Over the years,
sodium nitrite has raised some concerns about its safety in
foods, but it remains in use and there are indications that it
may actually be healthy. Sodium nitrite was developed during
the 1960s. In 1977, the US Department of Agriculture (USDA)
considered banning it but the USDA’s final ruling on the
additive came out in 1984, allowing its use. Studies in the
1990s indicated some adverse effects of sodium nitrite, for
instance the potential to cause childhood leukemia and brain
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cancers. In the late 1990s, the National Toxicity Program
(NTP) began a review of sodium nitrite and proposed listing
sodium nitrite as a developmental and reproductive toxicant,
but a report in 2000 by NTP proposed that sodium nitrite is
not a toxic substance and removed it from the list of devel-
opmental and reproductive toxicants. It is now believed that it
can help with organ transplants and leg vascular problems,
while preventing heart attacks and sickle cell disease.
Uses

Sodium nitrite is widely used in various industries in cate-
gories including agricultural, basic chemicals, chemical
industry, electrical/electronic engineering industry, fuel
industry, metal extraction, refining and processing of metals,
paints/lacquers and varnishes industry, polymers industry,
public domain, textile processing industry, and others.
Sodium nitrite is used as a raw material for the production of
caprolactam polymers and antioxidants for synthetic poly-
mers. It is used as a color fixative and preservative in meats and
fish. It is also used in adhesives, binding agents, antifreezing
agents, cleaning/washing agents, disinfectants, coloring
agents, construction materials additives, corrosive inhibitors,
cutting fluids, fillers, food/foodstuff additives, heat trans-
ferring agents, intermediates, laboratory chemicals, lubricants
and additives, nonagricultural pesticides, oxidizing agents,
pesticides, pharmaceuticals, process regulators, reducing
agents, stabilizers, and surface-active agents.
Environmental Fate and Behavior

Routes and Pathways, and Relevant Physicochemical
Properties

Sodium nitrite is a strong oxidizing agent at high temperature
and also is a strong supporter of combustion. It is freely
soluble in water (very soluble in water (80%) at 20 �C), and
slightly soluble in ethanol (0.3%) and methanol (0.45%).
Partition coefficient in octanol–water and log Pow is equal to
�3.7. Vapor pressure is 9.9E-17 hPa (7.44E-17 mmHg).
Sodium nitrite may explode on heating above 530 �C, is not
combustible but enhances combustion of other substances,
and gives irritating or toxic fumes (or gases) in a fire.
Furthermore, based on the estimated Henry’s law constant at
25 �C¼ 2.06E-07 atm-m3 mol�1 for sodium nitrite, volatili-
zation from water and moist soil surface is not plausible.
Partition Behavior in Water, Sediment, and Soil

This substance dissociates immediately into sodium and nitrite
ions in water. Concentrations of nitrate in rainwater of up to
5mg l�1 have been observed in industrial areas.
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.01206-9

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.01206-9


Sodium Nitrite 335
Environmental Persistency

In the air, the vapor phase of norethisterone can be degraded by
reaction with photochemically produced hydroxyl radicals
with an estimated half-life of 1.1 h, while the particulate phase
can be removed by wet or dry deposition. Norethisterone is
likely susceptible to photolysis by sunlight because of posing
chromophores that absorb at wavelengths more than 290 nm.
Hydrolysis of norethisterone is not anticipated under envi-
ronmental condition because it lacks a functional group to
hydrolyze.

Indirect photo oxidation by hydroxy radicals (1500 000
molecules cm�3) is predicted to occur with a half-life estimated
at 82.3 days.
Long Range Transport

In terrestrial, water, and air systems, assessments indicate that
the substance will distribute mainly to soil if released to the air
or soil compartments separately, or to all three compartments
simultaneously, and almost exclusively to water if released to
the water compartment.
Bioaccumulation and Biomagnification

The nitrite ion is a component of the nitrogen cycle. In the
environment, bacteria of the genus Nitrobacter oxidizes nitrites
to nitrates. Nitrates are reduced to nitrogen by anaerobic
bacteria present in soil and sediment. An estimated BCF of
3.162 was calculated by EPI. Sodium nitrite is known to be
metabolized in fish, hence there is low potential for bio-
accumulation and it is not significant.
Exposure and Exposure Monitoring

Routes and Pathways

The nitrite ion is ubiquitous in the environment, where it forms
part of the nitrogen cycle. The source of nitrogen is natural or
anthropogenic. This substance is widely used in various
industries including agricultural, basic chemicals, chemical
industry, and others. Fertilizers are considered to be the main
anthropogenic source of nitrogen, although anthropogenic
nitrogen oxide and dioxide present in the atmosphere from
combustion processes are also sources of nitrite and nitrate in
soils and surface waters, delivered via acid rain. Naturally
occurring nitrogen oxide and dioxide in the atmosphere are
also possible sources of nitrite.
Human Exposure

Occupational exposures at production sites may occur by the
inhalation or dermal route. Diet constitutes an important
source of exposure to both nitrite and nitrate.
Environmental Exposure

Nitrite occurs in plants at low concentrations, normally between
1 and 2mg kg�1 fresh weight and rarely over 10mg kg�1. Mean
estimates of nitrate intake range from 31 to 185mg day�1 in
various European countries, with vegetables supplying 80–85%.
The intake of nitrite is much lower in various European countries
and averages 0.7–8.7mg day�1, with both vegetables and cured
meats being the major sources. Limit values permissible in
drinking water are 0.05mg l�1 (as nitrite-N, Japan), 0.5mg l�1

(as nitrite, EU), 1mg l�1 (as nitrite-N, US EPA), and 3mg l�1

(acute) and 0.2mg l�1 (chronic) (as nitrite, WHO).
Toxicokinetic

In addition to saliva and plasma, nitrites have been measured
in the human brain, pancreas, lung, thyroid, kidney, liver,
spleen and cerebrospinal fluid, generally at high nanomolar
to micromolar levels for nitrite. Reduction of nitrate to nitrite
occurs by mammalian nitrate reductase and nitrate reductase
activity of microorganisms in the oral cavity and upper
gastrointestinal tract. In particular, oral microorganisms are
responsible for significant levels of nitrate reduction. Salivary
nitrate concentrations are considered directly related to an
orally ingested amount of nitrate. Based on analyses in
animals and humans, nitrates are widely distributed
throughout the body predominately with large variations.
Under some physiological conditions, e.g., hypoxia, nitrites
can be also converted in the reverse direction to nitric oxide
that is suggestive of an important biological role for this
anion.

Allowing for considerable interindividual variations, it
has been estimated that 25% of nitrate ingested by humans
are secreted in the saliva. Of this, approximately 20% (i.e.,
about 5% of the ingested dose) is reduced to nitrite in
humans.
Mechanism of Toxicity

Nitrite in blood is highly reactive with hemoglobin and causes
methemoglobinemia. The oxygen-carrying capacity of methe-
moglobin is much less than that of hemoglobin. Human is
more sensitive than rat in this respect. So, the primary acute
toxic effects of sodium nitrite in animals results from methe-
moglobinemia. The secondary toxic effects of acute sodium
nitrite in animals result in vasodilatation, relaxation of
smooth muscle, and lowering of blood pressure. In humans,
sodium nitrite causes smooth muscle relaxation, methemo-
globinemia, and cyanosis. Also in humans, nitrosating agents
(e.g., nitrous acid and nitrous anhydride that produced from
nitrite under acidic gastric conditions) react with amines or
amides to form nitrosamines or nitrosamides, and the
induction of tumors in animals via endogenous synthesis of
N-nitroso compounds in the absence of inhibitors of nitro-
sation such as vitamin C. Nitrosamines need to be activated
metabolically by cytochrome P450 enzymes to electrophilic
intermediates to exert a carcinogenic effect. Nitrosation of
primary amines produces electrophiles that alkylate nucleo-
philic sites in DNA. Nitrosation of primary exocyclic amino
groups on DNA, followed by deamination, may lead directly
to mutations.
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Animal

LD50 values by gavage are 214mg kg�1 (males) and
216mg kg�1 (females) in mice. Sodium nitrite has a low to
moderate acute toxicity in experimental animals. In an acute
inhalation study (which could not be validated), methemo-
globin levels in female rats were significantly increased after
4-h exposure to 10mgm�3 sodium nitrite. The increase was
judged not to be hematologically significant. No significant
increase was observed in exposed males. There were no
toxicologically significant effects on animals maintained
for 14 days post exposure. No information on acute dermal
toxicity is available. This substance is a moderate eye irritant,
but is nonirritant to skin in rabbits. No studies are available in
animals investigating the sensitizing potential of sodium
nitrite.
Human

In humans, nitrite causes methemoglobinemia and cyanosis.
Fatal poisoning cases of infants resulting from ingestion of
nitrates in water or spinach have been recorded. Lethal
poisonings at doses of 27–255mg kg�1 from anthropogenic
sodium nitrite are also reported. No cases of sensitization have
been reported in humans.
Chronic Toxicity

Animal

Mice chronically exposed to sodium nitrite at 1000 and
2000mg l�1 in drinking water showed reduced motor activity.
Chronic exposure of rats to sodium nitrite at 2000 and
3000mg l�1 in drinking water for 2 years was associated with
distinct pathologic changes in heart and lung tissues.

Animal study shows that chronic exposure to nitrite
may reduce body and liver weight, mortality in males,
vitamin E levels in serum, and glutathione levels. The lung
seems a target organ as all animals exhibited severe lung
lesions.
Human

Nitrite may cause superficial gastritis, chronic atrophic gastritis,
intestinal metaplasia and dysplasia, and stomach carcinoma or
even myeloid leukemia.
Reproductive Toxicity

There is evidence for transfer of sodium nitrite to fetuses in rats
and mice. There is no study available for reproductive and
developmental toxicity of sodium nitrite under standard
protocols in rats. The NOAEL of reproduction in mice is
425mg kg�1 day�1 in drinking water and the NOAEL in rats
is 43mg kg�1 day�1 in diet. The LOAEL in guinea pigs is
60mg kg�1 day�1 in drinking water. Increase in mortality of
pre- and postnatal offspring and decrease in body weight of
preweaning pups were observed in rat dams given a diet con-
taining sodium nitrite at 0.025–0.5%. Sodium nitrite may
cause maternal anemia and increase the incidence of abortion
and fetal mortality.
Genotoxicity

Sodium nitrite is mutagenic and clastogenic in vitro. According
to information obtained, sodium nitrite demonstrated muta-
genic activity in a strain of Salmonella typhimurium that mutates
via base-pair substitution, but no indication of chromosomal
damage was observed in micronucleus tests done in rats and
mice in vivo even post 14-week exposure.
Carcinogenicity

In most of the studies, animals that were exposed to nitrite
alone in the diet did not have higher incidences of tumors
compared with untreated controls. In some instances, when
a carcinogenic effect of nitrite was observed, the investigators
noted the formation ofN-nitroso compounds in the diet mix or
in the stomach contents. Based on the findings from animal
studies, sodium nitrite might cause hepatocellular carcinomas
or adenomas, lymphoma, or stomach papilloma. The pre-
dictivity for carcinogenicity of a positive response in the acute
in vivo bone marrow chromosome aberration test or micronu-
cleus test appears to be less than that in the Salmonella test.
However, clearly positive results in long-term peripheral blood
micronucleus tests are associated with high predictivity for
rodent carcinogenicity.
Clinical Management

Routes of entry of sodium nitrite into the body are through
inhalation, ingestion, and eye and skin contact. Eye contact
may cause irritation with symptoms of redness, itching, tearing,
and pain. Inhalation of sodium nitrite produces irritation of
the respiratory tract, irregular breathing, sore throat, cough, and
vomiting. Symptoms might be similar to those of ingestion.
Ingestion may cause gastroenteritis, nausea, dizziness, vomit-
ing, rapid heartbeat, irregular breathing, spasms of abdominal
pain, tachycardia, tachypnea, coma, convulsions, and death
due to circulatory collapse.

In case of contact, immediately flush eyes with plenty of
water for at least 15min, remove contaminated clothing and
shoes, and if inhaled, move to fresh air. The methemoglobin
level in blood is the most useful screening, as well as diag-
nostic, test for nitrate toxicity. In symptomatic patients with
moderate or severe toxicity and hypoxia or dyspnea, 100%
oxygen should be administered immediately to saturate fully
all remaining normal hemoglobin. Specific therapy for
methemoglobinemia consists of intravenous administration of
methylene blue at a dose of 1–2mg kg�1 (0.1–0.2 ml kg�1) of
a 1% solution in saline over a 5–10-min period.
Ecotoxicology

Sodium nitrite is very toxic to aquatic organisms having the
LC50 (96 h), 0.19mg l�1, in Rainbow Trout (Juvenile); (24 h)
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43.6mg l�1, in Water Flea; and (96 h) 20mg l�1, in Fathead
Minnow.

In other fish, LC50 (96 h)¼ 0.54mg for Oncorhynchus
mykiss; LC50 (96 h)¼ 35mg for Ictalurus punctatus; LC50

(96 h)¼ 691.0mg forMicropterus salmoides; and LC50 (96 h)¼
1010.4mg for Anguilla japonica. No data are available for
chronic toxicity of sodium nitrite in fish.

In invertebrates, an 80-day NOEC of 9.86mg NaNO2 per
liter for Penaeus monodon has been reported. The NOEC value
in green alga (Desmodesmus subspicatus) is 100mg l�1 (72 h for
growth rate and biomass). Studies in microorganisms indi-
cated the potency of sodium nitrite in deformation
(morphological changes such as shortening, bending of the
cell, etc.) and mortality of Spirostomum ambiguum (protozoa).
The 48-h EC50 and LC50 were 421 and 533mg l�1, respec-
tively. Also 96-h EC50 (mobility) was 7886mg NaNO2 per
liter and 96-h NOEC (mobility) was 3740 NaNO2 per liter for
Tetraselmis chuii.
Other Hazards

Nitrate via reduction to nitrite causes methemoglobinemia,
especially in infants. High concentrations of methemoglobin
are associated with hypotension, as a result of the vasodilatory
effects of nitrite. Epidemiological studies suggest a possible
association between nitrate in drinking water and sponta-
neous abortions, intrauterine growth restrictions, birth
defects, childhood onset of diabetes mellitus, thyroid hyper-
trophy, hypertension, and recurrent diseases (respiratory tract
infection, diarrhea, and stomatitis) in children. No terato-
genic effects were observed in tests with nitrate and nitrite.
Exposure Standards and Guidelines

Human volunteers given sodium nitrite intravenously
produced a maximum methemoglobin level of 7% after a dose
of 2.7mg NO2 per kg and 30% after a dose of 8mg kg�1.
Cyanosis occurred at methemoglobin concentration above
10%, and other symptoms at>20%. The first symptoms of oral
nitrite poisoning develop within 15–45min and symptoms of
and methemoglobin formation ranged from 0.4 to
>200mg kg�1. Methemoglobin formation in different cases
varied from 7.7 up to 79% nitrite. The maximum contaminant
level (MCL) is 1 mg l�1 for nitrites and in drinking water. The
lowest published toxic dose (Toxic Dose Low, TDLo) of orally
administered sodium nitrite has been established at
14mg kg�1 body weight.
Miscellaneous

Sodium nitrite is mainly used as a food preservative, while
both nitrates and nitrites are used extensively to enhance the
color and extend the shelf life of processed meats. Sodium
nitrite exerts its preservative effect by inhibiting the growth of
several undesirable microorganisms, including Clostridium
botulinum. In fact, many of today’s processed meat products
that are most enjoyed by consumers contain sodium nitrite. In
an acidic environment of the stomach, sodium nitrite reacts
with amines to form nitrosamines or with amides to form
nitrosamides. The N-nitroso compounds are also produced
when meat containing nitrites or nitrates is cooked, particu-
larly using high heat. The carcinogenic potential of N-nitroso
compounds in test animals has been proved but in humans it
is under debate, although stomach and esophageal cancers
seem correlated with the use of such foods. The maximum
amount of nitrite allowed in smoked and cured fish and meat
is 200 ppm. Recently, epidemiological studies indicated
a direct association between nitrite intake and risk of gastro-
intestinal cancer. Iron deficient patients with gastric lesions
and patients with pernicious anemia are predisposed to
stomach cancer and also have a high reduction rate of nitrate
to nitrite. The reduction rates in pernicious anemia patients
were nearly 50-fold higher than that of matched controls.
Many studies suggested an association between brain tumors
in children and consumption of cured meat by the mother
during pregnancy or by the child. Studies in adults have
yielded mixed results.

See also: Developmental Toxicology; Gastrointestinal System;
Nitrite Inhalants; Toxicity Testing, Developmental;
Carcinogenesis; International Agency for Research on Cancer;
Toxicity Testing, Reproductive; Cancer Potency Factor; Nitrites;
Toxicity Testing, Mutagenicity; Nitrate.
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Relevant Websites

http://www.atsdr.cdc.gov – Agency for Toxic Substances and Disease Registry
(ATSDR): Search for Sodium Nitrite.

http://www.inchem.org – INCHEM - Chemical Safety Information from Intergovern-
mental Organizations: Search for Sodium Nitrite.

http://www.toxbase.org – Toxbase - primary clinical toxicology database of the National
Poisons Information Service (registration).

http://toxnet.nlm.nih.gov – Toxicology Data Network, US National Library of Medicine.
http://www.uktis.org – UK teratology information service.
http://www.epa.gov/teach/ – US EPA Toxicity and Exposure Assessment for Children’s

Health (TEACH): Search for Sodium Nitrite.
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus

Advanced: Search for Sodium Nitrite.
http://www.who.int/publications/en/ – World Health Organization (WHO) Publications:

Search for Sodium Nitrite.
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l Name: Sodium pentachlorophenate
l Chemical Abstracts Service Registry Number: 131-52-2
l Synonym: Pentachlorophenoxy sodium, Pentaphenate,

Santobrite, Sodium PCP, Sodium pentachlorophenol,
Sodium pentachlorophenol

l Molecular Formula: C6Cl5NaO
l Chemical Structure:
Background

Pentachlorophenol (PCP) can be found in two forms: penta-
chlorophenol itself or as the sodium salt of pentachlorophenol
(NaPCP). These two forms have some different physical
properties, but are expected to have similar toxic effects. PCP is
a synthetic substance, made from other chemicals, and does
not occur naturally in the environment. Although PCP was first
synthesized in 1841, it was not produced commercially until
1936. It has since been registered for use as an insecticide,
fungicide, herbicide, algicide, and disinfectant. By 1967, PCP
and its sodium salt, NaPCP, were used extensively in industry
and agriculture, due in large part to the solubility of PCP in
organic solvents and of NaPCP in water. In 1977, both were
listed together as the second most heavily used pesticide in the
United States.
Uses

PCP and its water soluble salt, NaPCP, are commercially
produced organochlorine compounds used primarily as the
preservatives of wood and wood products, and secondarily
as herbicides, insecticides, fungicides, molluscicides, and
bactericides.
Environmental Fate and Behavior

l Routes and pathways, relevant physicochemical properties
Solubility: in water 330 g l�1 at 25 �C; soluble in ethanol,
acetone; insoluble in benzene and petroleum oils.

l Partition behavior in water, sediment, and soil
If released to air, NaPCP will exist solely in the aerosol
phase in the ambient atmosphere. The aerosol phase will be
removed from the atmosphere by wet and dry deposition. If
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released to soil and water under typical ambient conditions
(pH 5–9), NaPCP is expected to exist predominately in
its dissociated form (pKa 4.7). Releases to soil can decrease
in concentration due to slow biodegradation (half-life is
weeks to months) and leaching into groundwater. Releases
to water may photolyze (half-life is hours to days with
rate decreasing with depth of water), biodegrade, adsorb
to sediments, or bioaccumulate in aquatic organisms.
Biodegradation probably becomes significant after a period
of acclimation.

l Environmental persistency
NaPCP is not persistent in water, sewage, or soil because of
bacterial decomposition. PCP readily decomposes in sunlight
to monomeric and dimeric oxidation products in water.
Principal decompose products are tetrachlororesorcinol,
chloranilic acid, and dimeric products.

l Long range transport
No data.

l Bioaccumulation and biomagnification
Sodium pentachlorophenol did not appear to bio-
accumulate in aquatic organisms to very high concentra-
tions. BCFs for the compound were <1000 for most species
tested.
Exposure and Exposure Monitoring

l Routes and pathways
Inhalation, ingestion, and dermal contact.

l Human exposure
Occupational exposure to NaPCP may occur through
inhalation of dust particles and dermal contact with this
compound at workplaces where NaPCP is produced or
used. The general population may be exposed to NaPCP via
contact with wood products treated with NaPCP.

l Environmental exposure
Sodium pentachlorophenate production and use in the
long-term protection of wood from fungi is expected to
result in its direct release to the environment through
various waste streams.
Toxicokinetics

PCP and its water soluble salt, NaPCP, are readily absorbed
through the intact skin, the respiratory, the gastrointestinal
tracts, and are distributed in the tissues. Absorption was
enhanced when these substances were dissolved in alcohol.
Highest levels are observed in liver and kidney and
lower levels are found in body fat, brain, and muscle
tissue.

In human volunteers, the observed half-life for absorption
was about 1.3 h and the peak plasma level occurred 4 h after
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.01207-0
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ingestion. In man, PCP and NaPCP are eliminated both
unchanged and as glucuronide metabolite. The substances
concentration in human urine has been widely used as an indi-
catorof thePCPbodyburden,basedonthe fact that, inman, renal
excretion of PCP is the major elimination route. However, elim-
ination is slow due to the plasma has high binding capacity
present in human that explain the long retention times.

In animals, the half-life for oral absorption varies from 1.8
to 3.6 h in monkeys and 0.36–0.46 h in rats. PCP and NaPCP
are excreted unchanged and as metabolites which include tet-
rachlorohydroquinone and glucuronides. Both substances are
rapidly eliminated by most animals. It is cleared from the
plasma by distribution to the tissues and by excretion via the
urine and the feces. The metabolites, when produced, are also
excreted rapidly.
Mechanism of Toxicity

The biochemical action of pentachlorophenol is active
uncoupling of oxidation phosphorylation. PCP binds to
mitochondrial protein and inhibits mitochondrial ATP-ase
activity. Thus, both the formation of ATP and the release of
energy to the cell from the breakdown of ATP to ADP are
prevented. Electron transport is not inhibited by PCP, although
reactions dependent on available high-energy bonds, such as
oxidative and glycolytic phosphorylation, are affected. Binding
to enzymatic protein has been reported and may lead to the
inhibition of other cellular enzymes. There is also an increase in
cellular oxygen demand during the uncoupling of oxidative
phosphorylation. This causes the initial rise in respiration rate
reported in individuals poisoned by PCP.
Acute and Short-Term Toxicity

Signs and symptoms of sodium pentachlorophenate exposure
include skin irritation, irritation and burning of eyes, numb-
ness and opacity of the cornea, upper respiratory tract irritation,
pain in chest, coughing, sneezing, rapid breathing, difficulty in
breathing, and bronchitis. Contact dermatitis may be observed
after severe exposure. Profuse sweating, headache, weakness,
loss of appetite, abdominal pain, nausea, cardiac dilatation,
tachycardia (rapid heartbeat), and cardiac failure may occur.
High fever may be present, and exposed individual may expe-
rience an intense thirst, although this may bemasked by nausea
and vomiting. Declining alertness may progress to stupor,
convulsions, and coma. Ingestion may be followed by delayed
scar tissue formation, which may later cause problems with
swallowing and stomach filling and emptying.

Mouse LC50 inhalation – 240 mg m�3

Mouse LD50 oral – 197 mg kg�1

Mouse LD50 skin – 124 mg kg�1
Chronic Toxicity

Chronic exposure may cause skin allergy, anemia, and damage
to liver and kidneys. Repeated exposure can cause headache,
weakness, sweating, fever, muscle twitching, dizziness,
confusion, and after heavy dosing can cause death due to
respiratory failure.
Immunotoxicity

Immunological effects have been reported in humans exposed
via inhalation and/or dermal contact with pentachlorophenol
and in animals following oral exposure. A number of immu-
nological effects (i.e., activated T-cells, autoimmunity, immu-
nosuppression, B-cell dysregulation) have been reported in
families living in pentachlorophenol-treated log homes and
male factory workers involved in brushing technical-grade
pentachlorophenol onto wood strips. A number of animal
studies indicate that oral exposure to technical-grade penta-
chlorophenol affects a wide range of immune functions, such
as humoral and cellular immunity, susceptibility to tumor
induction, and complement activity. However, studies that
tested both technical-grade and pure pentachlorophenol
provide strong evidence that the immune effects are related
to the level of impurities in the technical grade product. There
is some evidence that pure pentachlorophenol is an
immunotoxicant in rats. Enhanced mitogen-induced T- and
B-lymphocyte blastogeneses and suppression of the antibody
response against sheep red blood cells has been observed in rats
orally exposed to pure pentachlorophenol (>99% pure with
no detectable dioxin impurities) for 28 days. However, studies
in mice suggest that pure pentachlorophenol has relatively little
immunotoxic activity.
Reproductive Toxicity

A number of animal studies provide evidence that the repro-
ductive system is a sensitive target of pentachlorophenol
toxicity. A decrease in fertility was observed in first generation
rats administered pentachlorophenol by gavage in a two-
generation study; no alterations in fertility were observed in the
parental generation in this study. In contrast, no effects on
fertility were observed in another multi-generation study in
which mice were exposed to lower doses of pentachloro
phenol.
Genotoxicity

PCP and NaPCP are not mutagenic in bacteria or houseflies,
but are weakly mutagenic in mice and may be mutagenic in
yeast. Weak mutagenic effects were seen in human lymphocyte
cultures exposed to PCP. The evidence suggests that PCP is
nonmutagenic or weakly mutagenic.
Carcinogenicity

Exposure to wood treated with PCP has been associated
with an increased incidence of Hodgkin’s disease and non-
Hodgkin’s lymphoma. There is epidemiological evidence that
occupational exposure to mixtures of chlorophenols increases
the risk of soft tissue sarcoma and lymphoma, but there is no
clear dose–effect relationship.
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Clinical Management

NaPCP is highly toxic and is an irritant to the skin, eyes, and
mucous membranes. Systemic poisoning must be treated by
controlling body temperature, providing oxygen, maintaining
hydration, and relieving agitation. Reduce elevated body
temperature by physical means. Administer sponge baths and
cover victim with cool blankets. In fully conscious patients,
administer cold, sugar-containing liquids by mouth as toler-
ated. Do not administer atropine, aspirin, or other salicylates to
control hyperthermia. Administer oxygen continuously by
mask to minimize tissue anoxia. Unless there are manifesta-
tions of cerebral or pulmonary edema or of inadequate renal
function, administer intravenous fluids to restore hydration
and support physiologic mechanisms for heat loss and toxicant
disposition. Monitor serum electrolytes, adjusting IV infusions
to stabilize electrolyte concentrations. Follow urine contents of
albumin and cells, and keep an accurate hourly record of
intake/output to forestall fluid overload if renal function
declines. In severe poisonings, monitor pulmonary ventilation
carefully to insure adequate gas exchange, and monitor cardiac
status by ECG to detect arrhythmias. The toxicant itself and
severe electrolyte disturbances may predispose to arrhythmias
and myocardial weakness.
Ecotoxicology

PCP affects energy metabolism by partly uncoupling oxidative
phosphorylation and increasing oxygen consumption, by
altering the activities of several glycolytic enzymes and the citric
acid cycle enzymes, and by increasing the consumption rate of
stored lipid. Collectively, these events could reduce the avail-
ability of energy for maintenance and growth and thereby
reduce the survival of larval fish and the ability of prey to escape
from a predator.

l Freshwater/sediment organisms toxicity
PCP and NaPCP have been used in aquatic environments as
molluscicide and an algicide. PCP concentrations in surface
waters are usually in the range of 0.1–1 mg l�1 though much
higher levels can be found near point sources or after acci-
dental spills. PCP is highly toxic for aquatic organisms. The
accumulation of PCP in fishes is rapid, and primarily by
direct uptake from water rather than through the food chain
or diet.

l Marine organisms toxicity
None known.

l Terrestrial organisms toxicity
Invertebrates and freshwater fish are adversely affected by
PCP concentrations below 1mg l�1 in acute toxicity tests.
Exposure Standards and Guidelines

OSHA has set a legally enforceable limit of 0.5 mg m�3 in
workroom air to protect workers during an 8-h shift over a 40-h
workweek. The EPA decided that the amount in the drinking
water should not be more than 0.022 mg l�1 and that any
release of more than 10 pounds to the environment should be
reported. For short-term exposures, the EPA decided that
drinking water levels should not be more than 1.0mg l�1 for 1
day or 0.3mg l�1 for 10 days. The EPA also estimates that for an
average-weight adult, exposure to 0.03mg kg�1 day�1 will
probably not cause any non-cancer health effects.

See also: Pesticides.
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l Name: Sodium sulfite
l Chemical Abstracts Service Registry Number: 7757-83-7
l Synonyms: Anhydrous sodium sulfite; Disodium sulfite;

Exsiccated sodium sulfite; Sulftech; Natriumsulfit (German);
Sodium sulfite anhydrous; Sodium sulphite; Sulfurous
acid; Disodium salt; Sodium salt (1:2)

l Chemical/Pharmaceutical/Other Class: Inorganic salt
l Molecular Formula: Na2SO4

l Chemical Structure:

O

O-

O-

S

Na+

Na+

Uses

Sodium sulfite is an odorless, solid white powder with a salty
sulfurous taste that is soluble in water. It is a reducing agent
that is used as a food preservative (e.g., to prevent dried fruit
from discoloring) and as an antioxidant. Its use is prohibited in
meats and other sources of vitamin B1. It is also a product of
sulfur dioxide scrubbing from air pollution devices in waste
stacks, a part of the flue-gas desulfurization process. In the past,
sodium sulfite was used heavily in the treatment of wood to
make pulp in the paper industry, but its use is waning due to
advances in pulp treatment and its negative aesthetic quality
(bad odors). Sulfite pulps now account for less than 10% of the
total chemical pulp production, and the number of sulfite mills
continues to decrease. Sodium sulfite is also used as photo-
graphic developing agents and in textile bleaching (antichlor).
It also found historical use in the water treatment field as
a dechlorinating agent.

After a lengthy investigation into the possible health risks of
sulfites, the US Food and Drug Administration (FDA) restricted
their use in 1986, disallowing their use in fresh produce or
foods containing vitamin B1, which is destroyed by sulfites.
The only exception to the rule is precut potatoes, for which no
suitable substitute preservative has been found. Producers of
foods containing sulfites are, however, required to declare the
presence of sulfites in quantities greater than 10 parts per
million on the label.
Environmental Fate and Behavior

Because sodium sulfite is a solid powder that is generally sold
as a ‘food grade’ substance, there is very little information
available on the environmental fate of sodium sulfite. It has
a molecular weight of 126.04 g mol�1. At 20 �C, the solubility
in water is 250 000 mg l�1, and as it is an inorganic salt the
vapor is negligible (USEPA, 2011). The log octanol/water
partition coefficient is estimated to be �7.78.
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
If released into water or soil, sodium sulfite would most
likely be oxidized to sulfate, which would then be available for
use by bacteria or plants as a nutrient.

The US Environmental Protection Agency (EPA) EPI Suite
computer program (USEPA, 2011) estimates both a bio-
concentration factor and a bioaccumulation factor of 0.89. These
factors are less than one, meaning that bioconcentration and/or
bioaccumulation of sodium sulfite would be virtually negligible
and therefore would not cause any adverse effects to fish and
wildlife.
Exposure and Exposure Monitoring

Sodium sulfite is not an ‘environmental’ pollutant per se and is
generally recognized as safe by the EPA when used as a chem-
ical preservative in accordance with good manufacturing or
feeding practices. Some persons, however, are sensitive to this
compound andmay have allergic reactions (e.g., flushing of the
skin). The FDA estimates that 1 out of 100 people is sensitive
to sulfites in food or wine. A person can develop sensitivity to
sulfites at any time in life, and the cause of sensitivity is
unknown. For a person who is sensitive to sulfites, a reaction
can be mild or life threatening. Some asthmatics are said to be
dangerously sensitive to minute amounts of sulfites in foods,
and may exhibit hypersensitivity to medications that contain as
little as 10 mg in capsules or 5 mg in oral solutions.
Toxicokinetics

No information could be found on the absorption, distribu-
tion, metabolism, or excretion of sodium sulfite. Fairly large
doses of sulfite can be tolerated as they are rapidly oxidized to
sulfates, although ingestionmay cause irritation of the stomach
by liberating sulfurous acid.
Mechanism of Toxicity

The exact mechanism of toxicity has not been elucidated,
although there is a lot of information on how sulfur-based
compounds are detoxified by the liver. Sodium sulfite is
a mild reducing agent that would most likely cause burning or
irritation at the site of exposure or application by altering
oxidation–reduction potential and pH.

Sulfites are used widely as antioxidants to keep foods from
prematurely spoiling and to keep them looking ‘fresh’ by pre-
venting oxidation and subsequent ‘browning.’ Many people,
however, are ‘sulfite sensitive.’ After ingestion of food or
beverages containing sulfite, these people may have allergic-
type reactions such as asthmatic wheezing, hypotension,
tingling sensations, and flushing of the skin. The mechanism is
unclear but probably has to do with an individual-specific
chemical stimulation of the immune system, which in turn
releases small amounts of vasoactive substances.
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Acute and Short-Term Toxicity (Animal/Human)

Animal

The median oral lethal dose (LD50) measured for the mouse
and rat was 820 and >2000 mg kg�1, respectively. The oral
LD50 for a rabbit (2825 mg kg�1) indicated that sodium sulfite
was more than three times less toxic to rabbits than to mice.
The lowest lethal dose for a cat or dog, administered subcuta-
neously, was 1300 mg kg�1, whereas only half that dose was
required to have the same effect on a guinea pig or rabbit. The
LD50 for a mouse, administered intraperitoneally, was similar
to the oral route (950 mg kg�1).

Human

Concentrated forms (e.g., powders, mixtures) of sodium sulfite
may be harmful following exposure by inhalation, ingestion,
and skin contact. It is an eye, skin, and respiratory irritant. At the
concentrations used as a food additive, sodium sulfite is not
toxic per se in humans; however, as mentioned previously, it
will pose a problem for individuals who are sensitive to this
chemical following ingestion. Allergic-type responses include
asthmatic wheezing, a feeling of increased warmth and flushing
of the skin, hypotension, and tingling sensations. Because some
food manufacturers may use sulfites sporadically, it may be
difficult for sensitive persons to avoid these additives altogether.
Chronic Toxicity

Human

Chronic irritation and inflammation of the respiratory tract and
alteration of the sense of smell and taste are not uncommon
results of frequent exposure to 30–100 ppm.
Immunotoxicity

Patients with asthma may exhibit hypersensitivity to as little as
10 mg in capsules or 5 mg in oral solutions.
Reproductive Toxicity

No teratogenic effects have been observed in animal studies
using sodium metabisulfite.
Genotoxicity

Sodium bisulfate was negative when tested in the Ames in vitro
Salmonella mutagenicity assay.
Carcinogenicity

There is inadequate evidence for the carcinogenicity in humans
of sulfur dioxide, sulfites, bisulfites, and metabisulfites. There
is limited evidence for the carcinogenicity in experimental
animals of sulfur dioxide. Sulfur dioxide, sulfites, bisulfites,
andmetabisulfites are not classifiable as to their carcinogenicity
to humans (Group 3).
Clinical Management

Persons who are sensitive to sulfites should avoid foods con-
taining this additive (e.g., wines), and those exhibiting severe
allergic-type reactions (e.g., difficulty breathing) following
a meal or beverage should seek immediate medical attention.

Persons exposed to large quantities of the dust in air should
vacate the high-exposure area and seek conventional medical
treatment if adverse symptoms are seen or if discomfort
persists. As with exposure to any potentially irritating dust, eyes
should be irrigated with water immediately following exposure
and skin should be thoroughly washed with warm soapy water.
Ecotoxicology

There are very little environmental effects data on sodium
sulfite. Water fleas (Daphnia spp.) exposed to sodium sulfite for
24–48 h have an LC50 between 200 and 300 mg l�1 (USEPA
Ecotox Database), while the LC50 for mosquito fish (Gambusia
affinis) for the same exposure range wasw660 mg l�1. The 96 h
LC50 for the goldfish (Carassius auratus) is 100 mg l�1. The pH
of the solution, however, can strongly affect how much of the
compound is ionized and thus greatly affect the toxicity.
Other Hazards

When heated to decomposition, sodium sulfite emits
hazardous gases, including sodium oxide, sulfur dioxide, and
other sulfur oxides (SOx).
Exposure Standards and Guidelines

Under the US Federal Insecticide, Fungicide, and Rodenticide
Act, residues of sodium sulfite are exempted from the
requirement of a tolerance when used as a stabilizer in accor-
dance with good agricultural practices as inert (or occasionally
active) ingredients in pesticide formulations applied to
growing crops or to raw agricultural commodities after harvest.

The FDA classifies sodium sulfite as generally recognized as
safe when used as a chemical preservative in accordance with
good manufacturing practice, except that it cannot used in
meats or food recognized as a source of vitamin B1. It also
cannot be used on fruits and vegetables intended to be served
or sold raw to consumers, or to be presented to consumers as
fresh.

See also: Decane; Gasoline; Hexane; Heptane; Octane;
Petroleum Distillates; Petroleum Hydrocarbons; Pollution,
Air in Encyclopedia of Toxicology; Sensory Organs; Skin;
Toluene.
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Introduction

In developed countries, contaminated land is mostly the
outcome of historical industrial use, prior to the implementation
of environmental protection policies. Currently, ground
contamination arises from leaks, spills, accidents, poor waste
disposal practice, and uncontrolled discharges. Themanagement
of contaminated lands starts with the identification of soils
requiring remediation. The second stage consists of setting the
remedial objectives and developing the remedial strategy. Risk
assessment techniques offer support for identifying and priori-
tizing sites requiring remediation, developing remedial objec-
tives and cleanup standards, and selecting the most appropriate
remedy for a particular location. Currently, cleanup objectives
are usually based on the target concentration of contaminants
derived from risk-based analysis. However, during remediation
processes, changes in bioavailability and the formation of more
toxic metabolites may challenge the efficiency of remediation in
lowering soil toxicity. Bioassays performed with soil samples
taken from the site can be used to complement chemical anal-
yses to evaluate the quality of remediated soil. They provide
a direct estimation of the toxicity produced by the combined
effects of identified substances, unknown compounds, and
transformation products. In this article, several different bioas-
says are presented for the direct ecotoxicological assessment of
remediated soils and biomonitoring of remediation processes.
General Considerations in Remediation Processes

The choice of remedial technology largely depends on the
nature and degree of contamination, the intended function or
usage of the remediated site, and the availability of innovative
and cost-effective techniques. The traditional approach to the
remediation of contaminated land has been to excavate and
redeposit, usually as landfill. This approach is unsustainable
and increasingly expensive. New techniques are available that
help reduce the amount of waste going to landfill and elimi-
nate the contamination of the site with the aim of reusing the
land. Generally, several treatment technologies are combined
at each site. The different types of remedial measures that are
available can be categorized into three main groups:

1. Containment technologies that seek the isolation of the site,
but without acting directly over the contaminants.

2. Immobilization technologies that reduce the mobility of
the contaminants in the environment through both physical
and chemical means.
44 Encyclopedia of T
3. Treatment technologies capable of decreasing the concen-
tration of soil contaminants.

Some remedial measures, denominated in situ, manage
directly the contaminated material in the ground. Other
measures may require the contaminated material to be exca-
vated before it can be treated, and they are called ex situ remedial
treatment. The subsequent treatment of excavated soils can be
performed on the site (‘on-site’ treatment), while other
measures may require the contaminated material is transported
and treated in special facilities (‘off-site’ treatment).

The main advantage of in situ treatments is that soil can be
treated without being excavated and transported resulting in
significant cost savings and additional treatment-related envi-
ronmental impacts. However, in situ treatments generally
require longer time periods, are less effective, and the moni-
toring of the processes is more difficult because of the vari-
ability in soil characteristics. The ex situ treatments are more
expensive but also quicker in getting more complete remedia-
tion of the contaminated land and providing more certainty
about the uniformity of the treatment.

The main remediation techniques are briefly described
below. Although the affection of groundwater is a main issue in
the remediation of contaminated lands, this article excludes
technologies for its remediation.
Containment Technologies

Containment technologies use conventional civil engineering
techniques to isolate contaminated media from the surrounding
environment, that is, blocking the pathways by which contami-
nants can reach the receptors without destroying them. These
technologiesdonotrequiresoilexcavationandarealow-moderate
cost treatment group despite the required long-term monitoring
and maintenance. In general, these technologies are used when
potential hazards could be produced during excavation and
removal of contaminated soil or when other treatment technolo-
gies are not available or have an unrealistic cost. Table 1 summa-
rizes themain characteristics of these remediation technologies.

Containment technologies include covers and barriers.
Covers are designed to avoid the direct exposure of receptors
to contaminated soil, minimize the infiltration of rainwater into
the landfill in order to avoid leachate production and hence
groundwater contamination, and prevent the emission of vola-
tile contaminants in the atmosphere. The soil surface is capping
with low-permeability materials that can be natural (soils and
bentonite), civil engineering (concrete or bituminous asphalt),
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00579-0
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Table 1 Summary of remediation technologies based on containment and immobilization strategies

Technology

In situ/
ex situ

Contaminants/

application Limitations Advantages

Containment technologies
Covers/barriers In situ Organic and inorganic

contaminants
It requires careful design and implementation
(specially
excavation and backfilling of the trench)

It is susceptible to failure or damage
It does not treat for the contamination
It is not a permanent solution
It requires long-term monitoring (groundwaters and
gases)

Wall materials depend on the type of contaminants

Applicable to a wide range
of contaminants, specially
complex mixtures

Applicable to large or small
sites

Immobilization
Solidification/
stabilization

Ex situ/
in situ

Inorganics, including
radionuclides and
heavy metals

Organics in case of
asphalt batching

Weathering and water infiltration can affect the
integrity of the stabilized mass causing contaminant
mobility

The selection of immobilizing agent requires
treatability studies

The process may increase the waste volume
In situ, it is difficult to get a complete and uniform mix
of the immobilizing agent with the soil

In situ, the depth of contaminants may limit the
process

Volatile compound (VOC) may be released during the
process

Reagents are widely available
and inexpensive

The maintenance of
immobilized material can be
reduced if proper conditions
are maintained

It greatly reduces the leaching
of contaminants

Vitrification In situ/
ex situ

Inorganics, including
radionuclides and
heavy metals

Organics, although
other methods are
preferred

High energy is required
It needs special equipment and trained personal
Soil moisture increases the time and cost of the
process
The soil must contain enough silica and alkali oxides
to allow the vitreous mass formation

The resulting material may limit future land use
It does not support a vegetal cover

Applicable to a wide range
of contaminants

Applicable to a broad range
of media: solids, liquids, and
sludges

The resulting glass structure is
durable and resistant to
leaching
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or geosynthetic. The design of covers is site specific and is based
on one single layer or a complex multilayer system combining
different materials. To apply this technique, it is necessary that
the site does not undergo continuous periods of wet–dryness,
which can damage the cover. Groundwater should be controlled
through wells. Moreover, gases can be generated due to
contaminant degradation and must be collected and treated.
It is recommended to use this technique in conjunction with
vertical barriers to avoid lateral dispersion of the contaminants.

Barriers are used for restricting the movement of contami-
nant plumes in soil and groundwater. They consist of vertically
excavated trenches filled with highly impermeable materials to
form a subsurface wall. The most commonly used materials are
cement/bentonite or concrete. Another technique for con-
structing vertical barriers is metal sheet piling. They are long
structural sections with a vertical interlocking system that
creates a continuous wall. To seal the wall, the interspace must
be filled with cement/bentonite grout or polyurethane.
Subsurface horizontal barriers are also used to decrease soil
permeability and to control the percolation of contaminants.
The technique may be applied in the saturated and unsaturated
zones. Physical barriers have been used for decades. Therefore,
the equipment and methodology are readily available;
however, the wall materials must be selected for containing the
specific contaminants.

A particular case of physical barriers are the permeable
reactive barriers (PRBs), which are receiving great attention for
in situ cleanup of groundwater contamination. In reality, these
are not containment but treatment techniques. PRBs intercept
the contaminant plume, allowing the movement
of groundwater while contaminants are immobilized or
chemically transformed to less harmful substances. A wide
variety of materials can be used in PRBs, such as zerovalent
metals (e.g., iron metal), humic materials, oxides, surfactant-
modified zeolites (SMZs), and oxygen- and nitrate-releasing
compounds.
Immobilization Technologies

These technologies confine contaminants in soil, reducing
their mobility to prevent migration to other media or the
contact with potential receptors. Immobilization is achieved
by acting directly on the conditions in which contaminants are
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present in the soil. Processes can be physicochemical or
thermal (Table 1).
Physicochemical Methods

Solidification and Stabilization
Solidification and stabilization, also referred to as waste fixa-
tion, act through both physical and chemical methods. Solid-
ification refers to techniques that physically bind or
encapsulate the contaminants within a stabilized mass of high
structural integrity and does not necessarily involve a chemical
interaction between the contaminants and the solidifying
additives. Stabilization refers to techniques that chemically
reduce the hazard potential of a waste by converting the
contaminants into less soluble, less mobile, or less toxic forms.
The main technologies include cement, asphalt or phosphate,
or alkalis that raise the pH facilitating the precipitation and
immobilization of some heavy metal contaminants.

Solidification and stabilization are performedboth ex situ and
in situ. These technologies are used for the unsaturated soil zone.

These technologies have limited effectiveness against
organic substances including pesticides, except asphalt batch-
ing that destroys most organic contaminants. In the long term,
the effects of weathering and water infiltration can affect the
integrity of the stabilized mass resulting in contaminant
mobility.
Thermal Methods

Vitrification
Vitrification uses a powerful source of energy to melt soil at
extremely high temperatures, immobilizing most inorganic
contaminants and destroying organic contaminants by pyrol-
ysis and/or oxidation. Inorganic substances, such as metals and
radionuclides, are incorporated into a glass structure which is
generally strong, durable, and resistant to leaching. Some
volatile metals, radioactive contaminants, and organic
compounds may volatilize by gas treatment. The water vapor
and the products of pyrolysis are collected and led to the gas
treatment system to remove particles and other contaminants.

This technology can be applied both in situ and ex situ. In
ex situ, soil heating can be achieved through various systems
(plasma, direct power, combustion, induction, or microwave),
but the application of electric energy is the most widespread
technique. The soil is placed in a furnace, where it undergoes an
electric power to reach the temperature of 1100–1400 �C. The
temperature for in situ treatment is higher (1600–2000 �C).
Electrical energy is usually applied through graphite electrodes
inserted into the soil to be treated. Soil vitrification is an
extremely effective technology, destroying or immobilizing
almost all contaminants.
Treatment Technologies

Treatment technologies may be classified into three main
categories according to the processes used to remove, destroy,
or modify the contaminants: (1) physicochemical technolo-
gies, (2) biological technologies, and (3) thermal technologies
(Table 2). An important group of these techniques is based on
the separation processes generating residues, which require
treatment or disposal. Residue management should be added
to the total project costs and may require additional permits.
Physicochemical Treatment

Soil Flushing
Soil flushing is an in situ treatment technology in which an
aqueous solution is injected or infiltrated into the contami-
nated soil. This may occur within the unsaturated zone, the
saturated zone, or both. The flushing solution increases the
mobility or solubility of contaminants sorbed to the soil
matrix. This solution may consist of surfactants, cosolvents,
acids, bases, oxidants, chelants, solvents, or water. Contami-
nated groundwater and extraction fluids are captured and
pumped to the surface using standard groundwater extraction
wells. Finally, extraction fluids with the desorbed contaminants
must be treated. Air emissions of volatile contaminants from
recovered flushing fluids should be collected and treated too.
Soil flushing is generally used in conjunction with other
remediation technologies such as activated carbon, biodegra-
dation, and pump and treat. Physical barriers such as slurry
walls or sheet piles can be installed to prevent uncontrolled
migration of the solvent and the contaminants.

The main disadvantage is the potential risk of spreading
contaminants into uncontaminated areas and the effects of
flushing solution into the soil environment.

Soil Washing
Soil washing is an ex situ technology to remove contaminants
from the soil using two processes: physical separation and
chemical leaching by aqueous solutions. This technique
includes an initial process of homogenization in which the
coarse particles are separated by differences in density.

The physical separation is based on the fact that most
organic and inorganic contaminants tend to bind to clay, silt,
and inorganic particles. Thus, washing processes separate the
fine (small) clay and silt particles from the coarser sand and
gravel soil particles and concentrate the contaminants into
a smaller volume of soil (sludge) that can be further treated by
other methods such as incineration or bioremediation. The
coarse soil fragments can be used as backfill. In the second
process, the contaminants are selectively dissolved and then
chemically transformed or recovered. The additives and
reagents that are added to water depend on the nature of the
contamination to be treated. In soils contaminated by multiple
substances with different characteristics, the application of the
technique usually requires a sequential process using different
washing solutions. The contaminated water is treated with the
technology suitable for the contaminants.

The main advantage of soil washing is that it is a cost-
effective technique because it reduces the amount of the mate-
rial that would require further treatment by another technology.

Chemical Extraction
Chemical extraction is an ex situ process that separatesmetals and
organic contaminants from soils using chemical extractants,
while soil washing uses water or water with wash-improving
additives. Physical separation steps are often used before chem-
ical extraction to divide the soil into coarse and fine fractions.



Table 2 Summary of remediation technologies based on the treatment of contaminants

Technology In situ/ex situ Contaminants/application Limitations Advantages

Physicochemical
Soil flushing In situ Mainly inorganic contaminants:

metals, cyanides, radioactive
Organic contaminants: NAPLs,
VOCs, SVOCs

Fuels, pesticides

More effective in coarse-grained soils
Increased costs as a result of the use and recuperation of the
surfactant or the cosolvent to be reused

A long time may be necessary depending on the contaminant sorption
to soil

Flushing fluid must be controlled to avoid the migration of
contaminants into uncontaminated areas

Waste generation: flushing fluids and air emissions of
volatile contaminants

The equipment is easy to build and operate in
permeable soils

It can mobilize a wide range of organic and inorganic
contaminants

Costs are moderated depending on the flushing
solution

Soil washing Ex situ SVOCs
Petroleum and fuel, metals
Cyanide

More effective in coarse-grained soils
Production of a large amount of washing water to be treated
Usually, silt and clay after washing processes require to be treated by
other methods

Soil washing can remove many types of contaminants
It may not be cost effective for small amounts of
contaminants

Chemical
extraction

Ex situ PCBs, VOCs
Halogenated solvents
Petroleum wastes
Organically bound metals (solvent
extraction)

Heavy metals (acid extraction)

Soils with high clay content and high moisture levels hinder the
success of the process

Residual acid and solvent traces in treated soil

It allows to clean chemicals that are difficult to be
removed using other technologies

The extraction of contaminants is generally quicker
than
in situ methods

Vapor extraction In situ/ex situ VOCs
Certain SVOCs
Light fuels

Concentration reductions greater than 90% are difficult to achieve
Low effectiveness in low air permeability or stratified soils
High moisture and organic content limit its effectiveness
Costly treatment of extracted vapors
No volatile contaminants present in the site may require additional
technologies for remediation

Ex situ, air emissions may occur during excavation
Ex situ, a large amount of space is required

It treats a large volume of soil at reasonable costs
Minimal disturbance in situ operations
It can be applied at sites with free contaminants
The wells and equipment are simple to install and
maintain

It helps the biodegradation of non-VOCs
Addition of reagents is not required
Ex situ treatment is uniform and easily monitored

Electrokinetic In situ Mainly metals
Anions
Polar organics

Effectiveness is reduced if the soil moisture content is less than 10%
Electrolysis of metallic electrodes may introduce corrosive products
into the soil. Electrodes of carbon, graphite, or platinum (inert
materials) avoid this concern

Light soluble and strongly adsorbed contaminants limit the success of
the technology

Oxidation/reduction reactions can form undesirable products

It is effective for fine-grained soils of low permeability,
which are difficult to treat by other methods

The contaminated soil solution is easily extracted from
the point of collection

Chemical
Chemical
oxidation

In situ (ISCO)/
ex situ

Inorganics
Halogenated VOC, cyanide
Fuels
Phenols and sulfur compounds

Oxidizing agents are nonselective
Risk of incomplete oxidation and production of toxic intermediates
Highly adsorbed compounds may limit the degradation process
Treatments may alter soil properties
It is not cost effective for high contaminant concentrations
Potential hazards of chemicals to workers
Uncontrolled exothermic reactions in the subsurface

Contaminants are destroyed
It can be less costly and quicker than other removal
technologies

ISCO is particularly useful to remediate sites difficult to
treat by other techniques

Capability to oxidize DNAPLs

(Continued)
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Table 2 Summary of remediation technologies based on the treatment of contaminantsdcont'd

Technology In situ/ex situ Contaminants/application Limitations Advantages

Dehalogenation Ex situ Halogenated SVOCs
Halogenated pesticides

Formation of reaction products that may be more toxic than the
contaminants being treated

Soils with high clay and moisture content increase treatment costs
It is not cost effective for high contaminant concentrations

The technology is amenable to small-scale
applications

APEG dehalogenation is in addition to incineration,
one of the few processes available to treat PCBs

Thermal
Thermal
desorption

Ex situ Nonhalogenated
VOCs PAHs
PCBs
Pesticides
Fuels
Some SVOCs

Previous homogenization of particle size is usually required
Clay and silty soils and high humic content soils increase reaction time
Dewatering may be necessary (soil moisture> 30%)
Residuals are generated (condensed contaminants, off-gases,
wastewater)

Corrosion problems in the equipment when the waste contains
halogenated compounds

High metal concentration in the soil may require further treatment
before backfilling

Can be a fast and effective method of cleaning
heavily polluted soil

Equipment cost is lower than other thermal methods
Soil structure is not altered at treatment
temperature< 400–500 �C

Incineration Ex situ Explosives
Chlorinated hydrocarbons
PCBs
Dioxins

Previous homogenization of particle size is usually required
Residuals are generated (ash, off-gases, wastewater)
It destroys the soil structure
Heavy metals can produce a bottom ash that requires stabilization
Sodium and potassium form low-melting-point ashes that can attack
the equipment

Local public opposition

Incineration can destroy some types of chemicals that
other methods cannot

It is quicker than other technologies
It reduces the amount of material that must be moved
to
a landfill

Biological
Phytoremediation In situ/ex situ Metals

Chlorinated solvents
Petroleum hydrocarbons, PAHs
Pesticides and explosives

Time-consuming process
Treatment is limited to the upper soil profile
Plants grow well only in moderately contaminated soil
Contaminants may enter the food chain through animals that feed on
the plants used in these processes

It requires the disposal of the plants used in the treatment of
metal contaminated soils

Climatic and hydrologic conditions may limit the plant’s growth

Low costs
Aesthetically pleasing technique
It protects soil against erosion (spreading of
contaminants)

Promising use to remove organic contaminants by
metabolism

Bioremediation In situ/ex situ Biodegradable organic chemicals:
Petroleum hydrocarbons,
solvents, PAHs

Pesticides, etc.

High concentrations of contaminants may be toxic to the
microorganisms

Previous feasibility studies are necessary
In situ, successful biological treatment depends on the climatic
conditions

Low bioavailability of contaminants limits the success of the process
In situ, microorganisms cannot reach deep contaminants
Recalcitrant behavior of some contaminants (PCBs, polychlorinated
phenols, and PAHs)

Bioremediation slows down at low temperatures

It is simple to maintain
In situ, it is applicable over large areas
It is cost effective
It leads to the destruction of the contaminants
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The two major chemical extraction processes are acid
extraction and solvent extraction. Acid extraction uses hydro-
chloric acid to extract metal contaminants from soils. The heavy
metals are potentially suitable for recovery. Solvent extraction
uses organic solvents (acetone, hexane, methanol, dimethyl
ether, or triethylamine) as extractants. The extractants are
treated for their regeneration and can be reutilized in site. This
technique is commonly used in combination with other tech-
nologies, such as solidification/stabilization, incineration, or
soil washing, depending on the site-specific conditions. Traces
of solvent may remain within the treated soil matrix, so the
toxicity of the solvent is an important consideration.

Chemical extraction is used to clean upmany chemicals that
are difficult to remove from soil using other technologies.

Soil Vapor Extraction
Soil vapor extraction (SVE) is used to remediate unsaturated
zone soil. A vacuum is applied to the soil to induce the
controlledflowof air and remove volatile and some semivolatile
organic contaminants. It is usually an in situ technology;
however, in some cases, it can be used as an ex situ technology.

In in situ SVE, also known as soil venting or vacuum
extraction, vacuum is applied to the soil through the wells near
the source of contamination, creating a negative pressure
gradient to induce the controlled flow of air and remove the
contaminants from the soil through an extraction well.
Extracted vapor is treated before being released into the
atmosphere. The increased airflow through the subsurface can
also stimulate the biodegradation of some of the contami-
nants, especially those that are less volatile. In areas of high
groundwater levels, water depression pumps may be required
to offset the effect of upwelling induced by the vacuum. In situ
SVE can reach greater depth than methods that require
removing the soil, the wells and the equipment are simple to
install and maintain. Ex situ SVE is a full-scale technology in
which soil is extracted and placed over a network of above-
ground piping where a vacuum is applied to volatilize organic
contaminants. The process includes a system for handling
off-gases.

Electrokinetic
Electrokinetic is an in situ innovative technique for the
decontamination of soils contaminated with metals, anions,
and polar organics. The principle of electrokinetic remedia-
tion relies upon the application of a low-intensity direct
current through a porous solid medium between appropri-
ately distributed electrode arrays, causing ions and water to
move toward the electrodes. Contaminants are transported by
two contributive processes: electromigration (migration of
ions) and electroosmosis (movement of liquid containing
ions). Electromigration is the main mechanism for the elec-
troremediation process. Moreover, other electrolysis effects
such as diffusion, adsorption, complexation, and precipita-
tion reactions also contribute to the process. Contaminants
are removed at the electrode by different methods such as
electroplating; precipitation or co-precipitation; water
pumping near the electrode; or complexation with ion
exchange resins.

Apolar organic compounds are transported by the electro-
osmosis-induced water flow. Therefore, the addition of
surfactants is necessary to increase their solubility and facilitate
the formation of micelles.

The main advantage of electrokinetic is that it is effective for
fine-grained soils of low permeability that are difficult to treat
by other methods. The effectiveness of this technique has been
demonstrated in laboratory and pilot studies. However, more
field trials are necessary.

Chemical Oxidation/Reduction
Chemical oxidation is applied to treat organic substances that
are almost completely oxidized into H2O and CO2 or trans-
formed into less toxic compounds. This method may be
applied in situ or ex situ. In situ chemical oxidation (ISCO) is an
innovative technology applicable to a wide variety of organic
compounds present in subsurface environments. Several
oxidants have been tried, but most commercial applications
use hydrogen peroxide (typically used together with Fe(II) to
form Fenton’s reagent) or ozone for the vadose zone and
hydrogen peroxide (H2O2) or potassium permanganate
(KMnO4) in the saturated zone. Recently, persulfate salts
(Na2S2O8) are being used for ISCO applications, but they are
relatively expensive and require thermal activation.

The method is based on the direct injection of an aqueous
solution of the oxidant agents into the subsurface using
conventional injection wells or advanced injection techniques,
such as deep soil mixing or hydraulic fracturing, in case of low-
permeability soils.

ISCO is the chosen technique to remediate those sites
considered difficult to treat using other technologies. A serious
potential limitation to the use of oxidizing agents for soil
treatment is that the oxidants are nonselective. A significant
part of these reagents is consumed by oxidizable material
present in the soil and groundwater. This is a major concern
because the concentration of natural organic material in the
soils may be lowered, which would result in a decrease in
the sorption capacity of some organics limiting the efficiency of
the ISCO treatment.

Reductive technologies may also be applied to soil remedi-
ation. The addition of reductive agents to soil can be used as an
in situ treatment technology. They have been successfully applied
in small-scale field experiments to remediate soils contaminated
with organic compounds, Cr(VI) or Se(VI). Organic chemical
constituents in soil may be reduced using catalyzed powder
metals (mainly iron) or sodium borohydride (NaBH4). Metals
are reduced by the addition of acidification agents such as sulfur
or other agricultural acidification agents (leaf litter or acid
compost) and a reducing agent (ferrous sulfate).

Chemical Dehalogenation
Chemical dehalogenation processes use chemical reagents to
degrade hazardous halogenated molecules or to transform
them into other less harmful compounds. Two processes are
employed: alkaline polyethylene glycol (APEG) reagents and
base-catalyzed decomposition (BCD). Both are ex situ processes
requiring excavation.

APEG is used to treat halogenated aromatic compounds in
a batch reactor in which the contaminated soil and the reagent
are mixed and heated. The reaction between the chlorinated
compounds and APEG replaces the chlorine atoms reducing
the toxicity. A variation of this reagent is the use of potassium
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hydroxide or sodium hydroxide/tetraethylene glycol, referred
to as alkaline tetraethylene glycol (ATEG) that is more effective
on halogenated aliphatic compounds. The technology is
amenable to small-scale applications and may be used in
combination with other technologies. APEG dehalogenation is
one of the few processes, other than incineration, that has been
successfully field tested for treating polychlorinated biphenyls
(PCBs).

BCD is a two-phase process applied to remediate soils and
sediments contaminated with chlorinated organic compounds,
especially PCBs, dioxins, and furans. The first phase consists of
thermal desorption in a rotary reactor which may include
mixing contaminated material with sodium bicarbonate. In the
second phase, the volatilized contaminants are transferred into
a reactor for dehalogenation by a catalytic hydrogenation. The
process uses sodium hydroxide, hydrogen donor oil, and
temperatures between 250 and 350 �C.
Biological Treatments

Biological treatments include two main technologies: biore-
mediation and phytoremediation. Bioremediation exploits the
ability of microorganisms to degrade and detoxify organic
contaminants. Two general approaches are commonly used:
biostimulation and bioaugmentation. The most widely used
bioremediation procedure is biostimulation, which consists of
stimulating the site conditions for the development of indige-
nous microorganisms by optimizing conditions such as aera-
tion, addition of nutrients, pH, and temperature control. In
addition to the stimulation of autochthonous microorganisms,
the technique can also involve the addition of adapted
microbial degraders specific for the contaminants (bio-
augmentation). Bioremediation methods may be used in situ
(e.g., bioventing) or ex situ (e.g., land farming, composting,
slurry bioreactors).

Phytoremediation is the use of green plants and their
associated microbial communities to reduce contaminant
levels in soils, surface and groundwaters, and sediments. It is an
in situ technology that can also be applied ex situ (e.g., hydro-
ponics systems). In soils, some plants can stabilize certain
environmental contaminants (phytostabilization) and uptake
contaminants that can be degraded or transformed into
harmless metabolites (phytodegradation), stored within the
cell structures (phytoaccumulation), and volatilized into the
atmosphere (phytovolatilization). Moreover, plant roots
release a range of organic compounds that stimulate the activity
of microorganisms in the rhizosphere increasing the rates of
biodegradation (rhizosphere degradation). Plants may assist in
the remediation of sites contaminated by a wide range of
chemicals: metals, radionuclides, and organic compounds such
as pesticides, solvents, and petroleum products.

Biological treatments (bioremediation and phytor-
emediation) are now widely used as an alternative to the
equivalent physicochemical methods because of their low cost,
effectiveness, and environmental benefits. Moreover, phytor-
emediation improves the overall quality and texture of the soil
at remediated sites and contribute to the restoration of habitat
quality. These techniques will be more widely dealt within
other articles.
Thermal Methods

Thermal methods are ex situ treatment technologies that
destroy or remove contaminants through exposure to high
temperature in treatment cells, combustion chambers, or other
means used to contain the contaminated media during the
remediation process.
Thermal Desorption
Thermal desorption is a technology of physical separation
based on heating the contaminated soil to volatilize water and
organic contaminants. Soils are heated in a thermal desorp-
tion system, the rotary dryer being the most commonly used
equipment. The systems require the treatment of the off-gas to
remove particles and contaminants. Its effectiveness depends
on the contaminant. Decontaminated soil usually returns to
the original site. Based on the operating temperature, these
processes can be categorized into two groups: high-tempera-
ture thermal desorption ranging from 320 to 560 �C and low-
temperature thermal desorption ranging from 90 to 320 �C.
Thermal desorption can be used in a place where some other
cleanup methods cannot be used, such as at sites that have
a high soil contamination, and can be a soil remediation
method that is faster than others.

Thermal methods may also be applied as an in situ tech-
nique. In this case, heat is applied to soil to volatilize semi-
volatile organic compounds (SVOCs), which can be extracted
via collection wells and treated. It is a particular case of SVE.
Heat can be introduced into the subsurface by electrical resis-
tance heating, radio frequency heating, or injection of hot air or
steam. Thermal methods can be particularly useful for dense
nonaqueous phase liquids (DNAPLs) or light nonaqueous
phase liquids (LNAPLs).
Incineration
Incineration is a technology for ex situ thermal treatment
based on the application of high temperature (870–1200 �C)
to the soil to burn harmful organic chemicals. Metals cannot
be destroyed by this technique. The efficiency of a properly
operated incinerator is very high, especially for PCBs and
dioxins.

Excavated contaminated soils can be incinerated on site or
transported to an incinerator off site, although to burn PCBs
and dioxins only off-site incinerators are permitted. There are
various types of incinerator plant designs: circulating bed
combustor, infrared combustion, rotary kiln, and fluidized
bed that may be applied to soil incineration. The gases
produced in the process must be treated to remove any
remaining metal, acids (HCl, NOx, and SOx), and particles of
ash before they are dispersed into the atmosphere. The soil or
ash remaining in the incinerator after the burning and from
gas treatment may be disposed into a landfill or buried on
site. However, incineration significantly reduces the material
for disposal.

Incineration can destroy some types of contaminants
that are not possible by other methods and is quicker than
other technologies. This is important when a site must be
cleaned up quickly to prevent harm to the people or the
environment.
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Other Treatment Technologies

Natural Attenuation

Natural attenuation (NA) is an in situ treatment to reduce the
contamination in soil and groundwater using naturally occurring
processes in soil. This treatment actswithout human intervention
and the activity focuses on the verification and monitoring
of processes to assure their sustainability over time and their
effectiveness. Moreover, the process must be carefully controlled
and monitored to ensure that unaccepted risk for human health
and ecosystemsmay appearmainly as a result of themigration of
contaminants. NAmay act by three different ways: (1) to destroy
the contaminant by biodegradation or abiotic processes such as
hydrolysis, (2) to reduce the concentrations through dilution or
spreading by diffusion, dispersion, and volatilization, and (3) to
immobilize contaminants (adsorption), and hence to reduce the
bioavailability and toxicity.

The effectiveness of NA highly depends on the site-specific
conditions and the types of contaminants. This technique
requires contaminants that are readily degradable; therefore, it
is being applied mainly to petroleum hydrocarbons and
nonhalogenated solvents.

NA is a relatively simple technology compared to other
remediation technologies. The costs are low and they are asso-
ciated with initial evaluation and monitoring. However, it
presents two main limitations. First, it requires more time than
conventional remediation methods to get the same remaining
concentration. Second, contaminants may migrate into the soil
and groundwater during the remediation process and larger
volumes of groundwater can become contaminated through
dilution. Therefore, before applying this technique, it is neces-
sary to estimate themovement of the contaminant plume and its
extension during the cleanness process.

NA can be used as an alternative to or in combination with
active technologies. Usually, it is used as a complement to an
active system of remediation and it is accepted as the only
approach in a small number of cases.
Nanoparticles

Nanoparticles (NPs) are of interest for environmental applica-
tions because they have larger surface areas per volume of
material, which provides more reactive sites allowing for more
rapid degradation of contaminants compared to the larger
particles of the same bulk material. An increasing variety of
nanoscale materials is being researched and applied as
in situ contamination remediation technologies. The most
widely studied NPs in remediation trials is the nanoscale zer-
ovalent iron (nZVI), although other substances are being
investigated: self-assembled monolayers on mesoporous
supports (SAMMS�), dendrimers, carbon nanotubes, metal-
loporphyrinogens, and swellable organically modified silica.

The nZVI are used mainly in the remediation of ground-
water, although they are also applied to soil remediation. Iron
particles are effective for the treatment of contaminants such as
chlorinated organic solvents, organochlorine pesticides, PCBs,
organic dyes, and various inorganic compounds. NPs are
directly injected via gravity or under pressure and need less
infrastructure than traditional techniques. However, there are
some fundamental issues limiting their applications. A main
question is the insufficient knowledge about their environ-
mental behavior and their toxicity to the potentially affected
receptors. Another main disadvantage of using NPs is the
agglomeration of particles among them or to the soil surface. It
increases the particle size, reducing the effectiveness of these
materials and their subsurface mobility. Modifications of NPs
have been made to decrease this agglomeration; for example,
adding coatings or encasing in emulsified vegetable oil drop-
lets. More research is needed to understand the fate, transport,
and the potential toxicity of nanoscale materials in the
environment.
Sustainable Issues

Contaminated land management has been traditionally
considered intrinsically sustainable despite the remediation
processes consuming a large amount of energy, generating large
amounts of atmospheric emissions including greenhouse
gases, and creating a risk of injury for its workers. Management
decisions have not taken into account many of these impacts
when selecting the remediation method. However, a more
comprehensive approach to soil remediation should incorpo-
rate sustainability assessments.

Sustainable (green) remediation involves balancing the
benefits of remedial action with the impacts of these actions,
without forgetting the long-term protection of human health
and the environment. It is based on the three elements of
sustainable development: environment (conservation of
natural resources and biodiversity), economy (balancing
economic viability), and society (enhancement of the quality
of life in surrounding communities). Sustainability can be
considered either in decisions that lead to the overall remedi-
ation project including site development and future land use or
targeted to the selection of the most proper remediation
option.

Sustainability evaluation is a key point to be applied in
a comparative sense where the ‘best option’ is selected, gener-
ally based on the assessment indicators. These indicators or
metrics can be qualitative (e.g., wildlife and flora conservation,
worker safety, local residents’ safety and quality of life, and
potential for litigation) or quantitative (e.g., carbon dioxide
emissions, energy consumption, direct costs, water usage,
duration of work, and local job creation). Indicators are
combined using different qualitative or quantitative tools.
Some qualitative methods yield a relative ranking and are
considered hybrids. These approaches include decision tables
and multicriteria analysis that use scores (the magnitude of an
effect) and weighting (the importance), which are mathemat-
ically processed. Some quantitative tools suited to evaluate
sustainability of remediation projects are life-cycle assessment,
net environmental benefit analysis, and cost–benefit analysis.
Biological Tools for the Assessment of Contaminated
and Remediated Soils

Traditionally, remediation objectives are focused on the
concentration of the contaminant that is judged acceptable
based on the established standards or guidelines or following
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a site-specific risk analysis. The chemical analysis of contami-
nated and remediated soils is carried out with those contam-
inants expected according to the historical use of the site.
However, not all contaminants present in the soil, including
metabolites or transformation products, may be considered
during the analysis. Furthermore, the chemical analysis by
itself does not allow an integration of the combined effects of
the contaminants present at a contaminated site as well as the
bioavailability changes during the remediation process. Bio-
logical tools contribute to identify contaminated soils, to
follow the success of the remediation process in terms of biota,
and to assess the final state of the soil as well as to monitor the
evolution of the ecosystems after its clearness. Monitoring can
be done by simple and cheap standardized bioassays or suit-
able biomarkers. These can verify the decline in toxicity due to
transformation, dissipation, or reduction in the bioavail-
ability, quantifying the impact of the remediation method by
measuring directly the effects on biota. The potential toxicity
of the chemical compounds added or produced during the
remediation process, remaining in the remediated soil, is also
integrated in the measurements. Higher-tier methods would
be restricted to monitor the evolution of the ecosystem after its
clearness, when the intended use of soil is natural. These
methods are briefly described below.
Single-Species Toxicity Tests

Ecotoxicity tests performed at different levels of biological
organization, from molecular level (biochemical changes) to
ecosystem function, can be modified for the direct measure-
ments of soil toxicity. Most assays are performed at the
organism level, constituting the single-species toxicity tests.
The measured end points may be lethal or sublethal effects
(e.g., inhibition of growth or reproduction).

Many single-species assays have been standardized by
different organizations (ISO, OCDE, USEPA, ASTM, etc.) to
harmonize their use, with the aim of reducing the variability
and comparing the results. The OECD list of standardized
methods on soil and water organisms is presented in Table 3.
These methods may be applied with some modifications to
the assessment of contaminated soils for their initial ‘eco-
diagnostic’ and to remediated soils.

The toxicity of contaminated or remediated soils may be
tested using two approaches: at a single concentration of the
test soil and at different dilutions of the test soil. In the first
case, assays are performed with a control or reference soil and
with nondiluted samples of the test soils. The results of the
toxicity assessment are compared using statistical tools such as
ANOVA analysis and are expressed as a percentage of inhibition
with respect to the control. In the second approach, different
dilutions of the test soil are obtained using a control soil or
reference soil obtaining a contamination gradient. Quantitative
dilution–response relationship is determined by regression
analyses (e.g., logit, probit, and Spearman–Karber). The first
approach is fast and cheap and allows obtaining directly the
toxicity results at a percentage of inhibition between 0 and
100% for each sample. Regression models provide estimations
of the parameters of interest with higher sensitivity and preci-
sion. Moreover, the use of different concentrations allows
detecting cross effects such as hormesis or effects due to
different physicochemical properties of the test and control
soils. Differences in soil properties between the control/refer-
ence and the test soils may affect the test results. Ideally, assays
should be performed with a reference soil, which is a soil with
the same characteristics as that of the test soil but non-
contaminated. To find a proper reference soil on the site not
affected by the contamination or far away but with similar
properties can be problematic, making difficult the data inter-
pretation except when toxicity is still observed after a large
dilution.

To correctly assess soils, a battery of tests has to be conducted
with different test species to cover differences in species sensi-
tivity. Typically, soil toxicity is tested on soil invertebrates
(e.g., earthworms), terrestrial plants, and soil microorganisms;
and leachates from the contaminated soil in algae and aquatic
invertebrates. Fish are often not used to diagnose the toxicity of
a soil due to the large volume of leachates required in the assay
and because of the ethical issues intended to reduce testing on
vertebrates. An alternative is the use of in vitro assays with fish cell
lines to overcome these obstacles.

Single-species assays are very good tools for the diagnosis of
the soil at the starting stage in terms of toxicity to identify the
most sensitive organisms and to verify the effectiveness of soil
remediation.
Microcosms

An alternative to the battery of single-species assays is the use of
multispecies systems that account for species interactions.
These systems include simultaneously several organisms in the
same unit allowing not only the interaction among the species
but also evolving them under the same exposure conditions
along with the assay. These systems are more realistic and
complex than single-species test. Usually, the soil microcosm
consists of a column of soil with a device to collect the leachate
from below. Water is applied at regular times to simulate
rainwater percolating through the soil, and is collected using
a funnel. Two types of soil microcosms have been often used:
intact soil cores with autochthonous soil organisms and
artificial assemblages adding test organisms on sieved soil
columns. For ecotoxicological testing of soil quality, the
latter approach seems to be more appropriate. It allows deter-
mining the toxicity in a set of selected organisms cultivated in
the laboratory and therefore not previously exposed to
contaminants.
Biomarkers

Biomarkers measure biological response (biochemical, cellular,
physiological, or behavioral changes), at the organism level or
below, that could be associated with the exposure to one
or more contaminants. This biological response can be specific
or nonspecific. At the present time, specific biomarkers are only
available for a very limited number of chemicals and metals.
Nonspecific biomarkers may be useful as an integrative
measure of a set of stressors (not only chemicals but also
nonchemical factors).

Biomarkers are very sensitive indicators whose main goal
is to serve as early warning signals for predicting adverse
effects at higher biological organization levels (population or



Table 3 Standardized methods that can be applied to the toxicity assessment of contaminated and remediated soils (OECD Guidelines)

Assay Reference Organism

Exposure

period

Effect/

concentration

data End point (measured variables)

Terrestrial compartment
Earthworm, acute toxicity
tests

OECD 207 Eisenia fetida

Eisenia andrei

2 Weeks LC50 Mortality (adult survival)

Terrestrial plant test: seedling
emergence and seedling
growth test

OECD 208 Terrestrial plants 2 or 3 Weeks LC50
NOEC

Seedling emergence and inhibition of growth
(biomass, shoot height, etc.)

Soil microorganisms: nitrogen
transformation test

OECD 216 Soil microbial
autochthonous
populations

4 Weeks EC50 Nitrogen transformation activity of soil
microorganisms

Soil microorganisms: carbon
transformation test

OECD 217 Soil microbial
autochthonous
populations

4 Weeks EC50 Carbon transformation activity of soil
microorganisms

Earthworm reproduction test OECD 222 E. fetida

E. andrei

8 Weeks NOEC Reproductive output (cocoon production and
viability, juvenile hatching)

Enchytraeid reproduction test OECD 220 Enchytraeus albidus

Enchytraeus sp.
6 Weeks ECx

NOEC
Reproductive output (number of juveniles/
adult)

Collembolan reproduction
test in soil

OECD 232 Folsomia candida
Folsomia fimetaria

4 Weeks
3 Weeks

ECx
NOEC

Reproductive output (number of juveniles/
adult)

Aquatic medium
Freshwater alga and
cyanobacteria, growth
inhibition test

OECD 201 Pueraria subspicata

Desmodesmus

subspicatus

Anabaena flos-aquae

72 h ErCx Growth inhibition of cultures (number of cells,
fluorescence, optical density, etc.)

Daphnia sp., acute immobilization
test

OECD 202 Daphnia magna 48 h EC50 Mortality (immobilization)

Daphnia magna Reproduction
Test

OECD 211 Daphnia magna 21 Days NOEC Reproductive output (number of living
offspring/parent alive)

Fish, acute toxicity test OECD 203 Onchorhynchus mykiss

Conchita carpio

Pimephales promelas

96 h LC50 Mortality (adult survival)
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community), indicating the presence of unacceptable levels of
contamination. The use of biomarkers in soil characterization
has some main limitations. In some cases, it is difficult to relate
the physiological response to the effects at a higher level
(e.g., impacts on survival, growth, or reproduction, or other end
points related to population decline).

The application of biomarkers in actual field assessment has
not been validated yet. Effects are usually measured at the
subcellular or suborganism level. Several biomarkers are asso-
ciated with stress responses. Examples in case of earthworms
are the measurement of the lysosomal membrane stability of
coelomocytes, the lysosomal accumulation of lipofuscin in
chloragogenous tissue and of neutral lipids in coelomic cells,
and the determination of plasma membrane Ca2þ-ATPase
activity or metallothionein content. In plants, biomarkers are
related to the photosynthetic activity (decrease in chlorophyll
fluorescence), the activation and synthesis of stress proteins,
phytohormones, or phenolic compounds, and the production
of high quantities of reactive oxygen species. For microbial
function, the measurement of enzymatic activities (e.g., phos-
phatase and dehydrogenase) is very common.

Biomarkers at suborganism or organism level are related
with damage on tissues, biological fluids, or alterations in the
behavior. In earthworms, histopathological makers such as
bruising, swelling, tissue necrosis, and extrusion of coelomic
fluid have been reported, especially in clitellum region.
Avoidance of media can also be shown as an example of
behavioral changes. In plants, different reactions to stress
situations can be considered biomarkers of contamination such
as inhibition of stomatal opening and respiration rate and
chlorosis.
Biological Field Observations

Biological field observations are another biological alternative
for the direct assessment of contamination effects in situ. They
can be used in the last stage of remediation process to control
the recuperation of the natural abundance of communities in
situ, in those cases where the future land use of remediated soil
is natural use. The selection of the group of organisms for the
monitoring program is based on the ecological relevance and
practicability (e.g., sampling and identification). Microorgan-
isms and soil invertebrates (enchytraeids, nematodes, earth-
worms, and mites) are frequently used. These organisms are
responsible for key ecological processes. Information on the
community may be desirable. Unusual species assemblages are
recognized by comparing with reference sites. If a proper
reference location is not available, only major ecosystem
changes can be detected. Bioaccumulation of contaminants in
the lowest food chains (producers and primary consumers) can
also be studied. It provides information on the transfer of
contaminants through the food web. Biomarkers may also be
used in monitoring programs.

In summary, the integration of chemical analysis and bio-
logical tools is required to manage the remediation of
contaminated lands. There are a variety of biological tools for
the assessment of both contaminated and remediated soils.
Currently, there is an increased interest in the application of the
bioassays for the risk assessment of contaminated soils.
However, the use for remediation purposes is more limited due
to the low sensitivity of these assays. The use of long-term
assays using more sensitive parameters such as sublethal effects
is recommended for the observation of toxicity differences
between initial soils and samples obtained after remediation
treatments. The use of biomarkers can provide warnings of
biological impact despite that for most of them there is not
a relationship between physiological response and population-
level parameters. Finally, the biological field observation of the
site should be desirable to study the natural evolution of the
site, when the intended use of the soil is natural use.

See also: Environmental Risk Assessment, Terrestrial;
Site-Specific Environmental Risk Assessment; Pollution, Soil;
Environmental Biomarkers; Multispecies Environmental
Testing Designs; Environmental Toxicology; Ecotoxicology;
Toxicity Testing, Aquatic.
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Background

Solvents are a heterogeneous group of structurally diverse
chemicals that can be used to dilute, dissolve, or disperse
other compounds. The ability of a solvent to dissolve
another molecule is dependent on molecular structure and
physical properties of both the solvent and the solute.
Solvents can be categorized as organic or inorganic, and in
terms of chemical polarity. Polar solvents include water,
alcohols, and other –OH containing chemicals, such as
acetic acid, that have the ability to donate a Hþ and form
hydrogen bonds. Polar solvents lacking an –OH group,
including acetonitrile, dimethylformamide, and dime-
thylsulfoxide are protophilic solvents, and are used to
dissolve less polar solutes. Nonpolar solvents are not
miscible in water and are therefore used to dissolve
hydrophobic substances such as oils and fats. This category
of solvents includes benzene, carbon tetrachloride, diethyl
ether, hexane, and toluene. Use of inorganic nonaqueous
solvents is less common and generally employed
under controlled laboratory environments. Such solvents,
including liquid ammonia, phosphoryl chloride, and
sulfuric acid, may be desirable in chemical reactions in
which the reactants would have the potential to interact
with a polar solvent. Many solvents are also categorized as
volatile organic compounds (VOCs), and a discussion of
further sub-classing can be found in the VOC entry. Simi-
larly, Stoddard Solvents/White Spirits refers to a specific mix
of aliphatic and alicyclic hydrocarbons distilled from
crude oil.

Toxicity of solvents can vary widely. Water, considered the
universal solvent, demonstrates very low toxicity, while in
contrast, benzene, once widely used in industrial and house-
hold products, has been largely replaced due to its known
human carcinogenicity. The diversity within this group of
chemicals allows for broad usage across multiple industrial
practices as well as at home. Occupational or environmental
exposures to solvents occur as a result of the commonplace use
of many solvents and the relative ease with which they are
absorbed.

In recent years, there has been a move to replace many of
the more toxic solvents with less toxic alternatives. Alcohols
and alkanes, for instance, were shown to be less harmful to the
environment than acetonitrile, dioxane, and tetrahydrofuran.
In addition, the green chemistry movement also challenged
chemists to find nontoxic and sustainable replacements.
Limonene, isolated from the rind of citrus fruits and commonly
used in cosmetics and fragrances, has been increasingly
employed as a solvent for ‘natural’ cleaning products. Super-
critical carbon dioxide is another alternative solvent used in
a variety of reactions, ranging from decaffeination of coffee to
dry cleaning.

A full discussion of specific solvents can be found
throughout this encyclopedia.
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Solvents are commonly used in a variety of industrial and
consumer products. They are used in dry cleaning, metal
degreasing, as ingredients of paint thinners and detergents, and
in the formulation of inks, dyes, paints, waxes, fuel, and anti-
freeze. Solvents are universal constituents in everyday products
and industrial chemical reactions.
Environmental Fate and Behaviors

The fate of a solvent in the environment will depend on the
physicochemical properties of the molecule, specifically lip-
ophilicity, volatility, and reactive functional groups.
Exposure and Exposure Monitoring

In general, solvent exposures occur via inhalation, trans-
dermally, or ingestion. Due to the diversity and wide use of
solvents, as well as the possibility for multiple exposure routes,
almost all humans are exposed to mixtures of solvents daily.
Air emissions from industrial facilities, contamination in
drinking water, as well as using everyday materials from
household cleaners to dry erase markers, contribute to wide-
spread community exposures.

Individuals working in some industries, such as dry
cleaners, metal degreasers, painters (industrial and residential),
mechanics, and those involved in mixing solvents on an
industrial level, are at a greater risk of acute or chronic exposure
to certain solvents. Solvent toxicity may be increased in sensi-
tive populations. For instance, children and the elderly are
potentially more susceptible to solvents due to variability in
gastrointestinal and respiratory functions. Polymorphisms in
metabolically pertinent enzymes, such as cytochrome P450
2D6, may affect outcomes of solvent exposures, adding
a possible genetic predisposition to solvent sensitivity in some
individuals.

The US Environmental Protection Agency has established
acceptable limits for a number of common solvents that enter
the environment through industrial or agricultural run-off,
through residential output, and from water treatment plants.
Toxicokinetics

The toxicokinetics of a given solvent will depend on the lip-
ophilicity and volatility of the chemical.

Inhalation of solvent vapors is often the primary route of
exposure, and the rate of uptake via the respiratory system will
depend on the partition coefficient of blood:air for each solvent
(e.g., aromatic compounds tend to absorb faster than long-
chain aliphatic compounds). Dermal exposure will depend
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.01063-0
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on surface area exposed, the concentration, and the chemical
properties of the solvent, as well as the integrity of the dermis.
Ingestion is less common, but can occur through exposure to
contaminated drinking water supplies. Absorption through the
gastrointestinal system will depend on the presence or absence
of food within.

Distribution is based on both the lipid content and
vascularity of the individual exposed, and therefore exposures
may be vastly different between individuals. Many solvents are
susceptible to first-pass elimination. Metabolism generally
occurs in the liver, and is largely cytochrome P450 dependent.
Biotransformation of a solvent may result in the production of
metabolites that are more toxic than the parent compound.
Hydrophilic solvents can be readily excreted while lipophilic
solvents must be biotransformed prior to elimination. Volatile
solvents are largely eliminated in expired air in addition to
those that are excreted via urine or as fecal conjugates.
Mechanism of Toxicity

Mechanisms of toxicity will vary with the specific solvent.
Acute and Short-Term Toxicity

In general, solvent toxicity follows a traditional dose-
dependent increase in effects. Many solvents induce similar
toxic effects, and thus exposure to solvent mixtures is thought
to have additive, if not synergistic, effects. The central nervous
system (CNS) is the major target of many solvents. Acute CNS
effects include dizziness, nausea, headaches, and narcosis.
Many solvents are classified as irritants or corrosives, and may
cause damage to dermal and mucosal linings, generally as
a result of high concentrations or prolonged exposures.
Cardiovascular effects such as ventricular arrhythmias have also
been reported following occupational exposures. The hepatic
and renal systems may also exhibit toxicity following solvent
exposure due to their involvement in metabolism and
excretion.
Chronic Toxicity

Exposure to high doses of solvents over a lifetime can lead to
increased cancer in rodent models, but risk to humans at low
dose is unclear, and varies with the solvent type. The lip-
ophilicity of many solvents allows for entry into central and
peripheral nervous system tissue. There is some debate over
whether chronic exposure to mixtures can lead to chronic
solvent encephalopathy characterized by headaches, fatigue,
mood changes, and sleep disorders.

The CNS-depressant effects pose a possibility for abuse as
intentional exposure to solvents may be used to experience
a sense of intoxication. The accessibility to household solvents
to the general public makes the potential risk for this deliberate
and hazardous exposure a great concern. Permanent CNS
damage can occur in humans who chronically abuse solvents.

Long-term exposure to solvent irritants may result in damage
to the skin, eyes, or respiratory tract. In some cases, irritant
contact dermatitismayoccur as a result of chronic inflammation.
Other Hazards

Solvents may act as carriers for other chemicals by facilitating
uptake into biological tissues. Beyond toxicity, alternative
hazards of solvents include fires or explosions, which may
result from volatilization in a confined space.
Exposures Standards and Guidelines

Standards for proper handling will vary by solvents, and
the material safety data sheet (MSDS) should be consulted
prior to use.
See also: Volatile Organic Compounds; Stoddard Solvent;
Acetic Acid; Acetone; Acetonitrile; Benzene; Carbon
Tetrachloride; Dimethyl Sulfoxide (DMSO);
Dimethylformamide; Diethyl Ether; Dioxane; Hexane;
Limonene; Liquid Ammonia; Tetrahydrofuran; Toluene.
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l Military Symbol: GD
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l Synonyms: GD, Phosphonoflouridic acid, Zoman, PFMP,

Pinacolyl methylphosphonoflouridate
l Molecular Formula: C7H16FO2P
l Structure:

Background (Significance/History)

Soman was first synthesized in 1944 by the German chemist
Richard Kuhn. It was the third of a family of related organo-
phosphate or organophosphorus (OP) compounds that were
developed for use as chemical warfare agents during World
War II (tabun (GA) and sarin (GB) were developed several
years earlier). Unlike tabun and sarin, soman was not
produced in large quantities or loaded into munitions during
World War II due to its late discovery and difficulties associ-
ated with scaling up the manufacturing process. After the war,
other nations including the United States, United Kingdom,
and former Soviet Union were also quick to realize the
weaponization potential of OP nerve agents and establish
research and development programs of their own. Soman was
never mass produced by the United States due to the difficulty
and cost of large-scale production as well as concerns over the
lack of effective antidotes (compared to tabun and sarin).
However, it was manufactured in large quantities and loaded
into munitions by the former Soviet Union beginning in the
1960s. In the 1990s, the production, stockpiling, and use of
chemical weapons (including soman) by nations were banned
by the Chemical Weapons Convention (CWC), an interna-
tional agreement that entered into force in 1997. The CWC is
implemented by the Organisation for the Prohibition of
Chemical Weapons (OPCW) and requires the destruction of
existing chemical weapons stockpiles. Nearly all of the nations
in the world are members of the OPCW, and destruction of
existing chemical weapons stockpiles was ongoing at the time
of this writing in 2012.
* The views of the authors do not purport to reflect the position of the US
Department of Defense. The use of trade names does not constitute official
endorsement or approval of the use of such commercial product.
y Deceased.
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Soman is a synthetic nerve agent intended for use in chemical
warfare.
Environmental Fate and Behavior

The chemical and physical properties of soman are summa-
rized below:

Molecular Weight: 182.17 gmol�1

Physical State: Colorless liquid
Odor: Faintly fruity or camphor-like
Boiling Point: 167 �C
Melting Point: –42 �C
Liquid Density: 1.02 gml�1 at 25 �C
Vapor Density (air¼ 1): 6.3
Vapor Pressure: 0.4 mmHg at 25 �C
Volatility: 3900mgm�3 at 25 �C
Octanol/Water Partition Coefficient (log Kow): 1.78
Exposure and Exposure Monitoring

Soman is somewhat less volatile than water and is primarily an
inhalation hazard. Soman vapor is heavier than air and tends to
sink and accumulate in low-lying areas. Clothing can off-gas
after contact with soman vapor, which can lead to the inad-
vertent spreading of the agent. Soman readily penetrates the
skin and enters the bloodstream, so it is also a significant
dermal contact hazard. Other routes of exposure are possible,
including ocular, injection, and ingestion of or contact with
water or other liquids or food products that have been
contaminated with soman.
Toxicokinetics

Soman is readily absorbed through the skin and respiratory
system. The onset of signs and symptoms following exposure
to soman can range from minutes to hours depending on the
route, duration, and amount of exposure. Generally, signs
and symptoms appear much more rapidly after inhalation
than they do following a dermal exposure. Once it enters the
bloodstream, soman is distributed throughout the body,
including the central nervous system, since it readily crosses
the blood–brain barrier. Soman is metabolized by OP
hydrolases such as paraoxonase 1 at approximately the same
rate as the other G-series agents tabun and sarin. Soman is
less soluble and persists longer in water than either tabun or
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00654-0
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sarin. It has two chiral centers and so can exist as four
stereoisomers:

1:
2:

Cð�Þ
CðþÞ

Pð�Þ
Pð�Þ

�
More toxic

3:
4:

Cð�Þ
CðþÞ

PðþÞ
PðþÞ

�
Less toxic

Mechanisms of Toxicity

Like other chemical warfare nerve agents, soman is an irre-
versible cholinesterase inhibitor. The clinical effects of soman
exposure result primarily from its inhibition of acetylcholin-
esterase (AChE), although it does inhibit other cholinesterases
as well, including butyrylcholinesterase (BuChE). The most
important biological function of AChE is the degradation of
acetylcholine, an important neurotransmitter that is found in
nerve terminals in both the peripheral and central nervous
systems. Generally, acetylcholine stimulates secretion of bodily
fluids and contraction of skeletal muscles in the periphery and
affects a multitude of neural pathways in the central nervous
system. Normally, the actions of acetylcholine on its receptors
are terminated when it is hydrolyzed by AChE, thus preventing
continual overstimulation of the receptors. Inhibition of AChE
blocks its ability to degrade acetylcholine, resulting in an
accumulation of acetylcholine and cholinergic overstimulation
of the target tissues. Effects of AChE inhibition include invol-
untary muscle contractions and increased fluid secretion (e.g.,
tears, saliva) resulting from acetylcholine accumulation in the
peripheral nervous system and seizures resulting from acetyl-
choline accumulation in the central nervous system. The cause
of death is typically respiratory dysfunction resulting from
paralyzation of the respiratory muscles, buildup of pulmonary
secretions, and depression of the brain’s respiratory center.

The binding of soman to AChE is generally considered
irreversible unless removed by therapy. This removal is called
reactivation, which can be accomplished by the use of oximes
prior to ‘aging’. Aging is the biochemical process by which the
agent–enzyme complex becomes refractory to reactivation.
Spontaneous reactivation in the absence of oximes is possible
but is unlikely to occur at a high enough incidence to be clin-
ically important. Soman ages more rapidly than any other
chemical warfare nerve agent, with an aging half-time of
approximately 2min.

Circulating cholinesterases in the blood act as effective scav-
engers of soman, and blood cholinesterase levels may be used to
approximate tissue levels of functional AChE following an expo-
sure to soman or another cholinesterase inhibitor. Red blood cell
cholinesterase (RBC-ChE) and BuChE are both found in blood,
the latter in the plasma and the former in erythrocytes. RBC-ChE
enzyme activity is restored at the rate of red blood cell turnover,
which is ~1% per day. Tissue AChE and plasma BuChE activities
return with synthesis of new enzymes, the rate of which differs
between plasma and tissues as well as between different tissues.

Although cholinesterase inhibition is the primarymechanism
of toxicity following exposure to OP nerve agents, recent
investigations have assessed noncholinergic effects of OP nerve
agent poisoning, including changes in the levels of neurotrans-
mitters other than acetylcholine. These changes may be due to
a compensatorymechanism in response tooverstimulationof the
cholinergic system, direct action of the OP on the proteins
responsible for noncholinergic neurotransmission, or perhaps
both. It has been reported that OPs inhibit serine esterases that
degrade a number of noncholinergic neuropeptides, and it is
possible that this inhibition results inaltered levelsof anumberof
neurotransmitters other than acetylcholine. Recent studies have
also suggested that neuroinflammation is one putative mecha-
nism for noncholinergic neurotoxicity of OP nerve agents. Some
toxicity to the pulmonary and cardiovascular systems may result
from direct toxicity to the organs; OP cholinesterase inhibitors
have been reported to cause secondary pneumonia and pulmo-
nary edema as well as cardiac arrhythmias and lesions. The
etiology of these toxic effects is not well understood and could be
due to the cholinergic disruption that follows cholinesterase
inhibition and/or other mechanisms that have yet to be identi-
fied. It is worth mentioning that mice lacking AChE are actually
more sensitive to OP poisoning than wild-type mice, supporting
the notion that OP cholinesterase inhibitors exert their toxic
effects throughothermechanisms in addition toAChE inhibition.
Acute and Short-Term Toxicity (Animal/Human)

In humans, rhinorrhea and miosis are typically the first signs of
exposure to small amounts of soman vapor. After exposure to
high concentrations/doses by any route, rhinorrhea occurs as
part of the generalized increase in secretions. Direct ocular
contact to soman may cause miosis, conjunctival injection,
pain in or around the eyes, and dim or blurred vision. Respi-
ratory distress may also occur within seconds to minutes
following aerosol or vapor exposure.

For inhalation of soman, the median lethal dosage (LCt50)
in humans has been estimated to be 35mgminm�3 for
a 2min exposure, assuming a respiratory minute volume of
15 l min�1. Following percutaneous exposure, the LD50 is
estimated to be 5mg kg�1 and the oral LD50 is estimated to be
0.07–0.29mg kg�1.

The cardiovascular effects of nerve agent exposure are vari-
able. Bradycardia may occur via vagal stimulation, but other
factors such as fright, hypoxia, and adrenergic stimulation,
secondary to ganglionic stimulation may produce tachycardia
or hypertension. The acute clinical effects of nerve agents
including soman are summarized in Table 1.

Generally, soman has similar effects on most commonly
used laboratory animal species to its effects on humans,
although the severity of individual signs may vary between
species. Following nerve agent exposure, animals exhibit
hypothermia resulting from the cholinergic activation of the
hypothalamic thermoregulatory center. In addition, plasma
levels of pituitary, gonadal, thyroid, and adrenal hormones are
increased during OP intoxication. For soman, an LCt50 value of
30mgminm�3 for a 30min exposure has been reported for
rats. Available acute toxicity values by other routes of exposure
in various animal species are presented in Table 2.
Chronic Toxicity (Animal/Human)

Soman is acutely toxic at low doses, and relatively few studies
have assessed the effects of repeated low-level exposures on



Table 1 Acute clinical effects of nerve agents

Organ or system Common effects Notes

Eye Miosis (constricted pupils); pain, dim or blurred vision Usually occurs following vapor exposure, may not occur
following exposure via other routes.

Nose Rhinorrhea (runny nose) May be sudden and severe, especially following vapor
exposure.

Mouth Excessive salivation
Gastrointestinal tract Nausea, vomiting, diarrhea; increased secretions and

motility; cramps and pain
Pulmonary tract Tightness in the chest and shortness of breath;

bronchoconstriction; increased secretions and
coughing

May be sudden following vapor exposure; may resolve
quickly even without treatment if a very small amount of
vapor was inhaled.

Skin Excessive sweating Initially localized to the site of exposure following dermal
exposure.

Skeletal muscles Fasciculations; twitching; paralysis Initially localized to the site of exposure following dermal
exposure.

Central nervous system Decreased memory and comprehension; difficulty
sleeping; nightmares; irritability; depression;
convulsions and seizures; loss of consciousness

Effects may linger for days to weeks, or even longer.

Cardiovascular Changes in heart rate and blood pressure; arrhythmia Bradycardia and tachycardia have both been reported.

Table 2 Soman animal toxicity data – all values are LD50 (mg kg�1)

Route of Administration

Species

Cat Chicken Dog Frog Guinea pig Monkey Mouse Rabbit Rat

Intramuscular ND ND ND ND ND 9.5 89 ND 62
Intraperitoneal ND 71 ND 251 ND ND 393 ND 98
Intravenous 15 ND ND ND ND ND 35 ND 44.5
Subcutaneous ND 50 12 ND 24 13 ND 20 132
Percutaneous ND ND ND ND ND ND 1080 ND 7800

ND: Not determined.
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humans or animals. However, repeated exposure to many OP
pesticides that are structurally related to soman is known to
cause a collection of neuropsychological symptoms called
organophosphate-induced delayed neuropathy (OPIDN).
These signs and symptoms include anxiety, depression,
psychosis, and a number of cognitive and memory deficits that
may occur weeks after OP poisoning. The mechanisms under-
lying OPIDN are not fully understood; the signs and symptoms
do not appear to be dependent on AChE inhibition and they
may occur without cholinergic signs and symptoms. Another
collection of signs and symptoms of unknown etiology is
intermediate syndrome, which may occur 24–96 h after OP
poisoning. The clinical features of intermediate syndrome
include depressed deep tendon reflexes and weakness in the
neck, respiratory, and proximal limb muscles.

Immunotoxicity

Immunotoxicity has not been assessed extensively, but soman
has been shown to have an immunosuppressive effect in mice
and rats.

Reproductive Toxicity

Studies in experimental animals have not revealed any soman-
induced reproductive or developmental toxicity.
Genotoxicity

Genotoxicity has not been assessed extensively for soman.
Carcinogenicity

Carcinogenicity has not been assessed extensively for soman.
Clinical Management

Management of soman intoxication consists of decontamina-
tion to terminate the exposure, ventilation, administration of
antidotes, and supportive therapy. Drug therapy for treatment
of nerve agent intoxication typically includes an anticholinergic
drug, an oxime, and an anticonvulsant. The anticholinergic
drug atropine is a muscarinic receptor antagonist that is effec-
tive in blocking the effects of excess acetylcholine at peripheral
muscarinic receptors. The usual dose is 2mg given intrave-
nously (IV) or by intramuscular (IM) injection, which may be
repeated at 5–10min intervals until secretions and shortness of
breath subside. Atropine may also be applied topically directly
to the eye to relieve the miosis (constricted pupils), dim vision,
and eye pain that are often caused by nerve agent intoxication.
Pralidoxime chloride (2-PAM Cl) is an oxime used to break the



10 min 30 min 1 h 4 h 8 h

AEGL-1 (nondisabling)

Tabun 0.0069 0.0040 0.0028 0.0014 0.0010

Sarin 0.0069 0.0040 0.0028 0.0014 0.0010

Soman 0.0035 0.0020 0.0014 0.00070 0.00050

Cyclosarin 0.0035 0.0020 0.0014 0.00070 0.00050

VX 0.00057 0.00033 0.00017 0.00010 0.000071

AEGL-2 (disabling)

Tabun 0.087 0.050 0.035 0.017 0.013

Sarin 0.087 0.050 0.035 0.017 0.013

Soman 0.044 0.025 0.018 0.0085 0.0065

Cyclosarin 0.044 0.025 0.018 0.0085 0.0065

VX 0.0072 0.0042 0.0029 0.0015 0.0010

AEGL-3 (lethal)

Tabun 0.76 0.38 0.26 0.14 0.10

Sarin 0.38 0.19 0.13 0.070 0.051
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agent–cholinesterase bond and restore the normal activity of
the enzyme. The usual starting dose is 600mg given orally, IV,
or IM. This may be repeated two or three times as long as no
more than 2000mg is given in 1 h, due to the undesirable
hypertensive effects of 2-PAM Cl. Diazepam, an anticonvulsant
benzodiazepine drug, is used to decrease convulsive activity
and reduce brain damage that may occur from prolonged
seizures. The usual starting dose of diazepam is 10mg (IM),
which may be repeated one or two times at 10min intervals
until convulsions/seizures cease. It is worth noting that atro-
pine, 2-PAM Cl, and diazepam is the drug combination of
choice in the United States for treating OP cholinesterase
poisoning, but other drugs are used in other countries.
However, even when different drugs are used, they are generally
compounds from the same drug families of anticholinergics,
oximes, and anticonvulsants.

Recently, other treatments in addition to those described
above have been explored for their potential for treating OP
poisoning. For example, N-methyl-D-aspartate (NMDA) and
kainate receptor antagonists have been shown to be efficacious
in preventing soman-induced seizures and neuropathy. It has
also been reported that blood alkalinization by IV adminis-
tration of sodium bicarbonate promotes recovery from OP
poisoning through a number of putative mechanisms. Another
potential treatment is the removal of the OP and its metabo-
lite(s) from the blood by hemoperfusion.

Because soman ages so rapidly and oximes can break the
agent–cholinesterase bond only before aging has occurred,
oxime therapy is only effective if given within minutes of
exposure to soman. Pretreatment with a reversible carbamate
cholinesterase inhibitor is one strategy that has been used to
preserve functional cholinesterase levels. Unlike soman, which
irreversibly inhibits AChE, carbamates such as pyridostigmine
form a freely and spontaneously reversible bond with AChE.
Pyridostigmine blocks the active site of AChE and prevents
soman from binding, thus providing a reservoir of AChE that is
protected from irreversible inhibition. Pyridostigmine was
approved by the Food and Drug Administration for the treat-
ment of myasthenia gravis in 1952, and it has a long and
favorable safety record in patients.

Respiratory supportive therapy may include ventilation via
an endotracheal airway and suctioning of excess secretions in
the airways. Supportive care should also include monitoring
patients for cardiac arrhythmias, which are not uncommon in
patients who have been exposed to an OP cholinesterase
inhibitor and subsequently treated with atropine. Patients who
exhibit arrhythmia may require treatment with magnesium
sulfate and potassium as well as other pharmacological inter-
ventions and/or insertion of a temporary pacemaker to restore
a normal rhythmic beating pattern.
Soman 0.38 0.19 0.13 0.070 0.051

Cyclosarin 0.38 0.19 0.13 0.070 0.051

VX 0.029 0.015 0.010 0.0052 0.0038

Ecotoxicology

Soman was developed for use in warfare and most studies have
focused on its acute toxic effects on humans rather than its
impact on the environment. Like the structurally related OP
pesticides, soman is highly toxic to other animals and one
could speculate that it would have similar environmental
effects as OP pesticides such as parathion.
Other Hazards

Other hazards have not been extensively studied or described.
Exposure Standards and Guidelines

Acute Exposure Guideline Levels (AEGLs) are intended to
describe the risk to humans resulting from a rare exposure to
airborne chemicals. Through a collaborative effort of the public
and private sectors worldwide, AEGLs have been established for
a large number of chemicals, including soman. They are
threshold exposure limits for the general public and are
applicable to emergency exposure periods that would occur
infrequently in a person’s life. The AEGL-1 is the airborne
concentration above which the general population, including
sensitive individuals, could experience notable discomfort,
irritation, or certain asymptomatic nonsensory effects. The
effects are not disabling and are transient and reversible upon
cessation of exposure. AEGL-2 is the airborne concentration at
which the same population experiences irreversible or other
serious, long-lasting adverse health effects or an impaired
ability to escape. AEGL-3 is the airborne concentration
predicted to cause life-threatening health effects or death. For
nerve agents including soman, these values are as follows
(in mgm–3):
Following the events of 11 September 2001, the
President’s Commission concluded that water supplies to
US communities were potentially vulnerable to terrorist
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attack, especially if contaminants were inserted at critical
points in the system. In the United States and in areas
around the world where US troops are deployed, concern for
ensuring safety of water supplies can be traced back to at
least the 1980s, when triservice standards for some chemical
warfare agents were established. The guidelines in the
following table were established by the National Research
Council based on triservice standards developed by the US
Army in collaboration with Lawrence Livermore National
Laboratory. These levels are those that should not cause acute
adverse health effects or degrade military performance
following ingestion of 5 or 15 l of water per day for 7 days.
The 5 l per day consumption is considered the average for
a soldier under normal working conditions, while under
stress and exertion, consumption may rise to 15 l per day.
The guidelines are presented in the following table (agent
concentrations are in mg l–1):
Agent 5 l per day 15 l per day

Tabun 140 46

Sarin 28 9

Soman 12 4

VX 15 5
See also: Tabun; Sarin (GB); Cyclosarin (GF); Organophosphorus
Compounds; VX; V-Series Nerve Agents: Other than VX.
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Introduction

A species sensitivity distribution (SSD) is a probability distri-
bution describing the sensitivity of multiple species exposed to
a hazardous compound. Sensitivity is expressed in terms of
adverse effects of exposure on structural end points such as
growth and reproduction. Similarly, function sensitivity
distributions (FSDs) summarize the sensitivity of functional
end points, such as enzyme activity. SSDs and FSDs are
conceptually similar, apart from the fact that SSDs are consid-
ered to relate to impacts of hazardous compounds on the
structural integrity of species assemblages, while FSDs relate to
the integrity of their ecological functions.

SSDs are used in ecological risk assessment (ERA) and
management (Figure 1). Firstly, SSDs are used to derive
concentrations of concern in relation to protection of
ecosystem structure and function. When formally adopted, the
concern levels become environmental quality criteria (EQC);
various terms are in use for this use (trigger values, standards,
etc.). These criteria are used in chemical regulation, whereby
environmental exposures should remain below the level of
concern. Exceedance of EQC triggers regulatory limitations on
production, sales, and use of compounds, but EQC are also
used in environmental quality classification, discriminating
dichotomously between ‘clean’ and ‘contaminated’ water,
sediment or soil, or between ‘slightly’ and ‘highly’ contami-
nated samples. This classification may again trigger risk
management actions, such as sanitation of highly contami-
nated soil or a high-tier investigation. Secondly, SSDs are used
to quantify the hazards of mixtures of contaminants in the
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Figure 1 Dual use of an SSD model. (a) From Y/ X (oldest use): derivatio
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environment, which refine the aforementioned dichotomies.
This serves to support local rather than general environmental
management decisions.

SSDs are simple statistical models with relevant societal
impacts in chemical- and environmental regulation and
management. ERA is frequently organized in a tiered fashion,
with simple, easily used, and conservative models in the lowest
tiers, and more complex, costly, and more accurate models in
higher tiers. SSDs are models of a moderate tier. For chemical
regulation, they are more complex and refined than the
application of fixed factors as used to derive a concern
concentration from a set of sensitivity values; such values are
often called safety factors, application factors, and alike. But
SSDs are simpler than refined approaches like population
modeling for threatened species. Due to the multitude of
relevant sensitivity data and the ease of use of the model, SSDs
provide a versatile model concept for environmental assess-
ments of various kinds.
Origin of SSDs

Ecotoxicology is the subdiscipline of biology (ecology) con-
cerned with the fate and effects of contaminants in the
biosphere. There are many contaminants – let alone mixtures –
and there is a vast variety of exposed biological taxa. Exposures
of these taxa further take place in environmental compartments
as different as sea water, surface water, sediments, and soils.
ERA follows pragmatic approaches to address all these sources
of variation: (1) on sources (contaminants), (2) on pathways
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of exposure (compartments), and (3) on ecological receptors
(species, ecosystems). SSDs specifically address the variability
of ecological receptors.

Looking at the variability of ecological receptors, the iden-
tification of ‘the most sensitive species’ has been an historical
quest in ecotoxicology. This species could then be taken to
address ecological sensitivity for all compounds. When this
search failed, two groups of scientists in the United States and
Europe (theNetherlands) largely independently recognized that
it was of no use to search for such a species. Each animal is
unequal: insects are sensitive to insecticides and plants to
photosynthesis inhibitors. Instead, it was recognized that the
variability of species sensitivities for a compound resembles
a statistical distribution. Rather than considering the sensitivity
variability among species a nuisance, this variation is a key
phenomenon in healthy ecosystems and a basis for SSD
modeling. By addressing the variability using SSDs and FSDs,
ecotoxicologists describe the variation in sensitivity. This
enables them to provide quantitative insight in the hazardous
potentials of chemicals in the environment. This can be done
either in terms of structural impacts via the fraction of species
probably affected or via functional impacts, in terms of the
fraction of functions probably affected. It was recognized
immediately that SSDs can be used in two ways: deriving
concentrations of concern and deriving expected impact levels
on ambient exposure. Historically, the first practical use was in
deriving EQC.Upon adecadeof this use, the secondusewas also
needed, as a consequence of frequent EQC exceedances.
Using SSDs in ERA

In ERA, SSDs are in use as an effects assessment model.
According to the standard paradigm, ERA consists of a hazard
identification, in which it is described that a compound or
a contaminated environmental compartment may pose harm
to ecosystems in general, or to a local system, respectively. The
hazard identification is followed by appropriate exposure –

and effects assessment modeling, the combined results of
which are summarized in the risk characterization. Eventually,
this can be followed by risk management and communication
or by a high-tier (more specific) risk assessment.
SSD Basic Features

SSDs as Concentration–Hazard Relationship

SSDs relate the ambient concentration of a compound (X) to
the toxic pressure implied by it on a species assemblage (or its
functions, Y).

The toxic pressure is defined as the hazard level that follows
from exposure of a species assemblage to a compound
concentration. The toxic pressure level is quantitatively
expressed as the potentially affected fraction (PAF) of species in
a species assemblage. The P in the concept of PAF relates to the
concept of hazard, which refers to intrinsic dangers posed by
a compound or an ambient mixture to a species assemblage.
Since SSDs most often do not use ecological data or theory in
their derivation or use, SSD output reflects characteristics of
the contaminant or contaminated sample (compound and
concentration dependent) rather than characteristics of the
potentially exposed ecosystem. It represents a quantification of
‘pressure’ offered by a compound or contaminated sample
rather than ‘experiencing effects of pressure’ by a receptor.

Given basic modeling features, the toxic pressure can also be
defined as the probability of effects on a species (PES). When
a toxic pressure (PAF) equals 0.45, 45% of the species are
potentially affected, which is conceptually equal to a proba-
bility of 45% that a randomly chosen species is affected. The
higher the PAF or PES calculated for a contaminated environ-
mental sample, the higher the fraction of test species likely
affected, and also, assumed, the higher the fraction of field
species potentially affected.
Using the Concentration–Hazard Relationship of an SSD

The concentration–hazard relationship of an SSD is used in
two ways: setting environmental concentrations of concern and
quantifying local hazards in contaminated environmental
compartments. A key assumption applies to all formats of use.

The Main Assumption of SSD Use
When using SSDs in environmental regulation or management,
the basic assumption is that an SSD of tested species resembles
the SSD of a species assemblage in the field.

This is a conceptual uncertainty that can hardly be reduced.
Hence, the word ‘potential’ is logically embedded in the
concepts of toxic pressure and PAF. When it would be sure that
both distributions are the same, ‘potential’ could be replaced
by ‘probable’: the PAF.

Efforts can be made to select test species to represent the
ecosystem under investigation, like selecting sensitivity data for
seawater species for sea water risk assessments and surface
water species data for surface water problems, or, when
assuming that different species have different roles in ecosys-
tems, to weigh the sensitivity values of different species
differently, when constructing an SSD. A fundamental test of
similarity of the constructed SSD and the SSD of field species is,
however, difficult to make, since field species are exposed to
mixtures of contaminants and to other stresses.

The SSD method conceptually is a probabilistic method,
yielding probabilities of impacts, and the statistical uncer-
tainties of which can be quantified – while the conceptual
assumption (and uncertainty) commonly remains unresolved.
In the strict sense, an SSD relates the concentrations of
a compound to the toxic pressure on the species assemblage of
species that have been tested, with the option to provide
a (statistical) confidence interval around the SSD.

Deriving Concentrations of Concern
SSDs were historically used first in the derivation of environ-
mental concentrations of concern. This could be done with
a simple protocol which should apply to each compound alike:
Standardization is needed in the legal context of chemical
regulations. The idea to use SSDs for this purpose resulted in
the definition of HCp, the hazardous concentration for
p percent of the tested species, whereby p could be chosen in
relation to a defined policy aim. This policy aim, a maximum
level of hazard allowed, is hereby set as a universal value (e.g.,
p¼ 5%) for all compounds, and refers to a selected toxic
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pressure level (Y) from which compound-specific concern
concentrations (X) are derived using the SSD.

Originally, there was one policy aim namely, protecting the
structural and functional attributes of ecosystems. Here, the use
of SSD modeling boils down to the choice of sensitivity input
data (like no observed effect concentrations (NOEC)), the
choice of a descriptive statistical model (like a log-normal
distribution), and the choice of a percentile p which is
considered sufficiently protective. In various jurisdictions, the
HC5 based on NOEC data has been chosen as concentration of
concern, concentrations below this value being considered
sufficiently protected. Likewise, HC20, HC50, or other HC
values are in use for various specific purposes. When one
jurisdiction uses two concern levels (e.g., HC5 and HC50), this
discriminates three degrees of contamination, e.g., clean,
moderate, and high, with each associated with risk manage-
ment steps or triggers for further investigations.

In practice, the SSD-based HCp value for a compound is the
scientific input for establishing an environmental concentra-
tion of concern for formal chemical policies: The formal value
may differ from estimated HCp values, due to other consider-
ations. Various jurisdictions have defined standardized proto-
cols for deriving environmental concentrations of concern.
These are not similar across jurisdictions, and need not be
adopted for the other use of SSDs.

Quantifying Local Hazards of Contamination
In the introductory publications on the HCp idea, the alterna-
tive use of the SSD model was also described. With an SSD, it
was also considered possible to quantify the toxic pressure that
would follow from an ambient concentration unequal to the
HCp.

This second use was not immediately implemented in
practice. This form of use would become practically needed
when there would be exceedances of the established criteria.
When it appeared after a while that such exceedances do
frequently occur, that they may be expected from exposure
scenario analyses, and that they also may occur due to unex-
pected emission events (accidents and disasters), methods for
quantifying hazards of local contamination were developed.

Quantification of SSD-based toxic pressures for contami-
nated environmental compartments is now common, for
a suite of purposes. In these uses, SSDs are often tailored to
a specific hazard identification.

Quantitative, Not Qualitative Output
Typical for SSDs is that they deliver quantitative, not qualitative
results. Both HCp and toxic pressure are quantitative output
types: a critical concentration and an expected local hazard
level. Looking at increasing toxic pressures across a set of
samples, the increases mean that responses will increase, not
what these responses look like and which species are affected
most.

Absolute and Relative Interpretation of Output
An array of decreasing HCp values for an array of toxic
compounds conceptually means that the intrinsic toxic
potencies of the compounds increase: The compound with the
lowest HCp has relatively the highest toxic potency to affect
a species assemblage on its exposure.
Likewise, an array of increasing toxic pressures for an array
of contaminated environmental samples means that the
intrinsic toxic potency of those samples increases: The sample
with the highest toxic pressure has relatively the highest toxic
potency to affect a species assemblage on its exposure.

Apart from these two relative interpretations of SSD output
(HCp or toxic pressure), there are absolute interpretations in
practice. As described above, criteria discriminate between
‘clean’ and ‘contaminated’ in an absolute way. Absolute inter-
pretations are common in the practice domain in the EQC
context. Model validation or confirmation is needed to support
this use (see below).

Direct, Not Indirect Effects
Ecological interactions among species in an ecosystem are
a common phenomenon, but SSD modeling does not address
such interactions.

At a low exposure level, where no direct impacts occur,
indirect impacts can neither occur. When exposure levels
increase, indirect effects may be neutralized by ecological
compensation mechanisms. At exposure levels with many
direct impacts, the net impact may be larger due to interactions:
When a sensitive prey species is lost due to high exposure,
nonsensitive predatory species will also be affected indirectly.

SSDs are models describing concentration–hazard rela-
tionships in which ecological interactions are neglected. Misfit
between predicted and observed impacts will be highest when
the issue of indirect effects becomes more important, that is, at
higher exposure levels where direct impacts occur.
Deriving SSDs

The concentration–hazard relationship is described by an
appropriate statistical model on the basis of a set of sensitivity
data. The latter are commonly collected in laboratory toxicity
tests with selected species, though field-based SSDs are gener-
ated too. Sensitivity data are, for example, NOECs or 50% effect
concentrations (EC50s).

Sensitivity data are obtained often from laboratory toxicity
tests with a single compound. More than 180 000 of such
values are stored in public databases, such as the US Environ-
mental Protection Agency’s Ecotoxicology database and Dutch
RIVM’s e-toxBase. The ease of data retrieval from such systems
in combination with the large number of available test data
reflects the relative ease of use and the large versatility of the
SSD model in ERA practices. The versatility is especially needed
for the quantification of site-specific toxic pressures of
contaminated ecosystems.

An appropriate statistical model to construct an SSD is
a model that adequately describes the sensitivity data. Classical
and often-used examples are the log-normal model or the log-
logistic model. An array of statistical procedures can be applied,
ranging from nonparametric to parametric fitting methods,
bootstrapping, Bayesian methods, and so forth. Apart from
adequate fit to the data, there is no scientific motive to prefer
any model or approach.

A goodness-of-fit test is often used to explore deviations
between a selected model and the data. Misfit implies that
neither HCp values nor toxic pressures can be accurately
established. In that case, another model might suit better to the
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data set. Alternatively, the data set itself may be reconsidered.
That is, when the sensitivity data pertain to two or more
subgroups of species as a consequence of a specific mode of
action of the compound, the data set may be split in appro-
priate subgroups o species types, and two or more models
may be fit to these subsets. As an example, insecticides have
a specific mode of action, with insects being a sensitive
subgroup of taxa. Misfit of the model to all available data
(insects and noninsects) may be solved by fitting SSD models
to the subset of insects and the subset of the other species,
respectively.
Presenting Statistical Uncertainties

The relationship between exposure and hazard can be used to
derive hazardous concentrations and toxic pressures, and these
can be presented with or without statistical confidence inter-
vals. Whether confidence intervals are derived and used is
a matter of context and choice.
SSD Specific Features

The theoretical foundations of the SSD concept allow very
versatile applications and different technical choices. Users
may choose a model to fit the data, they may select and
modify the data as appropriate for the risk assessment
problem, they may use SSDs for smaller or larger data sets, fit
SSDs to subgroups in the data set, they may or may not use
and present information embedded in confidence intervals,
they may derive concentration of concern, or they may derive
toxic pressures. In the latter case, they may derive chronic
toxic pressures based on chronic ecotoxicity tests (e.g., using
NOECs) or acute toxic pressures based on acute ecotoxicity
tests (e.g., using LC50s). However, in the face of some formal
formats of SSD use, standardization needs have resulted in
various guidance documents on the derivation and use of
SSDs for specific contexts.
Deriving Concentrations of Concern

The use of SSDs in the derivation of concentrations of concern
has resulted in the derivation of specific SSD guidances for this
purpose. Expected or measured exceedances of such concen-
trations are commonly the trigger for regulatory action, like
setting limitations on production, use, and emissions of certain
compounds. Clear and strict guidance is used here as a way to
provide a ‘level playing field’ for all compounds, manufac-
turers, environmentalists, and policy makers.

In this context, guidance has been formulated and rules
have been set, e.g., on data quality (e.g., Good Laboratory
Practice), data type (e.g., NOECs), input data number (e.g.,
more than 10 sensitivity data), input data types (e.g., more than
8 taxonomic groups), data pretreatment (e.g., handling
multiple tests for a single species), and prescribed statistical
approaches.

Rules and guidances may differ between countries, as
a consequence of independent processes at the local science–
policy interface. The HCp concept has, e.g., been standardized
as HC5, HC20, and HC50.
Among the possible HCp values, the HC5 is oldest and best
known, although the HC50 is, for example used as a trigger to
address the need for soil sanitation. The early HC5 was defined
as the fifth percentile of a sensitivity distribution made of
NOECs, obtained from tests with some vital characteristics (e.g.,
growth and reproduction) as test end points. At the HC5
concentration, 5%of the (test) species are potentially exposed at
a level where adverse impacts on vital characteristics begin to
appear. Vice versa, at the HC5, 95% of the (test) species are
exposed below that level, so that they are considered fully pro-
tected.Hence, theHC5 is also knownas the95%protection level
of species assemblages. This scientific interpretation is then, in
practical policies, interpreted as a level offering full protection of
structural and functional attributes of ecosystems in the field.
When HC5 values are obtained from both an SSD and an FSD,
guidance may prescribe to select the lowest value of both to
ascertain offering both structural and functional protection.
Quantifying Local Hazards of Contamination

The use of SSDs in quantification of local hazards of contam-
ination deviates from principles and approaches described in
the aforementioned guidances. Conceptually, it is for example
doubtful to use one SSD for evaluating potential impacts in
a contaminated area when the contaminant is a specifically
acting compound. It may be better to derive the toxic pressure
(PAF) on the target group (e.g., plant species affected by
photosynthesis inhibitors) and on the other subset of species
separately. High toxic pressure on plants as derived using SSDs
may imply high indirect impacts, due to the vital role of plants
in ecosystems.

The problem definitions of the risk assessments related to
this use of SSDs are highly variable. When the problem is in the
lower concentration range, the SSDs used to derive the
concentrations of concern based on chronic NOECs can be
reused to quantify toxic pressures for slightly contaminated
environments. In contrast, SSDs constructed from acute LC50

values can be used as tailored approach to assess toxic pressures
of a set of compounds after large chemical spill or accident, and
in order to prioritize among risk management options for those
compounds.
Current SSD Use

Since their invention, SSDs have been and are still used in
deriving concentrations of concern. Often, guidance on the use
of SSD is provided, and guidances are context specific. For
example, guidance for the evaluation of hazards of plant
protection products differs from that of industrial chemicals,
and guidance in the United States differs from that in Europe.
The use of SSDs to derive concentrations of concern has
however only grown since their invention.

Various practical consequences are currently associated to
the concept of concentrations of concern. The two main
consequences are (1) that (predicted) exceedance of the
concern level triggers some kind of action, either being a high-
tier (more refined) risk assessment or a risk management/risk
reduction initiative and (2) that the environment can be easily
classified as clean, moderately, or highly contaminated. Such
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classifications can be used in monitoring the efficacy of envi-
ronmental policies, as such policies should result in reducing
frequencies of criteria exceedances. The societal impacts of this
often standardized format of SSD use are large. The production,
use, and emissions of the most hazardous compounds are
reduced, while (in practice) large areas of soil or large volumes
of water are tagged as ‘not clean,’ due to exceedance of
protective criteria, or ‘seriously contaminated’ due to exceed-
ance of remediation-related criteria. Exceedances trigger policy
concern, and may imply large budgetary investments in risk
management and reduction. The potential success of risk
management may be evaluated by combining exposure
scenarios under alternative management options, by evaluating
the degree of reduction in local toxic pressures (multisubstance
PAF).

The quantification of toxic pressures for contaminated
ecosystems has grown substantially, especially since it appeared
that exceedances of concern concentrations occur very
frequently.

Toxic pressure quantification is now used for practical
targets as different as risk-based land management by national
authorities, risk-based river basin management by regional
authorities, and risk-based disaster management by the United
Nations Disaster Assessment and Coordination teams. A
further use has evolved in the early twenty-first century in the
eco-epidemiological analyses of monitoring data. In such
diagnostic analyses, the relative importance of contaminant
mixtures to cause adverse ecosystem impacts is determined in
relation to the relative importance of other stressors. The latter
use has become of interest because of the recent setting of more
holistic policy targets, like Good Ecological Status in the
European Water Framework Directive, next to the classical
good chemical (protected) status. Good Ecological Status can
be threatened not only by toxic compounds but also by other
stressors. River basin management thus needs, for example,
prioritizing the adverse impacts of toxic pressure together with
the adverse impacts of other stressors.

Toxic pressure assessment often implies the application of
a model train. That is, site-specific exposure assessment
(bioavailability assessment) is needed to address the fact that
different substrates imply different sorption and thus exposure
levels, and mixture assessment is needed to address the net
toxic pressure of a local mixture. Methods for mixture risk
assessment involving SSD modeling per compound are
available.

Like for the use of SSDs for evaluating environmental
quality via EQC, the societal impacts of the site-specific,
tailored use of SSDs are also large, for example, related to
sanitation investments.
Use, Societal Impacts, Improvements,
and Confirmation

Adopt, Adapt, or Abandon SSD Modeling

Models are summaries of real phenomena but they may be
useful. The useful models may be adopted. SSDs are a ‘wrong’
summary of toxic threats to ecosystems, since they quantita-
tively describe relationships between concentration and hazard
level for tested individual species, while they do not account for
ecological interactions and many other issues. This critique
could lead to abandoning the model.

When fundamental aspects are wrong, and/or fundamental
assumption cannot be addressed for specific cases, however,
one can also adapt the model and qualify its intrinsic
limitations.

In the case of SSDs, the impact of possibly wrong assump-
tions is relatively largest when SSD output is interpreted as an
absolute predictor of environmental impacts. The impact of
wrong assumption is less when the model output is interpreted
in a relative sense: This compound (or this contaminated soil,
sediment, or water sample) bears a higher hazard than that
compound (or contaminated sample).

Derivation of concentrations of concern is an absolute use
of SSD modeling, dichotomously characterizing situations.
However, using this principle for relative ranking of toxic
potencies of compounds is also possible by ranking HCp
values.

Determining toxic pressures for sites can be interpreted in
an absolute sense, triggering, for example, sanitation action
directly beyond a certain toxic pressure level. However, ranking
hazards environmental samples by toxic pressure quantifica-
tion is useful in environmental management, to focus attention
on the priority sites.

Adapting the basic SSD approach to tailor the approach to
a specific ERA problem is a common phenomenon, and
includes mentioning of limitations and strengths of interpret-
ing SSD output in ERA.
Technical Improvements in SSDs

The use of SSD models has large societal implications. Hence,
scientific research focuses on improvement of the model.
Among others, research focuses on all aspects of SSDmodeling.
Relevant research topics in the context of SSD improvements
are concerned with input data, statistics, and output interpre-
tation. Regarding input data, among others, various studies
focus on species exchangeability, whereby some standard test
species may have a bias regarding relative sensitivity for
compounds. Further, field-based sensitivity data are used to
generate SSDs. Regarding statistics, among others, efforts are
made to improve on the methods for analyzing sensitivity
patterns. Regarding the output, among others, attempts are
made in ground truthing SSD output in comparison to impacts
observed in the field. Literature shows a wealth of specific
research targets and approaches.
Confirmation of SSD Output

Field observations may confirm model predictions, irrespective
of the simplicity of a model. For SSDs, confirmation studies
have focused on two questions. Confirmation is a weak form of
validation, and it concerns the question whether model
predictions resemble observations.

Historically first, confirmation studies focused on the
question whether protective concentrations (like the HC5
based on the SSD of NOEC data), being point estimates of
SSDs, are indeed sufficiently protective for the structural char-
acteristics of species assemblages. Studies of this kind mostly
confirmed that the NOEC-based HC5 was an estimate of low
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exposure for which impacts on the structural characteristics of
species assemblages were absent or not visible with available
research methods. As overall conclusion, the use of HC5s based
on NOECs and SSD modeling is in general not falsified by
observations that structural impacts do occur at this exposure
level. Apparently, HC5-based criteria are sufficiently protective
for structural aspects of species assemblages in the studied
cases.

Secondly, confirmation studies focused on the predicted
range of toxic pressures and thus the whole SSD. The predicted
fractions of species affected need to be compared to observed
fractions of species affected in the field. Diagnostic analyses of
multispecies tests or of monitoring data, collected in an area
with varying levels of toxic pressure, are used for this. These
studies demonstrate that an increase in toxic pressure associates
to an abundance change for a majority of taxa, though these
impacts often go unnoticed due to the influences of other
stressors. Further, these studies suggest that the relative inter-
pretation of toxic pressure (as PAF) holds true: An increase in
(mixture) toxic pressure relates to an increase in the fraction of
species showing abundance changes. Finally, one study showed
that the predicted and observed fraction of species affected
have an absolute association, when both the SSD and the field
impacts are quantified at the acute EC50 level (SSD) and the
50% abundance change level (field). Apparently, SSDs are
simple models providing quantitative insight in probable
impact magnitudes, relatively and absolutely.

See also: Hazard Identification; Risk Characterization; Risk
Communication; Mixtures, Toxicology, and Risk Assessment;
Ecotoxicology; Aquatic Ecotoxicology; Ecotoxicology, Aquatic
Invertebrates; Ecotoxicology Terrestrial; Ecological Quality
Standards (EQS) Global; Environmental Risk Assessment,
Aquatic; Environmental Risk Assessment, Marine;
Environmental Risk Assessment, Pesticides and Biocides;
Environmental Risk Assessment, Terrestrial; Risk Assessment,
Uncertainty; REACH; Risk Management Measures (RMM);
Site-Specific Environmental Risk Assessment; Soil Pollution
Remediation; Cumulative (Combined Exposures) Risk
Assessment; Hazard Ranking; Mode of Action; Risk
Assessment, Ecological.
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l Name: Spiders
l Representative Genera: Latrodectus; Loxosceles; Argiope; Chir-

acanthium; Lycosa; Phidippus; Tegenaria
l Synonyms: Latrodectus species: Latrodectus mactans (Black

Widow); Latrodectus variolus (Northern Black Widow);
Latrodectus hesperus (Western Black Widow); Latrodectus
bishopi (Red Widow); Latrodectus geometricus (Brown
Widow); Latrodectus hasselti (Red Back); Latrodectus mactans
tredecimguttatus (European Black Widow). Loxosceles species:
Loxosceles deserta; Loxosceles arizonica; Loxosceles laeta; Lox-
osceles rufescens; Loxosceles unicolor; Loxosceles reclusa. Necro-
tizing spiders: Argiope (Orb Weaver); Chiracanthium
(Running or sac spider); Lycosa (Wolf spider); Phidippus
(Jumping spider), Tegenaria agrestis (Hobo spider or
Northwestern brown spider)
Exposure Routes and Pathways

Envenomation occurs subcutaneously due to the small biting
apparatus of the spider. Bites occur most frequently on the
extremities. Typically, the victim is bitten while dressing in
clothing that has been undisturbed, when rolling over in bed
onto a spider, moving stored boxes in an attic or basement, or
while reaching into woodpiles or other well-protected areas.
Toxicokinetics

In humans, the specific disposition of Latrodectus and Loxosceles
venom is not well understood. Distribution of Latrodectus
venom to the central and peripheral nervous system occurs
following absorption through the lymphatic system. The local
distribution of Loxosceles venom is enhanced by the presence of
hyaluronidase and other spreading factors found in the venom.
Systemic absorption of venom components is likely dependent
on lymphatic transport similar to Latrodectus venom. In Latro-
dectus envenomation, the onset of muscle cramping and pain
ranges from 30 min to several hours. Resolution of symptoms
is usually complete within 36–48 h. Occasionally, a longer
clinical course is experienced with symptoms persisting for
days. In comparison, the onset of local symptoms with Lox-
osceles envenomation may develop within a few hours of the
bite with redness and pain. Full progression of symptoms and
healing may not occur for one month or longer.
Mechanism of Toxicity

Latrodectus

Black widow spider (L. mactans) venom contains several
different protein fractions. The most significant component
of the venom is the neurotoxin, alpha-latrotoxin. This neuro-
toxin acts at the presynaptic membrane of the neuronal and the
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
neuromuscular junctions. The binding of the alpha-latrotoxin
results in the opening of nonspecific cation channels, a massive
influx of calcium, release of acetylcholine and norepinephrine
and decreased uptake of the neurotransmitters. The neuro-
transmitter release is most likely responsible for hypertension,
muscle fasciculations, and spasms frequently experienced by
victims of a bite. Rarely, generalized muscle weakness and
labored breathing may develop in severe envenomations.
While the venom of the black widow spider has been charac-
terized as being more potent than that of many poisonous
snakes, the small amount of venom injected limits the degree
of toxicity.

Brown widow spiders (L. geometricus) were first described
in South America and have apparently established populations
in Southern California, many states in the southeastern
United States, Hawaii, some Caribbean Islands, parts of
Australia, South Africa, Japan, and Cyprus. The venom appears
similar to L. mactans; however clinically, the envenomations
seem to be less severe. This is thought to be due to relatively
small amounts of venom injected into the bite site.

Loxosceles

Loxosceles reclusa venom is complex and contains multiple
enzymes including alkaline phosphatase, hyaluronidase,
5-ribonucleotide phosphohydrolase, esterase, and sphingo-
myelinase D. The venom components cause coagulation of
blood and ultimately, the occlusion of small blood vessels at
the bite site. This leads to local skin and tissue necrosis due to
ischemia. A release of inflammatory mediators resulting in
polymorphonuclear leukocyte infiltration is also associated
with the local reaction. Hemolysis of red blood cells can occur.
Sphingomyelinase D appears to be the major dermonecrotic
factor. When calcium and serum amyloid protein are present,
sphingomyelinase D reacts with sphingomyelin to release
choline and N-acylsphingosine phosphate stimulating platelet
aggregation and release of serotonin. Occasionally, the local
tissue necrosis expands as the tissue ischemia spreads from the
initial bite site.
Acute and Short-Term Toxicity (or Exposure)

Human

Latrodectus
Several species of Latrodectus exist. Envenomations from these
species produce a similar clinical course except for L. geo-
metricus, which causes a less severe reaction. The severity of an
envenomation is dependent on the age of the patient and the
presence of any preexisting cardiovascular disease. Life-threat-
ening envenomations are extremely rare. Infants and the
elderly are at greater risk for developing severe symptoms.
Initially, the bite is associated with mild local pain and
immediate redness to the bite site. This appears to be the limit
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of most L. geometricus envenomations. Latrodectus venom cau-
ses no tissue damage, so little or no swelling occurs. Patients
most frequently present with painful muscle cramping, spasms,
and muscle rigidity that commonly occur within 15 min to 3 h
after the bite. There is a correlation between the location of the
bite and the muscle groups, which will be affected. Bites
occurring to the upper body commonly affect muscles of the
back, shoulders, and chest. Lower extremity bites are associated
with abdominal spasms and rigidity. In some cases, the
presentation resembles an acute abdomen. Most problematic is
the severe pain, which commonly accompanies the muscle
spasms. Nausea, vomiting, headache, dizziness, diaphoresis,
and mild hypertension are other commonly encountered
symptoms. Severe clinical manifestations are rare but can
include clinically significant hypertension, respiratory insuffi-
ciency, and seizures. Other less common effects that have been
reported include ptosis, pulmonary edema, facial edema,
encephalopathy, generalized rash, itching, and toxic epidermal
necrolysis.

Loxosceles
The brown recluse spider, L. reclusa, is one of the species of the
genus Loxosceles that is found most commonly in the central
Midwest of the United States: Nebraska south to Texas and
eastward to southern Ohio and through north central Georgia.
The brown recluse spider envenomation produces symptoms
that range from mild local tissue inflammation to widespread
systemic toxicity. The extent of toxicity is dependent on the
amount of venom injected, the location of the bite, and the age
and general health of the patient. Although life-threatening
symptoms are possible, a localized skin and tissue reaction is
muchmore common. It is important to note that brown recluse
spider bites sometimes do not progress to a necrotic lesion.
However, when present, the tissue necrosis is usually self-
limiting and often responds to general wound management.
The bite of the brown recluse is usually painless and initially
often goes unnoticed. Since the spider is seldom seen, most
patients do not seek treatment until a necrotic lesion develops.
This makes definitive diagnosis often quite difficult. Local
infections such as cellulitis often can present with similar
symptoms, even progressing to local tissue necrosis if
untreated. Experimentally, a bite-site skin surface enzyme-
linked immunosorbent assay test has been developed which
can confirm the presence of Loxosceles venom. However, this
test is not yet commercially available.

Following envenomation, local symptoms of pruritus,
redness, and pain occur within several hours of the enveno-
mation. Within 24 h, a reddish to violet colored blister
becomes surrounded by a blanched, ischemic ring that is
bordered by a reddish ring. This represents the often described
‘bull’s eye’ or ‘halo’ lesion. Over the next several days, the
blistered, ischemic area may turn darker and sink below the
level of skin due to subcutaneous tissue necrosis. This necrotic
reaction may stop or continue to expand, producing a lesion as
large as 5–30 cm in diameter. In 7–14 days, the top layer of the
blister sloughs off leaving an ulcerative lesion. Depending on
the size of the lesion, healing may require several months. The
necrosis tends to be more extensive following bites in fatty
areas such as the thighs, buttocks, and abdomen. Neck and
facial wounds can cause significant edema. Systemic reactions
from Loxosceles envenomation are infrequent. A systemic reac-
tion typically occurs within 24–96 h. Symptoms can include
fever, chills, weakness, vomiting, muscle pain, generalized rash,
seizures, disseminated intravascular coagulation, thrombocy-
topenia, and hemolytic anemia. Renal failure and death may
occur due to widespread hemolysis.

Argiope, Chiracanthium, Lycosa, Phidippus, Tegenaria agrestis
There are some brown spiders that somewhat resemble the
brown recluse to the layperson. Without proper identification,
it is often not possible to immediately diagnose a brown
recluse spider bite. Complicating the diagnosis further is the
fact that there are several other species of spiders that can cause
a necrotic skin lesion, although not as severe.

Argiope
The spider will bite if stressed or provoked. Initial symptoms
include sharp pain and swelling. Induration with a surrounding
erythema can occur. The bite may cause a necrotic lesion, but no
systemic symptoms expected.

Chiracanthium
The venom is similar to Loxosceles. The bite initially causes
a sharp pain and red wheal formation. Several days later, a crust
forms at the site with necrotic tissue underneath. Erythema,
pruritus, and pain typically surround the bite site and may take
1 month to heal. Systemic symptoms are rare, but nausea,
anxiety, headache, and abdominal cramps have been reported.

Lycosa
The initial reaction often consists of erythema, pain, edema
with a violaceous discoloration, and tenderness. Necrosis rarely
occurs. Nausea and light-headedness have been reported.

Phidippus
The jumping spider produces a sharp painful bite with redness,
pain, edema, and pruritus. The swelling usually subsides within
48 h. However, in one report, symptoms persisted for 1 week.
A small ulcer with eschar may form. No systemic toxicity is
expected.

Tegenaria agrestis
The initial bite of the hobo spider may be painless and unno-
ticed. It is most similar to the brown recluse. Induration sur-
rounded by erythema may be present within 30 min. A blister
formation typically follows within 15–35 h. About half of the
reported envenomations may develop an eschar covering
a necrotic ulcer. Systemic symptoms reported include head-
ache, lethargy, weakness, nausea, vomiting, memory loss, and
visual impairment.
Clinical Management

Latrodectus

Occasionally, patients bitten by Black widow spiders do not
develop symptoms significant enough to require medical
evaluation. However, more commonly patients complain of
moderate to severe pain due to muscle cramping in large
skeletal muscle groups. This pain is often unresponsive to
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over-the-counter analgesics and requires more potent pain
medication in the emergency department. Therapy is directed
toward making the patient as comfortable as possible while
monitoring for the development of severe symptoms such as
hypertension and labored breathing. Agents that have been
employed to treat muscle spasms and pain include benzodi-
azepines, skeletal muscle relaxants, intravenous calcium, and
narcotic analgesics. The bite site should be cleansed with
hydrogen peroxide 3% or alcohol. Measures to remove or
decrease the spread of venom are ineffective due to the small
amount of venom necessary to produce toxicity and its rapid
spread to the circulation. Tetanus prophylaxis should be
provided as necessary. Diazepam has been found to be effective
for the relief of muscle spasms. Methocarbamol and car-
isoprodol generally have been less effective. Parenteral
morphine sulfate or a combination of morphine and a benzo-
diazepine such as diazepam or lorazepam seem to be the most
effective course of therapy for patients with significant pain.
Cautious use of opioids is recommended as they may be con-
traindicated in the rare patient who exhibits respiratory diffi-
culty, central nervous system depression, or seizures. The
efficacy of intravenous calcium has not been firmly established
in controlled trials and clinical practice has not been found to
be routinely effective. The use of L. mactans antivenom, in
general, should be limited to those patients experiencing severe
symptoms or severe pain unresponsive to opiates. Past
recommendations have suggested that the routine use of anti-
venom was unnecessary and therefore should be discouraged.
Latrodectus mactans antivenom, which is extremely effective in
reversing symptoms of envenomation, has been limited mainly
because of the fear of causing an acute hypersensitivity reaction
and the fact that the vast majority of envenomated patients will
recover fully over time, with supportive care and optimal use of
opiates and benzodiazepines. ‘High risk’ patients, such as
infants, the elderly, or those with significant cardiovascular
disease, have been the patient groups for which antivenin has
been recommended. Latrodectus mactans antivenom is derived
from horse serum. Both anaphylactic and delayed hypersensi-
tivity reactions can occur. While these reactions have occurred,
in clinical practice, few minor reactions have actually been
documented and only one report of a severe reaction has been
found in the medical literature. In this case, multiple compli-
cations existed including the fact that the antivenom was
administered undiluted and as an intravenous push. If anti-
venin use is indicated, a diluted intravenous infusion is
preferred. A 2.5 ml vial of antivenin L. mactans is diluted in
50–100 ml of normal saline or D5W and administered
intravenously over 30 min. The same dose is used for pediatric
patients as with adults. One should always be prepared for the
possibility of anaphylaxis whenever antivenom derived from
horse serum is given. The benefits of giving antivenom in
a particular patient should be weighed against the potential
risks. Elevation in blood pressure is frequent following black
widow spider envenomation but rarely requires treatment with
an antihypertensive agent.
Loxosceles

Many controversial techniques have been employed in the
management of brown recluse spider bites. Unfortunately, no
scientific evidence exists which supports an ideal method or
methods of management. However, case reports advocate
a variety of therapies as potentially useful. Most agree,
however, that good local management of the cutaneous lesion
is the most important aspect of care. Tetanus prophylaxis
should always be included. Immobilization, elevation, and
rest of a bitten extremity may be beneficial as increased activity
and metabolic heat production may enhance enzyme activa-
tion. Local application of cool compresses has been reported
to reduce inflammation and pain, and slow the evolution of
lesions. It is postulated that the activity of sphingomyelinase
D may be reduced by cold temperature. Analgesics can be
administered for pain. Avoid analgesics and anti-inflamma-
tory drugs that affect platelet function. Antipruritics and
antianxiety drugs may be administered as needed. In general,
antibiotics should be withheld unless there is evidence of
infection. Local and systemic injection of steroids has been
employed occasionally, but research has shown that neither
the extent nor the duration of tissue necrosis is affected.
Corticosteroids are generally not indicated for cutaneous
symptoms alone.

Dapsone has been shown to be effective, for cutaneous
reactions only, in some research done in the animal model. In
addition, several case reports have described some success with
dapsone in decreasing local pain and preventing further indu-
ration and necrosis. Recent studies, however, have shown no
benefit in patient outcome. When given, doses have ranged
from 50 to 200 mg per day in adults. This drug appears to
decrease the extent of tissue necrosis by inhibiting poly-
morphonuclear leukocytes, the mediators of the inflammatory
response to the bite. However, side effects of dapsone are
potentially severe. Hemolytic anemia and liver toxicity have
been described. In general, there is no consensus on the use of
dapsone for cutaneous reactions.

Likewise, there appears to be no benefit to early surgical
excision of the bite site. Some time is required before a clear
boundary is established marking the end of the spread of
venom. Excising the necrotic area too soon may leave some
venom at the boundary that can produce further tissue necrosis.
Corrective surgery should be delayed at least 6–8 weeks until
the area of necrosis is clearly demarcated.

Although several case reports describe some success in
patients following the use of hyperbaric oxygen, it is not
considered standard therapy at this time. However, hyperbaric
oxygen may provide wound-healing benefits in certain patients
with vascular insufficiencies.

Management of systemic toxicity is primarily supportive
but also includes the use of corticosteroids to treat red blood
cell hemolysis. A loading dose of 1–2 mg kg�1 of methyl-
prednisolone intravenous push is followed by a maintenance
dose of 0.5–1 mg kg�1 every 6 h. Also, adequate hydration is
important to maintain good urine output. Manage low
hemoglobin with packed red blood cells as needed. Fresh
frozen plasma or cryoprecipitate should not be used as it may
stimulate further hemolysis. If hemolysis occurs, maintain
hydration and urine output to avoid renal failure. Hemodial-
ysis has no effect on elimination of the venom, but is indicated
in the presence of renal failure. The brown recluse spider
antivenin is still experimental and is not commercially
available.
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As with the treatment of the Loxosceles species, treatment
remains controversial. Typically, good local management of the
cutaneous lesion is the most important aspect of care. Tetanus
prophylaxis should be updated. Immobilization, elevation,
and rest of a bitten extremity may be beneficial. Analgesics can
be administered for pain. Antipruritics and antianxiety drugs
may be administered as needed. In general, antibiotics should
be withheld unless there is evidence of infection. The use of
intralesional, intramuscular, or oral corticosteroids is not of
proven efficacy, although some case reports have shown a good
outcome with the use of a corticosteroid.
Miscellaneous

There are five representative species of the widow spider in the
United States. The species are the black widow (L. mactans,
L. hesperus, L. variolus), red widow (L. bishopi), and the brown
widow (L. geometricus). The five species of Loxosceles docu-
mented to produce necrotic bites are L. arizonica, L. deserta,
L. laeta, L. reclusa, and L. rufescens. The L. reclusa is responsible
for most cases of clinical significance of necrotic arachnidism.
There is no routine test for the diagnosis of trivial or cutaneous
arachnidism. The use of a passive hemagglutination inhibition
test has been used successfully to identify venom from brown
recluse spider bites in animal studies. This test has not yet been
used for diagnostic purposes in human trials and is not
routinely available to clinicians.

See also: Benzodiazepines; Corticosteroids; Opium and the
Constituent Opiates; Hymenoptera; Centipedes.
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l Name: Selective serotonin reuptake inhibitors (SSRIs)
l Chemical Abstracts Service Registry Numbers: See repre-

sentative chemicals
l Chemical/Pharmaceutical/Other Class: Serotonin reuptake

inhibitors; serotonin receptor upregulators
l Representative Chemicals: Citalopram hydrobromide (CAS

59729-32-7) Celexa (Lundbeck), Dapoxetine (CAS 119356-
77-3) (Priligy), Escitalopram oxalate (CAS 219861-08-2)
Lexapro (Forest), Fluoxetine hydrochloride (CAS 59333-67-
4) Prozac (Lilly), Fluvoxamine maleate (CAS 61718-82-9)
Luvox (Solvay), Paroxetine hydrochloride (CAS 78246-49-
8) Paxil (SmithKline–Beecham), Sertraline hydrochloride
(CAS 79559-97-0) Zoloft (Pfizer). These are the six main
selective serotonin reuptake inhibitors (SSRIs); others are
under development and possibly in use in small pop-
ulations or foreign countries.

l Molecular Formula: Varies
l Chemical Structure: Varies
Table 1 Solubility and degradation of select SSRIs

Compound Log KOW Log KOC Photolysis t1/2 (d)

Citalopram 1.39 5.63 39
Fluoxetine 1.22 4.65 122
Fluvoxamine 1.21 3.82 0.57; 29
Paroxetine 1.37 4.47 0.67
Sertraline 1.37 4.17 23
Background (Significance/History)

Selective serotonin reuptake inhibitors (SSRIs) as a class
have had a short but important history in the treatment of
several psychological disorders, most notably depression and
anxiety disorders. This class of drugs was originally designed
to, and is effective at, inhibiting the reuptake of serotonin
(5-hydroxytryptamine, or 5-HT) at the postsynaptic gap in the
central nervous system (CNS).

Inhibiting the uptake of serotonin in the central nervous
system results in two primary effects. First, synaptic concen-
trations of serotonin are increased – serotonin produced in the
presynaptic cleft continues to occur, and serotonin that reaches
the postsynaptic neuron is unable to bind to 5-HT (e.g., 5-HT
1A, 5-HT 1D, 5-HT 2A, 5-HT 2C, and 5-HT3) receptors at
that site, which have been effectively tied up by SSRI molecules
that have successfully bound to the receptors instead. The
second effect, due to the increased synaptic concentrations of
serotonin, is that the transmission achieved by the binding of
serotonin at the postsynaptic neuron is enhanced.

It has been widely believed, for decades, that some
dysfunction in serotonin-mediated neuronal transmission is
a primary cause of depressive disorders, and much research has
been dedicated to the study of these effects. It has been shown,
at least initially, that increasing synaptic concentrations of
serotonin through the use of SSRIs can lead to decreases in the
symptoms of depression. Recent work in this area, however,
may suggest that SSRIs have a more indirect effect in moder-
ating symptoms of depressive disorders.

Aside from their widespread use as mood disorder medi-
cations, SSRIs may have several unwanted effects due to sero-
tonin’s roles in several other biological systems, including pain
perception, sleep, appetite, thermal regulation, reproductive
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
functions, balance, gut regulation, sensory interpretation, and
motor functions. The selectivity of SSRIs translates to relatively
low-intensity side effects considering the widespread use of
serotonin throughout the body, although numerous side
effects can present during treatment.
Uses

SSRIs have a wide variety of uses. They are most commonly
prescribed for mood and depressive disorders, including
obsessive compulsive disorder (OCD), panic disorder, gener-
alized anxiety disorder, social anxiety disorders, posttraumatic
stress disorder, and dementia. Bulimia nervosa, dysthymia, and
premature ejaculation have also been treated using SSRIs. Cit-
alopram (investigational) is used for dementia, smoking
cessation, ethanol abuse, and OCD in children with diabetic
neuropathy. Sertraline and Sarafem (which contains fluoxe-
tine) are also used to treat premenstrual dysphoric disorder.
Environmental Fate and Behavior

Being a commonly prescribed class of drug, SSRIs have been the
focus of much attention on their presence downstream of
production and consumption. Most notably, wastewater
treatment plants have received the most attention with regard
to tracking the compounds. The concerns have focused
primarily on the psychoactivity of the drugs and their potential
to cause lasting effects in nonhuman animals in the environ-
ment; other concerns have included their presence in treated
water and their subsequent effects, if any, on unsuspecting
humans consuming food or water containing residual SSRIs.

Some SSRIs are used in their salt form, and these tend to be
water soluble; others exist as a free base and tend to have low
water solubilities. Table 1 shows some physical properties of
the salt forms of several SSRIs.

Sorption coefficients for these SSRIs predict that they will
absorb to soils and sediments strongly, reducing the fraction
found free in water. In several studies, hydrolytic degradation
has been shown to be minimal for most SSRIs. Moreover, in
studies investigating sediment and water samples surrounding
water treatment plants for the five SSRIs in Table 1 and their
4-3.00929-5 373
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degradation products – norfluoxetine and norsertraline – were
found in detectable concentrations both upstream and down-
stream of the plants.

Accumulation in soils and sediments appears to occur
readily, and persistence of SSRIs in these environments can last
for months to years. Volatilization is not expected to occur. The
ultimate fates of these compounds are unclear, however, since
long-term studies investigating the degradation and/or bio-
accumulation of SSRIs are rare.
Exposure and Exposure Monitoring

Exposure to SSRIs is primarily oral. Monitoring is accom-
plished via urinalysis, although a battery of tests during
symptomatic treatment of exposure is the norm.
Toxicokinetics

Studies outlining the toxicokinetic profiles of specific SSRIs are
generally lacking in the literature. Many SSRIs have been shown
to be metabolized efficiently following oral administration,
with some metabolites having clinically relevant effects similar
in potency to that of the parent compound. Others have shown
that metabolites are relatively benign, as with paroxetine,
which produces metabolites with potencies approximately
1/50 of the parent compound.

Metabolism of SSRIs and metabolites has been shown to be
at least partially mediated by cytochrome P450 pathways.
Several SSRIs have been shown to enter human breast milk.
Mechanism of Toxicity

The toxic effects resulting from the use of SSRIs are strongly
related to the lingering presence of serotonin in the system. This
condition, known as serotonin syndrome, can be a common
side effect, particularly at higher doses.
Serotonin Syndrome

The effects of antidepressants are generally additive, and
combined use is not generally recommended. There have been
several documented interactions of other drugs with SSRIs (see
Other Hazards section), one being the enhancement of sero-
tonergic effects when using more than one drug that affects
these pathways. In particular, serotonin syndrome has been
shown to occur when SSRIs are combined with Tricyclic anti-
depressants (TCAs), monoamine oxidase inhibitors (MAOIs),
reversible inhibitors of monoamine oxidase, carbamazepine,
lithium, and serotonergic substances.

Serotonin syndrome is characterized by the presence of at
least three of the following symptoms: mental status changes,
agitation, myoclonus, hyperreflexia, sweating, shivering, tremor,
diarrhea, motor coordination problems, muscle rigidity, and
fever. Severe complications may occur, including severe hyper-
thermia, rhabdomyolysis, disseminated intravascular coagula-
tion, convulsions, respiratory arrest, and death.
Acute and Short-Term Toxicity (or Exposure)

Animals and Humans

While other classes of antidepressants may present signifi-
cant risk of symptoms due to overdose, SSRIs have shown
reduced risk for reactions of this kind. Acute effects due to
ingestion can include nausea, vomiting and other flulike
symptoms, diarrhea, blurred vision, tremor, and seizures and
coma in very rare cases. Behavioral symptoms may include
confusion, agitation, drowsiness, and insomnia. Citalopram
has been associated with cardiovascular toxicity includ-
ing hypo- or hypertension, tachycardia, and ventricular
dysrhythmia.

Other effects have been documented as well, as serotonergic
activity is present throughout the body in numerous systems.
For example, escitalopram has been linked to gastrointestinal,
sexual, respiratory, and dermatologic reactions.

Serotonin syndrome (see Mechanism of Toxicity section) is
of concern, although this more generalized term effectively
canvasses the litany of acute effects of exposure to SSRIs.
Discontinuation syndrome is also of note, as SSRIs can have
mild to moderate dependency-forming characteristics.
Chronic Toxicity (or Exposure)

Animals and Humans

Few chronic effects due to SSRI exposure have been docu-
mented beyond isolated case studies. Behavioral changes are
the most common result of chronic effects of SSRIs. For
example, ingestion of sertraline at high doses for at least 6
months has been shown to lead to symptoms including
relaxation and euphoria followed by intense excitement,
tremor, and visual and auditory hallucinations.

A sudden reduction or cessation of treatment after long-
term use can lead to severe withdrawal symptoms, collec-
tively called discontinuation syndrome. The most common
symptoms of discontinuation syndrome include dizziness,
vertigo, and paresthesias. Less common symptoms include
anxiety, headache, irritability, orthostatic hypotension, and
sleep disturbances.
Reproductive Toxicity

Evidence of reproductive toxicity resulting from SSRI use is
limited. Studies investigating citalopram have shown adverse
effects on fetal and postnatal development following applica-
tion of the drug during pregnancy, although at doses higher
than the typical human dose. Teratogenic effects have been
observed in studies using escitalopram. Both citalopram
and escitalopram are listed as FDA pregnancy category C
substances. Nonteratogenic effects – most notably pulmonary
hypertension of the newborn and serotonin syndrome – have
been shown to be associated with citalopram.

In animals, limited fetal abnormalities, reduced birth
weights, death, and maternal toxicity has been demonstrated
following maternal administration of citalopram and escita-
lopram during pregnancy; again, doses in these studies were
significantly greater than human therapeutic doses. In rats,
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reduced fertility was observed in both males and females at
doses at least 5 times the recommended human dose; increased
pregnancy duration was also observed.
Genotoxicity

Studies focusing on the genotoxicity of SSRIs have been largely
limited to citalopram, which has been shown to be mutagenic
via the AMES test (in vitro bacterial reverse mutation assay); this
was the case in two of the five bacterial strains used in the study
(Salmonella TA98 and TA1537). In in vitro Chinese hamster lung
cell assays for chromosomal aberrations, citalopram was also
shown to be clastogenic. Conversely, citalopram has not been
shown to be mutagenic in in vitro mammalian forward gene
mutation assays (HPRT assays) in mouse lymphoma cells;
similar results have been shown in coupled in vitro/in vivo
unscheduled DNA synthesis assays in rat liver cells.

Few other examples of the genotoxicity of SSRIs have been
presented in the literature.
Carcinogenicity

Evidence of carcinogenicity of SSRIs is rare, although increased
instances of small intestine carcinomas have been shown in rats
receiving between 1.3 and 4 times the human recommended
maximum dose of citalopram.
Clinical Management

Treatment is largely symptomatic and supportive. Due to
serotonergic effects to the cardiovascular system, cardiac
monitoring is recommended, and administration of activated
charcoal may be recommended if exposure has been recent –
within 2 h of symptoms presenting. Gastric lavage combined
with activated charcoal is recommended when coingestion of
SSRIs and other drugs is suspected.

Serotonin syndrome treatment is largely an extension of the
symptomatic and supportive treatments described for SSRIs.
Nonspecific serotonin receptor agonists – like methysergide
and cyproheptadine – may be used to control excess seroto-
nergic effects. Propranolol has been successfully used as well, as
it blocks serotonin 1A receptors. In treating muscular rigidity
associated with serotonin syndrome, benzodiazepines may be
administered, or perhaps dantrolene. Olanzapine may be used
as an antipsychotic in addition to having antiserotonergic
activity.
Ecotoxicology

Interestingly, although numerous studies have shown the
presence of SSRIs in the environment following human use or
disposal of the drugs, few studies have reported on the effects of
such compounds directly on organisms in these environments.
For select SSRIs, LC50 values against the aquatic micro-
crustacean Ceriodaphnia dubia have found for the following
drugs: fluoxetine (0.47mg l�1), paroxetine (0.59mg l�1), and
fluvoxamine (1.26mg l�1). Sertraline and fluoxetine have been
shown to be especially toxic to marine organisms, with effects
concentrations within 10–100 times the safety factor of their
measured environmental concentrations.
Other Hazards

Known Major Drug Interactions

All SSRIs have common 5-HT agonistic effects and because of
this, SSRIs have common interactions and side effects. SSRIs
are potent inhibitors of serotonin reuptake by CNS neurons
and may interact with other drugs such as MAOIs or circum-
stances that cause serotonin release. A minimum 2week
washout period should be observed between stopping an
MAOI and starting an SSRI. Conversely, an MAOI should not
be started for at least 1 week after an SSRI has been stopped,
5 weeks after fluoxetine, and 2 weeks for paroxetine and
sertraline. Escitalopram and citalopram are hypersensitive to
each other.

Combining SSRIs with the following drugs has caused
a drug–drug interaction:

l 3,4-Methylenedioxymethamphetamine (MDMA): The
psychological effects of MDMA (‘Ecstasy’) are markedly
reduced by the concurrent use of citalopram. It seems likely
that other SSRIs will also reduce or block the effects of
MDMA. An isolated report describes a neurotoxic reaction
in a man on citalopram when he took unknown amounts of
MDMA.

l 5-HT agonists (triptans): The SSRIs normally appear not to
interact with the triptans, but there are a few rare cases of
dyskinesias and there is some evidence to suggest that the
serotonin syndrome may occasionally develop.

l Amphetamines: SSRIs may increase the sensitivity to
amphetamines; amphetamines may increase the risk of
serotonin syndrome.

l Antiepileptics: These lower the convulsive threshold.
l Antipsychotics: Seven patients developed delirium when

given fluoxetine, paroxetine, or sertraline with benztropine
in the presence of perphenazine or haloperidol. Other
patients remained symptom free.

l Aspirin (and benorilate): Citalopram may increase the risk
of bleeding.

l Artemether with lumefantrine: Avoid concomitant use of
citalopram.

l Astemizole: The makers of astemizole contraindicate the
concurrent use of SSRIs (because of possible increased
astemizole serum levels) and those proarrhythmic drugs
that might additively prolong the QT interval and thereby
increase the risk of serious arrhythmias.

l b-Blockers (carvedilol and metoprolol): Citalopram and
fluvoxamine may increase the levels of some b-blockers.

l Barbiturates: They lower the convulsive threshold.
l Benzodiazepines: Sertraline and fluvoxamine may inhibit

the metabolism of alprazolam and diazepam, resulting in
elevated serum levels potentially causing sedation and
psychomotor impairment.

l Benztropine: Seven patients developed delirium when given
fluoxetine, paroxetine, or sertraline with benztropine in the
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presence of perphenazine or haloperidol. Other patients
remained symptom free.

l Buspirone: An isolated report describes the development of
the serotonin syndrome with buspirone and citalopram; the
same may happen with fluvoxamine. Buspirone with
fluoxetine can be effective, but some adverse reactions have
been reported.

l Fluvoxamine may possibly reduce the effects of buspirone.
l Carbamazepine: Some, but not all, reports indicate that

carbamazepine serum levels can be increased by fluoxetine
and fluvoxamine. Toxicity may develop. Sertraline normally
appears not to affect carbamazepine, but sertraline levels
may be reduced by carbamazepine. Isolated cases of Par-
kinson-like and serotonin syndrome have occurred with
fluoxetine and carbamazepine, while an isolated case of
pancytopenia has been reported with sertraline and carba-
mazepine. The metabolism of citalopram may be increased.

l Carvedilol: Serum concentrations may be increased.
l Cilostazol: Inhibitors of cytochrome P450 isoenzyme

CYP3A4 are predicted to increase the serum levels of cil-
ostazol or its activemetabolite (all SSRIspotentially affected).

l Cimetidine: Cimetidine causes a moderate rise in the serum
levels of sertraline. It may inhibit the metabolism of cit-
alopram. Cimetidine may reduce the first-pass metabolism
of paroxetine, resulting in elevated paroxetine serum
concentrations.

l Cisapride (propulsid): Do not take fluvoxamine.
l Clozapine: Fluoxetine, paroxetine, sertraline, and possibly

citalopram can raise serum clozapine levels. Particularly
large increases can occur with fluvoxamine. Toxicity has
been seen in some patients.

l Coumarins: Anticoagulant effect possibly enhanced by
citalopram.

l CYP2D6 substrates (desipramine, nortriptyline, haloper-
idol, thioridazine, flecainide, codeine, propranolol, meto-
prolol): SSRIs can inhibit in vitro and in vivo the hepatic
isoenzymes 2D6 of the cytochrome P450 system
(CYP2D6), which is involved in the oxidative metabolism
of numerous drugs. SSRIs can cause a significant increase in
the serum concentrations of these drugs.

l Cyclosporine: Fluoxetine may increase the serum levels of
cyclosporine (and possibly tacrolimus).

l Cyproheptadine: Reports say that cyproheptadine can
oppose the antidepressant effects of fluoxetine, fluvox-
amine, and paroxetine.

l Dextromethorphan: Some SSRIs inhibit the metabolism of
dextromethorphan; visual hallucinations have occurred; it
may cause serotonin syndrome.

l Digitalis glycoside: Neither citalopram nor fluvoxamine
appear to interact with digoxin, but an isolated report
describes increased serum digoxin levels attributed to the
use of fluoxetine.

l Digoxin: Fluoxetine may increase serum levels of digoxin.
l Dihydroergotamine: Three isolated cases of the serotonin

syndrome have been seen in patients on paroxetine with
imipramine, amitriptyline, or sertraline when given
dihydroergotamine.

l Disulfram (Antabuse): Do not take with Zoloft oral
concentrate, which contains alcohol and may cause
a reaction.
l Erythromycin: An isolated report describes the development
of what was thought to be serotonin syndrome in a 12-year-
old child taking sertraline when erythromycin was added.

l Haloperidol: Serum may be increased slightly by sertraline.
Fluoxetine, paroxetine, and fluvoxamine may inhibit the
metabolism of haloperidol and cause extrapyramidal
symptoms.

l Human menopausal gonadotropin-CoA reductase inhibi-
tors: Sertraline, paroxetine, fluvoxamine, and fluoxetine
may inhibit the metabolism of lovastatin and simvastatin,
resulting in myosis and rhabdomyolysis; although its
inhibition is weak, these combinations are best avoided.

l Isoniazid: No important interaction appears to occur
between isoniazid and the SSRIs or nefazodone. However,
adverse reactions have been seen during concurrent use,
but they are thought unlikely to have been due to an
interaction.

l Lamotrigine: Toxicity has been reported following the
addition of sertraline.

l Linezolid: Hyperpyrexia, hypertension, tachycardia, confu-
sion, seizures, and deaths have been reported with agents
that inhibit MAO (serotonin syndrome), escitalopram, and
citalopram.

l Lithium: There is increased risk of CNS effects; lithium
toxicity is reported.

l Loop diuretics: Sertraline, paroxetine, and fluvoxamine may
cause hyponatremia; additive hyponatremic effects may be
seen with combined use.

l Macrolide antibacterials: An isolated case report describes
what appeared to be acute fluoxetine intoxication in a man
brought about by the addition of clarithromycin.

l MAOI: This is contraindicated owing to potential risk of
serotonin syndrome. Hyperpyrexia, hypertension, tachy-
cardia, confusion, seizures, and deaths have been re-
ported. A minimum 2 week washout period should be
observed between stopping an MAOI and starting an
SSRI. Conversely, an MAOI should not be started for at
least 1 week after an SSRI has been stopped (at least
5 weeks for fluoxetine; at least 2 weeks for paroxetine and
sertraline).

l Meperidine: Combined use theoretically may increase the
risk of serotonin syndrome.

l Methadone: Methadone serum levels may rise if fluvox-
amine is added, possibly resulting in increased side effects.
Sertraline may also increase methadone levels, but no
interaction appears to occur with fluoxetine.

l Mesoridazine: Fluoxetine and paroxetine may inhibit the
metabolism of mesoridazine, resulting in increased plasma
levels and increasing the risk of QTc interval prolongation.
This may lead to serious ventricular arrhythmias, such as
torsade de pointes–type arrhythmias, and sudden death.
Wait at least 5 weeks after discontinuing these SSRIs prior to
starting mesoridazine.

l Methylphenidate: Metabolism of citalopram may be
inhibited.

l Metoprolol: Escitalopram and citalopram may increase
plasma levels of metoprolol.

l Moclobemide: Concurrent use with escitalopram or cit-
alopram make cause serotonin syndrome.

l Nefazodone: Concurrent may cause serotonin syndrome.
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l NSAIDs: There is increased risk of bleeding when NSAIDs
are used with escitalopram.

l Olanzapine: Fluvoxamine causes a rise in serum olanzapine
levels.

l Perhexiline: Three case reports describe an increase in per-
hexiline serum levels with toxicity due to the concurrent use
of fluoxetine or paroxetine.

l Phenothiazines: Sertraline may inhibit metabolism of
thioridazine or mesoridazine, potentially leading to
malignant ventricular arrhythmias.

l Phenytoin: Phenytoin serum levels can be increased in
some patients by fluoxetine. Toxicity may occur. There are
also isolated reports of phenytoin toxicity with the
concurrent use of fluvoxamine and paroxetine. Phenytoin
and sertraline do not normally interact; nevertheless, two
patients have shown increased serum phenytoin levels.

l Pimozide (Orap): Do not take fluvoxamine.
l Primidone: When used with escitalopram, convulsive

threshold is decreased.
l Propafenone: Serum concentrations and/or toxicity may be

increased by fluoxetine and fluvoxamine.
l Quinidine: Serum concentrations may be increased with

fluvoxamine.
l Risperidone: Paroxetine inhibits the metabolism of risper-

idone, resulting in elevated risperidone levels; it may cause
extrapyramidal symptoms.

l Ritonavir: Plasma concentrations of SSRI are possibly
increased. It may cause serotonin syndrome in HIV patients
when used with citalopram.

l Selegiline: Concurrent use has been reported to cause mania,
hypertension, and in some cases serotonin syndrome. As an
MAO type-B inhibitor, the risk of serotonin syndrome may
be less than with nonselective MAO inhibitors.

l Sibutramine: May increase the risk of serotonin syndrome.
(Manufacturers recommend avoiding concomitant use.)

l Sumatriptan (and other serotonin agonists): Concurrent use
may result in toxicity; weakness, hyperreflexia, and coordi-
nation problems. This combination may also increase the
risk of serotonin syndrome; it also includes naratriptan,
rizatriptan, and zolmitriptan.

l SRIs and SSRIs: Concurrent use with other reuptake inhib-
itors may increase the risk of serotonin syndrome.

l St. John’s wort (Hypericum perforatum): Four patients on
sertraline and one on nefazodone developed symptoms
diagnosed as serotonin syndrome when St. John’s wort was
taken concomitantly. Another patient on St. John’s wort
developed severe sedation after taking a single dose of
paroxetine.

l Sympathomimetics: Concurrent use may increase the risk of
serotonin syndrome.

l Tacrine: Fluvoxamine inhibits the metabolism of tacrine;
use alternative SSRI.

l Tacrolimus: Fluvoxamine may inhibit the metabolism of
tacrolimus.

l TCAs: SSRIs inhibit the metabolism of TCAs resulting in
elevated serum levels; if necessary, a low dose of TCA should
be used.

l Theophylline: Fluvoxamine inhibits the metabolism of
theophylline. Paroxetine may also inhibit the metabolism
of theophylline.
l Thioridazine (Mellaril): Dangerous, even fatal, irregular
heartbeats may occur when taken with fluoxetine, fluvox-
amine, or paroxetine. These may inhibit the metabolism of
thioridazine, resulting in increased plasma levels and
increasing the risk of QTc interval prolongation. This may
lead to serious ventricular arrhythmias, such as torsade de
pointes–type arrhythmias, and sudden death. Wait at least
5 weeks after discontinuing these prior to starting
thioridazine.

l Tramadol: Five reports describe the development of the
serotonin syndrome in patients on fluoxetine, paroxetine,
or sertraline when tramadol was added. Another patient
developed hallucinations with tramadol and paroxetine.
Other reports suggest that the SSRI/tramadol combination
is therapeutically valuable and normally safe. Also, carefully
monitor concomitant use with fluvoxamine.

l Trazodone: Concurrent use may cause serotonin syndrome.
SSRIs may inhibit the metabolism of trazodone resulting in
increased toxicity.

l Tryptophan: It causes agitation and nausea.
l Valproic acid: Fluoxetine may increase serum levels of val-

proic acid.
l Venlafaxine: Combined use may increase the risk of sero-

tonin syndrome.
l Warfarin: Sertraline, fluoxetine, fluvoxamine, and parox-

etine may alter the hypoprothrombinemic response to
warfarin.

l Zolpidem: A case of delirium has been reported when used
in combination with paroxetine.

l Herbal: Avoid valerian, St. John’s wort, SAMe, kava kava,
and gotu kola; these may increase CNS depression.
Exposure Standards and Guidelines

No exposure standards or guidelines have been established for
SSRIs as a class. Few, if any, have been established for indi-
vidual drugs within the class.
See also: Tricyclic Antidepressants; Cardiovascular System.
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Relevant Websites

www.Preskorn.com – Clinical Pharmacology of SSRIs, Applied Clinical Psychophar-
macology, Psychiatric Research Institute.

http://www.inchem.org – Selective Serotonin Reuptake Inhibitors (Poisons Information
Monograph from the International Programme on Chemical Safety).
http://cfpub.epa.gov – United States Environmental Protection Agency. Search for
‘SSRI.’ Final Report: The Environmental Occurrence, Fate, and Ecotoxicity of
Selective Serotonin Reuptake Inhibitors (SSRIs) in Aquatic Environments. Black,
M., Armbrust, K., authors.
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Sources of Exposure

Staphylococcus aureus is a commensal organism that resides in
skin and mucosa. Mild to life-threatening sepsis can occur if
the organism enters into the body especially in an immu-
nocompromised or immunosuppressed individual. Routes
of entry include broken skin or mucosa, and oral ingestion
of infected food. Staphylococcus aureus can survive in a dry
environment for hours to months depending on the strain. It
is estimated that the methicillin resistant Staphylococcus
aureus (MRSA) form is responsible for around 171 200
healthcare-related infections in Europe every year and is
associated with 5400 attributable extra deaths. MRSA has
double the 30-day mortality compared with its methicillin-
sensitive form.
Pathogenesis

The bacterium is a facultative anaerobe that is gram-positive.
Being able to produce catalase, it is able to reduce hydrogen
peroxide to water and oxygen. This ability distinguishes it
from streptococci and enterococci. A variety of virulence
factors can be expressed by S. aureus; for example, adhesins,
toxins, phenol-soluble modulins, and capsular polysaccha-
rides. Staphylococcus aureus is able to produce coagulase (other
species of Staphylococcus are coagulase negative), which is
associated with enterotoxin production. Some strains of
S. aureus can produce the Panton-Valentine Leukocidin toxin
(PVL), which renders infected individuals more susceptible to
illness. The toxin destroys lung tissue by activating and then
lysing polymorphonuclear leukocytes (white blood cells).
Expression of PVL can lead to persisting infection, bone
deformation, and spread to adjacent tissue as demonstrated
by the rabbit osteomyelitis model. A serious complication of
PVL sepsis is necrotizing hemorrhagic pneumonia, which is
associated with a high mortality rate. Phenotypic switching
owing to environmental changes can occur with S. aureus.
Dormant/latent forms predominate during periods of envi-
ronmental stress, thus acting as reservoirs of chronic infection.
Activation into more virulent forms with consequent increase
in virulence factor expression occurs when conditions become
optimal.

Three groups of exotoxins are secreted by different strains of
Staphylococcus:

l Superantigens: Its exposure can result in a variety of
responses from toxic shock syndrome to gastroenteritis.

l Exfoliative exotoxins: It produces proteases that cause
exfoliation of skin. The condition is seen in very young
children.

l Bicomponent toxins: It includes PVL encoded in a bacte-
riophage found with MRSA strains.
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Food Poisoning

Improperly stored meat and dairy products (i.e., between 7.2
and 60 �C) contaminated with enterotoxin-producing strains
of S. aureus can lead to sepsis in humans. Despite this bacte-
rium being commonly diagnosed as a cause of food poisoning,
the actual incidence is unknown. Symptomatic toxicity can
result from ingestion of less than 1 mg of toxin in infected food,
which is equivalent to >100 000 organisms per gram.
Mechanism of Toxicity

Severe systemic toxicity results from the release of Staphylo-
coccal enterotoxin B – a polyclonal activator of T cells. Expo-
sure to less than 50mg via ingestion, injection, or inhalation can
result in toxic symptoms. This protein is classified as a ‘super-
antigen’ generating an extremely powerful immune response
by binding onto major histocompatibility complex type II
proteins on antigen-presenting cells. Toxic shock syndrome
results when around 20% of the body’s T cells become acti-
vated, leading to the release of large amounts of cytokines.
Many virulence factors are expressed by S. aureus, which aid
their survival in the body and damage host tissue. These
include surface proteins for colonization, invasins for bacterial
spread, surface inhibitors of phagocytosis, and membrane-
damaging enzymes.
Diagnosis of Human Infection/Illness

Laboratory Diagnosis

Biochemical tests are applied to the appropriate specimen and
include gram staining followed by culturing the bacterial
isolate in mannitol salt agar. Differentiation of the species is
further characterized by enzyme tests including catalase (char-
acteristically positive for all Staphylococcus species) and coagu-
lase (specific for S. aureus). Where there have been cases of food
poisoning then phage typing is performed.
Clinical Diagnosis

Patients with S. aureus sepsis may present with suppurative skin
or soft tissue infections (e.g., boils, furuncles, folliculitis). More
severe infections can result in toxic shock syndrome, necro-
tizing fasciitis, necrotizing pneumonia, osteomyelitis, and
septic arthritis. Pyomyositis can also occur. Where pulmonary
complications arise, there is usually a history of flu-like
symptoms preceding pneumonia. A high index of suspicion is
required for any patient presenting with necrotizing skin or soft
tissue infections and recurrent abscesses. Toxic shock syndrome
is diagnosed based on strict Centre for Disease Control criteria
(i.e., pyrexia of greater than 38.9 �C, systolic blood pressure
4-3.00539-X 379

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-386454-3.00539-X


380 Staphylococcus aureus
<90 mm Hg, a diffuse rash with desquamation, and involve-
ment of three or more organ systems).
Clinical Management

Mild infection due to S. aureus resolves within 24 h. More severe
sepsis such as toxic shock syndrome requires hospital admis-
sion and intensive monitoring with supportive therapy. This
would include fluid management, ventilatory and inotropic
support, renal replacement treatment, as well as antibiotic
therapy. If untreated then death could result in hours; however,
with treatment patients recover over a period of 2–3 weeks.
Penicillinase-resistant beta lactam antibiotics (e.g., fluclox-
acillin) are used to treat infections. Where there is evidence of
resistance to these drugs, that is MRSA, the glycopeptide
antibiotics, vancomycin, or teicoplanin are used. Should there
be a slow response to vancomycin in cases of life-threatening
MRSA bacteremia, daptomycin is the drug of choice.

See also: Immune System; High Temperature Cooked Meats;
Skin.
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Introduction

Statistics are an essential (and required by regulation) tool in
all aspects of toxicology. They provide a means of objectively
evaluating our tests of belief, for example, experiments.
Increasing amounts and types of toxicological data are being
generated each year. As a result, problems of data analysis have
become more complex and toxicology has drawn more deeply
from the well of available statistical techniques. Statistics has
also changed and grown during the last 35 years, to some
extent, at least, because of the parallel growth of toxicology.
These simultaneous changes have led to an increasing
complexity of data analysis. Before turning to the specific issues
related to using statistics in interpreting toxicological data, it is
important to discuss some of the basics of statistics.
Table 1 Types of variables (data) and examples of each type
Functions of Statistics

Statistical methods may serve to do any combination of three
possible tasks. The most familiar is hypothesis testing, that is,
determining if two (or more) groups of data differ from each
other at a predetermined level of confidence. A second function
is the construction and use of models that can be used to
predict future outcomes of chemical–biological interactions.
This is most commonly seen in linear regression or in the
derivation of some form of correlation coefficient. Model
fitting allows us to relate one variable (typically a treatment or
‘independent’ variable) to another. The third function, reduc-
tion of dimensionality, continues to be less commonly utilized
than the first two. This final category includes methods for
reducing the number of variables in a system while only
minimally reducing the amount of information, therefore
making a problem easier to visualize and understand. Exam-
ples of such techniques are factor analysis and cluster analysis.
A subset of this last function, discussed later under ‘descriptive
statistics,’ is the reduction of raw data to single expressions of
central tendency and variability (such as the mean and stan-
dard deviation (SD)). There is also a special subset of statistical
techniques that is part of both the second and third functions
of statistics. This is data transformation, which includes such
things as the conversion of numbers to log or probit values.
Classified by Type Toxicological example

Scale

Continuous Scalar Body weight
Ranked Severity of a lesion

Discontinuous Scalar Weeks until the first observation of a
tumor in a carcinogenicity study

Ranked Clinical observations in animals
Attribute Eye colors in fruit flies
Quantal Dead/alive or present/absent

Frequency
distribution

Normal Body weights
Bimodal Some clinical chemistry parameters
Others Measures of time to incapacitation
Data

Each measurement made, each individual piece of experi-
mental information gathered, is called a datum. Generally,
multiple pieces of information are gathered and analyzed at
one time, and the resulting collection is called data. Data are
collected on the basis of their association with a treatment
(intended or otherwise) or as an effect (a property) that is
measured in the experimental subjects of a study, such as body
weights. These identifiers (i.e., treatment and effect) are termed
variables. The treatment variables (those that the researcher or
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
nature control, and that can be directly controlled) are termed
independent, while our effect variables (such as weight, life-
span, and number of neoplasms) are termed dependent vari-
ables; their outcome is believed to be dependent on the
‘treatment’ being studied. All the possible measures of a given
set of variables in all the possible subjects that exist are termed
the population for those variables. Such a population of vari-
ables cannot be truly measured; for example, to achieve this it
would be necessary to obtain, treat, and measure the weights of
all the animals of a particular type; for example, Fischer-344
rats, that were, are, or ever will be. Instead, studies are per-
formed on a representative group, a sample. If the sample of
data is appropriately collected and of sufficient size, it serves to
provide good estimates of the characteristics of the parent
population from which it was drawn. Data can be classified
into different types. Table 1 shows one such classification. The
nature of the data collected is determined by three consider-
ations. These are the source of the data (the system being
studied), the instrumentation and techniques being used to
make measurements, and the design of the experiment. The
researcher has some degree of control over each of these, the
least over the system, for example, biological organism (he or
she normally has a choice of only one of several models to
study), and the most over the design of the experiment or
study. Such choices, in fact, dictate the type of data generated
by a study. Statistical methods are based on specific assump-
tions. Parametric statistics, those most familiar to the majority
of scientists, have more stringent underlying assumptions than
do nonparametric statistics. Among the underlying assump-
tions for many parametric statistical methods (such as the
analysis of variance) is that the data are continuous. The nature
of the data associated with a variable (as described previously)
imparts a ‘value’ to that data, the value being the power of the
statistical tests that can be employed. Continuous variables are
those that can at least theoretically assume any of an infinite
number of values between any two fixed points (such as
measurements of body weight between 2.0 and 3.0 kg).
Discontinuous variables, meanwhile, are those which can have
only certain fixed values, with no possible intermediate values
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(such as counts of five and six dead animals, respectively).
Limitations on the ability to measure constrain the extent to
which the real-world situation approaches the theoretical, but
many of the variables studied in toxicology are in fact contin-
uous. Examples of these are lengths, weights, concentrations,
temperatures, periods of time, and percentages. For these
continuous variables, the character of a sample may be
described using measures of central tendency and dispersion
that are most familiar: the mean, denoted by the symbol X and
also called the arithmetic average, and the SD, denoted by the
symbol s and, calculated as being equal to

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

X2 � ðPXÞ2=N
N � 1

s

where X is the individual datum and N is the total number of
data in the group. Contrasted with these continuous data,
however, are discontinuous (or discrete) data, which can only
assume certain fixed numerical values. In these cases the choice
of statistical tools or tests is, as will be seen, more limited.
Descriptive Statistics

Descriptive statistics are used to summarize the general nature
of a data set. As such, the parameters describing any single
group of data have two components. One of these describes the
location of the data, while the other gives a measure of the
dispersion of the data in and about this location. Often over-
looked is the fact that the choice of which parameters are used
to generate these pieces of information implies a particular type
of distribution for the data. Most commonly, location is
described by giving the (arithmetic) mean and dispersion in
terms of the SD or the standard error of the mean (SEM). The
calculation of the first two of these has already been described.
If the total number of data in a group isN, then the SEM would
be calculated as

SEM ¼ SDffiffiffiffi
N

p
The use of the mean with either the SD or SEM implies,
however, that there is reason to believe that the sample of data
being summarized is from a population that is at least
approximately normally distributed. If this is not the case, then
it is more appropriate to use a set of statistical descriptions that
do not require a normal distribution. These are the median, for
location, and the semiquartile distance, for a measure of
dispersion. These somewhat less familiar parameters are char-
acterized as follows.
Median

When all the numbers in a group are arranged in a ranked
order (i.e., from smallest to largest), the median is the middle
value. If there is an odd number of values in a group, then the
middle value is obvious (in the case of 13 values, for example
the seventh largest is the median). When the number of values
in the sample is even, the median is calculated as the midpoint
between the (N/2)th and the ((N/2)þ1)th number. For
example, in the series of numbers 7, 12, 13, 19, the median
value would be the midpoint between 12 and 13, which is
12.5. The SD and the SEM are related to each other but are
quite different. The SEM is quite a bit smaller than the SD,
making it very attractive to use in reporting data. This size
difference is because the SEM actually is an estimate of the
error (or variability) involved in measuring the mean values of
samples, and not an estimate of the error (or variability)
involved in measuring the data from which mean values are
calculated. This is implied by the central limit theorem, which
makes three major assumptions:

l The distribution of sample means will be approximately
normal regardless of the distribution of values in the orig-
inal population from which the samples were drawn.

l The mean value of the collection equals the mean of all
possible sample means, so the collection mean can be
estimated from the sample means.

l The SD of the collection of all possible means of samples of
a given size, called the SEM, depends on both the SD of the
original population and the size of the sample.

The SEM should be used only when the uncertainty of the
estimate of the mean is of concern, which is almost never the
case in toxicology. Rather, toxicology is concerned with an
estimate of the variability of the population for which the SD is
appropriate.
Semiquartile Distance

When all the data in a group are ranked, a quartile of the data
contains one ordered quarter of the values. Typically, we are
most interested in the borders of the middle two quartiles Q1

and Q3, which together represent the semiquartile distance and
which contain the median as their center. Given that there areN
values in an ordered group of data, the upper limit of the jth
quartile (Qj) may be computed as being equal to the (( jN�1)/
4)th value. After using this formula to calculate the upper limits
of Q1 and Q3, it is possible to compute the semiquartile
distance (which is also called the quartile deviation, and as
such is abbreviated as QD) with the formula QD¼ (Q3�Q1)/2.
For example, for the 15-value data set 1, 2, 3, 4, 4, 5, 5, 5, 6, 6, 6,
7, 7, 8, 9, the upper limits of Q1 and Q3 can be calculated as

Q1 ¼ 1ð15þ 1Þ
4

¼ 16
4

¼ 4

Q3 ¼ 3ð15þ 1Þ
4

¼ 48
4

¼ 12

The fourth and 12th values in this data set are 4 and 7,
respectively. The semiquartile distance can then be calculated
as

QD ¼ 7� 4
2

¼ 1:5

There are times when it is desired to describe the relative
variability of one or more sets of data. The most common way
of doing this is to compute the coefficient of variation (CV),
which is calculated simply as the ratio of the SD to the mean, or

CV ¼ SD

X

A CV of 0.2 or 20% thus means that the SD is 20% of the
mean. In toxicology the CV is frequently between 20 and 50%
and may at times exceed 100%.



Table 3 Sample size determination based on tumor incidence

Background

tumor incidence

(%) pa

Required sample size

Incidence rate (%)

0.95 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10

0.30 0.90 10 12 18 31 46 102 389
0.50 6 6 9 12 22 32 123

0.20 0.90 8 10 12 18 30 42 88 320
0.50 5 5 6 9 12 19 28 101

0.10 0.90 6 8 10 12 17 25 33 65
0.50 3 3 5 6 9 11 17 31 68

0.05 0.90 5 6 8 10 13 18 25 35 76 464
0.50 3 3 5 6 7 9 12 19 24 147

0.01 0.90 5 5 7 8 10 13 19 27 46 114
0.50 3 3 5 5 6 8 10 13 25 56
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Applying Statistics to Toxicology

To successfully apply statistics to toxicology, it is critical to
understand the biological dimensions of a problem as well as
the unique characteristics of toxicological data analysis. These
characteristics include the following:

1. The need to work with a relatively small sample set of data
collected from the members of a population (laboratory
animals) that is not actually the population of interest (i.e.,
humans or a target animal population).

2. The need to frequently deal with data resulting from a sample
that was censored on a basis other than the investigator’s
design. By censoring, of course, is meant that not all desired
data points were collected. This censoring could be the result
of either a biological factor (the test animal being dead or too
debilitated to manipulate) or a logistic factor (equipment
being inoperative or a tissue being missed in necropsy).

3. The conditions under which experiments are conducted are
extremely varied. In pharmacology (the closest cousin to at
least classical toxicology), the possible conditions of interac-
tion of a chemical or physical agent with a person are limited
to a small range of doses via a single route over a short course
of treatment to a defined patient population. In toxicology
however, all these variables (dose, route, time span, and
subject population) are limited only by the investigator.

4. The timeframes available to solve toxicological problems are
limited by practical and economic factors. This frequently
means that there is no time to repeat a critical study if the first
attempt fails. So a true iterative approach is often not possible.

The training of most pathologists in statistics remains
limited to a single introductory course that concentrates on
some theoretical basics. As a result, the armamentarium of
statistical techniques of most toxicologists is limited and the
tools that are normally employed (t-tests, c2, analysis of vari-
ance, and linear regression) are neither fully developed nor well
understood.

To appreciate the biological dimensions of analyzing data
and the difference between biological significance and statis-
tical significance, it is useful to consider the four possible
combinations of these two different types of significance as
shown in Table 2.

Cases I and IV give no problems, for the answers are the
same statistically and biologically. But cases II and III present
problems. In case II (the ‘false positive’), we have a circum-
stance where there is a statistical significance in the measured
difference between treated and control groups, but there is no
true biological significance to the finding. This is not an
uncommon happening, for example, in the case of clinical
chemistry parameters. This is called a type I error by statisti-
cians, and the probability of this happening is called the a level.
In case III (the ‘false negative’), there is no statistical
Table 2 Biological versus statistical significance

Biological significance

Statistical significance

No Yes

No Case I Case II
Yes Case III Case IV
significance, but the differences between groups are biologi-
cally and toxicologically significant. This is called a type II error
by statisticians, and the probability of such an error happening
by random chance is called the b level. An example of this
second situation is when there are few of a very rare tumor type
in treated animals. In both of these latter cases, numerical
analysis, no matter how well done, is no substitute for
professional judgment. Along with this, however, it is critical to
have a feeling for the different types of data and for the value or
relative merit of each. Note that the two error types interact,
and in determining sample size it is necessary to specify both
a and b levels. Table 3 demonstrates this interaction in the case
of tumor or specific lesion incidence. The reasons that biolog-
ical and statistical significance are not identical are multiple,
but a central one is certainly causality. Through this consider-
ation of statistics, it should be kept in mind that just because
a treatment and a change in an observed organism are seem-
ingly or actually associated with each other does not ‘prove’
that the former caused the latter. Though this fact is now widely
appreciated for correlation (e.g., the fact that the number of
storks’ nests found each year in England is correlated with the
number of human births that year does not mean that storks
bring babies), it is just as true in the general case of significance.
Proof that treatment causes an effect requires an understanding
of the underlying mechanism and proof of its validity. At the
same time, it is important to realize that not finding a good
correlation or suitable significance associated with a treatment
and an effect likewise does not prove that the two are not
associated, that a treatment does not cause an effect. At best, it
gives a certain level of confidence that under the conditions of
the current test, these items are not associated.
Bias and Chance

Any toxicological study aims to determine whether a treatment
elicits a response. An observed difference in response between
a treated and control group need not necessarily be a result of
treatment. There are, in principle, two other possible explana-
tions: bias, or systematic differences other than treatment
between the groups, and chance, or random differences.
A major objective of both experimental design and analysis is
to try to avoid bias. Wherever possible, treated and control
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groups to be compared should be alike in respect of all other
factors. Where differences remain, these should be corrected for
in the statistical analysis. Chance cannot be wholly excluded, as
identically treated animals will not respond identically. While
even the most extreme difference might in theory be due to
chance, a proper statistical analysis will allow the experimenter
to assess this possibility. The smaller the probability of a false
positive, the more confident the experimenter can be that the
effect is real. Good experimental design improves the chance of
picking up a true effect with confidence bymaximizing the ratio
between ‘signal’ and ‘noise.’
Hypothesis Testing and Probability (p) Values

A relationship of treatment to some toxicological end point is
often stated to be statistically significant (p < .05). What does
this really mean? A number of points have to be made. First,
statistical significance need not necessarily imply biological
importance, if the end point under study is not relevant to the
animal’s well-being. Second, the statement will normally be
based only on the data from the study in question and will not
take into account prior knowledge. In some situations, for
example, when one or two of a very rare tumor type are seen in
treated animals, statistical significance may not be achieved but
the finding may be biologically extremely important, especially
if a similar treatment was previously found to elicit a similar
response. Third, the p-value does not describe the probability
that a true effect of treatment exists. Rather, it describes the
probability of the observed response, or one more extreme,
occurring on the assumption that treatment actually had no
effect whatsoever. A p-value that is not significant is consistent
with a treatment having a small effect, not detected with
sufficient certainty in this study. Fourth, there are two types of
p-value. A ‘one-tailed’ (or one-sided) p-value is the probability
of getting by chance a treatment effect in a specified direction as
great as or greater than that observed. A ‘two-tailed’ p-value is
the probability of getting, by chance alone, a treatment differ-
ence in either direction which is as great as or greater than that
observed. By convention, p-values are assumed to be two-tailed
unless the contrary is stated. Where, which is unusual, it is
possible to rule out in advance the possibility of a treatment
effect except in one direction, a one-tailed p-value should be
used. Often, however, two-tailed tests are to be preferred, and it
is certainly not recommended to use one-tailed tests and not
report large differences in the other direction. In any event, it is
important to make it absolutely clear whether one- or two-
tailed tests have been used. It is a great mistake, when pre-
senting results of statistical analyses, to mark, as do some
laboratories, results simply as significant or not significant at
one defined probability level (normally p < .05). This practice
does not allow the reader any real chance to judge whether or
not the effect is a true one. Some statisticians present the actual
p-value for every comparison made. While this gives precise
information it can make it difficult to assimilate results from
many variables. One recommended practice is to mark p-values
routinely using plus signs to indicate positive differences (and
minus signs to indicate negative differences): þ þ þ p ¼ .001,
þ þ 0.00 � p < .01, þ0.01 � p < .05, �0.05 � p < .1. This
highlights significant results more clearly and also allows the
reader to judge the whole range from ‘virtually certain treat-
ment effect’ to ‘some suspicion.’ Note that using two-tailed
tests, bracketed plus signs indicate findings that would be
significant at the conventional p < .05 level using one-tailed
tests but are not significant at this level using two-tailed tests.
This ‘fiducial limit’ (p < .05) implies a false-positive incidence
of 1 in 20, and though now imbedded in regulation, practice,
and convention, was somewhat an arbitrary choice to begin
with. In interpreting p-values, it is important to realize they are
only an aid to judgment to be used in conjunction with other
available information. A p < .01 increase might be due to
chance when it was unexpected, occurred only at a low dose
level with no such effect seen at higher doses, and was evident
in only one subset of the data. In contrast, a p < .05 increase
might be convincing if it occurred in the top dose and was for
an end point that was expected to show an increase from
known properties of the chemical or closely related chemicals.
Multiple Comparisons

When a p-value is stated to be < .05, this implies that, for that
particular test, the difference could have occurred by chance
less than one time in 20. Toxicological studies frequently
involve making treatment–control comparisons for large
numbers of variables and, in some situations, also for various
subsets of animals. Some statisticians worry that the larger the
number of tests the greater is the chance of picking up statis-
tically significant findings that do not represent true treatment
effects. For this reason, an alternative ‘multiple comparisons’
procedure has been proposed in which, if the treatment was
totally without effect, then 19 times out of 20 all the tests
should show nonsignificance when testing at the 95% confi-
dence level. Automatic use of this approach cannot be recom-
mended. Not only does it make much more difficult to pick up
any real effects, but also there is something inherently unsat-
isfactory about a situation where the relationship between
a treatment and a particular response depends arbitrarily on
which other responses happened to be investigated at the same
time. It is accepted that in any study involving multiple end
points there will inevitably be a gray area between those
showing highly significant effects and those showing no
significant effects, where there is a problem distinguishing
chance and true effects. However, changing the methodology
so that the gray areas all come up as non-significant can hardly
be the answer.
Estimating the Size of the Effect

It should be clearly understood that a p-value does not give
direct information about the size of any effect that has
occurred. A compound may elicit an increase in response by
a given amount, but whether a study finds this increase to be
statistically significant will depend on the size of the study
and the variability of the data. In a small study, a large and
important effect may be missed, especially if the end point is
imprecisely measured. In a large study, on the contrary,
a small and unimportant effect may emerge as statistically
significant.
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Hypothesis testing tells us whether an observed increase
can or cannot be reasonably attributed to chance, but not
how large it is. Although much statistical theory relates to
hypothesis testing, current trends in medical statistics are
toward confidence interval (CI) estimation with differences
between test and control groups expressed in the form of
a best estimate, coupled with the 95% CI (Q). Thus, if one
states that treatment increases response by an estimated 10
units (95% CI 3–17 units), this would imply that there is
a 95% chance that the indicated interval includes the true
difference. If the lower 95% confidence limit exceeds 0, this
implies that the increase is statistically significant at p < .05
using a two-tailed test. One can also calculate, for example, 99
or 99.9% confidence limits, corresponding to testing for
significance at p < .01 or p < .001.

In screening studies of standard design, the tendency has
been to concentrate mainly on hypothesis testing. However,
presentation of the results in the form of estimates with CIs can
be a useful adjunct for some analyses and is very important in
studies aimed specifically at quantifying the size of an effect.

Two terms refer to the quality and reproducibility of the
measurements of variables. The first, accuracy, is an expression
of the closeness of a measured or computed value to its actual
or ‘true’ value in nature. The second, precision, reflects the
closeness or reproducibility of a series of repeated measure-
ments of the same quantity.

If all of the measurements of a particular variable are
arranged in order as points on an axis marked as to the values
of that variable, and if the sample were large enough, the
pattern of distribution of the data in the sample would begin to
become apparent. This pattern is a representation of the
frequency distribution of a given population of data; that is, of
the incidence of different measurements, their central tendency,
and dispersion. The most common frequency distribution, and
one that will be discussed throughout this article, is the normal
(or Gaussian) distribution. The normal distribution is such that
two-thirds of all values are within 1 SD of the mean (or average
value for the entire population) and 95% are within 1.96 SD of
the mean. Symbols used are m for the mean and s for the SD.
Other common frequency distributions, such as the binomial,
Poisson and c2, are sometimes encountered.
Statistical Principles in Experimental Toxicology

Toxicological experiments generally have a twofold purpose.
The first purpose is to answer the question of whether or not an
agent results in an effect on a biological system. The second
purpose is to determine howmuch of an effect is present. It has
become increasingly desirable that the results and conclusions
of studies aimed at assessing the effects of environmental
agents be as clear and unequivocal as possible. It is essential
that every experiment and study yield as much information as
possible, and that the results of each study have the greatest
possible chance of answering the questions it was conducted to
address. The statistical aspects of such efforts, so far as they are
aimed at structuring experiments to maximize the possibilities
of success, are called experimental design.

The four basic statistical principles of experimental design
are replication, randomization, concurrent (local) control, and
balance. In abbreviated form, these may be summarized as
follows:

1. Replication. Any treatment must be applied to more
than one experimental unit (animal, plate of cells, litter of
offspring, etc.). This provides more accuracy in the mea-
surement of a response than can be obtained from a single
observation, as underlying experimental errors tend to
cancel each other out. It also supplies an estimate of the
experimental error derived from the variability among each
of the measurements taken (or replicates). In practice, this
means that an experiment should have enough experi-
mental units in each treatment group (i.e., a large
enoughN) so that reasonably sensitive statistical analysis of
data can be performed. The estimation of sample size is
addressed in detail later in this article.

2. Randomization. This is practiced to ensure that every
treatment shall have its fair share of extreme high and
extreme low values. It also serves to allow the toxicologist to
proceed as if the assumption of ‘independence’ is valid. This
assumption is that there is no avoidable (known) systematic
bias in obtaining data. Random allocation of animals to
treatment groups is a prerequisite of good experimental
design. If not carried out, it is not possible to be sure
whether treatment versus control differences are due to
treatment or to ‘confounding’ by other relevant factors. The
ability to randomize easily is a major advantage animal
experiments have over epidemiology. While randomization
eliminates bias (as least in expectation), simple randomi-
zation of all animals may not be the optimal technique for
producing a sensitive test. If there is another major source of
variation (e.g., sex or batch of animals), it will be better to
carry out stratified randomization (i.e., carry out separate
randomizations within each level of the stratifying vari-
able). The need for randomization applies not only to the
allocation of the animals to the treatment, but also to
anything that can materially affect the recorded response.
The same random number that is used to apply animals to
treatment groups can be used to determine cage position,
order of weighing, order of bleeding for clinical chemistry,
order of sacrifice at terminations, and so on.

3. Concurrent control. Comparisons between treatments
should be made to the maximum extent possible between
experimental units from the same closely defined pop-
ulation. Therefore, animals used as a control group should
come from the same source, lot, age, and so on as test group
animals. Except for the treatment being evaluated, test and
control animals should be maintained and handled in
exactly the same manner. While historical control data can,
on occasion, be useful, a properly designed study demands
that a relevant concurrent control group be included with
which results for the test group can be compared. The prin-
ciple that like should be compared with like, apart from
treatment, demands that control animals should be
randomized from the same source as treatment animals.
Careful consideration should also be given to the appropri-
ateness of the control group. Thus, in an experiment
involving treatment of a compound in a solvent, it would
often be inappropriate to include only an untreated control
group as any differences observed could only be attributed to
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the treatment–solvent combination. To determine the spe-
cific effects of the compound, a comparison group given the
solvent only by the same route of administration would be
required. It is not always generally realized that the position
of the animal in the room in which it is kept may affect the
animal’s response. An example is the strong relationship
between incidence of retinal atrophy in albino rats and
closeness to the lighting source. Systematic differences in cage
position should be avoided, preferably via randomization.

4. Balance. If the effects of several different factors are being
evaluated simultaneously, the experiment should be laid
out in such a way that the contributions of the different
factors can be separately distinguished and estimated. There
are several ways of accomplishing this using one of several
different forms of design, as will be discussed later.

In addition, there are a number of facets of any study that
may affect its ability to detect an effect of a treatment. These
relate to either minimizing the role of chance or avoiding bias.
Choice of Species and Strain

Ideally, the responses of interest should be rare in untreated
control animals but should be reasonably readily evoked by
appropriate treatments. For example, some species or specific
strains, perhaps because of inappropriate diets, have high
background tumor incidences that make increases both diffi-
cult to detect and difficult to interpret when detected.
Sampling

Sampling – the selection of which individual data points will
be collected, whether in the form of selecting which animals to
collect blood from or to remove a portion of a diet mix from for
analysis – is an essential step upon which all other efforts
toward a good experiment or study are based.

There are three assumptions about sampling which are
common to most of the statistical analysis techniques that are
used in toxicology. These are that the sample is collected
without bias, that each member of a sample is collected inde-
pendently of the others, and that members of a sample are
collected with replacements. Precluding bias, both intentional
and unintentional, means that at the time of selection of
a sample to measure, each portion of the population from
which that selection is to be made has an equal chance of being
selected. Ways of precluding bias are discussed in detail in the
section on experimental design.

Independence means that the selection of any portion of the
sample is not affected by and does not affect the selection or
measurement of any other portion.

Finally, sampling with replacement means that in theory,
after each portion is selected and measured, it is returned to the
total sample pool and thus has the opportunity to be selected
again. This is a corollary of the assumption of independence.
Violation of this assumption (which is almost always the case
in toxicology and all the life sciences) does not have serious
consequences if the total pool from which samples are selected
is sufficiently large (say 20 or greater) so that the chance of
reselecting that portion is small anyway.
There are four major types of sampling methods: random,
stratified, systematic, and cluster. Random is by far the most
commonly employed method in toxicology. It stresses the
fulfillment of the assumption of avoiding bias. When the entire
pool of possibilities is mixed or randomized (procedures for
randomization are presented in a later section), then the
members of the group are selected in the order drawn from
the pool.

Stratified sampling is performed by first dividing the entire
pool into subsets or strata, then doing randomized sampling
from each strata. This method is employed when the total pool
contains subsets that are distinctly different but in which each
subset contains similar members. An example is a large batch of
a powdered pesticide in which it is desired to determine the
nature of the particle size distribution. Larger pieces or particles
are on the top, while progressively smaller particles have settled
lower in the container, and at the very bottom, the material has
been packed and compressed into aggregates. To determine
a timely representative answer, proportionally sized subsets
from each layer or strata should be selected, mixed, and
randomly sampled. This method is used more commonly in
diet studies.

In systematic sampling, a sample is taken at set intervals
(such as every fifth container of reagent).

This is most commonly employed in quality assurance or
(in the clinical chemistry laboratory) in quality control.

In cluster sampling, the pool is already divided into
numerous separate groups (such as bottles of tablets), and
small sets of groups (such as several bottles of tablets) are first
selected and then a fewmembers from each set are selected. The
result is a cluster of measures. Again, this is a method most
commonly used in quality control or in environmental studies
when the effort and expense of physically collecting a small
group of units is significant.

In classical toxicology studies, sampling arises in a practical
sense in a limited number of situations. The most common of
these are:

1. Selecting a subset of animals or test systems from a study to
make some measurement (which either destroys or stresses
the measured system, or is expensive) at an interval during
a study. This may include such cases as doing interim
necropsies in a chronic study or collecting and analyzing
blood samples from some animals during a subchronic
study.

2. Analyzing inhalation chamber atmospheres to characterize
aerosol distributions with a new generation system.

3. Analyzing diet in which test material has been incorporated.
4. Performing quality control on an analytical chemistry

operation by having duplicate analyses performed on some
materials.

5. Selecting data to audit for quality assurance purposes.
Dose Levels

This is a very important and controversial area. In screening
studies aimed at hazard identification, it is normal, in order to
avoid requiring huge numbers of animals, to test at dose levels
higher than those to which humans will be exposed, but not so
high that marked toxicity occurs. A range of doses is normally
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tested to guard against the possibility of an inappropriate
selection of the high dose as the metabolic pathways at the high
doses may differ markedly from those at lower doses and, also,
to ensure no large effects occur at dose levels in the range to be
used by humans. In studies aimed at risk estimation, more and
lower doses may be tested to obtain fuller information on the
shape of the dose–response curve.
Number of Animals

This is obviously an important determinant of the precision
of the findings. The calculation of the appropriate number
depends on (1) the critical difference, that is, the size of the
effect it is desired to detect; (2) the false-positive rate, that is,
the probability of an effect being detected when none exists
(equivalent to the a, level or type I error), (3) the false-negative
rate, that is, the probability of no effect being detected when
one of exactly the critical size exists (equivalent to the b level or
type II error), and (4) some measure of the variability in the
material.

Tables and formulas relating numbers of animals required
to obtain values of critical size, a and b are available in many
statistics texts and software is also available for calculating
these numbers. As a rule of thumb, to reduce the critical
difference by a factor of n for a given a and b, the number of
animals required will have to increase by a factor of n2.
Duration of the Study

It is obviously important not to terminate the study too early
for fatal conditions, which are normally strongly age-related.
Less obviously, going on for too long in a study can be
a mistake, partly because the last few weeks or months may
produce relatively few extra data at a disproportionate cost, and
partly because diseases of extreme old age may obscure the
detection of tumors and other conditions of more interest. For
nonfatal conditions, the ideal is to sacrifice the animals when
the average prevalence is w50%.
Stratification

To detect a treatment difference with accuracy, it is important
that the groups being compared are as homogenous as possible
with respect to other known causes of the response. In partic-
ular, suppose that there is another known important cause of
the response for which the animals vary, so that the animals are
a mixture of hyper- and hyporesponders from this cause. If the
treated group has a higher proportion of hyperresponders, it
will tend to have a higher response even if treatment has no
effect. Even if the proportion of hyperresponders is the same as
in the controls, it will be more difficult to detect an effect of
treatment because of the increased between animal variability.
Given that this other factor is known, it will be sensible to take
it into account in both the design and analysis of the study. In
the design, it can be used as a ‘blocking factor’ so that animals
at each level are allocated equally (or in the correct proportion)
to control and treated groups. In the analysis, the factor should
be treated as a stratifying variable, with separate treatment–
control comparisons made at each level and the comparisons
combined for an overall test of difference. This is discussed
later, where the factorial design is addressed as one example of
the more complex designs that can be used to investigate the
separate effect of multiple treatments.
Statistics and Experimental Protocols in Toxicology

It is now routine to develop exhaustively detailed protocols for
an experiment or study prior to its conduct. The a priori
selection of statistical methodology (as opposed to the post
hoc approach) is as significant a portion of the process of
protocol development and experimental design as any other
and can measurably enhance the value of the experiment or
study. Prior selection of statistical methodologies is essential
for proper design of other portions of a protocol such as the
number of animals per group or the sampling intervals for
body weight. Implied in such an election is the notion that the
toxicologist has both an in-depth knowledge of the area of
investigation and an understanding of the general principles of
experimental design, for the analysis of any set of data is
dictated to a large extent by the manner in which the data are
obtained. A second concept, that of censoring, and its under-
standing are essential to the design of experiments in toxi-
cology. Censoring is the exclusion of measurements from
certain experimental units, or indeed of the experimental units
themselves, from consideration in data analysis or inclusion in
the experiment at all. Censoring may occur either prior to
initiation of an experiment (where, in modern toxicology, this
is almost always a planned procedure), during the course of an
experiment (when they are almost universally unplanned,
resulting from such as the death of animals on test), or after the
conclusion of an experiment (when data are excluded because
of being identified as some form of outlier). In practice, a priori
censoring in toxicology studies occurs in the assignment of
experimental units (such as animals) to test groups. The most
familiar example is in the common practice of assignment of
test animals to acute, subacute, subchronic, and chronic
studies, where the results of otherwise random assignments
are evaluated for body weights of the assigned members. If
the mean weights are found not be comparable by some
preestablished criterion (such as a 90% probability of differ-
ence by analysis of variance), then members are reassigned
(censored) to achieve comparability in terms of starting body
weights. Such a procedure of animal assignment to groups is
known as a censored randomization.

The first precise or calculable aspect of experimental design
encountered is determining sufficient test and control group
sizes to allow one to have an adequate level of confidence in
the results of a study (i.e., in the ability of the study design with
the statistical tests used to detect a true difference, or effect,
when it is present). The statistical test contributes a level of
power to such a detection. Remember that the power of
a statistical test is the probability that a test results in rejection
of a hypothesis, H0 say, when some other hypothesis, H, say, is
valid. This is termed the power of the test ‘with respect to the
(alternative) hypothesis H’. If there is a set of possible alter-
native hypotheses, the power, regarded as a function of H, is
termed the power function of the test. When the alternatives are
indexed by a single parameter q, simple graphical presentation
is possible. If the parameter is a vector q, one can visualize
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a power surface. If the power function is denoted by b(q) and
H0 specifies q ¼ q0, then the value of b(II), the probability of
rejecting H0 when it is in fact valid, is the significance level.
A test’s power is greatest when the probability of a type II error
is the least. Specified powers can be calculated for tests in any
specific or general situation. Some general rules to keep in
mind are:

l The more stringent the significance level, the greater the
necessary sample size. More subjects are needed for a 1%
level test than for a 5% level test.

l Two-tailed tests require larger sample sizes than one-tailed
tests. Assessing two directions at the same time requires
a greater investment.

l The smaller the critical effect size, the larger the necessary
sample size. Subtle effects require greater efforts.

l Any difference can be significant if the sample size is large
enough.

l The larger the power required, the larger the necessary
sample size. Greater protection from failure requires greater
effort. The smaller the sample size, the smaller the power;
that is, the greater the chance of failure.

l The requirements and means of calculating necessary
sample size depend on the desired (or practical) compara-
tive sizes of test and control groups.

This number (N) can be calculated, for example, for equal-
sized test and control groups, using the formula:

N ¼ ðt1 þ t2Þ2
d2

S

where t1 is the one-tailed t-value with N�1 degrees of freedom
corresponding to the desired level of confidence, t2 is the one-
tailed t-value with N�1 degrees of freedom corresponding to
the probability that the sample size will be adequate to achieve
the desired precision, S is the sample SD, derived typically from
historical data and calculated as:

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N � 1

X
ðV1 � V2Þ2

r

There are a number of aspects of experimental design that
are specific to the practice of toxicology. Before discussing the
step-by-step development of experimental designs, these
aspects should first be considered.

1. Frequently, the data gathered from specific measurements
of animal characteristics are such that there is wide vari-
ability in the data. Often, such wide variability is not present
in a control or low-dose group, but in an intermediate
dosage group variance inflation may occur. That is, there
may be a large SD associated with the measurements from
this intermediate group. In the face of such a set of data, the
conclusion that there is no biological effect based on
a finding of no statistically significance effect might well be
erroneous.

2. In designing experiments, it is important to keep in mind
the potential effect of involuntary censoring on sample
size. In other words, though a study might start with five
dogs per group, this provides no margin should any dog die
before the study is ended and blood samples are collected
and analyzed. Just enough experimental units per group
frequently leaves too few at the end to allow meaningful
statistical analysis, and allowances should be made ac-
cordingly in establishing group sizes.

3. It is certainly possible to pool the data from several identical
toxicological studies. One approach to this is meta-analysis,
considered in detail later in this article. For example, if an
acute inhalation study was performed where only three
treatment group animals survived to the point at which
a critical measure (such as analysis of blood samples) was
taken, there would not be enough data to perform a mean-
ingful statistical analysis. In such a case, the protocol could
be repeated with new control and treatment group animals
from the same source. At the end, after assurances that the
two sets of data are comparable, the data from survivors of
the second study could be combined (pooled) with those
from the first.

4. Another frequently overlooked design option in toxi-
cology is the use of an unbalanced design, that is, of
different group sizes for different levels of treatment. There
is no requirement that each group in a study (control, low
dose, intermediate dose, and high dose) have an equal
number of experimental units assigned to it. Indeed, there
are frequently good reasons to assign more experimental
units to one group than to others, and, all the major
statistical methodologies have provisions to adjust for
such inequalities, within certain limits. Most commonly in
the unbalanced design, larger groups are assigned to either
the highest dose, to compensate for losses due to possible
deaths during the study, or to the lowest dose to give more
sensitivity in detecting effects at levels close to an effect
threshold or more confidence to the assertion that no effect
exists.

5. A common problem is the existence of an undesired
variable that is influencing the experimental results in
a nonrandom fashion. Such a variable is called a con-
founding variable; its presence, as discussed earlier, makes
the clear attribution and analysis of effects at best difficult,
and at worst impossible. Sometimes such confounding
variables are the result of conscious design or management
decisions, such as the use of different instruments, per-
sonnel, facilities, or procedures for different test groups
within the same study. Occasionally, however, such con-
founding variables are the result of unintentional factors or
actions, in which there is, as it is called, a lurking variable.
Such variables almost always arise as the result of standard
operating procedures being violated: water not being con-
nected to a rack of animals over a weekend, a set of racks
not being cleaned as frequently as others, or a contami-
nated batch of feed being used.

6. Finally, some thought must be given to the clear definition
of what is meant by experimental unit and concurrent
control.

The experimental unit in toxicology encompasses a wide
variety of possibilities. It may be cells, plates of microorgan-
isms, individual animals, litters of animals, and so on. The
importance of clearly defining the experimental unit is that the
number of such units per group is the N that is used in
statistical calculations or analyses and critically affects such
calculations. The experimental unit is the unit that receives



Table 4 Group assignments for sample experimental design

Source litter

Age (weeks)

6–8 8–10 10–12 12–14

1 A B C D
2 B C D A
3 C D A B
4 D A B C
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treatments and yields a response which is measured and
becomes a datum.

A true concurrent control is one that is identical in every
manner with the treatment groups except for the treatment
being evaluated. This means that all manipulations, including
gavaging with equivalent volumes of vehicle or exposing to
equivalent rates of air exchanges in an inhalation chamber,
should be duplicated in control groups just as they occur in
treatment groups.

The goal of experimental design is statistical efficiency and
the economizing of resources. The single most important initial
step in achieving such an outcome is to clearly define the
objective of the study: get a clear statement of what questions
are being asked.

For the reader who would like to further explore experi-
mental design, there are a number of more detailed texts
available that include more extensive treatments of the statis-
tical aspects of experimental design.
Experimental Design Types in Toxicology

There are four basic experimental design types used in toxi-
cology. These are the randomized block, latin square, factorial
design, and nested design. Other designs that are used are really
combinations of these basic designs, and are very rarely
employed in toxicology. Before examining these four basic
types, however, we must first examine the basic concept of
blocking.

Blocking is, simply put, the arrangement or sorting of the
members of a population (such as all of an available group of
test animals) into groups based on certain characteristics that
may (but are not sure to) alter an experimental outcome. Such
characteristics, which may cause a treatment to give a differen-
tial effect, include genetic background, age, sex, overall activity
levels, and so on. The process of blocking then acts (or attempts
to act) so that each experimental group (or block) is assigned
its fair share of the members of each of these subgroups.

Remember that randomization is aimed at spreading out
the effect of undetectable or unsuspected characteristics in
a population of animals or some portion of this population.
The merging of the two concepts of randomization and
blocking leads to the first basic experimental design, the
randomized block. This type of design requires that each
treatment group have at least one member of each recognized
group (such as age), the exact members of each block being
assigned in an unbiased (or random) fashion.

The second type of experimental design assumes that it is
possible to characterize treatments (whether intended or
otherwise) as belonging clearly to separate sets. In the simplest
case, these categories are arranged into two sets that may be
thought of as rows (for, say, source litter of test animal, with the
first litter as row 1, the next as row 2, etc.) and the secondary set
of categories as columns (for, say, ages of test animals, with
6–8 weeks as column 1, 8–10 weeks as column 2, and so on).
Experimental units are then assigned so that each major treat-
ment (control, low dose, intermediate dose, etc.) appears once
and only once in each row and each column. If the test groups
are denoted as A (control), B (low), C (intermediate), and D
(high), such an assignment would appear as shown in Table 4.
The third type of experimental design is the factorial design,
in which there are two or more clearly understood treatments,
such as exposure level to test chemical, animal age, or
temperature. The classical approach to this situation (and to
that described under the latin square) is to hold all but one of
the treatments constant, and at any one time to vary just that
one factor. Instead, in the factorial design, all levels of a given
factor are combined with all levels of every other factor in the
experiment. When a change in one factor produces a different
change in the response variable at one level of a factor than at
other levels of this factor, there is an interaction between these
two factors, which can then be analyzed as an interaction effect.

The last of the major varieties of experimental design are the
nested designs, where the levels of one factor are nested within
(or are subsamples of ) another factor. That is, each subfactor is
evaluated only within the limits of its single larger factor.
New Approaches to the Use of Statistics

Two new approaches to using existing methodology have
become popular in toxicology in recent years – meta-analysis
(where the results from multiple comparable studies are
combined to improve power) and Bayesian approaches (when
the information from early results are used to modify subse-
quent hypotheses and analyses). These are both promising
approaches.
See also: Carcinogenesis; Toxicity Testing, Carcinogenesis.
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Introduction

Thousands of chemicals are released into the environment each
year, some without proper screening, and therefore their effects
on human health are not completely understood. Pharma-
ceutical companies also routinely screen numerous chemicals
for their toxicity to humans during drug development. Methods
for testing chemicals and screening drugs have been developed
using both laboratory animals and immortalized cell lines.
Current animal models can be extremely costly, usually require
a large number of animals to obtain reliable data, often take
a long time to complete, and are based on nonhuman and
sometimes nonmammalian (i.e., zebrafish) species, which may
not accurately predict the human response. More rapid and
predictive toxicological assays are needed to protect human
health against harmful environmental chemicals and poten-
tially toxic drugs. One major application of stem cell tech-
nology is the identification and evaluation of environmental
chemicals and drugs that are harmful to human health before
exposure occurs. Stem cell biology offers a novel approach for
chemical and drug screening using undifferentiated, differen-
tiating, and differentiated cells. During the 1990s, progress was
made by an European group, ECVAM (European Center for the
Validation of Alternative Methods), to evaluate over 30 000
chemicals. This led to the development of a validated in vitro
toxicological assay using mouse embryonic stem cells (mESC).
Human stem cells are currently being adapted for use in toxi-
cological assays, which can reduce animal usage and provide
a direct assessment of the human cellular response to
hazardous chemicals.
Figure 1 A fluorescent image of a blastocyst comprising trophoblast
cells, which become part of the placenta, and the inner cell mass that
becomes the organism during development.
What are Stem Cells?

Stem cells are characterized by two properties: (1) the ability to
self-renew and (2) the ability to differentiate into different
types of cells. Stem cells are often categorized as (1) totipotent,
(2) pluripotent, (3) multipotent, or (4) unipotent. Totipotent
stem cells can differentiate into the three germ layers (endo-
derm, ectoderm, and mesoderm), germ cells (oocyte and
sperm), and placental cells. Pluripotent stem cells, unlike
totipotent, can differentiate into all cell types in the embryo but
cannot give rise to placental cells. Multipotent stem cells are
lineage-restricted based on the organ of origin (e.g., hemato-
poietic stem cells only become blood cells), and unipotent cells
have the ability to become only one cell type (e.g., in the testes
spermatogonia give rise only to sperm).

Stem cells are found throughout the life cycle in embryos,
fetuses, and adults. Fetal and adult stem cells, which are
multipotent, include umbilical cord stem cells, hematopoietic
stem cells, and mesenchymal stem cells. Adult stem cells have
the ability to replenish tissue or repair damage throughout
adulthood. Most adult stem cells are difficult to obtain, but
adipose stem cells and mesenchymal stem cells can be
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relatively easily extracted from fat tissue and bone marrow.
One particular study used mesenchymal stem cells for acute
toxicity testing of 12 Interagency Coordinating Committee on
the Validation of Alternative Methods (ICCVAM) recom-
mended chemicals, and the results were compared to other cell
lines including 3T3 mouse fibroblasts and normal human
keratinocytes (NHK). Results showed that human mesen-
chymal stem cells are just as, if not more, sensitive than 3T3
and NHK at predicting globally harmonized system (GHS)
categories. However, fetal and adult stem cells are more diffi-
cult to adapt to toxicity assays than pluripotent cells since they
usually divide slowly, can be passaged in vitro a limited
number of times, are often hard to obtain, and have limited
differentiation abilities.

Embryonic stem cells (ESC) originate from blastocysts
which are obtained from in vitro fertilization laboratories with
informed consent of the donors. ESC are the most commonly
used type of stem cells in toxicological testing, and many lines
are currently available for this purpose. Blastocyst stage
embryos consist of an inner cell mass and an outer trophoblast
layer (Figure 1). The inner cell mass becomes the entire
organism, and the trophoblast becomes part of the placenta.
Inner cell mass cells from blastocysts can be cultured in vitro as
ESC (Figure 2). ESC allow researchers to test and characterize
the effects of environmental chemicals on pluripotent, differ-
entiating, and differentiated cells.

The introduction of induced pluripotent stem cells (iPSC)
in 2006 was a major breakthrough and provides yet another
valuable cell model for environmental chemical testing and
drug screening. Takahashi and Yamanaka derived iPSC by over-
expressing four pluripotent transcription factors (Oct4, Sox-2,
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00088-9
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Figure 2 (a) A human embryonic stem cell colony grown on Matrigel and (b) mouse embryonic stem cell colonies grown on a mouse embryonic
fibroblast feeder layer.
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Klf4, and c-Myc) in normal somatic (skin) fibroblasts, which
resulted in reprogramming of the fibroblasts to an embryonic
state, similar to that of ESC. Induced PSCs have pluripotent
properties, can form teratomas and contribute to whole
animals, and differentiate in vitro. Initially, genetic reprogram-
ming of iPSC was accomplished by introducing and expressing
pluripotent transcription factors into fibroblasts using retrovi-
ruses. However, the integration of viral DNA into human cells
poses risks, such as expression of oncogenes or reactivation of
viral transgenes, and could interfere with gene expression in
cells during chemical treatments. Since the introduction of
iPSC, new methods for reprogramming have been reported
using plasmid transfection, proteins, small molecules, and
microRNAs. These techniques eliminate genome-integrating
viral vectors and may open up new avenues for iPSC applica-
tions in chemical screening and drug discovery.
Strategies for Using Stem Cells in Toxicology

ESC can be used in a variety of toxicological assays. Pluripotent
hESC can be used to model the epiblast (one of the earliest
stages of post-implantation development), or stem cells can be
differentiated in vitro and the effects of chemicals on differen-
tiation studied. Finally, cells differentiated from stem cells can
be used in toxicological assays. The combination of these
approaches enables prenatal windows of susceptibility to be
identified.
The Mouse Embryonic Stem Cell Test and Its
Modifications

The Mouse Embryonic Stem Cell Test (EST)

The EST is the only stem cell-based toxicological assay that has
been validated. It uses mouse ESC and was developed in
Germany during the 1990s. In the EST, dose–response curves
are generated for mouse ESC (example of an undifferentiated
cell type) and 3T3 fibroblasts (differentiated cells) using the
MTT cytotoxicity assay. In the second phase of the assay, the
capacity of mouse ESC to differentiate into contracting car-
diomyocytes when exposed to chemicals is examined. The
cardiomyocyte differentiation assay involves the formation of
clusters of ESC, or embryoid bodies, in the absence of leukemia
inhibiting factor (LIF). Chemical exposure is administered
during embryoid body formation. The embryoid bodies are
cultured for 5 days then allowed to spread and differentiate
spontaneously as a monolayer of cells. On day 10, spontane-
ously contracting cardiomyocytes can be observed, and the
effect of treatment on contraction quantified. Chemical evalu-
ation of the beating cardiomyocytes is done dose dependently.
IC50s (the dose that affects 50% of the population) are calcu-
lated for all three endpoints (the two MTT assays and the
differentiation assay) for each chemical tested. The EST cate-
gorizes chemicals as nonembryotoxic, weakly embryotoxic,
and strongly embryotoxic. During EST validation, 20 chemicals
known to be embryotoxins were evaluated, and the EST
predicted embryotoxicity with high accuracy. The EST
distinguishes chemicals with high embryotoxicity best, but
its ability to discriminate between medium and low toxicity
is less accurate. Results obtained from the EST were compa-
rable to data collected from two other well-established in
vitro toxicity assays, the micromass test on mouse embryo
limb bud cells, and the post-implantation whole rat embryo
assay.
Modifications to the EST

There have been a number of modifications and improvements
in the EST to reduce the length of time needed to perform the
assay and to provide molecular endpoints. A standardized
method for creating uniform embryoid bodies using ethyl-
enediaminetetraacetic acid (EDTA) bufferedmedium eliminated
the use of enzymes to detach mESC, and stronger contracting
cardiomyocytes were obtained from the embryoid bodies,
making the EST more efficient and reliable. In addition,
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cardiomyocyte contraction has been studied using video data;
however, improvements are needed to use this method for
identifying toxicants. To reduce the time required for differen-
tiation of contracting cardiomyocytes, molecular markers (sar-
comeric myosin heavy chain and a-actinin) and fluorescent
activated cell sorting (FACS) were introduced into the EST. This
addition is described as the FACS-EST. These techniques short-
ened the assay from 10 days to 7 days. Although data compar-
isons between the cardiomyocyte contraction video analysis and
FACS gave similar predictions for the embryotoxins, the assays
are still not fast enough for high-throughput screening. In
addition, by examining the earlier cardiomyocyte markers using
gene expression, the physiological contracting endpoint of car-
diomyocytes is lost. Therefore, a combination of different tech-
niques may be needed to conduct a detailed and accurate
evaluation of chemicals.

To reduce the time required to complete the EST, tran-
scriptomic techniques were used to identify alterations in car-
diomyocyte gene expression 24 h after embryoid body plating.
Expression of 43 cardiomyocyte genes was compared in control
cells and cells treated with monobutyl phthalate, a chemical
known to inhibit mesodermal differentiation. Treated cells
showed upregulation of pluripotency, proliferation, and
nonmesodermal genes, and downregulation of cardiomyocyte
differentiation genes. Transcriptomics allowed analysis of
differentiation markers as early as 24 h after treatment, thus
reducing the time required to complete the assay from 7 days to
4 days.

The original EST examined the effect of chemicals on
differentiating cardiomyocytes. The EST has been expanded
to include differentiation of mESC into endothelial cells and
neurons. Expression of PECAM-1 and VE-cadherin was
examined using real time polymerase chain reaction (PCR) in
mESC-derived endothelial cells, and the effect of six known
embryotoxins (all-trans-retinoic acid, diphenylhydatoin,
saccharin, 5-fluorouracil, valproic acid, and penicillin-G) was
classified accurately. In a proliferation assay, mESC-derived
endothelial cells treated with 5-fluorouracil were arrested at
the G1/S phase in the cell cycle and were more sensitive than
adult mouse endothelial cells.

In another modification of the EST, differentiated neurons
were treated with methylmercury, a chemical the EST failed
to identify as embryotoxic, and the expression of neuronal
markers was examined. Methylmercury, a known neurotoxin,
downregulated the expression of only one neuronal marker,
Mtap2, in mESC. A subsequent study showed that methyl-
mercury prevented differentiation of neuronal precursor-like
cells frommESC and had little effect on neural cell maturation.
In contrast, when hESC-derived neurons were treated with
methylmercury, all neural markers were downregulated except
for nestin. Therefore, it is important to note that different
markers are needed to make proper assessment of chemical
toxicity in different species and that results are dependent upon
the stage of differentiation.

The EST was a major contribution to using in vitro stem cell-
based assays for evaluating toxicity of environmental chem-
icals in a time and resource efficient method. Advantages of the
EST are that it has been validated, shows high predictivity, can
be adapted to medium-throughput screening, and reduces the
use of animals. The assay is continuing to evolve and improve,
molecular markers have been added as endpoints, and the
time required to complete chemical screening has been
significantly reduced. However, results from the mouse EST
cannot be directly applied to humans and the time required
to complete the assay would preclude its use in some
applications.
Strategies for Using hESC in Toxicology

Adapting hESC to the EST

While efforts have been made to adapt hESC to the EST,
progress has been slow due to difficulties in culturing hESC,
which grow slower than their mouse counterparts, do not plate
well as single cells, and are difficult to count. One of the first
studies to adapt hESC to the EST format compared the cyto-
toxicity of retinoic acid and 5-fluorouracil, two well-character-
ized embryotoxins, using human embryonic lung fibroblasts
and hESC. While the results suggest that the hESC cytotoxicity
assay can reproduce data obtained with the mouse EST, only
two chemicals were used, and more data would be needed to
humanize the EST.
Using Undifferentiated hESC in Toxicological Testing

Pluripotent hESC themselves provide a model for toxicity
testing. Undifferentiated hESC closely resemble epiblast cells of
a young post-implantation embryo. Epiblast cells proliferate
and migrate to form the three germ layers, and the vitality of
these cells is important for proper development. Therefore,
undifferentiated hESC provide an in vitro model for studying
the effects of chemical exposure on early stages of post-
implantation development. Assays to study attachment,
proliferation, survival, apoptosis, and colony growth have been
developed using both mouse and human ESC. Morphological
and behavioral characteristics of ESC were examined during
exposure to mainstream and sidestream cigarette smoke from
conventional and harm reduction cigarettes. Mouse ESC
attachment and proliferation/survival were inhibited by ciga-
rette smoke, sidestream smoke was more potent than main-
stream smoke, and smoke from harm reduction cigarettes was
more toxic than smoke from conventional brands. However,
the same techniques cannot be directly applied to the hESC,
which are generally plated as small colonies, not single cells. To
overcome this challenge, smoke cytotoxicity was evaluated
within 48 h of treatment using morphological criteria,
apoptotic marker staining, and measurement of colony growth
in time-lapse videos. These assays showed that hESC colonies
were negatively affected by sidestream smoke at doses that were
within the range of exposure of human smokers.

A new protocol for plating equal numbers of hESC in small
colonies has recently been developed by measuring the
turbidity of the colonies spectrophotometrically and deter-
mining cell number from a standard curve. This plating
method will solve one of the major obstacles in adapting hESC
to toxicological assays and should make their use easier in
future toxicological work. The use of pluripotent hESC as an
early embryo model for toxicity testing provides a direct
readout on human cells, and assays with pluripotent cells can
be completed in a relatively short period of time.
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Using Differentiating hESC in Toxicological Testing

hESC, which are undergoing differentiation, have also been
used to evaluate toxicants. Examples include treatment of
hESC-derived neurons and hESC with nonylphenol and octo-
phenyl, environmental contaminants that affect the reproduc-
tive and endocrine systems. Neurons treated with these test
chemicals were more sensitive than pluripotent hESC. In
addition, chemicals induced activation of caspases 8 and 3 in
cells through the Fas–Fas ligand pathway.

In another example, attachment, proliferation, and differ-
entiation of hESC (ectoderm, mesoderm, endoderm, and germ
cell lineages) were studied during treatment with penicillin-G,
caffeine, and hydroxyurea. All test chemicals significantly
inhibited hESC attachment and survival of cells in embryoid
bodies. Gene expression analysis using RT-PCR and immuno-
histochemistry showed that hydroxyurea and penicillin-G
significantly downregulated pluripotency, cardiac, hepatic,
neuroectoderm, and endodermal markers, indicating ab-
normal development during treatment.
Using Differentiated hESC in Toxicological Testing

Specific cell types, such as neurons, hepatocytes, and car-
diomyocytes, can be differentiated from pluripotent stem cells
and used in toxicological assays. Because cells differentiated
from hESC usually resemble fetal, not adult cells, they provide
another model for assessing the effects of chemicals on prenatal
stages of the life cycle.

Differentiated neurons are of interest because they represent
in vitromodels for studying the sensitivity of the nervous system
to environmental chemicals.Whilemature adult neurons are not
readily available for toxicological studies because they are hard
to isolate and generally do not divide, hESC-derived neurons
provide an abundance of material for toxicological testing.
Exposure of dopaminergic neurons derived from hESC to
1-methyl-4-phenylpyridium, a known neural toxicant, caused
cells to have characteristics of typical cells from Parkinson’s
disease patients and also resulted in increased levels of reactive
oxygen species and apoptosis. Glial cell line-derived neuro-
trophic factors rescued and prevented damage of dopaminergic
neurons in the presence of 1-methyl-4-phenylpyridium.

Heart and liver safety have been a long-standing concern in
chemical testing and drug screening, and there is a lack of
appropriate in vitro models because resources for mature
human cardiac and liver cells are limited. An interdisciplinary
European research group has made significant advances in
establishing methods for creating cardiac and liver-like cells
from hESC and used them in chemical evaluations. Two
separate projects were undertaken focusing on cardiomyocyte
and hepatocyte differentiation. Both studies adapted a multi-
plexing platform where multiple endpoints were evaluated
from both hESC-derived cell types during an experiment.

The ‘InVitroHeart’ project established methods for obtain-
ing homogeneous populations of contracting cardiomyocytes.
The ability to obtain uniform cardiomyocytes was important
for standardizing a toxicity assay used in evaluation of
drugs and environmental chemicals. Cells were cultured on
microsensor platforms with multielectrode arrays for detecting
the electrophysiological potentials, cellular respiration, and
biomarker expression of clusters of beating cells. Electrophys-
iological potential measurements revealed important infor-
mation on the complex network of interactions among cardiac
cells during chemical exposure. Close observation of oxygen
uptake and detection of surface Plasmon resonance biosensing
for cardiomyocyte biomarkers (e.g., troponin T and fatty acid
binding protein-3) in cardiomyocytes revealed the metabolic
activity and homeostasis of these cells. These state-of-the-art
bioanalytical assays allowed refinement of methods using
hESC-derived cardiomyocytes as competent toxicity testing
cells.

The ‘Vitrocellomics’ project was designed to standardize
a method for differentiating hepatocytes that resemble adult
liver cells and to use these for predicting chemical or drug
toxicity in humans. Liver toxicity needs to be thoroughly
evaluated before releasing new chemicals into the environment
or using them as drugs. Sometimes the parent compound or
one of its metabolites can induce liver toxicity in humans,
which animal models may fail to predict due to metabolic
differences between species. One criticism of hepatocytes iso-
lated from adult liver is that the cells often resemble fetal liver
rather than adult cells. In the ‘Vitrocellomics’ protocol, growth
factors and defined culture media were added in precise
sequence as hESC were guided first to become definitive
endoderm, then hepatic progenitors, and lastly mature, defin-
itive endoderm hepatocytes. High-throughput screening with
microsensor platforms was used to measure cytotoxicity,
absorption, and metabolism of the hESC-derived hepatocytes.
To further evolve themethodology, 3D culture bioreactors were
used to form small liver-like tissue populations to better mimic
the organ itself. A collection of genetically different hepatocyte
cell lines derived from stem cells would be extremely valuable
for screening and would help avoid genetic variations that
often contribute to the cases of liver toxicity and damage.
Using iPSC in Toxicology

iPSC can be used as ‘disease in a dish’ models. iPSC derived
from a patient with a particular disease are differentiated into
the cell type affected by the disease, such as dopaminergic
neurons in Parkinson’s disease. The differentiated cells can
then be used to characterize how environmental chemicals
affect specific diseases and screen potential drug candidates
for safety and efficacy. iPSC technology could also be adapted
to high-throughput screening to identify drugs that are
beneficial or harmful to patients. However, iPSC lines vary
greatly, as individual cells are reprogrammed differently, and
behavioral differences have been observed in clones derived
from the same population of somatic cells. Further under-
standing of iPSC and improvements in establishing more
homogeneous iPSC lines are needed before these pluripotent
cells can be used as accurate predictive toxicological test
models.
The Future of Using ESC Models in Toxicology

Chemical regulatory organizations such as the National
Research Council (NRC) have recognized the importance of
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in vitro human cell-based assays for predictive toxicology.
However, the field is new and evolving, and standardized
test guidelines using human stem cells need to be estab-
lished. Humanizing toxicological assays will improve their
predictivity and are now possible with the options of using
hESC or perhaps iPSC. The adaptation of hESC to toxico-
logical assays provides an excellent model for assessing the
effects of chemicals prenatally, the most sensitive time in
the life cycle. Development of methods for high-throughput
screening with hESC will greatly improve the use of stem
cells in toxicological studies, reduce the need for animal
work, and decrease the overall cost of screening numerous
new chemicals each year. Adapting stem cell-based assays to
3D scaffolds may provide better fidelity with the in vivo
effects of test chemicals. The field is progressing toward
utilizing readout from metabolomic, transcriptomic, and
toxicogenomic techniques. The NRC supports the concept of
establishing a toxicological test system that focuses mainly
on ‘toxicological pathways’ or cellular response pathways
involved during observed adverse effects of administered
chemicals. Assays that monitor epigenetic changes to treated
cells will likewise add important information to our
understanding of how environmental chemicals and drugs
affect cells. The future of human stem cell-based assays in
predictive toxicology has great potential and will improve
the efficiency and accuracy of chemical evaluations before
harm is caused to humans.

See also:Molecular Toxicology: Recombinant DNA Technology;
Toxicity Testing, Developmental; Reproductive System,
Female; High Throughput Screening; In Vitro–In Vivo
Extrapolation; Toxicity Testing, Reproductive; Toxicology;
Environmental Exposure Assessment; EU Risk Assessment
Committees; Liver; Environmental Toxicology; Systems
Biology Application in Toxicology.
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l Name: St. John’s wort
l Chemical Abstracts Service (CAS) Number Hypericum:

68917-49-7; CAS Number Hyperforin: 11079-53-1
l Synonyms: St. John’s wort extract, Hypericum perforatum;

Hyperforin (Systematic): 4-Hydroxy-6-methyl-1,3,7-tris(3-
methyl-2-butenyl)-5-(2-methyl-1-oxopropyl)-6-(4-methyl-3-
pentenyl) bicyclo(3.3.1)non-3-ene-2,9-dione; Bicyclo(3.3.1)
(1,4)benzodiazepin-5-one,4-hydroxy-6-methyl-1,3,7-tris(3-
methyl-2-butenyl)-5-(2-methyl-1-oxopropyl)-6-(4-methyl-3-
pentenyl)-, (1R,5S,6R,7S)-

l Molecular Formula: C30H16O8

l Chemical Structures: Hypericum and Hyperforin
Hypericum
Hyperforin
Background

Extracts of the Hypericum perforatum plant have been used as
herbal remedies for anti-inflammatory, diuretic, and wound-
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healing properties since the Middle Ages. Contemporary
recommendations for St. John’s wort include depression,
although studies have been varied in results and design.
Studies of chemical composition have identified a variety of
constituents, including naphthodianthrones, anthraquinone
derivatives hypericin and pseudohypericin, flavonoids,
phloroglucinols, xanthrones, tannins, and essential oils.
Inconsistencies in components of commercial preparations
have been noted, with recommendations for standardization
protocols under discussion in the scientific literature. Products
of St. John’s wort are not regulated by the US Food and Drug
Administration as they are classified as dietary supplements,
but regulatory requirements vary throughout the
world. Dosing may vary with use, as it is a natural herb, and
hypericin content may be affected by growing conditions and
preparation.
Uses

Extracts from St. John’s wort have been used for treating mild-
to-moderate depression. Meta-analysis of research studies
demonstrated St. John’s wort to be more effective than placebo.
There has been controversy, however, with research and study
designs in order to evaluate the scientific evidence, and the
efficacy of treatment for major/severe depression remains
unclear. In addition, there is limited evidence for use in
depression for children under the age of 18 years, and with the
elderly population, especially with comorbid conditions.

Other investigations for uses, with limited or inconclusive
evidence thus far, for St. John’s wort include somatiform
disorder, anxiety disorder, obsessive–compulsive disorder,
seasonal affective disorder, attention deficit hyperactivity
disorder, premenstrual and perimenopausal symptoms,
neuropathic pain, and atopic dermatitis.

Use of St. John’s wort in the treatment of depression or for
antiviral effects in patients with HIV/AIDS should only be with
advice of a health care provider, due to the potential for
interaction with prescription drugs, and there is evidence from
some studies which recommend against its use in this
condition.
Exposure and Exposure Monitoring

Exposure to St. John’s wort is commonly by the oral route, from
extracts of the flowering tops with approximately 0.3% hyper-
icin. Oral forms may be in tablet or liquid, and some prepa-
rations may be brewed in a tea. Other preparations exist which
allow for topical application through oils, bath preparations,
and tinctures. Monitoring dosage has challenges, as formula-
tions contain varied amounts of active ingredients. Laboratory
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methods of high-performance liquid chromatography and
accelerated solvent extraction coupled with high-performance
counter-current chromatography have been utilized for
extraction and isolation of the plant H. perforatum.
Mechanisms of Action

St. John’s wort is a mixture of biologically active compounds.
Specifically, naphthodianthrone hypericin and the phlor-
oglucinol derivative hyperforin act on neurotransmitters to
regulate mood. Initially, hypericin was thought to be the
dominant ingredient for antidepressant effects. However,
recently, hyperforin has been identified to have these effects,
also. Hyperforin is lipophilic and acts as a reuptake inhibitor of
serotonin, norepinephrine, and dopamine. Further, extracts of
St. John’s wort with in vitro assays demonstrated affinity for
adenosine and glutamate receptors. St. John’s wort was also
found to be associated with the regulation of genes that control
hypothalamic–pituitary–adrenal axis function, in previous
neuroendocrine studies.
Acute and Short-Term Toxicity

Animal

Rodent studies on acute exposure to St. John’s wort indicate
a low order of toxicity. However, short-term exposure demon-
strated phototoxicity, including redness and swelling of the
skin. Mixtures of the extract produced minimal ocular irritation
in rabbit eyes.
Human

Adverse reactions reported from use of extracts of St. John’s
wort include erythema, itchiness, fatigue, and dizziness. Safety
assessment is challenging due to the complex biological
components of the herbal extract. Future studies on concen-
tration standardization of individual compounds in the plant
extracts, conditions required for photosensitization in various
exposure routes, and further case reports in overdose will add
to the safety and toxicity data.
Chronic Toxicity

Animal

In chronic exposures in rats and dogs, nonspecific symptoms of
toxicity were noted. However, historical literature reports
instances of sickness in grazing animals, such as cattle, sheep,
and horses. Cattle have specific sensitivity when skin is exposed
to sunlight. In the absence of sunlight, this reaction, known as
primary photosensitization, does not occur. Phototoxicity is
particularly attributed to the hypericin component.
Human

Fatigue and restlessness, increased blood pressure, phototoxic
skin responses, and gastrointestinal upset have been reported.
Infrequently, allergic skin reactions have been noted. Exposure
to low doses of St. John’s wort is believed to be well tolerated
over a period of 1–3 months.
Immunotoxicity

Immunostimulating activity was noted in the polyphenol
fraction of H. perforatum, with immunosuppression noted in
the lipophilic component.
Genotoxicity and Carcinogenicity

Genotoxicity assays are commonly negative; however, muta-
genic activity was noted in an Ames test and attributed to the
flavonol and quericitin components. Insufficient evidence on
animal and human carcinogenicity is available for evaluation
of St. John’s wort.
Reproductive and Developmental Toxicity

Administration of St. John’s wort to mice throughout gestation
did not significantly impact cognitive function in offspring.
Hyperforin is excreted into breast milk at low levels, although
long-term adverse effects to the developing infant, if any, are
unknown. Observational studies indicate a relatively low order
of toxicity; however, conclusive evidence of safety for exposure
to St. John’s wort during human pregnancy and lactation is
lacking. The potential herb–drug interactions with any expo-
sure to St. John’s wort may result in serious events and must be
considered with use in pregnancy and lactation. Thus, use
should be under the supervision and review of a health care
provider.
Toxicokinetics

St. John’s wort is absorbed through the gastrointestinal tract.
Hypericin’s peak concentration after oral exposure is approxi-
mately 2 h, with an estimated elimination half-life of 25 h.
Hyperforin peak concentration is approximately in 3.5 h, with
elimination half-life at approximately 9 h. Extracts of St. John’s
wort were found to induce CYP2D2 and CYP3A2 and to inhibit
CYP2C6 in previous in vitro studies. Specifically, hyperforin was
a noncompetitive inhibitor of CYP2D6 activity and competi-
tive inhibitor of CYP2C9 and CYP3A4 activities. Hypericin also
demonstrated potent inhibition of human cytochrome P450
enzymes. CYP3A4 substrates are involved in significant in vivo
metabolic activities of many medications currently on the
market, which can negatively impact coadministration with
other drugs.
Ecological Effects

From an ecological perspective, the problem with St. John’s
wort is not ecotoxicity, per se; however, St. John’s wort’s envi-
ronmental distribution is widespread and the plant is consid-
ered invasive. Its growth and survival are limited by decreased



Table 1 List of selected instructions with SJW usage

Instructions Drugs and other conditions

Avoid use with SJW Psychotropic medication
Discontinue use of SJW Prior to surgery due to potential

interaction with anesthetic
agents

Contraindicated with SJW use Phototherapy or photodiagnostic
procedures due to phototoxicity,
concomitant use of
immunosuppressive agents,
HIV/AIDS drugs, and drugs
affected by CYP3A4 and
P-glycoprotein

Therapeutic monitoring required
with SJW use

Antiepileptic drugs, calcium
channel antagonists, digoxin,
oral anticoagulants, theophylline

Potential for impaired efficacy
with SJW use

Hormonal contraceptives

SJW, St. John’s wort.
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temperatures, which restrict seed survival. Summer rainfall
allows for the plant to grow vegetatively, and seeds can persist
for decades in the environment, with germination following
disturbance and dispersion from the soil.
Clinical Management

Reports of overdose with St. John’s wort are rare. In a case
report, convulsions were reported, but clinical management of
overdose is primarily supportive.

Patient reporting of use of St. John’s wort to a health care
provider is important due to the potential for drug interactions
(see Table 1). In order to avoid serotonin syndrome, St. John’s
wort should not be combined with psychotropic medications.
Further, due to the potential for interaction with anesthetic
agents, St. John’s wort should be discontinued prior to surgery.
In addition, contraindications exist for concomitant use of
certain drugs due to the potential to either increase levels for
toxicity or decrease efficacy due to lowered blood levels. Patient
monitoring by health care providers is important to improve
safety with usage of St. John’s wort.

See also: Cyclosporine; Neurotoxicity; Photochemicals;
Poisonous Plants.
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Relevant Websites

http://www.mayoclinic.com/health/st-johns-wort/NS_patient-stjohnswort – Mayo Clinic
http://www.christopherhobbs.com/website/library/articles/article_files/st_johnswort_

01.html – Medline Plus
http://www.ncbi.nlm.nih.gov/ – National Library of Medicine: search for St. John’s Wort
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http://fnic.nal.usda.gov/ – United States Department of Agriculture (USDA): search for
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This article is a revision of the previous edition article by Richard D. Phillips, volume 4, pp 100–102, � 2005, Elsevier Inc.
l Name: Stoddard solvent
l Synonyms: White spirits, Mineral spirits, Varnoline,

Naphtha safety solvent, Stoddard solvent IIC (64742-88-7),
Naphtha (petroleum, hydrodesulfurized heavy) (white
spirit type 1)

l Chemical Abstracts Service Registry Number: 8052-41-3
l Chemical Structure: Not specified. Stoddard Solvent is

a mixture whose composition can also vary.
Background (Significance/History)

Stoddard solvent is a refinedpetroleumdistillatederived fromthe
naphtha and kerosene carbon ranges (C7–C12) in crude oil. It is
a type of ‘white spirit,’ characterized as a clear solvent absent of
objectionable odors (hydrodesulfurized to remove hydrogen
sulfide and mercaptans). Stoddard solvent typically contains
paraffinic alkanes (saturated branched and linear), cycloalkanes
(also known as cycloparaffins), and aromatic hydrocarbons.
Paraffins (30–50%) and cycloparaffins (30–40%) tend to
predominate, with a remaining 10–20% comprised of aromatics.
The exact composition of Stoddard solvent can vary due to vari-
ations in crude oils and the refining processes. The boiling range
of Stoddard solvent is approximately 148.8–204.4 �C.
Uses

Stoddard solvent is commonly used as a dry cleaning agent, as
a degreaser and cleaner in mechanical shops, and as a vehicle
for pesticides. It may also be used as a solvent in aerosols, wood
preservatives and finishes (paints, lacquers, and varnishes),
paint thinner, adhesives, printing inks, and photocopier toners.
Environmental Fate and Behavior

The hydrocarbons in Stoddard solvent vary in volatility and
water solubility. Spills of Stoddard solvent would be expected
to partition to soil, groundwater, and air. Smaller alkanes and
aromatics will likely volatilize to the air where photooxidation
can occur. Biodegradation in soil and/or water may be more
likely for the larger aliphatic and aromatic hydrocarbons,
although Stoddard solvent is unlikely to be readily biode-
gradable. Although the larger hydrocarbons in Stoddard
solvent are expected to have slower elimination from biological
tissues than the smaller constituents, Stoddard solvent overall
would not be expected to bioaccumulate.
Exposure and Exposure Monitoring

The most likely routes of human exposure are via skin contact
and inhalation of vapors or aerosols. Occupational exposure
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settings may monitor atmospheric concentrations such as tri-
methylbenzene. Exposure of individuals may be confirmed via
measurement of specific hydrocarbons in blood or adipose
tissue or of metabolites in urine; however, these will not be
specific to Stoddard solvent versus similar hydrocarbon
solvents containing identical chemical structures. Urinary
concentrations of dimethylbenzoic acid and dimethylhippuric
acid have been correlated to exposure to trimethylbenzoic acid,
a constituent of Stoddard solvent.
Toxicokinetics

In the human body, the hydrocarbons in Stoddard solvent
are likely to exhibit rapid absorption via inhalation expo-
sure. Constituents with higher blood:gas solubility ratios
should be absorbed most thoroughly; the average inhalation
uptake of white spirits (83% aliphatic and 17% aromatic) in
male volunteers was 50% for the aliphatic constituents and
62% for the aromatic constituents. The lipophilic nature of
Stoddard solvent components predicts accumulation in
adipose tissue. This has been supported by studies in
humans, in which the volume of distribution was calculated
to be 749 l, suggesting tissue concentration, and a fat:blood
partition coefficient of 47. The elimination half-life from fat
was 46 h.

Toxicokinetic studies in rats suggest that the alkane, cyclo-
alkane, and aromatic fractions may exhibit varying distribu-
tions. A comparison of three types of C9 structures – n-nonane,
1,2.4-cyclohexane, and 1,2,4-trimethylbenzene – found that
nonane had the highest brain:blood ratio (11.4), while the
cycloalkane had the highest fat:blood ratio (135).

Primary elimination pathways include exhalation of
unchanged smaller constituents and metabolism in the liver
with excretion via urine. Aliphatic hydrocarbons may undergo
oxidation to alcohols and potential further oxidation to alde-
hydes, ketones, or carboxylic acid. These metabolites may be
conjugated with glucuronide or sulfate prior to elimination in
urine.
Mechanisms of Toxicity

Stoddard solvent, as with a number of petroleum hydrocar-
bons, can produce kidney effects in male rats due to accumu-
lation of a-2m-globulin. Effects observed microscopically
include hyaline droplet accumulation, granular casts within
medullary tubules, corticotubular basophilia, and degenera-
tion with regeneration of tubular epithelium. These lesions,
characterized as hyaline droplet nephropathy, are attributed to
accumulation of a-2m-globulin, a carrier protein produced in
substantial quantities in male rat livers but in negligible
amounts in female rats and humans. The a-2m-globulin
protein, which transports endogenous pheromones into the
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00064-6
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kidneys of male rats, also has an affinity for petroleum
hydrocarbon. This mechanism is specific to male rats and is
considered irrelevant to human health risk assessment.

The lipophilic nature of Stoddard solvent can cause defat-
ting of the skin. Longer or repeated exposure can increase the
severity of the effects.

High exposures can produce neurological symptoms such
as dizziness and lack of coordination. The specific mechanism
of toxicity for this is unknown but could be similar to other
short- to medium-length hydrocarbons that also produce
neurotoxicity at high exposures.

The low viscosity of Stoddard solvent poses a risk of aspi-
ration into the lungs if it is ingested, which can induce pneu-
monia that may be fatal.
Acute and Short-Term Toxicity (Animal and Human)

With sufficient exposure, Stoddard solvent can produce eye,
skin, throat, and/or respiratory irritation. In a 15-min exposure
to 150 ppm (860 mgm�3), eye irritation, characterized as
slight dryness, was reported in one of six human volunteers. All
six volunteers reported eye irritation at 470 ppm
(2700 mgm�3). Stoddard solvent is not classified as an eye
irritant based on animal testing in which minimal transient
effects were observed.

Stoddard solvent can cause skin irritation. Twenty-four-
hour exposure to rabbits resulted in moderate effects; the
primary irritation index was 4.5 out of a maximum possible
score of 8.0. Repeated or longer duration dermal contact can
defat the skin and produce signs of irritation.

Inhalation exposure above the occupational exposure limit,
in addition to eye and respiratory irritation, can induce head-
aches, nausea, and dizziness that will reverse if exposure is
discontinued. In general, though, Stoddard solvent possesses
low acute toxicity. The acute oral LD50 in rats is >15.3 g kg�1,
while the acute dermal LD50 in rabbits is >19.1 g kg�1. By
inhalation, no deaths occurred in rats exposed for 8 h to
4600 mgm�3.
Chronic Toxicity

Lifetime exposure studies in rodents have resulted in mixed
findings for carcinogenicity (see below). In male rats, Stoddard
solvent produces lesions in the proximal tubule of the kidney.
These lesions, characterized as hyaline droplet nephropathy,
are attributed to accumulation of a-2m-globulin, a carrier
protein produced in substantial quantities in male rat livers but
in negligible amounts in female rats and humans. This protein,
which transports endogenous pheromones into the kidneys of
male rats, also has an affinity for petroleum hydrocarbon. The
US Environmental Protection Agency has determined that this
mechanism is irrelevant for human health risk assessment. No
renal pathology was detected in dogs, rabbits, guinea pigs, or
monkeys from Stoddard solvent exposure.

Occupational exposure has been associated with a chronic
syndrome that includes eye, nose, and throat irritation,
reductions in taste and appetite, nausea, headache, and dizzi-
ness. These symptoms tended to dissipate following days away
from work. Given that the half-life for elimination of Stoddard
solvent from fat is greater than 40 h, these effects may have
been lingering symptoms of exposure. The primary concern for
long-term human exposure is the potential for lasting neuro-
logical effects. Epidemiological data are challenged by mixed
solvent exposures and incomplete exposure information for
mechanics and/or house painters, as well as relatively small
sample groups. In these studies, workers with long occupa-
tional (mostly >20 years) exposure near the American
Conference of Governmental Industrial Hygienists (ACGIH)
occupational threshold limit value of 100 ppm, but possibly as
low as 40 ppm, were observed to have performance deficits in
visually oriented reaction and memory tests, as well as pares-
thesia of the hands and feet, and a potential increased risk of
dementia. Several small studies have also implicated Stoddard
solvent in increased risk of cerebral atrophy and dementia;
again, exposures in these studies were to multiple substances
and the role of Stoddard solvent is unclear. However, in other
neurological evaluations in humans, no nerve conduction
changes were detected, and there were no differences in audi-
tory evoked potentials or electroencephalograms in painters
with moderate exposure over many years.
Immunotoxicity

No immune function studies were located for either humans or
animals. A 5-day inhalation exposure to white spirits,
616 mgm�3, for 6 h per day, did not alter serum immuno-
globulin concentrations; no other parameters related to
immune function were evaluated.
Reproductive Toxicity

Human reproductive data are very limited and insufficient to
evaluate potential human reproductive effects. A study of male
workers exposed to various solvents including white spirits
detected no effects on sperm counts, motility, or morphology,
while exposure of six male volunteers for a single day was
reported to alter serum concentrations of follicle stimulating
hormone. No information was found for Stoddard solvent
exposure in women.

No animal reproductive studies were located. Maternal
exposure to Stoddard solvent during organogenesis in rats
resulted in no maternal or developmental toxicity with
concentrations up to 2356 mgm�3. Exposure of pregnant rats
to 800 ppm (4679 mgm�3) of a dearomatized white spirit
(CAS 74742-48-9) from gestation days 7 to 20 (implantation
until shortly prior to parturition) affected maternal weight by
26% and birth weight by 7%, with impairment of postnatal
learning and memory in the offspring also.
Genetic Toxicity

Both in vivo and in vitro data suggest that Stoddard solvent and
white spirits do not produce genetic toxicity. Bacterial muta-
genesis assays did not find an increase in mutation frequency.
An in vitro assay using human lymphocytes found no increase
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in the frequency of sister chromatid exchange. In vivo, Stoddard
solvent or white spirits were negative in mice in both a domi-
nant lethal assay and a bone marrow micronucleus study.
Carcinogenicity

Stoddard solvent was evaluated for carcinogenic potential in rat
and mouse lifetime bioassays (n¼ 50 per sex per group). In
F344 rats, exposure levels were 0, 138 (males), 550, 1100, and
2200 (females) mgm�3 for 2 years. Survival at the top expo-
sure level was significantly less than the survival of concurrent
controls. At 2 years, the incidence of benign, and of combined
benign and malignant, pheochromocytoma of the adrenal
medulla demonstrated a positive trend in males, with the
incidence at 550 and 1100 mgm�3 significantly elevated. Male
rats also had elevated incidence of renal tubular hyperplasia,
with a slight increase in renal adenomas at the highest exposure
for males, 1100 mgm�3. The findings in the kidney were
characteristics of a-2m-globulin accumulation, the mechanism
of male rat hydrocarbon nephropathy, and irrelevant to human
health assessment. Stoddard solvent was considered to show
evidence of carcinogenicity in males and no evidence of carci-
nogenicity in females.

In B6C3 F1 mice, the exposure levels to Stoddard solvent
were 0, 550, 1100, and 2200 mgm�3 for 2 years. Although
female mice exhibited a positive trend for hepatocellular
adenomas, with the highest exposure concentration signifi-
cantly increased, there was no significant increase for the inci-
dence of combined adenomas and carcinomas. The results
were considered to be equivocal evidence of carcinogenicity in
females and no evidence in male mice.

Ethylbenzene and naphthalene, two minor constituents of
Stoddard solvent, produced cancer in laboratory animals. The
relevance of their findings to human health risk assessment is
uncertain.
Clinical Management

Individuals overexposed to Stoddard solvent by inhalation
should be moved to fresh air as quickly as possible. Acute
effects such as depression of the central nervous system may
require medical treatment. Contaminated skin may be cleaned
by thorough washing with soap and water, and contaminated
clothing should be laundered. Exposed eyes should be rinsed
thoroughly with water or saline. Symptoms should be evalu-
ated by health personnel. Professional advice should be sought
to determine the proper management of ingestion exposures,
as removal from the stomach by emesis is not recommended
due to the potential to be aspirated into the lungs and produce
chemical pneumonitis.
Ecotoxicity

No information was found on ecotoxicological effects of
Stoddard solvent; however, it is expected to be toxic to aquatic
organisms (fish, invertebrates, microorganisms) if spilled into
aquatic environments, based on tests from similar substances
such as naphthas and hydrodesulfurized kerosene. In short-
term studies with freshwater fish such as trout, water fleas
(daphnids), and algae, the acutely toxic concentrations that
produced 50% mortality (LLR50 or EC50) in fish or water fleas
generally ranged from 2 to 20 mg l�1 as a water accommodated
fraction (WAF). Similar concentrations, 1–30 mg l�1 WAF,
inhibited growth rate in algae. Longer term exposure is also
likely to adversely affect aquatic ecosystems, based on inhibited
reproduction and immobilization in water fleas (21-day
EL50w 0.8 mg l�1 WAF).
Other Hazards

The vapors of Stoddard solvent can accumulate and explode if
ignited. Containers of Stoddard solvent can accumulate static
charge if not properly grounded.
Exposure Standards and Guidelines

ACGIH: 100 ppm as a time-weighted average, based on eye,
skin, and kidney damage; nausea, CNS impairment

See also: Ethylbenzene; Gasoline; Naphthalene; Petroleum
Distillates; Petroleum Hydrocarbons.
Further Reading

CONCAWE, 1986. Effects of Petroleum Hydrocarbons on the Nervous System.
Prepared by P. Grasso, A. Blok, and the CONCAWE Health Management Group’s
Toxicology Subgroup. Report No. 86/51.

European Chemicals Agency Committee for Risk Assessment RAC. Annex 1 Back-
ground Document to the Opinion Proposing Harmonized Classification and Labelling
at Community Level of White Spirit. Adopted 10 June 2011.

US DHHS, June 1995. Agency for Toxic Substances and Disease Registry. Toxico-
logical Profile for Stoddard Solvent.
Relevant Websites

http://echa.europa.eu/web/guest/support/documents-library – European Chemicals
Agency Committee for Risk Assessment RAC. Search for Stoddard Solvent.

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+7171 –

National Library of Medicine Hazardous Substances Data Base: Stoddard Solvent.
http://www.atsdr.cdc.gov/ – US DHHS, Agency for Toxic Substances and Disease

Registry. Search for Toxicological profile for Stoddard solvent. June 1995.

http://echa.europa.eu/web/guest/support/documents-library
mailto:http://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+7171
http://www.atsdr.cdc.gov/
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Adopted by the International Conference on Chemicals
Management (ICCM) on 6 February 2006 in Dubai, United
Arab Emirates, the Strategic Approach to International Chem-
icals Management (SAICM) is a policy framework to foster the
sound management of chemicals.

SAICM was developed by a multistakeholder and multi-
sectoral Preparatory Committee and supports the achievement
of the goal agreed at the 2002 Johannesburg World Summit on
Sustainable Development of ensuring that, by the year 2020,
chemicals are produced and used in ways that minimize
significant adverse impacts on the environment and human
health.

Progress in the implementation of SAICM was reviewed
at the third session of the ICCM held from 17 to 21 September
2012.
Introducing SAICM

The consumption of chemicals by all industries and modern
society’s reliance on chemicals for virtually all manufacturing
processes make chemicals production one of the major and the
most globalized sectors of the world economy. Acknowledg-
ment of the essential economic role of chemicals and their
contribution to improved living standards need to be balanced
with recognition of potential costs. These include the chemical
industry’s heavy use of water and energy and the potential
adverse impacts of chemicals on the environment and human
health. The diversity and potential severity of such impacts
makes sound chemicals management a key crosscutting issue
for sustainable development.

SAICM is a policy framework to promote chemical safety
around the world. It has its overall objective, the achievement
of the sound management of chemicals throughout their life
cycle so that, by 2020, chemicals are produced and used in
ways that minimize significant adverse impacts on human
health and the environment. This ‘2020 goal’ was adopted by
the World Summit on Sustainable Development in 2002 as
a part of the Johannesburg Plan of Implementation.

SAICM is distinguished by its comprehensive scope; ambi-
tious ‘2020 goal’ for sound chemicals management; multi-
stakeholder and multisectoral character; endorsement at the
highest political levels; emphasis on chemical safety as
a sustainable issue; provision for resource mobilization; and
formal endorsement or recognition by the governing bodies of
key intergovernmental organizations.

SAICM comprises the Dubai Declaration on International
Chemicals Management, expressing high-level political
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
commitment to SAICM, and an overarching policy strategy,
which sets out its scope, needs, objectives, financial consider-
ations underlying principles and approaches, and implementa-
tion and review arrangements. Objectives are grouped under five
themes: risk reduction, knowledge and information, governance,
capacity building and technical cooperation, and illegal interna-
tional traffic.

The Declaration and Strategy are accompanied by a Global
Plan of Action that serves as a working tool and guidance
document to support implementation of SAICM and other
relevant international instruments and initiatives. Activities in
the plan are to be implemented, as appropriate, by stake-
holders, according to their applicability.
Key Characteristics of SAICM

SAICM is distinguished by its:

l comprehensive scope,
l ambitious ‘2020 goal’ for sound chemicals management,
l multistakeholder and multisectoral character,
l endorsement at the highest political levels,
l emphasis on chemical safety as a sustainable development

issue,
l provision for resource mobilization,
l formal endorsement or recognition by governing bodies

of key intergovernmental organizations.
See also: Society of Environmental Toxicology and Chemistry;
Society of Toxicology; International Union of Toxicology;
Regulation, Toxicology and; Candidate List of Substances of
Very High Concern (SVHC), REACH; Global Chemicals Policy.

Further Reading

For further general information on SAICM, including its development, implementation
arrangements, stakeholder networks, the International Conference on Chemicals
Management, the Quick Start Programme, secretariat and regional activities, see
Information Bulletin No. 1.

Information Bulletin No. 1 (Introduction to SAICM) – http://www.saicm.org/images/
saicm_documents/Publications/SAICM_Information_Bulletin_April_2012.pdf.
Relevant Website

http://www.saicm.org – Strategic Approach to International Chemicals Management
(SAICM).
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l Name: Streptozotocin or streptozocin
l Chemical Abstracts Service Registry Number: 18883-66-4
l Synonyms: 2-Deoxy-2-(((methylnitrosoamino)carbonyl)

amino)-D-glucopyranose; 2-Deoxy-2-(3-methyl-3-
nitrosoureido)-D-glucopyranose; 2-Deoxy-2-(3-methyl-
3-nitrosoureido)-alpha(and beta)-D-glucopyranose; AI3-
50821; Chemical Carcinogenesis Research Information
System 562; D-Glucopyranose, 2-deoxy-2-(((methylni-
trosoamino)carbonyl)amino)-; D-Glucose, 2-deoxy-2-
(3-methyl-3-nitrosoureido)-; EINECS 242-646-8; Estrepto-
zocina; Hazardous Substances Data Bank 5119; N-D-gluco-
syl-(2)-N0-nitrosomethylharnstoff; N-D-glucosyl-(2)-N0-
nitrosomethylurea; NCI-C03167; NRRL 2697; NSC 37917;
NSC 85998; NSC-85998; Resource Conservation and
Recovery Act waste number U206; STZ; Streptozocine;
Streptozocinium; Streptozotocin; U 9889; U-9889; UNII-
5W494URQ81; Zanosar

l Molecular Formula: C8H15N3O7

l Chemical Structure:
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Background

Streptozotocin (STZ) was originally identified in the late 1950s
as an antibiotic and was discovered in a strain of the soil
microbe Streptomyces achromogenes. In the mid-1960s, STZ was
found to be selectively toxic to the beta cells of the pancreatic
islets and thus it is used in animal model of diabetes and as
a medical treatment for cancers of the beta cells. STZ’s use in
cancer chemotherapy received Food and Drug Administration
approval in July 1982 and the drug was subsequently marketed
as Zanosar.
Uses

STZ has antibiotic and antineoplastic properties. It is used for
treating metastatic cancer of the pancreatic islets and due to its
high toxicity to beta cells, in scientific research, it has also
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been long used for inducing insulitis and diabetes on exper-
imental animals. It is typically prepared immediately prior to
a procedure and most commonly prepared as a solution for
injection. STZ is active in Hodgkin’s disease, other
lymphomas, and occasionally in melanoma and malignant
carcinoid tumors.
Environmental Fate and Behavior

STZ is an odorless ivory-colored crystalline powder or pale
yellow crystals. Having the solubility of 5070 mg l�1 in water at
25 �C, STZ is soluble in alcohol and ketones and slightly
soluble in polar organic solvents and insoluble in nonpolar
organic solvents. STZ is produced by the soil microorganism
and therefore isolated from soil samples that assumed a source
of release to the environment. Vapor pressure and Henry’s law
constant of STZ are 1.74E-12 mm Hg and 1.08E-10 cm3 per
molecule-sec at 25 �C, respectively. No information is currently
available for partition behavior in water, sediment, and soil;
environmental persistency, long-range transport, or bio-
accumulation/biomagnification.
Exposure and Exposure Monitoring

Experimental procedures of STZ are the main source of
entrance into the environment. Manufacturing of STZ with
subsequent waste streams and usage is another source of
exposure in the environment.

People who work in the field of manufacturing, producing,
and administrating can be exposed to STZ through inhalation,
eyes, and skin contact with the forms of powder or aerosol. For
general population, exposure to STZ is likely to happen via use
of pharmaceutical products containing this compound.

Based on documents, there is no significant waste of STZ in
air, water, soil, and biota. Therefore, environmental exposure
with STZ is assumed low.
Toxicokinetics

STZ is not orally active and is used as intraperitoneal or intra-
venous. It is rapidly cleared from plasma after intravenous
administration, and is undetectable after 3 h, although its
metabolites are detected in plasma for up to 24 h. STZ
concentrates in certain tissues; the kidneys and liver contain the
highest levels, and also pancreas concentrates the drug. STZ and
its metabolites are eliminated rapidly by the kidney; 60–70%
of a dose is excreted in urine within 4 h. Only 10–20% of a dose
is excreted as parent drug. Half-life of drug is approximately
15 min. STZ cannot cross the blood brain barrier in animals or
humans; however, its metabolites in humans readily distribute
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.01170-2
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into cerebrospinal fluid. Also, the drug readily crosses the
placenta in monkeys.
Mechanism of Toxicity

STZ as an antibiotic is effective against Gram-negative bacteria.
As a diabetogenic agent, STZ by its N-nitroso group acts as
a nitric oxide donor in pancreatic islets. STZ inhibits synthesis
of DNA in microorganisms and mammalian cells by alkylation
and cross-linking the strands of DNA, and also affects on all
stages of mammalian cell cycle. STZ-induced DNA damage
causes activation of poly ADP-ribosylation, which is important
in induction of diabetes rather than DNA damage. Biochemical
studies indicated that STZ inhibits pyridine nucleotides and the
key enzymes that are involved in glyconeogenesis. STZ trans-
ports glucose into the cell by the glucose transport protein
GLUT2, but is not recognized by the other glucose transporters.
Since beta cells have relatively high levels of GLUT2, this
explains STZ’s relative toxicity in these cells.
Acute and Short-Term Toxicity

Animal

The acute LD50 of STZ in mouse has been estimated 360, 275,
and 335 mg kg�1 after IP, IV, and SC administration, respec-
tively. Its LD50 in rat and dog after IV administration has been
established 138 and 50 mg kg�1, respectively.
Human

STZ is very hazardous in case of eye or skin contact, inhalation,
or ingestion. Acute effects of STZ include irritation of eyes, skin,
and respiratory tract. Ingestion of STZ may cause gastrointes-
tinal tract irritation and if inhaled, may cause coughing, tight-
ness of the chest, and irritation of the respiratory system. Toxic
Dose Low of STZ in human after IV administration has been
estimated 1044 mg kg�1 and its effects include hair loss,
gastrointestinal effects, nausea or vomiting, and detrimental
effects on kidney, ureter, bladder, and liver.
Chronic Toxicity

Animal

In one study, Swiss Webster mice received thrice-weekly IP
injections of STZ (6 or 12 mg kg�1) for 6 months and were
observed for further 12 months. Tumor of lung, kidney, and
uterine was observed in mice.
Human

Chronic long-term exposure to STZ could lead to some
potentially serious health effects. STZ is assumed mutagenic,
carcinogenic, and possibly teratogenic in humans. Prolonged
or repeated exposure to STZ either through ingestion or inha-
lation can damage bone marrow and blood. It can damage the
kidneys and liver or cause cancer and it also can affect the
pancreas leading to diabetes.
Immunotoxicity

There is no evidence on immunotoxicity of STZ in animals or
human.
Reproductive Toxicity

Reproductive studies indicate that STZ is teratogenic in
experimental animals. Neonatal and embryonic and devel-
opmental delays have been found with STZ use that is irre-
versible by insulin administration. STZ after IV administration
is rapidly absorbed into fetal circulation, thus causing mild
hyperglycemia and a decrease in insulin stores in male
progeny of laboratory rodents. STZ may cause adverse fertility
effects in male and female rats. In males, STZ disrupts testic-
ular function by a decrease in testosterone levels and
denervation-like supersensitivity. In females, disruption of
ovaries and a decrease in viable oocyte and delayed oocyte
maturation occur. STZ is classified as a possible teratogen in
human.
Genotoxicity

STZ is a potent alkylating agent known to directly methylate
DNA and is highly genotoxic, producing DNA strand
breaks, alkali-labile sites, DNA adducts, unscheduled DNA
synthesis, chromosomal aberrations, sister chromatid exchanges,
micronuclei, and cell death through apoptosis or necrosis.
Several evidences indicate that generation of free radicals during
metabolism of STZ is involved in the production of DNA and
chromosome damage. STZ has been found to be mutagenic in
bacterial assays and eukaryotic cells.
Carcinogenicity

STZ is ‘reasonably anticipated to be a human carcinogen’
according to sufficient evidence of carcinogenicity in experi-
mental animals. Although no data regarding the carcinogenic
effect of STZ in humans are available, the International Agency
for Research on Cancer (IARC) stressed that: “STZ should be
regarded for practical purposes as if it were carcinogenic to
humans.” STZ is classified in group 2B, possibly carcinogenic to
humans, by IARC.
Clinical Management

Generally, patients with exposure to STZ should be treated
symptomatically and supportive care is the mainstay of
therapy. In inhalation exposure, the patient must be
moved to fresh air and medical attention should be
provided. In eyes or skin contact, immediate washing with
plenty of water is recommended. In oral/parental exposure,
the goal is to remove, detoxify, or prevent absorption of
substances. General treatments include facilitating of
respiration, and to manage hypotension and ventricular
dysrhythmias.
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Exposure Standards and Guidelines

When there is a release of this designated hazardous
substance, in an amount equal to or greater than its report-
able quantity of 1 lb or 0.454 kg, persons in charge of
vessels or facilities are required to notify appropriate
authorities. When STZ, as a commercial chemical product or
an off-specification commercial chemical product or manu-
facturing chemical intermediate, becomes a waste, it must be
managed based on hazardous waste regulations. Exposure
limits: not available.

See also: Aminoglycosides; Cyclophosphamide; BCNU
(Bischloroethyl Nitrosourea); Chlorambucil.
Further Reading

Bolzan, A.D., Bianchi, M.S., 2002. Genotoxicity of streptozotocin. Mutat. Res. 512,
121–134.

National Toxicology Program, 2005. Streptozotocin CAS No. 18883-66-4. In: Report on
Carcinogenesis, eleventh ed. National Institute of Environmental Health Sciences.
Relevant Websites

http://www.inchem.org – IPCS International Program on Chemical Safety.
http://toxnet.nlm.nih.gov – Toxicology Data Network, US National Library of Medicine.
http://chem.sis.nlm.nih.gov/chemidplus – US National Library of Medicine: ChemIDplus

Advanced: Search for: Streptozotocin.
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http://refhub.elsevier.com/B978-0-12-386454-3.01170-2/ref0015
http://www.inchem.org
http://toxnet.nlm.nih.gov
http://chem.sis.nlm.nih.gov/chemidplus
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l Name: Strontium
l Chemical Abstracts Service Registry Number: 7440-24-6
l Chemical/Pharmaceutical/Other Class: Alkaline Earth

Metal
l Molecular Formula: Sr2þ
Background Information

Strontium is a naturally occurring element found in rocks, soil,
dust, coal, and oil that was discovered in 1790 by Adair
Crawford. The element was named after a village in Scotland,
Strontian, which is near the site of the original discoveries.
Naturally occurring strontium is not radioactive and is referred
to as stable strontium. Stable strontium in the environment
exists in four stable isotopes, 84Sr (read as strontium 84), 86Sr,
87Sr, and 88Sr. Twelve other unstable isotopes are known to
exist. Its radioactive isotopes are 89Sr and 90Sr. Strontium is
chemically similar to calcium.

The isotope 90Sr is a highly radioactive poison; it was
present in fallout from atmospheric nuclear explosions and is
created in nuclear reactors. Atmospheric tests of nuclear
weapons in the 1950s resulted in deposits and contaminations.
90Sr has a half-life of 28 years and is a high-energy beta emitter.
Its common cationic salts are water soluble; it forms chelates
with compounds such as ethylenediaminetetraacetic acid;
strontium coordination compounds are not common.
Powdered metallic strontium may constitute an explosion
hazard when exposed to flame.
Uses

Strontium compounds are used in making ceramics and glass
products, pyrotechnics, paint pigments, fluorescent lights, and
medicines.

Strontium can also exist as several radioactive isotopes, and
the most common is 90Sr. Strontium-90 is formed in nuclear
reactors or during the explosion of nuclear weapons. Radio-
active strontium generates beta particles as it decays.

Strontium is used in fireworks, red signal flares, and tracer
bullets. It can also be added to alloys of tin and lead to add
hardness and durability, and it can be used as a deoxidizer in
copper and bronze. In addition, it can be used as an igneous
coloring agent, a material for the cathode of vacuum bulbs,
a material for condensers and optical glass, and as a lead and
iron removing agent. Small amounts of strontium are added to
molten aluminum to improve the cast ability of the metal,
making it more suitable for casting items that have been
traditionally made from steel. The radioactive form (89Sr) is
used as an antineoplastic (radiation source). Strontium
compounds are used as agricultural chemicals, particularly in
production of beet sugar.
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Environmental Fate and Behavior

Most stable strontium and some radioactive strontium
compounds exist as dust in air, which eventually settles over
land and water. Stable strontium dissolves in water and moves
deeper in soil to underground water. The solid is found sus-
pended in water. Strontium is also found naturally in soil due
to the release of coal ash and industrial wastes. Soluble stron-
tium compounds, through chemical reactions, can transform to
insoluble and vice versa. The long half-life of strontium-90 (29
years) can allow airborne particles to move all around the
world.
Exposure and Exposure Monitoring

Ingestion, generally as dietary intake, and inhalation are
possible exposure routes. Radiation also penetrates the body.
Atmospheric strontium is found around the world, in part due
to nuclear weapons testing and reactor use and failure.
Toxicokinetics

Strontium tends to replace calcium in bone. Radioactive
isotopes of strontium, mainly 90Sr, released into the environ-
ment due to nuclear accidents may contribute significantly to
the internal radiation exposure of members of the public after
ingestion of strontium with contaminated foodstuffs. The
committed radiation dose is significantly dependent on the
fraction of the ingested activity that crossed the gut wall;
sodium alginate is a potent agent for reducing strontium
absorption with high efficiency and virtually no toxicity. The
data obtained show that the uptake of ingested strontium from
milk was reduced by a factor of nine when alginate was added
to milk.
Mechanism of Toxicity

Strontium’s inherent toxicity and that of its compounds
resembles that of calcium. The state of calcium nutrition of
exposed individuals is a major determinant of toxicity. The
radioactive isotope, when ingested or inhaled, is processed by
the body and resides in bones. Strontium ionizes molecules in
the body by the emission of beta particles. It increases the risk
of cancer.
Acute and Short-Term Toxicity (or Exposure)

Animal

Acute poisoning in laboratory animals leads to excess saliva-
tion, vomiting, colic, and diarrhea. In rats, death is due to
respiratory failure; in cats, it is due to cardiac arrest.
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Chronic Toxicity (or Exposure)

Animal

Leukemia and cancers of the bone, nose, lung, and skin have
been observed in laboratory animals exposed to radioactive
strontium.
Human

Leukemia has been seen in humans exposed to relatively large
amounts of radioactive strontium. The International Agency for
Research on Cancer has determined that radioactive strontium
is a human carcinogen. 89Sr has been explored as an anticancer
treatment, for example, for prostate cancer, and has been used
as palliative treatment for patients with bone pain from
osseous metastases. Excellent clinical responses for bone pain
treatment have been observed (acceptable hematologic
toxicity; and clinical results rival those of external beam radi-
ation therapy).
Reproductive Toxicity

In a minipig study in which dams were dosed with strontium-
90, levels required to affect fetal or neonatal mortality were
high enough to kill the dams as well. Injection of pregnant mice
with strontium-90 in one study caused a decrease in number of
fetal oocytes as well as skeletal malformations.

Strontium-89 chloride had been assigned pregnancy risk
factor D, indicating that there is evidence for fetal risk, but that
benefits of the compound may outweigh negatives. There are
equivocal data on the body burden of strontium-90 and inci-
dence of birth defects.
Genotoxicity

The only available studies on the genotoxicity of strontium and
strontium compounds are of strontium chromate, which does
exhibit genotoxic characteristics, but these are attributed to the
chromate ion. Radioactive isotopes of strontium can also affect
genotoxic changes.
Carcinogenicity

Radioactive isotopes of strontium are carcinogenic; however,
stable strontium isotopes and salts have been assigned to group
D by the US Environmental Protection Agency, indicating that
there is inadequate or no evidence of carcinogenicity in animals
or humans. Strontium chromate has been given a classification
of group A2, or suspected human carcinogen by the American
Conference of Governmental Industrial Hygienists (ACGIH),
and group 1, a known human carcinogen, by the International
Agency for Research on Cancer, along with other chromates.
Clinical Management

Treatment is general and symptomatic, with no specific anti-
dote or chelator for strontium available.
Ecotoxicology

Strontium-90 pollutes water and soil at some reprocessing
plants. Atmospheric contamination can occur from nuclear
fallout. A study in the United States has concluded that
high concentrations of strontium in eggshells of some
passerine birds may be associated with lower hatching
success.
Exposure Standards and Guidelines

US federal drinking water guidelines allow for 4000 mg l�1;
however, there are state regulations in place in both Maine and
Florida, which allow for up to 4200 mg l�1. ACGIH has estab-
lished a time-weighted average for occupational exposure at
0.0005mgm�3.
See also: Aluminum; Carcinogenesis.
Further Reading

Bingham, E., Cohrssen, B., 2012. Patty’s Toxicology, sixth ed. John Wiley and Sons
Inc., Hoboken, NJ.

Hollriegl, V., Rohmuss, M., Oeh, U., Roth, P., 2004. Strontium biokinetics in humans:
influence of alginate on the uptake of ingested strontium. Health Phys. 86,
193–196.

Mora, M.A., 2003. Heavy metals and metalloids in egg contents and eggshells of
passerine birds from Arizona. Environ. Pollut. 125, 393–400.

Nordberg, G.F., Fowler, B.A., Nordberg, M., Friberg, L.T., 2007. Handbook on the
Toxicology of Metals, third ed. Associated Press, London.

Siegel, H.J., Luck Jr., J.V., Siegel, M.E., 2004. Advances in radionuclide therapeutics
in orthopaedics. J. Am. Acad. Orthop. Surg. 12, 55–64.
Relevant Websites

http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid¼120 – Agency for
Toxic Substances and Diseases Registry. Toxicological Profile for Strontium.

http://www.inchem.org/documents/cicads/cicads/cicad77.pdf – WHO Concise Inter-
national Chemical Assessment Document (CICAD) – Strontium.
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l Name: Strychnine
l Chemical Abstracts Service Registry Number: 57-24-9
l Synonyms: Kwik-Kil, Mouse-Rid, Strychinos, Gopher bait,

EPA Pesticide Chemical Code 076901
l Molecular Formula: C21H22N2O2

l Chemical Structure:
Background

Strychnine is a naturally occurring alkaloid found in seeds from
the plant Strychnos nox-vumica and its subspecies, which are
native to tropical regions of Southeast Asia, Africa, Australia,
and South America. The seeds were marketed to Europe as
a potent rodenticide. Laws and regulations regarding rodenti-
cides have dramatically reduced the toxic exposure to strych-
nine, but it is still used in parts of the Middle East. Accidental
ingestion of strychnine can occur from adulterated street drugs.
Today, most toxic exposures are associated with suicides and
homicides.
Environmental Fate and Behavior

Strychnine has a low vapor pressure, allowing it to decompose
easily into dry powder in air. Strychnine is not expected to
volatilize from dry soil or water surfaces. The rate of biodeg-
radation in soil is dependent on environmental conditions,
including the pH of the soil. Strychnine has a low potential to
bioconcentrate in aquatic organisms.
Routes and Pathways

The probable pathways for exposure to strychnine are inhala-
tion of strychnine released to the air and unintentional or
intentional ingestion of strychnine in contaminated food, water,
or rodenticide baits. Strychnine has been found as an adulterant
Encyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
in some street drugs. Occupational exposure to strychnine may
occur through inhalation of dust particles and dermal and
ocular contact where strychnine is produced or used.
Toxicokinetics

Strychnine is absorbed rapidly from the gastrointestinal tract,
nasal mucosa, and parenteral sites. It is readily metabolized in
the liver by microsomal enzymes. With lethal doses, the highest
concentrations of strychnine are found in the liver, kidneys,
and blood. About 15% will appear unchanged in the urine
within 24 h. Strychnine has an elimination half-life of w10 h.
Mechanism of Action

Strychnine blocks the inhibitory action of the neurotransmitter
glycine at the Renshaw cell–motor axon synapses in the ante-
rior horn of the spinal cord. The medulla and other sites of the
central nervous system may also be affected by strychnine. This
essentially decreases excitatory thresholds and produces exag-
gerated tetanic convulsions in response to even minimal
sensory stimuli.
Acute and Short-Term Toxicity

Animal

Strychnine is a compound with high acute toxicity. The oral LD
value in rats is w15 mg kg�1. Parenteral routes of exposure are
more toxic; LD50 values in laboratory rodents range from 1 to
4 mg kg�1. There are species differences in susceptibility to
strychnine toxicity, with dogs and cats more susceptible than
horses and cattle.

Human

Within 15–30 min after ingestion, the individual will experi-
ence restlessness, apprehension, heightened acuity of percep-
tion, hyperreflexia, and muscle stiffness of the face and legs.
Violent convulsions can follow these symptoms or occur in
their absence. As poisoning progresses, the convulsions
become more violent and the intervals between convulsions
become shorter. The LD (oral) for humans has been estimated
to be 30 mg kg�1. Toxicity has been reported at concentrations
of 0.1 mg dl�1 in blood.
Chronic Toxicity

Animal

In rats, the toxicity of strychnine varies by sex. Twenty-eight-day
feeding studies showed that males were able to tolerate up to
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8 mg kg�1 day�1 without adverse effects; females were able to
tolerate 2.5 mg kg�1 day�1.
Human

Significant cumulative toxicity has not been described because
both detoxification and excretion are comparatively rapid.
Little is known about strychnine’s immunotoxicity or about its
reproductive, genetic, and carcinogenic effects.
Clinical Management

There is no antidote and treatment is symptomatic and
supportive, with emphasis on controlling neuromuscular
hyperactivity and decreasing stimuli. Individuals who have
been exposed to strychnine fumes should bemoved to fresh air,
and their eyes and skin should be decontaminated immedi-
ately with water. For those who have ingested strychnine,
emesis is not recommended because of the violent convulsive
activity and increased risk of aspiration. Because the compound
is absorbed rapidly, activated charcoal has little to no use.
Convulsions can be controlled with benzodiazepines and, if
necessary, intubation and paralysis with a muscle relaxant such
as vecuronium. Efforts should be made to correct fluid, elec-
trolyte, and acid–base abnormalities caused by repeated
convulsions and rhabdomyolysis.

See also: Plants, Poisonous (Humans); Drug and Poison
Information Centers.

Further Reading

Jacob, J., Tarabar, A.F., 2012. A rare case of combined strychnine and propoxur
toxicity from a single preparation. Clin. Toxicol. (Phila.) 50, 224.

Makarovsky, I., Markel, G., Hoffman, A., et al., 2008. Strychnine – a killer from the
past. Isr. Med. Assoc. J. 10, 142–145.

Starretz-Hacham, O., Sofer, S., Lifshitz, M., 2003. Strychnine intoxication in a child.
Isr. Med. Assoc. J. 5, 531–532.
Relevant Websites

http://www.bt.cdc.gov/ – Centers for Disease Control and Prevention. Emergency
Preparedness and Response. Facts about strychnine.

http://www.inchem.org – International Programme on Chemical Safety. INCHEM.
Strychnine (PIM 507).

http://refhub.elsevier.com/B978-0-12-386454-3.00788-0/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00788-0/ref0010
http://refhub.elsevier.com/B978-0-12-386454-3.00788-0/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00788-0/ref0015
http://refhub.elsevier.com/B978-0-12-386454-3.00788-0/ref0020
http://refhub.elsevier.com/B978-0-12-386454-3.00788-0/ref0020
http://www.bt.cdc.gov/
http://www.inchem.org
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l Chemical Abstracts Service Registry Number: 100-42-5
l Synonyms: Ethenylbenzene; Phenylethylene; Styrene mono-

mer; Styrol; Vinylbenzene
l Molecular Formula: C8H8

l Chemical Structure:
Background

Styrene is present in ambient air (0.03–3 ppb) due to emis-
sions from industrial production, coal-fired power plants,
gasoline engine exhaust, photocopier emissions, and cigarette
smoke. Styrene is also naturally present in coffee, cinnamon,
certain cheeses, and fish products where it is produced by
microorganisms acting on natural or added substances in
these foods, and in several raw agricultural products
(e.g., strawberries) that have not contacted styrenic-based
storage containers. Styrene has also been approved by the US
Food and Drug Administration (FDA) as a direct and indirect
food additive. Industrially, styrene is produced primarily by the
alkylation of benzene with ethylene followed by catalytic
dehydrogenation.
Uses

Styrene is used in the manufacture of general-purpose and
high-impact polystyrene plastics (w46%), expanded poly-
styrene (w16%), copolymer resins with acrylonitrile and
butadiene (w14%) or acrylonitrile only (w2%), styrene–
butadiene latex (w6%) and synthetic rubber (w4%), unsatu-
rated polyester resins (w5%), and as a chemical intermediate.
Environmental Fate and Behavior

Styrene is a liquid and partitions to the atmosphere when
released to the environment due to its volatility. In the atmo-
sphere, styrene is rapidly eliminated due to the reaction with
hydroxyl radicals (7-h half-life) or tropospheric ozone
(10-h half-life). Water does not provide a significant sink for
styrene due to its low water solubility (300 mg l�1), rapid
volatilization from water to air (half-life of 1–3 h), and
biodegradation (15-day half-life). In soil, styrene rapidly
volatilizes from the surface (1-min half-life) but more slowly
from deeper strata. Styrene biodegrades in soil and sediment
with half-lives of 30 and 300 days, respectively.
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Exposure and Exposure Monitoring

The closed system techniques currently used in styrene
monomer and copolymer resin production generally limit
worker exposures to a mean 8 h time-weighted average (TWA)
of <10 ppm. However, in open systems used to manufacture
some polyester reinforced plastics (e.g., shower stalls and
boats), worker exposures to styrene by inhalation (mean TWA
of 3–80 ppm) and to a lesser extent dermal contact may pose
a health hazard. It is unlikely that the residual styrene mono-
mer contained in consumer products (typically 200–800 ppm)
poses a significant health risk to the general public due to the
slow (0–0.03% year�1) and dispersive nature of its release from
these sources. The estimated total exposure to styrene in
the general population ranges between 0.3 mg kg�1 d�1

(nonsmokers) and 3 mg kg�1 d�1 (smokers). Inhalation repre-
sents the major route of exposure for workers and the general
population.
Toxicokinetics

Styrene is absorbed by all routes of exposure. Absorption
through the respiratory tract is rapid and is the major route of
human exposure. Once absorbed, styrene is rapidly distrib-
uted throughout the body. Studies in rats and mice indicate
that styrene or its metabolites are distributed to the liver,
kidneys, heart, subcutaneous fat, lung, brain, and spleen.
In both species, fat contained the highest concentration of
styrene, suggesting that fat may act as a modest reservoir for
these compounds. While there are qualitative similarities in
the metabolism of styrene among species, quantitative
differences have been noted. Mice and rats exhibit a much
greater capacity than humans to metabolize styrene
(via cytochrome P450) to styrene-7,8-epoxide (SO) in both
the respiratory tract and the liver. In these species, SO is
metabolized via epoxide hydrolase (50–70%) to styrene
glycol, with subsequent conversion to acidic metabolites (e.g.,
mandelic acid, phenylglyoxylic acid, hippuric acid), and via
glutathione S-transferase (20–35%) to hydroxyphenylethyl
mercapturic acid. A small amount of styrene in mice (~6%)
and rats (<1%) is subjected to ring oxidation resulting in the
formation of hydroxylated metabolites (e.g., 4-vinylphenol).
In humans, styrene is metabolized via cytochrome P450 to
SO, which is rapidly metabolized via epoxide hydrolase
(>95%) to acidic metabolites, with only trace amounts of
glucuronidated and ring-oxidized metabolites. Urinary levels
of mandelic acid and phenylglyoxylic acid are commonly used
as biomarkers of exposure. Metabolism occurs primarily in the
liver and to a lesser extent in extrahepatic tissues (e.g., kidney,
intestine, and lung). Approximately 90–97% of the styrene
absorbed by humans is eliminated as urinary metabolites.
Urinary elimination of the primary metabolites is biphasic,
with half-lives of about 4 and 25 h (mandelic acid) and
4-3.00065-8 409
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10 and 26 h (phenylglyoxylic acid). Only a small fraction of
the absorbed dose is eliminated in expired air or urine as the
parent compound.
Mechanism of Toxicity

There has been a general belief that SO is responsible for the
bronchiolar tumors (mice) and nasal toxicity (mice and rats)
induced by styrene. However, the metabolism of styrene to
ring-oxidized metabolites (e.g., 4-vinylphenol) by the CYP2F
isoform found in the lung may play a more predominant role
than previously thought. CYP2E1 is generally considered
the cytochrome P450 isoform primarily responsible for the
metabolism of styrene to SO in mice and rats. However, mouse
lung toxicity is not attenuated in CYP2E1 knockout mice.
Another cytochrome P450 isoform, CYP2F2, is preferentially
expressed in mouse Clara cells, which are enriched in the
bronchiolar region of the lung where tumors occur. It was
recently reported that Clara cell toxicity induced by both
styrene and SO in wild-type mice was completely abolished in
CYP2F2 knockout mice. Under this mechanism, the cytotox-
icity produced by ring-oxidized metabolites of CYP2F2 is
thought to lead to increased cell proliferation and the slow
development of bronchiolar tumors in the mouse. The absence
of tumors in the rat is consistent with the lower level of ring-
oxidized metabolites produced in this species by comparable
styrene exposures, and the lower levels of CYP2F4 in the
terminal bronchioles of rats. Humans may be less susceptible
than mice to the development of lung tumors since the CYP2F
isoform in human lung (CYP2F1) is present at a very low level
and is not suspected of catalyzing significant styrene metabo-
lism, observations consistent with the trace levels of ring-
oxidized metabolites detected in humans. Work in this area is
ongoing. The mechanism for the neurotoxic effects of styrene
has not been established.
Acute and Short-Term Toxicity

Animal

The oral lethal dose 50% (LD50) for styrene in male and female
rats isw5000 mg kg–1. The lethal concentration 50% (LC50) in
rats exposed to styrene for 4 h is 2770 ppm; the LC50 in mice
exposed to styrene for 2 h is 4940 ppm. Repeated daily expo-
sures over a period of weeks to months to 500–1300 ppm
styrene can result in irritation of the eyes and upper respiratory
tract, ototoxicity, and central nervous system (CNS) depres-
sion. Liver toxicity noted in mice given daily exposures to
200 ppm styrene over a period of 2 weeks was associated with
the depletion of liver glutathione levels.
Human

Acute inhalation exposures may result in irritation of the nasal
mucosa and eyes (�50 ppm), irritation of the skin, and CNS
depression (4100 ppm). Symptoms of CNS depression include
nausea, drowsiness, and ataxia. Thedisagreeable odorof styrene,
which is detectable atw0.3 ppm, serves as a good warning aid.
However, olfactory fatigue may occur at high concentrations.
Chronic Toxicity

Animal

In male mice, lifetime inhalation exposures to styrene at
concentrations of 40, 80, or 160 ppm (but not 20 ppm)
significantly increased the incidence of bronchiolar adenomas
(benign) but not bronchial carcinomas. In female mice, similar
exposures resulted in a significant elevation in the incidences of
bronchiolar adenomas (benign) at 20, 40, or 160 ppm (but not
80 ppm) and bronchiolar carcinomas at 160 ppm. The tumors
occurred late in life and were found in the terminal bronchioles
originating most likely from Clara cells. In contrast, lifetime
exposure of rats to between 50 and 1000 ppm styrene did not
cause tumors in the lungs or any other tissue. These chronic
exposures also resulted in toxicity to the nasal epithelium of
mice and rats at the lowest concentrations studied.
Human

Styrene exposures between 50 and 100 ppm have been associ-
ated with neurological effects including decrements in color
discrimination, nerve conduction, and neurobehavioral perfor-
mance. These changes appear to be transient, with improvement
occurring between 1 and 24 months after exposure.

Styrene is unlikely to be toxic to the human nasal epithe-
lium since, unlike rodents, this tissue does not metabolize
detectable amounts of styrene and contains metabolic path-
ways capable of efficiently eliminating metabolites if formed.
Under its Integration Risk Information System (IRIS) program,
the US EPA used the data on neuropsychological function in
workers exposed to styrene to derive a chronic inhalation
reference concentration (RfC) for the general population of
1 mg m�3 (0.2 ppm).
Immunotoxicity

There are few data on the immunotoxicity of styrene in either
experimental animals or humans. Changes in lymphocyte
subsets have been occasionally reported in styrene workers but
the biological significance of these findings are unclear.
Reproductive Toxicity

Animal

Styrene has not been shown to cause reproductive or develop-
mental toxicity. Chronic inhalation exposures to multiple
species that produced clear evidence of toxicity did not affect the
reproductive organs of treated animals. Inhalation exposures up
to 500 ppm styrene did not affect either fertility or reproduction
in a rat two-generation reproduction study or development of
the nervous system in second generation offspring. In addition,
inhalation of 300–600 ppm styrene by pregnant rats and
rabbits was neither embryotoxic nor fetotoxic.
Human

Adverse reproductive and developmental effects have not been
observed in epidemiological studies of workers or the general
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public. The National Toxicology Program (NTP) recently
concluded that human exposures to styrene posed a negligible
concern for adverse developmental and reproductive effects.
Genotoxicity

In Vitro

Mutagenicity studies in bacterial cells are generally negative,
although positive responses are sometimes seen with metabolic
activation. These effects are thought to reflect the conversion of
styrene to SO,which ismutagenic in vitro, and unlike styrene can
form adducts with DNA. Styrene can cause chromosomal aber-
rations and sister chromatid exchanges (SCEs) in animal and
human cells; again these effects appear to be mediated by SO.
In Vivo

In animals, styrene exposures are generally negative for chro-
mosomal aberrations and micronuclei but positive for SCE but
only at levels exceeding expected human exposures. In human
studies, variable results have been reported for effects of
occupational styrene exposure on chromosomal aberration,
SCEs, and micronuclei frequencies. Relationships between
exposure levels and positive or negative findings were generally
not observed. Although generally negative, a positive associa-
tion between exposure level and chromosomal aberration was
noted in a few studies. This association is contrary to the in vivo
SCE effects seen in animals.
Carcinogenicity

As described above under Chronic Toxicity, lifetime inhalation
exposures cause tumors in mice but not rats. In humans,
epidemiological studies have been performed in three indus-
trial settings, including the reinforced plastics industry where
styrene exposures tend to be the higher and are less
confounded by other chemicals. On balance, the data do not
suggest a causal association between styrene exposure and any
form of cancer.
Clinical Management

Acute exposures are likely to be associated with CNS depression
and, at very high doses, pulmonary irritation. Removal from
exposure and providing ventilatory support are the initial
priorities. Alert individuals ingesting >2 mg kg�1 should be
given syrup of ipecac. Because hydrocarbon pneumonitis is
a significant risk with styrene ingestion, intubation should
precede lavage in those individuals at risk of aspiration due to
a reduced level of alertness.
Ecotoxicology

Althoughof limited relevance to real-world exposures, a series of
guideline studies have evaluated the intrinsic ecotoxicity of
styrene under conditions that minimized volatilization. In the
investigations that incorporated analytical verification, the 96-h
LC50 value for fathead minnows was 10 mg l�1; the no observ-
able effect level (NOEL) was 4 mg l�1. For the freshwater
invertebrates, the 48-h LC50 value was 4.7 mg l�1 for daphnids
and the 96-h LC50 for amphipods was 9.5 mg l�1. The NOELs
were 1.9 and 4.1 mg l�1, respectively. For green algae, the 96-h
half maximal effective concentration (EC50) was 0.72 mg l�1

and the NOEL was 0.063 mg l�1; the effects noted were algi-
static, not algicidal; in other words, growth was suppressed but
algae were not killed entirely. Styrene is infrequently detected in
surface and drinking water around the world; and when it is
detected, levels are typically <0.01 mg l�1. For earthworms in
soil, styrene has a 14-day LC50 of 120 mg kg�1 and a NOEL of
44 mg kg�1.
Other Hazards

Styrene is explosive in the range of 1.1–6.1% and has a vapor
density of 3.6.
Exposure Standards and Guidelines

International occupational exposure limits (OELs) generally
range between 20 and 100 ppm as an 8-h TWA; short-term
exposure limits (STELs), typically a 15-min TWA, range
between 40 and 250 ppm. The US Occupational Safety and
Health Administration (OSHA) and the American Conference
of Governmental Industrial Hygienists (ACGIH) have estab-
lished an 8-h TWA OEL for styrene of 100 and 20 ppm,
respectively; the ACGIH STEL is 40 ppm. OSHA and the styrene
industry have an enforceable voluntary agreement to keep
exposures <50 ppm. Styrene has been judged possibly carci-
nogenic to humans (group 2B) by the International Agency for
Research on Cancer (IARC). Styrene and SO are listed by the US
NTP as reasonably anticipated to be a human carcinogen.
The National Institute for Occupational Safety and Health
(NIOSH) lists 700 ppm of styrene as being immediately
dangerous to life or health.

See also: ACGIH
�
(American Conference of Governmental

Industrial Hygienists); Carcinogen Classification Schemes;
Carcinogenesis; Chromosome Aberrations; Cytochrome P450;
Aquatic Ecotoxicology; Ecotoxicology, Aquatic Invertebrates;
Environmental Protection Agency, US; Food and Drug
Administration, US; Genetic Toxicology; Glutathione;
International Agency for Research on Cancer; LD50/LC50 (Lethal
Dosage 50/Lethal Concentration 50); Mechanisms of Toxicity;
Mode of Action; National Institute for Occupational Safety and
Health; The National Toxicology Program; Neurotoxicity;
Occupational Exposure Limits; Occupational Safety and Health
Administration; Oral/Dermal Reference Dose (RfD)/Inhalation
Reference Concentration (RfC); Respiratory Tract Toxicology;
Sister Chromatid Exchanges; Toxicity Testing, Aquatic; Toxicity
Testing, Carcinogenesis; Toxicity Testing, Developmental;
Toxicity Testing, Mutagenicity; Toxicity Testing, Reproductive;
Toxicity, Acute; Toxicity, Subchronic and Chronic;
Pharmacokinetics.
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l Name: Sulfates
l Representative Chemicals: Barite (BaSO4), Epsomite

(MgSO4$7H2O), Gypsum (CaSO4$2H2O), Sulfates of
Magnesium (MgSO4), Sodium (NaSO4), Calcium (CaSO4),
Lead (PbSO4), Barium (BaSO4), Strontium (SrSO4)

l Chemical Abstracts Service Registry Number: CAS 14808-
79-8

l Synonym: Sulfate anion
l Molecular Formula: (SO4)

2�

l Chemical Structure:

S O––O

O
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Uses

Sulfates and sulfuric acid products are used in the production
of fertilizers, chemicals, dyes, glass, paper, soaps, textiles,
fungicides, insecticides, astringents, and emetics. They are also
used in the mining, wood-pulp, metal, and plating industries,
in sewage treatment, and in leather processing. Aluminum
sulfate (alum) is used as a sedimentation agent in the treatment
of drinking water. Copper sulfate has been used for the control
of algae in raw and public water supplies.

Sulfate, a soluble, divalent anion (SO4
2�), is produced from

the oxidation of elemental sulfur, sulfide minerals, or organic
sulfur. Sulfate is ubiquitous in the environment because of the
abundance of sulfur on Earth. Anthropogenic sources of sulfate
include the burning of sulfur-containing fossil fuels, household
wastes including detergents, and industrial effluents from
tanneries, steel mills, sulfate-pulp mills, and textile plants.
Sulfate is also used in pickle-liquor (sulfuric acid) for steel and
metal industries, as a feedstock or reagent in manufacturing
processes, and in some fertilizers, and it exists as an end product
in the form of copper sulfate in its use as a fungicide and algicide.
Environmental Fate and Behavior

Sulfates are discharged into water from mines and smelters,
and from kraft pulp and paper mills, textile mills, and
ncyclopedia of Toxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-38645
tanneries. Atmospheric sulfur dioxide, formed by the
combustion of fossil fuels and by metallurgical roasting
processes, may contribute to the sulfate content of surface
waters. Sulfur trioxide, produced by the photolytic or catalytic
oxidation of sulfur dioxide, combines with water vapor to form
dilute sulfuric acid, which falls as acid rain. The environmental
fate and transport of sulfate are inextricably linked to the
physical and chemical processes active in the Earth’s sulfur
cycle. Water solubility triggers the environmental fate of sulfate
salts.
Exposure Routes and Pathways

Humans may be exposed to sulfate from a variety of sources that
include drinking water, food, ambient air, occupational settings,
and consumer products. Ingestion of drinking water containing
sulfate is the most common exposure route. Exposure through
inhalation is not very important, although it may be an irritant
to mucous membranes such as eyes, nose, and respiratory tract.
While it was initially thought that inhalational exposure to
sulfates imparted pulmonary toxicity, recent studies have not
borne this out, and particle size is more important. Dermal
exposure is also not considered a major exposure route because
sulfates are poorly absorbed through the skin.
Toxicokinetics

Absorption of sulfate from the intestine, with the lower ileum
thought to be the site of maximal absorption, depends on the
amount of sulfate ingested and the cation associated with the
sulfate. Inorganic sulfate is distributed in blood, and serum
levels are affectedmore by dietary protein intake and less by high
concentrations of sulfate in drinking water. Inorganic sulfate
does not appear to accumulate in tissues. Inorganic sulfate is
incorporated into several types of biomolecules, such as glyco-
proteins, glycosaminoglycans, and glycolipids. Metabolism in
the body could be affected by the presence of drugs such as
acetaminophen. Sulfates are usually eliminated in the urine as
free unbound form or as conjugates of various chemicals. In
humans, w30–62% of an oral dose is excreted in the urine
within 24–72 h, whereas rats excrete w56–90% of the dose. At
high sulfate doses that exceed intestinal absorption, sulfate is
excreted in the feces without absorption. There are no data in the
literature that indicate that sulfate is accumulated, even when
there is chronic ingestion of above-normal sulfate levels.
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Mechanism of Toxicity

The cathartic effect of sulfate is due mainly to the osmotic
activity of unabsorbed sulfate salts in the intestine. The laxative
effect from sulfate produces osmotic diarrhea. Whether or not
this laxative effect occurs depends on the amount of sulfate and
other osmotically active materials present in the intestine; these
other materials include magnesium, sodium, and some sugars.

Osmotic-induced diarrhea ceases once the osmotically
active gastrointestinal contents are excreted. In the case of
sulfate, adults appear to adapt within 1 or 2 weeks and are no
longer affected by the sulfate in their drinking water supply.
However, dehydration may be the consequence of the these
osmotic forces; therefore, populations such as infants or the
elderly consuming formula or powdered nutritional supple-
ments reconstituted with water containing high concentra-
tions of sulfates may be more sensitive. Persons with renal
diseases may be more sensitive to effects of high sulfate
ingestion because excess sulfate is excreted through the
kidney.

Since humans appear to develop a tolerance to drinking
water with high sulfate concentrations, chronic exposures do
not appear to produce the same laxative effect as seen in acute
exposures. While it is not known when this acclimation occurs
in adults, researchers believe that acclimation occurs within
7–10 days.
Acute and Short-Term Toxicity

Data in humans and animals suggest that acute oral exposures
to sulfate exert a laxative effect (loose stools) and sometimes
diarrhea (unusually frequent or unusually liquid bowel
movements) following exposures to high concentrations.
However, these effects are not observed for longer-term expo-
sures. This may be because of acclimation to sulfate over time.

High sulfate concentrations do not appear to exert adverse
reproductive or developmental effects. There are little to no
data available on the mutagenic or teratogenic effects of
sulfate.
Animal

The oral LD50 values of ammonium sulfate and potassium
sulfate in the rat are 3000–4000 and 6600mg kg�1, respectively.
The oral LD50 of sodium sulfate in the mouse is 5989mg kg�1.
Sulfate administered to young pigs at 1800mg l�1 in drinking
water for 28 days developed loose and watery stools. A study on
the effect of inorganic sulfate on bowel function in piglets
reported that concentrations greater than 1200mg l�1 increased
the incidence of diarrhea. Concentrations greater than
1800mg l�1 resulted in a persistent diarrhea. No adverse
developmental effects were observed following the adminis-
tration of 2800mg kg�1 day�1 of sulfate to pregnant ICRISIM
mice on gestation days 8–12. No reproductive effects were
observed following the ingestion of drinking water containing
up to 5000mg l�1 of sulfates by ICRISM mice and 3298mg l�1

of sulfates by Hampshire� Yorkshire�Duroc pigs. On the
basis of these studies, sulfate does not appear to be a reproduc-
tive or a developmental toxicant.
Human

Most data on human responses to sulfate are based on short-
term exposures that are obtained from controlled settings (i.e.,
studies and experimental trials). The risk of adverse health
effects to the general population is limited and acute, and such
effects occur only at high drinking water concentrations
(>500mg l�1, and in many cases >1000mg l�1). The data
from human studies demonstrated that sulfate induces a laxa-
tive effect following acute exposures of concentrations greater
than 500mg l�1. However, the severity of the laxative effect
may depend on the sulfate salt as well as the dose administered.
Subpopulations sensitive to sulfate ingested through drinking
water include formula-fed infants, the elderly or invalids who
use powdered nutritional supplements, and visitors who
are not acclimated to high sulfate concentrations in drinking
water.

In a case-control investigation to assess the association
between infant diarrhea and ingestion of water containing
elevated sulfate levels, a total of 274 mothers of infants born in
19 South Dakota counties with high sulfate concentration in
tap water were identified and interviewed using a telephone
questionnaire or in person. No significant association existed
between exposure to sulfate from tap water and subsequent
diarrhea in infants. The average sulfate concentration in
drinking water for cases was 416 versus 353mg l�1 for controls.
In another study to determine the effects of high sulfate
concentrations in transient populations, there was not a statis-
tically significant difference in the mean number of bowel
movements among these dose groups, and there was also no
apparent trend in the percentage of subjects that reported
diarrhea during the exposure period.
Chronic Toxicity Including Reproductive Toxicity

Animal

Data from animal studies on the reproductive, developmental,
and carcinogenic effects are available for long-term exposures
to sulfate. In a 90 day study, rats administered mineral waters
containing up to 1595mg l�1 of sulfate showed no soft feces or
diarrhea, indicating rapid acclimation. High sulfate concen-
trations do not appear to exert adverse reproductive or devel-
opmental effects. Following the ingestion of drinking water
containing up to 5000mg l�1 of sulfates by mice and
pigs, no reproductive effects were observed. Furthermore, no
adverse developmental effects were observed following the
administration of 2800mg kg�1 day�1 of sulfate to pregnant
mice.
Human

Since humans appear to develop a tolerance to drinking water
with high sulfate concentrations, chronic exposures do not
appear to produce the same laxative effect as seen in acute
exposures. Some reports have shown that chronic exposure to
high sulfate concentrations in drinking water does not have
laxative effects in humans.

A survey conducted in North Dakota showed a slight
increase in the percentage of people who reported that their
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drinking water had a laxative effect when drinking water con-
tained 500–1000mg l�1 sulfate compared to the percentage of
people who reported a laxative effect from drinking water that
contained <500mg l�1. Sixty-eight percent of people who
consumed water with 1000–1500mg l�1 reported a laxative
effect. Analysis of data from North Dakota showed that
drinking water containing �750mg l�1 sulfate was associated
with a self-reported laxative effect whereas drinking water
containing �600mg l�1 was not. These data were reanalyzed
and found that most people experienced a laxative effect when
they drank water that contained >1000mg l�1 sulfate.
Clinical Management

The available toxicological data indicate that sulfate may cause
adverse health effects in humans and animals. Sulfate has
a laxative effect in high doses, but adverse health effects are
temporary and recovery is rapid. Subpopulations sensitive to
sulfate ingested through drinking water include formula-fed
infants, the elderly or invalids who use powdered nutritional
supplements, and visitors who are not acclimated to high sulfate
concentrations in drinking water. Persons with renal disease may
also be more sensitive to effects of high sulfate ingestion.
Ecotoxicology

With respect to the propagation of fish and wildlife, there is no
recommended ambient water quality criterion for the protec-
tion of aquatic life for sulfate because sulfate is not generally
considered a significant ecological concern, except perhaps
where it is a dominant component of total dissolved solids,
when sulfate would contribute significantly to excessive salin-
ities (>1000mg l�1). There are several sources where published
ecotoxicological data are available. These include US Environ-
mental Protective Agency’s (EPA) Aquatic Information
Retrieval System, the Hazardous Substances Databank, and
published scientific literature. Reported chronic toxicity effect
levels for sulfate range from 361 to 1488mg l�1. The acute
toxicity threshold is assumed to be 450mg l�1.
Exposure Standards and Guidelines

The US EPA established a secondary maximum contaminant
level for sulfate of 250mg l�1, based on taste properties.

A US EPA health-based advisory for acute effects (absence of
laxative effects) of 500mg of sulfate per liter is recommended.
In situations where the water contains high concentrations
of total dissolved solids and/or other osmotically active ions,
laxative-like effects may occur if mixed with concentrated
infant formula or powdered nutritional supplement; therefore,
an alternate low-mineral-content water source is advised.
Infants are more susceptible to diarrheal water loss than
adults because of differences in gastrointestinal structure and
function.

The Association for the Advancement of Medical Instru-
mentation suggests a maximum concentration of 100mg l�1 of
sulfate in water for dialysis.

In case of sulfuric acid, time-weighted average is 1mgm�3,
whereas the National Institute for Occupational Safety and
Health and the Occupational Safety and Health Administration
establish 80mgm�3 to be immediately dangerous to life and
health.
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l Name: Sulfites
l Chemical Abstracts Service Registry Number: 14265-45-3
l Chemical/Pharmaceutical/Other Class: Inorganic sulfites

and bisulfites
l Representative Chemicals: Sulfur dioxide, SO2; Sodium

metabisulfite, Na2S2O5; Sodium bisulfite, NaHSO3; Sodium
sulfite, Na2SO3; Potassium metabisulfite, K2S2O5; Potas-
sium bisulfite, KHSO3

l Synonyms: Sulfite, Sulfite anion
l Chemical Structure: Species-dependent

Background Information

Endogenous sulfite is generated as a consequence of the body’’s
normal processing of sulfur-containing amino acids. In addi-
tion, as discussed below, sulfite can be produced by neutrophils.
Sulfites occur as a consequence of fermentation and also natu-
rally in a number of foods and beverages. As food additives,
sulfating agents were first used in 1664, and approved for use in
the United States in the 1800s. Sulfite is also noted as a water
treatment additive, for example, to control oxygen levels in
power plant boilerwater. Further, sulfur dioxide is a commonair
pollutant produced by numerous processes (burning sulfur-
bearing coal, smelting sulfide ores, etc.), andmay enter the body
via inhalation. Sulfur dioxide has been reported to react with
water in the ambient air and in the respiratory tract’s mucous
membranes to form sulfite and bisulfite ions.
Uses

Inorganic sulfites and bisulfites (such as sodium sulfite,
Na2O3S) are used in photography, the bleaching of wool, and
as preservatives in foods, beverages, and medications. They act
as effective antioxidant compounds and are also used in the
manufacture of pulp for paper and wood products. Their
preservative properties include controlling microbial growth
and the prevention of browning and spoilage.

Under the US Federal Food, Drug, and Cosmetic Act, sulfites
are permitted for use as preservatives in food. Like other ingre-
dients, sulfites must be declared in the ingredient statement
when added to a food product. In addition, sodium sulfite,
ammonium sulfite, sodium bisulfite, potassium bisulfite,
ammonium bisulfite, sodium metabisulfite, and potassium
metabisulfite are inorganic salts that function as reducing agents
in cosmetic formulations. All except sodium metabisulfite also
function as hair waving/straightening agents. In addition,
sodium sulfite, potassium sulfite, sodium bisulfite, and sodium
metabisulfite function as antioxidants in cosmetics. All except
ammonium sulfite are widely used in hair care products.

Environmental Fate and Behavior

Sulfites are generally soluble compounds that interact with the
environment through a variety of processes. The primary
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function of sulfites is that of a reducing agent, which can
remove dissolved oxygen from waterways. This reduction of
dissolved oxygen (normally produced via normal aeration
through water movement, falls and disturbances, etc.) in turn
generates a favorable environment for anaerobic bacteria, dis-
rupting the local microbiota. Decreases in dissolved oxygen
caused by the presence of sulfites, typically below 5 ppm dis-
solved oxygen, can negatively affect fish and other organisms
present in polluted waterways. Another effect of sulfite
contamination of waterways is the production of hydrogen
sulfide gas, which is a by-product of sulfite-induced redox
processes.

Flue gas desulfurization is an industrial process that
produces calcium sulfite (CaSO3) as a by-product. This rela-
tively insoluble sulfite, when deposited in soils, can cause
a general shift in local microbiot
a; however, calcium sulfite readily undergoes oxidation to
calcium sulfate (gypsum), which is generally accepted as
a remediation material for poor quality soils. While the
resulting gypsum can have beneficial effects on soils for agri-
cultural purposes, large quantities of sulfite species over longer
time spans can be expected to directly affect microbial
communities in soils, even after conversion to the more benign
calcium sulfate. Consequently, the presence of calcium sulfate
may produce blooming as a result of oxygen- and sulfur-
enriched soils and adjoining waterways.
Exposure and Exposure Monitoring

The pathways of exposure of inorganic sulfites are oral, dermal,
and through inhalation. Estimations of sulfite concentrations
in foods and beverages have been in excess of 100 ppm;
common foods in which sulfites are present at these concen-
trations are dried fruits, lemon and lime juices, wine, molasses,
and sauerkraut juice. Other products such as dried potatoes,
grape juice, wine vinegar, gravies, fruit topping, and mara-
schino cherries can contain 50–100 ppm added sulfur dioxide.
Sulfur dioxide is one of themost common preservatives present
in foods today, and is Generally Regarded as Safe (GRAS) by
the US Food and Drug Administration (FDA).

It is difficult to monitor exposure due to the body’’s natural
tendency to produce sulfites as part of inflammatory process –
neutrophils produce sulfites in response to inflammation
pathways such as following exposure to bacterial lipopolysac-
charide (LPS). The influx of neutrophils to inflamed areas of
the airway due to asthma or other respiratory distress further
contribute to serum sulfite concentrations.
Toxicokinetics

Sulfites that enter humans and animals via ingestion, inhala-
tion, or injection are generally metabolized by sulfite oxidase to
sulfate. Less than 10% of administered doses in studies
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00932-5
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involving rats, rabbits, dogs, and rhesus monkeys was excreted
in the urine unchanged. The body readily produces sulfites as
a result of normal cellular and immune processes; however
exogenous sulfites have been shown to be metabolized hep-
atically via a diffusion limited process – only a certain
proportion of exogenous sulfites are successfully metabolized
by the liver, with the remainder passing through to circulation.
When radiolabeled sulfites were used in monkeys, nearly all
administered sulfites were excreted via the urine within 24 h,
whereas in rats no free sulfite was detected. After 7 days, mice
retained less than 1% of the radiolabel while rats retained 2%.
In rabbits, sulfites were predominantly metabolized to sulfate.
Mechanism of Toxicity

Although the physiological basis for sulfite sensitivity is still
poorly understood, clinical observations have established that
certain medical conditions are associated with a predisposition
to sulfite hypersensitivity. Approximately 500 000 individuals
in the United States (<0.05% of the population) are at higher
risk because they are asthma sufferers who are steroid depen-
dent or have general airway hypersensitivity. Studies suggest
that sulfur dioxide is the agent that causes the highest physio-
logical response. It has been shown that bronchoconstriction as
a result of SO2 exposure is controlled by chemosensitive
receptors in the tracheobronchial tree. Sensory C-fiber receptors
and rapidly activating receptors are sensitive to gases such as
SO2, and are found throughout the respiratory tract. Activation
of these receptors triggers central nervous system reflexes that
culminate in bronchoconstriction, mucosal vasodilation,
cough, mucus secretion, apnea, and potential of bradycardia
and changes in blood pressure. Inhaled sulfur dioxide elicited
a stronger reaction in sulfite oxidase–deficient rats than
endogenously accumulated sulfites and S-sulfocysteine (a
reaction product of sulfite with cysteine residues in proteins).

Bisulfites result in three main reactions with biomolecules:
sulfonation (sulfitolysis), autooxidation (and generation of
free radicals), and cytosine addition. Sulfonation reactions in
the body resulting from exogenous bisulfites can be long-lived
in vivo. Autooxidation reactions induced by bisulfites may
result in lipid peroxidation, and possible damage to plasma
membranes as a result. Sulfite addition to cytosine creates
uracil, producing a mutation at that site.
Acute and Short-Term Toxicity (or Exposure)

Animal

In oral-dose animal toxicity studies, hyperplastic changes in the
gastric mucosa were the most common findings at high doses.
Ammonium sulfite aerosol had an acute LC50 of >400mg m�3

in guinea pigs. A single exposure to low concentrations of
a sodium sulfite fine aerosol produced dose-related changes in
the lung capacity parameters of guinea pigs. A 3-day exposure
of rats to a fine aerosol of sodium sulfite produced mild
pulmonary edema and irritation of the tracheal epithelium.
Severe epithelial changes were observed in dogs exposed for
290 days to 1 mg m�3 of a sodium metabisulfite fine aerosol.
These fine aerosols contained fine respirable particle sizes that
are not found in cosmetic aerosols or pump sprays. None of the
cosmetic product types, however, in which these ingredients are
used are aerosolized. Sodium bisulfite (tested at 38%) and
sodium metabisulfite (undiluted) were not irritants to rabbits
following occlusive exposures. Sodium metabisulfite (tested at
50%) was irritating to guinea pigs following repeated exposure.

In rats, sodium sulfite heptahydrate at large doses (up to
3.3 g kg�1) produced fetal toxicity but not teratogenicity.
Sodium bisulfite, sodium metabisulfite, and potassium meta-
bisulfite were not teratogenic for mice, rats, hamsters, or rabbits
at doses up to 160mg kg�1. Generally, sodium sulfite, sodium
metabisulfite, and potassium metabisulfite were negative in
mutagenicity studies. Sodium bisulfite produced both positive
and negative results. In evaluating the positive genotoxicity
data obtained with sodium bisulfite, the Cosmetic Ingredient
Review Expert Panel established by the Cosmetic, Toiletry &
Fragrance Association noted that the equilibrium chemistry of
sulfurous acid, sulfur dioxide, bisulfite, sulfite, and meta-
bisulfite suggests that some bisulfite may have been present in
the genotoxicity tests involving the other ingredients and vice
versa. Thus, the genotoxicity data were concluded to not give
a clear, consistent picture of the genotoxic potential of these
chemicals. Further, the bisulfite form is used in very low
concentrations (0.03–0.7%) in most cosmetic products except
wave sets. In wave sets, the pH ranges from 8 to 9 where the
sulfite form would predominate. Skin penetration would be
low due to the highly charged nature of these particles, and any
sulfite that did penetrate would be converted to sulfate by the
enzyme sulfate oxidase. As used in cosmetics, therefore, these
ingredients would not present a genotoxicity risk. The Cosmetic
Ingredient Review Expert Panel concluded that sodium sulfite,
potassium sulfite, ammonium sulfite, sodium bisulfite,
ammonium bisulfite, sodium metabisulfite, and potassium
metabisulfite are safe as used in cosmetic formulations.
Human

Clinical oral and ocular exposure studies found no adverse
effects for the sulfites used in cosmetics. Sodium sulfite was not
irritating or sensitizing in clinical tests. These ingredients,
however, may produce positive reactions in dermatologic
patients under patch test conditions.

Sulfite-induced bronchospasm (sometimes leading to
asthma) was first noticed as an acute sensitivity to meta-
bisulfites, which were sprayed on restaurant salads (and salad
bars) and used in wine. Emergency room admissions confirm
that ingestion of sulfites can lead to asthmatic attacks, rashes,
and abdominal upset. An alert physician observed that six
patients, who had been admitted to the emergency room, had
consumed the same brand of salsa. Two of the patients had
asthma flare-ups, two experienced coughing and tightness of
the throat, and two required mechanical ventilation. It was
discovered that the offending salsa had a sulfite content of
1800 ppm, well above the level of w700 ppm found in other
brands of salsa. One of the patients, fully aware of her sensi-
tivity to sulfites, thought it was safe to eat the salsa because it
was improperly labeled as ‘fresh.’

The US FDA Center for Food Safety and Applied Nutrition
(CFSAN) has monitored reports of adverse reactions to sulfites
since 1980. As of June 1999, CFSAN has received 1132
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consumer complaints describing adverse reactions thought to
be due to the ingestion of foods with sulfites. Out of 799
reports with adequate information about the intensities of the
reaction, 388 (48.6%) were classified as severe.

Recently, it has been shown that sulfite is actively produced
from neutrophils by stimulation with the bacterial endotoxin
LPS, and that the serum sulfite concentration is increased in a rat
model of sepsis induced by systemic injection of LPS. The serum
concentration of sulfite was determined in patients with acute
pneumonia, and was significantly higher than that in control
subjects. Further, serum sulfite was serially determined before
and after antibiotic therapy, and the levels were significantly
reduced during the recovery phase compared with those during
the acute phase. Moreover, neutrophils obtained from three
patients during the acute phase of pneumonia spontaneously
produced higher amounts of sulfite in vitro than those obtained
after recovery. There was a close positive correlation between
serum sulfite and C-reactive protein in patients with pneu-
monia. These findings suggest that serum sulfite increases
during systemic inflammation in humans, and that sulfite may
act as a mediator in inflammation.
Chronic Toxicity (or Exposure)

Animal

Chronic effects of sulfite exposure are eclipsed by the acute
effects of the material. Overall, increased sensitivity in the
affected area is the most significant result of long-term expo-
sure. Recently, however, some studies have shown evidence of
neuron loss in the hippocampi of rats following exposure to
sulfate at 25mg kg�1 via drinking water over 8 weeks.
Human

Chronic exposure to sulfites has been shown to lead to
increased sensitivity in the exposed area to further irritation.
Immunotoxicity

Due to the potential sensitizing effects of sulfites, their use has
been somewhat limited. The primary immunotoxic effects of
sulfites are due to this sensitizing effect, which may lead to
severe allergic reactions, rarely resulting in anaphylactic shock.
Reproductive Toxicity

In rats, no significant reproductive toxicity was observed when
dosed orally with 942mg kg�1 day�1 of sodium metabisulfite.
Similar results have been reported in mice, rats, hamsters, and
rabbits, where dietary exposure revealed few adverse effects
either maternally or fetally up to 160, 110, 120, and
123mg kg�1 sodium metabisulfite, respectively.

Sulfur dioxide exposure to rats indicated no reproductive
effects at sulfur concentrations of 5–30 ppm from 9 days prior
to mating through 12–14 days of pregnancy. Experiments with
mice have shown similar results using 25 ppm sulfur dioxide
for 7 h per day during days 6–15 of gestation. Rabbits exposed
to 70 ppm sulfur dioxide for 7 h per day during days 6–18 of
gestation also displayed no significant reproductive effects.
Genotoxicity

Sulfites as a class show little genotoxicity to either animals or
humans. In an Ames/microsome assay and host-mediated
assays in mice to test mutagenicity against bacteria and yeast,
all results were negative. Cytogenic assays in rats using sodium
metabisulfite and assays using sulfite oxidase–deficient mice
and hamsters were also negative for genotoxicity.

Potassiummetabisulfite has been shown to produce limited
chromosomal aberrations, sister chromatid exchange, and
micronucleus formation in human lymphocytes in tissue
culture. It produced limited chromosomal aberrations and
adecrease in themitotic index in rat bonemarrowcells following
intraperitoneal injection of potassium metabisulfite at doses of
150, 300, and 600mg kg�1 body weight for 24 and 48 h.
Carcinogenicity

According to the International Agency for Research on Cancer,
sodium metabisulfite and sulfur dioxide are currently not
classifiable (Group 3) as to their carcinogenicity to humans. In
laboratory animals, there is limited evidence for the carcino-
genicity of sulfur dioxide following inhalation of the gas by
female mice that showed an increased incidence of lung
tumors; concentrations of sulfur dioxide used in these studies
were not revealed.
Clinical Management

Clinical management of sulfite exposure is based primarily on
avoidance of the material. Since irritations of the skin and
respiratory system are the main effects of exposure, and
increased sensitivity following repeated exposure can be
problematic, removal of the affected individual from sources of
sulfites is recommended. For those with moderate to severe
respiratory allergic reactions, and those with asthma that is
worsened by exposure to sulfites, the avoidance of strenuous
exercise when atmospheric pollution is high is recommended.
The avoidance of foods and drugs with added sulfites is also
recommended for sensitive individuals.

For acute treatment of sulfite sensitivity, subcutaneous
epinephrine can be effective in some patients. In order to prevent
sulfite sensitivity, several drugs have been used investigationally;
however, insufficient data exist to evaluate their efficacy.
Ecotoxicology

Concentrations of sulfur dioxide as low as 1–2 ppm have been
reported to cause severe stress to green plants, and dissolved
sulfur dioxide could be toxic to aquatic life. For sodium meta-
bisulfite, some acute toxicity studies show 96-h LC50s ranging
from100mg l�1 forfish (species not specified) to 660 000 mg l�1

for mosquito fish (Gambusia affinis). Investigations of toxicity
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to algae range from a 72-h EC50 of 48.1 mg l�1 (unspecified
species) to toxic concentrations among blue-green algae
(Spirulina labyrinthiformis) of 320 mg l�1 over a 1–1.5month time
course as measured by photosynthesis production.

An acute 48-h EC50 of 88.76 mg l�1 has been shown for
daphnids along with a chronic no observed effect concentra-
tion of >10 mg l�1. For invertebrates (sea urchins, Psamme-
chinus miliaris), 24 h LC50 values have been reported to be
1 300 000 mg l�1.
Exposure Standards and Guidelines

Regulatory exposure level guidelines for inhalation exposure
to sulfur dioxide include the following: US Occupational
Safety and Health Administration (OSHA) permissible
exposure limit (PEL), US National Institute of Occupational
Safety and Health (NIOSH) IDLH (immediately dangerous
to life or health) concentration, and American Industrial
Hygiene Association (AIHA) Emergency Response Planning
Guideline (ERPG)-1. The OSHA workplace PEL is listed as
5 ppm, based on a time-weighted average over an 8 h shift.
The NIOSH IDLH is stated to be 100 ppm or above. Lastly, the
AIHA ERPG-1 is 0.3 ppm, which is the maximum airborne
concentrations below which nearly all persons could be
exposed for up to 1 h without experiencing even mild tran-
sient adverse health effects or perceiving a clearly defined
odor.

The FDA required ingredient labels to list sulfite concen-
trations in excess of 10 ppm.

See also: Food Additives; Food and Drug Administration, US;
Sensitivity Analysis.
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l Name: Sulfur dioxide
l Chemical Abstracts Service Registry Number: 7446-09-5
l Chemical/Pharmaceutical/Other Class: Oxidant gas
l Synonyms: Sulfurous anhydride, Sulfurous oxide
l Chemical Structure:

Background Information

Sulfur dioxide (SO2) is a colorless and nonflammable gas with
a pungent odor. Liquid SO2 can be produced by pressurizing
the gaseous form. The gaseous form is used in numerous
industries from manufacturing to food preservation. Sulfur
dioxide is a common by-product of burning coal and fossil
fuels and the manufacture of calcium silicate cement, as well as
endogenous events such as volcanic eruptions.

Anthropogenic sources of sulfur dioxide may be as high as
70% of total global emissions; half of this is a result of fossil fuel
combustion.Asapollutant, SO2emissions are closelymonitored,
as this compound can be oxidized to sulfuric acid, leading to acid
rain. The presence of SO2 in the air can also have deleterious
effects on living things despite several biological pathways
designed to mitigate exposure to sulfur-containing compounds.
Uses

The primary industrial uses of sulfur dioxide are for the
production of sulfuric acid, in refrigeration, and as preserva-
tives/disinfectants for fruits and vegetables during food
production. It is also used in bleaching straw and textiles. As an
antioxidant, sulfur dioxide is also used in the pouring of
molten magnesium.
Environmental Fate and Behavior

Concentrations of sulfur dioxide as low as 1–2 ppm have been
reported to cause severe stress to green plants, and dissolved
sulfur dioxide can be toxic to aquatic life. Sulfur, however, is
the sixth most abundant element in living creatures, and is
important in the structure and synthesis of proteins and
kinetics of cellular components. For the most part, sulfur
dioxide and other sulfites are rapidly metabolized by living
organisms, which avoids cytotoxic effects. Sulfite metabolism
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pathways abound in plants and animals due to the ubiquity of
sulfur and its compounds. For example, in certain plants, it has
been shown that more than 80% of injected sulfite was
metabolized to sulfate within 3 h.

Sulfur dioxide and other sulfites are generally highly soluble
compounds that interact with the environment through a variety
of processes. The primary functions of sulfites are those of
reducing agents, which can remove dissolved oxygen from
waterways; in the air, this is manifested in the oxidation of sulfur
dioxide to produce some insoluble particulate sulfate salts aswell
as sulfuric acid. In waterways, the reduction of dissolved oxygen
in turn generates a favorable environment for anaerobic bacteria,
disrupting the local microbiota. Decreases in dissolved oxygen
caused by the presence of sulfites – typically below 5 ppm dis-
solved oxygen – can negatively affect fish and other organisms
present in polluted waterways. Another effect of sulfite contam-
ination of waterways is the production of hydrogen sulfide gas,
which is a by-product of sulfite-induced redox processes.
Exposure and Exposure Monitoring

Contact with mucous membranes (eyes and nose) and inha-
lation are the most common routes of exposure. Monitoring
sulfur dioxide emissions in the workplace may be accom-
plished via detector tubes, dosimeters, and direct-read meters.
Analysis is generally performed by ion chromatography. In
general, sulfur dioxide concentrations above 400–500 ppm
present an immediate danger to life in humans, with
a maximum 30–60-min exposure of 100 ppm according to the
National Institute for Occupational Safety and Health
(NIOSH) immediately dangerous to life or health (IDLH)
concentration. Concentrations at or above 20 ppm can result in
chronic respiratory problems, with levels from 6 to 12 ppm
producing nasal and throat irritation. Concentrations as low as
0.3–1 ppm are the lower threshold at which SO2 can be
detected by taste or smell in humans.
Toxicokinetics

Absorption is dependent on the level of exposure. Sulfur
dioxide is highly soluble in water and can readily become
absorbed and distributed throughout the body – particularly
the mucosa of the nose and upper respiratory tract. In one
study, rabbits exposed to 100–300 ppm sulfur dioxide via
inhalation absorbed over 90% of the dosed gas in the upper
respiratory tract. In humans, anywhere from 12 to 15% of
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00933-7
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sulfur dioxide inhaled absorbed on nasal mucosa is desorbed
and exhaled, while the remaining SO2 and resulting metab-
olites eventually enter systemic circulation. Systemic absorp-
tion is more efficient from the lower respiratory tract;
however, distribution to the lower respiratory tract is limited
due to lack of delivery to this region of the lung via normal
breathing; exercise and other strenuous activity increase
distribution to the lower respiratory tract. Sulfur dioxide
absorbed into the body may persist for up to 1 week following
exposure.

In terms of distribution following exposure, studies in
dogs have shown that blood plasma concentrations of radi-
olabeled sulfur metabolites appeared only 5-min post-
exposure, and that plasma contained more radiolabel than
within red blood cells. Of the plasma-associated 35S, one-
third was associated with proteins, particularly y-globulins.
Of the radiolabeled sulfur associated with red blood cells,
two-thirds was intracellular. Since sulfur dioxide exposure
occurs primarily via inhalation, most absorbed SO2 and
metabolites thereof are deposited within the trachea and
lungs; this is followed in distribution by the hilar lymph
nodes, kidneys, and esophagus. Other tissues (the heart, liver,
spleen, brain, ovaries, stomach, pancreas, eyes, skin, and
submaxillary gland) received much less.

Sulfur dioxide and its metabolites are eliminated or excreted
through a variety of processes. Most absorbed SO2 is detoxified
by sulfite oxidase in the liver. It is excreted through urine and in
a more limited fashion through exhalation. In dogs, inhaled
sulfur dioxide is excreted primarily in the urine in sulfate form,
with over 80% present as inorganic sulfate.
Mechanism of Toxicity

Conversion of sulfur dioxide to bisulfite in the airway may
initiate bronchoconstriction, due to the ability of the more
reactive bisulfite ion to disrupt disulfide bonds in tissue
proteins, resulting in tissue damage and an inflammatory
response. Sulfites and bisulfites can further inhibit DNA
synthesis and cause human lymphocyte aberrations and can
lead to crosslinking in proteins and nucleic acids in general,
as well as generate free radicals during their oxidation to
sulfates.

Bronchoconstriction and other related effects may be
mediated by release of leukotrienes, prostaglandins, or other
inflammatory factors. Some evidence suggests that free radicals
and oxidative stress may play a role, and that metabolites of
SO2 (especially sulfites) may be responsible for clastogenicity.

Sulfur dioxide–induced bronchoconstriction, occurs when
the gas acts on tracheobronchial receptors to induce a cholin-
ergic reflex. Inhaled sulfur dioxide elicited a stronger reaction
in sulfite oxidase–deficient rats than endogenously accumu-
lated sulfites and S-sulfocysteine (a reaction product of sulfite
with cysteine residues in proteins). Noncholinergic mecha-
nisms for sulfur dioxide–induced bronchoconstriction have
been demonstrated in humans as well. In one study, asthmatic
subjects were administered indomethacin – a prostaglandin
synthetase inhibitor – followed by challenge with sulfur
dioxide gas; a reduction in airway responsiveness was
observed.
Acute and Short-Term Toxicity (or Exposure)

Animal

In rats, SO2 accelerates aging and produces heart, lung, and
kidney damage. The inhalation LD50 is 2520 ppm per hour in
rats. The LD50 is 3000 ppm per 30min in mice.
Human

Sulfur dioxide is irritating to the eyes, mucous membranes, and
respiratory tract. High levels of exposure can produce severe
bronchoconstriction and cardiac arrest. Moderate exposure can
produce pulmonary edema. Low exposure results in systemic
acidosis. Individuals who have hyperactive airway disease,
including asthma, may be particularly sensitive.
Chronic Toxicity (or Exposure)

Animal

No significant adverse reproductive or developmental effects
have been noted in animal studies. A 2-year cancer bioassay in
mice that employed a single dose of 500 ppm for 5min per
day, 5 days per week for the duration of the study reported
seeing an increase in lung tumors. The relevance of this study to
effects in humans is unknown.
Human

Lung function can be altered, but there is no clear epidemio-
logic evidence that chronic exposure to SO2 has more serious
(e.g., cancer-causing) effects in respiratory tissues. Workers and
others known to have had significant exposures to SO2 have
manifested evidence of clastogenicity (e.g., chromosome
aberrations and sister chromatid exchange in lymphocytes);
however, the clinical significance of this is not clear and the
possibility that this was a result of exposure to other agents
cannot be ruled out.
Immunotoxicity

There have been limited reports of immunotoxic effects of
sulfur dioxide. Most documented effects involve acute allergic
reactions and increased sensitivity to further exposure, and
increased sensitivity to other irritants.

In a study of guinea pigs exposed to sulfur dioxide, an
increase in sensitivity to antigen was reported. Pretreatment
with anti-inflammatory drugs, however, prevented sensitiza-
tion. In another study, a reduction in endocytosis by pulmo-
nary macrophages was observed in hamsters following
inhalation of 50 ppm sulfur dioxide for 4 h during exercise.
Reproductive Toxicity

Sulfur dioxide exposure in rats indicated no reproductive
effects at sulfur concentrations of 5–30 ppm from 9 days prior
to mating through 12–14 days of pregnancy. Experiments with
mice have shown similar results using 25 ppm sulfur dioxide
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for 7 h per day during days 6–15 of gestation. Rabbits exposed
to 70 ppm sulfur dioxide for 7 h per day during days 6–18 of
gestation also displayed no significant reproductive effects.
Genotoxicity

Sulfur dioxide produced weak increases in micronuclei after
activation in a plant assay (Tradescantia spp.). Mammalian
(cow, ewe) oocytes exposed to sulfur dioxide in vitro had higher
occurrences of chromosome aberrations when exposed to SO2

without metabolic activation. Sulfur dioxide exposure has also
been linked to increases in micronuclei in plants and gene
mutations in Saccharomyces cerevisiae.

There has been some, if limited, evidence of clastogenic
effects in humans following occupational exposure to sulfur
dioxide via inhalation. Sister chromatid exchanges and chro-
mosome aberrations were observed in lymphocytes from
workers exposed to 15.92 ppm sulfur dioxide in a fertilizer
plant in India. Another study, involving workers in a Chinese
sulfuric acid factory, showed similar findings where exposure
concentrations ranged from 0.13 to 4.57 ppm sulfur dioxide in
the air. It should be noted that other pollutants present in these
work environments may have contributed to the observed
effects.
Carcinogenicity

The International Agency for Research on Cancer has classified
sulfur dioxide as group 3, or not classifiable as to its carcino-
genicity in humans. There is some limited and conflicting
evidence for its carcinogenicity in animals, but there is no
current evidence to support it being a carcinogen in humans.
The American Conference of Governmental Industrial
Hygienists has classified it as group A4, not classifiable as to its
carcinogenicity in humans.
Clinical Management

Clinical management of sulfur dioxide exposure is primarily
focused on subsequent avoidance of the material. Since irri-
tations of the skin and respiratory system are the main effects
of exposure, and increased sensitivity following repeated
exposure can be problematic, removal of the affected indi-
vidual from sources of sulfites is recommended. For those
with moderate to severe respiratory allergic reactions, and
those with asthma that is worsened by exposure to sulfites, the
avoidance of strenuous exercise when atmospheric pollution
is high is recommended. The avoidance of foods and drugs
with added sulfites is also recommended for sensitive
individuals.

If skin or eye exposure occurs, the affected areas should be
flushed with water for 15min. If ingested, the stomach contents
should be diluted with water or milk. Gastric lavage or emesis
should not be attempted. Pain should be treated without
numbing the central nervous system. Open airways and steady
blood pressure should be maintained. Prednisolone
(2mg kg�1 day�1) should be given for 10 days.
For acute treatment of sulfite sensitivity, subcutaneous
epinephrine can be effective in some patients. In order to
prevent sulfite sensitivity, several drugs have been used inves-
tigationally; however, insufficient data exist to evaluate their
efficacy. Administration of 100% humidified supplemental
oxygen with assisted ventilation, endotracheal intubation, or
tracheostomy may be necessary if airway obstruction is indi-
cated. Inhaled sympathomimetic bronchodilators may also be
administered. Inhaled corticosteroids may be administered to
alleviate bronchoconstriction associated with reactive airways
dysfunction syndrome.
Ecotoxicology

Concentrations of sulfur dioxide as low as 1–2 ppm have been
reported to cause severe stress to green plants, and dissolved
sulfur dioxide could be toxic to aquatic life.
Exposure Standards and Guidelines

Regulatory exposure level guidelines for inhalation exposure to
sulfur dioxide include the following: Occupational Safety and
Health Administration (OSHA) permissible exposure limit
(PEL), NIOSH IDLH, and American Industrial Hygiene
Association (AIHA) emergency response planning guideline
(ERPG-1). The OSHA workplace PEL is listed as 5 ppm, based
on a time-weighted average over an 8-h shift. The NIOSH IDLH
concentration is stated to be 100 ppm or above. Lastly,
the AIHA ERPG-1 is 0.3 ppm, which is the maximum
airborne concentrations below which nearly all persons
could be exposed for up to 1 h without experiencing even
mild transient adverse health effects or perceiving a clearly
defined odor. OSHA also lists the lowest lethal concentration of
sulfur dioxide as 1000 ppm per 10min.

The US Environmental Protection Agency (EPA) recently
listed a 1-h standard exposure for SO2 of 75 ppb, which is
based on the 3-year average of the annual 99th percentile of 1-h
daily maximum concentrations. Further, the California Office
of Environmental Health Hazard Assessment, a division of the
California EPA, has delineated an inhalational reference
exposure level of 660 mgm�3 (250 ppb) for acute exposure that
is based on airway function impairment primarily in
asthmatics.

The Food and Drug Administration requires ingredient
labels to list sulfite concentrations in excess of 10 ppm.
See also: Absorption; Pollution, Air in Encyclopedia of
Toxicology; Respiratory Tract Toxicology; Sulfites; Sulfates;
Sulfuric Acid; Sodium Sulfite.
Further Reading
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Relevant Websites

http://www.epa.gov – SO2 – How Sulfur Dioxide Affects the Way We Live and Breathe
(from the US Environmental Protection Agency).

http://www.iarc.fr/ – International Association for Research on Cancer; Access to
Monographs on Sulfites and Many Other Suspected Carcinogens.

http://oehha.ca.gov – Search for ‘Sulfur Dioxide.’
http://www.cdc.gov/niosh – Search the NIOSH Pocket Guide for ‘Sulfur Dioxide.’
http://www.atsdr.cdc.gov – US Department of Health and Human Services Public

Health Service Agency for Toxic Substances and Disease Registry; search for
‘Toxicological Profile for Sulfur Dioxide.’
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l Name: Sulfuric acid
l Chemical Abstracts Service Registry Number: 7664-93-9
l Synonyms: Battery acid, Dithionic acid, Hydrogen sulfate,

Oil of vitriol, Oleum, Matting acid, Pyrosulfuric acid
l Molecular Formula: H2SO4

l Chemical Structure:
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Background

Reactivity

Sulfuric acid is very reactive and dissolves most metals, it is
a concentrated acid that oxidizes, dehydrates, or sulfonates
most organic compounds, often causes charring.

Sulfuric acid reacts violently with alcohol and water to release
heat. It reacts with most metals, particularly when diluted with
water, to form flammable hydrogen gas, which may create an
explosion hazard. Sulfuric acid is not combustible, but it is
a strong oxidizer that enhances the combustion of other sub-
stances, does not burn itself. During fire, poisonous gases are
emitted. Hazardous decomposition products are as follows:
sulfur dioxide, sulfur trioxide, and sulfuric acid fumes.

Note: Use great caution in mixing with water due to heat
release that causes explosions. Always add the acid to water,
never the reverse.
Where Found

l Car battery acid
l Certain detergents
l Chemical munitions
l Some fertilizers
l Some toilet bowl cleaners
Derivation

Sulfuric acid is made from sulfur, pyrite (FeS2), hydrogen
sulfide, or sulfur-containing smelter gases by the contact process
(vanadium pentoxide catalyst). The first step is combustion of
elemental sulfur, or roasting of iron pyrites, to yield sulfur
dioxide. Then follows the critical reaction, catalytic oxidation of
sulfur dioxide to sulfur trioxide.
Uses

By far, sulfuric acid is the most widely used industrial chemical.
It is sometimes called the ‘blood of chemical industry,’ because
424 Encyclopedia of T
of the fact that it is used in the number of key syntheses.
Production of sulfuric acid in 2000 reached 39.62 � 109 kg.

The main uses are non dispersive:

l 32% for phosphoric acid and fertilizer production
l 58% as basic chemical for chemical synthesis, pigment, oil

industries
l 2% for metal extraction, refining and processing of metals
l 0.8% batteries
l about 7% for other industrial uses (e.g., pulp and paper)

A very minor agricultural use (about 0.025%) is as a desic-
cant for potato crops.
Environmental Fate and Behavior

Although sulfuric acid can be extremely harmful, it is a natu-
rally occurring compound. The release of sulfur into the
biosphere is not from anthropogenic sources. It is also a major
compound that is released in volcanic eruptions when oxides
of sulfur are emitted:

l Sulfur trioxide will dissolve in rainwater to form sulfuric
acid

SO3 D H2O / H2SO4:

l Sulfur dioxide will dissolve in rainwater to form sulfurous
acid (H2SO3), and is then oxidized to form sulfuric acid,
which leads to acid rains.

The presence of sulfuric acid is related with the natural
ability of microorganisms that can be found in or isolated from
acid mine water or from sulfur and iron sulfide mines as well as
volcanoes.

The examples of such bacteria are:

l Acidithiobacillus ferrooxidans (Thiobacillus ferrooxidans) that
lives in pyrite deposits, metabolizing iron and sulfur and
producing sulfuric acid.

l Acidithiobacillus thiooxidans (Thiobacillus thiooxidans, Thio-
bacillus concretivorus) that utilizes sulfur and produces
sulfuric acid.

Thiobacillus thiooxidans is a chemolithotrophic acidophilic
bacterium that grows on elemental sulfur as energy source and
is important in the microbial catalysis of sulfide oxidation.
Since it oxidizes both elemental sulfur and sulfide to sulfuric
acid, T. thiooxidans plays a significant role in solubilization of
phosphorus and bioremediation. The highest cell and sulfuric
acid concentrations obtained by conventional shaking flask
cultivation were about 0.224 g cell l�1 and 1.5%, respectively,
in 8–11 days. Higher concentrations are toxic to bacteria.
Bacteria such as A. ferrooxidans and A. thiooxidans ubiquitously
present in sulfide mineral-bearing ore deposits, mine tailings,
and abandoned mines bring about such acid-producing
biochemical reactions under natural conditions. Consequently,
oxicology, Volume 4 http://dx.doi.org/10.1016/B978-0-12-386454-3.00990-8
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the Acidithiobacillus group of bacteria is responsible for the
dissolution and mobilization of phosphorus from unavailable
forms.
Toxicokinetics

The toxicological hazards of sulfuric acid are dominated by its
corrosive properties. The target organs for toxic effects are those
that would be anticipated for a corrosive substance – skin, eyes,
buccal cavity (including the teeth), gastrointestinal tract, and
respiratory tract. The toxicological studies focused on its local
effects and effects on the respiratory tract.

The major routes of exposure are by ingestion, inhalation,
and dermal or ocular exposure. Duration of exposure,
concentration of the substance, and other factors will affect
susceptibility to any of the potential effects. There is no safe
level of exposure to sulfuric acid. Contact should be reduced to
the lowest possible level.

The key toxicokinetic consideration following inhalation is
deposition of sulfuric acid aerosols in the respiratory tract.
Factors affecting this include environmental conditions, espe-
cially relative humidity (which affects aerosol size) and phys-
iological factors such as breathing rate, depth of breathing, and
type of breathing, e.g., mouth, nose, or oro-nasal cavity. Once
in the lung, the sulfate from sulfuric acid has been shown to be
rapidly absorbed into the bloodstream.

The effects of sulfuric acid are a result of pH change rather
than the liberation of sulfate ions. The sulfate anion becomes
a part of the pool of sulfate anions in the body and is excreted
in urine. It is therefore unlikely to accumulate in the body.

Sulfuric acid corrosivity is due to a combination of four
mechanisms:

l the acidity itself (production of Hþ ions),
l the dehydration caused by concentrated solutions,
l the heat released by exothermic reactions,
l the oxidizing nature of the chemical (concentrated or after

heating).

Concentrated sulfuric acid is a directly acting toxicant,
producing local effects at the site of contact but no systemic
effect. Damage caused by sulfuric acid can range from tissue
irritation to chemical burns and necrosis. It exerts a strong
corrosive action on all tissues due to its severe dehydration
(removing water from tissues). Water-free, highly concentrated
sulfuric acid solutions (above 95%) increase corrosivity.
Indeed, when it comes into contact with cellular biological
fluids, the anhydrous product literally pumps out all the water,
causing tissue necrosis. It reacts with water in skin cells. The
reaction also releases much heat, which can cause secondary
burns. The severity of the chemical burn produced by the
concentrated acid is proportional to the strength of the acid and
the duration of contact. Burns are deep but typically not
severely painful.
Acute Toxicity

Contact can severely irritate and burn the skin and eyes, and
may lead to blindness. Sulfuric acid is classified as irritant
(5% solution), and defined as causing inflammation of the skin
persisting for at least 24 h after an exposure period of �4 h.
When inhaled, sulfuric acid can irritate the nose, throat, and
lungs and cause coughing and shortness of breath. Higher
exposure may cause a buildup of fluids in the lungs (pulmonary
edema). Exposure can also cause headache, nausea, and vomit-
ing. Ingestion is unlikely in industrial use but would result in
severe burns to the mouth, throat, esophagus, and stomach,
which could lead to permanent damage of the digestive tract.
Small amounts of acid can also enter the lungs during ingestion
or subsequent vomiting and cause serious lung injury.
Chronic Toxicity

Prolonged exposure to dilute solutions or mists may result in
eyes irritation (chronic conjunctivitis) and produce skin
dermatitis. Chronic inhalation of acid mist may cause pitting
and erosion of tooth enamel. Repeated exposure can cause
stomach problems as well as lung damage, and may cause
bronchitis to develop with coughing, phlegm, and shortness of
breath. Occupational exposure to strong inorganic acid mists
containing sulfuric acid causes cancer of the larynx in humans.

Sulfuric acid is not listed as a carcinogen by Occupational
Safety and Health Administration (OSHA), National Toxi-
cology Program (NTP), International Agency for Research on
Cancer (IARC), or the American Conference of Governmental
Industrial Hygienists (ACGIH). However, IARC, the ACGIH,
and the NTP have concluded that there is sufficient evidence
that occupational exposure to strong inorganic acid mists
containing sulfuric acid is carcinogenic or potentially carci-
nogenic to humans, although the carcinogenic mechanism is
not clearly understood yet. There is no evidence on genotox-
icity of sulfuric acid. Any effects observed in in vitro mutage-
nicity assays have been attributed to low pH rather than the
chemical itself. Acidic pH is known to enhance the depuri-
nation rate of DNA and the deamination rate of cytidine,
which can cause DNA damage or mutation. However, there
were no experimental in vivo data available. However, sulfuric
acid will dissociate into hydrogen ions and sulfate ions, which
can be predicted to be mutagenic.
Clinical Management

Basic life-support measures should be implemented and
further absorption prevented by removing contaminated
clothing and washing the affected area.

Prevailing early treatment recommendations of simple
dilution or weak-base neutralization are inappropriate because
of their extraordinary thermal results. Dilution of concentrated
sulfuric acid with an equivalent volume of water results in
a temperature increase approximately 80 �C. Neutralization
results in even greater heat production. Vigorous gastric aspi-
ration prior to cold fluid lavage is the management of choice in
cases treated immediately following acid ingestion.

Medical examination should look for signs of skin, eye,
esophagus, and lung damage. Patients should be monitored
and treated in an intensive care unit. Vital signs and blood
chemistry should be monitored at least once a day (see Acids).
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Ecotoxicology

Sulfuric acid is highly toxic to aquatic organisms and terrestrial
plant life. However, it does not bioaccumulate in organisms or
bioconcentrate through the food chain. Sulfuric acid is not
persistent and is quickly neutralized in the environment. This
means that the hazards associated with this chemical rapidly
decrease from the time of application.

Sulfuric acid present in the environment originates from
herbicides, desiccants, fungicides, microbiocides, and pH ad-
justment. All toxic effects noted for groups of aquatic organisms
are as follows: growth, population, mortality, biochemistry,
histology, hormone(s), reproduction, ecosystem process, and
intoxication. Population-level effects on honeybees may occur
even if a pesticide has low acute toxicity. For example, certain
pesticides interfere with honeybee reproduction, ability to
navigate, or temperature regulation, any of which can have an
effect on long-term survival of honeybee colonies.

LD50, rat, oral 2140 mg kg�1.
LC50, rat, inhaled 510 mg m�3 per 2 h.
LC50, rat, inhaled 375 mg m�3 per 4 h.
Exposure Standard and Guidelines

l OSHA – The legal airborne permissible exposure limit is
1 mg m�3 averaged over an 8 h work shift.

l ACGIH – The threshold limit value is 0.2 mg m�3 over an
8 h work shift.

l National Institute for Occupational Safety and Health – The
recommended airborne exposure limit is 1 mg m�3 aver-
aged over a 10 h work shift.
Miscellaneous

Anthropogenic Sources

The primary sources of sulfuric acid emissions are combustion
of coal, and the industries that manufacture or use it in
production, including metal smelters, phosphate fertilizer
producers, oil refineries, the chemical industry, battery manu-
facturers, manufacturers of fabricated metal products, manu-
facturers of electronic components, and manufacturers of
measuring and controlling devices.

One of the air pollutants occurring in the urban atmosphere
is in acid aerosols such as sulfuric acid. Exposure to sulfuric acid
aerosols (0.4–0.8 mm diameter) did not affect the cellular
changes at the bronchiole-alveolar duct junction in rats, but it
can significantly increase the effect (secretion of mucus glyco-
proteins by tracheal explants and lung content of water, DNA,
RNA, and of various lysosomal enzymes) of other air pollutants
(e.g., ozone) if present.
See also: Acids; Corrosives; Great Smog of London.
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